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ABSTRACT: Developing new antimicrobials as alternatives to
conventional antibiotics has become an urgent race to eradicate
drug-resistant bacteria and to save human lives. Conventionally,
antimicrobial molecules are studied independently even though they
can be cosecreted in vivo. In this research, we investigate two classes
of naturally derived antimicrobials: sophorolipid (SL) esters as
modified yeast-derived glycolipid biosurfactants that feature high
biocompatibility and low production cost; piscidins, which are host
defense peptides (HDPs) from fish. While HDPs such as piscidins
target the membrane of pathogens, and thus result in low incidence
of resistance, SLs are not well understood on a mechanistic level.
Here, we demonstrate that combining SL−hexyl ester (SL-HE)
with subinhibitory concentration of piscidins 1 (P1) and 3 (P3)
stimulates strong antimicrobial synergy, potentiating a promising therapeutic window. Permeabilization assays and biophysical
studies employing circular dichroism, NMR, mass spectrometry, and X-ray diffraction are performed to investigate the mechanism
underlying this powerful synergy. We reveal four key mechanistic features underlying the synergistic action: (1) P1/3 binds to SL-
HE aggregates, becoming α-helical; (2) piscidin−glycolipid assemblies synergistically accumulate on membranes; (3) SL-HE used
alone or bound to P1/3 associates with phospholipid bilayers where it induces defects; (4) piscidin−glycolipid complexes disrupt the
bilayer structure more dramatically and differently than either compound alone, with phase separation occurring when both agents
are present. Overall, dramatic enhancement in antimicrobial activity is associated with the use of two membrane-active agents, with
the glycolipid playing the roles of prefolding the peptide, coordinating the delivery of both agents to bacterial surfaces, recruiting the
peptide to the pathogenic membranes, and supporting membrane disruption by the peptide. Given that SLs are ubiquitously and
safely used in consumer products, the SL/peptide formulation engineered and mechanistically characterized in this study could
represent fertile ground to develop novel synergistic agents against drug-resistant bacteria.
KEYWORDS: antimicrobial peptides, glycolipids, synergy, minimum inhibitory concentrations, circular dichroism, solid-state NMR,
surface plasmon resonance, membrane permeabilization

■ INTRODUCTION
In the face of proliferating strains of drug-resistant bacteria
worldwide, discovering novel antibiotics has become an urgent
race to save human lives.1−5 Nature abounds with molecules
with antimicrobial functions, given that this biological activity is
essential to species survival. In vivo, antimicrobial substances are
usually cosecreted to fight pathogens, leading to complementary
or synergistic action.6−14 Synergy occurs when compounds
produce an effect that is greater than the sum of their individual
activities. In recent years, several approaches exploiting
synergistic action have been investigated to fight drug-resistant
bacteria.1,7,15,16 A particular advantage of synergistic drug
formulations is that lower drug concentrations are needed to
achieve potency, thereby reducing the cost, side effects, and

incidence of resistance. However, little is known about the
mechanisms underlying synergistic antibacterial effects, imped-
ing our ability to leverage such strategies for the development of
novel antimicrobials. New strategies are also needed to enable
the agents to simultaneously access their targets in vivo since this
is a prerequisite to potentiating synergistic effects.
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Different approaches have been explored to achieve a
synergistic action between antimicrobial compounds. For
instance, multidrug therapy can be used to invert the benefit
associated with the selective advantage of resistance to the first
drug.1 Practically, a first drug is used to generate a set of resistant
mutants that are disadvantageous when confronted with a
second drug. Another approach is to combine conventional
antibiotics with compounds that have a lower rate of resistance
since their broad spectrum of action involves acting on vital parts
of the cells that cannot be readily mutated without
compromising cell survival. In particular, several host defense
peptides (HDPs), which are typically broad spectrum, have been
successfully combined with antibiotics.6,10,11,16−27 However, the
possibility that HDPs could be synergized with other classes of
naturally occurring broad spectrum antimicrobial molecules
such as glycolipids remains mostly uncharacterized. In this
research, we feature the synergistic antimicrobial action of
cationic and amphipathic HDPs with a glycolipid derived from
yeast. The glycolipid, which is cost-effective to produce and
features high biocompatibility properties, is boosted by
submicromolar inhibitory concentration of peptide, enabling a
lower dosage of the agent that is more costly and has a narrower
therapeutic window.

HDPs have been investigated extensively due to their essential
role in innate immunity and promising attributes as novel anti-
infective agents against drug-resistant bacteria.28−33 Being broad
spectrum, HDPs generally eradicate pathogens by membrane
disruption and/or intracellular targeting after crossing the
plasma membrane.16,32,34−41 In the Antimicrobial Peptide
Database (APD), more than 3000 HDP sequences have been
reported. Among those with known secondary structures, about
45% feature α-helical content.42 A significant hurdle to
developing them into potent, safe, and affordable therapeutic
agents is the need to identify strategies such as sequence
optimization or combination with other antimicrobials to
enhance their efficacies so that the dosage and side effects can
be reduced.

Piscidin 1 (P1; FFHHIFRGIVHVGKTIHRLVTG-NH2) and
piscidin 3 (P3; FIHHIFRGIVHAGRSIGRFLTG-NH2) were
first discovered in hybrid striped bass.43,44 While they are both
potent antimicrobials, including on drug-resistant bacteria, P1
generally has higher antimicrobial and hemolytic activities.43−53

Both HDPs are differentially expressed, with P3 more present in
vascularized tissues.54 We recently showed that they have
complementary modes of action: P1 has stronger membrane
permeabilization activity while P3 is more effective at disrupting
DNA.46,47 Membrane activity for piscidin occurs through the
formation of transient defects rather than the stable pores
formed by peptide toxins.50 DNA damage involves charge
neutralization and aggregation of the nucleic acid chains as the
cationic peptides neutralize negative charges on DNA.47

Examples of other cationic and histidine-rich peptides that
interact with DNA and have cell penetrating function include
LAH4.55

Sophorolipids (SLs) are a group of antimicrobial glycolipid
biosurfactants derived from the nonpathogenic fungus species
Starmerella bombicola, through the fermentation of carbohy-
drates and lipids.56,57 They possess a hydrophilic sophorose, a
disaccharide of glucose units linked at β-1,2, and a hydrophobic
ω-1-hydroxylated oleic acid.58 SLs have antibacterial, anticancer,
antiviral, antifungal, anti-inflammatory, spermicidal, and septic
shock applications.59 SLs can be produced by efficient
fermentation processes in high volumetric yields (∼200 g/L).

Natural SLs can also be easily modified through ring-opening
and alkylation reactions, and several synthetically modified SLs
have shown improved therapeutic biological activities.60−64 Due
to their low costs, high yields, and bioactivities, SLs can be a
competitive therapeutic option for disadvantaged populations
seeking medical intervention.58,65

Naturally produced diacetylated lactonic sophorolipid can be
ring-opened by alcoholysis forming a family of sophorolipid
esters.60−64,66 Of particular interest in this work is the
sophorolipid hexyl ester (SL-HE), which is displayed in Figure
1 and has a molecular weight of 707 g/mol.62,67,68 SLs have been

extensively studied in solution. They form micelles above a
critical micellar concentration (CMC) due to their amphipathic
structures.67,69 While the precise manner by which SL-esters
such as SL-HE organize in micelles remains unknown, it is
expected that, in aqueous media, the sugar moiety faces the
aqueous solution while the acyl chains are embedded inside the
micellar aggregate.69 Their antimicrobial activity has been
reported onBacillus cereus (B. cereus),Bacillus subtilis (B. subtilis),
Staphylococcus aureus (S. aureus), Listeria innocua, and
Escherichia coli (E. coli).64 It was noted that related SL esters
can have drastically different efficacy on bacteria. For instance,
the SL-butyl ester (SL-BE) has a low MIC of 12 μM on B. cereus
and B. subtilis.64 However, SL-HE was ineffective on these
bacteria when tested at concentrations up to 200 μM. It has been
challenging to interpret these results since few studies have
investigated their mechanism of cell death and antimicrobial
action (for a recent review, see ref 70). Based on their
amphiphilic character, it has been speculated that SLs could act
on pathogenic cells via membrane activity, but direct evidence
for this mode of action is lacking.

In this study, we hypothesized that the amphipathic structures
of piscidin and SL-esters such as SL-butyl ester (SL-BE) and SL-
HE promote concerted interactions with microbial membranes,
thereby potentiating synergistic membrane activity and
antimicrobial activity. To test this hypothesis, a combination
of biological assays on B. cereus and biophysical studies onmodel
membranes were performed. Remarkably, SL-HE, which is
ineffective alone at >200 μM on B. cereus, stimulated strong
synergistic antimicrobial effects when concentrations as low as 8
μM were combined with submicromolar P1/3 concentrations.
Like other SL-esters, SL-HE has not been mechanistically
studied previously. Here, we reveal that it is membrane active.
Through biophysical studies of the SL-HE/piscidin combina-
tions, we unveil that enhanced membrane activity and
synergistic antimicrobial activity can be engineered by
leveraging the ability of SL-HE to prefold piscidin, enabling

Figure 1. Glycolipid chemical structure. The sophorolipid-hexyl ester
(SL-HE) used in this work is made of a glucose-derived disaccharide
attached to a fatty acid via an ester bond.
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the concerted delivery of both agents to bacterial surfaces and
drawing the peptide to pathogenic membranes. This novel
approach to synergistic antimicrobial activity holds promise for
the development of alternatives to conventional antibiotics that
are prone to a high incidence of resistance.

