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INTRODUCTION

(Received July 15, 2001)

The highly potent cytotoxic DNA-DNA cross-linker consists of two cyclopropalclpyrrolol3,
4-3lindol-4(5H)-ones indoles [(+)-CPI-l] joined by a bisamido pyrrole (abbreviated to
“Pyrrole”). The Pyrrole is a synthetic analog of Bizelesin, which is currently in phase I
clinical trials due to its excellent in vivo antitumor activity. The Pyrrole has 10 times more
potent cytotoxicity than Bizelesin and mostly form DNA-DNA interstrand cross-links through
the N3 of adenines spaced 7 bp apart. The Pyrrole requires a centrally positioned GC
base pair for high cross-linking reactivity (i.e., 5-T(A/T),G(A/T),A*-3), while Bizelesin prefers
purely AT-rich sequences (e.g., 5'T(A/T); o sA*-3', where T represents the cross-strand ade-
nine alkylation and A* represents an adenine alkylation) (Park et al., 1996). In this study,
the high-field "H-NMR and rMD studies are conducted on the 11-mer DNA duplex
adduct of the Pyrrole where the 5-TTAGTTA*-3’ sequence is cross-linked by the drug. A
severe structural perturbation is observed in the intervening sequences of cross-linking site,
while a normal B-DNA structure is maintained in the region next to the drug-modified
adenines. Based upon these observations, we propose that the interplay between the bisa-
mido pyrrole unit of the drug and central G/C base pair (hydrogen-bonding interactions) is
involved in the process of cross-linking reaction, and sequence specificity is the outcome
of those interactions. This study suggests a mechanism for the sequence specific cross-link-
ing reaction of the Pyrrole, and provides a further insight to develop new DNA sequence
selective and distortive cross-linking agents.
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reactivity of the Pyrrole was compared with that of the
analog having an N-methylated pyrrole in the linker using

One of the Bizelesin analogs that is a highly potent cyto-
toxic DNA-DNA cross-linker consists of two cyclopropa
[clpyrrolo[3,4-3lindol-4(5H)-ones indoles [(+)-CPI-I] joined
by a bisamido pyrrole linker (abbreviated to “Pyrrole™).
As shown in Fig. 1, the compound can form a DNA-DNA
interstrand cross-link through N3 of adenines spaced 7
bp apart. It was determined that the [(+)-CPI-l},-bis-
amido-pyrrole (Pyrrole) requires a centrally positioned
GC base pair for high cross-linking reactivity (i.e., 5’-T(A/
T,GA/T),A*-3") (Park et al., 1996). The cross-linking
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21-mer duplex oligomers containing either GC or IC base
pairs. The resulis revealed the DNA sequence and linker
requirements for high cross-linking reactivity. In the DNA
duplex, to attain highest reactivity, a centrally placed GC
base pair and the exocyclic 2-amino group were required,
while for the linker in the Pyrrole, an unsubstituted amine
in the pyrrole ring was necessary. On the basis of these
results, we suggested a rationale for the structural require-
ments for the specific sequence cross-linked with high
reactivity by the Pyrrole which involves in two hydrogen-
bonding donoracceptor pairs.

To obtain further evidence for this suggestion, the
structural aspects of the DNA cross-linking by the Pyrrole
were investigated using high-field "H-NMR analysis on
the 11-mer duplex adduct of the Pyrrole where the 5'-
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Fig. 1. A scheme for the reaction of the Pyrrole compound
with adenines 9A and 20A on opposite strands, to form the
interstrand cross-linked duplex adduct

TTAGTTA*-3‘ sequence is cross-linked by the drug (Fig.
1). The analysis of the NMR data sets reveals a prominent
structural perturbation in the intervening AGT segment,
especially in the central 6G and 17C base pair. The
results also show that a normal B-DNA behavior is
retained in the region next to the drug-modified bases
(9A and 20A). The study not only supports the suggested
molecular mechanism for the cross-linking of DNA by
CPl-dimers, but also reveal interesting features of the
DNA structural distortion induced by the Pyrrole which
relate to its unique GC preference in the cross-linking of
DNA.

