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The virion-associated RNA transcriptase activity of vesicular stomatitis virus
New Jersey temperature-sensitive (ts) mutants was assayed in vitro at the
permissive (3100) and restrictive (3900) temperatures. RNA synthesis at 390C
by the RNA-negative ts Al and the RNA-positive ts Cl and ts Dl mutants was
similar to that of wild-type virus. The RNA-negative ts Bl synthesized only small
amounts of RNA in vitro at 390C. The three mutants of complementation group
E were dissimilar in the amounts of RNA they synthesized at 390C: ts El
synthesized very little RNA, ts E2 synthesized moderate amounts, and RNA
synthesis by ts E3 was not inhibited. The two mutants of group F were also
dissimilar, since ts Fl synthesized very little RNA at 390C, whereas ts F2
synthesized as much RNA as wild-type virus. The revertant clones ts Bl/Rl, ts
El/Rl, and ts Fl/Rl synthesized RNA at 390C in amounts comparable to wild-
type virus, indicating that the heat sensitivity of the transcriptase activity of the
mutants ts Bl, ts El, and ts Fl was associated with temperature sensitivity.
Similar heat sensitivities were observed when transcribing nucleoprotein com-
plexes were used in the assays, showing that the mutated polypeptides were part
of the viral core. The heat stability of the mutant ts Bl was similar to that of
wild-type virus, and in vitro RNA synthesis was fully restored when the temper-
ature was lowered to 310C after 30 min of preincubation at 390C, showing that
the inhibition was due to reversible configurational change of the mutated
polypeptide. When virions of the mutant ts El were heated for 5 h at 390C, their
infectivity and transcriptase activity were as stable as those of the wild-type virus,
whereas transcriptase activity became very heat labile after disruption of the viral
coat with a neutral detergent. This suggests an interaction between the mutated
polypeptide and a coat polypeptide which stabilizes the activity of the transcrip-
tase. The RNA transcriptase activity of the mutant ts Fl was also heat labile,
although to a lesser extent than that of ts El. Thus, the defects in transcriptase
activity of groups B, E, and F suggest that all three polypeptides of the virus core,
polypeptides L, N, and NS, are involved in the transcription. In addition, we
postulate that the mutated gene products of groups E and F are multifunctional,
being required both in transcription and replication, and that the gene product of
group E may also be involved in some late stage of virus development.

Temperature-sensitive (ts) mutants of vesic-
ular stomatitis virus (VSV) Indiana have been
classified into six non-overlapping complemen-
tation groups (3, 4, 13, 19). At the restrictive
temperature (390C), mutants of complementa-
tion groups I and IV do not synthesize virion
RNA, whereas mutants of groups III and V do
(15). Group H is unique in that it contains mu-
tants of both RNA-negative and RNA-positive
phenotypes (15). The virion transcriptase activ-
ity of several ts mutants was compared in vitro
at 31 and 390C by Szilagyi and Pringle, who
found that mutants of groups II, III, and IV all
synthesized RNA at 390C, indicating that in

these groups the RNA transcriptase was not
affected by the mutation (20). However, several
mutants in group I did not synthesize RNA in
vitro at 390C because of the heat lability of their
transcriptase (20). Studies ofprimary RNA tran-
scription in infected cells confirmed that in com-
plementation group I the mutation altered the
activity of the RNA transcriptase (18). Dissocia-
tion and reconstitution experiments indicated
that polypeptide L was the site of the mutational
lesion (2, 5, 6). Recently we examined mutant ts
045 from the RNA-positive complementation
group V (17, 24) and mutant ts M602 from the
RNA-negative group VI (7, 8, 19) and found that
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both mutants synthesized RNA in vitro at 390C,
indicating that the transcriptase activity in these
groups is not affected by the mutation (unpub-
lished data).

ts mutants isolated from VSV New Jersey
have also been classified into six non-overlap-
ping complementation groups by Pringle et al.
(16). Complementation groups A, B, and F did
not synthesize virion RNA at the restrictive
temperature (3900), whereas mutants of groups
C and D did (16). Complementation group E
contained both RNA-negative and RNA-posi-
tive mutants, since two of the mutants (ts El
and ts E3) did not synthesize virion RNA at
39°C whereas the third mutant (ts E2) did (16).
Lesnaw and Reichmann used one mutant from
each of the six complementation groups to show
that in infected cells two of the RNA-negative
mutants, ts Al and ts El, were able to carry out
primary transcription but not replication of vir-
ion RNA at 39.50C (10). The RNA-positive mu-
tants ts Cl and ts Dl synthesized virion RNA at
the restrictive temperature, whereas mutants
from the other two RNA-negative complemen-
tation groups (ts Bl and ts Fl) exhibited neither
transcription nor replication (10). Recently Les-
naw and Dickson have carried out in vitro dis-
sociation and reconstitution experiments which
indicate that the mutational lesion in ts Bl
involves the L or NS polypeptides (9).

