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S U M M A R Y  
 
 
Introduction/Aim. Despite the fact that proton pump inhibitors are widely used for the inhibition of 
gastric acid secretion, recent studies have revealed certain long-term side effects. Due to acidic 
environment in the stomach, it is challenging to design new competitive inhibitors of gastric proton pump 
with more potent inhibition of gastric acid secretion to conventional drugs. The aim of this in silico study 
was to assess the potential of designed vonoprazan derivatives to inhibit the gastric proton pump using 
molecular docking study. 
Methods. The distribution-based design of the vonoprazan derivatives was carried out by optimization of 
the distribution coefficient at physiological pH and pKa values. A molecular docking study was performed 
using the protein structure of gastric proton pump (PDB ID: 5YLU) in complex with vonoprazan in 
AutoDock Vina software.  
Results. According to the estimated values of docking scores, derivatives 11, 21, and 25 showed the highest 
binding affinity to gastric proton pump. Compounds 3, 13, 14, 16, 17, 20, 22, and 23 formed the highest 
number of significant binding interactions with the active site of proton pump. 
Conclusion. Based on the obtained binding parameters, it can be concluded that derivatives 14 and 23 
achieved the highest number of significant binding interactions (16 and 15, respectively) with concomitant 
lower values of the docking scores (-9.2 and -9.3 kcal/mol) compared to vonoprazan as a binding control. 
Based on the binding assessment criteria, these two compounds represent the molecules with the strongest 
inhibitory potential towards gastric proton pump. 
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I N T R O D U C T I O N  
 

Тhe most common acid-related gastroin-
testinal disorders include gastroesophageal reflux 
disease (GERD), non-erosive reflux disease and 
peptic ulcer (1, 2). Available therapeutic options are 
based on preventing parietal cell stimulation by 
targeting histamine H2 receptors (3) or on suppres-
sing acid secretion by the inhibition of the gastric 
proton pump (4). 

Although proton pump inhibitors (PPIs) are 
used as “gold standard” for acid suppression with a 
side effects incidence of only 1% - 3%, recent studies 
have revealed certain long-term effects such as renal 
diseases, fractures and more severe viral diseases 
including COVID-19 infection (5, 6). Conventional 
PPIs enter the parietal cell in an inactive form, 
whereby these protonated prodrugs are accumulated 
and converted to their active forms. These thiophilic  

 

 
species then form a covalent bond with CYS813 of 
gastric proton pump, thereby irreversibly inhibiting 
the enzyme (7, 8). Although PPIs belong to the 
covalent inhibitors of gastric pump, their ability to 
inhibit de novo synthesis of proton pumps is limited 
due to their instability and rapid degradation in 
canaliculus (Figure 1A). Therefore, the clinical use of 
PPIs requires repeated doses of the drug for several 
days to reach the maximal inhibitory effect. As a 
result, PPIs often lead to insufficient control of 
symptoms during the first three days of therapy and 
inadequate gastric pH control, especially in some 
clinical conditions such as control of heartburn and 
esophageal reflux symptoms at night (9, 10). 

These clinical limitations stimulate further de-
velopment of alternative agents to achieve more 
potent or at least comparable acid suppression to 
PPIs. 

 

 
 
 

Figure 1. Schematic representation of the differences in the mechanism of action between conventional proton pump 
inhibitors - PPIs (A) and K+-competitive acid blockers - P-CABs (B). 

 

B 
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Figure 2. Overall structure of vonoprazan - H+, K+-ATPase complex. (A) Vonoprazan (cyan spheres) is bound to H+,K+-
ATPase (PDB ID: 5YLU), which consists of the α and β subunits. Within the α subunit, three cytoplasmic domains (A, 

P, and N domains) and TM helices are shown. Phosphate analogue BeF, and Mg2+ ion bound to the P domain are 
indicated as an orange ribbon and purple sphere. (B) Close-up view of P-CAB-binding site (indicated dotted box in A) for 

vonoprazan (PDB ID: 5YLU). 
 
 
In contrast to PPIs, potassium-competitive 

acid blockers (P-CABs) enter the parietal cell in an 
active form (11). After protonation, these molecules 
accumulate in the canalicular membrane due to their 
weak base properties (Figure 1B). As a result, P-
CABs form non-covalent interactions with gastric 
proton pump and competitively inhibit this enzyme, 
thereby achieving fast and steady acid suppression. 
As reversible competitive inhibitors of gastric proton 
pump, these drugs are able to inhibit de novo syn-
thesis of proton pumps and achieve the full 
inhibitory effect after the first dose (1, 11). 

The acidic environment in the stomach is re-
gulated by the gastric proton pump, also known as 
H+, K+-ATPase. This P2-type ATPase catalyzes H+ 
transport from the neutral cytoplasm of the parietal 
cell into the gastric lumen, followed by ATP hydro-
lysis. In this way, a very low pH value is maintained 
in the stomach, which is essential for food digestion 
(12). Gastric proton pump consists of the catalytic α-
subunit and an auxiliary β-subunit. The α-subunit 
encompass 10 transmembrane (TM) helices in which 

the cation binding sites and three cytosolic nucle-
otide (N), phosphorylation (P) and actuator (A) 
domains are positioned (Figure 2A). In contrast, β-
subunit is a glycoprotein with a single TM segment 
consisting of a small N-terminal cytoplasmic tail and 
a large C-terminal domain, involved in folding of the 
complex and membrane integration (13). 

Currently, revaprazan (approved in South 
Korea in 2007) (14), vonoprazan (approved in Japan 
in 2015) (15, 16), and tegoprazan (approved in South 
Korea in 2018) (17) are used in clinical practice in 
Asian countries. According to their half-inhibitory 
concentration, pyrrole derivative vonoprazan exhib-
its the highest potency of H+, K+-ATPase activity 
inhibition (0.0015 µM) compared to other P-CABs 
(12). Its binding site at the gastric proton pump is 
shown in Figure 2B. 

The benefits of vonoprazan usage have been 
confirmed in GERD, in the eradication of Helicobacter 
pylori, as well as in the treatment of post-endoscopic 
submucosal dissection ulcers (18). Vonoprazan is a 
lipophilic weak base and has a pKa value of 9.1 - 9.3, 
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which is significantly higher than lansoprazole (pKa 
= 3.8), indicating the higher basicity of this com-
pound compared to conventional PPIs (19). In the 
acidic environment of the stomach, vonoprazan is 
present predominantly in its ionic form, which has 
very low cell permeability. Therefore, the drug is 
rapidly absorbed from the blood into the parietal cell 
by passive transport, it accumulates there and re-
mains in its ionic form for a long period, even after 
the nonionic form of vonoprazan has disappeared 
from the plasma (20). 

Nowadays, molecular docking approach has 
been widely used to identify small molecule inhib-
itors against various molecular targets. This in silico 
analysis provides a detailed insight into the ligand-
receptor interactions and assessment of the binding 
affinity of various hypothetic, synthetic and natural-
ly occurring molecules (21 - 23). 

Design of drugs with improved organ-specific 
distribution is an important strategy to obtain ef-
ficient agents with reduced side effects. Due to 
unique acidic environment in the stomach, it is chal-
lenging to develop new acid suppressants with im-
proved pharmacokinetic and pharmacodynamic 
properties compared with conventional drugs. Using 
a distribution-based approach, this study aimed to 
design vonoprazan pyrazole derivatives by opti-
mizing pKa and log D7.4 values. The potential of 
designed compounds to inhibit the proton gastric 
pump was then estimated using an in silico molec-
ular docking study. 

