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ABSTRACT
Objective: This study aimed to investigate the molecular interactions between carbapenem antibiotics (imipenem and meropenem) and 
two β-lactamase enzymes, NDM-1 (class B) and OXA-23 (class D), to understand the structural basis of carbapenem resistance.

Methods: The study employed molecular docking methods using the crystal structures and homology models of the NDM-1 and OXA-23 
enzymes to analyze binding affinities and interaction patterns.

Results: The results revealed distinct binding characteristics for each enzyme. NDM-1 exhibited a polar, hydrophobic active site, with 
imipenem forming hydrogen bonds with ASP124, ASN220, and LYS211, while meropenem relied on weaker interactions like Van der Waals 
forces. In contrast, OXA-23 featured a hydrophobic cavity with charged residues, where imipenem bonded with ARG259 and meropenem 
interacted with SER79, TRP219, and ARG259. A key finding was the significantly lower binding energy for the OXA-23-imipenem complex in 
the crystal structure (-8.06 kcal/mol) compared to its homology model (-5.34 kcal/mol), highlighting the importance of accurate structural 
representation. The study demonstrated strong agreement between the computational and experimental data.

Conclusion: These findings provide critical insights into the structural basis of carbapenem resistance, offering potential avenues for 
designing inhibitors to combat β-lactamase-mediated antibiotic resistance. The integrated approach validates the utility of computational 
methods in elucidating molecular interactions and guiding therapeutic strategies.
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1. INTRODUCION

Antibiotics are among the most essential therapeutic agents 
used in the treatment of infectious diseases, playing a pivotal 
role in modern medicine (1). Among these, carbapenems 
stand out as powerful β-lactam antibiotics, effectively 
combating a broad spectrum of bacterial pathogens. They 
function by inhibiting bacterial cell wall synthesis through the 
irreversible binding to penicillin-binding proteins (PBPs). This 
binding disrupts the critical process of peptidoglycan cross-
linking, which is vital for maintaining the structural integrity 
of bacterial cell walls (2).

However, the widespread and often inappropriate use of 
antibiotics has precipitated an alarming rise in antibiotic 
resistance, significantly undermining the efficacy of these 
vital medications. Antibiotic resistance has escalated into 

a global health crisis, characterized by the emergence of 
bacteria that have developed sophisticated mechanisms to 
circumvent the effects of antibiotics. One prominent defense 
mechanism involves the production of β-lactamases—
enzymes that specifically inactivate β-lactam antibiotics, 
thereby diminishing their therapeutic effectiveness (1).

β-lactamases are categorized into two major groups based 
on their enzymatic mechanisms: serine β-lactamases (which 
encompass Classes A, C, and D) and metallo-β-lactamases (Class 
B). Serine β-lactamases utilize a pivotal catalytic serine residue 
located in their active site to facilitate the hydrolysis of β-lactam 
antibiotics. In contrast, metallo-β-lactamases rely on zinc ions 
for their hydrolytic activity, which creates a different enzymatic 
environment for the inactivation of these antibiotics (3).
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The role of zinc ions extends beyond merely assisting in the 
enzymatic process; they are also crucial for the recognition 
and binding of various β-lactam antibiotics. Additionally, 
specific amino acid residues within the active site of 
β-lactamases contribute significantly to substrate binding 
and catalysis, influencing the overall activity and specificity of 
these enzymes (4). Understanding the intricate mechanisms 
by which β-lactamases operate is essential for developing 
strategies to combat antibiotic resistance and enhance the 
effectiveness of existing antibiotics (5).

Among clinical isolates, New Delhi metallo-β-lactamase (NDM) 
has emerged as the most prevalent and concerning variant 
of metallo-β-lactamase enzymes. NDM was first identified in 
2009 in a male patient who had recently traveled to New Delhi, 
India, highlighting the global connectivity that can facilitate 
the spread of antibiotic resistance (6). The identification of 
the NDM-1 variant, along with its numerous genetic variants, 
has sparked significant alarm within the medical community 
due to its remarkable ability to inactivate nearly all β-lactam 
antibiotics, with the notable exception of aztreonam. This 
extensive resistance renders infections caused by NDM-
producing bacteria particularly challenging to treat and often 
leads to severe, life-threatening complications, necessitating 
the urgent need for alternative therapeutic strategies (7).

