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SUMMARY

The new deoxycytidine analogue 2’,2’-difluorodeoxycytidine
(dFdC) is a specific inhibitor of DNA synthesis that has marked
cytotoxicity and therapeutic activity. A 2-hr incubation with 0.1-
10 um dFAC decreased cellular viability 78-97%. This treatment
reduced deoxynucleoside triphosphate pools, similar to the ac-
tion of the ribonucleotide reductase inhibitor hydroxyurea. The
most pronounced decrease occurred in the dCTP pool, quanti-
tatively followed by the decrease of dATP, dGTP, and dTTP. In
contrast, inhibition of DNA synthesis by arabinosyicytosine did
not affect the dCTP level, whereas dATP, dGTP, and dTTP pools
increased, but less than 2-fold. The incorporation of [5-*H]cyti-
dine into the dCTP pool, a measure of ribonucleotide reductase

activity in whole cells, was reduced to 3% of controls by 0.1 um
dFdC, but to only 40% by 0.1 um ara-C. Each drug decreased
incorporation of [5-°H]cytidine into DNA to a similar extent
(>94%), suggesting limitation by a reaction proximal to this step.
The cellular concentration of dFdC 5’-diphosphate was 0.3 um
at 50% inhibition of the in situ activity of ribonucleotide reductase.
Direct assays of partially purified ribonucleoside diphosphate
reductase (EC 1.17.4.1) demonstrated 50% inhibition by 4 um
dFAC 5’-diphosphate; dFAC 5'-triphosphate was much less
inhibitory. We conciude that dFdC 5’-diphosphate acts as an
inhibitor of ribonucleoside diphosphate reductase.

Nucleoside antimetabolites have been developed into some
of the most effective anticancer and antiviral agents. dFdC is
a new dCyd analogue (1) that is cytotoxic in cell lines (2, 3)
and has therapeutic activity in several murine tumor models
(4). Phase I clinical trials are proceeding in solid tumors (5)
and relapsed leukemias (6). The cytotoxic action of dFdC,
which is associated with a specific inhibition of DNA synthesis,
requires intracellular phosphorylation and the cellular accu-
mulation of the 5’-diphosphate dFdCDP and the 5’-triphos-
phate dFACTP (2). The initial step in this pathway is catalyzed
by dCyd kinase (2, 7), an enzyme that is regulated by dCTP-
mediated feedback inhibition (8, 9). Low concentrations of
dFdC (>0.01 uM) induced a significant depletion of cellular
dNTP pools in K562 cells, a human leukemia cell line, with
the major effect being on dCTP (3). The dFdC-induced dCTP
depletion may be of importance, because this is likely to release
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feedback inhibition of dCyd kinase, which, in turn, may en-
hance dFdC phosphorylation. Furthermore, dFdCTP incorpo-
ration into DNA may be increased as competition with dCTP
is diminished (10).

To understand the mechanisms underlying the dFdC-me-
diated dNTP perturbation, the pharmacodynamics of dFdC
were compared with those of hydroxyurea and ara-C. Hydrox-
yurea acts as a specific inhibitor of ribonucleotide reductase
(11), whereas ara-C nucleotides do not affect the enzyme (12)
but may modulate dNTP metabolism as a secondary effect of
the inhibition of DNA synthesis (13). The results indicate that
the perturbation in the ANTP pools in dFdC-treated cells is a
result of direct inhibition of ribonucleotide reduction.

Experimental Procedures

Materials. dFAC was synthesized as described (1). Radiolabeled
cytosine was used for the synthesis of [2-*C]dFdC (specific activity,
194 uCi/mg). Ara-C was purchased from Sigma Chemical Co., Inc. (St.
Louis, MO). [2-*H]Adenosine (40 Ci/mmol), [6-*H]Cyd (26 Ci/mmol),
[8-°H]guanosine (8 Ci/mmol), [ methyl-*H]thymidine (52 Ci/mmol), [6-
3H]uridine (27.5 Ci/mmol), and [U-"*C]CDP (517 Ci/mol) were pur-
chased from ICN Radiochemicals, Inc. (Irvine, CA). ATP-agarose type

ABBREVIATIONS: dFdC, 2’,2’-difluorodeoxycytidine (gemcitabine); dFACDP and dFdCTP, the di- and triphosphates of 2’,2’-difluorodeoxycytidine;
ara-C, 1-g-p-arabinofuranosyicytosine; dNTP, deoxynucleoside triphosphate; dCyd, deoxycytidine; Cyd, cytidine; HEPES, 4-(2-hydroxyethyi)-1-

567

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

'EEEi:55|:)eeri!||'b

568  Heinemann et al.

3 was purchased from Pharmacia LKB Biotechnology (Piscataway,
NJ). Crotalus adamanteus venom, hydroxyurea, and Dowex-1 were
obtained from Sigma. All other reagents were of the highest purity
available. dFACDP and dFdCTP were synthesized chemically by estab-
lished procedures (14). The products were isolated by preparative high
pressure liquid chromatography using a Magnum-20 SAX column
(Whatman, Inc. Clifton, NJ) and isocratic elution with 0.50 M
NHH,PO,, pH 3.7. Nucleotides were recovered from the eluate by
adsorption to activated charcoal.

