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ABSTRACT. The solution structure of the undecamer d(CGAAAT*TTTGGYhere T* represents a¥-
ethyl-N°T interstrand cross link, was elucidated using molecular dynamics calculations restrained by NOE
and dihedral data obtained from NMR spectroscopy. The ethyl moiety is particularly well-accommodated
betweenthe minor and major grooves. This is an exceptional example of the plasticity along the axis
defined by the stem and a unique finding of an interstrand cross link occupying the area associating
minor and major grooves. The mismatch-aligned tethered bases preserve good intrastrand stacking with
flanking bases. Base-pair steps adjacent to the lesion site are overwound. Accommodation of the lesion
also results in an increase in mispair staggering alignment modulated by flexibility because of the tetrahedral
geometry of the exocyclic ethyl carbon atoms. This is mechanically coupled with a small measure of
concomitant propeller twisting without an increase in intrastrand base-step distance. dgplacement

and sugar puckering are indicative of canonical B DNA throughout the stem. We have thus established
that the lesion defined by mismatch-aligned minor groov@-bsithyl-N°T cross-linked thymine bases
produces very localized distortions in a DNA stem that may be difficult to recognize by repair mechanisms
that are not transcription- or replication-coupled. Thus, this synthetic DNA is a valuable structural probe
to study mechanisms of repair.

Many carcinogenic as well as chemotherapeutic agentswhich are then repaired by homologous recombinat&n (
cause covalent linkages between complementary strands oHowever, details are yet to be understood. In this context
DNA. Interstrand cross links are highly cytotoxic because the use of cross links as structural probes is crucial.

they block all processes that require replication and tran-  Thymine is photochemically the most reactive bagg (
scription (). There is evidence that these lesions can occur |t is well-known that exposure to UV induces DNA damage,
naturally, but they are expected to be ra2p Cross-linking  which is the first step in mutagenesis and a major cause of
agents are among the most widely used and most effectiveskin cancer. Theis-synpyrimidine dimer (cyclobutane-type
anticancer agents, as both simple agents or as part ofpyrimidine photodimer) is the major photoproduct induced
combination therapy regimens. For these drugs, the inter-py UV light present in sunlight8) and is one of the principal
strand cross link is believed to be the critical CytOtOXiC lesion. causes of skin Canceg)( This lesion, an intrastrand cross
In cancer cells, efficient repair of these lesions can lead to link, has been used extensive|y as a probe for DNA repair
drug resistance3). Circumvention of this resistance will  studies. Thymines in different strands of DNA can be
require an understanding of the factors involved in their targeted by psoralenl(). Psoralen intercalates double-
recognition and repair. Both the nature and composition of stranded DNA and upon absorption of UV light forms a
particular interstrand cross-link repair apparatus are expecteccyclobutane ring with thymidine in one strand. Absorption
to be dependent on the types and extent of distortions to theof a second photon by the monoadduct produces a psora|en
DNA (4). Interstrand cross links can be repaired by human cross link. A significant number of studies have been carried
nucleotide excision repair enzymes (e.g., seedjefThere oyt on the repair of psoralen cross-linked DNA, and the
are also some indications that the repair of this type of lesion structure of the cross link has been determingt15).

can proceed through the formation of double-strand breaks,However, this cross link represents a unique set of structural

: ) perturbations and is therefore prone to elicit the assembly
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(a) 0 0 in 1H,0 at 0°C and NOESY 22) (50, 100, 150, 200, and
/—\ 250 ms), DQFCOSY 23), TOCSY @4) (spin-lock time
N N of 40 ms) in?H,0 at 20°C. In H,0, data were acquired
‘ with a jump-and-return pulse sequen@s)(and in2H,0,
with Watergate suppression of the residual water sig&l (
| | All data sets were acquired in a phase-sensitive mode (TPPI).

(b) oR R In *H,O, NOESY data sets were collected v k complex
C1 G2 A3A4 »&556*? T8 T9C10G11 points over a spectral width of 16 kHz with 3QQricrements.
G11G10T9 T8 T7 T6* A5 A4 A3G2 C1 In 2H,O, NOESY data sets were collected with 3412 complex
points and 300;tfree induction decays covering a spectral
(c) | a6 width of 8 kHz. TOCSY spectra were recorded with 3798 t

complex points and 256 increments, and the DQFCOSY

was acquired with 3468, tcomplex points over 512;t

increments. 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
5H61 and figures prepared from Insight Il (Accelrys Inc.).

