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Abstract

The pathogenic Enterobacter cloacae subsp. cloacae str. ATCC 13047 has contemporarily emerged as a multi-drug resistant
strain. To formulate an effective treatment option, alternative therapeutic methods need to be explored. The present study
focused on Gene Interaction Network study of 46 antimicrobial resistance genes to reveal the densely interconnecting and
functional hub genes in E. cloacae ATCC 13047. The AMR genes were subjected to clustering, topological and functional
enrichment analysis, revealing rpsE (RpsE), acrA (AcrA) and arnT (ArnT) as novel therapeutic drug targets for hinder-
ing drug resistance in the pathogenic strain. Network topology further indicated translational protein RpsE to be exploited
as a promising drug-target candidate for which the structure was predicted, optimized and validated through molecular
dynamics simulations (MDS). Absorption, distribution, metabolism and excretion screening recognized ZINC5441082
(N-Isopentyladenosine) (Lead_1) and ZINC1319816 (cyclopentyl-aminopurinyl-hydroxymethyl-oxolanediol) (Lead_2) as
orally bioavailable compounds against RpsE. Molecular docking and MDS confirmed the binding efficacy and protein—ligand
complex stability. Furthermore, binding free energy (G,,,,) calculations, principal component and free energy landscape
analyses affirmed the predicted nucleoside analogues against RpsE protein to be comprehensively examined as a potential
treatment strategy against E. cloacae ATCC 13047.

Keywords Gene interaction network - Molecular docking - Molecular dynamics simulations - Binding free energy -
Principal component analysis - Free energy landscape

Introduction osteomyelitis, and neonatal meningitis (Eugene Sanders and

Sanders 1997). Most Enterobacter strains are documented to

Genus Enterobacter, a group of serious human opportun-
istic pathogens, is associated with numerous nosocomial
infections such as urinary tract infections, cholecystitis,
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have acquired antimicrobial resistance (AMR), thus render-
ing their treatment strategy immensely complex and criti-
cal (Trivedi and Harish Shettigar 2015). E. cloacae subsp.
cloacae str. ATCC 13047, a facultative anaerobic bacterium,
displays multi-drug resistance (MDR) as revealed from
antibacterial assays and whole genome sequencing, signi-
fying the presence of multi-drug efflux systems, resistance
to antimicrobial peptides and p-lactam resistance genes. Its
complete genome consists of one circular chromosome of
5314.6 kb and two circular plasmids pECL_A and pECL_B
of 200.4 kb and 85.6 kb respectively. Both the chromosome
and plasmid are reported to encompass virulence genes
involved in adhesion and invasion; moreover, the chromo-
some constitutes seven operon systems contributing towards
toxic heavy metal resistance, as well as, numerous MDR
genes that can play vital roles in bacterial pathogenesis (Ren
et al. 2010). Due to its attained MDR, the strain received
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massive attention among researchers to explore alternative
therapeutic strategies to curb down its pathogenicity. The
discovery of protein targets, which predominantly participate
in MDR mechanisms in the strain, needs to be executed and
the targets must be exclusively exploited to design specific
leads for obstructing the resistance pathways (Shankar et al.
2021; Naha et al. 2021; Varghese et al. 2022). There have
been existing reports of exploiting putative drug targets of
pathogenic organisms for vaccine development to elicit a
robust immune response against the associated infections.
Immunoinformatics approach has been previously employed
to construct multi-epitope vaccines against Enterococcus
faecium, Klebsiella pneumoniae, Pseudomonas aeruginosa,
Acinetobacter baumannii and many other complications
(Narang et al. 2021, 2022; Dey et al. 2022a, b, ¢; Sudeshna
Panda et al. 2022; Mahapatra et al. 2022a, b; Sahoo et al.
2022). However, the current research article has focused on
identifying therapeutic lead molecules against E. cloacae
and evaluating their interaction profile with potent drug tar-
gets. Computational studies have already been established to
predict potential techniques and therapeutics in the field of
medical research and diagnostic purposes (Sinha et al. 2019;
Godara and Kao 2020; Sharma et al. 2021; Priyamvada et al.
2022; Kaviraj et al. 2022; Alam et al. 2023; Choudhary et al.
2023). Gene Interaction Network (GIN) approach integrated
with structural bioinformatics can be useful in understanding
the complex molecular interactions among the biomolecules
present in the physiological systems (Naha et al. 2022; Priy-
amvada et al. 2022; Ashok and Ramaiah 2022). Our research
group has previously decoded complex metabolic pathways
and identified potent drug targets using network biology
studies (Ashok et al. 2021, 2022; Naha and Ramaiah 2022),
as well as integrated structural bioinformatics to predict
effective lead molecules to circumvent several infectious
and systemic diseases (Vasudevan et al. 2021; Miryala et al.
2021b; Debroy and Ramaiah 2022).

The present study was conducted to decipher the convoluted
physiological processes and drug resistance mechanisms in
E. cloacae str. ATCC 13047 using GIN studies. The genes
directly (direct interactors) and indirectly (functional partners)
involved in the biological pathways were categorized. Analy-
ses of gene clusters, functional enrichment terms as well as
network topological parameters were performed to strengthen
our findings. This approach favorably led us to unravel the
potential therapeutic markers that functionally interlinked vital
metabolic processes in the bacteria. The highest scoring drug
target based on GIN topological parameters was selected and
its encoded protein structure was validated. Ligand-based vir-
tual screening was performed to identify candidate molecules
that can specifically bind with the target protein inhibiting its
biomolecular activity (Swargiary et al. 2020). Molecular dock-
ing and molecular dynamics simulations (MDS) confirmed
the binding efficacy and protein—ligand complex stability.
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Furthermore, binding free energy (G,,,,) calculations, princi-
pal component (PC) and free energy landscape (FEL) analy-
ses were performed to affirm the predicted drug candidates
to be comprehensively examined for potential treatment strat-
egy against the pathogen. This method can pave the path to a
successful antimicrobial treatment strategy against the MDR
strains of E. cloacae.

