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SUMMARY

Mitotic index analyses after release of cultured Reuber
H35 cells from a single thymidine blockade revealed that
the inhibitory effects of /V6,02'-dibutyryl cyclic adenosine
3',5'-monophosphate (DBcAMP) on the growth rate can be

almost completely accounted for by a prolongation of the
DNA-synthetic (S) phase in these cells. DBcAMP also led
to a comparable lengthening of the interval during which
deoxyadenosine-3H was incorporated into DNA after re
lease from thymidine blockade. Incorporation of 3H-labeled
deoxyribonucleosides into DNA is almost immediately in
hibited by DBcAMP in interphase H35 cells. This inhibition
can be equally as rapidly reversed upon withdrawal of the
cyclic nucleotide analog. These results suggest that DBc
AMP inhibits overall DNA synthesis and not just the initia
tion of replication. In addition, the incorporation of 3H-
labeled thymidine and deoxycytidine did not provide a valid
measure of the relative rates of DNA synthesis under cer
tain conditions.

INTRODUCTION

Derivatives of cAMP4 inhibit the growth of a number of
cultured mammalian tumor cells, but the exact relationship
of DNA synthesis to this effect is not clear. In a transformed
fibroblast cell line no effect of /V6-monobutyryl cAMP was
observed on the incorporation of thymidine-3H into DNA
even though growth was inhibited shortly afterwards (7).
On the other hand, in mouse leukemic cells (15), mouse
adrenal tumor cells (10), and a cell line derived from a mini
mal deviation hepatoma (14), DBcAMP rapidly and
markedly inhibits incorporation of thymidine-3H into DNA.
It is not clear from any of these studies, however, whether
the incorporation of 3H-labeled thymidine provides an accu
rate measure of DNA synthesis (see below), nor is it known
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whether direct inhibition of DNA synthesis accounts for the
reduced growth rate.

We have demonstrated previously that DBcAMP and
other analogs of cAMP that induce the formation of tyro-
sine transaminase inhibit the rate of growth of cultured
Reuber H35 hepatoma cells (14). This report describes the
effect of DBcAMP on the length of the phases of the cell
cycle in these cells; it shows that DBcAMP lengthens the
DNA synthetic (S) phase to a degree that can almost com
pletely account for the prolongation of the total cell cycle.
In addition, DBcAMP produces a rapid partial inhibition
of DNA synthesis in interphase cells which can be equally
as rapidly reversed upon withdrawal of DBcAMP.

The use of several labeled deoxyribonucleosides has
shown that incorporation of either thymidine-3H and deoxy
cytidine-3H does not always provide a valid measure of

DNA synthesis in these cells.

MATERIALS AND METHODS

Reuber H35 cells were grown as monolayer cultures as
described previously, except that the final concentration of
calf serum was 10% instead of 5% (14). Cells were partially
synchronized by addition of fresh medium containing 5 mM
thymidine to cultures in the logarithmic phase of growth.
After various periods of time, DNA synthesis was reini
tiated by replacing the culture medium with one devoid of
thymidine, but in some cases containing DBcAMP at 0.5
m.M. Mitotic index determinations were performed after
fixation of the cells in situ with 10% formalin in balanced
salt solution, washing, and staining with Feulgen stain (11).
A total of at least 2000 cells was scored for mitotic figures.

Incorporation of 3H-labeled deoxyribonucleosides into
cold TCA-precipitable material was measured using the
filter paper disc method of Mans and Novelli (8).

The distribution of radioactivity in the nucleotides of
DNA was analyzed after cells were incubated with various
3H-labeled deoxyribonucleosides. Incorporation was

stopped by the addition of 1 ml 0.5 N HC1O4, and after the
cells were scaped, the suspension was washed 4 times by
centrifugation and resuspension. The sediment was incu
bated at 37Â°with 1 ml l N KOH for 6 hr. After neutraliza

tion with HC1O4, the exact was treated with Pronase (100
Mg/ml) and RNase (boiled; 100 Â¿tg/ml)for 1 hr at 37Â°.

Although the radioactivity in this extract was resistant
(i.e., still acid precipitable) to treatment with Pronase,
RNase or l N KOH, it was completely sensitive (i.e., no
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longer acid-precipitable) to DNase I (100 ng/m\, 1 hr, 37Â°

in the presence of 3 mM MgSO4).
After reacidification and centrifugation, the sediment was

then mixed with 0.5 ml 70% HC1O4, heated at 100Â°for 60

min, cooled, diluted with water to 1 ml, and centrifuged.
The clear supernatant was applied to Whatman No. 1
paper. The chromatogram was then developed for 15 hr
(descending) in a solvent system of isopropyl alcohol Â¡con
centrated HCl:water (65:16.7:18.3, v/v) (1). Radioactiv
ity in the 4 DNA bases was determined by counting the ap
propriate regions of the chromatogram (located with
marker standards) directly in scintillation fluid with an effi
ciency of approximately 30%.

