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Abstract—A computational approach was utilized to study the relative binding modes of diospyrin (bisnaphthoquinonoid) with the
crystal structure of human DNA–TopoI and the recently reported Leishmania donavani DNA–TopoI. Additionally, the binding site
interactions of amino derivatives of diospyrin with human TopoI were studied extensively. Based on the docking results, binding
modes of diospyrin with the human and leishmanial TopoI catalytic core were predicted. The parallel use of two efficient and pre-
dictive docking programs, GOLD and Ligandfit, allowed mutual validation of the predicted binding poses. A reasonably good cor-
relation coefficient between the calculated docking scores and the experimentally determined cytotoxicity helped in validating the
docking method. Furthermore, a structure-based pharmacophore model was developed for L. donavani DNA–TopoI inhibition
which helped in elucidating the topological and spatial requirements of the ligand–receptor interactions. This study provides an
understanding of the structural basis of ligand binding to the topoisomerase receptor, which may be used for the structure-based
design of potent and novel ligands for anticancer and antileishmanial therapy. To our knowledge, this is the first report of a binding
mode exploration study for diospyrin and its derivatives as inhibitors of the leishmanial and human TopoI enzymes.
� 2007 Elsevier Ltd. All rights reserved. ACTE
Figure 1. Common structure of diospyrin derivatives.
DNA Topoisomerases are ubiquitous enzymes common
to all living organisms. Topoisomerases are classified as
type I and II on the basis of different sequences and
functions. Topoisomerase I (TopoI) is an essential
enzyme participating in all those processes associated
with separation of DNA strands. This enzyme plays a
pivotal role in modulating the DNA topology during
replication, transcription, recombination, and repair,
and has been established as potential target for rational
design of anticancer and antileishmanial agents.1,2 This
is supported by findings that Leishmania donovani (Ld)
and human TopoI have sufficient biochemical and struc-
tural differences to enable selective targeting of the par-
asite and human enzymes.1 Diospyrin (Fig. 1) is a plant
product (bisnaphthoquinonoid) and a potent inhibitor
of type I DNA topoisomerase, that has significant inhib-
itory effect on the growth of L. donovani as well as on
murine tumor in vivo and human cancer cell lines
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in vitro but with different potencies.3,4 Thus there exists
the potential of structure-based design for the develop-
ment of selective, less toxic, and potent diospyrin ana-
logues using in silico approaches.

Diospyrin and its amino derivatives were found to pos-
sess cytotoxicity against EAC tumor cells.5,6 The SAR
of these derivatives have recently been reported by our
group suggesting that fragment-based sterimol parame-

mailto:nghoshal@iicb.res.in


S. Chhabra et al. / Bioorg. Med. Chem. Lett. 17 (2007) 4604–4612 4605

A

ters and spatial arrangements of bulky substituents,
charged partial surface area, nucleophilicity and hydro-
phobicity parameter play significant roles in eliciting
these activities for this class of compounds. This infor-
mation was used for development of novel and potent
diospyrin derivatives.6 As diospyrin shows lesser but
selective inhibitory activity1,7 in LdTopoI, structure
based drug design (SBDD) or pharmacophore genera-
tion may lead to development of more potent compound
of this series.

Prediction of the correct binding mode of each com-
pound using docking programs is a key step if struc-
ture-based design is to be used for improving potency.
Herein we report, for the first time, the relative binding
mode of diospyrin with crystal structure of the human
DNA–TopoI and the recently reported LdDNA–TopoI
using molecular docking. Our findings support the feasi-
bility of specifically targeting Leishmania TopoI through
rational drug design and contribute to the understand-
ing of the modes of action of current antileishmanials.

The results obtained from this study reveal the dissimi-
larities in the binding mode of diospyrin with TopoI
from human and L. donovani as well as are able to point
out which interaction sites in the binding pocket might
be responsible for the variance observed in the biological
activities. The analysis of the best-docked conforma-
tions has been used to investigate the binding mode of
compounds involved in this study, which in turn con-
firms the role of bulky substituents6 and some amino
acid residues19 present in the active site of human
DNA–TopoI. The proposed binding interaction of
diospyrin with ‘predicted’ active site of LdDNA–TopoI,
in consideration of binding energies, hydrogen bonding,
hydrophobic, and van der Waals interactions, points out
the key features needed for structure-based design of
more selective and less toxic diospyrin analogues.

