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SUMMARY

Thymidine-deficient growth of HeLa cells induced by either of two agents, ameth
optenin or 5-fiuorouracil-2'-deoxyniboside, resulted in an unbalanced growth syndrome
strikingly similar to that described for bacteria. Thus, mitosis and DNA synthesis
were blocked while RNA and protein synthesis continued.

After an interval of thymidineless growth corresponding to about two-thirds of a
generation, the cells abruptly began to lose their capacity to reproduce progeny at a
rate of 90â€”99per cent per generation. At about the same time the rate of RNA ac
cumulation fell rapidly and after 24 hours ceased completely. Protein continued to
accumulate only very slowly under such conditions. Such results are in accord with
the hypothesis that thymidineless death represents a nuclear inactivation.

Restoration of thymidine after a suitable interval of deficient growth resulted in
synchronous division of these cells. The growth kinetics of such cultures is described,
and evidence suggesting a multiple role of thymidine or its derivative(s) in cellular
reproduction is presented.

Thymine deficiency in a population of growing
bacterial cells results in a condition called â€œun
balanced growthâ€• (4, 5). This state is character
ized by a cessation of DNA synthesis and cell
division while RNA and protein continue to ac
cumulate. As the unbalanced growth state devel
ops there is also a rapid loss of viability and an
associated high frequency of mutation (14). The
present communication concerns the study of
thymidine deficiency in HeLa cells as induced
with two agents, 4-amino-N'Â°-methyl folic acid
(amethopterin) and 5-fiuorouracil-92'-deoxynibo
side (FUdr), which interfere with the de novo
synthesis of thymidine. The results of these expeni
ments confirm and extend those of Eidinoff et al.
(12, 28) and of Hakala and Taylor (18) and show

clearly a striking parallel in the unbalanced growth
syndrome exhibited by animal cells and bacteria.
In the course of these studies it was also observed

that reversal of the unbalanced growth state at
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from the T. Evans Bnittingham Estate.
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the proper time by the addition of thymidine
to the cultures had a synchronizing effect on
DNA synthesis and cell division. Studies on the
growth kinetics and compositional changes of such
synchronized cultures are described, and pre
liminary evidence is presented which suggests a
multiple role of thymidine or a derivative in the
initiation of DNA synthesis.

MATERIALS AND METHODS

The experiments described in this paper were
performed with a human carcinoma cell' (HeLa)
grown in our laboratory during the last 4 years
on Eagle's HeLa medium (10) containing 10 per
cent whole bovine serum2 and 2 X 105M inositol.
Earle's balanced salt solution (11) was employed
as the electrolyte base, and cultures were routinely
gassed with 5 per cent CO2 in air. This medium
is hereafter referred to as BEHM.

1 The HeLa cell strain used in these experiments was

obtained originally from Dr. Gilbert Chang, State Laboratory
of Hygiene, Madison, Wis.

2 The serum was prepared in our laboratory from freshly

defibrinated blood obtained from the Oscar Mayer Packing
Plant, Madison, Wis. Sterilization was effected by passage
through OS Selas porcelain filters, and the serum was stored
at â€”20Â°C.

1584

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

0
/1

1
/1

5
8
4
/2

3
7
5
3
5
3
/c

r0
2
0
0
1
1
1
5
8
4
.p

d
f b

y
 g

u
e

s
t o

n
 2

4
 A

u
g

u
s
t 2

0
2

2



RUECKERT AND MUELLERâ€”Thymidine Deficiency in Tissue Culture 1585

In experiments with dialyzed bovine serum
the medium was also supplemented with glycine
and serine at a final concentration of 0.1 mM;
this medium is referred to as DBEHM. Dialysis
of the serum was carried out against two changes
of 100 volumes of cold 0.9 per cent saline agitated
with a magnetic stirring bar to facilitate diffusion.

Suspension cultures referred to in the text were
grown in modified spinner flasks with the use of
a rotating magnetic bar as described by McLimans
et a!. (18). In such cultures the cells were grown

in BEHM from which the calcium and magnesium
were omitted and which was supplemented with
0.1 mM glycine and senine and with 0.1 per cent

carboxymethylcellulose.Â° This medium is referred
to in the text as â€œspinnermedium.â€• Stock cultures
in suspension were diluted at daily intervals to
an initial concentration of 1.5 X 10Â°cells per ml.

