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eptibility endows hope in treating
carbapenem-resistant Pseudomonas aeruginosa:
insights from in vitro and in silico evidence†

Soumya Basu, ab Gayathri Ashok, c Soumyadip Ghosh, c Sudha Ramaiah, c

Balaji Veeraraghavan *d and Anand Anbarasu *ae

‘High-risk’ hypermutable clones of Pseudomonas aeruginosa disseminating extensive drug-resistance

(XDR) have raised global health concerns with escalating mortality rates in immunocompromised

patients. Mutations in conventional drug-targets under antibiotic stress necessitate structural

understanding to formulate sustainable therapeutics. In the present study, the major b-lactam antibiotic

target, penicillin-binding protein-3 (PBP3) with mutations F533L and T91A, were identified in

carbapenemase-positive P. aeruginosa isolates (n = 6) using whole genome sequencing. Antibiotic

susceptibility tests showed susceptibility to cefiderocol (MIC # 4 mg ml−1) despite pan-b-lactam

resistance in the isolates. Both the mutations reduced local intra-chain interactions in PBP3 that

marginally increased the local flexibility (∼1%) in the structures to affect antibiotic-interactions. Molecular

dynamics simulations confirmed the overall stability of the PBP3 mutants through root-mean square

deviations, radius of gyration, solvent-accessibility and density curves, which favored their selection.

Docking studies unveiled that the mutations in PBP3 elicited unfavorable stereochemical clashes with

the conventional antibiotics thereby increasing their inhibition constants (IC) up to ∼50 fold. It was

deciphered that cefiderocol retained its susceptibility despite mutations in PBP3, due to its higher

average binding affinity (DG: −8.2 ± 0.4 kcal mol−1) towards multiple PBP-targets and lower average

binding affinity (DG: −6.7 ± 0.7 kcal mol−1) to b-lactamases than the other b-lactam antibiotics. The

molecular dynamics simulations and molecular mechanics Poisson Boltzmann surface area calculations

further indicated energetically favorable binding for cefiderocol with PBP3 proteins. The study gave

structural insight into emerging non-polar amino acid substitutions in PBP3 causing XDR and

recommends prioritizing available antibiotics based on multi-target affinities to overcome challenges

imposed by target-protein mutations.
Introduction

Pseudomonas aeruginosa (P. aeruginosa) is a major health threat
worldwide constituting almost 20% of all the nosocomial
pathogens and causing severe respiratory ailments with high
mortality rates, particularly in neutropenic patients. Invasive P.
aeruginosa was observed to possess remarkably high levels (15–
30% worldwide) of multi-drug resistance (MDR) and extensive
drug-resistance (XDR).1–3 The rapid dissemination of ‘high-risk’
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clones comprising transferrable XDR elements has raised major
concerns around the globe due to its outstanding potential to
acquire rapid chromosomal mutations to develop antimicrobial
resistance against almost all kinds of antipseudomonal
agents.4,5

Aberrant chromosomal mutations as a result of DNA-repair
avoidance are being continuously reported in MDR/XDR P.
aeruginosa especially isolated from patients with chronic
infection. Hypermutable ‘high-risk’ clones showing an accu-
mulation of multiple chromosomal mutations (in conventional
targets like penicillin-binding proteins) and expression of
various antibiotic evasion mechanisms (expression of efflux
pumps, b-lactamase production) have given rise to notable
epidemics in the hospital setting and clonal outbreaks of pan-
antibiotic-resistant (PDR) strains.5–7 PDR P. aeruginosa has
portrayed intrinsic resistome that are independent of antibiotic
exposure and/or horizontal gene transfer. Previous studies on
the epidemic high-risk clones highlighted the evolutionary
dynamics of P. aeruginosa resistome.8–10 However,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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comprehensive reports on the growing mutational landscape in
the pathogen comprising complex regulatory pathways are
limited.11,12 Whole-genome sequencing (WGS) and analyses can
instrumentally provide leads in the identication, segregation
and prioritization of signicant acquired mutations besides
classical mutations conferring resistance to b-lactams, amino-
glycosides, uoroquinolones, polymixins and carbapenems.
The development of new generation cephalosporins however,
has shown promising results in addressing the challenges
posed by antimicrobial resistance.13 Integrated structural
informatics approaches can efficiently decipher underlying
molecular signatures contributing to the selection of emerging
stable MDR variants.5,14–16 The present study was designed to
elucidate the underlying impact of emerging P. aeruginosa
mutants from MDR isolates that can potentially cause clonal
outbreaks (unpublished data from Christian Medical College &
Hospital, Vellore). In vitro antibiotic susceptibilities were
amalgamated with in silico structural bioinformatics to priori-
tize available therapeutics against the pathotype. The informa-
tion can provide leads for clinical therapeutic research,
infection control and antimicrobial stewardship.
Methods
Isolates and antibiotic susceptibility

