
[CANCER RESEARCH 51, 3733-3740, July 15, 1991|

Cellular Pharmacology of Cyclopentenyl Cytosine in Molt-4 Lymphoblasts
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ABSTRACT
The toxicity, uptake, and metabolism of the oncolytic nucleoside

cyclopentenyl cytosine (CPEC) have been examined in the Molt-4 line of
human lymphoblasts. This compound is known to be converted to its 5'-

triphosphate, which inhibits CTP synthetase and depletes the pools of
cytidine nucleotides. In the Molt-4 system, the concentration of drug
reducing proliferation by 50% in a 24-h incubation was between 50 and
100 UM.Cytidine, uridine, and nitrobenzylthioinosine almost fully pre
vented the cytotoxicity of CPEC when introduced shortly before or
together with the drug, but only cytidine was effective as an antidote
when added 12 h after 200 n\i CPEC. Studies of the cellular entry of
CPEC revealed that nitrobenzylthioinosine fully blocked this process
over a 60-s interval and for as long as 2 h, suggesting that the initial
interiorization was mediated by facilitated diffusion.

In Molt-4 cells incubated with tritiated CPEC, 9 metabolites could be
distinguished: prominent among these was cyclopentenyl uridine (CPEU),
the deamination product of CPEC; other major metabolites included the
5'-mono-, di-, and triphosphates of CPEC, and of CPEU, along with two
phosphodiesters provisionally identified as CPEC-diphosphate choline
and CPEC-diphosphate ethanolamine. When the accumulation of CPEC-
S'-triphosphate was measured as a function of concentration of the drug

in the medium, the process was found not to be saturable by levels of
CPEC up to 1000 nM. In cells incubated with 200 nM drug, CPEC-5'-

triphosphate accumulated rapidly and linearly for approximately 4 h, the
time for doubling of the concentration being 2 h. After a 16-h incubation
with 100 nM CPEC, the concentration of CPEC-5'-triphosphate was 50-

fold that of the parent drug in the medium and could be readily monitored
spectrophotometrically in high-pressure liquid chromatography effluents
without recourse to radiolabeled nucleoside. In 2-h incubations, the
concentration of free CPEC required to reduce CTP by 50% was 150 UM;
this corresponded to a CPEC-5'-triphosphate level of 750 nM. After
washout of extracellular CPEC, CPEC-5'-triphosphate decayed with a
half-life that ranged from 9 to 14 h. Twenty-four h after washout of 200
nM CPEC (the concentration of drug reducing proliferation by 80%),
cells had not resumed proliferation, and CTP pools were still depressed
by 90%. Cytidine, uridine, and nitrobenzylthioinosine all strongly re
pressed the anabolic phosphor) Union of CPEC when added to Molt-4
cells along with the drug. Although crude and partially purified cytidine
deaminases from several primate sources could deaminate CPEC, the
affinity and velocities of these enzymes were, in general, low with this
substrate. Since extracts of Molt-4 cells show low levels of CPEC-
deaminating ability, the source of the CPEU metabolites found in these
studies remains to be determined.

INTRODUCTION
CPEC2 is an analogue of cytidine in which the ribofuranosyl

moiety has been replaced by an unsaturated carbocyclic (cyclo-
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pentenyl) ring (1). The compound exhibits good activity against
the murine L1210 leukemia, as well as several human tumor
xenografts in nude mice (2); on this basis, CPEC is being
prepared for clinical trials. Preparatory to those trials, we have
examined the cellular pharmacology of CPEC in Molt-4 cells,
a line of human lymphoblasts. In addition, since the adminis
tration of CPEC is known to lead to accumulation of CPEC-
5'-triphosphate, a potent inhibitor of the biosynthesis of CTP

(3), we have also quantified the influence of time and drug
concentration on the pool size of CTP and dCTP in this human
cell line. A preliminary account of some of these studies has
appeared (4).

MATERIALS AND METHODS

Chemicals

CPEC (NSC 375575; Fig. 1) and CPEU (NSC 375574) were ob
tained from the Developmental Therapeutics Program, NCI. CPEC-
5'-triphosphate was prepared enzymatically (3) and provided by Dr.

Gil J. Rang of the NCI. The CPEC-MP was chemically synthesized
from CPEC and phosphorus oxychloride by a modification of a previ
ously described method (5) and was purified by paper chromatography
(Whatman 3MM paper; developed with ethanol:! M ammonium ace
tate, 620:380, v/v; Rf = 0.19). The product, CPEC-MP, quantitatively
liberated CPEC when treated with 5'-nucleotidase (Crotalus atrox

venom; Sigma Chemical Co.) or alkaline phosphatase (Escherichia coli,
Sigma) and was stable to hydrolysis with 3'-nucleotidase (rye grass;

Sigma). Nitrobenzylthioinosine, orotic acid, orotidine, and thymidine
phosphorylase (E. coli) were purchased from Sigma. Uridine phospho-
rylase was a gift from Dr. James D. Mover, formerly of the NCI.
Tetrahydrouridine (NSC 112907) and A'-(phosphonacetyl)-L-aspartate

(NSC 224131) were provided by Dr. Ven Narayaran of the Drug
Synthesis and Chemistry' Branch, NCI. All other reagents were of the

highest quality obtainable.

