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Amino acid derivatives are molecules of interest for medicinal
chemistry and drug design studies due to their important
chemical properties. In this study, the inhibition effects of some
non-proteinogenic amino acid derivatives (hippuric acid (A), N-
(9-Fluorenylmethoxycarbonyl)-D-valine (B), N-Z-(1-Benzotriazo-
lylcarbonyl) methylamine (C), (S)-N-Z-1-Benzotriazolylcarbonyl-
2-phenylethylamine (D)) on carbonic anhydrase I (hCA-I), II
(hCA-II) isoenzymes and acetylcholinesterase (AChE) activity,
whose inhibitors are of vital pharmacological importance, were
examined. While carbonic anhydrase (CA) inhibitors are effec-
tive molecule candidates for the treatment of many diseases

from glaucoma to cancer, acetylcholinesterase inhibitors are
target molecules for the treatment of Alzheimer’s disease.
According to the results of this study, compound D had a
strong inhibitory effect on hCA-I (IC50: 0.836 μM) and hCA-II
(IC50: 0.661 μM), while compound B (IC50: 100 μM) showed a
strong inhibitory effect on AChE activity. In addition, inhibition
results were supported by molecular modeling studies. We
hope that the obtained results will contribute to the synthesis
of new and effective amino acid derivative inhibitors for CA and
AChE.

Introduction

Amino acid derivatives are molecules that are the focus of
interest in modern drug discovery studies[1–3] and medicinal
chemistry studies because of the use of modified peptides as
drugs,[4] the ease of synthesizing amino acids with various side
chains, their multiple biological activities, their chiral config-
urations and commercial availability.[5] In the field of medicinal
chemistry, amino acid derivatives are widely used as enzyme
inhibitors.[5]

As a reversible process, carbonic anhydrase (CA) converts
carbon dioxide (CO2) and water into carbonic acid. The carbonic
acid then dissociates into bicarbonate and hydrogen ions.[6]

Numerous physiological functions are involved in this CA-
catalyzed reaction, including maintaining a stable pH, breathing
and gas exchange, digestion, ion transport, kidney function,
and bone regeneration.[7] To date, eight different CA families (α-
CAs,β-CAs,γ-CAs,δ-CAs,ζ-CAs,η-CAs,θ-CAs, and t-CAs) with differ-

ent structural and functional properties have been identified.[8]

There are 16 isoenzymes of α-CAs, and they are present in
humans. The most researched isoenzymes among them are CA-
I and CA-II, with CA-II exhibiting the greatest catalytic activity.[9]

Each of these isoenzymes has different cellular localities and
catalytic activities, and their behavior towards inhibitors and
activators is different. Carbonic anhydrase isoenzymes have
been linked to several illnesses, including cancer, glucoma,
osteoporosis, neurological disorders, renal ailments, and ion
transport, among others.[10,11] Therefore, carbonic anhydrase
inhibitors play a large role in a wide range of biology, medicine,
and drug design research.[12] These days, glaucoma patients
may take one of many CA inhibitors, including Acetazolamide
(AZA), Methazolamide, Dorzolamide, Brinzolamide, Diclofena-
mide, Ethoxazolamide, or Indisulam.[13] Apart from these, Top-
iramate and Zonisamide used in the treatment of epilepsy[14]

and Bendroflumethiazide used in the treatment of hypertension
are CA inhibitors.[15] Although many drugs that are CA inhibitors
have been identified, it is an important requirement to identify
new CA inhibitors that are specific to isoenzymes and have
fewer side effects for the treatment of various diseases. And
there are many scientific research studies on this subject. Until
today, CA inhibitory properties of many compound groups such
as sulfonamides, benzene sulfonamides, sulfonamides with zinc
binding groups,[16] coumarins,[17] quinolines,[18] hydrazides,[19]

hydrazones,[20] thiadiazole,[21] selenol[22] and catechol[23] etc.
derivatives have been determined. In addition, both proteino-
genic and non-proteinogenic amino acids[24] have been widely
used to synthesize new CA inhibitors, considering the benefits
of their chemical properties.

