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ABSTRACT: Chemotherapeutic alkylating agents, such as bifunctional nitrogen mustards and cisplatins,
generate interstrand DNA cross-links that inhibit cell proliferation by arresting DNA transcription and
replication. A synthetic KC-ethyl-N'C interstrand cross-link between opposing cytidines mimics the DNA
damage produced by this class of clinically important compounds and can be synthesized in large quantities
to study the repair, physical properties, and structures of these DNA adducts. The X-ray structure of a
DNA duplex d(CCAAC*GTTGG), containing a synthetic #C-ethyl-N*C interstrand cross-link between

the cytosines of the central CpG step (*) has been determined at 1.65 A resolution. This structure reveals
that the ethyl cross-link in the CpG major groove does not significantly disrupt the B-form DNA helix.
Comparison of the RC-ethyl-N*C cross-linked structure with the structure of an un-cross-linked
oligonucleotide of the same sequence reveals that the cross-link selectively stabilizes a preexisting alternative
conformation. The conformation preferred by the cross-linked DNA is constrained by the geometry of
the ethyl group bridging the cytosine amines. Characteristics of the cross-linked CpG step include
subtle differences in the roll of the base pairs, optimized Wat&nick hydrogen bonds, and loss of a
divalent cation binding site. Given that thé@tethyl-N*C cross-link stabilizes a preexisting conformation

of the CpG step, this synthetically accessible substrate presents an ideal model system for studying the
genomic effects of covalently coupling the DNA strands, independent of gross alterations in DNA
structure.

DNA cross-linking agents, including bischloroethylni- repair interstrand DNA cross-links. Accordingly, enhanced
trosoureas, cisplatins, and nitrogen mustards such as melDNA repair plays a major role in the resistance of certain
phalan and oxazaphosphorine are widely prescribed ascancers to chemotherapy, for example, melphalan-resistant
chemotherapeutic treatments for cancers. These chemotheramultiple myeloma%) or oxazaphosphorine-resistant medullo-
peutics exert their toxic effects by forming interstrand DNA blastoma). Given that failed cancer treatment often results
cross-links, which block the essential processes of transcrip-from drug resistance, a clear understanding of the molecular
tion and replication by preventing separation of the DNA mechanisms involved in the recognition and repair of DNA
strands (reviewed in refs and2). In addition, unsolicited  interstrand cross-links would facilitate the development of
DNA interstrand cross-links may arise naturally from more effective chemotherapeutic agents.
unavoidable exposure to endogenous compounds such as the Interstrand cross-links are only a minor percentage (1
products of lipid peroxidation3] or environmentally derived  5%) of the adducts formed by most of DNA alkylating
compounds such as formaldehydg. Cells have developed agents, although interstrand DNA cross-links are by far the
a variety of mechanisms, including homologous recombina- most toxic ¢, 8) and, therefore, the most physiologically
tion and nucleotide excision repair (NER})p identify and relevant adduct for investigation. The low availability of

defined DNA cross-links is a roadblock to studying their
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relationship between structure and repair of interstrand cross-rpe 1 Crystallographic Data and Refinement Statistics

linked DNA was investigated by studying two different
orientations of the same“8-ethyl-N'C interstrand cross-
link, connecting cytidines in a single CpG versus GpC step
of double-stranded DNA1Q). Both cross-link orientations
were repaired efficiently in wild-type and homologous-
recombination deficienEscherichia coli However, a func-
tional NER pathway was required for the cross-linked CpG
step to be repaired efficiently, whereas the cross-linked GpC
step was repaired efficiently regardless of the status of the
NER pathway. Proton chemical shifts coupled with distance-
restrained molecular dynamic regularization established that
the structure of a DNA duplex containing the@ethyl-

N“C cross-link at a CpG step remains undistorted. In contrast,
an oligonucleotide in which the orientation of the cross-link
was reversed to a GpC step behaves poorly in NMR
experiments. Moreover, atomic force microscopy experi-
ments demonstrated that longer DNAs containing the cross-
linked GpC step are more flexible than the CpG counterpart.

