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ABSTRACT

2',2'-Difluorodeoxycytidine (dFdC) is a new deoxycytidine analogue

with good activity against human leukemic cell lines and murine solid
tumors, while the activity of 1-/9-D-arabinofuranosylcytosine (ara-C) is
established in experimental systems and for the treatment of human adult
leukemia. This study compared the cellular metabolism and cytotoxic
properties of dFdC and ara-C in Chinese hamster ovary cells. In wild-
type cells, di (K was significantly more cytotoxic than ara-C after both
4- and 18-h incubations. The S'-triphosphate of dFdC (dFdCTP) was the

major cellular metabolite (85-90%), reaching cellular concentrations up
to 20-fold greater than those observed for ara-C S'-triphosphate at

equimolar concentrations of the parent drug. A deoxycytidine kinase-
deficient mutant neither accumulated dFdCTP nor showed any cytotoxic
response up to drug concentrations of 100 **M.The cytotoxicity of dFdC
could be competitively reversed by deoxycytidine further suggesting that
ill il<, like ara-C, required phosphorylation by deoxycytidine kinase for
biological activity. Several explanations for the different cellular accu
mulation of the drug triphosphates were established: (a) nucleoside
transport studies demonstrated that the membrane permeation of dFdC
was 65% more rapid than that of ara-C; (b) deoxycytidine kinase had a
higher affinity for dFdC (A',,,= 3.6 JIM) than for ara-C (A',,,= 8.8 UM),

while the A,,, for deoxycytidine was 1.4 u\Â¡;(c) the elimination of
intracellular dFdCTP was biphasic with f.,Â«= 3.9 and t^ÃŸ> 16 h while
the degradation of ara-CTP was monophasic and significantly faster ir,.
= 0.7 h). The comparatively long half-life of dFdCTP was related to the
prolonged inhibition of DNA synthesis after removal of exogenous nucle
oside. Together these factors contribute to the more potent cytotoxicity
of dFdC compared with ara-C.

INTRODUCTION

dFdC3 is a new antimetabolite (1-3) with good activity

against human leukemic cell lines and a number of solid tumors
in mice (1-4). While ara-C is known as the most effective drug
in adult acute leukemia (5), solid tumors have not been respon
sive to this drug. ara-C and dFdC each differ from the parent
nucleoside deoxycytidine by a modification at the 2' position

of the sugar moiety (Fig. 1). Both nucleoside analogues inhibit
cellular proliferation in S phase which causes cells to accumu
late at the Gr-S-phase boundary (1, 4). The finding that the
cytotoxicity of both drugs may be reversed by dCyd suggests
that dFdC and ara-C may be activated by a common metabolic
pathway. Because of the apparent similarities in the molecular
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structures and the metabolic pathways of drug activation, the
present study was undertaken as a comparative analysis of
metabolic and pharmacokinetic characteristics to provide an
explanation for observed differences in the therapeutic efficacy.

Although little is known about dFdC to date, a bulk of
information exists for ara-C that supports the contention that
phosphorylation of ara-C to the triphosphate is requisite for
cytotoxicity and antitumor activity (6-8). The rate-limiting
steps for the formation of intracellular ara-CTP are membrane
transport and phosphorylation by dCK (9-12). The toxicity
(13) and therapeutic activity (14, 15) of ara-CTP are related to
the AUC of the ara-CTP accumulation and retention curve
(AUC) (14,15). ara-CTP competes with dCTP in the inhibition
of DNA polymerase activity (7, 16), but it also serves as a
substrate in replicative (17, 18) and repair (19-21) DNA syn
thesis. In addition, ara-CTP may interfere with the intermediary
metabolism of phospholipid and glycoprotein synthesis (22-
24) and, at high concentrations, may inhibit RNA polymerase
activity (25). The present study compared the factors associated
with toxicity of dFdC and ara-C by analyzing membrane trans
port, phosphorylation of dCK, and the kinetics of drug triphos
phate accumulation and elimination by CHO cells.

MATERIALS AND METHODS

Moravek Biochemicals, Inc. (Brea, CA) was the source of [5,6-3H]-
ara-C (specific activity, 20 Ci/mmol). dFdC, the deamination product
dFdu, and [5-MC]dFdC (specific activity, 194 uCi/mg) were synthesized
at Eli Lilly Research Laboratories (Indianapolis, IN). [3H-methyf[Thy-
midine (specific activity, 50 Ci/mmol) and [3H]dCyd (specific activity,

26 Ci/mmol) were products of ICN Radiochemicals, Inc. (Irvine, CA).
[caroox>'-l4C]Inulin (specific activity, 3 mCi/g) and 3H2O (specific ac

tivity, 1 mCi/g) were products of New England Nuclear Corp. (Boston,
MA). ara-C and all natural nucleosides, nucleoside triphosphates, and
alkaline phosphatase were purchased from Sigma Chemical Co., Inc.
(St. Louis, MO). Snake venom phosphodiesterase was a product of the
Millipore Corp. (Freehold, NJ). Silicone oil (Versilupe F50) was ob
tained from General Electric Corp. (Waterford, NY).