Clinical strains of P. aeruginosa were identied from routine
blood and sputum cultures from 2020 to 2022 at Christian
Medical College, Vellore. All the isolates were characterized up
to the species level using routine biochemical and automated
identication system VITEK®-MS (BioMérieux). The six isolates
considered in the present study were reported to show pan beta-
lactam resistance. Antimicrobial susceptibility testing (AST) was
performed for all the isolates against different antibiotics by the
Kirby–Bauer disc-diffusion method and interpreted as per
Clinical Laboratory Standards Institute (CLSI) guidelines. The
minimum inhibitory concentration (MIC) for antibiotics viz.,
ceazidime, piperacillin–tazobactam, meropenem, imipenem,
ceazidime–avibactam, ceolozane–tazobactam, cefepime–
taniborbactam, meropenem–vaborbactam, cederocol and
imipenem–relebactam were determined for all the studied
isolates using brothmicro-dilution and interpreted accordingly.
Whole genome sequencing and mutations

The isolates' genomic DNA was extracted using a QIAamp DNA
mini kit (Qiagen, Hilden, Germany). Ion Torrent (PGM)
sequencer with 400 bp read chemistry (Life Technologies, CA,
USA) was used to sequence the whole genome in accordance
with the manufacturer's recommendations. Assembler SPAdes
v5.0.0.0, which is integrated into Torrent Suite Server version
5.0.3 (Life Technologies), was used to assemble the genomes.
The bacterial bioinformatics database and analytic tool PATRIC,
as well as the NCBI Prokaryotic Genome Annotation Pipeline
(PGAP) (https://www.ncbi.nlm.nih.gov/genomes/static/
Pipeline.html), were used to annotate the genomic-sequence.
The MLST 2.0 tool (https://cge.cbs.dtu.dk//services/MLST/) was
used for sequence-typing. P. aeruginosa ATCC 27853
© 2024 The Author(s). Published by the Royal Society of Chemistry
(NZ_CP015117) was used as a reference to identify mutations in
PBPs and other relevant proteins from the studied isolates. The
proteins sequences of interest viz., PBP3, PBP1A, PBP1B, PBP2,
OXA-10, OXA-486 and KPC-2 were extracted from the whole
genome using python script in_silico_PCR.py (https://
github.com/simonrharris/in_silico_pcr).
Structure retrieval of target proteins and drugs of interest

The extracted protein sequences were used as reference
proteins for BLASTp search in the Protein Data Bank (PDB) and
non-redundant databases. The protein structures possessing
>99% sequence identity with our WGS data were chosen as
reference and retrieved in PDB formats. The 3-D crystal struc-
tures of PBP3 [3BPR], PBP2 [7KIS], PBP1B [4OON] were retrieved
from PDB whereas PBP1B [AF-Q9X6W0-F1], OXA-10 [AF-P14489-
F1], OXA-486 [AF-Q6PL76-F1] and KPC-2 [AF-G8HAR0-F1] were
retrieved from AlphaFold 2.0.17,18 The target proteins were
screened with Swiss-PDB viewer (SPDBV)19 to induce the specic
mutations (reported fromWGS data) for docking studies. All the
structures were rened and energy-minimized (using GRO-
MOS96 43B1 force-eld in vacuo) as per our previous
studies.15,20–23 The functional domains of the proteins were
determined from the INTERPRO server to interpret protein-
ligand interactions.24

The conventional antibiotic molecules against PBP3 viz.
imipenem (CID: 104838), meropenem (CID: 441130), cefepime
(CID: 5479537), ceolozane (CID: 53234134), ceazidime (CID:
5481173) and cederocol (CID: 77843966) were obtained from
the PubChem database in SDF formats.25 3-D formatting of the
antibiotics was achieved using the OpenBabel tool.26 The
antibiotics/drugs have been synonymously referred to as
'ligands' in the present study.
Backbone exibility and vibrational entropy

DynaMine server was employed to determine the residue-level
backbone dynamics of the mutant proteins of interest
through backbone N–H S2 order parameter values.27 According
to the molecular reference frame, the restricted orientations of
atomic bond vectors were represented by the S2 values that
depict experimental NMR chemical shis. S2 values > 0.8
portray considerably rigid conformations.27 Dynamut was used
to analyze mutation-based structural changes in a protein.28

Normal mode analysis (NMA) of the parent and mutant protein
performed with Dynamut approximated their dynamics and
accessible conformations in harmonic motions. Superimposi-
tion of normal modes like eigenvectors and eigenvalues vali-
dated the vibrational entropies of the proteins. Vibrational
Entropy/VE (DDS in kcal mol−1 K−1) explained the occupation
probabilities of protein residues in an energy landscape based
on average congurational entropies. A considerable decrease
in VE increases the rigidity of the proteins.29 The resultant
stability assessment of the proteins considered their chemical
conformations, pharmacophore vectors, biological/
physiological functions and evolutionary impacts resulting
from mutations.30
RSC Adv., 2024, 14, 21328–21341 | 21329
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Folding free-energy and residue conservation analysis

SWOTein interface was employed to identify structural integ-
rities due to mutations based on statistical functions pertaining
to folding patterns, local interaction cloud, hydrophobic forces
and tertiary interactions. The interface accurately assigned free
energy values (DG) in terms of conformational descriptors like
solvent accessibility, torsion-angle and distance (C-a).31

Consurf determined the evolutionary map of amino acids in
sequence levels that govern the overall macromolecular integ-
rity and associated functions that determined the selection of
the mutants. Based on the phylogenetic correlation between the
homologues proteins and the specic sequence dynamics,
advanced probabilistic evolutionary models are generated and
condence scores [9/ conserved; 1/ variable] were assigned
for interpretation.32
Coarse-grained simulation

