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Abstract—Nowadays the determination of inhibitors of carbonic anhydrase isoenzymes (CAs) have become
one of the main goals of drug design studies, and inhibitors of CAs have taken their place in clinical applica-
tions to be used in the treatment and diagnosis of many diseases from glaucoma to cancer. On the other hand,
acetylcholinesterase (AChE) inhibitors are also the main target molecules for the treatment of Alzheimer’s
disease. However, the unwanted side effects of existing CA and AChE inhibitors necessitate the identification
of new and selective inhibitors of these enzymes. In this study, we examined the inhibition effects of some
natural antiproliferative agents on CA-I, CA-II, and AChE activities isolated from human erythrocytes. Bet-
ulinic acid (I) had the strongest inhibitory effect on esterase activity of hCA-I (ICs, 29.16 uM) and hCA-II
(ICs 31.82 uM). On the other hand, sanguinarine chloride (VI) had the strongest inhibitory effect (1Csy:
19.44 uM) on hAChE activity. Molecular modeling studies were also carried out to elucidate the inhibition
mechanism of betulinic acid on hCA-I and hCA-II isoenzymes and sanguinarine chloride on the hAChE
enzyme. We believe that the results we obtained in this study will contribute to the design of new and natural

CA and AChE inhibitors.
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INTRODUCTION

Carbonic anhydrases (CAs, E.C. 4.2.1.1), also
known as carbonate dehydratases, are metalloen-
zymes that contain Zn?* ions, which are commonly
found in all organisms, and reversibly catalyze the
dehydration reactions of carbon dioxide (CO,). The
reversible hydration reaction of carbon dioxide cata-
lyzed by carbonic anhydrase is a simple but fundamen-
tal reaction for metabolism. Due to the bicarbonate
anion and a proton produced as a result of the reac-
tion, this reaction plays a central role in the regulation
of intracellular and extracellular pH in various tissues
and organs [1-3]. Apart from catalyzing the CO,
hydration reaction, carbonic anhydrase enzyme is an
enzyme that plays an important role in various patho-
logical and physiological processes involved in many
metabolic events such as acid-base balance, respira-
tion, ion transport, ureagenesis, gluconeogenesis,
lipogenesis, and electrolyte secretion [4, 5]. There are
eight different genetic families of CA isoenzymes as:

! Corresponding author: e-mail: zuhal.alim@ahievran.edu.tr.

o-, B-, y-, 8-, {-, n-, 6-, and | CAs [6, 7]. These eight
CA gene families use metal ion as cofactor for their
catalytic activity: o-, B-, -, n-, 0-CAs use Zn?>" and
v-CAs use Fe?* as cofactors. At the same time, y-CAs
are active when Zn*? and Co?" ions are bound [7].
{-CAs use both Cd?*" and Zn?>" as cofactors [8—10].
Recently discovered | CAs use Mn*? and Zn?' as
cofactors for their activities [6]. They are the enzymes
in monomeric structure of the a-class, which contain
the isoenzymes that were first identified and most
studied. Until now, sixteen o-CA isoenzymes have
been identified in mammals. These isoenzymes differ
in their catalytic activity, distribution to tissues, and
their behavior towards inhibitors and activators [3, 11].
The isoenzymes on which the most scientific studies
have been conducted are cytosolic CA-I and CA-II
and tumor-associated CA-X and CA-XII isoenzymes.
Various studies have shown that abnormal levels or
activity changes of carbonic anhydrase isoenzymes are
associated with various diseases [12]. Therefore, deter-
mining new carbonic anhydrase inhibitors and activa-
tors specific to CA isoenzymes for use in diagnosis and
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treatment of various diseases in biomedical applica-
tions has become a major goal [13—15]. Today, inhib-
itors of carbonic anhydrase isoenzymes have taken
their place in clinical applications to be used in the
diagnosis and treatment of various diseases such as
glaucoma, epilepsy, oedema [5, 16], obesity, anemia,
osteoporosis, and cancer [5, 17]. In addition, recent
studies show that CA activators may have pharmaco-
logical applications in neurological diseases such as
Alzheimer’s disease and aging [18, 19]. CA inhibitors
used in the clinical applications (Acetazolamide,
Methazolamide, Dorzolamide, Brinzolamide, etc.)
are not selective against CA isoforms and have undesir-
able side effects [20, 21]. This has led researchers to dis-
cover new and isoenzyme-specific CA inhibitors, and
studies in this area are gaining popularity day by day.
Acetylcholinesterase enzyme (AChE, E.C. 3.1.1.7)
found in all peripheral and central nervous systems of
humans and animals, catalyzes the hydrolysis of ace-
tylcholine, an important neurotransmitter, to acetic
acid and choline [22—24]. Alzheimer’s disease (AD)
occurs due to imbalances in the cholinergic pathway
and as a result of decreased neurotransmitters in the
brain. The neurotransmitter that decreases most in
Alzheimer’s is acetylcholine. Therefore, AChE inhib-
itors have been targeted molecules in the treatment of
AD [3]. Today, inhibitors of AChE are important drug
groups that have achieved a certain success rate in the
treatment of AD. AChE inhibitor compounds such as
donepezil, tacrine, huperzine A, galantamine and
rivastigmine have been used as essential drugs in the
treatment of AD [25] and identifying new AChE inhibi-
tors for use in the treatment of AD is highly critical.

