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a b s t r a c t 

Acetylcholinesterase (AChE) and carbonic anhydrase I (CA-I) and II (CA-II) are two vital metabolic en- 

zymes. AChE inhibitors are seen as target molecules in drug development studies for Alzheimer’s treat- 

ment. CA inhibitors are target molecules for treating many diseases from glaucoma to cancer. For this 

reason, it is crucial to identify new AChE and CA inhibitors. In this study, four benzimidazole acetamide 

derivatives were synthesized and their inhibition effects were investigated against human erythrocyte 

carbonic anhydrase I (hCA-I), II (hCA-II), and AChE. IC 50 values of 9a-10b were determined in the range 

of 0.936 to 17.07 μM for AChE. IC 50 values of 9a–10b for hCA-I were found as 7.21 μM, 4.72 μM, 6.08 μM, 

8.23 μM, respectively. On the other hand, IC 50 values of 9a–9b for hCA-II were found as 8.64 μM, 7.07 μM, 

4.12 μM, 5.93 μM, respectively. According to IC 50 values, 9a –10b molecules exhibited strong inhibition 

effects for AChE and hCAI, II. Also, Molecular docking studies were carried out to explain the binding 

interaction of 9a –10b with AChE, hCA-I, and hCA-II. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

The benzimidazole derivatives are widely used clinically ther- 

peutic agents [1–7] . They are one of the most valuable 

nd influential structures in medicinal chemistry [8–11] . They 

ave an essential role in drug discovery because benzimida- 

oles have numerous bioactivities, such as anti-protozoal, anti- 

icrobial, anti-inflammatory, analgesic, antioxidant, anthelmintic, 

nti-hypertensive, anti-cancer, anti-human cytomegalovirus and 

nti-influenza activity [12–19] . Some benzimidazole derivatives 

ave been reported to have significant antibacterial activity [20–

6] . Benzimidazole derivatives containing amide bonds [27] pro- 

ided a beneficial linkage in synthetic and medicinal chemistry 

28] due to the bond’s classical geometry and planar properties. 

ompounds containing amide bonds are used in many clinical 

tudies for metabolic disorders [29] , inflammatory diseases [30] , 

ypertension [31] , and cancer [32] . 

Carbonic anhydrase (CA) (EC 4.2.1.1) regulates the acidity of 

he chemical environment to prevent damage to body functions 

33] . Due to this critical physiological function, numerous studies 
∗ Corresponding author. 
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ave been carried out on CAs. CA-I and CA-II are the most studied 

soenzymes.CA-I is expressed in erythrocytes and the gastrointesti- 

al tract, whereas CA-II is expressed in almost all tissues. CA-I and 

A-II are involved in critical metabolic functions, such as gas ex- 

hange and ion transport [34] . Since CA isoenzymes are associated 

ith many diseases, from glaucoma to cancer and even osteoporo- 

is, CA inhibitors are target molecules in drug design studies [35] . 

Acetylcholinesterase (AChE; E.C.3.1.1.7) is an essential metabolic 

nzyme that catalyzes the hydrolysis of acetylcholine to acetic acid 

nd choline [36] . Inhibitors of this enzyme have been effective in 

linical applications as anti-Alzheimer’s drugs in treating moder- 

te Alzheimer’s disease (AD). For this reason, the synthesis of new 

ompounds containing amide bonds that will provide improved 

entral nervous system penetration and microglial activation with 

ewer side effects becomes very important [ 27 , 37 , 38 ]. To date, a

arge number of CA and AChE inhibitors have been identified and 

ncluded in clinical practice. However, the high side effects of these 

nhibitors have led to the need to identify new and effective CA 

nd AChE inhibitors [ 35 , 39 ]. In this study, we investigated the in-

ibition effects of four new benzimidazole derivatives containing 

mide bond 9a–10b ( Scheme 1 ) against hCA-I, hCA-II, and AChE. 

https://doi.org/10.1016/j.molstruc.2022.133647
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2022.133647&domain=pdf
mailto:ttunc@ahievran.edu.tr
https://doi.org/10.1016/j.molstruc.2022.133647
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Scheme 1. Synthesis of benzimidazole derivatives containing amide bond. 
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. Experimental 