Radiochemicals

[5-3H]CPEC (specific radioactivity, 15 Ci/mmol) was prepared for

the Developmental Therapeutics Program of NCI by Research Triangle
Institute (Research Triangle Park, NC) and provided by Dr. R. Haug-
witz. [5-'H]CPEU was prepared from tritiated CPEC (supra) without

carrier by deamination with purified cytidine deaminase from green
monkey kidney. The product was purified by paper chromatography on
Whatman 3MM paper developed overnight with a solvent composed
of butanol:ammonium hydroxide:water (84:8:8, v/v/v). [6-'H]Thymi-
dine (25 Ci/mmol), [S-'Hjuridine (25 Ci/mmol), and [2-14C]uridine (50

mCi/mmol) were obtained from Amersham Corp. (Arlington Heights,
IL). IG-'HJValine (10 Ci/mmol) was purchased from ICN Radiochem

icals (Irvine, CA).

Cells

Molt-4 cells in logarithmic growth were used for the experiments
described herein. The cells were cultured at 37Â°Cin RPMI-1640 me

dium supplemented with 10% newborn calf serum and 50 jug/ml gen-
tamycin sulfate in an atmosphere of air:CO2, 95:5%. Cells were counted
with a model ZB1 Coulter Counter.

Preparation of Cell Extracts

After the appropriate incubation. Molt 4-cells were collected by
centrifugation at 1500 x g for 10 min. The centrifugation vessels were
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drained, and the adherent medium was removed by blotting. Cells were
then extracted with 500 p\ of 60% methanol (HPLC grade) by vigorous
vortex mixing and centrifuged at 12,000 x g for 2-3 min, and the clear
supernatant was used for HPLC analysis either immediately or after
storage at -70Â°C.

High-Pressure Liquid Chromatograph) of CPEC Metabolites

Gradient Anion-Exchange HPLC. Separation of the major phosphor-
ylated metabolites of CPEC including deaminated phosphorylated
products was performed using a modification of a method previously
described (6). Briefly, a Partisil SAX column (250 x 4.6 mm) was eluted
isocratically for 15 min with 0.01 Mammonium phosphate (native pH),
then with a 25-min linear gradient to 0.7 M ammonium phosphate
(native pH), and held at this concentration for 5 min; the flow rate was
2 ml/min throughout. The eluant was monitored for radioactivity and
UV absorbance (254 and 280 nm) using a Ramona Raytest model LS
flow-through monitor and a Waters model 440 absorbance detector,
respectively.

Isocratic Anion-Exchange HPLC. To resolve the parent nucleoside
and CPEU from their respective 5'-monophosphates and other early

eluting metabolites (cf. infra), isocratic elution using 0.01 Mammonium
phosphate (native pH) on a Partisil SAX column, following prolonged
equilibration (>4 h), was used. This HPLC method was used to isolate
each early eluting peak (retention time, <10 min, Fig. 3).

Reverse-Phase Chromatograph). For the separation and identifica
tion of the nucleosides CPEC and CPEU in cellular extracts and in
particular for the quantitation of CPEU in cytidine deaminase studies,
reverse-phase chromatography was performed using a Beckman Ultra-
sphere octadecylsilane column (250 x 4.6 mm, 5-^m particle size) with
a mobile phase of 0.01 M formic acid at a flow rate of 2 ml/min; the
retention times of CPEC and CPEU were 1.7 and 5.2 min, respectively.
Alternatively, a mobile phase of 0.1 M ammonium formate, pH 5.0,
pumped at 1 ml/min was used in experiments which monitored CPEC
incorporation into RNA. Here, the retention times for CPEC and
CPEU were 8 and 12 min, respectively.

Enzymatic Treatment of CPEC Metabolites

Identification of CPEC metabolites was carried out by selective
enzymatic treatment of cellular extracts. Lyophilized methanolic cell
extracts were Â«dissolved in 100 ^1 of 0.01 M Tris HC1, pH 9.0,
containing l IHMMgCl2, and 1.5 units of alkaline phosphatase, or 0.03
units of venom phosphodiesterase, was added to appropriate aliquots.
Samples were incubated for 6 h at room temperature, enzymes were
inactivated by heating at 95Â°Cfor 1.5 min, and aliquots were then

analyzed by HPLC.

Determination of Intracellular Ribonucleotides, 2-Deoxyribonucleotides,
l.-Glutamine, and i <.Intaniate

Cellular ribonucleosides-5'-triphosphate pools were determined us

ing the method of Reiss et al. (7). Deoxyribonucleoside triphosphate
pools were determined using the method of Garrett and Santi (8) with
minor modifications. Cellular L-glutamine and L-glutamate levels were
determined fluorometrically as previously described (9).

HO OH
Fig. 1. Structure of cyclopentcnyl cytosine.

Rates of Accumulation and Decay of the 5'-Triphosphates of CPEC

and CPEU

Molt-4 cells in logarithmic growth were incubated with 200 n\i ['HJ-

CPEC (0.3 iiCi/ml of cell suspension). At intervals, 10-ml aliquots of
the cell suspension were removed and centrifuged at 2000 x g for 10
min. The cell pellet was washed with normal saline and extracted with
0.4 ml of 60% methanol. A representative aliquot was analyzed by
HPLC and the eluant quantified for radioactivity using a Ramona flow-
through radiometrie detector. Twelve h following the addition of drug,
the cells were washed twice with fresh medium, resuspended at the
initial cell density, and sampled as described.

Inhibition of Macromolecular Synthesis by CPEC in Molt-4 Cells

Molt-4 cells were grown to a cell density of 5.3 x IO5 cells/ml.

Aliquots (50 ml) of this culture were treated in triplicate with 50 and
100 n\i CPEC for 24 h. The cells were then exposed to ['H]thymidine,
['Hjuridine. or ['H]L-valine, 5 ^Ci/ml for 30 min, and washed once

with saline, and the macromolecules were precipitated with 10% TCA.
The resulting pellets were washed 6 times with 10% TCA, 6 times with
60% methanol, and dissolved in 0.5 N KOH, and the incorporated
radioactivity was determined by scintillation spectrometry.