â€œAmethopterin mediumâ€• consists of BEHM
supplemented with amethoptenin,4 10@i; thymi
dine, 105M; adenosine, 5 X 1O5M; and glycine
and senine, 104M, each. This medium supports
rapid growth of the cells as shown in the text.

Stock cultures of growing cells were prepared
by seeding 50,000 cells pen ml. of BEHM into
Roux bottles and permitting the culture to grow
for 3 days. This procedure insured that the ex
penimental inocula represented vigorously growing
cells in the logarithmic phase of growth. Replicate
monolayer cultures were prepared by pipetting
an aliquot of a cell suspension containing 0.5 X 106
cells in 10 ml. of BEHM into 3-oz. prescription
bottles. After 24 hours' incubation to permit at
tachment of cells to the glass the experiments were
initiated either by replacing the medium on by
adding an aliquot of complete medium containing
the test substance. All operations in experiments
on synchronous growth were carried out in a
87Â°C. room, and all media were pne-warmed to
370 C. in a thermostated water bath before use

in cultures in an effort to avoid any possible
synchronization which might result from thermal
variation.

The viability of cells was determined by plating
known numbers of trypsinized cells into BEHM
by the methods described by Puck et al. (17)
but omitting the use of agar. After removing the
medium, the monolayer to be assayed for plating
efficiency was washed briefly with 0.9 per cent
saline and then incubated at 87Â°C. in 10 ml.
of 0.05 per cent trypsin (obtained from Nutritional
Biochemicals Corporation under the designation

S Carboxymethylcellulose, Type 1%-HP, Hercules Powder

Company, Wilmington, Delaware.

4 We are indebted to Dr. H. Waisman for a generous gift

of amethopterin.

1-800) in saline A (22). After incubation for 15
minutes at 87Â°C., an equal volume of warm
medium was added, and the cells were dispersed
by repeated aspiration and discharge from a pi
pette. With due precautions this method of prep
aration yields a monodisperse suspension of HeLa
cells with a viability of 80â€”100per cent when as
sayed for ability to form macroscopic colonies
from single cells. Aliquots of such cell suspensions
were plated into a finalvolume of 4.5 ml. of BEHi@wI
supplemented with l05M thymidine in 60-mm.
petni dishes and incubated under a water-saturated
atmosphere of 5 per cent CO2 in air for 7â€”10
days, at which time the colonies were fixed with
Bouin's fixative and stained with Giemsa stain
for counting.

Analyses of cell composition were carried out
in duplicate on the monolayers after the cells were
washed S times with cold saline to remove residual
protein of the medium, and then washed succes
sively with 10-ml. volumes of 4 pen cent perchlonic
acid, 70 pen cent ethanol, 95 per cent ethanol
and absolute ethanol, followed by successive rinses
with absolute ethanol and ether. The dry sheet
of cell residue was dissolved in 2.0 ml. of 88 per
cent formic acid, and suitable aliquots were desic
cated in test tubes for analysis. RNA was de
tenmined by the method of Ceriotti (3), DNA
by a modified fluonometnic procedure of Kissane
and Robins (15), and protein by Oyama and
Eagle's (20) modification of the Lowry method.
A modified anthrone procedure was used to deter
mine glucose in the culture medium (16). Cell
counts were usually performed with the Coulter
Automatic Counter' (Model A) with a 100-a
orifice .

In the experiments to be reported all points
are derived from duplicate cultures in which the

respective analyses agreed within Â±5 pen cent
of the mean value. In all cases the individual
experiments have been repeated at least once
and in most cases 3 or 4 times with comparable
results.

RESULTS

Induction of thymidine deficierwy with amethop
termâ€”effects on cell divi.ion and viability.â€”The
recent observation of Hakala and Taylor (13)

that amethoptenin produces a nutritional require
ment for thymidine in the HeLa cell offers a con
venient method for studying the effects of thy
midine-deficient growth in mammalian cells. Chart
1 illustrates the growth of HeLa cells in amethop
term medium (see â€œMethodsâ€•)in the presence

5 Coulter Automatic Blood Cell Counter and Cell Size

Analyzer (Model A), Coulter Electronics, Chicago 40, 111.
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and absence of added thymidine. Whereas the
thymidine-deficient cells rapidly ceased to divide,
they continued to increase in size over a period
of 792hours or longer.

