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ABSTRACT The threat of diminished antibiotic discovery has global health care in
crisis. In the United States, it is estimated each year that over 2 million bacterial in-
fections are resistant to first-line antibiotic treatments and cost in excess of 20 bil-
lion dollars. Many of these cases result from infection with the ESKAPE pathogens
(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter bau-
mannii, Pseudomonas aeruginosa, and Enterobacter species), which are multidrug-
resistant bacteria that often cause community- and hospital-acquired infections in both
healthy and immunocompromised patients. Physicians have turned to last-resort antibi-
otics like polymyxins to tackle these pathogens, and as a consequence, polymyxin resis-
tance has emerged and is spreading. Barring the discovery of new antibiotics, another
route to successfully mitigate polymyxin resistance is to identify compounds that can
complement the existing arsenal of antibiotics. We recently designed and performed a
large-scale robotic screen to identify 43 bioactive compounds that act synergistically
with polymyxin B to inhibit the growth of polymyxin-resistant Escherichia coli. Of these
43 compounds, 5 lead compounds were identified and characterized using various
Gram-negative bacterial organisms to better assess their synergistic activity with poly-
myxin. Several of these compounds reduce polymyxin to an MIC of !2 !g/ml
against polymyxin-resistant and polymyxin-heteroresistant Gram-negative pathogens.
Likewise, four of these compounds exhibit antimicrobial activity against Gram-positive
bacteria, one of which rapidly eradicated methicillin-resistant Staphylococcus aureus. We
present multiple first-generation (i.e., not yet optimized) compounds that warrant further
investigation and optimization, since they can act both synergistically with polymyxin
and also as lone antimicrobials for combating ESKAPE pathogens.
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In recent years, Gram-negative bacterial infections have become more difficult to
treat, and as a consequence, clinicians have relied on polymyxin derivatives like

polymyxin B (PMB) and polymyxin E (colistin) to treat their patients. These last-resort
antibiotics are effective but can cause undesirable and irreversible renal damage when
given at therapeutic doses (1, 2). To further complicate the issue, few U.S. Food and
Drug Administration (FDA)-approved antibiotics are being developed to combat such
organisms (3). Without swift action, it is estimated that antimicrobial resistance will
result in 10 million deaths per year by 2050, with an economic cost of $100 trillion (4).
Given antimicrobial resistance has emerged as a major threat to global human and
animal health, the World Health Organization, the Centers for Disease Control and
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Prevention, and the National Institutes of Health have made the pursuit of understand-
ing antimicrobial resistance and identifying novel antimicrobial compounds a priority,
especially against multidrug-resistant bacteria such as the ESKAPE pathogens (Entero-
coccus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter sp.) (5–8).

Unlike Gram-positive bacteria, Gram-negative bacteria possess a thin peptidoglycan
(PG) layer that is protected by a unique asymmetrical lipid bilayer known as the outer
membrane (OM). The inner leaflet of the OM is composed of glycerophospholipids,
while the outer leaflet is composed of a glycolipid called lipopolysaccharide (LPS;
endotoxin). As shown in Fig. 1A, LPS is composed of a negatively charged, hydrophobic,
lipid A anchor linked to O-antigen polysaccharides by an oligosaccharide core. LPS is
stabilized in the OM by bridging with divalent cations (Ca2" and Mg2"), and its
amphipathic structure protects the cell by ensuring that the OM of Gram-negative
bacteria remains an exceptional permeability barrier (9). Furthermore, the lipid A
anchor of LPS is a potent immunostimulatory molecule that is recognized by the
Toll-like receptor 4 myeloid differentiation factor 2 (TLR4-MD2) complex on antigen-
presenting cells. The engagement of TLR4-MD2 by antigen-presenting cells results in
the secretion of proinflammatory cytokines, eicosanoids, and reactive oxygen species,
all of which contribute to the clinical manifestations traditionally associated with
Gram-negative bacterial infections. Left unchecked by effective antibiotics, such infec-
tions often progress to life-threatening sepsis and ultimately death, and this dire
consequence is becoming more common as antimicrobial resistance by bacterial
pathogens continues to outpace the development of new therapeutic interventions
(10–12).

Polymyxins are cationic antimicrobial peptides that disrupt divalent cationic bridg-
ing interactions between LPS molecules to destabilize the OM and ultimately cause
bacterial cell lysis (13). The mechanisms of polymyxin resistance employed by Gram-

FIG 1 Rationale of the whole-cell screen for compounds that exhibit synergy with polymyxin. (A) The Gram-negative bacterial cell envelope and the canonical
unmodified lipid A species of E. coli K-12 are shown. The inner and outer membrane lipid bilayers are separated by a periplasmic space containing a wall
composed of peptidoglycan. The inner membrane (IM) is composed of a symmetrical layer of glycerophospholipids. The outer membrane (OM) is asymmetric
and composed of glycerophospholipids in the inner leaflet and LPS in the outer leaflet. Lipid A is a hexa-acylated disaccharide of glucosamine with phosphates
at the 1 and 4= moieties, and it is responsible for anchoring LPS to the OM. The phosphates of lipid A impart an overall negative charge that enables cationic
antimicrobial peptides (CAMPs), such as polymyxins, to disrupt the OM and gain access to the IM, which ultimately lyses the cell. (B) The modification of lipid
A by ArnT and EptA with 4-amino-4-deoxy-L-arabinose (L-Ara4N) and phosphoethanolamine (pEtN), respectively, changes the charge of lipid A and
negates the activity of polymyxin. (C) The screening pipeline used to identify compounds that act synergistically with PMB to inhibit the growth of PMBr

