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Abstract: The development of sequence-specific minor groove binding ligands is a modern and rapidly growing
field of research because of their extraordinary importance as transcription-controlling drugs. We performed
three molecular dynamics simulations in order to clarify the influence of minor groove binding of two
ImHpPyPy-â-Dp polyamides to the d(CCAGTACTGG)2 decamer in the B-form. This decamer contains the
recognition sequence for thetrp repressor (5′-GTACT-3′), and it was investigated recently by X-ray
crystallography. On one hand we are able to reproduce X-ray-determined DNA-drug contacts, and on the
other hand we provide new contact information which is important for the development of potential ligands.
The new insights show how theâ-tail of the polyamide ligands contributes to binding. Our simulations also
indicate that complexation freezes the DNA backbone in a specific BI or BII substate conformation and thus
optimizes nonbonded contacts. The existence of this distinct BI/BII substate pattern also allows the formation
of water-mediated contacts. Thus, we suggest the BI h BII substate behavior to be an important part of the
indirect readout of DNA.

Introduction

Small polyamide molecules can bind in a sequence-specific
way to the minor groove of B-DNA1-13 and are therefore able
to influence the expression of specific genes.14-16 These ligands
and other recently designed molecules with the potential to
control transcription17-19 are of great interest as antitumor,
antiviral and antimicrobial agents.20-33 Often a dimeric com-

plexation of these ligands is observed.34-36 In the case of the
polyamides studied here, such a dimer binds in an antiparallel
arrangement, by building specific contacts with the DNA.
General pairing rules were developed, allowing the prediction
of the specificity from the side-by-side pairing of aromatic
pyrrole (Py), imidazole (Im), and hydroxypyrrole (Hp) amino
acids. An antiparallel pairing of imidazole opposite pyrrole
targets a G‚C base pair, while the reversed pyrrole opposite
imidazole recognizes a C‚G pair.2,11 A hydroxypyrrole/pyrrole* Corresponding author.
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pair is able to distinguish T‚A from A‚T base pairs. Recently,
Kielkopf et al.2 established the underlying structural basis by
determining the crystal structure of the d(CCAGTACTGG)2

decamer in the B-form complexed by two ImHpPyPy-â-Dp
polyamides (see Figure 1;â, â-alanine; Dp, dimethylamino-
propylamide). In contrast, the ImPyPyPy-â-Dp polyamides are
not able to distinguish T‚A from A‚T.

The ImHpPyPy-â-Dp polyamides bind as an antiparallel
dimer in the minor groove of the d(CCAGTACTGG)2 DNA.
The sequence specificity for T‚A over A‚T is explained by the
formation of contacts with the asymmetric C2-cleft of adenine
and with the double hydrogen bond acceptor potential of the
thymine-O2.

Beyond direct base pair contacts, the conformational changes
during ligand binding can be a major contributor to sequence-
specific recognition processes. The roles of bending, unwinding,
and other recognition tools in the indirect readout have been
investigated extensively.21,37-55 Backbone conformations of
B-DNA such as BI/BII could be another important grammatical
element in the recognition processes. The two substates BI and
BII are defined by different conformations of the sugar phosphate
backbone. In the BII state, the phosphate group is rotated toward
the minor groove (Figure 2).

The changes are best described by theε andú angles of the
DNA backbone or by the angle difference (ε - ú). In the BI

state, the correspondingε andú angles are between 120° and
210° (trans) and between 235° and 295° (gauche-), respectively.
For BII, theε angle lies between 210° and 300° (gauche-), and
ú lies between 150° and 210° (trans).56-58 The angle difference
(ε - ú) is close to-90° for BI and+90° for BII phosphates.59

The existence of these substates was first pointed out by Gupta
et al.60 and later confirmed by different experimental and
theoretical methods.61-71

A high-resolution X-ray analysis of the d(CCAGTACTGG)2

DNA72 and the above-mentioned study of the d(CCAG-
TACTGG)2-polyamide complex indicate that, despite entropic
costs, ligand binding may stabilize a certain backbone confor-
mation. An unusual BII phosphate at the G4-T5 step was
observed, and the BII phosphates of P3 and P5 (numbering
is according to Figures 7 and 8) are changed in the complex
to BI.
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Figure 1. Chemical structure of the ImHpPyPy-â-Dp polyamide (Im,
imidazole; Hp, hydroxypyrrole; Py, pyrrole; Am, amide;â, â-alanine;
Dp, dimethylaminopropylamide). Numbering scheme is according to
Kielkopf et al.2

