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INFECTED WITH COWPOX VIRUS USING 3H-DEOXYCYTIDINE
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UMMARY Viral and cellular DNA syntheses were examined in FL cells treated
with excess thymidine using autoradiography with 3H-deoxycytidine in parallel
with 3H-thymidine. 3H-deoxycytidine can be incorporated into nuclear and viral
DNA of FL cells infected with poxvirus even in the presence of excess thymidine,
while 3H-thymidine cannot. The optimal concentration of excess thymidine for in-
corporation of 3H-deoxycytidine into nuclear DNA was between 2.5x 10~ mm and
2.5x 1073 mm. Excess thymidine accumulated the cells in the early S phase, while
excess deoxycytidine had no inhibitory effect on cell proliferation. Deoxycytidine
at a concentration of between 0.01 mm and 0.02 mm completely prevented the block
by 2.5 mm thymidine.

In cultures infected with poxvirus, cells showing both nuclear and viral DNA
syntheses at the time of addition of excess thymidine remained in the S phase, but
cells showing viral DNA synthesis before the S phase did not enter the S phase on
addition of excess thymidine.

INTRODUCTION

In synchronized cultures of mammalian cells
produced by addition of excess thymidine,
which inhibits cellular DNA synthesis, thymi-
dine-block can generally be released by wash-
ing out the thymidine (Xeros, 1962; Bootsma
et al.,, 1964). The cells cannot be labeled with
3H-thymidine in the presence of excess thy-
midine. Furthermore no cells are labeled with

3H-thymidine for several hours after removal
of excess thymidine, because of the large thy-
midine pool in the cells (Bootsma et al., 1964;
Mantani et al., 1968; Mantani and Kato, 1970).
Deoxycytidine releases the thymidine block
and excess thymidine inhibits the formation of
deoxycytidine (Xeros, 1962; Reichard et al.,
1960; Morris and Fisher, 1960). Thus *H-



deoxycytidine, as a radioactive precursor of
DNA, was expected to be incorporated into
cellular DNA in the presence of, or soon after
removal of excess thymidine.

Xeros (1962) using a Chang-appendix cell
system, observed a burst of mitosis in cultures
blocked for 24 hr with 2.0 mM excess thymidine
after simply adding 2.0 mMm excess deoxycyti-
dine, which did not act as a brake on cell
proliferation.

We studied the relationship between the host
cell cycle and virus growth, with a poxvirus-FL
cell system, in which the FL cells were syn-
chronized by double treatment with excess
thymidine. Our previous results (Mantani et
al., 1968; Mantani and Kato, 1970; 1971;.
1972) were as follows:

1) When viral DNA synthesis began after
the onset of the S phase, cellular DNA synthesis
was partially, but not completely inhibited and
proceeded during the period corresponding to
the physiological S phase.

2) When viral DNA synthesis began during
the Gl phase, cells did not enter the S phase.

3) When viral DNA synthesis began before
the M phase, scarcely any cells entered mitosis.

4)  When mitotic cells obtained in the pre-
sence of colchicine were infected with virus,
neither viral DNA synthesis nor viral antigens,
including virus induced cell surface antigen,
were observed in them.

The above results were obtained using *H-
thymidine. In the present work on the rela-
tionship between cellular and viral DNA syn-
theses soon after removal of thymidine-block
and also in the presence of excess thymidine,
we used 3H-deoxycytidine since it may be in-
corporated into DNA in the presence of excess
thymidine.

MATERIALS AND METHODS

1. Vrius

Cowpox virus (CPV) (LB red strain carrying the
“A”v~ marker) was used throughout the experi-
ments. The procedures used for preparation of
virus materials and for plaque assays of CPV were
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described in the previous report (Mantani et al.,
1970).

2. Cells

Eagle’s minimum essential medium (MEM) sup-
plemented with 109, calf serum was used as growth
medium(GM). Cloned FL cells in Leighton tubes
with cover glasses on the bottom were used through-
out for autoradiography and FL cells in 50 ml
prescription bottles were used to determine CPV
growth curves. Cloned FL cells were prepared as
described previously (Mantani et al., 1968). Cells
were used one day after dispersion. All media con-
tained penicillin (100 IU/ml), streptomycin(0.1 mg/
ml) and terramycin(5 ug/ml). Cells were cultured
at 37 C throughout the experiments.

