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ABSTRACT Equinatoxin Il is a 179-amino-acid pore-forming protein isolated from the venom of the sea anemone Actinia
equina. Large unilamellar vesicles and lipid monolayers of different lipid compositions have been used to study its interaction
with membranes. The critical pressure for insertion is the same in monolayers made of phosphatidylcholine or sphingomyelin
(~26 mN m~") and explains why the permeabilization of large unilamellar vesicles by equinatoxin Il with these lipid
compositions is null or moderate. In phosphatidylcholine-sphingomyelin (1:1) monolayers, the critical pressure is higher (~33
mN m~"), thus permitting the insertion of equinatoxin Il in large unilamellar vesicles, a process that is accompanied by major
conformational changes. In the presence of vesicles made of phosphatidylcholine, a fraction of the protein molecules remains
associated with the membranes. This interaction is fully reversible, does not involve major conformational changes, and is
governed by the high affinity for membrane interfaces of the protein region comprising amino acids 101-120. We conclude
that although the presence of sphingomyelin within the membrane creates conditions for irreversible insertion and pore
formation, this lipid is not essential for the initial partitioning event, and its role as a specific receptor for the toxin is not so
clear-cut.

INTRODUCTION

Equinatoxin Il (EqT-Il) is the most abundant hemolytic The insertion of EqT-Il in model membranes largely de-
toxin isolated from the sea anemoAetinia equinaltisa  pends on the presence of sphingomyelin within the bilayer
179-amino-acid residue protein with a molecular mass of{Belmonte et al., 1993; Mak et al., 1995). This feature is
19.8 kDa and an isoelectric point of 10.5 (M&cand Lebez, common to other cytolysins from sea anemones (Tejuca et
1988). Numerous cytolytic and cytotoxic effects on mame-al., 1996; De los Rus et al., 1998), and some authors have
malian cells have been described so far, e.g., in red blooduggested that sphingomyelin might be a specific receptor
cells (Maek and Lebez, 1981), platelets (Teng et al., 1988)for cytolysins (Bernheimer and Avigad, 1976; Turk and
tumor cell lines (Giraldi et al., 1976), fibroblasts (Batista et Matek, 1986).
al., 1987), bovine lactotrophs (Zorec et al., 1990), and In this work we have used different model membranes
cardiac cells (Bunc et al., 1999). All these effects are due, aand biophysical techniques to further explore the interaction
least in part, to the ability of EqT-Il to bind to the cell of EqT-II with the lipid bilayer, paying special attention to
membrane and form pores with an estimated functionathe differential effects observed in membranes with differ-
radius of 1.1 nm (Zorec et al., 1990; Belmonte et al., 1993gnt compositions.
Matek et al., 1994).

The interaction of EqT-II with model membranes results
in the formation of cation-selective channels in planar Iipid'Vl"'\TEF“"“-S AND METHODS
bilayers (Zorec et al., 1990; Belmonte et al., 19937Baet  mMaterials
al., 1994) and the permeabilization of small and large unila-
mellar vesicles (Belmonte et al., 1993: Kékeet al., 1994, Egg phosphatidylcholine (PC) and egg phosphatidylethanolamine (PE)

L . . . . .were grade | from Lipid Products (South Nutfield, UK). Dipalmitoylphos-
1995, 1997)' This interaction is associated with changes IrBha’[idylcholine (DPPC) and bovine brain sphingomyelin (SM) were from

the secondary and tertiary structure of the protein@ka&  avanti Polar Lipids (Alabaster, AL). Cholesterol (Cho) and Triton X-100
al., 1995; Belmonte et al., 1994; Poklar et al., 1999), and itvere from Sigma (St. Louis, MO). 8-Aminonaphthalene-1,3,6-trisulfonic
has been suggested that the transition from the water-sol@cid (ANTS) andp-xylenebis-pyridiniumbromide (DPX) were from Mo-
ble to the membrane-bound state of the protein takes pladgcular Probes (Eugene, OR). Poly (ethylene-glycol 10,000) (PEG-10,000)

. ) from Atlas (Sao Paulo, Brazil). H th from Bio-
through a molten-globule intermediate (Poklar et al., 1997)Vr;23icr§TAlcozzn(d:: Ssgir?) razil). Horse erythrocytes were from Bio
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(MWCO) of 10 kDa. Aliquots of the concentrated protein were stored atBinding experiments

—24°C, and once thawed they were not refrozen. Protein concentration was

estimated spectrophotometrically using a molar extinction coefficient atBinding of EqT-Il to LUVs was measured by a filtration method using
280 nm of 3.61x 10* M~* cm™* (Norton et al., 1992). Centrisart | units (Sartorius, @Gmgen, Germany). The Centrisart | units
contained a polysulfone membrane with an MWCO of 300 kDa, which
allowed the physical separation of free toxin from toxin bound to the
liposomes. Different amounts of protein were added to a fixed amount of
vesicles. Samples were allowed to equilibrate Zoh at 25°C and then

The equinatoxin Il-induced hemolysis of horse erythrocytes was deter@PPlied to the Centrisart | units and centrifuged at 2609. The concen-

mined as a decrease in the turbidity of a cell suspension using a Uvikon g4%ation of free EqT-Il was determined by measuring the absorbance at 280
spectrophotometer (Kontron Instruments, Milan, Italy) with the wave- "M of the Ilposome-free fraction. The amount of bound proteln was
length set at 720 nm. The hemolysis buffer was 10 mM HEPES, 145 mMcaIcuIated as the dlffere_nce_ between total gnd unbound proteln. Intera_ct_|on
NaCl, 2mM PEG-10,000, pH 7.5. The experiment was carried out at 250¢0f the water-soluble to?qn with membranes is better descrlbed'as a partition
and under constant stirring. The maximum velocity of hemolysis Waspro_cess betwe_en the liposomes and th? aqueou_s‘phase (_Wh'te etal., 1998;
obtained from the region of the hemolytic curve showing maximum slope.White and Wimley, 1999). The partition coefficienky) is therefore

