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ABSTRACT

Infections due to resistant bacteria are the life-threatening and leading cause of mortality worldwide. The
current therapy for bacterial infections includes treatment with various drugs and antibiotics. The misuse and
over usage of these antibiotics leads to bacterial resistance. There are several mechanisms by which bacteria
exhibit resistance to some antibiotics. These include drug inactivation or modification, elimination of antibiotics
through efflux pumps, drug target alteration, and modification of metabolic pathway. However, it is difficult to
treat infections caused by resistant bacteria by conventional existing therapy. In the present study binding af-
finities of some glitazones against ParE and MurE bacterial enzymes are investigated by in silico methods. As
evident by extra-precision docking and binding free energy calculation (MM-GBSA) results, rivoglitazone ex-
hibited higher binding affinity against both ParE and MurE enzymes compared to all other selected compounds.
Further molecular dynamic (MD) simulations were performed to validate the stability of rivoglitazone/4MOT
and rivoglitazone/4C13 complexes and to get insight into the binding mode of inhibitor. Thus, we hypothesize
that structural modifications of the rivoglitazone scaffold can be useful for the development of an effective

antibacterial agent.

Introduction

Bacterial infections are life-threatening and increased the mortality
rate of infected people. However, there is a significant decrease in the
death rate of the patients over the past decade, by ‘wonder drugs’ called
antibiotics [1]. The misuse and over usage of these antibiotics lead to
antimicrobial resistance (AMR), a global threat. The major multidrug
resistance (MDR) and extensive drug resistance (XDR) exhibiting by the
ESKAPEpathogens. These include six nosocomial pathogens i.e. E. fae-
cium, S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa, and En-
terobacter species throughout the world [2]. Though, there are several
marketed formulations available, against the nosocomial infection [3].
But all these pathogens exhibit resistance against antibiotics through
various mechanisms such as drug inactivation or target (penicillinases,
cephalosporinases, carbapenemases, f-lactamases play role in in-
activation of penicillin, cephalosporins and carbapenems respectively)
[4], modification of binding sites (penicillin-binding proteins, PBP2a in
S. aureus, changing the cross-linking target of peptidoglycan layer in E.
faecium and E. faecalis develop resistance against vancomycin and tei-
coplanin) [5], porin loss (the reduced level of OprD porin protein in P.
aeruginosa exhibits resistance against imipenem) [6], efflux pumps
(polyselective efflux pump, RND superfamily plays a key role in MDR
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bacterial phenotype) [7]. In the last decade, the antibiotic linezolid
(2000) exhibited resistance against Staphylococcus in 2001, daptomycin
(2003) availed resistance against Acinetobacter and Pseudomonas in
2004 and 2005 respectively, ceftaroline (2010) developed resistance
against Neisseria, Staphylococcus, Enterobacteriaceae in 2011 [8-10]. As
per the statistics by Jim O’Neill [11], 70,000 infected people in the
world were prone to death as of 2017 and estimated that there will be
an increase to 10 million people each year by 2050. Hence urgent at-
tention is required to combat the consistent rise of bacterial resistance.

Many targets have been studied for the development of antibacterial
agents [1]. Cell wall biosynthesis pathway has been extensively studied
and validated as antibacterial targets by P-lactam and glycopeptide
classes of antibiotics. Though, these antibiotics proven to be clinically
significant, it warrants the development of novel antibacterial agents
due to the emergence of resistance [12]. The cell wall of bacteria is
made up of peptidoglycan layer, a few antibacterial agents inhibit the
biosynthesis and polymerization of peptidoglycan by targeting Mur li-
gases namely MurA, MurB, MurC, MurD, MurE, MurF [13]. 2. Fatty acid
biosynthesis pathway has also been validated by the extensive use of
known drugs like Isoniazid, anti-tubercular drug and triclosan, anti-
septic [14]. 3. RNA polymerase, multi sub-unit complex is a key func-
tional enzyme necessary for the bacterial growth [15]. The DNA
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dependent RNA polymerase (RNAP) is an attractive target in bacter-
iology, the inactivation of which leads to bacterial cell death [4]. This
pathway has been validated by some of the antibiotics like rifamycin,
antitubercular drug and it is a potent inhibitor of E. coli RNAP with a Ki
value of ~1nM. 4. Bacterial folate biosynthesis is a known attractive
target and includes two types of enzyme, DHFR (dihydrofolate re-
ductase) and DHPS (dihydropteroate synthase). The first and foremost
enzyme DHFR has been validated by the known antibacterial drug,
trimethoprim and also an anti-protozoal drug, pyrimethamine. The
second enzyme DHPS has been proved as an essential target after its
validation by sulphonamide, acting along with the DHFR synergistically
[16]. The use of anti-folates results in the thymine less death of the
bacterial cell [17]. 5. Dual inhibition of DNA GyrB and ParE is also one
of the effective antibacterial targets. The inhibition of these topoi-
somerases results in the prevention of DNA replication, repair and DNA
catenation [18]. 6. Protein synthesis mainly carried out by the mole-
cular machinery called ribosomes and the translational machinery
considered as a major target for the antibacterial drugs [19]. Many
antibacterial drugs targeting the protein synthesis are tetracyclines
(blocks the A site of 30S subunit of ribosome thereby preventing the
binding of aminoacyl t-RNA) [20], aminoglycosides (interferes with the
formation of initiation complexes of 30S subunit) [21], macrolides
(interferes with elongation of peptide during transpeptidation cycle)
[22].