Cytidine Deaminase Studies

Extracts of representative mammalian organs were prepared by cen-
trifuging organ homogenates (in 50 irmi Tris-HCI, pH 8.4) at 12,000
x g for 6 min. A 50-^1 aliquot of supernatant was added to 500 n\ of
0.01 M CPEC in 50 mM Tris-HCI, pH 8.4, and incubated at 37Â°Cfor
1 h. The reaction was terminated by heating at 95Â°Cfor 1.5 min and

the mixture clarified by centrifugaron. HPLC analysis of a 20-^1 aliquot
of this supernatant using reverse-phase HPLC with a mobile phase of
0.01 M formic acid was carried out as described above. The apparent
Km and maximum velocity values for CPEC with crude cytidine deam
inase from human liver and kidney were determined in a similar manner
using a Lineweaver-Burk plot of the initial rates obtained during the
hydrolysis of 10% of the substrate (as monitored by HPLC), over a
substrate concentration range from 0.26 to 8.3 mM.

RESULTS

Cellular Toxicity of CPEC

Molt-4 cells in exponential growth were exposed for 16 h to
CPEC concentrations ranging from 10 to 1000 nM. The IC50
of the drug under the conditions of these experiments approx
imated 75 nM at 16 h. The IC50 value decreased linearly with
increasing duration of drug exposure, decreasing to 40 n\t at
48 h and to ~20 nM at 72 h.

Since CPEC interrupts the de novo synthesis of CTP from
UTP (3), we next examined the ability of preformed pyrimidine
nucleosides to counteract the cytotoxicity of the drug in vitro:
under the conditions of these experiments, cytidine, undine,
and orotidine (in 100- to 500-fold molar excess) proved to be
effective antidotes to the cytotoxicity of CPEC, whereas deoxy-
cytidine and deoxyuridine were decidedly less efficacious. The
purine nucleoside analogue NBMPR, which is a well-character
ized inhibitor of the facilitated diffusion of many ribonucleo-
sides (10), totally blocked the cytotoxicity of CPEC (Table 1).
Of interest is the observation that it was possible to rescue
Molt-4 cells from the cytotoxic action of CPEC well after
addition of the drug, by supplementing the culture medium
with cytidine. Thus, cells treated with 200 nM CPEC for 4 h
and then exposed to 25 UMcytidine exhibited a doubling-time
similar to control cells (Table 2). When the addition of this
counteragent was delayed up to 12 h after treatment with 200
nM CPEC, cytidine still proved capable of restoring a com-
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Table 1 Effect ofCPEC on the growth ofMolt-4 cells and influence of potential
antidotes

Agents potentially reversing the growth inhibitory effect of CPEC were incu
bated for 16 h at 25 n\i and were added 5 min before CPEC. Values given are
from a single representative experiment and have been rounded off: two additional
experiments yielded similar results. None of the counteragents alone produced
significant cellular toxicity under the conditions of these studies.

Treatment ICM (nM)

CPEC
CPEC + uridine
CPEC + deoxyuridine
CPEC + cytidine"
CPEC + deoxycytidine*

CPEC + nitrobenzylthioinosine
CPEC + orotidine
CPEC + CPEU

75
500

80
>1000

250
>1000

500
500

"This concentration of cytidine restored CTP pools to 85% of control under

the conditions of this experiment.
4 This concentration of deoxycytidine produced no demonstrable restoration

of CTP pools under the conditions of this experiment.

Table 2 Rescue of Molt-4 cells from the cytotoxkity of CPEC
Molt-4 cells in logarithmic growth were treated at / = 0 with 200 nM CPEC,

followed by the addition of reversing agent (25 JIM)at the time indicated.

TreatmentNoneCPECCPECCPECCPECCPECCPECCPECCPECCPECReversingagent"NoneNoneCvtidineNBMPRCytidineNBMPRCytidineNBMPRCytidineNBMPRTime

ofaddition
ofreversing

agent(h)448812122424Estimateddoublingtime(h)*24>2902239228422>29060>290

" Logarithmically growing cells treated with either cytidine or NBMPR in the

absence of CPEC doubled at a rate identical to cells receiving no treatment (data
not shown).

b Doubling times were estimated by determining the increase in cell number

24 h after the addition of reversing agent: however, when cells were treated with
reversing agents at 8 h, determination of doubling time was made 16 h following
this treatment. Values shown are from a single representative experiment.

pletely normal doubling-time (22 h). However, when this anti
dote was introduced 24 h after CPEC, less restorative influence
on cell growth could be observed. Conversely, NBMPR, al
though blocking CPEC cytotoxicity when added together with
the drug, was inactive as a reversing agent at later times, being
unable to sustain normal cell-doubling time even when added 4
h after CPEC.

Uptake of CPEC

As a first step toward our study of the mechanism of uptake
of CPEC by Molt-4 lymphoblasts, we examined the patterns of
interiorization of the drug alone and in the presence of appro
priate counteragents. Since the phosphorylation of CPEC was
variably operative in these experiments, and since such anabol-
ism converts CPEC to an impermeant species, these studies
reflect the net extent of penetration of CPEC into, and entrap
ment within, the intracellular space but not the true initial
velocity of uptake. Despite this constraint, it was clearly dem
onstrated that cytidine, uridine, and nitrobenzylthioinosine all
inhibited the entry of CPEC but that deoxycytidine was nearly
without influence on this process (Fig. 2).

