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ABSTRACT

The action of the new deoxycytidine analogue 2',2'-difluorodeoxycy-

tidine (dFdC) on DNA synthesis was investigated in whole cells and in
vitro assay systems with purified DNA polynterases. DNA synthesis in
human lymphoblastoid CEM cells was inhibited by dFdC in a concentra
tion-dependent manner that could not be reversed by exogenous deoxy-
nucleosides. The analogue was incorporated into cellular DNA; most of
the incorporated ill (K 5'-monophosphate (dFdCMP) residues were in

internucleotide linkage. In vitro DNA primer extension assays demon
strated that dFdC S'-triphosphate (dFdCTP) competed with deoxycyti

dine triphosphate for incorporation into the C sites of the growing DNA
strand. The ratios of the apparent Ã„â€ž,values for the incorporation of
dFdCTP and dCTP into a C site of M13mpl9 DNA were 21.8 and 22.9
for DNA polymerases a and <. respectively. The apparent A, values of
dFdCTP were 11.2 JIMfor DNA polymerase a and 14.4 /IM for polym-
erase Â«.After dFdCMP incorporation, the primer was extended by one
deoxynucleotide before a major pause in the polymerization process was
observed. This was in contrast to the action of arabinosylcytosine 5'-

triphosphate, which caused both DNA polymerases a and <to pause at
the site of incorporation. The V â€”¿�*5' exonuclease activity of DNA

polymerase t was essentially unable to excise nucleotides from DNA
containing dFdCMP at either the 3'-end or at an internal position,
whereas arabinosylcytosine monophosphate was removed from the 3'-

terminus at 37% the rate for deoxynucleotides. The cytotoxic activity of
dFdC was strongly correlated with the amount of dFdCMP incorporated
into cellular DNA. Our results demonstrate qualitative and quantitative
differences in the molecular actions of dFdC and arabinosylcytosine on
DNA metabolism, but are consistent with an important role for such
incorporation in the toxicity of dFdC.

INTRODUCTION
dFdC3 (Gemcitabine) is a new analogue of deoxycytidine with

geminai fluorine atoms at the 2'-carbon of the sugar moiety

(1). This compound has potent cytotoxic activity against
Chinese hamster ovary cells in cultures (2) and human leukemia
cell lines (3, 4). Studies with animal tumor models have dem
onstrated that dFdC is active in vivo against a wide spectrum
of murine solid tumors and human tumor xenografts (5, 6).
Clinical studies show that this compound induced therapeutic
responses in patients with adenocarcinomas of the colon and
lung (7, 8). These biological activities were in contrast with
those of ara-C, which is effective in hematological malignancies,
particularly acute leukemia (9), but is essentially inactive against
solid tumors.

The mechanisms responsible for the different antitumor ac-
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tivities of dFdC and ara-C have not been elucidated. Recent
studies demonstrated that the cytotoxic action of dFdC, like
ara-C, requires intracellular phosphorylation by deoxycytidine
kinase (2, 10). The half-life of intracellular dFdCTP, however,
is much longer than that of ara-CTP both in vitro (2, 3) and in
vivo (11). Furthermore, dFdC, but not ara-C, induces a signifi
cant decrease in cellular dNTP pools, presumably by inhibiting
ribonucleotide reducÃase(3, 4). The differences in the cellular
metabolism of dFdC and ara-C may in part explain their
different antitumor activities.

Inhibition of DNA synthesis is the most prominent activity
of dFdC observed in cultured cells (2). It is likely that inhibition
of ribonucleotide reducÃaseand perturbation of deoxynucleotide
pools contribule lo Ihis action (3, 4). Allhough inhibition of
DNA synlhesis has been strongly correlated with inlracellular
dFdCTP concentralions (2), lillle is known aboul Ihe molecular
aclion of dFdCTP on DNA replicalion. Therefore, we invesli-
galed the incorporalion of dFdCMP into DNA and its aclion
on DNA slrand elongalion. The aclion of dFdC on DNA
metabolism was compared with lhal of ara-C lo gain a belter
underslanding of Ihe biochemical basis for Ihe differenl aclivi-
lies of ihese drugs. A preliminary report of ihis work has been
published (12).

MATERIALS AND METHODS

Chemicals. dFdC and dFdCTP were synthesized as described previ
ously (1, 13). [5-'H]dFdC was prepared by Amersham International,
Inc. (Arlington Heights, IL). ara-C was purchased from Sigma Chem
ical Co. (St. Louis, MO). The 17-base M13 sequencing primer (5'
GTAAAACGACGGCCAGT 3'), MI3mpl8(+) DNA, T4 polynucleo-

tide kinase, and HPLC-purified dATP, dCTP, dGTP, and dTTP were
obtained from Pharmacia LKB Biotechnology, Inc. (Piscataway, NJ).
M13mp 19(+) DNA and Klenow enzyme were purchased from Bethesda
Research Laboratories (Gaithersburg, MD). [meiA>7-'H]Thymidine, [5-
3H]uridine, and [-y-32P]ATPwere from ICN Radiochemicals, Inc. (Ir
vine, CA). DNA polymerases a and t were purified from human T-
lymphoblastoid cells and characterized as previously described (14).
The specific activities of the pol Â«and pol f were 11,936 and 2,440
units/mg, respectively. One unit is the amount of enzyme required to
catalyze the incorporation of 1 nmol of dTTP into acid-insoluble
material in l h at 37Â°C.

