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Control of Thymidine Kinase Synthesis in IHD
Vaccinia Virus-Infected Thymidine Kinase-Deficient LM Cells

V. ZASLAVSKY AND E. YAKOBSON
Biochemistry Department, Weizmann Institute of Science, Rehovot, Israel

The synthesis of vaccinia virus-induced thymidine kinase is normally arrested
several hours after infection. In thymidine kinase-deficient LM cells infected
with IHD strain of vaccinia virus, arrest occurs whether or not viral DNA
synthesis is inhibited. With virus inactivated by UV irradiation, enzyme
synthesis takes place, but arrest is abolished. It is suggested that an early viral
genetic function is responsible for the cessation of thymidine kinase synthesis.

Poxviruses induce the synthesis of a number
of proteins in infected cells. These proteins are
classified into two broad groups: early, which
appear before the onset of viral DNA synthesis,
and late, which require prior DNA synthesis.
Thymidine kinase (EC 2.7.1.75) belongs to the
first group (4, 9). However, its synthesis, which
proceeds linearly during early infection, is
stopped after about 5 h by a process that
depends on viral DNA replication (9) and also
requires RNA (3, 10) and protein (10) synthesis.
It was therefore proposed that the arrest of
thymidine kinase production is caused by a late
viral protein(s) acting as repressor (2, 10).

This information was obtained with HeLa
cells infected with rabbit and cowpox vaccinia
strains. Virus-induced thymidine kinase has
also been studied in another system, in which
thymidine kinase-deficient LM cells [LM-
(TK -)] are infected with vaccinia virus IHD
strain (6, 7). Here too, enzyme synthesis ceases
at a certain stage of the viral cycle (12). How-
ever, this system responds differently to actino-
mycin D. The differences between these two
systems are as follows. The inhibitor admin-
istrated before infection suppresses both RNA
and thymidine kinase synthesis in poxvirus-in-
fected HeLa cells. When administrated 2 to 4 h
after infection, the drug abolishes RNA syn-
thesis, while the enzyme synthesis now con-
tinues unabated beyond the time at which it is
normally stopped. In contrast, virus-induced
RNA synthesis in IHD-infected LM(TK-) cells
is not completely suppressed, and cells treated
with actinomycin D before infection are still
able to produce about 40% of the normal
amount of thymidine kinase, as assayed 7 h
after infection or earlier (8, 13), but no precise
kinetic data have been reported.
We have investigated this point in more

detail and found that in contrast to other

systems described earlier (9, 10), the arrest of
IHD-induced thymidine kinase synthesis does
not require viral DNA replication. Data pre-
sented in this communication suggest that the
expression of an early genetic function could be
responsible for arrest of the enzyme synthesis.
LM(TK -) cells and the IHD strain of vaccinia

virus, clone Cll, were kindly provided by S. Kit
(Baylor University College of Medicine, Hous-
ton, Texas), and HeLa cells and the WR strain
of vaccinia virus by E. Katz (Hadassah Medical
School, Hebrew University, Jerusalem, Israel).
Cells were grown in monolayers in minimal
essential medium supplemented with 0.3%
tryptose phosphate broth, 0.35% glucose, 10%
calf serum and antibiotics. Stock cultures of
LM(TK-) cells were routinely grown in the
presence of 25 jug of 5-bromo-2'-deoxyuridine
(Sigma). IHD was propagated in LM(TK-) and
WR in HeLa cells. Both viruses were puritied
before use (1). One optical density unit at 260
nm of purified virus corresponded to about 108
PFU. Plaque assays were performed on BSC-1 or
L-929 cells, with 0.75% agar or agarose, 2% calf
serum, and Eagle medium as an overlay.
Plaques were demonstrated by staining with
0.005% neutral red and counted on the day 5 of
incubation.
Thymidine kinase was assayed directly on

