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Quinoline ATP Synthase Inhibitors with Activity Against
Multidrug Resistant Acinetobacter baumannii and

Pseudomonas aeruginosa

Katie T. Ward*,™ Alexander P. L. Williams*," Angelina L. Dennison*,” Lena Aamir,”!
Darien L. Allen,” Britza Chavez-Arellano,” Toni A. Marchlewski,” Mars L. Zappia,®

Amanda L. Wolfe,* and P. Ryan Steed*™

The Gram-negative, pathogenic bacteria Acinetobacter bauman-
nii (AB) and Pseudomonas aeruginosa (PA) have been identified
as a particular threat due to rising multidrug resistance, and
antibiotics with novel mechanisms of action are needed.
Bacterial bioenergetics is a promising but underdeveloped drug
target since the complexes of oxidative phosphorylation are
critical to cell survival in these organisms. Building from our
previous work using quinoline derivatives to inhibit the ATP
synthase of PA, we report a new set of 14 quinoline derivatives

Introduction

Multidrug-resistant (MDR) bacterial pathogens are a growing
public health threat that caused or have been associated with
nearly 5 million deaths globally in 2021 and are forecast to
increase to over 8 million per year by 2050, disproportionately
affecting children and the elderly.” While infections caused by
MDR bacteria were declining in the US in 2019, the United
States’ Centers for Disease Control and Prevention (CDC) reports
that the COVID-19 pandemic caused an increase in hospital
acquired infections (HAIs) by more than 20%, with resistant
Enterobacteralus, Acinetobacter spp., Staphylococcus aureus (SA),
Pseudomonas aeruginosa (PA), Enterococcus spp., and Candida
aureus pathogens driving the increase.””
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that demonstrates potent inhibition of the AB ATP synthase,
with the best inhibitor having an IC50 of 230 ng/mL in vitro,
expands the quinoline structure-activity relationship against the
PA enzyme, and establishes molecular strategies for achieving
selectivity between PA and AB. Furthermore, several com-
pounds demonstrated potent antibacterial activity against
multidrug resistant strains of AB and PA indicating ATP synthase
as a promising new area for broad spectrum antibiotic develop-
ment in AB.

Acinetobacter baumannii (AB), a Gram-negative, biofilm
forming bacterium, is a common cause of HAls stemming from
central line-associated bloodstream infections, catheter-associ-
ated urinary tract infections, and surgical site infections.
Currently the CDC's Antimicrobial Resistance and Patient Safety
Portal, a database for the rate of MDR HAls, shows that 41% of
HAls caused by Acinetobacter species in the United States are
MDR, and 39.5% are specifically carbapenem resistant.”
Carbapenem resistant AB, specifically, has been designated an
“Urgent Threat” by the CDC.”! In addition to being resistant to
carbapenem antibiotics, MDR AB strains have been found to
have resistance to cephalosporins, quinolones, fluoroquino-
lones, aminoglycosides, and piperacillin.**' Polymixins are
currently used clinically to treat MDR AB infections, but they
pose a significant toxicity risk to patients.”

Despite the rise in AB infections, no new classes of
antibiotics to treat AB, or Gram-negative pathogens broadly,
have been developed since 1968 due to the challenges of
treating these pathogens. Specifically, Gram-negative bacteria
possess a difficult-to-penetrate outer membrane (OM), which
reduces antibiotic accumulation in the cell compared to Gram-
positive bacteria like SA, in addition to common molecular
resistance mechanisms like target modification, antibiotic
modifying enzymes, and upregulation of efflux pumps.*® To
circumvent established resistance mechanisms, new cellular
targets need to be explored for antibiotic development.

Bacterial bioenergetic systems have recently emerged as
potential targets for antibiotic development, especially ATP
synthase, given their centrality in cellular processes and
survival.”® AB is strictly aerobic and thus requires oxidative
phosphorylation for survival,”'® and PA, while able to grow
anaerobically, still requires a functional electron transport chain
and ATP synthase.""'? Bacterial F,F, ATP synthases are multi-
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meric complexes (Figure 1A) that use the electrochemical
proton gradient formed by respiratory complexes in the cell
membrane to drive synthesis of ATP from ADP and phosphate
using a H'-driven rotary catalytic mechanism."® H* enters the
membrane-embedded F, sector via subunit a and protonates a
conserved acidic residue (Asp60 in AB, Figure 1B) in each ¢
subunit of the homo-oligomeric c-ring. This protonation event
and subsequent release of H* into the cytoplasm drives
rotation of the c-ring, which in turn drives the conformational
cycle in F, catalyzing ATP synthesis. The quinoline-derived,
clinically-approved drug bedaquiline (BDQ) inhibits Mycobacte-
rium tuberculosis (MT) ATP synthase by binding to the
conserved cGlu65, which in turn halts the rotary mechanism,
depleting cellular ATP and leading to cell death."*' While there
are multiple binding sites for BDQ around the c-ring, the
highest affinity site is likely the “leading” site at the edge of the
subunit a-c interface, where BDQ makes contacts with adjacent
¢ subunits and subunit a."” The success of BDQ has made ATP
synthase a promising target for antibiotic development,
especially in Gram-negative pathogens, like AB and PA, that are
increasingly resistant to current antibiotics.

Previously, we synthesized and evaluated a series of C1/C2
quinoline analogs that inhibited PA ATP synthase in vitro and
inhibited growth of MDR PA.l'""" Of the analogs synthesized,
WSA236 and WSA238 (Figure 1C) were found to be the most
potent PA ATP synthase inhibitors with ICs, values of 1 ug/mL

(2 uM) against PA ATP synthase expressed in Escherichia coli
(EC) and MICs of 16-64 pg/mL against MDR PA cells. From this
previous work, we found that a benzyl sulfide at C1 and a
flexible side chain with a basic nitrogen (NH* pK,>5)
approximately 9 A from quinoline at C2 balanced high potency
against ATP synthase and the ability to penetrate the OM of
PA.'" Given the high similarity of AB ATP synthase to the PA
enzyme, especially in the quinoline binding site (Figure 1D), we
sought to characterize the potency of existing and novel
quinoline inhibitors against MDR AB while also expanding the
structure activity relationship (SAR) study of quinoline inhibitors
of PA ATP synthase. Herein, we detail the synthesis and
evaluation of 14 novel quinoline analogs derived from WSA236
and WSA238, resulting in quinolines that are effective inhibitors
of AB ATP synthase, have antibiotic activity against MDR AB,
and show increased potency against PA.

Results and Discussion

Synthesis

To identify inhibitors of AB ATP synthase, as well as expand the
structure activity relationship (SAR) profile of quinoline deriva-

tives against PA ATP synthase, we synthesized a series of benzyl
sulfide quinoline C2 (east)/C6-C8 (west) derivatives. First, three
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Figure 1. A) The structure of AB F,F, ATP synthase determined by cryo-EM (PDB ID: 7P2Y)."¥ B) Detail of the putative quinoline binding site centered around
Asp60 (brown) on subunit ¢ with contributions from other residues from subunit a (pale yellow) and subunit c (pale green). C) Structures of previously
reported quinoline-derived inhibitors of PA ATP synthase. Key positions on the quinoline backbone are numbered. D) Segments of the amino acid sequences
of subunit a (left) and subunit c (right) that contribute to the putative quinoline binding site are aligned to compare AB with PA, MT, and Homo sapiens (HS).
The critically conserved Asp60 is highlighted in red. Other potential interactions include aliphatic (yellow), aromatic (blue), and polar (green) residues.
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additional C2 amines were synthesized to establish if antibiotic
activity against AB was also driven by amine basicity using the
same synthetic approach as previously reported for PA.'**”
Briefly, starting from commercially available 2-chloroquinoline-
3-carbaldehyde (1) nucleophilic aromatic substitution (NAS)
afforded 2-(benzylthio)quinoline-3-carbaldehyde (4) in moder-
ate yield (Scheme 1A). Reductive amination of 4 with (4-
(piperidin-1-yl)phenyl)methanamine, (4-(pyrrolidin-1-
ylmethyl)phenyl)methanamine, or  2-(4-methylpiperazin-1-
yl)ethan-1-amine then provided WSA248, WSA249, and
WSA250 respectively (Scheme 1A).

