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uMMARY \;ITal and cellular DNA syntheses were examined in FL cells treated
with excess thymidine using autoradiography with 'H-deoxycytidine in parallel

with 'H-thymidine. 'H-deoxycytidine can be incorporated into nuclear and \, iral
DNA of FL cells infected \\, ith poxvirus even in the presence of excess thymidine,
while 'H~thymidine cannot. The optimal concentration of excess thymidine for in-
corporation of 'H-deoxycytidine into nuclear DNA was between 2.5 x 10~' inM and
2.5 x 10~' inM. Excess thymidine accumulated the cells in the early S phase, \\, hile
excess deoxycytidine had no inhibitory effect on cell proliferation. Deoxycytidine
at a concentration of between 0.01 inM and 0.02 initi completely prevented the block
by 2.5 in Al 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
at a1. , 1964). The cells cannot be labeled with
aH-thymidine in the presence of excess thy-
inidine. Furthermore no cells are labeled with

3H-thymidine for several hours after reino\, al
of excess thymidine, because of the large thy-
inIdine pool in the cells (Bootsma at a1. , 1964;
I\Jantaniet a1. , 1968; Mantaniand Kat0,1970).
Deoxycytidine releases the thymidine block
and excess thymidine inhibits the formation of
deoxycytidine (Xeros, 1962; Reichard at al. ,
1960; NIOrris and Fisher, 1960). Thus aH-
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deoxycytidine, as a radioactive precursor of
DNA, was expected to be incorporated into
cellular DNA in the presence of, or soon after
I. Ginoval 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 inM excess thymidine
after simply adding 2.0 inM 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 at
a1. , 1968; I\Iantani and Kat0, 1970; 1971;.
1972) were as follows :

I) 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) \\Ihen viral DNA synthesis began before
the M phase, scarcely any cells entered mitosis.

4) When initotic 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 'H-deoxycytidine since it may be in-
corporated into DNA in the presence of excess
thymidine.

described in the previous report (Mantani er al. ,
1970)

2. Cells

Eagle's minimum essential medium (MEM) sup-
PIemented with 1070 calf serum was used as growth
medium(CM). Cloned FL cells in Leighton tubes
with cover glasses on the bottom were used through-
out for autoradiography and FL cells in 50 inI
prescription bottles \\, ere used to determine CFV
growth curves. Cloned FL cells \\, ere prepared as
described previously (Mantani at a1. , 1968). Cells
were used one day after dispersion. All media con-
tamed penicillin (100 IUlml), streptomycin(0.1 ingl
inI) and terrainycin(5 Agjml). Cells were cultured
at 37 C throughout the experiments.

3 . Che, ,, ICQ!s

Thymidine-6-'H("H-Td, ) (specific activit\, 3

CilmM) and deoxycytidine~5-'H(*H-dCdr) (spec-
inc activity, 10.4 CijmA1) were purchased from Danchi
Pure Chemicals Co. , Ltd. , Tokyo, Japan. Generally
both these radioisotopes were LISed at a final con-

fromcentration of 2 PCijml. Thymidine \\, as

Nutritional Blochemical Co. , deoxycytidine hydro-
chloride from Sigma Co. , and colchicine krist. from
A, Ierck Co. Deoxyribonuclease I(DNase) and ri-

bonuclease (RNase) \\, ere purchased from \\'orthing-
ton Blochemical Corp. , Freehold, Ne\\, Jersey.
Samples \\, hiclt had been labeled with 'H-dCdr for
I hr at 37 C and fixed \\, ith methanol \\, ere exposed
to DNase(50 Aglml in phosphate buffered saline
containing 0.2 xi MgS0". 7H*0, pH 7.2) for 30 min
at 37 C, or RNase(I ingjml) for 40 min at 40 C.
TITen, they, \\. ere subjected to autoradiography

IVIATERIALS AND METHODS

I. '71/1S

Cowpox virus (CPV) (LB red strain carrying the
"A"v~ marker) was used throughout the expert-

