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ABSTRACT

INTRODUCTION

Cancer is one of the major public health diseases worldwide
with a high mortality rate. The development of cancer
relies upon the mutations or alterations emerging inside
the cell, driving aberrant behaviour that can sidestep
the distinctive checkpoints essential for normal cell
health.[! Alteration in cellular metabolism through
mutations or expression changes in tumor suppressor
genes and oncogenes serve as fuel to cancer progression.!?!
Therefore, the accumulation of genetic mutational changes
contributes to cancer cell growth. In various treatment
approaches, the use of synthetic nucleoside and nucleobase
analogs are important strategy due to interruption
in genome integrity and nucleotide homeostasis.[* In
anti-metabolites, nucleosides analogues are effective
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Cancer is a most serious health problem globally due to increased mortality. Deoxycytidine triphosphate
pyrophosphatase (dCTPase) enzyme involved in cancer progression and cancer cell stemness and found
over-expressed in breast cancer. This overexpression makes it of attractive target to discover new class of
anticancer therapy. In the present work, we have selected piperazin-1-ylpyridazine derivatives as dCTPase
inhibitors and performed molecular docking and dynamics simulations analysis to evaluate the binding
pattern of selected compounds with target protein. Compound P21 has highest binding affinity towards
dCTPase protein with -4.649 as Glide Gscore. In all compounds, only pyridazine and caboxamide nucleus
involves in hydrogen bond formation and benzyl or phenyl nucleus involves in -1 stacking interaction.
These observations provide the valuable lead for ligand based anticancer drug design.

anticancer drugs exert their effect by inhibiting cell
proliferation.

The dCTP pyrophosphatase 1 (dCTPase) enzyme
is also known as DCTPP1 and XTP3-transactivated
protein A (XTP3TPA).[*"¢l The dCTPase enzyme can
also hydrolyze C5-modified dNTPs such as 5-methy],
5-halogenated and 5-formyl deoxycytidines, and along
with additional ‘house-cleaning’ function.!*! Various
research investigations suggest that dCTPase is associated
with cancer progression, cancer cell stemness, association
with poor clinical prognosis and decreased response
to anticancer nucleoside analogues.>® Song et al also
reported that the dCTPase enzyme was significantly
over-expressed in breast cancer and found its strong
contribution with tumor progression and poor prognosis
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in breast cancer.[”] This contribution of dCTPase in
carcinogenesis and nucleotide homeostasis makes it of
great interest to further elucidate the cellular function
of this all-a NTP pyrophosphatase family member. There
are only few dCTPase inhibitors reported but no one can
become drug.

The objective of the presentinvestigation is to identify
the binding mechanism through molecular docking,
molecular dynamics simulation and binding energy
studies. To the best of our knowledge, there is no one work
has been reported on the molecular modelling studies of
dCTPase inhibitors.

MATERIALS AND METHODS

Selection of Data Sets

The series of 26 piperazin-1-ylpyridazine derivatives were
selected for the study.™!

Homology Modelling and Model Validation
Homology modelling approach was used for determining
3D structure of dCTPase enzyme as no PDB structure
was available in the Protein Data Bank. The target amino
acid sequence file of dCTPase (PDB code: 201G) was
retrieved from UniProt. Template search with Blast/'!
and HHBIlits!*?! has been performed against the Swiss-
Model template library. The template 2A3Q was selected
on the basis of sequence identities having 100% with the
queried protein and quaternary structure quality estimate
(QSQE) as 0.66. The QSQE score is a number between 0
and 1, reflecting the expected accuracy of the interchain
contacts for a model built based a given alignment and
template. Homology model of dCTPase was built based on
the target-template alignment using ProMod3. Coordinates
which are conserved between the target and the template
are copied from the template to the model. The quality
of the model was estimated using the Qualitative model
energy analysis (QMEAN) scoring function and Global
model quality estimation (GMQE) score. Further obtained
homology model was validated by molecular dynamics
simulations calculations. The validated homology model
by molecular dynamics was shown in Fig. 1.

