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Abstract

The role of membrane transport in the cellular accumulation of
1-8-D-arabinofuranosylcytosine (ara-C) was studied in freshly
isolated human acute leukemia cells. Patient cells had low rates
for ara-C transport as compared with human and murine exper-
imental cells and correspondingly low binding capacities for the
nucleoside transport inhibitor, nitrobenzylmercaptopurine ri-
boside (NBMPR). At 1 uM ara-C, the rate of net cellular ac-
cumulation was close to the membrane transport rate, and
NBMPR inhibited transport and accumulation to the same ex-
tent. The rate of ara-C accumulation was half maximal at only
3-5 uM, a level much lower than that required for murine cells
(67-85 uM). At concentrations below 1 uM the rate of ara-C
accumulation was determined primarily by the transport rate,

but at higher concentrations above 10 uM, phosphorylation ca- .

pacity was the principal determinant of the net uptake rate. This
difference in the role of transport at high and low ara-C concen-
trations may explain, in part, the efficacy of high-dose ara-C in
patients refractory to standard dose protocols.

Introduction

1-B-D-arabinofuranosyl cytosine (ara-C)! is the most effective
antimetabolite for the treatment of acute myelogenous leukemia
(AML) (1). The clinical importance of ara-C has stimulated ex-
tensive laboratory investigations aimed at understanding bio-
chemical correlates of drug action and mechanisms of drug re-
sistance to provide ideas for better therapeutic strategy. Cyto-
toxicity has been correlated with the cellular accumulation of
ara-C triphosphate (ara-CTP) (2) and its incorporation into DNA
(3-5). Among the prerequisites for cellular accumulation of ara-
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1. Abbreviations used in this paper: AML, acute myelogenous leukemia;
ALL, acute lymphoblastic leukemia; ara-C, 1-8-D-arabinofuranosyl cy-
tosine; ara-CMP, ara-C monophosphate; ara-CTP, ara-C triphosphate;
ara-U, uracil arabinoside; C,, transport control strength; CDP, cytosine
diphosphate; K, intracellular ara-C concentration for half-maximal
phosphorylation; K, transport K,; LB-Pt, leukemic blasts isolated directly
from patients; NBMPR, nitrobenzylmercaptopurine riboside; V;,, Vinax
for phosphorylation.
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CTP are transport of ara-C across the cell membrane and phos-
phorylation of deoxycytidine kinase. Enhancement of the activity
of deoxycytidine kinase through biochemical modulation has
been a major research focus, and resistance to ara-C has been
related to deficient phosphorylation capacity (6-12). The role
of membrane transport as a determinant of ara-C action in hu-
man leukemia has been relatively less explored.

Ara-C has been shown to be a substrate for the facilitated
diffusion system for nucleosides (13, 14). In experimental tumor
cells, the rate of ara-C transport is in significant excess of the
rate of intracellular phosphorylation (13, 14). These observations
have led to the conclusion that transport will not be an important
determinant of ara-C action. However, the studies by Wiley et
al. (15-17) with leukemic blasts isolated directly from patients
(LB-Pt) have demonstrated that these cells have substantially
lower ara-C transport capacity as compared with established tu-
mor cell lines. In addition, myeloblasts had relatively higher
transport capacities and formed more ara-CTP than lympho-
blasts (15-17). Cells from a small group of AML patients who
did not respond to ara-C had low ara-C transport capacity (15).

The present study was undertaken to examine the role of
transport as a determinant of the rate of ara-C phosphorylation
in LB-Pt at concentrations achieved in plasma during standard
dose and high dose ara-C clinical protocols.

Methods

Materials. Minimum essential medium with Earle’s salts and 2 mM
glutamine (Flow Laboratories Inc., McLean, VA) was supplemented with
20 mM MOPS (pH 7.4) for use in transport, accumulation, and nitro-
benzylmercaptopurine riboside (NBMPR)-binding experiments. Ficoll-
Paque (d = 1.077 g/ml) was purchased from Pharmacia Fine Chemicals
(Piscataway, NJ). Di-n-butyl phthalate and di-n-octyl phthalate (Aldrich
Chemical Co., Milwaukee, WI) were blended 4:1 (vol/vol) to yield an
oil mixture of d = 1.03 g/ml. Dow Corning silicone oils 200 and 550
(William F. Nye, Inc., New Bedford, MA) were blended 16:84 to also
yield d = 1.03 g/ml. Silicone oil was substituted for phthalate oil late in
this study because [PHINBMPR was found to partition into phthalate
oil. [*H}ara-C, [*H],0, and L[1-"*C]sucrose were obtained from Amer-
sham Corp. (Arlington Heights, IL). PH]NBMPR and [*H]uracil ara-
binoside (ara-U) were obtained from Moravek Biochemicals, Inc. (Brea,
CA). Samples of [*H]ara-C and [*H]NBMPR were analyzed by reverse-
phase high performance liquid chromatography (HPLC) and found to
be > 92 and 96% pure, respectively. Biochemicals and Sephadex A25
were obtained from Sigma Chemical Co. (St. Louis, MO). Aqueous sam-
ples were counted with aqueous counting scintillant (Amersham Corp.)
in a single liquid phase. Samples were counted on a LS1801 liquid scin-
tillation counter (Beckman Instruments Inc., Fullerton, CA) with au-
tomatic quench correction based on external standards.