The procedures used for preparation ofmerits

virus materials and for piaque assays of CFV were
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4. F1'I i's groant/, and trimt, o71

FL monolayer cells in 50 in I prescription bottles
were inoculated \\, ith 0.2 inI of CF\I material. After

a I hr adsorption period, FL cells were \\. ashed \\. ith
Hanks' solution and incubated \\, ith 5 inI of GA, I

The infected FL cells were taken out at appropriate
CF\I was assayed on BSCl cultures \\, ithtimes

agar overlay as described previously (Mantani at al. ,
1970)
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5. Hiltorod^^graphy

The procedure used for. autoradiography was as
described previously (Mantani at a1. , 1968, 1970)
using exposure times of 3 or 6 days. Giemsa was
employed for post's taining. The percentage of



labeled cells \\, as estimated on at least 500 cells

Grain counts \\. ere 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. Sche, ,Ie of expert}, rents

All experiments \\, ere schematically show. n in Fig

RESULTS

I. Coll!parr'$011 of the Incoipornt!'0"s of 'H-de-
oryq, tiffz}, e and 'H-t/!yint'of^^, e alito the "amiei' of
710"I'vected cells (Fit, . I, Experz'?"ent I).

As shown in Fig. I, Expt. I, a-f, FL cells in
the Leighton tubes were incubated with 2 inI
of various 'H-labeled precursors of DNA (i. e.
'H-Tdr (2I, Cilml), *H-dCdr(2 PCijml), b. th
*H-Td" (2I, Cilml) and "H-dCdr (2 PCIlml),
'H-Td" (2 VCIlml) in th, pre^. nor of E-dCdr
(0.1 inM), and "H-dCdr (2I, Cijml) in th, pre

of E-Tdr (0.25 inM). Th.
amounts of nucleosides \\, ere 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 tl\en calculated.

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

labeled. The average number of silver grains
per nucleus, measured on 30 randomly selected
labeled nuclei, was also calculated and is shown
in Table I. The average number of silver
grains on nuclei labeled with 'H-dCdr in the
presence of 0.25 initT E-Tdr (189) was more
than that on nuclei labeled \\, ith 'H-dCdr only
(73). On the contrary, the average number of
silver grains on nuclei labeled with 'H-Tdr in
the presence of 0.1 inM E-dCdr (111) was less
than that on nuclei labeled only with 'H-Tdr
(>200).

Treatment with RNase had no effect on the

number of silver grains on nuclei labeled with
3H-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

sence

TABLE I. Perce, tinges of labeled it MCIez' an
randomly grotuz"g FL cells and duel. age flum-
bel's of $110er ginz'"s per nucleus lit labeled
nitc/ez'. (Fz^. I, Experz'"lent I, a, b, c, d)

excess

Expt

TABLE 2. Percentages of nuclei' of FL cells
labeled 2.2'th 3H-dCdr o7 aH- Td, .. The percent-
ages ECere calculated i'szng the some samples us
I, ,' F, g, . 2 and 3. (Fig. I, Expt. I, a, ,, d, e, I)

Radio-Isotope

a

b

aH-dCdr

aH-dCdr+ E-Tdr

aH-Tdr

aH-Tdr+ E-dCdr

aH-dCdr+ 'H-Tdr

a

d

Average num-
Labeled her of silver
nuclei grains per

% nucleus In
labeled nuclei

C

Concentration of Tdr

Expt. I during labeling \\, itIT aH-
dCdr

E-Tdr : 0.25 in xi, E-dCdr : 0.1 inki,
21, Ci/in I, "H-dCdr : 21, Cijml

C

25.6

26.4

24.6

26.0

24.0

C

C

2.5 in xi

2.5 XIO~'in\I

2.5 xiO~' in\I

2.5 x 10~" in xi

2. S x 10~41n A1

2.5 x 10~' inki

o

\\ ashed once \\it11 2.5 in xi
E-Tdr

treated witlT 2.5 in\-I E-
Tdr for 24 hr

C

73

189

>200

111

>200

C

C

itTANTAxi, M and S. KATo ce!filth, ' and aiml DA'A syntheses stitched until 'H-deoxycyt, 'di>Ie

