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ABSTRACT: The solution structure of the complex formed between an oligonucleotide containing a two-
base bulge (5′-CACGCAGTTCGGAC‚5′-GTCCGATGCGTG) and DDI, a designed synthetic agent, has
been elucidated using high-resolution NMR spectroscopy and restrained molecular dynamic simulation.
DDI, which has been found to modulate DNA strand slippage synthesis by DNA polymerase I [Kappen,
L. S., Xi, Z., Jones, G. B., and Goldberg, I. H. (2003)Biochemistry 42, 2166-2173], is a wedge-shaped
spirocyclic molecule whose aglycone structure closely resembles that of the natural product, NCSi-gb,
which strongly binds to an oligonucleotide containing a two-base bulge. Changes in chemical shifts of
the DNA upon complex formation and intermolecular NOEs between DDI and the bulged DNA duplex
indicate that agent specifically binds to the bulge site of DNA. The benzindanone moiety of DDI intercalates
via the minor groove into the G7-T8-T9‚A20 pocket, which consists of a helical base pair and two unpaired
bulge bases, stacking with the G7 and A20 bases. On the other hand, the dihydronaphthalenone and
aminoglycoside moieties are positioned in the minor groove. The aminoglycoside, which is attached to
spirocyclic ring, aligns along the A20T21G22 sequence of the nonbulged strand, while the dihydronaph-
thalenone, which is restrained by the spirocyclic structure, is positioned near the G7-T8-T9 bulge site.
The aminoglycoside is closely aligned with the dihydronaphthalenone, preventing its intercalation into
the bulge site. In the complex, the unpaired purine (G7) is intrahelical and stacks with the intercalating
moiety of DDI, whereas the unpaired pyrimidine (T8) is extrahelical. The structure of the complex formed
by binding of the synthetic agent to the two-base bulged DNA reveals a binding mode that differs in
important details from that of the natural product, explaining the different binding specificity for the
bulge sites of DNA. The structure of the DDI-bulged DNA complex provides insight into the structure-
binding affinity relationship, providing a rational basis for the design of specific, high-affinity probes of
the role of bulged nucleic acid structures in various biological processes.

Bulge structures in nucleic acids, involving one or more
unpaired bases, are of general biological significance and
are potential targets for therapeutic drugs (1-4). They may
arise as a consequence of recombination between chromo-
somal segments that are imperfectly homologous, or of
slipped mispairing during the replication of DNA, and may
be involved in deletion and frame-shift mutagenesis. It has
also been reported that DNA bulges play important roles in
protein recognition. HMMG-D, a high-mobility group pro-
tein, was shown to bind preferentially to bulge sites in DNA
(5). The binding of the tumor suppression protein p53 to
DNA also prefers bulges over other mismatches (6).

Our recent work has focused on the design and synthesis
of small molecules as specific probes of the role of bulged
structures in nucleic acids in various biological processes

(7, 8). We have prepared a number of spirocyclic model
compounds with specific affinity for bulged sites (two or
three unpaired bases) in DNA based on our earlier work with
the enediyne antitumor antibiotic neocarzinostatin (NCS-
chrom)1 (9-11). NCS-chrom undergoes general base-
catalyzed activation to a biradical species that selectively
cleaves nucleic acids at bulged sites having at least two
unpaired bases (10-12). This reaction was rationalized by
a mechanism involving an intramolecular Michael addition,
resulting in a spirolactone cumulene intermediate, which
further generates a 2,6-didehydroindacene biradical, which
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is responsible for the hydrogen abstraction from the sugar
chain at the bulge site. A detailed mechanistic study of the
roles of bulged DNA in the base-catalyzed transformation
of NCS-chrom has been reported (13). In the absence of a
bulged DNA target, a wedge-shaped spirocyclic molecule
(NCSi-gb) (Figure 1B) is generated that resembles the DNA
cleaving species and binds to the bulged site with great
specificity (14, 15). On the basis of the solution structure of
the complex formed between NCSi-gb and an oligodeoxy-
nucleotide possessing a target bulge site (16, 17), we have
prepared the wedge-shaped spirocyclic molecule DDI (Figure
1A), whose aglycone structure closely resembles that of the
natural product.

DDI mimicks NCSi-gb in having two aromatic ring
systems with a right-handed twist angle of 35° imposed by
a spirocyclic ring junction. The two ring systems of both
molecules are held rigidly at an angle of 60° (as measured
by their short axes) by the five-membered spirocyclic ring
to form the wedge-shaped molecule. The cyclic carbonate
moiety attached to the THI group of NCSi-gb was purposely
removed in DDI, since the solution structure of the complex
formed by the natural product with DNA containing a two-
base bulge showed that it distorts one of the base pairs
forming the walls of the binding site (16, 17). DDI, which
is more stable than the cyclic lactone NCSi-gb, has been
shown to bind selectively to bulged DNA and to be a useful
probe of the role of bulged structures in DNA strand slippage
synthesis. The latter is particularly significant since bulges
have been proposed to be involved in the slippage synthesis
associated with the unstable expansion of nucleotide repeats
in a number of disease conditions, including at least 12
human neurodegenerative diseases (18-21). These studies
have shown that DDI significantly stimulates DNA strand
slippage synthesis by DNA polymerase I with a series of
primer-template motifs containing different nucleotide

repeats (22). It seems plausible that DDI binds to or induces
the formation of a bulged or related structure that acts as an
intermediate in the nucleotide expansion process, and that a
derivative of DDI possessing reactive moieties, such as
alkylating or cleaving groups, would interfere with this
process.

We report here on the elucidation by high-resolution NMR
spectroscopy of the structure of the complex formed between
DDI and an oligodeoxynucleotide containing a two-base
bulge. We show the mode of binding of the synthetic drug,
DDI, is different from that of the natural product, NCSi-gb,
to the two-base bulged DNA. The structure of the DDI-
bulged DNA complex provides a basis for understanding the
relative binding affinities of the synthetic agent and the
natural product for bulged DNA. These studies provide
insights into the nature of the binding reaction and into the
design of more effective bulge-binding small molecules.

