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Information on 3D structures are for the moment avail-
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Attenuated total reflection (ATR) Fourier transform
nfrared spectroscopy (FTIR) was used to investigate
he secondary structure of two pore-forming cyto-
ysins from the sea anemone Stichodactyla helianthus
nd their interaction with lipid membranes. Fre-
uency component analysis of the amide I’ band indi-
ated that these peptides are composed predomi-
antly of beta structure, comprising 44–50% b-sheet,
8–20% b-turn, 12–15% a-helix, and 19–22% random
oil. Upon interaction with lipid membranes a slight
ncrease in the a-helical and b-sheet structures was
bserved with a concomitant decrease of the unor-
ered structure. Polarisation experiments indicated
hat both toxins had some disordering effect on the
ipid layers. The dichroic ratio of the a-helical compo-
ent of the membrane-bound toxin was 3.0-3.3, indicat-

ng that this element was oriented with an angle of
8°–42° with respect to the normal to the plane of the
rystal surface, thus resulting almost parallel to the
ean direction of the lipid chains. © 1999 Academic Press

Sea anemones contain in their venom at least one,
ut usually a few, cytolysins belonging to a protein
amiliy collectively called actinoporins (1-3). These are
olypeptides with a high pI, a molecular size around 20
Da, and a high degree of homology, which are all
nhibited by sphingomyelin. They probably share also
he mechanism of toxicity, which appears to be that of
pening pores in the membrane of foreign cells (4-6).
ore-forming toxins are widespread in nature. Several
xamples are known of animal, plant and bacterial
rigin (7, 8). Nevertheless, a clear picture of the struc-
ure and function of these proteins is still missing.

1 Corresponding author. Fax: 39 461 810628. E-mail: menes@
efsa.itc.it.
174006-291X/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
ble only for a few bacterial toxins (9, 10), and are
robably of limited value for predicting the structure of
ukaryotic toxins. Indeed, sea anemone cytolysins are
pparently not related to any other protein (11). High
esolution structural data on actinoporins are still
issing, and only general notions to this regard have

een derived from indirect experiments. They may
orm pores by aggregation of several monomers, three
o four, into the lipid phase (5, 6, 12, 13); adsorbtion
ay be preceded by a transition to a relaxed, molten

lobule-like, structural intermediate (14); insertion
nto the membrane involves more than one region of
he molecule, at least the N-terminus (15) and a central
ydrophobic region containing a cluster of 3 trypto-
han residues (16).
Here we have used Fourier transform infrared spec-

roscopy, in the attenuated total reflection configura-
ion (FTIR-ATR), to investigate the secondary struc-
ure of two such pore-forming cytolysins, sticholysin I
nd II, isolated from the sea anemone Stichodactyla
elianthus. This technique, although providing only

ow resolution structural data, is indeed one of the few
vailable to study the interaction of proteins with lipid
embranes (17, 18). Our results are consistent with

he notion that the formation of toxin channels is ac-
ompanied by a small conformational change of these
roteins, leading to an increased amount of a-helical
ontent and to a change in the b-sheet signal consistent
ith the formation of intramolecular (presumably
onomer-monomer) bindings. The helix component is

riented perpendicularly to the plane of the membrane
lthough not necessarily inserted in it.

ATERIALS AND METHODS

Toxins. Sticholysin I and II from Stichodactyla helianthus,
called St I and St II respectively), were purified by two consecutive



chromatographic steps (5). Briefly, total extracts from the sea anem-
o
p
t
p
w
A
s
K
t

d
b
U

(
s
o
t
a
s
T
e
p
5

p
b
(
p
b
B
r
c
h
w
C
a
n

l
d
w
(
c
m
p
s
r
c
f
a
a
p
c
F
d
w
l
fl
t
a

w
a
T

voluted and the number, position, amplitude and width of its Lorent-
z
p
s
t
d
t
o
c
(
b
t
1
g
e
a
r
t
a
r

c
t
t
t
t
a
i
t

w
c
t
e
u
c
u
(
w
r
a
C
w
u
a

a
t

A
d

w

t

Vol. 254, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ne body were gel filtered on Sephadex G50, and the second eluting
eak, which contained most of the hemolytic activity, was subjected
o ion-exchange chromatography on a CM-52 cellulose column. Two
eaks were thus separated, that eluting at the lower ionic strength
as called St I and the other St II. Both proteins were sequenced.
ccording to its primary structure (Swissprot P07845) St II corre-
ponds to the cytolysin C III previously isolated by Blumenthal and
em (19). St I instead has the same N-terminus sequence as the

oxin called C I by Kem and Dunn (20).