.1. Materials 

All solvents and reagents were purchased commercially avail- 

ble. DMF was dried before use. IR spectra were recorded on a 

icolet-6700 ATR-FT-IR spectrophotometer in the 40 0 0– 40 0 cm 

−1 

egions, and melting points were measured using a Thermo Fisher 

cientific Electrothermal 9100 apparatus. 13 C-NMR (1 MHz) spectra 

nd 

1 H-NMR (400 MHz) spectra were collected on a Bruker Ultra- 

hield spectrometer at room temperature with TMS, and solvent 

ass spectra were recorded with Thermo Scientific TSQ Quan- 

um Access Max LC-MS spectrometers in methanol/ acetonitrile 

ixture. Optical rotations were recorded using an ANTON PAAR 

CP100 model polarimeter. 

.2. 2-(2-(4-chlorophenyl)-1H-benzo[d]imidazol-1-yl)-N-(quinolin-8- 

l)acetamide 

a 

2-(4-chlorophenyl)-1H-benzimidazole (0.32 g, 1.40 mmol), 2- 

hloro-N-(quinolin-8-yl)acetamide (0.31 g, 1.40 mmol) and K 2 CO 3 

0.58 g, 4.20 mmol) were dissolved in DMF (15 mL). The mix- 

ure was refluxed at 150 °C for 48 h. At the end of the reac-

ion, the mixture was cooled to room temperature and water was 

dded. The mixture was extracted three times with ethyl acetate 

3 × 10 mL), dried with sodium sulphate and evaporated and 

rude solid was washed with cold methanol to give 9a as off-white 

olid; m.p.246–247 °C; IR (KBr, cm 

−1 ) 3308 ( νNH, m), 3049 ( νC-

 ring, m), 2938 ( νCH 2 ,m), 1673( νC = O, s), 1599 ( νC = C ring, s),

575( νC = N in ring, s), 1488 ( δ CH 2 ), 1454 ( δN-H), 1320 ( νC-N),

281( δ ring), 1106( δ ring); 1 H-NMR (CDCl 3 , 400 MHz), δ 5.13(s, 2H, 

CH 2 ), 7.33–7.56(m, 8H, Ar-H), 7.79–7.81 (d, J = 9 Hz, 2H, Ar-H), 

.92–7.94(d, J = 8Hz, 1H, Ar-H), 8.13–8.15 (d, J = 8Hz, 1H, Ar-H), 

.57–8.58 (d, J = 4Hz, 1H, Ar-H), 8.73–8.75 (d, J = 8Hz, 1H, Ar- 

), 10.17 8 (s, 1 H, CONH); 13 C-NMR (CDCl 3 , 100 MHz), δ 49.16, 

10.01, 116.97, 120.67, 121.93, 122.78, 123.61, 123.77, 124.52, 127.19, 
2

27.94, 133.32, 135.58, 136.19, 136.29, 138.37, 143.41, 148.53, 14.67, 

51.56, 162.38, 164.45; LC-MS (m/z): 412.99 [M + H] (calc. 412.87). 

Figs. S1–S4). 

.3. 2-(2-(4-nitrophenyl)-1H-benzo[d]imidazol-1-yl)-N-(quinolin-8- 

l)acetamide 

b 

This compound was prepared in a similar method that 

as used to obtain compound 9a from 2-(4-nitrophenyl)-1H- 

enzimidazole (0.35 g, 1.46 mmol), 2-chloro-N-(quinolin-8- 

l)acetamide (0.32 g, 1.46 mmol) and K 2 CO 3 (0.61 g, 4.38 mmol) 

o give 9b as off-white solid; m.p.246–248 °C; IR (KBr, cm 

−1 ) , 

235 ( νNH, m), 3054 ( νC-H ring, m), 2930 ( νCH 2 ,m), 1660( νC = O,

), 1599( νC = C ring,s), 1534( νasNO 2 ring, s), 1488( δ CH 2 ), 1460( δN-

), 1380 (( νsNO 2 ), 1339( νC-N), 1254( δ ring); 1 H-NMR (CDCl 3 , 

00 MHz), δ 5.18(s, 2H, -CH 2 ), 7.40–7.58(m, 6H), 7.95–7.97 (d, 

 = 8 Hz, 1H, Ar-H), 8.07–8.10(d, J = 12Hz, 2H, Ar-H), 8.17–8.19 (d, 

 = 8Hz, 1H, Ar-H), 8.37–8.39 (d, J = 12Hz, 2H, Ar-H), 8.62–8.63 

d, J = 4Hz, 1H,Ar-H), 8.72–8.74 (d, J = 8Hz, 1H, Ar-H),10.21(s, 

 H, CONH); 13 C-NMR (CDCl 3 , 100 MHz), δ 49.10, 109.91, 116.84, 

20.05, 121.55, 122.64, 123.30, 123.90, 124.52, 127.11, 127.83, 

27.99, 129.12, 129.37, 130.70, 133.07, 135.96, 136.06, 136.69, 

38.34, 143.08, 148.51, 153.08, 164.80; LC-MS (m/z): 424.03 [M + H] 