Continued growth of cultures in a thymidine
deficient medium beyond a period corresponding
to approximately one generation time resulted in
an irreversible loss of the capacity of individual
cells to give rise to macroscopically visible colonies
when plated into complete medium supplemented
with thymidine (Chart 1). More detailed expeni
ments on thymidine deficiency with cells grown
in suspension culture have revealed that the re

Q
-J
-J

CHART 1.â€”Inhibition of cell division and loss of viability
during thymidine-deficient growth induced with amethoptenin.
â€”Replicate cultures were prepared as described under â€œMate
nials and Methods.â€• The experiment was initiated by replacing
the medium with lOml.of expenimuntalmedium. 0 = BEHM;
0 = amethopterin medium (see under â€œMethodsâ€•);â€¢=
amethoptenin medium minus thymidine.

versible period lasts about 16â€”920hours; thereafter
the plating efficiency declines at a rate of 90â€”99
per cent per generation time. Whereas this en
tenon scores the ability of a single cell to give rise
to sufficient progeny to form a macroscopically
visible colony within 10 days, microscopic ex
amination of the plates revealed that a significant
percentage (1â€”10per cent) of the â€œnonviableâ€•
cells survived the 10-day incubation without giv
ing rise to visible colonies. The majority of these
microcolonies were abortive, consisting of single
on double giant cells or of a small number of cells
which were degenerating. Such cells were highly
reminiscent of the x-radiated cultures described
by Puck et a!. (@1). The remaining cells which
were unaccounted for as either macroscopic col

onies or abortive microcolonies apparently died
and disintegrated.

Kinetics of cell division and macromolecular bio

37/flthe8i8 during thymidine-deficient growth.â€”Cell

division ceased completely soon after initiation
of thymidineless growth; typically, the cell num
ben increased only 4â€”10pen cent after addition
of amethoptenin (Chart 92). Even in the presence
of thymidine a brief anomalous suppression of
mitosis was observed upon addition of amethop
term ; however, in the presence of thymidine the
cells rapidly resumed their usual proliferative rate.

In spite of the rapid cessation of mitotic activity

â€œViableâ€•cells were titrated by plating them into 4.5 mL
â€œenrichedâ€•BERM (containing glycine and senine, 0.1 msr
each, and adenosine and thymidine at 0.01 mss each to reverse
the action of any intracellular amethopterin). After 10 day?
incubation plates were fixed, stained, and scored for macro
scopically visible colonies. Each point represents the average
variation obtained from quadruplicate plates.

the thymidine-deflcient cells exhibited a limited
increase (10-45 per cent in various experiments)
of a DNA-like material (Chart 92). This material
appeared to be physiologically unstable, since,
on continued culture, an equivalent amount of
DNA-positive material was lost from the cells.
On the other hand, RNA and protein of thymidine
deficient cells continued to accumulate at normal
rates for about 16 hours when a rapid decline in
this rate was observed. While RNA accumulation
ceased completely after 36 hours, protein contin
ued to accumulate slowly.

Inductwn of tky',mi4ine-deficient growth with
FUdr.â€”It has been previously demonstrated that
FUdr effectively blocks DNA synthesis in animals
(92)and microorganisms (6) by inhibiting the con

HOURS
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version of deoxyuridylic acid to thymidylic acid.
In growth inhibition studies with H.Ep. #1 cells,
Eidinoff et at. (1@) demonstrated that the toxic
effects of this compound were specifically reversed
by thymidine. These observations have been con
firmed in our laboratory with the HeLa strain.

