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Abstract 
Background and objectives: This in-silico study focused on Lactobacillus reuteri, an important human gut 
probiotic to investigate the impact of proton pump inhibitors (PPIs) on gut microbiome. Understanding the 
molecular mechanisms by which PPIs interact with L.  Reuteri is essential for developing approaches to reduce 
or prevent their adverse effects on human health. By identifying target proteins and subjecting to molecular 
docking simulations the study aims to find potential drug targets. 
Methods: We identified essential target proteins across five L. reuteri genomes using a computational and 
subtractive genomic approach. The identified proteins were subsequently examined for structural quality using 
various bioinformatics tools. Utilizing Molegro Virtual Docker, the binding affinities of four proton pump 
inhibitor (PPI) drugs were assessed against the high-quality 3D structural proteins.  
Results: The results revealed pantoprazole (CID_4679) to exhibit the strongest binding affinity across multiple 
targets, including UDP-N-acetyl muramate dehydrogenase (MurB) (MolDock score: -145.096) and Ammonia-
dependent NAD (+) Synthetase (NadE) (MolDock score: -143.701), suggesting potential disruptions in cell wall 
biosynthesis and energy metabolism. Similarly, rabeprazole (CID_5029) showed significant interaction with 
peptide deformylase (PDF) (MolDock score: -141.136), indicating interference with protein maturation 
processes.  
Interpretation and conclusion: These findings suggested that PPI drugs may adversely affect L. reuteri by 
disrupting critical pathways such as cell wall biosynthesis and nucleotide metabolism, which could have 
profound implications for gut health. Given the crucial role of L. reuteriin maintaining gut homeostasis, these 
inhibitory effects could lead to gut dysbiosis, resulting in microbial imbalances that negatively impact human 
health. This study highlighted the need for attention in the systemic use of PPI drugs, as they may collaterally 
disrupt the gut microbiome structure including beneficial bacteria. Further experimental validation and 
microbial studies are essential to fully understand the long-term implications of PPI-induced dysbiosis. 
Keywords: Lactobacillus reuteri, proton-pump inhibitors, subtractive genomic, essential protein targets, 
molecular docking, gut microbiome. 
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Introduction 

The human gut microbiota is a complex and 
dynamic community of microorganisms that play 
crucial roles in maintaining host health, including 
digestion, immunity, and metabolic processes [1–
3]. Among the diverse microbial species inhabiting 
the gut, Lactobacillus species are dominant as they 
survive the gastric pH by various pH homeostasis 
mechanisms such as the expelling of excess protons 

to maintain the optimal internal pH through proton 
pump, production of proteins to protect the vital 
cellular components, neutralization of acidic pH 
environment via Glutamate Decarboxylase System, 
alteration of cell membrane structure through the 
production of fatty acids, and secretion of 
exopolysaccharides  [4,5].Several members of this 
genera (e.g., L. acidophilus, L. rhamnosus, L. casei, 
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L. plantarum, L. reuteri, L. fermentum, L. 
salivarius, L. brevis, L. gasseri, L. paracasei, etc.) 
have been reported fortheir probiotic properties and 
beneficial effects on gastrointestinal health 
[6,7].Interest in the probiotic Lactobacillus has 
increased because of its potential to prevent and 
treat a range of gastrointestinal symptoms and 
illnesses in both adults and children. They produce 
adhesin proteins that bind with mucus and adhere 
to the intestinal epithelium, changing the gut 
microbiota [8].  

In addition to producing antimicrobial compounds, 
Lactobacillus strengthens the intestinal barrier by 
stimulating the secretion of mucin [9] and 
encouraging the activity of regulatory T-cells [10]. 
Multiple studies have reported positive impacts of 
probiotic Lactobacillus on gastrointestinal health 
including amelioration of Helicobacter pylori 
induced gut infections, antibiotic-associated 
diarrhea, inflammatory bowel syndrome (IBS), 
inflammatory bowel disease (IBD), colorectal 
cancer, etc. [11,12].The administration of certain 
medications, particularly proton pump inhibitors 
(PPIs), may impact the abundance and function of 
key probiotic species such as L. reuteri and related 
microbiome metabolism, altering the overall gut 
microbiota diversity and structure [13,14]. 

