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Abstract
Recently, a phenyl selenyl modified thymidine (2) was shown to produce DNA interstrand cross-
links (ICLs) via two mechanisms. Photolysis of 2 generates 5-(2′-deoxyuridinyl)methyl radical (1),
the reactive intermediate that results from formal hydrogen atom abstraction from the thymine methyl
group. This reactive intermediate reacts with the opposing dA, and is the first example of a DNA
radical to produce ICLs. Kinetic competition studies described below support the proposal that the
rate limiting step in ICL formation from 1 involves rotation about the glycosidic bond, and that the
rate constant for this process is influenced by flanking sequence. Cross-links also form with the
opposing dA when 2 is treated with mild oxidants that result in the formation of an intermediate
methide-like species (4). Kinetic experiments described below reveal that 4 reacts with azide, a model
nucleophile, via a SN2′ pathway. Previous experiments suggested that the same product is produced
via 1 or 4, but that the initially formed cross-link rearranges during the enzyme digestion and isolation
procedures. In situ product analysis by NMR using synthetic, doubly labeled duplex DNA
containing 13C-2 and 15N1-dA provides definitive evidence that the kinetic ICL product formed via
the radical and oxidative pathways is the same and corresponds to that arising from formal alkylation
of N1-dA. Furthermore, analysis of the thermodynamic product formed upon rearrangement indicates
that the primary product isomerizes via an associative mechanism in DNA.
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DNA interstrand cross-links (ICLs) are responsible for the cytotoxicity of a number of
antitumor agents.1,2 They are also produced via endogenous cellular lipid oxidation, as well
as by exogenous bis-electrophiles.3–5 The physiological effects of this DNA lesion family are
frequently associated with their ability to block replication and transcription, as well as the
difficulty of their repair.6–8 Synthetically induced ICLs are also useful in a variety of
biotechnology applications. These include controlling gene expression in mammalian cells and
sequence specific recognition of DNA at single nucleotide resolution.9,10 The importance of
ICLs continues to spur creative approaches for their formation.11–14 Recently, we discovered
a process by which the DNA radical (1) generated via formal hydrogen atom abstraction from
the thymine methyl group cross-links with the opposing dA in the duplex (Scheme 1).15,16
Although this transformation was originally detected using photolabile synthetic radical
precursors (e.g. 2), the ICL was subsequently identified in γ-irradiated DNA.17 This was the
first characterization of an interstrand cross-link produced in DNA by γ-radiolysis via a radical.
ICLs are also produced from the phenyl selenide (2) under a variety of oxidative conditions
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following sigmatropic rearrangement of the selenoxide (3, Scheme 1).15,18,19 This mild and
rapid method for producing ICLs has been used to develop a method for detecting single
nucleotide polymorphisms.20 In this application, covalent linkage between the biotinylated
oligonucleotide probe and the target enhances selectivity by permitting stringent washings and
enables signal amplification that reduces the need for PCR amplification. Hydroxyl radical
cleavage experiments revealed that the cross-links produced via the oxidative pathway also
exclusively involve the opposing dA. Although stability studies suggested that the radical and
oxidative pathways yield the same product (5), direct evidence for this and the exact structure
of the product(s) was lacking.15,18 We now describe one- and two-dimensional NMR
experiments using doubly isotopically labeled oligonucleotides (13C, 15N) that provide
definitive structural evidence for the cross-linked product. In addition, NMR and kinetic
experiments provide mechanistic details that will be useful in future applications of the cross-
linking chemistry attributable to 2 and related molecules.21

