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Abstract

Pancreatic cholesterol esterase (CEase) is a serine hydrolase involvedin the hydrolysis of variety of lipids and transport of
free cholesterol. In this study, pharmacophore hypotheses based on known inhibitors were generated using common
feature pharmacophore generation protocol available in Discovery Studio program. The best pharmacophore model
containing two hydrogen bond acceptor and three hydrophobic features was selected and validated. It was further
used in screening three diverse chemical databases. Hit compounds were subjected to drug-likeness and molecular
docking studies. Four hits, namely SEW00846, NCI0040784, GK03167, and CD10645, were selected based on the
GOLD fitness score and interaction with active site amino acids. All hit compounds were further optimized to improve
their binding in the active site. The optimized compounds were found to have improved binding at the active site.
Strongly binding optimized hits at the active site can act as virtual leads in potent CEase inhibitor designing.
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Introduction

Pancreatic cholesterol esterase (CEase), an enzyme,
which is also known as bile salt-activated lipase, is
responsible for the hydrolysis of various substrates
including dietary cholesterol esters, fat-soluble vitamins,
triglycerides, and phospholipids.'? CEase is secreted
from vertebrate pancreas into the intestinal track and
activated by primary bile salts. It is present in few mam-
mals including humans. It is also present in the milk to
assure efficient triglycerol utilization in breast-fed new-
borns as their pancreas develops.** CEase gene-knockout
transgenic mice showed a reduced uptake of cholesteryl
ester, and confirms that this enzyme is responsible for the
intestinal fat absorption.® Lack of CEase activity can also
lead to the incomplete digestion of milk fat and accu-
mulation by enterocytes in the ileum of newborn mice.?
Apart from its role in fat digestion, it is also involved

directly in lipoprotein metabolism in which it catalyses
the conversion of larger and less atherogenic low-den-
sity lipoprotein to the smaller and more atherogenic
low-density lipoprotein subspecies and may also regulate
serum cholesterol level.®” Therefore, CEase may function
in these roles and act as cholesterol transfer protein and
have harmful effect in atherosclerosis processes.”® The
role of CEase in atherogenesis and the relationship of
this enzyme to various pathological conditions are not
completely established so far.’

CEase belongs to a./B-hydrolase fold family. The active
site includes both the catalytic triad (Ser194-Asp320-
H435) and oxyanion hole (Glyl107-Alal08-Ala195) resi-
dues.'” CEase, serine protease, and serine lipase enzymes
share the same catalytic mechanism that is the formation
of discrete acyl enzyme intermediate via serine hydroxyl
group in the active site, by having a Ser-Asp-His catalytic
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Abbreviations

CEase cholesterol esterase

DS Discovery Studio

HBA hydrogen bond acceptor
HBD hydrogen bond donor
PI positive ionizable

RA ring aromatic

HY hydrophobic

E enrichment factor

GH goodness of hit score

ADMET absorption, distribution, metabolism, elimination,
and toxicity

GOLD genetic optimization for ligand docking

PDB protein data bank

LGA Lamarckian genetic algorithm

triad as serine protease.' These three category of enzymes
may also expected to be inhibited by the same class of
mechanism-based inhibitors since they share this com-
mon mechanism of hydrolysis by possessing a Ser-Asp-
His catalytic triad. Recently, CEase has been emerging
as a potential target particularly for the development of
hypocholesterolaemic agents. It has been demonstrated
that aryl haloketones, diethyl-p-nitrophenol phosphate,
carbamates, boronic acids, isocoumarins, [-lactones,
B-lactams, aryl carbamates, and fluoroketones are the
most studied class and mechanism-based inhibitors of
CEase.'*!® The characterization of enzyme inhibition by
aryl carbamates provides information that this process
occurs mainly because of fast carbamylation of the active
site serine followed by slow decarbamylation. Designing
mechanism-based inhibitors with a scissile CO-O or
CO-N bond within a ring system for the inhibition of ser-
ine protease and serine lipase enzymes was frequently
observed in various studies.’”* This concept has not
been adopted during the development of early CEase
inhibitors. However, 6-chloro-2-pyrones, representa-
tives of a known class of mechanism-based inhibitors of
serine proteases, have been described as potent CEase
inhibitors later.”® Though, there are many compounds
available for the inhibition of CEase, still there is a need
for anew class of compounds as drugs in the treatment of
cholesterol-related diseases.

