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ABSTRACT: Sticholysin I (St I) is a pore-forming toxin (PFT) produced by
the Caribbean Sea anemone Stichodactyla helianthus belonging to the actinoporin
protein family, a unique class of eukaryotic PFT. As for actinoporins, it has been
proposed that the presence of cholesterol (Chol) and the coexistence of lipid
phases increase binding to the target membrane and pore-forming ability.
However, little is known about the role of membrane structure and dynamics
(phase state, fluidity, and the presence of lipid domains) on the activity of
actinoporins or which regions of the membrane are the most favorable for
protein insertion, oligomerization, and eventually pore formation. To gain insight
into the role of membrane properties on the functional activity of St I, we studied
its binding to monolayers and vesicles of phosphatidylcholine (PC),
sphingomyelin (SM), and sterols inducing (ergosterol -Erg and cholesterol
-Chol) or not (cholestenone - Cln) membrane phase segregation in liquid
ordered (Lo) and liquid disordered (Ld) domains. This study revealed that St I binds and permeabilizes with higher efficiency
sterol-containing membranes independently of their ability to form domains. We discuss the results in terms of the relevance of
different membrane properties for the actinoporins mechanism of action, namely, molecular heterogeneity, specially potentiated
in membranes with sterols inducers of phase separation (Chol or Erg) or Cln, a sterol noninducer of phase separation but with a
high propensity to induce nonlamellar phase. The role of the Ld phase is pointed out as the most suitable platform for pore
formation. In this regard, such regions in Chol-containing membranes seem to be the most favored due to its increased fluidity;
this property promotes toxin insertion, diffusion, and oligomerization leading to pore formation.

1. INTRODUCTION

Sea anemones produce a wide variety of toxins that act together
as essential tools to capture prey or defend from predators.
Their toxin arsenal includes neurotoxins,1,2 phospholipases,3,4

protease inhibitors,5 and pore-forming toxins (PFTs).6−8 The
formation of pores by PFTs can be achieved by inserting either
α-helices or β-hairpins within the target membrane, property
that has been employed to classify them into two well-defined
groups: α-PFTs and β-PFTs, respectively.9,10 Actinoporins are
α-PFTs exclusively found in sea anemones made of a single
polypeptide chain, with molecular weight around 20 kDa and
whose lipidic receptor in the membrane is SM.8 To date, the
most studied actinoporins are equinatoxin II (Eqt II) from
Actinia equina,11,12 St I and sticholysin II (St II), two isoforms
produced by Stichodactyla helianthus,13 and fragaceatoxin C
(FraC) synthesized by Actinia fragacea.14 The mechanism of
pore formation proposed for actinoporins is based on an initial
binding step followed by oligomerization and membrane
insertion leading to pore formation.15−17

Over recent years it has been postulated that the affinity of
actinoporins for membranes is greatly enhanced by the
coexistence of lipid phases.18−23 In model lipid systems, Lo
domains are usually formed when Chol associates with
saturated glycero- or sphingo-phospholipids rendering phos-
pholipid−Chol complexes.24 In particular, SM has emerged as
an important partner of Chol for Lo phase formation, and
ternary mixtures of dioleoylphosphatidylcholine (DOPC), SM,
and Chol have become one of the most studied model
membrane systems exhibiting Lo/Ld phase coexistence.24 In
this regard, Lo and Ld phases in bilayers or their equivalent Lo
and liquid expanded (Le) phases in monolayers, have been the
most studied systems in the actinoporin family.18−20,22,23 In
fact, packing defects related to the occurrence of lipid
microdomains have been claimed as a preferential binding
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site for Eqt II.18,20 More recently, for Eqt II it was proposed
that domain boundaries between Lo and Ld phases act as
preferential binding sites before the toxin accumulates in the Ld
phase, where the pore-formation takes place predominantly.22

These new observations are in conflict with previous ones that
suggested the preference of Eqt II for Lo phase.20 In line with
this evidence, we demostrated that St I binds and penetrates
with faster kinetic lipid monolayers with high lateral mobility
regardless of the presence of isolated condensed domains or
high proportion of SM.25 Hence, the interplay between
actinoporins and membrane is a complex process and still far
from being completely understood. In a general sense, there is a
lack of data allowing one to generalize that more fluid lipidic
platforms are the most suitable regions of membrane for pore-
formation by actinoporins or whether such observations
depend on the model system and lipid composition employed,
a common problem in membrane biophysics.
Since the effect of Lo/Ld phase coexistence on St I

functional activity has been barely explored, here we investigate
how the presence of three different sterolsChol, Erg, and
Clnimpact on St I membrane binding and pore-forming
activity by modulating the phase state of the membrane. Chol is
one of the major lipids of mammalian membranes, whereas Erg
is characteristically found in yeast and fungi membrane.26 Both
Chol and Erg are promoters of liquid phase coexistence in
phospholipid membranes whereas Cln, the main catabolic
product of Chol oxidase (EC 1.1.3.6) in the bile acid
biosynthesis pathway,27 is an inhibitor.26,28 To this end, we
have compared St I behavior on lipid monolayers and vesicles
composed of ternary mixtures of DOPC:SM:sterol (1:1:1). We
demostrated that sterols increase the binding and pore-forming
activity of St I independently of the sterol ability to generate Lo
domains.

2. MATERIALS AND METHODS
2.1. Chemicals and Reagents. St I was purified from the sea

anemone S. helianthus by combining gel filtration chromatography on
Sephadex G-50 medium (Pharmacia-LKB, Sweden) and cationic
exchange chromatography on CM-cellulose 52 (Whatman, Maidstone,
UK) as described.13 The lipids DOPC, egg SM, and Chol were
purchased from Avanti Polar Lipids (Alabaster, AL, USA) while Erg
and Cln were from Sigma-Aldrich (USA). The lipophilic fluorescent
probe Lα- phosphatidylethanolamine-N-lissamine rhodamine B
sulfonyl-ammonium salt, chicken egg-transphosphatidylated (Rho-
PE), the amine-reactive probe Alexa Fluor 488 carboxylic acid
succinimidyl ester, and carboxyfluorescein (CF) were obtained from
Invitrogen (Eugene, OR, USA). Solvents and chemicals were of the
highest commercial purity available. Water was purified by a Milli-Q
system (Millipore, Billerica, MA, USA), to yield a product with a
resistivity of ∼18.5 MΩ·cm−1. For monolayer assays, the absence of
surface active impurities was routinely checked as described else-
where.29

2.2. Binding of St I to Lipid Monolayers. Surface pressure
measurements were carried out with a μTrough-S system (Kibron,
Helsinki, Finland) at room temperature (23 ± 2 °C) under constant
stirring. The subphase consisted of 300 μL of Tris-buffered saline
solution (TBS: 145 mM NaCl, 10 mM Tris-HCl, pH 7.4). The lipid
mixture dissolved in chloroform:methanol (2:1, v:v) was gently spread
over the surface, and the desired initial surface pressure (π0) was
attained by changing the amount of lipid applied to the air−water
interface. After 5 min for allowing solvent evaporation, St I was
injected into the subphase to achieve 0.8 μM protein final
concentration. At this subphase concentration, St I has no effect on
surface tension of the air−buffer interface. The increment in surface
pressure (Δπ) was recorded as a function of the elapsed time until a
stable signal was obtained.

