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FIG. 3. Dependence of methadone uptake on time and synaptosomal protein

Aliquots of the synaptosomal fraction were incubated in 900 ol of the standard buffer medium for 5 mm at

20#{176}.The uptake was initiated by the addition of 100 �il of buffer containing 0.05 �Ci of “H-methadone and

sufficient amount of unlabeled drug to adjust the final concentration to 2 fIM. Uptake was terminated at the

times indicated (upper graph), or after 30 sec by rapid filtration of the suspension. The filters were washed and

assayed for radioactivity as described. After digestion with Protosol for 1 hr at 60#{176},radioactivity was measured

in a liquid scintillation spectrometer. Apparent uptake due to binding was determined in frozen and thawed

samples, and has been subtracted from each point. Tissue concentration of methadone was calculated considering

the relationship between vesicular volume and synaptosomal protein, determined as described under MATERIALS

AND METHODS. Results of representative experiments are shown.

0.2 0.4 0.6

Lii

0

I
F-
w

� 0

z�
WE

z�

o�

0

F-
a-

z

W
z
0
0

I
I-
W

0

z�
Lii �

z.,’-
0�’�

-J

0

0
F-
a-

z
>-
(I)



592

3.0 -

2.0

1.0 -

S

a
0

:� �
E

CAHILL ET AL.

10�

0

20

I I -�I I I
20 40 60 80 00

[Methadone] (,uM)
methim

2.0

‘.5

.0033 .0034 .0035

l.0

0.

.0036

I! Temperature (I/#{176}K)

FIG. 4. Effect oftemperature on the uptake of methadone

The initial rate of uptake of methadone was determined in aliquots of the synaptosomal fraction incubated

for 5 mm at the indicated temperatures (upper graph). The values for V�1,, were used to obtain the Arrhenius

plot shown in the lower graph. The slope of the line in the latter plot corresponded to a Qi of 1.99. Shown are

mean values obtained in at least 3 experiments.
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protein and 0.049 �tEq per mg protein, re-
spectively. Oxygen consumption was 20.74
± 1.42 �tl/mg protein per hr. These data
were obtained after incubation of the ESP
for up to 15 mm at 20#{176}.Synaptosomal pH
and volume was 7.38 and 5.00 �l per mg

protein. Yield of protein was 17.65 ± 1.49
mg per cerebral cortex.

Resolution of synaptosomal transport
components for methadone. Total synap-

tosomal drug uptake was not saturable. At
high concentrations of methadone synap-
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FIG. 5. Effect ofpH on the uptake of methadone

Aliquots of the synaptosomal fraction were incubated for 5 mm at 20#{176}in the Tris-salts-sucrose medium

adjusted to various pH. Subsequently, the initial rate of methadone uptake was determined at various

concentrations of the drug as described (upper graph). In the lower graph, the values for K,,, 4 #{149})and V�,.

(O-0), obtained from plots of (S)/V versus (S), are plotted as a function of the pH at which the uptake was

determined. Each point is the mean of 4 determinations.

tosomal uptake was linear (Fig. 2) and ex-
hibited a diffusional constant of 3 pmol/mg
protein per 30 sec. When the contribution

of the nonsaturable process was subtracted
from total uptake, the saturable component

of methadone transport was revealed. Ap-
parent K�, and Vmax values of the latter
process were 8.5 /.LM and 56.5 pmol/mg pro-

tein pen 30 sec (Fig. 2).
The dependence of the saturable uptake
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FIG. 6. Temperature and pH dependence of the uptake of methadone in disrupted synaptosomes

The synaptosomal preparation was subjected to repeated freezing at -70#{176}and thawing. Subsequently, the

initial rate of “uptake” of methadone (actually representing drug binding to the disrupted synaptosomes),

present at concentrations of 1 �oM or 10 (LM was determined as described in legends to Figs. 4 and 5. Presented

are the means and typical standard deviations of 4 determinations.

I I I I I

0 10 20 30 40

TEMPERATURE

IO,uM

I,uM

594 CAHILL ET AL.

F-
a:
0

a-

z

F-
a:
0
a-
(1)
z
‘TI
a:
F-

U-
0

W

a:

process on time and protein is shown in Fig.

