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Solution Structure of a Two-Base DNA Bulge
Complexed with an Enediyne Cleaving Analog

Adonis Stassinopoulos,* Jie Ji, Xiaolian Gao,
Irving H. Goldbergt

Nucleic acid bulges have been implicated in a number of biological processes and are
specific cleavage targets for the enediyne antitumor antibiotic neocarzinostatin chro-
mophore in a base-catalyzed, radical-mediated reaction. The solution structure of the
complex between an analog of the bulge-specific cleaving species and an oligode-
oxynucleotide containing a two-base bulge was elucidated by nuclear magnetic reso-
nance. An unusual binding mode involves major groove recognition by the drug car-
bohydrate unit and tight fitting of the wedge-shaped drug in the triangular prism pocket
formed by the two looped-out bulge bases and the neighboring base pairs. The two drug
rings mimic helical DNA bases, complementing the bent DNA structure. The putative
abstracting drug radical is 2.2 = 0.1 angstroms from the pro-S H5' of the target bulge
nucleotide. This structure clarifies the mechanism of bulge recognition and cleavage by
a drug and provides insight into the design of bulge-specific nucleic acid binding

molecules.

Bulged structures (regions of unpaired
bases) in nucleic acids have been the sub-
ject of intense interest (1), because they
have been implicated as binding motifs for
regulatory proteins in viral replication (2),
as targets for repair enzymes in imperfect
homologous recombination (3), as products
of slipped mispairing in the replication of
microsatellite DNA (4), as intermediates in
frameshift mutations (5), and as essential
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elements in naturally occurring antisense
RNAs (6).

Neocarzinostatin chromophore (NCS
chrom) is unusual among the naturally
occurring enediyne antibiotics (7) in its
ability to attack specifically and exclusive-
ly a single residue at a two-base bulge of
certain DNA sequences under the influ-
ence of general base catalysis (8). Under
the same conditions NCS chrom cleaves
the transactivation response element of
human immunodeficiency virus type I vi-
ral RNA with high specificity at one of its
proposed bulge residues (9). Further, stud-
ies with long single-stranded DNAs, sim-
ilar to ones found in some DNA viruses,
have revealed related binding-cleavage
sites located at bulged sites (10). This
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mode of binding and attack is, therefore,
an attractive candidate in the design of
antiviral drugs specific for bulged features
in DNA and RNA.

The reaction with DNA bulges is initi-
ated by an intramolecular nucleophilic at-
tack of C1” at C12 of NCS chrom 1, result-
ing in the sequential formation of the labile
spirolactone-containing intermediates cu-
mulene 2 and biradical 3 (Fig. 1A). The
biradical 3 is ultimately responsible for
DNA damage by hydrogen atom abstraction
at the bulged site and production of 4 (11).
Compound 5 (designated NCSi-gb), pro-
duced by the general-base—catalyzed activa-
tion of NCS chrom in the absence of DNA,
is a stable structural analog of the labile
cleaving species and binds specifically at this
bulged site (12). A model of NCSi-gb dem-
onstrates that the two ring systems NA and
THI are held rigidly at an angle of 60° (as
measured by their short axes) by the five-
member spirolactone to form a wedge with
two flexible appendices, N-methyl fuco-
samine (NMF) and cyclocarbonate moieties.

135
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To understand the molecular basis for
the recognition of the bulged structure, we
determined the solution structure of the
complex formed between the stable com-
pound NCSi-gb and an oligonucleotide
containing the known binding-cleavage site
5" AATT-AT 3’ (bulged residues in italics,
attacked residue in bold) (Fig. 1B) (13).
The construct was designed on the basis of
previous work (8—12) and consists of 8- and
10-nucleotide oligomers connected by
means of a chemical linker (14). The two-
base bulge, flanked by a minimum of three
base pairs on each side, is a substrate for the
cumulene 2 and binds NCSi-gb (with a
dissociation constant, K, of 3.9 uM) (12).

Initial titration experiments, as moni-
tored by one-dimensional (1D) nuclear
magnetic resonance (NMR) spectra, con-
firmed the formation of a stable 1:1 com-
plex on mixing of the DNA construct with
NCSi-gb (10 mM sodium phosphate,
pH =~ 6). The resonances for most 'H in
both free DNA and the complex and those
of 3P of the complex were assigned with

