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ABSTRACT Sticholysins are pore-forming toxins of biomedical interest and represent a prototype of proteins acting through
the formation of protein-lipid or toroidal pores. Peptides spanning the N-terminus of sticholysins can mimic their permeabilizing
activity and, together with the full-length toxins, have been used as a tool to understand the mechanism of pore formation in
membranes. However, the lytic mechanism of these peptides and the lipid shape modulating their activity are not completely
clear. In this article, we combine molecular dynamics simulations and experimental biophysical tools to dissect different aspects
of the pore-forming mechanism of Stlli_zo, a peptide derived from the N-terminus of sticholysin Il (Stll). With this combined
approach, membrane curvature induction and flip-flop movement of the lipids were identified as two important membrane remod-
eling steps mediated by Stll;_3,. Pore formation by this peptide was enhanced by the presence of the negatively curved lipid
phosphatidylethanolamine in membranes. This lipid emerged not only as a facilitator of membrane interactions but also as a
structural element of the Stll;_3o pore that is recruited to the ring upon its assembly. Collectively, these, to our knowledge,
new findings support a toroidal model for the architecture of the pore formed by Stll;_3o and provide new molecular insight
into the role of phosphatidylethanolamine as a membrane component that can easily integrate into the ring of toroidal pores,
thus probably aiding in their stabilization. This study contributes to a better understanding of the molecular mechanism under-
lying the permeabilizing activity of Stll;_zo and peptides or proteins acting via a toroidal pore mechanism and offers an informa-
tive framework for the optimization of the biomedical application of this and similar molecules.

SIGNIFICANCE We provide evidence about the ability of sticholysin 1l (Stll);_3, to form toroidal pores. Because of pore
assembly, Stll;_zo induces membrane curvature and facilitates flip-flop movement of the lipids. The negatively curved lipid
phosphatidylethanolamine relocates from the membrane into the pore ring, becoming a structural element of the lipidic
pore formed by Stll1_zo. This peptide emerged as a, to our knowledge, new tool, together with the full-length toxin, to
understand the mechanism of toroidal pore formation in membranes. This study provides new molecular insight into the
role of curved lipids as cofactors of toroidal pores, which could aid in their stabilization by easily integrating into the ring.
This framework could underpin strategies for the rational use of peptides or proteins acting via toroidal pores.

INTRODUCTION oligomerize in membranes, leading to membrane permeabi-
lization and cell death (1-3). Therefore, they are also
considered useful tools to study the basic molecular mecha-
nisms of protein insertion into membranes. These toxins
show a dynamic interplay with lipid membranes because

they require a large conformational change for membrane

The permeabilization of lipid membranes by pore-forming
toxins (PFTs) has received special attention because of their
role as potential virulence factors. These proteins bind and
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insertion. In turn, they strongly modify the membrane struc-
ture upon interaction with the bilayer (4,5). PFTs are usually
classified according to the structure of the membrane-
integrated domain as «- or B-PFTs (6). These lytic frag-
ments commonly show structural homology with natural
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membranolytic peptides such as antimicrobial peptides
(AMPs), typically molecules in which the pore-forming
domain covers the entire length of the polypeptide (7).
Based on this homology, synthetic peptides have been
used as a valuable tool to study the contribution of lytic frag-
ments in the activity of some pore-forming proteins such as
the proapoptotic protein Bax (8) and actinoporins (9—13).
Actinoporins are a unique class of highly hemolytic eu-
karyotic «-PFTs, exclusively found in sea anemones,
whose putative receptor is sphingomyelin (SM) (14-17).
Lipid mixing from different phases (18) and the induction
of membrane curvature and lipid flip-flop (15,19) are some
membrane remodeling effects of these toxins, which are
closely related to their pore-forming function. Indeed, these
effects on membrane structure are commonly associated
with their ability to form toroidal pores (15,19). It has
been widely accepted that the N-terminal a-helix of actino-
porins is the protein fragment that builds the pore, which is
also lined by phospholipids headgroups (15,19,20). In this
regard, actinoporins represent a prototype of proteins
acting through the formation of protein-lipid pores.
Together with other virulence factors such as the choles-
terol-dependent cytolysins, the apoptotic proteins Bax
and Bak, and a number of AMPs such as melittin and mag-
ainins, they have been widely used as a tool to understand

the mechanism of toroidal pore formation in membranes
(4,5,21-24).

Sticholysins I and II (StI and StIl) are actinoporins pro-
duced by the Caribbean Sea anemone Stichodactyla helian-
thus (25) that form pores of around 2 nm diameter in natural
and mimetic membrane systems (26). These toxins are of cur-
rent interest as active components of a vaccine platform
(27,28) and of immunotoxin constructs that are active against
tumor cells (29,30). In line with the toroidal pore model, the
activity of sticholysins is enhanced in the presence of lipids
favoring the nonlamellar phase such as cardiolipin, phospha-
tidic acid, or phosphatidylethanolamine (PE) (15). These
lipids, which are strong inducers of the negative curvature in
the bilayer, seem to help in the formation of small toroidal
pores by stabilizing the curvature along its edges (31,32).
Moreover, pore formation by sticholysins increases the trans-
bilayer movement of lipid molecules, which should result
from the fusion of the inner and outer leaflet of the membrane
at the pore edge during toroidal pore formation (15).

Peptides reproducing the N-terminus of StI (Stl;_3;) and
StII (StII;_3p) (Fig. 1 A) can mimic the permeabilizing abil-
ity of these toxins in red blood cells and liposomes
(10,12,13). In particular, StIl;_3q is the most active peptide
(12,13,33); it forms pores in human red blood cells of a
similar size to those formed by the full-length toxin (9).

