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Robert Vácha,3,4,5,* and Georg Pabst1,2,*
1University of Graz, Institute of Molecular Biosciences, Biophysics Division, NAWI Graz, Graz, Austria; 2BioTechMed Graz, Graz, Austria;
3CEITEC – Central European Institute of Technology, Masaryk University, Brno, Czech Republic; 4National Centre for Biomolecular Research,
Faculty of Science, Masaryk University, Brno, Czech Republic; and 5Department of Condensed Matter Physics, Faculty of Science, Masaryk
University, Brno, Czech Republic
ABSTRACT We previously reported that the synergistically enhanced antimicrobial activity of magainin 2 (MG2a) and PGLa is
related to membrane adhesion and fusion. Here, we demonstrate that equimolar mixtures of MG2a and L18W-PGLa induce pos-
itive monolayer curvature stress and sense, at the same time, positive mean and Gaussian bilayer curvatures already at low
amounts of bound peptide. The combination of both abilities—membrane curvature sensing and inducing—is most likely the
base for the synergistically enhanced peptide activity. In addition, our coarse-grained simulations suggest that fusion stalks
are promoted by decreasing the free-energy barrier for their formation rather than by stabilizing their shape.We also interrogated
peptide partitioning as a function of lipid and peptide concentration using tryptophan fluorescence spectroscopy and peptide-
induced leakage of dyes from lipid vesicles. In agreement with a previous report, we find increased membrane partitioning of
L18W-PGLa in the presence of MG2a. However, this effect does not prevail to lipid concentrations higher than 1 mM, above
which all peptides associate with the lipid bilayers. This implies that synergistic effects of MG2a and L18W-PGLa in previously
reported experiments with lipid concentrations >1 mM are due to peptide-induced membrane remodeling and not their specific
membrane partitioning.
SIGNIFICANCE Building on previous reports, we show that MG2a and L18W-PGLa peptides can synergistically
destabilize lipid membranes by inducing positive monolayer curvature stress. This effect can be further amplified by the
peptides’ preferential localization in membrane regions with positive curvature. We also demonstrate that the equiactivity
vesicle leakage assay provides the means to connect experimental and computational data to peptide-induced membrane
remodeling across a wide range of lipid and peptide concentrations.
INTRODUCTION

The synergistically enhanced activity of magainin 2 and
PGLa, two antimicrobial peptides (AMPs) derived from
the African clawed frog, at equimolar ratios is well docu-
mented both in bacteria and lipid-only model systems
(1–4). Some groups, including us, used L18W-PGLa and
amidated magainin 2 (MG2a) instead, with similar overall
synergistic activity (1,5). Yet, attempts to elucidate the un-
derlying biophysical mechanisms have been only partially
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conclusive and often led to significant controversies. In
the first report on this subject, dye-leakage experiments on
lipid vesicles composed of egg yolk phosphatidylglycerol
(PG) and phosphatidylcholine (PC) were interpreted via
synergistic formation of toroidal pores by MG2a and
PGLa (1). This study was followed up by solid-state NMR
experiments showing that MG2a and PGLa orientation
with respect to the plane of the lipid bilayer varies with
membrane composition (6,7). While MG2a was tilted and
PGLa adopted a transmembrane orientation for a dimyris-
toyl PC:dimyristoyl PG mixture (7), both peptides were ad-
sorbed and surface aligned in palmitoyl oleoyl PC:palmitoyl
oleoyl PG (POPG) and palmitoyl oleoyl phosphatidyletha-
nolamine (POPE):POPG mixtures, with PGLa slightly
tilting into the lipid bilayer (6,7). Clearly, a membrane sur-
face alignment is not in line with the initially proposed
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formation of PGLa:MG2a toroidal pores. Yet, MG2a and
L18W-PGLa were also demonstrated to behave synergisti-
cally in POPE:POPG (3:1 mol:mol) mixtures, a lipid
composition that was found to capture well the activity of
both peptides in Escherichia coli (5).

Focusing on POPE:POPG (3:1 mol:mol), a follow-up
study from our laboratories showed that the two frog pep-
tides preferentially form surface-aligned heterodimers
upon membrane adsorption already at low peptide concen-
trations (8). At high peptide concentrations, in turn, we re-
ported subsequently the formation of fibril-like peptide
aggregates sandwiched between lipid multibilayers coexist-
ing with a sponge phase (9). The formation of a sponge
phase suggests that the two peptides induce membrane cur-
vature and fusion. Indeed, our molecular dynamics (MD)
simulations demonstrated the formation of fusion stalks be-
tween the bilayers (9). However, the peptides’ induced and
preferred curvatures remained unknown.

Most recently we showed that the underlying topological
membrane changes, involving vesicle adhesion, fusion, and
rupture, occur within a few seconds after peptide addition
(10). All three studies assumed that both peptides fully parti-
tion into the lipid membranes. This seems to be contrasted
by the finite partitioning coefficients reported for fluores-
cently labeled PGLa and MG2a for the same lipid mixture
(11). Interestingly, a significant increase in membrane
partitioning of both peptides was observed when applied
as an equimolar mixture. This led the authors to suggest
that the synergistic activity of PGLa and MG2a is related
to an increased membrane affinity. Yet, one of the most
fundamental insights from the theoretical framework of
membrane partitioning is that the number of membrane-
associated peptides depends not only on peptide concentra-
tion but also on lipid concentration (12). Therefore, the
specific membrane partitioning of PGLa and MG2a reported
at low lipid concentrations (11) cannot be directly extrapo-
lated to effects on membrane structure observed at much
higher lipid concentrations (8–10).