In the realm of β-lactamases, Class D enzymes are particularly 
noteworthy, with over 250 distinct variants documented to 
date. These enzymes exhibit considerable structural diversity, 
which is closely linked to their ability to confer broad-spectrum 
antibiotic resistance across various bacterial species. Among 
these, some Class D β-lactamases are capable of hydrolyzing 
carbapenems—powerful antibiotics often used as a last resort—
earning them the designation of carbapenem-hydrolyzing class 
D β-lactamases (CHDLs). One of the prominent members of this 
group is OXA-23, characterized by a distinct structural framework 
that comprises two α-helices and six β-sheets. Initially observed 
in Scotland, OXA-23 has since shown a widespread geographical 
distribution, raising concerns about its presence in various 
healthcare settings worldwide (8-9).

In particular, during an outbreak investigation at Kocaeli 
University Hospital in Turkey, a significant number of blaOXA-
23-positive Acinetobacter baumannii isolates were identified. 
This finding underscores the clinical relevance of OXA-
23 in the context of nosocomial infections and the urgent 
need for ongoing surveillance and research to understand 
the mechanisms of resistance and to develop effective 
countermeasures against such formidable pathogens (10).

Molecular docking studies have emerged as a crucial 
methodology in modern scientific research, particularly in the 
fields of biochemistry and pharmacology. This computational 
technique allows researchers to simulate and analyze the 
interactions between chemical compounds and biologically 
relevant macromolecules, such as proteins or nucleic 
acids, within three-dimensional structures that have been 
resolved using techniques like X-ray crystallography or NMR 
spectroscopy (11). By accurately positioning potential drug 
candidates in these target sites, molecular docking facilitates 

the prediction of various binding modes, interaction energies, 
and the resulting molecular conformations of both the ligand 
and its target (11,12).

The significance of docking methods is particularly pronounced 
in drug discovery, where they serve as powerful tools for 
identifying novel ligands that can modulate specific biological 
targets effectively. This predictive capability not only accelerates 
the early-stage screening of compounds but also enhances the 
likelihood of discovering therapeutic agents that might not be 
readily apparent through traditional experimental methods (11). 
Furthermore, docking studies provide substantial advantages 
in terms of time efficiency and resource conservation; they 
allow for preliminary assessments of compound efficacy and 
specificity without the need for extensive laboratory work, thus 
streamlining the drug development process and reducing costs 
associated with experimental screening (12).

In this study, molecular interactions between β-lactam 
antibiotics, specifically imipenem and meropenem, and 
both the crystallographic structure and the homology 
model of two important β-lactamases, New Delhi Metallo-
β-lactamase-1 (NDM-1) and Oxacillinase-23 (OXA-23), 
were explored in this study. Advanced molecular docking 
techniques were utilized to analyze the binding affinities of 
these antibiotics to the enzyme targets, with a focus on the 
various interaction patterns that emerge during the binding 
process. By systematically comparing the docking results, 
insights were provided into the structural mechanisms 
underlying antibiotic resistance facilitated by these enzymes. 
This investigation not only enhances our understanding 
of the biochemical basis for resistance but also aids in the 
development of more effective therapeutic strategies against 
β-lactam-resistant bacterial infections.

2. METHODS

The crystal structures of NDM-1 (PDB ID: 5YPL) and OXA-23 
(PDB ID: 4JF5) were retrieved from the Protein Data Bank 
database. Using these template structures, homology models 
of OXA-23 and NDM-1 were generated using Swiss-Model 
(13-17). Model validation was performed using ERRAT (18), 
VERIFY3D (19,20), PROCHECK (21,22), and Swiss-Model’s 
built-in quality assessment tools (13-17).

The ligand preparation of meropenem and imipenem in 
pdbqt format was conducted using MGLTools (23). Molecular 
docking were performed with AutoDock4.2 (24), targeting 
the known binding sites of both the homology models and 
crystal structures. The hydrolyzed forms of meropenem 
and imipenem were used in this study. The binding site 
coordinates were defined as (-7.925, 39.154, 11.045) for 
OXA-23 and (2.250, 7.779, 24.903) for NDM-1.

