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A B S T R A C T   

Sticholysin I (StI) is a pore-forming toxin (PFT) belonging to the actinoporin protein family characterized by high 
permeabilizing activity in membranes. StI readily associates with sphingomyelin (SM)-containing membranes 
originating pores that can lead to cell death. Binding and pore-formation are critically dependent on the phys
icochemical properties of membrane. 1-palmitoyl-2-oleoylphosphatidylcholine hydroperoxide (POPC–OOH) is 
an oxidized phospholipid (OxPL) containing an –OOH moiety in the unsaturated hydrocarbon chain which 
orientates towards the bilayer interface. This orientation causes an increase in the lipid molecular area, lateral 
expansion and decrease in bilayer thickness, elastic and bending modulus, as well as modification of lipid 
packing. Taking advantage of membrane structural changes promoted by POPC-OOH, we investigated its in
fluence on the permeabilizing ability of StI. Here we report the action of StI on Giant Unilamellar Vesicles (GUVs) 
made of 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) and SM containing increasing amount of POPC-OOH to 
assess vesicle permeability changes when compared to OxPL-lacking membranes. Inclusion of POPC-OOH in 
membranes did not promote spontaneous vesicle leaking but resulted in increased membrane permeability due to 
StI action. StI activity did not modify the fluid-gel phase coexistence boundaries neither in POPC:SM or POPC- 
OOH:SM membranes. However, the StI insertion mechanism in membrane seems to differ between POPC:SM and 
POPC-OOH:SM mixtures as suggested by changes in the time course of monolayer surface tension measurements, 
even though a preferable binding of the toxin to OxPL-containing systems could not be here demonstrated. In 
summary, modifications in the membrane imposed by lipid hydroperoxidation favor StI permeabilizing activity.   

1. Introduction 

Sea anemones (Actiniaria) produce a vast family of cytolytic poly
peptides to attack or self-defend (Anderluh and Lakey, 2008; Anderluh 
and Macek, 2002). The term actinoporin was coined to designate one of 
these families, which comprises mainly monomeric, soluble, α-helical 
Pore Forming Toxins (PFTs) with a molecular mass of around 20 kDa, 
the majority with a basic pI (>9.0), lacking Cys residues, and a high 
affinity for sphingomyelin (SM) - containing membranes. They were 
discovered as lethal hemolysins or cytolysins and inhibited by SM (Kem, 
1988). Actinoporins are well known by their high 

cytolytic/permeabilizing activity in the low nanomolar concentration 
range, both in cells and model membranes (Álvarez et al., 2009; Ros 
et al., 2015). 

Sticholysin I (StI) is one of the actinoporins synthesized by the sea 
anemone Stichodactyla helianthus. The overall structure of StI, as well as 
that of other actinoporins, is characterized by a stiff central core formed 
by two β-sheets and by two α-helices arranged perpendicularly to each 
other on both sides of the central core. The α-helix located closest to the 
N-terminal helix is amphipathic, mobile, and flexible and is involved in 
pore-formation (García-Linares et al., 2013; Mancheño et al., 2003) 
(Fig. 1A). 

Abbreviations: EqtII, equinatoxin II; FraC, fragaceatoxin C; GUVs, giant unilamellar vesicles; LUVs, large unilamellar vesicles; Ld, liquid disordered phase; Lo, 
liquid ordered phase; OxPL, oxidized phospholipid; PC, phosphatidylcholine; POPC, 1-palmitoyl-2-oleoylphosphatidylcholine; POPC-OOH, the hydroperoxidized 
form of POPC; PFT, pore-forming toxin; SM, sphingomyelin; So, gel phase/solid ordered phase; StI, sticholysin I; SUVs, small unilamellar vesicles. 
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Contents lists available at ScienceDirect 

Toxicon 

journal homepage: www.elsevier.com/locate/toxicon 

https://doi.org/10.1016/j.toxicon.2021.10.012 
Received 6 September 2021; Received in revised form 23 October 2021; Accepted 29 October 2021   

mailto:itri@if.usp.br
mailto:calvarez@fbio.uh.cu
www.sciencedirect.com/science/journal/00410101
https://www.elsevier.com/locate/toxicon
https://doi.org/10.1016/j.toxicon.2021.10.012
https://doi.org/10.1016/j.toxicon.2021.10.012
https://doi.org/10.1016/j.toxicon.2021.10.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.toxicon.2021.10.012&domain=pdf


Toxicon 204 (2021) 44–55

45

The essential and specific role of SM in the interaction of sticholysins 
(Sts) with membranes has been well documented. In their early work, 
Bernheimer and Avigad (1976) purified the S. helianthus toxin origi
nally reported by Devlin (1974) and demonstrated that the hemolytic 
activity was specifically inhibited by SM proposing that this sphingo
phospholipid could function as its receptor in the red blood cell mem
brane (Bernheimer and Avigad, 1976; Linder et al., 1977). The presence 
of SM domains in the bilayer provided optimal conditions for insertion 
into the membrane and subsequent assembly of a stable multimeric 
complex which functions as an ion channel (Doyle et al., 1989). 

The mechanism of pore formation by actinoporins in membranes is a 
several stage process consisting in: (i). membrane binding, (ii). oligo
merization, detachment and insertion of the N-terminus into the hy
drophobic nucleus of the membrane, and (iii). pore assembly. The 
binding of the protomers to the membrane through the aromatic resi
dues and lipid-binding sites was identified as the first stage in this 
sequence. Upon binding to the membrane, the concomitant association 
of several AP monomers and the relocation of the N-terminus from the 
toxin body to the hydrophobic nucleus of the bilayer takes place (Gar
cía-Linares et al., 2013; Hong et al., 2002; Malovrh et al., 2003; Man
cheño et al., 2003; Rojko et al., 2016). 

StI readily associates with SM-containing membranes originating 
pores that eventually can lead to cell death (Tejuca et al., 1996; Val
carcel et al., 2001). These are cation-selective pores of 2 nm in diameter, 
both in model and cell membranes, leading to cell death by osmotic 
shock (Tejuca et al., 1996, 2001). It has been extensively reported that 
SM is a basic constituent for actinoporin effective membrane binding 
resulting in pore formation (Bakrac and Anderluh, 2010; Tejuca et al., 
1996; Valcarcel et al., 2001). Experimental evidence indicates that 
actinoporins recognize SM through both its polar head group and cer
amide unit (Maula et al., 2013; Soto et al., 2017); of relevance, SM en
sures irreversible binding and pore generation in model membranes 
(Martínez et al., 2007; Michaels, 1979; Valcarcel et al., 2001). The as
sociation of Sts to membranes leading to pore formation responds 
significantly to the nature of lipid head groups and particularly to their 
access to the SM interfacial structural motif (Soto et al., 2017). 