MATERIALS AND METHODS

Chemicals and enzymes

Bizelesin and the Pyrrole were a gift from The
Pharmacia Upjohn Company and reagents used for the
NMR and HPLC buffer, sodium phosphate (99.99%),
sodium chloride (99.99%), and EDTA (99.99%), were
purchased from Aldrich. HPLC water, methanol, and
acetonitrile were from Fisher. Electrophoretic reagents
(acrylamide, ammonium persulfate, bisacrylamide, and
N,N,N’,N"-tetramethylethylene diamine) were purchased
from Biorad. T4 polynucleotide kinase and T4 ligase
were from United States Biochemical Co. (y-**P)-ATP and
X-ray film were from Amersham, and intensifying screens
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developing and chemicals were from Kodak.

Oligonucleotide synthesis and purification for NMR
studies

The 11-mer duplex d(CGTTAGTTACG) d(CGTAACTA
ACG) was synthesized on an Applied Biosystems Model
381A automated DNA synthesizer using solid phase phos-
phoramidite chemistry. The crude oligonucleotides were
deprotected with saturated ammonium hydroxide at
55°C overnight and then purified by reverse phase HPLC
on a C18 column. The purified DNA was dialyzed using
Spectra/Por CE membrane (MWCO: 1000) against 2 X
2000 ml of HPLC water and evaporated to dryness. The
DNA was dissolved in NMR buffer (10 mM NaH, PO,,
100 mM NaCl (pH 6.85), and 0.5 mM EDTA) and then
examined by "H-NMR.

Preparation of purification of the pyrrole-11-mer
duplex adduct

To the 10 mg of the Pyrrole in 0.2 ml of DMF-d’
solution, 0.03 ml of aqueous sodium bicarbonate was
added, stirred for 20 min, and then 20 mg of purified 11-
mer duplex in 0.8 ml of buffer (10 mM NaH, PO,, 100
mM NaCl, pH 6.95) was added. The reaction mixture
was stirred for five days at room temperature in the dark,
centrifuged to spin down unreacted drug molecules, and
the supernatant was separated and lyophilized several
times to dryness. The resulting residue (drug-DNA
adduct) was purified by reverse-phase HPLC using Rainin
C18 and C8 Dynamax-300A preparation columns (21.4
mm x 250 mm). The solvent gradient progressed from a
100 mM ammonium acetate buffer toward a 100% aceto-
nitrile with a flow rate of 8 ml/min. The percentage of
acetonitrile increased following a course of 0.0% (0 min),
5% (35 min), 10% (60 min), 40% (90 min), and 100%
(120 min).

Proton NMR experiments

One- and two-dimensional NMR experiments were
recorded on a Bruker AMX 500 FT NMR spectrometer.
Phase-sensitive two-dimensional NOESY spectra in D,O
were obtained (TPPI) at 27°C for three mixing times, 100,
250, and 350 ms, and each spectrum was collected using
1024 data points in t, and 512 points in t, with a spectral
width of 5000 Hz. Two-dimensional ROESY, TOCSY, and
DQF-COSY experiments were also conducted on the sample
in D,O. For the assignments of exchangeable protons,
two-dimensional NOESY spectra (150, 250, and 350 ms
mixing time) in H,O buffer solution were recorded at 27
°C using a 1-1 echo pulse sequence with 2.5 s pulse
repetition time, a sweep width of 12000 Hz, and a 90°
pulse width of 12 us. Data were apodized and Fourier trans-
formed using Felix 2.1 NMR data processing software.
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Restrained molecular dynamics -

Interproton distances were determined from the mea-

sured 2D NOE intensities in D,O-NOESY spectrum using
MARDIGRAS program. CORMA and MARDIGRAS were
performed for the single mixing time of 150 ms and
energy minimized starting structure to produce inter-
proton distance restraint. The restraints were applied as
the form of a flat well with a flat, parabolic, and linear
part. The flat region was defined by the lower and- upper
bounds (r, and ry), calculated with MARDIGRAS. The
resulting restraint set consisted of 157 interproton res-
traints including hydrogen bonding restraints for in G/C
and A/T base pairs through 1C/22(3 4T/19A and 8T/15A-
11G/12C.