A B 0.6 c 0.6
0.4 M%W O 0.4 [nmmbbna ™ unsinontiin
Stll; 30| ALAGTIIAGASLTFQVLDKVLEELGKVSRK 2) g ﬂ
Stlys: | SELAGTIIDGASLTFEVLDKVLGELGKVSRK & 02 M %02
0 — Stly5 0 — Stllyg
0 20 40 60 80100 0 200 400600 8001000
D Time (ns) Time (ns)
: . b t G o M
® (D ™ "V V N M
=! " 100ns b 1ps = 100 ns 1us
&n S o —> —_—
& by e
WG V' ¢
E Stily. Stly. F
$ 100 e $100 =3 a-helix @ 2500 —¢
= gl bend ‘g i
>c 3 >c ——turn £ 2000 Stha
8 2 801 s £ 80: ——random coil §1500 AT
B 3 404 8 S a0 M 000
] S € ]
= = 500
£ 20—% 5 20-pampacimne Yot 2 NGJMMV"\'WW
0 200 400 600 800 1000 0 200 400 600 800 1000 0°200 ~ 600 1000
Time (ns) Time (ns) Time (ns)
FIGURE 1 StlI;_30 has a high propensity to associate in solution. (A) Sequences of StIl;_3o and StI;_3; are shown. Acidic amino acid residues are in red,
and basic amino acid residues are in blue. The 1-10 (from StII;_3p) and 1-11 (from StlI;_3;) hydrophobic regions are highlighted in green. (B) Root mean-

square deviation calculated during equilibration of monomeric molecules of StIl;_3o and Stl;_3; in solution is shown. (C) Root mean-square deviation calcu-
lated for the association of Stll;_3, in solution is shown. (D) Snapshots of the MD obtained with StII; 3¢ (left) and Stl;_3; (right) at time 0, 100, and 1 us of
simulation in solution are shown. Each peptide is represented in two colors: the hydrophobic sequence 1-10 (from StII;_30) or 1-11 (from StI;_3;) are in
green, and the amphipathic helices 11-30 (from StII;_30) or 12-31 (from StI;_3;) are in red. (E) The percentage of secondary structure of Stll; 3, (left)
and Stl,_3; (right) obtained during the simulation time is shown. () The number of contacts among peptide molecules of StII;_3, or StI;_3; over the simu-
lation time is shown. In (E) and (F), four peptide molecules were placed in the simulation box to allow their interaction. Dark lines in the plots represent the
main values, and shadow lines represent the SD among three replicates. To see this figure in color, go online.
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StIl;_3o has emerged as a good candidate to replace the
whole toxins in some biomedical applications such as an
active component of a vaccinal platform to promote the de-
livery of different molecules to the cytosol and enhance the
immune response in anticancer therapies (27,28). Previ-
ously, we have analyzed the conformational properties of
Stl;_3; and StIl;_3¢ in solution and in membrane mimetic
systems and their ability to permeabilize lipid vesicles
(9,12,13,33,34). In solution, StIl;_3; acquires an «-helical
fold in which several monomers are associated together
as oligomeric structures. This complex of associated «-he-
lices can be stabilized in solution, without requiring
membrane assistance (34). Based on these findings, we pre-
viously suggested a model in which StII;_3o membrane per-
meabilizing activity is favored by peptide preassociation in
solution. However, the lytic mechanism of StIl;_3o is not
completely clear. Although it is known that negatively
charged lipids enhance the activity of StIl; 3y by facili-
tating electrostatic interactions with the membrane (12),
the interplay between lipid shape and StII;_z(-induced lipid
rearrangements has not yet been explored (35). Moreover,
no current high-resolution information exists about the
structure of the pores that this peptide forms in lipid
membranes.

In this study, we characterized in atomistic detail the
mechanism of membrane perturbation leading to pore for-
mation by StIl;_3o. Using molecular dynamics (MD) simu-
lations, we modeled membrane reshaping and pore
formation in systems, including phosphatidylcholine (PC),
SM, and PE. From our simulations, we calculated several
structural properties of the pore including size, peptide to-
pology, and lipid segregation into the pore. We predicted
the ability of the peptide to induce membrane curvature
and flip-flop movement of the lipids and the key role of
PE in pore formation. In vitro, we focused on the effect of
PE on StII;_3( binding to lipid monolayers and liposomes
and on its permeabilizing activity in vesicles. Moreover,
we also assessed the capability of StIl;_3y to induce mem-
brane curvature and lipid flip-flop. Our data identified PE
as a critical membrane component that favors StIl;_3, activ-
ity by modulating membrane properties required for more
efficient binding and pore formation and also as a lipid con-
stituent of the pore. Membrane curvature and lipid flip-flop
induction emerged as key steps in the mechanism of mem-
brane permeabilization by this peptide. This work provides
the evidence supporting toroidal pore formation in the lytic
action of StIl;_3y and highlights the structural role of lipid
shape in the pore formed by this peptide.

MATERIALS AND METHODS
Chemicals and reagents

The following lipids were used: 1-palmitoyl-2-oleoyl-glycero-3-phosphocho-
line (POPC), porcine SM, 1-palmitoyl-2-oleoyl-glycero-3-phosphoethanol-

PE Can Be Recruited to Toroidal Pores

amine (POPE), 1,2-dipalmitoleoyl-PE (DiPoPE), and pyrene-labeled PC
(pyPC); they were purchased from Avanti Polar Lipids (Alabaster, AL)
with 99% purity and used without further purification. The peptides were
produced by solid-phase synthesis and further purified to >96% purity by
reversed-phase high-performance liquid chromatography by GL Biochem
(Shanghai, China). Peptide concentration was evaluated by a Micro BCA
protein assay kit provided by Pierce (Illinois).

MD simulations

A detailed description of the systems created for MD simulations in solu-
tion and membranes is included in Supporting Materials and Methods.
Membrane-peptide systems were generated using CHARMM-GUI and
additional in-house-developed software (36). Systems were solvated using
the TIP3 water model, and sodium and chloride ions were added to
neutralize the system and to reach 150 mM final concentration. Each system
was initially energy minimized for 50,000 steps. After minimizing its en-
ergy, the system was equilibrated for 150 ps before a 4-ns MD simulation
at constant pressure (P = 1 atm, semiisotropic coupling) and temperature
(T = 310 K). Periodic boundary conditions were applied in all three dimen-
sions. Berendsen coupling protocols were used for the first 150 ps of the
equilibration simulations (37,38), and Nose-Hoover (39) and Parrinello-
Rahman protocols were used for temperature and pressure coupling in
the 4 ns of equilibration and the production simulation (40). Long-range
electrostatic interactions were computed using the particle mesh Ewald
method (41,42). Lennard-Jones energies were truncated at 1.2 nm. Bond
lengths were constrained with LINCS (43). After this initial setup, each sys-
tem was simulated for 500 ns, at 310 K, with a time step of 2 fs. Three sim-
ulations were performed for each system, starting from different initial
Maxwell distributions of random velocities. Frames were saved every
400 ps. Simulations were carried out using GROMACS version 5.0.2
(44). The force field employed was CHARMM 36 (45).