 
 
 
 
 

METHODS 
 

Hardware 
 
Molecular docking study was performed on 

the Lenovo IdeaPad 3 15ALC6 - 82KU01XGYA, 
processor 4.00 GHz, memory (RAM) 8.00 GB, 64-bit 
Operating system, Windows 11 Pro. 

 
Design of tested compounds and in silico 
prediction of physico-chemical properties 
 
Vonoprazan, a proven reversible inhibitor of 

H+,K+-ATPase, served as a designed model for all 
investigated molecules. Therefore, we conducted the 
distribution-based design of the vonoprazan pyr-
azole derivatives to modulate their favorable phys-
ico-chemical properties, by optimization of the dis-
tribution coefficient at physiological pH (log D7.4) 
and pKa values. The values of log D7.4 and pKa were 
calculated using the Marvin Sketch software (24).  

SwissADME web server (25) was employed 
for an in silico prediction of physico-chemical prop-
erties and lipophilicity parameters of designed com-
pounds. The molecules were then tested for drug-
likeness using the Lipinski’s (26), Ghose’s (27), 
Veber’s (28), Egan’s (29), and Muegge’s (30) rules. 
The prediction of passive human gastrointestinal 
absorption was estimated based on the BOILED-Egg 
model on the aforementioned web server (31). Gas-
trointestinal absorption was additionally estimated 
using the pkCSM online tool predictor (32). After the 
complete distribution-based design (Scheme 1), 
twenty-seven compounds (1 - 27) were selected for 
further binding analysis (Figure 3). 
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Figure 3. The chemical structures of the designed compounds 
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Scheme 1. Distribution-based design diagram 
 

 
 

Table 1. Target protein data 
 

Target PDB (resolution) Organism Co-crystallized ligand Subunits Selected chains 
H+,K+-ATPase 5YLU (2.80 Å) Sus scrofa vonoprazan α, β A 
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Ligand preparation 
 
All designed molecules were drawn in 

ChemDraw Ultra 7.0. Their energy optimization was 
carried out in Chem3D Ultra 7.0 (33) using the AM1 
semiempirical quantum method. Molecules were 
prepared for molecular docking analysis in 
AutoDockTools 1.5.6 (34), where Gasteiger changes 
were added and rotatable bonds were defined.  

 
Selection and preparation of receptors 
 
The protein data bank file of H+, K+-ATPase 

(PDB ID: 5YLU) (13) was taken from the Protein data 
bank (https://www.rcsb.org/) (Table 1). The gastric 
proton pump was prepared in BIOVIA Discovery 
Studio Visualizer 2021 (35), thereby docking calcu-
lations were performed on chain A of H+, K+-ATPase. 
Preparation of target protein was conducted by 
adding Kollman charges and hydrogen atoms to 
protein in AutoDockTools 1.5.6. 

 
Docking methodology 
 
AutoDock Vina software (36) with the default 

scoring function was utilized for focused semi-
flexible docking protocol, thereby protein residues 
were set conformationally rigid, while selected 
tested compounds’s bonds were defined as rotatable. 
Based on vonoprazan coordinates, the search area on 
the target protein was defined as a grid box of 30 x 
30 x 30 points. The analogy between the binding 
mode of vonoprazan and designed molecules was 
analysed to estimate their inhibitory potential to-
wards H+, K+-ATPase. Discovery Studio Visualizer 
and PyMol (37) were employed for visualization of 
the best-docked conformation’s binding mode. The 
conformation of designed compounds with the 
lowest binding energy were modeled into the active 
sites of the proton gastric pump.  

Molecular docking analysis was used to de-
termine the category, type, total number of signif-
icant non-covalent binding interactions, and docking 
scores. The ligand efficiency parameter was calcu-
lated using the equation, LE = ΔG/N, where ΔG is a 
free binding energy (docking score), whereas N is 
the number of non-hydrogen atoms. The inhibition 
constants were calculated using the following equa-
tion, ΔG = RTlnKi, where T is a temperature of 298 
K, R is a gas constant with the value 1.9872036 ∙10-3 

kcal K-1mol-1, while Ki represents the inhibition con-
stant. 

 
Validation of docking methodology 
 
The accuracy of the molecular docking pro-

tocol was confirmed by extracting and re-fitting of 
the co-crystallized ligand to the native crystal struc-
ture.  As an indicator of docking validity, the Root-
Mean-Square Deviation (RMSD) value was calcu-
lated using Discovery Studio Visualizer. 

 
RESULTS 

 
Distribution-based design 
 
The initial set of drawn compounds consists of 

40 molecules. The distribution-based design of the 
drawn compounds was conducted based on the 
calculation of log D7.4 and pKa values of previously 
2D drawn vonoprazan pyrazole derivatives. Thus, 
all designed molecules have log D7.4 values in a range 
from 1 to 3. The second structural requirement con-
cerned the presence of the ionized form of the 
molecule in a high percentage at the target site of 
action. In that sense, the calculated pKa values of our 
designed compounds ranged from 3.36 to 6.66, in-
dicating that designed molecules are weak bases. 
The percentage of ionized form of almost 99% in-
dicates that all designed molecules are in their 
ionized form in the acidic environment of the 
stomach. The ionized form of designed molecules is 
predominantly cationic, thereby the nitrogen atom of 
the secondary and tertiary amino group is proton-
ated.  

 
Physico-chemical properties, lipophilicity 
prediction, and drug-likeness analysis of 
designed compounds 
 
For drug-likeness evaluation, molecular prop-

erties and lipophilicity parameters of designed com-
pounds were used. Drug-likeness analysis showed  

 
that 27 designed compounds met the necessary 
criteria for Lipinski’s, Ghose’s, Veber’s, Egan’s, and 
Muegge’s rules. The calculated values of log D7.4 and 
pKa values along with IUPAC names and percentage 
of ionized form of selected designed compounds at 
pH = 1 are shown in Table 2. 
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Table 2. IUPAC names and distribution-related parameters of the designed compounds 
 

Design 
compound IUPAC name log D7.4 pKa Percentage of ionized 

form at pH=1 

1 
3-((3-(aziridin-1-ylmethyl)-5-(2-(trifluoromethyl)phenyl)-1H-

pyrazol-1-yl)sulfonyl)-2-fluoropyridine 
2.82  3.58 99.68% 

2 
3-((3-(aziridin-1-ylmethyl)-5-(o-tolyl)-1H-pyrazol-1-

yl)sulfonyl)-2-fluoropyridine 
2.46 3.63 99.69% 

3 
3-((3-(aziridin-1-ylmethyl)-5-(5-methylthiophen-2-yl)-1H-

pyrazol-1-yl)sulfonyl)-2-fluoropyridine 
2.37 3.50 99.64% 

4 
3-((3-(aziridin-1-ylmethyl)-5-(5-(trifluoromethyl)thiophen-2-

yl)-1H-pyrazol-1-yl)sulfonyl)-2-fluoropyridine 
2.73 3.36 99.53% 

5 
3-((3-(aziridin-1-ylmethyl)-5-(4-(cyclopropylmethoxy)-2-

fluorophenyl)-1H-pyrazol-1-yl)sulfonyl)-2-fluoropyridine 
2.71 3.53 99.66% 

6 
3-((3-(aziridin-1-ylmethyl)-5-(2-(trifluoromethyl)phenyl)-1H-

pyrazol-1-yl)sulfonyl)picolinonitrile 
2.53 3.59 99.42% 

7 
3-((3-(aziridin-1-ylmethyl)-5-(o-tolyl)-1H-pyrazol-1-

yl)sulfonyl)picolinonitrile 
2.16 3.64 99.43% 

8 
3-((3-(aziridin-1-ylmethyl)-5-(5-methylthiophen-2-yl)-1H-

pyrazol-1-yl)sulfonyl)picolinonitrile 
2.07 3.51 99.38% 

9 
3-((3-(aziridin-1-ylmethyl)-5-(5-(trifluoromethyl)thiophen-2-

yl)-1H-pyrazol-1-yl)sulfonyl)picolinonitrile 2.44 3.37 99.27% 

10 
3-((3-(aziridin-1-ylmethyl)-5-(4-(cyclopropylmethoxy)-2-
fluorophenyl)-1H-pyrazol-1-yl)sulfonyl)picolinonitrile 

