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ABSTRACT: Lysophospholipids (LPLs) and host defense pep-
tides (HDPs) are naturally occurring membrane-active agents that
disrupt key membrane properties, including the hydrocarbon
thickness, intrinsic curvature, and molecular packing. Although the
membrane activity of these agents has been widely examined
separately, their combined effects are largely unexplored. Here, we
use experimental and computational tools to investigate how
lysophosphatidylcholine (LPC) and lysophosphatidylethanolamine
(LPE), an LPL of lower positive spontaneous curvature, influence
the membrane activity of piscidin 1 (P1), an α-helical HDP from
fish. Four membrane systems are probed: 75:25 C16:0-C18:1 PC
(POPC)/C16:0-C18:1 phosphoglycerol (POPG), 50:25:25
POPC/POPG/16:0 LPC, 75:25 C16:0-C18:1 PE (POPE)/
POPG, and 50:25:25 POPE/POPG/14:0 LPE. Dye leakage, circular dichroism, and NMR experiments demonstrate that while
the presence of LPLs alone does not induce leakage-proficient defects, it boosts the permeabilization capability of P1, resulting in an
efficacy order of POPC/POPG/16:0 LPC > POPE/POPG/14:0 LPE > POPC/POPG > POPE/POPG. This enhancement occurs
without altering the membrane affinity and conformation of P1. Molecular dynamics simulations feature two types of asymmetric
membranes to represent the imbalanced (“area stressed”) and balanced (“area relaxed”) distribution of lipids and peptides in the two
leaflets. The simulations capture the membrane thinning effects of P1, LPC, and LPE, and the positive curvature strain imposed by
both LPLs is reflected in the lateral pressure profiles. They also reveal a higher number of membrane defects for the P1/LPC than
P1/LPE combination, congruent with the permeabilization experiments. Altogether, these results show that P1 and LPLs disrupt
membranes in a concerted fashion, with LPC, the more disruptive LPL, boosting the permeabilization of P1 more than LPE. This
mechanistic knowledge is relevant to understanding biological processes where multiple membrane-active agents such as HDPs and
LPLs are involved.

■ INTRODUCTION
The unique structures, dynamics, and functions of biological
membranes are potentiated by a broad range of phospholi-
pids.1−7 Among them, lysophospholipids (LPLs) have
attracted attention due to their unique biochemical and
biophysical properties.8−14 LPLs are produced through
membrane metabolism when phospholipases cleave the sn-1
or sn-2 acyl chains (“tail”) of bilayer phospholipids such as
phosphatidylcholine (PC).15 Lacking one tail, LPLs exhibit
nonbilayer forming properties and favor micellar phases.16,17

Depending on their membrane-partitioning properties and
concentration, their membrane-disruptive effects can range
from altering the spontaneous curvature and thickness to
inducing lysis through detergent-like effects.9,11,18 Interestingly,

similar effects are also associated with membrane-active
peptides (MAPs), a large family of bioactive peptides that
can interact with LPL-containing membranes as part of their
biological activities.11,14,19,20

While the membrane-disruptive effects of LPLs and MAPs
have been widely examined separately, their combined action
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remains largely unexplored.8−14,21−26 In particular, analyses are
lacking to quantify their cumulative effects on the stability and
permeability of membranes. This knowledge gap limits our
ability to mechanistically describe biological functions that
involve these two classes of membrane-active agents. For
instance, it remains unclear how the LPLs present in
pathogenic membranes or used as bactericidal agents influence
the permeabilization effects of membrane-interacting host
defense peptides (HDPs), a category of MAPs that eradicate
bacteria through membrane activity.21,22,24,25,27−34 Overcom-
ing this lack of mechanistic understanding is important since
HDPs have garnered significant interest in the search for novel
therapeutics to fight antibiotic-resistant bacteria.29,30,35−43

In this research, we investigate the interactions of LPL-
containing membranes with piscidin 1 (P1, FFHHIFR-
GIVHVGKTIHRLVTG)), a fish HDP.44,45 As archetype α-
helical, amphipathic, and membrane-disruptive HDPs, pisci-
dins exhibit antimicrobial potency that is commensurate with
their membrane activity.46−54 They are active on a broad range
of Gram-positive and Gram-negative bacteria, including
Helicobacter pylori (H. pylori).55 A Gram-negative bacterium
implicated in gastric adenocarcinomas and peptic ulcers, H.
pylori, exhibits increased levels of lysophosphatidylethanol-
amine (LPE) when it becomes virulent.56,57 More specifically,
the LPE content, which is only 2% in the HpL variant that does
not attach to epithelial cells, grows to 33% in the HpS variant
that produces the VacA toxin and invades epithelial cells.56

This dramatic upregulation of LPE in the bacterial membranes,
where piscidin performs its antimicrobial activity, represents an
excellent example of biological systems where multiple
membrane-active agents are present when function is
performed.
Mechanistically, LPLs and HDPs exert membrane activity by

disrupting the molecular packing of the lipid molecules present
in the membrane, resulting in altered intermolecular
interactions across the bilayer and a redistribution of the
lateral pressures.11,16,17,58−60 These are positive (repulsive) in
the headgroup and acyl chain regions, negative (attractive/
cohesive) at the polar−apolar interfacial region, and positive in
the bilayer midplane. Models have predicted that the addition
of nonbilayer forming LPLs such as LPE and lysophosphati-
dylcholine (LPC) changes the lateral pressure profile, resulting
in the buildup of positive spontaneous curvature.16,61,62

The stored curvature stress induced by LPLs represents a
source of energy that can be used to drive biological processes
and functions, such as the conformational changes of ion
channels (e.g., gramicidin A),63 the bilayer association of
peripheral membrane proteins (e.g., phospholipase A2),64 and
the activation of mechanosensitive channels (e.g., MscL and
MscS from Escherichia coli (E. coli))50 This energy is sufficient
to enable events that would otherwise be inhibited, such as the
permeabilization of membranes by fusion peptides and the
tilting of MAPs into membranes.19,62,65 With regard to the
latter, Ulrich and co-workers19,65 specifically demonstrated that
the positive curvature strain imposed by LPC enables synthetic
α-helical MAPs to transition from a surface-bound to
transmembrane orientation.
We previously showed that similarly to LPLs, P1 and its

isoform P3 also produce positive spontaneous curvature.66

This effect was observed by molecular dynamics (MD)
simulation in 75:25 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC)/1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
glycerol (POPG), 1:1 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-

phoethanolamine (POPE)/POPG, and 80:20 POPC/Choles-
terol (Chol). In these lipid mixtures, the PO-acyl chains
experience the “basket effect” and significant thinning as they
wrap around the interfacially bound peptides to fill the gaps
between the peptides and bilayer midplane.66 MD simulations
support the notion that the peptides induce permeabilization
by forming funnel-like defects in these thinned mem-
branes.50,51,67−69

Due to their induction of positive curvature, P1 and P3
significantly disrupt membranes that contain PE, a lipid
associated with negative spontaneous curvature generation.
In model membranes, the peptides prevent PE from forming
its preferred state, the hexagonal HII phase.50 Since the
peptides preferentially concentrate at the PE-rich septal regions
of bacteria, their curvature-inhibitory effect on PE could help
explain how they disrupt cell division. Their alteration of
curvature in PE-containing membranes also correlates with
their ability to lower the activation threshold of the
mechanosensitive channels that exist in the PE-rich inner
membrane of E. coli.50

Given that both P1 and LPLs exert positive curvature strain
on membranes, we hypothesized that P1 would experience
enhanced disruptive and permeabilization effects on mem-
branes containing LPLs such as LPC and LPE, and that the
magnitude of these effects would reflect that LPC induces
stronger positive curvature strain than LPE.8 We predicted that
the increased membrane permeabilization efficacy of P1 would
be associated with altered membrane properties such as
reduced hydrocarbon thickness, and increased curvature strain
and propensity for defect formation. We used biophysical
experiments and MD simulations to make the measurements
needed to test this hypothesis.
We added 16:0 LPC to the host model membrane 75:25