Interruption of Macromolecular Synthesis by CPEC

Logarithmically growing Molt-4 cells were incubated with
CPEC at concentrations of 50 and 100 nM for 24 h to permit

CPEC nucleotide formation (vide infra) and then pulsed with
tritiated thymidine, uridine, or L-valine for 30 min. Trichloro-
acetic acid pellets were prepared and washed exhaustively, and
the residue was dissolved in 0.5 N KOH and incorporated
radioactivity measured by scintillation spectrometry. Under
these conditions macromolecular incorporation of thymidine
and uridine was reduced by 38 and 69%, respectively, in the
presence of 50 nM CPEC and by 93 and 87%, respectively, in
the presence of 100 nM CPEC; the incorporation of L-valine,
however, was only minimally depressed under identical condi
tions (by 12 and 29%, respectively).

The decrease in the incorporation of thymidine into macro-
molecules could be partially restored by the addition of certain
pyrimidine ribonucleosides. Thus, when Molt-4 cells were in
cubated with CPEC (300 nM) for 6 h, incorporation of thymi
dine was impeded by 94%. Under these experimental condi
tions, deoxycytidine and cytidine, added 6 h after CPEC and 5
min before tritiated thymidine, permitted a modest restoration
of incorporation, but uridine was without effect (Table 3).
Deoxyuridine and nitrobenzylthioinosine could not be exam
ined here because the former nucleoside is converted to thymi
dine and therefore diluted the specific radioactivity of the
exogenous tritiated thymidine, while the transport inhibitor
caused nearly total exclusion of exogenous thymidine.

Metabolism of CPEC

Anabolism

CPEC, as an analogue of cytidine. is susceptible to anabolic
as well as catabolic fates. To examine the former, exponentially
growing Molt-4 cells were incubated for 6 h with 20 nM tritiated
CPEC and extracted with 60% methanol, and the extracts were
subjected to chromatography on a Partisil-10 SAX column
using gradient elution with ammonium phosphate buffers. A
typical chromatogram is shown in Fig. 3. In addition to the
parent drug and its deaminated product CPEU, which eluted

30
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Time (hr)
Fig. 2. Inhibition of CPEC uptake by related nucleosides. Molt-4 cells were

centrifuged at 1000 x g for 10 min and resuspended in fresh RPMI-1640 medium
at a cell density of 3.3 x 10* cells/ml. Aliquots of 0.5 ml were then exposed to
73 nM |'H]CPEC in the presence and absence of 25 H.Minhibitor nucleoside for

time periods ranging from 5 min to 2 h. At each time point, the mixtures were
layered over 0.5 ml of prewarmed (37*C) Versilube F50 silicone fluid and

centrifuged at 12.000 x g for 3 min to separate cells from medium. The pelleted
cells were excised by means of a hot wire and dissolved in 100 /Â¿Iof l N NaOH
solution, and entrapped radioactivity was determined by liquid scintillation count
ing. Inhibitors: D, deoxyuridine: O. deoxycytidine; X, CPEU: â€¢uridinc: â€¢,
cytidine: A. NBMPR: A. saline control.
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Table 3 Influence of pyrimidines on the inhibilion oflhymidine incorporation
produced by CPEC

Cells were incubated with CPEC, 300 n,\i for 6 h at 37Â°Cand then pulsed with

saline or one of the countcragents at a final concentration of 25 /IM. After 5 min.
['I I]th>mulini-. I â€ž(imi. was added, and the cells were returned to incubation at
37'C. At 1 h, the incorporation of [JH]lhymidine was halted by the addition of
TCA to a concentration of 1"Â¿.The mixtures were agitated vigorously and 10-jil
aliquots were spotted on Whatman 3MM paper and developed in the ascending
mode with ethanol:formic acid:water (550:250:200). The polymerized products
which remained at the origin were excised, and radioactivity was measured by
scintillation spectrometry. For the calculation of c-Ãreversal, the observed inhibi

tion without CPEC produced by the pyrimidine counteragents alone were taken
into account. Shown are the mean results of quadruplicate samples from a typical
experiment. Essentially similar results were obtained in two additional studies.

ReversingagentCytidine

2'-Deoxycytidinc

Uridinc
CPEU
None
Cytidine
2'-Deoxycytidine

Uridine
CPEUCPEC(nM)0

0
0

0300

300
300
300300ct

inhibition of

thymidine
incorporation4

10
13
0

94
73
66
95
94%

reversal025Â«38"

12
0

Â°Significantly different from the control (CPEC minus any reversing agent) at

P < 0.001.

close to the void volume (~2 min), 8 acidic anabolites of CPEC
were resolved. Three of these metabolites corresponded to the
5'-mono, di, and triphosphates of CPEC. Enzymatic digestion

of Molt-4 extract with AP and PDE supported these assign
ments (Fig. 3, insets). Also, following collection and hydrolysis
with AP, all three of these peaks individually liberated CPEC
only, as judged by reverse-phase chromatography on an octa-
decylsilane column (not shown). In addition, the peaks denoted
as CPEC-DP and CPEC-TP were quantitatively converted to
CPEC-5'-monophosphate by treatment with PDE, confirming

their identification as higher phosphate esters of the title nucle-
oside. Similarly, the CPEU-containing peaks liberated only
CPEU when treated with AP and only CPEU-5'-monophos-

phate after digestion with PDE.
The remaining two metabolites were provisionally identified

as phosphodiesters of CPEC on the basis of the following
evidence. They were both wholly resistant to attack by AP but
were quantitatively decomposed to CPEC-MP after digestion
with PDE. Based on the metabolic precedent of the related
pyrimidine nucleosides arabinosyl cytosine (11,12) and dideox-

ycytidine (13), it is possible that these diesters are CPEC-DP
choline and CPEC-DP ethanolamine, but a definitive identifi

cation has not yet been made.
One other point merits presentation in connection with these

studies of CPEC-TP: when cells were incubated with concen
trations of CPEC >100 nM, the peak of CPEC-TP proved to
be sufficiently large that it could be monitored by UV detection
at 280 nm (Fig. 4). This feature proved valuable in several
studies to be described later and may also be useful in forthcom
ing clinical trials of CPEC.