Conditional temperature-dependent (td CE)
mutants have been isolated which grow both at
31 and 390C in BHK cells but only at 310C in
secondary chicken embryo cells (14, 21). Some
of the td CE mutants of VSV New Jersey syn-
thesize RNA in vitro at 390C similarly to wild-
type virus, while others do not (21). One mutant
of the latter category, td CE3, was studied in
some detail, and it was shown that the activity
of its transcriptase was fully and instantaneously
reversible by lowering the temperature from 39
to 310C (21). Thus, the mode of inhibition of the
transcriptase of this mutant differs from that
observed in some of the group I mutants of VSV
Indiana, where thermal inactivation was irre-
versible (20). Dissociation and reconstitution ex-
periments showed that the td CE3 mutation
affected polypeptide L (22).

In this communication we examine the kinet-
ics of in vitro RNA synthesis by purified virions
of the conventional ts mutants of VSV New
Jersey to determine whether virion transcriptase
activity was defective in any of the six comple-
mentation groups.

MATERIALS AND METHODS

Mutants. The ts mutants of VSV New Jersey de-
scribed by Pringle et al. (16) were used. We chose one
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mutant from groups A, B, and C (ts Al, ts BH, and ts
C1), the only mutant of group D (ts D1), all three
mutants of group E (ts El, ts E2, and ts E3), and both
mutants of group F (ts Fl and ts F2). We also isolated
revertant clones from mutants ts Bi, ts El, and ts Fl.
These revertants (ts Bl/Rl, ts El/Ri, and ts Fl/Ri)
were isolated from BS-C-1 monolayers incubated at
390C.
Growth and purification ofvirus. BHK-21 clone

13 monolayers in 6 to 10 Burrler bottles were infected
with low multiplicity of the mutants and incubated at
310C. Growth and purification followed the method
described by Szilagyi and Pringle (20). The purified
virus was suspended in 20 mM Tris-hydrochloric acid
buffer (pH 8.0), the amount of the protein in this
purified preparation was determined by the method of
Lowry et al. (11), and the concentration of protein in
each suspension was adjusted to 1.3 mg/ml. Infectivity
assays were carried out under agar overlay using BS-
C-1 cell monolayers.
Thermal inactivation of infectivity. Purified vi-

rus preparations (0.005 ml) were suspended in 1 ml of
Eagle medium containing 10% fetal calf serum and
were incubated at 390C for 5 h. The residual infectivity
of these suspensions was titrated at 310C on BS-C-1
cell monolayers, and results are expressed as a per-
centage of the infectivity of identical samples which
were kept at 00C for the same length of time.
TNP preparations. Transcribing nucleoprotein

(TNP) complexes were prepared from purified virions
by the method of Szilagyi and Uryvayev (23) using the
modifications described by Szilhgyi and Pringle (21).
Assay ofthe RNA transcriptase. The previously

described RNA transcriptase assays (1, 12, 20, 21, 23)
were modified. Incubation mixtures (0.3 ml) were
made up at 00C by adding the following ingredients:
calculated volume of 20mM Tris-hydrochloride buffer
(pH 8.0) to make the final volume 0.3 ml, 0.03 ml of
TNP or purified virus suspension, 0.015 ml of 0.8%
Triton-N 101 (added when virus was used but not
when TNP was used), 0.015 ml of 70 mM dithiothrei-
tol, 0.006 ml of Searle "ribonuclease inhibitor" prepa-
ration (50 units/ml), 0.018 ml of 32 mM ATP, 0.0075
ml of 1 mM S-adenosyl methionine, and 0.075 ml of
"reagent mixture" (containing Tris-hydrochloride
buffer, pH 8.0, NaCl, actinomycin D, ATP, CTP, GTP,
and 3H-labeled UTP) (22). The incubation mixtures
were then placed in 31 or 390C water baths for 1 min,
and RNA synthesis was started by the addition of
0.0075 ml of 220 mM MgCl2. Samples (0.02 ml) were
taken either before the addition of MgCl2 (zero-time
sample) or at intervals during incubation and were
placed on Whatman DE-81 paper disks. The disks
were washed at room temperature five times with 5%
sodium pyrophosphate, twice with water, twice with
ethanol, and twice with ether, and radioactivity was
measured by liquid scintillation spectrophotometry.
Thermal inactivation of transcriptase. Two