Figure 2. Side view of a base step in conformation BI (top; the PO2

group is approximately parallel to the base plane) and BII (bottom; the
PO2 group is oriented normal to the base plane). The interconverting
phosphates are marked by an arrow.
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We performed one molecular dynamics (MD) simulation of
the complexed and two simulations of uncomplexed d(CCAG-
TACTGG)2 decamer in order to investigate the influence of the
polyamide complexation. As starting structure for the DNA
complexed with the two ImHpPyPy-â-Dp polyamides, the X-ray
structure from the Nucleic Acid Database73 was used (NDB ID
) BDD002).2 The X-ray data of the uncomplexed d(CCAG-
TACTGG)2-DNA (NDB ID ) BD0023)72 and the structure of
the DNA in the complex were used as starting structures for
the two MD simulations of the uncomplexed DNA.

Analyses of the resulting conformational behavior throughout
the simulations indicate that complexation suppresses BI h BII

substate transitions, which is in agreement with the above-
mentioned observation of the stabilization of a certain backbone
conformation.72 Thus, stable BI/BII backbone conformations
seem to optimize nonbonded interactions and enable the
formation of water-mediated contacts, supporting the influence
of the backbone substates for the recognition process. These
water-mediated contacts target theâ-Dp tails of the polyamides,
enabling an effect on binding in a way that has not been (to the
best of our knowledge) observed before.

The polyamide-DNA hydrogen bonds of the X-ray structure
are found to be stable during the whole simulation, but at the
â-Dp tails the polyamide molecules exhibit the greatest flex-
ibility, resulting in conformational transitions. These transitions
provide new DNA-ligand contact information. Together with
the above-mentioned water-mediated backbone contacts, they
may be important for the design of new DNA targeting drugs.13

Methods

The simulation of biologically interesting molecules such as
DNA74-77 and DNA-ligand complexes has proven to be a valuable
tool for a deeper understanding of structural and dynamical properties.
An important advantage of MD simulations is the possibility to study
dynamical effects. The inclusion of the long-range interactions via the
Ewald summation in the form of the so-called particle mesh Ewald
method allows the calculation of stable B-form DNA trajectories.78-80

To take advantage of findings of previous extensive simulations,69,81-83

protocols employed therein were directly adapted for our needs. We
carried out three simulations as described below:

(A) As starting structure for the simulation of the d(CCAG-
TACTGG)2-(ImHpPyPy-â-Dp)2 complex, the crystal structure (NDB
ID ) BDD002) was used. Each strand of the DNA has nine PO4

-

anions, and each of the two polyamide ligands has one positive charge.
To achieve electroneutrality, 16 Na+ counterions were added using the
program CION of the AMBER84 package. Subsequently, solvation of
the DNA with TIP3P Monte Carlo water boxes requiring a 12 Å solvent
shell in all directions resulted in a system with dimensions 62.1881×
47.1987× 48.5762 Å3, containing 3914 water molecules. The corre-
spondingΓ value (water/nucleotide) is 195.7. The simulation was
carried out using the AMBER584 package with the all-atom force field
of Cornell et al.,85 with the modifications by Cheatham et al.86 The
force field parameters for the polyamides were selected in analogy to
existing parameters in the force field (available as Supporting Informa-
tion). Charges were derived using the RESP87 charge fitting procedure
(multiconformational RESP). The ab initio electrostatic potential for
RESP was calculated using GAUSSIAN9488 at HF/6-31G* level of
theory.

(B) As starting structure for the first simulation of the uncomplexed
d(CCAGTACTGG)2-DNA, the coordinates of the crystal structure from
the DNA complex (NDB ID) BDD002) were used. Each strand of
the DNA has nine PO4- anions, so 18 Na+ counterions were added to
achieve electroneutrality. The solvation of the DNA resulted in a box
of dimensions 61.0420× 48.6202× 48.3249 Å3, containing 3998 water
molecules. The correspondingΓ value is 199.9. The simulation was
carried out using the AMBER584 package with the all-atom force field
of Cornell et al.,85 with the modifications by Cheatham et al.86

(C) The starting coordinates for the second simulation of the free
d(CCAGTACTGG)2-DNA are from the crystal structure of the un-
complexed decamer (NDB ID) BD0023). The same procedure as for
simulation B was employed, resulting in a box with dimensions 61.4806
× 47.0463× 47.8060 Å3 and aΓ value of 193.85.

