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D4DU2-ESBL-EC isolate. Three-dimensional (3D) structure modeling was
Keywords: generated using the C-I-TASSER (Iterative Threading ASSEmbly Refinement)
Amino acid server and SWISS-MODEL for comparison. Structural validation was performed
Epidemic using the Structure Validation Server (SAVES v6.1) and MolProbity. The
Foodborne disease phylogenetic and haplotype analyses revealed that D4DU2-ESBL-EC is
i‘;i‘;i‘;:}';g evolutionarily closest to E. coli CTX-M-15 but carries two amino acid

substitutions (W253L and P254A) located near the enzyme’s active site. This
suggests a potentially novel CTX-M variant. The predicted 3D model exhibited
high stereochemical quality, with 78.4% of residues in the most favored regions
and 20.5% in allowed regions. Based on these findings, it can be concluded that
E. coli DADU2-ESBL-EC represents a new CTX-M variant isolated from
foodborne samples in Yogyakarta, Indonesia, closely related to blaCTX-M-15
variants reported in India.

1. INTRODUCTION

Escherichia coli is a Gram-negative bacterium of concern because it is associated with serious foodborne illnesses,
particularly when it carries antibiotic resistance genes (1). Notably, pathogenic E. coli strains pose a public health risk as
they can to contaminate food products (2), especially raw meat, and cause various gastrointestinal illnesses . Among
its resistance mechanisms, one of the most concerning in E. coli is the production of extended-spectrum f-lactamases
(ESBLs) . These enzymes provide resistance to a wide range of B-lactam antibiotics, including penicillins and
cephalosporins (6). Sudarwanto et al. first reported CTX-M-producing E. coli in Indonesia, detecting CTX-M-1 and CTX-
M-55 variants in broiler feces from a slaughterhouse in Bogor, West Java. CTX-M -lactamase, a prominent ESBL subclass,
has attracted global attention for its rapid spread and clinical significance. According to Saliu et al. (8), misuse of antibiotics
in poultry, including use as growth promoters, accelerates the selection of ESBL-producing bacteria. This poses a public
health concern, as ESBL-producing E. coli can transfer resistance genes to other bacteria, in both animals and humans,
through horizontal gene transfer
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In Indonesia, CTX-M -lactamase-producing E. coli has been found in hospitals and food sources . However, data
about the prevalence and molecular diversity of CTX-M variants, especially those from traditional food markets, remain
scarce. Several CTX-M types, such as CTX-M-15, are highly virulent and fluoroquinolone resistant . CTX-M B-lactamase
circulates in Indonesia and spreads among chickens in Tangerang , healthy residents in Lombok , dairy farms in
East Java , and hospital patients in Pontianak, West Kalimantan . Nevertheless, information on newer or less
common variants of CTX B-lactamase-producing E. coli, particularly in raw meat from traditional markets, remains limited,
and few studies have investigated these at the proteomic level.

The -lactamase enzymes require 3D structural simulations to elucidate their function and catalytic mechanisms, thus
facilitating the discovery of novel inhibitors. The 3D structure of proteins or enzymes can be determined using advance
instruments, such as X-ray crystallography, nuclear magnetic resonance (NMR) spectroscopy, and cryogenic electron
microscopy (cryo-EM) . While the 3D structures obtained by these methods are high-resolution, each technique has
limitations. For example, X-ray crystallography requires crystallization of the enzyme, a challenging and time-intensive
process .In contracts, NMR spectroscopy allows stereochemical visualization of small-molecule enzymes, but demands
specific samples sizes and precise concentration ranges . Meanwhile, cryo-EM can resolve large protein complexes, but
it is costly and requires highly skilled personnel

Developing an in-silico approach offers a more efficient and cost-effective alternative to using heavy equipment to
construct enzyme 3D structures. Specifically, with in silico approaches, the novel CTX (-lactamase 3D structure can be
visualized by integrating template threading, fragment assembly, and atomic-level refinement with I-TASSER (Iterative
Threading Assembly Refinement) . Furthermore, the stereochemical quality of these visualized enzymes can then be
validated using Ramachandran plots and geometric parameter analysis with PROCHECK . Additionally, in silico tools
such as molecular docking can assess whether specific mutations and amino acid substitutions in the CTX B-lactamase
active site affect interactions with antibiotics and may indicate possible changes in inhibitor susceptibility

Molecular probes can be used computationally to investigate structural and functional changes caused by mutations
in anovel B-lactamase. These probes reveal effects on inhibitory mechanisms . Avibactam is the most effective inhibitor
of class A and C B-lactamase. It is a useful as a molecular probe, especially for CTX-M enzymes . Avibactam forms
reversible covalent bonds with the catalytic serine residue. This allows repeated inhibition cycles without hydrolysis, unlike
traditional antibiotic such as clavulanic acid or tazobactam

Although in silico analysis has become more common globally, its application to predict ESBL enzyme structures
and their roles in the spread of CTX-M [-lactamase-producing E. coli through the food chain in Indonesia remains
underexplored. This study addresses this gap by predicting and validating the 3D structure of a novel CTX-M B-lactamase
from E. coli D4DU2-ESBL-EC isolated in Yogyakarta, Indonesia, using [-TASSER and PROCHECK . Identifying this new
CTX-M variant will provide essential structural data on ESBL, strengthen food safety surveillance, and inform strategies to
reduce the risk of antibiotic-resistant bacteria spreading in Indonesia.

