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Synthetically derived trimethylene interstrand DNA cross-links have been used as surrogates for the
native cross-links that arise from the 1,N2-deoxyguanosine adducts derived from R,�-unsaturated aldehydes.
The native enal-mediated cross-linking occurs in the 5′-CpG-3′ sequence context but not in the 5′-GpC-
3′ sequence context. The ability of the native enal-derived 1,N2-dG adducts to induce interstrand DNA
cross-links in the 5′-CpG-3′ sequence as opposed to the 5′-GpC-3′ sequence is attributed to the
destabilization of the DNA duplex in the latter sequence context. Here, we report higher accuracy solution
structures of the synthetically derived trimethylene cross-links, which are refined from NMR data with
the AMBER force field. When the synthetic trimethylene cross-links are placed into either the 5′-CpG-3′
or the 5′-GpC-3′ sequence contexts, the DNA duplex maintains B-DNA geometry with structural
perturbations confined to the cross-linked base pairs. Watson-Crick hydrogen bonding is conserved
throughout the duplexes. Although different from canonical B-DNA stacking, the cross-linked and the
neighbor base pairs stack in the 5′-CpG-3′ sequence. In contrast, the stacking at the cross-linked base
pairs in the 5′-GpC-3′ sequence is greatly perturbed. The π-stacking interactions between the cross-
linked and the neighbor base pairs are reduced. This is consistent with remarkable chemical shift
perturbations of the C5 H5 and H6 nucleobase protons that shifted downfield by 0.4-0.5 ppm. In contrast,
these chemical shift perturbations in the 5′-CpG-3′ sequence are not remarkable, consistent with the
stacked structure. The differential stacking of the base pairs at the cross-linking region probably explains
the difference in stabilities of the trimethylene cross-links in the 5′-CpG-3′ and 5′-GpC-3′ sequence contexts
and might, in turn, account for the sequence selectivity of the interstrand cross-link formation induced
by the native enal-derived 1,N2-dG adducts.

Introduction
Acrolein, crotonaldehyde, and 4-hydroxynonenal (4-HNE) are

endogenous byproducts of lipid peroxidation, arising as a
consequence of oxidative stress (1–4). Acrolein and crotonal-
dehyde exposures also occur from exogenous sources, for
example, cigarette smoke (5) and automobile exhaust (6). These
enals react with DNA nucleobases to give exocyclic adducts;
they also react with proteins (7). The addition of these enals to
dG involves Michael addition of the N2-amine to give N2-(3-
oxopropyl)-dG adducts, followed by cyclization of N1 with the
aldehyde, yielding the corresponding 1,N2-dG products 1. When
placed opposite 2′-deoxycytosine in duplex DNA, these exo-
cyclic 1,N2-dG adducts typically undergo ring opening to the
N2-(3-oxopropyl)-dG aldehydes 2 [for a recent review, see
Minko et al. (8)]. The latter induce N2-dG:N2-dG interstrand
cross-links in the 5′-CpG-3′ sequence context but not in the
5′-GpC-3′ sequence context (9–11) (Scheme 1) [for a recent
review, see Stone et al. (12)]. These cross-links exist as
equilibrium mixtures of carbinolamines and imines in which
the carbinolamines predominate (12–14).

The solution structure of the acrolein-derived (R)-γ-hydroxy-
trimethylene cross-link has been determined in the 5′-CpG-3′