Distance and Torsion RestrainfdOE cross peaks involv-
ing exchangeable protons in NOESY spectra (50 and 200
h3 ms mixing times) in HO buffer were classified as strong

| 11H1 . . .

|‘ - . _ (strong intensity at 60 ms), medium (barely observable at

I-'||| [ ||;_ Y, | 60 ms), and weak (not observable at 60 ms and observable
. ' smorans? oo at 200 ms), and the observable proton pairs were restrained
mo 120 T oo T eo ' to distances of 3.0t 0.6, 4.0+ 1.0, and 5.0+ 1.2 A,
Ficure 1. (a) Scheme of self-complementary duplex d(CGAAA- respectiv_ely. NOE buildups for nonexchangeable protons
T*TTTCG),. The dotted lines indicate hydrogen bonds, and the Were derived from NOESY spectraihl;O buffer recorded
filled line indicates the interstrand cross link. (b) Chemical structure as a function of the mixing time (50, 100, 150, 200, 250
of cross-linked cytosines. (c) One-dimensioHalNMR spectrum ms). Distances were estimated from the initial buildup rates
g{ d(g(;/ZA?hT;VETCai)szi ir;] ;l;zﬁn ?r?éutiggtgr?nst?iﬂgg 0#] gﬂm% of within FELIX 2000 (Accelrys). The cytosine HEH6 inter-
Glg is broad becguse (?f the increaged wategr accessibility to thisproton distance of 2.46 A was used as a reference. Th_e upper
terminal residue. and lower bounds were allowed to vais0%. Overlapping

cross peaks were given generous bounds (upg:-80%).

the current paper, we describe the structural propertiesAtoms participating in experimentally identified canonical
underpinning the differences in the immediate environment Pase pairing (based on NOE patterns) were restrained with
of a NeT-ethyl-NeT interstrand cross link (hereafter denoted distances corresponding to ideal hydrogen-bond geometry
T*, Figure 1a) that has been inserted into a scaffold in which (27) between donor and acceptor atoms.

the cross link is mispair-aligned, i.e/;6GAAAT*TTTCG- The appearance of strong HIH2'"" and very weak to no

3' (Figure 1b). Comparisons of the structure of this oligomer H2"—H3' cross peaks in the DQFCOSY spectrum indicates
with that of N'C-ethyl-N'C (hereafter denoted C*) in the that the most populated conformations are S type. Tus,
same scaffold, SCGAAAC*TTTCG-3' (21), reveal signifi- and the endocyclie(0)—v(4) torsion angles were moderately
cant structural features that will enrich the available structural constrained, leaving the sugar free to take any conformation

9H3

8H3 ‘

Al VRS
o S i i

probes for mechanistic DNA repair studies. without an energy penalty between'@hdoand Ol-endq
including C2-endo CURVES 5.2 28) was used to estimate
MATERIALS AND METHODS DNA conformation and helical parameters.
The oligomer d(CGAAAT*TTTCG) was synthesized and Distance-Restrained Molecular Dynamics Regularization

tCalculations were performed with XPLORSY) using the
CHARMm force field @0) and adapted for restrained
molecular dynamics (rMD) for nucleic acids. All calculations

cross-link ratios when digested with a combination of snake WEre executed in vacuo without explicit counterions. The
cross link was placed in the major groove as defined by the

venom phosphodiesterase and calf intestinal alkaline phos-~"~> . S
phatase, followed by analysis by reversed-phase HPLC. Theavanable NMR restraints. The initial distance geometry and
mass of the duplex was consistent with its structure as simulated annealing refinement protocol started from 250