Methodology
GIN study
Data curation and retrieval of interaction data

Genes contributing to AMR in E. cloacae were obtained
from the Pathosystems Resource Investigation Centre
(PATRIC)v3.6.7 (http://www.patricbrc.org) database (Wat-
tam et al. 2014). Information regarding various biologi-
cal interactions including the experimental validated and
computationally predicted interactions among the provided
genes were gathered from the Search tool for the retrieval
of interacting genes and proteins (STRING)v11.0 (https://
string-db.org/) database (Szklarczyk et al. 2017). STRING
assigned a confidence score (CS) to each interaction based
on experimental and prediction data available (Mering
2003). High CS value indicated the data to be more reliable
and reproducible.

Functional enrichment analysis (FEA), GIN visualization
and analysis

The STRING database provided various functional enrich-
ment terms from KEGG pathways, UniProt terms, Pfam,
InterPro and SMART domains. The resultant GIN was visu-
alized in Cytoscape v3.7.2 (http://www.cytoscape.org/) to
comprehensively display the genes and their associations
(Shannon et al. 2003). Gene clustering was performed byM-
CODEV1.5.1, a Cytoscape in-built tool, which utilized the
functional enrichments of each gene and performed clus-
tering based on their functional associations. It assigned
a score to each cluster based on the density and the num-
ber of members in a particular cluster (Bader and Hogue
2003). NetworkAnalyzer v2.7, another Cytoscape plug-in,
estimated the network topological matrices to simplify the
complex biological networks and provide us with intrinsic
details regarding each gene (Fiannaca et al. 2013).

Protein structure prediction, refinement
and validation

The top-ranked hub gene attaining the highest clustering and
topological coefficients, along with functional relevance in
the network was selected and the structure of its encoded
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protein was predicted. In case the structure was unavail-
able in the Protein Data Bank (PDB) (https://www.rcsb.
org/), the 3D structure of the protein was modeled as per the
‘extended dual-step modeling method’ as proposed by Basu
et al. (2021) to minimize the local conformational errors thus
enhancing the gross accuracy of the model (Shankar et al.
2021; Basu et al. 2021; Naha et al. 2022). The generation
of the 3D model was based on homology (template-based)
modeling and threading with [-TASSER (https://zhanglab.
ccmb.med.umich.edu/I-TASSER/), RaptorX (http://raptorx.
uchicago.edu/), and Robetta (https://robetta.bakerlab.org/)
servers (Kim et al. 2004; Yang and Zhang 2015; Wang et al.
2016). Based on high C-score denoting the models’ global
accuracy, low estimated RMSD and low local error esti-
mates, the top ranked model from each server was selected
as a template to model the final 3D structure using MOD-
ELLER 10.0, a python-based standalone software with
modeling method analogous to NMR spectroscopy-based
structure illustration (Webb and Sali 2017). The structure
was refined through GalaxyRefine (http://galaxy.seoklab.
org/index.html) web server to reduce the clash scores, poor
rotamers and Ramachandran outliers (Heo et al. 2013).
Energy minimization was performed in vacuo with GRO-
MOS96 43B1 force-field mechanics in Swiss-PDB viewer
v4.1.0 (Kaplan and Littlejohn 2001). The optimized pro-
tein structure was visualized in USCF Chimera v1.9 (Pet-
tersen et al. 2004). The secondary structure prediction of
the refined protein was performed by SOPMA (https://
npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_
sopma.html) (Geourjon and Deléage 1995) and PSIPRED
(http://bioinf.cs.ucl.ac.uk/psipred/) servers (McGuffin et al.
2000), whereas, the tertiary structure was validated through
HARMONY (http://caps.ncbs.res.in/harmony/) (Pugalenthi
et al. 2006) and ProSAWeb (https://prosa.services.came.sbg.
ac.at/prosa.php) servers (Wiederstein and Sippl 2007). Pro-
tein backbone dynamics at the residue level were predicted
in terms of N—H $? bond-order restraints using DynaMine
(http://dynamine.ibsquare.be/) server to study the restriction
in the movement of an atomic bond vector with respect to
the molecular reference frame (Cilia et al. 2014). ProtParam
(https://web.expasy.org/protparam/) server was used to com-
pute parameters such as amino acid composition, aliphatic
index (for thermo-stability and structural rigidity measure)
and instability index of the protein (Gasteiger et al. 2005).

Analysis of protein stability through molecular
dynamics simulations (MDS)

MDS was performed using GROMACS 2018.1 package to
analyze the protein stability in an aqueous environment over
a time frame of 100,000ps. Protein topology was generated
using CHARMM36 (February 2021) force field mechanics.
Solvation was performed by centering the protein inside a

cubic box (1.0 nm) with a simple-point charge water model,
followed by system neutralization upon the addition of requi-
site counter ions (Na* or C17) using the particle mesh Ewald
method. Energy minimization was carried out using steep-
est descents method with 50,000 steps and potential energy
gradient threshold of 1000 kJ/mol/nm. System equilibration
was performed under NVT (Number of particles, Volume,
Temperature) (desired temperature = 300 K) and NPT
(Number of particles, Pressure, Temperature) (desired pres-
sure = 1 bar) ensembles for 100ps utilizing Parrinello-Rah-
man proposed barostat method, followed by unbiased MD
production to provide the trajectory data. Root mean-square
deviation (RMSD) analysis of the simulated protein reflected
the net change (in nm) in the backbone configuration, while
root mean-square fluctuation (RMSF) per residue denoted
the average fluctuation (in nm) of each amino acid residue
present in the protein. The stability of the folded protein
structure was interpreted from radius of gyration (Rg) tra-
jectory over the stipulated time period estimating the com-
pactness of the structure, while potential energy trajectory
depicted the stability of the energy parameters of the stimu-
lated system (Hamelberg et al. 2004; Jayaraman et al. 2019;
Lemkul 2019; Basu et al. 2021; Miryala et al. 2021b).

Protein druggability analysis, virtual
and pharmacokinetic screening of ligands

DoGSiteScorer (http://dogsite.zbh.uni-hamburg.de) server
was used to predict potential binding pockets in the protein
(by surface topology scan) and subsequently computed the
druggability of these pockets (Volkamer et al. 2012). An
established inhibitory compound against potential target was
selected as a reference to screen analogous ZINC drug-like
compounds. This ligand-based virtual screening was per-
formed with SwissSimilarity (http://www.swisssimilarity.ch)
server (Zoete et al. 2016). The top ranked analogues were
further selected for pharmacokinetic and ADME screening
through SwissADME (http://www.swissadme.ch/) server
(Daina et al. 2017).