The mechanism of pore formation due to APs binding to the mem
brane is still a matter of debate. Previous work proposed that the 
membrane affinity of actinoporins is dependent on the SM presence but 
only if the membrane exhibits phase coexistence (Schön et al., 2008), 
whereas other has postulated that this activity occurs even in those lipid 
systems lacking SM provided they exhibit phase separation (Barlic et al., 
2004). In the case of Sts, rather than the sole presence of the lipid 
platforms, our previous studies revealed that binding of Sts to mem
branes is the result of a fine tune between SM concentration and 

membrane fluidity (Pedrera et al., 2014, 2015). Therefore, since the 
membrane has an adequate availability of SM, physical properties of the 
lipid ensemble, such as its phase state and rheological properties, 
become a leading character in its recognition by Sts. Consistent with 
this, we advanced the hypothesis that a fluid phase with a looser lipid 
packing in respect to a gel phase and a scenario favoring StI-sphingolipid 
interaction by H-bonds provide a favorable platform for competent toxin 
association (Pedrera et al., 2014). 

Regardless of these considerations, the modulation of actinoporin 
activity due to the existence of lateral phase separation in membrane is 
still an unresolved issue. In this direction, it has been claimed that 
actinoporin EqtII association to lipids is favored by the presence of 
packing defects on the membrane surface (Alegre-Cebollada et al., 2006; 
Barlic et al., 2004; Schön et al., 2008). On the other hand, the simulta
neous presence of SM and Chol in membrane significantly favors binding 
and pore formation by Sts (Martínez et al., 2007) and EqtII (Drechsler 
et al., 2010). Our studies on liposomes and lipid monolayers demon
strated that ternary lipid systems in which Chol, ergosterol or choles
tenone were mixed with phosphatidylcholine (PC) and SM favor 
binding, insertion, and pore formation by StI. Interestingly, the 
enhancement of StI activity in membranes containing any of the three 
sterols occurs irrespectively of their ability to promote lateral phase 
separation (Pedrera et al., 2015). We then speculated that sterols pro
mote changes in the membranes properties as a result of increased 
molecular heterogeneity, modulation of fluidity and/or induction of 
membrane negative curvature that impacted StI activity (Pedrera et al., 
2015). 

Lipids containing functionalized and truncated acyl chains are 
known to modify bulk membrane properties such as permeability, 
fluidity, thickness and phase segregation (Haluska et al., 2012; Itri et al., 
2014; Sankhagowit et al., 2014; Tsubone et al., 2019). In particular, 
oxidized phospholipids (OxPLs) can have hydrophilic groups hanging on 
acyl lipid chains, which modify membrane properties. Among these 
species, the hydroperoxide phospholipid POPC-OOH has been experi
mentally and theoretically investigated in a variety of model systems 
due to its modulating action on membrane properties (Corvalán et al., 
2020; Jurkiewicz et al., 2012; Siani et al., 2016). The hydroperoxidized 
unit has a more hydrophilic character than the hydrocarbon chain 
environment; hence, this group tends to move towards the membrane 
surface (Riske et al., 2009; Rosa et al., 2018; Weber et al., 2014; Won
g-Ekkabut et al., 2007). This location causes an increase in lipid mo
lecular area (Rosa et al., 2018) and membrane surface area (Weber et al., 
2014; Wong-Ekkabut et al., 2007), reduction of bilayer thickness (Rosa 
et al., 2018), decrease in membrane elastic modulus (Weber et al., 2014) 
and bending rigidity (Scanavachi et al., 2021). Moreover, this OxPL 

Fig. 1. Representation of StI and lipid structures. 3D 
ribbon representation of StI (PDB: 2KS4). 3D ribbon 
representation of StI (PDB: 2KS4). The 3D representa
tion was created using Pymol 2.1. α-helices are dis
played in red, β-sheets in blue, turns and loops in green. 
The phosphocholine (POC) binding site is also shown. 
The 3D representation was created using Pymol 2.1 
(Schrodinger, 2018) (A). Chemical structures of 1-pal
mitoyl-2-oleoyl-sn-glycero-3- phosphocholine (POPC), 
1-palmitoyl-2-oeloylphosphatidylcholine hydroperox
ide (POPC–OOH) and sphingomyelin (SM) (B). (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this 
article.)   
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promotes phase separation into liquid disordered (Ld)/liquid ordered 
(Lo) phases in dipalmitoyl phosphatidyl choline (DPPC)/1-palmitoy
l-2-oleoylphosphatidylcholine (POPC)/Chol membrane systems (Tsu
bone et al., 2019). 

To the best of our knowledge, there is no report on the action of any 
actinoporin on model membrane systems containing an OxPL. There
fore, we decided to investigate the impact of including a peroxidized 
phosphatidylcholine in membrane composition on the activity of StI, 
since such oxidized lipid alters significantly the polar/apolar interface of 
the PC membrane concomitantly with loosening packing of acyl chains 
(Rosa et al., 2018; Scanavachi et al., 2021; Siani et al., 2016; Won
g-Ekkabut et al., 2007). This approach supported by the use of giant 
unilamellar vesicles, GUVs, fluorescence microscopy provides a direct 
observation of the influence of the OxPL on lipid microdomain land
scape and its influence on StI permeabilizing activity. Here we describe 
for the first time the membrane permeability enhancement due to the 
pore-forming activity of StI on lipid systems containing the hydro
peroxidized POPC combined with SM, the natural receptor (Tejuca et al., 
1996; Valcarcel et al., 2001)/lipid cofactor (Tanaka et al., 2015) of 
actinoporins. Such finding gives a step further to better understanding 
the role of membrane lipid composition on actinoporin activity and can 
be useful to comprehend and ideally treat disorders where lipid oxida
tion is involved (Alvarez et al., 2020). 

