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ABSTRACT: The solution structure of an interstrand cross-linked self-complementary oligodeoxynucleotide
containing directly opposed alkylated N4C-ethyl-N4C cytosine bases was determined by molecular
dynamics calculations guided by NMR-derived restraints. The undecamer d(CGAAAC*TTTCG)2, where
C* represents directly opposed alkylated N4C-ethyl-N4C cytosine bases, serves as model for the cytotoxic
cross-links formed by bifunctional alkylating agents used in cancer therapy. The structure of the duplex
shows the cross-link protruding into the major groove. An increase in the diameter of the DNA at the
pseudoplatform formed by the cross-linked residues creates an A-DNA characteristic hole in the central
portion of the DNA. This results in a centrally underwound base step and a number of subsequent
overwinding steps leading to an overall axis bend toward the major groove. The structure shows narrowing
of both minor and major grooves in the proximity of the cross-link. The perturbation leads to preferential
intrastrand base stacking, disruption of adjacent canonical (A‚T) base pairing, and buckling of base pairs,
the extent of which diminishes with progression away from the lesion site. Overall, the distortion induced
by the cross-link spreads over three base pairs on the 5′- and 3′-sides of the cross-link.

Bifunctional alkylating agents such as cyclophosphamide,
melphalan, bischloroethylnitrosourea (BCNU), and cisplatin
are among the most widely used therapeutics in the clinical
management of cancer. The cytotoxicity of these agents is
thought to be due to formation of DNA interstrand cross-
links which thereby prevent strand separation during tran-
scription and replication (1). Recent studies have suggested
that cancer cells resistant to these agents have an improved
capacity to repair interstrand cross-links (2). Since the
development of resistance is one of the primary reasons for
treatment failure, a better understanding of the processes by
which such DNA lesions are recognized and repaired could
lead to the development of more effective alkylating agents.

A number of different mechanisms have been proposed
to play a role in the repair of DNA interstrand cross-links
(3-11). However, it is not clear what lesion-induced changes
in the structure and/or dynamics trigger lesion recognition

and the subsequent selection and implementation of ap-
propriate repair pathways. These types of studies have been
hindered by the difficulty in preparing purified, stable cross-
links amenable to physicochemical and structural analysis.
A few laboratories have been successful in preparing nitrogen
mustard (12-15) and cisplatin (16-20) cross-links, and their
results have provided valuable insight into cross-link-induced
structural perturbations. However, studies delineating struc-
tural alterations and DNA repair in relation to systematic
changes in both the nucleotide base sequence and the
chemistry of the cross-link are lacking. By de novo synthesis
of cross-linked duplexes employing solid phase methods, we
have succeeded in preparing stable cross-links as models for
therapy-induced lesions (21-24). This communication re-
ports our initial investigations into the solution structure of
one such model. In parallel studies, the susceptibilities of
these model duplexes to recognition and repair are being
evaluated.

Here we report an NMR solution structure study of
the self-complementary undecamer deoxyoligonucleotide
d(CGAAAC*TTTCG)2 containing the N4C-ethyl-N4C
interstrand cross-link (Figure 1a,b). This cross-link mimics
the BCNU-induced G-C cross-link and the C-C cross-link
that results from treatment with mechlorethamine (25).
Preliminary studies suggest that this cross-link lesion can
be repaired byEscherichia coliand Saccharomyces cere-
Visiae. Our results illustrate structural features that could
allow recognition of this DNA duplex by different repair
apparatus.
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MATERIALS AND METHODS

The synthesis by solid phase methods of short DNA
duplexes that contain an N4C-ethyl-N4C interstrand cross-
link has been described (24). The NMR sample (2 mM in
single-strand concentration) was prepared by dissolving it
in 0.3 mL of buffer containing 10 mM sodium phosphate
(pH 7.4) and 100 mM NaCl.