1-cm DEAE paper squares according to Mun-
yon et al. (11), with the following modifications:
the supernatant (cytoplasmic extract) used as
enzyme source was prepared at 12,000 x g
instead of 150,000 x g, and the amount of
[3H]thymidine applied per square was 6 x 104
to 7 x 104 counts/min in 0.02 ml of assay buffer.
The reaction was linear with time up to 20 min
and with the amount of enzyme. The reaction
on paper was quantitatively similar to that in
solution. Cytoplasmic extracts were prepared
from the cells from a 35-mm petri dish, which
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were frozen and thawed in 1 ml of assay buffer,
sonicated for 3 min at 1A (Raytheon sonic
oscillator, model DF 101), and centrifuged for
2.5 min at 12,000 x g. The cytoplasmic extracts
were diluted 10 times with assay buffer, and
0.02 ml was taken for assay.
RNA and DNA synthesis was measured after

15-min pulses with 5,Ci of [3H ]uridine per ml
(40 Ci/mmol, The Radiochemical Centre, Amer-
sham, England) or [3H Ithymidine (16 Ci/mmol,
from the same source), respectively. Trichloro-
acetic acid-insoluble radioactivity was deter-
mined either in cytoplasmic extracts (to meas-
ure rates of virus-induced nucleic acid synthesis)
or in whole cells (to estimate the inhibitory
action of the drugs). Trichloroacetic acid pre-
cipitates were collected on membranes (Milli-
pore Corp.) or fiber glass filters, washed with 6%
trichloroacetic acid and ethanol, dried and
counted in a Tricarb scintillation spectrometer,
Packard, model 3003, using as a scintillation
liquid 2,5-diphenyloxazole, 4 g; 1,4-bis-(5-
phenyloxazolyl)-benzene, 0.05 g; toluene, 1,000
ml.
Figure 1 shows that IHD and WR viruses grow

similarly in HeLa cells (Fig. la), that in
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FIG. 1. One-step growth of WR and IHD vaccinia
viruses in HeLa cells (a) and IHD growth and
thymidine kinase induction in LM(TK-) cells (b).
Monolayers ofHeLa or LM(TK-) cells in 35-mm Petri
dishes (in duplicates) were infected with 5 x 106 PFU
of WR or IHD (in 0.05 ml). After 60 min of absorption
at 37 C monolayers were washed three times to
remove the unabsorbed virus and 1.5 ml of minimal
essential medium containing 2% calf serum was added
to each plate (zero time). At the times indicated,
plates were put into a - 70 C refrigerator either with
(for infectivity assay) or without (for thymidine ki-
nase assay) maintenance medium and kept frozen
until being tested. Symbols: (-) WR; (0) IHD; (0)
thymidine kinase activity.

LM(TK -) cells the growth curve of IHD is not
markedly changed, and that thymidine kinase
production in those cells stops when only 10%
or less of the IHD viral progeny has been formed
(Fig. lb).

Figure 2 illustrates some effects obtained with
actinomycin D. At 5 ,sg/ml (Fig. 2a) the inhibi-
tor, when administrated 30 min after infection,
had little effect on thymidine kinase produc-
tion, which reached the same level and was
arrested as in the absence of the drug. The same
result was obtained when the drug was added
later (not shown). When administrated 60 min
before infection, this concentration of ac-
tinomycin caused a marked inhibition (about 50
to 70%) of enzyme synthesis. Here, arrest of
synthesis did not occur before the experiment
was terminated. However, it cannot be con-
cluded that arrest was abolished; it might have
been delayed in parallel to the slowing down of
enzyme synthesis. When the actinomycin con-
centration was lowered to 2 Ag/ml in an attempt
to abolish the arrest under conditions where the
rate of enzyme synthesis was not inhibited,
arrest was not abolished (Fig. 2b).
The remaining experiments reported here

