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The alarming rise of multidrug-resistant Gram-positive bacteria has precipitated a health-
care crisis, necessitating the development of new antimicrobial therapies. Here we
describe a new class of antibiotics based on a ring-fused 2-pyridone backbone, which are
active against vancomycin-resistant enterococci (VRE), a serious threat as classified by the
Centers for Disease Control and Prevention, and other multidrug-resistant Gram-positive
bacteria. Ring-fused 2-pyridone antibiotics have bacteriostatic activity against actively
dividing exponential phase enterococcal cells and bactericidal activity against nondividing
stationary phase enterococcal cells. The molecular mechanism of drug-induced killing of
stationary phase cells mimics aspects of fratricide observed in enterococcal biofilms, where
both are mediated by the Atn autolysin and the GelE protease. In addition, combinations
of sublethal concentrations of ring-fused 2-pyridones and standard-of-care antibiotics,
such as vancomycin, were found to synergize to kill clinical strains of VRE. Furthermore,
a broad range of antibiotic resistant Gram-positive pathogens, including those responsible
for the increasing incidence of antibiotic resistant healthcare-associated infections, are sus-
ceptible to this new class of 2-pyridone antibiotics. Given the broad antibacterial activities
of ring-fused 2-pyridone compounds against Gram-positive (GmP) bacteria we term these
compounds GmPcides, which hold promise in combating the rising tide of antibiotic
resistant Gram-positive pathogens.
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The emergence and growing incidence of antimicrobial resistance (AMR) in common
pathogens has created a global public health crisis, with 4.95 million deaths worldwide
associated with AMR in 2019 (1). Some reports estimate that the number of deaths
could reach 10 million per year by 2050 without the advancement of new therapies
and public health interventions (2). For more than 30 years, the majority of approved
antibiotics have been derived from existing chemical structures (3). Only a few new
classes of clinically approved antibiotics have been discovered since the mid-1980s
including: i) oxazolidinones (e.g., linezolid); ii) lipopeptides (e.g., daptomycin), both of
which were discovered in 1987; and iii) the antimycobacterial diarylquinolines
(e.g., bedaquiline) in 2004 (4). However, resistance to each of these three classes of
antibiotics has already been reported (5–7). Overall, antibiotic resistance is reaching a
tipping point, creating an urgent need to develop new therapeutics with novel mecha-
nisms of action that work either alone or in combination with existing therapeutics as a
way to successfully treat troubling AMR infections.
The Centers for Disease Control and Prevention’s 2019 AR Threats Report catego-

rizes 18 AMR bacterial and fungal pathogens as urgent, serious, or concerning threats.
Among these are vancomycin-resistant enterococci (VRE), which have been recognized
as serious threats (8). The most well studied VRE primarily belong to the species
Enterococcus faecalis and Enterococcus faecium and are important causes of healthcare-
associated infections (HAIs), which cost up to $28.4 billion in additional healthcare
expenses in the United States and are responsible for 100,000 deaths per year (9).
Among the HAIs caused by enterococcal species are catheter-associated urinary tract
infections (CAUTI), as well as noncatheter-associated urinary tract infections (UTI),
infective endocarditis (IE), and septicemia (10, 11). The prevention and treatment of
enterococcal infections in the clinical setting has been increasingly difficult due to: i)
the ability of enterococci to withstand heat (12, 13), UV radiation (14), and aseptic
solutions, such as chloride and alcohol preparations (15, 16); ii) their inherent resis-
tance to antimicrobial agents, such as cephalosporins, monobactams, penicillins and
aminoglycosides (17, 18); iii) their ability to form antibiotic resistant biofilms (19–21);
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and iv) their capacity to acquire antibiotic resistance genes,
such as those that encode proteins giving resistance to vanco-
mycin (22–24). Thus, new and innovative therapeutics to com-
bat this serious threat are needed.
Here, we developed compounds based on a peptidomimetic

bicyclic central scaffold (a dihydrothiazolo ring-fused 2-pyridone
with the peptidomimetic backbone highlighted in red, Fig. 1A).
Structural diversity of the 2-pyridone core is possible using syn-
thetic methodologies (25) and the nature of the substitution pat-
tern of the scaffold is crucial to the function of the compound.
For example, compared to the early lead 2-pyridone compound,
EC305, the refined compound, PS757, has an aliphatic alkyl
chain connected to position 2 via a phenoxy linker with a hexyl
chain, which significantly improves potency (Fig. 1). We demon-
strate that PS757 has potent bacteriostatic effects against growing
enterococcal cells. In addition, unlike many existing classes of anti-
biotics that only target actively dividing cells, PS757 is also bacte-
ricidal against stationary phase enterococcal cells. The mechanism
of PS757-mediated stationary phase killing involves the enterococ-
cal Atn autolysin and the protease GelE, which is expressed during
the stationary growth phase. Further, we show that sublethal

concentrations of PS757 synergize with sublethal concentrations
of gentamicin and vancomycin to kill multidrug resistant entero-
cocci, including VRE strains. PS757 also shows broad spectrum
bactericidal activity against multidrug-resistant (MDR) Gram-
positive pathogens, including staphylococci, methicillin-resistant
Staphylococcus aureus (MRSA), and streptococcal species, suggest-
ing that this new family of antibiotics has the potential to be
broadly efficacious for treatment of Gram-positive infections,
including those caused by highly antibiotic resistant pathogens.

Results

Ring-Fused 2-Pyridone Compounds with Antibacterial Activity
Against E. faecalis OG1RF. We have previously developed syn-
thetically derived compounds that share a 2-pyridone scaffold
(Fig. 1A) with specific substitution patterns that result in com-
pounds that target various aspects of bacterial physiology,
including an ability to block pilus biogenesis (26, 27). New
synthetic methodologies were developed to more efficiently
change the substitution pattern around the scaffold in all open
positions, which resulted in a diverse 2-pyridone library for
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Fig. 1. First generation 2-pyridone compounds have bactericidal activity against E. faecalis OG1RF and clinical isolates. (A) Structure of the 2-pyridone scaf-
fold. (B) First-generation compounds EC240 and EC305, and second-generation compound PS757. MICs (see Materials and Methods) of EC240, EC305, and
PS757 for E. faecalis OGR1RF are shown. (C) Net fold change (see Materials and Methods) in CFU/mL of clinical enterococcal isolates treated with DMSO
(green), 100 μM EC240 (orange), and 100 μM EC305 relative to the CFU/mL of the untreated initial inoculum. Black bars represent SDs of replicates. Statistical
analysis by two-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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screening and structure activity relationship (SAR) studies.
A collection of a diversely substituted 2-pyridone library was
generated and screened against overnight cultures of E. faecalis
OG1RF diluted 1:1,000 to an OD600 of 0.001 into fresh brain
heart infusion (BHI media. We found that compounds having
the 2-pyridone central fragment decorated with a large aryl
group at position C7 and an aryl at C8 (linked via a methylene
linker) showed inhibition of growth relative to the dimethyl
sulfoxide (DMSO) vehicle control treated condition (SI
Appendix, Table S1). Further, SAR revealed that by introducing
an aryl or benzyl substituent at position C2, the C8 aryl could
be changed to a smaller cyclopropyl substituent (chemical syn-
thesis of these compounds is described in the Supplemental
Information). This resulted in compounds with increased
potency against E. faecalis OG1RF including compounds
EC240 (minimal inhibitory concentration [MIC] = 25 μM)
and EC305 (MIC = 50 μM) (Fig. 1B).

