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ABSTRACT

The intracellular half-life for retention of the active triphosphate
metabolite 1-0-D-arabinofuranosylcytosine 5'-triphosphate (araCTP) of

l-/J-i>-arabinofuranosylcytosine was measured in vitro in blast cells from
patients with acute myeloblastic leukemia, acute lymphoblastic leukemia,
and I -roll lymphoblastic lymphoma. araCTP accumulation from 1 MMI-
0-D-arabinofuranosylcytosine in leukemic blast cells was closely corre
lated with the nucleoside transport capacity as measured by equilibrium
binding of pHjnitrobenzylthioinosine. The half-life of araCTP retention
was related to araCTP accumulation only when the level of araCTP was
expressed as a percentage of total intracellular 1-0-D-arabinofuranosyl-
cytosine metabolites. Accumulation of l-/)-D-arabinofuranosyluracil 5'-

monophosphate was inversely related to the half-life of araCTP retention
and directly related to dCMP deaminase activity in cell free extracts. No
conversion of 1-0-D-arabinofuranosyluracil to 1-0-D-arabinofuranosylu-
racil 5'-monophosphate was detectable in intact cells. The end product
of araCTP degradation was l-/9-D-arabinofuranosyluracil and it is pro
posed that conversion of 1-0-D-arabinofuranosylcytosine S'-monophos-
phate to 1-0-D-arabinofuranosyluracil 5'-monophosphate is a step in the
degradative pathway of araCTP. However, it is the cells' nucleoside

transport capacity which primarily determines the level of intracellular
araCTP accumulation.

INTRODUCTION
The incorporation of the nucleoside analogue, araC,3 into

DNA has been closely linked with the cytotoxic effect of this
drug on leukemic cells (1,2). Formation of araC-DNA requires
intracellular accumulation of araCTP which in turn depends on
multiple processes: membrane transport and anabolism of araC
to araCTP and degradation of araCTP to inactive metabolites.
The amount of araCTP accumulated from 1 /Â¿MaraC in leu
kemic cells isolated from patients varied over a 10-fold range
(3-5). Previous work from this laboratory investigated the role
of membrane transport (5-7) and araC anabolism (5) in limiting
the accumulation of araCTP. The rate of araC transport as well
as the accumulation of araCTP from l UMaraC was found to
be proportional to the number of membrane nucleoside trans
port sites as measured by the equilibrium binding of [3H]-

nitrobenzylthioinosine, which binds with high affinity and 1:1
stoichiometry to the nucleoside transporter (7). In contrast, no
correlation was found between araCTP accumulation and the
levels in cell free extracts of deoxycytidine kinase and pyrimi-
dine monophosphate kinase, two enzymes involved in the anab-
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olism of araCTP (5). This paper examines the role of araCTP
degradation in limiting the accumulation of araCTP as well as
proposing the pathway by which it degrades.

Rustum (8) demonstrated that differences in the sensitivity
to araC of tumor cell lines growing in mice were related to
differences in intracellular degradation of araCTP. The same
group has presented data suggesting that intracellular retention
of araCTP is a critical determinant of remission duration in
AML patients treated with regimens containing standard dose
araC (100 mg/m2/day x 7-10 days, continuous infusion i.v.)

(9, 10). The degradation of araCTP can be measured by first
incubating cells with [3H]araC after which further formation is

blocked in order to study the catabolism of araCTP. Previous
techniques used to block araC anabolism have included removal
of extracellular araC by cell washing (8-10), depletion of ATP
with iodoacetate (11), addition of large amounts of un labeled
araC, or addition of deoxycytidine, a potent competitor for the
phosphor yIniion of araC (12, 13). All these methods involve
either physical handling of the cells or possible perturbation of
intracellular metabolism. A simpler procedure is to add nucleo
side transport inhibitors such as NBMPR and NBTGR (14),
which prevent further formation of araCTP from extracellular
araC and allow the degradation of araCTP to be studied.

MATERIALS AND METHODS

Materials. [5-3H]araC, 3H2O, and [i/-'4C]polyethylene glycol 4000
were obtained from Amersham, Buckinghamshire, England. [3Hj-
NBMPR and [3H]araU were from Moravek Biochemicals, Brea, CA.