3.  Chemicals

Thymidine-6->H(®H-Tdr) (specific activity 5
Ci/mM) and deoxycytidine-5-*H(*H-dCdr) (spec-
ific activity 10.4 Ci/mm) were purchased from Daiichi
Pure Chemicals Co., Ltd., Tokyo, Japan. Generally
both these radioisotopes were used at a final con-
centration of 2 uCi/ml. Thymidine was from
Nutritional Biochemical Co., deoxycytidine hydro-
chloride from Sigma Co., and colchicine krist. from
Merck Co. Deoxyribonuclease 1(DNase) and ri-
bonuclease (RNase) were purchased from Worthing-
ton Biochemical Corp., Freehold, New Jersey.
Samples which had been labeled with *H-dCdr for
1 hr at 37 C and fixed with methanol were exposed
to DNase(50 pg/ml in phosphate buffered saline
containing 0.2 M MgSO,-7H,0, pH 7.2) for 30 min
at 37 C, or RNase(l mg/ml) for 40 min at 40 C.
Then, they were subjected to autoradiography.

4. Virus growth and titration

FL monolayer cells in 50 ml prescription bottles
were inoculated with 0.2 ml of CPV material. After
a 1 hr adsorption period, FL cells were washed with
Hanks’ solution and incubated with 5 ml of GM.
The infected FL cells were taken out at appropriate
times, CPV was assayed on BSCI cultures with
agar overlay as described previously (Mantani et al.,
1970).

5.  Autoradiography

The procedure used for autoradiography was as
described previously (Mantani et al.,, 1968, 1970)
using exposure times of 3 or 6 days. Giemsa was
employed for post-staining. The percentage of



labeled cells was estimated on at least 500 cells.
Grain counts were made on 30 or 50 randomly
selected nuclei. A Neopak microscope, model
N(Olympus Co.), was used for microscopic obser-
vaions, as reported by Rogers (1967).

6. Scheme of experiments

All experiments were schematically shown in Fig.

1.

RESULTS

1. Comparison of the incorporations of 3H-de-
oxycytidine and 3H-thymidine into the nuclei of
noninfected cells (Fig. 1, Experiment 1).

As shown in Fig. 1, Expt. 1, a~f, FL cells in
the Leighton tubes were incubated with 2 ml
of various *H-labeled precursors of DNA (i.e.
SH-Tdr (2 uCi/ml), 3H-dCdr(2 xCijml), both
SH-Tdr (2 uCijml) and 3H-dCdr (2 «Ci/ml),
SH-Tdr (2 #Ci/ml) in the presence of E-dCdr
(0.1 mm), and 3H-dCdr (2 uCi/ml) in the pre-
sence of E-Tdr (0.25mm). The excess
amounts of nucleosides were added at the same
time as the ®*H-nucleosides. These samples
were subjected to autoradiography using an
exposure time of 6 days and the percentages of
labeled nuclei were then calculated.

As shown in Table 1, between 24.0 and 26.4
percent of the nuclei in these samples were

TABLE 1. Percentages of labeled nucler in
randomly growing FL cells and average num-
bers of silver grains per nucleus in labeled
nuclei. (Fig. 1, Experiment 1, a, b, ¢, d)

Average num-
Labeled ber of silver

E:lx'pt. Radio-isotope nuclei grains per
’ % nucleus in
labeled nuclei
a SH-dCdr 25.6 73
b 3H-dCdr+E-Tdr 26.4 189
a SH-Tdr 24.6 >200
d *H-Tdr+E-dCdr 26.0 111
*H-dCdr+3*H-Tdr 24.0 >200

E-Tdr: 0.25 mM, E-dCdr: 0.1 mu, SH-Tdr:

2pCi/ml, SH-dCdr: 24Ci/ml
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labeled. The average number of silver grains
per nucleus, measured on 30 randomly selected
labeled nuclei, was also calculated and is shown
in Table 1. The average number of silver
grains on nuclei labeled with 3H-dCdr in the
presence of 0.25 mm E-Tdr (189) was more
than that on nuclei labeled with *H-dCdr only
(73).  On the contrary, the average number of
silver grains on nuclei labeled with 3H-Tdr in
the presence of 0.1 mm E-dCdr (111) was less
than that on nuclei labeled only with 3H-Tdr
(>>200).

Treatment with RNase had no effect on the
number of silver grains on nuclei labeled with
SH-dCdr, while no silver grains were found
after treatment of DNase. Thus the percent-
age of nuclei labeled with *H-dCdr reflects the
percentage of cells showing nuclear DNA syn-
thesis, but the incorporation of dCdr seems to

TaBLE 2. Percentages of nuclei of FL cells
labeled with 3H-dCdr or 3H-Tdr. The percent-
ages were calculated using the same samples as

for Figs. 2 and 3. (Fig. 1, Expt. 1, a, ¢, d, e, f)

