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Solution Structure of a Covalently Bound Pyrrolo[2,1-c][1,4]benzodiazepine—
Benzimidazole Hybrid to a 10mer DNA Duplex
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ABSTRACT: A pyrrolo[2,1-c][1,4]benzodiazepine—benzimidazole hybrid (PBD—BIMZ) derived from the
tricyclic anticancer PBD antibiotics can covalently bind to a guanine base at its exocyclic 2-amino group
in double-helical DNA. Through the formation of stable DNA adducts, these hybrids have previously been
shown to have significant anticancer activity in a number of cell lines. Here, the three-dimensional solution
structure of the complex formed between the self-complementary DNA decamer 5-AACAATTGTT-3' and
PBD—BIMZ has been investigated by two-dimensional NMR spectroscopy and NOE distance restraint
molecular dynamics simulations. Refinements using an explicit solvation model yielded a complex structure
that is in good agreement with the NMR structural data. Successful convergence is indicated by an average
mutual root-mean-square deviation of <1 A for three final representative structures selected by clustering
methods from the molecular dynamics trajectories at 300 K. The ligand binds in an (115,11aS) configuration
to one of the two symmetrically located guanine bases of the duplex and is oriented with its benzimidazole
moiety toward the 5'-end of the modified guanine. It is accommodated within the minor groove covering the
centrally located 6 bp. Conformational and helical parameters of the DNA adduct are typical of a B-like
duplex, and more significant helical distortions by the covalent binding of PBD—BIMZ are mostly confined to
the covalent binding site and the junction between complexed and noncomplexed DNA segments. In contrast
to the overall well-determined conformation of the bound hybrid, its terminal N-methylpiperazine ring

appears to adopt various conformations associated with increased flexibility.

Pyrrolo[2,1-c][1,4]benzodiazepine (PBD)! derivatives have
been extensively studied in the past for their DNA alkylating
and cytotoxic activity. Originating from various Streptomyces
species, simple PBD drugs such as anthramycin, tomaymycin,
and DC-81 belong to a family of tricyclic anticancer antibiotics
that have been shown to bind to the minor groove of double-
stranded DNA, forming a covalent adduct with the exocyclic
amino group of a central guanine within a 3 bp recognition site
(Figure 1a) (/—3). However, applications of DNA binding drugs
in diagnosis, molecular biology, and medicine require small
molecules with enhanced DNA binding affinity and sequence
read-out, e.g., for the selective targeting of processes critical for
cell proliferation. Thus, the use of pyrrolobenzodiazepine dimers
with interstrand cross-linking ability (4, 5) or the design of mixed
PBD conjugates with a second pharmacophore linked to the PBD
moiety (6, 7) was driven by the need to improve the efficacy and
selectivity of binding based on the expectation that the combination
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of two simple DNA binding agents within a single molecule
would lead to an additive or synergistic activity.

Recently, a pyrrolo[2,1-c][1,4]benzodiazepine hybrid with a
2-phenylbenzimidazole motif tethered to the PBD moiety has
been synthesized and found to be a promising inhibitor of cancer
cell growth with anticancer activity in a number of cell lines
(Figure 1b) (8). The 2-phenylbenzimidazole pharmacophore is
derived from the bis-benzimidazole minor groove ligand Hoechst
33258 which has been shown to inhibit DNA topoisomerase I,
binding preferentially in the DNA minor groove at stretches
consisting of three or four consecutive AT base pairs (9, 10).
Indeed, the PBD—benzimidazole hybrid has quite recently been
shown to bind target duplexes with a preference for (A,T),G
sequences, resulting in a remarkable thermal stabilization of the
double-helical oligonucleotide by up to 40 °C (/7). However, in
contrast to previous investigations of simple PBD drugs (/2), a
preference for 5'-PuGPu-3' sequences was not apparent for the
PBD hybrid in terms of binding thermodynamics as established
through UV melting, fluorescence titrations, and isothermal
titration calorimetry (ITC). Also, with the PBD covalently bound
to a guanine base, the 2-phenylbenzimidazole moiety was found
to mostly contribute to the other stabilizing noncovalent inter-
actions between the drug and DNA. However, structural details
of the formed complexes have not yet become available.

To complement the thermodynamic data on the binding of the
mixed PBD conjugate to double-stranded DNA, we here present
the characterization of a complex formed between a decamer
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FIGURE 1: Structure of a pyrrolobenzodiazepine—dG-dC adduct (a) and of the pyrrolo[2,1-¢][1,4]benzodiazepine—benzimidazole hybrid with

atom numbering (b).

duplex and the hybrid drug using NMR spectroscopy and
restrained molecular dynamics calculations. There have been
several structural studies on DNA adducts with monomeric or
dimeric PBD ligands in the past (13—15). These studies have
established formation of a covalent bond between the PBD and
the exocyclic 2-amino group of guanine bases with the PBD
A-ring oriented toward the 3'-terminus of the alkylated strand.
This work provides for the first time a three-dimensional
structure of a DNA adduct with a chimeric PBD ligand revealing
distinct differences in the adduct geometry when compared to the
duplex binding of simpler PBD drugs. It thus gives important
insight into drug—DNA interactions within such complexes, a
prerequisite for the future rational design of PBD conjugates with
improved binding characteristics.

