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ABSTRACT: The solution structure of the complex formed between an oligodeoxynucleotide containing a
two-base bulge (5′-CCATCGTCTACCTTTGGTAGGATGG) and SCA-R2, a designed spirocyclic helical
molecule, has been elucidated. SCA-R2, a close mimic of the metabolite, NCSi-gb, of the DNA bulge-
specific enediyne antibiotic neocarzinostatin, differs in possessing a more stable spirocyclic ring system
and in lacking certain bulky groupings that compromise bulged DNA binding. This study provides a
detailed comparison of the binding modes of the two complexes and provides new insights into the
importance of shape and space, as opposed to simple nucleotide sequence, in complex formation at the
bulge site. The two rigidly held aromatic rings of SCA-R2 form a right-handed helical molecular wedge
that specifically penetrates the bulge-binding pocket and immobilizes the two bulge residues (GT), which
point toward the minor groove, rather than the major groove as in the NCSi-gb‚bulged DNA complex.
The ligand aromatic ring systems stack on the DNA bulge-flanking base pairs that define the long sides
of the triangular prism binding pocket. Like NCSi-gb, SCA-R2 possesses the naturalN-methylfuranose
moiety, R-linked to the benzindanol (BI) moiety. The amino sugar anchors in the major groove of the
DNA and points toward the 3′-bulge-flanking base pair. Lacking the bulky cyclocarbonate of NCSi-gb,
the SCA-R2‚bulged DNA complex has a much less twisted and buckled 3′-bulge-flanking base pair (dG20‚
dC8), and the G20 residue stacks directly above the BI ring platform. Also, the absence of the methyl
group and the free rotation of the methoxy group on the dihydronaphthanone (NA) moiety of SCA-R2
allow better stacking geometry of the NA ring above the 5′-bulge-flanking dG21‚dC5 base pair. These
and other considerations help to explain why NCSi-gb binds very poorly to bulged RNA and are consistent
with the recent observation of good binding with SCA-R2. Thus, although the two complexes resemble
each other closely, they differ in important local environmental details. SCA-R2 has a better hand-in-
glove fit at the bulge site, making it an ideal platform for the placement of moieties that can react covalently
with the DNA and for generating congeners specific for bulges in RNA.

Bulged structures in nucleic acids are of general biological
significance and are potential targets for therapeutic drugs
(1-4). They may arise as a consequence of recombination
between DNA segments that are imperfectly homologous or
of slipped mispairing during the replication of DNA and may
be involved in deletion and frame shift mutagenesis. DNA
bulges may also play important roles in protein recognition.
HMMG-D, a high-mobility group protein, was shown to bind
preferentially to DNA bulge sites (5), and the tumor
suppression protein p53 also prefers binding to bulges over
other base mismatches in DNA (6). Further, bulges in RNA
act as intermediates in RNA splicing and as binding motifs
for regulatory proteins involved in viral replication (7).

Accordingly, it would be of interest to develop small
molecules that selectively interact with bulges in nucleic

acids. A way to proceed toward this goal was provided by
the finding that DNA bulges are specific sites for oxidative
cleavage by the enediyne antitumor antibiotic neocarzinosta-
tin upon its activation to a radical species in a general base-
catalyzed reaction (8-12). Further, a metabolite (NCSi-gb,1

Figure 1) of the drug biradical species formed in this reaction
binds specifically at a two-base bulge in DNA (13, 14).
However, because NCSi-gb possesses a relatively labile
spirolactone ring system and other groups, such as a bulky
cyclic carbonate moiety, its use as a general probe of bulged
sites in nucleic acids is limited (15-17). Such considerations
have led us to design and prepare small molecule analogues
of NCSi-gb with more favorable binding properties (17, 18).
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These analogues share the same key structural features of
NCSi-gb: a wedge-shaped aglycon moiety, consisting of two
aromatic ring systems held rigidly by a stable spirocyclic
ring having a right-handed helical twist of 35°, and a pendent
amino sugar moiety (17, 18). Initial efforts led to the
preparation of simple analogues in which an aminoglucose
moiety was readilyâ-linked to the five-membered spirocyclic
ring (17) or to the BI ring (18). These analogues bound
specifically to two-base bulges in DNA; however, the binding
affinity was more than 10-fold weaker than that of the natural
product (17, 18), and there was no improvement in binding
to bulged RNA over the extremely poor binding of the
natural product (19, 20).

The solution structures of the complexes formed between
oligodeoxynucleotides containing a two-base bulge and the
natural as well as analogue ligands in which the amino sugar
is â-linked to the spirocyclic ring (17) have been elucidated
using high-resolution NMR spectroscopy and restrained
molecular dynamic simulation (15, 16, 21, 22). The structures
of the complexes reveal, in important details, the differences
in binding modes, which provide insight into the relationship
between structure and binding affinity. Despite the virtual
similarity of the aglycon skeleton of these two ligands, the
binding of the analogues is through the minor groove and

only one aromatic planar ring system intercalates fully into
the bulge site, whereas both aromatic ring moieties of NCSi-
gb insert via the major groove into the triangular bulge-
binding pocket and stack with the neighboring base pairs.
The less efficient stacking pattern of the analogue‚bulged
DNA complex likely accounts for the weaker affinity of the
analogue with the bulged DNA substrate. The dissimilarity
in binding modes can be attributed to the differences in the
linkage positions and the stereochemical configurations of
the pendent aminoglycoside moieties of the ligands, the major
differences being that the analogues have aâ-aminoglucosyl
linkage to the spirocyclic ring whereas NCSi-gb has an
R-aminofucosyl moiety linked to the THI ring.

To improve the binding property of the ligand, we have
designed and synthesized SCA-R2 (Figure 1), which has the
natural aminofucosyl moietyR-linked to the BI ring system
(counterpart of the THI system of NCSi-gb) as in NCSi-gb
(23). Recently, we have successfully used SCA-R2 as a probe
of DNA bulged structures (23, 24), as a promoter of
nucleotide expansion via DNA strand slippage (23), and as
a selective inhibitor of nucleotide extension by DNA
polymerase I at a two-base bulge site (24). Its binding affinity
(Kd ) 0.13 µM) (23) for the best two-base bulged DNA
substrate is close to that of NCSi-gb (Kd ) 0.033µM) (17).

