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ABSTRACT

Fludarabine (9-fi-arabinofuranosyl-2-fluoroadenine-S' -monophos
phate) is clinically active against chronic lymphocytic leukemia and low
grade lymphomas, We reported previously that fludarabine nucleoside
synergistically enhanced cisplatin (CDDP)-induced cytotoxicity in vitro,
and that the synergism was concomitant with inhibition of removal of
cellular CDDP-induced DNA lnterstrand cross-links, which are presum
ably repaired by homologous recombinational repair. To extend our
work, we investigated whether fludarabine inhibits nucleotide excision
repair (NER) of CDDP-induced DNA intrnstrand adducts. The effect of

fludarabine on NER was determined using a cell-free system in which a
plasmid containing the DNA adducts served as the substrate for repair
enzymes in whole-cell extracts from repair-competent cells. To prevent the
cell-bound high mobffity group box-containing proteins from interfering
with repair, cell extracts were depleted with high mobifity group box
proteins by immunoprecipitation prior to the assay. Repair synthesis,
measured by the incorporation of[32PIdATP or [32P]dCTP, was inhibited
by 50% at 26 or 43 @LMfludarabine triphosphate, respectively; the effect
was dose dependent and may have resulted from the termination of
repair-patch elongation. These results were consistent with those from
pulse-chase experiments demonstrating the conversion of nicked circular
plasmid to the closed circular form by cell extracts ifiling the repair gaps.
When proliferating cell nudear antigen-depleted cell extracts were used
and aphidicolin was added in the repair assay to arrest NER at the
incision/excision stage, 100 p@ifludarabine triphosphate inhibited about
55% of the conversion of nicked plasmids from the closed circular dam
aged plasmid substrate; the inhibition was dose dependent. We conclude
that fludarabine triphosphate inhibited NER at the steps of incision and
repair synthesis. These results suggest that fludarabine may serve as a
potential repair modulator to improve the antitumor efficacies of combi
nation regimens containing agents that Induce NEIL

INTRODUCTION

CDDP@is one of the most widely used antitumor agents. It disrupts
tumor DNA by inducing intrastrand cross-links between adjacent
purines and, to a lesser extent, interstrand cross-links and monoad

ducts (1, 2). DNA cross-linking is believed to be a primary mecha
nism by which CDDP exerts its lethal effect. However, the magnitude
of cell kill induced by CDDP is affected by the capacity of the cells
to repair such damage. In fact, we and others have shown an inverse
relationship between the repair capability of a tumor and its sensitivity
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to this genotoxic agent (3â€”6).Greater DNA repair capability has been
proposed as one of the most important mechanisms of resistance to
CDDP (4â€”6).Therefore, inhibiting the ability of a tumor to repair its
DNA damage may provide a way to circumvent intrinsic and acquired
drug resistance, which is a major limitation of CDDP-based cancer
therapy.

It is generally believed that cells repair CDDP-induced DNA in
terstrand and intrastrand cross-links via different pathways; the inter
strand cross-links are removed by the recombinational repair pathway

(7), and the intrastrand cross-links are removed by NER (8, 9). The
recombinational repair pathway in mammalian cells is poorly defined,
whereas the mechanistic details of NER have been determined in
recent years with the cloning of several repair genes (reviewed in
Refs. 10â€”12).The NER pathway comprises complex processes, each
of which requires multiple proteins to proceed. The initial step of the
NER process is damage recognition, which involves the recognition
protein XPA (13, 14) and its interactions with replication protein A
(15, 16) and excision repair-complementing l/XPF (ERCC1IXPF)
repair proteins (17, 18). The recognition protein XPA also reacts with
the repairosome through interaction with TFIIH. The repairosome
contains at least six polypeptides, including helicases XPB and XPD,
which unwind the DNA helix to allow the excinucleases XPG (19, 20)
and excision repair-complementing 1IXPF (ERCC1/XPF) (21, 22) to
make dual incisions at the 3' and 5' ends of the damage site, respec
lively. The excised fragment is then displaced with the aid of PCNA
and RFC (23, 24); the resulting gap is filled by polymerase 6 or â‚¬(25);
and finally, the newly synthesized repair patch is ligated to a preex
isting DNA strand by DNA ligase I.

We reported previously that treatment of tumor cells with CDDP
and the nucleoside of fludarabine in combination resulted in a syner
gistic cytotoxicity and that the synergy was accompanied by the
inhibition of the cellular removal of CDDP-induced DNA interstrand
cross-links (6). Fludarabine, a clinically effective antitumor agent for
patients with indolent lymphoma or chronic lymphocytic leukemia
(26, 27), is known to be a DNA replication inhibitor (28â€”31).Al
though cellular processes for DNA replication and DNA repair syn
thesis have some similarities, the mechanistic details are not the same.
Although the mechanisms of fludarabine action as a DNA replication
inhibitor have been studied extensively, the effect of fludarabine on
NER is largely unknown. Therefore, the goals of the present work
were 2-fold: (a) to determine whether F-am-AlP acts as an NER
inhibitor by examining its effects on the repair of CDDP-induced
DNA intrastrand adducts; and (b) to investigate how F-ara-ATP
inhibits the NER pathway.