C16:0-C18:1 PC (POPC)/C16:0-C18:1 PG (POPG) to form
50:25:25 POPC/POPG/16:0 LPC, and 14:0 LPE to modify
75:25 POPC/POPG to 50:25:25 POPE/POPG/14:0 LPE.
Several considerations informed our selection of membrane
systems. First, we selected 16:0 LPC since it is one of the most
common LPLs in biological membranes.70 Furthermore, it has
already been the subject of numerous studies that have
characterized its impact on membranes, including its strong
ability to induce positive curvature strain.8,19,62,65,71 Second, we
chose 75:25 POPC/POPG as the host membrane for LPC
because the headgroup of the zwitterionic lipid is also PC and
this model system has been widely used to mimic bacterial cell
membranes.48,49,51,72−78 Third, to capture that bacterial
membranes contain PE as the zwitterionic lipids, we used
75:25 POPE/POPG as another host membrane system and
LPE as the LPL. We used C14:0 as the acyl chain knowing that
the plasma membrane of H. pylori is abundant in this fatty
acid.56 Fourth, we incorporated 25% LPL in each host
membrane since this would be in the range needed to
influence the membrane curvature and HDP behav-
ior.1,8−10,19,65 Furthermore, it is also in line with the high
content of LPE observed in H. pylori.56 Notably, LPC adds
more curvature strain to bilayers than LPE,8 providing us with
a way to test the effects of LPLs with varying curvature-
inducing properties. As elaborated in the Discussion, while all
of the components of a lipid contribute to its spontaneous
curvature generation, both experiments and simulations
indicate that the headgroup is the dominant factor. Hence,
the difference in chain lengths of the 16:0 LPC and 14:0 LPE
studied here should not be a confounding factor.
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Dye leakage assays were performed to quantify membrane
activity of P1 and P1−Cu2+ on the LPC- and LPE-containing
membranes. We included the metalated state of P1 given that
it is more membrane-active and antimicrobial than the apo
state.73,79,80 Metalation occurs through the amino-terminal
copper and nickel (ATCUN) motif of the peptide.73,80−83

Enhanced membrane disruption upon metalation has been
explained by the deeper membrane insertion of the N-terminal
region.81,82 The secondary structure of P1 and binding affinity
to LPL-containing membranes was followed by circular
dichroism (CD). Using 15N-labeled peptides, we employed
solid-state NMR to characterize the orientation of the peptide
in the LPL-containing membranes. The structural arrangement
of the lipids in the presence of P1 was studied using 31P NMR.
In parallel to the experimental work, MD simulations were

carried out to quantify membrane thickness, spontaneous
curvature, and the number of defects; to characterize the
membrane conformation of the peptides; and to explore the
defects hypothesized to be the early steps of permeabilization.
The MD simulations were carried out using two distinct initial
conditions that represent a novel approach. For the first, ten P1
were inserted into one leaflet (defined cis) of bilayers that were
symmetric in both composition and lipid number. These are
denoted “area stressed” (AS) as the membrane experiences
considerable differential surface tension (or stress) due to the
large area mismatch. These conditions model a bilayer in
which lipids are not able to translocate (flip-flop) to the
opposing leaflet to relieve the area stress induced by piscidin
binding. The second initial condition was equilibrated using
P21 boundary conditions,

84,85 which allows lipids to switch
leaflets, equalizing their chemical potential on each side of the
bilayer; these bilayers are denoted “area relaxed” (AR). This
setup, which corresponds to the more commonly used method
for building asymmetric bilayers, models a membrane that can
rearrange to accommodate the inserted peptides. Hence, our
two initial conditions represent the two extremes that could be
encountered experimentally: maximal differential stress versus
relaxed stress and equalized chemical potential between
leaflets.
Following the Results section, we discuss how our joined

experimental and computational studies deepen our mecha-
nistic understanding of biological processes that involve
multiple membrane-active agents such as LPLs and HDPs.
Comments on predicting the effects of lipids on membrane
spontaneous curvature by their idealized shape (an inverted
cone for lysophospholipids) are included.

■ METHODS
Materials. Unless otherwise indicated, all chemicals were

purchased from Fisher Scientific (Hampton, NH). The lipids
involved in this research were obtained from Avanti Polar
Lipids (Alabaster, AL) and included 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (POPE), 1-palmitoyl-2-oleo-
yl-sn-glycero-3-phospho-(1′-rac-glycerol) (POPG), 1,2-dimyr-
istoyl-sn-glycero-3-phosphocholine (DMPC), 1-myristoyl-2-
hydroxy-sn-glycero-3-phosphocholine (14:0 LPC), 1-palmito-
yl-2-hydroxy-sn-glycero-3-phosphocholine (16:0 LPC), and 1-
myristoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine (14:0
LPE). Isotopically labeled amino acids were acquired from
Cambridge Isotope Laboratories (Tewksbury, MA) and
Millipore Sigma (Burlington, MA).

Peptides. Peptides were made by solid-phase synthesis at
the Tufts University Core Facility (Boston, MA) and the
University of Texas Southwestern Medical Center (Dallas,
TX), as previously described.74 For peptides investigated by
15N NMR, isotopically labeled amino acids were incorporated
at selected amide nitrogen sites. Purification was carried out by
reverse phase HPLC using a gradient of water/acetonitrile with
0.1% TFA, as previously outlined.51 To remove the
trifluoroacetate ions and produce the hydrochloride salt form
of the peptides, the peptides were dissolved in dilute HCl.
Following lyophilization, the excess salt was removed by
dialysis using bags with 1.0 kDa molecular weight cutoff
(MWCO) (Repligen, Waltham, MA). The peptides were then
reconstituted in water prior to amino acid analysis (AAA) at
the Protein Chemistry Lab at Texas A&M University (College
Station, TX) to yield the concentrations of the solutions and
verify the amino acid content of the peptides. Metalation of the
peptides was achieved using stoichiometric amounts of CuCl2,
as previously explained.73,83 For NMR, metalation was done
with NiCl2 to produce a diamagnetic complex (Cu2+ binding to
the ACTUN motif would yield a paramagnetic complex).83,86

The pH was adjusted with HCl and NaOH to 7.4 after adding
the metal ion.
Calcein Release from Lysophospholipid-Containing

Vesicles. The permeabilization effects of the peptides were
measured using the calcein leakage assay as previously
reported.73 To make large unilamellar vesicles (LUVs), 4
μmol of lipids was dissolved in chloroform. The solvent was
removed using a stream of nitrogen gas prior to lyophilization
overnight. The lipid film was then hydrated with 300 μL of 80
mM calcein dye (Millipore Sigma, Burlington, MA) and 4
freeze−thaw cycles were performed prior to extrusion through
a mini extruder (Avanti Polar Lipids, Alabaster, AL) fitted with
a 0.1 μm polycarbonate membrane filter (Whatman, Florham
Park, NJ). To remove the free dye, the resulting LUVs were
run through a size exclusion Sephadex G-50 column (GE
Healthcare, Pittsburgh, PA) with degassed 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) buffer (50 mM, 100
mM NaCl, 3 mM EDTA, 0.01% w/v NaN3, pH 7.4) as the
mobile phase. This step requires that the vesicles be in the fluid
state. All vesicles, including those containing 14:0 LPE were
successfully purified, confirming their fluid state. A phosphorus
assay was conducted to determine the precise lipid
concentration.87,88 The LUVs were typically diluted 25-fold
with the buffer before platting 180 μL per well in a 96-well
plate (Fisher Scientific, Hampton, NH). Then, 20 μL of
peptide solution from serially diluted stocks in water were
added to each well to reach peptide-to-lipid ratios (P/L) equal
to 1:512, 1:256, 1:128, 1:64, 1:32, 1;16, 1:8, and 1:4. With the
metalated peptides, additional dilutions were prepared to cover
lower P/L ratios and obtain full leakage curves. After 60 min of
incubation with shaking conditions of 142 rpm, fluorescence
was measured on a BioTek H4 Synergy Hybrid Microplate
Reader (Agilent, Santa Clara, CA) with excitation at 490 nm
and emission at 520 nm. The stability of the vesicles was
verified by checking that the fluorescence of the samples not
treated with peptide was stable over time. Increased
fluorescence in peptide-containing wells corresponded to the
release of the trapped calcein. The fractional leakage was
calculated using eq 1:
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=
I I

I I
fractional calcein leakage

x background

Triton background (1)

where Ix is the fluorescence intensity after the incubation at
each temperature, Ibackground corresponds to the negative
control (180 μL of LUVs with 20 μL of water), and ITriton is
the positive control producing 100% leakage (180 μL of LUVs
with 20 μL of 0.1% v/v Triton X-100 detergent).
The normalized data were fitted in GraphPad Prism

(GraphPad, San Diego, CA) using eq 2:

=
+ i

k
jjj y

{
zzz( )

Y 1
1

1 x
p

EC50 (2)

where p is a cooperativity coefficient and EC50 is the half-
maximal effective peptide-to-lipid ratio (P/L) concentration
for each of the peptides.89 Statistical analysis was done in
Microsoft Excel. A two-tailed t test with unequal variance was
performed to compare the different EC50 values.
Circular Dichroism-Monitored Titrations. CD was used

to characterize the binding affinity of the peptides for
membranes as recently reported.48 Each lipid film contained
11 μmol of lipids. The appropriate amount of lipid stocks was
added to a round-bottom flask and the organic solvent
evaporated using a stream of N2 gas. The films were lyophilized
overnight to remove any residual solvent. Hydration of the
films with buffer (3 mM potassium phosphate, pH 7.4) was
followed by 4 freeze thaw cycles to homogenize the mixture.
To create LUVs, extrusion was performed through a 0.2 μm
membrane (Whatman, Maidstone, UK) in an Avanti Polar
Lipid Mini Extruder (Alabaster, AL). Titrations were done by
mixing each peptide with increasing amounts of LUVs, so that
P/L ranged from 1:2 to 1:120. The peptide concentration was
kept constant at 20 μM. Spectra were acquired on a Jasco 1500
instrument (Easton, MD) from 260 to 190 nm using a
resolution of 0.1 nm, sensitivity of 100 millidegrees, bandwidth
of 1.0 nm, response of 8 s, and scan speed of 20 nm/min over
3 accumulations. Data collected in the presence of the peptide
were corrected for the contribution from the LUVs by
subtracting the signal obtained from a blank containing the
LUVs but no peptide.
The percent α-helical content adopted by the peptide at

each P/L ratio was obtained using the mean residue ellipticity
of the peptide at 222 nm, as previously described.90 The mean
residue ellipticity for 100% α-helical content was assumed to
be −39,500 deg × cm2/dmol.91−93 A Langmuir model was
used to fit the binding isotherm and yield the dissociation
constant, KD.

