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SUMMARY

LOWE, JEFFREY K. & GRINDEY, GERALD B. (1976) Inhibition of growth rate and
deoxynucleoside tniphosphate concentrations in cultured Leukemia L1210 cells.
Mol. Pharmacol., 12, 000-000.

Thymidine and deoxyguanosine produce antiproliferative effects on munine Leukemia
L1210 cells when added to the growth medium, and these effects can be prevented by the

addition of one on a combination of deoxynucleosides. This study utilized these toxic
deoxynucleosides to induce growth rate inhibition in L1210 cells in order to investigate

the relationship between growth rate and deoxynucleoside tniphosphate pool size in
mammalian cells. Deoxyguanosine toxicity ofthese cells was manifested by deoxynucleo-

side tniphosphate concentration changes which were correlated with growth rate. Both
dTTP and dCTP decreased in parallel in a linear manner, while dATP remained

unaffected and dGTP increased. In thymidine-inhibited cells, although both dCTP and
dATP decreased, only their sum diminished in proportion to growth inhibition.

INTRODUCTION

Deoxynucleosides are toxic to numerous
types of mammalian cells in culture (1-5),
and this toxicity has been attributed to
inhibition of the synthesis of the other
deoxynucleoside tniphosphates which are

required by proliferating mammalian cells
for continued DNA biosynthesis. These

compounds, after anabolism to the tniphos-
phate level, may behave as natural feed-
back effectons of nibonuc!eotide neductase,

thus causing a depletion in one on more of
the other DNA tniphosphate precursors (3,
5, 6).

On the basis of enzymo!ogical studies, it
is believed that the levels of the four deox-
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ynucleoside tniphosphates are normally
maintained within certain limits by a corn-
plex system of feedback and feedforwand

loops in mammalian cells (7-9), and the
intent of this study was to evaluate the
extent to which this regulatory system op-
enates in cultured L1210 cells. The ap-
proach taken was to study the antiprolifer-
ative effects of thymidine and deoxyguano-
sine, to analyze cellular deoxynucleoside

tniphosphate concentrations, and to come-

late the two parameters.

MATERIALS AND METHODS

Cell culture and extraction procedures.
The origin and maintenance of the line of
munine Leukemia L1210 used in these stud-

ies were previously described (10), except

that dialyzed fetal calf serum (Grand Is-
land Biological Company) and the organic
buffers (1 1) N-2-hydroxyethylpipenazine-

N’-2-ethanesulfonic acid (20 mM) and
morpholinopropanesulfonic acid (10 mM)

(Sigma Chemical Company) were used.
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The growth kinetics of L1210 cells grown
in medium containing these buffers were
relatively independent of inoculum den-

sity and volume of the culture.
At least duplicate cultures were initi-

ated for the growth rate experiments.

These were set up with an inoculum of 2-
10 x 10� cells/mi and were sampled at ap-
pnopniate time intervals.

The exponentially growing L1210 cells
were harvested by centnifugation at 1000
rpm in an International PR-2 centrifuge

(head No. 269) for 8 mm at 4#{176},and the cells
were extracted by the addition of 1.5 ml of
ice-cold 0.5 M HC1O4 to the cell pellet (12).

The pellet was suspended in the acid by
agitation and kept in an ice bath for 20

mm before necentnifugation. The superna-
tant was retained, and to it were added 0.2
ml of 4 N KOH and 0.075 ml of 0.5 M Tris-

HC1 buffer, pH 8.3. These additions pro-

vided a neutralized extract of pH 7.5-8.5.
The KC1O4 precipitate was removed by cen-

tnifugation, and the supennatant was
either used immediately or stoned for up to
2 weeks at -20#{176}prior to deoxynucleoside

tniphosphate assay as described by Fnid-
land (12).

