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KEYWORDS Abstract In order to develop potent inhibitors of matrix metalloproteinase (MMP-2 and
Pharmacophore MMP-9) as anticancer agents, pharmacophore modeling and three-dimensional quantitative
modeling; structure-activity relationship (3D-QSAR) models were established using PHASE 3.0. A pharma-
3D-QSAR; cophore 5-point (AAARR) model was developed for the studied dataset and the generated model
MMP-2; was used to derive the predictive atom-based 3D-QSAR models. After identifying a valid hypoth-
MMP-9; esis, we developed 3D-QSAR models applying the PLS algorithm. The selected 3D-QSAR models
MMP inhibitors; were suggestive of the vitality of the electron-withdrawing feature for the MMPs inhibitory
Hydroxamate potential. In addition, hydrophobic groups, hydrogen bond donor groups, positive ionic and neg-

ative ionic features also positively contributed to the MMPs inhibitory potential along with the
electron-withdrawing feature. The developed models were statistically robust (MMP-2 Q% =0.51;
pred R?=0.67; MMP-9 Q% =0.59; pred R? =0.77). The QSAR results help in identifying a relation-
ship between structural features of hydroxamate derivatives and their activities which could
be useful to design newer MMP inhibitors.

© 2017 Sociedade Brasileira de Biotecnologia. Published by Elsevier Editora Ltda. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

derivatives

poor clinical outcome. Malignant tumor progression mainly
depends upon the capacity to invade, metastasize, and
to promote the angiogenic host response. Metastasis can-

Introduction

Cancer cells possess a broad spectrum of migration and

invasion mechanisms and metastasis is one of the major
causes for mortality in cancer patients. Highly malignant
cancers have metastasis as an important characteristic with
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cer cells have acquired one critical characteristic; that is
the ability to dissolve the extracellular matrix (ECM) and
basement membranes (Rathee, Thanki, Bhuva, Anandjiwala,
& Agrawal, 2013). The growth of a tumor and its ability
to metastasize mainly depends on angiogenesis (Folkman,
1971). In addition, angiogenesis is critically important for
embryo and female reproductive cycles vascular remodel-
ing and also for wound healing specifically in the adults.
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However, aberrant angiogenesis occurs in certain patholog-
ical conditions, like diabetic retinopathy, psoriasis, cancer,
hemangiomas, and rheumatoid arthritis (Liekens, Clercq,
& Neyts, 2001). Since, endothelial cells invasion/migration
into surrounding tissues/stroma involves in angiogenesis,
proteases like matrix metalloproteinases (MMPs) are vitally
significant.

MMPs belongs to a family of zinc-dependent, calcium-
containing endoproteinases which are involved in degra-
dation of ECM components and tissue remodeling at the
physiological pH values, mainly in cell motility and angio-
genesis (Kontogiorgis, Papaioannou, & Hadjipavlou-Litina,
2005). MMPs are involved in various processes such as
ovulation, implantation of the blastocyst, development of
embryo, morphogenesis, nerve growth, tissue remodeling
and resorption (in wound healing case), bone remodeling,
arthritis (both osteoarthritis and rheumatoid arthritis), gas-
tric ulceration, corneal and skin ulcer, multiple sclerosis,
angiogenesis, apoptosis, cancer invasion and metastasis,
pulmonary emphysema, rupture of atherosclerotic plaque,
aortic aneurysms, congestive heart failure, breakdown of
blood-brain barrier, Crohn’s disease, periodontal disease,
psoriasis, dermatitis and Alzheimer’s disease (Scozzafava &
Supuran, 2000). Virtually, all human cancers generally abun-
dantly express MMPs. MMPs expression from tumor stromal
cells passing through paracrine secretion of growth factors
and cytokines is induced by cancer cells (Egeblad & Werb,
2002). High levels of expression of certain MMPs, either by
the infiltrating inflammatory cells, by the tumor cells them-
selves or by stromal fibroblasts, are correlated with poor
prognosis and metastatic potential and/or tumor invasion
(Vihinen & Kahari, 2002). Several mechanisms are involved
for the role of MMPs in the cancer progression. At first, it
was taken into consideration that the MMPs mediate metas-
tasis and invasion chiefly by matrix remodeling thus allowing
tumor cells access to lymphatic and blood vessels. The fact
for this mechanism is mainly based on the increased cell
lines invasiveness, which further over expresses the MMPs.
In recent times, it is evident that MMPs can play a role in
primary tumor growth and it involves the release of MMP-
mediated tumor angiogenesis or stroma-bound growth fac-
tors (Summers & Davidsen, 1998).

