
Molecular Dynamics of Water Mediated Interactions of a Linear
Benzimidazole-Biphenyl Diamidine with the DNA Minor Groove

Prashanth Athri* and W. David Wilson
Department of Chemistry, Georgia State University, Atlanta, GA 30303

Abstract
DB921 has a benzimidazole-biphenyl system with terminal amidines that gives the compound a linear
conformation with a radius of curvature that does not match the DNA minor groove shape.
Surprisingly, the compound binds in the groove with an unusually high equilibrium constant [Miao,
Y.; Lee, M. P. H.; Parkinson, G. N.; Batista-Parra, A.; Ismail, M. A.; Neidle, S.; Boykin, D. W.;
Wilson, W. D. Biochemistry 2005, 44, 14701-14708]. X-ray crystallographic analysis of DB921
bound to -AATT- in d(CGCGAATTCGCG)2 showed that the benzimidazole is in position to directly
interact with bases at the floor of the groove while the phenylamidine of DB921 forms indirect
contacts with the bases through an interfacial water. The DB921-water pair forms a curved, flexible
module with a high Ka (or a low Kd) value of binding. To better understand the dynamics of the
DB921-DNA complex and how water can be used in the design of compounds to recognize DNA,
a 100 ns molecular dynamics simulation of the complex was conducted. In addition to the X-ray
conformation some significantly variant, dynamic conformations, which had additional interfacial
water molecules between DB921 and DNA, appeared in the MD simulation. The benzimidazole
contacts remained relatively constant through the entire simulation. The biphenyl-amidine end of the
bound molecule, however, undergoes much larger changes in orientation relative to the floor of the
groove as well as variations in the type of water interactions. The results provide an understanding
of how water couples the linear DB921 compound to the minor groove for tight binding, without a
large unfavorable contribution to the entropy of binding.

1 Introduction
Dicationic heterocyclic systems that bind in the DNA minor groove are promising agents
against the kinetoplastid parasites that cause deadly infectious diseases1. Compounds such as
furamidine (DB75, Figure 1-Top), which have a curvature that complements that of the DNA
minor groove, bind strongly to parasite DNA and cause rapid destruction of the mitochondrial
kinetoplast2, 3. In contrast to the curved compounds, the binding of linear molecules has been
investigated less frequently. The classical model for minor groove binding emphasizes the
complementary curvature of DNA and the binding compound4, 5. This model indicates that
compounds, which are linear or have a large radius of curvature, should bind weakly to the
minor groove. DB921 (Figure 1-Middle), a linear heterocyclic diamidine, however, binds
strongly to the DNA minor groove, even more strongly than curved compounds6. The
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discovery of such linear molecules that bind to the minor groove necessitates the reevaluation
of traditional views with regard to the curvature requirement for binding6, 7, 8, 9.

An X-ray crystal structure of the DB921-d(CGCGAATTCGCG)2 complex has been solved
(PDB ID: 2B0K) with DB921 bound at the -AATT- site6. The structure shows that a water-
mediated, non-covalent interaction between the phenylamidine of DB921 and DNA, in addition
to direct benzimidazole-amidine-DNA non-bonded interactions, can serve to complete the
curvature of the bound system and yield a very energetically favorable complex. It should be
emphasized that the complexed water is quite different from the more loosely bound and quite
dynamic water that externally hydrates most DNA minor groove complexes10, 11. The specific
water that links the phenyl-amidine of DB921 to the bases at the floor of the groove is different
from stabilizing water molecules observed in minor groove complexes previously7. The
linking water forms hydrogen bonds between the amidine of DB921, which does not directly
interact with DNA bases, and an adenine base. On the other hand, complexes that involve the
binding of traditional crescent shaped compounds in the minor groove are frequently stabilized
by water in or out of the groove, but these are external to the compound-base interactions and
the waters are localized at the ends of the complex or at the outer edge of the minor groove7.

Water molecules, such as the one in the DB921-DNA complex, are often observed to mediate
intermolecular interactions within the binding cavities of macromolecules. Interfacial water
molecules connect two solute molecules by forming hydrogen bonds and/or other interactions
with each of them. These interfacial waters are the subject of active research since they are
essential components in many macromolecular complexes. In many cases, a compound binding
to a macromolecular site is accompanied by the release of localized water molecules that
previously occupied the site12. The gain in entropy by the release of these water molecules is
generally larger than the loss of enthalpy due to breaking hydrogen bonds between the water
molecules and the binding site as they are released into the relatively more disordered bulk
water environment. The conservation of water molecules in an unoccupied binding site results
in a relative entropy loss that may be compensated by the favorable enthalpic contributions of
these interfacial waters12, 13.

