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Generated 3D-Common Feature Hypotheses Using the HipHop
Method For Developing New Topoisomerase I Inhibitors
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The continued interest in designing novel topoisomerase I (Topo I) inhibitors and the lack of adequate
ligand-based computer-aided drug discovery efforts combined with the drawbacks of structure-based
design prompted us to explore the possibility of developing ligand-based three-dimensional (3D)
pharmacophore(s). This approach avoids the pitfalls of structure-based techniques because it only focuses
on common features among known ligands; furthermore, the pharmacophore model can be used as 3D
search queries to discover new Topo I inhibitory scaffolds. In this article, we employed the HipHopmodule
using Discovery Studio to construct plausible binding hypotheses for clinically used Topo I inhibitors, such
as camptothecin, topotecan, belotecan, and SN-38, which is an active metabolite of irinotecan. The
docked pose of topotecan was selected as a reference compound. The first hypothesis (Hypo 01) among
the obtained 10 hypotheses was chosen for further analysis. Hypo 01 had six features, which were two
hydrogen-bond acceptors, one hydrogen-bond donor, one hydrophob aromatic and one hydrophob
aliphatic, and one ring aromatic. Our obtained hypothesis was checked by using some of the aromathecin
derivatives which were published for their Topo I inhibitory potency. Moreover, five structures were
found to be possible anti-Topo I compounds from the DruglikeDiverse database. From this research, it can
be suggested that our model could be useful for further studies in order to design new potent Topo I-
targeting antitumor drugs.
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Introduction

Eukaryotic DNA topoisomerases I and I1 are essential nuclear
enzymes responsible for the organization and modulation of
the topological features of DNA so that a cell may replicate,
transcribe, and repair genetic information [1–4]. Topoisom-
erase I (Topo I) functions by creating transient single-stranded
nicks in DNA supercoils relieving torsional strain that has
accumulated during DNA replication and transcription [2, 4,
5]. Intracellular levels of Topo I are elevated in a number of

human solid tumors, relative to the respective normal tissues,
suggesting that variations in Topo I levels are tumor-type
specific [6–8]. Therefore, Topo I represents a promising target
for the development of new cancer chemotherapeutic agents
against a number of solid human tumors.

In 1966, Wall et al. [9] discovered that camptothecin (CPT;
Fig. 1), a pentacyclic alkaloid was the component in the extract
from the stem of the Chinese tree Camptotheca acuminata
active against L1210 murine leukemia cells. Early clinical trials
with the sodium salt of CPT in the early 1970s showed that this
plant alkaloid had activity against a variety of solid tumors [10–
12]. However, further clinical trials were discontinued because
ofunpredictableandseveremyelosuppression,gastrointestinal
toxicity, and hemorrhagic cystitis. In 1985, however, it was
reported that the cytotoxic activity of CPT was attributed to a
novel mechanism of action involving the nuclear enzyme Topo
I [13], and this discovery of uniquemechanismof action revived
interest in CPT and its analogs as anticancer agents.
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Enzymology studies have showna rather intriguingmechanism
in that CPTdoes not interactwith Topo I alone, nor does it bind
to DNA [14–16], and exerts its cytotoxic effect by binding and
stabilizing the cleavable complex, a transient specieswhere the
hydroxyl group on tyrosine 723 of Topo I binds covalently to
DNAvia itsphosphodiesterbackboneandcausesasingle-strand
break. The formationof a stable ternary complex betweenCPT,
Topo I, and the cleavedDNA leads to the S-phase specific arrest
of replication at the single-strand level, causing irreversible
DNA damage and eventually cell death [17]. Contrary to these
initial reports, recent studies have suggested that CPT analogs
may interact directly with double-stranded DNA prior to the
action of Topo I, and the DNA-associated drugs are likely to be
involved in thesubsequent formationofa ternary complex [18].
Although theexact structure of the ternary complex remains to
be determined [19, 20], this mechanism accounts for the good
correlation found between the ability to induce stabilized
cleavable complexes and the cytotoxicity of various CPT
analogs [21]. Subsequently, CPT analogs, classified as DNA
Topo I inhibitors, have recently emergedas aprominent class of
anticancer agents with a novel mechanism of action, potent
antiproliferative activity on a wide spectrum of tumor cells
including multidrug-resistant lines, and impressive activity in
xenograft models [22].