■ MATERIALS AND METHODS

Materials, Peptide Synthesis, and Purification
The two piscidin peptides P1 (FFHHIFRGIVHVGKTIHRLVTG,
MW 2571) and P3 (FIHHIFRGIVHAGRSIGRFLTG, MW 2492)
were synthesized with carboxyamidated ends by solid-phase peptide
synthesis at the University of Texas Southwestern Medical Center.
Subsequently, they were purified by HPLC, as previously
described.45,51,71 The purified peptides were washed with dilute HCl
and dialyzed to substitute chloride ions for trifluoroacetate ions, leading
to 98% pure peptides, as determined by HPLC and mass
spectrometry.51 The concentrations of peptide stock solutions,
reconstituted in nanopure water, were on the order of 200−300 μM,
as obtained by amino acid analysis performed at the Protein Chemistry
Center at Texas A&M (College Station, TX). All lipids were purchased
from Avanti Polar Lipids (Alabaster, AL). SL-HE was synthesized from
the natural fermentation compound lactonic sophorolipid.62,66 Tryptic
soy broth (TSB) was purchased from Becton Dickinson (Franklin
Lakes, NJ) and Mueller-Hinton broth (MHB) (Sigma-Aldrich, St.
Louis, MO). The reagents sodium hydroxide, Trisma hydrochloride,
Trisma sodium hydroxide, sodium chloride, potassium chloride,
sodium phosphate dibasic, potassium phosphate monobasic, chloro-
form, methanol, calcein dye, and EDTA were purchased from Sigma-
Aldrich (Saint Louis, MO). The buffers 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate (CHAPS) and HEPES were
obtained from Amresco (Solon, NJ) and Fisher Scientific (Hampton,
NH), respectively. Nanopure water was obtained by using theMillipore
Milli-Q system (Sigma-Aldrich, Saint Louis, MO).
Susceptibility Test
The minimum inhibitory concentrations (MICs) were determined
using the broth dilution technique published by Clinical and
Laboratory Standards Institute (CLSI).72 Gram positive Bacillus cereus
(ATCC 4342) bacteria were cultured in TSB for 16 h prior to being
subcultured for 2.5−3 h, until they reachedmid-log phase. Next, 100 μL
aliquots of the subculture (2 × 105 CFU/mL) in TSB were transferred
to wells from a 96-well plate before adding 100 μL of P1, P3, or SL-HE
solution, which was prepared from the serial dilution of a stock made in
phosphate-buffered saline (PBS). Each condition was plated in
triplicates. The optical density (OD) was measured after shaking at
220 rpm and incubating for 16 h at 37 °C. The inhibition rate was
calculated by using the equation [1 − (ODwell − ODbackground)/
(ODdrug‑free well − ODbackground)] × 100%, where the background was
measured using the TSB/PBS mixture in the absence of bacteria,
peptide, and SL-HE. The MIC was defined as the lowest concentration
that showed ≥90% inhibition of growth compared to the control.
Synergy Test
Synergy testing was performed using the two-dimensional microbroth
checkerboard method.73 As for the susceptibility test, stock solutions of
piscidin and SLwere subjected to 2-fold serial dilutions. They were then
distributed on a 96-well plate at concentrations of 0, 0.250, 0.500, 1.00,
2.00, 4.00, 8.00, and 16.0 μM. SL-HE was also tested at a concentration
of 0.125 μM. P1 and P3 were added along columns in descending
concentration. The SL was distributed similarly along rows. Each
condition was plated in duplicates. As a result, each well contained a
unique combination of piscidin and SL ester concentrations. To assess
the possible synergy between each peptide and SL, we calculated the
fractional inhibitory concentration (FIC) index using the following
equation

= +C CFIC ( /MIC ) ( /MIC )piscidin piscidin SL SL (1)

where MICpiscidin and MICSL are the respective MICs of piscidin and SL
acting alone while Cpiscidin and CSL are their MICs in combination; i.e.,

their respective concentrations in the well where growth is at least 90%
inhibited. Mathematically, FIC < 1 indicates synergy between
compounds. However, due to the error associated with administrating
the assay (e.g., serial dilution), it is more rigorous to interpret an FIC
index ≤0.5 as good synergy and an FIC index of 0.5−1 as an indication
of additivity.74

Permeabilization Assays on Bacterial Cells
The membrane activity of SL-HE and piscidin alone or in combination
was obtained using a previously described protocol.64 Briefly, we used
the fluorescence probe diS-C3(5) knowing that electrically polarized
cell membranes can quench it. Membrane-active substances disrupt this
polarization, leading the dye to recover its fluorescence. B. cereus was
grown to mid-log phase and diluted in fresh MHB to 2.5 × 106 CFU/
mL. Next, 100 μL of this cell suspension was mixed with 50 μL of PBS
containing SL-HE and piscidin, either alone or in combination. The
mixture was incubated at 37 °C for 1 h. PBS served as a negative control.
The assay was done in triplicates. The fluorescence was collected at 670
nm, following excitation at 622 nm using a Molecular Devices
SPECTRAmax Plus 384 UV−vis High Throughput Microplate
Spectrophotometer (Molecular Devices, San Jose, CA). The readings
were normalized against those of the PBS negative control.
Permeabilization Assays on Synthetic Phospholipid
Vesicles
The calcein-leakage assay was performed on synthetic vesicles, as
previously described for piscidin.49 Briefly, calcein-loaded large
unilamellar vesicles (LUVs) were prepared using 4 μmol of total lipid
(3:1 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine [POPC]/1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol [POPG]), 3:1
POPC/POPG, in chloroform. Combinations of PC and PG have
been used by our group and others to mimic the anionic surface of
bacterial cells.45,47,71,75−81 The solvent was evaporated using N2 gas,
and the sample was dried under vacuum overnight. Next, the film was
hydrated with 300 μL of 80 mM calcein dye (pH = 7.4) before
undergoing at least 3 freeze−thaw cycles and extrusion through a 0.1
μm polycarbonate membrane (Whatman, Florhan Park, NJ). The
vesicles containing the dye were separated from free dye using a
Sephadex G-50 resin column and HEPES buffer (50 mM, 100 mM
NaCl, 0.3 mM EDTA, pH 7.4). Next, 180 μL of vesicles diluted to 42
μM were distributed in each well of the 96-well plate.

To prepare the SL-HE/piscidin mixture for the dye leakage assay, a
small amount of SL-HE (∼5 mg) was dissolved into methanol (∼100
μL), sealed, and then briefly heated to facilitate dissolution. In parallel,
150 μL of either P1 or P3 was diluted to 150 μM with nanopure water.
Peptides were incubated with the needed amount of SL-HE solution
(∼2 μL) to reach a peptide-to-sophorolipid ratio (P/SL) = 1:8. Binding
was allowed to occur for 10 min. This solution was then subjected to
serial dilution, so that the lipid-to-peptide molar ratio (L/P) in the wells
was 2:1, 4:1, 8:1, 16:1, 32:1, 64:1, 128:1 and 256:1 upon mixing 20 μL
of the peptide solutions with 180 μL of LUVs. A total phosphorus assay
was performed to determine the lipid concentration LUVs (42 μM in
the wells).82 Two independent measurements were performed in
triplicates. As positive and negative controls, we used 0.1% Triton-X
(final concentration in the well) and nanopure water, respectively. The
plate was shaken for an hour at 20 °C and cooled for 10 min before
reading the fluorescence using a Bio Tek SynergyH1 plate reader (Bio
Tek, Winooski, VT). Fractional dye leakage was calculated using the
following equation:

=
I I

I I
% leakage x 0%

100% 0% (2)

where Ix is the fluorescence intensity in the peptide-containing well,
I100% is the average intensity from the Triton-X-containing wells (100%
leakage), and I0% is the average intensity for wells containing the water
control (0% leakage). The fractional leakage (mean of triplicates ± SD)
was graphed against L/P and fitted to an adaptation of the Hill equation
to yield the EC50 or concentration at which 50% of the vesicles are
lysed.83 The fitting was done in GraphPad Prism using least-squares
regression.
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Mass Spectrometry
Lipid films (∼6 mg) containing a 3:1 ratio of POPC to POPG were
made using solutions of POPC and POPG dissolved in chloroform.
After removing the chloroform under a flow of nitrogen, the films were
placed under a vacuum to dry overnight. For the P1-only sample,
sufficient P1 was dissolved in water at a concentration of about 400 μM
and added to the lipid film at L/P = 20:1. The volume to hydrate the
lipid filmwas adjusted to 10mL by adding phosphate buffer (3mM, pH
7.4). To make a 3:1 POPC/POPG blank, the film was hydrated with 10
mL of phosphate buffer (3 mM, pH 7.4). For the sample containing P1
and SL-HE, the SL-HE dissolved inmethanol was added to P1 (∼1mg)
in water at P/SL = 1:8. Thismixture (<1mL)was added to the lipid film
and the volume, adjusted to 10 mL using phosphate buffer (3 mM, pH
7.4). To make a sample containing the SL-HE glycolipid but no P1, the
same sample was made with the exception that P1 was omitted. All
hydrated lipid films were gently swirled to suspend the lipid material in
the buffer and incubated overnight before being centrifuged the next
day at 23 700 rpm using a Beckman centrifuge with SW40Ti rotor
(Beckman, Pasadena, CA). The pellet was collected and lyophilized.
Subsequently, the dry samples were dissolved in 600 μL of 1:1 water/
methanol to a lipid concentration of 10 mg/mL (13 mmol/L). Prior to
MS analysis, samples from pellets were diluted to ∼2.5 μmol/L in 1:1
water/methanol. The samples were analyzed by electrospray ionization
mass spectrometry (ESI-MS) using an Orbitrap Elite (Thermo Fisher,
San Jose, CA) instrument in both positive and negative modes. Samples
were directly infused into the mass spectrometer at 10 μL/min. MS
results were interpreted in Xcalibur software (ThermoFisher, Waltham,
MA).

Surface Plasmon Resonance
The experiments were performed following a protocol previously used
for piscidin.48 Briefly, lipid films were made using 3:1 POPC/POPG in
round-bottom flasks by codissolving the two lipids in chloroform. After
evaporating the solvent and drying under vacuum overnight, the films
were rehydrated in working buffer (10mMTris pH 7.4, 100mMNaCl)
and suspended by sonication. After 3 freeze−thaw cycles, they were
extruded 20 times through a 50 nm membrane (GE Healthcare,
Chicago, IL) to generate small unilamellar vesicles (SUVs) and diluted
10-fold to 0.5 mM using the working buffer. The SPR experiments were
carried out on a Biacore 3000 (GEHealthcare, Chicago, IL) instrument
using a Biacore L1 chip (GE Healthcare, Chicago, IL) following the
manufacturer’s instructions. When the SUVs come in contact with the
L1 chip, they form supported lipid bilayers (SLB).84 The running buffer
was 10 mM Tris pH 7.4 with 100 mM NaCl while 20 mM CHAPS was
used as the regeneration solution. All solutions were freshly made,
degassed, and filtered through a 0.22 μm filter (Corning, Corning, NY).
At the start of each experiment, the L1 sensor chip was rinsed with 20
mM CHAPS at a flow rate of 5 μL/min for 1 min. Next, 30 μL SUVs
were flowed onto the chip surface at a rate of 2 μL/min. To remove
excess lipids and stabilize the baseline before applying analytes, a short
pulse of 30 μL of 10 mM NaOH at a flow rate of at 50 μL/min was
applied. Next, 60 μL of buffer was flowed at 30 μL/min. At this point,
the SLB was ready for measurements with the analytes. P1 and P3 were
serially diluted in the Tris running buffer, and SL-HE was serially
diluted in PBS buffer (pH 7.4). The final solution injected as the analyte
contained running buffer and PBS in a 1:1 (v/v) ratio. A total of 60 μL
of analyte solution was injected at 30 μL/min over the SLB. To enable
loosely bound analyte to dissociate from the SLB, flow of the running
buffer alone was continued onto the chip for 5 min. All experiments
were carried out at room temperature. Sensorgrams showing response
units vs time (s) were graphed.

