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ABSTRACT

Hepatocellular carcinoma is the most common cause of death, having 75% of all primary liver malignancies
worldwide. Luminespib (heat shock protein inhibitor) was found efficiently active against various tumours and
hence acted as a key to the research. In this research isoxazole-piperazine derivatives were subjected to QSAR,
molecular docking, and MD simulations studies. The QSAR results indicated the importance of First order
molecular connectivity index (ly; r= 0.775, q2 = 0.532) for MCF-7 cell line; Second-order molecular
connectivity index (2y; r = 0.880, g2 = 0.730) for Huh -7 cell line; Lowest unoccupied molecular orbital and
Randic topological index (LUMO, R; r = 0.703 and g2 = 0.347) for Mahlavu cell line in describing the
anticancer activity of isoxazole-piperazine derivatives. The significance of constructed models has been
supported by statistical parameters. Further, molecular docking was done to understand the molecular
interactions with the target protein human topoisomerase Il (PDB ID: 3QX3), which predicted the anticancer
activity against MCF-7, Huh-7 and Mahlavu cell lines. The docking results demonstrated that compounds 15,
7m, and 7f showed best docking score along with binding with crucial amino acid residues. Further, MD
simulation was done for compounds 13c and 13d depending on their biological activities, docking score and
molecular interactions with the target. The results of MD simulations showed stability of the compounds.
Finally, these compounds may be used as a new lead for further discovery.
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INTRODUCTION

Cancer is a disease that dependence on multiple
factors and is total result of hereditary, genetic, and
environmental elements. It is the major causes of
mortality worldwide. HCC is the common type of
cancer, having 75% of all primary liver
malignancies worldwide [1, 2]. Anticancer drug
resistance is a complex process that arises from
apoptosis suppression, altering in the drug targets
and drug metabolism, gene amplification,
epigenetic and genetic factors [3]. Drug resistance
may be the reason why we have to put a never
ending effort to identify and produce new and more
potent anticancer drugs capable of intervening with
these complicated processes.

Isoxazole based moieties are most essential for
anticancer activity. Therapeutic activities of
isoxazole moiety are anticancer [4], antifungal [5],
herbicidal [6], anti-HIV [7], antitubercular [8], and
insecticidal [9]. In isoxazole ring, O and N atom
are present with adjacent connection, having low
bond dissociation energy: N-N = 945.4 kj mol*, N-
0 =630.7 kj mol %, and C-O = 1076.4 kj mol [10].
Many compounds with a piperazine nucleus have
been described as chemotherapeutic agents for
types of cancer like colon cancer, prostate cancer,
breast cancer, lung cancer, and leukemic
carcinoma, etc [11].

In recent years, QSAR has earned significance in
the field of medicinal chemistry, being an authentic
predictive tool for evaluation of the activity of
chemical compounds using CADD [12]. It is a
method, in which mathematical equations produce
a connection between structures and their
biological activities [13].

Structure-based drug design approach include
molecular docking and molecular dynamics
simulation. Both these techniques show ligand-
protein interactions by following different
algorithms. The best docked pose has minimum
free binding energy which indicates the ligand's
binding propensity to form a stable complex with
protein. MD simulations is a step forward from
molecular docking, in which ligands find their
places in the active site of a protein after a given
number of confirmational moves in the binding
pocket of the protein [14].

A series of isoxazole-piperazine compounds with
an inhibitory effect against MCF-7 (breast cancer),
Huh-7, Mahlavu cell line (liver cancer) was
considered to carry out the research, which was
suggested by the individual efficacy of isoxazole
and piperazine derivatives as anticancer agents.
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The mechanism of action of compounds having
isoxazole-piperazine hybrid ring is to arrest G1 or
G2/ M phase of cell cycle and resulting in apoptotic
cell death [11].

The above findings inspired us to perform QSAR,
molecular docking and MD simulation studies to
analyse the deeper insights of the isoxazole-
piperazine derivatives.

MATERIALS & METHODS

Data Set

The data set of isoxazole-piperazine derivatives
(6a-6t, 7a-7n, 13a-13d, 14, and 15) were drawn in
Chem Draw Ultra software 12.0 and their energy
was minimized. Anticancer activities given in 1Csp
in UM were converted to plCso (logarithmic units)
as shown in Table 1, reported by Ibis et. al., (2022)
[11].

