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The synthesis of minus-strand RNA was studied in cell cultures infected with
the heat-resistant strain of Sindbis virus and with temperature-sensitive (ts)
mutants belonging to complementation groups A, B, F, and G, all of which
exhibited an RN A-negative (RNA™) phenotype when infection was initiated and
maintained at 39°C, the nonpermissive temperature. When infected cultures were
shifted from 28°C (the permissive temperature) to 39°C at 3 h postinfection, the
synthesis of viral minus-strand RNA ceased in cultures infected with ¢s mutants
of complementation groups B and F, but continued in cultures infected with the
parental virus and mutants of complementation groups A and G. In cultures
infected with £s11 of complementation group B, the synthesis of viral minus-
strand RNA ceased, whereas the synthesis of 42S and 26S plus-strand RNAs
continued for at least 5 h after the shift to 39°C. However, when ts11-infected
cultures were returned to 28°C 1 h after the shift to 39°C, the synthesis of viral
minus-strand RNA resumed, and the rate of viral RNA synthesis increased. The
recovery of minus-strand synthesis required translation of new proteins. We
conclude that at least one viral function is required for alphavirus minus-strand
synthesis that is not required for plus-strand synthesis. In cultures infected with
ts6 of complementation group F, the syntheses of both viral plus-strand and
minus-strand RNAs were drastically reduced after the shift to 39°C. Since ts6
failed to synthesize both plus-strand and minus-strand RNAs after the shift to
39°C, at least one common viral component appears to be required for the

synthesis of both minus-strand and plus-strand RNAs.

As one of the initial steps in the infectious
cycle of the alphaviruses Sindbis virus (SIN)
and Semliki Forest virus, the parental 42S ge-
nome RNA is translated to yield a viral RNA-
dependent RNA polymerase which utilizes the
parental 428 plus-strand RNA as a template for
the synthesis of 42S minus-strand RNA. The
42S minus-strand RNA in turn serves as a tem-
plate for the synthesis of more 42S plus-strand
RNA and of subgenomic 26S mRNA, which is
translated into the viral structural proteins (15,
22, 29). During the first 3 h postinfection (p.i.),
the rate of synthesis of plus-strand and minus-
strand RNAs increases; however, at approxi-
mately 3 to 3.5 h p.i,, the synthesis of minus
strands ceases abruptly, whereas the synthesis
of both 42S and 26S plus strands continues at a
constant rate throughout the infectious cycle (3,
25). During the early period of infection, the
synthesis of plus strands occurs in about a five-
fold excess relative to minus-strand RNA syn-
thesis (25).

The RNA-dependent RNA polymerase re-

sponsible for the synthesis of 26S and 42S plus-
strand RNAs must be stable, since the addition
of inhibitors of protein synthesis after 3 h post-
infection does not significantly interfere with
plus-strand RNA synthesis (13, 25, 26, 30). We
have recently shown that the synthesis of minus-
strand RNA in Semliki Forest virus-infected
cells ceases within 15 to 20 min after the addition
of inhibitors of protein synthesis (25). Thus, the
polymerase responsible for minus-strand synthe-
sis differs from the viral polymerase synthesizing
plus-strand RNA by having a short half-life. We
have suggested (25) that alphaviruses regulate
the rate of transcription of viral RNA by regu-
lating the number of minus-strand templates
and that the synthesis of minus-strand RNA is
regulated at the level of translation by a mech-
anism which utilizes one or more short-lived
polymerase proteins. One possible mechanism
could involve an unstable or rapidly turning-
over polymerase protein that is required only for
minus-strand synthesis. We report in this com-
munication the identification of a temperature-
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sensitive (£s) mutant of the heat-resistant strain
of SIN (SIN HR) that selectively ceased minys-
strand syntheis upon shifting to the nonpermis-
sive temperature.

MATERIALS AND METHODS

Cell cultures. Secondary cultures of chicken em-
bryo fibroblast (CEF) cells were prepared from pri-
mary cultures of 10-day-old embryos obtained from
the eggs of leukosis-free flocks and were grown in
plastic petri dishes in Dulbecco modified Eagle mini-
mal essential medium (DMEM) supplemented with
5% fetal bovine serum and 5% tryptose phosphate
broth. BHK-21 cells, a continuous cell line derived
from baby hamster kidney cells, were grown in plastic
petri dishes in DMEM supplemented with 5% fetal
bovine serum.

Virus. SIN HR and the RNA-negative (RNA") ¢s
mutants used in this study were the generous gift of
E. R. Pfefferkorn (Dartmouth Medical School, Hano-
ver, N.H.) and have been characterized previously (5,
6, 22, 29). Growth and purification of each virus stock
and determination of its infectivity by plaque assay at
both the permissive (28°C) and the nonpermissive
(39°C) temperatures were as previously described (16).