2. Material and methods 

2.1. Chemicals and reagents 

StI was purified from the sea anemone whole body homogenate by 
combining size exclusion chromatography on Sepahdex G-50 and cation 
exchange on CM-Cellulose 52 as previously described (Lanio et al., 
2001). The lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
(POPC) and brain sphingomyelin (SM) were purchased from Avanti 
Polar Lipids, Inc. (Alabaster, AL, USA) (Fig. 1B). POPC-OOH, the 
hydroperoxidized form of POPC, was obtained by irradiation of POPC as 
previously reported (Weber et al., 2014). In short, POPC–OOH, was 
obtained by irradiation of POPC in methylene blue solution. To this end, 
POPC was dissolved in chloroform, to which 1 mL of a 0.3 mM methanol 
solution of methylene blue was added. This mixture was kept in an ice 
bath and stirred continuously. The irradiation was performed with a 
tungsten lamp (500 W) for 8 h. To purify the product we used two 
columns, an analytical column, with smaller dimensions (150 × 4.6 mm) 
and a semi-preparative column (250 × 20 mm), which allowed sepa
rating a larger amount of hydroperoxide lipid. Both are ODS silica col
umns for reverse phase chromatography. The protocol started by using 
the analytical column coupled to the mass spectrometer. The product 
with a retention time of 7 min was POPC-OOH, with m/z 792.5. This 
actually represents two overlapping peaks, which are due to the isomers 
of the POPC-OOH (OOH group attached to either carbon 9 or carbon 10). 
We did not separate these isomers and all experiments were performed 
using this mixture (without separating the isomers). This separation is 
very difficult and the in situ oxidation always produces both POPC-OOH 
isomers. Therefore, the mixture is a better mimic of the result of a real in 
situ oxidation. Once characterized the chromatogram and identified the 
POPC-OOH peak, we made the synthesis with a larger amount of POPC 
and used the semi-preparative column to do the separation and then 
collect the POPC-OOH used in the experiments. The product that was 
isolated from the semi-preparative column was subsequently also 
checked by mass spectra (m/z 792.5). The elution condition for the 
analytical column was 100% methanol, 1 ml/min, and the product had a 
retention time of 7 min. For the semi-preparative column, the mobile 
phase was also 100% methanol at a flow of 10 ml/min and the product 
had a retention time of 12 min. The fluorescent probe 
L-α-phosphatidylethanolamine-N-(lissaminerhodamine B sulfonyl) 
ammonium salt (Rho-PE) was purchased from Avanti Polar Lipids 
(Alabaster, AL, USA). 

2.2. Preparation of liposomal vesicles 

Large Unilamellar Vesicles (LUVs). Lipids at chosen molar ratio 
were dissolved in chloroform:methanol 2:1 v/v and evaporated thor
oughly under a N2 flux. Multilamellar vesicles (MLVs) were obtained by 
hydration of the lipid film with buffer (10 mM Tris-HCl, pH 7.4), 
intensive vortexing and heating at temperatures over their lipid transi
tion temperature. LUVs (~0.5 mM in buffer) with approximately 100 
nm diameter were prepared by extruding a solution of MLVs as previ
ously described (Tejuca et al., 1996). 

Giant Unilamellar Vesicles. GUVs of the appropriate lipid 
composition (total amount: 2 mg mL− 1 in chloroform) containing the 
fluorophore Rho-PE (0.2 mol%), were obtained by the electroformation 
technique (Angelova and Dimitrov, 1986) as previously reported 
(Pedrera et al., 2015). Vesicles were observed the following day at room 
temperature (23 ± 2 ◦C) to ensure that they had attained thermody
namic equilibrium phase separation. 

2.3. LUVs characterization 

The average size and polydispersity of the LUVs, as well as ζ po
tential, were measured by quasi-elastic light scattering in a Zetasizer 
(Nano-ZS90, Malvern, U.K.), equipped with a He–He laser of 633 nm 
wavelength and 4 mW (T = 22–25 ◦C). 

2.4. Permeabilization assays 

In order to perform permeabilization assays, 100 μL of electroformed 
GUVs were mixed with 600 μL of 0.2 M glucose solutions containing 
different StI concentrations (4.0–30 nM) in order to achieve diverse 
toxin: lipid molar ratios (~minimum 1:200). The mixture was imme
diately taken to the microscope chamber to carry out the continuous 
observations in the phase contrast mode with an inverted microscope 
Axiovert 200 (Carl Zeiss, Jena, Germany) equipped with a Plan Neo- 
Fluar 63X Ph2 objective (NA 0.75) and A-plan 10X Ph1 (NA 0.25) 
objective. Osmolality adjustment of sucrose and glucose solutions to 
avoid differences in osmotic pressure was performed on an Osmomat 
030 cryoscopic osmometer (Gonotec, Germany). The resulting GUVs 
preparations contained sucrose inside the vesicles and glucose in the 
outside milieu. This difference in the internal and external sugar solu
tions allowed us to observe the GUVs in phase contrast optical mode due 
to difference in refractive indexes. Moreover, the presence of sucrose 
inside vesicle made them sediment on the coverslip since sucrose has a 
higher molecular density, facilitating observation by the inverted mi
croscope. Images were captured with an AxioCam HSm digital camera 
(Carl Zeiss, Jena, Germany). StI pore forming activity on GUVs was 
accounted for determining the % of GUVs that completely lost optical 
phase contrast in a microscope field (10× magnification) over the 
experimental time. In the initial condition, the total amount of non- 
permeabilized GUVs was taken as 0% permeabilization for that micro
scope field. The determination was carried out in three independent 
experiments. Details of the conditions used for visualizing Ld-Solid or
dered (So) phase separation can be found elsewhere (Dos Santos et al., 
2017). 

2.5. Binding of StI to LUVs 

Binding to LUVs was followed by the increase in Trp intrinsic fluo
rescence of StI upon vesicle addition. Protein samples, at a final con
centration of 1.5 μM in 10 mM Tris-HCl pH 7.4, were excited at 295 nm 
in order to minimize tyrosine emission and fluorescence spectra were 
measured from 310 to 450 nm (Lakowicz, 2006; Martinez et al., 2001) at 
23 ± 2 ◦C in a Steady-state spectrofluorimeter Varian, Cary-Eclipse 
(Agilent Technologies, Inc., Santa Clara, CA, USA). To this solution, 
increasing amount of LUVs of the studied composition was added up to a 
toxin: lipid molar ratio close to 1:200 and changes in fluorescence 
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intensity and λmax were recorded. Control LUVs spectra were also ob
tained in the absence of toxin and subtracted from experimental data to 
correct any light scattered by vesicles. 

Quenching of the fluorescence produced by Trp residues positioned 
in diverse microenvironments, in solution and bound to membranes 
under saturation conditions, was achieved through the addition of 
increasing amounts of acrylamide. Briefly, StI in buffer was titrated with 
acrylamide (0–200 mM) in the absence and presence of saturating LUVs 
concentrations. The ratio between StI fluorescence intensity maximum 
without acrylamide (Fo) and in the presence of the quencher (F) was 
plotted as a function of acrylamide concentration and the experimental 
points were analyzed by the Stern-Volmer equation: 

Fo /F = 1 + Ksv[Q] (1)  

where KSV is the Stern-Volmer constant and represents a measurement 
of the acrylamide ability to quench StI Trp emission and hence of its 
exposure to the aqueous milieu (Lakowicz, 2006). In all experiments, 
excitation and emission slits with 5 nm nominal band pass were used. 

2.6. Binding of StI to lipid monolayers 

Surface pressure (π) measurements were performed with a μTrough-S 
system (Kibron, Helsinki, Finland) at 23 ± 2 ◦C under stirring at constant 
area. The subphase consisted of 300 μL of 10 mM Tris–HCl, pH 7.4. Lipid 
monolayers were generated by applying lipid chloroformic solutions on 
the buffer surface to reach different initial surface pressures (πo) in order 
to achieve increasing lipid:protein molar ratios. StI was then injected 
into the subphase following the previously described protocol (Pedrera 
et al., 2014). 