Cell Culture. Wild-type CHO cells and dCK-deficient CHO mutant
(line AC'7) provided by Dr. P. Saunders, M. D. Anderson Hospital and

Tumor Institute) (26) were maintained in monolayer cultures in Mc
Coy's modified Medium SA (GIBCO, Grand Island, NY) supplemented
with 10% heat-inactivated fetal calf serum (GIBCO) at 37Â°Cin a

humidified atmosphere containing 5% CO2. Cell cultures consistently
tested negative for Mycoplasma contamination (American Type Culture
Collection, Rockville, MD). All experiments were performed with cells
in exponential growth phase. For experiments using suspension culture
cells, exponentially growing monolayer cells were detached from the
flask surface with 0.05% trypsin (GIBCO) and resuspended in McCoy's

modified Medium 5A for suspension culture (GIBCO) supplemented
with 10% heat-inactivated fetal calf serum. Cell number and mean cell
volume were determined by a Coulter Counter equipped with a Model
C-1000 particle analyzer (Coulter Electronics, Hialeah, FL).

The reproductive viability of the CHO cells was determined by
cloning. Cells were washed free from drug-containing medium, de
tached from the flask surface with 0.05% trypsin, and resuspended in
fresh medium. After appropriate dilution, 1 ml of cell suspension was
added to 4 ml of warm medium (containing 10% fetal calf serum) in
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Fig. 1. Structures of dCyd, ara-C, and dFdC (dFdC).

triplicate 60-mm culture dishes and incubated for 7-8 days. Colonies
were fixed and dyed with methanol 99% containing 0.5% crystal violet.
Cloning efficiency varied from 95-100%. Multiple dilutions were per
formed with cells obtained from drug-treated cultures to insure between
50 and 100 colonies/culture dish.

Nucleotide Extraction and Analysis. Following incubation with drugs,
monolayer cells were washed twice with ice-cold PBS (8.1 g NaCl, 0.22
g KC1, 1.1 g Na2HPO4, and 0.27 g KH2PO4/liter H2O, pH 7.4). The
cells were trypsinized, diluted with 10 ml cold PBS, and after cen-
trifugation, the pellet was extracted with 0.4 N HC1O4, as previously
described (27). The nucleoside triphosphates in the neutralized acid-
soluble extract were analyzed by HPLC using Waters Associates, Inc.
(Milford, MA) ALC-204 HPLC equipment with two Model 6000A
pumps, a Model 660 gradient programmer, and a column (250 x 4
mm) containing Partisil-10 SAX aniÃ³nexchange resin (Whatman, Inc.,
Clifton, NJ). Extracts of 0.1-10 x IO6 cell equivalents were injected
onto the column by means of the U6K-LC injection system. Cellular
metabolites were separated by the procedures outlined below.

Determination of Nucleoside Triphosphates by Anion-Exchange
HPLC. From an initial buffer composition of 65% buffer A (0.005 M
NH4H2PO4, pH 2.8) and 35% buffer B (0.75 M NH4H2PO4, pH 3.49),
a concave gradient (curve 9) was run at a rate of 3 ml/min for 30 min
concluding with a composition of 100% buffer B. The amount of NTP
was determined by external standard quantitation with the aid of a
Model 730 Data Module (Waters). The concentration of the nucleoside
triphosphates in CHO cells was calculated by dividing the amount of
NTP by the number of cell equivalents analyzed and the mean volume
of the cellular H2O. This calculation was based on the assumption that
the HC104-extracted nucleotides were uniformly distributed in the cel
lular H2O.

Determination of Nucleoside Mono-, Di-, and Triphosphates by Anion-
Exchange HPLC. From an initial buffer composition of 100% buffer A
(0.005 M NH4H2PO4, pH 2.8), a linear gradient was run over 40 min
at a rate of 2 ml/min concluding with a composition of 100% buffer B
(NH4H2PO4 0.75 M, pH 3.5).

Determination of Nucleosides by Reverse-Phase HPLC. A //Monda
pak Cig column (Waters Associates, Inc.) was used for the separation
of nucleosides generated by enzymatic degradation of nucleotides in
cell extracts. An initial buffer composition of 100% buffer A (0.5 M
ammonium acetate, pH 6.8) was maintained over 10 min followed by
a linear gradient reaching 40% buffer B (50% methanol) after 30 min.