NMR Spectroscopy.Standard NMR experiments were
carried out on Varian Inova 500, 600, and 800 MHz
spectrometers. We recorded NOESY (200 and 60 ms) spectra
in 1H2O at 2°C and NOESY (26) (50, 100, 150, 250, and
600 ms), DQF-COSY (27), TOCSY (28) (spin-lock time of
60 ms), and1H-31P gradient HSQC (29) spectra in2H2O at
20 °C. In 1H2O, data were acquired with a jump-and-return
pulse sequence (30) and in2H2O, with Watergate suppression
of the residual water signal (31). All data sets were acquired
in a phase sensitive mode (TPPI). In1H2O, NOESY data
sets were collected with 8K complex points over a spectral
width of 20 kHz with 300t1 increments. In2H2O, NOESY
data sets were collected with 3412 complex points and 300
t1 free induction decays covering a spectral width of 9 kHz.
TOCSY spectra were recorded with 3798t2 complex points
and 256t1 increments, and the DQF-COSY spectrum was
acquired with 3468t2 complex points and 512t1 increments.
All proton chemical shifts were referenced to internal sodium
2,2-dimethyl-2-silapentane-5-sulfonate (DSS). All data sets
were processed using VNMR (Varian Instruments) and

FELIX 2000 (Accelrys Inc.). Structures were visualized and
figures prepared with Insight II (Accelrys Inc.).

Distance and Torsion Restraints.NOE cross-peaks involv-
ing exchangeable protons in NOESY spectra (50 and 200
ms mixing times) in H2O buffer were classified as strong
(strong intensity at 50 ms), medium (barely observable at
50 ms), and weak (not observable at 50 ms and observable
at 200 ms), and the observable proton pairs were restrained
to distances of 3.0( 0.6, 4.0 ( 1.0, and 5.0( 1.2 Å,
respectively. NOE buildups for nonexchangeable protons
were derived from NOESY spectra in2H2O buffer recorded
as a function of missing time (50, 100, 150, 250, and 600
ms). Distances were estimated from the initial buildup rates
within FELIX 2000. The cytosine H5-H6 interproton dis-
tance of 2.46 Å was used as a reference. The upper and lower
bounds were allowed to vary(20%. Overlapping cross-
peaks were given generous bounds (up to(40%). Atoms
participating in experimentally identified canonical base
pairing (based on NOE patterns) were restrained with dis-
tances corresponding to ideal hydrogen bond geometry (32).

The appearance of strong H1′-H2′ and very weak to no
H2′′-H3′ cross-peaks in the DQF-COSY spectrum indicates
that the most populated conformations are of the S type.
Thus,δ and the endocyclicν(0)-ν(4) torsion angles for all
nonterminal residues were moderately constrained, leaving
the sugar free to take any conformation without an energy
penalty between C4′-endoand O1′-endo, including C2′-endo.
Phosphorus chemical shifts span only the very narrow region
that is typically found for undistorted DNA. Furthermore,
no residues showed cross-peaks resulting from3JH5′-P or
3JH5′′-P, representing couplings smaller than 5 Hz. But4JH4′-P

was readily detectable. Thus,â was loosely constrained to
the trans conformation (maintaining both B and A helix
geometry), 180( 20°, andγ kept at 36( 30° (33). Dihedral
angle constraints for theε torsion angle were derived from
the observation of3JH3′-P coupling (34, 35); i.e., for residues
for which an H3′-P peak in the HSQC was clearly observed,
representing a coupling greater than 5 Hz,ε was loosely
constrained to include bothtransandgauche- conformations
(-120( 45°). The glycosidic torsion angleø was restricted
to the experimentally assignedanti disposition for all residues
(220 ( 50°). The programCURVES 5.2(36) was used to
estimate DNA conformation and helical parameters.