2.42 3.54 99.39% 

11 
2-((2-fluoropyridin-3-yl)sulfonyl)-5-methyl-3-(2-

(trifluoromethyl)phenyl)-2,4,5,6-tetrahydropyrrolo[3,4-
c]pyrazole 

2.74 3.96 99.87% 

12 
2-((2-fluoropyridin-3-yl)sulfonyl)-5-methyl-3-(o-tolyl)-2,4,5,6-

tetrahydropyrrolo[3,4-c]pyrazole 
2.38 4.07 99.89% 

13 
2-((2-fluoropyridin-3-yl)sulfonyl)-5-methyl-3-(5-

methylthiophen-2-yl)-2,4,5,6-tetrahydropyrrolo[3,4-
c]pyrazole 

2.29 3.91 99.86% 

14 
2-((2-fluoropyridin-3-yl)sulfonyl)-5-methyl-3-(5-

(trifluoromethyl)thiophen-2-yl)-2,4,5,6-tetrahydropyrrolo[3,4-
c]pyrazole 

2.65 3.66 99.77% 

15 
3-(4-(cyclopropylmethoxy)-2-fluorophenyl)-2-((2-

fluoropyridin-3-yl)sulfonyl)-5-methyl-2,4,5,6-
tetrahydropyrrolo[3,4-c]pyrazole 

2.63 3.65 99.75% 

16 
3-((5-methyl-3-(2-(trifluoromethyl)phenyl)-5,6-

dihydropyrrolo[3,4-c]pyrazol-2(4H)-
yl)sulfonyl)picolinonitrile 

2.45 3.97 99.60% 

17 
3-((5-methyl-3-(o-tolyl)-5,6-dihydropyrrolo[3,4-c]pyrazol-

2(4H)-yl)sulfonyl)picolinonitrile 
2.09 4.08 99.62% 

18 
3-((5-methyl-3-(5-methylthiophen-2-yl)-5,6-

dihydropyrrolo[3,4-c]pyrazol-2(4H)-
yl)sulfonyl)picolinonitrile 

2.00 3.92 99.60% 

19 
3-((3-(4-(cyclopropylmethoxy)-2-fluorophenyl)-5-methyl-5,6-

dihydropyrrolo[3,4-c]pyrazol-2(4H)-
yl)sulfonyl)picolinonitrile 

2.34 3.65 99.49% 

20 
2-((2-fluoropyridin-3-yl)sulfonyl)-3-(2-

(trifluoromethyl)phenyl)-2,4,5,6-tetrahydropyrrolo[3,4-
c]pyrazole 

2.29 6.65 99.98% 

21 
2-((2-fluoropyridin-3-yl)sulfonyl)-3-(o-tolyl)-2,4,5,6-

tetrahydropyrrolo[3,4-c]pyrazole 
1.93 6.66 99.97% 

22 
2-((2-fluoropyridin-3-yl)sulfonyl)-3-(5-methylthiophen-2-yl)-

2,4,5,6-tetrahydropyrrolo[3,4-c]pyrazole 
1.84 6.63 99.98% 

23 
2-((2-fluoropyridin-3-yl)sulfonyl)-3-(5-

(trifluoromethyl)thiophen-2-yl)-2,4,5,6-tetrahydropyrrolo[3,4-
c]pyrazole 

2.20 6.62 99.99% 

24 
3-(4-(cyclopropylmethoxy)-2-fluorophenyl)-2-((2-

fluoropyridin-3-yl)sulfonyl)-2,4,5,6-tetrahydropyrrolo[3,4-
c]pyrazole 

2.18 6.64 99.98% 
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25 
3-((3-(2-(trifluoromethyl)phenyl)-5,6-dihydropyrrolo[3,4-

c]pyrazol-2(4H)-yl)sulfonyl)picolinonitrile 
2.00 6.65 99.69% 

26 
3-((3-(o-tolyl)-5,6-dihydropyrrolo[3,4-c]pyrazol-2(4H)-

yl)sulfonyl)picolinonitrile 
1.63 6.66 99.68% 

27 
3-((3-(4-(cyclopropylmethoxy)-2-fluorophenyl)-5,6-

dihydropyrrolo[3,4-c]pyrazol-2(4H)-
yl)sulfonyl)picolinonitrile 

1.89 6.64 99.69% 

 
 
 

Table 3. Predicted physico-chemical properties of designed compounds 
 

Designed 
compound 

Molecular 
weight 
 (g/mol) 

Number 
of heavy 

atoms 

Number of 
aromatic 

heavy atoms 

Number of 
rotatable 
 bonds 

Number of  
H-bond 

acceptors 

Number of  
H-bond 
donors 

Molar 
refractivity 

TPSA 
 (Å²) 

1 426.39 29 17 6 9 0 98.76 76.24 
2 372.42 26 17 5 6 0 98.73 76.24 
3 378.44 25 16 5 6 0 96.61 104.48 
4 432.42 28 16 6 9 0 96.64 104.48 
5 446.47 31 17 8 8 0 112.52 85.47 
6 433.41 30 17 6 9 0 103.52 100.03 
7 379.44 27 17 5 6 0 103.49 100.03 
8 378.44 25 16 5 6 0 96.61 104.48 
9 432.42 28 16 6 9 0 96.64 104.48 
10 453.49 32 17 8 8 0 117.28 109.26 
11 426.39 29 17 4 9 0 98.92 76.47 
12 372.42 26 17 3 6 0 98.89 76.47 
13 378.44 25 16 3 6 0 96.77 104.71 
14 432.42 28 16 4 9 0 96.8 104.71 
15 446.47 31 17 6 8 0 112.68 85.7 
16 433.41 30 17 4 9 0 103.68 100.26 
17 379.44 27 17 3 6 0 103.64 100.26 
18 385.46 26 16 3 6 0 101.52 128.5 
19 453.49 32 17 6 8 0 117.44 109.49 
20 412.36 28 17 4 9 1 94.02 85.26 
21 358.39 25 17 3 6 1 93.99 85.26 
22 364.42 24 16 3 6 1 91.86 113.5 
23 418.39 27 16 4 9 1 91.9 113.5 
24 432.44 30 17 6 8 1 107.78 94.49 
25 419.38 29 17 4 9 1 98.78 109.05 
26 365.41 26 17 3 6 1 98.74 109.05 
27 439.46 31 17 6 8 1 112.53 118.28 
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Table 4. Predicted partition coefficients of designed compounds 
 

Designed 
compound 

Log P 
 (iLOGP) 

Log P 
(XLOGP3) 

Log P  
(MLOGP) 

Log P  
(SILICOS-IT) 