resolution limit (A) 20.06-1.65
redundancy 4.0
completeness (%) 96.6 (79.4)
Rayn? (%) 4.6 (4.7)
1lo(l) 38.2 (25.8)
no. of DNA atoms 203

no. of water atoms 87

no. of calcium ions 3

RMSD bond lengths (A) 0.01
RMSD bond angles (deg) 1.13
average temperature factor?A 14.1

Reryst (%) 18.2

Rerec” (%) 20.8

aValues in parentheses are for the highest resolution shell-1.65
1.71 A P Ryn=Y ma3illi — OOVYnaXili, wherel; is an intensityl for
the ith measurement of a reflection with indicb&l and 0Uis the
weighted mean of all measurements 10f Reyst = Y hal |Fo(hKl)| —
KIFc(hK)[|/> | Fo(hKl)| for the working set of reflection$ee iS Reryst
for 5.3% of the reflections excluded from the refinement.

The correlated differences between the structure and repaifyere C2, a = 31.0 A, b = 24.9 A, c = 34.4 A, andg =

of the two cross-link orientations suggest that undistorted
DNA cross-links are recognized and repaired in a different
manner from those lesions that grossly alter the overall DNA
conformation.

Given the importance of correlating the structures of
damaged DNAs with their mechanisms of repair, here we
present a high-resolution view of an important model system
for studying DNA repair, an oligonucleotide containing a
synthetic NC-ethyl-N'C intrastrand cross-link at a CpG step.
The X-ray structure of a palindromic DNA oligonucleotide,
d(CCAAC*GTTGG),, was determined at 1.65 A resolution
(*, cross-link). Comparison with an atomic (1.0 A) resolution
structure of the un-cross-linked DNA counterpdd)(reveals
that conformational details, which could mark the cross-
linked DNA duplex for recognition by DNA repair factors,
instead preexist in the unmodified structure.

MATERIALS AND METHODS

Cross-Linked DNA Synthesis and Crystallizatidrhe
DNA decamer containing the 48-ethyl-N‘C interstrand
cross-link was synthesized, purified using strong anion-

exchange HPLC, and analyzed using mass spectrometr)yv

using previously described procedurd®)( The purified
cross-linked DNA was then desalted using C-18 Sep-Pak
cartridges (Waters) and dissolved in a buffer containing 22
mM ammonium acetate, 11 mM tris(hydroxymethyl)ami-

114.5, with one DNA strand per asymmetric unit of the
crystal. Since this crystal form was isomorphous with the
un-cross-linked oligonucleotide of identical sequentd),(
the structure was solved by difference Fourier methods
starting with the coordinates of conformation “A” of the un-
cross-linked counterpart (PDB code 1ENS).

A difference Fourier electron density map revealed well-
defined electron density for the two methylene carbons of
the alkyl interstrand cross-link (Figure 1), which are related
by the 2-fold symmetry axis of the crystal. The methylene
carbon was placed manually using the progranig).(The
topology and parameter files for the cross-linked cystosine
were generated using XPLO2D of the Uppsala Software
Factory and then modified manually for chemically reason-
able restraints1(6). The structure was refined using CNS-
solve v.1.1 17). Three water molecules were reassigned as
C&" ions based on coordination geometry and unusually
low-temperature factors. Final refinement statistics are given
in Table 1. The SigmaA-estimated coordinate error of the
structure is 0.15 A 18). Global helical parameters were
calculated using the program Curves v519)( and figures
ere made using the Pymol molecular graphics system
(htttp://www.pymol.org).
RESULTS