Patient data. Adult acute leukemia patients had peripheral white
counts ranging from 23,000 to 350,000/x1 with 90-95% blasts. Cytologic
diagnosis was made in accord with French-American-British criteria (18).
Informed consent was obtained from patients in accord with federal
institutional guidelines. Studies were conducted at initial diagnosis and/



or at relapse; the latter patients had not had any chemotherapy for > 30
d before these studies.

Preparation of human leukemic cell suspensions. Anticoagulated
EDTA bone marrow aspirates and/or venous blood samples were layered
over Ficoll-Paque and centrifuged at 400 g for 30 min (18°C). Cells at
the plasma-Ficoll interface were harvested and washed twice with 5 ml
of phosphate-buffered saline (PBS) (0.14 M NaCl and 0.01 M KH,PO,/
K,HPO, [pH 7.40]) before final suspension in serum-free medium.
Erythrocyte contamination was reduced to < 5% by cold hypotonic lysis
with no detectable loss in leukemia cell viability as determined by trypan
blue dye exclusion. The final cell suspension used in the transport and
drug accumulation studies contained > 95% blasts.

Experimental tumor cell lines. Ehrlich, L5178Y, and P388 cell lines
were maintained as ascites tumors in CF;, AKD,F;, and DBA; mice,
respectively. CCRF-CEM and HL-60 cells were grown in Fischer’s me-
dium supplemented with 10% horse serum. Cells were washed at least
twice in PBS before use.

NBMPR binding to whole cells. Cellular PHJ]NBMPR-binding ca-
pacity was determined by the method of Cass et al. (19). Cells (3-5
X 10%/ml) were incubated in 1.5-ml microcentrifuge tubes with 0.05-3
nM [*H]NBMPR and with or without 10 xM NBMPR. After 45 min at
20-22°C, phthalate or silicone oil was added, and the cells were pelleted
by centrifugation. The media above the oil was sampled to determine
the concentration of free P’HJNBMPR in each tube. The tip of the tube
containing the cell pellet was cut off, and the cell pellets were solubilized
in 0.5 ml of 0.9 M NaOH plus 0.6% sodium lauryl sulfate at 60° for 1
h or longer. HC] was added before counting to prevent chemilumines-
cence. Specific NBMPR binding was the difference between total
[*H]NBMPR binding (no unlabeled NBMPR present) and nonspecific
[*HINBMPR binding (10 xM unlabeled NBMPR present) at each
NBMPR concentration. Maximum binding capacity and the Michealis
constant (K,,) were determined by Scatchard analysis (20).

To determine if the solubilized cells altered counting efficiency or
accuracy, Ehrlich ascites cell pellets (2 X 107 cells) were digested and
neutralized as above. [*H]ara-C was added as an internal standard to
these and cell-free samples. Neither the counts per minute nor the count-
ing efficiency were measurably affected by the presence of the digested
cells. No precipitate was visible.

Measurement of ara-C transport. Early in this study, ara-C influx
was measured at room temperature using a modification of the method
of Wiley et al. (15). A series of 1.5-ml microfuge tubes containing 100
ul of [*H]ara-C in media and 150 ul of phthalate oil were positioned in
a microcentrifuge. Influx was started by forcefully injecting 100 ul of the
cell suspension (2-3 X 10° cells) and terminated by centrifuging the cells
through the oil (8000 g for 30 s). The pellets were solubilized as described
for NBMPR binding. Parallel experiments with ['“C]sucrose allowed
correction for [*H]ara-C in the extracellular space. The rate of transport
was taken as the slope of five to six data points over 30-60 s. Intracellular
ara-C remained below 50% of the extracellular level over the interval of
observation. The transport K, (K,) and maximum velocity (Vpmay) of
transport (V) were determined by direct nonlinear fit to the Michaelis-
Menten equation (21) of influx data at five to six ara-C concentrations.
In Novikoff hepatoma cells, the V; for thymidine transport was increased
3.37-fold, and the K, was increased 2.03-fold when the temperature was
increased from 24° to 37°C (22). To estimate ¥, and K, for ara-C in
LB-Pt we have multiplied ¥, and K, values determined at room tem-
perature by these factors. To estimate the rate at 37°C at low concen-
trations of ara-C (i.e., < K,), the room temperature rate was multiplied
by 3.37/2.03, the ratio of the correction factors for V; and K;.