For determination of the percentage of cells that are en
gaged in DNA synthesis, the cells were labeled for 45 min
with thymidine-3H, 3 Â¿iCi/ml (specific activity, 2 Ci/

mmole). Incorporation of thymidine was stopped by wash
ing the cells with a balanced salt solution. After fixation in
ethanol:acetic acid (3:1) and drying, the cells were ex
tracted in l N HC1 for 10 min at room temperature and
dehydrated in a series of alcohols; the bottoms of the flasks
were coated with Kodak NTB 2 dipping emulsion. Auto-
radiographs were developed after a 2-day exposure and the
cells stained with acid hematoxylin.

For the determination of the pool of dTTP, a cell extract
was prepared by adding 0.5 ml of ice-cold 0.5 N HC1O4 im
mediately after removal of the medium. After scraping and
centrifugation, the acid-soluble extracts were neutralized
with KOH to pH 7.6 and centrifuged to remove KC1O4.
The amount of dTTP was measured enzymatically by uti
lizing a slightly modified assay procedure originally de
veloped by Solter and Handschumacher (13). The standard
reaction mixture contained glycine : NaOH buffer (20
AmÃ³les,pH 9.2), MgCl2 (2 AmÃ³les),2-mercapthoethanol
(0.3 /Â¿mole),native calf thymus DNA (10 /ig), and 5
nmoles each of the deoxyribonucleoside triphosphates to be
used in excess (except dTTP) including the radioactive pre
cursor dATP-3H (1 Â¿Â¿Ci;specific activity, 14 Ci/mmole).

Variable amounts of water, cell extracts, or dTTP to be
used as the standard were added to give a final volume of
0.2 ml. The reaction was started by addition of 5 units of
DNA polymerase I. The tubes were shaken for 90 min at
37Â°and then chilled in ice. Samples were placed on What

man No. 3MM filters and put in 10% TCA containing 0.01
M sodium pyrophosphate. The filters were washed 5 times
with 5% TCA containing 0.01 M sodium pyrophosphate,
dried, and counted in a liquid scintillation spectrometer
with an efficiency of about 30%.

For determination of the amount of radioactivity in dTTP
after incubation of cells with thymidine-3H, 100 /Â¿Iof the
acid-soluble cell extracts (prepared as above) were applied
to Whatman No. 1 chromatography paper. The chromato
gram was developed for 35 hr (descending) in a solvent sys
tem of n-butyl alcohol:acetone:acetic acid:5% aqueous
ammonia:water (3.5:2.5:1.5:1.5:1.0, v/v). The radio
activity in dTTP was determined by cutting the chromato-
grams into appropriate pieces (determined by marker stand
ards) which were then counted directly in scintillation fluid
with an efficiency of ~30%.

All tissue culture components were purchased from

Grand Island Biological Co. (Grand Island, N. Y.) except
calf serum, which was obtained from Biogen Co. (Denver,
Colo.), and fetal calf serum, from Colorado Serum Co.
(Denver, Colo.). In a few experiments, which are indicated
in the text, calf serum and fetal calf serum from Flow Lab
oratories (Rockville, Md.) were used. DBcAMP was sup
plied by P-L Biochemicals (Milwaukee, Wis.) and Boeh-
ringer Mannheim (Mannheim, Germany). 2',5'-dATP,
2',5'-dCTP, 2',5'-dGTP, and TTP were obtained from

Sigma Chemical Co. (St. Louis, Mo.). Calf thymus DNA
was obtained from Worthington Biochemical Corp. (Free
hold, N. J.). DNA polymerase I (from Escherichia coli
M RE 600, specific activity, 4280 units/mg using poly
d(A-T) as template and primer) was from Boehringer
Mannheim. Generally labeled 2'-deoxyadenosine-3H, gen
erally labeled 2'-deoxyguanosine-3H, generally labeled
2'-deoxycytidine-3H, and thymidine-methyl-3H were ob
tained from New England Nuclear (Boston, Mass.). dATP-
8-3H was from the Radiochemical Center, Amersham,

England.