In the present study, we have developed a pharma-
cophore model based on the common chemical features
present in the known CEase inhibitors. The obtained
pharmacophore model was used to identify a set of new
lead candidates through virtual screening. The screened
compounds were considered in drug-likeness evaluation
and molecular docking study. The retrieved final hits were
further optimized to bind with high affinity at the active
site of the enzyme. Synthetic accessibility of the final lead
candidates that are listed as a result of this study was cal-
culated using a recently developed program.

Materials and methods

Pharmacophore generation

All the studies were carried out using Discovery Studio
(DS) 2.5 unless it is mentioned. A data set containing
chemical compounds known for their in vitro inhibi-
tory activity values against human CEase from the

literature®'*-?* was prepared. Of this data set, six most
active compounds as shown in Figure 1 were selected
as a training set to generate qualitative pharmacoph-
ore models to be used in database screening to identify
new scaffolds for the future drug discovery. These com-
pounds are diverse in terms of their structures and found
to inhibit CEase in nanomolar level. The 2D chemical
structures of the training set compounds were built using
ChemSketch program version 12, and subsequently con-
verted into 3D structures using DS. All compounds in
the training set were given a Principal value of 2 and a
Maximum Omitted Feature value of 0 to make sure that
all the features of these compounds are considered dur-
ing pharmacophore generation. Diverse conformational
models for every training set compound were generated
to cover the flexibility of their chemical nature using poll-
ing algorithm.?® All the compounds were energetically
minimized using CHARMM force field implemented in
DS. Diverse Conformation Generation protocol with BEST
[lexible search option implemented in DS was employed
with the default value of generating maximum of 250
conformers within the energy range of 20 kcal/mol, with
respect to the global minimum. Feature mapping proto-
col was employed prior to the original pharmacophore
generation calculation to identify the chemical features
present in the training set compounds. The chemical fea-
tures such as hydrogen bond acceptor (HBA), hydrogen
bond donor (HBD), positive ionizable (PI), ring aromatic
(RA), and hydrophobic (HY) features were used during
pharmacophore generation. These chemical features
were selected based on the feature mapping results and
the possible interaction points available at the active site
of CEase. All the other parameters were maintained at
their default settings. The six compounds in the training
set along with the generated conformational models were
used in pharmacophore model generation. Common
feature pharmacophore models, generally, are devel-
oped by comparing a set of conformational models and a
number of 3D configurations of chemical features shared
among the training set compounds. Common Feature
Pharmacophore Model Generationprotocolimplemented
in DS was used to generate pharmacophore models.
Ten pharmacophore models were generated based on
the common chemical features present in the training
set compounds. In order to generate a reliable and best
pharmacophore model that can be used further in drug
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Figure 1. Chemical structures of the training set compounds together with their experimental K, values in uM used for pharmacophore

generation.

discovery process, number of pharmacophore models
was generated by selecting different set of features and
by varying the default values of other parameters.

Pharmacophore validation

The best pharmacophore model “Hypo 1” was validated
based on (i) its potential in distinguishing active from the
inactive compounds in a database, (ii) the best fit values
of the training set compounds, and (iii) the presence of
significant chemical features required for the interaction
with key catalytic triad and oxyanion hole residues. For
the first validation, an external dataset containing 90
compounds was developed with 35 active and 55 inac-
tive compounds for CEase inhibition and used to validate
the generated pharmacophore models. These active and
inactive set of compounds in the database were obtained
from published literature.®®123-2527-29 The chemical struc-
tures were sketched and their 3D structures were gener-
ated as explained in training set preparation. The best
pharmacophore model, “Hypo 1) was used as a 3D query
to screen this dataset and a set of statistical parameters®*!
like hit list (H ), number of active percent of yields (%Y),
percent ratio of actives in the hit list (%A), enrichment
factor (E), false negatives, false positives, and goodness
of hit score (GH) were calculated.