Enzymatic Degradation of Drug Metabolites. Acid-soluble cell ex
tracts were incubated with alkaline phosphatase (0.2 *jg/230 p\ extract)
at 37"C for 3 h. After this treatment, all nucleotides had been dephos-

phorylated to nucleosides. To cleave phosphodiester bonds, cell extracts
(250 n\) were treated with 0.084 units of snake venom phosphodiester-
ase in Tris-HCl, pH 9.0, in the presence of CaCl2. Reaction products
were separated by reverse-phase HPLC as described above.

Membrane Transport. The studies of membrane transport of dFdC
and ara-C were performed at 21"C, according to the method of White

et al. (12). All cells used for the transport experiments were derived
from suspension cultures in exponential growth phase. Tubes (1.5 ml)
containing 100 //I of radiolabeled drug in PBS layered over 150 //I
silicone oil were placed into a microcentrifuge. The transmembraneal
transport was started by forceful injection of 100 //I of cell suspension
containing 2 x IO7 cells and was terminated by centrifuging the cells

through the oil layer (30 s). The medium above the oil was collected to
determine the concentration of extracellular drug. After freezing the

microcentrifuge tube, the tip of the tube containing the cell pellet was
cut off. The pellet was solubilized in 1.5 ml PBS and after addition of
1.5 ml 0.4 N NaOH, was incubated overnight at 37Â°C.Radioactivity

was measured after addition of 10 ml Scinti Verse (Fisher Scientific
Co., Fairlawn, NJ). Parallel experiments with 3H2O (total pellet space)
and [caroojcy-'4C]inulin (extracellular space) were used to correct for

the radiolabeled drug trapped in the extracellular space.
The 1-octanol/PBS partition coefficient of dFdC and ara-C was

determined by analyzing the distribution of the radioactive compounds
between the phases n-octyl alcohol and PBS. The purity of [14C]-
dFdC and [3H]ara-C had been determined to be >98 and >97%,

respectively.
Deoxycytidine Kinase Assay. Cell extracts were prepared and the

phosphorylative activity of dCK was determined with DE-81 anion-
exchange filter discs, according to the method of Saunders et al. (26).
Tetrahydrouridine (final concentration, 100 ^M) was included in the
assay to prevent deamination of substrates, while NaF (final concentra
tion, 20 HIM) was added to inhibit dephosphorylation of reaction
products. To simulate the whole cell condition in the cell extracts, NTP
and (IN II' concentrations equal to the intracellular concentrations of

the respective nucleotides in intact CHO cells were used. In units of
nmol per ml assay mixture they were CTP, 670; UTP, 1680; ATP,
4970; GTP, 920; dTTP, 80; dATP, 46; dGTP, 14. Cell extract, 50 Mg
of protein, was added to start the reaction which was linear for 45 min.
The phosphorylative activity of dCK was expressed as nucleoside phos-
phorylated per min x mg protein. Bovine serum albumin served as a
standard in the protein assay.

Incorporation of |'l l| l'In midini- into Acid Insoluble Material. The

amount of DNA synthesis was estimated by incubating the CHO cell
monolayers with [3H]thymidine (0.5 /Â¿Ci/ml)at various times during
drug exposure. The reaction was terminated by washing with ice-cold
PBS and subsequent trypsinization on ice. Cells were suspended in PBS
and collected on 24-mm glass fiber filter papers (GF/C; Whatman,
Inc.), washed with PBS, and extracted with 0.4 N HC1O4. The filter
papers retaining the acid-insoluble material were placed into scintilla
tion vials and analyzed for radioactivity after the addition of 10 ml
Safety Solve (RPI Research Products, Mt. Prospect, IL). All experi
ments were performed as triplicate assays and were normalized for cell
numbers.

RESULTS

Effect of dFdC and ara-C on CHO Cell Clonogenicity. The
cytotoxicity exerted by dFdC on wild-type CHO cells was
significantly greater than with ara-C (Fig. 2). The ID50 of dFdC
after a 4-h incubation was 160-fold less than that of ara-C; after
an 18-h incubation, the ID50 values differed by 35-fold. Treat
ment of a dCK-deficient ara-C-resistant CHO mutant with up
to 100 UM dFdC did not affect clonogenicity. No cytotoxicity
was observed up to 1 ^M ara-C whether the cells were incubated
for 4 or 18 h. By contrast, 1.0 ftM dFdC exerted significant
cytotoxicity after a 4-h incubation as did 0. l UMdFdC after an
18-h incubation. Deamination by cytidine/deoxycytidine de-
aminase was prevented by inclusion of 100 Â¿Â¿Mtetrahydrouri-
dine in the incubations.