Unlabeled NBMPR and NBTGR were gifts from A. R. P. Paterson,
University of Alberta, Edmonton, Canada. Phthalate oil mix was pre
pared by blending 4 volumes of di-n-butyl-phthalate with 1 volume of
di-n-octyl phthalate (British Drug Houses, Poole, England). Polyethyl-
eneimine cellulose (PEI-C) thin layer plates were prepared as described
previously (15) using Avicel pHlOS in place of Avicel SF cellulose.

Isolation of Leukemic Blasts. Leukemic blasts were separated from
heparinized peripheral blood or bone marrow on Ficoll-Paque gradients
as previously described (7). Blasts were washed twice with imidazole-
bufferedsaline (145 IHMNaCI-5 IHMKC1-5 HIMimidazole-1 HIMMgClj)
containing 5 HIMglucose and 10 jig/ml deoxyribonuclease) and resus-
pended at 10 cells/ml. Viability of cells, as assessed by trypan blue
exclusion, was >98% at zero time and >95% after 4 h at 37'C.

Enumeration of Nucleoside Transport Sites. The number of nucleoside,
transporters on leukemic blasts was measured by the technique of
equilibrium binding of [3H]NBMPR. The maximum number of [3H]-

NBMPR binding sites per cell was determined as previously described
(7).

Half-Life of araCTP Retention. The cell suspension was preincubated
for 15 min at 37Â°Cand [3H]araC was added to give a final concentration

of 1 Â¿ÃM(0.2-0.6 iiCi/ml) and the suspension gently agitated for up to
4 h. A concentration of 1 Ã•Â¿MaraC was chosen because steady state
plasma levels during standard dose araC therapy are between 0.1 and
l UM (16, 17). AraCTP degradation was followed by the addition of
nucleoside transport inhibitors, NBMPR and NBTGR at 60 min to
give final concentrations of 45 and 15 fiM, respectively. NBMPR/
NBTGR insensitive araCTP accumulation was estimated by incubating
cells without [3H]araC or inhibitors for 60 min and then adding
NBMPR/NBTGR followed immediately by [3H]araC. One-mi samples
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were taken from both incubations at 60, 120, 180, and 240 min and
analyzed for araC metabolites. The araCTP level at each sample time
was corrected by subtraction of the small amount of NBMPR/NBTGR
insensitive araCTP accumulation. This corrected level was divided by
the araCTP level at 60 min to give a percentage retention of araCTP.
Values for the half-life of araCTP retention were obtained by plotting
the natural log of the percentage retention against time.

Metabolites of araC. The 1.0-ml samples were layered over 0.3 ml
phthalate oil mix underlaid with 100 n\ of 12% (w/v) perchloric acid
in microfuge tubes standing in ice. Cells were separated from medium
by centrifugation for 4 min at 8000 x g and immediately replaced on
ice. The medium above the oil layer was sampled for analysis (see
below) and then removed. The walls of the microfuge tubes were washed
four times with H2O, and the oil was removed with the final washing.
The perchloric acid layer was vortexed, centrifugea 15 min at 8000 x
g, and 50 n\ of supernatant were neutralized with 25 n\ of 2.7 M KOH/
0.6 M KHCÃœ3.After removing the precipitate by centrifugation, the
supernatant was analyzed by ascending thin layer chromatography on
9-cm long lanes of PEI-C. By adding unlabeled markers to each sample,
araC metabolites could be visualized under UV. Unlabeled UMP, UDP,
UTP, CDP choline, and CDP ethanolamine were used to locate the
equivalent arabinose containing nucleotides. Autoradiography con
firmed that unlabeled markers comigrated with the corresponding
labeled araC metabolite. Table 1 shows the three different solvents (5,
18, 19) which were used for PEI-C separations of the metabolites of
araC in both the extracellular medium and the acid soluble cell extract.
The production of labeled cytosine or uracil was investigated by running
aliquots of the medium on 20-cm lanes of PEI-C developed with
butanohwater (86:14, v/v) as solvent. This process allowed complete
separation of cytosine and uracil from araC and arai. After drying, all
pieces of PEI-C were placed into scintillation vials and nucleosides and
nucleotides eluted with 1.0 ml 0.5 N NaOH overnight. Scintillant (2
volumes toluene, 1 volume Triton X-100, and 4 g/liter 2,5-diphenylox-
azole) was added followed by 100 >i\ \ l N HC1 (20). The amount oftritium in each sample was counted and converted to pmol/IO" cells.