The initial coordinates and charges for the Pyrrole was
calculated by using MOPAC 5.0 implanted in Sybyl 6.2
(Tripos Associates). The starting coordinates for the
Pyrrole adduct (“flipped-out” model) was generated by
using Sybyl 6.2 and bad contacts in those initial models
were removed by conjugate gradient minimization with
the Amber force field incorporated in Sybyl 6.2. The
initial models were refined by adding the counterions
and energy minimization with Amber 4.1 and then used
for solvated rMD calculation.

The solvated restrained molecular dynamics were
performed with the SANDER (Simulated Annealing with
NMR Driven Energy Restraints) module of Amber 4.1 on
an SCI Indigo2 XZ workstation. For solvated rMD, the
counterions and 64 boxes of 216 Monte Carlo waters
were placed around the energy-minimized B-form adduct
by using AMBER EDIT module. The structure was energy
minimized until the energy gradient converged to 0.1
kcal/mot A", Belly dynamics for water only (0-300 K; 10
ps) was followed by solvated rMD. The rMD simulation
was run for 100,000 x 1 fs steps (i.e., 100 ps) with periodic
boundary condition, constant pressure, and SHAKE on all
bonds. The system was slowly heated up to 700 K over
a period of 65 ps and equilibrated at this temperature for
10 ps. The temperature was then lowered to 300 K over
the next 5 ps and maintained at 300 K to the end of the
rMD simulation (20 ps). Following the temperature pro-
tocol, force constants were increased 40 kcal/mol- A?
(distance restraints) and 20 kcal/mol A? (hydrogen bond-
ing restraints) at 700 K, subsequently reduced by half
during cooling, and kept constant until the end of the
run. After stabilization at 300 K for 20 ps, the final
coordinate set was minimized without restraints to obtain
the reported structure. The trajectories over the last 20 ps
were used for hydrogen bonding analysis (HBOND) and
measurement of the distance between H2 of adenine
and H1” of the 3’-neighbor of the complementary residue
by using of CARNAL module (Amber 4.1). The HBOND
option determines the hydrogen bonding donor-acceptor
pairs located in the distance <4.0 A and the angle <60°.
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‘ For the final stabilization step of the second rMD, the
temperature (at 300 K) and restraint weight (10 kcal/mol

A% interproton distance restraints) kept constant for 30 ps.
From the trajectories over the last. 30 ps, the coordinate
sets were extracted every 2 ps, averaged, and minimized
to obtain the reported structure. The hydrogen bonding
donor-acceptor pairs that located in the distance <4.0A
and the angle <60° were determined, by using the HBOND
option of CARNAL module (Amber 4.1).

RESULTS

Covalent bonding sites are 9A and 20A

The 7 bp cross-linked adduct of the Pyrrole at the 5'-
TTAGTTA* site was prepared using an 11-mer duplex
(sequence shown in Fig. 1). The complete formation of a
single interstrand cross-linked adduct was confirmed by a
strand breakage assay (Reynolds et al., 1985) on 5'-
single-end labeled 11-mer duplexes reated with the
Pyrrole. The cross-linked species was purified by 20%
denaturing polyacryamide gel electrophoresis (PAGE),
thermally treated, and loaded onto the sequencing gel to
determine the drug modified bases, 9A and 20A
(unpublished results). The proton resonance assignments
were determined by comparison of the two-dimensional
NOESY, ROESY, DQF-COSY, and TOCSY spectra of the
free DNA and the drug-DNA duplex adduct in D,O and
H,O. In the NOESY spectra, not all of the expected NOEs
are unambiguously assigned, and a complete assignment
of the aromatic protons from the drug and DNA bases is
not possible due to severe line broadening (Rinkel et al.,
1991; Kennedy et al., 1993) in the region of 7.1-7.4 vs
7.7-7.8 ppm and 7.6-7.8 vs 8.0-8.3 ppm. Although a three-
dimensional homonuclear TOCSY -NOESY experiment
(Radhakrishnan et al., 1992) was also conducted on the
duplex adduct, the data does not improve the resonance
assignment significantly.

