
Editorial

For reprint orders, please contact: reprints@future-science.com

Novel bacterial topoisomerase inhibitors:
challenges and perspectives in reducing
hERG toxicity
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Regardless of the long term therapeutic success of quinolones in antibacterial chemotherapy, new forms of
quinolones-induced resistance in bacterial pathogens are constantly arising indicating a decreased or even complete
ineffectiveness of these drugs in antibacterial treatments [1]. In the quest for innovative antibacterial alternatives
targeting bacterial topoisomerases II replication/transcription machineries, novel bacterial topoisomerase inhibitors
(NBTIs) representing an utterly new class of antibacterials have recently been discovered [2,3]. A remarkable break-
through in the NBTIs development was accomplished when GlaxoSmithKline (GSK) revealed the very first 14 nM
NBTI (GSK299423) in complex with DNA gyrase originating from Staphylococcus aureus solved by x-ray crystallog-
raphy [4], which elevated NBTIs-related R&D to a significantly higher, structure-based level [5]. In the last decade,
the efforts of numerous medicinal chemists yielded various highly optimized NBTIs demonstrating remarkable
broad-spectrum antibacterial potency against the most problematic Gram-positive and Gram-negative pathogens.
Notwithstanding their notable nanomolar antibacterial activity and potency firmly confirmed in in vitro/in vivo
assays, a key issue that unfortunately is still accompanying these antibacterials is their relatively high cardiotoxic po-
tential denoted as hERG toxicity [6]. Consequently, a number of progressive NBTIs were discontinued from clinical
trials. In the following text we give a brief overview of the current state-of-the-art NBTIs optimization protocols
aiming to reduce their cardiotoxic potential, while retaining and/or improving their antibacterial properties.

SAR-hERG profiling of NBTIs
Disregarding the well-established cornerstones in the rational development of NBTIs as demonstrated by the
remarkably active GSK299423 lead [4], its hERG liability might be the major obstacle for its progression as
demonstrated by practically no published further data on its development. Instead, GSK thoroughly explored any
bioisosteric replacements of the protonated amine (a part of the piperidine linker moiety) and their potential impact
on reducing GSK299423-induced cardiotoxicity; hence, the aminopiperidine linker moiety was found as the most
optimal one [5] and all cardinal modifications toward reducing hERG toxicity were performed on left-hand side
(LHS) and right-hand side (RHS) fragments.

In 2013, GSK revealed a novel series of (S)-hydroxyl tricyclic NBTIs as exemplified by the GSK966587 lead (an
naphthyridine-assembled tricyclic LHS-based NBTI) with high potency against Gram-positive and Gram-negative
pathogens and acceptable hERG profile (IC50 = 310 μM) [7]. With the intention to further improve hERG,
various LHS alterations were performed including introduction of quinoline, quinoxaline, double-fluorinated
naphthyridine LHS, and even removal or replacement of the bridgehead tricyclic hydroxyl with fluorine. However,
despite the good antibacterial potency of the resulting NBTI variants, all these LHS alterations have negative impact
on hERG (IC50 = 122–206 μM).

Although the quinoline variant of GSK966587 did not perform well, the lead optimization efforts invested by the
same GSK group yielded a novel series of non-hydroxyl quinoline-based tricyclic NBTIs governed by GSK945237
lead [8]. While this NBTI demonstrates excellent antibacterial properties (e.g., DNA gyrase/topo IV dual targeting)
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and relatively good hERG (IC50 = 238 μM), its quinoxaline LHS variant dramatically increases hERG toxicity
(IC50 = 48 μM).

It seems that the utilization of tricyclic LHS moieties could be a good starting point for development
of other broad-spectrum NBTI variants. In 2017, RedX Pharma launched their own NBTI series based on
tricyclic LHSs comprised of fluorooxazoloquinolinone, fluoroisooxazoloquinolinone, methoxyisoxazoloquinoli-
none, and isoxazolonaphthyridinone building-blocks, with good antibacterial potency against Gram-negative Es-
cherichia coli and good (e.g., IC50 > 100 μM; isoxazolonaphthyridinones) to moderate (e.g., IC50 > 33 μM;
oxazoloquinolonones/isoxazoloquinolinones) hERG inhibitory profile [9]. With the aim to improve their hERG
liability, the pyridoxazinecarbaldehyde RHS fragment was modified by fluorination, however, this strongly increases
hERG toxicity (IC50 ∼ 8–9 μM).