2. MATERIALS AND METHODS
2.1. Study Period and Location

The laboratory experiments and computational analysis were conducted over 1,5 years, from April 2023 to July
2024, at the Microbiology Laboratory, Faculty of Biology, Universitas Gadjah Mada (Yogyakarta, Indonesia). Validation of
the results and data analysis were carried out separately in the Ecology and Biosystematics Laboratory, Faculty of Science
and Mathematics, Universitas Diponegoro (Semarang, Indonesia), from August 2024 to May 2025.

2.2. Bacterial Isolate and Gene Source

A culture collection from the Microbiology Laboratory at Universitas Gadjah Mada (Yogyakarta, Indonesia),
provided the E. coli strain (D4DU2-ESBL-EC) used in this study. Originally, this strain was isolated from broiler chicken
breast meat collected at a traditional market in Yogyakarta. Its identity as an ESBL-producing E. coli was confirmed through
morphological, biochemical, and phenotypic screening, followed by molecular confirmation. Genomic DNA was extracted
for the blaCTX-M gene using standard microbiological and molecular procedures. The resulting blaCTX-M amplicon was
purified, submitted for Sanger sequencing at 1st Base Laboratory (Singapore), and the resulting sequence was analyzed
using BLASTn

2.3. Phylogenetic Analysis of CTX-M Gene Variants

To evaluate the novelty of the blaCTX-M gene in isolate D4DU2 ESBL-EC and determine the evolutionary
relationship of the CTX-M gene, a phylogenetic tree was constructed using representative sequences of different CTX-M
variants retrieved from the NCBI GenBank database. Reference sequences included representatives from the CTX-M-1, CTX-
M-9, CTX-M-14, CTX-M-15, CTX-M-25, CTX-M-27, CTX-M-65, and CTX-M-123 groups. These reference sequences were
selected in FASTA format to cover the major CTX-M families known for extended-spectrum f-lactamase (ESBL) activity in
Enterobacteriaceae. Multiple sequence alignment was performed using the MUSCLE algorithm in MEGA11 software
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(v11.0.13, ) . Phylogenetic reconstruction was conducted using the Maximum
Likelihood (ML) method with 1,000 bootstrap replicates to provide reliable data. Tamura’s 3-parameter nucleotide
substitution model was used with a gamma distribution (+G = 1.07) to account for rate heterogeneity among sites
Pairwise genetic distances and topology visualization were used for evolutionary analysis, determining the genetic
affiliation of E. coli D4DU2 and its potential clustering with other known CTX-M variants within the resistance group.

2.4. Amino Acid Substitution and Haplotype Network Analysis

The D4DU2-ESBL-EC DNA sequence was translated into an amino acid sequence with the Expasy Translate tool to
analyze the physicochemical properties of CTX (3-lactamase enzymes. The amino acid sequence of E. coli D4DU2 was aligned
with reference CTX-M variants (CTX-M-1, -9, -14, -15, -25, -65, and -123) using BioEdit v7.7.1.0 to analyze conserved serine
hydrolase sequences in ESBLs and to detect specific mutations. To assess allelic diversity and identify potential common
ancestors among CTX-M variants, haplotype analysis was performed with DnaSP v6.0, outputting results in NEXUS or
FASTA formats . The NEXUS file was then used to construct a haplotype network using the median-joining algorithm
NETWORK v10.2.0.0 (Fluxus Technology Ltd., UK) . In the haplotype visualization, nodes represent unique haplotypes,
their size reflects frequency, and edges show the number of mutations between closely related isolates. The resulting
network provided a comprehensive visualization of genetic distances and potential mutational pathways linking E. coli
D4DU2 to other CTX-M lineages.

2.5. Structural Modeling and Validation of CTX-M Enzyme

Subsequently, the three-dimensional structure of the CTX-M enzyme was predicted using the C-I-TASSER (Iterative
Threading ASSEmbly Refinement) server. The resulting model was directly compared with that generated by SWISS-
MODEL . The 199-residue protein domain was then submitted for structural modeling. C-I-TASSER builds structures
through multiple threading alignments and iterative fragment assembly. Parameters for the C-I-TASSER model included a
C-score of 1.71, a TM-score of 0.95 * 0.05, and a RMSD of 2.0 + 1.6 A. The high TM-score indicates reliability and high
similarity to experimentally solved structures, as described by Zheng et al. and Yang et al. . The three-dimensional
model of lactamase protein was subsequently visualized using PyMOL (v2.5.0) and Discovery Studio Visualizer
(v21.1.0) . Its quality was then validated using the Structure Validation Server (SAVESv6.1) by analyzing the
Ramachandran plot , where a reliable model was defined by having more than 90% of residues in the most favored
regions. Finally, Molprobity was used as additional validation for the protein model

2.6. Structural Comparison with Reference CTX-M Protein

A reference structure from the Protein Data Bank (PDB) was selected for comparison with the modeled CTX-M
variant. Specifically, PDB ID: 7TI0, which represents a clinically relevant CTX-M-15-type beta-lactamase from E. coli, served
as the comparative template. Before alignment and structural analysis, non-standard amino acids and the native ligand
were removed from 7TIO in UCSF Chimera, retaining only the protein backbone for conformational analysis. The 3D
structure alignment of D4DU2-ESBL-EC with the 7T10 backbone was then performed in PyMol to highlight unique features,
mutations, and active-site regions.