As shown in Fig. 2, the sites for the covalent linkages of
the Pyrrole are defined by the drug-to-DNA NOE con-
nectivities obtained from the data of NOESY in D,O and
H,O. The strong NOEs between adenine H2 protons and
H4A and H4B protons, and those between sugar protons
of flanking bases (10C, 11G, 21C, and 22C) and the drug
protons from CPl-units, confirm the location of the drug
modification site (Lin et al., 1990; Seaman et al., 1993).
The NOE connectivities between pyrrole vinylic proton
H4"z and the 6GH2” proton are shown in the D,O-
NOESY spectrum (the strong NOEs for pyrrole H3",/H4";
and the 6GH2’/2” protons are observed in the H,O-
NOESY). The strong NOEs between the indole H7’, and
the 5AH5’/5” are also shown in the D,O-NOESY spec-
trum. These connectivities (Fig. 2) indicate the approxi-
mate positioning of the linker unit of the Pyrrole in the
duplex.
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Base-pairs 5A to 7T are not hydrogen-bonded

The assignments of the exchangeable protons for the
duplex and the drug adduct are demonstrated in the one-
dimensional proton NMR spectra in Fig. 3. The typically
sharp hydrogen-bonded imino proton resonance signals
(Wiithrich et al., 1986) are absent through 5A/18T-7T/
16A base pairs, but are detected for 3T/20A-4T/19A, 8T/
15A-9A/14T, and the flanking GC base pairs (2G/21C and
10C/13G). A disruption of the hydrogen bonding in the
central AGT segment indicates that the DNA conforma-
tional perturbation is induced by cross-linking. However,
some broad resonance signals are observed in the range
of 12.7-13.4 ppm, which is within the range of chemical
shifts for imino protons involved in Watson-Crick base
pairing. A line broadening of these signals may be related
to a conformational exchange behavior of the imino protons
(Cho et al., 1994; Ippel et al., 1995). This is in striking
contrast to the 7 bp cross-linked adduct of Bizelesin on
the same oligomer sequence, in which all the Watson-
Crick base pairings remain intact except for the terminal
frayed bases (Thompson et al., 1995).

Nonexchangeable proton spectra: evidence for the
structural perturbation of the intervening segment
(4T/19A-8T/15A) in the cross-linked site

The nonexchangeable protons for the 11-mer cross-
linked duplex adduct were assigned by analyzing NOESY,
ROESY, DQF-COSY, TOCSY, and 'H-*'P COSY data sets.
The chemical shifts of the nonexchangeable protons and
a comparison of the "H-NMR chemical shifts between
the free DNA duplex and the drug-DNA duplex adduct
are summarized in Table 1. The intra- and inter-residual
NOE connectivities of DNA in the duplex adduct are also
summarized in Fig. 4

The analysis of the "H-'P COSY spectrum reveals that
the chemical shifts of the *'P resonances of the duplex
adduct were dispersed within a range of 1.14 ppm (from
-0.44 to -1.58 ppm relative to external 85% H;PO,, un-
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published results). For a normal B-DNA helix, the *'P
resonances appear within a region of about 1 ppm in
width (Patel et al.,, 1982; Holak et al,, 1984). In com-
parison with the chemical shift dispersion of 0.66 ppm
for free DNA duplex (-0.28 to -0.94 ppm), the structure
of the cross-linked adduct does not significantly deviate
from the B-DNA phosphodiester backbone structure (or
the conformational feature of this adduct does not result
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Fig. 3. One-dimensional proton NMR spectra (9-15 ppm) of
the 11-mer duplex (top) and the cross-linked Pyrrole adduct
in H,0O, pH 6.80, at 27°C. The imino proton assignments
are shown above the spectra, and the imino and phenolic-
OH protons listed in parentheses are from the Pyrrole.
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Fig. 2. Summary of intermolecular drug-to-DNA NOE connectivities between the Pyrrole compound and DNA protons. Solid
arrows indicate strong NOE intensity, and dotted arrows indicate medium or weak.
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Fig. 4, Summary of intra- and inter-residual DNA NOE con-
nectivities in the Pyrrole-11-mer cross-linked adduct. The
dotted line between the DNA bases indicates an assigned
hydrogen bond.

