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Abstract—A computational approach was utilized to study the relativ
crystal structure of human DNA-Topol and the recently reported L
interactions of amino derivatives of diospyrin with human Topol
modes of diospyrin with the human and leishmanial Topol catalyti
dictive docking programs, GOLD and Ligandfit, allowed mutual val
relation coefficient between the calculated docking scoreses
docking method. Furthermore, a structure-based phar
which helped in elucidating the topological and spatial r8
understanding of the structural basis of ligand binding to §k
design of potent and novel ligands for anticanc
mode exploration study for diospyrin and i
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modes of dI rin (bisnaphthoquinonoid) with the
mania donavani DNA~Topol. Additionally, the binding site
sively. Based on the docking results, binding
ed. The parallel use of two efficient and pre-

veloped for L. donavani DNA-Topol inhibition
af the ligand-receptor interactions. This study provides an

DNA Topoisomerases are
to all living organisms. T
type I and II on the

, ileishmanial agents.!:? This
is sufs pthat Leishmania donovani (Ld)
opol have sufficient biochemical and struc-
es to enable selective targeting of the par-
asite and hu@e enzymes.! 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

Figure 1. Common structure of diospyrin derivatives.

in vitro but with different potencies.>* 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.
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sess cytotoxicity against EAC tumor cells.>® The SAR
of these derivatives have recently been reported by our
group suggesting that fragment-based sterimol parame-
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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.® As diospyrin shows lesser but
selective inhibitory activity'” in LdTopol, 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-Topol and the recently reported LIDNA-Topol
using molecular docking. Our findings support the feasi-
bility of specifically targeting Leishmania Topol 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 Topol
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 conformg-
tions has been used to investigate the binding mod
compounds involved in this study, which in turn co
firms the role of bulky substituents® and some amin
acid residues'® present in the active s1te b

DNA-Topol. The proposed binding j
diospyrin with ‘predicted’ active site of,

The structures of 12
from our recently re
tures of the mole

mimization does not
est energy conforma-
, the conformation space
ergy optimization cycles fol-

dynamic time p-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 1.02!! 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)!° and GOLD v3.01'? Soft-
ware were used to dock all the compounds into the

active site of the human DNA-Topol (PDB: 1SC7)3
and LdADNA-Topol (PDB: 2B9S)’ 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.'*!* The binding site was
defined to include all residues within 10 A of the ligand
in original complex of human DNA-Topol. In this
structure’ Topol is bound to the oligonucleotide
sequence 5'-AAAAAGACTTsX- GAAAAATTTTT 3,
where ‘s’ is 5’-bridging phosphorothj
strand and ‘X’ represents any of tk
or T. Protein preparation for thg

fault calculation
rate docking r

operations on an ini-
divided into five sub-

as well. The number of generated
0 and top ranked solutions were kept,

orted from a mol?2 file. The Scoring func-
GOLD Fitness Score was selected for each
, 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-Topol. In case of Leishmania,
the LdTopolLS (large subunit)-vanadate-DNA com-
plex® was used. DNA and vanadate ion were removed
from protein. For the L. donovani DNA-Topol, 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 LIDNA-Topol. 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 (vl. 02) energy function with a resolution of
0.5 A and opening size of the site 5 A.!5 The ligand-
accessible grid was defined such that the minimum dis-
tance between a grid point and the protein is 2.0 A for
hydrogen and 2.5 A for heavy atoms. The grid extends
from the defined active site to a distance of 3 A 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 A. 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.!® 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

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-1. Com-
pounds 1-12 were first docked 1i intg 'ndlng pocket

study).!” The SD file was used as an input file of the nains:'%-20
ligands. Additionally, a complex of LdTopol was fetl and
employed to construct structure-based pharmacophore ivity, (ii)
hypothesis, using Ligand Scout v1.03.!% In this method residues

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-Topol (with 12 compounds, Table 1)
LADNA-Topol (with diospyrin) was establishe
the first time by studying direct ligand-receptor int
tions in silico. Structures of the receptor— hgand comp
predicted by Ligandfit were ranked with bg
functions in Cerius2.'® As each scori
rank binding poses differently, a cong

by at least three of t
lected by LigandFi
predicted by G
(RMSD) betwe
the hgand 11

nserved and con-
studies also suggest
de Asn722, Lys532,

n Topol revealed some common features
served in earlier studies. It has been pro-
tion certainly results from a direct inter-
enzyme and subsequent interference with
-dependent Topol-mediated DNA cleav-
implying that diospyrin derivatives mediate a con-
ional change of topoisomerase.?! Thus, in our
study we used only Topol 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
Argd88, 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

Compound R R! R? R? ICso (uM) (£SE) GOLD Fitness Score
1 (diospyrin) H H H H 0.84 + 0.01 29.84
2 CH, H CH, H 0.71 + 0.02 33.69
3 CH; H CH; NH-p-C¢H4Cl 0.25%0.01 37.09
4 CH; NH, CH; NH, 0.24 £0.04 31.78
5 CHj; H CH; NH, 0.35%+0.03 34.24
6 CH, H CH, NHCOCH; 0.06 + 0.02 38.51
7 CH; H CH; NHCH,C¢H5 1.41 £0.07 25.37
8 CHj; H CHj; NHCH,CH,OH 1.07 £0.09 33.47
9 CH; H CH3; NHCH,CO,Et 0.09 £ 0.01 37.50
10 CH; H CH; NH-B-Naphthyl 0.24 £0.04 37.95
11 CH; H CH; NHCOC4¢Hs 0.28 £0.02 36.47
12 CH, H CH, NHCOC(CHs)s 0.07 % 0.01 39.39
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Figure 2. Binding interaction of compound 12 with human Topol, docked using GOLD
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Figure 3.
interactions a'