3. Results 

3.1. The presence of POPC-OOH increases StI permeabilizing activity in 
SM-containing vesicles 

To assess the effect of including the hydroperoxized phospholipid 
(POPC–OOH) in lipid bilayers, we investigated GUVs composed of the 
well characterized lipid composition POPC:SM (1:1) (Fig. 2A upper 
panel), an optimal binary lipid ensemble for StI activity (Pedrera et al., 

Fig. 2. Representative fluorescence (the first 
and last images in each row) and phase 
contrast images recorded from GUVs of 
POPC:SM (1:1) (upper row) and POPC-OOH: 
SM (1:1) (lower row) treated with StI (30 
nM) (A). Fluorescence (the two first and last 
images in each row) and phase contrast im
ages recorded from GUVs of POPC:SM (1:1) 
(upper row) and POPC-OOH:SM (1:1) (lower 
row) without StI (B). The time sequence, 
expressed in minutes in the right upper 
corner of each image, stands for the elapsed 
time after mixing the StI-containing glucose 
solution with GUVs-containing sucrose so
lution (A) or the addition of the glucose so
lution devoid of StI to GUVs-containing 
sucrose solution (B). StI: lipid molar ratio: 
~1:200. Similarly, a consistent dependence 
of the results on time and lipid composition 
was obtained with the other StI concentra
tions studied (4–15 nM StI, not shown). 
Fluorescence images are slightly out of focus 
to highlight the coexistence of gel-fluid 
phases. The scale bars spans 20 μm.   
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2014; Tejuca et al., 1996), and compared with POPC-OOH:SM (1:1) 
(Fig. 2A, lower panel). The lipid mixture also contained 0.2 mol% of the 
lipophilic fluorescent dye Rho-PE that predominantly partitions into the 
fluid phase in the case of membranes in which different phases co-exist 
(Zhao et al., 2007). As can be seen, the addition of StI (30 nM) to the 
external GUV suspension caused a gradual decrease in the optical phase 
contrast of the giant POPC:SM liposomes over time, reaching a total 
fading in an elapsed time of circa 30 min (Fig. 2A, upper panel). Such an 
effect is due to the inner and outer sugar solutions exchange, reflecting 
an increase in lipid bilayer permeability. Given that StI is a well-known 
pore forming toxin, that no micron-sized pores were observed during the 
experiments, and considering that the microscope resolution is of few 
microns, this finding suggests the formation of submicrometric-sized 
pores by the toxin (Pedrera et al., 2015; Tejuca et al., 2001). More
over, the permeabilizing activity of StI did not lead to the dis
solution/disappearance/burst of the GUVs indicating that the 
permeabilization does not involve a detergent-like mechanism (Sud
brack et al., 2011). Strikingly, phase contrast fading took place in less 
than 4 min for GUVs made up of POPC-OOH:SM (1:1) under the influ
ence of 30 nM StI (Fig. 2A, lower panel). Of note, control GUVs of both 

lipid compositions did not experience permeabilization in the absence of 
StI (Fig. 1B) in the experimental time course. No permeabilizing activity 
of StI was observed on GUVs composed solely of either POPC or 
POPC-OOH (Fig. S). 

Interestingly, in fluorescence mode, the binary equimolar lipid 
mixtures show a clear gray due to the fluid phase attributed to either 
POPC or POPC-OOH phospholipids coexisting with dark regions of a 
more packed SM-based gel phase. In accordance, it was recently 
demonstrated that POPC-OOH can be a promoter of the liquid disor
dered (Ld)-liquid order (Lo) phase coexistence in membranes composed 
by DPPC and Chol, due to its modified oxidized molecular structure 
(Tsubone et al., 2019) indicating that that POPC-OOH favors lipid 
demixing. As one can observe from Fig. 2, although StI promotes 
membrane pore formation, its presence does not perturb the coexisting 
lipid domains boundaries over the incubation time. 

3.2. The StI permeabilizing activity in POPC-OOH and SM-containing 
vesicles depends on the content of OxPL 

In order to further verify the influence of POPC-OOH on toxin 

Fig. 3. Time course of the permeabilizing activity elicited by StI in GUVs.  
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permeabilizing activity, we assessed the effect of different StI concen
trations (4–30 nM) on lipid compositions containing 50 mol% SM and 
variable concentrations of POPC mixed with POPC-OOH to achieve 50 
mol% (POPC–OOH: 15, 25, 50 mol%). The rationale behind this design 
was to assess the POPC-OOH contribution to the above-described results 
varying its proportion in the mixture but keeping constant the SM 
content. This is of the outmost importance since an increase in SM up to 
50 mol% promotes a proportional increase in binding and pore- 
formation by Sts (Pedrera et al., 2014; Tejuca et al., 1996). On the 
other extreme, greater SM concentrations (>50 mol%) significantly 
modify the physicochemical properties of the system in terms of vesicle 
size (Valcarcel et al., 2001) or lipid packing that would turn more 
difficult to interpret the results of protein action as a function of lipid 
composition (Pedrera et al., 2014). 

Representative fluorescence images of fluid-gel phase coexistence 
and contrast phase loss for POPC-OOH:POPC:SM (25:25:50) exerted by 
StI (15 nM) are displayed in Fig. 3A. These results illustrate that 
increasing the proportion of the oxidized lipid in the mixture enhances 
the activity of the protein (Fig. 3B). 

Representative images of POPC-OOH:POPC:SM (25:25:50) contain
ing 0.2 mol% of Rho-PE and treated with 15 nM StI (upper panel) or not 
(lower panel) observed in fluorescence mode (first and last images in the 
row) and phase contrast mode. The time sequence, expressed in minutes 
in the right upper corner of each image, refers to the elapsed time after 
mixing the StI-containing glucose solution to GUVs-containing sucrose 
solution. The scale bars spans 20 μm (A). Permeabilization of POPC- 
OOH:POPC:SM (15:35:50), (triangles); POPC-OOH:POPC:SM 
(25:25:50), (squares); and POPC-OOH:POPC:SM (50:0:50), (circles). 
0% of permeabilization stands for the initial condition upon mixture of 
StI with the GUVs, where the vast majority of vesicles was intact, and 
considered as the total amount of non-permeabilized GUVs in that mi
croscope field. 100% refers to a condition in which all vesicles in that 
particular microscope field have lost optical phase contrast (B). StI:lipid 
molar ratio, ~1:400. Similarly, a consistent dependence of the per
meabilization results on time and lipid composition was obtained with 
the other StI concentrations studied (4, 7 and 30 nM StI, not shown). 
GUVs of the four compositions studied but without StI (controls) were 
followed over 30 min and no phase contrast or modification of phase 
landscape was observed. Values are expressed as the mean and standard 
deviation determined from three independent experiments. 