identical incubation mixtures containing all the ingre-
dients except MgCl2 were prepared for each mutant.
One incubation mixture of each pair was incubated at
390C for 30 min while the other was kept in an ice-
water bath. The transcriptase activity ofboth mixtures
was assayed at 310C after the addition of MgCl2, and
the amount of RNA synthesized by the heat-treated



694 SZILAGYI AND PRINGLE

incubation mixture during 3 h was expressed as a
percentage of the amount synthesized by its control.

RESULTS
Temperature sensitivity of the mutants

of VSV New Jersey. Throughout the experi-
ments described in this communication, we used
purified preparations of the various ts mutants
of VSV New Jersey. In preliminary experiments
we noticed that some preparations of mutant ts
E1, and to a lesser extent ts D1, appeared to
have a high frequency of revertant virus. This
difficulty was overcome by recloning these mu-
tants. The purified preparations of the ts mu-
tants used in the experiments exhibited a ts
phenotype, and the revertant clones showed ef-
ficiencies of plating at 39°C similar to wild-type
virus.
In vitro RNA synthesis by the ts mutants.

To determine the temperature sensitivity of the
transcriptase activity of the various ts mutants
of VSV New Jersey, we assayed the virion-as-
sociated RNA transcriptase in vitro at 31 and
390C and compared the results to those obtained
with wild-type virus. These experiments were
repeated three times, and the results of a single
experiment are shown in Fig. 1. The results
obtained in .the other two experiments were in
very good agreement with those given in Fig. 1.
Wild-type virus synthesized RNA at 310C lin-

early for 1 h, and RNA synthesis continued at a
reduced rate throughout the 3 h of the experi-
ment. At 390C the initial rate of RNA synthesis
was about half of the rate at 310C, and a plateau
was reached by about 60 min, the total amount
of RNA produced being about 13 to 16% of that
synthesized at 310C.
Mutant ts Al consistently synthesized more

RNA at 390C than the wild-type virus. Mutants
ts C1 and ts Dl synthesized RNA at 390C simi-
larly or slightly better than wild-type virus.

In the case of ts B1, the mutation almost
certainly affected a polypeptide involved in the
transcription process, since this mutant synthe-
sized very little RNA at 390C (only 2 to 4% of
that synthesized at 310C), whereas its revertant,
ts Bl/Rl, synthesized RNA at 390C at least as
well as wild-type virus.

Likewise, mutant ts El synthesized very small
amounts of RNA at 390C, whereas the amount
of RNA synthesized at 390C by its revertant, ts
El/Ri, was comparable to that produced by
wild-type virus. This indicates that the mutated
polypeptide of ts El is involved in transcription.
However, mutant ts E3 synthesized RNA nor-
mally at 390C, and ts E2 synthesized RNA at a
somewhat reduced rate.
There was limited RNA synthesis at 390C by

mutant ts Fl, about 5% of the amount synthe-
sized at 310C. Since the revertant clone (ts Fl/
Rl) of this mutant synthesized RNA as well as
or better than the wild-type virus, it is likely
that the mutated polypeptide of ts Fl is also
involved in the transcription process. However,
mutant ts F2 synthesized RNA at 390C similarly
to wild-type virus.
These experiments were repeated using TNP

complexes of the ts mutants. These TNP prep-
arations are ribonucleoprotein complexes iso-
lated from purified virions (23). They contain
only three polypeptides (L, N, and NS) in close
association with the virion RNA and retain the
transcriptase activity of the virion (23). Results
with the TNPs of the ts mutants were very
similar to those given in Fig. 1, indicating that
the temperature-sensitive polypeptides of ts Bl,
ts El, and ts Fl are part of the viral core (Table
1).
Thermal stability ofthe transcriptase ac-

tivity of the ts mutants. The mode of inhibi-
tion of RNA synthesis at 390C was investigated
by examining the heat stability of the transcrip-
tase activity of the ts mutants. Identical reaction
mixtures, containing all ingredients except
MgCl2, were incubated for 30 min at either 39 or
00C, and their residual transcriptase activities
were assayed after the addition of MgOl2 at
310C.