MATERIALS AND METHODS

Sample Preparation.The synthesis and characterization
of DDI have been reported (8). DDI was purified by HPLC
using a reverse phase C18 column and a gradient of
methanol/ammonium acetate buffer. The oligonucleotide
sequences, a 14-mer containing a two-base bulge and its
complementary 12-mer strand (Figure 1), were synthesized
using standard phosphoramidites on an ABI 381A DNA
synthesizer. The oligonucleotides were purified by reverse
phase HPLC and then desalted with a Sephadex-10 column.
The stoichiometry of the duplex formation was verified via
titration of the two individual strands above the melting
temperature of the duplex, followed by 1D NMR. The
resulting two-base bulge DNA duplex was dissolved in a
solution containing 0.1 M NaCl, 10 mM sodium phosphate,
and 0.1 mM EDTA (pH 6.5). The purity of DDI and DNA
oligomers was checked by1H NMR, and the concentration
was measured spectrophotometrically using anε260 of 2.436
× 105 M-1 cm-1 and anε253 of 4.12× 104 M-1 cm-1. The
1:1 drug-DNA duplex complex was formed by progres-
sively adding microliter aliquots of a 10 mM stock solution
of DDI in d4-MeOH to the DNA duplex and monitoring the
titration by 1D NMR at 25°C. Formation of the drug-DNA
complex was assessed by the disappearance of the resonance
lines of the free DNA when DDI was added to the DNA
duplex. The complex solution was lyophilized several times
and dissolved in 99.96% D2O. The NMR sample contained
a 1:1 DDI-DNA complex at a concentration of∼1.8 mM
(pH 6.5).

NMR Experiments. One- and two-dimensional NMR
experiments were carried out on Bruker 600 MHz and Varian
500 and 750 MHz spectrometers. Proton chemical shifts were
referenced to the HOD resonance (4.7 ppm at 25°C). 31P
chemical shifts were referenced relative to an external
trimethyl phosphate in an aqueous solution containing 0.1
M NaCl (pH 6.5).

The inversion recovery pulse sequence (23) with τ varied
from 3 µs to 1.8 s and a 15.0 s repetition delay was used to
estimateT1 [spin lattice relaxation time,T1 = τnull/ln(2),
whereτnull is the time when the NMR signal intensity is close
to zero]. The estimated values ofT1 for aromatic protons of
the free DNA and the complex were∼1.2 and∼1.4 s in
D2O, respectively. The inversion recovery experiments were

FIGURE 1: Chemical structures of (A) the synthesized drug (DDI),
(B) NCSi-gb, formed under base-catalyzed conditions, (C) NCSi-
glu, formed in the presence of glutathione, and (D) the sequence
of the bulged DNA duplex consisting of 12-mer nonbulged and
14-mer bulged strands.
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also used to identify H2 resonances of adenines. These
resonances, which exhibitT1 values longer than those of base
and sugar protons, appeared as sharp, negative peaks, while
the majority of proton signals were at null intensities.

NOESY, DQF-COSY, TOCSY, and1H-31P correlation
spectra were recorded for the free DNA and the complex in
D2O buffer at 25°C. NOESY (60, 120, 180, and 250 ms
mixing times), DQF-COSY, and TOCSY (30 and 80 ms
mixing times) spectra were collected in the phase-sensitive
TPPI mode. The spectral width was 6000 Hz, and the pulse
delay was 2-4 s. Spectra were acquired using 2048 or 4096
complex points in thet2 dimension and 512 data points in
the t1 dimension with 32-64 scans per FID. The carrier
frequency was placed on the HOD resonance, which was
suppressed by presaturation during the relaxation delay.1H-
31P heteronuclear correlation spectra (24) were also collected
with a spectral width of 2100 Hz int2 (1H) and 1200 Hz in
t1 (31P), and 2048 points in thet2 (1H) dimension and 160
complex points in thet1 (31P) dimension. Proton NOESY
data in H2O buffer were collected at 1°C (200 ms mixing
time) with the WATERGATE pulse sequence (25) for the
suppression of the water signal. NMR data were processed
using the NMRPipe program (26) and analyzed using Sparky
version 3.106 (27). All NOESY data were apodized by a
90° phase-shifted sine bell function in both dimensions, and
DQF-COSY and TOCSY spectra were apodized by a 30°
phase-shifted skewed sine bell function.1H-31P correlation
spectra were apodized with a 37.5° phase-shifted skewed sine
bell function. All resonances in the free duplex and DDI-
DNA complex were assigned using standard procedures (28).

NMR Restraints. 2D NOE intensities were determined by
the fitting method using a Gaussian function in Sparky
version 3.106 (27). The interproton distances were derived
from the buildup of NOE cross-peak intensities at 60, 120,
180, and 250 ms. Distance ranges of 1.8-2.5, 2.5-3.8, and
3.8-5.5 Å were set for relatively strong, intermediate, and
weak NOE cross-peak intensities, respectively. Watson-
Crick hydrogen bonding restraints were imposed on the basis
of the observed NOEs and chemical shifts of imino protons
in the duplex DNA. Standard donor-acceptor atom distances
(2.6-3.2 Å) for the hydrogen-bonded atoms in B-DNA were
used for all base pairs except the bulge residues. For the
two base pairs adjacent to bulge residues, which exhibit a
line broadening and upfield chemical shift due to their
dynamic flexibility, no hydrogen bonding restraints were
applied in the initial stage of the calculation. In the final
refinement stage, these hydrogen bonding restraints were
applied with lower and upper bounds of(0.7 Å ((0.35 Å
for other base pairs). Additional cross-strand distance
restraints (3.0( 0.35 Å) were applied for the distances
between N3H (dT) and H2 (dA) and between N1H (dG) and
N4 (dC), in the base pairs except those adjacent to bulge
residues.