AChE hydrolyzes acetylcholine (ACh) to choline and acetate
by cleaving the ester bond of acetylcholine. Stopping acetylcho-
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line’s effects in the cholinergic system is AChE’s primary
physiological role.[25] ACh plays a potential role in cognitive
functions, particularly memory.[26] Therefore, the predominant
therapeutic agents for Alzheimer’s disease are AChE inhibitors,
which improve cholinergic neurotransmission in the synaptic
cleft by reducing the degradation of ACh.[27] For this purpose,
many AChE inhibitors such as donepezil,[28] rivastigmine[29] and
galantamine,[30] tacrine[31] have been developed. These drugs
can provide symptomatic relief and improve cognitive impair-
ment in patients. However, the positive effects of these AChE
inhibitors are temporary and do not prevent the progression of
the disease.[32,33] At the same time, the developed inhibitors
have many side effects, which means that new, effective, less
toxic AChE inhibitors necessitates the identification of inhib-
itors. Apart from many classes of compounds, studies have
been conducted in which various amino acid derivatives have
been evaluated as AChE inhibitors.

In this study, the inhibitory effects of some non-proteino-
genic amino acid compounds (hippuric acid (A), N-(9-Fluorenyl-
methoxycarbonyl)-D-valine (B), N-Z-(1-Benzotriazolylcarbonyl)
methylamine (C), (S)-N� Z-1-Benzotriazolylcarbonyl-2-phenyle-
thylamine (D)) (Figure 1) on both hCA-I, hCA-II and AChE
activities were investigated. Molecular modeling studies were
carried out for amino acid derivatives that had an inhibitory
effect.

Results and Discussion

In Vitro Inhibition Studies

Due to the function of CA isoenzymes in balancing pH and
bicarbonate levels in various tissues, these isoenzymes have
become valuable tools in medicinal chemistry and clinical
applications.[34] CA inhibitors are of clinical importance in the
treatment of various metabolic disorders, from glaucoma to
cancer and even epilepsy.[35] To date, various CA inhibitors have
received drug approval, but due to their side effects and

nonspecificity,[36,37] there is a need to identify new, more
effective and specific CA inhibitors. On the other hand, the
most researched group of compounds in drug development
studies for the treatment of Alzheimer’s disease are AChE
inhibitors. Because AChE inhibitors play a role in improving
cholinergic synapses in AD disease by increasing Acetylcholine
levels in the brain and thus slowing down cognitive decline.[32,33]

AChE inhibitor drugs tacrine, rivastigmine, galantamine, metri-
fonate, and donepezil have been developed for the treatment
of AD.[27] However, these drugs have very serious side effects
and cannot provide a complete cure for AD disease.[27]

Consequently, there are a lot of research efforts going on right
now to find novel AChE inhibitors that are less toxic and more
successful in fighting AD.[36] In the field of medicinal chemistry,
amino acid derivatives are widely used as enzyme inhibitors. In
addition, amino acid derivatives are a group of compounds that
attract a lot of attention in prodrug development studies, both
due to the important chemical properties of amino acids and
their tendency to be transported across cell membranes. In this
study, the inhibitory effects of some non-proteinogenic amino
acid compounds (hippuric acid (A), N-(9-Fluorenylmethoxycar-
bonyl)-D-valine (B), N-Z-(1-Benzotriazolylcarbonyl) methylamine
(C), (S)-N� Z-1-Benzotriazolylcarbonyl-2-phenylethylamine (D))
on both hCA-I, hCA-II and AChE activities were investigated.