For the latter half of this study, influx was measured at 37°C by a
method based on that of Bowen et al. (23, 24). To start the flux, 200 ul
of 37°C cell suspension (6-8 X 10° cells) was added to 200 ul of [*H]ara-
Cin a 12-ml centrifuge tube which was agitated in a 37°C shaker bath.
Influx was terminated by the rapid addition of 10 ml of ice cold PBS
containing 20 uM dipyridamole, a potent nucleoside transport inhibitor.
The cell pellets were washed twice with 5 ml dipyridamole-saline, then
solubilized and counted as above. Intracellular phosphorylation of
[*H]ara-C by deoxycytidine kinase was prevented during influx experi-

-

ments by 30-min preincubation of the cells with 50 M deoxycytidine.
Deoxycytidine had no detectable effect on ara-C transport at this con-
centration in Ehrlich cells (24).

Initial [*H]ara-C uptake data at 37°C was curvilinear (see Fig. 1),
even over short intervals for most populations of LB-Pt. The data was
fit by nonlinear regression (21) to equation 1:

[IC-ara-C], = [IC-ara-Clinginite- 1 — €™*) + [ara-Co, ()

where [IC-ara-C], is the intracellular ara-C concentration at time ¢, [IC-
ara-Clinsnire— iS the intracellular ara-C concentration at infinite time (i.e.,
equal to the extracellular ara-C concentration), and [ara-C], is the level
of ara-C nonspecifically bound to the cells at zero time. The initial velocity
is equal to the rate constant times [IC-ara-Clingnite—:-

Ara-C accumulation rate. Cells (0.5-2 X 107 cells/ml of minimum
essential medium) were incubated with [*H]ara-C at 37°C in a shaker
bath. Uptake was terminated by centrifugation of cells through phthalate
or silicone oil. Radioactivity was determined as described for NBMPR
binding. The total aqueous volume and the extracellular space in the
pellets were determined from the [*H],O and ["“C]sucrose space, re-
spectively. Cellular volume was calculated as the total water space minus
the sucrose space. Plots of ara-C accumulation became linear after 2
min, and the slope was assumed to reflect the rate of intracellular phos-
phorylation of ara-C to derivatives that can not penetrate the cell mem-
brane. The extracellular ara-C concentration for half-maximal phos-
phorylation velocity ([EC-ara-Cly5) and the maximum velocity (V) were
estimated by nonlinear fit to the Michaelis-Menten equation (21). The
concentration of intracellular ara-C for half-maximal intracellular phos-
phorylation (K}) was calculated as described by Heichal et al. (14):

V;
K, ~[EC-ara-CJos — ‘?’ (K/V), )

where V,, is Ve for phosphorylation.

Analysis of intracellular radiolabel. After a 15-min incubation with
[*H]ara-C, 1 ml of the cell suspension was gently layered over 300 ul of
silicone oil which was, in turn, layered over 100 ul of 10% TCA ina 1.5-
ml microcentrifuge tube. After centrifugation, the TCA layer was ex-
tracted with 150 ul 0.5 M triocytylamine in freon by a modification of
the method of Khym et al. (25). The volumes of total and extracellular
water in the extract were determined from cell suspensions incubated
with [*H],O or [“Clsucrose, respectively. [*H]ara-C metabolites were
quantitated by anion-exchange HPLC (26). The elution position of ra-
diolabel was compared with standard solutions of ara-C, ara-C mono-
phosphate, ara-C diphosphate (CDP), and ara-CTP. For quantitation of
unchanged [*H]ara-C in cell extracts, an aliquot of the cell extract was
applied to a 0.6-ml column of Sephadex A25, which binds phosphorylated
derivatives of ara-C. The column was eluted with 3 ml of water, and the
combined eluate was counted. Aliquots of [*H],O, ["C]sucrose, and
[*H]ara-C applied to similar columns were quantitatively recovered by
this procedure.

Computer simulations. Ara-C transport and phosphorylation were
simulated by applying the principles of network thermodynamics and
the circuit simulation program, SPICE2. The rationale and procedure
for describing biochemical pathways as analogous electrical circuits to
use circuit simulation software have been previously described (27, 28).

Calculation of control strength for transport (C,). Groen et al. (29)
developed the concept of C; to describe the contribution of individual
enzymes in a sequential pathway to the overall flux through the pathway.
Wohlhueter and Plagemann (30) defined a similar term, the coefficient
of rate determination, to describe the relative importance of the capacities
for membrane transport and phosphorylation as determinants of the net
rate of cellular phosphorylation of nucleosides. Control strength for
membrane transport would be defined as: C, = (8 Vol V)6V V). The
C. is the fractional change in the steady state of cellular phosphorylation
that would result from a fractional change in the maximal activity of
the transport carrier.