DNA polymerase assay for deoxynucleo-
side triphosphates . The assay for deoxynu-

cleoside tniphosphates used was a modifica-
tion of that described by Solter and Hand-

schumacher (13). Typically, the reaction
mixture contained the following in a final
volume of 0.2 ml: 10 j.�mo1es of Tnis-HC1
(pH 8.3), 10 �mo!es of MgC12, 10 j.�g of

undenatured calf thymus DNA, 300
pmoles of the deoxynucleoside tniphos-

phates in excess (one ofthese being labeled
at a specific activity of 800-1000 �Ci/

�mole), 0-25 pmoles of the limiting deox-
ynucleoside tniphosphate, and 0. 14 unit of
Escherichia coli B DNA polymerase [frac-
tion IV (14)] (P-L Biochemicals). The la-
beled deoxynucleoside tniphosphate used
was either [methyl-3H]thymidine S’-tni-

phosphate or [8-3H]deoxyadenosine S’-tni-
phosphate (Schwarz/Mann).

A mixture of all the components except

the limiting deoxynucleoside tniphosphate
(partial reaction mixture) was made for
the assay of dATP, dTTP, dCTP, and
dGTP. The limiting deoxynucleoside tn-

phosphate was added to chilled 12 x 75
mm assay tubes in the cold, either as the
known standard dissolved in saturated
KC104 solution, pH 8.3, or as the neutral-
ized cellular extract. The reaction was mi-
tiated by adding 140 �l of the appropriate
partial reaction mixture to the limiting
deoxynucleotide in the assay tubes and
was incubated in a 37#{176}water bath for 25

mm after mixing. The reaction was termi-
nated by rapidly transferring the racks

containing the tubes to a -20#{176}freezer,
where they were kept until the assay was
continued (never more than 16 hr).

It was necessary to run standard curves

for each deoxynucleoside tniphosphate as-
say. Typically, the standard assays were

run in duplicate whereas the unknowns
were done in triplicate.

The thawed assay mixtures were spotted
(85 �l) on numbered, silicone-treated (Sili-

clad, Becton-Dickinson and Company)
Whatman No. 3MM paper discs 2.3 cm in
diameter. The discs were then rapidly

placed in ice-cold 5% tnichloracetic acid-
1% sodium pyrophosphate (approximately
20 m!/disc). The discs were agitated by

pouring the solution and discs back and
forth between two beakers 12 times. After
the first wash, the discs were transferred

to a fresh solution of tnichionacetic acid-
pyrophosphate and agitated in the same
manner, followed by two washes each with

95% ethanol and anhydrous ether. The air-
dried discs were placed in glass scintilla-
tion vials containing 10 ml of scintillation
phosphor solution [2 pants toluene to 1 part
Triton X-100 containing 5.0 g/!iten of 2,5-

diphenyloxazole and 0.1 gluten of 1,4-bis[2-
(4-rnethyl-S-phenyloxazolyl)]benzene (15)1

and were counted in a Packard liquid scm-
tillation spectrometer, mode! 3320.

The incorporation of tnitiated deoxynu-
cleoside tniphosphate into acid-insoluble

polymer was found to be linear oven the
range of 1-20 pmoles of limiting deoxynu-
cleoside tniphosphate. The amounts of
each deoxynucleoside tniphosphate in ex-

tracts of cells were measured by replacing
the limiting deoxynucleoside tniphosphate
with an appropriate volume ofextract, and
the radioactivity incorporated into poly-
mer corresponded to the amount of limit-
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ing deoxynucleoside tniphosphate in the
extract. The incorporation of radioactivity
into polymer was also linear with the num-
ben of cells extracted, up to 12 x 106 cells.

All assays were therefore carried out with
extracts of 8-10 x 106 cells, and appropri-
ate dilutions were used when necessary to
keep within the linear region of the stand-
and curve. In addition, when deoxynucleo-

side tniphosphates were determined in
samples after the addition of known

amounts of standard, only additive effects
were seen.