Analysis of the MD simulations
An overview of the analysis of the systems is provided in Fig. S1.
Lipid-peptide interactions and bilayer alterations

Lipid-peptide contacts were defined when the phosphodiester group of a
given lipid (POPC, SM, or POPE) was found within 0.5 nm from the center
of mass of each individual peptide. For a given frame, the total number of
contacts was calculated as the sum of all the contacts established between
phosphate groups of an individual lipid molecule and the amino acid resi-
dues of the peptides, following the procedure described by (46). The calcu-
lation was performed using the g_select tool implemented in GROMACS.
Membrane thickness fluctuation in the process of pore formation was calcu-
lated in the region defined by the pore center using a cutoff of 1.5 nm, as
described in (47). Because the shape of the pore is nonuniform across the
membrane, the central region of the pore was defined as =0.7 nm on
each side of the center of the bilayer. The thickness of the membrane around
the pore region was calculated using frames every 100 ns as the average
phosphate-phosphate distance of opposite monolayers at each time point.
Fluctuations in the thickness were calculated with respect to the initial
simulation time.

Pore size

The presence of a transmembrane pore was determined following a clus-
tering method as described in (47). Here, only the atomic coordinates of
the phosphate atoms of POPC, POPE, and SM were analyzed. For each
lipid, the phosphate atoms of each monolayer were considered as two inde-
pendent clusters, and pores were identified when the phosphate groups of
the lipids formed only one cluster. For the cluster analysis, a minimal dis-
tance of 1.0 nm between phosphate groups that form the upper and lower
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monolayer was established as a cutoff for pore definition. To estimate the
size of the pore, the diameter of the area fitting the phosphate groups at
the lipid-water interface was calculated in both the inner and outer mono-
layers, as described in (47). To validate these values, the diameter of the
pore was also estimated by measuring the maximum distance between
two water molecules located at the middle xy plane within the pore, as a
function of the simulation time. The middle xy plane of the membrane
was defined as the mean z coordinate (7 = 0) between the lower and the
upper leaflet.

Peptide structure and orientation

The helicity of the peptides was calculated using the DSSP criteria (48).
The total number of contacts between peptide molecules was calculated
within a 0.4 nm cutoff, using the gmx_mindist tool included in GROMACS.
The variation of the tilt angle was calculated over the simulation time for
each peptide, using the z axis perpendicular to the bilayer as a reference.
Peptide orientation was estimated based on the distance of the z coordinate
of amino acid residues located in three different regions of each peptide
molecule (N-terminus: Alal; center of mass: GInl5; and C-terminus:
Lys30). The distances between the peptides and the center of the bilayer
(7 = 0) were averaged during the last 100 ns of simulation.

Lipid contribution to the pore

Mass density profiles of lipid phosphates and peptides were calculated us-
ing the tool gmx_density included in the GROMACS simulation package.
Lipid density profiles were estimated as described in (49). In brief, the plane
of the bilayer (xy) was divided into 10,000 grid cells of ~0.2 x 0.2 nm, and
the number of phosphate groups of each lipid type in each grid was calcu-
lated. Lipid densities were averaged over the last 100 ns of simulation, cor-
responding to the time period during which the number of each lipid type
surrounding the peptides within 0.5 nm had equilibrated and the pore
reached its maximum size. For each lipid type, lipid density values were
normalized by considering the average density in the whole system.

The depletion-enrichment (DE) index of the lipids in the local environ-
ment of the pore was calculated considering a cutoff distance of 1.5 nm
in the xy plane from a line going through the center of the pore. The cutoff
distance was chosen considering that the final diameter of the pore was
reached after 300 and 400 ns of simulation time in POPC:SM:POPE
(50:40:10) and POPC:SM (50:50), respectively. The enrichment value of
a lipid X (POPC, SM, or POPE) in the pore is defined as the ratio of its local
concentration to its bulk concentration following the equations (50,51) as
follows:

LD
DE = —, (0
LB

in which the lipid distribution (LD) was calculated as follows:

_ lipid(X)pore @
~ lipid(X)membrane’
and the lipid bulk (LB) was calculated as follows:
B lipid(X)membrane 3)

total no. lipids

where the total lipids are the sum of all of them in each system.
Flip-flop movement of lipids

To analyze flip-flop movement of the lipids between the two leaflets of the
membrane, we consider the phosphate group of each lipid type, located in
the pore region (1.5 nm in the xy plane from a line going through the center
of the pore). We defined the middle plane of the membrane (7' = 0) as the
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mean z coordinate between the lower and the upper leaflet. The upper leaflet
is defined as 7 > 0 and the lower leaflet as 7/ < 0. Considering this, the z
coordinate of the lipid phosphodiester group was calculated as a function
of the simulation time.

Binding to lipid monolayers

Surface pressure () measurements were carried out as previously reported
(17,52,53) with a uThrough-S system (Kibron, Helsinki, Finland) at room
temperature under constant stirring. The aqueous phase consisted of Tris-
buffered saline (TBS: 145 mM NaCl, 10 mM Tris-HCI (pH 7.4)). The lipid
mixture (POPC:SM (50:50) or POPC:SM:POPE (50:45:10)) was predis-
solved in chloroform:methanol (2:1, v:v) and was gently spread over the
surface. The desired initial surface pressure (m,) was attained by changing
the amount of lipid applied to the air-water interface. StII; 3, was injected
into the subphase, and the increment in surface pressure (47) was recorded
as a function of the elapsed time until a stable signal was obtained.