Dihedral angle restraints for sugar and backbone torsion
angles were obtained from combined analyses of the DQF-
COSY and1H-31P COSY spectra. All of the residues in the
DNA duplex except bulge 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
at aδ of 150( 20° (29, 30). No sugar angle restraints were
applied in the initial stage of the calculation to the A6, G7,

T8, A20, and T21 residues, since most of their COSY cross-
peaks were relatively weak in intensity due to line width
broadening associated with local motion in the bulge-
containing region. The glycosidic torsion angleø was
constrained on the basis of the examination of the H8/H6-
H1′/H2′/H3′ distances derived from the 2D NOE spectra (31,
32). Theγ angles of all residues except bulge residues were
restrained within thegauche+ (g+) conformation (60( 20°),
since the cross-peaks between H6/H8 and H5′/H5′′ protons
were weaker than those between H6/H8 and H1′ protons in
the short mixing time (60 and 120 ms) NOESY spectra (30).
The â torsion angles were constrained within thetrans (t)
conformation (-150 ( 20°), based on a qualitative inter-
pretation ofJ coupling data using the long-rangenP-nH4′
four-bond coupling. Further restriction of torsion anglesâ
andγ was achieved by the inspection of line widths of the
H4′, H5′, and H5′′ proton resonances (29). Theε angle was
constrained by the measurement of the heteronuclear3JH3′-P

coupling constants and the observation that no long-range
4JH2′-P was found in the1H-31P correlation spectrum (33).
Additionally, theR andú torsion angles were restrained on
the basis of the observation of the31P chemical shifts (34).

Structure Calculation.A starting model of the two-base
bulged DNA duplex was generated in a B-helical conforma-
tion using InsightII (Accelrys Inc.). For a starting model of
DDI, the aglycone part was built from X-ray coordinates
(8) and then the aminoglycoside sugar moiety was attached
on the spirocyclic alcohol using InsightII. Bad contacts in
each molecule were independently removed by conjugate
gradient energy minimization without any NMR restraints.
The drug was placed more than 8 Å outside the minor groove
of the DNA duplex with its orientation relative to the DNA
duplex defined by the available intermolecular restraints in
the complex.

Structure calculations were performed with distance
geometry and simulated annealing protocols within CNS 1.0
(35). A large number of initial structures (>200) were
generated by distance geometry. These structures were
analyzed in terms of the minimum energy, the chirality of
sugar protons, and the orientation of the bulge residues. The
selected DG structures were subjected to restrained molecular
dynamics refinement using the simulated annealing protocol.
The structures were heated to 1000 K for 20 ps and then
cooled over the course of 25 ps to 300 K. During this
calculation, the force constants were 50 kcal mol-1 Å-2 for
experimental distance restraints, 200 kcal mol-1 rad-2 for
dihedral restraints, and 4.0 kcal mol-1 Å-4 for the van der
Waals repulsion term. The structures were refined using 200
steps of restrained energy minimization with NOE and
dihedral force constants of 75 kcal mol-1 Å-2 and 200 kcal
mol-1 rad-2, respectively. Acceptance criteria of converged
structures were low overall energies and no significant NOE
(>0.2 Å) or dihedral (>5 Å) violation. Final structures were
analyzed using CNS to measure the rmsd between an average
structure and the converged structure. Back-calculation of
theoretical NMR intensities from the refined structures was
performed using CORMA version 5.2 (36). The helical
parameters of the DNA duplex in the complex were
characterized using CURVES version 5.1 (37).2

2 Program kindly provided by R. Lavery, CNRS Institut de Biologie
Physico-Chimique, Paris, France.
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RESULTS

Complex Formation.The dissociation constant (Kd) of DDI
complexed with the two-base bulge DNA duplex in 10 mM
phosphate buffer (pH 6.5) was determined by fluorescence
quenching of the drug upon DNA binding (Figure S1,
Supporting Information). The data show that the bulge-
containing oligomer binds the drug with aKd of 2.54 µM,
as reported previously (8). On the other hand, the binding
equilibrium of the complex is slow on the NMR time scale
since resonances from free DNA exist as a minor peak in
the spectrum of the 1:1 DDI-DNA complex.

The binding of DDI to the two-base bulge-containing DNA
duplex (bulged DNA duplex) was monitored by 1D NMR
spectroscopy. Figure S2 (Supporting Information) shows one-
dimensional1H NMR spectra of the bulged DNA duplex,
both free and in the presence of 1 equiv of DDI, in D2O
buffer at 25°C. The formation of the DDI-bulged DNA
complex is indicated by the changes in the chemical shifts
of several residues upon addition of the drug. This is
particularly apparent for the methyl protons of thymine and
the H8 proton of adenine, which are either bulge residues
or adjacent to them. The peaks for A20 H8, T8 CH3, and
T21 CH3 are downfield-shifted upon complex formation
(Figure S2, Supporting Information). DDI-DNA complex
formation was also signified by the movements of several
imino protons in H2O buffer at 1°C (Figure S3, Supporting
Information). Upfield shifts for the imino protons of T9, T21,
and G19 and a downfield shift for that of G22 were detected
upon complex formation, suggesting that DDI binds in the
vicinity of the bulge residues of the DNA duplex.

NMR Analysis of DNA in the Complex.The exchangeable
proton NMR spectra (10.5-15 ppm) of the free bulge DNA
duplex and the DDI-bulged DNA complex in H2O buffer
at 1 °C are shown in Figure S3 (Supporting Information).
The imino proton assignments were determined following
an analysis of NOE connectivities with nearby protons both
across the base pair and to the flanking base pairs in the
duplex. The hydrogen-bonded imino protons within base-
paired regions resonate between 12 and 14 ppm, whereas
the imino protons of the unpaired thymine and guanine at
the bulge site resonate between 10 and 11.5 ppm. Twelve
base-paired imino protons and two unpaired imino protons
were observed in the free duplex and in the complex. An
expanded NOESY spectrum recorded in H2O buffer at 1°C
is shown in Figure 2. The guanine imino protons of the
C1G26, C3G24, G4C23, C5G22, C10G19, G11C18, G12C17,
and C14G15 base pairs are superpositioned at∼13.2 ppm,
and their assignments were established from the observation
of NOEs between the guanine imino protons and cytosine
H5 and amino protons. The two thymine imino protons at
13.86 and 13.91 ppm, which exhibit strong NOEs to the
adenine H2, are conveniently assigned to T16 and T25,
respectively. The remaining two broad imino protons at 12.23
and 12.80 ppm are assigned to T9 and T21, which show
observable NOEs to the A20 and A6 adenine H2 pairs,
respectively, in the low-contour plot. Such broad and upfield-
shifted imino protons of thymine indicate that the A‚T base
pairs adjacent to the bulge bases experience a fast exchange
due to the flexibility of base pairing adjacent to the bulge
site (38, 39). The upfield-shifted imino protons at 10-11
ppm are assigned to bulge residues. No NOEs were detected