in unusual phosphorus chemical shifts).

Selected H8/H6-H1” and H8/H6-H22"/TCH; regions
of a 350 ms mixing time NOESY spectrum obtained in
D,O buffer at 27°C are shown in Fig. 5 and 6, respec-
tively. The sequential assignments of the base to H1’ con-
nectivities (Hare et al., 1983; Feigon et al., 1983) for
each strand are shown separately in Fig. 5A and B. A
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number of features of the spectra indicate that there is a
significant perturbation of the structure in the cross-linked
site (through 3T/20A-9A/14T). The H8/6-H1’ inter-residue
NOE connectivities are broken at the 5A-6G step on the
top strand, and through 14T-18T on the bottom strand,
suggesting that these bases may not be completely
stacked. Examination of the intra-residue NOE connec-
tivities of each nucleotide shows that the NOE cross-peak
for 5A is strong and broad, 6G and 14T are very weak,
15A and 16A appear very weak and broad, and 17C is
absent. In Fig. 6A, the base to H2/2”, and methyl region
of the same NOESY experiment are shown. As was the
case in the base to H1’ region, there is a disrup-tion of
the inter-residue connectivities through 5A-6G, 8T-9A,
and 16A-17C base steps. If the cross-linked site is
bisected by the central 6G/17C base pair, the right-hand
side is through 7T/16A-9A/14T and the left-hand side is
through 18T/5A-20A/3T. The analyses of the H8/H6-H1’
and H8/H6-H22”/TCH, regions reveal that the structural
perturbation is prominent on the right-hand side of the
bottom strand (see Fig. 4), while the left-hand side is
relatively well organized.

For right-handed helices, a relatively strong NOE between
a base proton and the H5 (or 5-CH;) proton of the sub-
sequent base on the 3"-side is generally observed (Hare
et al, 1983; Feigon et al., 1983). The strong NOEs
between a base proton and the H5 (or CH;) proton of
the 3’-side proton are observed for most of dinucleotide
step in the duplex except for the 5A/18T-7T/16A region.
The corresponding NOE for 17CH6-18TCH; has a weak
intensity even at 350 ms, a relatively high mixing time,
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Fig. 5. Two-dimensional D,O-NOESY spectrum (350 ms mixing time), showing connectivities for aromatic PuH8/PyH6 to H1’
proton and to H1" proton of 5"-neighbor. (A) is for the top strand of the duplex (from 1G to 22G). (B) is for the bottom
strand of the duplex (from 13G to 22G), the broad NOE cross-peaks for 17CH5-17CH6 connectivity are shown in the box.
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connectivities for 6GH8-H2//2" are marked as 'x's. (B) The H2/2" to H1' and H3' proton region of the NOESY spectrum (150
ms mixing time) showing the chemical shift reversal of 6GH2' and 6GH2".

while the NOEs for 6GH8-7TCH; and 16AH8-17CH5
are absent. This pattern indicates that a certain amount of
stacking between 17C and 18T residues is present, which
may not be a conventional B-DNA right-handed helical
stacking, while the 6G-7T and 16A-17C step are either
totally unstacked or only slightly stacked. In summary, the
results obtained from the "H-"'P COSY and D,O-NOESY
data suggest that some residues may have unusual linkages,
structural perturbations, and severe motion in the cross-
linked site of the drug adduct, while the global DNA
conformation retains a right-handed helical structure.