1 2.74 3.02 3.26 2.92 
2 2.61 2.50 2.65 2.37 
3 2.57 2.25 2.21 3.02 
4 2.25 2.77 2.83 3.58 
5 2.79 2.95 3.17 3.14 
6 2.29 2.64 2.23 2.53 
7 2.14 2.12 1.62 1.97 
8 2.57 2.25 2.21 3.02 
9 2.25 2.77 2.83 3.58 
10 3.23 2.57 2.15 2.76 
11 3.03 2.82 3.26 2.82 
12 2.45 2.30 2.65 2.27 
13 2.48 2.05 2.21 2.92 
14 2.46 2.57 2.83 3.48 
15 3.17 2.75 3.17 3.04 
16 2.54 2.43 2.23 2.43 
17 2.30 1.91 1.62 1.88 
18 2.91 1.67 1.19 2.52 
19 3.00 2.37 2.15 2.66 
20 2.21 2.35 3.03 2.88 
21 2.19 1.83 2.41 2.34 
22 2.04 1.58 1.96 3.00 
23 1.72 2.10 2.60 3.55 
24 2.66 2.28 2.95 3.10 
25 2.14 1.97 2.01 2.49 
26 1.90 1.45 1.39 1.94 
27 2.59 1.90 1.93 2.71 

 
 
 
The physico-chemical properties of the de-

signed compounds obtained in SwissADME pre-
dictor are shown in Table 3. 

The predicted partition coefficients calculated 
by different methods are shown in Table 4.  

The values of partition coefficients show that 
tested molecules have optimal liposolubility, with all 
calculated values of log P greater than zero. 

 
Prediction of passive human gastrointestinal 
absorption  
 
The BOILED-Egg diagram (Figure 4) displays 

that all points representing the selected molecules lie 

in the white ellipse, indicating that these compounds 
have a high probability of good intestinal absorp-
tion. The blue and red dots indicate that the selected 
compounds are substrates (PGP+) or non-substrates 
(PGP-) of the P-glycoprotein.   

The predictions obtained in pkCSM online 
server shows that designed compounds have a per-
centage of gastrointestinal absorption ranging from 
91.377 to 99.351% (Table 5). 
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Figure 4. The BOILED-Egg plot of designed compounds. Yellow eclipse indicates blood brain barrier penetration, white 
eclipse represents human intestinal absorption, whereas blue and red dots indicate the probability of the tested 

compounds acting as a substrate (PGP+) or non-substrate (PGP-) of the P-glycoprotein. 
 
 

 
Table 5. Predicted percentages of intestinal absorption of designed compounds 

 

Designed 
compound 

Intestinal 
absorption  

(%) 

Designed 
compound 

Intestinal 
absorption 

(%) 
1 93.303 15 95.194 
2 96.465 16 94.054 
3 95.644 17 92.246 
4 92.767 18 92.652 
5 95.681 19 98.447 
6 95.037 20 94.098 
7 93.267 21 96.357 
8 95.644 22 94.047 
9 92.767 23 91.587 
10 99.351 24 95.404 
11 93.888 25 93.335 
12 96.147 26 91.527 
13 93.837 27 97.728 
14 91.377   
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Figure 5. RMSD of the superimposed crystallographic and re-docked conformation of vonoprazan. The  
crystallographic pose of vonoprazan is highlighted in green, while the re-docked conformation is highlighted in cyan. 

 
 
Validation of molecular docking protocol 
 
The RMSD value was calculated by over-

lapping the native binding pose of vonoprazan from 
the crystal structure and its re-docked binding 
conformation obtained by molecular docking study 
in Discovery Studio Visualizer (Figure 5). Consid-
ering that the obtained RMSD value (1.1502 Å) was 
less than 2 Å, we can assume that molecular docking 
protocol was properly performed. 

 
Binding analysis 
 
In this in silico study, 27 previously designed 

compounds were modeled into the active site of the 
H+, K+-ATPase. In the interpretation of the molecular 
docking results, we considered the significant bind-
ing interactions to be those interactions achieved by 
the co-crystallized ligand during its molecular fitting 
into the active site of the proton pump. The residues 
that form significant binding interactions with 
vonoprazan in the active site of H+, K+-ATPase are 
shown in Figure 6. 

The category, type, total number of significant 
binding non-covalent interactions, docking scores of 
the best fitted ligand’s poses, ligand efficiency, and 

inhibition constants are the main binding parameters 
of the tested compounds used to determine their 
binding analogy with the vonoprazan binding mode.  

Considering only the docking score, three 
compounds with the lowest binding energy were 
singled out. Compounds 11, 21, and 25 achieved the 
lowest binding energy of -9.7, -9.8, and -10.2 
kcal/mol, with calculated inhibition constants of 0.08, 
0.06, and 0.03 µM, respectively, during molecular 
fitting into the active site of H+, K+-ATPase (Figure 
7A-C). Otherwise, the calculated inhibition constants 
for all designed compounds were in the range from 
0.03 to 3.71 µM. For comparison, vonoprazan 
achieved a free binding energy value of -9.0 kcal/mol 
and inhibition constant of 0.249 µM. The lowest 
binding energy of ligand to protein per atom was 
observed for compounds 21 and 22 (-0.39 and -0.38 
kcal/mol, respectively). 

On the other hand, compounds 3, 13, 14, 16, 
17, 20, 22 and 23 formed the highest number of the 
significant binding interactions in the active site of 
the gastric proton pump (Table 6).  

A two-dimensional and three-dimensional 
view of the significant binding interactions achieved 
by these compounds in the active site of the gastric 
proton pump is shown in Figures 8 - 15 (A and B). 
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Figure 6. Close-up view of the vonoprazan binding site. The amino acid residues that form significant binding 
interactions with vonoprazan in the active site of H+, K+-ATPase are shown. Hydrophobic residues are highlighted in red, 

while residues forming hydrogen bonds are colored in blue. 
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∆G = -10.2 
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∆G = -9.8 
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Figure 7. The molecular docking of the compounds 11 (A), 21 (B) and 25 (C) into the active site of the gastric proton 
pump. Docking visualization is represented by mesh representation (colored yellow) of the best modeled conformation 
(colored cyan) of compound 11 (-9.7 kcal/mol), 21 (-9.8 kcal/mol), and 25 (-10.2 kcal/mol) in the binding pocket of the 

protein (colored magenta). 
 

 
A                                                                                                    B 

 

 
 

Figure 8. Designed compound 3 modeled into the active site of the gastric proton pump. (A) Two-dimensional and (B) 
three-dimensional representation of significant binding interactions formed by compound 3. π-σ interactions (purple 

dotted lines), π-sulfur interactions (orange dotted lines), hydrophobic interactions (rose pink and magenta dotted lines), 
and halogen interactions (cyan dotted lines) are shown. 

 
 

A                                                                                           B 

 

 
 
 

Figure 9. Designed compound 13 modeled into the active site of the gastric proton pump. (A) Two-dimensional and (B) 
three-dimensional representation of significant binding interactions formed by compound 13. Carbon-hydrogen bonds 

(pale green dotted lines), π-σ interactions (purple dotted lines), π-sulfur interactions (orange dotted lines), and 
hydrophobic interactions (rose pink and magenta dotted lines) are shown. 
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A                                                                                            B 

 
 
 
 

Figure 10. Designed compound 14 modeled into the active site of gastric proton pump. (A) Two-dimensional and (B) 
three-dimensional representation of significant binding interactions formed by compound 14. The conventional hydrogen 
bonds (green dotted lines), carbon-hydrogen bonds (pale green dotted lines), π-σ interactions (purple dotted lines), and 

hydrophobic interactions (rose pink and magenta dotted lines) are shown. 
 
