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ABSTRACT We previously speculated that the synergistically enhanced antimicrobial activity of Magainin 2 and PGLa is
related to membrane adhesion, fusion, and further membrane remodeling. Here we combined computer simulations with
time-resolved in vitro fluorescence microscopy, cryoelectron microscopy, and small-angle X-ray scattering to interrogate
such morphological and topological changes of vesicles at nanoscopic and microscopic length scales in real time. Coarse-
grained simulations revealed formation of an elongated and bent fusion zone between vesicles in the presence of equimolar
peptide mixtures. Vesicle adhesion and fusion were observed to occur within a few seconds by cryoelectron microscopy and
corroborated by small-angle X-ray scattering measurements. The latter experiments indicated continued and time-extended
structural remodeling for individual peptides or chemically linked peptide heterodimers but with different kinetics. Fluorescence
microscopy further captured peptide-dependent adhesion, fusion, and occasional bursting of giant unilamellar vesicles a few
seconds after peptide addition. The synergistic interactions between the peptides shorten the time response of vesicles and
enhance membrane fusogenic and disruption properties of the equimolar mixture compared with the individual peptides.
SIGNIFICANCE MG2a and L18W-PGLa are prominent antimicrobial peptides with an enigmatic mechanism of
synergism. Here we capture the time evolution of membrane remodeling that arises from the interactions between the
peptide equimolar mixture and lipid vesicles, which mimic cytoplasmic membranes of Gram-negative bacteria. Using a
variety of techniques, we demonstrate that mutual interactions between both peptides enhance the kinetics and extent of
membrane disruption and fusion.
INTRODUCTION

Magainin 2 and PGLa, or alternatively amidated magainin 2
(MG2a) and L18W-PGLa, are well-studied pairs of antimi-
crobial peptides derived from the African clawed frog with
synergistic activity against Gram-negative bacteria (1,2) and
various lipid-only mimics of bacterial cytoplasmic mem-
branes (3–9). Because of significant discrepancies between
individual reports, however, the exact mechanism of syner-
gism remains inconclusive. For example, synergistically
increased leakage of fluorescent dyes from vesicles has
Submitted September 20, 2021, and accepted for publication December 22,

2021.
7These authors contributed equally

*Correspondence: robert.vacha@mail.muni.cz

Editor: Antje Pokorny Almeida.

852 Biophysical Journal 121, 852–861, March 1, 2022

https://doi.org/10.1016/j.bpj.2021.12.035

� 2022 Biophysical Society.

This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
been interpreted as resulting from toroidal pore formation,
where peptides are oriented roughly perpendicular to the
membrane plane (1). In contrast, solid-state NMR experi-
ments have reported a peptide orientation parallel to the
membrane plane for the same membrane composition
(3,5). We have shown that the peptides’ synergistic behavior
depends strongly on the investigated lipid mixture (2),
implying that only experiments with the same membrane
composition should be compared. In particular, we have
demonstrated that the membrane needs to have a net nega-
tive surface charge and store a net negative intrinsic curva-
ture stress to exhibit a synergism that correlates with the
peptides’ bacterial activity. As a result, the palmitoyl oleoyl
phosphatidylethanolamine (POPE):palmitoyl oleoyl phos-
phatidylglycerol (POPG) (3:1 mol:mol) mixture emerged
as reasonable first-order proxy of the cytoplasmic mem-
brane of Gram-negative bacteria (2).
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Membrane fusion and disruption
In the previous parts of this series (7,8), we showed that
the equimolar mixture of MG2a and L18W-PGLa peptides
causes adhesion between POPE:POPG (3:1 mol:mol) bila-
yers, leading to transformation of large unilamellar vesicles
(LUVs) into multibilayers with collapsed interstitial water
layers and occasional fusion stalks. Moreover, we found
that the two peptides self-assemble on the membrane, form-
ing dimers (mostly surface-aligned parallel heterodimers)
already at low concentrations and then further aggregate
into fibril-like structures between two membranes. Finally,
we observed formation of a sponge phase, resembling a
molten cubic phases as a salient feature of the peptides’ syn-
ergistic activity. The dynamics of these events, however,
have remained unexplored.

In this work, we examined the time evolution of the sys-
tems to interrogate formation of collapsed multibilayers and
the sponge phase. Adhesion, fusion, or rupture of the
POPE:POPG bilayers may occur at very different time
points for the individual peptides or the peptide mixture
and provide important clues regarding the role of peptide/
peptide and peptide/lipid interactions. We therefore com-
bined computer simulations of whole vesicles with time-
lapse fluorescence microscopy, time-resolved small-angle
X-ray scattering (SAXS) and cryoelectron microscopy
(cryo-EM). This variety of techniques allowed us to explore
the membrane behavior with various temporal resolutions
and a wide range of length scales from tens of nanometers
to tens of micrometers.
MATERIALS AND METHODS

MD simulations

Molecular dynamics (MD) simulations were performed using GROMACS

version 2016.2 (10,11). A coarse-grained MARTINI 2.2 force field (12–14)

was employed with the simulation time step set to 20 fs. A constant temper-

ature of 310 K was maintained via velocity-rescaling thermostat (modified

with a stochastic term) (15) 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-Rah-

man barostat (16,17) with a semi-isotropic coupling scheme and a coupling

constant of 12 ps. All non-bonded interactions, including van der Waals

forces were cut off at 1.1 nm. The relative dielectric constant was set to 15.