The monomeric components (1 and dA) in the dimeric nucleoside obtained following enzyme
digestion of the ICLs formed under radical and oxidative conditions were bonded to one another
via the C5-methylene of the thymidine derived from 2 and the N6-amino group of dA (6). It
was inconceivable that such a connectivity in 6 could form directly via a radical reaction
(Scheme 1).16 Inspection of molecular models suggested that the N1-dA was the most likely
site of reaction with the radical when the nucleotide is in its syn-conformation. Furthermore,
consideration of nitrogen nucleophilicities also pointed to N1-alkylation by the rearranged
selenoxide (4) formed under the oxidative conditions.22,23 We hypothesized that the radical
(1) and methide type (4) intermediates reacted at N1-dA producing a kinetic product (5), which
rearranged to 6 during the isolation procedures (Scheme 1). Reaction between the exocyclic
methylene carbon of the modified thymine with the opposing N1-dA requires that the
pyrimidine adopt the syn-conformation. Previous kinetic competition studies suggested that
rotation about the glycosidic bond was rate limiting for cross-linking via the radical.15 For
reaction via the longer-lived methide type intermediate (4) the rate constant for rotation about
the glycosidic bond is less crucial. In addition, although we favored initial formation of 5,
reaction at C6 of 1 and/or 4, followed by formal [3,3]-sigmatropic rearrangement of 7, could
not be ruled under either reaction conditions (Scheme 2). Finally, the potential cross-link
products could be formed under oxidative conditions via SN1, SN2, and/or SN2′ mechanisms.
The NMR and kinetic experiments described below address these questions.

Results and Discussion
NMR product analysis and mechanism of isomerization using isotopically labeled
oligonucleotides

We previously proposed that syn-1 adds to N1-dA to form 5 as a kinetic product that ultimately
rearranges to the more stable N6-alkylation product (6, Scheme 1). Cross-link 5 was also
proposed as the primary product when DNA containing 2 was exposed to oxidative conditions.
Dissociative and associative rearrangement mechanisms are conceivable (Scheme 3), but
kinetic experiments did not distinguish between them.15 These experiments also did not
eliminate 7 as a possible product. NMR analysis of labeled oligonucleotides has proven useful
in studies on cross-linked DNA.4,24 We recognized that carrying out the cross-linking reaction
using 13C5-2 and 1-15N1-dA would enable direct detection of 5 and/or 7 (Schemes 3, 4). In
addition, the two possible rearrangement mechanisms involving 5 would also be
distinguishable from one another using the doubly labeled duplex (Scheme 3). The N1-
alkylation product (5) and subsequent formation of 6b via an associative (Dimroth like)
rearrangement mechanism would be identifiable via JCN and/or JHN coupling in the products.
In principle, coupling between H2-dA and 15N1-dA of the purine will be detected in 5, but its
presence in 6 will depend upon the rearrangement mechanism. If the rearrangement proceeds
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via a dissociative mechanism (6a), coupling will be preserved, but not if an associative
mechanism (6b) is involved (Scheme 3). The opposite is true for the JCN coupling, as the
connectivity between the labeled atoms in 5 is maintained during an associative rearrangement.
The doubly labeled substrate also enables us to detect a third possible cross-linked product
(7) and rearrangement pathway that results from initial cross-linking between the C6-position
of the modified pyrimidine and N1-dA (Scheme 2). This pathway would be evident from an
absence of significant JCN coupling in the primary and rearrangement products (Scheme 4),
as well as the distinctive chemical shift for the exocyclic methylene group.

These experiments were carried out using a duplex containing the same sequence as a 16 bp
substrate (8) previously shown to produce ICLs from 2 under radical and oxidative conditions,
and on the corresponding mononucleosides (11, 12, Scheme 5).15,16 The 15N1-dA
phosphoramidite (9) was

synthesized using procedures reported by Jones and Harris for synthesizing 15N1-dA, which
was carried on to 9 via standard methods.25,26 Similarly, 10 was prepared via a slightly
modified route than the one previously used to synthesize the unlabeled phosphoramidite.16,
27 The 13C-label was introduced via transmetalation of the bis-TBDPS ether of 5-iodo-2′-
deoxyuridine with 13CH3I using the procedure of Aso.28 The oligonucleotide in 8 containing
2 was purified by reverse phase HPLC, following initial purification by denaturing
polyacrylamide gel electrophoresis in order to remove oligonucleotide containing 5-
hydroxymethyl-2′-deoxyuridine, which is formed from adventitious oxidation of 2. Gel
electrophoresis was sufficient for purifying the 15N1-dA containing oligonucleotide.

