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ABSTRACT DNA replication is an asymmetric process
involving concurrent DNA synthesis on leading and lagging
strands. Leading strand synthesis proceeds concomitantly
with fork opening, whereas synthesis of the lagging strand
essentially takes place on a single-stranded template. The
effect of this duality on DNA damage processing by the cellular
replication machinery was tested using eukaryotic cell ex-
tracts and model DNA substrates containing site-specific
DNA adducts formed by the anticancer drug cisplatin or by the
carcinogen N-2-acetylaminofluorene. Bypass of both lesions
was observed only with fork-like substrates, whereas complete
inhibition of DNA synthesis occurred on damaged single-
stranded DNA substrates. These results suggest a role for
additional accessory factors that permit DNA polymerases to
bypass lesions when present in fork-like DNA.

The opposing orientation of the two DNA strands in the
double helix imposes an asymmetry upon the replication
process (1). Since polymerases only synthesize DNA in one
direction (59 3 39), one strand (the leading strand) is
synthesized continuously in the direction in which the helix
unzips, whereas the other (the lagging strand) is synthesized
discontinuously in the opposite direction in numerous short
pieces known as Okazaki fragments. Therefore, leading
strand synthesis proceeds concomitantly with fork opening
from a double-stranded template, whereas synthesis of the
lagging strand essentially takes place on a single-stranded
template. Single-stranded and fork-like DNA templates have
been previously suggested as models for lagging and leading
strand replication, respectively (2, 3), although current mod-
els of DNA replication propose a mechanism in which
leading and lagging strand replication are coupled. Geno-
toxic agents that induce bulky lesions in DNA often hamper
progression of the replication fork and result in either non-
or miscoding nucleotides. In a process known as translesion
synthesis (TLS), the replication machinery will eventually
proceed through some lesions with an increased error rate,
resulting in the induction of mutations (4–6). We wished to
investigate the effect of the asymmetry of DNA replication
on the efficiency of translesion synthesis. For this purpose,
we have compared TLS in vitro by eukaryotic cell extracts on
forked or single-stranded (ss) DNA templates containing
single site-specific adducts formed by a chemotherapeutic
agent (cisplatin) or a strong chemical carcinogen (N-2-
acetylaminof luorene or AAF). For both adducts, we ob-
served TLS only when the adduct was located in the forked
template.

MATERIALS AND METHODS

Materials. The DNA damage-inducible CDK inhibitor p21
protein, purified as described (7), was a generous gift from
Prof. Bernard Ducommun (Institut de Pharmacologie et de
Biologie Structurale, Toulouse, France). Calf thymus DNA
polymerases a, d, and « were purified as reported (8). All
oligonucleotides were synthesized on a Cyclone Plus DNA
synthesizer from MilliGenyBiosearch and purified on dena-
turing 20% polyacrylamide gels. [g-32P]ATP and [a-32P]dATP
were from DuPontyNEN and T4 polynucleotide kinase was
from United States Biochemical. AciI restriction enzyme was
purchased from New England Biolabs. N-Ethylmaleimide was
from Sigma.
Construction and Purification of the ssDNA and Forked-

DNA Templates. The cisplatin-modified 90-mer was prepared
by ligating a 14-mer, an 8-mer containing the Pt-d(GpG)
adduct purified as reported (9), and a 68-mer, using a 65-mer
as scaffold. The resulting 90-mer-Pt oligonucleotide was pu-
rified on a 20% polyacrylamidey7 M ureay30% formamide
denaturing gel and hybridized to a 59 32P-labeled 17-mer
primer for ssDNA synthesis assays. For double-stranded DNA
replication assays, the ssDNA template was hybridized to a
59-mer partially complementary to the Pt-90-mer template
(forked DNA) to mimic a DNA replication fork. Control
unplatinated templates were prepared and purified starting
with an intact 8-mer oligonucleotide following the same pro-
cedure. The AAF-modified 44-mer oligonucleotide was pre-
pared as reported (10) and annealed to a 59 32P-labeled 15-mer
primer for ssDNA assay. The forked DNA was obtained by
hybridizing to the AAF modified ssDNA a partially comple-
mentary 29-mer oligonucleotide. Control undamaged tem-
plates were prepared following the same procedure.
Preparation of Cell Extracts.Chinese hamster ovary (CHO)

