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ABSTRACT

Background: β-lactamase-mediated degradation of β-lactam antibiotics is a major 
contributor to antimicrobial resistance. Amoxicillin, a widely used β-lactam antibi-
otic, is particularly susceptible to hydrolysis by Temoniera-1 (TEM-1) β-lactamase. 
Clavulanic acid, a mechanism-based β-lactamase inhibitor, is co-administered to 
restore antibiotic efficacy. However, conventional molecular docking approaches 
typically evaluate ligands independently and do not account for the influence of 
prior inhibitor binding on subsequent ligand accommodation.

Methods: A sequential molecular docking approach was used to investigate ligand-
order effects within the active site of TEM-1 β-lactamase (PDB ID: 1BTL). Clavulanic 
acid was first docked into the enzyme active site using AutoDock Vina, and the 
top-ranked pose was retained as a rigid component of the receptor. Amoxicillin was 
subsequently docked into the inhibitor-occupied complex using identical grid param-
eters. Protein–ligand interactions were analyzed using Protein-Ligand Interaction 
Profiler (PLIP)-based distance-dependent interaction profiling.

Results: Clavulanic acid exhibited a binding affinity of −5.878 kcal/mol in the pri-
mary docking step. Amoxicillin showed a binding affinity of −7.588 kcal/mol in 
single-ligand docking, which shifted to −13.033 kcal/mol under sequential docking 
conditions. Interaction analysis revealed hydrogen bonding and non-covalent con-
tacts with key catalytic residues, including Ser70, Glu166, Ala237, and Gly236. These 
interactions suggest altered ligand accommodation within a constrained active-site 
environment following inhibitor placement.

Conclusion: The findings indicate that sequential docking can generate structural 
hypotheses regarding ligand accommodation under constrained active-site condi-
tions. However, this approach represents a simplified computational model and does 
not reflect true cooperative binding. Further validation using molecular dynamics 
simulations and experimental studies is required to substantiate these observations.

Keywords: β-lactamase, amoxicillin, AutoDock Vina, clavulanic acid, sequential dock-
ing, TEM-1

INTRODUCTION

β-lactam antibiotics represent one of the most extensively used classes of 
antimicrobial agents due to their broad spectrum of activity and favorable 
safety profile.1 Amoxicillin, a semi-synthetic aminopenicillin, is commonly pre-
scribed for respiratory, urinary, and gastrointestinal infections.2 However, the 
widespread and often indiscriminate use of β-lactam antibiotics has acceler-
ated the emergence of bacterial resistance, significantly limiting their clinical 
effectiveness.3

One of the predominant mechanisms of resistance to β-lactam antibiotics is 
the production of the β-lactamase enzyme, which hydrolyzes the β-lactam ring 
and renders the antibiotic inactive.4 Among these enzymes, TEM- 1 β-lactamase 
is one of the most prevalent and clinically significant resistance determinants, 
particularly in gram-negative bacteria such as Escherichia coli and Klebsiella 
pneumoniae.5 The catalytic activity of TEM- 1 β-lactamase is primarily medi-
ated by conserved active-site residues, including Ser70 and Glu166, which play 
essential roles in acylation and deacylation during antibiotic hydrolysis.6
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What is already known on 
this topic?

•	 Temoniera-1 (TEM-1) 
β-lactamase is a major con-
tributor to resistance against 
β-lactam antibiotics.

•	 Amoxicillin–clavulanic acid is 
widely used, but resistance 
mechanisms remain a concern.

•	 Molecular docking is an estab-
lished tool to study drug–target 
interactions.

What does this study add on 
this topic?

•	 This study provides a com-
bined docking approach to 
analyze amoxicillin–clavulanic 
acid interaction with TEM-1 
β-lactamase.

•	 Key molecular interactions and 
pathway associations relevant 
to resistance modulation were 
identified.

•	 These findings suggest that 
sequential docking can gen-
erate structural hypotheses 
regarding ligand accommoda-
tion under constrained active-
site conditions, rather than 
representing true cooperative 
binding that may support future 
antibacterial drug optimization.
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To overcome β-lactam-mediated resistance, β-lactamase 
inhibitors such as clavulanic acid have been developed and 
are co-administered with β-lactam antibiotics.7 Clavulanic 
acid is a mechanism-based (suicide) inhibitor that irrevers-
ibly inactivates serine β-lactamases by forming a stable 
acyl–enzyme complex, thereby protecting the co-adminis-
tered antibiotic from enzymatic degradation.8 The amoxi-
cillin–clavulanate combination has been widely adopted 
in clinical practice and remains effective against many 
β-lactamase-producing bacterial strains.9