RESULTS

Antiproliferative effects of deoxynucleo-
sides in L1210 cells . The first phase of this

study was to investigate the effects of deox-
ynucleosides on the growth of these cells.
The concentration of TdR required to pro-

duce a 50% decrease (IC50) in cell number
compared to controls at the end of a 45-hr

growth period was 35 /.LM. The antiprolifen-
ative effect of TdR was readily prevented

by the simultaneous presence of deoxycyti-
dine in the growth medium (Fig. 1). Pro-

gressive increases in the CdR concentra-
tion in the medium provided increasing

protection against TdR toxcity. Concentra-
tions of CdR above 10 �M supplied corn-

plete protection against the TdR antipnoli-
ferative effects. However, TdR when pres-
ent above 1 mM caused a toxicity which
could not be prevented by CdR. Quantita-
tive evaluation of the progressive shifting
of the dose-dependent antiproliferative ef-
fects of TdR to the right indicated that the
ratio between the TdR concentration and

the concentration of CdR required to reach
50% of control density [(I/S)50] was not con-

stant (Table 1). (1/5)50 values are expected

to remain relatively constant over a wide
range of inhibitor and metabolite concen-
trations if a competitive interaction is in-
volved (16).

Cytidine was also capable of overcoming
the toxic effects of TdR in culture. Whittle

(17) showed that the inhibitory effect of
TdR on 32P incorporation into DNA of rat

thymus cells is completely prevented by 1
mM CR. Partial prevention of the dose-

dependent TdR toxicity in L1210 cells by
CR can be seen in Fig. 2. Once again, the

TdR (Molar)

FIG. 1. Reversal ofantiproliferative effects of TdR

by CdR

Each point represents the average ofduplicate cell

cultures (2 ml). Control cultures increased 14.5-

fold relative to the inoculum. #{149}-#{149},control;

A-to, 0.108 �LM CdR; x-x, 0.5 �tM CdR;

A-A, 1.08 �M CdR; O-O, 2.3 �sM CdR;

.-., 10.8 �LM CdR.

TABLE 1

Quantitati t’e evaluation ofreversal of TdR toxicit-y by

CdR and CR

These data were calculated from the cell culture

experiments shown in Figs. 1 and 2 by the method of

Shrive (16).

Reversing
metabolite

Concen-
tration of

TdR at
50c� inhi-
bition of

growth

Concentra-
tion of revers-

ing metabo-
liteat50�4 in-

hibition of
growth

(I/S )5�

-

CdR 37

48

65

75

155

0

0

0.108

0.5

1.08

2.3

10.8

444

130

69

67

CR 30

60

92

180

300

0

17.8

56

178

560

3.37

1.64

0.99

0.54

(I/S)�� values did not remain constant oven
the range studied (Table 1). CdR was oh-
viously more efficient than CR in prevent-

ing TdR toxicity, as was reflected in their
relative (I/S)50 values.

Deoxyguanosine also produced potent
antiprolifenative effects in the L1210 cell
line and had an IC50 of about 60 j.tM. The
toxic manifestations of GdR were partially
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FIG. 2. Reversal of TdR toxicity by CR

Each point represents the average cell density of

duplicate cultures (2 ml). S-#{149}, control; A-A,

17.8 LM CR; x-x, 56 �M CR; LI-li, 178 �M

CR; 0-0, 560 �M CR.
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FIG. 4. Effects ofGdR on growth kinetics

Duplicate cultures (30 ml) were initiated at 10�

cells/mi with either no additions ( x- x), 25 j�M

GdR (0-0), or 50 �tM GdR (#{149}-#{149}).

Ttme (hours)
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prevented with CdR on completely pre-
vented with AdR and CdR.