Circular Dichroism
Titrations of peptides P1 and P3 by SL-HE were followed by CD in
phosphate buffer (3mM, pH 7.4). A 1mM solution of sophorolipid was
prepared in warm phosphate buffer (∼40 °C) in the presence of 10%
methanol (due to the low solubility of the lipids in plain buffer). Each
titration was performed at a fixed peptide concentration (25 μM) and
ran in duplicates. CD spectra were recorded at 298 K on a Jasco J-815
spectrometer (Jasco Analytical Instruments, Easton, MD) over a

wavelength range of 190−260 nm by using a scan speed of 100 nm/min,
a 1 nm bandwidth, and four scans. Individual samples were made at P/
SL values varying between 0 and 80. For each P/SL, a blank containing
buffer and SL-HE but no peptide was obtained and subtracted from the
peptide signal to correct for the background signal. Peptide α-helicity
was calculated using the ellipticity at 222 nm and assuming an ellipticity
of −32 000 deg·cm2/dmol for a perfect α-helix.85,86 The molar
ellipticity obtained at 222 nm was used to plot binding isotherms,
which were then fit in Excel to obtain the binding dissociation constant,
Kd. A two-state model (bound or unbound state of P1/3) was
assumed.78

Preparation of Samples for Solution NMR
The buffer for solution NMR analysis containing 10mMphosphate and
25 mM NaCl was prepared in deionized water, lyophilized,
resuspended in 99.98% D2O (Cambridge Isotope, Tewksbury, MA),
and adjusted to pH 7.4 with 1 M HCl. SL-HE solutions were prepared
immediately prior to NMR analysis at concentrations of 280, 700, 1400,
and 2800 μM by dissolving powdered SL-HE in NMR buffer. NMR
samples containing the P3 peptide were prepared by aliquoting a
peptide stock solution in H2O to provide a final concentration of 35 μM
peptide (the stock concentration was determined by amino acid
analysis). Five samples with peptides were prepared where the P3
peptide stock was diluted in NMR buffer and added to the SL-HE
solutions at 280, 700, 1400, and 2800 μM to yield mixtures where the
P/SL values were 1:8, 1:20, 1:40, and 1:80. Samples were prepared such
that 10% of each sample contained D2O. Samples were kept in warm
water to increase their stability prior to NMR analysis.
Solution NMR Experiments
NMR studies were conducted at 310 K using a 600 MHz Bruker AVII
system equipped with a 5 mm cryogenically cooled inverse-detection
probe with z-axis gradients. Diffusion-ordered spectroscopy (DOSY)
measurements were acquired using the pseudo 2D stimulated echo
sequence stebpgp1s19 from the Bruker pulse sequence library
employing 3−9−19 water suppression, a diffusion period of 300 ms
(capital delta), and a 2.2 ms Sine shaped gradient encoding pulse
(lowercase delta). The 90° pulse width was 9 ± 0.5 μs, depending on
the sample. Sixty four subspectra were acquired with the gradient
encoding pulse varying linearly from approximately 4 to 49 G/cm. Data
were processed and diffusion coefficients fitted using the Topspin 3.5
software package.
Preparation of Oriented Samples for Solid-State NMR
Oriented samples were prepared to compare the structural and
orientational features of P1 and P3 in the absence and presence of SL-
HE. Aligned lipid bilayer preparations were made following a protocol
that we previously described.45,71,77 Briefly, the samples were made
using 3:1 POPC/POPG. The lipids were mixed in chloroform prior to
evaporation of the solvent using nitrogen gas and lyophilization
overnight. This lipid film was hydrated with 10 mL of phosphate buffer
(3 mM, pH 7.4) containing either P1 or P3 and SL-HE at P/SL = 1:8
based on the CD-monitored titration and SPR results showing strong
interactions under these conditions. About 2 mg of each peptide was
used per peptide-containing sample, corresponding to about 20 mg of
phospholipids and L/P = 20:1. Themixture was swirled to fully suspend
the lipids and incubated overnight at 40 °C to allow the peptide,
phospholipids, and SL-HE to reach equilibrium. After overnight
binding, the samples were centrifuged at 23 700 rpm (Beckman
centrifuge with SW40Ti rotor), and the pellet was spread on thin glass
slides (dimensions of 5.7 × 12 × 0.03 mm3 from Matsunami Trading
Co., Japan). Each sample was composed of 30−35 slides. Next, the
samples were placed in a humidity chamber (>90% using a saturated
potassium sulfate solution) until equilibrium was reached. The slides
were then rehydrated at a ratio of 1 μL of buffer for everymg of peptide/
phospholipid mixture. After stacking, the glass slides were inserted in a
glass cell (New Era, Vineland, NJ), sealed with a glass slide and
Hampton Research beeswax (Fisher Scientific, Hampton, NH), and
incubated at 40 °C until homogeneous hydration was achieved. Control
samples included (1) pure POPC/POPG bilayers; (2) POPC/POPG
bilayers exposed to SL-HE only in the hydration step; (3) POPC/
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POPG bilayers with P1 or P3 but not SL-HE added in the hydration
step.
31P Solid-State NMR Experiments
1D 31P spectra were collected on a 600 MHz Bruker Avance 1
spectrometer at the National High Magnetic Field Laboratory
(NHMFL). Parameters included a resonance frequency of 242.9
MHz and a 3 μs 90° pulse on 31P and 1H decoupling. The sample
temperature was maintained at 32 °C, and 64 scans were averaged with
a delay of 3 s between scans. The data were processed with 50 Hz of
linebroadening and referenced to phosphoric acid (85% solution).
15N Solid-State NMR Experiments
2D heteronuclear correlation (HETCOR) spectra were recorded on a
750 MHz wide bore Bruker instrument with Avance 1 console at
William & Mary. The data were collected using parameters previously
used on piscidin samples.87 For each spectrum, a recycle delay of 5 s and
32−48 t1 increments with 896 transients each were used. During data
acquisition, the temperature settings were 32 ± 0.1 °C. A 1H
radiofrequency amplitude of 83.0 kHz was applied during the
MSHOT 1H homonuclear decoupling88 in the t1 (1H) dimension and
during SPINAL decoupling in the t2 (15N) dimension. A dwell time of
42.6 μs in the indirect dimension was implemented by setting the delay
τd to 6.3 μs. To observe the 15N/1H dipolar interaction in the indirect
dimension, we did not apply 15N RF pulses during the proton evolution
in the t1 dimension. To enhance the detection of this dipolar coupling,
the 1H carrier frequency was centered on the amide proton region of
piscidin in oriented samples (i.e., ∼15 ppm). To transfer the
magnetization from the amide proton to its closest 15N spin, a WIM-
12 (windowless isotropicmixing) sequence was used with a 1H and 15N
radiofrequency amplitude of 55 kHz and a short mixing time (∼100 μs).
Data were processed with 50 Hz linebroadening in the 15N dimension.
X-ray Diffraction
The samples prepared for the EIS-MS described above were also
analyzed by X-ray diffraction (XRD). At the time of analysis, 200 μL of
the samples solubilized in 1:1 water:methanol were spread on thin glass
coverslips. The bulk water slowly evaporated when the samples sat
overnight at room temperature. Before performing the diffraction
experiments, the samples were allowed to anneal at 98% relative
humidity and room temperature for at least 12 h. X-ray diffraction
measurements were carried out on a 3KW Rigaku Smartlab
diffractometer (Wilmington, MA) at the Institute for Bioscience and
Biotechnology Research (IBBR), Rockville, MD. Phases of the
structure factors were characterized using the swelling method.89

Structure factors were calculated from the integrated Bragg intensities
after removing the background and applying Lorentz, polarization,
beam footprint, and absorption corrections. Electron density profiles
were displayed on an arbitrary scale, using direct Fourier
reconstruction.90

■ RESULTS

Synergistic Antimicrobial Effect between SL-HE Mixed with
Either P1 or P3

To investigate the possible synergy between the antimicrobial
effects of HDPs and sophorolipids, we measured the
antimicrobial activities of P1/3 and SL-esters (SL-BE and SL-
HE) independently and in combination. Minimum inhibitory
concentrations (MICs) were measured on Gram-positive
Bacillus cereus (B. cereus) and summarized in Table 1. The
MIC values obtained here for P1, P3, SL-BE, and SL-HE are 2, 4,
12, and >200 μM, respectively, and in agreement with previous
reports.43−45,47,64

Next, we employed the checkerboard experiment to obtain
fractional inhibitory concentrations (FICs) and determine
whether the peptides and glycolipids act synergistically. By
definition, P1 and P3 are 100% inhibitory above their MICs, and
thus, the checkboards show complete inhibition for all rows

where the peptides are plated at or above their MICs (Figure 2).
As indicated by the abrupt change in color from dark to light, the
MIC is highly sensitive to the peptide concentration, displaying
the ability of these peptides to act cooperatively to perform their
function.91,92 When P1 is 0.5 μM, an increase in the SL-HE
concentration from 4 to 8 μM abruptly changes the inhibitory
effect from 0 to 100%, resulting in a 4-fold decrease in the MIC
value. In the next row where P1 = 1 μM, a similar abrupt
transition and shift to a lower MIC value relative to peptide
alone are observed when the SL-HE concentration reaches 2
μM. In the case of P3, peptide concentrations as low as 0.5 and 1
μM become inhibitory in the presence of SL-HE at 8 μM,
demonstrating an 8-fold and 4-fold decrease, respectively, in
effective MIC value relative to P3 peptide alone. When [P3] = 2
μM, a more gradual increase in the inhibitory effect is detected
when the SL concentration reaches 1 μM, with full inhibition at
4 μM.