Due to its tight binding and the high-quality NMR spectra
of the complex, we are able to elucidate the solution structure
of the SCA-R2‚two-base bulged DNA complex and provide
a detailed picture of the bulge-binding pocket. This analysis
reveals that the synthetic analogue has a better hand-in-glove
fit than the natural product, making the former an ideal
platform for the placement of moieties that can react
covalently with the DNA. Of special interest, from the
solution structures, we are able to rationalize our recent
finding that SCA-R2 is much better than NCSi-gb in binding
to RNA bulges (25).

MATERIALS AND METHODS

Sample Preparation.The synthesis and purification of
SCA-R2 were as reported previously (23). For bulged DNA,
the oligonucleotide sequence, a 25-mer DNA, containing a
two-base bulge and a T-T-T loop (Figure 1D), was purchased
from Integrated DNA Technologies and further purified as
described previously (26). The DNA sample (∼7 mL) was
first dialyzed against water, then against 150 mM NaCl, 10
mM sodium phosphate buffer, and finally against 15 mM
NaCl, 0.2 mM sodium phosphate buffer and lyophilized. The
NMR sample solution of DNA contains 100 mM NaCl and
10 mM sodium phosphate (pH 6.8). The sample was heated
at 90 °C for several minutes and then slowly annealed to
room temperature. For the SCA-R2‚bulged DNA complex,
the 1:1 drug‚bulged DNA complex was formed by progres-
sively adding microliter aliquots of an∼50 mM stock
solution of SCA-R2 in d4-MeOH to the bulged DNA duplex
and monitoring the titration by1H NMR at 0°C. Formation
of the drug‚bulged DNA complex was assessed by the
disappearance of the resonance lines of the free bulged DNA
when SCA-R2 was added to the bulged DNA duplex. The
complex solution was lyophilized several times and dissolved
in 99.96% D2O. The NMR sample contained a 1:1 SCA-
R2‚bulged DNA complex at a concentration of∼4.5 mM
(pH 6.8).

FIGURE 1: Chemical structures of (A) natural metabolite NCSi-
gb, (B) the sequence of its 18-mer bulged DNA substrate with an
artificial chemical-linker loop (15, 16), (C) synthetic analogue
SCA-R2, and (D) the sequence of its 25-mer bulged DNA substrate.
The aromatic ring moieties of both ligands are marked.
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NMR Methods. Detailed NMR studies of the SCA-R2‚
bulged DNA complex were conducted as described previ-
ously (15, 16, 21, 27). NMR spectra of the exchangeable
protons were collected in aqueous buffer [100 mM NaCl and
10 mM phosphate (pH 6.8)] at 0 and 10°C on Varian
INOVA 600 MHz NMR spectrometers. For the nonexchange-
able protons of the same complex, NMR spectra were
collected in D2O at 0, 10, and 30°C. NOESY, COSY, and
TOCSY data sets were processed and analyzed using FELIX
(Accelrys Inc.).

Molecular Dynamics Computations.A starting model of
the two-base bulged DNA duplex with a T-T-T loop was
generated manually in standard B-helical conformation using
InsightII (Accelrys Inc.). The glycosidic torsion angles for
all residues adopt anti conformations, which are consistent
with NMR experimental observation. The resulting energy-
minimized structure shows the two bulged residues in an
intrahelical conformation. The conformation of SCA-R2 was
first built manually and then energy-minimized using In-
sightII without any NMR restraints. The drug SCA-R2 was
then placed manually more than 8 Å from the bulge packet
of the bulged DNA duplex with its orientation random
relative to the minor and major grooves of the DNA duplex.
In total, there are 10 complexes with the drug being
positioned differently outside the DNA bulge as starting
models for the next structural calculation using X-PLOR (28).

The protocol outlined below has been used, as described
in previous publications (16, 27). The NMR distance-
restrained molecular dynamics (MD) simulations were car-
ried out starting from the 10 initial starting structures of the
SCA-R2‚bulged DNA complex mentioned above. X-PLOR-
based restrained MD calculations for each starting structure
were carried out using the simulated annealing protocol and
the CHARM force field. Hydrogen bonding distance re-
straints were imposed to align the experimentally identified
Watson-Crick pairs ((0.10 Å). Only the nonpaired G6 and
T7 bulged residues and T13-T14-T15 loop residues were
excluded on the basis of the analysis of NMR spectra. Each
cycle of restrained MD simulations was initially carried out
at 300 K with a force constant of 1 kcal mol-1 Å-2 on all
experimentally obtained distance restraints. The structure was
subjected to 2000 cycles of energy minimization and was
slowly heated to 1000 K in 7 ps (1 ps per 100 K increase).
The force constants on the experimentally obtained distance
restraints were slowly scaled up to 32 (nonexchangeable
protons), 16 (exchangeable protons), and 64 kcal mol-1 Å-2

(hydrogen bonds), over a period of 18 ps. The system was
allowed to evolve for an additional 20 ps at 1000 K and
next cooled gradually to 300 K over 14 ps (0.5 fs time step)
with retention of the full scale of distance restraints and
subsequently equilibrated for 12 ps at 300 K. The coordinates
were averaged over the last 5 ps and the resulting coordinates
subjected to 20 cycles (100 steps per cycle) of conjugate
gradient energy minimization. A total of 10 distance-refined
structures of the SCA-R2‚bulged DNA complex were gener-
ated, and eight of them were accepted. The acceptance
criteria are based on the best structures with the least NOE
and dihedral angle violations, acceptable covalent geometry,
and favorable van der Waals energy.

Distance Restraints.The distances between nonexchange-
able interprotons were obtained from the buildup curves of
cross-peak intensities in NOESY spectra at five different

mixing times (50, 100, 150, 200, and 250 ms) in D2O at 10
°C and given bounds between(20 and(30% with distances
referenced relative to the cytosine H5-H6 distance of 2.47
Å. Exchangeable proton restraints were based on NOESY
data sets at two mixing times (60 and 200 ms) in H2O at 10
°C and given bounds of(30%. Cross-peaks involving
exchangeable protons were classified as strong (medium to
strong intensity at 60 ms), medium (weak intensity at 60
ms), and weak (observed only at a mixing time of 200 ms),
and proton pairs were then restrained to distances of 3.0(
0.9, 4.0( 1.2, and 6.0( 1.8 Å, respectively.

Protein Data Bank Entry.The structures have been
deposited in the RCSB Protein Data Bank as entry 2OEY.