Because of the coarse graining and resulting inability of the MARTINI

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

on the peptides throughout the entire simulation run. The peptide C-termi-

nal capping was modeled by removal of the backbone bead charge and

changing the bead type to neutral.

Fusion of lipid vesicles

A lipid vesicle was prepared using the CHARMM-GUI web server (18). A

mixture of 3,000 POPE:POPG (3:1 mol:mol) lipid molecules was used to

prepare a lipid vesicle with diameter of �21 nm. Subsequently, the system

was solvated with �60 water beads (one bead represents four water mole-

cules) per lipid. For equilibration of the pressure inside and outside of the

vesicles, several membrane pores were created and maintained by an in-

verted, cylindrical, flat-bottomed potential with a force constant of

1,000 kJ mol�1 nm�2. Starting from 2 nm, the pore was gradually closed

over the course of the �140-ns equilibration.
After equilibration, the vesicle (without any pores) was also used to pre-

pare systems with peptides at a [P]/[L] ratio of 1/42 or 1/21. MG2a and

L18W-PGLa peptides were added (at equimolar concentration) on the outer

surface of the vesicle with random initial positions and orientations.

Inall systems,Naþ andCl� ionswere addedat a concentration of 130mMin

the whole system with excess ions to neutralize the system net charge. After

energy minimization, all systems were equilibrated further for 1 ms. Finally,

the vesicles were used to create several systems with one or two vesicles.

In the first simulated scenario, a single vesicle was interacting with itself

over the periodic boundary conditions. In such a system, full vesicle fusion

leads to formation of a periodic lipid tube. Systems with two peptide to lipid

ratios, [P]/[L] ¼ 1/42 and 1/21, were considered, and the total simulation

length was 40 ms.

In the second simulation scenario, the single-vesicle system was dupli-

cated, translated, andmerged to create a systemwith twovesicles. For compu-

tational efficiency, thevesicleswere limited in lateral diffusion andkept in the

box center within a cylindrical volume. A cylindrical flat-bottomed potential

was applied on all lipid beads thatmoved farther than 14 nm from the cylinder

center. The following systemswere explored: 1) vesicles without peptides, 2)

with peptides on a singlevesicle at [P]/[L]¼ 1/21, 3) vesicleswith peptides on

both vesicles at [P]/[L]¼ 1/42, and 4) vesicles with peptides on both vesicles

at [P]/[L]¼ 1/21. The total simulation length of each simulation was 100 ms

for the system without peptides and 150 ms for systems with peptides. All

simulation input files can be found in Data S1.
Materials

The lipids POPG and POPE and the fluorescent probe 1,2-dioleoyl-sn-glyc-

ero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (DPPE-

Rh) were obtained from Avanti Polar Lipids (Alabaster, AL). HEPES and

NaCl were purchased from Carl Roth (Karlsruhe, Germany). Bovine serum

albumin was obtained from Sigma-Aldrich (St. Louis, MO), polyvinyl

alcohol (PVA; molecular weight 145,000) from Merck (Darmstadt, Ger-

many), and fluorescein from Thermo Fisher Scientific (Waltham, MA).

L18W-PGLa, MG2a, and the chemically linked (at peptides’ C termini) het-

erodimer L18W-PGLa:MG2a, denoted in the following as a hybrid peptide,

were obtained in lyophilized form (purity more than 95%) from PolyPep-

tide Laboratories (San Diego, CA). All other chemicals were obtained

from Sigma-Aldrich in pro-analysis quality.
Vesicle preparation

LUVs

Lipid stock solutions for sample preparation were prepared in organic solvent

chloroform/methanol (9:1, v/v) and phosphate assayed for quantification of

lipid content (19). Thin lipid films were prepared by mixing appropriate

amounts of lipid stock solutions, followed by solvent evaporation under a ni-

trogen stream at 35�C and overnight storage in a vacuum chamber. The dry

lipid films were rehydrated using HEPES-buffered saline (HBS; 10 mM

HEPES, 140 mM NaCl (pH 7.4)) and equilibrated for 1 h at 40�C, followed
by 5 freeze-and-thaw cycles using liquid N2 and intermittent vortex mixing.

LUVs were obtained by 31 extrusions with a handheld mini extruder (Avanti

Polar Lipids) using a 100-nm-pore-diameter polycarbonate filter and then

phosphate assayed to determine the resulting lipid concentration.

For cryo-EM, the protocol for LUV preparation was slightly modified

because the purchased lipids were already dissolved in chloroform. Dry

lipid films were hydrated for 20 min with intermittent mixing. Subse-

quently, 15 freeze-and-thaw cycles and 50 cycles of extrusion were per-

formed, with the polycarbonate filters having 50-nm or 100-nm pores.