Supposedly, the inclusions of substituted-LHS naphthyridine moieties have some potential in tuning NBTIs
hERG profile. Apparently, this was also recognized by Actelion Pharmaceuticals Ltd., reporting an attractive series of
dual targeting NBTI constructs substantiated on tetrahydropyran central unit linked to naphthyridine/quinoxaline
LHS through syn-diol chain [10]. Interestingly, it was found that retaining/removing the 8-N-atom in both LHSs
improves hERG (e.g., ∼50%) and decreases the antibacterial potency, while fluorination at position 2 is not
impacting hERG. More importantly, the introduction of oxathiinopyridine RHS gives not only high in vitro
antibacterial potency against S. aureus (IC50 = 30 nM) comparable to GSK299423 [4], but also a satisfactory hERG
toxicity profile (e.g., 19% hERG blockage at 10 μM). Although improved activity on Gram-negative bacteria was
achieved by replacing the hydroxyl group of the linker chain with amine, which yielded more polar compounds with
additional positive charge, the magnitude of hERG blocking negatively contributes towards further development
of this NBTI series [11].

In 2013, Pfizer introduced a novel series of dual targeting DNA gyrase/topo IV quinoline-LHS, butylphenyl
RHS-based NBTIs as typified by the representative 3,6-difluorophenyl variant [12]. This lead showed excellent in vitro
antibacterial potency against S. aureus, however, it was found to be strongly cardiotoxic as exemplified by its hERG
blocking (IC50 = 9.97 μM). A similar hERG outcome was also perceived in case of 2-fluorophenyl, 3-fluorophenyl
and 2,5-difluorophenyl RHS variants, while slight hERG improvements were noticed for 2,6-difluorophenyl and
2,3,5-trifluorophenyl RHS analogs (IC50 = 47.6 and 30.9 μM, respectively). The utilization of 3-fluoroquinoline
or 3-fluoro-1,5-naphthyridine LHS in combination with 2,5-difluorophenyl RHS gives equipotent NBTI analogs
with moderate hERG-blocking affinities (IC50 = 85.9 and 45 μM, respectively). An incomparably better hERG
profile was achieved for 3-fluoroquinoline LHS-based NBTIs by using a more polar isoxazole RHS (IC50 >

300 μM), unfortunately for the price of loosing its antibacterial potency [13].

Impact of structure–lipophilicity–basicity triade on hERG
In the pursuit of developing potent NBTIs with an acceptable hERG toxicity profile, AstraZeneca imple-
mented a rational optimization approach grounded on reduction and further fine tuning between pKa and
logD [14]. The isosteric replacement of the piperidine linker with trans-aminoethyl cyclohexyl connected to 7-
methoxyquinoxalinone/naphthyridinone LHS can significantly reduce pKa, while the inclusion of a second basic
group at 2-position of the ethyl bridge can lower logD, resulting in improved hERG (IC50 > 333 μM). Conversely,
7-fluoronaphthyridinone LHS gives a fairly good hERG profile (IC50 > 100 μM), however this is followed by a
drop in the antibacterial potency.

The positive trend between detracting overall logD of NBTIs and consequently their hERG blocking affinity was
also ascertained by Merck Pharmaceuticals, which introduced a series of oxabicyclooctane-based NBTIs as typified
by the exemplar lead AM-8085 [15]. Notwithstanding its broad antibacterial spectrum, AM-8085 was found to be
a strong hERG blocker (IC50 = 0.6 μM) that opened the avenue towards the rational hERG optimization.

A slight, but unsatisfactory hERG improvement was accomplished by increasing the polarity through attaching a
hydroxyl group at C-2 of the linker chain (IC50 = 18 μM; AM-8191) [15], while the alteration of 1,5-naphthyridine
LHS to (S)-hydroxyl tricyclic naphthyridinone significantly ameliorates hERG (IC50 = 394 μM) [16]. Moreover,
pyridoxazinone and pyridodioxane RHS fragments seem suitable in all respects; the alteration of the ring oxygen
in both RHSs with sulfur is well tolerated for activity, however this increases hERG toxicity (IC50 = 25.7 μM).
In particular, pyridodioxane RHS highly improves hERG (IC50 = 764 μM), unfortunately this tremendously
diminishes the antibacterial potency and spectrum [17].

Interestingly, the transformation of the protonated amine at the C-7 position of the linker chain (a key attachment
point for NBTIs antibacterial activity) to amide does not affect antibacterial potency and spectrum, however strongly
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reduces functional hERG activity (IC50 ≥ 30 μM) [18]. Moreover, the isosteric replacement of currently known
linkers with a trans-dioxane scaffold seems to additionally contribute to the overall improved NBTIs hERG safety
profile by reducing basicity and increasing polarity [19].

Conclusion
In a decade of intensive research, NBTIs undoubtedly prove their extraordinary potential as future agents for
antibacterial chemotherapy. Indeed, despite their excellent antibacterial properties, NBTIs-induced hERG toxicity
still remains a pivotal encumbrance for their advancement into clinical trials. It seems that regardless of the different
NBTIs rational optimizations invested for improving hERG, they negatively impact the overall biological activity
and vice versa. The fine-tuning of NBTIs physicochemical properties (e.g., logD, pKa) could offer a promising
solution towards diminishing hERG-related issues, while retaining antibacterial potencies.
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