Determination of the hemolytic activity. Hemolytic activity was
etermined on human erythrocytes (HRBC) by measuring the tur-
idity at 650 nm with a 96-well microplate reader (Molecular Devices
V-max) as described earlier (21).

Preparation of lipid vesicles. Large unilamellar lipid vesicles
LUV) were prepared by extruding a solution of multilamellar lipo-
ome in 10 mM Hepes-Cl, pH 8.0 (buffer A) subjected to 5 or 6 cycles
f freezing and thawing (22). Thirty one passages were performed
hrough two stacked polycarbonate filters with holes of 200 nm
verage diameter (purchased from Nucleopore), using the two-
yringes extruder LiposoFast from Avestin Inc., Ottawa, Canada.
he lipids used were egg phosphatidylcholine (PC) and sphingomy-
lin (SM), both purchased by Avanti Polar Lipids, more than 99%
ure. They were mixed in a 1:1 molar ratio at a final concentration of
mg/ml.

Preparation of membrane bound toxin. Aliquots of PC:SM LUV,
repared as described above, were diluted to 0.45 mM in 2.2 ml of
uffer A and incubated with 1.8 mM of one of the two sticholysins
final molar ratio lipid:toxin 250:1). After incubation at room tem-
erature for ½ h, the LUVs were separated from the residual un-
ound toxin by precipitation in an ultracentrifuge (Optima TL 100 by
eckman). Samples were loaded in a swing-out rotor (TLS 55) and
un at 49 krpm ('180,0003g) for 3 h at 5°C. The supernatants were
ollected and tested for the presence of free toxin by measuring the
emolytic activity. The pellet, consisting of vesicles and bound toxin,
as recollected in 100 ml of buffer A, and subjected to FTIR analysis.
ontrols in which the same amount of toxin was centrifuged in the
bsence of the vesicles indicated that, without lipid, the protein does
ot precipitate with this treatment.

Fourier-transform infrared spectroscopy. FTIR spectra were col-
ected on a Bio-Rad FTS 185 spectrometer equipped with a DTGS
etector with CsI window and KBr beamsplitter. The instrument
as purged with CO2-free dry air. The attenuated total reflection

ATR) configuration was used (18, 23, 24) with a 10-reflections Ge
rystal (45° cut) housed in a liquid cell and placed in an ATR attach-
ent by Specac. Typically 48 interferograms (64 in the case of the

ure lipids) were collected, Fourier transformed and averaged. Ab-
orption spectra in the region between 4000 and 1000 cm21, at a
esolution of one data point every 0.25 cm21, were obtained using a
lean crystal as the background. For the study of the toxins in soluble
orm, 40 ml of a 1 mg/ml protein solution, extensively dialysed
gainst buffer A, were deposited and gently dried under nitrogen in
thin layer on one side of the crystal. This is a commonly adopted

rocedure (25, 26) which does not remove the hydration water that
learly appears in the region around 3500 cm21 of the IR spectrum.
or the lipid-bound toxin, 90 ml of the toxin-treated LUV pellet
escribed above, were spread similarly. Spectra of the lipid alone
ere collected applying toxin-free LUV in the same way. After col-