sequence context (15). The carbinolamine was the major cross-
link species, constituting 80-90% of the cross-link. The imino
resonances of the cross-linked pairs were observed at 65 °C,
indicating that this cross-link thermally stabilizes the DNA
duplex with respect to melting. Additionally, for the 5′-neighbor
G·C base pair, the guanine imino resonance remained sharp at
55 °C but broadened at 65 °C. In contrast, for the 3′-neighbor
A·T base pair, the thymine imino resonance was severely
broadened at 55 °C. Structural refinement indicated that the (R)-
γ-hydroxytrimethylene linkage maintained the two cross-linked
base pairs with minimal structural perturbations. The (R)-γ-
hydroxytrimethylene linkage was located in the minor groove.
The two guanine amino nitrogen atoms were in the gauche
conformation with respect to the linkage, which maintained
Watson-Crick hydrogen bonding of the cross-linked base pairs.
The anti conformation of the carbinol hydroxyl group with
respect to CR of the tether minimized steric interactions and,
more importantly, allowed the formation of a hydrogen bond
between the carbinol hydroxyl and the cytosine O2 atom located
in the 5′-neighboring G·C base pair. It was proposed that this
hydrogen bond may, in part, explain the thermal stability of
this carbinolamine interstrand cross-link and the stereochemical
preference for the (R)-configuration of the cross-link (15).

Previously, DNA duplexes containing the 5′-CpG-3′ or 5′-
GpC-3′ sequence contexts were cross-linked with fully reduced
trimethylene tethers (Scheme 2). This simulated the chemically
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labile acrolein-derived (R)-carbinolamine cross-link and struc-
turally similar cross-links arising from other enals (16, 17). The
preferential formation of the interstrand cross-link in the 5′-
CpG-3′ sequence as compared to the 5′-GpC-3′ sequence was
attributed to the longer distance between the two N2-dG atoms
in the 3′-direction than in the 5′-direction, accompanied by
greater destabilization of the DNA duplex by the cross-link in
the 5′-GpC-3′ sequence (16, 17). However, the structural
refinements of the two fully reduced cross-linked duplexes
(16, 17) indicated greater perturbations of Watson-Crick
hydrogen bonding of the cross-linked base pairs than was
observed for the acrolein-derived (R)-γ-hydroxytrimethylene
cross-link in the 5′-CpG-3′ sequence (15).

Because the reduced trimethylene interstrand DNA cross-links
provide important and chemically stable surrogates for the labile
native carbinolamine cross-links that arise from the 1,N2-
deoxyguanosine adducts, we have re-evaluated the earlier
structures of the reduced cross-links (16, 17) using a more robust
rMD protocol. The new protocol models solvation and includes
additional restraints for Watson-Crick hydrogen-bonding in-
teractions. The resulting more accurate structures of the fully

reduced interstrand cross-links in both the 5′-CpG-3′ and the
5′-GpC-3′ sequence contexts show decreased perturbations in
Watson-Crick hydrogen bonding as compared to the earlier
structures (16, 17) and agree well with the refined structure of
the (R)-carbinolamine cross-link (15), suggesting that the fully
reduced trimethylene cross-links do serve as reliable structural
models for the labile carbinolamine cross-links. The differential
stabilities of the cross-links in the 5′-CpG-3′ and in the 5′-GpC-
3′ sequence contexts are attributed to differential stacking
interactions at the cross-linked region.

Materials and Methods

Oligodeoxynucleotides. The cross-linked oligodeoxynucleotides
were prepared by the reactions of the halopurine-containing 8-mers
5′-d(AGGCZCCT)-3′ or 5′-d(TCCZCGGA)-3′; Z ) 2-fluoro-O6-
(trimethylsilylethyl)-2′-deoxyinosine, with diaminopropane to form
the monoadducted 8-mers. Reaction with additional halopurine-
containing 8-mers yielded cross-links (16, 17).

NMR Data. The oligodeoxynucleotides containing the interstrand
trimethylene cross-links were dissolved in 10 mM sodium phosphate
buffer containing 0.1 M NaCl and 50 µM Na2EDTA (pH 7.1). For
observation of nonexchangeable resonances, samples were dissolved
in 0.6 mL of D2O, giving a 2 mM concentration of the duplex. For
assignments of water-exchangeable protons, the samples were
dissolved in a 9:1 H2O/D2O buffer of the same composition as that
above. Spectra were referenced to an internal standard of TSP.
Spectra were recorded at a 1H frequency of 500.13 MHz. The NMR
data were previously reported (16, 17).

