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DNA interstrand cross-links are induced by many carcinogens and anticancer drugs. It was previously shown
that mammalian DNA excision repair nuclease makes dual incisions 5* to the cross-linked base of a psoralen
cross-link, generating a gap of 22 to 28 nucleotides adjacent to the cross-link. We wished to find the fates of
the gap and the cross-link in this complex structure under conditions conducive to repair synthesis, using cell
extracts from wild-type and cross-linker-sensitive mutant cell lines. We found that the extracts from both types
of strains filled in the gap but were severely defective in ligating the resulting nick and incapable of removing
the cross-link. The net result was a futile damage-induced DNA synthesis which converted a gap into a nick
without removing the damage. In addition, in this study, we showed that the structure-specific endonuclease,
the XPF-ERCC1 heterodimer, acted as a 3*-to-5* exonuclease on cross-linked DNA in the presence of RPA.
Collectively, these observations shed some light on the cellular processing of DNA cross-links and reveal that
cross-links induce a futile DNA synthesis cycle that may constitute a signal for specific cellular responses to
cross-linked DNA.

Interstrand cross-links are common lesions introduced into
DNA by drugs such as psoralen, cisplatin, mitomycin C, and
melphalan (17). These lesions are eliminated from DNA by a
mechanism involving excision repair and recombination in
Escherichia coli (3, 5, 32) and in yeast (15, 20). In mammalian
cells, the precise role of excision repair in eliminating cross-
links is not known (35, 36). Although mutations in any of the
genes required for the dual-incision step of excision repair
cause sensitivity to cross-linking chemicals, the XPF and
ERCC1 mutant cell lines, in addition to being defective in
excision repair, are particularly sensitive to cross-linking agents
and hence have been presumed to play a special role in cross-
link repair (13). Similarly, mutations in the XRCC2 and
XRCC3 genes, encoding proteins with sequence homology to
the human RAD51 protein (19), confer sensitivity to cross-
linking agents without affecting the excision repair system and
hence are thought to play a unique role in processing of cross-
links (35). To understand the mechanism of cross-link repair, it
appears that the actions of the excision repair system, the
XPF-ERCC1 complex, and XRCC2 and XRCC3 on cross-
links must be investigated.

The human nucleotide excision repair system removes base
monoadducts and intrastrand diadducts by making a dual in-
cision bracketing the lesion (14). Recently, we reported the
surprising finding that with a cross-linked substrate, the human
excision nuclease makes both incisions 59 to the cross-linked
base, excising a damage-free oligomer and generating a gap of
22 to 28 nucleotides (nt) 59 to either the furan-side or the
pyrone-side adducted thymine of a psoralen cross-link (1). We
proposed that the gap generated by this unusual type of dual

incision may initiate at least one pathway of cross-link repair.
In the present study, we have investigated the fate of the 59 gap
by using cell extracts from wild-type, excision repair-defective,
and recombination repair-defective cell lines (16, 29). We
found that the 59 gap was filled efficiently but remained mostly
unligated both in wild-type and in cross-link-sensitive XRCC3
mutant cells and that “repair patch” formation was dependent
on an intact excision repair nuclease. Ligation occurred in a
small fraction of molecules with repair patches and thus re-
generated the original cross-linked substrate. Furthermore, we
found that the XPF-ERCC1 complex in the presence of rep-
lication protein A (RPA) could hydrolyze a linear cross-linked
DNA past the cross-link by a 39-to-59 exonuclease action, thus
converting an interstrand cross-link to a single-stranded DNA
with a dinucleotide adduct.

MATERIALS AND METHODS

Cell lines and proteins. The CHO cell lines used in this study were obtained
from the American Type Culture Collection Repository (Rockville, Md.):
CRL1589 (AA8 wild type), CRL1867 (UV135, XPG mutant), and irs1SF
(XRCC3 mutant). Cell extracts were prepared as described previously (30).
Recombinant XPF-ERCC1 was purified as described previously (2). Recombi-
nant human RPA was expressed in E. coli BL21 cells and purified by the method
of Henricksen et al. (12).

DNA substrates. Plasmid substrates containing a single psoralen monoadduct
or cross-link at a unique position were prepared as described elsewhere (1, 34).
Briefly, the oligonucleotide (59-GCTCGGTACCCCG) with a furan-side mono-
adduct of 49-hydroxymethyl-4,59,8-trimethylpsoralen at the central T residue (33)
was annealed to a single-stranded M13mp19(1) circular DNA and was con-
verted to a duplex by T4 DNA polymerase and ligated with T4 DNA ligase. The
covalently closed circles were purified by CsCl-ethidium bromide equilibrium
density gradient centrifugation. To convert the monoadduct to a cross-link, the
DNA was irradiated with 366-nm light as described previously (1).