2.3. Monolayer Compression Isotherms. Compression−
expansion isotherms were obtained by spreading 25 μL of
chloroform:methanol (2:1, v:v) lipid solution onto a Teflon trough
filled with TBS. The film was relaxed for 5 min at 0 mN·m−1 and
subsequently compressed at a rate of 1 Å2·molecule−1·min−1 up to the
collapse pressure. Surface pressure and film area were continuously
measured and recorded with a KSV Minitrough equipment (KSV,
Helsinki, Finland). The phase transitions points were estimated by the
third derivate method.30 To compare the phase state of the
investigated films and to obtain information on molecular ordering
in monolayer, the compressibility modulus (Cs−1) was calculated from
the isotherm data as30

π= − ∂
∂

− ⎜ ⎟⎛
⎝

⎞
⎠Cs MMA

MMA T

1

(1)

where MMA is the mean molecular area of a lipid monolayer at a
constant temperature (T).

2.4. Brewster Angle Microscopy of Lipid Monolayers. The
monolayers were observed while compressed using Brewster angle
microscopy (BAM). A KSV Minitrough equipment (KSV, Helsinki,
Finland) was placed in a Nanofilm EP3 Imaging Elipsometer
(Accurion, Gottingen, Germany) used in the BAM mode. Zero
reflection was set with a polarized laser (λ = 532 nm) incident on the
bare TBS surface at the experimentally calibrated Brewster angle (≈
53.1°). After monolayer formation and compression, the reflected light
was collected with a 20x objective. The quantification of the extent of
area covered by Le phase and domain borders was calculated by an
interactive image processing routine written in MatLab 7.9.0
developed by the Toxins and Liposomes lab at CEP. For these
determinations, at least 15 pictures were analyzed from two
independent experiments of each composition.

2.5. Determination of Viscosity of the Le and Lo Lipid
Phases in Lipid Monolayers. Lipid monolayers were formed by
depositing the chloroform:methanol (2:1, v:v) lipid solution
containing 1 mol % of Rho-PE at the air/TBS interface of a small
trough until reaching the surface pressure of 20 mN·m−1 measured
with a μTrough-S system (Kibron, Helsinki, Finland). The trough was
placed on the stage of an Axiovert-200 fluorescence microscope (Zeiss,
Germany), and the images were obtained with a long distance 20×
objective and a high sensitive EMCCD camera (IxonEM+ model DU-
897, Andor Technology). The observations were carried out at 23 ± 1
°C. The diffusion coefficient of Lo domains in a Le environment at 20
mN·m−1 was obtained by tracking the movement of the Lo domains.
Similarly, the diffusion coefficient of Le domains inserted in a Lo phase
was calculated by tracking the Le domains enclosed in a larger Lo
domain. The tracked domain radii in the DOPC:SM:Chol monolayers
were 1.5 ± 0.2 μm and 0.7 ± 0.2 μm for Lo and Le phases,
respectively, while in the case of DOPC:SM:Erg monolayers they were
1.0 ± 0.2 μm and 0.7 ± 0.2 μm for Lo and Le phases, respectively.
Since convection may be reduced but not completely abolished, the
domain movement was calculated from the trajectories of two domains
that suffered a similar convection drag (it was assumed that, at a close
enough distance, ≤ 20 μm, the domains suffered the same drag).
Therefore, the relative position of domains selected in pairs was
followed in movies obtained using fluorescence microscopy with a rate
of 1 frame/0.08 s. The videos, originally in gray scale, were binarized,
and the center of mass of each domain was localized using an image
processing routine written in MatLab 7.9.0 developed by the Toxins
and Liposomes Laboratory at CEP. The position of the domain center
was tracked in each frame using the plugin software “Manual tracking”
associated with the ImageJ 1.43u program (NIH, USA). The relative
mean square displacement of a domain relative to another one (MSD)
was calculated and plotted as a function of the time elapsed between
frames (δt) and the diffusion coefficient (D) can be obtained from31,32

δ= D tMSD 8 (2)

The dependence of D on the surface viscosity can be expressed as
follows:
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πη ε
=

Λ
D

kT
r 4 ( )Tdom (3)

Here, k is the Boltzmann constant, T stands for temperature, rdom is
the domain radius, η is the viscosity of the subphase (0.001 Ns/m2),
and ΛT is the reduced translational drag coefficient, which depends on
ε = rdom η/ηm as indicated in the work of Hughes et al.33 Using eq 3,
ΛT can be obtained, and thereby ε and the membrane viscosity sensed
by the tracked domain can be determined, as described in the work of
Wilke et al.31,32

2.6. Conjugation of St I with Alexa Dye. Conjugation of St I
with the dye was performed in 100 mM NaHCO3 (pH 8.3). St I was
incubated with the amine-reactive dye Alexa Fluor 488 carboxylic acid
succinimidyl ester, which was dissolved in dimethyl sulfoxide (DMSO)
and immediately added to the protein solution. The final DMSO
dilution in the examined sample was 1:10. The reaction mixture was
incubated for 1 h in the dark, at room temperature under constant
stirring. The conjugated protein was separated from the unreacted dye
by filtering through Amicom Ultra 0.5 10K filter (Millipore Corp.,
USA). The obtained conjugate evidenced an average label of 2:1
Alexa/St I (calculated from absorbance measurements). The St I-Alexa
conjugate was 1:5 diluted with unlabeled toxin and stored in the dark
at 4 °C until use. The activity of the toxin mixture was similar to the
unlabeled toxin, as showed in the hemolytic assay (data not shown) as
described elsewhere.34

2.7. Visualization of St I-Alexa Conjugate Bound to
Supported Monolayers. Lipid monolayers were formed by
deposition of the chloroform:methanol (2:1, v:v) lipid solution
including 1 mol % of Rho-PE at the air/TBS interface of a circular
compartment until reaching the surface pressure of 20 mN·m−1 in a
μTrough-S system (Kibron, Helsinki, Finland). After solvent
evaporation, the 1:5 mixture of St I-Alexa/St I unlabeled was injected
into the subphase to reach a final concentration of 0.8 μM. When a
stable signal was obtained, the Langmuir−Schaefer technique was
performed as previously described using alkylated glass as a solid
support.35 Coverslips were previously alkylated with octadecyltrichlor-
osilane to self-assemble a covalently linked monolayer of octadecylsi-
lane in order to obtain a hydrophobic surface.35,36

