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The antibacterial resistance (ABR) is a growing phenomenon and global threat to mankind. To circumvent the
ABR, many approaches have been put forth, but none of them meet the pre-requisites associated with the re-
sistance mechanisms. In this review, we focused on the importance of unexploited enzyme, ParE, a
topoisomerase responsible for the bacterial survival. The bacterial topoisomerases maintain the topological
state of DNA. The gyrases and topoisomerases IV are validated targets for the antibacterial activity. Both these
enzymes are structurally similar and possess high degree conservation in the catalytic domain of the N-termi-
nal region, which make them appealing targets for broad spectrum antibacterial activity. Despite being an at-
tractive target for the development of new antibacterials, there are currently no antibiotics targeting gyrases
and topoisomerase (topo) IV in the market. Availability of the high-resolution crystal structure data for ParE
made it possible to design new classes of antibacterials. Here, we discuss the importance of targeting topo IV

enzyme as it is less prone to bacterial resistance which has been disclosed in the literature.
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1. INTRODUCTION

The rapid evolution of emerging antibacterial resistance
(ABR) have pushed the need to explore new and alternative
antibacterial agents less prone to ABR. However, progres-
sive ages of alternative antibiotics have met with advanced
influxes of resistance as the demonstration of using new
agents chosen for resistant organisms. In the twentieth cen-
tury, the revelation of novel antibacterial agents depended on
alteration of the synthetic structure of existing anti-infection
agents or antibiotics [1]. Another strategy includes the devel-
opment of structurally innovative classes of antibiotics act-
ing on clinically approved targets to reduce the prevalence of
antibiotic resistance. Although there are several antibacte-
rials on the market, it remains a fact that among most of the
antibacterials targets only few refer to bacterial cellular func-
tions: cell wall synthesis, nucleic acid synthesis, protein syn-
thesis, and folate synthesis. The reason for emergence of bac-
terial resistance is evolutionary adaptation of the receptor
proteins which are subject to antibacterial attack. Repeated
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strike of antibacterials on the same active sites results in ge-
netic mutations, which is a primary cause of ABR
prevalence.

Bacterial DNA gyrase B (GyrB) and ParE enzyme are re-
lated to bacterial topoisomerases. These are clinically vali-
dated targets that utilize energy through ATP hydrolysis [2].
GyrB and ParE are considered to be exceedingly conserved
topoisomerases that play essential roles in replication and
transcription of DNA and are appealing targets for antibacte-
rial drug discovery [3, 4]. DNA gyrase is a heterotetramer
consisting of two GyrA and GyrB subunits. It utilizes the en-
ergy through hydrolysis of ATP to introduce negative
supercoils into DNA and stabilizes the super-helical state of
the bacterial chromosome [2].

On the other hand, topoisomerase (topo) IV, a related
homolog of gyrase, is a heterotetramer consisting of two
ParC and two ParE subunits. It is involved in the process of
decatenation required for the separation of daughter
chromatids behind the replication fork and after replication
of DNA. The N-terminal domain (64 kDa) of GyrA and ParC
subunits of topoisomerase provides the active-site tyrosine
residue that irreversibly attaches to the cleaved DNA gate
[2]. The C-terminal domain (33 kDa) of both GyrA and ParC
differ in the similarity of genomic sequence and also in how
they bind to the bacterial genome [5]. GyrB and ParE have
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Fig. 1. Crystal structure of ParE in ribbon format. The red colored ribbon segment depicts the N-terminal end, the pink colored segment indi-
cates C-terminal; the central domain is depicted by the orange and blue colored ribbon segments.

similarities in their conserved active sites and subunit organi-
zation [6, 7]. The N-terminal region (43 kDa) of both these
enzymes forms a functional dimer with adenylyl-imidodi-
phosphate (ADPNP) as supported by biochemical shreds of
evidence [8]. The first 220 amino acid (domain 1) residues
generate contacts which play a role in dimer stabilization and
form a part of the ATP binding site. The remaining residues
(domain 2) form the sides of a hole (20 A) in the crystal
structure of protein dimer that is supposed to serve as the
cavity in which the T-segment seized for presentation to the
DNA gate [9]. Both enzymes are essential for bacterial cell

growth and have been successfully approved targets across a
broad spectrum of bacterial species because of being struc-
turally distinct from eukaryotic topoisomerases. Inhibition of
these enzymes in bacteria results in the interruption of bacte-
rial DNA synthesis and eventually cell death [2]. DNA
gyrases are more susceptible to drug resistance because of
mutations caused in the genome of gyrase subunits [10]. It is
stated that GyrA subunit confers mutations associated with
quinolone resistance, whereas the GyrB subunit confers mu-
tations associated with coumarin resistance.
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Fig. 2. Various quinolone derivatives showing antibacterial activity against ParE
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Fig. 3. Representative synthetic scaffolds targeting ParE.
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14. S. aureus topo IV : IC5y (mM) = nd
E. colitopo IV : IC5y (mM) = 0.078

15. S. aureus topo IV : IC5y (mM) = 0.80
E. colitopo IV : IC5y (mM) = 42

Fig. 4. Structures of pyridine based analogs targeting ParE.

