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ABSTRACT

Cell cycle-specific fluctuations in the ability of human leukemic
cells to phosphorylate 1-0-D-arabinofuranosylcytosine (ara-C) to
the toxic metabolite 1-/3-o-arabinofuranosylcytosine 5'-triphos-

phate (ara-CTP) was investigated in whole cells and in cell
extracts. Exponentially growing CCRF-CEM cells were fraction

ated into populations enriched for GÃ¬phase cells and S phase
cells by centrifugal elutriation. The accumulation of ara-CTP by
S phase-enriched cells was 50% greater than in d-enriched
cells. However, the ability of extracts of S phase-enriched cells
to phosphorylate ara-C was twice that of GÃ¬phase-enriched cell
extracts. As cells passed from G! to S phase, this disproportion-

ality was significant.
As demonstrated in other cell types, deoxycytidine 5'-triphos-

phate (dCTP) also potently inhibited ara-C phosphorylation in
CCRF-CEM cell extracts (K, = 5.9 MM)- Deoxynucleotide pool

levels determined by high pressure liquid chromatography
showed a 5 MMdCTP concentration in Gi-enriched cells, whereas
S phase-enriched cells contained 15 MM dCTP. These findings

suggest that the lack of proportionality between the accumula
tion of ara-CTP in whole cells anÂ£the increase of ara-C phos

phorylation in extracts during the GT to S phase transition may
be caused by more stringent regulation of ara-C phosphorylation

in whole cells by the concomitant increase in cellular dCTP
concentrations. Because such regulation is unlikely to be ob
served in cell extracts, these results indicated that assays of
ara-C phosphorylating activity in cell extracts represent upper
limits for that function in whole cells. Such determinations may
not reflect the regulated nature of the metabolic pathway.

INTRODUCTION

ara-C3 is the major drug in the successful treatment of acute

nonlymphoblastic leukemia (1). Complete remission rates up to
80% and extended remission durations are now achieved with
ara-C in combination chemotherapy regimens (2). ara-C is an

inactive prodrug, however, that requires phosphorylation to the
triphosphate, ara-CTP, for cytotoxicity (3). The initial step of this
pathway, phosphorylation to ara-CMP by dCK (4-8), is believed
to be rate limiting to ara-CTP formation (9). Furthermore, dCK
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activity is known to be subject to regulation by dCTP (4,10-14).
dCTP is of additional significance to the action of ara-C because
ara-CTP competes with dCTP in the inhibition of DMA polymer-

ase (15,16) and for incorporation into DMA (17). These compet
itive interactions may explain the observed correlations between
expanded cellular dCTP pools and resistance to ara-C (18-22).

However, cell cycle-specific fluctuations in enzyme activity and

nucleotide pools have complicated efforts to understand these
interactions. The activity of dCK assayed in cell-free extracts

was found substantially increased as cells passed from G, to S
phase (23-27). Similarly, the cellular pools of dCTP were found
elevated in S phase-enriched populations (28-33). Because
dCTP may regulate the activation of ara-C and appears to be a
direct antagonist in the mechanism of toxicity of ara-CTP, a

knowledge of the interaction of these elements would be impor
tant to a better understanding of the action of ara-C. We inves
tigated, therefore, the effect of cellular dCTP in the regulation of
dCK activity, as determined by the accumulation of ara-CTP in

intact human leukemic cells as they progress from GÃ¬to S phase.

MATERIALS AND METHODS

Chemicals. ara-C was purchased from P-L Biochemicals, Inc., Mil

waukee, Wl, and deoxyribonuclease I and dCTP were purchased from
Sigma Chemical Co., St. Louis, MO. RPMI 1640 growth medium with
glutamine and fetal bovine serum were obtained from Grand Island
Biological Co., Grand Island, NY. Tetrahydrouridine was generously
provided by Dr. V. L. Narayanan, Drug Synthesis and Chemistry Branch,
National Cancer Institute. [5,6-3H]ara-C, purchased from Moravek Bio-

chemicals, Inc., Brea, CA, was found by HPLC to be >98% pure and
was used without further purification. EDTA, NH4H2PO4,and HCIO4 were
purchased from Fisher Scientific Co., Fair Lawn, NJ.