Herein, the inhibition effects of some natural anti-
proliferative compounds (Figure 1) (Betulinic acid (I),
Biochanin A (II), 2-methoxyestradiol (III), plum-
bagin (IV), rhein (V), sanguinarine chloride (VI),
budesonide (VII)) on human erythrocytes CA-I and
CA-II isozymes and AChE activity were investigated
under in vitro conditions. Additionally, molecular
docking studies have been carried out to elucidate the
binding modes, binding energies and inhibition mech-
anisms of antiproliferative compounds that show the
best in vitro inhibition effect on hAChE, hCA-I and
hCA-II enzymes.

RESULTS AND DISCUSSION

Inhibitors of carbonic anhydrase isoenzymes are
remedy-expected molecules in diagnosing and treat-
ing many diseases from glaucoma to cancer [5].
Therefore, the identification of new, effective, isoen-
zyme-specific natural inhibitors contributes signifi-
cantly to the discovery of CA inhibitor drugs that can
be used in clinical applications. So, many researchers
have aimed to identify new CA inhibitors and activa-
tors that can be obtained from natural sources [26, 27].
On the other hand, acetylcholinesterase inhibitors are
the main focus of interest for scientists to discover
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drugs to be used in the treatment of Alzheimer’s dis-
ease [3, 25]. Considering this information, the inhibi-
tion effects of Betulinic acid (I), Biochanin A (II),
2-methoxyestradiol (III), plumbagin (IV), rhein (V),
sanguinarine chloride (VI), and budesonide (VII)
which are important natural molecules with many vital
biological activities along with anticancer activity, on
hCA-I, hCA-II and hAChE activities were investi-
gated. For this aim, hCA-I and hCA-II were purifed
from human erythrocyte with a yield of 67.70 and
75.77%, 160.49 and 187.50 purification fold, a specific
activity of 1794.3 and 2096.22 EU/mg protein, respec-
tively by using CNBr-activated Sepharose-4B-L-tyro-
sine-sulfanilamide affinity chromatography method.
The hAChE enzyme was partially purified from
human erythrocytes using DE-52 anion exchange
chromatography with 75.22% yield, 10.53-fold,
0.02 EU/mg protein specific activity. After completing
the purification of enzymes, the inhibition efficacy of
the molecules was determined by the 1Cs, values rep-
resenting the inhibitor concentration that reduced the
enzyme’s activity by half. ICs, values of (I), (IT), (IV),
(V), (VI), (VII) for hCA-1 were found as 29.16, 46.66,
1155.2, 350, 77.77, 350 uM, respectively. ICs, values of
(D), (D), (IV), (V), (VI), (VII) for hCA-II were found
as 31.82, 74.64, 770.41, 402.25, 136.72, 807.75 uM,
respectively. I1Cs, values of (II), (III), (IV), (V), (VI)
for hAChE were found as 63.64, 38.8, 38.8, 21.87,
19.44 uM, respectively (Table 1). Low ICs, value indi-
cate strong inhibition effect. Except for 2-methoxye-
stradiol (III), all molecules inhibited the esterase
activity of hCA-I and hCA-II isoenzymes. Betulinic
acid (I) had the strongest inhibitory effect on esterase
activity of hCA-1 (ICs; 29.16 uM) and hCA-II (ICy,
31.82 uM). Betulinic acid (I) is a natural pentacyclic