calc. 423.42). (Figs. S5–S8). 

.4. hCA-I and hCA-II inhibitory assay 

CA-I and II isoenzymes were purified from human erythro- 

ytes in one step using CNBr-activated Sepharose-4B-L-tyrosine 

ulfanilamide affinity chromatography as in our previous studies 

 35 , 40 , 41 ]. Quantitative protein determination in purification steps 

as done by the Bradford method [42] . The purity of isoenzymes 

as checked with the SDS-PAGE method [43] as in our previous 

tudies [ 35 , 44 , 45 ]. CA-I and CA-II isoenzymes purified by affinity

hromatography dialyzed against 50 mM Tris-SO4 (pH 7.4) buffer 

vernight. After dialysis, isoenzymes were stored in small fractions 
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f one milliliter at -80 °C for use in inhibition studies. In inhibi- 

ion studies, the activities of hCA-I and hCA-II isoenzymes were 

erformed according to the esterase activity measurement method 

46] . This method is based on the hydrolysis of CA isoenzymes to 

-nitro phenyl acetate, which turns into p-nitro-phenol and acetic 

cid. Accordingly, p-nitrophenyl acetate was used as the substrate 

n the inhibition studies. The formation of p-nitrophenol from p- 

itrophenyl acetate was monitored by measuring the absorbance 

t 348 nm, 25 °C using a spectrophotometer. The enzyme unit 

as calculated using the absorption coefficient ( ε = 5.4 × 10 3 

 

−1 cm 

−1 ) of p-nitrophenyl acetate at 348 nm. Inhibition effects 

f 9a –10b molecules were determined on the esterase activity of 

CA-I and II isoenzymes. For this, hCA-I and hCA-II activities were 

easured at least five concentrations of each 9a –10b molecule. 

ercent activity values of both isoenzymes at five different in- 

ibitor concentrations were calculated. The control activity of the 

nzyme was accepted as 100%, and inhibitor concentrations were 

raphed versus percent activity of both isoenzymes. IC 50 values 

ere determined from the equations of these graphs (Fig. S9). Ac- 

tazolamide (AZA) was used as the reference inhibitor for hCA-I 

nd hCA-II isoenzymes. 

.5. AChE inhibitory assay 

The AChE (CAS no. 90 0 0-81-1) enzyme was commercially avail- 

ble from Sigma-Aldrich. AChE activity in inhibition studies was 

erformed according to the spectrophotometric method of Ellman 

t al. [47] as in our previous studies [ 39 , 40 ]. In this method, the

cetylcholinesterase catalyzes the conversion of acetylthiocholine 

o thiocholine and acetic acid. The thiocholine that formed reacts 

ith the DTNB (Ellman’s reagent, 5.5-dithio-bis-(2-nitrobenzoic 

cid). As a result of this reaction, a yellow colored 5-thio-2- 

itrobenzoic acid complex is formed. The color intensity of the 

esulting colored compound is measured spectrophotometrically 

48] . Accordingly, acetylthiocholine iodide was used as a substrate 

n inhibition studies. The color intensity of the resulting colored 

ompound was measured at 412 nm. AChE activity was measured 

t least five concentrations for 9a –10b compounds to determine 

he inhibition effects of 9a –10b on AChE activity. The control activ- 

ty of the enzyme was accepted as 100%, and inhibitor concentra- 

ions were graphed against Activity%. IC 50 values were determined 

rom the equations of these graphs (Fig. S10). Tacrine (TAC) was 

sed as the reference inhibitor for AChE. 

.6. Molecular docking study 

The crystal structures of tetronarce californica acetyl- 

holinesterase (PDB ID: 1ACJ) [49] , hCA-I (PDB ID: 1AZM) [50] , and 

CA-II (PDB: 2H4N) [51] were obtained from RCSB Protein Data 

ank. 

