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ABSTRACT: The DNA radical resulting from formal abstraction of a hydrogen atom from the thymidine
methyl group, 5-(20-deoxyuridinyl)methyl radical, forms interstrand cross-links with the opposing 20-deoxy-
adenosine. This is the first chemically characterized, radical-mediated cross-link between two opposing
nucleotides. In addition, cross-linking between opposing bases in the duplex is less common than between
those separated by one or two nucleotides. The first step in cross-link repair was investigated using the
UvrABC bacterial nucleotide excision repair system. UvrABC incised both strands of the cross-linked DNA,
although the strand containing the cross-linked purine was preferred by the enzyme in two different duplexes.
The incision sites in one strand were spaced 11-14 nucleotides apart, as is typical for UvrABC incision. The
majority of incisions occur at the third phosphate from the 30-side of the cross-link and eighth or ninth
phosphate on the 50-side. In addition, cleavage was found to occur on both strands, producing double-strand
breaks in ∼25-29% of the incision events. This is the first example of double-strand cleavage during
nucleotide excision repair of cross-linked DNA that does not already contain a strand break in the vicinity
of the cross-link.

A variety of types of DNA lesions are produced when the
biopolymer is exposed to oxidative stress or alkylating agents.
These include strand breaks, modified nucleotides, abasic sites,
and interstrand cross-links (1-8). Interstrand cross-linked DNA
lesions are deleterious because they are absolute blocks to
replication and transcription (9, 10). Hence, their repair is vital
for survival of the cell (11-14). A number of damaging agents
produce DNA interstrand cross-links (15-20). Some of the most
well-studied cross-links include those produced by mitomycin C,
nitrogen mustards, and the photoactive psoralens (21-23).
In each instance, the damaging agent is incorporated within the
cross-link and serves as the covalent bridge between the com-
plementary strands of DNA. Ionizing radiation, which forms a
multitude of lesions via various DNA radicals and radical ions,
produces low yields of ICLs1 (24). The chemical constitution
of an ICL produced by γ-radiolysis had never been determined
until recent studies in which the 5-(20-deoxyuridinyl)methyl
radical (1, Scheme 1) was independently generated in duplex
DNA (25-28). Radical 1 forms ICLs by reacting with the
opposing 20-deoxyadenosine, ultimately forming the product in
which the thymine’s methyl carbon and the N6-amino group of
dA are covalently linked (2). This ICL is structurally distinct

from those resulting from the agents mentioned above because
the cross-linked nucleotides are Watson-Crick base paired to
one another in the precursorDNA. In this article, we describe the
repair of this cross-link by a bacterial nucleotide excision repair
system.

The nucleotide excision repair pathway participates in the
repair of interstrand cross-links. In bacteria, this process is
conducted by the three-component UvrABC (29). The sequence
of events involves recruitment by the UvrA dimer of UvrB to the
lesion, which in turn induces a conformational change in the
duplex and binds the active endonuclease, UvrC. Hydrolysis of
cross-linked substrates typically occurs at the eighth or ninth
phosphodiester from the 50-side of the lesion and ∼3 nucleotides
on the 30-side (29-31). Both incisions occur in a single binding
event resulting in release of an oligonucleotide segment contain-
ing the lesion. After the first round of incisions, the severed
oligonucleotide remains tethered to the cDNA strand. The
resulting gap is believed to be filled by recombination, and the
tethered oligonucleotide is ultimately removed by a second round
of NER (9, 29). The mechanism for recognition of damaged
DNA by this multiprotein NER complex is an active area of
investigation (32-34). While the UvrAB proteins are believed to
recognize macromolecular distortion induced in the DNA helix
by theDNA lesion, the precisemechanismof damage recognition
is of significant current interest (33-36).

