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Abstract: Antibacterial discovery efforts have lagged far behind the need for new antibiotics. An
approach that has gained popularity recently is targeting bacterial phospholipid membranes. We
leveraged the differences between bacterial and mammalian phospholipid compositions to develop a
high-throughput screen that identifies agents that selectively disrupt bacterial membranes while leav-
ing mammalian membranes intact. This approach was used to screen 4480 compounds representing
a subset of the Maybridge HitFinderTM V.11 Collection and the Prestwick Chemical Drug Library®.
The screen identified 35 “positives” (0.8% hit rate) that preferentially damage bacterial model mem-
branes. Among these, an antimalarial compound, mefloquine, and an aminoglycoside, neomycin,
were identified. Further investigation of mefloquine’s activity against Staphylococcus aureus showed
that it has little antibiotic activity on its own but can alter membrane fluidity, thereby potentiating a
β-lactam antibiotic, oxacillin, against both methicillin-susceptible and methicillin-resistant S. aureus.
This study indicates that our cell-free screening approach is a promising platform for discovering
bacterial membrane disruptors as antibacterials antibiotic adjuvants.

Keywords: high-throughput screen; antibiotic discovery platform; antibiotic adjuvant; mefloquine

1. Introduction

Antibiotic resistance is an ongoing world health concern [1]. In the United States
alone, 2 million illnesses and 23,000 deaths are directly attributable to antibiotic resistant
pathogens each year, and at the current rate, 10 million deaths annually will be directly
attributable to antibiotic resistant infections [2]. Though the prevalence of antibiotic re-
sistance has risen among clinically relevant pathogens, antibiotic discovery efforts have
lagged behind with only eight antibiotics reaching the clinic between 2011 and 2014 [3–5].

Even though developing new antibiotics remains an important endeavor, many antibi-
otics can regain utility through combination strategies [6]. Such antimicrobial combinations
can involve two antibiotic agents that act synergistically in combination (such as the combi-
nation of trimethoprim and sulfamethoxazole) or can involve the pairing of an antibiotic
with an antibiotic adjuvant designed to target antibiotic resistance (such as the combination
of amoxicillin and clavulanic acid) [7,8]. In either instance, the two agents enhance the
antibiotic capacity of each other resulting in activity that exceeds the action of either agent
alone, a phenomenon known as antibiotic synergy. Antibiotic combination therapies are
thus a useful strategy for combating antibiotic resistance and repurposing tried and true
antibiotics.

The bacterial cytoplasmic and outer membranes offer a promising target for discovery
of both potential antibiotic agents and antibiotic adjuvants. This is largely because bacterial
membranes are involved in a myriad of essential cellular processes and often make a
direct contribution to antibiotic resistance [9–14]. We therefore reasoned that exceptional
candidates for antibiotic combinations and antibiotic adjuvants can be discovered by
identifying agents that selectively target and disrupt bacterial membranes.
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In order to discover bacterial membrane perturbing agents, we set out to design
a cell-free screening method using dye-loaded liposomes [15]. We elected to design a
cell-free approach as this allows for target identification early in the drug discovery pro-
cess and circumvents biosafety issues that arise when screening against BSL-2 pathogens.
In vitro, a self-quenching concentration of fluorescent dye can be loaded into phospho-
lipid vesicles so that when a lytic agent is added to the system, the dye leaks out of the
liposome and de-quenches in the assay buffer. The extent to which the encapsulated dye
de-quenches can therefore be used as an indicator of an agent’s lytic capacity. Previously,
such liposome lysis assays have been used to examine the activities of membrane targeting
antibiotics and their phospholipid specificities [16,17]. Some of these investigations found
that membrane-targeting antibiotics preferentially exhibit lytic capacity against liposomes
with phospholipid compositions resembling bacterial membranes over those with compo-
sitions similar to mammalian membranes. Although dye-loaded liposomes have been used
on a small-scale to confirm phospholipid specificities of membrane-targeting antibacterials,
there are no reports describing their use in screening assays for drug discovery. We thus
developed a cell-free high-throughput amenable method to screen and identify compounds
that selectively perturb liposomes resembling bacterial membranes and leave liposomes
resembling mammalian membranes intact. This effort identified mefloquine as a potential
membrane-targeting antibiotic adjuvant.

2. Results and Discussion
2.1. High-Throughput Screen for Bacterial Model Membrane Lysis

A fluorescence-based liposome lysis assay was adapted and optimized for high-
throughput format [15]. For the screen, the bacterial liposome model mimicked the phos-
pholipid composition of the S. aureus cytoplasmic membrane (50% phosphatidylglycerol
and 50% cardiolipin (PGCL)) [16]. The mammalian membrane model liposomes were
composed of 100% phosphatidylcholine (PC), the primary phospholipid exposed on the
outer surface of red blood cells [18]. Colistin and melittin (Figure 1) were used as control
compounds in our proof-of-concept studies. Colistin is known to interact specifically with
bacterial membranes and not mammalian membranes, while melittin non-specifically lyses
phospholipid membranes [19].

To determine the suitability of the liposome lysis assays for HTS, Z′-scores were
calculated using Equation (1):

Z′ = 1−
3
(
σp + σn

)
|µP − µn|

(1)

where σp and σn are the standard deviations of the positive and negative control treated
liposomes, respectively, and µP and µn are the means of the same [20]. Melittin treatment
(10 µg/mL) was the positive control and DMSO (0.5%) was the negative control. We
calculated Z′-scores of 0.72 and 0.60 for the PGCL and PC models, respectively, indicating
that these assays are highly promising for HTS.