MATERIALS AND METHODS

Sample Preparation. The self-complementary 10mer deoxy-
ribonucleotide 5'-AACAATTGTT-3' purchased from TIB
MOLBIOL (Berlin, Germany) was dissolved in BPS buffer
[100 mM NaCl and 20 mM phosphate (pH 7.0)]. The drug—
DNA complex was prepared by titrating the DNA duplex in
0.5mL of buffer with a total of 20 uL of a concentrated drug solu-
tion in DMSO-d; until saturation. For NMR experiments with
exchangeable protons, samples in a 90% H,0/10% *H,O mix-
ture were used. For experiments with nonexchangeable protons,
the NMR sample was lyophilized twice and redissolved in
99.98% D-»0O. The final buffer solution for the NMR studies
was ~0.7 mM in duplex.

NMR Experiments. "H NMR experiments were performed
on a Bruker Avance 600 MHz spectrometer. A combination of
phase-sensitive nuclear Overhauser effect spectroscopy (80, 140,
and 200 ms mixing time NOESY) as well as through-bond-
correlated (COSY, phase-sensitive DQF-COSY) and total cor-
related spectroscopy (50, 80, and 120 ms spin lock time TOCSY
with DIPSI2 or MLEV17 and a field strength of 4.9 kHz) was
applied for the samples in the States—TPPI mode except for
magnitude mode COSY experiments. Typically, for assignments
of nonexchangeable protons, two-dimensional (2D) spectra in
D,0 were recorded at 295 K with a sweep width of 6600 Hz and
the carrier frequency was set to the HDO resonance frequency.
Residual HDO was suppressed with a 3-9-19 WATERGATE
sequence or by presaturation during the relaxation delay as
required. A total of 512 FIDs of 2048 complex data points were
collected in #; with 64 transients at each f; value and a recycle
delay of 2 s. Prior to Fourier transformation, the FIDs were zero-
filled to give a 2K x 2K or 2K x 1K data set. Both dimensions
were apodized with phase-shifted sine or squared sine-bell
functions. Proton chemical shifts were referenced to the HDO

peak taking into account the temperature dependence of its
chemical shift (/6).

For the assignments of exchangeable protons, 2D NOE experi-
ments in a 90% H,0/10% *H,O mixture were conducted at
283 K with a 200 ms mixing time and a spectral width of 14300 Hz
using either the DPFGSE or the 3-9-19 WATERGATE pulse
sequence for solvent suppression. Corresponding suppression
schemes were also used for one-dimensional (1D) experiments in
H,0 buffer.

Distance Restraints. For an evaluation of cross-peak in-
tensities, NOE spectra in D,O with and without presaturation
during the relaxation delay and acquired with a short 80 ms
mixing time to avoid significant spin diffusion effects were
employed. Also, the relaxation delay was increased to 5 s to
allow for a better spin equilibrium. For obtaining distance
restraints within the two-spin approximation, SPARKY (17)
was used to directly calibrate cross-peak intensities against an
average intensity of the cytosine H5—H6 (2.45 A) cross-peak. All
cross-peaks were subsequently assigned to one of six categories.
Five categories are based on peak intensities, and one category
was set up to include both overlapping resonances and reso-
nances of exchangeable protons. The restraints for the exchange-
able protons were directly derived from the spectra used for the
proton assignments. A flat-well potential was imposed for the
experimental restraints; i.e., no penalty is imposed on the system
between lower and upper bounds (r, and r3, respectively). Beyond
this target range, the potential function rises parabolically, until
for even wider lower and upper margins (r; =, — 0.5Aand ry =
r;+ 0.5 A, respectively) the penalty function continues linearly to
avoid exceedingly high energies for larger violations. For the
lower bound, the van der Waals radii of 1.8 A were used. The
upper bounds were set to 3.0,4.0, 4.5, 5.0, and 5.5 A depending
on the cross-peak intensities and 5.0 A for overlapping reso-
nances and all exchangeable protons. These conservative distance
estimates avoid overinterpretation of the data and reduce the
potential for inconsistencies among restraints. For the Watson—
Crick (WC) hydrogen bond restraints, r, and r3 values were
obtained from ref /8, allowing 0.2 A fluctuations from the
equilibrium bond distance. In addition, flat angle restraints with
angles between the three atoms forming a Watson—Crick
hydrogen bond were set to 170—190° with parabolic regions
extending on either side for 20°.

Model Building and Parametrization. The self-comple-
mentary 10mer d(AACAATTGTT), was built in its canonical B-
form using the NUCGEN application of the modeling program
package AMBER version 9 (19). Initial coordinates of the PBD—
benzimidazole hybrid were taken from the B3LYP/6-31G* opti-
mized geometry calculated in vacuum with GAUSSIAN 03
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(Gaussian, Inc., Wallingford, CT). On the basis of the NMR data
(vide infra), the hybrid was hand-docked into the minor groove
of the DNA with the PBD moiety of the drug covalently linked to
the single guanine base on one of the two strands using
AMBER’s XLeap module. This procedure was repeated starting
with a canonical A-DNA to yield two independent starting
geometries. The refined PARMBSCO force field of AMBER
was used to simulate the DNA as well as solvent and sodium
ions (20). For the drug, general AMBER force field GAFF (21)
was employed using RESP charges (22, 23) computed at the HF/
6-31G* level on the B3LYP/6-31G*-optimized geometry.