Fluorescence visualization of the transferred monolayers was carried
out on a Zeiss Axioplan microscope (Carl Zeiss, Oberkochen,
Germany) using a mercury lamp (HBO 50), a 63X water-LD
objective, and a CCD Olympus MX10 camera (Olympus Corp. USA).
The rhodamine and fluoresceine filters were used to observe the Le
marker Rho-PE and St I-Alexa localization, respectively. The absence
of fluorescence bleeding was checked with single-marked (Rho-PE)
films observed through both filters. The images were taken using the
acquisition software without activating the autocontrast mode in order
to keep a quantitative St I-Alexa gray level relationship. Background
fluorescence was obtained from control experiments. The Le/Lo
partition ratio of St I-Alexa in monolayers was calculated from the ratio
of gray level in the two coexistent phases in each picture after
subtracting the background signal. The error caused due to quenching
of the film fluorescence was eliminated by calculating the Le/Lo
fluorescence ratio for each image independently, and considering that
the fluorescence quenching would equally affect both phases. At least
eight measurements accomplished in two independent samples were
imaged for each monolayer composition. All the experiments were
carried out at 23 ± 2 °C.
2.8. Leakage Studies of CF-Containing Small Unilamellar

Vesicles (SUVs). The appropriate amounts of lipids dissolved in
chloroform:methanol (2:1, v:v) were mixed and evaporated
thoroughly at 50 °C. Multilamellar vesicles (MLVs) were prepared
by hydration of the dried lipid mixture with 80 mM of CF (pH 7.0).
SUVs were prepared through sonication of MLVs using an
ultrasonicator (Branson 450, Danbury, USA) equipped with a titanium
tip and subjected to 15 cycles of 1 min sonication between resting
intervals of 1 min. Titanium particles released from the tip were
removed by further centrifugation at 10 000g for 10 min. To remove
unstrapped CF, the vesicles were filtered through mini-columns

(Pierce, Rockford, USA) loaded with Sephadex G-50 (medium) pre-
equilibrated with TBS.

SUVs permeabilization was assessed using a FLUOstar OPTIMA
microplate reader (BMG Labtech, Offenburg, Germany) by measuring
the fluorescence (λexc = 490 nm and λem = 520 nm) of CF released. St
I was 2-fold serially diluted in the well microplate in a final volume of
100 μL of TBS, and the permeabilization was started by adding the
same volume of SUVs (10 μM of final lipid concentration). After
mixing vesicles and St I, the release of CF produced an increase in
fluorescence ( f) due to the dequenching of the dye into the external
medium, which was resolved in time. Spontaneous (toxin-free) leakage
of dye was negligible under these conditions. Maximum release was
always obtained by adding 1 mM Triton X-100 (final concentration)
and provided the fluorescence value fmax. The fraction of fluorophore
release ( f) was calculated as follows:

=
−
−

f
f f

f f
t 0

max 0 (4)

where f 0 and f t represent the value of fluorescence before and at time t
after St I addition, respectively.

The parameter C50% was calculated by fitting dose-dependence
curves of permeabilization induced by St I to a Hill sigmoid using
Origin 8.0, Microcal Inc. (USA).

2.9. Optical and Fluorescence Microscopy of Giant
Unilamellar Vesicles (GUVs). GUVs were prepared by the
electroformation procedure.37 Here, 20 μL of 2 mg/mL lipid stock
chloroform solution including up to 0.2 mol % of Rho-PE were spread
on the surfaces of two conductive glass slides coated with indium tin
oxide. The glass slides were placed with their conductive sides facing
each other and separated by a 2 mm thick Teflon frame. The chamber
was filled with 0.2 M sucrose solution and placed inside an oven at
∼55 °C. The glass plates were connected to a function generator and
an alternating voltage of 2 V with a 10 Hz frequency was applied for 2
h. GUVs were observed in the following day to guarantee that they
have reached the thermodynamic equilibrium. The vesicles were then
diluted in 0.2 M glucose containing St I (21 nM final concentration)
and immediately observed in the optical microscopy. The osmolality of
the sucrose and glucose solutions were measured with a cryoscopic
osmometer Osmomat 030 (Gonotec, Germany) and matched to avoid
differences in osmotic pressure. All measurements were done at 23 ± 2
°C. Vesicles were observed 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). Images were recorded with an AxioCam
HSm digital camera (Carl Zeiss, Jena, Germany). Visualization of the
effect elicited by St I on GUVs was performed by optical contrast
fading and quantified by taking into account the changes in the
brightness intensity through the ImageJ 1.43u program (NIH, USA).
The pore forming activity on GUVs was estimated as the relative
amount of GUVs that showed halo intensity after St I treatment as a
function of time. The results represent the average of at least 10 GUVs
in three independent experiments. A filter with excitation at 538−563
nm and emission at 570−640 nm (Zeiss filter set 43 HE) and a
mercury lamp HXP-R 120 W were used for observing Rho-PE-labeled
vesicles in the fluorescence mode.

2.10. Statistical Analysis. Statistical analysis was performed using
STATISTICA data analysis software system, version 8.0 (StatSoft, Inc.,
Tulsa, USA). The Kolmogorov−Smirnov test was used to verify
normal distribution of data, and the Hartley test and Levene test were
used to determine the homogeneity of variance. Data with normal
distribution and homogeneity of variance were analyzed with the
Student t parametric test to assess statistical significance between the
means of two independent groups or one-way variance analysis
(ANOVA) of simple classification when more than two groups were
compared, with Tukey as a post hoc test to assess statistical significant
differences between the mean of independent group means.
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3. RESULTS
3.1. Interaction of St I with Lipid Monolayers. In order

to gain insight into the influence of coexisting lipid domains on
St I interaction with model membranes, we prepared
monolayers composed of ternary mixtures of DOPC:SM:sterol
(1:1:1) including Chol, Erg, or Cln (Figure 1) and the binary
composition DOPC:SM (1:1) as a control, which is a typical
mixture used to characterize binding and pore forming ability of
actinoporins.14,18,25 At the lipid proportion chosen, the ternary
mixture PC:SM:Chol shows the coexistence of two immiscible
liquid phases based on phase diagrams reported for bilayers24,38

and monolayers.39,40 This lipid composition represents a
profusely used model for studying the properties of membrane
containing Chol-enriched Lo domains.24,38,39 On the other
hand, the Erg-containing mixture also forms Lo domains, while

Cln has been classified as an inhibitor of Lo domain
formation.26

When a monolayer of DOPC:SM:Chol was structured at the
air/water interface at constant area, the injection of St I (0.8
μM) induced an increase in surface pressure (Δπ), which
became stabilized after ∼4 min (Figure 2A). This parameter is
commonly employed to characterize the ability of the protein
to interact with organized lipids.19,25,41 At 20 mN·m−1, the
increase in surface pressure promoted by St I in lipid
monolayers was maximum for DOPC:SM:Chol and signifi-
cantly different from that of DOPC:SM:Erg, DOPC:SM:Cln,
and the binary mixture. The Erg- and Cln-containing mixtures
and the binary film did not show significant differences in Δπ
increase among them upon addition of St I (Table 1). The
increase in π0 provoked the reduction of Δπ elicited by the

Figure 1. Chemical structure of (A) cholesterol, (B) ergosterol, and (C) cholestenone.