Despite extensive clinical use, the molecular basis of the 
cooperative interaction between amoxicillin and clavu-
lanic acid at the β-lactamase active site is not fully under-
stood. Conventional molecular docking studies typically 
evaluate ligands independently and do not account for the 
influence of prior inhibitor binding on subsequent ligand 
accommodation.10 In this context, sequential molecular 
docking offers a more biologically relevant strategy by 
explicitly modeling ligand-order effects within the enzyme 
active site.11

In parallel network pharmacology, it has emerged as a 
powerful approach to identify biologically relevant drug–
target interactions by integrating chemical, genomic, and 
pharmacological data.12 Target prediction platforms such 
as SwissTarget prediction enable systematic identifica-
tion of potential protein targets, facilitating rational target 
selection for structure-based studies.13

β-lactam antibiotics remain a cornerstone in the treat-
ment of bacterial infections; however, their efficacy is sig-
nificantly compromised by the widespread production 
of β-lactamase enzymes such as TEM-1 β-lactamase. The 
combination of amoxicillin with clavulanic acid, a well-
established β-lactamase inhibitor, has been widely used 
to overcome this resistance mechanism. Although the 
interaction between amoxicillin–clavulanate and TEM-1 
β-lactamase has been extensively characterized through 
experimental and computational studies, further explora-
tion of ligand-binding dynamics may provide additional 
structural insights.

This present study integrated a network pharmacology-
based target selection approach with a sequential molecu-
lar docking strategy to investigate the binding behavior 
of amoxicillin in the presence of clavulanic acid against 
TEM- 1 β-lactamase (PDB ID: 1BTL). Unlike conventional 
docking methods, the sequential docking protocol used 
here simulates an inhibitor-first binding scenario, followed 
by antibiotic docking, to evaluate how prior occupancy of 
the active site may influence ligand-binding affinity and 
interaction patterns.

While this approach does not replicate full dynamic bio-
logical conditions, it provides a simplified structural frame-
work to examine the potential alterations in the binding 
environment induced by inhibitor pre-binding. Thus, this 
study aims to offer complementary insights into the 

molecular basis of the clinically established amoxicillin–
clavulanic acid combination.

MATERIAL AND METHODS

Network Pharmacology and Target Selection
Potential protein targets for amoxicillin and clavulanic acid 
were predicted using the SwissTargetPrediction database. 
From an initial set of approximately 100 predicted tar-
gets for each ligand, proteins associated with β-lactamase 
activity and antimicrobial activity were prioritized. TEM-1 
β-lactamase was selected as a key convergence target 
based on biological relevance, availability of high-resolu-
tion structural data, and its established role in amoxicillin 
resistance. Figure 1 illustrates the workflow of the network 
pharmacology-based analysis performed in this study. 
Potential protein targets were predicted using Swiss Target 
Prediction, and β-lactamase-associated proteins were pri-
oritized. TEM-1 β-lactamase (PDB ID: 1BTL) was selected 
as a convergence target for subsequent structure-based 
analysis and is depicted in Figure 1.

Protein Preparation
The crystal structure of TEM-1 β-lactamase (PDB ID: 1BTL) 
was retrieved from the Protein Data Bank. All water mol-
ecules and nonessential heteroatoms were removed. 
Polar hydrogens were added, and Gasteiger charges were 
assigned. The prepared protein structure was saved in 
Protein Data Bank + Partial Charge (Q) + Atom Type (T) 
(PDBQT) format using AutoDock tools.

Ligand Preparation
Amoxicillin and clavulanic acid were prepared from the 
Simplified Molecular Input Line Entry System (SMILES) 
representations using RDKit. Hydrogen atoms were added, 
three-dimensional conformations were generated, and 
energy minimization was performed. Ligands were con-
verted to PDBQT format using MGLTools.

Docking Protocol
Docking simulations were performed using AutoDock 
Vina v1.2.5. The grid box was centered on the active site 
based on the co-crystallized ligand coordinates (X = 5.695, 
Y = 2.259, Z = 32.278 Å) with dimensions of 22 × 22 × 22 Å. 
Exhaustiveness was set to 16, and 9 binding modes were 
generated per docking run. Molecular docking param-
eters used in AutoDock Vina software are mentioned in 
Table 1.