Site-specific molecular docking

The ligand analogues selected after ADME screening were
firstly subjected to energy minimization through the auto-
optimization function of the Avogadro tool using Universal
force-field and steepest descent algorithm (Hanwell et al.
2012). The optimized ligands were considered for molecular
docking with the active site (functional domain) of the drug
target using AutoDock v1.5.6 suite. Protein structures were
firstly optimized by adding polar hydrogen (H-) atoms and
merging non-polar atoms, followed by addition of requisite
Kollman charges. The affinity grid-boxes (60 x 60 x 60 A3)
were created encompassing the active-site residues of
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proteins. Lastly, Lamarckian and Genetic Algorithms were
utilized to generate probable protein—ligand complex con-
formations (Basu et al. 2022a, b). Protein—ligand docked
poses and their intermolecular interactions were visualized
in Discovery Studio Visualizer v2020. Moreover, compara-
tive molecular docking of the drug-target with a standard
antibiotic (with reported inhibition profile against the drug-
target) was further performed to provide a quantitative
measure of docking efficacy between the novel lead and the
protein (Debroy and Ramaiah 2022).

Analysis of protein—ligand stability through MDS

The stability of drug-target-ligand/lead complexes was
performed in an aqueous environment for a time-frame
of 100,000ps using GROMACS 2020.2 package. Protein
topology was built as described previously (in “Analy-
sis of protein stability through MDS” section), whereas
ligand topology was built using the CGenFF server. The
complex was centered inside a dodecahedron box of uni-
form edge-distance (1.0nm) followed by solvation with a
simple point-charge water model and system neutralization
with requisite counter ions (Na* or C17). Steepest-descents
algorithm (50,000 steps) and convergence-tolerance force
(1000 kJ/mol/nm) were considered for the system-energy
minimization. Two cycles of equilibrations were opted with
constant volume (NVT) ensemble for 100ps using leap-frog
integrator to attain the desired temperature (300 K). Sec-
ondly, constant pressure (NPT) ensemble for 100ps using
the Parrinello-Rahman barostat was applied to attain desired
pressure (1 bar) upon applying motion-equations to the box
vectors. Long-range electrostatic interactions were treated
using particle-mesh Ewald algorithm with a cubic interpo-
lation of order 4.0 and Fourier spacing of 0.16 nm (Jayara-
man et al. 2021). Finally, the system was subjected to MD
production for 100,000ps timescale (Lemkul 2019; Miryala
et al. 2021b; Naha et al. 2022).

Protein—ligand binding free-energy calculations
and principal component (PC) based free-energy
landscape (FEL)

Interaction energy (IE) or linear interaction energy calcula-
tions have been depicted as an efficient approach to scale abso-
lute binding free energy (Gy;,,) between a protein and ligand.
According to simulations of the ligand’s protein-bound and
unbound states in a solvent, Gy, is postulated in IE to be lin-
early proportional to the variations in van der Waals and elec-
trostatic interactions involving the ligand and its surroundings
(or bound protein). The free-energy differences were modeled
considering short-range/long-range electrostatic IE parame-
ters using Lennard-Jones (LJ) and Coulomb potential-energy
functions (Rifai et al. 2019). The IE was calculated through a
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10 ns timescale re-run, using similar pressure-coupling and
electrostatic considerations as performed during simulation
by GROMACS 2020.2 package.

The biological functionality of a protein is heavily influ-
enced by its molecular motions. PCA or essential dynamics
is employed to extract and investigate high collective motions
from a structural ensemble using covariance matrices. PCA
lowers the dimensionality of MDS trajectory data required to
describe protein dynamics. The atomic coordinates procured
from protein alpha-carbon (Co) atoms were utilized for covari-
ance matrix construction due to its depiction of essential space
motions and less interference by statistical noise. The collec-
tive motions of the biological systems were stored as eigenvec-
tors and eigenvalues representing the direction of concerted
motion and magnitude in the direction of motion respectively.
The first few eigenvectors are referred to as PCs that capture
the highest eigenvalues (Kumar et al. 2020). The cosine con-
tent value of PCs is employed to extract the strenuous motion
from the overall collective motions, and it ranges from O (no
cosine) to 1 (perfect cosine) for a time period of T:

2 ’ -
C = T{/cosZ(im)pi(t)a't} </P,-2(f)dt>

Generally, the top eigenvectors having cosine content val-
ues lower than 0.2 were utilized to interpret the conformational
space and protein dynamics in terms of FEL. Accordingly, the
first ten projections were retrieved and their cosine content val-
ues were calculated. The minimized structures obtained from
the FEL plot represent the lowest energy-stable state of that
protein. The GROMACS in-built tools such as ‘gmx covar’
and ‘gmx anaeig’ are employed to construct the covariance
matrix and the projections of trajectories onto the eigenvectors
respectively. Furthermore, ‘g_sham’ module was employed to
generate smooth FEL plots of the protein—ligand complexes
(Jayaraman et al. 2021). The ‘g_sham’ script was utilized to
map all the probable protein confirmations by means of Gibb’s
free energy through Mathematica tool. Using two-dimensional
(2D) and three-dimensional (3D) FEL plots, two PCs (PC1 and
PC2) of the different protein—ligand complexes were projected
(Swetha et al. 2017; Jayaraman et al. 2019). Furthermore, the
overall conformational change in the protein structure was esti-
mated through RMSD calculations (in 10\) with respect to C-a
backbone using Swiss-PDB viewer v4.1.0.

RESULTS

Collection of AMR genes and retrieval of interaction
profile

Sixty-seven AMR genes from E. cloacae were filtered
out of 107 genes to avoid redundancies. Subsequently, the
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interaction profile of 46 nodes (genes) having 378 edges
(interactions) was extracted encompassing data from exper-
imentally evident analysis, computational predictions and
literary evidence. This approach enabled us to amalgamate
established as well as novel molecular pathways/markers,
which might facilitate a better understanding of alternative
treatment strategies. The AMR genes with their correspond-
ing functional partners and their respective CSs are provided
in Supplementary File S1.