Giant unilamellar vesicles (GUVs)

A 4 mM lipid stock solution in chloroform containing POPE, POPG (at a

molar ratio of 3:1), and 0.1 mol % of the fluorescent probe DPPE-Rh
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was prepared and stored at �20�C. GUVs were formed using the gel-assis-

ted method (20). Briefly, HBS containing 5% PVAwas prepared. The PVA

was dissolved under stirring for 1 h at 90�C. 50 mL of the PVA solution was

spread on a glass slide and dried for 1 h at 60�C. 5 mL of the lipid stock so-

lution was deposited on the PVA-coated glass. The glass was then kept for

1 h under a vacuum at room temperature to evaporate the chloroform and

then assembled into a chamber with a 2-mm-thick Teflon spacer. The cham-

ber was filled with HBS containing 10 mM fluorescein. To ensure that the

PVA film did not influence peptide-membrane interactions, we harvested

the vesicles after 5–10 min from the formation chamber for experiments.

Only fresh vesicle solutions were used in this work.
SAXS

SAXS data were collected at the high-flux Austrian beamline at the Elettra

Synchrotron in Trieste, Italy (21), and SAXS patterns were recorded using a

Pilatus 1 M detector (Dectris, Baden-D€attwil, Switzerland) at a photon

energy of 8 keV and a wavelength of 0.155 nm, spanning the q range

from 0.1 nm�1 to 5 nm�1, and further processed with FIT2D (22).

Lipids and peptides were mixed using an automatic sample changer and

automatically injected into a custom-built cell, allowing precise measure-

ments of very small volumes (10 mL), immediately after mixing (see,

e.g., (23)). Measurements were performed at a lipid concentration of

20 mg/mL at 37�C. Peptide kinetics were measured starting 30 s after

lipid-peptide mixing with an acquisition time of 1 s per frame and a hold

time of 10 s between individual exposures.

For end-state measurements, lipids were mixed with peptides and incu-

bated at 37�C for at least 7 h. The samples were measured using 12 frames

of 10-s exposure each and a hold time of 12 s between each measurement.

Data were analyzed based solely on Bragg peak positions fitting the data

with a Lorentzian function. According to Bragg’s law, the reported

d-spacing values are given by d ¼ 2p/qh, where qh is the peak position.

The average number of lamellae per scattering domain was estimated using

l ¼ 2p/(d u1), where u1 is the full width at half maximum of the first-order

lamellar peak.
Cryo-EM experiments

For 30 s, 2 mL of LUVs were equilibrated on a freshly glow-discharged

transmission electron microscopy grid (Quantifoi, Cu, 200 mesh, R2/1) in

the climate chamber of a Thermo Fisher Scientific Vitrobot IV (25�C,
95% relative humidity). Subsequently, the LUVs were incubated with 2

mL of buffer (control specimen) or L18W-PGLa:MG2a 1:1 (mol:mol) pep-

tide solution ([P]/[L] ratio of 1/50) for 0, 20, and 60 s; blotted against filter

paper; and vitrified into liquid ethane. The samples were subsequently

loaded into Thermo Fisher Scientific Talos Arctica transmission electron

microscope operating at 200 kV. The images were collected on Thermo

Fisher Scientific Falcon 3EC direct electron detection camera operating

in charge integration mode using SerialEM software. The overall dose

per single image did not exceed 20 e/A2.
Fluorescence microscopy and microfluidics of
GUVs

GUVs were observed with a 40� air objective on a TCS SP5 confocal mi-

croscope (Leica, Mannheim, Germany) with the heating stage set to 27�C.
DPPE-Rh was excited with a diode-pumped solid-state laser at 561 nm, and

the fluorescence signal was collected in the range of 570–635 nm. Fluores-

cein was excited with the 488-nm line of an argon laser, and the signal was

collected between 495 and 555 nm. Sequential scanning was performed to

avoid cross talk between the fluorescence signals. The bulk measurements

for vesicle survival as a function of peptide concentration were conducted

on a Axio Observer D1 microscope (Zeiss, Oberkochen, Germany) using a
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20� air objective. The vesicles were incubated for 10 min with the desired

concentration of either 1:1 L18W-PGLa:MG2a mixture or the hybrid pep-

tide. Then a 10-mL drop was placed in the observation chamber, and the ves-

icles were left to settle for 5 min. The whole area with the settled GUVs was

scanned, and the vesicles were counted. The total lipid concentration

(10 mM) and related [P]/[L] ratio in these experiments were calculated

from the amount of lipids used to prepare the vesicles, taking in account

the subsequent dilution steps.

To exchange the solution around the vesicles, we introduced the GUVs in

a microfluidics device (24). The microfluidics chips were provided by T.