Initial NMR experiments were carried out using the labeled monomers of 2 (11) and dA (12).
Oxidation (NaIO4, 100 mM) of the nucleoside mixture (20 mM) in phosphate buffer (10 mM,
pH 7.2) and NaCl (100 mM), followed by in situ analysis provided a spectrum consistent with
13 (5), as evidenced by a two-dimensional HSQC experiment that revealed correlation between
the H2-dA proton (δ 8.65), the 15N labeled N1 nitrogen, derived from 11 (Figures 1A, B,
Scheme 5). The 15N carrier was positioned around 230 ppm, the characteristic chemical shift
frequency of aromatic 15N resonances (200–230 ppm), and the HSQC pulse sequence
parameters were adjusted to detect the long-range H2-N1 coupling constant (~ 15 Hz). To detect
the JCN coupling constant, two high resolution long-range H2-N1 HSQCs were acquired
(JH2N1 ~ 15 Hz), in the presence and absence of 13C decoupling in the 15N (ω1) dimension. In
the presence of 13C decoupling, the H2-N1 cross peak appears as a singlet (Figure 1A). In the
absence of 13C decoupling, the H2-N1 cross peak splits into a doublet due to the JCN coupling
constant (Figure 1B). The small offset between the two components of the N-C doublet in the
1H (ω2) dimension is the consequence of a small, long-range H2 - 13C coupling (JH2C). Since
no 13C decoupling is employed anywhere in the HSQC pulse sequence, the 13C spin states (C↑
and C↓) are completely undisturbed throughout the experiment. This results in exclusive
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correlations being observed between N1 nitrogens and H2 protons associated with C↑ spins
[N1(C↑) (ω1) → H2(C↑) (ω2)] and N1 nitrogens and H2 protons associated with C↓ spins
[N1(C↓) (ω1) → H2(C↓) (ω2) ], also called an E. COSY29,30 effect. The displacement between
the two peaks is equal to JH2C. Exposure of dimeric nucleoside 13 to piperidine to facilitate
rearrangement to 14a (6a) yielded the expected product, as evidenced by a comparison of 1H
NMR and HPLC data to those previously reported.16 A H2-N1 HSQC experiment revealed
that the 15N-label was still adjacent to H2-dA in 14a (Figure 1c), indicating that the
rearrangement proceeded at least in part via a dissociative mechanism. However, we cannot
rule out that a portion of the reaction proceeds via an associative mechanism, because (a) the
NMR experiments were carried out in D2O solvent, thus precluding the observation of labile
H6 protons on the exocyclic amine (N6) in 14a and (b) even in H2O solvent, rapid exchange
of the H6 protons may prevent observation of H6-N6 cross peaks in the HSQC experiment.

This experiment utilizing the isotopically labeled monomeric components (Figure 1, Scheme
5) proved to be very useful for subsequent studies in duplex 8. NMR was again used to
characterize the crude mixture of products obtained from reaction of 8 (1.0 mM) with NaIO4
(5 mM) in potassium phosphate (10 mM, pH 7.2) and NaCl (100 mM). Consistent with the
experiment in which monomeric molecules were employed, a resonance was observed in the
proton dimension at δ 7.90, which was correlated with the 15N that was coupled to the 13C
(Figures 2A, B). Comparable results were obtained when 8 (1.5 mM) was photolyzed to
produce 1, although the signal to noise ratio was not as great due to a lower cross-link yield.
31 Following consumption of 4 or photolysis of 2 no signal consistent with that of 7 (Scheme
4) was detected, as evidenced by the absence of any 1H signals in the δ 5.0–6.5 region, where
the vinyl protons from the exocyclic methylene group were expected to resonate.19,21 These
experiments provide definitive evidence for 5 as the primary cross-link product produced from
the phenyl selenide (2) under oxidative and radical conditions.