2.7. Functional Analysis of D4DU2-ESBL-EC Active Site Mutations by Molecular Docking

Molecular docking was performed using an in-silico approach to evaluate whether the predicted protein confers
antibiotic resistance, particularly in relation to the identified mutations (W253L and P254A). The three-dimensional (3D)
structures of various antibiotics were retrieved from PubChem ( ) in .sdf format
The 3D structure of the reference protein was obtained from C-I-TASSER prediction, which identified PDB templates 1IYP
and 3BFC as the closest structural homologs to D4DU2-ESBL-EC, exhibiting similar binding sites with C-scores of 0.91 and
0.88, RMSD values of 0.90 and 0.91, and sequence identities of 83% and 71%, respectively. The 11YP structure represents
Toho-1 B-lactamase derived from E. coli, while 3BFC corresponds to a class A -lactamase from E. coli BL21. Both serve as
wild-type reference proteins, and both 3D structures were collected from RCSB PDB . According to the protein
database, both template structures contain naturally bound ligands, referred to as native ligands; protein 1IYP is complexed
with cephalothin, and protein 3BFC is complexed with imipenem. Therefore, redocking was performed to compare the
binding energies between the native ligands and the tested compounds. Protein preparation was conducted using UCSF

Chimera 1.17.3 to remove all non-standard amino acids, followed by AutoDockTools 1.5.6 to assign Gasteiger
charges, remove water molecules, add hydrogen atoms, and define AD4 atom types. Molecular docking simulations were
carried out using PyRx, and only binding affinities with an RMSD value <2A were reconsidered . In the docking, three

independent replicates were performed, and the resulting binding affinity values were analyzed using two-way ANOVA to
determine statistical significance. Docking validation was performed in PyMOL. The resulting complexes were saved in .pdb
format and subsequently visualized using Discovery Studio to analyze the binding pockets and amino acid residues involved
in the inhibitory activity of the (3-lactamase enzyme.
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3. RESULTS AND DISCUSSION

The emergence of ESBL bacterial variants is a major health concern, especially when they are found in raw food
products such as chicken meat. This relates to bacteria’s ability to carry out gene transfer. When resistant genes are
transferred to pathogenic bacteria, they can cause serious infectious diseases that are difficult to cure due to antibiotic-
resistance . Detection of E. coli CTX-M variants among ESBL strain will help in understanding and monitoring the
epidemiology of an infectious disease. The E. coli DADU2-ESBL-EC isolate was selected for further analysis because it carries
the blaCTX-M gene, exhibits phenotypic multidrug resistance to CAZ, CTX, and ATM, and is sensitive AMC. Strains carrying
the blaCTX-M gene are more likely to hydrolyze cefotaxime as a beta-lactam antibiotic

3.1. Phylogenetic Reconstruction of Escherichia coli CTX-M Variants

As shown in , the blaCTX-M sequence from the D4DU2-ESBL-EC isolate clustered within the E. coli CTX-M-
15 lineage. It formed a monophyletic branch with a high bootstrap value of 72%. This close evolutionary proximity indicates
high sequence similarity and a probable shared ancestor of D4DU2-ESBL-EC with CTX-M-15. Further molecular
characterization is needed to verify if D4DU2-ESBL-EC represents a new variant, as there is no significant divergence or
clear branch separation between D4DU2-ESBL-EC and CTX-M-15.

The topology also revealed a monophyletic group with moderate to high support bootstrap (78% to 100%),
including CTX-M-9/14/13/27 /65, which is closely related to CTX-M-123 and distant from another subclade, CTX-M-8/25.
The segregation between CTX-M variants reflects a clear phylogenetic divergence between the CTX-M-1-type group
(to which CTX-M-15 and blaCTX-M D4DU2-ESBL-EC belong) and the CTX-M-9-type group, consistent with previously
reported evolutionary classifications . Supporting evidence from Yu et al. demonstrates a close genetic
relationship between blacrx-m-1 and blacrx-m-15, driven by the presence of the ISEcpl transposon. Meanwhile, blacrx-m-14,
blacrx-m-27, and blacrx-m-65 show a distinct evolutionary relationship with other CTX-M variants through shared mobile
genetic elements, particularly [S26, suggesting a potential coevolutionary origin.

3.2. Biogeographic Implications of Escherichia coli CTX-M Based on Haplotype Network

The haplotype map enabled investigation of blaCTX-M gene variants at the population level and examination of the
origins of certain disease . Based on DnaSP analysis, the E. coli D4DU2 CTX-M sample, along with the other E. coli CTX-
M group samples, has a high haplotype diversity (Hd) value of 0,9444. The haplotype network revealed seven distinct
haplotypes (H1-H7), diverging from the major haplotype group H_7, which likely represents the ancestral or globally
dominant form of CTX-M B-lactamase genes. Notably, D4ADU2-ESBL-EC, represented by H_2, was connected to CTX-M-123
(H_7) via multiple median vectors (mv1l and mv4), indicating several unique mutational events and possibly missing
evolutionary links.