Cell Culture. Human T-lymphoblastoid CCRF-CEM cells were main
tained in exponential growth in RPMI 1640 suspension culture medium
supplemented with 5% fetal bovine serum. The cellular clonogenicity
assays were carried out as previously described (14).

Determination of DNA Synthesis Activity in Whole Cells. CEM cells
in exponential growth phase were incubated with various concentrations
of dFdC for a desired period and labeled with ['H]thymidine for 30 min

to determine DNA synthesis activity (14).
Determination of dFdCMP Incorporated in DNA. Cells were incu

bated with various concentrations of |'H]dFdC for 4 h and washed
twice with cold phosphate-buffered saline, and IO7cells/ml were lysed
in 10 m\i Tris-HCl, pH 7.4, 10 itiM EDTA, 0.5% sodium dodecyl
sulfate, and Pronase (1.25 mg/ml). The cell lysate was extracted with a
phenol mixture (50 g of phenol:? ml of m-cresol:80 mg of 8-hydroxy-
quinoline:5.5 ml of H2O), and the nucleic acids were precipitated with
2 volumes of ethanol. Each pellet was dissolved in 5 mM EDTA, and
formamide was added to 50% (v/v) for a final volume of 1 ml. The

6110

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/22/6110/2445524/cr0510226110.pdf by guest on 19 M

ay 2023



ACTION OF dFdC ON DNA SYNTHESIS

solution was heated to 80Â°Cfor 5 min, brought to 4.5 ml with 5 mM

EDTA, mixed with 4.5 ml of saturated Cs2SO4, and eentrifuged in a
Ti75 rotor, first at 50,000 rpm for 16 h and then at 40,000 rpm for 1
h. The resulting gradients were aspirated from the top with a Densi-
Flow IIC apparatus (Buchler) equipped in series with an absorbance
monitor to locate the DNA and RNA bands. Fractions of 0.5 ml were
collected, the specific gravities of each were determined, and after
extensive dialysis the radioactivity associated with DNA and RNA
peaks was determined by liquid scintillation counting. To determine
the positions of the dFdCMP incorporated in the DNA strand, DNA
isolated from cells labeled with [3H]dFdC and [MC]thymidine was
degraded to its internal nucleoside-3'-monophosphates and 3'-terminal

nucleosides by sequential digestion with micrococcal nuclease and
spleen phosphodiesterase (14). The digests were separated by reverse-
phase HPLC, and the radioactivity associated with the resulting 3'-

monophosphates and nucleosides was quantitated by liquid scintillation
counting.

DNA Primer Extension Assay. The 17-base Ml3 sequencing primer
was labeled with 32P at its 5'-end and annealed to its complementary

site on either M13mp 19(+) or M13mp 18(+) DNA template. The DNA
primer extension assay and sequence analysis were carried out as
described previously (14). The reaction mixture (10 M')contained 20 Mg
of bovine serum albumin/ml, 2.1 nM 32P-labeled primer/template (5

Mg/ml), 0.15 unit of poi a or poi i, and various concentrations of dNTP
and dFdCTP or ara-CTP as indicated in the figure legends. The
reactions were incubated at 37Â°Cfor 30 min and analyzed by 10%

polyacrylamide sequencing gel. The radioactivity of each DNA band in
the sequencing gel was quantitated with a Betascope 603 blot analyzer
(Belagen Corporation, Waltham, MA). To determine the kinetic pa
rameters of dFdCTP incorporation, the primed M13mpl8(+) DNA,

(5')"P-GTAAAACGACGGCCAGT123site
(3')...CATTTTGCTGCCGGTCACGGTTCGAACGTACGGA ...

where the numbers indicate the number of nucleotide sites from the 3'-

end of the primer, was used as the template for DNA synthesis in the
presence of 100 MMdGTP and various concentrations of dFdCTP. The
relative velocity of incorporation was determined by dividing the radio
activity in the target site (Site 2, Nucleotide 6284) by the radioactivity
in the Band one nucleotide shorter (Site 1) (15, 16). The apparent Km
and Vmt*values were then calculated based on the Michaelis-Menten
equation, using a computer-assisted program (17).

Excision of dFdCMP or ara-CMP from DNA. Oligomers with either
dFdCMP or ara-CMP incorporated at the 3'-terminus or with
dFdCMP at the position penultimate to the 3'-terminus were annealed

to the complementary M13 DNA strand and used as the substrate for
excision by polymerase Â«.The 3'-dFdCMP- or ara-CMP-terminated
oligomer was constructed by incubating the 32P-labeled 17-base primer/

M13mpl8 DNA hybrid with 100 MMdGTP, 30 MMof either dFdCTP
or ara-CTP, and poi a at 37Â°Cfor 30 min. The dGTP molecule was

incorporated into Site 1, which was further extended by incorporation
of dFdCTP or ara-CTP into Site 2. The reaction products were sepa
rated by 15% polyacrylamide sequencing gel. The 19-base oligomers
containing either dFdCMP or ara-CMP at their 3'-ends were recovered
from the gel and annealed to the M13mpl8(-l-) DNA as previously

described (14). Likewise, oligomer with dFdCMP incorporated at the
penultimate position was prepared by incubating the 32P-labeled 17-

base primer/M13mpl9 DNA hybrid

(5') "P-GTAAAACGACGGCCAGT1234567site
(3')... CATTTTGCTGCCGGTCACTTAAGCTCGAGCCA .

with 100 MMeach of dATP, dGTP, and dTTP, 30 MMdFdCTP, and
0.15 units of pol a/10-Ml reaction at 37Â°Cfor 30 min. A dFdCMP

molecule and a dGMP molecule were incorporated into Sites 6 and 7,
respectively. This incorporation resulted in a pause of the polymeriza
tion at Site 7. After separation of the reaction products in a DNA
sequencing gel, the 24-base oligomer containing dFdCMP at its 3'-

penultimate position was recovered and annealed to the M13mpl9(+)
DNA. The 17-base primer was also isolated from the gel and hybridized
to the Ml3 DNA template. These DNA hybrids were used as the
substrates of the polymerase ( 3'->5' excision activity as previously

described (14).