Studies revealed that quinolone resistance in species of
E. coli k-12 strain is mainly due to the replacement of serine,
aspartate, and alanine residues to tryptophan, glutamate, and
serine at positions 83, 678 and 828, respectively [11]. Further
studies convinced the presence of ciprofloxacin resistance in
S. aureus GyrB-GyrA locus isolated from ciprofloxacin-sus-
ceptible clinical isolate 81231 [12]. The GyrA nucleotide se-
quence of S. aureus at N-terminus is highly homologous to
that of E. coli counterpart. In particular, the substitutions of
amino acid residues, responsible for the quinolone resistance
in E. coli, Ala67, Ser83, and GIn106, are all conserved in the
GyrA subunit at 68, 84 and 107 positions in S. aureus [13].
The review also demonstrated that GyrA of C. jejuni showed
the mutations in quinolone resistance determining region
(QRDR) at positions 86 and 90 [14]. Studies indicate that
nalidixic acid-resistant mutants can emerge as the conse-
quence of modified DNA gyrase. It has been suggested that
MUGI16 is resistant to nalidixic acid because of G-to-A
transition, resulting in a substitution of the residue of aspartic
acid by asparagine at position 419 [15]. Bacteria N.
gonorrhoeae possess a variety of loci, and probable muta-
tions at three loci are involved in low-level resistance to
some antibiotics such as penicillin and tetracyclines [16].
The same structural modification was observed in GyrB pro-
tein as the nal-24 mutant of E. coli, which contained a
G-to-A substitution at amino acid 426 [17]. Both enzymes
exhibit high structural similarity and, hence, the scaffolds
targeting GyrB have some affinity with that of ParE enzyme
[18]. It was stated that excessive use of fluoroquinolones re-

sulted in the emergence of resistance to these antibiotics
mainly due to the mutations conferred in QRDR of ParC and
GyrB and less frequently in ParE [19 —21]. Because of the
mutations occurring with DNA gyrase, ParE is a potential
target for antibacterial agents. Till now, no drugs were filed
by FDA that only be used for targeting ParE. The ParE en-
zyme was considered as a significant target in the strains suf-
fering from mutations such as RecA, SeqA and GyrB and it
also proved that drug norfloxacin from quinolone class of
drugs showed 1/10 MIC value in in-vivo studies when com-
pared with in vitro data and this value was even less (i.e.,
1/100) for gyrase inhibition in E. coli [6, 22].

The catalytic domain of ParE (S. pneumonia) shows
higher sequence similarity with the 43 kDa ATP binding
pocket of GyrB (E. coli, T. thermophilus). The ParE (S. pneu-
monia) exhibits higher similarity at G-loop (glycine-rich seg-
ment) of N-terminal catalytic domain and EGDSA, which is
highly conserved (pdb.4MOT) [19]. The 43 kDa structure of
the ParE (E. coli) contained 1 to 390 amino acid residues and
ordered into two distinct subdomains: a C-terminal domain
(218 — 390 residues) containing a four a-helices and four-
stranded [-sheets and the subdomain of N-terminus (1-217
residues) contains five o-helices and an eight-stranded
B-sheets (Fig. 1).

The catalytic domain of ParE lined with arginine resi-
dues which involve in the transport of the T-segment DNA to
the DNA gate present at the heterotetrameric interface [23].
The N-terminal end is considered as a catalytic domain re-
sponsible for the stabilization of monomer and binding of
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Fig. 5. Structures of imidazopyridine based analogs targeting ParE.
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Fig. 6. Structures of pyrrolopyrimidine based analogs targeting ParE.

ATP. Though the gyrases and ParE are structurally homolo-
gous, there is largest difference in the long a-helices that are
present at the unconserved C-terminus of each monomer. Be-
cause of the truncated nature of full-length protein at C ter-
minus, the interactions are less extensive, and the region is
distinct from gyrases and mainly involved in the interaction
of ParC or DNA substrate, although several papers demon-
strated the importance of DNA GyrB and ParE. This paper
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mainly describes the role of ParE inhibition in the discovery
of new antibacterial drugs.