With the identification of CPEC-TP as a major metabolite
of CPEC, we embarked on a characterization of the dose
responsiveness of its formation in Molt-4 cells incubated for 2
h with concentrations of the drug ranging from 25 to 1000 nM.
Fig. 5 illustrates the reciprocal relationship between increasing
cellular CPEC-TP concentrations and decreasing CTP levels at
increasing doses of CPEC. Interestingly, not even the highest
of these concentrations saturated the chain of enzymatic reac
tions responsible for the formation of CPEC-TP. (Neither

higher concentrations nor longer incubation times were exam
ined in these studies because of pronounced cytotoxicity.)

The rates of accumulation and decay of CPEC-TP in Molt-4
cells incubated with 200 nM ['H]CPEC are illustrated in Fig. 6,

left. It can be seen that the buildup of this nucleotide proceeds
rapidly and is linear for about 4 h, but after washout of extra
cellular ['H]CPEC, the triphosphate decays rather slowly, with

a half-life range from 9.3 to 14 h in separate experiments. Fig.
6, right, documents the buildup of CPEU-TP over time. The
apparent initial rate of this process is similar to that of CPEC-
TP, but the absolute concentrations of CPEU-TP achieved are
about 10-fold lower in magnitude. Noteworthy is the observa
tion that after washout of extracellular drug, CPEU-TP contin
ued to accumulate over time for about 4 h (a feature minimized
by the logarithmic scale used in this figure) and thereafter
plateaued instead of declining.

In a search for agents able to increase the anabolism of CPEC,
we incubated Molt-4 cells with tritiated drug along with a panel

of 11 modulators (25 /Â¿M),harvested and extracted the cells 16
h later, and assessed the formation of total phosphorylated
CPEC products. These experiments uncovered no agent with
the ability to substantially stimulate the accumulation of CPEC-
TP but several capable of repressing it: these included cytidine

1000

Fig. 3. Anion-exchange HPLC of CPEC
metabolites in Molt-4 cells. Molt-4 cells were
exposed to |3H)CPEC (20 n\t) for 6 h. Gra
dient elution HPLC of lyophilized mcthanolic
cell extracts (see "Methods and Materials")

was used to separate the phosphorylatcd and
deaminated tritiated metabolites of CPEC.
The eluant was monitored for radioactivity
with a flow-through scintillation detector.
Identical samples were analyzed by ion-ex
change HPLC following 6 h treatment with
PDE in Tris HO, pH 9 (A), AP in Tris HCI,
pH 9 (B). or AP and PDE in Tris HCI pH 9
(C). Control samples were incubated with
buffer only (no enzyme) but otherwise were
treated identically with the enzyme-treated
samples.
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ATP g

45 35 45 35 45 35 45

Time (min)

Fig. 4. Chromatograms of CPEC-TP formation and CTP decline in response
to dose of CPEC. Molt-4 cells at a cell density of 5 x 10*cells/ml were incubated

for 16 h at the indicated concentrations of CPEC: 0 (a). 100 (ft), 500 (c), and
1000 (</) nM. Cells were extracted with 60% methanol and analyzed by ion-
exchange HPLC. monitoring the eluant at 280 nm as described in "Materials and
Methods."

action of CPEC on CTP pools. When Molt-4 cells were exposed
to 300 HMCPEC, a rapid and sustained decrease in the intra-

cellular pools of CTP occurred. Compared to control samples,
CTP levels decreased by 50% in 1.4 h, which is in good
agreement with half-life data for the disappearance of CTP
provoked by CPEC in leukemia HL-60 cells (14), and by as
much as 80% after a 5-h exposure to CPEC (Fig. 8). However,
as exposure time to CPEC was increased, the CPEC concentra
tion required to reduce the cellular CTP pools by 50% also
decreased. Thus, at incubation times of 4, 16, 24, and 48 h the
concentration of CPEC needed to reduce the CTP by 50%
approximated 200, 100, 50, and 35 nM, respectively (data not
shown).

Because measurements of the impact of CPEC on net cytidine
nucleotide pools reflect the influence of the drug on the sum of
input into and degradation of these pyrimidines, a more dy-

200 400 600 800 1000

CONCENTRATION OF CPEC (nM)

Fig. 5. Effect of CPEC concentration on the formation of CPEC-TP and on
the pool size of CTP. Molt-4 cells were incubated with CPEC at the indicated
concentrations for 2 h. The intracellular concentrations CPEC-TP and CTP were
determined as described in "Materials and Methods." Data shown are the mean

of triplicate determinations. In no case did the individual values differ from the
mean by more than 5%.
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Fig. 6. Rate of accumulation and decay of CPEC-TP. Molt-4 cells in logarith
mic growth were incubated with 200 nM [3H]CPEC and collected at the times
indicated for measurement of nucleotides by ion-exchange HPLC. At the 12-h
time point, the cells were washed and resuspended in drug-free medium, and
nucleotide concentrations were determined at the time points indicated.

(94%), uridine (89%), and nitrobenzylthioinosine (88%) (Fig.
7).