E. coli WD101. The number of compounds remaining after each step is illustrated.
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negative bacteria primarily rely on the modification of the lipid A anchor of LPS. This
can be achieved in a variety of ways; however, mutations in genes encoding either the
PmrAB or PhoPQ two-component regulatory systems are most common and lead to the
expression of a plethora of genes, including those involved in LPS modification. Using
Escherichia coli, it was previously demonstrated that polymyxin resistance can occur
through constitutive PmrA-dependent expression of ArnT and EptA enzymes, which
modify lipid A with the amine-containing substituents 4-amino-4-deoxy-L-arabinose
(L-Ara4N) and phosphoethanolamine (pEtN), respectively (14–16). L-Ara4N and pEtN
modifications at the 1= or 4= phosphate positions of lipid A (Fig. 1B) are a highly
effective means of conferring polymyxin resistance to Gram-negative bacteria like E.
coli, as they reduce the overall negative charge of lipid A and render polymyxins unable
disrupt the OM (9). These modifications are also broadly used by multiple multidrug-
resistant Gram-negative bacteria (A. baumannii [17, 18], K. pneumoniae [19], Salmonella
sp. [15], P. aeruginosa [20, 21], and Enterobacter sp. [22]). When activated in the majority
of Gram-negative bacteria, PhoQ and PmrB sensor kinases can either phosphorylate or
dephosphorylate PhoP and PmrB, respectively. In these organisms, the phosphorylation
(activation) of PhoP indirectly leads to the activation of PmrA via PmrD, while PmrB
directly activates PmrA. PmrA activation results in ArnT and EptA expression, and
subsequent lipid A modification. In contrast, PhoQ in P. aeruginosa can only dephos-
phorylate (inactivate) PhoP; thus, the inactivation of PhoQ is required to constitutively
activate PhoP and PmrA in this species (21, 23). Acquired chromosomal mutations that
ultimately affect ArnT and/or EptA expression are key to the development of intrinsic
polymyxin resistance in bacteria. Likewise, the ability of bacteria to obtain plasmids
bearing eptA orthologs (mcr-1) is furthering the rapid spread and emergence of
polymyxin resistance worldwide in human, animal, and environmental reservoirs (24,
25). Recent screening of clinical isolates for these genetic alterations has uncovered a
large number of polymyxin-resistant bacteria, which not only have the ability to pass on
such resistance to other bacteria but also pose a considerable and growing risk to
patients in both community and hospital settings (26, 27). New treatment modalities to
combat these polymyxin-resistant bacteria are needed now more than ever.

Large-scale robotic screens have been employed by others to identify repurposed
compounds that can potentiate the activity of nonpolymyxin antibiotics in order to
produce polymyxin-sparing regimes for treating multidrug-resistant Gram-negative
bacteria (28, 29). Other groups have focused on identifying analogues or constructing
derivatives of novel compounds that can potentiate the activity of polymyxin (30–35).
In this study, we merged these approaches with the goal of identifying existing
compounds (either new bioactives or repurposed pharmaceuticals) that could act
synergistically with PMB to yield new last-resort therapeutic options for polymyxin-
resistant bacterial infections that fail to respond to either polymyxin-sparing ap-
proaches or polymyxins themselves. To that end, we utilized a well-described
polymyxin-resistant E. coli strain that constitutively modifies its lipid A structure (see
Table S1 in the supplemental material) and performed a stringent, high-throughput,
whole-cell screen against a library composed of known bioactives, both alone and in
combination with PMB. It was anticipated that if bioactive compounds were found, they
would likely mediate susceptibility to combination therapy by either (i) targeting
enzymes critical to the modification of lipid A, thereby promoting polymyxin activity at
the OM; (ii) disrupting the OM to facilitate the entry of polymyxin into the bacterial cell;
or (iii) functioning as antimicrobials that rely on polymyxin as an adjuvant.

Using this method, we identified 43 commercially available compounds that exhib-
ited synergy with PMB. These bioactive compounds were subjected to more robust
methods for characterizing their synergistic activity in multiple bacterial organisms,
which ultimately produced five lead compounds. We confirmed that these lead com-
pounds exhibit synergy when combined with PMB, but not when combined with
antibiotics typically ineffective against Gram-negative organisms (e.g., vancomycin). We
also determined that these compounds do not alter existing lipid A modifications in
PMB-resistant E. coli. Importantly, these lead compounds in combination with poly-
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myxin were highly effective at inhibiting the growth of polymyxin-resistant and het-
eroresistant Gram-negative pathogens and did so at PMB concentrations that are well
below 2 !g/ml (the recommended MIC cutoff) (1, 2, 36). Even more interesting, some
of these lead compounds also exhibit profound antimicrobial activity against Gram-
positive bacterial species, including methicillin-resistant S. aureus (MRSA). This report
not only provides evidence of first-generation compounds with promise for reducing
polymyxin dosing in clinically relevant bacterial infections but also offers potential
avenues to further explore our understanding of antimicrobial resistance mechanisms
and how to better combat them.

RESULTS
Whole-cell robotic screen identifies bioactive compounds that act synergisti-

cally with polymyxin. Since L-Ara4N and pEtN modifications to lipid A (Fig. 1B) are a
common and highly effective means of conferring polymyxin resistance to Gram-
negative bacteria, we performed a high-throughput, whole-cell screen using E. coli K-12
strain WD101 (see Table S1 in the supplemental material). WD101, a derivative of
wild-type strain W3110, harbors a point mutation in pmrA that results in constitutive
PmrA activation and high levels of polymyxin resistance (14). Figure 1C illustrates the
pipeline used to identify the five lead compounds described in this study. Specifically,
an automated robotic screen was performed with a collection of 29,569 bioactive
compounds for their ability to interact synergistically with PMB and inhibit growth of
WD101. A series of stringent cutoff criteria were used to narrow the list of prospective
compounds. First, compounds that failed to reproducibly inhibit the growth of WD101
to !65% in combination with 8 !g/ml PMB were excluded from further screening,
which yielded 356 compounds. A second robotic screen was used to filter out bioac-
tives that could inhibit the growth of E. coli (W3110 and WD101) when used alone. At
the end of this screening process, adjuvant bioactives were defined as any compounds
that resulted in #99% WD101 growth inhibition in combination with PMB but did not
inhibit the growth of either W3110 or WD101 by themselves (Fig. S1). This methodology
enabled us to identify 43 commercially available compounds for further investigation
as potential polymyxin adjuvants.

The robotic screen used in this study used polystyrene microtiter plates and
lysogeny broth (LB) supplemented with compounds and/or 8 !g/ml PMB (the sub-MIC
for this method) to assess WD101 growth. MIC determinations in Gram-negative
bacteria can vary depending upon the combination of media, vessel, and antibiotic
used. For example, the PMB MIC of WD101 grown on LB agar plates by Epsilometer test
is 8 to 12 !g/ml, while its MIC in LB glass tubes or in cation-adjusted Mueller-Hinton
agar (CAMHA) plates is much lower (3 to 4 !g/ml). The MIC discrepancy due to the
vessel occurs because cationic antimicrobial peptides (CAMPs) such as PMB bind to
negatively charged, inert surfaces such as polystyrene (37–39). Likewise, the MIC
discrepancy due to the media occurs because of variation in the salt content, which is
critical for LPS stabilization in the OM of rapidly replicating Gram-negative bacteria (13).
When not standardized across studies, differences in these physical parameters can
produce inaccurate and inconsistent MIC determinations, which further add to clinical
breakpoint discrepancies in the field (36, 40). As such, cation-adjusted Mueller-Hinton
agar (CAMHA) or broth (CAMHB) have been established in the clinical microbiology
field as the gold standard for antimicrobial susceptibility testing (41–45). While not the
gold standard, polystyrene plates and LB were still most appropriate for our robotic
synergy screen since the polystyrene microtiter plates yielded more accurate optical
density measurements, and the nutrient composition of LB allowed for higher supple-
mentation with PMB to counteract the plate effects.