Coefficient of variation for the estimation of araCTP (n = 6) was 4.8%.
Intracellular water space was determined as previously described (7)
and used to calculate intracellular concentrations.

dCMP Deaminase Activity. dCMP deaminase was assayed in cell free
extracts in the presence of saturating amounts of dCTP (40 MM)as
previously described (5). Under these conditions, initial rates of con
version of dCMP to dUMP at various concentrations of dCMP were
well described by Michaelis-Menten kinetics. V,,,,,,was measured by
assaying enzyme activity at five dCMP concentrations. Coefficient of
variation for estimation of Vâ€žâ€žin triplicate assays of the same extract
was 4.6%.arai Phosphorylation. Blast cells at Id" cells/ml were incubated for

60 min with 1 n\i [3H]araU (>98% pure), and araU metabolites were
analyzed by PEI-C thin layer chromatography as above.

Patient Data. All samples were collected with informed consent from
patients prior to chemotherapy. Peripheral blood samples for araCTP
and [3H]NBMPR studies were collected from 30 patients with AML,
20 with non-T-ALL, 8 with T-ALL, 3 with acute undifferentiated
leukemia, and 3 with chronic lymphocytic leukemia. These figures

Table 1 Ascending chromatography ofaraC and its metabolites on PEI-C

araCmetabolitesaraCTParaCDParaCMPUTPUDPUMPCDP

cholineCDP
ethanolaminearaCaraU1

Maceticacid/0.3
MLiCl00.14-0.200.73-0.8200.03-0.100.51-0.630.91-0.990.91-0.990.93-1.00.93-1.0Rf"0.5M(NH4)2SO40.15-0.230.39-0.480.65-0.710.25-0.350.51-0.600.65-0.710.91-0.970.91-0.970.97-1.00.97-1.086:14(v/v)butanol:water000000000.11-0.250.30-0.42

included five patients with chronic myeloid leukemia in blast crisis (two
with AML and three with non-T-ALL). AraCTP degradation studies
were performed on 15 patients with AML, 10 with non-T-ALL, one
with acute undifferentiated leukemia, 2 with chronic myeloid leukemia
in blast crisis (1 myeloblastic and 1 lymphoblastic) and 1 with T-LL.
Bone marrow samples were collected from one non-T-ALL patient and
from one T-LL patient. Patients in relapse had received no treatment
for 3 weeks prior to study. Classification of leukemias was as previously
described (5-7) with the addition of immunophenotyping with fluores
cent monoclonal antibodies (Til, T3, J5, and Bl) (Coulter Electronics,
Hialeah, FL).

Statistics. Mean Â±1SD are shown, and the significance of differences
between means were analyzed by a Student's t test. Regression lines

were fitted by the method of least squares.

RESULTS

Intracellular Metabolites of araC. As previously reported (5),
araCTP was the major intracellular metabolite which accumu
lated from 1 fiM [3H]araC and the mean araCTP accumulated
in AML blasts (98.2 Â±44.2 (SD) pmol/107 cells/60 min; n =
30) was greater than in non T-ALL blasts (51.3 Â±36.3 pmol/
IO7 cells/60 min; n = 20 and P < 0.0001). AraCTP formed a

significantly smaller proportion of intracellular araC metabo
lites in myeloblasts (77.6 Â±4.0%) than in non-T-lymphoblasts
(81.5 Â±4.7%; P < 0.05). In contrast, araUMP formed a higher
proportion of intracellular araC metabolites in myeloblasts
(10.6 Â±4.4%) than in non-T-lymphoblasts (5.5 Â±4.1%; P <
0.05). Both cell types accumulated similar amounts of araCDP
(means, 6.7 and 7.1%) and araCMP (means, 1.5 and 1.5%).
Only small amounts of araUTP (0.1-0.8%) and araUDP (0-
0.5%) accumulated. Labeled cytosine and uracil were not de
tected either intracellularly or in the medium. The remaining
intracellular radioactivity (<5%) was accounted for by small
amounts of araC, araU and by material which comigrated with
CDP choline. The presence of araCDP choline and, to a lesser
extent, araCDP ethanolamine in human leukemic cells follow
ing incubation with araC has been previously reported (21). A
close correlation was observed between the araCTP accumu
lated from 1 fi\i araC and the nucleoside transport capacity of
leukemic cells measured by the maximum density of [3H]-

NBMPR binding sites (Fig. 1).
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* Ki values were determined by ascending chromatography on 9-cm long lanes
of PEI-C using the indicated solvents.