To explore the effects of modifications on the western side
of the quinoline core, two series were synthesized. Trimethoxy
quinolines WSA251, WSA252, and WSA253 were synthesized
using the same approach as the original series starting from
commercially available 2-chloro-6,7,8-trimethoxyquinoline-3-
carbaldehyde (2, Scheme 1A). C6 phenyl quinolines WSA261,
WSA262, WSA269, and WSA270 were synthesized starting from
2-chloro-8-bromoquinoline-3-carbaldehyde (3),?" which first
underwent NAS to provide 6 (Scheme 1A) in moderate yield.
Then reductive amination of 6 with 2-(1-ethylpiperidin-4-
yl)ethan-1-amine, 2-(1-cyclopentylpiperidin-4-yl)ethan-1-amine,
(4-(pyrrolidin-1-ylmethyl)phenyl)methanamine, or 2-(4-methyl-
piperazin-1-yl)ethan-1-amine provided brominated quinolines
WSA254, WSA255, WSA256, and WSA257 respectively. Finally,
a Suzuki coupling between the brominated quinolines and
phenylboronic acid provided C6 phenyl quinolines WSA261,
WSA262, WSA269, and WSA270 (Scheme 1B).

ATP Synthase Inhibition
We evaluated the above compounds for inhibition of ATP

synthesis activity in inverted inner membrane vesicles (no outer
membrane) prepared from AB or PA. Briefly, the native electron
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transport chains in the vesicles were energized using NADH,
and resulting ATP synthesized was detected using a previously
reported luciferin/luciferase assay."® Gradient-dependent ATP
synthesis activity in AB vesicles was linear over the 10 min assay

period and specific activity under these conditions was
84+0.7 nmol/min/mg (Figure S1). Relative activities in the
presence of increasing concentrations of tested compounds
were fit with a dose-response curve to determine ICs, values for
each compound. Representative dose response curves showing
inhibition of AB ATP synthase activity are plotted in Figure 2,
and all ATP synthesis inhibition data and fits are plotted in
Figures S2 and S3. ICs, values and Hill coefficients resulting from
the fit are plotted in Figure 3 for comparison.

In general, compounds were more potent against AB ATP
synthase, with the most potent inhibitors being WSA238 (IC;,=
220 ng/mL), WSA255 (ICs,=120 ng/mL), and WSA257 (ICs,=
120 ng/mL) (Figure 3A and Table S1). For PA, the most potent
inhibitors were compounds WSA236 (IC;,=520 ng/mL),
WSA255 (IC5,=230 ng/mL), and WSA257 (ICs,= 130 ng/mL)
(Figure 3A and Table S1). Of the compounds tested, only
WSA248 showed no significant inhibition of either AB or PA,
even at high concentrations (Figs. S2 and S3).

Across the C2 analogs of the unmodified quinoline core,
where R'-R® are hydrogens (WSA236, WSA238, WSA248,
WSA249, WSA250), analogs with bulkier basic amines
(WSA236, WSA238, and WSA249) showed greater inhibition of
both AB and PA ATP synthase compared to the bulky but less
basic N-phenylpiperidine (WSA248) and the smaller but more
basic piperazine (WSA250). This trend is consistent with our
previously reported series of PA ATP synthase inhibitors, where
larger C2 amines where generally more potent."” Additionally,
Hill slopes across the C2 series tended to be less than one for
inhibition of AB ATP synthase (Figure 3B), suggesting a second
inhibitor binding site that is lower affinity and/or less sensitive
to inhibition. The existence of multiple binding sites for
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Scheme 1. Synthesis of quinoline compounds.
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Figure 2. Inhibition of AB ATP synthesis activity in inner membrane vesicles by the most potent compounds: WSA238 (A), WSA255 (B), and WSA257 (C).
Individual data points (n > 3) were fit with a variable slope dose response curve (solid line). Dashed lines indicate the 95% confidence bands for the fit.
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Figure 3. Comparison of potency against AB and PA ATP synthase. A) ICs, values from dose response fits are plotted for AB (filled bars) and PA (open bars)
ATP synthase inhibition. Compounds are grouped by western modification and colors correspond to the C2 amine (black, N-ethyl piperidine; red, N-
cyclopentyl piperidine; green, benzyl pyrrolidine; blue, N-methyl piperizine). Error bars represent standard error of the IC;, parameter of the fit, and statistically

significant differences between AB and PA are marked (ns, p > 0.05; **, p <0.01; ***, p <0.001).

B) Hill slopes from dose response fits are plotted for AB (filled

bars) and PA (open bars) ATP synthase inhibition and colored as in panel A. Error bars represent standard error of the Hill parameter of the fit. WSA248 is

omitted from these plots due to its low potency.

quinoline inhibitors is well supported by previous structural
studies of MT ATP synthase,">?? which identified three unique
sites with varying affinity for BDQ binding, including multiple
identical sites at each lipid-exposed Asp60 in the c-ring. Hill
slopes for inhibition of PA ATP synthase tended to be
approximately one, suggesting that one particular binding site
is much higher affinity than others. In general, modifications on
the western side of quinoline increase the Hill slope, suggesting
that addition of these groups increase selectivity for a single
site on the enzyme.

SAR on the western side of quinoline also appears to follow
steric bulk, where potency increases with molecular weight up
to a limit. The addition of bromine on the western side of
quinoline (R'=Br) increased potency of the two smaller C2
amines against AB ATP synthase and increased potency of all

ChemMedChem 2025, 20, 202400952 (4 of 12)

amines against PA (Figure 3A). For the larger C2 amines,
addition of methoxy or benzyl groups on the western side of
quinoline has negligible or detrimental effects on potency,
which could indicate that quinolines that already have larger
substituents no longer fit in the binding site when the
additional bulk is added. Interestingly, western modifications
did improve potency with methylpiperizine, the smallest of the
tested C2 amines, but only against AB ATP synthase. WSN250,
which has no western modification (R'-R*=H), was more potent
against PA than AB. However, addition of trimethoxy (WSN253)
or benzyl (WSN270) modifications on the western side switched
selectivity so that these compounds were more potent against
AB than PA. In the case of the trimethoxy modification, this
difference was most pronounced, with modification improving
1C5, by 3-fold for AB and worsening ICs, by nearly 3-fold for PA.

© 2025 The Author(s). ChemMedChem published by Wiley-VCH GmbH
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Overall, results from this series suggest that AB ATP
synthase may be able to better accommodate increased steric
bulk on the western side of the quinoline that cannot be
accommodated as well by the PA enzyme. The only significant
difference in amino acid sequence at the expected quinoline
binding site on subunit ¢ is at position 63 (AB numbering),
which is Pro in AB and Thr in PA. This difference may alter the
positions of hydrogen bonding groups and affect the kinked
shape of the o-helices that form the binding site. The results
indicate that these differences could be explored further in the
future to make highly selective inhibitors. Indeed BDQ, which
has nanomolar potency against MT ATP synthase," does not
fully inhibit AB or PA ATP synthase even at the highest
concentrations tested here (Figure S4), further demonstrating
that achieving species selectivity with quinolines is possible.