Figure 2. Interaction of St I with lipid monolayers. (A) Time profile of the increase in π after St I addition to DOPC:SM:Chol (1:1:1) monolayer.
The arrow indicates the addition of St I (final concentration 0.8 μM). (B) Critical pressure induced by St I on monolayers of different lipid
composition. Line represents the best linear fit of Δπ as a function of πo. Experiments were carried out under constant stirring. T = 23 ± 2 °C.

Table 1. Interaction of St I with Lipid Monolayers and Their Characterization

parameters derived from St I-
monolayer binding monolayer characterization

composition
Δπ

(mN·m‑1)a
πc

(mN·m‑1)b
Cs‑1

(mN·m‑1)c
phase
stated

Le phase area
(%)e

domain perimeter
(104) (μm)f

Le/Lo St I
partition ratiog

DOPC:SM:Chol 22.4 ± 0.4 a 55.8 ± 0.6 70 ± 2 Lo/Le 58.4 ± 3.0 n 7.0 ± 0.6 y 1.04 ± 0.01
DOPC:SM:Erg 16.1 ± 0.6 b 48.5 ± 0,8 89 ± 2 Lo/Le 66.0 ± 3.2 m 7.7 ± 0.4 x 1.19 ± 0.04
DOPC:SM:Cln 16.6 ± 0.9 b 44.8 ± 0,6 44 ± 1 Le - - -
DOPC:SM 14.0 ± 0.3 b 40.7 ± 0,6 54 ± 6 Le - - -

aΔπ: π increase of the lipid monolayer at πo = 20 mN·m−1 due to St I binding. Mean ± standard error of the mean (SEM) from at least three
independent experiments are shown. Statistical analysis was performed with one-way ANOVA with Tukey as a post hoc test. Different letters indicate
independent groups with significant differences among them (p < 0.05). bπc: pressure that must be applied to avoid incorporation of St I into the
monolayer. This parameter indicates the affinity of St I for the lipid ensemble and is calculated by extrapolating regression lines from plots of Δπ
versus π0 (Figure 2) (r

2 > 0.97). cCs−1: compressibility modulus of lipid monolayers at 20 mN·m−1. Mean ± SEM from at least two independent
experiments are shown. dPhase coexistence determined by BAM (Figure 4). eLe phase area (%): Percentage of image area occupied by the Le phase.
Mean ± SD from at least 15 BAM image frames obtained from two independent experiments are shown. Statistical analysis was performed with the
Student t parametric test. Different letters indicate independent groups with significant differences among them (p < 0.05). fDomain perimeter:
quantitative measure of domain edges. Mean ± SD from at least 15 BAM image frames obtained from two independent experiments are shown.
Statistical analysis was performed with the Student t parametric test. Different letters indicate independent groups with significant differences among
them (p < 0.05). gThe partition ratio was calculated from the gray level measurement of different phases of each picture. Mean ± SD from at least
eight measurements accomplished in two independent experiments are shown.
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toxin since the initial tighter lipid packing prevents protein
insertion in the lipid monolayer (Figure 2B). An appropriate
parameter for the characterization of the interaction of the toxin
and the monolayer is the critical pressure (πc), obtained by
extrapolating to zero Δπ as a function of π0. This parameter
corresponds to the minimum pressure that must be applied to
avoid incorporation of the toxin into a monolayer and is
directly correlated with its affinity for the film.41−43 In all lipid
monolayers, πc was larger than 35 mN·m−1 (Table 1), a value
that has been associated with the lateral pressure of a typical
biological membrane.41 Even though this is only a mean value
since the pressure in membranes fluctuates,42 it has been
proposed that when πc is higher than this critical limit, the
protein not only associates to the monolayer but also
penetrates it.43 Moreover, πc of St I strongly depended on
the composition of the monolayer and varied in the order
DOPC:SM:Chol > DOPC:SM:Erg > DOPC:SM:Cln >
DOPC:SM (Figure 2B and Table 1). In line with differences
in Δπ values at 20 mN·m−1, the πc corresponding to the Chol-
containing mixture showed the highest value among the
compositions examined.
To assess whether the differences in St I binding to

monolayers were related to the structural and rheological
properties of the lipid model systems, we characterized them by
combining compression isotherms, BAM explorations, and
single particle tracking experiments. Figure 3A shows the
surface behavior of the single-component monolayers of the
lipids used in this study. DOPC formed monolayers in Le
phase, while monolayers composed of SM showed an Le/Lc
phase transition at ∼25 mN·m−1 (Figure 3A), in correspond-
ence to previous reports.44−46 However, the Le nature of both

monolayers is evidenced by low Cs−1 values, with 150 mN·m−1

(Figure 3B) being the cutoff accepted to delineate the existence
of Le or Lc phase for most PC and SM.45,46 On the other hand,
Chol and Erg showed isotherm curves that respond sharply to
compression (Figure 3A). This is reflected by very high Cs−1

values, more prominent for Chol than for Erg (Figure 3B) as
previously described.47 By contrast, pure Cln monolayer
analysis reveals that the isotherm curve is less sharp with low
compressibility modulus (<100 mN·m−1) and the collapse
pressure is notably lower (∼25 mN·m−1) than the other lipid
components (∼40−55 mN·m−1, Figure 3A). This description,
along with microscopy evidence, led to the classification of
Chol and Erg as “membrane-active” and Cln as a “membrane-
inactive” sterol.47

From the compression isotherm data of mixed monolayers
(Figure 3C) we could assign a Le character to all analyzed
mixed lipid films based on the smooth behavior of the curves.
However, the analysis of the Cs−1 versus MMA revealed that
DOPC:SM:Erg and DOPC:SM:Chol monolayers showed the
highest values of Cs−1 (80 and 130 mN·m−1, respectively),
compared to those of DOPC:SM:Cln and DOPC:SM
monolayers (50−60 mN·m−1, see Figure 3D). The Cs−1 values
at 20 mN·m−1, reflected these differences among lipid mixtures
(Table 1). It is worth noting that the compressibility is a
macroscopic property that accounts mainly for the phase state
of the continuous phase on a heterogeneous film,48 which in
the monolayers studied is the Le phase. Thus, the Le phase
seems to be less compressible in monolayers comprising Erg
and Chol than in the monolayer including Cln and the binary
mixture.