Conformational perturbation of 6G and 17C

It was demonstrated that a centrally positioned G/C
base pair is important for high cross-linking reactivity of
the Pyrrole previously (Park et al., 1996). The NMR data
for the 11-mer duplex adduct obviously reveals a signifi-
cant structural disturbance in the central AGT segment
(through 5A/18T-7T/16A). As shown in Fig. 6A, an intra-
residual NOE for 6GH2’/H2”-6GH8 is absent, but a very
weak NOE to the 3’-side base 7TH6 is present, suggest-
ing an unusual glycosidic linkage for 6G and the existence
of relatively low stacking between residues 6G and 7T.
The NOE intensity for H1-H2” is always stronger than
that for H1-H2’, and the H2” proton resonance is
downfield from the H2 proton resonance in normal B-
form DNA (Reid et al., 1987; Patel et al., 1987). As
shown in D,O-NOESY at 150 ms (Fig. 6B), the chemical
shifts of H2” and H2” are reversed for 6G, while the
corresponding H2” proton resonance is downfield from
the H2’ proton resonance for the unmodified 11-mer
duplex. The corresponding couplings are not observed in
the ROESY (100 ms) data set, and the through bond
coupling for H1-H2’ is very weak in the DQF-COSY
data. The results indicate the conformational perturbation

in sugar pucker geometry at 6G (Weiss et al., 1984a;
Wemmer et al., 1984; Saenger et al., 1984; Kintanar et
al., 1987).

Previous NMR studies on 6 ar 7 bp cross-linked adduct
of Bizelesin (Thompson et al., 1995a; Thompson et al.,
1995b) have shown that the H8/H6 proton resonances
for the centrally positioned DNA bases (2 or 3 base pairs)

4T
s 147

18T

(5°C) 15°C) A {27°C) b (37‘0)‘0

Fig. 7. (A) Expanded H,O-NOESY contour plot (300 ms
mixing time) of the Pyrrole-11-mer cross-linked adduct at 27
°C. Two sets of NOE cross-peaks for 17CH6-17CH2/2" are
assigned. (B) One-dimensional proton NMR spectra (1.0-2.0
ppm) in H,O, pH 6.80 between 5°C and 37°C. The assign-
ment of thymine 5-CH, protons are shown above spectra.
The temperature-dependent change of line-shape for 18T5
CH, is denoted by asterisks.
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in the cross-linked sites were uniformly upfield-shifted
due to the Bizelesin cross-linking. A comparison between
the chemical shift changes of the H8 and H6 protons (see
Table 1) of the central AGT/ACT bases shows that the
chemical shifts are significantly up-field shifted except for
the 6G, which is 0.18 ppm down-field shifted. It is
known that an extrahelically positioned base proton is
deshielded and largely down-field shifted (Morden et al.,
1993; Cosman et al., 1994; Cosman et al., 1996). The
HB8/H6 chemical shifts for the central AGT/ACT bases do
not provide strong evidence for any of the bases being
out of helix. However, a unique down-field shift of 6GH8
is noticeable, which may be related to different geometry
and low stacking of 6G in the duplex adduct.

