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and molecular dynamics
simulation of triazole benzene sulfonamide
derivatives with human carbonic anhydrase IX
inhibition activity†

Gopinath P. and Kathiravan M. K.*

Carbonic anhydrase IX has been used as a hypoxia endogenous marker in a range of solid tumors including

renal cell, lung, bladder and tumors of the head and neck. a-CA IX isozyme is over-expressive in hypoxic

environment which becomes an attractive target for the design of inhibitors' targeting cancer

particularly, tumor progression and invasion. In the process of designing new leads for the inhibition of

tumor-associated hCA IX, the best triazole benzene sulfonamide derivatives were obtained from the

QSAR model published in the research paper as cited. The statistically validated QSAR model was utilized

for bioactivity prediction of novel leads. Further the designed molecules having good scores were

subjected to molecular docking studies and molecular dynamic simulation studies. Designed

compounds 1, 2, 20, 24 and 27 have shown predicted bioactivity of 9.13, 9.65, 10.05, 10.03 and 10.104

logarithmic units respectively using QSAR model 2. The low energy conformations of the above

compounds exhibited good Autodock binding energy scores (�8.1, �8.2, �8.1, �8.3 and �9.2 K cal

mol�1) and interactions with Gln92, Thr200, Asn66 and His68. Desmond's molecular dynamics

simulations studies for 100 ns of compound 27 compared to reference SLC0111 provided useful

structural insights of human carbonic anhydrase IX inhibition. Compound 27 with new chemical

structure displayed both hydrophobic and hydrophilic stable interactions in the active site. RMSD, RMSF,

RoG, H-bond and SASA analysis confirmed the stable binding of compound 27 with 5FL4 structure. In

addition, MM-PBSA and MM-GBSA also affirm the docking results. We propose the designed compound

27 (predicted Ki ¼ �0.07 nM) as the best theoretical lead which may further be experimentally studied

for selective inhibition.
1. Introduction

Solid tumors such as breast, prostate, head and neck tumors have
characteristic hypoxia, which promotes tumor progression and
therapeutic treatment resistance through augmented prolifera-
tion, reduced apoptosis and angiogenesis. Carbonic anhydrase IX
has been used as a hypoxia endogenous marker in a range of solid
tumors including renal cell, lung, bladder and tumors of the head
and neck.1 In hypoxia, the CA IX enzyme is upregulated in
response to HIF 1-a binding to the hypoxia responsive elements.2,3

These hypoxia responsive elements have a pro-survival function
maintaining high intra-cellular pH preventing apoptosis and low
extracellular pH for activation of proteolytic and signal trans-
duction pathways for invasion. However, the uctuating hypoxia in
tumors leads to limited CA IX expression thus hindering any
available monoclonal antibody uptake.4 In this view, the CA IX
artment of Pharmaceutical Chemistry,

kulathur, Chennai, Tamil Nadu – 603

mail.com; kathirak@srmist.edu.in

the Royal Society of Chemistry
specic small molecule ligands such as the focused sulfonamides
will be appropriate for the inhibition purpose.5,6 The objective of
this study was to investigate the designed selective CA IX inhibitors
through molecular modelling approaches.

The computation of quantitative structure–activity relationship
(QSAR) models is an essential step in preclinical drug develop-
ment, i.e. models linking chemical character of compounds with
bioactivities towards a target macromolecule. In general, the QSAR
models were computed by information obtained from the physi-
cochemical and structural features of a library/dataset, typically
assembled from biological data of one or more in vitro assays.
Since these statistical models provide key information with respect
to structural features and biological activity they can be used as
starters for further optimization. Further, a QSAR model must
contain compounds with an unbiased variation of the molecular
† Electronic supplementary information (ESI) available. See DOI:
10.1039/d1ra07377j
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features spanning the chemical space held to be signicant for
interaction with the protein target.

In our published research work,7 a series of 70 compounds
dataset containing 1,2,3-triazole benzene sulfonamide derivatives
with human carbonic anhydrase IX inhibitory activity from the in
vitro studies of P. K. Sharma et al.8–10 were subjected to QSARINS
soware for developing validated models using 3D-MoRSE
molecular descriptors. The best QSAR model with MoRSE molec-
ular descriptors thoroughly validated the dataset with efficient
statistical parameters. Further compounds designed were tested
for prediction power and subsequently molecular docking studies
were done. Fig. 1 display the leads generated from our previous
work7 along with their predicted bioactivities.

The designing and optimizing a new drug candidate is a chal-
lenging process which can be accelerated by computational drug
discovery utilizing molecular dynamics simulations. High
computing power with graphic processing units is indeed bene-
cial for calculating molecular descriptors. Utilizing the best
quantitative structure–activity relationshipmodel generated in our
published work,7 the lead compounds with carbonic anhydrase IX
inhibitory activity were considered as template (Fig. 1) for investi-
gating a novel series of triazole benzene sulfonamide derivatives
with good predicted bioactivity. The best ve designed compounds
were subjected to receptor binding interactions using Autodock V
4.2 and stability of the top binding complex was validated by
molecular dynamics simulations using Desmond V 5.9 in
comparison with pre-clinical reference molecule, SLC0111. The
binding free energy estimation was done to validate the binding
affinity and further the stability and interactions of the complex
were assessed through dynamics simulation studies.
Fig. 1 Leads generated from our previous studies displaying naphthyl, me
heterocyclic rings at R2 position.