UvrABC incision of the psoralen cross-link is well-character-
ized, and structural studies confirm that the cross-linked DNA is
locally distorted (9). The sequence surrounding the lesion sig-
nificantly affects the preference for strand scission (37, 38). In
some sequences, UvrABC shows a preference for incising the
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strand cross-linked to the furan ring of psoralen, but in others,
the two strands are incised more equally. The orientation of a
cross-link with respect to the 50- and 30-directions of the helix also
affects NER incision efficiency and correlates with the distortion
and flexibility of the DNA (39). Although the structure of DNA
containing 2 has not been characterized by NMR or X-ray
crystallography, its formation requires the cross-linked thymi-
dine to adopt the syn conformation. Additional distortion of the
opposing dA from its normal B-form conformation is required
for the formation of a bond between its N6-amine and the
thymidine’s methyl group. The unusual structure of 2 raised the
question of whether this ICL would be a substrate for nucleo-
tide excision repair. Furthermore, if the cross-linked product
is a substrate for nucleotide excision repair, we had no sense
of whether incision of one strand would be preferred over
another. We addressed these issues by taking advantage of our
ability to generate interstrand cross-linked DNA containing 2
from the phenyl selenide (3) via photochemical generation
of 5-(20-deoxyuridinyl)methyl radical (1) or by mild oxidation
(Scheme 2) (25-27).

MATERIALS AND METHODS

Materials and General Methods. Oligonucleotides were
prepared on an Applied Biosystems Inc. 394 DNA synthesizer.
Commercially available DNA synthesis reagents were obtained
from Glen Research Inc. Oligonucleotides containing the cross-
link precursor (3) were synthesized as previously described
(26, 27, 40). Following denaturing PAGE, the 50mers were
purified further viaC18 reverse phaseHPLC. See below for details.
All others were synthesized and deprotected using standard
protocols. Synthetic oligonucleotides containing the cross-link
precursor (3) were characterized by ESI-MS (spectra included in

the Supporting Information). UvrABC was obtained as pre-
viously described (41, 42). T4 polynucleotide kinase was obtained
fromNewEnglandBiolabs. [γ-32P]ATP and [R-32P]cordycepin 50-
triphosphate were purchased from Perkin-Elmer. C18-Sep-Pak
cartridges were obtained from Waters. Analysis of radiolabeled
nucleotides was conducted using a Storm 840 Phosphorimager
and ImageQuant version 5.1.
Synthesis and Purification of Oligonucleotides Contain-

ing 3. Pac-dA and iPr-Pac-dG phosphoramidites were employed
for the synthesis of oligonucleotides containing 3. A pivaloyl
anhydride/2,6-lutidine/THF mixture (1:1:8) was used as capping
reagent, and 1M tert-butyl hydroperoxide in toluene was used as
the oxidizing reagent (43). The oxidation time was 40 s, and the
capping time was 25 s. Deprotection of the nucleobases and
phosphate moieties as well as cleavage of the linker was con-
ducted under mild deprotection conditions (28% aqueous NH3,
room temperature, 3 h). Oligonucleotides were purified by 20%
denaturing polyacrylamide gel electrophoresis. Oligonucleotides
containing 3were subjected to additional purification by reversed
phase HPLC on an RP-C18 column (VARIAN, Microsorb-MV
100-5 C18, 250 mm � 4.6 mm). Monitoring was conducted at
260 nm. The peak of interest was collected using the following
gradient conditions: 100% A from 0 to 5 min, 0 to 8% B in
A from5 to 15min, 8 to 14%B inA from15 to 45min, 14 to 80%
B in A from 45 to 60 min, 80 to 0% B in A from 60 to 65 min,
and 100% A from 65 to 75 min, at a flow rate of 1.0 mL/min
[A, 0.05 M (Et3NH)OAc (pH 7.0)/MeCN (95:5); B, 0.05 M
(Et3NH)OAc (pH 7.0)/MeCN (50:50)].
Preparation and Purification of Cross-LinkedDNA. The