2-Pyridone Compounds EC240 and EC350 have Antibacterial
Activity Against Clinical Isolates of E. faecalis. The inhibitory
activities of EC240 and EC305 were tested against a panel of
10 enterococcal clinical isolates (SI Appendix, Table S2 provide
more information), most of which were isolated from blood-
stream infections that were resistant to vancomycin. The bacte-
rial isolates were diluted to a density of 107 CFU/mL from
overnight cultures in fresh media and then treated with: i) vehi-
cle control (DMSO); ii) EC240; or iii) EC305 at 2 to 4× the
MIC determined for E. faecalis OG1RF (100 μM). The cul-
tures were incubated for 18 h and the number of surviving
CFUs was determined. Treatment with the vehicle control
alone resulted in over 2.5 log increases in CFUs relative to the
initial inoculum. In contrast, the CFUs for all of the EC240
and EC305 treated clinical isolates were reduced by at least
5 logs relative to the vehicle control, demonstrating that
EC240 and EC305 were efficacious in killing all clinical VRE
strains tested (Fig. 1C). We noted that while the MIC of
EC305 was higher than that of EC240 for OG1RF, the
2-pyridones performed similarly in reducing the CFUs/mL
across most clinical isolates tested (Fig. 1C) with the exception
of strains SJH-1324 and SJH-1325, where SJH-1324 appeared
to be more susceptible to EC240 and SJH-1325 more suscepti-
ble to EC305. These results argue strongly for further analysis
investigating 2-pyridones as effective antibiotics against clini-
cally relevant strains of VRE.

Development of More Potent EC305 Derivatives. Taking
advantage of the SAR from the first-generation 2-pyridones
against E. faecalis OG1RF and VRE clinical isolates, we sought
to develop derivatives with increased potency against E. faecalis.
2-pyridones equipped with a smaller group at C8 and a
substituted phenyl or benzyl group at C2 displayed moderate
antibacterial activity (SI Appendix, Table S1). Due to easy trac-
tability of substituted phenyl boronic acids compared to their
benzyl counterparts to be coupled at the C2 position, we chose
to derivatize EC305 to improve antibacterial activity. Thus, we
focused on substituting the para position of the phenyl ring at
C2 in compound EC305 with lipophilic side chains. A set of
analogs were synthesized that contained straight alkyl chains
with one to seven carbons (SI Appendix, Table S3). In addition,
the aliphatic cyclopropyl substituent in C8 was replaced with a
methoxy group to potentially improve biological and physico-
chemical properties. Strikingly, we observed that among the C8
methoxy- and C2 alkyl chain analogs, PS757 had substantially
improved antibacterial potency (MIC = 3 to 6 μM) compared

to EC240 and EC305 (4 to 8× increased potency), with little
to no detectable toxicity in cell culture at concentrations up to
4× MIC (25 μM), and better solubility relative to the other
active derivatives (Fig. 1B and SI Appendix, Fig. S1 and Table
S3). Thus, PS757 was selected for further study.

PS757 has Potent Bacteriostatic Activity on Exponential
Phase E. faecalis Cells. Upon observing a significantly decreased
MIC for the second-generation compound PS757 relative to
the first-generation compounds EC240 and EC305, we sought
to better understand the antibacterial mechanism(s) of action
for PS757 against enterococcal cells. In the studies above, the
activity of EC240 and EC305 against exponentially growing
and stationary phase cells was not differentiated. Thus, here we
investigated the effect of PS757 on both actively dividing expo-
nential phase cultures of E. faecalis and on stationary phase
cells. Overnight OG1RF cultures were diluted to an OD600 of
0.001 and grown to early exponential phase (OD600 0.2 to 0.3,
∼1 × 108 CFU/mL) and were subsequently: i) left untreated;
ii) treated with vehicle alone (DMSO); or iii) treated with
PS757 at 0.5 to 4× MIC in twofold increments (3 to 24 μM).
Growth was monitored by measuring OD600 at 15, 30, 60,
120, and 1,080 min (18 h) posttreatment. Unlike the untreated
and vehicle control conditions, which continued growth into
stationary phase, treatment with PS757 resulted in potent
growth arrest of exponentially dividing cells through the course
of the experiment when treated at a concentration of 1× MIC
or above (≥6 μM) and resulted in slowed growth at 0.5× MIC
(3 μM) as measured by OD600 (Fig. 2A). Thus, PS757 is bacte-
riostatic against actively growing enterococci. No decrease in
CFUs was observed over 20 h of treatment relative to the start-
ing culture at similar concentrations of PS757 (SI Appendix,
Fig. S2). Thus, while the growth of exponential phase cells was
inhibited, they were not being killed at the 1 to 4× MIC con-
centrations (Fig. 2A and SI Appendix, Fig. S2).

To test if exponential phase cells are killed at higher concentra-
tions of PS757, exponentially growing cultures (OD600 0.2 to
0.3, ∼1 × 108 CFU/mL) were divided as previously described
resulting in cultures that were: i) left untreated; ii) treated with
vehicle alone (DMSO); or iii) treated with 50 to 100 μM (∼8 to
16x MIC) PS757 and CFUs were monitored at 0, 2, 4, 6, and
24 h posttreatment. Similar to the previous experiment, treatment
of exponentially growing cells with 50 to 100 μM PS757 resulted
in growth arrest compared to the untreated and vehicle control
treated conditions. CFUs decreased <1 log even when cultures
were treated with 100 μM for 24 h, suggesting there was no sig-
nificant killing of exponential phase cells even with treatment of
higher concentrations of PS757 (Fig. 2B).