between the imino proton of the bulge residues and other
amino and nonexchangeable protons in the NOESY contour
plots of the complex due to a rapid exchange with solvent.
The upfield shifts of the resonance on complex formation
were observed for the imino protons of T9 (-0.13), T21
(-0.14), and G19 (-0.08) and amino protons of C10 (-0.07
and-0.07 for bound and nonbound protons, respectively),
and downfield shifts were observed for the imino proton of
G22 (0.12) and the amino protons of C5 (0.12 and 0.09 for
bound and nonbound protons, respectively), indicating that
a preferential binding site is near the bulge region. The
chemical shifts of the exchangeable protons are listed in
Table S1 of the Supporting Information.

Nonexchangeable proton assignments were based on an
analysis of the NOESY data set (70 and 250 ms mixing
times) and TOCSY (80 ms spin lock time) and DQF-COSY
at 25 °C. The expanded NOESY (250 ms mixing time)
contour plot establishing sequential connectivities between
the base protons (7.0-8.4 ppm) and the sugar H1′ and
cytosine H5 protons (5.0-6.5 ppm) of the DDI-bulged DNA
complex is given in Figure 3. The base to sugar H1′ proton

FIGURE 2: Expanded plot of the NOESY (200 ms mixing time)
spectrum showing NOE connectivities between the imino protons,
and the base and the amino protons for the DDI-bulged DNA
complex in H2O buffer at pH 6.5 and 1°C. Assignments of the
imino protons are labeled at the top of the spectrum. Peaks labeled
a-z andR-ε are assigned as follows: (a) A2 H2-T25 NH, (b)
A13 NH2[e]-T16 NH, (c) A13 H2-T16 NH, (d) A13 NH2[b]-
T16 NH, (e) C18 H5-G11 NH, (f) C18 NH2[e]-G11 NH, (g) C18
NH2[b]-G11 NH, (h) C23 H5-G4 NH, (i) C23 NH2[e]-G4 NH,
(j) C5 NH2[e]-G22 NH, (k) A6 H2-G22 NH, (l) C23 NH2[b]-
G4 NH, (m) C5 NH2[b]-G22 NH, (n) C1 NH2[e]-G26 NH, (o)
C1 NH2[b]-G26 NH, (p) C3 H5-G24 NH, (q) C3 NH2[e]-G24
NH, (r) A6 H2-T21 NH, (s) A2 H2-G24 NH, (t) C3 NH2[b]-
G24 NH, (u) C17 H5-G12 NH, (v) A13 NH2[b]-G12 NH, (w)
C17 NH2[e]-G12 NH, (x) A13 H2-G12 NH, (y) C17 NH2[b]-
G12 NH, (z) C14 NH2[e]-G15 NH, (R) C14 NH2[b]-G15 NH,
(â) C10 H5-G19 NH, (ø) C10 NH2[e]-G19 NH, (δ) C10 NH2-
[b]-G19 NH, and (ε) A20 H2-T9 NH. The symbols b and e refer
to the hydrogen-bonded and exposed cytosine amino protons,
respectively, involved in Watson-Crick base paring.
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connectivities are traced from C1 to C14 along the bulge-
containing strand (Figure 3A) and from G15 to G26 along
the complementary strand (Figure 3B). The overall pattern
of NOE cross-peaks and relative intensities is consistent with
a right-handed double helix and a glycoside torsion angle in
the anti range for the complex. A weak NOE cross-peak
between C5 H1′ and A6 H8 was observed. The NOE cross-
peak between A6 H1′ and G7 H6 was weak due to an overall
line broadening of the G7 protons, but its intensity was as

strong as that of the intraresidue NOE. The interruption in
the connectivities was detected at the G7-T8 step, which are
bulge residues. Also, a weak NOE cross-peak was observed
between T8 H1′ and T9 H6. Moreover, the H8-H2′/H2′′
sequential NOE peaks for the G7-T8 and T8-T9 steps were
absent or weak, whereas the H8-H2′/H2′′ sequential NOE
peaks for the C5-A6 and A6-G7 steps were clearly observed
(Figure S4, Supporting Information). In addition, unusually
strong NOE peaks were detected for G7 H3′-T8 H6, G7

FIGURE 3: Expanded plot of the NOESY (250 ms mixing time) spectrum of the DDI-bulged DNA complex in D2O buffer at pH 6.5 and
25 °C. The solid lines indicate the H1′-H6/H8 sequential connectivities observed along the duplex. (A) Sequential NOE connectivities for
the bulge-containing strand of C1-C14. (B) Sequential NOE connectivities for the complementary strand of G15-G26. Asterisks denote
cytosine H6-H5 cross-peaks. The intermolecular NOEs between the DDI and DNA protons and the intramolecular NOEs between DDI
protons are shown in boxes. The labels correspond to NOEs between the following protons: (a) DDI H3-G7 H1′, (b) DDI H2-DDI H3,
(c) DDI H4-T9 H1′, (d) DDI H2-DDI H4, and (e) DDI H20-T9 H6.
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H3′-T8 CH3, and T8 H1′-T9 CH3 cross-peaks. These data
indicate that one of the unpaired bases, G7, stacks inside
the helix, whereas the other one, T8, is localized at an
extrahelical position. In the complementary strand, T21 H6
exhibited a weak sequential NOE cross-peak to A20 H1′,
and T21 CH3 exhibited an unusually strong NOE cross-peak
to A20 H3′. Numerous changes in chemical shift are
observed for the nonexchangeable protons in the DDI-
bulged DNA complex, relative to the free bulge DNA duplex
(Figure 4A,B). Upfield chemical sifts are observed for the
H2′, H2′′, and H3′ protons of C5, the H1′, H2′, and H2′′
protons of A6, and the H6, H1′, H2′, and H2′′ protons of
G7 in the bulge-containing strand and for the H2′ and H2′′
protons of C18, the H1′ proton of G19, and the H2 proton
of A20 in the complementary strand. Further, significant
downfield shifts are observed for protons of T8, A20, and
T21 upon complex formation. These perturbations were
localized near the bulge site. The resonances of C5, A6, G7,
and T8 of the bulge-containing strand and C18, G19, A20,
and T21 of the complementary strand exhibit modest to large

chemical shift changes upon complex formation. It has to
be noted that the resonances associated with the G7 residue
are especially broad and the most upfield shifted upon
complex formation, an indication of the conformational
change of G7 upon drug binding. The chemical shifts of the
nonexchangeable protons are listed in Table S2 of the
Supporting Information.

