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ABSTRACT

Studies have examined transport and phosphorylation of 9-0-D-arabi-
nofuranosyl-2-fluoroadenine (F-Ara-A), a deaminase resistant adenosine
analogue, as mechanisms that could mediate the observed therapeutic
efficacy of this agent against murine tumor models. Earlier finds by
Avramis and Plunkett (Cancer Res., 42: 2587-2591, 1982) showed
markedly less accumulation in vivo of administered F-Ara-A as cytotoxic
triphosphate in gastrointestinal mucosa and bone marrow compared to
P388 cells. We have pursued the basis for this difference in vitro using
LI 210 ascites and proliferativi- epithelial cells (85-95% crypt cells)
isolated from mouse small intestine as representative sample populations
of drug-sensitive tumor and drug-limiting normal regenerative host tissue.
Using a rapid sampling technique, linear initial rates of substrate uptake
were established at 25Â°Cfor radiolabeled F-Ara-A and adenosine at a
concentration range of 1-1000 MM-The relationship between velocity of
initial transport and substrate concentration is indicative of Michaelis-
Menten saturation kinetics for both substrates. Competition studies
between F-Ara-A and adenosine suggest a common route of entry for
both substrates in crypt epithelial cells. Results from double-reciprocal
analysis of the velocity versus concentration data are consistent with a
simple carrier-mediated facilitated diffusion process with Km, t^â€ž and
KÃŒvalues of 317 Â±44 (SE) MM,49 Â±7 nmol/s/g dry weight, and 301 Â±
34 UMfor F-Ara-A, and 264 Â±14 MM,44 Â±5nmol/s/g dry weight, and
225 Â±44 MMfor adenosine, respectively. The presence of a single low-
affinity carrier in the proliferativi- epithelial cells contrasts sharply with
the high affinity (A'â€ž,68 + 14 MM;F^x, 48 Â±4 nmol/s/g dry weight) and
low-affinity (A~m,326 Â±48 MM; F^,, 124 Â±44 nmol/s/g dry weight)

routes of entry documented for LI 210 cells. This differential in transport
kinetics conveys a 7- to 8-fold greater capacity to L1210 ascites compared
with crypt epithelial cells for uptake of the antitumor agent F-Ara-A. At
pharmacologically achievable concentrations of F-Ara-A and in view of
this differential, influx of F-Ara-A would be more rate limiting to phos
phorylation of F-Ara-A in epithelial cells than in LI 210 cells. Metabolism
studies with 1.1210 ascites and proliferativi- intestinal epithelial cells
show that intracellular phosphorylation of F-Ara-A is also elevated in
LI 210 cells. High-performance liquid chromatography analysis of ex
tracts from cells incubated with 120 MM[3H]F-Ara-A showed substantial
production of F-Ara-adenosine 5'-monophosphate, F-Ara-A-adenosine
S'-diphosphate, and the cytotoxic metabolite F-Ara-adenosine 5'-tri-
phosphate in LI210 cells but little F-Ara-adenosine 5'-monophosphate,
F-Ara-adenosine 5'-diphosphate, and no F-Ara-adenosine S'-triphos-

phate in epithelial cells. Overall, the rate of phosphorylated product
formation from [3H]F-Ara-A was 9- to 12-fold lower in prolifera tive
intestinal epithelial cells than in I 12III cells. When resuspended in drug-
free media, 1,1210 cells cleared [3H]F-Ara-A and dephosphorylated pre

formed products more rapidly than epithelial cells but still maintained
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higher levels of phosphorylated |3H]F-Ara-A products, particularly F-
Ara-adenosine 5'-triphosphate. Analyses for nucleoside kinase activity

in crude extracts prepared from each cell type documented much higher
levels of F-Ara-A phosphorylation (12-fold) but lower levels of adenosine
phosphorylation (7-fold) in extracts derived from 1,121(1cells. Our results
suggest that the selective therapeutic action of F-Ara-A against 1,1210
and perhaps other murine tumor models can be attributed to separate
transport and metabolic processes that appear more active in drug-
sensitive tumor than in drug-limiting host progenitor tissue.

INTRODUCTION

The cellular pharmacology of F-Ara-A,3 a deaminase resis

tant adenosine analogue (1, 2) with therapeutic selectivity in
murine tumor models (1, 3, 4) has been the subject of intense
study in recent years. The major thrust of this work has been
directed toward evaluating cytotoxicity in target tumor cells
placing relatively little emphasis on the interaction of F-Ara-A
with drug-limiting host regenerative tissues. However, the suc
cessful application (5) of procedures originally developed for
rats (6) to the isolation of the proliferative cell fraction in
epithelium from mouse small intestine has provided an oppor
tunity to conduct cellular pharmacokinetic studies of F-Ara-A
using these cells as a model of host progenitor cell compart
ments.