Simulated Annealing. The system was initially minimized
using the conjugate gradient algorithm to eliminate strong
restraint violations. The simulated annealing was conducted in
water using a generalized Born implicit solvent model with
implicit counterions (24, 25). The minimized starting complexes
were initially heated to 900 K and kept at this temperature for
26 ps. During the next 50 ps, the system was gradually cooled to
100 K and the temperature set to 0 K for the last 2 ps. The force
constants were initially 1.5 kcal mol ™' A2 for NMR restraints as
wellas 2.5 kcalmol ™" A% and 2.5 kcal mol ™' rad 2 for Watson—
Crick distance and flat angle restraints, respectively. They were
linearly increased during the first 22 ps to their final values of
30 and 50 kcal mol™" A2 and 50 keal mol ™' rad 2, respectively.
A minimization completed the simulated annealing run. All
Watson—Crick restraints were removed before subsequent simu-
lations in explicit solvent.

After charge neutralization by the addition of 17 Na™ ions, the
complexes were solvated with 4000 pre-equilibrated TIP3P water
molecules in a truncated octahedral box (26). Several equilibra-
tion steps were performed comprising minimization of the solvent
molecules with the DNA and ligand fixed, minimization of the
whole system, and slow heating to 300 K with weak positional
restraints on DNA and drug atoms under constant-volume
conditions. The following 15 ns production runs were applied
in the NPT ensemble. The particle mesh Ewald method (27, 28)
was used to evaluate the electrostatic interactions with a direct
space sum cutoff of 10 A. With the bond lengths involving
hydrogen atoms kept fixed with the SHAKE algorithm, a time
step of 2 fs was employed (29).

Structural Analysis and Display. Related conformational
substates populated during the molecular dynamics simulation
were grouped by clustering using the SOM algorithm implemen-
ted in AMBERS’s PTRAJ module (30). For the clustering, only
the piperazine and benzimidazole ring atoms were chosen for a
pairwise comparison (vide infra). All structures within a cluster
were averaged, and the average configuration was taken as a
reference for subsequent mass-weighted rmsd calculations with
terminal base pairs omitted. The single snapshot of the given
cluster with the lowest rmsd was taken as the representative
dynamic structure of that cluster. All structures were displayed
with VMD version 1.8.6 (31). Analysis of the conformational
and helical parameters was conducted with Curves version
5.3 (32, 33).

Carr—Parinello Molecular Dynamics (CPM D). CPMD
version 3.9.1 (IBM Corp. and MPI, Stuttgart, Germany) was
used to test the time-dependent behavior of the BIMZ fragment.
The fragment was placed in a periodic vacuum box (x,y,z) =
(41.572 A, 24.527 A, 24.527 A), heated in six discrete steps from
0 to 300 K over 510 fs, and simulated over 3.4 ps at this
temperature. The pseudopotentials of Troullier-Martins (34)
and a cutoff of 25 Ry were employed. For the local density
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approximation (LDA) and the generalized gradient approxima-
tion (GGA), the methods of Cerperley-Alder and Becke88 were
used (39).

RESULTS AND DISCUSSION

"H NMR Resonance Assignments of Free DNA. On the
basis of the significant duplex thermal stabilization on drug
binding (/7) and a favorable NMR signal dispersion, the self-
complementary DNA duplex d(AACAATTGTT); carrying two
symmetry-related guanine bases was selected as a target for the
drug hybrid. In the following, residues of the decamer duplex are
numbered according to

strand B T20 T19 G18 T17 Ti6 A15 A14 C13 A12 A11-5

strand A 5-A1 A2 C3 A4 A5 T6 T7 G8 T9 Ti0

>

Note that due to the 2-fold symmetry of the free duplex,
strands A and B are equivalent without bound drug. Non-
exchangeable protons were assigned by analyzing 2D NOE
(200 ms mixing time) and TOCSY (80 ms spin lock time) spectra
following established strategies (36, 37). The sequential assign-
ment of most base and sugar protons was mainly based on
continuous base-to-sugar proton dipolar coupling networks, and
protons of the deoxyribose sugar were additionally identified by
their mutual scalar couplings. Likewise, assignment schemes for
labile protons are based on their connectivities to other exchange-
able and nonexchangeable protons in H,O solution (38). Because
of enhanced proton exchange with water toward the fraying end
of the DNA duplex, imino proton resonances of the terminal base
pairs were broadened beyond detection. The overall pattern of
NOE cross-peaks and their relative intensities are consistent with
a right-handed double helix, a glycosidic torsion angle in the anti
range, and an S-type sugar pucker characteristic of B-DNA (39).
A compilation of all proton chemical shifts for the free duplex is
given as Supporting Information.

"H NMR Resonance Assignments of the Drug—DNA
Complex. Upon binding as a monomer to the DNA, the
asymmetric PBD hybrid is expected to break the symmetry of
the free duplex. Correspondingly, titration of the duplex with
drug is associated with a doubling of the oligonucleotide proton
resonances (Figure 2). As mentioned above, only four imino
protons are observed for the free duplex due to the terminal imino
signal being broadened beyond detection.

After the addition of 1 equiv of hybrid associated with the
appearance of seven sharp as well as two rather broad imino
signals, no further spectral changes are observed in line with the
saturation of DNA with drug. With the addition of less than
saturating amounts of PBD—BIMZ, two sets of resonances
appear, one of which corresponds to that of the free DNA and
the other to the 1:1 drug—DNA complex. This observation
indicates that the complex is in slow exchange with the decamer
duplex on the NMR time scale.