Recently, it turn out to be crystal clear about the more
complex role of MMPs in angiogenesis rather than sim-
ply degrading the ECM in order to facilitate the invading
endothelial cells (Liekens et al., 2001; Stetler-Stevenson,
1999). Also, it is evident about the multiplicity and
complexity of the signals that commence and sustain
angiogenesis. Growth factors and proangiogenic cytokines
include fibroblast growth factors (FGFs), angiopoietins,
vascular endothelial growth factors (VEGFs), transforming
growth factor-p (TGF-B), tumor necrosis factor-a (TNF-a),
platelet-derived growth factors (PDGFs), interleukin-8 (IL-
8), epidermal growth factor (EGF), and angiogenin which
are secreted by pericytes, keratinocytes (during epidermal
wound healing), inflammatory cells (such as macrophages
and mast cells), or tumor cells. Some of these growth factors
and proangiogenic cytokines act by binding directly to their
respective receptors present on endothelial cells to induce
migration and/or proliferation, whereas in order to stimu-
late angiogenesis others act on inflammatory cells or local
stromal cells (Li, Zhang, & Kirsner, 2003; Weinstat-Saslow &

Steeg, 1994). For the ‘‘angiogenic switch’’ in cancer angio-
genesis, MMP-2 and MMP-9 (gelatinases) have been shown
to be significant when cancers (or preneoplastic lesions)
become vascularized for the first time. In angiogenic islets,
MMP-2 and MMP-9 expression was up-regulated in compar-
ison with preangiogenic islets, however, it was determined
that MMP-2 expression contributed to cancer growth (using
MMP knockout mice), while MMP-9 expression was important
for angiogenic switch (Yu & Stamenkovic, 2000). Invasion and
metastasis capability, and/or risk of recurrence have been
correlated in particular with tumor expression of MT1-MMP
and various other MMPs (such as MMP-1, -2, -3, - 7, -9, -13)
(Vihinen & Kahari, 2002).

The MMPs inhibition has been the subject of intense
research interest in the pharmaceutical industry in recent
years (Johnson, Dyer, & Hupe, 1998; Morphy, Millican, &
Porter, 1995; Zask, Levin, Killar, & Skotnicki, 1996). Var-
ious available synthetic MMP inhibitors are classified as
tetracycline analogues, hydroxamates, carboxylates, barbi-
turates, thiols, phosphonates, etc. (Subramaniam, Malik, &
Srivastava, 2009). The design of new MMPs inhibitors pro-
vides an opportunity to develop new drug candidates, as
in several pathological states aberrant MMPs activities are
involved (Mori et al., 2013). The design of various MMPs
inhibitors for use as therapeutic agents has been an excep-
tionally active area of research, specifically in the treatment
of arthritis and cancer (Skiles, Gonnella, & Jeng, 2001; Zask
et al., 1996).

For the speedy discovery and development of novel anti-
cancer therapeutic agents, the technological advancement
and broader application of experimental methods grasp vast
assurance as foundations. To achieve this target, computer-
aided drug discovery (CADD) has become progressively more
important, due to certain advantages such as much less
investment in technology, time is required and resources
(Wilson & Muftuoglu, 2012). Various cases of structure-based
drug design’s successful applications have been reported in
the recent years (Combs, 2007; Coumar et al., 2009; Khan
et al., 2010; van Montfort & Workman, 2009). With the help
of computational methods, the chemical compounds with
potentially higher affinity for the target can be rationally
designed by utilizing the given three dimensional structure
of a target molecule. Based on this pharmacophore model
(binding site-derived), the results consist of a compilation of
virtual ligands complementary to a three dimensional struc-
ture of the binding pocket- a pattern of putative interaction
sites (Wilson & Muftuoglu, 2012). During the identification
of p53 upregulated modulator of apoptosis (PUMA) inhibitors
structure-based pharmacophore modeling was successfully
used (Mustata et al., 2011).

Several QSAR studies have been published for hydrox-
amate derivatives (Gupta, 2015; Stephen, Nicolas, Cécile,
& Martin, 2001). Previously reported studies discussed var-
ious QSAR (Nirmala, Adimulam, & Seetharamaiah, 2016,
chap. 4; Roy, Pal, De, & Sengupta, 2001; Zheng, Wen,
& Guillaume, 2008) approaches against MMPs (MMP-1,
MMP-2, MMP-8, MMP-9, MMP-13), however, 3D-QSAR (three-
dimensional quantitative structure-activity relationship)
approach was not discussed. Nermala et al. employed
multiple regression procedure to perform QSAR analysis
on a set of 72 «-sulfone hydroxamate MMP-13 inhibitors.
Roy et al. performed QSAR analyses on N-[(substituted
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phenyl)sulfonyl]-N-4-nitrobenzylglycine hydroxamates MMP
inhibitors, using linear free energy related (LFER) model.
Jianbin et al. derived QSAR models using comparative
molecular field analysis (CoMFA), comparative molecular
similarity indices analysis (CoMSIA) and molecule docking on
a set of galardin derivatives (hydroxamic acid).