Cell culture. The T lymphoblastic cell line CCRF-CEM was ob-
tained from American Type Culture Collection (Rockville, MD). The
cells were maintained in suspension culture in exponential growth in
RPMI 1640 medium (GIBCO Laboratories, Grand Island, NY) supple-
mented with 5% heat-inactivated fetal calf serum (GIBCO), at 37° in
a humidified atmosphere containing 5% CQ,. Cell number and cell
volume were determined by a Coulter counter equipped with a model
C-1000 particle analyzer (Coulter Electronics, Hialeah, FL). The av-
erage volume of CCRF-CEM cells was 0.943 pl/cell.

The effect of dFAC on the viability of cells was determined by a
clonogenic assay. Cells were incubated with various concentrations of
dFdC for 2 hr and washed, and dilutions of 200 or 2000 cells were
plated in Iscove’s medium supplemented with 5% glutamine (GIBCO),
containing final concentrations of 0.3% agar and 30% fetal calf serum.
After 10 days, colonies of greater than 40 cells were counted with the
aid of an inverted microscope.

Nucleotide extraction and analysis. Nucleotides were extracted
from cells with 0.4 N HCIO,, as previously described (2). The neutral-
ized HCIO,-soluble extracts were analyzed by high pressure liquid
chromatography, using a Partisil-10 SAX (Whatman, Inc.) anion ex-
change column (250 X 4 mm). Mono-, di-, and triphosphates of dFdC
were separated by a linear gradient run over 40 min at 2 ml/min,
starting at 100% buffer A (0.005 M NH H,PO,, pH 2.8) and concluding
at 100% buffer B (0.75 M NHH,PO,, pH 3.5) (2).

Determination of ANTP. Degradation of nucleoside triphosphates
in the HCIO,-soluble extract from 1-3 X 107 cells was achieved by
periodate oxidation (15). The dNTPs were separated on a Partisil-10
SAX column at a flow rate of 3 ml/min. After an isocratic elution with
75% buffer A and 256% buffer B (20 min), a linear gradient was run for
the next 23 min to 79% buffer B.

In situ activity of ribonucleotide reduction. Ribonucleotide
reduction was estimated by the amount of radioactivity incorporated
into the dCTP, dTTP, dATP, or dGTP pool and into DNA after a 10-
min pulse with 0.5 uCi/ml [*H]Cyd, [*H]uridine, [*H]adenosine, or [*H]
guanosine, respectively. Incorporation into dNTP pools was measured
as described above, after quantitative removal of ribonucleotides with
periodate. The method described by Jackson (16) was used to measure
incorporation into DNA. Ribonucleotide reduction in situ was taken as
the sum of these two values. The release of *H from the 5-position of
[5-*H]Cyd into *H,O through the in situ activity of thymidylate syn-
thase was measured after a 30-min incubation, according to the method
of Nicander and Reichard (17). [*’H]Thymidine incorporation into
DNA, conducted as a 10-min pulse of 0.5 uCi/ml at various times after
drug addition, was quantitated as previously described (2). When cells
were coincubated with [**C]dFdC (to determine cellular metabolites)
and [*H]Cyd (to measure in situ reduction), the activity of each isotope
was quantitated simultaneously, using a Beckman model LS-5801
liquid scintillation counter. Radioactivity associated with mono- and
diphosphates of deoxynucleotides was less than 10% of that in the
respective triphosphate fractions.

Purification and assay of ribonucleoside diphosphate reduc-
tase. CEM cells (5 x 10°) in exponential growth were suspended and
disrupted in 30 ml of extraction buffer (50 mmM HEPES, pH 7.4, 2 mM
MgCl,, 2 mM dithiothreitol, 15% glycerol), using a Parr cell disruption
bomb (1800 psi for 30 min at 4°). Cell homogenates were centrifuged
at 100,000 X g for 120 min. The supernatant was collected, streptomycin
sulfate was added to a final concentration of 1%, and the resulting
precipitate was removed by centrifugation. The enzyme was precipi-

tated by bringing the supernatant to 80% (NH,),SO, and, after cen-
trifugation, the resulting pellet was dialyzed against extraction buffer
for 4 hr with one change of buffer. Ribonucleoside diphosphate kinase
was depleted 1300-fold, to a specific activity of 0.21 nmol of CDP
phosphorylated to CTP/min/mg, using an ATP-agarose column as
described (18). These procedures raised the apparent specific activity
of CDP reductase to 0.71 pmol/min/mg.