Cells. A human lymphoblastic T-cell line, CCRF-CEM, was used

throughout this study (34). Cells were maintained in exponential growth
in 175-cm2 flasks in RPMI 1640 supplemented with 5% fetal bovine

serum.
Enrichment of G, and S Phase Cell Populations by Centrifugal

Elutriation. Exponentially growing cells (2-6 x 108) were suspended in

15 ml of RPM11640 supplemented with 5% fetal bovine serum containing
20 fig of DNAse I/ml (34) and were loaded onto a Beckman model J-6B

centrifugal elutriator (Beckman Instruments, Palo Alto, CA) equipped with
a standard horizontal chamber. Elutriation was done at a rotor speed of
1800 rpm and flow rates between 5 and 50 ml/min in 18 fractionated
steps at 4Â°C.Number of cells and the mean cell volume in each 50-ml

fraction were determined with a Coulter counter equipped with a particle
sizing instrument (C-1000, Coulter, Inc., Hialeah, FL).

Pulse Flow Cytometry. The number of cells in the d, S, and G2 + M
phase of the cell cycle was determined with an Ortho ICP-21 pulse

cytophotometer after staining with ethidium bromide and mithramycin as
previously described (36).

Determination of ara-CTP in Leukemic Cells. Exponentially growing
cells, 5 x 105/ml, were incubated in RPM11640 supplemented with 5%
fetal bovine serum at 37Â°Cwith 25 or 100 Â¿Â¿Mara-C for 0.5 to 3 h. After

incubation, the cells were immediately placed in an ice slurry and frac-
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tionated by centrifugal elutriation as described above. When cells were
occasionally fractionated before incubation with ara-C, no significant
difference in ara-CTP accumulation was seen upon subsequent incuba
tion with ara-C. Cells were recovered by centrifugation at 450 x g for 5
min at 4Â°C.After the supernatant was discarded, leukemic cells were

resuspended in 0.5 ml of phosphate-buffered saline (8.1 g of NaCI, 0.22

g of KCI, and 1.14 g of Na2HPO4/liter of H2O at pH 7.4). Nucleotides
were extracted by adding 0.5 ml of 0.8 N HCIO4 during vigorous mixing.
Following centrifugation the supernatant was saved and the pellet was
reextracted with 0.5 ml of 0.4 N HCI04. The supernatants were pooled
and neutralized with 57 to 60 /Â¿Iof 10 N KOH containing 0.16 M K2HPO4,
and the pH was adjusted to 7 with 1 N KOH. KCIO4 was removed by
centrifugation and the supernatants were stored at -20Â°C until analysis.

ara-CTP was separated from endogenous ribonucleotides by HPLC
(37). A volume of HCIO4-soluble extract corresponding to 5 x 10s cells

was injected on a Partisil-10 SAX anion-exchange column (4 x 250 mm;

Whatman, Inc., Clifton, NJ). Nucleotides were separated by using a
concave gradient of phosphate buffer. Starting with a mixture of 65%
buffer A (0.005 M NH4H2PO4, pH 2.8) and 35% buffer B (0.75 M
NH4H2POâ€ž,pH 3.5), a gradient was run for 30 min to 100% buffer B
following curve 9 by a Waters model 720 system controller (Waters
Associates, Milford, MA) at a flow rate of 3 ml/min. The retention times
for nucleoside triphosphates were: CTP, 11 min; ara-CTP, 15 min; UTP,

