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ABSTRACT: Neocarzinostatin (NCS-chrom), a natural enediyne antitumor antibiotic, undergoes either thiol-
dependent or thiol-independent activation, resulting in distinctly different DNA cleavage patterns. Structures
of two different post-activated NCS-chrom complexes with DNA have been reported, revealing strikingly
different binding modes that can be directly related to the specificity of DNA chain cleavage caused by
NCS-chrom. The third structure described herein is based on recent studies demonstrating that glutathione
(GSH) activated NCS-chrom efficiently cleaves DNA at specific single-base sites in sequences containing
a putative single-base bulge. In this structure, the GSH post-activated NCS-chrom (NCSi-glu) binds to a
decamer DNA, d(GCCAGAGAGC), from the minor groove. This binding triggers a conformational switch
in DNA from a loose duplex in the free form to a single-strand, tightly folded hairpin containing a bulge
adenosine embedded between a three base pair stem. The naphthoate aromatic moiety of NCSi-glu
intercalates into a GG step flanked by the bulge site, and its substituent groups, the 2-N-methylfucosamine
carbohydrate ring and the tetrahydroindacene, form a complementary minor groove binding surface, mostly
interacting with the GCC strand in the duplex stem of DNA. The bulge site is stabilized by the interactions
involving NCSi-glu naphthoate and GSH tripeptide. The positioning of NCSi-glu is such that only single-
chain cleavage via hydrogen abstraction at the 5′-position of the third base C (which is opposite to the
putative bulge base) in GCC is possible, explaining the observed single-base cleavage specificity. The
reported structure of the NCSi-glu-bulge DNA complex reveals a third binding mode of the antibiotic
and represents a new family of minor groove bulge DNA recognition structures. We predict analogue
structures of NCSi-R (R) glu or other substituent groups) may be versatile probes for detecting the
existence of various structures of nucleic acids. The NMR structure of this complex, in combination with
the previously reported NCSi-gb-bulge DNA complex, offers models for specific recognition of DNA
bulges of various sizes through binding to either the minor or the major groove and for single-chain
cleavage of bulge DNA sequences.

Neocarzinostatin (NCS-chrom)1, a natural enediyne anti-
tumor antibiotic, has been shown to undergo either thiol- or
nonthiol-dependent activation, resulting in distinctly different
DNA chain cleavage patterns. These can be attributed to
versatile chemical structures of the activated NCS-chrom
species and their formation of different DNA binding
specificities (Scheme 1, refs1-7). The mechanisms of NCS-

chrom activation, its DNA cleavage properties, and the
formation of the post-activated NCS-chrom molecules have
been the subject of intensive investigations (1, 2). Several
DNA cleavage patterns have been identified under either
activation mechanism, which include concomitant double-
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and single-strand cleavages in a DNA duplex (mode 1, refs
4, 5) and single-strand cleavage in a DNA sequence that
potentially can fold to form single-stranded structures
containing bulge sites (mode 2, refs8-10). In general, the
cleavage sites are in A/T rich regions and allow hydrogen
abstraction (H-abstraction) from DNA by an NCS-chrom
diradical intermediate and chain cleavage at the position lost
hydrogen. Mode 1 type of cleavages occur more frequently
at 5′-G/ACT•AGC/T-3′ sites with the point of cleavage
located at the 5′ position of the T residue and less frequently
at the 1′ or 4′ position of the C/T residue in the opposite
strand (residues shown in bold). Careful analysis of the DNA
sequences cleaved in mode 2 revealed two subtypes of
sequence patterns; one is the thiol independent mode 2a
related to the sequences containing putative two-base or
larger bulge sites. The specific cleavage site of mode 2a
resides in the 5′ position of a T residue in the bulge. The
other is the thiol-dependent mode 2b that is related to the
sequences containing putative bulge sites and a specific
cleavage site in the 5′ position of a residue opposite to the
bulge residues. Mode 2b type of cleavage is associated with
a different set of NCS-chrom and DNA contacts and does
not show strong A/T preference. Therefore, the complex
formation is likely to be linked to the bulge motif-directed
cleavage, representing a shift in NCS-chrom DNA cleavage
specificity from sequence-specific to motif-selective.

The versatility of NCS-chrom activation, formation of
activated species, and the patterns of DNA chain cleavage
offers a rare opportunity to gain fundamental understanding
of the molecular details of DNA recognition. The first
solution structure of the molecular complex of the GSH-
activated NCS-chrom (NCSi-glu, Scheme 1A) and a DNA
heptamer duplex (5′-CCTCGCG•CGCGAGG-3′) was re-
ported using high-resolution NMR spectroscopy and com-
putational methods (4, 5). This NCSi-glu-duplex DNA
complex (complex 1) is characterized by intercalation of
NCSi-glu from the minor groove of DNA and provides a
detailed model for the drug-DNA interactions that give rise
to mode 1 type of DNA cleavage. The structure clearly
defines the interactions of the intercalating naphthoate moiety

(NPH), the minor groove binding moiety fucosamine residue
(NMF), and the reduced enediyne ring (THI), all in NCS-
chrom, with specific DNA residues. By discerning the close
contacts between the sites of radical formation in NCSi-glu
and the DNA residues, the structure explains the specific
cleavages at the T and the C (above, in bold) residues. In
this structure, the GSH peptide side chain attached to NCS-
chrom was not defined since its1H resonances were not
observed. This lack of information was attributed to a mobile
peptide side chain, reflecting loose interactions between the
tripeptide and the DNA in complex 1.

The second molecular complex is formed between a
general-base post-activated NCS-chrom in the absence of a
thiol (NCSi-gb, Scheme 1B) and a two-base bulge DNA
(complex 2) (11, 12). This complex relates to NCS-chrom
DNA cleavage mode 2a, and its structure was a surprise (6,
7). As compared to its counterpart NCSi-glu and most small
DNA binding ligands (3), NCSi-gb adopts an unusual binding
mode, which involves major groove recognition by the drug
carbohydrate unit and tight fitting of the wedge-shaped drug
in the triangular prism pocket formed by the two looped-
out DNA bulge bases and the neighboring base pairs. In the
binding cavity, the original NPH and the THI moieties now
connected through a spirolactone are mimics of helical DNA
bases, complementing the bent DNA structure. The position-
ing of the THI moiety is such that the pro-S H5′ of the target
base T, which is also a bulge residue, is about 2.2 Å separated
from the radical site in THI. This structure clarifies the
mechanism of bulge recognition and the specific cleavage
of single-stranded DNA residues by NCS-chrom. This result,
among the few bulge binding complexes (3, 13), establishes
principles for the design of bulge-specific nucleic acid
binding molecules. We have further reasoned that the
effective recognition of the bulge site on the duplex DNA
may have bearing on the bent DNA groove space being
flexible enough to adopt the geometrically optimal confor-
mation compatible with the wedge-shaped drug molecule
rather than involving lock and key recognition (7, 14). This
shape-fitting principle for DNA bulge selectivity has been
successfully applied to the design of synthetic bulge-specific
analogues, which can form a wedge shape through covalently
linked stacking aromatic moieties (15, 16).