Restraints. The NOE distance restraints and torsion angles for
backbone angles δ and ε for the trimethylene cross-links in the
5′-CpG-3′ and 5′-GpC-3′ sequence contexts were obtained from
the earlier NMR data (16, 17). Additional empirical backbone
torsion angle restraints derived from the canonical structure of
B-DNA (18) were used for backbone torsion angles R, �, γ, and
φ, except that these empirical torsion angle restraints were not used
at the cross-linked and the terminal base pairs. Empirical distance
restraints were also used to maintain Watson-Crick hydrogen
bonding and to prevent excessive propeller twisting of the base
pairs, again with the exception of the cross-linking site and at the
terminal base pairs.

rMD Calculations. The trimethylene cross-links were con-
structed using Insight II. Starting structures were generated from
both A- and B-DNA. Furthermore, for both A- and B-DNA starting
structures, two starting structures were utilized for the trimethylene
tether. Substituting the hydrogen-bonded amino protons of the cross-

Scheme 1. Formation of the Native Carbinolamine
N2-dG:N2-dG Interstrand Cross-Links by Enal-Derived

Exocyclic 1,N2-dG Adducts in the 5′-CpG-3′ Sequence in
Duplex DNAa

a The native cross-link is in equilibrium with the corresponding imine
and can be reduced to the chemically stable trimethylene cross-link.

Scheme 2. Numbering Schemes of the Synthetically Derived
Trimethylene Interstrand Cross-Linksa

a Both sequences are self-complementary. X and Y represent the N2-
cross-linked 2′-deoxyguanosines. (A) The 5′-CpG-3′ sequence, (B) the 5′-
GpC-3′ sequence, and (C) the trimethylene tether.
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linked guanines with the trimethylene tether created the first, while
the second set was created by replacing the nonhydrogen-bonded
amino protons with the trimethylene tether. The partial charges on
the trimethylene tether were obtained from density function theory
(DFT) calculations using a neutral total charge, utilizing the B3LYP/
6-31G* basis set and the program GAUSSIAN (19). To obtain the
A-form and B-form starting structures that were used for subsequent
restrained molecular dynamics (rMD) calculations, these A-form
or B-form modified duplexes were energy minimized using 200
iterations with the conjugate gradients algorithm, in the absence of
experimental restraints.

Twenty sets of randomly seeded rMD calculations (10 from each
A type and 10 from each B type DNA starting structure) were
conducted using the program AMBER (v 9.0) (20) and the parm99
force field. The Hawkins, Cramer, Truhlar pairwise generalized
Born (GB) model (21, 22) was used to simulate implicit waters.
The parameters developed by Tsui and Case (23) were used. The
cutoff radius for nonbonding interactions was 18 Å. The restraint
energy function contained terms describing distance and torsion
angle restraints, both in the form of square well potentials. Bond
lengths involving hydrogens were fixed with the SHAKE algorithm
(24). A 1000-step energy minimization was performed with an
integrator time of 1 fs without experimental restraints, followed
by a 100000-iteration simulated annealing protocol with an integra-
tor time step of 1 fs. The system was heated to 600 K in 5000
iterations and kept at 600 K for 5000 iterations and then cooled to
100 K with a time constant of 4.0 ps over 80000 iterations. A final
cooling was applied to relax the system to 0 K with a time constant
of 1.0 ps over 10000 iterations. The force constants of the restraints
were scaled from 3.2 to 32 kcal mol-1 Å-2 during the first 10 ps
and were maintained at 32 kcal mol-1 Å-2 for the remainder of the
calculations. Convergence was assessed for structures having the
lowest number of deviations from the experimental distance and
dihedral restraints, lowest van der Vaals energies, and the lowest
overall energies. Finally, the 20 refined structures were energy
minimized for 250 iterations without restraints and then averaged
to obtain the final structures. Helicoidal analyses were carried out
with the program 3DNA (25).