PS757 has Bactericidal Activity on Nondividing Stationary
Phase Cells. To test the effect of PS757 on nondividing station-
ary phase cells, overnight OG1RF cultures were diluted to an
OD600 of 0.001, grown to stationary phase (18 h), before the
cultures were divided and then treated as previously described for
the exponential phase cultures with 50 or 100 μM PS757. The
surviving CFUs were then monitored at 0, 2, 4, 6, and 24 h post
treatment. In contrast to exponential phase cultures, CFUs
decreased by ∼0.5 to 1 log for the 50 μM and 100 μM PS757
treated conditions by 6 h posttreatment, whereas the CFUs of the
untreated and vehicle control conditions remained unchanged
(Fig. 2C). Indeed, by 24 h posttreatment, viability of treated cul-
tures was reduced >4 logs in the presence of either 50 μM or
100 μM PS757, indicating that PS757 has bactericidal activity
against stationary phase enterococcal cells (Fig. 2C).
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PS757-Dependent Bactericidal Activity Partially Mimics
Fratricide. During enterococcal biofilm formation, the Atn
autolysin functions in “fratricide,” a process that results in the
lysis of cells and the release of extracellular DNA to form the
biofilm matrix (28). During fratricide, Atn is converted from
a regulator of chain length in dividing cells to an autolysin,
and this conversion is dependent on the activity of proteases
secreted in the stationary phase of growth (28, 29). The sta-
tionary phase GelE protease is thought to cleave Atn to
release it from the cell wall in order to lyse surrounding cells
(28). As PS757-mediated cell death is restricted to the sta-
tionary phase, as is the Atn and GelE-dependent process of
fratricide, it was of interest to examine the contributions of
Atn and GelE. An Atn mutant (Δatn) was grown to stationary
phase and challenged with 50 μM or 100 μM PS757 as

described above. When compared with WT, Δatn was signifi-
cantly more resistant to killing by PS757 (Fig. 2D and SI
Appendix, Fig. S3). Similarly, a mutant lacking GelE (ΔgelE)
was also resistant to killing by PS757, with CFUs recovered
at levels similar to Δatn (Fig. 2D and SI Appendix, Fig. S3).
The Δatn and ΔgelE resistance to PS757 stationary phase kill-
ing did not extend to resistance to the bacteriostatic activity
of PS757 for exponential phase cells, as exponential Δatn and
ΔgelE cells showed the same sensitivity to PS757 as WT cells
(Fig. 2E), suggesting the bactericidal mechanism of stationary
phase cell death differs from the mechanism of growth inhibi-
tion in exponential phase cells. Taken together, these data
indicate that because PS757-mediated stationary phase cell
death is enhanced by Atn and GelE, it mimics aspects
of fratricide.
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Fig. 2. Second-generation 2-pyridone PS757 has bacteriostatic activity on exponential phase cultures and Atn autolysin-mediated bactericidal activity on
nongrowing stationary phase cultures. (A) Growth of exponential phase cultures in the presence of 1/2–4× MIC (3 to 24 μM) of PS757. Exponential phase
cultures (OD600= 0.2 to 0.3) of OG1RF were split and left untreated (green), treated with DMSO as a vehicle control (orange), and treated with 3 μM (yellow),
6 μM (light green), 12 μM (pink), and 24 μM (purple) PS757 at time 0. The OD600 was monitored at 15-, 30-, 60-, and 1,080-min (18 h) time points. To account
for change in the OD600 due to compound addition, OD600 values were normalized by subtracting the change in OD600 at t = 0 from t = 15. Black bars repre-
sent SD of replicates. (B) Time course killing curves of exponential phase cells. Exponential phase cultures (OD600 = 0.2 to 0.3) of OG1RF were split and left
untreated (green), treated with DMSO as a vehicle control (orange), and treated with 100 μM (purple) or 50 μM (pink) PS757 at time 0. The CFU/mL were enu-
merated at time 0, and 2 hr, 4 hr, 6 hr, and 24 hr timepoints posttreatment. (C) Time course killing curves of stationary phase cells. Stationary phase cultures
(18 h) of OG1RF were split and left untreated (green), treated with DMSO as a vehicle control (orange), and treated with 100 μM (purple) or 50 μM (pink)
PS757 at time 0. The CFU/mL were enumerated at time 0 and 2 hr, 4 hr, 6 hr, and 24 hr time points posttreatment. Black bars represent the SD of the repli-
cates. (D, E) Spot titer assays of PS757-treated mutant cultures. Exponential phase (OD600 = 0.2 to 0.3) or stationary phase (18 h) cultures of indicated strains
were treated with the vehicle control DMSO (�) or 100 μM PS757 (+) for 24 h. The serial dilution is indicated.
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In order to select for additional E. faecalis mutants with resis-
tance to PS757, stationary phase cultures were plated on BHI-
agar plates that contained 10, 20, and 40 μM concentrations of
PS757-IMD (the imidazole salt of PS757), which improved the
solubility of PS757 in the BHI-agar (SI Appendix, Fig. S4A).
Three of the colonies that grew on the 40 μM PS757-IMD
BHI-agar plates (HT061, HT062, and HT063) were selected
for further analysis via whole genome sequencing. Comparison
with the genome sequence from the original PS757-sensitive
wild-type isolate revealed mutations in the intergenic region
between the gene encoding the LmrB efflux pump, which is
annotated as a lincomycin resistance protein, and a gene encod-
ing a MerR transcriptional regulator in all three colonies
(SI Appendix, Fig. S4E). Studies have shown that for the lmrB
gene from Bacillus subtilis, which shares 42% identity and 62%
similarity to the OG1RF LmrB at the protein level, mutations
in the upstream intergenic region increases efflux activities
through increased expression of lmrB (30), suggesting that the
increased resistance to PS757 may be due to altered efflux in
the mutant strains. Exponential phase cultures of these mutant
cells could also grow in the presence of 6 to 12 μM PS757
(1 to 2× MIC) in BHI liquid media (SI Appendix, Fig. S4
B–D), suggesting that mutations in this intergenic region are
also effective at overcoming the bacteriostatic effects of PS757.
While the resistant isolates grew at 6 to 12 μM PS757, little to
no growth was observed at concentrations greater than 12 μM
in BHI liquid media (SI Appendix, Fig. S4C), despite being iso-
lated on BHI-agar plates containing 40 μM PS757-IMD.
Thus, we observed a decreased effectiveness of PS757 in solid
media. Together these data suggest that altered efflux activities
may also contribute to PS757 resistance in enterococcal cells.