The H5 and H6 protons of 17C are assigned through
a combined analysis of the NOESY, ROESY, and TOCSY
spectra recorded in D,O buffer. The NOE cross-peak for
the H5-H6 of 17C is very broad, which is apparently a
mixture of two cross-peak species at 27°C (see Fig. 5B).
In addition, the NOEs between 17CH6 and 17CH2/H2"
appear as two separate sets in H,O-NOESY, as shown in
Fig. 7A. These results indicate that 17C may be in a slow
conformational equilibrium state at 27°C (Cho et al.,
1994). Not unexpectedly, the through bond coupling for
the H5-H6 of 17C is not observed in the DQF-COSY
data, which is due to the extreme line broadening of the
corresponding resonances (Weiss et al., 1984b; Petros et
al., 1990). The temperature dependency of the thymine-
5CH; protons (1.0-2.0 ppm) in the duplex DNA adduct
between 5 and 37°C (Fig. 7B) reveals that the lineshape
broadening is observed for 18TCH; upon lowering the
temperature. At 5°C, the resonance signal for 18TCH, is
detected as two separate peaks. The 5-CT step is a
structurally labile site with the low stacking interaction
and has the propensity to form a kink in the DNA
structure (Sun et al., 1993; Singh et al., 1994; el Hassan
et al., 1996; Dlakic et al., 1996; Subirana et al., 1997).
The inherent conformational flexibility of the 17C-18T
step may be entrapped by the Pyrrole cross-linking, and
then revealed as a slow conformational equilibrium state
in the final Pyrrole cross-linked adduct structure. The
conformational equilibrium of 17C-18T while maintain-
ing a certain amount of stacking interaction is a pivotal
point for the more severe structural perturbation of the
right-hand side, in contrast to a relatively organized left-
hand side in the cross-linked site.

A model derived from restrained molecular dynam-
ics (rMD) analysis reveals that 6G is displaced toward
the major groove

Several different initial models of the cross-finked
adduct were generated by using various drug conformers
and a standard B-form DNA. Initially, the rMD calcula-
tion did not work properly on the B-form DNA models.

H. -). Park

Thus a “flipped-out” model was generated by breaking
the backbones next to 17C and manually inserting a
flipped-out cytosine into the gap. A “flipped-out” model
is designed by taking into account the absence of hydro-
gen bonding around this base pair and the inherently
weak stacking interaction in the 5"-CT step. By using the
“flipped-out” model (Fig. 8A) as a starting structure, the
rMD calculations were conducted in two continuous
steps. For the first rMD, the DNA-to-DNA and the DNA-
to-CPls restraints were given, and a resulting coordinate
set was used as a starting coordinate for the second rMD,
where the DNA-to-(indole)-pyrrole unit restraints were
added (see Fig. 2). The coordinate sets (every 2 ps) were
extracted from the final 30 ps stabilization step of the MD
trajectories, averaged, and minimized to produce a final

Fig. 8. (A) [d(ICGTTAGTTACG)(GCTAACTAACG)])-Pyrrole cross-
linked adduct model. The rMD starting structure, a view
looking into the minor groove. Extrahelical positioning of 17
C is indicated by the arrow. Colors are green (adenine), red
(thymine), cyan (guanine), orange (cytosine), magenta (back-
bone), and yellow (drug molecule). (B) Side stereoview of the
averaged rMD structure (30 ps, 300K) with the minor groove
on the right and the major groove on the left. Note the
displacement of the 6G (yellow) toward the major groove.
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rMD structure shown in Figure 8B. The behavior of 6G
and 17C observed in the rMD simulations agrees with the
characteristics of those bases shown in the NMR analysis.

Examination of the structural changes during MD
reveals that the flipped-out 17C becomes intrahelical and
the 6G is displaced toward the major groove after the
second stage of the rMD, as shown in Fig. 8B (the side
view). A displacement of the 6G is due to the NOE
restraints between the indole-pyrrole subunit of the drug
and the 5A-6G step of the DNA. A steric repulsion may
displace the 6C toward the major groove, and in the
process cytosine can change its direction of motion into
the helix.

An analysis of the second MD trajectories reveals that
the hydrogen bonding between 6G-2NH, and the amide
carbonyl oxygen (O10) occurs in an early stage of MD
(similar to the 7 bp cross-link of Bizelesin on the same
sequence), and the hydrogen bonding between 17C-
4NH, and the amide carbonyl oxygen (O117) exists with
a 100% occurrence in the final stabilization stage.