 

A                                                                                                     B 

 
 
 

Figure 11. Designed compound 16 modeled into the active site of gastric proton pump. (A) Two-dimensional and (B) 
three-dimensional representation of significant binding interactions formed by compound 16. The carbon-hydrogen 
bonds (pale green dotted lines), π-σ interactions (purple dotted lines), and hydrophobic interactions (rose pink and 

magenta dotted lines) are shown. 
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A                                                                                                        B 

 
 

Figure 12. Designed compound 17 modeled into the active site of gastric proton pump. (A) Two-dimensional and (B) 
three-dimensional representation of significant binding interactions formed by compound 17. The carbon-hydrogen 

bonds (pale green dotted lines), π-σ interactions (purple dotted lines), π-sulfur interactions (orange dotted lines), and 
hydrophobic interactions (rose pink and magenta dotted lines) are shown. 

 
 

A                                                                                   B 

 
 
 

Figure 13. Designed compound 20 modeled into the active site of gastric proton pump. (A) Two-dimensional and (B) 
three-dimensional representation of significant binding interactions formed by compound 20. The conventional hydrogen 

bonds (green dotted lines), π-σ interactions (purple dotted lines), π-sulfur interactions (orange dotted lines), 
hydrophobic interactions (rose pink and magenta dotted lines), and halogen interactions (cyan dotted lines) are shown. 
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A                                                                                            B 

 
 
 

Figure 14. Designed compound 22 modeled into the active site of gastric proton pump. (A) Two-dimensional and (B) 
three-dimensional representation of significant binding interactions formed by compound 22. The conventional hydrogen 

bonds (green dotted lines), carbon-hydrogen bonds (pale green dotted lines), π-σ interactions (purple dotted lines), π-
sulfur interactions (orange dotted lines), and hydrophobic interactions (rose pink and magenta dotted lines) are shown. 

 
 

A                                                                                            B 

 

 
 
 
 

Figure 15. Designed compound 23 modeled into the active site of gastric proton pump. (A) Two-dimensional and (B) 
three-dimensional representation of significant binding interactions formed by compound 23. The conventional hydrogen 

bonds (green dotted lines), π-σ interactions (purple dotted lines), π-sulfur interactions (orange dotted lines), 
hydrophobic interactions (rose pink and magenta dotted lines), and halogen interactions (cyan dotted lines) are shown. 
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Table 6. The main molecular docking parameters of the designed compounds 
 

Ligand 

Significant 
binding 

interactions 
(category) 

Residues and type of interaction Number of significant  
binding interaction 

ΔGbind  
(kcal/mol) 

LE* 
(kcal/mol) 

Ki  
(µM) 

1 
Hydrophobic 
interactions 

Leu141(π-ơ); Ala335 (π-alkyl);  
Ala335 (π-alkyl); Ala339 (π-alkyl);  

Tyr799 (π-alkyl); Tyr799 (π-π stacked);  
Cys813 (alkyl); Cys813 (π-sulfur); 
Ile816 (π-alkyl); Ile816 (π-alkyl); 

10 -9.1 -0.31 0.21 

2 
Hydrophobic 
interactions 

Leu141(π-ơ); Ala335 (π-alkyl) 
Ala335 (π-alkyl); Ala339 (π-alkyl) 

Ala339 (π-alkyl); Tyr799 (π-π stacked) 
Cys813 (π-sulfur); Ile816 (π-alkyl); 

8 -8.7 -0.33 0.41 

3 
Hydrophobic 
interactions 

Leu141(π-ơ); Ala335 (π-alkyl); 
Ala335 (π-alkyl); Ala335 (halogen); 
Ala339 (π-alkyl); Ala339 (π-alkyl); 

Ala339 (alkyl); Leu796 (alkyl); 
Tyr799 (π-π stacked); Tyr799 (π-alkyl); 

Cys813 (π-sulfur); Ile816 (π-alkyl); 

12 -7.9 -0.33 1.60 

4 

Hydrophobic 
interactions 

Asn138 (halogen); Ala335 (π-ơ);  
Ala339 (halogen); Ala339 (π-alkyl); 

Ala339 (alkyl); Tyr799 (π-π T-shaped); 
Cys813 (π-alkyl); Ile816 (π-alkyl); 

Ile816 (alkyl); 
11 -8.8 -0.31 0.35 

Hydrogen 
bonds 

Asn138 (conventional) 
Ala339 (carbon-hydrogen) 

5 

Hydrophobic 
interactions 

Asn138 (halogen); Ala335 (π-alkyl); 
Ala339 (π-alkyl); Ala339 (alkyl); 

Ile816 (π-alkyl); Tyr799 (π-π T-shaped);  7 -8.2 -0.26 0.96 
Hydrogen 

bonds 
Tyr799 (conventional) 

6 

Hydrophobic 
interactions 

Ala335 (π-ơ); Ala339 (π-alkyl);  
Leu796 (alkyl); Tyr799 (π-alkyl);  

Cys813 (π-alkyl); Cys813 (π- sulfur); 
Ile816 (π-ơ); 9 -9.5 -0.30 0.11 

Hydrogen 
bonds 

Asn138 (conventional) 
Leu796 (carbon-hydrogen) 

7 

Hydrophobic 
interactions 

Leu141(π-ơ); Leu141(alkyl); 
Ala335 (π-alkyl); Ala335 (alkyl);  
Val338 (alkyl); Ala339 (π-alkyl);  

Tyr799 (π-π stacked); Tyr799 (π- sulfur);  
Cys813 (π-alkyl);  Ile816 (π-alkyl); 

10 -8.7 -0.32 0.41 

Hydrogen 
bonds 

Glu343 (carbon-hydrogen) 

8 

Hydrophobic 
interactions 

Leu141(π-ơ); Leu141(alkyl);  
Ala335 (alkyl); Ala335 (π-alkyl);  
Val338 (alkyl); Ala339 (π-alkyl);  

Leu796 (π-alkyl); Tyr799 (π-π T-shaped);  
Cys813 ((π-alkyl); Ile816 (π-alkyl);  

11 -7.4 -0.28 3.71 

Hydrogen 
bonds 

Cys813 (carbon-hydrogen) 

9 

Hydrophobic 
interactions 

Ala335 (π-ơ); Ala339 (π-alkyl);  
Ala339 (alkyl); Ala339 (halogen); 

Ala339 (halogen); Cys813 (π-alkyl);  
Ile816 (π-alkyl); Ile816 (alkyl); 9 -8.9 -0.31 0.29 

Hydrogen 
bonds 

Asn138 (conventional) 

10 
Hydrophobic 
interactions 

Ala335 (π-ơ); Ala339 (π-alkyl);  
Tyr799 (π-π T-shaped); Cys813 (π-alkyl);   

Ile816 (π-alkyl);  
6 -8.6 -0.27 0.49 
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Hydrogen 
bonds 

Asn138 (conventional) 

11 

Hydrophobic 
interactions 

Leu141 (π-ơ); Ala335 (π-alkyl); 
Ala335 (π-alkyl); Ala335 (halogen);  

Ala339 (π-alkyl); Tyr799 (π-π stacked);  
Cys813 (π-sulfur); Ile816 (π-alkyl); 

Ile816 (alkyl); 
10 -9.7 -0.33 0.08 

Hydrogen 
bonds 

Asn138 (conventional) 

12 

Hydrophobic 
interactions 

Leu141(π-ơ); Ala335 (π-alkyl);  
Ala335 (halogen); Ala339 (π-alkyl);  

Ala339 (π-alkyl); Tyr799 (π-π stacked);  
Cys813 (π-sulfur); Ile816 (π-alkyl); 9 -9.0 -0.35 0.25 