The ribonucleoside diphosphate reductase assay mixture had a final
volume of 150 ul, containing 200 mM HEPES, pH 7.4, 6 mM ATP, 6
mM MgCl,, 3 mM dithiothreitol, 1 mM NaF, 3 uM FeCl;, and 150 uM
[**C]CDP (0.1 xCi). The reactions, conducted in duplicate, were started
by the addition of 1.0 mg of enzyme preparation and were stopped after
a 15-min incubation at 37° by boiling of the sample for 3 min at 100°.
After the addition of 0.5 mg of C. adamanteus venom to each sample
and incubation at 37° for 60 mins, [**C]dCyd was isolated using a
Dowex-1 borate column and quantitated as described (19).

Results

The effect of dFAC on the viability of CEM cells is shown in
Fig. 1. Nearly 80% of the population was killed by a 2-hr
incubation with 0.10 uM dFdC; lethality was nearly complete
at 10 uM. Although the cytotoxic action of dFdC is thought to
be exerted on S phase cells, a greater proportion of the popu-
lation lost clonogenic capacity than would be in S phase (20)
during the 2-hr incubation. Thus, the active nucleotides of
dFdC and/or their effects on normal metabolites and processes
must be retained long enough for most of the population to
progress into S phase. These findings are consistent with the
observations that the active nucleotides of dFdC are eliminated
slowly, thus allowing cells to cycle into the sensitive S phase
(2, 3).

The effect of dFAC incubation on the cellular ANTPs was
investigated in CEM cells exposed for 2 hr to dFdC concentra-
tions in the range of 0.01-10 uM. In four separate experiments
performed in untreated cells, dCTP was the smallest ANTP
pool (28 + 2 uM), when compared with dTTP (64 + 6.5 uM),
dATP (76 + 8 uM), and dGTP (51 * 6.5 uM). A 2-hr incubation
with dFdC induced a decrease in all dNTP pools (Fig. 2). This
effect was apparent at 0.01 uM dFdC and was not substantially
increased at higher dFAC concentrations. Although 0.1 uMm
dFdC reduced the dCTP pool to 21% of controls, a further
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Fig. 1. Effect of dFdC on clonogenicity of CEM cells. Expontentially
growing cells were incubated for 2 hr with the indicated concentrations
of dFdC, washed into fresh medium, and plated to form colonies. Values
are the mean x standard deviation of six samples. Control colonogenicity
was 38 + 5%.
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Fig. 2. Effect of dFdC on dNTP pools in CEM cells. Cells were incubated
with the indicated concentrations of dFAC for 2 hr and dNTPs were
extracted with HCIO, and quantitated as described in Experimental
Procedures. The data are the mean + standard deviation of three
separate experiments. ®, dCTP; ¢, dTTP; A, dATP; O, dGTP.

reduction to only 6% of control levels was achieved by 10 uM
dFdC (Fig. 2). At this concentration, however, dTTP, dATP,
and dGTP were not reduced by more than 50%. The intracel-
lular dFACTP concentrations were 1.6, 48, 330, and 410 uM
after a 2-hr exposure to 0.01, 0.1, 1.0, and 10 uM dFdC, respec-
tively. Although not measured in these experiments, other
experience with CEM cells (see below) and Chinese hamster
ovary cells (2) indicates that dFACDP concentrations are 2-3%
of the dFACTP levels. Incubations with 0.1 uM dFdC resulted
in greater than 90% inhibition of [*H]thymidine incorporation
into DNA by 45 min (data not shown). Similar concentrations
of 2’,2’-difluorodeoxyuridine, the dFdC deamination product,
had no discernible effect on any ANTP pool (data not shown).

dNTP pools were studied after incubation with ara-C to
better understand the effect of a primary inhibitor of DNA
synthesis on ANTP metabolism in CEM cells (Fig. 3). Ara-C
affected dNTP metabolism in a strikingly different manner
than did dFdC. Cells exposed to 0.01-100 uM ara-C showed no
significant change of the dCTP pool size. The cellular concen-
trations of dATP, dTTP, and dGTP, however, rose slightly in
response to higher ara-C levels, increasing by 76, 66, and 57%
above control values, respectively, after a 2-hr exposure to 10
uM ara-C. The ara-C triphosphate concentrations were 1.7, 22,
216, 364, and 297 uM in cells incubated with 0.01, 0.1, 1.0, 10,
and 100 uM ara-C, respectively. Inhibition of thymidine incor-
poration was similar for 0.1 uM ara-C and dFdC (data not
shown). These results indicate that inhibition of DNA synthesis
alone is unlikely to cause the ANTP pool depletion observed in
dFdC-treated cells.