38080 | RSC Adv., 2021, 11, 38079–38093
2. Results and discussion
2.1. Designed compounds

Based on positively correlated structural and molecular
descriptor information from the QSAR model (pKi ¼ 2.0573 +
3.3553 (MoRSEV22) + 16.4033 (MoRSEC17) + 0.2339 (MoRSEV1)
+ 2.0175 (MoRSEC4) + 0.1158 (MoRSEE22)), the triazole benzene
sulfonamide core structure was explored with alkyl carbox-
amide linkers on triazole along with heterocyclic ring on tail.
ESI Table 1† display the structural information of dataset
compounds utilized for QSAR model generation and the best
leads obtained. Utilizing the lead structure as template, twenty
nine designed molecules were subjected to the descriptor
calculation tools of ChemDes–ChemoPy servers to calculate the
respective MoRSEV22, MoRSEC17, MoRSEV1, MoRSEC4 and
MoRSEE22 values. Usually, the MoRSE descriptors were
(molecular representation of structure by electron diffraction)
weighted by volume, atomic charges, Sanderson's electronega-
tivity etc. along with the scattering parameter from 1 to 31. Table
1 displays structure of 29 best designed compounds with nano/
subnano-molar predictions along with molecular descriptor
values utilized for the predicted bioactivity.

From the Table 1, it was clear that N-pyridyl-3-yl group at R2

position (compound 1) of triazole ring have shown better pre-
dicted activity (pKi ¼ 9.13), whereas ortho and para positions of
the same group doesn't enhance activity (compounds 10, 12, 18,
21). It was notable that, N-piperidin-4-yl group at R2 position
and 4-methylphenyl group at R1 position (compound 2) of tri-
azole ring have shown better predicted activity (pKi ¼ 9.65),
whereas R1 groups with uorophenyl, naphthyl, methoxy
phenyl groups displayed lesser activity (compounds 14, 19 and
22 respectively). N-[3-(1-Methylpyrrolidin-2-yl)pyridin-4-yl]
thylphenyl, fluorophenyl substituents on triazole ring at R1 position and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Designed compounds and reference structure subjected to QSAR model for predicted human carbonic anhydrase IX inhibition activity

Sl. no. R1 R2 MoRSEV22 MoRSEC17 MoRSEV1 MoRSEC4 MoRSEE2 pKi

1 �0.654 0.134 30.612 0.161 �3.572 9.1323

2 �0.426 0.152 28.108 0.346 �6.375 9.6555

3 �0.78 0.139 28.83 0.267 �5.889 8.3203

4 �0.566 0.115 28.646 0.292 �6.391 8.5939

5 �0.893 0.147 30.915 0.251 �7.392 8.3537

6 �0.62 0.126 26.367 0.323 �5.658 8.2075

7 �0.618 0.115 25.608 0.311 �4.003 8.0237

8 �0.61 0.152 25.575 0.295 �5.789 8.4107

9 �0.614 0.139 24.013 0.235 �2.116 8.1229

10 �0.583 0.154 23.011 0.271 �3.775 8.1191

11 �0.765 0.143 30.268 0.17 �5.374 8.6365

12 �0.694 0.147 26.103 0.268 �5.839 8.1100

13 �0.709 0.16 28.639 0.158 �6.052 8.6195

14 �0.541 0.15 28.96 0.238 �9.131 8.8991

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 38079–38093 | 38081
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Table 1 (Contd. )

Sl. no. R1 R2 MoRSEV22 MoRSEC17 MoRSEV1 MoRSEC4 MoRSEE2 pKi

15 �0.444 0.158 23.156 0.249 �7.181 8.2462

16 �0.995 0.118 34.171 0.262 �8.454 8.1966

17 �0.786 0.111 30.035 0.284 �7.015 8.0266

18 �0.697 0.125 28.36 0.394 �10.153 8.0217

19 �0.678 0.111 30.776 0.241 �6.838 8.4961

20 �0.487 0.163 29.384 0.18 �2.466 10.0475

21 �0.843 0.131 30.427 0.199 �6.041 8.1964

22 �0.605 0.143 28.544 0.255 �9.791 8.4301

23 �0.841 0.103 34.716 0.184 �6.87 8.6208

24 �0.746 0.173 35.269 0.262 �9.822 10.0326

25 �0.764 0.114 32.502 0.262 �5.945 8.8062

38082 | RSC Adv., 2021, 11, 38079–38093 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Sl. no. R1 R2 MoRSEV22 MoRSEC17 MoRSEV1 MoRSEC4 MoRSEE2 pKi

26 �0.995 0.148 31.343 0.244 �7.552 8.0953

27 H �0.697 0.299 22.946 0.352 �5.153 10.1038

28 �0.127 0.134 19.353 0.008 �0.474 8.3171

29 H �0.237 0.148 20.015 0.147 �4.507 8.1459

Ref — — �0.666 0.162 21.85 0.321 �5.452 7.6069

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 6

/2
7/

20
24

 2
:0

2:
48

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
group at R2 position along with methoxyphenyl group at R1

position (compound 24) have shown better predicted activity
(pKi ¼ 10.03) compared to 4-methylphenyl group at R1 position
(compound 4). R1 position with methyl [4-methylbenzene]-1-
sulfonate group favored the structure (compound 27) having
predicted bioactivity value 10.1037.