Figure 3. Surface behavior of lipid monolayers of different composition at the air−water interface. Compression isotherm (A and C) and surface
compressibility modulus (Cs−1) (B and D) of monolayers composed by a single lipid (A and B) or lipid mixtures (C and D) as indicated. The Cs−1

was estimated according to eq 1. The figure shows representative curves from a set of three independent experiments. T = 23 ± 2 °C.

Langmuir Article

DOI: 10.1021/acs.langmuir.5b01687
Langmuir XXXX, XXX, XXX−XXX

E

D
ow

nl
oa

de
d 

by
 C

ar
lo

s 
A

lv
ar

ez
 o

n 
Se

pt
em

be
r 

3,
 2

01
5 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 S
ep

te
m

be
r 

2,
 2

01
5 

| d
oi

: 1
0.

10
21

/a
cs

.la
ng

m
ui

r.
5b

01
68

7

http://dx.doi.org/10.1021/acs.langmuir.5b01687


The monolayers were observed by BAM in order to assess
the microstructure of the films. The gray level of BAM images
depends on both the refraction index of the film and the
monolayer thickness .40 Monolayers composed of
DOPC:SM:Chol and DOPC:SM:Erg exhibited phase coex-
istence in the whole range of surface pressure analyzed as
shown at 20 mN·m−1 (Figure 4A and 4B, respectively). Lo
domains, which are usually thicker and show higher refraction
index, appear as light gray areas surrounded by a dark gray Le
phase. An uniform dark gray phase with Le character was
observed in DOPC:SM:Cln and DOPC:SM monolayers
(Figure 4C,D, respectively) at all pressures. These findings
are in agreement with previous results that classified Chol and
Erg as promoters of Lo/Le phase coexistence, while Cln is
considered an inhibitor of Lo domain formation.26,28 The
quantitative analysis of BAM images such as those shown in
Figure 4A,B revealed that the Le phase represents 58% and 66%
of the monolayer area for the DOPC:SM:Chol and
DOPC:SM:Erg mixtures, respectively (Table 1). Regarding
the film texture, the Chol-containing films showed a lesser
number of Lo domains than those of the mixture
DOPC:SM:Erg (Figure 4A,B); hence the Erg-containing
monolayer showed larger amount of total domain edges
(Table 1).
We further studied the effect of sterol structure on the lateral

diffusion of lipid domains in those monolayers showing phase
coexistence (monolayer containing Chol or Erg) by fluo-
rescence microscopy (FM). To this end, we included 1 mol %
of Rho-PE into both DOPC:SM:Chol and DOPC:SM:Erg
monolayers. In the presence of two physically different phases,
this probe has a preferential partition into the less ordered
phase, thus probe exclusion can be considered a marker of Lo
domains. In agreement with BAM experiments, DOPC:SM:-
Chol and DOPC:SM:Erg films showed two coexisting phases:
the lighter phase enriched in the lipidic probe (Le phase) and
the darker one (Lo phase, Figure 5A,B, respectively). The shear
viscosity of each phase was tested by the tracking of single lipid
domains as detailed in Section 2.5. Figure 5C shows the
viscosity of the film for both Le and Lo phases in
DOPC:SM:Chol and DOPC:SM:Erg monolayers at 20 mN·
m−1. In DOPC:SM:Chol monolayers the Lo domains reached a
ηm value about 2−3 fold higher than that corresponding to the
Le phase, while for the DOPC:SM:Erg film both phases
showed similar ηm values, not differing significantly from the Lo
phase of the DOPC:SM:Chol monolayer. Remarkably, the Le
phase in the DOPC:SM:Erg monolayer had a viscosity value

about 2−3 fold higher than that of the Le phase in the
DOPC:SM:Chol monolayer.
Understanding the enhancing effect of sterols on St I binding

to lipid monolayers is important to identify the preferential
localization of St I in films with Le/Lo coexisting phase. For
this purpose, we labeled St I with the fluorescent probe
Alexa 488 and mixed it with unlabeled toxin in a molar

Figure 4. Visualization of lipid monolayers by BAM. Images were taken at 20 mN·m−1. Lipid composition: (A) DOPC:SM:Chol (1:1:1), (B)
DOPC:SM:Erg (1:1:1), (C) DOPC:SM:Cln (1:1:1), and (D) DOPC:SM (1:1). For better visualization, the lower 0−90 gray level range (from the 0
to 255 original scale) was selected in order to keep the gray level-film thickness ratio. Images are representative of two independent experiments. The
scale bar in panel D represents 100 μm and is equivalent for all images. The insets to A and B show a piece of both images enhanced by a bandpass
filter. T = 23 ± 2 °C.

Figure 5. Determination of viscosity of the Le and Lo lipid phases in
lipid monolayers. Representative fluorescence microscopy images of
monolayers at a surface pressure of 20 mN·m−1: (A) DOPC:SM:Chol
(1:1:1) and (B) DOPC:SM:Erg (1:1:1), containing in both cases 1
mol % Rho-PE. The inset in panel A represents a 2X amplification of
the selected area. The arrows show examples of domains analyzed in
the single particle tracking experiment. ηm of Lo and Le phases are
shown in panel C. ηm represents the monolayer viscosity determined
as described in eq 3. Bars show the mean value of ηm and the standard
deviation from 10 to 15 individual single particle tracking experiments.
Lo and Le stand for the liquid-expanded and liquid-ordered phases,
respectively. Statistical analysis was performed with one-way ANOVA
with Tukey as a post hoc test. Different letters indicate independent
groups with significant differences among them (p < 0.05). The scale
bar in B represents 40 μm and is equivalent for both images. T = 23 ±
2 °C.
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proportion of 1:5 (St I-Alexa: unlabeled St I). The selection of
the appropriate fluorescence filter allowed the visualization by
FM of either the lipid monolayer or St I-Alexa in the same
preparation. The double labeled films of DOPC:SM:Chol
monolayers showed that St I-Alexa was identified in both lipid
phases (Figure 6A,C). The analysis of the fluorescence intensity

of Le and Lo lipid phases revealed no relative preference of St I
for any phase as reflected for Le/Lo partition ratio (Table 1).
However, in DOPC:SM:Erg monolayer, St I-Alexa had a
preferential adsorption to the continuous Le phase (Figure 6D
and Table 1).
3.2. Vesicle Permeabilization by St I. To evaluate