The structure of the enzymes was prepared using the Protein 

reparation Wizard module (Schrödinger Release, 2021-1) [52] . 

rotein structures were corrected by adding hydrogen atoms and 

issing residues, assigning bond orders and bond length, creating 

isulphide bonds, fixing the charges, refining the loop with Prime, 

nd finally minimizing by using the OPLS-2005force field at pH of 

.4. 

The compounds’ conversion was optimized at the PM6 level in 

he water phase using the polarizable continuum solvation method 

iefpcm) using Gaussian 03 software. Later, the compounds’ possi- 

le ionization and tautomeric states were prepared using the Lig- 

rep module embedded Schrödinger suite using the OPLS_2005 

orce field. 

The receptor Grid Generation panel was used for determining 

he position and size of the active site of the receptor structure 
3 
y excluding co-crystallized ligands such as tacrine and acetazo- 

amide. 

Docking analysis was performed by Glide in Schrödinger plat- 

orm [52] at extra-precision mode (XP) using OPLS_2005 force 

eld. After evaluating the determined XP docking scores, the lig- 

nds’ best poses were re-docked using the induced fit docking 

odule of Maestro. To this end, a fully flexible docking method- 

logy for both receptor residues and docked ligands was used 

y Glide XP (extra precision)-Induced Fit Docking (IFD) algo- 

ithm, which was implemented with the Prime module under 

chrodinger molecular modeling package [52] . The accuracy of 

he molecular docking method was validated by redocking of co- 

rystallized ligand into the crystal structure of the receptor. 

The docking method was verified using the redocking test. Cog- 

ate ligands were redocked into corresponding binding pockets. 

MSD values of the redocked cognate ligands were observed to be 

n the range of 0.26–0.46 Å, confirming the accuracy and feasibility 

f the docking method. 

.7. In silico ADME analysis 

The compounds’ pharmacokinetics profile was predicted us- 

ng the Qikprop v3.6 module embedded Schrödinger platform 

52] . QikProp helps analyze the pharmacokinetics and pharma- 

odynamics of the compounds by accessing the drug-like prop- 

rties. QikProp module calculates pharmacokinetic properties and 

escriptors such as a hydrophobic component of the solvent- 

ccessible surface area (FOSA), the hydrophilic part of the solvent- 

ccessible surface area (FISA), the weakly polar component of 

he solvent-accessible surface area (WPSA), predicted polarizabil- 

ty (QPpolrz), octanol/water partitioning coefficient (QPlogP), aque- 

us solubility (QPlogS), predicted Caco-2 cell permeability (QPP- 

aco), predicted skin permeability (QPlogKp), human serum al- 

umin binding (QPlogKhsa), predicted IC 50 value for blockage of 

ERG K 

+ channels (QPlogHERG), brain/blood partition coefficient 

QPlogBB), predicted apparent MDCK cell permeability QPMDCK, 

redicted central nervous system activity CNS and others. 

. Results and discussion 

.1. Chemistry 

2-chloro-N-(quinol-8-yl) acetamide and 2-chloro-N-(phenyl) ac- 

tamide were synthesized according to the literature [ 53 , 54 ]. 2- 

4-nitrophenyl)-1H-benzo[d]imidazole and 2-(4-chlorophenyl)-1H- 

enzo[d]imidazole was synthesized according to the procedure 

ecorded in literature [21] in polyphosphoric acid at 130–140 °C 

rom o -phenylene diamine and p -Cl, p -NO 2 -substitüe benzoic acid. 

Compounds 9a and 9b were synthesized by the reaction of 

benzimidazole derivatives ( 8a and 8b) with the 2-chloro-N- 

(quinol-8-yl) acetamide in CH 3 CN in the presence of K 2 CO 3 

as the base. 10a and 10b were synthesized by reactions 

of benzimidazole derivatives ( 8a, 8b) with the 2-chloro-N- 

(phenyl) acetamide, according to the literature [ 55 , 56 ]. 