appropriate 32P-labeled oligonucleotide (0.5 μM) and its com-
plementary sequence (0.75 μM) were dissolved in 100 mMNaCl
and 10 mM potassium phosphate (pH 7.2). The solution was
heated to 65 �C, allowed to cool to room temperature over the
course of 2 h, and then kept at 4 �C for 2 h. NaIO4 (5 mM)
reactions of DNA duplexes (0.5 μM) were conducted in 10 mM
potassiumphosphate (pH7.2) and 100mMNaCl at 37 �C for 3 h.
The cross-linkedDNAs formedwere purified by 20%denaturing
PAGE. The band containing cross-linked product was excised
from the gel, crushed, and eluted with 200 mMNaCl and 20 mM
EDTA (2.0 mL) for 5 h at room temperature. The crude product
was desalted using a C18-Sep Pak cartridge and eluted with
H2O (3 � 1.0 mL) followed by 1.0 mL of a MeOH/H2O (3:2)
mixture. The desalted DNA was freeze-dried and stored
at -20 �C.
Hydroxyl Radical Reaction for Characterizing Cross-

Links. Fe(II) 3EDTA cleavage reactions were conducted in a
buffer containing 10 mM sodium phosphate (pH 7.2), 10 mM
NaCl, 100 μM EDTA, 10 mM sodium ascorbate, 2 mM H2O2,
and 50 μM (NH4)2Fe(SO4)2 (total volume of 20 μL) at 25 �C for
3min and quenched with 100mM thiourea (10 μL). Samples were
lyophilized, treated with 1.0 M piperidine (20 μL) at 90 �C for
20 min, lyophilized, dissolved in 10 μL of H2O/95% formamide
loading buffer (1:1), and subjected to 20% denaturing PAGE.
UvrABC Reaction. The purified cross-linked DNA was

resuspended in 100 mMNaCl and 10 mM potassium phosphate
buffer (pH 7.2, 25 μL) and rehybridized by being heated to 65 �C
(2 min), cooled to room temperature over the course of 2 h, and
allowed to equilibrate at 4 �C overnight. UvrA, UvrB, and UvrC
were freshly prepared from stock solutions and heated individu-
ally at 65 �C for 10 min before use. They were added sequentially
to the reaction mixtures. The reaction buffer contained 50 mM
Tris-HCl (pH 7.5), MgCl2 (10 mM), KCl (50 mM), and ATP

Scheme 1: Formation of an Interstrand Cross-Link from 5-(20-
Deoxyuridinyl)methyl Radical (1)

Scheme 2: Generation of an Interstrand Cross-Link via a
Synthetic Precursor
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(1.0 mM). The cross-linked DNA (2.0 nM) was incubated with
UvrA (20 nM), UvrB (100 nM), and UvrC (50 nM) in a total
volume of 20 μL at 55 �C. The concentration of cross-linked
DNA was based upon the specific activity of the initially labeled
oligonucleotide, which assumed 100% recovery of the oligonu-
cleotide from the Sephadex column used to remove excess
[γ-32P]ATP. After 60 min, the reaction was quenched by pre-
cipitation with 5 M NH4OAc (5 μL), 0.25 μg/μL calf thymus
DNA (5 μL), and cold ethanol (75 μL). The incision products
were separated by 20% denaturing PAGE and visualized using
the Phosphorimager. For the time course reaction (total volume
of 100 μL), aliquots (10 μL) were removed at the prescribed times
and immediately quenched by precipitation with 5 M NH4OAc
(5 μL), 0.25 μg/μL CT DNA (5 μL), and cold ethanol (60 μL).