The structures of 12 diospyrin derivatives were taken
from our recently reported QSAR study.6 The 3D-struc-
tures of the molecules were modeled by using Build/
3d-sketcher module of Cerius2 v4.9.10 The charges were
calculated at the beginning and the charge method used
was Gasteiger. As simple energy minimization does not
guarantee global minimum (lowest energy conforma-
tion), for all the compounds, the conformation space
was first scanned using energy optimization cycles fol-
lowed by dynamic simulation using the annealing
dynamics with user defined attributes-Reqtemp-500K,
dynamic time step-0.001Ps, Steps-2000 using constant
NVE (constant number of atoms, volume, and energy).
This was followed by energy minimization procedure.
The force field used was Universal 1.0211 and the mole-
cules were minimized to high convergence (cutoff value
of energy difference 1.000E-3 kcal/mol) using 500 (or
more if required) iterations on the smart minimizer.
Eight to 10 runs were performed for each compound.
The lowest energy structure thus obtained was taken
as final model (Probable global minimum).

The Cerius2 (LigandFit v4.9)10 and GOLD v3.0112 Soft-
ware were used to dock all the compounds into the

RETR
active site of the human DNA–TopoI (PDB: 1SC7)8

and LdDNA–TopoI (PDB: 2B9S)9 structures. GOLD
is a well-known automated ligand-docking program that
uses a genetic algorithm (GA) to explore the full range
of ligand conformational flexibility with partial flexibil-
ity of the protein side chains.13,14 The binding site was
defined to include all residues within 10 Å of the ligand
in original complex of human DNA–TopoI. In this
structure2 TopoI is bound to the oligonucleotide
sequence 5 0-AAAAAGACTTsX-GAAAAATTTTT-3 0,
where ‘s’ is 5 0-bridging phosphorothiolate of the cleaved
strand and ‘X’ represents any of the four bases A, G, C
or T. Protein preparation for the docking experiment in-
cluded extraction of the ligands and the water molecules
from the active site and addition of hydrogens using
InsightII (Accelrys, San Diego, CA). The protonation
state of charged groups was set assuming pH 7. The de-
fault calculation mode, which provides the most accu-
rate docking results, was selected for all calculations.
In the standard calculation mode, by default, the GA
run comprised of 100,000 genetic operations on an ini-
tial population of 100 members divided into five sub-
populations, and the annealing parameters of fitness
function were set at 4.0 for van der Waals and 2.5 for
hydrogen bonding. Default values were selected for
other parameters as well. The number of generated
poses was set to 100 and top ranked solutions were kept,
with the early termination option turned off. Each com-
pound was imported from a mol2 file. The Scoring func-
tion GOLD Fitness Score was selected for each
condition, as deemed appropriate.