The later development of topotecan and irinotecan as
camptothecin analogs, which are the only FDA-approved
anticancer agents, were found to inhibit Topo I activity by
intercalating into the cleavage complex and preventing the
religation step of the catalytic cycle [23–25]. Moreover,
belotecan [26, 27], which is 7-Me2CHNHCH2CH2CPT, has been
approved to be used in the clinic as anticancer drugs in South
Korea, as well. One of these drugs, irinotecan, is a pro-drug
and is converted to the active 7-ethyl-10-hydroxy-CPT
(OHC2CPT; SN-38) by carboxylesterases to exert its antitumor
activity [28, 29]. Although the camptothecins possess potent
anticancer activity, issues regarding solubility and bioactivity,
dose-limiting toxicity [24, 25, 30], the instability of the
hydroxy lactone, and associated pharmacokinetic liabili-
ties [31–33], led to the development of Topo I inhibitors as
novel anticancer drugs.

One promising class of noncamptothecin Topo I poisons is
the indenoisoquinolines, such as MJ-III-65 [34, 35]. These
compounds possess high anti-Topo I activity, are cytotoxic,
and are more stable because they lack the hydroxylactone.
Through comprehensive SAR studies [34, 36–38], two clinical
candidates, indotecan and indimitecan, were developed and
have begun Phase 1 clinical trials at the National Cancer
Institute [39, 40].

Figure 1. Representative clinically used Topo I
inhibitors.
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The continued interest in designing new Topo I inhibitors, a
common feature 3D-pharmacophore model from clinically
used Topo I inhibitors such as camptothecin (01), topotecan
(02), SN-38 (03) (which is an active metabolite of irinotecan
(03)), belotecan (05) (Fig. 1) have been developed to offer
promising scaffolds for the development of novel cancer
chemotherapeutics. In this research, HipHop pharmacophore-
based virtual screening was performed by using Discovery
Studio 3.5 [41]. Moreover, we applied ligand-based virtual
screening approaches for someof the aromathecin derivatives
from Reference [42] to validate our hypotheses. Additionally,
selected hypotheses wer searched in DruglikeDiverse data-
base using the “Search 3D Database” protocol in Discovery
Studio 3.5 [41].

Computational details

All of the molecular modeling studies were carried out using
Discovery Studio 3.5 [41].

Training and test set selection
Clinically used Topo I inhibitors such as camptothecin (01),
topotecan (02), SN-38 (which is an active metabolite of
irinotecan (03)) (04), and belotecan (05) (as seen in Fig. 1)
were used as a training set in order to develop a common
feature 3D-pharmacophore model. Topotecan, which was
the docked pose from taking molecular docking study,
was selected for the reference compound. All of the test
set were chosen from published studies [42]. Moreover,
DruglikeDiverse database, which has 5384 compounds, was
screened [41].

Molecular docking study of topotecan
Preparation of the enzyme
The crystal structure of the topoisomerase I, complexed with
topotecan, was retrieved from the Protein Data Bank (PDB ID:
1k4t) [43]. Accelrys Discovery Studio 3.5 [41] software was
used for preparation of protein and ligands. The target
protein was taken, the ligand was extracted, hydrogens were
added, and their positions were optimized using the all atom
CHARMm force field and the Adopted Basis set Newton
Raphson (ABNR) method available in Discovery Studio 3.5
protocol until the root mean deviation (RMS) gradient was
<0.05 kcal/mol/Å2. The minimized protein was defined as the
receptor using the binding site module. The binding site was
defined from the cavity finding method which was modified
to accommodate all the important interacting residues in the
active site of the enzyme. Binding sphere for 1k4t (21.261,
�3.517, 28.108, and 14.1604) was selected from the active site
using the binding site tools.

Ligand preparation
Reference drug topotecan was sketched, all atom CHARMm
forcefield parameterization was assigned, and then mini-
mized using the ABNR method as described above.

Conformational searches of the ligand were carried out using
a simulated annealing molecular dynamics (MD) approach.
The ligand was heated to a temperature of 700K and then
annealed to 200K.

Docking
CDocker [44] method was performed by using Discovery
Studio 3.5. The protein is held rigidwhile the ligand is allowed
to be flexible during refinement. The docking parameters
were as follows: Top Hits: 10; Random Conformations: 10;
Random Conformations Dynamics Step: 1000; Grid Extension:
8.0; Random Dynamics Time Step: 0.002. The docking
and scoring methodology was validated by docking of
known inhibitor, topotecan. The docked position of top-
otecan overlaps well with the crystal structure position, with
an RMSD of 0.6538 Å.

Pharmacophore modeling for topoisomerase I
inhibitors
Pharmacophore modeling is one of the most powerful
techniques to classify and identify key features from a group
of molecules such as active and inactive compounds. Chemical
features in the hypothesis or pharmacophore model will
furnish a new insight into design novel molecules that can
enhance or inhibit the function of the target and will be
useful in drug discovery strategies. HipHop module from
CATALYST software in Discovery Studio 3.5 was used to
develop pharmacophore models [41].