were performed to examine the relationships
between nucleic acid synthesis and thymidine
kinase synthesis and its subsequent arrest.
Table 1 shows that under the conditions tested
actinomycn D permits about 60% of the initial
RNA synthesis but strongly inhibits it at 2 h
after infection. The drug is also a fairly effective
inhibitor of DNA synthesis in IHD-infected
LM(TK-) cells, whereas cytosine arabinoside
(ara C, Nutritional Biochemicals) stops DNA
synthesis virtually completely. McAuslan (9)
has shown that in WR-infected HeLa cells the
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FIG. 2. The effect of actinomycin D on IHD-
induced thymidine kinase synthesis. LM(TK-) cells
were infected as in Fig. 1. Cells were treated with 5
;&g/ml (a) or 2 ug/ml (b) of actinomycin D. Symbols:
(0) untreated control; (A) 60 min before infection and
throughout the infection; (0) 30 min after infection.
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TABLE 1. The effect of actinomycin D and cytosine arabinoside on RNA and DNA synthesis in IHD-infected
LM(TK-) cellsa

Incorporation into trichloroacetic
acid precipitate

Inhbitr cncn Time assayed
Experiment no. Inhibitor nhibitor (h after[3nH luridine[tH ]thymidine(Mg/mi) ~infection)

Counts/ % Counts/ %
min min

1 Actinomycin D 0 0 3,434 100 240
5 0 2,019 58.8 195
0 2 9,121 100
5 2 731 8
0 5 2,001 100
5 5 315 15.7

2 Actinomycin D 0 5 8,734 100
2 5 2,248 25.7
5 5 522 5.9

3b Cytosine arabi- 0 2 11,975 100
noside 10 2 239 1.9

0 5 25,404 100
10 5 201 0.6

a One hour before infection the monolayers were pretreated with the appropriate drug, and inhibitors were
present until experiments were terminated. Cells were infected as in Fig. 1.

b We used 60-mm petri dishes instead of 35-mm plates, and the radioactivity was determined in whole cells.
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FIG. 3. The effect of cytosine arabinoside on IHD-
induced thymidine kinase synthesis. LM(TK-) cells
were pretreated with 10 Ag of ara C per ml (60 min
before infection and throughout the infection) and

infected as in Fig. 1. Symbols: (0) untreated control;
(0) ara C.

inhibition ofDNA synthesis abolishes the arrest
of thymidine kinase synthesis, so that enzyme
production continues past the time when it
normally ceases, and we have confirmed this
observation. A different result was obtained
with IHD virus. Both in HeLa (now shown) and
in LM(TK-) cells (Fig. 3), the arrest of enzyme
synthesis occurred normally whether ara C was
present or absent. The same results were ob-
tained when another DNA synthesis inhibitor,

fluorodeoxyuridine, was used in the experi-
ments. This indicates that the arrest of thymi-
dine kinase synthesis in IHD-infected cells does
not depend on viral DNA replication, in con-
trast to the apparent situation in WR-infected
cells.

Vaccinia virus DNA synthesis can also be
inhibited by UV irradiation of the virus (14).
This treatment has, in addition, been reported
to abolish the arrest of thymidine kinase pro-
duction (9, 10), and the effect has been ascribed
to the inhibition of DNA synthesis. As with
other vaccinia viruses, UV irradiation of IHD
virus has been shown to abolish the arrest of
enzyme synthesis in a spinner culture of in-
fected LM(TK-) cells (5). If the same pattern
occurs in monolayer cells, which we used, then
our results (Fig. 3, Table 1) indicate that this
cannot be due solely to the inhibition of DNA
synthesis. The experiment of Fig. 4 is a further
examination of this point. The result showed a
clear arrest of enzyme synthesis in the presence
of cytosine arabinoside (i.e., in the absence of
DNA synthesis), whereas UV irradiation abol-
ished the arrest. Thus, UV irradiation would
appear to abolish the arrest by an effect other
than its effect on DNA synthesis. A not unlikely
explanation might be that the arrest of IHD-
induced enzyme production is caused by an
early genetic function (i.e., expressed before
DNA replication) which is more sensitive to UV
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FIG. 4. The effect of ultraviolet irradiation on