Based on our experimental approach, obtaining an FIC index
≤0.50 is interpreted as evidence for synergy between the two
compounds.93 Thus, the results summarized in Figure 2 indicate
that synergy exists between P1/3 and SL-HE. The best FIC
value for P1 is 0.25 obtained when P1/SL-HE = 0.5 μM/8 μM=
1:16 and 0.5 μM/16 μM= 1:32. For P3, it is 0.12 obtained when
P3/SL-HE = 0.5 μM/8 μM = 16 and 0.5 μM/16 μM = 32.
Synergy extends to an FIC value of 0.50 for P1 (e.g., P1/SL-HE
= 1 μM/2 μM = 1:2 and 1 μM/4 μM = 1:4). For P3, FIC values
of 0.25 (e.g., P3/SL-HE = 1 μM/8 μM= 1:8) and 0.50 (e.g., P1/
SL-HE = 2 μM/4 μM = 1:2) are also observed. Results for
piscidin with the SL butyl ester also show shifts to a lower
effective MIC value relative to peptide alone (data not shown).
However, higher FIC values were obtained likely due to SL-BE
alone having a lower MIC (12 μM) on B. cereus relative to SL-
HE,64 and thus, the overall synergistic effects are more striking
with SL-HE. Overall, these assays indicate that strong synergistic
antimicrobial effects exist between SL-HE combined with either
P1 or P3.
Permeabilization Assays on Bacterial Cells Exposed to
SL-HE Mixed with Either P1 or P3
Given previous studies of P1 and P3 demonstrating their ability
to permeabilize bacterial and model membranes,47 we
investigated whether SL-HE could also damage the plasma
membranes of bacteria. A dye leakage assay was performed on
B. cereus in the presence of SL-HE and P1 and P3. As shown in
Figure 3, the leakage data obtained with the diS-C3 dye occur in
a dose-dependent fashion. Overall, P1 shows a higher ability
than P3 to permeate bacterial membranes at a given peptide
concentration, which is consistent with previous work.47

Interestingly, combinations of P1-SL-HE and P3-SL-HE induce
higher permeability than P1 and P3, respectively, suggesting that
the enhanced antimicrobial effects of piscidin in the presence of
SL-HE may be due to an increase in the permeabilization
capability.

Table 1. Minimum Inhibitory Concentration of P1, P3, and
SL-HE against Mid-Log Phase Pathogens

MIC (μM) piscidin 1 piscidin 3 SL-HE

B. cereus 2 4 >200a

S. aureus 2 2 >200
E. coli 4 >6 >200

aRef 64.
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Permeabilization Assays on Synthetic Phospholipid
Vesicles Exposed to SL-HE Mixed with Either P1 or P3

The release of calcein from synthetic liposomes is a well-
established method to characterize membrane permeabilization

effects of membrane-active peptides.94−96 The peptides trigger
permeabilization once they reach a certain threshold concen-
tration, which depends on the peptide sequence, membrane
composition, and experimental conditions (e.g., pH). On a

Figure 2. Synergy antimicrobial testing of SL-HE with either P1 or P3 on B. cereus. A schematic representation is displayed for the checkerboard results
obtained when Bacillus cereus (ATCC 4342) was incubated for 16 h in the presence of piscidin 1 (P1), piscidin 3 (P3), and/or sophorolipid hexyl ester
(SL-HE). Either P1 (top) or P3 (bottom)wasmixed with the SL-HE at the indicated concentration. The color scheme indicated on the right-hand side
is used to represent the inhibition rate in each well. The percentages are based onODmeasurements that are normalized with respect to the controls to
span the 0−100% range.

Figure 3. Permeabilization effects of P1, P3, SL-HE, and SH-HEwith either P1 or P3 onB. cereus. The data were collected onB. cereus grown tomid-log
phase at the indicated concentration of piscidin 1 (P1), piscidin 3 (P3), and SL-HE (H). The diS-C3 fluorescence probe was used to monitor leakage.
The response units on the vertical axis correspond to the fluorescence of the samples normalized against that obtained with the PBS negative control.
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mechanistic level, the threshold for activity, typically measured
as a lipid-to-peptide molar ratio (L/P), correlates with the
conditions that lead a given peptide to reorient and insert more
deeply in membranes. The sigmoidal shape of the dose-
dependent curves is indicative of a cooperative effect between
peptide molecules when the threshold concentration is reached.
In this study, we used 3:1 (mol/mol) 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC)/1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoglycerol (POPG) to mimic the membrane
charge content of bacteria, such as the B. cereus used in the MIC
assays.75 Large unilamellar vesicles (LUVs) were made with this
lipid composition with calcein trapped inside. For P1 and P3
either alone or in combination with SL-HE, dose-dependent
curves were constructed by quantifying the amount of calcein
release as a function of L/P. For the assays where piscidin was
combined with SL-HE, the peptide-to-SL-HE molar ratio (P/
SL) was fixed at 1:8, which is in the middle of the range where
synergy is observed in the MIC assays (Figure 2). As
demonstrated in Figure 4, not only P1 and P3 but also SL-HE
permeabilize the LUVs used for this assay.

The L/P values that result in 50% leakage (EC50) provide a
useful way to quantify the activities of the peptides. The EC50
values (L/P1 = 42 μM/1.3 μM= 32 and L/P3 = 42 μM/2.5 μM
= 17), obtained in the absence of SL, agree well with those
previously determined using 3:1 POPC/POPG, with P1 being
more active than P3.50 Alone, SL-HE is also slightly membrane
active, with EC50 occurring at a lipid-to-sophorolipid ratio (L/
SL) equal to 42 μM/21 μM = 2 (Figure S1). In combination
with SL-HE at themolar ratio of 1:8, P1 and P3 exhibit enhanced
membrane permeabilization ability (L/P1 = 42 μM/0.88 μM =
48; P3/L = 42 μM/1.2 μM= 35). Overall, the model membrane
system captures well the permeabilization trends seen in the
antimicrobial assays: P1 is more membrane active than P3, and
SL-HE is only weakly membrane active on its own. Importantly,
combining SL-HE with either P1 or P3 increases the ability of
the peptides to permeabilize model membranes. In the context
of bacterial cell membranes, the peptides could act by not only
disrupting the membranes but also accessing intracellular

targets.46,47 Next, additional biophysical studies were performed
to gain deeper insight into the mechanism underlying the
synergy between each piscidin and SL-HE.
Mass Spectrometry of Phospholipid Bilayers Exposed to
SL-HE and Piscidin
The dye leakage assays on live cells and model membranes
indicate that not only P1/3 but also SL-HE disrupt membranes.
It is well-known that HDPs have strong affinity for lipid bilayers.
However, less is known about SL-ester/phospholipid inter-
actions. Mass spectrometry (MS) was used qualitatively to
determine whether SL-HE can associate with phospholipid
bilayers. Quantitative measurements of lipid concentrations to
determine partitioning coefficients would require isotopically
labeled internal lipid standards and a triple quadrupole mass
spectrometer to perform a liquid chromatography (LC)-MS/
MS multiple-reaction monitoring assay, an approach that can
provide coefficients of variance <5%.97,98 After mixing the
phospholipids with SL-HE in the presence and absence of
peptide at L/P = 20:1 and P/SL = 1:8, the samples were
centrifuged, so that the pelleted phospholipid portion and
supernatant could be separately probed by MS. As shown in
Figures 5 and S2, SL-HE binds to phospholipid membranes

(pelleted part of the sample) whether it is used alone or in
combination with P1/3. This reveals the ability of this glycolipid
to establish interactions with essential constituents of cell
membranes rather than to stay in solution.
Interactions of Phospholipid Bilayers Exposed to SL-HE
Mixed with Either P1 or P3 as Determined by Surface
Plasmon Resonance
As shown by the MS data and permeabilization assays with live
cells and model membranes, not only P1/P3 but also SL-HE

Figure 4. Permeabilization effects of P1, P3, SL-HE, and SL-HE with
either P1 or P3 on 3:1 POPC/POPG vesicles. Vesicles at a fixed
concentration of 42 μM lipid were exposed to increasing amounts of P1
and P3 in the absence and presence of SL-HE (H). The fractional
leakage of calcein from POPC/POPG liposomes is plotted as a function
of the lipid-to-peptide ratio (L/P). The EC50 values as L/P values are as
follows: 32 for P1; 48 for P1 + SL; 17 for P3; 35 for P3 + SL. When the
POPC/POPG vesicles were treated with only SL-HE, the EC50 = 2 as a
lipid-to-SL-HE ratio (L/SL) (Figure S1). The SL was dissolved in
methanol before being added to the wells; therefore, a negative control
was run with an equivalent amount of methanol. The assays were
repeated three times in triplicate, with the data shown corresponding to
the mean ± SD for a representative data set. The error bar in some cases
is smaller than the symbols used to represent the data points.