Active Site Identification

The putative active site of dCTPase modelled protein was
identified by using SiteMap. A SiteMap calculation begins
with an initial search stage that determines one or more
regions on or near the protein surface, called sites that
may be suitable for binding of aligand to the receptor. The
search uses a grid of points, called site points, to locate
the sites. In the second stage, contour maps (site maps)
are generated, producing hydrophobic and hydrophilic
maps. The hydrophilic maps are further divided into donor,
acceptor, and metal-binding regions. The evaluation stage,
which concludes the calculation, assesses each site by
calculating various properties.[*314
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Receptor Grid Generation and Molecular Docking

The identified putative site was selected for receptor
grid generation by using glide module of Maestro.!*!
For, molecular docking analysis, ligands were prepared
using ligprep tool of Maestro. Epic was used to generate
tautomers and generate low energy ring conformation for
each ligand with default settings. Further, glide docking
was executed in extra precision (XP) mode. The docking
calculations were accomplished by using OPLS_2005 force
field. The protein was setas rigid while ligands were select
as flexible for docking analysis.

Binding Free Energy Calculations

Prime molecular mechanics with generalised Born and
surface area solvation (MM-GBSA) is a tool of Schrédinger
software which was used to calculate relative binding
energies of all docked protein-ligand complexes with
default parameters.['®! Prime MM-GBSA free energy is
calculated by given equation.['”]
AGbind = Gcomplex - [Gprotein + Gligand)

Where AGy;,qis the binding free energy, G.ompiex is free
energy of complex, G otein a0d Giigang is free energy of the
target protein and ligand, respectively.

Molecular Dynamics Simulations

Molecular dynamics simulations were carried out
through Desmond tool of Schrédinger software in order
to assert the stability and conformation of dCTPase
inhibitor complex.[®] From all analysed compounds,
the best compounds were selected for simulation study
on the basis of glide score parameters, binding energy,
number of hydrogen bonds and dCTPase inhibitory
activity. We selected compound P14 and P21 for MD
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Fig. 1: Ramachandran plot of dCTPase modelled protein
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simulations. Selected complex was solvated by selecting
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
as membrane; SPC as solvent model and orthorhombic
box shaped periodic boundary conditions selected and
furthermore calculated the volume of the selected box. For
neutralization of the solvated system, the required number
ofions was added and the salt concentration was setat 0.15
M of Na"and CI ions to simulate the background salt and
physiological conditions. Energy minimization of complex
was done by maximum 2000 iterations to remove steric
clashes. The energy minimized system was subjected for
continuing heating from 0 to 300 K for 20 ns with constant
volume. NPT ensemble was selected by considering 300
K temperature and 1.01325 bar as pressure.[*”) The
model system was relaxed; hence, 20 ns simulations were
performed and trajectory wasrecorded at 4.8 picoseconds.
The protein-ligand root mean square deviation (RMSD),
root mean square fluctuation (RMSF), contacts and ligand
properties were investigated to check the conformational
behaviour and stability of the simulated complex during
the 20 ns simulations.

RESULTS AND DISCUSSION

Homology Modelling and Validation of Protein

To rationalize the observed QSAR, we determined the 3D
structure of dCTPase enzyme through homology modelling
approach. The target sequence file 201G and the template
2A3Q were selected to build homology model using
target-template alignment. GMQE is a quality estimation
which combines properties from the target-template
alignment and the template search method. QMEAN score
is a composite estimator based on different geometrical
properties and provides both global (i.e., for the entire
structure) and local (i.e., per residue) absolute quality
estimates on the basis of one single model. The obtained
model having the GMQE score 0.67 and the QMEAN score
0.62 indicates the higher reliability and accuracy of the
model. The modelled protein has four chains and the
QMEAN Z-score plot is shown in Fig. 2, which provides an
estimate of the "degree of nativeness" of the structural
features observed in the modelled protein on a global scale.
QMEAN Z-scores around zero indicate good agreement
between the model structure and experimental structures
of similar size.!?!