IHD-induced thymidine kinase synthesis. Purified
virus was diluted to 108 PFU/ml and 1 ml of this
dilution was irradiated with ultraviolet light (200
'W/cm', Philips TUV 15-W lamp) for 30 s resulting
in a 10'-tola arop in the titer. LM(TK-) cells were
infected as in Fig. 1. Pretreatment with ara C was as
in Fig. 3. Symbols: (0) infected control; (0) ara C; (U)
ultraviolet-inactivated virus.

irradiation than enzyme synthesis itself. If this
is so, the IHD-LM(TK-) system may provide a
valuable supplement to other systems in study-
ing the control of thymidine kinase synthesis.

We are grateful to M. Revel, E. Winocour. and D. Elson for
their aid and support and to D. Elson for his help in writing
this mahiuscript.

LITERATURE CITED

1. Joklik, W. K. 1962. The purification of four strains of
poxvirus. Virology 18:9-12.

2. Joklik, W. K., C. Jungwirth, K. Oda, and B. Woodson.
1967. Early and late functions during the vaccinia virus
multiplication cycle, p. 473-494. In J. S. Colter and W.
Parachych (ed.), The molecular biology of viruses.
Academic Press Inc., New York.

3. Jungwirth, C., and W. K. Joklik, 1965. Studies on "early"
enzymes in HeLa cells infected with vaccinia virus.
Virology 27:80-93.

4. Kates, J. R., and B. R. McAuslan. 1967. Messenger RNA
synthesis by a "coated" viral genome. Proc. Natl.
Acad. Sci. U.S.A. 57:314-320.

5. Kit, S. 1968. Viral-induced enzymes and the problem of
viral oncogenesis. Adv. Cancer Res. 11:73-221.

6. Kit, S., D. R. Dubbs, L. J. Piekarski, and T. C. Hsu. 1963.
Deletion of thymidine kinase activity from L-cells
resistant to bromodeoxyuridine. Exp. Cell Res.
31:297-312.

7. Kit, S., L. J. Piekarski, and D. R. Dubbs. 1963. Induction
of thymidine kinase by vaccinia-infected mouse fibro-
blasts. J. Mol. Biol. 6:22-33.

8. Kit, S., L. J. Piekarski, and D. R. Dubbs. 1963. Effects of
5-fluorouracil, actinomycin D and mitomycin C on the
induction of thymidine kinase by vaccinia-infected
L-cells. J. Mol. Biol. 7:497-510.

9. McAuslan, B. R. 1963. Control of induced thymidine
kinase activity in the poxvirus-infected cell. Virology
20:162-168.

10. McAuslan, B. R. 1963. The induction and repression of
thymidine kinase in the poxvirus-infected HeLa cell.
Virology 21:383-389.

11. Munyon, W., R. Buchsbaum, E. Paoletti, J. Mann, E.
Kraiselburd, and D. Davis. 1972. Electrophoresis of
thymidine kinase activity synthesized by cells trans-
formed by HSV. Virology 49:683-689.

12. Munyon, W., and S. Kit. 1965. Inhibition of thymidine
kinase formation in LM(TK-) cells simultaneously
infected with vaccinia and a thymidine kinaseless
vaccinia mutant. Virology 16:374-377.

13. Munyon, W., and S. Kit. 1966. Induction of cytoplasmic
ribonucleic acid (RNA) synthesis in vaccinia-infected
LM cells during inhibition of protein synthesis. Virol-
ogy 29:303-309.

14. Woodson, B. 1967. Vaccinia mRNA synthesis under
conditions which prevent uncoating. Biochem. Bio-
phys. Res. Commun. 27:169-175.

VOL. 16, 1975