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 A) and make hydrophobic contacts with these
molecules in different docked conformations. Whereas,
the carbonyl oxygen and amine linkers in ring C and

GLNG623

ARG488

" W\

A ASN722
 HIS632

| ARG590

n bonds and van der Waals

4
" ASN722
~\3\
: \
S all Y- ‘THR591
SY$6306 \ N

compound 10 with human Topol, docked using GOLD 3.01. Intermolecular hydrogen bonds and van der Waals

D were found within H-bonding distance of residues
Arg364, GIn633, and Asp533, in different inhibitors of
this series. Interestingly, only the most active com-
pounds 6, 9 and 12 (IC5y < 0.1 pM) 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 R® 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 GIn531. The
moderate and less active compounds (1-5, 7, 8, 10, and
11) have ICsq between 0.24 and 1.41 uM (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’ of ring D in these compounds
modulates the cytotoxicity of compounds 3-12 as re-
ported in our previous study.® To observe the location
of predicted binding models within the DNA/Topol
complex, coordinates of DNA were superimposed on
each of the ligand-Topol 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’ position pointed toward the backbone of

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’ 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 sec gt this dihedral

n-ligand van der
der Waals (vdw)
n energy terms. It uses
s for both the external

ues giving a correlation coefficient of
roborates with the experimental results

Figure 4. Docked orientations of compound 12 (A) and diospyrin (B) within human DNA-Topol. Only DNA (line), amino acid residue Asn722

(line), and inhibitors (ball and stick) are shown for clarity.
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Figure 5. Correlation between the calculated GOLD Fitness Score and
the experimental activities (ICsg) of diospyrin derivatives.

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.?> 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 desi
of optimized inhibitors.

Additionally, our dockmg studies led to the 1dent1ﬁca
tion of a set of r631dues in the human -Topol s

involvement of these residues h.
through extensive experimenta,

T chemotherapeutic inter-
ibition is relatlvely specific
On the contrary it requires a 10-fold
ation to inhibit the mammalian DNA
topoisomerase-¥@nd 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-1.2! These obser-
vations suggest an important clinical application of
this compound,®’ making the present study highly
relevant.

A comparison of these two enzyme structures revealed
that human Topol is a monomeric enzyme composed
of a single 765 residue polypeptide chain, whereas LdTo-

pol (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 LdTopol 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 Topol
topoisomerases, such as Arg-314, Lys-352, Arg-410,
and His-453. On the other hand, the g opoI sub-
unit contains a large non-conser
sion (start-Met-Asn-210) enri
which could be phosphorylated.

and Tyr 222.7°
not available fo,

, diospyrin was found to make
with active site residues: (i)

ond acceptor and interacts with back-
1315 of the core region (NH-O dis-
Ring B lies in van der Waals radius
makes hydrophobic contacts with the
(i) Hydroxyl group of ring-C makes hydrogen
ith Arg-314 (H-bond distance 2.96 A). (iv)
-ring carbonyl oxygen at4’ position was also found with-
in H-bonding distance of the residues Arg-314 (H-bond
distance 2.72 A) and Lys 352 (H-bond distance 2.52 A)
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 m—n 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’ 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 selectivity® of diospyrin for the leishman-
ial Topol over human Topol 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
Topol, 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.” 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)

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

study interact with other amino acid residues of this ‘tet-
rad’ as described before.

Calculated protein-ligand-binding free energy of
complex (consisting of best-predicted diospyrin ‘bind
model’ in human Topol) was found to be

The molecular docking
LdTopol clearly identify
olved in the binding site inter-

instead of HY 53, this model shows a n—m 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 LdTopol-diospyrin complex were higher than those
for the human Topol-diospyrin complex and validate
the higher selectivity of this inhibitor for LdTopol.
The difference in inhibitory effects of diospyrin observed
at the structural level of Topol could be exploited for
the development for parasite-specific derivatives.

-~ #

. 1.¥8352 HIS 453

ARG344

site. Hydrogen bond and van der Waals

ove mode of interaction, we generated a
pharmacophore model (Fig. 7) using
opol complex. Structure-based pharma-
hore generation uses the spatial information of the
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 LdTopol. 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 LdTopol 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 LdTopol.

In conclusion, our studies give structural insights about
the plausible binding modes for diospyrin and its amino
derivatives with the human Topol and diospyrin itself
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Figure 7. Structure-based pharmacophore hypothesis based on diospyrin—-LdTo
shown as surface around pharmacophore, consisting of two aromatic points

hydrogen bond acceptors (red); with excluded volume spheres (gray).

with the leishmanial Topol. Selection of ‘best’ bindi
models was made based on the scoring functions
agreement between different docking methods. The
sults led to a proposed pharmacophore model fo
antileishmanial activity, consisting of two gz
gions, three hydrophobic areas, three
acceptor sites along with excluded Vo

rin/DNA topoisomerase bindi
computational strategies viz.
may be productively used ft

the mode of actio
its amino derivati
diospyrin i

ces to enable selective
yme. Work in this direction
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