The IC50 values, which indicate the inhibitory concentration
that halves the activity, were used to assess the inhibitory
effects of A-D compounds on hCA-I, hCA-II, and AChE. Low IC50

value indicates strong inhibitory effect. The molecule A had an
inhibitory effect on both hCA-I and hCA-II isoenzymes and
AChE activity. Considering the IC50 values for molecule A (IC50

for hCA-I: 43.04μM, IC50 for hCA-II: 55.92μM, IC50 for AChE:
233.3μM) it had a stronger inhibitory effect on hCA-I and II
isoenzymes than AChE. Molecule C did not show any inhibitory
effect on either CA-I and II or AChE activity. While B molecule
had an inhibitory effect on AChE activity (IC50 value of B for
AChE: 100μM), it did not affect the activity of hCA-I and II
isoenzymes. Molecule D strongly inhibited the activity of hCA-I
and hCA-II, but it had no inhibitory impact on AChE. For hCA-I

Figure 1. Non-proteinogenic amino acid compounds used in this study.
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and hCA-II, the IC50 values of molecule D were found to be
0.836μM and 0.661μM, respectively. Thus, for hCA-I and II
isoenzymes, molecule D inhibited activity more effectively than
molecule A. The results were evaluated by comparing with the
reference inhibitors acetazolamide (AZA) for hCA-I, hCA-II
isoenzymes and tacrine (TAC) for AChE. Figures 2 and 3
displayed IC50 plots, while Table 1 summarised the inhibition
findings. Although the inhibitory molecules’ power was lower
than that of the reference inhibitors, the fact that they exhibited
micromolar inhibition effects suggests they could be useful in
the synthesis of novel inhibitors of amino acid derivatives. To
further understand the inhibitory findings, our research also
included molecular docking and molecular dynamics simula-
tions.

Figure 2. IC50 graphs of A and D for hCA-I and hCA-II.

Figure 3. IC50 graphs of A and B for AChE.

Table 1. In vitro inhibition results.

Compounds IC50 for hCA-I IC50 for hCA-II IC50 for AChE

A 43.04 μM 55.92 μM 233.3 μM

B – – 100 μM

C – – –

D 0.836 μM 0.661 μM –

AZA 0.473 μM 0.104 μM –

TAC – – 0.159 μM

*AZA was used as reference inhibitor for hCA-I and hCA-II, and TAC was
used as reference inhibitor for AChE.
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Molecular Docking Studies

The binding modes predicted for the D into the hCA-I and hCA-
II active cavity was displayed in Figure 4, and its interactions
detail tabulated in Table 2. The top-ranked pose of D in hCA-I
active region generated by Molegro Virtual Docker has
� 134.271 MolDock Score. It was mediating hydrogen bond
interactions with the side chain residues of Gln92. The benzene
rings of it formed favorable hydrophobic contacts with Leu198,
Val143, His94, His200, Ala135 and Leu131 and Pi-Cation
interaction with a catalytic Zn ion. Also, it interacted with
Tyr199, Leu141, Tyr204, His67, Ala132, His64, Trp5, Pro201,
Ala121, Phe9, Trp209 and His119 via van der Waals.

The binding energy of the compound D towards the hCA-II
was found to be � 152.271 Moldock Score. The compound
showed Pi� Pi Stacked interaction with His94, Pi� Pi T-shaped
interaction with Phe131, and Pi-Alkyl interactions with Val121,
Leu198, Val121, Val143, and Leu198. It binds within the pocket
of hCA-II by forming hydrogen bonds with Tyr200, Gln92,
Asn62, and Asn67 264, and Pi-Cation interactions with the zinc
ion. The docked pose of the compound shows that the 2H-
benzotriazole and benzene rings of the ligand are located near
the zinc ion. It takes part in the first contact by making a
nucleophilic attack in the interaction with carbonic anhydrase
and carbon dioxide.[38] It is thought that one of the most
important factors of the strong inhibition effect of the
compound on the enzyme activity may be this proximity.

CAII isoenzyme, unlike CA I, has differences in amino acid
residues 62, 67 and 200. When the interaction table and 2D
interaction figures are examined, it is seen that Molecule D

Figure 4. Interaction diagrams for hCA-I and hCA-II binding site with compound D.

Table 2. Important interactions of compound D in the hCA-I and hCA-II
active cavity.