RESULTS

Exchangeable Imino Proton 1D Spectra.The expanded
one-dimensional1H NMR spectra (10-15 ppm) for the imino
proton region of the bulged DNA sequence both in the
absence and in the presence of SCA-R2 are shown in Figure
2. The spectra were recorded in H2O buffer solution at 10
°C. The imino proton peaks of bulged DNA in both cases
are well-resolved, and their assignments are labeled. In Figure
2A, in total 10 sharp imino proton peaks are characteristic
of Watson-Crick base pairings and indicate the formation
of duplex stems for free bulged DNA. In Figure 2B, upon
addition of an equal stoichiometric amount of SCA-R2, a
new set of imino proton peaks is observed, which have slight
to significant chemical shift changes compared to their
counterparts in free bulged DNA. This high-quality spectrum
demonstrates that SCA-R2 associates with free bulged DNA
to form a new ligand‚bulged DNA complex. Ten observed
sharp peaks, corresponding to the DNA imino proton
components within the SCA-R2‚bulged DNA complex,
indicate that only a single bound form exists in solution. The
most noticeable chemical shift changes occur at guanine
residues within the bulge-flanking dG‚dC base pairs, namely,
G21 and G20. Their chemical shifts are detected at 11.59
and 11.55 ppm, respectively (Figure 2B), which are shifted

FIGURE 2: Expanded imino proton1H spectra (10.0-15.0 ppm)
recorded in 100 mM NaCl, 10 mM phosphate, and H2O at pH 6.8
and 10°C: (A) 25-mer bulged DNA alone and (B) SCA-R2‚bulged
DNA complex formed by adding 100% SCA-R2 into 100% 25-
mer bulged DNA. The assignments of imino protons are given.
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∼1.0 ppm upfield compared to their counterparts within the
free bulged DNA form. On the other hand, there are very
small chemical shift changes for those residues away from
the bulge region for the two different forms before and after
addition of ligand (<0.2 ppm changes). This phenomenon
strongly indicates that the binding of SCA-R2 to bulged DNA
has virtually no effect on the DNA duplex stem, but rather,
SCA-R2 specifically interacts at the bulge region.

Titration Experiments Monitored by NMR.The titration
of SCA-R2 into the free bulged DNA sequence is monitored
by 1H NMR at 0 °C and is shown in Figure S1 of the
Supporting Information. Increasing amounts of SCA-R2 are
gradually added to the solution of the 25-mer bulged DNA
sequence. Panels A-C of Figure S1 show the proton NMR
spectra of the bulged DNA in the absence and presence of
different concentrations of SCA-R2. As the intensity of the
peaks representing the free bulged DNA form decreases in
the presence of 20 and 80% SCA-R2, a new set of peaks
emerges (Figure S1B,C). In the presence of 100% SCA-R2,
the peaks representing the free bulged DNA form totally fade
away, while the intensity of peaks representing the new form
of the complex reaches a maximum level (Figure S1D). The
upfield shifts of the two imino protons from bulge-flanking
dG‚dC base pairs suggest the formation of a new form of
SCA-R2‚bulged DNA complex. Likely, the stacking of
aromatic ring moieties of SCA-R2 with the two bulge-
flanking base pairs of DNA results in the dramatic upfield
shifts for G21 and G20 imino protons due to the ring current
effect.

NOE Analysis of the Imino Proton Region.Expanded
regions of the NOESY contour plot (mixing time of 200 ms)
for the SCA-R2‚bulged DNA complex in H2O buffer at 10
°C are shown in Figure 3. The imino, amino, and non-
exchangeable protons have been assigned using standard
methodologies described in previous publications (16, 21,
27). Imino-imino NOE connectivities are observed between
all adjacent base pairs on either side of the bulge (peaks a-g
in Figure 3A). This observation establishes the formation of
two duplex stems, C1-C5‚G21-G25 and C8-C12‚G16-
G20. Four thymine imino protons peaks are observed at
13.40-13.80 ppm, which are consistent with regular chemi-
cal shift values of Watson-Crick dA‚dT pairs. In particular,
the strong NOE cross-peaks from the deoxythymidine imino
proton to its counterpart deoxyadenosine H2 proton across
the dA‚dT pairs (a-d in Figure 3B) prove the formation of
Watson-Crick dA‚dT pairs. Similarly, six Watson-Crick
dG‚dC pairs are identified from the observation of the
characteristic NOE patterns (cross-peaks e-o in Figure 3B)
from the deoxyguanosine imino proton to its counterpart
deoxycytidine amino and H5 protons across the dG‚dC pairs.
The terminal dG25‚dC1 pair is not as stable as others at 10
°C; however, we can still observe its characteristic NOEs at
the lower temperature of 0°C (data not shown). The chemical
shifts of guanine imino protons in the four duplex stem dG‚
dC pairs maintain the regular values for Watson-Crick dG‚
dC pairs, which are observed at 12.70-13.10 ppm. By
contrast, the chemical shifts of guanine imino protons within
two bulge-flanking dG21‚dC5 and dG20‚dC8 pairs are
shifted very much upfield to 11.59 and 11.55 ppm, respec-
tively. Meanwhile, unlike that of other Watson-Crick base
pairs away from the bulge pocket, a number of intermolecular
NOEs (peaks 1-10 in Figure 3B) between SCA-R2 and G21

and G20 imino protons are detected at this upfield-shifted
region. Therefore, we conclude that SCA-R2 binds specif-
ically at the bulge pocket of DNA. Further intermolecular
NOE study reveals that the G21 imino proton is close to the
H1, H3, and H4 protons of the two-ring moiety, NA, of SCA-
R2 (peaks 1, 2, and 4 in Figure 3B); meanwhile, the G21
imino proton is also next to the H24 and H25 protons of
SCA-R2 (peaks 3 and 5 in Figure 3B). On the other hand,
the G20 imino proton is adjacent to the H17-H20 and H22