RESULTS

Effect on DNA and RNA Synthesis. The action of dFdC on
the metabolism of nucleic acids was evaluated first in whole
CEM cells by measuring the incorporation of [3H]thymidine
into DNA and [3H]uridine into RNA. As shown in Fig. 1, when

CEM cells were incubated with various concentrations of dFdC
for 2 h, DNA synthesis was inhibited in a concentration-
dependent manner. About 15 nM dFdC and 100 nM dFdC were
required to reduce DNA synthesis to 50% and 10% of control
activity, respectively. In contrast, a 2-h incubation with dFdC
did not inhibit the RNA synthesis activity, as determined by
pHjuridine incorporation (Fig. 1).

The diphosphate of dFdC has been shown to inhibit ribonu-
cleotide reducÃase;incubation of CEM cells with 0.1 MMdFdC
reduced dCTP to 20% of controls and dATP and dGTP to 60%
of controls by 2 h (4). To evaluate the impact of this action on
DNA synthesis, cells were incubated first with 0.10 MMdFdC
for 2 h and then with 0.1 to 30 MMdeoxycytidine for 20 min to
replete dCTP. Incubation with 0.3 /Â¿Mdeoxycytidine fully
restored cellular dCTP to the control level but did not enable
the cells to synthesize DNA at the normal rate. No significant
recovery of DNA synthesis was observed when cells were treated
with higher concentrations (up to 30 MM)of deoxycytidine. In
a parallel experiment, when dCyd, deoxyadenosine, deoxy-
guanosine, and thymidine were added simultaneously over the
same concentration range, the inhibitory action of dFdC on
DNA synthesis was not significantly reversed. For example,
addition of 30 MMof each natural deoxynucleoside to cells
treated with dFdC restored DNA synthesis activity to only 15%
of the control (data not shown).

Incorporation of dFdCMP into DNA. Several experimental
systems were used to further investigate the mechanisms un
derlying the inhibitory action of dFdC on DNA synthesis. First,
CEM cells were incubated with 1 MM[3H]dFdC for 4 h and

lysed, and the cellular DNA was separated from RNA by
banding on a Cs2SO4 gradient. Fig. 2A shows the UV absorb
ance profile at 254 nm of such a density gradient separation.
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Fig. 1. Action of dFdC on DNA and RNA synthesis in CEM cells. Cells in
exponential growth phase were incubated with the indicated concentrations of
dFdC for 2 h and then labeled with either [3H]thymidine (â€¢)or [5-3Hluridine (A)
for 30 min. The radioactivity incorporated into the acid-insoluble material was
determined as described in "Materials and Methods." Points, mean of two to five

separate experiments; bars, SE.
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Fig. 2. Incorporation of dFdC into nucleic acids in CEM cells. Cells were
labeled with 1 >iM [JH]dFdC for 4 h, extracted with phenol-sodium dodecyl
sulfate, and dialyzed overnight to remove the free ['H]dFdC. Cellular DNA was

separated from RNA by banding on a Cs2SO4 gradient. The UV absorbance (A)
at 254 nm and the radioactivity (B) associated with each fraction (0.5 ml) were
determined as described in "Materials and Methods."

DNA is lower in density (specific gravity, 1.55 g/ml) than RNA
and was located in Fractions 6 to 10, whereas RNA (specific
gravity, 1.71 g/ml) was detected in Fractions 14 to 16. Fig. IB
illustrates that most of the incorporated radioactivity was as
sociated with the DNA fraction. The DNA in Fractions 6 to 10
was dialyzed, precipitated with ethanol, redissolved, and de
graded to nucleosides by digestion with P, nuclease and alkaline
phosphatase. HPLC analysis demonstrated that greater than
90% of the radioactivity coeluted with authentic dFdC. Radio
activity associated with RNA was below the limit of detection,
indicating that less than 0.0042 pmol of dFdCMP/Mg of RNA
had been incorporated during the incubation.

Both cellular dFdCTP and the amount of its incorporation
into DNA increased in a concentration-dependent manner when
0.001 to 10 MMdFdC was added to the cell culture (Fig. 3).
Although cellular dFdCTP accumulation rates appeared to be
saturated at 1 MM, incorporation of the analogue into DNA
increased in proportion to the concentrations of exogenous
dFdC. No evidence of saturation was observed at dFdC concen
trations up to 10 MM.The location of the incorporated dFdCMP
in DNA was determined using DNA isolated from cells incu
bated with ['H]dFdC and [l4C]thymidine. After digestion with

micrococcal nuclease and spleen phosphodiesterase, the prod
ucts were separated by HPLC, and the radioactivity associated
with the respective internal nucleotides or 3'-terminal nucleo

sides was quantitated by liquid scintillation counting. Less than
10% of the incorporated dFdCMP was located at terminal
positions. About 93% of dFdCMP was incorporated at internal
positions. A longer incubation period (24 h) did not signifi
cantly alter the terminal/internal incorporation ratio. The in
corporation ratio of dFdC was similar to that of thymidine,
which served as a control. The observation that greater than
90% of the dFdCMP was incorporated at internal positions
suggests that the incorporated dFdCMP residues can be ex
tended by DNA polymerases.