To ensure we identified only compound hits that act synergistically with low PMB
concentrations, we performed manual checkerboard synergy assays with WD101 using
polypropylene microtiter plates and CAMHB supplemented with 2 !g/ml PMB (the
sub-MIC for this method). With these procedural changes, we eliminated false-positive
hits and confirmed that only 26 of the original 43 compounds reproducibly exhibited
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detectable synergy (WD101 growth ! 10%) with small amounts of PMB. The effective-
ness of these select compounds in combination with PMB against multiple Gram-
negative bacterial species was then examined by Epsilometer tests and checkerboard
assays and, ultimately, five hit-to-lead compounds emerged with broad Gram-negative
antimicrobial activities. The structures and physiochemical properties (Fig. 2A; see Table
S2 in the supplemental material) of these early lead targets are provided, and their
effectiveness in combination with PMB against WD101 was initially verified by two
methods.

Specifically, an efficiency-of-plating (EOP) method in which WD101 cells were grown
in the presence of 20 !M of each compound in combination with 3 !g/ml PMB (the
sub-MIC by this method) demonstrated that all five compounds inhibited the growth
of WD101, with some showing the potential for bactericidal activity (Fig. 2B). We also
used a broth microdilution-based method, since the Clinical and Laboratory Standards
Institute (CLSI) recommends that antimicrobial synergy in combination therapy be
determined by performing checkerboard assays and adhering to established FIC indices
(42, 43, 45). Since our lead compounds were purposely screened for their ability to not
inhibit the growth of WD101 by themselves (Fig. S1), we were unable to determine
compound-only MIC values for FIC index calculations. Our synergy determinations were
instead made by assigning a cutoff value for WD101 growth at !10% (MIC) and, to be
more stringent, we also made side-by-side comparisons between our compounds and
well-established PMB adjuvants in the field such as novobiocin (46, 47) and pentami-
dine (29, 48). Currently, there is no CLSI clinical breakpoint assigned for the use of
polymyxins to treat Enterobacteriaceae infections. However, resistance to !2 !g/ml of
polymyxin by broth microdilution methods has served as a reliable cutoff value for both
clinicians and researchers (28, 29, 49).

Based on these criteria, Fig. 3A demonstrates that all five compounds act synergis-
tically in combination with PMB. Compound 8 was able to reduce the MIC of PMB to
1.25 !g/ml (6- to 8-fold), which is considered in the susceptible range since it is below
the aforementioned !2-!g/ml cutoff value. Impressively, this compound also achieved
this PMB reduction at a very low concentration (20 !M). Low concentrations of com-
pounds 5, 33, 43, and 44 also reduced the MIC of PMB to 2.5 !g/ml (3- to 4-fold), but
based on our stringent criteria only ranked as having intermediate activity. In side-by-
side comparisons between our lead compounds and established adjuvants in the field
(Fig. 3B), only fusidic acid and pentamidine were able to reduce the MIC of PMB for
WD101 below the !2-!g/ml cutoff value for WD101. To achieve this same PMB

FIG 2 Lead compounds exhibit synergy with polymyxin B against polymyxin-resistant E. coli. (A) Table
shows the chemical features of the five lead compounds identified in this study that potentiate the
activity of PMB. (B) The effectiveness of these five compounds in combination with PMB at inhibiting the
growth of PMBr E. coli WD101 is demonstrated by EOP assays on CAMHA supplemented with 20 !M of
compound and 3 !g/ml PMB. These data are representative of at least two biological replicates.
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reduction, much higher concentrations of novobiocin (#788 !M) and pentamidine
(294 !M) were required compared to our early leads. Fusidic acid and mitotane
behaved like compounds 5, 33, 43, and 44, meaning they exhibited synergy with PMB
against polymyxin-resistant WD101 at similar concentrations.

Interestingly, none of these compounds exhibited synergy in combination with
rifampin, erythromycin, or vancomycin (Fig. S2). Rifampin, erythromycin, and van-
comycin target RNA polymerase, the 50S ribosomal subunit, and the peptidoglycan
cell wall, respectively. Typically, these antibiotics are only capable of inhibiting the
growth of Gram-negative bacteria if they are combined with other agents (like
polymyxins) that can disrupt the outer membrane (28, 50–53). Since none of the five
lead compounds identified in this study demonstrate synergy with these Gram-
positive antibiotics suggests that these compounds do not disrupt the outer
membrane to facilitate PMB activity but rather that PMB may facilitate the entry
and/or activity of these compounds. These findings are in contrast to what has been
reported for pentamidine, which disrupts the outer membrane to potentiate the
activity of rifampin and erythromycin (29).

Lead compounds reverse polymyxin resistance against several Gram-negative
bacteria with acquired polymyxin resistance. Given that A. baumannii, K. pneu-
moniae, and P. aeruginosa are priority pathogens that can readily develop resistance to
polymyxin, we also sought to evaluate the synergistic potential of our lead compounds
and PMB against known polymyxin-resistant isolates. An agar-based microdilution
(Epsilometer test) method was used to determine the MIC of polymyxin in combination
with 20 !M of each compound. As demonstrated in Fig. 4 and Table S3, combination
therapy with compounds 5 and 8 demonstrated the greatest overall fold reductions in
PMB MIC against all of the polymyxin-resistant pathogens tested. Compound 33
effectively reduced the MIC of PMB for all pathogens examined, except against a phoQ
mutant of P. aeruginosa (21). Epsilometer test revealed that compounds 43 and 44 in
combination therapy with PMB were effective against polymyxin-resistant K. pneu-
moniae (54, 55) and P. aeruginosa isolates (21, 56) but had no effect on polymyxin-

FIG 3 Lead compounds exhibit synergy with polymyxin at lower concentrations than established adjuvants. (A) Checkerboard broth microdilution assays
performed with PMBr E. coli WD101 illustrate the synergistic activity of these lead compounds and PMB at various concentrations. (B) Checkerboard broth
microdilution assays were performed with E. coli WD101 to demonstrate the synergy between PMB and established adjuvants in the field (fusidic acid, mitotane,
novobiocin, and pentamidine). Representative data from at least two biologic replicates are presented and are shown as a heat map of the percent bacterial
growth.
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resistant A. baumannii isolates. Surprisingly, compound 43 tested ineffective in combi-
nation therapy against E. coli WD101 by this method, whereas compounds 5, 8, 33, and
44 were effective, as shown previously (Fig. 3). These contradictory findings were not
anticipated given the results of our checkerboard assays, but evidence in the literature
suggests that inconsistency in MIC determinations often occurs between agar and
broth methods for Gram-negative bacteria and that results from broth assays with
log-phase growth are preferred over agar assays with stationary growth (57–59). With
this in mind, it is then encouraging that all the broth dilution methods used in this
study were in agreement (Fig. 3 and 5; see also Fig. S3 in the supplemental material).