18 min; ATP, 23 min; and GTP, 32 min. Nucleotides were detected by
UV absorption at 280 nm with a Waters model 481 liquid Chromato
graphie spectrophotometer. Base-line drift was minimized during gradient

elution if the column was purged with 30 ml of 2 M NH4H2PO4and treated
with 0.1 ml of 0.1 M disodium EDTA each day before use. The amounts
of ara-CTP and endogenous nucleotides were measured by integrating

the area under the peak with a Waters model 730 data module that had
been programmed with previously determined standard curves. The
concentration of nucleotides in the leukemic cells was calculated by
dividing the quantity of nucleotides in each sample analyzed by the
number of cell equivalents in the extract and by the mean cell volume.
Although these calculations take into account differences in mean cell
volume between G, (730 fl) and S (1140 fi) phase cells, they also assume
that nucleotides are uniformly distributed in cell water.

The mono-, di-, and triphosphate derivatives of ara-C and natural

cellular nucleotides were separated by the following procedure. Cells
were incubated with [3H]ara-C (100 MM, 1 Ci/mmol) during 2 h at the

conditions described above. Nucleotides were extracted as reported
above and the phosphorylated ara-C products were separated by HPLC.

Using the same buffers as above, a linear gradient was run at 2 ml/min
for 40 min between 0 and 100% buffer B. Fractions of 1 to 2 ml were
collected and 10 ml of Hydrofluor (National Diagnostics, Sommerville,
NJ) were added to 0.5 ml of each fraction. Radioactivity was determined
in a Beckman LS 5801 liquid scintillation counter at a counting efficiency
of 60%.

Determinations of Deoxynucleotides. Perchloric acid extracts were
evaporated to dryness in an Evapomix volume reduction apparatus
(Buchler Instruments, Fort Lee, NJ). Ribonucleotides in the extracts were
degraded by treatment with NalO4 as described by Neu and Heppel (38).
Deoxynucleotides were separated from each other, ara-CTP, and perio

date degradation products by HPLC as previously described (39). Reten
tion times of deoxynucleoside triphosphates were dCTP, 24 min; dTTP,
31 min; dATP, 34 min; and dGTP, 39 min. Deoxynucleotides were
quantitated and the cellular concentration was calculated as described
above.

ara-C Phosphorylation in Cell Extracts. Preparation of the sonicated
cell extracts and determination of the phosphorylation activity of ara-C
with DE-81 anion-exchange filter discs was performed according to the
method of Saunders and Lai (40), except with [3H]ara-C (100 nM, 1 Ci/

mmol) was used as substrate and tetrahydrouridine was added to the
reaction mixture to a final concentration of 100 Â¿IMto prevent ara-C

deamination. The reaction was started by adding 10 M' of cell extract
containing 4 to 20 ^g of protein. Duplicate determinations were made

for all time points. The reaction was linear up to 30 min. A unit of ara-C
phosphorylating activity was expressed as 1 pmol of ara-C phosphoryl-

ated/min/mg of protein with serum bovine albumin as a standard. To
identify the reaction products, a 50-^1 portion of the reaction mixture
was applied to a DE-81 disc, washed, and dried as previously described

(40). The reactants retained on the disc were removed by soaking in 1.5
ml of 0.5 M ammonium acetate for 30 min. The HPLC method described
above for the separation of mono-, di-, and triphosphates was used to

separate reactants, except that H2O was used in place of buffer A.
Statistical Methods. The paired f test was used to evaluate the

significance of the difference between the rates of ara-CTP accumulation
in whole G, and S phase-enriched cells, the difference of the phospho
rylation activity of ara-C between GÃ¬and S phase-enriched cell extracts,

and the difference in dCTP concentrations in G, and S phase cells. The
two sample t test was used to evaluate the significance of the differences
in cell cycle phase of ara-C phosphorylation activity in cell extracts and
in ara-CTP accumulation in whole cells (41).