We pursued our first goal by using a cell-free system originally
described by Hansson and Wood (8) to detect NER. In this assay
system, cell extract-mediated NER was reflected by repair-patch
synthesis activity, which was quantified by the specific incorporation
of a radioactive nucleotide into a CDDP-damaged plasmid. The pla
tination of the plasmid substrate was carried out under conditions that
produce mainly intrastrand cross-links. Furthermore, because nucleus
abundant HMG proteins interfere with the repair of CDDP-induced
d(GpG) and d(ApG) adducts (32â€”35), whole-cell extracts were
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deprived of HMG proteins by immunoprecipitation prior to the assay
to prevent shielding of the adducts from the repair proteins. To pursue
the second goal, we applied PCNA-depleted cell extracts and aphidi
cohn to the repair assay and omitted deoxynucleotides from the
reaction mixture. Under such conditions, repair synthesis, which is a
PCNA-dependent process (25), would be inhibited. Consequently,
NER could proceed only to the step of incision/excision, and this
activity was measured. We report here that F-ara-ATP inhibited NER

of CDDP-induced DNA lesions at the steps of incision/excision and
repair synthesis. To our knowledge, this is the first report presenting
direct evidence that a nucleotide analogue such as F-ara-ATP can
serve as a NER inhibitor.

MATERIALS AND METHODS

Chemicals and Enzymes. CDDP (Sigma Chemical Co., St. Louis, MO)
was dissolved in water ( I mg/mI) and stored at â€”80Â°C.F-am-AlP was
chemically synthesized as described previously (36). [a-32PJdC1'P(3000 Ci'
mmol) and la-32PIdATP (3000 Ci/mmol) were purchased from DuPont/NEN
(Boston, MA). The restriction endonucleases, BamHI and Hindu!, and DNA
polymerase I large (Klenow) fragment were obtained from Life Technologies,

Inc. (Gaithersburg, MD). The protein assay kit and DEAE-Affi-Gel Blue gel

were purchased from Bio-Rad Laboratories (Richmond, CA). Protein G-plus/
protein A-agarose was purchased from Oncogene Science (Cambridge, MA),

mouse PCNA monoclonal antibody (clone PC1O) was purchased from Neo

Markers (Fremont, CA), and the ECL western blotting kit was manufactured
by Amersham International (Little Chafont, England). The rabbit polyclonal
antiserum against HMGI/HMG2 proteins was prepared as described elsewhere

(37â€”39) and purified by DEAE-Affi-Gel-Blue chromatography according to

the manufacturer's protocol.

Plasmids. The plasmid substratefor the repair assay was the 2959-bp
CDDP-damaged pBS (pBluescript KS@; Stratagene, La Jolla, CA). The
3738-bp plasmid pHMl4, a gift from Dr. R. D. Wood (Imperial Cancer
Research Fund, South Mimms, Herts, England), was used as an internal control
for measuring background incorporation of radioactive nucleotide. Platination

of pBS was performed according to the method of Hansson and Wood (8)
using a CDDP:nucleotide molar ratio of 0.005. Closed circular platinated
plasmids were purified through two cycles on neutral sucrose gradients and

then checked for contamination with nicked molecules by densitometry fol
lowing electrophoretic separation. The pHM 14 plasmids were processed in a

manner similar to that for pBS except without exposure to CDDP. The total
platinum content in the closed circular plasmid DNA was determined by
flameless atomic absorption spectroscopy, and the number of interstrand
cross-links per plasmid was assessed by the EBFA as described previously

(40). Briefly,CDDP-modifiedpBS was linearizedwithHindlil. The linearized
plasmid DNA (5 !.Lg)was denatured by boiling for 10 mm and was reannealed
by cooling to 23Â°Cbefore adding potassium phosphate buffer containing
ethidium bromide (I .0 xg/ml). The fluorescence intensity of the samples was

then measured. For the control, another set of DNA samples was subjected in

parallel to the same assay except that these samples did not receive the

heating/cooling treatment. Nondamaged pBS was also included in the assay to

serve as a control for background activity. The number of interstrand cross
links per plasmid was calculated using the Poisson formula (40).

