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Solution Structure of a 2:1 C2-(2-Naphthyl) Pyrrolo[2,1-c][1,4]benzodiazepine DNA
Adduct: Molecular Basis for Unexpectedly High DNA Helix Stabilization*
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ABSTRACT: The naturally occurring pyrrolo[2,1-c][1,4]benzodiazepine (PBD) monomers such as sibiro-
mycin, anthramycin, and tomaymycin form stable covalent adducts with duplex DNA at purine—guanine—
purine sites. A correlative relationship between DNA-binding affinity, as measured by enhanced thermal
denaturation temperature of calf thymus DNA (T},,), and cytotoxicity is well documented for these naturally
occurring compounds and a range of synthetic analogues with sibiromycin having the highest ATy, value
(16.3 °C), reflecting favorable hydrogen-bonding interactions between the molecule and DNA bases. We
report here that, surprisingly, the structurally simple synthetic C2-(2-naphthyl)-substituted pyrrolo[2,1-
c][1,4]benzodiazepine monomer (5) has a ATy value (15.8 °C) similar to that of sibiromycin and
significantly higher than the values for either anthramycin (13.0 °C) or tomaymycin (2.6 °C). 5 also has
similar cytotoxic potency to sibiromycin which is widely regarded as the most potent naturally occurring
PBD monomer. To investigate this, we have used NMR in conjunction with molecular dynamics to study
the 2:1 adduct formed between 5 and the DNA duplex d(AATCTTTAAAGATT),. In contrast to the
hydrogen-bonding interactions which predominate in the case of sibiromycin and anthramycin adducts,
we have shown that the high binding affinity of 5 is due predominantly to hydrophobic (van der Waals)
interactions. The high-resolution 2D NOESY, TOCSY, and COSY data obtained have also allowed
unequivocal determination of the orientation of the PBD molecule (A-ring toward 3’-end of covalently
bound strand), the stereochemistry at the C11 position of the PBD (C11S), and the conformation of the
C2-naphthyl ring which extends along the floor of the minor groove thus optimizing hydrophobic
interactions with DNA. These results provide opportunities for future drug design in terms of extending

planar hydrophobic groups at the C2 position of PBDs to maximize binding affinity.

The pyrrolo[2,1-c][1,4]benzodiazepines (PBDs)! are a
family of natural products produced by Streptomyces species
with the unique characteristic of forming nondistortive
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covalent adducts in the minor groove of DNA specifically
at purine—guanine—purine sequences (/). For this reason
there is interest in using PBDs as part of a small-molecule
strategy for targeting DNA sequences (2) and also as novel
anticancer (3) and antibacterial agents (4). Anthramycin (1)
was the first PBD to be isolated and characterized, and its
structure was confirmed by X-ray crystallography (5, 6).
Since then, over ten other related compounds have been
isolated from different Streptomyces species providing a
diversity of structures based on the core pyrrolobenzodiaz-
epine scaffold but distinguished from anthramycin by the
type and position of substituents in the A- and C-rings and
the degree and position of points of unsaturation in the
C-ring. For example, sibiromycin (2) is characterized by the
sibirominose sugar at the C8 position of the A-ring (7, 8),
whereas anthramycin (1) and tomaymycin (3) differ in having
either C2/C3-endo or C2-exo unsaturation (Figure 1).

The structure of PBD—DNA adducts has been the subject
of many studies using methodologies including NMR (9—11),
X-ray crystallography (/2), molecular modeling (13, 14),
DNA thermal denaturation (75), gel-based techniques (16, 17),
and, more recently, mass spectrometry (/8). These studies
have established that PBDs bind covalently to the C2-NH,
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FIGURE 1: Top: Naturally occurring PBDs anthramycin (1), sibiromycin (2), and tomaymycin (3). Bottom: Synthetic C2-Aryl PBDs (4), the
C2-naphthyl PBD (5), and its water-soluble C11 sodium bisulfite form (6).

position of guanine bases through their electrophilic N10-
C11 imine functionality. Hydrogen bonds and hydrophobic
interactions further stabilize the PBD molecule, allowing a
snug fit in the minor groove with the A-ring orientated toward
the 3’-end of the covalently modified strand. Combined, the
covalent and additional noncovalent interactions, and the
similarity in shape between the molecules and the minor
groove twist encountered in Pu-G-Pu sequences (/2), account
for the preference for GGG or AGA binding sites, as
observed in gel-based experiments such as DNA footprinting
and in vitro transcription stop assays (16, 17).

The potential of the PBD scaffold for use in gene targeting
and for producing novel anticancer and anti-infective agents
has led to the synthesis of a wide range of both monomeric
and dimeric PBD structures. One example of the latter, SJG-
136, is showing promising activity in clinical trials (3). These
new synthetic molecules have contributed significantly to the
understanding of SARs for the PBD family. For example,
recent chemical studies have established that, for both PBD
monomers and dimers, C2/C3-endo unsaturation coupled
with C2 substitution can substantially enhance cytotoxicity
and DNA-binding affinity (/9, 20). It has been shown that
potency is enhanced still further if this C2 substituent is an
aryl group. For example, Cooper and co-workers have
demonstrated that analogues of this type (e.g., 4 in Figure
1) (21) are potently and selectively cytotoxic toward
melanoma and renal cancer tumor cells within the 60 cell
lines of the NCI panel, with some showing antitumor activity
in relevant in vivo models (22). As a continuation of these
studies we have carried out a parallel synthesis of a
66-membered library with structurally diverse C2-aryl sub-
stituents (23). One analogue containing a C2-naphthyl
substituent (5) stood out from other library members in
having an usually high affinity for double-stranded DNA as
measured by thermal denaturation (i.e., AT, = 15.8 °C,
compared to 16.3 °C for sibiromycin) and in being similarly
potent to sibiromycin in terms of in vitro cytotoxicity.? This
was intriguing given the relatively simple structure of 5. It
had been previously assumed (24, 25) that the C7-sugar
moiety of sibiromycin contributed to it having the highest
reported AT, value for any PBD monomer, either naturally
occurring or synthetic.