The ability of the relatively flexible water molecules to mediate dynamic, noncovalent
interactions by acting as adaptable hydrogen bond donors or acceptors to stabilize ligand-
macromolecule complexes has been observed in both protein and nucleic acid complexes
(recently reviewed12, 14, 15). There are interesting cases when the expulsion of a water
molecule from the binding cavity by ligands actually decreases the binding affinity16. In the
case of the Concanavalin A - trimannoside complex, an analog of trimannoside was designed
to displace the bound water molecule and this resulted in a decrease in binding energy16. In
another study, the modulation of the network of water molecules in the binding cavity of OppA
by various tripeptides was observed to result in higher binding constants by tripeptide variants
that were able to conserve water molecules as opposed to variants that displaced the water17.
The curved compound DB911 binds to the -AATT- minor groove site in DNA significantly
more weakly than the DB921-water complex6. These observations illustrate a critical point –
water molecules in the binding cavity can orient themselves to provide favorable interactions
between the ligand and bioreceptor and hence improve the binding affinity of the compound.

Although bound waters that mediate protein-ligand interactions are well known, the DB921-
DNA complex provides a unique and well-defined system for analysis of water-mediated
binding in the context of a DNA complex. The system also provides valuable new information
for incorporation of water towards the design of new lead scaffolds. To better understand the
dynamics of the bound water observed in the X-ray crystal structure of the DB921 complex as
well as the dynamics of the entire complex, molecular dynamics (MD) simulations have been
conducted. MD simulations can capture dynamic conformational variation of biomolecular
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complexes as a complement to the structural information provided by X-ray and NMR
structures. Further, MD provides a detailed molecular characterization of multiple binding
modes, transitions and their dynamic interconversions that are difficult to obtain by other
methods10, 18, 19. The DB921 simulation detected multiple modes of binding and revealed
that bound waters with different residence times lead to several low energy conformational
states. Additionally, we identified one water molecule that resides adjacent to a nonpolar pocket
between the biphenyl system of DB921 and the -AATT- DNA minor groove site. Simulation
also shows that the biphenyl-amidine part of the DB921 complex is dynamic and involves
multiple conformational modes stabilized by relatively mobile bound waters. Details of a 100
ns simulation of the DB921-DNA complex are reported here.

2 Methods
A. Parametrization of DB921 for use with the Cornell et al. force field

The Cornell force field20 used in the AMBER 9.021 suite of programs contains parameters for
many atom types to reproduce bonded and non-bonded interactions of atoms present in various
chemical bonding environments. These parameters have been extensively used in simulating
the dynamic behavior of nucleic acids, proteins, inter-molecular interactions between
macromolecules, as well as ligand-macromolecular interactions.

Atom types used in force field parametrizations represent a particular atom in a specific
chemical bonding context. In many cases, analogous atom types can be found that represent
the chemical bonding environments for each atom in the compound under consideration.
Though most atom types required to parametrize DB921 were present in the Cornell force field,
the dihedral parameters that suitably reproduce torsional profiles were absent, and a new set
of force field parameters were derived for the DB921 molecule. A detailed discussion of force
field parameters for DB921 is presented in the Supplementary Material (Section 1).

The parametrization procedures we have followed to derive the new set of parameters reflect
standard techniques used in AMBER ff9922 and have been previously outlined by Hopfinger
and co-workers23. An appropriate set of atom types (see the MASS section of Figure S2) was
used to generate these force field parameters with most atom types taken from the AMBER
ff99 parameter set. To ensure reproducibility, the DB921 charges were derived using the R.E.D
(RESP ESP charge Derive) algorithm24 that, sequentially, optimizes geometry using ab
initio methods at the HF/6-31G* level (via GAUSSIAN25), and then uses the RESP26, 27
methodology to obtain atom-centered charges.

B. Molecular dynamics protocol
The starting DNA structure (d(CGCGAATTCGCG)2 duplex) for MD simulations was taken
from the PDB file6 (Figure 2). DB921 was optimized using the new force field parameters (see
Table S1 and Figure S2) and was then docked into the central -AATT- minor groove region
by superposing it on the X-ray crystal structure using SYBYL 6.9.228. The duplex with the
minimized, docked ligand was then stored as a PDB file for use with the AMBER suite. The
DNA complex was placed in a truncated octahedral water box, using the TIP3P29 water model,
of approximately 4000 water molecules by using the LEaP module in the AMBER 9.0 suite of
programs. The image separation distance for the periodic boundary conditions was 19 Å. A
salt concentration of approximately 0.15 M was maintained by adding 28 Na+ ions and 8 Cl-
ions. The MD simulation was performed with the SANDER module of the AMBER 9.0 suite
on 16 CPUs of an Apple Xserve G5 cluster. The simulation progressed at a rate of 26181 s/ns
(∼3.3 ns/day). The experiment was performed in an NPT ensemble with periodic boundary
conditions at a constant temperature of 300 K and a pressure of 1 bar. SHAKE30 algorithm
was applied to all bonds involving hydrogen atoms with an integration time step of 2 fs. The
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Particle Mesh Ewald31 (PME) method was used to handle coulombic interactions and a 9 Å
cut-off was applied on all van der Waals interactions.