Concentration of Tdr Percentage
Expt. 1 during labeling with 3H- of labeled
dCdr nuclei
c 2.5mMm 20.6
c 2.5% 10~ ' mm 21.5
c 2.5x107* mm 23.5
c 2.5%x 10" mm 23.0
c 2.5x10™* mm 21.5
c 2.5% 107 mm 22.5
a 0 22.0
washed once with 2.5 mm
e E-Tdr 23.0
treated with 2.5 mm E-
£ Tdr for 24 hr 92.6
Concerntration of dCdr  Percentage
Expt. 1 during labeling with ®H- of labeled
Tdr nuclei
d 0.1 mm 23.1
d 0.01 mm 23.3
a 0 22.2

[¥2%
U



3H-Tdr or 3H-dCdr
3H-Tdr + 3H-dCdr

Explriment 1.4 3H-dCdr in the presence of E-Tdr
3H-Tdr in the presence of E-dCdr

3H-dCdr, after washing once with E-Tdr

(f) 4 3H-dCdr, after incubation with E-Tdr for 24 hr

24 hr
colchicine
E-dCdr
-Td
. E-Tdr e
a
. 24 hr J J
Explriment 2. { colchicine
b) — — "~ T TT -
— TS — 3H-dCdr
(a) A 1
q A
Expiriment 3.<
(b) > hr L SH-Tdr
E-Tdr I
5 hr 3
E-Tdr 1
5 hr j J
Explriment 4. E-Tdr S e HE 3  3H-Tdr or
24 hr Jd 3H-dcar
_____ £ A [ | 1
(a) -- N 3
3H-dCdr
Explriment 5. (B) mmmm e BB - L lq___-___q______ with 2.5 X
10-2mM
(6) = om e \J ‘—j E-Tdr
FiGure 1. Scheme of experiments
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E-~Tdr

(a)

- 24 hr N L 3H-dCdr
N N N
g 1___ __[C4 3
(C) -——-—5 hr——- \J
Explriment 6. 2 1 ___
T ——5 hr—
4 ...... % 3H-Tdr
——5 hr—=
—
d _____
1 _
~—5 hr—— ‘
(a) E-Tdr 77! —
24 hr 9 hr ~
(b) ' \ll
Explriment 7. > 3H~dCdr with
(c) oz N R
ZW—hral 5 hr— 25%X10-2 mM
) —f—:a E-Tdr
-5 hr—
(2) E-Tdr o) . E:]Tdr .
_ 24 hr E-TdrrEzdCdr (0015 mi)
Explriment 8. b <
P (b) T 4 4 J
7 PR e e e
(c) NN N
[ :Incubation with ‘3H—Tdr \] : Samples were taken out

or 3H-dCdr for 1 hr

\
\

|

: Growth medium
(E-Tdr (2.5mm)

:E-dCdr

:One hr virus adsorption period

: Administration

: Washing with Hanks’ solution

: Washing with E-Tdr
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F1Gure 2. Effects of various concentrations of E-Tdr upon the incorporation of *H-dCdy (2 pCilml) into cellular
DNA. Grain counts were made on 50 randomly selected labeled nuclei in the same samples as for Table 2.
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E-Tdr inhibits FL cell proliferation, as de-
scribed in a previous report (Mantani et al.,
1970). However, 1 mm or 0.1 mm E-dCdr,
which from the results shown in Fig. 5, were
expected to inhibit DNA synthesis had no effect
on cell proliferation (Fig. 6). These results
indicate that nuclear DNA synthesis may not

|

FIGURE 5. Effects of various concentrations of E-dCdr
upon the incorporation of *H-Tdr (2 uCifml) into
cellular DNA. The incorporation of H-Tdr was
inhibited by the addition of E-dCdr.

107-

106_

Number of cells per Leighton tube

105 ] 1 ! I ]

Days

FIGure 6. Effects of E-dCdr on cell proliferation.
FL cells were dispersed to the Leighton tubes. These
cells were incubated with GM or GM containing 0.7 mm
E-dCdr, or GM containing 1 mmv E-dCdr. The
number of cells per Leighton tube was calculated daily
and plotted. Q- o, GM; O—— O, GM con-
taining 0.1 mm E-dCdr; @— ®, GM containing
1 mm E-dCdr.

be inhibited by the presence of a high concen-
tration of E-dCdr (up to 1 mwm), because cell
growth is not inhibited by E-dCdr, but that
incorporation of 3H-Tdr into nuclear DNA is
inhibited by the presence of a high concentra-
tion of E-dCdr.