NMR spectra of the 2-(2-(4-chlorophenyl)-1H- 

enzo[d]imidazol-1-yl)- N -(quinolin-8-yl)acetamide and 2-(2- 

4-nitrophenyl)-1 H -benzo[d]imidazol-1-yl)- N -(quinolin-8-yl) ac- 

tamide, are very simple as expected. p -Cl and p- NO 2 substitute 

erivatives gave CONH peak at 10.17 ppm and at 10.21 ppm as a 

inglet, respectively. The methylene proton of the amide unit gave 

inglet at 5.13 ppm and 5.18 ppm, respectively. The observed NMR 

pectrum of the compounds 9a and 9b in the aromatic region 

s consistent with the structures. The other spectral (IR, 13 C, and 

CMS) data were consistent with the structures. (Figs. S1–S8). 
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Table 1 

The IC 50 values of the compounds for AChE, hCA-I and hCA-II. 

Compounds 

For AChE For hCA-I For hCA-II 

IC 50 (μM) R 2 IC 50 (μM) R 2 IC 50 (μM) R 2 

9a 0.936 0.9194 7,21 0,9421 8,64 0,8423 

9b 7.632 0.9521 4,72 0,9647 7,07 0,9648 

10a 10.43 0.9510 6,08 0,9917 4,12 0,8327 

10b 17.07 0.9503 8,23 0,9673 5,93 0,7877 

Tacrine 0.697 0.9218 - - - - 

Acetazolamide - - 0.536 0.9834 0.281 0.9877 

∗Tacrine was used as a standard inhibitor for AChE. 
∗ Acetazolamide (AZA) was used as a standard inhibitor for hCA-I and hCA-II. 
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Table 2 

Glide/IFD binding score (kcal/mol) of the com- 

pounds. 

Compounds 

IFD Docking Score (kcal/mol) 

AChE hCAI hCAII 

9a -17.727 -6.489 -6.442 

10a -16.516 -6.771 -7.454 

9b -16.455 -8.467 -5.751 

10b -16.221 -7.041 -4.416 

Tacrine -13.888 - - 

Acetazolamide - -9.257 -8.605 
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.2. Biology 

.2.1. AChE, hCA-I, and hCA-II inhibition activity 

The summary of IC 50 values is given in Table 1 . The inhibi- 

ion effects of the 9a–10b were compared with the reference in- 

ibitors acetazolamide (AZA) and tacrine (TAC) for hCA isoenzymes 

nd AChE, respectively. The inhibition effects of the molecules were 

etermined by the IC 50 values, which are defined as the inhibitor 

oncentration that halves the enzyme activity. A low IC 50 value 

ndicates a high inhibitory activity. IC 50 values for AChE of 9a –

0b molecules were determined as 0.936 μM, 7.632 μM, 10.43 μM, 

7.07 μM, respectively. These values were compared with the refer- 

nce inhibitor, TAC. Although compounds 9b, 10a, and 10b exhib- 

ted a lower inhibition activity than TAC, compound 9a (0.936 μM) 

howed closed inhibition activity as TAC (0.697 μM). The inhibitory 

ffects of the 9a–10b on hCA-I and hCA-II were compared with the 

eference inhibitor AZA. As for hCA-I, IC 50 values for 9a –10b were 

ound as 7.21μM, 4.72μM, 6.08μM, 8.23μM, respectively. The IC 50 

alues for the hCA-II isoenzyme of 9a –10b molecules were found 

s 8.64 μM, 7.07 μM, 4.12 μM, 5.93 μM, respectively. These ben- 

imidazole derivatives were weak inhibitors compared with refer- 

nce inhibitor AZA but had inhibitory activity on hCA-I and hCA- 

I at micromolar concentrations. 9b showed the most substantial 

nhibitory effect for hCA-I, while 10a had the most substantial in- 

ibitory effect for hCA-II. In our study, molecular docking studies 

ere also carried out to explain the binding interaction of 9a - 10b 

ith hCA-I, hCA-II, and AChE. 

.3. Molecular docking studies 

The crystal structure of tetronarce californica acetyl- 

holinesterase (PDB ID: 1ACJ) was chosen for docking because 

t contains tacrine as cognate ligand, used as a reference drug for 

n vitro biological assay. Similarly, the crystal structure of hCA-I 

PDB ID: 1AZM) and hCA-II (PDB: 2H4N) containing AZA as a 

ognate ligand was chosen for docking analysis. 