CABSex simulation engine determined the residue-level Root
Mean Square Fluctuation (RMSF) trajectories of the proteins of
interest by applying default restraints between pair atoms for
simulated dynamic orientations within dened spaces.33 The
consensus protein uctuations in an aqueous environment
were derived by all-atom molecular dynamics simulation (10
nanosecond timescale with suitable force elds). As default
mode, restrain gap = 3.0 was chosen (minimum distance
between previous and next amino acid in the chain to be
restrained) along with minimum and maximum conforma-
tional distances of 3.8 Å and 8.0 Å, respectively.33
Molecular dynamics simulation

Critical understanding of the proteins' (wild and mutant)
stability was depicted in a simulated aqueous environment for
a favorable timescale. GROMACS 2020.1 package with OPLS-all-
atom force-eld was used to simulate the protein placed cen-
trally in a cubic box with a uniform edge-distance (1.5 nm)
following solvation with a simple point-charge water model and
neutralizing the system by adding requisite counter ions (Na+ or
Cl−).34 The steepest descent algorithm was adopted for energy
minimization with 50 000 steps and 1000 kJ mol−1 nm−1

convergence tolerance. Equilibrations with standard NVT
(constant number of particles, volume and temperature) and
NPT (constant number of particles, pressure and temperature)
ensembles for 150 ps were operated. Particle-mesh Ewald
electrostatics summation was used for treating long-range
electrostatic interactions with an order of 4.0 and Fourier
spacing of 0.16 nm followed by applying Parrinello–Rahman
extended coupling ensemble for pressure scaling. The relative
overall stability of the wild and mutant proteins was interpreted
from the Root Mean Square Deviation (RMSD), radius of gyra-
tion (Rg), solvent accessible surface area (SASA) and electron
density curves.
Molecular docking

The binding affinities of the simulated proteins (wild and
mutants separately) with target antibiotics cefepime,
21330 | RSC Adv., 2024, 14, 21328–21341
cederocol, ceazidime, ceolozane, imipenem and mer-
openem were assessed through molecular docking analysis
using AutoDock4.0 and the embedded tools.35 Before the
docking analysis, the protein structures were cured by removing
crystallographic water molecules and unwanted hetero-atoms.
Polar hydrogens were added and non-polar hydrogens were
merged. Requisite Kollman charges were nally added to the
protein to stabilise its structure in ideal spatial geometry. The
torsions were xed for the ligands and Gasteiger charges were
incorporated. The van der Waals well depth of 0.100 kcal mol−1

was assigned for the protein, before saving in PDBQT formats.
The grid box of 216000 Å3 was centered at crucial active sites
residue (Ser294) to encompass the entire active site domain.36

The binding pockets (in the active site) were further validated
from CASTp37 server. Lamarckian genetic algorithm was applied
to generate target protein–drug complexes in compatible
conformations. The binding energies of the complexes were
obtained in 10 different poses. The top-ranked complexes based
on the lowest binding energies or DG (highest binding affini-
ties) were visualized using Discovery Studio.38 Drug-binding
properties were validated from the crucial intermolecular
interactions of the complexes.39,40
Protein complex stability assessment using MDS

The stability of the protein complexes with target antibiotics
was then analyzed by molecular dynamics simulation for
a timescale of 100 ns using the GROMACS suite. The simulation
was initiated by generating protein and ligand topology les
using CHARMM forceeld 2022 and CGenFF server respectively.
The simulation was performed with the TIP3P water model and
the system was centered in a dodecahedron box with an edge
distance of 1.2 nm. The system was neutralized by adding ions
and was subjected to energy minimization using steepest-
descent algorithms and convergence-tolerance force. The posi-
tion restraint topology was generated, which restrained the
ligand and the corresponding index le was generated. The
system was then subjected to two cycles of equilibrium, namely
constant volume (NVT) for 100 ps to attain 300 K temperature,
followed by constant pressure (NPT) for 100 ps to attain 1 bar
pressure. The system nally proceeded to MD production for
100 ns to obtain the simulated trajectories.
MM/PBSA calculations

The Molecular Mechanics/Poisson–Boltzmann Surface Area
(MM/PBSA) was computed to determine the binding free
energy for docked complexes. For the present study, we have
employed gmxMMPBSA tool that computationally calculates
binding free energy with various solvation models. It is based
on AMBER's MMPBSA.py, which functions in three different
steps, namely preparation which includes the generation of
topologies and trajectories, followed by calculation, where the
binding free energies are computed, which were analyzed in
the nal step using the graphical interface
gmx_MMPBSA_ana.41,42
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Results
Antibiotic susceptibility

AST revealed that all six isolates are pan-drug resistant (PDR),
being resistant to tested b-lactam antibiotics and b-lactam–b-
lactamase inhibitor combinations as represented in Table 1.