In the multistage equilibration protocol32, the DNA-DB921 complex was restrained with a
500 kcal/mol Å2 restraint and the solvent structure of the system was relaxed over 1000 cycles
of potential energy minimization. This was followed by a 25 ps MD to warm up the system
from 100 K to 300 K, with the DNA/ligand held fixed with a 100 kcal/mol Å2 restraint, using
a 1 fs time step. The system was further equilibrated by 25 ps of MD at 300 K, with the restraint
on the complex reduced to 50 kcal/mol Å2, using a 2 fs time step. A five stage minimization
protocol, each of 1000 steps, was then used with the restraint gradually reduced by 5 kcal/mol
Å2 progressively while starting with a 25 kcal/mol Å2 restraint. Finally, since the multiple
minimization steps cool down the system, it was re-heated from 100 K to 300 K using a 10 ps
MD simulation with no harmonic restraints on the complex.

It has been recently reported that MD simulations of 10 ns or more can produce erroneous
representations of α/γ concerted rotations in DNA structures when the AMBER ff99 (or older)
force field is used33. The study shows that large populations of α/γ = (g+, t) were observed
due to single, irreversible α/γ transitions. This bias was found to be particularly obvious in long
range simulations. To correct this, new parameters for the α/γ torsional terms were derived
while retaining the remaining parameters and we have, thus, used the PARMBSC0 force field.
As observed in the original study33, we found very stable values for the α/γ angles in the DB921
complex through the entire 100 ns simulation (see Figure S8 for plots of α/γ angles observed
in this study). Finally, a recent study34 suggests the use of Smith and Dang34 parameters for
Na+ and Cl- ions to avoid aggregation at concentrations greater than 1.0 M. We have used a
lower salt concentration of 0.15 M and have not observed any salt aggregation up to 100 ns of
simulation.

C. Trajectory analysis and characterization of binding mode
VMD35 was used for visualization and analysis of molecular trajectories. For DB921, multiple
binding modes were observed in the simulations and were characterized by Tcl scripts. The
first script constructed a geometric reference plane that was used to partition the trajectory into
the different binding conformations. As shown in Figures 3 and 4 (Label A), three phosphorous
atoms on the DNA-backbone were used to define the reference plane. This plane maintains an
approximately parallel orientation to the floor of the DNA and, importantly, provides a
relatively rigid and visually consistent reference to measure the angle formed by the amidine
group of DB921 (see Supplementary Material, Section 2, for a detailed discussion about the
construction and usage of the reference plane). The angle formed between the line joining the
two nitrogens of the amidine (Label B, Figures 3 and 4), on the phenyl side, to the reference
plane was approximately either 0° or 90° in each frame (see Supplementary Material, Section
2, for a discussion on this approximation). The partitioning of trajectories was based on this
angle measurement of the phenylamidine group of DB921 with respect to the plane (see Labels
A and B in Figures 3 and 4). Further, individual programs were written to calculate the
respective distances and intermolecular interactions that characterize the DNA-DB921
complex in each partitioned trajectory. The programs captured the exclusive interactions that
stabilize the respective conformations in each of the modes. Finally, to capture the residence
time of the water molecule between the DNA minor groove and DB921 (Label C, Figures 3
and 4), we counted the dwell time distribution as described previously36. The time distribution
was then fit to an exponential to get the residence time.

3 Results and Discussion
The goal of the project is to investigate the indirect water-mediated binding of DB921 to the
minor groove as indicated by the X-ray structure (Figure 2), and to describe the dynamics of

Athri and Wilson Page 4

J Am Chem Soc. Author manuscript; available in PMC 2010 June 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the water molecule that mediates the DNA-ligand interaction. Our initial visual inspection of
the trajectories indicated that, in addition to the binding mode observed in the X-ray crystal
structure, two other distinct and persistent conformations were identified. Even though these
three binding modes were distinguishable by visual inspection, the specific interactions that
contribute to facilitate them were not as visually apparent and we conducted a more detailed
analysis of all three structural families.

