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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 ent-DDI, a designed synthetic agent,
has been elucidated using high-resolution NMR spectroscopy and restrained molecular dynamic simulation.
Ent-DDI is a left-handed wedge-shaped spirocyclic molecule whose aglycone portion is an enantiomer of
DDI, which mimicks the spirocyclic geometry of the natural product, NCSi-gb, formed by base-catalyzed
activation of the enediyne antibiotic neocarzinostatin. The benzindanone moiety of ent-DDI intercalates
between the A6‚T21 and the T9‚A20 base pairs, overlapping with portions of the purine bases; the
dihydronaphthalenone moiety is positioned in the minor groove along the G7-T8-T9 bulge sequence; and
the aminoglycoside is in the middle of the minor groove, approaching A20 of the nonbulged strand. This
alignment of ent-DDI along the DNA helical duplex is in the reverse direction to that of DDI. The
aminoglycoside moiety of ent-DDI is positioned in the 3′ direction from the bulge region, whereas that
of the DDI is positioned in the 5′ direction from the same site. This reverse binding orientation within the
bulge site is the natural consequence of the opposite handedness imposed by the spirocyclic ring junction
and permits the aromatic ring systems of the two spirocyclic enantiomers access to the bulge region.
NMR and CD data indicate that the DNA in the DDI-bulged DNA complex undergoes a larger
conformational change upon complex formation in comparison to the ent-DDI-bulged DNA, explaining
the different binding affinities of the two drugs to the bulged DNA. In addition, there are different
placements of the bulge bases in the helical duplex in the two complexes. One bulge base (G7) stacks
inside the helix, and the other one (T8) is extrahelical in the DDI-bulged DNA complex, whereas both
bulge bases in the ent-DDI-bulged DNA complex prefer extrahelical positions for drug binding. Elucidation
of the detailed binding characteristics of the synthetic spirocyclic enantiomers provides a rational basis
for the design of stereochemically controlled drugs for bulge binding sites.

Bulged sites in DNA are not only crucial structural ele-
ments for the recognition by DNA repair proteins (1-3) but
also exhibit remarkable affinities for drug interactions. The
interaction of drug molecules at bulge sites has been of
considerable interest since binding at these sites has the
potential to stabilize and increase the lifetime of the bulge
state and its propensity to induce frameshift mutations and
DNA strand slippage synthesis. It has already been demon-
strated that intercalators, such as ethidium bromide, 9-ami-
noacridine, and a number of antitumor antibiotics have
increased binding affinity for sites on duplex DNA carrying
a single-base bulge (4-7). Of special interest, the enediyne
antitumor antibiotic neocarzinostatin (NCS-chrom)1 induces
highly efficient site-specific strand cleavage at either single-

or two-base bulges depending on the particular mode of
activation of the drug (7-9). In other cases, chemical modi-
fication of DNA and RNA by drugs appears to occur pri-
marily near bulge sites because of better binding site access
(10), while selective drug binding to RNA bulges has been
shown to inhibit protein-RNA recognition (11) and to result
in specific cleavage at the bulge site (12).

We have designed a number of spirocyclic model com-
pounds with specific affinity for bulged sites (two unpaired
bases) in DNA based on our earlier work with NCS-chrom
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(13, 14). NCS-chrom undergoes general base-catalyzed
activation to a biradical species that selectively cleaves
nucleic acids at bulged sites having two unpaired bases (14).
In the absence of a bulged DNA target, a wedge-shaped
spirocyclic molecule (NCSi-gb) (Figure 1C) is generated that
resembles the DNA cleaving species and binds to the bulged
site with great specificity (15, 16). On the basis of a structural
study of the complex formed between NCSi-gb and oligode-
oxynucleotide possessing a target bulge site (17, 18), we have
been able to determine that the important feature responsible
for bulge binding is the spirocyclic structure consisting of
two aromatic ring systems fixed in relation to each other by
a connecting spirocyclic ring, to form a wedge-shaped
molecule. In the synthesis of analogues of NCSi-gb, we
obtained two spirocyclic agents whose structures have an
enantiomeric relationship (19, 20). The spirocyclic enantio-
mers were converted to diastereomers after addition of an
aminosugar moiety (Figure 1A,B). The spirocyclic geometry
of DDI (Figure 1A) mimicks that of the natural product,
NCSi-gb, in having two aromatic ring systems with a right-
handed twist angle (∼35°) at the spirocyclic ring junction,
whereas the geometry of the spirocyclic enantiomer ent-DDI
(Figure 1B) is an inverted form with a left-handed twist angle
(20). DDI and ent-DDI, which are more stable than the cyclic
lactone NCSi, have been shown to bind to bulged DNA and
to be useful probes of the role of bulged structures in DNA.
It has been shown that DDI significantly stimulates DNA
strand slippage synthesis by DNA polymerase I with a series
of primer-template motifs containing different nucleotide
repeats (21), presumably by binding to bulged intermediates
involved in the slippage process. Both diastereomers re-
semble NCSi-gb in having a high affinity for the two-base