FIGURE 3: Expanded NOESY (200 ms mixing time) contour plots
for the SCA-R2‚bulged DNA complex. Spectra were recorded in
100 mM NaCl, 10 mM phosphate, and H2O at pH 6.8 and 10°C.
(A) NOEs between imino protons (11.3-13.9 ppm), with the cross-
peaks labeled a-g, which are assigned as follows: a, T9 (NH3)-
T18 (NH3); b, T23 (NH3)-T4 (NH3); c, T23 (NH3)-G24 (NH1);
d, T18 (NH3)-G17 (NH1); e, G16 (NH1)-G17 (NH1); f, T4
(NH3)-G21 (NH1); and g, T9 (NH3)-G20 (NH1). The expected
cross-peak between G24 (NH1) and G25 (NH1) is observed at the
lower temperature. (B) NOEs between imino protons (11.3-13.9
ppm) and amino as well as nonexchangeable protons (4.8-8.6
ppm). The NOE cross-peaks between DNA protons, which char-
acterize the formation of Watson-Crick base pairs, are labeled as
a-p, while NOE cross-peaks between SCA-R2 and DNA imino
protons are labeled as 1-10: a, T9 (NH3)-A19 (H2); b, T18
(NH3)-A10 (H2); c, T23 (NH3)-A3 (H2); d, T4 (NH3)-A22
(H2); e and e′, G16 (NH1)-C12 (NH2); f, G16 (NH1)-C12 (H5);
g and g′, G24 (NH1)-C2 (NH2); h, G24 (NH1)-C2 (H5); i and i′,
G17 (NH1)-C11 (NH2); j, G17 (NH1)-C11 (H5); k and k′, G21
(NH1)-C5 (NH2); l, G21 (NH1)-C5 (H5); m, G21 (NH1)-A22
(H2); n and n′, G20 (NH1)-C8 (NH2); o, G20 (NH1)-C8 (H5);
and p, G20 (NH1)-A19 (H2); and 1, G21 (NH1)-SCA (H4); 2,
G21 (NH1)-SCA (H3); 3, G21 (NH1)-SCA (H24); 4, G21
(NH1)-SCA (H1); 5, G21 (NH1)-SCA (H25); 6, G20 (NH1)-
SCA (H17); 7, G20 (NH1)-SCA (H19); 8, G20 (NH1)-SCA
(H18); 9, G20 (NH1)-SCA (H20); and 10, G20 (NH1)-SCA
(H22).
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protons of the three-ring moiety, BI, of SCA-R2 (peaks 5-10
in Figure 3B).

Intermolecular NOE Analysis of the Amino Proton Region.
Unlike that of the guanine imino proton, the geometrical
position of the cytosine amino proton within the Watson-
Crick dG‚dC pair is on the extreme edge facing toward the
major groove of the DNA duplex. As expected, more binding
mode information is collected on the basis of the inter-
molecular NOEs at 10°C (in Figure S2 of the Supporting
Information) between characteristic cytosine amino protons
of the bulge-flanking dG‚dC pairs and ligand protons. Cross-
peaks b, e, f, and j define the closeness between the C5 amino
protons and H24 and H25 protons of the ligand, consequently
suggesting that the H24 and H25 protons of the ligand are
adjacent to the major groove of DNA. Likely, the rigid shape
of the spirocyclic junction of SCA-R2 restricts the orientation
of the NMF amino sugar moiety, which is a neighbor of the
H24 and H25 protons, also in the major groove.

Cross-peak c shows the closeness between the C5 amino
protons and the H1 proton of the NA moiety of the ligand.
On the other hand, cross-peaks k and m imply the closeness
between the C8 amino protons and the H15 and H17 protons
on the BI moiety of the ligand. These observations are
consistent with the intermolecular NOEs between guanine
G21 and G20 imino protons and aromatic protons of the
ligand. As a result, we conclude that the dG21‚dC5 pair
stacks with the two-ring moiety of the ligand, and the dG20‚
dC8 pair stacks with the three-ring moiety of the ligand.

NOE Sequential Assignments and Analysis of Non-
exchangeable Base and Sugar Protons.The expanded
NOESY (200 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 SCA-R2‚bulged DNA complex is given in Figure
4. The spectrum was collected in 100 mM NaCl, 10 mM
phosphate, and D2O at pH 6.8 and 30°C. The base-sugar
H1′ proton connectivities are traced as solid lines, from 5′-
C1 to 3′-G25, along the bulge residue G6-T7 step and the
T13-T14-T15 loop. 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 connec-
tivities are detected at the G20-G21 step. Also, very weak
inter-residue NOE cross-peaks are observed in the C5-G6-
T7-C8 bulge-containing segment. These observations imply
the insertion of stacking aromatic ring moieties of the ligand
with their counterpart bulge-flanking dG21‚dC5 and dG20‚
dC8 base pairs. Due to this intercalation, a number of
chemical shift changes, comparing the bound and unbound
(Figure S3 of the Supporting Information) DNA forms, are
observed among those residues composing the bulge-binding
pocket. Especially the base H6 (7.44 ppm), the methyl proton
(1.59 ppm, out of plot range here), and the H1′ sugar protons
(6.20 ppm) of T7 exhibit the greatest downfield shifts
(comparison of Figure 4 and Figure S3 at 30°C; Table S1
of the Supporting Information at 10°C). This is indicative
of a loss of stacking interactions and thus a strong indication
of the displacement of T7 from the helical duplex.

Intermolecular NOE Analysis of the Nonexchangeable
Base and Sugar Proton Region.Forty-six intermolecular
NOEs between ligand protons and DNA nonexchangeable
protons are detected. The representative NOEs within the
base and sugar H1′ proton region are labeled as cross-peaks
a-s (Figure 4). Analysis of these NOEs provides insights

