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Partial replacement of thymidine with 5-bromo-2′-deoxyuridine
in DNA increases considerably the sensitivity of living cells to UV
light andγ irradiation.1 It has been recognized that UV irradiation
of 5-bromo-2′-deoxyuridine in DNA leads to the formation of strand
breaks and alkali labile sites.2-6 In this respect, detailed mechanism
studies have been carried out and it has been shown that hydrogen
abstraction from the deoxyribose of the adjacent 5′ nucleoside is
important for the formation of the strand break.3-6 In addition,
5-halo-2′-deoxyuridine has been used as a photoreactive probe for
mapping the contact sites in protein-DNA complexes7,8 and
revealing the structures of nucleic acids.9,10 The photochemistry of
the relevant 5-bromo-2′-deoxycytidine, however, has not been
extensively explored.11-13 Herein we report for the first time the
facile formation of an intrastrand cross-link lesion from Pyrex-
filtered UV light irradiation of d(BrCG) and duplex oligodeoxy-
nucleotides (ODNs) containing 5-bromocytosine under aerobic
condition.

Electrospray-ionization (ESI) mass spectrometry (MS) and
tandem MS (MS/MS) show that the most abundant product isolated
from the irradiation mixture of d(BrCG) is an intrastrand cross-link
lesion. Positive-ion ESI-MS of the HPLC fraction with a retention
time of 15.9 min (LC trace shown in Figure 1) gives an ion ofm/z
555.1, which is the [M+ H]+ ion of a product from d(BrCG) with
the elimination of an HBr moiety. MS/MS of the ion ofm/z 555.1
shows that the most abundant fragment ion has am/zof 261 (Figure
S3a), which corresponds to the combined masses of cytosine and
guanine after the loss of two hydrogen atoms. The presence of the
m/z 261 ion demonstrates that the cytosine and guanine are
covalently bonded. In addition, we observed a product ion resulting
from the loss of a 2-deoxyribose (m/z 457). The types of fragment
ions observed here have also been observed in the product-ion
spectra of dinucleoside monophosphates containing intrastrand
cross-link lesions involving adjacent 5-methylcytosine guanine14

and two vicinal cytosines.15

1H NMR spectrum of the cross-link lesion establishes unambigu-
ously that the C5 carbon atom of cytosine and the C8 carbon atom
of guanine are cross-linked and we designate the cross-link lesion
as d(C[5-8]G). We observed a single aromatic proton atδ 8.21
ppm (Figure S4). This proton was attributed to the H6 proton of
cytosine on the grounds that a strong correlation peak between this
proton and the H1′ proton of the 5′ nucleoside was found in the
2-D NOE spectrum (Figure S5). The absence of the H5 proton
signal of cytosine and the H8 proton signal of guanine clearly
demonstrates that the C5 carbon atom of cytosine and the C8 carbon
atom of guanine are covalently bonded. We carried out the
irradiation with four different time periods, 2, 5, 10, and 70 min,
and, from the peak areas in the HPLC traces and the assumption
that the cross-link lesion has a similar extinction coefficient at 260
nm as the starting material and other products, we estimated that
the yields for the formation of d(C[5-8]G) are 1.9%, 6.0%, 13%,

and 42%, respectively. The cross-link lesion can also form under
anaerobic conditions, and the yields for its formation under aerobic
and anaerobic irradiation conditions were similar (Figure S6). In
analogy with our observation here, previous studies showed that
photochemical activation of 5-bromo-2′-deoxycytidine gives rise
to 5-aryl-2′-deoxycytidine and a 2′-deoxycytidine L-tryptophan
cross-link.12,13

Interestingly, the same CG cross-link lesion in d(CGTA) has
been isolated by Box and co-workers16 from the X-ray irradiation
mixture of the ODN under anaerobic conditions. These authors
further proposed that the lesion was initiated from the dehydration
of the coupling product of the 6-hydroxy-5-yl radical of cytosine
and its adjacent guanine.16 In this context, several intrastrand cross-
link lesions that are initiated from a single pyrimidine radical have
been reported.14,16-22 The exact mechanism for the formation of
the C[5-8]G cross-link lesion under Pyrex-filtered UV irradiation
is not clear. An attractive mechanism (Scheme 1), however, can
be proposed on the basis of previous studies of protein-nucleic
acid cross-link induced by 5-bromo-2′-deoxyuridine.23 Upon the
Pyrex-filtered UV light irradiation, an electron can be transferred
from guanine to 5-bromocytosine. The resulting anion radical of
5-bromocytosine may eliminate a bromide ion (Br-) to give a C5
radical of cytosine, which can combine with the adjacent guanine
cation radical. The coupling product can then deprotonate to yield
the cross-link lesion (Scheme 1).