Overcoming Vancomycin, Gentamicin, and Ciprofloxacin
Resistance with Sublethal Concentrations of PS757. In some
cases, multiple antibiotic resistant enterococci can be treated
with a combination of antibiotics that act synergistically, such
as aminoglycosides and β-lactam antibiotics (31). To determine
if PS757 could act synergistically with standard-of-care antibi-
otics, we combined subinhibitory concentrations of PS757 with
subinhibitory concentrations of standard-of-care antibiotics to
test their efficacy against MDR enterococci. E. faecalis OG1RF,
which is intrinsically resistant to gentamicin (MIC 64 μg/mL)
as is characteristic of enterococci, was diluted to an OD600 of
0.001 from an overnight culture into fresh media and then
treated with: i) vehicle control (DMSO) alone; ii) a subinhibi-
tory concentration of gentamicin (8 μg/mL); iii) subinhibitory
concentrations of PS757 (1.56 or 3.2 μM); or iv) a combina-
tion of subinhibitory concentrations of gentamicin and PS757
(8 μg/mL and 1.56 or 3.2 μM, respectively). Viability was then
assessed by determination of CFUs following 20 h of incuba-
tion. While in vitro treatment of OG1RF with 1.56 μM PS757
or 8 μg/mL gentamicin alone had little to no effect on CFUs,
combinatorial treatment with the same subinhibitory concen-
trations of both gentamicin and PS757 significantly reduced
CFUs by ∼4 logs relative to the DMSO treated control
(Fig. 3A). Similarly, treatment with 3.2 μM PS757 alone resulted
in reduced growth relative to the 1.56 μM PS757 and DMSO
conditions, but combinatorial treatment with both 8 μg/mL gen-
tamicin and 3.2 μM PS757 resulted in significantly greater cell
death compared to all other conditions, reducing CFUs by ∼5
logs relative to the vehicle control. Thus, PS757 can overcome the
moderate intrinsic level of resistance of enterococcus to gentami-
cin. In addition to gentamicin resistance, the VRE strain V583 is
also resistant to vancomycin (MIC >32 μg/mL). As previously

described for gentamicin, we treated V583 with vancomycin
(8 μg/mL) alone or subinhibitory concentrations of PS757
(1.56 μM and 3.2 μM) alone or the two in combination with
one another. Similar to the gentamicin results, the combinatorial
treatment of vancomycin with PS757 was significantly more effec-
tive at reducing the number of viable bacteria than any of the
respective single treatment conditions (Fig. 3B).

Combinatorial treatment was then tested against 6 additional
VRE isolates, including moderate-level (MIC = 62 to
500 μg/mL) gentamicin-resistant E. faecalis strains (1332, and
1333) and high-level (MIC = >2,000 μg/mL) gentamicin-
resistant E. faecium strains (1379, 1381, 1386, and 1388)
(SI Appendix, Table S2). The panel was subjected to combinatorial
treatment of sublethal doses of PS757 with sublethal concentra-
tions of either: i) gentamicin, which targets translation; ii) vanco-
mycin, which targets cell wall synthesis; or iii) ciprofloxacin, which
targets DNA synthesis. A checkerboard assay (see Materials and
Methods), which is used to assess the activity of the combination
of antibiotics compared to their activities alone, revealed that the
fractional inhibitory concentrations (FIC) of PS757 almost always
acted in either an additive or synergistic manner when combined
with any of the antibiotics tested against this panel and that com-
bined treatment lowered the MIC of the antibiotics tested up to
16-fold (Fig. 3C and SI Appendix, Table S4).

PS757 Increases Transmembrane Influx and Reduces Efflux in
E. faecalis. The impermeability of the membrane to many antibi-
otics plays an important role in enterococcal antibiotic resistance
(32–35). To investigate whether PS757 can alter antibiotic influx,
an ethidium bromide (EtBr) accumulation assay was performed as
follows: cells from overnight cultures of E. faecalis OG1RF were
resuspended in PBS and simultaneously treated with EtBr and:
i) DMSO (vehicle control); or ii) PS757. EtBr becomes fluores-
cent when it is bound to DNA (36, 37), therefore EtBr influx was
determined by monitoring the increase in fluorescence over
30 min. The cells treated with PS757 accumulated twofold to
threefold more EtBr than cells treated with DMSO (Fig. 4). It
was also determined that PS757 could similarly increase the influx
capacity of the VRE strain V583 (SI Appendix, Fig. S5). To test
whether PS757 can also alter antibiotic efflux, cells from overnight
cultures were preloaded with EtBr in the absence of an energy
source and in the presence of the efflux pump inhibitor reserpine
(38). Cells were then washed to remove reserpine; glucose was
added to reactivate efflux pumps and the decrease of fluorescence
was measured over 30 min to determine EtBr efflux in the pres-
ence of: i) DMSO (vehicle control); ii) PS757; or iii) other charac-
terized efflux inhibitors (chlorpromazine, reserpine, lansoprazole,
and verapamil). We found that PS757 could inhibit efflux with
an efficiency similar to chlorpromazine and more efficiently than
other characterized inhibitors, including reserpine, lansoprazole or
verapamil (SI Appendix, Fig. S6 A and B). None of the other char-
acterized efflux inhibitors were capable of increasing EtBr influx
similar to PS757 (SI Appendix, Fig. S6 C and D). Taken together,
these data demonstrate that a sublethal concentration of PS757
can both inhibit efflux and promote influx of a small molecule
across the cellular membrane, which likely contributes to its ability
to synergize with standard-of-care antibiotics.

PS757 Associates Rapidly with E. faecalis But Is Not Depleted
Efficiently. Since PS757 can alter influx and efflux, it was of
interest to determine how it interacts with cells. For this, we
took advantage of its intrinsic fluorescent properties (excitation
400 nm, emission 440 nm; SI Appendix, Fig. S7). Enterococcal
cells from overnight cultures were exposed to PS757 in PBS
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and sampled over a 30-min period to determine PS757 associa-
tion with the bacteria over time. This analysis revealed that
PS757 associated with cells of strains OG1RF and V583 very
rapidly, with cells achieving their peak fluorescence value by
15 min postexposure (SI Appendix, Fig. S8). To simultaneously
compare depletion rates of EtBr and PS757, cells from over-
night cultures were preloaded with EtBr and either: i) DMSO
(vehicle control) or ii) PS757 in the absence of an energy
source. Cells were then washed, energized, and sampled over a
30-min period to determine depletion rates. Cells treated with
the vehicle alone depleted ∼80% of the EtBr signal, while those
treated with PS757 only lost ∼50% of the EtBr signal (Fig. 4B
and SI Appendix, Fig. S5B). In contrast, depletion of PS757
was less efficient, with cells only losing about ∼10% of their
initial PS757 fluorescent signal by 30 min (Fig. 4C and
SI Appendix, Fig. S5C). Taken together, these data indicate
that: i) only a brief exposure to PS757 is sufficient to inhibit
EtBr efflux over a longer time scale; ii) PS757 itself rapidly
associates with enterococcal cells; and iii) PS757 is not effi-
ciently depleted from cells.