LigandFit module in Cerius2 v4.9 was also used for the
docking study and binding site search. LigandFit gives
the best poses at the binding site by a stochastic confor-
mational search and evaluation of the energy of the li-
gand–protein complex. It uses a grid method when
evaluating interactions between the protein and the li-
gand. In our case the binding site search was performed
in the shape-based mode (flood filling method) for both
the enzymes. The second largest site searched by shape-
based mode covered the X-ray ligand and was verified
by the location of redocked X-ray ligand in the crystal
structure of human DNA–TopoI. In case of Leishmania,
the LdTopoILS (large subunit)–vanadate–DNA com-
plex9 was used. DNA and vanadate ion were removed
from protein. For the L. donovani DNA–TopoI, we
again used the protein shape-based method to define
the binding site, as crystal structure of this enzyme did
not have ligand coordinates. For initial exploration of
binding site, various sites were searched and analyzed
by docking of diospyrin to the LdDNA–TopoI. Enlarge-
ment of the best ‘predicted’ site model (consisting of
4527 grid points) was done to cover the proposed li-
gand-binding region. The energy of the grid was set
using CFF (v1.02) energy function with a resolution of
0.5 Å and opening size of the site 5 Å.15 The ligand-
accessible grid was defined such that the minimum dis-
tance between a grid point and the protein is 2.0 Å for
hydrogen and 2.5 Å for heavy atoms. The grid extends
from the defined active site to a distance of 3 Å in all
directions. This grid was used to calculate the non-
bonded interactions between all the atoms of ligands
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and protein residues and non-bonded cutoffs were set to
10 Å. Although the solvation energies could not be
explicitly considered during the minimization, the en-
ergy calculations were performed with a distance-depen-
dent dielectric constant (5.0) to mimic the solvation
effect of the inhibitors in the protein environment.16 Di-
verse conformations were computed using the Monte
Carlo algorithms. In order to obtain the best results
the parameter of maximum saved conformers was final-
ly set to (Nsave) = 60 with number of trials 99,999 (as
these parameters were found sufficient to reproduce
X-ray bound conformation in our previous docking
study).17 The SD file was used as an input file of the
ligands. Additionally, a complex of LdTopoI was
employed to construct structure-based pharmacophore
hypothesis, using Ligand Scout v1.03.18 In this method
structure of the receptor–ligand complex is used in order
to extract relevant chemical features, intuitively derived
from the complex. The 3-D pharmacophore concept is
based on specifically those kinds of interactions that
have been observed in drug-receptor interaction, viz.
hydrogen bonding, charge transfer, electrostatic, and
hydrophobic interactions. This spatial arrangement of
chemical features represents the essential interactions
of small ligands with a macromolecular receptor.

In the present study, the ligand-binding mode in human
DNA–TopoI (with 12 compounds, Table 1) and
LdDNA–TopoI (with diospyrin) was established for
the first time by studying direct ligand–receptor interac-
tions in silico. Structures of the receptor–ligand complex
predicted by Ligandfit were ranked with built-in scoring
functions in Cerius2.10 As each scoring function may
rank binding poses differently, a consensus scoring ap-
proach was used with six different scoring functions:
(i) Dock score, (ii) Ligscore, (iii) PLP1, (iv) PLP2, (v)
Potential mean force (PMF), and (vi) LUDI. Each pre-
dicted binding model was selected for further consider-
ation in the next step if it was ranked in the top 10%
by at least three of the six scoring functions. Models se-
lected by LigandFit in this way were compared to those
predicted by GOLD. If the root-mean-square-deviation
(RMSD) between the corresponding heavy atoms for
the ligand in predicted binding models was less than
2 Å, these binding models were considered to be in good
agreement and retained for further evaluation. The final
choice of the models was based on few considerationsETR

Table 1. General structures and experimental cytotoxicity of diospyrin deriv

Compound R R1 R2 R3

1 (diospyrin) H H H H

2 CH3 H CH3 H

3 CH3 H CH3 NH-p-C

4 CH3 NH2 CH3 NH2

5 CH3 H CH3 NH2

6 CH3 H CH3 NHCO

7 CH3 H CH3 NHCH

8 CH3 H CH3 NHCH

9 CH3 H CH3 NHCH

10 CH3 H CH3 NH-b-N

11 CH3 H CH3 NHCO

12 CH3 H CH3 NHCO

R

such as interaction with key residues, correlation with
biological activity, and above-mentioned RMSD be-
tween best pose from GOLD and LigandFit. GOLD
was able to locate the same binding models found by
LigandFit. This increased our confidence in the reliabil-
ity of the predicted poses. We used only GOLD models
for further discussion as those were in good agreement
with LigandFit.

Molecular-interaction with human topoisomerase-I. Com-
pounds 1–12 were first docked into the binding pocket
of human TopoI. Earlier experiments showed that hu-
man TopoI is comprised of four major domains:19,20

(i) NH2-terminal domain situated between Met1 and
Lys197, and seems dispensable for in vitro activity, (ii)
‘Core domain’ formed by highly conserved residues
Glu198 to Ile651, (iii) short unconserved linker (Asp
652 to Glu696), and (iv) C-terminal domain, situated be-
tween Gln697 and Phe795, is highly conserved and con-
tains the active site Tyr723. These studies also suggest
that catalytic residues include Asn722, Lys532,
Asp533, Arg364, Asn352, Arg488, Arg590, and Tyr723.