Since A. baumannii is a critical priority pathogen and the most striking MIC reduc-
tions elicited by our compounds occurred with this Gram-negative organism, we
sought to better examine this relationship by performing checkerboard assays using
two highly polymyxin-resistant A. baumannii isolates. First, we examined the effective-
ness of lead compound synergy with PMB using a well-characterized polymyxin-
resistant spontaneous point mutant of 17978, 17978R2 pmrB(T235I). This single muta-
tion in pmrB has a dominant effect that results in constitutive expression of the pmrCAB
operon in A. baumannii 17978 and enables resistance up to 8 !g/ml PMB in LB (17). We
also tested for compound synergy with PMB against A. baumannii AABA1205, a clinical
isolate that is highly resistant to PMB (64 !g/ml in LB) (60). Checkerboard assays
demonstrate that compounds 8 and 43 are the most effective against A. baumannii,
inhibiting growth well below the cutoff value of !2 !g/ml PMB in a concentration-
dependent manner (Fig. 5A and S3, respectively). Figure 5A also shows that compounds
5, 33, and 44 act synergistically with PMB against 17978R2, albeit only at 2.5 !g/ml
(intermediate range). These findings are further supported by the profound synergistic
behavior exhibited by all of these lead compounds with PMB against 17978R2 in broth
macrodilution assays (Fig. 5B), which demonstrate 4- to 30-fold reductions in PMB MIC.
Likewise, checkerboard assays with AABA1205 (Fig. S3) recapitulate these findings,
again with compounds 8 and 43 again offering the largest reduction in MIC.

Lead compounds synergize with polymyxin to inhibit the growth of polymyxin-
resistant subpopulations in heteroresistant E. cloacae. While agar-based methods
have limitations in determining antimicrobial-adjuvant synergy relationships and anti-
biotic MICs, Epsilometer tests remain the best method for identifying heteroresistant
bacterial subpopulations (61). Recently, the prevalence of heteroresistance in 41 clinical
isolates of E. coli, S. enterica, K. pneumoniae, and A. baumannii were tested against

FIG 4 Lead compounds demonstrate synergy with polymyxin B against diverse polymyxin-resistant
Gram-negative bacterial species. The effectiveness of PMB and the lead compounds against various
polymyxin-resistant Gram-negative bacteria was determined via a PMB Epsilometer test method using
CAMHA supplemented with 20 !M of compound. The heat map shows the fold reductions in the MIC
of PMB for the various strains tested (data for calculations shown in Table S3). Representative data from
at least two biologic replicates are provided.
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several antibiotics and over one-fourth were identified as heteroresistant, often despite
initial MIC testing as susceptible (62). Moreover, it was also recently shown that
combination therapy targeting homogeneous resistance mechanisms in Gram-negative
bacteria are ineffective, and that only combinations targeting multiple heteroresistance
mechanisms are efficacious (63). Since the inadvertent mistreatment of polymyxin-hetero-
resistant bacterial infections is both a complex problem and major concern for treat-
ment failure in the clinic, we explored the effectiveness of our lead compounds in
combination with PMB against a well-described, polymyxin-heteroresistant Enterobac-
ter cloacae strain (22). Figure 6A demonstrates that all five lead compounds are effective
at inhibiting the growth of polymyxin-heteroresistant colonies. Furthermore, com-
pounds 5 and 8 remain highly effective at inhibiting the growth of such heteroresistant
colonies even in the face of previous exposure to PMB (Fig. 6B). Though compounds 33,
43, and 44 did not completely inhibit polymyxin-heteroresistant E. cloacae growth in
this preexposure experiment, compounds 33 and 43 still substantially reduced the
growth of polymyxin-heteroresistant E. cloacae.

Lead compounds do not affect lipid A modification in E. coli. Due to the design
of the whole-cell screen in this study, it was anticipated that some of the compounds
identified may potentiate PMB by inhibiting enzymes involved in the modification of
LPS. LPS and 32P-labeled lipid A species isolated from WD101 treated with either
compounds alone or in combination with PMB were examined by SDS-PAGE gel and
thin-layer chromatography (TLC), respectively. None of the five lead compounds in this
study demonstrated an effect on the rough LPS (LPS lacking O-antigen) of this E. coli
K-12 strain (Fig. 7A). Furthermore, these lead compounds (Fig. 7B) and the other 38
bioactives (Fig. S4) had no impact on lipid A structure with TLC analysis showing normal
levels of L-Ara4N and pEtN modification required for PMB resistance. Thus, our com-
pounds do not target LPS structure. Lead compounds were also unable to potentiate
the activity of rifampin, erythromycin, or vancomycin (Fig. S2). Since the lead com-
pounds do not exhibit synergistic activity with any of these antimicrobials, these data
suggest that it is unlikely they are disrupting the outer membrane to potentiate the

FIG 5 Lead compounds exhibit synergy with polymyxin against polymyxin-resistant A. baumannii by two methods. (A) Checkerboard broth microdilution assays
performed with A. baumannii 17978R2, a pmrB constitutive mutant, were used to demonstrate the synergy between the five lead compounds and PMB at
varying concentrations. The heat map indicates the percent bacterial growth. (B) Broth macrodilution assays performed with A. baumannii 17978R2 show the
fold reduction in the PMB MIC when combined with 20 !M concentrations of the five lead compounds. Representative data from at least two biologic replicates
are shown.
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activity of PMB. Another possible mechanism of action could be that PMB, while unable
to critically damage the cell envelope structure, still facilitates entry of these lead
compounds past the outer membrane and allows them to interfere with other cellular
targets.

Lead compounds demonstrate potent antimicrobial activity against Gram-
positive bacteria and E. coli with outer membrane defects. In order to determine
whether these compounds were interacting with targets other than the outer mem-
brane, we assessed the antimicrobial activity of our lead compounds against a panel of
Gram-positive bacteria (Table 1) and also classified this activity as either bactericidal or
bacteriostatic based on the outcome of time-to-kill assays with MRSA (Fig. 8A). Com-
pound 5 exhibited potent antimicrobial activity against all Gram-positive bacteria
tested (B. subtilis, S. aureus, and E. faecium), and exhibited impressive bactericidal
activity against MRSA at two different concentrations (20 !M [Fig. 8A] and 0.625 !M
[Fig. S5A]). Compound 33 was effective against all Gram-positive bacteria but B. subtilis
(Table 1) and demonstrated bacteriostatic activity up to 24 h (Fig. 8A). Compounds 8
and 43 inhibited the growth of E. faecium and MRSA, but of the two, only compound
43 was effective against B. subtilis (Table 1). Likewise, while compound 43 proved to be
a potent bactericidal agent against MRSA, compound 8 demonstrated bacteriostatic
activity up to 24 h (Fig. 8A). Interestingly, Compound 44 failed to inhibit the growth of
any Gram-positive bacteria when tested in microtiter plates (Table 1); however, in tubes
this compound demonstrated bacteriostatic activity against MRSA up to 12 h (Fig. 8A).