As with natural nucleosides (7-11) and other nucleoside
analogues (12-16), F-Ara-A (17) enters tumor cells by a carrier-
mediated transport process and is rapidly metabolized miracol
itihirly (1, 3, 18) to phosphorylated products. The conversion
of F-Ara-A to F-Ara-ATP constitutes the activation step to the
cytotoxic form of this drug (1, 4, 18, 19). F-Ara-ATP then
appears to exert its antitumor action primarily by curtailment
of DNA synthesis through inhibition of ribonucleotide reduc
Ãaseand DNA a-polymerase (19-22). Although F-Ara-A also
seems to be incorporated into cellular RNA and DNA (23), the
significance of this recent finding remains unclear.

A previous in vivo study (4) in the P388 murine leukemia
model documented markedly less accumulation of administered
F-Ara-A as cytotoxic nucleotide in gastrointestinal mucosa and
bone marrow compared to P388 cells. Using highly purified
preparations of proliferative epithelial cells from mouse small
intestine, the site of limiting toxicity of F-Ara-A in this rodent,
and freshly harvested L1210 cells for comparison, we pursued
the basis for this difference at the level of membrane transport
and intracellular phosphorylation of F-Ara-A. Our findings
indicate a substantial differential in both parameters favoring
greater F-Ara-ATP accumulation in LI210 cells that seems to
explain the therapeutic selectivity of F-Ara-A in this (1) and
perhaps other tumor models (4, 19).

3The abbreviations used are: F-Ara-A, 9-/3-D-arabinofuranosyl-2-fluoroaden-
ine; I -Ara. F-arabinofuranosyl; Ado, adenosine; HPLC, high-performance liquid
chromatography; ara-A, 1-0-D-arabinofuranosyladenine; ara-C, 1-/3-D-arabinofu-
ranosylcytosine; ext, external.
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MATERIALS AND METHODS
General. [8-3H]2-F-Ara-A and [2,8-3H]Ado were purchased from

Moravek Biochemicals, City of Industry, CA and punned prior to use
as described below. [carboxyl-l4C]lnu\in, 3H2O, and Aquassure liquid

scintillation counting solution were purchased from New England
Nuclear, Boston, MA. Bovine serum albumin (Fraction V) was pur
chased from Sigma Chemical Company, St. Louis, MO. Versilube F50
silicone fluid was purchased from General Electric Co., Waterford,
NY. Lubinol mineral oil USP was obtained from Purepac Pharmaceu
tical Co., Elizabeth, NJ. Eppendorf microcentrifuges from Brinkman
Instruments, Inc., Westbury, NY were used for sample preparation. All
Chromatographie procedures were done using a Waters Associates
(Milford, MA) HPLC system equipped with either a Â¿iBondapak( ',â€ž

Radial-PAK cartridge in a /.-module radial compression system
(Waters) or Whatman (Clifton, NJ) Partisi! 10-SAX anion-exchange
column. HPLC grade methanol and phosphoric acid were purchased
from J. T. Baker Chemical Company (Phillipsburg, NJ) and Fisher
Scientific (Springfield, NJ), respectively. All other chemicals were
reagent grade and were purchased from various suppliers. Double-
distilled water was used to prepare all solutions.

Cell Preparation. Prior to each experiment, epithelial cells from
mouse small intestine were freshly isolated by nonenzymatic methods
as previously described (5). This procedure, originally developed to
study the stages of cellular differentiation in rat intestinal epithelium
(6), consists of sequential nonenzymatic stripping of cells lining the
lumen of the small intestine into subpopulations of distinct cell types,
namely, mature absorptive cell, transitional cellular components, and
immature proliferative (crypt) cells. Only the proliferative cell fraction
was used during the course of these experiments. The purity of this
fraction was 85-95% crypt cells as determined microscopically (5) and
by the use of marker enzymes analysis (5, 6).

L1210 cells were grown and harvested in C57BL x DBA/2 F, mice
as previously described (24). Prior to use in transport and metabolism
experiments, LI210 cells were incubated in the same buffer system
used to isolate intestinal epithelial cells. Following the final incubation
step, LI210 and crypt epithelial cells were washed twice in ice-cold
phosphate-buffered saline (140 mM NaCl-20 HIM K2HPO4-3 mM
Kl 1;P( )4) enriched with glucose (7 mM) and bovine serum albumin
(0.1%) and finally resuspended in transport buffer (107 mM NaCl, 20
mM Tris HC1, 26.2 mM NaHCOj, 5.3 mM KC1, 1.9 mM CaCl2, 7 mM
glucose, and 0.1% bovine serum albumin, pH 7.45) until used.