Figure 5. Mass spectrometry data collected on phospholipid bilayers
exposed to SL-HE. To investigate the ability of SL-HE to interact with
phospholipid bilayers, three samples were made, including a 3:1
POPC/POPG sample with P1 and SL-HE at L/P = 20:1 and P/SL =
1:8 and its control counterparts: a 3:1 POPC/POPG blank; a 3:1
POPC/POPG sample with SL-HE but no P1. Suspensions of 3:1
POPC/POPG were prepared in a phosphate buffer. After overnight
incubation in buffer in the absence or presence of SL-HE or SL-HE/P1,
the samples were centrifuged, and the pellets as well as supernatant were
analyzed by electrospray ionization mass spectrometry (ESI-MS). The
spectrum shown above is for the pellet from the 3:1 POPC/POPG
sample with SL-HE, as observed in the positive ion mode. The main
peak at m/z = 729.4 corresponds to [SL-HE + Na]+ while the other
major peak atm/z = 782.6 indicates [POPC + Na]+. Figure S2 displays
additional data collected in the positive and negative modes on other
samples, including the 3:1 POPC/POPG blank and the 3:1 POPC/
POPG sample with P1 and SL-HE.
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Figure 6. Sensorgrams for 3:1 POPC/POPG bilayers exposed to P1, P3, SL-HE, and SL-HE with either P1 or P3. Small unilamellar vesicles were
deposited on the L1 sensor and allowed to form supported lipid bilayers (SLBs). After the SLB was washed, the peptide solution was flown onto the
bilayer. The graphs show the data collected upon addition of P1, P3, and/or SL-HE (H) at different concentrations: (A) 5 μM P1 and 20 μM SL-HE
mixture; (B) 10 μM P1 and 40 μM SL-HE mixture; (C) 5 μM P3 and 20 μM SL-HE mixture; (D) 10 μM P3 and 40 μM SL-HE mixture; (E) P1 at 4
concentrations; (F) P1 and SL-HEmixture at 4 concentrations; (G) P3 at four concentrations; (H) P3 and SL-HEmixture at four concentrations; (I)
SL-HE at four concentrations.
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interact with membranes. Since we cannot deduce from the MS
data the extent to which the peptide and SL-HE bind to
phospholipids, we used surface plasmon resonance (SPR) to
monitor the accumulation of the peptides within 3:1 POPC/
POPG membranes, with and without preincubation with SL-
HE.

Figure 6 displays the sensorgrams obtained for P1, P3, and SL-
HE interacting with a supported lipid bilayer (SLB) made of 3:1
POPC/POPG, the same model membranes used in the dye
leakage assays. First, analyte solutions containing P1, P3, SL-HE,
or combinations thereof were flowed onto the SLB. Sub-
sequently, the analyte free buffer solution was used during the
washing step to dissociate loosely bound analytes from the SLB.
While the SLB interacts strongly with P1 and P3 in agreement
with previous studies,50,53 the interactions with SL-HE are weak.
P1 and P3 give rise to distinct association (increase in the RU
value) and dissociation (decrease in the RU value) phases. Next,
P1/3 was preincubated with SL-HE at P/SL = 1:4 before adding
the complex to the SLB. As shown in Figure 6, a massive
accumulation of material is observed on the sensor when the P1/
SL-HE and P3/SL-HE complexes were flowed onto the SLB.
The RU signal at the end of the washing step remains very high,
indicating a very slow dissociation from the SLB and, thus, a
strong interaction. Across all tested concentrations leading to
the P/SL value of 1:4 piscidin and SL-HE, bilayer accumulation
is stronger by a factor of at least 5-fold compared to when only
P1 or P3 is loaded onto the SLB. Since SL-HE alone accumulates
only slightly on the SLB, this highlights the synergistic
accumulation when P1/3 and SL-HE are both present.

How the presence of SL-HE impacts the kinetics of
association and dissociation of piscidin with membranes was
investigated as previously performed for P1/3 alone binding to
the SLB.50 In that previous work, membrane association was
found to follow pseudo-first-order kinetics based on the
apparent rate constant kobson increasing with a linear dependence

in peptide concentration. Here, apparent rate constants for
dissociation also increased with increasing peptide concen-
tration, suggesting that, as the membranes become saturated
with peptide, electrostatic repulsion between peptide molecules
increases and drives dissociation. However, binding data with
P1/SL-HE and P3/SL-HE combinations show these rate
constants slightly decrease rather than increase as a function
of peptide concentration (Figure S3). When SL-HE was used
alone, no significant interaction was measured with the SLB.
Taken together with the observation that the maximum RU
signal observed for P1/3 was generally 5-fold higher in the
presence of SL-HE, this may indicate that SL-HE introduces
new membrane binding modes for P1 and P3 that have slower
on and off rates.

Overall, the SPR data are insightful in several ways. First, they
reveal that, when P1 and P3 are preincubated with SL-HE, they
synergistically accumulate onto bilayers. P1 accumulates more
strongly than P3, in accordance with its stronger antimicrobial
and permeabilization effects. Furthermore, the enhanced
membrane accumulation achieved when piscidin and SL-HE
are coadded correlates with the boosted antimicrobial and
permeabilization effects observed for their combinations
(Figures 3−5). Second, the SPR data suggest that a new mode
of peptide−bilayer interaction applies when SL-HE is present.
Mechanistically, this could mean that the molecular structure of
the peptide−lipid assemblies could be different when SL-HE is
present. To explain the different modes of peptide−membrane
interactions when SL-HE is present and the synergistic
membrane accumulation of piscidin and SL-HE, we postulated
that (i) piscidin binds to the micelles formed by SL-HE,
prefolding the peptide into its active state before it reaches the
membrane and concentrating it for enhanced membrane
delivery; (ii) once SL-HE is incorporated into the phospholipid
bilayer, it recruits the peptide to the membrane by using its sugar
moiety or forming defects that alter the membrane order or

Figure 7. Secondary structure monitoring of P1 and P3 as a function of the SL-HE concentration. CD data for P1 (A) and P3 (B) are plotted as a
function of the indicated P/SL values. The α-helical content deduced from the CD data is plotted as a function of [SL-HE] and fitted to obtain the
dissociation constant (Kd) for the complex between SL-HE and either P1 (C) or P3 (D). The peptide concentration was fixed at 25 μM, with the SL-
HE concentration varied from 0 to 2mM. The experimental data points are in dark blue for P1 and red for P3. The fits calculated based on a simple two-
state equilibrium between each peptide and SL-HE are represented by the solid lines. Based on duplicates, the Kd values and standard errors obtained
for P1 and P3 are 206 ± 5 and 392 ± 2 μM, respectively.
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curvature. To interrogate this hypothesis, the following section
describes studies that were done by circular dichroism (CD),
NMR, and X-ray diffraction to gain further insights into
structures formed as a result of the interactions between P1/3-
SL-HE.
Formation of P1/SL-HE and P3/SL-HE Complexes as
Monitored by Circular Dichroism

CD was used to probe whether binding of SL-HE to P1/P3
results in significant peptide conformational changes. Indeed,
HDPs such as piscidin, which are unstructured in solution,
typically fold into amphipathic structures in the presence of an
amphipathic surface. Given these tendencies, we used CD to
measure the α-helical content of the peptides as a function of the
SL-HE concentration. The ellipticity at 222 nm was used to
calculate α-helicity assuming that the ellipticity for a perfect α-
helix is −32 000 deg·cm2/dmol.85,99 Figure 7A,B shows the
mean residue ellipticity of P1 and P3 when the peptides are
titrated with SL-HE from P/SL = 1:0 to 1:80. Since the peptides
were used at a fixed concentration of 25 μM, this corresponds to
a concentration of SL-HE that varies from 0 to 2 mM. With
increasing levels of SL-HE, the positive band at 196 nm
increases, while the negative band at 222 nm becomes
increasingly negative, indicating an increase in α-helical content.
Peptide α-helicity is plotted in Figure 7C,D as a function of the
SL-HE concentration.

Based on the FIC data reported above (Figure 2), synergy is
achieved when the piscidin/SL-HE molar ratio ranges from 1:2
to 1:32. When P1/SL-HE = 1:8 (middle of the range for the
synergy), the α-helical content of the P1 sample is about ∼50%,
while at P1/SL-HE = 1:80, it is close to 100%. In contrast,
increasing the P3/SL-HE ratio from 1:8 to 1:80 results in α-
helical contents of about 30% and 80%, respectively. Thus,
antimicrobial synergy occurs in the range where SL-HE can shift
the conformation of the peptides. The titration data shown in

Figure 7 feature a distinct isosbestic point, pointing at the
presence of two states, one that is unstructured and another one
that has α-helical character. Previous structural studies by solid-
state and solution NMR have showed that the conformation
adopted by piscidin in the presence of lipid bilayers and lipid
mimetics is fully α-helical.49,77,86 Assuming that piscidin also
becomes fully α-helical when it binds to SL-HE micelles, the α-
helical content plotted in Figure 7 reflects the amount of peptide
bound to the sophorolipid. To compare more quantitatively the
behaviors of P1 and P3 as they bind to SL-HEmicelles, these CD
data were fitted to the bimolecular binding equation, which
assumes a one binding site model. This yielded dissociation
constants Kd of 206 ± 5 μM for P1 (Figure 7C) and 391.5 ± 1.5
μM for P3 (Figure 7D). These results reveal that both P1 and P3
noncovalently interact or associate with SL-HE, with P1
featuring a stronger affinity. Importantly, these experiments
provide evidence that SL-HE directly interacts with P1/3. This
interaction promotes a change in peptide conformation in the
range of P/SL ratios that are relevant to the antimicrobial
synergy observed in Figure 2.
Solution NMR on SL-HE Aggregates Exposed to Piscidin
Having demonstrated that piscidin binds to SL-HE, we
conducted a study to determine whether the properties of SL-
HE micelles are influenced significantly by the peptides. For this
purpose, we used diffusion-ordered spectroscopy (DOSY), a
form of solution NMR that relies on gradients to measure the
translational diffusion coefficients of molecules in solution.100

SL-HE is expected to form micelles above 2.84 μM at 36 °C,
based on a previous determination of the CMC in water.67

DOSY measurements were performed here with P3 only since
P1 and P3 behaved similarly in the biological assays and CD
binding experiments, and thus, their modes of interactions with
the SL micelles could be assumed to be similar. Figure 8 shows
examples of 2D DOSY spectra acquired at 37 °C for P3