In the present work, we couple the partitioning behavior
of L18W-PGLa in the presence and absence of MG2a in
POPE:POPG (3:1 mol:mol) bilayers to dye-leakage experi-
ments. This provides us with the means to scale the response
of the membranes to the AMPs according to the used lipid
concentration, employing the equiactivity approach (13).
As a central finding of these experiments, we demonstrate
that synergistically enhanced partitioning of MG2a and
L18W-PGLa does not prevail to conditions used in small-
angle X-ray scattering (SAXS) experiments. Thus, pep-
tide-induced membrane remodeling reported earlier (8–10)
is a result of fully adsorbed/inserted AMPs only. Moreover,
results from scattering experiments can be directly related to
MD simulations on the same lipid mixture with all peptides
associated to the bilayer. This allowed us to focus addition-
ally on the ability of L18W-PGLa and MG2a to synergisti-
cally induce and sense membrane curvature, an aspect
2 Biophysical Journal 121, 1–13, December 6, 2022
suggested in our previous studies (9,10). In general, the abil-
ity to sense membrane curvature leads to peptide sorting
toward the area with the preferred curvature, while curva-
ture induction is the ability of peptides to increase or
generate curvature in membranes (14–16).
MATERIALS AND METHODS

Sample preparation

Large unilamellar vesicles

POPG and POPE were obtained from Avanti Polar Lipids (Alabaster, AL,

USA) in the form of dry powder. 8-aminonaphthalene-1,3,6-trisulfonic

acid, disodium salt (ANTS) and p-xylene-bis-pyridinium bromide (DPX)

were purchased from Molecular Probes (Eugene, OR, USA) and HEPES

and NaCl from Carl Roth (Karlsruhe, Germany). L18W-PGLa and MG2a

were obtained in lyophilized form (purity >95%) from PolyPeptide Labo-

ratories (San Diego, CA, USA); see (5) for the primary peptide structure.

Triton X-100 and all other chemicals (proanalysis quality) were obtained

from Sigma-Aldrich (Vienna, Austria).

Large unilamellar vesicles (LUVs; size of �100 nm) composed of

POPE:POPG in HEPES-buffered saline (HBS) solution (10 mM HEPES,

140 mM NaCl [pH 7.4]) were either filled with ANTS/DPX or not were

prepared, as detailed previously (5). Unless stated differently, the molar

ratio of POPE:POPG used throughout the present study is 3:1 mol:mol.
Peptide partitioning

Tryptophan fluorescence

Tryptophan (Trp) fluorescence emission from L18W-PGLa was measured

both in the presence and absence of MG2a using the Cary Eclipse Fluores-

cence Spectrophotometer (Varian/Agilent Technologies, Palo Alto, CA,

USA) at an excitation wavelength of l ¼ 280 nm and a slit width of

10 nm for the incident and outgoing beams. Emission spectra were

background subtracted to remove contributions from vesicles and the in-

strument’s baseline. All samples were measured at 37�C using a quartz

cuvette with a magnetic stirrer to prevent sedimentation. The recorded fluo-

rescence signal was equilibrating for 1 h (Fig. S16); spectra were analyzed

as detailed in (17).

In brief, we linearly combined log-normal-like functions (18,19)

representing the independent bands for peptides located either in an

aqueous environment or partitioned into the lipid bilayer at equilibrium.

The wavelength at maximum emission, lW ¼ 354:6 nm, and bandwidth,

GW ¼ 64:3 nm, of L18W-PGLa dissolved in HBS were determined first

and fixed for further analysis; both values correspond to Trp exposed to

a polar environment (20). The concentration of membrane-dissociated

L18W-PGLa in the presence of POPE:POPG, ½P�W , was subsequently

determined by adjusting the parameters related to membrane-partitioned

L18W-PGLa (amplitude, wavelength at emission maximum, width) and

scaling the amplitude of the water-associated emission band. The molar

concentration of membrane-associated L18W-PGLa is then simply derived

from ½P�B ¼ ½P� � ½P�W , where ½P� is the total L18W-PGLa concentration

in the sample. This allows us to derive the mole fraction partitioning

coefficient

Kx ¼ xB
xW

x
½P�B
½L�

½W�
½P�W

; (1)

where xB and xW are, respectively, the mole fraction of membrane-parti-

tioned L18W-PGLa and free L18W-PGLa in the aqueous environment



Membrane curvature and partitioning

Please cite this article in press as: Semeraro et al., Magainin 2 and PGLa in bacterial membrane mimics IV: Membrane curvature and partitioning, Biophysical
Journal (2022), https://doi.org/10.1016/j.bpj.2022.10.018
(12,21). ½W� is the concentration of bulk water (55.3 M at 37�C), and ½L� is
the concentration of lipids.

The chemical potential of the peptides in either phase ði ¼ B;WÞ is by
definition

mi ¼ m0
i þ kBTlnðaiÞ ¼ m0

i þ kBTlnðgixiÞ; (2)

where m0
i is the chemical potential in the standard state, kB is Boltzmann’s

constant, T is the temperature, and ai is the peptide activity in the i-phase
(12) (nota bene: the use of kB rather than the molar gas constant means

that mi is the chemical potential per single peptide). Finally, the activity

can be expressed as product of the molar ratio and the activity coefficient

gi. At equilibrium, the chemical potentials in both phases have to be the

same, mB ¼ mW . Hence, the standard free energy of transfer of a single

peptide from the water to the lipid phase is written as

DG0
x ¼ m0

B � m0
W x � kBTln

�
gBxB
xW

�
¼

¼ � kBTlnðKxÞ � kBTlnðgBÞ;
(3)

where, given the very low peptide concentration in bulk, we approximate

gwx1. In the regime of infinite dilution of partitioned peptides, ðgB z1Þ,
which here defines the standard state; DG0

x is directly obtained from an

xB-independent Kx value (12). In general, however, the peptide activity

cannot be neglected. We thus report

X : ¼ DG0
x þ kBTlnðgBÞ ¼ � kBTlnðKxÞ; (4)

which is the free-energy change due to peptide partitioning and membrane

activity (aggregation, membrane thinning, etc.).

Leakage assay

Peptide-induced leakage of ANTS/DPX was determined as detailed in (17)

over a range of lipid (½L� ¼ 50, 150, 300, and 600 mM) and L18W-PGLa

concentrations (½P� ¼ 1–24 mM). Specifically, LUVs were incubated with

peptide at 37�C for 1 h using a gently rocking shaker (Eppendorf Thermo-

mixer C, Hamburg, Germany) and then diluted with HBS to a final lipid

concentration of 50 mM and sample volume of 2 mL. Measurements

were conducted in quartz cuvettes at an excitation wavelength of l ¼
360 nm, and emission was recorded at l ¼ 530 nm, with a slit width of

10 nm for both excitation and emission monochromators, on a Cary Eclipse

Fluorescence Spectrophotometer (Varian/Agilent Technologies).