Transport Measurements. Initial influx of radiolabeled substrate was
determined at ambient temperature (25*C) using a rapid sampling

technique modified from that of Wohlhueter et al. (25). Time point
measurements were made individually in microcentrifuge tubes con
taining 0.3 ml of an inert oil phase (silicone fluid for LI210 cells and
a less dense 9 + 1 mixture of silicone fluid and mineral oil for crypt
cells) and 0.8 ml of substrate solution (prepared in transport buffer).
After placing the tubes in an Eppendorf microfuge, incubation was
initiated by rapidly combining 0.2 ml of cell suspension with the
substrate solution and terminated by centrifugation of the cells through
the silicone/oil layer, away from the reaction mixture. For measure
ments longer than 15s, samples were incubated outside the centrifuge
and frequently shaken to maintain an even distribution of cells in the
aqueous medium. The supernatant and silicone/oil layer were aspirated,
and the inside of the tube was wiped with clean tissue paper wrapped
around a thin wooden applicator stick. The pellet was resuspended by
vortex mixing with 0.6 ml of double-distilled water and transferred with
Pasteur pipets to glass vials containing 6 ml of Aquassure liquid
scintillation counting solution. Total radioactivity in the pellet was
measured by scintillation counting. Erythro-9-(2-hydroxy-3-nonyl)-
adenine was used in selected experiments as an inhibitor of adenosine
deaminase.

Measurements of cellular and extracellular volume within the pellet
were made with each experiment in parallel incubations where radio-
labeled substrate was substituted with |cur/Â»u;r/J4f'jinulin and "II:( ).

Total substrate uptake in transport and metabolism experiments was
thus corrected for the extracellular volume of aqueous medium trapped
in each pellet and expressed as a function of pellet dry weight using
experimentally derived conversion factors [4.29 and 3.67 ml H2O/g dry

weight for crypt epithelial cells (5) and LI 2 10 cells, (24), respectively].
Surface-bound substrate was estimated by least squares linear extrapo
lation of early time points to the ordinate and subtracted from total
uptake.

Metabolism Studies. Time point measurements during the study of
[3H]F-Ara-A phosphorylation were performed as described above. Sam

ple tubes were placed on ice immediately following centrifugation.
Phosphorylated products were extracted (18) by Â»suspending the pellet
with 0.4 ml ice-cold water, adding 0.4 ml ice-cold 0.8 N IKK).,,
vortexing, and incubating on ice for 5 min. Insoluble matter was
removed by centrifugation. The supernatant was neutralized with KOH,
again incubated on ice for 5 min, and centrifugea to remove precipitated
K( lOj. The resulting aqueous phase was stored at â€”80*C until analyzed

by HPLC. Recovery by this method was approximately 85% of total
radioactivity. In certain instances 0.4 N HC1O4 prepared in 5% sucrose
(w/w) to increase its density was layered below the silicone oil to insure
immediate termination of all enzymatic activity at the moment of
centrifugation. No significant difference was found between results
obtained by either method.

Kinase Assay. Kinase activities of 1.1210 asci tes tumor cells and
epithelial crypt cells were determined (26, 27) using supernatant frac
tions obtained after centrifugation of cell homogenates at 10,000 x g.
The concentrations of substrate and magnesium ATP were 0.2 and 1
mM, respectively. Additional Mg2* (0.4 mM) was added to the reaction

mixture. Substrates sensitive to deamination were assayed in the pres
ence of 0.1 MM2'-deoxycoformycin.

Chromatography. Radiolabeled F-Ara-A and Ado were purified by
reverse-phase HPLC using a Waters Z-module radial compression
separation system equipped with a /Â¿Bondapak(',Â«Radial-PAK car
tridge. Typically, aliquots of commercially available [3H]F-Ara-A or
[3H]Ado solutions were dried under nitrogen and resuspended in 5 mM
KH;P()4 (pH 5.6) prior to injection. Elution was by a 20-min linear
gradient of 0-50% methanol in 5 mM KH,I'O4 (pH 5.6), at a flow rate

of 2 ml/min. Under these conditions retention times were approxi
mately 12.5 and 13.5 min for Ado and F-Ara-A, respectively.

Perchloric acid extracts from metabolism studies were analyzed by
anion-exchange HPLC (1). Samples (0.2 ml) were loaded onto a Par-
tisil-10 SAX column using a WISP automatic injector and eluted with
a 40 min linear gradient from 5 (pH 2.8) to 750 mM (pH 3.7)
MIjHrl'Oj at a flow rate of 1.5 ml/min. The column eluate was
collected in 1-min fractions and assayed for radioactivity in a scintilla
tion counter using 10 ml of scintillation cocktail/fraction. In all cases
the retention times of radioactive peaks were verified with known
standards. Phosphorylated products were quantitated from the radio
activity profiles generated. The limit of detection by this method was
approximately 10 nmol/g dry weight.

Calculations. Estimates of relative differences for initial [3H]F-Ara-

A uptake between LI 210 and intestinal epithelium crypt cells can be
calculated using the following empirical equation (adapted from Refs.
5, 12, and 28)

D
[drug]â€ž, [drug].., \

l,21o + [drug]Â«, Kl,ilo + [drug]Â«,,/
+ [drug]Â«x,\

[drug]Â«Â«/

which assumes unidirectional transport of substrate and equal mem
brane resistance against carrier movement for the two cell types. In this
equation the symbols V and K denote the kinetic constants t 'â€ž,â€žand

Km. respectively; superscripts 1 and 2 refer to the high and low affinity
carrier systems present in 1,1210 cells, and the subscripts LI 210 and
crypt refer to the two cell types in question. /> represents fold difference
in transport capacity between the two types. The data for LI 210 cells,
reported by Sirotnak ft al. (17), delineate high affinity (A'â€žâ€ž68 MM;

^mÂ»,49 nmol/s/g dry weight) and low affinity (Km, 326 UM; V^, 124
nmol/s/g dry weight) systems for [3H]F-Ara-A uptake. The data for

intestinal epithelium crypt cells (Km, 317 MM;V^, 49 nmol/s/g dry
weight) are reported in this paper.