Table 1 Chemical Structure and their plC50
values of Isoxazole-piperazine derivatives

[\ :
OO0

(6a-6t)
Compounds | R1 MCF- | Huh- | Mahlavu
7 7
6a H 0.46 0.23 1.07
6b 2-Me 0.57 0.08 0.83
6c 3-Me 0.60 0.70 0.40
6d 4-Me 0.08 0.18 0.88
6e 3,5-diMe 0.20 -0.22 | 0.78
6f 2-Cl 0.45 0.00 0.51
69 3-Cl 0.15 -0.70 | 0.61
6h 4-Cl 0.83 0.60 0.57
6i 2-CN 0.60 0.70 0.54
6j 3-CN -0.10 -1.00 | 1.03
6k 4-CN -1.00 0.00 0.63
6l 2-F 0.48 0.18 0.49
6m 3-F 0.40 0.11 0.46
6n 4-F 0.90 0.30 0.49
60 2-OMe -0.52 -0.05 | 0.59
6p 3-OMe 0.30 -0.10 | 0.15
6r 4-OMe 0.11 0.51 0.69
6s 3,5-di0OMe | -1.00 0.18 0.63
6t 3,4,5- 0.26 -0.30 | 0.76
triOMe
NC,
&SN ~
(e}
L
(7a-7n)
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Compounds | R2 MCF-7 | Huh-7 | Mahlavu
7a FN 0.30 0.34 0.43
%N\)@
CF,
7b N 0.15 0.23 0.11
Q I
'd N
7c K\N 0.38 0.18 0.34
%Q\Q
7d Ob\ 0.26 0.20 0.18
“x(N
Te h i 0.15 0.38 0.36
E»Qb
7f ﬁ ‘ 0.38 0.43 0.41
(”Q
79 )L 0.58 0.79 0.75
»/"\)
7h i 0.28 0.30 0.34
N =
DY,
3{\)
7i i 0.58 0.34 0.61
JJ
7j FNAQ 0.92 0.62 0.68
(]
e
7k % 0.88 0.45 0.64
%“V
71 hN% 0.54 0.46 0.51
e Q
m Qﬂ 0.40 040 |0.32
;(NH
7n )‘L J< 0.45 0.18 0.48
EZ/NH

Oy o
—O=<_

(13a-13d, 14, 15)
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Compounds | R3 R2 MCF-7 | Huh-7 | Mahlavu

133 2-Me Q/\ 040 018 |-030

130 3-Me 015 |02z |03
,y@

13c 2F 008 | -040 |-040
{”J

13d 3F ﬁ 042 |-1.05 |-030
(N\)’Q

14 3F ° 018 |09l |056
«Vb

15 3F Q <:> 043 1036 |043
z(NH

Generation of Descriptors and Regression
Analysis

Further molecular descriptors were generated
using the software TSAR 3.3 (Oxford Molecular
2000). Molecular descriptors which were
considered in this research, were log of octanol-
water partition coefficient (log P), Valence
molecular connectivity indices (%Y, %", %", ")
and Kier's shape indices (ka!, ko?, ka®), Randic
topological index (R), Total energy (TE), Highest

occupied molecular orbital (HOMO) and Lowest
unoccupied molecular orbital (LUMO), Dipole
moment (W) for isoxazole-piperazine derivatives
[12]. Pearson’s correlation matrix was used to
select the suitable descriptors for regression
analysis. The forward selection method was further
applied for the generation of regression model.
Various outliers were removed as suggested by the
work of Furusjé [15]

