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Abstract. The radius of the pore formed by sticholysin I
and II (StI, StII) in erythrocytes and sticholysin I in lipid
vesicles was investigated. The rate of colloid osmotic
lysis of human erythrocytes, exposed to one of the toxins
in the presence of sugars of different size, was measured.
The relative permeability of each sugar was derived and
the pore radius estimated with the Renkin equation. The
radius was similar for sticholysin I and II and was inde-
pendent of the reference sugar chosen and of the toxin
concentration applied. It was also the same when eryth-
rocytes were pretreated with different toxin doses in the
presence of a polyethylene glycol (PEG) large enough to
prevent lysis and thereafter transferred to solutions con-
taining oligosaccharides of different size where they did
lyse at different rates. The osmometric behavior of large
unilamellar vesicles (LUV) was thereafter used to esti-
mate the toxin lesion radius in a model system. LUV
transferred to a hyperosmotic solution with a certain
sugar immediately shrank and then re-swelled at a rate
dependent on the bilayer permeability to water and sugar.
When LUV were previously permeabilized with StI, only
a fraction of them, namely those not carrying pores, con-
tinued to behave as osmometers. By increasing the size
of the added sugar and approaching the pore radius, the
fraction of osmometric LUV increased. Relative perme-
abilities were derived and used to estimate a channel
radius around 1.2 nm, both for sugars and for PEGs.
In conclusion the sticholysin pore has a constant size
independent of toxin concentration and similar in natural
and artificial membranes, suggesting it has a fixed pre-
dominant structure.
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Introduction

Sticholysin I (StI) and II (StII) are basic cytolysins pu-
rified from the Caribbean sea anemoneStichodactyla he-
lianthus. They belong to a group of highly homologous
proteins, characterized by high pI, molecular size around
20 kDa, inhibition by sphingomyelin [1, 12, 24, 34] and
predominant beta structure [6, 40], which are collectively
called actinoporins [24].

Most, maybe all, actinoporins are capable of form-
ing oligomeric pores in cell and lipid membranes [1, 12,
24, 34], therefore belonging to the pore-forming toxins
(PFT) family. Studying actinoporins is important not
only to understand their envenoming properties, but also,
and more in general, to investigate basic mechanisms
such as: polypeptide insertion into membranes, self ag-
gregation, pore assembly and solute permeation through
the newly formed pores [28, 32]. In addition, they have
the potential of becoming tools for biotechnological and
pharmaceutical applications. In fact, they have already
been used for the construction of antitumoral and anti-
parasite chimeric molecules [7, 8, 47, 57]. In this re-
spect, eukaryotic actinoporins are an interesting alterna-
tive to the most frequently used bacterial toxins [26, 52].

Studies on the structure and function of actinoporins
have made major advances with equinatoxin II, from
Actinia equina, after its cloning and expression in a bac-
terial system [2], which allowed site-directed mutagen-
esis. A cystein-scanning study [4, 5] has individuated 3
regions of possible insertion into the lipid layer, the N-
terminus, containing a highly conserved amphiphilic he-
lix, a central domain containing a cluster of aromatic
residues, and 2 residues in the C-terminal part of the
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molecule. That the three tryptophans of the central clus-
ter are quickly transferred into the lipid phase has been
confirmed by direct mutations of these residues [37].
Similarly, the important role of the N-terminus has been
indicated also by truncation experiments [3]. Given the
high degree of homology which is present in the group,
these features are likely to be representative also for all
other actinoporins. The three-dimensional structure of
soluble equinatoxin II has now been completely solved
by X-ray crystallography [6].

While it is clear that StI and StII exert their cytolytic
action by forming oligomeric pores in the cell membrane
[1, 56] due to the instability of these oligomers, their
stoichiometry is not well established yet. Most evidence
suggests, for these and other actinoporins, that a tetramer
is the preferred structure [10, 38], however, it is still not
clear whether only one oligomeric form exists, or wheth-
er pores can have different sizes and the tetramer is only
the average result.