RESULTS

Determination of the Length of the S Phase in Reuber
H35 Cells by the Use of a Single Thymidine Block. An ex
cess of thymidine specifically and reversibly interrupts
DNA synthesis in many mammalian cells throughout the S
period (2). Upon removal of the excess thymidine, cells
resume traversing the cell cycle and a significant increase in
the mitotic index is observed after a lag approximately
equal to the M + G2 period (12). The lag between the re
moval of the thymidine block and the point of maximal ac
cumulation can be taken as a measure of the M + G2 + S
period ( 12). This estimate will be correct only if the cells are
not blocked by thymidine at some point in the cell cycle
prior to the S period and only if the interval of DNA syn
thesis following the release is not shortened as a result of
continued DNA synthesis at a reduced rate in the presence
of thymidine (3).

This method was used with Reuber H35 cells by treating
the cells with 5 mM thymidine for various periods of time
and then determining the mitotic index at different intervals
after release from thymidine. Chart 1 shows the mitotic
index of cells at a density of 2 to 3 x 106/flask after release

from thymidine blockades of durations of 12, 20, and 36 hr,
respectively. The major accumulation of cells occurs 19 hr
prior to mitosis even after a previous thymidine blockade of
36 hr (Chart 1C). Thus, the majority of the cells are blocked
at a unique point in the cell cycle. A small population of
cells, however, apparently synchronized, exhibits a shorten
ing of the S phase after longer periods of treatment with 5
mM thymidine (Chart 1, Arrow III).

The effect of addition of 0.5 mM DBcAMP after release
from a thymidine blockade on the length of G2 + M and
G2 + M + S in H35 cells is shown in Chart 2. The 1st in
crease in the mitotic index (G2 + M) occurs at the same
time as in untreated cells (approximately 7 hr prior to mito
sis). The maximal accumulation of cells, however, is at a
point about 36 hr prior to mitosis, indicating an extension of
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Chart I. Mitotic index analysis after re
lease from thymidine blockade. Reuber H35
cells were grown for 4 days to a density of ap
proximately 2.5 x 10" cells/flask. Thymidine

(5mvi) was added for a period of 12 (A), 20
(B) or 36 hr (C). After removal of thymidine,
the mitotic index was determined as described
in "Materials and Methods." Arrow I, the

1st increase in mitotic index used for determi
nation of G2 + M; Arrow II, the main peak
of mitotic indices, used for determination of
G2 + M + S; Arrow III, the small synchro
nized cell population (see text). The standard
error in counting mitotic figures was less than
5%.

Chart 2. Mitotic index analysis after re
lease from thymidine blockade in the presence
of DBcAMP. Legend as in Chart I except
that after various periods of thymidine block
ade the medium was changed to one contain
ing 0.5 m.MDBcAMP.

16 24 32 40 16 24 32 40

Hours

the S phase of about 18 hr. This was corroborated in an
analogous experiment in which the rate of incorporation of
deoxyadenosine-3H into DNA was found to be maximal
shortly after release of the cells from thymidine blockade
showing that there is no significant accumulation of cells at
a stage prior to the S phase (Chart 3). The length of the ex
tended S period was estimated by measuring the time inter
val between the end of the thymidine block and the point at
which 50% of the maximal deoxyadenosine-3H incorpora
tion was reached. (From the mitotic index data it can be
seen that 50% is too high and the figure is closer to 45%.
This is because some cells were already in the S phase at the
time of blockade which leads to an asymmetrical curve.)
The extension of the S phase by DBcAMP is about 18 hr
(15 hr in control cells and 33 hr in DBcAMP-treated cells),
a value in good agreement with the mitotic index data.

The action of DBcAMP is not dependent on whether the
cells have entered S or not. As shown in Chart 3, cells re
leased from the thymidine block are subject to the same
inhibition if DBcAMP is added 4 hr after release as when it
is added immediately. In addition, it can be seen from the
mitotic index that the small synchronized population of cells
referred to above also moves at an inhibited rate in the pres
ence of DBcAMP (Charts 1 and 2, Arrow III).

The use of this method for the determination of the length

16 24 32 40

of the S period was not valid for cell cultures at lower densi
ties (6 x IO5cells/flask). Chart 4 shows results of an experi
ment in which cells at the low density were treated with 5
mM thymidine for various periods of time (6, 9, 12, 18, 24,
and 36 hr). Cells were then used for determination of the
mitotic index and for measuring the incorporation of deoxy-
adenosine-3H during a 1-hr pulse at various times after re

lease from thymidine. The mitotic index (Chart 4A) and the
deoxyadenosine-3H incorporation (Chart 4B) after release
from a 12- and 24-hr thymidine blockade are shown. The
maximal accumulation of cells was found 19 to 20 hr prior
to mitosis which was characteristic of all cases where the
blockade lasted for 12 hr or less. After release from longer
periods of blockade, the maximal accumulation of cells was
found to be closer to mitosis (i.e., 16 hr after release from a
24-hr thymidine blockade). The shortening corresponds
with a decrease of the period between the point of the 1st
increase in mitotic index (Chart 4/4, Arrow I) and the point
of maximal accumulation of mitotic figures (Chart 4A,
Arrow II) which is 12 to 13 and 9 to 10 hr, respectively. The
same decrease is also observed in the corresponding periods
of deoxyadenosine-3H incorporation (Chart 4B). Thus, it
appears that, in cultures with a low density, relatively more
cells are capable of moving throughout the S phase during
the thymidine blockade or limiting components required for
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entry into S are more readily synthesized during an ex
tended blockade (6).