Preparation of Cell Extracts. Whole-cell extracts were prepared from
CP2.0, LoVo, and XP cells. The CP2.0 CDDP-resistant clone was originally
selected from the LoVo human colon tumor line by the conventional method

of exposing cells to CDDP at stepwise increments in concentration. The
resistant phenotypes of CP2.0 cells were characterized previously (41). Both
CP2.0 and LoVo cells were grown in Ham's F-b medium supplemented with
10% FCS in the presence (CP2.0) or absence (LoVo) of 2 @xg/mlCDDP. The
repair-deficient XP cell line (GM2345, XP-A), obtained from the Coriell Cell

Repositories (Camden, NJ) and known to be defective in introducing incision
to damaged DNA (42), was grown in RPMI 1640 containing 1% glutamine and

10% FCS.
Cell extracts were prepared according to the method of Manley et al. (43)

with minor modifications described by Shivji et a!. (23). The preparations were

dialyzed at 4Â°Covernight with three changes of dialyzing buffer (8) before

being stored at â€”80Â°Cin small aliquots. The protein content was determined

by the Bio-Rad protein assay.

Immunoprecipitation techniques using agarose-conjugated monoclonal anti

PCNA antibody or DEAE-Affi-Gel-purified polyclonal anti-HMG1IHMG2
antibody were used to remove endogenous HMG protein or HMG protein and

PCNA altogether from the whole-cell extracts. The agarose-conjugated anti
bodies were prepared by incubating antibody with protein G-plus/protein

A-agarose at 4Â°C for 4 h. At the end of incubation, the agarose-saturated

antibody was settled by centrifugation. The optimal concentrations of the

agarose-conjugated antibodies for the maximal immunoprecipitation were de

termined by titration. To remove the specific proteins, immunoprecipitation

was carried out by incubating CP2.0 whole-cell extracts with antibody to

HMGIIHMG2 (4 @xg/mgcell extracts) or with the same amount of that
antibody plus monoclonal antibody to PCNA (2 @xg/mgcell extracts) in a final
volume of 100 @xlovernight at 4Â°C.The cell extracts treated with normal rabbit

or mouse IgG served as the controls. The supernatant of treated cell extract was
collected, lyophilized, and redissolved in water. PCNA or HMG proteins in the
supematant or pellets were detected using an Amersham ECL Western blotting
kit according to the protocol recommended by the manufacturer.

Repair Reaction. The method described by Hansson and Wood (8) was
adapted for the repair reaction experiments. Unless otherwise indicated, a

standard 50-pi reaction mixture contained either whole-cell extract (100 @xg)or

HMG-immunodepleted cell extract (50 @xg), and 300 ng each of CDDP

damaged pBS and nondamaged pHMl4, in 45 ms@Hepes-KOH (pH 7.8), 70
mM KCI, 7.4 mM MgC12, 0.9 mM DTf, 0.4 mM EDTA, 2 mM ATP, 40 mM

phosphocreatine, 2.5 p@g of creatine phosphokinase (type I; Sigma), 3.4%

glycerol, 18 ,.tg of BSA, 20 @xMeach of dGTP and dTTP, 4 p.si each of dATP
and dCTP, and 2 pCi [a-32PIdCTPor la-32PIdATP. The reaction was carried
out at 30Â°Cfor 5 h in the absence or presence of F-am-AlP at various
concentrations. The reaction was stopped by the addition of 20 mM EDTA, and

the reaction mixture was treated with proteinase K (0.2 mg/ml). Plasmid DNAs
were purified by standard phenol-chloroform extraction and ethanol precipi
tation, linearized by BamHI, and subjected to electrophoresis. The incorpora
tion of radioactive nucleotides was quantified by a Betascope (Betagen,

Waltham, MA) after normalization for the DNA content measured by densi
tometry of the photographic negatives. DNA repair synthesis, expressed as

specific incorporation of [a-32PIdCMP or [a-32PJdAMP,was the result of the
subtraction of nonspecific incorporation measured in the nondamaged pHMl4

control from the total incorporation measured in the CDDP-damaged pBS

substrate. To study the effect of ATP on the repair, the repair reaction was
performed with CP2.0 cell extracts in a reaction mixture lacking AlP, phos
phocreatine, and creatine phosphokinase.

Conversion of Nicked DNA to the Closed Circular Form, Pulse-chase
experiments were performed to test the ability of cell extracts to complete
repair-patch synthesis by monitoring the conversion of nicked circular plasmid

to the closed form. The experiment involved two steps. The first was to
generate a 32P-labeled nicked repair intermediate by incubating CDDP
damaged pBS and nondamaged pHMI4 (300 ng each) with 50 @xgof HMG
and PCNA-depleted cell extracts in dNTP-free repair-synthesis reaction mix
ture at 30Â°Cfor 60 mm to produce nicked plasmid. This was followed by the
introduction of radioactive dCFP into the nicked plasmids by adding aliquots
containing 50 @xgof whole-cell extracts, dNTPs, and 2 gxCi of [a-32P]dCTP to

each sample and incubating the samples for 8 mm before chilling them on ice.
For the second step, 0.5 mMunlabeled dCTP was added to start the chase. In
one sample, the chase was immediately stopped by the addition of EDTA to a
concentration of 25 mM.Other samples were incubated again for an additional
2, 4, or 6 mm. At the end of the chase, the purified plasmid was separated

without being linearized on 1% agarose gels containing 0.5 @xg/mlethidium
bromide and subjected to autoradiography. The fraction of closed circular pBS
was calculated from the densitometric results as the ratio of the band intensity
of closed circular plasmids to the sum of intensity for nicked plus closed
circular plasmids. The rate of conversion of nicked plasmid to the closed
circular form was expressed as the percentage increase in the fraction of closed
circular plasmid relative to that at time 0 of chase. To measure the effect of
F-ara-ATP, the pulse-chase experiments were carried out on another set of

samples as described above, except that F-ara-ATP (50 ,xM) was added to the
reaction mixture at the onset of the chase.