ecting spectra in a water saturated environment, the crystal was
ushed with D2O-saturated nitrogen for 30-40 min to allow deutera-
ion of the fast-exchangeable amide hydrogen ions and new, deuter-
ted, spectra were collected (17, 27).
ATR-FTIR spectra were processed using the Bio-Rad Win-Ir soft-
are package. First, the residual H2O vapour bands were removed
nd a linear baseline between 1720 and 1500 cm21 was subtracted.
hen, the amide I’ band, between 1700 and 1600 cm21, was decon-
175
ian components was determined. These were used as a starting
oint for a final refinement based on a least-squares fit of the original
pectrum with the Levenberg-Marquardt method (23, 24). The rela-
ive content of structural elements was eventually estimated by
ividing the areas of the individual components, assigned to a par-
icular secondary structure in the standard way (23, 28), by the area
f the whole amide I’ band. The two small components around 1614
m21 and 1600 cm21, arising from the contribution of the side chains
29), were excluded from the sum. In the case of lipid-bound toxin,
efore analysis, the spectra were corrected by subtracting the con-
ribution of the lipid alone (with a weight that eliminates the band at
738 cm21 pertaining to the stretching of the phospholipid carboxyl
roups). This was necessary also in view of the fact that sphingomy-
lin, comprising the ceramide moiety, contributed a signal in the
mide I region which was between 30 and 40% of the total. After
emoval of the lipid contribution, differential spectra were also ob-
ained by subtracting the spectrum of the toxin in soluble form, with

weight that minimises the remaining integral in the amide I’
egion.

Quantitative analysis of the polarised ATR-IR spectra. In the
ase of lipids and lipid-bound toxins, the orientation of some struc-
ural elements was determined by polarisation experiments. A ro-
ating wire-grid polariser from Specac was used and manually posi-
ioned with orientation either parallel (0°) or perpendicular (90°) to
he plane of the internal reflections. The dichroic ratio was calculated
s R 5 A0°/A90°, where A0° and A90° are the integrated absorbtion bands
n the parallel and perpendicular configuration respectively. From
he dichroic ratio a form factor, S, was calculated as (18, 30, 31):

S 5
Ex

2 2 REy
2 1 Ez

2

1
2 ~3cos2u 2 1!~Ex

2 2 REy
2 2 2Ez

2!
[Eq. 1]

here u is the angle between the long axis of the molecule under
onsideration and the transition moment of the investigated vibra-
ion; Ex, Ey and Ez are the components of the electric field of the
vanescent wave in the three directions (the z axis being perpendic-
lar to the plane of the crystal). The terms Ex

2, Ey
2 and Ez

2 were
alculated according to Harrick expressions for thick films (30-32)
sing the appropriate incidence angle (45°) and refractive indexes
Ge crystal 4, deposited layer 1.43). The following order parameters
ere calculated: a) SL, for the lipid chains, using either the symmet-

ic or asymmetric CH2 stretching (i.e. integrating the bands centred
t 2850 and 1918 cm21 respectively, with u 5 90°) or the asymmetric
H3 stretching (band at 2872 cm21 with u 5 0°); b) Samide I’, for the
hole amide I’ band, integrating between 1600 and 1700 cm21, with
5 0° (33, 34); c) Sa, for the a-helix, using the Lorentzian component
t 1655 6 2 cm21 with u 5 30° (25, 31, 35).
From the order parameter the average tilt angle g of the molecular

xis with respect to the z axis (i.e. the perpendicular to the plane of
he membrane) was calculated according to (31):

S 5 1
2 ~3cos2g 2 1! [Eq. 2]

lternatively, the mean angle s of the a-helix axis with respect to the
irection of the lipid chains was recalculated from (31):

Sa

1
2 ~3cos2gL 2 1!

5 1
2 ~3cos2s 2 1! [Eq. 3]

here gL is the angle formed by the lipid chains with the z axis.
According to (33, 34), A90° was also used to calculate the lipid to

oxin ratio (r) by the following algorithm:
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r 5 L/Tb 5 9.6 1 1 SL / 2 * 1600
1690 A90° ~namide I’! dn

[Eq. 4]

here L is the total concentration of lipid present, Tb is the concen-
ration of bound toxin, nres is the total number of residues in the toxin
176 for St I and 175 for St II), SL and Samide I’ have been defined above
nd the integrals refer to the corrected spectra. From r, it is possible
o calculate the partition coefficient (K) of the protein from the water
o the lipid phase as follows:

K 5
Tb

(T0 2 Tb) z L 5
1

T0 z r 2 L [Eq. 5]

here T0 is the total concentration of toxin applied.