We evaluated the selectivity of PGCL lysis relative to PC lysis by calculating the
percent lysis (%Lysis) induced by our control compounds at various doses against the
PC and PGCL liposome models (Figure 1A) [15]. We observed that melittin lyses both
PC and PGCL liposomes similarly at all concentrations tested, whereas colistin shows
lytic specificity for the bacterial model (PGCL) liposomes at all concentrations, indicating
preference for interaction with bacterial membranes over mammalian membranes. We
hypothesized that this lytic specificity could be used in a high-throughput screening format
to identify agents that selectively interact with bacterial membranes.
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loaded liposomes after treatment with various concentrations of melittin or colistin. (B) PGCL/PC 
lytic ratio. The lytic ratio is calculated to identify treatments that lyse PGCL liposomes over PC 
liposomes, as described in the text. This figure shows that the lytic ratios at all concentrations are 
approximately 1.0 for melittin and are ˃1.0 for colistin. This indicates that melittin shows little to 
no specificity and colistin has specificity for PGCL liposomes. 
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determined for the screen samples based on the ΔF produced from treatment of PGCL 
verses PC liposomes using Equation (2): 

Figure 1. Specificity of the liposome lysis assay. (A) Phospholipid-driven specificity in the liposome
disruption assay. The left and right panels show the %Lysis of carboxy-fluorescein-loaded liposomes
after treatment with various concentrations of melittin or colistin. (B) PGCL/PC lytic ratio. The lytic
ratio is calculated to identify treatments that lyse PGCL liposomes over PC liposomes, as described in
the text. This figure shows that the lytic ratios at all concentrations are approximately 1.0 for melittin
and are >1.0 for colistin. This indicates that melittin shows little to no specificity and colistin has
specificity for PGCL liposomes.

For the screen, we calculated the fold change (∆F) in fluorescence based on a single
RFU read of treated wells versus the DMSO control. This parameter was used instead
of the %Lysis to allow us to use data from a single read. Specificity, the lytic ratio, was
determined for the screen samples based on the ∆F produced from treatment of PGCL
verses PC liposomes using Equation (2):

Lytic Ratio =
∆FPGCL

∆FPC
(2)

A lytic ratio greater than one therefore indicates a compound that selectively disrupts
a PGCL phospholipid membrane relative to the PC membrane (Figure 1B). This hit-calling
approach eliminates compounds that either non-specifically lyse phospholipid membranes
or are autofluorescent.
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We screened a total of 4480 compounds representing a subset of the Maybridge
HitFinderTM V.11 Collection and the Prestwick Chemical Drug Library®. Positives were
called if they produced a lytic ratio greater than 1.15, with a p-value < 0.05 (Figure 2).
The pilot screen identified 35 positives (0.8% hit rate): 12 compounds from the Prestwick
Chemical Drug Library® and 23 from the Maybridge HitFinderTM V.11 Collection (Sup-
plemental Table S1). A subset of hit compounds were cherry-picked and re-tested in the
primary assays and the chemical structures of hit compounds were grouped by hierarchical
clustering using Canvas v 1.7 (Schrödinger; http://www.schrodinger.com, access on 15
December 2019) to identify structural similarities among hit compounds (Figure 3).
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Among the validated compounds was mefloquine, a treatment for malaria that has 
reported antibacterial and membrane disrupting potential [21]. The core structure of 
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Figure 2. Screening results as a volcano plot. Results are displayed as a volcano plot with the
log2-transformed lytic ratio on the x-axis and the −log10-transformed p-value on the y-axis. Positives
(blue) had a lytic ratio >1.15 (log2 transformed: 0.20163) and a p-value < 0.05. Compounds that
preferentially lysed the mammalian model liposomes (lytic ratio < 0.85) are also shown (red).

Among the validated compounds was mefloquine, a treatment for malaria that has
reported antibacterial and membrane disrupting potential [21]. The core structure of
mefloquine includes the quinoline moiety [21–23]. Hierarchical clustering of hit compounds
identified four compounds among the hits that also contain the quinoline moiety indicating
that this scaffold could be a promising lead (Figure 3A).

We repurchased and attempted to confirm the lytic specificity of the hit compounds
mefloquine and quinidine by testing multiple doses of each compound in the liposome
lysis assay against both PGCL and PC liposomes (Figure 3B). Although both compounds
induced liposome lysis, we only observed PGCL lytic specificity for mefloquine. We
therefore reasoned that mefloquine may be a good antibacterial or antibiotic adjuvant lead
and set out to investigate this potential.

http://www.schrodinger.com
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Figure 3. Quinoline-containing compounds identified in the screen. (A) Structures, identifiers, and
lytic ratios of quinidine containing screen hits. (B) Dose response for mefloquine (left) and quinidine
(right) for liposome lysis against PGCL and PC liposomes. Mefloquine showed dose-dependent,
PGCL-specific lytic activity.