Robinson. The external medium (HBS, 10 mM fluorescein) was replaced

with a solution of the peptides dissolved in HBS. The device allows trap-

ping of GUVs by microfluidics posts, exchanging the outer solution, and

observing the same vesicle before and after the peptide has reached the

membrane. This single-vesicle approach allows exclusion of possible arti-

facts associated with vesicle preparation (for example, avoiding work

with leaky or damaged vesicles). The microfluidics chips were first coated

with 2% bovine serum albumin dissolved in HBS. Then, 50 mL of the ob-

tained GUV suspension was loaded into the microfluidics device at a flow

rate of 2 mL/min. To control the flow, the chip was connected to a syringe

pump (neMESYS, Cetoni, Korbussen, Germany). Then, a fluorescein-free

solution containing 100 mM of the desired peptide (L18W-PGLa, MG2a,

a 1:1 mixture of both, or the hybrid peptide) was introduced in the micro-

fluidics chamber with a flow rate of 0.5 mL/min. The external osmolarity of

the vesicles was adjusted (with glucose) to match that of the internal solu-

tion using an osmometer (Osmomat 030, Gonotec, Berlin, Germany).
RESULTS

To visualize the synergism of L18W-PGLa and MG2a pep-
tides in POPE:POPG bacterial membrane mimics at a wide
range of time and length scales, we combined MD simula-
tions and time-resolved experiments (cryo-EM, SAXS,
and fluorescence microscopy). MD simulations provide a
nearly atomistic resolution of small interacting vesicles at
timescales below 1 ms. In cryo-EM, we interrogate changes
of LUVs at nanometer scale just few seconds after peptide
addition. SAXS experiments were used to complement the
two methods with time scales up to several hours. Finally,
fluorescence microscopy directly visualizes the peptide-
induced modifications of GUVs with a resolution below sec-
onds. All experiments were performed above the gel-fluid
phase coexistence regimen of POPE/POPG mixtures (25).
MD simulations

In our previous simulations, we have observed heterodimers
of MG2a and L18W-PGLa to induce formation of a fusion
stalk between two planar membranes (8). However, such
an observation could be affected by the topology of the
simulation box containing two planar bilayers. Therefore,
we performed simulations of POPE:POPG (3:1 mol:mol)
lipid vesicle(s) without and with peptides adsorbed on the
outer surface. The equimolar mixture of peptides was added
at [P]/[L]� 1/42 and 1/21, consistent with the first and sec-
ond studies of this series (7,8).

First, we studied systems with a single vesicle interacting
with itself over the periodic boundary conditions. Fig. 1
shows representative snapshots and Fig. 2 a schematic of



FIGURE 1 Progression of vesicle fusion with peptides (equimolar

mixture of L18W-PGLa:MG2a) at [P]/[L] ¼ 1/42. Slices (denoted by the

dashed lines in the second row of snapshots) through the fusion stalk are

shown in the bottom row with the last three snapshots. Solvent and lipid

headgroups are not shown for clarity. Lipid tails, gray sticks; POPE and

POPG phosphates, orange and yellow spheres, respectively; nonpolar pep-

tide residues, gray; polar peptide residues, green; acidic peptide residues,

red; basic peptide residues, blue. To see this figure in color, go online.

Membrane fusion and disruption
[P]/[L] ¼ 1/42. After the initial approach of the vesicle
hemispheres, the bilayers adhered together via peptides
(regardless of their oligomerization state or identity). Subse-
quently, fusion was nucleated by one heterodimer in the
contact zone between the bilayers. Formation of a fusion
stalk was initiated by reorientation and insertion of one of
the lipid’s tails between peptides in a heterodimer in the
same way as described in our previous study (8). A quick re-
orientation of neighboring lipids resulted in formation of a
fusion stalk between the outer leaflets of vesicle hemi-
spheres. The stalk grew, forming a contact zone structure
with a bicelle-like cross section in the lateral cut connecting
the two hemispheres. Each ‘‘cap’’ of the bicelle-like contact
zone contained one peptide from the fusion-initiating heter-
odimer. As the contact zone extended along the long axis of
the ‘‘bicelle,’’ it started to bend and form a horseshoe-like
structure with only a small opening after 1 ms. Except for
the end caps, no peptides resided in the contact zone. In
the simulation, it took about�20 ms before the opening fully
closed, trapping an L18W-PGLa peptide inside a new
vesicle-like structure. On the 40-ms simulation time scale,
fusion did not progress further. In the system with higher
peptide concentration ([P]/[L] ¼ 1/21), we only observed
adhesion of the two vesicle hemispheres (Fig. S1). During
this simulation, an increasing number of peptides was re-
cruited to the contact area, slightly flattening the vesicle
hemispheres. The lack of fusion stalk formation in this sys-
tem demonstrates the stochastic nature of stalk formation.

Second, we simulated systems with two interacting vesi-
cles. In the system without peptides, we observed the vesi-
cles to repeatedly make contact and separate again
(Fig. S2). For vesicles with peptides at [P]/[L] ¼ 1/42, we
only saw adhesion of the two vesicles on the simulated
time scale of 150 ms (Fig. S3). The first contact between
the two vesicles was mediated by a single peptide, but this
interaction was not sufficient, and the vesicles separated.
During the second contact, a peptide dimer present on one
vesicle anchored to the other vesicle. Subsequently, more
peptides were recruited to this interaction site, and the ves-
icles adhered to each other. In the same simulation system,
but at [P]/[L]¼ 1/21, the vesicles adhered to each other after
the first contact within 1 ms. The fusion stalk, having a
similar structure as the one in Fig. 2, appeared after 3 ms
and slightly curved and widened within �6 ms. In the initial
stages of fusion, the peptides were located only at the ends
of the fusion neck (as indicated in Fig. 2E). The second con-
tact site between the vesicles changed the mutual orientation
of the vesicles and offset the fusion neck from the center to
the side (�7 ms; Fig. S4). The fusion neck bulged outward,
which enabled the peptides to diffuse on this positively
curved surface (Fig. S5; Video S1).