bulged DNA duplex and a low affinity for the DNA duplex
lacking a bulge base. However, differential binding affinity
between the two diastereomers was detected depending on
the bulge size and sequence, emphasizing the difference that
the stereochemistry imparts (20). DDI showed approximately
2 and 5 times greater binding affinity than ent-DDI for two-
and single-base bulged DNAs, respectively. In addition,
variation of bases adjacent to the bulge residues resulted in
different effects on the binding affinities for two agents.

Since the rigid spirocyclic ring connecting BI, NAP, and
aminoglycoside has been shown to be a key structure for
bulge-specific recognition of DNA, it is expected that its
handedness should also be a crucial element in governing
the bulge binding in DNA, influencing both the binding mode
and the orientation at the bulge site. We have earlier proposed
that the right-handedness of the cyclospirolactone connecting
THI and NA and carbohydrate units in the NCSi-gb-bulged
DNA complex was an important factor that determined its
binding orientation in the major groove (18). In the complex,
the two drug ring systems of NCSi-gb mimic the geometry
of the helical bases with a twist angle of∼35° and a rise of
∼3 Å at the narrower end, so as to mediate the helical
transition between the two half helices on either side of the
bulge. Therefore, structural studies of the DNA complexes
formed by the spirocyclic enantiomers with opposite handed-
ness are necessary to understand its role in governing the
binding affinity and orientation of the enantiomers in the
complex.

We have recently elucidated the structure of the complex
formed between DDI and a two-base bulged DNA duplex
by NMR (22). These studies revealed a binding mode that
differs from that of the natural product, providing a basis

FIGURE 1: Chemical structures of the synthesized spirocyclic agents (A) DDI and (B) ent-DDI; (C) natural product, NCSi-gb; and (D)
sequence of the bulged DNA duplex consisting of 12-mer nonbulged and 14-mer bulged strands.
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for understanding the relative binding affinities of the
synthetic drug and NCSi-gb for bulges of different sizes and
sequences. Herein, we report the elucidation of the structure
of the complex formed between ent-DDI and bulged DNA
duplex and compare it with that of the DDI-bulged DNA
duplex. We show that the enantiomeric aglycone geometry
of the two diastereomers leads to different binding modes
at the bulge site, and this accounts for their relative binding
affinities for various bulges. Further, we find by NMR and
CD spectroscopy that significantly different DNA confor-
mational changes occur upon complex formation with the
two diastereomers. This analysis provides a rational basis
for the design of stereochemically controlled drugs as specific
DNA bulge binders.

MATERIALS AND METHODS

Sample Preparation.The synthesis and purification of ent-
DDI have been reported (20). The oligonucleotide sequences,
a 14-mer containing a two-base bulge and its complementary
12-mer (Figure 1D), were synthesized using standard phos-
phoramidites 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 1-D 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) (NMR buffer). The 1:1 drug-DNA duplex complex was
formed by progressively adding microliter aliquots of a 5
mM stock solution of ent-DDI ind4-MeOH to the DNA
duplex and monitoring the titration by 1-D NMR at 25°C.
Formation of the drug-DNA complex was assessed by the
disappearance of the resonance lines of the free DNA when
ent-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 ent-DDI-
DNA complex at a concentration of∼1.2 mM (pH 6.5).

NMR Experiments.NMR spectra were acquired on Bruker
600 MHz and Varian 500 and 750 MHz spectrometers.
NOESY (60, 120, 180, and 250 ms mixing times), DQF-
COSY, TOCSY (30 and 80 ms mixing times), and1H-31P
correlation spectra were recorded for the free DNA and the
complex in D2O buffer at 25°C. Proton NOESY data in
H2O buffer were collected at 1°C (200 ms mixing time)
with the WATERGATE pulse sequence (23) for the sup-
pression of the water signal. 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). NMR data were processed using the
NMRPipe program (24) and analyzed using Sparky version
3.106 (25). All resonances in the free duplex and ent-DDI-
bulged DNA complex were assigned using standard proce-
dures (26).

