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ABSTRACT: The rise of multidrug-resistant (MDR) Gram-negative bacteria is a major global health problem necessitating the
discovery of new classes of antibiotics. Novel bacterial topoisomerase inhibitors (NBTTs) target the clinically validated bacterial type
IT topoisomerases with a distinct binding site and mechanism of action to fluoroquinolone antibiotics, thus avoiding cross-resistance
to this drug class. Here we report the discovery of a series of NBTIs incorporating a novel indane DNA binding moiety. X-ray
cocrystal structures of compounds 2 and 17a bound to Staphylococcus aureus DNA gyrase—DNA were determined, revealing specific
interactions with the enzyme binding pocket at the GyrA dimer interface and a long-range electrostatic interaction between the basic
amine in the linker and the carboxylate of Asp83. Exploration of the structure—activity relationship within the series led to the
identification of lead compound 18c¢, which showed potent broad-spectrum activity against a panel of MDR Gram-negative bacteria.
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he rapid increase in the emergence and spread of drug-

resistant pathogens is an urgent global health problem. Of
particular concern are life-threatening multidrug-resistant
(MDR) bacterial infections caused by the so-called ESKAPE
pathogens, i.e., Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter species." The last four of these are
classified as Gram-negative bacteria, which pose particularly
formidable challenges for the development of effective new
antibiotics due to the presence of an outer membrane
comprising tightly packed lipopolysaccharides that preclude
passive diffusion of most small molecules. In addition to
permeation barriers, bacteria have developed a wide array of
adaptive resistance mechanisms such as efflux pumps which
further impede accumulation of drugs in the cytosol and in the
periplasm of Gram-negative bacteria.”

Bacterial type II topoisomerases DNA gyrase and topo-
isomerase IV (Topo IV) are essential enzymes involved in
regulating the topology of DNA during replication and
transcription.” DNA gyrase introduces negative supercoils
into and removes positive supercoils from DNA, while Topo
IV decatenates tangles after replication of circular DNA such as
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bacterial chromosomes and plasmids. Type II topoisomerases
are A,B, heterotetramers of GyrA,GyrB, (DNA gyrase) and
ParC,ParE, (Topo IV), where the GyrA/ParC subunits
contain the catalytic domains and the GyrB/ParE subunits
harbor the ATPase domains.

The bacterial type II topoisomerases are the biological target
for the well-established fluoroquinolone class of antibiotics,
which unfortunately suffer from the increasing emergence of
resistance.”” The antibiotic novobiocin binds to the ATPase
domain of DNA gyrase and Topo IV but has been withdrawn
from the market due to safety and efficacy concerns. New
structural classes of inhibitors with this mechanism of action

; 5—7
have been an area of active research for more than 50 years.
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Novel bacterial topoisomerase inhibitors (NBTIs) are a
promising new class of antimicrobial compounds acting on
DNA gyrase and TopolV first described by GSK and
subsequently investigated by many other groups.*”'*** The
structures of NBTIs are characterized by two heteroaromatic
moieties joined by a linker that typically contains a basic amine
(Figure 1). The binding mode of GSK299423 to S. aureus
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Figure 1. Structure of a representative NBTL

DNA gyrase was elucidated by X-ray crystallography.” One
heteroaromatic moiety intercalates into the DNA, and the
other binds to a pocket at the C,-symmetric GyrA dimer
interface (part of the so-called DNA-gate). No experimental
structure of an NBTI bound to Topo IV has been reported, but
due to the high homology between the DNA gyrase and Topo
IV enzymes in this region, modeling studies predict that NBTTs
bind Topo IV in the same manner,'' consistent with the
observation that NBTIs are generally dual inhibitors of both
enzymes. This is a highly attractive feature of NBTIs since
inhibition of two targets 1s associated with lower potential for
resistance development ° Moreover, the binding site and
mode of action for NBTIs are distinct from those of the
fluoroquinolones, indicating that cross-resistance is unlikely.”