Distance-Restrained Molecular Dynamics Regularization.
Calculations were performed with XPLOR (37) using the
CHARMm force field (38) and adapted for restrained MD
for nucleic acids. All calculations were executed in vacuo
without explicit counterions. Sets of rMD calculations were
performed starting with Insight II-generated model structures
of B-DNA and A-DNA, and using random velocities fitting
a Maxwell-Boltzmann distribution. The empirical energy
function was developed for nucleic acids and treated all
hydrogens explicitly. It consisted of energy terms for
hydrogen bonding, and nonbonded interactions, bonds, bond
angles, torsion angles, and tetrahedral and planar geometry,
including van der Waals and electrostatic forces. The
effective function included terms describing distance and
dihedral restraints, which were in the form of square well
potentials (39). Most estimated distances from NOE data
analysis were incorporated as ambiguous restraints using the
“SUM averaging” option of XPLOR, since they could reflect
intrastrand and/or interstrand contributions. On the basis of

FIGURE 1: (a) Scheme of the self-complementary d(CGAAA-
C*TTTCG)2 duplex. The dotted lines represent hydrogen bonds,
and the wavy line represents the interstrand cross-link. (b) Chem-
ical structure of cross-linked cytosines showing mutuallycis
alkylated cytosines. (c) One-dimensional1H NMR spectrum of
d(CGAAAC*TTTCG)2 in a 1H2O solution containing 100 mM
NaCl (pH 7.4) showing the assigned imino proton signals. The
imino proton resonance of G11 is broad due to increased water
accessibility to this terminal residue.
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the 2-fold symmetry, noncrystallographic symmetry restraints
were imposed on all atoms. Planarity restraints were not used
in the computations. The simulated annealing procedure
consisted of a total of 53 ps of rMD, including heating for
7 ps from 300 to 1000 K, a 20 ps scale-up of restraints at
high temperatures, cooling to 300 K for 14 ps, and equilibra-
tion rMD for 12 ps. The temperature was controlled by
coupling the molecules to a temperature bath with a coupling
constant of 0.025 ps (40). The van der Waals term was
approximated using the Lennard-Jones potential energy
function, and bond lengths involving hydrogens were fixed
with the SHAKE algorithm (41) during molecular dynamics
calculations. Sets of 10 structures for each of the initial A-
and B-DNA species, selected on the basis of the lowest total
energy, are essentially indistinguishable from one another,
with an rmsd of<0.12 Å. Coordinates (entry 1N4B) have
been deposited in the Protein Data Bank.

RESULTS

The one-dimensional imino and aromatic proton spectrum
in 100 mM NaCl at pH 7.4 and 2°C is shown in Figure 1c.
The spectrum shows well-resolved peaks in the imino proton
and aromatic proton regions, indicating a stable structure
suitable for NMR studies. The number of peaks corresponds
to one conformer with complemetary base pairing.

Resonance Assignments. Using the information from
through-space NOE connectivities and homo- and hetero-
nuclear through-bondJ coupling connectivities, exchangeable
and nonexchangeable protons (except for some H5′/5′′
protons) of the 5′-CGAAAC*TTTCG-3′ sequence were
assigned. We did not distinguish relative assignment for H5′
and H5′′ protons.

Three sharp thymine imino proton resonances, one sharp
guanine imino proton resonance, and one broad guanine
imino proton resonance are observed in the region of 12-
13.5 ppm (Figure 1c). Assignment of the imino and amino
exchangeable protons was performed following analysis of
jump-and-return NOESY spectra with mixing times of 60
and 200 ms. Shown in Figure 2a is a 1-1 NOESY spectrum
(200 ms) depicting selected assignments for exchangeable
protons. NOEs between thymine imino protons and adenine
H2 and amino protons across A‚T base pairs and between
imino and cytosine amino and H5 protons across G‚C base
pairs are also observed. The data set is consistent with
canonical base pairing for G2‚C10, T9‚A3, and T8‚A4 base
pairs, but not for a T7‚A5 base pair. In the latter, the NOE
between T7 H3 and A5 H2 is absent. However, the dipolar
connectivities to the amino protons of A5, T7 H3‚A5 H61
and T7 H3‚A5 H62, can still be observed with a chemical
shift difference of 1.7 ppm. This could indicate that the A5
H61-T7 O4 hydrogen bond is still present, although the T7
H3-A5 N1 hydrogen bond cannot be inferred. Notably,
unlike the other imino resonance of thymine, T7 H3 shows
cross-peaks to C6 ethyl protons.