In the current research work, pharmacophore models
(MMP-2 and MMP-9) were developed in order to predict
the MMPs inhibitory potential of hydroxamate derivatives.
Based on 3D-QSAR approach two different predictive models
have been developed by using PHASE module of Schrodinger
suite. “‘The 3D-QSAR approach involves the development of
a common pharmacophore hypothesis which is built on the
principle of identification and alignment of pharmacophoric
features of the chemical structures’’. Using the structures
of training set molecules which match the pharmacophore
on three or more sites, 3D-QSAR models were developed for
the pharmacophore hypothesis by using Partial Least Square
(PLS) method for statistical analysis. The developed pharma-
cophore hypothesis and generated volume occluded maps
assist in analyzing the observed activity variation by the
structural features variation.

Materials and methods
Software and hardware

The pharmacophore modeling and 3D-QSAR studies were
carried out using PHASE v.3.0 module incorporated in the
Maestro 8.5 molecular modeling package from Schrodinger,
LLC, New York USA, installed on Windows 7 operating system
with Intel Pentium IV, Core 2 Duo processor (Phase, 2008).

Dataset used for experimental analysis

The dataset used for the experimental work comprises of
a series of 33 hydroxamate derivatives as MMP inhibitors
(Scozzafava & Supuran, 2000). Of these 33 derivatives,
we selected 30 molecules for the MMP-2 model and 32
molecules for the MMP-9 model. The in vitro pharmacolog-
ical activity data was presented as ICsq values and these
ICso values were then converted to plCsy by using the for-
mula (plCso = —log ICso). The experimental dataset consisted
of a diverse range of molecules with highly active, inactive
and moderately active molecules. Fig. 1 shows the com-
mon structure of the hydroxamate derivatives employed
for the study. Further, Tables 1 and 2 depict the plCso val-
ues for all of the compounds used in the current study.
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Figure 1  Common structure of hydroxamate derivatives.

30 molecules were totally used for MMP-2 inhibitory activity
model development, and of these, 25 compounds were ran-
domly chosen for training set and 5 molecules were selected
for test set, whereas for the model development of MMP-9
inhibitory activity 32 molecules were used in total, and of
these 25 molecules were randomly chosen for training set
and 7 molecules were selected to be a part for test set.

Phase methodology

The step wise methodology used in the current study for
the generation of pharmacophore model followed by devel-
opment of QSAR model had already been discussed in the
previous publication by Lather et al. (2008).

“*PHASE is a versatile product for pharmacophore per-
ception, structural alignment, activity prediction, and
3D database creation and searching. Given a set of
molecules with an dffinity for a particular target,
PHASE utilizes fine-grained conformational sampling and
a range of scoring techniques to identify a common phar-
macophore hypothesis, which conveys characteristics of
the 3D chemical structures that are reported to be crit-
ical for binding. Each hypothesis is accompanied by a
set of aligned conformations that suggest the relative
manner in which the molecules are likely to bind to the
receptor’’ (Lather et al., 2008).

Ligand preparation
The LigPrep software (MMFF force field) implemented within
PHASE was used for the 3-D conversion and minimization.

The pharmacophore model development requires all-
atom 3-D structures that are pragmatic presentations of
the molecular structure used in the experiment. Based on
the fact that most of the ligands are flexible it is really
imperative that a range of thermally accessible confor-
mational states were considered, so that the probability
of finding somewhat close to the putative binding mode
should increase. In development of pharmacophore model, 2
built-in approaches are typically provided by PHASE module,
and in both the approaches the MacroModel conformational
search engine was employed (Dixon et al., 2006).

A rapid torsion angle search approach was used to gener-
ate the conformers, followed by each generated structure
minimization by using LigPrep MMFF force field, with implicit
distance dependent dielectric solvent model. By using a
pre-process minimization of 100 steps and 50 steps for
post-process minimization, a maximum of 100 conformers
per structure were generated. A minimum atom devia-
tion of 2.00Q and relative energy window of 11.4kcal/mol
(50kJ/mol) was used to filter each minimized conformer
(Lather et al., 2008).