This report will describe a third, categorically distinct high-
resolution structure of the complex containing the thiol post-
activated NCS-chrom, NCSi-glu, with a single-base bulge
bearing DNA. This complex is based on recent studies
demonstrating that GSH activated NCS-chrom causes highly
efficient, specific single-base cleavage in single-stranded
DNA sequences containing a putative single-base bulge (17-
19). The DNA sequence used in this study is d(GCCA-
GAGAGC), containing a cleavage site at the 5′ position of
the third C (C3) shown in the NCS-chrom DNA cleavage
studies. This system is to address several interesting aspects
about the observed specific DNA cleavage. It has been
known that the predominant DNA cleavage sites by NCS-
chrom, either in single- or double-strand mode, are T and A
residues; the sequence per se is neither self-complementary
(not a duplex motif) nor a bulge sequence as observed in
the major groove binding bulge DNA complex 2 (10). Our
NMR analysis now details the conformation of DNA and
NCSi-glu and their intermolecular interactions and provides
a structure illustrating minor groove bulge DNA recognition.

Scheme 1: Chemical Structures of (A) NCSi-glu, Formed
in the Presence of Glutathione; (B) NCSi-gb, Formed under
Based Catalyzed Conditions; and (C) the Substituent,
Glutathione, on NCSi-glu
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This structural analysis explains the observed single-base
cleavage specificity and reveals a third binding mode of the
antibiotic with noncanonical DNA. This report also describes
the comparison of the conformations of the DNA in the free
or the bound form. This information should be valuable for
designing sequence-specific DNA binding ligands, which can
find applications as antibiotic, antitumor agents and biosensor
molecules.

MATERIALS AND METHODS

Sample Preparation.(a) NCSi-glu: NCS-chrom was
extracted from the chromoprotein neocarzinostatin and
reduced to form NCSi-glu (Scheme 1A) in the presence of
GSH and purified by HPLC following published procedures
(4, 5). (b) Free DNA: 5′-d(GCCAGAGAGC) was synthe-
sized using standard phosphoramidites (Glen Research) on
an ABI 381A DNA synthesizer. The oligonucleotide was
purified by HPLC (reverse-phase C18 column) and then
passed through size-exclusion (Bio-Rad Econo-Pac 10 DG)
and Na+-exchange columns. The purity of the sample was
examined using analytical reverse-phase C18 HPLC and
electrophoresis on 20% denaturing polyacrylamide gel. (c)
Preparation of the NCSi-glu-bulge DNA complex: d(GC-
CAGAGAGC) was dissolved in a solution (0.3 mL) contain-
ing 10 mM sodium phosphate and 0.1 mM EDTA, pH 6.0
(SPE10 buffer) and gradually added to a sample of NCSi-
glu dissolved ind4-MeOH at 278 K (total added volume was
80 µL). The formation of the complex was monitored by a
set of one-dimensional (1-D)1H NMR spectra. The final
sample contained about 0.9 mM of the complex.

NMR Experiments.NMR experiments were performed on
a Bruker 600 MHz spectrometer. Spectra were recorded in
either 90% H2O/10% D2O (Cambridge Isotopes Inc.) for
observation of exchangeable protons or 99.99% D2O for
observation of nonexchangeable protons. The NMR data
acquired were processed using FELIX (Accelrys Inc.) and
UXNMR (Bruker Instruments Inc.). Proton chemical shifts
were referenced to the HOD resonance (4.70 ppm at 298 K,
temperature correction factor-0.0109 ppm/K). The31P
chemical shifts were referenced to the signal of an external
sample containing trimethyl phosphate in 0.1 M sodium
phosphate, pH 6.3, 298 K.

(a) 1-D experiments: All 1-D1H NMR spectra recorded
were centered at the HOD resonance with a spectral width
of 10 ppm for D2O samples and 23 ppm for H2O samples.
A total of 4096 or 8192 data points were acquired;31P NMR
spectra were centered at-3.5 ppm with a spectral width of
4-10 ppm. A total of 1024 or 2048 data points were
acquired. The inversion recovery pulse sequence (20) (180ø

- τ - 90ø - Acq) with τ varied from 3µs to 1.4 s, and a
15.0 s repetition delay was used to estimateT1 (spin lattice
relaxation time,T1 = τnull/ ln(2); τnull is the time when NMR
signal intensity is close to zero). The estimated values ofT1

for aromatic protons of the free DNA and the complex were
about 1.6 and 1.9 s in D2O. The inversion recovery
experiments were also used to identify A H2 resonances.
These resonances, which exhibit longerT1 values than those
of base and sugar protons, appeared as sharp, negative peaks,
while the majority of proton signals were at null intensities.

The pulsed field gradient (PFG) experiments were per-
formed for complex 3, the free DNA: 5′-d(GCCAGA-

GAGC), and a heptamer DNA duplex: 5′-d(CCTCTTG•
CAAGAGG). These experiments measure the translational
diffusion constant (DT), which is a function of the size, shape,
and mass of the molecules (21, 22). The PFG strength was
calibrated using lysozyme hen egg white (Sigma) (0.7 mM
in D2O containing 50 mM NaCl, pH 5.5), which gave 11.1
× 10-7 cm2/s of DT at 298 K (23). For each molecule, a set
of 1-D spectra was recorded at different gradient field
strengths (g, G/cm) with 10 and 14 ppm spectral widths (for
DNA sample and lysozyme reference, respectively) and 16
K data points. The gradient pulse duration (δ) was 7 ms,
the delay (∆) between the two gradient pulses was 125 ms,
and the PFG strengths varied from 5 to 100% (30 G/cm). In
a set of spectra shown (Figure S1A, Supporting Information),
the intensities (A′) of several resolved1H resonances (marked
with *), such as A8 H2 (8.29 ppm), G5 H8 (7.79 ppm), G9
H1′ (5.74 ppm), NCSi-glu H2M (2.88 ppm), and NCSi-glu
HNM (1.90 ppm), were measured as a function of gradient
field strength, and their relationship is defined by the
following equation (24, 25):

whereAo is the signal intensity in the absence of gradient
pulse, andγ is the gyromagnetic ratio (rad T-1 s-1). The
plots of ln(A′) versus (γδg)2(-δ∆/3) follow a linear relation-
ship, andDT (cm2 s-1) values were derived from the slope
of these lines (Figure S1B, Supporting Information).

(b) 2-D experiments: DQF-COSY, COSY-45, TOCSY,
NOESY, and1H-31P correlation spectra were recorded with
data points in thet2 dimension half of that used for 1-D
spectra. For samples in D2O, acquisition times int2 were
682 and 377 ms for COSY and NOESY, respectively, and
that for samples in H2O was 152 ms. A total of 512
increments were used int1 with t1max ) 171 or 79 ms for
D2O or H2O samples.1H-31P correlation spectra used a
spectral width of 3.3 ppm int2 (1H) and 4.6 ppm int1 (31P).
Acquisition time was 512 ms for the1H and 133 ms for the
31P dimension. Relaxation delays were based onT1 estima-
tion, ranging from 1.6 to 2.5 s. Suppression of the HOD
resonance was achieved by the presaturation for D2O samples
or the Jump-return pulse (90ø - τ - 90-ø - Acq) (26) for
H2O samples with a refocusing delay of 52µs. A 90° phase-
shifted sine bell function was used in thet2 andt1 dimensions
prior to Fourier transformation of NOESY, while a 30°
phase-shifted skewed sine bell function was for TOCSY and
DQF-COSY; a 37.5° phase-shifted skewed sine bell function
was for 1H-31P correlation spectra; and an unshifted sine
bell function was for COSY-45. The final spectral matrix
consisted of 2048× 2048 data points in each of the1H
frequency (F2 and F1) dimensions or 1024× 1024 in 1H
and31P dimensions in1H-31P 2-D spectra.