FIGURE 4: Expanded NOESY (200 ms mixing time) contour plots for the SCA-R2‚bulged DNA complex. Spectra were recorded in 100
mM NaCl, 10 mM phosphate, and D2O at pH 6.8 and 30°C. The assignments and H8/H6-H1′ NOE sequential walk (8.5-6.5 ppm region
as base protons and 6.4-4.9 ppm region as sugar H1′ protons) of the bulged DNA duplex are connected by solid lines. Asterisks denote
cytosine H6-H5 NOE cross-peaks. The intermolecular NOEs between SCA-R2 and DNA protons, as well as the intramolecular NOEs
between SCA-R2 protons, are labeled as cross-peaks a-s: a, C8 (H1′)-SCA (H19); b, C8 (H1′)-SCA (H18); c, C8 (H1′)-SCA (H20);
d, G6 (H1′)-SCA (H19); e, G6 (H1′)-SCA (H18); f, G20 (H1′)-SCA (H20); g, G20 (H1′)-SCA (H6); h, C5 (H1′)-SCA (H3); i, SCA
(H3)-SCA (H1); j, C8 (H5)-SCA (H18); k, G21 (H1′)-SCA (H4/H6); l, SCA (H6)-SCA (H7); m, SCA (H15)-SCA (H26); n, C8
(H5)-SCA (H17); o, G6 (H1′)-SCA (H17); p, G21 (H8)-SCA (H7); q, G20 (H8)-SCA (H7); r, G20 (H8)-SCA (H22); and s, SCA
(H20)-SCA (H22).
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into the alignment of SCA-R2 inside the complex. NOEs h
and k show that both H1′ sugar protons, pointing to the minor
groove, of the 5′-bulge-flanking dG21‚dC5 pair stack with
the H3 and H4 protons on one edge of the two-ring moiety
of the ligand; NOE p narrows the H7 proton, on the opposite
edge of the two-ring moiety of the ligand, toward the base
H8 proton of dG21, which resides in the major groove. This
analysis readily defines the cross-stacking pattern of the two-
ring moiety onto the dG21‚dC5 pair plane. Similarly, NOEs
a-c and f show that both H1′ sugar protons of the 3′-bulge-
flanking dG20‚dC8 pair stack near the minor groove with
the H18-H20 protons on one edge of the three-ring moiety
of the ligand. The large size of the three-ring moiety of the
ligand makes it impossible to parallel-stack with the dG20‚
dC8 pair plane. The NMF moiety is opposite the edge of
the H18-H20 protons, which define the minor groove.
Therefore, the cross-stacking pattern likely leads the NMF
carbohydrate moiety toward the major groove. Direct ob-
servation of the intermolecular NOEs between the NMF and
the DNA (listed in Table 1) in the major groove (out of
plotting range, not shown here) also supports this reasoning.

NOEs d, e, and o illustrate the closeness of the G6 residue
with the H17-H19 protons. These observations place G6
toward the minor groove, but not far from one edge of the
three-ring moiety. This explains the relatively smaller
chemical shift changes (comparison of Figure 4 and Figure
S3 at 30°C; Table S1 at 10°C) for bulge residue G6 between
the ligand-free and bound forms, compared to those of the
other bulge residue (T7).

Sugar Conformation.The scalar coupling constant analysis
from DQF-COSY spectra indicates that most residues clearly
adopt the pure 2′-endo sugar pucker of B-DNA with a large
3JH1′-H2′ value (7-10 Hz) and a small3JH3′-H4′ value (<3
Hz or absent). Several residues exhibit more like, but not
pure, patterns of C2′-endo sugar pucker, such as C5, G20 of
the bulge pocket, and T13 of the loop (more flexible motion).
However, there is no spectral evidence of pure C3′-endo
sugar conformation. We observed a strong DQF-COSY
cross-peak (with a largeJ value of 9.7 Hz) between H27
and H28 protons of SCA-R2 drug sugar moiety NMF,

whereas their NOE cross-peak is weak. These data indicate
a trans Hax-Hax cross-peak for H27 and H28 of drug sugar
moiety NMF. We also observed medium/strong NOE cross-
peaks, but weak COSY cross-peaks (with a smallJ value of
<3 Hz), between other drug sugar protons (H26 and H27,
H28 and H29, H29 and H30). These data indicate the Hax-
Heq patterns. Therefore, we define the conformation of the
drug sugar moiety NMF as being close to a chair conforma-
tion, which was also adopted for the NCSi-gb‚18-mer
complex (15, 16).

Structure Calculation.In total, 77 DNA-drug inter-
molecular NOEs, including both exchangeable and non-
exchangeable protons, were detected and are listed in Table
1. These extensive intermolecular NOE constraints efficiently
refine the bulge-binding pocket of the complex. The NMR
results are incorporated as initial distance and dihedral angle
restraints in the structure calculation. The final structures are
selected on the basis of criteria such as low overall energies
and no significant NOE (>0.2 Å) and dihedral (>5 Å)
violations. Eight superimposed refinement structures of the
SCA-R2‚bulged DNA complex are shown in Figure 5. The
final refined structures converged to a pairwise rms difference
of 0.93 ( 0.38 and very low constraint violation energies
(Table 2). These converged structures show good bond and
angle geometry and, in general, satisfy NMR-derived dis-
tances and dihedral angles.

Stereoviews, focusing on the bulge site, of a representative
distance-refined structure of the SCA-R2‚bulged DNA
complex are shown in Figure S4 of the Supporting Informa-
tion.

DISCUSSION

Selection of Bulged DNA Sequence and Construct Com-
parison.Sequence screening of various bulged DNA oligo-
nucleotides resulted in the selection of the 25-mer shown in
Figure 1D as a suitable binding substrate for SCA-R2, based
on its tight binding affinity and especially the quality of the
ensuing NMR spectra. Figure 2 demonstrates the superior
quality of the NMR spectra in both free and ligand-bound

Table 1: Intermolecular NOEs Observed between SCA-R2 and DNA Protons in the SCA-R2‚Bulged DNA Complexa

SCA-R2 bulged DNA contacts

NA ring H1 G21 NH(m), C5 NH2(m), C5 H5(m)
H3 G21 NH(m), C5 H1′(w)
H4 G21 NH(m), G21 H1′(m)
H6 G20 H1′(w), G20 H2′(m), G20 H2′′(m), G21 NH(w), G21 H1′(m), G21 H2′(m), G21 H8(m)
H7 G20 H8(m), G20 H1′(w), G20 H2′(s), G20 H2′′(m), G21 H8(m), G21 H2′(m)

BI ring H13 G21 NH(w), C5 NH2(w)
H15 G20 NH(m), C8 NH2(m,m), C8 H5(m)
H17 G6 H8(m), C8 NH2(m,m), C8 H5(m), C8 H6(m), G20 NH(m)
H18 G6 H1′(m), G6 H2′(m), G6 H2′′(m), G6 H8(m), T7 H2′(m), T7 H2′′(m), C8 H1′(m),

C8 H4′(w), C8 H5(w), C8 H6(m), G20 NH(m)
H19 G6 H1′(m), G6 H8(m), C8 H1′(m), G20 NH(m)
H20 C8 H1′(m), G20 NH(m), G20 H1′(w)
H22 G20 NH(m), G20 H1′(w)

spirocyclic junction H11 G20 NH(w), G20 H8(m), C8 NH2(m)
H12 G20 NH(w), C8 NH2(m)
H24 C5 NH2(m,m), C5 H5(w), G21 NH(w)
H25 C5 NH2(s,m), G21 NH(m)