Action of dFdCTP on DNA Strand Elongation in Vitro. A
DNA primer extension system was used to further characterize
the action of dFdCTP and to compare it with that of ara-CTP
on DNA synthesis. A 17-base M13 sequencing primer was
labeled with Ã•2Pat the 5'-end and annealed to the complemen

tary site of the M13 DNA. The ability of pol Â«and pol i purified
from CEM cells to extend the primer was then evaluated in the
presence and absence of dFdCTP or ara-CTP. Fig. 4 compares
the incorporation of the analogues into the extending DNA
primer and their effect on DNA strand elongation by poi a and
poi e. Site 0 indicates the position of the 17-base primer. Lane
1 was the reaction with pol Â«plus 30 MMeach of dATP, dGTP,
and dTTP without either dCTP or dFdCTP. The intense band
at Site 5 indicates that most of the extending primer stopped
before the first C site at Site 6, since no dCTP was present in
the reaction. The faint band at the Site 6 reflects that a small
amount of unmatched dNTP was misincorporated into the first
C site. When various concentrations of dFdCTP were included
in the reaction without dCTP (Lanes 2 to 5), the density of the
intense band at Site 5 decreased in inverse proportion to the
dFdCTP concentration, indicating that dFdCTP can serve as
an alternative substrate for incorporation into the C site (Site
6); thus, less primer accumulated at Site 5. Quantitation of the
radioactivity with a Betascope 603 blot analyzer demonstrated
that, during the 60-min counting period, there were 1485 counts
in the band at Site 5 oÃLane 4, which contained 30 MMeach of
dFdCTP, dATP, dGTP, and dTTP, and 786 counts at the same
site of Lane 10, which contained 30 MMeach of dCTP, dATP,
dGTP, and dTTP (control). The data suggest that poi a used
dFdCTP less efficiently than did dCTP as substrate for incor
poration, because more primer accumulated at Site 5, waiting
for further extension in the presence of 30 MMdFdCTP.

In Fig. 4, Lanes 2 to 5, there were only a faint band at the
first C site (Site 6) but a substantial amount of longer oligomers
beyond this site. This result indicates that the incorporated
dFdCMP residue could be further extended by addition of
dGTP at Site 7. This is in agreement with the finding that
greater than 90% of the incorporated dFdCMP residues were
located at the internal position of cellular DNA strands. How
ever, the incorporated dFdCMP at Site 6 caused a pause band
at Site 7. This is of particular interest because it indicates that
pol Â«was able to extend the incorporated dFdCMP by one
nucleotide (dGMP at Site 7) but then had difficulty extending
it further. This pause in polymerization was not permanent; the
DNA primer was extended beyond this site as indicated by the
bands of greater molecular weight DNA. Similar behavior was
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Fig. 3. Formation of cellular dFdCTP and its incorporation into DNA in CEM
cells. Cells were incubated with the indicated concentrations of ['HjdFdC for 4

h. extracted with 0.4 N HCICX. and neutralized with KOH. The cellular dFdCTP
was determined by HPLC and quantitated by liquid scintillation counting (â€¢).In
a separate experiment. DNA was isolated from cells labeled with ['HjdFdC, and
the incorporation of ('H)dFdCMP into cellular DNA was determined as described
in "Materials and Methods" (*). Points, mean of two to four determinations;

bars, SE.
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Fig. 4. Action of dFdCTP and ara-CTP on DNA primer extension in vitro.
The ability of human DNA polymerases a and e (0.15 unit/10 M!of reaction
mixture) to extend the 5'-32P-labeled primer/M13mpl9(+) DNA (5 Mg/ml) was

evaluated in the presence of dATP, dGTP, dTTP, and various concentrations of
dFdCTP or ara-CTP. Lanes A, C, G, and T, dideoxynucleotide sequencing of the
M13mpl9(+) DNA template with ddATP, ddCTP, ddGTP, and ddTTP, respec
tively, indicating the positions of the respective A, C, G, and T sites from the 3'-
end of the 32P-labeled primer; Lane 1, reaction with pol Â«and C~ mixture (30 MM

each of dATP, dGTP, and dTTP without dCTP); Lanes 2 to 5, reactions identical
to Lane 1 but with 3, 10, 30, and 100 MMdFdCTP, respectively; Lanes 6 to 9,
reactions identical to Lane 1 but with 3, 10, 30, and 100 MMara-CTP, respectively;
Lane 10, reactions identical to Lane 1 but with 30 MMdCTP; Lane II, C~ reaction

with pol <;Lanes 12 to 75, reactions identical to Lane 11 but with 3, 10, 30, and
100 MMdFdCTP, respectively; Lanes 16 to 19, reactions identical to Lane II but
with 3, 10, 30, and 100 MMara-CTP, respectively; Lane 20, reactions identical to
Lane 11 but with 30 MMdCTP. The numbers on the left indicate the number of
nucleotides from the 3 '-end of the 17-base primer.

observed when the enzyme encountered the second C site (Site
10). The enzyme paused at Site 9 before dFdCMP was incor
porated into the second C site. The incorporated dFdCMP was
extended further by one nucleotide (dTMP at Site 11), but
again there was a pause band at the site 1 nucleotide after the
second C site (Fig. 4, Lanes 2 to 5, Site 11).