whether the affinity of St I in the presence of different sterols
correlated with the protein activity, we examined the pore
forming ability of the toxin using SUVs and GUVs of the same
lipid compositions described in the monolayer studies. From
CF release assays in SUVs, the final extent of the St I
permeabilization activity at 10 min was plotted as a function of
toxin/lipid molar ratio (Figure 7). In order to compare the
relative activity of St I, the parameter C50% was determined by
fitting the experimental data to a Hill sigmoid (Figure 7 and
Table 2). Liposomes containing Chol were around ∼12-fold
more susceptible to St I permeabilization than PC:SM vesicles,
and almost twice more susceptible than those comprising Erg
or Cln. In turn, St I showed similar pore-forming ability in Erg
or Cln-containing vesicles, and it was ∼5-fold higher than in
PC:SM vesicles. Therefore, the pore-formation activity of St I
was enhanced by the presence of sterols in membrane in the
sequence Chol > Erg ∼ Cln.

GUVs were also tested in our study since they are an
excellent model of biological membranes due to its bilayer
structure and dimension similar to a cell membrane. This
system allowed us to assess the pore-forming activity of St I as
well as further characterize the phase coexistence in this bilayer
model system. GUVs were visualized by optical microscopy
both in contrast phase and fluorescence modes (Figure 8). All
the GUVs including those containing sterols exhibited well-
defined optical contrast due to the sucrose/glucose asymmetry
distribution inside and outside the vesicles, respectively (Figure
8A,C,E). Observation of GUV under the fluorescence mode
revealed the presence of two micron-scaled Lo/Ld phase
coexistence in DOPC:SM:Chol (Figure 8B) and
DOPC:SM:Erg (Figure 8D). The darker regions in Lo state
would probably be enriched in sterol and SM, whereas the
brighter region in Ld phase would be rich in the unsaturated
lipid DOPC. Coexisting liquid phases have been observed in a

Figure 6. Le/Lo phase coexistence epifluorescence images of Rho-PE
labeled lipid monolayers containing fluorescently labeled St I. Left
column (A and B) shows images of monolayers at 20 mN·m−1 viewed
through a rhodamine filter, and in the right column (C and D) the
same frames are imaged through an Alexa 488 filter. Lipid
composition: (A and C) DOPC:SM:Chol (1:1:1) and (B and D)
DOPC:SM:Erg (1:1:1) containing in both cases 1 mol % Rho-PE. St I-
Alexa concentration: 0.8 μM. The scale bar in (D) represents 20 μm
and corresponds to the size of all images. T = 23 ± 2 °C.

Figure 7. Pore-forming activity of St I on SUVs of different lipid
composition. f10 min represents the value of fluorescence at time 10 min
after St I addition. Points are the mean value, and bars indicate the
standard deviation from a set of three independent experiments. Solid
line is the best fit of experimental data to a Hill function (R2 > 0.96)
using Origin 8.0, Microcal Inc. (USA). Lipid composition: (■)
DOPC:SM:Chol (1:1:1), (●) DOPC:SM:Erg (1:1:1), (▲)
DOPC:SM:Cln (1:1:1), and (▼) DOPC:SM (1:1). Buffer solution:
TBS 300 mM NaCl, pH 7.0. T: 23 ± 2 °C.

Table 2. Pore-Forming Activity of St I

SUV
permeabilization

GUV
permeabilization

composition
C50% (× 10‑4)
(mol:mol)a

relative halo
intensity20 min (%)

b
GUV phase

statec

DOPC:SM:Chol 3.7 ± 0.1 c 29 ± 15 z Lo/Ld
DOPC:SM:Erg 8.4 ± 2.7 b 68 ± 12 y Lo/Ld
DOPC:SM:Cln 8.6 ± 0.5 b 80 ± 10 xy Ld
DOPC:SM 46.4 ± 2.2 a 90 ± 5 x Ld

aC50%: toxin/lipid molar ratio necessary to promote the release of 50%
of CF entrapped in SUV. The parameters was calculated by fitting
dose-dependence curves of permeabilization induced by St I to a Hill
sigmoid (R2 > 0.96) using Origin 8.0, Microcal Inc. (USA). Mean ±
SD from two independent experiments are shown. Statistical analysis
was performed with one-way ANOVA with Tukey as a post hoc test.
Different letters indicate independent groups with significant differ-
ences among them (p < 0.05). bRemanent vesicles showing phase
contrast at 20 min after addition of St I. Mean ± SD calculated from at
least 10 vesicles in three independent experiments. Statistical analysis
was performed with one-way ANOVA with Tukey as a post hoc test.
Different letters indicate independent groups with significant differ-
ences among them (p < 0.05). cPhase coexistence determined by
fluorescence microscopy (Figure 8).
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wide variety of ternary mixtures of saturated and unsaturated
phospholipids and sterols in GUVs.26,28 By contrast, the ternary
mixture including Cln (Figure 8F) as well as the binary mixture
DOPC:SM (1:1) (data not shown) displayed an homogeneous
distribution of the fluorophore. The presence of Cln in GUVs
membrane did not promote visible Lo/Ld phase coexistence,
similarly to what was observed by BAM in monolayers (Figure
4C), and also in agreement with its previous assignment as an
inhibitor of Lo domain formation in GUVs.26

With the aim of visualizing the effect of St I, GUVs were
dispersed in a protein containing-glucose solution and
immediately placed in the observation chamber. As an example,
Figure 9 shows how the addition of St I (21 nM) in the outer
GUV suspension impacted on DOPC:SM:Chol liposomes that
initially exhibited optical phase contrast (Figure 9A). Upon St I
addition, such an optical contrast gradually diminished with
time (Figure 9C,E) reflecting changes in the lipid bilayer
permeability as a result of the inner and outer sugar solutions

exchange. This increase in membrane permeability suggests the
formation of pores by the toxin. Of note, these pores must be of
submicrometric dimension since we did not observe micro-
pores during the experiment with the microscope resolution of
few microns. According to previous estimates, the pore radius
of St I in cells and model membranes is around 1.0 nm,49 thus
considering the hydrodynamic radii of both sugars glucose
(0.42 nm) and sucrose (0.54 nm),50,51 as well as CF (∼1.0
nm),52 all the compounds are able to pass through the toxin
pore. Moreover, the formation of pores occurred without
membrane disruption or solubilization after 1 h of continuous
observation (data not shown).
Figure 9G displays the time course of St I permeabilization in

GUVs. St I acted to a larger extent on GUVs composed of
DOPC:SM:Chol, since the percentage of GUVs that keeps
contrast decreased faster for this composition than for the
others. Note that after 20 min of St I interaction with GUVs,
those comprising Chol showed a higher exchange between the
external and internal sugar solution followed by vesicles
containing Erg or Cln. Of note, the St I effect on a set of
GUVs containing Erg or Cln did not evince statistical
differences (Table 2). For the binary mixture lacking sterol,
the release under these experimental conditions was barely
detectable, and almost all of vesicles remained intact.