Linear substrates containing a psoralen or a 1,3-bis(29-deoxyguanosine-N2-
yl)propane or trimethylene-bis(N2-guanine) (TBG) interstrand cross-link were
synthesized by annealing and ligating seven partially overlapping complementary
oligonucleotides (see Fig. 5E and F). The 59 or 39 termini of these substrates
were radiolabeled by standard procedures. To prepare a psoralen-cross-linked
linear duplex, oligonucleotide 3, which contains a furan-side adducted thymine
(33), was mixed with the other oligomers and ligated to obtain a 149-mer duplex,
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which was separated from the partial ligation products by sequential purification
on 7% denaturing and 5% nondenaturing polyacrylamide gels. The monoadduct
was then converted into a cross-link by irradiating the duplex with 366-nm light
at a fluence rate of 2 mW/cm2 for 20 min at 0°C. Subsequently, the cross-linked
material was purified from the non-cross-linked duplex by electrophoresis on a
7% denaturing polyacrylamide gel. The TBG cross-link-containing 147-bp du-
plex was derived from 19-mer and 11-mer oligomers connected by a trimethylene
group through two guanines on both strands (8) (see Fig. 5A). The 147-mer with
the TBG cross-link was assembled from six oligomers and purified as described
for the psoralen-cross-linked substrate.

Repair synthesis. The repair synthesis assay was conducted in 25 ml of reaction
buffer containing 20 mM HEPES-KOH (pH 7.9), 50 mM KCl, 5 mM MgCl2, 2
mM ATP, 100 mM each deoxynucleoside triphosphate except dCTP, 4 mM
[a-32P]dCTP (7,000 Ci/mmol), 0.2 mM EDTA, 50 mg of cell extract. The reaction
was conducted at 30°C for 1 h unless indicated otherwise. Following phenol-
chloroform extraction, the DNA was digested with the indicated restriction
enzymes and analyzed on 5% denaturing polyacrylamide gels.

Exonuclease assay. Linear monoadducted or cross-linked substrates (25 fmol)
were incubated with the indicated amounts of XPF-ERCC1 and RPA in 25 ml of
reaction buffer containing 30 mM HEPES-KOH (pH 7.9), 40 mM KCl, 3 mM
MgCl2, 5% (vol/vol) glycerol. After incubation at 30°C for 15 min, the DNA was
deproteinized with proteinase K-phenol, precipitated with ethanol, and analyzed
on 7% denaturing polyacrylamide gels.

Immunodepletion. Polyclonal anti-ERCC1 or anti-XPB antibodies (26) (30 ml
each) were incubated with 20 ml of protein A-agarose beads in 200 ml of buffer
A (0.1 M KCl, 50 mM Tris-HCl [pH 7.5], 0.05% Nonidet P-40). After gentle
mixing at 4°C for 30 min, the beads were collected by centrifugation and washed
three times with 200 ml of buffer A. Subsequently, the beads containing either
anti-ERCC1 or anti-XPB antibodies were mixed with XPF-ERCC1 (50 ng) in 60
ml of buffer B (30 mM HEPES-KOH [pH 7.9], 40 mM KCl, 3 mM MgCl2, 20 mM
dithiothreitol) and incubated at 4°C for 3 h with rocking. After centrifugation to
remove the proteins bound to the antibodies, the supernatant was supplemented
with RPA (60 ng), cross-linked substrate (60 fmol), and buffer B to a volume of
100 ml. The reaction mixture was incubated at 30°C for 20 min, and then the
DNA was deproteinized and analyzed on a 7% denaturing polyacrylamide gel.

RESULTS

Futile repair synthesis with cross-linked substrate. A pre-
vious study on processing of psoralen interstrand cross-links by
mammalian cell extract showed that the mammalian excision
repair nuclease makes dual incisions 59 to the cross-linked
base, releases a 22- to 28-nt fragment free of damage, and
generates a gap of equal size immediately 59 to the cross-linked
base (1). To investigate the fate of this excision gap, we con-
ducted a repair synthesis assay with a plasmid containing a
single cross-link and analyzed the reaction product following
digestion of DNA with restriction endonucleases which cut the
DNA in the vicinity of the cross-link. The restriction enzyme

digestion scheme and the predicted product sizes are shown
schematically in Fig. 1.

Single-enzyme digestion (HindIII or PvuI), which incises the
substrate either 59 to the pyrone-side or 59 to the furan-side
adducted thymines of the cross-link, yielded results consistent
with filling in of the gap adjacent to the cross-link but with
minimal ligation to parental DNA (Fig. 2, lanes 2 and 3). Thus,
it appears that the cross-link induces a “futile” repair synthesis
reaction which is not accompanied by damage removal. Inter-
estingly, there is a striking difference between the “repair syn-
thesis” signal induced by the pyrone-side adducted thymine
and the furan-side adducted thymine, with the repair synthesis
induced by the former (HindIII, lane 3) being 10-fold stronger
than that induced by the latter (PvuI, lane 2).