PS757 has Potent Inhibitory Activity Across a Variety of
Pathogenic Gram-Positive Firmicutes. Given the potent inhibi-
tory effects we observed for E. faecalis, we analyzed the effects

of treatment with PS757 against a panel of Gram-positive
pathogens. Based on MICs, we found that PS757 effectively
inhibits growth of all Gram-positive Firmicutes tested, includ-
ing Streptococcus pyogenes, Streptococcus agalactiae, Streptococcus
pneumoniae, MRSA, and the model organism Bacillus subtilis
(SI Appendix, Table S5). Notably, PS757 did not affect the
growth of the Gram-negative bacterium Escherichia coli, how-
ever for each of the Gram-positive pathogens tested, PS757 had
more potent MIC activity across these species than in entero-
coccal species, suggesting that 2-pyridone derivatives can be
modified to be even more efficacious in the treatment of resis-
tant staphylococcal and streptococcal infections. We also
observed that treatment of Staphylococcal aureus JE-2 cells, a
plasmid-cured MRSA strain (39), with 50 μM PS757 resulted
in >4 logs of cell death of both exponential and stationary
phase cultures, suggesting that, unlike enterococcal cells, PS757
has bactericidal activity against both exponential and stationary
phase cultures (SI Appendix, Fig. S9), making it an attractive
alternative to target multidrug-resistant staphylococcal infec-
tions. The mechanism of species-specific PS757-induced cell
death is the subject of future studies. Given their broad and
potent bactericidal activity against Gram-positive (GmP) bacte-
ria, GmPcides have the potential to be developed into much-
needed therapies to treat MDR infections.
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Fig. 3. Sublethal concentrations of PS757 acts in combination with sublethal levels of gentamicin, vancomycin, and ciprofloxacin to kill OG1RF, V583, and
VRE clinical isolates. Sublethal concentrations of PS757 combined with sublethal concentrations of gentamicin or vancomycin results in cell death. (A) Over-
night cultures of OG1RF were diluted into fresh media and treated with either DMSO or sublethal concentrations of PS757 (1.56 μM or 3.2 μM) alone or in
combination with a sublethal concentration of gentamicin (8 μg/mL). (B) Overnight cultures of V583 were diluted into fresh media and treated with either
DMSO or sublethal concentrations of PS757 (1.56 μM or 3.2 μM) alone or in combination with a sublethal concentration of vancomycin (8 μg/mL). (A, B) Net
fold change (see Materials and Methods) is presented as the average change in final CFU/mL relative to the CFU/mL of the untreated initial inoculum. Black
bars represent SD of replicates. Statistical analysis by one-way ANOVA (*P < 0.05, **P < 0.01, ****P < 0.0001, ns: not significant). (C) Sums of the FIC derived
from a checkerboard analysis (see Materials and Methods) of PS757 with gentamicin, vancomycin, and ciprofloxacin in clinical VRE strains. Strains OG1RF,
V583, 1332, and 1333 are antibiotic resistant E. faecalis and strains 1379, 1381, 1386, and 1388 are antibiotic resistant E. faecium. FIC of ≤ 0.5 was considered
synergistic (“Syn.”), >0.5 to 2.0 additive (“Add.”) and >2.0 antagonistic (“Antag.”), as indicated by the dashed lines.
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Discussion

Current clinically available antibiotics typically show the greatest
bactericidal effects on growing bacteria (40). Indeed, for the com-
monly prescribed β-lactam antibiotics, a linear correlation has
been shown between growth rate and bacterial cell lysis (41).
While most in vitro studies examine the effects of antibiotics on
exponentially growing cultures of domesticated laboratory strains
in rich media, it is unlikely that this accurately recapitulates the
growth of pathogenic strains of bacteria within a host, which must
contend with limited nutrients and the host immune response.
Here we have shown that the new class of 2-pyridone compounds,
which we have named GmPcides, including the second-
generation compound PS757, have bactericidal activity against
nondividing stationary phase cultures of E. faecalis OG1RF and
recently isolated clinical strains of Enterococcus as well as other
Gram-positive pathogens. In contrast, concentrations of PS757
which reduced CFUs of stationary phase enterococcal cells by
>105 instead showed potent bacteriostatic effects and little to no
bactericidal activity against enterococci growing in exponential
phase (Fig. 2). Thus, the bactericidal effects were predominantly
observed in nondividing stationary phase enterococcal cells.
Similar to the effect of PS757 on nondividing enterococci,

daptomycin also has bactericidal activity against nondividing
Gram-positive S. aureus cells (42). As a lipopeptide antibiotic,
daptomycin works by disrupting cell membrane integrity, causing
leakage that collapses membrane potential and results in cell death
(43). Daptomycin shows concentration-dependent bactericidal
activity, defined as >3 log reduction in viable stationary phase
S. aureus cultures (42). Gentamicin shows a slower bactericidal
effect against stationary phase S. aureus relative to daptomycin
over 24 h of treatment. In contrast, ciprofloxacin, nafcillin, and
vancomycin did not reach the >3 log reduction in viable station-
ary phase cells grown under the same conditions (42). Daptomy-
cin also has rapid bactericidal activity against exponentially
growing cultures of S. aureus, with 3+ log reduction in viable cell
count observed within 60 min at a concentration of 4x MIC
(4 μg/mL) (42). Thus, PS757, which is very structurally distinct
from daptomycin, shows similar properties of being active on
both nondividing stationary phase cells and actively dividing S.
aureus cells (SI Appendix, Fig. S9), but is unusual in its bacterio-
static activity toward exponential phase enterococcal cells (Fig. 2).

We found that the GelE protease, which is expressed in stationary
phase, and the autolysin Atn contribute to the bactericidal effect
observed in stationary phase enterococcal cells. We hypothesize
that treatment with PS757 results in changes to cell wall composi-
tion making it more sensitive to Atn-mediated hydrolysis, whose
activity is activated by GelE during the stationary phase. It will be
interesting to examine whether other physiological changes in sta-
tionary phase cultures, such as lowered pH or growth phase spe-
cific metabolites, also contribute to PS757-mediated cell death of
stationary phase cells.

The bactericidal activity of compounds such as PS757 against
stationary phase enterococcal cells may hold clinical promise for
treatment of enterococcal infections in patients, which are unlikely
to be experiencing exponential growth. Moderate level resistant
(MLR) enterococcal strains show decreased permeability to ami-
noglycosides such as gentamicin (44). Cell wall acting antibiotics,
such as a β-lactams, can increase aminoglycoside influx. Thus,
combination aminoglycoside/β-lactam therapy has been used in
the clinical setting for treatment of aminoglycoside resistant
enterococcal infections. An additional benefit of the aminoglyco-
side/β-lactam combination therapy is that the synergistic effects
observed between these antibiotics allow for decreased concentra-
tions of administered aminoglycosides, which are nephrotoxic in
higher sustained quantities. High-level resistance (HLR) to amino-
glycosides is usually mediated by aminoglycoside modification
enzymes (45). Thus, the combination therapy described above is
ineffective for treatment of a substantial number of enterococcal
infections that exhibit HLR to aminoglycosides. However, other
combination therapies that use ampicillin with a third-generation
cephalosporin have been shown to be effective in vitro and in vivo
for the treatment of HLR enterococci with aminoglycosides. Fur-
ther, this combination exhibits lower rates of nephrotoxicity com-
pared to patients administered the aminoglycoside and β-lactam
combination therapy. The presumed mechanism of action of the
double β-lactam therapy is through the saturation of different pen-
icillin binding proteins (PBPs).