In this work we have tried to establish if the struc-
ture of the sticholysin pore is fixed or not, by measuring
its hydrodynamic radius both in red blood cells and in
purely lipidic vesicles as a function of toxin concentra-
tion. If different forms in fact, exist, larger pores would
be expected at higher toxin doses. While the estimate of
pore radius in red blood cells, based on their colloid-
osmotic properties, is an established technique, that with
vesicles is not trivial due to their small volume. In fact,
osmotic shrinkage/swelling of these tiny objects is very
quick and requires a stopped-flow approach suitable for
resolving fast kinetics [16].

Materials and Methods

TOXINS AND REAGENTS

StI and StII were purified according to a described procedure [30],
combining gel filtration chromatography on Sephadex G-50 medium
(Amersham-Pharmacia Biotech, Upsalla, Sweden) and Ionic Exchange
Chromatography on CM-cellulose 52 (Whatman, Kent, UK). StI has
the same N-terminus sequence as the toxin previously called C I by
Kem and Dunn [25], whereas StII corresponds to the cytolysin C III
isolated by Blumenthal and Kem [15].

Calcein was obtained through Sigma and Triton X-100 from
Merck (Darmstadt, Germany). Lipids used were egg phosphatidylcho-
line (PC) and sphingomyelin (SM) both from Avanti Polar Lipids
(Alabaster, AL), and were more than 99% pure according to the pur-
chaser. Glycerol, ethylene glycol, glucose, sucrose, raffinose, malto-
hexaose, maltoheptaose were from Sigma (Milan, Italy), stachiose and
maltopentaose were from Acros Organics (Geel, Belgium) and all
PEGs (PEG200, PEG300, PEG400, PEG600, PEG900, PEG1000,
PEG2000 and PEG3000) were from Fluka (Buchs, Switzerland).

LYSIS OF RED BLOOD CELLS

Hemolysis was assayed by measuring the decrease in turbidity of a
human red blood cell suspension at 650 nm with a microplate reader
(UVmax, Molecular Devices, Sunnyvale, CA), as already described

[47, 57]. Human red blood cells (HRBC) were prepared from total
blood obtained intravenously from healthy volunteers, by washing
thrice (10 min centrifugation at 700 × g, room temperature) in 10 mM

Tris-HCl, 140 mM NaCl, pH 7.4 (TBS). In each well, a fixed concen-
tration of StI was present, in a final volume of 100ml of TBS, with or
without 30 mM of one oligosaccharide or PEG (as specified in the text).
The reaction was started by adding 100ml of HRBC (preequilibrated
with the same osmoticant), at a titre corresponding to an initial A650

value of around 0.1. The microplate was shaken and read every 8 sec
for the first 30 or 45 min and thereafter at a lower frequency for up to
2 hr 30 min.

Alternatively, HRBC were permeabilized using different toxin
concentrations in the presence of PEG 3000, which is big enough to
prevent hemolysis but allows pore formation. Such permeabilized
HRBC were then separated from unbound toxin by repeated centrifu-
gation, always in the presence of PEG 3000. Finally, 20ml of perme-
abilized HRBC were transferred to the wells of a microplate and
supplemented (at time zero) with 180ml of TBS buffer containing or
not 30 mM of the different oligosaccharides. The plate was then ki-
netically read as above. Also in this case HRBC counts were chosen
such that initial A650 values were around 0.1.

Due to the peculiar osmotic properties of larger PEGs (e.g.,
PEG2000 and PEG3000 [48]), in some experiments (as specified in the
text) instead of being used at a constant 30 mM concentration, like the
oligosaccharides, they were added at a constant osmolarity of 60
mOsm, which corresponds approximately to the measured osmolarity
of 30 mM PEG2000 [48]. The osmolarity of the various solutions was
measured with a cryoscopic osmometer (Osmomat 030, Gonotec, Ber-
lin, Germany).