The relationship between sample turbidity and erythrocyte concentratioﬁlef'nEd as:

was determined using a Coulter counter apparatus from Coulter Electronics X

(Luton, UK) and obeys the following equation= 2.24 X 10°x? + 4.79X K, = v (1)

10°% + 0.15X% 10°, wherey is the number of erythrocytes per milliliter and X Xy’

x is the turbidity at 720 nm.

Hemolytic activity

whereX,, is the molar fraction of the protein bound to the vesicles 4gd

is the molar fraction of the protein in the aqueous phase. Once we have
determined the partition coefficient it is possible to calculate the free

energy of the transfer of the protein from the aqueous to the lipid phase:

AG? = —RTIn Ky, )

Preparation of liposomes

The appropriate lipids were mixed in organic solvent and evaporated
thoroughly. Multilamellar liposomes (MLVs) were prepared by hydration
of the lipid film with buffer and intensive vortexing. Large unilamellar
vesicles (LUVs) were prepared by the extrusion method (Mayer et a
1986), using polycarbonate filters with a pore size of @rih (Nuclepore,
Pleasanton, CA). Liposomes were routinely prepared in 10 mM HEPES,

200 mM NacCl, pH 7.5 buffer. For assays of vesicle leakage, the buffer

contained in addition 25 mM ANTS and 90 mM DPX. Non-encapsulated Infrared spectroscopy
fluorescent probes were separated from the vesicle suspension throughT%
Sephadex G-75 gel filtration column (Pharmacia, Uppsala, Sweden). So- . . -
lution osmolarities were measured using an Osmomat 030 instrumen?vapor“jltor (Farmingdale, NY). It was resuspended with the corresponding

(Gonotec, Berlin, Germany). Phospholipid concentration was determineé{mume of buffer (glther in aqueous or deuterated medium) to give a final
according to Bartlett (1959). protein concentration of 8 mg/ml. LUVs were prepared as described above,

and when necessary, deuterated buffer was used. Vesicles and protein were
mixed to give a lipid to protein ratio of 75:1 and incubated overnight at
room temperature. The sample was placed in a thermostatted cell with
Assay for leakage of liposomal contents CaF, windows. The optical path wasgem for samples in water and 5m

for samples in DO. Spectra were recorded at 25°C in a Nicolet Magna 550
The leakage of encapsulated solutes was assayed as described by EIIen%ﬁéctrophotometer equipped with a mercury-cadmium-tellurium (MCT)
al. (1985), using ANTS and DPX. The probe-loaded liposomes (final lipid yetector, Sample and reference spectra consisted of 1000 scans, with a
concentration= 0.1 mM) were treated with the appropriate amounts of ominal resolution of 2 crmt. For temperature studies, the sample was
protein in a fluorometer cuvette, at 25°C and under constant stiringyeated from 30°C to 80°C at 3°C intervals, and it was allowed to equili-
Changes in fluorescence intensity were recorded in a Perkin-EImep qie for 8 min before each spectrum was recorded. Data treatment and

MPF-66 spectrofluorometer (Beaconsfield, UK) \{vith excit_ation and em_is-band decomposition of the original amide | have been described previously
sion wavelengths set at 350 and 510 nm, respectively. An interference f'“e(Chén et al., 1999, and references therein).

with a nominal cutoff value of 470 nm was placed in the emission light
path to minimize the scattered-light contribution of the vesicles to the
fluorescence signal. The percentage of leakage is calculated after all of ﬁ?l t
fluorescent probe is released by the addition of the nonionic detergen uorescence spectroscopy
Triton X-100. The parametdT, , represents the time needed to reach 50% The intrinsic fluorescence spectra of EGT-II either alone or in the presence
of the final leakage. of vesicles were recorded in a Perkin-Elmer MPF-66 spectrofluorimeter
equipped with a thermostatted cell holder and a magnetic stirrer. Excitation
wavelength was 280 nm. Excitation and emission slits were set at 5 nm,
Liposome aggregation assay and a cutoff filter of 290 nm was placed before the emission monochro-
mator to minimize the contribution of the scattered light to the spectrum.
Kinetics of vesicle aggregation was routinely followed as an increase inThree spectra were taken for each sample after an incubation time of 15
light scattering at 90° in a Perkin-Elmer MPF-66 fluorometer with both min at 25°C. Spectra were corrected for the inner filter effect and the light
monochromators set at 520 nm. Aggregation was also measured undscattered by the LUVs. For the correction of the inner filter effect, absorp-
apparent equilibrium conditions as an increase in the average particle sizéon spectra of all the samples (EqT-1l with and without vesicles) were
measured by quasi-elastic light scattering (QELS) in a Zetasizer 4 phorecorded in a Cary spectrophotometer, and we followed the procedure
tometer (Malvern, UK). For QELS measurements buffer solutions weredescribed by Lakowicz (1983). The light scattered by the LUVs was
previously filtered through 0.2gim pore-size filters. corrected by subtracting the corrected fluorescence signal of the vesicles

| whereAG? is the free energyR the gas constant, the absolute temper-
“ature, andK,, the partition coefficient.