2.2. Antibacterial Activity of Mefloquine

We tested the antibacterial action of mefloquine and quinidine against methicillin-
sensitive S. aureus (MSSA strains ATCC 25923 and NCTC 8325), methicillin-resistant S. au-
reus (MRSA strains MRSA252, ATCC 33592, and ATCC 43300), and Escherichia coli (strain
ATCC 25922). A standard broth microdilution assay was used to quantify the minimum
inhibitory concentrations (MIC) of the hits as well as an appropriate antibiotic control,
daptomycin, and the membrane-active control, melittin [24]. We found that mefloquine
has antibacterial activity only at high concentrations against the Gram-positive MRSA
and MSSA strains, but no antibacterial activity was detected against E. coli (Table 1). We
therefore reasoned that compounds identified in the screen may perturb the bacterial
cytoplasmic membrane without causing significant cell death or growth inhibition and set
out to test this directly.
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Table 1. Minimum inhibitory concentrations (MICs) of select compounds.

Strain Daptomyci
(µg/mL)

Colistin
(µg/mL)

Melittin
(µg/mL)

Mefloquine
(µM)

Quinidine
(µM)

MSSA ATCC
25923 2 >64 8 100 >200

MSSA NCTC
8325 2 >64 16 100 >200

MRSA252 2 >64 8 100 >200
MRSA ATCC

33592 2 >64 4 100 >200

E. coli
ATCC 25922 >32 1 32 200 >200

2.3. Effects of Mefloquine on the S. aureus Membrane

Mefloquine was tested for its ability to damage the S. aureus membrane (MSSA ATCC
25923) by monitoring compound-induced uptake of the membrane impermeant dye,
SYTOX Green, in real-time as previously described [25]. Melittin was used as a posi-
tive control in this assay because it causes immediate membrane damage and cell lysis
at concentrations near its MIC [26]. We found that at MIC and sub-MIC concentrations
mefloquine induces a slight but measurable increase in the SYTOX signal after 20 min of
treatment (Figure 4A). This indicates that mefloquine perturbs the membrane at concentra-
tions below its MIC but does not cause significant lysis, unlike melittin which produces
a significant and dose dependent increase in the SYTOX signal almost immediately. As
membrane-active compounds may be paired with antibiotics to enhance their activity,
we reasoned that although mefloquine may not serve as a standalone antibacterial, it
may have utility as an antibacterial adjuvant by weakening the S. aureus phospholipid
membrane [14,27].

In addition to global membrane disruption, phospholipid-targeting agents often
exhibit characteristic effects on membrane fluidity [28–30]. We used the membrane fluidity
indicator Laurdan to examine the effects of mefloquine and melittin on membrane fluidity
as previously described [31]. Laurdan dye interacts with the phospholipid membrane and
exhibits a blue to red emission shift if the membrane becomes more fluid. This property
can be used to calculate general polarization (GP) values of Laurdan emission based on the
fluidity of the phospholipid membrane. An increase in GP indicates reduced fluidity, and a
decrease in GP indicates a more fluid membrane environment. Mefloquine and melittin
were tested for their ability to change the fluidity of mid-log phase S. aureus ATCC 25923 at
various concentrations and the membrane fluidizer, benzyl alcohol was used as a positive
control. We found that within 5 min of treatment, melittin reduced membrane fluidity in a
dose-dependent manner (Figure 4B), an effect that has been reported previously for other
polypeptide antibiotics [29,32]. Conversely, mefloquine treatment significantly increased
global membrane fluidity in this assay, even at concentrations below the MIC.

This result suggests that although mefloquine has weak antibiotic activity, it does
significantly affect phospholipid membrane dynamics in S. aureus.

2.4. Mefloquine Enhances the Activity of Oxacillin against S. aureus

Reports in the literature have indicated that agents that perturb the phospholipid
membrane of S. aureus have the potential to enhance β-lactam activity against MRSA [14,33].
We therefore tested the ability of mefloquine to restore oxacillin susceptibility in MRSA
strains MRSA252 and MRSA ATCC 33592. Melittin was also tested as it is a known
membrane disruptor. Potentiation was evaluated by determining the MIC of oxacillin
against each strain using the standard broth microdilution method in the presence or
absence of a 1

4 MIC of test compounds (Table 2; Supplemental Table S2). We found that
both MRSA strains display significant resistance against oxacillin in standard media,
but when the media is supplemented with sub-MIC concentrations of either membrane-
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perturbing agent, the oxacillin MIC is significantly lower. These potentiation results were
also observed in MSSA strains ATCC 25923 and NCTC 8325. These results indicate that
mefloquine or its analogs may be effective antibiotic adjuvants that could be paired with
oxacillin to treat both sensitive and resistant S. aureus bacterial infections.
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Figure 4. Compound effects on the cytoplasmic membrane of S. aureus. (A) SYTOX Green uptake
induced by melittin or mefloquine treatment in ATCC 25923. Concentrations are indicated as fold of
the MIC. The solid gray line indicates the RFU of the DMSO control. Signals are reported after 20 min
of treatment at the indicated concentrations. (B) Laurdan GP after 5 min treatment with indicated
concentrations of melittin or mefloquine in ATCC 25923. The solid gray line is the GP of the DMSO
control, and the dotted line is the average GP of ATCC 25923 treated with 50 mM of the membrane
fluidizer benzyl alcohol.

Table 2. Oxacillin potentiation of mefloquine in S. aureus.

Strain Oxacillin (µg/mL) Oxacillin (µg/mL) +
1
4 MIC Mefloquine Fold Potentiation

MSSA ATCC 25923 0.25 0.06 4
MSSA NCTC 8325 0.25 0.06 4

MRSA252 512 128 4
MRSA ATCC 33592 128 32 4

3. Materials and Methods
3.1. Bacterial Strains Used in This Study

ATCC 25923, MRSA252 (ATCC BAA-1720), ATCC 33592, and ATCC 43300 were all
sourced from American Type Culture Collection. NCTC 8325 was sourced from BEI Resources.