Pharmacophore model development

In order to create sites for all the ligands, a pharmacophore
model generation used a defined set of pharmacophoric fea-
tures. In order to facilitate non-covalent binding between
the ligand and its target receptor, each ligand structure
coincides with various chemical features. In 3-D space, it
is presented by a set of points. PHASE module provides an
in built set of six pharmacophore features i.e. hydropho-
bic group (H), hydrogen bond donor (D), hydrogen bond
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Table 1 Experimental dataset employed for 3D-QSAR study along with predicted and actual plCsg values against MMP-2.
Compound QSAR set R Actual plCsg Predicted plCsg Residuals
B1 Training —CH3 7.72 7.66 —0.05
B2 Test —CF3 7.83 7.97 0.14
B3 Training —CCl; 7.77 7.82 0.05
B4 Training —n-C4Fq 8.82 8.89 0.07
B7 Training —CeHs 7.75 8.06 0.31
B8 Training —CH,Ph 7.75 7.47 0.27
B9 Training 4-F-CgHy 7.82 8.03 0.21
B10 Training 4-Cl-C¢H4 7.82 7.91 0.09
B11 Test 4-Br-CgH4 7.89 7.69 -0.19
B12 Test 4-]-CgH4 7.72 7.80 0.08
B13 Training 4-CH3-CeHy4 7.7 7.80 0.10
B14 Training 4-0,N-CgHy4 8.05 7.79 -0.25
B15 Training 3-0,N-CgHy4 7.92 7.66 -0.25
B16 Training 2-0,N-CgHy4 7.82 7.69 -0.12
B17 Training 3-Cl-4-0,N-C¢H3 8.16 8.25 0.09
B18 Test 4-AcNH-CgHy4 8.1 7.69 —0.40
B19 Training 4-BocNH-CgH4 8 7.97 —0.02
B20 Training 3-BocNH-CgHy4 7.96 8.28 0.32
B21 Training —C¢Fs 9.16 8.59 —0.56
B22 Training 3-CF3-CgH4 8.96 8.56 -0.39
B23 Training 2,5-Cl,CgH3 8 7.93 —0.06
B24 Training 4-MeO-CgH4 7.75 7.61 -0.13
B25 Test 2,4,6-Me3CgH, 7.6 7.72 0.12
B26 Training 4-MeO-3-BocNH-CgH3 8.3 8.07 -0.22
B27 Training 2-HO-3,5-Cl,-C¢H; 7.92 8.28 0.36
B28 Test 3-HOOC-CeH4 8.52 8.37 -0.14
B30 Training 1-Naphthyl 7.41 7.77 0.36
B31 Training 2-Naphthyl 7.48 7.85 0.37
B32 Training 2-Thienyl 7.39 7.33 —0.05
B33 Training 5-Me;N-1-naphthyl 7.89 7.94 0.05

3D-QSAR, 3-dimensional quantitative structure activity relationship; plCsg, inhibitory concentration 50; MMP-2, matrix metalloproteinase-

2.

acceptor (A), aromatic ring (R), positively ionizable (P) and
negatively ionizable (N). Some rules are applied for mapping
the positions of pharmacophore sites and these are known
as feature definitions. Further, these are internally repre-
sented by a defined set of SMARTS patterns (Dixon et al.,
2006). In addition, each pharmacophore feature is defined
by a set of chemical structure patterns. During pharma-
cophore sites creation a default setting having H, D, A, P,
N, and R was used and in the present study user-defined
feature was not employed.

The pharmacophore amongst all conformations of the
ligand in the active site was examined, and the pharma-
cophores were grouped together based on identical set of
features with very similar spatial arrangements. A tree-
based partitioning technique was used to identify common
pharmacophores that groups similar pharmacophores as per
their inter-site distances (i.e., the site to site distances
in the pharmacophore). After, application of default fea-
ture definitions to each ligand, the common pharmacophores
containing five or more sites using a terminal box size of 1A
were generated, where all of the active molecules should
match. For alignment of the actives to the hypotheses and
calculation of the score for the actives a score hypotheses
step was employed. A hypothesis was provided by the devel-

oped pharmacophore which explained the binding of the
active molecules to their receptors. This scoring procedure
provides the positioning for the different hypotheses, and
helps to make rational choices about the hypotheses which
are mostly suitable for further investigations. Common phar-
macophores with statistically significant values were chosen
for molecular alignments.

3D-QSAR

PHASE module provides the basis of building the 3D QSAR
models by using the ligands activities that matches a
reported hypothesis. **PHASE 3D-QSAR models are based on
PLS regression, which applied to a large set of binary valued
variables. In the QSAR model the independent variables are
derived from a regular grid of cubic volume elements that
span the space occupied by the training set ligands. Each
ligand is represented by a set of bit values (0 or 1) that
indicate which volume elements are occupied by a Van der
Waals surface model of the ligand’’.

In order to distinguish between different types of atoms
which occupy the same region of space, in the grid a given
cube might be allocated as many as six bits, which accounts
for 6 different atoms classes. The following are the six atoms
classes:
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Table 2 Experimental dataset employed for 3D-QSAR study along with predicted and actual plCsy values against MMP-9.