triterpene found in the shells of plant species. It has a
wide variety of biological activities such as antibacte-
rial, antimalarial, antihelmintic, antioxidant, anti-
human immunodeficiency virus and anti-angiogenic,
along with antitumor activity. Due to its low toxicity, it
attracts increasing attention [28, 29]. In recent study,
it was found that the novel sulfamate conjugates of bet-
ulin and betulinic acid have very strong inhibition
effects on the tumor-associated CA isoenzyme CA-IX
activity [29]. On the other hand, the plumbagin (VI)
had the weakest inhibitory effect for hCA-I (ICs,
1155.2 uM), while the budesonide (VII) showed the
weakest inhibitory effect for hCA-I1 (ICs, 807.75 uM).
The inhibitory effect of Rhein and budesonide on
hCA-1I was found to be equal. Also, Rhein (for hCA-1
1Csy 350 uM, for hCA-I1I 1C5,402.25 uM) had a more
inhibition effect on hCA-I than hCA-II. It was deter-
mined that biochanin A (for hCA-I 1Cy,46.66 uM, for
hCA-II ICs, 74.64 uM) and sanguinarine chloride (for
hCA-1 1Cs, 77.77 uM, for hCA-II ICy, 136.72 uM)
also had an inhibition effect on the esterase activity of
hCA-I and hCA-II isoenzymes at micromolar levels.
Both molecules had a stronger inhibition effect on
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Fig. 1. The molecular structures of natural antiproliferative agents used in this study.

esterase activity of hCA-I than hCA-II (Table 1). In a
previous study, the effect of Biochanin A on the
hydratase activities of human CA I, I1, IV, VI and XII
isoenzymes were investigated, and the K; values of
Biochanin A for hCA-I, II were over 10000, 7078.5 nM
for (IV), 371.5 nM for (VII). It was found to be 52.5 nM
for (XII) [30]. When we compare the results, we
obtained for Biochanin A in our study with this study,
we can say that the inhibition effect of Biochanin A on
esterase activity of hCA-I and hCA-II is more than its
inhibition effect on hydratase activity. In addition, it
was observed that compounds (I), (IT), (IV), (V), (VI),
(VII) had weaker inhibition power on hCA-I and
hCA-II isoenzymes than acetazolamide, which is the
reference inhibitor.
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In addition, the inhibition effects of substances
(I)—(VII) on the AChE enzyme isolated from human
erythrocytes were investigated. Betulinic acid (I) and
budesonide (VII) molecules did not show an inhibi-
tory effect on AChE enzyme activity. Molecules (II)—
(VI) were found to have an inhibition effect on hAChE
enzyme activity at micromolar levels. Sanguinarine
chloride (VI) had the strongest inhibitory effect (ICs,
19.44 uM) on hAChE activity while Biochanin A (II)
(ICs: 63.64 uM) had the weakest inhibitory effect.
The inhibition effect of 2-methoxyestradiol (IIT) and
plumbagin (IV) on hAChE enzyme activity was found
to be equal (for both ICy,38.8 uM). Rhein (V) had the
second strongest inhibitory effect (1Cs, 21.87 uM)
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Table 1. Inhibition results of antiproliferative agents used in this study for hCA-I, hCA-II and hAChE
For hAChE For hCA-1 For hCA-II
Compounds