In contrast, when ara-CTP was incorporated into the first
and second C sites, it strongly impaired the polymerization
process at the sites of its incorporation, as demonstrated by the
intense bands at Sites 6 and 10 (Fig. 4, Lanes 6 to 9). The
enzyme was unable to efficiently extend the primer with an
incorporated ara-CMP at its 3'-end, although the a-OH at 3'-

carbon of ara-CMP allowed further extension beyond the first
C site. The pause band at Site 9 (the second pre-C site) but not
at Site 5 (the first pre-C site) indicates that the efficiency of
incorporation was affected by the sequence of the DNA tem
plate. Furthermore, no pause band was observed at the post-C
sites (Sites 7 and 11). These results demonstrate that dFdCTP
and ara-CTP inhibit DNA synthesis by different mechanisms
of action at the molecular level.

The incorporation of dFdCMP into C sites, the appearance
of pause bands at the sites 1 nucleotide after sites of dFdCMP
incorporation, and termination of primer extension at sites
where ara-CMP was incorporated were also observed when pol

Â«was used to catalyze the reaction (Fig. 4, Lanes 77 to 20).

Less misincorporation was observed in the C reaction with pol
t (Lane 11).

The interaction between dFdCTP and dCTP could be visu
alized using DNA sequencing gel analysis of the M13 primer
extension reactions. When various concentrations of dCTP
were added to the reaction, dCTP competed with either
dFdCTP or ara-CTP for incorporation into the C sites to
support the synthesis of longer DNA strands by poi a (Fig. 5,4)
and pol t (Fig. 5B). In reactions that included dFdCTP (Lanes
1 to 7), the pause bands caused by the incorporated dFdCMP
at both the pre-C and post-C sites diminished with increasing
concentrations of dCTP, consistent with competition between
dCTP and dFdCTP. dCTP, 10 MM, was able to effectively
compete with 100 MMdFdCTP to support the synthesis of full-
length DNA strands (Fig. 5, Lane 5). In the case of ara-CTP,
100 MMdCTP was required to achieve a similar level of com
petition with 100 MMara-CTP (Lane 13).

Kinetic Parameters of dFdCMP Incorporation. A filter disk
assay was used to kinetically characterize the competition of
dFdCTP and dCTP. Double reciprocal (Lineweaver-Burk) plots
that intercepted at the y-ordinate (Fig. 6) further confirmed
that dFdCTP was a competitive inhibitor of poi a and pol t
with respect to dCTP. Using a computer-assisted program
based on the Michaelis-Menten kinetics (17), the apparent K,
values of 11.2 Â±2.0 MMand 14.4 Â±0.5 MMwere calculated for
poi a and poi i, respectively (Table 1).

To quantitatively evaluate the kinetics of dFdCTP incorpo
ration, the primed M13mp 18(+) DNA was used as the template
for DNA synthesis by both pol a (Fig. 1A) and poi e (Fig. IB)
with 100 MMdGTP and various concentrations of dFdCTP. Pol
a was able to incorporate dGMP into Site 1, and a small
amount of dGMP was misincorporated into Site 2 (Fig. 1A,
Lane 1). When 1 to 100 MMdFdCTP was added to the reaction,
poi a incorporated the analogue into Site 2, pairing with dGMP
in the opposite strand (Fig. 1A, Lanes 2 to 8). This incorpora
tion was concentration dependent. It is of interest to note that
poi a was unable to efficiently extend the 3'-dFdCMP-contain-

ing primer with a second dFdCMP molecule; only a faint band
appeared at Site 3 at higher dFdCTP concentrations (Lanes 6
to 8). Thus, it was difficult for the enzyme to incorporate 2
consecutive dFdCMP molecules. Similar behavior was observed
in the reaction with pol t (Fig. IB). Less dFdCMP was incor
porated into the second C site (compare Lanes 6 to Â¿?of Fig. 7,
A and B). Again, pol t showed little misincorporation of dGMP
into the first C site (Fig. IB, Lane 7).

The relative velocity of incorporation was determined by
dividing the radioactivity in each Site 2 band by the radioactivity
in the Site 1 band as previously described (14, 15), and the
apparent Km and Fraailvalues for dFdCTP incorporation were
calculated as described in "Materials and Methods." In a par

allel experiment, dCTP was used instead of dFdCTP under
identical experimental conditions, and the reaction products
were analyzed on a sequencing gel (figure not shown). The
apparent kinetic parameters are compared in Table 1. dFdCTP
was incorporated into DNA by poi a and pol t with the apparent
Ã„â€ž,values of 26.7 MMand 45.8 MM,respectively. The substrate
efficiency, as indicated by the apparent Vm,,JKm values, was
0.17 for poi a and 0.1 for pol t. When dCTP was used as the
substrate, these values were 6.8 and 3.5 for poi a and pol t,
respectively. Thus, dFdCTP was a much poorer substrate than
dCTP for both enzymes.