ESULTS AND DISCUSSION

Secondary structure of sticholysins by FTIR spectros-
opy. The secondary structure of St I and II was es-
imated by analysing the amide I’ band, as exemplified
n Fig. 1 for the case of St II. Spectra were first decon-
oluted to find out the number and location of the
dsorption bands composing the whole amide region
Fig. 1B). Thereafter the original spectra were fitted to
he sum of single Lorentzian bands (Fig. 1A) and these
ere attributed to four secondary structures (b-turn,
-helix, random coil and b-sheet), according to the ac-
epted interpretation (17, 24, 28). Average composi-
ions are reported in Table 1. As it could be expected
rom the fact that the primary sequences of St I and II
re very similar (93.1% identity plus 1.7% similarity),
t appears that both proteins had almost the same
onformation. In particular, they are largely composed
f b-structure, comprising 44-50% b-sheet plus 18-20%
-turn, and only 12-15% a-helix and 19-22% random
oil. This finding clearly justifies the family name of
ctinoporins that was given to these group of cytolysins
ecause of a very limited homology to a bacterial porin
19). The composition found here is not substantially
ifferent from that determined earlier for equinatoxin
I (another actinoporin of Actinia equina) by circular
ichroism (36) although slightly more helical structure
as determined in that case. Interestingly, on the ba-

is of a comparison of their primary sequences, this
rotein family shares the presence of a conserved am-
hipathic alpha-helix of at least 23 residues at the
-terminus (36). By itself, this helix would amount to
pproximately 13% of the protein, thus leaving little
pace for the presence of other helical elements in
hese molecules.

To get some insight into the conformational changes
hat might accompany the insertion of these toxins into
he membrane, and eventually the formation of pores,
e evaluated their secondary structure once bound to
UV. In a differential spectrum, obtained by subtract-

ng the spectrum of the soluble form from that of the
ipid bound form, small, but clear, changes were ob-
176
erved (Fig. 2B). An excess of absorbance at 1656 cm21

consistent with an increase in a-helical structure), a
egative region centred around 1640 cm21 (suggesting
decrease in the unordered structure), and another

xcess of absorbance at 1624 cm21 (consistent with an
ncrease in the b2 region). Also in this case, the pattern
as substantially similar for St II and St I, although
ith St II the a-helical increase was slightly higher,
nd the b2 increase slightly lower. Application of the
urve fitting procedure used for the free toxins to the
embrane bound spectra, essentially confirmed these

bservations (Table 1). Interestingly, the raising b2

and at 1624 cm21 is indicative of a peculiar hydrogen

FIG. 1. Infrared-ATR spectra, in the amide I’ region, of deuter-
ted films of S.heliantus St II. Panel A: The spectrum (solid line), ten
orentzian component bands obtained by curve-fitting as explained
nder Methods (thin solid lines) and their sum (dotted line), are
hown. Best fitted Lorentzian components were assigned to a par-
icular secondary structure in the usual way (23, 28) and the assign-
ents are indicated next to each band. We used the following crite-

ia: bands in the regions 1696-1680 cm21 and 1670-1660 cm21, b-turn
t); band at 1675 6 4 cm21, antiparallel b-sheet (b1 band); band at
655 6 2 cm21, a-helix (a); band at 1642 6 2 cm21, random coil (r);
ands in the region 1640-1620 cm21, parallel plus antiparallel
-sheet (b2 bands). The minor bands around 1614 cm21 and 1600
m21, were attributed to side chains (29). The evaluated secondary
tructures are reported in Table 1. Panel B: Deconvoluted spectrum
evealing the presence, and approximate position, of the ten compo-
ents used to fit the original data. We used a resolution enhance-
ent factor 1.6 and Bessel smoothing. The wavenumbers of the
ajor bands observed are indicated.
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onding pattern (17, 24, 37), which may occur in very
ong antiparallel b-strands, as those observed in bac-
erial porins (34), or in intramolecular bonding ensuing
rom aggregation. It appears possible that actinoporins
pen pores by assembling an oligomeric b-barrel

FTIR Determination of the Secondary

Protein b1 b2

St I 9 41
St I 1 lipid 7 51
St II 8 36
St II 1 lipid 7 49

Note. The secondary structure elements were calculated as shown i
eviations derived from several independent fit were always smalle

a btot 5 b-structure total 5 b1 1 b2 1 t.