The combination of sublethal concentrations of PS757 with
the aminoglycoside gentamicin resulted in additive to synergis-
tic effects against both MLR (OG1RF, VRE-1332, VRE-1333)
and HLR (V583, VRE-1379, VRE-1381, VRE-1386, VRE-
1388) enterococcal strains (Fig. 3C and SI Appendix, Table S4),
raising intriguing questions about the mechanism of action for
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Fig. 4. Sublethal concentrations of PS757 increase influx and decrease efflux in OG1RF. (A) EtBr accumulation in OG1RF cells treated with vehicle (DMSO,
green) or PS757 (pink). EtBr accumulation results are plotted as fold-change of EtBr fluorescence over a 30-min time course. (B) Relative fluorescence of EtBr
depletion of OG1RF cells pretreated with EtBr and i) vehicle (DMSO, green); or ii) PS757 (pink). (C) Relative fluorescence of PS757 depletion of OG1RF cells
pretreated with EtBr and i) vehicle (DMSO, green); or ii) PS757 (pink). EtBr and PS757 depletion results are plotted as % relative EtBr fluorescence (respective
to the initial fluorescence, 100% at t = 0) over a 30-min time course. Cells were pretreated with EtBr (1 μg/mL), DMSO (0.05%) and/or PS757 (5 μM). The fluo-
rescence signals emitted from PS757 (λEx = 400 nm and λEm = 440 nm) and EtBr (λEx = 544 nm and λEm = 590 nm) were measured with SpectraMax iD3
microplate reader (Molecular Devices). All measurements were performed in triplicate and results were plotted using GraphPad Prism (version 9.3.1). Black
bars represent SDs of replicates.

PNAS 2022 Vol. 119 No. 43 e2210912119 https://doi.org/10.1073/pnas.2210912119 7 of 10

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2210912119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2210912119/-/DCSupplemental


the combinatorial effects. We have shown that treatment with
sublethal concentrations of PS757 results in a twofold to three-
fold increased accumulation of ethidium bromide compared to
the vehicle control over a 30-min time-course in both an MLR
strain OG1RF and a HLR strain V583 (Fig. 4 and SI
Appendix, Fig S4). Thus, PS757 may work with aminoglyco-
sides by increasing the permeability of the cell wall such that
influx is increased. This suggests that the PS757-mediated
increase in influx increases the intracellular concentrations of
gentamicin, which would explain the observed additive to syn-
ergistic effects in the MLR strains. However, despite increased
intracellular concentrations of gentamicin, HLR strains would
presumably remain resistant due to the activity of the amino-
glycoside modification enzymes. Thus, the cellular response to
PS757 may have additional effects beyond increasing influx,
such as decreased expression or inactivation of aminoglycoside
modification enzymes. We demonstrate that PS757-resistant
strains can be isolated with mutations in the intergenic region
of the LmrB efflux pump (SI Appendix, Fig. S4), suggesting
that PS757 may enter the cytoplasm and that efflux though
LmrB could decrease sensitivity to intracellular PS757, support-
ing the hypothesis that PS757 may have intracellular targets.
Future work is necessary to fully elucidate the scope of the tar-
gets and the effects of PS757 treatment.
We also observed primarily additive effects between sublethal

concentrations of PS757 and the cell wall antibiotic vancomycin
(Fig. 3C and SI Appendix, Table S4). Vancomycin works through
binding to the peptidoglycan precursor D-alanine-D-alanine
(D-Ala-D-Ala), which is involved in transpeptidation and prevents
the formation of cross-bridges in peptidoglycan (46). Resistance
occurs through modification of the D-Ala-D-Ala precursors to
either D-alanine-D-lactate (D-Ala-D-Lac) or D-alanine-D-serine
(D-Ala-D-Ser), which results in ∼1,000-fold and ∼7-fold
decreased affinities with vancomycin, respectively (47, 48). Modi-
fication of the D-Ala-D-Ala precursor is achieved by a series of
genes whose expression is regulated by a two-component system
that responds to the presence of vancomycin or early cell wall
stress induced by vancomycin. It is believed that the cross-linking
reaction to incorporate the modified precursors into the cell wall
also requires high-molecular weight PBPs (49). Thus, the additive
effects observed with sublethal concentrations of PS757 may be
due to targeting of several processes, including the interaction of
PS757 with the high molecular weight PBPs required to incorpo-
rate the modified precursors (D-Ala-D-Lac or D-Ala-D-Ser),
which could result in decreased peptidoglycan crosslinking and
cell wall integrity (49). Another potential mechanism is PS757-
mediated perturbation of the cell wall such that signaling is
decreased from the two-component system required for expression
of the genes that modify D-Ala-D-Ala to confer resistance to van-
comycin. Alternatively, PS757 could target the cell wall precursor
lipid II in a mechanism similar to Teixobactin (50). The combina-
tion effects observed for sublethal doses of PS757 and vancomycin
against VRE also raise intriguing possibilities for future studies of
combination therapy to treat enterococcal strains that display het-
eroresistance to vancomycin (51). Heteroresistance occurs when a
small subpopulation of antibiotic resistant bacteria exists among a
largely susceptible bacterial population (52). Recent work has
shown that combination therapy against bacterial strains that dis-
play multiple heteroresistances can be used to kill these strains
when monotherapy alone is insufficient (53).
Given the broad-spectrum activity of PS757 against Gram-

positive pathogens, coupled with the unusual activities against
nondividing enterococcal cells and additive to synergistic effects
observed with standard-of-care antibiotics, GmPcides have the

potential to be a valuable addition to our pharmacopeia. Addi-
tionally, synthetic methodologies will allow for fine-tuning of
future generations of GmPcides to select for species-specific
properties that are most advantageous in treatment. Further
analysis of GmPcides, including the identification of their
target, their species-specific mechanism of action, and the
mechanisms by which they act additively to synergistically with
standard-of-care antibiotics will also provide a valuable chemi-
cal tool for the identification of novel pathways that can be
exploited for future drug development.

Materials and Methods

Bacterial Strains and Growth Conditions. Unless otherwise specified, all
bacterial cultures were inoculated from a single bacterial colony grown on Brain
Heart Infusion (BHI) agar plates and grown overnight in BHI broth (BD and Com-
pany). Liquid cultures were grown static (enterococci and streptococci) or shaking
(staphylococci, B. subtilis) at 37 °C for 18 h, as described (54–56). Other growth
conditions and the concentration of the antibiotics used are described in the text
or below. Number of CFUs was determined by serial dilution and quantitative
plating on BHI agar plates. Bacterial strains are listed in SI Appendix, Table S2.