The percentage of leakage, E%, was calculated using

E% ¼ Ip � Imin

Imax � Imin

; (5)

where Imin is the fluorescence of vesicles measured without peptide and Imax

is the fluorescence corresponding to complete leakage after addition of a 1

vol % solution of Triton X-100. The obtained leakage data were interpo-

lated with sigmoidal functions (see Fig. S2), which allowed us to associate

pairs of peptide and lipid concentration to specific E% values. Then, the par-

titioning parameters, leading to a specific dye leakage, are given by (13,17)

½P� ¼ xLB½W�
KL

x|fflffl{zfflffl}
½P�W

þ xLB½L�|ffl{zffl}
½P�B

¼ xLB

�½W�
KL

x

þ ½L�
�
; (6)

allowing the determination of xLB and KL
x as a function of E% from linear re-

gressions. The definitions of xLB and KL
x are identical to xB and Kx. However,

xLB and K
L
x are apparent observables requiring a change of the physical mem-

brane state (permeability) for detection, while xB and Kx are only related to

peptide partitioning, without ‘‘knowing’’ the associated changes in mem-
brane structure. We therefore prefer to distinguish between them by adding

the superscript label L.
Dynamic light scattering

Particle-size distributions and polydispersity of LUVs with and without

peptides were determined via dynamic light scattering using a Zetasizer

NANO ZSP (Malvern Panalytical, Malvern, UK) equipped with a 10 mW

laser (l ¼ 632.8 nm); scattering was detected at an angle of 173�. All mea-

surements were conducted at room temperature, with 1 mL of sample in

quartz cuvettes. Peptide containing systems were incubated at 37�C for

1 h prior to measurements. Data were averaged over 3 scans with 13–15

runs each.
MD simulations

MD simulations were performed using GROMACS, v. 2016.2 (22,23)

unless stated otherwise. We employed the MARTINI 2.2 force field

(24–26), which has been shown to capture trends in the sensed and induced

curvature by proteins (27). The simulation time step was set to 20 fs. A con-

stant temperature of 310 K was maintained via a velocity-rescaling thermo-

stat (modified with a stochastic term) (28) with a coupling constant of

1.0 ps. For proper temperature distribution, two separate baths were coupled

to protein-lipid and solvent beads. The pressure was kept at 1 bar using the

Parrinello-Rahman barostat (29,30) with a semi-isotropic coupling scheme

and a coupling constant of 12 ps. All nonbonded interactions, including van

derWaals forces, were cut off at 1.1 nm. The relative dielectric constant was

set to 15.

Due to the coarse graining and resulting inability of the MARTINI force

field to fold proteins, a fully a-helical secondary structure was imposed on

the peptides throughout the entire simulation run. For MG2a, this agrees

well with circular dichroism spectroscopy interacting with POPE:POPG

(4:1 mol:mol) vesicles (31). However, the helical content of PGLa is known

to vary with lipid compositions and can decrease to a 72% helicity in phos-

phosphatidylcholine (32). To test if the a-helical content of the peptides af-

fects our results, we performed an independent set of simulations with

peptides having lower helical content following previous studies (32,33).

For MG2a, a helical backbone structure between residues nos. 4 and 20

was reported (33), while the remaining residues were assigned a coil-like

secondary structure. For PGLa, the helix spanned between residues 6 and

21 (32), leaving the N-terminus unstructured. The peptide C-terminal

capping was modeled by removing the backbone bead charge and changing

the bead type to neutral. All MD simulations were performed exclusively

with POPE:POPG (3:1 mol:mol) membranes.
Peptide-induced membrane curvature stress

A symmetric bilayer with a random in-plane distribution of 184 lipids was

prepared using the CHARMM-GUI web server (34). The initial box dimen-

sions were 7.5� 7.5� 11 nm. Roughly 16 water beads were added per lipid

molecule, and Naþ and Cl� ions were added at a concentration of 130 mM

with excess ions to neutralize the net charge of the system. MG2a and

L18W-PGLa were added to prepare the following systems: peptide mono-

mers, parallel peptide heterodimers, and antiparallel peptide homodimers.

A copy of either monomer or dimer was placed just above the lipid head-

groups in both leaflets having the helical peptide axis aligned parallel to

the membrane surface. The total simulation length was 20 ms, and simula-

tion snapshots were saved every 50 ps for membrane-pressure analysis.

Peptide-induced membrane curvature stress was derived by calculating

the monolayer lateral stress profiles, sðzÞ, using the Goetz-Lipowsky force

decomposition (35) in the modified version of GROMACS 4.5.5 (36,37). In

particular, we evaluated the first moment (mean torque), t, of the lateral

stress profile
Biophysical Journal 121, 1–13, December 6, 2022 3
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t ¼ �
Z N

0

zsðzÞdz ¼ kmc
m
0 (7)

for each lipid monolayer in the presence or absence of peptide; z represents
the distance from the bilayer midplane, km is the monolayer bending

modulus, and cm0 is the monolayer spontaneous curvature (15,38).
Curvature sensing by peptides

To test the curvature preference of MG2a and L18W-PGLa, buckled and

‘‘egg box’’-shaped lipid bilayer topologies (with regions of constant

nonzero Gaussian curvature KG) were prepared (Fig. 1). The membrane

buckle was shown previously to be a suitable model system for the curva-

ture sensing of large transmembrane proteins (39,40) and small amphi-

pathic helices (41). Using CHARMM-GUI (34), a lipid bilayer was

assembled in the XY plane from 1,008 POPE:POPG lipid molecules. The

initial box dimensions were 25 � 12.5 � 16 nm. Roughly 30 water beads

were added per lipid molecule; Naþ and Cl� ions were added at a concen-

tration of 130 mM with excess ions to neutralize the net charge of the sys-

tem. The curved membrane was created by a compression of the simulation

box along the X axis. The extent of membrane compression is quantified in
A

B

FIGURE 1 Snapshots of the employed model bilayer systems together with the

buckled bilayer system. (B) An ‘‘egg box’’ bilayer. Phosphate beads are shown a

ion, and protein beads are omitted for clarity. The color bar is applicable to ma
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terms of the compressive strain ε ¼ ðLx;0 � LxÞ=Lx;0, where Lx;0 and Lx
denote the size of the box along the X axis before and after compression,