MaxTant, M and S. Kato cellular and viral DN A syntheses studied with *H-deoxycytidine 161



2. Synchronized cell growth in the presence of
excess thymidine studied using deoxycytidine (Fig.
1, Expt. 2).

As shown in Fig. 1, Expt. 2, a and Fig. 7,
FL cells were incubated with GM containing
2.5mmM E-Tdr for 24 hr and then with fresh
GM containing 2.5mm E-Tdr, 5x1078m
colchicine and various concentrations of E-
dCdr (0~0.5mm). As a control, FL cells
treated with 2.5 mm E-Tdr for 24 hr were
washed three times with Hanks’ solution to
obtain a synchronized culture (Mantani et al.,
1968; Mantani and Kato, 1970, 1971) and then
incubated with fresh GM containing colchicine
(Expt. 2, b). FL cells were taken out 13, 16
and 19 hr after addition of colchicine. The
samples were dried, fixed and stained with
Giemsa and their mitotic indices were cal-
culated. As shown in Fig. 7, the number of
mitotic cells in the presence of both 2.5 mm
E-Tdr and either 0.02 or 0.01 mMm E-dCdr in-

50+ E- |E-
4 Tdr} dCor
o\l 2.5mM; mM
é 1 0
40r 2l + 10
x 3] 4+ 10005
2 4] + 1001
£ 30y 5 + {002
= 6, + 005
= 71+ [0l
201 8! 4+ 105
6
10 3
%8
= 7
2
_..;4’ | 1 i
13 16 19

Hr after addition of colchicine

Ficure 7. Effects of wvarious concentrations of E-
dCdr upon FL cell-proliferation in the presence of
E-Tdr (2.5 mm) accumulated in the early S phase by
treatment with E-Tdr (2.5mM) for 24hr. The
procedure was that of Experiment 2 of Fig. 1.
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creased at the same rate as those in the absence
of E-Tdr. However, the number of mitotic
cells in the presence of both 2.5 mm E-Tdr and
other concentrations of E-dCdr did not in-
crease. These results indicate that the inhibi-
tion of cellular DNA synthesis by 2.5 mm
E-Tdr is prevented by addition of E-dCdr at
concentrations between 0.01 and 0.02 mMm.
The results also show that the inhibitory effect
of E-Tdr on cell proliferation can be reversed
by addition of E-dCdr.

3. Cellular DNA synthests of cells accumulated
in the S phase by addition of 2.5 mm E-Tdr (Fig.
1, Expervment 3).

As shown in Fig. 1, Expt. 3, FL cells were
pulse labeled with either 3H-dCdr or 3H-Tdr
at appropriate times after addition of E-Tdr

100f

90

T

70

601

50r

Percentage of labeled cell

201

101

it

0 2 4 6 81012141618 2022 24 26 28 30

Hr after addition of E-Tdr (2.5mmM)

FIGURE 8. Percentage of labeled nuclei incorporating
either *H-dCdr (@ ®) or *H-Tdr (O 0)
during a 1 hr labeling period. The procedures were
those of Experiment 3 of Fig. 1. The number of labeled
nuclei increased with time after addition of E-Tdr
(2.5 mm).




(2.5 mm) (Expt. 3, a,b). To label these cells
with 3H-Tdr, the cells have to be cultured in
medium free from E-Tdr for at least 5 hr be-
fore labelling, as described in a previous report
(Mantani and Kato, 1970). Fig. 8 shows that
the percentage of cells labeled with 3H-dCdr
increased in parallel with those labeled with
SH-Tdr until 30 hr after addition of E-Tdr.
Twenty four hr after addition of E-Tdr, more
than 859, of the FL cells were in the S phase.

In this experiment 27 percent of the FL cells
which were in the S phase at the beginning of
incubation with E-Tdr did not proceed further
in this phase because of the E-T'dr-block while
other cells continued through their life cycle
until they are accumulated in the early S phase,
as described in the previous report (Studzinski
et al.,, 1968). Thus it would appear that the
period necessary for maximum accumulation
in the S phase agrees with the doubling period
of FL cells.

4. Cellular DNA synthesis of cells after removal
of E-Tdr (Fig. 1, Experiment 4).

As shown in Fig. 1, Expt. 4 and Fig. 9, FL
cells incubated with 2.5 mm E-Tdr for 24 hr
were washed three times with Hanks’ solution
and pulse labeled with either *H-dCdr or H-
Tdr at appropriate times after removal of E-
Tdr. Fig. ¢ shows that FL cells were well
synchronized. The mitotic index was 17.5
percent 15 hr after removal of E-Tdr.

When cells were pulse labeled with 3H-dCdr
soon after removal of E-Tdr, more than 90 per-
cent of the cells were in the S phase. When
cells were pulse labeled with 3H-Tdr, the per-
centage of labeled cells increased rapidly from
0 to more than 90 percent, 6 hr after removal
of E-Tdr. The difference between the per-
centages of cells labeled with 3H-dCdr and with
®H-Tdr within 6 hr after removal of E-Tdr may
depend on the thymidine pool in the cells after
removal of E-Tdr. It would appear that cells
labeled with *H-dCdr just after removal of E-
Tdr were in the early S phase and that those
labeled with H-~Tdr 6 hr after removal of E-
Tdr were in the middle of the S phase.