The two major challenges encountered in the development of novel
antibacterial agents include proper selection of specific target, parti-
cularly molecular targets which are not prone to AMR rapidly. The
second challenge involves improvement of libraries of chemical com-
pounds to overcome the disadvantages associated with diversity, bar-
riers to permeation of the drug through cell wall [23]. So, to combat
these problems the new approaches have been put-forth, application of
existing drugs of other classes and multi-targeting phenomenon. Thia-
zolidine ring has been reported to confer antibacterial activity against
various targets. The drug pioglitazone, an antidiabetic drug which
contains thiazolidine moiety acts as an antibacterial drug in a dose-
dependent manner with an optimal concentration of 80 pg/ml [24]. The
chemical structures 1-3 possessing thiazolidine moiety are investigated
by Opperman et al., [25] (Fig. 1). Authors revealed that the rhodanines
bearing thiazolidine moiety exhibit antibacterial activity specifically by
inhibiting the initial developmental stages of bio-film, thereby pre-
venting the adhesion of bacterial cell membrane to the surface. Deri-
vatives of rhodanines are investigated by Tomasic et al. [25] for their
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antibacterial activity. These compounds exhibited promising activity
against methicillin-resistant S. aureus (MRSA). The compounds have
significantly higher potency when compared to standard antibiotic like
norfloxacin. The compound 4 (Fig. 1) exhibited significant inhibition
with minimum inhibitory concentration (MIC) of 0.5 and 32 pg/ml
against S. aureus and MRSA, respectively [25]. Rivoglitazone a per-
oxisome proliferating activating receptor (PPAR-y) agonist is reported
to possess minor dose-dependent adverse effects like peripheral edema
and weight gain [26]. Moreover, the thiazolidine-2,4-dione moiety in-
hibiting the bacteria by targeting various mechanisms, it is hereby
hypothesized that the rivoglitazone, thiazolidine-2,4-dione, class of
drug may act as a potential antibacterial agent. In the present study, we
used combined molecular modeling approaches to show that rivogli-
tazone have high binding affinity against both ParE and MurE bacterial
enzymes. ParE belongs to the class of topoisomerases which involves in
the decatenation of daughter chromatids behind the replication fork
[27]. MurE has a prominent role in peptidoglycan synthesis of the
bacterial cell wall [28] which has been validated using computational
tools like docking, binding free energy calculations molecular dynamic
(MD) simulations.

Methodology
Protein preparation

Computational studies were performed using the Schrodinger suite
2018-1 (LLC, NY, USA). Two different targets proteins ParE
(pdb.4MOT, resolution 1.75 A) and MurE (pdb.4C13, resolution 1.9 i\)
were selected for the current study. The three-dimensional structures of
these enzymes were downloaded from RCSB-protein data bank (RCSB-
PDB) (www.rcsb.org/pdb) in .pdb format. The receptor crystal struc-
tures were chosen based on the different parameters like resolution,
completeness, expression system, source organism, cocrystal ligand,
etc. The details of the receptor structures were provided in Table 1. The
X-ray crystal structure of the receptor was prepared using the protein
preparation wizard, Schrodinger suite 2018-1 [29]. The water mole-
cules were removed, hydrogen bonds (pH 7 +/—2) and missing side
chain atoms were added before protein optimization [30]. The receptor
grid was generated within a radius 10 A which defines the centroid of
the active site of bound ligand. The stereological aspect of the enzyme’s
backbone, Ramachandran plots were generated under the protein pre-
paration wizard of Schrodinger suite 2018-1 module.
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Fig. 1. Chemical structures of 4 molecules containing the thiazolidine ring.
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Table 1
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Details of the receptors and its bound ligand used in the current study. Stereological aspect of the receptors was studied using Schrodinger 2018-1 suite, and the %
residues of the receptors in the allowed and disallowed regions of the Ramachandran plot are shown.