Compound QSAR set R Actual plCsg Predicted plCsg Residuals
B1 Test CH; 7.52 7.55 0.03
B2 Training CF; 7.54 7.69 0.15
B3 Training CCl; 7.6 7.64 0.04
B4 Training n-C4Fy 8.7 8.57 —-0.12
B5 Training n-CgFq7 8.89 8.97 0.08
B6 Training Me;N 7.37 7.28 —0.08
B7 Training CgHs 7.82 7.96 0.14
B8 Training PhCH, 7.8 7.34 —0.45
B9 Test 4-F-CeHy4 7.85 8.05 0.20
B10 Training 4-Cl-C¢H4 7.77 7.95 0.18
B11 Test 4-Br-CgH4 7.68 7.64 -0.03
B12 Test 4-1-CgHy 7.8 7.63 -0.16
B13 Training 4-CH3-C¢Hy4 7.57 7.63 0.06
B14 Training 4-0,N-CgHy4 8.1 7.83 —0.26
B15 Test 3-02N-CgHy4 8.1 8.23 0.13
B16 Test 2-0,N-CgHy4 7.85 7.98 0.13
B17 Training 3-Cl-4-0;N-CgH; 8.16 8.13 —0.02
B18 Training 4-AcNH-C¢Hy 7.92 7.74 —0.17
B19 Training 4-BocNH-CgH4 8 8.02 0.02
B20 Training 3-BocNH-CgH4 7.85 8.16 0.31
B21 Training CeFs 9.22 8.50 -0.71
B23 Training 2,5-Cl,CgHs 7.77 7.83 0.06
B24 Training 4-MeO-CgHy4 7.51 7.44 —0.06
B25 Training 2,4,6-Me3CgH; 7.41 7.45 0.04
B26 Training 4-Me0-3-BocNH-C¢Hs 8.16 7.87 —0.28
B27 Training 2-HO-3,5-Cl;-CeH; 7.8 8.03 0.23
B28 Training 3-HOOC-CgH4 8.6 8.72 0.12
B29 Training 4-HOOC-CgH4 8.55 8.58 0.03
B30 Training 1-Naphthyl 7.36 7.72 0.36
B31 Training 2-Naphthyl 7.3 7.52 0.22
B32 Test 2-Thienyl 7.28 7.52 0.24
B33 Training 5-Me;N-1-naphthyl 8 8.07 0.07

3D-QSAR, 3-dimensional quantitative structure activity relationship; plCsg, inhibitory concentration 50; MMP-9, matrix metalloproteinase-

(a) Hydrogen-bond donor (D)

(b) Hydrophobic or non-polar (H)

(c) Negative ionic (N)

(d) Positive ionic (P)

(e) Hydrogen-bond acceptors or electron-withdrawing (A)
(f) Other types (miscellaneous) (O)

PHASE generated 3D-QSAR models are either based on
pharmacophore or on atoms, the only difference is either
all atoms are considered, or only the pharmacophore sites
which can be synchronized en route for the hypothesis. The
selection of the type of model to develop mainly depends
upon the fact that the training set molecules are congeneric
and adequately rigid or not. The atom-based model can
work well if the structures have some common structural
framework and also contain a comparatively less number of
rotatable bonds (Katritzky, Mu, Lobanov, & Karelson, 1996).

Based on the criteria defined above, atom-based 3D-QSAR
models were generated for MMP-2 and MMP-9 inhibitory
activities using the best 5 point AAARR hypothesis. The
hypothesis was generated using 25 molecule training set (for
both models) and a grid spacing of 1.0Q. 3D-QSAR models

with three PLS factors were generated and further, validated
with predicting activities of molecules in the test set.

Results and discussion
Pharmacophore hypothesis generation

Ligand-based drug design is based on the understanding of
known molecules which possessed biological activity to bind
to the target of concern. In order to bind to the target a
molecule must possess the minimum necessary structural
characteristics and these molecules can be used to develop a
pharmacophore (Guner, 2000). The hydroxamate derivatives
tested as inhibitors for MMP-2 and MMP-9 by Scozzafava and
Supuran (2000) were used in the current study to derive a
pharmacophore model and to identify the necessary chemi-
cal features for the inhibitory effect.