Overall Structure.The X-ray structure of the #C-ethyl-

nomethane (Tris) hydrochloride (HCI), pH 8.0, and 11 mM NAC interstrand cross-linked DNA decamer of sequence
calcium acetate. Crystals were grown using the sitting drop d(CCAAC*GTTGG), was determined by difference Fourier
vapor diffusion method at 4C, in which 3uL of a reservoir analysis starting with the coordinates of the un-cross-linked
solution containing 27% 2,3-methylpentadiol, 115 mM DNA counterpart{4). The structure of the cross-linked DNA
calcium acetate, and 10 mM Tris-HCI, pH 8.0, was added was refined to a finaRyst 0f 18.7% andRqee of 20.2% at

to an equal volume of DNA solution, and the mixture was 1.65 A resolution, including 87 water molecules and 3'Ca
equilibrated against 7Q4L of the reservoir solution. Crystals  ions (Table 1). Since the palindromic strands of the DNA
first appeared after 2 weeks. Prior to data collection, crystals duplex are related by crystallographic symmetry, the two
were flash-cooled to liquid nitrogen temperatures using 35% halves of the DNA duplex share identical conformations
MPD as a cryoprotectant. (Figure 2).

X-ray Data Collection and Structure Determinatiofrray Overall, the NC-ethyl-N‘C interstrand cross-link is ac-
data from a single crystal were collected at a wavelength of commodated in the major groove of an undistorted B-form
1.54 A using a Rigaku rotating anode generator and Raxis-DNA helix (Figure 2). The average twist, rise, and sugar
IV image plate detector at the Johns Hopkins School of pucker of the cross-linked duplex are°33.32 A, and C2
Medicine (Table 1). The space group and unit cell dimensions endq respectively, compared with the standard B-DNA twist,



X-ray Structure of NC-Ethyl-N*C DNA Cross-Link

Ficure 1: (a) Chemical structure of the*N-ethyl-N‘C cross-linked
cytidines. (b) A 2F,] — |F¢] composite omit electron density map,
shown at & contour level around the cross-linked cytidines. For
comparison, conformation A of the un-cross-linked DNA structure
(colored blue) is overlaid on one of the two cross-linked cytidines
(colored green), which are related by crystallographic symmetry.
(c) Same as in (b) but rotated ©@bout the horizontal axis.
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Ficure2: Overall X-ray structure ofa DNAduplexd(CCAXGTTGG)
with the N*C-ethyl-NC interstrand cross-link between the cytosines
of the central CpG step (*). Color code: Cyt, green; Thy, cyan;
Gua, magenta; Ade, yellow. The ethyl cross-link is colored gold.
The two strands of the double helix are related by crystallographic
symmetry. The orientation in (b) is rotated°98bout the vertical
axis relative to (a). The DNA sequence is shown to the left.

rise, and sugar pucker of 363.37 A, and C3exdC2-endo
(20). A locally overwound, helical twist (4) at the CpG
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Table 2: Comparison of Helical Parameters

un-cross-linked CyGua

cross-linked
Cyt-Gua

minor major
conformation conformation

(a) Helical Parameters with Similarity between Cross-Linked and
Un-Cross-Linked -CG- Conformations

rise (A) 3.4 35 35
twist (deg) 40 45 40
propeller twist (deg) —21 3.326 3.35
buckle (deg) 3.35 3.35 3

phase (sugar pucker)s52 (C4-ex9 24'(C3-end0 152 (C4-end9

(deg)
shift (&) 0.5 0.45 0.1
slide (A) 0 0 0.5
tilt (deg) 7.0 9.8 18

(b) Helical Parameters with Differences between Cross-Linked and
Un-Cross-Linked -CG- Conformations

roll (de%? 12.7 —-2.2 -0.2
shear (A) 0.1 -0.3 0.2

stretch (A 0.0 0.5 0.2
stagger (A) 0.0 0.2 —-0.4

(c) Distances between Atoms of the @ytia Base Pair (A)