Electron Transport Chain Inhibition

Given the reliance of the ATP synthesis assay on the activity of
the intrinsic electron transport chain (ETC) present in inverted
membrane vesicles, we tested whether the inhibitor com-
pounds also target the ETC. To establish whether these
inhibitors were selective for ATP synthase over the ETC,
inhibition of the PA and AB ETC was measured for each
inhibitor as previously described."’'" Briefly, dehydrogenase
complexes were energized with NADH to initiate redox-driven
H* pumping into the vesicle lumen, which was in turn detected
by the quenching of 9-amino-6-chloro-2-methoxyacradine
(ACMA) fluorescence. Most compounds were tested at concen-
trations of 2 pg/mL and 32 pg/mL to establish whether ETC
inhibition occurred in the same range as ATP synthase
inhibition (Figure S5). For any compounds that significantly
inhibited the ETC at low concentration (> 50% inhibition at
2 pg/ml), IC5, values were determined using a broader range of
inhibitor concentrations (Table S1, Figure S5). While nearly all
analogs inhibited AB and PA ETC at high concentrations (32 pg/
mL), even the most potent PA ETC inhibitor, WSA255, which
had an ICy, of 1.7 ng/mL against PA ETC, was more than 7-fold
less potent against the ETC compared to ATP synthase. There-
fore, we conclude that this series of inhibitors is selective for
ATP synthase, but an unidentified complex in the ETC is a
secondary target for some inhibitors (esp. WSA254, WSA255,
and WSA257). Identifying this secondary target will require
further work, as the ETC assay used here does not discriminate
among several possible modes of ETC inhibition, including
binding to one or more respiratory complexes or possibly
acting as an ionophore. Pursuing such “dual action” inhibitors
would be potentially advantageous with further development
since bacteria would be slower to acquire resistance in both
targets.”*

Antibacterial Activity

To evaluate antibiotic potential of each analog compared to
lead compounds WSA236 and WSA238, a broth microdilution

ChemMedChem 2025, 20, 202400952 (5 of 12)

antibacterial activity assay was conducted against clinical isolate
strains of AB (17978 and 1605) and PA (2108), including one
MDR strain of each species: AB BAA-1605, resistant to
Aztreonam, Cefepime, Ceftazidime, Ciprofloxacin, Gentamicin,
Imipenem, Meropenem, Piperacillin, and Ticarcillin,®¥ and PA
BAA-2108, resistant to Imipenem, Meropenem, and
Tobramycin.”® Analogs were also tested against susceptible
strains of Escherichia coli (EC) and Staphylococcus aureus (SA) to
begin establishing the breadth of activity.

The most potent analogs overall against AB, with MICs
between 8-16 ug/mL against one or both strains tested, were
WSA254, WSA255, WSA257, WSA261, and WSA270 (Table 1).
Across the series, antibacterial activity against MDR PA was
generally less, with the exception of WSA249, which along with
WSA257, were the most potent analogs against MDR PA with
MICs of 16 ug/mL. Analogs WSA248, WSA256, and WSA269
were inactive against all AB and PA strains at the highest
concentration tested. All analogs were either equipotent or less
potent against the susceptible strains of EC and SA compared
to AB and PA (Table S2) except for WSA261, WSA262, and
WSA270, which were slightly more potent (down to 4 ng/mL
against SA). The differences observed in MICs across bacterial
species is promising in that it suggests these compounds are
not universally toxic, though they will likely require additional
development to improve their toxicity profile against human
cells (Table S3).

Table 1. Antibacterial activity of ATP synthase inhibitors. Strains of AB and
PA (labeled with ATCC strain number) were grown in liquid broth in the
presence of 2-128 ug/mL inhibitor to determine MIC. Strains with known
MDR profiles are labeled.
MIC (ug/mL)®
Compound AB 17978 AB 1605 (MDR) PA 2108 (MDR)
WSA236 64 64 32
WSA238 32 32 32
WSA248 >128 >128 >128
WSA249 32 64 16
WSA250 64 128 64
WSA251 128 >128 128
WSA252 64 64 64
WSA253 128 >128 128
WSA254 16 16 32
WSA255 16 16 32
WSA256 >128 >128 >128
WSA257 8 16 16
WSA261 8 16 64
WSA262 32 32 64
WSA269 >128 >128 >128
WSA270 16 16 32
Chloramphenicol 64 64 64
[a] MIC=minimum inhibitory concentration, defined as no visible growth
and a >80% reduction in pathogen growth with compound compared to
pathogen alone (DMSO only) as measured by OD 590 nm.

© 2025 The Author(s). ChemMedChem published by Wiley-VCH GmbH
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As stated, in order for ATP synthase inhibitors to be effective
antibiotics against Gram-negative bacteria like AB, PA, and EC,
compounds must diffuse through the negatively charged,
lipopolysaccharide outer membrane (OM), through the aqueous
periplasm, and then embed in the ¢ subunit of ATP synthase in
the hydrophobic inner membrane (IM). For PA we found that
the presence of a basic amine (NH* pK,>5) promotes OM
diffusion, which was supported by other recent work in the
field.”” Examination of the antibiotic activity of our C2 series of
inhibitors (WSA236, WSA238, WSA249, WSA248, WSA249, and
WSA250) indicated that presence of a basic amine also
promotes activity against AB which has a similar but not
identical OM to PA." Larger basic amines, like benzyl pyrrolidine
WSA249, were the most potent of the C2 series against MDRPA,
and equipotent to piperidines WSA236 and WSA238 against
both AB strains. Conversely, N-phenylpiperidine WSA248, (NH*
PK,~5) was inactive against both PA and AB.

Antibacterial activity against AB and PA of the western
modifications did not directly correlate with ATP synthase
inhibition in AB or PA (Figure4) indicating that these
modifications may also impact membrane diffusion/accumula-
tion in the cell. Addition of the trimethoxy substituents at C6-
C8 decreased antibacterial activity against both AB and PA for
all C2 amines evaluated compared to the unmodified quinoline
core with the same eastern substituents. For example, WSA251
was 2- to 4-fold less potent than WSA236 against AB and PA
respectively.

Addition of the bromine at the C6 position increased activity
against both susceptible and MDR AB strains for all C2 amines
except the benzyl pyrrolidine series compared to the unmodi-
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Figure 4. Trends across western changes compared to unmodified within
each C2. 1C,, or MIC for each unmodified quinoline (R'-R*=H) are listed in
ug/mL. For each modification, a red arrow indicates less potent activity
(higher I1Cs, or MIC), a green arrow indicates more potent activity (lower ICg,
or MIC), and a black bar indicates no change.
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fied derivatives. However, against MDR PA the bromine either
had no effect on two of the series (WSA254 and WSA255),
increased activity for the C2 N-methyl piperazine (WSA257) and
decreased activity for C2 benzyl pyrrolidine (WSA256). Finally,
addition of the phenyl group at C6 resulted (WSA261) in the
most potent activity of the C2 N-ethyl piperidine series against
both strains of AB, but diminished activity against MDR PA
(WSA261). The C6 phenyl was similar in potency to the C6
bromine for the N-methyl piperazine series (WSA270) for both
AB and PA. However, addition of the C6 phenyl to the other
two C2 amines resulted in loss of activity against both bacteria.
Taken together these findings indicate that there is a molecular
size limitation, with larger analogs (like WSA262, WSA256, and
WSA269) having reduced activity against both AB and PA, but
that steric bulk is tolerated on both the western (WSA270) and
eastern sides (WSA249) of the quinoline core, but not both
(WSA256 and WSA269). Additionally, significant differences
between IC;, values against AB and PA ATP synthase (Figure 3A)
and potency trends (Figure 4) indicate that, despite the near
sequence identity within the likely binding site (Figure 1D),
inhibitors can be designed to have selective activity against ATP
synthases from different species, even closely related ones.

Computational Docking

Demmer et al."® determined the cryo-EM structure of AB ATP
synthase to 3.7 A, which is sufficient to approximate the
locations of side chains in the putative binding site for
quinoline inhibitors. Therefore, we used Molecular Operating
Environment (MOE; Chem Comp) software to predict possible
binding poses for the synthesized inhibitors. Based on the cryo-
EM structure of BDQ-bound MT ATP synthase, multiple binding
sites for quinoline inhibitors are possible.'™ We opted to use
the “leading” BDQ binding site, which lies on the edge of the
subunit a-c interface. This site is centered at the proton-binding
Asp60 residue on subunit ¢ and includes aromatic side chains
(Trp261 and Phe254) from subunit a, making it likely the
highest affinity site. Additionally, we have shown previously
that mutagenesis of clle65 in PA ATP synthase altered the IC;,
values of quinoline inhibitors, further supporting this site as the
quinoline binding site."® During docking, the membrane bound
location of the site was approximated by setting the external
dielectric constant to 2. Representative high-scoring docking
poses for several compounds are shown in Figure 5.