Futile repair synthesis and ligation. Digestion of cross-
linked DNA which had been subjected to the repair reaction
with both PvuI and HindIII was expected to generate two

FIG. 1. Schematic drawing of the covalently closed circular DNA substrate
containing a psoralen interstrand cross-link. Restriction sites around the inter-
strand cross-link are indicated, and the sizes of the corresponding restriction
fragments are shown.

FIG. 2. Interstrand psoralen cross-link induces futile DNA synthesis. The
covalently closed circular DNA containing a site-specific psoralen interstrand
cross-link (XL) was incubated with wild-type rodent extract (AA8) in the pres-
ence of [a-32P]dCTP under repair synthesis conditions. After incubation at 30°C
for 60 min, the DNA was digested with HindIII (lane 2), PvuI (lane 3), or both
(lane 4) and examined on a 7% denaturing polyacrylamide gel. W indicates the
signal representing the ligated fraction of DNA that underwent futile repair
synthesis. The unligated 130-nt fragment arose from the repair synthesis to fill
the gap adjacent to the furan-side adducted thymine, and the 40-nt fragment was
generated by filling in the gap adjacent to the pyrone-side adducted thymine.
Lane 4 contains psoralen furan-side monoadducted DNA (MA) digested with
HindIII and PvuI following the repair synthesis reaction. The 168-nt fragment
carrying the 26-nt repair patch (1) is indicated by an arrow. The high-molecular-
weight DNA near the origin represents nonspecific incorporation of radiolabel
randomly throughout the plasmid. When normalized for fragment length, the
background synthesis is about 20% of the damage-induced synthesis.
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fragments of 168 and 174 nt if the cross-linked-induced DNA
synthesis were true repair synthesis which followed the re-
moval of the cross-link (Fig. 1). Instead, the double digestion
revealed three bands (Fig. 2, lane 4), none of which corre-
sponded to these sizes. The fragments of 130 and 40 nt corre-
sponded to the sizes expected from filling in the gaps 59 to the
cross-linked bases without ligation of the newly synthesized
DNA as described above. The larger one (Fig. 2, lane 4, band
W) migrated like a fragment twice the size of the distance
between the two restriction sites (Fig. 1). Upon photoreversal,
the fragment disappeared and a new species whose size was
equal to the distance between the two restriction sites ap-
peared, indicating that this fragment contains the cross-link
(data not shown; see below). In contrast to these unusual
results with cross-linked DNA, when the psoralen monoadduct
was the substrate, true repair synthesis occurred, as evidenced
by the appearance of a 168-nt radiolabeled fragment following
the HindIII-PvuI digestion (Fig. 2, lane 5).

To confirm our interpretation of the fate of the “repair
synthesis” patch induced by cross-linked DNA, i.e., that cross-
link-induced DNA synthesis was mostly terminated at a nick
and that the repair patch was ligated only in a small fraction of
the molecules, we carried out a time course experiment of
repair synthesis followed by double digestion with HindIII and
SacI (Fig. 3). The two restriction incision sites are separated by
41 nt in the furan-side strand and by 49 nt in the pyrone-side

strand (Fig. 1). At 60 min, the filling in of the excision gap at
the pyrone side (40 nt in Fig. 3, lanes 3 and 7) was complete;
further incubation did not promote more synthesis. Similarly, a
larger fragment of about 80 nt was detected after 30 min (lane
2) and also reached a plateau level after 60 min (lanes 2 to 4).
This was assigned to the small fraction of repair patches ligated
to parental DNA. Indeed, photoreversal of the psoralen cross-
link by short-wavelength UV light caused the disappearance of
the 80-nt fragment and the appearance of a 49-nt species
(compare lanes 2 to 4 with lanes 6 to 8), consistent with filling
in of the pyrone-side gap followed by ligation. This interpre-
tation was confirmed by isolating the 80-mer and subjecting it
to photoreversal (lanes 10 and 11). These results show that the
80-mer represents a species generated by filling in and ligating
the gap 59 to the pyrone-side adducted thymine without re-
moving the cross-link. Thus, in a small fraction (,10%) of the
molecules containing an excision gap 59 to the cross-link, the
gap was filled and ligated to generate the structure existing
before the excision-resynthesis-ligation had taken place.