Binding to liposomes

Binding of StII;_3o to small unilamellar vesicles (SUVs) was followed by
the increase in Phe or Trp fluorescence. Because StII;_zo does not contain
any Trp in its primary sequence, the Trp-analog peptide StIl;_3orow Was
employed for Trp measurements (33). Fluorescence measurements were
carried out at room temperature in an RF-5301PC spectrofluorophotometer
(Shimadzu, Tokyo, Japan) using quartz cuvettes with excitation and emis-
sion slits of 5 and 10 nm, respectively. Peptide samples were excited at
Aexc 240 (Phe) or 280 (Trp) nm, and the emission spectra were recorded
from 2 300 to 440 nm, respectively. The spectral correction was made by
subtracting spectra measured under identical conditions but without
peptide.

Differential scanning calorimetry

The effect of StII;_3¢ on the lamellar (L) to inverted hexagonal (Hy) transi-
tion temperature of DiPoPE was assessed by differential scanning calorim-
etry (DSC). Lipid films were made by dissolving appropriate amounts of
lipid in chloroform/methanol 2:1 (v/v) followed by solvent evaporation un-
der a stream of nitrogen to deposit the lipid as a film on the walls of a tube.
The tube was placed in a vacuum chamber for at least 2 h to remove possible
traces of solvent. Films were hydrated with 20 mM PIPES buffer (1 mM
EDTA, 150 mM NaCl, 0.002% NaNj; (pH 7.4)) in the presence or not of
an appropriate amount of peptide and vortexed extensively to make multi-
lamellar vesicles. Calorimetric scans were carried out on a MicroCal VP-
DSC differential scanning calorimeter (Massachusetts). The reference and
the sample solutions were degassed at room temperature before scanning.
The scan rate was 1° Celsius minute’l, with a delay of 10 min between
sequential scans in a series to allow thermal equilibration. The scans corre-
sponding to lipid transitions were recorded in the presence and in the
absence of peptide using PIPES buffer as the reference. The temperature
of transition (7m) was calculated as the maximum of heat capacity versus
temperature.

Vesicle permeabilization

Large unilamellar vesicles (LUVs) permeabilization was determined by
measuring the fluorescence (Aexe = 490 nm and A.;,, = 520 nm) of released
carboxyfluorescein (CF). Black plastic 96-well microplates (SPL Life Sci-
ences, Seoul, South Korea) were pretreated with 0.1 mg/mL Prionex (Pen-
tapharm, Basel, Switzerland), which strongly reduces unspecific binding of
protein and vesicles to plastic. Each well was filled with the TBS plus 10
uM of lipids. Finally, the peptide was added in a total volume of 200 uL
at the concentration reported in the text. After mixing vesicles and peptides,



the release of CF produced an increase in fluorescence, F' (because of the
dequenching of the dye into the external medium), which was resolved in
time. Spontaneous leakage of the dye was negligible under these conditions.
Maximal release was always obtained by adding Triton X-100 (Sigma,
EUA) at 1 mM and provided the fluorescence value f(total). The fraction
of fluorophore release (F in percent) was calculated as follows:

f(t) =1 (o)

£ Flonah —fo)

“)

where f{(7) is the fluorescence at time ¢, f(fotal) is the maximum release upon
addition of Triton X-100, and f(0) is the fluorescence before addition of the
peptide.

Measurement of flip-flop movement of the lipids

The effect of StIl;_3o on the transbilayer movement of lipids was assessed
by fluorescence spectroscopy, as described before (54). For this, LUVs were
prepared in TBS buffer. Briefly, the asymmetrically labeled liposomes were
prepared by incubating the liposome suspension (20 uM final lipid concen-
tration) with pyrene-labeled PC (pyPC) suspension (1 uM) for 20 min at
37°C. Changes in the fluorescence spectrum of PyPC upon peptide addition
was followed in a spectrofluorometer (Hitachi F-4500, Tokyo, Japan) using
an Aexc of 344 nm and measuring the fluorescence intensity of monomers
(Im) and excimers (Ig) at 4 395 and 465 nm, respectively. The time course
of the transbilayer redistribution of pyPC was followed through the calcu-
lation of the Iy,/Ig ratio.

RESULTS

Preassociated in solution Stll,_3, forms pores in
lipid membranes

Previous structural studies based on low-resolution circular
dichroism measurements of StIl;_3; have shown that this
peptide is able to adopt a-helical secondary structure, self-
associating in solution, without the assistance of the mem-
brane (9,34). Therefore, we performed atomistic MD simu-
lations to obtain this type of associated structures of StIl;_3,
in solution. The homologous Stl-derived peptide (Stl;_3;)
that does not self-associate was used as a control (10,34)
(Fig. 1 A). Because it is known from previous circular di-
chroism studies that StIl; 3o and StI;_3; have the potential
to adopt similar structures to those found in the context of
the protein (34), we began the simulations from the structure
that these segments adopt in their respective parental sticho-
lysins. The peptides were further equilibrated in solution for
100 ns (Fig. 1 B). Stll;_30 and Stl;_3; were stable after
100 ns, maintaining a predominantly a-helical conformation
(Fig. S2 A). Therefore, four molecules of each peptide were
further placed in a water box and simulated for 1 us. During
this time, both peptides remained mostly folded as a-helices
(Fig. 1, C=E). Individual StII,_3, molecules interacted with
each other at 100 ns, forming associated structures that re-
mained stable after 1 us simulation (Fig. 1, C, D, and F).
For StIl;_3p, the content of w«-helical structure increased
because of its self-association (Fig. | E). Conversely,
StI;_3; did not self-associate and remained unchanged dur-
ing 1 us of simulation (Fig. 1, D-F).

PE Can Be Recruited to Toroidal Pores

To model pore formation by StII;_3; in membranes, a se-
ries of atomistic MD simulations on lipid bilayers was per-
formed in membranes containing POPC and SM with and
without POPE. SM was selected because this lipid has
been proposed as the natural receptor of actinoporins (55),
whereas POPE was selected because of its capacity to
form nonlamellar structures favoring negative curvature in
the membrane in the absence of electrostatic interactions
(56). Nonlamellar structures are essential for toroidal pore
formation, in which the membrane adopts both a positive
curvature in the direction parallel to the pore axis and a
negative curvature in the direction perpendicular to the
pore axis (32,57).