Cyt-N4—Cyt-N4 2.8 31 3.8

Cyt-02—-Gua-N2 2.9 31 3.3
Cyt-N3—Gua-N1 2.9 31 3.3
Cyt-N4—Gua-N6 2.9 3.0 3.3

Structure of the KC-Ethyl-N'C Cross-LinkThe exocyclic
amines (N4) of the central cytosines are covalently linked
by the two methylene carbons (CX) of the intervening ethyl
group (Figure 3). Each of these carbons replaces one of the
hydrogen atoms of the amino group, which would normally
be presented in the major groove of the DNA duplex for
recognition by protein molecules or interaction with solvent.
On the basis of the observation of optimal hydrogen bond
distances between the cytosine-N4 and guanine-O6 atoms
(Table 2c), the other hydrogen atom of the amino group
presumably remains undisturbed by the cross-link. Conven-
tionally, the cytosine exocyclic amine and its attached
hydrogen atoms are considered to bé-lsgbridized and
coplanar with the base{, 22). However, each methylene
carbon in the NC-ethyl-N'C cross-link is slightly rotated
out of the plane of the cytosine [26rom base plane, 0.45
A shortest distance from CX to base plane calculated using
Geomcalc 23)] (Figure 3a). This rotation allows the N4-
CX—CX-N4torsion of the NC-ethyl-N‘C group to adopt a
staggered, rather than unfavorably overlapped, conformer,
with a 55 angle between N4 atoms when observed down
the CX—CX bond (Figure 3b).

The rotation of the carbons of the ethyl cross-link out of
the planes of the cytosine bases raises the possibility that
the exocyclic amines are predominantly in the-sps
opposed to the presumedPgpybridized state. Although the
linker CX carbon and base N4 nitrogen would display similar
positions if sg-hybridized rather than $ghybridized, several
observations suggest that the exocyclic N4 amine is at least
partially sg-hybridized. First, no hydrogen bond donors, such
as bound solvent molecules or other nucleotide atoms, are
observed in the vicinity of the amine. This suggests the N4
electrons are delocalized and unavailable as hydrogen bond

step is compensated by underwound flanking ApC and GpT acceptors. Second, an®dpybridized state of the exocyclic

steps (26). This slight deviation from the ideal B-form
prototype is unlikely to result from the 48-ethyl-N‘C

N4 amine would require the N4-HC4 hydrogen bond angle
(105°) to deviate by 75 from the linear ideal, notably less

interstrand cross-link, since it is shared by its un-cross-linked than the most acute angle observed in a survey of two-center

DNA counterpart (Table 2).

hydrogen bonds (132 (24). In the sp-hybridized state, the
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(a) (b)

Cao - 55

Ficure 3: Close-up views of the cross-linked cytosines, shown as
ball-and-stick diagrams and colored by atom: ethyl cross-link, gold;
carbon, green; nitrogen, blue; oxygen, red. (a) Viewed along the
plane of the base. (b) View in the orientation of a Newman

projection, along the CXCX bond.

N4—H—C4 hydrogen bond angle (180vould deviate only
20° from linearity and would be within the most probably
range of hydrogen bond angleg4]. Thus, despite the

deviation of the methylene CX carbon from the base plane, € °
a predominately sphybridized geometry of the cytosine 18 —4—Backbone, B
exocyclic amine is consistent with the observed structure and 18 E-paees?
the increased thermal stability of thet@Gtethyl-N'C inter- e
strand cross-linked CpG stepb2]. E"?_
Comparison with NMR Structural AnalysiBhe sequence 206 |
of the six nucleotides surrounding the cross-linked CpG step 06
of the X-ray structure is identical to an“@-ethyl-N‘C 04
interstrand cross-linked oligonucleotide previously studied 02
by nuclear magnetic resonance (NMR) experiments and 0

distance-restrained molecular dynamics [respectivel °f¢ C A ACGTTGG
y P y Ficure 4. Comparison of the #C-ethyl-N‘C interstrand cross-

