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It has long been thought that DNA damage produced by UV
light exerts much of its biological effect by interfering with DNA
polymerase metabolism. This has led to numerous investigations
of DNA-photolesion mutagenic properties currently intensified by
the discovery of new DNA polymerases.1 Recently, however, the
picture has become more puzzling since new studies have high-
lighted the possible perturbation by DNA photodamage of other
important DNA-dependent processes such as transcription, which
may also have dramatic consequences for the cell.2 The extreme
complexity and the continuing discovery of new biological pro-
cesses that are triggered or impaired by DNA photodamage conse-
quently reinforce the need to further characterize the photochemistry
of nucleic acids. Among the products of UV-induced DNA damage,
(6-4) pyrimidine pyrimidone photoproducts that arise from a
Paterno-Bu¨chi reaction between two adjacent pyrimidine nucleo-
bases are one of the major mutagenic class of DNA photoproducts3

and are involved in the etiology of skin cancer.4 Under UV A/B
exposure, (6-4) photoproducts are converted into their also muta-
genic3a-b,d Dewar valence isomers5 which may play an important
role in the biological effect of UV light.6 Apart from Dewar adducts,
no other secondary product derived from (6-4) photoproducts by
a photochemical reaction has thus far ever been reported to occur
in DNA or at the dinucleotide level. In light of the tremendous im-
portance ascribed to (6-4) photoproducts and of the recent in-
creasing interest devoted to the study of secondary nucleobase dam-
age,7 characterization of any secondary derived (6-4) photoproducts
is of utmost importance and thus deserves particular attention.

Photoproduct analogues or their precursor have been essential
to probe, in biologically relevant model reactions, the mechanistic
formation or repair pathway of natural photoproducts.8 In line with
our initial effort in the PNA series,9 we proposed to study the
photochemical behavior of amide bond-containing dinucleotide
mimics. Herein, we report the isolation and structural determination
of a new photoproduct (1) isolated after 254 nm photolysis of the
amide-linked thymidine dimer2 (TaT),10 an analogue of thymidylyl
(3′-5′) thymidine (TpT). The structure of1 shares the 3′-pyrimidone
motif of the (6-4) adducts but, instead of the 5-hydroxy-6-substi-
tuted-dihydrothymine base portion, contains a 2-oxoimidazoline.

Thus, irradiation of an aqueous solution of2 at 254 nm led, in
addition to1 (UV: λmax 338 nm,ε338 3172 cm-1 mol-1), to the
(6-4) adduct3, the Dewar photoproduct4, and the cyclobutane
pyrimidine dimer5 (Scheme 1).11 Formation of compounds3-5
demonstrated that2 exhibits a photochemical behavior close to that
observed for the natural TpT dimer12 and consequently is a relevant
model to study the photochemistry of nucleobases. The1H NMR

spectrum of1 was partially reminiscent to that of (6-4) adduct3
in displaying a characteristic pyrimidone H6 signal around 8 ppm12

(δ 8.21 for 1, 7.94 for3). However, the expected accompanying
H6 signal of the saturated thymine residue was lacking, suggesting
that1 could be a 5,6-dehydrated (6-4) adduct whose base portion
would correspond to the known Thy(6-4)m5Pyo (6) accessible by