The most advanced NBTI, gepotidacin (GSK2140944),"*
recently completed a Phase III trial for the treatment of
uncomplicated urinary tract infection (UTI) and is currently in
Phase III clinical trials for the treatment of infection with
Neisseria gonorrheae (gonorrhea). Early NBTIs including
gepotidacin show potent activity against Gram-positive
bacteria but lack broad-spectrum potency against many of
the key Gram-negative ESKAPE pathogens, including P.
aeruginosa and A. baumannii, which cause lung infections that
are more difficult to treat than UTIs and gonorrhea. The
reduced potency against Gram-negatives is attributable to the
increased barriers to accumulation in the cell interior afforded
by their cell envelope differences and a wide array of efflux
pumps.

More recently, NBTIs showing improved potency on a
broad range of Gram-negative bacteria have been de-
scribed."*~° One such compound, BWC0977, is in Phase I
clinical trials."

In a program aimed at developing novel classes of antibiotics
for curing infections caused by MDR bacteria, we undertook a
phenotypic screen to identify novel chemical matter with
activity against Gram-negative bacteria."”

Coumarin—indane compound 1 (Figure 2) was identified as
a singleton hit. Further investigation revealed that close
analogues of 1 showed specific inhibition of DNA synthesis
in Escherichia coli along with potent activity versus E. coli DNA
gyrase and topoisomerase IV in topological assays. The
compounds displayed effects on DNA synthesis characteristic
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Figure 2. Structures of coumarin—indane NBTIs

of the NBTI class of antibiotics.® The structures follow the
general architecture of NBTIs of two aromatic moieties joined
by a linker containing a basic amine (Figure 1) but with
atypical aromatic groups.” It was not clear from molecular
modeling which end of the molecule intercalates into the DNA
and which binds the enzyme pocket. To determine the binding
mode, an X-ray cocrystal structure of compound 2 (Figure 2)
bound to S. aureus DNA gyrase and DNA was determined at
2.23 A resolution.'"® The structure (Figure 3) shows the
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Figure 3. Binding mode of 2 bound to S. aureus DNA gyrase—DNA
determined by X-ray crystallography (PDB code 7FVS).

aromatic ring of the azaindane moiety intercalating the DNA
bases, while the coumarin sits in the enzyme pocket at the
GyrA dimer interface. The coumarin ring engages in van der
Waals interactions with the side chain of Metl21, while the
coumarin carbonyl group has a sulfur ¢* interaction with
Met75. A weak hydrogen-bonding interaction is apparent
between the acid carbonyl of Asp83 and the polarized CH, in
the linker close to the coumarin at a distance of 3.1 A. The
basic nitrogen in the linker makes long-range electrostatic
interactions with the acids of Asp83 on both sides of the
pocket at a distance of 4.8—4.9 A. An NBTI containing a 4-
aminocoumarin motif was modeled into the S. aureus DNA
gyrase apo crystal structure (PDB code 2XCS) by co-workers
at Angelini."” The overlay of the 4-aminocoumarins in our
experimental structure and the Angelini model is very good,
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and the space occupied by the linkers also corresponds very
well.

The coumarin—indane compounds showed good potency
against E. coli and A. baumannii but rather inferior activity
against K. pneumoniae and P. aeruginosa (see Table 1 for the
MIC values for compound 2). In addition, the compounds
were potent inhibitors of the hERG ion channel, which is a
common problem in the field of NBTT drug discovery.””*'

Table 1. Activity Data for Compounds 2 and 17-20

minimum inhibitory concentration (yg/mL)

E. coli

A K 12, DNA

E. coli baumannii  pneumoniae  aeruginosa gyrase

ATCC ATCC ATCC ATCC ICy

compound 25922 19606 BAA-1705 27853 (uM)
2 2 4 32 8 0.16

17a 0.125 0.125 2 2 0.090
17b 2 4 16 16 0.29

17¢ 0.25 0.5 2 2 0.072
17d 8 4 >64 >64 0.58

17e 0.25 0.25 4 1 0.090
17f 0.5 1 8 4 0.12
17g 0.5 1 32 8 0.23
18a 1 2 8 0.18
18b 0.5 0.5 4 0.10
18¢ <0.06 0.125 1 0. 0.021
19a 2 8 16 8 0.27
19b 0.5 1 4 0.12
19¢ 2 4 8 16 0.25
19d 1 4 8 16 0.16

