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ABSTRACT: The DNA interstrand cross-link (ICL) resulting
from the C4'-oxidized abasic site (C4-AP) is a unique
clustered lesion comprised of a cross-link adjacent to a
nick. The ICL is a substrate for the UvrABC nucleotide
excision repair system. The strand containing the nick is
preferentially incised, but the nick influences the cleavage
sites. Moreover, in approximately 15% of the molecules,
the strand opposite the nick is incised, resulting in a more
toxic double-strand break. This is the first example in
which an interstrand cross-link is converted by nucleotide
excision misrepair into a more deleterious double-strand
break.

DNA double-strand breaks (DSBs) are considered to be the
most dangerous form of DNA damage. Even one DSB is
sufficient to kill a cell (/). Much of this danger arises from the
intrinsic difficulty in repairing a severed DNA molecule. Erro-
neous rejoining of DNA DSBs leads to genomic instability, which
can lead to tumorgenesis (2). DNA DSBs are formed by
endogenous reactive oxygen species and mechanical chromo-
somal stress. DSBs also result from exogenous sources such as
ionizing radiation and the chemotherapeutic agent bleomycin
due to the accumulation of single-strand breaks (SSBs) in
proximity of one another (4, 5). DNA interstrand cross-links
(ICLs) are also highly deleterious DNA lesions. ICLs are
absolute blocks to replication and transcription and may also
give rise to DSBs during repair. Studies in cells and lysates
indicate that DSBs are produced from psoralen cross-links
during repair (6, 7). However, the proteins responsible have
not been identified.

The C4'-oxidized abase site (C4-AP) is produced by a variety
of DNA-damaging agents (8). It is most often associated with
bleomycin where it accounts for as much as 40% of the
products (9). We recently reported that C4-AP forms stable ICLs
in DNA following its elimination to 1 (Scheme 1) (10). Elimina-
tion is catalyzed by an opposing 2'-deoxyadenosine and by DNA
lyases such as endonuclease I1I (Nth). The unsaturated aldehyde
(1) reacts with dA or dC in the opposite strand to form ICLs (e.g.,
2) (10, 11). DNA damage of this type is termed a complex or
clustered lesion. Clustered lesions are defined by the presence of

TM.M.G. is grateful for support from the National Institute of
General Medical Sciences (Grant GM-063028). J.T.S. thanks Johns
Hopkins University for a Sonneborn Fellowship. B.V.H. was supported
by intramural funds from the National Institute of Environmental
Health Sciences, National Institutes of Health.

©2009 American Chemical Society

Scheme 1: Formation of Interstrand Cross-Links

5'w0 .
5'w0 o) A © ?
oH FElimination __ t -0—P—0wm=
HO - 1 -0 6
o C4-AP

OH
N (@)
| O,
dC on N 5
opposite | /g

strand

5'-d(CGA CAG CTC ACG ACC GGC TCG TAT GXG GTG TGG AGC TGT GGA CGC TGG ACC)
3-d(GCT GTC GAG TGC TGG CCG AGC ATACYCCAC ACC TCG ACA CCT GCG ACC TGG)

3 X=C4-AP,Y=dC

5'-d(CGA CAG CTC ACG ACC GGC TCG TAT GX pG GTG TGG AGC TGT GGA CGC TGG ACC)
3-d(GCT GTC GAG TGC TGG CCG AGC ATA CY—C CAC ACC TCG ACA CCT GCG ACC TGG)

4 X=1,Y=dC

5'-d(CGA CAG CTC ACG ACC GGC TCG TAT GX pG GTG TGG AGC TGT GGA CGC TGG ACC)
3-d(GCT GTC GAG TGC TGG CCG AGC ATA CY—C CAC ACC TCG ACA CCT GCG ACC TGG)
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two or more damage sites within ~1.5 helical turns (12).
Although it has been suggested that clustered lesions can be
converted to DSBs during repair (13, 14), we provide the first
direct evidence that an ICL (2) is converted to a DSB during
nucleotide excision repair (NER).