Figure 2 shows that wild-type virus retained
approximately 40% of its transcriptase activity
after heat treatment at 390C. Similar heat sta-
bilities were observed in the case of mutants ts
Al, ts C1, and ts Dl (Fig. 2).

Since preliminary experiments indicated that
the transcriptase activity of ts Bl was heat sta-
ble, we assayed the heat stability of two addi-
tional preparations of this mutant. In all three
preparations, the heat stabilities of the tran-
scriptase activity were similar to or only slightly
less than that of wild-type virus or the revertant
clone ts Bl/Rl (Fig. 2). Thus, the inhibition of
RNA synthesis at 390C by the mutant ts B1 was
probably the result of a reversible configura-
tional change of the mutated polypeptide.
The transcriptase activity of mutant ts El was

very heat labile at 390C. However, the revertant
clone ts El/Rl, as well as the mutants ts E2 and
ts E3, had more stable transcriptase activities
than wild-type virus (Fig. 2). Thus, the inability
of ts El to synthesize RNA in vitro at 390C is
due to thermal inactivation of the transcription
process.
Mutant ts Fl retained only 10% of its tran-

scriptase activity after heat treatment, showing
that the transcriptase activity of this mutant is
slightly less heat labile than that of ts El. The
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FIG. 1. Assay of the virion-associated RNA transcriptase of the ts mutants of VSV New Jersey at 31 and

39°C. The virion-associated RNA transcriptase in purifiedpreparations of the ts mutants was assayed either
at 31°C (@) or at 39°C (0) as described in the text.

transcriptase activity of ts F2 was consistently
more heat stable than that of wild-type virus,
and the transcriptase activity of the revertant ts
Fl/Rl was the most heat stable of all the clones
tested (Fig. 2). Thus, heat lability of the tran-
scriptase activity of the mutant ts Fl probably
accounts for its inability to synthesize RNA in
vitro at 390C.
In vitro temperature-shift experiments

with ts Bi. The mode of inhibition of the tran-
scriptase activity ofthe mutant ts Bi was further
studied by temperature-shift experiments,
where a reaction mixture was incubated at 390C
for 30 min before transfer to 31°C (Fig. 3). The

amount of RNA synthesized after the tempera-
ture was lowered to 31°C was approximately
25% of that synthesized by a reaction mixture
that was incubated at 310C throughout the ex-
periment. Another reaction mixture containing
all the ingredients except MgCO2 was incubated
for 30 min at 39°C, and the residual enzyme
activity was assayed at 31°C after the addition
of MgCl2. The amounts of RNA synthesized by
the two preparations were very similar, showing
that enzyme activity was fully restored after
temperature shift from 39 to 310C. These results
suggest that a reversible configurational change
of the mutated polypeptide is responsible for the
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TABLE 1. RNA synthesized by TNP preparations of
the ts mutants of VSV New Jerseya

Mutant % RNA synthesized at

Wild type..... 16
ts Al..... 26
ts Ci..... 20
ts Dl..... 12
ts B1..... 4
ts BR/Ri..... 22
ts El ............................... 3
ts E2.... 8
ts E3.... 15
ts El/Ri.... 19
ts Fl .................... 3
ts F2 ....................... 12
ts Fl/Rl.... 42

a Using TNP preparations of the ts mutants of VSV
New Jersey, complementary RNAs were synthesized
at 31 and 390C under conditions otherwise identical to
those described in Fig. 1. The amounts of RNA syn-
thesized at 390C after 3 h of incubation are expressed
as the percentage of the amounts of RNA synthesized
at 310C after the same length of incubation by the
same TNP preparation, as follows: percent RNA syn-
thesized at 390C = (counts per minute after 3 h at
39°C/counts per minute after 3 h at 3100) x 100.

inhibition of the transcriptase activity of the
mutant ts B1.
Heat sensitivity of the infectivity of the

ts mutants. Purified preparations of the ts mu-
tants were incubated for 5 h at 390C, and their
residual infectivity was compared with the infec-
tivity of identical suspensions kept at 00C for
the same length of time. In the case of wild-type
New Jersey, around 5% of the infectivity sur-
vived this heat treatment. Considering the vari-
ations inherent in such experiments, the results
indicate that the mutants and the revertant
clones under investigation showed similar heat
stabilities to the wild-type virus. The only pos-
sible exception is ts Fl, where only 0.7% of the
infectivity was recovered, suggesting that this
mutant may be heat labile.