In our simulations, two configurations were modeled
(Fig. S1), each of them containing four molecules of
StIl;_30: 1) nonassociated StIl,_3, and 2) preassociated
Stll;_3o. Preassociated StIl;_3y was obtained after 1 us simu-
lation (Fig. 1). Each system was simulated in three replicas.
Fig. 2, A and B display representative snapshots of one
replica of the simulations with preassociated StIl;_zo in
POPC:SM (50:50) or POPC:SM:POPE (50:40:10) mem-
branes, respectively. Statistical analysis of the replicates is
summarized in Table S1. The binding to the membrane
took place only when Stll;_3;, began from a preassociated
conformation in solution (Fig. 2 C). Upon membrane bind-
ing, the secondary structure and interpeptide molecule inter-
actions of associated Stll;_3o remained stable over the
simulation time (Fig. S2, B and C). The interactions of hydro-
phobic amino acid residues of Stll;_3;, with the membrane
increased over time, whereas those with the polar ones re-
mained stable (Fig. S2 D). A detailed analysis of the first hy-
drophobic (1-10) and the amphipathic (11-30) regions of
StIl;_30 showed that the apolar face of the amphipathic heli-
ces stablished stronger interactions with the membrane in
both systems (Fig. S2 E). Because of membrane insertion,
lipid contacts with those apolar amino acid residues located
in the first hydrophobic segment increased over time. As a
result, self-associated Stll;_3o underwent some structural
reorganization mostly involving the hydrophobic segments
1-10 (Fig. S2 F; Table S2). The increase in the average num-
ber of contacts of the peptides with the polar head of lipids in
the membrane promoted an increase in membrane thickness
(Fig. 2 D), most likely as a consequence of their recruitment
to peptide-enriched regions.

In both membrane systems, binding of self-associated
Stll;_3p promoted pore formation (Fig. 2, A and B) and the
resulting water flux through the membrane (Fig. 2 E; Figs.
S3 and S4). The final diameter of the pore was 2.0 nm in
both membrane systems (Figs. 2 E and S4; Table SI).
This size was enough to allow for the passage of water mol-
ecules through the membrane (Fig. S3 A). The pore size was
similar to the one previously estimated experimentally with
the use of osmoprotectants of different sizes (9). In the bi-
nary mixture, pore opening was a one-step process that
began after 300 ns with a rapid increase in pore size
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(Fig. 2 E). In contrast, in POPE-containing membranes, this
was a multistep process as reflected by the bimodal shape of
the time course of the increase in the pore size. Initially, a
slow rise in the pore diameter until ~1.0 nm occurred, fol-
lowed by a rapid increase to 2.0 nm in diameter. This result
suggests that POPE could facilitate the process of pore
opening by StIl;_3( in membranes.

Stll_sp-induced pores have a toroidal shape

In our MD simulations, StlI;_3, induced membrane bending
in both POPC:SM and POPC:SM:POPE systems as a conse-
quence of pore formation (Figs. 2, A and B and S3, A and B).
Moreover, our simulations showed that StII;_3, forms pores
with a toroidal shaped structure, wherein the headgroups of
the lipids contribute to the pore architecture (18). Strikingly,
peptide molecules were located on one edge of the pore
(Fig. 2, A and B; Fig. S3 B), which is enough to maintain
the open configuration of toroidal pores, as previously re-
ported for AMPs and for Bax (58-61).
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The imaging of toroidal pore structures has been difficult
because of the intrinsic structural flexibility of peptide and
lipid molecules (4,5). Difficulties increase in the case of
small-sized pores, such as those formed by AMPs, actino-
porins, and sticholysin-derived peptides (9,26,31,32). We
took advantage of our MD simulations to gain insight into
the structural dynamics and configuration of the pore
formed by StII;_3zo. In the process of toroidal pore formation,
lipid molecules reoriented, resulting in phosphate groups of
opposite monolayers, which were in contact because of
membrane bending in the membrane region containing the
pore (Fig. 2 F; Fig. S3 B). Stll;_3 initially appeared located
parallel to the membrane surface, in contact with the head-
group of the phospholipids but partially inserted into the
membrane in the pore configuration, without spanning the
membrane (Fig. 2 G; Fig. S3 B). In the pore, StIl;_3 tilted
in an oblique orientation with respect to the bilayer normal
(Fig. 2 H; Table S1). Molecules of StIl,_3o remained at the
pore edge, lying on the surface of the curved region of the
membrane that directly forms part of the pore (Fig. S3 B).



StIl;_3p was oriented with its hydrophobic N-terminus
buried into the pore section, and the C-terminus localized
at the water-membrane interface (Fig. 2 I; Table S1). These
results are also in line with the toroidal pore model in which
lipid molecules form part of the ring and peptide molecules
do not need to completely penetrate the membrane but
rather destabilize its structure by inducing local membrane
curvature.

PE has a dual role in enhancing membrane
association and functioning as a structural
component of the pore formed by Stll;_3q

The comparison of the simulations in the membranes with
and without POPE allowed us to gain insight into the role
of this lipid in the mechanism of the pore formation of
StIT;_309. We found that POPE enhanced both StII;_3, associ-
ation to the membrane and pore formation (Fig. 2; Table
S1). Although the final pore size reached upon equilibrium
was similar in all the membrane systems (¢ = 2 nm), the
kinetics of pore opening were faster in POPC:SM:POPE
membranes. These results indicate that PE plays a key
role in the mechanism of the action of StIl;_3o at favoring
the initial binding to the membrane and enhancing the ki-
netics of pore opening.