Name of the Receptor (PDB ID) No. of residues Co-crystal ligand

Resolution; R-factor; R-free

% of residues in different regions References

Allowed region Disallowed region

ParE (4MOT) 226 AZ13072886 1.75; 0.190; 0.228 95.5% 4.42% Kale et al. [45]
MurE (4C13) 501 UDP-MurNAc-Ala-Glu-Lys 1.9; 0.196; 0.241 98% 2.7% Ruane et al. [46]
Table 2

Details of the Ligands used in the current study. HBD: Hydrogen bond donor groups; HBA: Hydrogen bond acceptor groups.

Name of the ligand PubChem compound ID Mol. Wt. (g/mol) Mol. Formula No. of HBD No. of HBA Type of ligand
Novobiocin 54675769 612.632 C13H36N2014 4 11 Antibacterial
Ciglitazone 2750 333.446 C18H23NO5S 1 4 Antidiabetic
Pioglitazone 4829 356.446 C10H20N,03S 1 5 Antidiabetic
Darglitazone 60870 420.483 Cy3H0N,0,4S 1 6 Antidiabetic
Englitazone 60303 353.436 Cy0H10NO3S 1 4 Antidiabetic
Rosiglitazone 77999 357.428 C18H19N303S 1 6 Antidiabetic
Netoglitazone 204109 381.421 C12H16FNO3S 1 5 Antidiabetic
Rivoglitazone 3055168 397.449 CooH19N304S 1 6 Antidiabetic
Ligand preparation performed for each system under NPT conditions with the pressure of

The ligands containing thiazolidine moieties such as pioglitazone,
darglitazone, englitazone, ciglitazone, rosiglitazone, netoglitazone, and
rivoglitazone were selected for the current hypothetical study. The
three-dimensional structures of the ligands were selected from the da-
tabase of NCBI PubChem compounds in .sdf format and generated using
the builder panel in Maestro 10.2 and optimization was performed for
the ligands using LigPrep module [31]. (v3.4, Schrédinger 2018-1). The
details of the ligands were provided in Table 2. The standard novo-
biocin was extracted from the PubChem database in .sdf format and was
likewise optimized using the module LigPrep. The low-energy con-
formers of each ligand were obtained after optimization using OPLS3
force field [31].

Molecular docking and binding free energy calculation (MM-GBSA)

To determine the target proteins-ligands binding affinities and op-
timal geometry of ligands within the active sites, extra-precision
docking was performed using Schrodinger suite 2018-1. Binding free
energies of selected ligands/4MOT and ligands/4C13 complexes were
calculated using the MM-GBSA approach by Prime (v4.0, Schrodinger
2018-1). The minimization of docked poses of ligands in the active
pockets of ParE and MurE were performed using the local optimization
wizard available in Prime module. The energy calculations of the re-
ceptor-ligand complexes were performed using OPLS3 force field and
continuum solvent (VSGB 2.0) model [32].

Molecular dynamics (MD) simulations

The MD simulations [33] were performed for the investigative drug
rivoglitazone with ParE enzyme (pdb.4MOT) and (pdb.4C13) using the
OPLS3 force field [31]. Solvation was achieved for both the systems in
orthorhombic boxes utilizing TIP4P water within the Desmond MD
system (v4.2) [34,35]. The neutralization of the systems was done by
counter ions addition. Limited memory Broyden-Fletcher-Goldfarb-
Shanno (LBFGS) minimization of each system was performed with 10
steepest descent steps and 3 vectors to a gradient threshold of 25 kcal/
mol/A. During minimization, maximum iterations were 2000 and the
convergence threshold was kept at 1.0 kcal/mol/A. The long-range in-
teractions (tolerance of 1e —09) and cut-off radius (9 A) was applied for
short-range coulomb and van der Waals interactions by using the
smooth particle mesh Ewald method [36]. 10 ns MD simulations were

1 bar and a temperature of 300 °K [37]. These NPT conditions were
maintained by selecting the versatile methods of Martyna-Tobias-Klein
and Nose-Hoover thermostat [38,39].

Results
Stereological quality of the receptors

The stereological aspects of the prepared proteins were assessed by
generating the Ramachandran plots of the ParE and MurE which were
found to exhibiting 95.5 and 98% of the residues in the allowed regions
respectively (Table 1). This satisfies the pre-requisite quality of the
receptors for computational studies.