Escherichia coli CTX-M-14
44| Escherichia coli CTX-M-65
Escherichia coli CTX-M-27
Klebsiella pneumoniae CTX-M-13
Escherichia coli CTX-M-9
78 Escherichia coli CTX-M-123
Citrobacter amalonaticus CTX-M-8
—mEEschencma coli CTX-M-25
Escherichia coli CTX-M-15
| Escherichia coli D4DU2 CTXM]
724 Citrobacter freundii CTX-M-3
Proteus mirabilis CTX-M-136
Escherichia coli CTX-M-1
27 Klebsiella pneumoniae CTX-M-10
Staphylococcus aureus blaOXA-2

100
82

16

0,10
Figure 1. Evolutionary relationship of D4DU2-ESBL-EC with CTX-M variant based on a phylogenetic tree constructed
with the ML method using MEGA7 with 1,000 bootstrap values
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Figure 2. Haplotype map of E. coli CTX-M biogeographical distribution based on Network 10.2.0.0 analysis

The haplotype result was fairly representative and correlated with the phylogenetic tree result. From the
haplotype map, it can be found that the first case of E. coli CTX-M-1 was reported in Weingarten, Germany, in 1989 from an
isolate clinically resistant to cefotaxime . The E. coli CTX-M-1 with haplotype 1 then dispersed to another country,
where it mutated into haplotype 2 (CTX-M-15 and E. coli D4DU2 CTX-M) and haplotype 7 (CTX-M-123), which still retained
the same serine-utilizing hydrolase sequence pattern. The serine-utilizing-hydrolases sequence encodes the penicillin-
binding transpeptidase enzyme, so it will be inherited from the ancestor to the next generation . The gene that is
inherited from the same parent will be shown as a haplotype

Isolate which carried out haplotype 7 (CTX-M-123), then dispersed to another country and developed into
haplotype 6 (CTX-M-27) and haplotype 5 (CTX-M-25), which contain different patterns of enzyme. Isolate E. coli CTX-M-25,
which carried out haplotype 5 in Manitoba, Canada, has higher genetic variation than other isolates. The evolution of the
CTX-M variant may have occurred due to continuous exposure of the isolate to various types of antibiotics, which exert
selective pressure and promote the accumulation of adaptive mutations . Genetic resistance, co-transfer, and mutation
may occur among bacterial genera that infect humans or animals. Random use of antibiotics in public or poultry farms
without restrictive regulation will increase the mutation rate

In addition, haplotype 6 (CTX-M-27), which originally emerged in France, appears to have diverged through
sequential mutations. It first gave rise to two haplotype 4 (CTX-M-65 in Germany and CTX-M-14 in China) and subsequently
to haplotype 3 (CTX-M-9 in Spain). This indicates a mutation sequence in which haplotype 6 is ancestral to both haplotype
4 and haplotype 3. The shared haplotype between isolates from Germany and China suggests the spread of the same E. coli
CTX-M variant in both countries, usually through human mobility or the food chain . This geographical distribution of
haplotype suggests the possibility of independent adaptive evolution of CTX-M variants, shaped by local selective pressures
and antibiotic use patterns.

3.3. Pairwise Genetic Distance Analysis of Escherichia coli CTX-M

Pairwise distance showed relationships among ESBL isolates, with the least single-nucleotide polymorphism
differences, highlighting the potential for close genetic relatedness and transmission of CTX-M-producing strains .The
number of pairwise distances shows that E. coli CTX-M-14 (China) has consecutive values similar to those of CTX-
M-65 (Germany), starting with 0,178, then 0,006, etc. This confirms that CTX-M-14 and 65 are the same E. coli isolates that
migrate to different regions, as indicated by the similarity of haplotype 4 and the lowest genetic distance of 0.000 to other
isolates. The pairwise genetic distance results also support the haplotype map, as both isolates are closely related to CTX-
M-9 (Spain) and CTX-M-27 (France), with a genetic distance of 0.006.

Meanwhile, other isolates sharing the same haplotype, such as E. coli D4DU2, show a pairwise genetic distance of
0.012 from CTX-M-15. In E. coli CTX-M-15, the corresponding value was 0.018, while in E. coli D4DU2 it was 0.030. Both
values were lower than the CTX-M-1. Additionally, compared to other CTX-M types, D4DU2 exhibits genetic distances
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ranging from 0.111 (with CTX-M-123) to 0.192 (with CTX-M-9), suggesting significant nucleotide variation .The results
indicate that E. coli D4DU2 represents a potential novel variant of the blaCTX-M gene, distinct from E. coli CTX-M-15, even
though both share the same serine-utilizing-hydrolases sequence (haplotype 2).

3.4. Amino Acid Substitution and Characterization of Escherichia coli CTX-M Variants

The amino acid analysis shows that some E. coli CTX-M groups share the same haplotype. For example, E.
coli CTX-M-14 from China and CTX-M-65 from Germany (H4) differ in the groups CTX-M-14 and CTX-M-65, which occur at
positions VB0A and S275R, respectively. The E. coli D4DU2-ESBL-EC Isolate from Demangan Traditional Market, Indonesia,
shares haplotype H2 and the serine-utilizing-hydrolases sequence with CTX-M-15 from New Delhi, India. However, E. coli
D4DU2-ESBL-EC harbors unique mutations at W253L and P2544, distinguishing it from CTX-M-15. Other isolates exhibited
characteristic polymorphisms that matched their respective CTX-M groups. For instance, CTX-M-9, CTX-M-14, CTX-M-27,
and CTX-M-65 share substitutions at positions 80 (Alanine) and 86 (Cystein), indicating a close genetic relationship within
this clade.