NMR also provided valuable mechanistic information regarding the rearrangement of 5 to 6
within duplex DNA. The crude cross-linked sample was subjected to the previously employed
purification and isolation conditions that gave rise to 6, but not piperidine as was done above
for the product obtained from reaction of the monomers.16 HSQC NMR spectra failed to show
any H2-N1 correlations (data not shown). Given that the experiments utilizing the monomeric
material proved that such a coupling was detectable, the absence of any such coupling in the
rearranged polymeric cross-link suggested that in the duplex 5 isomerizes via an associative
(Dimroth type) mechanism to 6b (Scheme 3).32 We also considered the possibility that the
absence of coupling between the 15N6 in 6b and the adjacent protons or 13C might be due to
larger coupling in the monomeric material than when present in the duplex. Consequently, we
digested the rearranged cross-link product and purified the nucleoside form of 6b (14b). In
D2O, solvent, the NMR spectra again failed to show an H2-N1 correlation (data not shown).
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The absence of coupling between the exocyclic amine in 6b and the adjacent magnetically
active nuclei, which would appear as H6-N6 cross peaks is attributed to rapid exchange of the
labile H6 protons with water, especially under non-hydrogen bonded conditions. Splittings due
to JCN couplings (between the exocyclic adenine nitrogen and the exocyclic methylene carbon
on the thymine) could not be observed in high-resolution 1H-13C HSQC spectra either, because
the cross peaks were too broad, indicative of intermediate conformational exchange broadening
or conformational heterogeneity in the cross link region. Subsequently, we attempted to detect
the JCN coupling via 15N-13C splittings in an H6-N6 HSQC correlation spectrum. Accordingly,
the sample was lyophilized and redissolved in a 95:5 H2O/D2O (10 mM NaOAc, pH 5.0)
mixture. HSQC parameters were adjusted to detect the H6-N6 correlation via the one-bond
JH6N6 (~ 90 Hz) coupling and the 15N carrier was positioned at 80 ppm, which is characteristic
of the exocyclic N6 resonance, and very distinct from the aromatic N1 resonance (200–230
ppm). A low resolution HSQC (Figure 3) clearly shows the H6 proton (δ ~ 7.55 ppm) correlated
with a 15N resonance at 83.3 ppm. This unequivocally establishes that the 15N label is at the
exocyclic N6 position (14b), which is positive evidence in support of the associative
mechanism (Scheme 3). Attempts at detecting a JCN coupling by recording high resolution
spectra with and without 13C decoupling were unsuccessful because the 15N resonance was
rather broad and decayed rapidly. This observation is consistent with the similar broadening
observed in the 13C resonances in the 1H-13C HSQC spectra, indicating mobility on an
intermediate exchange time-scale in the cross linked region.

The change in mechanism for the rearrangement of 5 to 6b in the duplex from the monomeric
system (13 to 14) is ascribed to the differences in reaction conditions. More pertinent is why
the associative rearrangement mechanism of 5 to 6b in DNA is distinct from the behavior
observed for the o-quinone methides studied by Rokita, which react reversibly with DNA via
a dissociative mechanism (Scheme 6).22,23,33,34 We speculate that the dissociative
mechanism for 5 is less favorable than for the Rokita methides because the latter have a
relatively acidic proton (the phenol) whose removal drives the reaction towards o-quinone
regeneration. A similar pathway is not available to the kinetic cross-link product (5) described
in these studies.

Kinetic Determination of Cross-link Formation Under Oxidative Conditions
Formation of 5 via the oxidative pathway that proceeds through 4 could occur via SN1 or
SN2′ pathways. These were distinguished from one another by measuring the rate constant for
reaction of monomeric 4 produced upon oxidation of 11 with azide by UV absorption
spectroscopy at 25 °C. Absorption spectroscopy was
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a convenient tool for following this reaction because the methide (4) absorbs weakly in the
260–270 nm region where the maxima for nucleosides are typically observed. Hence, the
absorption increase at 270 nm was used to measure product (15) formation. Azide was used
as a nucleophile instead of dA in order to avoid interference with the absorption spectrum of
the product. This was particularly important since the nucleophile was present in large excess
in order to fulfill the requirements of pseudo-first order reaction conditions. The observed rate
constant for the reaction of azide with monomeric 4 to produce 15 exhibited a linear dependence
on nucleophile concentration (Figure 4) and is consistent with the SN2′ mechanism. These data
yield a bimolecular rate constant of 1.9 × 10−2 M−1s−1 for the reaction of monomeric 4 with
azide. Extrapolation to the reaction between the methide (4) and dA in a duplex suggests that
cross-link formation under oxidative conditions also occurs via an SN2′ pathway. Attack by
the nucleophile on the carbon of the allylic phenyl selenenate (4) is atypical for this molecular
family.35–38 However, the more typical attack on selenium to produce the allylic alcohol is
probably less favorable in this case because it would produce the unstable (nonaromatic)
product; whereas reaction at the exocyclic methylene in 4 regenerates the aromatic pyrimidine
ring.