The isolates showed resistant prole (as per CLSI standards)
against ceazidime, imipenem, meropenem, piperacillin–tazo-
bactam, ceazidime–avibactam, ceolozane–tazobactam, cefe-
pime–taniborbactam, meropenem–vaborbactam and
imipenem–relebactam. However, all were susceptible to ce-
derocol (MIC: # 4 mg ml−1).
Genome characters and mutations

All the six isolates comprised of mutations in PBP3, viz., F533L
and T91A. Furthermore, they were found to express b-lacta-
mases blaOXA-10, blaOXA-486 and blaKPC-2 (Table 1). No other
target mutations were observed.
Structural stability analyses of the PBP3 mutants

The relative backbone dynamics of the parent and PBP3 mutant
indicated no major overall change in the average S2-probability
score (∼0.810) or rigidity. However, when the specic mutations
were considered, F533L reduced the S2-probability score from
0.76 to 0.74, whereas, T91A reduced it from 0.83 to 0.82 [Fig. 1(a)
and (b)]. The overall rigidity of the concerned domains was also
reduced minimally by 1.0% (ESI File S1†). On the other hand,
the average RMSFs of PBP3–F533L (0.93) and PBP3–T91A (0.9)
were slightly reduced than the parent PBP3 (0.97) [Fig. 1(c)]. The
vibrational entropy of the mutants portrayed a sharp decrease
(10–20 times) in the corresponding neighboring residues due to
F533L and T91A. The average VE in PBP3_F533L was
−0.035 kcal mol−1 whereas that of PBP3_T91A was
−0.026 kcal mol−1 [Fig. 1(d)]. Fig. 2(a) depicted the loss of intra-
chain H-bond (with T487) and hydrophobic interactions (with
V333) due to F533L; and the loss of polar (with K87) hydro-
phobic interactions (with Q88) due to T91A, which was further
correlated with the structural stability patterns. The stability
patterns of the overall proteins revealed minimal deviation (by
∼0.1 nm) with respect to their C-a backbone due to F533L,
Table 1 Antibiotic susceptibility of KPC-positive P. aeruginosa isolates e

Accession IDs MLST
b-Lactamases
expressed

PBP3
mutations

MIC (mg m

CAZ FD

JAOVDF000000000 1801 KPC-2,
OXA-50/486, OXA-10

F533L,
T91A

>128 4
JAOVEE000000000 >128 2
JAOVEH000000000 >128 2
JAOVEI0000000 00 >128 2
JAOVEJ0000000 00 >128 1
JAOVEL000000000 >128 1

a CAZ: ceazidime; FDC: cederocol; MER:meropenem; IMP: imipenem; P
cefepime; TAN: taniborbactam; VAB: vaborbactam; REL: relebactam.

© 2024 The Author(s). Published by the Royal Society of Chemistry
however, the average root mean square deviation (RMSD) of the
proteins equilibrated between a narrow range of 0.1 to 0.2 nm
[Fig. 2(b)]. Similarly, the radius of gyration (Rg) was slightly
enhanced (by ∼0.1 nm) due to F533L, however, the overall
trajectories of the parent and mutants were stable between 2.9–
3.0 nm [Fig. 2(c)]. The solvent accessible area uctuated
between 235–245 nm2 due to the mutations [Fig. 2(d)]. The
mutations altered the local electron density nominally (not
shown), however, the overall density remained constant at
around 1010 kg m−3 [Fig. 2(e)].
Folding free energy and conservation analysis of the PBP3
mutants

Folding free energy analysis depicted the overall loss or gain in
stability due to folding energy alterations. The overall free
energies (DG in kcal mol−1) of solvent accessibility and torsion
were uncompromised with deviations <1.0% [ESI File S2(a) and
(b)†]. The conservation analysis revealed that T91A marginally
enhanced the conservation condence of a variable stretch (by 1
unit) of PBP3, whereas F533L located in a highly conserved
stretch (scores > 7.0) did not enhance further. However, both
the mutant PBP3 possessed an overall average conservation
condence score higher (∼1%) than the parent PBP3 (ESI File
S3†).
Relative binding affinity proles of the antibiotics against P.
aeruginosa proteins

The relative binding affinities of the antibiotics indicated that
cederocol (DG: −8.2 ± 0.4 kcal mol−1) possessed the highest
average binding affinity against all the PBP-targets in P. aeru-
ginosa viz., PBP3, PBP1A, PBP1B and PBP2 as compared to cef-
tazidime (DG: −7.45 ± 0.5 kcal mol−1), ceolozane (DG: −7.43
± 0.5 kcal mol−1), cefepime (DG: −7.4 ± 0.4 kcal mol−1), imi-
penem (DG: −6.03 ± 0.5 kcal mol−1) and meropenem (DG:
−6.63 ± 0.7 kcal mol−1) (Table 2).

Furthermore, cederocol showed lower average affinity (DG:
−6.7 ± 0.8 kcal mol−1) to beta-lactamases (KPC-2, OXA-10 and
OXA-486) expressed by the studied P. aeruginosa strains as
compared to ceazidime (DG: −7.67 ± 0.5 kcal mol−1), ceo-
lozane (DG: −7.37 ± 0.5 kcal mol−1), cefepime (DG: −7.4 ±
xpressing PBP3 mutants F533L and T91Aa

l−1)

C MER IMP
PIP +
TAZ

CAZ +
AVI

TOL +
TAZ

FEP +
TAN MEM/VAB IMP/REL

>128 >128 >128 16 64 32 >128 8
>128 >128 >128 16 >128 >128 >128 64
>128 >128 >128 8 >128 >128 >128 64
>128 >128 >128 32 >128 >128 >128 128
>128 >128 >128 8 >128 >128 >128 64
>128 >128 >128 16 >128 >128 >128 128