Comparative amino acid sequence analysis of the CTX-M B-lactamase family identified multiple conserved and
polymorphic sites among the studied isolates . CTX-M-123 represents a distinct haplotype, but amino acid
alignment shows it has high sequence similarity to CTX-M-15 and D4DU2-ESBL-EC. D4DU2 differs from both CTX-M-15 and
CTX-M-123 by unique mutations at amino acid positions 80, 253, 254, and 275. At position 80, most CTX-M variants carry
valine (CTX-M-1/25/65) or alanine (CTX-M-9/14/15/27/123), but D4DU2 lacks this residue. At position 253, all CTX-M
variants contain tryptophan, while D4DU2 has leucine. Similarly, at position 254, D4DU2 substitutes proline with alanine.
At position 275, serine is present in all CTX-M variants except CTX-M-65 (arginine) and D4DU2 (deletion). These
substitutions define polymorphic sites, demonstrating the novelty of D4DU2 as a CTX-M variant. Further investigations are
required to determine how these amino acid changes affect $-lactamase function and bacterial resistance

Table 1. Pairwise distance of E. coli CTX-M

Isolate 1 2 3 4 5 6 7 8 9

E. coli CTX-M-1 0,034 0,033 0,010 0,035 0,034 0,033 0,028 0,012
E. coli CTX-M-9 0,185 0,005 0,033 0,030 0,007 0,005 0,020 0,034
E. coli CTX-M-14 0,178 0,006 0,032 0,030 0,005 0,000 0,019 0,033
E. coli CTX-M-15 0,018 0,178 0,171 0,033 0,031 0,032 0,025 0,008
E. coli CTX-M-25 0,192 0,144 0,137 0,171 0,029 0,030 0,032 0,034
E. coli CTX-M-27 0,185 0,012 0,006 0,164 0,130 0,005 0,018 0,033
E. coli CTX-M-65 0,178 0,006 0,000 0,171 0,137 0,006 0,019 0,033
E. coli CTX-M-123 0,117 0,072 0,066 0,098 0,157 0,060 0,066 0,025
E. coli D4DU2 0,030 0,192 0,185 0,012 0,185 0,178 0,185 0,111

1: E. coli CTX-M-1, 2: E. coli CTX-M-9, 3: E. coli CTX-M-14, 4: E. coli CTX-M-15, 5: E. coli CTX-M-25, 6: E. coli CTX-M-27, 7: E. coli CTX-M-65, 8: E. coli CTX-M-123,
9: E. coli D4DU2. The blue color represents low variability, as indicated by the standard deviation in MEGA7, which ranges from 0.000 to 0.035, suggesting that
the distance between genetic pairs is highly consistent.

Table 2. Amino acid sequence comparison of E. coli D4DU2 with CTX-M variants

Serine-utilising Polymorphic site
Hydrolases 80 86 95 97 106 117 136 143 234 242 253 254 275

Source Isolate H

E. coli CTX- H1

NG_048897.1 ¢ SESEPNLLNQRVEIK V. K N R V D V S V D W P S
NG_049043.1 ﬁ_‘;"” CTX-H3 SpTQKQLLNQPVEIK A ¢ . P . N A A

NG_048929.1 ﬁ_i"f CTX-H% SprQKQLLNQPVEIK A ¢ . P . N A

NG_048935.1 ﬁcl"sh CTX-H2 GESEPNLLNQRVEIKK A . . . . N . A . G

NG_048974.1 ﬁczosh CTX-HS SETQKGLLSQRVEIK . ¢ s . 1 N A . G

NG_048976.1 ﬁcz";’ CTX-H6 prQKQLLNQPVEIK A ¢ . P . N A . G

NG_049016.1 3_06"5” CTX-H% SprorQLLNQPVEIK . ¢ . P . N A . . . . R
NG_048916.1 f/i_cl"zl"gmx' A7 SESEPNLLNQRVEIK A . . . . N A . G

D4DU2-ESBL g':[‘)’gz M2 SESEPNLLNQRVEIK - . . . . N . A . G L A -

H : haplotype, V: valine, K: Lysine, N: Asparagine, R: Arginine, I: Isoleucine, D: Aspartic acid, T: Threonine, A: Alanine, G: Glycine, W: trypthophan, E: Glutamic
acid, S: Serine, Q: Glutamine, C: Cystein, P: Proline, L: Leucine
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3.5. Structural Modeling of CTX-M Enzyme Using I-TASSER and SWISS-MODEL

Although the D4DU2-ESBL EC from the food source sample (Figure 3A and 3B) shows features of a $-lactamase, this
protein differs from the reference protein found in clinical samples, E. coli CTX-M-15 (PDB ID: 7TIO (Figure 3C). The W253L
and P254A changes in D4DU2-ESBL-EC modify its shape: the 3-sheet is more compact, and the a-helix is shorter than in the
reference. 3D models show differences in the number of f3-sheets. [-TASSER predicts two 3-sheets for D4DU2-ESBL-EC.
SWISS-ADME predicts three. CTX-M-15 has four 3-sheets, each with a related domain. In CTX-M, -sheets are key to enzyme
activity and influence folding and stability in class A B-lactamases (58).