For the assignment of the DNA resonances in the complex, the
same established strategies as for the free duplex were employed,
allowing an assignment for most of the nonexchangeable and
exchangeable protons except for the HY/H5” protons that were
mostly left unassigned due to severe spectral overlap. The single
guanine N2H proton at the covalent attachment site resonating
at 8.09 ppm was easily observable in H,O and could be identified
through its strong NOE cross-peak to the guanine imino proton.
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FIGURE 2: Imino proton spectral region during titration with the
drug at 283 K.

Again, the general pattern of NOE intensities suggests a B-type
DNA for the complex, and only some sequential and intra-
nucleotide NOE contacts of very low intensity at nucleotides G18
and T6 in the base—H 1’ cross-peak spectral region point to some
perturbations of the typical B-like helical structure. Rather low
intensities of additional sequential and intraresidual cross-peaks
involving the latter two residues suggest enhanced flexibility at
these positions rather than defined structural aberrations. The
assignment of the adenine H2 protons that are exposed to the
minor groove and thus particularly important in defining the
location of minor groove binding drugs was additionally con-
firmed by their comparatively long spin—lattice relaxation time
as measured in 1D inversion recovery experiments.

Drug resonances were mostly identified through their scalar
connectivities within the corresponding spin system. Thus, the
aromatic protons of the benzene moiety in the BIMZ fragment
were easily assigned through COSY and in particular TOCSY
spectra. Likewise, proton resonances of the linker region, of the
pyrrolidine, and of the N-methylpiperazine ring were identified
via their correlations in TOCSY spectra. Remaining resonances
of the PBD fragment were assigned via NOESY spectra. Un-
fortunately, except for H28, it was not possible to unambiguously
assign the benzimidazole resonances mainly due to spectral
overlap. To avoid any misinterpretation of the final data, these
questionable NOE contacts were excluded for the final extraction
of NMR restraints. All proton chemical shifts for the drug—
DNA adduct are given as Supporting Information.

NMR Spectral Analysis. The °J scalar coupling between
HI11 and Hlla of the pyrrolobenzodiazepine moiety bears
particular importance when the stereochemistry of drug binding
is being assessed (vide infra). Only one scalar coupling associated
with a single COSY cross-peak is observed in a D,O solution for
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the H11 proton resonating at 4.61 ppm. In contrast, the Hlla
resonance at 5.02 ppm exhibits an additional coupling to a vicinal
H1 proton of the pyrrolo ring at 2.22 ppm. A closer look at the
DQF-COSY cross-peaks along the well-resolved w, dimension
reveals a characteristic fine structure amenable to a quantitative
extraction of scalar coupling constants. A *J(H11,Hlla) of
~10 £ 0.5 Hz is extracted from the two well-separated antiphase
components along w, of the Hlla(w;)—H11(w,) cross-peak. An
additional smaller in-phase splitting for the H11(w;)—H1la(w,)
cross-peak yields a *J(H11a,H1) of ~6 + 1 Hz (see the Support-
ing Information). Without resorting to quantitative simulations,
cancellation and amalgamation effects for antiphase and in-
phase splittings in the latter case hamper a more precise coupling
constant determination. Note also that the absence of any
additional coupling between Hlla and the other geminal HI
pyrrolo proton must result from a rather small nonresolved
coupling only contributing to the signal line width.

Several intermolecular NOE contacts clearly establish drug
binding in the duplex minor groove. Thus, a large portion of
observable drug—DNA connectivities involve adenine H2 and
H1’/H4' sugar protons situated at the floor and the walls of the
minor groove, respectively (see Figure 3). A comparison of
chemical shifts for protons in the free PBD hybrid with those
in the complex also reveals some significant differences. Thus, the
largest upfield shift with a Ad of 3 ppm was observed for the H11
resonance of the PBD moiety, and this was followed by a
downfield shift of 1.3 ppm for the adjacent H1la signal upon
DNA binding. Although reference spectra of the free drug were
recorded in DMSO-dy because of its poor solubility in aqueous
buffer, effects of solvent on chemical shifts as indicated by
changes in the other drug protons do not account for such
considerable differences. Rather, the observed significant upfield
shift for the H11 signal must be attributed to covalent binding of
the drug with addition of a guanine amino group to the PBD
imine functionality accompanied by a change in C11 hybridiza-
tion from sp* to sp’.

Significant shifts were also observed for some of the DNA
resonances upon drug binding (Figure 4). Among the anomeric
HI’ protons of the DNA duplex, the largest drug-induced upfield
shift with a Ad of 1.03 ppm was observed for H1" of G8,
resonating at an unusually high field in the complex with a 0 of
4.93 ppm and already pointing to this guanine as a site of covalent
adduct formation. Also, H4' of T6 and H4' of T17 facing the
minor groove exhibit considerable upfield shifts of >1 ppm.
Conspicuously, deoxyribose protons of residue T17 are found to
be mostly affected by shielding effects of the bound drug. Thus,
other major upfield shifts of >0.6 ppm involve HI’ and H2"
sugar protons of T17. This is readily apparent from Figure 4a,
which shows a footprint of the bound drug constructed by the
sum of chemical shift changes for sugar protons within the
residues regardless of sign. In general, excluding largely non-
assigned HS'/HS"” protons, H3' protons oriented toward the
major groove of the duplex are found to be the least affected of
the sugar protons. Note that although heavily affected in some
residues, H4' protons have been excluded for the footprint
mapping because their unambiguous assignment is lacking for
three nucleotides in the complex.