Antibiotics 2021, 10, 315 8 of 12

3.2. Bacterial Growth Conditions

All strains were grown at 30 ◦C for 1 to 4 h until the OD was approximately 0.6 and
maintained in Luria-Bertani (LB) medium and agar unless otherwise mentioned. Antibiotic
susceptibility testing was carried out in cation adjusted Mueller Hinton Broth (MHB II).

3.3. Antimicrobial Susceptibility Testing

Broth microdilution experiments to calculate minimum inhibitory concentrations
(MICs) were carried out using a modified CLSI standard method [24]. Briefly, bacteria
were grown at 30 ◦C to log phase in LB and diluted to OD 0.01 in cation-adjusted MHB
(MHB-II) to inoculate into treatment plates (clear, 96-well polystyrene untreated tissue
culture plates). To each well of the treatment plate was added 180 µL untreated MHB
followed by 1 µL of 200× test compound in DMSO. Plates were then inoculated with
diluted bacteria. The initial OD600 in the assay was 0.001, the DMSO concentration in each
well was 0.5%, and the final volume was 200 µL per well. The MIC was defined as the
lowest compound concentration that produced a clear sample well after overnight (18 h)
incubation. Oxacillin potentiation assays were performed similarly except that the growth
media was supplemented with 1

4 MIC mefloquine or melittin.

3.4. Carboxy-Fluorescein-Loaded Liposome Production and Control Tests

Carboxy-fluorescein-loaded liposomes were prepared and assayed as described pre-
viously [22,23]. Phospholipid mixtures were selected to mimic the S. aureus membrane
(50% phosphatidylglycerol and 50% cardiolipin) or the exposed leaflet of mammalian
cells (phosphatidylcholine). Phospholipids were purchased from Avanti Polar Lipids
(www.avantilipids.com, access on 15 December 2020). Acyl chains of all phospholipids
in this report were unsaturated (18:1) for ease of use [21]. Before preparing fluorophore
encapsulating liposomes, 5–10 mg lipid was transferred to glass vials in chloroform which
was then evaporated under argon. The films were then lyophilized for 3 h, the vials
filled with argon, and sealed. These films were stored at −20 ◦C for up to four months.
Liposomes were prepared by hydration, sonication, and extrusion. First, the lipid film
was hydrated in 20 mM carboxy-fluorescein buffer (10 mM HEPES, 150 mM NaCl, pH 7.4)
for 2 h. Hydrated films were sonicated for 30 s every 5 min for 20 min and were then
subjected to 3–5 freeze/thaw cycles in a dry ice-ethanol bath and a warm water bath.
The phospholipid preparation was then extruded through a 200 nm pore-size NanoSizer
extruder from T&T Scientific. Liposomes were exchanged into non-fluorescent assay buffer
(10 mM HEPES, 150 mM NaCl) using a Sephadex G-25 gravity desalting column (GE Life
Sciences). The integrity of the liposomes was tested by lysing a 1:1000 dilution of prepared
liposome solution with 0.1% Triton X-100 and comparing the fluorescein signal (EX 485,
EM 525) to the same dilution of untreated liposomes. A twofold difference in fluorescence
intensity could be achieved for the lysed vs. unlysed liposomes of either composition.

The percent lysis (%Lysis) was calculated based on the amount of compound-induced
fluorescein leakage relative to complete lysis with 0.1% Triton x-100 and was calculated as
follows in Equation (3):

%Lysis =
(

FTreatment − FDMSO
FTriton − FDMSO

)
× 100 (3)

where F is the fluorescein signal, and the max signal is obtained after treatment with 0.1%
Triton X-100. The liposome lysis assay was prepared in black half-area 96-well plates
blocked with 5% BSA. Fluorescent signal was read using an EnVision Multilabel Plate
Reader (Perkin Elmer) equipped with appropriate filters to read the carboxy-fluorescein
signal (EX 485/EM 525).

www.avantilipids.com
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3.5. Liposome Lysis Screen

For the screen, 200 nm carboxy-fluorescein-loaded PGCL and PC liposomes were
produced using micro-extrusion and exchanged into non-fluorescent buffer [15,34]. These
were diluted 1:2000 (PGCL) or 1:4000 (PC) into assay buffer (10 mM HEPES, 150 mM NaCl)
and added to each well of black 384-well assay plates. DMSO-diluted compounds were
pinned into liposome-containing assay plates using an automated pin-tool (CyBio). The
final concentrations of compounds for the PGCL screen were 20 µM, and those for the PC
screen were 40 µM in order to select compounds that disrupted bacterial membranes at
lower concentrations and did not disrupt mammalian membranes at increased concen-
trations. After two hours of incubation, the fluorescent signals were recorded using an
EnVision Multilabel Plate Reader (Perkin Elmer) with filters corresponding to fluorescein
excitation and emission (EX 485/EM 525). The lytic ratio for each compound was calculated
as described in the body of this manuscript, and p-values for each treatment were calculated
based on the duplicate results using a two-sample t-test assuming unequal variance in
Microsoft Excel. A volcano plot was generated in OriginPro, 2020, to visualize the data and
identify positives.