a

e

Percentage
of labeled

nuclei

f

aH-Tdr

Concerntration of dCdr Percentage
Expt. I during labeling \\ith 'H- of labeled

Tdr nuclei

20.6

21.5

23.5

23.0

21.5

22.5

22.0

d

d

a

23.0

O . I in:\I

0.01 in:\I

o

92.6

23.1

233

22.2
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Explriment I

(a) -------- ----"'I

(b) --------------t^
(c) ---------------^

-------------- -

( ) --------------

Explriment 2.1
( a)

(b)

(f)

3H-Tdr or 3H-dCdr

3H-Tdr + 3H-dCdr

3H-dCdr in the presence of E-Tdr

3H-Tdr in the presence of E-dCdr

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

3H-dCdr, after incubation with E-Tdr for 24 hr
E-T dr

24 hr^'

Explriment 3

E-Tdr

24 hr^

(a)

colchicine
E-dCdr
E -Tdr

~I
~ ~ ~ ~ ~ ~ ; ~h; ~ ~ ~ ~ ~ ~ I',,

-----------

E -Tdr

(b)

colchicine

Explriment 4

~ ~ ~ ~ ~ ~ ~I~ ~11~ ~ I

E -Tdr

Explriment 5.1

E-Tdr
~ ~ ~ ~ ~ ~5~;; ~ ~ ~ ~ ~"'

-^--24 hr^.

FIGURE I

E-Tdr

(a) -------

~ ~ ~ ~ ~ ;~;r ~ ~ ~ ~ ~_I, ,

(c) -------

Scheme of experi, ,lents

" - - - - - - - -""" - - - - - - - - ~I - - - - - - - ~I - - - - - -
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3H-Tdr

3H-Tdr or
3H-dCdr

3H -dCdr

10-2inM
E -Tdr



(a)

(b)

Explriment 6

~'24 hr'

(c)I

E-Tdr

Explriment 7.

(a)

(b)

(c)

(d)

~~'5 hr~

--5 hr-.

-^-24 hr

Explriment 8.1

E -Tdr

~-5 hr-

~~5 hr~

13H-dCdr

(a)

(b)

(c)

E-T dr

--^24 hr^

^

9 hr

~-5 hr^

?"'F;--.; 11 ;::.."!
~~5 hr~

1:2:1^

incubation with 3H-Tdr

or 3H-dCdr I or I hr

3 H-Tdr

One hr virus adsorption period

^

Growth medium

E-Tdr (2.5mM)

E-dCdr

E-Tdr+E-dCdr (0015 inM)

^^^

E -T dr

-------------

~ ~ U~ ~ , ~ ~ I ~ ~ a ~ ~ ~

3H-dCdr with

2.5xi0-2 in M

E-Tdr

\'TAXTAxi, i\I and S. KATofce1/11thr und und! DATA sy, ,theses sti, thed 2:1itli 'H-deo;tycytidi, Ie

Samples were taken out

Washing with Hanks' solution

Washing with E-Tdr

Administration
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FIGURE 3 A and B. Alito, adrog, @in of FL cells labeled 00ith 'H-deoxycytidr"e (2 Foil, ,,!) in
2.5 x 70~' inM excess thymidr"e. The cells seem in Fig. 3 a ore the $07"e cells as in Fi . 3 B.
siloe, grains per MMc!et, s in Fig. 3 A is greater tho" that observed in Fig. 4 A.

. ,.,^,::.^^ .
r a. *\!' "' .'!"

.,.,, .:^ o

be influenced by the presence of Tdr and wee
Ders".

