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Abstract

Mutations in the blakec gene significantly influence the effectiveness of antibiotics and
combination therapies used to combat Klebsiella pneumoniae resistance. This study aimed
to analyze genetic variations, physicochemical properties, and structural characteristics
between mutant and wild-type class A B-lactamase KPC enzymes responsible for
ceftazidime—avibactam resistance. Strains with the most significant mutations relative to
the wild-type were identified based on physicochemical changes, haplotype networks, and
structural conformations. The binding mechanisms between antibiotics and KPC enzymes
were also evaluated to determine the role of conserved residues in enzymatic interactions
and catalytic activity. Two wild types and 260 KPC variant sequences were retrieved from
the NCBI database. ProtParam analysis indicated that all KPC variants exhibited stable
physicochemical characteristics. Motif analysis using MEME revealed 15 conserved motifs
across all variants. Phylogenetic tree reconstruction with MEGA 10 and iTOL, combined
with haplotype analysis using DnaSP, identified KPC-2 and KPC-3 as ancestral variants.
Protein modeling with AlphaFold and structural superimposition in PyMOL showed
conformational shifts in the Q-loop, 240-loop, and 270-loop regions. Molecular docking in
PyRx demonstrated that ceftazidime acted as the strongest inhibitor against several KPC
variants, which was supported by visualization using Discovery Studio 2025. Variants such
as KPC-9, KPC-117, KPC-135, KPC-201, and KPC-258 showed the highest divergence,
whereas those in Haplotype 1 remained closest to the wild-type. Mutations predominantly
occurred within loop regions, while the protein core remained conserved, suggesting
selective adaptation under antibiotic pressure. Further in vitro and in vivo validation is
recommended to confirm in silico predictions and improve future therapeutic design.
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1. Introduction

Klebsiella pneumoniae is a Gram-negative bacterium that serves as a major cause of
serious nosocomial infections such as pneumonia, urinary tract infection, and sepsis. Its
pathogenic nature has drawn significant attention in terms of treatment, including antibiotic
therapy (Ding et al., 2023). The emergence of multidrug-resistant strains in recent years
has increased the prevalence of these infections. The Carbapenemase group exhibits
resistance to antibiotics and is known as Carbapenemase-Resistant Klebsiella
pneumoniae (CRKP), which has become a serious global medical concern. One of the
main causes of this resistance is the presence of the blakec gene, which encodes a
carbapenemase enzyme capable of hydrolyzing carbapenem antibiotics (Garsevanyan &
Barlow, 2024). The increasing failure of B-lactam antibiotic therapies in K. pneumoniae
infections across healthcare facilities has become a major issue, as it elevates the
incidence of CRKP infections with high mortality rates (Sun et al., 2024).

The antibiotic combination ceftazidime-avibactam (CAZ-AVI) represents first-line
therapy for CRKP infections. However, its clinical use has also led to reports of resistance,
largely driven by mutations in the blakec gene (Wang et al., 2025). Ceftazidime (CAZ)
belongs to the B-lactam antibiotic class and is often considered a “last-resort” therapy for
resistant bacterial infections, making resistance to it particularly concerning (Bongiorno et
al., 2023). These mutations generally occur in functional regions of the gene that alters
enzyme affinity toward avibactam (AVI) and increase hydrolytic activity against CAZ,
thereby reducing inhibitor efficacy (Hobson et al., 2022). blakrc mutations may involve point
substitutions, insertions, or deletions, which not only lead to treatment failure but also
complicate laboratory detection, as some variants cannot be identified by conventional
phenotypic methods (Sun et al., 2021; Zhang et al., 2024). The limited therapeutic options
and reduced antibiotic efficacy due to emerging Klebsiella pneumoniae carbapenemase
(KPC) mutant variants are expected to worsen the clinical burden and promote
interbacterial resistance spread via plasmids (Qiao et al., 2024).

In clinical isolates, several blakec mutant variants have been identified that confer
resistance to CAZ. Some mutations even lead to reduced resistance to carbapenems,
shifting from highly resistant to more susceptible as an adaptive mechanism to evade AVI.
Mutations that increase resistance to CAZ often result in decreased resistance to other
antibiotics (a trade-off effect) (Shields et al., 2017; Ding et al., 2023). Globally, numerous
infection cases have been reported involving KPC mutant variants encoding resistance to
CAZ. Based on these findings, it is predicted that KPC enzymes have evolutionary potential
to develop mutations conferring resistance to 3-lactam/B-lactamase inhibitor combination
therapies (Shi et al., 2022). Since the clinical introduction of CAZ for K. pneumoniae
infections, more than 260 KPC mutant variants have been identified, predominantly in
strains from the United States, China, Italy, and other European countries, and their
number continues to rise exponentially (Giddins et al., 2018).

Resistance to CAZ is primarily caused by conformational alterations in the Q-loop
and the active site of enzyme that enhance hydrolytic activity toward ceftazidime while
reducing affinity for AVI. Reports of infections caused by KPC mutant variants signal that
resistance evolution is ongoing. This situation is concerning, especially in regions with high
population density and mobility, as it increases the risk of cross-border spread and
horizontal transfer through plasmids within hospital environments (Zhang et al., 2024,
2025). Besides imipenem (IPM) and meropenem (MEM), other 3-lactam antibiotics such
as aztreonam (ATM), and the combination of CAZ-AVI are also used for treating K.
pneumoniae infections. ATM is relatively stable against most B-lactamases but can still be



Airlangga et al. Curr. Appl. Sci. Technol. , Vol. ... (No...), €0267980

hydrolyzed by KPC, and especially by mutants with alterations in the active site. IPM and
MEM are often used as benchmarks to assess the catalytic activity of class A B-lactamases
due to their distinct interactions with active-site residues (Satapoomin et al., 2022).

Horizontal Gene Transfer (HGT) plays a key role in accelerating the emergence
and spread of KPC mutant variants. The blakec gene can be transferred horizontally
between bacteria, including across species and genera, allowing direct plasmid-mediated
genetic exchange even among unrelated organisms (Partridge et al., 2018). This horizontal
transfer does not occur through vertical inheritance from parent to offspring but through
conjugation, transformation, and transduction. Furthermore, the presence of mobile
genetic elements commonly associated with blakec enhances its ability to integrate into
various genomes and spread widely (Acman et al., 2022). This study employs wild-type
KPC-2 and KPC-3 as main references since they represent the earliest and most clinically
prevalent variants, considered ancestral types for hundreds of emerging KPC mutants.
KPC-2 is structurally stable, whereas KPC-3 exhibits enhanced hydrolytic activity toward
certain B-lactams (Huang et al., 2023; Falagas et al., 2025).