(c) NMR spectra of the free DNA: The free DNA (2 mM)
was dissolved in the SPE10 buffer solution, and the tem-
peratures used for data acquisition were 268 K for 2-D J-R
NOESY spectra (200 ms mixing time) (Figure 1A), 273 and
280 K for NOESY spectra of nonexchangeable1H (70, 150,
250, and 400 ms mixing times) (Figure 2A) and1H-31P
COSY (Figure S2A, Supporting Information), and 280 K
for DQF-COSY, COSY-45, and TOCSY (88 ms mixing
time).

ln(A′) ) -(γδg)2(-δ∆/3)DT + ln(Ao)
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(d) The NCSi-glu-bulge DNA complex: Complex 3 (0.9
mM in SPE10 buffer solution) was used to record 2-D spectra
at 268 K for 2D J-R NOESY spectra (150 and 200 ms mixing
times) (Figure 1B) at 268, 278, and 283 K for NOESY of
nonexchangeable1H (70, 120, 200, 250, and 400 ms) (Figure
2B); and at 268, 273, and 278 K for DQF-COSY, COSY-
45, and TOCSY (88 ms mixing time) and1H-31P COSY
(Figure S2B, Supporting Information).

NMR Resonance Assignment. The 1H and 31P chemical
shift assignments of complex 3 are provided in Table S1
(Supporting Information). (a) DNA in the free and the bound
forms: The identification of scalar coupled spin systems,
such as H5-H6 of C residues and sugar protons, from the
DQF-COSY spectra provided assignments of spin systems.
H2 resonances of A were identified from the inversion
recovery experiments in which relaxation delay was set so
that the H2 peaks remained negative when most other
resonances were at the noise level. These assignments
provided the starting point for sequential assignments of
DNA nonexchangeable1H resonances from a combination
of NOESY and COSY spectral analyses (27). Exchangeable
amino 1H (NH2) of C residues, recognized from their
connectivity to H5-H6 cross-peaks, were used to assign
base-paired imino1H (HN) of G residues (Figure 1). The
overlaps of H8 resonances of A6, G7, and G9 were partially

resolved in NOESY spectra recorded at 278 and 283 K. H2′′
resonances were specifically assigned since H1′-H2′′ cross-
peaks showed stronger intensities as compared to those of
H1′-H2′ cross-peaks in 70 and 120 ms NOESY. (b) NCSi-
glu: NCSi-glu consists of four subunits (Scheme 1A): the
reduced enediyne system (i.e., tetrahydroindacene (THI) with
an attached cyclocarbonate ring), the 2-N-methylfucosamine
ring (NMF), the naphthoate ring (NPH), and the GSH
tripeptide side chain attached to C12 of THI. The chemical
shifts of NCSi-glu (Table S1C, Supporting Information) in
complex 3 were assigned from the 250 ms mixing time
NOESY spectrum for the nonexchangeable protons and from
the 200 ms mixing time J-R NOESY spectrum for the
exchangeable proton. Similar to what was described previ-
ously (4, 5), NCSi-glu has a naphtholic proton (C2′′-OH),
which was easily identified at 11.38 ppm since its NOE
patterns differ from those of G HN protons of DNA. Several
scalar coupled cross-peaks (strong coupled: NPH H3′′-H4′′,
THI H5-H6, and NMF H2′-H3′; not as strongly coupled:
NMF H1′-H2′ and H3′-H4′) in the DQF-COSY spectra
were the initiation point for complete assignments of the1H
resonances. In the TOCSY spectra, the multi-bond correla-
tions of H6-H8 in THI; H1′-H3′, H2′-H4′, and H3′-H5′
in NMF; and H6′′-H8′′and H6′′- H5′′ methyl protons
(HNM) in NPH were assigned.

FIGURE 1: Expanded 2-D JR-NOESY spectra (200 ms mixing time) recorded in H2O/D2O (90:10%) at 268 K. The F2 axis covers the
resonances of G HN and the hydrogen bonded and non-hydrogen bonded C NH2 (dot line). The F1 axis covers C NH2 (solid line) and base
protons. (A) The spectrum of free DNA, showing the assignments for HN of G5, G7, and G9; amino groups of C2, C3, and C10; and
H5/H6 marked with *. The cross-peaks in squares are assigned as follows: a, G7HN-A8H2; b, G5NH2-A6H1′; and c, G7NH2-A8H1′.
(B) The spectrum of complex 3 showing three sets of NOE connectivities for HN of G and amino group of C residues; amino groups of
C2, C3, and C10; and H5/H6 marked with *. The intermolecular NOE between C2′′ OH and G9 H1′ is indicated.
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NMR Restraints.Distance restraints of complex 3 were
derived from five D2O NOESY spectra (70, 120, 200, 250,
and 400 ms mixing times) for nonexchangeable1H and H2O
NOESY spectrum (200 ms mixing time) for exchangeable
1H. The integrated volumes of the D2O NOESY cross-peaks
were obtained using the FELIX 98 program. The five sets
of volumes were converted to distances using the MARDI-
GRAS program (Matrix Analysis of Relaxation for DIscern-
ing GeometRy of an Aqueous Structure) (28, 29). Using
isotropic correlation times of 1.5, 2.5, and 3.5 ns, three sets
of equilibrium distances were calculated for each volume
file. This procedure generated 15 sets of distance restraints,
and the average values of the 15 sets gave equilibrium
distances. The upper and lower distance bounds were derived
from their standard derivations but limited at 1.8-5.5 Å.
The distances of exchangeable1H were derived from H2O
NOESY cross-peaks according to their intensities: strong
(2.7 ( 0.9 Å), medium (3.4( 1.6 Å), or weak (4.2( 2.4
Å). Watson-Crick base pairing restraints further included
distances connecting hydrogen-heavy atoms and donor-
acceptor atoms based on canonical base-pair geometries of

nucleic acids (30). These analyses generated 276 distance
restraintssincluding 35 intermolecular and 18 G•C Watson-
Crick hydrogen bonding distance restraints (Table 1). The
quality of distance restraints was improved in the iterative
calculations (e.g., after the generation of a set of structures,
the average distances between each proton pair were
computed and compared with the experimental distance
restraints). For the distances that fell within the given
restraints, the original distance bounds were reduced to
narrower restraints. The distances that resided outside
restraints were examined against experimental data, and their
distance restraints were adjusted when appropriate. These
comparisons enhanced the consistency of the restraints so
gradual convergence was achieved after eight cycles of
iterations.

Dihedral angle restraints for sugar and backbone torsion
angles were obtained from combined analyses of the COSY-
45, DQF-COSY, and1H-31P COSY spectra. Thirty-five
dihedral angle restraints related to the DNA oligonucleotide
were used in the structure calculations. The DNA sugars of
G1, C2, G5, A8, and C10 residues were in the C2′-endo
family. For these residues,3JH1′-H2′ was greater than3JH1′-H2′′
in combination with absent or very weak H2′′-H3′ and H3′-
H4′ cross-peaks. Therefore, these residues were restrained
in δ (C5′-C4′-C3′-O3′) ) 140( 20° (31). No sugar angle
restraints were applied in the initial stage of the calculation
to the C3, A4, A6, G7, and G9 residues since most of their
COSY cross-peaks were relatively weak in intensity because
of line width broadening that would be associated with local
micro-motions in these resides in the mini-hairpin sequence.
In the final refinement stage,δ angle restraints of 140(
20° were applied to these residues. Theγ (O5′-C5′-C4′-
C3′) angles of all residues were restrained within the gauche+

(g+) conformation (60( 20°) since the cross-peaks between
H6/H8 and H5′/H5′′ protons were weaker than those between
H6/H8 and H1′ in the short mixing time NOESY spectra
(70 and 120 ms) (32). Theâ (P-O-C5′-C4′) torsion angles
of C2, C3, A4, G7, G9, and C10 were set within the trans
(t) conformation (-151 ( 20°), based on the detection of

FIGURE 2: Expanded 2-D NOESY spectra recorded in D2O of (A)
the free DNA and (B) the NCSi-glu-bulge DNA complex. The
sequential connectivity is shown by solid connecting lines with the
cross-peaks of intramolecular NOEs labeled with residue numbers.
NOEs connecting H5/H6 of C are marked with *. In B, the missed
sequential connectivities of the C2-C3, G5-A6, and G7-A8 steps
are marked with×. The cross-peaks of intermolecular NOEs in
complex 3 are as follows: a1, A8 H2-NPH H3′′; a2, A8 H2-
NPH H4′′; b1, G7 H8-NPH H3′′; b2, G7 H8-NPH H4′′; c1, THI
H8-H10; c2, THI H8-NMF H1′; c3, THI H8-H11; c4, THI H8-
C3 H1′; c5, THI H8-H5; c6, THI H8-NPH H8′′; c7, THI H8-
H6; d1, THI H6-C2 H1′; and d2, THI H6-H5.