Excision of the Incorporated dFdCMP from DNA. The exci
sion of incorporated dFdCMP from DNA was evaluated in two
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ACTION OF dFdC ON DNA SYNTHESIS

B

Fig. 5. Competition between dCTP and
dFdCTP or ara-CTP for incorporation into
DNA catalyzed by poi a (A) and pol <(A). A
DNA primer extension assay was carried out
in the presence of 32P-primer/template (5 Mg/

ml), 0.15 unit of enzyme, 30 MMeach of dATP,
dGTP, dTTP, and various concentrations of
dCTP, dFdCTP, and ara-CTP as indicated
below. Lane 1, C" reaction (30 MMeach of
dATP, dGTP, and dTTP); Lanes 2 to 7, C"

reactions plus 100 MMdFdCTP and 0, 1, 3, 10,
30, and 100 MMdCTP, respectively; Lanes 8to 13, C~ reactions plus 100 MMara-CTP and

0, 1, 3, 10, 30, and 100 MMdCTP, respectively;
Lane 14, reaction containing 30 MM each of
dATP, dCTP, dGTP, and dTTP.

sequence

â€¢¿�*â€¢-

primer-
l 23456789 1011121314 l 2345678 91011121314

_o

Ia
i

uâ€¢¿�o

2.0

1.5

1.0

0.5

pol alpha
dFdCTP, uM

10

pol epsilon

0.2 0.4

dCTP,

0.6
uM'1

0.8 1.0

Fig. 6. Kinetic analysis of DNA primer extension by pol n and pol f. Reaction
mixtures contained 10 (ig of unlabeled primed M13mpl9(+) DNA/ml, 100 MM
each of dATP. dGTP, and dTTP, and the indicated concentrations of |3H]dCTP

and dFdCTP. The mixtures (30 M') were incubated with 0.1 unit of either poi a
or pol <at 37Â°Cfor 20 min, spotted on GF/A filters, washed 3 times with 0.4 N

HC1O4, rinsed with ethanol, and quantitated by liquid scintillation counting.

ways. First, the ability of purified pol t to remove incorporated
dFdCMP was examined in vitro. Three DNA hybrids with 5'-
32P-labeled oligomers containing normal dNMP, dFdCMP, and
ara-CMP at the 3'-terminal position and dFdCMP at 3'-pe-

nultimate position were constructed as described in "Materials
and Methods." The DNA hybrids were incubated with pol t to
test the ability of the 3' â€”¿�Â»5' exonuclease activity of this

enzyme to excise the target nucleotides. As illustrated in Fig.
8/Ã•,DNA pol t was unable to efficiently excise nucleotides from
the primers containing dFdCMP at either the 3'-end or in the

penultimate position. In contrast, pol Â«was able to remove a
substantial amount of ara-CMP from the 3'-end of the primer

and to excise the subsequent nucleotides. When the primer
containing normal deoxynucleotides was used as the substrate,
it was almost completely degraded in 40 min.

The radioactivity in each band was quantitated, and the
excision activity was plotted against the digestion time (Fig.
SB). After subtracting zero-time background from the product,
57,661 counts (about 58% of the input) were removed from IO5

counts of the normal oligomer within 10 min. In the case of
dFdCMP-terminated oligomer, 3,848 counts (<4% of the in
put) were excised; about 2% (1,951 counts) of the input radio
activity was removed from the oligomer containing dFdCMP
at the penultimate position. In contrast, 21,537 counts (21.5%
of the input) were excised from the ara-CMP-terminated
primer.

In the second experiment, CEM cells were labeled with
[3H]dFdC, and DNA was isolated from the cells and dialyzed
extensively to remove free [3H]nucleoside and nucleotides. The
[3H]dFdCMP-cellular DNA was incubated with pol ( for 60

min, and the reaction products were analyzed by HPLC
equipped with a radioactive flow detector for the release of [3H]
dFdCMP. No detectable free [3H]dFdCMP (less 30 dpm) was
released from the input of 1150 dpm of [3H]DNA in two

separate experiments. Thus, it appears that pol t was unable to
remove a significant amount of incorporated dFdCMP from
either synthetic oligomers or native cellular DNA.

Cytotoxicity and Incorporation. The cytotoxic activity of dFdC
was evaluated by exposing CEM cells to various concentrations
of the analogue for 4 h, washing the cells in drug-free medium,
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Table 1 Apparent kinetic parameters ofdFdCTP and dCTP

polaNucleotidedFdCTP

dCTP26, 1Km

U*t).7
Â±4.3*

.2 Â±0.05KmÂ«Â°4.5
Â±0.3

7.9 Â±0.5W*;0.17
Â±0.02

6.8 Â±0.1*i

AL11.2

Â±2.0 45.8 Â±4.5
2.0 Â±0.1pol

cKm,3.9

Â±0.5
7.0 Â±0.3y^/x.0.1

Â±0.01
3.5 Â±0.1&14.4

Â±0.5

Â°KmÂ«,maximum relative velocity.
* Mean Â±SE of two separate experiments.

sequence

C
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G

primer

C
C

GÃ¬

primer

site

3
) 2

Â»l

B

3
2
l

12345678
Fig. 7. Kinetic incorporation of dFdCMP into primed M13mpl8(+) DNA by

poi a (A) and poi <(fi). Lanes 1 to 8, reactions containing 32P-primer/template

(5 Mg/ml), 0.1 unit of enzyme, and 100 nM dGTP plus 0, 1, 1.5, 2. 4, 10, 30, and
100 UMdFdCTP, respectively.

and determining the cellular clonogenicity after 12 days. As
shown in Fig. 9, about 40 HMdFdC was required to cause 50%
loss of clonogenicity. When the relative survival was plotted
against log pmol of dFdCMP incorporated into DNA, a linear
relationship betwen the two parameters was revealed (r =
-0.954, P < 0.0001). Thus, it appears that the amount of

dFdCMP incorporated into cellular DNA is an important de
terminant of cytotoxicity.