Molecules were built using ISIS draw and minimized using
CATALYST software to the closest local minimum by applying
the CHARMm-like force field [45]. Catalyst automatically
generated conformational models for each compound using
the Poling Algorithm [46–48]. The “best conformer genera-
tion” procedure was applied to provide the best conforma-
tional coverage for a maximum number of conformers
generated defaulted to 255 in a 0–20kcal/mol range from
the global minimum [49]. The generated conformations were
used to align common molecular features and generate
pharmacophore hypothesis. HipHop was used to the con-
formations generated to align chemically important func-
tional groups common to the molecules in the study set. A
pharmacophoric hypothesis then was generated from these
aligned structures.

HipHop provides feature-based alignment of a collection of
compounds without considering the activity. It matches the
chemical features of a molecule, against drug candidate
molecules. HipHop takes a collection of conformational
models of molecules and a selection of chemical features,
and produces a series of molecular alignments in a variety of
standard file formats. HipHop begins by identifying config-
urations of features common to a set of molecules. A
configuration consists of a set of relative locations in 3D
space and associated feature types. A molecule matches the
configurations if it possesses conformations and structural
features that can be superimposed within a certain tolerance
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from the corresponding ideal locations. HipHop also maps
partial features of molecules in the alignment set. This
provision gives the option to use partial mapping during the
alignment. Partial mapping allows to identify larger, more
diverse, more significant hypotheses and alignment models
without the risk of missing compounds that do not have to
map to all of the pharmacophore features.

In this research, HipHop common feature hypotheses were
generated in order to offer promising scaffolds for the
development of novel Topo I inhibitors for contributing to the
cancer chemotherapy.

This tool builds hypotheses (overlaying common features)
forwhich thefit of individualmolecules to a hypothesis can be
correlated with activity of the molecule. Clinically used four
potent Topo I inhibitors, camptothecin (01), topotecan (02),
irinotecan’s (03) metabolite (SN-38 (04)), and belotecan (05),
were selected as the target training set (Fig. 1). All the
compounds were built using ISIS draw and minimized using
CATALYST software to the closest local minimum by applying
the CHARMm-like force field [46]. Docked pose of topotecan
was considered as “reference compound” specifying a
“Principal” value of 2 and a “MaxOmitFeat” value of 0,
meaning its structure and conformation would have the
strongest influence in the model building phase. The
“Principal” and “MaxOmitFeat” values for the remaining
compounds were set to 1 and 2, respectively (Principal¼ 1
means that this molecule must map onto the hypothesis
generated by the search procedure. Partial mapping is
allowed. Principal¼ 2 means that this is a reference com-
pound. The chemical feature space of the conformers of such
a compound is used to define the initial set of potential
hypotheses. The MaxOmitFeat column specifies how many
hypothesis featuresmustmap to the chemical features in each
compound. A “0” in this column forces mapping of all
features, a “2” allows hypotheses to which no compound
features map). Diverse conformational models for each
compound were generated using the “best conformational
analysis” method and an energy threshold of 20 kcal/mol

above the global energy minimum for conformation search-
ing [49]. The maximum number of conformers for each
moleculewas specified as 255 to ensuremaximum coverage of
the conformational space. Due to the basic structures of the
compounds, seven kinds of features including hydrogen-bond
acceptor (HBA), hydrogen-bond donor (HBD), hydrophobic
group (Hyd), hydrophob aliphatic (Hyd_Al), hydrophob
aromatic (Hyd_Ar), PosIonizable (PI), and ring aromatic (RA)
features were selected to initiate the pharmacophore
hypotheses generation process. The characteristics of the
generated potential 10 hypotheses are listed in Table 1 and all
the hypotheses contain six features.

Results and discussion

DNA topoisomerase I is an essential nuclear enzyme for cell
survival. Targeting this enzyme has become one of the best
solutions for cancer therapy [1–4]. DNA topoisomerase I
targeted cytotoxic drugs are used in clinic for treatment of
solid tumors such as lung, ovarian, colon cancers, etc.
However, the number of topoisomerase I targeted drugs on
market is very limited. Hence, there is still a gap to fill for
finding new kind of chemical structures which specifically
target topoisomerase I. In this research, HipHop common
feature hypotheses were generated in order to offer
promising scaffolds for the development of novel Topo I
inhibitors for contibuting to the cancer chemotherapy.