RESULTS

Oligonucleotide Synthesis and Interstrand Cross-Link
Formation. Oligonucleotides containing the cross-link precur-
sor (3) have been synthesized previously (26, 27). The phenyl
selenide (3) is susceptible to the oxidation conditions employed
during the solid phase synthesis, which gives rise to a small
amount of an impurity [5-(hydroxymethyl)-20-deoxyuridine]
with each synthesis cycle subsequent to its incorporation. The
UvrABC system requires a relatively long DNA substrate
(50 nucleotides). Hence, the synthetic oligonucleotide containing
3 that is purified by denaturing PAGE contained a significant
amount of the oxidative degradation product, 5-(hydroxy-
methyl)-20-deoxyuridine. The oligonucleotide containing this
more polar material was separated from the 50mer containing
3 via reverse phase HPLC. The ICL was generated in duplexes
containing two flanking sequences (Scheme 3). In one (4),
the modified thymidine that becomes cross-linked was flanked
by dC. The other substrate (5) flips the orientation of the ICL
by incorporating the phenyl selenide opposite the dGs on the
opposing strand but is identical in all other respects to 4.

The ICL was originally detected following photolysis of
duplexes containing 3 (Scheme 3), which produce 5-(20-deoxyur-
idinyl)methyl radical (1, Scheme 1) (27). However, we later found
that the identical cross-link product was formed in higher yield
when 3 was exposed to mild oxidative conditions (NaIO4)
(Scheme 2) (26, 44). Consequently, the cross-linked substrates

used in this study were formed using NaIO4. The yields of cross-
linked products were typically 45-65%. The ICLs were purified
using denaturing PAGE, desalted, and rehybridized prior to
UvrABC incision experiments. Exclusive cross-linking at the dA
opposite themodified thymidinewas verified in both duplexes using
the hydroxyl radical digestion method (Supporting Information).
Nucleotide Selectivity of UvrABC Incision of Cross-

Linked DNA. As mentioned above, UvrABC incision typically
occurs at the eighth or ninth position on the 50-side of a lesion and
at the third to fifth phosphodiester from the 30-terminus of the
lesion (29, 32). Incision sites in 6 (Figure 1) and 7 (Figure 2) were
determined by labeling the 50- and 30-termini of each strand in
separate experiments. For the sake of simplicity, the cross-linked
nucleotides that make up 2 are termed “X-Y” in the duplexes in
Figures 1-6 (and Supporting Information), where X represents
the modified thymidine derived from 3 and Y is the cross-linked
dA. Histograms that summarize the cleavage sites and relative
intensities within a strand (but not relative to the complementary
strand) are presented in Figure 3. When X was flanked by dCs
(4), the product (6) was preferentially incised on the 50-side of the
cross-link at dG17 and dG18, with a modest preference for the
latter (Figures 1C and 3A). Much weaker incision was observed
at dC16 anddC19. Themajor incision sites correspond to the ninth
and tenth phosphates from the ICL. The same strand was incised
on the 30-side of the ICL at dA29, dC30, and to a lesser extent dC31

(Figures 1A and 3A). The positions of the major incision sites
are three and four phosphates removed from the 30-side of the

Scheme 3: Formation of Interstrand Cross-Links Used in This
Study

FIGURE 1: UvrABC incision of 6. (A) Strand containing modified
thymidine labeled at its 30-terminus (30-32P X strand). (B) Strand
containing cross-linked dA labeled at its 30-terminus (30-32P Y
strand). (C) Strand containing modified thymidine labeled at its 50-
terminus (50-32P X strand). (D) Strand containing cross-linked dA
labeled at its 50-terminus (50-32P Y strand). A þ G, sequencing
reaction. The cartoons identify the products produced from incision
of the unlabeled strand. Asterisks denote positions of the 32P label.
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cross-link. Overall, the 50- and 30-incision sites result in clea-
vage of an 11-14 nucleotide oligonucleotide segment, which is
consistent with UvrABC cleavage of other lesions.

UvrABC exhibits a similar incision pattern on the cross-
linking strand in 6 that contributes the dA (Y). The major
incision sites on the 30-side of the cross-link occur three and four
phosphates removed from the cross-linked nucleotide at dT78 and

dG79, respectively (Figures 1B and 3A). The former is favored
by∼3-fold over incision at dG79. There is also a small amount of
incision at dG80. 5

0-32P labeling of the strand containing the
modified dA reveals that dT67 and dG68 are preferably incised in
approximately equal amounts (Figures 1D and 3A). These
nucleotides (eighth and ninth phosphate diesters from the cross-
linked nucleotide) are the typical distance from the cross-link. As
was observed with the 50-incision of the modified thymidine-
containing strand, the major incision sites are flanked by nucleo-
tides (dC69 and dT66) where minor amounts of cleavage occur.