Proton pump inhibitors (PPIs) are widely 
recommended for the treatment of acid-associated 
disorders such as gastroesophageal reflux disease 
(GERD) and peptic ulcers [15]. By inhibiting the 
H+/K+ ATPase enzyme system of the gastric 
parietal cells, PPIs effectively reduce stomach acid 
production [16,17]. Despite their therapeutic 
efficacy, prolonged use of PPIs has been associated 
with negative alterations in the gut microbiota, 
including a reduction in microbial diversity and an 
increased risk of enteric infections and other 
adverse health outcomes [18,19]. 

Several literatures have been reported on molecular 
docking studies between various drug compounds 
with drug target proteins of pathogens [20–23]; 
however, specific data on the interactions between 
PPIs and Lactobacillus species through docking 
simulations remain scarce. 

In this study, we focused on L. reuteri as a model 
representation of the Lactobacillus genus to 
investigate the impact of PPIs on gut bacteria 
through an in-silico approach. Understanding the 
molecular mechanisms underlying the interaction 
between PPIs and L. reuteri through computational 
approach is essential for developing strategies to 
mitigate the adverse effects of these drugs on the 
gut microbiome. Our study involved the subtractive 
genomic approach for the identification of 
conserved essential, non-human homologous 
proteins that can serve as potential drug target 
candidates from the core-proteome of six L. reuteri 

strains. These target proteins with high tertiary 
(3D) structures were then subjected to molecular 
docking simulations to assess their interaction with 
selected PPI molecules, providing insights into the 
potential inhibitory effects of these drugs on L. 
reuteri. 

Materials and Methods 

Retrieval of Lactobacillus reuteri whole 
genome: The complete genomes of five 
Lactobacillus reuteri strains that were reported 
earlier as a species of human gut microbiota were 
retrieved from the PATRIC database [24] and 
NCBI database [25] (Supplementary Table 1). 

Prediction of Core-proteome and removal of 
Redundant Proteins: The core-proteome (conserved 
proteins) of each six genomes of L. reuteri were 
analyzed using reciprocal best BLAST hits of all 
CDS in EDGAR (Efficient Database Framework 
for comparative Genome Analyses and Retrieval) 
v2.0 tool [26]. In core-proteome analysis, the L. 
reuteri JCM 1112 (AP007281) genome was used as 
a reference strain for L. reuteri strains. 

The core-proteome sequences of L. reuteri were 
used for the removal of paralogs or redundant 
sequences using the CH-HIT suite with a sequence 
identity cut-off value of 0.7 (70%) [27]. This suite 
compares and clusters the proteins that meet the 
sequence identity cut-off and spawns one 
representative sequence of each cluster with a list 
of clusters. 

Identification of Essential Proteins, Subcellular 
Localization, and Human Non‐Homologous 
Proteins: The non-redundant core-proteome 
sequences were used as a query for the 
identification of essential proteins against the 
subject database of DEG (Database of Essential 
Genes) of GEPTOP 2.0 with an essentiality score 
cut-off of 0.24 [28]. The GEPTOP tool identifies 
prokaryotic organisms’ essential genes by 
comparing the orthology and phylogeny of query 
proteins against the datasets defined in DEG. 

The essential non-redundant protein sequences 
were analyzed for subcellular localization to 
identify the proteins that are localized in 
cytoplasmic regions using PSORTb 3.0 
(www.psort.org/psortb/) [29], and CELLO 
(subCELlularLOcalization predictor) v.2.5 [30]. 
These tools useda method based on support vector 
machines (SVMs) to predict protein subcellular 
localization as membrane (MEM), cytoplasmic 
(CYT), secreted (SEC), and potentially surface-
exposed (PSE). 

The essential non-redundant-cytoplasmic protein 
sequences were subjected to BLASTp (protein-
protein BLAST) against the non-redundant protein 
sequences (nr) database of Homo sapiens 
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(taxid:9606) using an estimated expected threshold 
value of 0.0005, word size of 6 and the 
BLOSUM62 matrix [31]. The protein sequences 
with no hit against the proteome of the Homo 
sapiens host were selected for further analysis, 
while the protein sequences that showed significant 
similarity to the Homo sapiens were discarded.  