Results

Structure of the Trimethylene Cross-Link in the 5′-CpG-3′
Sequence. Figure 1A shows an expanded view of the average
structure at the cross-linked and neighbor base pairs from the
minor groove. The trimethylene cross-link maintained Watson-
Crick hydrogen bonding throughout the duplex. The individual
structures emergent from the rMD calculations were similar and
independent of A- vs B-DNA starting structures, as suggested
by pairwise root-mean-square deviation (rmsd) values less than
1.0 Å. The rMD-generated structures exhibited greater similarity
to canonical B-DNA. As compared to the starting A- and
B-DNA structures, the average rmsd values were 3.6 and 2.1
Å, respectively.

The rMD calculations generated two asymmetric conforma-
tions for the trimethylene tether. Figure 2A displays one of the
conformations in which the C� orients toward the 5′-
d(A9G10G11C12Y13C14C15T16)-3′ strand. In the other conforma-
tion, C� orients toward the 5′-d(A1G2G2C3X4C5C6T8)-3′ strand.
Because the DNA sequence is self-complementary, these two
conformations are identical by rotating the DNA duplex 180°.
Thus, the calculated average structure exhibited pseudodyad
symmetry, consistent with the NMR spectroscopy of this self-
complementary duplex (16). Figure 2B shows the Newman
projection viewed along the CR-C� bond. The conformation
was similar to the symmetric U-conformation proposed by
Dooley et al. (16). In that conformation, the cross-linked X5 N2

overlaps with Cγ. In contrast, our present study indicates that
X5 N2 is in the gauche conformation with expect to Cγ, which
reduces steric hindrance in the 5′-CpG-3′ cross-link.

The experimentally determined δ and ε angles (16) were
compared with the backbone torsion angles of the average
structure emergent from the rMD calculations. They agreed with
the average structure. Except at the cross-linked and the terminal
base pairs, these torsion angles were consistent with B-DNA
geometry. The � glycosyl torsion angles of all nucleotides
adopted the anti conformation. With regard to deoxyribose
pseudorotation, the sugar puckers in the average structure were
either C1′-exo, C2′-endo, C3′-exo, or O4′-endo.

Figure 3A,B displays the base stacking at the cross-linked
base pairs. The cross-linked C4·Y13 and X5·C12 base pairing was
normal, whereas they stacked with the neighbor G3·C14 or C6·G11

Figure 1. Expanded views of the trimethylene cross-links from the
minor groove: (A) in the 5′-CpG-3′ sequence context and (B) in the
5′-GpC-3′ sequence context. Blue and red sticks represent the nucleotide
and the tether, respectively.

Figure 2. Conformations of the trimethylene tether: (A) in the 5′-CpG-
3′ sequence context and (B) Newman projection of the tether viewed
along the CR-C� bond in the 5′-CpG-3′ sequence context. The cross-
linked X5 N2 is in gauche conformation with respect to Cγ. (C) In the
5′-GpC-3′ sequence context and (D) Newman projection of the tether
viewed along the CR-C� bond in the 5′-GpC-3′ sequence context. The
cross-linked X4 N2 is in half-gauche orientation with respect to Cγ;
steric hindrance exists.
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base pairs in a pattern different from canonical B-DNA.
Helicoidal analysis revealed that with the exception of roll, twist,
inclination, and H-twist of the cross-linked base pairs, all other
base pair parameters agreed with those of canonical B-DNA
(26). The roll, twist, inclination, and H-twist of C4·Y13 and X5·C12

base pairs were 10.4, 8.8, 49.8, and 13.6°, respectively. As
compared with those of B-DNA, they were remarkably shifted
9.8, -27.2, 47.7, and -22.9°, respectively.