The colloid-osmotic hemolysis hypothesis is based on the differ-
ent permeability of a damaged erythrocyte membrane for bulk osmoti-
cants of different size. Along an outward osmotic gradient of nonper-
meant molecules (such as hemoglobin), net influx of water increases
cell volume until the cell membrane breaks [36]. Such an effect can be
prevented by addition to the incubation medium of an osmotic pro-
tectant of appropriate size that is too large to enter the cell through the
pores and therefore counterbalances the increased intracellular pres-
sure. In the case of StI and StII, addition of large osmoticants, indeed,
increased the timet1/2 necessary to reach 50% of hemolysis, in a
size-dependent way (seeFig. 1A). We usedt1/2

s − t1/2
0, (t1/2

s andt1/2
0

being the half-time with or without the osmolites respectively) as an
estimate of the delay introduced by the osmotic protectant, which in
turn represents the time necessary for it to diffuse inside the cell
through the toxin-induced lesions. According to [21], 1/(t1/2

s − t1/2
0) is

related to the permeabilityps of the sugars through the cell membrane
by:

1/(t1/2
s − t1/2

0) 4 ps z A/V (1)

whereA andV are average area and volume of the cell. Provided that
the spontaneous permeability of the osmolite through the RBC mem-
brane is small enough in comparison to that mediated by the toxin-
induced pores (which generally is true, as we will see), and assuming
that for a given toxin concentration an average ofn pores are formed
per each RBC, we can write:

ps z A 4 n Ps (2)

wherePs is the single pore permeability of the osmolites.
The Renkin equation [22, 49] provides a link between the per-

meability Ps of an uncharged molecule of radiusx and that of a refer-
ence molecule of radiusa(Pa) through a noninteracting pore of ra-
dius r:

Ps/Pa =
~1 − A ? ~x/r! + B ? ~x/r!3 − C ? ~x/r!5! ? ~1 − x/r!2

~1 − A ? ~a/r! + B ? ~a/r!3 − C ? ~a/r!5! ? ~1 − a/r!2
(3)
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whereA, B and C are three numerical coefficients (2.104, 2.09 and
0.95, respectively). Provided that we compare data obtained with cells
of the same average area and volume and at the same toxin concen-
tration (i.e., samen), the observed delays can be used, through Eq.1
and2, to build a Renkin plot relating the relative permeability of the
molecule with its size via Eq.3.

PREPARATION OF LIPID VESICLES

Large unilamellar vesicles (LUV200) were prepared by extrusion of a
solution containing freeze-thawed multilamellar liposomes [33, 39] in
a buffer containing or not 40 mM or 80 mM calcein (m.w. 710) and
enough NaOH to give pH 7.0. The lipid used was a 1:1 mixture of PC
and SM always at a starting lipid concentration of 5 mg/ml. Extrusion
was performed by 31 passages in a LiposoFast Basic Unit of Avestin
Inc. (Ottawa, Canada) equipped with two stacked polycarbonate filters
bearing holes with an average diameter of 200 nm (Nuclepore, Maid-
stone, UK). Direct measurement of LUV size was performed by pho-
ton correlation spectroscopy (as in [39], using a laser particle sizer
(Malvern Z-sizer 3, Malvern, UK) and lead to a diameter of 180 ± 10
nm. To remove untrapped calcein, LUVs were spun through minicol-
umns loaded with Sephadex G50-medium (Amersham-Pharmacia) ac-
cording to [31], and pre-equilibrated with a buffer containing 10 mM

HEPES, 100 mM NaCl, 1 mM EDTA pH 8 (bufferA) or 10 mM HEPES,
1 mM EDTA pH 8 (bufferB).