Based on the above results, we used 2 Cijml
of *H-dCdr, as a labeled precursor in the pre-
sence of E-T'dr (2.5 1071 mmM~2.5 x 10-3 mm)
to investigate the relationship between cellular
and viral DNA syntheses in cells infected with
COWpOX virus.

100f

o]
(]
T

Percentage of labeled cell

1 1 I L

1 3 5 7 6 11 13 15

Hr after removal of E-Tdr

FiGure 9. Percentage of labeled nuclei incorporating
SH-dCdr (@———@) or *H-Tdr (O -----0) during a
1 hr labeling period. FL cells were incubated with 2.5
mM E-Tdr for 24 hy, before the experiment as shown in
Experiment 4 of Fig. 1. FL cells were not labeled with
SH-Tdr until 4 hr after removal of E-Tdr by washing
with Hanks’ solution, but they were well labeled with
labeled with *H-dCdr soon after removal of E-Tdr.

5. Nuclear DNA synthesis in cells infected with
cowpox virus in the presence of 2.5 mm E-Tdr
(Fig. 1, Experiment 5).

Two experiments (Fig. 1, Expt. 5,) were
designed to study this and results are shown in
Figs. 10 and 11. FL cells were infected with
CPV. The multiplicity of infection (moi) was
100 in the experiment shown in Fig. 10, and
3 in the experiment shown in Fig. 11. After
a one hr adsorption period, FL cells were
incubated in either GM containing 2.5 mm E-
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Ficure 10 and 11. Effect of virus infection upon ac- cumulation of FL cells in the S phase by E-Tdr (2.5 mm)-

block. (100 moi in Fig. 8 and 3 moiin Fig. 9). x

nuclei in noninfected control cells incubated with E-Tdy; O

x, percentage of “B” cells; @

@, percentage of labeled
O, percentage of labeled nuclei in *“ B cells incubat-

ed with E-Tdr after infection; Q--------- O, percentage of labeled nuclei in *“ B> cells, incubated with GM after
infection. Noninfected cells accumulated in the S phase due to 2.5 mv E-Tdr block and the percentage of labeled
cells was 90, 22 hr after addition of E-Tdr. In the case of infected cells, the percentage of labeled nuclei in ““ B”
cells remained between 20 and 30 in Fig. 8 and between 50 and 55 in Fig. 11, after the percentage of ** B cells
reached 90. The percentage of labeled nuclei in “ B> cells in the absence of E-Tdr decreased gradually because

of inhibition of the cell cycle by virus infection.

Tdr (Expt. 5, a) or GM only (Expt. 5, b). Non-
infected FL cells were also incubated in GM
containing 2.5mm E-Tdr (Expt. 5, c¢). At
appropriate times, GM or GM containing E-
Tdr was replaced by 2 ml of MEM containing
both 3H-dCdr (2 4Ci/ml) and 2.5x10-*mmMm
E-Tdr and incubation was continued for 1 hr.
Then samples were taken out for autoradio-
graphy. All “B” type inclusions were well
labeled. The percentage of labeled nuclei in
the noninfected samples and the percentage of

164 Biken JournaL Vol. 15 No. 3 1972

cells bearing ““ B ”’ type inclusions (““ B ” cells)
in the infected samples were calculated. As
shown in Figs. 8, 10 and 11, the number of
noninfected, control cells in the S phase in-
creased rapidly until 22-24 hr after addition
of E-Tdr. In the first experiment using a
moi of 100 (Fig. 10) * B ” type inclusions were
observed in more than 909, of the cells 5 hr
after infection. The percentage of “ B cells
with labeled nuclei in the presence of E-Tdr
remained almost constant (25% to 27%,) from



4 to 22 hr after addition of E-Tdr, while the
percentage of “ B cells with labeled nuclei
in the absence of E-Tdr decreased. In a
second experiment a lower input of virus was
used (3 moi) so that the percentage of “ B
cells did not reach 90 until 19 hr after infection
(Fig. 11). In this experiment the percentage
of “ B cells with labeled nuclei remained con-
stant (559%-57%,) from 19 hr to 21 hr after
infection. In Figs. 10 and 11, if “ B ” cells in
the Gl phase could enter the S phase, the curve
of the percentage of “B” cells with labeled
nuclei in the presence of E-Tdr, would be
parallel with that of noninfected cells with
labeled nuclei in the persentage of E-Tdr. The
percentage of cells showing both nuclear and
viral DNA synthesis among the “B” cells in
the presence of E-Tdr neither decreased nor
increased when almost all the cells showed viral
DNA synthesis in the cytoplasm. Thus in
the cells showing both, nuclear and viral DNA
synthesis nuclear DNA synthesis probably be-
gan before the onset of viral DNA synthesis,
and these cells probably remained in the S
phase due to inhibition of nuclear DNA syn-
thesis by E-Tdr. The other cells which
showed viral DNA synthesis in the cytoplasm
before the S phase probably could not enter
the S phase. This agrees with the conclusion
reached in a previous report (Mantani et al.,
1970) from autoradiographic studies with 3H-
Tdr. Asshown in Fig. 10, when infected cells
were incubated in the absence of E-Tdr, the
number of cells showing both nuclear DNA
and viral DNA synthesis decreased rapidly, as
described in a previous report (Mantani et al.,

1968).