Reversal of dFdC-induced Cytotoxicity by Deoxycytidine. The
cytotoxic effect of a 4-h incubation with 1 or 10 ^M dFdC could
be completely reversed by concurrent incubation with 10 and
100 tiM deoxycytidine, respectively (Fig. 3), while the cytotox
icity of 100 UM dFdC was only partially reversed by dCyd
concentrations 50-fold in excess. Concurrent incubation of
CHO cells with 100 /Â¿MdFdC and 1000 MMdCyd resulted in
an incomplete inhibition of dFdC phosphorylation and yielded
an intracellular dFdCTP concentration of 21 pM which was
associated with the maintained cytotoxic effect of dFdC. De
oxycytidine alone at concentrations of 1-5000 ^M did not affect
the clonogenicity of CHO cells.
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Fig. 2. Effect of dFdC (dFdC) and ara-C
on Ihe clonogenicity of CHO cells. Cells were
incubated with the indicated concentrations of
dFdC (â€¢)or ara-C (O) for either 4 (A) or 18
(B) h, then washed into drug-free medium and
plated to determine clonogenicity. A dCK-de-
ficient CHO mutant (A) was treated with dFdC
for 4 h (A). The SD of triplicate assays was
less than 10%.
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Fig. 3. Effect of deoxycytidine on reversal of dFdC-induced cytotoxicity. CHO

cells were incubated for 4 h with dFdC at 0 (â€¢),1 (D), 10 (A) and 100 (0) ^M
and were concurrently exposed to deoxycytidine ( 1-5000 >iM).After drug washout,
cells were plated in fresh medium and analyzed for clonogenicity for 7 days.

Chromatographie Identification of dFdC Metabolites. In con
trast to ara-C, no information existed about the metabolism of
dFdC. Table 1 shows the distribution of the dFdC metabolites
after separation by anion-exchange chromatography. After a 3-
h incubation with l IJ.M[14C]dFdC 89% of the drug appeared as

dFdCTP. This identification was made on the basis of HPLC
retention, resistance to NaIO4, and recovery of the parent drug
after treatment with alkaline phosphatase. Radioactive nucleo-
side, dFdCMP, and dFdCDP represented only minor compo
nents of the HClO4-soluble extract. An additional dFdC-deriv-
ative, metabolite X (2.8% of total) that eluted at 9.5 min could
neither be attributed to dFdCMP (elution time, 4.5 min) nor to
dFdCDP (elution time, 14.5 min). Treatment with alkaline

Table 1 Identification ofdFdC metabolites by anion-exchange HPLC
Cells were incubated with 1 ^M ['"CjdFdC for 3 h, washed free of drug, and

extracted with HCIO< as described in "Materials and Methods." The acid-soluble
cell extract was analyzed for dFdC metabolites by anion-exchange chromatogra
phy. The cell extract was treated with alkaline phosphatase to dephosphorylate
the nucleotides and was exposed to phosphodiesterase to cleave phosphodiester
bonds.

%compositionCompoundElution

time (min)
Treatment

None
Alkaline phosphatase
Alkaline phosphatase

+ phosphodiesteraseNucleo-

side1.50.2

97.4
100dFdCMP4.52.4

00Metabo

liteX9.52.8

2.6
0dFdCDP14.55.6

0
0dFdCTP2989

0
0

Table 2 Identification ofdFdC metabolites by reverse-phase HPLC

Extracts prepared as described in Table 2 were treated as indicated and
fractionated by reverse-phase HPLC as described in "Materials and Methods."

%compositionCompoundElution

time (min)
Treatment

Alkaline phosphatase
Alkaline phosphatase +

phosphodiesteraseMetabolite

X5.52.3

0dFdC8.297.0 99.3dFdU10.70.70.7

phosphatase left metabolite X unchanged, while dFdCMP,
dFdCDP, and dFdCTP were completely dephosphorylated to
dFdC. Further treatment of the cell extract with phosphodies
terase induced the disappearance of metabolite X, after which
100% of the radioactive drug was recovered in the nucleoside
fraction.

Reverse-phase HPLC separation of the enzyme incubation
mixtures demonstrated that dFdC was the major product of
these reactions (Table 2). Both before and after treatment of
cell extract with alkaline phosphatase, metabolite X eluted at
5.5 min and thus was clearly separated from dFdC and the
deamination product dFdu (elution times, 8.2 and 10.7 min,
respectively). Again phosphodiesterase treatment led to the
disappearance of metabolite X. These results suggest that me
tabolite X may be a CDP-choline analogue of dFdC nucleotide
similar to that found in cells treated with ara-C (22, 23).
Although anion-exchange chromatography did not reveal nu
cleotides that might have resulted from deamination of dFdC,
reverse-phase chromatography of alkaline phosphatase-treated
cell extracts did permit the detection of dFdu as a minor
component of the HClCvsoluble extract (0.7%).