In contrast to the most affected sugar resonances, adenine H2
protons from inner residues A4, AS, A14, and A15 positioned at
the floor of the minor groove experience a considerable drug-
induced deshielding with a downfield shift of up to 0.65 ppm for
H2 of AS (Figure 4b). Overall, noticeable shifts indicative of
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direct drug—DNA interactions are restricted to resonances with-
in the inner 6 bp of the complex.

2D NOE Restraints. A total of 237 distance restraints,
including 206 NOE contacts between nonexchangeable and
exchangeable protons within the DNA duplex and 28 drug—
DNA contacts, were extracted. NOE restraints with fixed dis-
tances were not included. The 44 Watson—Crick restraints are
based on the slowly exchanging guanosine and thymidine imino
protons showing NOE connectivities to cytidine amino and
adenosine H2 protons consistent with a nondisrupted Watson—
Crick base pair. Although no such contacts could be detected for
the terminal imino signals because of their fast exchange with the
solvent (vide supra), corresponding restraints were also imposed
for the termini to avoid base pair opening during the simulated
annealing protocol. However, all Watson—Crick restraints were
removed for the final refinement in explicit water.

The intraduplex restraints are uniformly distributed along the
two strands except for the less well-defined flexible termini. Each
residue except for the terminal base pairs was restricted by >17
intra- and internucleotide restraints. A total of 28 drug—DNA
restraints and 3 intradrug restraints, which also help to define the
position of the trimethylene linker within the hybrid, could be
obtained. Whereas the orientation of the PBD moiety was well-
defined by proton—proton contacts with the duplex, no addi-
tional drug—DNA restraints were used in the rMD simulations

for the benzimidazole and the N-methylpiperazine moiety. As
described above, resonances could not be unambiguously as-
signed for the benzimidazole due to spectral overlap. On the other
hand, rather broad proton resonances of the N-methylpiperazine
indicated a significant intrinsic flexibility of this ring system
preventing the detection of any intermolecular cross-peaks to the
DNA even at a lower temperature of 283 K.

Starting Structures and Stereochemistry. To sample more
conformational space, two independent rMD simulations for
either a B- or A-DNA starting geometry were performed. Note,
however, that for both starting structures the drug was already
partly fixed due to the covalent bonding of the PBD fragment to
the exocyclic amino group of G8. This covalent bond of the
pyrrolobenzodiazepine to the guanine base generates another
stereogenic center at C11 of the drug. With an S-configuration at
Clla, known to be prerequisite for the accommodation of PBD
drugs within the DNA minor groove, two potential diastereo-
isomers, (115,11aS) and (11R,11aS), may be formed during
formation of the complex. In geometry-optimized structures of
PBD—9-methylguanine adducts at the B3LYP/6-31+G** level,
dihedral angles between HI11 and Hlla protons in the two
different configurations show significant differences with angles
of ~165° and ~75° for the (11S,11aS) and the (11R,11aS)
diastereoisomers, respectively. On the basis of the general
Karplus relationship, a corresponding vicinal '"H—"H */ coupling
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constant of ~10 Hz determined from DQF-COSY experiments
essentially excludes torsion angles in the range of 20—140°, thus
being only compatible with an (115,11aS) isomer even consider-
ing some uncertainties associated with the lack of a PBD-
optimized Karplus equation and some conformational flexibility
of the seven-membered ring. This stereochemical assignment is
further confirmed by interatomic distances between Hlla
and H11 drug protons and anomeric HI’ protons of the duplex
A-and B-strand, serving as additional diagnostic markers for the
Cl11 configuration of the bound drug (40, 41). As shown in
Figure 3, NOESY spectra clearly establish strong cross-peaks
between H1la and H1’ of residue T9 3'-linked to the alkylated
guanosine as well as between HI1 and A14 H1' on the com-
plementary strand. These experimental observations provide
evidence of corresponding interproton distances of <5 A in
the DNA—drug adduct and are again only compatible with an
(11S,11aS8) configuration (vide infra). Indeed, when starting with
an (11R,11aS) isomeric drug, which has been independently
parametrized before, considerable violations of these NOE
distances associated with unreasonable conformations were
generated in additional rMD test simulations.

General Characterization of the rMD-Refined Struc-
tures. An rmsd plot over the two trajectories of the final
refinements in explicit water indicates full equilibration of the
system after approximately 1.5 ns. However, visual inspection of
the molecular configurations from the rMD simulations revealed
conspicuously different orientations of the drug—piperazine ring.
To further explore the sampled conformations, the two trajec-
tories obtained after the initial equilibration period were merged
and subjected to a cluster analysis using the rmsd values of the
piperazine and benzimidazole atoms as clustering criteria. As
indicated by the quality metrics for the SOM clustering algorithm
and supported by a visualized 2D rmsd plot (see the Supporting
Information), partitioning of the data into three distinct clusters
best reproduces the various populated configurations.

A best fit superposition of the representative configurations for
each of the three clusters (see Materials and Methods) is shown in
Figure 5. Except for the duplex termini and a less well-defined
N-methylpiperazine orientation of the bound drug due to its
conformational variability, the complexes have converged essen-
tially to the same geometry even with the rather conservative
bounds employed for the NMR restraints. When the piperazine
ring and the more flexible ultimate base pairs are excluded,
mutual rmsds among the three dynamic complexes are below 1 A
(see Table 1). Such deviations involving independent refinements
are comparable to the magnitude of atomic rms fluctuations
during a single converged rMD run in the present force field and
thus imply structural convergence. In addition to the rather small
rmsds, the restraint violations indicate a good agreement of the
generated structures with the experimental NMR data. Thus, the
average restraint violation energy calculated for the three repre-
sentative structures amounts to only 1.3 kcal/mol with only one
violation >0.1 A. It should be noted that upon an additional
restrained energy minimization, violation energies essentially
vanish.