Infection and RNA labeling. In all of the experi-
ments presented, with the exception of those in Fig. 1
and Table 1, we employed CEF monolayers in 50-mm
petri dishes infected with either SIN HR or one of the
mutants at a multiplicity of infection (MOI) of 50.
After the monolayer was washed with Hanks balanced
salt solution at 28°C, the virus was adsorbed to the
CEF cells for 1 h at 28°C in an inoculum of 0.5 to 1.0
ml of complete DMEM (DMEM containing 0.2% bo-
vine serum albumin, 22 mM HEPES [N-2-hydroxy-
ethylpiperazine-N’-2-ethanesulfonic acid, pH 7.4], and
1 pg of actinomycin D per ml). At the end of the
adsorption period, the virus-containing medium was
removed, complete DMEM at 28°C was added, and
the cultures were incubated at 28°C for the times
indicated in the text. To accomplish the shift to 39°C,
the monolayers were washed with Hanks balanced salt
solution at 39°C before the addition of complete
DMEM at 39°C. When cultures at 39°C were returned
to 28°C, they were washed once with Hanks balanced
salt solution at 28°C, followed by the addition of
complete DMEM at 28°C. SIN RNA was labeled with
[5,6-*H]uridine at a final concentration of 250 uCi/ml
per 50-mm petri dish, unless otherwise indicated in
the text.

Since our studies involved the incubation of infected
cells at two different temperatures, we determined the
kinetics of SIN RNA synthesis at these two tempera-
tures. At various times after infection, SIN HR-in-
fected cells were labeled for 60 min with [*H]uridine,
and the cultures were solubilized with 2% sodium
dodecyl sulfate in ET buffer (0.01 M EDTA, 0.01 M
Tris-hydrochloride [pH 7.4]). DNA was sheared by
passage several times through a 27-gauge needle. Sam-
ples were taken for protein determination by the
method of Lowry et al. (17) and for total acid-insoluble
radioactivity. We found, as have others (15, 16, 22),
that the entire replication cycle takes approximately
twice as long when incubation is at 28°C than when it
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is at 39°C. When the maximum number of transcrip-
tion complexes had formed and RNA synthesis was at
a constant rate (by 4 to 5h at 39°C and by 8 to 9 h at
28°C), [*H]uridine incorporation into RNA during a 1-
h pulse-label in cultures maintained at 39°C was twice
that obtained from cultures maintained at 28°C (data
not shown). Therefore, to adjust for the effect of
temperature on the observed rate of transcription, a
pulse of 60 min was given to cultures to be labeled at
28°C, and a 30-min pulse was used for cultures labeled
at 39°C.

Isolation of SIN RF RNA. At the times indicated,
the infected cells were washed once with ice-cold
phosphate-buffered saline, followed by the addition of
2 ml of lysis buffer (0.15 M NaCl, 0.01 M Tris-hydro-
chloride [pH 7.4], 1.5 mM MgCl;) containing 0.65%
Triton X-100. The cells were scraped from the surface
of the petri dish and transferred to 15-ml conical
centrifuge tubes; the solution was vigorously blended
in a Vortex mixer before being centrifuged at 250 x g
for 10 min at 4°C to pellet the nuclei. The cytoplasmic
supernatant was removed and adjusted to 1% sodium
dodecyl sulfate. The solution was extracted twice with
phenol, followed by two extractions with chloroform-
isoamyl alcohol (96:4). RNA was precipitated from the
aqueous phase by the addition of LiCl to 0.2 M and
ethanol to 70%. After overnight storage at —20°C,
RNA was collected by centrifugation in an SW41 rotor
at 98,000 X g for 1 h at 0°C. The dried precipitate was
dissolved in 0.2 ml of digestion buffer (0.15 M NaCl,
0.05 M Tris-hydrochloride [pH 6.8], 1 mM EDTA)
and digested with 0.1 ug of pancreatic RNase per ml
at room temperature for 15 min. A solution of 0.05 M
Tris-hydrochloride (pH 6.8) and 1 mM EDTA was
added to lower the NaCl concentration to 0.1 M, and
ethanol was then added to a final concentration of 35%
(vol/vol). The samples were immediately applied to
columns of CF-11 cellulose by the procedure of Frank-
lin (11) for isolation of replicative form (RF) RNA.

CF-11 cellulose columns were poured in 3-ml plastic
syringes (2.5 ml of packed CF-11 cellulose) and were
washed first with modifed STE buffer (0.1 M NaCl,
0.05 M Tris-hydrochloride [pH 6.8}, 10 mM EDTA)
containing 1% beta-mercaptoethanol, followed by ex-
tensive washing with STE buffer (0.1 M NaCl, 0.05 M
Tris-hydrochloride [pH 6.8], 1 mM EDTA) containing
35% ethanol. The samples were applied to the columns
and washed with 10 to 15 ml of STE buffer containing
35% ethanol, followed by an equal volume of STE
buffer containing 15% ethanol; RF RNA was eluted in
STE buffer. We routinely recovered 2 to 5% of the
applied radioactivity as RF RNA. RF RNA was col-
lected by ethanol precipitation in the presence of 0.2
M LiCl and 25 ug of carrier rat liver RNA.

This procedure quantitatively recovered RF RNA
from cells infected with SIN HR or ¢s mutants of SIN
HR. The same amount of RF RNA was obtained by
either the sucrose gradient method used previously
(24, 25) or the CF-11 cellulose method of Franklin
(11). Furthermore, both of these preparations of RF
RNA contained the same proportion of labeled minus-
strand RNA and sedimented at 15S to 20S in sucrose
gradients. RF RNA isolated by two cycles of sucrose
gradient centrifugation (24, 25) bound to CF-11 cellu-
lose, and 100% of applied RF RNA was recovered in
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the STE buffer fraction. Less than 0.1% of labeled
single-stranded viral RNA was found to elute in the
STE buffer fraction after treatment with this concen-
tration of pancreatic RNase. Cellular DNA eluted in
STE buffer containing 15% ethanol and thus could be
efficiently removed from the RF RNA fraction.