Intracellular Accumulation of dFdCTP and ara-CTP. The cel-
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TOXICITY AND METABOLISM OF dFdCyd

lular metabolism of the triphosphates of dFdC and ara-C was
compared to provide a possible explanation for the differences
in cytotoxicity. The analogue triphosphate accumulation was
monitored over a time range of 1-6 h at drug concentrations of
1, 10, and 100 MM(Fig. 4). The intracellular concentration of
dFdCTP and ara-CTP increased linearly up to 3-4 h. At all
analyzed time points dFdCTP accumulated to 9- to 20-fold
greater intracellular concentrations than araCTP.

Investigation of the relationship between exogenous nucleo-
side concentration and cellular triphosphate accumulation (Fig.
5) indicated that the increase of intracellular dFdCTP was
nearly linear with the concentration of dFdC over a 100-fold
range of nucleoside concentrations. In contrast, increasing the
ara-C level failed to produce a proportional increment in cel
lular ara-CTP, suggesting an element of saturability in ara-CTP
metabolism not seen for dFdCTP. In accordance with Fig. 4
dFdCTP exceeded ara-CTP at all compared parent drug con
centrations by 9- to 20-fold.

Kinetics of Elimination of dFdCTP and ara-CTP. The elimi
nation of dFdCTP was biphasic after drug washout (Fig. 6).
The half-life during the first phase (fact) was 3.9 h while the
second phase faÃŸwas longer than 16 h. The latter determination
was made in separate experiments conducted over 16 h (data
not shown). In contrast, the elimination of ara-CTP was mon-
ophasic and much more rapid (fa = 0.7 h). The modality of
elimination as well as the half-lives were independent of the
intracellular ara-CTP or dFdCTP concentration. The fa of the
dFdCTP elimination was 3.9 h whether the cells were washed
free of drug at an intracellular dFdCTP concentration of 18 or
280 ftM. Correspondingly, the fa of ara-CTP was also found to
be independent of the intracellular nucleotide concentration at
drug washout (4.5 or 160 /Â¿M).Within the range of 1-6 h that
was examined, the triphosphate elimination rate was independ
ent of the time of nucleoside exposure before washout (data not
shown).

Inhibition of DNA Synthesis as a Function of Intracellular
Drug Triphosphate Concentration. Other studies have demon
strated that dFdC, like ara-C, specifically inhibits DNA synthe
sis (4). To determine the relationship between the intracellular
concentrations of dFdCTP and of ara-CTP with the inhibition
of DNA synthesis, CHO cells were incubated with various
concentrations of the respective nucleosides for 1 h to permit
the accumulation of several different concentrations of each
triphosphate. Each culture was pulsed with [3H]thymidine (0.5
Ci/ml) during the final 15 min of the incubation before nucle-
otides were extracted and incorporation of radioactivity was
determined as a measure of DNA synthesis (Fig. 7). An expo
nential increase in the intracellular concentration of each ana
logue nucleoside triphosphate was associated with a linear
decrease of [3H]thymidine incorporation into DNA. ara-CTP

inhibited DNA synthesis at significantly lower intracellular
concentrations than did dFdCTP. The ID50 of ara-CTP (0.5
n\\) was 14-fold less than for dFdCTP (7 ^M), a value that may

indicate the relative potency of the two analogues.
Recovery of DNA Synthesis as a Function of Time and Intra

cellular Drug Triphosphate Concentration. After treatment with
dFdC or ara-C, cells were washed free of drug and were analyzed
at various times to determine the kinetics of recovery of DNA
synthesis (Fig. 8). The extent of DNA synthesis inhibition and
the time needed for recovery of DNA synthesis were dependent
on the analogue triphosphate concentration at the time cells
were washed into drug-free medium (data not shown). To allow
an appropriate comparison of the differential recovery kinetics
of DNA synthesis a starting condition of 90% inhibition of
DNA synthesis after drug washout was chosen. This defined
degree of DNA synthesis inhibition was achieved after a 1-h
incubation with 3 ÃŸMdFdC and with 5 UMara-C, respectively.
Although both cultures were initially inhibited to the same
extent, the recovery of DNA synthesis after removal of nucle
oside analogues occurred earlier and at significantly lower cel-
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Fig. 4. Accumulation of dFdCTP and ara-CTP as a fonction of time. Cells were incubated with either dFdC (â€¢)or ara-C (O) at drug concentrations of 1 (A), 10
(B), and 100 (C) UM.At the indicated time points, the intracellular concentrations of dFdCTP and ara-CTP were determined as described in "Materials and Methods."