FEA, gene clustering and network topology analysis

Five KEGG pathways, 17 UniProt keywords, nine Pfam
domains, 20 InterPro domains and three SMART domains
were collected for 46 AMR genes. The descriptions of the
enrichment terms along with the genes corresponding to
each term are detailed in Supplementary File S2. MCODE
clustered 34 out of 46 genes into three gene clusters, i.e.,
C1, C2 and C3, ranked based on decreasing MCODE scores.
Clusters C1, C2, C3 consisted of 19, 12, 3 nodes and 162,
40, 3 edges with MCODE scores of 18.000, 7.273, 3.000
respectively, as displayed in Fig. 1 a. The complete network,
as well as discrete genes, were analyzed based on several
topological parameters, which are tabularized in Supplemen-
tary File S3.

Genes in C1 cluster

C1 had an average clustering coefficient value of 0.73,
implying dense interconnections among the clustered genes.
Genes rplF and rplR encode for 50S ribosomal large subunit
proteins L6 and L.18 respectively; whereas rpsC, E, G, H, J,
L encode for 30S ribosomal small subunit proteins S3, S5,
S7, S8, S10 and S12 respectively (ecln03010; KW-0689).
From the gene network, we noted that rp/F made interactions
of high confidence with rpIR, rpsE, rpoB,C (ecln03020;
KW-0240), fusA(ECL_01886), ileS and gyrA. The gene rplR,
similar to rplF made high confidence associations with rpsE,
fusA, rpoB, and rpoC. The rps gene family displayed high
confidence interactions among its members, as well as with
rplE,R, rpoB,C and fusA. The genes rpsC,E, absent in the
first STRING set, were linked with gyrA, unlike other rps
genes. The genes gyrA and parC were the most interacting
genes in the entire network having the top degree values of
33 and 31 respectively. gyrA made a notable high confidence
association with ampC (ECL_00553) from C2 signifying its
association with the cephalosporinase gene. Likewise, gyrB
and parE (PF00986; IPR013759; SM00433) acquired high
degree values of 31 and 30 respectively. It was eventually
observed that gene rpsE, encoding for 30S ribosomal subu-
nit protein S5, made direct and indirect links with ribosomal
large subunit proteins, RNA polymerase subunit proteins,
elongation factor G, DNA gyrase and DNA topoisomerase

IV subunit proteins, as displayed in Fig. 1b. Hence RpsE,
being an integral component in bacterial machinery and the
interaction network, can be considered to be a candidate for
being a potential drug target.

Genes in C2 cluster

The clustering coefficient of C2 was recorded to be 0.68
implying the interconnections were quite as dense as that
observed in the C1 cluster. The genes macB and msbA
(ECL_01832) were enriched with similar annotations mak-
ing dense interconnections. In the current study, macB made
high confidence interaction with acrA (C3); moreover, msbA
did not make any such association with other genes. How-
ever, neither of the two genes interacted with the other in the
gene network. The gene murA (MurA) gave a degree value
of 24, making it the most interacting gene of C2 cluster.
Despite its high number of interactions, murA made only
one interaction at high confidence with glpT. The genes
acrB, ogxB and mdtC were annotated with similar enrich-
ment terms. AcrB is a major component of the AcrAB-TolC
system in several MDR Gram negative bacteria (ecln01501;
ecln01503; PFO0873; IPR027463). GIN analysis revealed
that macB, mdtC and ogxB established direct interactions
with acrA (Fig. 1b). acrA, being the common functional
partner, connected the entire MDR efflux network, thus
signifying its pivotal role as a hub gene. Therefore, AcrA
can be considered a candidate drug target in E. cloacae str.
ATCC 13047.

Genes in C3 cluster

The average clustering coefficient of C3 was computed to be
0.62 indicating quite dense interconnections among the three
nodes. The C3 genes arnA, C, along with unclustered gene
arnB, were enriched with similar annotations (ecln01503;
KW-0441). In the present study, GIN revealed arnT as the
interlinking biomolecule associating all other arn genes
(Fig. 1b). Hence, ArnT protein can be a candidate drug tar-
get for subduing CAMP resistance.

Out of the three proposed drug targets, as displayed in
Fig. 2, rpsE procured the highest degree, highest MCODE
score and highest clustering coefficient, making the overall
topological coefficient higher than acrA and arnT as repre-
sented in Supplementary File S3. Hence, RpsE was selected
for further structural analysis and can be checked for being a
potential drug target against the pathogenic strain.

Structure prediction, refinement and validation
of RpsE protein

The unavailability of crystal structure for RpsE from
E. cloacae ATCC 13047 according to PDB search using

@ Springer
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Fig. 1 GIN analysis of AMR
genes in E. cloacae ATCC (a)
13047: a AMR gene clustering
resulted in three clusters-Cl1,
C2, C3 based on the functional
associations of the genes, b
FEA of AMR genes highlighted
the enriched pathways, as well
as predicted therapeutic drug
targets based on the pathway
enrichment and interaction
patterns
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NCBI-BLASTYp tool prompted for the ‘extended dual-step
modeling method’. RpsE 3D structure prediction was per-
formed from E. cloacae ATCC 13047 protein sequence
(UniProt ID: AOAOH3CSHO). The 3D modelled RpsE pro-
tein (Fig. 3a) was optimized and refined, which eventuated
the model to be comprised of 100.0% residues in Ramachan-
dran favored zone with low RMSD (0.298 A) and the
absence of any poor rotamers. The refined protein laid close
to the straight fit line of the HARMONY propensity-cali-
bration plot (Fig. 3b), as well as displayed minimal regions
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of reverse sequence acquiring better substitution scores than
query sequence (Fig. 3c). The protein acquired ProSAWeb
Z-score (indicating overall model quality) of — 6.38 and fell
within the score-range of NMR determined (experimentally
established) native structures (Fig. 3d). The protein acquired
an overall negative value in the energy plot for local model
quality (Fig. 3e). The above quality analyses validated
low misfold regions, low local errors, absence of errone-
ous regions and a highly restricted backbone of structurally
improved RpsE model. RpsE from E. cloacae ATCC 13047
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C1 Cluster