Bulge DNA
cleavage Spontaneous
- >
3
-H,0
—_—
R=

established procedures (15) on the basis of
correlated spectroscopy (COSY) and nu-
clear Overhauser effect spectroscopy
(NOESY) experiments. They are mostly
characteristic of a right-handed helical du-
plex and follow typical through-bond and
through-space connectivities (16). The as-
signments of the 1D and 2D NOESY
NMR spectra of the complex (10% D,O in
H,0) showed the presence of eight
Watson-Crick base-paired imino protons
and an additional non—base-paired imino
proton, assigned to T13, consistent with
the proposed structure (Fig. 1B) (17). Fur-
ther analyses established that all DNA
residues adopt the antiglycosidic confor-
mation (16). Several NOE irregularities at
and around residues A5, All, and T13
confirmed the disruption of the double-
helical structure in the complex (17). Of
the observed intermolecular contacts,
85% are between NCSi-gb and the All-
A12-T13-T14 strand, confirming the
binding at the bulge site A12-T13. A dis-

tinct feature of the complex is the lack of

Fig. 1. (A) Proposed mechanism for the intramolecular activation of NCS chrom in
the absence or presence of bulged DNA under the influence of general-base
catalysis. NA and THI are abbreviations for the dihydronaphthone and tetrahy-
droindacene ring structures, respectively. (B) Proposed structure of the bulged
DNA construct. A12 and T13 are the bulged residues, and T13 is the attacked

residue.
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interactions between NCSi-gb with du-
plex H1’s, which are located in the minor
groove in a right-handed helix and are the
major contact sites for most molecules
that bind in the minor groove (18). The
absence of these interactions distinguishes
NCSi-gb from the minor groove—binding
molecules, implicating an unusual mode of
DNA recognition by this molecule.

The high-resolution structure of the
NCSi-gb-DNA complex (Fig. 2) was eluci-
dated with distance geometry and molecu-
lar computations, on the basis of a total of
629 NMR restraints (including 85 intermo-
lecular NOEs) (19-21). The structures were
optimized iteratively and the final complete
relaxation matrix refinement statistics de-
termined (22). The final structures show
excellent agreement with the experimental
data and satisfactory coordinate conver-
gence and chemical bond geometry (Fig.
2A) (21).

The energy-minimized structures (Fig. 2)
exhibit unprecedented features, notably
recognition of the bulge site by NCSi-gb
from the major groove. The two rigidly held
ring systems of NCSi-gb form a molecular
wedge that penetrates the binding pocket
and immobilizes the otherwise flexible
bulged A12 and T13 residues (Fig. 2, B and
C) (23). The drug ring systems each stack

Fig. 2. Representative structure drawings of the NCSi-gb-DNA complex. (A) Over-
lay plot of the six structures of the complex in stereoview through the major groove
(27). The DNA strands are shown in magenta (C1 on top) and blue (G18 on top).
The bulge residues A12 and T13 are on the right site. NCSi-gb shown in yellow in
the major groove makes more contacts with the bulge-containing strand than with
the shorter strand. (B) Corey-Pauling-Kolton (CPK) drawing of the complex viewed
into the minor groove with the DNA backbone in purple, the bases in gray, and

on the DNA base pairs that define the long
sides of the triangular prism binding pocket
(Fig. 2B). The two ring systems of NCSi-gb
mimic the geometry of helical bases with a
twist angle of ~35° (measured by the long
axes) and a rise of ~3 A at the narrower
end and mediate the helical transition be-
tween the two half helices on either side of
the bulge (Fig. 2B) (24).

Stacking interactions among the aro-
matic moieties play an important role in
stabilizing the NCSi-gb complex. The NA
ring interacts with the A11-T6 base pair
through stacking, mainly over All, so
that the NA and A1l long axes are per-
pendicular to one another. These results
were established by the NOEs connecting
Hé6", H8”, and 7"-methyl (Me) from the
second ring of NA with A11 H2, A12 HS,
and their sugar protons; 5"-Me with the
T6 imino and A1l H2 protons; and H3”
and H4" from the first ring of NA with A5
H8. The carbonyl of the spirolactone ring
at the closed end of the molecular wedge is
placed along the major groove, pointing
toward the aromatic system of All. The
THI ring system is partially stacked under
the T14-A5 base pair, with their long axes
being almost perpendicular (Fig. 2, A and
B). The THI system, located above the
A12 sugar, causes an upfield shift of the