The velocity of metabolic trapping is determined by the steady state
intracellular ara-C concentration and by the ¥, and K,. The intracellular
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ara-C concentration is in turn determined by the relative rates of influx,
efflux, and phosphorylation (30). At steady state,

Toflux = efux + ;hocphorylnion- 3)
Equation 3 may be restated as:

Vi X [EC-ara-C] _ Vi X[IC-ara-C] VX [IC-ara-C] @
K, +[EC-ara-C] K,+[IC-ara-C] K+ [IC-ara-C]’

where [EC-ara-C] and [IC-ara-C] are extracellular and intracellular con-
centrations of ara-C, respectively. By rearranging equation 4, [IC-ara-C]
can be calculated at any [EC-ara-C] by solving this quadratic equation:

—(ViK,+ V, K, + V,[EC-ara-C])[IC-ara-C}* + (K, V|[EC-ara-C] — K, KV,
— KV, [EC-ara-C) — K;2V,)[IC-ara-C] + K, K, V,[EC-ara-C] = 0.
)
A complete kinetic analysis of transport is not necessary to estimate
C, at low ara-C concentrations because transport is essentially first order
at concentrations below 100 M, (i.e. at concentrations < 20% of the
K,). The ratio Vy/K; can be estimated from measurement of transport at

a single low ara-C concentration (e.g. 1 uM). When [EC-ara-C] < than
K,, equation 4 is equivalent to equation 6.

Vp X [IC-ara-C]
K, +[IC-ara-C]’

Thus, for low extracellular ara-C concentrations [IC-ara-C] can be cal-
culated from this simplified quadratic equation:

v K
X X [EC-ara-C] = Ktx [IC-ara-C] + 6)

h :_ (M e
g ICaraC] (K‘[EC-ara-C] ik V,,)[IC-ara-C]

+ K'K,, [EC-ara-C] =0. )]
K,

The C, was calculated at selected values of [EC-ara-C] by first using
experimentally determined values for ¥ to calculate [IC-ara-C]; V, was
then incremented by 1% and a new value for [IC-ara-C], [IC-ara-C]' was
calculated. Phosphorylation velocities were calculated using the Michaelis-
Menten equation with ¥, K,,, and [IC-ara-C] or [IC-ara-C]. C, equaled
the ratio of the increment in the velocity of cellular phosphorylation to
the 1% increment in V.

Results

The initial rate of transport of 50 uM ara-C was much slower
in LB-Pt than in established human leukemia cell lines in culture

Table I. ara-C Transport Rate and Nucleoside Carrier Sites

Rate* NBMPR sites*

Patients

Acute leukemia 1415 4,223+4,334

n=45 n=61

Human leukemia in cell culture

ML-1 805 139,000

HL-60 49 59,000

CCRF-CEM nd. 183,000
Mouse ascites tumors

Ehrlich 272 94,000

L5178Y 105 74,000

P388 nd. 137,000

n.d., not determined.
* pmol/min/10° cells at 50 uM [*H]ara-C+SD.
* Maximal specific [’ H]NBMPR-binding sites per cellSD.
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Figure 1. Cellular binding sites for ’THINBMPR in fresh human leu-
kemia cells. Leukemia cells were isolated from peripheral blood (PB)
or bone marrow (BM) of patients with ALL or AML at initial diagno-
sis (DX) or in relapse from prior treatment.

or in murine ascites tumor cells (Table I). The mean velocity
for cells from patients was < 2% of the rate in ML-1 cells, a
human myelogenous leukemia line. LB-Pt also bound much
less P'HINBMPR, a high-affinity inhibitor of nucleoside trans-
port. The average number of [PH]NBMPR sites per cell for 61
patients was 4,223 as compared with 59,000-183,000 for various
experimental cell lines. The mean dissociation constant for
NBMPR binding in LB-Pt (0.28+0.22 nM) was close to that for
the experimental tumor cell types and in agreement with pre-
viously reported values (15, 19, 24).

The number of NBMPR-binding sites in acute lymphoblastic
leukemia (ALL) and AML cells at initial diagnosis and relapse
are compared in Fig. 1. Lymphoblasts from patients at initial
diagnosis had relatively fewer binding sites per cell than myelo-
blasts; medians were 1,284 and 3,435 respectively (P < 0.05).
Cells from AML patients at initial diagnosis also had fewer sites
per cell as compared with cells from patients in relapse, 3,435
vs. 4,420, respectively; however, the difference was not statisti-
cally significant. There was no difference between cells isolated
from peripheral blood versus those from bone marrow.

At 1 uM ara-C, the initial rate of membrane transport and
the rate of net cellular accumulation were similar (Fig. 2). In-
hibition of ara-C transport by 1 uM NBMPR, a concentration
that is ~ 10,000-fold higher than the dissociation constant for
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5 Rate + NBMPR =0.097
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Figure 2. Membrane transport and accumulation of [*H]ara-C in
AML cells at 37°C. (4) Transport (solid circles, open circles) or (B) ac-
cumulation (solid boxes, open boxes), was measured in control cells
(solid circles, solid boxes) or in cells that had been pretreated for 15
min with 1 xM NBMPR (open circles, open boxes).