3.6. SYTOXTM Green Membrane Permeability Assay

SYTOXTM Green (Thermo Fischer, Waltham, MA, US) accumulation was used to
measure cytoplasmic membrane disruption as previously described [35,36]. S. aureus ATCC
25923 was grown to early-mid-exponential phase in LB media (OD600 0.2–0.4). Cells were
collected by centrifugation (4500× g for 30 s) at room temperature, washed once with
PBS, and resuspended in PBS at an OD600 of 0.4. SYTOXTM Green was added to the
cells in PBS to a final concentration of 5 µM. This mixture was incubated for 30 min at
room temperature. Opaque black half area 96-well plates (Costar 3694) were prepared
containing 2× compounds in 50 µL PBS by adding 1 µL of 100× compounds in DMSO. To
the treatment plates, 50 µL of the bacteria/SYTOXTM suspension was added so that the
compound concentration was 1×, the final concentration of DMSO in the assay was 1%,
the final SYTOXTM concentration was 2.5 µM, and the bacteria were diluted to an OD600
of 0.2. SYTOXTM Green signal was measured for 20 min on a Perkin Elmer 2102 EnVision
Multilabel plate reader (EX 485/EM 525).

3.7. Cytoplasmic Membrane Fluidity Assay

Laurdan dye was used to assess membrane fluidity as previously described using
S. aureus ATCC 25923 as a model organism [28,29,37]. To conduct the assay, bacteria
were grown overnight in LB and sub-cultured 1:100 in LB supplemented 1.25 mM CaCl2,
0.5 mM MgCl2, and 0.2% glucose. The bacteria were grown to mid-log phase (OD600
0.3–0.6). Bacteria were adjusted to an OD600 of 0.4 and stained with 10 µM Laurdan
dye (in 1% DMSO) for 10 min. Opaque black half area 96-well plates (Costar 3694) were
prepared containing 2× compounds in 50 µL supplemented PBS (1.25 mM CaCl2, 0.5 mM
MgCl2 and 0.2% glucose) by adding 1 µL of 100× compounds in DMSO. Compound plates
were warmed to 30 ◦C. The Laurdan-treated cells were washed 3–4 times in pre-warmed
supplemented PBS and 50 µL per well was added to the prepared compound plate. In
parallel, a compound plate was prepared containing compounds and buffer only. The
bacteria plate was used to subtract the background signal from compounds in solution
before data analysis. Fluorescence measurements were taken over the course of 5 min
using a Perkin Elmer 2102 EnVision Multilabel plate reader (EX 340/EM 440 and 510 nm).

General polarization (GP) of the emission signal was calculated using the following
formula Equation (4):

GP =
(I440 − I510)

(I440 + I510)
(4)

where I440 is the fluorescence emission intensity at 440 nm and I510 is the fluorescence
emission intensity at 510 nm. The GP increases from baseline as the membrane rigidity
increases and decreases as the fluidity increases.
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4. Conclusions

We developed a simple and cost-effective screening approach to identify agents
that selectively interact with and perturb bacterial phospholipid membranes. Using our
screen-counter screen approach, we screened a subset of two small-molecule libraries and
identified compounds that display specific lytic activity against liposomes designed to
model the S. aureus membrane relative to liposomes resembling mammalian membranes.

As proof of concept, we selected one structural class from the hit compound set to
further investigate whether the cell-free screening approach can produce hit compounds
that interact with bacterial membranes of living cells. The quinoline compounds were
selected for this investigation as the structural moiety is commonly found in molecules
with diverse bioactivities, and reports indicate that quinoline compounds have potential
as antibacterials [21,23,38]. We were pleased to find that mefloquine was identified in
the screen and subsequent experiments, which showed that it alters the fluidity of the S.
aureus membrane, and this activity likely results in an observed β-lactam potentiating effect.
These results indicate that our screening procedure can identify compounds that do directly
interact with bacterial phospholipid membranes and can be used as antibiotic adjuvants
even in the absence of significant antimicrobial activity, which may be advantageous since
they do not provide significant evolutionary pressure required for resistance evolution [39].

In addition, the initial screen also identified an aminoglycoside antibiotic, neomycin
(Supplemental Table S1). Although not their primary target, many aminoglycosides are
known to interact with and permeabilize bacterial membranes [40,41]. Therefore, the
screening hits may include both compounds that can be furth developed as novel, stand-
alone antibiotics and antibiotic adjuvants. Additional studies to expand the scope of the
high-throughput screen to other species [42,43] and characterize hits identified in this
screen are ongoing and will be reported in due course.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-638
2/10/3/315/s1, Table S1: Complete list of HTS compounds yielding a lytic ratio greater than 1.15.
Table S2: Oxacillin potentiation with melittin in S. aureus.

Author Contributions: J.P. and X.W. designed the studies. J.P., J.O., and W.W. conducted the exper-
iments. All authors contributed to the preparation of this manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Institute of Health, Grant No. R33-AI121581.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Laxminarayan, R.; Duse, A.; Wattal, C.; Zaidi, A.K.; Wertheim, H.F.; Sumpradit, N.; Vlieghe, E.; Hara, G.L.; Gould, I.M.; Goossens,

H.; et al. Antibiotic resistance—the need for global solutions. Lancet Infect. Dis. 2013, 13, 1057–1098. [CrossRef]
2. O’Neil, J. Antimicrobial Resistance: Tackling a Crisis for the Health and Wealth of Nations. Rev. Antimicrob. Resist. 2014. Available

online: https://wellcomecollection.org/works/rdpck35v (accessed on 15 December 2020).
3. Alanis, A.J. Resistance to Antibiotics: Are We in the Post-Antibiotic Era? Arch. Med. Res. 2005, 36, 697–705. [CrossRef] [PubMed]
4. Payne, D.J.; Gwynn, M.N.; Holmes, D.J.; Pompliano, D.L. Drugs for bad bugs: Confronting the challenges of antibacterial

discovery. Nat. Rev. Drug Discov. 2007, 6, 29–40. [CrossRef] [PubMed]
5. Brown, D.G. New Drugs and Emerging Leads in Antibacterial Drug Discovery. In Comprehensive Medicinal Chemistry III; Elsevier:

Amsterdam, The Netherlands, 2017; pp. 682–702.
6. Fischbach, M.A.; Walsh, C.T. Antibiotics for Emerging Pathogens. Science 2009, 325, 1089–1093. [CrossRef] [PubMed]
7. Worthington, R.J.; Melander, C. Combination approaches to combat multidrug-resistant bacteria. Trend Biotechnol. 2013, 31,

177–184. [CrossRef] [PubMed]
8. Minato, Y.; Dawadi, S.; Kordus, S.L.; Sivanandam, A.; Aldrich, C.C.; Baughn, A.D. Mutual potentiation drives synergy between

trimethoprim and sulfamethoxazole. Nat. Commun. 2018, 9, 1003. [CrossRef]

https://www.mdpi.com/2079-6382/10/3/315/s1
https://www.mdpi.com/2079-6382/10/3/315/s1
http://doi.org/10.1016/S1473-3099(13)70318-9
https://wellcomecollection.org/works/rdpck35v
http://doi.org/10.1016/j.arcmed.2005.06.009
http://www.ncbi.nlm.nih.gov/pubmed/16216651
http://doi.org/10.1038/nrd2201
http://www.ncbi.nlm.nih.gov/pubmed/17159923
http://doi.org/10.1126/science.1176667
http://www.ncbi.nlm.nih.gov/pubmed/19713519
http://doi.org/10.1016/j.tibtech.2012.12.006
http://www.ncbi.nlm.nih.gov/pubmed/23333434
http://doi.org/10.1038/s41467-018-03447-x


Antibiotics 2021, 10, 315 11 of 12

9. Dias, C.; Rauter, A.P. Membrane-Targeting Antibiotics: Recent Developments Outside the Peptide Space. Future Med. Chem. 2019,
11, 211–228. [CrossRef]

10. Epand, R.M.; Walker, C.; Epand, R.F.; Magarvey, N.A. Molecular Mechanisms of Membrane Targeting Antibiotics. Biochim.
Biophys. Acta BBA—Biomembr. 2016, 1858, 980–987. [CrossRef]

11. Hurdle, J.G.; O’Neill, A.J.; Chopra, I.; Lee, R.E. Targeting Bacterial Membrane Function: An Underexploited Mechanism for
Treating Persistent Infections. Nat. Rev. Microbiol. 2011, 9, 62–75. [CrossRef]

12. Wang, B.; Pachaiyappan, B.; Gruber, J.D.; Schmidt, M.G.; Zhang, Y.M.; Woster, P.M. Antibacterial Diamines Targeting Bacterial
Membranes. J. Med. Chem. 2016, 59, 3140–3151. [CrossRef]

13. Bernal, P.; Lemaire, S.; Pinho, M.G.; Mobashery, S.; Hinds, J.; Taylor, P.W. Insertion of Epicatechin Gallate into the Cytoplasmic
Membrane of Methicillin-Resistant Staphylococcus Aureus Disrupts Penicillin-Binding Protein (PBP) 2a-Mediated β-Lactam
Resistance by Delocalizing PBP2. J. Biol. Chem. 2010, 285, 24055–24065. [CrossRef]

14. García-Fernández, E.; Koch, G.; Wagner, R.M.; Fekete, A.; Stengel, S.T.; Schneider, J.; Mielich-Süss, B.; Geibel, S.; Markert, S.M.;
Stigloher, C.; et al. Membrane Microdomain Disassembly Inhibits MRSA Antibiotic Resistance. Cell 2017, 171, 1354–1367.e20.
[CrossRef]

15. Jimah, J.; Schlesinger, P.; Tolia, N. Liposome Disruption Assay to Examine Lytic Properties of Biomolecules. Bio-Protocol 2017, 7.
[CrossRef]

16. Epand, R.F.; Savage, P.B.; Epand, R.M. Bacterial Lipid Composition and the Antimicrobial Efficacy of Cationic Steroid Compounds
(Ceragenins). Biochim. Biophys. Acta BBA—Biomembr. 2007, 1768, 2500–2509. [CrossRef]

17. Sani, M.-A.; Whitwell, T.C.; Gehman, J.D.; Robins-Browne, R.M.; Pantarat, N.; Attard, T.J.; Reynolds, E.C.; O’Brien-Simpson,
N.M.; Separovic, F. Maculatin 1.1 Disrupts Staphylococcus Aureus Lipid Membranes via a Pore Mechanism. Antimicrob. Agents
Chemother. 2013, 57, 3593–3600. [CrossRef]

18. Himbert, S.; Alsop, R.J.; Rose, M.; Hertz, L.; Dhaliwal, A.; Moran-Mirabal, J.M.; Verschoor, C.P.; Bowdish, D.M.; Kaestner,
L.; Wagner, C.; et al. The Molecular Structure of Human Red Blood Cell Membranes from Highly Oriented, Solid Supported
Multi-Lamellar Membranes. Sci. Rep. 2017, 7, 1–14. [CrossRef]