Structure of the Trimethylene Cross-Link in the 5′-GpC-
3′ Sequence. Figure 1B shows an expanded view of the average
structure at the cross-linked and the neighbor base pairs from
the minor groove. The 20 refined structures were similar, as
suggested by pairwise rmsd values of less than 1.0 Å. The
structures were compared with the starting A- and B-DNA
model structures. The average rmsd values were 3.2 and 1.9 Å,
respectively, suggesting that these rMD-generated structures
were more similar to the canonical B-DNA structure. The
trimethylene cross-link maintained Watson-Crick hydrogen
bonding throughout the sequence.

Figure 2C,D displays the conformation of the trimethylene
tether and the Newman projection viewed along the CR-C�

bond. The tether adopted the symmetric “skew U” conformation
(16). The X4 N2 atom was in the half-gauche conformation with
respect to the Cγ of the trimethylene tether. The dihedral angles
of HR1-CR-C�-H�1, HR1-CR-C�-H�2, and HR2-CR-C�-H�1

were 35, -80, and 151°, respectively. They agreed with the 3J
coupling constants of HR(γ)-H� (6, 0.5, and 8.5 Hz) (note that
HR1, HR2, and H�1 are magnetically equal to Hγ1, Hγ2, and H�2,
respectively) (17). The average structure exhibited pseudodyad
symmetry, consistent with the NMR spectroscopy of the self-
complementary duplex.

The experimental δ backbone torsion angles were compared
with the average structure. These agreed with those of the
average structure. Except for the cross-linked and the terminal
base pairs, these torsion angles agreed well with the B-DNA
geometry. All nucleotides adopted the anti conformation about
the glycosyl torsion angle. The torsion angles of the deoxyri-
boses of the average structure were compared with experimental
data of the 5′-GpC-3′ cross-link. The experimental torsion angles
agreed with those of the average structure. Consistent with the
B-DNA geometry, the sugar puckers were either C1′-exo, C2′-
endo, or O4′-endo.

Figure 3C,D displays the base stacking at the cross-linked
base pairs. The cross-linked X4·C13 and C5·Y12 base pairs were

normal, whereas the neighboring C3·G14 and G6·C11 base pairs
exhibited minimal overlapping with the cross-linked X4·C13 or
C5·Y12 base pairs. Except for the propeller twist of the cross-
linked base pairs, all other helicoidal base pair parameters agreed
with those of B-DNA (26). The propeller twisting of the X4·C13

and C5·Y12 base pairs was 11° and 10°, respectively, representing
23° and 22° shifts as compared with canonical B-DNA,
indicating that the cross-linked X4·C13 and C5·Y12 base pairs were
not parallel to the neighboring C3·G14 and G6·C11 base pairs.
The interference of the base stacking at the cross-linked region
was consistent with the remarkable chemical shift perturbations
of the C5 aromatic protons (17). As compared to the unmodified
duplex, C5 H5 and H6 shifted downfield by 0.4-0.5 ppm. The
chemical shifts were comparable to those of deoxycytidine,
suggesting that ring current effects arising from stacking of the
neighboring bases was minimal. This was consistent with the
observation that the X4·C13 and C5·Y12 base pairs exhibited
minimal stacking with the neighboring C3·G14 or G6·C11 base
pairs (Figure 3C).

Discussion

In duplex DNA, when placed opposite dC, the acrolein
derived γ-OH-1,N2-propano-2′-deoxyguanosine adduct 1 ring
opens to N2-dG aldehyde adduct 2 and induces the carbinolamine
interstrand cross-link 4 in the 5′-CpG-3′ sequence, whereas it
does not in the 5′-GpC-3′ sequence (10). Dooley et al. (16, 17)
used the synthetically derived trimethylene cross-links 6 to
simulate the labile carbinolamine cross-links. Whereas the 5′-
CpG-3′ cross-link increased the Tm of the duplex by 30 °C, the
5′-GpC-3′ cross-link reduced the Tm of the duplex by 10 °C.
The more accurate solution structures refined with the AMBER
force field in this work now augment our understanding of why
cross-linking prefers the 5′-CpG-3′ sequence context.