NMF H28 C8 NH2(m,m), C8 H5(m)
H29 C8 NH2(m,m), C8 H5(m), G6 H2′(m), G6 H2′′(m), G6 H3′(m)
H30 G6 H2′(m), G6 H2′′(m), G6 H3′(m)
CH3-30 G6 H3′(m)

a The letters s, m, and w stand for strong, medium, and weak NOEs, respectively.
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forms, with sharp and well-resolved NMR peaks. Both
sequences shown in panels B and D of Figure 1 (termed
18-mer and 25-mer, respectively) possess a putative two-
residue bulge with two putative short duplex stems on each
side. However, the 25-mer has two bulge-flanking dG‚dC
base pairs instead of the two dA‚dT pairs in the 18-mer (vide
infra for the structural significance of this choice), in addition
to a T-T-T loop, rather than an artificial chemical-linker
loop. In the process of monitoring the effect of the ligands
on the bulge region of the DNA sequences, we tracked the
alterations of characteristic imino proton NMR peaks of
bulge-flanking base pairs. In the case of the formation of
the SCA-R2‚bulged DNA complex, the tracking of the
upfield shifts of the bulge-flanking dG‚dC base pairs has
some advantages over that of dA‚dT base pairs. In Figure 2,
approximately 1.0 ppm upfield shifts allow the two imino
proton peaks of bulge-flanking dG‚dC base pairs in the
ligand-free form (G20 at 12.50 ppm and G21 at 12.65 ppm)
to move to the well-isolated region around 11.5 ppm.
Alternatively, those of the dA‚dT base pairs would be

expected to shift to the crowded region of the regular stem
dG‚dC pairs. Further, the sharpness of the two imino proton
peaks of bulge-flanking dG‚dC base pairs facilitates the
collection of valuable intermolecular NOEs (Figure 3B)
between SCA-R2 and the DNA protons, which are critical
in the NMR-derived structural determination.

NMR studies of the ligand-free form of the 18-mer indicate
that there is a 5 bpduplex stem at the open end of the
oligonucleotide with the other half of the oligonucleotide
encompassing an unstructured loop (16); NCSi-gb induces
the formation of a two-base bulge when it binds to it (15,
16). On the other hand, the ligand-free form of the more
stable 25-mer possesses a two-base bulge with 5 bp duplex
stems on each side, and SCA-R2 is capable of recognizing
and binding to the defined bulge region (compare Figure 4
and Figure S3). Further, NMR analysis shows that there is
no effect of SCA-R2 binding on the T-T-T loop segment of
the 25-mer. Therefore, these data directly confirm the bulge
binding specificity of SCA-R2. Unlike the spectra of the
NCSi-gb‚18-mer complex, which also reflect the remaining
10% of the undesired free form of DNA (16), the clean
spectra of the SCA-R2‚25-mer complex with a 1:1 ratio
demonstrate only one species of complex formed in solution.
This high-affinity binding property is also supported by a
fluorescence quenching study, in which aKd of 0.13 µM
was determined. Another desired feature of the SCA-R2‚
25-mer complex is its stability within the temperature range
(0-30 °C) used in this study. There was no evidence of
alteration of the binding mode with a change in temperature.
This feature enabled the assignment of the overlapped NMR
peaks by means of temperature alteration.

We collected NMR spectra at different temperatures (from
0 to 30°C with 5 °C increments) primarily because of partial
overlaps in some spectra. The line width of the NMR signals
becomes broader at low temperatures due to slower tumbling;
however, at low temperatures, the binding affinity increases
(supported by our fluorescence binding studies at different
temperatures), the DNA base pairs themselves are more
stable, and the exchange rate (imino and amino protons) with
water is slower. Therefore, the quality of spectrum reflects

FIGURE 5: Eight superimposed refinement structures of the SCA-R2‚bulged DNA complex. The base residues of the T13-T14-T15 loop,
the phosphate oxygen atoms of the strand backbone, and all DNA protons have been removed for clarity. SCA-R2, except for its NMF
moiety, is colored yellow. NMF is colored orange. The dG21‚dC5 base pair is colored green. The dG20‚dC8 base pair is colored cyan. Two
bulge residues, G6 and T7, are colored magenta. The phosphorus atom is colored red. (A) Front view of the bulge binding site from the
major groove. (B) Side view of the bulge binding site. (C) Front view of the bulge binding site from the minor groove.

Table 2: NMR Refinement Statistics of the SCA-R2‚Bulged 25-mer
DNA Complex

NMR distance restraints
overall no. NOE distance restraints 506

total no. of DNA distance restraints 400
no. of exchangeable distance restraints 34
no. of nonexchangeable distance restraints 326
no. of hydrogen bond restraints 40

total no. of ligand intramolecular distance restraints 29
total no. of ligand intermolecular distance restraints 77

no. of exchangeable distance restraints 31
no. of nonexchangeable distance restraints 46

structural statistics of the complex
NOE violations

number>0.2 Å 3.7( 1.4
maximum violations (Å) 0.29( 0.17
rmsd of violations 0.036( 0.002

deviation from the ideal covalent geometry
bond lengths (Å) 0.013( 0.001
bond angles (deg) 3.04( 0.04
impropers (deg) 0.41( 0.05

pairwise rmsd (Å) (eight distance-refined structures)
global structure 0.93( 0.38
central bulge binding site 0.77( 0.23
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the overall effects of all of these factors. At low temperatures,
the quality of spectra is good with less peak broadening but
some overlaps (for example, see Figure S2 which is a
NOESY spectrum in H2O at 10°C). In this low-temperature
spectrum, the intermolecular cross-peaks (6.4-7.0 ppm in
the horizontal dimension, 5.0-6.0 ppm in the vertical
dimension) are fairly sharp. On the other hand, the corre-
sponding cross-peaks at 30°C (Figure 4) are broad, basically
due to the lower binding affinity at the higher temperature.
Despite this, we chose to present the relatively better-resolved
Figure 4 to demonstrate the full assignments of the DNA
sequential walk. In addition, Figure 4 also indicates the
temperature tolerance of the SCA-R2‚25-mer complex,
making the data more physiologically relevant.