IP: piperacillin; TOL: ceolozane; TAZ: tazobactam; AVI: avibactam; FEP:

RSC Adv., 2024, 14, 21328–21341 | 21331
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Fig. 1 The structural flexibility of the mutant PBPs (a) relative backbone flexibility in PBP3_F533L (b) relative backbone flexibility in PBP3_T91A (c)
the relative RMSF of the parent and mutant PBPs (d) the vibrational entropies of the mutant PBP.
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Fig. 2 Relative dynamics of the parent and mutant PBPs (a) loss of intra-chain interactions due to mutations (b) RMSDs (c) radius of gyration (d)
solvent accessibility area (e) electron densities.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 21328–21341 | 21333

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 9

/2
9/

20
24

 2
:1

9:
52

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04302b


Table 2 The relative binding affinities of the antibiotics against target
PBPs and b-lactamases

Compounds

Binding energy (kcal mol−1)

b-Lactamases Target PBPs

Oxa-488 Oxa-10 KPC-2 PBP-3 PBP1A PBP1B PBP2

Cefepime −6.4 −6.7 −8.7 −6.9 −6.5 −8.6 −7.6
Cederocol −6.8 −6 −7.5 −8.3 −7.8 −8.6 −8.4
Ceazidime −7.4 −7.9 −7.7 −7.3 −7 −7.5 −8.0
Ceolozane −7.2 −7.2 −7.7 −7.3 −6.7 −7.8 −7.9
Imipenem −5.7 −5.4 −8 −6.3 −5.4 −6.5 −5.9
Meropenem −7.0 −9.4 −7.5 −7.7 −6.3 −5.5 −7.0
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0.4 kcal mol−1) and meropenem (DG: −7.97 ± 0.7 kcal mol−1).
Cefepime and imipenem possessed the highest affinity to KPC-2
(DG: −8.7 and −8.0 kcal mol−1 respectively) (Table 2).
Binding proles of the antibiotics affected by PBP3 mutations

The relative inhibition constants (ICs) of the antibiotics with
wild (WT) and PBP3 mutants are depicted in Table 3. The
mutations F533L and T91A have increased the inhibition
constants for all the antibiotics. The maximally affected inter-
action by F533L was observed for ceolozane (IC increased from
5.40 mM to 266.5 mM) and imipenem (IC increased from 15.1 mM
to 108.7 mM). The ICs for other antibiotics too were increased by
∼2–15 fold due to F533L. Similarly, T91A majorly affected the
binding of ceolozane (IC increased from 5.40 mM to 25.36 mM)
and imipenem (IC increased from 15.1 mM to 35.1 mM). The ICs
for other antibiotics were elevated by ∼2–10 fold by T91A. The
ICs of cederocol were consistently low for PBP3_WT as well as
PBP3 mutants as compared to other antibiotics.
Intermolecular interactions between the antibiotics and
PBP3-mutants

Interactome of individual antibiotics with the targets revealed
differences in the interacting residues and loss of intermolec-
ular interactions due to the mutations F533L and T91A
(Table 3). Cefepime interacted with PBP3 through a total of 22
connections comprising H-bonds and non-canonical interac-
tions including crucial active site residues like Ser294 [Fig. 3(a)].
Table 3 Relative binding energies (BE), inhibition constants and interact

Antibiotics

PBP3_WT PBP3_F533L

IC (mM)

No. of specic
interactionsa

IC (mM)Favorable Unfavorable

Cefepime 6.69 22 No 12.02
Cederocol 0.33 32 No 5.40
Ceazidime 5.41 27 No 6.82
Ceolozane 5.40 28 No 266.5
Imipenem 15.1 17 No 108.7
Meropenem 1.52 18 No 15.89

a Specic interactions comprise of H-bonds and non-canonical interactio

21334 | RSC Adv., 2024, 14, 21328–21341
For PBP3_F533L, although the interaction with active sites
Ser294 and Lys297 was not lost, the introduction of an unfa-
vorable interaction with Tyr409 increased the IC with cefepime
[Fig. 3(b)]. PBP3_T91A although established 21 interactions
with cefepime, but the interactions with crucial active site
residues were lost [Fig. 3(c)]. For cederocol, there were 32
interactions combining H-bonds and non-canonical ones with
PBP3_WT including active site Ser294 [Fig. 3(d)]. F533L and
T91A reduced the number of interactions to 19 and 27 respec-
tively, although interactions with crucial active site residues
were retained [Fig. 3(e) and (f)]. Ceazidime possessed the 27
interactions with PBP3_WT, which was reduced to 24 and 25 by
F533L and T91A respectively, besides acquiring unfavorable
interactions with Tyr409, Ser485 and Leu481 [Fig. 3(g)–(i)].
When ceolozane was docked onto the target PBP3 active site,
28 interactions were established; however, due to F533L and
T91A, non-canonical interactions were lost alongside the addi-
tion of unfavorable interactions with Lys297 and Arg276
[Fig. 4(a)–(c)]. For imipenem, 17 interactions were observed with
PBP3_WT. Both T91A and F533L altered the non-canonical
interactions-landscape besides introducing unfavorable inter-
action with active site lysine residues [Fig. 4(d)–(f)]. Finally,
meropenem formed 18 interactions with the active site residues
including Ser294 [Fig. 4(g)]. Both F533L and T91A resulted in
the loss of non-canonical interactions and the H-bonds by
compromising the interactions with crucial active site residues
like Ser294 [Fig. 4(h) and (i)].
Structural stability assessment of protein complexes using
MDS