Trimethylene Cross-Link in the 5′-CpG-3′ Sequence.
Dooley et al. (16) reported NMR data of the trimethylene cross-
link in the 5′-CpG-3′ sequence. However, the Dooley et al. (16)
structure suggested that the trimethylene tether of the cross-
link adopted an unwound W-conformation that destroyed the
B-DNA geometry by forming a bulge at the cross-linked base
pairs. The two cross-linked guanines were in the same plane.
The Watson-Crick proton of the guanine exocyclic amino group
was replaced by the trimethylene tether, and moreover, hydrogen
bonding and stacking of the base pairs were missing throughout
the structure (16). This was inconsistent with the sharp imino
resonances and their NOE cross-peaks arising from Watson-
Crick hydrogen bonding and with the complete NOE connectiv-
ity of aromatic H6/H8 protons with deoxyribose H1′ protons
(16), consistent with the B-DNA-like geometry of the refined
structure presented here.

The present recalculation provides an improved depiction of
the structure. The duplex maintains B-DNA geometry with
minimal perturbations located at the cross-linked base pairs
(Figure 1A). The present calculations show that the interstrand
cross-link conserves Watson-Crick hydrogen bonding through-
out the duplex, in agreement with the observation of X5 N1H
f X5 N2H, X5 N1Hf C4 N4H2, G3 N1Hf C6 N4H2, G2 N1H
f C7 N4H2, and G3 N1H f X5 N1H NOE correlations (16).
Notably, the X5 H8 f C4 H1′ NOE correlation was weakened
(16). Consistently, the distance between these two atoms in the
present rMD structure is 5.3 Å. As compared with the unmodi-
fied duplex, large chemical shift perturbations were reported
for the C4 H2′ and H2′′ protons (16), which are consistent with
the structure of the cross-linked C4·Y13 and X5·C12 base pairs
(Figure 1A). The trimethylene tether protons exhibited NOE

Figure 3. Base stacking of the cross-linked and the neighbor base pairs:
(A and B) in the 5′-CpG-3′ cross-link and (C and D) in the 5′-GpC-3′
cross-link. Blue sticks represent the trimethylene tether.
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interactions with C6 H1′ (16). Consistently, the corresponding
atom distances in the present calculations are 2.6, 3.4, and 4.8
Å, respectively. In agreement with the corresponding atom
distances in the refined structure, the trimethylene tether also
exhibited strong NOEs with X5 N2H and medium NOEs with
X5 N1H (16). Collectively, these results suggest that the average
structure provides an accurate depiction of the NMR data.

Trimethylene Cross-Link in the 5′-GpC-3′ Sequence.
Dooley et al. (17) also reported NMR data of the synthetically
derived trimethylene cross-link in the 5′-GpC-3′ sequence. In
their structure, the trimethylene tether adopted the “Skew U”
conformation. The B-DNA geometry was destroyed. The
Watson-Crick proton of the guanine exocyclic amino group
was replaced by the trimethylene tether. The hydrogen bonding
and stacking of the base pairs were missing throughout the
duplex. This structure was inconsistent with their observation
of a complete NOE connectivity of aromatic H6/H8 protons
with the deoxyribose H1′ protons, suggesting that the cross-
link maintained B-DNA type geometry (17).