The compounds were docked into the active site of the en- 

ymes (AChE, (hCA-I, hCA-II), at which cognate ligands bind. The 

ompounds’ most negative Glide/IFD docking scores are listed in 

able 2 . 2-D interaction diagram and detailed binding mode of the 

est pose of the compounds for the AChE, CA-I, and hCA-II en- 

ymes are illustrated in Figs. 1 –3 . 

Docking results show that all compounds have a higher dock- 

ng score than the corresponding cognate ligand "tacrine" (- 

3.888 kcal/mol). Tacrine is tightly bound to the binding pocket 

ia pi-pi stacking to Trp84, Phe330, and Tyr442 and cation-pi in- 

eraction to Phe330 ( Fig. 1 ). 9a has the best docking scores (-

7.727 kcal/mol) and is the most effective inhibitor against AChE. 

a formed three hydrogen bonds with Asp72, Tyr 121, His 440, 

i-cation, pi-pi stacking interaction with Trp84 and Phe330, and 

 halogen bond with Gly117. Tacrine and 9b are both bound to 

he indole ring of Trp84 and phenyl ring of Phe330, which are 
4 
ritical amino acid residues involved in the mechanism of inhibi- 

ion [57] . 9a was surrounded by primarily hydrophobic interaction 

ith Tyr70, Val71, Tyr130, Trp279, Tyr334, Trp432, Met436, Ile439, 

yr4 42, and Ile4 4 4. 9b, 10a, and 10b have similar docking scores 

gainst AChE (Figs. S11–S13). Chloro and nitro groups afforded ad- 

itional halogen bonding with Gly117 and hydrogen bonding with 

sp72, Tyr121, and Tyr130. AChE enzymes. 

At the active hCA-I site, zinc(II) cation is liganted by His94 and 

is119 and hydroxide ion/water molecule with tetrahedral geome- 

ry. The crystal structure of CA-sulfonamide complexes shows that 

ono anion sulfonamide displaces zinc-bound hydroxide to form 

 stable enzyme-inhibitor complex and interacts with Thr199 via 

ydrogen bonds [58] . Sulfonamides have ionizable protons (NH 2 , 

K a = 7.4) at the physiological pH [59] , but our compounds have 

ot (NH, pKa ∼ 14). However, docking analysis shows that our 

eutral compounds are bonded to the zinc(II) cation via an O 

tom of the NO 2 group (Zn-O bond length is about 2.0 A) or N 

onor atom of the imidazole ring (Zn 

–N bond length is about 

.4 A). 

9b (-8.467 kcal/mol) has a better docking score than 10b 

-7.041 kcal) but not better than reference acetazolamide (- 

.257 kcal/mol) into hCA-I ( Figs. 2 , S14). They are coordinated to 

inc(II) cation with an O atom of the nitro group (Zn-O bond 

ength is about 2.0 Å). They also have pi-cation interaction with 

is200 and Hie67 and hydrophobic interaction with Val62, Phe91, 

la121, Leu131, Ala132, Ala136, Leu141, Val143, Pro202, Try204, 

rp209 of the residue of hCA-I. 

10a (-6.771 kcal/mol) and 9a (-6.489 kcal/mol) showed less 

egative docking score than 9b and 10b Figs. S15 and S16) . They 

re not coordinated to Zn(II) cation (Zn-Cl length between 3.1 and 

.4 Å). They are oriented toward the hydrophobic region to form 

ydrophobic interaction in the active site of hCA-I. 10a also formed 

 halogen bond with Thr1199 and pi-pi stacking with His200; how- 

ver, 9a made pi-pi stacking with Phe 91. 

Generally, the compounds showed a lower glide score against 

CA-II than the corresponding hCA-I and a lower binding score 

han acetazolamide (-8.605). 10a (-7.454 kcal mol) has the best 

ocking scores against hCA-II ( Fig. 3 ). 10a and 9a (Fig. S17) are

oordinated to zinc(II) cation with an N donor atom of the imida- 
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Fig. 1. The best pose of the 9a and tacrine in the active site of AChE (PDB ID: 1ACJ). 

Fig. 2. The best pose of the 9b and acetazolamide in the active site of hCA-I (PDB ID:1AZM). 
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h

ole ring (Zn 

–N bond length is about 2.2 Å). 10a also has halogen

onding interaction with Asn62 and pi-pi stacking interaction with 

is96; however, 9a has pi-pi interaction with Phe131 and hydrogen 

onding interaction with Gln92. 