Parallel cultures of CEM cells were incubated for 2 hr with
hydroxyurea or dFdC to compare the cellular pharmacody-
namics of a pure ribonucleotide reductase inhibitor with the
action of dFdC on ANTP pools in CEM cells. The effects of 0.1
uM dFdC (Fig. 4A) and of 5 mM hydroxyurea (Fig. 4B) on
dNTP pools were qualitatively and quantitatively similar. Both
drugs induced a pronounced dCTP decrease that was rapid
during the initial 45 min, followed by a slower plateauing phase
of dCTP depletion. The major effect of each drug on dATP and
dGTP pools was seen within the first 30 min of incubation;
dTTP was the least affected of all ANTPs.

The differential effect on ribonucleotide reduction of dFdC
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Fig. 3. Effect of ara-C on dNTP pools. CEM cells were treated with the

indicated concentrations of ara-C for 2 hr and dNTPs were extracted

with HCIO, and quantitated as described in Experimental Procedures.

The data are the mean + standard deviation of three separate experi-

ments. @, dCTP; ¢, dTTP; A, dATP; O, dGTP.

A
= 100 %.-.,0 100
=
A -
S st ;\e_é\n 75}
»n
a’
2 sof 50
h=]
5 \
S o5} .| s}
@
(&)
of of
0 30 60 90 120 0 30 60 90 120
Minutes Minutes

Fig. 4. Effect of dFdC and hydroxyurea on dNTP pools in CEM cells.
Cells were exposed to 0.1 um dFAC (A) or 5 mm hydroxyurea (B) over
the indicated intervals and dNTPs were extracted with HCIO, and quan-
titated as described in Experimental Procedures. The data are repre-
sentative of duplicate experiments. ®, dCTP; , dTTP; A, dATP; O,
dGTP.

and hydroxyurea, relative to ara-C, was characterized further
by pulse treatment with [PH]Cyd at the end of a 2-hr drug
exposure (Table 1). The incorporation of [*H]Cyd into the
dNTP pool and into DNA was followed as a measure of ribo-
nucleotide reduction activity in situ. Nearly complete inhibition
of [*H]Cyd incorporation into dCTP and into DNA (96.6% and
96.8%, respectively) was achieved by 0.10 uM dFdC. Although
0.10 uM ara-C reduced the incorporation of [*H]Cyd into DNA
to a similar extent (93.5%), incorporation into the dCTP pool
was only inhibited to 60% of controls. The total amount of
radioactivity incorporated into the combined compartments of
dCTP and DNA was 8.3-fold less after 0.1 uM dFdC than after
0.1 uM ara-C. Not only was dFAC more potent than ara-C at
decreasing the metabolism of [*H]Cyd to dCTP, but the pattern
of inhibition was different. Higher concentrations (1.0 uM) of
ara-C did not substantially augment this action, whereas dFdC-
induced inhibition became nearly complete. After exposure of
cells to 5 mM hydroxyurea, no radioactivity was detected in the
dCTP pool, and [*H]Cyd incorporation into DNA was reduced
to 8.9% of controls. The release of *H was almost completely
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TABLE 1

Effect of dFdC, ara-C, and hydroxyurea on the in situ activity of
ribonucleotide reductase

CEM cells were incubated for 2 hr with the indicated concentrations of dFdC, ara-
C, or hydroxyurea. At the end of the incubation time, cells were pulsed with [5-°H]
Cyd for 10 min and the amount of *H incorporated into the dCTP pool and into
DNA was quantitated, as described in Experimental Procedures. Incorporation of
*H into *H,0 was determined by a 30-min exposure to [5-*H]Cyd, which was
started 30 min before the end of drug incubation. Control incorporation was: dCTP,
11,240 dpm/5 x 107 celts; DNA, 15,940 dpm/5 x 107 cells; *H,0, 16,843 dpm/5 x
10* celis. The results are the average + coefficient of variation of three experiments.

[5-*H]Cyd incorporation
dacTP DNA H,0 release
% of control

Control 100+ 5 100+ 1 100 + 12
dFdC, 0.01 um 423+71 3902 39+22
dFdC, 0.1 um 34+36 32+0.6 06+0.7
dFdC, 1.0 um 0.7 £ 0.9 47 +1.2 0
Ara-C, 0.01 um 609+41 220+0.7 66+09
Ara-C, 0.1 um 403 +6.2 6.5+29 40+32
Ara-C, 1.0 um 333+24 26+03 0
Hydroxyurea, 5 mm 0 8.9+ 0.1 0

inhibited by all three drugs, suggesting that flux through ribo-
nucleotide reduction, dCMP deaminase, and thymidylate syn-
thase was particularly sensitive to inhibition of DNA synthesis.
Thus, the effects of dFAC and the ribonucleoside diphosphate
reductase inhibitor hydroxyurea were similar, in that Cyd in-
corporation into dCTP was blocked. In contrast, ara-C, an
inhibitor of DNA synthesis, permitted significant accumulation
of [*H]Cyd in dCTP.