The recalculation provides a more accurate depiction of the
structure. The duplex maintains B-DNA geometry with pertur-
bations located at the cross-linked base pairs (Figure 1B). This
is consistent with the complete NOE connectivities of the base
H6/H8 protons with deoxyribose H1′ protons (17). The pres-
ervation of Watson-Crick hydrogen bonding agrees with the
observation of sharp imino resonances and their NOE interac-
tions (17). In contrast to the 5′-CpG-3′ sequence, in the 5′-GpC-
3′ sequence, the C5 H6 f X4 H1′ NOE correlation was not
weakened (17). Consistently, the distance of these two atoms
in the new refined structure is 3.1 Å. As compared with the
B-DNA duplex, the cross-linked X4·C13 and C5·Y12 base pairs
are perturbed (Figure 1B). This explains the large chemical shift
perturbations observed for the C5 H5, H6, H1′, and H2′
resonances (17). Significantly, the interstrand cross-link con-
serves Watson-Crick hydrogen bonding in the average struc-
ture, also agreeing with the observation of the X4 N1H f X4

N2H, X4 N1Hf C5 N4H2, G6 N1Hf C3 N4H2, G7 N1Hf C2

N4H2, G6 N1H f X4 N1H, and G6 N1H f G7 N1H NOE
correlations. The distances between the trimethylene protons
and X4 N1H, N2H in the average structure also agree with the
NOEs of the trimethylene with X4 N1H and N2H. In addition,
the torsion angle of the trimethylene protons is consistent with
the experimental 3J coupling constants. Collectively, these
observations suggest that the average structure provides an
accurate depiction of the NMR data.

Structure-Stability Relationship of the Trimethylene
Cross-Links. Normally, interstrand cross-links increase the
stability of the DNA duplex. The refined structures show that
both cross-links maintain B-DNA geometry; however, the
stacking at the cross-linked base pairs varies (Figure 3). The
cross-linked C4·Y13 and X5·C12 base pairs incline toward each
other in the 5′-CpG-3′ sequence context. Although different from
the stacking pattern of canonical B-DNA, the cross-linked base
pairs maintain π-stacking interactions with the neighbor base
pairs (Figure 3A,B). In contrast, because the distance of two
guanine N2 atoms in the 5′-GpC-3′ sequence context is too long
for the 3-carbon trimethylene tether, the cross-linking forces
the cross-linked guanines to tilt toward each other. As compared
with canonical B-DNA, the cross-link induces significant
propeller twisting. Consequently, C3·G14 and G6·C11 base pairs
are not parallel (Figure 1B) and barely overlap with the X4·C13

or C5·Y12 base pairs, respectively (Figure 3C). No π-stacking
interaction exists between C3·G14 and X4·C13 or between C5·Y12

and G6·C11. The chemical shift perturbations of both trimethylene

interstrand cross-links as compared to the unmodified duplexes
have been reported (16, 17). The NMR data are in agreement
with the present structures showing differential base-stacking
interactions for these two trimethylene interstrand cross-links.
The chemical shifts of H5 and H6 of C5 and C13 in the 5′-GpC-
3′ sequence are comparable with those in the deoxycytidine,
suggesting that the ring current effect of the neighboring bases
is minimal due to the base stacking perturbation. In contrast,
these chemical shift perturbations in the 5′-CpG-3′ sequence
are not remarkable, consistent with the stacked structure. Base
stacking rather than base pairing is the main stabilizing factor
in the DNA duplex (27–29). Consistently, as compared with
the unmodified DNA duplex, the trimethylene cross-link
stabilizes the 5′-CpG-3′ duplex, whereas it destabilizes the 5′-
GpC-3′ duplex. In addition, to form the cross-link, the trim-
ethylene tether in the 5′-GpC-3′ sequence places X4 N2 and Cγ

or Y12 N2 and CR in the half-gauche conformation and increases
steric hindrance (Figure 2D), which may further destabilize the
interstrand cross-link. Because the trimethylene cross-links in
both 5′-CpG-3′ and 5′-GpC-3′ sequence contexts do not induce
significant bending (16, 17), we conclude that the stability
difference of these cross-links is mainly attributed to the
differential stacking interactions at the cross-linked region. The
ability of the enal-derived 1,N2-dG adducts to induce interstrand
cross-links in the 5′-CpG-3′ sequence and the inability to induce
cross-links in the 5′-GpC-3′ sequence suggest that the formation
of the cross-link in the 5′-GpC-3′ sequence is thermodynamically
unfavorable.