RESULTS

Accumulation of ara-CTP by Intact Cells. Analysis of expo
nentially growing CCRF-CEM cells by pulse-flow cytometry in

dicated a cell cycle phase distribution as follows: G,, 60%; S,
35%; G2 + M, 5%. Incubation with 100 Â»Mara-C for 1 h did not
significantly alter this distribution (34% cells in S phase after
incubation). Fractionation of exponentially growing cultures by
centrifugal elutriation yielded cell populations that were enriched
to more than 75% G, and more than 55% S phase cells in each
of 11 experiments (Fig. 1). Cell populations enriched to these or
greater levels were used in all comparisons.

Intracellular accumulation of ara-CTP was linear for up to 3 h

in predominantly d phase cells and in S phase enriched popu
lations during incubation with ara-C (Fig. 2). However, ara-CTP

accumulated at a substantially higher rate in the S phase cells.
In an average of five determinations the rate of ara-CTP accu
mulation by S phase-enriched cells (253 ^w/h) was significantly
greater than that of d-enriched cells (167 MM/h) (Table 1). The
rate of accumulation of ara-CTP was similar when the cells were
incubated with either 25 or 100 UMara-C. This is consistent with
previous observations, which indicated that the rate of ara-CTP
accumulation was saturated at exogenous concentrations of
ara-C in excess of 10 //M (42, 43).

Evidence from other laboratories suggests that phosphoryla-
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Fig. 1. Flow cytometric analysis of Å“il cycle enriched populations of CCRF-

CEM cells. The DMAcontent of cell populationsenrichedfor GÃ¬(A)or S phasecells
(B) by centrifugal elutriations shown in the histograms. A, G,, 80%; S 18%- G2+
M, 2%. B. G,, 30%; S, 61%; G2+ M, 9%.
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Fig. 2. Accumulation of ara-CTP in whole CCRF-CEM cells during incubation

with 100fiM ara-C.

Table 1
Comparison of ara-CTP accumulation in whole cells enriched for G, and S phase

and the activity of ara-C phosphorylation in extracts prepared from G, and S

phase enriched cells

Cell cycle phase s - G,

G, S G,

253 Â±35 0.52

1.03

<0.0005

<0.005

Accumulation ot ara-CTP 5 167 Â±24'

in whole cells (^M/h)
Phosphorylation of ara-C 3 1.23 Â±0.34 2.50 Â±0.23

in cell extracts (pmol/
min/mg protein)

P 0.05
a Mean Â±SD.

tion of ara-C by dCK is the rate-limiting step in ara-CTP formation

(9). Separate determinations have demonstrated that the deg
radation of ara-CTP in intact CCRF-CEM cells washed free of
exogenous ara-C occurred with first-order kinetics at a rate of
about 5%/h (not shown). Therefore, the rates of ara-CTP accu

mulation shown in Table 1 were taken as a measure of dCK
activity in cell-cycle phase enriched populations of whole cells.
To obtain additional evidence that ara-C phosphorylation was
indeed the rate-limiting step in the formation of ara-CTP by
CCRF-CEM cells, HCICvsoluble extracts of whole cells that had
been incubated for 2 h with 100 tÂ¡M[3H]ara-C were analyzed for

total metabolites. Under the conditions described, ara-CTP com
prised 87% of the cellular ara-C nucleotides while ara-CMP and
ara-CDP were 3 and 10%, respectively. Although ara-UDP and
ara-UTP were separated from the respective ara-C nucleotides

by this Chromatographie system, no evidence for the presence
of either ara-UDP or ara-UTP nucleotides was obtained.