Three-Dimension (3D) Structural Modelling and 
Targets Prioritization: The Essential Non-Homo 
sapiens Homologous Cytoplasmic Protein 
(ENHHCP) sequences were investigated for 
potential drug targets. These NHHCPs play 
important roles in the bacterial survival processes. 
These protein sequences were analyzed for 3D 
structures using the MHOLline 2.0 server [32]. 

This web tool comprises an integration of various 
tools such as HMMTOP tool for identification of 
the transmembrane helices and proteins topology, 
BLAST tool for template structure search against 
the PDB (Protein Data Bank), BATS (Blast 
Automatic Targeting for Structures) tool for 
refinements of template search and generate the 
BLAST output into three different groups such as 
G0, G1, G2, and G3, in which G2 signify E ≤ 10 × 
10−5, identity ≥ 25%, and length variation index 
(LVI) ≤ 0.7, MODELLER tool perform the 
comparative homology modeling for G2 group 
proteins and predict the 3D structures, and the 
PROCHECK tool evaluate the stereochemical 
quality of 3D protein model. Furthermore, 
MHOLline offers information on the 3D model 
such as structural quality, enzymatic function, and 
Ramachandra plot. The protein sequences listed 
under the G2 group were used for the generation of 
3D models using AlphaFold2 [33]. The generated 
3D model by MHOLline was cross-checked with 
the model defined by AlphaFold v.2.0. The best 
models were refined using the Galaxy Refine tool 
(https://galaxy.seoklab.org). The refined models 
were analyzed using SAVES v.6.1 [34]. The high-
quality 3D models defined by the SAVES tool were 
selected for the molecular docking simulation. 
Additionally, the molecular weights of selected 
potential targets were determined using ProtParam-
ExPASy [31]. 

Ligands and Molecular Docking Simulation 
Analysis: From the PubChem database [35], the 
3D structures of PPIs, including the widely used 
Lansoprazole (CID_3883), Pantoprazole 
(CID_4679), Rabeprazole (CID_5029), and 
Omeprazole (CID_4594) were retrieved and used 
as in-house ligand library. 

Using Molegro Virtual Docker (MVD) v. 6.0, the 
high-quality 3D structures of chosen target proteins 
were prepared to prevent structural defects such as 
missing atoms, incorrect bonds, and protonation 
states [36].  

The target protein was subjected to MVD cavity 
detection, and proteins with high druggable cavities 
higher than 15 A3 volume were selected and put 
through virtual screening. This analysis utilized the 
default parameters of the MolDock Optimizer 
search method, which is based on a differential 
evolutionary algorithm and uses (a) population size 
= 50; (b) scaling factor = 0.5; and (c) crossover rate 
= 0.9. PyMOL v2.4.1 [37] and Discovery Studio 
Visualizer 2020 [38] were used to assess the 3D 
poses and 2D illustration of docked molecules. 

Results 

Identification of Essential Proteins, Subcellular 
Localization, and Human Non-Homologous 
Proteins from Core-genomes of L. reuteri: The 
L. reuteri core-genome analysis generated 1339 
CDS (Coding DNA Sequences). These protein 
sequences, which were regarded as conserved 
proteins (core-proteome) of L. reuteri genomes, 
were extracted from the EDGAR platform. With a 
tolerance level of 70%, CD-HIT suit's filtration of 
redundant proteins from the core-proteome of L. 
reuteri revealed 1325 non-redundant protein 
sequences. Essential Proteins were identified from 
the non-redundant core-proteomes of L. reuteri by 
the GEPTOP server resulting in a total of 296 
essential proteins.  

The subcellular localization of each essential 
protein set of L. reuteri revealed 231 proteins in 
cytoplasmic regions. The Essential Non-
Homologous Human Cytoplasmic Proteins 
(ENHHCPs) identified in the essential cytoplasmic 
regions of L. Reuteri were 87 proteins (Fig. 1). 
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Figure 1:Upset Plot Comparing the Overlap of ENHHCPs, Cytoplasmic, Essential, Non-redundant, and 

Core CDS Protein Sets of L. reuteri genomes. 
 