The docking protocol utilized an advanced Genetic Search 
Algorithm, which was specifically designed to assess the 
conformational relationships between potential binding 
partners. This was complemented by the Lamarckian Genetic 
Algorithm, which played a crucial role in determining the 
optimal binding pose for each complex. As a result of this 
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comprehensive approach, a total of 10 distinct binding 
models were generated for each complex analyzed.

To visualize and analyze these generated models, PyMol and 
Schrödinger Maestro were employed, both of which are powerful 
tools in molecular visualization (25-26). The analysis process 
involved creating two-dimensional interaction diagrams in 
Schrödinger Maestro. These diagrams were constructed based 
on carefully defined parameters, which included a maximum 
hydrogen bond distance of 2.8 Å to ensure relevant interactions 
were captured, a minimum donor angle of 120.0° to optimize 
the spatial orientation of hydrogen bond donors, and a minimum 
acceptor angle of 90.0° to maintain effective interaction geometry. 
This structured approach facilitated a thorough evaluation of the 
binding interactions within the complexes, providing insight into 
their potential biological implications.

3. RESULTS

The quality of the generated homology models for NDM-1 
and OXA-23 was rigorously assessed using a combination of 
validation tools, and the results are summarized in Table 1.

In this study, an in-depth examination of the molecular 
interactions between imipenem and meropenem with two 
distinct classes of β-lactamases: the class D OXA-23 and the class B 
NDM-1 were conducted. Utilizing both crystallographic structures 
and homology models of these enzymes, molecular docking to 
elucidate the binding characteristics of these antibiotics was 
performed . A comparative analysis was performed between 
the docking poses generated in this work and the native ligand 
conformations observed in the relevant crystal structures 
retrieved from the Protein Data Bank (PDB) (Table 2).

4.DISCUSSION

The models demonstrated a high degree of reliability, as 
evidenced by their scores across all metrics. The ERRAT scores 
for NDM-1 and OXA-23, respectively, indicate a high-quality 

model with a significant percentage of the protein structure 
falling within the 91% rejection limit. Similarly, the VERIFY3D 
analysis showed that over 80% of the residues for both 
models had an averaged 3D-1D score of >0.2, confirming that 
the models’ 3D structures are consistent with their amino 
acid sequences (Table 1).

Further validation by PROCHECK confirmed the 
stereochemical quality of the models. The Ramachandran 
plots revealed that residues for the NDM-1 model and for the 
OXA-23 model were located in the most favored regions, with 
no residues in the disallowed regions. This favorable residue 
distribution highlights the stereochemical accuracy of the 
generated models. The built-in quality assessment tools from 
Swiss-Model also supported these findings, with high Global 
Model Quality Estimation (GMQE) scores of and for NDM-1 
and OXA-23, respectively. Collectively, these validation 
results confirm that the generated homology models are of 
high quality and reliable for subsequent analyses.

The extensive binding energy calculations to quantify 
the strength of the interactions were carried out. Our 
comparative analysis revealed that while the binding 
energies of imipenem and meropenem showed only minimal 
differences across the various systems studied, a significant 
anomaly in the binding profile of the OXA-23-imipenem 
complex was identified. Notably, the binding energy derived 
from the crystal structure of OXA-23 was markedly lower 
at – 8.06 kcal/mol compared to the binding energy of 
the homology model, which registered at – 5.34 kcal/mol 
(Table 2). This discrepancy implies that the binding affinity 
of imipenem to the OXA-23 enzyme is notably enhanced in 
the experimentally determined crystal structure, highlighting 
the importance of accurate structural representation in 
predicting molecular interactions.

To enable comparison, the interactions of imipenem and 
meropenem with both a homology model and the crystal 
structure of NDM-1 were analyzed using 2D diagrams, 

Table 1. Validation Metrics of NDM-1 and OXA-23 Homology Models
QMEANDisCo 
Global MolProbity Score Clash Score Ramachandrana 

Favoured (%) ERRAT VERIFY (%)

Crys. 
Strc.

Hom. 
Strc.

Crys. 
Strc.

Hom. 
Strc.

Crys. 
Strc.

Hom. 
Strc.

Crys. 
Strc.

Hom. 
Strc.

Crys. Strc. Hom. Strc. Crys. 
Strc.

Hom. 
Strc.