Because CPEC-TP is a potent inhibitor of the conversion of
UTP to CTP in the reaction catalyzed by CTP synthetase, we
studied the effects of increasing doses of CPEC on cellular CTP
levels. At doses of 50, 100, and 150 nM, CTP levels decreased
to 38, 14, and 17% of controls, respectively, following 24-h
incubation. We next explored certain dynamic features of the
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MODULATORS
Fig. 7. Influence of modulators on the metabolism of CPEC. Molt-4 cells were

incubated for 16 h with [3H]CPEC (35 nM) either alone or in combination with

25 nM modulators. Methanolic cell extracts were prepared and subjected to
ascending paper Chromatograph) on Whatman 3 MM paper using ethanol:! M
ammonium acetate. 850:150. as solvent. Under these conditions the phosphory-
lated metabolites of CPEC and CPEU (all 8 acidic anabolites) remain slightly
above the origin, well separated from the parent nucleosides. The origin spots
were excised, and incorporated radioactivity was measured by scintillation spec-
trometry. PALA. iV-(phosphonacetyÃ¯)-i.-asparate.
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Fig. 8. Effect of CPEC on intracellular CTP levels in Molt-4 cells. Logarithm

ically growing Molt-4 cells were incubated with 300 nM CPEC at 37Â°C.Cells

were extracted at timed intervals and processed to determine the intracellular
pools of CTP using HPLC analysis as described in "Materials and Methods."
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namic approach was taken: cells were exposed to the drug for
21 h, pulsed with ['''CJuridine for 1 h, extracted, and treated

with PDE, and the appearance of label in the total cytidine
nucleotides was assessed by gradient ion-exchange HPLC. Un
der these conditions the concentration of CPEC required to
produce a 58% decrease in 14C-labeled total cytidine ribonucle-

otides was 18 nM, whereas the analogous concentration of the
drug required to halve the CTP pool was 48 nivi. Clearly, then,
the dynamic approach yielded a more sensitive index of the
potency of a drug as a cytidine antimetabolite.

Other Target Effects. Because CPEC-TP accumulates intra-
cellularly to concentrations approximately 100-fold those of
CPEC added to the extracellular space, and because the 5'-

triphosphates of many chemotherapeutic nucleosides are neg
ative regulators of ribonucleotide reducÃase,we monitored the
influence of CPEC-TP on the intracellular levels of the four
physiological deoxyribonucleoside-5'-triphosphates (Fig. 9).

The drug produced the anticipated dose-responsive decrease in
dCTP pools but. in addition, increased the concentrations of
dATP, dGTP, and TTP.

Cellular L-glutamine levels were elevated approximately 4.8-
fold after a 24-h exposure to 200 nivi CPEC (Fig. 10). Since
CPEC-TP inhibits CTP synthetase and since L-glutamine is the
nitrogen donor in this amidation, the expansion of the L
glutamine pool may be a reflection of underutilization of the
amide in this reaction, but other actions of the drug may also
contribute to this effect.

Incorporation of CPEC into Nucleic Acids. Inasmuch as
CPEC-TP is a ribonucleotide approximately isosteric with
CTP, it seemed probable that it might undergo incorporation
into RNA in lieu of its natural counterpart. Indeed, RNA
incorporation of CPEC was low [14.3 Â±5.1 (SD) fmol/Vg of
RNA] in exhaustively washed TCA-insoluble fractions of cells
exposed for 16 h to 30 n\i ['HJCPEC, compared to ['Hjcytidine
which was incorporated approximately 300-fold more exten
sively than CPEC in similar experiments. We also found that
the presence of 10 and 50 Â¿I.Mcytidine reduced the incorporation
of CPEC by 80 and 93%, respectively. After washout of CPEC

soo

400

g 300

200

100

100 200 300

Concentration of CPEC (nM)
Fig. 10. Cellular L-glutamine and L-glutamalc concentrations were determined

flurometrically (9) in Molt-4 cells incubated at the indicated concentration of
CPEC for 24 h. Control levels of L glutamine and t glutamate were 2.05 Â±0.28
and 1.45 Â±0.10 niM at 24 h. respectively.

Table 4 Deamination of CPEC by extracts of representative mammalian organs
and cells

Organ homogenates were prepared in Tris-HCI. pH 8.4. and then ccntrifuged
at 12.000 x g for 12 min; 50 Â¡i\of the supernatant were added to 0.5 ml of a 5
HIMsolution of CPEC in Tris-HCI. pH 8.4. and incubated for I h at 37'C. The
reaction was terminated by heating at 95' for 1 min and clarified by cenlrifugation.

and an aliquot of the supernatant was analyzed for the deaminated product.
CPEU. by means of reverse-phase chromatography with 0.01 M formic acid, as
described in "Materials and Methods."

OrganLiverKidneyMolt-4

cellsSpeciesMonkeyManMouseDogRatMonkeyMouseManDogRatManDeamination

rate(nmol/mg/h)69.717.03.73.3<0.535.716.412.5<0.5<0.5<0.l
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Fig. 9. Effect of CPEC on deoxyribonuclcolide pools in Molt-4 cells. Loga
rithmically growing Molt-4 cells were exposed to a range of concentrations of
CPEC al 37'C for 24 h. The cells were then extracted with 60r; methanol and
the cellular levels of dcoxyribonucleotides determined (see "Materials and Meth
ods"). Cellular levels in control samples for dATP. dCTP. dGTP. and dTTP were

51, 6.6. 12. and 24 Â¿Ã•M,respectively. Values shown are the means of duplicate
assays, with the value obtained in different assays varying by less than 10%.

from the medium, incorporated radioactivity decayed with a
half-life of ~12 h (data not shown).