3D Structural Modeling and Targets 
Prioritization: The 3D structural Modeling of 
ENHHCPs by MHOLline 2.0 tool predicted the 
output files into G0, G1, G3, and G4 groups, where 
only the G2 group was considered for further 
investigation. The G2 group was further divided 
into seven subgroups, ranging from extremely high 
to very low structural quality.  

The ENHHCPs of L. reuteri generated 86 3D 
structural proteins in the G2 model. Out of these, 
12 3D models of proteins (4 very high, 6 high, 2 
good) including peptidedeformylase (PDF), 
F0F1ATPsynthasesubunit_epsilon(AtpD),diaminop
imelateepimerase(DapF), DNA polymerase III 
subunit beta (DnaN), UTP--glucose-1-
phosphateuridylyltransferase (GalU), glutamine--
fructose-6-phosphatetransaminase (GlmS), UDP-
N-acetylglucosamine1-carboxyvinyltransferase 
(MurA), UDP-N-acetyl muramate dehydrogenase 
(MurB), UDP-N-acetylmuramoyl-L-alanyl-D-
glutamate--2,6-diaminopimelateligase 
(MurE),glutamateracemase(MurI), ammonia-
dependent NAD(+)synthetase (NadE), and UMP 
kinase(PyrH) were chosen from this group and 

compared to the 3D structural qualities generated 
by AlphaFold v. 2.0. A molecular weight threshold 
of less than 50 kDa was used in this investigation to 
choose the top prospective protein target choices. 
Among these 3D protein structures, the best five 
3D structural qualities described by ERRAT, 
VERIFY, and ProSA were considered for 
molecular docking simulation analysis (Table 1). 

The ERRAT scores for the proteins varied from 
86.99% to 98.22%, indicating a high level of 
overall 3D structural quality. The VERIFY scores 
ranged from 70.83% to 89.6%, with most proteins 
predicted values above 80%, suggesting good 
structural reliability.  

The residues favored region percentage for all 
models was above 94%, with the highest being 
97.5% for the NadE protein, indicating that many 
residues were in favorable conformations. The 
ProSA Z-scores for the proteins were all within the 
expected range for native conformations, with 
values ranging from -6.4 to -10.65, further 
supporting the quality and correctness of the 
predicted structures (Table 1& Fig. 2). 
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Table 1:3D structure model validation after refinement 
Sl. 
No. 

Protein ERRAT VERIFY Ramachandra 
Favored Region (%) 

ProSA 
(Z-Core) 

Molecular 
weight (kDa) 

1. Peptide deformylase (PDF) 92.09 80.65 94.4 -6.4 20.89 
2. UDP-N-acetylglucosamine 

enolpyruvyl transferase 
(MurA) 

92.52 80.24 95.5 -10.65 46.26 

3. UDP-N-acetylmuramate 
dehydrogenase (MurB) 

96.89 89.60 94.9 -9.51 32.40 

4. NAD+ synthase (NadE) 86.99 89.60 97.5 -8.01 31.02 
5. UMP kinase  (PyrH) 98.22 70.83 96.6 -8.26 25.83 
 

 
Figure 2: Validation of Refined 3D Models for Five Essential Lactobacillus reuteri Proteins Using SAVES 
v6.0 and ProSA. (A-C) PDF Model: Ramachandran plot and Z-score from PROCHECK and ProSA-web, 
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respectively, showing model quality and comparison with experimental structures. (D-F) MurA Model: 
Validation through Ramachandran plot and Z-score, indicating alignment with experimental data. (G-I) 

MurB Model: Structural validation and Z-score analysis confirming model reliability. (J-L) NadE Model: 
Ramachandran plot and Z-score demonstrating structural accuracy. (M-N) PyrH Model: Validation 

through Ramachandran plot and Z-score, showing consistency with experimental structures. 
 
Molecular Docking Simulation Analysis 

In the molecular docking analysis using Molegro 
Virtual Docking, several protein-ligand interactions 
were assessed.  

The MolDock Score, Rerank Score, and hydrogen 
bond (HBond) interactions of four ligands (PPIs) 
(CID_5029, CID_4679, CID_4594, CID_3883) 

with five target proteins (PDF, MurA, MurB, 
NadE, PyrH) were evaluated (Table 2).The 
MolDock Score, Rerank Score, and hydrogen bond 
(HBond) energy were used to assess the strength of 
these interactions, with lower MolDock and Rerank 
Scores representing better binding affinity, while 
lower HBond energy indicates stronger hydrogen 
bond interactions. 