Docking poses of the ligands with receptors

When the ligand binds to the receptor with high affinity (i.e., more
negative glide score and negative free energy) compared to the stan-
dard inhibitor, novobiocin, implicit better inhibitory activity of the
target proteins. The docking results of the ligands were provided in
Tables 4 and 5. The results of docking studies revealed that the ligands
containing thiazolidine moiety bind to the catalytic pocket of the re-
spective receptors, ParE and MurE (Figs. 2 and 3). Further, selected
ligands showed interactions at the same site of binding pocket com-
pared to the novobiocin. The docking results and free energy calcula-
tions of novobiocin were shown in Table 3.

Inhibition of the receptor activity

The ligand when docked with receptors, the glide score obtained
computationally infers about the inhibitory activity of the ligand to the
particular receptor. In general, rivoglitazone, showed higher glide score
against both target proteins ParE (—5.24 kcal/mol, Table 4) and MurE
(—4.88kcal/mol, Table 5) compared to the other glitazones.

Table 3
Table showing Docking results and binding free energy calculation results of
novobiocin (kcal/mol).

Ligand Receptor (PDB ID) Docking score MM-GBSA
Novobiocin ParE (4MOT) —5.174 —51.912
MurE (4C13) —7.985 —88.52
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Table 4

Table showing docking results of selected ligands in the catalytic pocket of ParE

enzyme (pdb.4MOT).

Ligands “Gocore  "Guaw ‘Geowtl  ‘Genersy  “Gmodel  'Hpond

Ciglitazone —3.26 —26.042 —-3.966 —30.008 —40.365 -—0.35

Pioglitazone —4.239 —34.825 —-6.374 —41.199 —55.521 —0.867
Englitazone —5.563 —37.398 —4.307 —41.705 -51.276 —0.973
Darglitazone —4.497 —44.049 -—2.741 —46.79 —-62.156 —0.897
Rosiglitazone —4.42 —40.017 —6.18 —46.197 —54.675 —0.998
Netoglitazone = —4.751 —-36.273 —1.631 —37.905 —49.394 —-0.412
Rivoglitazone —5.204 —41.223 —3.822 —45.045 -58.297 —0.604

2 Glide score.

> Glide van der Waals energy.
¢ Glide Coulomb energy.

4 Glide energy.

Glide model energy.

f Hydrogen bond energy.

e

Table 5

Table showing docking results of selected ligands in the catalytic pocket of

MurE enzyme (pdb.4C13).

Ligands “Geore  Gudw Geoul “Genergy  “Gmodel  Hpond
Ciglitazone —3.581 -—-23.11 —7.498 —30.608 —39.12 —-1.376
Pioglitazone —-4.129 —-26.812 -—7.654 —34.465 —46.423 -1.71
Englitazone —-4.157 —32.008 —1.997 —34.006 —43.606 —0.70
Darglitazone —4.529 —33.213 —-17.082 —-50.296 —62.069 —1.059
Rosiglitazone —3.655 —32.112 —17.831 —49.944 —-54.338 -0.711
Netoglitazone —3.171 -31.359 —11.153 —42.512 -53.772 —0.45
Rivoglitazone —4.884 —30.061 —10.557 —40.618 —53.329 -—2.189

& Glide score.

> Glide van der Waals energy.
¢ Glide Coulomb energy.

4 Glide energy.

¢ Glide free model energy.

f Hydrogen bond energy.
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Rivoglitazone also showed high negative values of binding free energies
in the catalytic pockets of both enzymes ParE (87.76 kcal/mol, Table 6)
and MurE (64.58 kcal/mol, Table 7) in contrast to other glitazones.
Whereas the known inhibitor novobiocin has the highest glide score in
the catalytic pocket of 4C13 (—7.985 kcal/mol) whereas it exhibited
lower glide score (—5.174 kcal/mol, Table 3) than rivoglitazone in the
catalytic pocket of 4MOT. The binding free energy results computed by
Prime MM-GBSA are provided for both 4MOT and 4C13 enzymes in
Tables 6 and 7, respectively.

