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The temperature dependence of the virion-associated polymerase activity of six
temperature-sensitive (ts) mutants of vesicular stomatitis virus (tsW10, 11, 14, 16B,
28, and 29) has been examined in vitro and compared to the heat-resistant parent
(HR). The polymerase of five of the mutants (tsW10, 11, 14, 16B, and 28) appears
to be significantly more ts than that of HR. Because certain pairs of these five mu-
tants can complement each other's in vitro polymerase activity, it appears that
in vitro some components involved in the polymerase of one virion can be utilized
by another virion. Examination of 19 revertants of tsWl 1 and tsWl6B which had
regained their ability to replicate at 38 C showed that their in vitro polymerase
activity had also become less ts. Furthermore, it was found that the pairs of mu-
tants which showed in vitro complementation of polymerase activity at 38 C were
those which had shown complementation in yielding infectious progeny in mixedly
infected cells. These two observations suggest that the ts behavior of the in vitro
polymerase activity of the five mutants is related to their inability to replicate at
the nonpermissive temperature.

Temperature-sensitive (ts) mutants of vesicular
stomatitis virus (VSV) have been isolated in
this laboratory to investigate the replication of
VSV in mouse L cells (3). One step in such a
study is to ascertain for each mutant which, if
any, viral activities show altered temperature
dependence. One activity demonstrated in VSV
virions is an RNA-dependent RNA polymerase
(1) which appears to catalyze the synthesis of
messenger RNA rather than virion RNA (1, 4).
We are investigating polymerase activity in our
mutants both in infected cells and in vitro and
have demonstrated that one of our mutants,
tsWll, has a defective virion-associated polym-
erase (2). This paper describes the in vitro be-
havior of five additional mutants, and further
results for tsWl 1, as well as the ability of cer-
tain pairs of mutants to enhance each other's
polymerase activity in vitro.

MATERIALS AND METHODS
Viruses and cells. The isolation of ts mutants from

a heat-resistant (HR) parent strain of VSV (Indiana
Serotype), together with the preparation and assay of
stocks in L cells (L-60 line), has been previously de-
scribed (3). The permissive and nonpermissive tem-
peratures were 30 and 38 C, respectively.

For the experiments described below, virus stocks

were grown on confluent monolayers of L cells
which had been infected with an input multiplicity of
10 plaque-forming units (PFU) per cell. Virus stocks
used for this infection had been derived from iso-
lated plaques and were examined on the electron
microscope to ensure that the content of T particles
was less than 5%. The monolayers were incubated
for 24 hr at 30 C, and the lysate was clarified by
centrifuging at 13,000 X g for 10 min. The super-
natant fluid was centrifuged at 33,000 X g for 60
min to give a virus pellet which was resuspended in
0.1 M tris(hydroxymethyl)aminomethane (Tris)-hy-
drochloride buffer, pH 7.9, and dispersed by sonic
treatment. The virus concentration of the resulting
suspension was about 60 times that of the lysate and
had 1010 to 1011 PFU/ml.
Some virus preparations were further purified by

three additional centrifugation procedures. First the
virus, suspended in Tris-hydrochloride, was layered
onto a 9 to 29% (solute weight percentage of solu-
tion weight) continuous gradient of potassium tar-
trate in 3 mi mercaptoethanol and centrifuged at
23,000 rev/min in an SW27 rotor for 60 min. The
visible band was collected and diluted to 40 ml in
0.1 M Tris-hydrochloride, pH 7.9. This virus suspen-
sion was then pelleted by centrifuging at 33,000 X g
for 60 min, resuspended in 0.55 ml of Tris-hydro-
chloride, and dispersed by sonic treatment. The
virus suspension was then layered onto a continuous
5-ml gradient of 16.5 to 62.5%YO sucrose in 3 mM
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mercaptoethancl and centrifuged to equilibrium for
24 hr at 50,000 rev/min in an SW65 rotor. The virus
band was collected with a syringe and assayed for
PFU and pclymerase activity.