Phosphorylation of ara-C by Cell Extracts. The capacity of
extracts prepared from GÃ¬and S phase-enriched populations to
phosphorylate ara-C is presented in Table 1. In three separate
experiments, the phosphorylation of ara-C by extracts of S
phase-enriched populations was twice as high as that of extracts
from Gi-enriched cells. Analysis of the reactants retained by the
anion-exchange-impregnated disc used in these assays indicated
that 78% of the product was ara-CTP. These data complement

those obtained from whole cells in indicating that phosphorylation
of ara-C is the rate-limiting step in ara-CTP formation. In agree
ment with other studies (4-8), kinetic analysis of the phospho
rylation reaction indicated an apparent Kmfor ara-C of 38 /IM (not

Comparison of nucleotide triphosphate concentrations in CCRF-CEM cells
enriched for GÃ¬and S phases

Correction was made for the difference in mean cell volume (730 and 1140 fl,
respectively) between cells in G, and S phase as described in "Materials and
Methods"

Nucleo
tidedCTPdTTPdATPdGTPCTPUTPATPGTPCellular

nucleotide concentration
(ttu) (mean Â±SD)n33332222GÃ¬

phase5Â±283

Â±2938
Â±1318Â±7550

Â±1941160
Â±4543134

Â±1147654
Â±63S

phase15Â±4139

Â±3344
Â±519Â±3621

Â±101239
+4533532

Â±1160778
Â±30P<0.05<0.05

shown). The effect of dCTP on ara-C phosphorylation by extracts
of exponentially growing CCRF-CEM cells was also determined.

Consistent with previous reports of dCK activity from other cell
types (11, 12, 14), dCTP exhibited noncompetitive inhibition of
ara-C phosphorylation by CCRF-CEM cell extracts with an ap

parent KÂ¡of 5.9 /iM.
Cellular Nucleotide Concentrations. Because of the inhibitory

action of dCTP on ara-C phosphorylation, and the observed cell-

cycle phase differences of this activity in whole cells and cell
extracts (Table 1), we determined the cellular concentrations of
dCTP in GÃ¬and S phase-enriched cell populations. The averaged

results of three experiments are presented in Table 2. The cellular
concentrations of each deoxynucleoside triphosphate tended to
increase as cells passed from GÃ¬to S phase, but the only
significant increases were seen in the pyrimidine nucleotides.
The cellular concentration of dCTP tripled to 15 U.Min S phase-
enriched cells and that of dTTP rose by 67%. The cellular
concentrations of ribonucleoside triphosphates also tended to
increase in S phase, but no significant differences were observed.

DISCUSSION

Comparison of the specific activity of dCK with the activities
of other enzymes that anabolize ara-C and its metabolites indi
cates that dCK represents the rate-limiting reaction in the metab
olism of ara-C to ara-CTP (9). The observation that dCK activity
increases during S phase (23-27) provides an additional rationale
for the specificity of action of ara-C on this portion of the cell

cycle. However, the concentration of dCTP, which strongly inhib
its ara-C phosphorylation, also increases as cells transit from GÃ¬
to S phase (28-33). dCTP is degraded and/or diluted during the

preparation of cell extracts for dCK assays. Therefore, it is likely
that the substantial inhibitory activity of this nucleotide on the
phosphorylation of ara-C is not reflected in broken cell assays.

To test this hypothesis, we sought to determine whether the
increase in ara-C phosphorylation observed in broken cell ex

tracts as cells pass from G, to S phase would be seen in parallel
determinations in whole cells. The cellular concentration of ara-
CTP was chosen as an indicator of the dCK activity in whole
cells based on the following considerations. First, CCRF-CEM
cells exhibit the capacity to accumulate high cellular concentra
tions of ara-CTP at a linear rate (Fig. 2). Similar rates of accu
mulation of ara-CTP in cells incubated with 25 or 100 MMara-C
indicate that the ara-C phosphorylation pathway is saturated at
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these concentrations (9, 42, 43). Second, because ara-C enters

the cell predominantly by a facilitated diffusion mechanism that
has high Km characteristics (44), uptake into the cell is unlikely
to limit the metabolism of the drug. Third, although ara-CTP has

some inhibitory effect on dCK in cell extracts (13, 23), the linear
accumulation of ara-CTP to >400 MM in whole cells (Fig. 2)