Therefore, we decided to use high-field NMR in conjunc-
tion with molecular dynamics to study a 2:1 adduct formed

2 National Cancer Institute (NCI) 60-cell-line panel gave Gls, mean
values (MG-MID) of <1.0 nM for 5 and 33 nM for sibiromycin.

between S and the self-complementary DNA duplex d(AAT-
CTTTAAAGATT),. In contrast to the hydrogen-bonding
interactions which predominate in the case of DNA adducts
of sibiromycin, anthramycin, and tomaymycin, in the case
of § we found that the high binding affinity appears to depend
mainly on hydrophobic (van der Waals) interactions. Fur-
thermore, high-resolution 2D NOESY data obtained with
short mixing times allowed unequivocal determination of the
orientation of the PBD molecule (A-ring toward 3’-end of
covalently bound strand) and, in conjunction with DQF-
COSY data, the stereochemistry at the C11 position (C11S).
In addition, the 2D NOESY data allowed determination of
the conformation of the C2-naphthyl ring, showing that it
extends along the floor of the minor groove thereby optimiz-
ing hydrophobic interactions with DNA bases. These results
provide opportunities for future drug design in terms of
extending planar hydrophobic groups at the C2 position of
PBDs to maximize binding affinity.

EXPERIMENTAL PROCEDURES

Oligonucleotide Synthesis and Purification. The 14-mer
oligonucleotide 5-AATCTTTAAAGATT was synthesized
using an Applied Biosystems 391 DNA synthesizer employ-
ing a solid-phase f-cyanoethyl phosphoramidite synthetic
protocol. The 5’-dimethoxytritylated oligonucleotide was
removed from the synthesis column and treated with
concentrated aqueous ammonia (10 mL) at 60 °C overnight.
This was followed by purification using reversed-phase
HPLC (BioCad Sprint, R3 column: 10 x 100 mm, flow 4
mL/min) at room temperature. Before starting the purification
process, the column was equilibrated with 3 column volumes
(CV) of buffer A (100 mM aqueous NH4OAc, pH 10.0).
Elution started with a washing gradient of 0—15% of 2 CV
of buffer B (100 mM aqueous NH4OAc/MeCN, 1:1 v/v, pH
10.0) which was held for 6 CV before returning to 100%
buffer A. The total gradient run used 8 CV. Next, detrity-
lation with TFA (2%) was performed (flow 0.5 mL/min),
and the column back-washed with buffer A using 5 CV. Final
gradient elution (using 8§ CV, 0—40% buffer B) released the
DNA from the column as monitored by optical density.
Excess water was then removed under reduced pressure at
25 °C (Eppendorf Concentrator 5301), and the sample was
subjected to dialysis against water using a cellulose mem-
brane (Spectra/Por CE, 2000 MW cut-off, 5 mL volume) to
afford ~10.0 mg of the pure oligonucleotide.

Formation of Annealed Duplex. The self-complementary
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DNA strands were re-suspended in 0.5 mL of 90% H,O/
10% D,0 buffer solution (10 mM sodium phosphate/100 mM
NaCl, pH 6.85) and heated at 65 °C for 5 min in a water
bath. The solution was then slowly cooled to 25 °C and
allowed to stand at this temperature for 16 h. This procedure
was repeated to ensure proper annealing.

DNA Adduct Synthesis and Purification. The duplex DNA
solution prepared above (0.5 mL) was incubated with 5 (7.5
mg as a slurry) at 37 °C for 48 h with gentle continuous
shaking (Eppendorf Thermomixer Comfort). Excess § was
then removed by filtration (Millipore 25 mm syringe filter,
0.45 um pore size) and the filtrate collected directly in an
NMR tube. This purification method was independently
verified by repeating the procedure with 5 alone in D,O
followed by 'H NMR analysis of the filtrate. This demon-
strated that the concentration of 5 in the filtrate was below
the limit of detection even after a high number of scans
(1048). Presumably a sufficient concentration of 5§ existed
in solution to react with the DNA, thus causing more solid
to dissolve to maintain a saturated solution, a process that
continued until adduct formation was complete.

Thermal Denaturation Assays. (a) Calf Thymus DNA. §
was subjected to DNA thermal melting (denaturation) studies
using calf thymus DNA (CT-DNA, type I, highly polymer-
ized sodium salt; 42% G + C (Sigma)) at a fixed 100 uM
(in DNAp, equivalent to 50 uM in base pairs (bp))
concentration, quantitated using an extinction coefficient of
6600 (M phosphate)™! cm™! at 260 nm. A solution of CT-
DNA was prepared in pH 7.00 = 0.01 aqueous buffer
containing 10 mM NaH,PO4/Na,HPO, and 1 mM Na,EDTA
(all AnalaR grade). A stock solution of 5 was prepared using
DMSO. A working solution containing CT-DNA (50 uM in
bp) and 5 (20 uM) was incubated at 37.0 £ 0.1 °C for 0—72
h using a Grant GD120 water bath.

Denaturation was monitored at 260 nm using a Cary 4000
UV —visible spectrophotometer fitted with a Peltier heating
accessory. A precision probe calibrated to £0.01 °C in the
—10 to +120 °C range was used for temperature measure-
ments. Heating was applied at a rate of 1 °C min~! in the
50—98 °C temperature range, with optical and temperature
data sampling at 0.10 °C intervals. A separate experiment
was carried out using buffer alone, and this baseline was
subtracted from the DNA melting curve before data treat-
ment. Optical data were imported into the Origin 5 program
(MicroCal Inc., Northampton, MA) for analysis. The DNA
helix — coil transition temperature (7},,) was determined at
the midpoint of the normalized melting profile. The result
was obtained as the mean =+ standard deviation from at least
three determinations. Ligand-induced alterations in DNA
melting behavior (AT,) are given by AT, = T,(DNA +
ligand) — T,,(DNA), where the T,, value determined for
native CT-DNA is 67.82 £ 0.07 °C (averaged from ~110
previously accumulated runs). The working solution of §
contained <0.3% v/v DMSO; the T, result was corrected
for the effects of DMSO co-solvent using a linear correction
term determined for calibration mixtures.