RNA
polymerase
proteins
(rpoBC)

Ribosomal large
subunit proteins
(plFR)

Ribosomal small subunit protein S5 (#psE)

DNA Gyrase
proteins

(@4B)

Topoisomerase
proteins
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O = Novel therapeutic biomarkers

Fig.2 Identification of novel therapeutic drug targets in MDR
strain E.cloacaeATCC 13047: the proposed novel therapeutic mark-
ers, 30S ribosomal subunit S5, AcrA and ArnT proteins along with
their principal interacting protein(s) are displayed. The major func-

constitutes an RNA-binding region [PROSITE ID: PS50881]
from the 11th to 74th amino acid residue in the N-terminal
domain [InterPro ID: IPR013810; Pfam ID: PF00333] of
the protein. Secondary structure prediction revealed that the
RNA-binding domain of RpsE protein resided in the cyto-
plasm consisting of a-helices (42.2%), extended strands
(32.8%), random coils (12.5%) and p-turns (10.9%). While
predicting the residue-level backbone dynamics, the RNA-
binding region acquired an average N-H 52pred value of 0.82
(Fig. 3f). RpsE attained an aliphatic index of 89.88 imply-
ing high thermo-stability and a well-packed protein interior
(high structural rigidity). The instability index of RpsE was
computed to be 32.72, further implying the protein stability.

RpsE stability analysis through MDS
The stability of RpsE protein in an aqueous environment

was analyzed over a time-frame of 100 ns. The RMSD
trajectory was maintained at around 0.6 nm throughout the

Ribosomal small
subunit proteins
(rpsCGHIJL)

Elongation
factor G

(fus4)

:] = Principal interacting protein(s)

C2 Cluster

Adaptor protein
AcrA (acrd)

C3 Cluster

Aminoarabinose
transferase (arnT)

tional pathways enriched in each cluster have been highlighted, which
showed C1 cluster containing general metabolism-linked genes while
C2 and C3 genes involved in AMR mechanisms

timescale, as shown in Fig. 4a, suggesting minimal mean
deviations indicating protein stability. RMSF plot depicted
low residue-level positional dynamicity (< 0.4 nm) of the
functional domain; however, a meager peak was recorded
within the 22nd-33rd amino acid residues, as displayed in
Fig. 4b. The stable protein conformation was validated by
the consistent Rg (fluctuating within 1.7-1.8 nm) trajec-
tory throughout the time frame, as seen in Fig. 4c, imply-
ing the compactness and well-folded conformation of
RpsE. The potential energy curve displayed average stabil-
ity at — 1.2958e + 06 kJ/mol, as shown in Fig. 4d validat-
ing the energy functions supporting the simulated system.
The temperature of the system quickly reached the target
value (300 K) and remained stable over the remainder of
the equilibration (Supplementary File S4a), while the aver-
age value of pressure was computed to be 1.5 bar which
was close to the desired value (1 bar) (Supplementary File
S4b), thus indicating that 100ps of NVT and NPT were
sufficient to equilibrate the system.
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Fig. 3 Structural evaluation

and validation of RpsE protein:
a optimized modelled RpsE
structure as visualized in USCF
Chimera v1.9, b propensity plot
of RpsE indicating low regions
of misfolds, ¢ substitution curve
of RpsE implying absence of
erroneous regions, d global
model quality of RpsE display-
ing low overall structural errors,
e local model quality of RpsE
showing low local errors, f
backbone stability plot of RpsE
indicating highly restricted
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RNA Binding Region

Protein druggability analysis, virtual
and pharmacokinetic screening of ligands

A binding pocket overlapping with RNA binding domain
was predicted, which attained a high drug score (0.85) and
simple score (0.52) implying high druggability of the pocket
further indicating that the protein can be a candidate for
a potential therapeutic drug target. Ligand-based virtual
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screening was performed considering 2-methylthio-n6-
isopentenyl-adenosine-5'-monophosphate (DB08185) as
the reference molecule due to its reported inhibition activ-
ity against 30S ribosomal subunit proteins. Screening ZINC
drug-like molecules against reference compound provided
a list of similar hits, ranked based on descending Tanimoto
coefficients (Zoete et al. 2016). The top 10 analogues with
the highest Tanimoto scores, provided in Supplementary File
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Fig.4 Stability analysis of RpsE protein using molecular dynamics
simulation (MDS): a RMSD plot of RpsE suggesting minimal mean
deviations, b residue-level RMSF plot of RpsE depicting low residue-
level positional dynamicity in the functional domain, ¢ Rg trajec-

S5, were selected for further pharmacokinetic and ADME
screening. Out of 10 compounds, ZINC5441082 (referred
to as ‘Lead_1" in the current study) and ZINC1319816
(referred to as ‘Lead_2’) fell within the bioavailability radar
for drug-likeliness measure and were predicted to be orally
bioavailable. The compounds successfully passed Lipinski’s
filter for ADME screening, displayed a high possibility of
passive absorption by the gastrointestinal tract and were
computed to be highly water soluble. Hence, ADME screen-
ing predicted the two commercially available compounds to
be oral drug candidates against RpsE protein.