d_(CQAA C*GTTQG_)z and d(@GAAC*GTTCG),, sequence linked site (green) with (a) conformation A (blue) or (b) conforma-
differences underlined]l@). Although the RMSD between  tion B (magenta) of the un-cross-linked structure. () RMSD
corresponding atoms is relatively large (2.2 A RMSD), itis between backbona) or base atomdi) of each nucleotide in the
within the range of RMSDs observed for other structures cross-linked structure with un-cross-linked conformation A (blue)
determined by both NMR and X-ray crystallograptgp) or conformation B (magenta).
In general, the overall features of the two structures are
similar, with the cross-linked CpG step embedded within an C&* ions, the central cytidine adopts two alternative
overall B-form DNA duplex. Several helical parameters of conformations of nearly equivalent occupancy, designated
the cross-linked CpG step are shared between the X-ray andA and conformation “B” (4). In the presence of Mg ions
NMR structures, including a relatively large propeller twist (14, 26), a single, intermediate conformation of the cytidine
between the bases-21°) and a C4exosugar pucker for  is observed, consistent with previous observations that
the cross-linked cytidine. On the basis of the NMR structure oligonucleotide structures are influenced by the type of
alone, these slightly unusual helical parameters were sug-counterion {4, 27, 28). Here, we compare the details of the
gested to result from the 48-ethyl-N'C interstrand cross-  N*C-ethyl-N‘C cross-linked oligonucleotide structure, which
link (13). However, comparison with the X-ray structure of was determined in the presence ofCins, with the Ca'-
the un-cross-linked double-stranded DNA of the same containing crystal form of the un-cross-linked oligonucleotide
sequence, d(CCAACGTTGG)(14), reveals that these (Figure 4).
characteristics are also observed in one alternative conforma- Introducing the two-carbon linker selectively stabilizes
tion of the un-cross-linked DNA, as shown in Table 2a and alternative conformation B of the cytidine, with no evidence
described below. for conformation A (Figures 1 and 4). Overall, the RMSDs
Similarities with the Un-Cross-Linked DNA Structuviée between all non-hydrogen atoms of the interstrand cross-
chose to study the DNA sequence d(CCAACGTT@G) linked DNA and the un-cross-linked conformations A or B
because the structure of this decamer has been thoroughlyare 0.5 or 0.3 A, respectively. For comparison, the RMSD
investigated in the un-cross-linked for¥( 26). This allows between the un-cross-linked A and B conformations is
the cross-linked and un-cross-linked structures to be com-0.5 A, similar to the differences between the un-cross-linked
pared to understand the influence of théChethyl-N‘C conformation A and the cross-linked structure. Further
interstrand cross-link on the DNA conformation. Two inspection of the RMSDs between each nucleotide at the
1.0 A resolution structures of the un-cross-linked d(C- modified CpG step showed that the RMSDs between the
CAACGTTGG), oligonucleotide are available, determined cross-linked structure and the un-cross-linked conformation
in the presence of either Mg or Ca&" divalent cations. B are remarkably slight (0.27 and 0.24 A for backbone or
Although the space group and unit cell parameters of the base atoms, respectively) (Figure 4c). In contrast, the largest
d(CCAACGTTGG?) structures are isomorphous, the hydra- differences between the cross-linked structure and the un-
tion and location of bound CGé& versus M@" counterions cross-linked conformation A are observed at the modified
induce slight structural differences. In the presence of CpG step, regardless of whether backbone or base atoms
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are compared (1.76 and 1.0 A, respectively). Accordingly, stretch, or stagger, whereas the bases of the un-cross-linked
a difference omit electron density map for the backbone of conformations are slightly out of alignment. This straighten-
the cross-linked cytidine shows no trace of conformation A ing optimizes the WatsenCrick hydrogen bonds in the base

in the interstrand cross-linked DNA helix (Figure 1). Instead, pairs of the CpG step (Table 2c), which may contribute to
the conformation of the interstrand cross-linked cytidine the increased thermal stability of DNA duplexes containing
closely matched the conformation of un-cross-linked cytidine the N‘C-ethyl-N‘C interstrand cross-link at the CpG step

B (Figure 4b). (12).