Exchanging the strands that include the cross-linked nucleo-
tides (7) has very little effect on the UvrABC incision pattern
(Figures 2 and 3B). The major cleavage sites are dG79, dT78,
dG68, and dT67 in the strand of 7 containing the modified
thymidine (X). These are the same nucleotides at which most
of the incision occurs in the respective strand of 6 in which the
cross-linked dA resides at this position. Similarly, the major
incision sites in the cross-linked dA (Y)-containing strand of 7 are
dG17, dG18, dA29, anddC30. Theminor incision sites are also very
similar in the corresponding strands of 6 and 7.

Finally, products resulting from incision on the unlabeled
strand of the duplexes are observed by denaturing gel electro-
phoresis (Figures 1 and 2) and are identified as slower moving,
less well resolved bands.
Strand Selectivity in UvrABC Incision of the Interstrand

Cross-Link. When NER proteins encounter an interstrand
cross-link, they must choose between strands. Incision in either
strand can be detected by denaturing PAGE in the same
experiment. Lesion incision by UvrABC on the two sides of a
lesion is typically coupled. Hence, only the cleavage products
generated between the lesion and labeled terminus of the radi-
olabeled strand are typically observed, and these are readily
resolved at nucleotide resolution (Figures 1 and 2). In contrast,
coupled incision in the unlabeled strand creates products that
are longer than either of the parental strand oligonucleotides
(50 nucleotides) used to construct the cross-linked substrate
(Figures 1 and 2). Products of this length that differ from one
another by one to three nucleotides cannot be resolved by 20%
denaturing PAGE (see Figures 1 and 2). However, those that
differ from one another depending on whether they result from

FIGURE 2: UvrABC incision of 7. (A) Strand containing modified
thymidine labeled at its 30-terminus (30-32P X strand). (B) Strand
containing cross-linked dA labeled at its 30-terminus (30-32P
Y strand). (C) Strand containing modified thymidine labeled at its
50-terminus (50-32P X strand). (D) Strand containing cross-linked dA
labeled at its 50-terminus (50-32P Y strand). A þ G, sequencing
reaction. The cartoons identify the products produced from incision
of the unlabeled strand. Asterisks denote positions of the 32P label.

FIGURE 3: Histograms of UvrABC incision data for (A) 6 and (B) 7. The length of each arrow is proportional to the relative amount of incision
within one strand.
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incision on one side of the cross-linked nucleotide or from
coupled incision are separable from one another. Comparing
the migration of the incision product from 7 with those of the
independently synthesized hypothetical products (8-10) con-
firmed that UvrABC incised the DNA on both sides of the lesion
in the unlabeled strand. Denaturing PAGE of 50-32P-labeled
8-10 (where the uncleaved strand is radiolabeled) showed that
the product resulting from incision 50 and 30 on the same
unlabeled strand of the cross-linked nucleotide (10) comigrates
with the incision product that is observed in the region between

single-stranded and cross-linked DNA (Figure 4). This experi-
ment also verified that UvrC is required for incision.

The ability to observe the products resulting from coupled
incision on the unlabeled strand of a cross-link as well as the
labeled strand in the same gel enabled us to determine the strand
preference for UvrABC in 6 and 7. When the strand containing
the cross-linked dA (Y) in 6 was labeled, the degree of incision
on this side of the duplex rose to almost 40% in 60 min and
was independent of whether the 50-terminus (Figure 5B) or
30-terminus (Supporting Information) was labeled. The extent

FIGURE 4: Identification of the UvrABC incision product from 6 on the unlabeled strand. (A) Independently synthesized postulated products.
(B) Denaturing PAGE analysis of incision products and independently synthesized standards.