Virtual screening

The pharmacophore model that performed better in all
the validation procedures was considered as a best phar-
macophore model. It was used further as a 3D query to
search chemical databases like Maybridge, Chembridge,
and NCI2000 containing 59,652, 50,000, and 238,819
compounds, respectively, in order to identify new scaf-
folds to be utilized in novel CEase inhibitor design. Search
3D Database protocol with BEST search option as avail-
able in DS was employed in virtual screening. Lipinski’s
rule of five and absorption, distribution, metabolism,

© 2011 Informa UK, Ltd.

elimination, and toxicity (ADMET) properties were used
as primary and secondary filters to remove non-drug-like
hits.*>* In order to further refine and also to reduce the
false positives of the retrieved hit compounds, molecular
docking study was carried out using well-validated two
docking programs, namely, genetic optimization for
ligand docking (GOLD) and AutoDock.

Molecular docking study

The binding orientation of the retrieved hit compounds
in the active site of human CEase was analysed by molec-
ular docking studies using the GOLD 4.1 program from
Cambridge Crystallographic Data Center, UK.* GOLD
uses genetic algorithm for docking flexible ligands into
protein-binding site to explore the full range of ligand
conformational flexibility with partial flexibility of the
protein. The GOLD fitness score was calculated from
the contribution of hydrogen bonds and van der Waals
interactions between protein and ligand. GOLD has
two scoring fitness functions, namely, GOLDScore and
ChemScore. Among these two functions, GOLDScore
was identified, in previous studies, as better scoring func-
tion than ChemScore in predicting the inhibitor-binding
positions and affinity.***” The GOLD fitness score was
calculated using the following equation:

GOLD Fitness =S, ., +1.3750xS +S +S

vdw_ext hb_int vdw_int

S, oc@ndS , _ indicate the contribution from hydrogen
bonds and van der Waals interactions between protein
and ligand, respectively; S, . represents the contribu-
tion to the Fitness due to intramolecular hydrogen bonds
in the ligand; and S,  is the contribution from intra-
molecular strain in the ligand.*” Thereby, we used GOLD
fitness score function to measure the binding positions
and affinity of ligand to the protein-binding site. X-ray
crystal structure of human CEase from protein data bank
(PDB ID: 1F6W) was used to define the binding site for
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molecular docking studies. Ester hydrolysis by CEase is
catalysed by the operation of catalytic triad and oxyanion
hole residues. Thus interaction with hydroxyl group of
Ser194 that acts as nucleophile is essential for the ester
hydrolysis reaction. Protein residues within the radius of
10 A around the hydroxyl group of Ser194 were defined to
form the active site of the enzyme during molecular dock-
ing. The early termination option of three was changed to
five and 10 docking poses per ligand was set whereas the
other parameters were kept at their default values. From
the molecular docking results, the compounds were
selected based on their GOLD fitness score, interaction
with active site amino acids, and structural diversity. The
hit compounds from the molecular docking study were
optimized further to improve their binding affinity at the
active site. Ligplot program® was used to observe the
protein-ligand HY interactions.

Optimization

The selected compounds were used as lead for further
optimization. Many different substitutions were made
at their side chains. These optimized compounds were
also subjected to molecular docking study using GOLD
program with the same settings used previously. The
final hit compounds were selected based on the GOLD
fitness score and interaction with essential amino acids.
These final hits were also docked using AutoDock 4.2
program to validate the GOLD prediction. AutoDock
is a fully automated docking program that employs
Lamarckian genetic algorithm (LGA) as a search engine
and LUDI-type scoring function.*® Three-dimensional
energy scoring grids were calculated. The default param-
eters for LGA were used. AutoDock predicts the binding
conformation of the small molecules efficiently but takes
time. As no scoring function employed in currently avail-
able docking programs performs better for all macromo-
lecular targets, a combination of scoring functions from
various programs (GOLD and AutoDock in this study)
may provide significant value in predicting favourable
binding conformations. Synthetic accessibility scores
for all the optimized compounds scoring a GOLD fitness
score value >50 was used to validate the synthetic pos-
sibilities. SYLVIA v 1.0 program***' from the Molecular
Networks group was employed to calculate the synthetic
accessibility of these optimized compounds. The esti-
mation of synthetic accessibility using SYLVIA provides
anumber between 1 and 10 for compounds that are very
easy to synthesize and compounds that are very difficult
to synthesize, respectively. The method for calculat-
ing synthetic accessibility takes account of a variety of
criteria such as complexity of the molecular structure,
complexity of the ring system, number of stereo centres,
similarity to commercially available compounds, and
potential for using powerful synthetic reactions. These
criteria have been individually weighted to provide a
single value for synthetic accessibility. Binding energies
of all the optimized compounds were calculated using
AutoDock as a cross-validation to the GOLD predictions.