The proton-decoupled phosphorus spectrum of the com-
plex has been recorded in D2O buffer at pH 6.5 and 25°C.
The phosphorus resonances are dispersed over a 1.3 ppm
range between-3.2 and -4.5 ppm. The phosphorus
resonances have been assigned from an analysis of the
proton-detected phosphorus-proton heteronuclear correlation
experiment with the expanded contour plot shown in Figure
S5 (Supporting Information). The most upfield31P resonances
at -4.28 and-4.37 ppm are assigned to T8 and A20,
respectively, and the most downfield31P resonance at-3.40
ppm is assigned to C10. The phosphorus resonances for the
free DNA duplex and the complex and their chemical shift
difference are given in Table S3 of the Supporting Informa-
tion. The 31P resonances of A6, T8, and A20 are upfield-
shifted and the31P resonances of C10 and T21 downfield-
shifted upon complex formation. Since31P chemical shifts
are sensitive to bond and torsion angles connecting P to
coordination atoms, the significant shifts of31P resonances
upon complex formation are strong evidence that the
backbone conformation of the complex is different from that
of the free duplex. This perturbation in31P chemical shifts
is in accord with chemical shift changes of proton resonances
on complex formation.

NMR Analysis of DDI in the Complex.The NMR spectra
of free DDI in CD3OD were previously characterized for
complete chemical shift assignment and structural conforma-
tion. All proton resonances of DNA-bound DDI were
assigned in a manner similar to that described for the
assignments of the free DDI (8). The chemical shifts for DDI,
both free in an aqueous solution and when bound to the bulge
DNA duplex, are shown in Table S4 of the Supporting
Information. Proton resonances of DDI in the complex were
restricted to only one set, exhibiting spin connectivities and
characteristic intramolecular NOEs similar to those of the
free DDI. DDI in the bound form also exhibits a strong H25-
H1 NOE cross-peak and medium H11-H6 and H22-H6
NOE cross-peaks, which are characteristic NOEs between
aglycone protons, and a strong H1′-H25 NOE cross-peak
and weak H1′-H24a and H5′/H6′/H6′′-H1 NOE cross-
peaks, which are interesidue NOEs between aglycone and
aminoglycoside protons. Also, aminoglycoside sugar H1′ is
scalar coupled to H2′ and shows strong NOE cross-peaks to
H3′ and H5′, indicating that the chair form of the glycoside
sugar remains unchanged upon complex formation. Several
NOEs between DDI protons in the complex are shown in
Figure 5, and all of the characteristic intramolecular NOEs
of DDI are listed in Table S5 of the Supporting Information.

The resonances of the BI ring protons in the complex
exhibit the most significant upfield shift (0.66-1.18 ppm)
compared to that of free DDI. These large upfield-shifted
resonances in the bound DDI are an indication of intercala-
tion by the BI upon complex formation. On the other hand,
the resonances in the NAP and aminoglycoside moieties are
mostly upfield shifted with smaller changes compared to the

FIGURE 4: Chemical shift changes for oligonucleotides of the DDI-
bulged DNA complex relative to the free DNA duplex and bound
DDI relative to the free DDI. Negative values of∆δ represent
upfield chemical shift changes. (A) DNA residues in the bulge-
containing strand. (B) DNA residues in the complementary strand.
(C) DDI.
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BI moiety. The chemical shift differences of DDI between
the free and complexed forms are shown in Figure 4C.

Intermolecular NOEs in the Complex.A number of
intermolecular NOEs between the bulged DNA duplex and
DDI protons have been identified and assigned for the DDI-
bulged DNA complex. Several intermolecular NOEs are
shown in Figure 5 and in an expanded NOESY contour plot
of the nonexchangeable protons (Figure 3 and Figure S4A).

The largest number of intermolecular NOEs are identified
between the two aromatic ring protons of DDI, BI and NAP,
and the G7-T8-T9 sequence of the bulge-containing strand,
indicating that the two aromatic rings of DDI are positioned
toward the bulge region. It is readily apparent that most of
components of the DDI, except the intercalated BI ring
system, show extensive NOEs to primarily the DNA minor
groove protons (40). These intermolecular NOEs are listed
by residue position within each component of the complex
in Table 1 and provide critical restraints for aligning the DDI
on the DNA and defining the solution structure the complex.

The distribution of the observed intermolecular NOEs
readily provides insights into the alignment of the intercalated
BI ring system at the bulge site. The H18, H19, and H20
protons of BI moiety show NOEs to the base and methyl
protons of T8 and T9 and sugar protons of G7, T8, and T9
(Table 1). Also, the H11 proton of the other short edge of
the BI moiety shows NOEs to the H2 proton of A20 and the
H1′ proton of T9. These NOE patterns suggest that the BI
moiety is intercalated at the bulge pocket formed by the G7-
T8-T9‚A20 sequence and positioned toward the major
groove. The NAP moiety, the other ring system of DDI,
exhibits several NOEs to minor groove protons (H1′ and H4′)
of G7, T8, and T9 of the bulge-containing strand, establishing
that the NAP moiety is positioned in the minor groove of
the bulge site. The aminoglycoside sugar ring is also
positioned in the minor groove on the basis of the observed

NOEs between H5′, H6′, and H6′′ of the aminoglycoside
and the H2 proton of A6. Additionally, H24a and H24b
protons of the spirocyclic ring, which connects the two ring
systems and the aminoglycoside, exhibit NOEs to H4′ and
H5′′ of T21, providing evidence for DNA bulge binding from
the minor groove. Thus, all of the intermolecular NOEs
suggest that the BI moiety is intercalated toward the bulge
pocket formed by the G7-T8-T9‚A20 sequence, while the
NAP and aminoglycoside moieties remain in the minor
groove at the site of the bulge pocket and adjacent to the
A6‚T21 base pair, respectively.