(b) d(AATCTTTAAAGATT),. Thermal denaturation experi-
ments on the S—d(AATCTTTAAAGATT), adduct were
conducted using a Cary 300 UV —visible spectrophotometer
and 1 cm quartz cuvettes. Absorbances for the d(AATCTT-
TAAAGATT), duplex alone (3.8 uM in duplex, equivalent
to 53.2 uM in base pairs; extinction coefficient 2.14 x 103
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M (duplex)™! cm™! at 260 nm) and the 5—d(AATCTT-
TAAAGATT), adduct (4.4 uM concentration, equivalent to
61.6 uM in base pairs) were monitored at 260 nm as a
function of temperature, as described above. The cuvettes
were mounted in a thermal block, and the solution temper-
ature was monitored using a thermistor in a reference cuvette.
A computer-controlled heating rate of 0.5 °C min~! from
15 to 95 °C was used, and the data were processed as
described above for the experiments with CT-DNA.

NMR Experiments. All one- and two-dimensional NMR
experiments were carried out using a Bruker Avance-500
spectrometer. The NMR spectra of the oligonucleotide duplex
alone and the S—DNA adduct were recorded in the same
buffer as used for the annealing process. The HOD peak was
suppressed by using excitation sculpting with gradient pulse
sequences (26). Chemical shifts are reported relative to
3-(trimethylsilyl)propionic acid-ds sodium salt.

2D NOESY spectra (pulse sequence taken from the Bruker
Library: noesyesgpph) in the same solvent were acquired at
298 K with a spectral width of 10,000 Hz and 80 scans/
increment using five different mixing times (50, 100, 150,
200, and 250 ms). 2D TOCSY spectra (pulse sequence taken
from the Bruker Library: dipsi2esgpph) were recorded with
a spectral width of 10,000 Hz and 60 ms mixing time. DQF
COSY spectra (pulse sequence taken from the Bruker
Library: cosydfesgppph) were acquired at 298 K with a
spectral width of 10,000 Hz and 48 scans with increased
resolution of 16K in 7, before zero filling to provide
information for coupling constant measurements. All spectra
were acquired in TPPI mode, and water suppression was
achieved by excitation sculpting (26). 1D and 2D NMR data
were processed using TopSpin 1.3 (Bruker Biospin), and
assignments were assisted by Amix 3.0 (Bruker Biospin)
using the Linux operating system. Phase-shifted skewed sine
bell functions were used for apodization of the free induction
decays, and Fourier transformed 2D spectra were manually
phased and baseline corrected but not symmetrized.

Molecular Modeling of DNA and PBD—DNA Adducts.
The starting structures for the DNA sequence were built using
the ECCE software (27) loaded with the DNA toolkit
sequence and saved in Brookhaven Protein Data Bank (PDB)
file format. The structures of 5 and the naturally occurring
PBDs were built with the ChemSketch-ACDLabs software
(Advanced Chemistry Development, Toronto, Canada).
These were imported into Maestro Version 6.5 (Schrodinger,
Portland, OR) where MacroModel (28) (Schrodinger Ltd.,
Portland, OR) was used to perform the conformational
search. Structures were minimized using AMBER force field
parameters (29), and the effects of water as solvent were
taken into account through the GB/SA implicit solvent model
(30). The resulting structures were used as the starting point
for a 200 step Monte Carlo (3/) conformational analysis on
each molecule. The energy window was set at 20 kJ mol™!
above the lowest energy conformation, and enantiomer
distinction was required. Representative structures were
selected based on a cluster membership through the cluster
analysis program XCluster (32).

GRID calculations were performed to define the oligo-
nucleotide surface for the docking process using the Greater
graphical users interface (GRID Software Package, Molecular
Discovery Ltd.). The docking process was performed with
the Glue software package (GRID Software Package, Mo-
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lecular Discovery Ltd.) establishing the DNA sequence as
the target using a grid cage that included the three base pairs
identified as the binding site (i.e., AGA) and 5 as the ligand.
Docking was carried out taking into account electrostatic
interactions and five rotatable bonds. The conformation and
orientation of the molecules were verified using the Gview
application (GRID Software Package, Molecular Discovery
Ltd.). The structures that provided a better fit and lower
energy of interaction were selected for further analyses. Ab
initio calculations were carried out using Jaguar 6.0 software
(Schrodinger Ltd., Portland, OR) and hybrid basis set
B3LYP/6-31G**,

The previously designed DNA sequences were also
imported into the Maestro 6.5 package. The ligand—DNA
adducts were built by manually docking ligands (1, 2, 3, and
5) and creating the covalent linkage between N2 of guanine
and CI11 of the PBD. MacroModel was used to locate the
most stable conformation of adducts using 4000 steps of
conformational search as described above.