From the QSAR studies and the designed compounds predic-
tion, it was clear that methyl carboxamide linker on triazole ring
along with the N-pyridyl-3-yl heterocyclic ring have shown better
predicted bioactivity. Substituting bulkier groups both at R1 and R2

position or increasing alkyl chain length between triazole and tail
heterocyclic ring resulted in decreased bioactivity. ESI Table 2†
displays molecular descriptor contribution information of the
designed compounds for predicted bioactivity.
2.2. Molecular docking studies

The designed compounds with best pKi values were subjected
to the molecular docking studies for binding affinity and H-
bond interactions prediction. The selected compounds (1, 2,
20, 24 and 27) and the reference compound SLC0111 have
© 2021 The Author(s). Published by the Royal Society of Chemistry
shown good interactions and binding affinity scores.
Compound 1 with N-pyridyl-3-yl group interacted with Val130
and Asp131 by the hydrogen bonding. The sulfonamide oxygen
on p-phenylene moiety interacted with Thr200, Thr201 via H-
bond and the nitrogen of sulfonamide bonded with Zn264.
The methyl group of methylphenyl moiety on tail showed Pi–Pi
interactions with Leu91. The best conformation of compound
1_5FL4 complex from Autodock displayed binding affinity as
�8.1 K cal mol�1.

Likewise, the H-bond interactions were predicted in
compound 2 with the residues Zn264, Thr200, Gln71, Trp9 and
His94 of 5FL4 protein. Compound 2 displayed H-bonds near to
the triazole ring with Gln71 followed by the oxygen of sulfon-
amide on p-phenylene ring interaction with Thr200 and Thr201.
The Asn66 interacted with the oxygen of carboxamide linker
forming a favorable H-bond. The phenyl group attached to the
sulfonamide group displayed Pi–Pi interaction with His94. The
compound 2 displayed binding affinity of�8.2 K cal mol�1 with
5FL4. The reference molecule SLC0111, an uriedo substituted
benzene sulfonamide under clinical trials for carbonic anhy-
drase inhibition imparted H-bond interactions with the
RSC Adv., 2021, 11, 38079–38093 | 38083
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residues Thr200, Thr201, Gln92, Leu91 and Val130 of 5FL4
protein. The SLC0111 displayed H-bonds with uriedo oxygen
group linked to Gln92 followed by the oxygen of sulfonamide on
p-phenylene ring interaction with Thr200 and Thr201. Val130
and Leu91 interacted with the uoro-phenylene ring forming
favorable pi-bonds. The compound SLC0111 showed binding
affinity of �7.9 K cal mol�1 with 5FL4.

H-bond interactions were observed in compound 20 with the
residues Thr200, Thr201, His68, Gln92 and Asp131 of 5FL4
protein. Compound 20 with nitrogen on triazole ring interacted
with His68 and Gln71 by the hydrogen bonding followed by
oxygen on carboxamide linker interaction with Asp131. The
naphthalen-1yl group at R1 position on triazole ring interacted
with Gln92 and Val130 by pi–pi stacking. The compound 20
displayed binding affinity of �8.1 K cal mol�1 with 5FL4.
Compound 24 displayed favorable interactions with Thr200,
Thr201, Leu199, Val130, Gln92 and Asp131. It was noticed that
Pi–Pi stacking being more predominant in compound 24 with
the residues Val130, Gln92, Asp131 and Leu199. The compound
24 displayed binding affinity of�8.3 K cal mol�1 with 5FL4. The
ESI Fig. 1† shows the docking interactions of compound 1 (top
le), compound 2 (top right), compound 20 (bottom le), and
compound 24 (bottom right).
Fig. 2 Docking interactions of reference compound SLC0111 (top) and d
the active site cavity of hCA IX (5FL4).

38084 | RSC Adv., 2021, 11, 38079–38093
Favorable interactions were predicted in compound 27 with
the residues Zn264, Thr200, Thr201, His68, Asn66, Gln92,
Val130, Gln71 and Leu91 of 5FL4 protein. Compound 27 dis-
played H-bonds with the nitrogen of triazole ring and His68
followed by the oxygen of sulfonamide on p-phenylene ring
interaction with Thr200 and Thr201. Pro202 interacted with the
methyl group of alkyl carboxamide linker forming a favorable
H-bond. Phenyl group attached to the sulfonate group displayed
Pi–Pi interaction with Val130 and the oxygen attached to the
sulfonate group displayed interaction with Val121. The
compound 27 displayed binding affinity of �9.2 K cal mol�1

with 5FL4. Fig. 2 shows the docking interactions of SLC0111
(top) and compound 27 (bottom) with 5FL4 from the Discovery
studio visualizer. Table 2 enlists favorable interactions with
binding energy scores for the docked compounds.

2.3. Prediction of ADMET by computational analysis

Pharmacokinetic properties of compounds were determined
using the pkCSM server.11 The ADMET parameters were calcu-
lated and checked for agreement with their standard ranges.
The ADMET properties of docked compounds were presented in
ESI Table 3.† A compound with high Caco-2 permeability will be
easily absorbed when the Papp coefficient value was >8 � 10�6

(i.e. the predicted value >0.90). None of the selected compounds
esigned compound 27 (bottom) displaying donor–acceptor regions in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Molecular docking results

Compound
Binding energy
(K cal mol�1) H-bond interactions (distance in Å)

1 �8.1 Sulfonamide oxygen interact with Thr200 (2.48) and Thr 201 (2.39), tosyl methyl group interact with
Leu91 (4.44), pyridyl nitrogen interact with Asp131 (3.18), Val130 (5.03)

2 �8.2 Sulfonamide oxygen interact with Thr200 (2.19) and Thr201 (2.29), phenyl group linked to sulfonamide
interact with His94 (4.74), tosyl methyl group interact with Trp9 (5.22) and Pro203 (4.92), triazole
nitrogen interact with Gln71 (2.11), carbonyl oxygen of carboxamide linker interact with Asn66 (1.98)