Given these results, we evaluated our lead compounds for antimicrobial activity
against three derivatives of E. coli with outer membrane permeability defects (Table 1).

FIG 6 Lead compounds act synergistically with polymyxin B to inhibit the growth of heteroresistant E.
cloacae. PMB Epsilometer tests were used to determine whether lead compounds act synergistically with
PMB to inhibit the growth of highly polymyxin-resistant subpopulations of heteroresistant E. cloacae. The
effectiveness of each lead compound (20 !M) and PMB against polymyxin-resistant subpopulations of
heteroresistant E. cloacae was determined by two methods. (A) The MIC of PMB on CAMHA supple-
mented with 20 !M of compound was determined for heteroresistant E. cloacae. (B) A single PMB-
resistant E. cloacae colony was selected (the red arrow indicates the selected colony; MIC $ 24 !g/ml)
and propagated in CAMHAB supplemented with 1 !g/ml PMB. This single-colony outgrowth was then
subjected to the same Epsilometer test method described in part A. Representative data from at least two
biologic replicates are shown.
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The first strain, WBBO6, produces deep LPS truncations in W3110, since it lacks rfaF
(waaF) and rfaC (waaC), the genes that encode core oligosaccharide heptosyl trans-
ferases (64). The second strain, W3LPTD, was generated by transducing a mutant allele
of lptD (lptD4213) into W3110, which encodes an essential component of the LPS
transport machinery (65, 66). The last strain, WDLPXC, was made by transducing a
mutant allele of lpxC (lpxC101) into WD101, resulting in reduced LPS levels as LpxC
catalyzes the first committed step of lipid A biosynthesis (67, 68). In the polymyxin-
susceptible strains, only compounds 5 and 8 were able to inhibit the growth of the
WBBO6, while compounds 5, 8, and 33 inhibited the growth of W3LPTD. In the
polymyxin-resistant strain, WDLPXC, compounds 5, 33, and 43 were effective. Using
strain WDLPXC, we verified once again that our lead compounds did not impact lipid
A modification (Fig. S6). While the exact differences that account for the variation in
Gram-positive and Gram-negative strain susceptibility remain unclear, these data sug-
gest that compounds 5, 8, 33, and 43 may be acting on intracellular targets, while

FIG 7 Lead compounds alone or in combination with polymyxin do not impact E. coli lipid A modifications or overall LPS structure. (A) Whether
or not individual compounds (1.25 !M) with or without PMB (0.5 !g/ml) impacted the overall LPS profile was evaluated. Whole-cell lysates were
treated with proteinase K and separated by SDS-PAGE, and the LPS was visualized by staining with Pro-Q Emerald 300 dye. Compared to the
DMSO only control (indicated by a “–”), none of the compounds impacted the WD101 LPS glycoform lacking O antigen. The data are
representative of at least two biological replicates. (B) 32P-labeled lipid A species were isolated from WD101 grown individually with 1.25 !M
compound in the presence or absence of 0.2 !g/ml PMB (conditions were increased to 0.5 !g/ml PMB in a replicate assay). PMBs W3110 is used
as a control and does not modify its lipid A with amine-containing substituents but does produce a species with an additional phosphate group
at the 1 position. The presence of compound did not impact the level of lipid A modified with either aminoarabinose (Ara4N) or phosphoetha-
nolamine (pEtN). Double-modified species indicate lipid A molecules with a combination of Ara4N and pEtN residues. Data shown are
representative of at least two biological replicates.

TABLE 1 Lead compounds exhibit antimicrobial activity against Gram-positive bacteria and Gram-negative bacteria with outer membrane
defectsa

Strain

MIC (!M)

Compound 5 Compound 8 Compound 33 Compound 43 Compound 44
Bacillus subtilis 168 1.25 #20 #20 20 #20

Staphylococcus aureus
12600 1.25 #20 10 #20 #20
MU50 0.63 20 10 20 #20

Enterococcus faecium 19434 1.25 20 10 20 #20

Escherichia coli
W3110 #20 #20 #20 #20 #20
WD101 #20 #20 #20 #20 #20
WBBO6 2.5 20 #20 #20 #20
W3LPTD 2.5 20 5 #20 #20
WDLPXC 5 #20 20 20 #20

aRepresentative data from at least two biological replicates were generated for all strains using broth dilution assays.
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compound 44 is not. The mechanism behind the synergy exhibited by compound 44
in combination with polymyxin B remains unclear.

Since four of the five first-generation lead compounds identified in this study likely
have intracellular targets, we desired to determine the exact behavior of their activity
in Gram-negative bacteria. Specifically, we performed time-to-kill assays with E. coli
WD101 and 20 !M concentrations of each compound in combination with 2.5 !g/ml
polymyxin. We determined that compound 5 is both a fast-acting and potent bacteri-
cidal compound (20 !M [Fig. 8B] and 2.5 !M [Fig. S5B]). Compounds 33 and 44 are also
fast-acting bactericidal compounds, compound 43 is a slower-acting bactericidal com-
pound, and compound 8 is bacteriostatic up to 24 h (Fig. 8B). These data are informa-
tive since they suggest that whatever their mechanism of action, at least four of these
five compounds impact pathways that are essential to bacterial survival.

Early lead compounds exhibit specific and minimal cytotoxicity at low concen-
trations. Based on its profound enhancement of PMB activity against multiple
polymyxin-resistant Gram-negative bacterial organisms, compounds 5, 8, and 33 were
identified as potential front-runners among our early lead candidates. However, the
proper selection of any early lead compound must include an assessment of tractability
for chemical optimization and potential toxicity (Table S2). While computational pre-
dictions are helpful in the drug development process, they are also not an adequate
substitute for empirical data. Given that cytotoxicity is often a variable that hampers the
advancement of new drugs in pharmaceutical development, we evaluated all of our
early lead compounds for their likelihood to directly kill host cells in two different but
well-established drug targeting models.