Quantitation of minus-strand RNA synthesis.
Minus-strand RNA was measured by determining the
amount of [*H]uridine incorporated into RF RNA that
hybridized to unlabeled 42S plus-strand RNA. The
conditions of hybridization were identical to those
reported by us previously (24, 25). Labeled RNA that
was protected from pancreatic RNase digestion was
taken to be labeled minus-strand RNA. It should be
noted that this minus-strand RNA represented that
which remained after treatment of the replicative in-
termediates with low levels of pancreatic RNase to
obtain RF RNA. Such RNase digestion would remove
any single-stranded, nascent minus-strand or plus-
strand RNA in the replicative intermediates.

Materials. [5,6-°H]uridine (53 Ci/mmol) was pur-
chased from Amersham Radiochemicals, London,
England. Cycloheximide was obtained from Calbi-
ochem, La Jolla, Calif., and CF-11 cellulose was ob-
tained from Whatman, Inc., Clifton, N.J. All other
materials were from previously described sources (23-
25).
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RESULTS

Blocking of minus-strand RNA synthesis
in SIN HR-infected cells by inhibition of
protein synthesis. Figure 1 shows the effect of
blocking translation on the synthesis of viral
RNA (Fig. 1A) and minus-strand RNA (Fig. 1B)
in cells infected with SIN HR. In untreated cells,
the overall rate of viral RNA synthesis increased
exponentially beginning at 1 to 1.5 h p.i. and
continued until 3.5 to 4 h p.i., after which time
it became constant or slowly decreased (Fig. 1A).
The rate of synthesis of minus-strand RNA in-
creased at the same time that the overall rate of
viral RNA synthesis increased and ceased at the
time that the overall rate of viral RNA synthesis
became constant (Fig. 1B). When cycloheximide
was added during the period in which the rates
of synthesis of viral plus-strand and minus-
strand RNAs were increasing, the overall rate of
synthesis of viral plus-strand RNA stopped in-
creasing and became constant or slowly declined
(Fig. 1A), and the synthesis of minus-strand
RNA ceased within 30 min after the addition of
cycloheximide (Fig. 1B). Cycloheximide had no
effect on the overall rate of viral RNA synthesis
when it was added after the normal cessation of
minus-strand synthesis had occurred and after
the overall rate of viral RNA synthesis had
become constant (data not shown). These re-
sults, which were the same regardless of whether
CEF or BHK-21 cells were used for the infection,
demonstrated that minus-strand transcription in
SIN-infected cells was shut off selectively by
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F16. 1. Rate of SIN HR RNA synthesis in the
presence and absence of cycloheximide. BHK-21
monolayers in 50-mm petri dishes were infected with
SIN HR (MOI, 50) and were maintained at 37°C in
the presence of actinomycin D. At 2 h p.i., medium
containing cycloheximide (100 yg/ml) was added to
one set of cultures (arrow). Both sets of cultures were
pulsed with [*H]uridine (250 uCi/ml) at 37°C for 30-
min periods between 2 and 5.5 h p.i. and were har-
vested immediately after the pulse. (A) Total [*H]-
uridine incorporation into viral RNA. Acid-insoluble
radioactivity was determined by counting a sample
after trichloroacetic acid precipitation. The values
shown represent the total [*H]Juridine in each sam-
ple; duplicate experiments gave similar results. (B)
Total [*H]uridine incorporation into minus-strand
RNA. RF RNA in each sample was isolated by CF-
11 cellulose chromatography as described in the text,
denatured by heating at 100°C, and allowed to rean-
neal in the presence of an excess of unlabeled SIN
HR 42S virion RNA. RNase-resistant, radiolabeled
RNA formed during the hybridization reaction was
taken as labeled minus-strand RNA. Symbols: @,
untreated cultures; O, cultures treated with cyclohex-
imide.

cycloheximide in a manner identical to that ob-
served in BHK-21, HeLa, or Vero cells infected
with Semliki Forest virus (25). The synthesis of
alphavirus minus-strand RNA, therefore, ap-
pears to require the continued synthesis of pro-
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teins. To determine whether a viral protein is
responsible for minus-strand transcription, we
screened several ¢s mutants of SIN HR to iden-
tify mutants possessing a ¢s defect that manifests
itself in the failure to synthesize minus-strand
RNA, but not plus-strand RNA, at the nonper-
missive temperature.