The novelty of the final hits and the optimized structures
were evaluated using SciFinder Scholar and Pubchem
compound search.

Results and discussion

Pharmacophore generation

Common feature pharmacophore models were built with
six active training set compounds using DS. The training
set included derivatives of isocoumarin, binapthol, and
pyrone (Figure 1) chemical scaffolds. Several pharma-
cophore runs were carried out by changing the control
parameters to develop the best model. The common fea-
ture pharmacophore generation run resulted in 10 phar-
macophore models. Interestingly, all the 10 models were
generated with same five pharmacophoric features that
include 3 HY and 2 HBA, along with good ranking scores
range from 57.887 to 49.212 (Table 1). We observed from
the distance constraints of all 10 pharmacophore models
that the two HBA features available in all pharmacophore
models are present adjacent to each other and the two HY
features are present close to the HBA features, whereas
the third HY feature is located away from them. All phar-
macophore models do not have much difference in their
3D distance constraints. Hence, the ranking score of a
pharmacophore model and the fit values of the training
set compounds based on the generated pharmacophore
models were analyzed to choose the best model. “Hypo
1” was selected as the best pharmacophore model based
on the highest ranking score of 57.887 and good fit values
from the mapping of the training set compounds upon
the chemical features (all the training set compounds
showed good fit value with respect to this model). The
second generated pharmacophore model “Hypo 2” has
also scored aranking very close to “Hypo 1” but the best fit
values of the training set compounds were not predicted
well (Table 2). The best pharmacophore model “Hypo 1”
containing three HY and two HBA features is shown in
Figure 2 along with its inter-feature distance constraints.

Table 1. Summary of the generated common feature
pharmacophore models.

Molecular Ranking

Hypotheses features® score  Direct hit" Partial hit Max. fit

Hypo 1 HHHAA 57.887 111111 000000 5
Hypo 2 HHHAA 57.587 111111 000000 5
Hypo 3 HHHAA 56.563 111111 000000 5
Hypo 4 HHHAA 55.823 111111 000000 5
Hypo 5 HHHAA 55.542 111111 000000 5
Hypo 6 HHHAA 54.082 111111 000000 5
Hypo 7 HHHAA 53.880 111111 000000 5
Hypo 8 HHHAA 53.792 111111 000000 5
Hypo 9 HHHAA 52.673 111111 000000 5
Hypo 10 HHHAA  49.212 111111 000000 5

“H, Hydrophobic; A, hydrogen bond acceptor.

bDirect hit indicates whether (1) or not (0) a molecule in the
training set mapped every feature in the hypothesis.

“Partial hit indicates whether (1) or not (0) a particular molecule
in the training set mapped all but one feature in the hypothesis.
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In order to reduce the false positive and/or false negative
rate, “Hypo 1” was subjected to further validation** and
employed in virtual screening to retrieve new scaffolds
that matched its functional and spatial constraints.