Determination of MIC and Minimum Bactericidal Concentration. Broth
microdilution MIC and minimum bactericidal conentratrion (MBC) assays were
performed in BHI medium following the Clinical and Laboratory Standards Insti-
tute (CLSI) methods for antimicrobial susceptibility testing (57). In accordance
with CLSI standards, the MIC of each antimicrobial was defined as the lowest con-
centration of compound that prevented bacterial growth relative to the inoculum
(107 CFU), as determined by optical density (OD600) using a spectrophotometer.
Validation of assays included routine testing of quality control standard cultures,
including E. faecalis ATCC 29212 and E. faecalis ATCC 51299. MIC and MBC val-
ues for experimental compounds were rejected if MICs and MBCs of quality con-
trol strains were outside of CLSI determined quality control ranges when tested
against a standardized panel of antimicrobials (57).

Susceptibility of clinical isolates. Frozen stocks of clinical VRE bloodstream
isolates (SI Appendix, Table S2) were used to inoculate 10 mL of BHI in 15 mL
conical tubes. Caps were tightened and cultures were grown overnight at 37 °C.
Overnight cultures were normalized to OD600 = 1 and diluted 1:1,000 in fresh
BHI, constituting the initial inoculum. Ten-fold serial dilutions in PBS (pH 7.4)
were plated to calculate the CFUs of the initial inoculum (∼1 × 106 CFUs/mL).
For each diluted culture, 990 μL was aliquoted into 1.5 mL microcentrifuge
tubes containing 10 μL of 100% DMSO, 10 mM EC240, or 10 mM EC305
(final concentration of 100 μM) and mixed gently by pipetting. Sealed tubes
were then placed at 37 °C for 18 h. Tenfold serial dilutions of each culture in
PBS (pH 7.4) were subsequently plated on BHI agar plates and resulting final
CFUs were enumerated. The experiment was repeated in triplicate on three sepa-
rate days. The plotted net change values were calculated as the average of the
log10 (final CFU/mL) – log10 (inoculum CFU/mL) values for each replicate.

Growth Curves of Exponential Phase Cultures. Overnight cultures of
OG1RF were inoculated into 10 mL of BHI in 15 mL conical tubes from frozen
stocks with the caps tightened and grown static at 37 °C overnight. Resulting cul-
tures were normalized to OD600 = 1 and then diluted 1:1,000 into two 15 mL
conical tubes with 10 mL of fresh BHI and grown static with the caps tightened
at 37 °C to an OD600 = 0.2 to 0.3. The cultures were pooled and the initial
OD600 was measured (t = 0). The culture was then split and 1.98 mL of culture
was added to the wells of a 12-well tissue culture test plate (TPP, 92012).
A 2.4 mM solution of PS757 was prepared in DMSO and serially diluted twofold
into 100% DMSO to create a range of 100× solutions (1.2 mM, 0.6 mM,
0.3 mM). Twenty microliters of the DMSO vehicle control or 100× solutions
were added into the culture containing wells. The top and bottom rows of wells
contained 2 mL BHI with no compound or bacteria to serve as blanks. Cultures
were incubated at 37 °C and at specified time intervals cultures were mixed by
pipetting and OD600 was measured with the BioTek Synergy H1 Microplate
Reader. The OD600 values were normalized between the t = 15 and t = 0 time-
points to account for the PS757-dependent increase in optical density (OD600t15
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– OD600t0), as PS757 gives an OD600 signal at high concentrations, and this cor-
rection value was subtracted from all subsequent readings. The average of three
independent replicates performed on separate days was plotted and the SD of
the replicates are indicated.

Killing Curves of Exponential and Stationary Phase Cultures. Overnight
cultures of specified enterococcal strains were inoculated into 10 mL of BHI in
15 mL conical tubes with the caps tightened from frozen stocks and grown over-
night. Cultures were then normalized to OD600 = 1 and diluted 1:1,000 into
10 mL of fresh BHI in 15 mL conical tubes with the caps tightened. For stationary
phase culture experiments, diluted cultures were then grown for 18 h overnight
at 37 °C, multiple 18-h cultures of the same strain were pooled, and tenfold
serial dilutions in PBS (pH 7.4) were performed to calculate CFUs of the initial
inoculum. For exponential phase culture experiments, diluted cultures were
grown at 37 °C to an OD600 = 0.2 to 0.3 (∼4.5 h), pooled, and tenfold serial
dilutions in PBS (pH 7.4) were performed to calculate CFUs of the initial inocu-
lum. For both stationary and exponential phase experiments, 990 μL of the ini-
tial inoculum was aliquoted into 1.5 mL microcentrifuge tubes containing 10 μL
of 100% DMSO, 10 mM PS757, or 5 mM PS757 (final concentration of 100 μM
and 50 μM, respectively), mixed gently by pipetting, and placed at 37 °C. For
time course experiments, at each timepoint (2, 4, 6 and 24 h) the cultures were
gently inverted four times and 50 μL of culture was taken to perform ten-fold
serial dilutions in PBS (pH 7.4). The serial dilutions were subsequently plated
and CFUs were enumerated at dilutions that yielded 10 to 80 colonies. For the
mutant killing curve experiments, the CFUs were enumerated at 20 h posttreat-
ment. Each experiment was repeated in triplicate on 3 separate days and
included at least two technical replicates. Where the results are plotted as net
fold changes, the values were calculated as the average of the log10 (final
CFU/mL) – log10 (inoculum CFU/mL) values for each replicate, where the results
are not reported as net fold-changes they are average of the replicates with the
SD indicated.

Spot Titer Assays. Exponential and stationary phase cultures were prepared as
described in the previous section. Overnight cultures of the complementation
strain OG1RF ΔgelEpgelE were grown as previously described (58). Briefly,
strains were streaked from frozen stocks onto BHI agar plates with kanamycin
(500 μg/mL) and resulting colonies were restreaked twice onto BHI agar plates
with kanamycin (500 μg/mL). Colonies were then inoculated into liquid BHI con-
taining kanamycin (500 μg/mL) and chloramphenicol (25 μg/mL) and grown
overnight at 37 °C. After 24 h of treatment with 100 μM PS757 or vehicle con-
trol (DMSO), tenfold serial dilutions in PBS (pH 7.4) were prepared and 5 μL of
culture was spotted onto BHI agar plates. The plates were incubated overnight at
37 °C and subsequently imaged on the ChemiDoc Imaging System using the
Bio-Rad Image Touch Software (version 3.0.1.14).