Incision Reaction. To measure repair incision, we separated the incision/
excision step by blocking repair synthesis, which requires PCNA and dNTPs.
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EBFA analysis revealed that only 5â€”7%of the total platinum contents
on CDDP-modified pBS were interstrand cross-links (i.e., 0.8 to 1.0
interstrand cross-links per molecule of pBS); therefore, the major
platination product was presumably intrastrand adducts.

Characterization ofin Vitro Repair. To ascertain whether CP2.0,
LoVo, and XP cells were capable of supporting NER, the repair

synthesis activity was measured using the extracts from these cells.
Fig. 1A shows that CP2.0 cell extracts exhibited NER activity in a
protein dose-dependent fashion. In addition, significant [32P]dAMP
incorporation was detected only with the CDDP-damaged plasmid,
whereas the nondamaged control showed only background activity
(Fig. 1A, upper panel), indicating that the repair synthesis in the

system was damage specific. At equal protein-equivalent levels (100

@.Lg), the cell extracts from the LoVo parental line showed only about

40% of the NER activity of the CDDP-resistant CP2.0 cells (Fig. IB,
Lanes 1 and 2). Consistent with previous reports that XP cells are
repair deficient (42, 45), the XP cell extracts showed minimal repair
activity (Lane 3). When ATP and the ATP-regenerating system were

omitted from the reaction mixture, no repair activity was observed in
CP2.0 cell extracts (Fig. 1B, Lane 4), consistent with previous reports
that NER is an ATP-dependent process (46).

Immunoprecipitation of PCNA and HMG Proteins. To facili
tate the repair of CDDP-induced DNA adducts by minimizing inter
ference from HMG proteins, cell extracts were treated with an anti
HMG1/HMG2 antibody to immunoprecipitate the HMG proteins
before the extracts were used for NER assays. Whole-cell extracts
contained an immunoreactive protein(s) with a molecular weight of
about 31,000 (Fig. 2A, Lane 1), which coincides with the size of
HMGI/HMG2 proteins as revealed by previous studies (39). The Mr
31,000 protein(s) was depleted from the extracts by treatment with the
anti-HMG1/HMG2 antibody, as evidenced by the fact that after cen
trifugation the supernatant fraction was free of the Mr 31,000 pro
tein(s) (Fig. 2A, Lane 4) and that the protein(s) remained with the
pellets (Fig. 2A, Lane 5), apparently as a result of the immunopre
cipitation. In contrast, treatment with a control IgG did not result in an
immunoprecipitation like that observed with the specific antibody
(Fig. 2A, Lanes 2 and 3).

If HMG proteins indeed interfere with the repair of CDDP-induced
DNA lesions, removal of these proteins would theoretically allow
repair proteins greater access to the lesion sites. To test this, HMG
depleted cell extracts were used in the repair assay. Although treat

Therefore, by using PCNA-depleted cell extracts and the incision-reaction
mixture (which contained the same components as the repair-reaction mixture
except by the addition of 4.5 j.LMaphidicolin, subtraction of dNTPs, and
lowering of the AlP concentration to 0.5 mM),we were able to monitor the
incision/excision step while the progression of repair DNA synthesis was
inhibited. Briefly, CDDP-damaged pBS and nondamaged pHMI4 (300 ng

each) were incubated with 50 @xgof HMG- and PCNA-depleted cell extract
with or without F-ara-ATP in the modified reaction mixture described above.
The reaction was carried out at 30Â°Cfor 60 mm and was terminated by the
addition of EDTA to a concentration of 25 mrvi. After phenol-chloroform

purification, plasmid DNA without restriction enzyme linearization was sub
jected to electrophoresis on a 1% agarose gel containing 0.5 @xg/mlethidium
bromide. The proportions of nicked circular and closed circular pBS plasmid
DNA were computed from the densitometric results of the photographic
negatives, taking into consideration that the fluorescence intensity of nicked
plasmids is 1.6 times that of the closed form. The number of nicks per
molecule of plasmid DNA was calculated by the Poisson distribution:

Number of nicks per plasmid molecule = â€”In(1 â€”nicked fraction)

Quantification of Incision Activity. To study the nature of the effects of
F-ara-ATP on incision, we performed the incision reaction in the presence of
increasing concentrations of AlP with or without F-ara-ATP (100 @xM);the
activity was quantified for the incision activity by the method described by

