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ABSTRACT: The continued emergence of bacterial resistance
has created an urgent need for new and effective antibacterial
agents. Bacterial type II topoisomerases, such as DNA gyrase and
topoisomerase IV (topoIV), are well-validated targets for
antibacterial chemotherapy. The novel bacterial topoisomerase
inhibitors (NBTIs) represent one of the new promising classes of
antibacterial agents. They can inhibit both of these bacterial
targets; however, their potencies differ on the targets among
species, making topoIV probably a primary target of NBTIs in
Gram-negative bacteria. Therefore, it is important to gain an
insight into the NBTIs key structural features that govern the
topoIV inhibition. However, in Gram-positive bacteria, topoIV is
also a significant target for achieving dual-targeting, which in turn contributes to avoiding bacterial resistance caused by single-target
mutations. In this perspective, we address the structure−activity relationship guidelines for NBTIs that target the topoIV enzyme in
Gram-positive and Gram-negative bacteria.

■ INTRODUCTION
In recent years, multidrug-resistant infections caused by Gram-
positive organisms such as methicillin-resistant Staphylococcus
aureus1 have become a serious threat, with more than 10,600
deaths per year according to a 2019 report by the Centers for
Disease Control and Prevention (CDC).2 Gram-negative
bacteria such as Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter spp. also prompt a
special attention due to their permeability barrier and
potentiated efflux pumps that expel compounds.3 These
bacteria, including Enterococcus faecium and S. aureus, belong
to the class of “ESKAPE” pathogens, nowadays portrayed as
highly virulent and antibiotic resistant.4 They represent a
particular burden in hospitals for patients with compromised
immune systems.5 In addition, classifications from the World
Health Organization (WHO) and CDC categorize pathogens
similar to ESKAPE as a serious health concern, for which new
antibacterial agents should be discovered. It is estimated that
4.95 million deaths were associated with antimicrobial
resistance in 2019, and 1.27 million of the deaths were
attributed to it.6 Considering the current situation, it is
estimated that by 2050, the number of human deaths caused
by bacterial infections will exceed 10 million per year, and the
majority of these will probably be the consequence of
antimicrobial resistance.7

Among the various antibacterial targets, bacterial type II
topoisomerases, such as DNA gyrase and its paralogous
counterpart topoisomerase IV (topoIV), have been distin-
guished as well-established and clinically important targets for

antibacterial agents. These heterotetrameric enzymes consist of
two GyrA and two GyrB subunits in DNA gyrase (i.e., A2B2)
and two ParC and two ParE subunits in topoIV (i.e., C2E2).

8

Despite their high levels of structural similarity, they are
involved in different intracellular functions in bacteria.9 DNA
gyrase introduces negative supercoils into the DNA molecule
and removes positive supercoils that accumulate ahead of
replication forks and transcription complexes, while topoIV is
responsible for removal of DNA knots and decatenation of
tangles generated during recombination and replication.8−12

Nearly two decades ago, there were mainly two widely known
classes of inhibitors targeting bacterial topoisomerases type II:
fluoroquinolones that target the catalytic domains (GyrA and
ParC in DNA gyrase and topoIV, respectively) and amino-
coumarins that target the ATPase domains (GyrB and ParE in
DNA gyrase and topoIV, respectively).10 However, due to the
solubility and toxicity issues of aminocoumarins,10 fluoroqui-
nolones are among the best topoisomerase-targeting inhibitors
that have been widely used in antibacterial chemotherapy for
more than 50 years.13 Notwithstanding their high therapeutic
success, they suffer from lack of activity, mainly due to target-
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based mutations and consequent bacterial resistance.14 There-
fore, there is an urgent need to develop new topoisomerase-
targeting antibacterial agents that lack cross-resistance to the
existing 6-fluoroqinolones.14−16

Consequently, two new classes of non-ATPase, non-
quinolone class of bacterial topoisomerase inhibitors targeting
DNA gyrase/topoIV enzymes have recently been discovered,
which include the so-called “novel bacterial topoisomerase
inhibitors” (alias NBTIs)17−23 and the quinolinepyrimidine-
triones or spiropyrimidinetriones.24 The latter ones have been
evolved from the lead compound QPT-1 (PNU-286607),
originally discovered by Pharmacia.25 A representative of this
class is zoliflodacin (ETX0914), which is currently in Phase 3
clinical trials for the treatment of infections caused by Neisseria
gonorrheae. This antibacterial agent has a binding mode that is
completely distinct from that of both the quinolones and the
NBTIs. However, relative to the fluoroquinolones that target
both GyrA/GyrB subunits in DNA gyrase and ParC/ParE
subunits in topoIV, the primary targets of zoliflodacin are
solely the DNA gyrase GyrB and topoIV ParE subunit.
Consequently, there is no target-based cross-resistance with
the quinolone class of antibacterial agents.26