The global antibiotic resistance crisis and the therapeutic limitations of CAZ against
K. pneumoniae strains constitute major health concern. Analyzing 260 KPC mutant
sequences alongside two wild-type sequences (KPC-2 and KPC-3) is crucial to gain
insights into mutation patterns and their distribution (Fontana et al., 2021; Sanz et al.,
2024). Understanding KPC mutations and their impact on antibiotic resistance will aid in
determining effective antibiotic combinations and developing new therapeutic strategies
and infection-control policies. Therefore, this study aims to analyze the structural and
functional differences between mutant and wild-type class A B-lactamase KPC enzymes
responsible for resistance to CAZ-AVI in K. pneumoniae. It also seeks to examine the
genetic variation between mutant and wild-type strains and identify variants with the most
significant or wild-type-like mutations based on physicochemical properties, haplotype
networks, and conformational changes.

2. Materials and Methods

2.1 Sequence data mining

The blakrc nucleotide and KPC amino acid sequences consisting of two wild-types and all
mutant variants with annotated function as KPC up until 10t" May 2025 were collected from
the National Center for Biotechnology Information (NCBI) database (http://www.ncbi.nim.
nih.gov/) with a total of 260 mutant variants. Wild-type and mutant variants sequences from
NCBI were saved in FASTA format. Then, sequences were submitted to numerous web
server tools for further analysis.

2.2 Physicochemical properties analysis

Physicochemical properties were analyzed in ExPAsy ProtParam (https://web.expasy.org/
protparam/) by submitting FASTA format of KPC wild-type and mutant sequences. ExPASy
ProtParam was used for protein physicochemical characterization based on certain
parameters, such as molecular weight, isoelectric point, aliphatic index, instability index,
amino acid composition, and grand average of hydropathy (GRAVY). This analysis was
performed to compare protein physicochemical properties between each variant of KPC
sequences (Rubalakshmi et al., 2020).
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2.3 Sequences motifs analysis

Amino acid sequences of KPC wild-type and mutant variants were analyzed using Multiple
Em for Motif Elicitation (MEME) ver 5.5.7 (https://meme-suite.org/). A data submission form
was filled in first, this included configuring the parameters for the motif distribution and
typing in the protein sequence as the input. The other MEME default configurations were
maintained. Motifs analysis provided information about the conserved region found in every
protein sequence, indicating potential important structure (Bailey et al., 2015).

2.4 Phylogenetic tree and haplotype construction analysis

Nucleotide sequences of KPC variants were used to construct a phylogenetic tree and
CTX-M-1 as the outgroup of the tree (Garsevanyan & Barlow, 2024). The phylogenetic tree
was constructed using the Kimura 2-parameter model (K2) with Gamma Distributed with
Invariant Sites (G+l) algorithm, Poisson substitution model with the bootstrap number of
1000, in Molecular Evolutionary Genetics Analysis (MEGA) version X (Rocha et al., 2022).
Then, the phylogenetic tree construction result was edited in Interactive Tree of Life (iTOL)
(https://itol.embl.de/) for better visualization. The nucleotide sequences of blakrc variants,
except for KPC-41 (MK497255.1) due to the ambiguous sequence, were used as the input
in DnaSP6 v6.12.03 to generate the haplotype input dataset. Next, the haplotype network
was drawn from the generated haplotype dataset in Network 10.2.0.0 software. The
haplotype network was performed to determine mutation distance between blakrc variants
(Rozas et al., 2017).

2.5 Protein visualization

The three-dimensional structures of the wild-type and mutant KPC proteins were predicted
in AlphaFold web server (https://alphafold.ebi.ac.uk/). Modeling was performed based on
the amino acid sequences of both the wild-type and mutant forms. The resulting 3D
structural models were selected based on sequence identity. Model assessment was
further conducted using TED domains and Predicted Aligned Error (PAE) (Lau et al., 2024).
Then, the 3D structure alignment was performed using PyMOL Molecular Graphics
System, version 3.1.3.1 (Schrodinger, LLC.) to observe any conformational changes in
protein and the aligned structure between the wild-type and mutant variants.

2.6 Molecular docking

Ligands in the form of antibiotics were prepared using PyRx Ver 0.8 software. Ligand
preparation was carried out using the Open Babel feature in PyRx to minimize the energy
of each ligand. Ligands whose energy had been minimized were converted into PDB format
(Wargasetia et al., 2021; Widyananda et al., 2023). Meanwhile, the preparation of the KPC
variant receptor was carried out by removing water molecules and ligands integrated in its
three-dimensional structure (Permana et al.,, 2024). The software used was BIOVIA
Discovery Studio Visualizer Ver 25.1.0.24284 and PyMOL 3.1.3.1. The prepared KPC
variant ligands and proteins were then docked with maximum grid and the exhaustiveness
were set at 50 using Vina Wizard integrated in PyRx Ver 0.8 (Rachmi et al., 2020).
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3. Results and Discussion

3.1 KPC variants physicochemical properties analysis

Physicochemical properties analysis was computed in Expasy ProtParam web with certain
parameters to predict the stability from 2 wild-type and 260 mutant variants of amino acid
KPC. The physicochemical properties of KPC variants were analyzed based on several
parameters: number of amino acids, molecular weight, isoelectric point (pl), instability
index, aliphatic index, and the grand average of hydropathy (GRAVY). Based on Table 1,
variants of KPC sequences had numbers of amino acids ranging between 290-308 with
molecular weights ranging between 29599.67-34081.74 Da. From Figure 1, each variant
of amino acid KPC had isoelectric point (PI) values from 5.96-8.92, instability index ranging
between 26.91-32.74, aliphatic index values ranging between 86.24 - 91.12, and grand
average of hydropathy (GRAVY) values ranging between -0.113 to 0.The overall values of
the physicochemical analysis showed that variants of KPC had good quality and stability.