In vitro RNA polymerase assay. RNA synthesis
was detected by the conversion of 3H-guanosine tri-
phosphate (GTP) (Schwarz BioResearch, Inc.), 1
,uCi per 0.3 ml of reaction mixture, into an acid-in-
soluble product by using an assay which is essentially
that of Baltimore et al. (l). The samples were filtered
through Whatman glass filters and washed with 30
ml of cold 5% trichloroacetic acid. The filters were
placed in glass scintillation vials, dried, and 0.5 ml
of a 3:1 mixture of NCS tissue solubilizer (Amer-
sham/Searle) and toluene was added to each vial.
After 30 min at room temperature, 7 ml of a toluene
mixture containing 1% glacial acetic acid and 4.2%/o
Liquifluor (New England Nuclear Corp.) were
added. The vials were then counted in a liquid scintil-
lation counter to give a statistical accuracy better
than -5%. The acid-insoluble 3H activity in an un-
incubated sample was found to be approximately
the same as that of a sample with no virus incubated
for 20 min. This nonspecific background (50 + 25
counts/min) was subtracted to give the values for net
incorporation.

RESULTS
Temperature dependence of virion-associated

polymerase. The virion-associated polymerase
activity of the parental type VSV (HR) and
several ts mutants (tsW10, 11, 14, 16B, 28, and
29) was tested in vitro at 30 and 38 C. The re-
sults of two such experiments are shown in Fig.
1 and 2, in which the relative incorporation of
3H-GTP into an acid-insoluble product is plotted
against time.

In Fig. 1, it can be seen that mutants tsWl6B
and 28 show relatively less incorporation at
38 C than does HR or mutant tsW29. For the
experiment whose results are plotted in Fig. 2,
another preparation of tsWl6B shows a similar
temperature dependence to that in Fig. 1, whereas
the temperature dependence of tsW10 is inter-
mediate between that of tsW16B and HR.
To compare the temperature dependence of

the virion-associated polymerase activity from
experiment to experiment, a temperature-de-
pendence index (TDI) was used where: TDI =
(net incorporation in 20 min of incubation at
38 C)/(net incorporation in 20 min of incuba-
tion at 30C) x 100%. Average values of TDI,
with 95% confidence limits where sufficient data
exist, are shown in Table 1 for HR and the six
ts mutants tested. The polymerase activities of
mutants tsW10, 16B, 11, and 28 are significantly
more ts than that of HR. The low plaquing effi-
ciency of tsW29 at 38 relative to 30 C (5 x 10-4)
indicates that its relatively high TDI is a char-
acteristic of the mutant and not due to "leaki-
ness" or the presence of ts + revertants.
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FIG. 1. RNA polymerase activity of HR, tsW16B,
tsW28, and tsW29. The acid-intsoluble 3H activity was
corrected for nonspecific backgrounzd by subtractinig
the average value for a non0sincubated sample ('-50
counts/min). The values of the 30 C intcorporationi in
20 miii and for the iiumber of intfectious virus in the
reactiont mixture were as follows: HR, 770 couInts!
mill) 10J PFU; tsW16B, 1,660 counts/mi,?, 3 X 109
PFU; tsW28, 780 countts/'miii, 7 X 109 PFU; tsW29,
780 counits/min, 3 X 109 PFU.
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FIG. 2. RNA polymerase activity of HR, tsW16B
(differenit preparationts from those in Fig. 1), antd of
tsWJO. Values of 30 C inicorporationi aiid inzfectiouis
virus were: HR, 6,200 counits/mill, 1010 PFU; tsW1O,
1,900 counits/min, 2 X 109 PFU; tsW16B, 1,900
counlts/miii, 109 PFU.

The values of TDI appearing in Table 1 were
obtained by using virus preparations which had
been purified by differential centrifugation only.
To determine the effect of further purification
on the TDI, stocks of HR and tsW16B were
further purified by rate zonal centrifugation
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followed by isopycnic centrifugation (see Ma-
terials and Methods). A comparison of the in-
corporation of preparations purified by the dif-
ferent procedures is shown in Table 2 and
indicates that the additional purification has
little effect on the temperature dependence.

In addition to comparisons of the temperature
dependence, the polymerase activity at 30 C for
each mutant has been compared with that for
HR. Table 3 shows average values for the in-
corporation in 20 min by using 50-,uliter samples
of undiluted virus stocks having titers of approxi-
mately 1011 PFU/ml. It will be noted that those
mutants whose polymerase was most ts (tsWIl,
14, and 28) showed considerably reduced in-
corporation even at 30C. This low incorpora-
tion, which is comparable to that of the non-
specific background, tends to increase the uncer-
tainty in the TDI, as seen for tsW 11 in Table 1.