Sequential Docking Strategy
In the primary docking step, clavulanic acid was docked 
into TEM-1 β-lactamase, and the top-ranked pose was 
selected. The ligand was then treated as a rigid com-
ponent of the receptor by removing flexibility records 
(ROOT, BRANCH, TORSDOF). In the secondary docking 
step, amoxicillin was docked into the clavulanate-occu-
pied enzyme using identical grid parameters to ensure 
reproducibility.
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Interaction Analysis
Protein–ligand interactions were analyzed using RDKit-
based distance-based interaction analysis using PLIP with 
a 4.0 Å cutoff.

Ethics Statement
This study was entirely computational and based on in silico 
molecular docking and network pharmacology analyses 
using publicly available databases and software tools. No 
human participants, clinical samples, or experimental animals 
were involved. Therefore, ethical approval was not required.

RESULTS

Docking Energies
Clavulanic acid exhibited a binding affinity of −5.878 kcal/
mol in the primary docking step. Sequential docking of 
amoxicillin into the clavulanate-occupied enzyme resulted 

in a significantly apparent increase in docking score 
under constrained active-site conditions of −13.033 kcal/
mol. Binding affinities of ligands obtained from single and 
sequential molecular docking are mentioned in Table 2.

Single vs Sequential Docking of Amoxicillin
Amoxicillin docked alone into the TEM-1 β-lactamase 
showed a binding affinity of −7.588 kcal/mol. Sequential 
docking apparent increase in docking score under con-
strained active-site conditions by 6.774 kcal/mol, indicating 
an apparent increase in docking score under constrained 
active-site conditions and a binding effect mediated by 
prior inhibitor binding.

Protein–Ligand Interaction Analysis
Key interacting residues for sequentially docked amoxi-
cillin included Ser70, Ala237, Gly236, Arg244, and Met69. 
These residues are integral to catalytic activity, substrate 

Figure 1  Workflow of target identification and pharmacological rationale for selecting TEM-1 β-lactamase.

Table 1. Docking parameters used for sequential molecular 
docking of TEM-1 β-lactamase with clavulanic acid and 
amoxicillin. 

Parameter Value
Docking software AutoDock Vina v1.2.5
Grid box size 22 × 22 × 22 Å
Grid center (X, Y, Z) 5.695, 2.259, 32.278
Exhaustiveness 16
Number of poses 9

Table 2. Binding Affinities of Clavulanic Acid and Amoxicillin 
Obtained from Single and Sequential Molecular Docking 
Analyses 

Ligand Docking Mode 
Binding Affinity 

(kcal/mol)
Clavulanic acid Single docking −5.878
Amoxicillin Single docking −7.588
Amoxicillin Sequential docking −13.033
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positioning, and stabilization within the β-lactamase active 
site. Two-dimensional interaction map of sequentially 
docked amoxicillin within the clavulanate-occupied active 
site of TEM-1 β-lactamase (PDB ID: 1BTL). The site-directed 
docking interaction profile (Figure 2) revealed that amoxi-
cillin primarily interacted with Ser70 and Glu166, indicat-
ing its initial recognition within the active site. Following 
sequential docking, a more stabilized interaction network 
was observed (Figure 3), suggesting improved binding of 
amoxicillin after clavulanic acid occupancy.

Interaction Residue Analysis
Key interacting residues between TEM-1 β-lactamase and 
amoxicillin under sequential docking conditions are men-
tioned in Table 3.

Amino acid composition profile of TEM-1 β-lactamase 
(Chain A). The heatmap illustrates the relative abundance 
of amino acids, highlighting residues relevant to cata-
lytic activity, substrate binding, and structural stability, as 
shown in Figure 4.

DISCUSSION

The present study provides a structural interpretation of 
the synergistic action of amoxicillin and clavulanic acid 
against TEM-1 β-lactamase using a sequential molecular 
docking framework. Previous structural and biochemi-
cal investigations have established that inhibitor binding 

can induce subtle but functionally relevant conformational 
changes within β-lactamase active sites, influencing sub-
sequent ligand recognition and stabilization.14 Sequential 
docking explicitly captures this phenomenon by modeling 
ligand-order effects rather than treating ligand binding as 
independent events.