94 Two replicates were run and GraphPad Prism
(GraphPad, San Diego, CA) was used to analyze the data
through least-squares fitting and produce an error bar.
Preparation of Samples for Oriented Solid-State

NMR. Oriented solid-state NMR samples were prepared
using a previously established protocol.48,74 Briefly, after
combining the lipids in a round-bottom flask, the organic
solvent was evaporated using a stream of N2 gas. The samples
were then lyophilized overnight before being hydrated with 8.0
mL of BisTris buffer (3 mM, pH 7.4). The peptide (∼2.5 mg),
dissolved in 2 mL of water, was added to the lipid at P/L =
1:60. Metalation was performed, as previously explained, with
the pH adjusted to 7.4.73 The peptide-lipid suspension was
incubated overnight at 40 °C. Ultracentrifugation was then
performed for 1 h 40 min using a Beckman Optima-90K

centrifuge fitted with a Beckman SW40Ti rotor (Brea, CA).
The temperature was set to 8 °C and the rotor speed to 23,700
rpm (80,000 g). The collected pellet (500−700 μL) was
spread evenly on approximately 35−40 clean glass slides (5.7 ×
12 × 0.03 mm3, Matsunami Trading Co., Japan). The samples
were allowed to equilibrate at >90% humidity achieved using a
K2SO4 salt solution. Prior to stacking the slides, the samples
were hydrated at 40% by weight using leftover supernatant.
The stack was then placed in a glass cell (6 × 20 × 4 mm3,
New Era Enterprises, Inc., Vineland, NJ) that was sealed with
beeswax (Hampton Research, Aliso Viejo, CA). Incubation
was carried out at 40 °C until clear, at which point the NMR
experiments were performed.
NMR Experiments. The solid-state NMR experiments

were carried out at the National High Magnetic Field
Laboratory (NHMFL, Tallahassee, FL) on a 600 MHz Bruker
Avance III spectrometer, with 31P and 15N resonance
frequencies of 242.93 and 60.81 MHz. 31P and 15N spectra
were referenced to 85% aqueous solution of H3PO4 at 0 ppm
and ammonium sulfate reference was set to 26.8 ppm,
respectively. Prior to data acquisition, the temperature was
regulated to the indicated values, which were above the phase
transition of the lipids. For 31P, the parameters included a 2 μs
pulse (∼36° flip-angle) on 31P, a 1H decoupling field of 62.5
kHz during acquisition, a recycle delay of 2 s, and a transient
number of 256 scans. The processing involved using 20 Hz of
exponential line broadening. For 15N, 2D SAMPI-4 experi-
ments were performed, with parameters including a contact
time of 0.81 ms with a 1H spinlock field of ∼50 kHz, and a 1H
decoupling field of ∼62.5 kHz using the phase-wiggled two-
pulse phase modulation scheme,95 a recycle delay of 4.0 s, and
32 t1 increments containing 640−1280 transients each.
Processing was done using a Gaussian function (LB = −30
Hz; GB = 0.1).
Molecular Dynamics Simulations. System Preparation.

Four different membrane compositions were used: 50:25:25
POPC/POPG/16:0 LPC; 50:25:25 POPE/POPG/14:0 LPE;
75:25 POPC/POPG; and 75:25 POPE/POPG. For each of
these four membrane compositions, three system types were
simulated: peptide-free (control systems), 10 P1 in the top
leaflet in an area-matched initial condition (AR systems), and
10 P1 in the top leaflet of a bilayer with equal numbers of lipids
in both leaflets (AS systems).
All systems were constructed using the CHARMM-GUI

Membrane Builder96−98 with approximate system dimensions
of 100 × 100 × 90 Å and 150 mM sodium chloride in the
solvent. Since 14:0 LPE is not available in the standard
CHARMM force field, systems containing LPE were initially
constructed in CHARMM-GUI with 14:0 LPC; then,
CHARMM99 was used to mutate the head groups and
generate protein structure files (PSFs) and protein data bank
PDB format files. 14:0 LPE was parametrized by analogy to
existing CHARMM 14:0 LPC and POPE parameters, using the
standardized CHARMM atom types, partial charges, and force
field parameters from the lysophospholipid tail and the POPE
headgroup.100

For both system types with piscidin, 10 replicates of P1 in α-
helical conformations were placed in the top leaflet, with the
peptides roughly evenly spaced and at random orientations
with respect to one another. In these systems, the membranes
were constructed with a total of 300 lipids, to fix the P/L to
1:30. For the AR systems, lipids were initially assigned to either
leaflet to match the surface area of both leaflets, while the AS
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systems simply contained 150 lipids in each leaflet. The P1 C-
termini were amidated for consistency with the experiments,
and all histidine residues were modeled in the neutral state
consistent with the measured pKa values.

67 All simulations
utilized the CHARMM 36 force field100,101 and TIP3P
water.102,103

Simulations. Simulations were run using a combination of
CHARMM version c41b1,104 OpenMM version 7.4.1,99 and
Anton 2 software version 1.57.1c7.105 The peptide-free control
simulations were simulated for 1 μs in OpenMM. Systems
containing peptides were first equilibrated for 250 ns in
OpenMM before being moved to Anton 2 for production MD.
For the AR systems, an additional equilibration step was
performed before running on Anton 2; these systems were
simulated for 50 ns in CHARMM using P21 boundary
conditions84 to allow lipids to equilibrate between leaflets
and further reduce the area stress between leaflets.106 The
number of lipids per leaflet was averaged over the last 30 ns of
these P21 simulations, and representative frames with lipid
distributions matching this average were then selected as
starting coordinates for simulation on Anton 2. While the
leaflet lipid ratios post-P21 did differ slightly from their initial
ratios, in most cases the leaflet ratios varied from the ideal
50:25:25 or 75:25 by only 1−2 lipids; Table S4 gives the exact
leaflet compositions before and after P21 equilibration.
Production simulations of 5 μs for each AS system and 20
μs for each AR system were carried out on Anton 2. See Table
1 for an overview of the simulation packages, lengths, and
equilibration techniques used for each system.
All OpenMM simulations were performed at 310 K and 1

atm with the Monte Carlo membrane barostat107 and the
Nose−́Hoover108−110 velocity Verlet integrator implemented
in openmmtools111 with a collision frequency of 50 ps−1. Bonds
with hydrogen were constrained using the SETTLE and
CCMA algorithms.112,113 CHARMM simulations were also run
at 310 K and 1 atm, with the Langevin piston barostat and
Nose−́Hoover thermostat, a piston mass of 1000 amu and a
thermal piston mass of 5000 kcal ps2; P21 boundary conditions
were used to allow lipids to switch leaflets, with a harmonic
restraint applied to all peptides to ensure they remained in the
correct leaflet. For both CHARMM and OpenMM simu-
lations, a 12 Å cutoff was used, with a force-switching function

from 8 to 12 Å, and long-range electrostatics were treated
using the particle mesh Ewald method.114 Coordinates and
velocities were saved every 50 ps in the OpenMM simulations.
Simulations on Anton 2 utilized the Multigrator framework115

with the Nose-Hoover thermostat (310 K, 1 atm) and semi-
isotropic MTK barostat. An 8 Å cutoff distance was used, and
long-range electrostatics were evaluated with the u-series
method105 Coordinates were saved every 200 ps.