Assessment of intermolecular interactions of lead
compounds with active-site of RpsE

The ‘RpsE-inhibitor’ docked complexes were generated by
considering Ile30 as the active site for being a crucial residue
in Spectinomycin (standard antibiotic) binding (Bollen et al.

tory of RpsE showing compact conformation of protein, d potential
energy curve of RpsE validating the energy functions supporting the
protein system

1969; He et al. 2005; Dharuman et al. 2021). Lead_1 and
Lead_2 were bound to RpsE with BEs of —5.06 +0.06and
— 4.48 +£0.30 kcal/mol with average inhibition constant (IC)
of 0.20 and 0.56 mM respectively. The values were distinctly
lower than Spectinomycin [PubChem CID: 15,541], with BE
of —4.26 +0.37 kcal/mol and an average IC of 0.86 mM.
It was inferred from the computed values that Lead_1 and
Lead_2 required less energy to bind with RpsE as compared
to its standard antibiotic Spectinomycin; moreover, lower
IC values of the leads implied that lower concentrations are
required by Lead_1 and Lead_2 to inhibit the RNA-binding
activity of RpsE than that required by Spectinomycin. A
comparable number of total intermolecular interactions (with
respect to leads) were recorded between Spectinomycin and
RpsE-active site namely six conventional H-bonds, one
van der Waals interaction and two carbon-hydrogen (C-H)
bonds as displayed in Fig. 5a. Lead_1 when complexed with
RpsE formed three H-bonds, one van der Waals interaction,
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two carbon-hydrogen (C—H) bonds and three non-canonical
bonds (Fig. 5b). Meanwhile, Lead_2 formed three H-bonds,
one van der Waals interaction, one carbon—hydrogen (C-H)
bond and three non-canonical bonds with RpsE-active site
(Fig. 5¢). Despite high BE, higher number of conventional
H-bonds and a lower number of non-canonical interactions
were noted in RpsE_Spectinomycin complex compared to
the other two complexes.

‘RpsE-inhibitor’ complex stability

Over the time frame of 100 ns, the RMSD trajectory of
RpsE-Spectinomycin complex was stabilized at around

0.7 nm, whereas RpsE-Lead_1 and RpsE-Lead_2 com-
plexes were stabilized at around 0.5 and 0.6 nm respectively
(Fig. 6a). Low overall residue-level positional dynamicity
(<0.5 nm) of the RNA-binding domain was observed for
all the complexes in the RMSF plot, however distinct fluc-
tuations were recorded within 21st—30th amino residues,
as displayed in Fig. 6b. The structural compactness of
the protein—ligand complexes was validated by the stable
Rg trajectory (consistent within the range of 1.7-1.8 nm)
throughout the time frame (Fig. 6¢). The SASA plot revealed
similar convergence of the three complexes (at 100—105nm?)
throughout the timescale (Fig. 6d), whereas similar trajec-
tory convergence of free energy of solvation for the three

Fig. 5 Molecular docking
of spectinomycin and lead (a)
compounds with RpsE: the
docked poses and intermolecu-
lar interactions of spectinomy-
cin and lead compounds with
RpsE-active site are shown. a
Docked pose and intermolecular
interaction profile of RpsE-
spectinomycin complex, b
docked pose and intermolecular
interaction profile of RpsE-
Lead_1 complex, ¢ docked pose
and intermolecular interac-

tion profile of RpsE- Lead_1

complex

« |A:ILE:30
v (BB

A
-
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complexes (~ — 27 to — 15 kJ/mol) was observed, indicating
them to be comparably energetically favorable (Fig. 6e). The
interaction energy implied energetically stable (< 0 kJ/mol)
profiles for RpsE-Spectinomycin, RpsE-Lead_1 and RpsE-
Lead_2 complexes (Fig. 6f). The temperature plots of the
complex systems quickly reached the target value (300 K)
and remained stable over the remainder of the equilibration
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(Supplementary File S6a,c,e). The pressure values, however
fluctuated widely throughout the 100ps equilibration phase
(Supplementary File S6b,d,f). The average pressure values
of RpsE-Lead_1, RpsE-Lead_2 and RpsE-Spectinomycin
complexes were computed to be — 15.86 bar, — 20.36 bar
and —20.61 bar respectively. Pressure can fluctuate
widely throughout an MD simulation with a wide range of
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Fig.6 Stability analysis of RpsE-lead molecules complexes as com-
pared to RpsE-spectinomycin complex using MDS: a RMSD plot
showing stabilized trajectories, b residue-level RMSF plot depicting
low overall residue-level positional dynamicity of the RNA-binding
domain, ¢ Rg trajectory showing structural compactness of the pro-

tein—ligand complexes, d SASA trajectory revealed similar conver-
gence of the three complexes throughout the time-scale, e free energy
of solvation revealed similar trajectory convergence for the three
complexes, f interaction energy implied energetically stable profiles
for all the complexes number of hydrogen bonds in the complexes
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root-mean-square fluctuations (in bar); hence, statistically
difference between the obtained average and the target/refer-
ence value (1 bar) cannot be distinguished (Lemkul 2019).
Thus, the plots indicated that 100ps of NVT and NPT were
sufficient to equilibrate the protein-inhibitor complex sys-
tems. The intermolecular H-bond patterns showed that out
of six probable H-bonds (from molecular docking), RpsE-
Spectinomycin complex showed a maximum of four stable
H-bonds in the time-frame of 100 ns, whereas RpsE-Lead_1
and RpsE-Lead_2 have displayed five and three stable
H-bonds respectively, the latter correlating with the dock-
ing results (Fig. 7a—c).

Gibb's free energy calculations and FEL analyses

PC-based FEL analysis depicted the correlation differences
among the three complexes. Motional shifts across two PCs
(PC1 and PC2) were considered to define dynamic behavior
and fluctuation degrees within the protein systems. The dif-
ferent ensemble of confirmations of the population basins at
variable widths on the FEL plot defined the different equilib-
rium states of the protein. The RpsE-Spectinomycin {Gibbs
free energy (G) range =0-11.8 kJ/mol}, RpsE-Lead_1
(G-range=0-10 .9 kJ/mol) and RpsE-Lead_2 (G-range =0
— 0.9 kJ/mol) complexes exhibited distinct energy clusters.
The low energy (low G) cluster basins were distinct among
the three complexes. The RpsE-Lead_1 (Fig. 8b) and RpsE-
Lead_2 (Fig. 8c) complexes showed three distinct ‘lowest
free energy cluster basins (dark blue region)’ with a higher
number of conformations less than median G-scale (dark
to light blue region) which reduced to two clusters (dark
blue region) for RpsE-Spectinomycin complex (Fig. 8a). The
overall change (RMSD) in the final protein conformation
with respect to the parent structure was 3.30 A, 4.64 A and
7.30 A for RpsE-Lead_1, RpsE-Lead_2 and RpsE-Spectin-
omycin complex respectively, which implied a greater con-
formational change in the RpsE while complexed with the
antibiotic than the proposed leads.