Structural Analysis. With all three representative structures
having essentially the same conformation, only the structure of
the most populated cluster was used for a more detailed structural
analysis. To eliminate random thermal fluctuations within
the complex, the dynamic structure was relaxed through a
final restrained energy minimization. As shown by the energy-
minimized representative structure of the DNA—drug adduct in

Rettig et al.

FIGURE 5: Best fit superposition of the three representative complex
structures after rMD refinement at 300 K. The PBD hybrid located in
the duplex minor groove is colored red.

Table I: Statistical Data for the NMR Restraints and for the Three
Representative Structures Selected by Clustering Methods after Refine-
ment in Explicit Water at 300 K

total no. of experimental NOE restraints 237
duplex intraresidual restraints 87
duplex interresidual restraints 102
duplex interstrand restraints 17
duplex Watson—Crick H bond restraints 44
intermolecular drug—duplex restraints 28
intramolecular drug restraints 3

average rmsd (all atoms excluding ultimate 0.93 A
base pairs)

average rmsd (all atoms excluding ultimate 0.84 A

base pairs and N-methylpiperazine)

average restraint violation energy 1.3 kcal/mol
average no. of distance violations of <0.1 A 2
average no. of distance violations of >0.1 and <0.2 A 1

Figure 6, the PBD—benzimidazole hybrid is tightly accommo-
dated within the minor groove of the duplex and spans the cen-
trally located 6 bp.

When the bound drug and the ultimate base pairs are excluded,
the mutual rmsds between the energy-minimized duplex and
A- and B-DNA starting models amount to 4.4 and 1.7 A, res-
pectively. Clearly, the duplex in the presence of bound drug remains
in a conformation more reminiscent of B-DNA, and the A-DNA
starting structure easily converged during the production run
following the simulated annealing protocol to the final B-type
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FIGURE 6: Representative energy-minimized structure of the com-
plex showing the drug bound within the DNA minor groove.

complex even in the absence of additional torsion angle restraints
for the deoxyribose. This is also manifested in the conformational
and helicoidal parameters of the duplex being mostly within the
broader range observed for B-DNA structural variants. Glyco-
sidic torsion angles « for nonterminal nucleotides adopt typical
values in the anti domain varying from —101° to —145°, and the
deoxyribose sugars exhibit a largely S-type conformation.

Conspicuous structural distortions due to drug binding, as
also indicated by CD spectral data (/7), are largely confined to
some helicoidal parameters around the covalent binding site (see
Table 2). Thus, with a stagger of —0.6 A, the modified guanine is
noticeably displaced along the helix axis within the base pair. This
is accompanied by a significant propeller twist of —22° for the
G8-C13 base pair. The maximum propeller twist of —28° found
for the neighboring T9+ A12 base pair helps to maximize stacking
interactions with the alkylated G-C base pair. In contrast,
stacking interactions of the G8- C13 base pair with the next base
pair located toward the center of the helix is considerably
compromised by a linear x-displacement between the two base
pairs with a shift of the T7-Al14 base pair toward the major
groove by —1.2 A. Other structural perturbations are noticeable
at the transition from free to complexed segments of the duplex.
Thus, a significant positive buckle at the C3-G18 base pair bends
the center of this base pair away from the center of the double
helix, and a positive roll of 12° between the A4-T17 and C3-G18
base pairs results in an opening toward the major groove and
a concomitant local expansion of the minor groove at the
N-methylpiperazine location. Overall, with an average twist angle
of 34°, the duplex is slightly underwound in the presence of the
drug when compared to canonical B-DNA. Also, a narrowing of
the minor groove is observed along the ligand binding site. A
narrow minor groove is generally associated with AT tracts but is
also promoted among others by the positive base pair opening
values throughout the duplex with opening toward the major
groove.
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Table 2: Helical Parameters” for the Representative Energy-Minimized
Complex Structure”

shear  stretch  stagger buckle  propeller  opening

base pair  (A) (A) (A) (deg)  twist (deg) (deg)
A2-T19 0.2 0.2 0.0 6 —14 0
C3-G18 =03 0.2 0.2 14 —14 3
A4-T17 0.1 0.1 -0.5 4 =25 2
A5-Tl6 0.1 0.3 0.2 ) —11 10
T6-AlS 0.0 0.1 0.5 0 —12 5
T7-Al4 0.1 0.1 0.0 9 -1 3
G8-Cl13 0.1 0.1 —0.6 -5 =22 2
T9-A12 =0.5 0.2 -0.3 -9 —28 8
average 0.0 0.2 —0.1 1 —16 4
B-DNA® 0.0 0.0 0.1 0 4 —4
shift slide rise tilt roll twist

base pair step (A) (A) (A)  (deg)  (deg)  (deg)

A2C3-GI8T19 0.8 —0.2 32 —4 -2 27
C3A4-T17G18 =0.5 0.1 35 1 12 37
A4A5-T16T17 0.7 —0.7 3.6 -3 3 29
AS5T6-A1ST16 0.0 —0.1 34 1 -3 36
T6T7-Al4A15 0.3 0.0 3.2 6 -9 32
T7G8-CI13A14 -1.2 0.2 3.6 0 5 36
G8T9-A12C13 0.6 —0.7 3.1 =2 2 31
average 0.1 —0.1 33 0 0 34
B-DNA® 0.0 0.0 34 0 0 36

“Individual parameters are defined with respect to a unique global helix
axis. "Terminal base pairs were omitted. “Canonical B-DNA (42).