ICsp, UM R? 1Csp, uM R? ICsp, UM R?
Betulinic acid (I) — — 29.16 0.9222 31.82 uM 0.9971
Biochain A (II) 63.64 0.9981 46.66 0.9838 74.64 uM 0.9830
2-Methoxyestradiol (I1T) 38.80 0.8958 — - - -
Plumbagin (IV) 38.80 0.9290 1155.2 0.9817 770.41 uM 0.9573
Rhein (V) 21.87 0.9563 350 0.8887 402.25 uM 0.9528
Sanguinarine chloride (VI) 19.44 0.9308 77.77 0.9150 136.72 uM 0.9830
Budesonide (VII) — — 350 0.9834 807.75 uM 0.9732
Acetazolamide* — — 0.73 0.9525 0.27 uM 0.9776
Tacrine* 0.011 0.9509 — — — -

hCA-I and hCA-II: human erythrocyte carbonic anhydrase isoenzymes I and II, hAChE: human erythrocyte acethylcholinesterase. *
Acetazolamide used as a standard inhibitor for hCA-I and hCA-1I isoenzymes and Tacrine* used as a standard inhibitor for hAChE.

Table 2. Molecular docking scores and predicted free binding energy (AGy,;,q) values of antiproliferative agents

hAChE hCA-I hCA-II
Compounds IFD Docking | MM-GBSA | IFD Docking | MM-GBSA | IFD Docking | MM-GBSA
Score AGy;ng Score AGying Score AGyng
Betulinic acid (T) - - —10.622 —52.54 —8.935 —32.88
Acetazolamide — — —7.879 —31.37 —8.864 —28.02
Sanguinarine chloride (VI) —-9.262 —-53.47 - — — -
Tacrine —8.998 —73.78 — — — —

after sanguinarine chloride (VI) for hAChE. In addi-
tion to, it was observed that (II), (III), (IV), (V), (VI)
had weaker inhibition power on hAChE activity than
tacrine, which is the reference inhibitor.

The receptor is assumed to be rigid in standard
docking simulations, but in fact, most receptor bind-
ing sites change to match the form and binding mode
of the ligand, a process known as induced-fit. The
Induced Fit Docking (IFD) protocol accurately esti-
mates receptor structural changes and ligand binding
mode. The IFD protocol was used to assess the bind-
ing modes and interactions of betulinic acid, which
has the best in vitro inhibition effect for hCA-I and
hCA-II, and sanguinarine chloride, which has the best
in vitro inhibition effect on the AChE enzyme. As posi-
tive control molecules, the well-known AChE inhibitor
Tacrine, and well-known CA-I and CA-II inhibitor
Acetazolamide were docked using the same protocol.

Molecular docking studies of antiproliferative
agents, using Induced-Fit Docking (IFD) protocol,
were carried out to gain a better comprehending of the
ligand—protein interactions at the atomic level. For
this purpose, betulinic acid, which has the best in vitro
inhibition effect for hCA-I and hCA-II, and sangui-
narine chloride compound, which has the best in vitro
inhibition effect on the hAChE enzyme, were docked
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into the respective enzymes. In addition, we used the
Prime MM/GBSA module to calculate free binding
energies to better understand the structural and ther-
modynamic factors involved in the hCA-I, hCA-II,
and hAChE inhibitory activities of betulinic acid and
sanguinarine chloride compounds. Induced-Fit
Docking scores and MM-GBSA free binding energy
results are summarized in Table 2.

The re-docking procedure was used to verify the
docking procedure in this research. The co-crystal
ligands 1YL (Dihydrotanshinone I), 3TV (2,3,5,6-
tetrafluoro-4-(propylsulfanyl) benzenesulfonamide),
and 51J (2-(but-2-yn)-1-ylsulfamoyl)-4-sulfamoyl-
benzoic acid) were isolated from hAChE, hCA-I, and
hCA-II and re-docked to the corresponding proteins
for docking validation. The best pose of the 1YL, 3TV,
and 51J were superimposed with the co-crystalized
ligands after the re-docking phase, and the ligands'
RMSD (Root Mean Square Deviation) were estimated
to be 0.918, 1.40, and 1.87 A, respectively (Fig. 2).