Requirement for XP but not XRCC genes for cross-link-
induced DNA synthesis. Repair synthesis reactions with whole-
cell extracts can give rise to artifacts due to synthesis initiated
at nicks and gaps created by nonspecific nucleases. Indeed, as
seen in Fig. 2 and 3, in our study there was considerable
incorporation of radiolabel into the plasmid substrate in re-
gions far from the cross-link site. Digestion of DNA by several

FIG. 4. (A) Futile DNA synthesis is dependent on the nucleotide excision
repair nuclease. XPG mutant cell extract (UV135) was incubated with the cross-
linked substrate in the presence (lane 3) or absence (lane 2) of purified XPG
protein (40 ng) under repair synthesis conditions. After incubation at 30°C for 90
min, the DNA was digested by HindIII and analyzed on a 7% denaturing
polyacrylamide gel. Lane 1 contains DNA size markers. The 40-nt fragment
arising from futile DNA synthesis is indicated by an arrow. (B) Futile DNA
synthesis is independent of the XRCC3 function. The cross-link-containing plas-
mid was incubated with either wild-type (AA8) or XRCC3 mutant (irs1SF) cell
extracts (CE) with or without the nonhydrolyzable ATP analog g-S-ATP (2 mM),
as indicated. Following incubation at 30°C for 60 min, the DNA was digested by
either HindIII or PvuI and analyzed on 7% denaturing polyacrylamide gels.
Lanes 1 and 6 contain size markers. The bands arising from futile DNA synthesis
are indicated by arrows.

FIG. 3. Cross-link-induced DNA synthesis and ligation without cross-link
repair. After the “repair synthesis” reaction, the DNA was digested with HindIII
and SacI and analyzed on a 7% denaturing polyacrylamide gel (lanes 2 to 4). The
samples in lanes 6 to 8 were subjected to photoreversal (PR) treatment to
convert interstrand cross-links to monoadducts prior to gel electrophoresis. To
confirm that the fragment marked “ligated product” observed in lanes 2 to 4
contains a psoralen cross-link, the DNA was excised from the gel, purified, and
subjected to photoreversal (lanes 10 and 11). Note that because of the pyrone-
side preference of excision and synthesis, the 49-nt strand containing the pyrone-
side adducted thymine is radiolabeled whereas the 41-nt complementary frag-
ment with the furan-side adducted thymine (Fig. 1) is undetectable. DNA size
markers (fX174 digested with HinfI) are shown in lanes 1, 5, and 9 (M).
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restriction enzymes revealed that this incorporation is evenly
distributed throughout the plasmid and is not dependent on
the presence of damage (monoadduct or cross-link) in the
plasmid (reference 14 and data not shown). Hence, to examine
the requirements for and the specificity of the repair synthesis
in the vicinity of the cross-link which we have observed in our
experiments, we conducted repair synthesis reactions with mu-
tant cell extracts. Figure 4A shows that the cross-link-induced
repair synthesis required XPG, one of the six excision nuclease
factors (26). Since generation of the gap requires the entire set
of excision repair factors (1), we conclude that the nicking as
well as the futile DNA synthesis is initiated by the excision
repair nuclease system.

It is known that XRCC2 and XRCC3 mutant CHO cell lines
are extremely sensitive to killing by cross-linking agents (6, 29,
35, 36). Hence, we wished to investigate if the products of these
genes affected the unusual repair synthesis observed in our
system. Figure 4B shows that wild-type and XRCC3 mutant cell
extracts carried out the cross-link-specific DNA synthesis iden-
tically. Similar results were obtained with an XRCC2 mutant
extract (data not shown). Therefore, we conclude that XRCC2
and XRCC3 proteins do not play a role at this step of cross-
link repair. Figure 4B also shows that ATP hydrolysis was
required for the cross-link-induced DNA synthesis since the
futile repair synthesis was inhibited by ATP-g-S (lanes 4, 5, 9,
and 10), as is the case for the excision nuclease-initiated “au-

thentic” repair synthesis, which fills in gaps generated by in-
trastrand monoadduct or diadduct removal (1, 26).

Effect of XPF-ERCC1 on cross-links. In nucleotide excision
repair, the heterodimeric protein complex XPF-ERCC1 is re-
sponsible for the 59 incision of the human excinuclease (21,
22). XPF alone has an endonuclease activity (23), and the
XPF-ERCC1 complex has a structure-specific endonuclease
activity which incises bubble structures at the 59 junction (2,
22). Because rodent cell mutants defective in either of these
two proteins are much more sensitive (ca. 30-fold) to cross-
linking agents than are mutants defective in any of the other
excision repair genes (13, 35), it is thought that these proteins
play a crucial role in cross-link repair outside the context of
their role in excision repair nuclease. Indeed, it has been found
that the yeast homologs of XPF (Rad1) and ERCC1 (Rad10)
are required for trimming the 39 overhanging nonhomologous
DNA tails during single-strand annealings in certain repair
reactions (10). Hence, we investigated the effect of XPF-
ERCC1 on DNA containing a cross-link.