6. Nuclear DNA synthesis of cells infected
with cowpox virus after treatment with E-Tdr
for 24 hr (Fig. 1, Experiments 6, 7).

As shown in Expt. 6 of Fig. 1, FL cells were
infected with CPV after incubation with GM
containing 2.5 mM E-Tdr for 24 hr. After
virus adsorption, cells were reincubated with
E-Tdr. These infected cells were then pulse
labeled either with *H-dCdr (2 xCi/ml) (Expt.

6,2) or *H-Tdr (2 uCi/ml) (Expt. 6, c) for
1 hr, 17, 20 and 28 hr after infection. Non-
infected cells were also labeled similarly (Expt,
6, b, d). To labele these cells with 2H-Tdr,
the cells have to be cultured in medium free
from E-Tdr for at least 5hr before labelling,
as described in a previous report (Mantani and
Kato, 1970). These samples were subjected to
autoradiography using an exposure period of 6
days. The percentages of labeled nuclei in
noninfected, control cells and labeled nuclei
of “ B cells are shown in Fig. 12. The num-
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Ficure 12.  Effect of wiral DNA synthesis upon
nuclear DNA synthesis of FL cells accumulated in
the S phase by E-Tdr treatment for 24 hr. (moi 50)

(O O: percentage of labeled nuclei in noninfected
cells labeled with 3H-dCdr soon after removal of E-
Tdr; OQ--enreen O, percentage of labeled nuclei in *“ B>’
cells labeled with SH-dCdr soon after removal of E-
Tdr; x————x, percentage of labeled nuclei in non-
infected cells labeled with *H-Tdr 5 hr after removal
of E-Tdr by washing; x---—---- x, percentage of

labeled nuclei in *“ B’ cells labeled with *H-Tdr 5 hr
after removal of E-Tdy. The percentage of *“ B cells
in the infected cells was more than 90, 17 hr after
nfection.
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ber of grains on 50 randomly selected nuclei
were counted and the total number of grains
per 50 nuclei are plotted in Figs. 13 and 14.
The percentage of “ B cells was already more
than 90, 17 hr after infection.

In the experiment with *H-dCdr many nu-
clei of ““ B *’ cells were well labeled as shown in
Fig. 15. The curve of the percentage of “B”
cells with labeled nuclei is close to that of non-
infected cells with labeled nuclei (Fig. 12).
The total numbers of silver grains per 50 ran-
domly selected nuclei of ““ B ”’ cells are less than
those of noninfected cells (Fig. 13). These
results may indicate the effect of viral DNA
synthesis upon nuclear DNA synthesis of cells
in the early S phase.

In the experiment with ¥H-Tdr, the curves
of the percentages of “ B cells with labeled
nuclei decreased from 879, 17 hr after infec-
tion to 60%, 28 hr after infection, although the
percentage of noninfected cells with labeled
nuclei remained almost constant at more than
849, throughout. The inhibition of nuclear
DNA synthesis in “ B ” cells was remarkable,
when the total number of silver grains per 50

nuclei in “ B> cells was compared with that
in noninfected, control cells (Fig. 14). 'These
results may indicate an effect of viral DNA
synthesis upon nuclear DNA synthesis of cells
in the middle of the S phase, since these cells
were labeled with 3H-Tdr 6 hr after removal
of E-Tdr. Therefore, the effect of viral DNA
synthesis upon nuclear DNA synthesis of cells
in the middle of the S phase is much larger
than that in the early S phase.

To confirm this results, another set of experi-
ments was designed in which infected and non-
infected cells were pulse labeled with 3H-dCdr
both in the early S phase and in the middle of
the S phase (Fig. 1, Expt. 7). FL cells were
inoculated with CPV (20 moi), after 24 hr in-
cubation with E-Tdr. One hr was allowed
for virus adsorption. In the experiment on
pulse labeling in the early S phase, infected
cells were reincubated with E-Tdr and taken
out 9 hr after infection after being pulse labeled
with 3H-dCdr (2 uCi/ml) in the presence of
2.5% 102 mm E-Tdr for 1 hr, soon after re-
moval of E-Tdr (Fig. 1, Expt. 7, a). 'The per-
centages of “B” cells was 80%,. Simultane-
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Ficurt 13 and 14. Effect of viral DNA synthesis upon nuclear DNA synthesis of FL cells accumulated in the

S phase by E-Tdr treatment for 24 hr.