Comparison of the structures reveals that tjeuche Comparison of Bound Calcium longour hydrated
conformer of the ethyl cross-link is likely to explain the calcium ions were assigned in the un-cross-linked d(C-
preference of the cross-linked CpG step to adopt conforma-CAACGTTGG), structure on the basis of coordination
tion B of the un-cross-linked structure. In conformation B geometry and low-temperature factors. Although the con-
of the un-cross-linked structure, the exocyclic amines of the centration of C&" ions in the crystallization conditions of
cytosines in the CpG step are 0.4 A closer than those ofthe cross-linked and un-cross-linked structures is similar
conformation A. The N4 atoms of conformation B are within (~10 mM), only three of the four bound €aions were
van der Waals contact (3.1 A), whereas the N4 atoms of observed in the interstrand cross-linked structure (Supporting
conformation A are slightly separated (3.8 A). The observed Information, Figure S1). These three?C#ns occupy nearly
gaucheconformer of the NC-ethyl-N‘C cross-link, with the identical locations in the interstrand cross-linked structure
N4 atoms adjacent (Figure 3b and Table 2c), constrains thecompared with the non-cross-linked structure and are labeled
cytidines to adopt conformation B. An extendeuhti consistently by numbers 111, 113, and 114. The geometry
conformer would enable the “R-ethyl-N'C cross-link to of the coordination spheres around the threé*Gans is
bridge the greater distance between the N4 atoms ofalso preserved between the structures. Calciums 111 and 114
conformation A. However, thanti conformer would drasti-  mediate intermolecular contacts between distinct DNA
cally distort the positions of the linker CX carbons out of helices in the crystal lattice, and calcium 113 directly
the planes of the cytosine bases, which would enforce coordinates the O6 and N7 atoms in the major groove of
predominately sphybridization on the exocyclic N4 amino  the terminal guanines. Thus, none of the three bouridd Ca
group and disrupt the N4-HO6 hydrogen bond of the base ions or their coordinated water molecules directly contact
pair. Instead, the methylene carbons of the interstrand crossthe alkylated cytidine.
link are likely to be constrained to the planes of the cytosines A fourth C&* ion (labeled calcium 112) is bound in the
by delocalization of the N4 electrons. minor groove of the un-cross-linked structure between the

As expected given the similarity of the cross-linked CpG Ade-Thy base pairs and the central &ytia base pair, which
site and the un-cross-linked conformation B, several helical would be modified by the cross-link (Figure 5). In conforma-
parameters of these sites are also similar (Table 2a). Intion A, one water molecule from the coordination sphere of
particular, the cytosines of the cross-linked base pairs andthis fully hydrated Ca" ion forms a direct hydrogen bond
the un-cross-linked conformation B are both highly propeller with the deoxyribose O4atom of the central cytidine
twisted (—26° and —21°, respectively), which accounts for (2.8 A H,0—04 distance). However, the position of this
the tight packing of the exocyclic amines between the water molecule is incompatible with the unusual, A-form
consecutive cytosines. In contrast, conformation A of the sugar pucker of conformation B, due to steric overlap
un-cross-linked CpG step has a low propeller twisbY), between the water oxygen and theEflatoms (3.0 A HO—
contributing to the greater distance between the cytosine C1' distance, compared with 4.2 A predicted van der Waals
exocyclic amines in the major groove. In addition, the shift, distance including the Chhydrogen with appropriate
slide, and tilt parameters of the cross-linked base pair closelybond geometry). Hence, calcium 112 is likely to be partial-
match those of the un-cross-linked B conformation, as ly occupied in the un-cross-linked structure, in a manner
opposed to the A conformation (Table 2a). The sugar puckersthat is correlated with the alternative cytidine conforma-
of both the cross-linked cytosine and the un-cross-linked B tions.

conformation are unusual, with low phase angles’ &2d The sugar pucker of the cross-linked cytidine is similar
24°, respectively) representative of A-form rather than to that of the un-cross-linked conformation B and, accord-
B-form duplexes. Consistently, a similar, ‘@ko sugar ingly, would sterically conflict with the hydrated calcium

pucker of the cross-linked cytosine base was also observedl12 (2.8 A predicted WD—C1 distance). Instead of a
by NMR methods 13). Thus, far from distorting the DNA  hydrated C#& ion, a constellation of bound water molecules
helix, the interstrand cross-link selectively stabilizes a is observed in the cross-linked structure (Figure 5). Although
preexisting alternative conformation of the d(CCAACGT- four of these water molecules in the cross-linked structure