Pharmacophore validation and database screening

A three-stage validation procedure has been employed to
validate the pharmacophore model “Hypo 1” for its reli-
ability to be employed in database screening. As a first
stage of validation, an external dataset containing active
and inactive compounds was screened using “Hypo 1”
as 3D query to evaluate the discriminative ability of this
pharmacophore model identifying the actives from inac-
tive compounds. The active and inactive compounds were
selected based on their biological activities. This dataset
comprised a total of 90 compounds including 35 active
(<1 uM) and 55 inactive (21 uM) compounds for CEase
inhibition. Various statistical parameters were calculated
to analyse theresults (Table 3). “Hypo 1” hasretrieved 94%
of active compounds from the database. In addition to it,
the calculated E value of 2.06 signifies that the selected
pharmacophore model “Hypo 1” is good enough for
virtual screening. GH score of 0.72 also ensures the sta-
tistical significance of the pharmacophore model, “Hypo
1" A significant pharmacophore model should have the
GH value between 0.6 and 0.8. This validation result con-
firmed that the quality of “Hypo 1” is reliable to be used
in database screening. Second validation step is based on
the scored best fit values of the training set compounds
when mapped over the pharmacophore model “Hypo 1"
The best fit values of the training set compounds derived
by mapping onto “Hypo 1” were generally higher than
the closely ranked “Hypo 2”. The most active compound 1
in the training set (Figure 3A) overlaid on all the features
of “Hypo 1" Its fused ring, HY side chain and the cyclo-
hexane moieties overlaid on 3 HY features. The carbonyl
group and oxygen atom of isocoumarin were overlaid on
HBA features. Another active compound 6 (Figure 3B)
also mapped effective on “Hypo 1" The cyclopentane
group and the chlorine attached with the pyrone moiety
were overlaid on two of three HY features. The carbonyl
group and oxygen atom present in pyrone moiety were
overlaid on HBA features. As a third and final valida-
tion step, the presence of required chemical features to
interact with the key amino acid residues (catalytic triad
and oxyanion hole-forming residues) in the active site of

Table 2. Best fit values and absolute energy for the training set
compounds respective to “Hypo 1” and “Hypo 2"

Absolute energy
Fit value (kcal/mol)
Compound K uM Hypol Hypo 2 Hypol Hypo2
1 0.011 4.263 2.708 37.411 44.775
2 0.013 1.614 2.592 24.981 24.981
3 0.018 4.999 1.905 68.057 68.057
4 0.019 3.110 2.791 33.584 47.717
5 0.025 3.028 5.000 13.881 12.766
6 0.04 1.471 3.202 17.044 15.805

© 2011 Informa UK, Ltd.

human CEase. “Hypo 1” model was made of five features
including three HY and two HBA. Molecular docking
results of the training set compounds revealed that the
parts overlaid on HBA features of “Hypo 1” are interact-
ing with Ala195 and His435, whereas the HY parts inter-
act with Alal08 and other HY residues such as Ala436 in
the active site. Based on these validation results, “Hypo
1” was selected and subsequently used as a 3D query in
the screening of chemical databases such as Maybridge,
Chembridge, and NCI2000. Search 3D Database protocol
with Best search option implemented in DS was used in
database screening. The virtual screening of these data-
bases resulted in 22,548, 19,751, and 48,537 compounds
from Maybridge, Chembridge, and NCI2000, respectively.
Several filtration criteria were used to reduce the number
of compounds for further analysis. Lipinski’s rule of five,
as a primary filter, could retrieve 1279 from Maybridge,
1253 from Chembridge, and 2984 from NCI2000, respec-
tively. This step of filtration selects only the compounds
characterized with the following properties: molecular
weight <500, number of HBAs <10, HBDs <5, and calcu-
lated octanol-water partition coefficient <5. Secondary
filter involves the calculation of ADMET properties to
further refine the retrieved hits with favourable bioavail-
ability. ADMET properties were calculated for all the hit
compounds using ADMET descriptors protocol available
in DS. The ADMET descriptors like solubility, intestinal
absorption, blood-brain barrier penetration, cyto-
chrome P450 2D6 inhibition, and hepatotoxicity models
were used. Finally, the compounds with the calculated fit
value of >4 were chosen based on the most active com-
pound in the training set. A total of 353 compounds were
obtained from virtual screening and were subjected to
molecular docking study using GOLD program to inves-
tigate the binding pose and interactions with the active
site components.