NBTIs were first discovered by GlaxoSmithKline and
Aventis Pharma AG.19,20 Viquidacin (NXL-101), an NBTI
discovered by Aventis and developed by Novexel, underwent
phase I clinical trials; however, it was discontinued due to its
hERG-related cardiotoxic issues manifested as prolonged QT
signals in the heart.27 The most advanced NBTI is gepotidacin
(GSK2140944), which is currently in the third phase of clinical
trials for the treatment of uncomplicated urogenital gonorrhea
caused by N. gonorrheae28,29 as well as uncomplicated urinary
tract infections (e.g., acute cystitis) most frequently caused by
Escherichia coli.30,31 Gepotidacin exhibits a well-balanced, dual-
targeting inhibition of DNA gyrase and topoIV in N.
gonorrheae. During the treatment with gepotidacin, two point
mutations were observed, that is, a pre-existing ParC D86N
and an additional GyrA A92T mutation. These mutations
alone did not significantly weaken the antibacterial activity,
while their concomitant presence results in more than 16-fold
reduction in the antibacterial activity.28,32 It is also worth
mentioning that gepotidacin completed phase II of clinical
trials for the treatment of Gram-positive acute bacterial skin
and skin structure infections.33 Similarly to N. gonorrheae, two
point mutations (e.g., ParC V67A and GyrA D83N) were
observed in S. aureus topoisomerases, which have not been
shown to pre-exist in S. aureus clinical isolates.33 This clearly
implicates that the primary target of gepotidacin in Gram-
positive bacteria is DNA gyrase, while in Gram-negative
organisms, it is topoIV, as for the majority of NBTIs.33,34

Notwithstanding the positive microbiological results of
gepotidacin in treatments of infections caused by S. aureus,33

unfortunately there are no additional studies performed to
date.
NBTIs consist of three structural moieties: a bicyclic or

tricyclic heteroaromatic “left-hand side” (LHS; Figure 1b,
blue) that intercalates between the central DNA base pairs; a
bicyclic or monocyclic heteroaromatic “right-hand side” (RHS;
Figure 1b, green) that binds into a deep, noncatalytic
hydrophobic binding pocket assembled by the two GyrA and
ParC subunits of DNA gyrase and topoIV (Figure 1a),
respectively; and a cyclic/bicyclic linker moiety (Figure 1b,
orange) that connects both sides to provide the correct spatial
geometry of the ligand.17,21,22 Compared to fluoroquinolones,

NBTIs bind to DNA gyrase and topoIV at an alternative
binding site34 that is formed at the interface of the two DNA
gyrase GyrA and topoIV ParC subunits before the cleavage of
the DNA.22,35

The primary target of NBTIs in Gram-positive bacterial
pathogens (e.g., S. aureus) is DNA gyrase. However, it was
demonstrated that whether the potency on S. aureus topoIV is
low, the point mutations in DNA gyrase of the same organism
(e.g., D83N) can significantly contribute in reducing the
NBTIs antibacterial activities, as well.36,37 On the contrary, in
Gram-negative bacteria, it seems that topoIV might be a
primary target, as exemplified by the in vitro enzyme inhibitory
data for E. coli.37,38 These findings are in agreement with the
observations of Nayar et al., according to which point
mutations in the individual enzymes, such as D82G in E. coli
DNA gyrase or D79G in E. coli topoIV, do not result in
decreased antibacterial activity, while the concomitance of
these point mutations in both enzymes can cause a 128-fold
decrease in the antibacterial activity.39 Moreover, a recent
study revealed that some compounds show similar inhibitory
potencies against the D83N mutant of S. aureus DNA gyrase as
against topoIV from the same organism. It was also confirmed
that NBTIs with superior dual-targeting inhibition of S. aureus
topoIV and S. aureus DNA gyrase D83N mutant show low
frequencies of resistance.40