First, we used a robust, 48-h, tetrazolium (MTT) reduction assay (69) using immor-
talized human hepatocytes (HepG2) (70) and compared the activity of our compounds
to that of an established polymyxin adjuvant and chemotherapeutic agent with known
hepatotoxicity (mitotane) (71, 72). Figure S7A shows that all lead compounds exhibit
concentration-dependent cytotoxicity against these hepatocytes, a feature that is not
uncommon among first-generation drugs that have not undergone optimization.
Encouragingly, all compounds are less hepatotoxic than mitotane at " 2.5 !M, and
some compounds (8, 33, and 44) outperform mitotane at concentrations up to 10 !M.
Furthermore, at concentrations below what elicits hepatotoxicity, two of our leads are

FIG 8 All compounds demonstrate either bactericidal or bacteriostatic activity against both Gram-negative and Gram-positive bacteria.
(A) Time-kill curves using 20 !M concentrations of each compound against vancomycin-intermediate MRSA MU50 reveal that compounds
5 and 43 completely kill bacteria faster than 10 !g/ml of vancomycin, indicating rapid bactericidal activity. Compounds 8, 33, and 44
inhibit bacterial growth for up to 12 h, but only compounds 8 and 33 inhibit growth up to 24 h. (B) Time-kill curves using 20 !M
concentrations of each compound with or without 2.5 !g/ml PMB against polymyxin-resistant E. coli WD101 (pmrAc) demonstrate that
compounds 5, 33, and 44 act synergistically with PMB to produce rapid and complete bacterial killing. Compound 43 acts synergistically
with PMB to produce bactericidal activity (# 3 log10 reduction in CFU/ml) at 24 h, while compound 8 acts synergistically with PMB and
exhibits prolonged bacteriostatic activity (" 3 log10 reduction in CFU/ml). Representative data from at least two biological replicates were
generated using broth dilution assays.
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strong antimicrobials against Gram-positive bacteria (Table 1; Fig. S5A), and most
effectively synergize the activity of PMB against Gram-negative bacteria (Fig. 3 and 5;
see also Fig. S5B).

Given the lipophilic nature of our compounds, we also evaluated them for the
potential to lyse human red blood cells (hRBCs). Hemolysis assays at both 45 min (data
not shown) and 3 h (Fig. S7B) over a range of compound concentrations (0.625 to
40 !M) indicated that none of our compounds showed significant lysis of hRBCs at
40 !M. These preliminary in vitro cytotoxicity tests are encouraging, since they do not
indicate widespread nonspecific toxicity to host cells. These data also support the
computational predictions that our five lead compounds are tractable and warrant
further chemical optimization, which could in turn mitigate cytotoxicity and yield
improved therapeutic windows. Impressively, the antibacterial activity of these leads
has also been achieved without repeat dosing, which is sometimes required by other
antimicrobial adjuvants (73). Taken together, the outcome of these toxicity experiments
is promising, since they underscore the overall effectiveness and potential feasibility of
pursuing the development of these early leads as antimicrobial adjuvants.

DISCUSSION
Repurposing old pharmaceuticals and/or identifying new bioactives with antimicro-

bial activity or the ability to act as effective polymyxin adjuvants are costly and
labor-intensive endeavors. In addition, the inherent risk of renal toxicity from polymyxin
administration requires that the polymyxin adjuvant not only potentiate polymyxin at
very low doses but also have minimal toxicity itself. The likelihood of identifying such
highly effective and yet inert drug targets is low (3, 36, 74). Many in the field have
attempted both avenues to identify either new antimicrobials or suitable adjuvants.
Recent repurposed pharmaceuticals have been experimentally used with varying suc-
cess to potentiate the activity of polymyxins; however, none of these has been
demonstrated to be effective against all of the ESKAPE pathogens (28, 46, 47, 49, 71, 73,
75–81). New antimicrobials have also been identified and shown to be effective against
polymyxin-resistant bacterial strains, which raises the hope that new FDA-approved
antibiotics may emerge in the future (30–35, 82–88). In the interim, other groups have
pursued developing polymyxin-sparing regimes, such as pentamidine, in order to avoid
the clinical use of polymyxins and circumvent their inherent toxicity (29). However, new
evidence has already emerged that A. baumannii can develop intrinsic resistance to
pentamidine (89), which just further illustrates the importance of continued investiga-
tion into polymyxin resistance mechanisms and the constant need for new therapeutic
interventions.

In this study, we utilized a chemical library composed of synthetic molecules,
purified natural products, off-patent products, FDA-approved drugs, and other bioac-
tives to perform our whole-cell screen. We then verified the synergistic activity of 43
compounds with polymyxin using robust antimicrobial susceptibility testing methods
and also confirmed their relevance by performing orthogonal tests against multiple,
polymyxin-resistant Gram-negative bacterial pathogens. In doing so, we determined
that micromolar concentrations of compounds 5 and 8 can dramatically reduce PMB to
a susceptible and possibly therapeutically relevant dose (!2 !g/ml). We also saw that
compounds 33, 43, and 44 exhibited synergy with polymyxin B but were only able to
reduce polymyxin B to 2.5 !g/ml. While this was deemed by us to be an intermediate-
level reduction, these leads still vastly improve the activity of PMB and are promising
candidates for future development.

We also found that our five lead compounds are highly effective at inhibiting the
growth of heteroresistant E. cloacae. The issue of antibiotic heteroresistance is not often
considered early in drug discovery, particularly when screening compounds for activity
as polymyxin adjuvants. By demonstrating the effectiveness of our lead compounds
against one heteroresistant and several different polymyxin-resistant Gram-negative
bacteria, we show that our compounds are effective across multiple multidrug-resistant
pathogen species with different chromosomal mutations.
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By performing checkerboard assays with the lead compounds in combination with
either rifampin, erythromycin, and vancomycin, we were able to determine that none
were potentiating the activity of PMB by disrupting the outer membrane. TLC data also
indicated that none of the 43 bioactive compounds identified in this screen impacted
LPS biosynthesis or the modification of the lipid A anchor. Lastly, we evaluated the five
lead compounds in this study for antimicrobial activity against Gram-positive bacteria
or Gram-negative bacteria with defective outer membrane permeability barriers to
determine whether they were acting on intracellular targets. Our data suggest that PMB
is likely facilitating the entrance of compounds 5, 8, 33, and 43 beyond the outer
membrane to inhibit such intracellular targets. There is no evidence to suggest that
compound 44 acts in this fashion.

In conclusion, we present five first-generation lead compounds for consideration,
some of which can effectively be used at very low micromolar concentrations to
dramatically lower the dose of polymyxin, a feat that is not only safer but also
potentially feasible in a clinical setting. In addition, four compounds may warrant
further optimization as potent Gram-positive antimicrobials. While the exact mecha-
nism of action for these five lead compounds remains unclear, this study clearly
demonstrates that our bioactives could be effective against all of ESKAPE pathogens
not only by reinvigorating polymyxin for use against polymyxin-resistant Gram-
negative bacterial infections but also by yielding new treatment avenues for multidrug-
resistant Gram-positive bacteria. Much remains to be learned about these lead com-
pounds, and future efforts by our group will be focused on refining these targets,
determining their mechanism of action, and investigating their effectiveness and safety
in relevant animal models.

