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Interstrand DNA cross-links exert significant biological effects.
For instance, DNA cross-links are believed to be the source of the
antitumor agent mitomycin C’s cytotoxicity.1 Other natural products
and alkylating agents form interstrand cross-links (ISC).2,3 More
recently, antitumor agents that damage DNA through radical
processes (e.g., C-1027, neocarzinostatin) have also been observed
to produce ISCs.4 In each instance, DNA ISC formation is mediated
by a molecule, which forms a covalent bond to each strand. We
describe efficient DNA ISC formation by the radical resulting from
formal hydrogen atom abstraction from the thymine methyl group,
5-(2′-deoxyuridinyl)methyl (1). This is the first example in which
formation of a DNA radical results in an interstrand cross-link
directly.

Product studies indicate that 5-(2′-deoxyuridinyl)methyl radical
(1) is produced duringγ-irradiation of DNA and other methods of
oxidative stress.5,6 The reactivity of1 has been examined as a
monomer and as a component in single-stranded oligonucleotides
by independently generating it from photochemical precursors.7,8

The analogous radical derived from 5-methyl-2′-deoxycytidine has
also been studied.9 These radicals form tandem lesions (intrastrand
cross-links) via addition to adjacent guanines. However, the
reactivity of these radicals in duplex DNA has not been described.

We recently reported using phenyl selenide2 as a mild thermal
and photochemical (350 nm) precursor for 5-(2′-deoxyuridinyl)-
methyl radical (1).10 This precursor was introduced at defined sites
in oligonucleotides using standard oligonucleotide synthesis meth-
ods.11 ESI-MS analysis indicates that photolysis of3 for 30 min
under degassed or aerobic conditions completely consumes2.
Denaturing polyacrylamide gel electrophoresis analysis reveals
formation of a product in 25% yield whose migration is severely
retarded relative to unreacted oligonucleotide, indicative of inter-
strand cross-linked material (Figure 1A). Direct strand breaks and
alkali labile lesions are formed in much smaller quantities.11 Cross-
linked product is observed in even higher yield (60%) when
decomposition is induced thermally using commercially available
VA-044 in the presence of O2 and glutathione (GSH) (Figure 1B).10

Hydroxyl radical cleavage of gel-purified cross-linked DNA in
which each oligonucleotide was 5′-32P-labeled in separate experi-
ments was used to determine which nucleotides are covalently
bonded to one another.12 Cross-linking occurred exclusively between
the thymidine at which1 was generated and the opposing

deoxyadenosine (Figure 2). In contrast, DNA ISCs produced by
small molecules typically do not involve nucleotides base paired
to one another prior to DNA damage.1-4

Initial structural characterization of the cross-linked product was
obtained by ESI-MS of material isolated from the denaturing gel.11

The observed molecular weight (observedm/z) 9760.1, calculated
m/z ) 9760.4) is consistent with that of the reaction between1
and the opposing strand, followed by formal one-electron oxidation
and deprotonation. The observed molecular weight is also consistent
with the observation that O2 is unnecessary for interstrand cross-
link formation. This effect is surprising given the near diffusion

Figure 1. Phosphorimage autoradiogram of denaturing PAGE analysis of
the decomposition of3 (20 nM). (A) Photolysis (350 nm, 20 min). (B)
Thermolysis (VA-044 (0.5 mM), GSH (0.1 mM), 12 h, 37°C).

Figure 2. Histogram showing Fe‚EDTA cleavage of cross-linked product
formed from3. Reduction in intensity indicates position of cross-linking
on the appropriately labeled strand. (A) Strand containing2, X ) position
where2 is incorporated. (B) Complementary strand.
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controlled trapping of alkyl radicals by O2. It is possible that
formation of the peroxyl radical from benzylic radical-like1 is
reversible, but further investigations are required to determine
this.13-15 The specific structure of the cross-linked product obtained
following enzyme digestion and isolation by reverse-phase HPLC
was determined by1H NMR, absorption spectroscopy, and ESI-
MS. These data are identical to that for4, which was obtained from
the reaction of monomeric1 (generated at 90°C from 2) with
deoxyadenosine in solution.1H NMR indicated the presence of three
vinyl protons and two exchangeable protons.11 These data are
consistent with covalent linkage between N6 of deoxyadenosine
and the methylene carbon derived from the radical center (4). In
addition, ESI-MS/MS analysis, which gave rise to glycosidic bond
cleavage, is also consistent with N6 adduct (4). The absence of
purine fragmentation in the mass spectrum and theλmax (H2O) )
266 nm argue against5 or an adduct resulting from addition to C2
of deoxyadenosine.11,16,17One possibility is that4 is produced via
Dimroth rearrangement of the originally formed N1 adduct (5)
during the isolation procedure.18 Rearrangement of an initially
formed adduct (5) is consistent with the slight change in gel mobility
of the ISC that is observed upon piperidine treatment.11

The reaction conditions and previous experiments using2 are
consistent with cross-linking occurring through1.10,20Alkyl radicals
add to the nitrogen of carbon-nitrogenπ-bonds under appropriate
thermodynamic conditions and conformational constraints.21 Mo-
lecular modeling suggests thatsyn-1 is well positioned to add to
N1 of the opposing purine (Figure 3). Cross-link formation requires
syn-1, which could form via conformational isomerization within
the duplex or if phenyl selenide2 adopts this isomer because it
destabilizes the duplex in its anti form. We consider the latter
explanation to be unlikely because there are numerous examples
of C5-substituted pyrimidines that form stable base pairs with

purines. Indeed, comparison of the UV melting temperature (TM,
Table 1) of3 and a duplex containing thymidine shows the phenyl
selenide only slightly thermally destabilizes the duplex (∆TM )
2.7 °C). TheTMs of mismatched duplexes exhibit almost identical
decreases, providing further support for Watson-Crick base pairing
between2 and dA. These results imply that DNA ISC from1 is
not due to an artificially populated structure resulting from the
presence of2 in a duplex.

In conclusion, we have discovered an efficient DNA interstrand
cross-linking process that emanates from a nucleotide radical (1).
This process should provide the impetus for the design of novel
DNA cross-linking agents.
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Figure 3. Molecular modeling ofsyn-1 in 5′-d(C1C‚GAG).19 Arrow
indicates radical center. The distance between the radical center and N1-
dA is 2.289 Å.

Table 1. UV Melting Temperatures of Duplexes Containing 2 or
Thymidine
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