Table 2 Selected molecular descriptors used in QSAR studies

Comp. | U logP | Y Lyv 2y 2y K ko' R LUMO
6a 6.366 | 6.271 | 17.920 | 12.259 16.743 | 9.228 28.526 | 25.737 | 17.920 | -0.572
6b 6.413 | 6.738 | 18.331 | 12.676 17.261 | 9.669 29.491 | 26.697 | 18.331 | -0.581
6C 6.422 | 6.738 | 18.314 | 12.670 17.377 | 9.732 29.491 | 26.697 | 18.314 | -0.562
6d 6.279 | 6.738 | 18.314 | 12.670 17.365 | 9.728 29.491 | 26.697 | 18.314 | -0.562
6e 6.375 | 7.205 | 18.708 | 13.080 18.023 | 10.239 | 30.458 | 27.659 | 18.708 | -0.560
6f 5590 | 6.789 | 18.331 | 12.773 17.261 | 9.774 29491 | 26.976 | 18.331 | -0.605
69 6.384 | 6.789 | 18.314 | 12.767 17.377 | 9.844 29491 | 26.976 | 18.314 | -0.630
6h 6.051 | 6.789 | 18.314 | 12.767 17.365 | 9.841 29491 | 26.976 | 18.314 | -0.632
6i 4651 |6.136 | 18.869 | 12.649 17.452 | 9.511 30.458 | 27.168 | 18.869 | -0.645
6j 7.015 |6.136 | 18.852 12.643 17.546 | 9.555 30.458 | 27.168 | 18.852 | -0.687
6k 6.645 | 6.136 | 18.852 12.643 17.534 | 9.551 30.458 | 27.168 | 18.852 | -0.703
6l 5480 | 6.410 | 18.331 | 12.365 17.261 | 9.334 29491 | 26.630 | 18.331 | -0.596
6m 6.386 | 6.410 | 18.314 | 12.359 17.377 | 9.372 29491 | 26.630 | 18.314 | -0.627
6n 6.028 | 6.410 | 18.314 | 12.359 17.365 | 9.369 29.491 | 26.630 | 18.314 | -0.634
60 3.922 |6.018 | 18.869 | 12.788 17.452 | 9.554 30.458 | 27.620 | 18.869 | -0.514
6p 3.251 | 6.018 | 18.852 12.782 17.546 | 9.594 30.458 | 27.620 | 18.852 | -0.503
6r 6.368 | 6.018 | 18.852 12.782 17.534 | 9.591 30.458 | 27.620 | 18.852 | -0.560
6s 6.863 | 5.765 | 19.784 | 13.305 18.361 | 9.963 32.395 | 29510 | 19.784 | -0.529
Eur. Chem. Bull. 2023, 12(Special Issue 5), 5921 — 5936 5924
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6t 5059 | 5513 | 20.749 |13.840 | 18.985 | 10.276 | 34.338 | 31.406 | 20.749 | -0.632
7a 2549 |6.041 |18.369 |12.197 |17.099 |9.116 29.491 | 26.207 | 18.369 | -0.755
7b 3.666 | 5.892 | 18.369 | 12.057 | 17.099 | 8.974 29491 | 26.524 | 18.369 | -0.749
7c 4505 | 5297 |17.157 | 11569 | 15.141 | 8.547 26.601 | 23.471 | 17.157 | -0.700
7d 3.666 | 5.892 | 18.369 | 12.057 | 17.099 | 8.974 29491 | 26.524 | 18.369 | -0.749
7e 6.475 5392 | 17.657 |12.021 | 15.484 | 8.951 27563 | 24426 | 17.657 | -0.612
7t 5989 5392 |17.641 |12.015 | 15.600 | 8.990 27563 | 24426 | 17.641 | -0.644
79 4612 | 4239 |16.786 | 11.671 | 15.863 | 9.551 28.019 | 25.307 | 16.786 | -0.674
7h 8.103 |3.641 |17.174 | 11408 | 15.024 | 8.353 26.601 | 23.433 | 17.174 | -0.651
7i 3.942 |3.023 |17.174 ]11.984 | 15.024 |8.911 26.601 | 23.929 | 17.174 | -0.686
7j 7.036 | 3.708 | 16.747 | 11.992 | 14.613 | 9.020 25.641 | 23.290 | 16.747 | -0.581
7K 4275 | 3466 |16.174 | 11368 | 14.317 | 8.683 24.684 | 22.063 | 16.174 | -0.709
7l 5927 | 4186 | 15.747 | 11376 | 13.906 | 8.828 23.728 | 21.427 | 15.747 | -0.616
m 5574 |5.066 | 17.747 | 12426 | 15308 | 9.225 27563 | 24.493 | 17.747 | -0.645
n 5782 |4.052 |17.286 | 12.181 | 16.204 | 9.930 28.994 | 26.278 | 17.286 | -0.792
13a 4155 |6.603 |19.263 | 13.060 | 18.076 | 10.011 | 31.426 | 28.131 | 19.263 | -0.630
13b 8.365 | 6.603 | 19.263 | 13.060 | 18.086 | 10.007 | 31426 | 28.131 | 19.263 | -0.752
13c 4312 | 6275 |19.263 | 12.749 | 18.076 | 9.676 31426 | 28.063 | 19.263 | -0.879
13d 3.789 |6.275 |19.263 | 12.749 | 18.086 | 9.672 31.426 | 28.063 | 19.263 | -0.869
14 4665 |3.780 |17.585 | 11514 | 15.564 | 8.471 27563 | 24320 | 17.585 | -0.837
15 3.642 | 5206 | 18.157 | 12531 | 15.848 | 9.342 28.526 | 25.383 | 18.157 | -0.848

Molecular Docking

The whole data set was prepared using ligprep
module of Schrodinger v 13.1, with the assistance
of epik. The energy minimization of molecules was
performed using force field OPLSs [16, 17].

Then, the protein target i.e., Human topoisomerase
IT B in complex with DNA and etoposide as
inhibitor (PDB ID : 3QX3) was shortlisted [18].
Protein target was obtained from the protein data
bank (PDB) (http://www.rcsb.org). Protein
preparation wizard was used in the Schrodinger v
13.1. In which preprocess, optimization H-bond,
and clean up of water molecules were performed
using force field OPLSs [19].

Then, generation of grid was accomplished using
receptor grid generation suit of Schrodinger v 13.1.
All the default functions were used to get required
output. In this step, a grid was generated around the
interacting site of already tenanted ligand molecule
to facilitate derivative of isoxazole-piperazine to
bind at the same site in the target protein [20].
Finally, molecular docking was attempted to
analyse the interactions of isoxazole-piperazine
derivatives against Human topoisomerase II f
using extra precision (XP) mode. Docking scores
were analysed from the project table in the
Schrodinger v 13.1 [21]. Interactions of docked
compounds with target were analysed. Molecular
docking outcomes were validated by comparing
the docking score range (-5 to -15 kcal/ mol) and
by computing RMSD of docked conformation of
the bounded ligand with reference to the co-
crystallized ligand tenanted in the crystal structure.