3. Considering the above-outlined relation-
ships, the following typical conditions for
investigating drug transport were estab-
lished: the uptake was terminated at 30 sec,
approximately 0.5 mg protein of the syn-

aptosomal fraction was used per observa-

tion, and the concentration of methadone
was 2 ELM, i.e., about 1/4 of its apparent Km

value.
Dependence on temperature. Lowering

the temperature of incubation noncompet-
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itively inhibited saturable methadone
transport (Fig. 4). The Arrhenius plot of

the process was linear, and its slope corre-
sponded to a Q’#{176}value of 1.99. At 0#{176},drug
uptake was reduced to the level of nonspe-
cific, i.e., not transport-related binding.

Dependence on pH. Rising pH acceler-
ated the rate of methadone uptake. How-
ever, while Vmax increased as a function of

pH, the Km was relatively insensitive to
hydrogen ion concentration and did not
change in the neutral pH region in which
synaptosomal transport was typically in-
vestigated (Fig. 5).

Uptake in disrupted synaptosomes. Re-
peated freezing at -70#{176}and thawing mark-

edily altered the characteristics of synapto-
somal methadone uptake. At concentra-

tions of methadone approximating its Km of

uptake, drug-tissue association, which un-
der these conditions represented drug bind-
ing, was reduced by 60% relative to control,

and the process lost its sensitivity to tem-
perature and pH (Fig. 6). In resolving the
transport process for methadone, the bind-
ing component (freeze-thaw blank) was de-
termined at each concentration of metha-

done and was subtracted from total drug

uptake.
Effect of metabolic inhibitors. DNP en-

hanced total methadone uptake into syn-

aptosomes. If, however, total uptake was
resolved into a diffusional and saturable
component as described above, the marked

inhibition of the latter by DNP became
apparent (Fig. 7). Concurrently, the diffu-
sion coefficient after exposure to DNP in-

creased up to 5-fold relative to control. Sat-

[Methadone] (,,tiM)
medium

FIG. 7. Effect ofmetabolic poisons on the uptake of methadone

In these experiments the purified synaptosomal preparation described under MATERIALS AND METHODS was

utilized. Aliquots of the fraction were incubated for 5 mm at 20#{176}in the standard buffer medium, or in buffer

medium containing 2 � DNP. Subsequently, the initial rate of uptake of ‘H-methadone was determined at

various concentrations of the drug. Plotted are total uptake in absence (#{149})and presence (A) of DNP, and the

saturable uptake component in absence (0) and presence (Li) of the inhibitor. The resolution of mediated

transport from total drug uptake was carried out as described in the legend to Fig. 2. Values are means of 3-4

experiments.
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MINUTES

FIG. 8. Transacceleration of methadone exodus

Aliquots of the synaptosomal fraction were incu-

bated with 8 �LM “H-methadone for 5 mm at 20#{176}.

Exodus was initiated by diluting the suspension 8-fold

with buffer containing varying amounts of methadone.

The final micromolar concentrations of methadone in

the medium were 1, 10, 100, and 500. At the times

indicated, exodus was terminated by rapid filtration of

the suspension, and synaptosomal methadone was

quantitated as described. As in most other experiments

of this study, unaltered vesicular permeability was

ascertained by determination of synaptosomal K� and

Na�. Shown are mean values of 4 experiments. The

standard deviations around the means ranged between

6’T and 14%.

unable methadone transport was also in-
hibited, although to a lessen degree (30%),
by iodoacetamide.

Efflux of methadone and evidence for
countertransport. Exit of radiolabeled
methadone occurred rapidly and equiib-
nium was reached by 3 mm following dilu-
tion of the uptake medium. The rate of

methadone exodus was accelerated by in-
creasing concentrations of unlabeled drug

in the diluting medium (Fig. 8).
Transacceleration of methadone efflux

by other drugs. The rate of methadone

exodus was markedly transaccelerated by

desipramine, levorphanol, and pentazocine
present in the diluting medium (Fig. 9).