RESULTS
Kinetics of [3H]F-Ara-A and | '111Ado Transport in Proliferative

Intestinal Epithelial Cells. Initial uptake of [3H]F-Ara-A and
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THERAPEUTIC SELECTIVITY FOR F-Ara-A AGAINST MURINE LEUKEMIA

| '111Adowas examined within a concentration range of 1-1000
MMat 25Â°Cusing a rapid sampling technique that permitted 5

individual timed determinations to be performed within the
first 15 s of incubation. Individual experiments conducted at
various extracellular substrate concentrations are shown in Fig.
1. As described in "Materials and Methods," the data were

corrected for extracellular and surface-bound drug fractions and
expressed as a function of gram dry weight of cells. During
these 15-s incubations, influx of either substrate was linear with
respect to time at all concentrations tested. Initial influx was
derived by linear regression of the data points using the least
squares method. Separate experiments showed that the initial
influx of [3H]Ado was not affected by the presence of 15 n\i
erythro-9-(2-hydroxy-3-nonyl)adenine, a potent inhibitor of
adenosine deaminase.

The relationship between velocity of initial uptake and sub
strate concentration is indicative of Michaelis-Menten satura
tion kinetics for both [3H]F-Ara-A (Fig. 2A) and [3H]Ado (Fig.

-IS). Velocity of uptake increases linearly at lower substrate
concentrations and gradually approaches a maximum value as
the substrate concentration is increased. In the case of [3H]F-
Ara-A, the concentration response curve (Fig. 2A) displays a
passive diffusion component that is most readily apparent at
high drug concentrations. When plotted on double-reciprocal
coordinates (Fig. 3/1). data points obtained at higher concentra
tions of [3H]F-Ara-A deviate from linearity and regress to the
origin. This component of uptake, delineated only with [3H]F-
Ara-A, is probably an expression of the increased lipophilic
character of F-Ara-A over Ado resulting from the substitution
of fluorine for hydrogen at position 2 of the adenine moiety.

Results from double-reciprocal analysis (Fig. 3) of the veloc
ity versus concentration data are consistent with a single satur
able component for influx exhibiting low affinity for [3H]F-Ara-
A and ['1IjAclo in these intestinal epithelial cells. Kinetic con

stants derived by this method are summarized in Table 1. The
similarities between Km and Fmajlvalues for [3H]F-Ara-A and
[3H]Ado transport are suggestive of a common carrier moiety

capable of binding and translocating either substrate indiscrim
inately. This notion is supported by reciprocal competition
studies between F-Ara-A and Ado where each molecule inhib
ited influx of the other yielding A, values close to the corre
sponding Km. Kinetic values from these experiments are sum
marized in Table 1. These results are consistent with previous
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Fig. 1. Initial time course for |'ll|l Am A and |'111Adu uptake at 25'C in

proliferative intestinal epithelial cells. Time points were determined individually.
Incubations were initiated by combining aliquots of cell suspension with substrate
solution and terminated by centrifugation of cells through an inert oil phase. I.
F-Ara-A uptake at external concentrations of 40, 120, 500, and 1000 Â«IM.K, Ado
uptake at external concentrations of 40, 120, 200, and 800 Â»I.M.Data are the
average of five separate experiments for each substrate performed on different
days with freshly prepared cells. SE <Â±12%.
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Fig. 2. Concentration response for initial [3H]F-Ara-A and [3H]Ado uptake at
25'C in proliferative intestinal epithelial cells. Initial velocities for substrate

uptake were established by linear regression analysis of time couse data points
and plotted as a function of substrate concentration. Data are the averaged results
from five separate experiments using freshly prepared cells on different days with
F-Ara-A and Ado, respectively. SE <Â±14%.
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Fig. 3. Double-reciprocal plots of velocity of [3H]F-Ara-A and | '111Ado uptake
at 25'C in proliferative intestinal epithelial cells at various extracellular substrate

concentrations. Values shown were derived from the data of Fig. 2. Intercepts at
the x and y coordinates were established by linear regression of the data points.
Data are the averaged results from five separate experiments conducted on
different days with F-Ara-A and Ado, respectively; SE <Â±14%.Insets, amplified
views of the data n?ar the origin.