This approach was extended to evaluate the effects of dFdC
on the reduction of other ribonucleosides (Table 2). The accu-
mulation of radioactivity from [*H]uridine into dTTP was as
severely inhibited as Cyd accumulation in dCTP (Table 1),
although somewhat less inhibition was evident in DNA. Incor-
poration of adenosine and guanosine into dATP and dGTP,
respectively, was also inhibited, but not to the extent of Cyd
and uridine reduction. Nevertheless, incorporation of the pur-
ines into DNA was curtailed by >90%. Hydroxyurea had an
effect similar to that of dFdC on the reduction of each ribonu-
cleoside and incorporation into DNA.

The kinetics of in situ inhibition of ribonucleotide reduction
were studied in cells exposed to 0.1 uM [**C]dFdC over 120 min
(Fig. 5). During this incubation interval, dFdACDP accumulated
to 1.3 uM, whereas dFdCTP reached 44 uM (not shown). Anal-
ogous to the kinetics of the cellular dCTP concentration (Fig.
4A), a rapid initial decline of [*H]Cyd incorporation into dCTP
and DNA was noted. The dFdC-induced inhibition of [*'H]Cyd
incorporation into DNA occurred more slowly than the inhi-
bition of [*H]Cyd incorporation into the dCTP pool, suggesting
that inhibition of DNA synthesis in dFdC-treated cells may be
partially mediated by dCTP depletion (not shown). When the
total incorporation of [°H]Cyd into dCTP and DNA was ana-
lyzed as an estimate of in situ ribonucleotide reduction, a 50%
inhibition occurred after about 20 min at cellular dFdCDP
concentration of 0.3 uM (F'ig. 5).

The activity of partially purified ribonucleoside diphosphate
reductase was inhibited by 50% in the presence of 4 uM dFdCDP
(Fig. 6A). The inhibition was not augmented by preincubation
of dFACDP with the enzyme preparation for 10 min before
addition of CDP (not shown). Parallel studies demonstrated
that dFACTP was much less inhibitory to CDP reduction at
this concentration (Fig. 6A). Inhibition of CDP reduction by

TABLE 2

Effect of dFdC and hydroxyurea on ribonucleotide reduction in situ
CEM cells were treated for 2 hr with either dFdC or hydroxyurea before pulse
incubation for 10 min with *H-ribonucleoside. Accumulation of radioactivity into
dNTPs and DNA was quantitated as described in Experimental Procedures. Control
incorporation into each dNTP and DNA (dpm/3 x 107 cells), respectively, was:
uridine, 18,780 (into dTTP) and 24,561; adenosine, 21,724 (into dATP) and 24,626;
and guanosine, 1,222 (into dGTP) and 4,312. Results are the average of two
experiments.

. Incorporation
Nucleoside Treatment _—
dNTP DNA
% of control
[6-°H]Uridine 0.1 um dFAC 5 16
1.0 um dFdC 2 19
5 mm Hydroxyurea 14 17
[2-*H]Adenosine 0.1 um dFdC 43 9
1.0 um dFdC 21 6
5 mm Hydroxyurea 18 9
[8-*H]Guanosine 0.1 um dFdC 19 5
1.0 um dFAC 20 4
5 mm Hydroxyurea 31 5
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Fig. 5. Relationship between cellular dFACDP concentrations and in situ
CDP reductase activity. CEM cells were incubated with 0.10 um [2-'*C]
dFdC (2.2 Ci/mi) for the indicated times. Ten minutes before the end of
each incubation, cells were pulsed for 10 min with [5-°*H]Cyd. In situ
reductase activity was quantitated as the sum of incorporation of [5-*H]
Cyd into dCTP and DNA, as described in Experimental Procedures.
Control incorporation was: dCTP, 7,026 + 422 dpm/5 x 107 cells; DNA,
10,820 + 650 dpm/5 x 107 cells. The results are the mean + standard
deviation of duplicate experiments.

hydroxyurea was inhibited with an ICs of about 1 mM, but
even 10 mM did not give complete inhibition (Fig. 6B).

Discussion

A significant reduction in cellular dCTP, dTTP, dATP, and
dGTP pools was observed in CEM cells treated with cytotoxic
concentrations of dFdC. This decrease occurred in a concentra-
tion-dependent manner (Fig. 2) and could not be affected by
2’,2’-difluorodeoxyuridine, which is readily produced in biolo-
gic systems by dFdC deamination (3). Because dFdC treatment
is also associated with inhibition of DNA synthesis (2, 3, 10),
we hypothesized that ANTP pool depletion may be induced
either by a direct inhibition of ribonucleotide reduction or by
an indirect effect that is secondary to the interruption of DNA
synthesis. To distinguish between these alternatives, the effects
of dFdC were compared with those of the ribonucleotide reduc-
tase inhibitor hydroxyurea and with the action of ara-C, the
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Fig. 8. Inhibition of CDP reduction by dFdCDP, dFdCTP, and hydroxyu-
rea. Ribonucieotide reductase was from CEM celis. The
effects of the indicated concentrations of dFACDP (@) and dFdCTP (O)
(A) or hydroxyurea (B) on CDP reduction were determined as described
in Experimental Procedures.

major activity of which is directed at DNA synthesis by inhi-
bition of DNA polymerization.