respectively. Here, we applied ε ¼ 0:13, which is lower than in a previous

curvature sensing study ðε ¼ 0:2Þ (41). Subsequently, the curvature of

the membrane was maintained during production runs by fixing the box di-

mensions in the XY plane, which kept the overall buckled shape of the mem-

brane but allowed it to thermally fluctuate. The system size in the Z

direction was allowed to change with an applied pressure of 1 atm. Finally,

either one peptide (MG2a or L18W-PGLa), one antiparallel homodimer, or

one parallel heterodimer was added to each lipid leaflet. To prevent any bias

arising from the initial peptide placement, the peptides were oriented in one

leaflet in parallel to the rim of the buckle and orthogonal to this direction in

the other leaflet. Each system was simulated twice, with peptides initially

positioned in the region of the highest positive or negative curvature (see

Fig. S1). The different initial configurations enabled us to verify that our re-

sults were independent of initial configurations after 10 ms.

To create an ‘‘egg box’’-shaped bilayer, a larger membrane patch, with

initial box dimensions of 26.3 � 26.3 � 16.9 nm, was created. These sim-

ulations were performed with GROMACS v. 2021.2 due to the need of

applying a biasing potential

J ¼ FcfA½sinðx0Þsinðy0Þ� � zcg2 (8)
corresponding height function maps illustrating the membrane shape. (A) A

s orange spheres. Glycerol and lipid tail beads are depicted in gray. Solvent,

ps of both systems. To see this figure in color, go online.
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on all phosphate beads in the bottom membrane leaflet. The potential modi-

fied the phosphate position along the Z axis (membrane normal) depending

on their x,y position. Fc is the force constant, A is the undulation amplitude,

x0 and y0 are scaled coordinates (in the range of ½ � p;p�) of a phosphate
bead relative to the box center, and zc is the reference displacement from the

center of mass of phosphate beads in the lower membrane leaflet. After

equilibrating a flat membrane for �20 ns, the curvature was generated

over the course of 25 ns by gradually increasing Fc to 5 kJ mol�1 nm�2.

We simulated each system (no peptides, peptide monomers/dimers) starting

from two different initial conditions. For systems with MG2a and L18W-

PGLa peptide monomers, one peptide was placed on each membrane leaflet

with a random initial position. Three different amplitudes of the curved sur-

faces (A¼ 1, 2.5, and 4 nm) were studied. In systems with preformed homo-

and heterodimers, two dimers were placed on each membrane leaflet of an

already curved membrane: one in a region with the most positive and one in

a region with the most negative Gaussian curvature. The amplitude in these

systems was set to 2.5 nm. Simulated systems are summarised in Table S1.

To evaluate the curvature preference of the studied peptides quantita-

tively, we employed an approach previously used in the study of Bhaskara

et al. (39). In this approach, the membrane shape is approximated by the

positions of phosphate (PO4) lipid beads, which were fitted using a two-

dimensional Fourier series to obtain a differentiable curved surface. From

this continuous surface, we calculated local membrane curvature at the

point corresponding to the peptide center of mass. For comparison, peptides

forming dimers were also evaluated in their monomeric state. From the two

principal curvatures obtained, c1 and c2, we calculated the mean, H ¼
1
2
ðc1 þc2Þ, and Gaussian curvatures, KG ¼ c1c2. In contrast to the original

study of Bhaskara et al. (39), we fitted each membrane leaflet individually.

The first 5 ms of the buckled membrane trajectories were omitted from anal-

ysis and discarded as equilibration. Due to high computational costs, only

the first 1.5 ms were discarded in the case of ‘‘egg box’’ bilayer systems.

Note that only the peptides in the upper leaflet, i.e., not directly experi-

encing the biasing potential applied to the bottom leaflet, were analyzed.
RESULTS

Partitioning of L18W-PGLa depends on peptide
and lipid concentration and is enhanced in the
presence of MG2a

We first investigated the partitioning of L18W-PGLa into
the POPE:POPG mixture using Trp fluorescence at [P] ¼
4 mM as a function of total lipid concentration ([L] ¼
(100 – 1,000 mM). The fluorescence signal from the parti-
tioned AMPs exhibited a blue shift upon addition of the pep-
tide, with values of lBxð330 � 333Þ and GBxð50 � 53Þ
nm. This provides evidence for an average location of the
Trp residue of L18W-PGLa within the hydrophobic region
of the lipid bilayer (20). Applying the peptide partitioning
analysis, detailed in the materials and methods section, we
derived the dependencies of the number of membrane-parti-
tioned peptide per lipid, xB, the mole fraction partitioning
coefficient Kx, and the fraction of partitioned L18W-PGLa
fB ¼ ½P�B=½P� on lipid concentration (Fig. 2, A–C).

By increasing the lipid concentration, we observed a
rapid decrease of xB for [L] % 200 mM to about 500 lipids
per partitioned peptide (Fig. 2 A), while the fraction of
partitioned L18W-PGLa increased strongly at higher
lipid concentrations (Fig. 2 C). The partitioning
coefficient, in turn, showed a pronounced minimum at
[L]* � 500 mM (Fig. 2 B), corresponding to a local
maximum of X ¼ � 10:5 kBT and concurring with the
leveling off of xB. This value signifies that the number
of membrane-associated peptides does not increase for
½L�> ½L�� despite either energetically more favorable pep-
tide partitioning or increased peptide activity. This is
probably due to the fact that, despite the �twofold in-
crease of Kx, the actual energy gain of DX � � 0:6 kBT
between ½L��, and the maximum measured lipid concentra-
tion is low and dissipates within thermal ‘‘noise’’; see the
discussion section for further interpretation of these
results.