First of all, the docked pose of topotecan which was the
reference drug was obtained by using CDOCKER method,
before generating pharmacophoric features for Topo I
inhibitors. According to molecular docking study, the binding
energy of topotecan was found to be �56.2735 kcal/mol.
Moreover, docking study showed that topotecan had 4 H
bonds with Glu356, Lys532, Asp533, Arg364, 2 water
mediated H bonds with Arg488, Asn722, and Pi interactions
with Lys532, DT B10, TGP C11 in Topo I residues (as seen in
Fig. 2a and b).

Table 1. The results of pharmacophore hypotheses generated by using HipHop.

Hypo no. Featuresa) Rank DFb) PHc) Max. Fit

01 RYZDAA 63.459 1111 0000 6
02 RYZDAA 63.459 1111 0000 6
03 RYZDAA 63.459 1111 0000 6
04 RYZDAA 62.964 1111 0000 6
05 RYZDAA 62.908 1111 0000 6
06 RYZDAA 62.908 1111 0000 6
07 RYZAAA 62.659 1111 0000 6
08 RYZAAA 62.659 1111 0000 6
09 YZDAAA 62.240 1111 0000 6
10 RYZAAA 62.108 1111 0000 6

a)Features: A: HBA, D: HBD, Z: HYDROPHOBAliphatic (Hyd_Al), Y: HYDROPHOBAromatic (Hyd_Ar), R: RING_AROMATIC (RA).
b)DF (Direct Hit Mask): Mapping of each feature onto training set molecule. 1 means yes and 0 means no.
c)PH (Partial Hit Mask): A training set molecule mapped all but one feature in the hypothesis. 1 means yes and 0 means no.
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Figure 2. Docked position of topotecan: (a) 3D figure; (b) 2D figure.
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Clinically used four potent Topo I inhibitors, camptothecin
(01), topotecan (02), irinotecan’s active metabolite SN-38
(04), and belotecan (05), were selected as the training set
to generate pharmacophore models by using HipHop
methodology (Fig. 1). The docked pose of topotecan,
reported above, was considered as a reference compound,
which was allowed to map all features, while the other
three molecules were allowed to map partially on the
hypotheses. Finally, the 10 six-feature hypotheses were
generated. The ranking scores of hypotheses range from
63.459 to 62.108 as shown in Table 1. The first hypothesis
(Hypo 01) was selected for further analysis that contained
RA-1, Hyd_Ar-2, Hyd_Al-3, HBD-4, HBA-5, and HBA-6, which
is presented in Fig. 3a and b. Direct hit mask and partial
hit mask revealed that all the six features were mapped
onto four training set compounds. Figure 4 shows the
mapping of Hypo 01 onto the training set compounds. The
compound 2 (topotecan) taken as reference mapped well
onto all the features (Fig. 5). The HBD-4 feature mapped on
OH group at the fourth position of topotecan represents
interaction with Asp533 and Arg364 in the active site of
Topo I (as seen in Figs 2 and 5). Moreover, HBA-5 fitted on

“O” of carbonyl on the pyran ring of topotecan shows
interaction with Lys532. HBA-6 mapped on OH group at the
14th position of topotecan represents interaction to Asn722
with water mediated H bond.

The aromathecin or “rosettacin” class of Topo I inhibitors is
effectively a “composite” of the natural products campto-
thecin and the synthetic indenoisoquinolines [50]. In here,
some of the aromathecin derivatives taken from Refer-
ence [42] were used as a test set for validating our selected
hypotheses as seen in Table 2. These compounds were
mapped onto the Hypo 01 by using “flexible” fitting method,
“best mapping only,” and “Maximum Omitted Features: �1”
options to obtain the bioactive conformation of each
molecule in Ligand Pharmacophore Mapping protocol in
Discovery Studio 3.5. All of the statistical data were shown in

Figure 3. The best hypotheses of HipHop Pharmacophore
Modeling (Hypo 01) obtained from clinically used Topo I
inhibitors: (a) Mapping of Hypo 01, which contains two HBAs
(green), one HBD (violet), one RA (yellow), one Hyd_Al (dark
blue), and one Hyd_Ar (light blue) pharmacophore features;
(b) the geometry of the features.

Figure 4. All training set with Hypo 01.

Figure 5. Docked pose of topotecan with Hypo 01.
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Table 3. The results of mapping of features onto test set
compounds are given in Fig. 6.