Stereochemistry and Drug—DNA Interactions. As a
result of the newly created sterecogenic center at C11 with its
S-configuration, the Hlla and H11 protons are situated above
and below the PBD ring system in the proximity of T9 and A14
H1" sugar protons, respectively (Figure 7a). Corresponding
distances of only 2.4 and 2.7 A are in line with the strong NOE
contacts observed experimentally. Also, torsion angles of 175°
between H11 and H1la and 32° and 90° between H11a and the
two geminal Hla and H1p pyrrolo protons, respectively, are in
excellent agreement with measured "H—"H coupling constants
(vide supra).

In previous studies on the DNA binding of the PBD drug
tomaymycin, two conformational forms were found and assigned
to the (118,11aS) and (11R,11aS) diastereomeric adducts binding
in opposite orientations within the minor groove (43). In general,
however, an 115 stereochemistry has mostly been found to be
favored for covalent attachment of simple PBD monomers or
interstrand cross-linking dimers in the minor groove of duplex
DNA and the C11(S) linkage seemed to be associated with an
orientation of the aromatic A ring of the PBD drug toward the
3'-side of the covalently modified guanine (40, 41, 44). Because of
its size, the PBD hybrid in this adduct can only orient in an
opposite direction with the A ring toward the 5-end of the
modified guanine strand for effective minor groove binding of the
BIMZ moiety and thus contrasts with the previously found
dependence of drug orientation on stereochemistry.

Major shielding and deshielding effects experienced by DNA
protons upon drug binding (vide supra) can be rationalized by
the three-dimensional complex structure and must be attributed
to strong ring current effects exerted by the hybrid ligand. With
the aromatic rings of the hybrid inserted edge-on into the minor
groove, upfield ring current effects are expected in particular
for the deoxyribose protons that form the walls of the minor
groove and that are positioned above or below the -plane of the
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FIGURE 7: Close-up views into the minor groove of the drug—DNA complex. (a) PBD moiety with H1’ protons in spatial proximity.
(b) Phenylbenzimidazole fragment with highlighted DNA protons experiencing strong (de)shielding effects. The hydrogen bond between the
benzimidazole NH proton and the 2-carbonyl oxygen of T7 is indicated by the dotted line.

aromatic rings. As shown in Figure 7b, shielding of the T6 H4’'
sugar proton located directly above the benzene moiety of the
phenylbenzimidazole fragment is expected and observed. Like-
wise, T17 H4', T17 HI’, and T17 H2" protons are strongly
shielded by their location below the benzene and benzimidazole
plane, respectively. Another strong ring current effect is experi-
enced by the anomeric HI” proton of the alkylated G8 situated
above the annellated benzene of the PBD tricyclic system (see
Figure 7a). In contrast to these strongly shielded resonances, the
adenine H2 protons are positioned on the floor of the minor
groove and experience noticeable downfield perturbations to
their chemical shifts when located close to the deshielding region
of the hybrid aromatic ring systems. This is apparent for A5 H2
exhibiting a downfield shift by 0.65 ppm through its location
within the benzene plane of the drug (Figure 7b).

A hydrogen bond between the PBD NH10 group and N3 of
Al4 is indicated by a distance of 2.0 A in the final energy-
minimized structure, and this interaction persists through most of
the rMD simulations based on a critical hydrogen bond distance
of <3.5 A. Hydrogen bond analysis of the complex reveals
another strong hydrogen bond with a distance of 1.9 A between
the benzimidazole NH proton of the hybrid as a donor and the
2-carbonyl oxygen of T17 as a hydrogen bond acceptor
(Figure 7b). This hydrogen bond interaction is also maintained
in the trajectories at 300 K. The noticeably reduced binding
affinity and duplex thermal stabilization as recently observed for
the drug when bound to double-helical targets with only three
contiguous AT base pairs upstream the GC site (//) may be
partially attributed to the loss of this hydrogen bond contact.
Although the two hydrogen bonds are expected to confer
sequence selectivity to binding due to their directionality, they
will hardly constitute the major factor in the overall binding
energy of the enthalpy-driven (/) association. Rather, the tight
structural fit of the drug within the duplex minor groove points to
significant van der Waals interactions as a major enthalpic
contribution to the hybrid binding. These observations corrobo-
rate the finding that in many cases minor groove recognition is
not predominantly controlled by the formation of specific
hydrogen bonds and salt bridges but is rather accompanied by
significant hydrophobic forces (11, 45, 46). Thus, the endother-
mic binding of the bis-benzimidazole Hoechst 33258 to oligo-
nucleotide duplexes was found to be exclusively driven by
hydrophobic effects (47).

Conformation of the N-Methylpiperazine Ring. The
N-methylpiperazine ring is located close to the second G- C base

pair within the wider minor groove. As already indicated,
conformational transitions associated with a less well-defined
orientation are observed for the N-methylpiperazine moiety of
the drug (see Figure 5). Whether these different conformations
are due to its intrinsic flexibility or rather due to the lack of
additional inter- or intramolecular NOE restraints for the
piperazine ring cannot be answered with certainty. However,
its inherent flexibility and dynamics are corroborated by corre-
sponding proton resonances experiencing some noticeable line
broadening.