Eur. Chem. Bull. 2023, 12(Special Issue 5), 5921 — 5936

Molecular Dynamics Simulation

Any grid based docking approach has the
drawback of treating the receptor as a rigid entity,
resulting in a static image of the protein-ligand
interaction. In the physiological system, however,
this relationship is dynamics [22]. MD simulations
were performed for 10 ns using the system builder
panel in Desmond suit of Schrodinger v 13.1 using
OPLS, force field. SPC water box was applied on
the system along with orthorhombic boundaries
[23]. The system was neutralized by adding Na+ as
counter ions. Further, molecular dynamics panel of
Desmond was used to run simulation calculations
by adjusting simulation time, ensemble class, relax
model system before simulation etc. All the default
functions were used to run the calculations. The
simulation results were analysed by RMSD and
RMSF, protein-ligand interaction and contacts
[23].

RESULTS AND DISCUSSION

QSAR Model

This research was designed to construct significant
regression models to anticipate the correlation
between the molecular descriptors mentioned in
Table 2 of isoxazole-piperazine derivatives with
their anticancer activity against three cell lines,
these are MCF-7, Huh-7 and Mahlavu cell line on
breast cancer and liver cancer Table 1 by MLR
analysis.

QSAR  Studies of

Derivatives against MCF-7
For MCF-7 cell lines, compounds 6k, 6s, 6h, 6n,
60, 6t, 6i, 13d, 133, 6¢, 6b, and 71 were eliminated

Isoxazole-piperazine
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as outliers because their presence led in low Outliers removed 6k, 6s, 6h, 6n, 60, 6t, 6i, 13d,
correlation (r = 0.567, Equation 1, Table 1) with 13a, 6¢, 6b, and 7I
first order molecular connectivity (%), whereas pICso (MCF-7) = -0.244% + 4.71 (Eq.2)
their elimination improved the r value drastically (r n= 27, r = 0.775, ¢*> = 0.532, SD = 0.160, F =
= 0.775, Equation 2) during linear regression 37.789
analysis. Here, n - the number of data points, r - the
correlation coefficient, SD - the standard error of
pICso (MCF-7) = - 0.259 y + 4.969 (Eg.1) the estimate, F — the Fischer ratio, g? - the cross-
n= 39, r = 0.567, ¢ = 0.219, SD = 0.371, F = validated, r? - obtained by loo method.
0.0001
Table 3 Correlation matrix of isoxazole-piperazine derivative against MCF-7 as anticancer agents
MCF-7 | u logP | %y Lyv 2y 2y K Kot R LUMO

MCF-7 | 1.000

1 -0.055 1.000

log P -0.286 0.109 1.000

Ly -0.567 -0.030 | 0.680 | 1.000

Lyv -0.439 0.106 0.693 | 0.901 | 1.000

2y -0.489 0.009 0.803 | 0.936 | 0.875 | 1.000

2y -0.316 0.158 0.641 | 0.700 | 0.893 | 0.797 | 1.000

k! -0.546 -0.033 | 0.677 | 0.974 | 0.893 | 0.967 | 0.784 | 1.000

Ka! -0.502 -0.010 [0.685 | 0.956 | 0.916 | 0.971 |0.829 | 0.991 | 1.000

R -0.567 -0.030 [ 0.680 | 1.000 | 0.901 | 0.936 | 0.700 | 0.974 | 0.956 | 1.000

LUMO | 0.044 0.361 0.254 | 0.050 | 0.251 | 0.108 | 0.224 | 0.029 | 0.104 | 0.050 | 1.000
The regression models demonstrated an inverse and the existance of systemic error was determined
correlation between magnitude of anticancer by the observed plCso and the residual plCso graph.
activity and first order molecular connectivity The propagation of residuals on both the sides of
index (Yy) of isoxazole-piperazine derivatives. A zero specified that there was no systemic error in
representation of the observed plCs; and the the construction of the regression model (Fig. 1(a),
predicted plCso showed the activity values were (b)).

close to each other hence the model was significant

2

Predicted pIC50 (MCF7)
Residual pIC50 (MCF7)

-200 0 200 400 500 a0 1000
Observed pIC50 (MCFT) Observed pIC50 (MCF7)

(a) (b)
Fig. 1 (a) Observed pICso (MCF-7) vs predicted plCso (MCF-7) and (b) Observed plICso (MCF-7) vs residual
pICso MCF-7) MLR model (Equation 2).