According to Table 3 and Fig. 6, compounds 57–63mapped
well onto the five features with a good FitValues 4.7718,
4.7562, 4.7562, 4.7539, 4.6414, 4.5765, and 4.1962, respec-
tively. These structures did not only map into HBA-5 as seen
Pharmprint (111101: that means RA-1: 1; Hyd_Ar-2: 1; Hyd_Al-
3: 1; HBD-4: 1; HBA-5: 0; HBA-6: 1) in Table 3. It was reported
that compounds 61–63 were found to be inactive for Topo I
cleavage [42]. Even if non-effect compounds matched with
five features well but their Van der Waals Energy number are
smaller than the other. On the other hand, we noticed that
among the aromathecin derivatives, which had 111101 as
Pharmprint and a good FitValues, none of them had indicated
an equipotent activity like camptothecin. According to these
results, we could consider that HBA-5 feature played a very
important role for getting Topo I inhibitory activity. Further-
more, the aromathecins 53–56 fitted onto RA-1, Hyd_Ar-2,
HBD-4, and HBA-6 features as seen in Table 3. Although
compounds 53–55 showed best map with only four features,
they had more significant Topo I inhibitory activity than
derivatives 58–60. It was noticed that their Van der Waals
energies were found to be higher than the other. Therefore,
it can be considered that the Van der Waals energies of
aromathecins 53–55 should be also important for developing

Table 2. Aromathecin derivatives [42] as Topo I inhibitors
used as test series for checking Hypo 01.

Comp. no. n Topo I cleavagea)

53 2 þþþ
54 3 þþ(þ)
55 4 þþþ
56 5 þ
57 6 þþ(þ)
58 7 þþ
59 8 þ
60 9 þ
61 10 0
62 11 0
63 12 0

a)Compound-induced DNA cleavage due to Top1 inhibition is
graded by the following rubric relative to 1mM campto-
thecin: 0, no inhibitory activity; þ, between 20 and 50%
activity; þþ, between 50 and 75% activity; þþþ, between 7
and 95% activity; þþþþ, equipotent. The 0/þ ranking is
between 0 and þ [42].
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Figure 6. Compared test set series of Hypo 01.

Figure 7. Possible Topo I inhibitors from DruglikeDiverse database.
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new Topo I inhibitors. Unfortunately, our hypothesis was not
appropriate for compound 56. We can conclude that our
model would be useful for further studies.

In this study, selected Hypo 01 was searched in Druglike-
Diverse database where 5384 compounds were, as well.
According to this screening, it was obtained that 764
compounds fitted with Hypo 01. However, only five com-
pounds (UKR485365, ENA64034, ASI297919, ENA153690, and
UKR841329) fitted onto all the features with satisfactory
FitValues (4.5289, 4.1175, 4.0637, 3.9394, and 3.4912, respec-
tively) as seen in Fig. 7. Here, it can be considered that these
five molecules could be new lead Topo I inhibitors for cancer
therapy.

Conclusion

HipHop provides feature-based alignment of collection of
compoundswithout considering biological activity. It matches
pharmacophoric features of the molecules against template.
HipHop takes collection of conformational models of
molecules and produces series of molecular alignments in
variety of standard file formats. HipHop begins by identifying
configurations of features common to a set of molecules. A
configuration consists of a set of relative locations in 3D space
and associated feature types. A molecule matches the
configuration if it possesses the conformations and pharma-
cophoric features that can be superimposed within a
tolerance limit from the corresponding ideal locations.

The training set compounds associated with their diverse
conformational models were subjected for hypotheses
generation. The molecular characteristics, which are essential
for tight binding between ligand and its corresponding
targets like Topo I, were expressed as common features
disposed in 3D space known as hypotheses. In this study, we
have done a common feature 3D-pharmacophoremodel from
clinically used four potent Topo I inhibitors, camptothecin
(01), topotecan (02), irinotecan’s (03) active metabolite (SN-38
(04)), and belotecan (05), as presented in Fig. 1 by using
HipHop methodology to offer promising scaffolds for the
development of novel cancer chemotherapeutics. Our main
goal was to generate 3D-common chemical features in order
to be able to develop new Topo I inhibitors for further studies.

In this research, 10 hypotheses, which had six features, were
obtained. The first hypothesis (Hypo01) was selected for
further analysis that contained two hydrogen-bond accept-
ors, one hydrogen-bond donor, one hydrophob aromatic and
one hydrophob aliphatic, and one ring aromatic features,
which is presented in Fig. 3. Selected hypotheses (Hypo 01)
were checked by using some of the aromathecins taken from
Reference [42].

Moreover, Hypo 01 was searched in DruglikeDiverse data-
base, as well. It was obviously noticed that five compounds
(UKR485365, ENA64034, ASI297919, ENA153690, and
UKR841329) as seen in Fig. 7 could be novel Topo I-targeting
antitumor compounds.

Finally, it can be considered that our model could be more
useful for further studies in order to design new potent Topo I
inhibitors.

We thank the Research Fund of Ankara University (Grant No:
12B3336002) for the financial support of this research.
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