Figure 8.DOSY data were collected to characterize SL-HEmicelles in the absence and presence of piscidin 3. Diffusion-ordered spectroscopy (DOSY)
spectra were collected at 37 °C to investigate SL-HE and P3 association. An overlay of DOSY spectra is shown for P3 alone (green), 280 μM SL-HE
alone (red), and a mixture of P3/SL-HE at P/SL = 1:8 (blue). Black arrows indicate resolved P3 signals detected in spectra of the P3 alone and the P3/
SL-HE samples that are absent in spectra of the SL-HE alone sample. The diffusion coefficient for the peptide alone is detected to be an order of
magnitude greater than that of SL-HE micelle and becomes equivalent to that of the micelle when P3 and SL-HE are combined, indicating that the
peptide directly interacts and diffuses along with the micelles with minimal perturbation to the diffusion properties of the micelle.
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interacting with SL-HE at a P/SL = 1:8. These 2DDOSY spectra
are generated as series of 1D 1H diffusion weighted subspectra
with the signal appearing in each according to its fitted diffusion
coefficient. Based on the DOSY results, the diffusion coefficient
of SL-HE at 280, 1400, and 2800 μMwere estimated to be −9.9,
−9.9, and −10 log(m2·s−1), respectively (Table 2). Since micelle

size and therefore diffusion coefficients are expected to be largely
independent of SL-HE at concentrations substantially above the
CMC, the small apparent changes in the coefficient value when
the SL concentration is increased are very likely the result of
reduced diffusion due to transient aggregation and/or molecular
crowding at higher micelle concentrations. The diffusion
coefficient for P3 at 35 μM was calculated to be approximately
−8.8 log(m2·s−1), greater than an order of magnitude faster
compared to the range of values found for the SL-HE micelles.
Analysis of diffusion coefficients for solutions of 35 μM P3 with
280, 700, 1400, and 2800 μM SL-HE (corresponding to P3/SL-
HE = 1:8, 1:20, 1:40, and 1:80, respectively) gave values of −9.9,
−10, −9.8, and −10 log(m2·s−1). Importantly, the 1H
resonances of both the P3 peptide and SL-HE are detected
within the same subspectra of the 2D DOSY data sets, and
therefore are determined to have equivalent diffusion
coefficients when they are exposed to each other. Overall, the
change in diffusion behavior that occurs for P3 in the presence of
SL-HE micelles corroborates the CD studies by showing that
piscidin interacts with the SL-HE micelles.
31P Oriented Sample Solid-State NMR on Phospholipid
Bilayers Exposed to SL-HE Mixed with Either P1 or P3
Oriented sample solid-state NMR (OS SS-NMR) was then used
to investigate how the presence of SL-HE influences the bilayer
organization and the structural features of the peptides. 31P is
present at high natural abundance in the phospholipids; thus, no
isotopic enrichment is needed. For the peptides, 15N was
incorporated into the amide bond at position 13. Using 31P and
15N detection, the phospholipids and peptide were followed,
respectively. First, the results from the 31P experiments are
discussed.

31P OS SS-NMR is a powerful method to investigate the
mechanisms of action of membrane-active peptides on a
molecular level.101−107 Aligned bilayers are prepared in the
absence and presence of peptide, and the oriented 31P chemical
shift signals are interpreted in terms of their position and line
width. This method was used here to reveal if the association of
P1/3 with SL-HE prior to exposing the peptide to the
phospholipids could result in stronger membrane disruption.
For this purpose, samples were prepared where the peptide and
SL-HE were allowed to associate with each other before being
exposed to 3:1 POPC/POPG bilayers. We used P/SL = 1:8 and

L/P = 20:1 based on the CD-monitored titration and SPR
results showing strong interactions under these conditions.

Figure 9 shows the 31P spectra obtained for hydrated 3:1
POPC/POPG bilayers exposed to 15N[G13]-P1 and 15N[G13]-

P3 preincubated or not with SL-HE.We had previously used 3:1
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)/1,2-di-
myristoyl-sn-glycero-3-phosphoglycerol (DMPG) as bacterial
membranes to obtain the structures and orientations of
membrane-bound P1 and P3.45,71,77 Here, we prepared 3:1
POPC/POPG bilayers and exposed them to SL-HE in the
presence or absence of the peptide. In samples of fully hydrated
bilayers above their phase transition temperature, the chemical
shift anisotropy (CSA) is averaged by motions. In the case of

Table 2. Diffusion Coefficients for P3 and SL-HE

P3 concentration
(μM)

SL-HE concentration
(μM)

diffusion coefficient
[log(m2/s)]

35 0 −8.8
0 2800 −10
35 2800 −10
0 1400 −9.9
35 1400 −9.8
0 700 N/A
35 700 −10
0 280 −9.9
35 280 −9.9

Figure 9. 31P solid-state NMR spectrum of hydrated oriented 3:1
POPC/POPG lipid bilayers in the presence and absence of P1, P3, and
SL-HE. The following conditions were tested: (A) pure 3:1 POPC/
POPG; (B) 3:1 POPC/POPG exposed to SL-HE; (C) 3:1 POPC/
POPG exposed to P1; (D) 3:1 POPC/POPG exposed to P1
preincubated with SL-HE; (E) 3:1 POPC/POPG exposed to P3; (F)
3:1 POPC/POPG exposed to P3 preincubated with SL-HE. The
vertical lines are used to facilitate the comparison of the spectra: the
green line is placed on the tallest peak in the 3:1 POPC/POPG sample;
the blue (red) line is used to compare P1 (P3) spectra with and without
preincubation with SL-HE. The peptide-containing samples were made
using ∼2 mg of either P1 or P3. The samples containing piscidin and
SL-HE were made at L/P = 20:1 and P/SL-HE = 1:8. The other
samples were made as direct counterparts lacking the SL-HE and/or
peptide. The samples were placed in the NMR coil with the bilayer
normal parallel to B0. The spectra were recorded at a frequency of 242.9
MHz at 32 °C, above the lipid phase transition temperature.
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phospholipids where lipid molecules experience fast averaging
about its long axis, 31P spectra are axially symmetric and
characterized by two principal components: σ// (∼30 ppm) for
the molecules oriented with their long axis parallel to B0 and σ⊥
(∼−15 ppm) for the lipids oriented perpendicular to B0. In
oriented samples placed with the bilayer normal parallel to B0, as
the case in Figure 9, the spectra are dominated by the chemical
shift at σ// unless bilayer disruption is induced by the
constituents.108−111

For neat POPC/POPG bilayers, two nonfully resolved
resonances in an approximately 3:1 ratio are observed at 31
and 29 ppm, corresponding well to the expected resonances for
POPC and POPG, respectively.78 A weak signal around −15
ppm (δ⊥) is indicative of unoriented bilayers, which arise due to
the detection of unaligned lipids on the edges of the glass plates.
When P1/P3 is added to the POPC/POPG mixtures at L/P =
20:1, twomajor changes are observed and interpreted as follows:
(1) the dominant signal remains near 28−33 ppm; thus the
lipids maintain good alignment; (2) the major peaks move from
31 and 29 ppm to 33 and 28.5 ppm, respectively, and therefore
become more resolved. Clearly, the peptide strongly affects the
chemical shifts and electronic environment of the lipid
headgroups. As described by Seelig, Macdonald, and Scherer
through a phenomenon called the “voltmeter effect”, when
phospholipid headgroups such as PC and PG interact with
charged or polar substances, they change their orientation with
respect to the bilayer normal, thereby influencing their dipole
and the membrane surface charge.101,112 This voltmeter
behavior of phospholipid headgroups in the presence of
amphipathic peptides can be detected by 2H and 31P solid-
state NMR.78,101,103,104,112−114 Importantly, Marassi and
Macdonald showed using 2H quadrupolar splittings and 31P
chemical shifts that the PC headgroup is more sensitive than PG
to this membrane surface charge.115 This is in agreement with
the chemical shift changes observed here for POPC and POPG
exposed to P1 and P3. Interestingly, we did not notice major
changes in 31P chemical shifts when the mixture of
phospholipids and peptides at L/P = 20:1 was exposed to SL-
HE at P/SL = 1:8. However, minor effects were observed. More
specifically, upon addition of SL-HE, the resonance for POPG
moves downfield from 28.6 to 29.2 ppm in the POPC/POPG/

P1 sample and from 28.4 to 29.7 ppm in the POPC/POPG/P3
sample. The SL-HE also induces small downfield shifts to POPC
in the sample containing P3 since the corresponding resonance
moves from 32.7 to 33.6 ppm when the SL-HE lipid is added to
the POPC/POPG/P3 sample.
15N Oriented Sample Solid-State NMR of P1 and P3 Bound
to Phospholipid Bilayers and Exposed to SL-HE
15NOS SS-NMRwas used to investigate peptide structure in the
same samples that were used for 31P NMR. To probe not only
the chemical shifts but also the 15N−1H dipolar coupling as a
sensitive reporter of peptide orientation,116,117 we collected 2D
spectra at L/P = 20:1. As seen in Figure 10, the samples gave rise
to excellent signals in both dimensions with the 15N nuclei
resonating near 65 ppm. If the peptide was not strongly bound to
the bilayers, this solid-state NMR experiment would detect an
isotropic 15N signal near 120 ppm.118 Thus, the peptides are
bound to the bilayers present in the sample. The 15N chemical
shifts near 65 ppm and 15N−1H dipolar coupling of about 10
kHz are consistent with an α-helical structure laying parallel to
the membrane surface, as previously observed in DMPC/
DMPG.45,71,77 This orientation of P1 and P3 is favored given
that their amphipathic nature is conducive to partitioning at the
water−bilayer interface.119−121 When SL-HE is present during
sample preparation at P/SL = 1:8, small changes in chemical
shifts and dipolar couplings are observed, suggesting that the
peptide responds to the presence of sophorolipid incorporated
into the bilayer due to either direct (e.g., peptide-SL-HE
interactions) or indirect effects (e.g., a new conformational
arrangement of the peptide produced by SL-HE-induced
changes in the bilayer structure). Overall, the CD and NMR
data show that P1 and P3 bind to both SL-HE micelles and
phospholipid bilayers; however, when they are first bound to SL-
HE, they retain their ability to interact with phospholipids
without major alteration to their structure and orientation.
X-ray Diffraction of Phospholipid Bilayers Exposed to SL-HE
in the Presence of Piscidin

While the MS data (Figure 5) indicate that SL-HE is present in
phospholipid bilayers, it does not indicate whether the glycolipid
is loosely bound or strongly incorporated inside the bilayer
structure. To distinguish between these two cases and

Figure 10. Structural studies of P1 and P3 bound tomembranes in the presence and absence of SL-HE. 2-DHETCOR solid-state spectra are shown for
15N-G13-P1 (A) and 15N-G13-P3 (B) preincubated with SL-HE (red) or not (green). A pair of peaks is obtained along the 1H dimension due to the
splitting of the 1H amide resonance by the 15N amide nucleus that is coupled through a dipolar interaction (∼10 kHz). The inset corresponds to an
enlargement of the cross peak next to the arrow, which highlights the small changes in chemical shift that occur when each peptide is preincubated with
SL-HE. These peptide-containing samples were made at L/P = 20:1.When present, SL-HEwas added at a P/SL = 1:8. The spectra were recorded at 32
°C, above the phase transition temperature of the lipids at 1H and 15N frequencies of 750.3 and 76 MHz, respectively. The samples were placed in the
NMR coil with the bilayer normal parallel to B0. The corresponding 31P data from these samples are shown in Figure 9.
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characterize any changes in bilayer organization that could be
induced by SL-HE, X-ray diffraction (XRD) was performed.
XRD is uniquely suited to characterize the phases of the bilayer
and its thickness, both of which could change when a
membrane-active substance is present. The XRD data from
aligned 3:1 POPC/POPG bilayer stacks (multilayers) shown in
Figure 11 display significant changes in both the repeat spacings

(d: bilayer thickness, including associated water layer) and the
bilayer electron density profiles when the plain lipids are
exposed to SL-HE or SL-HE/P1 at L/P = 20:1 and P/SL-HE =
1:8.