NOE-Based Restrained Molecular Dynamics Simulations.
Distance restraints were calculated from three-dimensional
NOESY peak volumes based on the exponential function d
= 7%, as a function of mixing time (50 ms). The NOE
intensities were collected using AMIX-Viewer 3.0 by select-
ing the NOESY contour plot recorded with 50 ms mixing
time followed by normalization and integration. The ad-
ditional set of NOE intensities from 250 ms mixing time
was collected by overlapping the 50 and 250 ms 2D NOESY
contour plots and picking peaks present in the 250 ms
NOESY spectrum but absent from the 50 ms spectrum. The
direct spin—spin system (H5—C4 x H6—C4) provided the
reference volume for integrating the remaining cross-peaks
(2.45 A fixed distance). The initial set of X-PLOR coordi-
nates was refined using the NOE-based distance restraints
as an input file in two steps: (i) distance restraints from the
NOESY experiment at 50 ms mixing time; (ii) additional
distance restraints from the NOESY experiment at 250 ms
mixing time. These X-PLOR distance restraint files were
used in restrained molecular dynamics simulation (RMDS)
in order to investigate incompatible assignments through
distance violations proposed by the molecular graphics
software (VMD-XPLOR 2.1.6). Distance restraints for
nonexchangeable protons in the NOESY experiment at 50
ms mixing time were constrained within d £ 20% as a
penalty function (square deviation). All distance constraints
from the 50 ms NOESY spectrum were distributed according
to cross-peak intensities as strong (S) 1.80—2.90 A or
medium (M) 1.80—4.00 A. Distance constraints with methyl
protons were considered as alternative functions for the three
protons with fixed restraints (d = 4.0 A, —1.0/+1.5 A). Fixed
range distance restraints (d = 4.0 A, —2.2/4+1.0 A) were
enforced to all cross-peaks from the 250 ms mixing time
NOESY experiment, except for methyl protons (d = 4.0 A,
—2.2/4+1.5 A). All RMDSs were carried out with X-PLOR
NIH 2.18 using the simulated annealing approach. Initial
RMDSs were performed in vacuo at 1,000 K (2,000 steps)
without considering solvent or counterion effects. Final
relaxation refinement involved RMDS with explicit solvent
at 2,000 K, and the system was then allowed to cool down
in over 2,000,000 steps (0.1 ms) to 300 K (bath temperature).
This was repeated 200 times with the experimental restraints.
The 10 lowest energy structures (out of 200) were analyzed
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5 A1 A2 T3 C4 T5 T6 T7 A8 A9 A10 G11 A12 TI13 T143

3 T34 T33 A32 G31 A30 A29 A28 T27 T26 T25 C24 T23 A22 A215

FIGURE 2: Schematic representation of d(AATCTTTAAAGATT),
showing the numbering system used for identifying each nucleotide.
Numbering of both strands was necessary to distinguish cross-peaks
assigned to protons on opposite strands (interstrand cross-peaks).

using VMD-XPLOR (33) and the root-mean-square deviation
values are reported in Table 2.

RESULTS AND DISCUSSION

Choice of Oligonucleotide Sequence for NMIR Study. The
selection of the DNA sequence for the NMR study was based
on previous knowledge of PBD binding preference and the
in silico docking of 5 into a designed duplex. In particular,
the oligonucleotide had to contain a purine—G—purine triplet
for the PBD to covalently bind to (/6). Also, in order to
allow the PBD to bind in either the 3’- or 5’-orientation, and
to test the hypothesis that the agent would prefer to bind
with its A-ring oriented 3’, the oligonucleotide had to be
long enough to accommodate the molecule in both directions.
Additionally, the oligonucleotide was required to be self-
complementary to simplify NMR interpretation but without
introducing additional guanine residues as potential alterna-
tive PBD binding sites. Two sequences were initially
proposed, sequence A with 12 bp that included a 2 bp spacer
between the two PBD (5-AGA = 3’-TCT) binding sites and
sequence B in which this spacer is extended to 4 bp (binding
sites are highlighted in bold): Sequence A, 5-AATCTTAA-
GATT-3’; Sequence B, 5-AATCTTTAAAGATT-3". Se-
quences A and B were subjected to preliminary GRID (34)
calculations, and docking analyses were carried out using
the Glue package with a flexible ligand (S in its imine form).
The results showed a negative energy of interaction between
5 and both sequences (Supporting Information) indicating
favorable binding in either case. However, the greater
distance between the two drug molecules in sequence B
minimized any potential overlap.

Proton Assignments for DNA Sequence d(AATCTTTAAA-
GATT),. Initially, a set of '"H 1D and 2D NMR spectra of
the annealed oligonucleotide was obtained and progressively
assigned starting from the exchangeable protons. The nucle-
otide numbering sequence used for the assignments is shown
in Figure 2. The observation of imino signals and imino—
imino sequential connectivities at 12.3—14.2 ppm in the 'H
NMR and 2D NOESY spectra indicated DNA duplex
formation. Cross-peaks between the imino and H2 of
adenines (intranucleotide) and between imino and H1” were
also analyzed in the 2D NOESY spectrum, as these protons
are critical for interaction with the PBD molecule. Nonex-
changeable hydrogen signals were progressively assigned
starting from the sequence-specific NOEs between the base
(H6 and HS, 7.1—8.2 ppm region) and the deoxyribose (H1’,
5.4—6.3 ppm) protons at 200 ms mixing time. All other
protons, except the glycosydic H5’/H5’, were assigned, and
the NOE-derived distance constraints were found to be
consistent with a B-type DNA spectrum (see Supporting
Information for assignments).

Synthesis and NMR Assignment of the Water-Soluble C11-
Bisulfite Form of 5. All previously reported NMR studies of
PBD—DNA adducts have suffered from the problem that
PBD molecules, in general, are not highly water soluble, and



11822  Biochemistry, Vol. 47, No. 45, 2008

(A) 5-DNA adduct
15 T6
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T7 G11

(B) DNA alone 5 T6 17 G1n1
14.0 135 13.0 125 (ppm)

FIGURE 3: Expanded 1D "H NMR spectra of the imino region for the 5—DNA adduct (A) and the DNA alone (B). Clear chemical shift
differences were observed for the NH-imino protons of the covalently modified G11 base. Differences were also observed for the neighboring

T3, T5, T6, and T7 bases.

so initial assignments of the PBD molecule alone in D,O
could not be obtained. To address this problem, we synthe-
sized 6 (Figure 1), a highly water-soluble C11-bisulfite form
of 5. PBD Cl1-bisulfite adducts have previously been
reported to retain the biological activity of parent PBDs while
having improved water solubility (35, 36). 6 was synthesized
from 5 in 67% yield as an epimeric mixture using a simple
one-step process (sodium bisulfite in DCM) (37). Unlike the
free imine form 5, it was readily soluble in D,0, and all
proton signals could be assigned (see Supporting Informa-
tion).