Simulation Analysis. All system snapshots were rendered
using VMD.116 Peptide−lipid radial distribution functions
were calculated with LOOS.117 Water density distribution
profiles were calculated using the density function in cpptraj118

with a bin width of 0.5 Å. The PMF (potential of mean force),
F(z), was calculated from the normalized water density
distribution, p(z):

=F z k T p z( ) ln( ( ))B (3)

where kB is Boltzmann’s constant and T is the temperature.
Monolayer torque densities, F′m(0), were calculated from the
lateral pressure profile p(z) as described by Park et al.,106

which were obtained using a developmental version of
CHARMM. For a flat membrane with no area strain, the
monolayer torque density F′m(0) is related to the monolayer
spontaneous curvature c0,m and is calculated from the first
moment of the lateral pressure profile:106,119

= =zp z z F K c( )d (0)
L

0

/2

m c,m 0,m (4)

where L is the system size along the bilayer normal z, p(z) =
pT(z) − pN is the lateral pressure profile with tangential (pT)
and normal (pN) components, and Kc,m is the monolayer
bending modulus.
Cis (pepide-containing) leaflet surface maps and bilayer

thickness maps were calculated using the MEMBPLUGIN120

tool in VMD. The carbonyl carbon atoms in each leaflet were
used to define the surface with 5 Å grid spacing. Maps were
calculated for each frame of the Anton 2 trajectories and every
200 ps for the control simulations to ensure equal sampling
between systems. Three properties were calculated from each
map: the average value of the thickness map (i.e., the average
thickness); the minimum value of the thickness map
(minimum thickness); and the largest positional deviation of

Table 1. Summary of MD Simulationsa

system type lipid composition lipids/leaflet (top/bottom) LXY (Å) equilibration protocol production MD

peptide-free
(control)

0.5:25:25 POPC/POPG/16:0 LPC 176/176 104.82

energy minimization only 1 μs
(OpenMM)

0.75:0.25 POPC/POPG 152/152 101.48
0.5:25:25 POPE/POPG/14:0 LPE 184/184 102.40
0.75:0.25 POPE/POPG 168/168 102.39

area relaxed (AR)

0.5:25:25 POPC/POPG/16:0 LPC 133/167 101.45 250 ns (OpenMM) + 50 ns P21
(CHARMM)

20 μs (Anton
2)

0.75:0.25 POPC/POPG 134/166 105.94
0.5:25:25 POPE/POPG/14:0 LPE 131/169 99.20
0.75:0.25 POPE/POPG 129/171 102.87

area stressed (AS)

0.5:25:25 POPC/POPG/16:0 LPC 150/150 101.80

250 ns (OpenMM) 5 μs (Anton 2)
0.75:0.25 POPC/POPG 150/150 106.30
0.5:25:25 POPE/POPG/14:0 LPE 150/150 99.06
0.75:0.25 POPE/POPG 150/150 103.29

aThe lipid distributions given for AR systems are after P21 equilibration, and equilibrium edge dimensions of the simulation cell are calculated from
the last 1 μs of production MD (LXY).
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the top leaflet in the direction of the bilayer midplane
(maximum leaflet deviation). For the leaflet surface map, the
average position of the leaflet is set to 0; deviations away from
the bilayer midplane have positive values, and deviations
toward the bilayer midplane have negative values.
These maps were used to identify defects. A defect was

defined as a bin where there was both significant thinning and
a large invagination of the top leaflet; i.e., both the thickness
and top leaflet deviation in that bin were less than the specified
cutoff. The cutoff values used were 12.2 Å for the thickness and
−11.3 Å for the leaflet deviation; these values were chosen as
three standard deviations from the population mean for
thickness and two standard deviations from the mean for leaflet
deviation. Defect frames that were within 10 ns and 10 Å of
another identified defect frame were considered separate
occurrences of the same defect. Defect lengths were defined as
the time in ns between the first occurrence of a defect and its
final detection. Defects which were present for only a single
frame of the trajectory were assigned a length of 0.

■ RESULTS
Experimental Data. Calcein Release from Lysophsopho-

lipid-Containing Vesicles Exposed to P1 Apo and Holo.
Calcein leakage assays were conducted to determine the
influence of LPLs on the permeabilization capability of P1.
Two LPLs varying in curvature propensity were added to
bilayers mimicking bacterial cell membranes. More specifically,
we used 16:0 LPC which has a higher positive curvature than
14:0 LPE. The dichain membranes for these respective LPLs
were 75:25 POPC/POPG and 75:25 POPE/POPG. To keep
the anionic content at 25%, only the zwitterionic lipid (i.e.,
POPC or POPE), in the host membrane was replaced by the
LPL.

Figure 1A,B shows the dye leakage response curves obtained
for P1 and P1−Cu2+ acting on 75:25 POPC/POPG and
50:25:25 POPC/POPG/16:0 LPC. P1 exhibits the expected
behavior as a MAP: the curves are sigmoidal, an indication that
a cooperative process is at play.121 Fitting of each dose−
response curve yields the EC50 value, which is used to
characterize the lipid-to-peptide ratio (L/P) at which 50% of
the trapped calcein is released. Table S1 compiles EC50
obtained for P1 and P1−Cu2+. Higher EC50 values reported
as L/P ratios correlate with stronger peptide activity. In
POPC/POPG, the EC50 values obtained with P1 (40.3 ± 2.5)
and P1−Cu2+ (107 ± 17) confirm earlier results that
metalation enhances membrane activity by more than 2-
fold.73 As shown in Figure 2 and Figure S1, the EC50 values
increase in a way that is statistically significant when 25% LPC
is substituted for POPC. More specifically, we observe an
enhancement by factors of 2.3 (p < 0.05) and 5.8 (p < 0.05)
for the EC50 of the apo (91.7 ± 7.6) and holo (623 ± 27)
states, respectively. Thus, the increased curvature strain
associated with the addition of LPC correlates with the
enhanced membrane activity induced by the peptides.
When the leakage capabilities of P1 and P1−Cu2+ were

compared in 75:25 POPE/POPG and 50:25:25 POPE/
POPG/14:0 LPE, similar trends were observed albeit with
larger error bars compared to the POPC/POPG dichain
system (Figure 1C,D). As shown in Figure 2 and Table S1, the
EC50 of the apo state, which was 31.3 ± 0.9 in 75:25 POPE/
POPG increased 2.1 fold (p < 0.05) to 65.2 ± 4.5. For the
holo-state, the error was significant enough that the apparent
increase in EC50 did not translate into a statistically significant
difference (Figure S1). To test whether the larger error was
related to a decrease in bilayer stability and more stochastic
permeabilizing events at higher LPE content, we also

Figure 1. Calcein release curves of P1 and P1−Cu2+ acting on membranes with and without LPLs. (A,B) The permeabilization capabilities of P1
(A) and P1−Cu2+ (B) were measured on vesicles made of 75:25 POPC/POPG (blue) and 50:25:25 POPC/POPG/16:0 LPC (red). Multiple
independent triplicates (n) were run (n = 9 for P1; n = 3 for P1−Cu2+). (C,D) The same measurements were made for P1 (C) and P1−Cu2+ (D)
acting on vesicles made of 75:25 POPE/POPG (green) and 50:25:25 POPE/POPG/14:0 LPE (yellow). Three independent triplicates (n = 3)
were run for the apo and holo states. Each curve corresponds to one representative replicate, and each data point represents the average of
fluorescence measurements made in 3 wells, with the error bar corresponding to the standard deviation. Where the error bars are not visible, they
are smaller than the marker.
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investigated POPE/POPG/14:0 LPE systems with lower levels
of 14:0 LPE. As shown in Table S1 and Figure S2, we observed
that the presence of 15% LPE also significantly (p < 0.05)
boosts the activities of the apo and holo states.
Overall, the dye leakage results demonstrate that 16:0 LPC

and 14:0 LPE increase the membrane activity of P1. The
stronger effects obtained with 16:0 LPC correlate with the
higher propensity of this LPL to induce positive curvature
strain. As a result, we focused on the interactions of P1 with
the LPC system as part of the CD and NMR experiments
presented next.

Circular Dichroism-Monitored Titration Curves. A CD-
monitored titration was performed to determine KD, the
binding dissociation constants of the peptide to 50:25:25
POPC/POPG/16:0 LPC. The procedure was previously used
to obtain the KD in 75:25 POPC/POPG.

73 It is based on the
knowledge that P1, which is unstructured in buffer, folds into
an α-helical structure in the presence of lipid vesicles.48,51,73
Figure 3A shows the α-helix bands that build up at 208 and
222 nm when a fixed amount of P1 (20 μM) is titrated with
increasing amount of LUVs and the L/P ratio is increased.73

The two-state behavior of P1 translates into titration curves
that cross at a common isosbestic point. As displayed in Figure
3B, the molar ellipticity values observed at 222 nm were used
to build a Langmuir binding isotherm that was fitted to yield
KD = 80.3 ± 16.7 μM. This value is on the same order as the
KD of 91 μM previously reported for the dichain membrane.73

Within the experimental error (assuming similar error for the
dichain and LPL-containing membranes), the presence of the
LPL does not appear to improve the membrane affinity of the
peptide.