EtBr Depletion and Accumulation Assays. Bacterial cultures were grown
overnight in 12 mL of BHI in 50 mL conical tubes with loosely closed caps at
37 °C statically. For the EtBr depletion assay, cultures were pelleted, washed twice
with PBS (pH 7.4) and normalized to OD600 = 1 in 12 mL of PBS (pH 7.4) with
0.5 μg/mL EtBr and 20 μg/mL reserpine followed by 1-h static incubation at
37 °C. The cells were then harvested by centrifugation and resuspended with
12 mL of PBS (pH 7.4). Cell suspensions (100 μL) were aliquoted to flat-
bottomed black 96-well plates (Grenier, M4936) containing 100 μL of PBS
(pH 7.4) with 0.4% glucose and/or 10 μM of assay compounds. For EtBr accumu-
lation assay, the PBS-washed cells were normalized to OD600 = 1 in 12 mL of
PBS (pH 7.4) and 100 μL of cell suspensions were aliquoted to flat-bottomed
black 96-well plates (Grenier, M4936) containing 100 μL of PBS (pH 7.4) with
1.0 μg/mL EtBr, 0.4% glucose and/or 10 μM of assay compounds. The fluores-
cence signal emitted from EtBr (λEx = 544 nm and λEm = 590 nm) was mea-
sured every 1.5 min for 30 min by shaking 10 seconds without lid in SpectraMax
Id3 microplate reader (Molecular Devices) that was preheated to 37 °C. All meas-
urements were performed in triplicates. The fluorescence signals from EtBr were
normalized with the average EtBr signal of vehicle control samples at zero minute.
The normalized data were then plotted using GraphPad Prism (version 9.3.1).

UV-Vis Spectra. The absorbance of PS757 was measured in T90+ UV/VIS spec-
trophotometer. The compound was dissolved in DMSO at 10 mM concentration.
The baseline was corrected against blank DMSO control. The spectral scan was

recorded in the range of 280 to 520 nm with a scanning speed of 100 nm/min
and plotted using the Spectragryph software (59). The absorption maxima (lmax)
was determined from the maximum absorbance value against the wavelength.

General Fluorescence Measurements. The fluorescence emission of PS757
was measured using a JASCO FP-6500 spectrofluorometer. Ten micrometers of
PS757 in DMSO was excited at 400 nm and the emission spectra was recorded
in the range of 410 to 650 nm at 25 °C. The baseline was corrected with the
blank DMSO control. The emission maxima (lmax) was determined from the max-
imum emission value against the wavelength.

PS757 Accumulation and Depletion Assays. Bacteria cultures were grown
overnight in 12 mL of BHI in 50 mL conical tubes with loosely closed caps at
37 °C statically. For the PS757 accumulation assay, cultures were pelleted,
washed twice with PBS (pH 7.4) and normalized to OD600 = 1 in 6 mL of PBS
(pH 7.4) with 0.4% glucose. Then the cells were incubated with either i) 0.01%
DMSO (vehicle); or ii) 1 μM PS757 for 30-min under static incubation at 37 °C.
At 0, 15 and 30 min, 1 mL of these cell suspensions were harvested by centrifu-
gation for 3 min, resuspended with 1 mL of PBS (pH 7.4) and 200 μL of cell sus-
pensions were aliquoted to flat-bottomed black 96-well plates with clear bottom
(Grenier, M0562). For the PS757-EtBr depletion assay, the PBS-washed cells were
normalized to OD600 = 1 in 5 mL of PBS (pH 7.4) with 0.5 μg/mL EtBr followed
by 30-min static incubation at 37 °C. As follows, DMSO (vehicle) or PS757 was
added to 0.05% or 5 μM final concentration to the EtBr preloaded cells and the
samples were incubated at room temperature for 3 to 4 min. The cells were then
harvested by centrifugation and resuspended with 5 mL of PBS (pH 7.4) with
0.4% glucose followed by static incubation at 37 °C for 30 min. At 0, 15 and
30 min, 1 mL of these cell suspensions were harvested by centrifugation and
resuspended with 1 mL of PBS (pH 7.4). As follows, 200 μL of cell suspensions
were aliquoted to flat-bottomed black 96-well plates with clear bottom (Grenier,
M0562). The fluorescence signals emitted from PS757 (λEx = 400 nm and
λEm = 440 nm) and EtBr (λEx = 544 nm and λEm = 590 nm) as well as
OD600 were measured without lid in SpectraMax iD3 microplate reader (Molecu-
lar Devices) at each time point. All measurements were performed in triplicates.
The fluorescence signals from PS757 and EtBr were first normalized with OD600
measurements, and then normalized with the average of vehicle control at
zero minute. The normalized data were then plotted using GraphPad Prism
(version 9.3.1).

Combination Treatment with Sublethal Concentrations of PS757 and
Standard of Care Antibiotics. Colonies were inoculated into 10 mL of BHI in
a 15 mL conical tube with the caps tightly secured for overnight growth at 37 °C.
The cultures were then normalized to an OD600 = 1.0 and diluted 1:1,000 in
fresh BHI. This initial inoculum was then serially diluted to determine the initial
CFUs/mL Gentamicin, vancomycin, and PS757 solutions were prepared at 40x
concentrations and 5 μL of each drug was aliquoted into a 13 × 100mm mL
glass tube. For the vehicle control conditions, 10 μL of 10% DMSO was added
instead. The initial inoculum was then added to each tube at a volume of
190 μL, gently mixed with the antibiotic, and the culture was then grown stati-
cally at 37 °C for 18 to 20 h. Following the treatment period, the cultures were
serially diluted and plated for CFUs on BHI agar plates. Each condition is repre-
sented by at least 4 replicates. The net fold change values were calculated as the
average of the log10 (final CFU/mL) – log10 (inoculum CFU/mL) values for
each replicate.

Assessment of Antimicrobial Synergy. The checkerboard method was
employed to evaluate whether treatment with two different antimicrobials in an
in vitro assay had a synergistic effect by testing a cross-section of interceding
antimicrobial concentration gradients following a 1:2 dilution scheme across a
96-well assay plate (60). The interaction of two antimicrobial compounds was
determined to be antagonistic, synergistic, or indifferent by calculating the sum
of fractional inhibition combinations (FIC). FIC values for each concentration of a
compound were calculated as the ratio of the MIC of a compound in combina-
tion versus the MIC of the compound alone. An interaction was considered
antagonistic when the FIC is ≥2, indifferent when FIC is between 0.5 and 2.0,
and synergistic when FIC is ≤0.5. Controls included single compound gradients
and untreated cultures.
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Data, Materials, and Software Availability. DNA sequencing data have
been deposited in SRA [PRJNA876221 (61)].

All study data are included in the article and/or supporting information.
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