Importantly, in our study, inclusion of 15, 25 or 35 mol% POPC-OOH 
in POPC:SM vesicles keeping constant SM concentration (50 mol%), 
POPC-OOH:POPC:SM (25:25:50) (Fig. 3A lower panel), or POPC-OOH in 
POPC-OOH: SM (50:50) (Fig. 2B, lower panel) did not result in spon
taneous permeabilization of the vesicles in the absence of StI. The in
crease in the permeabilizing activity of StI on GUVs containing POPC- 
OOH and SM might be caused by i. the particular characteristics of the 
phase separation borders between the POPC-OOH enriched fluid – SM 
enriched gel phases and/or ii. the physical properties of the more fluid 
POPC-OOH enriched phase (Sankhagowit et al., 2014). 

In order to verify whether differences in GUVs permeation could 
result from differences in StI binding promoted by distinct interfaces or 
post-binding steps we used LUVs and lipid monolayers as model mem
brane systems of selected lipid compositions. These are relatively simple 
and informative models that have been thoroughly used in our labora
tory to characterize binding of Sts to membranes (Antonini et al., 2014; 
Martinez et al., 2001; Martínez et al., 2007; Pedrera et al., 2014, 2015). 

3.3. OxPL POPC-OOH does not appear to increase StI binding to SM- 
containing LUVs 

3.3.1. LUVs characterization 
LUVs as membrane models have the advantage that can be charac

terized by spectroscopic approaches, as compared to the larger GUVs 
used in microscopy studies. The difference in curvature between both 
vesicle models can be considered irrelevant because LUVs have no 

significant curvature stress and thus there is a similar lipid distribution 
between the two leaflets. Moreover, any other difference derived from 
lipid packing is not expected; therefore, results are comparable to those 
obtained with GUVs (Goñi et al., 2008). 

We here characterized LUVs made up of POPC:SM (1:1) and POPC- 
OOH:SM (1:1) in terms of size and ζ potential by DLS. 

Both vesicles obtained by the extrusion procedure with poly
carbonate filters with nominal holes of 100 nm rendered rather homo
geneous populations in terms of size indicated by low polydispersity 
index (PI: 0.05–0.16). LUVs exhibited a Gaussian diameter distribution 
displaying a mean value of around 125 nm and low standard deviation 
of ~5 nm. Further, all vesicles exhibited ζ potential values around − 30 
mV. Therefore, POPC-hydroperoxidation did not impact on membrane 
surface charge nor on LUVs size. 

3.3.2. The enhancement of StI activity cannot be ascribed to a higher 
binding extent to POPC-OOH-SM-containing LUVs as perceived by 
fluorescence spectroscopy 

It is well recognized that the mechanism of pore-formation by acti
noporins involves several stages, i.e. membrane binding, oligomeriza
tion, N-terminus detachment of the protein body and its insertion into 
the hydrophobic core of the bilayer, and eventually pore formation 
(Rojko et al., 2013, 2016). The first step in this sequence of events is the 
association of the soluble monomers to the membrane (Alvarez et al., 
2017; Castrillo et al., 2010; Mancheño et al., 2003). The relatively high 
concentration of Trp and Tyr in the Sts’ binding region (Castrillo et al., 
2010; Mancheño et al., 2003) enables the use of fluorescence spectros
copy in the assessment of protein binding to membrane (Alvarez et al., 
2003; Martínez et al., 2007). Association to membrane involves an in
crease in the fluorescence intensity and a shift of its emission maximum 
to shorter wavelengths; both phenomena result from the modification of 
the microenvironment of aromatic amino acids shifted from a polar to a 
more apolar milieu in membrane (Lakowicz, 2006). In order to inves
tigate whether the increase in the permeabilization activity of StI 
observed in GUVs of lipid compositions containing SM and the OxPL 
POPC-OOH could be ascribed to the binding step, we performed binding 
studies on LUVs of the same basic lipid compositions examined by 
fluorescence microscopy (Fig. 2). Binding of the toxin to liposomes was 
followed by collecting the intrinsic fluorescence of the StI’s Trp residues 
upon excitation at λ = 295 nm in solution and in the presence of 
increasing liposome concentrations. The spectra of StI in the presence of 
vesicles comprising POPC:SM (50:50) and POPC-OOH:SM (50:50) show 
emission maxima blue-shifted (approximately 15 nm) accompanied by 
an increased fluorescence intensity when compared to StI in solution 
(Fig. 4A). This behavior reflects an average less exposure of Trp residues 
towards the aqueous external medium upon vesicle addition. In contrast, 
in the presence of vesicles lacking SM (either POPC or POPC-OOH), StI 
spectra does not experience increase in the emission intensity or a shift 
towards lower wavelengths (results not shown). This would be indi
cating that StI does not bind significantly to these two systems lacking 
SM as previously reported (Tejuca et al., 1996). It is interesting to point 
out that in the presence of vesicles containing POPC-OOH and lacking 
SM, the intensity of the fluorescence is even lower than that of StI (not 
shown) probably due to a quenching effect promoted by this OxPL. This 
could be also the case for the composition POPC-OOH:SM when 
compared to POPC:SM (Fig. 4A). The F/Fo ratio for increasing selected 
StI:lipid molar ratios show an increase for both lipid compositions but is 
visibly higher for vesicles that do not contain the peroxidized phos
pholipid (Panel B in Fig. 4). The smaller and no consistent increase in the 
ratio for POPC-OOH-containing vesicles may result from the quenching 
of StI Trp fluorescence as mentioned above. This is supported by the fact 
that Trp residues tend to accommodate mainly in lipid-water interface 
(De Planque et al., 2003) as it has also been proposed for actinoporins 
(García-Linares et al., 2016). It is noteworthy that in both types of 
vesicles, the maximum fluorescent emission is around the same values 
and shifted towards lower wavelengths when compared to StI in 
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solution, indicative of StI binding to the membrane (Panel A in Fig. 4). 
Selective Trp fluorescence quenching by the hydrophilic quencher 

acrylamide is used to estimate the exposure of the emitting centers to the 
aqueous milieu or to the lipid environment. Quenching studies in 
conjunction with binding isotherms provide useful information on 
actinoporin binding to membranes (Alvarez et al., 2003; Macek et al., 
1995; Martinez et al., 2001). The fluorescence quenching study with 
acrylamide revealed, as expected, that on average StI’s Trp residues are 
more exposed to the external medium when the protein is in solution 
than in the presence of both types of vesicles (POPC–OOH:SM and POPC: 
SM). In accordance, the Ksv values calculated by expression (1) were 
lower for StI in the presence of both types of vesicles because of a less 
access to water of Trp residues, which indicates binding of StI to LUVs. 
Interestingly both Ksv values were similar for the SM-containing vesicles 
(Panel C in Fig. 4). 