Sugar Conformation.The H1′-H2′ cross-peaks in the
DQF-COSY spectrum indicate that all nonterminal residues
are in the C2′-endo sugar conformation domain except the
bulge residues (G7 and T8), for which it is impossible to
extractJ coupling and intensity data due to a spectral overlap
and line broadening. The2JH1′-H2′ coupling constants were
found to vary between 8.8 and 11.5 Hz. Further, the H2′′-
H3′ cross-peaks are absent for all nonterminal residues except
bulge residues. For the sugars of the terminal and bulge
residues, which presumably exhibit a more complex dynamic
behavior caused by end fraying and flexible motion, no sugar
torsion angle constraints were applied.

Structure Calculation.A set of 554 intra-DNA distances
were derived from nonexchangeable1H NOE volumes and
consisted of 367 intranucleotide restraints and 187 inter-
nucleotide restraints. Forty-seven DNA-drug intermolecular
NOEs provide information about the binding site of the drug.
These NMR results were incorporated as initial distance and
dihedral angle restraints in the structure calculation. The
structure computation was carried out in an iterative manner
in which distances derived from the calculated structures
were compared with the experimental data. On the basis of
these analyses, distance bounds and NOE force constants of
various groups of NOE restraints were adjusted, and a new
generation of structures was calculated using the newly
modified protocol. The final structures were selected on the
basis of criteria such as low overall energies and no
significant NOE (>0.2 Å) and dihedral (>5 Å) violation.
Ten superimposed structures are presented as the final results
in Figure 6. The final refined structures converged to a
pairwise rms difference of 0.89 and an average rms difference
of 0.62, and very low constraint violation energies (Table
2). These converged structures show good bond and angle

FIGURE 5: Expanded region of the NOESY spectrum showing the
intramolecular and intermolecular cross-peaks of DDI. Assignments
of peaks are shown at the top and right side of the spectrum.

Table 1: Intermolecular NOEs Observed between DDI and
DNA Protons

DDI DNA contacts

H1 G7 H1′
H2 G7 H1′, G7 H2′′, G7 H4′, T8 H5′′
H3 G7 H1′, G7 H2′′, T8 H4′, T8 H5′, T8 H5′′
H4 T8 H4′, T8 H5′′, T9 H4′, T9 H5′, T9 H5′′
H6a, H6b T9 H1′, T9 H2′′, T9 H4′
H11 T9 H1′, A20 H2
H18 T9 CH3

H19 G7 H1′, G7 H2′, G7 H2′′, T8 H1′, H8 H4′, T8 H5′,
T8 CH3, T9 CH3, T9 H6

H20 G7 H1′, G7 H2′′, T8 H1′, T8 H4′, T8 H5′, T8 H5′′,
T9 CH3, T9 H6

H22 T8 H4′, T8 H5′, T9 H1′, T9 H4′
H24a, 24b T21 H4′, T21 H5′, T21 H5′′
H5′ A6 H2
H6′, H6′′ A6 H2
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geometry and in general satisfy NMR-derived distances and
dihedral angles.

The accuracy of the calculated structures was judged by
complete relaxation matrix analysis using CORMA. The
theoretical NOE spectrum was predicted from the average
structure of refined DDI-bulged DNA complexes, and an
expanded NOESY region between the base proton and the
sugar H2′ and H2′′ protons is displayed in Figure S4B of
the Supporting Information. These data show that the
theoretical intraresidue and interresidue NOEs for the refined
structure of the DDI-DNA complex are in accord with
experimental NOEs, suggesting reasonable agreement be-
tween the refined structure and the NOE data.

Elucidation of the Structure of the DDI-Bulged DNA
Complex. The BI moiety is intercalated into the helix from
the minor groove, while the NAP and aminoglycoside
moieties are positioned in the minor groove. Space-filling

views of the averaged structure of the DDI-bulged DNA
complex that differ by a 90° rotation along the helix axis
are shown in Figure 7. These views emphasize that intercala-
tion of the BI ring system is toward the bulge pocket of the
major groove (Figure 7A), that the aminoglycoside ring is
in the middle of the minor groove, and that the NAP ring is
placed into the bulge site of the minor groove (Figure 7B).
Intercalation of the BI moiety between G7 and the T9‚A20
base pair in the complex is shown in Figure 8A as a view
normal to the helix. The approach of the NAP moiety toward
the bulge region of the minor groove and the positioning of
sugar ring within the wall of the minor groove in the DDI-
bulged DNA complex are shown in Figure 8B.

FIGURE 6: Stereoview of the superimposed final 10 refined structures as determined by simulated annealing for the DDI-bulged DNA
complex viewed from the minor groove. The DNA and drug are shown in blue and pink, respectively.

Table 2: Structural Statistics of the 10 Refined Structures of the
DDI-Bulged DNA Complex

no. of NOE distance restraints 694
intraresidue (DNA) 367
interesidue (DNA) 187
hydrogen bond (DNA) 32
intraresidue (DDI) 43
intermolecular (DDI-DNA) 47

no. of torsion angle restraints 166
no. of distance violations>0.20 Å 0
rmsd of distance violations (Å) 0.0290( 0.0002
no. of dihedral angle violations>5° 0
rmsd of dihedral angle violations (deg) 0.2187( 0.0099
rmsd for ideal bond lengths (Å) 0.0036( 0.00007
rmsd for ideal bond angles (deg) 0.4807( 0.0075
rmsd for ideal impropers (deg) 0.4306( 0.0005
pairwise rmsd (Å) 0.894( 0.4038
rmsd relative to the averaged structure (Å) 0.627( 0.2303

FIGURE 7: Two space-filling views looking into (A) the major
groove and (B) the minor groove of the DDI-bulged DNA
complex. The DNA and drug are shown in blue and pink,
respectively. The two bulge residues are shown in orange.
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DISCUSSION

Complex Formation and Bulge Specificity.Fluorescence
quenching studies have identified a two-base bulge in
otherwise duplex DNA as the preferred binding site for both
DDI and NCSi-gb (8, 15). The overall specificity and
tightness of binding to two-base bulge-containing oligo-
nucleotides are∼10-fold greater for the natural product. In
each case, high-resolution NMR reveals a unique structure
of the drug-DNA complex, with drug binding limited to
the bulge site.