QSAR  Studies of Isoxazole-piperazine pICso (Huh7) =-0.181 % + 3.21 (Eq.3)
Derivatives against Huh-7 n =39, r=0.522, g% = 0205, SD = 0.373, F =
For Huh-7 cell lines, compounds 6j, 13d, 6g, 6i, 6¢, 13.912

6h, 14, 6r, 7g, 13c, 6s, 7c, 13a, and 6h were

eliminated as outliers because their presence led in Outliers removed 6j, 13d, 69, 6i, 6¢, 6h, 14, 6r, 79,
low correlation (r = 0.522, Equation 3, Table 4) 13c, 65, 7c, 13a, and 6h

with second order molecular connectivity (%), pICso (Huh7) =-0.159 % + 2.82 (Eq. 4)
whereas their elimination exceptionally improved n =25, r = 0.880, g> = 0.730, SD = 0.115, F=
the r value (r = 0.880, Equation 4) during linear 79.643

regression analysis.
Eur. Chem. Bull. 2023, 12(Special Issue 5), 5921 — 5936 5926



Qsar, Molecular Docking And Md Simulation Of Isoxazole-Piperazine Derivatives
As Anticancer Agents

Section A-Research paper

Table 4 Correlation matrix of isoxazole-piperazine derivatives against Huh-7 as anticancer agents

Huh-7 | u logP | % Lyv >y 2y K Ka' R LUMO
Huh-7 1.000
U -0.047 | 1.000
log P -0.425 | 0.109 1.000
by -0.516 | -0.030 | 0.680 | 1.000
Ly -0.489 | 0.106 0.693 | 0.901 | 1.000
2y -0.522 | 0.009 0.803 | 0.936 | 0.875 | 1.000
v -0.437 | 0.158 0.641 | 0.700 | 0.893 | 0.797 | 1.000
K -0.509 | -0.033 | 0.677 |0.974 |0.893 | 0.967 | 0.784 | 1.000
Kot -0.498 | -0.010 | 0.685 |0.956 | 0916 | 0971 |0.829 | 0.991 | 1.000
R -0.516 | -0.030 | 0.680 | 1.000 |0.901 |0.936 | 0.700 | 0.974 | 0.956 | 1.000
LUMO | 0.155 0.361 0.254 | 0.050 | 0.251 | 0.108 | 0.224 | 0.029 | 0.104 | 0.050 | 1.000

Equation 4 was found to best significant model
among all others possibilities. The regression
models demonstrated an inverse correlation
between magnitude of anticancer activity and
second order molecular connectivity index (%) of
isoxazole-piperazine derivatives. The
representation of the observed pICso and the
predicted plCso showed that the activity values

Predicted pIC 50 (Huh 7)

Observed pIC 50 (Huh 7)

(a)

were close to each other and hence the model was
significant and the existance of systemic error was
obtained by the observed plCsy and the residual
pICso plot. The propagation of residuals on both the
sides of zero specified that there is no systemic
error in the construction of the regression model

(Fig. 2 (a), (b)).

Residual pICE0 (HUKT)

=0
Observed pICS0 (Huh?)

(b)

Fig. 2 (a) Observed plCs (Huh-7) vs. predicted plCso (Huh-7) and (b) Observed plCso (Huh-7) vs. residual
pICso (Huh-7) MLR model (Equation 4)

QSAR  Studies of Isoxazole-piperazine
Derivatives against Mahlavu

In Mahlavu cell line the linear regression analysis
with entire dataset of 39 isoxazole-piperazine
derivatives demonstrated the relevance of energy
of the lowest unoccupied molecular orbital
(LUMO) in reporting the anticancer activity
(Equation 5, Table 5).

plCso ( Mahlavu ) = 1.700 LUMO + 1.580
(Eg.5)

n =39, r = 0479 ¢g°> = 0.118, SD = 0.305, F
=11.054

As the r value was very low which led to the lower
inter-relationship between LUMO and other
physicochemical parameters. This stimulated us to
eliminate 13a, 6j, 13b, 6p, and 6t as outliers to get

Eur. Chem. Bull. 2023, 12(Special Issue 5), 5921 — 5936

an equation with improved r value i.e., r = 0.479 to
r =0.657 as shown in Eq. 6.
pICso ( Mahlavu ) = 1912 LUMO + 1.755

(Eq.6)

n =34, r = 0.657, g> = 0.303, SD = 0.219, F =
24.401

For the improvement of equation Randic
topological index, as an independent variable was
added, which led in drastic increase in r value from
0.657 to r=0.703 as shown in Equation 7, Table 5.
pICso ( Mahlavu ) =-0.081 LUMO + 1932 R +
323 (Eq.7)

n =30, r = 0.703, g?> = 0.347, SD = 0.210, F =
15.180
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Table 5. Correlation matrix of isoxazole-piperzine derivatives against Mahlavu as anticancer agents.
2