20 �8.1 Sulfonamide oxygen interact with Thr200 (2.21) and Thr201 (2.29), phenyl group linked to sulfonamide
interact with Leu199 (5.49), triazole nitrogen interact with Gln71 (2.47) andHis68 (2.01), naphthyl group
interact with Gln92 (3.14) and Val130 (5.02)

24 �8.3 Sulfonamide oxygen interact with Thr200 (2.18) and Thr201 (2.28), phenyl group linked to sulfonamide
interact with Leu199 (4.84), tosyl phenyl group interact with Val130 (4.34) and Gln92 (3.16), nitrogen of
carboxamide linker interact with Asp131 (2.33)

27 �9.2 Sulfonamide oxygen interact with Thr200 (2.25), triazole ring linked to His68 (2.35), methyl group of
triazole tail interact with Pro202 (3.69), oxygen group of sulfonate linker interact with Val121 (3.11) and
Pro203 (3.78), tosyl phenyl group interact with Val130 (4.82), tosyl methyl group interact with Leu91
(3.95)

SLC0111 �7.9 Sulfonamide oxygen interact with Thr200 (2.18) and Thr201 (2.20), oxygen of uriedo group interact with
Gln92 (1.96), phenyl group of uorophenyl tail interact with Leu91 (5.02) and Val130 (4.24)
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were predicted to have high Caco-2 permeability. Intestinal
absorption (human) capacity of the compound will be poor if
the absorption is less than 30%. All the compounds were pre-
dicted to have a good intestinal absorption pattern. The log Kp >
�2.5 is considered to be relatively low skin permeability value of
the compound. The results suggest that the compounds were
found in limits for skin permeability value. P-Glycoprotein
which is a member of ATP-binding cassette can excrete drugs or
other exogenous chemicals from cells. All the compounds were
found to be substrates of P-glycoprotein and thus may be
actively removed from cells.

The distribution of drugs in tissues in vivo can be charac-
terized by distribution volume, VDss. If VDss is lower than
0.71 L kg�1 (or) log VDss <�0.15 then the distribution volume is
considered to be low. Also, if VDss is greater than 2.81 L kg�1

(or) log VDss > 0.45 then the distribution volume is considered
to be high. The compound 24 have shown good distribution
volume compared to others. With respect to blood–brain barrier
membrane permeability, the compound with log BB > 0.3 can
cross the blood–brain barrier easily and log BB < �1 will make
the compound difficult to cross the blood–brain barrier. All the
selected compounds were predicted to have difficulty in
crossing the blood–brain barrier. If log PS is less than �3 then
the compounds were predicted to be unable to penetrate the
CNS. The results show that compounds 1, 20 and SLC0111
cannot penetrate the CNS. Cytochrome P450s can determine
whether the compound can get metabolized or not. The major
metabolizing enzymes CYP3A4, CYP2D6, CYP2C9 and CYP2C19
were studied for the compound substrate/inhibition capacity.
The results showed that compound 27 is CYP1A2 inhibitor
whereas compounds 1, 2, 20, 24 were CYP3A4 substrates. The
molecular weight and hydrophilicity of compounds determine
drug elimination capacity. The prediction results show that the
total clearance of compound 2 is the highest followed by
compounds 24, 20, 1, SLC0111 and 27.
© 2021 The Author(s). Published by the Royal Society of Chemistry
The results suggest that none of the selected compounds
were toxic in AMES toxicity test, whereas hepatotoxicity studies
need to be explored. The compounds did not inhibit the hERG I
channel and thus may not have cardiotoxicity or skin sensiti-
zation. The predicted results for the ADMET characteristics
were quite favorable and further detail studies will certainly be
helpful in predicting the fate of the compounds.
2.4. Molecular dynamics simulations studies

The molecular docking analyses have shown details about the
complex binding modes (protein-inhibitor), but smallest
discrepancy can be assessed by simulating molecular
dynamics.12 Utilizing the best interactions and energy docked
conformation obtained from Autodock results the compound
27 was explored for the possible atomic details within the
solvent system. The SLC0111, ureido-substituted benzene
sulfonamide in phase I clinical trials as carbonic anhydrase
inhibitor was chosen as the reference compound. The best
active conformation based on H-bond interactions, RMSD and
energy value was considered for the MDS study. A 100 ns
simulation has been performed for establishing the stability of
the protein-inhibitor complex and further we investigated the
simulation.

2.4.1. Analysis of reference compound, SLC0111_5FL4
complex simulation. The RMSD number for the backbone atom
of the protein with respect to its initial position increased to
1.393 Å for the rst 2 ns and decreased to 1.207 Å at 56.4 ns of
the trajectory (Fig. 3 top). The 5FL4 backbone atoms', average
RMSD value was 1.549 Å and 1.944 Å for the heavy atoms. Such
values show nest structural reconstruction over the simulation
duration of the SLC0111_5FL4 complex. RMSF “root mean square
uctuation” of the protein produced a stable structure at about
1.45 Å during the simulation which provides an appropriate basis
for subsequent investigation. The RMSF attribute allows certain
modications in the protein chain to be made distinct. It can be
RSC Adv., 2021, 11, 38079–38093 | 38085
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Fig. 3 The root mean square deviation (RMSD) of protein 5FL4 relative to the starting complexes during 100 ns MD trajectory for SLC0111 (top)
and compound 27 (bottom).
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shown evidently from Fig. 4 (top) that in the catalytic domain the
RMSF value for protein backbone amino acids shows large uc-
tuations in the N- & C-terminal in comparison to other protein
sections. The uctuations of major peaks in RMSF graph were
observed with the backbone residue positions between Leu63–
His68 (RMSF, 0.879 Å), His96–Ala100 (RMSF, 1.179 Å), Ile118–
Ala126 (RMSF, 0.990 Å) and Tyr195–Pro202 (RMSF, 1.092 Å) of the
reference ligand SLC0111/5FL4 complex.