We also prepared a system with peptides adsorbed on
only one of the two vesicles ([P]/[L] ¼ 1/21) to see whether
peptides adsorbed to both vesicles are necessary to initiate
vesicle adhesion and fusion (Fig. S6). Indeed, we found
FIGURE 2 Schematic of vesicle fusion. (A)

Vesicle approach. (B) Single lipid (highlighted in

red) connecting both vesicles. (C) Fusion of the

outer membrane leaflets. (D) Formation of a small

vesicle-like structure between the large vesicles.

(E) Progression of fusion stalk formation, shown

as an xy cross section. The green-shaded area

shows regions where peptides were residing during

simulation; individual peptides are not shown. For

corresponding simulation snapshots, see Fig. 1.

(A–D) Side view of the vesicles. (E) Slice through

the fusion stalk. To see this figure in color,

go online.
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that adhesion of vesicles and subsequent fusion proceeded
as in the systems described above with a single vesicle
and [P]/[L]¼ 1/42. The peptides did not reside on the fusion
neck, apart from the two peptides at the ends of the fusion
neck as before (Fig. S6, 6.2 ms). After closing of the neck,
all peptides were adsorbed almost exclusively on the spher-
ical surfaces of large vesicles and avoided the fusion neck
(Video S2). The concentration of peptides on both fusing
vesicles was uneven at the end of the simulation because
of the limited simulation length and unfavorable diffusion
through the fusion neck with a negative Gaussian curvature.
Cryo-EM

We performed cryo-EM experiments to verify the peptide-
induced vesicle adhesion and fusion. We prepared two sam-
ples of POPE:POPG (3:1 mol:mol) LUVs with diameters of
100 nm or 50 nm. The samples were vitrified at selected in-
tervals (0, 20, and 60 s) after addition of peptides ([P]/[L] ¼
1/50; L18W-PGLa:MG2a equimolar mixture).

The reference system with 100-nm vesicles without pep-
tides contained mostly unilamellar vesicles (Fig. 3 A). The
majority of the vesicles were located on the grid or close
to the edges. It is possible that a considerable amount of
vesicles was removed during blotting. Interestingly, we
observed immediate (within �5 s) formation of vesicle
adhesion, seen as frequent close contacts between two lipid
bilayers. 20 s after peptide addition, fusion had progressed,
and the adhered vesicles were separated by what appeared to
be only a single lipid bilayer (Fig. 3 C, top). Additionally,
we observed some multilamellar vesicles (Fig. 3 C, bottom).
Very large vesicles, hundreds of nanometers in size, were
formed in samples vitrified 60 s after peptide addition
(Fig. 3 D). Sites of possible ongoing fusion events are
marked by red arrows. Additional images are shown in
Fig. S7; see also Data S2 for a large number of system
views.
Time-resolved SAXS

We performed SAXS experiments to investigate the struc-
tural changes in the membrane induced by the peptides on
856 Biophysical Journal 121, 852–861, March 1, 2022
supramolecular length scales. Vesicles composed of POPE:-
POPG (3:1 mol:mol) without peptides (reference systems)
showed a purely diffuse scattering pattern originating from
positionally uncorrelated lipid bilayers (Fig. 4 A), as ex-
pected for LUVs. Upon addition of peptide ([P]/[L] ¼
1/25), we observed, in all cases, rapid formation (within
30 s) of a lamellar phase with a collapsed interbilayer
spacing (Fig. 4, A and C, and Fig. S8), as detailed previously
(8). The reported sponge phase for the 1:1 peptide mixture
(8), signified by a broad peak at q � 0.08, formed immedi-
ately. The previously described cubic phase, only found for
the hybrid peptide, formed later and appeared only in the
‘‘end state’’ measured 7 h after peptide addition (Fig. 4 A).

Interestingly, the sponge phase signature did not change
significantlywithin the time scale of our experiments,whereas
the sharp Bragg peaks corresponding to the lamellar phase
showed pronounced kinetics. Addition of equimolar peptide
mixtures or hybrid peptides led to rapid precipitation of the
sample, which reduced the amount of sample being hit by
theX-ray beam.This explains the increased noise of scattering
data at longer times. Focusing on the evolution of the first-or-
der Bragg peak, the corresponding d values exhibited non-
monotonic behavior over time (Fig. 4 D), first showing a
decrease over 10–20min, followed by a slow increase. During
this equilibration process, the observed d values always fol-
lowed the order dðMG2aÞ>dðL18W � PGLaÞ>dðL18W �
PGLa : MG2aÞ>dðhybridÞ. We found that the estimated
number of layers participating in formation of the lamellar
phase increased (the exception being the equimolar peptide
mixture) and was the highest for the hybrid peptide, followed
byL18W-PGLa andMG2a. The number of positionally corre-
lated layers was initially highest for the peptide mixture but
then did not change significantly until the end of the
experiment.
Fluorescence microscopy and microfluidics
manipulation of GUVs

GUVs are convenient model systems for real-time interro-
gation of the membrane response (26–28) and allow direct
microscopy visualization of the membrane morphology
(29,30). Here we probed the vesicles’ response to 1) the
FIGURE 3 Cryo-EM images of POPE:POPG

(3:1 mol:mol) LUVs.