The geometry optimization of the modelled protein
has been done through molecular dynamics simulations
which indicate the RMSD score 2.2 A and RMSF score 1.5 A
(Fig. 3). The optimal range 1-3 A are perfectly acceptable
for small, globular proteins. Hence, the model shows stable
nature of protein architecture.

Active Site Identification

For generating the binding site, extensive search was
accomplished by SiteMap. It results multiple sites which
are tabulated in Table 1.

The Site score is based on a weighted sum of several of
the properties that are number of site points, enclosure
score and hydrophilic score. With Site score of 0.987 and
D score 0f 0.898, site 1 was selected for molecular docking
and dynamics calculation studies (Fig. 4).

Molecular Docking and Binding Free Energy
Calculations

To rationalize the scope of investigation, we performed
molecular docking studies of all compounds with

Comparison with Non-redundant Set of PDB Structures
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Fig. 2: The QMEAN Z-score plot of obtained homology modelled

protein.
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Fig. 3: Molecular dynamics simulation results for dCTPase modelled
protein.

Table 1: Identified active sites and site score predicted by SiteMap.

Site number Site score D score Volume

Site 1 0.987 0.898 207.858
Site 2 0.986 0.954 171.157
Site 3 0.946 0.886 166.012
Site 4 0.807 0.770 128.625
Site 5 0.781 0.746 126.224
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modelled protein of dCTPase enzyme. The receptor grid
was generated around the identified active site of the
protein, prior to docking. The molecular docking results
with binding free energy calculations were depicted in
Tables 2 and 3. Pharmacokinetic parameters calculations
were performed by using Molinspiration online server.
The results are tabulated in Table 3.

Compound P21 (N-benzyl-1-(6-(4-(o-tolylsulfonyl)
piperazin-1-yl)pyridazin-3-yl)methanamine) has highest
binding affinity towards dCTPase protein with -4.649 as
Glide Gscore. It shows two hydrogen bonds with residues
GIn82 (sidechain) and GIlu78 (backbone). The pyridazine
ring of compound P21 forms m-m stacking interaction
with Arg109 residue. The amino acid residues involved in
hydrophobic interaction with compound P21 are Ala108,
Phe23, Trp47,Pro79, Trp84, Phe71, Pro81 and pro53 (Fig. 5).

Fig. 4: Identified active site in dCTPase protein.

Table 2: Chemical structure and docking results of piperazine derivatives

Com. no. Structure Glide gscore No. of hydrogen bond H-bond interaction
P1 FFE -3.224 03 Gly80, Arg109, Asp76
o
N
NN .
N
o
P2 FFF -3.628 03 Gly80, Arg109, Asp76
o
N
N N
N oy
N
o
P3 eFE -3.490 02 Arg109, Glu78
o
N
N
N N
N
(o]
P4 Fe -3.648 03 Gly80, Arg109, Asp76
F
(o]
o N
N N
Ny
N
o
P5 -3.453 03 Gly80, Arg109, Asp76
o
o N
N N
N oy
N
o
P6 F -3.232 03 Gly80, Arg109, Asp76
(o]
os N
N N
N H
N
(o]
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N
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P10
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P11
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cl s
P12
o
cl s
P13 N o
o
s
o N
P14 N
o
s
o N
P15
o
oS N

OH
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Glide gscore
-3.630
N oy
N
o
-3.542
N
N oy
N
o
-3.339
N
N o, S
N
o
-3.588
Ny F
N
o
o -3.922
N
u N s
o -2.466
N
N
-3.280
N, F
N
o
-3.469
Ny F
N
o
-2.430
N
o
o
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No.

03

03

03

03

01

02

03

02

. of hydrogen bond

H-bond interaction

Gly80, Arg109, Asp76

Gly80, Arg109, Asp76

Gly80, Arg109, Asp76

Gly80, Arg109, Asp76

Gly80, Arg109, Asp76

Asp76

Asp76, Arg109

Asp76, Arg109

Arg109, GIn82

175



Shashank S. Mishra et al.