Table 1: Statistics of NMR Data of the Nine Refined Structures of
Complex 3

A. NMR Data
NMR distance restraints 276

DNA hairpin 170
intra-residue 98
inter-residue 54
hydrogen bond 18
NCSi-glu 71
NCSi-glu-DNA (intermolecular) 35

torsion angle restraints 40
DNA hairpin 35
NCSi-glu 5

B. Structure Statistics
NOE violations

number (>0.4 Å) 0
rmsd of violations (Å) 0.051( 0.001

deviations from ideal covalent geometry
bond length (Å) 5.70E-4 ( 5.48 E-5
bond angle (deg) 1.75( 2.98 E-3
impropers (deg) 1.29( 3.28 E-3

rmsd of coordinates (Å) among the
nine refined structures
(all residues and NCSi-glu)
comparison to the averaged structure 0.36( 0.05
pairwise comparison 0.54( 0.08
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the long-range H4′-P coupling (Figure S2B, Supporting
Information) combined with the g+ conformation of theγ
angles. Theε (C4′-C3′-O3′-P) angle is commonly found
in either g- or t; theε(g+) conformation is sterically forbidden
(33). Theε(g-) conformation would give a4JH2′-P coupling
cross-peak (34), but this was not observed in our NMR data.
Therefore, theε angles of all residues were restrained to a t
conformation (180( 20°).

For NCSi-glu, five dihedral angle restraints were derived,
including three ring pucker and linkage dihedral angles for
NMF and two t dihedral angles for the peptide linkages.
LargeJH2′-H3′ and smallJH1′-H2′ andJH3′-H4′ of the NMF ring
were observed. These data are consistent with the NMF ring
in a chair conformation and anR-glycosidic linkage. NOE
cross-peaks between HR protons of the tripeptide residues
were not observed, indicating the t conformation of the
peptide bond (27).

Structure Calculation.Structure calculation used distance
geometry (DG) followed by restrained molecular dynamics
simulations (rMDS), which are implemented in the XPLOR
program (35, 36). The parameter file of NCSi-glu was
essentially the same as previously used (4, 5) except for the
GSH tripeptide side chain, which were incorporated accord-
ing to the parameters of standard amino acids (QUANTA,
Accelrys Inc.). Calculation methods followed what was
described previously (7). A calculation cycle typically began
with DG calculations, which generated a large number of
initial structures (>300). These structures were analyzed in
terms of minimum energy, chirality of sugar protons, and
the orientation of the A4, G5, and A6 loop residues and the
A8 bulge residue. As discussed below, in the major structural
family the bases of these residues were located in the major
groove. In the second stage of structure calculation, the
selected DG structures were subjected to rMDS refinement
using a thermal annealing procedure and parameters as
reported (7). The calculations were iterated, and structures
were examined to ensure the correct chirality, favorable
energy terms, and the consistency between the calculated
structures and the experimental data. The statistics for the
final nine structures of NCSi-glu-bulge DNA (complex 3)
are listed in Table 1. The CURVES 5.1 program (37) was
used to analyze the helical parameters of DNA, and these
results are given in Table 2. The geometry parameters related
to the torsion angles of NCSi-glu are listed in Table 3. The

coordinates of the structures of complex 3 have been
deposited at the Protein Data Bank (accession code 1MP7).

RESULTS

NMR Spectra of the Free DNA.NMR spectral analysis of
the free DNA provides a basis for comparison of the free
and the drug bound conformations of DNA.1H and 31P
resonance assignments are given in Table S1A (Supporting
Information). Three HN proton resonances were observed
and assigned to HN of G5 (10.73 ppm), G7 (11.95 ppm),
and G9 (12.46 ppm) (Figure 1A). 2-D NOEs connected G2
HN to C9 NH2, indicating the formation of a C2•G9 base
pair, but the NOEs between HN and NH2 of C3 and G7 and
between C10 and G1 were absent. An NOE observed at
11.95 and 7.91 ppm was assigned to G7 HN and A8 H2,
suggesting stacking of the G7 and A8 residues. The
sequential NOEs (Figure 2A) can be traced almost throughout
the sequence, but those of H6/H8 to H1′ were weak at the

Table 2: Backbone Torsion Angles (deg) for D(GCCAGAGAGC)a in Complex 3

residue sugar puckerb R â γ δ ε ú ø

G1 C2′-endo 61( 0 122( 2 -192( 4 -92 ( 2 -120( 6
C2 mixedb -66 ( 5 -174( 6 59( 1 114( 2 -168( 3 -81 ( 3 -113( 3
C3 C2′-endo -61 ( 3 -163( 5 66( 1 132( 3 -179( 3 -78 ( 2 -103( 5
A4 C2′-endo -50 ( 5 -194( 2 64( 1 138( 1 -184( 1 -131( 4 -102( 4
G5 C2′-endo -49 ( 6 -231( 3 82( 3 126( 1 -174( 2 -184( 4 -142( 4
A6 mixed -96 ( 4 -234( 3 65( 3 113( 2 -192( 2 -82 ( 4 -96 ( 6
G7 mixed -59 ( 4 -181( 2 61( 2 108( 4 -166( 3 -87 ( 3 -84 ( 2
A8 C2′-endo -61 ( 2 -164( 3 65( 1 120( 3 -279( 1 -82 ( 4 -94 ( 3
G9 C2′-endo -61 ( 3 -173( 3 65( 1 117( 1 -169( 2 -94 ( 2 -146( 2
C10 mixed -74 ( 2 -178( 5 61( 2 112( 1 -111( 4

B-formc C2′-endo -39 -151 36 157 159 -98 -98
A-formc C3′-endo -88 -149 47 83 171 -44 -153
a Residues in the loop region are underlined, and the bulge residue is in italic. All torsion angles are the average of the final nine refined

structures. The values for the loop and bulge residues are in bold and bold/italic, respectively.b Sugar pucker parameters were measured using the
CURVES 5.1 program (37) from a representative structure. “Mixed” indicates an averaging sugar conformation between C2′-endo and C3′-endo
conformations.c Values measured from the structures generated using the QUANTA program.