Molecular docking

The retrieved 353 hit compounds were docked in to the
active site of CEase (PDB ID: 1F6W) using GOLD. From
the GOLD solutions, 57 compounds scoring GOLD fit-
ness score greater than any training set compound were
selected. Most active compound in the training set has

Figure 2. (A) Three-dimensional spatial arrangement of the best
pharmacophore hypothesis “Hypo 1" (B) The distance constraints
between the chemical features. Green colour represents hydrogen
bond acceptor (HBA) and cyan colour represents hydrophobic
(HY) features.
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Table 3. Statistical parameters and scores from decoy set
validation for “Hypo 1"

S. No. Parameters Results
1 Total molecules in database (D) 90
2 Total no. of actives in database (A) 35
3 Total hits (H) 41
4 Active hits (H ) 33
5 % Yield of actives [(H,/H,)x 100] 80.49
6 % Ratio of actives [(H, /A)x 100] 94.29
7 Enrichment factor (E) [(H, x D)/(H,x A)] 2.06
8 False negatives [A — H_] 2

9 False positives [H, - H] 8
10 Goodness of hit (GH)* 0.72

*[(H,/4HA)(BA + H)x (1 - (H, - H)/(D - A))]; GH score of 0.6-0.8
indicates a very good model.

Figure 3. Compound 1 (A) and compound 6 (B) in the training
set mapped on “Hypo 1" Green colour represents hydrogen bond
acceptor (HBA) and cyan colour represents hydrophobic (HY)
features.

scored a GOLD fitness score of 38.183. Ser194, Asp320,
and His435 that form catalytic triad and Gly107, Ala108,
and Alal95 are known as oxyanion hole amino acids
responsible for the formation of tetrahedral intermediate
in the active site of CEase and thereby essential for its cat-
alytic function. Therefore, interactions with these amino
acidsarerequired for a potent CEase inhibitor. Finally four
compounds, namely, SEW00846, NCI0040784, GK03167,
and CD10645 were selected based on the GOLD fitness
score, visual inspection of the binding modes, interac-
tion with essential amino acids, and structural diver-
sity. Binding mode and the molecular interactions for
the most active compound in the training set is shown
Supplementary Figure S1.

The binding mode of SEW00846 within the active site
of CEase has been analysed. This compound was iden-
tified from Maybridge database. It has scored a GOLD
fitness score of 56.127 and has shown interactions with
Gly107, Ala108, Alal195, and His435. The oxazole ring of
this compound has formed three hydrogen bonds with
Gly107, Ala108, and Ala195, whereas the oxadiazole ring
in the centre has formed a bidentate hydrogen bond
with His435. The substituted phenyl ring and the methyl
groups attached with the terminal oxazole ring, which
were overlaid on the HY features of “Hypo 1” (Figure 4A)
hydrophobically interact with Ala108, Ser194, and Ala195
(Figure 5A).

Figure 4. Pharmacophore mapping of final database hit
compounds on the best pharmacophore hypothesis “Hypo 1/,
(A) SEW00846 represented in green colour, (B) NCI0040784
represented in violet colour, (C) GK03167 represented in blue
colour, and (D) CD10645 represented in cyan colour. In the
pharmacophore hypothesis, green represents hydrogen bond
acceptor (HBA) and cyan represents hydrophobic (HY) features.

Figure 5. Binding orientations of database hit compounds: (A)
SEW00846, (B) NCI0040784, (C) GK03167, and (D) CD10645 are
shown in cyan, red, blue, and magenta colours, respectively.
Hydrogen bonds are shown in dotted lines.

NCI0040784 has been retrieved from NCI2000
database and scored a GOLD fitness score of 51.904. This
compound has formed hydrogen bond interactions with
Gly107, Ala108, Ser194, Alal95, and His435. One of the
SO, groups of the sulphonamides present in this com-
pound that were overlaid on HBA features of “Hypo 1”
(Figure 4B) has formed a hydrogen bond network with
Gly107, Ala108, Ser194, Ala195, and His435 residues. The
terminal propene substitutions thatwere mapped onto the
HY features of “Hypo 1” interacted hydrophobically with
Alal08, Ser194, and His435 at the active site (Figure 5B).

Journal of Enzyme Inhibition and Medicinal Chemistry

RIGHTS LI MN Kiy



Journa of Enzyme Inhibition and Medicinal Chemistry Downloaded from informahealthcare.com by Mamo Hogskolaon 12/27/11

For personal use only.