 
Table 2: Molecular Docking Simulation Analysis result of selected ENHHCPs with proton-pump 

inhibitor drugs 
Protein Position (x, y, z) Ligand (PubChem ID) MolDock Score Rerank Score HBond 
PDF -2.48, -2.15, -

7.26 
CID_5029 -141.136 -105.77 -4.48816 
CID_4679 -122.933 -87.704 -2.31004 
CID_4594 -129.323 -44.08 -4.99427 
CID_3883 -112.222 -81.829 -3.99934 

MurA 4.75, 0.51, 5.79 CID_5029 -133.745 -110.347 -7.8999 
CID_4679 -132.894 -112.675 -5.71085 
CID_4594 -130.944 -108.849 -4.63736 
CID_3883 -135.743 -110.754 -7.83092 

MurB -0.63, -5.72, 
3.62 

CID_5029 -137.148 -107.854 -6.43505 
CID_4679 -145.096 -120.326 -5.93515 
CID_4594 -141.271 -119.332 -3.15097 
CID_3883 -137.583 -67.603 -4.57467 

NadE -3.94, 0.17, -
9.83 

CID_5029 -140.86 -112.395 -6.80156 
CID_4679 -143.701 -114.138 -5.00502 
CID_4594 -130.647 -108.681 -3.21513 
CID_3883 -140.033 -57.390 -0.77838 

PyrH 4.91, 2.83, -9.88 CID_5029 -122.554 -98.960 -4.03957 
CID_4679 -133.034 -104.964 -7.63713 
CID_4594 -112.892 -85.539 -4.05307 
CID_3883 -117.968 -95.910 -6.20711 

 
Molecular docking simulation of PDF of L. reuteri and PPIs 
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Figure 3. The molecular docking analysis of CID_5029 with Def (PDF).(A) 3D surface representation of 

the interactions between PDF (grey) and CID_5029 (blue) with hydrogen bonding sites (red). (B) A 
2Danalysis of the PDF residues with CID_5029 that were involved in the conventional H-bond 

interactions (green), carbon-hydrogen interaction (light green), and alkyl and pi-alkyl interactions (pink). 
 
An interaction study between the protein PDF and 
lansoprazole (CID_3883), pantoprazole 
(CID_4679), rabeprazole (CID_5029), and 
omeprazole (CID_4594) was carried out using 
molecular docking simulation. Among these 
interactions, rabeprazole (CID_5029) revealed the 
highest binding affinity with a MolDock score of -
141.136, Rerank score of -105.770, and HBond 
energy of -4.48816. 

This interaction was found stable with three 
conventional H-bond interactions between the 
ligand CID 5029 viz., Arg56,Gly112, and Leu114 
residues of the active site with an H-bond energy of 
-4.48816 (Fig. 3).This indicates a strong interaction 
between the ligand and PDF, with favorable 
hydrogen bonding. The omeprazole (CID_4594) 
followed closely with a MolDock score of -129.323 

but had a much higher Rerank score of -44.08, 
indicating the presence of significant non-covalent 
interactions other than hydrogen bonding (HBond 
energy of -4.99427). Pantoprazole (CID_4679)has 
moderate binding affinity showing a MolDock 
score of -122.933 and the lowest HBond energy of 
-2.31004. Lansoprazole (CID_3883) exhibited the 
weakest interaction with PDF, with a MolDock 
score of -112.222 and a low HBond energy of -
3.99934, suggesting less effective binding and 
fewer stabilizing interactions compared to other 
ligands.The results suggested that rabeprazole 
might be a promising candidate for targeting PDF, 
owing to its favorable binding affinity and HBond 
energy (Table 2). 

Molecular docking simulation of MurA of L. 
reuteri and PPIs 

 



 
 

International Journal of Current Pharmaceutical Review and Research     e-ISSN: 0976-822X, p-ISSN: 2961-6042 

Talukdar et al.              International Journal of Current Pharmaceutical Review and Research 

1024  

 
Figure 4. The molecular docking analysis of CID_3883 with DMurA (A) 3D surface representation of the 

interactions between MurA (grey) and CID_3883 (cyan) with hydrogen bonding sites (red). (B) A 2D 
depiction of the MurA residues with CID_3883 that were involved in the interactions. 