Ligand based approaches consider two or three dimen-
sional shape, chemistry, and pharmacophoric points to
assess similarity. For identification of the common pharma-
cophore hypothesis, the experimental dataset was further
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Figure 2

Pharmacophore model (AAARR) generated by
PHASE. It illustrates hydrogen bond acceptors (A, Az, A4; pink
color), and aromatic rings (Rg, Rg; brown color) features. All
ligands overlapped on the generated model AAARR.

divided into active and inactive sets. Selected features
(pharmacophoric) for creating sites were A, H, R, N, and D.
Pharmacophore models containing three to six features were
generated for this study. For all the molecules in the dataset
the identification and creation of pharmacophoric sites was
done, followed by generation of common pharmacophore
model with AAARR hypothesis. Further, this was subjected
to stringent scoring function analysis. The common pharma-
cophore hypothesis was chosen based on a variant with a
site score 0.91, vector score 0.991, and volume score 0.842.
The best model comprises of three hydrogen bond accep-
tors (A) and two aromatic rings (R) and was associated with
the five point hypotheses. The hydrogen bond acceptors and
aromatic rings were denoted as Aq, Az, A3, Ry, and R;. Fig. 2
represents the pharmacophore hypothesis (AAARR) with all
active molecules aligned to it. Further, the AAARR hypothe-
sis matched with all the molecules in the active set. For the
generation of MMP-2 and MMP-9 QSAR models the AAARR
pharmacophore hypothesis was used.

3D-QSAR studies (MMP-2 and MMP-9 models)

The 3D-QSAR studies for the hydroxamate derivatives were
carried out using PHASE module of Schrodinger molecu-
lar modeling package to understand the effect of spatial
arrangement of structural features on MMP inhibition. In the
3D-QSAR models generation, moderately active or inactive
(non modeled) molecules in the experimental dataset were
aligned on the common pharmacophore hypothesis based on
a match with at least three of the pharmacophoric features.
For MMP-2 model, the experimental dataset was divided ran-
domly into a training set of 25 compounds and the test set
comprises of 5 compounds whereas, for MMP-9 model, the
dataset was divided into a training set comprises of 25 com-
pounds and test set consists of 7 compounds. For a QSAR
study, the structural diversity in both the training and test
set was given a bias, in order to form the standard 1:5 test
set to training set ratio.

Tables 3A and 3B summarize the detailed statistics of
the resulting 3D-QSAR models (MMP-2 and MMP-9) based on

Table 3A  PHASE 3D-QSAR statistical parameters for MMP-
2.

MMP-2 statistical parameters

R?  S.D. Fvalue RMSE @* Stability Pearson R P

0.67 0.2 23.9 0.21 0.51 0.23 0.75 3.89e—05

3D-QSAR, 3-dimensional quantitative structure activity rela-
tionship; MMP-2, matrix metalloproteinase-2; S.D., standard
deviation; RMSE, root-mean-square error.

Table 3B
9.

PHASE 3D-QSAR statistical parameters for MMP-

MMP-9 statistical parameters

R? S.D. Fvalue RMSE @* Stability Pearson R P

0.77 0.2 33.6 0.16 0.59 0.30 0.86 6.29e—07

3D-QSAR, 3-dimensional quantitative structure activity rela-
tionship; MMP-9, matrix metalloproteinase-9; S.D., standard
deviation; RMSE, root-mean-square error.

random test set selection method. Selection of best PLS
model is based on an employed statistical analysis which
included the R? versus RMSE/SD plot. A minima is observed
in the RMSE/SD value and a best model was chosen to be
PLS factor model. For a reliable model, the squared pre-
dictive correlation coefficient should exceed 0.60 (Dureja,
Kumar, Gupta, & Madan, 2007; Wold, 1991). In the selec-
tion of best model, criteria such as SD and RMSE were also
taken into consideration. The statistically significant regres-
sion model was supported by the values of F (23.9 and 33.6
for MMP-2 and MMP-9, respectively), and small values of P
(variance ratio), which is an indication of a high degree of
confidence. Further, the small values of standard deviation
of regression (0.2 for both models) and RMSE (0.21 and 0.16
for MMP-2 and MMP-9, respectively) make an apparent infer-
ence that the data used for models generation were best for
the QSAR analysis. A 3-PLS factor generated 3D-QSAR models
with R2=0.67 for MMP-2 and 0.77 for MMP-9 (random set
selection), indicated a good correlation for the pharmaco-
logical activity. Figs. 3(A and B) and 4(A and B) depict the
linear plots of actual versus predicted activity for the train-
ing and test sets. The validity of each of the models was
predicted from the calculated correlation coefficient for the
randomly chosen test set comprising of diverse structures.
The squared correlation for the test set (random selection
(@*=0.51 for MMP-2 and 0.59 for MMP-9)) also signifies the
good predictability of the final QSAR models for the test set.
The Q% was more reliable and robust statistical parameter in
comparison to R? as it was obtained by external validation
method by randomly dividing the dataset into training and
test set.