Is summary, this fluorescence studies show that the replacement of 
POPC in liposome composition by POPC-OOH does not alter the StI 
binding to SM-containing membranes. However, the presence of the 
–OOH moiety oriented towards the water-membrane interface where StI 
Trp residues are located (Mancheño et al., 2003) might be quenching the 
fluorescence of Trp residues adding some uncertainty to these results. In 
fact, protonated carboxyl groups near Trp residues have been identified 
among the factors that quench the emission from Trp residues due to 
their electron acceptor ability (Lakowicz, 2006). For this reason, we 
decided to study binding of StI to Langmuir lipid monolayer systems of 
the same compositions. These studies allow for obtaining additional 
information on the binding of StI to the membrane based on other 
physical principle circumventing the uncontrolled phenomena associ
ated with fluorescence quenching. 

3.4. StI binding to lipid monolayers 

To assess binding of StI to lipid monolayer, we followed the time 
course of the surface pressure increase after adding StI to the aqueous 
subphase (Fig. 5A). Plotting the increase in the surface pressure as a 
function of time revealed different profiles for the equimolar PC:SM and 
POPC-OOH:SM mixtures for the same initial pressure (~18 mN m− 1) 

upon the addition of the same protein concentration. While the curve 
corresponding to the mixture POPC:SM displays a stepwise increase in 
the signal after the initial upsurge (first 25 s), the response of the surface 
pressure of the POPC-OOH:SM monolayer exhibits the same initial jump 
(first 25 s) followed by an approximate constant value (~26 mN m− 1) 
until ~130 s. After that, the signal increases progressively up to satu
ration reaching similar values than its POPC:SM counterpart at equi
librium (Fig. 5A). Interestingly, in a recent work, it was demonstrated by 
time resolved fluorescence experiments that the presence of POPC-OOH 
in lipid bilayers results in a higher microviscosity in the close proximity 
to the –OOH moiety, i. e, in the polar/apolar interface (Scanavachi et al., 
2021). Taking into account such result, and the fact that Trp residues 
essential for binding are probably located in the vicinity of the. 

POPC-OOH, we might infer that the increase in the local viscosity 
near the hydroperoxide group could interfere in the StI insertion in the 
POPC-OOH:SM monolayer in the initial binding stage and afterwards, 
reflected by a gradual surface pressure increase over interaction time in 
comparison to the surface pressure profile exhibited by StI association to 
POPC:SM monolayer. 

From the time profiles of the increase in π following StI addition at 
varying initial pressures of the lipid monolayer, as those shown in 
Fig. 5A, we calculated the critical pressure (πc) obtained by extrapo
lating to zero the upsurge in surface pressure (Δπ) as a function of the 
initial pressure (πo). This parameter characterizes the pressure that must 
be applied to avoid binding of the toxin to the monolayer and is directly 
correlated with the binding of the protein to the lipid system (Brockman, 
1999). Those compositions containing SM (Fig. 5B) show the highest 
critical pressure values when compared to those monolayers lacking the 
sphingolipid (POPC: πc = 43 ± 4 mN m− 1 and POPC-OOH: πc = 40.4 ± 3 
mN m− 1). The increase in surface pressure resulting from the association 
of the toxin to previously formed lipid systems showed in all cases πc 
values larger than 35 mN m− 1. This value has been associated to the 
lateral pressure of a typical biological membrane (Brockman, 1999). It 
has been suggested that, when the πc is higher than this critical value, 
the protein not only binds to the lipid monolayer, but also penetrates it 
(Caaveiro et al., 2001). For all the examined compositions, πc values 
were higher than 35 mN m− 1 suggesting that the toxin is able to 

Fig. 4. Binding of StI to liposomes of POPC: 
SM (50:50) and POPC-OOH:SM (50:50). 
Typical intrinsic fluorescence spectra of StI 
in solution (1.5 μM) and in the presence of 
LUVs. LUVs were added in increasing con
centrations and StI fluorescence spectra 
recorded For clarity, only spectra collected 
at an appropriate lipid: protein molar ratio 
(~100:1) is presented (A). LUVs of other 
lipid compositions e.g. POPC, POPCOOH 
were examined but no relevant StI binding 
was recorded. F/Fo values for increasing 
lipid (L):StI molar ratios (B). SternVolmer 
constants (Ksv) calculated from the quench
ing by acrylamide assays of StI in solution 
and bound to liposomes of the indicated 
compositions at saturating vesicle concen
tration (values are expressed as the mean ±
standard deviation; quenching linear fit ac
cording to Eq (1) (r2 > 0.98) (C). All mea
surements were carried out in triplicate in a 
spectrofluorimeter Varian, Cary-Eclipse at T 
= 22 ± 2 ◦C in buffer 10 mM Tris-HCl, pH 
7.4. Spectra were corrected for light disper
sion by LUVs. Spectra were collected after 
excitation of StI Trp residues at 295 nm. Slit 
widths of 5 nm were used for excitation and 
emission beams. A.U., Arbitrary Units, F/Fo: 
is the ratio between StI fluorescence in the 
presence (F) and absence (Fo) of LUVs.   
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penetrate all these lipid systems. Strikingly, the presence of SM favors to 
the same extent StI binding irrespectively of the PC used, 
POPC/POPC-OOH, or possible differences in lateral organization of the 
monolayer derived from the mixing of both PC species and SM, although 
the mechanisms of StI insertion in the monolayers differ as shown in 
Fig. 5A. 

4. Discussion 

Over the last decade, multiple advances have been made in under
standing the structure–function relationship and the influence of mem
brane properties on actinoporin functionality; however, to the best of 
our knowledge, this is the first report on the impact of an oxidized lipid 
on the pore-forming activity of a member of this PFTs family. Therefore, 
in this work our interest was to explore the impact of the presence of an 
oxidized lipid on the activity of StI trying to clarify how the membrane 
properties modified by this OxPL (membrane interface, phase coexis
tence, lipid packing) modulate StI action. 

The experimental approach followed in this work, supported by its 
use in a variety of studies (Jurkiewicz et al., 2012; Rosa et al., 2018; 
Siani et al., 2016), consisted in incorporating an oxidized PC bearing a 
hydroperoxide group into lipid model systems. With this in mind, we 
assessed StI binding and permeabilizing activity on diverse model 
membrane systems containing POPC-OOH. 