Mahlavu | p Log by Lyv x 2y K Kot R LUMO
P

Mahlavu | 1.000

U 0.280 1.000

Log P -0.119 0.109 1.000

by -0.221 -0.030 | 0.680 | 1.000

Ly -0.076 0.106 | 0.693 | 0.901 | 1.000

Xy -0.167 0.009 | 0.803 | 0.936 | 0.875 | 1.000

2y -0.026 0.158 | 0.641 | 0.700 | 0.893 | 0.797 | 1.000

k! -0.200 -0.033 | 0.677 | 0.974 | 0.893 | 0.967 | 0.784 | 1.000

Ka! -0.141 -0.010 | 0.685 | 0.956 | 0.916 | 0.971 | 0.829 | 0.991 | 1.000

R -0.221 -0.030 | 0.680 | 1.000 | 0.901 | 0.936 | 0.700 | 0.974 | 0.956 | 1.000

LUMO 0.479 0.361 | 0.254 | 0.050 | 0.251 | 0.108 | 0.224 | 0.029 | 0.104 | 0.050 | 1.000
An inverse correlation was observed between observed plCso and the predicted plCso showed that
anticancer activity and LUMO in regression the activity values are next to each other (Fig. 3 (a),
model. In the above regression model, the value of (b)) and hence, the Equation 7 was significant. The
g? was very low (g2 < 0.5) which was validated by exitance of systemic error was determined by the
the fact that the only method to determine a observed plCso and the residual plCso graph. The
model's actual predictive capability is by testing its propagation of residuals on both the sides of zero
ability to reliably anticipate the biological specified that there was no systemic error in the
activities of compounds [24]. The graph of the construction of the regression model.

- /’)

Residual p/C50 (Mahlavu)
ea
Predicted pIC 50 (Mahlavu)

Observed pIC50 (Mahlavu) Observe d pIC 50 (Mahlavu)

(@ (b)
Fig. 3 (a) Observed plCso (Mahlavu) vs. predicted plCso (Mahlavu) and (b) Observed plCso (Mahlavu) vs.
residual pICso (Mahlavu) MLR model (Equation 7)

Molecular Docking of Human topoisomerase II 3 in association with
Target Identification DNA and etoposide crystal structure. The protein
Human topoisomerase I B (DNA topoisomerase and DNA dimer has 809 residues and is complexed
I1) was identified as target for the given data set of with the anticancer drug etoposide. X-ray crystal
isoxazole-piperazine [25]. Human topoisomerase or nuclear magnetic resonance should be used to
I1 B (DNA topoisomerase II) cuts both ends of one determine the target structure, which can be
DNA helix and then reanneals the cut strand. acquired from the PDB website [26].

Topoisomerase Il utilizing ATP energy. A dimer

Table 6 Docking score and glide energy of isoxazole-piperazine derivatives and some control as anticancer

agents

S. No. Compound | Docking Glide S.No. | Compound Docking Glide

Score Energy Score Energy
1 15 -8.892 -69.446 22 6f -6.117 -60.341
2 7m -8.354 -69.449 23 7i -6.085 -68.67
3 7f -8.146 -64.107 24 13c -6.075 -69.226
4 7K -7.822 -59.92 25 13d -6.057 -66.57
5 6b -7.75 -58.923 26 7d -5.893 -57.183
6 7h -7.555 -62.862 27 6d -5.754 -59.399
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7 79 -7.515 -73.18 28 69 -5.494 -62.567
8 Te -7.455 -64.251 29 6h -5.419 -58.851
9 6e -7.398 -61.372 30 6r -5.351 -57.637
10 7c -7.349 -62.018 31 6s -4.875 -65.359
11 7l -7.161 -55.883 32 13a -4.788 -67.215
12 7] -7.112 -57.181 33 6p -4.457 -62.96
13 14 -7.084 -68.974 34 13b -4.197 -64.774
14 60 -7.008 -62.989 35 7b -3.872 -64.953
15 6t -6.979 -71.344 36 6a -3.385 -62.993
16 6l -6.672 -61.529 37 7n -3.377 -68.422
17 6m -6.625 -55.57 38 6i -2.585 -67.131
18 6k -6.556 -67.76 39 7a -1.955 -59.795
19 6j -6.323 -59.949 40 Luminespib -8.555 -62.541
(Control 1)
20 6n -6.319 -54.798 41 Leflunomide | -4.631 -39.816
(Control 2)
21 6c -6.137 -60.018