2. INHIBITORS OF ParE ENZYME

Studies revealed that ParE was more sensitive than
gyrases to inhibition by levofloxacin (2), ciprofloxacin (3),
sparfloxacin (5), tosufloxacin (6), gatifloxacin (4) and
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Fig. 7. Structures of tricyclic pyrimido[4.5-b]indole based ParE inhibitors.

26. Topo IV IC50 = 10uM

Fig. 8. Structures of azaindole based ParE inhibitors.

sitafloxacin (1), which directly indicated that ParE could be a
primary target for quinolones [24]. It was reported that
sparfloxacin (5) (IC;=0.39 mg/mL) and tosufloxacin (6)
(IC4, = 0.39 mg/mL) showed highest levels of inhibitory ac-
tivity against ParE (Fig. 2). Some examples of antibacterial
drugs targeting ParE enzyme are pyrrolopyrimidines
[25—31], pyrimidinoindoles [31—35], and some pyrrol-
amides. The benzo-fused heterocycles either five-membered
or six-membered, showed inhibitory activity against ParE.
Studies also showed that the dissociation constant (k) is min-
imum for the pyrimidinoindole (11), a fused tricyclic system
which exhibits maximum inhibitory activity against ParE.
Pyrimidoindole scaffold showed better activity against ParE
(k.= 0.9 nM) in comparison to other synthetic scaffolds like
benzimidazole ethyl urea (7) (k; = 9 nM), benzothiazole ethyl
urea (8) (k=20 nM), pyrazolopyridine (9) (k; =183 nM),
pyrazolopyrimidine (10) (k, = 1.7 nM), and pyrrolamide (12)
(k.= 72 nM) (Fig. 3).

Other ParE inhibitors (Fig. 4) exhibited activity against
Gram-negative organisms of £. coli strain and Gram-positive
bacteria of S. aureus strain [36]. Compound 13 showed good
activity against S. aureus ParE (IC,,=0.086 mM) and E.
coli ParE (IC,, = 0.94 mM) but the half-maximum inhibitory
concentration (IC,) of compound 14 for S. aureus ParE was
not determined and showed good activity against Gram-neg-
ative bacteria (IC;;=0.078 mM). Compound 15 showed
good activity against S. aureus ParE (IC,,=0.80 mM) as
compared to E. coli ParE (IC;;=42 mM). The synthetic

OH

27. Topo IV IC50 = 7.7uM

scaffold of imidazopyridine (compounds 16, 17, 18, 19,
Fig. 5) along with ethyl urea side-chains showed moderate
activity against ParE with MIC values >256 pg/mL for vari-
ous bacteria (S. aureus, E. coli, S. pneumonia, E. faecalis)
[30].

Based on analysis of binding modes of the
pyrrolopyrimidine scaffold in the catalytic domain, a series
of derivatives were designed and optimised. Among these,
compound 20 exhibited inhibitory activity against E. coli
ParE (k, = 1.2 uM) and compound 21 (Fig. 6) showed maxi-
mum inhibitory activity against Francisella tularensis ParE
(k;<1nM). Compounds 22 and 23 (Fig. 6) containing
bicyclic heteroaryl groups showed maximum interactions in
the salt-bridge pocket and exhibited good activity against
ParE of F tularensis (k; < 1 nM) [37].

Compounds 24 and 25 (Fig. 7) exhibited excellent activ-
ity against Gram-positive and Gram-negative organisms with
a MIC,, values less than 0.1 pg/mL, and significant inhibi-
tory activity against E. faecalis ParE (k,<0.3 nM) and F
tularensis ParE (k,<0.4 nM) of (38). CompanyAstraZeneca
performed virtual screening to identify S-phenyl azaindole as
a prospective dual inhibitor of topoisomerases [29]. How-
ever, compound 26 (Fig. 8) showed potent inhibitory activity
against ParE (IC,, = 10 uM) at maximum interactions with
various amino acid residues Asp78 (hydrogen bonding inter-
action) and interaction with bound water molecules. Based
on the literature data, trans-cinnamic acid derivative 27 was
designed (Fig. 8) and these molecules showed activity
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against ParE (IC,;=7.7 uM) of S. pneumonia [28]. Com-
pound 27 forms a salt bridge with Arg140, which seems to be
key interaction for inhibition of the target enzyme.

In conclusion, ParE alone could be a potential target for
various new antibacterial agents to treat multidrug resistant
bacteria.
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