Category Types Residues Distance

hCA-
II

Hydrogen
Bond

Conventional Hydro-
gen Bond

ASN62 2.73

ASN67 2.17

GLN92 1.96

THR200 2.52

Electrostatic Pi-Cation ZN1 4.81

ZN1 4.04

ZN1 3.62

Hydrophobic Pi� Pi Stacked HIS94 4.08

Pi� Pi T-shaped PHE131 4.71

Pi-Alkyl VAL121 4.87

LEU198 5.02

LEU198 5.05

VAL121 5.16

VAL143 4.98

LEU198 5.15

hCA-
I

Hydrogen
Bond

Conventional Hydro-
gen Bond

GLN92 2.15

Electrostatic Pi-Cation ZN1 3.52

Hydrophobic Pi-Sigma LEU198 3.40

Pi� Pi T-shaped HIS94 5.50

HIS94 5.08

HIS200 4.35

Pi-Alkyl LEU131 5.06

ALA135 3.42

VAL143 5.11

LEU198 4.73
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makes hydrogen bonds with these amino acids. It appears that
this molecule interacts more with the Zn ion, which has an
important role in the activity of CA enzymes, through CA-II.
Unlike CA-II, isoenzyme CA-I has His200 instead of Thr200 in its
active site. While molecule D makes hydrogen bond with
Thr200 in its interaction with CA-II, it has a Pi� Pi T-shaped
interaction with His200 in its interaction with CA-I. The results
show that molecule D can interact more and stronger with CA-II
through different amino acid residues. These interactions may
be the reason why the molecule inhibits the CA-II isoenzyme
better.

In order to obtain more information on the binding mode
and interactions of the compound B in the active site of the
AChE enzyme, molecular docking analysis was enforced. The
interaction details and representations of the docking result are
depicted in Table 3 and Figure 5. For it the binding affinity is
found to be � 145.039 MolDock Score. It interacted with the
protein via both H-bond and hydrophobic contacts. The
carboxyl group of the compound is localized inside the acyl and
anionic binding site, making three hydrogen bonds with
TYR337 and TYR341. His447 and Trp86 residues mainly contrib-
ute to the attachment of the molecule to the catalytic binding
site via Pi� Pi Stacked interactions. Also, it formed Pi-Sigma
interaction with TYR341 and Pi-Alkyl interaction with Tyr124,
Phe338x2 and Phe297. Molecule B is stabilized in the AChE
binding cavity mostly through van der Waals interactions with
residues Trp286, Gly121, Gly122, Ser203, Glu202, Gly448,
Ser125, Asp74, and THR83.

Molecular Dynamics Simulation

Molecular Dynamics Simulations of Human Carbonic
Anhydrase I and II in Complex with LIGAND D

In order to evaluate the binding of molecule D to hCA-I (PDB ID:
6G3V) and hCA-II (PDB ID: 3PO6), we have carried out MD
simulations for a period of 100ns for two models namely,
LIGAND D-hCA-I and LIGAND D-hCA-II. Several statistical metrics
were used to assess their simulations, such as Root-Mean-
Square-Deviation (RMSD), Root-Mean-Square-Fluctuation
(RMSF), H-bond interactions, and its %occupancies over time.

RMSD Analysis

Any structural configuration that the protein goes through in
the simulation may be uncovered by analysing the protein-
RMSD. Figure 6 displays the multiplot for two simulations
showing the relationship between protein Cα and time. Both
the complexes, LIGAND D-hCA-I and LIGAND D-hCA-II has
attained an equilibrium RMSD value of around 0.15nm. The
approximate value less than 0.2nm indicates that both the
complexes were stable throughout the simulation.

The stability of the ligand in relation to the protein and its
binding pocket may be determined by analysing the ligand-
RMSD. Figure7 shows the multiplot of the ligand RMSD (nm)
against time for two simulations. Across all simulated runs, the
ligand hCA-II showed a relative improvement in deviance. The
ligand hCA-I similarly ended up with an equilibrium value of
0.19nm after displaying considerable discomfort during the
simulation. When it comes to binding the hCA-I, the RMSD
values shown in both situations slightly indicate that ligand
hCA-II is superior than hCA-I.