OSMOTIC-JUMP EXPERIMENTS WITH INTACT VESICLES

A two-syringe stopped-flow spectrometer (model SF-51, Hi-Tech Sci-
entific, Salisbury, UK), interfaced to a personal computer, was used in
the fluorescence configuration [19]. Typically, one syringe contained
vesicles (loaded with 40 mM calcein) in bufferA at a lipid concentration
of 50 mg/ml (63 mM, assuming an average lipid molecular weight of
800 D). The other syringe contained a hyperosmotic solution prepared
by adding to the same buffer either glucose or glycerol at a constant
osmolarity of 1.6 Osm. An equal amount from each syringe was pneu-
matically injected through the mixer into the observation cell with a
measured dead time, between mixer and cell, of around 7 milliseconds.
The injecting syringes, the mixing chamber and the observation cell
were all thermostatted to 25°C by a water circulation bath. The time
course of the light emitted at 90° was followed after the trigger signal
from the stop syringe [19]. Either calcein fluorescence emission or
vesicle light scattering were recorded. For calcein signal, excitation
was set at 485 nm by a monochromator, and emission was high-pass
filtered at $530 nm with an optical filter (Schott OG530). This al-
lowed an estimate of calcein self-quenching. To measure the light-
scattering instead, excitation was selected at 360 nm and no filter was
used in emission. An increase of calcein signal indicated vesicle swell-
ing, which is accompanied by a decreased self-quenching of calcein
[17, 29]. Conversely, an increase of light-scattering indicated vesicle
shrinkage, which causes an increase of the form-factor [16, 50].

OSMOTIC-JUMP EXPERIMENTS WITH

PERMEABILIZED VESICLES

For these experiments calcein-free LUV were prepared in bufferB.
When pre-permeabilized, these LUV were incubated at 50mg/ml (63
mM), in buffer B (30 min, room temperature) with an StI dose calcu-
lated to produce either 50% or 80% of release. The required dose was
2.4mg/ml (0.12mM) and 6mg/ml (0.3mM), respectively, as determined
in parallel experiments performed using LUV loaded with 80 mM cal-
cein as described earlier [56]. Briefly, the fluorescence of released

calcein was measured with a spectrofluorimeter (FP550, Jasco, Cre-
malla, Italy) exciting at 494 nm and detecting at 520 nm. To a cuvette
containing 50mg/ml (63 mM) of LUV in buffer B, various amounts of
StI were added and the percentage of release, R, was calculated as:

R% 4 (Ffin − Fin)/(Fmax − Fin) z 100 (4)

where Fin and Ffin represent the steady-state values of fluorescence
before and after toxin addition, and the maximum release,Fmax, was
obtained with 1 mM Triton X-100. The concentrations inducing 50% or
80% release were extrapolated from the observed dose dependence of
R%. The rationale for choosing such values ofR% is that, assuming a
Poisson distribution of pores on the vesicles, the following relation
holds betweenR and n, the average number of pores present on the
vesicles [54]:

n 4 − ln (1 − R%/100) (5)

Therefore, the chosen conditions ofR% 4 50% and 80%, would cor-
respond to havingn 4 0.7 andn 4 1.6 respectively. This means that
each permeabilized vesicle should contain approximately 1 pore in the
first case, and 2 pores in the second. Osmotic-jump experiments were
performed as above except that bufferB was used and the hyperosmotic
solution contained 0.56 Osm of different oligosaccharides or PEGs (as
specified in the text). Control experiments were performed with intact
LUVs.

ABBREVIATIONS

StI, Stichodactyla helianthussticholysin I; StII, sticholysin II; SM,
sphingomyelin; PC, phosphatidylcholine; EG, ethylene glycol; PEG,
polyethylene glycol; Triton X-100, octylphenoxy polyethoxy ethanol;
HRBC, human red blood cells.