The experimental trends observed for inhibition of AB ATP
synthase by these compounds (Figure 4) suggest that larger C2
amines generally increased potency. The addition of steric bulk
to the western side of quinoline with a larger C2 substituent
was detrimental, whereas the potency of a smaller C2
substituents could be improved by western modifications.
Computational docking results (Figure 5) provide a visual
representation of how the series of C2 amines and western
modifications may affect binding, though docking scores did
not correlate with in vitro activity. Interestingly, the binding
pose of WSA236 (Figure 5A) resembled the interactions
observed for BDQ binding to MT ATP synthase, where the

© 2025 The Author(s). ChemMedChem published by Wiley-VCH GmbH
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Figure 5. Representative high-scoring docking poses, calculated in MOE and depicted using PyMol, are shown in the putative binding site (PDB ID: 7P2Y) at
the interface of subunit a (pale yellow) and subunit ¢ (pale green). Inhibitors WSA236 (A), WSA249 (B—C), WSA269 (D), WSA252 (E), and WSA257 (F) are shown
in cyan. Specific interactions determined by MOE are shown as dashed lines with hydrogen bonds colored green and ionic interactions colored purple.

quinoline is inserted into the a-c interface, nitrogen on the C2
amine interacts with cAsp60, and the C1 S-benzyl group makes
surface contacts with the binding site (see Figure S6). All four of
the C2 amines formed hydrogen bonding or ionic interactions
with Asp60 in most cases, though there were some exceptions,
including the ability of benzyl pyrrolidine to reach deep into
the a-c interface (Figure 5B) and even to interact with the
adjacent Asp60 (Figure 5C). Western modifications tended to
alter the position of the quinoline, excluding it from the a-c
interface. This exclusion was most pronounced with phenyl and
trimethoxy substituents (e.g. Figure 5, B-E), though the Br
substituent was accommodated in some cases (e.g. WSA257,
Figure 5F).

Conclusions

In summary, we have synthesized and evaluated 14 quinoline
derivatives to explore if AB ATP synthase can be inhibited in an
analogous fashion to our previous work developing PA ATP
synthase inhibitors. In this series, we functionalized both the
western (C6-C8) and eastern sides (C2) of the quinoline core
and found that we can gain selectivity in AB versus PA ATP
synthase via modification of the western side as demonstrated
by C2 N-methyl piperazines WSA250 (unmodified C6-C8, more
active against PA ATP synthase), WSA253 (C6-C8 trimethoxy,
more active against AB ATP synthase), WSA257 (C6 bromine,
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equally active against both AB and PA ATP synthase), and
WSA270 (C6 phenyl, more active against AB ATP synthase).
Functionalization of the western side of the quinoline also can
increase inhibitory activity of less bulky C2 derivatives (WSA250
vs. WSA270) for AB but not against PA; however, there is a size
limit as demonstrated by the reduced activity of the largest
analogs (WSA262 and WSA269) against both AB and PA. None
of the analogs selectively inhibited the electron transport chain
of either bacterium; however, WSA254, WSA255, and WSA257
were able to inhibit PA ETC in the low pg/mL range indicating
that this could be a secondary target for future development.
Finally, evaluation of the Hill Slope for this series indicated that
for AB there is a second binding site that is engaged for some
of the analogs, which is not as relevant in PA ATP synthase
inhibition.

Each analog was also evaluated for antibacterial activity
against susceptible strains for AB, SA, and EC as well as MDR
clinical isolates of AB and PA. The most potent analogs overall
against AB, with MICs between 8-16 ug/mL against one or both
strains tested, were WSA254, WSA255, WSA257, WSA261, and
WSA270. WSA249 and WSA257 were the most potent against
the MDR PA strain. Molecular size directly impacted antibacte-
rial activity against both PA and AB with the larger analogs like
C2 benzyl pyrrolidines WSA256 and WSA269 and the C6-C8
trimethoxy series being the least potent. This work also
demonstrated that the recently established OM penetration
rules for PA"? also promote OM penetration in AB.

© 2025 The Author(s). ChemMedChem published by Wiley-VCH GmbH
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Based on the findings described here, ATP synthase is a
viable target for further antibiotic development in AB. Addition-
ally, compounds show similar trends in in vitro activity and
antibacterial activity in AB as observed in PA with some
idiosyncrasies that could be further exploited to increase
species specific selectivity.

Experimental

Synthesis and Spectroscopic Data

General. Reagents and solvents were purchased reagent-grade and
used without further purification. All reactions were performed in
flame-dried glassware under an Ar or N, atmosphere. Evaporation
and concentration in vacuo was performed at 40-45°C. TLC was
conducted using precoated SiO, 60 F254 glass plates from EMD
with visualization by UV light (254 or 366 nm). NMR ('H or *C) were
recorded on an Varian INOVA-400 MHz spectrometer or a Bruker
Avance-400 MHz spectrometer at 298 K. Residual solvent peaks
were used as an internal reference (CDCl; with 0.1 % TMS). Coupling
constants (J) (HH) are given in Hz. Coupling patterns are
designated as singlet (s), doublet (d), triplet (t), multiplet (m) or
quartet (q). Low-resolution mass spectral data were acquired on a
Shimadzu single quadrupole LCMS-2020. High-resolution mass
spectral Samples were analyzed with a Q Exactive HF—X (Thermo-
Fisher, Bremen, Germany) mass spectrometer. Samples were
introduced via a heated electrospray source (HESI) at a flow rate of
10 puL/min. HESI source conditions were set as: nebulizer temper-
ature 400°C, sheath gas (nitrogen) 20 arb, auxiliary gas (nitrogen) 0
arb, sweep gas (nitrogen) 0 arb, capillary temperature 320 degrees
C, RF voltage 45V. The mass range was set to 100-1000 m/z. All
measurements were recorded at a resolution setting of 120,000.
Solutions were analyzed at 0.1 mg/mL or less based on responsive-
ness to the ESI mechanism. Xcalibur (ThermoFisher, Breman,
Germany) was used to analyze the data. Molecular formula assign-
ments were determined with Molecular Formula Calculator (v 1.3.0).
All observed species were singly charged, as verified by unit m/z
separation between mass spectral peaks corresponding to the '2C
and *C"C_, isotope for each elemental composition.

General Procedure 1: Nucleophilic Aromatic Substitution. The
chloroquinoline carbaldehyde (1 eq) and Na,S (1.6 eq) were dis-
solved in N,N-dimethylformamide (0.2 M) and allowed to stir at
23°C for 15 hours. Then K,CO; (1.5 eq) and benzyl bromide (1.5 eq)
were added, and the solution was warmed to 100°C for 2 hours.
After 2 hours, the reaction was cooled to 23°C and diluted with DI
H,O. The solution was then extracted with ethyl acetate (3x). The
organic layers were then combined and concentrated under
reduced pressure. Flash chromatography of the crude extracts
(SiO,, 5x15cm, 0-10% ethyl acetate/hexanes gradient elution)
provided the desired product.

General Procedure 2: Reductive Amination. The benzyl sulfide
quinoline (1 eq) and amine (1.2 eq) were dissolved in anhydrous
methanol (0.09 M) under inert conditions. N,N-Diisopropylethyl-
amine (3 eq) was then added dropwise, and the reaction was
allowed to stir at 23°C for 24 h. NaBH, (2 eq) was then added. After
1h, the reaction was diluted with DI H,O0 and extracted with
dichloromethane (2x) or ethyl acetate (3x). The organic layers were
then combined, dried over Na,SO, and concentrated under
reduced pressure. Flash chromatography of the crude extracts
(SiO,, 3x10 cm, 0-100% CH;OH/CH,Cl, gradient elution) provided
the desired products.
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General Procedure 3: Suzuki Coupling Reactions. To a flame dried
reaction flask were sequentially added brominated quinoline
intermediate (1 equiv.), (ii) Cs,CO; (2 equiv.), (iii) boronic acid
derivative (1.5 equiv.), (iv) Pd(PPh;), (0.2 equiv.), as well as (v)
toluene (0.1 M). The reaction solution was sparged with argon and
then heated to 90°C for 16 hours. The solution was cooled to room
temperature, filtered through a pad of Celite, and rinsed with DCM.
Purification of the solution was carried out via TLC in 10% CH;OH/
CH,Cl, or flash chromatography of the crude extracts (SiO,,
3x10 cm, 0-100% CH;OH/CH,Cl, gradient elution) providing the
desired product.