Investigation of MD simulation of the reference molecule
presented water-bridge and hydrogen bonding and hydro-
phobic interactions within the stable regions Tyr195–Pro202,
Ile118–Ala126 and Leu63–His68. For SLC0111 the residues
Gln92, Glu71 and Pro202 interacted by water bridge and
hydrogen bonding (Fig. 5 top). Apart from zinc interaction and
the hydrogen bond with Thr200 throughout MD simulation,
38086 | RSC Adv., 2021, 11, 38079–38093
residues Glu106 and His119 have shown hydrogen bonding
with ionic interactions. The residues Pro202, Gln71 and Gln92
showed hydrogen bonding with water bridges. His94 showed
hydrophobic as well as ionic interaction followed by the His68
with both hydrophobic and water-bridge interaction. The above
mentioned residues played a signicant role at the active
binding site and have been vital for the stabilization of refer-
ence molecule, SLC0111 inside the cavity.

The simulation determined the presence of a number of
hydrogen bonds with good frequencies throughout the simu-
lation. In addition, Thr200 (–S]O–H–O–Thr) was shown to
provide stable conformation of the SLC0111 at the active site in
78% of the simulated period. Hydrogen bond–water bridge
networks were shown as,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The root mean square fluctuation (RMSF) of 5FL4 protein during 100 ns MD, representing local changes along the protein chain for
SLC0111 compound (top) and compound 27 (bottom).
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(1) The nitrogen attached to uorophenyl ring through
preserved water molecule with residue Pro202 in 30% of the MD
simulation.

(2) The nitrogen attached to benzene sulfonamide ring
through preserved water molecule with residue Pro202 in 25%
of the MD simulation.

Two hydrogen bond interactions have been predicted in the
phenyl ring attached to sulfonamide group with residues His94
and His68 in 36% and 13% of the MD simulation respectively.
The hydrophobic contacts found in the SLC0111_5FL4 complex
were with residues Pro203, Val130, Leu134, Leu199, Val121,
Val142, Leu91 and Trp9 (Fig. 6 top). The hydrogen bonding has
been evaluated throughout the simulation duration indicating
the reference molecule has an inhibiting capacity due to the
presence of additional water bridges.
© 2021 The Author(s). Published by the Royal Society of Chemistry
The hardness of protein structure was estimated using the
ROG (radius of gyration). The SLC0111_5FL4 complex has been
examined in order to determine the inuence of the reference
molecule on the overall protein tightness (5FL4) and was found
to be mildly stretched by maintaining a range of 17.6–17.15 Å
throughout the simulation (ESI Fig. 2† top). The reference
molecule SLC0111 showed steady gyration radius with an
average value of 4.707 Å aer 100 ns MD simulation. A low
solvent-accessible surface area (SASA) of 71.679–217.902 Å2,
a high PSA (polar surface area) of 193.211–210.86 Å2 and low
MolSA (molecular surface area) of 280.159–268.451 Å2, were also
found in the reference molecule, which helped to ensure its
stability throughout a 100 ns MD simulation (ESI Fig. 3† top).

2.4.2. Analysis of compound 27_5FL4 complex simulation
and comparison to reference. The RMSD number of a protein's
RSC Adv., 2021, 11, 38079–38093 | 38087
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Fig. 5 The plot represents the hydrogen bonding interactions of reference molecule SLC0111 (top) and compound 27 (bottom) with respect to
residues of 5FL4 during 100 ns MD simulation.
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backbone atom with regard to its initial position increased to
1.738 Å for the rst 1.3 ns and reached maximum of 2.235 Å at
67.7 ns in the trajectory (Fig. 3 bottom). However for the protein
backbone atom analysis, least RMSD value was seen at 1.124 Å
in 0.1 ns trajectory. The 5FL4 backbone atoms', average RMSD
value was 1.8657 Å and 2.3221 Å for the heavy atoms. Such
values show better structural reconstruction of compound
27_5FL4 compared with RMSD values of SLC0111_5FL4
complex throughout simulation time. The RMSD of protein has
been seen to be producing a stable structure during the simu-
lation about 2.0 Å which is better compared with the reference
RMSD.