FIG. 2. Infrared-ATR spectra, in the amide I’ region, of sticho-
ysins I and II, with and without lipids. The spectrum of St I either
n water soluble form (dotted line) or adsorbed to the lipid (solid line),
s reported in panel A. The lipid-bound form was normalised in
mplitude by multiplying for a constant coefficient (2.3). Differential
pectra, obtained by subtracting the soluble form from the nor-
alised lipid-bound form, are shown in panel B, for either St I

dotted line) or St II (solid line). With both cytolysins an excess of
ignal at 1656 cm21 and 1624 cm21 is present, indicating an increase
n a-helix and b-sheet structure (b2 band), which is paralleled by a
eficiency at 1641 cm21, suggesting a decrease in random coil.
177
hrough the membrane, like that formed by staphylo-
occal a-toxin (9). According to a recently proposed
ypothesis, this would be consistent also with a sym-
etrical voltage gating that we have previously ob-

erved with St I pores (5), and which seems to be
ypical for b-barrel channels (38).

Polarisation experiments and relative orientations of
arious elements. Spectra collected using linearly po-
arised light (either at 0° or at 90°) generated several
ew pieces of information. In first place, from the spec-
rum polarised at 90°, it was possible to evaluate, via
q. 4, the lipid to toxin ratio (r) in the LUV/toxin
amples. Values of 285 6 15 and 310 6 20 were ob-
ained for St I and St II respectively. Compared to the
nitial value of 250 in the mixture, they indicate that
pproximately 88 6 5% of St I and 81 6 5% of St II
ound to the lipid. Consistently, only 10-20% of the
nitial hemolytic activity was recovered in the super-
atant (not shown). From Eq. 5, and using the initial
oncentrations of lipid and toxin (450 mM and 1.8 mM
espectively) we can calculate the partition coefficients.
e get 16 6 5 103 M21 and 9 6 3 103 M21 for St I and

t II respectively. In the case of St I, this value com-
ares nicely with the experimental value of 13 103 M21

hat we had previously determined from release exper-
ments (5), under substantially similar conditions.

By analysing the polarised vibrational spectra in the
egion from 3050 cm21 to 2800 cm21, corresponding to
he stretching of the CH2 and CH3 groups (Fig. 3), we
ould evaluate the average orientation of the lipid
hains with respect to the normal to the plane of the
rystal (which is the same as the plane of the deposited
embranes). After the determination of the dichroic

atio an order parameter was estimated and from this
n average angle, as reported in Table 2. The results
ndicated that the lipid chains formed an angle of about
5° with the normal, a value that is consistent with
hose published by several authors for phospholipid
embranes above the phase transition (18, 33, 39, 40).
similar value was obtained from the dichroic ratio of

he amide bond of the ceramide moiety of SM, assum-
ng the C5O stretch is perpendicular to the acyl chain

ructure of Sea Anemone Sticholysins

t a r btot
a

19 12 19 69
14 18 10 72
19 15 22 63
15 20 9 71

ig. 1. Errors of such determinations are typically 65%. The standard
an this margin.
St

n F
r th
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irection (40). Upon interaction with the sticholysins, a
ecrease in order was observed (as with other peptides
33)), leading to an average angle of around 40° with St
I and 41° with St I (Table 2).