analyzed by mass spectrometny'£. calcd, 6687.2; found, iTereTt st'rglctulres geneéateq frgm setslf);}t\:v cast:andsl, eag\h
6691.0). The NMR sample was prepared by dissolving the 11 nucleotides long, randomized over all dihedral angles.
molecule in 0.25 mL of buffer containing 15 mM sodium number of structures (36 of 250) emerged separated from
phosphate (pH 7.4) and 100 mM NacCl resulting in a solution
approximately 3 mM in single-strand concentration. I Abbreviations: COSY, 2D-correlated spectroscopy; D@OSY,
; double-quantum-filtered COSY; DSS, 2,2-dimethyl-2-silapentane-5-
NMR SpectrogcopyStandard NMR experiments were sulfonate; NOE, nuclear Overhauser effect; NOESY, 2D NOE spec-
recorded on Varian Inova 500, 600, and 800 MHz spec- (oscopy: rMD, restrained molecular dynamics; TOCSY, 2D total
trometers. We recorded NOESY200 and 60 ms) spectra  correlated spectroscopy.

purified using methods previously described to prepare shor
DNA duplexes that contain an®NW-alkyl-N°T interstrand
cross link @0). The duplex gave the expected nucleoside
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nonconverged structures by large gaps in all components of(a) 7H3 8H3 OH3 MHL 2Hn
the potential energy function (dihedral angles, van der Waals,
NOE violations, and covalent geometry). This set was
subsequently submitted for further refinement. Sets of rMD
calculations were performed using random velocities fitting
a Maxwel-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 81). Most estimated distances from NOE data
analysis were incorporated as ambiguous restraints using the
“SUM averaging” option of XPLOR, because they could
reflect intra- and/or interstrand contributions. On the basis
of the 2-fold symmetry, noncrystallographic symmetry
restraints were imposed on all atoms. Planarity restraints were
used in all stages of computations. The simulated annealing
procedure consisted of a total of 53 ps of rMD including 7
ps of heating from 300 to 1000 K, 20 ps of scale-up of FIGURE 2: Selected spectral regions from a NOESY (200 ms) in
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restraints at high temperature, 14 ps of cooling to 300 K, 1H,0 at 0°C and pH 7.4 and 0.1 M NaCl. (a) Assignments indicated
and 12 ps of equilibration rMD. The temperature was
controlled by coupling the molecules to a temperature bath
with a coupling constant of 0.025 p33). The van der Waals
term was approximated using the Lennaddnes potential
energy function, and bond lengths involving hydrogens were
fixed with the SHAKE algorithm 33), during molecular
dynamics calculations. Coordinates (accession number 1S37
have been deposited in the PDB data bank.

have relevance in establishing canonical base pairing and in (b) a
spectral region depicting assignments for the alkylated base, T*6.

result of increased accessibility of water to the hydrogen
bonds forming the terminal base-pair C1/G11.

The environment of the alkylated base within the DNA
stem is well-characterized through a good number of dipolar
ronnectivities. Figure 2b depicts some of the connectivities
of the cross-linking ethyl moiety. The portions of the
spectrum at 0C show contacts to the Nt 1 flanking base