MAXIMUM NBMPR BINDING SITES (103Â«molecules/cell)

Fig. 1. Correlation between accumulation of araCTP and nucleoside transport
capacity measured by the maximum number of NBMPR binding sites on leukemic
cells (r = 0.87; P< 0.0001). AraCTP accumulation was measured after incubation
of cells with 1 >IM['HjaraC for 60 min. AML (â€¢);non-T-ALL (O); T-ALL/T-LL
(A); acute undifTerentiated leukemia (â€¢);chronic lymphocytic leukemia (D).
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araCTP Degradation. The addition of nucleoside transport
inhibitors (45 MMNBMPR and 15 MMNBTGR) to leukemic
blasts prior to the addition of 1 MM[3H]araC reduced araCTP
accumulation over a 3-h incubation to only 1.9 Â±1.3% (n =
18) of that obtained in the absence of inhibitors. When
NBMPR/NBTGR was added to blasts preincubated for 60 min
with 1 MM[3H]araC, the levels of araCTP fell during a subse
quent 3-h incubation (Fig. 2, left). The half-life of araCTP
retention did not depend on the initial araCTP concentration.
Fig. 2, right shows that if NBMPR/NBTGR was added to cells
preincubated for different times to give initial araCTP levels
between 48 and 99 pmol/107 cells, the subsequent degradation
rates were similar (half-life, 1.4-1.6 h). The half-life of araCTP
retention has been previously measured by washing cells and
reincubating in drug free medium. AraCTP retention by this
technique was identical to the values obtained with the same
cells using the NBMPR/NBTGR block technique (Fig. 2, left,
Table 2).

The mean half-life of araCTP retention in myeloblasts from
15 patients with AML (1.8 Â±0.6 h) was less than the value
obtained in lymphoblasts from 10 patients with non-T-ALL
(2.5 Â±1.3; P = 0.04). Blasts from two patients with T-LL in

relapse (one from peripheral blood, the other from bone mar
row) had half-life values of 2.3 and 1.9 h. The former patient
was studied on two further occasions during the terminal phase
of the illness with half-life values of 2.0 and 3.1 h. Values for
the half-life of araCTP retention in two patients with chronic
myeloid leukemia in blast crisis were 1.6 (myeloblastic) and 4.4
h (lymphoblastic).

araCTP Accumulation and Degradation. Fig. 3A presents data
illustrating the lack of correlation between araCTP accumula
tion after 60 min and the half-life of araCTP retention (r =
0.00). However, there was a direct correlation between araCTP
expressed as a proportion of total intraodili lar araC metabolites
and the half-life of araCTP retention (Fig. 35; r = 0.73; P <

0.001).
araUMP Accumulation and araCTP Degradation. Fig. 4 shows

the relationship between araUMP accumulation at 60 min and
the half-life of araCTP retention. Rapid rates of araCTP deg
radation are clearly associated with high araUMP levels (r =

â€”0.54;P < 0.01) or a high proportion of intracellular araUMP
(r = -0.75; P < 0.001). These correlations suggests that

araUMP is an intermediate metabolite in the degradation path
way of araCTP.

araUMP Accumulation and dCMP Deaminase Levels. The
activity of dCMP deaminase was measured in cell free extracts
of leukemic blasts. In parallel experiments, accumulation of
araC metabolites from 1 MM[3H]araC was assayed in intact

cells from the same patient. The relationship between the
accumulation of araUMP in whole cells and the Vmaxof dCMP
deaminase measured in cell free extracts of the same cells is
shown in Fig. 5. When expressed as pmol/107 cells, araUMP

levels were not significantly related to dCMP deaminase levels
(r = 0.25). However, the correlation became significant if the
araUMP was expressed as a relative proportion of total intra
cellular araC metabolites (r = 0.52; P < 0.05). This correlation
suggests that araCMP is a substrate of dCMP deaminase in the
intact cell.

araCTP Accumulation and dCMP Deaminase Levels. No cor
relation (r = -0.27) existed between absolute levels of araCTP

accumulation and dCMP deaminase levels (Fig. 6/4). However,
araCTP expressed as a proportion of intracellular araC metab
olites was inversely related to the Vmaxof dCMP deaminase in
cell free extracts (r = -0.62; P < 0.01) (Fig. 6B).