MDS analyses on the protein complexes identied a stable
trajectory for PBPB3 parent and mutants with cederocol. The
binding of imipenem to PBPB3 wild, PBP3_F533L and
PBP3_T91A observed an average RMSD of 0.310 nm, 0.282 nm
and 0.319 nm respectively. While with cederocol, the RMSD
trajectory for the proteins (wild, PBP3_F533L and PBP3_T91A)
was observed to be 0.298 nm, 0.381 nm and 0.348 nm respec-
tively [Fig. 5(a)]. The overall backbone uctuations were iden-
tied to be minimal (∼0.02 nm) across the protein complexes,
with a slight increase in the uctuations observed in
PBP3_F533L (0.168 nm) and PBP3_T91A (0.165 nm) when
ions with the antibiotics in wild and mutated PBP3

PBP3_T91A

No. of specic
interactionsa

IC (mM)

No. of specic
interactionsa

Favorable Unfavorable Favorable Unfavorable

19 Yes 5.23 21 No
19 No 3.34 27 Yes
24 Yes 12.0 25 Yes
22 Yes 25.36 22 Yes
18 Yes 35.10 14 No
17 No 5.91 17 No

ns.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Interaction profiles of the parent and mutant PBPs with cefepime, cefiderocol and ceftazidime (a) PBP3 + cefepime (b) PBP3_F533L +
cefepime (c) PBP3_T91A + cefepime (d) PBP3 + cefiderocol (e) PBP3_F533L + cefiderocol (f) PBP3_T91A + cefiderocol (g) PBP3 + ceftazidime (h)
PBP3_F533L + ceftazidime (i) PBP3_T91A + ceftazidime.
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bound of cederocol [Fig. 5(b)]. The radius of gyration (Rg) was
observed to be slightly reduced (∼0.05 nm) depicting an
increase in the compactness of the parent (0.294 nm) and
mutant proteins (F533L: 2.926 nm; T91A: 2.908 nm) when
compared to the protein complexes formed with imipenem
[Fig. 5(c)]. The binding affinity between cederocol and PBP3
proteins can be attributed to the consistent H-bonds observed
in the docked complexes throughout the simulation. Around
© 2024 The Author(s). Published by the Royal Society of Chemistry
three H-bonds were consistent with PBP3_cef, while
PBP3_F533L_cef and PBP3_T91A_cef showed around two to six
bonds. This was evidently higher when compared to the docked
complexes of PBP3 proteins and imipenem, where PBP3,
PBP3_F533L and PBP3_T91A depicted one to three H-bonds
throughout the simulation [Fig. 5(d)]. The interaction energy
(IE) plot depicted favorable binding of the parent and mutant
proteins with cederocol than imipenem. The total IE for the
RSC Adv., 2024, 14, 21328–21341 | 21335
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Fig. 4 Interaction profiles of the parent and mutant PBP3s with ceftolozane, imipenem andmeropenem (a) PBP3 + ceftolozane (b) PBP3_F533L
+ ceftolozane (c) PBP3_T91A + ceftolozane (d) PBP3 + imipenem (e) PBP3_F533L + imipenem (f) PBP3_T91A + imipenem (g) PBP3 + mer-
openem (h) PBP3_F533L + meropenem (i) PBP3_T91A + meropenem.
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parent protein with cederocol was observed to be
−207.352 kcal mol−1 while with imipenem, it was observed to
be −75.889 kcal mol−1. Similarly the mutant proteins, namely
PBP3_F533L_CEF observed an IE of −40.294 kcal mol−1 while
PBP3_T91A_CEF observed an IE of −178.414 kcal mol−1. This
was evidently lower than the IE observed for PBP3_F533L_IMP
(−13.214 kcal mol−1) and PBP3_T91A_IMP
(−29.847 kcal mol−1) as represented in Fig. 5(e). A stable
21336 | RSC Adv., 2024, 14, 21328–21341
potential energy plot was observed for all the protein complexes
[Fig. 5(f)]. The compactness of the PBP3 parent resulted in
a reduced SASA area (247 nm2) when compared to imipenem
(252 nm2). However, there was minimal change in the SASA area
for the mutants [Fig. 5(g)]. The solvation free energy plot indi-
cated that cederocol bound PBP3 proteins (PBP3:
−64.210 kcal mol−1; F533L: −64.252 kcal mol−1; T91A:
−61.561 kcal mol−1) were energetically more favorable than
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Structural stability assessment of protein complexes (a) RMSD profile (b) RMSF plot (c) radius of gyration (d) hydrogen bonds (e) interaction
energy plot (f) potential energy (g) solvent accessible surface area (h) solvation free energy plot.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 21328–21341 | 21337
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Fig. 6 MM/PBSA calculation of the protein complexes (a) energy component-TOTAL (b) energy component-EEL (c) energy component-GGAS
(d) energy component-VDWAALS.