RESULTS T7H3. This is only possible if a proton bound to an sp3
Sharp peaks for three lower field thymine imino and two carbon is not in the same plane as C(aromati3—
guanine imino peaks are observable in the one-dimensionalC(aromatic). Contacts of the exocyclic methylene protons
region between 13.0 and 14.5 ppm, and sharp and well-to the major groove oriented amino of intra- or interstrand
resolved peaks are observable in the aromatic protonadenine A5 (5H61 and 5H62) positions and adenine 5H2
spectrum (Figure 1c), indicating a stable structure suitable (also intra- or interstrand) place the ethyl moidgtween
for NMR studies. The number of peaks corresponds to one minor and major groove.
conformer with complementary base pairing. Assignments of the protons were made through analysis
Resonance Assignmentssignment of the imino and  of standard NOESY, TOCSY, and DQEOSY spectra by
amino exchangeable protons was performed following established method$84, 35). Assignments of the H8/H6/
analysis of 1 NOESY spectra at 60 and 200 ms mixing H5 base and Hlsugar protons (Figure 3) were made through
times (0°C) and based on assignments of the nonexchange-analysis of the 50 and 250 ms NOESY spectra. At 250 ms
able region. Shown in Figure 2a is a selected region of a mixing time, we can readily trace the sequential dipolar
1-1 NOESY spectrum (200 ms) depicting selected assign- connectivities between the base and its owfleiking sugar
ments for exchangeable protons. NOEs between thymineH1' protons along individual strands as expected for right-
imino protons and adenine H2 and amino protons acrosshanded DNA. These were further substantiated by sequential
A/T base pairs and between guanine imino and cytosine analysis in H6/H8H3' by aromatie-aromatic cross peaks
amino and H5 protons across G/C base pairs are observedand H6/H8-H2'/H2" connectivities. At low mixing time (50
Interstrand dipolar connectivities such as those for A3 ms), weak H8/H6-H1' cross peaks were observed indicating
(T9H3—A3H61, T9H3-A3H62, and T9H3-A3H2), A4 that all residues are anti (when compared to Ct@8H5
(TBH3—A4H61, T8H3-A4H62, and T8H3-A4H2), A5 and C11H6-C11H5). Still in Figure 3 typical B-DNA cross
(T7TH3—A5H61, T7H3-A5H62, and T7H3-A5H2), C1 strand ()AH2—(j + 1)NHZI (i and| represent different
(G11H1-C1H42 and G11H*C1H41, not shown), and C10 strands, and N is any base; A4HZ9H1', ASH2—T8HT,
(G2H1-C10H42 and G2H1C10HA41, not shown) suggest and A3H2-C10HZ), intrastrand i)AH2—(i + 1)NHI
Watson-Crick base-pairing throughout the stem. Observa- (A4dH2—A5H1', ASH2—-T6H1, and A3H2-A3H1'), and
tion of cross-strand peaks T8H&5H2, T9H3-A4H2, and intraresidue (A4H2A4H1', A5SH2—A5H1', and A3HZ-
intrastrand G2H+A3H2 indicate typical B-DNA base-step A3H1') are also observable. The stereospecific assignment
and axis-displacement environments for the three-adenineof individual H2Z and H2' protons was derived from
segment. The broadness of the G11H1 imino proton reso-comparison of intensity of the MtH2' and HI—H2"
nance of this terminal base (Figures 1c and 2a) might be theintraresidue cross peaks in a 50 ms NOESY spectrum. At
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Ficure 3: Selected region of NOESY spectrum (250 ms) of (a)
d(CGAAAT*TTTCG); in 2H,0 solution at pH 7.4 and 28C and
0.1 M NaCl showing NOE correlations between H8/H6/H2/H5 and
H1'. The self-peaks involving Hlprotons have been labeled, and
their sequential connectivities have been drawn.

FiGURE 4: Stereoview of a superposition of eight lowest energy
refined structures of the duplex d(CGAAAT*TTTCE) The
individual strands are colored pink and blue, and the cross link is
colored yellow.

this mixing time, the intraresidue HtH2' cross peaks are
stronger than H+-H2" in B DNA. DQF—COSY spectral
patterns indicated that MtH2' coupling constants were
reasonably large>6 Hz), with only one terminal residue
(G11) showing strong H2-H3' cross peaks. This sugar
pucker was left unrestrained during structure calculations.
In contrast to all other nucleotides, the chemical shift of
G11H2 also appears at a higher field to G11HZherefore,
the sugar geometries are predominantly S ty®@,(and

Webba da Silva et al.

Ficure 5: Orthogonal views of the duplex structure of d(CGAAA-
T*TTTCG),. The individual strands are colored pink and blue, and
the cross link is colored yellow. (a) View into the stem axis showing
the alignment of the mispair aligned basis with the ethyl moiety
between the major and minor grooves and stacking interactions for
the nearest-neighbor bases to the lesion. (b) View orthonormal to
a, depicting the length of the stem and the regularity of the
backbone.