However, as shown in Chart 8, the capacity
of 10@M thymidine to reverse the growth-inhibi
tory effects of FUdr was dependent upon the
concentration at which this drug was employed.
Thus, whereas thymidine (105M) reversed the
effect of 10@M FUdr (a concentration sufficient
for complete inhibition of HeLa growth, as shown
in Chart 4) it did not completely reverse the
effect of 10@M FUdr. In view of the known
suppressive effects of fluorouracil and its riboside

HOURS

CHART 2.â€”Cell division and macromolecular biosynthesis
during unbalanced growth in the HeLa cell.â€”Replicate mono
layer cultures were prepared as described under â€œMaterialsand
Methods.â€• The experiment was initiated by adding 1 ml. warm
complete growth medium containing sufficientamethoptenin,
serine, glycine, adenosine, and thymidine to bring each of the
components to the respective final concentrations routinely
employed in amethopterin medium (see â€œMaterials and Meth
odsâ€•). The thymidineless cultures were identical, except that
thymidine was omitted and replaced by water.@ = control;
0 = thyznidine omitted.

derivatives on RNA biosynthesis (92),it is possible
that some FUdr was converted to other derivatives
(e.g., by transdeoxyribosylation-ribosylation reac
tion) and that such side reactions contribute to
the toxicity of FUdr at elevated levels. However,
this aspect of FUdr toxicity was not investigated
further, since it was not of great importance
to the experimental design.

Alternatively it is necessary to use a concen
tration of FUdr sufficiently high to maintain a
sustained inhibition. Thus with cell populations
greater than 10@cells per ml. only transient inhibi
tion of cell division was observed, which was fol
lowed by continued growth. Such â€œbreakthroughâ€•
was not observed when low cell populations or
sufficiently high concentrations were employed,
suggesting that the cells were capable of metaboliz
ing the drug to less inhibitory products. Conse

CHART 3.â€”Influence of FUdr concentration on the growth

of thymidine-supplemented HeLa cells.â€”Replicate cultures
containing 0.20 X 10@cells in lOml. BERM supplemented with

10â€”6M thymidine and the indicated initial concentration of 5-
fluoro-2'-deoxyniboside were grown 98 hours at 37Â°C. and the
monolayers analyzed for DNA and protein as described under
â€œMaterials and Methods.â€•

quently, 10â€”'i@&FUdr (a concentration permitting
complete, yet relatively specific, inhibition of DNA
synthesis while providing a sufficient reservoir
of drug to prevent â€œbreakthroughâ€•with popula
tion densities of 10Â°cells per ml.) was chosen as
the best compromise.

Chart 4 illustrates the rapid cessation of cell
division and blockade of DNA synthesis produced
by FUdr. In contrast, RNA and protein initially
accumulated almost as rapidly as in the control
cultures containing thymidine ; subsequently, how
ever, RNA accumulation ceased, and protein accu
mulated only very slowly in a manner quite anal
ogous to that observed in amethopterin-treated
cultures. A similar decline in viability was also
observed after 924 hours of unbalanced growth.
Thymidineless death was almost entirely avoided
however, in FUdr-treated cells. which were simul
taneously starved of arginine, a treatment which,
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as shown in Chant 4, virtually abolished RNA
on protein accumulation. DeMars and Hooper
(7) have recently reported similar observations

in which cells were protected against death by
unbalanced growth by superimposing various ami
no acid deficiencies.

Effects on glucose metabohs'in.â€”Table 1 shows

that the thymidine deficiency state did not sig
nificantly influence the amount of glucose utiliza
tion by HeLa cells during the first 48 hours of
culturing; this occurred despite the fact that cell
reproduction had been blocked by the thymidine
less state. In fact, the observation that the amount
of glucose used in the second 924-hour period was

C,)
z
Q

-J
-J

U,

8
ci::

U

CRART 4.â€”Unbalanced growth induced by FUdr and the
protective effect of arginine starvation.â€”Replicate cultures
containing 0.5 X 10Â°cells (previously grown through four gen
erations on DBEHM) in 10 ml. DBEHM were incubated 1 day
to permit the cells to attach to the glass. The experiment was
initiated by replacing the medium with 10 ml. of the respective
experimental media supplemented with 10 per cent dialyzed

TABLE 1

GLUCOSE UTILIZATION BY HuLA CULTURES
IN VARIous GROWTH STATES

HOURS

bovine serum. FUdr was employed at a final concentration of
10â€”'M and thymidine at 10Â°M. Argimne was omitted from the
amino acid stock of the medium where indicated. Control cul
tures contained FUdr plus thymidine. â€œViableâ€•cells were ti
trated by plating them into 4.5 ml. BEHM supplemented with
10â€”'M thymidine to reverse the action of any intracellular
antagonist.