A. Analysis and Classification of MD trajectories
The X-ray crystal structure of DB921 (Figure 2) provides a reference for the conformational
states seen in the molecular dynamics simulation. Figure 2 describes four interactions of the
ligand (Labels A, B, C and D) that provide multiple non-covalent contacts with the DNA. These
stabilizing interactions include an indirect H-bond network (Label A, Figure 2) connecting A5-
N3 to the amidinium group at the biphenyl side of DB921 that is mediated by a water molecule.
The MD simulation was carried out to further investigate the dynamics of these interactions.

As described in the Supplementary Material (Section 1), two sets of parameters were tested to
determine how well they could reproduce dihedral profiles derived from ab initio calculations.
The first set was from GAFF37 and the second was a new set we have derived. In general,
GAFF has parameters for most commonly used organic molecules and provides a convenient
framework to extend this set to parametrize new molecules. In the case of DB921, atom types
and dihedral parameters present in GAFF were not sufficient to generate the potential energy
profile obtained using the HF/6-31G* basis set (see Figures S5(b), S6(b) and S7(b)). As
observed in other studies38, GAFF may give inaccurate potential barriers for compounds with
aromatic conjugated systems that have torsional freedom. If used directly, they can be expected
to significantly and incorrectly restrain conformational variation of the four dihedrals across
the DB921 molecule during simulation. On the other hand, the modified parameters, which
were partly derived by analogy to the AMBER ff99 force field, induce appropriate torsional
flexibility in the small molecule and, thus, enable sampling of conformational space that
facilitate the diverse intermolecular interactions with the minor groove. The modified set of
parameters is comprised of derived dihedral constants along with parameters (electrostatics
and van der Waals) and atom types that were adapted from the AMBER ff99 force field (see
Supplementary Material, Section 1, for a detailed discussion of the DB921 force field).

In the 100 ns simulation, using these new force field parameters, it was observed that the
conformation of DB921 and its interaction with DNA remain essentially constant on the
benzimidazole side of the molecule throughout the simulation due to strong hydrogen bonds
and close interaction with the DNA minor groove. The interactions on this side are essentially
those observed in the X-ray structure (Labels C and D in Figure 2). On the other hand, there
are large torsional dynamics across the biphenyl system of DB921 and the dihedral formed
between the terminal phenyl and amidine group. These fluctuations sample torsional angles
within the range defined by the respective torsional profiles (see Figures S5(a), S6(a) and S7
(a)). The simulation identified interfacial water molecules that are critical to the structural
variations. A particularly interesting water molecule was present in a dynamic cavity between
the biphenyl group of DB921 and the minor groove of the DNA. Further, the variations are
stabilized by dynamic non-bonded interactions between the amidine on the biphenyl side, water
and DNA. These structural fluctuations in the biphenyl-amidine system are in agreement with
the large B-factors for this area of the DB921-DNA crystal structure6. It was observed that the
amidine (phenyl side) preferred to adopt either a parallel (‖, Figure 3) or a perpendicular (⊥,
Figure 4) conformation with respect to the floor of the minor groove. As described in the
Methods, a reference plane was used to categorize the orientation of the phenylamidine with
respect to the DNA minor groove. The reference plane, which was defined by three atoms of
the DNA (Label A in Figures 3 and 4), allowed partitioning of the trajectories into the various
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binding conformations, counting their respective populations and capturing structural and
chemical features that distinguished the binding modes (see Supplementary Material, Section
2, for a description of the construction of the plane and details about the classification into the
two main binding modes).

A total of three binding modes that had distinct non-bonded interactions were observed in the
simulation. The ‖(Figure 3) conformation is characterized by electrostatic interactions and/or
hydrogen bonds between one or two oxygens of the DNA backbone and the phenylamidine of
DB921 (Label D, Figure 3). Label D in Figure 3 shows lines (in red) drawn from the amidine
to the oxygens in the backbone and highlights participating partners in non-bonded interactions.
Scripts were used to monitor the distances between these substituents. In the perpendicular
conformation (Figure 4) it was observed that there are two possible modes of interaction,
namely, ⊥-Major and ⊥-Xray. The first of these involves the formation of a hydrogen bonding
network involving two or more water molecules between DB921 and DNA (Label D, Figure
4), and is referred to as ⊥-Major. Finally, the ⊥-Xray mode of binding involved interactions
of only one interfacial water molecule (the snapshot of this observed conformation is not shown
separately in any figure since it is very similar to the X-ray crystal conformation shown in
Figure 2). The primary feature of differentiation between ⊥-Major and ⊥-Xray was the nature
of non-bonded interactions due to differences in the number of waters involved in stabilizing
the complex. Note that both the ⊥-Major and ⊥-Xray adopt a conformation that is
approximately perpendicular to the floor of the minor groove (see Figure 4).