Comparison with R-Carbinolamine Cross-Link. The struc-
tures of the acrolein-derived (R)-carbinolamine interstrand cross-
link (15) and the trimethylene cross-link in the 5′-CpG-3′
sequence are similar. In both, the cross-linked guanine N2 atoms
are in the gauche orientation with respect to the tether.
Importantly, the γ-hydroxyl group of the (R)-carbinolamine
cross-link is critical for cross-link formation. It is positioned to
form a hydrogen bond with the 5′-cytosine neighboring the
cross-linked base pairs. The conformation of the trimethyl tether
also allows the hydrogen bond if the corresponding Hγ is
substituted by a hydroxyl group to produce the (R)-γ-hydroxy-
trimethylene tether. The conformational similarity of these two
cross-links indicates that the trimethylene interstrand cross-links
represent adequate models of the carbinolamine cross-links
induced by the enal-derived 1,N2-dG adducts.

Comparison with r-Methyltrimethylene Cross-Links. Cho
et al. (30) reported structures of N2-dG:N2-dG interstrand cross-
links bridged by stereoisomeric R-methyltrimethylene tethers in
the 5′-CpG-3′ sequence context. The cross-links maintain B-DNA
geometry with small perturbations located at the cross-linked
region. The cross-linked base pairs are placed in proximity to each
other. However, to minimize the steric hindrance of the R-methyl
group, the orientation of the (R)-tether disfavors the formation of
the hydrogen bond needed to stabilize the carbinolamine interstrand
cross-link. The small structural difference explains the reduced
ability of the crotonaldehyde-derived 1,N2-dG adducts to produce
interstrand cross-links in the 5′-CpG-3′ sequence as compared to
acrolein adduct (10).

Comparison with Interstrand Cross-Links Containing
4-Carbon Tethers. Norman et al. (31) reported the structure
of the N2-dG:N2-dG interstrand cross-link in the 5′-CpG-3′
duplex linked by mitomycin C, and Fagan et al. (32) reported
the structure of the N2-dG:N2-dG interstrand cross-link linked
by distamycin-pyrrole. The cross-linked base pairs of these
cross-links maintain Watson-Crick hydrogen bonding. The
DNA duplexes undergo small structural perturbations. The
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distamycin-pyrrole cross-link induces a buckle in the opposite
direction of the cross-linked dX·dC base pairs that results in
the cross-linked guanines coming close to each other and
decreases the helical twist at the lesion site. As compared with
canonical B-DNA, the base pairs of the 3-carbon trimethylene
cross-link are also located in proximity to each other. In contrast
to these 4-carbon interstrand cross-links, the increased proximity
of the cross-linked base pairs in the trimethylene cross-link is
due to the inclination of the cross-linked base pairs. This may
be the result of the 3-carbon trimethylene tether being still not
long enough to bond two guanines in the 5′-direction; thus, a
larger structural perturbation is required to form the cross-link.

Structures Deposited in RCSB Protein Data Bank. The
cross-link in the 5′-CpG-3′ sequence is PDB ID 2KNK. The
cross-link in the 5′-GpC-3′ sequence is PDB ID 2KNL.

Summary

The structures of interstrand cross-links bridged by trim-
ethylene tethers were refined. In either 5′-CpG-3′ or 5′-GpC-
3′ sequence contexts, the B-DNA duplex is minimally
perturbed at the cross-linking region. Watson-Crick hydro-
gen bonding is conserved throughout the sequences. The
stability difference of the cross-links in the 5′-CpG-3′ and
5′-GpC-3′ sequence contexts is attributed to differential
stacking interactions at the cross-linked region, which might
be responsible for the sequence-dependent formation of
interstrand cross-links induced by the enal-derived γ-OH-
1,N2-propano-2′-deoxyguanosine adducts.
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