Temperature shift from 30 to 38 C. Experiments
were performed in which the reaction mixture,
containing one of the ts mutants or HR, was
shifted to 38 C after an initial 10-min incubation
period at 30 C. The results from one such experi-

TABLE 1. Temperature dependence of in vitro
polymerase activity

No. of
MAIutant Plaque ratioa TDIb experi-

ments

HR 1 60 ± 66 40
tsW29 5 X 10-4 52 ± 21% 6
tsWl0 IX 10-2 34± 3 8
tsW16B 1 X 10-1 13 2%' 36
tsW11 1X10-3 8± 11%c 16
tsW28 1X 10-3 5 ± 2% 8
tsW14 1 1l0-3 Ic

- Ratio of number of plaques formed in 24 hr at
38 C to that formed in 48 hr at 30 C.

b TDI = (incorporation in 20 min at 38 C)/
(incorporation in 20 min at 30 C) X 100%'-. Inter-
vals give 95% confidence limits.

c Insufficient data to determine (see text).

TABLE 2. Effect of purificationt onz polymiierase
activity

Virus Method of Net counts/ Net counts/ TDI (7)purificationa min (30 C) min (38 C)

HR A 2,490 1,970 79
A + B + C 1,160 720 62

16WB A 2,830 340 12
A + B + C 790 80 10

a A, Differential centrifugation; B, rate-zonal
centrifugation; C, isopycnic centrifugation.

ment, shown in Fig. 3, demonstrate that the
polymerase activity of tsW16B or of tsW28
ceases shortly after the temperature is raised to
38 C, while the polymerase activity of HR con-
tinues. Additional experiments have confirmed
this behavior for these two mutants and have
indicated that, for tsW10 and tsW1 1, like tsWl6B
and tsW28, the polymerase activity at 38 C is
not increased by a preincubation period at 30 C.
It would appear, therefore, that the temperature
sensitivity of the polymerase activity of tsW10,
11, 16B, and 28 is not due to a defect in a function
which must precede polymerase activity, since
with such a defect one would expect the incor-
poration to be enhanced by prior incubation at
30C.

TABLE 3. Ilncorporationt of GTP at 30 C

Virus No. of Acid-insoluble 3H activityexperiments (counts/min)'

HR 20 4,300 + 1,300
tsW29 5 1,800 ± 600
tsWl0 9 4,800 i 1,200
tsW16B 9 1,700 i 450
tsWl1 12 70±40
tsW28 5 730 ± 120

a Acid-insoluble activity after 20 min of incuba-
tion at 30 C. Reaction mixtures contained 5 X 109
PFU of virus and 1 AuCi of 3H-GTP (9 Ci/mmole).
Intervals indicate standard deviations.
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FIG. 3. Effect of temperature shift-up on poly-
merase activity of HR, tsW16B, and tsW28. Reaction
mixtures were incubated for 10 min at 30 C an7d then
shifted to 38 C. Number of infectious virus in each re-
action mixture was as follows: HR, 7 X 108 PFU;
tsW16B, S X 108 PFU; tsW28, 5 X 109 PFU.
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Enhanced in vitro incorporation in mixtures of
ts mutants. Since some of our mutants can comple-
ment each other at the nonpermissive temperature
in mixed infections to yield infectious progeny,
pairs of mutants were combined in vitro to deter-
mine whether the polymerase activity would be
enhanced to an extent greater than was expected
for the sum of the polymerase activities of each
of the two mutants separately.
The results of one such experiment are il-

lustrated in Fig. 4 and show that the polymerase
activity of tsWIl and tsW16B when incubated
together at 38 C is considerably enhanced over
the polymerase activity of either mutant alone.
The results of similar experiments, using these