Points, means of triplicate analyses; SDs were less than 10%.
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Fig. 5. Accumulation of dFdCTP and ara-CTP as a function of drug concen
tration. Cells were incubated with dFdC Â«//</<l (â€¢)or ara-C (O) with the indicated
concentrations of each drug for 4 h. The intracellular concentrations of dFdCTP
and ara-CTP were determined as described in "Materials and Methods."
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Fig. 6. Kinetics of elimination of dFdCTP and ara-CTP. Cells were incubated

with l u ,,M dFdC (â€¢)or 300 ,.M ara-C (O) for 4 h to permit the accumulation of
analogue triphosphates and then washed into prewarmed (37'C) drug-free me

dium. At indicated times the levels of intracellular drug triphosphates were
determined as described in 'Materials and Methods." Points, means of duplicate

analyses with SDs of less than 10%.
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Fig. 7. Inhibition of DNA synthesis as a function of intracellular drug In
phosphate concentration. Cells were incubated with dFdC (â€¢)or ara-C (O) at a
dose range of O.S-SO ;<Mfor 1 h. Each culture was pulsed with [3H]thymidine
(0.5 )/<i, m 11for the linai 15 min of the incubation. At I h, cellular concentrations
of drug triphosphate as well as [3H]thymidine incorporation into DNA were
determined as described in "Materials and Methods." Points, means of triplicate

analyses with SDs of less than 10%.

Comparison of Membrane Transport. The capacity of CHO
cells to transport dFdC and ara-C was analyzed to determine
the basis for increased dFdCTP accumulation relative to ara-
CTP. Membrane transport of dFdC and ara-C was measured
in a dCK-deficient CHO mutant cell line to prevent intracellular
trapping of phosphorylated drug metabolites (Fig. 9). The mem
brane transport determinations were carried out at a drug
concentration of 1 pM because the specific activity of [14C]-

dFdC was too low to allow measurements at lower drug con
centrations. The initial rate of membrane transport at l /aM
extracellular drug was 65% higher for dFdC than for ara-C
(Fig. 9) (0.061 versus 0.037 pmo I/mi n x IO7cells, respectively).

An additional factor that may contribute to the differential rates
of membrane permeation was derived from the fact that dFdC
exhibits a greater lipophilicity than does ara-C. Determination
of the partitioning between PBS and 1-octanol of dFdC and
ara-C produced ratios of 0.0106 and 0.0526, while calculated P
values according to the method of Mansch and Leo (28) were
0.0079 and 0.0355, respectively.

Phosphorylation of dCyd, dFdC, and ara-C by Deoxycytidine
Kinase. dCK had a significantly higher affinity for cll-dC than
for ara-C. The apparent Km for dFdC was 3.6 Â±0.5 (SD) MM
while the apparent A"mfor ara-C was 8.8 Â±1.6 JIM.The apparent
A"mof this preparation for dCyd was 1.4 Â±0.2 UM.The ratio of

Vmax/An,may be taken as an indicator of relative substrate
efficiency for dCK. While the Vm^/Km values for dCyd and
dFdC were similar (17.6 and 15.3, respectively) this ratio was
comparatively low for ara-C (3.1). Thus, dFdC appears to be a
better substrate for dCK than does ara-C.

lular drug triphosphate concentrations in ara-C- than in dFdC-
treated cells. Consistent with the short elimination r.. of ara-
CTP, DNA synthesis rapidly recovered and reached 100% of
control values 2 h after ara-C washout followed by an over
shooting of DNA synthesis at 6 h. In dFdC-treated cells, the
recovery of DNA synthesis was delayed and by 6 h after dFdC
washout had reached only 80% of control. These results suggest
that recovery of DNA synthesis is dependent on the cellular
concentration of the nucleotide analogue.

DISCUSSION

The present study compared cellular metabolism and phar-
macokinetic characteristics of dFdC and ara-C in order to find
explanations for the significant differences in the cytotoxic
properties of the two drugs. Analysis of intracellular metabolites
of dFdC revealed that the triphosphate was the major drug
component (85-90%) as has been demonstrated for ara-C (9,
29). Although dFdC is a substrate for cytidine/deoxycytidine
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Fig. 8. Recovery of DNA synthesis as a
function of time and intracellular drug tri-
phosphate concentration. To achieve a 90%
inhibition of DNA synthesis cells were incu
bated with 3 Â»IMdFdC (A) or 5 Â¿IMara-C (Ã„),
washed, and reincubated in prewarmed (37Â°C)
drug-free medium. DNA synthesis (â€¢)was de
termined by [3H]thymidine incorporation into