FIGURE 5: Time course ofUvrABC incisionof [32P]6 inwhich (A) the
50-terminus of the X strand is labeled and (B) the 50-terminus of the
Y strand is labeled. The 32P-nabeled terminus is denoted with an
asterisk. Note that cartoons of products resulting from incision on
the unlabeled strand are shown.

FIGURE 6: Time course ofUvrABC incisionof [32P]7 inwhich (A) the
50-terminus of the Y strand is labeled and (B) the 50-terminus of the
X strand is labeled. The 32P-labeled terminus is denoted with an
asterisk. Note that cartoons of products resulting from incision on
the unlabeled strand are shown.
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of cleavage of the unlabeled strand containing the modi-
fied thymidine (X) was significantly lower (Figure 5B), rising to
less than 10% in 1 h regardless of which terminus was labeled
(Supporting Information). The relative amounts of scission
detected on the respective strands in 6 were different when the
strand derived from the phenyl selenide (X) was labeled
(Figure 5A). Cleavage of the radiolabeled strand containing the
modified thymidine rose to ∼15% over 1 h, whereas the level of
incision of the unlabeled strand containing the cross-linked dA
(Y) was just a few percent higher. These observations were only
slightly affected by which terminus of the duplex was radiola-
beled (Supporting Information). Although the observed cleavage
ratio on the respective strands depended upon which strand was
radiolabeled, the overall amount of incision was very similar.
In each instance, the total level of cleavage of the ICL (6)
by UvrABC was approximately 35-45%.

The preference for UvrABC incision of the ICL for the strand
containing the cross-linked dA (Y) was even greater in 7 where
the modified thymidine is flanked by dG (Figure 6 and Support-
ing Informaiton). Approximately 40-45%of the strand contain-
ing the cross-linked dA was incised in 1 h when the strand
containing it was radiolabeled (Figure 6A). In contrast,
only ∼5% of the unlabeled strand containing the cross-linked

thymidine (X) was incised (Figure 6A). The effect of labeling the
strand containing the cross-linked thymidine in 7 (Figure 6B) was
qualitatively similar to the observations made using 6 (Figure 5).
Cleavage of theY-containing (unlabeled) cross-linked strandwas
still favored but less so than when this strand was radiolabeled.
In addition, the total amount of cleavage was similar irrespective
of which strand of the ICL was radiolabeled.
Double-Strand Break Formation. The dependence of the

strand preference on which strand was labeled led us to examine
whether UvrABC incised both strands of a single molecule
containing the interstrand cross-link (6 or 7). This would result
in double-strand breaks and would be the first example of such a
process in the NER of an interstrand cross-link in which neither
strand is cleaved. Strand scission of 7 was examined by 15%
native PAGE (Figure 7). Each strand in 7 was 30-labeled in
separate experiments. The overall amount of incision on each
strand was quantified by denaturing the sample prior to loading
on the gel (Figure 7A,B, lane 3). These products were replaced,
albeit not at the same levels, by double-strand breaks when the
samples were not denatured. The remainder of the material
incised on a single strand comigrated with the ICL. Products
incised on a single strand are not denatured under these condi-
tions and comigrate with uncleaved substrate. The double-strand
cleavage product(s) comigrated with independently synthesized
products [11 and 12 (Figure 7A,B, lane 5)] whose compositions
were anticipated on the basis of the analyses of sites of single-
strand incision described above. In addition, the amount of
double-strand breaks based upon the total amount of cleavage
was similar (25-29%) regardless of which strand was labeled.