In the next step, we fixed the lipid concentration at the
lowest level ([L] ¼ 100 mM) and studied the partitioning
thermodynamics of L18W-PGLa as a function of peptide
concentration, both in the absence and presence of MG2a
(Fig. 2, D–F). For both scenarios, we observed a monoto-
nous increase of xB, albeit the effect was up to about four
times more pronounced in case of the equimolar mixture
with MG2a. The partitioning coefficient Kx of L18W-
PGLa, calculated via Eq. 1, in turn showed a maximum,
and its general trend was about three to four times higher
when MG2a was present. This implies that there is either
a gain in energy of transfer or an enhanced peptide activ-
ity—or a combination of both—by moving L18W-PGLa
from the bulk to the lipid phase in case of the equimolar
mixture. However, the energy difference between the two
Kx maxima is less than DX � � 1:2 kBT, showing that
there is little free-energy gain upon the addition of MG2a.
Further, despite the overall higher Kx values in the case of
the peptide mixture, the xB values in the absence and
presence of MG2a are comparable when the total peptide
concentration is about 2 mM. Finally, the fraction of mem-
brane-associated L18W-PGLa is roughly doubled in the
case of the equimolar mixture, fB � 0:3 – 0.4 (Fig. 2 F), in-
dependent of the total peptide concentration.

In order to correlate the partitioning of L18W-PGLa with
its activity, we performed dye-leakage experiments accord-
ing to the ‘‘equiactivity’’ approach introduced by Heerklotz
and Seelig (13); see also (17). Unlike our previously re-
ported leakage experiments with the same lipid mixtures
and peptides (5), where we titrated the peptides at a given
lipid concentration, the present experiments were performed
over a range of lipid and peptide concentrations using the
protocol detailed in the materials and methods section;
raw leakage data are shown in Fig. S2. Interpolation of these
data in terms of a sigmoidal function allowed us to retrieve
partitioning parameters (Eq. 6) for defined dye-leakage
values (Fig. 3 A). xLB showed a sigmoidal increase, reaching
a value of �0.025 at nearly 100% leakage (Fig. 3 B). KL

x , in
turn, decreased monotonously as a function of leakage per-
centage (Fig. 3 C), i.e., with increasing [P] but independent
of [L].

We additionally performed dynamic light scattering mea-
surements 1 h after incubation with the peptides in order to
Biophysical Journal 121, 1–13, December 6, 2022 5
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understand if the observed changes of partitioning are
potentially correlated to morphological changes of the
LUVs. These measurements were performed at the same
lipid and peptide concentrations that we explored in Trp
fluorescence experiments. In addition, MG2a alone systems
were measured at [L] ¼ 100 mM and [P] ¼ 2, 4, 8, and 12
mM. No significant changes in LUV size or size distribution
were observed upon adding either L18W-PGLa or MG2a
alone (Fig. S3). In contrast, the equimolar peptide mixture
first led to a significant broadening of the size distribution
but also to increased hydrodynamic radii, indicating the for-
mation of large lipid/peptide aggregates.
MG2a and L18W-PGLa induce and sense
membrane curvature

We used MD simulations to calculate if the membrane
adsorption of either peptide induces curvature stress in
membrane leaflets. Such a stress could lead to the formation
of either positively or negatively curved membrane surfaces
6 Biophysical Journal 121, 1–13, December 6, 2022
and cause membrane fusion through the formation of a
fusion stalk (9) or pores. In particular, we simulated a flat
membrane with and without peptides and calculated the cor-
responding lateral stress profiles as detailed in the materials
and methods section.

Fig. 4 A shows the lateral stress profile in one of the
POPE:POPG leaflets. The maximum stress occurs at the
polar/apolar interface and is a result of the interaction be-
tween the hydrophobic core and water (42). This positive
stress peak is accompanied on both sides by negative
stresses corresponding to interactions between lipid
headgroups and interactions between hydrophobic chains,
respectively (43,44). Calculating the mean torque (Eq. 7)
and using km ¼ 15:250:7 kBT, obtained from a weighted
average of POPE and POPG (45), we arrive at
cm0 ¼ � 0:320 5 0:015 nm for the monolayer spontaneous
curvature of POPE:POPG. This spontaneous monolayer
curvature is slightly more negative but is still in reasonable
agreement with our previously reported experimental esti-
mate, cm0 ¼ � 0:26 5 0:01 nm (5).
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Adding L18W-PGLa and MG2a, either as monomer or
dimer, leads to significant changes of the lateral stress pro-
files (Fig. 4, B and D). The peptide-induced changes are
mainly occurring in the interfacial region of the bilayer,
i.e. where the peptides are residing. The positive stress
peak at the water-hydrocarbon interface decreased (negative
peak in the stress difference plot), and was accompanied by
a positive stress increase in the hydrocarbon chain region
due to peptide insertion; see also (44). These stress changes
were the largest for both L18W-PGLa:MG2a heterodimer
and the two homodimers, whereas monomers led to small
differences in lateral stress as compared to the peptide-
free system only.
The effect of all studied peptides and their combinations
on membrane curvature stress can be seen from the induced
increase of the mean torque listed in Table 1. Corresponding
results for peptides with reduced helicity are listed in
Table S2 and show only minor differences. Additionally,
we report the changes on spontaneous monolayer curvature,
assuming that km remains constant (see Eq. 7). All reported
values in Tables 1 and S2 are averaged over both symmetric
lipid leaflets in the membrane. Previous experimental
studies reported a decrease of km in the presence of peptides,
see, e.g., (46,47). Consequently, the Dcm0 s calculated with
km from pure membrane are lower limit estimates.

Comparing quantitative changes, one has to bear in mind
that the system size was the same leading to a doubling of
the ½P�/½L� ratio for dimers compared with monomers. For
peptide monomers, the effect of MG2a was approximately
two times larger than for L18W-PGLa. Among the dimers,
MG2a homodimers caused the largest increase in t, fol-
lowed by L18W-PGLa:MG2a heterodimers and L18W-
PGLa homodimers. The effect of dimers was roughly
double that of monomers. However, note that the stability
of the dimers varies and that the heterodimer is the most sta-
ble among all dimers (8).

Secondly, we addressed also the question whether L18W-
PGLa or MG2a are able to sense ‘‘preformed’’ positive or
negative membrane curvatures. To do so, we constructed a
buckled membrane with regions of both positive and nega-
tive curvature (see Fig. S4). The membrane was curved
only in one direction (X axis) and had a zero average curva-
ture in the second direction (Y axis) (see Fig. S1). However,
subtle thermal membrane undulations in both directions
were observed during the simulation (Fig. S4). We analyzed
the preferred position of peptides on the buckled membrane
and calculated the corresponding local curvature as detailed
in the materials and methods section.