increased over the amount used in the first 924-hour
period is in accord with the synthesis of new
enzymes concerned with glucose metabolism even
in the absence of DNA synthesis. In contrast,
the arginine-deficient cells maintained the same
rate of glucose utilization in the presence or ab
sence of FUdr; this observation is consistent with
a failure to accumulate more enzymes involved
in glucose metabolism. These results are in accord
with other experiments in which the activity of
a number of amino acid-activating enzymes has
been observed to increase in proportion with the
protein accumulated during thymidine-deficient
growth.6

Cultures were prepared and grown as de
scribed under Chart 1. Glucose used represents
the difference between glucose present at zero
time and that present at the time intervals mdi
cated in a standard culture.

S Unpublished data of Mr. Judson Spalding in this labora

tory.
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time studies on such synchronized cultures are
under current investigation.

Growth kinetics of synchronized cultures.â€”Chart
6 summarizes the kinetics of cell division, DNA

synthesis, and protein accumulation during the
course of a thymidine rescue experiment. In this
experiment, upon addition of amethoptenin cell
division ceased promptly ; however, the synthesis
of a DNA-like material continued until an amount
equivalent to 45 pen cent of the initial DNA had
accumulated. Similarly, failure to rescue the cells
with thymidine resulted in the loss of a like quan

CHART 6.â€”Growth kinetics in a synchronized HeLa mono.@

layer culture.â€”Replicate cultures were prepared as described
under â€œMaterialsand Methods.â€• The experiment was initiated
by adding 1.1 ml. warm BEHM containing sufficient amethop
term, serine, glycine, and adenosine (but not thymidine) to
bring each of these components to the respective final concen
trations routinely employed in amethopterin medium (see
â€œMethodsâ€•).After 16 hours' thymidineless growth, 0.11 ml.

03M thymidine was added to one set of cultures and an equal
volume of warm sterile water added to the others as indicated.
Zero time cultures contained 1.03 X 10Â°cells. The composition
of these cells at zero time was DNA, 11.6, and protein, 290,
pg. per 10Â°cells, respectively. The solidline indicates growth in
presence of thymidine; the dotted line, growth in absence of
thymidine.

tity of â€œDNAâ€•16â€”920hours after unbalanced
growth was initiated. This corresponds to the time
when cell death usually begins and the rate of
RNA and protein synthesis begins to fall.

Addition of thymidine at 16 hours induced
a single wave of cell division 6 hours later corre
sponding to a population increase of 85 per cent
over the next 4-hour period. During this period

Synchronization of cell dithion by thymidine

rescue following unbalanced growth.â€”As shown

above the thymidine-deficient growth of HeLa
cells, whether induced with amethoptenin or with
FUdr, is characterized by a cessation of cell di
vision and blockade of DNA synthesis. The cells
retain their viability for a period of 16â€”920hours,
when they undergo an irreversible change resulting
in a rapid â€œkillingâ€•of the cells. Addition of
thymidine to a culture which has undergone un
balanced growth for a period of 16 hours (the
brink of imminent death) rescues them and results
in a burst of mitosis 6â€”8hours later. Chart 5
illustrates a typical synchronization experiment
in which a growth suspension culture was sub
jected to 16 hours of unbalanced growth with
amethopterin, then rescued with thymidine. Divi
sion began about 6 hours after thymidine addition
and ceased after a population increase of about

Q

x
-J

a:
LU

U,

-J
-J
LU
U

0 20 40 60
HOURS

CHART 5.â€”Synchronization of HeLa in suspension culture

by thymidine rescue following unbalanced growth.â€”After cell
growth was well under way one-tenth of a culture volume of
warm â€œspinnerâ€•medium (see under â€œMaterials and Methodsâ€•)

containing amethopterin, 10' M, and adenosine, 5 X 10@ M,
was added to the culture at the point labeled â€œamethopterin.â€•
Sixteen hours later at the point labeled â€œthymidineâ€•a hun
dredth culture volume of 1O@Mthymidine was added.