Discovery of potential pancreatic cholesterol esterase inhibitors 541

GKO03167, a Maybridge compound, has scored a GOLD
fitness score of 45.817 and also formed hydrogen bond
interactions with Gly107, A108, Ser194, Ala195, and His
435. The SO, group of the central sulphonamide moiety
that was mapped upon one of the HBA features of “Hypo
1” (Figure 4C) has formed a hydrogen bond with His435.
Sulphur atom of the thiazole ring and ester group next
to the thiazole ring formed hydrogen bond network with
Gly107, Alal108, Ser194, and Ala195. The thiazole ring and
the ethyl ester group away from it have shown HY interac-
tions with His435 and Ala108, respectively (Figure 5C).

CD10645 from Maybridge database has scored a GOLD
fitness score of 45.528. It formed hydrogen bond interac-
tions with essential amino acids Gly107, Alal08, Ala195,
and His435. The sulphonamide moiety and the carbonyl
group next to it (mapped onto the HBA features of “Hypo
1", shown in Figure 4D) of CD10645 formed hydrogen
bonds with Gly107, Alal08, and Alal95. The five-mem-
bered oxazole ring has formed bidentate hydrogen bond
with His435. This oxazole ring also hydrophobically
interacts with Alal08 and His435 residues in the active
site (Figure 5D). The 2D structures of the final hits were
shown in Figure 6. These compounds were further opti-
mized to bind the active site of CEase with high affinity.

Optimization

The four hit compounds identified from the database
screening were carried for further optimization. Different
substitutions were added at their side chains in order to
improve their binding affinity towards the catalytically
active amino acids. For example, the database hit com-
pound SEW00846 fits well into the active site of CEase
but there is a possibility to extend its interaction towards
Asp320 and other HY amino acids thereby improving its
binding at the active site. Similarly, adding various sub-
stitutions to the hit compounds, totally 104 compounds
were designed in this optimization study. The optimized
compounds were docked into the active site of CEase
using GOLD program with the same parameters used to
dock the direct database hits. The results were analysed
and 91 compounds that scored GOLD fitness score greater
than their respective precursor compound were selected.
The binding modes and molecular interactions with
essential amino acids like Ser94, Alal07, Gly108, Ala195,

Ne \\_\ o N
4 N-S
”SQ N"O n |
& Yo j~ ©

Figure 6. 2D representation of the database hit compounds: (A)
SEW00846, (B) NCI0040784, (C) GK03167, and (D) CD10645.

© 2011 Informa UK, Ltd.

Asp320, and His435 were analysed. AutoDock program
has been employed to evaluate the GOLD predictions
for the set of optimized compounds. We have presented
the top four optimized compounds as a representative
set to show their molecular interactions (Figure 7). OPT-
SEW-5, the compound optimized from SEW00846, has
scored a GOLD fitness score of 70.566, which was 56.127
before optimization and formed improved hydrogen
bond interactions with essential amino acids compared
with its precursor SEW00846. The SO, group of sulphon-
amide, which was not in interaction with any of the active
site residues before optimization, formed hydrogen bond
with His435. The optimization has also enabled extended
interactions with Phe324 and Gly193 (data not shown).
These interactions enhance the binding of the optimized
SEW00846 (Figure 7A). The optimized compound based

Figure 7. Binding orientations of the optimized compounds
in the active site of Cease: (A) OPT-SEW-5, (B) OPT-NCI-1, (C)
OPT-GK-1, and (D) OPT-CD-2 are shown in blue, green, yellow,
and orange colours, respectively. Hydrogen bonds are shown in
dotted lines.

Figure 8. 2D representation of the final optimized compounds:
(A) OPT-SEW-5, (B) OPT-NCI-1, (C) OPT-GK-1, and (D) OPT-
CD-2.
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Table 4. GOLD scores, AutoDock binding energies, and SYLVIA synthetic accessibility scores of top 10 optimized compounds.