The physicochemical properties of a protein consist of several parameters
including number of amino acids, molecular weight, isoelectric point (pl), instability index,
aliphatic index, and the grand average of hydropathy (GRAVY). Amino acids are the
building blocks of proteins and serve crucial functions as structural elements and energy
sources for normal cell growth and metabolism (Ling et al., 2023). Molecular weight can
affect the physical and chemical properties of a protein, affecting the behavior and cellular
function of protein (Mohanta et al., 2022). The isoelectric point (pl) is a parameter that
indicates the pH of protein. If the value is less than 7, the protein has acidic character and
if the isoelectric point value is more than 7, the protein has alkaline character (Rubalakshmi
et al., 2020). The instability index is a parameter that indicates protein stability. If the value
is less than 40, it is predicted to be a stable protein and the protein is predicted to be
unstable if the value is more than 40 (Guruprasad, 2016). Aliphatic point indicating the
aliphatic site of protein structure, if the value is closer to 100 meaning the protein has good
structure quality (Gouripur et al., 2016). If the grand average of hydropathy (GRAVY) value
is closer to negative, it indicates that the protein is hydrophilic and the value near to positive
indicates the protein is hydrophobic (Rubalakshmi et al., 2020). Therefore,
physicochemical variants of KPC varied in isoelectric point (pl), aliphatic index, and
GRAVY, indicating that these parameters may be the key patterns and causes of mutant
variants in KPC.

Table 1. Number of amino acid and molecular weight of class-a B-lactamase kpc variants

Protein Number of Amino Acid Molecular Weight (Da)
KPC-2 (Wild-type) 293 31115.35
KPC-3 (Wild-type) 293 31141.39
KPC-4 — KPC-272 (260 variants) 290-308 29599.67 - 34081.74
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Figure 1. Physicochemical analysis of class-A B-lactamase KPC variants. (A) Isoelectric
point. (B) Instability index. (C) Aliphatic index. (D) Grand average of hydropathy (GRAVY)

3.2 KPC variants haplotype and phylogenetic tree construction analysis

Haplotype network construction was performed to visualize the relationship between
different haplotypes of KPC variants from the DNA sequences. The haplotype network in
Figure 2 illustrates the mutation distance between 49 haplotypes, and each haplotype
consists of a single, or multiple KPC variants. Haplotype 1 (Hap_1) is the most commonly
found haplotype and is drawn as the center of the network, which includes the wild-type
that are KPC-2 and KPC-3, and hundreds of other KPC variants (Table 2). Haplotype 1
can be considered as the ancestral haplotype of others, and the size of Haplotype 1 is
larger than other haplotypes, indicating high frequency and genetic dominance. This
reflects variants that are very similar to each other, although there is a possible slight
difference in the nucleotide sequence. The red numbers on the branches of the haplotype
network represent the position of the mutation or single-nucleotide change in the DNA
sequence alignment that distinguishes the connected haplotypes.
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Figure 2. Haplotype analysis of class-A B-lactamase KPC variants

Table 2. Haplotype network data input of class-a B-lactamase kpc variants

Haplotype KPC Variants

Hap_1

KPC-2 KPC-3 KPC-6 KPC-8 KPC-9 KPC-12 KPC-14 KPC-19 KPC-23 KPC-28 KPC-29 KPC-
31 KPC-32 KPC-33 KPC-34 KPC-35 KPC-36 KPC-38 KPC-39 KPC-40 KPC-44 KPC-46 KPC-
47 KPC-48 KPC-49 KPC-50 KPC-51 KPC-52 KPC-53 KPC-56 KPC-57 KPC-58 KPC-61 KPC-
62 KPC-63 KPC-65 KPC-66 KPC-67 KPC-68 KPC-69 KPC-71 KPC-72 KPC-73 KPC-74 KPC-
76 KPC-77 KPC-78 KPC-79 KPC-80 KPC-81 KPC-82 KPC-84 KPC-85 KPC-86 KPC-87 KPC-
88 KPC-89 KPC-90 KPC-92 KPC-93 KPC-94 KPC-95 KPC-96 KPC-97 KPC-98 KPC-99 KPC-
100 KPC-101 KPC-102 KPC-103 KPC-104 KPC-105 KPC-106 KPC-107 KPC-108 KPC-109
KPC-111 KPC-112 KPC-113 KPC-114 KPC-115 KPC-116 KPC-121 KPC-123 KPC-124 KPC-
125 KPC-126 KPC-127 KPC-128 KPC-129 KPC-130 KPC-132 KPC-133 KPC-134 KPC-135
KPC-136 KPC-137 KPC-138 KPC-139 KPC-140 KPC-141 KPC-142 KPC-144 KPC-146 KPC-
148 KPC-150 KPC-151 KPC-152 KPC-153 KPC-154 KPC-155 KPC-159 KPC-160 KPC-161
KPC-162 KPC-163 KPC-164 KPC-165 KPC-166 KPC-167 KPC-168 KPC-169 KPC-170 KPC-
171 KPC-172 KPC-173 KPC-174 KPC-175 KPC-176 KPC-177 KPC-178 KPC-180 KPC-181
KPC-183 KPC-184 KPC-185 KPC-186 KPC-187 KPC-188 KPC-189 KPC-191 KPC-192 KPC-
193 KPC-196 KPC-197 KPC-201 KPC-202 KPC-203 KPC-204 KPC-205 KPC-206 KPC-207
KPC-208 KPC-209 KPC-211 KPC-212 KPC-213 KPC-214 KPC-215 KPC-216 KPC-217 KPC-
218 KPC-220 KPC-224 KPC-225 KPC-226 KPC-227 KPC-228 KPC-230 KPC-231 KPC-233
KPC-234 KPC-237 KPC-238 KPC-239 KPC-240 KPC-241 KPC-242 KPC-243 KPC-245 KPC-
250 KPC-251 KPC-252 KPC-255 KPC-256 KPC-257 KPC-258 KPC-259 KPC-260 KPC-261
KPC-262 KPC-263 KPC-265 KPC-266 KPC-267 KPC-268 KPC-269 KPC-270 KPC-271 KPC-
272
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Phylogenetic tree reconstruction was performed to observe the evolutionary
distance and relationship between 260 mutant strain sequences compared to the wild-type
variants. Figure 3 shows the results of phylogenetic tree reconstruction. Each phylogenetic
branch shows one KPC variant with several main branches indicating a large evolutionary
distance between groups.