Adduct Formation. Due to the limited water solubility of
5, the DNA adduct could be prepared by simply mixing the
annealed duplex DNA with an excess of § in D,O-containing
buffer followed by gentle shaking for 48 h at 37 °C. During
this time the small amount of 5 in solution was able to react
covalently with the DNA until reaction was complete. The
solid excess of 5 ensured that the solution was always
saturated and could be simply filtered off when reaction was
complete. This left pure adduct in solution together with a
small quantity of 5 too dilute to be detectable in the NMR
spectrum.

Formation of an adduct between 5 and DNA was initially
confirmed by melting studies (7, = 36 °C for duplex alone;
64 °C for the 5—DNA complex). This AT, shift (28 °C)
was significantly higher than expected (e.g., ATy, for 5 with
native CT-DNA is 15.8 °C) but may reflect an accumulative
effect of binding two PBD molecules within a relatively short
sequence of DNA with high affinity. Furthermore, the
probability of occurrence of Pu-G-Pu sites in the calf thymus
DNA used in this analysis (<10.5%) is lower than in
d(AATCTTTAAAGATT), (16.7%). Alternatively, there
may be a binding-induced cooperative effect for the two close
sites in dA(AATCTTTAAAGATT),, such that accommoda-
tion of the first PBD ligand results in enhanced binding
affinity for the second ligand (38).

NMR Assignments for the S—DNA Adduct. (a) Exchange-
able Proton Assignments. The imino—imino sequential NOE
connectivities for the sequence fragment 5-TCTTT-3"-5'-
AGAAA-3’ revealed that the Watson—Crick stacking/align-
ment had been preserved from the original DNA sequence
(see Supporting Information). However, the imino region of
the 5S—DNA complex differed substantially from that of the
DNA alone (Figure 3). As anticipated, the guanine NH imino
(G11) had shifted significantly from 12.30 to 12.80 ppm,
due to formation of the new covalent bonds in close
proximity. In addition, the 12.80 ppm G11 signal exhibited
NOEs with the 8.31 ppm signal of the N10 PBD proton and
the 6.42 ppm signal due to the exposed amino protons of

C24 on the opposite strand. These NOE cross-peaks indicate
that the G11-C24 base pair has not been totally disrupted,
which is further supported by the cross-peaks observed
between the imino (12.0 to 14.0 ppm) and aromatic H2 (6.5
to 8.1 ppm) protons.

(b) Nonexchangeable Proton Assignments. The nonex-
changeable protons of the 5S—DNA adduct were assigned
starting from identification of the cross-peak between HS5
and H6 of the cytosine in the TOCSY experiment. The
pattern of sequential NOE connectivities observed between
the deoxyribose H1” and base H8/H6 protons (Figure 4)
suggested that the B-form structure observed in the duplex
alone had been retained in the adduct. The presence of C2’-
endo sugar geometry was confirmed by the NOEs between
the glycosidic H2’/H2” and aromatic H8/H6 protons (see
Supporting Information). Additionally, a comparison between
the chemical shifts derived from the two sequential assign-
ments (i.e., DNA alone and the adduct; Figure 5) revealed
that the chemical environment of the S—DNA adduct had
not been substantially affected in the aromatic region.
However, the H1” protons of cytosine 24 and thymines 25
and 26 on the opposite strand at the lesion site were
significantly affected. Specifically, H1” of the covalently
modified G11 shifted downfield from 5.49 to 5.83 ppm. The
reason for this different behavior is that the H6/HS protons
are located in the major groove, whereas the H1” protons
are in the minor groove. Therefore, H1” is more likely to be
affected by the insertion of 5. Not surprisingly, the chemical
shifts (0) of these glycosidic H1” protons exhibit the highest
positive and negative A0 values, as represented by the blue
line in Figure 5.

Assignment of signals for 5 within the adduct spectrum
was assisted by the data obtained for the water-soluble
bisulfite analogue 6 in D,O. The H9 (6.58 ppm), H6 (7.16
ppm), and H3 (8.05 ppm) protons could be readily identified
from the 2D NOESY spectrum, and assignment of the
naphthyl protons was achieved by overlapping the TOCSY/
NOESY contour plots (see Supporting Information). Simi-
larly, the H11, H11a, Hla, and H1p protons were assigned
by overlapping the COSY/NOESY counter plots which
clearly exposed the through-bond interactions between the
HI1 and H1l1a protons of 5 (5.84 x 4.13 ppm).

In Silico Structural Analysis of § and the 5—DNA Adduct.
The docking of 5 (in the imine form) into the 5’-AAGAT-3’
binding site of the duplex DNA was modeled using GRID
(GRID Software Package, Molecular Discovery Ltd.) (34)
(see Supporting Information). The most favorable conforma-
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FIGURE 5: Differences in the chemical shifts of the glycosidic H1”
and aromatic H6 or H8 protons for the DNA sequence alone versus
the 5—DNA adduct.

tion of the docked 5 molecule indicated that its A-ring prefers
to orient toward the 3’-end of the covalently modified DNA
strand.

For comparison purposes, the DNA adducts of three
naturally occurring PBDs (sibiromycin, anthramycin, and
tomaymycin) and 5 were subjected to a conformational
search using the same DNA sequence and binding site
(5-AAAGATT-3’). Figure 6 compares the lowest energy
adducts of §, sibiromycin, anthramycin, and tomaymycin,
all with CI11(S) configuration of the PBD and with their
A-rings oriented toward the 3’-end. This analysis indicated
a varying degree of hydrogen bonding between the PBD
molecules and the adjacent DNA bases (see Table 1).