The docking analysis of diospyrin and its amino deriva-
tives with human TopoI revealed some common features
of inhibitors observed in earlier studies. It has been pro-
posed that its action certainly results from a direct inter-
action with the enzyme and subsequent interference with
camptothecin-dependent TopoI-mediated DNA cleav-
age, implying that diospyrin derivatives mediate a con-
formational change of topoisomerase.21 Thus, in our
study we used only TopoI after removal of DNA mole-
cule from PDB complex. The optimized positions of po-
lar protein hydrogen atoms and hydrogen-bond
geometries that are generated during GOLD docking
were saved as SD file tags and described here. This soft-
ware uses genetic algorithm-based flexible docking that
implicitly handles local protein flexibility by allowing a
small degree of interpenetration or van der Waals over-
lap of ligand and protein atoms.

The best-docked structures for these ligands possess a
number of common features. The naphthoquinone moi-
ety (ringA/B) was found within H-bonding distance of
Arg488, Arg 590, and Thr718 (essential residues). The
binding modes of highly active compound 12 and mod-
erately active compound 10 are shown in Figures 2 and
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atives against EAC tumor cells6

IC50 (lM) (±SE) GOLD Fitness Score

0.84 ± 0.01 29.84

0.71 ± 0.02 33.69

6H4Cl 0.25 ± 0.01 37.09

0.24 ± 0.04 31.78

0.35 ± 0.03 34.24

CH3 0.06 ± 0.02 38.51

2C6H5 1.41 ± 0.07 25.37

2CH2OH 1.07 ± 0.09 33.47

2CO2Et 0.09 ± 0.01 37.50

aphthyl 0.24 ± 0.04 37.95

C6H5 0.28 ± 0.02 36.47

C(CH3)3 0.07 ± 0.01 39.39



Figure 2. Binding interaction of compound 12 with human TopoI, docked using GOLD v3.01. Intermolecular hydrogen bonds and van der Waals

interactions are shown as red and gray dashed lines, respectively.

Figure 3. Binding interaction of compound 10 with human TopoI, docked using GOLD 3.01. Intermolecular hydrogen bonds and van der Waals

interactions are shown as red and gray dashed lines, respectively.
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3, respectively, as examples. The carbonyl oxygen at the
position 4 of ring B acts as a hydrogen-bond acceptor
and forms H-bond with Arg488 (in compounds 1, 2, 4,
6–8, and 10, 12 as shown in Figs. 2 and 3), Arg590 (in
compounds 3 and 9), and Thr718 (in compounds 5
and 11).

Residues Asn722, Cys630, His632, and Thr591 were
found to surround ring A/B within the van der Waals ra-
dius (2.5 Å) and make hydrophobic contacts with these
molecules in different docked conformations. Whereas,
the carbonyl oxygen and amine linkers in ring C and

R
 D were found within H-bonding distance of residues
Arg364, Gln633, and Asp533, in different inhibitors of
this series. Interestingly, only the most active com-
pounds 6, 9 and 12 (IC50 < 0.1 lM) were found to inter-
act with Arg364 via H-bonding between amide group
(compounds 6 and 12) or ester group carbonyl oxygen
(compound 9) and –NH group of Arg364 (Fig. 2 show-
ing binding of compound 12). However this interaction
was absent in compound 11 in spite of the presence of an
amide group, possibly due to the unfavorable aromatic
group at the R3 substitution. Such an interaction
explains the need of a bulky linear substituent with
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appropriate electron withdrawing substituent at this
position which is evident with the trend shown by the
activities of molecules 11 < 9 < 12 < 6. Additionally,
the naphthoquinone moiety (ring C/D) of each com-
pound participates in non-polar (van der Waals) interac-
tions with the residues Lys 532, Ile 535, and Gln531. The
moderate and less active compounds (1–5, 7, 8, 10, and
11) have IC50 between 0.24 and 1.41 lM (Table 1). Their
docked structures occupy approximately the same space
in the ligand-binding pocket as the more potent com-
pounds, but their naphthoquinone moieties (ring C/D)
do not all lie in a single plane and they also lack the
favorable interaction with Arg364, which was seen only
with the more potent compounds.