The average values of sampled mean bilayer curvature are
shown in Table 2; corresponding histograms are provided in
Fig. S5. Again, results obtained for peptides with lower hel-
icity differed only marginally (see Table S4 and Fig. S6). All
simulated peptides, the MG2a monomer, the L18W-PGLa
monomer, their homodimers, and the L18W-PGLa:MG2a
heterodimer sensed positive mean curvature. Overall, di-
mers exhibited preference for larger positive curvatures
than monomers. Within the dimers, the homodimer of
MG2a preferred the largest curvature, closely followed by
the heterodimer, and the lowest positive curvature was
preferred by the L18W-PGLa homodimer. Monomeric
MG2a occupied regions of higher mean curvature than the
PGLa monomer. Hence, the trend in sensing membrane cur-
vature follows the one for inducing monolayer curvature
stress.

For the Gaussian curvature, we obtained a similar prefer-
ence as for the mean curvature. A detailed look at the prob-
abilities of peptide curvature preferences (Fig. 5) shows that
L18W-PGLa and MG2a monomers prefer positive principal
Biophysical Journal 121, 1–13, December 6, 2022 7
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curvature values c1 and c2. The dimers prefer larger c1s than
monomers, while c2 is roughly the same. Therefore, changes
in c1 appear to be key to the curvature sensing difference be-
tween monomers and dimers.

Furthermore, we investigated if the preference for
Gaussian curvatures holds also for membranes with signifi-
cant curvatures in two directions using an ‘‘egg box’’
bilayer. Despite the different topology the trends of the
preferred Gaussian curvature are in agreement with the pref-
erences obtained for buckled membranes. Snapshots of the
‘‘egg box’’ membrane systems together with maps of
mean and Gaussian curvatures are provided in Fig. S7.
The monomers and the PGLa homodimer sampled a wide
range of Gaussian curvatures, while the MG2a homodimer
and L18W-PGLa:MG2a heterodimer showed a preference
for larger positive Gaussian curvature (Figs. S8–S10).
This trend was not affected by the membrane amplitude.
However, the displayed preferences were enhanced at
higher curvature amplitudes (Fig. S11).

The peptide sensing of high positive curvature might be a
secondary effect of enhanced lipid/peptide interactions due
to the preference of certain lipids (based on their molecular
shape) to accumulate in specific membrane regions. Note
that we have previously observed a strong interaction be-
tween POPG lipids and both MG2a and PGLa peptides in
all-atom simulations (8). Here, we confirmed the POPG
preference for all peptides monomers and dimers in
MARTINI simulations on a planar membrane (Fig. S12).
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Subsequently, we compared the lipid distribution on a
buckled membrane in the absence, and then in the presence,
of the peptides. In agreement with their overall molecular
shape, POPG lipids were slightly more populated in mem-
brane regions of positive curvature, while POPE lipids
accumulated more in the regions of membrane negative cur-
vature (Fig. S13). However, the preference was subtle, and
there were still many POPG lipids in the region of mem-
brane with negative curvature. Therefore, the peptides had
the preferred POPG lipids available in all membrane regions
and peptides did not significantly alter the overall lipid dis-
tribution. The peptide preference for positive curvature thus
does not seem to be affected by a small POPG preference for
membrane positive curvature.
DISCUSSION

Unraveling the partitioning of any membrane active com-
pound is an essential requisite in understanding its mode
of action. In the case of AMPs, many such studies have
been performed decades ago (for review see, e.g., (48)).
Nevertheless, this is certainly also not sufficient for obtain-
ing a holistic picture of all associated events occurring on
the molecular level. To reach this goal, the peptide partition-
ing needs to be coupled to an experimentally observable
effect. In the case of AMPs, fluorescent dye-leakage assays
on lipid vesicles are common experiments to screen for
the potency of these compounds in interfering with the



TABLE 1 Peptide-induced changes of mean torque, Dt, and

spontaneous monolayer curvature, Dcm
0

Peptides Dt ½10� 12Jm� 1� Dcm0 [nm�1]

MG2a (monomer) 1:8850:15 0:02950:003

L18W-PGLa (monomer) 0:9850:18 0:01550:003

2x MG2a (dimer) 3:750:6 0:05750:009

2x L18W-PGLa (dimer) 2:350:9 0:03650:014

L18W-PGLa:MG2a (dimer) 2:7550:19 0:04350:004

The values are averaged over both symmetric lipid leaflets in the mem-

brane.
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membrane’s barrier function (see, e.g., (1,5)). The equiactiv-
ity approach put forward by Heerklotz and Seelig (13) al-
lows appropriate scaling of peptide-induced leakage to the
lipid concentrations used in other, complementary experi-
ments. Fig. 6 shows such a ‘‘leakage-activity map’’ for the
activity of L18W-PGLa in POPE:POPG (3:1 mol:mol)
membranes, connecting different experimental and compu-
tational tools applied to study PGLa/MG2a synergism.

We performed Trp-fluorescence spectroscopy experi-
ments of L18W-PGLa and L18W-PGLa:MG2a using
POPE:POPG LUVs over a range of lipid (100 mM % [L]
% 1 mM) and peptide (1 mM % [P]PGLa % 6 mM) concen-
trations. Trp-emission spectra were fitted with a heuristic
model providing a direct measure of L18W-PGLa partition-
ing parameters. That is, only ½P�W is directly retrieved from
the spectra, so one does not need any a priori information
about the band parameters of the Trp emission from mem-
brane-associated peptides. This analysis indeed resulted in
band width and position values consistent with Trp residues
in an apolar environment, but they were not sufficient to
distinguish between folding state and/or peptide association.
We observed that the partitioning of L18W-PGLa both in the
absence and presence of MG2a varied in a nontrivial way
with lipid and peptide concentration (Fig. 2). In particular,
the nonconstant Kx value provides strong evidence for
complex interplay between lipid-peptide and peptide-pep-
tide interactions, i.e., gBs1. In fact, the increase of Kx