In this perspective, we address the structure−activity
relationship (SAR) guidelines for NBTIs that target the
topoIV enzyme in Gram-positive and Gram-negative bacteria.
The structural differences of each of the structural moieties
(i.e., LHS, linker, RHS) comprising a comprehensive set of
NBTI representatives included in this perspective are
thoroughly described, and their impact on the inhibition of
topoIV activity is also discussed. Due to the unavailability of
any experimental data of topoIV in complex with DNA and
NBTI (e.g., no X-ray or cryo-EM structure), the inhibitory
potencies of NBTI representatives (IC50 values) discussed here

Figure 1. (a) An E. coli topoIV protein homology model showing a
predicted binding pose of an NBTI (compound 8 from Kokot et
al.41). The topoIV enzyme and DNA are represented as cartoons
(ParC subunit in green, ParE subunit in purple, DNA in orange). The
NBTI is in a ball and stick representation in gray. The halogen bonds
are shown as yellow dots and ionic interactions as green dots. (b)
Two-dimensional structure of a representative NBTI comprised of the
LHS, linker, and RHS moieties.
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were compared with their structural features. We are aware
that the different assay formats for determining topoIV
inhibition by the NBTIs reviewed in this perspective are not
directly comparable to each other. For instance, the topoIV
decatenation assay was performed in refs 19, 36,40, 42−47, the
DNA topoIV relaxation assay was used in refs 19, 37, 38, 41,
48, and 49, while the ATPase activity of E. coli ParE subunit
was determined in refs 39 and 50−53. The comparison of two
different assays (e.g., DNA Cleavage and topoIV DNA
Decatenation) for the same compounds19,54 showed that the
relative potency of a given compound can be different
depending on the assay used. Therefore, we compared here
the individual NBTI’s structural features and the impact that
they have on the topoIV enzyme inhibition performed by the
same research groups and by using the same assay protocols.

■ THE LEFT-HAND SIDE MOIETY
The LHS moiety of NBTIs intercalates between the central
DNA base pairs in a similar fashion as for DNA gyrase. The
most commonly used LHS fragments are variously substituted
bicyclic heteroaromatic systems, such as quinolines, quinoxa-
lines, and naphthyridines.37,42−44,47,49−53

In general, LHS constructs comprising small substituents at
position six (Figure 2b, purple) have been demonstrated to be

preferred.53 Compared to the unsubstituted six position of
LHS constructs, the 6-methoxy variant has stronger topoIV
inhibitory activity. Cyano and fluoro substituents at position
six are suitable alternatives to a methoxy group.50,53 Larger
groups, such as carboxylic acid and its bioisosteric replacement
tetrazole or ester, have negative effects on the NBTI inhibition
of topoIV activity in E. coli (Table S1, 1), while small

substitutions (e.g., −OH, −CN, −Cl, −Br) result in increased
potencies (Table S1, 2).53

Fluorination is a commonly explored strategy in medicinal
chemistry that affects not only physicochemical properties but
also the absorption, distribution, metabolism, excretion, and
toxicity (ADMET) profile of compounds.55 There are
numerous NBTIs that include 3-fluoro quinoline, quinoxaline,
or naphthyridine LHS moieties (Figure 2a, red) that exhibit
improved topoIV inhibition over their unsubstituted analogs
(Table S1, 3 and 4).36,42,48,49

To restrain the conformational rotation of LHS in the ethyl
bridge, a carbonyl group was introduced at position three
(Figure 2b, red). Depending on the naphthyridine LHS
constructs used, the replacement of fluorine with a carbonyl
group results in differences in the topoIV inhibition. Put
differently, the replacement of 3-fluoro-1,5-naphthyridine LHS
moiety (Table S1, 5 and 8) with 2-oxo-1,8-naphthyridine LHS
(Table S1, 6 and 9) does not have an effect on E. coli topoIV
inhibition (Table S1, 5/6 and 8/9).48−50 Moreover, the
replacement of 3-fluoro-1,5-naphthyridine LHS moiety (Table
S1, 5 and 10) with 2-oxoquinoxaline LHS (Table S1, 7 and
11) resulted in the loss of S. aureus topoIV inhibition (Table
S1, 10/11) and reduction of inhibition of E. coli topoIV (Table
1, 5/7).43,50 It should also be stressed that the replacement of
fluorine by carbonyl always includes the change of C- to N-
linked LHS variants.43,48−50