NMR Restraints.2-D NOE intensities were determined by
the fitting method using a Gaussian function in Sparky
version 3.106 (25). 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. Dihedral angle
restraints for sugar and backbone torsion angles were
obtained from combined analyses of the DQF-COSY and
1H-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
(27, 28). 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 2-D NOE spectra (29, 30). The γ angles
of all residues except bulge 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′ protons in the short mixing
time (60 and 120 ms) NOESY spectra (27). The â torsion
angles were constrained within the trans (t) conformation
(-150 ( 20), based on a qualitative interpretation ofJ
coupling data using the long-range nP-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 (27). Theε angle was constrained
by the measurement of the heteronuclear3JH3′-P coupling
constants and the observation that no long-range4JH2′-P was
found in the1H-31P correlation spectrum (31). Additionally,
the R and ú torsion angles were restrained on the basis of
the observation of the31P chemical shifts (32).

Structure Calculation.A starting model of the two-base
bulged DNA duplex was generated in aâ-helical conforma-
tion using InsightII (Accelrys Inc.). For a starting model of
ent-DDI, the aglycone part was built from X-ray coordinates
(20), 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
(33). Calculation methods followed what was described
previously (22). The selected DG structures were subjected
to restrained molecular dynamics refinement using the
simulated annealing protocol. The structures were heated to
1000 K for 40 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

Structure of Spirocyclic Drug Enantiomer Bound to Bulged DNA Biochemistry, Vol. 43, No. 3, 2004643



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 minimiza-
tion 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. The helical parameters of the DNA
duplex in the complex were characterized using CURVES
version 5.1 (34).

CD Experiments.CD spectra were recorded on a Jasc-
710 spectropolarimeter using 1 cm cuvettes. Data were re-
corded at a bandwidth of 1.0 nm over a range of 215-315
nm at 25°C. Conformation of bulged DNA bound drug was
obtained by subtracting the drug-only CD signal from that
of the complex.

RESULTS

Complex Formation.The dissociation constants (Kd) of
DDI and ent-DDI to the two-base bulge DNA duplex in 10
mM phosphate buffer (pH 6.5) were determined by fluores-
cence quenching of the drug upon DNA binding (Figure S1,
Supporting Information). The bulge-containing oligomer
binds ent-DDI with a somewhat lower binding affinity (Kd

) 5.33 ( 0.30 µM) than that for DDI (Kd ) 2.54 ( 0.21
µM).

The binding of ent-DDI to the two-base bulge-containing
DNA duplex (bulged DNA duplex) was monitored by 1-D
NMR spectroscopy. Figure S2 (Supporting Information)
shows 1-D1H NMR spectra of the bulged DNA duplex, both
free and in the presence of 1 equiv of ent-DDI, in D2O buffer
at 25°C. Only one major oligomers’ set of proton resonances
was observed, indicating the formation of a unique complex.
The formation of the ent-DDI-bulged DNA complex is
indicated by the changes in the chemical shifts of the protons
of several residues upon addition of the drug. This is
particularly apparent for those protons that are on either bulge
residues or adjacent to them, such as the methyl protons of
T8, T9, and T21 (Figure S2, Supporting Information).

NMR Analysis of Bulged DNA.Figure 2 shows the imino
region of exchangeable proton spectra of the ent-DDI-bulged
DNA complex in 10% D2O/90%H2O buffer collected at 1
°C. 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 at∼11 ppm. Each thymine imino proton
exhibits an NOE cross-peak to the adenine H2 proton across
the A‚T base pair. However, whereas the thymine imino
protons of T16 and T25 exhibit strong NOEs to their
corresponding adenine H2 pairs, those of T9 and T21 show
observable NOEs to the A20 and A6 adenine H2 pairs,
respectively, in the low-contour plot. Such broad imino
protons of T9 and T21 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.
Similarly, each guanine imino proton displayed NOE cross-
peaks to the hydrogen-bonded and exposed amino protons
of their partner cytosine within G‚C base pairs (Figure 2).
The upfield-shifted imino protons at∼11 ppm are assigned

to bulge residues. No NOEs were detected between the imino
proton of the bulge residues and the other amino and
nonexchangeable protons in the NOESY contour plots of
the complex due to a rapid exchange with solvent. The
chemical shifts of the exchangeable protons are listed in
Table S1 of the Supporting Information.