(A–D) Cryo-EM images of POPE:POPG (3:1 mol:

mol) LUVs (A) without peptides, (B) quickly

(�5 s) after peptide addition, (C) 20 s after peptide

addition, (D) 60 s after peptide addition. Yellow ar-

rows point to adhesion regions between two bila-

yers, blue arrows show three conjoined vesicles,

green arrows show multilamellar vesicles, and red

arrows show putative vesicle fusion sites in the

presence of the L18W-PGLa:MG2a 1:1 mol:mol

mixture ([P]/[L] ¼ 1/50). Scale bars correspond

to 100 nm. To see this figure in color, go online.



FIGURE 4 Time resolved SAXS.

(A and B) Structural SAXS kinetics induced by (A)

the hybrid peptide as observed in the evolution of

SAXS patterns of pure POPE:POPG LUVs and at

a [P]/[L] of 1/25 with (B) the corresponding surface

plot showing changes in the first-order lamellar

peak. (C and D) The changes in d spacing and num-

ber of lamellar layers in POPE:POPG membrane

mimics over time induced by L18W-PGLa, MG2a,

the mixture 1:1, and the hybrid at a [P]/[L] of 1/

25. Error bars represent standard deviation. To see

this figure in color, go online.

Membrane fusion and disruption
individual peptides MG2a or L18W-PGLa, 2) an equimolar
mixture of both peptides, and 3) the hybrid peptide. The
GUVs were studied above the gel-fluid transition tempera-
ture (25), and no domains were observed in the system
(Video S3). The GUVs were investigated in bulk studies
of mixing and subsequent microscopy observation or in mi-
crofluidics chips, allowing us to follow the behavior of indi-
vidual vesicles upon solution exchange. Fluorescein, which
was encapsulated in the GUVs, served as a marker for mem-
brane leakage. That is, the decrease in fluorescence signal in
the vesicles signifies peptide-induced membrane perme-
ation, including transient formation of pores, allowing the
dye molecules to ‘‘escape’’ from the vesicle interior.
Flushing the fluorescein-free peptide solution into the
microfluidics chip enhances the vesicle contrast because
the free fluorescein outside of the GUVs is washed away.
Simultaneously, the decrease in the fluorescein signal of
the vesicle surroundings provides information about the
timing of peptide arrival at the inspected GUV.

The GUVs exhibited different behavior depending on the
peptide type ([P] ¼ 100 mM). Introducing L18W-PGLa
resulted in vesicle-vesicle adhesion (as exhibited by forma-
tion of flat contact zones between neighboring vesicles;
Fig. S9 A) and subsequent fusion (Fig. 5 A); vesicle adhe-
sion was not observed when a peptide-free buffer was
flushed (Fig. S10). GUVs that fused with each other pre-
served the fluorescence signal in their interior, which
indicates lack of leakage (Video S4). The vesicles also pre-
served their contrast in the presence of MG2a (Fig. S11;
Video S5), but vesicle bursting (instead of fusion) was
observed (Fig. 5 B). In contrast, all vesicles ruptured after
introducing the equimolar peptide mixture or the hybrid
peptide (Videos S6 and S7). In the case of the peptide
mixture, around 67% of the GUVs (N ¼ 32) lost their
contrast before bursting. Leakage with subsequent bursting
can be seen in Fig. 5 C and Video S6. The video shows
distinct signatures of GUV bursting with and without
leakage with a time lag of about 162 s after arrival of the
peptides. In addition, GUV-GUV adhesion and fusion
were also observed for the peptide mixture prior to GUV
rupture. However, vesicle bursting was the dominating
event. Before bursting, the GUV surface area decreased
(Fig. S13), suggesting potential formation of, e.g., folds,
buds, or tubes to release the peptide-induced membrane
stress. However, the nature of these structures remained
below our optical resolution. After bursting, the lipid mem-
brane rearranged into micrometer-sized vesicle-like struc-
tures with boundaries that are optically thicker than those
of single-bilayer vesicles (Fig. 5 C or Fig. S12). The fluores-
cence signal in these structures was heterogeneous and cor-
responded to roughly two- to sevenfold of the fluorescence
of a single bilayer. Occasionally, the aggregates were
observed even prior to vesicles bursting (see the bottom
row in Fig. 5 C). In the presence of the hybrid peptide, the
vesicles ruptured without leakage (Fig. 5 D). No other
events but bursting were observed for the hybrid peptide.
We observed, however, a significant difference in GUV
bursting rate when comparing the hybrid peptide and equi-
molar peptide mixture at equal [P] in solution. All GUVs
ruptured after 98 s in the presence of the hybrid peptide,
whereas in the case of the 1:1 peptide mixture, all vesicles
burst after �4 min (Fig. 6 A).