It appears that for the numbers and positions of the
nitrogens in bicyclic aromatic LHS variants, there is no strict
correlation between the structural changes and the topoIV
inhibition. Hence, the NBTI inhibitory potency depends on
the various LHS substitutions. Put differently, in Gram-positive
bacteria (e.g., S. aureus), variously substituted quinoline LHS
moieties can diversely impact the potencies for enzyme
inhibition, compared to Gram-negative bacteria (e.g., E. coli),
where different nitrogen positions in the quinoline LHS
fragment can result in the same potencies for topoIV inhibition
(Table S1, 12−14).37 For targeting E. coli, the three most
studied bicyclic LHS variants have been quinoline, quinoxaline,
and naphthyridine (Figure 2a) with fluorine substitution at
position three, that is, a carbonyl group at the same position as
for quinolinone, quinoxalinone, and naphthyridinone (Figure
2b). However, in the case of S. aureus, only 3-fluorinated LHS
constructs have been studied, which have shown similar
inhibitory potencies (Table S1, 8, 15, and 16).48 It appears
that in some cases, the naphthyridine LHS moiety can slightly
improve the inhibitory potency compared to NBTI analogs
with quinoline or quinoxaline LHS moieties (Table S1, 17−
19).37 Nevertheless, NBTIs with quinoxalinone and quinoli-
none LHS fragments show stronger inhibitory potencies
compared to the naphthyridinone containing analogs (Table
S1, 7, 20, and 21).50 It was reported, however, that in all cases,
bicyclic LHS moieties that contain more than two nitrogens
show significantly decreased potencies for enzyme inhibition.
Moreover, the NBTIs comprising 6-oxo-naphthyridine LHS
construct with 2-hydroxyethyl substitution at position 5
showed similar topoIV inhibition for both bacterial strains
(Table S1, 22).56

It is also important to note that the replacement of the
benzoxazinone LHS scaffold with a dihydroquinolinone moiety
(Table S1, 23 and 24) results in an enormous loss of topoIV
inhibition. In a similar fashion, replacement of the lactam with
a urea group (Table S1, 21 and 25) can also lead to decreased
potency for E. coli enzyme inhibition.50

Figure 2. SAR guidelines for LHS moiety derivatives: (a) quinoline,
quinoxaline, naphthyridine, and pyrrolo derivative; (b) quinolinone,
quinoxalinone, naphthyridinone, benzoxazinone, and triazaacenaph-
thylenedione; and (c) isoxazolo derivative.
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It has been shown that introduction of an additional
nitrogen atom into the 2-aza quinolinone LHS is also tolerated.
LHS variants with aza substitution at positions 1 or 5 can lead
to increased inhibitory potency, while introduction of nitrogen
at positions 4 or 7 results in decreased potency.50

Various tricyclic LHS compounds have also been studied,
such as triazaacenaphthylenedione, pyrrolo-naphthyridinone,
pyrrolo-quinolinone, and isoxazolo-quinolinone (Figure 2a−
c).36,37,43,44,47 The inhibitory potencies of such NBTI
derivatives against topoIV mainly depend on the type of
tricyclic LHS moiety. For instance, a tricyclic quinolone LHS
can lead to loss of S. aureus topoIV inhibition in some cases, as
exemplified by the compounds 11 and 26 (Table S1).43

However, in case of E. coli topoIV inhibition, compounds with
tricyclic LHSs express potencies in low micromolar concen-
trations (Table S1, 27).47

It should be pointed out that although the NBTIs LHS
fragment intercalates between the central DNA base pairs
without making any direct contact with the enzymes (Figure
1a), it also importantly effects NBTI’s topoIV inhibition
(Table S1, 13−18), via altering the overall ligand’s
physicochemical profile as well as via different intercalation
between DNA base pairs. Namely, the way LHS intercalates
between DNA base pairs might affect the spatial orientation of
the rest of NBTI molecule. This cannot be confirmed without
a doubt because no structural data on topoIV in complex with
an NBTI are available. However, superposition of the
cocrystallized NBTI ligands from related DNA gyrase/DNA/
NBTI complexes (Figure S1) clearly shows that the position of
the intercalated LHS affects the spatial orientation of the linker
and consequently guides how the RHS fragment fits into the
enzyme binding pocket. Since LHS intercalates in a similar
fashion between central DNA base pairs in DNA gyrase and
topoIV, we expect a similar influence on the RHSs binding to
topoIV. E. coli topoIV is not as sensitive to variations in LHS as
S. aureus (Table S1, e.g., 13/14 and 17/18); however, this is
not always a case, as evidenced by the comparison of
compounds 15/16 (Table S1). Again, the lack of structural
data for topoIV in complex with an NBTI prevents a structural
explanation of such experimental results. Therefore, there is an
urgent need for experimental data for topoIV in complex with
DNA and NBTI.