10b (-4.416 kcal/mol) exhibited the lowest docking score among 

ther compounds against hCA-II (Fig. S18). 10b and 9b are co- 

rdinated to zinc(II) cation with an O atom of the nitro group 

Zn 

–O bond length is about 2.2 Å). 9b also has pi-pi interaction 

ith Phe131 and hydrogen bond interaction with Asn67 (Fig. S19). 

ll these four ligands showed slightly different inhibition activities 

xperimentally, but the meaningful differences were not observed 

hrough binding energies for them. 
5

.4. ADME Study 

In drug design, it is vital to determine the ADME properties of 

rug-like molecules. For this purpose, Qikprop module embedded 

chrödinger package was utilized. Some descriptors and ADME (ab- 

orption, distribution, metabolism, and excretion) properties of the 

ompounds are given in Table 2 . 

As can be seen, ADME calculations showed that synthesized lig- 

nds quietly obey the rule of five without any considerable viola- 

ions; that is, compounds can be predicted to follow Lipinski’s rule 

MW < 500, QPlogPo/w < 5, donor HB ≤ 5, accptHB ≤ 10) and to 

ave drug-like properties. Also, the compounds are more likely to 
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Fig. 3. The best pose of the 10a and acetazolamide in the active site of hCA-II (PDB ID:2H4N). 

Table 3 

Some descriptors and drug-likeness properties of the compounds. 

Standard 9a 10a 9b 10b 

FOSA 0.0–750.0 17.72 15.67 22.99 26.63 

FISA 7.0–330.0 62.75 52.73 173.5 146.9 

WPSA 0.0–175.0 71.23 71.23 0 0 

volume 500–2000 1258.84 1074.12 1322.61 1165.13 

QPpolrz 13.0 / 70.0 47.64 

MW 130.0/725.0 412.87 361.83 423.43 372.38 

DHB 0.0/ 6.0 1 1 1 1 

AHB 2.0 / 20.0 5 4 6 5 

QPlogP -2 / 6.0 5.57 4.79 4.51 4.05 

QPlogS -6.5 / -0.5 -7.21 -5.42 -7.23 -5.97 

QPPCaco 25 > 2516.63 3132.18 224 400.41 

QPlogKp -8.0 / -1.0 -0.41 -0.61 -2.34 -2.09 

QPlogKhsa -1.5 / 1.5 0.93 0.65 0.84 0.63 

QPlogHERG -5 < -7.57 -5.99 -8.01 -7.12 

QPlogBB -3.0 / 1.2 -0.11 0.08 -1.65 -1.21 

QPPMDCK 25 > 3306.71 4173.63 98.20 183.95 

CNS -2 / + 2 0 1 -2 -2 

RuleofFive 1 0 0 0 

RuleofThree 1 0 1 1 
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e orally available because the number of violations of Jorgensen’s 

hree rules (QPlogS > -5.7, QP PCaco > 22 nm/s, total primary 

etabolites < 7) is acceptable. In addition, Caco-2 cell permeabil- 

ty, skin permeability, IC 50 value for HERG K 

+ channels obstruction, 

rain-blood barrier partition coefficient, MDCK cell permeability, 

uman serum albumin binding, and central nervous system activ- 

ty values of the compounds are within range, which made the 

ompounds of choice for acetylcholinesterase and carbonic anhy- 

rase proteins ( Table 3 ). 

. Conclusion 

Four benzimidazole derivatives containing amide bond ( 9a–

0b ) were synthesized, and inhibition properties of the compounds 

ere investigated against AChE, hCA-I, and hCA-II. 9a–10b showed 
6

ood inhibition activity against AChE, hCA-I, and hCA-II. Molecular 

ocking analysis for the compounds showed that all compounds 

ad good binding affinity against AChE receptors. 9a showed the 

est inhibition activity against AChE. Our compounds showed less 

ctivity than cognate ligand acetazolamide for the hCA-I and hCA- 

I. Generally, all compounds exhibit lower activity against hCA-II 

han the corresponding hCA-I. The ADME (absorption, distribution, 

etabolism, and excretion) studies indicated that 9a, 9b, 10a, and 

0b have high gastrointestinal absorption, no brain-blood barrier 

BBB) permeation, and less skin permeation. In conclusion, the re- 

earch results will contribute to the development of new and ef- 

ective AChE and CA inhibitors. 
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