Since it has been shown that mutant ts El has
a very heat-labile transcriptase activity (Fig. 1
and 2), it was surprising that the proportion of
infectious virus surviving the heat treatment at
390C for 5 h was similar to that of wild-type
virus. For this reason we retested the heat sta-
bility of the infectivity of this mutant using two
further independently grown and purified prep-
arations (Table 2). The results confirm that the
heat stability of the mutant ts El is similar to
that of the wild-type virus, since in both cases
10% of the infectivity was recovered after treat-
ment for 5 h at 390C. We believe that the low
survival in the case of ts El/Rl is erroneously

low, since in another experiment the heat stabil-
ity of this virus was significantly higher (13.5%).
Comparison of the heat lability of the

transcriptase activity of disrupted and in-
tact virions of mutant ta El. Two further
experiments were conducted to determine how
mutant ts El retains its infectivity after a rela-
tively long incubation at 390C, even though the
activity of its transcriptase is heat labile.

In the first experiment, a purified preparation
of the mutant ts E1 was incubated for 5 h at
390C, and then its residual transcriptase activity
was assayed at 310C. The results showed that,
like wild-type virus, mutant ts El retained ap-
proximately 8 to 10% of its RNA transcriptase
activity. Therefore it appears that, when the
undisrupted virions of ts El are heated, both the
mutant's infectivity and transcriptase activity
are as stable as those of wild-type virus.

Next, the heat stability of the in vitro tran-
scriptase activity of ts El was reexamined using
a TNP preparation (Fig. 4). There was very little
1 173RNA synthesis at 310C after an initial
incubaRNA synthesis at 310C after an initial
incubation of the reaction mixture at 390C for
30 min. Similarly, almost all transcriptase activ-
ity was lost when a control reaction mixture
containing all the ingredients except MgCl2 was
incubated at 390C for 30 min and then the
residual transcriptase activity was assayed at
310C. These results show that transcriptase ac-
tivity of the viral core, unlike the activity of the
undisrupted virion, is heat labile, presumably
due to the irreversible denaturation of the mu-
tated polypeptide.

DISCUSSION
In this paper we attempt to identify the num-

ber of viral polypeptides involved in the tran-
scription of the genome of VSV New Jersey by
comparing the in vitro activity of the virion-
associated RNA transcriptase of the tempera-
ture-sensitive (ts ) mutants of all six complemen-
tation groups. Similar experiments made with
the ts mutants of VSV Indiana (20) and the
temperature-dependent host range (td CE) mu-
tants (21) provided the first evidence that some
mutants possess a temperature-sensitive tran-
scriptase.
The RNA transcriptase of the mutants of

complementation groups C and D is unlikely to
be affected by the mutation since mutants ts Cl
and ts D1 synthesized RNA in vitro at 390C
similarly to wild-type virus. These results agree
with the finding that both primary transcription
and replication of the viral genome occur in cells
infected with either of these mutants (10, 16).
Since the mutations did not appear to affect any

J. VIROL.
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FIG. 2. Heat stability of the virion-associated RNA transcriptase activity of the ts mutants during incu-

bation at 39°C for 30 min. Identical reaction mixtures containing all ingredients except MgCl2 were incubated
at 39°C (0) and 0°C (a) for 30 min, and their residual transcriptase activity was assayed at 31°C after the
addition ofMgCl2 as described in the text. The mutants were the same as described in Fig. 1 except that two
further independently grown and purifiedpreparations of the mutant ts Bl were added.

stage ofRNA synthesis in either of these groups,
it is likely that the polypeptides M and G of the
virus coat are affected by these mutations. Wun-
ner and Pringle found, paradoxically, that, al-
though in mutant ts Dl the electrophoretic mo-
bility of both polypeptides G and N was altered,
the ts phenotype of this mutant appeared to be
due to mutation in the N polypeptide because
reversion of temperature sensitivity was accom-
panied by reversion of the N polypeptide to
nornal mobility (25). However, the gene assign-

ment of this mutant is under reinvestigation by
extensive biochemical and genetic analysis.