Interactions of ligands with ParE

The docking result of novobiocin exhibited four hydrogen bonding
interactions with the catalytic pocket of ParE involving Thr172, Asp78,
Met87 andArg140 (Fig. 2a). While rivoglitazone formed three hydrogen
bonds one each with Asn51, Ser124, and Argl140 (Fig. 2h). This com-
pound contains a central phenyl ring which established a sn-cationic
interaction with the protonated NH, of Arg81. The other selected li-
gands showed similar interactions but to a lesser extent. In general, a
hydrogen bonding interaction with Lys112 residue was exhibited by
ciglitazone, pioglitazone, englitazone, rosiglitazone, and netoglitazone.
However, a st—rt interaction was observed between the electron cloud of
the oxazole nucleus of darglitazone and phenyl ring of Tyr111 (Fig. 2e).
Netoglitazone also established a m-cationic interaction with the proto-
nated NH, of Arg79 (Fig. 2g).

Interactions of ligands with MurE

Most of the selected ligands occupied all three domains of the cat-
alytic pocket (pdb.4C13) and formed hydrogen bonding interactions
with Asn151 and Thr152. The extra-precision docked pose of novo-
biocin revealed six hydrogen bonding interactions mainly in the C-
terminal region and central domain of MurE, involving the residues
Alal50, Aspl51, Thrl52, His205, Tyr462 and His468 (Fig. 3a).
Whereas rivoglitazone forms three hydrogen bonding interactions with
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Fig. 2. Represents binding poses of (a) Novobiocin (b) Ciglitazone (c) Pioglitazone (d) Englitazone (e) Darglitazone (f) Rosiglitazone (g) Netoglitazone (h)
Rivoglitazone within the catalytic pocket of ParE (pdb.4MOT).
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Fig. 3. Represents binding poses of (a) Novobiocin (b) Ciglitazone (c) Pioglitazone (d) Englitazone (e) Darglitazone (f) Rosiglitazone (g) Netoglitazone (h)
Rivoglitazone with in the pocket of MurE (pdb.4C13).

Table 6

Table showing binding free energy (kcal/mol) of selected ligands in the catalytic pocket of ParE (pdb.4MOT) enzyme computed by the MM-GBSA approach.
Ligand *AGhina "AGeout ‘AGeov “AGrrbond “AGuipo ‘AGgorvan AGyaw
Ciglitazone —51.51 —20.74 8.88 —3.52 —19.18 29.22 —43.15
Pioglitazone —-63.74 —2.86 6.56 -1.9 —22.28 16.51 —56.43
Englitazone —-70.73 —-3.21 -5.29 -3.12 —-23.1 29.67 —58.16
Darglitazone —-61.33 —30.57 2.46 —4.28 —18.32 55.81 —61.86
Rosiglitazone —58.65 —25.68 6.58 —4.73 —22.12 53.87 —61.02
Netoglitazone —77.89 —-11.14 6.55 —2.62 —27.53 36.03 —70.22
Rivoglitazone —87.76 —27.53 8.17 —2.04 —26.8 46.18 —76.14

2 Free energy of binding.

Coulomb energy.

¢ Covalent energy (internal energy).

4 Hydrogen bonding energy.

Hydrophobic energy (nonpolar contribution estimated by solvent accessible surface area).
f Electrostatic solvation energy.

¢ van der Waals energy.

e

Table 7

Table showing binding free energy (kcal/mol) of selected ligands in the catalytic pocket of MurE (pdb.4C13) enzyme computed by the MM-GBSA approach.
Ligand *AGpina "AGeou AGeoy “AGubond “AGiipo 'AGsonvan ¢AGyaw
Ciglitazone —-29.97 12.53 —-7.60 —-1.83 —-9.12 14.16 —33.20
Pioglitazone —52.59 26.14 5.80 —2.08 —20.6 —-5.82 —49.09
Englitazone —63.04 —69.49 10.3 —-2.49 —-24.11 63.44 —39.14
Darglitazone —29.37 —-25.1 —5.08 —3.03 —-7.90 52.76 —33.61
Rosiglitazone —69.92 —97.08 8.05 —5.42 —13.31 82.53 —41.29
Netoglitazone —65.26 —101.89 25.4 —-3.67 —20.66 86.00 —46.35
Rivoglitazone —64.58 —-33.37 3.28 —4.55 —10.42 21.37 —-32.81

2 Free energy of binding.

> Coulomb energy.

Covalent energy (internal energy).

4 Hydrogen bonding energy.

¢ Hydrophobic energy (nonpolar contribution estimated by solvent accessible surface area).
Electrostatic solvation energy.

¢ van der Waals energy.
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Fig. 4. Schematic representation of the mechanism of antibacterial activity by
thiazolidine class of drugs targeting ParE and MurE enzymes.