cells were grown to subconfluence as monolayer cultures on
145-mm plates at 378C in a 5% CO2 humidified incubator in
MEM (GIBCOyBRL) supplemented with glutamine (2 mM),
8% fetal calf serum (GIBCOyBRL), penicillin (40 unitsyml),
and streptomycin (40 mgyml). The cells were washed three
times with ice-cold PBS. All subsequent steps were carried out
at 48C. Excess buffer was removed, and the cells were scraped
off the plates with ice-cold PBS buffer and harvested by
centrifugation (1000 3 g for 5 min). The cell pellet was
suspended in two volumes of hypotonic buffer (10 mM
TriszHCl, pH 7.5y10 mM KCly10 mM MgCl2y1 mM DTT)
containing protease inhibitors (1 mM polymethylsulfonyl f lu-
oride and 5 mgyml each of leupeptin, pepstatin, chymostatin,
and aprotinin). The cells were allowed to swell on ice for 10
min and disrupted with 20 strokes of the tight-fitting pestle in
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a Dounce homogenizer. The cell disruption and the integrity
of the nuclei was examined by light microscopy. Nuclei were
harvested by centrifugation for 10 min at 3300 3 g at 08C and
cytosolic supernatants were kept on ice. The nuclear pellet was
suspended in hypotonic buffer, and NaCl was added with
gentle mixing to a final concentration of 350 mM. After 30 min
of extraction at 08C, the nuclear extracts were centrifuged at
15,000 3 g for 20 min. Cytosolic and nuclear extracts were
mixed and precipitated by the addition of ammonium sulfate
(0.33 gyml) and gentle stirring for 30 min at 08C. The precip-
itates were collected by centrifugation, resuspended in dialysis
buffer (50 mM TriszHCl, pH 7.5y1 mM EDTAy100 mM
potassium glutamatey1 mM DTTy1 mM polymethylsulfonyl
f luoridey10% glycerol), and dialyzed for 2 h at 08C. The
extracts were frozen in liquid nitrogen and stored at 2708C.
Protein concentrations were determined with the Micro BCA
system using BSA as a standard. One microliter of extract
typically contained 3–12 mg of protein. HeLa cell extracts were
prepared with the same procedure as for the CHO cells.
In Vitro DNA Replication Assays. Standard 15-ml reaction

mixtures contained 5 ng of labeled intact or damaged substrate
and 3 mg of cell extract protein in reaction buffer containing
45 mM HepeszKOH (pH 7.8), 7 mM MgCl2, 1 mM DTT, 0.4
mM EDTA, 2 mM ATP, 50–500 mM each dATP, dCTP,
dGTP, and dTTP, 3.4% glycerol, 65 mM potassium glutamate,

and 18 mg of BSA. At the end of the reaction, 5 ml of stopping
buffer (90% formamidey0.1% xylene cyanoly0.1% bromophe-
nol bluey0.1 mM EDTA) was added. Samples were denatured
for 10 min at 708C and loaded onto a 15% polyacrylamidey7
M ureay30% formamide gel.
Quantification of TLS Frequency. Determination of TLS

frequency was achieved by excising from polyacrylamide gels
the regions that contained TLS products and determining their
radioactivity in a Beckman scintillation counter. These values
were compared with the ones obtained for the products
arrested at the site of the lesion.

RESULTS AND DISCUSSION

For the present work we constructed templates that contain
either the most abundant platinum adduct, an intrastrand
crosslink between two adjacent guanines [Pt-d(GpG)], or the
major AAF adduct at the C(8) position of guanine (G-AAF).
Both unmodified and adduct containing templates were con-
structed. Oligonucleotides containing the single adduct (90-
mer-Pt adduct and a 44-mer-AAF) were used as templates for
DNA synthesis. In ssDNA replication assays, annealing of a
short primer to the 39 end of the template places the adduct in
the 59 single-stranded region of the template (Figs. 1A and 2A).
Fork-like template replication was modeled by annealing an