NDM-1 0.94 0.93 1.06 0.63 2.68 0.28 99.12 97.91 97.1963 91.5929 91.70 97.10
OXA-23 0.87 0.89 1.11 0.96 0.96 0.00 98.33 96.27 90.411 94.3723 86.36 93.00

NDM-1; New Delhi metallo-β-lactamase-1, OXA-23; Oxacillinase-23

Table 2. Comparative binding analysis of carbapenems with NDM-1 and OXA-23 β-lactamases

System
Binding Energy (kcal/mol) Key Interacting Residues

Homology Experimental Homology Model Experimental Structure
NDM-1/Imipenem -4.26 -3.82 ASN220, ASP124, LYS211 ASN220, GLN123, LYS211
NDM-1/Meropenem -6.19 -5.74 LYS211, ASN220, ASP124 LYS211, ASN220, ASP124
OXA-23/Imipenem -5.34 -8.06 ARG259 THR217, ARG259, VAL128
OXA-23/Meropenem -6.57 -7.59 ARG259, TRP219, SER79 LYS82, LYS216, ARG259,

NDM-1; New Delhi metallo-β-lactamase-1, OXA-23; Oxacillinase-23
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alongside the interaction diagram of the native complex from 
the Protein Data Bank (PDB).

Two-dimensional structure of the NDM-1 (homology model) 
– Imipenem complex, highlighting the intricate molecular 
interactions that imipenem forms within the active site of the 
NDM-1 enzyme. In this analysis, it was found that imipenem 
establishes critical hydrogen bonds with the residues located 
at positions ASP124, ASN220, and LYS211 in the NDM-1 
sequence, which play a pivotal role in stabilizing the drug-
enzyme interaction (Figure 1a). Similar interaction poses 
were also observed in the molecular docking study performed 
using the experimental structure of NDM-1. Furthermore, 
analysis of the crystal structure from the Protein Data Bank 
(PDB) revealed that this binding mode is largely conserved 
(Figure 1c). Beyond these primary interactions, additional 
amino acids surrounding the active site are predicted to 
engage in weaker interactions, further contributing to the 
overall binding stability. Notably, the interacting residues 
collectively create a negatively charged polar hydrophobic 
binding pocket, which is essential for accommodating the 
imipenem molecule. In the context of NDM-1 (New Delhi 
metallo-beta-lactamase-1), Lysine 211 (Lys211) is a crucial 
amino acid residue that plays a significant role in the enzyme’s 
catalytic activity and broad substrate specificity. The NDM-1 
enzyme relies on zinc ions in its active site to hydrolyze and 
inactivate beta-lactam antibiotics (27).

Figure 1. Two-dimensional schematic representation of protein-
ligand binding modes a) NDM1 (homology model)-Imipenem, b) 
NDM1 (experimental model)-Imipenem, c) The complex of NDM1-
Imipenem (pdb code: 5YPL)

The structural representation of the NDM-1 (homology 
model) – Meropenem complex, along with an analysis of 
the interaction profile of meropenem. Unlike imipenem, 
meropenem does not form direct hydrogen bonds with 
any of the NDM-1 residues; however, the presence of weak 
molecular interactions—including Van der Waals forces 
and hydrophobic contacts—significantly contributes to 
the stabilization of the complex. Furthermore, analysis of 
the post-docking pose in the experimental model revealed 
a hydrogen bond with Lys211 (Figure 2b). Upon examining 
the structure of the NDM-1-meropenem complex from the 
Protein Data Bank (PDB), it was observed that while the 
overall binding cavity was consistent with previous findings, 
meropenem formed hydrogen bonds with residues Asp124, 
Asn220, and Lys211, based on established hydrogen bonding 
criteria (Figure 2c). The binding site for meropenem mirrors 
that of the imipenem complex, characterized by a negatively 
charged polar hydrophobic pocket that is critical for binding 
efficacy.