4. DISCUSSION
Chol, Erg, and Cln have a general similar structure with just
small differences in particular chemical features. For instance,
the main structural differences between Cln and the other two
sterols is the presence of a keto group at position C3. In turn,
Erg has a conjugated carbon−carbon double bond in its B
steroid ring, which has two cis hydrogens bound to C6 and C7.
Additionally, small chemical differences are also found in the
alkyl side chain (Figure 1). Interestingly, such apparently subtle
chemical differences impart Chol and Erg with the ability to
form Lo/Ld phase coexistence while Cln does not.26,28

Aditionally, the behaviors upon compression of the three lipids
are different, forming Cln, the more compressible, and Chol,
the less compressible film. In this work, we used these sterols as
an experimental aproach to study the effect of membrane
properties in the binding and pore forming ability of St I.
The presence of any of these sterols increases binding of St I

to lipid monolayers (Figure 2 and Table 1) as previously
described for Eqt II.18 In general, it has been reported that the
heterogeneity of membranes improves the binding and pore
forming ability of actinoporins.18−23,53,54 The heterogeneity of
membranes can arrive not only from coexisting phases but also
from different solvation degrees of polar head groups, lipid
mismatch, lipid packing, and the propensity to adopt a non-
lamellar phase. Here, the heterogeneity seems to be relevant
beyond phase coexistence, since St I has an enhanced affinity
for DOPC:SM:Cln monolayer compared to the binary mixture
(Figure 2B and Table 1), although both are organized in an
homogeneous Le fluid phase (Figure 4C,D and Table 1). In the
same direction, Cln- and Erg-containing membranes showed no
difference in St I binding to lipid monolayers at 20 mN·m−1

(Table 1) despite the fact that DOPC:SM:Erg film shows Le/
Lo phase coexistence (Figure 4B) while the DOPC:SM:Cln
monolayer is organized in a single Le phase (Figure 4C).
Accordingly, the pemeabilizing activity of St I is similar in Erg-
and Cln-containing vesicles (Table 2). However, in monolayers
showing phase coexistence (i.e., with Chol and Erg) we have
demonstrated that St I binds to a higher extent when Chol is

Figure 8. Visualization of GUV of different lipid compositions in phase
contrast and fluorescence mode. DOPC:SM:Chol (1:1:1) (A and B),
DOPC:SM:Erg (1:1:1) (C and D), and DOPC:SM:Cln (1:1:1) (E
and F) containing in all cases 0.2 mol % of Rho-PE. The scale bar in A
spans 20 μm and corresponds to the size of all images. Left panels
show phase contrast mode, and right panels show fluorescence
visualization mode. T = 23 ± 2 °C.
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present, in spite of the fact that the Erg film had a higher
occurrence of domain boundaries (Figure 2B and Table 1).
Furthermore, a detailed inspection of the double-labeled
monolayers demonstrated that Lo domain edges from
DOPC:SM:Chol or DOPC:SM:Erg did not reveal an enhanced
fluorescence (Figure 6), at least in the range of the detection
limit of our experimental approach (μm). This result is in
agreement with the evidence that there is no relation between
St I binding to lipid monolayers and the extent of Le/Lo linear
interface (Table 1) and with our previous observation
demonstrating that St I binding to PC:SM monolayers is
independent of the extension of Le/Lc domain boundaries.25

Our results are in contradiction with those previous reported
for Eqt II, which showed its preferential partition to the Lo
domain perimeter in monolayers18 or GUVs.20 Recent studies
with Eqt II, revealed that its binding to bilayers containing Lo/
Ld coexisting lipid phases is a time-dependent phenomenon.22

At early stages, Eqt II was enriched at the phase boundary

between the domains, and after this initial period Eqt II
concentration increased in the Ld phase, where protein
preferentially accumulates. In our experimental design we
transferred the film to the supporting glass when St I binding to
the monolayer reached equilibrium (10−15 min). One
possibility is that, under these conditions, we missed the initial
stage of protein binding at the lipid interface, and we could only
detected their accumulation in the Le phase (Figure 6 and
Table 1). Also it cannot be disregarded that St I and Eqt II,
even while being quite close actinoporins, exhibit different
pore-forming activity and could behave differently in this model
membrane system. Altogether, these results demonstrated that,
in spite of the generally accepted viewpoint, which claims that
domain edges are intrinsically favored sites for actinoporins
binding and pore formation,18,20 they do not seem to be the key
factor governing St I functional activity (Tables 1 and 2).
In a previous work we highlighted the relevance of

membrane fluidity on the incorporation of St I to membranes,

Figure 9. Visualization of the effect elicited by St I on GUVs of different lipid composition. Upper row: Line profiles of the phase contrast. A.U:
arbitrary units. The solid line (in lower A) indicates the transversal section selected to follow the changes in the brightness intensity. Central row:
GUVs composed of DOPC:SM:Chol (1:1:1) snapshots in phase contrast and fluorescence mode immediately placed in contact with St I (A and B);
after 10 min (C and D) or 20 min (E and F) of visualization. Lower row: GUV snapshots in fluorescence mode captured at the same time of
snapshots showed in central row. The scale bar in A represents 20 μm. (G) Representative kinetic curves showing the percentage of GUV of different
composition that show a decrease of phase contrast after St I treatment (21 nM). Lipid composition: (■) DOPC:SM:Chol (1:1:1), (●)
DOPC:SM:Erg (1:1:1), (▲) DOPC:SM:Cln (1:1:1), and (▼) DOPC:SM (1:1). T = 23 ± 2 °C.
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and found that the partition preferences of St I is subtly tuned
by combined factors such as viscosity and SM content.25 In this
context, we explored the possible influence of fluidity of the
sterol- containing membranes on the action of St I. St I does
not appear to be sensitive to the viscosity differences between
Le and Lo lipid phase, as evinced by its similar binding to both
phases in the Chol-containing monolayer. This result is
consistent with the evidence that Chol inclusion into PC:SM
(4:1) bilayers increases binding of St II, even at molar
proportions at which Chol increases membrane viscosity,
indicating that membrane fluidity is not per se responsible for
Chol enhancing effects.53 Previous work developed in
monolayers of dilauroylphosphatidylcholine, palmitoyl-SM
and the nonoxidizable Chol analogue dihydrocholesterol
(Dchol) at equimolar proportion, revealed that at 20 mN·
m−1 the Lo phase has a higher content of SM (∼35 mol %)
compared to ∼25 mol % in the Le phase.40 Taking into account
the similarity between these lipids and those used in our study,
it is likely that under the condition examined here, St I
encounters two attractive phases in the DOPC:SM:Chol
monolayer: a Lo phase with a higher proportion of SM and a
Le phase also comprising SM but in a more fluid condition
(Figures 5 and 6C). In addition, the presence of Chol in the Le
phase of DOPC:SM:Chol (1:1:1) monolayers, which has been
estimated to be around 9 mol %,40 could change the physical
properties of the SM headgroup, as previously suggested,53 in a
way that facilitates the interaction between SM and St I even
though in the Le phase there is a lower SM concentration. In
this scenario, the toxin might be unable to distinguish between
both phases probably because they have different but very
attractive properties for an optimal St I binding to membranes
(high SM concentration vs membrane fluidity and SM
accessibility; Table 1), as previously observed with PC:SM
monolayers.25 Conversely, in Erg-containing monolayers, St I
discriminates both phases, even though they have similar
viscosity (Figure 5C). In this context, St I shows a higher
affinity for the Le phase (Figure 6D), in spite of the assumption
that this phase contains lower amount of SM than the Lo. A
possible explanation could be that Erg has a stronger ordering
effect than Chol as has been described, turning the Lo phase in
a less suitable environment for protein association. Thus, the
observed increased affinity of St I to Chol-including membranes
(Figure 2B and Table 1) could result from the larger
representation of attractive binding sites compared with the
Erg-containing one.
The three examined sterols potentiate the pore forming