 
When exploring the interaction between the 
MurAprotein of L. reuteri and PPIs, namely 
lansoprazole (CID_3883), pantoprazole 
(CID_4679), rabeprazole (CID_5029), and 
omeprazole (CID_4594)through molecular docking 
studies, it was observed that all these drugs hada 
high binding affinity to the protein with low 
MolDock scores.  

However, Lansoprazole demonstrated the strongest 
interaction with the MurA protein as indicated by a 
MolDock score of -135.743. This significant 
interaction was characterized by the formation of 
three conventional hydrogen bonds with the 
residues, viz., Arg95, Arg124, and Pro125 of the 

MurAprotein(Fig. 4). The H-bond energy 
associated with these interactions was calculated to 
be -7.83092, underscoring the robust nature of the 
binding between Lansoprazole and the MurA 
protein (Table 2). Rabeprazole also exhibited 
strong binding, with a MolDock score of -133.745 
and an HBond energy of -7.8999, indicating the 
formation of strong hydrogen bonds.The remaining 
PPIs, pantoprazole and omeprazole, showed 
slightly lower MolDock scores but still revealed 
substantial binding interactions, suggesting that all 
four ligands have the potential to inhibit MurA. 

Molecular docking simulation of MurB of L. 
reuteri and PPIs 
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Figure 5: The molecular docking analysis of CID_4679 with MurB. (A) 3D surface representation of the 
interactions between MurB (grey) and CID_4679 (light green) with hydrogen bonding sites (red). (B) A 

2Drepresentation of the MurB residues involved in the interactions with CID_4679. 
 
The interaction study of another L.reuteri protein 
MurB (UDP-N-acetylmuramate dehydrogenase) 
revealed its strongest affinity (MolDock score of -
145.096, and H Bond energy of -5.93515) with 
pantoprazole (CID_4679).The interaction involved 
four conventional H-bonds with the residues, viz., 
Val59, Gly61, Ala63 and Arg292 (Fig. 5). Two 
residues including Leu57, and Leu60 were 
involved in carbon-hydrogen bonding (Fig. 5B). 
This high binding affinity suggested that 
pantoprazole could form stable complexes with 
MurB, making it a strong inhibitor 

candidate.CID_5029 and CID_4594 also exhibited 
strong binding with MolDock scores of -137.148 
and -141.271, respectively, indicating their 
potential as effective inhibitors of MurB. 
Interestingly, lansoprazole showed a considerably 
weaker Rerank score (-67.603) compared to other 
ligands despite its moderate MolDock score (-
137.583), which might reflect less stable binding 
interactions(Table 2). 
 
Molecular docking simulation of NadE of L. 
reuteri and PPIs 

 

 
Figure 6: The molecular docking analysis of CID_4679 with NadE. (A) 3D surface representation of the 

interactions between NadE (grey) and CID_4679 (blue) with hydrogen bonding sites (red). (B) A 
2Dillustration of the NadE residues involved in the interactions with CID_4679. 

The ligand, pantoprazole (CID_4679) demonstrated 
significant binding affinity towards the NadE 
(NAD+ synthase) protein. Molecular docking 
simulations revealed that pantoprazole generated 
one conventional H-bond with the Thr173 
residueofNadEprotein (Fig. 6). The H-bonding 
interactions contribute substantially to the stability 
and specificity of the ligand-protein complex. The 
H-bond energy for these interactions was calculated 
to be -5.00502 kcal/mol indicating a strong and 
favorable binding interaction between CID_4679 
and the NadE protein. The MolDock score for the 
interaction between CID_4679 and the NadE 
protein was found to be -143.701. This score was 
found to be indicative of strong interaction, 

suggesting that CID_4679 has a high binding 
affinity for the NadE protein (Table 2). Similarly, 
rabeprazole (CID_5029)exhibited strong binding 
with NadE, with a MolDock score of -140.860 and 
H Bond energy of -6.80156, suggesting its potential 
to inhibit this target protein.  