To determine whether such incorporation involved CPEC,
CPEU, or some other species, the washed nucleic acids from
cells exposed to 30 nM ['HjCPEC were digested overnight with

pancreatic ribonuclease, PDE, and AP; the resulting digests
were analyzed by reverse-phase HPLC. Only CPEC and CPEU
were detected, in a ratio of CPEC:CPEU of 9:1. No incorpo
ration of label into DNA was observed, and no evidence of even
trace amounts of 2'-deoxy-CPEC-TP were observed in 0.03%

periodate-oxidized extracts of Molt-4 cells exposed to 30 nM
['HjCPEC for periods of up to 48 h (not shown).

Catabolism of CPEC

The principle catabolic fate predictable for CPEC would
entail its deamination by cytidine deaminase. Extracts from
mammalian organs which contain this enzyme demonstrate a
finite capacity to hydrolyze CPEC (Table 4). However, partially
purified cytidine deaminase from green monkey kidney deami-
nates CPEC at a rate that is only 1% of that measured with
cytidine or deoxycytidine as substrates. The affinity (Km) of
crude cytidine deaminase from human liver and kidney for
CPEC was >10 mM in both cases. Inasmuch as extracts of
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Molt-4 cells exhibit negligible ability to deaminate CPEC (Ta
ble 4), the source of CPEU monophosphate, CPEU diphos-
phate, and CPEU-TP shown on the chromatograms reproduced
in Fig. 3 is perplexing.

A further catabolic fate for CPEC might entail phosphoro-
lysis of the molecule. However, the two potent bacterial phos-
phorolytic enzymes, uridine phosphorylase and thymidine
phosphorylase, wholly failed to catalyze this degradative step,
and its operation in mammalian cells is rendered highly unlikely
in the light of the Chromatographie results presented earlier
which showed no radioactive CTP in cells exposed to [3H]-
CPEC; had cytosine been released phosphorolytically, nucleo-
tides containing this base would have been anticipated.

Metabolic Effects of CPEU

It has been established that l -ÃŸ-o-arabinofuranosyluracil, the
deamination product of the antitumor drug 1-/3-o-arabinofura-
nosylcytosine, can function as a biochemical modulator in its
own right (15). On the background of this precedent, we have
explored certain pharmacological changes seen in cells exposed
to CPEU. Data have been presented concerning the ability of
CPEU to interfere with the cellular entry, toxicity, and anabol-
ism of CPEC (Tables 1 and 4; Figs. 2 and 7). Here, it is relevant
to add that CPEU produced no cytotoxicity to Molt-4 cells at
concentrations up to 100 /Â¿M,a level three orders of magnitude
greater than the IC50of its precursor, CPEC. Failure to produce
cytotoxicity was not due to any resistance on the part of CPEU
for anabolic phosphorylation: CPEU-5 '-triphosphate was abun

dantly demonstrable in Molt-4 cells incubated for 16 h with
100 pM CPEU (data not shown, but see Fig. 3). Measurement
of nucleotides in these cells revealed no significant perturba
tions of ribonucleotide or deoxyribonucleotide pools (not
shown).

DISCUSSION

The present studies confirm the fact that CPEC is an antag
onist of cytidine and its nucleotides. At the nucleoside level,
CPEC competes with cytidine for entry into the intracellular
space and for phosphorylation by uridine/cytidine kinase; at
the nucleotide level, CPEC-5'-triphosphate is a potent inhibitor

of the enzymatic conversion of UTP to CTP in the reaction
catalyzed by CTP synthetase. This inhibition results in marked
reductions of the CTP pool which, in temporal terms, correlates
with the inhibition of cell growth produced by exposure to
CPEC. CPEC-TP might also compete with CTP for incorpo
ration into RNA, but a relationship between such incorporation
and the pharmacological effects of CPEC has not been
established.

Cytotoxicity studies with CPEC in Molt-4 cells confirmed
the potency of this compound, its IC50 being between 20 and
75 nM, depending on the duration of exposure. Since the IC50
of CPEC-5'-triphosphate toward its target enzyme CTP syn

thetase is approximately 100-fold this value [i.e., 6 Â¿IM(3)], it
might be assumed that some concentrative process would need
to be operative intracellularly to achieve the requisite inhibition
of the biosynthesis of CTP. Indeed, our studies establish that
CPEC-5'-triphosphate accumulates intracellularly to levels as

much as 100-fold those of the parent drug in the medium over
the course of an overnight exposure. A number of other pyrim-
idine antimetabolites, e.g., l-/3-D-arabinofuranosylcytosine,
2',3'-dideoxycytidine, and 2',2'-difluoro-2'-deoxycytidine also

undergo an analogous concentration in the cytoplasm (16-18).

The antidotal activity of pyrimidine nucleosides to the cellu
lar effects of CPEC has been previously reported (19) in human
colon carcinoma HT-29 cells. The fact that cytidine and uridine
were vastly more potent than their 2'-deoxy counterparts as

antagonists to the antiproliferative activity of CPEC suggests
that these ribonucleotides are competing with the drug for
phosphorylation by uridine/cytidine kinase (1) as opposed to
competing at the level of the pyrimidine "transporter." This

kinase shows little activity with deoxyribonucleosides but en
ergetically phosphorylates pyrimidine ribonucleosides (20), and
the latter, as a consequence, should compete effectively with
the unnatural cyclopentenyl nucleoside for activation. By con
trast, the system believed to be responsible for the entry of
CPEC has been shown to accept a variety of sugar-modified
pyrimidines with approximately equal avidity (6) and should,
as a consequence, be inhibited equally by deoxyribonucleosides
and ribonucleosides. That this is not the case, therefore, leads
us to assign the antidotal activity of uridine and cytidine more
to the kinase than to the transporting system. Contribution
from both sources cannot, however, be ruled out. That the
transport system is the major pyrimidine transporter and that
it operates by facilitated diffusion is supported by our findings
with nitrobenzylthioinosine, which nearly totally blocked both
short- and longer-term uptake of CPEC. This blockade is

believed to explain the ability of NBMPR to antagonize the
antiproliferative activity of CPEC (Table 1), as well as its
anabolic conversion to higher phosphates (Fig. 7).