Based on the results shown in Table I, the
effect of various concentrations of Tdr on the

incorporation of 'H-dCd" (214Cijml) into the
nucleus was investigated as shown in Fig. I,
Expt. I, c. The effect of E-dCdr concentration
on nuclear incorporation of 'H-Tdr (211Cijml)
was also investigated at the same time (Expt.
I, d). FL cells were incubated either with
*H-dCdr (2 PCijml) for I h" in th^ presenc. of
various concentrations of E-Tdr, or with 3H-
Tdr (2 PCijml) in the presence of various con-
centrations of E-dCdr. In Expt. I, e, FL cells
grown in the growth medium (GM) were
washed once with 2.5 inM E-Tdr and then in-

cobat^d with 'H-dCdr (211Cilml) f. r I h, . In

Expt. I, f, FL cells wereincubated with 2.5 inM
E-Tdr for 24 hr and then directly with 'H-dCdr
(214Cijml) for I h, without washing with
Hanks' solution. All samples were autoradio-
graphed using an exposure period of 3 days.

The results of these experiments are shown
in Table 2. Between 20.6 and 23.5 percentage
of the nuclei, were labeled with either 3H-dCdr
or 3H-Tdr irrespective of the concentration of
of either Tdr or dCdr. In Expt. I, f, 92.6
percent of the nuclei were labeled because, due
to thymidine-block, cells accumulated in the S
phase. The number of grains on 50 randomly
selected labeled nuclei in these samples was
calculated and the number nucleus isper

plotted as shown in Fig. 2. When cells were
labeled with 'H-dCdr in the presence of E-Tdr

MANTANi, M and S. KATo cellular and of, @! DNA syntheses stud^^danith 'H-deoxycytidr"e

the presence of
The mm"be, of



FIGURE 4 A and B. auto, @dtbgr@in of FL cells labeled tufth 'H-de0"3, cytidr"e (2 Act'jin!) for I hr at 37 C.
The photos in A and B ale, e taken with a Neop@A microscope, model N(Olympus Co. , Japan). The cells in
Fig. 4A, in which the 13^ht source is from @600e, @, e the some cells as in those Fig. 4B, in 00htth the 11^ht
goes through the specimenf, Qin below. Silver grains appear bright (in a dork field) in Fig. 4 a.

at concentrations of between 2.5 x 10~' inM

and 2.5 x 10~'inM, the average number of
silver grains per nucleus was between 90 and
100. Fig. 3 showed an autoradiogram of the
cells. When cells were labeled with 'H-dCdr

after being washed once with 2.5 inM E-Tdr
or after treatment with 2.5 inM E-Tdr for 24

hr, the average number of grains per nucleus
was also about 90.

number of silverThe grains peraverage
nucleus was lowest in cells which were labeled

with 'H-dCdr only in the absence of E-Tdr,
being 28, as shown in Fig. 4. When cells were
incubated with 3H-dCdr in the presence of
2.5 inM E-Tdr, the average number of grains
per nucleus was 70.

These results indicate that the incorporation
of 3H-dCdr into nuclear DNA was accelerated

by the presence of E-Tdr and the optimal con-
centration of E-Tdr for the incorporation of
3H-dCdr into nuclear DNA was between 2.5 x
10~' inM and 2.5 x 10~3 inM. Moreover the
concentration of E-Tdr in the medium when
cells are washed once with 2.5 inM E-Tdr and
then incubated in 2 inI of medium also seems
to be between 2.5xlO 'inM and 2.5x10-3

inM, judging from the grain number per nu-
cleus. As shown in Fig. 5, when cells were
fob^lad with 'H-Tdr (2 PCijml), th^ aner^g^
number of grains per nucleus in the presence
of E-dCdr (0.1 inM and 0.01 inM) was less than
that in the absence of E-dCdr.
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scribed in a previous report (I\Iantani et al. ,
1970). However, I initT or 0.1 init{ E-dCdr,
which from the results shown in Fig. 5, \\, ere
expected to inhibit DNA synthesis had no effect
on cell proliferation (Fig. 6). These results
indicate that nuclear DNA synthesis may, not
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105

0.1m M

--C

o I

itIANTAXI, I\I and S. KATo cellii/",' nild "irn/ DNA syntheses silldred zur't/, 'H-deo\ycyti'at, ,e

be inhibited by the presence of a high concen-
tration of E-dCdr (up to I initi), because cell
growtlT is not inhibited by E-dCdr, but that
incorporation of 'H-Tdr into nuclear DNA is
inhibited by the presence of a high concentra-
tion of E-dCdr.
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2. Synch, 'onized cell glowth I'M the piese"ce of
excess thymz'd^he stwdred usi"g ofeoxycytid^}re (F1:g.
I, ftpt. 2).