Molecular Docking Results

Molecular docking studies were attempted to
analyse the binding interactions of compounds
against the target protein. Ligand interactions
showed binding interactions of compounds and
control (approved) drug in the active site of Human
topoisomerase II B (chain A) (PDB ID: 3QX3)
having a resolution of 2.16 A was selected.
Docking scores and glide energy for the whole data
set is represented in Table 6, whereas their
interactions with crucial amino acid binding
residues in the binding pocket of the target is
represented in Table 7. The docking score (binding
affinity scoring function) of compounds 15, 7m, 7f,
13c, and 13d were considered with target protein
and showed good to moderate anticancer activity.
Binding interactions were found for compound 15,
forming H-bonding with amino acid (GIn778) and
had a good docking score (-8.892). Binding
interactions were seen for compound 7m, forming
H-bonding with a H,O molecule and had a good
docking score (-8.354). Binding interactions were
observed for compound 7f, forming DT : D9 (pi-pi
Stacking) and had a good docking score (-8.146).
Binding interactions were found for compound
13c, forming H-Bonding with a water molecule,
DT : D9, DG : F13 (pi-pi Stacking) and had a good
docking score (-6.075). Binding interactions were
seen for compound 13d, forming DT : D9 (pi-pi
Stacking) and had a good docking score (-6.057).
Then, with Luminespib (Control 1) there was DC :
C8, DT : D9 (pi-pi stacking), DT : D9 (H-Bonding)
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observed with a good docking score (-8.555),
whereas with Leflunomide Control 2 there was DT
: D9 (pi-pi stacking), H.O (H-bonding) observed
with a good docking score (-4.631). From the
docking score results it could be seen that the
docking scores are within the range of (-5 to -15)
kcal/mol, this leads us to validation of molecular
docking methods. Also, another validating
parameter i.e., overlay methods is checked by
observing the RMSD values (0.37 A), which have
upper acceptable limit of 2 A. Compound 15, 7m
showed better docking score than control 1
whereas compounds 15, 7m and 7f showed better
docking score than control 2. The docking score
correlates their anticancer activity. In the 2D and
3D binding mode, type of interactions were
depicted by different colours i.e., pi-pi cation
(green), pi-cation (red), h-boding (pink), etc. are
shown in Fig. [(4 to 10) (a) (b)] and the interaction
matrix for all the amino acid residues and the
compounds is provided in Figure 11.

In light of above analysis, we have considered MD
simulation studies to further check the validity of
the above findings. One must not forget that 1Cso
values provided by the author have a great
significance in itself as all the work was done on
laboratory scale. Therefore, those isoxazole-
piperazine derivatives which had good anticancer
activities in all three cell lines ( MCF-7, Huh-7 and
Mahlavu) were further considered for the MD
simulation studies.
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Table 7 Docking score and interactions of top docked and most biologically active compounds and control

drugs
S. No. Compounds Docking Glide Interactions Important
score energy interactions
1 15 -8.892 -69.446 Met382, Vel 785, Asn786, GIn789, Gly812, GIn778 (H-
Gly813, Lys814, Alag16, Pro819, GIn778, bonding)
Arg503, Gly504, GLy478, Asp479,
2. 7m -8.354 -69.449 Glh477, Gly478, Asp479, Gly504, Arg503, H20 (H- Bonding)
GIn778, Pro819, Ser818, Ala816, Lys814,
Gly813, Gly812, GIn789, Asn786, Val 785,
Met782, DG : C5, DG : C8, DA : F12, DG :
F13,DT:D9, DG: D10
3. 7f -8.146 -64.107 GIn778, Pro819, Ser818, Ala816, Lys814, DT: D9 (pi- pi
Gly813, GIn789, Asn786, Val785, Met782, Stacking)
Arg503, Gly504, Asp409, Gly478, Glh477,
DT:D9, DG : D10, DC : F11, DA : F12, DG :
F13
4. 13c -6.075 -69.226 | Arg503, DG: F13, DA: F12,DC: F11,DC: | H20 (H- Bonding),
C8, GIn778, DG:C5, Met82, Val 785, DT : D9, DG : F13
Asn786, GIn789, Gly : 813, Lys814, Alag816, (pi- pi Stacking)
Ser818, Pro819, DT:D9
5. 13d -6.057 -66.57 Ala816, Lys814, Gyl813, Gly812, GIn789, DT : D9 (pi- pi
Asn786, Val785, Met782, GIn778, DC : C8, Stacking)
Gly504, Arg503, DA : F12, DG : F12,
Asp479, DG : D10, DT : D9
6. Luminespib -8.555 -62.541 Lys456, Gly504, Arg503, Leu502, Asp479, DC:C8,DT: D9
Control 1 Gly478, GIh477, 11e565, GIn778, DC : C8, (pi- pi stacking)
DC: D11, DG: D10, DT : D9, DA : F12, DG DtD 9 (H-
:F13 Bonding)
7. Leflunomide -4.631 -39.816 Leu502, Arg503, Gly504, Gly478, GIh477, DT : D9 (pi- pi
Control 2 GIn778,DC : C8, DT : D9, DG : F13, DA : stacking),
F12, H20 (H- Bonding)

Figure 5 (a) 3D and (b) 2D binding interactions of Compound 7m within the ac
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Figure 8 (a) 3D and (b) 2D binding interactions of Compound 13d within the active site of target (3QX3)

Figure 9 (a) 3D and (b) 2D binding interactions of Luminespib (Control 1) within the active site of target
(3QX3)

9 %
' Pt
TN §5/

Figure 10 (a) 3D and (b) 2D binding interactions of Leflunomide (Control 2) within the active site of target
(3QX3)
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piperazine derivatives