19e 0.25 0.5 2 2 0.057
20 2 8 16 8 0.19

With the knowledge that the indane moiety binds to the
DNA, we decided to explore replacing the coumarin moiety
with an oxazolidinone—pyridooxazinone enzyme pocket bind-
ing motif.”'® The novel indane-containing compounds were
synthesized as shown in Scheme 1.°* Intermediate 9a
containing a one-carbon spacer between the oxazolidinone
and the oxygen atom that will later be converted into the
amino group in the linker was prepared from commercially
available 7, while the two- and three-carbon spacer versions 9b
and 9c were synthesized in three or four steps from the
TBDMS-protected alcohols 8a and 8b, respectively. Ullmann-
type cross-coupling of 9 with 2-bromopyridine 10 gave
intermediate 11; subsequent reduction of the nitro group
afforded oxazinone 12. The protected alcohol was converted to
primary amine 16 in four steps. Finally, reductive amination
with ketones 3 and 6 or aldehydes 4 and $ afforded the final
compounds 17—20.

Compounds were tested for antimicrobial susceptibility in a
panel of multiple strains of Gram-negative (E. coli, A.
baumannii, K. pneumoniae, and P. aeruginosa) and Gram-
positive (S. aureus) bacteria. Data for four representative
Gram-negative strains are given in Table 1 together with ICs,
values for the inhibition of the ATPase activity of the E. coli
DNA gyrase enzyme. The representative strains were chosen
such that the MIC would be predictive of the expected potency
in a broader panel of clinical isolates for the particular bacterial
species. MIC values for the full panel are given in Table S2.
The strain panel comprises drug-sensitive and -resistant
reference strains of five key ESKAPE pathogens commonly
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used in antibiotic drug discovery. E. coli BW25113 and ATCC
25922 are drug-sensitive strains, and ATCC 35218 and ATCC
BAA-2340 are resistant strains. A. baumannii ATCC 19606 is
considered a sensitive wild-type strain, while ATCC 51432 and
ATCC BAA-747 are MDR. ATCC 10031 is a commonly used
sensitive K. pneumoniae control, whereas ATCC 700603,
ATCC BAA-170S, and ATCC-2146 are model strains for the
production of extended-spectrum f-lactamases (ESBLs), K.
pneumoniae carbapenemase (KPC), and New Delhi metal-
lostalactamase 1 (NDM-1), respectively. ATCC 27853 is a P.
aeruginosa wild-type strain, while NCTC13437 and
NCTC11451 are MDR. Lastly, ATCC 29213 and ATCC
BAA-1556 (USA300) are commonly used methicillin-suscep-
tible S. aureus (MSSA) and methicillin-resistant S. aureus
(MRSA) strains.

Compounds 17a—g were designed to explore the effect of
varying the linker between the oxazolidinone and the indane. A
linker of length four atoms (17a, 17¢, 17e) showed the best
potencies, with activity decreasing with linker length for three-
atom linkers (17b, 17g) and two-atom linkers (17d).
Increasing the linker length to five atoms (17f) resulted in a
slight drop in potency, suggesting that four atoms is the
optimal length. Comparing the results for different positions of
the NH in the four-atom linker compounds showed that 17a
had the best activity versus E. coli and A. baumannii, while 17e
was the most potent versus P. aeruginosa but was 2-fold less
active versus K. pneumoniae than 17a and 17c. The enzyme
activities of 17a, 17¢c, and 17e were very similar, suggesting
that the position of the NH is not critical for binding to the
target enzyme.