and other pairs of mutants, are shown in Table
4. The results given in the body of the table are
for single experiments. The figure in the right-
hand column shows the number of experiments
performed for each pair, all of which gave con-
sistent results. At 38 C, tsW16B, when mixed
with tsWI1, tsW14, or tsW28, shows enhanced
polymerase activity, whereas mixtures of any
two of tsWll, 14, and 28 do not. This enhanced
polymerase activity of certain pairs of mutants
may be described as an in vitro complementation.
Mutant tsW10 also appears to complement the
polymerase activities of tsWl1 and tsW28,
whereas no evidence of such in vitro comple-
mentation can be found in mixtures of tsWl0
and tsW16B. For those pairs of mutants which
show complementation at 38 C, some enhance-
ment of incorporation is also seen at 30 C. This
suggests, as do the results shown in Table 3, that

the polymerase activity of some of these mutants
is defective even at 30 C. Mixtures consisting of
tsWIl X tsW14 or tsWl1 x tsW28 also show
indication of complementation at 30 C, although
none at 38 C. Increased incorporation by virus
mixtures does not appear to be due to the in-
crease in the virus concentration since an increase
from 50 to 100 ,liters per mixture for any one
virus gave somewhat less than a twofold increase
in incorporation. The increased incorporation at
30 C may represent the mutual alleviation of
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FIG. 4. RNA polymerase activity in mixtures of
tsWII and tsWJ6B. Thle tsWII stock had 5 X 1010
PFU/ml, anid the tsWJ6B stock had 1010 PFU/'ml.
The total volume of viruts stock in each mixture was
100 ,uliters.

TABLE 4. In vitro polymerase activities of mixtures of mutantts

Incorporation at 30 ca (counts/min)

AC

4,320
4,320
4,320
2,000
1,310
1,310

2,000
1,310

120
70
120

BC

2,000
70
460
70
120
120
460
600
120
460
600

A + Bd

4,820
4,680
4,900
3,140
2,030
2,380
3,560
2,380

260
490

1,050

Incorporation at 38 ca (counts/min)

AC

1,230
1,230
1,230
230
230
230
230
230
40
20
40

BC

230
20
50
20
40
90
50
40
90
50
40

A + Bd

1,270
1,710
2,070
1,200}
930J

1,150
1,300E
1,160}

20
40l
401

No. of
experimentsb

4 (all -)
3 (all +)
2 (both +)
8 (all +)
1 (+)
4 (all +)
1 (-)
5 (all - )

a Acid-insoluble 3H-GTP after 20 min of incubation.
bNumber of experiments in which the given pair of mutants was tested. A plus sign indicates an ob-

served in vitro complementation whereas a minus sign indicates no evidence of complementation.
c Reaction mixtures (300 /Aliters) contained 50 ,uliters of a suspension of either A or B. The results

shown are from two experiments. The suspensions tested in one experiment are marked with an asterisk
whereas those used in the other experiments are unmarked.

d Reaction mixtures (300,uliters) contained 50 /Aliters of A and 50 lAiters of B.

Mutant (tsW-)

A

10
10
10
J16B
116B*
16B*
{16B
16B*
11*

II*I

B

16B
11
28
11
11
14*
28
28*
14*
28
28*
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defects which may or may not be related to the
ts defect in viral replication.

Temperature dependence of virion-associated
polymerase of ts+ revertants. Wild-type appear-
ing plaques were picked from 38 C assay plates
of tsWI and tsW16B and were used to grow
stocks of virus. These stocks were assayed at 30
and at 38 C and, if found to be ts +, were tested
for in vitro polymerase activity. The results for
one revertant of tsW 1I and five revertants of
tsW16B are shown in Table 5 together with data
for the tsWl , tsWl6B, and for the heat-resistant
parental virus, HR. The results of two such ex-
periments are shown in Table 5. In one, revertant
11RI was compared with tsWI1. In the second
revertants 16R5, 16R6, 16R7, 16R11, and 16R14
are compared with tsW16B. Data for wild-type
virus, HR, are shown for comparison. It will be
noted that each of these revertants appears less
ts than the mutant from which it was derived.
An additional 13 revertants of tsW16B were also
tested for polymerase activity, and, although the
results are less well-established than those shown
in Table 5, the polymerase activities of all 13
appeared less ts than that of tsW16B. Thus, the
revertant studies suggest that the ts nature of the
in vitro polymerase activity of tsW1l and ts16B
is responsible for the inability of these viruses
to replicate at 38 C.