Under a variety of experimental conditions, we failed to see
an effect of XPF-ERCC1 on covalently closed or nicked circu-
lar plasmid DNA containing a psoralen cross-link (reference 1
and data not shown). Similarly, the heterodimer failed to nick
or degrade a cross-linked linear duplex (see below). Since it is
known that RPA stimulates the nuclease activity of XPF-
ERCC1 (2, 22), RPA was included in a reaction mixture con-

FIG. 5. Linear cross-linked substrates for the XPF-ERCC1 nuclease. (A) Structure of the psoralen used in the present study. Both the furan side and pyrone side
of the psoralen molecule can be adducted to thymine through a cyclobutane ring. (B) Structure of an interstrand psoralen cross-link. Only the two adducted thymines
are shown. dR, deoxyribose. (C) Malondialdehyde. (D) TBG interstrand cross-link. This is a synthetic analog of a malondialdehyde-induced interstrand cross-link. The
trimethylene group is linked to N2 of guanines on both strands. (E) Linear psoralen cross-link substrate. The oligomers used to assemble the duplex and the side of
the cross-link are indicated. Both strands have a 1-base protruding 59 end and are 149 nt long. (F) Linear TBG cross-link substrate. The oligomers used to assemble
the duplex and the position of the TBG cross-link are shown. Both strands have a 1-base protruding 59 terminus and are 147 nt long. (G) Nucleotide sequences of some
of the oligomers used to make linear cross-link substrates. The thymine base of oligomer 3 linked to the furan side of a psoralen molecule is indicated by an asterisk.
Oligomer 8 contains a TBG moiety cross-linking a 19-mer and an 11-mer, as shown. The sequences of oligomers 1, 4, 5, and 7 have been published (23).
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taining XPF-ERCC1 and linear cross-linked substrates. Sche-
matic diagrams of cross-linked substrates and the structures of
the cross-links are shown in Fig. 5. The experimental results
are shown in Fig. 6. With psoralen-cross-linked DNA, whether
the DNA is terminally labeled at the furan-side adducted
strand or the pyrone-side adducted strand, inclusion of RPA in
the reaction mixture gave rise to two unique products; one
corresponded to a fragment extending from the 59 terminus of
the radiolabeled strand to 1 to 5 nt 59 to the cross-link (the
short product), and the other corresponded to a fragment
migrating slightly (ca. 1 base) slower than the full-length single-
stranded substrate DNA (Fig. 6A and B, lanes 3 and 11). No
such products were detected with a duplex with a psoralen
monoadduct (lanes 8 and 16). Importantly, both the long and
short products were generated by XPF-ERCC1 and not a con-
taminating nuclease, since both products essentially disap-
peared upon immunodepletion of the reaction mixture with
anti-ERCC1 antibodies and since an unrelated anti-XPB an-
tibody had no effect on the activity (Fig. 6C, lanes 19 and 20).

The reaction products of cross-linked DNA were consistent
with a 39-to-59 exonuclease action of high processivity which

was attenuated at the site of the cross-link. The size of the
'73-nt species (i.e., the short product) indicates that it may
arise from a processive digestion beginning at the 39 end that
stops immediately past the cross-link or from endonucleolytic
nicking immediately 59 to the cross-link (Fig. 7A). Experiments
with 39-terminally radiolabeled cross-linked DNA ruled out
the second possibility (Fig. 7B). Cross-linked DNA, labeled at
the 39 end of the pyrone-side adducted strand or the corre-
sponding strand in the control DNA, was subjected to cleavage
by XPF-ERCC1 in the presence of RPA. Prior to the analysis
by denaturing polyacrylamide gels, the DNA was irradiated
with 254-nm UV light to photoreverse the psoralen cross-link.
If the cleavage reaction were carried out endonucleolytically,
only after photoreversal would fragments of 71 to 75 nt be
observed on the denaturing polyacrylamide gels (Fig. 7A).
Positive control experiments with a 59-end-labeled substrate
yielded large and small products (Fig. 7B, lane 4). In the
experiments with 39-terminally radiolabeled substrate, the
fragments that would arise from endonucleolytic incisions were
not observed (Fig. 7B, lane 9), indicating that the short product
observed with 59-labeled DNA is generated exonucleolytically
by XPF-ERCC1 and RPA. Furthermore, as discussed below,
the analysis of the long product seen in lane 11 of Fig. 6B and
lane 4 of Fig. 7B lends further support to the notion that
XPF-ERCC1, assisted by RPA, acts on cross-linked DNA as a
39-to-59 exonuclease with high processivity.