As shown in Fig. I, Expt. 2, a and Fig. 7,
FL cells were incubated with CM containing
2.5 inM E-Tdr for 24 hr and then \\, ith fresh

Gl\I containing 2.5 inM E-Tdr, 5 x 10~' M
colchicine and various concentrations of E-

dCdr (0~0.5 inM). A^ , .. ntrol, FL colts
treated with 2.5 inM E-Tdr for 24 hr \\, ere
washed three times with Hanks' solution to

obtain a synchronized culture (Mantani at al. ,
1968; INlantani and 1<at0,1970,1971) and then
incubated with fresh Gi\I containing colchicine
(Expt. 2, b). FL colts were talon .ut 13, 16
and 19 hr after addition of colchicine. The

samples were dried, fixed and stained with
Giemsa and their initotic indices \\, ere cal-

CUIated. As shown in Fig. 7, the number of
initotic cells in the presence of both 2.5 inM
E-Tdr and either 002 or 0.01 initl E-dCdr In-

creased at the same rate as those in the absence

of E-Tdr. However, the number of initotic
cells in the presence of both 2.5 inM E-Tdr and
other concentrations of E-dCdr did not in-

These results indicate that the inhibi-

tion of cellular DNA synthesis by 2.5 inM
E-Tdr is prevented by addition of E-dCdr at
concentrations between 0.01 and 0.02 inM.

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 sy"theSJIS of cells orcw, ,I"/ated
In the S phase by addition of 2.5 711M E- Tdi' (Fig.
I, E;upeii?lient 3).

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

crease.
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(2.5 inM) (E, ,pt. 3, ,, b). T, ich. I thus. colts
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
(A, iantani and Kat0,1970). Fig. 8 shows that
the percentage of cells labeled with 'H-dCdr
increased in parallel with those labeled with
aH-Tdr until 30 hr after addition of E-Tdr.
Twenty four hr after addition of E~Tdr, more
than 85% 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 \\, ith E-Tdr did not proceed further
in this phase because of the E-Tdr-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 a1. , 1968). Thus it would appear that the
period necessary for maximum accumulation
in the S phase agrees with the doubling period
of FL cells.

Based on the above results, we used 2 ACijml
of 3H-dCdr, as a labeled precursor in the pre-

^, nc, of E~Td" (2.5 x 10~" inM~2.5 x 10~' inM)
to investigate the relationship between cellular
and viral DNA syntheses in cells infected with
cowpox virus

4. Cellw/ar DATA $y"thesit of cells ofter lei, loud/
Of E- Td, . (F, :g. I, ftp, ,I, ","t 4).

As shown in Fig. I, Expt. 4 and Fig. 9, FL
cells incubated with 2.5 inkt E-Tdr for 24 hr
were washed three times with Hanks' solution

and pulse labeled with either 'H-dCdr or aH-
Tdr at appropriate times after removal of E-
Tdr. Fig. 9 shows that FL cells were well
synchronized. The initotic index was 17.5
percent 15 hr after removal of E-Tdr.

\\;hen cells were pulse labeled with 'H-dCdr
soon after removal of E-Tdr, more than 90 per-
cent of the cells \\, ere in the S phase. When
cells were pulse labeled with 3H-Tdr, the per-
centage of labeled cells increased rapidly from
O to more than 90 percent, 6 hr after removal
of E-Tdr. The difference between the per-
centages of cells labeled with 'H-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 3H-Tdr 6 hr after removal of E-

Tdr were in the middle of the S phase.
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5. A1"cleai' DNA sy"thesit 171 cells 1711ected fujih
coat^pox Dry"s I'M the pi. ese, ice of 2.5 71N E-Tdr
(F, :g. I, ftp, ",',","t 5).