DISCUSSION

This study demonstrated that dFdCMP was incorporated
into DNA but not into RNA in whole cells. Experiments to
determine the molecular mechanism of this action showed that
purified DNA polymerases a and t incorporated dFdCMP into
the C sites of the elongating DNA strand, but paused at the site
1 nucleotide after the incorporation site. In contrast, ara-CMP
largely terminated DNA strand elongation at the incorporation
site. Furthermore, the exonuclease activity of pol t was unable
to excise dFdCMP, whereas ara-CMP was removed from DNA
at 37% of the initial excision rate of deoxynucleotides. These
results provide evidence for differences in the action of these
drugs at the molecular level.

Greater than 90% of the incorporated dFdCMP residues in
cellular DNA were in internucleotide linkage. This is in agree
ment with the DNA primer extension experiments, in which
the incorporated dFdCMP was extended by addition of other
dNTPs (Fig. 4). A similar pattern was observed in experiments
with 2',2'-difluorodeoxyguanosine 5'-triphosphate (data not

shown), suggesting that this behavior may be specific to the

difluoro modification of the carbohydrate. We speculate that
the difluoro molecules incorporated at the 3'-penultimate po

sition may disrupt the normal enzyme/primer/template inter
action and hamper the polymerization process. In contrast, ara-
CMP was incorporated into the C site and inhibited the polym
erization process, leaving most of the analogue at the 3'-end of

the DNA strand (Fig. 4). This type of DNA chain termination

base

24-

19-1

17-

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 1920

B
.Ã¤100
-i-j
u
ro
s 00
ro
c_

^ 60
o.

f 4Â°
O

" 20

10 20
minute

30 40

Fig. 8. Excision of dFdCMP and ara-CMP from DNA by pol t. The M13
DNAs hybridized with oligomers with either dFdCMP or ara-CMP incorporated
at the 3'-end or with dFdCMP in the penultimate positions were constructed as
described in "Material and Methods." The normal 17-base primer was prepared

by the same procedure and used as the control. The ability of polymerase < (1
unit/100-nl reaction) to excise deoxynucleotides from the DNA substrates was
evaluated at various time intervals. The reaction products were analyzed in a 20%
DNA sequencing gel (A). Lanes ! to 5, DNA hybrid containing dFdCMP at the
3'-end of the primer (19 bases) incubated with pol f for 0, 5, 10, 20, and 40 min,
respectively; Lanes 6 to 10, DNA hybrid containing dFdCMP at the 3'-penulti-
mate position of the primer (24 bases) incubated with pol <for 0, 5, 10, 20, and
40 min, respectively; Lanes 11 to 15, DNA hybrid containing the normal primer
(17 bases) incubated with pol ( for 0, 5, 10, 20, and 40 min, respectively; Lanes
16 to 20, DNA hybrid containing ara-CMP at the 3'-end of the primer (19 bases)

incubated with pol <for 0, 5, 10, 20, and 40 min, respectively. The radioactivity
in each band was quantitated by a Betascope 603 blot analyzer, and the excision
activity was expressed as the percentage of total input radioactivity as illustrated
in B. B: *, normal primer; â€¢¿�,primer-3'-ara-CMP; â€¢¿�primer-3'-dFdCMP; A,
primer-3'-penultimate dFdCMP.
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80

60

20

0.001 0.01 0.1
dFdC,

100.0010.01 0.1 1 10
pmol dFdCMP/mg DNA

Fig. 9. Cytotoxicity of dFdC in CEM cells and its correlation with the
incorporation of dFdCMP into DNA. The cytotoxic activity of a 4-h incubation
with the indicated concentrations of dFdC (A) was evaluated by clonogenicity
assays. Points, mean of three determinations; bars, SE. The relative cell survival
was plotted against log pmol of dFdCMP incorporated in 1 mg of DNA (B).

activity was also observed for ara-C in experiments with poi a
(18) and pol 0(18, 19) and for other arabinosyl compounds
(14, 20, 21).

Studies with HL-60 cells and acute myelogenous leukemia
cells incubated with [3H]ara-C in vitro demonstrated that greater
than 95% of ara-CMP was located at the internucleotide linkage
positions (22, 23). Ligation of the 3'-ara-CMP-terminated

DNA fragment with an adjacent DNA strand by DNA ligase
may explain the different ara-CMP positions observed in the
DNA primer extension assay and in cell culture. Mikita and
Beardsley (24) demonstrated that ara-CMP-terminated frag
ments were ligated with another DNA fragment in vitro, al
though the reaction rate was slower than the ligation of normal
DNA fragments. Thus, it is possible that dFdC and ara-C were
internally incorporated into cellular DNA by different
mechanisms.

Pol i, a highly processive enzyme that possesses 3'->5'

exonuclease activity, is thought to be involved in both DNA
replication (25, 26) and repair (27, 28). This enzyme effectively
excised ara-CMP, but not dFdCMP, from the 3'-terminus of
DNA primers. Furthermore, when dFdCMP was in the 3'-

penultimate position, poi e was unable to remove the terminal
deoxynucleotide. Thus, it is likely that incorporation of
dFdCMP into DNA results in a steric change in the template-
primer interaction that renders the analogue and at least one
deoxynucleotide on the 3'-side poor substrates for excision.