e appropriate amount of protein was thawed and dried in a Savant
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without EqT-II from the corrected spectrum of the protein in the presenceTABLE 1 Effects of equinatoxin-1l on LUVs of different

of vesicles. compositions
Scattering at
Lipid Leakage* (%) 90° Increase in siZe(nm)

Surface pressure measurements

PC 3.8x1.0 NO 7+ 3
Surface pressure measurements were carried out wiffraugh S system  SM 15.6+ 3.7 NO 3x4
from Kibron (Helsinki, Finland) at room temperature and under constantSM/PC (1:1) 76.1+ 10.5 NO 5+ 2
stirring. By using glass troughs with Teflon rims and stainless-steel magPC/DPPC (1:1) 1.610 NO ND
netic bars we minimized the nonspecific adsorption of EqT-Il to Teflon PC/PE/Cho (2:1:1) 0.8 5.2 NO 11+ 9
surfaces. The aqueous phase consisted 0f45010 mM Hepes, 200mM  PC/Cho (7:3) 414+ 3.8 NO ND

NaCl, pH 7.5. The lipid, dissolved in chloroform/methanol (2:1), was Lié)id concentration was 0.1 mM and protein concentration wasul\M3

gently spread over the surface, and the desired initial surface pressure Wﬂ|p|d-protein molar ratio= 77), except in QELS experiments, where both

attained b.y changlr_lg the '?‘m"””‘ of lipid appl|gd to the a_lr—wate_r Interf.ace'concentrations were doubled. Buffer was 10 mM Hepes, 200 mM NacCl, pH
The protein was injected into the subphase with a Hamilton microsyring

& 5. The experiments were carried out at 25°C with constant stirring, except
through the lipid monolayer. Unless otherwise indicated, the final protein. P 9 P

S - ) ) in the case of PC/Cho (7:3) where the temperature was 4°C.
concentration in the Langmuir trough was 1.08M. The increment in . } .
- . Leakage was determined 10 min after EqT-Il addition. Results are the
surface pressure versus time was recorded, and the experimental data were )
) ) ) mean= SD of three experiments.
fitted to the following equation:

"The right-angle scattering does not allow for quantitative analysis. The
results indicate only whether there is a significant increas2(0%) of the
(3) signal in two separate experiments.
*The increase in size with respect to the untreated vesicles are theZmean
SD of two experiments.
which corresponds to a rectangular hyperbola, whergtands for the  SResults obtained at 4°C.
increment in surface pressureis time, y, is the initial surface pressura,
is the maximum increase, ardis the time needed to reach 50% of the
maximum increase. The fitting was carried out using the program Sigma
Plot (SPSS, Science, Chicago, IL). The values obtainegfare negative We did not observe vesicle aggregation in any case.
and_ permit us to estlm_a_te the true initial su_rfa_lce pressure after the pertuHowever’ the toxin-induced permeabilization of the |ip0-
bation caused by the injection of the protein into the subphase. . L
somes showed a marked dependence on lipid composition.
Whereas PC LUVs are not sensible to the action of EqT-II,
in LUVs made of PC/SM (1:1) 76% of the vesicle contents
were released. This effect of SM has been known for many
TIO df;te_Ct membfaf_‘e'P?“'F'fi”r']”g am”;‘o aTCr']E’ Sequencﬁs '”quT‘”r V:%/ears, for this and other cytolysins from sea anemones
plotted its average interfacial hydropathy. This approach makes use o &ernheimer and Avigad, 1976: Turk and Kec 1986:

whole-residue scale that is based on the water-to-membrane interface” | .. - "
transfer free energies for each amino acid (White and Wimley, 1996, ejuca et al., 1996). Surprisingly, under similar conditions,
1999). In contrast to the classical indexes based on side-chain hydrophéhe release from vesicles containing only SM was very
bicities alone, this scale takes into account side-chain and peptide bondhodest, as only 16% of the solutes leaked (Table 1). This
hydrophobicity and compiles contributions arising from the bilayer effect. ghservation contrasts with the results obtained in SUVs
To infer the location within the membrane of partitioning sequences wega|monte et al., 1993), where the release of calcein from
also used a whole-residue hydrophobicity scale for partitioning imto . L . .
octanol. Plots based on the difference between the interfacial and octanéfles'deS made of SM was similar to that observed in vesicles
scales can in principle be used to distinguish sequences that prefer to inséfiade of PC/SM (1:1).
deeply into the bilayer matrix from those that prefer associating with the  \We used a mixture of egg-PC and DPPC (1:1) to deter-
interface (White _and Wimley, 1999). Va_lues abgve zero correspond tqmine whether the effect of SM could be mimicked by
segments with higher tendency to remain associated with the membrang, ip e Jinid with a high phase transition temperature, but
interface and values below zero are assigned to hydrophobic core—re5|d|n%. . . .
segments. this was not the case, as is reflected in Table 1. Other lipid
compositions, such as PC/PE/Cho (2:1:1), which is partic-
ularly well suited for the interaction with interface-seeking
RESULTS enzymes such as phospholipase C fr&acillus cereus
(Basdiez et al., 1996), was also insensitive to EqT-II. It is
possible, however, to find conditions in which leakage is
observed in the absence of SM; PC LUVs containing 30%
When incubation of vesicles containing ANTS and DPX cholesterol can release up to 40% of their contents if we
with EqT-II results in permeabilization there is an increaselower the temperature to 4°C.
in the ANTS fluorescence. If, as a consequence of this
mtt_aractlon the ves_lcles aggreggt(_a, an increase in light Scafermeabilization of LUVs made of SM/PC (1:1)
tering can be monitored by turbidity measurements. Table
summarizes the results obtained using LUVs of differentin liposomes made of SM/PC (1:1), most of the vesicle