Results and Discussion

HYDRODYNAMIC RADIUS OF THE StI AND StII PORES IN

RED BLOOD CELLS

An estimate of the size of the pore formed by StI in red
blood cells was obtained by taking advantage of the col-
loid-osmotic characteristic of hemolysis induced by this
toxin. Using human erythrocytes, we determined the
rate of hemolysis in the presence or not of oligosaccha-
rides of different size, all at a concentration of 30 mM

(Fig. 1A). An estimate of the relative permeability of
each oligosaccharide was derived from the inverse of the
delay that it introduced in the hemolysis curve with re-
spect to the control (saline buffer only). Such permeabil-
ity was found to be inversely related to oligosaccharide
size. The following oligosaccharides were used (in pa-
renthesis, their hydrated radii as reported in [27, 53]):
glucose (0.42 nm); sucrose (0.54 nm); raffinose (0.66
nm); stachiose (0.76 nm); maltopentaose (0.82 nm);
maltohexaose (0.90 nm); maltoheptaose (0.98 nm).

Dividing the data of Fig. 1A by the permeability of
a reference oligosaccharide, they could be arranged in a
Renkin plot [22, 49], which provided an estimate of the
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pore radius (Fig. 1B). This procedure was repeatedly
applied, choosing different oligosaccharides as the ref-
erence, and best fit values of the Renkin radius were
calculated in each case, as reported in the figure. In this
way, we ascertained that the estimated radius (approxi-
mately 1.1 nm) does not depend on the oligosaccharide
chosen as the reference.

Thereafter, the same approach was used to estimate
the pore radius as a function of the concentration of the
toxin applied (Fig. 2). In fact, if pores of different size
could be formed, one should expect that larger pores,
requiring a higher number of constituent monomers,

should appear at larger doses of the toxin. To the con-
trary, and despite the fact that under these conditions the
absolute rate of hemolysis varied by orders of magnitude
indicating there was no saturation in the amount of toxin
bound (Fig. 2A), the Renkin plot gave always very simi-
lar extrapolated radii (Fig. 2B). The best-fit results with
the series of oligosaccharides is reported as a function of
toxin dose in Fig. 2C (squares).

Since very often polyethylene glycols (PEGs) are
used in place of oligosaccharides to determine the os-
motic properties of ion channels [13, 14, 51, 59], we
repeated these experiments using also a series of PEGs
(Fig. 2C, circles). These were: EG (0.22 nm); PEG200
(0.40 nm); PEG300 (0.48 nm); PEG400 (0.56 nm);
PEG600 (0.69 nm); PEG900 (0.85 nm); PEG1000 (0.89
nm); PEG1500 (1.1 nm); PEG2000 (1.27 nm); PEG3000
(1.40 nm), where again, in parenthesis, we state the hy-
drodynamic radius taken from [27]. Since the osmolarity
of PEG solutions increases faster than their concentration
(especially with larger molecules like PEG2000 and
PEG3000 [48]), experiments were performed either at a
constant 30 mM concentration, as with the oligosaccha-
rides (open circles), or at a constant osmolarity of 60
mOsm (filled circles) with practically the same results.

Whereas it is clear that with both oligosaccharides
and PEGs, the radius of the pore does not depend on the
concentration of the toxin, the estimates obtained with
the two kinds of molecules, on the other hand, were
slightly different, i.e., 1.09 nm and 0.96 nm, respectively.
This might be due, at least in part, to the fact that non-
hydrated radii have been used for PEGs, whereas avail-
able hydrated values were used for oligosaccharides. A
hydration layer of 0.05 to 0.1 nm is indeed a reasonable
value [27, 53]. In addition, a slight underestimate could
also result from the fact that PEGs, especially larger
ones, are polydisperse in size [11]. It is therefore ex-
pected that the fraction with molecular weight larger than
the average could plug a pore slightly bigger than the
PEG nominal radius, thus producing the observed under-
estimation of pore size. The fact that, despite being
polymeric, PEGs behaved in these experiments as hard
spherical molecules is consistent with the results ob-
tained by others [41] in careful experiments on the pas-
sage of similar PEGs through the pores formed by staph-
ylococcala-toxin, where researchers reached the same
conclusion. On the other hand, the possibility that PEGs,
being linear molecules, unfold in solution and get
through the pore in an elongated configuration, would
have led to a marked overestimate of pore radius instead
of the observed underestimate.