Sibiromycin and anthramycin both have hydroxyl groups
at their C9 positions which can form H-bonds with the
opposite-strand cytosine O2 of the C24/G11 base pair. It
was also found that the C7-sugar moiety of sibiromycin
can adopt two possible conformations (only one is shown
in Figure 6), both of which can provide H-bonds to the
phosphate backbone of the opposite strand, thus further
stabilizing the adduct. Although the X-ray structure of the
anthramycin adduct revealed that the amino group of the
C2-acrylamide tail forms a H-bond to the carbonyl group
of the cytosine residue on the same strand, this was not
evident from our own analysis where an adenine replaced
the cytosine residue and the acrylamide tail was not
sufficiently close to form a H-bond. Therefore, taken
together with the H-bond donated by the N10-H of all
these PBDs, a sum of three and two potential H-bonds
for this particular DNA sequence was found for sibiro-
mycin and anthramycin, respectively, with either two
(sibiromycin) or one (anthramycin) formed to the opposite
noncovalently bound strand. In contrast, tomaymycin has
only the C8-hydroxyl (in addition to the N10-H) as a
potential hydrogen bond donor, although the position of
this substituent pointing along the DNA minor groove does
not allow it to form any hydrogen bonds to DNA bases.
Similarly, 5 has only the N10-H group available for
H-bonding with the adjacent thymine on the covalently
modified strand and so should have a similar DNA-
interactivity profile to tomaymycin.
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FIGURE 6: Energy-minimized models (based on Monte Carlo conformational searches) of PBD—DNA adducts of S (top left), sibiromycin
(top right), anthramycin (bottom left), and tomaymycin (bottom right) covalently attached to the central guanine of d(5-TAAGATT-3"),.
In each case the PBD is oriented with its A-ring toward the 3’-end of the covalently modified strand and with S-stereochemistry at the C11
position. DNA is depicted in green (with blue N and red O atoms if involved in H-bonds, and the PBDs are colored using the CPK scheme.
Feasible H-bonds between 5 and DNA (i.e., <4.0 A) are shown as dashed yellow lines. Nonpolar H atoms are omitted for clarity.

Table 1: AT, Values for Thermal Stabilization of Native
Double-Stranded Calf Thymus (CT) DNA by 1—3 and 5 and Number of
Feasible H-Bonds Generated between Each of These Ligands and DNA
Bases When Bound Covalently in an Energy-Minimized Adduct to the
Guanines of dA(AATCTTTAAAGATT),

No. of H-bonds between PBD and DNA
modified

compound ATy (°C) strand” opposite strand total
1 (anthramycin) 13.0 1 1 2
2 (sibiromycin) 16.3 1 3
3 (tomaymycin) 2.6 1 0 1
5 (C2-naphthyl 15.8 1 1
PBD)

“ AT values for 1, 2, and 3 are taken from ref 40. ® DNA strand
covalently modified by the ligand.

Table 1 also provides the calf thymus AT, values for these
PBDs, and for 1—3 there appears to be a relationship between
their ability to stabilize DNA and the number of hydrogen
bonds that can form within the adducts. The interesting
feature of this analysis is that PBD 5 can only form one
hydrogen bond per Pu-G-Pu site on calf thymus DNA but
causes a dramatic shift in melting temperature of 15.8 °C.
The most likely explanation is that the molecule makes a
number of favorable hydrophobic contacts with DNA bases
thereby stabilizing the adduct.

Orientation, CI1 Configuration, and C2-Naphthyl Con-
formation from NOE-Based NMR Data. (a) C2-Naphthyl

PBD Orientation. According to the accepted mechanism of
action of naturally occurring PBDs, the Hla, H13, Hl la,
N10-H, and H9 protons should be the most likely to provide
NOEs with host DNA protons due to their close proximity
(i.e., facing the floor of the minor groove). This was
confirmed through the NOESY experiment using a 50 ms
mixing time, with strong NOEs observed between the H9
proton of 5 and surrounding DNA protons toward the 3’-
end of the covalently modified strand. For example, strong
NOEs were detected between H9-5 (6.60 ppm) and H2 (7.96
ppm) of A12 and H1’ (6.27 ppm) of C24 on the opposite
strand. Similarly, a NOE cross-peak (3.98 x 7.96 ppm) could
be assigned for the protons of 8-OCH3-5 and H2-A12. A
weak NOE was also observed between H9-5 (6.50 ppm) and
H1’ (6.06 ppm) of T23. In the case of the NOESY experiment
with a 250 ms mixing time, a NOE between H9-5 (6.60 ppm)
and the imino proton HI (12.80 ppm) of G11 was detected
along with the cross-peak (3.98 x 2.41 ppm) corresponding
to 8-OCHs-5 and H2”-T23 on the opposite strand. These
unambiguous assignments obtained from experiments at two
different mixing times have allowed the unequivocal deter-
mination of the orientation of 5 in the DNA minor groove,
thus complementing previously published NMR (9, 10) and
crystallographic structures (/2) of anthramycin—DNA adducts.

(b) C11 Stereochemistry of Bound C2-Naphthyl PBD. Since
the NMR data clearly indicated the orientation of the PBD
molecule, there were four possible arrangements for the
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adduct (Figure 7) relating to the choice of R or § stereo-
chemistry at the C11 position of the PBD and two different
conformations of the C2-naphthyl substituent. The C11
stereochemistry could not be immediately assigned using the
reference H1la-5 signal because the Hlla-5 x HI11-§
NOESY cross-peak overlapped with the glycosidic H1” x
H4’ NOE region. Nevertheless, a C11(S) configuration could
be initially assigned based on the NOESY contour plot
analysis of the H11-5 and DNA protons exposed in the minor
groove. A cross-peak between H1’-A12 and HI11-5 (6.19 x

5.84 ppm) was observed in the NOESY spectrum at 50 ms
mixing time. Furthermore, a NOE was observed between
H11-5 and the imino protons NH-G11 (5.84 x 12.80 ppm)
at 250 ms mixing time. This spatial arrangement is only
satisfied if the H11-5 proton points toward the adjacent A12
nucleotide (i.e., with H11 in an “anti” orientation relative to
Hl11a). In addition, a high-intensity cross-peak (i.e., at the
same cutoff level as the reference H6—C4 x H5—C4
through-bond spin system) was observed in the COSY
spectrum (Figure 8) between the H11-5 and H11a-5 protons,
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FIGURE 9: Expanded contour plot of the NOESY spectrum of the 5—DNA adduct in D,0O at 298 K and 500 MHz (250 ms mixing time)
showing intradrug sequential connectivities between the C2-naphthyl (H1” to H9’) protons. All vicinal cross-peaks were also observed in
the COSY and TOCSY experiments. The cross-peak defining the conformation of the C2-naphthyl ring is highlighted in blue.

suggesting a through-bond coupling with a J value > 10 Hz,
only possible with a C11(S) configuration (i.e., dihedral
angles for the C11(S) and C11(R) configurations of 159° and
27°, respectively). A DQF-COSY experiment was used to
determine the coupling constant of the H11-5 x Hlla-§
cross-peak initially observed in the basic COSY spectrum.
The J value of 10.6 Hz found for this cross-peak confirmed
that HI1 must be in an “anti” direction relative to a
S-configured H11a proton.