Firstly, we examined the permeabilizing activity of StI on GUVs 
following the loss of optical phase contrast. The incorporation of the 
hydroperoxidized lipid in SM-containing membranes enhanced the 

activity of the toxin as compared to the mixture including the non- 
oxidized POPC and SM (Fig. 2A). This membrane destabilization was 
not due to spontaneous vesicle leaking since no contrast phase loss was 
observed in the absence of the toxin, at least in the time scale of our 
experiments (Fig. 2B). Moreover, this result is consistent with previous 
observations describing that the occurrence of hydroperoxide groups in 
the lipid bilayer does not increase membrane permeability or promote 
pore formation (Rosa et al., 2018; Siani et al., 2016; Weber et al., 2014). 
It should be noted that the permeabilization of GUVs by StI kept the 
vesicles intact even after a long time of exposure to the protein (>1hr) or 
with the use of high protein concentration (50 nM). In no case the 
dissolution or bursting of the vesicles, typical of a detergent-like 
mechanism of action (Sudbrack et al., 2011), was observed under 
these conditions, which excludes that the action of StI is due to a 
detergent-type mode of action. Therefore, the increase in membrane 
permeability can be ascribed to the pore forming activity of StI as we 
have previously demonstrated in GUVs or LUVs of other compositions 
(Martínez et al., 2007; Pedrera et al., 2015; Tejuca et al., 1996, 2001; 
Valcarcel et al., 2001). It is worth to point out that both POPC:SM and 
POPC-OOH:SM (1:1) GUVs exhibited lateral phase separation (Fig. 2). 
This landscape comprises the coexistence of a fluid phase enriched in 
POPC/POPC-OOH and other more packed phase, predominantly 
composed of SM. The presence of irregular borders in the darker phase is 
a typical characteristic of solid ordered phases (So) (Veatch and Keller, 
2003); therefore, in the binary systems apparently coexist a fluid phase 
and a more organized solid ordered (So) one (Fig. 2). This is supported 
by the fact that in GUVs, solid domains coexisting with liquid phase 

Fig. 5. Binding of StI to lipid monolayers. The in
crease in surface pressure was registered with con
stant stirring at constant area, as a function of time, 
until a stable signal was obtained. Representative 
timecourse profiles for POPC:SM (1:1) upper red line 
and POPC-OOH:SM (1:1) lower black line (A). Critical 
pressures (πc) were calculated by extrapolating 
regression lines from Δπ vs. πo plots as shown in (B). 
StI concentration in the subphase: 0.9 μM. Values 
were obtained after equilibration under gentle stir
ring and expressed as the mean value ± the standard 
deviation of at least 3 independent experiments. The 
line represents the best linear fit of data (r2 = 0.96). 
POPC-OOH:SM (1:1) black line, POPC:SM (50:50) red 
line. T = 23 ± 2 ◦C in buffer 10 mM Tris-HCl, pH 7.4. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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strongly exclude the fluorescent probe, are commonly noncircular and 
rotate as rigid entities in a background of a liquid phase (Veatch and 
Keller, 2003). 

The hydroperoxide group present in POPC-OOH due to its hydro
philic character tends to migrate to the bilayer surface eliciting an in
crease in the lipid molecular area and a decrease in the bilayer thickness 
and order parameters (Jurkiewicz et al., 2012; Wong-Ekkabut et al., 
2007); this increase in molecular area leads to an increase in the lateral 
area of the membrane (Beranova et al., 2010; Khandelia and Mouritsen, 
2009; Sankhagowit et al., 2014; Wong-Ekkabut et al., 2007). In fact, 
small angle X-ray scattering and molecular dynamics studies with 
different oxidized lipid species included in model lipid bilayer systems 
revealed that hydroperoxidized groups tend to be usually located near 
the headgroup region (Garrec et al., 2014; Siani et al., 2016; Won
g-Ekkabut et al., 2007) due to transient hydrogen bonding with water, 
carbonyl, and phosphate groups conferring a larger area per lipid. The 
increase of the average area per lipid due to the presence of –OOH 
groups can hinder the packing between the different lipids and prompt 
phase separation (Tsubone et al., 2019). 

Meanwhile, experimental studies with GUVs revealed that the hy
droperoxide groups significantly impact on membrane properties as, for 
instance, increase in lateral area (Haluska et al., 2012; Riske et al., 2009) 
in good agreement with molecular dynamics data (Tsubone et al., 2019), 
fluidity (Sankhagowit et al., 2014), elastic modulus (Weber et al., 2014) 
and rafts reorganization (Tsubone et al., 2019). 

Of note, the modifications to the physical properties of the bilayer 
introduced by POPC-OOH are not sufficient to promote StI per
meabilizing activity; in fact, vesicles composed exclusively of this per
oxidized lipid were not sensitive to the permeabilizing activity of the 
toxin (Fig. S). This is not surprising, given the specific role assigned to 
SM in membrane binding and pore-formation by StI (Tejuca et al., 1996; 
Valcarcel et al., 2001); even more, it has been recently demonstrated 
that SM besides its role as lipid receptor of actinoporins, it also can act as 
a structural element of the pore, where it functions as an assembly 
co-factor (Tanaka et al., 2015). 

The increased activity of Sts does not seem to depend on a significant 
enhanced binding to membrane at least as evidenced from LUVs results 
by fluorescence spectroscopic assays (Fig. 4). Regarding the monolayer 
experiments, the toxin association to the monolayer of POPC-OOH:SM 
revealed a different mechanism of insertion to that of POPC:SM. After 
a similar initial binding rate, the accommodation of the toxin into the 
POPC-OOH:SM monolayer takes a longer time, but once this stage has 
been overcome, the protein finally integrates into the monolayer 
reaching a similar surface tension value following long interaction time 
(Fig. 5). The pore-forming mechanism of actinoporins can be dissected 
into two major steps: a first one regarding binding to membrane and a 
second one related to the organization of monomers into a functional 
multimeric pore (Rojko et al., 2016). Assuming this simplified frame
work, studies with lipid monolayers besides being considered classical 
indicators of the actinoporins binding extent to the lipid ensemble, they 
also may reflect somehow the influence of the final steps leading to 
pore–formation. Therefore, different kinetic profiles (Fig. 5A) must be 
reflecting diverse ways to approximate to the final state in the mem
brane probably due to the influence of the hydroperoxidized group in 
the membrane. 

Membrane packing properties could be an important factor in the 
oligomerization step and the penetration of the N-terminal region of the 
toxin into the lipid membrane, since both processes involve the lateral 
displacement and rearrangement of lipid components. In this sense, we 
have previously observed that when binding is not a limiting factor (i.e. 
at saturating lipid conditions, manuscript submitted), membrane 
fluidity also potentiated vesicle permeabilization. In other words, 
membrane fluidity plays an important role for the effectiveness of the 
post-binding processes including oligomerization and membrane inser
tion that result in the formation of the lytic structure in the membrane. 
Others have observed that under optimal binding conditions, the 

rate–limiting step would involve the subsequent steps mandatory to 
produce the pore, once the actinoporin is associated to the membrane 
(Garcia-Linares et al., 2016). According to our fluorescence spectros
copy results, StI binding extent to POPC-OOH:SM and POPC:SM mem
branes is equivalent (Fig. 4), although through different pathways as 
revealed by surface tension data (Fig. 5). Therefore, we infer that the 
higher permeabilizing activity of StI in POPC-OOH:SM membranes does 
not derive from a higher affinity to this lipid ensemble. Moreover, all the 
examined compositions contain a fixed and high proportion of SM (50 
mol%); therefore, they are excellent targets for StI binding, irrespective 
of the phosphatidylcholine type (POPC or POPC-OOH). This would 
explain why minor differences in binding leading to pore-formation are 
difficult to be recorded. However, the looser lipid packing imposed by 
this OxPL in the fluid phase (and in the borders of phase coexistence) 
coupled to the presence of –OOH groups at polar/apolar interface seem 
to facilitate the toxin diffusion and/or oligomerization towards pore 
formation. 