RMSF Analysis

To characterise local alterations throughout the protein chain,
the Protein-RMSF is helpful. In Figure8, we can see the
multiplot for protein-RMSF (nm) vs residue number index. The
figure clearly shows that both ligand-protein complexes
exhibited fluctuations less than 0.25nm. Furthermore, the
binding cavity residues have shown much less variation, which

Table 3. Important interactions of compound B in AChE active site.

Category Types Residues Distance

Hydrogen Bond Pi-Donor Hydrogen Bond TYR337 3.86

TYR341 3.79

Hydrophobic Pi-Sigma TYR341 3.68

Pi� Pi Stacked TRP86 4.34

TRP86 4.17

TRP86 4.02

TRP86 5.51

HIS447 5.14

Pi-Alkyl TYR124 4.89

PHE297 4.37

PHE338 5.03

PHE338 4.63

Figure 5. Interaction diagrams for AChE binding site with compound B.
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indicates that the ligand is stable when it comes to binding to
the protein.

H-Bond Interaction

In dynamic environments, molecular interactions, especially H-
bond interactions, may be disrupted due to changes in distance
and angle. In this analysis, we have examined the interactions
between the ligands and proteins in both complexes. The plot

for number of hydrogen vs time is being shown for LIGAND D-
hCA-I (red in color) and LIGAND D-hCA-II (blue in color)
complex in Figure 9. It is clear from the graphs that hCA-I and
hCA-II, the ligands, have shown, on average, two stable H-bond
interactions throughout the simulation.

The Figure 10, represents the histogram of %occupancies of
the H-bond contacts formed by hCA-I and hCA-II, respectively.
In case of hCA-I, the most stable interaction was with the
residue THR199 with the occupancy of 27.52%. The other
notable H-bond interactions with residues HIS200, GLN92,

Figure 6. Graphical representation of the plots showing protein Cα RMSD (nm) versus time (100 ns) for LIGAND D-hCA-I (red in color) and LIGAND D-hCA-II
(blue in color) complex.

Figure 7. Graphical representation of the plots showing ligand RMSD (nm) versus time (100 ns) for LIGAND D-hCA-I (red in color) and LIGAND D-hCA-II (blue
in color) complex.
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HIS94 and HIS67 were stable for 12.02, 6.57, 6.41 and 5.81%
duration of simulation. In case of hCA-II, the most stable
interaction was with residue THR199, which was stable for
35.88% duration of simulation. The other weak interactions
were with residues HIS200, GLN92, and HIS94 with %occupan-
cies of 4.83, 4.28, and 3.36%, respectively. Overall, it can be
concluded that both the ligands are equally efficient in binding
inside the cavity of hCA-I.

Conclusions

In conclusion, it was determined that hippuric acid (A) and N-(9-
Fluorenylmethoxycarbonyl)-D-valine (B) had an inhibitory effect
on AChE activity, and hippuric acid (A) and (S)-N� Z-1-Benzo-
triazolylcarbonyl-2-phenylethylamine (D) showed an inhibition
effect on hCA-I and HCA-II in this study. Inhibition results were
supported by molecular modeling and molecular dynamics
simulation studies. Molecule D had a MolDock Score of
� 134.271 for hCA-I and � 152.271 for hCA-II. This result shows
that molecule D interacts more and stronger with hCA-II

Figure 8. Graphical representation of the plots showing the protein RMSF (nm) versus residue index number of protein for LIGAND D-hCA-I (red in color) and
LIGAND D-hCA-II (blue in color) complex.

Figure 9. Pictorial representation of the number of H-bond contacts formed by ligand, hCA-I (red in color) and hCA-II (blue in color) complex.
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through different amino acid residues. On the other hand, since
the inhibitory effect of molecule B on AChE activity was greater,
the binding affinity (� 145.039 MolDock Score) was determined
by the molecular docking method and it was seen that
molecule B interacted with AChE through both H-bonding and
hydrophobic contacts. We hope that these results will guide the
synthesis of new amino acid-derived carbonic anhydrase and
acetylcholinesterase inhibitors.