DISCUSSION

Previous 'H-NMR analysis and rMD study on the 7 bp
cross-linked adduct of Bizelesin on the 5’ -TTAGTTA* site
suggested that the hydrogen bonding between the car-
bonyl of the ureylene and the 2NH, group of 6G is
important for the formation of the 7 bp cross-linked
adduct rather than 6 bp. The cross-linking efficiency of
the Bizelesin on the 5-TTAGTTA* site is about 40%, and
that for the Pyrrole is about 95% indicating a high
preference for this site. Bizelesin is somewhat short for
spanning 7 bp, while the Pyrrole is long enough to cover
7 bp. To compare the sizes of the most energetically
stable conformers of Bizelesin and the Pyrrole, the
difference is about 4 A, which is close to the rise per
residue for B-form DNA (3.4 A). Why doesn’t the
shorter compound (Bizelesin) disturb the DNA structure,
while the compound with a more suitable size (the
Pyrrole) disrupts the DNA structure significantly? This
phenomenon suggests a more active role of the linker
unit rather than a simple size fit for the formation of the
DNA cross-link.

For the Pyrrole, the length of the linker is extended in
comparison with Bizelesin, but the linker unit may still be
rigid (or more rigid) due to the stability of the pyrrolo-
dicarbonyl unit, which consists of conjugated double bonds
having delocalized electrons to generate resonance
structures. In addition, intramolecular hydrogen bonding
between pyrrole-NH and carbonyl oxygen may also be
possible, and therefore those factors should restrict the
geometry of the linker unit of the Pyrrole (i.e., pyrrole-
NH and carbonyl oxygens are oriented toward the same
side). As suggested previously, the favored geometry of
the linker unit may be involved in hydrogen bonding
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donor-acceptor pairings with the 6G, which may be
related with the preferential recognition of centrally
positioned G/C base pair for high activity. To achieve
those interactions, relatively hydrophilic moieties of the
linker unit (pyrrole-NH and carbonyl oxygens) should
contact the N3 and the 2-NH, group of the 6G in the
hydrophobic DNA minor groove pocket. This may result
in the disruption of the hydrogen bonding between base
pairs of AGT segment and the displacement of the 6G
toward the major groove.

Although the NMR data provide strong evidence of
conformational heterogeneity in the intervening sequ-
ences of the Pyrrole adduct, a weak B-DNA-like charac-
teristic is still observed in that region. A normal B-DNA
behavior is retained in the region of drug-modified bases
and flanking base pairs. Overall, the duplex adduct of the
Pyrrole has more propensities for a B-form-like DNA
structure rather than a highly distorted, looped-out struc-
ture, despite the absence of Watson-Crick base pairings
in the three central base pairs. This structural consequence
of the Pyrrole adduct also supports the previous sugges-
tions (Seaman et al., 1996) about the mechanism for the
formation of a DNA-DNA interstrand cross-link. The first
monoalkylation of the CPI unit generally induces a bent
DNA structure, and the DNA should be reorganized to
scatter bending distortion and restore a B-form like
conformation at the second alkylation site to form a
cross-link. The structural consequences of the Pyrrole
cross-linked adduct at an asymmetric 5 -TTAGTTA*-3’
sequence implicate the pathway of cross-linking reaction.
The previous study using the monoalkylative CPI drug
revealed that, on the 5-TTAGTTA-3’ sequence, the mono-
alkylation is preferred at the 5-TTA* site rather than 5’
TAA* (Thompson et al., 1995b). Definitely, the first mono-
alkylation by the Pyrrole should occur at the right-hand
side 5'-TTA* (A* is 9A in the 11-mer duplex), and then
the second alkylation occurs at the left-hand side 5"-TAA*
(A* Is 20A) to form a cross-link. To accomplish the second
alkylation, the left-hand side 5"-TAA segment (18T/5A-
20A/3T) should be reorganized to B-form like conforma-
tion. In this process, the ordered conformation of the
prealkylated right-hand side 5-TTA* segment (7T/16A-9
A*/14T) could be sacrificed to dissipate the monoalkyla-
tion-induced structural distortion that propagated toward
the 5’-side. This explains the conspicuous structural per-
turbation on the right-hand side (especially through 14T-
17C) and a relatively organized left-hand side (through
18T-20A).
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