Hydrogen 
bonds Asn138 (conventional) 

13 

Hydrophobic 
interactions 

Leu141 (π-ơ); Leu141 (alkyl);  
Ala335 (π-alkyl); Ala339 (π-ơ);  

Ala339 (π-alkyl); Tyr799 (π-π stacked);  
Cys813 (π-alkyl); Cys813 (π-alkyl);  

Cys813 (π-sulfur); Ile816 (π-ơ) 13 -8.4 -0.34 0.68 

Hydrogen 
bonds 

Ala339 (carbon-hydrogen) 
Val341 (carbon-hydrogen) 
Leu796 (carbon-hydrogen)  

14 

Hydrophobic 
interactions 

Asn138 (halogen); Leu141 (π-ơ);  
Leu141 (alkyl); Ala335 (π-alkyl);  

Val338 (π-alkyl); Ala339 (π-alkyl);  
Ala339 (π-ơ); Leu796; (π-alkyl);  

Tyr799 (π-π stacked); Cys813 (π-sulfur);  
Cys813 (π-alkyl); Ile816 (π-ơ); 16 -9.2 -0.33 0.18 

Hydrogen 
bonds 

Asn138 (carbon-hydrogen) 
Ala339 (carbon-hydrogen) 
Leu796 (carbon-hydrogen) 

Cys813 (conventional) 

15 

Hydrophobic 
interactions 

Leu141 (π-ơ); Ala335 (π-alkyl); 
Ala335 (π-alkyl); Ala339 (π-alkyl); 

Ala339 (alkyl); Tyr799 (π-π stacked); 
Leu796 (alkyl); Cys813 (π-sulfur); 

Ile816 (alkyl); 
10 -8.3 -0.27 0.81 

Hydrogen 
bonds Asn138 (conventional) 

16 

Hydrophobic 
interactions 

Leu141 (π-ơ); Leu141 (alkyl);  
 Ala335 (π-alkyl); Val338 (π-alkyl);  

Ala339 (π-ơ); Ala339 (π-alkyl);  
Tyr799 (π-π stacked); Cys813 (π-alkyl);  

Cys813 (alkyl); Ile816 (π-alkyl); 13 -8.4 -0.28 0.68 

Hydrogen 
bonds 

Ala339; (carbon-hydrogen) 
Val341; (carbon-hydrogen) 
Glu343 (carbon-hydrogen) 

17 

Hydrophobic 
interactions 

Leu141 (π-ơ); Ala335 (π-alkyl);  
Val338 (π-alkyl); Ala339 (π-ơ);  

Ala339 (π-alkyl); Tyr799 (π-π stacked);  
Cys813 (π-sulfur); Ile816 (π-ơ); 

12 -9.5 -0.35 0.11 

Hydrogen 
bonds 

Val341 (carbon-hydrogen) 
Glu343 (carbon-hydrogen) 
Ala339 (carbon-hydrogen) 
Leu796 (carbon-hydrogen) 

18 
Hydrophobic 
interactions 

Leu141 (π-ơ); Leu141 (alkyl);  
Ala335 (π-alkyl); Ala335 (alkyl);  

Val338 (alkyl); Ala339 (π-ơ);    
Leu796 (π-alkyl); Tyr799 (π-π T-shaped); 

Cys813 (π-alkyl); Ile816 (π-alkyl); 

10 -8.5 -0.33 0.58 

19 
Hydrophobic 
interactions 

Tyr799 (π-alkyl); 
Cys813 (alkyl); 

2 -7.7 -0.24 2.24 
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20 

Hydrophobic 
interactions 

Leu141 (π-ơ); Ala335 (π-alkyl);  
Ala335 (π-alkyl); Ala335 (halogen);  

Ala339 (π-alkyl); Tyr799 (π-π stacked);  
Leu811 (halogen); Cys813 (π-sulfur); 

Cys813 (alkyl); Ile816 (π-alkyl); 
Ile816 (alkyl);   

12 -9.5 -0.34 0.11 

Hydrogen 
bonds 

Asn138 (conventional); 

21 

Hydrophobic 
interactions 

Leu141 (π-ơ); Ala335 (π-alkyl);  
Val338 (π-alkyl); Ala339 (π-ơ);  

Ala339 (π-alkyl); Tyr799 (π-π stacked);  
Cys813 (π-sulfur); Cys813 (π-alkyl);  

Ile816 (π-ơ); 
10 -9.8 -0.39 0.06 

Hydrogen 
bonds 

Leu796 (carbon-hydrogen); 

22 

Hydrophobic 
interactions 

Leu141 (π-ơ); Leu141 (alkyl); 
Ala335 (π-alkyl); Val338 (π-alkyl);  

Ala339 (π-ơ); Ala339 (π-alkyl);  
Tyr799 (π-π stacked); Cys813 (π-sulfur);  

Cys813 (π-alkyl); Ile816 (π-ơ); 
12 -9.0 -0.38 0.25 

Hydrogen 
bonds 

Glu343 (conventional);  
Leu796 (carbon-hydrogen); 

23 

Hydrophobic 
interactions 

Leu141 (π-alkyl); Ala335 (π-ơ); 
Ala339 (halogen); Ala339 (halogen); 

Ala339 (π-alkyl); Ala339 (alkyl); 
Glu343 (halogen); Glu343 (halogen); 

Tyr799 (π-π T-shaped); Tyr799  
(π-π T-shaped); Cys813 (π-sulfur);  

Cys813 (π-alkyl); Ile816 ((π-ơ);  
Ile816 (alkyl); 

15 -9.3 -0.34 0.15 

Hydrogen 
bonds 

Asn138 (conventional);  

24 

Hydrophobic 
interactions 

Asn138 (halogen); Leu141 (alkyl);  
Ala335 (π- alkyl); Ala339 (π-alkyl);  

Ala339 (alkyl); Tyr799 (π-π T-shaped);  
Ile816 (alkyl); 9 -8.3 -0.28 0.81 

Hydrogen 
bonds 

Tyr799 (conventional); 
Leu811 (conventional); 

25 

Hydrophobic 
interactions 

Leu141 (π-alkyl); Ala335 (π-ơ); 
Ala339 (π-alkyl); Ala339 (alkyl); 

Tyr799 (π-π T-shaped); Tyr799 (π-alkyl);  
Cys813 (π-ơ); Ile816 (π-ơ);  9 -10.2 -0.35 0.03 

Hydrogen 
bonds 

Asn138 (conventional); 

26 
Hydrophobic 
interactions 

Leu141 (π-ơ); Ala335 (π-alkyl); 
Val338 (π-alkyl); Ala339 (π-ơ);  

Tyr799 (π-π stacked); Cys813 (π-sulfur);  
Cys813 (π-alkyl); Ile816 (π-alkyl); 

8 -9.0 -0.34 0.25 

27 

Hydrophobic 
Interactions 

Asn138 (halogen); Leu141 (alkyl);  
Val331 (π-alkyl); Ala335 (π-alkyl);  
Ala339 (π-alkyl); Ala339 (alkyl);  

Tyr799 (π-π T-shaped); Ile816 (alkyl); 10 -8.1 -0.26 1.14 

Hydrogen 
bonds 

Asn138 (conventional);  
Tyr799 (conventional);  
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Figure 16. Mutual binding orientation of vonoprazan (colored green) and the best-docked conformations of compounds 
14 (colored blue) and 23 (colored yellow) in the active site of the gastric proton pump. 