Effects of DBcAMP on the Length of Other Cell Cycle
Phases. Concentrations of Colcemid 7 times those that ar-
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Chart 3. Effect of DBcAMP on deoxyadenosine-3H incorporation after

release from thymidine blockade. Reuber H35 cells were grown for 4 days
to a density of 2.5 x 10" cells/flask. Thymidine (5mM) was added for a

period of 20 hr. The mitotic index curve obtained after this treatment was
analogous to that shown in Chart IÃŸ(without DBcAMP) and Chart IB
(with DBcAMP). After release from thymidine some cells were incubated
without DBcAMP (Curve A), or with DBcAMP added either immediately
(Curve B) or after 4 hr (Curve C). Deoxyadenosine-3H incorporation was
determined as that occurring over a 1-hr interval after addition of I /Â«Ci
deoxyadenosine-3H (0.4 ^M) per flask. Incorporation of deoxyadenosine-
3H into DNA was linear for at least 120 min in untreated and DBcAMP-

treated cells. Each point is the average value obtained from 2 to 3 flasks
that agreed within 5%.

rest mitosis in HTC cells were ineffective in H35 cells under
our conditions of growth (9). Thus, other procedures had to
be used to estimate the duration of other phases of the cell
cycle, especially G!. By analyzing the growth curve after
release from a 12- or 24-hr thymidine blockade, we found
that the doubling time was not changed relative to cells that
had not been exposed to a blockade in the same experiment.
Consequently, the length of the GÃŒphase was calculated by
subtracting the other cell cycle intervals from the total gen
eration time. The data presented in Table 1 show that the S
phase was the major site of action of DBcAMP.

A small but reproducible prolongation of the mitotic in
terval was observed. Further analysis of the mitotic figures
showed that this prolongation resulted from an increase in
the number of cells in metaphase.

Table 1

Life cycle analysis of Reuber H35 cell cultures in the absence and
presence of DBcA M P

Duration of cell cycle phases (hr)

Phase of lifecyclerM

+ G2 +ScM
+G2CM"G,Â«SÂ«G,'Control

cells3017.570.66.410.512.5DBcAMP-treatedcells"483670.96.129.012

Â°DBcAMP (0.5 mM)was added at the time of release of the thymidine

blockade.
"Total generation time (T) was obtained from a corresponding growth

curve after release from thymidine blockade. The number of cells was
determined every 6 hr during 60 hr: 6 flasks were used for each point with
a standard error of generally about 5%.

' Measured as time lag after release from the thymidine block as il
lustrated in Chart 1.

" Measured from the area under the mitotic index versus time curve
for a division wave. The figures are the averages from 3 experiments with
a standard error of approximately 15%.

' Obtained by subtraction of appropriate values.
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Chart 4. Mitotic index and deoxyadenosine-
3H incorporation after release from thymidine

blockade. Reuber H35 cells were grown for 2.5
days to a density of 4 x 10s cells/flask. Thymi

dine (5 mM) was added for a period of 12 or 24
hr. After removal of thymidine the mitotic index
was determined as described in "Materials and
Methods" (A). Deoxyadenosine-3H incorporation

was determined as the 1-hr incorporation after
addition of 1 Â¿iCideoxyadenosine-3H (0.4 Â¿iM)
per flask (B). O, 24-hr thymidine blockade; â€¢¿�,
12-hr thymidine blockade. The standard errors
were similar to those in Charts 1 and 3.
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Effects of DBcAMP on DNA Synthesis in Interphase
Cells. Chart 5 shows that addition of 0.5 mM DBcAMP
leads to immediate inhibition of deoxyadenosine-3H in

corporation in interphase cells. The inhibition is maximal
within about 2 hr which is a fraction of the length of the S
period (Table 1). Removal of DBcAMP revealed the inhibi
tion to be rapidly reversible (Chart 5).