Molecular Dynamics Simulations

Molecular dynamics (MD) simulation were
performed for compounds 13c¢ and 13d considering
their biological activity i.e., 1Cs values and
analysed deeper binding insights with Human
topoisomerase Il [ receptor (3QX3). The
compound 13c showed protein RMSD values in
the range (2.1-3.8) A and ligand RMSD values in
the range of (2.0-3.8) A with fluctuations at various
interval of time. The RMSD graph tells us stability
of the protein-ligand complex, which is verified by
lesser is the RMSD greater is the stability (Fig. 12
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(a)). The RMSF values lies in the range (0.7-6.4)
A. The RMSF graph depicts the mobility of target
proteins, with frequent peaks shows the presence
of flexible amino acids on the c-alpha backbone of
the protein. (Fig. 12 (b)). MD simulation outcomes
specify probable protein-ligand interactions in
form of histograms and heat maps (Fig. 12 (c), (d)).
The interface between protein and ligand
comprises four types of bonds, hydrogen bonds
(green), hydrophobic interaction (grey), ionic
bonds (pink), and water bridges (blue). The amino
acid residues GIn778 forms H-bonds (green),
Arg503, Met781, Met782, Val785, Lys814,
Pro819 forms hydrophobic interaction (grey), and
Glu4d77, Argh03, Gly776, GIn778, Met781 forms
water bridges (blue) respectively (Fig. 12 (c)).
Further individual interactions residue with the
protein of trajectory frames is provided in the form
of heat map. The intensity of colours indicates the
interactions of amino acid. Amino acid Arg503,
Met78 and Lys814 are having maximum no. of
contact with given amino acid resides (Fig. 12 (e)).
The residue Lys 814 showed 25% interaction
whereas Arg503 showed 23% interaction more
than 20% of time by forming H-bonding and water
bridge with the ligand molecules respectively (Fig.
12 (d)).

Protein RMSF
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Protein-Ligand Contacts (cont.)
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Figure 12 Compound 13c (a) Graphical representation of Protein RMSD (A)and Ligand RMSD (A) versus
time (ns), (b) Graphical representation of RMSF (A) versus residual index, (c) Histogram representation
specify probable protein- ligand interactions, (d) Ligand protein contact, (¢) Heat map showing protein-

ligand interactions

The compound 13d showed protein RMSD values
in the range (2.0-4) A and ligand RMSD values in
the range of (1.6-3.6) A with fluctuations at various
interval of time (Fig. 13 (2)). The RMSF values lies
in the range (0.7-4.8) A (Fig. 13 (b)). MD
simulation outcomes specify probable protein-
ligand interactions in form of histograms and heat
maps (Fig. 13 (c), (d)). The amino acid residues
GIn 778 forms H- bonds (green), Met781, Met782,
Val785, Lys814 forms hydrophobic interaction
(grey), and GIn778, GIn789, Phe806, Gly812,
Gly813, Lys814, Ser818, Pro819 forms water
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bridges (blue) respectively (Fig. 13 (c)). Further
individual interactions residue with the protein of
trajectory frames is provided in the form of heat
map. The intensity of colour indicates the
interactions of amino acid. Amino acid GIn778,
Met782, Val785, GIn789 are having maximum no.
of contact with given amino acid resides
(Fig.13(e)). The residue GIn779 showed 31%
interaction and Gly813 showed 21% interaction
more than 20% of time by forming water bridge
with the ligand molecules (Fig. 13 (d)).
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Protein-Ligand Contacts (cont.)
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Figure 13 Compound 13d (a) Graphical representation of Protein RMSD (A)and Ligand RMSD (A) versus
time (ns), (b) Graphical representation of RMSF (A) versus residual index, (c) Histogram representation
specify probable protein- ligand interactions, (d) Ligand protein contact, (¢) Heat map showing protein-

ligand interactions

CONCLUSION

The research was done to carry out QSAR studies,
molecular docking and molecular simulation
studies of isoxazole-piperazine derivatives using
different computational approaches. QSAR results
indicated the importance of first order molecular
connectivity index () (r=0.775, g = 0.532 )
for MCF-7 cell line; second order molecular
connectivity index (%) (r = 0.880, g = 0.730 )
for Huh-7 cell line; lowest unoccupied molecular
orbital and randic topological index (LUMO & R
) (r=0.703, g> = 0.347 ) for Mahlavu cell line in
describing anticancer activity of isoxazole-
piperazine derivatives. The inference of above
QSAR models is that structural requirement for
different anticancer target will be different. The
molecular docking results showed compounds 15,
7m, and 7f showed significant docking scores,
glide energy and showing interactions with various
amino acids which ensuring better to moderate
anticancer activity at specifies protein target
(3QX3). Along with these compounds, some other
compounds having moderate anticancer activity in
the mentioned cell lines, docking score and binding
interactions were considered for MD simulation
(Compounds 13c and 13d ). Simulations results
showed significant and acceptable ranged
outcomes hence show stability of the molecules.
QSAR models, molecular docking and MD
simulations results advise us that selected
compounds of isoxazole-piperazine derivatives
can be developed as more potent anticancer agents
with various new modifications and can be major
topic in successful treatment of chemotherapy for
selected protein Human topoisomerase 11 B (PDB
ID: 3QX3).
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