The toxic effects of deoxynucleosides in
L1210 cells were also quantitated by meas-

urements of growth rate instead of extent
of growth after 45-50 hr of incubation.
TdR-inhibited L1210 cells grew exponen-

tia!ly, albeit at depressed rates (Fig. 3)�3 It
is noteworthy that cells grown in the pres-
ence of 64 �M CdR or 90 j.�M TdR plus 32

MM CdR grew at the control growth rate
whereas any concentration of TdR alone

above 10 j.�M gave considerable inhibition

ofgrowth rate. The rapid onset of antipnoli-
fenative effects (as evidenced by the extrap-
olation of all slopes to the same cell density

at zero time) resulted in linear plots and
facile growth nate determinations.

In contrast, the growth rate of L1210

cells in the presence of added GdR was not
linear with prolonged incubation (Fig. 4).
Deoxynucleoside catabolism apparently
caused the nonlinear growth kinetics; for

this reason short-term incubations (8-12
hn) at higher cell densities (10� cells/rn!)

were used to produce GdR-inhibited cells
for deoxynucleoside triphosphate meas-
unement.

Deoxynucleoside triphosphate concentra-

tions . The cellular content of deoxynucleo-

side tniphosphates was analyzed during

the course of the TdR and GdR expeni-

3 The controls increased in cell number with a

generation time of 10.8 hr, and the cells exposed to

90 �M TdR exhibited a generation time of 28 hr.

Time (hours)

FIG. 3. Effects of various concentrations of TdR

on growth kinetics

Cultures (40 ml) were initiated at 2 x 10’ cells/ml

and incubated at 37#{176}.Each point represents the aver-

age of two to four cell densities. #{149}-O, no addi-

tion; 0-0, 64 MM CdR; x-x , 90 .tM TdR plus

32 �M CdR; E�-U, 16 �M TdR; #{149}-#{149}, 32 �.tM

TdR; z�s-A, 60 j�M TdR; A-A, 90 �M TdR.
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ments previously mentioned. The values
obtained for deoxynucleoside tniphosphate

pools of exponentially growing L1210 cells
were 36 ± 6, 86 ± 9, 56 ± 12, and 36 ± 13
pmoles/10� cells for dATP, dTTP, dCTP,
and dGTP, respectively, for a total of eight

entirely separate extractions and detenmi-
nations. Since some variation of control
values for deoxynucleoside tniphosphates
occurred from one assay to the next, it
seemed reasonable to express the data rela-
tive to controls (for that particular expeni-
ment). The deoxynucleoside tniphosphate

concentrations are expressed as a function
of growth rate inhibition by TdR in Fig. 5.

That dTTP levels increased with increas-
ing inhibition of growth rate was not unex-

pected, since TdR was used to inhibit
growth in these experiments. The intrace!-
lulan concentrations of both dCTP and
dGTP underwent change at low levels of
growth inhibition and remained stable
with increasing inhibition, although dCTP

decreased and dGTP increased. The con-
centration ofdATP decreased with increas-
ing growth rate inhibition.

0 20 30 40 50 60 70

Percent lnh,bit,on of Growth Rate

FIG. 5. Relationship between growth rate inhibi-

tion and deoxynucleoside triphosphate (dNTP) pools

induced by TdR

Fractional inhibition of control growth rate was

determined by comparison of inhibited with control

slopes after 50 hr of incubation, and the cells were

assayed at this time. x-x , dTTP; #{149}-S,

dGTP; 0-0, dATP; A-A, dCTP.

to � 40 50 60 70 80 90

Percent Inhibition of Growth Rote

FIG. 6. Relationship between growth rate inhibi-

tion and deoxynucleoside triphosphate (dNTP) pools

induced by GdR

These data were obtained in a manner similar to

that described for Fig. 5, except that GdR was uti-

lized to induce the observed perturbations and the

cells were assayed after 8-12 hr of incubation. The

symbols used are the same as those in Fig. 5.