Two experiments (Fig. I, 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 (inoi) 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 CM containing 2.5 inM E-
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Tdr (Expt. 5, ^) or GAL ,nly (Expt. 5, b). N. n-
infected FL cells were also incubated in GM

c. nthining 2.5 inM E-Tdr (Expt. 5, .). At
appropriate times, CM or GM containing E-
Tdr was replaced by 2 in I of 1.1EAl containing
b. th 'H-dCd" (2I, Cijml) and 2.5 x 10~* inM
E-Tdr and incubation was continued for I 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
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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
in. i of 100 (Fig. 10) " B " typ. inclusi. us wer.
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 9', to 277, ) 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 ino1) 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 (55%-577, ) from 19 h, to 21 h, alter
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 at al. ,
1970) from autoradiographic studies with 3H-
Tdr. As shown 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 at al. ,
1968).

6, ,) or "H-Td" (2I, Cilml) (E, ,pt. 6, .) for
I hr, 17.20 and 28 hr after infection. Non-

infected cells were also labeled similarly (Expt,
6, b, d). To labele these cells with 3H-Tdr,
the cells have to be cultured in medium free

from E-Tdr for at least 5 hr before labelling,
as described in a previous report (IVlantani and
Kat0,1970). 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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forth coalpox o11'"s ofter treat"lent gullh t- Tdr
for 24 fir (F1:g. I, fixpei. if"errts 6,7).

As shown in Expt. 6 of Fig. I, FL cells were
infected with CP\I after incubation with GM

containing 2.5 inM E-Tdr for' 24 hr. After
virus adsorption, cells were reincubated with
E-Tdr. These infected cells \\, ere then pulse
ich. lad tither with 'H-dCd" (2I, Cijml) (Expt.

.

.
C

.
co

co

70

~:S 60
~-

o

co
o0
,,

50

. 40
Q
L_

co

"~-X
X P.

a. 30

\

*X
~ '*

20

\
\

V

10

\
\
\
\

\
\

FIGURE 12. Effect of ",','a/ DNA sy, ith"i's 11,011
7111c/ear DNA sy"the$13 of FL calls deci, ,,,!,/ated 111
the S phase by E- Td, t, eat, ,leiit .for' 24 11r. (,,, oi 50)
O - - - -0 : pel centage of In beled ,, 11c/ei 171 noni',!Iected
cells I"beled tufth 'H-dCdr $007i rifte, I e, ,, Dual of E-
Tdi, 0 ---- -- -0, percentage of labeled Milelei, ,, " B "
cells fobe/ed tufth 'H. ofCd, $00" after , eruo"a/ of E-
Tdr, x ----x, pel'ceiltnge of labeled 7111c/, I' 271 710"-
I', ofec!ed cells labeled 2:11'ill 'H- Td, 5 h, tilte, reino"a/
of E-Td, ' by touching, . x percentage of- - . - - . ,* ,
labeled nilclei^" " B " cells labeled 701'th aH. Td, . 5 fry

afte, ' ,'em0"o1 of E- Tch'. T/, e percentage of " B " cells
171 the ,>!Iected cells Eons 7,101. e than 90, 17 117 rifte,
fifectio, ,.