In vitro RNA synthesis at 39°C by ts Al was
even more pronounced than that by wild-type
virus. This makes it very unlikely that transcrip-
tion in group A is affected by the mutation, and
suggests that some function in the RNA repli-
cation is defective. This is in good agreement
with the results obtained with infected cells,
where replication was restricted while primary
transcription was unaffected (10, 16).
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FIG. 3. Reversibility of the activity of the RNA

transcriptase of the mutant ts BJ. The transcriptase
activity of purified preparations of wild-type VSV
New Jersey and the mutant ts BJ was assayed either
at31°C(U) or 390C(0). A further reaction mixture
was incubated at39tC for 30 mi and then trans-
ferred to 31'C (0). As control, a reaction mixture
which contained all the ingredients except MgCl2 was
incubated at 390C for 30 min, and then MgCl2 was
added and the residual transcriptase activity was
assayed at 31'C (El). The conditions of assay are
described in the text.

TABLE 2. Stability of the infectivity ofpurified
group E mutant preparations during incubation in

vitro at 390 Ca
PFU/ml

% Sur-Mutants After 0°C for After 39°C vivalb
5h for5h

tsEl (2nd 6x 1010 6x 109 10
prepn)

ts El (3rd 6.3 x 10'0 6.3 x 109 10
prepn)

ts E2 1.2 x 10"1 1.7 x 10'0 14

tsE3 1.4 x 1010 1.2 x 109 9

ts El/Ri 2.7 x 109 4.1 x 107 1.5
a The purified virus suspensions were incubated for

5 h at 39°C, and the residual infectivity was titrated at
31°C as described in the text. Two independently
grown and purified preparations of the mutant ts El
were used. The preparations of the mutants ts E2 and
ts E3 and the revertant ts El/Rl were the same as
described in Fig. 1.

'Percent survival is expressed as (PFU after 39°C
for 5 h/PFU after 0°C for 5 h) x 100.

Mutants of the other three RNA-negative
complementation groups (B, E, and F) are the
most likely to be temperature sensitive for tran-
scription, and the in vitro experiments indicated

0 1 2 3 0 1 2 3
TIME (HOURS)

FIG. 4. Reversibility of the RNA transcriptase ac-
tivity ofthe mutant ts El. Wild-type VSVNew Jersey
and the mutant ts El were used. Transcriptase activ-
ity was assayed at 31°C (U), at 39°C (0), and at 31°C
after 30 min of incubation at 39°C (0). Another
reaction mixture containing all the ingredients except
MgCl2 was incubated at 39°C for 30 min, and then
MgCl2 was added and the residual transcriptase
activity was assayed at 31°C (O). Conditions of en-
zyme assay are described in the text.

that the representative mutants of these groups,
mutant ts B1, ts E1, and ts F1, did possess
temperature-sensitive transcriptase activity.
Therefore, the investigation was extended to
include all three mutants of group E and both of
group F.
There was very little RNA synthesis at 39°C

in the case of mutant ts Bi, whereas RNA syn-
thesis was not reduced in the case of the revert-
ant clone ts Bl/Rl, strongly indicating that the
mutated gene product is involved in the tran-
scription process. This is in good agreement with
the results obtained with ts Bl-infected cells (10,
16). Temperature-shift experiments with ts Bi
showed that inhibition is a reversible process
presumably brought about by a configurational
change of the mutated polypeptide. Thus, the
mode of inhibition in this mutant is very similar
to that of the temperature-dependent host range
mutant td CE3 (21, 22).
Mutants of complementation group E showed

differences in the amounts ofRNA they synthe-
sized in vitro at the restrictive temperature. The
involvement of the mutated polypeptide of ts El
in the transcription process is suggested by the
fact that this mutant synthesized very little
RNA at 39°C, whereas its revertant clone ts El/
Rl synthesized normal amounts of RNA at
39°C. On the other hand, mutants ts E2 and ts
E3 both synthesized RNA at 39°C. Since repli-