lipid compositions. contents are released without aggregation, and therefore, we

B axXXx
=% pix

Interfacial hydropathy

Effects of EqT-Il on LUVs of different
composition
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have chosen this lipid composition to further explore thements showed that the amount of protein adsorbed to the
EqT-ll-induced permeabilization of LUVSs. Fig. 1 representspolysulfone filters was negligible (data not shown). The
the percentage of leakage and the halftime of the process asnount of free protein was estimated by its absorption at
a function of protein concentration. An increase in protein280 nm, and the bound protein was calculated as the dif-
concentration results in an increase in the percentage dérence between total and free protein. FigA 2epresents
leakage and a decrease inTig,. Both parameters show a the results obtained for three different lipid concentrations.
linear dependence with EqT-Il concentration. This depenThe partition coefficientsK,) ranged from 7.24x 10° to
dence is biphasic, and there is a point at which the slopes &.07 X 10°, which represent a free energy of transfer from
the two lines change. This threshold value can be calculated

as the intercept between the two regression lines that can be

drawn from the experimental points and corresponds to an 6.2
EqT-1l concentration of 0.6uM. Thus, at a lipid-protein

molar ratio of 152, the incorporation of new protein mole-

cules to the surface of the vesicles is hampered.

To rule out the possibility of a detergent effect as respon- 5.8 4
sible for this leakage we have compared the EqT-ll-induced X
leakage of ANTS from LUVs and from MLVs. If leakage
were due to a detergent effect, the degree of leakage would
be the same in LUVs and MLVs as it would depend only on 5.4 1
the lipid-protein molar ratio, and not on the number of
lamellae. This was not the case. In conditions where 55% of
the vesicle contents were released in LUVs, the leakage in
MLVs was only 14% (data not shown) and would corre-
spond to the percentage of the total encapsulated volume
that is surrounded by the outermost lipid bilayer. log (protein/lipid)

log (K

5.0 T r T T
-2.5 -2.0 -1.5 -1.0

EqT-Il binding to PC/SM (1:1) LUVs
To determine the amount of EQT-Il bound to the vesicleswe
added different amounts of protein to a fixed amount of x
liposomes. After an incubation period of 2 h, free and bound £
. . . . [22]
proteins were separated by ultrafiltration. Control experi- 3
o
‘o
x
60 8
4 120 =
>
O ©
o 40 1 80 0 ; - ;
o L 0 250 500 750 1000
€ o
o |_F lipid/protein molar ratio
= 20 1 L 40
FIGURE 2 @) Binding of EqT-Il to SM/PC (1:1) vesicles. Different
amounts of EqT-Il were added to a fixed amount of vesicles. Free and
bound protein was separated by ultrafiltration through polysulfone filters.
0 v y r 0 The experiment was carried out in 10 mM Hepes, 200 mM NaCl, pH 7.5.
0.0 0.4 0.8 1.2 Data correspond to the mean of three experiments at three different lipid
concentrations (0.36, 0.53, and 0.66 mM, respectively). Bars indicate the
[EqT-I] (uM) standard deviation.B) Reversibility of the binding. EqT-Il at a fixed

concentration of 0.4M was preincubated f&® h at25°C with LUVs made

FIGURE 1 Equinatoxin-ll-induced permeabilization of SM/PC (1:1) of PC (A) or PC/SM (1:1) @) at different molar ratios in 10 mM Hepes,
vesicles. To 1 ml of LUV (lipid concentratior= 0.1 mM) containing 200 mM NaCl, pH 7.5 buffer. An aliquot of each mixture was added to an
ANTS/DPX, different amounts of equinatoxin-Il were added. The percent-erythrocyte suspension containing 56 10° cells/ml, and the residual
age of leakage®) was measured 15 min after protein addition apgd (O) hemolytic activity was calculated from the changes in turbidity at 720 nm.
is the time needed to achieve half of this leakage. Buffer was 10 mMHemolysis was measured in 10 mM Hepes, 145 mM NaCl, 2 mM PEG
Hepes, 200 mM NaCl, pH 7.5. The experiment was carried out at 25°C and0,000, pH 7.5 buffer at 25°C with constant stirring. Data correspond to the
with constant stirring. Each plot was fitted to two different regression lines.mean of three experiments. Bars indicate standard deviation.
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the aqueous to the lipid phase of8.00 and—7.26 kcal PC/SM (1:1), as the lipid-protein molar ratio increases, the
mol~%, respectively. It is important to observe thk, rate of hemolysis decreases and approaches zero when this
remains fairly constant up to a protein-lipid ratio of 0.0069ratio is 550 or higher, thus indicating that toxin binding to
(lipid-protein ratio= 145). Beyond this valué, decreases these vesicles must be irreversible.
when the concentration of the protein increases, indicating
that binding is anti-cooperative. This break point lies at th .
same lipid-protein ratio as that observed for the percentag?elg terfacial hydropathy
and halftimes of leakage, thus suggesting that at this pafor EqT-Il, the average interfacial hydrophobicity plot
ticular ratio the vesicles show evidence for protein saturabased on free energies of transfer from the membrane in-
tion at the surface. terface to water clearly identified one conspicuous area on
We used the same experimental approach to measutke hydrophobic side above the zero midpoint line (Fig. 3).
partitioning into PC vesicles and obtained a partition coef-This positive peak is located between positions 101 and 121
ficient of 8.74x 10* and a free energy of transfer from the and corresponds to the AVLFSVPYDYNWYSNWWNVRI
aqueous to the lipid phase 6f6.75 kcal mol't. Thus, sequence. The total free energy of partitioning of this se-
although EqT-1l does not produce any significant effect onquence from water into the membrane, as estimated from
LUVs made of PC, there is a significant fraction of the the experimental scale determined by White and Wimley
protein molecules that associates with the membranél996) in POPC LUVs, is-5.98 kcal mol't. These obser-
surface. vations would be consistent with the involvement of this
To know whether the binding is reversible, we incubatedfragment of the sequence in the initial transfer of EqT-II
EqT-Il with LUVs for 2 h and then added an aliquot of this from the aqueous phase to the membrane interface. Within
mixture to an erythrocyte suspension. As only unboundhis fragment, the difference-scale plot (free energies of
protein is able to produce hemolysis, if binding were re-transfer from interface to octanol) shows that residues 104 —
versible the degree of hemolysis would not be dependent ohl7 give values above zero (Fig. iBse), suggesting that
the lipid-protein molar ratio of the EqT-II-LUV incubation this region would have a marked tendency to lie on the
mixture. As Fig. 2B shows, this seems to be the case forbilayer interface rather than to penetrate deeper into the
LUVs made of PC. However, for the case of LUVs made ofhydrophobic core.
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FIGURE 3 Hydropathy plot corresponding to the EqT-Il sequence. The plot (mean values for a window of 11 amino acids) was elaborated using the
Wimley-White interfacial hydrophobicity scale based on the free energy of transfer from the membrane-interface to the watémggjaBkt(based on
the difference of membrane-interface amdctanol scales for the protein stretch spanning residues 101-117.
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Infrared spectroscopy characteristic of thex-helix (Arrondo et al., 1993). How-