Minimization/Equilibration. First, 500 steps of minimization were
carried out with harmonic restraints of 25 kcal mol-1 Å-2 on DNA,
counterion, and ligand positions. During the following five 100-step
minimizations, the restraints on the counterions were relaxed faster than
those on DNA and the ligand. Finally, 500 steps of unrestrained
minimization were carried out. For the equilibration, a similar procedure
was applied. After the constant volume system was heated over 10 ps
from 50 to 300 K while the DNA and ion positions were kept constant,
the harmonic restraints were reduced over the following 25 ps, on the
counterions faster than on the oligonucleotide and ligand, using constant
pressure and constant temperature conditions. Finally, 5 ps of unre-
strained equilibration was carried out before the trajectory was generated
for a further 2960 ps (simulation). The temperature bath coupling was
achieved by using the Berendsen algorithm89 (coupling constant) 0.2
ps for solute and solvent).

General simulation parameters were kept constant during the whole
simulation: 2 fs time step, SHAKE constraints of 0.00005 Å on all
bonds involving hydrogen atoms, 9 Å nonbonded cutoff, and 0.00001
convergence criterion for the Ewald part of the nonbonded interactions.
The structural information was collected every 50 steps (0.1 ps). The
resulting trajectory was analyzed with the carnal module of the
AMBER5 package, and snapshots (collected every 200 ps) were
investigated with different visualization programs.90,91 Distances be-
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tween the heavy atoms (hydrogen bond acceptor and donor atoms) of
3.5 Å or less are interpreted as hydrogen bonds. A schematic description
of the complex is given in Figure 6.

Results

Beyond the energy (Figure 3), which is stable during the
whole simulations, the root-mean-square (rms) value is a good
indicator that a system has reached equilibrium. Figure 4
demonstrates that the system reaches equilibrium very fast
because after 500 ps no shift of the rms value is observable
and only small fluctuations occur.

The mean value of the rms deviation for the whole complex
is 1.88 Å, and it is 1.24 Å (Figure 4) for the ligands alone,
which is in the range of a stable simulation. Thus, the poly-
amides exhibit a significantly larger flexibility than a previously
investigated minor groove binder (netropsin: rms) 0.79 Å).92

The â-Dp tails of the polyamide molecules show the greatest
flexibility, resulting in a correlation between the rms deviation
of the ligands and the contact distance between the positively
charged nitrogen of the ligands and cytosine-O2 (not shown).
Thus, the flexibility of theâ-Dp tail, which is indicated by the
distance plot, is the major contributor to the rms deviation of
the ligands. Visual analysis of the trajectory with gOpenMol91

and superpositions of the structures show that the transition is
a 90° rotation of the N+(CH3)2 group. In one conformation, both
methyl groups are normal to cytosine2-O2 (Figure 5, right), and
in the other conformation one methyl is directly between the
cytosine2-O2 and the N+, preventing close contact, presumably
by steric hindrance (Figure 5, left). In the case of the close
contact, the hydrogen of the protonated nitrogen is able to build
a hydrogen bond. This bond may be important in order to
stabilize the complex, but it cannot be responsible for sequence
specificity, because all four possible base pairs have a hydrogen
bond acceptor in this place of the minor groove.

Figure 5 show results from only one of the two dimeric bound
ligands, but all mentioned results are valid for both ligands, as
pointed out in Figure 6. The other freely rotatable single bonds
of the flexible polyamide tails, surprisingly, exhibit no such
distinctive conformer substate behavior.

Further analysis of the other DNA-ligand contacts reveals
the above-mentioned high flexibility of theâ-Dp tail of the

polyamide and the rigidity of the ImHpPyPy part, because the
contacts of the ImHpPyPy part are all stable with small standard
deviations. Thus, only the tails of the ligands bind in a
multimodal way to the DNA, and each polyamide tail interacts
with the opposite DNA strand (Figure 6). The hydrogen bond
lengths of the simulation and of the X-ray structure are listed
in Table 1, showing that the X-ray-described hydrogen bonds
can also be found in the simulation.

Although the simulation generally confirms the hydrogen
bonds of the X-ray structure and thus no new binding mode is

(90) Sayle, R.; Mu¨ller, A.; Bohne, A.rasmol2.6ab9; Molecular Modeling
Group, German Cancer Research Center, 1999.