31P NMR. To better understand the mechanism of P1
interacting with LPL-containing membranes, we prepared
mechanically aligned phospholipid bilayers and recorded their
31P chemical shifts by solid-state NMR. These are excellent
reporters of bilayer and nonbilayer states.122−128 P1 was
previously studied in 75:25 POPC/POPG.48,51,67,74,75 Here,
we incorporated P1 at P/L = 1:60 in 50:25:25 POPC/POPG/

16:0 LPC, as shown in Figure 4. In the bilayer state, oriented
phospholipids give rise to sharp signals near 30 ppm, as it is the

case in Figure 4. Based on previous studies done with POPC
and POPG,73 we can readily assign the downfield signal at 27.8
ppm in the 50:25:25 POPC/POPG/16:0 LPC sample to
POPC, while POPG resonates at 26.1 ppm. The signal at 20.2
ppm can be assigned to 16:0 LPC,19,65 confirming that the LPL

Figure 2. Comparison of EC50 values obtained for P1 in the presence
and absence of LPLs. (A) The histogram displays the EC50 for P1
acting on 75:25 POPC/POPG versus 50:25:25 POPC/POPG/16:0
LPC vesicles. (B) The same as (A) but for the comparison between
75:25 POPE/POPG and 75:25:25 POPE/POPG/14:0 LPE. The
error bars correspond to the S.E.M. The corresponding dose−
response curves are shown in Figure 1. The asterisks directly above
the bars indicate significance (p < 0.05) between the LPL-containing
system and the dichain membrane.

Figure 3. CD-monitored titration of P1 binding to LPL-containing
bilayers. (A) The molar ellipticity obtained for P1 added to 50:25:25
POPC/POPG/16:0 LPC vesicles is plotted as a function of the
wavelength for a representative replicate. The curves were obtained at
increasing L/P ratios, as indicated. The peptide, which is unstructured
in the buffer, becomes α-helical when it binds the lipids. (B) The
ellipticity at 222 nm was extracted to generate a Langmuir binding
isotherm and yield the dissociation constant, KD. The data from two
replicates (n = 2) were fitted based on the least-squares method in
GraphPad Prism, yielding KD = 80.3 ± 16.7 μM. A similar value was
obtained for P1-Cu2+ in POPC/POPG/16:0 LPC (Figure S3). In
panel (B), the error bars are not visible because they are smaller than
the marker.

Figure 4. 31P Solid-state NMR spectra of LPL-containing membranes
in the absence and presence of P1. Aligned bilayers were made using
the indicated lipids in the absence (B,D) and presence of P1 at P/L =
1:60 (A,C). The blue and black dashed lines mark the POPG and
POPC (DMPC) signals in the neat bilayers, respectively, while the
red line indicates the LPL. The 1H decoupled spectra were collected
at T = 305 K on a Bruker 600 MHz spectrometer at the NHMFL.
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was successfully incorporated into aligned membranes. Upon
addition of P1, the phospholipid headgroups interact with the
charged peptide. This interaction alters the membrane surface
charge and forces the headgroups to move and adopt a new
dipole orientation with respect to the bilayer normal, which
can translate into chemical shift changes.48,51,67,74,75 Under the
conditions tested, the main change upon P1 addition is the
upfield movement of the POPG signal from 27.8 to 25.2 ppm
and the rearrangement of the 16:0 LPC signal into a sharp
signal at 20.0 ppm and broad shoulder centered near 18.6 ppm.
This suggests that P1 influences not only POPG but also the
LPL. In DMPC/14:0 LPL, the changes are more subtle,
possibly due to a different location of the peptide in the
zwitterionic membrane. Micellar states are not detected at 0
ppm but the slightly raised baseline near 16 ppm points at
unoriented lipids, suggesting some disruptive effects by P1. In
the case of DMPC/14:0 LPC, we did not detect any major
change in line width or chemical shift to the LPC signal upon
peptide addition. It is possible that the peptide inserts more
deeply in the purely zwitterionic membrane, resulting in less
drastic changes in the headgroup region. Overall, the 31P NMR
data demonstrate the successful incorporation of 16:0 LPC in
the POPC/POPG dichain membrane and that the membranes
maintain strong alignment in the presence of P1 at P/L = 1:60,
thereby enabling the structural characterization of the peptide
by 15N NMR, as covered next.

15N NMR. To characterize the conformation of P1 in the
presence of LPC and LPE lipids, 15N/1H 2D spectra were
collected for the peptide 15N-labeled at different amide
positions. As shown in Figure 5, these spectra yield 15N
chemical shifts and 15N−1H dipolar interactions. These NMR
restraints are excellent indicators of how the peptide is
oriented with respect to the bilayer normal; if collected over
the full length of the peptide, they can be used to solve the
backbone structure at high resolution.129,130 The structure of
P1 has previously been solved in multiple lipid systems,
including 75:25 DMPC/DMPG, where DMPG is 1,2-
dimyristoyl-sn-glycero-3-phosphoglycerol).50,51 Here, we used
the same spectroscopic approach to investigate whether the
addition of LPC could change the orientation of the peptide.
Figure 5A compares the 2D data for 15N-[V10G13I16] P1 in
50:25:25 POPC/POPG/16:0 LPC, 50:25:25 POPE/POPG/
14:0 LPE and 75:25 DMPC/14:0 LPC. Figure 5B displays the
data collected for four multiply labeled P1 peptides in 75:25
POPC/16:0 LPC, yielding 9 pairs of restraints: I5, F6, G8, V10,
V12, G13, I16, L19, and V20. 31P spectra document that the
bilayers are well aligned in these samples (Figure 4 and Figure
S4). Tables S2 and S3 summarize the 15N chemical shifts and
15N−1H dipolar interactions that were extracted from these
spectra. Overall, the features of P1 in 75:25 DMPC/DMPG
are well conserved in the LPL systems.51,74,75,131,132 While PO
chains could create a hydrophobic mismatch that prevents the
peptide from inserting, no change in orientation is observed
when shorter DM chains are used. With 15N chemical shifts
centered on 75 ppm, P1 is found to behave as an α-helix that
lies parallel to the membrane surface, the so-called surface-
bound state (S-state). This is the case even when the anionic
PG that could retain the peptide in the headgroup region is
removed and the peptide experiences a drastic enhancement in
EC50 (Table S1 and Figure S5). As previously described in
LPL-free bilayers, the peptide appears to permeabilize the LPL-
containing membranes by remaining in the S-state and forming
transient surface-bound membrane defects.67,68

Molecular Dynamics Simulations. Effects of Lysophos-
pholipid on Peptide-Free Systems. The presence of either
14:0 LPE or 16:0 LPC imparted flexibility and increased
fluidity to the membranes simulated, consistent with previous
simulation results with 18:1 LPC.62 This was observed through
both a marked thinning of the hydrophobic thickness when
16:0 LPC or 14:0 LPE is present, in addition to greater
undulations of the leaflets (Table 2). For the PC-containing
membranes, the presence of 25% 16:0 LPC decreased the
hydrophobic thickness by ∼1.4 Å, from 27.0 to 25.6 Å, and
increased the magnitude of the largest leaflet positional
fluctuation by around 0.5 Å, indicating greater surface
fluctuations. The results were similar for LPE in the PE-
containing systems: the addition of 25% 14:0 LPE thinned the
hydrophobic thickness by 1.8 Å (29.1 to 27.3 Å) and increased
the largest leaflet positional deviation by 0.3 Å.
This thinning is accompanied by greater hydration and water

penetration into the bilayer, as evidenced by the slight decrease
in water PMF barrier height and narrowing of the PMF when
LPLs of either type are included (Figure 6, dotted lines). In
both cases, the decrease of the barrier height is small when
LPL is included; the maximum values of the PMFs are 6.5
kcal/mol for both POPC/POPG and POPE/POPG, and 6.4
kcal/mol for the corresponding systems with LPL. The change
in the width of the PMFs, however, is much more pronounced.
The full width at half-maximum (fwhm) decreases from 16.6 to
14.2 Å when 25% 16:0 LPC is included in the PC-containing
system, and decreases from 19.1 to 16.7 Å when 25% 14:0 LPE
is included in the PE-containing system.