Due to broadening of G11 H1 resonances, G11 H1-C1
H41 and G11 H1-C1 H42 cross-peaks are only observed
at very low contour levels. The associated chemical shift
difference of 1.2 ppm between the amino proton resonances
of C1 indicates that canonical base pairing is maintained.
The broadness of the G11 H1 imino proton resonance of
this terminal base can be explained with the increased

accessibility of water to the hydrogen bonds forming the base
pair. The imino resonances of the cross-linked cytosine, C6
H41, were assigned due to their strong cross-peak to C6 H5
and weaker cross-peak to C6 H6. This means that N4 atoms
of the alkylated cytidine are mutually cis (Figure 1b). C6
H41 exhibits contacts to its C6 ethyl protons and T7 H3, an
indication of their proximity (Figure 2b). The well-stacked
nature of the consecutive canonical base pairs can be readily
traced through several intra- and interstrand cross-peaks:
G10 H41-C1 H41, T8 H3-A5 H2, T9 H3-A4 H2, T8 H3-
T9 H3, T8 H3-T7 H3, and T9 H3-G2 H1. The imino and
amino chemical shifts are given in Table 1.

Assignments of the H8/H6 base and H1′ sugar protons
were made through analysis of the 50 and 250 ms NOESY
spectra by established methods (42, 43) (Figure 3). We can
readily trace the sequential dipolar connectivities between
the base and its own 5′-flanking sugar H1′ protons along
individual strands as expected for right-handed DNA. With
a short mixing time (50 ms), weak H8/H6-H1′ cross-peaks
were observed, indicating that all residues areanti (when
compared to C2 H6-C2 H5 and C11 H6-C11 H5 cross-
peaks).

FIGURE 2: Selected regions from a NOESY spectrum (200 ms) in
1H2O at 2 °C and pH 7.4 with 100 mM NaCl. (a) Correlations
involving imino and amino protons. The indicated assignments are
relevant to establishing canonical base pairing. NOE correlations
between C6 H ethyl protons and C6 H41 (b) and the imino T7 H3
(c).
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The assignment of adenine A H2 protons was derived from
analysis of 250 and 600 ms NOESY spectra. When the
glycosidic bond of an adenosine is in the regularanti domain,
the intraresidue H2-H1′ distance is approximately 4.6 Å.
This distance should allow for the identification of the A
H2 signals in a canonical right-handed B-DNA duplex.
Cross-strand (i) A H2-(j + 1) N H1′ (wherei andj represent
complementary bases and N is any base) and interstrand (i)
A H2-(i + 1) N H1′ couplings may be observable with a
longer mixing time. Hence, we observe A3 H2-A3 H1′, A3
H2-C10 H1′, A4 H2-A4 H1′, and A4 H2-T9 H1′ at 600
ms. The interstrand cross-peaks are observed even at 250
ms. With this mixing time, the adenine A5 shows strong
interstrand cross-peaks (A5 H2-A5 H1′ and A5 H2-T8
H1′). In contrast to A3 H2 and A4 H2, the inter- and/or
intrastrand A5 H2-C6 H1′ cross-peak is observed.

The stereospecific assignment of individual H2′ and H2′′
protons was achieved by intensity comparison of the H1′-
H2′ and H1′-H2′′ intraresidue cross-peaks in a 50 ms
NOESY spectrum, where the former is found to be stronger
than the latter. In contrast to other nucleotides (with the
exception of C10), the chemical shift of C1 H2′ appears at
a lower field with respect to C1 H2′′. Two-dimensional
TOCSY and DQF-COSY spectral patterns indicated that
H1′-H2′ coupling constants were reasonably large (>6 Hz,
except for C10 in which measurement was precluded due to
isochronous signals). Except for the C1‚G11 terminal base
pair, the deoxyribose sugars showed weak H2′′-H3′ cross-
peaks. This observation fixes the sugar geometries to be
predominantly S-type (44), and consequently, the strand
structures may be taken to belong to the B-DNA family.
Backbone torsion angles were qualitatively examined from
a 1H-31P HSQC correlation spectrum (Supporting Informa-
tion). The phosphorus chemical shifts fall within a∼1 ppm
envelope, indicating preferential population of the canonical
BI backbone phosphate conformation.