In contrast to the results obtained with
TdR, growth of cells in a medium contain-
ing GdR led to a decline in the concentra-

tions of dTTP and dCTP as a linear func-
tion of inhibition of growth rate (Fig. 6).
The intracellular concentration of dATP
remained little affected by GdR inhibition,
while the expected increase in dGTP me-

suited.
Since no direct relationship resulted be-

tween decreasing deoxynucleoside triphos-
phate concentrations and growth rate for
TdR-inhibited cells, the possibility that

more than a single deoxynucleotide might
be of importance in determining the

growth nate of cells (perhaps the DNA bio-
synthetic rate) was investigated. In this
light, the available data were treated in a
fashion similar to that used for E. coli
RNA polymerase (18). The concentrations

of the two decreasing deoxynucleoside tn-
phosphates for each type of experiment
were averaged, and this average was me-
lated to growth rate (Fig. 7). Most interest-
ingly, the averaged concentrations of the

decreasing nucleotides for either TdR- or
GdR-inhibited cells fit the same relation-
ship to growth rate.
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observations.

FIG. 7. Relationship between growth rate and lim-

iting deoxynucleoside triphosphates (dNTPS) in

L1210 cells

The data presented were derived from Figs. 5 and

6. The points due to TdR inhibition ( X-X ) repre-

sent the average ofthe sum ofthe decreases in dATP

and dCTP, whereas the GdR inhibition symbols

(#{149}-#{149}) represent the average of the sum of the

decreases in dTTP and dCTP.

DISCUSSION

The initial phase of this investigation
showed that the antiprolifenative effects of
TdR in L1210 cells could be prevented by

CdR or CR. The CdR effect has been ob-
served in numerous mammalian cells (3, 5,
19) and has been proposed to be a product
reversal. The reduction ofCDP by mamma-
han nibonucleotide reductase is inhibited
by high levels of dTTP (7, 20); thus TdR
has been proposed to induce a dCTP deple-
tion (3, 5). The dCTP pool can be neplen-
ished with CdR through the appropriate

series of kinases by a pathway which is
downstream from the metabolic insult.
The decreasing (I/S)50 values (Table 1)

with increasing CdR suggested that the
interaction was not competitive, but nei-
then was it a true noncompetitive product
reversal because low levels of metabolite

gave some reversal when an all-on-none
type response might have been expected

(16).
The CR effect was proposed by Whittle

(17) to be due to an accumulation of intna-
cellular CDP which can prevent the block-

ade ofCDP reduction in a competitive man-
ner. The changing (I/S)50 values (Table 1)

for increasing CR show that the relation-
ship was not fully competitive. Neither
CdR nor CR interaction with TdR in L1210
cells appeared to be fully noncompetitive
on competitive, but the over-al! appear-

ance of the families of curves for the two
metabolites differed (Figs. 1 and 2), sug-
gesting that the less efficient CR effect was
indeed due to CR and not contaminating

CdR.
The antiprolifenative effects of GdR in

L1210 cells did not involve inhibition of
punine biosynthesis de novo, since CdR
plus hypoxanthine [at a level which al-
lowed full reversal of all punine effects of
methotrexate in L1210 cells (21)] did not
fully prevent these effects4 whereas CdR
plus AdR provided complete protection.
Thus it seems reasonable to assume that
the metabolic insult caused by GdR on its
metabolites involves the deoxynucleotide

pathway.
The main purpose of this study was to

investigate the regulation of deoxynucleo-

tide metabolism in mammalian cells. The
data obtained indicate that the deoxynu-
cleoside tniphosphate concentration fluc-
tuations related to either TdR on GdR toxic-
ity were understandable in view of what is
known of the positive and negative feed-

back effects on ribonucleotide neductase,
determined in vitro for Novikoff hepatoma

enzyme (7). In the presence of physiologi-
cal levels of ATP, the reductions of both
CDP and ADP by the Novikoff enzyme are
inhibited by dTTP while the reduction of
GDP is activated. As the levels of dTTP
increased (Fig. 5), the concomitant

changes in the other three tniphosphate
pools were reflective of the effect of dTTP
on the synthesis of those compounds in
vitro. The dCTP change occurred at low
levels of dTTP, followed by the intenmedi-
ate sensitivity of the activation of GDP
reduction and attendant increase in dGTP
concentration ; finally, at high concentra-
tions ofdTTP, the inhibition ofADP neduc-
tion became evident by the decrease in

dATP pool size.