B. Bimodal separation between the parallel and perpendicular modes of binding
The scatter plot of the angle made by the phenylamidine nitrogens (considered to be equivalent)
to the reference plane in each frame across the length of simulation is shown in Figure 5. Since
the aim was to check if the angle made by the amidine (Label B, Figures 3 and 4) was either
around 90° (⊥ mode) or 0° (‖ mode) only the absolute values were used. Hence the sign (+ or
-) of the angles is ignored.

As seen in Figure 5, there is a concentration of data points within the range of +/- 20° of 90°
and of 0°. This shows a bimodal split in populations between the parallel and perpendicular
modes of binding with significant concentration of the observed MD conformations into the
two clusters. Since we have used 20 ps snapshots across 100 ns for this analysis, the trajectory
consisted of a total of 5000 frames. The first 250 frames (5 ns) consisted of a large number of
transitory frames and were not used in the analysis. This was considered as the time required
for the system to equilibrate. Across the 4750 frames (95 ns) that were analyzed, the populations
were closely balanced with 2313 frames (46.2 ns) parallel (‖) and 1948 frames (38.9 ns)
perpendicular (⊥). Points that lie in the region between the two clusters in Figure 5 represent
489 frames (9.7 ns) and were classified as transitory conformations. While the X-ray structure
suggested that the binding of DB921 to the DNA minor groove (Figure 2) is facilitated by a
hydrogen bond network that is mediated by a single water molecule (Label A, Figure 2)
connecting A5-N3 and the phenylamidine of DB921, the MD simulations agree and highlight
two other modes of binding denoted by ‖ and ⊥-Major (explained above). The complex stayed
in the ⊥-Xray conformation for an aggregate of 2.4 ns during the simulation. Note that the
percentage population of each of the modes depends on various factors and could be represented
by a higher or lower fraction subject to environment conditions. The ability to jump from the
⊥ mode seen in the X-ray structure to the ‖ mode increases the conformational states of the
bound DB921. These conformational states explain how the compound binds without a large
loss of entropy as compared to curved molecules6.
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C. Interfacial water
An unanticipated observation in the MD simulation was the presence of a long residence-time
interfacial water detected in the region between the biphenyl system of DB921 and the floor
of the minor groove (Label C, in Figures 3 and 4). This water molecule resides in a cavity with
polar and nonpolar regions that is created by the dynamic motions of DB921, water and, to a
less extent, DNA. The DNA that is directly opposite the biphenyl system of DB921 forms the
polar region of the cavity. Specifically, the bases A6 and T20 facilitate the formation of
hydrogen bonds with this water molecule, while the biphenyl system of DB921 forms a
nonpolar wall in the cavity. The oxygen of the water is in the proximity of a partially positively
charged -CH group of this biphenyl system to enable favorable electrostatic interactions.

This observation raises the question of how common a similar water environment is in other
macromolecular complexes. The first crystal structure to show a critical role for water in
completing the interface in a protein-DNA interaction was with the trp repressor-operator
complex39, 40, 41 (PDB ID: 1TRO). Similar to the water molecule (Label C, Figures 3 and
4) in the DB921-DNA complex, a number of water molecules make contacts between nonpolar
protein amino acid side chains with H-bonds to DNA bases. Water 397 in PDB 1TRO, for
example, makes nonpolar contacts to the T6 methyl (O to C distance of 3.44 Å) and the Ala60-
CH3 (O-C of 4.06 Å). It also has polar contacts to the T6 O4 (O-O of 2.67 Å) and other water
molecules.

A recent example, in which water molecules are present in a binding cavity that has polar-
hydrogen bonding regions opposite nonpolar walls, is the P22 repressor-operator complex42.
Water molecules at each end of the DNA binding sequence have interactions similar to that of
the DB921 biphenyl-DNA-water contacts. In the P22 complex (PDB ID: 2R1J), water 70 is
3.47 Å from the C of the T3 methyl and 3.70 Å from the T4 methyl C on the nonpolar face of
the water cavity. Hydrogen bonds are made from water 70 to the Gln 21 amide O (2.72 Å), the
Asn 32 amide N (2.85 Å), and to water 27 (2.83 Å) on the polar side of the binding cavity.
Very similar contacts are made by water 71 on the opposite end of the DNA binding sequence
(T 23 and 24 methyl contacts). This asymmetric polar-nonpolar cavity for water is quite similar
to the cavity with a nonpolar face on DB921 and H-bonds to DNA bases at the floor of the
minor groove.