Thr46, Thr152 and Arg383 residues present in the N-terminal and C-
terminal domain of active site (Fig. 3h). This ligand further stabilized
by m- & interaction of benzimidazole moiety of rivoglitazone with the
phenyl ring of Tyr45. A m-cationic interaction was also observed be-
tween the benzimidazole moiety of rivoglitazone and the protonated
NH, group of Argl87 (Fig. 3h).

Ciglitazone showed four hydrogen bonding interactions one each
with His181, Asnl51, Serl79, Argl87 key residues (Fig. 3b). This li-
gand was further stabilized by m- ;t interaction of phenyl ring with the
imidazole ring of His181. A m-cationic interaction was also observed
between the phenyl ring of ciglitazone and the protonated NH, group of
Arg383 (Fig. 3b). On the other side darglitazone established four hy-
drogen bonding interactions one each with Lysl9, Asn78, Gly80,
Vall49, Thr430 residues (Fig. 3e). In the case of englitazone, only two
hydrogen bonding interactions were observed with Tyr45 and Ser30
residues (Fig. 3d). Whereas three hydrogen bonding interactions were
observed for rosiglitazone, one each with Asp151, Thr152, and Tyr462
residues. Netoglitazone established three hydrogen bonding interac-
tions, one each with Thr111, Thr137, Tyr462 key binding residues
(Fig. 3g). Netoglitazone contains a central naphthyl ring which estab-
lished a m-cationic interaction with the protonated NH, of Arg383.
Further, this ligand is stabilized by one n-r interaction, observed be-
tween naphthyl group of netoglitazone and imidazole ring of His353.

Binding free energy calculations

In the present study, the binding free energy of all the ligands was
computed by MM-GBSA [32] approach to get a better estimate of the
binding strengths and relative potencies against MurE and ParE. It is
evident from the energy components of the calculated binding free
energies hat the major favorable contributors in case of 4MOT to the
ligand binding are van der Waals (AG,qw) and electrostatic solvation
energy terms (AGgovgs)- The AGyqw against ParE lies between —43.15
to —76.14 kcal/mol whereas in most of the selected ligands AGgvgp
disfavors binding —16.51 and 55.81 kcal/mol. And for 4C13 AGyqw,
coulomb energy (AG.o) and AGsygp terms were found to be favorable
contributors. The van der Waals interaction, coulombic energy and
solvation energy in docked complexes against 4C13 ranges between
—32.81 and —49.09 kcal/mol, —12.53 and 101.89 kcal/mol, —5.82
and 86.00 respectively in case of 4C13.

Nevertheless, rivoglitazone exhibited highest binding affinity with
4MOT (AG —87.76 kcal/mol) and also showed a higher contribution
from van der Waals (—76.14 kcal/mol) However, the rivoglitazone
exhibited lower binding affinity against 4C13 (AG —64.58 kcal/mol) as
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Fig. 5a. Represents the root mean square deviations (RMSDs) (A) of the si-
mulated positions of rivoglitazone/4MOTcomplex backbone atoms from those
in the initial structure.
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Fig. 5b. Represents the protein root mean square fluctuations (RMSF) (10\) of the
simulated positions of rivoglitazone/4MOT complex backbone atoms from
those in the initial structure.

compared to other ligands in the study. Hence, it is clearly evident that
binding free energies for all the ligands were contributed by van der
Waals and electrostatic solvation energies against ParE and MurE en-
zymes. In addition, coulombs energy term is also found to be a favor-
able contributor for MurE.

Molecular dynamic (MD) simulations

In order to validate the docking results and stabilities of rivoglita-
zone/4MOT and rivoglitazone/4C13 complexes, 10 ns molecular dy-
namics (MD) simulations were carried out using Desmond [39] with an
OPLS3 force field. Dynamics simulations were performed with explicit
TIP4P water [40,41] in an orthorhombic box using the protocols as
described earlier [42]. MD trajectory analysis of rivoglitazone/4MOT
complexes exhibited hydrogen bonding, m-cationic and hydrophobic
interactions which were observed from (Figs. 5c and d). MD trajectory
of the rivoglitazone/4C13 complex also exhibited hydrogen bonding, -
cationic and hydrophobic interactions in the catalytic pocket of 4C13
(Figs. 6¢ and d).