Introducing the peptide solution in the microfluidics chip
causes a gradual increase in peptide concentration as the
external solution around the vesicles is exchanged (in
practice, the green curve in Fig. 5 E inversely reflects the
peptide concentration changes). We observed the fraction
of ruptured vesicles to increase during this process, suggest-
ing concentration-dependent activity. Thus, we screened a
range of peptide concentrations to examine under which
conditions vesicle bursting becomes pronounced. This
experiment was performed in the bulk. That is, the GUVs
Biophysical Journal 121, 852–861, March 1, 2022 857



FIGURE 5 Effect of L18W-PGLa, MG2a, their equimolar mixture, and the hybrid peptide on GUVs (POPE:POPG¼ 3:1 mol:mol) labeled with DPPE-Rh

(red) and encapsulating fluorescein (green). The vesicles were trapped in a microfluidics chamber (the black shadows in A represent the posts holding the

vesicles in place). Time 0 indicates the time of peptide arrival. (A) Vesicle fusion in response to PGLa introduced at a concentration of 100 mM. Because of the

flow (applied from the right) and the resulting excess area, the fused vesicle deforms, partially entering the space between the microfluidic posts (black). (B)

Interaction of MG2a (100 mM) with the membrane results in vesicle bursting. (C) Exposure to a mixture of both peptides, each at concentration of 50 mM,

causes vesicle bursting without and with poration. The arrows point to vesicles that porate and/or burst. In contrast, membrane leakage because of submi-

croscopic pores (as evidenced by slow decay of the fluorescence signal in the vesicle interior) was not detected in the presence of individual peptides. (D)

Vesicle bursting in the presence of the hybrid peptide. The scale bars correspond to 25 mm. (E) Changes in the fluorescein signal in the external vesicle so-

lution (green curve) and in the solution inside vesicles upon application of L18W-PGLa:MG2a (1:1). Shown are data for GUVs bursting with (blue curve) or

without leakage (magenta curve); the arrowheads indicate the moment of bursting, which is followed by a decrease in internal fluorescence until approaching

background levels. Negative time corresponds to the time before the start of solution exchange, followed by gradual peptide arrival (as indicated by the green

curve; the apparent kink in the curve is due to an axis scaling change). To see this figure in color, go online.
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were incubated for 5 min with the desired concentration of
the hybrid peptide or the 1:1 L18W-PGLa:MG2a mixture. In
both cases, no vesicles survived with peptide concentrations
larger than 10 mM (the lipid concentration was roughly esti-
mated to be 10 mM; [P]/[L] ¼ 1/1). However, the GUVs
were already destabilized by the hybrid peptide at a much
lower concentration compared with the response to the pep-
tide mixture; 93% of the GUVs ruptured at 1.75 mM hybrid
peptide, whereas no vesicle bursting was observed at the
same concentration of the 1:1 L18W-PGLa:MG2a mixture
(Fig. 6 B).
DISCUSSION

We previously demonstrated that the synergistic behavior of
equimolar L18W-PGLa:MG2a mixtures is more complex
than previously anticipated (2,7,8). In particular, Kabelka
et al.(8) suggested that these peptides could cause mem-
brane adhesion and fusion in POPE:POPG (3:1 mol:mol)
mimics of cytoplasmic membranes of Gram-negative bacte-
ria. Here, we combined computer simulations with three
different time-resolved experiments (cryo-EM, SAXS, and
optical microscopy) to directly capture such events in real
858 Biophysical Journal 121, 852–861, March 1, 2022
time at microscopic to nanoscopic length scales in the
same bacterial membrane mimics.

The applied experimental techniques consistently demon-
strate that both antimicrobial peptides alone are able to
induce membrane adhesion, fusion, vesicle bursting, or
the formation of multilamellar vesicles (MLVs) with a
collapsed interbilayer water spacing on the subminute to
minute time scale. The higher propensity of MG2a to burst
GUVs compared with L18W-PGLa (Fig. 5) might be related
to increased peptide partitioning (9) (but see also study IVof
this series). Also, differences in tension induced by insertion
depth within POPE:POPG (both roughly parallel to the sur-
face, but L18W-PGLa ‘‘sitting’’ slightly deeper in the head-
group region than MG2a) (7) might contribute to the
bursting induced by MG2a. The non-monotonous evolution
of the lamellar repeat distance of the collapsed multibilayers
(Fig. 4) further suggests rapid formation of MLVs (<1 min),
followed by extended equilibration, which will involve
diverse processes, such as peptide translocation, membrane
fusion, etc.

For equimolar mixtures of L18W-PGLa:MG2a, these ef-
fects are significantly accentuated and occur on faster time
scales (see in particular Fig. 3), enabling application of
computational techniques to study this process. In



FIGURE 6 Vesicle bursting caused by the 1:1 peptide mixture and the

hybrid peptide ([P]¼ 100 mM). (A) Bursting kinetics illustrated by the frac-

tion of ruptured vesicles with time, measured over populations of vesicles

loaded in microfluidics chips. Time 0 indicates peptide arrival in the vesicle

trap. (B) Fraction of ruptured vesicles as a function of the peptide concen-

tration. The measurements were performed in the bulk, and, on average,

three samples were measured. The error bars correspond to standard devi-

ation. To see this figure in color, go online.