Lansoprazole(CID_3883), however, exhibited the 
weakest overall interaction, with a MolDock score 
of -140.033 but a significantly lower Re rank score 
(-57.390) and minimal HBond energy (-0.77838), 
suggesting that its binding is less stable and might 
not be as effective. 

Molecular docking simulation of PyrH of L. 
reuteri and PPIs 
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Figure 7: The molecular docking analysis of CID_4679 with PyrH. (A) 3D surface representation of the 

interactions between PyrH (grey) and CID_4679 (light green) with hydrogen bonding sites (red). (B) A 2D 
depiction of the PyrHresidues involved in the interactions with CID_4679. 

 
The interaction between pantoprazole (CID_4679) 
andPyrH (UMP kinase) was evaluated using 
molecular docking simulations. The 
MolDockscore, which indicates the binding 
strength and stability of the ligand-protein 
complex, was calculated to be -133.034 and an H 
Bond energy of -7.63713 (Table 2). This score 
suggested a strong stable interaction that may 
disrupt the function of the PyrH protein. The 
residues involved in conventional H-bonds were 
Gly54, Gly55, Trp58, Gly60, Asp74, Thr135, 
Gly136, and Ser137, which affirmed the stability 
and specificity of this interaction (Fig. 7). 
Rabeprazole (CID_5029), and omeprazole 
(CID_4594) showed moderate binding affinities, 
with MolDock scores of -122.554 and -112.892, 
respectively, though their hydrogen bonding 
interactions were relatively weaker.  

Lansoprazole (CID_3883) exhibited an 
intermediate binding profile with a MolDock score 
of -117.968, but its relatively high Rerank score of 
-95.910 suggests a slightly less stable complex. 

Discussion 

Our study provides new insights into the 
interactions between proton pump inhibitors (PPIs) 
and key proteins in Lactobacillus reuteri, a crucial 
probiotic species with significant roles in 
modulating the immune system [39], synthesizing 
essential metabolites, and antimicrobial 
compounds, particularly in maintaining a balanced 
gut microbiome [40].Through molecular docking 
simulations, we identified significant interactions 
between PPIs (lansoprazole, pantoprazole, 
rabeprazole, and omeprazole) and several essential 
proteins (PDF, MurA, MurB, NadE, and PyrH) of 
L. reuteri. These proteins are involved in vital 
processes such as bacterial protein maturation, cell 

wall synthesis, and metabolism making them 
important targets to evaluate the impact of PPI 
drugs. These interactions suggest that PPIs could 
adversely affect the survival and functionality of L. 
reuteri, potentially contributing to gut dysbiosis and 
associated health risks. Further, the analysis 
provided key insights into the potential of these 
PPIs as therapeutic agents targeting this bacterium, 
which could have significant implications in the 
modulation of gut microbiota or probiotic therapy. 

The PPIs showed differential binding affinities 
across the five proteins, as reflected by their 
MolDock scores, Rerank scores, and H Bond 
energies. Pantoprazole (CID_4679) consistently 
exhibited the strongest binding affinity across 
multiple targets, particularly MurB, NadE, and 
PyrH. This suggested that pantoprazole could 
potentially interfere with these proteins’ functions 
in L. reuteri, disrupting critical pathways such as 
cell wall biosynthesis and nucleotide metabolism. 

Peptide deformylase (PDF) is essential for L. 
reuteri's survival and adaptation in the acidic gut 
environment by removing formyl groups from 
newly synthesized proteins, ensuring they function 
correctly [41]. This process helps the bacteria 
maintain cellular integrity, respond to stress, 
compete with other microorganisms, and 
effectively colonize the gut [42,43]. Our molecular 
docking results revealed that Rabeprazole exhibited 
the strongest interaction with PDF, suggesting a 
potential disruption in bacterial protein synthesis 
and post-translational modification in L. reuteri. 
The stable interaction, characterized by three 
conventional hydrogen bonds with residues Leu14, 
Arg56, and Gly112, underscored rabeprazole's 
inhibitory potential. 
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MurA (UDP-N-acetylglucosamine enolpyruvyl 
transferase) and MurB (UDP-N-acetylmuramate 
dehydrogenase) are enzymes involved in the early 
stages of bacterial cell wall biosynthesis, critical for 
bacterial growth and survival. MurA catalyzes the 
first committed step in peptidoglycan biosynthesis 
by transferring an enolpyruvyl group from 
phosphoenolpyruvate to UDP-N-
acetylglucosamine. MurB then reduces the product 
of the MurA reaction to form UDP-N-
acetylmuramate [44]. 