■ THE LINKER
Due to the spaciousness of NBTI’s binding pocket, particularly
at its entrance surrounding the NBTI’s linker moiety, the linker
itself makes only one critical contact with the enzyme, and not
with the DNA; nevertheless, it has still an important role in the
NBTIs activity.57 The linker is responsible for the appropriate
spatial orientation of both the LHS and RHS fragments, and
more importantly, it influences the physicochemical and
pharmacological properties of NBTIs that are crucial for
their suitable antibacterial activity and safety profile, and in
particular, in their hERG inhibitory activity. The linker usually
consists of three parts: an ethyl moiety connected to the LHS
fragment, a cyclic moiety, and a secondary amine connected to
the RHS fragment (Figures 1 and 4).37 The secondary amine
moiety of the linker (i.e., the cationic center) has been shown
to be a key structural feature for the inhibitory potency of
almost all currently known NBTIs, through establishing an
ionic interaction with the Asp83 residue of S. aureus DNA
gyrase, the Asp82 residue of E. coli DNA gyrase, and similarly
for the Asp79 residue of both S. aureus and E. coli topoIV

(Figure 3a).45 Replacing the amine with an amide group
(Figure 4e, yellow) results in a noticeably weaker enzyme
inhibition, as exemplified by compounds 28 and 29 (Table
S1).45,46

Figure 3. Structural alignment of DNA gyrase and topoIV enzymes
originating from S. aureus and E. coli, respectively, together with the
cocrystallized NBTI AMK-12 ligand from S. aureus DNA gyrase
complex (PDB ID: 6Z1A;22 Table S1, 46). S. aureus DNA gyrase
(cyan), E. coli DNA gyrase (brown, PDB ID: 6RKS),58 S. aureus
topoIV homology model (pink), and E. coli topoIV homology model
(geren). The enzymes are represented as cartoon, NBTI ligand 46 as
sticks, DNA in orange, (a) GyrA/ParC Met, Ile, and Leu residues as
sticks colored by element, and (b) GyrA/ParC aspartate residues as
sticks colored by element.

Figure 4. SAR guidelines for the linker moiety: (a) tetrahydropyran
derivatives; (b) cyclohexane derivatives; (c) piperidine linkers; (d)
oxabicyclooctane derivatives; (e) dioxane derivatives; and (f)
piperidine-cyclobutyl linker.
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The majority of alterations to the linker have been
performed on the ring and the ethyl moiety that binds to
the LHS fragment. As depicted in Figure 4, the linker can
contain numerous different ring moieties, including cyclo-
hexane, 1,3-dioxane, piperidine, tetrahydropyran, oxabicyclooc-
tane, and piperidine carboxylic acid.22,42−44,48,51,52

NBTIs that have fluorine and/or amino substituents at the
bridgehead of the cyclohexyl moiety (Figure 4b, green and
purple, respectively) generally show similar potencies against E.
coli topoIV (Table S1, 30 and 31).52 3-Fluoro-substituted
piperidines (Figure 4c, red) have shown weaker potency
against S. aureus and E. coli topoIV, compared to the
unsubstituted piperidines. The lower potency of these NBTI
analogs is most likely due to the conformational effects of these
substituents on the piperidine moiety, thereby affecting the
position not only of the LHS and RHS fragments but also the
spatial position of the basic amine. The piperidine moiety itself
is positioned in the target-binding site in the solvent-exposed
space.37,51 Replacement of the cyclohexane ring with
tetrahydropyran decreases the NBTI potencies against both
S. aureus and E. coli topoIV.37