Structural Comparison of the Two Complexes.SCA-R2
is a simplified analogue of the natural degradation product
NCSi-gb. Both ligands share the same structural features of
several functional moieties which contribute to their similar
binding modes with bulged DNA substrates. The comparison
of high-resolution NMR structures of the two different
complexes at the bulge-binding sites is shown in Figure 6.
In each case, the two rigidly held aromatic ring subunits of

the ligands form a molecular wedge that penetrates the bulge-
binding pocket and immobilizes the two otherwise flexible
bulge residues. Each ligand aromatic ring moiety stacks on
the DNA bulge-flanking base pairs that define the long sides
of the triangular prism binding pocket. The two aromatic
ring moieties of both ligands mimic the geometry of helical
bases with a right-handed twist angle of approximately 35°
(measured by the long axes). The reduced enediyne systems,
namely, the tetrahydroindacene (THI) moiety of NCSi-gb
and the analogous benzindanol (BI) moiety of SCA-R2, stack
underneath the 3′-bulge-flanking base pair (colored cyan),
while the dihydronaphthone (NA) moiety stacks above the
5′-bulge-flanking base pair (colored green in Figure 6). In
addition, the orange-coloredN-methylfucosamine (NMF)
moiety of both ligands, with the sameR-glycosidic linkage
to the aglycon skeleton, anchors in the major groove of DNA
and points toward the 3′-bulge-flanking base pair (Figure
6A,B). Though DNA binding substrates with different bulge
sequences are used, both ligands form ligand‚DNA com-
plexes with similar bulge binding modes. It appears, there-
fore, that the prism-shaped spirocyclic skeleton of the ligands
confers the binding affinity based on shape rather than

FIGURE 6: Structural comparison of the two ligand‚bulged DNA complexes at the bulge binding sites. The sugar-phosphate backbone of
DNA is highlighted with thicker stick drawings; the aromatic ring moieties of ligands are highlighted as yellow spheres for carbon atoms
and as white spheres for protons. Ligands, except for their NMF moieties, are colored yellow. NMF moieties are colored orange. The
5′-bulge-flanking base pairs are colored green. The 3′-bulge-flanking base pairs are colored cyan. Bulge residues are colored magenta.
Phosphorus atoms are colored red. The bulge binding site of the SCA-R2‚bulged DNA complex is shown in the left panel, with views
looking into the major groove (A) and into the minor groove (C). The bulge binding site of the NCSi-gb‚bulged DNA complex is shown
in the right panel, with views looking into the major groove (B) and into the minor groove (D). The cyclocarbonate moiety is shown as a
van der Waals line surface drawing with a pointing blue arrow; the methyl and methoxyl functional groups are shown as van der Waals line
surface drawings with pointing yellow arrows, and the hydroxyl group is shown as a van der Waals line surface drawing with a pointing
white arrow.
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sequence of the bulge targets. In addition, the global
structures of both complexes confirm the formation of duplex
stems at each side of the bulge. Due to the insertion of the
ligand into the bulge-binding pocket, the whole DNA duplex
stems are clearly bent (Figure 5B and ref16).

Though basically adopting similar binding modes, the
SCA-R2‚bulged DNA complex distinguishes itself from the
NCSi-gb‚bulged DNA complex in local environments. The
bulky cyclocarbonate moiety [shown as a van der Waals line
surface drawing (blue arrow)] on NCSi-gb sterically hinders
the stacking of the THI ring platform with the 3′-bulge-
flanking base pair, dA5‚dT14 (Figure 6B,D). As a result,
the more flexible dA5‚dT14 pair of the NCSi-gb‚bulged
DNA complex is much more twisted and buckled than that
of the dG20‚dC8 pair in the SCA-R2‚bulged DNA complex
(Figure 6A,C). The G20 residue stacks right above the BI
ring platform and results in the NMR upfield shift of the
G20 imino proton due to the ring current effect (Figure
6A,C); on the other hand, the T14 residue stacks poorly, off-
center and tilted, on the THI ring platform (Figure 6B,D)
and, therefore, exhibits an upfield shift much smaller than
expected (16). Accordingly, it was proposed that the removal
of the bulky cyclocarbonate moiety would likely improve
the binding behavior (16, 17). Our result supports this
assumption.

Another important insight derived from these data relates
to the earlier observation that substitution of a dG5‚dC14
base pair for the dA5‚dT14 pair significantly weakened
binding of NCSi-gb to the bulged DNA (10, 17). In fact,
even substitution of a dT5‚dA14 base pair had a similar
effect. These results can be explained by the need to
accommodate the cyclocarbonate moiety of NCSi-gb in the
limited space. The weaker but more flexible dA‚dT base pair
permits distortion and space expansion that a more stable
but more rigid dG‚dC base pair will not. Further, the
cyclocarbonate specifically interacts with the smaller pyri-
midine (T14) residue, so having a larger purine (A14) residue
at this position would also be expected to compromise NCSi-
gb binding. Because SCA-R2 lacks the cyclocarbonate, the
dG‚dC base pair at this site not only fails to impair binding
but provides stability to formation of the bulge binding site.
Thus, it is important to distinguish that the described
“nucleotide sequence effects” actually derive from shape and
space considerations. We have thus succeeded in our goal
of designing a bulge-specific small molecule that does not
have specific sequence limitations of the base pairs compris-
ing the bulge pocket (17).

Also, the methyl and methoxyl functional groups (shown
as van der Waals line surface drawings with yellow arrows)
on the NA ring of NCSi-gb cause moderate in-plane
disruption of the 5′-bulge-flanking dA11‚dT6 base pair
(Figure 6D). By contrast, the lack of a methyl group and
especially the free rotation of the methoxyl group (shown
as a stick drawing in Figure 6C) on the NA ring of SCA-R2
allow a better stacking geometry of the NA ring right above
the 5′-bulge-flanking dG21‚dC5 base pair. In Figure 6C, the
methoxyl group points up, away from the dG21‚dC5 pair
and toward the vicinity between the NA and BI rings of
SCA-R2. In the case of the NCSi-gb‚bulged DNA complex,
however, the rotation of the methoxyl group away from the
dA11‚dT6 base pair is restricted. Due to compression by the
DNA bulge pocket, the THI ring is tilted downward and the

two discrete ring platforms of NCSi-gb are brought closer
together than that of SCA-R2 (Figure S5 of the Supporting
Information), resulting in limited space to accommodate the
methoxyl group when it rotates upward. In addition, an extra
hydroxyl group (shown as a van der Waals line surface
drawing with a pointing white arrow in Figure 6D) on the
THI ring occupies this same region between the two ring
platforms. Steric hindrance, reflected by the short distance
(2.94 Å) between the two oxygen atoms of the hydroxyl and
methoxyl groups, likely drives the methoxyl group to point
down and toward the dA11‚dT6 base pair. Importantly,
compression of the same ring systems (and the ensuing
intramolecular reaction between them) has also been impli-
cated in the activation of NCS-chrom to its bulge-specific,
strand-cleaving radical species (12).