3.6. Comparative Validation of The Predicted CTX-M Structural Models

MolProbity validation showed that the 3D (3-lactamase structure in D4DU2-ESBL-EC predicted by I-TASSER had a
lower Ramachandran favored value of 86.80% and a non-ideal Rama z-score (-3.16) (Table 3). In contrast, SWISS-MODEL
prediction demonstrated greater reliability and superior stereochemical quality across most MolProbity parameters,
consistent with previous studies (59). The high-quality 3D structure of the -lactamase enzyme in D4DU2-ESBL-EC, as
assessed by SWISS-ADME, showed a Ramachandran plot of 97.44% and a MolProbity score at the 100th percentile.
However, validation also showed the superiority of I-TASSER in visualizing protein 3D structures through predictions from
amino acid sequences (60). Further validation with SAVES v6.1 showed that I-TASSER had better 3D proportion and strong
compatibility with a 3D verification value of 83.42% (PASS), compared to SWISS-MODEL, which showed a failed result
(70.05%). Nonetheless, all Ramachandran plot criteria and ERRAT scores indicate that SWISS-MODEL is more physically
realistic than I-TASSER, based on steric rotational stability of the protein backbone.

Figure 3. The 3D model of D4DU2 B-lactamase enzyme predicted by I-TASSER (A) and SWISS MODEL (B), compared to
reference protein E. coli CTX-M-15 (PDB ID: 7TI0) from the PDB database (C), with red arrow showing the binding pocket
of the active site.
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Table 3. Comparative validation value of D4DU2-ESBL-EC protein prediction model using I-TASSER and SWISS-MODEL
Validation Score of D4DU2-ESBL-EC Prediction Good Validation

Statistics Criteria

I-TASSER SWISS-MODEL Criteria
MolProbity
Clash score, all atom 98th percentile 99th percentile Percentile = 66
Ramachandran outliers 2.54% 0.51% Outliers < 0.05%
Ramachandran favored 86.80% 97.44% Favored = 98%
Rama distribution Z-score -3.16 £ 0.51 1.67 £ 0.61 Abs(Z-score) <2
MolProbity score 48t percentile 100t percentile Percentile = 66
Bad bonds 0.00% 0.07% Outlier bonds < 0.01%
CaBLAM outliers 2.6% 0.0% Outliers < 1%
CA Geometry outliers 0.51% 0.00% Outliers < 0.5%
SAVESv6.1
All Ramachandrans ERROR PASS PASS
Chi1-Chi2 plots PASS PASS PASS
Ramachandran Plot-Favored Region 78.4% 92.3% =90%
Ramachandran Plot-Allowed Region 20.5% 7.1% -
Errat 96.858 98.941 295%
Verify 3D 83.42% (PASS) 70.05% (FAILED) = 80%

A Ramachandran plot was generated using SAVESv6.1 to evaluate the stereochemical quality of
the predicted three-dimensional (3D) structure of the Escherichia coli DADU2 CTX-M protein model . This plot
maps the dihedral angles phi (¢) and psi ({) of the amino acid residues, allowing assessment of backbone conformational
preferences and identifying residues in energetically favorable regions . In the E. coli D4DU2 CTX-M protein model

using [-TASSER, 78.4% (134 out of 171) of the ASN48, ALA153, and PRO101 residues were found to occupy the most
favored regions of the Ramachandran plot (A, B, and L regions). Meanwhile, the E. coli D4DU2 CTX-M protein model
prediction using SWISS-MODEL has 92.3% (156 out of 197) in the Ramachandran favored region. Additionally, only one
end residue (excluding Gly and Pro) was observed in the SWISS-MODEL Ramachandran plot, highlighting the completeness
and integrity of the structure. Protein 3D structure prediction using [I-TASSER and SWISS-MODEL showed that 20.5% (35
residues) and 7.1% (12 residues) were located in the additionally allowed regions (a, b, ], and p regions), and no residues
were found in the generously allowed regionsPredictions using I-TASSER resulted in 2 residues (1.2%) in the disallowed
region, whereas SWISS-MODEL resulted in only 1 residue (0.6%), indicating minimal deviation from the ideal geometry.
The Ramachandran analysis using both MolProbity and SAVESv6.1 demonstrates that the predicted protein

models from I-TASSER and SWISS-MODEL exhibit good stereochemical quality. According to the criteria for a well-refined
model (2.0 A resolution and R-factor <20%), a model is expected to have over 90% of residues in the most favored regions

.Only minor deviations showed in the current model, which are unlikely to significantly impact the structural integrity.
Side-chain torsional strain, chirality, backbone torsion angles, and local geometric quality across the protein sequence
were analyzed via PROCHECK . Overall side-chain geometry showed good results, with most residues remaining
within acceptable deviation limits and being stereochemically valid. Based on the predicted secondary structure, the
D4DU2-ESBL-EC enzyme element consists of a folded and globular protein with the majority located in the most favorable
(green triangles) or allowed (blue squares) regions . Only a few residues have zeta torsion deviations greater than 2.0.
This is also supported by the G-factor scores, which indicate all structures are within the acceptable range (yellow to
orange), although some red residues indicate an unfavorable region.