2-(benzylthio)-6,7,8-trimethoxyquinoline-3-carbaldehyde (5). 2-
chloro-6,7,8-trimethoxyquinoline-3-carbaldehyde (2, 500 mg,
1.77 mmol), sodium sulfide (221 mg, 2.84 mmol), and benzyl
bromide (0.32 mL, 2.66 mmol) were reacted using general proce-
dure 1 to produce 2-(benzylthio)-6,7,8-trimethoxyquinoline-3-car-
baldehyde (5, 382 mg, 58% vyield) as a yellow solid. 'H NMR
(400 MHz, CDCl;) 3 10.20 (s, 1H), 8.64 (s, 1H), 7.47 (d, J=7.2 Hz, 2H),
7.31-7.20 (m, 3H), 7.13 (s, TH), 4.61 (s, 2H), 4.11 (s, 3H), 4.05 (s, 3H),
3.96 (s, 3H). *C NMR (CDCl;, 100 MHz): & 189.93, 159.50, 158.77,
148.39, 147.59, 140.05, 138.05, 137.67, 129.48, 128.56, 127.19,
125.20, 115.77, 103.13, 61.86, 61.49, 56.49, 34.14. HRMS (ESI) m/z [M
+HI" caled for C,H,,NO,S 370.1108; found 370.11028.

2-(benzylthio)-6-bromoquinoline-3-carbaldehyde (6). 6-bromo-2-
chloroquinoline-3-carbaldehyde (3, 500 mg, 1.85 mmol ) sodium
sulfide (346 mg, 4.44 mmol ) and benzyl bromide (.328 mL,
2.77 mmol ) were reacted using general procedure 1 to produce
intermediate 6 (310 mg, 47 %) as a yellow solid. '"H NMR (400 MHz,
CDCl,) 6 10.26 (s, 1H), 8.31 (s, TH), 7.97 (d, J=1.5Hz, 1H), 7.85 (t, J=
2.3 Hz, 2H), 7.49 (d, J=7.2 Hz, 2H), 7.30 (t, J=7.3 Hz, 2H), 7.23 (t, /=
8.3 Hz, 1H), 4.62 (s, 2H). *C NMR (100 MHz, CDCl,) 5189.52, 159.38,
147.98, 141.07, 137.55, 136.26, 131.03, 129.69, 129.44, 128.50,
127.58, 127.25, 125.82, 119.75, 34.17. HRMS (ESI) m/z [M+H] " calcd
for C;,H,3BrNOS 357.9896; found 357.98935.

1-(2-(benzylthio)quinolin-3-yl)-N-(4-(piperidin-1-
yl)benzyl)methanamine (WSA248). 2-(benzylthio)quinoline-3-car-
baldehyde (4, 200mg, 0.72mmol) and (4-(piperidin-1-
yl)phenyl)methanamine (0.31 mL, 0.86 mmol) were reacted using
general procedure 2 to produce compound WSA248 (103 mg,
32%) as a red semi solid. '"H NMR (400 MHz, CDCl,) § 7.98 (d, J=
8.4 Hz, 1H), 7.92 (s, 1H), 7.70 (d, J=8.0 Hz, 1H), 7.61 (m, J=4.1 Hz,
1H), 7.48 (d, /=73 Hz, 2H), 740 (t, J=7.50Hz, 1H), 7.28 (t, J=
7.4 Hz, 2H), 7.21 (t, J/=7.0 Hz, 3H), 6.89 (d, J=8.6 Hz, 2H), 4.65 (s,
2H), 3.88 (s, 2H), 3.72 (s, 2H), 3.11 (t, J=5.4 Hz, 4H), 1.69 (m, 4H),
1.55 (q, J=5.7 Hz, 2H). 3C NMR (100 MHz, CDCl;) & 158.31, 151.49,
147.06, 138.44, 133.86, 131.29, 130.51, 129.40, 129.16, 129.11,
128.52, 127.69, 127.53, 127.12, 126.14, 125.35, 116.63, 52.83, 50.87,
49.33, 34.06, 25.93, 24.36. HRMS (ESI) m/z [M+H]" calcd for
CyoH3,N,S 454.2311; found 454.23071.

1-(2-(benzylthio)quinolin-3-yl)-N-(4-(pyrrolidin-1-
ylmethyl)benzyl)methanamine (WSA249). 2-(benzylthio)quinoline-
3-carbaldehyde (4, 200 mg, 0.72mmol) and (4-(pyrrolidin-1-
ylmethyl)phenyl)methanamine (0.15 mL, 0.86 mmol) were reacted
using General procedure 2 to produce compound WSA249
(211 mg, 65%) as a brown semi solid. '"H NMR (400 MHz, CDCl,) &
7.98 (d, /=83 Hz, 1H), 7.92 (s, 1H), 7.70 (d, J=8.1 Hz, 1H), 7.62 (t,
J=8.3Hz, 2H), 7.45 (d, J=16.4 Hz, 1H), 7.39 (t, J/=7.2 Hz, 1H), 7.33-
7.19 (m, 7H), 4.65 (s, 2H), 3.88 (s, 2H), 3.79 (s, 2H), 3.67 (s, 12H), 2.60
(s, 4H), 1.80 (m, 4H). *C NMR (100 MHz, CDCl;) & 158.24, 147.07,
139.19, 138.40, 136.40, 133.93, 131.12, 129.42, 129.37, 129.22,
128.52, 128.33, 127.68, 127.51, 127.13, 126.08, 125.40, 60.02, 53.94,
53.02, 49.50, 34.06, 23.38. HRMS (ESI) m/z [M+H]" calcd for
CooHs,N,S 454.2311; found 454.23093.
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N-((2-(benzylthio)quinolin-3-yl)methyl)-2-(4-methylpiperazin-1-

yl)ethan-1-amine (WSA250). 2-(benzylthio)quinoline-3-carbalde-
hyde (4, 300 mg, 1.07 mmol) and 2-(4-methylpiperazin-1-yl)ethan-1-
amine (0.20 mL, 1.29 mmol) were reacted using general procedure
2 to produce compound WSA250 (133 mg, 30%) as a yellow semi
solid. "H NMR (400 MHz, CDCl;) § 7.98 (t, J=7.9 Hz, 2H), 7.73 (d, J=
79Hz, 1H),7.64 (t, J=7.4Hz, 1H), 749 (d, J=7.2 Hz, 2H), 743 (t, /=
7.1 Hz, 1H), 7.30 (t, J=73 Hz, 2H), 7.23 (t, J=7.4 Hz, 1H), 4.67 (s,
2H), 3.92 (s, 2H), 2.75 (t, J=5.9 Hz, 2H), 2.55 (t, J=5.9 Hz, 2H), 2.50
(s, 7H), 2.30 (s, 3H). *C NMR (100 MHz, CDCl;) & 158.10, 147.11,
138.28, 134.36, 130.56, 129.35, 128.53, 127.65, 127.51, 127.17,
126.04, 125.46, 57.07, 54.71, 52.41, 50.13, 45.58, 45.51, 33.99. HRMS
(ESI) m/z [M+HI1* caled for C,,H;,N,S 407.2264; found 407.22600.

N-((2-(benzylthio)-6,7,8-trimethoxyquinolin-3-yl)methyl)-2-(1-eth-
ylpiperidin-4-yl)ethan-1-amine (WSA251). 2-(benzylthio)-6,7,8-tri-
methoxyquinoline-3-carbaldehyde (5, 50 mg, 0.135 mmol) and 2-(1-
ethylpiperidin-4-yl)ethan-1-amine (28 uL, 0.16 mmol) were reacted
using general procedure 2 to produce WSA251 (42 mg, 61% yield)
as a dark yellow semi-solid. "H NMR (400 MHz, CDCl) & 8.09 (s, TH),
7.46 dt, J=8.0 Hz, 2H), 7.29 (t, J=6.8 Hz, 2H), 7.24 (d, J=7.1 Hz, 1H),
7.15 (s, TH), 4.64 (s, 2H), 4.05 (s, 3H), 4.02 (s, 3H), 3.96 (s, 3H), 3.88 (s,
2H), 2.98 (d, J=11.3 Hz, 2H), 2.66 (t, J=7.1 Hz, 2H), 2.46 (q, J=
7.2 Hz, 2H), 1.94 (t, J=10.9 Hz, 2H), 1.69 (d, J=10.2 Hz, 2H), 1.47 (q,
J=6.4Hz, 2H), 1.40-1.30 (m, 3H), 1.13 (t, J=7.2 Hz, 3H).®*C NMR
(CDCl;, 100 MHz): & 157.78, 155.87, 147.37, 145.00, 140.10, 138.57,
129.37, 129.02, 128.63 (2 C), 127.22, 116.65, 103.20, 61.74, 61.39,
56.22, 53.40, 52.69, 50.86, 46.79, 36.68, 34.27, 33.55, 31.90, 11.80.
HRMS (ESI) m/z [M+H]" calcd for C,H,N;05S 510.2785; found
510.27827.