KPC-2 is the earliest KPC variant and the ancestor of other KPC variants, while
KPC-3 is the earliest mutant of KPC-2. The existence of KPC-2 and KPC-3 in Haplotype 1
emphasizes that Haplotype 1 is the ancestral haplotype. Meanwhile, other haplotypes are
considered to be the result of mutations derived from Haplotype 1, either directly or
indirectly. This is also in line with the fact that KPC-2 is considered an early variant of KPC
and is the basis for the emergence of various other KPC variants. Meanwhile, KPC-3
emerged as a result of a mutation in KPC-2, so it is considered one of the early variants
that came directly from KPC-2 (Hobson et al., 2022). Most of the newly emerged KPC
variants come directly or indirectly from KPC-2 and KPC-3, each through a single mutation
(Tsai et al., 2021; Wei et al., 2025).

The presence of the HGT phenomenon caused by local spread makes KPC
mutations easy to occur. Based on all the KPC variants found, most of the new variants
came from KPC-2 and KPC-3, which was around 91%. This was due to the acceleration of
evolution and diversification of variants as a result of the selection pressure of new
antibiotics such as ceftazidime-avibactam. These variants carry one major amino acid
change that can affect the resistance profile to antibiotics (Wang et al., 2014; Chen et al.,
2022). The KPC mutation that appeared earlier was KPC-2 and was followed by KPC-3,
which is the reason why the derivative mutation variants were found more than the KPC-3
derivatives. The difference between KPC-2 and KPC-3 lies in sequence 272, where a
substitution underwent from the amino acid residue H or histidine to T or tyrosine (H272Y)
(Migliorini et al., 2021).

The blakec gene is located on a conjugative plasmid that can transfer between
bacteria, where this plasmid is independently conjugative because it has a transfer gene
that enables direct transfer to other cells through the process of conjugation. KPC on the
KPC-2 plasmid has spread widely to various bacterial species through plasmids carrying
the Tn4401 transposon. In addition, the plasmid that spreads blaKPC plays an important
role in enabling the accumulation of mutations at structural hotspots, especially in several
loops that alter the three-dimensional conformation around the conserved motif. These
changes cause plasmids carrying KPC variants with more stable and efficient active motifs
to have a greater chance of being selected evolutionarily and spreading globally,
accelerating the process of antibiotic resistance spread in various environments (Hobson
et al., 2022; Xie et al., 2025).

Plasmid-mediated conjugation is the primary mechanism driving the rapid
horizontal spread of the blakrc gene in K. pneumoniae. In most cases, blakpec is found on
self-transferable plasmids, often from the IncN or IncF incompatibility groups, which enable
transfer between bacteria (both intra- and interspecies) via the conjugation machinery
encoded in these plasmids. For example, plasmids carrying blakec-2 on the IncN or IncFll
framework were shown to transfer efficiently via conjugation (Rada et al., 2020). In addition,
another mechanism of spread may involve blakec being mobilized into plasmids,
transposable elements such as Tn4401, which plays an important role by inserting genes
into the plasmid backbone, thereby enabling the transfer of blakec between plasmids or
from one plasmid to another within the same cell (Sugita et al., 2021).
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Figure 3. Class -A B-lactamase KPC variants phylogenetic tree

In addition to the Tn4401 system, non-Tn4401 elements which are collectively
referred to as NTE_KPC and insertion sequences, particularly 1S26, facilitate the
reorganization of the genetic context surrounding blakpc. 1S26 can mediate homologous
recombination, plasmid cointegration, deletion, or duplication, resulting in new plasmids
containing blakec or altering the expression level of this gene. Additionally, the formation of
promiscuous plasmids occurs through plasmid cointegration and recombination, which
involve plasmids fusing, exchanging segments, or acquiring replicon frameworks with a
broader host range due to events mediated by IS or transposons (Guo et al., 2022).
Furthermore, another mechanism of spread occurs when plasmids containing blakpc enter
K. pneumoniae clones, where clonal expansion plays a role in strengthening and stabilizing
the presence of the gene. Thus, horizontal transfer establishes new hosts, and clonal
spread forms a stable reservoir (Brandt et al., 2019).

The global spread of the KPC gene has led to a significant increase in antibiotic
resistance in various countries. This phenomenon can occur due to two main factors,
namely clonal development through strain spread and horizontal gene transfer, which
allows the transfer of genes between bacterial species. Bacterial strains that are dominant
in a region usually carry plasmids with beneficial adaptive effects, causing variations in
plasmid profiles between regions and over time. Local outbreaks of the same strain can
reinforce the dominance of these plasmids, supporting the continued spread of resistance
genes. Although most KPC plasmids circulate only within K. pneumoniae groups, the ability
of plasmids to transfer to other bacterial species plays an important role in interspecies
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spread. Therefore, research on the dynamics of these plasmid movements in various
environments is crucial for understanding how KPC genes evolve, adapt, and spread (Cai
etal., 2024).

3.3 KPC variant protein motifs analysis

Protein sequence motif analysis of 2 wild-type and 260 KPC mutant variants was
performed in MEME. Based on Figure 4, fifteen conserved motifs of class-A B-lactamase
KPC and its mutations were discovered. Motif 14 shows higher variability in the amino acid
sequence compared to other motifs (Figure 4). Fifteen motif locations are distributed in all
sequences at nearly the same locations. Motif 1 is located around amino acid numbers
201-238, identified as the K-T-G motif and its surrounding structural elements. Motif 2 is
located around amino acid numbers 25-74, covering the catalytic serine (S70) and the S-
X-X-K motif around amino acid numbers 70-73. Motif 3 is located around amino acid
number 82-131, covering the SDN (Ser-Asp-Asn) loop structure. Motif 4 is located around
amino acid numbers 134-160, positioned immediately after the SDN loop. Motif 5 is located
around amino acid numbers 244-264; this motif is situated within the region encompassing
portions of the 240-loop and preceding the 270-loop. The broad conservation of this motif
implies its importance for structural integrity around this area. Motif 6 is located around
amino acid numbers 277-293, identified as the C-terminus of the enzyme. Motif 7 is located
around amino acid numbers 182-197; this motif is located immediately downstream of the
omega loop structure. Its positional variability suggests it might act as a flexible linker
region, connecting the dynamic omega loop to other more stable parts of the protein, or
influencing the omega loop's conformation. Motif 8 is located around amino acid numbers
7-21, identified as the N-terminus of the enzyme.