Table 4 MM/PBSA calculations for PBP3 proteins complexed with cefiderocol and imipenem

Docked complexes
VDWAAL
(kcal mol−1)

EEL
(kcal mol−1)

GGAS
(kcal mol−1)

GSOLV
(kcal mol−1)

TOTAL
(kcal mol−1)

PBP3_cef −45.63 −94.76 −140.38 125.26 −15.12
PBP3_imp −45.63 −21.58 −42.76 28.63 −14.13
PBP3_F533L_cef −8.25 −24.23 −32.49 26.13 −6.35
PBP3_F533L_imp −5.43 −2.24 −7.67 5.33 −2.34
PBP3_T91A_cef −34.69 −99.66 −134.35 100 −34.35
PBP3_T91A_imp −7.72 −7.8 −15.52 11.43 −4.09
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imipenem bound PBP3 proteins (PBP3: −62.569 kcal mol−1;
F533L: −60.674 kcal mol−1; T91A: −62.298 kcal mol−1) as
depicted in Fig. 5(h).

MM/PBSA calculation to validate energy proles of docked
complexes

Aer the stabilization of the complexes, the MM/PBSA binding
energy for the protein-ligand complexes was computed. We
observed the average binding energy of the complexes (PBP3,
F533L and T91A) with cederocol to be −15.12 kcal mol−1,
−6.35 kcal mol−1 and −34.35 kcal mol−1 respectively, while the
average binding energy with imipenem was observed to be
lower (PBP3: −14.13 kcal mol−1, F533L: −2.34 kcal mol−1 and
T91A: −4.09 kcal mol−1) [Fig. 6(a)]. The high binding scores for
complexes with cederocol can be attributed to the electrostatic
21338 | RSC Adv., 2024, 14, 21328–21341
energy (EEL) which was −94.76 kcal mol−1 for PBP3,
−24.23 kcal mol−1 for F533L and −99.66 kcal mol−1 for T91A.
This was evidently lower when compared to the EEL observed
for docked complexes with imipenem, which showed
−21.58 kcal mol−1 for PBP3, −2.24 kcal mol−1 for F533L and
−7.8 kcal mol−1 for T91A [Fig. 6(b)]. The gas-phase molecular
mechanics free energy (GGAS) was also markedly lower for
docked complex with cederocol than imipenem [Fig. 6(c)].
From Fig. 6(d), the van der Waals energy of the docked
complexes indicated favorable binding with cederocol
complexes with PBP3 (−45.63 kcal mol−1), F533L
(−8.25 kcal mol−1) and T91A (−34.69 kcal mol−1) than with
imipenem (PBP3: −45.63 kcal mol−1; F533L: −5.43 kcal mol−1;
T91A: −7.72 kcal mol−1). The average binding energy including,
VDWAALS, EEL, GGAS, GSOLV and EEL is tabulated in Table 4.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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The MM/PBSA binding energy indicated a robust binding of the
PBP3 proteins with cederocol, which is consistent with the
observed intermolecular docking.

Discussion

PBP3 is amongst the most extensively exploited drug-targets for
b-lactam antibiotics in P. aeruginosa and hence suffers
predominant mutational alterations driven by antibiotic stress.
Resistance in fast evolving XDR strains of P. aeruginosa is
dynamic and may be a result of concerted expression of
multiple proteins like drug-efflux pumps (MexEF-OprN), beta-
lactamase enzymes (AmpC) and mutations in major drug-
targets (PBP3, RNA polymerase).8,9,11,43 However, it is a tedious
task to understand the mutational landscape for therapeutic
advances, especially by differentiating relevant mutations from
natural polymorphisms. Continuous surveillance and in depth
structural analysis are essential to understand the underlying
impact of mutations, their stability and selection, for sustain-
able therapeutic designs.10

In the present study, mutations T91A and F533L were re-
ported in carbapenemase-positive P. aeruginosa ST282 (n = 6) in
clinical isolates from south India. Extensive resistances to beta-
lactams were observed in the isolates. F533L has been earlier
reported to reduce the efficacy of ceazidime, cefepime, piper-
acillin–tazobactam, meropenem, ceazidime–avibactam and
tazobactam, however, the underlying structural cause was not
comprehensively determined.10 F533L is located within the
transpeptidase domain [IPR001460] and T91A is located within
the dimerization domain [IPR005391] of PBP3. Comparatively,
F533L lying in the b-lactam binding domain induced more local
alterations (hindering drug-affinity) than T91A lying in the
dimerization domain (inducing overall structural stability). The
structural prole showed a loss of intra-chain hydrogen bonds
and hydrophobic interactions as a result of F533L, which
further resulted in its overall uctuations (higher RMSD) and
loss of compactness (greater Rg) in the structure than the parent
protein and T91A variant [Fig. 2(a)–(e)].20 The loss of intra-chain
interactions also induced a minor increase in local exibility as
observed from the backbone trajectory and overall average
vibrational entropies [Fig. 1]. This marginally increased the
solvent accessible surface in PBP3_F533L for non-specic
(unfavorable) interactions that compromised the conforma-
tional specicity of the target drugs to the binding pocket
despite the compatibility of the conventionally interacting
atoms (Fig. 3 and 4). F533L induced binding pocket volume
distortion from 177 Å to 195 Å was observed in CastP results (not
shown) but not for T91A may be due to the compensatory polar
and van der Waals intra-chain interactions formed by the later
[Fig. 2(a)]. The overall low residue level uctuations (<0.1 Å) and
unaltered folding free-energies were reected upon the
increased conservation condence of the mutants despite
minor local adjustments in the structure that facilitated drug-
resistance [ESI Files S2(a), (b) and S3†]. The protein complex
stability assessment also conferred higher stability to ceder-
ocol with PBP3 proteins than to imipenem. The minimal uc-
tuations, increasing compactness, higher interaction energy
© 2024 The Author(s). Published by the Royal Society of Chemistry
and higher inter-molecular hydrogen bonding between ce-
derocol and PBP3 proteins further support the sustainment of
susceptibility of cederocol to multi-PBPs in P. aeruginosa. The
high binding affinity of the complexes was also validated using
MM/PBSA calculations. The calculations involve long-range
polar and short-range non-polar interactions to investigate the
protein-ligand interactions.44 The binding energies calculated
from MM/PBSA were consistent with the intermolecular dock-
ing, where an evidently higher binding affinity was observed
between cederocol and PBP3, especially in mutants F533L and
T91A (Table 4).