ability of St I, with the Chol containing vesicles being the most
responsive to permeabilization (Table 2, Figures 7 and 9). Such
enhanced effect can be explained taking into account the higher
toxin binding to membranes containing sterols evidenced by
the higher πc values in the monolayer systems when compared
to the binary mixture (Table 1 and Figure 2B). It is interesting
to note that St I follows the same behavior in sterol-containing
monolayer and bilayer systems (SUVs and GUVs). This finding
allowed us to correlate binding results obtained in the
monolayer system with those obtained in vesicle permeabiliza-
tion assays, both in SUVs and GUVs. A recent study
demonstrated that the most fluid phase is the most suitable
platform for pore formation by actinoporins.22 Thus, the
presence of sterols in the easily deformable and less-ordered Ld
phase, which may represent 20 mol % in the case of Chol
(probably in close interaction with SM, 17 mol %)55 appears to
have important functional consequences in St I pore formation.

In fact, the St I pore-forming activity in Chol containing
membranes was higher than in those containing Erg (Figure 7
and 9). In this regard, extrapolating our results obtained in the
monolayer (Figure 5) to the bilayer system, it is tempting to
speculate that the Ld phase in the Chol-containing vesicles
behaves as more fluid and has a weaker lipid cohesion than the
corresponding phase in Erg including membranes. Therefore, a
higher fluidity would provide a more favorable environment for
St I oligomerization and the insertion of its N-terminal
membranes with Chol. Even though the phase fluidity seems
not to be relevant for toxin binding to lipid monolayers, it could
be important for pore formation.
In addition, the area occupied by the Le phase in

DOPC:SM:Chol is smaller when compared with the Erg-
containing membranes (Table 1), as was previously described
in GUVs.26 The confinement of the toxin to a reduced area that
may contain a relatively high SM concentration (17 mol %)55

and in a less ordered phase could be an efficient strategy to
reduce the diffusion area to facilitate protein oligomerization
and insertion into the membrane. Consequently, pore-forming
activity in Chol-containing vesicles seems to become more
efficient on account of both the higher fluidity of its Ld phase
and the concentrating effect on St I.
It is interesting to note that Cln-containing lipidic systems

show higher binding and pore forming ability than the binary
mixture (Table 1 and 2). In the proteolipidic arrangement
proposed for sticholysins56 and Eqt II,57 the bilayer distortion
implies that lipids in the vicinity of the N-terminal α-helix
assume negative curvature in the membrane plane, character-
istic of the HII structure. It has been found that Chol induces
negative curvature in the bilayer and has the tendency to form
inverted lipid phases such as hexagonal phase (HII).

58−62 This
effect is mostly explained by the molecular shape of Chol which
has a truncated cone shape as a result of its small headgroup
compared to its hydrocarbon portion (Figure 1). In this regard,
the capacity of sterols to induce HII phase has been
demonstrated to correlate with the molecular area of the pure
sterols in monolayers.62 According to our data, Chol and Erg
that showed an analogous behavior in the compression
isotherms (Figure 3A) are likely to have a similar capacity to
stabilize HII phase. By contrast, Cln occupies a much larger
molecular area in monolayers (Figure 3A), which would
probably indicate that the ring system is differently oriented at
the air−water interface.62 Therefore, it is possible that the
presence of sterols, which favors the negative curvature of the
membrane, could increase the efficiency of the pore forming
ability of St I. The importance of membrane curvature for
sticholysins activity was nicely demonstrated using phospholi-
pid inducing negative curvature in the bilayer.56 These authors
pointed out that there is a correlation between the propensity
of phospholipid to promote HII phase and the stimulation of
pore formation. In agreement with this idea, the increased
affinity and activity of St I in sterol-containing vesicles could be
explained taking into account their capacity to generate a HII
phase.

5. CONCLUDING REMARKS
The mechanism implicated in St I membrane interaction is
quite complex, and membrane composition-organization plays
a pivotal role in binding and pore-forming activity. In the
current paper, our combined results give support to conclude
that any of the analyzed sterols (Chol, Erg, or Cln) included
into the PC:SM membranes favors membrane binding,
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insertion, and pore-formation, with Chol being the strongest
promoter. In this context, a remarkable consistency was found
with different membrane model systems studied: monolayers
and vesicles. The possible changes in the membrane biophysical
properties that may be responsible of the observed results are
molecular heterogeneity, fluidity, and negative curvature of the
bilayer induced by the sterols. From our results, it is clear that
the modulation of St I activity by sterols is a multifactorial
complex phenomenon, and further research is necessary to
clarify their fine-tuning action. Chol emerged as the strongest
promoter of binding and pore forming ability of St I probably
due to its unique capacity to combine a concentrating effect on
the toxin at its smaller Ld area with the relatively higher fluid
character of this phase and the ability to promote nonlamellar
structures.
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A. Purification and characterization of two hemolysins from
Stichodactyla helianthus. Toxicon 2001, 39, 187−194.
(14) Bellomio, A.; Morante, K.; Barlic, A.; Gutieŕrez-Aguirre, I.;
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