Figure 5. 15N Solid-state NMR spectra of P1 incorporated into LPL-
containing bilayers. 15N-Labeled piscidin peptides were incorporated
into LPL-containing membranes, and the 1H/ 15N SAMPI-4
spectra133 were collected at 305 K on a Bruker 600 MHz instrument
at the NHMFL. (A) 15N-[V10G13I16] P1 in 50:25:25 POPC/POPG/
16:0 LPC (red), 50:25:25 POPE/POPG/14:0 LPE (blue), and 75:25
DMPC/14:0 LPC (black). For I16 (G13), blue and red (black) signals
overlap almost completely. (B) Spectra from four different labeled P1
peptides are compared in 75:25 POPC/16:0 LPC: 15N-[F2I5G8] P1
(red), 15N-[F6V12] P1 (blue), 15N-[V10G13I16] P1 (green), and 15N-
[L19V20] P1 (black). A signal is lacking from F2 signal due to its
location at the amino end where the helix is frayed. Tables S2 and S3
provide the list of observed 15N chemical shifts and 15N−1H dipolar
splittings.
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Finally, the presence of LPL induces a positive change in the
spontaneous curvature in both systems (Table 3), consistent

with previous experimental8 and simulation62 data. Sponta-
neous curvatures in the lipid-only systems were obtained from
the pressure profiles plotted in the top two panels of Figure 7
(profiles for the bilayers with piscidin were not evaluated
because peptide-induced undulations overly blurred the
locations of critical features). For these calculations, a
monolayer bending constant of 9.6 kcal/mol (the monolayer
bending constant of POPC for the C36 force field134) was used
in Equation 4, since it is difficult to estimate bending constants
from simulations of lipid mixtures.
Beginning with the general features of the profiles, there is a

characteristic maximum at the bilayer midplane arising from
chain repulsion, a minimum near the glycerol groups
associated with water/hydrocarbon interfacial tension, and a

maximum at the phosphate plane from electrostatic repulsion.
(See ref134 for the locations of these planes in assorted
homogeneous bilayers generated with the same force field used
here.) The bilayers with PE have a minimum not present in PC
bilayers at ∼ ± 22 Å arising from hydrogen bonding.135 This
feature in the pressure profile provides a more satisfactory
explanation of negative curvature generation by PE headgroups
than head/chain “shape” mismatch because lipids in bilayers
are constrained to be cylindrical.134 The pressure profiles of
LPL-containing bilayers show systematic differences to the
preceding set: the maximum in the bilayer midplane is reduced
in size, the relative magnitudes of the other peaks differ, and
their average positions shift toward the midplane (consistent
with the thinning listed in Table 2). The combination of these
changes, which are unevenly distributed along the entire

Table 2. Average Bilayer Properties for All 12 Systems Simulated

system average thickness (Å) SE average minimum thickness (Å) SE ave. max leaflet deviation (Å) SE

PC/PG/16:0 LPC (control) 25.57 0.01 18.89 0.02 −6.05 0.02
PE/PG/14:0 LPE (control) 27.29 0.01 20.84 0.02 −5.94 0.02
PC/PG (control) 26.98 0.01 20.78 0.02 −5.52 0.02
PE/PG (control) 29.08 0.01 22.94 0.02 −5.64 0.02
PC/PG/16:0 LPC (AR) 24.83 <0.01 17.50 <0.01 −7.64 <0.01
PE/PG/14:0 LPE (AR) 25.34 <0.01 17.86 <0.01 −7.72 <0.01
PC/PG (AR) 25.87 <0.01 18.45 <0.01 −7.46 <0.01
PE/PG (AR) 26.82 <0.01 19.48 <0.01 −7.35 <0.01
PC/PG/16:0 LPC (AS) 24.68 <0.01 16.36 0.01 −9.14 0.01
PE/PG/14:0 LPE (AS) 25.23 <0.01 16.60 0.01 −9.59 0.01
PC/PG (AS) 25.43 <0.01 17.12 0.01 −8.99 0.01
PE/PG (AS) 26.54 <0.01 17.98 0.01 −9.25 0.01

Figure 6. Free energy F(z) for water as a function of the position
along the membrane normal. The bilayers are constituted of 50:25:25
POPC/POPG/16:0 LPC and 75:25 POPC/POPG, 50:25:25 POPE/
POPG/14:0 LPE, and 75:25 POPE/POPG. The PC-containing
systems and PE-containing systems are shown separately. z = 0
represents the bilayer midplane. Dotted lines are P1-free control data,
dashed lines are AR systems, and solid lines are AS systems.

Table 3. Monolayer Spontaneous Curvatures c0,m (Equation
4) for Peptide-Free Systemsa

system F′m(0) c0,m (Å−1) R0,m (Å)
Kc,m

(kcal/mol)

PC/PG/16:0 LPC −0.0069 0.00072 1391.3 9.6
PC/PG 0.0462 −0.00481 −207.8 9.6
PE/PG/14:0 LPE 0.0927 −0.00966 −103.6 9.6
PE/PG 0.1551 −0.01616 −61.9 9.6

aMonolayer radius of curvature R0,m = 1/c0,m; monolayer bending
constant Kc,m from the bilayer bending constant reported by Venable
et al.134

Figure 7. Pressure profiles for bilayers that include LPLs. The bilayers
are composed of 50:25:25 POPC/POPG/16:0 LPC and 75:25
POPC/POPG (top), 50:25:25 POPE/POPG/14:0 LPE and 75:25
POPE/POPG (middle), and 9:1 oleoyl-lyso PC (18:1 LPC)/POPC
and POPC (from a previous study62 (bottom)). Statistical errors can
be ascertained from the differences in the peak positions between
leaflets.
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bilayer, lead to the positive curvature generation by the LPL
shown in Table 3. (The features of the 18:1 LPC/POPC
profile (bottom panel in Figure 7) are considered in the
Discussion.) The pressure profile of the 90:10 18:1
LPC:POPC system (bottom panel) is included for comparison
to highlight the features of LPL: higher positive lateral pressure
in the phosphate region, nearly zero lateral pressure at the
bilayer midplane, and marked thinning of the bilayer.
Proceeding to the details (Table 3), POPE is a negative

spontaneous curvature generating lipid, but the presence of
25% LPE decreases the magnitude of this effect from c0,m =
−0.0162 to −0.0097 Å−1 (corresponding to monolayer radii of
spontaneous curvature of −61.9 and −103.6 Å, respectively).
In the POPC/POPG membrane, which has a much less
negative c0,m to begin with, the addition of 25% LPC is
sufficient to change the sign of the leaflet spontaneous
curvature from negative to positive: −0.0048 to 0.0007 Å−1

(essentially flat).
Effects of Piscidin 1 on Membrane Properties. For all four

lipid compositions studied, the presence of 10 P1 at a lipid-to-
peptide ratio of 30:1 has a profound impact on the structure of
the bilayer. Regardless of the lipid composition, the presence of
P1 thins the membrane by ∼1−2 Å, and has an even larger
effect on the average minimum thickness, which is reduced by
1.4−5.0 Å (Table 2). For both the average thickness and
minimum thickness, the magnitude of the thinning effect of P1
is larger in the LPL-free systems. This may be because LPL
also induces thinning, thus the LPL-containing systems already
experience a degree of thinning. Despite this, the bilayers with
both LPL and P1 are still thinner than their LPL-free
counterparts, and are therefore expected to be more permeable
to water.
The average thicknesses are not substantially different

between AR and AS piscidin distributions. However, the
average minimum thickness is impacted by the area stress, with
minimum thicknesses 1.1−1.5 Å thinner in AS systems when
compared to the corresponding AR systems (Table 2). The
bilayer property most impacted by both the presence of P1 and
its distribution is the positional deviations of the individual
leaflets. In P1-free systems, the average maximum leaflet
deviation is around −6 Å, regardless of the membrane type
(here, negative values indicate a deviation toward the bilayer
midplane). When P1 is added in the AR initial condition, this
average value increases in magnitude to around −7.5 Å, and
the magnitude increases further to around −9 Å for the AS
initial condition (Table 2). Additionally, the probability
distributions for all 12 systems (Figure 8) show a striking
separation between the control, AR, and AS systems with little
separation of the distributions within each grouping. This
indicates that the magnitude of leaflet positional fluctuation is
almost exclusively influenced by the presence of piscidin and
the degree of area stress, rather than the lipid constituents of
these membranes.
Additionally, the presence of P1 in either the AR or AS

distribution led to increased hydration and water penetration
in the bilayer. This is seen through a lowering of the barrier
height and narrowing of the peak in the water PMFs calculated
for these systems (Figure 6, dotted versus solid curves). In all
four membranes studied, this effect is larger with the AS
peptide distribution than with the AR distribution. For
example, in the 75:25 POPE/POPG membrane, the maximum
value of the PMF is 6.5 kcal/mol for the control membrane;
the AR piscidin distribution decreases the height by 0.3 kcal/

mol to a value of 6.2 kcal/mol, while the AS distribution
decreases it by 0.7 to 5.8 kcal/mol. Similar results are observed
in the other three membranes studied, though in 50:25:25
POPC/POPG/16:0 LPC the difference between AR and AS is
small (5.8 kcal/mol vs 5.7 kcal/mol, respectively).
Defects. Previous simulations of P1 revealed the presence

of transient funnel-like defects,67,68 which were consistent with
experimental results showing that piscidin is primarily surface-
bound. We hypothesized that the lower EC50 values seen
experimentally with LPL are indicative of easier/more defect
formation in those systems. In this work, a defect is defined as
a location in the bilayer where there is both significant thinning
and significant invagination of one leaflet (see Methods).
While many defects were detected for only a single saved frame
of the trajectory, some defects persisted over many frames and
could therefore be assigned a length based on the simulation
time between the first and final detection of that defect. The
number of defects, defect rates (defects/μs), average defect
lengths, and percentage of the simulation in which a defect is
present are given in Table 4.
The defect rates and likelihoods for both the AR and AS

systems followed the same trend as the experimental EC50

Figure 8. Probability distribution of the maximum leaflet positional
deviation for all 12 systems simulated. Dotted lines are P1-free control
data, dashed lines are AR systems, and solid lines are AS systems.
Negative values indicate deviations in the direction of the bilayer
midplane, i.e., deviations that thin the membrane. The magnitudes of
leaflet positional deviations are primarily influenced by the presence
of P1 and the degree of area stress, rather than the lipid composition
of the leaflet.