We obtained quite similar results also with StII, a
slightly more active isotoxin produced byS. helianthus
(inserts in Fig. 2). The concentration-independent pore
radius determined with 30 mM PEGs in this case was
1.05 nm, slightly bigger than that of StI, and in agree-

Fig. 1. Colloid osmotic properties of hemolysis induced by StI. (A)
The rate of toxin-induced hemolysis of human erythrocytes in TBS was
determined by measuring the decrease in turbidity after the addition of
16 ng/ml (0.8 nM) StI. The following oligosaccharides of different size
were added, all at 30 mM concentration (the number in parenthesis
represents their hydrated radius in nm [53]): a) control (no oligosac-
charide); b) glucose (0.42); c) sucrose (0.54); d) raffinose (0.66); e)
stachiose (0.76); f) maltopentaose (0.82); g) maltohexaose (0.90); h)
maltoheptaose (0.98 nm). (B) An estimate of the permeability of each
oligosaccharide was derived from the inverse of the delay that it intro-
duced in the hemolysis curve (see A) with respect to the control. Rela-
tive permeabilities were then obtained by dividing by the permeability
of a reference oligosaccharide, and the data were arranged in a Renkin
plot providing an estimate of the pore radius. The reference oligosac-
charide was either glucose (squares), sucrose (circles), raffinose (up-
ward triangles), stachiose (downward triangles) or maltopentaose (dia-
monds). Solid lines are best fits of the Renkin equation providing (in
the same order as above) a radius of 1.09 ± 0.02, 1.13 ± 0.02, 1.11 ±
0.02, 1.08 ± 0.02 and 1.09 ± 0.02 nm, respectively.
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ment with a previously published estimate of around 1
nm [20], which was based on the fact that a dye
of molecular weight 795 (acid blue) was permeant
through the pore, whereas one of molecular weight 960
(Evans blue) was not. This confirms that different acti-
noporins, besides a similar primary and secondary struc-
ture [3, 9, 30, 40], also have a closely similar mechanism
of action.

Since PEG 3000 was able to completely abolish he-
molysis, it was used to develop a different approach.
HRBC were pretreated with different concentrations of
StII in the presence of 30 mM PEG 3000, which pre-
vented hemolysis. Thereafter, they were separated from
unbound toxin by washing twice and transferred to a
buffer containing or not 30 mM of the various osmoti-
cants. In all cases in which the osmoticant had a size

smaller than the radius of the pore, the HRBC started
lysing promptly. This is a direct proof that PEG 3000,
indeed, prevented lysis by acting as an osmotic pro-
tectant and not, for example, by inhibiting toxin binding
and/or pore assembly. This approach allowed to esti-
mate directly the rate of HRBC lysis in the presence of
the different sugars, without any interference from the
kinetics of toxin binding or from transient effects that
might occur during toxin absorption and insertion. Even
in this case it was possible to observe different rates of
lysis with the different oligosaccharides and toxin con-
centrations (Fig. 3A) and the observed half times were
again used to build a Renkin plot, similar to those in
Figs. 1 and 2. Once more, the derived radius was inde-
pendent of both the reference sugar and the toxin con-
centration (Fig. 3B). Furthermore, the extrapolated