Analysis of atom-based PHASE 3D-QSAR models

The contribution of the substituents to the biological activ-
ity whether positively or negatively could be predicted by
the visualization of 3D characteristics of the all atom based
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Figure 3 (A and B) Graphical presentation of Actual versus Predicted plCsg of training and test set molecules for MMP-2 model.
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Figure 4 (A and B) Graphical presentation of Actual versus Predicted plCsp of training and test set molecules for MMP-9 model.

QSAR model. Figs. 5 and 6 depict 3D characteristics of
the PHASE QSAR models and as the cubes represent the
models and color codes as their coefficient values accord-
ing to the sign. By default the blue color was for positive
coefficients and red color was for negative coefficients.
Further, an increase in biological activity was indicated by
positive coefficients whereas a decrease in biological activ-
ity was indicated by the negative coefficients. In order to
identify the characteristics of ligand structures whether to
facilitate the increase or to decrease the activity the visual-
ization of the coefficients was helpful. This might provides
evidence to which functional groups were advantageous or
non-advantageous at certain specific positions in a molecule.
In 3D plots of the 3D pharmacophore regions the blue color
cubes refer to ligand regions in which the specific attribute
was important for enhanced biological activity, whereas the
red cubes demonstrates that particular functional group
or structural feature was not necessary for the biologi-
cal activity or possibly the reason for decreased binding
potency.

MMP-2 model

The volume occlusion maps shown in Fig. 5 for MMP-2 atom
based PHASE 3D-QSAR model (electronegative, negative
ionic, hydrophobic, positive ionic and other) are represented
by color codes. The occlusion maps symbolize the regions of
favorable and unfavorable interactions.

Fig. 5A shows the volume occlusion maps of electron-
withdrawing groups which indicate the suitable position of
electron-withdrawing groups in the phenyl ring attached to
the N-2 of the hydroxamate moiety. These analyses points
toward the improvements in the MMP-2 inhibitor binding
affinity which can be achieved by substituting electron-
withdrawing groups on the phenyl ring of hydroxamate
moieties at C4 and C5 positions. This was pointing toward
the positive potential of electron withdrawing attribute
of the molecules and was essential for the MMP-2 activ-
ity at this particular position. However, positions C2, C3
and C6 were not favorable for the electron withdrawing
groups and probably contribute to decrease in the MMP-2
activity.
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Figure 5 (A-E) Visual representation of atom-based PHASE 3D-QSAR MMP-2 model. (A) Electron withdrawing, (B) other, (C) positive
ionic, (D) hydrophobic, and (E) negative ionic. Blue color cubes indicate positive coefficient or increase in activity and red color
cubes indicate negative coefficient or decrease in activity.

Figure 6 (A-E) Visual representation of atom-based PHASE 3D-QSAR for MMP-9 model. (A) Electron withdrawing, (B) other, (C)
negative ionic, (D) positive ionic, and (E) hydrophobic. Blue color cubes indicate positive coefficient or increase in activity and
orange color cubes indicate negative coefficient or decrease in activity.



120

D. Rathee et al.

Fig. 5B illustrates the volume occlusion map for other
feature and it disfavors the MMP-2 inhibitory activity due to
presence of only the red color region.

Fig. 5C shows the volume occlusion map of negative ionic
feature which describes the spatial arrangement of favor-
able ionic interactions to the acceptor groups at the C4 and
C5 positions of the phenyl ring. The occlusion map analy-
sis surrounding the active molecules depicts that the blue
color cubes observed opposite to the phenyl ring explain a
favorable ionic group to an acceptor group available in the
protein.

Hydrophobic volume occlusion maps (Fig. 5D) showed
blue colored cubes on C4/5 or C5/6 positions of phenyl ring
demonstrating that an increase in the hydrophobic character
in this region probably improves the activity of the hydroxa-
mate type molecules. The red colored cubeson C2/3 or C3/4
positions were not favoring the assignment of hydrophobic
groups.

The volume occlusion maps of positive ionic feature
(Fig. 5E) illustrate the spatial arrangement of favorable ionic
interactions to donor groups at C3, C4 positions of the phenyl
ring. The occlusion map analysis of the phenyl ring of hydrox-
amate moiety depicts that blue cubes which was observed
at the meta, para and meta positions of the phenyl ring
describe a favorable ionic group to a donor group in the
protein.

Overall, the all atom QSAR model generated by PHASE
depicts that substitution at C4 and C5 by different groups
like electron-withdrawing, ionic and/or hydrophobic groups
play a vital role in the MMP-2 inhibitory activity. The
substitutions at other positions i.e. C2, C3 and Cé6 were
not having any significant contribution in the biological
activity.