The differences in Curves A and D (Chart 5) with cells
grown without DBcAMP and Curves B and C with cells
grown in the presence of DBcAMP can be accounted for by
the expected differences in the number of cells that are en
gaged in synthesizing DNA in the 2 cell populations. This
conclusion was verified in separate experiments by means of
autoradiography after pulse labeling cells with thymidine-
3H. In these experiments, in which a different source of
serum (Flow Laboratories) was used, the growth rate was
significantly increased. Under these conditions untreated
cells exhibited an average doubling time of 20 hr and 35%
of the cells were in the S phase. Cells that had been grown
with 0.5 mM DBcAMP had a doubling time of 27 hr and
52% of the cells were in the S phase. From these data it can
be calculated that the average length of the S phase is 7 hr
in the untreated cells and 14 hr in DBcAMP-treated cells.
(The standard error of these calculated values is between 10
and 15%.)

These results provide independent evidence that the ef
fects of DBcAMP are exerted primarily on the DNA-repli-
cative phase of the cell cycle.

Effects of DBcAMP on Incorporationof Various Labeled
Deoxyribonucleosides into DNA. In the previous experi
ments, DNA synthesis was measured by the incorporation
of deoxyadenosine-3H, using a concentration of 0.4 /Â¿M.
Qualitatively similar inhibitory effects by DBcAMP were
observed when thymidine-3H was used as the radioactive
precursor. There were quantitative differences between the
various deoxyribonucleosides tested, however (Table 2).
These differences are not caused by nonlinear incorpora
tion; all the deoxyribonucleosides were incorporated lin
early during the time intervals examined with all concentra
tions tested.

The incorporation of deoxyadenosine-3H during 1 round

of DNA synthesis was also measured in untreated and
DBcAMP-treated cells after release from an 18-hr thymi-
dine blockade and was found to be similar (Table 3). The
total amount of deoxycytidine-3H and thymidine-3H incor
porated in DBcAMP-treated cells was, however, increased
in comparison to 1 round of DNA synthesis in nontreated
cells. Control measurements using the colorimetrie method
of Burton (4), however, showed that the same amount of
DNA was formed in 1 cycle in the presence or absence of
DBcAMP.

Analysis of Incorporated Radioactivity after Previous
Labeling with Various Deoxyribonucleosides. In order to
examine the basis for the apparently anomalous incorpora
tion of deoxycytidine-3H and thymidine-3H in DBcAMP-
treated cells, we analyzed total acid-precipitable radio
activity and the radioactivity in DNA (DNase-sensitive
radioactivity). Cells were labeled for 1 hr with one of the
following precursors: deoxyadenosine, deoxycytidine, or
thymidine. The distribution of the radioactivity is illus-

JO-
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Chart 5. Effect of addition or removal of DBcAMP on deoxyadenosine-

3H incorporation into DNA in interphase cells. Cells were grown for 5 days

in the presence (C and D) and in the absence (A and B) of DBcAMP
(0.5 mM).The medium with and without DBcAMP was changed on Days
2 and 4. A, control cells; B, 12 hr after the 2nd change of medium,
DBcAMP; (0.5 mM)was added; C, cells grown continuously in DBcAMP;
D, 12 hr after the 2nd change of medium, the medium was changed again
to one without DBcAMP. DNA synthesis was measured at various inter
vals by pulse labeling for 1 hr with 1 /jCi deoxyadenosine-3H (0.4 Â¿iM)

per flask. Each point represents the average of 3 separate flasks that
agreed within 5%.

Table 2
Incorporation of 3H-labeled deoxyribonucleosides into DNA in

Reuber H35 cells grown in the presence or absence of DBcAMP
Cells were grown for 4 days; in the series containing DBcAMP its con

centration was 0.5 mM added 1 day after subculturing. Medium with and
without DBcAMP was changed on Day 2 and Day 4 (4 hr before addi
tion of precursors). At the time of pulse labeling, control cultures con
tained an average of 3 x IO6cells and 360 /ig protein per IO6cells. DBc
AMP cultures contained an average of 1.2 x IO6cells and 450 ÃŸgprotein
per IO8cells.