Fig. 2. Dose dependence of the Renkin radius of the pore formed by StI. (A) HRBC were
exposed to different StI doses in the presence or not of PEGs of different mw. The
reciprocal of the time necessary to reach 50% hemolysis (1/t1/2) is reportedversusStI
concentration in a double-logarithmic plot. Symbols used are as follows: pure buffer with
no PEG (filled squares); PEG200 (open squares); PEG300 (filled circles); PEG400 (open
circles); PEG600 filled triangles); PEG900 (open triangles); PEG1000 (filled diamonds).
Reported values are averages ±SD of two to four determinations. Straight lines have a
slope ranging from 1.0 to 1.5 and indicate that the reaction does not undergo saturation in
the concentration interval used. A similar plot for EG was between that for pure buffer and
for PEG200 and was not included for clarity. Other conditions as in Fig. 1. (B) The
approach described in Fig. 1 was used to estimate pore radius as a function of the
concentration of the toxin applied. StI was either 32 ng/ml (1.6 nM, squares), 16 ng/ml (0.8
nM, circles), 8 ng/ml (0.4 nM, upward triangles), 4 ng/ml (0.2 nM, downward triangles) or
2 ng/ml (0.1 nM, diamonds). The solid line is the best fit of the Renkin equation to all
experimental values providing a radius of 1.09 ± 0.01 nm. In the inset the same kind of
experiments done with StII and 30 mM PEGs. StII concentration was either 14 ng/ml (0.7
nM, squares), 7 ng/ml (0.35 nM, circles), 3.5 ng/ml (0.17 nM, upward triangles), 1.8 ng/ml
(0.09 nM, downward triangles), or 0.9 ng/ml (0.04 nM, diamonds). PEGs hydrodynamic
radii were taken from [27]. The reported dotted line is again the best fit of the Renkin
equation to all experimental values, providing radius 1.05 ± 0.01 nm. (C) Best-fit values
of the Renkin radius of StI, obtained at each toxin dose, are shown either for the series of
the oligosaccharides at a constant 30 mM concentration (squares, average ±SD of tripli-
cates), or for that of the PEGs (circles) using either 30 mM constant concentration (open
circles, average ±SD of duplicates) or 60 mOsm constant osmolarity (filled circles,
average ±SD of triplicates). Other conditions as in Fig. 1. In the inset the same kind of data
for StII and 30 mM PEGs (average ±SD of duplicates). Horizontal lines correspond to a
radius of 1.09 nm for StI and oligosaccharides, 0.96 nm for StI and PEGs and 1.05 nm for
StII and PEGs.
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value, 1.08 ± 0.05 nm, was consistent with that estimated
before with untreated HRBC.

CHARACTERIZATION OF THE OSMOTIC PROPERTIES OF

PC:SM LUV

Having established that the size of the pore formed by StI
and StII in red blood cells is constant and independent of
toxin concentration, we decided to investigate whether
this is true also with lipid bilayer membranes. It is

known, in fact, that actinoporins can form pores also in
purely lipidic membranes, provided the natural lipid ac-
ceptor sphyngomielin is present. Actually, lipid vesicles
are a widely used model to investigate the mode of action
of actinoporins [2, 10, 20, 35, 57]. Such vesicles are also
natural sensors of osmotic pressure [18, 23, 42], and,
therefore, they can be used to size the pore formed by StI
in experiments conceptually similar to the colloid-
osmotic hemolysis.

We began characterizing the osmometric behavior
of large unilamellar vesicles (LUV 200) in solution (Fig.
4). LUV containing 40 mM calcein were mixed with an
equal volume of a hyperosmotic solution (containing 1.6
Osm of a sugar) and changes in the light emitted at 90°

Fig. 3. Estimation of pore radius in HRBC pretreated with StII. (A)
HRBC pretreated with different doses of StII in the presence of PEG
3000, which prevented hemolysis, were transferred to solutions con-
taining or not 30 mM of different osmolites. The reciprocal of the time
necessary to reach 50% hemolysis (1/t1/2) was reportedversusStII
concentration as in Fig. 2A. Symbols used are as follows: buffer alone
(filled squares); sucrose (open squares); raffinose (filled circles);
maltopentaose (open circles); maltoheptaose (filled triangles);
PEG1500 (open triangles). Reported values are averages ±SD of two to
four determinations. Straight lines, with slopes ranging from 1.3 to 1.6,
demonstrate that toxin binding had not undergone saturation in the
concentration interval used. Plots for glucose, stachiose and malto-
hexaose were similar and were not included (for clarity). Other condi-
tions as in Figs. 1 and 2. (B) The Renkin plot was used to estimate pore
radius at the different toxin concentrations used. Applied StII was 12.5
ng/ml (0.6 nM, closed squares), 25 ng/ml (1.25 nM, closed circles), 50
ng/ml (2.5 nM, closed and open triangles), 100 ng/ml (5 nM, open
diamonds), 200 ng/ml (10 nM, crosses) or 800 ng/ml (40 nM, asterisks).
The reported dashed lines are best fits of the Renkin equation. The
derived values of pore radius are shown in the inset as a function of StII
dose. The average value, horizontal solid line, is 1.08 ± 0.05 nm.