DISCUSSION
Of the six ts mutants of VSV whose virion-

associated polymerase activity has been exam-
ined, all but one, tsW29, appear to have a tem-
perature dependence significantly different from
that of the HR parent virus. Unlike the other
mutants, tsW29 has been found to be RNA + in

infected cells, that is, it stimulates the incorpora-
tion of labeled uridine in actinomycin D-treated
cells, even at 38 C, the nonpermissive tempera-
ture, and at low multiplicites (P. K. Y. Wong,
A. F. Holloway, D. V. Cormack, Virology, in
press).
The virion-associated polymerase of each of

the other five mutants, tsWl0, 11, 14, 16B, and
28, appears to be more ts than that of the HR
parent. Temperature shift-up experiments (Fig.
3) indicate that this increased temperature sensi-
tivity is in the polymerase itself rather than in
some preceding function.

Furthermore, the in vitro complementation of
the structural RNA polymerase activity in mix-
tures of certain pairs of mutants (Table 4) sug-
gests that the virion-associated polymerase sys-
tem of VSV consists of at least two components
and that there can be an exchange of components
among detergent-treated virions. According to
this model, when two mutants which have de-
fects in different components of the polymerase
system are mixed together, complementation
occurs. However, when two mutants have a de-
fect in the same component, no complementation
of polymerase activity is detected. Hence, if this
model is correct, tsW1 I, tsW14, and tsW28 have
a defect in a different component of the tran-
scriptase system than do tsW10 and tsW16B.
These five mutants also have been tested for

their ability to complement each other in vivo
at the nonpermissive temperature in L cells to
produce infectious progeny (reference 7; P. K.
Y. Wong, A. F. Holloway, and D. V. Cormack,
Virology, in press). It was found that those pairs
of mutants which complement each other in the
in vitro polymerase test also complement each

TABLE 5. Polymerase activity of mutatmts tsWJJ a,id tsWI6B anud of their revertanits IIRI, 16R5, 16R6
16R7, 16RII, and(i 16R12

1311-iTP incorporationb
Plaque' ratio PF U in reactionVirus (38 C/30 C) mixture

30 C 38 C TDIC (07/)

HR 1 I X 109 3,270 2,320 70
tsWll 10-s 1 X 109 125 13 10
lIRI 1 2 X 109 1,420 1,020 72

tsWI6B 5 X 10-4 4 X 109 620 70 11
16R5 0.8 I X 1010 1,360 430 30
16R6 0.6 IX 1010 1,590 480 30
16R7 1 1.2 X 1010 2,240 620 28
16R11 0.9 1.5 X 1010 2,760 820 30
16R14 1 2 X 1010 3,200 2,750 87

a Ratio of number of plaques formed in 24 hr at 38 C to that formed in 48 hr at 30 C.
Net acid-insoluble 3H activity in counts per minute after 20 min of incubation.
Temperature dependence index: ratio of 38 C incorporation to 30 C incorporation.
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other in vivo to produce virus at the nonpermis-
sive temperature, whereas those mutants which
fail to complement each other's polymerase in
vitro at 38 C also fail to complement each other
in vivo. This correspondence of the in vitro
complementation of structural polymerase ac-
tivities and the in vivo complementation of in-
fectivity suggests that the ts polymerase activity
of these mutants observed in vitro reflects the
reason for the inability of these mutants to repli-
cate in L cells at the nonpermissive temperature.
The observation that the polymerase activity of
all the revertants of tsW16B and tsWll have a
decreased temperature sensitivity adds further
support to this idea. Hence, the indications are
that, in tsW11, tsW14, tsW28, tsW1O, and tsW16B
but not in tsW29, there is a defect in the struc-
tural polymerase system which prevents the
replication of these mutants in L cells at the
nonpermissive temperature. To confirm these
indications, studies are in progress of the RNA
polymerase products made by the mutants in
infected L cells at the permissive and nonper-
missive temperature.
A collaborative study of the in vivo comple-

mentation between our ts mutants and those of
Pringle (5) indicates that mutants tsWl1, 14,
and 28 belong to complementation group I;
tsW1O and 16B to group IV; and tsW29 to group
III. These homologies and the RNA synthesis by
the Glasgow mutants (6) are consistent with the

above interpretation of the results of the in
vitro experiments.
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