Materials and Methods

Materials

All chemicals and amino acid compounds (hippuric acid, CAS No.
495-69-2, N-(9-Fluorenylmethoxycarbonyl)-D-valine, CAS No. 84624-
17-9, N-Z-(1-Benzotriazolylcarbonyl) methylamine, CAS No. 173459-
80-8, (S)-N� Z-1-Benzotriazolylcarbonyl-2-phenylethylamine, CAS No.
769922-77-2) used in the study were purchased from Sigma-Aldrich
Co. (Sigma-Aldrich Chemie GmbH, Germany).

Biological Activity Studies

Inhibition Studies on hCA-I and hCA-II

As with our prior work, this study’s hCA-I and hCA-II isoenzymes
were isolated from human erythrocytes utilising the CNBr-activated

Sepharose-4B� L-tyrosine sulfanilamide affinity chromatography
technique.[39] In the isolation steps of isoenzymes, isoenzyme
activities were determined by hydratase activity measurement
method[40] and quantitative protein amounts were determined by
Bradford protein determination method.[41] Using SDS-PAGE, we
verified that the extracted isoenzymes were pure.[42] Isoenzymes
that had been purified were dialyzed overnight against a 50 mM
Tris-SO4 (pH 7.4) buffer. The resulting fractions were then divided
into 1 mL volumes and kept at � 80 °C until they were needed for
biological activity tests. An approach of measuring esterase
activity[43] was used when measuring the activities of hCA-I and
hCA-II in inhibition studies. The substrate used in this approach was
p-nitrophenyl acetate. Hydrolysis of p-nitrophenyl acetate to p-
nitrophenol and acetic acid by the enzyme CA is the basis of the
method’s premise. An absorbance at 348 nm was measured for the
p-nitrophenol that was produced throughout the process. Hence, a
spectrophotometer was used to measure the absorbance at
348 nm at 25 °C in order to track the synthesis of p-nitrophenol
from p-nitrophenyl acetate. The enzyme unit was calculated using
the absorption coefficient (ɛ=5.4×103 M� 1 cm� 1) of p-nitrophenyl
acetate at 348 nm. The inhibitory effects of A, B, C, and D
compounds on hCA-I and hCA-II activities were determined by
measuring at least five different concentrations of these com-
pounds. All compounds that exhibited inhibitory effects had their
percent activities measured against five distinct inhibitor concen-
trations using hCA-I and hCA-II. Acetazolamide, the reference
inhibitor, underwent the same experiment. For both the reference
inhibitor and the compounds exhibiting the inhibitory effect,
graphs of Activity% against inhibitor concentration were created.
The control activity was taken as 100%. The IC50 values, which show

Figure 10. Histogram representation of %occupancies of the H-bond protein ligand contacts of hCA-I (Ligand D-6G3V) and hCA-II (Ligand D-3PO6) complex.

Wiley VCH Donnerstag, 12.12.2024

2412 / 373790 [S. 689/691] 1

Chem. Biodiversity 2024, 21, e202401225 (8 of 10) © 2024 Wiley-VHCA AG, Zurich, Switzerland

doi.org/10.1002/cbdv.202401225 Research Article
 16121880, 2024, 12, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1002/cbdv.202401225 by A
hi E

vran Ü
niversitesi, W

iley O
nline L

ibrary on [24/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



the concentration of inhibitor that reduces enzyme activity by half,
were calculated from these graphs.