Incorporation
(dpm x I03/mg protein)

3Hprecursor"Deoxyadenosine

Deoxyguanosine
Deoxycytidine
ThymidineControl

cells28

17.2
16.8

408DBcAMP-

treatedcells7.6

4.9
9.5

176Inhibition(%)73

72
4357

" All labeled compounds were added at I ^Ci/flask at a concentra
tion of 0.4 fiM. After 1 hr of incubation at 37Â°cells were collected and
washed; then TCA-insoluble radioactivity was determined as described
in "Materials and Methods." The figures are the averages from 4 flasks

that agreed within 5%.

trated in Table 4. More than 90% of the acid-insoluble
radioactivity was resistant to RNase and Pronase with all 3
precursors.
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It appears that the distribution of the radioactivity in
DNA is independent of the presence of DBcAMP if deoxy
adenosine or thymidine is used as the precursor. In contrast,
although deoxycytidine-3H incorporation into the thymi

dine moiety of DNA is inhibited, its incorporation into the
deoxycytidine moiety is actually enhanced. This explains, at
least in part, the unsuitability of deoxycytidine-3H as a pre

cursor for DNA synthesis when DBcAMP is present. The
difference between the incorporation of deoxyadenosine-3H
and thymidine-3H in the presence of DBcAMP cannot be
explained, however, by an effect of the cyclic nucleotide on
the distribution of the radioactivity in DNA.

Table 3
Incorporation of 3H-labeled deoxyribonucleosides into DNA in

Reuber H35 cells during I cycle of DNA synthesis in the
presence or absence of DBcAMP after a previous

blockade of the cells with thymidine for 18 hr
Cells were grown for 3.5 days, and subsequently 5 mM thymidine was

added for 18 hr at a cell density of 2.5 x 10*cells/flask. DBcAMP (0.5
mM)was added at the time of release of the thymidine blockade.

Incorporation (dpm x 10s/mg protein)

"Hprecursor"Deoxyadenosine

Deoxyguanosine
Deoxycytidine
ThymidineControl

cells7.6

5.6
5.2

110DBcAMP-

treatedcells7.4

5.5
9.1172

" All labeled compounds were added at I Â¿iCi/flaskand at a concen

tration of 0.4 Â¿Â¿Mevery 2 hr to successive groups of 3 flasks. After incu
bation for 1 hr, cells were collected and washed; then the TCA-insoluble
radioactivity was determined. In normal cells this process was continued
for up to 24 hr and in DBcAMP-treated cells up to 64 hr after release.
The incorporation of the various flasks per group agreed within 5%. The
figure in the table represents the cumulative incorporation of each 1 hr
incubation.

Effect of DBcAMP on Deoxyadenosine-3H and Thy
midine-3H Incorporation in the Presence of Various Thy
midine Concentrations. The inhibition of thymidine-3H in
corporation by DBcAMP depended on the concentration of
unlabeled thymidine added (Table 5). Thus, as the specific
activity of thymidine was reduced, the effect of DBcAMP
on thymidine-3H incorporation was gradually reversed. In

contrast, addition of higher concentrations of unlabeled
deoxyadenosine did not lead to reversal of DBcAMP inhibi
tion of deoxyadenosine-3H incorporation. At the lowest con
centration of thymidine used (0.2 Â¿UM),however, an even
stronger inhibition by DBcAMP was observed than with
deoxyadenosine-3H as a precursor. Reversal of the inhibi
tion of deoxyadenosine-3H incorporation was also observed

in the presence of 50 /uMthymidine. Thus, it seems likely
that measurements of DNA synthesis with thymidine as a
precursor are subject to question because of the ability of
thymidine to reverse the inhibition by DBcAMP.

Determination of the Pool Size and Radioactivity of d II P
in Cells Grown in the Presence and Absence of DBcAMP.
Thymidine at a concentration of 0.2 /uMdid not expand
the dTTP pool to a measurable extent. Table 6 illustrates
an experiment measuring both the radioactivity of the intra-
cellular dTTP-3H pool after incubation with this concen
tration of thymidine-3H and the size of the dTTP pool.

From these data it is clear that, at the very low thymidine
concentration used, DBcAMP specifically lowers the con
version of thymidine-3H into TTP-3H. Preliminary results,
on the other hand, have shown that the conversion of thymi-
dine-3H into dTMP-3H is not depressed by DBcAMP.

Furthermore, the total pool of dTTP in cells treated with
DBcAMP for 2 hr has decreased to approximately two-
thirds of the size of the pool in untreated cells. Inhibition of
incorporation of thymidine-3H into DNA in this experiment

was analogous to that shown in Table 5.

Table 4
Distribution of the radioactivity in the acid-precipitable material of normal and DBcAMP-treated H35 cells after previous incubation with

either deoxyadenosine-3H, deoxycytidine-3H, or thymidine-3H

Cells were grown for 4 days and DBcAMP was first added 1 day after subculturing at 0.5 mM. Medium with and without DBcAMP was changed on
Days 2 and 4 (6 hr before the addition of precursors). At the time of pulse labeling, control cultures contained an average of 2.6 x IO6cells/flask and
DBcAMP-treated cultures contained an average of 1.4 x IO6cells/flask. All labeled compounds were added at 1 ^Ci/flask at a concentration of 0.5
JIM.After I hr of incubation at 37Â°,the cells from 5 flasks were combined after scraping. They were washed and analyzed as described in "Materials
and Methods."