The results of IFD docking score (—9.262 kcal/mol)
and MM-GBSA free binding energy (—53.47 kcal/mol) of
sanguinarine chloride compound, which experimen-
tally showed a potent inhibitory effect against AChE
enzyme, confirmed the experimental findings. Com-
pared to the positive control compound tacrine, the
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Fig. 2. hAChE (left) hCA-I (middle), and hCA-II (right) receptor docking validations. Grey ball and stick modeling depicts co-
crystallized ligands, while green ball and stick modeling depicts docked ligands.

sanguinarine chloride compound scored higher, while
the free binding energy was calculated lower (Table 3).
The Peripheral Active Site (PAS) is a gorge at the rim
of the human AChE active site. This active-site gorge
includes 279—297 amino acid residues [31]. TRP286
at the PAS, in particular, has been shown to play an
important role in the allosteric regulation of AChE
activity [32]. The sanguinarine chloride compound
established four m—m interactions with the TRP286
amino acid fraction at the PAS. It also made hydrogen
bonding with the TYR72 and TYR124 fractions (with
distances 2.09 and 1.98 A, respectively) (Fig. 3).

The findings of IFD docking for the betulinic acid
compound, which has impressive in vitro inhibitory
action on both CA-I and CA-II enzymes, reveal that
the compound is well positioned in the active site of
the enzymes. The compound established a metal
coordination bond and dual salt bridges through the
carboxyl moiety with the Zinc ion, which is in the
active site of carbonic anhydrases and is responsible
for the carrying out of catalytic activity (Figs. 4, 5).
The compound has also established a hydrogen bond-
ing through the —OH moiety with ASN62 residue
(with a distance 2.03 A) at the CA-II catalytic active
site (Fig. 5). Betulinic acid compound scored better
against both enzymes (IFD docking scores —10.622
and —8.935 kcal/mol for CA-I and CA-II, respec-
tively) compared to the positive control compound
acetazolamide. The MM-GBSA calculations have
been very successful in predicting the free binding
energies (AGy;,q) of betulinic acid compound based on
its IFD docking scores against both enzymes, as can be
seen in Table 3. So, it was determined that betulinic
acid, which was experimentally determined to have
very close 1Cs, values against CA-I and CA-II
enzymes (29.16 and 31.82 uM, respectively), theoreti-
cally had similar inhibition mechanisms.

The QikProp tool of Maestro were used to forecast
drug-likeness and pharmacokinetics. To assess drug-
gable properties, we analyzed physiochemically
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descriptors and pharmaceutically related properties of
antiproliferative agents (Table 3). All of the antiprolif-
erative agents had high partition coefficients
(QPlogPo/w) ranging from 0,935 to 3.85, which were
essential for drug distribution and absorption. The
permeability of these compounds was measured by
factor QPPCaco, which ranged from 281.278 to
9504.2, where QPPCaco was a potential apparent
Caco-2 cell permeability in nm/sec, a critical factor
for estimating cell permeability in biological mem-
branes. QPPMDCK (cell permeable parameter) val-
ues of the compounds were between 3.242 to 5641.04,
their percentage of human oral absorption values were
between 48.228 to 100%, QPlogHERG (K* channel
blockage) values were less than —5, and their water
solubility (QPlogS) ranged between —1.311 to —5.748.
The drug’s capacity to cross the blood-brain barrier is
shown by the QPlogBB parameter. The ability of the
compounds to cross the blood-brain barrier means
that they can be useful in the management of neuro-
logical disorders. In this respect, it is very important
that the QPlogBB value of the compound sangui-
narine chloride, which we showed in our study to be a
good inhibitor of the AChE enzyme, which is an
enzyme associated with neurological diseases, is
within the recommended range. In addition, the CNS
(central nervous system activity) value of the com-
pound sanguinarine chloride was estimated to be +2
(active). In conclusion, all of the antiproliferative
agents used in this study met all of the pharmacoki-
netic criteria for a drug-like substance and were shown
to be beyond the appropriate range for clinical usage.