values (Fig. 2, B and E) could be attributed to a cooperative
membrane association due to peptide oligomerization (12),
while decreasing Kx values could refer to a rising electro-
TABLE 2 Average values of the preferred mean curvature, H ,

by the peptides on the buckled POPE:POPG (3:1 mol:mol)

membrane, i.e., sensed curvature

Peptides H [nm�1]a

MG2a (monomer) 0:084850:0006

L18W-PGLa (monomer) 0:065050:0022

MG2a (dimer)b 0:103350:0003

L18W-PGLa (dimer) 0:085950:0004

L18W-PGLa:MG2a (dimer)b 0:101750:0003

The standard error of the mean was calculated from two independent sim-

ulations.
aIn each system, peptides at individual leaflets were considered indepen-

dent, resulting in a total number of four independent systems.
bOne of the dimers dissociated during the simulation run, which was not

included in the analysis (for details, see supporting material).
static screening effect for high xB values (i.e., anticoopera-
tive effect (12)). Peptide oligomerization after membrane
insertion has been observed both by MD (9) and experimen-
tally (11). The effect on Kx related to electrostatic interac-
tions is likely to occur with charged peptides, and the
nonlinear increase of with free peptide, ½P�W (Fig. S14), is
a clear signature of this scenario (see (48) for details). The
about three- to fourfold higher partitioning coefficient in
the presence of MG2a, as well as the more pronounced
maximum, is an explicit expression of PGLa/MG2a syner-
gism. Yet, the fraction of membrane-associated L18W-
PGLa does not exceed 0.4 even in the presence of MG2a.
This signifies that at [L] ¼ 100 mM, most of the peptides
remain unbound within the buffer.

The increased partitioning of L18W-PGLa in the pres-
ence of MG2a is consistent with a recent report on the
same lipid mixture using a self-quenching assay of fluores-
cently labeled peptides (11). Converted to the here-used
partitioning notation, their apparent partitioning values
for PGLa in the absence and presence of MG2 are
Kapp ¼ ð5305137Þ� 55:3 ¼ ð2:950:8Þ� 104, and
Kapp ¼ ð33517Þ� 104, respectively. Using Eq. 6, at
[L] ¼ 100 mM, this corresponds to fB � 0:05 in the absence
of MG2a and fB ¼ 0:23 � 0:48 in the case of the equi-
molar peptide mixture. These values can be compared
with our results (Fig. 2, E and F), extrapolating to [P] ¼
10 mM (as used in (11)). The lower fB at higher peptide con-
centration for L18W-PGLa alone suggests that the affinity
for membrane partitioning decreases further at high ½P�,
whereas it remains roughly unchanged in the presence of
MG2a. This different behavior could suggest a competition
between the increasing electrostatic screening and propen-
sity to form either homo- or heterodimers.

Leakage data were modeled with the equiactivity
approach (13) to determine the partitioning coefficients KL

x

and xLB (Fig. 3). Fig. 3 C shows how KL
x values decrease as

function of dye efflux, i.e., with peptide concentration
(Fig. S2). Although, this trend is qualitatively in line with
our Trp-fluorescence data at high [P] (Fig. 2, E), the abso-
lute values are up to about eight times higher. This might
be related in part to the fact that leakage assays probe the
irreversible dye efflux caused by the complex interactions
between peptide monomers/oligomers and lipid membrane,
i.e., peptide insertion and folding, translocation, pore/defect
formation, and so forth. Trp fluorescence, in turn, just
‘‘counts’’ peptides in a polar (or apolar) environment.

Despite these complications, the equiactivity analysis
(13) is highly valuable for extrapolating a given degree of
membrane permeation at a specific ([L], [P]) pair to condi-
tions used in other experiments or simulations, thus enabling
a comparison of effects (Fig. 6). In particular, we reported
the transformation of POPE:POPG LUVs into multilamellar
vesicles by either L18W-PGLa and MG2a at ½P�=½L� ¼ 1/25
(9), while the LUVs remained intact at ½P�=½L� ¼ 1/200 (8).
A comparison with Fig. 6 shows that the topological
Biophysical Journal 121, 1–13, December 6, 2022 9



FIGURE 5 Two-dimensional histogram of prin-

cipal curvatures, c1 and c2, sampled by studied pep-

tides on the POPE:POPG (3:1 mol:mol) buckled

bilayer. Regions of positive and negative Gaussian

curvature, KG ¼ c1c2, are divided by gray lines.

(A) MG2a as a monomer sampled small positive

Gaussian curvatures, similar to (B) L18W-PGLa

monomers and (C) MG2a homodimers. (D) A homo-

dimer of L18W-PGLa preferred near-zero Gaussian

curvatures, observed by a shift of the c2 peak toward

zero curvature. On the contrary, (E) the L18W-

PGLa:MG2a heterodimer sampled positive Gaussian

curvature as evidenced by a shift of c2 toward posi-

tive curvature. To see this figure in color, go online.
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transformation at high peptide concentration is, unlike pre-
viously conjectured (9), related to enhanced membrane
permeation. This further implies that the formation of a
sponge phase for L18W-PGLa:MG2a (1:1 mol:mol), which
was also observed at high ½L� and ½P� (9), is a feature of the
peptides’ synergistic activity but is not uniquely correlated
to the enhanced dye leakage reported earlier (5). Moreover,
one of the central insights of the partitioning framework is
that the fraction of membrane-associated peptide increases
with lipid concentration and becomes independent of details
of the peptide’s amphipathicity (for ½L�[ ½W�=Kx, see Eq.
6). This implies a negligible amount of unbound peptide
at the high lipid concentrations used in SAXS experiments
and enables a direct comparison with MD simulations.
That is, for ½L�[ ½W�=Kx, differences between MG2a and
L18W-PGLa affinities for POPE:POPG are negligible
10 Biophysical Journal 121, 1–13, December 6, 2022
since fB � 1. Note that Fig. 6 also implies that L18W-
PGLa:MG2a equimolar mixtures induce membrane perme-
ation, which is comparable to the individual peptides
for ½L�>ee 1 mM, i.e., the synergistic gain is drastically
reduced.
From our previous simulations, we reported that equi-
molar mixtures of L18W-PGLa and MG2a remain surface
adsorbed even at a high peptide concentration and aggregate
into dimers on membrane and fibril-like structures, sand-
wiched between bilayers with a collapsed water spacing
(9). Moreover, we observed the occasional formation of
fusion stalks between adjacent bilayers in simulations, and
in experiments, peptides caused formation of sponge phase.
These results suggest that the peptides could be able to
induce topological membrane changes, which are both
connected to leakage and membrane curvature. Here, we



FIGURE 6 Schematic equiactivity map for

L18W-PGLa and its equimolar mixture with MG2a

based on leakage experiments reported in Fig. 3 A
and (5) for POPE:POPG (3:1 mol:mol) bilayers.