Membrane fusion and disruption
agreement with experiments, we have seen that peptides are
able to enhance stalk formation in our simulations. After
initiation of the vesicle fusion on the submicrosecond time-
scale, we observed lateral extension of the stalk into a
curved bicelle or horseshoe-like fusion zone (Figs. 1 and
2). To the best of our knowledge, such a progression of a
membrane fusion zone has not been reported before, most
likely because the peptides are required for its formation.
Interestingly, all peptides were preferably localized at the
positively curved end caps of the extending fusion zone.
Besides this fusogenic activity, the peptide mixtures also
ruptured GUVs, which was preceded by an apparent in-
crease in membrane tension (Fig. S13). This tension could
be caused by modifications of the bilayer surface charge
density or a mass imbalance between inner and outer mem-
brane leaflets because of peptide adsorption. Based on the
membrane expansion in simulations, the outside leaflet
area could increase up to 9% at full leaflet neutralization.
Such an area increase is close to maximum vesicle expan-
sion and could lead to enhanced bursting. However, this ten-
sion asymmetry could be reduced by peptide translocation
or membrane relaxation into a highly curved membrane
state, such as folds, buds, tubes, or even the previously re-
ported sponge phase (8). Here we show that the sponge
phase forms faster than the intrinsic time resolution of our
SAXS experiments (i.e., 30 s) and then coexists with the
abovementioned ‘‘collapsed’’ MLVs for up to several hours.
This coexistence could be caused by local differences in
concentrations of vesicles or peptides or processes with sig-
nificant free energy barriers. Such processes could include
peptide aggregation, refolding, membrane translocation,
fusion, etc. The stochastic nature of overcoming such bar-
riers could then potentially determine whether the system
locally forms MLVs or a sponge phase. Our findings are
in agreement with observed adhesion, fusion, and rupture
of membranes in LUVs near the lamellar-to-cubic phase
transition, where bursting of vesicles is caused by small
aggregates of the sponge or cubic phase (31).

We emphasize that L18W-PGLa/MG2a interactions are
obviously needed to form the sponge phase and to lead to
the enhanced membrane-disrupting mechanism. Such inter-
actions, including heterodimer formation, are supported by
the similar behavior of the hybrid peptides (i.e., with
L18W-PGLa and MG2a being chemically linked (2,8,32)),
although some distinct differences were observed. In partic-
ular, our microscopy experiments using the hybrid peptide
showed bursting of the GUVs without any preceding fusion.
The vesicles burst much faster with the hybrid peptide and at
lower concentration than with the equimolar L18W-
PGLa:MG2a mixture (Fig. 6). Although GUVs are more
susceptible to instabilities induced by antimicrobial pep-
tides, we cannot exclude that vesicle bursting also occurs
in LUVs, which could be an alternative route to a sponge
phase or collapsed multibilayers.

Despite the consensus among all employed methods that
peptides together are more effective and cause membrane
adhesion, fusion, and further topological changes in mem-
branes, we are aware of some limitations of all methods.
The employed MARTINI model cannot capture possible
peptide refolding. Computer simulations are limited on a
time scale to less than milliseconds, which might not be
long enough to see spontaneous membrane poration. Simi-
larly, cryo-EM and SAXS are unlikely to have high enough
spatiotemporal resolution to capture such events directly.
The enhanced bursting of GUVs could be associated with
increased peptide binding (and related tension increase)
from the constant supply of fresh solution in the microflui-
dics chips. Moreover, different experiments required us to
use different lipid concentrations, which could lead to
different system behavior despite the consistent [P]/[L]
ratio. Such effects might be caused by the finite peptide-
to-membrane partitioning, as suggested recently (9), and
will be further investigated in study IV of this series.
Biophysical Journal 121, 852–861, March 1, 2022 859
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Nevertheless, the combination of various techniques em-
ployed in this study allowed us to provide consistent molec-
ular insight into the peptide synergism. For example, denser
membrane structures, which appeared after GUVs bursting
and cannot be further resolved by optical microscopy
(Fig. S12), are likely to be MLVs or chunks of sponge phase,
based on the SAXS data.

The connection between these findings and the biological
activity of the peptides (2) is not straightforward because we
do not know the molecular mechanism of membrane disrup-
tion in compositionally more complex bacteria. Therefore, it
is unclear how to evaluate the fusogenic activity of peptides
under in vivo conditions and whether different membrane
phases could play a role; e.g., in bacterial endocytosis (33).
However, the observed faster and more dramatic changes in
membrane topology in our experiments correlate with the
enhanced antimicrobial activity of the peptide mixture and
the hybrid peptide compared with the individual peptides.
CONCLUSIONS

Our real-time study of L18W-PGLa/MG2a synergism in
POPE:POPG bilayers provides evidence that mutual inter-
actions between the two peptides enhance the fusogenic
and membrane-disrupting properties of the individual pep-
tides in shortening the response time of the lipid membranes
and the overall effect, such as vesicle bursting. Moreover,
rapid formation of the sponge phase suggests that the pep-
tides, when forming heterodimers or higher-order aggre-
gates, have a pronounced ability to induce membrane
curvature. This is possibly also coupled to a preference of
the peptides to a certain membrane curvature. It remains un-
clear, however, whether these effects are correlated with an
enhanced partitioning of the peptide mixture, as reported
recently (9). These aspects will be addressed in detail in
study IV of this series. Overall, the gain in speed and effi-
ciency of disrupting lipid membranes seems to be key to
the synergistic activity of the two peptides.
SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
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