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 (5.2-6.4 ppm) of the ent-DDI-bulged DNA complex
is given in Figure 3. The base to sugar H1′ proton
connectivities are traced from C1 to C14 along the bulge-

FIGURE 2: Expanded plot of the NOESY (200 ms mixing time)
spectrum showing NOE connectivities between the imino protons
and the amino protons and between the imino protons for the ent-
DDI-bulged DNA complex in H2O buffer, pH 6.5, at 1°C.
Assignments of the imino protons are labeled at the top of the
spectrum. Peaks labeled a-z andR-â are assigned as follows:
(a) A2NH2-T25NH; (b) A2H2-T25NH; (c) A13NH2-T16NH; (d)
A13H2-T16NH; (e) C18H5-G11NH; (f) C18NH2[e]-G11NH; (g)
C18NH2[b]-G11NH; (h) C23H5-G4NH; (i) C23NH2[e]-G4NH; (j)
A6H2-T21NH; (k) C23NH2[b]-G4NH; (l); C3H5-G24NH (m)
C17H5-G12NH; (n) C3NH2[e]-G24NH; (o) C17NH2[e]-G12NH;
(p) C10NH2[e]-G19NH; (q) A2H2-G24NH; (r) A13H2-G12NH;
(s) C17NH2[b]-G12NH; (t) C3NH2[b]-G24NH; (u) C10NH2[b]-
G19NH; (v) C5NH2[e]-G22NH; (w) C5NH2[b]-G22NH; (x)
C1NH2[e]-G26NH; (y) A20H2-T9NH; (z) C1NH2[b]-G26NH; (R)
C14NH2[e]-G15NH; and (â) C14NH2[b]-G15NH. The symbols “b”
and “e” refer to the hydrogen-bonded and exposed cytosine amino
protons, respectively, involved in Watson-Crick base pairing.
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containing strand (Figure 3, red line) and from G15 to G26
along the complementary strand (Figure 3, blue line). 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. The
interruptions in the sequential connectivities were detected
at the A6-G7 and G7-T8 steps. Also, very weak NOE cross-
peaks were observed between C5 H1′ and A6 H8 and
between T8 H1′ and T9 H6. In addition, an unusually strong
NOE peak was detected for T8 H1′-T9 CH3 cross-peak.
These data indicate that both of the unpaired bases, G7 and
T8, are at the 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 ent-
DDI-bulged DNA complex, relative to the free bulge DNA
duplex (Figure 4A,B). Upfield chemical shifts are observed
for the protons of A6 and G7 in the bulge-containing strand.
Further, significant downfield shifts are observed for protons
of G7, T8, T9, A20, and T21 in both strands. Consequently,
the resonances of A6, G7, T8, and T9 of the bulge-containing
strand and A20 and T21 of the complementary strand exhibit
modest to large chemical shift changes upon complex
formation, indicating that such perturbations are localized
near the bulge site. It should be noted that the protons of
the DNA residues that are subjected to chemical shift changes
by the binding of ent-DDI are identical to those by binding
of DDI, but the magnitudes of the chemical shift changes
for the ent-DDI-bulged DNA are smaller than those for the
DDI-bulged DNA duplex, indicating that ent-DDI binds to
the same bulge site of the DNA duplex as does DDI but is
associated with different conformational changes in the DNA
upon complex formation. The chemical shifts of the nonex-
changeable 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 1.0 ppm
range between-3.5 and-4.5 ppm and have been assigned
from an analysis of the proton-detected phosphorus-proton
heteronuclear correlation experiment with the expanded
contour plot shown in Figure S3 (Supporting Information).
The phosphorus resonances for the free DNA duplex and
the complex and their chemical shift difference are given in
Table S3 of the Supporting Information. The31P resonances
of A6, T8, and T9 are upfield-shifted, and the31P resonances
of A20 and T21 are downfield-shifted upon complex
formation. This perturbation in31P chemical shifts is in
accord with chemical shift changes of proton resonances on
complex formation.

NMR Analysis of ent-DDI in the Complex.The NMR
spectra of free ent-DDI in CD3OD were previously charac-
terized for complete chemical shift assignment and structural
conformation (20). All proton resonances of DNA-bound ent-
DDI were assigned in a manner similar to that described for
the assignments of the free ent-DDI. The chemical shifts for
ent-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 ent-DDI in the
complex were restricted to only one set, exhibiting spin
connectivities and characteristic intramolecular NOEs sim-
ilar to those of the free ent-DDI. Ent-DDI in the bound
form exhibits a strong H25-H1 NOE cross-peak and
medium H11-H6 and H22-H6 NOE cross-peaks, which
are characteristic NOEs between spirocyclic aglycone protons
and are similar to those for the DDI-bulged DNA complex.

