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Radical mediated DNA damage is a ubiquitous process that is
effected by a variety of methods (e.g., γ-radiolysis, UV photolysis)
and reactive species (e.g., hydroxyl radical).1 The consequences of
DNA damage can be deleterious, as evidenced by its role in aging
and diseases such as cancer and Alzheimer’s.2-6 On the other hand,
the cytotoxic effects of a number of anticancer agents are attributable
to their ability to oxidatively damage DNA. The chemistry of radical
mediated DNA damage is complicated by the heterogeneity of the
biopolymer, as well as the formation of a variety of radical intermedi-
ates, particularly by diffusible species such as a hydroxyl radical.
Significant advances have been made in our understanding of oxidative
DNA damage by independently generating radical intermediates in
the biopolymer.7-9 These studies have been carried out in the absence
of proteins, which is not how DNA typically exists in cells. In
eukaryotic cells, nuclear DNA is wrapped around the octameric
complex of histone proteins.10 DNA interacts with other proteins, such
as those that regulate transcription, more transiently. Protein binding
affects DNA damage by altering its accessibility to oxidizing agents
and the efficiency of charge migration through the duplex.11,12

However, its effects on the reactivity of DNA radicals is unknown.
Using our ability to independently generate nucleotide radicals we have
determined that a protein has a profound effect on DNA radical
reactivity.

Hbb from Borrelia burgdorferi, the species responsible for lyme
disease in humans, is a member of the bacterial integration host factor
family of DNA-bending proteins whose functions include chromosomal
compaction.13,14 Hbb binds sequence specifically to DNA as a
homodimer. X-ray crystallography reveals that each monomeric unit
sharply kinks (∼80°) the nucleic acid by inserting a proline residue
between two base pairs, consequently disrupting base stacking at the
site of bending (Figure 1). We rationalized that the disruption in base
stacking could significantly alter the reactivity of nucleotide radicals
formed at these positions.

This hypothesis was tested by examining Hbb’s effect on interstrand
cross-link (ICL) formation from the 5-(2′-deoxyuridinyl)methyl radical

(1) and 5-(2′-deoxycytidinyl)methyl radical (2). ICLs are a biologically
important family of DNA lesions.15,16 The former radical produces
ICLs with its opposing dA. The cross-linking reaction requires the
radical to form its syn-isomer by rotating about its glycosidic bond in
a rate determining step (Scheme 1).17,18 Generation of 1 at an Hbb
kink site was expected to increase the ICL yield due to greater
conformational freedom arising from the disruption in base stacking.
Duplex 5 was prepared based upon the sequence employed in previous
Hbb studies.13 The photolabile radical precursor was incorporated in
place of a thymidine present at the kink site in the original sequence.
An electrophoretic mobility shift assay indicated that 5 (20 nM) was
completely bound in the presence of 600 nM Hbb.19

Subsequently, 1 was generated in 5′-32P-5 by photolysis at 350 nm
in the absence and presence of Hbb. Denaturing gel electrophoresis
analysis revealed that the ICL yield more than doubled when 1 was
generated in DNA bound by Hbb (Table 1). Hydroxyl radical cleavage
analysis of the cross-linked DNA indicated that the cross-link formed
exclusively with the opposing dA, as was observed when 1 was
produced in other duplexes in the absence of protein.18,19 Hbb had a
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Figure 1. X-ray crystal structure of Hbb2-DNA complex. (A) Ho-
modimeric complex bending DNA. DNA strands: blue, red; Hbb monomers:
yellow, green. (B) Base stacking disruption at the site of proline intercalation.
Structural data from PDB ID: 2NP2.
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far more modest effect on ICL formation in 6 where 1 was generated
at a nucleotide that is approximately one helical turn from the kink
site.

The large increase in ICL yield in the presence of Hbb was also
evident from examination of the effect of thiol (RSH, �-mercapto-
ethanol) on cross-linking by 1 (Table 1, Figure 2). Competition studies
(eq 1) revealed that the efficiency of thiol trapping relative to cross-
linking decreases by ∼350% when 1 is generated at the kink site versus
∼30% in 6.

[ssDNA]
[ICL]

)
kRSH

kICL

[RSH] +
kX

kICL
(1)

One cannot rule out that shielding of 1 from the freely diffusible
thiol by Hbb contributes to the decrease in the observed ratio of kRSH

to kICL. However, this is considered particularly unlikely at the kink
site (5) where Hbb binding enhances reaction of a thymidine in
unmodified DNA with permanganate.20 We suggest that the majority
of the decrease in kRSH/kICL in 5 is due to an increase in the rate constant
for cross-link formation when the radical (1) is generated where base
stacking is disrupted in the duplex.

The generality of the effect of Hbb on DNA radical reactivity was
explored by examining its effect on the reactivity of 5-(2′-deoxy-
cytidinyl)methyl radical (2). Photolysis of 5′-32P-7 or 5′-32P-8 in the
absence of Hbb yields <1% ICL. The reluctance of 2 to produce cross-
links with dG compared to 5-(2′-deoxyuridinyl)methyl radical (1) with
dA is attributed to reduced reactivity of an opposing dG with the radical
and a lower rate constant for glycosidic bond rotation due to stronger
base pairing. Support for the latter effect is evident from studies in
which 4 is used to form DNA cross-links under nonradical conditions.21

Hbb binding results in a <1% cross-linked product when 2 is generated
at a position that is remote from the bending site (5′-32P-8). However,
irradiation of 5′-32P-7 in which the radical is produced at the kink site
in the presence of saturating levels of Hbb produces >10% cross-
linked product (Table 1). Hydroxyl radical cleavage shows that the
majority of cross-links in 5′-32P-7 involve the guanosine nucleotide
and <20% result from reaction with A26.19 We suggest that the greater
conformational freedom of 2 in the presence of Hbb enables the radical
to react with the more reactive dA adjacent to the opposing dG. The
lower ICL yield from 2 than the thymidine analogue (1) is corroborated
by the ratio of kRSH/kICL, which is considerably greater than the
respective ratio obtained from 1 (Table 1). Assuming that kRSH is
approximately the same for reaction with either radical generated in
5′-32P-5 or 5′-32P-7, the thiol dependency suggests that the lower ICL
yield from the 5-(2′-deoxycytidinyl)methyl radical (2) is partially due
to a lower kICL than that for 1.

In conclusion, the experiments involving Hbb with the 5-(2′-
deoxyuridinyl)methyl radical (1) and 5-(2′-deoxycytidinyl)methyl
radical (2) reveal how protein binding significantly alters the reactivity
of DNA radicals. Although DNA-protein cross-links were not formed
in either of the above systems, it is possible that other DNA
radical-protein complexes may yield such products. Overall, these
studies bring us one step closer to understanding the chemistry of
oxidative DNA damage in cells.
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Table 1. Effect of Nucleotide Position and Hbb on Interstrand
Cross-Link Formation

duplex Hbb ICL yield (%)a kRSH/kICL × 10-3 (M-1)a

5 - 20.4 ( 1.0 3.3 ( 0.4
5 + 41.7 ( 2.3 0.9 ( 0.1
6 - 19.6 ( 0.8 4.9 ( 0.5
6 + 24.2 ( 2.5 3.4 ( 0.2
7 - <0.3 -
7 + 10.6 ( 0.5 2.2 ( 0.2

a Data are the average of at least three experiments. Each experiment
consists of three replicates.

Figure 2. Effect of nucleotide position and Hbb on interstrand cross-link
formation from 5-(2′-deoxyuridinyl)methyl radical (1) as a function of
�-mercaptoethanol (BME) concentration.
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