Two possibilities were considered as the source of the larger
species of 150 nt. The first was that an exonuclease acting 39 to
59 on both strands and stopping at the cross-link would gener-
ate a “Z-shaped” molecule in which the horizontal parts con-
sisting of a 70-nt oligomer and a 80-nt oligomer are joined via
the crosslink. The second possibility was that the 150-nt species
arose from 39-to-59 exonucleolytic degradation of the unla-
beled strand in a processive manner such that the exonuclease
digests the unlabeled strand past the cross-link and all the way
to the 59 terminus, leaving behind the radiolabeled strand
attached to a single nucleotide through the psoralen molecule.
To differentiate between these two possibilities, we purified the
150-nt species and subjected it to short-wavelength photo-
reversal. A Z-shaped molecule would be expected to yield two
fragments of 70 and 80 nt. In contrast, a 149-mer attached to
a thymine via a psoralen cross-link would be shortened by
approximately 1 nt after photoreversal (Fig. 7A). Figure 8
shows the result of this experiment. Under photoreversal con-
ditions which reverted the control cross-linked substrate quan-
titatively (compare lanes 1 and 2), the 150-nt species (the long
product) became shorter by 1 nt (compare lanes 3 and 4). This
is consistent with the long (150-nt) cleavage product being a
single-stranded full-length substrate of 149 nt attached to a
thymine via a psoralen cross-link. In contrast, the 71- to 74-mer
species were not affected by the photoreversal treatment (com-
pare lanes 5 and 6), in line with our interpretation that these
species are free of cross-links and are generated by exonucleo-
lytic degradation of the labeled strand to a point immediately
past the cross-link.

Effect of XPF-ERCC1 on the malondialdehyde cross-link.
To explore the generality of the unusual cross-link-cleaving
activity of XPF-ERCC1 in the presence of RPA, we performed
the same type of experiments using a different substrate con-
taining a lesion mimicking a malondialdehyde-directed inter-
strand cross-link. Malondialdehyde is a known mutagen and
suspected endogenous carcinogen generated during lipid per-
oxidation and eicosanoid synthesis (9, 28). A malondialdehyde
interstrand cross-link contains two quite unstable imino attach-
ments to exocyclic amine groups of DNA. To mimic such a
lesion, a stable trimethylene linkage was joined to two guanines

FIG. 6. Specific degradation of a linear duplex containing a psoralen cross-
link by XPF-ERCC1 and RPA. (A) Reactions performed with a substrate con-
taining 59 label on the furan-side adducted strand. The triangle and circle rep-
resent pyrone-side and furan-side adducted thymines of the cross-link (XL),
respectively. Asterisks indicate 59-terminally labeled strands. The reactions in
lanes 2 and 3 were carried out with XPF-ERCC1 (30 ng) alone or in combination
with RPA (60 ng) as indicated. Lane 4 shows the Maxam-Gilbert purine se-
quencing ladder of the same DNA. The nucleotide sequence around the cross-
linked thymine is indicated to the right of lane 4. The psoralen-adducted thymine
is circled. In the sequence ladder, a significant portion of the cross-linked sub-
strate was converted to monoadduct by the hot alkali used in the sequencing
reaction (4). Control experiments using a monoadducted psoralen substrate
(MA) are shown in lanes 7 and 8. (B) Cleavage reactions of the same substrate
radiolabeled at the 59 terminus of the pyrone-side adducted strand. The exper-
iments were carried out as described in panel A. Lanes 14 to 16 contain control
reactions with monoadducted DNA. (C) The exonucleolytic activity on cross-
linked DNA is intrinsic to XPF-ERCC1. The substrate, radiolabeled at the 59
end of the pyrone-adducted strand, is shown schematically at the top. Where
indicated, XPF-ERCC1 (50 ng) was mixed with either anti-ERCC1 (a-ERCC1)
or anti-XPB (a-XPB) antibodies linked to protein A-agarose beads, and follow-
ing removal of the beads by centrifugation, the supernatant was incubated with
the substrate. Schematic drawings to the right of lane 4 show the long and short
cleavage products generated by XPF-ERCC1.
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through N-2 of guanine (Fig. 5D) on two complementary oli-
gonucleotides (oligomer 8, Fig. 5G). When a 59-terminally
radiolabeled duplex containing this cross-link (Fig. 5F) was
used as a substrate, XPF-ERCC1, in combination with RPA,
digested the DNA and produced both long and short products
as for psoralen cross-links (Fig. 9). The short products (63 to 68
nt) correspond to incisions at phosphodiester bonds 5 to 9 59 to
the cross-linked guanine in the bottom strand (Fig. 9, lanes 2 to
5). As in the case of psoralen, the longer product (148 nt)
migrated slightly slower than the non-cross-linked single-
stranded 147 mer (lanes 2 to 5), suggesting that it arose from
39-to-59 exonucleolytic removal of the nonlabeled top strand
past the cross-link so that a 147-mer with TBG was formed. As
with the psoralen cross-link, RPA was also essential for the
processing of the TBG cross-link by XPF-ERCC1.