Calsou and Salles (44). Plasmid DNA purified from incision reaction, without

enzyme restriction, was added with a reaction mixture containing 90 mM
Hepes-KOH (pH 6.6), 10 mM MgCl2, 2 mM Dli', 20 ,LMeach ofdGTP, dCTP,
and dTl'P, 4 @LMdATP, 2 pCi [a-32P]dATP, and I unit of Escherichia coli
DNA polymerase 1, large (Klenow) fragment. After the mixture was incubated
at 20Â°Cfor 10 mm, the reaction was stopped by the addition of 50 m@iEDTA
and 1 mMunlabeled dATP. After purification by phenol-chloroform extraction
and ethanol precipitation, the plasmid was linearized by BamHI and electro
phoresed on 1% agarose gels containing 0.5 @xg/mlethidium bromide; the
relative amount of DNA was measured by densitometry using photographic
negatives and compared to standards. The incision activity was quantified by
measuring the incorporation of [a-32P]dAMP into the nicked plasmid.

RESULTS

Platination of Plasmid DNA. Because the present study was to
investigate the action of F-ara-ATP on intrastrand adducts, we per
formed the platination reaction under specific conditions that pro
duced mainly intrastrand cross-links on plasmid DNA. The resulting
CDDP-modified plasmid DNA contained 14â€”16platinum molecules
per plasmid as measured by atomic absorption spectrophotometry.
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Fig. 1. Characterization of NER of CDDP-modified
DNA with cell-free extracts. CDDP-damaged pBS and
nondamaged pHM14 (pHM) controls were incubated
with CP2.0 cells to quantify the repair synthesis activity.
The specific incorporation of [32PJdAMPinto the dam
aged plasmid DNA was measured as detailed in â€œMate
rials and Methods.â€• A, upper panel, ethidium bromide
staining (top) and autoradiographic (bottom) results
showing that the incorporation of [a-32PJdAMP into the
CDDP-damaged pBS increased as the protein content
increased. Lower panel, Betascope quantification con
firmed the protein dose-dependent NER. B, comparison of
the repair activities with whole-cell extracts (l00-@&gpro
tein equivalent) from LoVo (Lane 1), CP2.0 (Lane 2), and
repair-deficient XP cells (Lane 3); Lane 4 shows the
repair activity with CP2.0 whole-cell extracts when as
sayed in the absence of AlP and the ATP-regenerating
systems. The data are the means of three separate exper
iments; bars, SD.
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ment of cell extracts with normal rabbit IgG resulted in a 20%
reduction of repair activity (data not shown), presumably because of
enzyme inactivation during the prolonged treatment process, the re
pair activity of the HMG-depleted cell extracts increased 57% when
compared with that of untreated cell extracts (data not shown). It is
reasonable to attribute the enhancement in the basal repair activity to
the depletion of HMG1IHMG2 proteins, although the possibility of
coprecipitation of other adduct-binding proteins, including other
HMG-box proteins with higher affinities, during the antibody treat
ment cannot be totally excluded. To allow measurement of the mci
sion/excision, cell extracts were depleted of PCNA by immunopre

cipitation to prevent the progression of NER into the repair synthesis
stage. The treatment of cell extracts with anti-PCNA antibody (Fig.

2B, Lanes 4 and 5) but not with nonimmunized mouse IgG (Lanes 2
and 3), efficiently removed Mr 36,000 PCNA from the cell extracts, as
evidenced by the results of ECL Western blotting.

Effect of F-ara-ATP on Repair Synthesis. To determine the
effect of F-ara-ATP on NER, HMG-immunodepleted cell extracts
were incubated with CDDP-damaged plasmid substrate, and the in
corporation of radioactive dCMP or dAMP during the repair assay
was measured. F-ara-ATP inhibited the incorporation of either radio
active dAMP (Fig. 3A) or dCMP (Fig. 3B), but that the inhibition was
more potent when dATP was used (IC50 values, 26 p.M versus 43 pM;
Fig. 3). Furthermore, inhibition of dAMP incorporation by F-ara-ATP
could be reversed by raising the dATP concentration in the assay. In
contrast, raising the dCTP concentration had no effect on reversing
F-ara-ATP inhibition of dCMP incorporation (Table 1), suggesting
that F-ara-ATP inhibited the incorporation of the dATP and CICTPby
different mechanisms. Because F-ara-ATP and dCTP do not compete
for incorporation sites in DNA synthesis (28), but F-nra-AlP is a
structural mimic of dATP, these results suggest that F-ara-ATP may
inhibit dCMP incorporation into the patch by preventing chain don
gation. This analogue may inhibit dAMP incorporation both by com

peting for available incorporation sites and by inhibiting chain
elongation.