Amino acids substitution into Leucine at position 253 and Alanine at position 254 can also be observed in the
Ramachandran plot, which shows that the number of Alanine (Ala, 25 residues) is the most abundant compared to other
amino acids, followed by Leucine (Leu, 19 residues). Most Ala and Leu are found in the favorable region of the D4DU2-
ESBL-EC protein. The plot also shows that of 13 Serine (Ser) residues, 10 are sterically favorable. Serine plays a crucial role
in forming the conserved serine hydrolase domain in the B-lactamase enzyme. Based on two side-chain torsion angles
(Chil and Chi2) analysis with PROCHECK, the D4DU2-ESBL-EC CTX-M protein model predicted by I-TASSER maintains the
appropriate side-chain geometry and is consistent with the well-defined experimental structure. The largest number of
residues in the structural model of the D4DU2-ESBL-EC CTX-M protein predicted by I-TASSER is Leucine, with 20 residues,
of which 4 are rotamer outliers and 16 show stable, realistic Leu side-chain conformations. This is in accordance with the
results of the 253 amino acid substitution, which indicate leucine at that position. Meanwhile, both Lysine (Lys) and
Asparagine (Asn) have 11 residues, with 7 rotamer outliers. Meanwhile, no Cysteine (Cys) residues were found in sufficient
quantity to be plotted. Residues such as Phenylalanine (Phe, 3 residues), methionine (Met, 5 residues), and Tyrosine (Tyr,
4 residues) predominantly occupy the high-resolution zone (<2.04) in the green shaded region, indicating that the modeled
structure largely adopts sterically and energetically more favorable conformations. However, amino acids such as Histidine
(His, 3 residues), Tryptophan (Trp, 3 residues), and Aspartic Acid (Asp, 10 residues) exhibit potential local strain or
flexibility in less favorable regions.
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3.7. Functional Analysis of D4DU2-ESBL-EC Active Site Mutations

A two-way analysis of variance (ANOVA) indicated that protein type (D4DU2, 1IYP, and 3BFC) significantly
influenced the binding affinity to $-lactam antibiotics (including cephalosporins and penicillin derivatives). This conclusion
is supported by the F statistic (F(2,34) = 24.545, p < 0.001), which indicates a low probability that the result occurred by
chance. However, Levene’s test revealed a violation of homogeneity (p = 0.002), suggesting unequal variance among groups.
Nonetheless, because the sample sizes were equal across groups (balanced design), the ANOVA was considered sufficiently
robust, which permitted interpretation of the results

The docking results show a moderate binding affinity of -5.3 to -7.3 kcal/mol; this value is often reported for
interactions between (-lactam antibiotics and -lactamase enzymes such as CTX-M-15 . D4DU2-ESBL-EC showed the
weakest mean affinity (-6.11 kcal/mol), while wild-type proteins 11YP and 3BFC had -6.44 and -6.68 kcal/mol, respectively.
The predicted mutant D4DU2 variant’s higher affinity score suggests that structural changes reduce the ability of antibiotics
such as Cephalosporins (-6.43 kcal/mol) or inhibitors such as Avibactam (-5.83 kcal/mol) to stably occupy the active site.
In contrast, Cephalosporins bind more stably in the wild-type CTX-M-15 protein 3BFC (-7.33 kcal/mol) and also in 1IYP
(-7.17 kcal/mol). For Urobactam, 3BFC showed a lower binding affinity (-7.23 kcal/mol) than the other proteins.
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Figure 4. Ramachandran plot of the predicted 3D structure of E. coli D4DU2 CTX-M protein model using I-TASSER (A)
and SWISS-MODEL (B) validated by MolProbity, and Ramachandran plot of the predicted 3D structure of E. coli D4DU2
CTX-M protein model using I-TASSER (C) and SWISS-MODEL (D) validated by SAVESv6.1
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Figure 5. Residue properties of D4DU2-ESBL-EC protein predicted by I-TASSER based on analysis via PROCHECK
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Figure 6. The quality of the chain conformations of the structural model of the D4DU2-ESBL-EC CTX-M protein predicted
by I-TASSER based on (A) Ramachandran plots and (B) Chil-Chi2 plots. Parentheses indicate the number of residues in
the structure. Yellow squares represent residues located in the shaded green favorable conformational region with high-
resolution (< 2.0 A). Red squares or triangles indicate residues in unfavorable regions (scores <-3.04)
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In the native 11YP and 3BFC proteins, Ser130, Asn104, Asn132, and Thr235 catalyze hydrolysis of the $-lactam ring
by stabilizing enzyme-substrate interactions in the class A (-lactamase active site (65). In contrast, the predicted D4DU-
ESBL-EC variant exhibits a shift in the orientation of the binding pocket and loses the canonical Ser residue, replacing it
with a hydrogen bond involving Cys2, Leul, Asp110, and Thr115. These changes suggest that substitutions at W253L and
P254A, both near the catalytic region, cause structural rearrangements. These mutations may alter local folding and the
positions of side chains that define the pocket geometry (66), thereby reducing the stability of f-lactam antibiotic binding
(67). Antibiotics, therefore, bind less strongly to D4DU2-ESBL-EC, reducing inhibition and increasing resistance in the new
CTX-M variant. However, the binding differences are small (0.3-0.9 kcal/mol), so this only provides a preliminary
indication.

This study offers a novel contribution to the understanding of the new mutant variant of extended-spectrum f3-
lactamase (ESBL)-producing E. coli originating from food sources in Indonesia. In contrast to previous studies that largely
focused on CTX-M variants originating from hospitals (13,15), our study highlights the growing concern about antimicrobial
resistance (AMR) within the One Health framework in the food chain. Especially because of mutations at amino acid
positions W253L and P254A, which affect conformational flexibility and the antibiotic spectrum (68). Overall, this study
combines genomic, structural, and computational approaches to provide new insights into the molecular features and
inhibitory potential of food-derived CTX-M enzymes.