Table 4. Defect Counts, Rates, Lengths, and Likelihoods for
All Eight Systems with P1 Presenta

system
defect
count

defect
rate
(μs−1)

average defect
length (ns)

defect
likelihood

PC/PG/16:0 LPC (AR) 72 3.6 2.1 ± 0.8 0.14%
PE/PG/14:0 LPE (AR) 45 2.3 0.6 ± 0.2 0.06%
PC/PG (AR) 26 1.3 0.1 ± 0.1 0.03%
PE/PG (AR) 5 0.3 0.6 ± 0.5 0.01%
PC/PG/16:0 LPC (AS) 111 22.2 2.1 ± 0.5 1.02%
PE/PG/14:0 LPE (AS) 120 24.0 1.6 ± 0.4 0.79%
PC/PG (AS) 55 11.0 0.8 ± 0.3 0.33%
PE/PG (AS) 14 2.8 1.0 ± 0.6 0.08%

aDefect length error is the standard error of the mean. Defect
likelihood is the percentage of the simulation in which a defect is
present.
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results, with the highest rates in the 50:25:25 POPC/POPG/
16:0 LPC membranes and the lowest in the 75:25 POPC/
POPG and 75:25 POPE/POPG membranes. No defects were
observed in the control (P1-free) simulations. For all four
membranes studied, the defect rates were substantially higher
in the AS systems: 8-fold for 75:25 POPC/POPG, 6-fold for
50:25:25 POPC/POPG/16:0 LPC, and approximately 10-fold
for both PE-containing membranes. In both the AR and AS
systems, defects persist longer on average in the LPL-
containing systems than in the corresponding LPL-free ones
(Figure S6).
Figure 9 depicts a defect from the 50:25:25 POPC/POPG/

16:0 LPC AS system. It is representative of many of the defects

observed. The top two panels show the leaflet positional
deviation map and bilayer hydrophobic thickness map for this
frame of the trajectory. In both maps, the minimum value is
indicated by a white marker, with the value of the map at that
location printed above it. In this case, the top leaflet
invagination is substantial, with a deviation of 14 Å from the
average position of the leaflet. Additionally, the bilayer itself is
thinned considerably at the site of the defect, with a
hydrophobic thickness of only 9.8 Å at that point. Two
peptides participate in this defect, and a pocket of water (cyan
spheres) is pulled near the bilayer midplane with the peptides
and lipid headgroups that make up the defect. Though neither
transient pores nor peptide translocation were observed in
these simulations, because of the long time scales required,
these defects are likely an initial step in the pathway of pore

formation and/or peptide translocation, as was recently shown
for influenza fusion peptides.62,136

■ DISCUSSION AND CONCLUSIONS
HDPs and LPLs are important biological molecules that
exhibit membrane activity and can modulate membrane
properties as part of their biological functions. With their
broad spectrum activity on dangerous pathogens, HDPs have
become promising templates for the design of novel
therapeutics to eradicate drug-resistant bacteria.29,30,36,37,39−42

LPLs, which play multifaceted roles as signaling molecules and
constituents of biological membranes, are upregulated in
several processes, including bacterial virulence, cancer cell
proliferation, and viral envelope biogenesis.8,13,33,137−139 They
have also been investigated for their antimicrobial action.26,32

To better understand how the combination of HDPs and LPLs
influence the integrity of model membranes, we investigated
the effects of LPC and LPE on the membrane activity of P1.
LPC and LPE are common LPLs found in biological
membranes, with LPC producing more curvature strain than
LPE.8 A model HDP, P1 features membrane activity and
antimicrobial potency that are positively correlated.53,140 The
thorough biophysical studies that have already been performed
on P1 as well as the demonstrated antimicrobial activity of a P1
homologue on H. pylori, a bacterium that upregulates LPE in
the transition from latent to virulent and exhibits areas of high
curvature in its cell wall in relation to its unique helical
shape,141 provide an excellent backdrop to our investigation.
Next, we summarize our approach before presenting and
discussing the main results. We highlight that the study
contributes quantitative and mechanistic knowledge that is
relevant to important biological processes where multiple
membrane-active agents are implicated.
Featuring experimental and computational tools, we aimed

at going beyond the qualitative descriptions that associate
positive curvature strain with facilitated peptide insertion.
Through dye leakage assays and MD simulations performed on
membranes with and without LPLs, we measured how the
permeabilization activity of P1 changes as a function of
properties that reflect the strength of the membrane
permeability barrier, such as the thickness and curvature strain
of the membrane and the number of defects it contains. To the
best of our knowledge, this is the first study where these
properties have been experimentally quantified in the context
of combining two different families of membrane-active agents.
Our most significant result is that the enhanced permeabi-

lization potency of P1 observed in the presence of LPLs is
underpinned by the ability of the LPLs and peptide to
concertedly decrease the membrane thickness; increase the
membrane curvature strain, thickness fluctuations and defect
formation; and reduce the energy penalty for water penetration
in the membrane. The enhancement of peptide activity is
stronger with 16:0 LPC than 14:0 LPE (Figures 1 and 2 and
Table S1), correlating with the stronger curvature change
imposed by LPC. The LPLs alone are insufficient to form
pores, as the vesicles studied are stable with the 25% LPL
concentration used here. Thus, while the LPLs thin the
membrane and increase the amount of water it contains, they
do not provide a pathway for water to cross the membrane; P1
is needed to induce permeabilization.
Mechanistically, the MD simulations provide critical insights

to explain how P1 achieves enhanced permeabilization in the
presence of LPLs. In these simulations, the presence of P1

Figure 9. Snapshot of a representative defect from the AS 50:25:25
POPC/POPG/16:0 LPC system. Top panels: top leaflet positional
deviation map and bilayer thickness map. Bottom left: top-down view
of the system. Bottom right: side view of the system. For the top
leaflet positional deviation map, positive values indicate a deviation
away from the bilayer midplane and negative values are deviations in
the direction of the midplane. For both the leaflet positional map and
the thickness map, the minimum value (at the site of the defect) is
denoted by a white marker with the value given above. Peptide
backbones are shown in blue ribbons; in the side view, basic side
chains are blue, polar are green, and apolar white. Phosphate groups
from PC are gold, PG silver, and 16:0 LPC lavender. Water molecules
within 10 Å of the bilayer midplane are cyan; bulk water is transparent
gray in the side view and omitted in the top-down view. Lipid chains
(1-palmitate and 2-oleoyl) were omitted for clarity.
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thins the membrane, increases its hydration, and leads to the
formation of defects whether the LPLs are present or not.
Adding P1 to the dichain membranes versus the LPL-
containing membranes produces a greater net change in
these properties, likely because the LPL-containing membranes
are already thinned and enriched in water content. Never-
theless, exposed to P1, the LPL-containing membranes attain
smaller average thickness and minimum thickness than the
dichain membranes. Consistent with the experimental EC50
values, P1-induced defect formation is greater in LPL-
containing systems; defects occur more frequently and are
longer lived when the LPLs are present. The defects formed in
the presence of P1 feature the funnel-like structures previously
identified in simulations done with the peptide.50,51,67−69 In
order for dye leakage to occur, transient pores must form in the
membrane. The defects observed here bear a striking
resemblance to fusion peptide pore intermediates,62 and are
likely the first step in the formation of transient pores. A novel
feature of our study lies in comparing MD simulations done
under two different sets of conditions, area relaxed (AR) and
area stressed (AS). Defect rates are higher and longer in
duration for AS conditions (Table 4), which is arguably a
better model for HDPs on the bacterial membrane surface
where the fractional area coverage of the HDP is high, likely
inducing high area stress. The differences in the AR and AS
conditions and their ramifications will be explored in future
work.
As noted in the Introduction, effects of the chain difference

of 16:0 LPC and LPE are expected to be minimal on
spontaneous curvature. Fuller and Rand8 provided R0 for three
different LPCs (12:0, 16:0, and 18:1) and LPEs (12:0, 18:0,
and 18:1). They found a moderate chain length dependence in
R0 for LPC: 58 Å (c0 = 1/R0= 0.0172 Å−1) for 12:0; 68 Å (c0 =
0.0147 Å−1) for 16:0; and 38 Å (c0 = 0.0263 Å−1) for 18;1.
Interpolating c0 for 14:0 yields = 0.0160 Å−1, less than 10%
larger than 16:0, a relatively small difference. The experimental
values for R0 of LPEs are all >400 Å, which is nearly flat (c0 ≈
0). Since 14:0 is between 12:0 and 18:0, we can infer that c0 ≈
0 for this as well. In the case of LPEs, the elimination of one
chain cancels the negative curvature from the PE headgroup.
Similar results are also observed for two-tailed lipids. The
experimental radius of curvature R0 is 28.5 Å for DOPE