Table 1 Kinetic constants far [3H]F-Ara-A and [3H]Ado transpon at 25'C in

proliferative epithelial cells from mouse small intestine and L1210 osciles
Aliquots of cells were incubated at 25*C for a maximum of IS s at several

concentrations of each substrate. Initial velocity of substrate uptake was estab
lished for each concentration by linear regression of the data points and plotted
on double reciprocal coordinates as a function of extracellular substrate concentration. Values for A'mand I 'â€žâ€žwere derived from the x and y intercepts,

respectively. A, values were derived in the same manner except that the corre
sponding inhibitor was added to the incubation medium during influx measure
ments.

Epithelial
cellsL1210

cells*F-Ara-A

AdoF-Ara-AAdoAT.

(MM)317
Â±44"

264 Â±1468

Â±7
326 Â±4116

Â±1
203 Â±28(nmol/s/g

drywt)49

Â±7

44Â±548

Â±5
124 Â±1338

Â±4
105 Â±16GÂ«M)301

Â±34

225Â±4463

Â±7
297 Â±4313Â±

1
210 Â±31

" Average Â±SE of 5 determinations.
" 1,1210 data taken from Ref. 17.

studies (7, 17) that have provided evidence for shared transport
routes between these two substrates in LI210 cells. LI210 cells,
however, exhibit an additional high-affinity transport route (7,
17) that appears to be absent in proliferative epithelial cells.

Time Course for [3H]F-Ara-A Uptake in LI 210 and Prolifer

ative Intestinal Epithelial Cells. Intracellular accumulation of
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THERAPEUTIC SELECTIVITY FOR F-Ara-A AGAINST MURINE LEUKEMIA

[3H]F-Ara-A (Fig. 4) at external concentrations of 40 and 200
nM was monitored over a 2-min period at 25Â°Cin L1210 tumor

cells and intestinal epithelial cells. LI210 cells used in these
and in subsequent experiments were submitted to an incubation
sequence identical to that used to isolate crypt cells. Separate
experiments (data not shown) conducted to determine possible
effects of this isolation procedure on [3H]F-Ara-A transport

and metabolism in LI210 cells showed no difference in these
parameters as a result of the incubation sequence. The data
from either cell type at each concentration conform to biphasic
plots characteristic of tandem transport and metabolic events
(7-12, 17) controlling accumulation of nucleosides in animal
cells and show that uptake of [3H]F-Ara-A is noticeably greater

in LI210 cells than in these intestinal epithelial cells.
Phosphorylation of |'111F-Ara-A in LI210 and Proliferativi-

Intestinal Epithelial Cells. A better appreciation for the signifi
cance of the data presented above was derived from studies
where F-Ara-A metabolism was examined in further detail.
Metabolism of [3H]F-Ara-A at an external concentration of 120
UM (Fig. 5) was determined at 25Â°Cin vitro over a 60-min

period in 1,1210 cells and intestinal epithelial cells. In these
studies the external pool of l'M|F-Ara-A was maintained suffi

ciently large so as to insure minimal change in extracellular
drug concentration and maximal availability of substrate for
metabolism over the course of the experiment. Perchloric acid
extracts were analyzed by an ion-exchange HPLC (1). Quanti-
tation was by scintillation counting of radiolabeled products.
Under these conditions, LI210 cells readily converted [3H]F-
Ara-A to [3H]F-Ara-AMP, [3H]F-Ara-ADP, and the actively
cytotoxic (1, 4, 18, 19) [3H]F-Ara-ATP. The overall rate of

phosphorylation in 1.1210 cells was calculated to be 20.3 nmol/
min/g dry weight. Proliferative epithelial cells, on the other
hand, could not produce [3H]F-Ara-ATP within the detection
limits of the assay. [3H]F-Ara-ADP was only marginally de
tected and the yield of [3H]F-Ara-AMP, the sole phosphorylated
derivative of [3H]F-Ara-A consistently produced by crypt cells,

reached only 21% of L1210 cell production. Overall phospho
rylation in these cells proceeded at a rate of only 2.3 nmol/
min/g dry weight, 9-fold more slowly than LI210 cells.

During the course of these studies we considered the possi
bility that the phosphorylation differential between LI210 and
intestinal epithelial cells could correspond to lack of phosphate
in the transport buffer used as incubation medium. To test this
hypothesis we repeated these experiments using modified in
cubation medium that contained 5.6 HIM Na2HPO4 and had
been correspondingly adjusted for sodium content. No differ-

8

t (min)
Fig. 4. Extended time course for | 'I I|F Ara-A uptake at 25'C in L1210 ascites

and proliferative intestinal epithelial cells. Time points were determined individ
ually by combining aliquots of cell suspension with drug solution. Incubations
were terminated by centrifugation of cells through an inert oil phase. Data are
averages from three separate experiments performed on different days with freshly
prepared cells. SE <Â±10%.
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Fig. S. Uptake and phosphorylation of [3H]F-Ara-A in LI 210 ascites and
proliferative intestinal epithelial cells at 2S*C. Time points were determined

individually by combining aliquots of cell suspension with drug solution. External
concentration of F-Ara-A was 120 MM.Incubations were terminated by centrif
ugation of cells through an inert oil phase. Resulting pellets were immediately
placed on ice and extracted with ice-cold perchloric acid. Neutralized acid-soluble
extracts were analyzed by anion-exchange HPLC as described in "Materials and
Methods." Data are the average of three separate determinations performed on

different days with freshly prepared cells. SE <Â±11%.

enee was found (data not shown) between the phosphorylation
capacity observed under these conditions and our earlier results
suggesting that extracellular phosphate was not a significant
factor within the time frame of our experiments.