FIG. 1. A single Pt-d(GpG) adduct inhibits replication of ssDNA but not forked DNA by CHO cell extracts. Sequences of the ssDNA (A) and
the forked template (B) damaged with a unique cisplatin adduct used in the replication assays. ■ indicates the position of the Pt-d(GpG) adduct.
AciI shows the position of the cleavage by the restriction enzyme. (C) In vitro replication by CHO cell extract of the untreated and platinated ssDNA
and forked DNA. Reaction conditions were as indicated in Materials and Methods. In forked-DNA synthesis assays, the replication products were
digested with AciI when indicated. Positions of the 17-mer (primer), 55-mer (ssyds DNA junction), 68-mer (product of synthesis to the dT base
preceding the Pt lesion), and 90-mer (full-size product) are indicated by arrows. (D) Kinetics of DNA replication across the Pt-d(GpG) lesion on
the forked-DNA substrates; Reactions were performed as described in C for 1, 2, 5, 7, 10, 15, 20, 30, and 60 min.
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additional oligonucleotide to the substrate used for single-
strand replication (Figs. 1B and 2B). The second oligonucle-
otide is partially complementary to the 59 end of the template
strand, which upon annealing will form a fork-like structure
containing both a double-stranded region, within which the
adduct is located, and a 59 single-stranded tail. DNA synthesis
was monitored using 59 32P-end-labeled primer elongation
reactions in the presence of extracts prepared from CHO and
human HeLa cells.
Full-length elongation products were seen with undamaged

single-stranded and fork-like templates (Figs. 1C and 2C). The
DNA synthesis activity monitored in our assay is most likely
mediated by the replicative DNA polymerases d andyor « as we
observed inhibition by 2 mMN-ethylmaleimide (1) and the p21
protein, which inhibits DNA replication elongation in vitro by
interfering with proliferating cell nuclear antigen, a compo-

nent of the replication apparatus (11) (data not shown).
However, since inhibition by p21 was not complete, an addi-
tional role for DNA polymerase a cannot be excluded.
Elongation of the ssDNA templates was totally blocked at

the site of the lesion for both platinum and AAF adducts (Figs.
1C and 2C). This observation extends our previous work
showing that purified DNA polymerases a, d, and « from calf
thymus were incapable of DNA synthesis beyond the Pt-
d(GpG) lesion, even in presence of proliferating cell nuclear
antigen or replication protein A (8). Mutagenic DNA synthesis
past the platinum adduct was observed on single-stranded
template only by using large amount of the purified repair
enzyme DNA polymerase b (8, 12) or with a cell extract from
a CHO cell line overproducing the rat DNA polymerase b
(data not shown). Likewise, we found that a single AAF adduct
blocked replication by Escherichia coli DNA polymerase I and
III (13), T7 DNA polymerase (10) and calf thymus polymer-
ase-a (data not shown) at the position preceding the damaged
nucleotide.
Interestingly, TLS by cell extracts was observed for both

adducts when using fork-like templates (Fig. 1 C and D; Fig.
2D). Comparable results were obtained with cell extracts
prepared from human HeLa cells (data not shown). With both
substrates, early time points in the reaction exhibited a pause
site at the fork junction but increasing amounts of full-length
replication products were formed as a function of time.
However, the TLS reaction was found to be more efficient for
the platinum adducted template as compared with the AAF
template: after 60 min of incubation, the extent of TLS were
equal to 95% and 15%, respectively (seeMaterials andMethods
for the quantification procedure). This quantitative difference
was not due to structural difference between the forked
templates since we constructed a platinum template with the
same geometry as the AAF template (with a 12-nucleotide-
long tail and a distance between the lesion and the junction of
five nucleotides) and observed very efficient TLS (data not
shown). The difference between the two adducts in the kinetics
of TLS can be rationalized in terms of major differences in the
local distortion of the DNA structure. Covalent binding of
platinum to the GpG sequence induces only a small local bend
in the helix axis (14) while AAF binding to the C(8) position
of guanine triggers a severe conformational change in the
vicinity of the adduct according to the insertion-denaturation
model (15, 16). It is therefore not surprising that platinum
adducts are bypassed more readily than AAF adducts. The
mutation specificity of the two adducts is also in agreement
with this drastic difference in the conformational change
induced in the DNA structure. Indeed, platinum adducts
induce base pair substitutions (17–19) while AAF adducts
essentially induce frameshift mutations (20–22).
To prove that the full-length products seen on the acryl-