N-((2-(benzylthio)-6,7,8-trimethoxyquinolin-3-yl)methyl)-2-(1-cy-
clopentylpiperidin-4-yl)ethan-1-amine (WSA252). 2-(benzylthio)-
6,7,8-trimethoxyquinoline-3-carbaldehyde (5, 50 mg, 0.135 mmol)
and 2-(1-cyclopentylpiperidin-4-yl)ethan-1-amine (33 uL,
0.16 mmol) were reacted using general procedure 2 to produce
WSA252 (45mg, 60% yield) as a yellow semi-solid. 'H NMR
(400 MHz, CDCl;) 6 8.08 (s, 1H), 7.45 (d, J=7.2 Hz, 2H), 7.30 (t, J=
7.3 Hz, 2H), 7.24 (d, J=7.2 Hz, 1H), 7.15 (s, 1H), 4.63 (s, 2H), 4.05 (s,
3H), 4.01 (s, 3H), 3.96 (s, 3H), 3.87 (s, 2H), 3.13 (d, J=10.5 Hz, 2H),
2.65 (t, J=6.7 Hz, 3H), 2.04 (m, 2H), 1.89 (m, 2H), 1.72-1.44 (m, 14H).
3C NMR (CDCl;, 100 MHz): § 157.80, 155.90, 147.37, 145.02, 140.11,
138.58, 129.38, 129.07, 128.99, 128.64, 127.22, 16.65, 103.21, 67.99,
61.75, 61.39, 56.23, 52.75, 50.88, 46.66, 36.36, 34.30, 33.18, 31.40,
29.95, 24.22. HRMS (ESI) m/z [M+H]* caled for C;,H,N;0,S
550.3098; found 550.30958.

N-((2-(benzylthio)-6,7,8-trimethoxyquinolin-3-yl)methyl)-2-(4-

methylpiperazin-1-yl)ethan-1-amine  (WSA253). 2-(benzylthio)-
6,7,8-trimethoxyquinoline-3-carbaldehyde (5, 50 mg, 0.135 mmol)
and 2-(4-methylpiperazin-1-yl)ethan-1-amine (25 uL, 0.16 mmol)
were reacted using general procedure 2 to produce WSA253
(31 mg, 46 % yield) as a orange semi-solid. '"H NMR (400 MHz, CDCl,)
8 8.11 (s, 1H), 7.46 (d, J=7.2 Hz, 2H), 7.32-7.24 (m, 3H), 7.15 (s, T1H),
4.64 (s, 2H), 4.05 (s, 3H), 4.02 (s, 3H), 3.96 (s, 3H), 3.91 (s, TH), 2.73 (t,
J=6.0 Hz, 2H), 2.53 (t, J=6.0 Hz, 2H), 2.54-2.43 (m, 8H), 2.27 (s, 3H).
*C NMR (CDCl;, 100 MHz): § 157.79, 155.95, 147.43, 145.08, 140.13,
138.54, 129.41, 129.30, 128.68 (2 C), 127.27, 116.69, 103.22, 61.78,
61.41, 57.58, 56.25, 55.16, 53.03, 50.78, 46.05, 45.81, 34.25. HRMS
(ESI) m/z IM-+HI" calcd for C,,H;,N,05S 497.2581; found 497.25777.

N-((2-(benzylthio)-6-bromoquinolin-3-yl)methyl)-2-(1-ethylpiperi-
din-4-yl)ethan-1-amine (WSA 254). 2-(benzylthio)-6-bromoquino-
line-3-carbaldehyde (6, 600 mg, 1.67 mmol) and 2-(1-ethylpiperidin-
4-yl)ethan-1-amine (0.35 mL, 2.00 mmol) were reacted using gen-
eral procedure 2 to produce WSA254 (289 mg, 35%) as an orange
semi solid. "H NMR (400 MHz, CDCl;) § 7.85 (m, J=5.4 Hz, 3H), 7.70
(9, J=3.7 Hz, 1H), 7.47 (d, J=7.2 Hz, 2H), 7.31 (t, J=7.3 Hz, 2H), 7.25
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(t, J=9.3 Hz, 1H), 4.63 (s, 2H), 3.87 (s, 2H), 3.09 (d, J=11.2 Hz, 2H),
266 (t, J=6.8 Hz, 2H), 2.57 (q, J=7.2 Hz, 2H), 2.06 (t, J=10.7 Hz,
2H), 1.72 (d, J=10.0Hz, 2H), 1.49 (t, J=6.1Hz, 5H), 1.20 (t, J=
7.2 Hz, 3H). ®C NMR 100 MHz CDCl; § 159.01, 145.60, 138.01,
132,68, 132,52, 132.22, 129.44, 129.38, 129.33, 128.54, 127.22,
118.81, 52.95, 52.43, 50.19, 46.66, 36.23, 34.15, 33.03, 31.03, 11.14
HRMS (ESI) m/z [M+H]" calcd for C,H33BrN;S 498.1573; found
498.15686.

N-((2-(benzylthio)-6-bromoquinolin-3-yl)methyl)-2-(1-cyclopentyl-
piperidin-4-yl)ethan-1-amine (WSA255). 2-(benzylthio)-6-bromo-
quinoline-3-carbaldehyde (6, 549 mg, 1.54 mmol) and 2-(1-cyclo-
pentylpiperidin-4-yl)ethan-1-amine  (0.45 mL, 1.69 mmol) were
reacted using general procedure 2 to produce WSA255 (308 mg,
37 %) as a yellow semi solid. "H NMR (400 MHz, CDCl;) § 7.82 (m, J=
4.6 Hz, 3H), 7.67 (dd, J=2.2, 8.9 Hz, 1H), 7.47 (d, J=7.1 Hz, 2H), 7.29
(t, J=7.3 Hz, 2H), 7.23 (t, J=7.2 Hz, TH), 4.62 (s, 2H), 3.84 (s, 2H),
3.00 (d, J=11.6 Hz, 2H), 2.65 (t, J=7.3 Hz, 2H), 2.43 (m, J=8.1 Hz,
1H), 1.86 (d, J/=10.8 Hz, 4H), 1.66 (t, J/=10.8 Hz, 4H), 1.52 (m, J=
4.1 Hz, 2H), 1.45 (d, J=14.4 Hz, 4H), 1.30 (t, J=10.7 Hz, 3H). *C NMR
(100 MHz, CDCl,) & 158.94, 145.54, 137.98, 132.46, 132.42, 132.35,
129.43, 129.36, 129.31, 128.52, 127.24, 127.20, 118.74, 77.47, 77.15,
76.84, 67.76, 52.85, 50.07, 46.93, 36.7847, 34.12, 33.58, 32.20, 30.55,
24.21. HRMS (ESI) m/z [M+H]" calcd for C,oH;,BrN;S 538.1886;
found 538.18858.

1-(2-(benzylthio)-6-bromoquinolin-3-yl)-N-(4-(pyrrolidin-1-
ylmethyl)benzyl)methanamine (WSA256). 2-(benzylthio)-6-bromo-
quinoline-3-carbaldehyde (6, 500 mg, 1.39 mmol) and (4-(pyrrolidin-
1-ylmethyl)phenyl)methanamine (0.25 mL, 1.39 mmol) were reacted
using general procedure 2 to produce WSA256 (310 mg, 42%) as a
dark orange semi solid. '"H NMR (400 MHz, CDCl,) & 7.82 (d, J=
1.8 Hz, 1H), 7.80 (t, J=2.0 Hz, 2H), 7.65 (dd, J=2.1, 9.0 Hz, 1H), 7.46
(d, J=7.2 Hz, 2H), 7.29 (q, J=6.8 Hz, 6H), 7.21 (t, J=7.1 Hz, 1H), 4.60
(s, 2H), 3.85 (s, 2H), 3.78 (s, 2H), 3.61 (s, 2H), 2.52 (s, 4H), 1.78 (s, 4H).
3C NMR (100 MHz, CDCl;) § 158.98, 145.54, 138.68, 138.06, 137.60,
132,51, 132.44, 132.26, 129.48, 129.38, 129.36, 129.24, 128.55,
128.18, 127.24, 127.22, 118.75, 77.51, 77.19, 76.87, 60.31, 54.11,
53.11, 49.23, 34.13, 23.44. HRMS (ESI) m/z [M+H]" calcd for
C,oH3;BrN;S 532.1417; found 532.14163.

