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Targeting the DNA minor groove with fused ring
dicationic compounds: Comparison of in silico screening

and a high-resolution crystal structure
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Abstract—The crystal structure of the DNA minor groove phenyl benzimidazole diamidine ligand DB819 has been determined,
bound to the DNA sequence d(CGCGAATTCGCG)2, at a resolution of 1.36 Å. Conditions for reliable in silico docking that repro-
duce the observed position of the ligand in the minor groove have been determined.
� 2005 Elsevier Ltd. All rights reserved.
The minor groove of DNA is the target for a wide
range of anticancer, antiviral and antiprotozoal
agents. Non-covalently binding molecules tend to bind
to the minor groove of A/T-rich sequences,1 and sev-
eral are of current clinical use.2 They are preferentially
taken up, often by active transport mechanisms, into
susceptible cell types, and exert their effect by blocking
topoisomerases, and sometimes by acting as global
inhibitors of transcription. Pentamidine is employed
against antimony-resistant leishmaniasis, primary stage
human African trypanosomiasis (HAT) and for AIDS-
related Plasmodium jiroveci pneumonia.3 An orally
effective prodrug of the bis-amidino-phenyl-substituted
furan drug furamidine is currently in phase II clinical
trials against malaria and Pneumocystis carinii pneu-
monia,4 and is scheduled for phase III trials against
HAT.5

A series of biphenyl benzimidazole diamidines we have
previously reported,6 with several members having
nanomolar activity against Trypanosoma brucei rhodes-
iense, and some showing in vivo activity against a mur-
ine model for this disease. In a search for analogues with
improved DNA binding and biological properties, the
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diamidino-phenyl-benzimidazole compound DB818
was recently prepared,7 with the thiophene ring replac-
ing the furan ring in the compound DB293,6,8 which
has the effect of significantly enhancing DNA binding
ability. An X-ray crystallographic study of DB818
bound to the DNA duplex sequence d(CGCGAATT
CGCG)2 was able to rationalise the binding and ther-
modynamic data.7 It showed that the replacement of
the oxygen atom by sulfur resulted in a widening of
the concave inner surface so that the amidinium groups
of DB818 are in hydrogen bond contact with A/T base
pair edges, whereas the geometry of DB293 precludes
this occurring.
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The increasing number of diamidinium and related
Figure 2. Fo electron density map, drawn at 1.2r, and looking down

onto the plane of the DB819 molecule in the minor groove. A bound

water molecule is indicated by an arrow.

Figure 3. View of the three water molecules and their contacts with an

imidazole group in DB819 and the DNA. Hydrogen bonds are

indicated by thin black lines.
compounds is creating a demand for rapid and reliable
ways of screening for DNA binding and biological
activity.

DNA binding is an important determinant of biological
response to these minor groove drugs, and the crystal
structures of drug complexes have provided insight into
the factors that govern the binding. We have therefore
started to examine whether in silico screening could pro-
vide a viable approach to lead compound selection in
this area, as it has in other therapeutic areas.9 This ap-
proach requires a high-quality crystal structure against
which the results of in silico docking can be assessed.
We have used the structure of a complex of the closely
related compound DB819, which was co-crystallised10

with the DNA sequence d(CGCGAATTCGCG)2. The
crystal structure was solved to a resolution of 1.36 Å
and refined with 13,180 unique reflections to an R factor
of 19.6% (and an Rfree of 24.4%).

Coordinates and structure factors for the structure,
including 101 water molecules, have been deposited at
the Protein Data Bank with ID code 2B3E. The struc-
ture (Figs. 1 and 2) shows the ligand bound as expected
in the AATT region of the minor groove, covering five
base pairs. The inner-facing nitrogen atom of one imid-
azole ring of DB819 hydrogen bonds to O2 of a thymine
(2.9 Å) and more weakly to N3 of an adenine (3.3 Å).
The analogous imidazole nitrogen at the other end of
the ligand does not contact DNA base edges directly,
but hydrogen bonds to two water molecules (Figs. 2
and 3), that together with a third water, also make con-
tacts with DNA base edges and O4 0 sugar oxygen
atoms. This tight network involves eight hydrogen
bonds. The inner-facing nitrogen atom of the benzimid-
azole ring participates in a pair of hydrogen bonds to
thymine O2 atoms, with N� � �O distances of 2.8 and
3.0 Å. Our previous structure of the amidino analogue
DB818 bound to the four base pair AATT in the same
DNA sequence showed both amidino groups participat-
ing in direct hydrogen bonding to DNA bases in the
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Figure 1. View of the structure of the DB819–

d(CGCGAATTCGCG)2 complex, with DB819 coloured cyan and

the bound water molecules (as red spheres) indicated by arrows.
groove. The replacement of the amidinium groups by
imidazoles in DB819 results in an extension of ligand
dimension along its long axis, and it is no longer possi-
ble for both inner-facing imidazole nitrogen atoms to
contact DNA directly; hence, the need for bridging
waters at one end.