The second important part of the linker is the bridge
connected to the LHS fragment, and the following variants are
some of the most commonly used: ethylene, oxymethylene, 1-
or 2-hydroxyethylene, 1,2-dihydroxyethylene, alkene, carbox-
amide , and 1- or 2-aminoethylene (Figure 4a ,
blue).37,43,49,51,52,59 Hydroxyl-substituted linkers provide supe-
rior aqueous solubility of the resulting NBTIs compared to
ether- and amide-containing derivatives, which also lead to
stronger enzyme inhibition. NBTI analogs that contain
ethylene, hydroxy-, 1, 2-dihydroxyethylene, or alkene linker
bridge fragments have shown similar inhibitions (Table S1,
32−35).37,40,48 Saturated linkers (e.g., ethylene, hydroxy, 1,2-
dihydroxyethylene) allow the correct spatial geometry of the
compounds, while amides, ethers, and alkenes lead to
suboptimal spatial geometry of the secondary amine of the
linker. However, this trend does not apply to inhibition of
topoIV.37

It was also observed that the stereochemistry of the
substituted ethylene linker affects the inhibitory activity against
E. coli topoIV. Here, the S-isomer showed greater potency
compared to the corresponding R-isomer (Table S1, 36 and
37).49,52

■ THE RIGHT-HAND SIDE MOIETY
The RHS binds to the hydrophobic binding pocket of topoIV
ParC subunit (Figure 1a) in a similar fashion as the targeting of
the GyrA subunit of DNA gyrase. With the intention of
achieving stronger binding of NBTIs to GyrA/ParC key amino
acid residues, a variety of building blocks have been introduced
as RHS fragments over the last two decades.
It is broadly accepted that NBTIs act as dual-targeting

bacterial topoisomerase inhibitors, which most likely have less
potential to develop bacterial resistance relative to those
antibacterials that selectively inhibit only one of the enzymes.60

The high structural resemblance between amino acid residues
that delineate the DNA gyrase GyrA and topoIV ParC binding
pockets in Gram-positive (e.g., S. aureus) and Gram-negative
(e.g., E. coli) bacterial pathogens is presumably a key aspect
that governs the NBTIs dual-targeting mechanism of action.60

The comparison of amino acid sequences outlining the NBTIs
binding pocket in GyrA and ParC subunit in S. aureus and E.
coli, respectively, revealed a high structural conservation of the

key amino acid residues interacting with the NBTIs (i.e.,
Ala68, Gly72, and Met121 in S. aureus GyrA; Ala67, Gly71,
and Met120 in E. coli GyrA; Ala64, Gly68, and Met117 in S.
aureus ParC; Ala64, Gly68, and Met118 in E. coli ParC)
(Figure 3b). Met75 is also an important amino acid residue for
NBTIs binding in S. aureus GyrA, which corresponds to Ile74
in E. coli GyrA. Ile71 is at the same position in S. aureus ParC,
whereas in E. coli ParC this is Leu7121 (Figure S2). These
latter amino acid residues are probably responsible for the
slightly different potencies of the NBTIs on DNA gyrase and
topoIV in Gram-positive and Gram-negative bacterial
pathogens. However, due to the highly conserved binding
pocket, NBTIs are sensitive to similar changes in the LHS,
linker, and RHS moieties, and the overall binding of the
compounds by the two targets is likely similar.
One of the first NBTIs was NXL-101, which includes a

thiophene RHS moiety (Table S1, 38).19 However, compre-
hensive research on this field suggested that a phenyl ring
might be a more suitable isosteric replacement of the
thiophene, as it shows less likelihood for bioactivation and,
more importantly, it is a relatively straightforward substitution.
To avoid any potential for oxidative metabolism, the exocyclic
sulfur was removed or substituted with a carbon atom.42

The most commonly used RHS moieties have been
pyridooxazinone/pyridothiazinone and dioxinopyrid(az)ine/
oxathiino-pyrid(az)ine (Figure 5).37,40,43−45,48,49,51−53 These

heteroaromatic RHS fragments can establish van der Waals
interactions with the surrounding hydrophobic amino acid
residues that delineate the NBTI’s binding pocket of the
topoIV ParC subunits.37

The replacement of pyridine with pyridazine reduced the
inhibitory potency against topoIV (Table S1, 8 and 39).
Instead, replacement with a phenyl moiety significantly
improved the enzyme inhibition (Table S1, 10 and 40).
Replacing the dioxane with tetrahydropyran or oxathiane