Compound Structure Precursor GOLD fitness score AutoDock binding energy SYLVIA score®
OPT-SEW-1 HN/§N SEW00846 70.566 -7.87 4.631
Cl —
= N
O/S\(\)/\T N9
N\O —N
OPT-SEW-2 SEW00846 70.500 -9.70 5.064
Cl
=S
O/
0
OPT-SEW-3 O NH, SEW00846 64.473 =7.73 5.208
HN™N
Cl —
P N
o N0
O N-g =N
HN.
0~ NH2
OPT-NCI-1 WP NCI0040784 58.110 -5.33 3.573
\/\N/S\\ SaNF
H O o
OH
OPT-NCI-2 NCI0040784 54.520 -4.29 3.554

Table 4. continued on next page
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Table 4. Continued.
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Compound Structure Precursor GOLD fitness score AutoDock binding energy SYLVIA score®
OPT-GK-1 GK03167 64.581 -5.48 4.555
OPT-GK-2 GK03167 64.397 -5.63 4.568
OPT-CD-1 (0] NH, CD10645 67.749 -9.77 5.107
77 o-N [
HoN N S N O
O=§=O
_NH
HN
e
Cl
OPT-CD-2 _NH O-N NH CD10645 66.979 -7.94 4.397
HO W OH
(o) (0]
O=§=O
HN/NH
lop
Cl
OPT-CD-3 O-N CD10645 64.408 =7.17 4.471
N7 A N
wy N_t/
H O:?:O H
~NH
HN

aThe calculated score for the synthetic accessibility. A number between 1 and 10 denoting the synthetic simplicity and the complexity of a

particular chemical compound, respectively.

on NCI0040784 (OPT-NCI-1) scored an improved GOLD
fitness score of 58.110 from 51.904 and shared hydrogen
bond interactions with Ala108 and His435 and HY interac-
tion with Gly107, Ser194, Glu193, and Leul24 (Figure 7B).
Compound optimized form GK03167 (OPT-GK-1) with a
GOLD fitness score of 64.581 from its precursor compound
that scored 45.817 has formed hydrogen bond interactions
with Ala195, Gly107, and His435 as well as HY interactions
with Ser194, Phe324, and Ala275 (Figure 7C). Optimized

© 2011 Informa UK, Ltd.

compound from CD10645 (OPT-CD-2) has scored a GOLD
fitness score of 66.979 from the previous score of 45.528.
It has formed hydrogen bond interactions with Gly107,
Alal08, Ala195, His435 as well as the HY interactions with
Gly107, Alal08, Ser194, Phe324, and Ala436 (Figure 7D).
The selected compounds were checked for their synthetic
accessibility using SYLVIA 1.0 program. Two-dimensional
representations of the top four optimized compounds were
shown in Figure 8. The SYLVIA score for most of the final
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optimized hits showed that these compounds are easy
to be synthesized. Finally top 10 optimized compounds
based on their GOLD fitness scores, AutoDock binding
energies along with the SYLVIA scores were listed (Table 4)
as possible virtual leads for CEase inhibitor designing. The
novelty of the optimized compounds was confirmed by
SciFinder Scholar® and Pubchem compound search.**

Conclusion

Insummary, in this study we have developed afive-feature
pharmacophore model “Hypo 1” containing 3 HY and 2
HBA features. “Hypo 1” was validated using three meth-
ods and used as 3D queryin screening chemical databases
like Maybridge, Chembridge, and NCI2000 followed by
drug-likeness filtration and molecular docking studies.
The four compounds, namely SEW00846, NCI0040784,
GKO03167, and CD10645, were selected based on their
binding orientation, GOLD fitness score, and their inter-
actions with active site amino acids. These final hits were
further optimized with different substitutions at their side
chains based on the interaction points observed from
the active site cavity and subjected to molecular docking
studies. Out of 104 optimized compounds, 91 compounds
were selected based on the GOLD fitness score and inter-
action with essential amino acids. Optimization step has
improved the binding and molecular interactions of the
compounds. The binding energies of these compounds
were calculated using AutoDock program to ensure the
GOLD predictions. The synthetic accessibility of these
optimized compounds was calculated using SYLVIA pro-
gram. Combining the results from molecular docking,
SYLVIA calculations and novelty search 10 compounds
were listed as potent virtual leads for the designing of
novel CEase inhibitors.
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