There is a dramatic decrease, by 4 Å, in the repeat spacing
upon incorporation of SL-HE into the POPC/POPG bilayer
(Figure 11A). This is accompanied by a 2.7 Å decrease in the

phosphate-to-phosphate distance (Figure 11B), providing
strong evidence that the glycolipid is incorporated into the
phospholipids and causes thinning of the bilayer. The increase in
electron density around the bilayer surfaces for the SL-HE/
POPC/POPG sample compared to neat POPC/POPG is most
likely due to sugar groups projecting at the bilayer surface and
causing additional water accumulation. Furthermore, the loss of
structural details in the hydrocarbon region (Figure 11B) in the
presence of SL-HE indicates that the glycolipid hydrocarbon
tails induce disorder in the hydrocarbon core. Such effects on the
bilayer structure are similar to those observed for nonionic
detergents and associated with an increase in the lateral area per
lipid upon incorporation of the carbohydrate-based amphiphile
into the phospholipid bilayer.122

When P1 is added to the SL-HE/POPC/POPG mixture, it
causes a further dramatic decrease in the repeat spacing by
almost 3 Å (for a total of ∼7 Å compared to neat POPC/
POPG), accompanied by a “peak splitting” in the Bragg
diffraction pattern. This is different from the effects we
previously observed for P1 alone added to 3:1 POPC/POPG
bilayers,50 where the reduction in d did not exceed 3.5 Å upon
P1 incorporation, for an equivalent L/P of 20:1. While it is not
clear whether the peptide binds preferentially to the glycolipid
component or any of the two phospholipids, the split peaks
indicate the presence of at least two separated phases both with
repeat spacings smaller than the SL-HE/POPC/POPG sample
without peptide. This indicates that P1 causes segregation in
such a complex mixture by favoring one of the components. By
concentrating itself in one region of the bilayer, it can more
readily reach the threshold concentration needed to disrupt the
membrane.

Overall, these XRD data describe for the first time the
response of a phospholipid bilayer to an SL-ester alone and in
combination with a membrane-active peptide. Strikingly, phase
separation occurs when both the glycolipid and the peptide are
present. Such a phase separation, as revealed by XRD, is a crucial
finding since it provides a mechanistic basis to explain the
stronger membrane disruption and permeabilization that can be
achieved when P1/3 is associated with SL-HE. First, both the
SL-HE and piscidin peptides have the ability to thin and disorder
the bilayer, with each agent being able to leverage the defects
formed by the other. Second, the unique ability of piscidin to
preferentially associate with some lipids in the mixture triggers
phase separation in the membrane, enhancing the ability of the
peptide to reach a critical concentration for membrane
disruption.

■ DISCUSSION
The cosecretion of multiple antimicrobial agents is a feature
commonly evolved in multicellular organisms to fight
pathogenic bacteria.6−14 In this research, we investigated the
synergy of two families of naturally produced antimicrobials to
better address a growing number of bacteria that resist
conventional treatment options. Our selection includes P1 and
P3, membrane-active HDPs potent on drug-resistant bacte-
ria,43,44,51 and the glycolipid SL-HE, a modified product from
nonpathogenic yeast fermentation.56 SLs feature attractive
features for drug development, including safe biocompatibility
profiles and low production costs.58,65 While many SL structures
exhibit antimicrobial activity, SL-HE used at 200 μM is inactive
on the bacteria strains S. aureus (ATCC 33807), B. cereus
(ATCC 4342), B. subtilis (ATCC 21332), L. innocua (ATCC
33090), and E. coli (ATCC 53323).64 We hypothesized that,

Figure 11. X-ray diffraction data from aligned phospholipid multilayers
exposed to SL-HE and P1. (A) One dimensional Bragg diffraction
signals probing the direction (z) perpendicular to the bilayer surface.
The repeat spacings (d) of the hydrated bilayer stacks are 52.8 ± 0.04
(black, neat 3:1 POPC/POPG); d = 48.8 ± 0.2 (blue, SL-HE + 3:1
POPC/POPG); d = 45.9 ± 0.1 (red, P1 + SL-HE + 3:1 POPC/POPG,
major peaks). The inset displays a closeup of diffraction orders 3 and 4
of the red curve, which shows a minor component at a smaller repeat
spacing, d = 47.6 ± 0.3 Å. The peptide-containing sample was prepared
at L/P = 20:1 and P1/SL-HE = 1:8. The other two samples were
prepared as direct counterparts lacking either the SL-HE and peptide or
only the peptide. (B) Electron density profile of the bilayer projected on
the a-axis for 3:1 POPC/POPG (black) and SL-HE + 3:1 POPC/
POPG (blue). The most prominent features are the electron-rich
phosphate groups bordering the hydrocarbon region (horizontal
arrow). The increase in electron density around the bilayer surfaces
for the SL-HE + POPC/POPG sample compared with neat POPC/
POPG very likely reflects the presence of the sugar groups on the
membrane surface and additional water accumulation (vertical arrow).
P1 was previously shown to draw water to the bilayer.50
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given the amphipathic nature of SL-HE and P1/3, combining
them would facilitate their simultaneous colocalization with
membranes, ultimately potentiating synergistic action on
bacteria. Our experiments with the pathogenic strain B. cereus
(ATCC 4342) validate this hypothesis and show that the
synergy is accompanied by enhanced membrane permeabiliza-
tion. Utilizing complementary biophysical methods, we
demonstrate that SL-HE is membrane active. Its synergistic
effect with piscidin is underpinned by the formation of peptide/
SL-HE complexes that enable the two agents to coordinate their
membrane activity spatially and temporally. Below, we discuss
these results and highlight their significance and implications,
especially regarding the development of novel antimicrobial
therapeutics to fight drug-resistant bacteria.

As part of the testing for enhanced efficiency by the two-drug
combination featuring SL-HE and P1/3, a checkerboard
experiment in a 96-multiwell-plate was performed. P/SL
covered a range from 1:64 to 128:1. Even though SL-HE is
inactive alone, it synergized with P1/3. Thus, SL-HE has
intrinsic chemical features (e.g., hydrophobic character; micellar
organization) that can be leveraged to elicit synergistic effects.
Based on the results in Figure 2, the lowest concentration of
piscidin needed to synergistically inhibit bacterial growth in the
presence of SL-HE is [P1/3] = 0.5 μM and [SL-HE] = 8 and 16
μM. For P1 and P3 that have respectiveMICs of 2 and 4 μM, this
corresponds to a 4- and 8-fold improvement in activity,
respectively. Notably, this enables P3 to become as effective as
P1 when it is combined with SL-HE. If we consider the
improvement from the perspective of SL-HE, the lowest
concentration of SL-HE that is synergistically inhibitory with
piscidin occurs at [SL-HE] = 2 μM and [P1] = 1 μM. Since the
MIC for SL-HE is >200 μM,64 this corresponds to an
improvement of at least 100-fold under conditions where the
peptide concentration is used at half of its MIC. With a
submicromolar concentration of P1/3 (0.5 μM), 8 μMSL-HE is
inhibitory, translating into an enhancement in potency greater
than 25-fold. From a drug development standpoint, such
combinations where the peptide concentration is ≤1 μM are
highly beneficial since peptides are more expensive to produce
than SLs and tend to have narrower therapeutic windows. Here,
we can estimate the therapeutic index (TI) of the peptide/SL
combination. Taking P1 as an example in the mixture where it is
used at 0.5 μM and SL-HE = 8 μM and using the previously
published IC50 value of >10 μM for P1 on human primary
gingival fibroblast and oral mucosal fibroblast cells123 and >200
μM for SL-HE on macrophages,124 we find that the TI value is
>20 for P1 and >25 for SL-HE. Drugs with TI values >10 are
typically assumed to be safe.125 To build on these promising
results from biological assays, biophysical studies were
conducted to understand the mechanism underlying the synergy
of these two agents.

As a surfactant, SL-HE forms micelles in solution. NMR and
CD experiments show that P1/3 bind to these micelles.67,69 The
SL micellar behavior shows little change upon peptide binding,
albeit slower diffusion is observed by DOSY NMR. Both P1 and
P3 were previously found to interact with detergent micelles
(e.g., sodium dodecyl sulfate (SDS) and dodecylphosphocho-
line (DPC)) and bicelles.50,99,126 Given the similar amphipathic
nature of the SL-HE, DPC, and SDS molecules, we speculate
that piscidin binds to the surface of the micelles and buries its
hydrophobic side chains in the nonpolar region of micelles
where the acyl tails of the glycolipid reside.50

Our CD experiments provide definitive evidence that SL-HE
micelles binding to the peptide induce a conformational change
from random coil to an α-helix. To determine the dissociation
constants, Kd, between the peptide and SL, data correlating SL-
HE concentration and piscidin helicity were fitted to a
bimolecular binding equation. Values of Kd range from about
200 to 400 μM for SL-HE binding with P1 and P3, respectively.
In prior work with 3:1 POPC/POPG and in the absence of SL-
HE as bacterial cell membranemimics, theKd was about 100 μM
for both P1 and P3.78 Since the dissociation constant is smaller
when the peptides interact with the phospholipids than the SL-
HE micelles, the peptide has a stronger affinity for the former,
explaining why the peptide transfers to membranes when SL/
piscidin complexes are exposed to phospholipid bilayers.