To glean further insight into the mechanism of how PE fa-
cilitates pore formation by StIl;_3,, we compared the distri-
bution of the different membrane lipids in the pore (Fig. 3).
Fig. 3 A shows the distribution of individual lipids in
POPC:SM and POPC:SM:POPE membranes containing
StIl;_3o pores. Because this peptide induces membrane cur-
vature as a result of toroidal pore formation, lipids could be
integrated in the pore region according to their geometric
properties. Whereas POPC and SM are lipids with the pro-
pensity to form bilayer structures, POPE has a high ten-
dency to adopt negative curvature because of its cone
shape (32,62) (Fig. 3 B). The latter class of lipids facilitates
toroidal pore formation wherein the membrane bends to
adopt a positive curvature in the direction parallel to the
pore axis, and a negative curvature is defined at the pore
boundaries (Fig. 3 C; (23,32,56,63)).

To analyze the lipid composition of the pores formed by
StIl;_3p in the different membrane systems, we calculated
their lipid density profiles (Fig. 3 D). In all the studied com-
positions, a specific lipid clustering was observed in the
membrane region surrounding the pore (Fig. 3 D). The DE
index allowed us to characterize the distinctive nature of
the lipid environment surrounding the pore. This parameter
quantifies the distribution of the individual lipids (POPC,
SM, or POPE) in the pore relative to the bulk of lipids in
the membrane (Fig. 3 E). DE values greater than 1 indicate
enrichment and those less than 1 show depletion. This
analysis revealed a slight enrichment of POPC in the
pore formed by StIl;_3y in POPC:SM membranes. In
POPC:SM:POPE membranes, pores presented a significant
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enrichment of POPE, although they contained just 10% of
this lipid. In fact, POPE was mostly confined to the pore
in this system. Fig. S5 A shows the DE values obtained in
the bulk membrane and the pore region over the simulation
time. According to this parameter, POPE was initially
distributed along the bilayer, but it was freely diffused to
the pore region during 500 ns of simulation. This was also
evidenced by the trajectories of individual POPE molecules
during the simulation (Fig. 3 F). In contrast to POPC and
SM, POPE did not show a preferential interaction with pep-
tide molecules at the beginning of the simulation but only
after pore opening (>200 ns) (Fig. S5 B). This result indi-
cates that the relocation of POPE into the pore is not the
result of a higher affinity for the peptide backbone but rather
due to its intrinsic shape.

One relevant feature of toroidal pores is that membrane
bending and curvature induction facilitate the flip-flop
movement of the lipids through the pore ring (64,65). To
compare the contribution of each individual lipid to the
flip-flop movement in the process of pore formation, we
calculated the z coordinates of those lipids involved in the
pore structure (within a 1.5-nm cutoff from the center of
the pore, considering that the final size of the pore is
2 nm). Fig. 3 G shows the position of the lipids
forming the pore as a function of the simulation time for
POPC:SM:POPE membranes. A coordinate of z = 0 indi-
cates the middle of the membrane, whereas +2 and
—2 nm are the two interfaces with water on either side of
the membrane. POPE and POPC showed more flip-flop
events than SM. Altogether, our analysis suggests that in
contrast to the full-length toxin, SM is not a critical compo-
nent of the pore formed by StIl;_3o. Moreover, in the mem-
brane with three components, the pore structure is mainly
formed by POPE and POPC molecules. Among these lipids,
POPE seems to play a critical role at facilitating pore forma-
tion because of its ability to form nonlamellar structures,
which could assist membrane curvature induction during
the assembly of toroidal pore structures and the resulting
flip-flop movement of lipids.

Stll,_30 activity in membrane systems is enhanced
by PE

From our simulations, StIl;_3o was predicted as being able
to form toroidal pores in membranes, and PE emerged as
a critical component of the membrane that could facilitate
the activity of the peptide and as a structural element of
the pore. This lipid has been classically considered an
inductor of negative curvature in the membrane because
its tail has a larger area than its head (Fig. 3 B; (62)). To
have additional experimental data that wvalidate our
in silico predictions, we studied the pore-forming mecha-
nism of StlII;_3y with experimental biophysical tools. We as-
sessed the StII;_3, binding to lipid monolayers and liposome
vesicles and evaluated its permeabilizing activity in the later
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system. Membrane systems were composed of POPC:SM
(50:50) or POPC:SM:POPE (50:40:10) to evaluate the
contribution of PE to peptide membranotropic activity.
The increase in surface pressure (4w) by the association
of peptides with previously formed lipid monolayers at the
air-water interface can be employed to characterize their
ability to interact with organized lipids (17,52,66). This
method has the advantage of not requiring fluorescent amino
acids or probes to detect lipid-peptide interactions, thus
complementing fluorescence-based lipid binding assays
(67). Fig. 4 A shows the kinetics of surface pressure () in-
crease upon Stll;_3, binding to a lipid monolayer. The injec-
tion of the peptide into the subphase of the monolayer
triggered an increase in m (d4m), which stabilized after
~100 s (Fig. 4 A). As expected, Am decreased with the in-
crease of initial surface pressure (m,) because of a tighter
packing of the lipids (Fig. 4 B). A suitable parameter for
the characterization of lipid-peptide interaction is the crit-
ical pressure (7.), obtained by extrapolating the A at equi-
librium as a function of 7, to zero (68,69) (Table S3). This
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parameter corresponds to the minimum pressure that must
be applied to avoid incorporation of the peptide into a mono-
layer and directly correlates with its affinity for the mono-
layer. Stll;_3o attained the highest m. values in the PE-
containing membrane, indicating that it probably penetrates
more deeply into this lipid monolayer when compared with
POPC:SM monolayers (Table S3).