FIGURE 3: Expanded plot of the NOESY (250 ms mixing time)
spectrum of the ent-DDI-bulged DNA complex in D2O buffer, pH
6.5, at 25°C. The red and blue lines represent the H1′-H6/H8
sequential connectivities for the bulge-containing strand of
C1-C14 and the complementary strand of G15-G26, respectively.
Asterisks indicate cytosine H6-H5 cross-peaks.

FIGURE 4: Changes in chemical shift for oligonucleotides of the
ent-DDI-bulged DNA complex relative to the free DNA duplex.
Positive values of∆δ represent downfield chemical shift changes.
(A) DNA residues in the bulge-containing strand; (B) DNA residues
in the complementary strand.
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The ent-DDI-bulged DNA complex has strong/medium
H1′-H25/H1 NOE cross-peaks and weak/medium H5′-H24
and H1′/H2′-H7 NOE cross-peaks, which are interresidue
NOEs between aglycone and aminoglycoside protons and
different from those for the DDI-bulged DNA complex. The
chemical shift differences of ent-DDI between the free and
the complexed forms are shown in Figure S4 (Supporting
Information). The resonances of the aglycone protons in the
ent-DDI-bulged complex are upfield-shifted in the large to
modest (0.2-0.6 ppm) range as compared to those of free
ent-DDI, whereas resonances of the aminoglycoside protons
are mostly downfield-shifted. The majority of BI ring protons
exhibit larger chemical shift changes as compared to the NAP
ring protons, indicating the intercalation by the BI upon
complex formation. However, the upfield shift of the BI
moiety in the ent-DDI-bulged complex is much smaller than
those in the DDI-bulged complex, demonstrating that inter-
calation of the BI moiety in the ent-DDI-bulged DNA
complex is not as extensive as in the DDI-bulged DNA
complex.

Intermolecular NOEs in the Complex.A number of
intermolecular NOEs between the bulged DNA duplex and
the ent-DDI protons have been identified and assigned for
the ent-DDI-bulged DNA complex. The largest numbers of
intermolecular NOEs are identified between the two aromatic
ring protons of ent-DDI and the A6-G7-T8-T9 sequence of
the bulge-containing strand, indicating that the two aromatic
rings of ent-DDI are positioned toward the bulge region. It
is readily apparent that most of the components of the ent-
DDI show extensive NOEs to primarily the DNA minor
groove protons. 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 of the
complex.

The distribution of the observed intermolecular NOEs
readily provides insights into the alignment of the ent-DDI
in the complex. Most protons of the BI moiety show NOEs
to the base and sugar protons of A6, and H19 and H20
protons of the distal edge of the BI ring system exhibit NOEs
to the protons of G7 (Table 1). Also, the H12 proton of the
other short edge of the BI moiety shows NOEs to the H1′
proton of T21 (Figure S5, Supporting Information). These

NOE patterns suggest that the BI ring system is intercalated
below A6‚T21, and its distal edge faces toward the G7 bulge
base. The NAP moiety, the other ring system of ent-DDI,
exhibits several NOEs to minor groove sugar protons (H1′
and H4′) of G7, T8 of the bulge-containing strand, and H2
proton of A20 of the complementary strand, establishing that
the NAP moiety is positioned in the minor groove of the
G7-T8-T9 bulge site. The aminoglycoside sugar ring is
also positioned in the minor groove on the basis of the
observed NOEs between the aminoglycoside protons and the
H2 proton of A20. Additionally, the H24 protons of the
spirocyclic ring exhibit NOEs to H1′ of A20 and H4′ of T21,
providing evidence for binding from the minor groove. Thus,
all of the intermolecular NOEs suggest that the BI moiety is
intercalated below the A6‚T21 base pair, while the NAP and
aminoglycoside moieties remain in the minor groove at the
site of the bulge pocket and adjacent to the T9‚A20 base
pair, respectively.