The synthesis route to 17e required a four-step homo-
logation sequence to convert a 2-hydroxymethylindane
(synthetic precursor to 4) to a 2-(2-hydroxyethyl)indane
(synthetic precursor to §), and this linker was therefore less
attractive for rapid SAR exploration. To optimize the indane
substituent, compounds having the NH adjacent to the indane
(19a—e) or one atom position closer to the oxazolidinone
(18a—c) were synthesized.

The results showed that removing the chloro substituent led
to a reduction in potency (compare 18a and 19a with 17a and
17c¢), replacing chloro with fluoro gave a small drop in potency
(18b and 19b), and moving the chloro or fluoro to the indane
S-position also resulted in lower potency (19c and 19d).
Replacing the chloro with cyano (18c and 19e) maintained or
slightly improved the potency, with compound 18c showing
the lowest MICs across all four species. Finally, moving the
attachment point of the linker from the indane 2-position to
the 1-position resulted in significantly lower potency (compare
20 with 17c).

An X-ray cocrystal structure of compound 17a bound to S.
aureus DNA gyrase and DNA was determined at 2.16 A
resolution.'® The structure (Figure 4) confirms that the
aromatic part of the indane moiety intercalates with DNA
while the pyridooxazinone binds the enzyme pocket at the
GyrA dimer interface in the same space as the coumarin in
compound 2, making mostly van der Waals interactions with
the protein. A similar interaction between the aromatic ring
and Metl21 as was observed in the cocrystal structure of
coumarin 2 is apparent. The carbonyl of the oxazinone in 17a
fills the same space as the fluorine atom in 2. The
oxazolidinone carbonyl of 17a is embedded in a weak
hydrogen-bonding network, closest to the backbone NH of
Arg122 in GyrA with a distance of 2.9 A.

https://doi.org/10.1021/acsmedchemlett.3c00187
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Scheme 1. Synthesis of Compounds 17—20
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17am=1,n=2 18aR =H 19aR=H
17bm=0,n=2 18bR=F 19b R = 4-F
17cm=0,n=3 18cR =CN 19¢ R = 5-Cl
17dm=0,n=1 19d R = 5-F
17em=2,n=1 19e R =4-CN
17f m=2,n=2
17gm=1,n=1

“Reagents and conditions: (a) TBDMSCI, imidazole, CH,Cl,, 15 °C; (b) mCPBA, CH,CL, 0 °C; (c) NH,OH, MeOH, 25 °C; (d) CO(CCly),,
NEt;, CH,Cl,, 0 to 25 °C; (e) (i) NaN;, NH,Cl, MeOH, 80 °C, (ii) H,, Pd/C, THF, 25 °C; (f) CDI, THF, 50 °C; (g) 10, Cul (0.2 equiv),
Me,NCH,CH,NMe, (0.4 equiv), K,CO;, 1,4-dioxane, 100 °C; (h) Fe, AcOH, 70 °C; (i) HCl, MeOH, 25 °C; (j) MsCl, NEt;, CH,Cl,, 0 to 25
°C; (k) NaN;, DMF, 60 °C; (1) H,, Pd/C, MeOH, 25 °C; (m) 3a—f or 4a/4b or 5/6, Na(CN)BH;, MeOH, 25 °C; (n) 4c/4d, NaBH(OAc),,

AcOH, NEt;, 25 °C.

The binding mode is consistent with the observed SAR since
the indane moiety in analogues with shorter linkers than in 17a
would be expected to be unable to interact with the DNA as
effectively, particularly 17d, which indeed has the highest
enzyme ICg. Interestingly, the indane in coumarin 2 does not
intercalate as deeply into DNA as the indane in 17a. Also, the
position of the basic amine in the linker does not affect the
enzyme activity significantly, consistent with the observation
that it does not make any specific interactions with the protein
beyond long-range electrostatic ones with Asp83.