The binding of Stll;_3p to liposomes was measured by
following the changes in the Phe (native StIl;_3y) or the
Trp (StIl_301ow) fluorescence emission spectra elicited by
mixing with lipid vesicles (70). Fig. 4 C shows the typical
spectra obtained upon StIl;_3pow titration with SUVs.
The addition of increasing amounts of liposomes to the pep-
tide solution triggered a progressive increase in fluorescence
emission intensity as well as a blue shift in the position of
maximum emission (A,,,), indicating a change in the Trp
local environment (Fig. 4 C). The magnitude of the change
determined at high lipid concentration is measured by the
parameter [F/F],.x. Vesicles containing PE showed higher
values of [F/Fylmax, suggesting that they were better
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membrane targets for Stll;_3o (Fig. 4 D; Table S3). To char-
acterize the affinity of Stll;_s, to lipid vesicles, the Ls, was
determined. This parameter represents the lipid concentra-
tion at which half of the peptide molecules are bound to
the liposomes (Table S3). The lowest Lsq also showed that
StIl;_3¢ had more affinity for PE-containing membranes.
The permeabilization of lipid vesicles has provided direct
evidence for the pore-forming activity of Stll;_3o (12,13,18).
Here, we examined whether PE modulated StII;_3, activity.
Fig. 4 E shows the time course of StIl;_zo-elicited activity in
liposomes. The addition of StIl;_3q to a solution containing
CF-loaded LUVs promoted the release of the dye at
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different rates and to different fractions in a concentration-
dependent manner (Fig. 4 F). This peptide had higher activ-
ity in POPC:SM:POPE than in POPC:SM vesicles, which
was reflected in the Cso parameter, which is directly related
to the peptide concentration required to achieve the perme-
abilization of 50% of the vesicles (Table S3). Combined, our
experimental results qualitatively support the MD simula-
tions in that PE favors StIl;_3y pore formation, most likely
by promoting membrane binding and acting as an important
element of the pore because of its intrinsic capability to
form nonlamellar structures.

Stll _3¢ activity has typical functional features
of toroidal pores

The toroidal pore model postulates the bending of the inner
and outer monolayers of the membrane, forming half a
torus. Therefore, in this pore configuration, the membrane
adopts both a positive curvature in the direction of mem-
brane bending and a negative curvature in the direction of
the ring structure (Fig. 3 C; (31,71)). Moreover, each pore
behaves as a point of fusion between opposite monolayers,
favoring the otherwise restricted transbilayer or flip-flop
movement of lipids (62,72). Our simulations predicted
that StII,_;, forms toroidal pores, a process that is accompa-
nied by the induction of membrane curvature and lipid flip-
flop movement (Fig. 2). Therefore, we next sought to vali-
date these predictions with biophysical experimental tools.

We evaluated the ability of StII;_3( to promote an increase
in the L/Hj; phase transition temperature of DiPoPE, an
approach that has been previously used to study the mecha-
nism of toroidal pore formation of some AMPs (73,74).
Representative scans of DiPoPE in the presence or absence
of StIl,_37 were obtained by DSC (Fig. 5 A). Pure DiPoPE
exhibited a thermotropic transition around 43°C that was
shifted to a higher temperature when StIl;_3y (52°C) was
added to the liposomes (Fig. 5 B). An increase in Tm value
for the L/Hy; phase transition of the DiPoPE can be inter-
preted as evidence of the capability of StII;_3, to induce pos-
itive curvature in the membrane. By stabilizing positive
membrane curvature, StIl;_3y promotes membrane stress
in the opposite direction regarding curvature. Therefore,
StIl;_3¢ pores would essentially need to flip inside out to
form the Hy; phase, a process that requires more energy, as
evidenced by the higher Tm.

Finally, we investigated if the formation of StII;_3, pores
promotes flip-flop movement of the lipids, as previously
demonstrated for sticholysins (54) and for their shorter ver-
sions (75). We measured the transbilayer movement of a
pyrene-labeled analog of PC (pyPC) in POPC:SM:POPE
lipid vesicles. The shape of the emission spectra of the pyr-
ene depends on the contribution of two populations made up
by monomers and dimeric excimers. The extent of excimer
formation depends on the collision frequency of pyrene-
labeled analogs. Toroidal pore formation should facilitate
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FIGURE 5 Stll; 3¢ stabilizes positive curvature and induces flip-flop
movement of the lipids in the bilayer. (A) A DSC heating thermogram of
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StIl;_30 is shown. (B) The effect of StII;_3o on the bilayer (L) to hexagonal
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measuring the fluorescence intensity of pyrene monomers (Iyy) and exci-
mers (Ig) at A 395 and 465 nm, respectively, and calculating the Ig/Iy ratio.
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color, go online.

flip-flop movement of the lipids, promoting the redistribu-
tion of initially asymmetric pyPC molecules in both leaflets
(76) and the change of their fluorescent properties (54). The
addition of StII,_szq induced a decrease of the excimer fluo-
rescence intensities (Fig. 5 C) and the increase of the Iy/Ig
ratio over time (Fig. 5 D). Iy/Ig did not change in the
absence of the peptide, indicating the stability of the lipo-
some system. These experiments allowed us to conclude
that similar to what has been described for sticholysins
(54), StIl;_3¢ is able to induce flip-flop movement of the
lipids. Given the ability of this peptide to induce membrane
curvature and form pores in mimetic (12) and cellular mem-
branes (9) and our structural data based on MD simulations,
this evidence supports a mechanism in which StII;_3, forms
toroidal structures involving membrane bending and lipid
diffusion through the pore.

DISCUSSION

Sticholysins are typical eukaryotic a-PFTs that form pores
upon insertion of their N-terminal lytic fragment into the
membrane (77). They act through the formation of protein-
lipid pores and have been extensively used as a tool to inves-
tigate the mechanism of toroidal pore formation in mem-
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branes (4,5,21,22). Synthetic peptides corresponding to the
N-terminus of sticholysins are good models for the study
of the structure and function of these toxins (9,10,12,13).
StIl_3( is the most active peptide derived from the N-termi-
nus of actinoporins (13) and therefore may be a promising
candidate for biomedical applications. Here, we combined
MD simulations and biophysical tools to get further insight
into the pore-forming mechanism of StIl;_3y. Specifically,
we investigated the role of membrane curvature and lipid
flip-flop on the mechanism of pore formation by this peptide.
The combination of computational and experimental bio-
physical tools allowed us to gain information about the struc-
ture of the pore formed by StIl;_s( in lipid membranes and
the role of curved lipids in the assembly of toroidal pores.