(c¢) Conformation of the C2-Naphthyl Fragment. The
conformation of the C2-(2-naphthyl) substituent, which could
reside in one of two possible orientations, was investigated
via the NOE cross-peaks between 5 and the DNA protons
in the minor groove. The naphthyl protons were initially
traced out by overlapping the contour plots of the TOCSY
and NOESY spectra (see Supporting Information). The
resonance signals of the set of seven protons belonging to
the naphthyl fragment overlap in the two subsets; i.e., H4’-5
and H7’-5 (7.45—7.47 ppm) and H6"-5 and H8'-5 (7.79—7.80
ppm), with H9’-5 shifted slightly to 7.85 ppm and the two
remaining peaks assigned as H1’-5 (7.60 ppm) and H3’-5
(8.2 ppm). The naphthyl protons are interconnected, which
allowed them to be sequentially assigned through NOE
connectivities (Figure 9). Two strong intraligand NOEs were
observed at 50 ms mixing time between the H3’-5 and H3-5
(8.20 x 8.05 ppm) and Hlo-5 and H1’-5 (3.98 x 7.60 ppm)
protons, which were important for elucidating the preferred
conformation. Another NOE cross-peak at 4.13 x 7.60 ppm
was assigned to H11a-5 x H1’-5 which, in conjunction with

the previous NOEs, suggested that the H3’-, H4’-, and H6’-5
protons were situated on the outer face of the minor groove
with the H1’-5 and H9’-5 protons lying along the lipophilic
floor. Further evidence for this “inward” conformation was
provided by two additional NOEs recorded at 250 ms mixing
time between 5 and DNA protons exposed in the minor
groove. A strong NOE was detected between H1’-5 and H2-
A10. Similarly, H7’-5 and H4’-T27 (opposite strand) exhib-
ited a strong cross-peak (7.45 x 4.07 ppm) in the NOESY
spectrum. In addition, a weak NOE was observed between
HY’-5 and the same T27 sugar protons (7.85 x 4.07 ppm),
thus indicating a conformation for the “D ring” in which
the H9’-, H8’-, and H1’-5 protons are positioned close to
the floor of the minor groove (Figure 7, adduct D).
Restrained Molecular Dynamics and NOE-Based Refine-
ment. The calibrated NOE cross-peak intensities, derived
from 50 and 250 ms two-dimensional NOESY spectra
measured in 10% D->O/90% H,O, were converted into
distance restraints in X-PLOR (version NIH 2.18) using the
cytosine H5—HG6 cross-peak as an internal reference. The
NOE-based constraints were employed for molecular dynam-
ics simulations in separate sets to investigate incompatible
assignments by observing distance violations using molecular
graphic software (VMD version 1.86 as a part of VMD-
XPLOR) (39). The starting structure (with C11(S) configu-
ration of the PBD and with the A-ring oriented toward the
3’-end of the covalently modified strand) was initially
proposed based on in silico, NOESY, and DQF-COSY
experiments. Although the common RMD protocol considers
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FIGURE 10: Overlap of the 10 lowest energy structures of the
5—DNA adduct obtained by restrained molecular dynamics simula-
tion (simulated annealing) using NOE-derived distance restraints.

the Watson—Crick set of H-bonds between purine and
pyrimidine bases, the H-bonds of the AGA-TCT sections
of the duplex were deliberately removed to allow free
flexibility of the PBD and base pairs at the binding site. A
total of 264 constraints were found in the NOESY spectrum
recorded at 50 ms mixing time, of which 20 were derived
from NOEs between 5 and the DNA matrix. Similarly, a set
of 110 additional NOE cross-peaks were observed at 250
ms mixing time, with an additional 20 constraints derived
from cross-peaks between S and the DNA, further demon-
strating the close proximity of the ligand to the walls of the
minor groove. Overlapping of the family of 10 lowest energy
structures for the S—DNA adduct is shown in Figure 10.
These structures are consistent with the Dickerson—Drew
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Table 2: Statistics for the NOE-Based Set of Structures for the
Symmetrical 5—DNA Adduct (20 structures of which the 10 of lowest
energy were accepted as a family)

Experimental Distance Constraints

Observed at 50 ms Mixing Time

intraresidue (S) 50; (M) 78; (CH3) 16 144
intrastrand (S) 8; (M) 52; (CHj3) 20 80
interstrand 0
DNA—PBD (S) 2; (M) 18; (CH3) 0 20
PBD—PBD (S) 14; (M) 6; (CH3) 0 20
total 264
Observed at 250 ms Mixing Time (Additional)
intraresidue 30
intrastrand 22
interstrand 18
DNA—-PBD 20
PBD—PBD 20
total 110
Empirical Distance Constraints
hydrogen bonds” 32
ligand dihedral angles 84
Structural Statistics
distance violation per structure (>0.5 A) 0
dihedral angle per structure (>5°) 0

Structure Quality

rmsd (average for all atoms in the 20 1.44
lowest energy structures) A)

range for all atoms A 0.65—2.28

rmsd (average for all atoms in the 10 lowest 1.14
energy structures) (A)

range for all atoms (A) 0.59—1.54

“The H-bonds between the AGA-<TCT section of the duplex were
not included.

form of a B-DNA duplex, and Table 2 shows the structural
refinement statistics.