Inhibition ofmethadone uptake by CNS

drugs. The CNS acting drugs which
transaccelerated the efflux of methadone

also competitively inhibited its synaptoso-
mal uptake (Fig. 10). K, values determined
from Dixon plots (20) of the uptake data

::::::i:iiiii:iiiiiiiiiiii:DESIPRAMINE
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:: �LEVORPHANOL

MINUTES

FIG. 9. Transacceleration of the exodus of meth-

adone by other CNS acting drugs

Experimental conditions were as described in the

legend to Fig. 8 except that the diluting medium

contained varying amounts of desipramine, levor-

phanol, or pentazocine to give the final concentrations

indicated. Presented are results of representative ex-

periments.

were: desipramine, 12 �.tM; levorphanol, 23

,ZM; and pentazocine, 25 �M. Saturable up-
take of methadone was not inhibited by 5-
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hydroxytryptamine on nonepinephnine even
at concentrations sevenalfold higher than

necessary to saturate the synaptosomal
transport of these biogenic amines. Mor-
phine also failed to inhibit the uptake of

methadone.
Characteristics of methadone transport

in purified synaptosomes. With one excep-
tion, these experiments yielded markedly
similar results to those obtained with ESP.
Methadone uptake reached saturation after
3-4 mm and the Km and Vmax of the process
were 12.78 p.M and 471.94 pmol/mg protein
per 30 sec. The latter value (Fig. 7) is con-
siderably higher than that determined with
the ESP. On the other hand, the similarity
of findings includes the dependence on tem-
perature and pH, the kinetics of exodus and
its transacceleration by methadone, desi-
pramine, levorphanol and pentazocine. The
order of potency of the drugs in exhibiting
the latter effect was that obtained with the
ESP.

DISCUSSION

The utilized synaptosomal preparation
had an enriched ratio of synaptosomes to
mitochondria and favorable morphological

and biochemical characteristics (15). The
conditions of isolation and handling yielded
a non-leaking synaptosomal membrane
which exhibited unaltered permeability for
potassium over a conveniently long time
period. Nevertheless, several charactenis-
tics of methadone transport were also in-
vestigated in a synaptosomal preparation
further purified by density gradient centnif-

ugation. The data showed good agreement
with findings obtained using the ESP which
was predominantly applied in this work. A

FIG. 10. Inhibition ofthe uptake ofmethadone by

CNS acting for drugs

Aliquots of the synaptosomal fraction were incu-

bated for 5 mm at 20#{176}in the standard buffer containing

various concentrations of desipramine, levorphanol, or

pentazocine. The initial rate of radiolabeled metha-

done uptake was determined as described at three

concentrations of the drug. Uptake due to diffusion

was subtracted from total uptake, and the reciprocal

of the initial rate of saturable transport was plotted

against inhibitor concentration in the medium accord-

ing to Dixon (20). Each point represents the mean of

triplicate determinations in 3 separate experiments.
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predictable exception was the considerably
higher value for Vmax in purified synapto-

somes, apparently reflecting lower content
of nonspecific protein in the preparation.
This similarity of results affirms the feasi-

bility of investigating synaptosomal trans-
port phenomena in crude synaptosomal
preparations. The latter have the advan-

tage of superior viability over further puri-
fled synaptosomes (15) and have, therefore,
been preferably chosen to study transport

processes (e.g., 15, 21, 22). We would like to
underline the importance of meticulously

establishing and following experimental
conditions which ascertain unaltered
permeability of the plasma membrane in
unicellular suspension utilized to study
transport. Because of vesicular fragility, the
aspect of permeability is of particular con-
cern in investigating synaptosomal trans-
port processes. We have previously de-
scnibed cellular potassium content and/or
the ratio K�/Na� as markedly sensitive in-
dicators of a perturbed plasma membrane
(23). The synaptosomes used in this work

fulfilled this strict criterion of transport-
related viability.

Methadone uptake into synaptosomes
was the sum of both a saturable and a

diffusional process. At methadone concen-

trations greater than about 25 ,iM, the non-
saturable component predominated. Under
these conditions, a diffusional constant was
calculated from the linear portion of the
uptake curve. When the uptake due to the
nonsaturable process was subtracted from
total drug accumulation, the saturable
process for the uptake of methadone be-
came apparent. A similar resolution of the
carrier-mediated transport component for
chloroquine in the isolated retina was re-
cently described (11). No pH gradient ex-
isted between the extra- and intracellular
compartments, and the constancy of Km in
the pH region in which uptake was inves-
tigated suggested that methadone, with a

pKa of 8.25, was transported in its union-
ized state. At equilibrium with 2 �tM meth-
adone in the external medium synaptoso-
mal accumulation by the saturable trans-
port was 5-fold. In addition to drug accu-
mulation, the active nature of the mediated

transport process was suggested by its tem-
perature dependence, displaying a Qio of
1.99.