Screening for SIN HR s mutants that are
defective in minus-strand RNA synthesis.
We screened seven representatives of SIN HR
ts mutants that have been assigned to four com-
plementation groups that give an RNA™ pheno-
type. These RNA™ mutants fail to synthesize
detectable amounts of viral RNA when the in-
fection is initiated and maintained at 39°C, the
nonpermissive temperature. To identify ¢s mu-
tants of SIN HR that are selectively unable to
synthesize minus-strand RNA at the nonpermis-
sive temperature, the cells must be infected at
the permissive temperature. The infected cells
are then shifted to the nonpermissive tempera-
ture at a time when minus-strand RNA tran-
scription is detectable. Thus, the RNA™ mutants
can be characterized by their ability or inability
to continue synthesizing plus-strand or minus-
strand RNA. Nascent viral RNA and all minus-
strand RNAs are found as part of the replicative
intermediates. During a pulse-label with [°H]-
uridine, the proportion of radiolabel incoporated
into minus-strand RNA relative to that in plus-
strand RNA in the replicative intermediates in-
dicates the relative level of synthesis of minus-
strand RNA. During the period in which minus
strands are being accumulated, 40 to 50% of the
[*H]uridine incorporated into RF RNA derived
from replicative intermediates is in minus
strands, and this proportion is constant for pulse
periods of 15 min to 4 h (24, 25).

Monolayers of CEF cells were infected with
either SIN HR or RNA™ ¢s mutants and were
maintained at 28°C for 3 h before being shifted
to 39°C. After 30 min at 39°C, [*H]uridine-con-
taining medium was added to the cultures which
were maintained at 39°C for an additional 2.5 h
before harvest. Viral double-stranded RF RNA
was isolated, RNA was denatured by heating at
100°C, and the proportion of labeled minus-
strand RNA in RF RNA was determined by
hybridization in the presence of an excess of
unlabeled SIN HR virion RNA. Table 1 shows
three ts mutants that appeared to be unable to
continue synthesis of minus-strand RNA after
the shift to 39°C: ts4, ts6, and ts11. RF RNA
isolated from tsll-infected cells contained the
least proportion of labeled minus-strand RNA
(about 6%); RF RNA isolated from ¢s4- and ¢s6-
infected cells contained only about 10% labeled
minus-strand RNA. These results were in con-
trast with those obtained with RF RNA isolated

SINDBIS VIRUS MINUS-STRAND MUTANT

351

TABLE 1. Analysis of SIN RNA™ mutants for
defects in minus-strand synthesis*®

v Complaments. SLSeITE
1on group strand RNA

SIN HR 40.4

ts4 A 9.8

ts6 F 8.8

ts7 G 20.3

ts11 B 6.2

ts15 A 24.6

ts18 G 31.6

ts24 A 36.2

% Monolayers of CEF cells in 50-mm petri dishes
were infected with either SIN HR or the ¢s mutants
as described in the text. An MOI of 50 was used for
the B and G group mutants, and an MOI of 100 was
used for the A and F group mutants. SIN HR was
tested at both MOIs and gave equivalent results for
minus-strand synthesis. The different MOI was used
to maximize incorporation into fs4 and ¢s6 RNAs
because of the reported effect of the shift to 39°C on
RNA synthesis (16). At 3 h p.i.,, the monolayers were
shifted to 39°C and were further incubated at 39°C in
fresh medium. Beginning 30 min after the shift to
39°C, [*H]uridine-containing medium was added (500
uCi/2 ml per petri dish), and the incubation continued
for 2.5 h. The infected cell extracts were prepared, and
RNase-resistant RF RNA was isolated and hybridized
to an excess of unlabeled 42S virion RNA. The hy-
bridization values shown represent the average of from
two to five determinations. A control preparation of
RF RNA from SIN HR-infected cells labeled with
[*H]uridine from 1 to 5 h p.i. at 37°C contained 49% of
the labeled RNA in the RFs in minus-strand RNA.

from the remaining mutants (20 to 36% labeled
minus strands) and SIN HR (40% labeled minus
strands).

A closer examination of these mutants was
undertaken. Pulses of [*H]uridine were given for
30 min at the time of the shift to 39°C and at 30-
min intervals thereafter to cultures infected with
SIN HR mutants ts4, ts6, ts11, and ¢s15 and with
the parental SIN HR. The rate of RNA synthe-
sis in SIN HR-infected cells increased approxi-
mately 20-fold over the 3-h period after the shift
to 39°C (Fig. 2). However, in all of the mutant-
infected cultures, raising the temperature to
39°C at 3 h p.i. resulted in a failure to increase
substantially the rate of RNA synthesis. The
rate of RNA synthesis in ¢s11-infected cultures
increased only two- to threefold over this period,
remained essentially constant in ¢s4- and ¢s15-
infected cultures, and slowly decreased in ¢s6-
infected cultures. We examined the other RNA™
mutants shown in Table 1, and all of them failed
to increase significantly the rate of RNA synthe-
sis after the shift to 39°C at 3 h p.i.; their rate of
synthesis either was constant or slightly de-
creased over the 3-h period after the shift to
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FiG. 2. Relative RNA synthesis in SIN HR- and
mutant virus-infected cultures at 39°C. CEF cells in
50-mm petri dishes were infected with SIN HR or one
of the ts mutants at an MOI of 50 and maintained at
28°C until 3 h p.i., at which time they were shifted to
39°C. [*H]uridine incorporation into RNA at 39°C
was determined with pulses of [*H]uridine (250 uCi/
ml) for 30 min between 3 and 6 h p.i. The cells were
harvested as described in the text, and samples were
taken for acid-insoluble radioactivity. The amount of
incorporation observed in cultures pulsed between 3
and 3.5 h p.i. (shown below in parentheses) was taken
as 1.0, and the amount of incorporation observed in
the subsequent pulse periods for each mutant and the
parental virus is expressed relative to this amount.
During the infectious cycle, [*H]uridine incorpora-
tion into SIN HR RNA during a 30-min pulse-label
increased by an average of 22-fold (five experiments
ranging from 9- to 33-fold). Cultures were infected
with: A, ts4 (133, 181 cpm); A, ts6 (183, 848 cpm); O,
ts11 (273, 600 cpm); X, ts15 (230, 854 com); @, SIN HR
(241, 270 cpm); and OO, SIN HR incubated in the
presence of cycloheximide from the time of the shift to
39°C (241, 029 cpm).