Next we examined whether a similar chemistry occurs in duplex
DNA. To this end, we irradiated a 12-mer duplex, d(ATGGCGBr-
CGCTAT)/d(ATAGCGCGCCAT), under aerobic conditions, with
the results showing that the most abundant product emanating from
this irradiation is again a cross-link lesion (the HPLC trace for the
separation of the 75-min irradiation mixture is shown in Figure 2).

We determined that the cross-link lesion has a covalent bond
between the C8 carbon atom of the guanine at the sixth position
and the C5 carbon atom of the cytosine at the seventh position on

Figure 1. HPLC trace for the separation of the 70-min Pyrex-UV irradiation
mixture of d(BrCG) in the presence of air.
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the basis of the following lines of evidence. First of all, high-
resolution ESI-MS acquired on a Fourier transform ion cyclotron
resonance mass spectrometer givesm/z values of 1827.8077 and
1218.2093 for the [M- 2H]2- and [M - 3H]3- ions, respectively
(the calculatedm/z values for the [M- 2H]2- and [M - 3H]3-

ions of the cross-link product are 1827.8077 and 1218.2055,
respectively). Second, MS/MS of the [M- 3H]3- ion facilitates
us to locate the site of the cross-link without ambiguity (Figure
S9). Upon collisional activation in a mass spectrometer, an ODN
undergoes cleavages at the glycosidic bond and the 3′ C-O bond
of the same nucleotide to form [an - base] and wn ions.24 The
production of two complementary pairs of fragment ions, i.e., a7

2-/
w5 and [a6 - G]/[w6 + G]([w6 + G]2-), from the cross-link-
containing ODN demonstrates that the guanine at the sixth position
and the cytosine at the seventh position are cross-linked because
the formation of the a7 and [w6 + G] ions can only occur when the
two nucleobases are covalently bonded (Figure S9).

We further digested the cross-link lesion-containing dodecamer
with nuclease P1 and alkaline phosphatase and isolated the resulting
cross-link lesion-containing dinucleoside monophosphate by HPLC.
ESI-MS/MS,1H NMR, and UV absorption spectroscopy show that
the dinucleoside monophophate is d(G[8-5]C) (Figures S3b, S10,
and S11).

It is worth mentioning that we were unable to isolate a cross-
link lesion where the cytosine at the seventh position and the
guanine at the eighth position are covalently bonded. The reason
why this occurs is not very clear. Two factors, however, might
contribute to this difference. Previous studies showed that, in
B-DNA, the stacking energy is higher for 5′-purine-pyrimidine-
3′ than for 5′-pyrimidine-purine-3′.25 The more favorable stacking

of 5-bromocytosine with its 5′ adjacent guanine than with its 3′
adjacent guanine is expected to lead to more facile electron transfer
from 5′ guanine than from the 3′ guanine. In addition, the distance
between the C5 carbon atom of cytosine and the C8 carbon
atom of guanine in GC sequence context (3.87 Å) is shorter than
that in CG sequence context (5.13 Å) in B-DNA (the distances
were determined from a model duplex DNA that is created by
using software package Insight II with standard B-DNA geometry,
Figure S12). This may lead to more facile coupling between the
C5 radical of cytosine and the cation radical of the adjacent guanine
in the GC sequence context than in the CG sequence context
(Scheme 1).

To our knowledge this is the first observation for the facile
formation of intrastrand cross-link lesion from the photochemical
activation of d(BrCG) and 5-bromocytosine-containing duplex DNA.
The chemistry uncovered here can be further used as a facile
synthetic route for the construction of authentic CG and GC cross-
link lesions for replication and repair studies.
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Figure 2. HPLC trace for the separation of Pyrex-filtered UV light
irradiation of a duplex DNA under aerobic condition.

Scheme 1. Proposed Mechanism for the Formation of d(C[5-8]G)
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