Table 3: Rotatable Bond Angles and Backbone Torsion Angles
(deg) of NCSi-glu in Complex 3

rotatable bond dihedral angle

average
value
(deg)

standard
deviation

THI-NMF linkage (C10)(O1′)(C1′)(C2′) -161.7 1.3
THI-NPH linkage (C12)(C11)(O)(CdO) -173.5 6.4

(C11)(O)(CdO)(C1′′) -162.1 4.7
(O)(CdO)(C1′′)(C2′′) -85.1 3.2

THI-CYC linkage (C3)(C4)(C13)(C14) -76.0 0.8
THI-GSH linkage (C11)(C12)(S)(CB) -176.8 0.8
C-C single bond (C1′)(C2′)(NHMe)(CNMe) -72.8 6.8

(C6′′)(C7′′)(O7′′Me)(CO7′′Me) 160.5 9.5

backbone and side chain
torsion angle in tripeptide

average
value
(deg)

standard
deviation

φi (C′i-1)(Ni)(CR
i)(C′i) φ2 -165.3 0.5

φ3 90.3 1.5
ψi (Ni)(CR

i)(C′i)(Ni+1) ψ2 160.9 0.8
øi

1 (Ni)(CR
i)(Câ

i)(X i) ø1
1 -74.3 2.7

ø2
1 -56.1 1.7

øi
2 (CR

i)(Câ
i)(Cγ

i)(X i) ø1
2 176.1 2.2

ø2
2 164.2 1.4

øi
3 (Câ

i)(Cγ
i)(C′i)(X i-1) ø1

3 51.0 2.3
ωi (CR

i-1)(C′i-1)(Ni)(CR
i) ω2 -142.9 1.2

ω3 142.7 0.8
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C2-C3 and G5-A6 steps. The DQF-COSY spectra showed
stronger H1′-H2′ than H1′-H2′′ cross-peaks and weak or
absent H3′-H4′ cross-peaks of all residues, reflecting the
free DNA predominantly in the C2′-endo conformation. The
31P resonances exhibited about 1 ppm of chemical shift
dispersion with pG9 at-3.95 ppm and pG5 at-4.84 ppm,
respectively (Table S1A and Figure S2A, Supporting Infor-
mation). pA4 was also relatively upfield shifted, and pA8
resonated at-4.12 ppm, which is within the expected
canonical31P values.

Diffusion Constant Measurements.The above NMR
analysis detects formation of a C•G base pair and base helical
stacking, but it does not specify whether the decamer DNA
sequence formed a homoduplex with an intra-helical loop
(Scheme 2A) or a hairpin with a hairpin loop (Scheme 2B),
because of spectral similarity of the two conformations.
Previously, we showed that the translational diffusion
constant (DT) of a hairpin was 1.4 times faster than that of
the corresponding homoduplex (22). In this experiment,DT

(×10-7 cm2/s) were measured as 6.56( 0.25 (free DNA),
8.44( 0.36 (complex 3), and 5.64( 0.10 (heptamer duplex)
(Figure S1, Supporting Information). TheDT ratios of free
DNA/heptamer duplex and complex 3/free DNA were 1.2
and 1.3, respectively. The free DNA’s translational diffusion
is faster than the heptamer duplex but 1.3 times slower than
complex 3.

NMR Spectra of DNA in Complex 3.Analyses of the
NOESY and COSY spectra of DNA in complex 3 produced
nearly complete assignments of the1H and 31P resonances
(Table S1B, Supporting Information). Three G•C base pairs
were discernible from the NOESY spectra (Figure 1B), and
these were assigned to G1•C10, C2•G9, and C3•G7 base
pairs. A broad resonance at 10.62 ppm was assigned to G5
HN, which became too broad to be observed at 290 K. In
comparison, the three G HN resonances in the free DNA
became broad at a lower temperature (280 K). The sequential
connectivities of base to sugar1H were obtained, but those
in the C2-C3, G5-A6, and G7-A8 steps were extremely
weak or absent (marked by×, Figure 2B). The break down
in the sequential connectivities was consistent with the ratio
of the diffusion constants, reflecting the formation of a mini-
hairpin DNA, possibly with a bulge adenosine embedded
within a three base pair stem closing the hairpin loop
(Scheme 2B). DNA in complex 3 also showed poor coupling
connectivities, including those correlating H3′ resonances.
Since the observation of the coupling cross-peaks is sensitive
to the line broadening of NMR resonances, the disappearance
of these cross-peaks in complex 3 is attributed to the lack
of a long stretch of helical duplex stabilizing the microscopic
local motions in DNA. TheJH3′-P(n+1) coupling cross-peaks
linking C2-pC3, A6-pG7, and G7-pA8 steps were also

not observed, in line with the absence of the corresponding
proton coupling cross-peaks.

There were additional indications of structural alteration
upon complex formation (Table S1B, Supporting Informa-
tion): the H2′ chemical shifts of C3, G5, and A8 were shifted
downfield as compared to those of the H2′′ resonances, where
the assignments of H2′ and H2′′ were verified in the 70 ms
NOESY spectrum. Base paired HN resonances are likely to
be affected by base stacking, and the HN resonances of G7
and G9 were largely shifted to downfield by 0.40 ppm and
upfield by 1.04 ppm, respectively. Changes in the chemical
shifts of base1H resonances may be influenced by base
stacking such as the extent of the base moiety exposed to
solvent; H8 and H2 of the bulge base A8 showed largest
downfield shifts (0.70 and 0.38 ppm). Chemical shift
differences of sugar1H resonances upon complex formation
would largely reflect the change in the relative positioning
of the sugar residues to their own and 3′ adjacent base
moieties. These resonances were upfield shifted in C2 and
downfield shifted in C3. In A4 H1′ was upfield shifted; in
G5 H1′ was downfield shifted, and H5′,5′′ were upfield
shifted; in A6 H1′ was upfield, and H2′,2′′ were largely
downfield shifted (as much as 1 ppm); in G7 H1′ and H2′,2′′
were downfield shifted (as much as 1.37 ppm), and H3′ and
H5′,5′′ were upfield shifted. In A8 these resonances were
downfield shifted (as much as 1.03 ppm) followed by
noticeable changes in those of G9 and C10 residues. The
31P resonances of complex 3 appeared within 1 ppm region
with the resonances of pC3 and pG5 and showed significant
shifted chemical shifts (upfield shifted by 0.99 ppm and
downfield by 0.69 ppm) at-5.05 and-4.15 ppm, respec-
tively (Figure S1B, Supporting Information).

NMR Spectra of NCSi-glu in Complex 3.The analysis of
the intramolecular NOE and COSY connectivities provides
information that defines the conformation of the drug in the
complex. The assignments of the1H resonances in NCSi-
glu followed a similar approach used previously (4) and are
given in Table S1C (Supporting Information). The chemical
shifts of the bound NCSi-glu showed sufficient characteristics
of complex formation. The1H resonances of NPH were
largely upfield shifted by more than 1.5 ppm (H4′′, H8′′,
and 7′′-methyl); THI H2 was upfield shifted by 1.03 ppm,
and the resonances of the cyclocarbonate ring (H14a,b) were
downfield shifted. Previously in complex 1, the1H reso-
nances of the GSH side chain were not observed. In complex
3, these resonances are well-defined. Strong DQF-COSY
cross-peaks of HR1 and HR2 of glycine (Gly) and Hâ1 and
Hâ2 of cysteine (Cys) were unambiguously assigned. The
spin systems linking HR with Hâ resonances in the three
amino acids were then identified, and the long-range scalar
coupling of HR-Hγ of the γ-glutamic acid (γ-Glu) was
confirmed in the TOCSY spectra. In addition, Gly HR and
Cys Hâ resonances showed NOEs to THI H2 and H14a,b
of the cyclocarbonate ring; Cys Hâ also showed NOEs to
THI H11 and H12; andγ-Glu Hâ2 and Hγ1 showed NOEs
to NMF H3′ and 2′-N-methyl (H2M). The stereospecific
assignments of some methylene protons in GSH were
obtained; pairs of CH2 protons gave different NOE intensities
because of their stereospecific orientations. For instance,
among pairs of stereospecific protons, only Gly HR2 showed
NOE to H13, but Gly HR1 showed strong and medium
intensities of NOEs to C10 H4′ and H5′′; only Cys Hâ2