39°C at 3 h p.i. (data not shown). The inability
of the RNA™ mutants to increase significantly
the level of viral RNA synthesis after the shift

J. VIROL.

to 39°C at 3 h p.i. was not unexpected. The
failure to increase the rate of viral RNA synthe-
sis could have resulted from a failure to synthe-
size additional minus-strand templates, a failure
to accumulate functional polymerase compo-
nents, and the inactivation of previously formed
polymerase components that are temperature
sensitive in these mutants. Therefore, the rela-
tive level of minus-strand RNA synthesis was
determined from RF RNA isolated from each of
the datum points shown in Fig. 2 (Fig. 3). Be-
tween 40 and 50% of RF RNA synthesized in
SIN HR-infected cells between 1 and 2 h after
the shift to 39°C hybridized to unlabeled virion
RNA and decreased to less than 1% by 3 h after
the shift. Therefore, these results again showed
that the increasing rate of SIN HR plus-strand
RNA transcription correlated with the synthesis
of minus-strand RNA. Cells infected with SIN
ts15 of the A complemention group continued to
synthesize minus-strand RNA for an additional
3 h after the shift to 39°C (Fig. 3). Similar results
have been obtained for cells infected with SIN
ts18 of the G complementation group and for
SIN ¢s24 of the A complementation group (data
not shown). Unlike the results obtained for SIN
HR, ts15, ts18, and ¢s24, only a small proportion
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F16. 3. Minus-strand RNA synthesis in infected
CEF cultures shifted to 39°C. RF RNA was isolated
from extracts of the cultures shown in Fig. 2 by CF-11
cellulose chromatography. The percentage of [*H]-
uridine incorporated into RF RNA that was in minus
strands was determined by hybridization as de-
scribed in the text. RF RNA was isolated from cul-
tures infected with: @, SIN HR; A, ts4; A, ts6; O, tsll;
W, ts15.
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of labeled RF RNA obtained from ts4-, ts6-, and
tsll-infected cells after the shift to 39°C was in
minus strands (Fig. 3). Thus, minus-strand syn-
thesis ceased in ts4-, ts6-, and ¢sl1l-infected cells
soon after the shift to the nonpermissive tem-
perature.

Analysis of plus-strand RNA synthesis in
tsll-infected cells. We focused our studies on
SIN HR tsl1, the sole member of the B comple-
mentation group, that is, the only mutant in
which minus-strand synthesis appears to be se-
lectively temperature sensitive. Although mi-
nus-strand synthesis failed to continue at 39°C
in either £s4- or ts6-infected cells (Fig. 3), the ts
defect does not appear to be restricted to minus-
strand synthesis, but also directly affects plus-
strand RNA synthesis. In either ts4- or ¢s6-in-
fected cells, the synthesis of 42S and 26S plus-
strand RNAs is reduced after the shift to 39°C
at late times in the infectious cycle when minus-
strand transcription has already ceased (16).
This is in contrast to £s11-infected cells, in which
42S and 26S plus-strand syntheses continue after
the shift to 39°C at late times in the infectious
cycle (16). We analyzed the pattern and the
amounts of 42S and 26S plus-strand RNAs syn-
thesized in tsll-infected cells after the shift to
39°C at a time (3 h p.i.) in the infectious cycle
when minus-strand synthesis was just beginning.
Cultures of CEF cells were infected at 28°C with
tsll and were either maintained at 28°C (Fig.
4A) or shifted at 3 h p.i. to 39°C (Fig. 4B) and
labeled with [*H]uridine. At both temperatures,
full-length 42S and 26S plus-strand RNAs were
synthesized. The cultures that had been shifted
to 39°C incorporated 18% as much [*H]uridine
into 42S and 26S RNAs as did the culture main-
tained at 28°C, but an amount equal to that
obtained in a culture maintained at 28°C but
labeled at 3 h p.i. (data not shown). Further-
more, the ratio of labeled 26S RNA to 42S RNA
did not change significantly with a shift in tem-
perature; at 28°C the ratio was 1.7, and at 39°C
the ratio was 1.2. Therefore, plus-strand RNA
continued to be synthesized at 39°C in ¢s11-
infected cells, although minus-strand transcrip-
tion ceased when the cultures were shifted to
the nonpermissive temperature at 3h p.i.