From Fig. 4 (bottom), we can observe evidently that the
protein backbone RMSF value of the catalytic domain of
38088 | RSC Adv., 2021, 11, 38079–38093
compound 27_5FL4 complex showed in the range of 0.343 to
2.935 Å signifying moderate uctuations of the protein
compared to RMSF range of the reference compound complex.
In RMSF graph major peaks were indicated with important
backbone residue positions such as Tyr11–Gly13 (RMSF, 1.073
Å), Arg64–His68 (RMSF, 0.883 Å), His96–Gly101 (RMSF, 1.548
Å), Glu106–Gly111 (RMSF, 0.619 Å), Ile118–Ala126 (RMSF, 1.075
Å), Val130–Glu132 (RMSF, 1.121 Å), Ala133–Gly135 (RMSF,
1.704 Å), Tyr195–Thr200 (RMSF, 0.669 Å), Thr201–Pro203
(RMSF, 0.904 Å) and Arg244–Gly251 (RMSF, 2.042 Å) of ligand
27/5FL4 complex. It was found that His68 (believed to be
involved in proton shuttle pathway) have shown nearby uctu-
ation values in the compound 27_5FL4 complex (0.883 Å) and
the SLC0111_5FL4 complex (0.879 Å). It was also noticed that
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Two-dimensional diagram of reference molecule SLC0111_5FL4 interaction (top) during 100 ns MD simulation and hit molecule
compound 27_5FL4 interaction (bottom).
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Thr200, Gln92, Pro202 residues has less uctuations in the
compound 27_5FL4 complex.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Investigation of the compound 27 MD simulation presented
hydrogen bonds, water bridges and hydrophobic interactions
within the stable regions Tyr11–Gly13, Arg64–His68, Ile118–
RSC Adv., 2021, 11, 38079–38093 | 38089
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Fig. 7 The H-bond interactions of compound 27 identified in post-dock conformation (top image) and after 20 ns MD simulation (bottom
image) in complex with 5FL4.
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Ala126, Tyr195–Thr200 and Thr201–Pro203. The residues
Gln92, Gln71, Asn66 and Thr200 interact with the compound 27
utilizing water-bridge and hydrogen bond (Fig. 5 bottom).
Beside zinc interactions, the residues Glu106, Thr200, Gln71,
Tyr11 and Gln92 showed a signicant action at the binding site
as well as been considered vital for the stability of the
compound 27 inside the cavity. The compound 27 displayed the
presence of hydrogen bonds with good frequencies throughout
the simulation. Tyr11 (SO2NH2–H–O–Tyr) was noticed to be
responsible for creating an active conformation of compound 27 at
the binding site in 80 percent of the simulated period by forming
side chain interaction with the binding site. The hydrogen bond
networks has been revealed with Pro202 oxygen attached to the
uoro phenyl sulfone group through preserved water molecule in
40% of the MD simulation and Thr201 oxygen attached to the
uoro phenyl sulfone group through preserved water molecule in
48% of the MD simulation. Pi–Pi stacking was seen with ligand
triazole ring attached to the Trp9 nitrogen in 83% of the MD
simulation and phenyl ring attached to the triazole interact with
His94 in 37% of MD simulation. The hydrophobic contacts of the
38090 | RSC Adv., 2021, 11, 38079–38093
compound 27_5FL4 complex include Val130, Leu199, Val121,
Leu91, Trp11, Pro202 and Trp9 (Fig. 6 bottom).

The complex of compound 27_5FL4 was investigated to
study the radius of gyration effect,13 of ligand–protein complex
and was found to be in the range of 17.48–17.15 Å during the
simulation (ESI Fig. 2† bottom). “Extendedness” of a ligand
calculated by gyration radius (rGyr) of compound 27 showed
average value of 4.591 Å aer 100 ns MD simulation. Upon
comparison with reference compound SLC0111, the compound
27 displayed better results with a low SASA of 62.304–170.903
Å2, high PSA (polar surface area) of 243.54–275.287 Å2, and
MolSA (molecular surface area) of 334.938–357.816 Å2,
contributing to maintain the stability throughout the simula-
tion (ESI Fig. 3† bottom).

2.5. Post-docking analysis for predicting conformational
change

The post-docked complex having H-bond interactions with
Thr200, Thr201, Asn66, His68 and Gln92 was subjected to the
molecular dynamic simulation study and aer 20 ns of simu-
lation; the trajectory frame has been studied for the analysis of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The binding free energy details of the complex 5FL4_com-
pound 27

Energy component Average Std. dev.
Std. err.
of mean

Generalized born
van der Waals �37.5948 2.558 0.256
EEL �7.8915 2.6585 0.266
EGB �16.2354 1.6354 0.164
ESURF �7.4587 0.2542 0.254
DGgas �45.4863 2.7856 0.279
DGsolv �23.6941 1.4523 0.145
DGtotal �69.1804 1.5642 0.156

Poisson Boltzmann
van der Waals �37.5948 2.558 0.256
EEL �7.8915 2.6585 0.266
EPB �18.6516 1.8564 0.186
ENPOLAR �4.1001 0.2654 0.265
EDISPER 0.0000 0.0000 0.000
DGgas �45.4863 2.8651 0.287
DGsolv �22.7517 1.6522 0.165
DGtotal �68.238 2.4215 0.242
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a new type of bonding. One can observe the ip in the triazole
ring as well as changes in the conformation of the benzene ring.
This position of the ligand enables to form additional hydrogen
bond with the Trp9 and oxygen of the sulfonate group. The
detailed picture of the interactions identied in post-dock
conformation (top image) and aer 20 ns simulation (bottom
image) has been shown in the Fig. 7. The His68, Asn66 were
allocated in the loop region of the hCA IX protein (5FL4) and
due to this, the interactions with the triazole ring were favorable
leading to greater exibility of the tail region. Gln71 was seen
forming a hydrogen bond with nitrogen of triazole ring aer 20
ns simulation whereas in post-docking pose, Gln71 was found
to have van der Waals contact with triazole ring. Further study
of the complex up to 100 ns simulation, H-bond interactions
seems to be better and stability of the complex was noticed with
favoring bond distances.
2.6. Estimation of binding free energy

Gibbs free energy from the molecular mechanics-generalized
born surface area (MM-GBSA) analysis shows signicant rela-
tionship between the experimental and predicted binding
affinity. For polar solvation term, the OPLS forceeld based
molecular mechanics energies with variable dielectric generalized
born 2.0 (VSGB) solvation model was utilized which incorporates
residue dependent effects.14 In Prime MM-GBSA method, the
nonpolar solvation terms, i.e., solvent-accessible surface area
(SASA) were incorporated along with the van der Waals interac-
tions to estimate the binding free energy (DGbind) of the nal
docked complex.15 The docked conformations were optimized and
minimized using the OPLS-2005 force eld. The binding free
energy of 5FL4 protein and ligand complex was carried out in
Prime MM-GBSA (molecular mechanics generalized born surface
area). The binding free energies of receptor–ligand complexes were
calculated using the Prime module of Schrodinger suite with the
© 2021 The Author(s). Published by the Royal Society of Chemistry
OPLS-2005 force eld. The binding free energy was calculated
using free energy difference between complex and sum of indi-
vidual free energies of protein and ligand.