Structural Features.A view of 10 superpositioned refined
structures of the duplex d(CGAAAC*TTTCG) is plotted in
Figure 4 and exhibits pairwise heavy atom root-mean-square
deviations (rmsds) for all residues of 0.53( 0.2. The input
and structure convergence parameters are listed in Table 2.
A representative structure is plotted in Figure 5. In Figure
5a, a skeletal view depicts the protrusion of the cross-link
into the major groove. This perturbation decreases as one
moves away from the cross-link where the structure is seen
to be compact, with bases lying in the interior of the helix
and consequently being poorly accessible to the solvent. The
right-handed self-complementary duplex with antiparallel
strands consists of A3‚T9, A4‚T8, and C10‚G2 canonical
base pairs. The anticipated canonical base pairing is disrupted
in bases adjacent to the A5-T7 cross-link.

Geometrical parameters for the solution structure of
d(CGAAAC*TTTCG) in 100 mM NaCl (pH 7.4( are shown
in Table 3. Significant distortions due to the cross-link are
observed in the base pair propeller twists, buckle, cross-strand
interphosphate (P-P), and base cross-strand (C1′-C1′)
distances,x displacement, and sugar pucker. The magnitude
of the base pair propeller twist is greater at the cross-linked
pseudoplatform and diminishes away from it. The magnitudes
of buckling between canonical base pairs follows the same
trend. Concomitantly, the interphosphate (P-P) and interbase
(C1′-C1′) distances increase for canonical base pairs. This
has a pronounced effect on thex displacement that ap-
proaches the 4 Å displacement found in A-DNA compared
to no displacement which is characteristic of B-DNA. While
classical B-DNA features a stepwise twisting of 36° for every
canonical base pair resulting in a duplex with partial
intrastrand base stacking, here we observe instead a duplex
with dramatically different twisting angles in the central 5′-
AAC*TT-3 ′ segment and preferential intrastrand base stack-
ing. The cross-link C6*-C6* mispair and the adjacent A5-
T7 pseudoplatform show only intrastrand stacking (Figure
6a) with a related right-handed A5pC6 base step twist of
∼66° (underwound by∼30°) and a C*6pT7 base step twist
of ∼32° (overwound by∼4°). The five-membered ring of
A5 stacks on C6*, as does T7. For the A5-T7 pseudo-
platform and the A4‚T8 base pair, only the pyrimidines stack
(Figure 6b), with a right-handed base step twist of∼44°.
A4‚T8 and A3‚T9 base pairs (Figure 6c) stack primarily
through the overlap of purines with the buckled platforms
related by a A3pA4 base step twist angle of∼26°. Normally,
in AT-rich sequences, Watson-Crick pairs have overwinding
propeller twist parameters (45, 46). However, in the present
case, both small unwinding steps are necessary to accom-
modate the large overwinding resulting from the cross-link.
For the A3‚T9 to G2‚C10 step, a G2pA3 base step twist
angle of∼35° results in good intrastrand stacking (Figure
6d). In summary, overwinding of a portion of a strand is
met with underwinding of the adjacent portion, which results
in bending toward the major groove by an angle of∼27°.

Table 1: Chemical Shifts for Exchangeable Protons in d(CGAAAC*TTTCG) at 2°C and pH 7.4

assignment C1 G2 A3 A4 A5 C6* T7 T8 T9 C10 G11

H1-H3 - 12.96 - - - - 13.68 14.02 13.95 - 13.2
H41-H61 8.36 8.2 7.69 7.70 7.53 6.81 - - - 8.71 a
H42-H62 7.16 5.7 6.0 6.00 5.91 - - - - 7.21 a
a Broadened beyond recognition.