Cont...
Com. no. Structure Glide gscore No. of hydrogen bond H-bond interaction
P16 o -2.253 03 Arg109, His51, GIn52
o
o N N N
g N
o
N
OH
P17 o -3.370 03 Gly80, Arg109, Asp76
s
N N
N oy
N
o
P18 o -3.063 02 Arg109, Asp76
s
° N N
N oy
N
o
P19 o -3.246 03 Gly80, Arg109, Asp76
N N " So
w N
N
o
P20 o -3.234 03 Arg109, Asp76
N
o N NN
S N
o
P21 o -4.649 02 GIn82, Glu78
o N
N N
N oy
N
P22 -2.211 - -
o
o N
N
o
NN s
o
P23 o -2.499 02 Arg109, GIn52
o N
NN F
o
P24 F -2.545 03 Glu48, Thr77
HO
OH
o NN
s N
o
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Cont...
Com. no. Structure Glide gscore No. of hydrogen bond H-bond interaction
P25 F -1.439 01 Gly80
o
N N N
O N
S
o
P26 o -2.540 01 Thr77
OS " N N F
N
Table 3: Binding energies and pharmacokinetic parameters calculations of piperazine derivatives
dG bind dG bind
Com.no.  dG Bind coulomb lipo LogP TPSA Volume M. W.
P1 -51.430 -31.416 -30.214 3.00 78.43 415.75 483.49
P2 -59.993 -41.129 -26.716 2.59 78.43 398.95 469.47
P3 -51.761 -22.819 -26.964 2.89 78.43 382.15 455.44
P4 -62.180 -11.572 -26.351 2.94 95.50 411.40 505.52
P5 -61.524 -13.393 -26.392 2.49 95.50 396.66 451.55
P6 -61.333 -14.104 -26.340 2.21 95.50 385.03 455.51
pP7 -61.287 -13.458 -26.368 2.15 98.74 426.01 480.59
P8 -65.407 -16.101 -32.396 1.17 11897 474.10 536.66
P9 -62.229 -7.204 -29.194 2.39 95.50 387.37 457.58
P10 -60.232 -14.101 -26.112 2.66 95.50 401.59 469.54
P11 -70.287 -12.082 -30.414 3.02 95.50 40091 492.03
P12 -43.833 7.327 -22.082 1.89 95.50 361.05 433.92
P13 -45.628 -6.991 -26.951 1.99 108.39 39441 490.95
P14 -48.531 -6.853 -25.279 1.41 108.39 397.44 470.53
P15 -53.428 4.714 -26.696 3.33 92.71 393.24 452.54
P16 -26.505 13.616 -15.783 0.57 116.17 421.53 485.57
P17 -56.992 -38.382 -26.869 2.55 75.19 394.95 434.56
P18 -45.969 -20.063 -26.909 3.02 92.26 400.70 450.26
P19 -64.404 -15.424 -27.789 2.60 95.50 402.67 463.56
P20 -47.946 -2.260 -26.780 2.76 95.50 413.46 465.58
P21 -42.576 -96.798 -24.628 2.86 78.43 394.48 437.57
P22 -45.748 25.044 -29.810 3.45 100.54 413.51 486.62
P23 -44.520 15.021 -26.547 391 83.47 405.99 468.55
P24 -34.899 9.464 -21.964 3.16 106.86 453.15 514.62
P25 -37.138 15.084 -31.450 4.27 75.64 435.26 496.61
P26 -39.271 17.236 -24.333 4.74 66.40 414.74 466.58

All compounds show excellent binding affinity with target different amino acid residues. Compound P14 (N-(4-
protein in terms of Glide Gscore. Except compound P22, fluorobenzyl)-6-(4-((2-methylpyridin-3-yl)sulfonyl)
all compounds show hydrogen bond interactions with piperazin-1-yl)pyridazine-3-carboxamide) also exhibit
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Fig. 7: Binding mode of docked target [;”otein and A. Compound
P21 and B. Compound P14.