[*H]NBMPR binding, was incomplete in most cell samples. For
23 samples of LB-Pt, inhibition ranged from 67 to 100%, with
a median of 94.9%. NBMPR, which inhibits only transport,
slowed ara-C transport and accumulation to the same extent.
For 13 paired samples, | uM NBMPR inhibited transport and
accumulation of 1 uM ara-C by 94.9+05.1 and 93.9+5.3%, re-
spectively. These data suggest that the transport rate is the main
determinant of the accumulation rate at 1 uM ara-C. Myeloblasts
from patients in relapse had significantly higher rates of transport
at 1 uM ara-C as compared with cells from patients at initial
diagnosis (0.35 vs. 0.21 pmol/min per 10° cells respectively, P
= 0.05) (Fig. 3). The V, was also elevated in relapse cells (2.22
vs. 1.28 pmol/min per 10° cells, respectively, P = 0.1) (Fig. 3).

Total intracellular radiolabel exceeded the extracellular con-
centration within 1-2 min, and the rate of accumulation re-
mained constant after this period for at least 30 min. Several
lines of evidence indicate that the rate of accumulation of ra-
diolabel is equivalent to the rate of initial intracellular phos-
phorylation of intracellular [*H]ara-C by deoxycytidine kinase.
HPLC analysis of accumulated radiolabel revealed primarily
metabolites that can be derived only from the phosphorylation
of [*H]ara-C. The distribution of intracellular radiolabel after a
15-min incubation of LB-Pt cells with 1 or 50 uM [*H]ara-C
was as follows (average of two cell samples): unchanged [*H]ara-
C, 3.8 and 43.4%; [*HJara-CMP, 1.8 and 1.4%; [*H]ara-CDP,
7.2 and 3.7%; [*H]ara-CTP, 81.0 and 48%, at 1 and 50 uM
respectively. The low level of [*H]ara-CMP is an indication that
initial phosphorylation of ara-C is the rate-determining step. An
unidentified peak (6.4 and 4.0% at 1 and 50 uM) was observed
that chromatographed close to CDP-choline and uridine mono-
phosphate. This radiolabeled peak could thus represent [*H]ara-
C diphosphate or [*Hlara-U monophosphate (ara-UMP).
Deamination of [*H]ara-C to [*H]ara-U with subsequent phos-
phorylation of [*H]ara-UMP did not contribute significantly to
the net uptake of radiolabel from [*H]ara-C, because 50 uM
tetrahydrouridine had no effect on the rate of accumulation of
1 or 20 uM [*H]ara-C (105+14% of control, n = 4), and [*H]ara-
U was accumulated beyond the extracellular concentration very
slowly as compared with [*H]Jara-C (1.4+1.3% at 1 uM, n = 4).
Inhibition of deoxycytidine kinase by pretreatment of LB-Pt
with 50 uM deoxycytidine for 20 min reduced the rate of ac-
cumulation of [*H]ara-C to 2.2+1.5% of control. Deoxycytidine
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Figure 3. Transport (4) and maximum accumulation (B) rates in
AML cells. DX, diagnosis.

treatment increases the level of dCTP (unpublished data), a po-
tent feedback inhibitor of deoxycytidine kinase (31-34), and
deoxycytidine may also inhibit phosphorylation of [*H]ara-C by
direct competion (31-34). Deoxycytidine would not be expected
to inhibit accumulation of [*H]ara-U. Analysis of intracellular
radiolabel in deoxycytidine-treated cells by HPLC revealed only
unchanged [*H]ara-C.

The kinetics of transport and accumulation were quite dif-
ferent. Ara-C transport had a much higher V..., but also a higher
K., (Table II). The median K, of 424 uM (at 37°C) is near the
range reported by Wiley et al. (16) for human myeloblasts
(255+111 at 20°C). Maximal rates of ara-C accumulation were
achieved at much lower concentrations. For AML cells, the mean
extracellular ara-C concentration for half-maximal accumulation
([EC-ara-C]os) was 4.9 uM. This value is quite low compared
with reported Ky, values of 14-50 uM for ara-C phosphorylation
by ATP in cell-free extracts of human leukemic blasts (references
32-34 and unpublished data). The [EC-ara-C]o s in LB-Pt is also
much lower than in L5178Y (62 uM) and Ehrlich cells (85 uM).

Because the rates of transport and accumulation of ara-C
are similar at low ara-C concentrations, the ara-C can not equil-
ibrate across the plasma membrane, and the intracellular con-
centration of unchanged ara-C will be lower than the extracellular
level. Heichal et al. (14) have shown that the K, can be estimated
from the kinetic constants for transport and the ¥, and [EC-
ara-C]y s for phosphorylation (see Methods). The average cal-
culated value for K, was 2.8 uM. The biochemical basis for this
unexpectedly low apparent K., for ara-C phosphorylation in in-
tact LB-Pt is under investigation.