Table 1: Restraints and Refinement Statistics for Eight Selected
Structures for d(CGAAAT*TTTCG)

NMR restraints

total number of restraints 343
nonexchangeable protons 213
exchangeable protons 22
hydrogen bond restraints (empirical) 48
dihedral angle restraints (pucker only) 50

noncrystallographic symmetry restraints on all heavy atoms
structural statistics

NMR Rfactor Rue) 0.104-0.105
NOE rmsd (A) total 0.0320.035
NOE violations exceeding 0.2 A 0
heavy-atoms pairwise rmsd 0450.2

Table 2: Geometrical Parameters for the Lowest Energy Structure
of d(CGAAAT*TTTCG)

(Cr-C1) stagget bucklet propellef
base pair A (A (deg) (deg)
G2-C10 10.9 0.0 0.0 0.6
A3-T9 10.4 0.1 0.4 1.7
A4-T8 10.9 0.2 14 2.2
A5—T7 10.5 0.0 2.2 2.5
T6*—T6* 104 0.7 0.0 19.7

a Absolute magnitude.

complementary duplex with antiparallel strands is well-
defined in the internal segments encompassing the cross-
linked nucleotides up to the end residues (G11 and C1),
where fraying is apparent. Progression along the backbone
presents little departure from uniformity, showing somewhat
lesser regularity in the lesion moiety (parts a and b of Figure
5). The compactness of the stem is barely affected as seen
from the regularity of the disposition of the bases in the
interior of the helix, and the hydrogen bonding for the
Watson-Crick base pairing has not been disrupted. In Figure
5b the cross link (in yellow) accommodates itself well

consequently the strand structures may be considered tdbetweerthe minor and major grooves. This unique feature

belong to the B-DNA family.

Structural FeaturesA stereoview of eight superpositioned
refined structures of the duplex d(CGAAAT*TTTC&Gis
plotted in Figure 4 and exhibits average heavy-atom root-

is only possible because of two concomitant effects apparent
from inspection of the geometrical parameters as shown in
Table 2. The T6%T6* mispair experiences propeller twist-

ing 1 order of magnitude greater than for the rest of the base

mean-square deviations (rmsd’s) to the mean structure ofpairs in the stem. This effect diminishes progressively away
0.5+ 0.2 A. The input and structure convergence parametersfrom the lesion. This feature is further demonstrated by the
are listed in Table 1. The structure of the right-handed self- fact that simultaneous to the large magnitude of propeller
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twisting between the cross-linked bases is the lack of the mispair-aligned bases. Staggering is less pronounced in
buckling. However, for the adjacent bases,-A%/, some C*—C* because the ethyl moiety connects the bases through
buckling is observed and its measure diminishes progres-major-grove-pointing exocyclic nitrogen atoms and therefore
sively away from the lesion. In standard B DNA, the induces greater deviation from base-pair planarity than
intrastrand base stacking is coupled with a stepwise twisting displacement from the plane axis. In contrast, the-T*
of 36° for every canonical base pair. This structure results lesion has the cross-link bound to the base at the N3 position,
in a stem mean magnitude for intrastrand interbase twist of i.e., between its minor groove edge and Wats@nick edge.
38° for the undecamer. The base steps A4pA5 and T7pT8 Therefore, accommodation of the lesion results in a greater
are dramatically overwound (by 23 Notwithstanding, from displacement from the plane of the base mispair alignment
Figure 5a, it is apparent that there is good intrastrand basemostly because of the tetrahedral arrangement on the sp3
stacking throughout the stem. Nonstandard backbone torsiorethyl carbon atoms. This is achieved with a small measure
angles are observed for some residues (see Table S2 in thef concomitant propeller twisting.
Supporting Information). Particularly, the dihedral anglsts Even though our understanding of the molecular basis of
andp,g for A5, as well asx,g™ ande,g~ for A3. They reflect DNA repair has markedly increased in the past decade, the
the extent of the accommodation to trends in the collective main DNA repair pathways in humans, direct repair, base-
mechanics in the DNA backbone resultant from the lesion. excision repair, nucleotide-excision repair, mismatch repair,
The sugar puckers for these two residues, as with the othershomologous recombination, and nonhomologous end joining,
populate preferentially sugar puckers of the S type, albeit are still not thoroughly understood in structural mechanistic
deviating from C2endo (Table S1 in the Supporting detail. This is particularly true in the case of the repair of
Information). In summary, noticeable distortions because of alkyl interstrand cross links. The efficiency and mechanism
the cross link are illustrated in the magnitudes of intrabase- of damage repair is likely to depend on the extent to which
pair staggering, buckle, and propeller twist but not in cross- the lesion alters the structure of DNA, hence making it
strand (C1-C1') distances and displacemenfnot shown recognizable for the repair proteins involved. To gain a better
in the table). The latter, coupled with sugar puckers populat- understanding of the role of lesion-induced perturbations on
ing predominantly S-type conformations, and torsion angles DNA repair, we are developing well-characterized probes
along the sugar phosphate backbone populating predomi-to study mechanisms of repair of major-groove-aligned DNA
nantly the B conformation result in an overall canonical alkyl interstrand cross links. Thus, the“‘Gtalkyl-N*C
B-DNA topology. interstrand cross link when inserted into the scaffold 5
CGAAAC*TTTCG-3 can induce distinct structural alter-
DISCUSSION ations including disruption of the base pairing, unwinding
We have solved the first solution structure of an interstrand of the double helix, bending of the DNA toroid, and
covalent cross link between two thymines alkylated at the backbone flexibility 1). In contrast, the present study shows
N3 positions. The structure shows that the ethyl cross link that the NT-ethyl-N°T cross link does not cause significant
can be accommodated between the complementary DNAchanges in the major or minor grooves and does not induce
strands with little distortion. The experimental observation changes in the sugar puckers beyond canonical B-DNA
of typical NOE restraints for WatserCrick base pairing plasticity. However, we can expect changes in the rates of
for all canonical base pairs allowed us to conclude that theresugar pucker dynamics, deviations from canonical backbone
were no hydrogen-bond disruptions. Most interestingly, the angles, and changes in the partitioning of cations into the
cross link was accommodated along the region between theminor groove because of the hydrophobic character of the
major and minor grooves. Notably, because of the fact that cross-linking moiety. These factors could provide a basis for
the exocyclic cross-linking ethyl moiety was bound to the damage recognition by cellular repair proteins. Alternatively,
aromatic rings at the N3 position, the orientation of the base because the W-ethyl-N°T cross link induces minimal
in respect to the stem did not deviate from its normal structural perturbation, lesion recognition may be dependent
position; i.e., the base maintains the same base-stackingupon DNA transcription or replication. Experiments are
pattern as compared to a noncross-linked base-paired thy-currently in progress to examine the repair of DNA that
mine. This is an interesting example of the considerable DNA contains NC-alkyl-N°C and NT-alkyl-N°T interstrand cross
plasticity along the axis defined by the stem. Furthermore, links.
we observe flexible exocyclic ethyl moieties as observed for  Novel cross-linking agents continue to be produced in an