Rate Limiting Glycosidic Bond Rotation in Radical Mediated Cross-Link Formation
Formation of 5 requires the methide (4) or radical (1) adopt their syn-conformation by rotating
about their glycosidic bonds. DNA breathing limits the rate at which rotation occurs. Although
the rate constants for base pair opening in duplexes containing 2 (or 4) have not been measured,
NMR studies on other duplexes suggest that rate constants ≥103 s−1 are possible at 25°C.39–
41 This time scale is short compared to that on which the methide reacts to form cross-links,
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but not for a radical whose lifetime is inherently more limited.18 The rate constant for ICL
formation (kICL) from 1 was estimated by carrying out competition studies with thiol under
anaerobic conditions (eqn. 1). When the radical was flanked on both sides by dC, phenyl
selenide 2 and an aryl sulfide (17) were employed separately as photochemical precursors. In
addition, glutathione (GSH) and β-mercaptoethanol (BME) were used as thiols. The
magnitudes of the rate constants were affected by the presence of 5-hydroxymethyl-2′-
deoxyuridine (16) and background levels of ICLs. Hence, it was imperative that HPLC purified
oligonucleotides in which those containing 16 was removed, and freshly hybridized duplexes
be used for these experiments. Failure to remove the impurities gave rise to artificially high
calculated values for kICL. The rate constants for ICL formation determined using 17 or the
phenyl selenide (2) were indistinguishable from one another (Table 1) and were ~ 4-fold slower
than that reported previously using oligonucleotides that were not HPLC purified.15
Furthermore, if one assumes that BME and GSH react with 5-(2′-deoxyuridinyl)methyl radical
(1) with equal rate constants, one obtains kICL values that are within experimental error of one
another.42

(1)

Altering the flanking sequence has a more significant effect on interstrand cross-link yields,
as measured by phosphorimage analysis of 32P-labeled substrates separated by denaturing
polyacrylamide gel electrophoresis. The cross-link yields in the absence of thiol (Max. ICL
Yd., Table 1) were greater when 5-(2′-deoxyuridinyl)methyl radical (1) was flanked by
pyrimidines than purines. We attribute this to more efficient intrastrand cross-link formation
when 1 is flanked by purines. Addition of 1 (and the analogous radical generated from 5-
methyl-2′-deoxycytidine, 23) to the C8-position of dG has been well studied, and the
subsequently formed tandem lesions are biologically significant.43–45 In contrast, tandem
lesions resulting from addition of 1 or 23 to an adjacent pyrimidine have been observed less
frequently and are not as well studied.46,47 Although it is unknown if this is due to a slower
rate constant for addition by the radicals to pyrimidines than to purines, such a scenario is
consistent with the
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phenomenological observations reported in the literature.

The maximum ICL yield and cross-linking rate constants were uncorrelated. ICL formation
was the fastest when the radical (1) was flanked by dC, and it was not possible to accurately
measure kICL when dA was the flanking nucleotide because the yield was already too low in
the absence of thiol to accurately measure the change in the product as a function of thiol
concentration. The reactivity of 5-(2′-deoxyuridinyl)methyl radical (1) was in contrast to that
of 4, whose rate constants for ICL formation were greater when flanked by pyrimidines, but
produced comparable yields of cross-links in all sequences.20 Regardless, the most significant
observation is that kICL is within the range of the rate constant that one would expect for
nucleotide flipping, and is consistent with the previous proposal that isomerization of the
radical into the syn-conformation is the rate determining step in ICL formation from 1.15,39–
41