The kinetic constants for transport and phosphorylation have
been used to prepare a computer simulation of the time course
of initial uptake of 1 or 20 uM ara-C (Fig. 4). At 1 uM (Fig. 4
A), unchanged ara-C rapidly reached a steady-state intracellular
concentration that was less than the extracellular level. Un-
changed intracellular ara-C did not approach the extracellular
concentration because it was phosphorylated almost as rapidly
as it entered the cell. Once this steady-state ara-C concentration
was achieved, the rate of metabolism to phosphorylated products
became constant. Because the intracellular level was low com-

Table II. Kinetics of ara-C Transport
and Accumulation in AML Cells

Parameter Mean+SD Median
n

Transport
V. (pmol/min per 10° cells) 126+142 13 88.3
K, (uM) 556+440 13 424
V/K* 0.47+0.45 33 0.26

Accumulation
V,, (pmol/min per 10° cells) 1.98+1.20 20 1.56
[EC-ara-Clps (uM)* 4.88+3.19 20 4.66
K, (uM) 2.75+2.66 10 2.26

* Calculated from measurement of ¥; and K, or from a single trans-
port measurement at 1 uM ara-C as described in Methods.

* Extracellular ara-C concentration for half-maximal accumulation
rate.

§ Calculated from V,, K,, V,, and [EC-ara-Cly s according to equa-
tion 2.
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Figure 4. Computer simulation of the ceilular accumulation of ara-C.
Representative kinetic parameters for membrane transport and accu-
mulation in AML were used to estimate the K, for intracellular phos-
phorylation. These kinetic constants were then used to simulate ara-C
accumulation at 1 uM (a-c) or at 20 uM (d-f). (a and d) Average ki-
netic constants (s¢e Table II) were used. (b and e) V; used was twice
the experimentally determined value. (c and /) ¥, was doubled. (a and
d) average AML. (Solid lines, total intracellular drug; dotted lines, un-
changed ara-C [nucleoside]; dashed lines, phosphorylated forms of
ara-C [ara-C-P)).

pared with the K, the steady-state ara-C concentration was a
major determinant of the phosphorylation rate. In Fig. 4 B, the
simulation conditions were the same except that V; was doubled.
Because ara-C could now enter the cell twice as fast, the steady-
state ara-C concentration increased by 89%, and the net accu-
mulation rate increased by 67%. In Fig. 4 C, the value for V,
was doubled instead. The predicted effect was a decrease in the
steady-state ara-C concentration. The increase in metabolic ca-
pacity was largely offset by decreased saturation of the phos-
phorylating enzyme, and the net accumulation rate was increased
by only 9%. These simulations suggest that at 1 M ara-C, the
principal determinant of the rate of intracellular phosphorylation
is the rate of membrane transport, because alterations in trans-
port capacity have a greater effect than do changes in phos-
phorylation capacity. Fig. 4, D-F illustrate simulations at 20
uM ara-C with AML kinetic constants, doubled V;, or doubled
V,, respectively. At 20 uM ara-C, increasing the transport ca-
pacity (Fig. 4 F) caused a small increase in the steady-state ara-
C level; howevet, the steady-state concentration was already high
relative to the K;,. Thus, there was almost no effect on the net
accumulation velocity. Doubling the V;, at 20 uM ara-C (Fig. 4
F) almost doubled the accumulation rate. In contrast to pre-
dictions for 1 uM ara-C (Fig. 4, 4-C), these simulations suggest
that the principal determinant of the rate of intracellular phos-
phorylation at 20 uM ara-C is the enzymatic phosphorylation
capacity.

Measurements of the intracellular concentrations of un-
metabolized ara-C in samples from six samples of LB-Pt (Table
III) confirm predictions of the computer model. At 1 uM extra-
cellular ara-C, intracellular unchanged ara-C was only 0.18+0.11
uM. At 50 uM extracellular ara-C, intracellular unchanged ara-
C rose to 30+12.5 uM. These results with LB-Pt contrast with
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Table III. Dependence of Intracellular ara-C Nucleoside

Concentration on the Extracellular ara-C Level

[Intracellular ara-C]
[Extracellular ara-C]
Cells Method* 1 uM 50 uM
Pt 51 DEAE Sephadex 0.27 1.02
52 HPLC 0.14 0.53
52 DEAE Sephadex 0.12 0.41
53 DEAE Sephadex 0.37 0.76
54 DEAE Sephadex 0.10 0.38
55 HPLC 0.09 0.49
Mean+SD 0.18+0.11 0.60+0.25
HPLC
Ehrlich DEAE Sephadex 0.90 0.94

* Cells were incubated with [*H]ara-C for 20 min, then extracted with
TCA. Unchanged [*H]ara-C (nucleoside) was isolated using minicol-
umns of DEAE-Sephadex A25 or anion-exchange HPLC.

those with Ehrlich ascites cells; which had similar intracellular
and extracellular ara-C concentrations at both high and low ara-
C concentrations. These data indicate that transport capacity is
in sufficient excess in Ehrlich cells to allow ara-C to equilibrate
across the cell membrane.