 
 

 
Considering all binding parameters data, it 

can be concluded that derivatives 14 and 23 formed 
the highest number of significant binding interac-
tions with simultaneously low values of the achieved 
docking scores. The binding orientation of these two 
compounds with respect to binding mode of 
vonoprazan in the active site of gastric proton pump 
is shown in Figure 16. 

 
DISCUSSION 
 
The aim of this in silico study was to design 

vonoprazan derivatives using a specific distribution-
based approach to obtain molecules with optimized 
physico-chemical properties that can accumulate in 
the acidic environment of the stomach. The initial set 
of drawn compounds consisted of 40 molecules, of 
which 27 compounds were selected for further mo-
lecular docking analysis based on the applied drug-
likeness filter. Binding potential of the selected 
vonoprazan derivatives was assessed using molecu-
lar docking study to identify the derivatives with the 
highest binding affinity to the gastric proton pump. 
The crystal structure of the gastric proton pump with 
PDB code 5YLU was selected for molecular docking 
analysis. Binding mode analogy was determined by 
comparing the molecular docking of vonoprazan 
and investigated compounds into the structure of 
targeted ATPase. Within the binding analysis, cat-

egory, type, total number of significant binding non-
covalent interactions, docking score, ligand effi-
ciency parameter, and inhibition constants were 
determined. 

In the present in silico study we performed the 
optimization of psysico-chemical properties (pKa 
and logD7.4) to obtain new molecules with improved 
absorption and increased distribution in the 
stomach. As a model, we used the structure of the 
lipophilic base vonoprazan with a pKa of 9.1 - 9.3 
and a logD7.4 of 0.4 in blood (19, 38). The calculated 
pKa values of our tested compounds ranged from 
3.66 to 6.66, indicating that our compounds are 
weaker bases than vonoprazan. Based on the 
predicted percentage of the ionized form of molecule 
at pH = 1 (approximately 99%), we can conclude that 
these compounds are predominantly present in their 
ionic state in the stomach, so they are ion-trapped in 
this acidic environment. Moreover, the investigated 
molecules exhibited a logD7.4 values in the range 
from 1.84 to 2.82, which is optimal for gastroin-
testinal absorption (39). In addition, the absorption 
data obtained using the BOILED-Egg and pkCSM 
predictive model indicated that designed com-
pounds have a very high degree of gastrointestinal 
absorption. 

The values of the obtained docking scores 
revealed that 9 compounds, derivatives 1, 6, 11, 14, 
17, 20, 21, 23, and 25 had lower binding energies 
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compared to vonoprazan, while derivatives 12, 22, 
and 26 had the same binding score as vonoprazan (-
9.0 kcal/mol). Compounds 11, 21 and 25 were 
characterized by the lowest achieved binding energy 
of -9.7, -9.8 and -10.2 kcal/mol, respectively. The 
lower value of the estimated free binding energy and 
the inhibition constant indicate a stronger interaction 
between tested compound and the proton gastric 
pump. In comparison, similar in silico study per-
formed by Muh'd and co-workers showed that the 
investigated quinazolinone derivatives achieved 
comparable docking scores ranging from -9.3 to -
7.2 kcal/mol (40). Noor and associates performed a 
molecular docking evaluation of benzimidazole-
pyrazole hybrids in AutoDock Vina, thereby the in-
vestigated compounds showed similar values of 
docking scores (-9.8 to -9.0 kcal/mol) as designed 
compounds (-10.2 to -7.4 kcal/mol) (41). On the other 
hand, Wang and co-workers designed the molecule 
SH-337, using very similar distribution-based ap-
proach as in our study. Molecule SH-337 had a 
logD7.4 value of 1.3 and a pKa of 9.0 and demon-
strated the significantly lower value of docking score 
(-11.53 kcal/mol) compared to the tested compounds 
(20).  

The calculated inhibition constants of tested 
compounds were in the range from 0.03 to 3.71 µM. 
Namely, derivatives 11, 21, and 25 had the lowest 
micromolar values of inhibition constant during mo-
lecular docking into the active sites of the gastric 
proton pump (0.08, 0.06, and 0.03 µM, respectively), 
which were significantly lower than inhibition 
constant of vonoprazan (0.249 µM).  

Since molecular masses and number of heavy 
atoms of tested compounds were in the range from 
358.39 to 453.49 g/mol and 24 to 31 atoms, the ligand 
efficiency parameter was chosen as a more precise 
criterion for ranking the obtained docking scores. 
Taking into the count the actual potency of a com-
pound with respect to the molecular size, ligand 
efficiency introduced by Andrews (42) can be a use-
ful parameter in the leading compound selection 
(43). It is obvious that molecules that achieved the 
given potency with less heavy atoms are more 
efficient and have lower ligand efficiency values. 
Based on the calculated ligand efficiency values, the 
tested compounds were divided into two groups. 
The first group consisted of derivatives 2, 3, 11, 12, 
13, 14, 17, 18, 20, 21, 22, 23, 25, and 26. The ligand 
efficiency values calculated for these derivatives 
were between -0.39 and -0,33 kcal/mol/atom, indi-

cating that these derivatives should have higher 
inhibitory potential towards gastric proton pump 
than the derivatives in the second group (1, 4, 5, 6, 7, 
8, 9, 10, 15, 16, 19, 24, and 27) whose ligand efficiency 
values ranged from -0.33 to -0.26 kcal/mol/atom. The 
lowest ligand efficiency value was calculated for 
compounds 21 and 22 (-0.39 and -0.38 kcal/mol/ 
atom), which is comparable to the ligand efficiency 
value calculated for vonoprazan (24 heavy atoms, LE 
= 0.375). The main reason for the higher ligand 
efficiency values of our tested compounds compared 
with vonoprazan (except for derivatives 21 and 22) 
was their slightly different binding orientation in the 
active site of the gastric proton pump compared with 
vonoprazan. 

During molecular docking of the co-crystal-
lized ligand vonoprazan, a polar non-covalent inter-
action is formed between the nitrogen atom in its 
side chain (hydrogen bond donor) and the residue 
ALA339. In addition, pyridine and phenyl moiety of 
vonoprazan form multiple hydrophobic contacts 
with residues ASN138, LEU141, ALA335, VAL338, 
VAL341, GLU343, LEU796, TYR799, LEU811, 
CYS813, and ILE816 (12). In the present study, we 
defined significant binding interactions as those con-
tacts formed by vonoprazan during its molecular 
docking into the active site of the proton pump. 