Motif 9 is located around amino acid numbers 244-264; this motif is a sub-region
within the broader segment covered by Motif 5. Motif 10 is located around amino acid
numbers 169-181, covering the Q-loop structure. Motif 11 is located around amino acid
numbers 161-168, this motif located upstream of the Q-loop structure. Motif 12 is located
around amino acid numbers 1-6, identified as part of the N-terminus of the enzyme. Motif
13 is located around amino acid numbers 75-80; this motif is located close to the serine
catalytic residue. Motif 14 is located around amino acid numbers 169-179 and only exists
in some KPC variants. This motif has the same sequence as the Q-loop structure,
indicating there is Q-loop duplication. Motif 15 is located around amino acid numbers 265-
270 and only exists in some KPC variants. It is always placed immediately downstream of
motif 5.

Based on Figure 5, KPC-44 motif composition exhibits omega-loop amino acid
duplication before the C-terminus, and this motif composition could be found in other KPC
variants such as KPC-103, KPC-105, and KPC-148. The KPC-66 motif composition
exhibits omega-loop amino acid duplication, and this motif composition could be found in
other KPC variants such as KPC-92, KPC-94, KPC-112, KPC-115, KPC-124, KPC-160,
KPC-166, KPC-197, KPC-203, KPC-216, KPC-237, KPC-238, and KPC-260. The KPC-58
motif composition exhibits motif 15 insertion, and this motif composition could be found in
the other KPC variants such as KPC-67, KPC-109, KPC-129, KPC-132, KPC-134, KPC-
139, KPC-162, KPC-163, KPC-183, KPC-220, KPC-230, KPC-245, KPC-261, and KPC-
271. The KPC-257 exhibits motif 15 addition with different omega loop motifs, and this
motif composition could be found in the KPC-73. The KPC-81 motif composition exhibits
undiscovered motif in the omega-loop core area, and this motif composition could be found
in the other KPC variants such as KPC-169, KPC-186, KPC-191, KPC-211, KPC-225,

10
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KPC-228, KPC-240, and KPC-241. The KPC-133 motif composition exhibits omega-loop
amino acid duplication between motif 9 and motif 5, before the C-terminus, and this motif
composition could be found in the other KPC variants such as KPC-108, KPC-140, KPC-
152, KPC-154, KPC-192, KPC-251, KPC-256, KPC-265, and KPC-270. KPC-135 suggests
an undiscovered omega-loop core motif and omega-loop amino acid duplication between
motif 9 and 5, before the C-terminus, and this motif composition can only be found in KPC-
135. The KPC-258 motif composition suggests undiscovered whole omega-loop motif, and
this motif composition can only be found in KPC-258. The KPC-201 motif composition
suggests a chance of an undiscovered pre-omega-loop motif, and this motif composition
can only be found in KPC-201. The KPC-117 motif composition exhibits undiscovered N-
terminus, and this motif composition can only be found in KPC-117. The KPC-9 motif
composition exhibits undiscovered motifs at the N-terminus and C-terminus region, and
this motif composition can only be found in KPC-9.

Motif Symbol Motif Consensus

?R SFVDWLKGNTTGNHRIRAAVPADWAVGDKTGTCG
LTNLVAEPFAKLEQDFGGSIGVYAMDTGSGATVSYRAEERFPLCSSFKGF
RSQQQAGLLDTPIRYGKNALVPWSPISEKYLTTGMTVAELSAAAVQYSDN
ANLLLKELGGPAGLTAFMRSIGDTTFR

NDYAVVWPTGRAPIVLAVYTR

TAAAARLALEGLGVNGQ

PRAVTESLQKLTLGSA

LVLLSCLSWPLAGFS

PNKDDKHSEAV

NSAIPGDARDTSS

LDRWELEL

MSLYRR

LAAAVL
AIPGDARDTSS
APNKDD

NRBNISoENGORN
-I-DDDIIlDDIHHI

I GRS, S G S T

Motif 1 Motif 6 Motif 11

& SFK

Motif 2

amaafm&wf s\ vas i

Motif 3

INANBGARY QY

Motif 10

R

Figure 4. Class-A B-lactamase KPC variant protein motif analysis
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Name p-value  Motif Locations
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KPC-66  8.50e-290 Hill | m |

KPC-117 7.84e-288 _ | ml |
KPC-133  9.49¢-202 Eilll| m | o I Haa
KPC-135 1.37e-291 Eilll | b | o 1 e §
KPC-201 1.29¢-28¢ Dl | | I H 1 B
KPC-257 9.53e-202 il m | I N (T
KPC-258 8.24e-27¢ Hilll| Il | I I [ e

Figure 5. Several class-A B-lactamase KPC variants motif comparison

The catalytic serine residue (Ser70), as covered in motif 2, plays a central and
crucial role in the hydrolysis and inactivation of beta-lactam antibiotics, especially in
acylation and deacylation catalytic mechanisms. The catalytic Ser70 residue hydroxyl
group acts as a powerful nucleophile, launching a nucleophilic attack on the carbonyl
carbon of the four-membered beta-lactam ring in the antibiotic molecule, leading to the
cleavage of the amide bond within the beta-lactam ring. Simultaneously, a covalent acyl-
enzyme intermediate is formed, where the antibiotic is temporarily bound to Ser70.
Following the acylation, a catalytic water molecule enters the active site and attacks the
carbonyl carbon of the acyl- enzyme intermediate. This attack hydrolyzes the ester bond
between Ser70 and the now-inactivated drug resulting in release of the hydrolyzed
antibiotic product, regenerating the free catalytic Ser70, and allowing the enzyme to
catalyze another reaction cycle (Hobson et al., 2022; Sun et al., 2024; Tooke et al., 2023).

The SDN motif as covered in motif 3, plays a role in forming a cationic patch that
directly interacts with the carboxamide carbonyl oxygens of the beta-lactam antibiotic core
structure for proper substrate binding and efficient catalytic function. When mutations occur
within this motif, such as N132G, it can significantly disrupt enzyme ability to bind
substrates or alter its interaction with beta-lactamase inhibitors like AVI and clavulanate
(Ourghanlian et al., 2017). There are three loop structures found in KPC that possess
important functions in enzyme activity and resistance evolution, specifically Q-loop, 240-
loop, and 270-loop. These 3 loops form the enzyme catalytic pocket. The conformation and
flexibility of this pocket influence the substrate or antibiotics specificity binding and
hydrolysis efficiency. Any mutations in these loop regions are common mechanisms by
which KPC variants acquire resistance to the existing or new beta-lactam antibiotics and
beta-lactamase inhibitors (Wei et al., 2025).