Absence of ara U Phosphory lation. Peripheral blast cells from
four patients with AML, three with non-T-ALL and bone
marrow blasts from two patients with T-LL were incubated
with 1 MM[3H]araU for 60 min. Although small amounts of
intracellular araU were found, only negligible amounts of phos-
phorylated araU metabolites (<0.1 pmol/107 cells) were de

tected in acid soluble extracts prepared from these cells.
Products of araCTP Degradation. Table 3 shows the levels of

each araC metabolite during an araCTP degradation assay on
myeloblasts. Similar results were obtained with blasts from two
other patients with AML and two with non-T-ALL. As araCTP
and araCDP levels progressively fell, araU accumulated both
intracellularly and extracellularly. The decrease in araCTP plus
araCDP levels was more than accounted for by the total araU
accumulation, whereas araUMP, araCMP, araCDP choline/
araCDP ethanolamine, and intracellular araC levels remained
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Fig. 2. Left, time course of araCTP degradation following either the addition of nucleoside transport inhibitors (NBMPR/NBTGR) or the removal of extracellular
araC by cell washing. Accumulation of araCTP was measured in leukemic myeloblasts incubated at 37*C with 1 n\i [3H]araC for up to 4 h (â€¢).Degradation of
araCTP was measured by incubating myeloblasts for I h with 1 MM[3H]araC and then either adding NBMPR/NBTGR (O) or washing the cells and reincubating in
drug free medium (I.I).The time taken to wash the cells (5-10 min) has not been shown on the graph. In a control incubation, myeloblasts were incubated at 37'C for
60 min before adding NBMPR/NBTGR immediately followed by 1 MM|3H]araC. AraCTP accumulation was assayed over a further 3-hr incubation (â€¢).Right, time
course of araCTP degradation at different initial levels of araCTP accumulation. AraCTP accumulation was measured in myeloblasts incubated with 1 MM[3H]araC
at 37"C for up to 4 h (â€¢).At 30, 60, and 90 min, aliquots of this incubation were removed and NBMPR(45 MM)/NBTGR(15 MM)added. AraCTP accumulated in
these cells was measured over a further 3-h incubation (O). Half-lives of araCTP retention were 1.4, 1.6, and 1.4 h, respectively.
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Fig. 6. Accumulation of araCTP in relation to the Vmâ€žfor dCMP deaminase
activity in cell free extracts of the same cells. A, absolute levels of araCTP
accumulation measured by incubating blasts for 60 min with l UM[3H]araC and
dCMP deaminase activity assayed in the presence of 40 UMdCTP (r = â€”0.27).
B, proportion that araCTP formed of the intracellular araC metabolites calculated
and plotted against the \ â€ž.,for dCMP deaminase activity in cell free extracts of
the same cells (r = -0.62; P < 0.01). AML (â€¢);non-T-ALL (O); T-ALL/T-LL
(A).

Table 3 Products of araCTP degradation in myeloblasts
Myeloblasts were incubated with 1 *IM [3H)araC for 60 min prior to the

addition of 45 i.\i NBMPR/IS â€žMNB I<,K. Acid soluble extracts were prepared
from samples taken at 60, 120, 180, and 240 min and analyzed for araCmetabolites. The intracellular water space of these myeloblasts was 2.3 jil 10"

cells.
pmol/107cellsAraC

metabolitesaraCTParaCDParaUMParaCMParaCDP

choline/araCDPethanolamineIntracellular

araCIntracellular
aratiExtracellular

araU60

min14111102420.440120min1187132621353180min8751237220107240min5731026321139

l .6 h). As in the experiments without THU, negligible amounts
of araC were found in the THU pretreated cells during the
degradation assay. Under these conditions, with araC uptake
blocked, araU production was decreased by only 21 and 19%
after 2 h of THU treatment. The formation of araU from
preformed araCTP clearly continues in the presence of THU.