\

o

MANTAr:I, A'I and S. KATo centilnr rind an^nl DATA sj, ,, theses striated rel't/, 'H-dentycyt, 'di, Ie

\
X

6 10 17 20

Hr after infection

28

165



bet 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 welllabeled as shown in

Fig. 15. The curve of the percentage of " B
cells with labeled nuclei is close to that of non-
inferred colts with Ich, lad nuchai (Fig. 12).
The total numbers of silver grains per 50 ran-
doinIy 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 877, , 17 hr after infoc-
tion to 6070,28 hr after infection, although the

of noninfected cells with labeledpercentage
nuclei remained almost constant at more than

8470 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 'H-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-
merits was designed in which infected and non-
infected cells were pulse labeled with 'H-dCdr
both in the early S phase and in the middle of
the S pha^, (Fig. I, Expt. 7). FL colts wer,
in, cunt, d with CFV (20 in. I), alter 24 hi 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 PCIlml) in the presence of
2.5 x 10~2 inM E-Tdr for I hr, soon after re-
moral. f E-Td" (Fig. I, E, ,pt. 7, ,). Th, per
centages of " B " cells was 809',. SImultane-
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ously, noninfected cells cultured in E-Tdr
were also pulse labeled with 'H-dCdr in the
presence of 2.5 x 10~2 inM E-Tdr for I hr (Fig.
I, Expt. 7, b). In the experiment on pulse
labeling in the middle of the S phase, infected
cells were washed with Hanks' solution after
reincubation with E-Tdr for 2 hr and then

incubated with CM for 5 hr. Then, these
cells were pulse labeled for I hr with 'H-dCdr
in the presence of 2.5 x 10~2 inM E-Tdr. The
samples were taken out 9 hr after infection
(Fig. I, Expt. 7, c). The perc^nt"g, of " B "
cells was 88%. Simultaneously noninfected
cells were also pulse labeled with 'H-dCdr in
the presence of 2.5 x 10 a inM E-Tdr for I hr
(Fig. I, Expt. 7, d).

The numbers of silver grains per nucleus in

these samples were calculated on 50 randomly
selected nuclei and plotted (Fig. 16). In non-
infected, control cells the average number of
grains per nucleus in the middle of the S phase
was more than in the early S phase. However,
the average number of grains on the nuclei of
" B " cells was less than that on the nuclei of
noninfected cells and the inhibition of nuclear

DNA synthesis in the middle of the S phase of
" B " cells was more than that in the early S
phase.

Fig. 12 also shows evidence at a cellular level
that E-Tdr accumulates in cells in the early S
phase, as concluded previously from the results
of biochemicalexperiments(Schaer at a1. , 1971;
Studzinski and Lambert, 1969). After 24 hr
treatment with 2.5 inM E-Tdr, more than 80',
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phase during the I 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-
perlment shown in Fig. 12, cells which had been
treated with 2.5 inM E-Tdr for 24 hr were in-

forted with CPV and reincubated with 2.5 inM
E-Tdr. Even if the cells arrested in the Gl

phase by an E-Tdr block entered the S phase
during the I hr labeling period in the expert-
merit with 3H-dCdr, " B " cells should be un-
able to enter the S phase because of virus in-
rection. However, 857, of the " B " cells were
in the S phase 17 hr after infection, indicating
that 2.5 inM E-Tdr must arrest the cells in the

early S phase, instead of the Gl phase.

7. Wect of excess dearycytz'off?re "poit oil'"s
g, ,wiki" th, pre, ,",, of 2.5 MM E-Td, (F, ^,. I,
ftpt. 8).

FL monolayer cells in 3 series of 50 inI pre-
scription bottles were inoculated with 0.2 inI
of CFV (0.1 ino1) after treatment with 2.5 inM
E-Tdr for 24 hr as shown in Fig. I, Expt. 8.
After a I hr period of adsorption of virus, cells
were washed with Hanks' solution. Then 5

in I of CM containing 2.5 inM E-Tdr was again
added to one series of bottles (Expt. 8, a). Five
inI of GM containing both 2.5 inM E-Tdr and
0,015 inM 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 in I of GM were added to the third series

of bottles (Expt. 8, c). At appropriate times,
the samples were taken out and the infectivity
of virus (FFU) 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 CM only.