Furthermore, the strains expressed KPC-2 and OXA-10,
which might have potentially hydrolyzed their substrates imi-
penem [DB01598] and meropenem [DB00760] respectively
resulting in their high MICs. However, the susceptibility of
cederocol was sustained due to its multi-PBP specicity and
lower affinity towards b-lactamases (Table 2). Hence it can still
be the drug of choice against similar P. aeruginosa pathotypes
(especially PBP3-variants) and can also be tested in combina-
tion with suitable b-lactamase inhibitors.45 The MIC patterns
were supported by a change in inhibition constant (ki) calcu-
lated as DG= RT ln(ki) [where T is the absolute temperature and
R is the gas constant]. Greater propensity for protein-ligand
interaction is indicated by low ki.46,47 In the present study, it
was also observed that avibactam and relebactam can reduce
the MIC values by hindering the efficiency of the b-lactamases
(Table 1). Hence, new BL–BLI formulations using avibactam
and relebactam can show promising results against XDR P.
aeruginosa. Notably, cederocol, a siderophore cephalosporin,
has emerged as a promising addition to the antibiotic arsenal.
Cederocol demonstrates a unique mechanism of action,
utilizing the bacterial iron transport system to penetrate the
outer membrane of Gram-negative bacteria, including
multidrug-resistant strains, such as Pseudomonas aeruginosa,
Acinetobacter baumannii and Enterobacterales. Cederocol
contains a chlorocatechol group at the end of the C-3 side chain,
which, further increases its stability against b-lactamases.48

Moreover, cederocol has shown potential for treating infec-
tions caused by carbapenem-resistant organisms, lling a crit-
ical gap in the antibiotic armamentarium. With a broad
spectrum of action, cederocol has shown stability against b-
lactamases including serine-carbapenemases (class A such as
KPC and class D such as OXA-48) and metallo-b-lactamases
(class B such as VIM, NDM and IMP), however the underlying
mechanisms were not elucidated explicitly.49 In a recent study,
cederocol showed clinical efficacy against carbapenem-
resistant Acinetobacter baumannii expressing blaOXA-58, blaOXA-
51, blaOXA-23, blaOXA-24.50 Clinical studies have demonstrated its
efficacy and safety prole in the management of difficult-to-
treat infections. However, genomic surveillance and steward-
ship efforts are essential to understand the susceptibility
underpinnings and mitigate the risk of emerging resistant
strains.48,51,52 Therefore, the present study holds signicance in
elucidating the potential underlying mechanism for the effi-
ciency of cederocol against carbapenem-resistant Pseudo-
monas, particularly expressing carbapenemases as well as
harbouring drug-target mutations. The same will denitely
RSC Adv., 2024, 14, 21328–21341 | 21339
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encourage the clinical application of cederocol against similar
MDR strains and enhance our general understanding for new-
antibiotic designs.

Our group has recently reported the application of novel b-
lactam–b-lactamase inhibitors against similar targets from XDR
Acinetobacter baumannii.53 However, mutational resistome
against specic antibiotics in XDR species has evolved by
continuous exposure to the antibiotic themselves as well as
other concurrently used antibiotics or earlier exposures to
related antibiotics.11 A recent report demonstrated the concur-
rent resistance to cefotaxime and meropenem exploiting iden-
tical PBP-targets in S. pneumoniae.14 Therefore, the selection of
stable mutants can be reduced by minimizing antibiotic stress
on specic P. aeruginosa targets and focusing on antibiotics
having multiple-targets, like cederocol.

Conclusion

PBP3 mutations T91A and F533L in carbapenemase-positive P.
aeruginosa rendered b-lactam antibiotics ineffective thereby
challenging b-lactam–b-lactamase inhibitor (BL–BLI) combina-
tions. The structural dynamics simulations and docking studies
revealed stability of both the mutants by local exibility adjust-
ments that favored their selection to hinder the drug-interaction
with active-site through unfavorable clashes. However, ceder-
ocol was found effective due to its higher affinities towards
multiple-PBPs and lower affinity towards b-lactamases as
compared to the other antibiotics. The study portrayed the
impact of uncharged non-polar amino-acid substitutions in PBP-
targets that hindered drug-affinity without affecting protein-
stability. Hence, antibiotics like cederocol with multi-target
specicity can be used to overcome the challenge imposed by
mutations in conventional protein-targets.
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