The various types and energetics of water-mediated protein-DNA interactions have been
recently reviewed15. This type of water interaction must add a favorable Gibbs energy term
to the complex through a combination of terms that include H-bonds, van der Waals and
electrostatic (partial atomic charges) interactions. The interstitial water with its flexible
orientations and properties (particularly as an isolated molecule) fills what would otherwise
be an empty space and provides favorable interactions.

As mentioned in the Methods section, a survival probability function was used to quantitatively
evaluate the dynamics of the long-residence time water in the DB921-DNA complex. The time
distribution fit a first order kinetics exponential function with a correlation coefficient of 0.98
(Figure 6) and the residence time of this dynamic water molecule was found to be 1.6 ns. The
release of this water molecule in transient frames facilitated the shift of the conformation to
the ⊥-Xray, crystal-like, conformation of DB921. The presence of this water molecule acts
like a fulcrum, which pushes the phenyl side of DB921 away from the floor of the minor groove,
facilitating conformational fluctuations that would include torsional fluctuations of the phenyl
system across the phenyl-phenyl bond and the rotation of the amidine group across the phenyl-
amidine bond. The high occupancy rate of this water molecule suggests that the DB921
complex prefers to maintain this conformational flexibility that results in a favorable
contribution to the system entropy.
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This water molecule is pivotal in facilitating the complex to explore the conformational space
available to the biphenyl-amidine of DB921. It should be noted that the X-ray structure (PDB
ID: 2B0K) reported the B-value of the phenylamidine nitrogens to be 58.2 (average) and the
trigonal planar carbon connecting the amidine groups to have a B-value of 44.9. Comparatively,
the B-values of the corresponding atoms on the benzmidazole side amidine are much lower
[nitrogens: 41.6 (average) and carbon: 27.9]. Thus, the X-ray structure indicates that the co-
ordinates of the constituent atoms of amidine on the phenyl side should be expected to vary
more than the benzimidazole counterpart. The dynamic nature of the bound DB921 expands
on the X-ray structure but does not disagree with it since the B-factors at that end of DB921
in its -AATT- complex are quite large and suggest a relatively mobile structure.

D. Parallel Mode of Interaction
The interaction that characterizes the ‖ mode of interaction is the electrostatic association of
the amidine group with the anionic DNA backbone (Labels D1 and D2 in Figure 3). Both these
distances, D1 (blue) and D2 (red) are plotted for the frames that were detected as the parallel
mode of interaction in Figure 7. Note that the distances that are plotted in Figure 7 are from
the phosphate oxygens to the closest amidine nitrogen. Due to the torsional rotation that is
possible, the nitrogens that are associated with D1 or D2 may interchange as the simulation
progresses. The D1 distances range between 1.6 Å to 6.9 Å with a standard deviation of 1.1 Å
and a mean of 2.9 Å. The values of D2 range between 1.6 Å to 7.5 Å with a standard deviation
of 0.9 Å and a mean of 4 Å. The plot suggests that at most times in the ‖ mode the amidine
group maintains optimal distances that are favorable for specific electrostatic interactions with
the oxygens of the phosphate backbone on either strand or at least a strong interaction on one
strand. In other words, the values of D1 and D2 are close to each other and the amidines are
approximately equidistant from the respective oxygens of the phosphate backbone on opposite
strands or, either D1 or D2 is a significantly smaller value, i.e. one of the amidines is very close
to the backbone oxygen on one of the strands. In the case where only one of the amidine groups
is interacting with the oxygen the distances are in the range of 1.6 Å to 2.5 Å.

E. Perpendicular Mode of Interaction
As compared to the ‖ mode, additional dynamic water interactions couple DB921 to the bases
at the floor of the minor groove in the ⊥ conformation. Apart from A6-N3 and T20-O2 that
interact with the long residence time water (Label C, Figure 4), two other DNA atoms, A5-N3
and C21-O2 also stabilize the complex through water mediated networks. Water plays a
principal role in stabilizing the two perpendicular modes of binding. A set of distance-based
criteria was used to identify the transient water molecules that contributed to the stability of
the ⊥ mode of binding (see Supplementary Material, Section 2).