MMP-9 model

The volume occlusion maps shown in Fig. 6 for MMP-9 atom
based PHASE 3D-QSAR model (electronegative, negative
ionic, hydrophobic, positive ionic and other) are represented
by color codes. The occlusion maps symbolize the regions of
favorable and unfavorable interactions.

Visually, Fig. 6A analysis illustrates the presence of the
blue color cubes at the C3, C4, C5 positions of the phenyl
ring, attached to the N-2 of hydroxamate core and was
pointing toward the positive potential of electron withdraw-
ing attribute of the molecules and was necessary for the
activity at this particular position. It was also suggestive of
the fact that the addition of suitable electron withdrawing
groups at the C3, C4, C5 positions of the phenyl ring sites
will add on the MMP-9 inhibition activity, whereas the addi-
tion of electron withdrawing groups near C2 and Cé6 position
of the phenyl ring will contribute to decreased recep-
tor binding, which in turn will result in lower potency of
compounds.

Fig. 6B demonstrates the volume occlusion map for other
feature. The map showed the presence of only blue color
region at the C2/3, C3/4 and C4/5 positions of the phenyl
ring favor the MMP-9 inhibitory activity; however the less
dense occlusion map shows the little influence of this vari-
able on the MMP-9 activity.

The volume occlusion maps of negative ionic feature
(Fig. 6C) illustrate the spatial arrangement of favorable ionic

interactions to the acceptor groups at the C3 and C4 pos-
itions of the phenyl ring. The occlusion map analysis depicts
that blue cubes at the meta and para positions of the phenyl
ring explain a favorable ionic group to an acceptor group
available in the protein.

The volume occlusion maps of positive ionic feature
(Fig. 6D) describe the favorable ionic interactions to donor
groups at the C4 position of the phenyl ring.

Fig. 6E illustrates the effect of hydrophobic groups on
MMP-9 inhibitory activity. Inference can be drawn from the
picture that hydrophobic groups (blue cubes) were well tol-
erated near C2/3, C3/4 positions of the phenyl ring on
hydroxamate moiety, whereas the substitution of hydropho-
bic groups at C1/2, C4/5, C5/6 of the phenyl ring site
were intolerable (red cubes) or may hamper the binding of
the molecules to the active site receptor which results in
decreased MMP-9 inhibition.

Overall, the all atom QSAR model generated by PHASE
depicts that substitution at C3, C4 and C5 by different groups
like electron-withdrawing, ionic and/or hydrophobic groups
play an important role in the MMP-9 activity. The substitut-
ions at other positions i.e. C2 and Cé were not having any
significant contribution in the biological activity.

Conclusion

In the current research work, pharmacophore and 3D-QSAR
models using an all atom based approach implied in PHASE
module of Schrodinger Modeling Suite were generated for
the prediction of MMP-2 and MMP-9 inhibitory activities
of the hydroxamate derivatives, a series of potent MMP-
2 and MMP-9 inhibitors. Best pharmacophore hypothesis
with AAARR features having a site score 0.91, vector score
0.991, and volume score 0.842 was selected to be the
common pharmacophore hypothesis and was used further
for the development of 3D-QSAR models. The all atom
based 3D-QSAR models resulted in valid statistical results
and showed good internal and external consistencies. The
selected models were greatly significant as revealed by the
correlation and predictive statistics to sketch unambigu-
ous inferences. The resulting 3D-QSAR models were further
derived to identify the three-dimensional arrangements of
various substituents affecting the MMP inhibition, using
the volume occlusion colored maps. The generated maps
explained how and up to what extent hydrophobic, electron
withdrawing and H-donor groups in the molecular structure
influenced the MMP-2 and MMP-9 inhibitory potential showed
by the dataset compounds. The generated volume occluded
maps demonstrated that the MMP-2 and MMP-9 inhibitory
activity can be increased, if the electron-withdrawing fea-
ture near phenyl ring of hydroxamate was supplemented
by suitable functional groups and by the assimilation of
H-donor, hydrophobic, and positive ionic groups at partic-
ular positions in the molecules. In addition, the results also
confirmed the closed connection of the 5 point AAARR phar-
macophore hypothesis which was used for 3D-QSAR models
and to that of the binding mode of hydroxamates and the
validation of the pharmacophore hypothesis was done. Over-
all, the developed QSAR models may be used for biological
activity prediction and rational design of potential MMP-2
and MMP-9 inhibitors.
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List of abbreviations

3D-QSAR  3-dimensional quantitative structure-activity
relationship

MMP matrix metalloproteinase

MT1-MMP  membrane type matrix metalloproteinase

PLS partial least square

LFER linear free energy related

CoMFA comparative molecular field analysis

CoMSIA comparative molecular similarity indices analysis

RMSD relative mean square deviation

RMSE root-mean-square error

SD standard deviation

r correlation coefficient
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