Figure 2. Two-dimensional schematic representation of protein-
ligand binding modes a) NDM1 (homology model)-Meropenem, b) 
NDM1 (experimental model)-Meropenem, c) The complex of NDM1-
Meropenem (pdb code: 5YPN)

The two-dimensional interaction map of the OXA-23 
(homology model) – Imipenem complex was shown. Here, 
imipenem establishes a direct hydrogen bond with the 
residue located at ARG259 in the OXA-23 enzyme, which is 
crucial for effective binding (Figure 3a). In addition to this 
strong interaction, other amino acids within the proximity 
of the binding site support the interaction through weaker 
forces. Based on the 2D analysis of the post-docking results 
from the experimental model, imipenem formed hydrogen 
bonds with Val128, Thr217, and Arg259. For the control 
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group structure, meropenem was observed to form hydrogen 
bonds with Ser79 and Arg259 (Figure 3b-c). The interaction 
site of OXA-23 is formed as a polar hydrophobic binding 
cavity, optimizing the fit of the imipenem molecule.

Figure 3. Two-dimensional schematic representation of protein-
ligand binding modes a) OXA-23 (homology model) – Imipenem, b) 
OXA-23 (experimental model) – Imipenem, c) The complex of OXA-23 
– Imipenem (pdb code: 7T7G)

Figure 4. Two-dimensional schematic representation of protein-
ligand binding modes a) OXA-23 (homology model) – Meropenem, 
b) OXA-23 (experimental model) – Meropenem, c) The complex of 
OXA-23 – Meropenem (pdb code: 7T7G)

Finally, Figure 4 provides a detailed structural analysis of the 
OXA-23/Meropenem complex. In this complex (homology 
model), meropenem forms significant hydrogen bonds 
with the residues SER79, TRP219, and ARG259 in the 

OXA-23 enzyme, which not only stabilizes the binding but also 
enhances the overall affinity of the complex (Figure 4a). Weak 
interactions from surrounding amino acids further augment 
this binding process. Docking analysis of meropenem to the 
experimental model revealed hydrogen bond interactions 
with Lys82, Lys216, and Arg259. Conversely, the control 
group complex exhibited a single hydrogen bond interaction, 
exclusively with Arg259 (Figure 4b-c). The binding site of 
OXA-23 is also organized as a polar hydrophobic pocket, 
showcasing structural similarities to the NDM-1 complex 
and illustrating the strategic nature of these interactions in 
antibiotic binding and efficacy. Arg259 is a fundamental part 
of the OXA-23 active site, playing a direct role in substrate 
binding and orientation. Its interactions are essential for 
the enzyme’s carbapenemase activity, making it a critical 
residue to consider in the design of new inhibitors aimed at 
overcoming antibiotic resistance (28).

5. CONCLUSION

This study conducted a comprehensive comparative analysis 
of computational and experimental models to examine 
the binding interactions between carbapenem antibiotics 
(imipenem and meropenem) and β-lactamase enzymes 
(NDM-1 and OXA-23). Molecular docking studies revealed 
distinct binding characteristics for each enzyme. In the case 
of NDM-1, the binding pocket was found to consist of polar, 
hydrophobic, and partially charged residues, forming a well-
defined active site. Imipenem demonstrated specific hydrogen 
bonding interactions with ASP124, ASN220 and LYS211 
residues, while additional weaker interactions contributed 
to complex stabilization. Notably, the computational 
models showed strong agreement with experimental data, 
confirming a consistent binding mode. For OXA-23, structural 
analysis identified a predominantly hydrophobic binding 
cavity containing charged residues. While imipenem formed 
a hydrogen bond with ARG259, meropenem exhibited 
more extensive interactions with SER79, TRP219 and 
ARG259. Both computational and experimental approaches 
confirmed similar binding geometries for the antibiotics in 
OXA-23, suggesting a conserved recognition mechanism. The 
comparative analysis highlighted key differences between the 
enzymes, with NDM-1 displaying a more polar character in 
its binding site compared to the more hydrophobic nature of 
OXA-23’s active site. Importantly, both enzymes maintained 
consistent binding architectures across different analytical 
methods, with minor variations reflecting their distinct 
catalytic requirements. These findings provide valuable 
structural insights that could inform the development of 
new β-lactamase inhibitors and strategies to overcome 
carbapenem resistance. The strong correlation between 
computational predictions and experimental observations 
validates the integrated approach used in this study for 
investigating antibiotic-enzyme interactions at the molecular 
level. Despite these valuable insights, this study is limited by 
its reliance on a purely computational model, which may not 
fully capture the dynamic complexity of biological systems. 
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Therefore, future work will focus on validating these findings 
through in vitro and in vivo experiments to further our 
understanding of the binding mechanisms and to inform the 
rational design of new inhibitors.
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