MATERIALS AND METHODS
Reagents. Screening stocks (10 mg/ml) of the following Maybridge compounds were stored in small

aliquots at %20°C in 100% (vol/vol) dimethyl sulfoxide (DMSO): 5 (HTS03780), 8 (MGH00136), 33
(NH00518), 43 (CD04455), and 44 (JP00319). The following commercial pharmaceutical chemicals were
dissolved in either sterile molecular-grade water or 100% (vol/vol) DMSO (Sigma-Aldrich), where indi-
cated, and stored at –20°C: 1 mg/ml polymyxin B sulfate 25MU (Chem-Impex International, Inc.), water;
50 mg/ml novobiocin (Sigma-Aldrich), water; 50 mg/ml pentamidine isethionate (Sigma-Aldrich), DMSO;
1 mg/ml mitotane (Sigma-Aldrich), DMSO; 10 mg/ml erythromycin (Fisher BioReagents), DMSO; 1 mg/ml
rifampin (Sigma-Aldrich), water; and 1 mg/ml vancomycin (Research Products International), water.
Reagents were used immediately and not subjected to repeat freeze-thawing. In all experiments, lead
compounds were dissolved in solvent (DMSO) and diluted to a final concentration of 2% DMSO.

Bacterial strains and culture conditions. Unless stated otherwise, the bacterial strains in this study
(see Table S1 in the supplemental material) were grown in BBL cation-adjusted Mueller-Hinton broth
(CAMHB) or agar (CAMHA) at 37°C. Single colonies were used to generate overnight (16 to 20 h) cultures
supplemented with compounds and other pharmaceutical chemicals as appropriate. Bacteria were
subcultured starting at an optical density of 600 nm (OD600) of 0.05 and grown to either mid-log phase
(OD600 $ 0.5) or stationary phase (OD600 $ 1.0). OD600 measurements were performed using a Synergy
H1 hybrid multimode microplate reader (BioTek).

Mutant alleles of lptD and lpxC were introduced into strains by P1vir transduction through linkage to
nearby markers, namely, carB::Tn10 for lptD4213 and leuB::Tn10 for lpxC101. Allele replacement for
W3LPTD was confirmed by sensitivity to bile salts and vancomycin, PCR, and Sanger sequencing. The
point mutation of WDLPXC was confirmed by sensitivity to rifampin and Sanger sequencing.

High-throughput compound screening. The McMaster high-throughput screening (HTS) lab at the
Centre for Microbial Chemical Biology at McMaster University screened the Canadian Compound
Collection (a compilation of 29,569 synthetic molecules, purified natural products, off-patent products,
FDA-approved drugs, and known bioactives sourced from six commercial vendors) against whole
bacterial cells in LB culture (E. coli W3110 and WD101) using a fully automated robotic system. Bacteria
were subcultured for 6 h prior to being standardized to an OD600 of 0.08 (0.5 McFarland). The transfer of
control dilutions, compound dilutions, and cultures to 96-well, polystyrene plates was completed using
a 96-channel head on a Biomek FXP liquid handler (Beckman Coulter, Inc.). Once the reagents were
aliquoted, the plates were incubated for 12 h at 37°C before being transferred to an Envision plate reader
(Perkin-Elmer) for OD600 measurements and analysis using an Oracle-based informatics platform.

In the primary screen, all 29,569 compounds were tested in quadruplicate for their ability to act
synergistically with polymyxin B to inhibit the growth of E. coli WD101. Specifically, 20 !M concentrations
of each compound were tested, both alone and in combination with 8 !g/ml of polymyxin B, alongside
eight replicate wells of the high-growth control (2% DMSO) and eight replicate wells of the low-growth
control (2% DMSO plus 30 !g/ml chloramphenicol) per microtiter plate. The percent growth (%G) of each
well was calculated using the average (!) of eight high-growth controls ("c) and eight low-growth
controls (– c) on each individual assay plate:
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%G $ ! A600 % !%c

|!& c % !%c|
"

The statistical parameter, Z=, was also calculated using the standard deviations (') of the "c and – c
values and their respective ! values to ensure active compounds were only identified using high-quality
screening criteria. All compounds were screened in n $ 2 replicate experiments.

Z' $ 1% !3'& c & 3'%c

|!& c % !%c|
"

Active compounds capable of potentiating polymyxin B were identified if (i) their %G in replicate
assays differed by !10% and also resulted in (ii) an E. coli WD101%G of !65% with Z= # 0.5.

In the secondary screen, the 356 compounds identified by the first robotic screen were assessed not
only for the ability to act synergistically with polymyxin B to inhibit E. coli WD101 growth but also for
their ability to not inhibit E. coli growth (W3110 and WD101) when used alone. Bacterial suspensions,
compound dilutions, and controls were prepared as before, and 43 compounds were selected in the
secondary screen by identifying those that met the following criteria: (i) W3110 and WD101%G were
# 65% when used alone, (ii) WD101%G is !1.0% when used in combination with polymyxin B, and (iii)
and Z= # 0.5. The physiochemical properties of the early lead compounds (Fig. 2B and Table S2) were
determined using the cxcalc command line tool in ChemAxon. All pH-dependent properties (logD) were
determined at pH 7.

EOP assays. EOP assays were performed as done previously (90). Bacteria were propagated to
stationary phase (OD600 $ 1.0), and 10-fold serial dilutions were prepared. The bacterial dilutions were
then plated onto no additive media, media supplemented with 3 !g/ml polymyxin B, and media
supplemented with a 20 !M compound concentration and 3 !g/ml polymyxin B. All plates were
incubated 16 to 20 h at 37°C.

Evaluation of LPS by SDS-PAGE. For monitoring changes in LPS, bacteria were grown in LB at 37°C
until mid-exponential phase. Cell amounts were normalized based upon optical density to an OD600 of
1.0 in 100 !l of 1& LDS loading buffer supplemented with 4% (-mercaptoethanol. Whole cells were
treated with proteinase K as described by Hitchcock and Brown (91), and the samples were separated by
SDS-PAGE using a 4 to 12% Bis-Tris gel, followed by staining using Pro-Q Emerald 300 dye LPS gel
staining kit (Molecular Probes) as previously described (92).

Evaluation of lipid A species by TLC. For isolation and comparison of lipid A species, cultures were
grown in LB with 2.5 !Ci of 32P/ml (Perkin-Elmer) and grown with either compound alone or in
combination with polymyxin B to stationary phase (OD600 $ 1.0). The extraction and isolation of
32P-labeled lipid A was achieved via mild acid hydrolysis, as previously described (93, 94). The 32P-labeled
lipid A species (10,000 cpm/sample) were spotted onto silica plates; air dried for 15 min; separated using
a mobile-phase TLC solvent system consisting of chloroform, pyridine, 88% formic acid, and water
(50:50:16:5, vol/vol/vol/vol); and visualized by phosphorimaging analysis (Bio-Rad PMI).