Global Structural Features of the DDI-Bulged DNA
Complex.The BI moiety of DDI intercalates by way of the
minor groove into the G7-T8-T9‚A20 pocket, consisting of
a helical base pair and two unpaired bulge bases. The
spirocyclic ring with its attached aminoglycoside is posi-
tioned in the minor groove aligning along the A20-T21-G22
sequence of the nonbulged strand, while the NAP moiety,
its position restrained by the spirocyclic ring, aligns in the
minor groove mainly along the G7-T8-T9 bulge-containing
strand. The BI ring system stacks diagonally with respect to
the T9‚A20 base pair, overlapping with part of the purine
base A20 and minimally with the six-membered ring of G7.
In accordance with the NOE interactions described above,
the distal edge of the BI aromatic ring system protrudes into
the major groove near the G7-G8-T9 bulge pocket, whereas
the other end of the ring is located above the H2 proton of
the A20 residue. The proton most upfield-shifted by DDI
binding, H1′ of G7, presumably located above the aromatic
ring system of BI, is strongly affected by the ring current of
the aromatic ring system of DDI (41). The same is true for
the protons of the BI ring system, which are the only drug
protons directly above or below the DNA bases. Most of
protons of the BI ring system are strongly upfield-shifted
due to the ring current of the bases, whereas the other protons
of the NAP and aminoglycoside moieties bound in the minor
groove are shifted modestly upfield compared to those of
the BI ring system. It should be emphasized that the BI
moiety, stacking between the T9‚A20 base pair and bulge
residue G7, behaves partially as a pseudobase inside the
duplex DNA, providing additional stacking continuity, which
releases the stress in the DNA backbone caused by bending
of the helical axis. The DDI-bulged DNA complex is likely
stabilized by the stacking interactions between the aromatic

moieties in the bulge intercalation site and the van der Waals
interactions between DDI and the DNA along the minor
groove.

DNA Structure in the Complex.The bulged DNA duplex
adopts a right-handed helix with 12 Watson-Crick base pairs
in the DDI-DNA complex. However, NMR data show that
two A‚T base pairs adjacent to the bulge residues are weaker
than regular base pairs due to the flexibility of the bulge
segment (38, 39). In particular, the A6‚T21 base pair is
partially distorted as compared to the other base pairs, due
to the close approach of the aminoglycoside sugar moiety
in the minor groove. The glycoside torsion angles are all in
the anti range, and the sugar pucker geometries are C2′-endo
except for those of the two bulge bases (Table S6, Supporting
Information). Pronounced helical unwinding was observed
near the bulge site in the complex. The minor groove widens
at the binding site around the bulge residues to provide room
for accommodation of the rigid spirocyclic structure consist-
ing of three moieties. The bend around the bulge binding
site as represented by the central axis of the oligodeoxy-
nucleotide is∼42°, very similar to that reported for NCSi-
gb (16). Also, with both agents the 3′-flanking strand of the
bulge site is more bent than the 5′-flanking strand.

The NMR-derived refined structure shows that the location
and role of each of the two bulge residues at the binding
site are different upon complex formation. The unpaired
purine base G7 is intrahelical, stacking between the A6
residue of DNA and the intercalated aromatic moiety (BI
ring system) of DDI. The stacking of the G7 residue is clearly
shown by the presence of sequential NOE connectivities
between H1′, H2′, and H2′′ of A6 and H8 of G7 and NOEs
between H1′ of G7 and H19 and H20 of DDI. In contrast,
the unpaired pyrimidine base T8 is extrahelical, providing
the third binding surface at the bulge binding site upon
complex formation. These placements of two bulge bases
are consistent with the previous structural studies of bulge-
containing duplexes, where the purine and pyrimidine bases
prefer to stack into or loop out of the DNA helix, respec-
tively, depending on their flanking sequences and temperature
(38, 42, 43). Indeed, placement of the bulge bases at the
bulge binding site of the DDI-bulge DNA complex differs
from that of the two unpaired bases of the NCSi-gb-bulged
DNA complex, both of which are extrahelical, thus permit-

FIGURE 8: Stick view of the binding site in the DDI-bulged DNA complex looking into the major (A) and minor (B) groove. The color
code is the same as outlined in the legend of Figure 7. The A6‚T21 and T9‚A20 base pairs are shown in blue.
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ting insertion of the two aromatic moieties into the bulge
pocket. Contrary to the situation with NCSi-gb, the ami-
noglycoside moiety of DDI blocks the intercalation of the
NAP moiety into the bulge site so that it remains in the minor
grove of the DNA helix. One of the bulge bases, G7, stacks
at the bulge binding site, providing a stacking connectivity
in the duplex.

Comparison with Complexes of the PostactiVated Neo-
carzinostatin Chromophore with Bulged DNA.Thiol activa-
tion of NCS-chrom generates a radical species with speci-
ficity for cleavage near a single-base bulge (45-47), whereas
general base-catalyzed intramolecular activation of the drug
leads to a radical species with great specificity for a two-
base bulge (11). The solution structures of the complexes
formed between the NCS-chrom postactivated species (NCSi-
glu and NCSi-gb, Figure 1) and their bulge targets have been
elucidated and reveal remarkably different binding modes
(16, 17, 48). In the complex formed by NCSi-gb and an
oligonucleotide with a two-base bulge, the wedge-shaped
drug product fits snugly into a triangular prism binding
cavity, consisting of the two helical base pairs on either side
of the bulge and the two bulged out bases (16, 17). The two
ring systems of the drug are fixed relative to each other and
have a right-handed twist of∼35°. Unlike most aminogly-
cosides, the NMF moiety of NCSi-gb recognizes the major
groove and acts as an anchor, determining the depth to which
the drug can penetrate into the major groove. In the binding
cavity, the NA and the THI moieties, connected through a
spirolactone, are mimics of helical DNA bases, complement-
ing the bent DNA structure, and stack with the base pairs
above and below. On the other hand, the complex formed
by NCSi-glu with its target single-base bulged DNA occurs
by way of the minor groove (48). The NPH moiety of NCSi-
glu intercalates into the bulge site, and its substituent groups,
the NMF carbohydrate ring and the THI, form a comple-
mentary minor groove binding surface. In this structure, the
glutathione tripeptide contributes to the stability of the bulge
site by being partially embedded within it and pushes the
THI toward the opposite strand, where the radical species
of the drug induces oxidative strand cleavage at the 3′-side,
opposite from the bulge.