Discussion

Although a myriad of research articles is available, our under-
standing of bacterial infections is still limited. However, of the various
processes and mechanisms involved, ParE and MurE mediated bacterial
infection is reported [41,42]. The rationale behind the selection of these
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Fig. 5c. Plot represents the interaction of rivoglitazone with different residues of enzyme 4MOTthroughout the molecular dynamics (MD) simulation trajectory.
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Fig. 6a. Represents the RMSDs (A) of the simulated positions of rivoglitazone/
4C13 complex backbone atoms from those in the initial structure.

two receptors is mainly the function of receptors in bacteria. The ParE
enzyme is considered to be an important target for antibacterial agents.
As this is less prone to resistance when compared to GyrB which be-
longs to the same class of topoisomerases [43]. On the other hand,
MurE involved in the bacterial peptidoglycan synthesis and these two
receptors are unexploited in nature. The approach of targeting un-
exploited targets results in the resistance-free environment [44].
Thiazolidine class of drugs, for example, pioglitazone, an anti-
diabetic drug frequently investigated for antibacterial effect [24]. So,
the compounds containing thiazolidine moiety in its chemical structure
have also been tested for the antibacterial property. The current study
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Fig. 6b. Represents the protein root mean square fluctuations (RMSF) (10\) of the
simulated positions of rivoglitazone/4C13 complex backbone atoms from those
in the initial structure.

reveals that rivoglitazone is considered as a potent antibacterial drug,
as it shows higher glide scores when compared to other thiazolidine
class of drugs and also novobiocin, a potent antibacterial drug selected
as a standard for comparison. In the case of novobiocin, interactions are
mainly observed in the central and C-terminal domains of MurE cata-
lytic pocket. Whereas in the case of rivoglitazone interactions are ob-
served in the N-terminal and central domains. In the case of the ParE
enzyme, the benzimidazole moiety of rivoglitazone is located in the
region of catalytic pocket surrounded by charged residues. Whereas in
the case of novobiocin most part of the molecule is surrounded by the
hydrophobic residues.

The higher negative g-score of rivoglitazone is mainly because of the
availability of effective functional groups in the chemical structure of
rivoglitazone. The 6-methoxy-1-methyl-1H-benzo[d]imidazole moiety
at the para position of the phenoxy group contributes to the maximum
interactions with the catalytic domain of both antibacterial receptors.
The extra-precision docked pose of rivoglitazone against ParE
(pdb.4MOT) revealed three hydrogen bonding interactions one each
with Asn51, Ser124, and Arg140. This ligand contains a central phenyl
ring which established a st-cationic interaction with the protonated NH,
of Arg8l. The extra-precision docked pose of rivoglitazone against
MurE (pdb.4C13) revealed three hydrogen bonding interactions with
Thr46, Thr152 and Arg383 residues present in the N-terminal and C-
terminal domain of the active site. This ligand further stabilized by two
7i- 7 interaction, one with benzimidazole moiety of rivoglitazone and
phenyl ring of Tyr45 and the other with central phenyl ring of riv-
oglitazone and phenyl ring of Phe208. A m-cationic interaction was also
observed between the benzimidazole moiety of rivoglitazone and the
protonated NH, group of Argl87.

The higher free binding energy of rivoglitazone reveals the binding
affinity against the two receptors which play a crucial role as
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sidues of 4C13 during MD simulation.

antibacterial targets. In extra-precision docking rivoglitazone showed
highest glide score for both target proteins 4MOT (—5.204 kcal/mol),
4C13 (—4.884 kcal/mol) compared to the other glitazones. It is evident
that rivoglitazone has a higher affinity for the ParE (—5.204 kcal/mol,
Table 4) than novobiocin (—5.174 kcal/mol, Table 4) and has lower
affinity for the MurE in comparison to novobiocin (—7.985 kcal/mol).
The free energy calculations of a protein ParE with novobiocin elicits
binding free energy (AGping) of —51.912kcal/mol, which is less as
compared to the AGyq of rivoglitazone (—87.76 kcal/mol). It is also
evident from Table 7 that rivoglitazone has higher AGbind in compar-
ison with other glitazones (Tables 6 and 7) in the study. Novobiocin
exhibited a higher negative value of AGy;,q of —88.52kcal/mol with
MurE compared to the AGyng of rivoglitazone —64.58 kcal/mol. Al-
though the drug rosiglitazone showed higher AGy,,q score —69.92 kcal/
mol with respect to rivoglitazone, the highest docking score is availed
by the rivoglitazone among all other glitazones preferred in the study.
Thus, findings obtained in the current study indicate that rivoglitazone
scaffold can be a better choice for the development of novel anti-
bacterial agents (Fig. 4).