In the course of attempting to fulfill an
additional criterion for active transport, i.e.,

the inhibitory effect of metabolic poisons,
DNP enhanced rather than inhibited syn-

aptosomal methadone uptake. Such a stim-
ulatory effect of DNP on the uptake of
glucose and of a-aminoisobutyric acid into
isolated tissue has previously been reported
(24, 25). Furthermore, in the isolated rat

retina, DNP markedly enhanced the uptake

of chloroquine (1 1). The data of the latter
study suggested that the effect of DNP was
due to induced structural changes in the
plasma membrane, resulting in increased

permeability for chloroquine. The marked
enhancement of the non-mediated uptake

in retina prevented assessment of the ef-
fects of DNP on the saturable transport
system. In synaptosomes, however, the res-
olution of the effect of DNP was successful.
The enhancement of total methadone up-
take by DNP was due to a facilitation of
the diffusional component. Concurrently,
saturable transport was inhibited 93% (Fig.

7). Apparently, and in agreement with our
previous conclusions made in the study on

retinal chloroquine transport, DNP in-
duced membrane perturbation which re-
sulted in enhancement of diffusional trans-
port. In light of these findings, the earlier

reported potentiating effects of DNP on
transport in isolated tissue (24, 25) receive
a molecular interpretation. It would be of
interest to further investigate the mecha-
nisms by which DNP elicits its effects on
cell membranes. In the present study, the
ascertained potent inhibition of mediated
uptake by DNP, and to a lesser degree by
iodoacetamide, represent important criteria
in characterizing the process as active
transport.

To distinguish between binding and
transport of methadone, these phenomena
were investigated in a synaptosomal prep-
aration in which the vesicular structure has
previously been abolished. The latter state
was ascertained by lacking gradients for
potassium and sodium. In such synaptoso-
mal preparations, the uptake was low and
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its characteristics were markedly altered.

The residual radioactivity associated with
the disrupted synaptosomal preparation
was apparently due to binding of the drug.

Nonstereospecific binding of methadone to

albumin (26) and to tissue including syn-
aptosomes has been described earlier (27).
In these studies, percent binding of meth-
adone to human plasma albumin was rela-
tively independent of drug concentration,
and the partition coefficients buffer/albu-

mm and buffer/synaptosomes were vir-
tually identical.

A strong criterion for ascertaining car-
rier-mediated transport as the molecular
event under observation is the demonstra-
tion of countertransport in either direction
of membrane translocation (28). Methodo-
logical reasons render the demonstration of

countertransport during effiux easier than

in the course of uptake (29). We have pre-
viously described this phenomenon during
both uptake and exodus of CNS-acting

drugs in leukocytes (9) and in the iso-
lated retina (11). In synaptosomes, marked
transacceleration of radiolabeled metha-
done exodus was obtained by unlabeled
drug present in the external medium.
Transacceleration of transmembrane trans-

port of a given permeant by other molecular
species suggests sharing of transport car-
niens by these compounds (29). While nor-

epinephrine, 5-hydroxytryptamine, and
morphine had no effect, desipramine, levor-
phanol and pentazocine facilitated metha-
done exodus from synaptosomes. Interac-

tion with identical carrier binding sites of
these compounds was further demonstrated

by their competitive inhibition of metha-
done uptake. Biogenic amines had no effect
on the latter process. It should here be

emphasized, as we have done in discussing

the kinetic relationship of the recently de-
scribed drug transport system in the iso-
lated retina (11), that future work should
investigate and assess the effect on distri-
bution kinetics of intracellular drug binding

to macromolecular reactive sites.
In many of its properties the active trans-

port of methadone in synaptosomes resem-
bled the transport processes for basic CNS
acting drugs described in leukocytes (9) and