TGG), oligonucleotide. correspond to four water ligands of calcium 112 in the un-
Differences from the Un-Cross-Linked DNA Structure. cross-linked structure, these water molecules interact with
Despite the many similarities between théO\ethyl-N‘C atoms in the unmodified thymidine nucleotides rather than

cross-linked and conformation B of the un-cross-linked with the cross-linking site. No unaccounted electron density
DNAs, a few, slight differences in the DNA conformation is observed near the position of calcium 112 in the un-cross-
are evident (Table 2b). Namely, the cross-linked CpG step linked structure. The four bound water molecules lack the
displays a large positive roll, which contributes to the preferred coordination geometry of calcium, which ranges
proximity of the cytosine amines in the major groove, at the from six to eight ligands with calciumoxygen ligand
cost of opening the base pairs in the minor groove. Another distances 0f-2.4 A (29). Moreover, the refined temperature
notable difference is that the bases in the cross-linked pairfactors of the assigned water molecules are appropriate for
are positioned ideally across the helical axis with no shear, oxygen B-value of 19-28 A2 compared withB-values of
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(a) lated cytidines to adopt a single alternative conformation (B)
of the un-cross-linked duplex, due to an unusually large
negative propeller twist that minimizes the distance between
the exocyclic N4 amines. The X-ray structure reveals that a

) ® locally overwound twist and unusual Cdxosugar pucker
at the CpG site also are observed in one conformation of
the DNA in the absence of the cross-link, clarifying a
previous conjecture based on NMR analysis that the cross-
Crosslinked link induced these features. This conformation of the cross-

linked deoxyribose interferes with association of a hydrated
C&* ion, which otherwise is observed in the minor groove
of the other un-cross-linked conformation (A). Unique
features of the cross-linked CpG site include an increased
roll of the base pair that brings together the cytosine amines
and optimized hydrogen bonds between the paired cytosine
and guanine bases.

Locally, the N4-CX-CX-N4bond of the NC-ethyl-N‘C
cross-link adopts a staggeregaucheconformer, with the
CX methylene carbons slightly displaced from the plane of
the base. Although the geometry of the Wats@rick
hydrogen bond and lack of hydrogen bond donors near the
cross-linked N4 amine are consistent with?-gybridized
bond character, the deviation of the CX carbon from the base
plane suggests partial Sybridization. Conventionally,
hydrogen atoms bonded to exocyclic amino groups of
nucleotide bases are assumed to be coplanar with the base
atoms 21, 22), due to conjugation of the lone pair electrons
of the nitrogen with the neighboring-electron cloud of the
base. However, ab initio quantum chemical calculations and

Ficure 5: Comparison of the calcium 112 binding sites in the (a) surveys of hydrogen bonds in small molecule and macro-
cross-linked and (b) un-cross-linked conformation A and (c) un- molecular structure databases indicate that, in some cases,

cross-linked conformation B. The hydrated calcium is depicted with the hydrogen atoms bonded to amino groups of nucleoside
a ball-and-stick representation, with calcium 112 colored pink and bases may adopt nonplanari$ybridized geometry32—
water ligands colored light blue. The four water molecules that 34). In the absence of high-resolution neutron diffraction

replace the hydrated calcium in the cross-linked structure are showngtdies direct experimental evidence for nonplanar
as spheres. The distances are indicated between the hydrate XOC Clif?\,mino rou ps in nucleic acids is minimaIpEven
calcium and either the deoxyribose '@t C1 atoms of conforma- y group :

Uncrosslinked,
Conformation A

()

Uncrosslinked,
Conformation B

tions A or B, respectively. in atomic resolution X-ray structures<(.0 A resolution),
hydrogen atoms are difficult to place due to low atomic
1-5 A2 when C&" were inappropriately assigned asd). scattering factors and generally more dynamic positions. The