J. VIROL.
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cation of viral RNA is observed at the restricted
temperature in cells infected with ts E2 (16), the
mutated polypeptide in group E is almost cer-
tainly multifunctional. Thus, experiments in-
volving ts El indicate that the polypeptide takes
part in transcription, whereas those involving ts
E3 suggest that the polypeptide is also involved
in replication, and those involving ts E2 indicate
that the polypeptide is defective either in some
later stage ofreplication or in some stage ofvirus
development following replication. Alterna-
tively, it is possible that the transcription prod-
ucts synthesized at 390C by ts E2 and ts E3 are
not functional.
The mode of inhibition of the transcriptase

activity of ts El is irreversible thermal inacti-
vation of the mutated polypeptide. However,
when undisrupted virus particles are subjected
to heat, both the infectivity and transcriptase
activity of this mutant and of wild-type virus are
very similar. This may be the result of an inter-
action between the mutated polypeptide and
either the M or, less likely, the G polypeptide,
resulting in the suppression of the heat lability
of the mutated polypeptide. Like interactions,
possibly involving some host polypeptide, may
account for the primary transcription that takes
place in cells infected with ts El (10).
The two group F mutants are also dissimilar

in the amount of RNA they synthesize in vitro
at 390C. One of them, ts Fl, synthesizes very
little RNA at 390C, and the other, ts F2, syn-
thesizes nornal amounts of RNA at this tem-
perature. Since the revertant clone, ts Fl/Rl,
synthesizes RNA at 390C, we conclude that the
mutated polypeptide of ts Fl is also involved in
the transcription process. This conclusion ac-
cords well with the finding that primary tran-
scription in infected cells was inhibited at the
restrictive temperature (10). The heat lability of
the mutated polypeptide appears to be respon-
sible for the inhibition of transcriptase activity.
The fact that ts Fl and ts F2 synthesized differ-
ent amounts of RNA in vitro at 390C suggests
that the polypeptide is multifunctional, being
involved in both transcription and replication.
However, it is also possible that the RNA species
synthesized at 390C by ts F2 are not functional.
Thus in vitro experiments indicate that mu-

tation affected transcription in group B, repli-
cation in group A, and both transcription and
replication in groups E and F. The mutated
polypeptide in group E may also be involved in
some late stage of virus development. It is hardly
surprising that some of the polypeptides should
be multifunctional, since there are only five of
them, although some host polypeptide may also
be involved in some stages of viral RNA synthe-
S1S.

Because there are six complementation groups
and only five viral polypeptides, it is difficult to
make gene assignments. It is possible that VSV
codes for a sixth, so far unrecognized poly-
peptide, although the possibility that one of the
six groups represents an extreme case of intra-
cistronic complementation has to be considered
also. Since purified cores isolated from mutants
ts Bl, ts El, and ts Fl exhibit the same temper-
ature sensitivity as their virions, it is possible
that the core polypeptides L, N, and NS are the
sites of the mutational lesion in groups B, E, and
F.
We propose that the mutated polypeptide in

group B is polypeptide L, since the mode of
inhibition in mutant ts B1 is similar to that in td
CE3, where polypeptide L was shown to be the
mutated polypeptide (21, 22). This possibility is
strengthened by a recent report of dissociation
and reconstitution experiments in which it was
found that the mutated polypeptide of ts Bl was
either L or possibly NS (9). If in group B the
mutated polypeptide is L, then polypeptides N
and NS are the likely ones in groups E and F.

ACKNOWLEDGMENTS
We thank J. H. Subak-Sharpe for critical reading of the

manuscript. We also thank C. Cunningham and P. Malloy for
their excellent technical assistance, and J. T. Poyner for
helping with the preparation of the manuscript.

LITERATURE CITED
1. Baltimore, D., A. S. Huang, and M. Stampfer. 1970.

Ribonucleic acid synthesis of vesicular stomatitis virus.
fl. An RNA polymerase in the virion. Proc. Natl. Acad.
Sci. U.S.A. 66:572-576.

2. Emerson, S. U., and R. R. Wagner. 1973. L protein
requirement for in vitro RNA synthesis by vesicular
stomatitis virus. J. Virol. 12:1325-1335.

3. Flamand, A. 1970. Etude genetique du virus de la sto-
matite v6siculaire: classement de mutants thermosen-
sibles spontanes en groupes de complementation. J.
Gen. Virol. 8:187-195.

4. Flamand, A., and C. R. Pringle. 1971. The homologies
of spontaneous and induced temperature-sensitive mu-
tants of vesicular stomatitis virus isolated in chick em-
bryo and BHK-21 cells. J. Gen. Virol. 11:81-85.

5. Hunt, D. M., S. U. Emerson, and R. R. Wagner. 1976.
RNA- temperature-sensitive mutants of vesicular sto-
matitis virus: L-protein thermosensitivity accounts for
transcriptase restriction of group I mutants. J. Virol.
18:596-603.