Regardless of the reason for the partial
decrease in dCTP concentration, it is cen-
tam that these data were not consistent
with a linear relationship between the an-
tiprolifemative effect of TdR and diminu-
tion of the dCTP pool, as has been pro-
posed for Chinese hamster ovary cells (5).

4 J. K. Lowe and G. B. Grindey, unpublished
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observations.

Bjunsell and Reichard (5) found only the

dCTP concentration to be decreased when

the time course of TdR effects was studied
in those cells. If the Chinese hamster

ovary study and this report on L1210 cells
can in any way be compared, one would
have to believe that the two cell lines have
different regulatory parameters. Tatter-

sal! et al. (22) recently reported the effects
of a single concentration of TdR (40 j�M)

on the deoxynbonucleoside triphosphate
pools in five mammalian cell lines. In ac-
cord with our L1210 data, they observed a

decrease in the pools of both dCTP and
dATP in three of the cell lines (including

L1210) while dATP increased in the other
two lines. Recent studies5 have indicated

that CCRF-CEM cells (12) respond to

growth inhibition by TdR with a decrease
only in dCTP and increased levels of the
other deoxynucleoside tniphosphates. Thus
it seems reasonable that the genenaliza-
tion stating that TdR toxicity results from

a depletion of only dCTP need not be true
in all cells.

The pool size changes. induced by GdR
once again reflect the expected properties
of nibonucleotide neductase. An excess of
dGTP with the Novikoff enzyme has been

shown to be inhibitory for the reduction of
both pynimidine nibonucleoside diphos-
phates (7), and in L1210 cells the decline of

dCTP and dTTP are related in a linear
fashion to growth rate (Fig. 6).

The limitation of availability of several

of the requisite four precursors for DNA
biosynthesis was a plausible explanation
for the growth rate inhibition induced by
TdR on GdR. However, for TdR inhibition
no single compound decreased colineanly
with growth nate, whereas for GdR inhibi-

tion both dTTP and dCTP decreased in a
linear fashion. However, the assumption
was made that the decrease in both deoxy-
nucleoside triphosphates in each type of
experiment was important, not the de-
crease in a single nucleotide; then, by

averaging the concentrations of these
two compounds, a linear correlation with
growth rate resulted (Fig. 7). These oh-
servations indicated that perhaps in L1210

S M. C. Wang and G. B. Grindey, unpublished

cells the DNA biosynthetic machinery
may be substrate-limited, since no lag

phase was evident between the decrease in
the two limiting deoxynucleoside tniphos-

phates and growth rate inhibition. The ex-
penimental data suggested a relationship

more complex than simple substrate limi-
tation, which might be represented by the
dashed line in Fig. 7. Making the assump-
tions that the two deoxynucleoside triphos-
phates in each case are limiting for DNA
biosynthesis and below Km, and that the

system behaves in a Michaelis-Menten
fashion, one would expect the dashed
line to represent simple substrate limi-

tation in the first-order region of a sub-
strate saturation curve. One possible rea-

son for the discrepancy between the two
lines of this figure might be separate
compartmentalization of active and mac-
tive pools of deoxynucleoside tniphos-
phates. Recently Skoog and Bjunsell (23)

have presented evidence that dTTP is une-

qually distributed between the cytoplasm
and nucleus of Chinese hamster ovary
cells.

Although no concrete statements can be
made concerning the mechanism for cellu-
lan antiproliferative effects of deoxynucleo-

sides, evidence has been presented suggest-
ing the regulatory nature of nibonucleotide
reductase in intact L1210 cells.
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