As mentioned above, all these compounds are analogues
of compound 1 (diospyrin). Introduction of various sub-
stituents at position 3 0 of ring D in these compounds
modulates the cytotoxicity of compounds 3–12 as re-
ported in our previous study.6 To observe the location
of predicted binding models within the DNA/TopoI
complex, coordinates of DNA were superimposed on
each of the ligand–TopoI complex. We found that the
naphthoquinone moiety (ring A/B) of compounds (3–
12) pointed in the direction of Asn722, while the other
naphthoquinone moiety (ring C/D) having bulky substi-
tution at 3 0 position pointed toward the backbone of
Figure 4. Docked orientations of compound 12 (A) and diospyrin (B) withi

(line), and inhibitors (ball and stick) are shown for clarity.

RETRA
DNA non-scissile strand (shown in Fig. 4A). In con-
trast, these two naphthoquinone rings have entirely dif-
ferent orientation in the parent compound diospyrin,
that is, the C/D ring points in the direction of Asn722,
while the ring A/B of the molecule lies away from the
backbone of DNA non-scissile strand (shown in
Fig. 4B). This observation may explain why most of
the 3 0 substituted analogues are more potent than diosp-
yrin. Moreover, the dihedral angle between A/B and
C/D rings was found to be in the range of 110–120�
for more potent compounds. It seems that this dihedral
angle enables ring C/D (which have bulky substitution)
to get such conformation that it is oriented toward the
DNA non-scissile strand.

Figure 5 shows a plot of the calculated GOLD Fitness
Scores (binding affinity) for compounds 1–12 against
IC50 (Table 1). Gold Fitness Score consists of protein–
ligand hydrogen bond energy, protein–ligand van der
Waals energy, ligand-internal van der Waals (vdw)
energy, and ligand torsional strain energy terms. It uses
Lennard-Jones functional forms for both the external
and internal van der Waals contributions to the fitness
function.12 The docking scores for compounds 1–12 cor-
relate reasonably well with the ligands experimental
cytotoxicity values giving a correlation coefficient of
0.778. This corroborates with the experimental results

TED
n human DNA–TopoI. Only DNA (line), amino acid residue Asn722
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Figure 5. Correlation between the calculated GOLD Fitness Score and

the experimental activities (IC50) of diospyrin derivatives.
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obtained in a previous study on African trypanosomes,
where cytotoxicity was correlated with the increasing le-
vel of cleavable complexes in trypanosomes, implicating
topoisomerase-I as the sole intracellular target for these
compounds.22 The reasonable correlation for these li-
gands further suggests that our predicted binding mod-
els may be useful for the understanding of ligand
binding to the topoisomerase enzyme and for the design
of optimized inhibitors.

Additionally, our docking studies led to the identifica-
tion of a set of residues in the human-TopoI receptor in-
volved in ligand binding. Several residues are implicated
in binding for majority of the ligands, including Arg
488, Arg 590, Asp 533, Arg 364, and Lys 532. The
involvement of these residues has also been suggested
through extensive experimental studies at the topoiso-
merase receptor and structure–activity relationship stud-
ies of other topoisomerase inhibitors.7,19,20 The purpose
of the present study is to propose the binding mode
using a more quantitative explanation to the structure–
activity relationship of these inhibitors.

Docking with leishmanial topoisomerase I. The struc-
tural differences between the human and leishmanial
type-I DNA topoisomerases (LdTopoI) make this en-
zyme an attractive target for chemotherapeutic inter-
vention.23,24 Diospyrin inhibition is relatively specific
for LdTopoI. On the contrary it requires a 10-fold
higher concentration to inhibit the mammalian DNA
topoisomerase-I and fails to inhibit L. donovani DNA
topoisomerase II. Earlier experimental studies suggest
that diospyrin, in presence of camptothecin, stimulates
the formation of covalent enzyme–DNA complexes in
L. donovani and induces stabilization of the ‘cleavable
complex’ mediated by topoisomerase-I.21 These obser-
vations suggest an important clinical application of
this compound,3,7 making the present study highly
relevant.