(91) Laaksonen, L.gOpenMol 1.21;Centre for Scientific Computing,
Espoo (SF), 1996.

(92) Wellenzohn, B.; Winger, R. H.; Hallbrucker, A.; Mayer, E.; Liedl,
K. R. J. Am. Chem. Soc.2000, 122, 3927-3931.

Figure 3. The graph indicates that the energy is stable during the
simulation, which is a good indicator that equilibrium has been reached.

Figure 4. Rms deviation in angstroms with respect to the structure
after the equilibration (top graph). The top curve describes the rms
deviation of the complex (DNA and the two polyamide ligands), and
the bottom curve is the rms value for the two ligands alone. The mean
value of the top curve is 1.88 Å and that for the bottom curve is 1.24
Å. The bottom graph indicates the rms deviation with respect to the
X-ray structure.

Figure 5. Structures of the two stable polyamide conformations. In
the right structure, the two methyl groups of the positively charged
nitrogen look away from the cytosine2-O2, thus allowing a short contact
distance. In contrast, in the conformation of the left structure, one methyl
is between the nitrogen and the O2 (indicated schematically by the
van der Waals radius of the methyl group and O2) and prevents a close
contact by steric hindrance. The pictures were made with rasmol.90
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observed, the fine structure of the simulated complex differs in
several ways from the experimentally determined data.2 The
hydrogen bonds of the hydroxypyrrole-OH (Hp-O) to the A‚T
base pair are of extraordinary interest because they allow the
ligand to differentiate between A‚T and T‚A. So, our simulation
suggests that the Hp-O to A-C2 hydrogen bond is longer (Table
1) and thereby less important than the above-mentioned publica-
tion2 suggests. The differences between the solution and the
crystal structure data cannot be assigned to one single transition;
they rather result from deviations in the overall structure.

Recently, Kielkopf et al.72 considered whether binding
stabilizes a certain backbone conformation of the d(CCAG-
TACTGG)2-polyamide complex. This local stiffening induced
by drug binding, which results in unfavorable entropic costs,
was observed several times and may play an important role in
sequence specificity. We investigated the influence of drug
binding on the BI h BII transition behavior by simulating
(molecular dynamics simulation) the complexed and uncom-
plexed DNA. As a starting point for the complexed system
(simulation A), we used the X-ray structure. For the uncom-

plexed DNA we performed two simulations. As a starting point
of the first uncomplexed DNA simulation, we only removed
the ligands from the complexed DNA structure (simulation B),
and the second simulation was started from the X-ray structure
of the uncomplexed DNA (simulation C).

Figure 7 shows that, in contrast to the unbound DNA in the
complexed DNA, almost no BI h BII transitions occur in the
complexed region. Thus, the polyamide dimer keeps the
backbone in a particular conformation, thereby stiffening the
DNA. It is worth mentioning that in the region in which the
polyamides are in a dimeric arrangement, the BI conformation
is dominating, despite the observation that the BII conformation
widens the minor groove.93 This is an indication that the effect
of complexation on the BI h BII behavior is not the result of
steric hindrance, but rather is the result of an optimization of
the nonbonded contacts. This explains how the entropic cost
from the loss of the conformational freedom is compensated.
Changes in the hydration of the grooves are known to be
essential for BI/BII substate transitions.68,94 The complexation
of the DNA prevents the minor groove hydration, and thus these
essential changes cannot occur, which may be another reason
for the substate freezing.

To be sure that this result is not an artifact of the starting
structure (the same complex structure for simulations A and
B), we simulated the same sequence by using the X-ray
structure72 (NDB ID ) BD0023) as starting structure (simulation
C). This system exhibits a BI h BII transition flexibility (Figure
8) comparable to that of simulation B. The phosphates are able
to interconvert between the two substates, thus supporting the
above-mentioned results of the DNA stiffening by complexation.
A more detailed analysis of other structural aspects of simula-
tions B and C will be given elsewhere.95

(93) Grzeskowiak, K.; Yanagi, K.; Prive´, G. G.; Dickerson, R. E.J. Biol.
Chem.1991, 266, 8861-8883.
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(95) Wellenzohn, B.; Flader, W.; Winger, R. H.; Hallbrucker, A.; Mayer,
E.; Liedl, K. R. J. Phys. Chem. B2001, 105, 3135-3142.