Motifs that have a high level of conservation are often found in closely related
variants, indicating that the variants originated from the same ancestor. However, the
emergence of different and less conservative motifs indicates evolutionary divergence
when the species has adapted to its surroundings. The differences in motifs among the
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entire class-A B-lactamase KPC variant sequences are also caused by molecular
mechanisms in the form of deletions in which part of the motif is lost, addition in the form
of insertions of new sequences in the motif, and mutations that result in small differences
in the motif. This shows a high level of conservation between variants, which suggests that
these amino acid sequences may play a role in the same molecular function (Moraes Filho
etal., 2017).

3.4 KPC variants 3D structure comparison

Eleven KPC variants were chosen based on the motif composition difference (Figure 5),
then three-dimensional (3D) structure modeling and structural superimposition analyses
were conducted to further understand how these motif variations affected the structural
and functional properties of KPC variants. The superimposition of the 3D structures
generated from the modeling of wild-type and mutant KPC variants seen in Figure 6
predominantly revealed conformational changes in the loop regions. In contrast, the core
structures remained conserved, with no notable conformational alterations detected. In the
visualizations, the wild-type structure is represented in red, the mutant variants in blue, and
the regions undergoing conformational change were highlighted in green within the 3D
structure model. Based on the visualization results obtained, the conformational changes
that occurred were of different types, namely hinge motion, rearrangement, and fold switch.
The hinge motion conformational change was produced by KPC-117 and KPC-9. The
rearrangement type was produced by the motif composition found in KPC-44, KPC-66,
KPC-58, KPC-257, KPC-133, KPC-135, KPC-258, and KPC-201. Meanwhile, the fold
switch conformational change was produced by KPC-81. Changes in protein structure
conformation have the potential to disrupt its interaction with the B-lactam substrate so that
increased resistance of a bacterium to 3-lactam antibiotics might increase.

Protein conformational changes can occur due to received signals, such as
chemical modifications, ligand binding, and environmental changes. Protein structural
changes can also be stimulated by phosphorylation, which includes covalent modifications.
The resulting protein structural conformational changes can modulate enzymatic activity or
even show new surfaces for proteins so that they can interact with other molecules (Ha &
Loh, 2012). According to Bryant and Noé (2024), conformational changes in proteins did
not all follow the same type; some involve fold changes, while others only involve
movement of one domain near the hinge. Hinge motion is a conformational change in which
most of the structural domains remained the same, while the relative orientation between
the domains changed. Rearrangement is a type of conformational change in protein
structure where the tertiary structure of the domain changed, but the secondary structure
remained mostly the same. Fold switch refers to a change from an alpha helix to a beta
loop or beta sheet, and vice versa. Thus, the evolution of KPC is largely influenced by the
functional properties of the active loop without requiring a change in the entire protein
framework.

KPC-44 exhibits conformational change in the 3D structure because of 15 amino
acids duplication (Ala262-Glu276) at 270-loop. This insertion leads to significant
conformational changes in the 270-loop and adjacent 240-loop, which critically reduces the
efficiency of AVI inhibition and increases the catalytic efficiency for CAZ, but with a potential
trade-off in carbapenem hydrolysis efficiency (Sun et al., 2024). KPC-115 possesses CAZ-
AVI resistance attributable to two-point deletions at sequence 167 and 168, and two
mutations in the X-loop (a region encompassing or near the Q-loop). Similarly to KPC-44,
KPC-115 also shows resistance to CAZ-AVI accompanied by a trade-off in carbapenem
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susceptibility, even though the molecular mechanisms underlying this phenomenon are
different (Nicola et al., 2022). KPC-109 is characterized by a six-amino acid insertion
(KYNKDD) in its 270-loop. This insertion is analogous to the 15 amino acids and duplication
seen in KPC-44, although it is a different specific insertion and arises from KPC-3 as the
wild-type. KPC-109 conformational change enables this variant to resist CAZ and
cefiderocol. While it can show a trade-off resulting in carbapenem susceptibility, this can
be masked or overcome in clinical settings by co-occurring resistance mechanisms like
porin deficiencies (Pilato et al., 2024).

A KPC2-KPC44 KPC2-KPC58 KPC2-KPC257 KPC2-KPC81

-

( /
\
KPC2-KPC133 KPC2-KPC135 KPC2-KPC258 KPC2-KPC117

e
)

B KPC3-KPC66 KPC3-201 KPC3-KPC9

I Wild-type of KPC
- KPC mutant variation

B Conformational changes

Figure 6. Class A B-lactamase KPC variants 3D structure visualization representing each
motif pattern. (A) Wild-type KPC-2 and its mutational variants. (B) Wild-type
KPC-3 and its mutational variants
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KPC-81 possesses an undiscovered Q-loop motif because of a deletion of
isoleucine at position 173 (del_I173) within its Q-loop. This specific deletion is believed to
increase the binding of CAZ, suggesting a conformational shift that might facilitate
improved interaction or hydrolysis of CAZ by the enzyme, but when KPC-81 was cloned
into Escherichia coli TOP10, it maintained susceptibility to carbapenems (Sanz et al.,
2024). In KPC-154, there is amino acid duplication (RAPNKDDKYS) in positions 263-273,
which corresponds to the 270 loop. This conformational change gives KPC-154 higher
minimum inhibitory concentration (MIC) for several B-lactams, compared to the isogenic
KPC-31 carrying strain (Arcari et al., 2023). KPC-135 is characterized by seven amino acid
insertion (Ser-Ala-Asn-Asp-Ala-Ser-Leu) into the 266-275 loop region. This insertion is
analogous to, but different from the 15-amino acid duplication seen in KPC-44. The seven-
amino-acid insertion directly contributes to CAZ-AVI resistance by altering the active site
conformation and reducing AVI inhibitory effect. According to Shi et al. (2024) study, it does
not explicitly state whether KPC-135 has a trade-off resulting in restored carbapenem
susceptibility. However, the presence of the insertion in the 266-275 loop suggests that it
might have some impact on carbapenem hydrolysis.