DISCUSSION

The present study investigated alternative treatment strate-
gies against MDR E. cloacae ATCC 13047 by employing
GIN approach and structural bioinformatics methods. Inter-
action network study of the AMR genes revealed clustering
patterns (Fig. 1a) based on the functional associations of the
genes. The three clusters, although each comprised genes
belonging to different functional categories, were highly
interconnected. Cluster C1 genes encoded for Ribosomal,
RNA polymerase, DNA gyrase and DNA topoisomerase
IV subunit proteins (Fig. 1b), out of which certain ribo-
somal subunit proteins aided in Helicobacter pylori cell
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Fig.7 Hydrogen bonding profiles of RpsE-lead molecules complexes
as compared to RpsE-spectinomycin complex in the timeframe of
100 ns: a number of hydrogen bonds in RpsE-spectinomycin com-
plex, b number of hydrogen bonds in RpsE-Lead_1 complex, ¢ num-
ber of hydrogen bonds in RpsE-Lead_2 complex

survival under oxidative stress; however they have not been
conventionally explored as therapeutic drug targets (Sun
et al. 2012). On the other hand, the absence of any direct
interaction between gyrA and parC as well as in gyrB and
parE, all being fluoroquinolone-resistance determining
genes (PF03989; IPR013757; SM00434), implied that the
genes worked independently, but their functions towards
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(a) 2D plot

3D plot

3D plot

Fig. 8 Principal component analysis (PCA) and free energy landscape
(FEL): the FEL contour plots displayed as a function of PC1 and
PC2, whose cosine content values were less than 0.2 were shown as
2D contour and 3D distribution plot. Using 2D- and 3D-FEL plots,
two PCs (PC1 and PC2) of a RpsE-spectinomycin; b RpsE-Lead_1
and ¢ RpsE-Lead_2 complexes were projected. RpsE-Lead_1 and

quinolone resistance remain conjoined. Rather than target-
ing GyrA, B and ParC, E proteins exhibiting frequent muta-
tions in active sites (Rafii et al. 2005), proteins required for
general metabolic processes and having direct associations
with AMR proteins could be instead considered as alterna-
tive therapeutic markers that can hinder bacterial survival
under stress (Sharma et al. 2019). Hence, from C1 cluster

RpsE-Lead_2 complexes showed three distinct ‘lowest free energy
cluster basins (dark blue region)’ with a higher number of confor-
mations less than median G-scale (dark to light blue region) which
reduced to two clusters (dark blue region) for RpsE-Spectinomycin
complex

it was inferred that the inactivation of 30S ribosomal pro-
tein S5 (RpsE) could lead to possible interference in the
translation of vital proteins involved in bacterial physiol-
ogy, drug resistance and survival under stress. Cluster C2
genes were predominantly involved in AMR efflux pump
mechanisms-ABC transport superfamily (MacB, MsbA) and
RND superfamily (AcrA,B, OgqxA,B, MdtC) (Fig. 1b). The
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cluster further highlighted macB, acrA and acrB as highly
interacting genes, which have also been previously proposed
as therapeutic targets against AMR-linked bacterial infec-
tions (Miryala et al. 2021a; Debroy and Ramaiah 2022).
Furthermore, experimental reports have implied resistance
patterns by acrA, B towards p-lactams and CAMP molecules
in Salmonella typhimurium and E. coli respectively (Nikaido
et al. 1998), thus correlating with the FEA of acrA,B from
the current study (ecln01501; ecln01503). Interaction profile
and FEA indicated AcrA as the interlinking molecule of the
C2 cluster, which can be a potential hub protein candidate.
Cluster C3 cluster comprised of arn genes predominantly
involved in CAMP resistance (Fig. 1b), which function by
imparting modification in the lipid A moiety of Lipopoly-
saccharides, lowering the net negative charge of membrane
and reducing its binding affinity with CAMP molecules (Lin
et al. 2014). In C3, arnT, associated with polymyxin resist-
ance, was noted as the interlinking biomolecule among the
other arn genes and hence can be a potent hub gene for
subduing CAMP resistance. Thus from the overall cluster-
ing analysis and FEA, three potential drug target candidates
were shortlisted, namely, 30S ribosomal subunit S5 (RpsE)
(cytoplasmic), AcrA (inner cell membrane) and ArnT (inner
cell membrane), and are yet to be exploited sufficiently as
therapeutic targets in the strain. All three proteins are coded
by chromosomal genes, implying that the drug resistance
imparted by these AMR genes is inherent for the organism,
which may result in the exhibition of opportunistic charac-
teristics by the bacteria (Barker 1999). The three therapeu-
tic drug targets were screened out bypassing the proteins
responding under oxidative stress and the MDR proteins
reporting repeated mutations in the emerging strains which
pose a dilemma in targeting them. Hence, the drug targets
discussed in the current study were alternative in terms of
treatment and held novelty in the strain. Topological matri-
ces-based screening further highlighted RpsE to be selected
as a potential drug target in the organism (Supplementary
File S3).