19. Jamasbi, E.; Mularski, A.; Separovic, F. Model Membrane and Cell Studies of Antimicrobial Activity of Melittin Analogues. Curr.
Top. Med. Chem. 2016, 16, 40–45. [CrossRef]

20. Zhang, J.-H. A Simple Statistical Parameter for Use in Evaluation and Validation of High Throughput Screening Assays. J. Biomol.
Screen. 1999, 4, 67–73. [CrossRef]

21. Kunin, C.M.; Ellis, W.Y. Antimicrobial Activities of Mefloquine and a Series of Related Compounds. Antimicrob. Agents Chemother.
2000, 44, 848–852. [CrossRef]

22. Palmer, K.J.; Holliday, S.M.; Brogden, R.N. Mefloquine: A Review of Its Antimalarial Activity, Pharmacokinetic Properties and
Therapeutic Efficacy. Drugs 1993, 45, 430–475. [CrossRef]

23. Chevli, R.; Fitch, C.D. The Antimalarial Drug Mefloquine Binds to Membrane Phospholipids. Antimicrob. Agents Chemother. 1982,
21, 581–586. [CrossRef] [PubMed]

24. Melvin, P.W.; Weinstein, M.D. M07 Methods for Dilution Antimicrobial Susceptibility Tests for Bacteria That Grow Aerobically, 11th ed.;
Clinical and Laboratory Standards Institute: Wayne, PA, USA, 2018.

25. Kim, W.; Zhu, W.; Hendricks, G.L.; Van Tyne, D.; Steele, A.D.; Keohane, C.E.; Fricke, N.; Conery, A.L.; Shen, S.; Pan, W.; et al. A
New Class of Synthetic Retinoid Antibiotics Effective against Bacterial Persisters. Nature 2018, 556, 103–107. [CrossRef] [PubMed]

26. Chou, S.; Li, Q.; Nina, Z.; Shang, L.; Li, J.; Li, J.; Wang, Z.; Shan, A. Peptides with Triplet-Tryptophan-Pivot Promoted Pathogenic
Bacteria Membrane Defects. Front. Microbiol. 2020, 11. [CrossRef] [PubMed]

27. Foster, T.J. Can β-Lactam Antibiotics Be Resurrected to Combat MRSA? Trends Microbiol. 2019, 27, 26–38. [CrossRef] [PubMed]
28. Saeloh, D.; Tipmanee, V.; Jim, K.K.; Dekker, M.P.; Bitter, W.; Voravuthikunchai, S.P.; Wenzel, M.; Hamoen, L.W. The Novel

Antibiotic Rhodomyrtone Traps Membrane Proteins in Vesicles with Increased Fluidity. PLOS Pathog. 2018, 14, e1006876.
[CrossRef] [PubMed]

29. Müller, A.; Wenzel, M.; Strahl, H.; Grein, F.; Saaki, T.N.V.; Kohl, B.; Siersma, T.; Bandow, J.E.; Sahl, H.G.; Schneider, T.; et al.
Daptomycin Inhibits Cell Envelope Synthesis by Interfering with Fluid Membrane Microdomains. Proc. Natl. Acad. Sci. USA
2016, 113, E7077–E7086. [CrossRef]

30. Scheinpflug, K.; Wenzel, M.; Krylova, O.; Bandow, J.E.; Dathe, M.; Strahl, H. Antimicrobial Peptide CWFW Kills by Combining
Lipid Phase Separation with Autolysis. Sci. Rep. 2017, 7. [CrossRef]

31. Scheinpflug, K.; Krylova, O.; Strahl, H. Measurement of Cell Membrane Fluidity by Laurdan GP: Fluorescence Spectroscopy and
Microscopy. In Antibiotics; Sass, P., Ed.; Springer: New York, NY, USA, 2017; Volume 1520, pp. 159–174.

32. Wenzel, M.; Rautenbach, M.; Vosloo, J.A.; Siersma, T.; Aisenbrey, C.H.M.; Zaitseva, E.; Laubscher, W.E.; van Rensburg, W.;
Behrends, J.C.; Bechinger, B.; et al. The Multifaceted Antibacterial Mechanisms of the Pioneering Peptide Antibiotics Tyrocidine
and Gramicidin S. mBio 2018, 9. [CrossRef]

33. Mehta, S.; Singh, C.; Plata, K.B.; Chanda, P.K.; Paul, A.; Riosa, S.; Rosato, R.R.; Rosato, A.E. β-Lactams Increase the Antibacterial
Activity of Daptomycin against Clinical Methicillin-Resistant Staphylococcus Aureus Strains and Prevent Selection of Daptomycin-
Resistant Derivatives. Antimicrob. Agents Chemother. 2012, 56, 6192–6200. [CrossRef]

34. Preparing Large, Unilamellar Vesicles by Extrusion (LUVET). Avanti Polar Lipids. Available online: https://avantilipids.com/
tech-support/liposome-preparation/luvet (accessed on 15 December 2020).