70 per vent. A similar synchronization has been
achieved with 10â€”'MFUdr used in place of ameth
opterin. Population increases of 70â€”95per cent
have been routinely obtained with either amethop
term or FUdr used as the blocking agent with both
glass-attached monolayers and suspension cul
tures. Accordingly, the reversal of the thymidine
deficiency state appears to be a useful tool for
production of synchronized cultures. Extended

Â®PROTEIN
0 DNA
. CELL NUMBER

----NOTHYMIDINE
â€”THYMIDINE
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U
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of observation two waves of DNA accumulation
were observed repeatedly, the first of which oc
curred between 92and 4 hours and was clearly
premitotic; the second, between 8 and 192 hours,
occurred after thymidine addition. Whereas the
meaning of this second wave is more difficult
to interpret, its initiation and cessation lagged
by 92 hours the initiation and cessation of cell
division and strongly suggest that this wave of
DNA synthesis followed cell division.

The possibility that these twin steps of DNA
accumulation represented the activities of a popu
lation of cells containing two genetic variants,
one synthesizing DNA soon after thymidine addi
tion, the other responding late, was tested by
following the growth kinetics of a synchronized
culture of 11K-i,7 a freshly isolated clonal strain
of HeLa. This experiment yielded a result similar
to that described above. It now remains to be

established whether these twin bursts of synthesis
correspond to (a) a single population of cells with
bimodal DNA synthesis or (b) a dual cell popula
tion segregated by thymidine-deficient growth into
two groups, each of which synthesized DNA at
different times. These alternatives should be read
ily distinguishable by suitable autoradiographic
labeling studies.

Of additional interest was a small but definite
burst in protein accumulation which invariably
occurred @â€”4hours after thymidine addition and
which disappeared prior to a second acceleration
in the rate of protein accumulation. Since prelimi
nary experiments with leucine-1-C'4 revealed lit
tle stimulation of protein synthesis immediate
ly following thymidine addition and since small
amounts of protein are extracted from the cells
during the acid and alcohol washes used in prepar
ing the cells for analysis, it is suggested that the
apparent increase in protein following thymidine
addition may reflect primarily an alteration in
the physical state of the cell proteins rendering
them less extractable. The nature of these changes
which are brought about only on thymidine addi
tion bears further investigation.

DISCUSSION

The acute interruption of cell division in spite
of continued accumulation of a DNA-like ma
terial following the initiation of thymidine-defi
cient growth deserves further study, since one
might reasonably expect that cell division would
continue with DNA synthesis. It seems not un
likely that this material may represent an altered
DNA which is unable to initiate division. With
respect to the latter possibility it is of interest

7 Isolated from our stock strain by Dr. K. Kajiwara.

that Dunn and Smith (8, 9) have isolated a 6-
methylaminopunine-containing DNA from thy
mine-starved bacteria. It will be of interest to
see whether a similar phenomenon occurs in thy
midine-starved HeLa cells.

The synchronization of cell division by thy
midine rescue after a period of unbalanced growth
was first described in bacteria by Barner and
Cohen (1) and represents another point of similani
ty in the effects of thymidine deficiency in animal
and bacterial cells. However, the growth kinetics
of HeLa monolayer cultures following thymidine
addition show some interesting new features in
cluding (a) apparent changes in the physical
properties of the protein shortly following thy
midine addition and (b) a biphasic burst of DNA
synthesis, accompanied by a single wave of cell
division. The lags which precede DNA accumula
tion suggest that the cellular machinery is not
poised for DNA synthesis at the time of thymidine
addition but becomes competent only after a
period of exposure to this material. Accordingly
this interval is presently being investigated in
an effort to clarify a possible auxiliary role of
thymidine on its derivatives in poising DNA syn
thesis over and above its presently known role as
a fundamental building block for synthesis of the
DNA molecule. Preliminary experiments with the
blockade of protein synthesis with puromycin sug
gest that protein synthesis may play a role in
preparing at least a portion of the cell population
for DNA synthesis. Thymidine diphosphate rham
nose (19) and several other similar nucleotide
forms (924) distinct from those known to be in
volved in DNA synthesis, have been isolated
from bacterial cultures. The latter substances are
thymidine nucleotides containing additional un
identified deoxy-sugars. It will be of interest to
ascertain whether or not such derivatives play
auxiliary roles in mammalian cellular reproduc
tion.
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