amide gel resulted from TLS and not from an artifactual
ligation reaction between a partial degradation product of the
single-stranded tail oligonucleotide and a partial elongation
product, the following control reaction was performed (see
Fig. 3): platinum containing single-stranded template primed
with a nonlabeled oligonucleotide was extended to the site of
the lesion with cell extracts. Subsequently, the tailed fork was
formed by adding the 59-mer oligonucleotide and elongation
was continued in the presence of [a-32P]dATP. Further incu-
bation yielded the formation of radioactively labeled full-
length products (Fig. 3, lane 1), indicating that TLS took place
in presence of the complementary strand.
We ruled out the possibility that full-length replication

products was due to nucleotide excision repair of the adducts
in the fork-like template followed by replication on an undam-
aged template since we found that extract from UV4 CHO cell
line, a mutant deficient in nucleotide excision repair (23), was
as efficient in bypass replication as the wild-type extract (data
not shown). In addition, we took advantage of the fact that the

FIG. 2. Differential inhibition by a unique AAF adduct of ssDNA
and forked-DNA replication catalyzed by CHO cell extracts. Se-
quences of the ssDNA (A) and the forked-DNA template (B) damaged
with a unique AAF adduct used in the replication assay. m indicates
the position of the AAF adduct. DNA synthesis conditions for ssDNA
and forked DNA (C and D) were the same as those described in Fig.
1. Autoradiograph inD was intentionally overexposed to clearly detect
TLS on damaged forked DNA. The position of the 15-mer (primer),
31-mer (product of synthesis to the dC base preceding the AAF
adduct), and 44-mer (full-size product) are indicated by arrows.
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platinum adduct is located within an AciI restriction site (Fig.
1B). Full-length replication product obtained on the platinum
damaged template was resistant to this restriction enzyme (Fig.
1C) proving that the adduct was still present. On the contrary,
the replication product generated from the undamaged tem-
plate was Aci I sensitive.
It is not clear why the extracts used in the present work

support TLS of bulky lesions on fork-like and not on single-
stranded templates. One could argue that different poly-
merases with different accessory proteins are involved. For
instance, replication of the fork-like template requires a DNA
helicase to unwind the duplex region. Such activity is probably
essential since we found that replication of fork-like templates
by purified calf thymus polymerases a, d, and « was stopped at
the double-stranded junction (data not shown). In this respect,
it is of interest that the t subunit of replicative polymerase III
holoenzyme has been shown to be in direct contact with the
dnaB helicase in E. coli. (24), resulting in a high rate of
replication fork movement. In addition, a replicative helicase,
the UL9 protein purified from herpes simplex virus, was shown
to unwind past the Pt-d(GpG) lesion in conjunction with the
viral single-stranded binding protein ICP8 (25). Affinity of
human helicases to fork like DNA templates similar to the one
used in this study has been reported (26, 27), suggesting that
polymerases and helicases might interact to achieve replication
across the lesions. Further work will be required to investigate
this point.

Substantial replication of double-stranded DNA carrying
UV lesions either in vivo (28) or in vitro by cell free extracts (29,
30) has been observed, but the molecular mechanisms under-
lying these processes remain to be elucidated. We think that
the use of forked templates such as those employed here to
generate strong lesion bypass signals may provide a critical new
tool to investigate TLS mechanisms.
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FIG. 3. TLS of the cisplatin adduct detected on 90-mer by incor-
poration of [a-32P]dATP in presence of the 59-mer complementary
strand. Nonradioactive primed single-stranded DNA modified site
specifically with cisplatin (see Fig. 1A) was replicated for 30 min by cell
extracts to allow complete arrest of replication at the site of the adduct,
as monitored by a parallel reaction with labeled primer (not shown).
Subsequently, the tailed fork was formed by annealing the 59-mer
complementary strand and the reaction was continued in the presence
of [a-32P]dATP for 30 min (lane 1). A control reaction without the
59-mer was conducted in parallel (lane 2). Positions of the 68-mer
(product of synthesis to the dT base preceding the Pt lesion) and
90-mer (full-size product) are indicated by arrows.
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