The similarity in the virus yields in the latter
two series can be explained by release of the
2.5 inM E-Tdr block of nuclear DNA synthesis
by addition of 0015 inM E-dCdr.

when various concentrations (00015 inM,
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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 Gl

168 Bii<EN JOURNAL V01.15 No. 31972



0,015 initi and 0.15 inM) of E-dCdr were added
to FL monolayer cells infected with CFV, virus
yields were similar to those in the absence of
both E-dCd^ 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-
of cytidine to deoxycytidine (dCdr)

(R. ichard at a1. , 1950 ; A{or, I^ and Fi^her, 1960).
X, r0^ (1962) and B. .tsm, at a1. (1964) f. und
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

SIon

the host cells cycle (Groyon and KniazefT, 1967 ;
Mantani at a1. , 1968,1970 ; A1antani and Kato,
1970,1971; Hodge and Scharff, 1969 ; Ensming-
er and Tamm, 1970 ; Cohen at a1. , 1971 ; Law-
Tence, 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 at al. ,
1962, 1964; Mantani et a1. , 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 aH-
Tdr within at least 5 hr after removal of aH-

Tdr, because the intracellular thymidine pool
was large (Bootsma at a1. , 1964; Mantani at al. ,
1968,1970; IVlantani and Kat0,1970). In our
experiments with E-Tdr, autoradiography with
'H-dCdr made it possible to follow DNA syn-
thesis in the presence of E-Td^ or soon after
its removal.

Almost all cells treated with E-Tdr for 24 hr

were well labeled \\, ith 'H~dCdr. There are

two possibilities as to the phase of cells after
treatment with E-Tdr for 24 hr. One possi-

billty is that all the cells are in the S phase.
The other possibility is that all cells are in the
Gl phase and that 'H-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 (ATan-
tani at a1. , 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 \\, ere labeled with
3H-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 (1.1antani and Kato,
1970, 1971). These data, therefore, support
the idea that cells treated with E-Tdr are in

the S phase, rather than the Gl phase (Studzin-
ski and Lambert, 1968; BOStock at a1. , 1971).

It has been reported that block \\, ith 2 inM
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E-Tdr is reversed by adding 2 inM E-dCdr
(Xeros, 1962). \\;e examined the effects of
various concentrations of E-dCdr on nuclear

DNA synthesis blocked with 2.5 inM E-Tdr
and found that a certain range of concentra-
ti. us of dCd" (0.01-0.02 inM) I^ .ptimal f. "
reversing 2.5 initi E-Tdr block. On the other
hand, we found that the efficiency of nuclear
incornorati. n of ,H-dCd, (2 PCilm1, 2 x 10~'
inM) was highest in the presence of a certain
range of concentrations of E-Tdr (2.5 x 10~'
inM~2.5 x 10~' inM). These data showed that
the ratio of the concentrations of these two

nudeosides has a definite effect upon nuclear
DNA synthesis. As reported before, 2.5 inM
E-Tdr inhibits DNA synthesis of poxvirus to
some extent (A, Iantani at a1. , 1970), but the
inhibition was reversed by addition of 0.01-
0.02 inM E-dCdr.

with regard to the relationship between the
cell cycle and virus growth, we confirmed using
E-Tdr-block and aH-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
Kat. (1970) using E-Tdr-block and 'H-Tdr.
This result agrees \\, ell with those obtained
with Alengo virus, Newcastle disease virus
(NDV) infection (Ensminger and Tamm, 1970),

adenovirus infection (Hodge and Scharf{,
1969) and herpes simplex virus infection (Cohen
at a1. , 1971). However, cells infected with
reovirus before the S phase enter the S phase
(Ensminger and Tamm, 1969). Cellular pro-
teln 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-
sininger and Tamm, 1969). In poxvirus in-
fection, viral DNA was initiated at any phase
of the cell cycle, except the M phase (A1antani
at a1. , 1968; Mantaniand Kat0,1971). Similar
results were reported on herpes simplex virus
infection (Cohen at a1. , 1971). However, on
equine abortion virus infection, virus Infoc-
tion, viral DNA synthesis is dependent on the
S pha^, of th. coll cy. re (hawrene. , 1971).

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