in the retina (11). On the other hand, the
data presented strong evidence for dissim-
ilarity of the system for methadone and
that for biogenic amines in synaptosomes.
The characteristics of the accumulative
process for methadone described here un-

denline the pharmacological importance of
carrier-mediated drug transport. These sys-

tems can assume a regulatory role by alter-
ing the extracellular concentration and cel-
lular content of drugs, thus affecting the
equilibria of their interaction with mem-
bnane receptors and/or intracellular con-

stituents (30).
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SUMMARY

GRINDEY, GERALD B., MING C. WANG, AND JAMES J. KINAHAN. Thymidine induced

perturbations in nibonucleoside and deoxynibonucleoside tniphosphate pools in hu-
man leukemic CCRF-CEM cells. Mo!. Pharmacol. 16: 601-606 (1979).

The inhibition of growth of CCRF-CEM cells in culture by various concentrations of
thymidine was correlated with alterations in the intracellular concentration of deoxyri-
bonucleoside tnphosphates. With increasing growth inhibition, the concentrations of
dTTP, dGTP and dATP all increased while that of dCTP decreased somewhat. Although

there was a linear relationship between the decrease in growth rate and the concentration
of dCTP, the change in the pool of dCTP does not appear to be of sufficient magnitude
to account for the growth inhibition. The addition of deoxycytidine (3 to 10 �tM) completely

reversed the growth inhibition produced by thymidine. Higher concentrations of deoxy-
cytidine (20 �LM), however, again produced a 13% inhibition of growth rate in the presence
of thymidine. The intracellular concentrations of dCTP and dATP were equal to control

values; those of dTTP and dGTP were increased. The results indicate that small
perturbations in the deoxynucleosides triphosphate pools inhibit cellular growth and that
increases as well as decreases in these pools may inhibit DNA synthesis as mediated

through their interaction with DNA polymenase.

INTRODUCTION

Deoxynibonucleosides, especially thymi-
dine, are toxic to numerous mammalian
cells in culture (1-10) and this effect has

been attributed to feedback regulation on
ribonucleotide reductase by increased pools

of deoxyribonucleoside tniphosphates.

Evaluation of the characteristics of this en-
zyme isolated from bacterial (11, 12) or
mammalian (13) sources indicated that sub-
strate specificity and overall activity are
directly controlled by ATP, dTTP, dGTP

This investigation was supported by Public Health

Service Research Grant CA-17156 from the National

Cancer Institute.
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and dATP. For the mammalian enzyme,
dTTP activates the reduction of GDP to
dGDP while inhibiting the reduction of py-
nimidine nucleotides (13). The observed in-

crease in dTTP and dGTP with decreased
levels of dCTP following exposure of syn-

chronized Chinese hamster ovary cells in
culture to high concentrations of thymidine
led Bjursell and Reichard (8) to conclude
that the allosteric mechanisms shown with
the purified enzyme operate in intact cells.
They also reported that a decline in rate of

DNA synthesis was correlated in time with
the decrease in dCTP and that both of
these effects were reversed by the addition
of deoxycytidine to the culture medium (8).

0026-895X/79/050601-06$02.00/o
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Overall, the results suggested the possibility
that the size of the dCTP pool may have a

regulatory function for controlling the rate
of DNA synthesis (8).

More recently, Lowe and Grindey (9) de-
scnibed fluctuations in deoxyribonucleoside
triphosphate pools in L1210 cells under con-
ditions of variable inhibition of steady-state
growth induced by thymidine. In these

studies, there was no direct relationship
between the size of the dCTP pool and rate
of DNA synthesis. While there appeared to
be a direct relationship between the size of
the deoxynucleotide pools and growth rate
inhibition, the data suggested that the

mechanism of thymidine induced inhibition
of growth was more complex than simple
substrate limitation of DNA polymerase
(9). In the present study, the relationship
between the concentrations of nibonucleo-
tides and deoxynibonucleoside tniphos-
phates in CCRF-CEM cells and growth rate
inhibition induced by thymidine is further
evaluated.

MATERIALS AND METHODS

The CCRF-CEM human leukemia sus-

pension culture used in these studies was
obtained from DeWayne Roberts (14), St.