DNA. Intracellular drug triphosphate levels
(O) were determined at given times, as de
scribed in "Materials and Methods." Points,

means of triplicate analyses with SDs of less
than 10%.
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Fig. 9. Transport of dFdC (dFdC) and ara-C into dCK-deficient CHO cells.
Cells were exposed to 1 ^M [14C]dFdC (â€¢)or 1 pM [3H)ara-C (O) at 21'C for 5-

30 s. Cellular drug uptake was terminated by centrifugation through an oil layer
and analyzed as described in "Materials and Methods."

deaminase,4 deaminated metabolites represented only a minor

fraction of the parent drug in CHO cells (Table 2). The low
rate of dFdC deamination in CHO cells may be attributed to
the low enzyme activity observed in this cell line (30). Further
more, the deamination product dFdu was 5 orders of magnitude
less cytotoxic to human leukemia cells than the parent drug,
dFdC (4). A minor dFdC metabolite (2.8% of total) was iden
tified as dFdCDP-choline by HPLC elution characteristics and
by differential sensitivity to alkaline phosphatase and venom
phosphodiesterase treatment. Like ara-C, the cytotoxic effect
of dFdC was dependent on phosphorylation by dCK. Accord
ingly no dFdC-mediated toxicity was evident in a dCK deficient
CHO mutant. dCyd in 10-fold excess reversed the cytotoxicity
of 1 and 10 ^M dFdC completely. Competition at the level of
membrane transport, phosphorylation, and incorporation into
DNA probably account for this observation.

dFdC was significantly more cytotoxic to wild-type CHO
cells than was ara-C with regard to both short- and long-term
exposure (Fig. 2). Equitoxicity at the level of 50% cell kill was
achieved after 4 h exposure to drug concentrations which were
160-fold lower for dFdC than for ara-C. The greater cytotoxicity
of dFdC related to considerably higher accumulation of the
active triphosphate at equimolar drug concentrations. Indeed,

' W. Plunkett, S. Mineishi, S. Chubb, and B. Nowak, unpublished observations.

at drug concentrations ranging between 1 and 100 /<M. the
intracellular dFdCTP formation exceeded ara-CTP concentra
tions by 9- to 20-fold. Three essential factors control the quan
titative accumulation of intracellular dFdCTP or ara-CTP:
membrane transport (10-12); phosphorylation by dCK (7, 8);
and degradation of the triphosphate (30-32).

First, in experimental tumor cells the membrane transport
capacity of nucleosides is high compared with the phosphory-
lative activity of dCK (9, 10, 12). Differences in membrane
transport of ara-C and dFdC are therefore unlikely to have a
significant influence on the accumulation of intracellular tri-
phosphates in CHO cells even at extracellular drug concentra
tions <1 ÃÃM.The initial rate of membrane transport measured
in a dCK-deficient CHO mutant was 65% higher for dFdC than
for ara-C. Furthermore, the lipophilicity of dFdC was 5 times
greater than that of ara-C, a factor that may contribute to
cellular penetration of dFdC by passive diffusion. In the treat
ment of human leukemia, however, this observation may be of
importance. For human leukemic blasts it is known that at low
ara-C concentrations (1 UM)the rate of ara-C membrane trans
port limits the rate of intracellular ara-CTP accumulation (10-
12). If dFdC is a better membrane permeant in human leukemia
blasts than ara-C, this characteristic may represent a consider
able therapeutic advantage over ara-C for overcoming trans
port-associated resistance at low drug concentrations in plasma.

Second, at drug concentrations >1 UM, it is likely that the
affinity of the rate-limiting phosphorylating enzyme dCK for
dFdC and ara-C will be the decisive factor in analogue triphos
phate accumulation. With an apparent A'mof 3.6 Â¿Â¿M,dCK had
a significantly greater affinity for dFdC than for ara-C (A'm=

8.8 MM).The Vmaxof dFdC (54.7 pmol/min x mg) was 2-fold
higher than for ara-C or dCyd (26.9 and 24.5 pmol/min x mg,
respectively). The efficiency of phosphorylation, expressed as
the ratio of Vmax/#m,was 5 times higher for dFdC than for ara-
C. The fact that dFdC appears to be a better substrate for dCK
than is ara-C may contribute to the significantly faster rate of
dFdCTP accumulation compared to ara-CTP (Fig. 4).