The ability of F-ara-ATP to inhibit the conversion of nicked circu
lar plasmid to the closed circular form was shown in a pulse-chase
experiment (Fig. 4). Autoradiographic results revealed that in the
control reaction (no F-ara-ATP), there was a gradual increase in the
fraction of the closed molecules by 58 Â±10% by minute 6 of the
chase, and this increase was accompanied by a gradual decrease in the
fraction of their nicked circular counterparts (Fig. 4A, Lanes 1â€”4).
This finding seemed to reflect the progression of the repair synthesis
process. Disruption of the conversion of nicked to closed circular
plasmid molecules was thus believed to reflect an inhibition of repair
synthesis. However, when F-ara-ATP (50 @M)was added at the onset
of the chase, the conversion of the nicked circular molecules into their
closed circular counterparts was significantly inhibited (P = 0.0001),
as shown by the fact that the fraction of the closed molecules re
maimed unchanged (Fig. 4A, Lanes 5â€”8,and Fig. 4B). The results
obtained from the chase experiments were consistent with those from
the experiments described above, suggesting that F-ara-ATP inhibited
repair synthesis by preventing the incorporation of nucleotides into
the repair patch.

Effect of F-ara-ATP on Incision. Because the steps of DNA
damage recognition preceding the incision step are dependent upon
AlP, we sought to determine whether the presence of F-ara-ATP

Fig. 2. Immunodepletion of HMG and PCNA proteins from whole-cell extracts.
Extracts from CP2.0 cells were immunoprecipitated with an Affi-Gel-purified anti
HMG1/HMG2 antibody (A) or monoclonal anti-PCNA antibody (B), as described in
â€œMaterialsand Methods.â€•The presence of HMG or PCNA in the supematant and pellet
fractions was then examined by ECL Western blotting. A, ECL Western blotting using the
anti-HMGI/HMG2 antibody. The results shown are for the untreated whole-cell extract
(Lane I); the supematant (Lane 2) and pellet (Lane 3) fractions of the whole-cell extract
treated with agarose-conjugated normal rabbit IgG (controls); and the supernatant (Lane
4) and pellet (Lane 5) fractionsof the cell extract treated with the agarose-conjugated
anti-HMG. The bands that migrated at the position of the M, 31,000 standard and that
presumably represent HMGIIHMG2 proteins, are indicated by an arrow at the left of the
panel. B. Western blotting using an anti-PCNA antibody. One band migrated at the
position of the M, 36,000 standard (arrow) in the untreated whole-cell extract (Lane 1).
When the whole-cell extract was treated with the anti-PCNA antibody, the band disap
peared from the supernatant fraction (Lane 4) but remained in the pellet fraction (Lane 5)
after centrifugation. B, the supernatant (Lane 2) and pellet (Lane 3) fractions after
centrifugation of the whole-cell extract control, which was treated with normal mouse
IgG. Results shown are representative of three separate experiments. A
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Fig. 3. Dose-related inhibition of repair synthesis by F-ara-ATP. Repair synthesis was
assayed with whole-cell extracts (R) or with anti-HMG-antibody-treated extracts (â€¢).The
activity was measured by the specific incorporation of [32P]dAMP (A) or [32P]dCMP (B)
into damaged DNA in the presence of increasing concentrations of F-ara-ATP. The results
were analyzed by autoradiography and Betascope quantification. By assigning the incor
poration in the absence of F-ara-ATP a value of 100%,percentages of incorporation in the
presence of F-ara-ATP were calculated to construct the inhibition curves. Data are the
means of three separate experiments; bars, SD.
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Table 1 Effects ofdATP and dCTP concentrations on the inhibition ofthe specific incorporation ofdAMP and dCMP into CDDP-damaged plasmid DNA by F-ara-ATP

dAMP incorporation, fmolâ€• dCMP Incorporation, fmolâ€•

F-ara-ATP (40 pM) F-ara-ATP (75 pM)
dATP, dCTP, %b

inhibition
%b

inhibition

a Data are mean Â± SD from three separate experiments using whole-cell extracts from CP2.O cells.

b Percentage inhibition of specific incorporation relative to the F-ara-ATP-free control, which was assigned an incorporation value of 100%.

effect of F-ara-ATP on incision/excision, the rate-limiting step of the
NER pathway (8, 45), was examined. Under the specified conditions,
nicking of the plasmid substrate (1.14 nicks per pBS plasmid; Fig. 5,
A and B, Lane 3) was observed, whereas such activity was absent with
the nondamaged pHMl4 control plasmid (Fig. SA). This indicated that
the nicking activity was damage specific. The plasmid nicking activity
was not detected when cell extracts were omitted from the reaction
(Fig. 5, Lanes 1 and 2) or when extracts from repair-deficient XP cells
were used as the substitute (Lane 8). F-ara-ATP produced a dose
dependent inhibition of the nicking activity (Fig. 5, Lanes 4â€”6).

To investigate the nature of this inhibition by F-ara-ATP, the
incision reaction was performed in the presence of increasing con
centrations of ATP. The activity was measured by quantification of
Kienow enzyme-catalyzed [a-32P]dAMP incorporation into the repair
intermediate in the presence or absence of 100 p.M F-ara-ATP. The
incision activity in the absence of F-nra-Al? increased linearly as the
AlP concentration increased, with a maximum at 0.5 mr@iATP (Fig.