Scheme 2: Possible Sequence Alignments of DNA in
Complex 3. (A) A Homoduplex and (B) a Self-Folded
Hairpin Bulge Duplex
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showed NOE to NMF H5′; only γ-Glu Hγ1 and Hâ2 showed
NOE to 2′-N-methyl protons (H2M). The observed NOE
patterns allowed the assignments of pro-R and pro-S to Gly
HR1 and HR2 and to Cys Hâ1 and Hâ2. These NOEs clearly
define an extended conformation of the GSH side chain. In
the orientation of the GSH side chain, the Gly moiety aligns
close to the THI ring and its substituent cyclocarbonate ring,
and the Glu moiety points toward the NMF ring. For the
bound NCSi-glu, a complete network exists containing 71
intramolecular connectivities within the four units in NCSi-
glu as displayed in Figure 3. These results show NOEs
connecting H8′′ of NPH with H10, H11, and H12 of THI as
well as with H2M and H1′ of the carbohydrate NMF ring,
revealing the overall orientation of the subunits of NCSi-
glu.

Intermolecular NOEs in Complex 3.Thirty-five intermo-
lecular interactions in complex 3 containing the hairpin bulge
DNA and NCSi-glu (Scheme 1A) are displayed in Figure 4.
Examination of the contacting patterns in complex 3
indicated that mainly the C2•G9, C3•G7, A4 (loop), and A8
(bulge) residues of DNA formed the site of binding with
NCSi-glu. Many NOEs involved H1′, and a few involved
H2 of A6 and A8 of DNA, which were diagnostic for the
binding of NCSi-glu in the minor groove of the DNA, even
though the minor groove, presented by the nonconsecutive
three C•G base pairs, G1C2C3•G7-G9C10 (- indicates A8
bulge base), was too short to present the full features of a
canonical minor groove (30). Collectively, the NPH ring
(C2′′-OH, H3′′, and H4′′) showed NOEs to G7 H8, bulge
A8 (H2, H1′, H4′, and H5′/H5′′), and G9 H1′; the NPH ring

(HNM, H6′′, and H7M) showed NOEs to C2 (H5, H1′, H2′,
and H2′′), bulge A8 H2, and G9 HN. These NOEs were
consistent with the NPH ring intercalating between the
C2C3•G7A8G9 helical step with the side of C2′′-OH closer
to the bulge A8. The site causing DNA chain cleavage was
examined. The NPH ring is attached to the C11 position of
the THI ring, which is a reduction product of a C2,C6-
biradical species (Scheme 1A). The THI ring exhibits
important NOEs connecting its H5, H6, and H8 resonances
with C2 (H1′, H2′, and H2′′) and with C3 (H1′, H4′, and
H5/H5′′). These NOEs bring the C6 radical site of THI to
close vicinity of the backbone at the C2-C3 step so that
THI H6 is 2.42( 0.05 Å away from H5′ of C3. The NMF
carbohydrate moiety attached to the C10 position of THI
and their NOEs indicate that NMF (H2′, H3′, H4′, H5′, HFM,
and H2M) makes contacts with DNA residues C3, A4, and
A6. These NOEs place the carbohydrate unit in the minor
groove around C3•G7, extending toward the A4 residue at
the 3′ side of the nonbulge strand. The GSH tripeptide side
chain in complex 3 was found to be better accommodated
as compared to complex 1 because a set of well-defined
NOEs in complex 3 connected this residue with the bound
DNA. These NOEs mainly involved Gly HR with C10 (H4′/
H5′ and H5′′) as well asγ-Glu (HR, Hγ) with A8 H5′, G7
H1′, and A6 H2. Therefore, the GSH chain is closer to the
G7A8G9 strand and aligns against the minor groove side in
an extended conformation. Anchored to the C12 position of
the THI, the GSH tripeptide has its Gly residue extending
to the G9 and C10 residues and itsγ-Glu moiety filling the
bulge cavity. While the THI and NMF moieties mainly
interact with the C2C3A4 strand, the GSH moiety interacts
with the opposite strand around the bulge site.

Structure Elucidation of Complex 3.The final nine
structures of complex 3 were elucidated without using a
preconceived model, (i.e., using DG for generation of initial
structures). A total of 276 distances in combination with 40
dihedral angle restraints were applied in the calculation.
These included five dihedral angles defining the conforma-
tion of NMF and the peptide linkage of GSH of NCSi-glu,
71 intramolecular inter-proton restraints of NCSi-glu, and
35 intermolecular inter-proton restraints between NCSi-glu
and DNA in complex 3. An overlay drawing of these
structures is shown Figure 5A. These structures agree with
the experimental analysis, and the calculation statistics are
given in Table 1. Although the structure calculation was
straightforward (4, 7), the conformations of the DNA hairpin
loop and the bulge adenosine residue, which were not initially
restrained, had to be resolved after the initial structures were
generated. After comparing with the experimental data, a
portion of the 300 structures, which contained significant
NOE violations, were excluded from further calculation.
Among the remaining structures, mainly three families of
structures, differing in the orientation of the three loop
residues and the bulge residue with respect to major (M)
and minor (m) grooves, were found: family I (14 out of
300 structures) was A4(m)-G5(m)-A6(M) and A8(M),
family II (39 structures) was A4(M)-G5(m)-A6(M) and
A8(M), and family III (114 structures) was A4(M)-G5(M)-
A6(M) and A8(M). These structures were further analyzed
on the basis of experimental results. Families I and II
containing a G5(m) conformation, G5 base and sugar
moieties, and A6 sugar moiety would be in too close contact,

FIGURE 3: Schematic drawing showing intramolecular NOEs of
NCSi-glu in complex 3.

FIGURE 4: Schematic drawing showing intermolecular NOEs in
complex 3.
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but this is inconsistent with the absence of NOEs between
two residues. The structures of family III represented the
major conformations calculated, and they largely agreed with
the NMR experimental data. These structures underwent
iterative rMDS calculations to derive the final nine structures.

DISCUSSION

Global Structural Features of Complex 3.The global
structure of complex 3 features the minor groove binding of
NCSi-glu to a mini-hairpin bulge DNA with the NPH ring
of NCSi-glu intercalating into the C2•G9/C3•G7 step (Figure
5A) and with the bulge A8 base connecting the C3•G7 base
pair to form an extended stacking surface with A8 H2 and
G9 O6 separated by 2.69 Å (Figure 5B). The minor groove
binder, having an extended conformation, consists of THI
and NMF moieties aligning in tandem mainly along the
strand of C2C3A4 and the GSH tripeptide moiety aligning,
on one side in parallel with THI and NMF, and on the other
side mainly along the strand of G7A8G9 containing the A8
bulge site (Figure 5C). This structure is consistent with NMR
characterization of the major features: (a) the loss of

sequential connectivity between adjacent residues, such as
C2-C3, G5-A6, and G7-A8 steps; (b) the absence of the
correlation peaks of H3′n - Pn+1 at the C2-C3, A6-G7,
and G7-A8 steps and the large chemical shift perturbations
at the C2-C3 and A4-G5 steps; (c) the detection of
intermolecular NOEs between DNA bases (C2•G9, C3•G7,
and A8) and the NPH ring; (d) intermolecular NOEs of H1′
protons of DNA with NCSi-glu; and (e) intra- and intermo-
lecular NOEs ofγ-Glu to H2M of the NMF ring and to DNA
bases (A6, G7, and A8) and those of Gly to the cyclocar-
bonate ring (H13 and H14a,b) and to C10 (H4′ and H5′/
H5′′) as discussed in detail in the Results section. At the
interaction site, the NPH ring aligns its long axis parallel
with the long axis of the C2•G9; NPH stacks better with the
purine ring of G7 than that of G9 (Figure 5B). The complex
is largely stabilized by the stacking interactions between the
aromatic moieties in the bulge intercalation site and the van
der Waals interactions between NCSi-glu and DNA along
the minor groove. There are several possible hydrogen bonds
in complex, which include N3 of G7 and the carboxylic acid
hydrogen ofγ-Glu (1.93 Å, 175°); NH2 of G7 and the