There are numerous programs designed to predict the
bound state of ligands in a macromolecular receptor by
in silico screening of compound libraries9 but relatively
few of them have been developed with drug–nucleic acid
interactions in mind,11,12 and applications to the predic-
tion of DNA minor groove binding molecules are rare.13

The DOCK program (version 5.1.1) was used in this
study, as there have been recent attempts to optimise
the scoring function of this program for DNA minor
groove binders,14 and there are previous examples of the
use of DOCK with DNA.15–17 DOCK uses a rigid-recep-
tor, flexible-ligandapproach.18,19 In particular,wewished
to see if in silico screening could predict the correct bind-
ing position forDB819 in viewof the observation from the
crystal structure that one end of the ligand does not con-
tact the DNA directly, but instead is hydrogen bonded
with a cluster of three water molecules.
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The DNA coordinates from the crystal structure of
berenil bound to the d(CGCGAATTCGCG)2 duplex
(PDB ID: 2DBE20) were used as the receptor for the
docking runs. This complex was chosen because it was
taken as a starting point in the structure solution of
the DB818 crystal structure.7 It was decided to use the
structure of a previously determined analogous complex
in the docking studies, rather than the DNA from the
DB819 co-crystal structure, in order to more realistically
mimic the process of structure prediction in the absence
of crystallographic information. Partial atomic charges
in the DNA were assigned according to the Amber94
all-atom force field,21 although a united-atom model
was applied in the construction of grids, whereby the
charge on non-polar hydrogen atoms was subsumed
into the adjacent carbon atom. The non-polar interac-
tion grid was also defined using a united-atom model.
DOCK requires that the binding site be defined by a
set of spheres, and a sphere cluster was defined which
included the entire minor groove. All other preparation
steps were carried out using default settings.22

The two ligands were drawn using the Sybyl 7.0 model-
ling package23 and minimized to an rms gradient of
0.05 kcal mol�1 Å�1 using the MMFF94 force field.24–
28 Two possible atom type assignments that are avail-
able in the SYBYL package, each with distinct charge
distributions, were investigated for each ligand. Charge
assignments were DB818 for each nitrogen atom in the
amidinium groups, of �0.75442e (model A with Sybyl
atom types N2, N3 for the amidinium nitrogen atoms)
and �1.1924e (model B with Sybyl atom type Nar for
the imidazole nitrogen atoms); and DB819 for each
nitrogen atom attached to a nitrogen in the imidazole
rings, of �0.7939e (model A with Sybyl N2, N3 for
the amidinium nitrogen atoms) and �1.0129e (model
B with Sybyl atom type Nar for the imidazole nitrogen
atoms). We chose MMFF94 charges as these are provid-
ed in the �mol2� format files downloadable from the cur-
rent version of the ZINC database29 and we are
interested in extending the docking methodology to
screen larger collections of molecules for their DNA
binding ability. All-atom representations of the ligands
were used.

The standard DOCK energy score, based on a molecu-
lar-mechanics estimation of the binding energy, was
used as the primary and secondary scoring function in
the docking runs. A generalized-Born scoring function
has been incorporated into DOCK,30 but this was found
to be too slow to be used for adequate conformational
searching over the multiple trial runs carried out and
may be better suited for use as a filter on pre-docked
positions of multiple ligands.31 Default run parameters
were used for the DOCK runs,32 except for three param-
eters which were systematically varied to determine their
effect: ma, the minimum anchor size as a number of hea-
vy atoms; no, the number of orientations of each anchor
attempted; and nc, the number of conformations per cy-
cle of ligand growth. These parameters all relate to the
anchor-first flexible-ligand algorithm.32 Increasing no
and nc will increase the sampling carried out in each
docking run, which should improve the accuracy of
the method if the scoring function is adequate, but nat-
urally also increases the run time. Decreasing ma should
also increase sampling, as more anchors are used. The
accuracy of each docking run was assessed by calculat-
ing the root-mean-squared deviation (rmsd) of the
non-hydrogen atom coordinates of the docked ligand
compared with those of the ligand actually in the final
refined crystal structure, after the non-hydrogen atoms
of the two DNA duplexes had been placed in maximal
alignment. This procedure was automated via a script
written for the VMD program.34 Only the best-scoring
orientation from each docking run was considered.