EXPERIMENTAL

Betulinic acid, Biochanin A, 2-methoxyestradiol,
plumbagin, rhein, sanguinarine chloride, budesonide
and all chemicals used in the purification steps and
kinetic studies of AChE and CA isoenzymes were
obtained from Sigma-Aldrich Co. (Steinheim, Ger-
many).
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Fig. 3. 3D detailed binding mode and 2D ligand interactions of sanguinarine chloride with AChE receptor.

Purification Studies of CA-1, CA-1I and AChE
Jfrom Human Erythrocytes

The healthy human erythrocyte used in this study
was obtained from the Atatiirk University blood cen-
ter. Carbonic anhydrase enzyme from human erythro-
cytes was purified using Sepharose-4B-L-Tyrosine
sulfanilamide affinity chromatography method as in
our previous studies [1, 2, 17]. During the purification
process, quantitative protein determination in hemo-
lysate and pure enzyme samples was determined by
the Bradford method [33]. The purity of isoenzymes
was checked by Laemmli’s SDS-PAGE method [34].
Pure isoenzymes obtained after affinity chromatogra-
phy were dialyzed against 0.05 M Tris-SO, (pH 7.4)
buffer overnight at 4°C [1, 2, 17]. After dialysis, pure
isoenzymes were separated into 1 mL fractions and
stored at —80°C for use in kinetic studies.

In this study, the AChE enzyme was partially puri-
fied from human erythrocytes. For this purpose,
erythrocytes were precipitated by centrifugation and
washed 2—3 times with 0.9% NaCl solution. Erythro-
cytes were hemolysis by stirring with ice water and the

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  Vol. 48

waste cell membrane was separated from the hemoly-
sate by centrifugation. All these operations were car-
ried out at about 4°C. The pH of hemolysate was
adjusted to 7.8 with K,HPO, and applied to DE-52
anion exchange chromatography column equilibrated
with 100 mM KH,PO, (pH 7.5) buffer. The gel was
washed with the same buffer. AChE was eluated with
the increasing salt gradient. Active tubes were com-
bined and dialyzed against the 20 mM KH,PO,
(pH 7.5) buffer [35]. It was then separated into 1 mL
small fractions for use in kinetic studies and stored at
—80°C.

In vitro Inhibition Studies

In this study, while investigating the inhibition
effects of (I—VII) on the activities of hCA-I and hCA-1I
isoenzymes, the esterase activity method described by
Verpoorte et al. [36] was used as in our previous studies
[1-3, 17]. In this method, CA isoenzymes use the
p-nitrophenyl acetate as substrate and hydrolyzes
p-nitrophenyl acetate to p-nitrophenol and acetic
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Fig. 4. 3D detailed binding mode and 2D ligand interactions of betulinic acid with hCA-1 receptor.

acid. According to this method, in this study the for-
mation of p-nitrophenol from p-nitrophenyl acetate
was monitored by measuring the absorbance at 348
nm, 25°C for 3 min using a spectrophotometer. The
enzyme unit was calculated using the absorption coef-
ficient (€ = 5.4 x 10°* M~! cm™!) of p-nitrophenyl ace-
tate at 348 nm.

While determining the inhibitory effects of (I—VII)
on acetylcholine esterase activity, AChE activity was
assayed at 436 nm with a spectrophotometer, accord-
ing to Worek et al. (1999)’s method, a modified
method of the Ellman procedure [37]. In this proce-
dure, acetylthiocholine is hydrolyzed to thiocholine
and acetic acid by the catalysis of the AChE enzyme.
As aresult of the interaction of 5,5-Dithiobis (2-nitro-
benzoic) acid (DTNB) with thiocholine, a yellow col-
ored compound, 5-thio-2 nitrobenzoic acid (TNB) is
formed. The method is based on the measurement of
the absorbance increases due to increased TNB con-
centration [38].