S5 is a small subunit ribosomal protein linked to the func-
tional center of the 30S ribosomal subunit and can regu-
late translational fidelity if structurally altered (Kirthi et al.
2006). RpsE protein in E. cloacae consists of RNA binding
domain lying towards the N-terminal of the protein, within
which 23rd, 26th, 29th, 30th and 32nd amino acid residues
were observed to be highly conserved across prokaryotic
and archaebacterial organisms in the previous studies (Ram-
akrishnan and White 1992). Reports have suggested that a
single amino acid mutation in E. coli S5 can result in spec-
tinomycin-resistance, other than alteration of cell growth
and folding of 16S ribosomal RNA (Kirthi et al. 2006).
Conservation of its tertiary structure was reported to be evi-
dent throughout the genetic evolution, which correlated with
backbone dynamics analysis in the present study (Fig. 3f)
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revealing less dynamicity of the RNA-binding domain back-
bone, possibly attributing towards uniform functionality of
the protein domain (Basu et al. 2021; Debroy and Ramaiah
2022). The rigid backbone of the RNA-binding region can be
required to accommodate a larger substrate like nucleic acid,
carbohydrate, etc., rather than requiring a relatively flexible
backbone to make transient bonds with smaller substrates
like ATP. A meager peak observed in the RMSF plot within
22nd-33rd amino acid residues (Fig. 4b) might be reasoned
for potential flexibility in the region (as previously noted
in the backbone stability plot as well) resulting in possible
transient intermolecular interactions with small molecules
or ions; however, reports have suggested high mutational
frequencies at around 20th—22nd amino acid residues in E.
coli owing to spectinomycin resistance (Ramakrishnan and
White 1992). On the other hand, the commercially available
compounds, namely ZINC5441082 (N-Isopentyladenosine)
(Lead_1) and ZINC1319816 (Cyclopentyl-aminopurinyl-
hydroxymethyl-oxolanediol) (Lead_2) were predicted to
be oral drug-candidates against RpsE protein. The pro-
posed lead compounds are nucleoside analogues with simi-
lar known targets. N-Isopentyladenosine [PubChem CID:
87216] has been checked against targets such as adenosine
kinases, adenosine transporters, Histone-lysine N-methyl-
transferases (epigenetic regulator) and cytokinin oxidases.
On the other hand, Cyclopentyl-aminopurinyl-hydroxymeth-
yloxolanediol [PubChem CID: 14426724] has been tested
against human Histone-lysine N-methyltransferases, Tyros-
ine-protein kinases, adenosine kinases and cytosolic proteins
Glyceraldehyde-3-phosphate dehydrogenases.

Previous studies have documented the affinity of Spec-
tinomycin and its derivatives against aminoglycoside
modifying enzymes (AMEs) that mediate aminoglycoside-
resistance. Higher affinity to AMEs (AG < — 5.0 kcal/mol)
results in the preferential binding of AME:s to the antibiot-
ics, hindering their potency from binding with the desired
targets (Ioana et al. 2016). Similarly, the comparative affinity
of Spectinomycin and closely related drugs were evaluated
using in silico docking methods showing moderate affinity
against various targets from reference (susceptible) Entero-
bacter strains (Zhou et al. 2018). Sufficient in silico-in vitro
combination studies have validated the emerging resistance
to aminoglycosides (e.g. Spectinomycin) in Enterobacter
sp. (Katsu et al. 1982). In silico studies have previously
explored ribosomal proteins as drug targets for therapeutic
interventions (Miryala et al. 2021b; Basu et al. 2022a). Ribo-
somal proteins targeting conventional antibiotics derivatives
have been explored to exhibit multi-target affinity in bacte-
rial and viral pathogens. Previous studies have shown the
prospect of targeting RpsE, since it is devoid of dominant
resistance-conferring mutations in Enterobacter sp. Hence,
our study intended to address the limitation of therapeutics
through computational drug repurposing against the rarely
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exploited RpsE as a drug target. In the present study, molec-
ular docking results showed that Lead_1 (by 0.8 kcal/mol
and 0.66 mM) and Lead_2 (by 0.02 kcal/mol and 0.3 mM)
required less energy to bind with RpsE and lower concentra-
tion to inhibit RNA-binding activity of RpsE as compared
to its standard antibiotic Spectinomycin (Dharuman et al.
2021). However, higher number of conventional H-bonds
and fewer non-canonical interactions were noted in RpsE_
Spectinomycin complex compared to the other two com-
plexes (Fig. 5). This could be validated from the binding free
energy (G,;,,) calculations indicating lower linear interac-
tion energy for RpsE_Spectinomycin complex (~ — 200 kJ/
mol) than RpsE-Lead_1 (~ — 100 kJ/mol) and RpsE-Lead_2
(~ — 100 kJ/mol) (Fig. 6g). In contrast, less number of sta-
ble H-bonds in RpsE_Spectinomycin (four H-bonds) in
the time-frame of 100 ns was noted than in RpsE-Lead_1
complex (five H-bonds) in the H-bond profile (Fig. 7). The
PCA-based FEL graphs were plotted using the top two PCs
to gain a better understanding of the plausible state of pro-
tein structures along with their corresponding Gibbs free
energy. Due to the higher number of low energy clusters
for RpsE-Lead_1 and RpsE-Lead_2 complexes, there is a
higher probability of transient bond formations between
protein and ligand molecules, thus favoring an increased
chance of targeting RpsE (Fig. 8). While the FEL plot of
RpsE_Spectinomycin complex indicated fewer regions of
low energy clusters implying chemical inertness of RpsE
protein while binding to the antibiotic, thus reducing the
chance of inhibition. The results have hence supported the
hypothesis that the proposed nucleoside analogues Lead_1
and Lead_2 can efficiently bind to the functional domain
of RpsE and can result in fruitful inhibition of the protein
activity. The above findings have been generated through
Knowledge-guided computational therapeutic predictions.
However, the research work could not lead to in-vitro vali-
dations. However, our findings will be a good starting point
for experimental validations and can be taken up as a future
extension of the study.

CONCLUSION

To conclude, the current study focused on the GIN approach
to study the interconnecting and functional hub genes from
MDR E. cloacae ATCC 13047 in order to identify the poten-
tial drug target for subsequent structural assessment. From
the GIN, topological and FEA revealed rpsE, acrA and
arnT as potential drug targets from C1, C2 and C3 clusters
respectively. Targeting their respective expressed products
can impart detrimental impacts on the survival machinery of
E. cloacae ATCC 13047. RpsE, attaining the highest topo-
logical scores out of the three proposed therapeutic drug
targets, was selected for extensive structural evaluation and

stability profile. Ligand-based virtual screening, pharma-
cokinetic and ADME screening predicted ZINC5441082
(N-Isopentyladenosine) (Lead_1) and ZINC1319816 (cyclo-
pentyl-aminopurinyl-hydroxymethyl-oxolanediol) (Lead_2)
as novel lead molecules against RpsE. Molecular docking
and MDS studies indicated the binding efficiency and struc-
tural stability of the protein—ligand complexes, which was
further supported by binding free energy calculations, PCA
and FEL analyses. Hence, the predicted commercially avail-
able nucleoside analogues and their specific therapeutic drug
target, RpsE, can be exploited for designing new antibacte-
rial compounds.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11274-023-03634-z.
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