FIGURE 5: Structure of complex 3. (A) Stereoview of the superimposed final nine refined solution structures of the NCSi-glu-bulge DNA
hairpin complex looking into the major groove. (B) The binding site in complex 3. The structure on the left side displays a view into the
minor groove. NCSi-glu (yellow) has its naphthoate ring intercalates into the step of C2•G9 (blue) and C3•G7 (green), and the binding site
contains a bulge (A8, magenta). The carbohydrate, the reduced enediyne ring, and the GSH tripeptide side chain of NCSi-glu (yellow)
snugly fit in the minor groove. A yellow arrow is pointing toward the 5′ position of C3 from NCSi-glu H6 marked with a red dot. The
structure on the right side is a bird view of the stacking of DNA bases and that of DNA bases with the intercalating naphthoate ring
(yellow). (C) Space filling drawing of the structure of complex 3 shown in an orientation similar to that of 5B. The bulge DNA hairpin is
in blue with the hairpin on top of the figure; NCSi-glu is in yellow, but its carbohydrate and GSH peptide side chain are in gray. The
carbohydrate unit is close to the left side of the DNA strand; the extended GSH side chain is close to the right side of the DNA strand. (D)
DNA hairpin folding in complex 3. A plausible hydrogen bond between A4 N3 and A6 NH2 (2.60( 0.01 Å) is indicated by a white dot
line.
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carbonyl oxygen ofγ-Glu of the GSH tripeptide (2.14 Å,
163°); NH2 of γ-Glu and O of NPH C2′′-OH (2.10 Å, 119°);
the same NH2 of γ-Glu with the former and the carbonyl
oxygen at C1′′ of NPH (1.80 Å, 151°). Values of hydrogen
bond distances and bond angles in the parentheses are from
the average structure.

NCSi-glu Conformation in Complex 3.NCS-chrom is a
molecule of multicomponents, which render the structural
flexibility of the molecule as seen from the various deriva-
tives formed upon activation (1, 2) and from the various
binding modes when interacting DNA (3). The pentacyclic
moiety of THI is highly substituted (Scheme 1A), linked at
C10 to the NMF carbohydrate moiety through glycosidic
bonds, at C11 to the NPH aromatic moiety through an ester
bond, and at C12 to the GSH tripeptide side chain through
a C-S bond. Additionally, C4 of THI is linked to a penta-
cyclocarbonate. These linkages lack1H-1H scalar coupling
connectivities, but NOE analysis of inter-proton contacts
based on both the intra- and intermolecular interactions
provided restraints defining the relative orientation of these
subunits. For instance, THI H10 showed weak NOEs to NMF
(H3′ and H5′) but not to NMF H1′. THI H2 and H12 showed
NOEs to Cys Hâ1,2 protons, while THI H11 showed NOE
only to the Cys Hâ1 proton. The corresponding dihedral
angles as defined for each described linkage, calculated from
the nine refined structures of complex 3, are summarized in
Table 3. Overall, NCSi-glu adopts an extended conformation,
which is induced by binding to the DNA decamer. Large
chemical shift variations (e.g., 1.54 ppm upfield shifted and
0.54 ppm downfield) between the free and the bound forms
of NCSi-glu were detected (Table S1C). The H13 and H14a,b
protons of the cyclocarbonate ring showed NOEs with THI
H2. These NOEs were not detected in the free ligand,
suggesting binding-induced changes in the relative orientation
of the cyclocarbonate ring to the THI moiety. This confor-
mational change may be important for NCSi-glu DNA
recognition in the minor groove through an extended
hydrophobic surface. In complex 3, the detection of 22 intra-
and intermolecular NOEs related to the GSH tripeptide side
chain, and scalar coupling analysis of its corresponding
protons reveal the conformation of this side chain. The
orientation of the tripeptide is such that theγ-Glu residue is
close to the NMF carbohydrate ring, and the Gly residue is
in proximity to the cyclocarbonate ring.

Hairpin Folding of DNA in Complex 3.Upon complex
formation, the decamer DNA d(GCCAGAGAGC) folds into
a mini-hairpin (hairpin loop resides in bold). The stem-loop
transition is continuous at the joints of C3-A4 andA6-G7
with the hairpin trinucleotide A4G5A6 in a well-defined
conformation shown in Figure 5D. Within the hairpin loop
residues, the bases of A4 and G5 are well-stacked, and the
breakdown in helicity at the G5-A6 step to accommodate
the hairpin turn is observed, pressing the sugar backbone of
G5 unusually close to the base of A4 (Figure 5D). This
conformation is associated with the presence of NOE
sequential connectivities at the A4-G5 step and large upfield
shifted chemical shifts for G5 H4′ (2.85 ppm), H5′, and H5′′
(3.05 ppm, overlapping) resonances (upfield shifted from free
DNA by 1.51, 0.41, and 0.54 ppm, respectively, Table S1B,
Supporting Information). This continuation of base stacking
from the 3′ end of the stem into the loop residue followed
by turning around the point close to where the loop meets

the 5′ end of the other stem appears energetically preferred
in DNA hairpins (38). The three-purine loop bases are all
pointing toward the major groove side as defined by the stem
duplex. In this crowded arrangement, A4 and A6 encounter
in a tail (the N3 edge) to head (the N6 edge) fashion such
that N3 of A4 and the hydrogen of N6 or A6 may form a
weak hydrogen bond (2.60( 0.01 Å). This geometry was
not a result of restraints in structure calculation. The
backbone perturbation was observed upon complex formation
along with the hairpin loop: all residues adopt the usualú(g-)
R(g-) â(t) dihedral conformation except for hairpin loop
residues even though allú and R torsion angles were not
constrained during calculation. For example, A4 is closer to
a ú(t) conformation; G5 is closer to aú(t) â(g+) conforma-
tion; and A6 is closer to aâ(g+) conformation. These
backbone perturbations resulted in the absence ofJH3′-P(n+1)

andJH4′-P peak coupling cross-peaks.
DNA Conformational Transformation upon Complex For-

mation. The formation of the mini-hairpin signifies a
conformational transformation in DNA upon NCSi-glu
binding. The free DNA under the same buffer condition does
not fold back to form a hairpin as in complex 3 but exists as
an antiparallel duplex, featuring terminal base pairs and an
open loop in the middle of the duplex. The duplex free DNA
has a translational diffusion constant 1.3 times slower than
that of complex 3. In the free DNA, the A8 base is in a
stacking-in orientation, showing an NOE of G7 HN to A8
H2. The conformation of the bulge consisting of an adenosine
base was described in a number of DNA systems, and this
type of bulge tends to have the adenosine base stacked within
the helix rather than looping out (39).