6A). By contrast, inhibition by F-ara-ATP was inversely correlated
with the AlP concentration, e.g., at an ATP:F-ara-ATP molar ratio of
2.5, F-ara-ATP inhibited the incision activity by 62 Â±11.4%; when
the ratio increased to 10, the inhibition decreased to only 17 Â±4.6%
(Fig. 6B).

DISCUSSION

Fludarabine triphosphate is a potent inhibitor of DNA polymerases,
DNA ligase I, ribonucleotide reductase, and other activities involved
in DNA replication (28â€”31).The fact that these activities are critical
for NER suggested that F-ara-ATP might also be inhibitory to this
process. The results of the present investigation demonstrate that

F-ara-ATP is a potent inhibitor of the DNA resynthesis step in NER
and also may act to block the events related to the incision of the
damaged DNA.

F-am-AlP inhibited repair synthesis as indicated by its effect on
the incorporation of [32P]dATP and [32P]dCTP into the damaged
plasmid (Fig. 3); however, the inhibition was greater with dATP than
dCTP. The difference cannot be attributed to differences in the num

ber of incorporation sites available on the plasmid substrate, because
pBS contains nearly equal numbers of dAMP and dCMP sites (749
versus 737). The inhibition by F-ara-ATP was abolished by the
addition of excessive exogenous dATP but not by dCTP, implying
that F-ara-ATP competes with dATP but not dCTP for incorporation.
Taken together, our data suggest that F-ara-ATP inhibits [32P]dATP
incorporation of CDDP-damaged DNA through dual mechanisms,
competition for the available dAMP site(s) on repair patches, and
prevention of chain elongation, whereas the inhibition of [32P]dCTP
incorporation seemed to be effected through the latter mechanism
alone.

The results of pulse-chase experiments showed that F-ara-ATP
disrupted the conversion of nicked circular to closed circular plasmid
molecules (Fig. 4), presumably by preventing elongation of repair

would interfere with these processes. Three procedures were taken to
ensure that the incision step was completely arrested from progression
in the NER reaction: (a) depletion of PCNA from the cell extracts; and
(b) addition of aphidicolin to and (c) omission of dNTPs from the
reaction mixture. Under such conditions, the repair synthesis was
blocked as evidenced by the absence of the [32P]dAMP incorporative
activity (data not shown). The production of nicked from closed
damaged plasmids under such conditions reflected the incision activ
ity but not the formation of truncated repair patches. Therefore, the
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Fig. 4. Inhibition by F-ara-ATP of the conversion of nicked to closed circular plasmids
shown by a representative pulse chase experiment. The experiment was performed as
described in â€œMaterialsand Methods.â€• At the end of the chase, plasmid DNA in the
sample was purified and processed by gel electrophoresis and autoradiography to deter
mine the fraction of closed circular pBS. A, a representative of ethidium bromide staining
(top panel) and autoradiographic (bottom panel) results. The positions of nicked circular
(nc) and closed circular (cc) pBS substrate and pHM nondamaged control are indicated.
B, the conversion of nicked to closed circular plasmids in the presence (A) or absence ((U)
of F-sea-AlP (50 ELM).The fractions of closed circular pBS were calculated from the
autoradiographicresultsshownin A. The valuesshownare the percentageincreases
relative to the fraction at 0 mm. The data are the means of three separate experiments;
bars, SD.
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patches. This notion is consistent not only with the published finding
that F-ara-ATP inhibits chain elongation in DNA synthesis (28) but
also with our data showing that F-ara-ATP inhibited [32P]dCMP
incorporation during repair synthesis. However, the possibility of
inhibition of ligation by F-ara-ATP cannot be ruled out, because
F-ara-ATP is known to be a DNA ligase I inhibitor (30). We are
currently attempting to resolve this uncertainty by using site-specific
CDDP adducts to separately analyze the effects of F-ara-ATP on
repair synthesis and ligation.