Importantly, in the presence of phospholipid bilayers, MS,
NMR, and XRD data show that SL-HE micelles do not remain
intact, since the membrane becomes enriched in SL molecules.
According to the XRD results, the incorporation of SL in the
membrane is accompanied by a strong disruption of the bilayer
structure, regardless of whether the peptide is present or not.
Consequently, membrane activity is an intrinsic property of SL-
HE. This is important since direct evidence to show that SLs can
integrate into and disrupt phospholipid membranes was
previously lacking.

While the exact molecular arrangement of the peptide, SL-
HE, and phospholipids has not yet been established, several
important mechanistic features emerge from the biophysical
studies conducted herein regarding the mechanism by which
piscidin and SL-HE synergistically disrupt membranes. First,
CD and NMR studies reveal that the glycolipid micelles provide
an environment conducive to peptide binding and folding into
an α-helix, which is the state adopted by the peptide when it
binds to and disrupts membranes. The entropy cost of folding
the peptide into a secondary structure would be compensated
when the peptide binds to the SL micelles and buries its
hydrophobic side chains within the nonpolar region of the
micelles. Consequently, the peptide prebound to the SL-HE
micelles is structurally primed before it encounters bacterial
membranes.

Second, SPR experiments highlight that the peptide and SL-
HE function cooperatively to reach membranes. Specifically,
when the peptide and SL-HE are added together, and thus
coalesced both spatially and temporally, a massive accumulation
of material onto membranes is evident by SPR. Importantly, this
large delivery of materials does not occur in the absence of either
the peptide or SL-HE. Since piscidin, as a cationic agent, very
likely coats the surface of the SL-HE micelles, a strong
electrostatic interaction is possible between the SL-HE/peptide
complex and the negative surface of the membrane. This could,
in part, explain the strong accumulation observed by SPR. This
also suggests that the physical association of SL micelles and
HDPs in a way that places the cationic peptides on the surface of
the SL micelles represents an important strategy to target
antimicrobial agents to the vital plasma membrane of pathogens.

Third, while the peptide and glycolipid are individually able to
disrupt membranes, the integration of both in the membrane
produces a dramatic structural rearrangement of the membrane,
as shown by XRD. The decrease in the bilayer thickness, which
surpasses any such effects for the peptides alone under the same
measurement conditions,49,50,53 is consistent with the presence
of SL-HE and piscidin in the membrane, in agreement with the
MS (SL-HE signal in Figure 5) and solid-state NMR (piscidin
signal in Figure 10) data. Based on the SPR data described
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above, flowing both SL-HE and piscidin onto the membrane
produces a cooperative mass increase. This can happen if the SL-
HE carbohydrate groups act as peptide “recruiter” that boost
peptide transfer and accumulation to a bilayer interface already
disrupted by the incorporation of SL-HE. Furthermore, in
previous studies featuring PC/cholesterol to mimic mammalian
cell membranes,49 P1 and P3 were found to induce domain
separation in membranes such that they partitioned into a more
disordered, fluid phase by expelling cholesterol from the area
where it was bound, thereby causing domain segregation. Here,
SL-HE incorporation into PC/PG lipid bilayers possibly has a
similar disordering effect in the sample containing piscidin with
domain separation occurring. As described by the SMART (Soft
Membranes Adapt and Respond, also Transiently) model, the
addition of membrane-active substances, such as amphipathic
peptides and surfactants, can induce changes in the phase
diagrams of phospholipids and promote the formation of
disrupted states, including nonbilayer structures.121 Here,
differing binding affinities of P1 for the various bilayer
components (PC, PG, and SL-HE) could be the cause of the
domain separation in the P1/POPC/POPG/SL-HE bilayers.
Given its sensitivity to lipid polymorphism, 31P NMR on whole
vesicles could be useful to further characterize the disrupted
state detected by XRD.127−131 Altogether, the presence of SL-
HE exacerbates membrane disruption by piscidin as SL-HE
recruits more peptide to the membrane, contributes to phase
separation, as shown by the split peaks in Figure 11, and forms
membrane defects that piscidin can leverage. These combined
effects of piscidin and SL-HE help explain the dramatic bilayer
thinning, synergistic mass increase, and enhanced membrane
leakage observed by XRD, SPR, and permeabilization assays.

Piscidins are active on a broad range of pathogens as well as
cancer cells. The involvement of sugar groups in the recruitment
role of SL-HE is relevant for both pathogenic and cancer cells,
which are all enriched in carbohydrates.132 While piscidins bind
to various types of bilayer membranes (model and natural
membranes), both P1/3 peptides bind strongly to LPS,52

characteristic of Gram-negative bacterial cell walls and to various
types of mammalian cancer cells,53,123,133 which are also rich in
carbohydrates.132

While we are not aware of other reports where SLs and HDPs
were synergized against bacteria, a few other studies highlight
the synergistic effects between HDPs and rhamnolipids, which
are glycolipids derived from Pseudomonas aeruginosa (P. aerugi-
nosa).134−136 Similar to SLs, rhamnolipids belong to the family
of glycolipid biosurfactants. They contain a rhamnose ring and a
lipid component consisting of at least one fatty acid chain. They
can have antitumor, antifungal, antibacterial, and antibiofilm
activity while remaining safe.134−136 Whereas the mechanism of
action of rhamnolipids on bacterial cells is not known, they are
believed to be membrane disruptive due to their amphipathic
structures that are conducive to membrane insertion.137 Sana et
al. investigated the combination of two biosurfactants, a
lipopeptide BS15 and a rhamnolipid from P. aeruginosa on S.
aureus and E. coli.138 Synergy was observed between the two
agents. Through SEM imaging of bacterial cells, leakage of
protein content, and crystal violet to measure the alteration of
membrane permeability, it was concluded that membrane
disruption was occurring in the presence of the synergistic
combination. Magalhães and Nitschke studied the combination
of the antimicrobial peptide nisin with rhamnolipids.139 The
study was motivated by the fact that both nisin and
rhamnolopids are used in food products. Nisin is used as an

antimicrobial substance against Gram-positive bacteria found in
foods such as Listeria monocytogenes, and rhamnolipids have
emulsifying properties. Nisin can form pores in the membranes
of cells it targets. The authors found synergy, with an FIC index
as low as 0.078 for some combinations. They speculated that the
negative carboxylic acid charge of rhamnolipids at physiological
pH and their ability to partition into membranes could elicit the
same type of membrane changes that Tween 20 does as an
anionic surfactant, leading bacteria to increase their membrane
content of negative lipids to repel the exogenous agent. Hence,
nisin, which is cationic, would be able to interact more readily
with these membranes. While these studies with rhamnolipids
point at a mechanism of action that targets cell membranes, the
mechanism of action for the synergy remains uncharacterized on
a molecular level.

Future improvements in the biological activity of peptide-
glycolipid dual component systems depend on a deeper
understanding of the mechanisms of action on a molecular
level. Given the similarities between SLs and rhamnolipids, our
work could help us better understand how other naturally
derived glycolipids, such as rhamnolipids, achieve their function
when they are combined with peptides. It is important to note
that our investigations with model membranes do not explore an
additional level of synergy where the antimicrobial agents would
not only disrupt microbial membranes but also gain access to
intracellular targets.
In vivo, host defense mechanisms feature the cosecretion of

antimicrobial agents,6−14 but few examples exist that document
the physical association of the agents with each other, a key
feature demonstrated here for P1/3 and SL-HE. However, there
are some notable examples. A previous study by our team
reported that piscidin has a metal binding motif that enables the
peptide to bind to Cu2+,46,140,141 which is found in phagosomes
and has antimicrobial activity due to its redox character.14 Cu2+-
binding enhances significantly the antimicrobial and anticancer
activities of P1 and P3.46,53,78 It has also been found that the two
HDPs, magainin and PLGa, interact with membranes in a way
that stabilizes the insertion of PLGa in a transmembrane
orientation, an effect that correlates with synergistic effects on
bacteria.142,143

Physical association between two antimicrobial agents
represents an advantage if it can be maintained in vivo to ensure
that the compounds can exert concerted action spatially and
temporally. Given that the peptide dissociates from SL-HE
micelles, it would be necessary for the assembly to be engineered
in such a way that it remains associated. This would allow the
P1/3-SL-HE aggregate to maintain enhanced activity at the site
of an infection. By developing environments where the
association of aggregates can be maintained, we could leverage
the remarkable opportunity where a synergistic binary
combination makes it possible to use less of the agent that is
more expensive and has a narrower therapeutic window, while
the low-cost and highly biocompatible agent, which is inactive
on its own, lends a useful peptide-recruiter role. Based on these
preliminary studies, piscidin/SL combinations could become
promising candidates for topical treatments since ointments
directly act at the site of applications.

■ CONCLUSION
All kingdoms of life rely on HDPs as part of their first line of
immune defense. SLs, which are produced by a selected group of
organisms, exhibit highly advantageous properties, including
strong biocompatibility, low production cost, and beneficial
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biological activity, including antimicrobial effects. This study
highlights promising synergistic antimicrobial action obtained
by mixing an inactive SL with HDPs P1 and P3. Combining SL-
HE with subinhibitory concentrations of P1/P3 enables
increases in antimicrobial activity against B. cereus of greater
than 2 orders of magnitude, enabling a clear reduction of the
dosage needed for antimicrobial action and likely important
improvements in the therapeutic window. Despite its low
antimicrobial activity on microorganisms cited above, SL-HE
integrates into bilayers and exhibits membrane activity, features
that were previously unknown. Mechanistic characterization
demonstrates a novel strategy in which bacterial cell death can
be more effectively achieved by forming a macromolecular
assembly between P1/3 and SL-HE, so that the entire payload is
delivered at once. The carbohydrate group could be involved in
the binding, insertion, and accumulation of HDP into the
membrane, enhancing the interactions and disruptive effects of
the peptides on cells. Overall, the SL-HE micelles perform
multiple functions of promoting the active state of the peptide,
concentrating it locally, relieving the entropy cost associated
with peptide folding as it binds to phospholipid bilayers, and
helping to recruit the peptide to phospholipid membranes.
Furthermore, SL-HE integrates into membranes, inducing
membrane disruption that HDP can leverage. Since SLs are
already safely employed in consumer products and SL/piscidin
complexes target membranes, the combinations designed and
the mechanistic investigations disclosed in this study provide
fertile ground to develop novel strategies to fight drug-resistant
bacteria.
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