NCSi-gb in green. The two aromatic rings of the drug form a wedge, which is open
to the minor groove, and mimic the helical nucleotide bases at the bulge site. The distance between the two DNA base pairs separated by the drug is ~11
A. The cyclic carbonate has been removed for clarity. (C) The triangular prism binding pocket in the DNA duplex shown in a CPK drawing, viewed from the
major groove. NCSi-gb is not shown. (D) Drawing showing the helical axis (in red) of the duplex (in blue) in the complex. The bending angle between the two
half helices as projected in the drawing plane is about 45°. (E) Drawing showing the binding and the cleavage site from the minor groove with A11-A12-T13-
T14-C15 in blue, G4-A5-T6 in magenta, and NCSi-gb in yellow. The binding pocket consists of the bases from A5:T14, T6-A11, and bulge A12 and T13
residues. The 2.2 + 0.1 A separation between C6 radical of NCSi-gb and T13 pro-S-H5' is demonstrated by their van der Waals dot surface drawings.
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A12 proton resonances, and interproton
contacts can be seen between THI and the
A12-T13 backbone. The 4-OH of THI
can hydrogen bond either to the adjacent
cyclocarbonate O17 or the 3’-phosphate
of A12. H5 and H6 of THI show NOEs to
the H5'/H5" of T13 and T14, and H8 is in
close contact with the methyl group of
T14, placing this edge of the THI system
close to T13 and T14. The cyclocarbonate
ring interacts with the T14-A5 base pair
and causes a disruption of the in-plane
alignment of the T14-A5 base pair. This
suggests that removal of the cyclocarbon-
ate group might actually improve the
binding at this site. ’
The major groove recognition is carried
out by the NMF moiety, which sits in the
center of the major groove, unlike most
aminoglycosides of other DNA binding
drugs that usually recognize the sugar-
phosphate backbone through the minor
groove (Fig. 2A) (18). NMF acts as an
anchor, determining how deep into the
major groove NCSi-gb can penetrate.
NMF makes contacts with protons of the
A5-T14 base pair using the side contain-
ing H3’, H4', and H5' (and the 5'-Me),
and the 2’'-NMe group extends close to H8
of G4 in the major groove. This face of
NME is also in the proximity of the A12-
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T13 bulge backbone, as indicated by
NOEs to A12 H2 and T13 H1'. These
DNA protons point toward the minor
groove in a right-handed helix, so that the
observed NOEs to the drug NMF protons,
located in the major groove, reflect a dis-
torted phosphate backbone for the A12
and T13 residues. The interactions of the
drug with A5-T14 and G4 are consistent
with the sensitivity of the cleavage reac-
tion, and thus the binding, to the residues
flanking the bulge (8). The two NMF
hydroxyls are exposed to the solvent .

The binding of NCSi-gb locks the con-
formation of the two bulge residues (A12
and T13) in a looped-out position in the
major groove with antiglycosidic conforma-
tions and their bases oriented nearly or-
thogonal to those in the helix (Fig. 2C)
(23). This arrangement places their hydro-
philic edge toward the solvent and their
hydrophobic edge toward the binding site.
They help enclose the drug inside the bind-
ing site, further defining the outer limits of
the triangular prism binding site, which is
narrower when viewed from the major
groove than from the minor groove. The
conformation of T13 appears to be stabi-
lized by hydrophobic interactions of the
aromatic system with the 5'-Me of NMF, as
indicated by the observed NOEs. Hydro-
phobic interactions are also observed be-
tween the .methyl group of T13 and the
A12 base.

An important feature of the complex,
which, although predicted (I, 25), was not
engineered in the iterative efforts to mod-
el the experimental data, is the ~45°
bending around the bulge binding site as
represented by the central axis of the oli-
gonucleotide (Fig. 2D). The bent axis fac-
es toward the shorter strand and displays a
small right-handed twist toward the major
groove. Although the arrangement of free
DNA is unknown, the characteristics of
-the bent NCSi-gb'DNA complex agrees
with those described in intrahelical bulge
DNA sequences (25), demonstrating that
NCSi-gb is a model compound that pos-
sesses the right geometry for mimicking
natural helical bases. This molecule, fea-
turing rigidly held unsaturated ring sys-
tems, is a relatively simple synthetic target
and should serve as an example for design-
ing molecular probes specific for nucleic
acid bulges (26).

The structure of the complex has impli-
cations for the obsetved bulge DNA cleav-
age and the mechanism of bulge recogni-
tion in the base-catalyzed reaction. NCSi-
gb shares with its precursor cumulene 2 a
rigid wedge-shaped body as a result of the
presence of the spirolactone ring and is
virtually isostructural to biradical 3, the
species ultimately responsible for the reac-
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tions leading to both the DNA damage and
the formation of 4. Because 4 does not bind
to this sequence (12), this structure pro-
vides a glimpse of the productive complex
before the hydrogen abstraction. Consistent
with this is the short distance between the
C6. radical and the substgate T13 (pro-S)
H5' proton (2.2 = 0.1 A), which is ab-
stracted during DNA damage (Fig. 2E) (8).
The observed arrangement of NCSi-gb
within the binding-cleavage site further in-
dicates that the cumulene 2, rather than
the parent NCS chrom compound, is the
species responsible for the molecular recog-
nition of the bulge site, consistent with
previous data (11). Furthermore, the total
inclusion of NCSi-gb in the binding pocket
makes the solvent quenching of the C2
radical sterically hindered. This may ex-
plain the efficient formation of 4 in the
presence of bulged DNA, as the exclusion
of solvent makes the electrophilic addition
of the C2 radical on C8" to form the C2-
C8” bond the most likely reaction (27).
Finally, the structure explains why bulges
that contain only a single or as many as five
residues are not substrates for the cleavage
reaction (8).
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