DG(binding) ¼ DG(complex) � DG(protein) � DG(ligand)

where, the binding free energy is denoted by DG(binding) and
the free energy of complex, protein, and ligand was denoted by
DG(complex), DG(protein) and DG(ligand) respectively.16,17

Binding free energies were estimated by making use of the MM-
GBSA method and MM-PBSA.py program, opting 250 snapshots
with equal intervals gathered from the last 20 ns of simulation.
The optimized lead molecules were shown to be consistently
interacting with Glu106, Gln71, Gln92, Thr200 and Tyr11 resi-
dues by H-bond interactions.

From Desmond calculations, the RMSD increment of the
ligand 27 indicates a new binding mode which was explored
further to identify any inuence on binding energy using the
MM-PBSA (Poisson Boltzmann surface analysis) and the MM-
GBSA calculations. The binding free energies for the complex
54_compound 27 in both MM-GBSA and MM-PBSA were tabu-
lated in Table 3. The complex interactions were mostly favored by
van der Waals (�37.5948 K cal mol�1) in bothmethods in contrast
to less contribution from electrostatic (�7.8915 K cal mol�1). In
protein-inhibitor complex formation, the polar solvation energy
was revealed to be favorable (�16.2354 K cal mol�1 in MM-GBSA
and �18.6516 K cal mol�1 of MM-PBSA). The net binding energy
for the complex predicted by MM-GBSA was�69.1804 K cal mol�1

which revealed more complex stability compared to the one
accomplished by MM-PBSA (�68.238 K cal mol�1). Increased
binding energy in MM-GBSA shows that the new type of confor-
mation pose in binding can be more energetically favorable. The
net energy differences in MM-PBSA and MM-GBSA techniques
were found to be robust.
3. Experiment and methods
3.1. Established QSAR model

The steps of the QSAR modeling study encompass the following
steps: data compilation, integration, data curation, model
generation and model validation. The extensive study of ob-
tained molecular descriptors provided structural and bioactivity
relation using associated algorithm. In our case, MoRSE
descriptors, 3Dmolecular representations of structure based on
electron diffraction descriptors weighted by volume, atomic
charges and Sanderson's electronegativity played important role
in determining bioactivity. Weighting molecular descriptors
make the molecule sensitive to the presence of specic frag-
ments present on them. We observed that the scattering
parameter which was uctuating at higher terms usually above
26 threshold value disturbs the model efficiency particularly
polarizability and ionizability weighing terms. However, the
published QSAR model mentioned below doesn't show much
uctuation in values on repetitive experiments. The residual
values obtained using the attained QSAR model display that
there was not much bioactivity deviation from the experimental
inhibition value.7 The selected QSARmodel providing structural
RSC Adv., 2021, 11, 38079–38093 | 38091
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information helped in developing potent compounds with
better CA IX inhibitory activity.

Model details

pKi¼ 2.0573 + 3.3553 (MoRSEV22) + 16.4033 (MoRSEC17)

+ 0.2339 (MoRSEV1) + 2.0175 (MoRSEC4)

+ 0.1158 (MoRSEE22)

ntr ¼ 56, npred ¼ 10, R2 ¼ 0.7852, Radj
2 ¼ 0.7637, R2 � Radj

2 ¼
0.0215, LOF¼ 0.2278, RMSEtr¼ 0.3920, MAEtr¼ 0.3278, RSStr¼
8.6070, CCCtr¼ 0.8797, s¼ 0.4149, F¼ 36.5464, QLOO

2¼ 0.7237,
QLMO

2 ¼ 0.7071, RYscr
2 ¼ 0.0889, QYscr

2 ¼ �0.1471, RMSEcv ¼
0.4446, MAEcv ¼ 0.3695, PRESScv ¼ 11.0675, CCCcv ¼ 0.8472,
Rext

2 ¼ 0.7894, MAEext ¼ 0.3519, PRESSext ¼ 1.6768, RMSEext ¼
0.4095, CCCext ¼ 0.8784, QF1

2 ¼ 0.7255, QF2
2 ¼ 0.7254, QF3

2 ¼
0.7656.
3.2. Designing compounds: conformer generation and
molecular alignment

From our previous study, the interaction along hydrophobic
and hydrophilic region of the CA IX active site provided valuable
information for designing inhibitors. The twenty nine designed
compounds listed in Table 1 with diverse heterocyclic rings,
functional groups and triazole chain linkers were geometry
optimized and subjected to the Avogadro tool to generate low
energy conformers. The best representatives of low energy
conformers obtained for each ligand were taken over for the
docking study.
3.3. Molecular docking