High-pressure liquid chromatography on Partisil SAX and
octadecylsilane was instrumental in our resolution of the phos-
phorylated metabolites of CPEC. This technique showed that
the 5'-mono-, di-, and triphosphate of both CPEC and its

deamination product CPEU were formed abundantly in Molt-
4 cells incubated with tritiated drug. As a general rule, it was
the 5'-triphosphate of both of these pyrimidines which accu

mulated to the highest concentration in our studies, a result
which suggests that the so-called higher kinases are not rate
limiting in the successive phosphorylations involved in this
pathway.

Although we have provisionally identified two phosphodies-
ter metabolites of CPEC, on the basis of their resistance to
bacterial alkaline phosphatase and decomposition to CPEC-5'-

monophosphate (plus other products not yet identified) by
venom phosphodiesterase, it was unexpected that no diesters
of CPEU were detected in extracts of Molt-4 cells found to
accumulate abundant levels of CPEU-TP, despite the abun
dance of uridine phosphodiesters, such as UDP glucose and
UDP glucuronic acid, in this line of lymphoblasts. Apparently,
the cyclopentenyl moiety prevents the participation of CPEU-
TP in the process of conversion to these phosphodiesters.

Since CPEU can antagonize the cytotoxicity of CPEC, it
seems possible that this catabolite could modulate the actions
of CPEC in vivo. By analogy, l-/3-D-arabinofuranosyluracil, the
deamination product of l-/3-D-arabinofuranosylcytosine, be
haves as a moderately powerful biochemical modulator when
1-0-D-arabinofuranosylcytosine is used in high-dose protocols
in man (15).

Of the metabolites of CPEC identified in the present studies,
CPEC-5'-triphosphate is undoubtably the most important, be

cause, as the proximate antimetabolite form of CPEC, it is
directly responsible for the restrictions of CTP and dCTP pools
which ultimately result in a cessation of RNA and DNA syn
thesis. We have, therefore, characterized the dose responsive
ness of the formation of this nucleoside, and the rates of its
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appearance and decay over time with some care.
CPEC-TP accumulates rapidly, but decays rather slowly;

moreover within the limitations of the concentrations studied
here, triphosphorylation of the drug was not obviously saturated
at levels as high as 1000 nM. These features in turn might
suggest that under appropriate conditions, high bolus doses in
man could produce effects comparable to low-dose long term
infusions. Irrespective of the treatment regimen adopted in
man, it is tempting to speculate that the delivery of preformed
cytidine may be useful as a rescue strategy if and when severe
toxicity is seen Such rescue will, of course, depend on the
relative susceptibility of normal versus neoplastic cells as re
gards replenishment of CTP pools by means of exogenous
cytidine.

The source of the CPEU metabolites demonstrated in the
above studies has not been identified. Deamination of CPEC at
the nucleotide level, possibly by the action of deoxycytidylate
deaminase, seems unlikely in light of the lack of substrate
activity for this enzyme of ribonucleotide substrates such as
CMP. Moreover, Molt-4 cells show little ability to deaminate
CPEC as the parent nucleoside, probably because most human
hematopoietic cell lines, including the Molt-4 cell, contain
extremely low levels of cytidine deaminase (21). Nevertheless,
over time the activity of both of these enzymes may be sufficient
to generate the CPEU metabolites reported here.

Some mention should be made of the impact of CPEC on
deoxyribonucleotide pools and intracellular L-glutamine levels.
That the compound depleted dCTP pools is not surprising in
view of its effect on the precursors of the pools, CTP and CDP.
More difficult to explain is the basis for its augmentation of
the dATP. dGTP, and even TTP pools. Such augmentation
may be a simple consequence of the impediment of DNA
synthesis imposed by a paucity of dCTP. The 5-fold increase in
cellular L-glutamine levels in the presence of CPEC may be a
consequence of inhibition of CTP synthetase, but in view of the
relatively low specific activity of this enzyme, other sources
might also be contributory.

Finally, the incorporation of CPEC into nucleic acids merits
comment. Evidence accruing from present studies suggests that
such incorporation is almost exclusively into RNA and that,
compared to cytidine, it is quantitatively minor in extent. Not
investigated here, however, are the consequences of such incor
poration. Conceivably, the unusual cyclopentenyl ring could
impose steric constraints on a polymer containing it. However,
the metabolic consequences of such constraints are speculative
for the moment. It is relevant that the incorporation of CPEC
into the RNA of HCT 116 colon carcinoma cells was previously
reported to be similar in magnitude to the values presented here
(22).

In summary, the present experiments establish that cyclopen
tenyl cytosine produces a profound depletion of cytosine-con-
taining nucleosides in cells incubated with nanomolar concen
trations of the drug and that exogenous cytidine can rescue cells
so treated from the principal effects of this agent. It is thus
demonstrated that CPEC acts, in fact, as an general antagonist
of cytidine. Whether the incorporation of CPEC into nucleic
acids engenders consequences separate from depletion of cyti
dine nucleotides remains to be determined.
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