In bacteria, the three-component endonuclease UvrABC
recognizes and incises damage, including cross-links in distorted
DNA (75). The UvrA,B complex is responsible for locating
DNA damage. Once detected, UvrC is recruited and incises the
damaged strand on the 5'- and 3'-sides of the lesion. For example,
UvrABC preferentially incises the strand covalently linked to the
furan ring of psoralen—DNA interstrand cross-links. Strand
scission occurs primarily at the ninth and third phosphodiester
bonds relative to the 5'- and 3'-phosphates of the ICLs, respec-
tively (/6). UvrABC also incises the complementary DNA strand
bonded to the pyrone of psoralen, albeit to a lesser extent.
However, the protein complex incises only a single strand in
any one cross-linked molecule, thus avoiding DSB formation.

The C4-AP ICL (2) presents an unusual situation to UvrABC
because incising the strand opposite the nick would result in
a DSB. To examine NER of 2 by UvrABC, we used a 51 bp
substrate containing a single ICL (5). The substrate was prepared
by treating 3 with Nth for synthetic expediency, to generate 4,
which rapidly yields the cross-linked product (Scheme 1) (17).
The ICL was purified by denaturing polyacrylamide gel electro-
phoresis (PAGE). Hydroxyl radical cleavage showed that the
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F1GURE 1: Incision by UvrABC of substrates 5a (A), 5b (B), 5¢ (C), and 5d (D). Lanes 1—3 are identical in panels A—D: lane 1, G+A sequencing;
lane 2, G sequencing; and lane 3, UvrABC reaction. The decomposition products formed prior to incision are indicated by the blue arrow. The
inset (A) highlights the minor products of 5a, which are a result of incision on the unlabeled strand. (E) Histogram of incision sites. Approximate
relative intensities are denoted by red arrows. (F) Cartoon depiction of anomalously slowly migrating incision products 6a and 6b formed from
cleavage of the nicked strand in 5b and 5S¢, respectively. The radiolabeled position is denoted (*).

ICL results from reaction with the dC opposite the initial C4-AP.
Following purification, 5 was reassembled by hybridizing the
cross-linked product with the 5'-phosphorylated fragment lost
during purification. Complete hybridization was verified by
nondenaturing PAGE and by digesting 5 with the restriction
endonuclease Alul (/7). The substrate remains completely hy-
bridized under the UvrABC assay conditions. However, some of
the cross-link is decomposed at the site of cross-linking (4.5 £
2.1%) during isolation and hybridization to form the ternary
complex (/7). (See the blue arrows in Figure 1A—C.) An
additional 1-2% of decomposition products is produced during
the reaction of 5 with UvrABC at 55 °C.

In separate experiments, an ICL that was labeled at one of its
termini (5a—d) was incubated with UvrABC. The nuclease
preferentially incised the 5'-side of the ICL on the nicked strand
[5a (Figures 1A,E and 2)], cutting at the 10th and 11th phos-
phodiester bonds relative to the cross-link (Gjg and Gy,
respectively). The yield of these incisions progressed steadily
and was 48.3 & 4.2% after 3 h. Incision was observed only when
all three proteins of UvrABC were present (17). Incisions 3’ from
the ICL in the same strand [5d (Figure 1D,E)] reached a far lower
level (7.7 + 1%) after 3 h. Only a fraction of these occurred at the
third phosphate from the lesion (T3p). The majority was further

downstream from the ICL (G34—Tsg). This is unusual because
UvrABC typically makes incisions on both sides of the lesion
during a single binding event (15). We propose that the presence
of the nick on the 3'-side of the lesion is responsible for the
reduced level of cleavage. DNA substrates containing a nick 3’ to
a damage site are incised on the 5'-side of the lesion 3—5 times
more efficiently than a substrate without the nick (/8, 79). This is
most likely due to the recognition of the nicked substrates as
preincised lesions by the UvrA,B recognition complex approach-
ing from the 5'-side of the damage. In addition, recognition of the
preexisting nick shifts the incisions on 5a further from the lesion
in the 5'-direction compared to other types of damage, including
a psoralen ICL. From the protein’s perspective, this enables it to
maintain the typical spacing between incision sites.
Importantly, the strand opposite the nick was also incised,
albeit to a lesser extent (Figures 1B,C,E and 2), indicating that
NER of the C4-AP ICL results in double-strand breaks. Clea-
vages of this strand on the 3'-side (6.7 & 1.3%) and 5'-side (6.7 &
1.1%) of the ICL were equal after 3 h. The UvrB—DNA complex
is stabilized by the presence of a 3'-nick, which may explain the
preferential incision of the nicked strand (20). The presence of the
nick on the opposing strand affected the incision sites. The
majority of cleavage on the 3'-side of the cross-link occurred at
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FIGURE 2: Incision product formation as a function of time. If not
specified in the legend, incision on the labeled strand is recorded.