In the ⊥-Major mode of interaction, C21-O2 forms a two water network in which the water
interacting with C21 (Label D2 in Figure 4) has residence times ranging from a few pico seconds
to 0.5 ns. D2 further interacts with D1, which mediates interactions between the interfacial
water molecule, labeled C in Figure 4, and DB921. It can be seen that D2 forms hydrogen bonds
with C21-O2 and also interacts with D1 that in turn interacts with -NH of the biphenyl amidine
of DB921. Compared to D2, D1 is spatially restrained and has better stabilizing contacts. Hence,
it has higher residence times ranging from a few pico seconds to 1.2 ns and an average of 0.6
ns. Water molecule D3 (Figure 4) mediates structure-stabilizing interactions between A5-N3
and C21-O2 (via D2) and, alternatively, A5-N3 and a sugar oxygen (Label D3′, Figure 4) of
the DNA backbone. This A5-N3 bound water has residence times ranging from 60 ps to 0.8
ns. Transient variations of this set of interactions were also observed.

As described earlier, the ⊥ mode includes the ⊥-Xray conformation in which a single water
molecule H-bonds with A5-N3 and forms a direct H-bond interaction with DB921. Unlike the
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⊥-Major mode of interaction, this set of conformations does not involve any direct
participation of T20-O2, C21-O2 or A6-N3 with respect to forming stabilizing water mediated
networks. Apart from the single water-mediated interaction that is exclusive to ⊥-Xray
conformation, as mentioned in Section 3.C, the interfacial water (Label C in Figures 3 and 4)
is expelled from the cavity that is located near the biphenyl region of DB921 in this
conformation.

The nature of interactions between the phenylamidine and DNA in the perpendicular binding
mode is the usual type of minor groove interactions and is also seen at the benzimidazole end
of DB921. The linear shape of DB921, however, still requires amidine-water-DNA indirect
interactions at the phenylamidine. The dynamic results illustrate the variety of water
interactions that can be used to couple DB921 to the floor of the minor groove in the ⊥ mode.

4 Conclusions
For development of new agents that target DNA in chemical biology and therapeutic
applications, it is essential to design compounds that interact with DNA sequences in new and
functionally effective modes of binding. The DB921 complex represents a new minor groove
interaction paradigm that does not fit the classical binding model. The compound has a
benzimidazole-biphenyl system with terminal amidines that result in a linear conformation
without the appropriate radius of curvature to match the minor groove shape. Given these
structural features, it was initially surprising that DB921 binds in the groove with an unusually
high binding constant6. X-ray results from the Neidle laboratory clearly showed that the lack
of curvature of the compound for minor groove binding can be solved by incorporating a water
molecule into the complex. DB921 when paired with water forms a curved noncovalent minor
groove binding module that matches the shape of the groove. In the 100 ns molecular dynamics
simulation of the system, the expected, limited thermal motions in the X-ray conformation of
the complex were observed but also some significantly rearranged conformations appeared
that have additional water molecules to couple DB921 to the DNA bases at the floor of the
groove. The benzimidazole -NH and amidine contacts with the bases remain relatively constant
through the entire simulation. The biphenyl-amidine end of the bound molecule, which is
connected to DNA through water, however, undergoes much larger dynamic changes in
orientation relative to the floor of the groove.