IncorporationDeoxyadenosine-'HDeoxycytidine-3HDBcAMP-FractionTotal

acid-insolubleradioactivityPronase-
and RNase-resistant radio

activityRadioactivity
in DNA basesafteracid

hydrolysisDeoxyadenineDeoxyguanineDeoxycytosineThymineControldpm"25.123.712.310.2\

1â€¢¿�>tcells%

oftotal1009549415treateddpm9.28.44.43.61-0

4Icells%

oftotal1009248394Controldpm18.617.1Â»

|9J0.414.8cells%

oftotal1009210280Thymidine-3HDBcAMP-treateddpm9.68.8h

6J2.34.9cells%oftotal10092172451Controldpm290284ÃŒ\
3\281cells%oftotal10098197DBcAMP-treated

cells%

ofdpm
total158

100154
972

1152

96

0 Radioactivity is expressed as dpm x I03/mg of initial cell protein. Each value represents the average of 2 to 3 separate groups of cells, and the
agreement between groups was within 10%.
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Table 5
Effects of DBcAMP on incorporation Into DNA of thymidine-3 H and deoxyÃ³denosme-3Hpreparations

of different specific radioactivities

Cells were grown for 4 days; medium was changed on Days I, 3. and 4. Four hr after the last change of
medium, DBcAMP (0.5 mM) was added to one-half of the flasks. Two hr later 1 iiC\ thymidine-3H or
deoxyadenosine-3H (original specific activity, 10 Ci/mmole) and various concentrations of the respective
nonradioactive compound were added. After 30 min of incubation 1 ml of cold 5% TCA was added. The
cells were scraped and the radioactivity in the TCA-precipitable fraction was determined. The values in
dicated represent the average of 3 to 4 separate flasks that agreed within 5%. Incorporation with the lowest
thymidine concentration was also linear during the time course of the experiment.

Incorporation (dpm x I03/mg protein)

Deoxyadenosine-3HAdditions

(^M)Deoxyadenosine-

'H0.550Thymidine-

'H0.20.551050Controlcells11.41.011.813.2DBcAMPcells3.70.314.212.4Inhibi

tion(%)6869646Thymidine-3HControlcells96.285.052.320.65.2DBcAMPcells12.848.139.218.04.9Inhibition(%)874324134

Table 6
Levels of total and 3H-labeled dTTP in normal and

DBcAMP-treated H35 cells

Cells were grown for 4 days and the medium was changed on Days 2,
3, and 4. Four hr after the last change of medium, DBcAMP (0.5 mM)
was added to one-half of the flasks. Two hr later 12.5 /Â¿Cithymidine-3H
were added to certain flasks at a final concentration of 0.2 ^M. After 30
min of incubation the medium was poured off and 0.5 N HC1O4 was
added. Cells were scraped and centrifuged. and the resulting superna-
tants were used for determination of dTTP-3H. No radioactive precursor
was added to the other flasks that were used for determination of total
dTTP. The figures represented in this table are the values obtained by
combination of 4 flasks in each group with standard errors of less than
5 and 10% for the measurement of dTTP and dTTP-3H. respectively.
(Incorporation of radioactivity into DNA was reduced by over 80% in the
DBcAMP-treated cells.)

Control cells
DBcAMP-treated cellsdTTP

(nmoles/mg
cell protein)1.2

0.8dTTP-3H

(dpm x 10'Vmg

cell protein)815

155

DISCUSSION

The single thymidine block method is applicable even
though some cells may move through S during the block
ade, as long as accumulation occurs predominantly at the
G,-S boundary. If this is not the case the S period may be
underestimated as has been reported to occur with Chinese
hamster ovary cells and mouse L cells (3). More dense H35
cultures appear to provide some advantage in this regard
since the majority of the cells remain at the GrS boundary
under these conditions even after prolonged thymidine
blockade. The presence of a small population of cells in the
dense cultures that move throughout S in the presence of
thymidine does not seem to represent a "resistant" cell

population since they show a degree of synchrony and ap

parently originate only from cells that were at the G i-S
boundary early after initiation of the blockade. It seems
more likely, therefore, that the thymidine blockade becomes
complete after a few hr in dense cultures, but this degree of
blockade may not be achieved in sparse cultures during the
time of the experiment.