Thus, introduction of the AC-ethyl-N‘C interstrand cross- ~ methylene carbons that replace the hydrogen atoms in the
link eliminates a divalent cation binding site that would N“C-ethyl-N'C cross-link are clearly observed in the electron
otherwise be presented by the un-cross-linked oligonucle- density (Figure 1), providing rare experimental evidence for
otide. nonplanarity of an exocyclic amino group belonging to a
nucleic acid base. This observation reinforces the importance
DISCUSSION of considering nonplanar amino groups when analyzing the
Stabilized Alternatie ConformationsWhen compared  hydrogen bond interactions of nucleic acids with proteins
with the structure of an un-cross-linked DNA oligonucleotide or small molecule ligands.
of the same sequence, the synthetifCMethyl-N'C inter- Comparison with Chemotherapeutic Interstrand DNA
strand cross-link at the CpG step does not distort the B-form Cross-Links and Significance for DNA Repdihe majority
DNA helix but instead fully adopts one alternative confor- of DNA interstrand cross-links induced by antitumor com-
mation of the undamaged DNA. Similarly, preexisting pounds that have been studied structurally thus far are highly
alternative conformations of proteins are often stabilized distorted, including interstrand cross-links afs-diam-
during RNA recognition 30, 31). In particular, association  minedichloroplatinum (cisplatin, DDP), nitrogen mustards,
with RNA selectively stabilizes a subset of alternative and psoralen (reviewed in r&). For example, molecular
conformations displayed on the RNA interaction surface of dynamics and electrophoretic mobility experiments show that
the unliganded protein [nnRNP AB@) or U2AFS (31)]. DNAs cross-linked with the nitrogen mustard mechlore-
This work provides complementary evidence that alternative thamine at 5GNC-3 sites are locally distorted and bent by
conformations observed in X-ray structures often play the lesion 86). The anticancer compound DDP forms
important biological roles in chemical modification and interstrand cross-links between guanines 6GE-3 se-
ligand binding and should not be overlooked. guences that significantly deform the DNA heli@7( 38).
Conformation of the Cross-Linked CpG Sitde relatively Although DDP reacts with the guanine N7 atoms, which are
short, interstrand, #C-ethyl-N‘C cross-link forces the alky-  normally located in the major groove of B-form DNA, the
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highly distorted DNA conformation places this cross-link in transcription. Thus, the synthetic/Gtethyl-N‘C interstrand
the DNA minor groove and extrudes the cytosines from the CpG cross-link provides a unique opportunity to study the
dramatically bent and underwound DNA site, as shown by repair of covalently linked DNA strands in the absence of
X-ray (39) and NMR structural analysiglQ, 41), as well as other prominent features of damaged DNA. Together with
by electrophoretic mobility and chemical footprinting experi- studies on the structure and repair of the reverséd;eéthyl-
ments 42). Psoralens, which are natural DNA cross-linkers N“C interstrand GpC cross-link, which significantly disrupts
used to treat skin disease&3)], intercalate preferentially at  the DNA helix unlike the minimal effects of the CpG cross-
AT-rich sites and produce interstrand cross-links between link (13), this work contributes to a growing arsenal of well-

thymidines when irradiated with ultraviolet light4). NMR characterized synthetic alkyl interstrand cross-links that can
structures of 4hydroxymethyl-4,58-trimethylpsoralen4s, be used to address the detailed structural and mechanistic
46) or 4-aminomethyl-4,58-trimethylpsoralen47) inter- relationships of DNA repair.

strand cross-linked DNA oligonucleotides show that the
intercalated and cross-linked site is locally distorted and ACKNOWLEDGMENT
significantly underwound compared with the canonical
B-form. These interstrand cross-linked structures differ W
remarkably from the largely unaltered, B-form structure of
the N'C-ethyl-N*C cross-linked CpG site.

Since psoralen interstrand cross-linked DNA is chemically SUPPORTING INFORMATION AVAILABLE
stable and relatively easy to synthesize, many studies on the ) ) _
repair of interstrand cross-links in defined DNA substrates  One figure showing the hydrated €aons bound to the
have employed the psoralen interstrand cross-ligk ( N*C-ethyl-N'C cross-linked DNA (Figure S1). This material
However, in some cases, antitumor compounds result inis available free of charge via the Internet at http:/
interstrand cross-links that minimally perturb the DNA Pubs.acs.org.
structure. For example, the antibiotic mitomycin C (MMC)
from Streptomyces caespitosgsan important treatment for REFERENCES
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