http://doi.org/10.4155/fmc-2018-0254
http://doi.org/10.1016/j.bbamem.2015.10.018
http://doi.org/10.1038/nrmicro2474
http://doi.org/10.1021/acs.jmedchem.5b01912
http://doi.org/10.1074/jbc.M110.114793
http://doi.org/10.1016/j.cell.2017.10.012
http://doi.org/10.21769/BioProtoc.2433
http://doi.org/10.1016/j.bbamem.2007.05.023
http://doi.org/10.1128/AAC.00195-13
http://doi.org/10.1038/srep39661
http://doi.org/10.2174/1568026615666150703115919
http://doi.org/10.1177/108705719900400206
http://doi.org/10.1128/AAC.44.4.848-852.2000
http://doi.org/10.2165/00003495-199345030-00009
http://doi.org/10.1128/AAC.21.4.581
http://www.ncbi.nlm.nih.gov/pubmed/6979309
http://doi.org/10.1038/nature26157
http://www.ncbi.nlm.nih.gov/pubmed/29590091
http://doi.org/10.3389/fmicb.2020.00537
http://www.ncbi.nlm.nih.gov/pubmed/32328042
http://doi.org/10.1016/j.tim.2018.06.005
http://www.ncbi.nlm.nih.gov/pubmed/30031590
http://doi.org/10.1371/journal.ppat.1006876
http://www.ncbi.nlm.nih.gov/pubmed/29451901
http://doi.org/10.1073/pnas.1611173113
http://doi.org/10.1038/srep44332
http://doi.org/10.1128/mBio.00802-18
http://doi.org/10.1128/AAC.01525-12
https://avantilipids.com/tech-support/liposome-preparation/luvet
https://avantilipids.com/tech-support/liposome-preparation/luvet


Antibiotics 2021, 10, 315 12 of 12

35. Gerits, E.; Blommaert, E.; Lippell, A.; O’Neill, A.J.; Weytjens, B.; De Maeyer, D.; Fierro, A.C.; Marchal, K.; Marchand, A.; Chaltin,
P.; et al. Elucidation of the Mode of Action of a New Antibacterial Compound Active against Staphylococcus Aureus and
Pseudomonas Aeruginosa. PLoS ONE 2016, 11, e0155139. [CrossRef]

36. Yaraksa, N.; Anunthawan, T.; Theansungnoen, T.; Daduang, S.; Araki, T.; Dhiravisit, A.; Thammasirirak, S. Design and Synthesis
of Cationic Antibacterial Peptide Based on Leucrocin I Sequence, Antibacterial Peptide from Crocodile (Crocodylus Siamensis)
White Blood Cell Extracts. J. Antibiot. (Tokyo) 2014, 67, 205–212. [CrossRef]

37. Wenzel, M.; Vischer, N.; Strahl, H.; Hamoen, L.W. Assessing Membrane Fluidity and Visualizing Fluid Membrane Domains in
Bacteria Using Fluorescent Membrane Dyes. BIO-Protoc. 2018, 8, e3063. [CrossRef]

38. Orzáez, M.; Mondragón, L.; García-Jareño, A.; Mosulén, S.; Pineda-Lucena, A.; Pérez-Payá, E. Deciphering the Antitumoral
Activity of Quinacrine: Binding to and Inhibition of Bcl-XL. Bioorg. Med. Chem. Lett. 2009, 19, 1592–1595. [CrossRef]

39. Tommasi, R.; Brown, D.G.; Walkup, G.K.; Manchester, J.I.; Miller, A.A. ESKAPEing the Labyrinth of Antibacterial Discovery. Nat.
Rev. Drug Discov. 2015, 14, 529–542. [CrossRef]

40. Hancock, R.E.; Farmer, S.W.; Li, Z.S.; Poole, K. Interaction of Aminoglycosides with the Outer Membranes and Purified
Lipopolysaccharide and OmpF Porin of Escherichia Coli. Antimicrob. Agents Chemother. 1991, 35, 1309–1314. [CrossRef]

41. Lipsky, J.J.; Lietman, P.S. Neomycin Inhibition of Adenosine Triphosphatase: Evidence for a Neomycin-Phospholipid Interaction.
Antimicrob. Agents Chemother. 1980, 18, 532–535. [CrossRef]

42. Randall, C.P.; Mariner, K.R.; Chopra, I.; O’Neill, A.J. The Target of Daptomycin Is Absent from Escherichia Coli and Other
Gram-Negative Pathogens. Antimicrob. Agents Chemother. 2013, 57, 637–639. [CrossRef]

43. Som, A.; Tew, G.N. Influence of Lipid Composition on Membrane Activity of Antimicrobial Phenylene Ethynylene Oligomers. J.
Phys. Chem. B 2008, 112, 3495–3502. [CrossRef]

http://doi.org/10.1371/journal.pone.0155139
http://doi.org/10.1038/ja.2013.114
http://doi.org/10.21769/BioProtoc.3063
http://doi.org/10.1016/j.bmcl.2009.02.020
http://doi.org/10.1038/nrd4572
http://doi.org/10.1128/AAC.35.7.1309
http://doi.org/10.1128/AAC.18.4.532
http://doi.org/10.1128/AAC.02005-12
http://doi.org/10.1021/jp077487j

	Introduction 
	Results and Discussion 
	High-Throughput Screen for Bacterial Model Membrane Lysis 
	Antibacterial Activity of Mefloquine 
	Effects of Mefloquine on the S. aureus Membrane 
	Mefloquine Enhances the Activity of Oxacillin against S. aureus 

	Materials and Methods 
	Bacterial Strains Used in This Study 
	Bacterial Growth Conditions 
	Antimicrobial Susceptibility Testing 
	Carboxy-Fluorescein-Loaded Liposome Production and Control Tests 
	Liposome Lysis Screen 
	SYTOXTM Green Membrane Permeability Assay 
	Cytoplasmic Membrane Fluidity Assay 

	Conclusions 
	References