. . . ever, the assignation of the bands at 1638 and 1625 ¢n
The seconde_lry structure of EQT-Il in solution and n thenot so clear-cut. The band at 1625 chhas been related to
presence of I|posomes of PC ar SM/PC (1:1) was studied b}éxtended conformations that form intermolecular hydrogen
Fourier transf_o rm infrared spectr(_)scopy (FTIR) at ro0My5ngs (Arrondo et al., 1988) or interact with other structural
temperature - in deu_terated medium. Whenever SM 1 lements (Castresana et al., 1988). We do not think that this
prefle nt, an abs_orp_non banq appears in the 1700_16_0 and is associated with protein aggregates (Naumann et al.,
cm - region, which is due to its amide group. Therefore, it 1993) because if this were the case, a band at 1685'cm
was necessary to subtract the contribution of this group Qnd a change in the shape of the amiae | band would also be
analyze dthﬁ b?h%\(ior ofghe plrogain a’T"deb' badmz'l-?rg Odolt;](i)sobserved, and we have not detected these effects. Finally,
we used the lipidic carbonyl absorption ban - = - ]
cm 1) as reference and assumed that its elimination durinquﬁirrt:rin:ngtB;?fjsek;T1%08l:5|;j I—t:gwaeflsé?ncidnttr?blﬁiszse(?rto m
the subtraction procedure cancels the contribution of th%ther structural types |’”night a]so be pre,sent because@ H
other lipidic absorption bands. In fact, when we obtained 8, band at 1641 ot appears, which does not correspond to

flat baseline in that region, the vibration band of the lipidic ;
_ . a 3 structure (data not shown) and can be assigned to open
methylene groups (29602940 ch also disappeared loops (1644 cm?) (Fabian et al., 1992). Taken together,

(data not shown), a result that confirms the reliability of th'sthese results indicate that in solution, EqT-II consists of

method. ;

. . . 44% B-sheet structures, 37%-helix, and 17% turns.
£ 'flfg” 4 SQOV\;S thte (;ilEIdffe : reg(;o_r: o;the FTIR_ipectrug\f_(t)f Table 2 summarizes the results obtained after the decom-
t'q i Tlhn eu _zra? b ude_r an Its gcotmggj'l'ggﬁgnd ! “position and fitting of the FTIR spectra of EqT-II either in
ng. The amide and 1s centered at Tan solution or in the presence of PC LUVs or SM/PC (1:1)
presents a small shoulder around 1688 éniThe fitting UVs. Only the results in DO are represented and are

gg%ceesls(sggvi(;?: t106§gven db;\g;i;,é:ﬁntered tf“ |169T1r’1 16 complementary to those obtained in water (data not shown).
' ' ' , an respectively. The - rnere are only little changes in secondary structure of

band centered at 1613 crhcorresponds to side chains, and EqT-Il upon its interaction with PC vesicles. The most

therefore, it was not considered for further analysis. Thes- . -
ignificant one is observed at the band centered at 1654
bands centered at 1666, 1676, and 1691 tinave been cm 1, where the amount of-helical structures decreases

assigned t@-turns (Krimm and Bandekar, 1986). The bandfrom 37% to 30%. Concomitantly, the amount @sheets

at 1676 cm'* may alsp ari_se from a sma_ll contribution of +eases from 44% to 47% and the percentagg-tfrns
the hlgh-freque_n cy vibration of the antiparall Ps}rand increases from 17% to 21%. In contrast, EqT-Il undergoes
(Byler and Susi, 1986). The band around 1655 cnis major conformational changes in the presence of LUVs of
SM/PC (1:1). First, the band at 1666 ci(corresponding
to B-turns) disappears, although the overall contribution of
this secondary structure element remains practically un-

changed (16%, in comparison with 17% in solution). The
most dramatic changes affect thehelical structure, which
5 is reduced from 37% in solution to 20% in the presence of
® 4 vesicles, and theB-sheets, which increase from 44% in
=
Q
3 TABLE 2 Decomposition and fitting of the amide | band of
< the infrared spectrum of EqT-Il in solution and in the
presence of LUVs of different composition
2
6 EqT-Il + SM/PC
5 EqT-Il EqT-Il + PC (1:2)
1
Position Area Position Area Position Area
' (cm ™) (%) (cm ™) (%) (cm™?) (%)
1700 1650 1600 1691 2 1691 2 1692 1
wavenumber (cm™) 1676 12 1676 14 1674 15
1666 3 1666 5 — —
1653 37 1654 30 1657 20