6. Hunt, D. M., and R. R. Wagner. 1974. Location of the
transcription defect in group I temperature-sensitive
mutants of vesicular stomatitis virus. J. Virol. 13:28-35.

7. Knipe, D. M., D. Baltimore, and H. F. Lodish. Matu-
ration of viral proteins in cells infected with tempera-
ture-sensitive mutants of vesicular stomatitis virus. J.
Virol. 21:1149-1158.

8. Knipe, D. M., H. F. Lodish, and D. Baltimore. 1977.
Analysis of the defects of temperature-sensitive mu-
tants of vesicular stomatitis virus: intracellular degra-
dation of specific viral proteins. J. Virol. 21:1140-1148.

9. Lesnaw, J. A., and L. R. Dickson. 1978. In vitro func-
tional analysis of a temperature-sensitive mutant of
vesicular stomatitis virus, New Jersey serotype, defec-
tive in transcription. Virology 91:51-59.

VOL. 30, 1979



700 SZILAGYI AND PRINGLE

10. Lesnaw, J. A., and M. E. Reichmann. 1975. RNA
synthesis by temperature-sensitive mutants of vesicular
stomatitis virus, New Jersey serotype. Virology 63:492-
504.

11. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193:265-275.

12. Preston, C. M., and J. F. Szilagyi. 1977. Cell-free trans-
lation of RNA synthesized in vitro by a transcribing
nucleoprotein complex prepared from purified vesicular
stomatitis virus. J. Virol. 21:1002-1009.

13. Pringle, C. R. 1970. Genetic characteristics of conditional
lethal mutants of vesicular stomatitis virus induced by
5-fluorouracil, 5-azacytidine, and ethyl methane sulfo-
nate. J. Virol. 5:559-567.

14. Pringle, C. R. 1978. The td CE and hr CE phenotypes:
host range mutants of vesicular stomatitis virus in
which polymerase function is affected. Cell 15:597-606.

15. Pringle, C. R., and I. B. Duncan. 1971. Preliminary
physiological characterization of temperature-sensitive
mutants of vesicular stomatitis virus. J. Virol. 8:56-61.

16. Pringle, C. R., I. B. Duncan, and M. Stevenson. 1971.
Isolation and characterization of temperature-sensitive
mutants of vesicular stomatitis virus, New Jersey sero-
type. J. Virol. 8:836-841.

17. Printz, P., and R. R. Wagner. 1971. Temperature-sen-
sitive mutants of vesicular stomatitis virus: synthesis of
virus-specific proteins. J. Virol. 7:651-662.

18. Repik, P., A. Flamand, and D. H. L. Bishop. 1976.
Synthesis of RNA by mutants of vesicular stomatitis

virus (Indiana serotype) and the ability of wild-type
VSV New Jersey to complement the VSV Indiana ts
GI-114 transcription defect. J. Virol. 20:157-169.

19. Rettenmier, C. W., R. Dumont, and D. Baltimore.
1975. Screening procedure for complementation-de-
pendent mutants of vesicular stomatitis virus. J. Virol.
15:41-49.

20. Szilagyi, J. F., and C. R. Pringle. 1972. Effect of tem-
perature-sensitive mutations on the virion-associated
RNA transcriptase of vesicular stomatitis virus. J. Mol.
Biol. 71:281-291.

21. Sziliagyi, J. F., and C. R. Pringle. 1975. Virion transcrip-
tase activity differences in host range mutants of vesic-
ular stomatitis virus. J. Virol. 16:927-936.

22. Szilagyi, J. F., C. R. Pringle, and T. M. Macpherson.
1977. Temperature-dependent host range mutation in
vesicular stomatitis virus affecting polypeptide L. J.
Virol. 22:381-388.

23. Szilagyi, J. F., and L. Uryvayev. 1973. Isolation of an
infectious ribonucleoprotein from vesicular stomatitis
virus containing an active RNA transcriptase. J. Virol.
11:279-286.

24. Wunner, W. H., and C. R. Pringle. 1972. Protein syn-
thesis in BHK-21 cells infected with vesicular stomatitis
virus. I. Ts mutants of the Indiana serotype. Virology
48:104-111.

25. Wunner, W. H., and C. R. Pringle. 1974. A temperature-
sensitive mutant of vesicular stomatitis virus with two
abnormal virion proteins. J. Gen. Virol. 23:97-106.

J. VIROL.