These studies demonstrated that ara-C (Fig. 3) had a mark-
edly different effect on ANTP metabolism than did dFdC (Fig.
2) or hydroxyurea (Fig. 4). Both dFdC and hydroxyurea caused
a major decrease in the dCTP pool and lesser but significant
reductions in the dATP and dGTP pools. In contrast, ara-C
essentially had no effect on the dCTP pool, and an increase in
the dATP, dTTP, and dGTP pools was noted. This observation
may be explained by a blockade of cells in the S phase of the
cell cycle (4), which is associated with higher ANTP concentra-
tions. It is likely that, when DNA synthesis is inhibited, de
novo ANTP synthesis exceeds ANTP consumption, contribut-
ing to a net increase in the pools. Thus, the observed pertur-
bations in ANTP pools during incubation with dFdC are not
explained satisfactorily as an effect arising secondary to inhi-
bition of DNA synthesis, which is observed in dFdC-treated
cells (2, 3, 10).

Inhibition of ribonucleotide reduction by hydroxyurea par-
alleled the dFdC-induced dNTP pool changes (Fig. 4). This
observation is consistent with the hypothesis that nucleotides
of dFAC directly induce an inhibition of ribonucleotide reduc-
tion and, thus, may cause the dNTP pool decrease. Pulse
treatment of CEM cells with [*H]Cyd showed that dFdC and
ara-C similarly blocked the incorporation of radiolabel into
DNA (Table 1). By contrast, 0.1 uM dFdC inhibited the incor-
poration of radiolabel into the dCTP pool by over 96%, whereas
0.1 uM ara-C reduced [*H]Cyd conversion to dCTP by only
60%. This indicates an inhibitory action of dFdC proximal to
DNA synthesis that was substantially less in ara-C-treated
cells. The effect of hydroxyurea on the in situ activity of
ribonucleotide reduction of all ribonucleosides was, however,
similar to that of dFdC. These results are again consistent with
a direct inhibition of ribonucleotide reduction by metabolites
of dFdC.

Inhibition of ribonucleotide reduction in situ occurred at low
intracellular concentrations of dFdC metabolites; the cellular
dFdCDP concentration was 0.3 uM when the incorporation of
[*H]Cyd into dCTP was inhibited by 50% (Fig. 5). The results
in Fig. 6 are consistent with the hypothesis that dFdCDP acts
as an effective inhibitor of ribonucleoside diphosphate reduc-
tase. The potency of inhibition is similar to that noted by
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others in a preliminary report (21), although the ICs of
dFdCDP for the partially purified enzyme was greater than
that determined in situ (Fig. 6A). It has been suggested that
the efficient coupling of ribonucleotide reductase with DNA
synthesis observed in intact cells is disrupted when cells are
lysed (22). If so, this may provide an explanation for the
apparent discrepancy in the potency of dFdCDP for the inhi-
bition of ribonucleotide reductase when measured by these two
approaches.

There is precedent for inhibition of ribonucleoside diphos-
phate reductase by dFdCDP, in that other nucleoside diphos-
phates substituted at the 2’-carbon with halogens or an azido
group have been found to be effective inhibitors of the ribonu-
cleoside diphosphate-reducing enzyme (23-25). These com-
pounds are mechanism-based inactivators (26); however, it is
not known whether the inhibition of ribonucleoside diphos-
phate reductase by dFdCDP is irreversible. Cellular elimination
of dFdC nucleotides is relatively slow (2, 3) and, as a result, it
has not been possible to determine whether the delayed reple-
tion of cellular ANTP pools following washout of dFdC was due
to irreversible inhibition of the enzyme or prolonged retention
of dFACDP. It should be noted that the mechanism of dFdCDP-
mediated inhibition of ribonucleoside diphosphate reductase is
likely to be different from that of the clinically useful purine
nucleoside analogues arabinosyl-2-fluoroadenine (27) and 2-
chlorodeoxyadenosine (28). The triphosphates of these drugs
are thought to act as alternative inhibitors at the dATP binding
site of ribonucleoside diphosphate reductase (29, 30), whereas
no inhibitory activity has been demonstrated for the respective
nucleoside diphosphates.