The third factor controlling the quantitative accumulation of
intracellular drug triphosphate is the susceptibility of ara-CTP
and dFdCTP to dephosphorylation. The elimination of intra
cellular dFdCTP was biphasic and considerably slower than the
comparatively rapid monophasic elimination of ara-CTP (Fig.
5). The half-life of dFdCTP during the first phase of drug
elimination (t^a) was 5.6 times longer than that of ara-CTP.
The second phase of dFdCTP elimination approached a pla
teau; between 3 and 16 h after drug washout, the elimination
of dFdCTP was too slow to calculate a half-life. The importance
of the drug elimination characteristics becomes evident when
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the ID50 of dFdC and ara-C are compared with regard to short-
or long-term incubations. During a short-term incubation the
half-life of the drug triphosphates has a greater impact on the
cytotoxic effect than after a long-term incubation. Correspond
ing to this contention the ratio of ID5odFdc/ID5oara-cwas 1:160
after a 4-h incubation and 1:35 after an 18-h exposure. The
more effective retention of dFdCTP compared to ara-CTP and
the biphasic nature of dFdCTP elimination is not specific for
CHO cells but has also been observed in human leukemia cell
lines (4).

Taken together, the faster membrane transport velocity, the
greater effectiveness of dFdC phosphorylation by dCK, and the
significantly longer retention of dFdCTP may contribute to the
higher accumulation of intracellular dFdCTP. The central clin
ical importance of the accumulation and retention of ara-CTP
has been established (14, 15). The therapeutic effect of ara-C
was significantly better in leukemia blasts that had long reten
tion times of intracellular ara-CTP in vitro (15) and during
therapy (14). In this respect, the slow elimination kinetics of
dFdCTP may prove to be a valuable characteristic, especially
in patients whose leukemia blasts exhibit a short ara-CTP
retention time.

All experiments assaying DNA synthesis as a function of
drug triphosphate concentration (Figs. 7 and 8) were performed
after a 1-h drug exposure. This incubation time was chosen to
avoid secondary effects on DNA synthesis such as partial syn
chronization or deoxynucleotide perturbation which may occur
at longer time intervals. Inhibition of DNA synthesis was
linearly related to the intracellular concentration of both ara-
CTP and dFdCTP (Fig. 7). The parallel dose-response curves
for the inhibition of DNA synthesis suggests a common target
that is affected at a differential potency by the 2 analogue
triphosphates. In this context, it is possible that the lower ability
of dFdCTP to inhibit DNA synthesis is due to a lesser affinity
of DNA polymerase to the nucleotide analogue or that dFdCTP
serves as a comparatively inefficient substrate for incorporation
into DNA. In support of these possibilities, experiments with a
human leukemia cell line (K562) showed that radioactive dFdC
was incorporated into DNA to a lesser extent than was ara-C.4

In summary, at equimolar concentrations of the respective
nucleosides, dFdCTP accumulated to higher intracellular con
centrations than did ara-CTP, but at the same time, higher
concentrations of dFdCTP than ara-CTP were required to effect
the same degree of inhibition of DNA synthesis.

Not only the degree of inhibition of DNA synthesis, but also
the time needed for recovery of DNA synthesis after drug
washout determine the cytotoxic effect of the nucleoside ana
logues (27, 34, 35). This fact becomes evident in Fig. 7 where
comparable inhibition of DNA synthesis was achieved by drug
triphosphate concentrations which have a clearly different cy
totoxic potential. For ara-C and other nucleoside analogues it
is well known that the AUC of the drug triphosphate is an
important determinant of cytotoxicity. To achieve a compara
tive analysis of drug triphosphate concentration and DNA
synthesis as a function of time a 90% inhibition of DNA
synthesis was induced by 1-h incubations with 3 p\i dFdC and
5 ÃÃMara-C, respectively. The rapid elimination of intracellular
ara-CTP allowed a fast recovery (2 h) of DNA synthesis and
thus enabled the cells to escape the cytotoxic drug effect (Fig.
8). The long half-life of dFdCTP, however, induced a prolonged
inhibition and 6 h after drug washout only incomplete recovery
of DNA synthesis. While a 90% inhibition of DNA synthesis
(Fig. 8) resulted in significant toxicity in dFdC-treated cells no
cytotoxicity was observed in ara-C-treated cells (Figs. 2, 4, and

5). It may be concluded that the longer half-life of dFdCTP
results in a greater AUC of the active drug triphosphate and
thus contributes to prolonged inhibition of DNA synthesis and
correspondingly greater cytotoxicity. However, the long termi
nal half-life of dFdCTP did not allow a precise calculation of
the dFdCTP-associated AUC. For this reason a direct compar
ison of the cytotoxicity of dFdC and ara-C relative to the total
intracellular AUC values of dFdCTP and ara-CTP was not
established.

The therapeutic efficacy of ara-C is limited by the rapid
elimination of intracellular ara-CTP in target cells (14, 15). In
contrast, the prolonged retention of dFdCTP may overcome
this disadvantage. Potent cytotoxic activity and unusual phar-
macokinetic characteristics of the active nucleotide make dFdC
a clinically interesting drug that warrants further investigation.
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