Of note, the presence of phase separation in oxidized PC:SM mem
branes does not enhance significantly StI binding when compared to 
POPC:SM membranes at least in the steady-state conditions reached in 
the fluorescence and lipid monolayer studies. This is consistent with our 
previous results with ternary systems of PC:SM:sterol with phase coex
istence (cholesterol/ergosterol) or not (cholestenone). From these 
studies we concluded that sterols favor StI-membrane association irre
spective of their ability to generate laterally segregated domains 
(Pedrera et al., 2015). It has been shown that binding of EqtII to the 
lateral interfaces between Ld-Lo coexisting phases is a transient phe
nomenon; in this way, the toxin initially binds to the lateral interfaces 
and from there diffuses into the Ld phase (Rojko et al., 2014). Here, if 
one assumes that the toxin distribution occurs according to its concen
tration gradient from the phase boundaries, then the larger and less 
ordered phase would appear with a higher proportion of toxin facili
tating pore-formation leading to vesicle permeabilization. In summary, 
most probably, the phase boundaries of both POPC:SM (1:1) and 
POPC-OOH:SM (1:1) mixtures as well as the coexisting phases are suf
ficiently attractive for StI binding given their high SM content, hence the 
properties of the less packed phase coupled to the presence of –OOH 
group in the membrane interface, in this case the POPC-OOH enriched 
phase, should play a prominent role in the permeabilizing activity of StI. 

More recently, it was demonstrated at atomic level that the pore 
originated by the actinoporin FraC shows a peculiar architecture 
composed of lipids and proteins, where some of the lipids lining the pore 
wall act as assembly cofactors. The predominant transmembrane pore of 
FraC in DOPC/SM vesicles was an 8-mer with the aqueous channel 
exhibiting 8 lateral fenestrations (windows) in the walls of the pore one 
at each protomer–protomer contact interface (Tanaka et al., 2015). Due 
to the plasticity of the lipid binding sites of FraC it is tempting to 
speculate that other lipids bearing the same headgroup, that is, phos
phorylcholine, such as POPC-OOH could occupy any of these sites and 
positively modify the organization of the pore in actinoporins. Since 
lipids play an important role in pore organization, it will be interesting 
to assess if the composition of the acyl-chain of a 
phosphorylcholine-bearing lipid such as POPC-OOH or SM or even the 
nature of the headgroup of the lipid rules the pore stoichiometry and 
hence the activity of the protein. 

5. Conclusions 

Here we have demonstrated that the combination of the OxPL POPC- 
OOH with SM renders vesicles more susceptible to the pore-forming 
activity of StI when compared to those of POPC:SM. This boosted ac
tivity does not seem to be the consequence of a preferential binding to 
the lipid ensemble containing the OxPL; rather it is probably due to the 
changes in the less ordered phase of the hydrophobic medium promoted 
by POPC-OOH when compared to the non-oxidized PC counterpart. 
Once in the membrane, the subsequent events leading to pore-formation 
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might be facilitated by the higher fluidity of the POPC-OOH-enriched 
domain. Work is in progress in our laboratory in order to visualize the 
location of StI in these vesicles and the contribution of other OxLs to the 
activity of this PFP. 
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Fig. S. Phase contrast images recorded from GUVs of POPC (upper row) and POPC-OOH (lower row) treated with 30 nM StI at 2 and 30 min. This refers to the 
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Goñi, F.M., Alonso, A., Bagatolli, L.A., Brown, R.E., Marsh, D., Prieto, M., Thewalt, J.L., 
2008. Phase diagrams of lipid mixtures relevant to the study of membrane rafts. 
Biochim. Biophys. Acta 1781, 665–684. https://doi.org/10.1016/j. 
bbalip.2008.09.002. 

Haluska, C.K., Baptista, M.S., Fernandes, A.U., Schroder, A.P., Marques, C.M., Itri, R., 
2012. Photo-activated phase separation in giant vesicles made from different lipid 
mixtures. Biochim. Biophys. Acta Biomembr. 1818, 666–672. https://doi.org/ 
10.1016/j.bbamem.2011.11.025. 

Hong, Q., Gutiérrez, I., Barlic, A., Malovrh, P., Kristan, K., Podlesek, Z., Macek, P., 
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Rojko, N., Dalla, M., Maček, P., Anderluh, G., 2016. Pore formation by actinoporins, 
cytolysins from sea anemones. Biochim. Biophys. Acta Biomembr. 1858, 446–456. 
https://doi.org/10.1016/j.bbamem.2015.09.007. 

Rojko, N., Kristan, K.C., Viero, G., Zerovnik, E., Macek, P., Dalla Serra, M., Anderluh, G., 
2013. Membrane damage by an alpha-helical pore-forming protein, Equinatoxin II, 
proceeds through a succession of ordered steps. J. Biol. Chem. 288, 23704–23715. 
https://doi.org/10.1074/jbc.M113.481572. 

Ros, U., , Rodr??guez-Vera, W., Pedrera, L., Valiente, P.A., Cabezas, S., Lanio, M.E., , 
Garc??a-S??ez, A, J., Alvarez, C., 2015. Differences in activity of actinoporins are 
related with the hydrophobicity of their N-terminus. Biochimie 116, 70–78. https:// 
doi.org/10.1016/j.biochi.2015.06.024. 

Rosa, R. De, Spinozzi, F., Itri, R., 2018. Hydroperoxide and carboxyl groups preferential 
location in oxidized biomembranes experimentally determined by small angle X-ray 
scattering: implications in membrane structure. Biochim. Biophys. Acta Biomembr. 
1860, 2299–2307. https://doi.org/10.1016/j.bbamem.2018.05.011. 

Sankhagowit, S., Wu, S., Biswas, R., Riche, C.T., Povinelli, M.L., Malmstadt, N., 2014. 
The dynamics of giant unilamellar vesicle oxidation probed by morphological 
transitions. BBA - Biomembr. 1838, 2615–2624. https://doi.org/10.1016/j. 
bbamem.2014.06.020. 

Scanavachi, G., Coutinho, A., Fedorov, A.A., Prieto, M., Melo, A.M., Itri, R., 2021. Lipid 
hydroperoxide compromises the membrane structure organization and softens 
bending rigidity. Langmuir 37, 9952–9963. https://doi.org/10.1021/acs. 
langmuir.1c00830. 
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