Our understanding of the metabolism of dFdC to nucleotides
and their actions suggests that inhibition of ribonucleoside
diphosphate reductase may, by several mechanisms, have a
self-potentiating effect on the activity of the drug. First, the
activity of dCyd kinase, the enzyme required for phosphoryla-
tion of dFdC, is tightly regulated by dCTP (8, 9). A decrease in
the cellular dCTP pool is likely to lead to an increased rate of
dFdC phosphorylation (7), as is the case for other nucleosides
that require this enzyme (31, 32). Second, dFdC monophos-
phate is a substrate for dCMP deaminase and this enzyme may
be critical for the elimination of dFdC nucleotides, particularly
at low cellular concentrations (33). dCTP is required as an
activator of dCMP deaminase; reduction of cellular dCTP levels
would be expected to decrease enzyme activity, thus favoring
maintenance of the dFdC nucleotide concentrations. Third,
dFACTP competes with dCTP for incorporation into DNA by
DNA polymerase « and 6 (10). A lowered dCTP concentration
would favor incorporation of the analogue, an action that is
associated with cytotoxicity. Thus, inhibition of ribonucleoside
diphosphate reductase by dFdACDP may trigger several actions
that would lead to self-potentiation of the activity of dFdC.

Acknowledgments

The authors wish to thank Diane Bush for expert editorial advice during the
preparation of the manuscript.

References

1. Hertel, L. W, J. S. Kroin, J. W. Misner, and J. M. Tustin. Synthesis of 2-
deoxy-2,2-difluoro-D-ribose and 2-deoxy-2,2-difluoro-D-ribofuranosyl nucle-
osides. J. Org. Chem. 53:2406-2409 (1988).

2. Heinemann, V., L. W. Hertel, G. B. Grindey, and W. Plunkett. Comparison
of the cellular pharmacokinetics and toxicity of 2’,2’-difluorodeoxycytidine
and 1-8-D-arabinofuranosylcytosine. Cancer Res. 48:4024-4031 (1988).

3. Plunkett, W., V. Gandhi, S. Chubb, B. Nowak, V. Heinemann, S. Mineishi,
A. Sen, L. W. Hertel, and G. B. Grindey. 2’,2’-Difluorodeoxycytidine metab-

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

aspet

572  Heinemannet al.

10.

11.

12

13.

14.

15.

16.

17.

18.
19.

20.

olism and mechanism of action in human leukemia cells. Nucleosides Nucleo-
tides 8:775-785 (1989).

. Hertel, L. W., G. B. Boder, J. S. Kroin, S. M. Rinzel, G. A. Poore, G. C.

Todd, and G. B. Grindey. Evaluation of the antitumor activity of gemcitabine
(2',2’-difluoro-2’-deoxycytidine) Cancer Res., 50:4417-4422 (1990).

. Abbruzzese, J. L., R. Grunewald, E. A. Weeks, D. Gravel, T. Adams, B.

Nowak, S. Mineishi, P. Tarassoff, W. Satterlee, M. N. Raber, and W.
Plunkett. A phase I clinical, pl and cellular pharmacology study of 2°,2’-
difluorodeoxycytidine. J. Clin. Oncol., in press.

. Grunewald, R., M. Du, T. Adams, K. Faucher, H. Kantarjian, M. Keating, P.

Tarassoff, M. Raber, and W. Plunkett. Pharmacology of 2’,2’-difluorodeox-
ycytidine in leukemia. Proc. Am. Assoc. Cancer Res. 31:182 (1990).

. Gandhi, V., and W. Plunkett. Modulatory activity of 2’,2’-difluorodeoxycy-

tidine on the phosphorylation and cytotoxicity of arabinosyl nucleosides.
Cancer Res. 50:3675-3680 (1990).

. Datta, N. S, D. S. Shewach, B. S. Mitchell, and I. H. Fox. Kinetic properties

and inhibition of human T lymphoblast deoxycytidine kinase. J. Biol. Chem.
264:9359-9364 (1989).

. Kim, M.-Y., and D. H. Ives. Human deoxycytidine kinase: kinetic mechanism

and end product inhibition. Biochemistry 28:9043-9047 (1989).

Huang, P., S. Chubb, and W. Plunkett. Mechanism of action of 2°,2’-
difluorodeoxycytidine on DNA synthesis. Proc. Am. Assoc. Cancer Res.
31:426 (1990).

Moore, E. C., and R. B. Hurlburt. The inhibition of ribonucleoside diphos-
phate reductase by hydroxyurea, guanazole, and pyrazoloimidazole (IMPY).
Pharmacol. Ther. 27:1167-1196 (1985).

Moore, E. C., and S. S. Cohen. Effects of arabinosylnucleotides on ribonucle-
otide reduction by an enzyme system from rat tumor. J. Biol. Chem.
242:2116-2118 (1967).

North, T. W. Effects of 9-8-D-arabinofuranosyladenine and 1-8-D-arabino-
furanosylcytosine on levels of deoxynucleic acid precursors in uninfected and
herpes simplex virus-infected cells. Biochem. Pharmacol. 32:3862-3864
(1983).

Hoard, D. E,, and D. G. Ott. Conversion of mono- and oligodeoxyribonucleo-
tides to 5’-triphosphates. J. Am. Chem. Soc. 87:1785-1788 (1965).
Heinemann, V., and W. Plunkett. Modulation of deoxynucleotide metabolism
by the deoxycytidylate deaminase inhibitor 3,4,5,6-tetrahydrodeoxyuridine.
Biochem. Pharmacol. 38:4115-4121 (1989).