In inhibition studies, activity measurements were
performed at least five different concentrations of each
molecule to determine the 1Cy, values of (I-VII) for

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  Vol. 48

hCA-I, hCA-II and hAChE. Activity % versus inhibi-
tor concentration plots were drawn for molecules that
showing inhibition effect. ICs, values were calculated
from the equations of these curves. Also, acetazol-
amide was used as reference inhibitor for hCA-I and
hCA-II isoenzymes and tacrine was used as reference
inhibitor for hAChE enzyme.

Molecular Docking Studies

Molecular docking studies have been carried out to
elucidate the binding modes, binding energies and
inhibition mechanisms of antiproliferative com-
pounds that show the best in vitro inhibition effect on
hAChE, hCA-1 and hCA-II enzymes. Molecular
docking simulation studies, as shown in our previous
study [39], were carried out using the Maestro 12.5 of
the Schrodinger Molecular Modeling Suite package
program [40]. The X-ray crystal structures of the
AChE (PDB ID: 4MOE), CA1(PDB ID: 4WR?7), and
CA1I (PDB ID: SAML) receptors were retrieved from
RCSB Protein Data Bank (PDB). Receptors were pre-
processed and prepared at physiological pH using the
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Fig. 5. 3D detailed binding mode and 2D ligand interactions of betulinic acid with hCA-II receptor.

Protein Preparation Wizard [41]. Optimization and
minimization of the receptors was carried out usin
the OPLS3e force field. A grid box of 20 x 20 x 20
was created around the native ligands in protein crystal
structures using the Receptor Grid Generation plat-
form of Maestro. 3D drawing of ligands, determina-
tion of correct molecular geometries and protonation
states at pH 7.0 £ 2.0 were performed with the LigPrep
module. To perform molecular docking simulations,
Glide Induced-Fit Docking (IFD) protocol [42] was
used as stated in our previous study [39]. The re-dock-
ing method was used to verify the docking procedure.
For this purpose, hAChE, hCA-I and hCA-II co-
crystal ligands 1YL (Dihydrotanshinone I), 3TV
(2,3,5,6-tetrafluoro-4-(propylsulfanyl) benzenesul-
fonamide), and 51J (2-(but-2-yn)-1-ylsulfamoyl)-4-
sulfamoylbenzoic acid) was extracted from the protein
crystal structures and subjected to re-docking. Then,
using the Maestro Superposition panel, the co-crystal
ligands and the best poses of each co-crystal ligands
after docking were superimposed, and the Root Mean
Square Deviation (RMSD) values were determined.
An RMSD value of less than 2A indicates the accuracy
of the docking procedure [43].

RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  Vol. 48

Binding Free Energy Calculation Using Molecular
Mechanics/Generalized Born Surface Area
(MM/GBSA)

The Molecular Mechanics/Generalized Born Sur-
face Area (MM/GBSA) approach combines molecu-
lar mechanics measurements with continuum solva-
tion models to measure binding free energies (AGy;,q)
for macromolecules [44]. Prime/MM-GBSA which
utilizes the OPLS3e force field and VSGB dissolvable
model was used for calculations to the binding free
energies of the protein-ligand complexes [45].

ADME Studies

The physicochemical descriptors, pharmacoki-
netic properties, and drug-likeness of the antiprolifer-
ative agents have also been determined through
ADME (absorption, distribution, metabolism, and
excretion) studies. QikProp panel of Maestro was used
to assess the ADME properties of antiproliferative
agents. QikProp calculates values by comparing the
properties of a new molecule to those of 95% of exist-
ing drugs [40, 46].
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CONCLUSIONS

In this study, the effects of some natural molecules
(Betulinic acid (I), Biochanin A (II), 2-methoxyestra-
diol (IIT), plumbagin (IV), rhein (V), sanguinarine
chloride (VI), budesonide (VII)) with known antipro-
liferative effects on hCA-I, hCA-II and AChE activi-
ties were investigated. It was determined that Betulinic
acid showed strong inhibitory effect for hCA-I and
hCA-1II, while Sanquinarine Chloride had strong
inhibitory effect for AChE. Obtained inhibition results
were supported by molecular modeling results. We
hope that these results will contribute to the studies on
the determination of new, effective, natural CA and
AChE inhibitors.
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