Comparison of DDI- and ent-DDI-Bulged DNA Complex
by NMR.Figure 5A shows chemical shift differences for the
oligonucleotides between the DDI- and the ent-DDI-bulged
DNA complexes. A striking difference is observed at the
G7 residue, one of unpaired bases, indicating its different
placement in the helical duplex. The G7 in the DDI-bulged
DNA complex stacks inside the helix, whereas that in the
ent-DDI bulged DNA complex is at an extrahelical position.
In addition, modest chemical shift differences are detected
at the residues adjacent to the bulge site, suggesting that
structural perturbations of the DNA residues at the bulge
site upon complex formation are different for the two

Table 1: Intermolecular NOEs Observed between Ent-DDI and
DNA Protons

Ent-DDI DNA contacts

H1 A20H2
H2 A20H2
H3 G7H1′, T8H4′, T8H5′′, T9H6, T9CH3

H4 G7H1′, T8H4′, T8H5′′, T9H4′, T9TH5′′
H6a, H6b G7H4′
H12 T21H1′, G22H5′′
H17 A6H2
H18 A6H2, A6H8
H19 A6H1′, A6H2′′, A6H2′, A6H8, G7H1′, G7H8
H20 A6H1′, A6H2′′, A6H8, G7H6, G7H4′, G7H5′′
H22 G7H4′
H24a, 24b A20 H1′, T21 H4′, T21H5′′
H25 A20H2
H1′ A20H2
H3′ A20H2, C10 H1′, C10 H4′
H5′ A20H2
H6′, H6′′ A20 H1′, T21H4′

FIGURE 5: (A) Chemical shift differences between the DDI- and
the ent-DDI-bulged DNA complex.∆δ is the value resulting when
the DNA proton chemical shifts of the DDI-bulged DNA complex
are subtracted from those of the ent-DDI-bulged DNA complex.
(B) 1-D phosphorus spectra of (a) free bulged duplex, (b) ent-DDI-
bulged DNA complex, and (c) DDI-bulged DNA complex.
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complexes. 1-D31P spectra at 25°C for the free bulged DNA
duplex, ent-DDI-bulged DNA complex, and DDI-bulged
DNA complex are shown in Figure 5B. Comparison of31P
chemical shift dispersion for the three DNA duplexes shows
that the DNA backbone conformation of the ent-DDI-bulged
DNA complex is similar to that of the free DNA duplex but
differs from that of the DDI-bulged DNA complex, indicating
that the ent-DDI-bulged DNA complex does not undergo a
significant conformational change. Also, this result is in
accord with the smaller proton chemical shifts in the ent-
DDI-bulged DNA complex as compared with those in the
DDI-bulged DNA complex.

Structure Calculation.Forty-two DNA-drug intermo-
lecular NOEs provide information about the binding site of
the drug. 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) violations.
Ten superimposed structures are presented as the final results
in Figure 6. The final refined structures converged to a
pairwise rms difference of 0.54 and very low constraint
violation energies (Table 2). These converged structures show
good bond and angle geometry, and in general, satisfy NMR-
derived distances and dihedral angles.

Elucidation of the Structure of the Ent-DDI-Bulged DNA
Complex.The BI moiety is intercalated from the minor
groove, while the NAP and aminoglycoside moieties are
positioned in the minor groove. Intercalation of the BI moiety
between A6‚T21 and T9‚A20 base pairs in the complex is
shown on the right in Figure 7A as a view normal to the
helix. The BI ring plane tilts diagonally with respect to the
A6‚T21 base pair and stacks above the purine ring of A20.
The distal edge of the BI ring moiety proceeds toward the
purine ring of G7. Thus, the BI ring moiety is surrounded

by G7-A6‚T21-A20, consisting of the one unpaired base and
the three bases adjacent to the bulge site. The approach of
the NAP moiety toward the bulge region of the minor groove
and the positioning of the sugar ring in the middle of the
minor groove in the ent-DDI-bulged DNA complex are
shown on the right in Figure 7B. The NAP moiety is
positioned in the minor groove along the G7-T8-T9 bulge
pocket. The distal edge of the NAP ring moiety faces toward
the purine ring of A20. The aminoglycoside moiety is located
in the minor groove near the A20 residue.

CD Studies of Conformations of Drug-DNA Complexes.
Figure 8 shows the CD spectra of the free DNA and its
altered DNAs after subtracting the drug-alone spectrum from
the complexes, assuming that the conformation of the drug
is not significantly altered since the aglycone structures of
two DDI diastereomers are relatively rigid. The CD spectrum
of DNA for the DDI-bulged DNA complex as compared to
that of the native DNA was more significantly changed than
that for the ent-DDI-bulged DNA complex. The DNA curve
for the DDI-bulged DNA complex exhibits significant red
shifts of both the positive and the negative bands and greater
negative ellipticity change upon complex formation, indicat-
ing that the DNA in the DDI-bulged DNA complex
undergoes larger conformational changes, resulting in better
drug binding as compared to the ent-DDI-bulged DNA
complex (35). The ent-DDI-bulged DNA complex shows
modest ellipticity decreases in the positive and negative bands
and no band shifts. These distinct differences for the DNAs
complexed with the two diastereomers suggest that the
structural perturbations in the DNA upon drug binding differ
significantly with the diastereomeric drugs. This result is
consistent with the NMR data showing that chemical shift
differences of the ent-DDI-bulged-DNA complex as com-
pared to free DNA are smaller than that of the DDI-bulged
DNA complex and serves to explain why the ent-DDI shows
a lower binding affinity for the two base-bulged DNA.