Jude Children’s Research Hospital, and
was derived from the blood of a patient
with acute leukemia that developed from

lymphosarcoma ( 15) . The cells were grown

by diluting the suspension to 1 x i0� cells!
ml every third day with Roswell Park Me-
monial Institute 1640 (RPMI 1640) me-
dium supplemented with 10% dialyzed fetal

calf serum (Grand Island Biological Co.).
For experiments, the medium was also sup-
plemented with the organic buffers N-2-hy-
droxyethylpiperazine-N’-2-ethane-sulfonic
acid (20 mi�i) and morpholinopropane-sul-

fonic acid (10 nmi) (Sigma) to stabilize the
PH at 7.3; these buffers did not inhibit the
growth of CCRF-CEM cells at these con-

centnations. Under these conditions, the
growth kinetics of CCRF-CEM cells were

relatively independent of inoculum density
and volume of the culture (16). The expo-
nentially growing CCRF-CEM cells were
harvested, extracted, and assayed enzymat-

ically for deoxynucleoside tniphosphates, as

previously described (9).

RESULTS

CCRF-CEM cells in culture can be grown

logarithmically in RPMI 1640 using 10%
dialyzed fetal calf serum with a doubling
time of 18 hours (16). Under these condi-

tions the cells achieve an 8-fold increase in
cell number during 56 hours of incubation.
The addition of increasing concentrations
of thymidine to the culture medium inhibits
the growth of these cells achieving a spec-

tnum of steady-state growth rates (Fig. 1).
After 45 hours of incubation, the CCRF-

CEM cells were harvested, deoxynucleoside

triphosphate pools extracted and the

changes in these poois were correlated with
the changes in growth rate. As shown in
Figure 2, the addition of 5 �tM thymidine to

the culture medium achieved only a 5%
decrease in growth rate; 40 �iM thymidine

inhibited by 73%. As expected, the intracel-
lular concentration of dTTP increased sub-
stantially, reaching eight times the control
value at 40 �tM thymidine, while the pools

of dGTP and dATP also increased 3-5 fold.
Only a 42% decrease in the concentration

of dCTP was observed in this cell line at a
concentration of thymidine that produced
a 73% inhibition of growth rate. Alterations
in the concentration of nibonucleoside tn-

phosphates induced by thymidine are sum-

marized in Figure 3. The concentration of
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determined by comparison with control slopes after 45
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all four triphosphates increased in direct

proportion to the inhibition of growth rate
and reached 225-245% of control values at

62% inhibition. For example, CTP levels
increased from 663 to 1494 picomoles per
106 cells. The concentration of the ribonu-

cleoside diphosphates also increased in a
comparable manner.

The toxicity of thymidine against mam-

.: malian cells in culture is completely pre-
vented by the addition of deoxycytidine to
the culture medium (4, 6, 8, 9). The ability
of deoxycytidine to reverse the growth nate
inhibition of CCRF-CEM cells by thymi-

dine along with perturbations in the deox-
yribonucleoside triphosphate pools is
shown in Figure 4. The effects of 32 MM

thymidine alone on growth rate and deox-
ynucleoside pools was evaluated within this
experiment for direct comparison. The ad-

dition of 2 MM deoxycytidine in combination

with 32 MM thymidine almost completely
prevented the growth rate inhibition (98%
of control) and increased the dCTP pools
up to control values. Moreover, there was
a substantial decrease in the pools of dTTP,
dATP and dGTP with dATP returning to
control values. At 3 MM deoxycytidine, no
growth rate inhibition was detected and the
dCTP pools remained constant. The pools

of the other deoxynucleotides decreased
slightly. The addition of higher concentra-
tions (20 MM) of deoxycytidine in combina-

tion with thymidine again resulted in a 13%
inhibition of growth rate with no detectable
change in the pools of dCTP. The pools of
dTTP and dGTP were slightly increased
over those found under conditions of full
reversal of the growth rate inhibition pro-

duced by thymidine. This unexpected in-
hibition of growth and pool size changes
was confirmed in a separate experiment.