N-((2-(benzylthio)-6-bromoquinolin-3-yl)methyl)-2-(4-methylpi-
perazin-1-yl)ethan-1-amine (WSA257) 2-(benzylthio)-6-bromoqui-
noline-3-carbaldehyde (6, 415 mg, 1.15 mmol) and 2-(4-methylpi-
perazin-1-yl)ethan-1-amine (213 uL, 1.39 mmol) were reacted using
general procedure 2 to produce WSA257 (276 mg, 49 % yield) as an
orange semi-solid. 'H NMR (400 MHz, CDCl;) & 7.86-7.82 (m, 3H),
7.68 (dd, J=8.8, 2 Hz, 1H), 7.48 (d, J=7.2 Hz, 2H), 7.30 (t, /=7.3 Hz,
2H), 7.26-7.23 (m, 1H), 4.63 (s, 2H), 3.88 (s, 2H), 2.73 (t, J/=6.0 Hz,
2H), 2.52 (t, J= 5.9 Hz, 2H), 2.70-2.15 (m, 8H), 2.29 (s, 3H).”C NMR
(CDCl;, 100 MHz): 6 158.98, 145.57, 137.97, 132.51, 132.43, 132.31,
129.44, 129.37, 129.34, 128.54, 127.28, 127.22, 118.73, 57.57, 55.14,
53.16, 50.04, 46.11, 45.92, 34.09. HRMS (ESI) m/z [M+H]" calcd for
C,4H3oBrN,S 485.1369; found 485.13664.

N-((2-(benzylthio)-6-phenylquinolin-3-yl)methyl)-2-(1-ethylpiperi-
din-4-yl)ethan-1-amine (WSA261). N-((2-(benzylthio)-6-bromoqui-
nolin-3-yl)methyl)-2-(1-ethylpiperidin-4-yl)ethan-1-amine (7,
100 mg, 0.20 mmol) and phenyl boronic acid (37 mg, 0.30 mmol)
were reacted using general procedure 3 to produce WSA261
(62 mg, 62%) as a yellow semi-solid."H NMR (400 MHz, CDCl,) § 8.05
(d, J=8.4Hz, 1H), 7.92 (m, J=8.4 Hz, 3H), 7.70 (t, J=4.2 Hz, 2H),
7.49 (m, J=4.3 Hz, 4H), 7.38 (t, J=7.4 Hz, 1H), 7.31 (t, J=7.3 Hz, 2H),
7.24 (t, J=7.6 Hz, 1H), 4.68 (s, 2H), 3.89 (s, 2H), 2.98 (d, /=11.4 Hz,
2H), 2.67 (t, J=72Hz, 2H), 245 (q, J=7.2Hz, 2H), 193 (t, J=
10.9 Hz, 2H), 1.69 (d, J=10.0 Hz, 2H), 1.49 (q, J=6.6 Hz, 2H), 1.38 (d,
J=59Hz, 4H), 1.25 (s, TH), 1.12 (t, J=7.2Hz, 3H). *C NMR
(100 MHz, CDCL;) 6 158.27, 146.46, 140.54, 138.33, 138.08, 134.07,
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131.65, 129.36, 12897, 128.81, 128.53, 128.08, 127.53, 127.34,
127.16, 126.26, 125.23, 53.28, 52.57, 50.37, 46.77, 36.60, 34.11, 33.45,
31.79, 29.75 HRMS (ESI) m/z [IM+H]" calcd for C5,H3gN5S 496.2781;
found 496.27778.

N-((2-(benzylthio)-6-phenylquinolin-3-yl)methyl)-2-(1-cyclopentyl-
piperidin-4-yl)ethan-1-amine (WSA262). N-((2-(benzylthio)-6-bro-
mogquinolin-3-yl)methyl)-2-(1-cyclopentylpiperdin-4-yl)ethan-1-
amine (8, 76 mg, 0.14 mmol) and phenylboronic acid (26 mg,
0.21 mmol) were reacted using general procedure 3 to produce
WSA262 (25mg, 33%) as a light-yellow semi-solid. '"H NMR
(400 MHz, CDCl;) 8 8.05 (d, J=8.3 Hz, 1H), 7.97 (s, 1H), 7.91 (d, J=
8.4 Hz, 2H), 7.71 (d, J=7.0 Hz, 2H), 7.49 (t, J=7.9 Hz, 4H), 7.39 (t, J=
74 Hz, 1H), 7.31 (t, J=73 Hz, 2H), 7.24 (t, J=7.5Hz, 2H), 4.68 (s,
2H), 3.91 (s, 2H), 2.99 (d, J=11.7 Hz, 2H), 2.68 (t, J=7.3 Hz, 2H), 2.40
(m, J=82Hz 1H), 1.85 (t, J=10.7 Hz, 4H), 1.66 (m, J=9.5 Hz, 4H),
1.51 (m, J=5.5Hz, 4H), 1.38 (m, J=7.6 Hz, 3H), 1.26 (m, J=6.6 Hz,
3H). *C NMR (100 MHz, CDCl;) § 158.24, 146.45, 140.57, 138.30,
138.06, 134.01, 131.69, 129.33, 12895, 128.78, 128.51, 128.07,
127.50, 127.34, 127.13, 126.27, 125.23, 67.80, 52.94, 50.31, 46.88,
36.87, 34.08, 33.69, 32.40, 30.69, 24.23. HRMS (ESI) m/z [M+H]*
calcd for C55H,,N;S 536.3094; found 536.30932.

1-(2-(benzylthio)-6-phenylquinolin-3-yl)-N-(4-(pyrrolidin-1-
ylmethyl)benzyl)methanamine (WSA269). 1-(2-(benzylthio)-6-bro-
mogquinoline-3-yl)-N-(4-(pyrrolidin-1-ylmethyl)benzyl)methanamine
(9, 100 mg, 0.19 mmol) and phenylboronic acid (34 mg, 0.28 mmol)
were reacted using general procedure 3 to produce WSA269
(80 mg, 80%) as a yellow-orange semi-solid. 'H NMR (400 MHz,
CDCl;) 6 8.05 (d, J=8.5 Hz, TH), 7.99 (s, TH), 7.91 (m, J=4.2 Hz, 2H),
7.70 (d, J=7.2 Hz, 2H), 7.49 (t, J=8.4 Hz, 4H), 7.41 (t, J=6.3 Hz, 2H),
7.36 (t, J=6.9 Hz, 2H), 7.30 (t, J=14.6 Hz, 2H), 7.23 (t, J=8.1 Hz, 1H),
4.67 (s, 2H), 3.91 (s, 2H), 3.86 (s, 2H), 3.82 (s, 2H), 2.83 (s, 4H), 1.92 (s,
4H). *C NMR (100 MHz, CDCl;) & 158.24, 146.47, 140.50, 140.26,
138.35, 138.08, 134.11, 131.45, 129.90, 129.35, 128.98, 128.83,
128.60, 128.52, 128.08, 127.54, 127.34, 127.15, 126.24, 125.26, 7743,
77.12, 76.80, 59.24, 53.50, 52.87, 49.49, 34.08, 23.25. HRMS (ESI) m/z
[M+HI1* caled for C3sH36N5S 530.2624; found 530.26232.