The above conformations were subjected to molecular docking
studies to study the residue interactions, H-bonds and binding
energy scores.18 The original conguration of hCA IX, pdb 3D
structure: 5FL4 was derived from the protein database
(www.rcsb.org). Using the Modeller V 9.23 program19 missing
residues were xed following the addition of hydrogen atoms
and removal of existing ligands. The co-crystallized ligand has
been redocked to 5FL4 active site for the identication of
docking parameters. Protein was prepared by adding polar
hydrogens following Kollman's united atomic charges. The
histidine protonation residue states were examined using
PDBFixer tool20 where ND1 was assigned to zinc-bound histi-
dines and NE2 to the residual histidines. Ligand le was
prepared by adding polar hydrogens and applying Gasteiger
charges. The Autogrid option makes it possible to choose an
active site and to set the grid size to 60 � 60 � 60 points having
0.375 Å spacing and calculate the energetic map with a distance-
dependent dielectric constant function. Autodock bound
parameters le was subjected to ensure correct radius, well-
depth, and charges associated with the metalloprotein. The
grid box comprises the enzyme's active binding site and
provides enough space to rotate and translate the ligand. For
ligand conformation poses, orientations inside the active site
hCA IX were employed in the Lamarckian genetic algorithm.
The following were the optimized parameters; maximum energy
assessments were raised to 25 000 000 per run in the
38092 | RSC Adv., 2021, 11, 38079–38093
population, and the gene mutation rate was 0.02. For the
performance of the docking, all other parameters were set to the
default and the metal parameters were added. The search
algorithm analysis generates ligand pose at the CA IX binding
site, taking into concern the roto-translational walk and
internal degrees of freedom of the ligand. Best poses were
identied by means of the binding affinity and pose retrieval
was done using the Discovery Studio non-bonding interaction
visualizer. The RMSD values between the reference and the
predicted structures were used to conrm whether the docking
simulation has predicted a close-match docked pose or not.
3.4. Molecular dynamics simulations

The molecular dynamics simulations have been performed by
utilizing “Desmond V 5.9 package” (Schrodinger 2019-3) to
investigate the changes with solvent system in the protein–
ligand complex conformation.21 The OPLS forceeld was used
for the MDS of docked complex (ligand_5FL4).22,23 In an ortho-
rhombic cubic box, the position of complex has been centered
as well as TIP3P water molecules were lled along with buffers
at a 10 Å distance between box edge & protein atom for
dynamics simulations. The boundary condition box volume has
also been computed as per complex type along with counter
ions including Na+ & Cl� which have been added to neutralize
the system randomly. The SLC0111, an ureido-substituted
benzene sulfonamide in clinical trials was selected as the
reference compound for comparison of simulation results of
compound 27. The SLC0111_5FL4 complex contains more than
31 508 atoms with 9209 waters and predicted lead complex
compound 27_5FL4 contains 28 252 atoms with 8124 waters
beside �458 000 Å3 box volume for MD simulations.

Using Desmond protocol, the minimization of the solvated
built system was performed utilizing OPLS-2005 forceeld
parameters followed by relaxation. Utilizing the Berendsen NVT
ensemble, the system was simulated keeping the temperature at
10 K for restraining heavy atoms on the solute. The MDS was
performed with the temperature of 300 K, pressure 1 atm and
thermostat relaxation time of 200 ps under isothermal isobaric
ensemble (NPT).24 During MD simulations, the Nose–Hoover
thermostat25 and the Martyne–Tobias––Klein barostat26

approaches have been accompanied for maintaining the pres-
sure and temperature scale at 300 K and 1 atm respectively. The
progress of the simulation was recorded step by step every 50 ps.
The NPT ensemble was initiated following the simulation
process which runs for 100 ns production. For investigating the
trajectories, the frames have been gathered and examined using
the simulation interaction diagram which helped in deter-
mining uctuations.
4. Conclusion

Theoretically predicted active compounds were designed using
QSAR model exhibited a meaningful relationship with carbonic
anhydrase IX inhibition. The structural ndings suggest that N-
pyridyl-3-yl group on methyl carboxamide chain have shown
better predicted bioactivity at R2 position of triazole ring but
© 2021 The Author(s). Published by the Royal Society of Chemistry
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ortho, para position of pyridyl group were not favorable. Further,
QSAR model correlating compounds with hCA IX inhibitory
activity was performed to identify the role of various heterocy-
clic rings on the core structure having methyl carboxamide
linker. Docking results analyzed nonbonding interactions in the
active site of enzyme favoring hydrogen bonding with Thr200,
Val130, Gln92, Gln71 and His68. Designed compounds 1, 2, 20,
24 and 27 with good binding energy values showed better
predictions with both QSAR model and molecular docking. The
theoretical ADMET predictions of selected compounds need
further experimental studies; however compound 27 with good
interactions has been studied by molecular dynamics
simulations.

MD simulation of the top scoring compound 27 in complex
with 5FL4 presented well built H-bond interaction with Thr200,
Gln92 and Gln71 residues in the active site region. Analysis of
hydrogen bonding, RMSF, RMSD, and RoG of active compound
27 showed up steady nature of the complex with predicted pKi
value of 10.104 (�0.07 nM) exhibiting human carbonic anhy-
drase IX inhibitory potential. The predicted bioactivity of
compound 27 on comparison with the inhibitory potential of
SLC0111 (25 nM) was potent and need further experimental
results to consider compound 27 as the lead. MM-PBSA, MM-
GBSA binding free energy analysis of compound 27 showed
low energy at the hCA IX active site interface. Hence, the best hit
compound 27 (�0.07 nM) with good predicted activity could be
a promising theoretical lead candidate for the hCA IX (5FL4)
inhibition targeting cancer.
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