the 11th and 12th phosphodiester bonds from the ICL [Ggg and
Gy, respectively (Figure 1B,E)], whereas incisions on the 5'-side
of the ICL were produced at the 8™ and 11™ phosphodiester
bonds 5’ from the damage [Tg9 and Cs, respectively (Figure 1C,
E)]. Time course experiments (Sh,c) show that this strand is
incised on either side of the cross-link at the same rate (Figure 2).
This observation suggests the 5'- and 3'-incisions result from a
single binding event and is in agreement with the dual-incision
mechanism of UvrABC (/6).

Incisions on both strands are detectable in Sa—c in a given
experiment even though only one strand is radiolabeled. Products
that migrate more slowly than the non-cross-linked DNA strand
represent incision in the unlabeled strand. For instance, minor
products from incision of 5a on the opposite, unnicked strand are
observed just below the ICL (Figure 1A, inset). As expected, a
large amount of incision on the opposite strand was observed
when 5b (50.0 + 5.9%) and Sc (48.7 £ 2.9%) were treated with
UvrABC (Figure 1B,C). The yields of these products were in
good agreement with major incisions detected from cleavage of
5a. Unlike 5a, only a minor amount of these products migrated
faster than the ICL. The majority of the labeled products that
were presumed to be 6a and 6b (Figure 1B,C,F) migrated more
slowly than the ICL despite it being longer. Because of its
anomalous migration, one of these products (6a) was character-
ized further. This product is insensitive to protease digestion,
suggesting it is not a result of bound protein. The identity of the
anomalously migrating product was verified using a combination
of hydroxyl radical cleavage of isolated 6a and comparison to an
independently synthesized model compound (/7).

This behavior was observed in another ICL derived from
C4-AP (data not shown). However, given the importance of DSB
formation resulting from misrepair of ICL 5, we considered other
explanations for incision of the strand opposite the nick. The
decomposition product in b and 5¢ (Figure 1B,C, blue arrow)
was not a substrate for UvrABC as it persisted throughout the
reaction and was unaffected by the enzymes. Furthermore, the
time course showed that there was no incubation period for
producing incisions on the strand opposite the nick (Figure 2),
also arguing against any decomposition product from 5 being a
substrate. The minor products from 5a (Figure 1A, inset)
resulting from incisions on the unlabeled strand would not be
present if incision of products observed in Figures 1B and 1C
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were from decomposed ICL, because these products would be far
shorter and migrate faster than material that is not cross-linked.
In addition, the rate at which these products are formed coincides
well with incisions for 5b and 5¢ (Figure 2). On the basis of these
observations and those noted above, we propose that NER of the
cross-link product produced from C4-AP (5) results in a double-
strand break in approximately 15% of the ICLs.

Unlike previously studied ICLs (2/), incision of 5 requires
absolute strand specificity by UvrABC to prevent generation of
double-strand breaks. Although the protein complex preferen-
tially incises the nicked strand, it is unable to achieve this goal. To
the best of our knowledge, this is the first direct evidence for
double-strand break formation associated with repair of an ICL
by UvrABC. This observation could be biologically significant
because the C4'-oxidized abasic lesion is produced by many
therapeutically relevant DNA-damaging agents, including the
bleomycin and enediyne families of anticancer agents and ioniz-
ing radiation. In addition, there is evidence that the cross-links
that are formed from this lesion are present in cells (/7). Hence,
the formation of double-strand breaks during nucleotide excision
repair of these cross-links is a possible source of the cytotoxicity
of the agents that produce C4-AP.

SUPPORTING INFORMATION AVAILABLE

Experimental procedures, characterization of 6a, control
experiments, and hydroxyl radical cleavage gels. This material
is available free of charge via the Internet at http://pubs.acs.org.
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