acidic hydrolysis of pyrimidine (6-4) pyrimidone adducts.13

However, such hypothesis is unconsistent with the HR mass (FAB+)
data of1 that revealed its molecular formula C21H28N5O7 (calcd
462.1989 (MH+); found 462.1988). This demonstrated that the
pathway leading from2 to 1 included a dehydration reaction and
the loss of a carbonyl group. The absence of this latter group was
further confirmed by the13C NMR spectrum of1 that displayed
21 carbons including four carbonyl/imine resonances, instead of
five in the case of2 or 3. Among these four carbons, the amide
resonance was found atδ 176.3 (3J with aT H5′, H5′′) indicating
that the amide link between the sugars had been preserved during
the photolysis step. Since the chemical shifts of the 11 remaining
carbons belonging to the modified sugar phosphate backbone were
also almost identical to the chemical shifts of the corresponding
carbons of2, changes involved only the bases. Concerning these,
all but one carbon of a 5-methylpyrimidone (C2, C5, C6, CH3: δ
157.5, 118.6, 145.1, 15.1 respectively) could be rapidly identified
since their chemical shifts closely matched those of3 (δ 158.6,
118.4, 144.2, 15.5) and of the (6-4) adduct of TpT.12,14 The only
discrepancy concerned C4 (δ 168.0 for1 vs 175.8 for3, and 175.6
for the (6-4) adduct of TpT)12,14that was unambiguously attributed
from long-range (LR) heteronuclear NMR data. In addition, these
data also permitted the localization of the 5-methylpyrimidone at
the 3′-end of the molecule. Taken together, these observations led
to the conclusion that the dehydration and decarbonylation con-
cerned the 5′-end base and had led to the substitution of the sugar
residue by a methyl-substituted cycle constituted of two nitrogen
and three quaternary carbon atoms (δ 156.2, 123.2, 114.8), one of
which was of the carbonyl/enamine type. The 2-oxoimidazoline
nature of this cycle was deduced from the following key spectral
NMR data. Carbon at 114.8 ppm gave a LR coupling with Ta CH3

at δ 1.98 (3J), Ta H1′ at δ 5.97 (3J) andaT H6 at δ 8.21 (4J) and
thus connectedN1 Ta to C4 aT (C5 of the imidazolone). Such a
substitution pattern was fully consistent with the 7 ppm shielding
observed for the C4 atom of the 5-methylpyrimidone moiety.15 The
urea-type carbon at 156.2 ppm (C2 of the imidazolone) was
positioned onN1 Ta since it gave a long-range coupling with H1′
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of the Ta residue and was consequently linked to the remaining
nitrogen (N3 of the imidazolone). The carbon atδ 123.2 was hence
C4 of the imidazolone, substituted, as attested by LR NMR corre-
lation, by the remaining methyl group whose chemical shift (9.5
ppm) was in full accordance with the literature.16 On the basis of
these arguments, we assigned structure1 to the new photoproduct.

Because of such a structure, we anticipated that1 should be in
tautomeric equilibrium with1a. Indeed, recording of the UV
spectrum of1 in alkaline conditions (pH12) led to a reversible
ipsochromic shift (λmax 324 nm) and appearance of a second ab-
sorption (λmax 407 nm) that disappeared upon neutralization in
agreement with the proposed structure.17

Due to structural similarities between1 and3, we hypothesized
that 3 could be the precursor of1. To gain more insight into the
formation mechanism of1, we irradiated, at 254 nm, an aqueous
solution of3. Examination of the1H NMR spectrum of the crude
irradiation mixture and HPLC analysis evidenced the formation of
1 and thus confirmed the lineage between1 and3. Accordingly,
the most likely pathway accounting for the formation of1 might
involve first the formation of3, then homolytic C4-C5 cleavage
of the excited (6-4) adduct3* (Scheme 2). This step then gives
rise to a biradical intermediate which undergoes spontaneous
decarbonylation and then cyclizes to yield a five-membered ring
carbinolamine intermediate whose aromatization leading to com-
pound1 is the driving force for dehydration.16

In conclusion, we have observed in the pyrimidine (6-4)
pyrimidone photoproduct series a remarkable secondary photo-
chemical pathway leading to a 2-oxoimidazoline (5-4) pyrimidone
derivative. This constitutes the first report of a major photomodi-
fication affecting a (6-4) photoproduct and may put into question
their biological stability in repair-deficient individuals submitted
to prolonged UV-light exposure. Indeed, considering that (6-4)
adducts are the second-most prevalent lesions formed in DNA, the
probability that the 2-oxoimidazoline (5-4) pyrimidone derivatives
may represent another source of endogenous DNA damage cannot
be discarded and deserves further investigations.

Supporting Information Available: 1H, 13C, HMQC, HMBC NMR
spectra of1 as well as1H NMR spectrum and13C NMR data of2
(PDF). This material is available free of charge via the Internet at http://
pubs.acs.org.
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