DISCUSSION

Fluorescence quenching studies have identified a two-base
bulge in DNA as the preferred binding site for both DDI
and ent-DDI (20). The overall binding specificity of DDI
for two-base bulge-containing oligonucleotides are∼2-fold
greater than that of the ent-DDI. In each case, NMR studies
reveal a unique structure of the drug-DNA complex with
drug binding limited to the bulge site. This is evident from
the NOE cross-peaks observed between the drugs and the

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

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

NOE distance restraints 427
intraresidue (DNA) 168
interesidue (DNA) 139
hydrogen Bond (DNA) 32
intraresidue (ent-DDI) 46
intermolecular (ent-DDI-DNA) 42

dihedral restraints 166
average NOE violations (>0.20 Å) 0
average dihedral angle violation (>5°) 0
pairwise rmsd for all heavy atoms (Å) 0.548( 0.216
mean deviation from covalent geometry

bond lengths (Å) 0.0036( 0.00001
bond angles (deg) 0.5385( 0.0042
impropers (deg) 0.4866( 0.0006
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oligonucleotide protons, which surround the bulge region.
A higher affinity for the bulge region is consistent with the
binding results of the natural product, despite the differences
in details of the binding mode.

The BI moiety of ent-DDI intercalates between the A6‚
T21 and the T9‚A20 base pairs, overlapping with portions
of the purine bases, while the NAP moiety is positioned in
the minor groove along the G7-T8-T9 bulge sequence to
which the NAP ring protons show NOE interactions. The
aminoglycoside is in the middle of the minor groove,
approaching A20 of the nonbulged strand. In accordance with
the NOEs described previously, the distal edge of the BI
aromatic ring system faces toward the G7 bulge base,
whereas the other end of the ring remains at the T21 residue.
This orientation of ent-DDI to the DNA duplex is totally
different from that of DDI, where the BI moiety of DDI

intercalates into the G7-T8-T9‚A20 pocket, and the ami-
noglycoside is positioned in the minor groove near the T21
residue of the nonbulged strand. These data demonstrate that
the alignment of ent-DDI along the DNA helical duplex is
in the reverse direction to that of DDI (Figure 7A,B).

Both the DDI and the ent-DDI diastereomers bind in the
minor groove with a preference for the bulge region.
However, there are several clear differences in the details
of their binding characteristics. First, the DDI shows a
stronger affinity for the two-bulge sequence than does ent-
DDI. This is clearly derived from the NMR and CD data,
showing that the DNA in the DDI-bulged DNA complex
undergoes a larger conformational change upon complex
formation in comparison to the ent-DDI-bulged DNA
complex. Second, the chemical shift changes of the DNA
protons at the binding site in the presence of DDI are
different from ent-DDI. The striking chemical shift difference
between the two complexes is observed at the G7 bulge
residue, indicating its different position in the helical duplex.
Also, modest, but significant, chemical shift differences
between the complexes are detected at most of the residues
of the bulge region, suggesting that structural perturbation
at the bulge site upon complex formation is different for the
two complexes. The extrahelical position preference of both
bulge bases in the ent-DDI bulged DNA complex may
account for the finding that ent-DDI showed a much lower
binding affinity for a single-base bulge site than for a two-
base bulge site in the DNA duplex as compared to DDI (20).
Third, the DNA protons for which NOE interactions are
observed in the two complexes are derived from the same
residues at the bulge binding site, but the NOE connections
between the DNA and the drug protons are totally different
for the two agents, consistent with the difference in the bind-

FIGURE 7: Stick view of the binding site in the DDI-bulged DNA complex (left) and ent-DDI-bulged DNA complex (right) looking into
the major (A) and minor (B) grooves. The two base pairs and two bulge bases are shown in blue and orange, respectively. DDI and ent-DDI
are shown in green and pink, respectively.