If we consider the significant binding interac-
tions of our tested compounds, we can highlight 
derivatives 3, 13, 14, 16, 17, 20, 22 and 23, as those 
forming the highest number of the significant 
binding interactions in the active site of the gastric 
proton pump. The interaction of tested compounds 
with gastric proton pump is characterized by the 
formation of multiple π-alkyl interactions with 
residues ALA335, ALA339 and ILE816, with the 
thiophene and pyridine rings usually involved in the 
formation of these hydrophobic interactions. It has 
been also noted that tested compounds with their 
pyridine, thiophene, phenyl, and fused nitrogen 
heterocyclic rings form different types of interactions 
with residue CYS813 (π-sulfur and π-alkyl). The 
thiophene core of compound 3 (Figure 8), the phenyl 
moiety of compound 20 (Figure 13), and the pyridine 
ring of derivative 13, 14, 17, and 20 establish a hy-
drophobic π-π interaction with residue TYR799 
(Figures 9, 10, 12, and 13), whereas pyridine core and 
fused nitrogen heterocycle of compound 23 form a 
double π-π contact with the aforementioned amino 
acid. As for the halogen interactions, the trifluoro-
methyl group of compound 23 establishes even four 
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interactions with residues ALA339 and GLU343 
(Figure 15). The formation of weak carbon-hydrogen 
bonds also contributes significantly to the affinity of 
the tested compounds for the gastric proton pump. 
Derivatives 13, 14, and 16 each formed three inter-
actions of this type with residues ASN138, GLU344, 
ALA339, VAL341, and LEU796 (Figures 9-11), while 
derivative 17 formed four interactions with the 
aforementioned residues (Figure 12). The formation 
of strong conventional hydrogen bonds is observed 
during molecular docking of derivative 14 (CF3 
group acts as a hydrogen bond acceptor in inter-
action with CYS813) (Figure 10), 20 (pyrazole core 
acts as a hydrogen bond acceptor in interaction with 
ASN138) (Figure 13), 22 (tertiary nitrogen atom of 
compound’s heterocycle acts as a hydrogen bond 
donor in interaction with GLU343) (Figure 14), 23 
(pyridine ring acts as a hydrogen bond acceptor in 
interaction with ASN138) (Figure 15) and 25 (pyr-
idine ring acts as a hydrogen bond acceptor in 
interaction with ASN138) (Figure 7C) into the active 
site of gastric proton pump. It is obvious that the 
presence of hydrogen-bonded ASN138 has a great 
importance for the binding affinity of the tested 
compounds towards the H+, K+-ATPase, resulting in 
the low value of the docking score, as in the case of 
derivatives 11 (-9.7 kcal/mol), 20 (-9.5 kcal/mol), 23 (-
9.3 kcal/mol), and 25 (-10.2 kcal/mol). On the other 
hand, it can be observed that the presence of a 
trifluoromethyl group on benzene nucleus (deriv-
atives 11 and 25) and especially on the thiophene 
ring (derivatives 14, 20, and 23) leads to lower free 
binding energy values of -9.7, -10.2, -9.2, -9.5 and -9.3 
kcal/mol, respectively. This obtained in silico result 
can be explained by the formation of additional 
interactions between this group of tested compound 
and various amino acid residues, in particular deri-
vative 11 with ILE816 (alkyl) and CYS813 (alkyl) 
(Figure 7A), derivative 14 with ASN138 (C-H 
hydrogen bond and halogen interaction) (Figure 10), 
derivative 20 with LEU811 (halogen interaction) 
(Figure 13), derivative 23 with GLU343 (halogen 
interaction), ALA339 (halogen and alkyl interaction), 
and ILE816 (alkyl interaction) (Figure 15), as well as 
derivative 25 with TYR799 (π-alkyl) and ALA339 
(alkyl interaction) (Figure 7C). High values of 
docking scores of derivatives 17 (-9.5 kcal/mol) and 
21 (-9.8 kcal/mol) can be explained by the formation 
of additional binding interactions originating from 
the o-tolyl group of the tested compound’s side 
chain. Namely, this aromatic ring docked to the 

active site of the gastric proton pump and con-
tributed significantly to the stabilization of the 
ligand-protein complex by forming the additional 
interactions with LEU141 (π-σ), ALA335 (π-alkyl), 
VAL338 (π-alkyl), and CYS813 (π-sulfur) (Figures 7B 
and 12). In the aforementioned study of Wang and 
co-workers (20), the pyrrole derivative SH-337 
demonstrated very similar binding orientation com-
pared to our tested compounds. Namely, nitrogen 
atom of the aliphatic amine formed two donor 
hydrogen bonds with carbonyl oxygen atoms of 
residues GLU795 and GLU343. 

Of all tested compounds, derivative 25 
showed the lowest value of the docking score (-10.2 
kcal/mol). This finding can be clarified by the for-
mation of a grid of hydrophobic interactions be-
tween pyridine, phenyl and fused heterocycle of 
tested compounds and various amino acid residues. 
Additional stabilization of ligand-protein complex is 
achieved by the formation of hydrophobic and 
halogen interactions with the trifluoromethyl group, 
whereas pyridine ring forms strong polar interaction 
(hydrogen bond acceptor) with ASN138 residue 
(hydrogen bond donor).  

The main limitation of conducted in silico 
study represents the lack of target protein flexibility. 
This type of semi-flexible docking protocol provides 
flexibility of ligand, while the protein residues 
remain conformationally rigid. Most current docking 
tools allow limited or no flexibility of the target 
protein, primarily because of calculation complexity 
that increases the time required for binding analysis. 

 
CONCLUSION 
 
According to the docking scores obtained in 

AutoDock Vina, derivatives 11, 21, and 25 showed 
the highest binding affinity to H+, K+-ATPase. 
However, compounds 3, 13, 14, 16, 17, 20, 22, and 23 
formed the highest number of significant binding 
interactions with the amino acid residues of the 
gastric proton pump active site. Considering these 
two parameters simultaneously with ligand effi-
ciency data and calculated inhibition constants, it 
can be concluded that derivatives 14 and 23 achieved 
the highest number of significant binding interac-
tions (16 and 15, respectively) with concomitant 
lower values the docking scores (-9.2 and -9.3 
kcal/mol) compared with vonoprazan as a binding 
control. Thus, based on the binding assessment 
criteria, these two compounds are molecules with 
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the strongest inhibitory potential against H+, K+-
ATPase. In a line with that, derivatives 14 and 23 can 
be highlighted as the best in silico hits for the gastric 
proton pump inhibition and represent the most 
promising candidates for further in vitro and in vivo 
investigation of their potential in the reduction of 
gastric acid secretion. 
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S A Ž E T A K  

 
 
Uvod. Uprkos činjenici da se inhibitori protonske pumpe uveliko koriste za inhibiciju lučenja želudačne 
kiseline, u nedavnim studijama otkriveni su određeni dugoročni neželjeni efekti. Zbog kisele sredine u 
želucu, veliki je izazov dizajnirati nove kompetitivne inhibitore protonske pumpe sa snažnijom inhibicijom 
lučenja želudačne kiseline nego kod konvencionalnih lekova.  
Cilj rada. Cilj ove in silico studije bio je da proceni potencijal odabranih derivata vonoprazana za inhibiciju 
protonske pumpe primenom studije molekularnog dokinga.  
Metode. Dizajn pirazolskih derivata vonoprazana zasnovan na distribuciji sproveden je optimizacijom 
distributivnog koeficijenta na fiziološkoj pH vrednosti i pKa vrednosti. Studija molekularnog dokinga 
sprovedena je korišćenjem proteinske strukture protonske pumpe (PDB ID: 5YLU) u kompleksu sa 
vonoprazanom, u softveru AutoDock Vina. 
Rezultati. Prema procenjenim vrednostima doking skora, derivati 11, 21 i 25 pokazali su najveći afinitet 
prema protonskoj pumpi. Jedinjenja 3, 13, 14, 16, 17, 20, 22 i 23 formirala su najveći broj značajnih vezujućih 
interakcija sa aktivnim mestom protonske pumpe.  
Zaključak. Na osnovu dobijenih parametara vezivanja, može se zaključiti da su derivati 14 i 23 postigli 
najveći broj značajnih vezujućih interakcija (16, odnosno 15), uz istovremeno ostvarene niže vrednosti 
doking skora (-9,2 i -9,3 kcal/mol), u poređenju sa vonoprazanom kao kontrolom vezivanja. Na osnovu 
kriterijuma za procenu vezivanja, ova dva jedinjenja predstavljaju molekule sa najsnažnijim inhibitornim 
potencijalom prema protonskoj pumpi. 
 
Ključne reči: inhibitori protonske pumpe, dizajn zasnovan na distribuciji, derivati vonoprazana, pirazol, 
molekularni doking    
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