-3.469 Glide Gscore and good vdW contacts. The compound
P14 has tightly fixed in binding pocket due to formation of
hydrogen bond with residues Asp76 (backbone), Arg109
(sidechain) and m-m stacking interaction with Trp47
(Fig. 6). The interesting fact is that in many compounds,
only pyridazine and caboxamide nucleus involves in
hydrogen bond formation and benzyl or phenyl nucleus
involves in -m stacking interaction. Most of the compounds
bind with target protein in a similar way.
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Fig. 8: RMSD and RMSF plot of compound P14.

Docking results revealed that the target protein has large
binding cavity which is consists of hydrophobic pocket
(Ala108, Phe23,Pro79,Phe71, Pro81, Pro53, Trp47, Trp84),
hydrogen bonding site (Gly80, Arg109, Asp76, Glu48,
Thr77) and other interactions (Fig. 7). The hydrophobic
interactions enhance the binding affinity.?!! Hence, the
presence of sulfonamide, carboxamide connected with left
side piperazine nucleus contribute in binding as well as
in activity. The pyridazine ring with carboxamide moiety
connected with right side piperazine nucleus enhances
the binding affinity. The presence of benzyl ring with
carboxamide moiety (right side) plays a wider role in m-1t
stacking interaction and salt bridge formation.

Molecular dynamics simulations

Molecular dynamics allows the atomic-level
characterization of various bimolecular processes such
as analysis of stability of protein-ligands interactions
associated with activation and deactivation of various
molecular pathways.[??! In this study, the simulations
were performed on compound P14 and P21 by solvated
and energy minimized system. The functional nature of
the complex is based upon their movement and folding
of backbone inside the simulated system. The RMSD plot
of protein shows the structural changes in backbone, Ca
and side chain amino acid residues of the dCTPase protein
throughout the 20 ns simulation. The RMSD of compound
P14 and P21 for 20 ns was found to be 1.75 A and 1.50
A respectively which indicates changes are perfectly
acceptable for small, globular proteins (Figs. 8 and 9). The
plot shows compound P14 and P21 was perfectly aligned
on the protein backbone and then the RMSD was calculated
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Fig. 9: RMSD and RMSF plot of compound P21.
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Fig. 10: Observed protein-ligand contacts of docked compound P14
and P21.

which indicates excellent binding with the binding site of
protein.

The RMSF of compound P14 and P21 was found tobe 1.5
Aand 1.3 Arespectively which indicates N and C-terminal
fluctuate more than any other part of the protein (Figs.
8 and 9). The different protein-ligand contacts were
observed which is utilized for design of the novel inhibitors
with potent activity and selectivity (Fig. 10). The residues
involved in hydrogen bond interactions are Arg109,
Glu48, Asp76 and Trp47 shown strong influence on drug
specificity, metabolism and adsorption.

CONCLUSION

The dCTPase enzyme involves in the catabolism of
noncanonical and canonical nucleoside triphosphates.
Owing to the role of dCTPase in cancer stemness and
progression, dCTPase becomes an attractive target
for anticancer drug discovery programme. To design

Int. J. Pharm. Sci. Drug Res., March-April, 2022, Vol 14, Issue 2, 171-180

selective and potent dCTPase inhibitors, it is necessary
to investigate the inhibitor-protein binding pattern. In
the present investigation, docking results demonstrate
that all compounds show excellent binding affinity with
target protein. We also executed molecular dynamics
simulations to explore the binding mechanism. The
simulation study suggests that all compounds binds in a
similar way and the binding pocket consists of hydrophobic
pocket (Ala108, Phe23, Pro79, Phe71, Pro81, Pro53,
Trp47, Trp84), hydrogen bonding site (Gly80, Arg109,
Asp76, Glu48, Thr77) and other interactions. Therefore,
piperazin-1-ylpyridazines could be potent and novel class
of dCTPase inhibitors for anticancer therapy. This research
investigation can be providing the platform for drug design
of potent and efficacious dCTPase inhibitors through the
understanding of binding mechanism.
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