A comparison of these two enzyme structures revealed
that human TopoI is a monomeric enzyme composed
of a single 765 residue polypeptide chain, whereas LdTo-
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poI (PDB:2B9S) is expressed from two open-reading
frames to produce a heterodimer consisting of a larger
635 residue subunit and a smaller 262 residue subunit.
The large subunit of LdTopoI contains a short non-con-
served N-terminal domain (start-Met-Glu-43) followed
by the conserved core domain (Arg-44–Lys-456) ending
in a long C-terminal extension (Val-457–Val-635). The
core region of the leishmanial enzyme conserves all the
amino acids that characterize the active site of TopoI
topoisomerases, such as Arg-314, Lys-352, Arg-410,
and His-453. On the other hand, the small LdTopoI sub-
unit contains a large non-conserved N-terminal exten-
sion (start-Met-Asn-210) enriched in serine residues,
which could be phosphorylated. The C-terminal domain
starts at Lys-211 and contains the Tyr-222 required for
DNA cleavage.7,9 The proposed catalytic residues of
LdTopoI include Arg 314, Arg 410, Lys 352, His453,
and Tyr 222.7,9 As the antileishmanial activities were
not available for all the compounds used in this study,
only the parent molecule (1) was used to study the bind-
ing mode in LdTopoI.

As depicted in Figure 6B, diospyrin was found to make
the following interactions with active site residues: (i)
hydroxyl group of A-ring of naphthoquinone moiety
acts as hydrogen bond acceptor and interacts with back-
bone –NH of Val315 of the core region (NH–O dis-
tance1.95 Å). (ii) Ring B lies in van der Waals radius
of Arg410 and makes hydrophobic contacts with the
same. (iii) Hydroxyl group of ring-C makes hydrogen
bond with Arg-314 (H-bond distance 2.96 Å). (iv)
D-ring carbonyl oxygen at 4 0 position was also found with-
in H-bonding distance of the residues Arg-314 (H-bond
distance 2.72 Å) and Lys 352 (H-bond distance 2.52 Å)
which are considered essential for inhibitory activity.
(v) Naphthoquinone moiety (Ring C/D) stacked be-
tween the core region and C-terminal domain, establish-
ing a p–p stacking interaction between the aromatic
residue Tyr 222 and C-Ring of naphthoquinone moiety.
Moreover, one more intermolecular hydrophobic con-
tact between the D-ring carbonyl oxygen at 1 0 position
and Asn 221 seems to stabilize this configuration. The
interactions with Tyr 222 and Asn 221 seem to be very
important, as these residues stimulate the formation of
the covalent enzyme–DNA complexes in L. donovani
and induce the stabilization of this complex.

The observed selectivity3 of diospyrin for the leishman-
ial TopoI over human TopoI can be explained by the
differential interactions of this inhibitor with catalytic
domains of these two enzymes. The binding interactions
are shown in Figure 6A and B. It is suggested through
experimental studies that in the core domain of human
TopoI, an amino acid ‘tetrad’ consisting of Arg-488,
Lys-532, Arg-590, and His-632 constitutes the active site
of the enzyme for catalytic activity.7 This region is essen-
tial for the relaxation of supercoiled DNA and shows a
high degree of phylogenetic conservation, particularly
with respect to residues that interact closely with the
double helix. In our docking study diospryin was found
to interact through H- bonding only with Arg 488 of this
‘tetrad’, along with other residues of active site
(Fig. 6A). However the derivatives of diospryin under
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Figure 6. Binding of diospyrin within human (A) and leishmania donovani (B) topoisomerase-I active site. Hydrogen bond and van der Waals

interactions are shown as red and gray dashed lines, respectively.
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study interact with other amino acid residues of this ‘tet-
rad’ as described before.

Calculated protein–ligand-binding free energy of this
complex (consisting of best-predicted diospyrin ‘binding
model’ in human TopoI) was found to be �65.40 kcal/
mol in the form of potential of mean force (PMF) scor-
ing function. PMF score is defined as the sum of the dis-
tance-dependent Helmholtz free interaction energies
over all interatomic pairs of the protein–ligand com-
plex.25,26 A higher PMF value indicates a higher pro-
tein–ligand-binding affinity.10 GOLD Fitness Score of
this pose was 29.84 as mentioned in Table 1.