DISCUSSION

The recognition and UvrABC incision of the first interstrand
cross-link discovered (2) that results from a DNA radical
produced as a result of oxidative stress (e.g., γ-radiolysis,
hydroxyl radical) were examined (28). The cross-linked product
is incised less rapidly than a 20-deoxyuridine derivatized at its
C5 position by a fluoresceinylated alkyl chain, which is in a way a
gold standard for UvrABC reactivity (36). However, the ICL is
cleaved with an efficiency comparable to that of a tandem lesion
containing thymine glycol and was a slightly poorer substrate
than the isolated glycol (45, 46). In addition, the distribution of
cleavage sites with respect to the position of the cross-linked
nucleotides is very similar to the incision of other lesions by the
UvrABC complex. For instance, the oligonucleotide fragment
excised from damaged DNA is typically 11-13 nucleotides in
length (9, 37, 38). Indeed, the major incision sites in the top
strands of 6 and 7 are between 11 and 14 nucleotides apart
(Figure 3). Incision on the 50-side of the cross-link occurs most
often at the eighth or ninth phosphodiester from the damaged
nucleotide. The majority of the ICLs are cleaved closer (third or
fourth phosphodiester) to the cross-link position on the 30-side.
These sites are comparable to those incised when UvrABC
encounters a psoralen cross-link (37, 38).

The data given above do not address the proclivity of the
enzyme to cleave either strand. Previous studies demonstrated
that the sequence surrounding the psoralen cross-link plays a
large role in determining whether only the furan cross-linked
strand is cleaved or both strands are by UvrABC (37, 38).
Incision on both strands is discernible in any given experiment.
We found that the strand containing the cross-linked dA (Y) is
preferentially incised in the ICLs (6 and 7), indicating that the
orientation of this cross-link is more important in determining

FIGURE 7: Native PAGE analysis of UvrABC incision of 7.
(A) Strand containing modified thymidine labeled at its 30-terminus
(30-32PX strand). (B) Strand containing cross-linked dA labeled at its
30-terminus (30-32P Y strand). Compound 5 is used as a single-
stranded 50-nucleotide marker. [30-32P]11 (A) and [30-32P]12 (B) are
used as double-strand cleavage markers. (C) Sequences of 11 and 12.
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which strand is cleaved than the surrounding DNA sequence.
The observed strand selectivity is independent of whether the
50- or 30-terminus of a particular strand (e.g., the oligonucleotide
containing the cross-linked dA) is radiolabeled, consistent
with the coupled mechanism for strand scission by UvrABC.
In contrast, the observed strand selectivity depends strongly on
which oligonucleotide in the duplex is radiolabeled.

The preference is more readily apparent when the strand
containing the cross-linked dA (Y) is radiolabeled (Figures 5 and
6). In these duplexes, the dA-containing strand is cleaved more
frequently than the one containing the cross-linked thymidine (X).
More specifically, in 7 the labeled dA (Y)-containing strand is
incised almost 10-fold more frequently than that containing the
modified thymidine, X (Figure 6A). However, the Y strand in 7 is
incised only∼2-foldmore frequently than theX strand (Figure 6B)
when the complement is radiolabeled. In 6, the preference for
incising the labeled Y-containing strand is weaker than in 7. When
the Y strand is labeled, it is incised ∼5 times more frequently than
the X-containing complement (Figure 5B), and only ∼20% more
frequently when the X strand is radiolabeled (Figure 5A).

One possible explanation for the observations described above
is that UvrC incised an ICL molecule twice, resulting in the
formation of double-strand breaks. Double-strand cleavage was
unambiguously identified via native gel analysis of the UvrABC
reactions (Figure 7). DSBs are introduced into approximately
one in four incisedDNAmolecules (25-29%).Wedid not expect
double-strand cleavage to result from dissociation after the first
round of incision and reassociation of the protein, because
UvrABC was not expected to bind the ternary complex created
following the initial incision (47). Indeed, UvrABC does not
cleave independently synthesized preincised substrate containing
ICL 2 (Supporting Information). Instead, we propose that
double-strand cleavage results from two rounds of incision prior
to dissociation (Schemes 4 and 5). If so, when the X strand is
labeled (Scheme 4), products II, III, and IV cannot be distin-
guished by denaturing PAGE and appear as though the oligo-
nucleotide containing the cross-linked thymine, the less
frequently incised strand, was cleaved. Only product I indicates
incision of the Y-containing strand. In contrast, when the Y
strand is radiolabeled (Scheme 5), products I, III, and IV reflect
cleavage of this strand when the reaction is analyzed by gel
electrophoresis, and a higher ratio of cleavage on the Y strand
versus the X strandwill be observed. This hypothesis explains the