� -Q-�- �-0

�
-‘-1 /� - ‘ -
0 2 3 6 0 20

CdR(�N)+ TdR(32�M)

FIG. 4. Relationship between growth rate inhibi-

lion and induced perturbations in the deoxynucleo-

side triphosphatepools by combinations of thymidine

and deoxycytidine

The experimental conditions and symbols are de-

scribed in the legend to Figure 2.
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The four nibonucleoside triphosphate pools
each decreased with deoxycytidine addition
and remained only slightly above control

values at 20 MM deoxycytidine (data not
shown). Higher concentrations of deoxycy-
tidine did not produce any additional
growth rate inhibition in the presence of
thymidine.

DISCUSSION

Previous studies in L1210 cells relating

growth rate inhibition induced by thymi-
dine or deoxyguanosine and deoxyribonu-

cleoside tniphosphate pools indicated a re-
lationship between these pools and the rate

of DNA synthesis (9). Growth inhibition by
thymidine resulted in increased pools of
dTTP and dGTP, while dCTP and dATP
pools decreased somewhat. Deoxyguano-
sine inhibition of growth was associated
with decreased dTTP and dCTP pools, un-

changed dATP pools and elevated concen-
trations of dGTP. However, the results in-
dicated that the relationship between these
pools and DNA synthesis was more com-

plex than simple substrate limitation of
DNA polymerase; the decreases in limiting

pools were not of sufficient magnitude to
account for the observed cell growth inhi-
bition (9).

In this study using CCRF-CEM cells,
thymidine inhibition of growth resulted in
increased pools of dTTP, dGTP and dATP
while that of dCTP decreased somewhat
(Fig. 2). Under these conditions, only mod-
enate increases in the ribonucleotide pools
were observed (Fig. 3). Although the de-

crease in dCTP was in direct proportion to
growth rate inhibition, the changes appear
too small to account for this inhibition,

even assuming that only the pool of dCTP
is limiting for DNA synthesis (Fig. 2). As-

suming that dCTP is limiting for DNA syn-
thesis, and below Km, and that the system
behaves in a Michaelis-Menton fashion,
then a 50% reduction in dCTP should pro-
duce only 50% decrease in the rate of DNA
synthesis. At dCTP concentrations at on
above Km, an even larger decrease in the
dCTP pool would be required to produce a
comparable inhibition. Using a similar ap-
proach to data analysis, Nazar et a!. (17)

were able to conclude that nibonucleoside

triphosphate pools were not limiting for

RNA polymerase activity in E. coli. Thus,
the reduction in dCTP pools from 53 pico-
moles per 10� cells to a level of 31 picomoles
per 10� cells seems insufficient to account
for a 73% reduction in growth rate. Because
the other deoxynucleoside triphosphate
pools all increased, such an analysis also

indicated that the increased deoxynucleo-
side tniphosphate pools may be partially
responsible for the observed growth rate
inhibition.

Alterations in deoxyribonucleoside tri-
phosphate pools under conditions of rever-
sal of the thymidine induced inhibition of

growth by deoxycytidine lends additional
support to this proposal (Fig. 4). While
addition of deoxycytidine to the culture
medium increased the pool of dCTP back
to control values, a dramatic decrease in
the concentrations of dTTP, dGTP and
dATP was also observed. In CCRF-CEM

cells, the addition of 20 MM deoxycytidine in
combination with thymidine results in 13%

inhibition of growth rate (Fig. 4). Under

these specific conditions, the concentra-
tions of dCTP and dATP are identical to

control values, while the pools of dTTP and
dGTP are both increased over control.
Thus this growth rate inhibition cannot be
attributed to a depletion in the concentra-
tion of any of the deoxynucleoside triphos-
phates. This effect of deoxycytidine was not

observed in similar studies using L1210 cells
in culture (9).

Lowe et al. (10) recently evaluated the

effects of deoxyadenosine on nucleotide
pools and cellular cytotoxicity using
L5178Y cells in culture. The significant

changes in the intracellular concentration
of deoxynucleoside triphosphates during
substantial growth inhibition were an in-
crease in CIATP and a decrease in dCTP.
The addition of deoxycytidine to the
growth medium along with the deoxyaden-
osine resulted in dCTP, dTTP and dGTP
levels that were comparable to control val-
ues. However, the increase in dATP and
growth inhibition were not altered. Thus
Lowe et a!. (10) concluded that this inhibi-
tion resulted from increased poois of dATP
rather than reduced pools of deoxynucleo-
side triphosphate required for DNA synthe-