Effect of Covalent Bonding on the 5—DNA Structure and
Interactions between 5 and the DNA Duplex. The NOE-
derived final structure shown in Figure 10 enabled the
assessment of stabilizing forces beyond the covalent bond.
The adduct consists of two PBD molecules in the minor
groove covalently bound to each DNA strand with no spatial
restrictions for binding of the two ligands. For each PBD
molecule the C2-(2-naphthyl) substituent is orientated as if
pointing toward the middle of the helix such that it lies along
the minor groove with 5.8 degrees of flexibility within the
C3—C2—C1’—C2’ dihedral angle. The final structure of the
adduct revealed that 5§ causes no major distortions within
the DNA duplex and that the B-form observed prior to
attachment of 5 is preserved. The most noticeable perturba-
tion occurs at the two covalent binding sites where the
presence of 5 appears to pull the two strands together
compared to the rest of the duplex. As a consequence, the
terminal 3’-CTAA-5"-3’-TTAG-5" base-pairs buckle and
incline slightly, but the Dickerson—Drew B-DNA structure
is preserved overall. The lowest energy NOE-derived struc-
ture of the S—DNA adduct clearly shows that the DNA minor
groove narrows significantly at the covalent attachment sites.
This was confirmed by measuring the shortest phosphate—
phosphate (P—P) distances between opposite strands of DNA
(Table 3). These results demonstrate that the minor groove
width narrows throughout the duplex but was found to be
on average 2.5 A shorter at the PBD binding sites compared
to the same sequence without drug attached. The same
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Table 3: Minor and Major Groove Widths for the S—DNA Adduct:
Direct Phosphate—Phosphate (P—P) Distances (A) and Refined P—P
Distances”

P—P Refined P—P Refined

ideal® 11.7 11.7 17.0 16.9
AIAZ/T33T34

A2T3/A32T33

T3CYG3A» 10.1 18.5

C4T5/AG3! 9.2 9.2 16.0 15.8
TSTO/AZA30 8.5 8.4 15.5 15.1
TOT7/A28A29 9.9 8.9 18.1 17.6
T7AS/T27A28 12.3 10.6 15.0 13.6
ABAYT20T27 11.8 10.9 17.8 16.4
ASA0/T2T26 9.2 9.0 17.7 17.4
A0GH/CHT? 9.3 9.3 16.5 16.2
G'1A12/T?3C%* 10.2 17.1

A2T13/A22T23
TI3TI4/A21A22
“The distances were measured according to methodology described

by El Hassan and Calladine (41). ” Distances observed for an ideal
geometry of B-form DNA alone.

methodology revealed that the major groove width had not
significantly changed, providing further evidence that the
B-form structure initially observed for the DNA duplex alone
had been maintained upon interaction with S.

In addition, we found that the N10-H of 5 can form a
hydrogen bond with N3 of the adjacent adenine 12 (2.08 A)
or, to a lesser extent, with O2 of cytosine 24 (3.43 A).
Previous X-ray studies (/2) with anthramycin and a different
DNA sequence found comparable interactions. However, the
structure of anthramycin is substantially different from 5;
the additional 9-OH and C2-acrylamide functionalities allow
anthramycin two additional hydrogen-bonding interactions
with the base pairs adjacent to the G alkylation site which
may account for its relatively high CT-DNA ATy, (13.0 °C).
Interestingly, despite the higher AT, (15.8 °C) of 5, apart
from the N10-H to N3-A12 hydrogen bond to the covalently
modified strand that all PBDs form, it cannot form any
further hydrogen bonds. Thus, insufficient hydrogen-bonding
interactions are formed to explain the significant duplex
stabilization caused by 5 compared to other molecules in
the series (i.e., sibiromycin, anthramycin, and tomaymycin).
Therefore, the helix stabilization is most likely explained by
hydrophobic interactions between 5 and DNA.

It is known that the hydrophobic surfaces of DNA are
confined to the floor of the minor groove, in close proximity
to the N10-C11 moiety and the C2-naphthyl group of § which
align with the curvature of the groove. This spatial relation-
ship between the DNA and 5 is supported by the results in
Figure 5 which show that the chemical shifts of the minor
groove H1’ protons of G11 and T5 significantly change at
the binding site. These changes may be attributed to the PBD
molecule disturbing the sugar pucker around the alkylation
sites. In fact, the final S—DNA adduct model (Figure 10)
indicates that the H1’-T5 proton is separated by only 1.75 A
from H11a-5. Similarly, the nonexchangeable H1’-G11 and
HI1a-5 protons are separated by 2.15 A and the H1’-C24
and H9-5 protons by 2.51 A. As a consequence, it may be
concluded that § lies closer to the floor of the minor groove
to avoid the outer predominantly hydrophilic surfaces. This
could contribute to overall duplex stabilization and may
explain the high AT, values for 5.

Antonow et al.

CONCLUSIONS

The NMR structure of a symmetrical 2:1 adduct of the
synthetic C2-(2-naphthyl) PBD 5 bound to a cognate DNA
duplex has been determined and a molecular model produced.
This structure provides an explanation for the unusually high
DNA helix-stabilizing properties of 5 in that the molecule
lies close to the floor of the minor groove and is stabilized
predominantly by hydrophobic interactions. This behavior
is in contrast to related PBD natural products such as
sibiromycin and anthramycin which form two or more
hydrogen bonds with DNA bases. In addition, the resolution
of the structure obtained has been sufficient to determine
the orientation of the PBD molecule (i.e., A-ring toward the
3’-end), the stereochemistry at the C11 position (i.e., S), and
the conformation of the C2-naphthyl ring (i.e., close to the
groove floor with “inward” orientation).

These findings could be important for the design of future
generations of PBD-based compounds with higher DNA-
binding affinity and enhanced sequence selectivity. The C2-
naphthyl ring system is amenable to several synthetic
modifications that could introduce hydrogen bond accepting/
donating opportunities while maintaining the hydrophobicity
required for highly efficient DNA binding. We are currently
investigating new analogues of 5 with heteroatoms in the
C2-naphthyl fragment to explore this possibility, and these
results will the reported in due course.
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