Analysis of viral RNA synthesis at the
permissive temperature. We next determined
whether the regulation of minus-strand synthe-
sis in SIN HR ¢sll-infected cells was normal at
the permissive temperature. Cultures of CEF
cells were infected with ¢s11 at 28°C and were
pulsed for 60 min with [?H]uridine at intervals
throughout infection (Fig. 5A). An increasing
amount of [*H]uridine incorporation into RNA
was detected between 2 and 6 h p.i., followed by
several hours of a more or less constant rate of
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F16. 4. Sucrose gradient analysis of RNA synthe-
sized in tsll-infected cultures at the permissive and
nonpermissive temperatures. Monolayers of CEF
cells were infected with ts11 at 28°C. Certain of these
cultures were maintained at 28°C, receiving a 60-min
pulse of [*H]uridine at various intervals; other cul-
tures were shifted to 39°C at 3 h p.i. and were main-
tained at 39°C. Cells were harvested after the pulse
into ET buffer containing 2% sodium dodecyl! sulfate,
and the extracts were layered onto 15 to 30% sucrose
gradients in NET buffer (0.1 M NaCl, 0.01 M EDTA,
0.01 M Tris-hydrochloride [pH 7.4]) containing 0.2%
sodium dodecyl sulfate and sedimented in an SW27.1
rotor at 93,000 X g for 18 h at 20°C. Samples of 0.5 ml
were collected, and the radioactivity in each was
determined by counting the entire fraction after acid
precipitation and collection on a glass fiber filter. (A)
tsll1-infected culture maintained at 28°C and pulsed
with [*H]uridine between 7 and 8 h p.i.; (B) tsll-
infected culture shifted to 39°C at 3 h p.i., subse-
quently maintained at 39°C, and pulsed with [*H]-
uridine between 7.5 and 8 h p.i.

incorporation. RF RNA was isolated and showed
a similar pattern of synthesis (Fig. 5B). As shown
in Fig. 5C, the period of increasing RNA synthe-
sis was associated with an increase in the incor-
poration of radiolabel into minus-strand RNA.
The insert to Fig. 5C shows the proportion of
the total incorporation in RF RNA that was in
minus strands. The synthesis of minus-strand
RNA occurred at an increasing rate at 28°C
until after 4 h p.i., at which time it declined:
between 2 and 3 h and 3 and 4 h p.i., about 50%
of the radiolabel in RF RNA was in minus
strands; by 6 p.i., less than 20% of labeled RNA
was in minus strands; and only 3% was found
between 6 and 7 h p.i. Thus, at the permissive
temperature, the synthesis of minus-strand
RNA in tsll-infected cells was temporally reg-
ulated and was similar to that seen in the paren-
tal SIN HR-infected cells (Fig. 1). Since plus-
strand RNA continued to be synthesized for at
least 5 h after the shift to 39°C (Fig. 4), the
previously formed minus strands continued to
function as templates for plus-strand synthesis
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Fi16. 5. Rate of [*H]Juridine incorporation into SIN ts11 RNA at 28°C and after the shift to 39°C. CEF
monolayers were infected with ts11 (MOI, 50) and maintained at 28°C. Beginning at 2 h p.i., a pulse of
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minus-strand RNA. Symbols: @, cultures maintained at 28°C; O, cultures shifted to 39°C at 3 h p.i. and
maintained at 39°C.



VoL. 39, 1981

after tsll-infected cells were shifted from 28 to
39°C at 3 h p.i. For a direct comparison with
events at 28°C, duplicate cultures were shifted
to 39°C at 3 h p.i. and similarly analyzed. An
initial two- to threefold rise in plus-strand syn-
thesis was followed by a slow decline, so that 7
h after the shift, 40% of the initial rate was
observed (Fig. 5A). A constant amount of incor-
poration was detected in RF RNA (Fig. 5B), and
as seen previously (Fig. 3), minus-strand synthe-
sis ceased about 60 min after the shift to 39°C
(Fig. 5C).

Resumption of minus-strand synthesis.
Since raising the temperature to 39°C resulted
in the cessation of minus-strand synthesis in
tsll-infected cells, we next asked whether mi-
nus-strand synthesis would resume after a return
to the permissive temperature. The requirement
for translation of new viral proteins for the re-
sumption of minus-strand transcription upon a
shift down from 39 to 28°C was investigated to
distinguish between the reactivation of previ-
ously formed proteins and the requirement for
newly synthesized ones. Cultures that were
shifted up to 39°C at 3 h p.i. were returned to
28°C 1 h later and incubated in the presence or
absence of cycloheximide (100 pg/ml). Viral
RNA synthesized in these cultures was labeled
during 60-min pulse periods with [*H]uridine,
and the amounts of labeled viral RNA and RF
RNA and the proportion of labeled RF RNA in
minus strands were determined. A return to the
permissive temperature in the absence of cyclo-
heximide led to the resumption of an increasing
rate of RNA synthesis that eventually reached
about 60% of that in infected cultures that were
maintained at 28°C (Fig. 6). However, a return
to 28°C in the presence of cycloheximide led to
only a small increase over the rate of RNA
synthesis occurring at 39°C. After the return to
28°C, the amount of labeled RF RNA in the
untreated cultures increased, but essentially no
increase with time in the amount of labeled RF
RNA occurred in cultures treated with cyclohex-
imide (Fig. 6B). Corresponding to an increase in
synthesis of total RNA and RF RNA after the
return to 28°C, there was a resumption of minus-
strand synthesis (Fig. 6C). A similar resumption
of minus-strand transcription after the shift back
down to 28°C did not occur in the presence of
cycloheximide. Active minus-strand polymerase
must have been present in all of these cultures
at the time of the shift to the nonpermissive
temperature, since minus strands were accumu-
lating at 3 h p.i. at 28°C. Since minus-strand
polymerase activity in SIN HR-infected cells
was normally short-lived, as was demonstrated
by its rapid disappearance after the inhibition of
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F16. 6. Effect of cycloheximide addition on the
temperature-dependent resumption of minus-strand
synthesis. tsl1-infected cultures were shifted to 39°C
at 3 h p.i., and RNA synthesis was monitored by the
addition of [*HJuridine for 30-min pulses at 39°C
(X). Two sets of these cultures were returned to 28°C
at 4 h p.i. One set was incubated continuously in the
presence of 100 pg of cycloheximide per ml (1); the
second set was not further treated and served as the
28°C control (O). Incorporation of radioactivity into
the acid-insoluble form by these cultures was deter-
mined after the cultures were given 60-min pulses of
[*H]Juridine beginning from the time of the return to
28°C. In addition, several cultures which were main-
tained at 28°C throughout the experiment (®) were
pulsed for 60-min periods with [*H]Juridine between
2 and 3 h p.i. and between 8 and 9 h p.i. to monitor
the amount of RNA synthesis occurring in infected
cultures not subjected to these temperature shifts. (A)
Total incorporation into viral RNA; (B) incorpora-
tion into RF RNA; (C) percentage of total labeled RF
RNA in minus strands.