Finally, the polarisation of the peptide amide I’ band
as also analysed (Fig. 4). When the ratio of the parallel

ver the perpendicular spectrum was simply calculated

FIG. 3. Infrared-ATR spectra, polarized at 0° and 90°, of deposi-
ions of PC:SM LUV, in the region 3050 cm21 to 2800 cm21. Four
bsorption bands are evident that correspond to the symmetric and
ntisymmetric stretching of the CH2 groups (at 2850 cm21 and 2920
m21 respectively) and to the symmetric and antisymmetric stretch-
ng of the CH3 groups (at 2872 cm21 and 2956 cm21). Polarisation
arallel to the plane of the reflections in the internal reflecting
lement (0°) is shown by a solid line, that perpendicular (90°) by a
otted line. The dichroic ratio R was calculated as the ratio of the
reas of single Lorentzians fitted to the bands at 0° and 90°. From R,
he form factor and the angle relative to the vertical to the plane of
he membrane was calculated (see Table 2). In the inset the same
pectra, but in the presence of St II adsorbed to the lipids.

TAB

Assignment and Dichroic Ratio of Some IR Bands Ob

Wavenumber
cm21 Vibration

Directiona

u
Dichroic

Ratio

lip

2920 as CH2 stretchingc 90° 1.32 6 .02
2850 s CH2 stretching 90° 1.33 6 .02
2872 as CH3 stretching 0° 4.6 6 .2

1590–1680 amid I’ SM 90° 1.22 6 .02
1656 amide I’ a-helix 30° —

Note. Dichroic ratios were obtained as shown in Figs. 3 and 4.
a Direction of the variation of the dipole moment associated to the v

hains or a-helix axis).
b Average angle between the direction of the molecular axis and t
c s, symmetric; as, antisymmetric.
178
t 1653 cm21, corresponding to the a-helix component,
nd at 1627 cm21, corresponding to the raising b2 band
ossibly linked to the formation of an intramolecular
-sheet. Because calculations of average orientations are
nly possible if the direction of the variation of the dipole
oment has a cylindrical distribution around the axis of

he structure (e.g. in the case of a-helices and b-barrels),
nd in the absence of compelling evidences for the forma-
ion of a b-barrel in actinoporins, we have limited our
nalysis to the a-helical component. After curve fitting as
bove, the contribution of the a-helix band in each spec-
rum was calculated, and the corresponding dichroic ra-
io was determined (Table 2). We obtained R 5 3.3 with
t I and 3.0 with St II. From this, the average angle g,

ormed by the molecular axis relatively to the vertical to
he plane of the crystal surface, was calculated via
qs. 1, 2. Values reported by different authors for u, the
ean orientation of the dipole moment around the helix

xis, range 22-39° (25, 31, 35). Using an average value of
0° we obtain g 5 38 with St I and 42° with St II (Table
). However, if we consider that the lipid chains are also
orming an average angle around the vertical direction,
nd we use Eq. 3 to recalculate the approximate tilting of
he alpha-helices with respect to the lipid chains, we
btain an angle of around 13° with St II, and even smaller
ith St I, which suggest that the helices stay parallel to

he lipid chains. These results would be consistent with
he hypothesis that, upon binding to the lipid bilayer, the
ctinoporins insert their amphipathic N-term a-helix
hrough the membrane, thereby stabilising the hydro-
hilic pores ensuing from aggregation of several mono-
ers (5, 12, 36). However, it is also possible that, albeit

riented perpendicular to the plane of the membrane, the
elices are not inserted through it, but rather flank the
ore structure at its outside entrance. Finally, we want to
ention that we obtained similar results, both in terms

2

rved in PC/SM Vesicles Alone and with Sticholysins

Angleb

g
Dichroic

Ratio
Angleb

g
Dichroic

Ratio
Angleb

g

St I 1 lipid St II 1 lipid

35° 6 1° 1.47 6 .03 41° 6 1° 1.45 6 .02 40° 6 1°
36° 6 1° 1.46 6 .02 40° 6 1° 1.39 6 .04 39° 6 2°
37° 6 2° 3.5 6 .2 43° 6 1° 3.8 6 .1 40° 6 1°
32° 6 1° — — — —

— 3.3 6 .1 38° 6 1° 3.0 6 .1 42° 6 1°

tion with respect to the direction of the main molecular axis (alifatic

perpendicular to the crystal plane (5 membrane plane).
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f structure and of orientation, also with the parent acti-
oporin equinatoxin II (not shown).
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