Several lines of evidence indicate that dFdC diphosphate is a
potent inhibitor of ribonucleotide reducÃase:dFdC induced a
substantial decrease in cellular dNTP pools in K562 human
leukemic cells (10) and human T-lymphoblastic CEM cells (4);
partially purified ribonucleotide reducÃasewas inhibited 50%
by 4 Â¿IMdFdC diphosphate (4). The alterations in dNTP pools
induced by dFdC incubation would certainly have an inhibitory
effect on DNA synthesis. The inhibition of DNA synthesis by
dFdC in whole cells could not be effectively reversed by the
addition of deoxynucleosides that replenished cellular dNTPs.
This observation is not a critical proof, however, that dFdC-
induced depletion of dNTP pools is not important in the
inhibition of DNA synthesis. It has been proposed that the
dNTPs generated through the de novo pathways by ribonucle
otide reducÃaseare channeled to the DNA replicalion machin
ery and serve as preferred subslrales for DNA polymerases (29,
30). Thus, it is possible thai Ihe dNTPs replenished Ihrough
Ihe salvage palhways were noi efficienl precursors for DNA
synlhesis.

Allhough Ihe kinelic sludy (apparenl ym,x/Km) indicaled lhal
dFdCMP was incorporaled inlo DNA al a lower rale lhan
dCMP was, Ihe incorporaled dFdCMP molecules could not be
removed in a significant amount from DNA by Ihe 3'->5'

exonuclease aclivily of pol f. The dFdCMP incorporalion was
significanlly correlaled wilh Ihe loss of clonogenicily, suggest
ing its importance in causing cyloloxicily. The incorporalion
of dFdCMP inlo DNA may lead lo perlurbalion of cellular
DNA replicalion in a variely of ways, (a) dFdCMP was incor
poraled inlo Ihe growing primer and caused a major pause of
ihe DNA polymerases al Ihe sile 1 nucleolide after the incor
poration sile. Allhough Ihe incorporaled dFdCMP residues in
DNA could be exlended by Ihe addilion of olher dNTPs,
dFdCTP was noi able lo subslilule dCTP to support the syn
thesis of full-length DNA (Fig. 4, Lanes 2 to 9). (b) The
inlernally incorporaled dFdCMP residues may cause dislorlion
of Ihe DNA configuralion and impair ils funclion as a lemplale
in subsequent DNA replication cycles. There was evidence lhal
ara-CMP localed al an inlernucleolide sile in ihe lemplale
slrand markedly slowed replicalion (24). Il would be of inlerest
to construcl a primed DNA molecule wilh an internal dFdCMP
in the tempiale slrand and examine ils effecl on DNA synlhesis
in vitro, (c) dFdCMP may mispair wilh nucleolides olher lhan
dGMP and resull in Ihe produclion of a mutated DNA daughler
slrand.

The incorporalion of dFdCMP inlo DNA, however, may noi
solely accounl for Ihe polenl inhibilory aclivily of dFdC on
DNA synlhesis in whole cells. Cellular dFdCTP may direclly
inhibil DNA polymerases by compeling wilh dCTP for Ihe
binding sile on Ihe enzyme. In faci, our kinelic analysis indi
caled lhal, wilh respecl lo dCTP, dFdCTP was a compelilive
inhibilor of poi a and pol t wilh Ihe apparenl K\ values of 11.2
ÃŸMand 14.4 ^M, respeclively. The cellular dFdCTP concenlra-
lions in leukemia cells from patients during dFdC Iherapy
ranged from 64 /Â¿Mlo 362 /Â¿M(31, 32). These concenlralions
of dFdCTP also readily accumulale in cullured cells (10). On
Ihe other hand, the cellular dCTP is 3.5 ^M in K526 cells (10)
and aboul 1 pM in circulaling leukemia cells." Thus, ihe ralio

of cellular concenlralions of dFdCTP lo dCTP is in favor of
Ihe inhibilory aclion of dFdCTP on DNA synlhesis.

Furthermore, inhibilion of ribonucleolide reducÃase, which
leads lo ihe deplelion of cellular dNTPs (4), may also signifi
canlly conlribule lo Ihe aclion of dFdC on DNA synlhesis. This
may explain why ihis compound is more polenl in inhibiling
DNA synlhesis in whole cells (Fig. 1) lhan in reaclions wilh
purified DNA polymerases (Fig. 5).

Thus, dFdC nucleolides have several siles of aclion in cells.
(a) DNA polymerases are probably ihe major largels. dFdCTP
is a weak compelilor with dCTP for direct inhibilion of DNA
polymerases. Nevertheless, dFdCTP:dCTP ralios lhal are
achieved in cells in cullure (3, 4, 10) and likely during Iherapy
(7, 31, 32) suggesl lhal compelilion mighl conlribule lo Ihe
inhibilion of DNA synlhesis. More imporlanlly, incorporalion
of dFdCMP inlo Ihe C siles of ihe DNA slrands causes a major
pause in polymerizalion and, once incorporaled, dFdCMP is a
poor subslrale for ediling aclivilies, al leasl for Ihe 3'->5'

exonuclease of poi e. The inlernally incorporaled dFdCMP may
also perturb the next DNA replicalion cycle, (b) dFdCDP
inhibils ribonucleolide reducÃaseand causes a subslanlial de
crease in DNA precursors. The reduclion in cellular dCTP may
also polenliale Ihe incorporalion of dFdCTP into DNA. (c)
Reduction of dCTP may release deoxycytidine kinase from

4 Unpublished data.
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feedback inhibition by dCTP and thus increase dFdC phos-
phorylation. Thus, deoxycytidine kinase is also a target for the
self-potentiation mechanism of dFdC-induced DNA inhibition.
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