The rmsd results are presented in Table 1. DOCK ener-
gy scores for DB819 with model A vary between �41
and �55 kcal mol�1, and between �48 and
�59 kcal mol�1 for model B. The most striking result
is the difference between the rmsd values for ligand mod-
els A and B. In model A, neither DB818 nor DB819
could be docked to an rmsd to the crystal structures that
was <2 Å in any of the runs. Moreover, there is no sys-
tematic improvement in the performance of the method
with increased sampling, with a plateau of rmsd values
of around 6 Å. This indicates that the scoring function
is inadequate to accurately predict the binding position.
By contrast, the results for model B show both ligands
approaching a low rmsd value relatively systematically
as the sampling is improved. This was correlated with
the lowest values for the DOCK energy scores. For
DB818 a value just above 2 Å in rmsd was achieved reli-
ably, and for DB819, the ligand in this crystallographic
study, DOCK predicted the binding mode to <0.7 Å.
The series of structures with low rmsds in Table 1 has
the ligand in a position very close to that observed crys-
tallographically (Fig. 4), with the ligand–DNA hydro-
gen-bonding pattern being reproduced (apart from
those involving water molecules). This indicates that a
careful consideration of the method of charge and atom
type assignment used in model B is necessary to give an
accurate scoring function for these two ligands.

It is also noteworthy that a relatively extensive sampling
is required to reliably locate the correct binding posi-
tion, even with the correct scoring function.
no = 100,000, nc P 100 appear to be minimal require-
ments in this case, compared to the program defaults
of no = 1000, nc = 25. We note that this sampling re-
quired 550 s on a 2.4 GHz Intel CPU, which is not sig-
nificant if one is only interested in a handful of
ligands, but problematic if it is required to scale the
methodology to screen very large databases of com-
pounds, even with a computer cluster. The ma variable,
controlling the number and size of anchors, did not ap-
pear to significantly affect the accuracy of the docking
results.

We conclude from these docking results that it was pos-
sible to use the DOCK 5.1.1 program33 to predict the
binding position of the DB819 ligands bound to the
d(CGCGAATTCGCG)2 duplex to an rmsd of <0.7 Å,
without a knowledge of the crystal structure. For both
DB818 and DB819, the increased charge polarization
of the N–H groups and particular atom type assign-



Table 1.

ma no nc Model A

DB818

rmsd/Å

Model A

DB819

rmsd/Å

Model B

DB818

rmsd/Å

Model B

DB819

rmsd/Å

4 1000 10 2.02 13.08 1.51 12.27

4 10000 10 10.42 13.05 4.33 4.78

4 100000 10 5.95 13.06 13.47 12.33

4 1000000 10 10.65 11.83 — —

4 10000 100 5.83 13.08 1.78 12.31

4 100000 100 10.40 6.48 1.74 12.34

4 10000 1000 6.03 6.52 5.97 0.63

4 100000 1000 6.08 6.54 2.10 0.69

6 1000 10 5.40 6.71 1.53 12.27

6 10000 10 10.42 6.72 10.42 4.69

6 100000 10 5.59 12.29 13.47 12.33

6 1000000 10 10.63 11.81 — —

6 10000 100 5.79 12.33 2.20 0.72

6 100000 100 6.05 2.17 2.16 0.63

6 10000 1000 5.97 6.48 2.04 0.70

6 100000 1000 6.00 11.93 2.16 0.64

10 1000 10 5.40 6.02 1.51 11.94

10 10000 10 10.42 6.36 4.35 5.72

10 100000 10 5.59 12.29 13.47 12.33

10 1000000 10 10.63 11.82 13.43 12.34

10 10000 100 5.99 11.91 2.02 12.32

10 100000 100 6.00 13.09 2.18 0.63

10 10000 1000 6.03 13.07 2.02 0.63

10 100000 1000 5.95 11.90 2.05 0.71

Figure 4. Overlay of the DNA in the crystal structure with that used in

the docking calculations, showing the two positions of the DB819

molecule, in the complex (cyan) and in the docked position (purple).

The rmsd between the two drug positions is 0.63 Å.

18 N. H. Campbell et al. / Bioorg. Med. Chem. Lett. 16 (2006) 15–19
ments of the amidinium groups in the model B ligand set
were critical for correct positional prediction in the
groove, as was the extent of sampling undertaken, dem-
onstrating the need for caution in applying default
parameters when using DOCK and other in silico
programs.

The crystal structure of the DB819–d(CGCGAATTCG
CG)2 complex shows one water molecule bridging be-
tween the DNA and an amidinium group at one end
of the ligand. We speculate that the highly polar charac-
ter of the amidinium groups in model B was able to
compensate in some way for the absence of discrete
water molecules in the docking model, even without
use of knowledge-based potentials that incorporate
structural information about water positions.35 Preli-
minary tests with DOCK have also been carried out
on seventeen minor groove binders with amidinium
groups that are in the PDB as dodecanucleotide com-
plexes. Positional prediction with charge model A was
successful (to <2.5 Å rmsd) in 59% of cases, whereas
charge model B was successful in 76% of cases, suggest-
ing that the charges on amidinium group atoms are
important generally, but not overriding factors for all
compounds. It is encouraging that at least in the case
of DB819, the DOCK program is able to correctly pre-
dict minor groove binding position even in the absence
of the explicit solvent molecules that are present in the
binding site of the crystalline complex.
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