Figure 5. SAR guidelines of the RHS moiety: (a−c) differently
substituted bicyclic derivatives; (d, f) differently substituted
monocyclic derivatives; and (e) chromenone derivatives.
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improved the inhibitory potency (Figure 5a, pink). Compared
to oxygen-containing RHS fragments, the analogs with sulfur at
the same position (Figure 5a, pink) show equally potent or
even stronger inhibitory potencies against topoIV (Table S1,
39/41 and 42/43).37,40,48 Moreover, NBTIs that contain a
pyridothiazinone RHS fragment consistently show stronger
enzyme inhibition relative to their pyridooxazinone variants.
Pyridooxazinone (or pyridothiazinone) NBTIs showed 4−16
times stronger inhibitory potencies compared to dioxinopyr-
idine (or oxathiinopyridine) analogs (Table S1, 19 and
44).37,40,48

The addition of a basic center to a cyclohexyl ring (Figure
5b, purple) reduces the inhibitory potency against S. aureus
topoIV. Replacing cyclohexyl with tetrahydro(thio)pyran or
adding an electron-withdrawing group improves the inhibition.
In contrast, replacing cyclohexyl with tetrahydropyran impairs
the inhibition, whereas replacing cyclohexyl with tetrahydro-
thiopyran or piperidine does not affect inhibition of E. coli
topoIV (Figure 5b, purple).44

Various monoaromatic RHS moieties have also been studied
(Figure 5d,f). One of these was the cyclobutylphenyl moiety.
Substitution at the 4-aryl position with larger groups than
fluorine was not favorable (e.g., −OCH3, −CH3, biphenyl,
−CF3), and cyano substitution was suboptimal, which resulted
in decreased topoIV inhibition by the phenyl analog.42 The
reason for this might be the mere size of the ParC binding
pocket in S. aureus topoIV compared to the GyrA binding
pocket, which might result in steric hindrance of the entire
RHS fragment and the poor overall inhibitory potency of the
NBTIs. A comparison of the hydrophobic binding pockets
between DNA gyrase and topoIV of S. aureus revealed that the
topoIV binding pocket is a little narrower (e.g., the distance
between Cα-Cα atoms of ParC α3 helices was ∼3.8 Å; Figure
6c,d), relative to that of DNA gyrase (e.g., the distance
between the Cα-Cα atoms of GyrA α3 helices was ∼4.7 Å;
Figure 6a,b). Fluorine substitution shows improved inhibitory
activity in some cases; however, this mainly depends on the
positioning of the fluorine atom on the phenyl ring.
Substitutions at the meta position usually result in retained

or improved potency. On the other hand, substitutions at the
ortho position commonly result in improved potency, but only
when combined with substitutions at the meta position.
Among the NBTIs with difluorinated phenyl RHS, 2,5-
difluorophenyl constructs showed remarkable improvements
over the analogs with unsubstituted phenyl RHS.42,36 Never-
theless, the 2,3,5-trifluorophenyl analog showed the strongest
topoIV inhibition in this studied NBTI series.36

For NBTIs with monoaromatic RHS, compounds with
halogens at the para position on the phenyl RHS fragment
have also been studied in correlation with their topoIV
inhibitory potencies. In one case, increasing the size of the
halogen atom led to reduced potency. The reason for this
might lie in the length of the RHS fragment (e.g., the distance
between the linker amine and the most distant RHS atom is
∼8.7 Å in GyrA and ∼8.6 Å in ParC; compound 45, Table S1
and Figure 6a,c), which in turn might prevent the formation of
halogen-bonding interactions between the p-halogen atom and
the backbone carbonyl oxygens of the Ala64 residue in S.
aureus ParC. In our previous studies,22,38 we demonstrated that
the inhibitory potencies of NBTIs with p-halogenated phenyl
RHS fragments against topoIV increased down the halogen
group of the periodic table of elements (Table S1, 46−48).
The reason for this is most likely the formation of halogen-
bonding interactions between the p-halogen atom and the
backbone carbonyl oxygens of Ala64 ParC in the S. aureus
and/or E. coli GyrA in a similar fashion as was observed in the
crystal structure of S. aureus DNA gyrase in complex with DNA
and the AMK-12 ligand (PDB ID: 6Z1A).22 Here, the length
of the RHS fragment was substantially shorter (e.g., the
distance between the linker amine and the most distant RHS
atom is ∼6.7 Å; compound 46, Table S1 and Figure 6b,d).
This result clearly indicates the potential to establish halogen-
bonding interactions that lead to strong inhibitory activities of
this series of NBTIs. As a continuation of this work, we also
demonstrated that the inhibitory potencies of NBTIs with p-
halogenated phenyl RHS fragments can be enhanced by
increasing their electron-withdrawing properties as well as
halogen-bonding propensities, while maintaining the same