suggests that this potentially important regulatory mechanism is
not active at these ara-CTP concentrations in CCRF-CEM cells.
Fourth, the finding that ara-CMP and ara-CDP comprise less
than 3 and 10%, respectively, of the cellular ara-C nucleotides,
while ara-CTP represents 87%, suggests that the initial phos-
phorylation catalyzed by dCK is the rate-limiting step in intact
CCRF-CEM cells. Fifth, CCRF-CEM cells exhibit an exceptionally
slow rate of intracellular ara-CTP degradation after removal of
exogenous ara-C (tv, of elimination >8 h compared to <2 h for
HL-60, K562, and L1210 cells; data not shown). Thus the
endogenous rate of ara-CTP degradation is not significant rela
tive to its rate of production. Finally, incorporation of ara-C
nucleotides into DMA accounts for only 5% of the cellular ara-
CTP after 3-h incubation at ara-C concentrations ranging from

0.01 to 33 MM (data not shown). These potentially significant
pathways for ara-CTP depletion appear, therefore, to have a
minimal effect in CCRF-CEM cells. Therefore, the initial rate of
cellular accumulation of ara-CTP was judged to be an accurate

indicator of dCK activity in whole cells.
The accumulation of ara-CTP by exponentially growing cells

is known to be affected by the cellular dCTP concentrations (21,
45). The concentration of dCTP in the CCRF-CEM cells (Table
2) is high enough to exert a strong inhibitory effect on ara-C

phosphorylation. Furthermore, the concentration of dCTP is
three times greater in predominantly S phase cells than in GÃ¬
phase cells. Significant differences were observed between the
increase in the rate of ara-CTP accumulation by intact S phase
cells relative to that in GÃ¬phase cells and the increase of ara-C

phosphorylation activity in broken cell extracts of these popula
tions (Table 1). These observations may be explained by the
inhibitory effect of higher intracellular dCTP concentrations on
ara-C phosphorylation in S phase cells which do not affect broken

cell assays.
Earlier investigations have shown that dTTP, dUTP, and DTP

can partly reverse the inhibitory action of dCTP on ara-C phos

phorylation in broken cell extracts (7, 45). Besides dCTP, only
the cellular dTTP concentration increased significantly when
CCRF-CEM cells passed from d to S phase. The concentration
of dTTP in CCRF-CEM cells was about 50 times lower than the
concentration required to reverse inhibition of ara-C phosphoryl
ation in cell extracts when the ara-C concentration was 25 to

100 MM(23, 45).
These data indicate that dCTP exerts a strong regulatory

effect on ara-C phosphorylation in intact CCRF-CEM cells. The

increase of the dCK activity seen in extracts of cells passing
from GÃ¬to S phase is probably offset significantly by the inhibitory
effect of increased dCTP cellular concentrations. Cellular nucleo
tides are subject to degradation by nonspecific phosphatases
and their concentrations are diluted during the preparation of cell
extracts. HPLC analysis indicated that the dCTP contributed to
reaction mixtures by cell extracts would have resulted in a final
concentration of less than 0.1 MM. Therefore, the cell cycle-

specific inhibitory action caused by various dCTP cellular con
centrations are not likely to be observed in cell-free assays. This

probability should be considered in evaluations of tumor cell dCK
activity with respect to clinical response to ara-C-containing
treatment regimens. In this context, several investigations have
failed to reveal correlations between kinase activity in extracts
and response (43, 46, 47).

Finally, CCRF-CEM cells in GÃ¬phase were clearly able to
phosphor/late ara-C to ara-CTP (Table 1; Fig. 2). It is likely that
the ability of GÃ¬cells to retain inhibitory concentrations of ara-
CTP until they pass into S phase may be a crucial determinant
of the effect of ara-C on cycling d cells. Evidence in favor of

this possibility has been presented (48).
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