The extent of metabolic dephosphorylation and [3H]F-Ara-A

clearance was also examined in both cell types using cells that
had been incubated for 30 min in 120 /Â¿M[3H]F-Ara-A, collected
by centrifugation, and incubated in drug-free media at 25Â°C

over a 30-min period. Aliquots of these cells were analyzed at
specified times as above (Table 2). Under these conditions the
levels of [3H]F-Ara-A, [3H]F-Ara-AMP, and [3H]F-Ara-ADP

decreased rapidly in L1210 cells but more slowly in proliferative
epithelial cells. [3H]F-Ara-ATP levels were maintained rela

tively constant in LI210 cells but were not measurable by our
assay in epithelial cells. These data indicate that when compared
with proliferative intestinal epithelial cells, LI210 cells main
tain higher levels of phosphorylated [3H]F-Ara-A products even

under conditions that favor dephosphorylation and clearance
of F-Ara-A from the cell. It appears that the phosphorylation
differential between these two cell types is not the result of
relatively greater dephosphorylation in epithelial cells but pos
sibly elevated kinase activity in LI210 cells.

Nucleoside Kinase Activities in LI 210 Cells and Proliferative
Intestinal Epithelial Cells. In light of the results thus far pre
sented, we further explored the biochemical basis for metabolic
differences between LI210 cells and proliferative intestinal
epithelial cells by assaying crude cell extracts for nucleoside
kinase activity using a variety of substrates. Enzyme prepara
tions were supernatant fractions obtained after centrifugation
of cell homogenates at 10,000 x g. Assays were conducted at
0.2 HIM substrate concentrations in the presence of 1 HIM
magnesium-ATP and with additional 0.4 HIM Mg2+. Kinase
activity for adenosine, deoxyadenosine, and Â¡ira-Awere deter
mined in the presence of 0.1 jtM 2'-deoxycoformycin. As in
ferred from whole cell data, kinase activity for F-Ara-A in cell
extracts (Table 3) was substantially greater (12-fold) when
derived from LI210 cells than from crypt cells. Of the other
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Table 2 Clearance offHJF-Ara-A and dephosphorylation of
preformed [3H]F-Ara-A products in LI210 osciles and

proliferante intestinal epithelial cells at 25Â°C
Cells that had been incubated at 25"C for 30 min in 120 Â¿IM[3H]F-Ara-A were

collected by centrifugaciÃ³n and incubated at 25'C in drug-free media for an

additional 30 min. Aliquots of cell suspension were removed at specified times,
centrifugea through an inert oil phase, and extracted with perchloric acid. Neu
tralized acid soluble extracts were analyzed by aniÃ³nexchange HPLC.

L1210cellsEpithelialcellsTime

(min)0151530015IS30nmol/g

drywtF-Ara-A600

Â±28"299

Â±22169
Â±23155
Â±21139

Â±14699

Â±47612
Â±68481

Â±19331
Â±45162

Â±46F-Ara-AMP571

Â±13142
Â±799

Â±1891
Â±1198
Â±1358

Â±944
Â±739
Â±835

Â±1220
Â±8F-Ara-ADP250

Â±2262
Â±737

Â±1154
Â±2447
Â±711

Â±28Â±49Â±38Â±48Â±4F-Ara-ATP108

Â±33132
Â±20105

Â±23126
Â±14139
Â±29ND*NDNDNDND

" Average Â±SE of two determinations.
* ND, not detectable within the limits of the assay.

Table 3 Nucleoside kinase activity in cell extracts from proliferative intestinal
epithelial cells and LI210 cells

Measurements of kinase activity were made with supernatant fractions ob
tained after centrifugation of cell homogenates at 10,000 x g. Substrates (0.2
HIM)were added to the incubation mixture which contained 1 RIM magnesium-
ATP and 0.4 mM Mg2*. Adenosine, deoxyadenosine, and 9-ÃŸ-D-arabinofurano-
syladenine were assayed in the presence of 0.1 ^M 2'-deoxycoformycin.

Kinase activity
(pmol/min/mg protein)

SubstrateAdenosine

Deoxyadenosine
Deoxycytidine
F-Ara-A
ara-C
ara-ALI

2 10extract112Â±
14Â°

148 Â±38
127 Â±40
60 Â±28
69 Â±14
25 Â±2Epithelial

cellextract730

Â±285
26 Â±10
17 Â±1
5Â±1
6Â±3

10 Â±2
Â°AverageÂ±SE of two separateexperiments.

compounds used as substrate, only Ado was more readily me
tabolized (7-fold) by crypt cells. Phosphorylation of deoxyaden
osine, deoxycytidine, ara-C, and ara-A were 2.5- to 11-fold
higher with extracts from L1210 cells compared to extracts
from intestinal epithelial cells. Overall, these data are consistent
with the other results presented above and are in agreement
with in vivo findings by other investigators (4) who show a large
differential for F-Ara-A phosphorylation in P388 cells and
intestinal mucosa of mice.