Figure 6. (Left( Schematic representation of the complex (the numbering scheme is referring to Figure 1) showing the hydrogen bond contacts of
Table 1 and the other observed tail contacts (direct and water mediated). The phosphates, which are frozen in a particular BI/BII backbone substate,
are indicated by arrows. The right structure is a snapshot (at 1.5 ns) from the simulation.

Table 1. Contact Distances between d(CCAGTACTGG)2 and
Ligand 1 (I.e., the Left ImHpPyPyâDp in the Schematic
Representation of Figure 6) and Ligand 2 (I.e., the Right
ImHpPyPyâDp in Figure 6)a

distances as
indicated in

Figure 6

X-ray
ligand 1

(Å)

X-ray
ligand 2

(Å)

simulation
ligand 1

(Å)

simulation
ligand 2

(Å)

Am1-N to T-O2 2.5 3.0 3.1 3.1
Am2-N to A-N3 3.2 3.8 3.3 3.4
Am3-N to C-O2 3.5 3.4 3.0 3.1
Am4-N to T-O2 3.1 3.1 3.0 3.0
Hp-O to T-O2 2.8 2.8 2.9 2.9
Hp-O to A-C2 3.5 3.4 3.8 3.8

a The values for the simulation are the mean values over the whole
simulation, and the X-ray values are from Kielkopf et al.3 The adenine
of Hp-O to adenine-C2 and the thymine of Hp-O to thymine-O2 contact
belong to the same A‚T base pair. These Hp-O to adenine-C2 contacts
are not indicated in Figure 6 because of the clarity of the schematic
representation.
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The driving force behind the freezing of a particular substate
may be the formation of better contacts between the ligand and
DNA, but, through the particular BI h BII conformation
optimized, direct contacts are only one possible way this substate
pattern can influence binding.

It is also conceivable that the conformational substate pattern
influences water-mediated DNA-ligand bridges. Such water-
mediated backbone contacts are already known to be important
for sequence specificity in this recognition sequence.96 The
fourth and the fourteenth phosphates of the complex remain
stable in BII during the whole simulation. In this BII conforma-

tion, one negative charged oxygen faces in the minor groove
toward the tail of the ligand. Only this arrangement enables the
formation of water-mediated contacts between the ligand and
the phosphate oxygen. We analyzed snapshots of our trajectory
and found that in 75% of the snapshots at least one water-
mediated contact exists between the phosphate oxygens of P4
or P14 and the tail of the ligand (Figure 9). This water-mediated
contact could explain why P4 and P14 are stabilized in BII and
demonstrates a second possibility of how the BI h BII behavior
can influence binding. Thus, our results give a new molecular
insight into the important role of the polyamide tails for binding,
being valuable in the design of new DNA targeting drugs.

Summary and Conclusion

We performed three MD simulations in order to investigate
the effect of the complexation of the d(CCAGTACTGG)2

decamer with two ImPyPyPy-â-Dp polyamides. Conformational
transitions at the drug’s termini were discovered, resulting in
new contact information, which is useful for the design of new
potential drugs. A detailed analysis of the effect on the BI h
BII substate behavior emphasized the possible importance of
these substates in the recognition process. The DNA seems to
adopt a particular substate in which the nonbonded contacts
between drug and DNA are optimized. This indirect readout
could also work through water-mediated contacts, as our
simulation showed.
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Figure 7. Conformational substates (BII) as a function of time. The
time the respective (ε - ú) angle is in substate BII is marked by a
black line/dot. The top graph corresponds to the simulation of
complexed DNA (simulation A), and the bottom picture describes the
behavior of the uncomplexed DNA (simulation B). Enumeration of
the interconverted phosphate groups is according to Kopka et al.97 and
is represented in the schematic description on the top.

Figure 8. BI/BII substate behavior of simulation C. The phosphates of
the complexed region are able to interconvert between both substates,
indicating that the above-mentioned results are not an artifact of the
starting structure.

Figure 9. Schematic representation of the water-mediated contact (R1

) ImHpPy, R2 ) HpPyPy-â-Dp). Distances between the hydrogen bond
acceptor and donor (heavy atoms) of 3.5 Å or less can be interpreted
as hydrogen bonds and are represented by a dashed line. For clarity,
only one of the two possible contacts (P4 and P14) is indicated in this
graph. In the BII conformation, the phosphate group is rotated toward
the minor groove, making the water-mediated contact possible.
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