Table 4. Molecular docking of $-lactam antibiotics on several CTX-M proteins with different binding affinities variation
Binding Affinity (Kcal/Mol) with Protein

Antibiotic Code: D4DU2 PDB ID: 1IYP PDB ID: 3BFC X for
Antibiotics

Urobactam 6433 + 0.233 6300 + 0.115 ~7.233 + 0.033 ~6.656¢
Penicillin -6.467 +0.133 -6.167 + 0.133 -6.600 + 0.300 -6.411b¢
Cephalosporin -6.433 + 0.067 -7.167 + 0.088 -7.333 + 0.067 -6.978¢
(5R)-Carbapenem -5.367 +0.145 -5.867 + 0.033 -5.833 + 0.067 -5.6882
Avibactam -5.833+0.176 -6.333 + 0.145 -6.767 + 0.233 -6.311b

Native Ligand
Cephalothin -6.833 + 0.145 -6.833de
Imipenem -6.333 £ 0.033 -6.333b
% for Protein 6.1072 6.444b> 6.683¢

% : mean value; the number following * indicates the standard error; abcde : subsets identified by Duncan’s post hoc test (p<0.05) conducted with significance
level of a =0.05 and mean square (Error) = 0.065

Interactions

[] van der waals

B unfavorable Donor-Donor

|:| Pi-Sulfur

Figure 7. Interaction of the ligand binding pocket of the 3-lactamase protein Toho-1 (PDB ID: 11YP) derived from
Escherichia coli with Cephalosporins. Blue region indicates hydrophilic (polar) areas, red regions represent hydrophobic
(nonpolar) areas, green region typically represents the hydrogen-bond acceptor, and pink (magenta) region represents
the hydrogen-bond donor. ASN: Asparagine, TYR: Tyrosine, THR: Threonine, SER: Serine, LYS: Lysine, GLY: Glycine.

- Conventional Hydrogen Bond
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Acceptor
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Figure 8. Ligand binding pocket interaction of the class A f-lactamase protein (PDB ID: 3BCF) isolated from E. coli BL21
with Cephalosporin. Blue region indicates hydrophilic (polar) areas, red regions represent hydrophobic (nonpolar) areas,
green region typically represents the hydrogen-bond acceptor, and pink (magenta) regions represent the hydrogen-bond

donor. PRO: Proline, CYS: Cysteine, ASN: Asparagine, SER: Serine, TRP: Tryptophan, LYS: Lysine, ALA: Alanine, THR:
Threonine, GLY: Glycine, ASP: Aspartic Acid
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- Unfavorable Donor-Donor

Figure 9. Ligand binding pocket interaction of the D4DU2-ESBL-EC with Cephalosporin. Blue region indicates hydrophilic
(polar) areas, red regions represent hydrophobic (nonpolar) areas, green region typically represents the hydrogen-bond
acceptor, and pink (magenta) represents the hydrogen bond donor. ILE: Isoleucine, LEU: Leucine, ARG: Arginine

62



Anggiresti Kinasih & Endah Retnaningrum Indones ] Med Lab Sci Technol. April 2026;8(1):51-66

This study provides valuable insights, but several limitations remain. First, while in silico approaches generate
hypotheses, they cannot replace experimental validation. Therefore, it is necessary to confirm the inhibitory activity of
tested antibiotics against CTX-M enzymes using in vitro enzymatic assays or in vivo antimicrobial susceptibility testing

. Second, the docking analysis used static conditions and may therefore not capture the full dynamics of protein-ligand
interactions. To address this, molecular dynamics (MD) simulations should be included for a clearer picture of binding
stability and conformational changes over time . Third, the study evaluated a relatively narrow range of antibiotics,
specifically beta-lactams. Additionally, only one structural model (E. coli D4DU2 CTX-M) and three reference proteins were
used for comparison, which may not fully reflect the structural diversity of CTX-M enzymes across various bacterial strains.
Taken together, these considerations highlight those future studies should integrate experimental validation and advanced
simulations to support and expand on these findings.

4. CONCLUSIONS

Based on the result and discussion, E. coli (D4DU2-ESBL-EC) is a new variant from Yogyakarta, Indonesia, closely
related to Indian blaCTX-M-15 variants. Point mutations in E. coli D4DU2, such as W253L, P254A, and the putative binding
site, differentiate it from CTX-M-15. Stereochemical evaluation using MolProbity, SAVES, and PROCHECK shows that the
predicted 3D CTX-M [-lactamase structure from E. coli Yogyakarta, generated by I-TASSER and SWISS-MODEL, is
considered good. Although in the I-TASSER prediction, the percentage of residues in the most favored regions (78.4%) is
slightly below the ideal benchmark (>90% for high-resolution structures), the model remains structurally sound and
suitable for further computational analysis, such as molecular docking and dynamic simulations. Overall, this study
demonstrates that [-TASSER, complemented by PROCHECK validation, offers a valuable in silico approach for the structural
characterization of ESBL proteins from foodborne bacterial isolates in resource-limited contexts. However, SWISS-MODEL
is recommended for 3D structure prediction.
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