The conformational change in DNA from a loop-contain-
ing, linear duplex to a bulge-containing, folded hairpin
suggests the important role played by the hairpin loop in
stabilizing the complex. Presumably, both forms can offer
the bulge intercalation site, but the major difference between
two conformations is whether the A4G5A6 segment is in
an extended or in a folded conformation. There are only a
few contacts found between NCSi-glu and the hairpin
residues, mainly involving theγ-Glu residue in GSH and
the backbone of A4 to G5 in DNA. These would improve
the stabilization of the complex. The folding of the single-
stranded DNA helps the closing of the C3•G7 base pair in
a more favorable conformation for drug binding; thus, this
should be important in the formation of the complex. On
the basis of this assessment, we demonstrate that NCSi-glu
is a unique ligand specific to single-stranded DNA structures,
and its molecular architecture may serve as a lead for the
design of sequence and structure specific ligands that bind
to single-stranded nucleic acids.

Intercalation, Tripeptide Binding, and Efficient Single-Site
Chain CleaVage.Examination of the binding site in complex
3 reveals the important role of the intercalator binding in
determining the orientation of NCSi-glu. The hairpin bulge
DNA in complex 3 differs from common NCS-chrom DNA
chain cleavage in that the binding site does not contain a
preferred T/A cleavage residue, and the site is asymmetrical
with an extra A8 in one of the two strands. Thus, the
intercalator NCSi-glu would have the option to adopt either
orientation in the minor or major groove. NMR structures
reveal that the drug molecule presents solely in one
conformation, which features orientation-specific intercala-

NCSi-Glu-Bulge DNA Complex Biochemistry, Vol. 42, No. 5, 20031195



tion of the NPH ring into the C2•G9 and C3•G7 step,
partially displacing the A8 bulge into the major groove. The
intercalation site in complex 3 can be characterized by a
significant increase in a base rise (7.9 Å) at the C2•G9-
C3•G7 step, large buckle angles: 9.1° for C2•G9 and-11.4°
for C3•G7 and a large propeller angle (6.4°) within the
C3•G7 base pair. The base rises of the G7-A8-G9 are
similar to the base-base separation commonly seen in the
intercalation binding in B-form DNA (3). The orientation
of the intercalation thus defines the orientation of the minor
groove binding components in the drug. Furthermore, the
bulge site allows deeper penetration of the intercalator, NPH
moiety, which in turn allows closer interactions of its
substituents, especially the GSH tripeptide side chain, with
DNA.

Complex 3 offers a view for peptide-DNA interactions
and their allosteric effect on DNA cleavage specificity. The
GSH peptide side chain was invisible in NMR spectra for
the NCSi-glu-duplex DNA complex 1, where there was no
bulge base present, and the side-chain binding was possibly
sterically hindered; however, in the NCSi-glu-bulge hairpin
DNA complex 3, the side chain was well-characterized. In
complex 3, the GSH tripeptide moiety is in part embedded
within the bulge site, and this binding pushes the drug toward
the opposite strand, so the C6 radical is closer to the adjacent
5′-position of the C3 residue (Figure 5B). This offsets the
access by the C2 radical to the second possible cleavage site
by increasing the spatial separation between C2 of NCSi-
glu and DNA backbone, explaining the diminishing duplex
cleavage in cases of bulge binding. These results demonstrate
that the binding modes found in NMR structures are directly
related to the patterns of specific DNA backbone cleavage
(i.e. double- and single-strand cleavage) by NCS-chrom (2).
The tighter fit of NCSi-glu in the bulge DNA may also
explain the loss of sequence selectivity at T/A residues, as
the cleavage specificity can be regulated by the structure of
the substrate DNA. These results clarify the observed
preference of the single-base cleavage of the single-stranded
decamer DNA at the 3′ side, opposite to the bugle strand
(17).

Function of the Bulge Base.The structure of complex 3
may help to understand the results of our in vitro DNA
cleavage studies using GSH activation conditions and a series
of single-stranded DNA sequences. These results demonstrate
that the efficiency of DNA chain cleavage depends on the
type and the number of bulge residues (17-19). A single
adenosine as a bulge residue causes the most specific and
efficient single-base cleavage as compared to those caused
by a pyrimidine bulge base or two or more bases as the bulge
residues. The cleavage site is specifically located at the
position opposite to the bulge residue, one base down to the
3′ end. These patterns of DNA cleavages may be attributed
to the difference in the bulge binding pocket because of
different bulge compositions or sizes. The A8 bulge base
displays several features in complex 3 (Figure 5B): (a) it is
partially displaced from the stacking-in conformation to the
side alignment into the major groove, and thus, helps to
release the stress in the DNA backbone caused by insertion
of the drug’s aromatic ring between two consecutive Wat-
son-Crick base pairs; (b) it provides an extended stacking
interface by forming a continuous surface from the C3•G9
Watson-Crick base pair so that the NPH moiety has a bias

toward the G7A8G9 strand; and (c) it provides additional
van der Waals stabilization in the minor groove and along
the backbone, especially through the interactions of A8 H2
to NCSi-glu (Figure 4). Therefore, increasing the bulge size
to two or more bases would reduce the stacking contacts;
altering an adenosine bulge base would lead to the reduction
in intermolecular stacking and/or van der Waals’ attraction
(either bulge base loop out or weaker ring current effect);
altering bases adjacent to the bulge from purine G’s to
pyrimidines would suffer the same weakening in intermo-
lecular interactions.

Two bulge DNA complexes with post-activated NCS-
chrom (complex 2 with mode 2a binding and complex 3 with
mode 2b binding) elucidated by NMR illustrate the structural
versatility of this small ligand molecule as a model for
specific recognition of DNA bulge sites. Previously in
complex 2, the NMR structure revealed the formation of a
prism binding cavity consisting of the two helical base pairs
and the two-base bulge, where two rings of drug form a
wedge that is inserted into the bulge site through the major
groove of a single-stranded DNA (6, 7). The bulge structures
in DNA and RNA have been implicated in a number of
important biological processes, such as slipped synthesis that
leads to nucleotide repeat expansions in a number of
neurodegenerative diseases and cancers (40-45) and frame-
shift mutation. Bulges can cause kinks (46) and bending (47)
in DNA helices, which may be important in the recognition
of enzymes and their biological activities. Because of the
importance of bulge structures, the understanding of the
essentials of bulge recognition and providing effective means
to achieve such recognition will be of important interest in
molecular and pharmaceutical biology. It has been shown
that DNA intercalators, such as ethidium, bind preferentially
to DNA or RNA containing a bulge (48-50), and further
footprinting studies indicate that the binding of ligands, such
as o-phenanthroline, occurs within the bulge site (51).
Recently, several bulge DNA sequences have been examined
as the target of ligand action: nogalamycin binds to a T bulge
of CTG at the terminal position, but the binding causes the
bulge to slip and actually occurs in the duplex DNA (52); a
2-amino-1,8-naphthyridine derivative recognizes a G bulge
through formation of three H-bonds and stacks in the helical
DNA (53); the aglycone of altromycin also alkylates N7 of
a G and stacks in a GG step that is opposite a single T bulge,
and the resultant complex is prone to cleavage at the bulge
site (54); macrocyclic metal ion complexes, such as those
formed with ions of platinum, nickel, or cobalt, act as a
chemical nuclease, exhibiting bulge specificity and induce
DNA strand scission (13, 55). Our NMR characterizations
of the bulge DNA complexes with post-activated NCS-chrom
now broaden the range of bulge sites that can be recognized
by ligand molecules. Our NMR structures of complexes 2
and 3 offer distinct models for recognition of bulges of
various sizes through binding at either the minor or the major
grooves and for single-chain cleavage of bulge DNA
sequences.
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