FIGURE 3: Selected region of the NOESY spectrum (250 ms) of
d(CGAAACTTTCG)2 in a 2H2O solution at 20°C and pH 7.4 with
100 mM NaCl showing NOE correlations between H8, H6, H2,
and H5 and H1′. The self-peaks involving H1′ protons have been
labeled, and their sequential connectivities are indicated.
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The H2 chemical shifts of adenines A4 and A3 are upfield
from that for adenine A5. From the structure, it is apparent
that both A4 and A3 fall in the shielding region of anisotropic
ring current fields of each other, as opposed to A5, which
only experiences the influence of its own ring current. If
the terminal bases are excluded, the overall base step twist
angle is∼36°, and therefore, the perturbations are localized
and fully accommodated within three bases on either side
of the lesion.

Notably, we observe narrowing of the width of both the
minor andmajor grooves. With the reduction of both minor
and major grooves, the accessibility of the solvent seems to
be reasonably impaired below 30°C. Indeed, the diameter
of the DNA helix toroid (as measured from the interstrand
distance between phosphorus atoms) increases at the cross-
link site (Table 3). This increased diameter is the basis for
the disruption of the adjacent base pairing (A5‚T7). With
progression away from the lesion, the diameter sharply
decreases, as is normal with a bubble in a DNA stem (C6*
f A5 and C6* f T7) and then increases to canonical
B-DNA (A5 f A4, A3 f G2, T7f T8, and T9f C10).
Concomitantly, the magnitude of propeller twisting dimin-

ishes, as does the magnitude of the Watson-Crick pair
buckle.

DISCUSSION

Conventional refinement protocols seek a structure with
a minimal weighted sum of a force field energy and a penalty
term based on experimentally observed parameters. An
ensemble of structures typically calculated during an NMR
refinement represents the precision of determination of such
an average conformation. Due to the time-average nature of
NMR signals, such a structure also corresponds to an average
conformation in solution (for a discussion on the issue, see
ref 47). This is illustrated in the study presented here where
among the set of 10 final structures there is sugar puckering
between C1′-exoand C3′-exo(Table 3), i.e., showing little
deviation from the S-type puckering phase angle (148° < P
< 180°). These have suboptimal energies and could result
from torsions induced by the cross-link. This is not surprising
since the conformational flexibility is to be expected for the
ethyl moiety of the cross-link. Such sugar puckers have been
observed in other NMR structures previously (47-49) and
not only reflect the broad distribution of sugar puckers
centered on C2′-endobut also are a reflection of the greater
flexibility of B-DNA over A-DNA ( 50). Indeed, this greater
flexibility of the B helix compared to the A helix makes the
B helix a better candidate for recognition (51). The terminal
bases are N-type or close to N-type (C1 is C3′-endo, and
G11 is O1′-endo) since they enjoy a greater range of motion.

In a previous circular dichroism study of an N4C-ethyl-
N4C cross-linked duplex that contained the same 5′-
AAAC*TTT-3 ′ core sequence and 5′-complementary over-
hanging ends (24), the CD spectrum of this cross-linked
duplex was similar to that of B-DNA. Our studies show that
the cross-linked duplex has overall a B-type helical confor-
mation, albeit with features that indicate deformability toward

FIGURE 4: Stereoview of a superposition of 10 relaxation matrix-refined structures of the d(CGAAAC*TTTCG)2 duplex.