Compounds 17—20 were prepared as 1:1:1:1 mixtures of
four stereoisomers. From the observed binding mode, it was
anticipated that the individual stereoisomers would have equal
potency. This was confirmed for 17a, as the four isomers were
prepared individually (see p S12 in the Supporting
Information) and were found to have the same MIC values
against each strain across the panel (data not shown). It is
noteworthy that despite these compounds being racemic 1:1
mixtures of two diastereomers, they appear as single
diastereomers in high-field 'H and *C NMR (see Figures
$3—S6) and the diastereomeric mixtures of 17a were separable
only by chiral chromatography. From inspection of the
compound structures we observe that the two chiral centers
are quite distant from each other; moreover, the indane chiral
center has some pseudo-C, symmetry.
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The most potent compound, 18c, was further studied in
topological assays, measuring its inhibition of DNA super-
coiling activity in bacterial DNA gyrase and of decatenation
activity in bacterial topoisomerase IV and human topoisomer-
ase Ila. The data (Table 2) show that 18c is a potent and
balanced dual inhibitor of both bacterial enzymes, with no
observed activity on the human enzyme.

Generally for the compounds in Table 1 the enzyme
inhibition activity as measured in the DNA gyrase ATPase
assay correlated well with the MIC values against individual
strains in the panel (Table 1) and also with the IC, values in
the topoisomerase IV ATPase assay (see Table S3 and Figure
S8). The biochemical ATPase assays were used in parallel to
the MIC panel for routine compound screening because of
their higher throughput and reduced compound requirement
compared with the gel-based topological enzyme assays. The
exact difference in IC, values between the two targets in the
biochemical assays for a given compound may not be
significant, considering that these assays measure target
inhibition indirectly. In contrast, a comparison of the ICs,
values for compound 18c against the two targets in the
topological assays (Table 2) is a more reliable indication of the
balanced nature of this inhibitor.

DNA gyrase and topoisomerase IV are highly conserved
across bacterial species, and it is therefore expected that a

https://doi.org/10.1021/acsmedchemlett.3c00187
ACS Med. Chem. Lett. 2023, 14, 993—998
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Figure 4. Binding mode of 17a bound to S. aureus DNA gyrase—DNA
determined by X-ray crystallography (PDB code 7FVT). The linker
region is disordered, chiral centers were assigned as (S,S) based on
best geometry, and the rest of the linker was modeled with CSD-
compatible torsion angles.

Table 2. Topological Enzyme Activity Data for Compound
18¢

enzyme ICsy (uM)
E. coli DNA gyrase 0.10
E. coli topoisomerase IV 0.16
human topoisomerase Ila >100

compound will have very similar intrinsic potencies on the
target in each species. Differences in MIC values between
different species and strains are presumed to arise instead from
differences in the ability of the compounds to penetrate the
outer and inner membranes and overcome efflux pumps to
reach the target in the cytosol.

The compounds in Table 1 showed undesirable inhibition of
the hERG ion channel; for example, compound 18c had an
ICsy of 0.90 uM in an electrophysiological patch clamp assay at
37 °C, showing that the cardiac safety margin needs to be
improved for an eventual drug candidate. Otherwise 18c
represents a promising starting point for optimization toward a
potential antibiotic demonstrating broad-spectrum activity
against Gram-negative bacteria.

In summary, we have identified a novel series of NBTIs
incorporating a previously unreported DNA binding group: a
4-halo- or 4-cyanoindane. The compounds show potent broad-
spectrum activity in vitro against Gram-negative bacteria,
including highly resistant strains. The indane moiety appears
broadly to confer comparable potencies against Gram-negative
bacteria compared with previously reported NBTIs containing
the same oxazolidinone—pyridooxazinone enzyme pocket
binding group together with different DNA intercalator
moieties.'” The discovery of the indane-containing series
exemplified by compound 18c provides new options for the
identification of an NBTI with the overall profile needed for
curing infections caused by MDR Gram-negative bacteria.
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Further SAR exploration and optimization of this series will be
reported in due course.
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NBTI, novel bacterial topoisomerase inhibitor; MDR, multi-
drug-resistant; Topo IV, topoisomerase IV; MIC, minimum
inhibitory concentration; hERG, human ether-a-go-go-related
gene; TBDMS, tert-butyldimethylsilyl; SAR, structure—activity
relationship
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