The concentration dependence of the role of transport as a
determinant of intracellular phosphorylauon in LB-Pt is best
illustrated by calculating the C,, defined as the role of transport
capacity as a determinant on the cellular phosphorylation rate
(see Methods). A C, of 1.0 would mean that the phosphorylation
rate was a direct function of the transport rate while a C, of zero
would mean that the phosphorylation rate was independent of
the transport rate. The SOlld liné in Fig. 5 is based on mediarn
values for Vy/K,, V,, and’ K, in AML cells from Table II. At 1
uM ara-C, C, was 0.85, 1nd1cat1ng that a 1% increase in V; would
cause a 0.85% increase in the cellular phosphorylation rate: The
accumulation rate would increase by only 0.15% if the ¥, were
increased by 1% at this low ara-C concentration. As the extra-
cellular ara-C concentration is increased, the C; falls because the
transport capacity increases relative to the phosphorylanon ca-
pacity. The LB-Pt samples have been heterogeneous with respect
to their kinetic parameters for transport and phosphorylation,
and therefore with respect to their dependence on the rate of
transport as a determinant of the rate of intracellular metabolism.
The dashed line in Fig. 5 shows the dependence of C, on ara-C
concentration for cells from an AML patient in which transport
only partially determines the rate of intracellular phosphoryla-
tion. C; was only 0.41; even at low ara-C concentrations. By
contrast, transport is the primary determinant of the rate of ara-
C metabolism (i.e., C; > 0.5) at concentratioris up to 7 uM in
cells from another AML patient (dashed line).

Discussion

Ara-C is a substrate for the carrier that facilitates the noncon-
centrative transport of a wide variety of nucleosides and nu-
cleoside analogs across the cell membrane (13). Experimental
tumor cells treated with inhibitors of the nucleoside carrier (35,
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Figure 5. Concentration dependence of transport control strength as a
determinant of the rate of accumulation in AML cells. The solid line
is based on median kinetic constants (see Table II). The dashed and
dotted lines are derived from kinetic parameters of cells from two pa-
tients, which represent extremes of high and low sensitivity to trans-
port capacity as a determinant of the rate of ara-C accumulation.
Solid line, average AML; dashed line, Pt 33; dotted line, Pt 26.

36) or mutant cells that lack this transport activity (37) are highly
resistant to ara-C and other cytotoxic nucleosides. NBMPR is
a potent inhibitor of nucleoside transport in most cell types al-
though some cells possess significant NBMPR-insensitive trans-
port capacity. NBMPR-insensitive nucleoside transport also ap-
pears to be carrier mediated with kinetic properties similar to
NBMPR-sensitive transport (38).

Ara-C transport in LB-Pt was qualitatively similar to that in
most experimental tumor cells. The median K, for ara-C trans-
port in LB-Pt (424 M) is similar to that in Novikoff hepatoma
(450 uM) (13), Yoshida sarcoma (400 uM) (39), NIL B (226
uM) (14), and Ehrlich cells (330 uM) (24). An average of 95%
of ara-C transport was sensitive to 1 uM NBMPR. Quantitatively,
however, ara-C transport rates and [’H][NBMPR-binding ca-
pacities in LB-Pt were much lower than in murine ascites tumors
and human cells in culture. All available data suggest that LB-
Pt possess a lower number of nucleoside carriers that are qual-
itatively similar to those in most experimental cell types. The
biological basis for this low nucleoside carrier activity in LB-Pt
is unknown.

Wiley et al. (15-17) have reported that lymphoblasts have
fewer specific NBMPR-binding sites and lower transport V..
and Ky, values as compared with myeloblasts. We also observed
lower NBMPR-binding capacities in cells from ALL patients at
initial diagnosis as compared with cells from AML patients (Fig.
1). Cells from ALL patients returning in relapse, however, had
higher NBMPR-binding capacities than similar cells from AML
patients. These data must be interpreted with caution due to the
small number of ALL samples in our study to date.

When cells are exposed to [*H]ara-C, the concentration of
total intracellular radiolabel rapidly exceeds the concentration
of extracellular ara-C. Ara-C is phosphorylated to ara-CMP by
deoxycytidine kinase and then rapidly converted to ara-CDP
and ara-CTP. These phosphorylated derivatives are not able to
cross the cell membrane and therefore, they accumulate within
the cell. The early rate of accumulation of radiolabel (i.e., from
2 to 30 min) is thus a measure of the rate of intracellular phos-

phorylation of ara-C. An alternate route for accumulation of
radiolabel, deamination of ara-C to ara-U, and phosphorylation
of ara-U to ara-UMP, has been specifically ruled out in the studies
described above.

Of interest was the increase in both the transport rate (at 1
#M ara-C) and the V in cells from AML patients returning in
relapse as compared with patients at initial diagnosis. The bio-
chemical basis and the pharmacologic significance of these ob-
servations warrant further investigation. The recent description
of high response rates to high dose ara-C in patients with re-
fractory AML (40) may, in part, be explained by this laboratory
observation. The patients presenting for initial diagnosis usually
have a larger tumor burden, and a smaller fraction of these cells
may be in the DNA-synthesis phase (S phase) of the cell cycle,
just as a cell culture in stationary phase contains fewer S-phase
cells. The role of cytokinetics in the regulation of expression of
the nucleoside carrier and ara-C anabolism is under investigation.