It has been shown that the NER pathway requires PCNA for
completion of repair synthesis (25). Cell extracts that lack PCNA
cannot support NER through the DNA synthesis stage. Furthermore,
as shown by Calsou and Salles (44), the addition of polymerase
inhibitor aphidicolin to the repair reaction arrests NER at the incision/
excision stage. In our assay, when these maneuvers were performed,
a nicked repair intermediate was detected in the reaction. F-ara-ATP
inhibited the conversion of such nicked plasmid from closed circular
pBS substrate, and the inhibition was dose dependent (Fig. 5), sup
porting the notion that F-ara-ATP inhibits incision/excision activity.
At present, it is unclear how F-ara-ATP inhibits the incision step.
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Fig. 5. Inhibition of nicking activity by F-ara-ATP. The incision assay was performed
as described in â€œMaterialsand Methods.â€•The plasmid DNAs were resolved by gel
electrophoresis without linearization, and the fractions of nicked and closed plasmids were
determined by densitometry of the photographic negative. A, a representative of ethidium
bromide staining of the gel showing the positions and intensities of the bands for nicked
circular (nc) and closed circular (cc) plasmids. The pBS and pHM in Lanes I and 2 were
the supercoiled forms, which migrated slightly slower than their relaxed counterparts. No
nicked pHM was detectable, indicating that the incision activity was damage specific. B,
inhibition of nicking activity by F-ara-ATP. Shown are the numbers of nicks per plasmid
calculated from the results shown in A according to the Poisson formula. The data are also
expressed as percentages of control values with nicking activity in the absence of
F-ara-ATP (Lane 3) assigned a value of 100%. CP and XP represent cell extracts from
CP2.0andXPcells,respectively.Dataarethemeansof fourseparateexperiments;bars,
SD.
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Fig. 6. Inhibition of incision activity by F-ara-ATP in the presence of ATP. The

incision reaction was performed in the presence of increasing concentrations of ATP in the
absence (A) or presence (B) of a fixed concentration of F-ara-ATP (100 @sM);the incision
activity was quantified by Klenow enzyme-catalyzed [a-32P]dAMP incorporation into the
nicked repair intermediate as described in â€œMaterialsand Methods.â€•The incision activity
in the absence of F-ara-ATP was assigned a value of 100%. Data are the means of two
separate duplicate experiments; bars, SD.

However, in light of the fact that incision is an AlP-dependent
process (Refs. 16 and 47 and reviewed in Ref. 11) and that the
inhibition of F-ara-ATP was inversely correlated with the ATP con
centration (Fig. 6B), one may speculate that F-ara-ATP competes with
AlP for an unidentified role in incision/excision.

Recently, Kasparkova and Brabec (48) reported that HMG proteins
bind equally efficiently to CDDP-induced DNA interstrand cross
links and intrastrand adducts on linear duplex DNA substrates. In the
current work, however, the plasmid substrate contained mostly intras
trand adducts (only 5â€”7%of the total platinum contents were inter
strand cross-links as revealed by the EBFA results). The HMG
immunodepleted cell extracts used in the repair assay presumably
would expose mostly intrastrand adducts to repair proteins and in
crease the repair of adducts to a greater extent. Therefore, the repair
activity measured in the present study was primarily the repair of
intrastrand adducts, although minor involvement of interstrand cross
links cannot be ruled out. Furthermore, the repair of intrastrand
adducts was evidenced by the progress of the NER pathway that was
indicated by nicking activity (Fig. 5) and repair-patch filling activity
(Fig. 4). The recent observation that in experiments using a plasmid
construct containing site-specific d(GpG) adducts, the repair of such
adducts was inhibited by F-ara-ATP in a similar repair system further
support this notion.4

Because about 90% of the CDDP-induced DNA lesions in cells are

4 M. J. Li and L-Y. Yang, unpublished data.
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intrastrand cross-links and 65% of these are d(GpG) adducts (1), it is
likely that some adducts would be able to escape from the shielding by
HMG proteins in vivo. In addition, it has been shown that 1,3-
d(GpNpG) adducts are bound poorly by HMG proteins and that this
type of adduct can be removed efficiently through NER in vitro (32,
49). These points tend to favor the notion that the inhibition of adduct
removal by fludarabine are likely to take place in vivo. Furthermore,
recent experiments from this laboratory found that the synergistic
cytotoxicity of combined fludarabine and cisplatin was specifically
detected in repair-competent CP2.0 cells but could not be detected in
the repair-defective XP cells.5 Taken together, these results suggest
that the synergistic cytotoxicity was in part a consequence of the
inhibition of NER by F-ara-ATP.

The IC50 values of 26 and 100 @MF-ara-ATP for inhibition of repair
synthesis and incision, respectively, were within the range of F-am-AlP
values in leukemic lymphocyte patients during fludarabine therapy (50â€”
52). Furthermore, previous studies have demonstrated that F-ara-ATP
inhibits ribonucleotide reductase and that cells treated with fludarabine
nucleoside have a decrease in cellular dNTP pools (53). Such perturba
tion caused by F-am-AlP would result in a decrease in cellular ribonu
cleotide levels, which in turn would enhance the effect of F-ara-ATP.
Together, these in vitro findings suggest that the effect of fludarabine on
NER may have potential clinical implications.

In conclusion, evidence provided here indicates that F-ara-ATP
inhibits NER of CDDP-induced DNA adducts in vitro and that the
inhibition occurs at the steps of incision and repair synthesis. These
results, together with our previous finding that fludarabine nucleoside
produces synergistic cytotoxicity with CDDP, suggest that fludarabine
may serve as a repair modulator to improve antitumor effectiveness
when combined with CDDP and/or other DNA-damaging agents that
induce NER.
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