The prolongation of the cell cycle during growth of H35
cells in the presence of 0.5 mM DBcAMP is mainly due to
an extension of the S phase. Since DBcAMP provokes a
rapid inhibition of DNA synthesis whether it is added im
mediately or 4 hr after release from a thymidine blockade,
it appears that the site of action of the cycle nucleotide is
not localized at the initiation of replication. Evidence for an
effect on the overall process of DNA synthesis is also pro
vided by the fact that maximal inhibition of DNA synthesis
in interphase cells by 0.5 mM DBcAMP, and its reversal,
both require only a fraction of the length of the S phase.
Furthermore, the small synchronized cell population
(Charts 1 and 2, Arrow III) is inhibited by DBcAMP in
dependent of the length of the previous thymidine blockade
and the subsequent localization of these cells in the S phase.
The increase in the percentage of cells that are engaged in
DNA synthesis in DBcAMP-treated cells as determined
autoradiographically provides further evidence that the S
phase of the cell cycle is prolonged.

Inhibition of the incorporation of all 4 deoxyribonucleo-
sides into DNA was observed in the presence of DBcAMP
even though there were differences in relative incorporation
as well as in the degree of inhibition by DBcAMP. For
quantitative measurements of the effect of DBcAMP on
DNA synthesis in H35 cells, deoxycytidine-3H is not suit

able because of the altered distribution of radioactivity in
the deoxycytosine and thymine moieties in the DNA of un
treated and DBcAMP-treated cells. The use of thymidine-
3H has the advantage that radioactivity is recovered only
as thymine but the inhibition of its incorporation by DBc-
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AMP is strongly dependent upon the concentration ofthy-
midine. At 0.2 //M thymidine, strong inhibition of thymi-
dine-3H incorporation by DBcAMP was observed, whereas

concentrations of thymidine greater than 0.4 Â¿iMled to a
gradual concentration-dependent reversal of the effects of
DBcAMP. The use of deoxyadenosine-3H avoided these

complications since DBcAMP did not produce a detectable
change in the distribution of radioactivity in DNA nucleo-
tides, nor was the effect of the cyclic nucleotide analog de
pendent upon the concentration of deoxyadenosine.

The most likely explanation for the inhibitory effects of
DBcAMP on DNA synthesis in H35 cells is that the metab
olism of pyrimidine deoxyribonucleotides is perturbed in
some manner. The end result appears to be a rapid reduc
tion in the intracellular concentration of dTTP which intro
duces a new limitation in DNA synthesis. Such an effect
would be consistent with the observed inhibition of overall
DNA synthesis. This effect would also account for the con
centration-dependent reversal of the effects of DBcAMP on
thymidine-3H and deoxyadenosine-3H incorporation by thy

midine. Presumably, the addition of sufficient exogenous
thymidine allows expansion of the intracellular dTTP pool
which overcomes the limitation on DNA synthesis produced
by DBcAMP. The effects of DBcAMP on the growth rate of
H35 cells is also overcome by concentrations of thymidine
that reverse the inhibition of DNA synthesis. Furthermore,
rfeoxycytidine (at 1 rnvi) is also capable of completely re
versing the effects of cAMP analogs on both DNA synthe
sis and growth rate (R. Van Wijk et al., manuscript in prep
aration). Since deoxycytidine is a major precursor of DNA
thymine in these cells (see Table 4), this result is not sur
prising.

The precise nature of the effect of DBcAMP on pyrimi
dine deoxyribonucleotide metabolism is not clear at present.
It is conceivable that phosphorylation of thymidine nucleo-
tides is inhibited by DBcAMP in H35 cells. In Chinese
hamster ovary cells, DBcAMP inhibits phosphorylation of
thymidine by thymidine kinase (5). The possibility that
more than 1step in DNA precursor metabolism is subject to
regulation by DBcAMP has not been eliminated by the
present results. It is possible that the apparent enhance
ment by DBcAMP of the incorporation of deoxycytidine-3H
and thymidine-3H into DNA during 1 replication cycle

could be due to an additional action of the cyclic nucleotide.
On the other hand, interpretation of these results must be
tempered by the fact that this experiment was performed
after release from an 18-hr thymidine blockade whereas all
the other experiments with these precursors were per
formed with cells not previously exposed to a thymidine
blockade.

Studies are under way that will assess the effects of
DBcAMP on the flux of radioactivity from thymidine-3H
and deoxycytidine-3H into the various nucleoside and
nucleotide pools (e.g., dTMP, dTDP, dTTP. etc.), the

size of these pools, and the activity of the enzymes in
volved (e.g., dTMP kinase, etc.) in H35 cells. It is hoped
that these studies will provide a more precise molecular
basis for the inhibitory effects of cAMP analogs on DNA
synthesis and growth rate in these cells.
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