Figure 6. Comparisons of the binding pocket sizes of S. aureus DNA gyrase and topoIV as well as docking-derived poses of compounds 45 and 46,
with different RHS fragment lengths. (a) S. aureus DNA gyrase crystal structure (cyan, PDB ID: 6Z1A)22 with docked pose of 45; (b) S. aureus
DNA gyrase crystal structure with docked pose of 46; (c) S. aureus topoIV homology model (pink) with docked pose of 45; and (d) S. aureus
topoIV homology model with docked pose of 46. The enzymes are represented as cartoons, and compounds as balls and sticks, while DNA is in
orange.
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lipophilicity and approximately the same RHS size (Table S1,
47, 49, and 50).41 Put differently, the flexibility provided by
replacement of a bicyclic heteroaromatic RHS moiety with a
monocyclic one (e.g., a halogenated phenyl) and its suitable
length are crucial to establish halogen-bonding interactions
with the Ala residues and result in a stronger enzyme
inhibition.38 Moreover, the replacement of triazole with
pyrazole (Figure 5f, blue) generally leads to increased
inhibitory potency. Replacing phenyl with isopropyl does not
have any effects on the inhibitory potency against either S.
aureus or E. coli, although relative to phenyl, propene decreases
the inhibition of topoIV in both of these bacteria.38

As it is the RHS that interacts solely with the enzymes, it
should be regarded as a major structural feature that directly
discriminates the selectivity between DNA gyrase and topoIV.
It should be stressed, however, that although LHS and linker
moieties do not have direct impact on the enzyme inhibition,
they significantly contribute to the proper spatial positioning of
the RHS fragment within the hydrophobic binding pocket of
the enzymes and the overall, suitable physicochemical
properties of NBTIs, as well.52

■ CONCLUSION

In this perspective, we have summarized the structural features
of each of the parts (i.e., LHS, linker, RHS) of the
antibacterials from the NBTI class that govern topoIV
inhibitory activity. Each part of NBTIs individually affects
topoIV inhibition. The LHS with its intercalation into the
DNA base pairs, the linker through the geometrical positioning
of the LHS and RHS fragments, and the RHS moiety with its
binding into the enzyme pocket. Considering the high
structural similarity that DNA gyrase and topoIV share,
particularly in the NBTI binding pocket, dual inhibition of
both enzymes with a single compound is reasonable to expect.
Introduction of small fragments, such as fluorine and methoxy
groups in the LHS fragments, provided favorable effects against
both bacterial type II topoisomerases. In both cases, the linker
moiety is responsible not only for providing suitable
physiochemical properties of the entire ligand but also for
the correct geometric positioning of the LHS and RHS
fragments, respectively. Moreover, the protonated basic amine
of the linker moiety has been shown to be optimal for NBTIs
activity. As the RHS fragment interacts with both enzymes, it
should be regarded as a major structural feature that
discriminates between DNA gyrase and topoIV NBTIs affinity.
Since, the dual inhibition lowers the possibility of developing
bacterial resistance, the design of NBTIs should rely on
targeting both enzymes. With improved enzyme inhibition
against topoIV, an improved dual inhibition can be achieved
especially in Gram-negative bacteria, where topoIV is most
probably a primary target of NBTIs. Unfortunately, no
structural data of topoIV in complex with DNA and an
NBTI inhibitor have been published to date. Hence, the next
key objective of the scientific community would be the
revelation of an atomic-resolution structure of the topoIV
enzyme in complex with an intercalated NBTI ligand, which in
turn will enable a more intuitive structure-based design. This,
along with some other hurdles need to be overcome prior to
defining NBTIs as safe enough and suitably active to slow
down the rapidly spread of resistance to existing antibacterials.
To facilitate these efforts, we present here some general
guidelines toward improving NBTIs inhibition of topoIV.
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