The observed enhancement in amoxicillin binding affin-
ity under sequential docking conditions is consistent 
with earlier computational studies demonstrating that 
pre-bound inhibitors can restrict active-site flexibility and 
promote more favorable binding geometries for second-
ary ligands.15 In the context of TEM-1 β-lactamase, inhibi-
tor-induced pre-organization of the catalytic pocket has 
been suggested to alter hydrogen-bond networks and 
electrostatic complementarity, thereby improving ligand 
accommodation.16

Residue-level interaction analysis revealed that sequen-
tially docked amoxicillin interacts closely with catalyti-
cally essential residues, including Ser70 and Glu166, as 
well as oxyanion hole residues such as Ala237 and Gly236. 
Structural studies have shown that these residues play a 
central role in stabilizing β-lactam intermediates and tran-
sition states during catalysis.17 Enhanced engagement of 
these residues under sequential docking conditions sup-
ports the biological plausibility of the predicted bind-
ing mode.

Figure 2  2D interaction map of amoxicillin with TEM-1 β-lactamase obtained from site-directed docking. The interaction map shows hydrogen 
bonds (green dashed lines), hydrophobic interactions (red arcs), and other non-covalent interactions.
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Experimental kinetic studies have demonstrated that cla-
vulanic acid forms a long-lived acyl–enzyme complex with 
TEM-1-type β-lactamases, resulting in functional inactiva-
tion of the enzyme.18 Although covalent bond formation 
was not explicitly modeled in the present docking study, 
the proximity and orientation of clavulanic acid within the 
active site are consistent with previously reported crystal-
lographic and mechanistic data.19 This supports the validity 
of treating clavulanic acid as a pre-bound component in 
the sequential docking workflow.

From a pharmacological perspective, the enhanced bind-
ing of amoxicillin observed in this study aligns with experi-
mental evidence showing restored antibacterial activity 
in the presence of clavulanic acid against β-lactamase-
producing strains.20 Computational modeling studies have 
increasingly emphasized the importance of incorporating 
multi-ligand and combination scenarios to better reflect 
clinical treatment strategies.21 The present findings sug-
gest that sequential docking can generate structural 

hypotheses regarding ligand accommodation under con-
strained active-site conditions.

Despite these insights, certain limitations should be 
acknowledged. The sequential docking strategy represents 
a simplified computational approximation and does not 
fully account for protein flexibility, solvent effects, or time-
dependent conformational changes that influence ligand 
binding.22 Additionally, treating clavulanic acid as a rigid 
component of the receptor may introduce structural bias 
by constraining the active-site geometry, thereby affecting 
docking outcomes. Consequently, the observed increase in 
amoxicillin binding affinity should be interpreted as a struc-
tural indication of altered binding conditions rather than 
definitive evidence of true cooperative binding.

The interaction maps (Figures 2 and 3) further indicate 
differences in residue-level interactions between site-
directed and sequential docking approaches, suggesting 
that inhibitor pre-binding may modulate the binding envi-
ronment of TEM-1 β-lactamase. However, these findings 
do not fully capture the dynamic nature of protein–ligand 
interactions.

Future studies should incorporate molecular dynamics 
simulations and experimental validation to confirm the sta-
bility and biological relevance of the observed interactions 
and to better characterize cooperative binding mecha-
nisms. Integration of such approaches would provide a 
more comprehensive understanding of inhibitor–antibiotic 
synergy.

Figure 3  2D interaction map of amoxicillin with TEM-1 β-lactamase following sequential docking with pre-bound clavulanic acid. Differences 
in interaction patterns compared to site-directed docking are highlighted.

Table 3. Key protein–ligand interactions and interacting 
residues of sequentially docked amoxicillin with TEM-1 
β-lactamase. 

Residue Chain Distance (Å) Interaction Type
Ser70 A 2.1 Hydrogen bond
Glu166 A 2.4 Hydrogen bond
Ala237 A 2.8 Oxyanion stabilization
Gly236 A 2.9 Backbone interaction
Arg244 A 3.2 Electrostatic
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Overall, this study highlights the utility of sequential 
molecular docking as a computational strategy for inves-
tigating inhibitor–antibiotic combinations. By captur-
ing ligand-order effects and key residue interactions, 
this approach offers structurally informed insights into 
the mechanism underlying the amoxicillin–clavulanate 
combination and may be extended to other β-lactam/β-
lactamase inhibitor systems and resistance-associated 
enzyme variants.23

In conclusion, this study integrates network pharmacol-
ogy-based target selection with sequential molecular 
docking to elucidate the molecular basis of amoxicillin–
clavulanic acid synergy against TEM-1 β-lactamase. The 
findings highlight the importance of ligand-order effects 
in modeling drug combinations and provide a hypoth-
esis-generating computational approach applicable 
to other β-lactam/β-lactamase inhibitor pairs.24 Future 
studies incorporating molecular dynamics simulations 
are required to validate the stability of the predicted 
complexes.
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