Relatively, the core region of the leishmanial enzyme
shows a conservation of all the amino acids that charac-
terize the active site of TopoI topoisomerases, such as
Arg-314, Lys-352, Arg-410, and His-453 which are
homologous to the catalytic ‘tetrad’ of the human en-
zyme as mentioned before.7 The molecular docking
studies of diospyrin with LdTopoI clearly identify
(Fig. 6B) the residues involved in the binding site inter-
action and are very similar to those suggested through
experimental data. The only observed difference is that
instead of His-453, this model shows a p–p stacking
interaction with aromatic residue of Tyr-222. There is
an additional close contact between Asn 221 and the
carbonyl group of the naphthoquinone moiety (Ring
D). The PMF score for this pose was found to be
�75.05 kcal/mol, whereas the GOLD Fitness Score
was 50.45. We found that both the above docking scores
for LdTopoI–diospyrin complex were higher than those
for the human TopoI–diospyrin complex and validate
the higher selectivity of this inhibitor for LdTopoI.
The difference in inhibitory effects of diospyrin observed
at the structural level of TopoI could be exploited for
the development for parasite-specific derivatives.

RETR

Based on the above mode of interaction, we generated a
structure-based pharmacophore model (Fig. 7) using
diospyrin–LdTopoI complex. Structure-based pharma-
cophore generation uses the spatial information of the
target protein for topological description of ligand–
receptor interactions, which in turn may be used for sub-
sequent discovery of new structural leads by virtual
screening or structure-based drug design. The results ob-
tained suggest that the important features in the phar-
macophore are: two aromatic centers, three
hydrophobic pharmacophore sites, three hydrogen bond
acceptors along with excluded volumes of ligand–recep-
tor interaction site of LdTopoI. Excluded volume
spheres (forbidden sites) provide further restriction
and enhanced steric selectivity to a pharmacophore
model as the ligand is not allowed to penetrate into these
sites of the model.

Chemical features were centered onto the amino acids
Arg 314, Lys 352 and Val 315 surrounding the carbonyl
and hydroxyl groups of the ligand, and onto Arg 410,
Try 222, Asn 221 which form the hydrophobic pocket
around the naphthoquinone moiety (ring C/D). This
observation suggests that these binding points are
mapped onto the model of the topoisomerase-binding
site, as shown in Figure 7, which is in good agreement
with the binding mode of diospyrin (Fig. 6B). It should
be noted that diospyrin uses almost all of the pharmaco-
phore sites in interacting with the LdTopoI receptor.
This structure-based pharmacophore built from the pro-
tein active site can be used as query to search new com-
pounds that share a set of common features responsible
for the inhibition of LdTopoI.

In conclusion, our studies give structural insights about
the plausible binding modes for diospyrin and its amino
derivatives with the human TopoI and diospyrin itself
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Figure 7. Structure-based pharmacophore hypothesis based on diospyrin–LdTopoI complex, derived using LigandScout v3.01 program. Active site

shown as surface around pharmacophore, consisting of two aromatic points (purple), three hydrophobic points (yellow), and three vectorized

hydrogen bond acceptors (red); with excluded volume spheres (gray).
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with the leishmanial TopoI. Selection of ‘best’ binding
models was made based on the scoring functions and
agreement between different docking methods. The re-
sults led to a proposed pharmacophore model, for
antileishmanial activity, consisting of two aromatic re-
gions, three hydrophobic areas, three hydrogen-bond
acceptor sites along with excluded volumes within the
LdTopoI residues in the binding site. The results suggest
that in absence of complete information on the diospy-
rin/DNA topoisomerase binding interaction, alternative
computational strategies viz., virtual screening or SBDD
may be productively used for identifying new and selec-
tive leishmanial-topoisomerase inhibitors. The result ob-
tained in this study contributes to the understanding of
the mode of action of TopoI inhibition by diospyrin and
its amino derivatives in the human host cells and that of
diospyrin in the parasite L. donovani. The differential
interactions of these inhibitors with L. donovani and hu-
man TopoI indicate the existence of sufficient biochem-
ical and structural differences to enable selective
targeting of the parasite enzyme. Work in this direction
is under progress.
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