During MD simulation of rivoglitazone/4MOT complex, RMSD va-
lues of protein all backbone and C-a atoms were calculated relative to
the start of the 10 ns MD run (Fig. 5a). The complex backbone and C-a
atom RMSDs increased to 3.56 and 3.52 A, respectively, during equili-
bration and then became stable in the range 3.54-3.57A and
3.52-3.54 A during the rest of the simulation time. This indicated no
significant structural changes in protein structure. Fig. 5a also indicates

that RMSD of catalytic pocket residues copes well with the ligand
movement. RMSF values of catalytic pocket binding residues were ob-
served in the range 0.42-0.75 A (Fig. 5b), further indicating the fewer
fluctuations of catalytic pocket residues. MD trajectory analysis of riv-
oglitazone/4MOT complex showed hydrogen bonding, m-cation and
hydrophobic interactions (Figs. 5¢ and d). Precisely, the central phenyl
ring exhibited m-cationic interaction with protonated NH, of Arg81 for
45% of the MD trajectory. A medium frequency hydrogen bonding in-
teraction was observed between the nitrogen atom of the N-methyl
benzimidazole ring and Ser124 (36% of the MD trajectory). Another
medium frequency water-mediated hydrogen bonding interaction (27%
of the MD trajectory) was observed between one of the carbonyl oxygen
of thiazolidine-2,4-dione ring and Arg140. This carbonyl oxygen also
showed low-frequency hydrogen bonding interaction with Thr85 (27%
of the MD trajectory). It is also evident from the interaction fraction
diagram (Fig. 5c) that this ligand is further stabilized within the cata-
lytic pocket by hydrophobic interaction with Pro84. Above results in-
dicate that apart from hydrogen bonding, hydrophobic and ionic in-
teractions are crucial for the stabilization of inhibitor within the
catalytic pocket.

During MD simulation of rivoglitazone/4C13 complex, all back-
bone, and C-a atoms RMSD sharply increased up to 2.44 and 2.43 A,
respectively during the equilibration phase. Then it was stabilized in
the range of 2.43-2.52 A (backbone atoms) and 2.42-2.50 A (C-a
atoms) (Fig. 6a). This indicated the stability of the complex during the
rest of the simulation time. RMSF of catalytic pocket binding residues
was observed in the range 0.52-1.41 A (Fig. 6b), further indicating
fewer fluctuations in catalytic pocket residues and stability of the
complex. Like 4MOT, rivoglitazone also exhibited hydrogen bonding, -
cationic and hydrophobic interactions in the catalytic pocket of 4C13
(Figs. 6¢c and d). Protonated NH, of Argl87 exhibited two high-fre-
quency m-cationic interactions, one each with imidazole (45% of the
MD trajectory) and benzo part (54% of the MD trajectory) of the N-
methyl benzimidazole ring. A high-frequency hydrogen bonding inter-
action (54% of the MD trajectory) was observed between the oxygen of
methoxy moiety present on the N-methyl benzimidazole ring with
Thr156. Ser30 of N-terminal domain exhibited two high-frequency
hydrogen bonding interactions, one each with NH (54% of the MD
trajectory) and one of the carbonyl oxygen (45% of the MD trajectory)
of thiazolidine-2,4-dione ring. A medium frequency hydrogen bonding
interaction (27% of the MD trajectory) was also observed between ni-
trogen atom present on the third position of the N-methyl benzimida-
zole ring and Tyr45. Rivoglitazone also exhibited three low-frequency
hydrogen bonding interaction (18% of the MD trajectory in each case)
with Ser42, Tyr45, and Arg 187 residues. These results are in agreement
with our extra-precision docking result (Figs. 2 and 3).
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Conclusion

The hypothesized current study demonstrates that rivoglitazone, an
oral hypoglycaemic agent belonging to the thiazolidine-2,4-dione class
of drug has potentially interacted with the binding pocket residues of
ParE (pdb.4MOT) and MurE (pdb.4C13), validated targets for anti-
bacterial agents. Molecular docking and binding free energy calcula-
tions were employed as a computational tool to validate this hypothe-
tical study. Further, MD simulation studies were performed to validate
the docking result and stability of rivoglitazone/4MOT and rivoglita-
zone/4C13 complexes. MD simulation studies showed that apart from
hydrogen bonding interaction, s-cationic and hydrophobic interactions
also play a crucial role in the stabilization of inhibitor with the catalytic
pockets. The thiazolidine class of drugs has the potential to inhibit the
target ParE and MurE enzymes. Thus, it is speculated that the inhibitory
effect of rivoglitazone on ParE and MurE enzymes may inhibit the
peptidoglycan biosynthetic pathway with ultimate bacterial cell death.
Rivoglitazone scaffold may be used for the development of effective
antibacterial agent for the treatment of bacterial infections. This re-
quires further investigations regarding in vitro and in vivo studies.
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