These results are also relevant to an earlier proposal for
why NCSi-gb binds so poorly to RNA (19, 20), since the
2′-OH group of a ribo A11 would clash with the downward-
positioned methoxyl moiety on the drug. Accordingly, the
ability of the methoxyl group of SCA-R2 to point upward
would be expected to facilitate binding to RNA bulges.
Indeed, we have recently reported the formation of such
complexes (25).

Both complexes have identical NMF carbohydrate moieties
(colored orange), which, as a functional handle, align in the
major groove of DNA (Figure 6A,B). However, the NMF
moiety in the NCSi-gb‚bulged DNA complex (Figure 6B)
is closer to the floor center of the major groove, whereas
the NMF moiety of the SCA-R2‚bulged DNA complex is
nearer to the sugar-phosphate backbone of the bulge-
containing strand (Figure 6A). A H-bond between the
hydroxyl group of NMF and the backbone phosphate may
potentially form, providing another driving force to facilitate
the binding of SCA-R2 with the bulged DNA.

When the ligand is inserted into the bulge of the DNA in
the two complexes, both bulge residues become extrahelical.
The striking difference, however, is that the bulge residues
of the NCSi-gb‚bulged DNA complex move toward the
major groove while those of the SCA-R2‚bulged DNA
complex point toward the minor groove. It appears that the
positioning of the NMF moiety of the SCA-R2‚bulged DNA
complex, which is embedded in the major groove and
approaches the sugar-phosphate backbone of the bulge
residue-containing segment, blocks the space in the major
groove in which the extrahelical bulge residues fit. Compared
to the T7 residue, the bulged G6 residue is closer to the
H17-H19 protons on the BI ring of SCA-R2, in accordance
with the observations of corresponding intermolecular NOEs
(listed in Table 1). These NOEs, between the minor groove-
positioned H17-H19 protons of the ligand and the DNA
G6 residue protons, define the position of the G6 residue in
the minor groove.

The two aromatic ring moieties, NA and THI, of NCSi-
gb are interlocked through a spirolactone pentane ring
junction, while SCA-R2 has a spirocyclopentene ring as the
junction. This modification makes SCA-R2 more stable but
does not influence the binding mode. However, the two
newly introduced ethylene protons, H24 and H25 in the
analogue, exhibit characteristic chemical shifts at 5.5-6.5
ppm, which are readily distinguished from other ligand
protons. In addition, the strong NOE between H24 and H25
can also be easily identified (as peak g in Figure S2). These
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NMR features serve as a marker for this ethylene functional
group. NOEs between the major groove-oriented amino
proton of the bulge-flanking dC5 residue and these marker
protons are observed (shown as peaks f and j in Figure S2).
This ethylene group is on the extreme edge of the spiro
junction; accordingly, NOEs f and j confirm the major groove
binding mode of SCA-R2.

SUMMARY

SCA-R2, a designed stable analogue of NCSi-gb, binds
specifically and tightly at a two-base bulge in DNA via
stacking of its helically oriented aromatic ring systems on
the bulge-flanking base pairs that define the long sides of
the triangular prism binding pocket. The structures of the
complexes formed by the two ligands with DNA bulges are
similar but differ importantly in local environmental details.
The 2-N-methylfucosamine moiety, which resides in the
major groove, with that of SCA-R2 closer to the sugar-
phosphate backbone of the bulge-containing strand, is critical
in determining the proper placement of the aglycone in the
bulge pocket. Whereas insertion of either ligand into the
bulge causes the unpaired residues to become extrahelical,
those in the SCA-R2‚bulge complex point to the minor rather
than the major groove, which is the case with the complex
formed with the natural product. The absence of the bulky
cyclocarbonate moiety and other groups on SCA-R2 enables
it to bind in the bulge pocket with a better glove-in-hand fit
than NCSi-gb and without the twisting and buckling of the
base pair 3′ to the bulge found with the natural product. The
ability of the methoxyl moiety on the NA ring system to
rotate upward away from the base pair 5′ to the bulge
residues, in contrast to NCSi-gb, likely plays a role in
enabling SCA-R2 to bind to bulges in RNA. These consid-
erations make the designed analogue an appropriate platform
for the placement of reactive moieties that react covalently
(adduction or strand cleavage) at the bulge site and for
generating congeners specific for bulges in both DNA and
RNA. This study also provides new insights into the
importance of shape and space, as opposed to nucleotide
sequence, in formation of a complex at the bulge site.
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SUPPORTING INFORMATION AVAILABLE

Proton chemical shift changes (parts per million) of the
DNA bulge binding site in the SCA-R2‚bulged 25-mer DNA
complex relative to the free bulged 25-mer DNA at 10°C
(Table S1), proton chemical shift changes (parts per million)
of the bound form of SCA-R2 in the SCA-R2‚bulged 25-
mer DNA complex (in D2O at 25°C) relative to the free
form of SCA-R2 (in d4-MeOH at 25 °C) (Table S2),
exchangeable proton chemical shifts (parts per million) of
DNA components within the SCA-R2‚bulged 25-mer DNA
complex in H2O buffer at pH 6.8 and 10°C (Table S3A),
nonexchangeable proton chemical shifts (parts per million)
of DNA components within the SCA-R2‚bulged 25-mer
DNA complex in D2O buffer at pH 6.8 and 10°C (Table

S3B), titration of various amount of SCA-R2 into 25-mer
bulged DNA as monitored by1H NMR shown as an
expanded imino proton region (Figure S1), expanded NOE-
SY (200 ms mixing time) contour plots of the SCA-R2‚
bulged 25mer DNA complex, focusing on the amino and
aromatic proton regions (Figure S2), expanded NOESY (200
ms mixing time) contour plots for the bulged 25-mer DNA
alone at 30°C (Figure S3), stereoviews of the bulge binding
site of a representative refined structure of the SCA-R2‚
bulged 25-mer DNA complex (Figure S4), and a comparison
of ring system compression of free and bound forms of the
ligands (Figure S5). This material is available free of charge
via the Internet at http://pubs.acs.org.
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