KPC-201 originated from KPC-3 and shows a unique LDR amino acid deletion at
positions 161-163. This deletion results in a more open active site, which is believed to be
the reason for its resistance to CAZ-AVI. Although KPC-201 confers CAZ resistance, it
notably regains susceptibility to carbapenems, unlike the wild-type which remains resistant
to carbapenems (Hu et al., 2024). KPC-9 differs from KPC-3 as the wild-type due to a
single amino acid substitution from valine to alanine at position 293 (Val239Ala). This
specific mutation alters the enzymatic behavior. Compared to KPC-3, KPC-9 exhibits
reduced resistance to carbapenem antibiotics like imipenem, ertapenem, and meropenem.
Conversely, KPC-9 shows an increased ability to resist CAZ, with kinetic studies indicating
KPC-9 enzyme hydrolyzes CAZ more efficiently than KPC-3 (Hidalgo-Grass et al., 2012).

Based on the current search results for KPC-257, KPC-258 and KPC-117, there
were no dedicated published research papers that specifically discuss the molecular
mechanisms, conformational changes, and direct comparisons of the KPC variant
resistance profiles to KPC-2 or any other KPC variants in the same way as the other
variants like KPC-44, KPC-109, KPC-115, KPC-73, KPC-135, or KPC-201. From the
resistance profile comparison across different motif composition and conformational
changes, even though most of the analyzed KPC mutant variants often share the clinical
characteristic of exhibiting resistance to CAZ-AVI, they also accompanied by a trade-off
leading to restored or maintained susceptibility to carbapenems. While enzymatic studies
mainly show restored carbapenem susceptibility, in real-world clinical isolates, other
resistance mechanisms like porin deficiencies, efflux pump overexpression can co-exist
and might still lead to high carbapenem MIC.

3.5 Molecular docking analysis

KPC-2 has become the most widespread clinical allele and is commonly used as a
reference because its substrate and inhibitor profiles have been extensively studied. KPC-
3 is a single variant that is structurally very similar to KPC-2 but exhibits several phenotypic
differences toward carbapenems because of a single amino acid change at position 272
from histidine to tyrosine in the KPC-3 variant and its derivatives. Eleven KPC variants from
the KPC-2 and KPC-3 clusters showing different motif compositions were further analyzed
by molecular docking against several antibiotics and inhibitors commonly used in clinical
settings to treat K. pneumoniae infections such as CAZ, AVI, IPM, MEM, and ATM.
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Molecular docking results show that in the KPC-2 cluster (Table 3), many variants such as
KPC-44, KPC-117, KPC-133, KPC-135, and KPC-258 shows binding affinity values ranged
from approximately -8.1 to -8.8 with CAZ. These values are more negative compared to
IPM or MEM which ranged from -6.6 to -7.9. Meanwhile, several variants in the KPC-2
cluster show binding affinities with AVI between -7.1 and -8.2. Docking results of several
KPC-3 cluster variants (Table 4) with CAZ also showed more negative binding affinities of
around -8.0 to -8.1 although some variants such as KPC-66 exhibited changes.

The binding affinity (docking score) of several KPC variants in cluster 2 with CAZ
being more negative indicates a relatively stronger predicted interaction at the target site.
In the KPC cluster 3 variants, the stronger binding of CAZ compared to IPM/MEM suggests
a similar phenotypic pattern associated with increased CAZ hydrolysis capability or altered
substrate selectivity. Based on this, CAZ appears to be a more efficient inhibitor of KPC
and has the potential to serve as an antibiotic candidate against mutant KPC variants
through its hydrolytic orientation and serine-catalytic inactivation mechanism. Docking
results (Table 3) consistently show that KPC variants with insertions or deletions in the Q-
loop tend to favor CAZ hydrolysis and may trigger CAZ-AVI resistance if AVI loses its optimal
affinity or inhibitory interaction. Previous studies reported that insertions or deletions in the
Q-loop or mutations at specific positions can increase resistance to CAZ-AVI or reduce AVI
binding, although the specific effect depends on the exact mutation and plasmid/porin
context, which can decrease the effectiveness of AVI (Sun et al., 2024). Meanwhile, the
docking patterns of several KPC cluster 3 variants show higher affinity of CAZ compared to
IPM/MEM, suggesting that CAZ hydrolysis is more favorable (Wei et al., 2025).

Visualization of the molecular docking results was performed on KPC-2, KPC-3,
KPC-135, and KPC-201 variants with the inhibitor (antibiotic) CAZ, based on their highest
binding affinity values compared to other variants. KPC-135 is a derivative cluster of KPC-
2, while KPC-201 is a derivative cluster of KPC-3. The literature indicates that a stronger
binding affinity predicted by docking correlates with increased catalytic activity, as
observed in this study for CAZ. Consequently, the MIC against CAZ tends to be high. Sun
et al. (2024) explained that a high MIC, particularly associated with elevated catalytic
efficiency of CAZ, can reduce the overall efficiency against carbapenems. Therefore, these
findings are consistent with the docking results, which demonstrate that CAZ exhibits
stronger binding compared to IPM or MEM in several KPC variants

Based on the comparison between the binding affinity values obtained in this study
and the MIC data reported by Wei et al. (2025), a positive correlation was observed between
the binding strength of CAZ to the KPC enzyme and the level of antibiotic resistance. KPC
variants with more negative binding affinity values, such as KPC-133 (-8.7 kcal/mol) and
KPC-135 (-8.8 kcal/mol), tended to exhibit higher MIC values (= 32 mg/L) against CAZ,
indicating increased resistance. This suggests that the stronger the interaction of CAZ with
the active site of the B-lactamase enzyme, the higher the hydrolytic efficiency, leading to
reduced antibacterial activity of CAZ. In contrast, variants such as KPC-81 (-7.8 kcal/mol)
and KPC-257 (-7.8 kcal/mol), which displayed weaker binding affinities, were predicted to
have lower MIC values, reflecting more limited hydrolytic activity against CAZ. These findings
align with the report by Sun et al. (2024), which stated that stronger binding within the (-
lactamase—CAZ complex contributes to enhanced catalytic efficiency toward B-lactam
antibiotics. Therefore, the molecular docking results in this study support the phenotypic data
reported by Wei et al. (2025), showing that KPC-2 derivatives such as KPC-135 contribute
to increased resistance through optimized interactions within the active regions (the 270-loop
and Q-loop). Overall, these results confirm that subtle structural modifications within the
active-site residues of KPC can lead to significant differences in binding strength and
hydrolytic efficiency, directly influencing MIC values and clinical resistance to CAZ.
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Table 3. Binding affinity of different KPC variants in KPC-2 cluster