Previous research on numerous bacterial pathogens 
identified these enzymes as possible antibacterial 
drug targets due to their critical roles in bacterial 
growth and survival. It has been suggested that 
inhibiting MurA and MurB together could improve 
antibacterial efficacy and reduce resistance [21,45–
47].Our docking studies revealed that lansoprazole 
and pantoprazole had a strong binding affinity to 
MurA and MurB indicating the potential to inhibit 
peptidoglycan synthesis, which could impair the 
bacterium’s ability to maintain cell wall integrity.  

This finding suggested that PPI-targeting drugs 
might have antibacterial properties against L. 
reuteri, potentially altering its population in the gut 
microbiome. NadE (NAD+ synthase) is crucial for 
NAD+ biosynthesis, an essential cofactor in 
numerous metabolic processes, including 
glycolysis, the TCA cycle, and oxidative 
phosphorylation. Disruption of NAD+ synthesis 
can hinder bacterial energy metabolism and overall 
cellular functions [48]. Targeting NadE in 
Mycobacteria by a gene knockdown approach, 
showed strong bactericidal effects due to enzyme 
degradation [49,50]. Pantoprazole also showed 
significant binding affinity towards NadE, with a 
MolDock score of -143.701 and three hydrogen 
bonds with residues Asp52, Ser53, and Thr173, 
indicating its potential to disrupt bacterial 
metabolic pathway, potentially affecting the energy 
production and overall survival of L. reuteri. This 
could lead to an altered metabolic state within the 
bacterium, reducing its viability or affecting its 
probiotic capabilities. 

PyrH (UMP kinase) is involved in pyrimidine 
biosynthesis, catalyzing the phosphorylation of 
UMP to UDP, a key step in the synthesis of 
nucleotides required for DNA and RNA synthesis 
[51]. PyrH, a key enzyme in bacteria, is a 
promising target for antibacterial discovery [52]. 
Disrupting this protein could impair the L. reuteri’s 
ability to replicate and repair DNA, resulting in the 
deprivation of bacterial growth [53]. This finding 
suggested that Pantoprazole could interfere with 
nucleotide biosynthesis, further compromising 
bacterial survival. 

Supporting our findings, several studies reported 
that gut dysbiosis, associated with PPI use, could 

result in infectious and inflammatory adverse 
events [54–57]. Furthermore, a longitudinal 
observational cohort study has shown that the use 
of PPIs is linked to an increased risk of death, 
underscoring the potential long-term risks and 
negative health outcomes associated with 
prolonged PPI use [58,59]. 

The strong binding affinities observed in this study 
suggest that Pantoprazole could significantly 
disrupt the survival and function of L. reuteri. 
These findings raise concerns about the long-term 
use of PPIs and their impact on beneficial gut 
bacteria. Our research aligns with previous studies 
indicating that PPI use is associated with reduced 
presence of beneficial gut bacteria and lower 
microbial diversity in the gastrointestinal tract. This 
imbalance, characterized by an increased 
colonization of oral and upper GI tract microbes, 
highlights the potential adverse effects of PPIs on 
the gut microbiota. 

Conclusion 

In conclusion, our study underscores the necessity 
for careful consideration of PPI use and its impact 
on the gut microbiome. The strong interactions 
between PPIs and essential proteins in L. reuteri 
suggested that these drugs could significantly 
disrupt the survival and function of beneficial gut 
bacteria. This highlights the need for developing 
strategies to mitigate the adverse effects of PPIs on 
the microbiome, potentially through the use of 
probiotic-based interventions or personalized 
medicine approaches to preserve gut health in 
patients undergoing PPI therapy. The current 
findings indicate promising binding interactions, 
however, further experimental validation, such as 
in vitro and in vivo studies, is necessary to confirm 
the inhibitory effects of these PPI drugs on L. 
reuteri.  
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