Jackson, R. C. The regulation of thymidylate biosynthesis in Novikoff hep-
atoma cells and the effects of amethopterin, 5-fluorodeoxyuridine and 3-
deazauridine. J. Biol. Chem. 253:7440-7446 (1978).

Nicander, B., and P. Reichard. Relations between synthesis of deoxyribonu-
cleotides and DNA replication in 3T6 fibroblasts. J. Biol. Chem. 260:5376—
5381 (1985).

Spector, T. Improvement of a simple method to purify ribonucleotide reduc-
tase. Prep. Biochem. 15:183-188 (1985).

Steeper, J. R., and C. D. Steuart. A rapid assay for CDP reductase in
mammalian cell extracts. Anal. Biochem. 34:123-130 (1970).

Liliemark, J. O., and W. Plunkett. Regulation of 1-8-D-arabinofuranosylcy-

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

tosine accumulation in human leukemia cells by deoxycytidine 5’-triphos-
phate. Cancer Res. 46:1079-1083 (1986).

Sunkara, P. S., B. J. Lippert, R. D. Snyder, E. T. Jarvi, and R. A. Farr.
Antitumor aciivity of 2’-deoxy-2’,2’-difluorocytidine, a novel inhibitor of
ribonucleotide . ductase. Proc. Am. Assoc. Cancer Res. 29:324 (1988).
Mathews, C. K., C. Thylen, Y. Wang, J. Ji, M. L. Howell, M. B. Slabaugh,
and B. Mun. Intracellular organization of the enzymes of DNA precursor
biosynthesis, in Structural and Organizational Aspects of Metabolic Regulation
(P. A. Srere, M. E. Jones, and C. K. Matthews, eds.). Alan R. Liss, Inc., New
York, 139-152 (1990).

Stubbe J., and J. W. Kozarich. Fluoride, pyrophosphate, and base release
from 2’-deoxy 2’-fluoronucleoside 5’-diphosphates by ribonucleoside diphos-
phate reductase. J. Biol. Chem. 255:5511-5513 (1980).

Ator, M. A, and J. Stubbe. Mechanism of inactivation of E. coli ribonucleotide
reductase by 2’-chloro-2’-deoxyuridine 5’-triphosphate: evidence for gener-
ation of a 2’-deoxy-3’-ketonucleotide via a net 1,2-hydrogen shift. Biochem-
istry 24:7214-7221 (1985).

Thelander, L., B. Larsson, J. Hobbs, and F. Eckstein. Active site of ribonu-
cleoside diphosphate reductase for Escherichia coli. J. Biol. Chem. 251:1398~
1405 (1976).

Stubbe, J. Ribonucleotide reductases: amazing and confusing. J. Biol. Chem.
265:5329-5332 (1990).

Keating, M. J., H. Kantarjian, M. Talpaz, J. Redman, C. Koller, B. Barlogie,
W. Velasquez, W. Plunkett, E. J. Freireich, and K. B. McCredie. Fludarabine:
a new agent with major activity against chronic lymphocytic leukemia. Blood
74:19-25 (1989).

Piro, L. D., C. Carrera, D. A. Carson, and E. Beutler. Lasting remissions in
hairy-cell leukemia induced by a single infusion of 2-chlorodeoxyadenosine.
N. Engl. J. Med. 322:1117-1121 (1990).

Parker, W. B, A. R. Bapat, J.-X. Shen, A. J. Townsend, and Y.-C. Cheng.
Interaction of 2-halogenated dATP analogs (F, Cl, and Br) with human DNA
polymerases, DNA primase, and ribonucleotide reductase. Mol. Pharmacol.
34:485-491 (1988).

Griffig, J., R. Koob, and R. L. Blakeley. Mechanism of inhibition of DNA
synthesis by 2-chlorodeoxyadenosine in human lymphoblastic cells. Cancer
Res. 49:6923-6928 (1989).

Gandhi, V., and W. Plunkett. Modulation of arabinosylnucleoside metabolism
by arabinonucleotides in human leukemia cells. Cancer Res. 48:329-334
(1988).

Gandhi, V., and W. Plunkett. Interaction of arabinosyl nucleotides in K562
human leukemia cells. Biochem. Pharmacol. 38:3551-3558 (1989).
Heinemann, V., L. Hertel, G. B. Grindey, and W. Plunkett. Cellular elimi-
nation of 2’,2’-difluorodeoxycytidine 5’-triphosphate (dFdCTP). Proc. Am.
Assoc. Cancer Res. 29:504 (1988).

Send reprint requests to: William Plunkett, Department of Medical Oncology,
The University of Texas M. D. Anderson Cancer Center, 1515 Holcombe Boule-
vard, Houston, TX 77030.

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/