FIGURE 4 Fitting and deconvolution of the FTIR spectrum of EqT-Il in
deuterated buffer. The solid line corresponds to the amide | band of the
FTIR spectrum of EqT-1l and the dotted line is the resultant of the seven
resolved bands, centered at 1691 (1), 1676 (2), 1666 (3), 1653 (4), 1638ipid concentration was 30 mM and protein concentration was 0.4 mM
(5), 1625 (6), and 1613 (7) cni, respectively. Buffer was 10 mM Hepes, (lipid-protein molar ratio= 75). Buffer was 10 mM, Hepes, 200 mM NacCl,
200 mM NaCl, pD 7.9. The spectrum was recorded at 25°C. pD 7.9.

1638 35 1639 34 1641 50
1625 9 1626 13 1626 13
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solution to 63% in the presence of LUVs. It is important to 7% decrease in its fluorescence intensity without a shift in
point out that the band that in solution is centered at 163&he wavelength of maximum emission. When the vesicles
cm 1 (which is assigned t@-sheet structure) is shifted to are made of SM/PC (1:1), there is a 24% fluorescence
1641 cm* and could also arise from contributions due tointensity increase and a blue shift in the wavelength of
disordered structures (1643 ¢ or open loops (1644 maximum emission from 336.5 nm in solution to 334 nm
cm™ 1) (Chén et al., 1999). when the lipid-protein molar ratio is 600. These changes are
consistent with the migration of the tryptophans to a more
L. apolar environment like that provided by the membrane.
Intrinsic fluorescence

Changes in the intrinsic fluorescence of EqT-Il can be
associated with changes in its tertiary structure (Lakowicz]R versus temperature
1983). Fig. 5 represents the changes in fluorescence inte
sity (Fig. 5A) and wavelength of maximum emission (Fig.
5 B) as a function of the lipid-protein ratio after incubation
with LUVs made of PC or SM/PC (1:1). The addition of PC
vesicles up to a lipid-protein molar ratio of 640 results in a

r']'_he thermal behavior of EqT-II as studied by FTIR provides
us with more information about its differential interaction

with LUVs of PC or SM/PC (1:1). In Fig. 6 we plot the

changes in the bandwidth of the amide | region at half
height as a function of the temperature, both in solution and
in the presence of LUVs. This representation monitors the
unfolding of the protein because its aggregation gives rise to

1.3
the appearance of two bands at 1685 and 1620"cfuata
A not shown) and, thus, to an increase of the width of the
19 amide | band. In solution or in the presence of PC vesicles
Lo the thermal profile is sigmoidal and the inflection point is
g centered at 60°C. However, in the presence of SM/PC (1:1)
% 11 LUVs, the behavior is totally different as the aggregation
X bands do not appear, and therefore the bandwidth of the
L E amide | region remains constant. This means that either the
104 protein is stable in the temperature range studied or that the
) interactions that are responsible for the cooperative thermal
unfolding are already lost. This second possibility seems
0 200 400 600
lipid-protein molar ratio ) 60
( X ]
- u
[ ]
55 4
337 "
£ — Te
c = -
~ Q
s 336 - Pt 50 1
c B
ko) 2
g | ]
© 335 A AA A A AAAAAAAADA
3 45 L ]
B a
u
334 c 0e¢ s’
T T T T 40 T v g T
0 200 400 600 30 45 60 75
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FIGURE 5 Intrinsic fluorescence of EqT-Il in the presence of LUVY. (  FIGURE 6 Effect of the temperature on the amide | bandwidth of EqT-II
Changes in the relative fluorescence intensity of EqT-1l in the presence oin solution @), in the presence of LUVs made of PH)(or in the presence
LUVs made of PC@®) or PC/SM (1:1) ¥). (B) Changes in the wavelength of LUVs made of SM/PC (1:1)&). The deuterated buffer was 10 mM

of maximum emission of EqT-II in the presence of LUVs made of L (  Hepes, 200 mM NacCl, pD 7.9. Protein concentration was 0.4 mM and the
or PC/SM (1:1) ¥). Buffer was 10 mM Hepes, 200 mM NaCl, pH 7.5. The lipid-protein molar ratio was 75. Samples were incubated overnight at
spectra were recorded at 25°C. room temperature to allow for complete equilibration.
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more likely in view of the changes in secondary and tertiary—0.93 for SM and—0.94 for SM/PC (1:1), and is almost
structure already described. twice the value for PC+0.54).

These results indicate that when conditions are favorable
for insertion @, < ), the affinity of EqT-Il for SM is
higher than for PC, and in the SM/PC equimolar mixture,

We used lipid monolayers with different lipid compositions the insertion is governed by the SM content.