Table 2: Restraints and Refinement Statistics for 10 Selected
Structures for d(CGAAAC*TTTCG)2

NMR distance restraints
total no. of restraints 449

no. of nonexchangeable protons 243
no. of exchangeable protons 53
no. of hydrogen bond restraints (empirical) 44
no. of dihedral angle restraints 109

structural statistics
NMR R-factor (R1/6) 0.104-0.105
NOE rmsd (Å) (total) 0.012-0.013
no. of NOE violations exceeding 0.2 Å 0
heavy atom pairwise rmsd 0.5(0.2

Structure of Mispaired N4C-Ethyl-N4C Cross-Link Biochemistry, Vol. 41, No. 51, 200215185



A-DNA. In general, the deformability of the B helix to the
A helix is not only reflected by conversion of geometries of
the deoxyribose sugars from C2′-endo in B-DNA to C3′-
endoin A-DNA. In a B helix-A helix transition, the long

and narrow B duplex with its 10-10.5 bp repeat, 3.4 Å rise,
and base pairs stacked at the center of the helix is converted
to the underwound and compact A-DNA structure, character-
ized by an 11 bp repeat, a 2.6 Å rise, and base pairs that are
inclined up to 20° and displaced by 4 Å so that they
essentially wrap around the helix axis (52).

Inspection of the torsion anglesε andê along the sugar-
phosphate backbone reveals the phosphodiester populating
the BI conformation. The ensemble of refined structures
shows the possible formation of an interstrand hydrogen bond
between the C*6 imino and O3′ of A4.

Bending. Our NMR-based structure shows that the ethyl
cross-link induces a bend in the duplex of∼27° toward the
major groove with some conformational flexibility. However,

FIGURE 5: Orthogonal views of the duplex structure of
d(CGAAAC*TTTCG)2. The individual strands are pink and blue,
and the cross-link is yellow. (a) View into the major groove. (b)
Effect of the cross-link on the molecular axis. Noticeable are the
bending and/or kink of the DNA stem and also the disruption of
base pairing adjacent to the cross-link.

Table 3: Geometrical Parameters for a Selected Structure of
d(CGAAAC*TTTCG)2

interstrand base-base

base pair P-P (Å) C1′-C1′ (Å) buckle (deg) twist (deg)

G2‚C10 18.6 10.7 -2.9 3.4
A3‚T9 17.9 10.2 20.6 0.2
A4‚T8 17.1 9.8 34.5 -13.5
A5‚T7 16.3 10.9 -3.2 -27.1
C6‚C6 19.4 10.2 0.0 -44.9

base phase pucker x displacement (Å)

C1 17.4 C3′-endo -0.2
G2 150.5 C2′-endo 0.2
A3 194.9 C3′-exo 0.3
A4 118.4 C1′-exo 0.2
A5 187.4 C3′-exo -3.1
C6* 133 C1′-exo 1.9
T7 142.9 C1′-exo -0.1
T8 122.4 C1′-exo 0.5
T9 123.1 C1′-exo 0.2
C10 126.5 C1′-exo 0.8
G11 88.3 O1′-endo 0.1

FIGURE 6: Nearest-neighbor stacking depictions of bases in the
structure of d(CGAAAC*TTTCG)2. Stacking interactions are solely
intrastrand. (a) Between the C6*-C6* and A5-T7 cross-links, the
stacking only involves pyrimidines. (b) Stacking between A5-T7
and A4-T8 cross-links is rather poor. (c) Stacking in the base pair
step in connection with A4‚T8 and A3‚T9 base pairs involves the
six-membered rings of the adenines. The intrastrand stacking
between the thymines involves the methyl moiety of T9. (d) Good
stacking involving the six-membered rings of the purines and
between the pyrimidines in the A3‚T9 to G2‚C10 base pair step.
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our previous study (24) of multimers in which this same
cross-link was phased every 10 bp suggested little or no
bending deformation. This conclusion was based upon the
similar electrophoretic mobility of the duplex cross-linked
to normal DNA. In theory, bending should decrease the
electrophoretic mobility. The discrepancy between these
results is likely due to the flexibility or bendability of the
helix at the site of the cross-link. A DNA helix may be bent
and relatively inflexible or, on average, straight but highly
flexible. A highly flexible helix may also result in “normal”
mobility on the gel. The gel studies coupled with our NMR
results suggest that the bent conformation observed by NMR
is one of an ensemble of conformations possible in a highly
flexible helix.