plots of incision as a function of time (Figures 5 and 6 and
Supporting Information) provided that UvrABC incision on
both sides of the lesion in a single strand is coupled and that the
following assumptions are valid. The first is that the incision of
the original ICL is faster than the second round of cleavage (k1>
k3, and k2> k4). This is consistent with the observation that
double-strand breaks are the minor products. The other assump-
tion is that incision of the Y-containing strand is always faster
than that of the X-containing strand (k1>k2, and k4>k3).

Overall, when the X-containing strand is radiolabeled
(Scheme 4), incision of this less favored strand following cleavage
of the complementary one (product I) to produce III reduces
UvrABC’s observed preference for the dA (Y)-containing strand,
because the second incision prevents one from detecting cleavage
on the Y-containing strand by denaturing PAGE. In contrast,
radiolabeling the preferentially incisedY strand (Scheme 5) yields
a stronger observed preference for this strand because assuming
that incision of this strand is still favored (k4 > k3) in the initially
formed products (I and II), a second cleavage round increases
the observed amount of Y incised (due to formation of IV) at the
expense of X cleavage (attributable to II).

Quantification of the UvrABC incision in 7 (Figure 7) by
nondenaturing PAGE corroborates this scenario. Analysis of
cleaved 7 under denaturing conditions in which the X-containing
strand is radiolabeled revealed 19% cleavage of this strand, and
33% cleavage of the Y strand, which produces 10 (Figure 7A).
When the sample was not denatured prior to loading, the native
gel revealed 15% DSBs. Comparable analysis of 7 at the same
concentration (2 nM) in which the Y-containing strand was
radiolabeled (Figure 7B) indicated 47% incision of this strand,
5% cleavage of the unlabeled X-containing strand (to yield the
product comparable to 10), and 13% DSBs. It is gratifying that
the differences (14%) in the amounts of X strand incision
observed when it is labeled (19%) and unlabeled (5%) are
approximately equal to the amount of DSBs observed. In
addition, comparison of the differences (14%) in Y strand
cleavage when this strand is labeled (47%) to unlabeled (33%)
to the DSB level corroborates this observation.

SUMMARY

Interstrand cross-link repair is vitally important because these
lesions are absolute blocks to replication and transcription.
Double-strand breaks are even more significant because they
are the most cytotoxic of lesions. Double-strand cleavage could
result from nucleotide excision repair of interstrand cross-links
but is extremely rare. For instance, double-strand breaks are not
formed when DNA cross-linked by N-methylmitomycin or
psoralen is treated withUvrABC (14, 37). Recently, we described
the first chemical characterization of double-strand cleavage
resulting from UvrABC repair of a cross-link (48). However, in
that instance, the cross-link was adjacent to a nick. Double-
strand cleavage only required UvrABC to incise the strand
opposite the nick. To the best of our knowledge, UvrABC-
mediated double-strand cleavage of 6 and 7 is the first example in
which both strands of the interstrand cross-linked DNA are
incised through dual incisions of phosphate diesters that flank the
lesion on its 50- and 30-sides.

SUPPORTING INFORMATION AVAILABLE

ESI-MS of oligonucleotides containing 3, histograms of
hydroxyl radical cleavage reactions on 6 and 7, and time course

Scheme 4: Repetitive Incision of an ICL-Containing Radiola-
beled X Strand

Scheme 5: Repetitive Incision of an ICL-Containing Radiola-
beled Y Strand
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of UvrABC incision of [30-32P]6 and [30-32P]7. This material is
available free of charge via the Internet at http://pubs.acs.org.
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