DISCUSSION

Figure 10 summarizes the findings of this study. Psoralen-
and TBG-cross-linked linear DNA duplexes are specifically
degraded by XPF-ERCC1 in the presence of RPA, producing
two types of products. The first (Fig. 10A, products a and b) is
the result of 39-to-59 exonucleolytic digestion, which is highly
attenuated immediately past the cross-link site. The second
types of products (products c and d) result from complete
digestion of one strand by the 39-to-59 exonuclease activity by
XPF-ERCC1. Given the exquisite sensitivity of rodent XPF
and ERCC1 mutant cells to cross-linking agents, it is possible

that the products in Fig. 10A are recombinogenic and potential
substrates for XRCC2- and XRCC3-dependent steps of cross-
link repair. Thus, it is conceivable that upon encountering a
replication fork, the cross-link may give rise to a double-strand
break (24) which creates an entry site for XPF-ERCC1 to
process the DNA into a form which is then acted upon by
XRCC2 and XRCC3 to generate a cross-link-free duplex. Fur-
ther work is needed to test such a model.

Figure 10B summarizes the processing of psoralen cross-
links by the mammalian nucleotide excision repair system
which excises 22- to 28-nt oligomers from the 59 side of the
cross-link (1). In this reaction, the pyrone-side adducted strand
is preferred over the furan-side adducted strand by a factor of
about 10 to 1. The structural and mechanistic basis of this
preference is unknown, but it is of interest that it is the oppo-
site of that of the E. coli excinuclease, which prefers the furan-
side adducted strand (32, 37) and which makes dual incisions
bracketing the cross-linked bases. The resulting gap is filled by
DNA polymerases in both cases. However, in mammalian cells
the repair patch terminates at a nick adjacent to the cross-link
in 90% of cases and is ligated to the parental DNA to regen-
erate the cross-linked substrate in the remaining 10% of mol-
ecules.

The reactions summarized in Fig. 10 are dependent on the
excision repair system but independent of the XRCC2 and
XRCC3 proteins which have been found by genetic studies to
be required for the major pathway of cross-link repair (35, 36).
These results raise two interrelated issues: are the dual inci-

FIG. 7. (A) Experimental design to determine whether XPF-ERCC1 nicks DNA 59 to a cross-link. A 39-terminally labeled psoralen cross-linked substrate is treated
with XPF-ERCC1 plus RPA and then irradiated with 254-nm light to reverse the cross-link. A specific nick 59 to the cross-link would cause the release of a 71- to 75-nt
oligomer upon photoreversal. (B) Lack of specific nicking 59 to the cross-link by XPF-ERCC1. The reactions in lanes 2 to 5 are control experiments with 59-terminally
labeled substrate. Brackets A and B (lane 4) indicate the short and long products, respectively, as seen in lane 3 of Fig. 6. Bracket C (lane 9) defines the area where,
with 39-labeled substrate, the products indicative of endonucleolytic cutting 59 to the cross-link would have migrated. The bands marked with asterisks are background
fragments arising from partial ligation during the construction of the cross-linked substrates by ligating seven oligomers (Fig. 5E and F).
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sions 59 to the cross-link and the subsequent futile DNA syn-
thesis relevant to cross-link repair, and what are the likely roles
of XRCC2 and XRCC3 in cross-link repair? We do not have
the answers to these questions. However, both the dual inci-
sions and the futile DNA synthesis are such efficient reactions
in vitro that we are inclined to believe that they occur with
reasonably high frequency in vivo and may play some impor-
tant roles in the cellular response to DNA cross-links. Thus,
the excised oligomer may be a coactivator for an SOS-like
response in mammalian cells and the gap filling by DNA poly-
merase ε may activate the DNA damage checkpoint response
(31). Furthermore, it is possible that the repair synthesis which
generates a nick immediately 59 to the cross-link will produce
a prerecombinogenic structure which eventually leads to cross-
link removal by recombination. However, we failed to see
further processing of the nicked intermediate in either the
presence or absence of XRCC3 protein, which is believed to be
required for cross-link repair. XRCC2 and XRCC3 encode
RecA/HsRad51 homologs which are involved in homologous
recombination (16, 29) and are thought to catalyze strand
transfer and thus to participate in cross-link repair by promot-
ing the recombination of the cross-linked duplex with a homol-
ogous duplex with no damage (35, 36). Hence, to provide a
substrate for recombination, we included into our reaction
mixtures homologous DNA duplex with no damage, single-
stranded circular, or linear fragments complementary to the
entire cross-linked plasmid or to the cross-linked region. Un-

der no circumstances were we able to detect the elimination of
cross-links from the substrate (data not shown).