FIGURE 8: CD spectra of free DNA (O), DDI-bulged DNA duplex
(4), and ent-DDI-bulged DNA complex (0).
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ing modes preferred by the two diastereomers. The most
striking difference between the two diastereomers, however,
is their reverse binding orientation. The aminoglycoside
moiety of the ent-DDI is positioned in the 3′ direction from
the bulge region, whereas the sugar of DDI is positioned in
the 5′ direction from the same site. It is notable that the
reverse binding orientation within the bulge site is the natural
consequence of the opposite handedness imposed by the
spirocyclic ring junction and permits the two aromatic ring
systems of the spirocyclic enantiomers access to the bulge
region.

These structural studies with the spirocyclic enantiomers
clearly demonstrate that the two-base bulge in duplex DNA
provides an optimal binding site for wedge-shaped molecules
in which the two aromatic ring moieties are fixed in relation
to each other by the rigid spirocyclic structure. The opposite
handedness of the spirocyclic enantiomers requires that they
bind to the bulge site with reverse orientations in the helical
axis. In each case, however, the BI moiety is intercalated
into the helix, and the NAP and aminoglycoside moieties
are positioned in the bulge region and the middle of the minor
grove, respectively. Thus, it is apparent that the binding mode
and orientations of the opposite handed, wedge-shaped
molecules in the DNA are determined by the requirement
that the two aromatic ring systems fit into the pocket at the
bulge site. However, the reverse binding orientations of the
two spirocyclic enantiomers result in different DNA con-
formational changes and placement of the bulge bases within
the helix, likely accounting for their different binding
affinities in relation to bulge sequence and size.

Comparative 3-D models of the DDI and ent-DDI-bulged
DNA complexes illustrate that the simple event governing
complex formation is the accessibility of the aromatic ring
moieties of the drugs to bulge sites that have sufficient room
to accommodate rigid spirocyclic structures. This necessitates
reverse orientation of the two diastereomers for bulge
binding. Elucidation of the structures of the two complexes
provides a basis for understanding the relative binding
affinities of the spirocyclic enantiomers and for the role of
stereochemical factors in determining the precise mode of
binding. Such detailed information on the location and
orientation of stereospecific agents when bound to targeted
sites in DNA is essential to proceed with informed structural
design of agents with a high affinity for bulged sites in DNA
(and RNA). Finally, these studies place additional emphasis
on the importance of the precise site of placement of the
aminoglycoside moiety on the drug in determining the mode
of approach of the wedge to the bulge site. Unlike the natural
product, both spirocyclic enantiomers, which have the sugar
unit attached to the spirocyclic oxygen, are minor groove
specific agents. To fully explore the role of the site of
aminosugar conjugation in determining groove specificity,
we are in the process of synthesizing spirocyclic agent
analogues with the sugar attached to the other available
oxygens of the NAP and BI moieties.

ACKNOWLEDGMENT

We appreciate the availability of NMR time provided at
the Harvard Medical School. We thank X. Gao (University
of Houston) for discussion of the binding mode and allowing
us to use the NMR facility funded by the W. M. Keck

Foundation in our initial experiments. We thank F. S. Fouad
and Z. Xi for the chemical synthesis of the spirocyclic
compounds.

SUPPORTING INFORMATION AVAILABLE

Chemical shift assignments for the exchangeable protons
of the ent-DDI-bulged DNA complex (Table S1) and the
nonexchangeable protons of the ent-DDI-bulged DNA
complex (Table S2), chemical shift assignments of the
phosphorus resonances and their differences of the bulged
DNA in the complex and in the free form (Table S3),1H
NMR chemical shifts of ent-DDI in the free and complex
forms (Table S4), fluorescence quenching of DDI and ent-
DDI by the bulged DNA duplex (Figure S1),1H NMR
spectra of (A) free bulged DNA duplex and (B) the 1:1
complex of ent-DDI-bulged DNA duplex in D2O (Figure S2),
changes in chemical shift for bound ent-DDI relative to the
free ent-DDI (Figure S3), contour plot of the proton detected
1H-31P correlation spectrum of the ent-DDI-bulged DNA
complex (Figure S4), expanded region of the NOESY
spectrum showing the intramolecular and intermolecular
cross-peaks of ent-DDI (Figure S5), space-filling view
looking into the minor groove (A) and van der Waals surface
at the binding site (B) of the ent-DDI-bulged DNA complex
(Figure S6). This material is available free of charge via the
Internet at http://pubs.acs.org.
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