Inhibiton Studies on AChE

Sigma-Aldrich supplied the Electrophorus electricus (electrical eel)
AChE (CAS no. 9000–81-1) enzyme used in the research. Using the
spectrophotometric approach provided, the inhibitory impact of
chemicals A, B, C, and D on AChE activity was investigated.[44] The
Ellman method is a sensitive and reliable method for measuring
acetylcholine esterase enzyme activity. The substrate used in this
reaction is acetylthiocholine iodide. Acetylthiocholine may be
transformed into thiocholine and acetic acid by the action of AChE.
Mixing the reaction media with 5,5’-dithiobis (2-nitrobenzoic acid)
(DTNB) causes the thiocholine that was produced during the
reaction to react. The products of this chemical reaction are choline
and 5-thio-2-nitrobenzoic acid. The spectrophotometric measure-
ment of 5-thio-2-nitrobenzoic acid, a yellow chemical, may be taken
at 412 nm. The inhibitory effects of A-D on AChE activity were
determined by measuring AChE activity at least five concentrations
for A-D compounds. For substances that exhibited inhibitory
actions, we computed the percent activities of AChE against five
distinct doses of inhibitors. Tacrine, the reference inhibitor, under-
went the same experiment. For both the reference inhibitor and
the compounds exhibiting the inhibitory effect, graphs of Activity%
against inhibitor concentration were created. The control activity
was taken as 100%. The IC50 values, which show the concentration
of inhibitor that reduces enzyme activity by half, were calculated
from these graphs.

Molecular Docking Studies

The 3D crystal structures of AChE (PDB code 4EY7), hCA-I (PDB code
6G3V), and hCA-II (PDB code 3PO6) were received from the Protein
Data Bank website.[45–47] Compounds’ three-dimensional molecular
structures were obtained from the PubChem database. The
MolDock Score function was used to do molecular docking
calculations in Molegro Virtual Docker.[48] For docking studies, a
region on the crystal structures where the inhibitor is placed in the
center was selected. Co-crystal ligand was docked again with
different parameters. Among the protocols that gave root mean-
squared deviation (RMSD) values below 20 Å, those closest to zero
were selected for docking studies of the molecules. The best-
docked pose was taken into account for each compound in docking
studies. The Discovery Studio 2021 Client was used to visualize
interaction at the molecular level of the docking experiments.

Molecular Dynamic Simulation

In order to simulate molecular dynamics (MD), GROMACS 2022.2
was used. These procedures were employed.

Preparation of Enzyme

Pymol was used to export the three-dimensional (3D) models of the
hCA-I enzyme complex with CA-I and CA-II molecules to the pdb
format (PDB ID: 6G3V). In order to assess the complexes’ dynamic
behaviour, the GROMACS package programme (version 2022.2) was
used for molecular dynamic (MD) simulation.[49–52] The protein
topology was created using the SwissParam service, and the ligand
topology was built using pdb2gmx with the CHARMM27 force
field47.[53]

Setting up System for Simulation

The complexes were introduced into the system after the
application of the force field. Using periodic boundary constraints,
they were solvated in a cubic box that was more than 1 nm from
the protein’s edge using the SPC water model.[54] We used the
steepest descent approach to minimise energy for 50,000 steps
after injecting Na+ ions neutralised the solution. The system was
then equilibrated by simulating 100 ps of NVT at 300 K and 100 ps
of NPT. Proteins, ligands, water molecules, and ions were all
individually coupled in the constant-temperature, constant-pressure
(NPT) ensemble using the leapfrog method.[55] The system was
maintained in a stable environment with the Berendsen temper-
ature coupling constant set to 1 and the pressure coupling constant
to 2, respectively. The temperature was 300 K and the pressure was
1 bar.[56] Lastly, at 300 K, an isothermal and isobaric condition
ensemble was used to conduct MD simulations for 100 ns. The
bond lengths were constrained using the LINCS algorithm,[57] and
the pressure coupling with time-constant was set at 1 ps to keep
the pressure constant at 1 bar. At 1.2 nm, the Van der Waals and
Coulomb interactions were terminated, and to reduce the resulting
error, the PME algorithm[58] that is incorporated into GROMACS was
used.

Visualization and Analysis of Simulation

The trajectory files are visualized through VMD (Visual Molecular
Dynamics) 1.9.2.[59] and analyzed by indigenously developed tool
HeroMDAnalysis[60,61] and Xmgrace 5.1.25.[62]
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