The MD results provide an expanded understanding of how DB921 binds to DNA without a
large unfavorable entropy relative to more classical curved minor groove compounds6. Both
the DB921 phenylamidine and the water molecules that couple it to the minor groove are quite
dynamic. The flexible interaction capability of water is used to full advantage in the different
complexes to accept H-bonds from the amidine and to donate H-bonds to bases at the floor of
the groove. In the most unusual complex observed in the MD trajectories, a water is between
the central phenyl group of DB921 and DNA. The water H-bonds with bases and other water
molecules and has van der Waals and electrostatic interactions with the phenyl of DB921. As
described above, a similar interaction of water that H-bonds to amino acid side chains and other
waters but sits in a pocket with one nonpolar side is also seen in some protein-DNA complexes.
Clearly interaction modes with an interstitial water molecule in the polar-nonpolar cavity
should be included in the array of favorable modules involved in DNA complexes. The
additional DB921-water complexes observed in the MD simulation suggest that modified
derivatives to replace or enhance the water-phenyl interaction should be possible. For example,
replacement of the central phenyl with a pyridine or pyrimidine can provide a nitrogen to accept
an H-bond from the internal water and stabilize the complexes shown in Figures 3 and 4. On
the other hand, change of a -H on the internal face of the central phenyl with a -OH can stabilize
the water networks shown in Figures 3 and 4 while replacing the long residence time water
with the appropriately placed -OH. Synthesis of such modified compounds is in progress.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Top: DB75, a classical minor groove binder with a curvature that is complementary to the
minor groove. Middle: DB921, a linear benzimidazole, biphenyl diamidine. The amidine on
the phenyl is the one described in detail in the text and figures. Bottom: DNA segment with
the number scheme used in the text and figure.
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Figure 2.
The DB921-d(CGCGAATTCGCG)2 X-ray structure (PDB ID: 2B0K) with added protons.
Yellow colored cylindrical lines represent hydrogen bonds formed between groups at the start
and end points of the line. Hydrogen bonds are defined as interactions between acceptor and
donor atoms that are less than 3.4 Å apart. Legends: (A) Water-mediated, hydrogen-bonding
interaction between the phenylamidine of DB921 and A5-N3 (see numbering scheme in Figure
1-Bottom) of the DNA minor groove. (B) Two short C – H•••N/O type interaction of –CH of
the central phenyl of DB921 with A6-N3 and T20-O2. (C) Bifurcated H-bonded interactions
of the inner benzimidazole nitrogen (-NH) with T7-O2 and T19-O2. (D) Bifurcated hydrogen
bond between benzimidazole side amidine and T8-O2 and C9-O2.
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Figure 3.
DB921-DNA complex in the parallel conformation (‖). The angle from the line, labeled B,
(connecting N-N of the phenylamidine) to reference plane, labeled A, is close to 0° (+/- 20°),
and thus the figure represents one of the parallel conformations (‖) observed in the MD
simulation. The yellow cylindrical lines represent H-bonds. Legends: (A) Plane of reference
constructed to computationally classify each frame (20 ps snapshot) into ‖ or ⊥ modes of
interaction. The plane is approximately parallel to the floor of the DNA minor groove (see text
for details). (B) Line used to calculate the angle made by the amidine group to the reference
plane (and hence, approximately to the floor of the groove). This angle is calculated for each
snapshot of the MD and is used as an index to classify the frame into its respective binding
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mode. (C) Long residence time water observed consistently in the simulation. The persistent
DNA H-bonding partners for this water are A6-N3 (labeled in blue) and T20-O2 (labeled in
red). (D) The phosphate-amidine electrostatic interactions are denoted by D1 and D2 (red dotted
lines).
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Figure 4.
A DB921-DNA complex in the perpendicular mode (⊥-Major). (i) DB921-DNA complex in
a comparable orientation as Figures 2 and 3. (ii) With respect to the axis shown in (i), this
orientation is obtained by rotating (i) by approximately 90° anti-clockwise about the z-axis and
approximately 40° clockwise about the x-axis. (iii) A magnified view of non-covalent
interactions that are typical of the ⊥-Major mode of binding. The angle made by the line,
labeled B, to the reference plane, labeled A, is close to 90° (+/- 20) and thus the figures represent
one of the perpendicular conformations (⊥-Major) observed in the MD simulation that is
different from the X-ray crystal structure. The yellow cylindrical lines represent H-bonds.
Legends: (A) Plane of reference; (B) Line used to calculate the angle between the amidine
groups to the reference plane; (C) Long residence time water, observed consistently in the
simulation. The persistent H-bonding partners for this water are A6-N3 and T20-O2. (D1
through D3) Water molecules that mediate transient H-bonding interactions involving A5-N3
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and C21-O2 and stabilize the binding of DB921 to the minor groove (see text for description).
(D3′) The alternative orientation of the water molecule D3 associated with A5-N3.
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Figure 5.
Scatter plot of angle made by the phenylamidine of DB921 (Label B in Figures 3 and 4) and
the reference plane (Label A in Figures 3 and 4) across the length of the simulation. The y-axis
is the absolute value of this angle, and the x-axis is the time during the simulation (5-100 ns).
It is observed that there is a concentration of values around 0° (+/- 20°) and 90c (+/- 20°). The
populations on the bottom and top of the plot are the groups of ‖ and ⊥ conformations
respectively.
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Figure 6.
Exponential decay of the probability distribution of the residence time of water molecule
labeled C in Figures 3 and 4.
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Figure 7.
Top (blue plot)- Distance between the phosphate that connects DNA bases A5 and T6 and the
closest amidine nitrogen of DB921. This is the same as D1 in Figure 3. Each point is the distance
for that particular frame. Bottom (red plot)- Distance between the phosphate that connects
DNA bases T20 and C21 and the closest amidine nitrogen of the DB921 molecule. This is the
same as D2 in Figure 3. An inverted plot is used for D2. This enables the direct comparison of
distances D2 and D1 at corresponding frames. Each point is the distance for that particular
frame. There are a total of 2313 frames i.e 46.2 ns.
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