post-infection
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protein synthesis (Fig. 1), the failure to demon-
strate a resumption of minus-strand RNA syn-
thesis in SIN HR ¢s1l-infected cells that had
been shifted to 39°C at 3 h p.i. and then returned
to 28°C 1 h later in the presence of cyclohexi-
mide could have resulted from either the rapid
degradation or the rapid functional inactivation
at 39°C of a viral polypeptide required for mi-
nus-strand RNA synthesis. In either case, the
minus-strand polymerase activity that reap-
peared in SIN HR t¢sl1-infected cells upon the
return to 28°C required the synthesis of proteins.

Cultures shifted to 39°C at 3 h p.i. were re-
turned to 28°C at various times (Fig. 7). In all
cases, there was an immediate increase in the
[*H]uridine incorporation as compared with that
detected in infected cultures not returned to
28°C. Increasing the time at the nonpermissive
temperature before the return to the permissive
temperature decreased the extent to which total
RNA synthesis recovered, but, nevertheless, mi-
nus-strand synthesis resumed in tsll-infected
cultures if the cultures were shifted back to
28°C.

DISCUSSION

Previously, we have shown that minus-strand
transcription in Semliki Forest virus-infected
cells is shut off selectively when protein synthe-
sis is inhibited with puromycin or cycloheximide
(25). The data presented in this study extended
this observation to include SIN and demon-
strated that when SIN HR tsll-infected cells
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3H-Ur-dune RNA

2 3 4 5 6 1 8 9 10 1l

Hours, post-infection

F1G. 7. Temperature-dependent increase in tsll
RNA synthesis. CEF monolayers infected with tsll
were shifted to 39°C at 3 h p.i. At the indicated times,
certain of these cultures were returned to 28°C and
labeled with [*HJuridine at 28°C for 60-min periods;
cultures maintained at 39°C were pulsed for 30-min
periods. Cultures were harvested into ET buffer with
2% sodium dodecyl sulfate immediately after the
pulse, and the amount of incorporation into the acid-
insoluble form was determined. Symbols: O, 39°C;
@, 28°C.
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were shifted to the nonpermissive temperature
during the early phase of the viral replication
cycle, when the rate of minus-strand RNA syn-
thesis was increasing, minus-strand transcrip-
tion ceased selectively. Temperature sensitivity
of a component of the viral RNA-dependent
RNA polymerase that is required for minus-
strand transcription would account for the
RNA™ phenotype of SIN mutant ¢s11. The prod-
ucts of at least four cistrons (complementation
groups A, B, F, and G) of SIN HR are required
for viral RNA synthesis (5, 6, 22, 29). SIN HR
tsll is the only member of the B complementa-
tion group (22, 28, 29). The results of our studies
on ¢ts mutants of SIN HR suggest that the prod-
uct of the B cistron of SIN HR is a polypeptide
that functions in minus-strand transcription and
demonstrated that thermal inactivation of mi-
nus-strand transcription occurred in ¢sll-in-
fected cells without inactivation of plus-strand
transcription.