The aglycone structure of DDI can almost be superimposed
on that of NCSi-gb (8), but its binding mode shares features
with that of both NCSi-gb and NCSi-glu. Binding of DDI is
through the minor groove, and only one aromatic planar ring
system intercalates into the bulge site, positioning all the
other parts in the minor groove. Whereas the NPH moiety,
the two-ring system of NCSi-glu, intercalates at the bulge
binding site, it is the BI moiety, the three-ring system of
DDI, that intercalates at the bulge pocket. Further, the THI
moiety, the other ring system of NCSi-glu, aligns mainly
along the strand opposite the bulge site (consistent with the
cleavage data), whereas the NAP moiety of DDI is near the
bulge pocket. Despite the striking similarity of the geometries
of their aglycone structures, DDI binds via the minor groove
and NCSi-gb by way of the major groove. This difference
in binding mode can be attributed to the difference in the
attachment sites of their pendant aminoglycoside moieties
(Figure 1). Also, whereas both aromatic ring moieties of
NCSi-gb insert into the triangular prism binding pocket
formed by the two looped out bulge bases and the neighbor-
ing base pairs, only one aromatic ring of DDI intercalates

into the bulge pocket. However, unlike NCSi-glu, both
aromatic ring moieties of NCSi-gb and DDI are located in
the bulge site, presumably because of the common spirocyclic
structure. This difference in binding mode between the two
molecules likely accounts for the previously observed lower
specificity and tightness of binding of DDI for the two-base
bulge site (8).

Bulge Recognition by the Synthesized Drug and Implica-
tions for Drug Design.We have synthesized DDI as a bulge
target binding molecule by mimicking the wedge-shaped
spirocyclic aglycone of NCSi-gb. As noted above, although
DDI binds to the bulge binding site in a specific manner,
the minor groove binding pattern of DDI contrasts with the
major groove interaction of NCSi-gb, and this difference has
been attributed to the difference in aminoglycoside place-
ment. In their respective NMR-derived complexes with
bulged DNA, the sugar moiety of NCSi-gb, which is attached
to THI, extends away from the aglycon, whereas the
aminoglycoside moiety of DDI, which is attached to the
spirocyclic five-membered ring, aligns closely (at an angle
of ∼60°) with the NAP ring system as shown by the
intramolecular NOEs (Table S5, Supporting Information).
Therefore, intercalation of the NAP moiety into the bulge
binding site is precluded by the aminoglycoside moiety.
Indeed, the A6‚T21 base pair is significantly distorted in the
DDI-bulged DNA complex by the approaching aminogly-
coside moiety. Only the BI ring system, which extends away
from the aminoglycoside, is able to intercalate into the bulge
pocket. Although the NAP moiety remains in the minor
groove at the bulge site instead of intercalating into the bulge
pocket, it provides additional van der Waals stabilization
through the interaction with sugar protons of both bulge
residues comprising the bulge pocket, as shown by the
intermolecular NOEs in Table 1. On the basis of this
structural study, spirocyclic derivatives with the aminogly-
coside attached to the same position on the aglycone as in
the natural product are being synthesized in an effort to
overcome the positional hindrance of this moiety on the
intercalative binding of both ring systems of the drug. Such
compounds would be expected to resemble the natural
product more closely in their bulge binding characteristics
and in their ability to modulate DNA strand slippage
synthesis.

Elucidation of the structure of the DDI-bulged (two-base)
DNA complex provides a basis for understanding the relative
binding affinities of the synthetic agent and NCSi-gb for
bulges of different sizes. NCSi-gb and DDI bind to a two-
base bulge-containing oligodeoxynucleotide with 1000- and
4-fold greater affinities, respectively, than to one with a
single-base bulge (8), whereas NCSi-glu binds equally well
to both substrates (although cleavage is much better at the
one-base bulge site) (46). The inability to insert both ring
systems of DDI into the bulge site results in G7 remaining
in an intrahelical position and culminates in less stable
binding for the synthetic agent.
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SUPPORTING INFORMATION AVAILABLE

Chemical shift assignments for the exchangeable protons
(Table S1) and the nonexchangeable protons (Table S2),
chemical shift assignments of the phosphorus resonances and
their differences for the bulged DNA in the complex and in
the free form (Table S3),1H NMR chemical shifts of DDI
in the free and complex form (Table S4), intramolecular
NOEs observed between DDI protons (Table S5), helical
parameters of the DNA in the DDI-bulged DNA complex
(Table S6), fluorescence quenching of DDI by the bulged
DNA duplex (Figure S1),1H NMR spectra of the free bulged
DNA duplex (Figure S2A) and the 1:1 DDI-bulged DNA
duplex complex (Figure S2B), imino proton spectra of free
bulged DNA duplex (Figure S3A) and the 1:1 DDI-bulged
DNA duplex complex (Figure S3B), expanded NOESY
contour plot of the base to H2′/H2′′ region for the DDI-
bulged DNA complex (Figure S4A), back-calculation spec-
trum of the refined structure of the DDI-bulged DNA
complex showing NOEs between the base and sugar H2′/
H2′′ protons (Figure S4B), and the contour plot of the proton-
detected1H-31P correlation spectrum of the DDI-bulged
DNA complex (Figure S5). This material is available free
of charge via the Internet at http://pubs.acs.org.
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