(PC, SM, and an equimolar mixture of PC and SM) to

determine the critical pressurerd, i.e., the initial surface

pressure £,) at which noAxr is observed after injection of DISCUSSION

EqTTII into the subphase. This va!ue can be estimatecj b)éM favors the Iytic action of EqT-Il but is

plotting A versusm, and extrapolating the data to the point not essential

at whichA7z = 0. As shown in Fig. 7Am decreased when

m, increased, because the higher lipid packing preventés in other cytolysins (Tejuca et al., 1996; De lo®Ret
protein insertion. Linear fitting of the experimental resultsal., 1998), the presence of SM within the bilayer favors the
permitted us to estimate a critical pressure of 25.2 mNtm release of encapsulated solutes by EqT-Il (Table 1). How-
for PC, 25.85 mN m* for SM, and 32.7 mN m* for the  ever, in LUVs made of only SM, the percentage of leakage
equimolar mixture. The critical pressures for PC and SM aras only moderate (16%). This observation contrasts with the
practically the same, probably because the structure of thefiesults obtained in SUVs (Belmonte et al., 1993; kFlaet
polar headgroups is very similar and so is their contributional., 1995), where the leakage of calcein and the changes in
for the insertion of EqT-Il. However, at any giver, the the intrinsic fluorescence of EQT-Il are similar in SM and its
A7 observed is higher for SM than for PC. equimolar mixture with PC. This different behavior ob-

In the equimolar mixture of PC and SM the critical served for SUVs and LUVs has also been described for
pressure was significantly higher than in the pure lipids,sticholysin | (Tejuca et al., 1996) and might be due to the
despite the fact that the polar headgroups of the lipids aréact that SUVs and LUVs represent two different model
the same. If we compare the results found in SM and in thenembranes. The radius of curvature in SUVs is so small
SM/PC mixture, we again observe that at any giwgnA=  that most of the lipids (up to 70%) tend to locate in the
is higher in the mixture, although the overall dependence oéxternal monolayer (Szoka and Papahadjopoulus, 1980),
A versusm, (the slope of the regression lines) is the samethus establishing significant differences in the packing, ther-
motropic behavior, order, and lateral mobility of the lipids
in comparison with LUVs or MLVs (New, 1990). All these
effects also influence the interaction of the vesicles with
proteins such as phospholipase C frd@acillus cereus
(Basdiez et al., 1996), which is much more active in SUVs
than in LUVs with the same lipid composition.

The absence of lytic activity in PC vesicles does not
necessarily mean that there is no interaction. A partition
coefficient of 8.74x 10" and a free energy of transfer from
the aqueous to the lipid phase ©%6.75 kcal mol* have
been measured, confirming that EqT-Il associates with PC
LUVs. Moreover, EqT-II inserts into PC monolayers pro-
vided that the initial surface pressure is lower than 26 mN
m~. This result explains why we do not observe leakage in
LUVs, because in this case, the estimated surface pressure
of the lipids within the vesicles ranges between 30 and 35
35 mN m~* (Brockman, 1999), clearly above its critical sur-

face pressure. The critical pressures for SM and PC are the
Ty (MN m'1) same 26 mN m %), an observation that is not surprising,
because both phospholipids have nearly identical polar
FIGURE 7 Effect of the initial surface pressure on the insertion of h€adgroups. However, when the initial surface pressure is
EqT-Il into monolayers of different lipid composition. Lipid compositions lower than thism,, the toxin inserts to a greater extent into
were PC ), SM (@), or PC/SM (1:1) ). Experimental data were fitted the pure SM monolayer, a result that might indicate that the

to straight lines whose intercepts with the abscissa axis represent thﬁydrophobic component of the insertion is more important
critical pressuret,), i.e., the initial surface pressure at which the protein . SM | In th diti th ki fth
no longer inserts into the monolayer. Protein concentration was @7 In monolayers. In theése conditions, theé packing o e

and the buffer was 10 mM Hepes, 200 mM NaCl, pH 7.5. The experimentdiPids is not so rigid, and they may expose some regions that
were carried out at room temperature with constant stirring. could be recognized by the toxin and, thus, explain the