‘We have previously proposed that the higher permeabiliz-
ing activity of StIl;_3o could be ascribed to its higher pro-
pensity to fold and preassociate as a-helical structures in
solution, without the assistance of the membrane (34).
The results of this work support this hypothesis. In our
model, we propose that preassociation of StIl;_s( in solution
might assist irreversible binding to lipids by increasing the
local membrane-bound peptide concentration. The asym-
metric attack of associated StIl;_3; to one leaflet of the
bilayer and its high local concentration at the membrane
would facilitate bilayer destabilization and pore opening
because of the increase of membrane tension, as proposed
for other membranotropic peptides such as those derived
from Bax (8,78,79).

MD simulations were used to obtain information about
the interplay between StlIl;_3, and lipids during pore forma-
tion, with molecular details. In all the membrane systems
containing preassociated StIl;_3y, we observed the same
sequence of events, including 1) binding to the membrane
interface, 2) enhancement of membrane thickness, 3) curva-
ture induction due to membrane bending, and 4) pore forma-
tion. Stll;_3, formed pores of ~2 nm diameter size, which
mirrors our previous experimental data in human red blood
cells (9). Altogether, our predictions based on MD simula-
tions and our results obtained here and in previous works
with biophysical tools (33) support the toroidal pore model
for the mechanism of action of StIl;_3o. A similar mecha-
nism was also suggested for the full-length sticholysins
(15,80). In our simulations, StIl;_3o molecules appear
accommodated in the membrane in an oblique configuration
with the N-terminus nearer the core of the ring and the
C-terminus lying in the membrane interface, in agreement
with previous data obtained in liposomes (13,33). A config-
uration in which StIl;_3o is located at the pore surface
without spanning the membrane bilayer and only in one
edge of the ring supports the toroidal pore model. In this
model, one section of the pore can remain protein free, as
observed for other proteins such as the cholesterol-depen-
dent cytolysins and Bax or some AMPs (21,22,81).

We predicted and validated experimentally that StIl;_3q
induces positive curvature and flip-flop movement of the



lipids as a consequence of pore formation. A similar ability
has supported the mechanism of toroidal pore formation for
the full-length protein and a shorter derived form (15,54,80).
In the context of toroidal lipid pores, curvature induction
and membrane bending represent critical steps for pore
opening (4). In this case, the role of the peptides or lytic
fragments is to help to reduce the stress caused by mem-
brane distortion and stabilize curvature formation (71).
Mechanistically, curvature induction could be explained
based on the hydrophobic effect. Initial membrane disrup-
tion due to peptide binding can promote temporary exposure
of the hydrophobic acyl chains of the lipids to the aqueous
environment. To avoid the high energy cost of this process,
lipids bend and form a highly curved, nonbilayer structure at
the pore edge connecting the opposite monolayers of the
membrane and forming a continuous surface. Afterward,
lipids can easily exchange monolayers by simple diffusion
over the pore edges. As a result, in the framework of this
model, not only peptide molecules but also membrane me-
chanical properties play an important role in pore assembly
(24,47,63,65,71).

Both computational and experimental approaches showed
that membrane binding and pore formation by StlI; 3, was
enhanced by PE. The presence of this lipid in the membrane
bilayer seems to facilitate pore formation by acting at two
different stages of the process. On the one hand, PE could
be considered a modulator of the membrane properties
that are required for efficient pore formation because of its
capability to form nonlamellar lipid phases (31,82,83).
This capability seems to favor early stages of the membrane
destabilization process by enhancing peptide insertion into
the bilayer and membrane remodeling events, which are
fundamental to accomplish stable pore opening. Given
that the generation of a pore is energetically expensive,
the presence of such nonlamellar lipids should contribute
to pore stability (84). On the other hand, PE appears as a
cofactor of the pore induced by StII;_3y because membrane
regions comprising the pore assembly are especially en-
riched in this lipid.

There remains controversy regarding the effect of lipids
that induce positive or negative curvature on the mechanism
of pore formation of small AMPs and pore-forming pro-
teins. PE and cardiolipin, which induce negative curvature,
facilitate pore formation by sticholysins, Bax, and their
derived peptides (8,15,78,85). An opposite effect on pore
formation has been found for magainins and melittin, whose
activity is affected by PE but enhanced in the presence of the
positively curved lipid lysophosphatidylcholine (31,86,87).
Depending on peptide concentration, melittin pores can be
promoted by positive or by negative curvature (88). In gen-
eral, lipid shape and membrane curvature seem to modulate
peptide partition, orientation, and penetration depth together
with the local tilting of lipids, which are essential processes
for the assembly of toroidal pores (88-90). Given the
different effect of curved lipids on the activity of proteins/
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peptides acting via toroidal pores, it is plausible that some
pore properties such as size and peptide or lipid orientation
could have an impact on the ability of negative and positive
curved lipids to relocate into these pores (71,91). It is well
known that the pore size strongly influences the balance
of the contribution between positive and negative curvature
in toroidal pores (57). Positive curvature is induced in the di-
rection of the membrane bending and is modulated by the
membrane thickness, whereas negative curvature is stabi-
lized in the direction of the ring, parallel to the membrane
(57). Knowing that curvature is inversely proportional to
the radius, the smaller the pore size is, the higher the nega-
tive curvature along the pore edges. As a consequence, in
the case of very small pores, like those formed by actinopor-
ins (15,26) or StIl;_3¢ (9), negative curvature-inducing lipids
(i.e., PE) would easily accommodate in the ring sections of
the pore and play an additional role at stabilizing its edges.

CONCLUSIONS

We propose a mechanistic framework that explains in detail
the lytic activity of StIl;_3, and provide evidence for a
toroidal model for the structure of the pore it forms. Induc-
tion of membrane curvature and flip-flop movement of the
lipids were identified as two important membrane remodel-
ing steps related to toroidal pore formation by StII; 3, We
highlight the key role of PE and in general curvature-
inducing lipids as cofactors of toroidal pores that can facil-
itate the adoption of the open state by easily accommodating
in the ring. Understanding these aspects of the mode of ac-
tion of Stll;_3y could underpin strategies for the rational use
of this and other peptides or proteins acting via a similar
mechanism of toroidal pore formation as biotechnological
tools in different lipid formulations.
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