To gain additional information about the orientation and the
inherent flexibility of the benzimidazole—N-methylpiperazine
subunit in the absence of more NMR structural data, a first
principles molecular dynamics treatment with CPMD was ap-
plied to the BIMZ fragment. In contrast to that of the benzimi-
dazole, the orientation of the directly bonded benzene moiety
with respect to the DNA minor groove is well-defined by the
available NOE data. Due to m-conjugation between the benzi-
midazole and the benzene ring of the BIMZ fragment, both rings
are expected to share a common molecular plane. Indeed, CPMD
simulations conducted at 300 K over 3.4 ps clearly indicate
coplanarity with no ring flipping occurring during the trajectory.
Similarly, high-resolution structures of DNA-bound Hoechst
33258, which shares very similar structural motifs with the BIMZ
fragment, indicate deviations from coplanarity between the
phenol and directly bound benzimidazole to be small at the
most (48—50).

In a geometry-optimized structure using Gausian 03 at the
B3LYP/6-31+G** level, the N-methylpiperazine ring was also
shown to be oriented within the molecular plane of the benzimi-
dazole unit. However, during a CPMD trajectory, the initial in-
plane geometry of the N-methylpiperazine ring persisted only up
to 2.5 ps of the simulation undergoing a ring flip out of the
benzimidazole plane. Also, the original conformation was not
restored when using this CPMD output geometry in another
geometry optimization at the B3LYP/6-31+G** level, and its
associated energy confirmed a stable geometry of the CPMD
output structure when compared to the in-plane structure. It has
to be noted, however, that the energy difference between in-plane
and out-of-plane structures was found to be only 1.6 kcal/mol
and thus even smaller than the rotational barrier of ethane
amounting to 3.0 kcal/mol. Although these calculations were
conducted in vacuo and thus cannot be directly transferred to our
experimental conditions or the rMD calculations, these results
give another indication of a highly flexible N-methylpiperazine
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substituent at least in the absence of more specific interactions
with the DNA.

The role of N-methylpiperazine in promoting minor groove
binding has been well-documented (57), yet discrepancies have
arisen regarding the necessity of G- C base pairs for accommo-
dating the bulky N-methylpiperazine ring. In two crystal struc-
tures of Hoechst 33258, this ring is located in the wider groove
near an adjacent G- C base pair, allowing the ring to rotate away
from the plane of the benzimidazole (48, 50). However, subse-
quent solution NMR studies have shown that the bulky
N-methylpiperazine ring of Hoechst is readily accommodated
within the narrow minor groove of an AATT sequence, ques-
tioning base pair specific binding of the N-methylpiperazine
moiety to a GC recognition element (52). On the basis of
the experimental and theoretical studies presented here, the
N-methylpiperazine substituent exhibits high flexibility with no
clearly defined interactions to the nucleic acid. Being positively
charged through protonation under physiological conditions, it is
expected to contribute to binding through nonspecific electro-
static interactions with the negatively charged phosphodiester
backbone. In addition, a C-G base pair specificity of the
N-methylpiperazine ring within the PBD hybrid is not indicated
by our recent UV melting experiments employing different target
duplexes (/7). Thus, replacing a C+G base pair with a T+ A base
pair at a corresponding position in a closely related decamer
duplex even resulted in a stronger drug binding associated with
greater drug-mediated duplex stabilization.

CONCLUSIONS

The NMR structural data confirm strong binding of the PBD
hybrid to the minor groove of the DNA duplex, with formation
of a covalent bond between the PBD moiety and an exocyclic
guanine amino group. The three-dimensional structure also
offers details on drug—DNA interactions within the complex,
revealing a bound drug that tightly fits into the DNA minor
groove. We have recently been engaged in the determination of
thermodynamic data for these drugs binding to oligonucleotide
duplexes (/7). The determination of the enthalpic and entropic
contribution to binding in these former studies gives important
hints for the design of high-affinity DNA binding analogues. On
the other hand, the structural data reported here offer a detailed
view of specific drug—DNA interactions that contribute to the
binding energy but are particularly expected to be critical
determinants of sequence selectivity. The PBD—benzimidazole
hybrid has been developed with the perspective to enhance
antitumor activities of simple alkylating PBD derivatives. Struc-
tural modifications of the hybrid aimed at enhancing binding
affinity and binding specificity will significantly benefit from a
detailed knowledge of the thermodynamics as well as of the three-
dimensional complex structure for pinpointing any specific
drug—DNA interactions. Therefore, the information gathered
can assist in the rational design of improved derivatives of this
type of alkylating DNA binding drug in particular and also of
DNA recognition by minor groove binding ligands in general.

SUPPORTING INFORMATION AVAILABLE

Proton assignments for the free d(AACAATTGTT), duplex
and the free PBD—benzimidazole hybrid as well as for the 1:1
drug—DNA complex; experimental Hlla(w;)—H11(w,), H11-
(w;)—Hl1la(w,), and Hl(w;)—Hlla(w,) DQF-COSY cross-
peaks of the drug—DNA adduct; distribution of NOE-derived
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intranucleotide and internucleotide distances within the DNA
duplex; time-dependent rmsd for snapshots of a restrained
molecular dynamics simulation of the drug—DNA complex at
300 K; 2D rmsd plot of the piperazine and benzimidazole atoms
for the snapshots taken at 20 ps intervals of the two combined
rMD simulations; and glycosidic torsion angle ¥ and pseudo-
rotation phase angle P of nucleotides in the complex. This material
is available free of charge via the Internet at http://pubs.acs.org.
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