The cellular accumulation rate in AML cells reached a max-
imum at much lower extracellular ara-C concentrations as com-
pared with murine ascites tumor cells. The K, for intracellular
phosphorylation of ara-C in LB-Pt, as calculated from measured
values for transport kinetics, maximal accumulation velocity,
and the extracellular ara-C concentration for half-maximal ac-
cumulation, was only 2-3 uM. This apparent K., of deoxycy-
tidine kinase for ara-C in situ is lower than the K, for ara-C of
15-40 uM when this enzyme is assayed in cell-free preparations
with ATP as the phosphate donor (32-34). Deoxycytidine kinase
is subject to highly complex controls by nucleotides (31), and
its kinetic behavior in situ could be quite different than in cell-
free assays. Wohlhueter and Plagemann (30) have compared
reports of kinetic constants for nucleoside kinases and cellular
uptake of nucleosides and noted that the K, for nucleoside an-
abolism by intact cells is nearly always less than that observed
in cell-free extracts. Research is in progress to provide a bio-
chemical explanation for the low K, in intact LB-Pt as compared
with intact murine cells and human deoxycytidine kinase in
vitro. Improved understanding of the saturation kinetics for ara-
C accumulation in intact human leukemia cells may be im-
mediately useful in dosage selection.

The rate of cellular phosphorylation of ara-C is determined
by the properties and activity of the kinase and also by the con-
centration of intracellular ara-C. At intracellular concentrations
of the nucleoside that are low relative to the K, the phosphor-
ylation rate is proportional to the substrate concentration (i.c.,
first order). Low transport capacity may limit the phosphory-
lation rate by limiting the availability of intracellular substrate.
Computer simulations indicated that at low extracellular con-
centrations (< 1 uM), ara-C is phosphorylated almost as rapidly
as it enters the cell, and the intracellular nucleoside concentration
is much lower than the extracellular level. This prediction was
confirmed by direct measurement of unchanged ara-C (Table
III). The simulations also indicated that an increase in the trans-
port capacity would have a greater effect on the cellular phos-
phorylation rate than an increase in deoxycytidine kinase activity.
At low extracellular ara-C concentrations, an increase in trans-
port capacity results in an increase in the concentration of in-
tracellular ara-C (nucleoside), which results in an increase in the
cellular phosphorylation rate. An increase in deoxycytidine ki-
nase activity would not increase the cellular phosphorylation
rate as much because the concentration of its substrate, intra-
cellular ara-C would decline. Calculation of the C, illustrates this
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relationship. For the typical AML cell, the C,is ~ 0.85 at 1 uM
ara-C, while the deoxycytidine kinase control strength is only
~ 0.15.

Transport velocity is nearly proportional to concentration
up to at least 100 uM. As described above, the rate of intracellular
phosphorylation reached a maximum at relatively low concen-
trations. Thus, the rate of transport increases relative to the rate
of phosphorylation as the extracellular ara-C concentration is
increased. At high extracellular ara-C levels, the steady state in-
tracellular ara-C concentration approaches the extracellular level,
and variations in transport capacity have only minor effects on
the intracellular ara-C level. Moreover, at intracellular concen-
trations above the K,, for phosphorylation, the phosphorylation
rate is less dependent on the intracellular nucleoside concentra-
tion (i.e., the phosphorylation rate becomes zero order with re-
spect to substrate), and an increase in the intracellular ara-C
concentration toward the extracellular concentration has a
smaller effect on the phosphorylation velocity. Thus, transport
becomes less important as a determinant of the rate of cellular
phosphorylation at high substrate levels. The C, in the average
LB-Pt falls to 0.5 at ~ 5 uM and is only ~ 0.1 at 10 uM. We
have shown in a previous paper (24) that inhibition of ara-C
transport by the epipodophyllotoxin, VM-26, slowed the rate of
accumulation of 1 uM ara-C in LB-Pt, but there was no effect
on the accumulation rate at 50 uM ara-C, because ara-C transport
was rate limiting at the lower but not the higher concentration.

For cells from most AML patients, ara-C transport will be
the principal rate-determining step for net uptake (i.e., C, will
be high) during low or standard dose ara-C treatment regimens
(e.g., 100-200 mg/m?) that generate plasma levels below 1 uM
(41, 42). Transport will be in excess (i.e., C, will be low) and will
not be a determinant of the rate of drug accumulation in high
dose regimens (e.g., 3 g/m?) that generate plasma levels above
50 uM (43, 44). Thus, high dose ara-C protocols, which generate
high plasma ara-C concentrations, minimize or eliminate a po-
tential pharmacologic obstacle and allow anabolism of ara-C to
proceed at maximum rates. This difference in the relative im-
portance of transport may contribute to the distinction in efficacy
of high dose vs. standard dose ara-C treatment protocols (40).
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