DISCUSSION

In this report we have examined the differential in transport
and phosphorylation of F-Ara-A as mechanisms that would
account for the observed (1, 3, 4) therapeutic selectivity of this
adenosine analogue. To this date, only the in vivo studies of
Avramis and Plunkett (4) attempt to explain the therapeutic
efficacy of F-Ara-A in terms of metabolic differences between
normal tissue and tumor cells. However, in contrast with their
studies which measure F-Ara-A metabolite levels in gastroin
testinal mucosal scrapings unfractionated with respect to cell
type, we focused our investigations specifically on the prolifer
ative compartment of mouse intestinal epithelium with the
purpose of documenting the cellular pharmacology of F-Ara-A
in a sample cell population representative of regenerative host
tissue. Our in vitro studies comparing F-Ara-A phosphorylation
in drug-sensitive L1210 ascites and drug-limiting intestinal
epithelial crypt cells extend these previous findings (4) and

provide other evidence delineating a role of F-Ara-A transport
in the therapeutic selectivity of this nucleoside analogue.

As shown for tumor cells (7, 17), inward transport of [3H]F-
Ara-A and [3H]Ado in crypt epithelial cells is a rapid process
exhibiting Michaelis-Menten saturation kinetics. Mutual inhi
bition during reciprocal competition experiments can be ob
served between these two compounds which show similar values
for Km and K-t. As a whole, the data are consistent with a
facilitated diffusion system obeying the kinetics for a simple
carrier model indiscriminate with respect to [3H]F-Ara-A and
[3H]Ado transport. In contrast to these epithelial cells, however,
high- and low-affinity transport systems have been documented
(7, 17) for [3H]F-Ara-A and [3H]Ado uptake in LI210 cells

suggesting greater transport capacity in these cells.
The biphasic time course plots for uptake of F-Ara-A over

extended incubations (Fig. 2) are representative of tandem
transport and metabolic processes governing nucleoside ana
logue accumulation in mammalian cells (7-9, 12, 15, 17).
Progress through the rapid initial phase of uptake is believed
to be governed by the inherent kinetic properties of the carrier
system. The relatively slower subsequent phase of uptake is, in
turn, limited by the intracellular conversion of intact substrate
to noneffluxable phosphorylated products. During this phase,
the rate of accumulation is determined by the activity of the
enzyme system responsible for metabolism of F-Ara-A. Reports
on enzyme preparations from different cell types place Km
values for phosphorylation of F-Ara-A in the range of 200-500
UM(3, 22, 29) suggesting that intracellular F-Ara-A must reach
substantial levels before significant phosphorylation occurs.
Presently, we observe a significant difference in [3H]F-Ara-A

uptake that is greater in LI210 cells compared to epithelial
cells. Comparative assessment of kinetic data for F-Ara-A trans
port in LI210 tumor cells and proliferative intestinal epithelial
cells (see Table 1 and "Materials and Methods") indicates that

at pharmacologically relevant concentrations (1-10 MM),trans
port would limit the availability of [3H]F-Ara-A for intracellular

phosphorylation in both cell types and the differential in trans
port would favor F-Ara-A entry into LI210 cells by 7- to 8-
fold. This differential illustrates the contribution of F-Ara-A
transport as a mediating mechanism of therapeutic selectivity
for this antitumor agent in this tumor model.

It is understood (1, 4, 18, 19) from experimental data that in
order to exert its antitumor action F-Ara-A must be converted,
inside the cell, to the pharmacologically active antimetabolite
F-Ara-ATP. Drug influx, being the initial step in the intracel
lular accumulation of F-Ara-A, plays a central role in achieving
sufficiently high levels of F-Ara-A to maintain ample produc
tion of phosphorylated products in tumor cells. On the other
hand, a less efficient transport system in normal tissue ensures
decreased toxicity in the host and allows a regimen of drug
administration to be applied which will be therapeutic. Evidence
for the existence of a high-affinity system transporting adeno
sine in LI210 cells but not in this normal proliferative cellular
compartment also has potential biological significance. If this
duality in adenosine transport can be shown to be a property of
most tumor cells, one has cause to wonder as to the role of
high-affinity nucleoside transport system during neoplastic
transformation or progression.