Solid lines enclose ð½L�; ½P�Þ values leading to

10%–99% leakage for L18W-PGLa alone (red lines)

and L18W-PGLa:MG2a (blue lines). The latter are

based on present experiments and data reported in

(5,11). The map includes lipid and peptide ranges

used in various studies on PGLa:MG2a synergism,

including the present study with: Nitrobenzoxadia-

zole (NBD)-based self quenching (11), Trp-fluores-

cence and dynamic light scattering, differential

scanning calorimetry (9), and SAXS/small-angle

neutron scattering (8,9). The yellow area is a simpli-

fication for all the approaches that assume fB � 1

(e.g., MD simulations) or systems at reduced levels

of hydration, for which ½L�[ ½W�=Kx (e.g., solid-

state NMR (6,7)). To see this figure in color, go on-

line.
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interrogate whether or not both peptides are either able to
induce or sense membrane curvature alone or if this is a
signature of their synergism.

Our results provide evidence that L18W-PGLa and MG2a
peptides as monomers or homo- and heterodimers not only
induce positive monolayer curvature stress but also prefer
surface adsorbed states in regions of positive mean and
Gaussian bilayer curvatures. The fact that both peptides
and their dimers induce positive monolayer curvature
stress may seem counterintuitive since both membrane
pores and fusion stalks have negative Gaussian curvature
(49). However, the peptides could promote formation of
such structures by lowering the associated free-energy
barrier without having a preference for negative Gaussian
curvature. Indeed, we have observed that peptides cause
membrane adhesion (local proximity of membranes is the
necessary step in the formation of fusion stalk) and that
the hydrophobic residues in the middle of dimer act as a hy-
drophobic bridge between the membranes, which enhances
the formation of lipid splay starting the stalk formation (9).
In agreement, we also showed that the peptides avoided the
membrane stalk region after its formation (10). Note that the
obtained preference of peptides for positively curved lipid
surfaces is consistent with previous experimental reports
on other short linear peptides (50,51).

Comparing the peptides quantitatively, the largest effects
were calculated for MG2a monomers and dimers both in
terms of curvature induction as well as in curvature sensing.
Importantly, these results are consistent even for partially
unfolded peptides, and we are able to claim that peptides
induce curvature at ½P�=½L� ¼ 1=92, i.e., at conditions
that cause minor leakage (<10%) based on the equiactivity
approach, see Fig. 3 A. It may come as a surprise that heter-
odimers of L18W-PGLa and MG2a have a lower efficacy as
curvature effectors and sensors than MG2a homodimers.
However, we have reported previously that MG2a homo-
dimers are less stable compared with L18W-PGLa:MG2a
heterodimers (8). Thus, even if L18W-PGLa:MG2a hetero-
dimers are less effective than MG2a homodimers, the higher
tendency to form heterodimers on POPE:POPG bilayers is
expected to cause a stronger net curvature stress in bilayers.
Note that the overall induced curvature of monomers and di-
mers is within our calculation error, but the effect of dimers
is more localized. Moreover, once the membrane bulges
outward, the positive membrane curvatures provide an addi-
tional attractor for both peptides. This additionally supports
the formation of L18W-PGLa:M2a heterodimers or aggre-
gates of higher number in a self-amplified type of reaction.

Finally, our simulations revealed a preference of L18W-
PGLa:MG2a heterodimers (as well as homodimers and indi-
vidual peptides) for both positive principal curvatures c1 and
c2 using two independent membrane models and peptides
with full and partial helicity (Fig. 5). This corroborates
our previous observation that both peptides do not have a
preference for fusion necks (10). The formation of a sponge
phase (with negative Gaussian curvature), as reported previ-
ously (9), might require peptide-mediated membrane adhe-
sion or peptide refolding/different aggregation states. Such a
study is beyond the scope of the present work, however.
CONCLUSION

Our direct measurements of peptide partitioning in a
POPE:POPG bilayer confirm increased membrane associa-
tion of L18W-PGLa in the presence of MG2a. However, we
also clearly demonstrated that in the case ofmembraneperme-
abilization, this difference is significant only at low lipid con-
centrations. Many of the techniques, which were applied to
Biophysical Journal 121, 1–13, December 6, 2022 11
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study the synergistic activity of L18W-PGLa andMG2a, have
an experimental window at ½L�[ 1 mM (e.g., SAXS/small-
angle neutron scattering) or do not allow for an exchange of
the peptide with a bulk aqueous phase (e.g., solid-state
NMR or MD simulations). That is, synergistic effects of
L18W-PGLa and MG2a observed under these conditions
are not affected by their different partitioning parameters.
Moreover, the typically high concentration of AMPs in
cellular envelopes of live bacteria at minimum inhibitory con-
centrations (17) suggests thatmeasurements at high ½L�mimic
natural conditions much more closely. The equiactivity
approach entails a viable route to bridge the different experi-
mental and computational techniques. Here, we showed that
the energetically stabilized L18W-PGLa:MG2a heterodimer
(8) is able to destabilize membranes by inducing a positive
mean torque already at relatively low amounts of bound
peptide ð½P�=½L� ¼ 1=92Þ. Additionally, the membrane-ad-
sorbed peptides (bothmonomers and dimers) also likely accu-
mulate at regions of positive mean and Gaussian curvature
with dimers locally enhancing the destabilization effect.
Coupling of peptide-induced and sensed curvatures most
likely initiates the complete release of dyes encapsulated in
vesicles or the formation of a sponge phase, as observed in
experiments.
SUPPORTING MATERIAL
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