DISCUSSION

The cytotoxic and cytostatic actions of araC require the
accumulation of intracellular araCTP since cell lines which are
deficient in nucleoside transport (24) or unable to phosphoryl-
ate araC (25) are resistant to the drug. The importance of
membrane transport of araC is shown by the close correlation
between araCTP accumulation and [3H]NBMPR binding ca

pacity of leukemic cells (Fig. 1). It should be emphasized that
membrane nucleoside transport capacity is rate limiting for the
accumulation of intracellular araCTP from extracellular araC
only at low concentrations (approximately, 1 Â¡Â¡M)(5, 26). Other
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studies have shown that araCTP degradation rates ("retention
times") are also important for the cytotoxic and clinical effects
of araC therapy (8-13, 27). Our approach to studying araCTP
degradation was based on the observation that addition of
NBMPR and NBTGR at final concentrations of 45 and 15 ^M,
respectively, produced 98% inhibition of the accumulation of
araCTP from extracellular araC (Fig. 2, left). The half-life for
araCTP retention was similar when measured in parallel by
either the NBMPR/NBTGR block technique or the cell wash
ing technique in blast cells from six separate patients with acute
leukemia (Fig. 2, left, Table 2). Moreover, the half-life of
araCTP retention was independent of the initial araCTP con
centration (Fig. 2, right).

The half-life of araCTP retention ranged from 0.9-4.3 h in
blast cells from 22 individuals with acute leukemia and there
were only minor differences between the various types of acute
leukemia. The lack of correlation between the absolute level of
araCTP accumulated from 1 ^M araC and the half-life for
araCTP retention (Fig. 3/4) suggests that membrane transport
capacity is more important than araCTP degradation rates in
determining the levelof araCTP accumulation. When the influ
ence of transport was removed from the analysis by plotting
araCTP levelsas a proportion of intracellular araC metabolites,
a strong positive correlation was observed between percentage
araCTP and the half-life of araCTP retention (Fig. 3B).
AraUMP accumulation, expressed as a proportion of intracel
lular araC metabolites, was inversely related to the half-life of
araCTP retention (Fig. 4). Thus degradation rates of araCTP
determine only the relative proportions of araCTP and araUMP
within the cell and not the absolute levels accumulated.

It is known that araCMP is a substrate for dCMP deaminase
in the presence of its allosteric activator (dCTP) although the
enzyme velocity is lower than with the natural substrate for this
reaction (28, 29). AraUMP accumulation in intact cells (ex
pressed as a proportion of intracellular araC metabolites) did
correlate with Vmaxfor dCMP deaminase assayed in cell free
extracts (Fig. 5). The weakness of the correlation may be due
to variations in the intracellular pools of dCTP and dTTP
which are positive and negative allosteric effectors of dCMP
deaminase or in the susceptibility of the enzyme to these mod
ulators. Contrary to a previous report on araU phosphorylation
in a mouse lymphoma cell line (30), we found that arai i was
not phosphorylated in human leukemic cells. Therefore the
only source of the intracellular araUMP, which accumulated in
every leukemic cell type, was from the deamination of araCMP
by dCMP deaminase. The final product of the degradative
pathway of araCTP, however, was araU (Table 3). Following
dephosphorylation of araCTP to araCMP, further degradation
could proceed either via araCMPâ€”Â»araCâ€”Â»araUor via
araCMPâ€”Â»araUMPâ€”Â»araU.Tetrahydrouridine, which inhibits
conversion of araC to araU, had no effect on the half-life of
araCTP retention and gave only a small inhibition of araU
production in cells in which araC influx was blocked. This,
together with the inverse relationship between araUMP accu
mulation and the half-life of araCTP retention, supports the
araCMPâ€”Â»araUMPâ€”Â»araUpathway.

The results support a central role for dCMP deaminase in
the pathway of degradation from araCTP to araU. Degradation
rates of araCTP also determine the relative proportions of
araCTP (Fig. 6B) and araUMP (Fig. 4B) which accumulate in
cells incubated with l UMaraC. However, it is the cells' nucleo

side transport capacity and not its capacity to degrade araCTP
which determines the level of intracellular araCTP accumula
tion from l UMaraC.
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