Fig. 13, Total number of silver grains per 50 nuclei labled with 8H-dCdr (cells in early S phase).
Fig. 14, Total number fo silver grains per 50 nuclei labeled with *H-Tdr (cells in the middle of the S phase).
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Ficure 16. Effect of wviral DNA synthesis upon
nuclear DN A synthesis of FL cells accumulated in the
S phase by E-Tdr treatment for 24 hr. (moi 20).
Both infected and noninfected FL cells were pulse
labeled with *H-dCdr in the presence of 0.025 mm
E-Tdr for 1 hr, 7 hr after infection ecither soon after
removal of E-Tdr, in early S phase or 5 hr after re-
moval of E-Tdr, in the middle of the S phase. Grain
counts were made on 50 randomly selected nuclei of
the sample. The inhibition of nuclear DN A synthesis
of “B” cells was more sensitive in the middle of the
S phase than that in the early S phase. The percent-
age of “ B cells was 78% in the early S phase and
88%, in the middle of the S phase.

of the noninfected cells may be in the S phase,
since these cells were well labeled with 3H-
dCdr. However, the possibility that these
labeled cells entered the S phase from the G1
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phase during the 1 hr labeling period cannot
be excluded. As described before, “ B’ cells
could not enter the S phase, when viral DNA
synthesis started before the S phase. In the ex-
periment shown in Fig. 12, cells which had been
treated with 2.5 mm E-Tdr for 24 hr were in-
fected with CPV and reincubated with 2.5 mm
E-Tdr. Even if the cells arrested in the Gl
phase by an E-Tdr block entered the S phase
during the 1 hr labeling period in the experi-
ment with 8H-dCdr, “ B cells should be un-
able to enter the S phase because of virus in-
fection. However, 859, of the *“ B’ cells were
in the S phase 17 hr after infection, indicating
that 2.5 mM E-Tdr must arrest the cells in the
carly 5 phase, instead of the Gl phase.

7. Effect of excess deoxycytidine upon wirus
growth in the presence of 2.5 mm E-Tdr (Fig. 1,
Expt. 8).

FL monolayer cells in 3 series of 50 ml pre-
scription bottles were inoculated with 0.2 ml
of CPV (0.1 moi) after treatment with 2.5 mm
E-Tdr for 24 hr as shown in Fig. 1, Expt. 8.
After a 1 hr period of adsorption of virus, cells
were washed with Hanks’ solution. Then 5
ml of GM containing 2.5 mm E-Tdr was again
added to one series of bottles (Expt. 8, a). Five
ml of GM containing both 2.5 mm E-Tdr and
0.015 mm E-dCdr, which should release the
E-Tdr-block of nuclear DNA synthesis, judg-
ing from the experiment in Fig. 6, were added
to the second series of bottles (Expt. 8, b).
Five ml of GM were added to the third series
of bottles (Expt. 8, ¢). At appropriate times,
the samples were taken out and the infectivity
of virus (PFU) was titrated and plotted (Fig.
17).

CPV grew well in the presence of E-Tdr,
but the virus yield was lower than that in the
presence of both E-Tdr and E-dCdr, being
almost identical with that in GM only.

The similarity in the virus yields in the latter
two series can be explained by release of the
2.5 mm E-Tdr block of nuclear DNA synthesis
by addition of 0.015 mm E-dCdr.

When various concentrations (0.0015 m,



0.015 mM and 0.15 mMm) of E-dCdr were added
to FL monolayer cells infected with CPV, virus
yields were similar to those in the absence of
both E-dCdr and E-Tdr for up to 24 hr after
infection. Thus E-dCdr did not inhibit either
cell proliferation or virus growth.

DISCUSSION

Excess thymidine (E-Tdr) inhibits the conver-
sion of cytidine to deoxycytidine (dCdr)
(Reichard et al., 1950; Morris and Fisher, 1960).
Xeros (1962) and Bootsma et al. (1964) found
that double treatment of cells with E-Tdr was
an efficient method for synchronizing cultures.
This method was introduced into virology to
study the relationship between virus growth and
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FiGure 17. Virus multiplication in FL cells in the
presence of 2.5 mm E-Tdr and 0.015 mm E-dCdyr.
FL cells treated with 2.5 mm E-Tdr for 24 hr, were
infected with cowpox virus. @-——— ®, Infected cells
kept in the presence of E-Tdr; O~ -O, Infected cells
kept in the presence of E-Tdr and 0.015 mm E-dCdr;
D ~x, Infected cells kept in GM only.