The transport differential between these two cell types gains
even further importance when examined together with the
results of our metabolism studies. We find that net intracellular
phosphorylation of [3H]F-Ara-A (i.e., the balance between proc

esses of phosphorylation and dephosphorylation within the cell)
was also significantly greater in LI210 cells than in crypt
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epithelium (Fig. 5). After only 1 min of incubation, levels of
phosphorylated [3H]F-Ara-A in LI210 cells represented 23%

of total extracted radioactivity and increased to 63 % of total by
the end of the 60-min time course. Crypt cells, on the other
hand, showed no appreciable metabolism within the first min
and by 60 min converted only 17% of intracellular 3H label to

phosphorylated products. Overall, the rate of phosphorylated
product formation was 9- to 12-fold slower in epithelium-crypt
cells than LI210 cells as determined by either in situ phospho-
rylation of F-Ara-A or with supernatant fractions from cell
homogenates tested for nucleoside kinase activity. As deter
mined from whole cell studies, the major metabolite recovered
was [3H]F-Ara-AMP. This observation is seemingly inconsis
tent with earlier findings (1) that show F-Ara-ATP to be the
most abundant metabolite produced, at least in tumor cells. It
must be pointed out, however, that these earlier investigations
examined F-Ara-A metabolism in vivo making metabolic meas
urements 3 h after pulse administration of drug. This approach
allows sufficient time for efflux and redistribution of freely
exchangeable [3H]F-Ara-A as plasma levels of this analogue fall

rapidly, and nearly complete conversion of remaining intracel
lular F-Ara-A to the triphosphate form. Our measurements, on
the other hand, were performed in vitro at or near steady state
F-Ara-A levels by using a closed system where the concentration
of F-Ara-A as well as the ratio of extracellular to cellular volume
were maintained constant. These conditions, therefore, would
maintain 1 Ara AMI' production at a maximum throughout

the experiment.
Perhaps more akin to physiological conditions is the situation

where levels of [3H]F-Ara-A and metabolites were monitored
in an environment that favored clearance of [3H]F-Ara-A from
the cell shifting the metabolic balance toward dephosphoryla-
tion of preformed products (Table 2). Under these conditions,
levels of F-Ara-AMP quickly decreased to or below F-Ara-ATP
levels approaching the /'// vivo situation described above (1).

Also noteworthy in these experiments is that the levels of
phosphorylated F-Ara-A products, and particularly levels of F-
Ara-ATP, were still noticeably greater in LI210 cells than in
epithelial cells even though the apparent rates of dephospho-
ryhit ion and F-Ara-A clearance were more pronounced in tumor
cells.

Upon close examination of the data presented in Fig. 5A it
becomes apparent that the intracellular concentration of F-Ara-
A, when expressed as nmol/ml of cell water (see conversion
factors in "Materials and Methods"), increases above the F-

Ara-A concentration in the media in both cell types suggesting
F-Ara-A accumulation against a concentration gradient. So
dium-dependent concentrative transport of nucleosides has
been reported (30, 31) for some epithelial cells but not for
LI210 cells. We do not have an explanation for this finding.

The results of our studies carried out on the phosphorylation
of various nucleosides or their analogues by nucleoside kinases
in crude extracts from each cell type are of interest for several
reasons. They do not delineate a role for dephosphorylating
metabolism, but they document greater capacity for net phos
phorylation of F-Ara-A and ara-C as well as deoxyadenosine
and deoxycytidine in LI210 cells compared to proliferativi:
intestinal epithelial cells. That the reverse was true for adeno-
sine is of interest in its own right. However, this finding also
shows that adenosine kinase is not significantly involved in the
phosphorylation of F-Ara-A in either cell type. This interpre
tation is consistent with previous biochemical studies (3) focus
ing on nucleoside kinase mediated phosphorylation of F-Ara-A
in LI210 cells. Finally, data derived showing a differential in

nucleoside kinase activity for ara-C found in tumor versus
intestinal crypt cells provides a metabolic basis for earlier
observations in vivo (32) which showed that phosphorylation of
this nucleoside analogue to ara-CTP was substantially greater
in LI210 cells than in small intestine.

F-Ara-ATP exerts its toxic effects (19-22), at least in part,
by inhibition of enzymes vital to the synthesis of DNA and
cellular proliferation. Crypt epithelial cells were unable to pro
duce F-Ara-ATP within the detection limits of our assay
whereas 1.1210 cells readily generated this metabolite. This is
consistent with in vivo findings by other investigators (4) who
reported difficulty in measuring F-Ara-ATP production in
mouse gastrointestinal mucosa but found relatively high levels
in P388 tumor cells. From these results, one might expect
greater in vivo cytotoxicity to LI 210 cells and other tumor cells
than host regenerative tissue following a treatment course with
F-Ara-A.

In summary, our data provide a basis to suggest that the in
vivo selectivity of the adenosine analogue F-Ara-A when used
against murine tumor models can be attributed, at least in part,
to separate transport and metabolic processes that appear sig
nificantly more active in drug-sensitive cancerous cells than in
proliferative normal host tissue. These findings are of particular
importance in that they enhance our understanding of mecha
nisms mediating the cytotoxic process and antitumor selectivity
of nucleoside analogues and may aid in the design of more
effective agents targeted to exploit biochemical differences that
arise as a result of neoplastic transformation.
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