KPC Binding Affinity (kcal/mol)
Reference Change Introduced Variant

arian CAZ AVI IPM MEM ATM
Wang et al. - KPC-2 -81 72 -6.9 -7.8 -7.3
2015
Sunetal., 15 amino acid duplication in KPC-44 -85 -71 -7.2 -6.7 -7.8
2024 one of the active-site loops

(270-loop)

Hobson et Insertion of 265RAPNKDDN KPC-58 -81 64 -72 -7.9 -7.2
al., 2022

Sanz etal., Deletion of the 1173 within KPC-81 -7.8 -7.1 -74 -7.8 -7.3
2024 the Q-loop

- Single amino acid change at KPC-117 -8.2 -7.1 -7.1 -7.9 -7.5
L6l, and insertion of 3RCP
and 10F

- Single amino acid change at KPC-133 87 -82 -7.6 -7.9 -7.7
D182G and the insertion of

273DDKHSEAVYTRAPNK
Shi et al., Deletion of the E168 and KPC-135 -8.8 -82 -7.5 -7.4 -7.2
2024 L169, and a 15-amino acid

tandem repeat between
V262 and A276

- Deletion of the E171 and KPC-257 -78 -72 -6.9 -7.9 -7.3
L172, and insertion of
280VYTRAPNK

- Single amino acid change at KPC-258  -8.1 -7 -6.6 -7.2 -7.5
L165H and D166G, and
deletion of R167, W168,
E169, L170, E171, L172,
N173, S174, A175, 1176,
P177, G178, and D179

Table 4. Binding affinity of different KPC variants in KPC-3 cluster

KPC Binding Affinity (kcal/mol)
Variant caz AVl IPM MEM ATM

Migliorini et Single amino acid change at KPC-3 -8.1 -6.5 -7.0 -7.9 -7.7
al., 2021 H272Y

Hidalgo- Single amino acid substitution KPC-9 -80 -7.2 -7.3 -7.7 -7.2
Grass et at V239A
al., 2012

Hobson et Deletion of the E168 and L169 KPC-66 -7.3 -7.2 -6.8 -8.1 -6.8
al., 2022

Hu et al., Deletion of the amino acids KPC-201 -8.1 -6.3 -7.3 -6.0 -7.6
2024 LDR at positions 161-163

Reference Change Introduced
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Molecular docking analysis demonstrated that CAZ is bound within the catalytic
pocket of KPC variants (KPC-2, KPC-135, KPC-3, and KPC-201), yet with distinct residue
interaction profiles (Figure 7). In KPC-2, CAZ engages a dense hydrogen-bond network
with Ser69, Asn131, Glu165, Lys233, and Thr234, indicating stable binding within the
conserved B-lactamase catalytic groove. The KPC-135 complex exhibits a rearranged
binding pattern, dominated by hydrogen bonds with Ser69, Ser129, Thr234, Thr236,
alongside Tr-interactions with Trp104. In KPC-3, the ligand maintained interactions with
Ser69, Asn131, Thr234, Thr236, Cys237, and Tyr272, supported by hydrophobic
stabilization from Trp104. Meanwhile, KPC-201 displayed a more shifted network, with
hydrogen bonds involving Ser69, Asn131, Asn169, Glu165, Leu166, Thr234, and Thr236,
as well as m-sulfur and tr-alkyl interactions contributed by Trp104 and Tyr272. These
variations suggest structural remodeling across the four enzymes, particularly within the
Q-loop and surrounding residues that shape the catalytic cleft.
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Figure 7. Molecular docking and interaction between KPC-2, KPC-135, KPC-3, and

KPC-201 with ceftazidime (CAZ)
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The observed differences in hydrogen-bonding patterns and hydrophobic
interactions reflect how amino acid substitutions modulate the geometry and dynamics of
the KPC active site. The strong interaction of CAZ with catalytic residues Ser69 (Ser70),
Asn132, and Glu166 in KPC-2 supports efficient substrate hydrolysis typical of class A 8-
lactamases (Mehta et al., 2021). In contrast, KPC-135 displays a marked reorganization of
its active-site architecture due to the substitution at position 234 and rearrangement of the
Q-loop, as previously reported by Shi et al. (2024). These structural changes enlarge the
catalytic cavity and weaken key hydrogen bonds with Asn132 and Thr235, thereby
improving accommodation of bulky substrates like CAZ but reducing AVI affinity. Similarly,
KPC-3 retains the canonical catalytic orientation yet shows increased Q-loop flexibility that
may enhance ligand accommodation. KPC-201, on the other hand, exhibits a broader but
less stable pocket, consistent with an adaptive compromise between catalytic efficiency
and inhibitor escape. Collectively, these findings indicate that while all variants preserve
the core catalytic serine, their evolutionary trajectory involves local rearrangements that
balance B-lactam hydrolysis and resistance optimization.

4. Conclusions

Based on the results of the analysis of physicochemical properties, genetic variations
between mutant and wild-type KPC strains mainly occur in the isoelectric point parameters,
instability index, high aliphatic index, and GRAVY. The results of the protein motifs analysis
show 11 different motif patterns from the wild-type. Conservative motifs are maintained in
most variants, indicating the same evolutionary origin, with KPC-2 as the main ancestor
and KPC-3 as the early mutant. Structural conformational changes are dominated by
changes in the active loop structure such as Q-loop, 240-loop, and 270-loop, in which 11
different motif patterns from the wild-type were found. Different motif patterns and
mutations in the loop area result in conformational changes such as hinge motion,
rearrangement, and fold switch, which have the potential to increase resistance to
antibiotics. Mutations in KPC variants tend to accumulate in structural elements that affect
catalytic function, such as the active loop, while the core protein framework is maintained.
Variants with complex motif patterns and significant structural changes such as KPC-9,
KPC-117, KPC-135, KPC-201, and KPC-258 can be considered the most aberrant
mutants, while variants within Haplotype 1 such as KPC-6, KPC-8, and other mutant
variants that are in the same haplotype, are the closest to the wild-type, KPC-2 and KPC-
3. Based on the molecular docking results, CAZ was identified as the strongest inhibitor
against KPC-mediated infections in several variants.
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