Broth macrodilution method. Outer membrane-defective E. coli strains (WBBO6, W3LPTD, and
WDLPXC) were propagated in LB because these strains exhibit slow and altered growth phenotypes
when propagated in cation-adjusted Mueller-Hinton broth. All other bacterial strains were propagated in
CAMHB, as indicated previously. Twofold serial dilutions of each compound were prepared in 5.0 ml of
LB, and after inoculation with bacteria, the glass tubes were incubated at 37°C and 220 rpm for 8 h.
Bacterial growth was assessed qualitatively (observations), so the MIC was defined as the concentration
that resulted in no visible bacterial growth.

Broth microdilution method. Twofold serial dilutions of each compound were prepared in 200 !l
of cation-adjusted Mueller-Hinton broth per well using 96-well, polypropylene, microtiter plates (Corn-
ing). After bacterial inoculation, these microtiter plates were covered with a sterile, adherent, aeration
filter (Aeroseal) and incubated at 37°C and 220 rpm for 8 h. Bacterial growth was assessed both
qualitatively (observations) and quantitatively (OD600). The MIC was defined as the concentration that
inhibited bacterial growth by #90% compared to the solvent control.

Checkerboard assay method. We created 8 & 8 matrices of consisting of two chemicals (e.g.,
compound and known antimicrobial) using 2-fold serial dilutions of each reagent in 96-well, polypro-
pylene, microtiter plates. After bacterial inoculation, the plates were covered with a sterile, adherent,
aeration filter (Aeroseal) and incubated at 37°C and 220 rpm for 8 h. Bacterial growth was assessed both
qualitatively (observations) and quantitatively (OD600). The MIC was defined as the concentration that
inhibited bacterial growth by #90% compared to the solvent control.

Epsilometer test method. Mid-log-phase (OD600 $ 0.5) bacterial strains were diluted 1:50 and
aseptically applied to agar plates supplemented both with or without 20 !M compound. Polymyxin B
E-strip tests (bioMérieux) were added to the plates, followed by incubation overnight at 37°C. MIC
determinations were made by observing where the confluent bacterial growth occurs relative to the
Epsilometer test concentration ladder.

MIC determinations. All MIC determinations were made in duplicate and, excluding the microtiter
plate material (polypropylene) and incubation time (8 h), these assays were performed in accordance
with CLSI guidelines (42, 43, 45). Bacterial growth was assessed both qualitatively (observations) and
quantitatively (OD600). The MIC was defined as the concentration that inhibited bacterial growth by
#90% compared to the solvent control. In all experiments, the solvent (DMSO) was present at a final
concentration of !2%. Since clinical breakpoints have not been assigned for A. baumannii, P. aeruginosa,
and K. pneumoniae by the CLSI (42) or the FDA (95), PMB comparisons were made at " 2 !g/ml, as done
experimentally by others in the field (28, 29). MIC fold reductions were determined by dividing the MIC
of polymyxin B alone by its MIC in combination with a 20 !M concentration of the compound.
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Time-kill assays. All bacterial strains were propagated in CAMHB, as indicated previously. Experi-
ments with E. coli WD101 were conducted using 2.5 !g/ml polymyxin B and either a 2.5 or 20 !M
concentration of the compound, depending upon the assay. Experiments with MRSA MU50 were carried
out using either a 0.625 or 20 !M concentration of the compound, depending upon the assay. Glass
tubes containing 5.0 ml of supplemented CAMHB were inoculated with 1.0 & 106 CFU/ml and incubated
at 37°C and 220 rpm. Samples were obtained at 0, 2, 4, 8, 12, and 24 h; serially diluted; spread on CAMHA;
and incubated at 37°C for 24 h to quantify viable bacteria. As per the field standard, synergy was defined
as a reduction of # 2 log10 CFU/ml, and bactericidal determinations were made at reductions of # 3 log10

CFU/ml (45).
Hemolysis assays. Fresh, normal, pooled hRBCs (Innovative Research) were washed with sterile 1&

phosphate-buffered saline (PBS) until the supernatant was clear and devoid of excess free hemoglobin.
The final hRBC pellet was gently resuspended to 4% (vol/vol) in sterile 1& PBS. Twofold serial dilutions
of each compound in sterile water were prepared in 96-well, V-bottom, polystyrene, microtiter plates and
combined with an equal volume of hRBCs to yield a final concentration of 2% (vol/vol) hRBCs/well.
Compound concentrations ranged from 0.625 to 40 !M (the data for 40 !M are shown in Fig. S7B). Sterile
1& PBS and 0.1% sodium dodecyl sulfate (SDS) were used as negative and positive controls, respectively.
Duplicate microtiter plates were incubated at 37°C without shaking, one for 45 min and the other for 3 h.
At the chosen endpoint, plates were centrifuged 1,000 & g and 25°C for 5 min to pellet any remaining
intact hRBCs. Supernatants were transferred to flat-bottom, 96-well, polystyrene microtiter plates, and
hemolysis was assessed both qualitatively (observations) and quantitatively (OD450). The percent hemo-
lysis was calculated, and each condition was tested in triplicate.

Mammalian cytotoxicity assays. HepG2 cells (ATCC HB-8065) were propagated until confluent as
done previously (70). Cells were then seeded into sterile, 96-well, polystyrene, microtiter plates at 5,000
cells/well and incubated 16 h at 37°C with 5% CO2. Minimal essential media (MEM) was removed, and the
cells were washed three times with sterile 1& PBS to remove any residual media containing 10% fetal
bovine serum (FBS). Twofold serial dilutions of each compound in MEM containing the indicated
compound and no FBS were prepared, and compound concentrations ranged from 2.5 to 20 !M (Fig.
S7A). Cells were then incubated for 48 h at 37)C with 5% CO2. This treatment medium was then removed,
and the cells were washed once with sterile 1& PBS before being immersed in fresh MEM without FBS
but spiked with a final concentration of 0.5 mg/ml MTT (3-[4,5-dimtheylthiazol-2,5-diphenyl] tetrazolium
bromide; EMD Millipore). The cells were then incubated for 4 h at 37°C with 5% CO2. The MTT-containing
MEM was removed, 50 !l of solubilization solution (10% Triton X-100 and 0.1N HCl in anhydrous
isopropanol) was added to each well, and the plate was incubated for 10 min at 37)C with 5% CO2. The
absorbance was measured at 540 nm, and each condition examined was tested in triplicate. The percent
survival was calculated by comparing the results to the negative control (PBS).
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