the host cells cycle (Groyon and Kniazeff, 1967 ;
Mantani et al., 1968, 1970; Mantani and Kato,
1970, 1971; Hodge and Scharff, 1969; Ensming-
er and Tamm, 1970; Cohen et al., 1971; Law-
rence, 1971). The relationship between nu-
clear DNA and poxvirus DNA synthesis has
been studied at a cellular level by quantitative
autoradiography of ®H-thymidine (Kato et al.,
1962, 1964; Mantani et al., 1968). However,
it is difficult to label nuclear and viral DNA
with ®H-thymidine in the presence of E-Tdr.
Furthermore, cells which had been treated with
E-Tdr for 24 hr could not be labeled with 3H-
Tdr within at least 5 hr after removal of 3H-
Tdr, because the intracellular thymidine pool
was large (Bootsma et al., 1964; Mantani et al.,
1968, 1970; Mantani and Kato, 1970). In our
experiments with E-Tdr, autoradiography with
3H-dCdr made it possible to follow DNA syn-
thesis in the presence of E-T'dr or soon after
its removal.

Almost all cells treated with E-Tdr for 24 hr
were well labeled with 3H-dCdr. There are
two possibilities as to the phase of cells after
treatment with E-T'dr for 24 hr. One possi-
bility is that all the cells are in the S phase.
The other possibility is that all cells are in the
Gl phase and that 3H-dCdr causes them to enter
the S phase. Experiments with cowpox virus
(CPV) were carried out to study these possi-
bilities. As reported before, E-Tdr inhibits
nuclear DNA synthesis but does not inhibit
DNA synthesis of poxvirus appreciably (Man-
tani et al., 1970). Cells were treated with E-
Tdr for 24 hr and then infected with CPV.
After development of “B” inclusions in the
presence of E-Tdr these cells were labeled with
SH-dCdr. Autoradiography showed that the
nuclei and “ B ” inclusions of nearly all cells
were well labeled. Cells in the Gl phase, in
which viral DNA synthesis had been initiated,
could not enter the S phase (Mantani and Kato,
1970, 1971). These data, therefore, support
the idea that cells treated with E-Tdr are in
the S phase, rather than the GI phase (Studzin-
ski and Lambert, 1968; Bostock et al., 1971).

It has been reported that block with 2 mm
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E-Tdr is reversed by adding 2mm E-dCdr
(Xeros, 1962). We examined the effects of
various concentrations of E-dCdr on nuclear
DNA synthesis blocked with 2.5 mm E-Tdr
and found that a certain range of concentra-
tions of dCdr (0.01-0.02 mMm) is optimal for
reversing 2.5 mm E-Tdr block. On the other
hand, we found that the efficiency of nuclear
incorporation of 3H-dCdr (2 4Ci/ml, 2x 104
m) was highest in the presence of a certain
range of concentrations of E-Tdr (2.5x10-?
mM~ 2.5 1073 mmM). These data showed that
the ratio of the concentrations of these two
nucleosides has a definite effect upon nuclear
DNA synthesis. As reported before, 2.5 mm
E-Tdr inhibits DNA synthesis of poxvirus to
some extent (Mantani et al., 1970), but the
inhibition was reversed by addition of 0.01-
0.02 mm E-dCdr.

With regard to the relationship between the
cell cycle and virus growth, we confirmed using
E-Tdr-block and 3H-dCdr that when viral
DNA synthesis was initiated before the S
phase, the infected cells did not enter the S
phase, as already reported by Mantani and
Kato (1970) using E-Tdr-block and 3H-Tdr.
This result agrees well with those obtained
with Mengo virus, Newcastle disease virus
(NDYV) infection (Ensminger and Tamm, 1970),
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adenovirus infection (Hodge and Scharff,
1969) and herpes simplex virus infection (Cohen
et al.,, 1971). However, cells infected with
reovirus before the S phase enter the S phase
(Ensminger and Tamm, 1969). Cellular pro-
tein synthesis was inhibited by Mengo, NDV
infection (Ensminger and Tamm, 1970) and
vaccinia virus infection (Moss, 1968). On the
other hand, in reovirus infection there is no
reduction in host cell protein synthesis (En-
sminger and Tamm, 1969). In poxvirus in-
fection, viral DNA was initiated at any phase
of the cell cycle, except the M phase (Mantani
etal., 1968; Mantani and Kato, 1971). Similar
results were reported on herpes simplex virus
infection (Cohen et al., 1971). However, on
equine abortion virus infection, virus infec-
tion, viral DNA synthesis is dependent on the
S phase of the cell cycle (Lawrence, 1971).

Autoradiography using 3H-dCdr seems a use-
ful method in systems in which ®H-Tdr cannot
be utilized.
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