the eight lowest energy structures selected (Figure 4). attempt to generate more selective and less toxic treatments
It is interesting to compare the three-dimensional structures(37). These include molecules that are selective for an
bearing an ethyl moiety in T*T* with our earlier study of interaction with DNA, produce a greater yield of interstrand

the same scaffold containing a €€*. In the structure of cross links than other DNA lesions, are more selective for
the mispair aligned CxC* (21), the ethyl cross link bridges  particular sequences of DNA, and are bioreductive agents
the exocyclic amino and therefore its disposition results in with the potential to produce cross links selectively in
the major groove. This feature is also observed for the samehypoxic regions of tumors. One of the greater limitations
lesion in a C*pG step within the same scaffold (unpublished still is the fact that cross links produced are readily repaired
results). In contrast to T*T*, in C*—C*, we observed in many types of tumor cells. To address some of these
features that represent a departure from canonical B DNA issues, a new generation of highly active sequence-specific
toward A DNA (in sugar puckering andaxis displacement), = DNA minor groove cross-linking agents are being rationally
introduced by the lesion. The differences seem mostly to be designed 88). They produce lesions that cause minimal
a reflection of the interplay between two different effects: distortions to the normal DNA structure and, as a result, seem
the magnitudes of staggering and propeller twisting betweento evade the recognition and repair mechanisms used for the
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processing of the more distorting cross links produced in
the major groove by conventional cross-linking drugs. These
new drugs may have an important clinical role in the future
treatment of cancer.
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SUPPORTING INFORMATION AVAILABLE

Tables with geometrical parameters and backbone torsion
angles for the lowest energy calculated structure as well as
one figure showing a DQFCOSY spectrum of d(CGAAA-
T*TTTCG), at 20 °C. This material is available free of
charge via the Internet at http://pubs.acs.org.
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