Comparison with Other Cross-Linked Structures. Intu-
itively, distortions induced by interstrand cross-links are
expected in sugar puckering with concomitant bending, and
the possibility of disruption of flanking base pairs. Most of
these were observed in the study presented here. A solution
structure study of a trimethylene interstrand cross-link in
d(CpG)*d(CpG) sites flanked by G‚C Watson-Crick base
pairs has been determined (53). As in our study, this cross-
link, which in this case resides in the minor groove, results
in a one-residue bulge involving the unpaired cytosines. The
authors did not find significant bending of the structure
possibly due to the short stem used as compared to the
structural perturbations observed (only two symmetry-related
base pairs were observed in an octamer). The cross-linked
guanines formed a platform inducing widening of the
diameter of the DNA, a feature we have also observed in
directly opposing cytosines.

Conformational flexibility, thought to have induced a
mixture of C2′-endoand C3′-endoconformations, due to a
cross-link is also observed in the solution structure of a
psoralen cross-linked DNA duplex with a d(GGGTACCC)
sequence (45, 46, 48, 49). The cross-link involves thymine
residues in opposite strands at d(ApT)*d(ApT) sites, and
these are flanked by G‚C Watson-Crick base pairs. Just as
with the 5′-AAAC*TTT-3 ′ sequence, the cross-link distorts
the ApT base stacking.

Biological Significance.A key issue in the repair of a DNA
lesion is the ability of the repair machinery to recognize and
repair certain lesions while failing to repair others. A growing
body of evidence suggests that both a distortion of the DNA
helix and a modification to the DNA chemical structure are
needed to trigger repair (54-57). Furthermore, changes in
major and minor groove dimensions provide a means of
regulating the accessibility of DNA to proteins. The bifunc-
tional alkylating antitumor drugs generally alkylate in the
major groove of DNA to produce interstrand cross-links. In
protein-DNA interactions, the introduction of a helix into
the major groove induces broad conformational changes
characteristic of a B-to-A conversion (51). In the present
structural environment, we observe features that represent a
departure from canonical B-DNA toward A-DNA with some
conformational flexibility. These structural and dynamic
changes appear to be a general feature of the “conformation
recognition” of DNA by proteins (51). Therefore, our cross-
linked duplex may represent a protein-recognizable model
for a major groove-alkylated DNA and justifies further
systematic studies of sequence- and cross-link-induced
changes in structure. To our knowledge, specific N4C-

alkyl-N4C-type lesions have not been observed; however,
Romero et al. (25) have characterized an interstrand cross-
link formed by reaction of mechlorethamine with a C‚C
mispair in DNA. In this case, alkylation occurs at N3 of
cytosine to produce an N3C-alkyl-N3C interstrand cross-
link. Although the structure of this cross-linked DNA has
not been determined, it appears that its rate of formation is
dependent upon the type of base pairs that surround the C‚C
mispair. As with the distortions seen in our duplex, molecular
dynamics simulations with solvated duplexes containing a
C‚C mispair suggested local opening of the duplex when
the mispair is flanked by canonical A‚T base pairs.

The NMR study reported here provides the first three-
dimensional structure of a DNA helix containing a direct
ethyl cross-link between nucleosides. It thus expands the
limited repertoire of studies on the perturbations resulting
from a variety of environmental and therapeutic agents that
react with DNA. Structural studies of this type are an
important and necessary component in the understanding of
the relation of structural perturbations to recognition and
repair of interstrand cross-links. Preliminary experiments in
E. coli show the N4C-ethyl-N4C cross-link in a 5′-
AAAC*TTT-3 ′ sequence in plasmid DNA can be repaired
by the nucleotide excision repair pathway. The pronounced
structural perturbations we observe in our cross-linked duplex
may be the basis for recognition of this lesion. Both the
B-to-A helix deformability and DNA bendability are reflec-
tions of the flexibility induced by the N4C-ethyl-N4C lesion
that could allow for its recognition and trigger appropriate
repair pathways. Experiments for testing this hypothesis are
currently in progress.
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