Conclusions
NMR analysis of synthetic oligonucleotides containing 13C- and 15N-labels have provided
definitive proof for the kinetic product (5) formed by a novel DNA radical cross-linking
reaction. The NMR experiments also prove that the same product is produced via an oxidative
pathway and that the initially formed product isomerizes to the thermodynamic cross-link
(6b) via an associative mechanism in duplex DNA. The mechanism of the rearrangement is
distinct from that involving o-quinone methides and suggests that the cross-links produced via
2 will be chemically robust.34 The irreversible nature of this cross-linking reaction suggests
that it will be useful for kinetically trapping molecules in its vicinity. In this regard kinetic
experiments suggest that radical reactions will be influenced by the rate constant for
isomerization about the glycosidic bond and that the reactivity of methide like species (4) is
controlled by the rearomatization driving force. Knowledge of the mechanistic aspects of this
chemistry will be useful in developing applications of the phenyl selenide precursor (2), as
well as in the design of molecules with similar reactivity.20,21
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Figure 1.
NMR analysis of the reaction of 11 (13C5-2) and 12 (15N1-dA) in the presence of NaIO4. (A,
B): 2D H2, N1 HSQC of the crude reaction mixture acquired in high resolution (0.47 Hz/pt)
in the 15N dimension, in the presence (A) and absence (B) of 13C-decoupling in the 15N
dimension. The peaks marked with a ‘*’ in (A) and (B) belong to unreacted starting material.
The contour thresholds are not identical in (A) and (B). (C) 1-D HSQC of HPLC purified
14a following rearrangement induced by piperidine.
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Figure 2.
NMR analysis of the reaction of 8 in the presence of NaIO4. (A, B): 2D H2, N1 HSQC of the
crude reaction mixture acquired in high resolution (0.47 Hz/pt) in the 15N dimension, in the
presence (A) and absence (B) of 13C-decoupling in the 15N dimension. Peaks belonging to
unreacted starting material are not shown. The contour thresholds are not identical in (A) and
(B).
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Figure 3.
NMR analysis of 14b obtained following enzyme digestion of the cross-linked product
produced in the reaction of 8 with NaIO4. 1H-15N HSQC of the crude reaction mixture in 95:5
H2O/D2O NaOAc buffer (10 mM, pH 5.0), acquired in low resolution in the 15N dimension
(20.0 Hz/pt), showing a cross peak between the exocyclic H6 proton and N6 nitrogen.
The 15N excitation frequency was positioned at 80 ppm and the HSQC parameters was
optimized to detect the one-bond JHN coupling constant (90 Hz).
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Figure 4.
Observed rate constant for the growth of 15 upon reaction with monomeric 4 as a function of
azide concentration.
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Scheme 1.
Cross-link formation via radical and oxidative mechanisms.
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Scheme 2.
Alternative pathways for cross-link formation.

Ding et al. Page 16

J Am Chem Soc. Author manuscript; available in PMC 2009 December 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 3.
Structure and mechanism elucidation using isotopic labeling.

Ding et al. Page 17

J Am Chem Soc. Author manuscript; available in PMC 2009 December 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 4.
Mechanistic distinction using double isotopic labeling.
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Scheme 5.
Cross-linking of isotopically labeled monomers.
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Scheme 6.
Dissociative, reversible alkylation by an o-quinone methide.
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Table 1
The effect of flanking sequence on interstrand cross-link formation from 5-(2′-deoxyuridinyl)methyl radical (1).

kICL × 10−3 (s−1)a

BME GSH Max. ICL Yd. (%)
b

5′-d(AGA TGG AC17 CAG GTA C)
3′-d(TCT ACC TG A GTC CAT G)
18

5.4 ± 0.7 5.4 ± 1.3 17.0 ± 0.4

5′-d(AGA TGG AC2 CAG GTA C)
3′-d(TCT ACC TGA GTC CAT G)
19

4.7 ± 0.7 5.8 ± 1.0 15.7 ± 0.2

5′-d(AGA TGG AG2 GAG GTA C)
3′-d(TCT ACC TCA CTC CAT G)
20

1.5 ± 0.1 n.d. 11.3 ± 1.0

5′-d(AGA TGG AT2 TAG GTA C)
3′-d(TCT ACC TAA ATC CAT G)
21

1.2 ± 0.1 n.d. 17.5 ± 2.4

5′-d(AGA TGG AA2 AAG GTA C)
3′-d(TCT ACC TTA TTC CAT G)
22

n.d. n.d. 5.6 ± 1.0

a
Rate constants are the average of at least 2 experiments, each carried out in triplicate.

b
Carried out in the absence of thiol. Each value is the average of at least 3 measurements.
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