N-((2-(benzylthio)-6-phenylquinolin-3-yl)methyl)-2-(4-methylpi-
perazin-1-yl)ethan-1-amine (WSA270). N-((2-(benzylthio)-6-bromo-
quinolin-3-yl)methyl)-2-(4-methylpiperazin-1-yl)ethan-1-amine (10,
20 mg, 0.04 mmol) and phenylboronic acid (7 mg, 0.06 mmol) were
combined using general procedure 3 to produce WSA270 (8.3 mg,
41% yield) as a pale yellow semi-solid. 'H NMR (400 MHz, CDCl;) §
8.05 (d, J=8.5Hz, 1H), 8.00 (s, 1H), 7.92 (m, J=3.0 Hz, 1H), 7.71 (t,
J=4.2Hz, 1H), 7.50 (m, J=3.8 Hz, 1H), 7.40 (d, J=7.4 Hz, 1H), 7.32
(d, J=7.1 Hz, 1H), 7.25 (s, 1H), 4.69 (s, 1H), 3.93 (s, TH), 2.76 (t, J=
6.0 Hz, 1H), 2.54 (t, J=6.1 Hz, 1H), 2.42 (q, /J=6.1 Hz, 1H), 2.26 (s,
TH). ®C NMR (CDCl;, 100 MHz): § 158.24, 146.41, 140.53, 138.23,
138.00, 133.98, 131.55, 129.31, 12891, 128.74, 128.47, 128.02,
127.46, 127.29, 127.10, 126.23, 125.19, 5754, 55.08, 53.09, 50.21,
46.04, 45.82, 34.00. HRMS (ESI) m/z [M+H]* calcd for CyoHssN,S
483.2577; found 483.25738.

Biological Evaluation

General Sterilization Procedure. The following are general steps,
unless otherwise noted. All steps were completed with aseptic
techniques. All media and glassware were sterilized via autoclave at
121°C for 60 minutes. All agitation occurred at 160 rpm in a
temperature-controlled console shaker (Excella E25) at 37°C. Full
strength tryptic soy broth (TSB) was made by dissolving 30 g BD
Bacto TSB powder in 1 L deionized water. All bacterial strains were
purchased from ATCC (Acinetobacter baumannii (ATCC 17978 and
ATCC 1605, MDR), Pseudomonas aeruginosa (BAA-2108, MDR),
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Staphylococcus aureus (ATCC 29213), and Escherichia coli (ATCC
25922).

Antimicrobial Susceptibility Assay Procedure. Susceptibility testing
was performed in biological triplicate, using the broth microdilution
method as outlined by the Clinical and Laboratory Standards
Institute. Briefly, minimum inhibitory concentrations (MIC) determi-
nations were carried out in 96-well microtiter plates with 2-fold
serial dilutions of the compounds from 0 ug/mL to 128 pg/mL (final
assay concentrations) in DMSO. Briefly, to each well 1puL of
compound in DMSO, 89 ulL of tryptic soy broth (TSB), and 10 L of
bacterial inoculum, grown from frozen stock in 10 mL of TSB for 4-
6 hours, were added. After incubation for 12-15h at 37°C,
absorbance at 590 nm was read on a Biotek Synergy HTX Multi-
mode plate reader. Data was processed by background subtracting
the media absorbance and then normalizing the data to full
bacterial growth with only vehicle. MIC is defined as the lowest
concentration of antibiotic that achieves >80% growth inhibition,
which corresponds to no visible growth.

Preparation of Inverted Inner Membrane Vesicles. Acinetobacter
baumannii (ATCC 17978) and Pseudomonas aeruginosa (ATCC 9027)
cells were grown in LB medium at 37°C with shaking at 150 rpm
and harvested by centrifugation in the late exponential phase of
growth. Cells were resuspended in TMG buffer (50 mM Tris-HCl,
pH 7.5, 5 mM MgCl,, 10% v/v glycerol) with T mM phenylmethane-
sulfonyl fluoride, 1 mM dithiothreitol, and a small amount of DNase
and lysed by two passes through an Avestin B15 homogenizer at
19,000 psi. Lysate was cleared by centrifugation at 9,000 x g and
inverted membrane vesicles were collected from the supernatant
by centrifugation at 169,000 x g. To reduce background ATP
synthesis activity in AB vesicles, it was important to wash the
membranes by resuspending in TMG buffer and centrifuging again
at 169,000 x g. Washed pellets were resuspended in TMG buffer,
and aliquots were stored at —80 °C. Once thawed, aliquots were not
refrozen. Protein concentration in membrane vesicles was deter-
mined using a modified Lowry assay.”®

Determination of ATP synthesis activity. In vitro ATP synthesis
activity of inverted membrane vesicles was measured as previously
described."®" A reaction solution was prepared containing 5 mM
tricine-KOH, pH 8.0, 50 mM KCl, 2.5 mM MgCl,, 0.1 mM adenosine
diphosphate, 3.75 mM potassium phosphate, and 2.5 mM NADH
and distributed into a 96-well plate. NADH-driven ATP synthesis
was initiated by addition of inverted vesicles to 50 pg/mL and
allowed to proceed for 10 min. The reaction was stopped by
transferring an aliquot into 1% trichloroacetic acid. The stopped
reaction was diluted 100 fold with deionized water and a sample
was transferred to luciferase solution containing 25 mM Tricine-
NaOH, pH 7.8, 5 mM MgSO,, 0.1 mM EDTA, 0.1 mM NaNj, 150 pg/
mL luciferin, and 7.5 ng/mL luciferase. Luminescence was measured
in an opaque white 96-well plate using a BioTek H1 multi-mode
plate reader. Each replicate set included a positive control
containing DMSO with no compound and a negative control
containing carbonyl cyanide 3-chlorophenylhydrazone (CCCP).
Luminescence values were corrected for background by subtracting
the CCCP control and normalized to the luminescence of the DMSO
control. Normalized activity was fit using a variable-slope dose
response curve. Nonlinear regression, including prediction of 95%
confidence bands, and pairwise comparisons of fits using the F-test
method were completed using GraphPad Prism10.

Determination of ETC activity. NADH-driven proton pumping
activity in inverted membrane vesicles was measured as previously
described."® Briefly, vesicles were diluted to 0.5 mg/mL in HMK
buffer (50 mM HEPES, 2 mM MgcCl,, 300 mM KCl, pH 7.5) with
0.3 pg/mL 9-amino-6-chloro-2-methoxyacridine (ACMA) and distrib-
uted into wells of a black 96-well plate containing various
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concentrations of inhibitors dissolved in DMSO. ACMA fluorescence
(Aex=415nm, A.,=485nm) was monitored using a BioTek H1
multi-mode plate reader. Proton pumping was initiated by addition
of NADH to 0.8 mM and terminated by addition of nigericin to
0.5 pg/mL. Fluorescence values were normalized to the maximum
fluorescence after the addition of nigericin, and the percent
quenching of fluorescence was determined from the minimum
fluorescence value. For each experiment, 100 % relative activity was
defined as the percent quenching with no inhibitor present.

Computational Docking. Molecular Operating Environment (MOE;
Chemical Computing Group) was used to compute docking poses
for all compounds binding to AB ATP synthase. The AB ac,
complex was isolated from PDB 7P2Y and prepared in MOE using
default settings, except that side chain protonation states were set
using an external dielectric of 2 to mimic a membrane-embedded
environment. MOE Site Finder was used to define the putative
binding site that included cAsp60, aTrp261, and aPhe261. Ligands
were prepared using MOE, including prediction of predominant
protomers at pH 7. Docking poses were calculated in MOE using
the AMBER10:EHT forcefield, a Born solvation model with external
dielectric of 2, and induced fit refinement. Molecular graphics were
prepared using PyMol (Schrédinger).

Supporting Information

ATP synthesis activity of Acinetobacter baumannii 1SO vesicles
(Figure S1), Summary of ATP synthesis and ETC Inhibition
(Table S1), Inhibition of ATP synthesis activity in Acinetobacter
baumannii (Figure S2), Inhibition of ATP synthesis activity in
Pseudomonas aeruginosa (Figure S3), Inhibition of ATP synthesis
activity by BDQ (Figure S4), Electron Transport Chain Inhibition
(Figure S5), Antibacterial activity against S. aureus and E. coli
(Table S2), Predicted Safety and Toxicity (Table S3), Comparison
of docked WSA to BDQ binding (Figure S6), and 'H and *C NMR
Spectra for compounds can be found in the provide supporting
information.
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