142 and
27.5 Å for SDPC.143 In contrast, R0 = 87.3 Å for DOPC.142

Simulations show the same trends, with R0 of PEs nearly
independent of chain length, and qualitatively lower than those
of PCs.134

The simulations also lend insight to the common
assumption that the impact of lipids on membranes can be
described by their shape; i.e., the relative volumes of their
headgroups and chains. In this model, LPLs are pictured as
inverted cones, which is intuitively consistent with their
preference for micellular assemblies and ability to destabilize
bilayers.9,11,17,18 It is not clear, however, whether this generally
useful qualitative notion could be missing important
considerations for LPL action in bilayers. To partly answer
this question, begin with the pressure profile of 90:10 14:0
LPC/POPC presented in Figure 7 (bottom). This profile
highlights the effects of LPL even though the concentration is
extreme (PC vesicles rupture at LPC compositions above
50%).144 Bilayers of 90:10 18:1 LPC/POPC remained stable
in simulations62 from a combination of time scale and
additional stability afforded by periodic boundary conditions.
Nevertheless, the 0.0210 Å−1 spontaneous curvature of a pure

18:1 LPC bilayer extrapolated from a series of simulations of
lower concentrations of 18:1 LPC62 is sufficiently close to the
0.0263 Å−1 obtained experimentally8 for 18:1 LPC in the
inverse hexagonal phase to support further analysis. The
positive lateral pressure in the phosphate region in the 90%
18:1 LPC mixture is approximately twice as high as that for
pure POPC, and the large positive peak for POPC in the
midplane (characteristic for two-chained lipids) is reduced to
near zero. These observations are consistent with higher
headgroup and lower chain densities as would be pictured by
an inverted cone. However, the phosphate maximum and
glycerol minimum in the 90% 18:1 LPC mixture have
dramatically shifted toward the midplane; i.e., the bilayer has
thinned to accommodate the LPL in an environment where
lipids are constrained to be more cylindrical. These features
were also observed to a lesser extent in the profiles with 25%
LPL (Figure 7, top and middle). Hence, lipids adapt to their
environment, and the notion that a single shape represents
lipids both in isolation and within membranes is misleading.
Overall, as already noted in the Results for POPE, the
complexity of the pressure profiles and bilayer thinning with
LPL demonstrated by our simulations highlight the limitations
of shape-based models to quantitatively understand the origin
of spontaneous curvature generation in bilayers.
Overall, these observations indicate that LPL increases dye

leakage by both imbuing positive leaflet spontaneous curvature,
which makes it easier to form pores,145,146 as well as thinning
the membrane and increasing thickness fluctuations, both of
which reduce the hydrophobic distance that pores need to
span in order to form. We note that the increased number of
defects that appear in the presence of the LPLs do not change
the binding affinity of the peptide for the membrane, at least
within the experimental error associated with the measurement
of the KD by CD (Figure 3). Hence, the mechanism does not
seem to involve enhanced membrane interactions mediated by
the LPL-induced defects. The 31P solid-state NMR data
suggest that LPL interacts with the peptide (Figure 4 and
Figure S4), and thus is likely present within the defects. Similar
interactions were observed in the MD simulations with P1
having a higher affinity for LPL than any of the other lipids in
the systems (Figure S7).
In all lipid systems, including the zwitterionic 16:0 LPC-

containing mixtures, the 15N NMR data (Figure 5 and Tables
S2 and S3) show that P1 does not adopt the inserted state (I-
state) observed for some synthetic MAPs in DMPC/14:0
LPC.19,65 One possible explanation is that the hydrophobic
matching that could be reached with the synthetic peptides
within LPL-containing membranes was not achieved for P1
because P1 and the synthetic MAPs are structurally different.
For instance, the synthetic MAPs do not contain aromatic
residues while P1 has phenylalanine residues that prefer to
partition at the water-bilayer interface.147 As explained above,
the I-state is not required for permeabilization as long as
transient defects can appear in both leaflets. In the zwitterionic
LPC-containing systems where the EC50 values are particularly
high (Table S1), the number of defects must be more elevated
than in the PG-containing membranes. In future work, it would
be insightful to use MD to quantify and visualize the defects in
these membranes. Like P1, numerous membrane-active HDPs
also induce positive curvature strain without forming the I-
state.17,50,66,148,149 Hence, the mechanism highlighted here to
explain how LPLs enhance the permeabilization potency of P1
could be relevant to these HDPs, with the prediction that LPLs
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will have a similar effect on their mechanism of membrane
disruption.
The results obtained here are relevant to biological systems

where both MAPs and LPLs are present at the time of
biological function. As described in the introduction, H. pylori,
a bacterium that piscidin is active on, upregulates LPE when it
becomes virulent.56 The specific piscidin, TP4 (FIHHIIGGLF-
SAGKAIHRLIRRRRR), is very active on this dangerous
bacterium, as indicated by minimum inhibitory concentrations
that are between 1.5 and 3 μM on different strains.55 Our
results suggest that while bacteria may upregulate LPLs as part
of their virulence,33 host defense mechanisms such as the
deployment of membrane-active HDPs could be a benefit
bestowed upon the host to counter these bacteria. It is also
significant that some LPLs have antimicrobial properties.26,32,34

Studies characterizing the combined effects of membrane-
active agents with antimicrobial properties, as the one
presented here, could play an important role in developing
novel antimicrobial therapeutics based on the principle of
synergy. This would build on ongoing work that is leveraging
synergistic antimicrobial activity to eradicate antibiotic-
resistant bacteria.150−152 Synergistic drug combinations have
the benefit of reducing the amount of drug needed, resulting in
fewer side effects, lower cost, and decreased risk of resistance.
Another important area where LPLs and peptides could

converge in vivo is in the context of the innate immune
response to viral infections. A number of enveloped viruses
such as Influenza A contain membranes that are enriched in
LPLs compared to dichain membranes.137,138 P1 is active
against a broad range of enveloped viruses, including HIV-1
and SARS-CoV-2.153−158 Other HDPs are also antiviral.159−161

Based on our results, we speculate that these peptides
experience boosted membrane activity on viral envelopes
that are enriched in LPLs. It is also notable that P1 has
anticancer activity.82,162,163 The increased presence of LPLs in
cancer cells139 and concerted disruptive effects with P1 could
help enhance the anticancer activity of the peptide. This could
be relevant to the mechanism of activity by other anticancer
MAPs.164−168

In future studies, it would be interesting to quantify how
different MAPs respond to the presence of LPLs in membranes
mimicking diverse targets, including bacteria, enveloped
viruses, and cancer cells. LPLs differing in acyl chain length
and headgroup type, and peptide analogs could be screened to
determine the specific parameters that determine whether the
permeabilization mechanism involves stable or transient pores.
These studies could be expanded to MAPs that are involved in
fibril formation, such as amyloids, since LPLs can influence
fibrillation.14,169 This information would deepen our mecha-
nistic understanding of how LPLs influence the biological
activities of MAPs.
In conclusion, we employed experimental and computa-

tional tools to measure the combined effects of two different
families of membrane-active agents, HDPs and LPLs. Our
results quantify the disruptive effects of the substances on key
membrane properties and demonstrate that this translates into
a significant increase in permeabilization activity of the peptide.
A key message from this study is that peptide activity can be
readily modulated by a judicious choice of LPLs. Our study
opens the door to more quantitative investigations to
characterize how membrane-active agents that perform
important biological functions can benefit from each other.
With more data, we will improve our ability to predict how to

maximize the membrane and antimicrobial activity of MAPs
such as P1. Importantly, this could inspire the design of novel
antimicrobial formulations based on HDPs, LPLs, and similar
membrane-active agents.
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■ ABBREVIATIONS
AMPs: antimicrobial peptides
AR: area relaxed
AS: area stressed
ATCUN: amino-terminal copper and nickel (motif)
CD: circular dichroism
Chol: cholesterol
DMPC: 1,2-dimyristoyl-sn-glycero-3-phosphocholine
EC50: effective half-maximal concentration
fwhm: full width at half-maximum
HDP: host defense peptide
HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HPLC: high-performance liquid chromatography
I-state: inserted state
KD: dissociation constant
L/P: lipid-to-peptide ratio
LPC: lysophosphatidylcholine
LPE: lysophosphatidylethanolamine
LPL: lysophospholipid
LUVs: large unilamellar vesicles
MAP: membrane-active peptide
MD: molecular dynamics
MWCO: molecular weight cutoff
NHMFL: National High Magnetic Field Laboratory
P1: piscidin 1
PMF: potential of mean force
POPC: 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
POPE: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanol-
amine
POPG: 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-
glycerol)
S-state: surface-bound state
TFA: trifluoroacetic acid
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