In vivo data with cellular DNA (13) or transfected plasmid
DNA (7) clearly show that mammalian cells are capable of
removing interstrand cross-links. Indeed, previously, using ran-
domly cross-linked DNA, we obtained data suggesting the re-
moval of interstrand cross-links in vitro (30). In that study,
however, the conclusion that repair synthesis was accompanied
by the disappearance of cross-links was based on indirect evi-
dence. In light of the results obtained in the present work with
a substrate containing a single cross-link, we conclude that
most of the cross-link-induced DNA synthesis observed in the
previous study was not associated with cross-link removal. The
data herein also constitute unambiguous evidence for damage-
induced DNA synthesis that is not repair synthesis in the strict
sense of the word. Finally, the “repair synthesis” results pre-

FIG. 8. Analysis of XPF-ERCC1 reaction products from linear substrates
with a psoralen cross-link. In lanes 1 and 2, the conversion of the control
substrate to the monoadducted form with 254-nm light at 10 kJ/m2 for 3 min is
shown. The long product (lane 3) and the short product (lane 5) generated from
this substrate by XPF-ERCC1 plus RPA were gel purified from band A and band
B in Fig. 7B, lane 4, and subjected to photoreversal under the same conditions.
The photoreversed products are shown in lanes 4 and 6, respectively. DNA
fragment sizes in nucleotides are indicated to the left of the figure. Drawings
illustrating the corresponding species are shown to the right of lane 6. FIG. 9. Specific degradation of a linear substrate with a malondialdehyde-

induced interstrand cross-link by XPF-ERCC1 plus RPA. The 147-mer duplex
containing a TBG interstrand cross-link and a 59 label in one strand (top) was
used as the substrate. No nucleolytic degradation was observed when the sub-
strate was incubated with XPF-ERCC1 (30 ng, lane 1). Addition of increasing
amounts of RPA (10, 30, 60, and 90 ng from lane 2 to lane 5) to the reaction
mixtures conferred cross-link-specific nuclease activity, which gave rise to the
indicated specific reaction products. Drawings representing the long and short
cleavage products are shown to the left of lane 1. Lane 6 shows the Maxam-
Gilbert purine chemical sequencing ladder of the substrate. The sequence 59 to
the adducted guanine is shown to the right of lane 7. Because of the stability of
the TBG cross-link, fragments hydrolyzed at the purines 39 to the cross-linked
guanine remained attached to the complementary strand, migrated near the
full-length cross-link substrate, and thus were not discernible in the sequence
ladder.
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sented in this paper differ from those in a recent report sug-
gesting that cross-link-induced DNA synthesis was independent
of nucleotide excision repair but dependent on XPF-ERCC1,
XRCC2, and XRCC3 and was greatly stimulated by homolo-
gous or nonhomologous DNA (18). As documented in Fig. 4,
our repair synthesis (i) depends on a functional excision repair
system, (ii) is independent of XRCC3, and (iii) is not affected
by the presence of a second plasmid with or without homolo-
gous sequence in the reaction mixture (data not shown). We
have no satisfactory explanations for the seemingly contradic-

tory results of these two studies. However, in the previous
study, cross-link-induced DNA synthesis was analyzed only in
terms of radiolabel incorporated into the entire plasmid or
large restriction enzyme fragments separated on nondenatur-
ing agarose gels (18). Hence, it is not possible to ascertain
whether the cross-link-induced DNA synthesis in that study
was confined to the area of the cross-link, whether the newly
synthesized DNA was ligated to the parental DNA, and
whether there was preferential DNA synthesis in the region of
homology when homologous nondamaged DNA was included
in the reaction mixture. Clearly, more studies are needed with
well-defined substrates and purified enzymes to gain better
insight into the mechanism of cross-link repair in mammalian
cells.

Finally, we would like to comment on the potential clinical
significance of the cross-link-induced futile DNA synthesis.
The concept of futile repair is currently being discussed with
respect to both mismatch repair activity on damaged DNA (25)
and transcription-coupled repair at transcription pause sites
(11), but with little direct evidence. The work presented in this
paper is the only direct demonstration so far of a potentially
futile repair cycle in mammalian cells. It is plausible that this
futile cycle and the potentially prpapoptotic signals resulting
from this cycle, rather than the replication block per se, are the
main causes of the lethality of cross-link-inducing anticancer
drugs.
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