Minus-strand RNA synthesis was also ob-
served to be temperature sensitive in SIN HR
ts4 (complementation group A)-infected cells
and SIN HR t¢s6 (complementation group F)-
infected cells. This observation was consistent
with the results reported by Pfefferkorn et al.
(21) and Pfefferkorn and Burge (20), who dem-
onstrated that input £s4 and ¢s6 viral RNAs are
not converted into a nuclease-resistant, double-
stranded form at the nonpermissive tempera-
ture. However, since we (16; unpublished data)
and others (22) have shown that ¢s6 has diffi-
culty synthesizing plus-strand RNA at the non-
permissive temperature, we conclude that the
product of the F cistron is required for both
plus-strand and minus-strand RNA syntheses.
Cells infected with ¢s4 of the A complementation
group synthesize viral RNA poorly at both the
permissive and nonpermissive temperatures,
suggesting a temperature-independent defect in
the viral RNA polymerase (16). Another mem-
ber of the A complementation group, ¢s15, did
not stop synthesizing minus-strand RNA upon
the shift to the nonpermissive temperature.
Most ts mutants of the A complementation
group show an alteration in the ratio of 26S-to-
428 plus-strand synthesis after the shift to the
nonpermissive temperature (29), with the excep-
tion of ¢s4, which does not significantly change
the ratio of 26S-to-42S plus-strand synthesis
(16). Therefore, we conclude that only ts11 of
the B complementation group unequivocally ap-
pears to be defective selectively in minus-strand
RNA synthesis. A shift of ¢ts11-infected cells to
the nonpermissive temperature at a late time
after infection does not affect plus-strand RNA
synthesis (16). When tsll-infected cells were
shifted to the nonpermissive temperature at
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early times in the infectious cycle, plus-strand
RNA synthesis continued at the rate that was
occurring at the time of the shift.

Our results with SIN HR ¢£s11 suggest that the
product of the B cistron is a polypeptide which
is required selectively for minus-strand RNA
synthesis. Because minus-strand, but not plus-
strand, RNA synthesis is short-lived and re-
quires continual protein synthesis, it is not pos-
sible from our results to determine whether the
product of the B cistron is temperature sensitive
in ts11 or whether the cleavage of the polypep-
tide encoded by the B cistron is defective at the
nonpermissive temperature. It has been sug-
gested (29) from the results reported by Waite
(30) that one of the polypeptide intermediates
in the processing of the SIN nonstructural pro-
teins accumulates in ¢sll-infected cells at the
nonpermissive temperature. The isolation of ad-
ditional s mutants belonging to the B comple-
mentation group which also share the phenotype
of SIN HR t¢s11 is necessary to conclusively
demonstrate that the B cistron is responsible for
minus-strand synthesis.

To date, only three SIN nonstructural pro-
teins have been identified (4, 14). Their gene
order has been determined to be 5'-ns60-ns89-
ns82-3’ (4). These proteins are translated from
the 42S polycistronic mRNA with a single initi-
ation site (1, 4, 15). A recent study by Fuller and
Marcus (14) with increasing doses of UV irradia-
tion, which results in the blocking of translation
of polypeptides beyond the site of damage on
the mRNA, confirmed the gene order of the
nonstructural proteins of SIN and also assigned
two of these proteins to particular complemen-
tation groups; the N’-ns60 protein was identified
as the product of the G complementation group,
and the ns89 protein was identified as the prod-
uct of the A complementation group. The third
protein (ns82) could not be assigned to either
the B or F groups because of the very similar
dose of UV irradiation resulting in loss of com-
plementation with mutants of both the F (£s110)
and the B (¢s11) groups. The authors considered
the possibility that the fourth complementation
group represents a noncoding region of the ge-
nome RNA and thus functions at the nucleotide
level rather than at the polypeptide level. If the
B cistron represents such a noncoding region of
the genome, its ability to function in minus-
strand transcription would not be expected to be
sensitive to protein synthesis inhibition. After
the return to 28°C of SIN ¢s11-infected cells that
were shifted to 39°C early in infection, the syn-
thesis of minus-strand RNA recovered only in
the absence of cycloheximide. We would suggest
that, if there are only three nonstructural pro-
teins, the ns82 protein contains two functionally
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distinct domains, one of which functions in mi-
nus-strand RNA synthesis and thus can be in-
dependently mutated, resulting in the B and F
complementation groups.

That a specific function not needed for viral
plus-strand transcription is involved in minus-
strand synthesis is not surprising. The initiation
of minus-strand synthesis may be unusual in
that the 5’-initiating nucleotide may be a pyrim-
idine: 5-ppUp and 5-pUp residues have been
detected in a polyuridylate sequence which is
located at the 5’ terminus of Semliki Forest virus
minus-strand RNA (23). A polyuridylate se-
quence has been found also in SIN HR minus-
strand RNA (12). Although a similar 5'-terminal
polyuridylate sequence is present in poliovirus
minus-strand RNA (27, 33, 34), its 5’ terminus is
covalently coupled to a viral protein (10, 18).
Since alphavirus plus-strand RNA synthesis
probably initiates with a purine residue (9, 19,
32), an additional function may be required for
pyrimidine initiation. Also, the ability to regu-
late the amount of minus-strand RNA, which is
only needed in a template capacity and is stable
once synthesized (3, 24-26, 31), confers the
added advantage of the efficient utilization of
available substrates for single-stranded virion
RNA and mRNA formation once sufficient mi-
nus-strand templates are formed. Since regula-
tion of the initiation of minus-strand transcrip-
tion would control directly the number of tem-
plates produced, translational control of the pro-
tein required for this initiation would be a sen-
sitive regulatory mechanism. The actual process
of initiation may require the function of more
than a single protein. The role of one viral and
several host cell proteins in QB and f2 RNA
phage transcription and replication has been
recently reviewed (1), and in vitro evidence in-
dicates that several picornaviruses, e.g., polio-
virus (7) and encephalomyocarditis virus (8),
may utilize a host cell protein in addition to viral
proteins for transcription on a plus-strand tem-
plate, possibly for the initiation of transcription
(7). Whether this is true for alphaviruses also
remains to be determined.
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