EqT-Il insertion into phospholipid monolayers

An (mN m'1)
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preferential insertion into SM monolayers. A second possidipids were organized in micelles rather than in vesicles. In
bility is that below, the acyl chains of the commercially contrast to what is observed with PC/SM (1:1) LUVs, the
purchased brain SM (which show a certain degree of hetassociation of EqT-Il with PC LUVs is reversible, as its
erogeneity) may segregate laterally and form lipid domainsiemolytic activity is retained after incubation with vesicles.
that may favor the insertion, and this would account for the By using a hydropathy analysis based on the hydropho-
16% leakage observed in LUVs made of SM. When thebicity-at-interface scale (White and Wimley, 1996; Pereira
lipid monolayer is made of SM/PC (1:1), the critical pres-et al., 1997; Ruiz-Argello et al., 1998), a conserved hy-
sure is 32.7 mN m %, and therefore, EqT-Il is able to insert drophobic stretch of amino acids with high propensity to
into LUVs with this lipid composition. partition into membranes (Fig. 3) can be identified. The
However, it is possible to find a variety of conditions estimated total free energy of partitioning of this segment
under which EqT-Il is active even in the absence of SM.into POPC LUVs (White and Wimley, 1996) is5.98 kcal
This feature is common to other actinoporins. For instancemol ™%, very close to the experimental value .67 kcal
sticholysins fromStichodactyla helianthuscrease the con- mol 1) obtained with PC LUVs, thus confirming that this
ductivity in planar lipid bilayers made of PC and cholesterolregion might play a crucial role in the initial toxin-mem-
(Michaels, 1979), insert into DPPC monolayers (Doyle etbrane interaction. By contrast, for SM-containing vesicles
al., 1989), are active in MLVs made of synthetic PC with the free energy calculated for the partition of this region into
various acyl lengths (Shin et al., 1979) and are able tdhe lipidic phase accounts for only 74% of the total exper-
permeabilize LUVs made of PC and cholesterol (De losimentally calculated free energy of partitioning. This dis-
Rios et al., 1998). In the case of EqT-II, we have observearepancy might be originated from 1) the non-applicability
that addition of 20—-30% cholesterol to PC results in 40%of the same hydrophobicity-at-interface scale to estimate the
leakage from LUVs (Table 1) and monolayer insertion (dataenergetics of the partitioning process in the binary system
not shown). Therefore, the role of SM during the membraneSM:PC or 2) the existence of other membrane-interacting
insertion of EqT-II is not limited to act as a simple receptor,regions in EqT-II, i.e., its N-terminal amphiphilie-helix
because other factors such as the radius of curvature of trend/or the region containing amino acids Arg 144 and Ser
vesicles and lipid-lipid interactions between SM and PC orl60 (Anderluh et al., 1999).
between PC and cholesterol might be involved. The pronounced hydrophobic-at-interface character of
the region comprising amino acids 101-121 appears to be
based on the unusual concentration of aromatic residues
(one Phe, three Tyr, and three Trp) within such a short
In LUVs made of SM/PC (1:1), when the lipid-protein sequence. This is a feature that has been observed for other
molar ratio is lower than 150, a given increment in thepore-forming toxins such as-toxin from Staphylococcus
protein concentration gives rise to an increase in the peraureus(Vécsey-Senije et al., 1997; Raja et al., 1999) and
centage of leakage that is smaller than that observed g@erfringolysin-O (Sekino-Suzuki et al., 1996; Rossjohn et
lipid-protein ratios above 150. This change also affects th&l., 1997). Extended analysis, including interface-octanol
halftime for this release and could be the result of a changdifference plots (White and Wimley, 1999; Nir and Nieva,
in the amount of protein bound to the vesicles. Effectively,2000), demonstrates that the 104—-117 sequence most prob-
the partition coefficient of EqT-Il between the lipidic and ably localizes associated with the bilayer interface (Fig. 3
aqueous phases is fairly constant (bg = 5.82+ 0.1) up  inse) rather than deeply inserted into the membrane hydro-
to a lipid-protein molar ratio of 141, and below this value phobic core. This explains why the intrinsic fluorescence of
less protein partitions into the lipid phase; i.e., the bindingEqT-Il is not quenched by brominated lipids (Mdcet al.,
is anti-cooperative. This anti-cooperativity must be a con-1995, and our unpublished results). This segment also co-
sequence of partial saturation of the surface of the vesicle#cides with one of the membrane-interacting regions de-
by protein molecules. This result rules out the induction oflimited by Anderluh et al. (1999) in an elegant series of
a breach in the permeability barrier of the membrane byexperiments with labeled cysteine mutants.
means of a detergent effect, as has been suggested with
sticholysin (Shin et al., 1979). In identical experimental
conditions, the leakage from LUVs is four times higher than
from MLVs (unpublished results), confirming that the ac-
tion of EQT-Il is limited to the outermost lipid bilayer. The In solution, equinatoxin Il consists of 44%-sheet struc-
binding of the protein is essentially irreversible, becausdures, 37%a-helix, and 17% turns. EqT-II is, therefore, a
preincubation of EqT-II with PC/SM (1:1) liposomes results B-rich protein as has been already observed by circular
in a drastic decrease of its hemolytic activity (Fig. 2). Thedichroism (CD) (Belmonte et al., 1994; Poklar et al., 1997).
inhibitory effect of some membrane lipids on the hemolytic This feature is common to other actinoporins such as those
activity of EqT-1l was described by Turk and Melc(1986), of Stichodactyla helianthusTIR (Menestrina et al., 1999)
and they found the greatest inhibition with SM, although theand CD (De los Ros, 1999) experiments show that the

EqT-Il binding to model membranes

Differential interaction in response to
lipid composition
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amount ofB-structure B-sheet plugs-turns) in sticholysins  SM within the membrane creates conditions for irreversible

accounts for more than 63% of the total secondary structurénsertion and pore formation, processes that are associated
The thermal stability of EqT-Il in solution or in the with major conformational changes. The identification of

presence of LUVs made of PC are very similar. In boththose factors promoting the transition of EqT-Il from a

cases, the melting temperature is centered at 60°C (Fig. 6jpembrane-associated to a membrane-inserted state will be

a value that is very close to the denaturation temperaturthe subject of future investigations.

determined in solution by changes in the fluorescence of

1-anilinonaphthalene-8-sulfonic acid (59°C, data not _ o o

shown) and similar to that obtained by differential scanningWe thank Professor Paavo K. J. Kmnur_]en (University of HeIS|_nk|) for the
lorimet 66°C in pure water, pH 5.5-6) (Poklar et al use of the electrobalance and Langmuir trough. G. Anderluh is gratefully

calorimetry ( p ’ p. . 7 acknowledged for critical reading of the manuscript.

1997). The absence of a blue shift in the wavelength ofrhis work was supported by grants PI-1998-110 and UE-1998-43 from

maximum emission, the inability to produce the release ofhe Basque Government. J.M.M.C., L.E., and I.G.A. were recipients of

encapsulated solutes (Table 1), the conservation of its heredoctoral fellowships from the Basque Government.

molytic activity (Fig. 2), and its thermal behavior (Fig. 6)
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