Fig. 4. Osmometric behavior of large unilamellar vesicles. In a
stopped-flow photometer with a 90° fluorescence configuration, LUV
200, loaded with 40 mM calcein, were instantly mixed with a hyper-
osmotic solution and changes in emitted light were recorded. Calcein
signal (thin trace, lefthand ordinate) was recorded exciting atl 4 485
nm and detecting atl $530 nm. A decrease of this signal indicates
shrinkage of the vesicles (with a consequent increase of calcein self-
quenching), whereas an increase indicates swelling. Light-scattering
(thick trace, righthand ordinate) was instead measured atl 4 360 nm
with no filter in front of the detector. Because the number and molecu-
lar weight of the LUV remained constant, changes in light-scattering
were dominated by changes of the form-factor [19, 50]. Henceforth, an
increase of this signal indicated shrinkage of the vesicles, whereas a
decrease indicated swelling. Two different oligosaccharides were used
to establish the osmotic gradient: glucose (panelA) or glycerol (panel
B). Note that in each panel a different time scale was used for the first
and the second part of the traces, which were however recorded con-
tinuously. Injected solutions were: syringe 1, BufferA with 50 mg/ml
(63mM) LUV; syringe 2, BufferA with 1.6 Osm sugar; mixing was 1:1.
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were followed with a stopped-flow photometer [18, 19,
23]. The oligosaccharide used to establish the osmotic
gradient was either glucose (panelA) or glycerol (panel
B). In the early phase, the transient was the same in both
cases and indicated a fast shrinkage of the vesicles. This
was proven by the decrease of calcein signal, due to an
increased self-quenching in the smaller-volume vesicles
[17, 29], and by the increase in light-scattering, due to an
enhancement of the form-factor [50]. Such shrinkage is
rate-limited by the permeability of water through the
bilayer [18, 23]. Given the difference in osmolarity be-
tween the exterior and interior compartments, the ob-
served transient should correspond to an 80% reduction
in the volume of the vesicles. Since their resting volume,
V, can be calculated as 4 × 106 nm3, the initial rate of
volume change can be estimated, from the traces in Fig.
4, to be dV/dt |0 4 73 × 106 nm3/sec. Such rate of
change is related to the bilayer permeability coefficient
of water,Pf, by [43]:

dV/dt 4 −A Pfvw Dc (6)

where A is the average surface of one vesicle,vw the
molar volume of water (18 ml/mol) andDc the outside-
inside difference in osmolarity. According to Eq.6, and
using the pertinent geometric and solution parameters,
we could derive the water permeability coefficient for
our PC:SM vesicles, which turned out to be 38mm/sec,
in good agreement with published values [17, 29, 43].

In the case of glycerol, shrinking was followed by a
slower swelling phase, which was rate-limited by the
natural permeability of this oligosaccharide through the
membrane [17, 46]. The initial rate of volume change
was in that case:dV/dt |0 4 0.22 × 106 nm3/sec. Using
again Eq.6, and the molar volume of glycerol (vg 4 73.7
ml/mol), the bilayer permeability of glycerol resulted in
Pg 4 2.8 × 10−2 mm/sec, a value comparable to that of
5.4 × 10−2 mm/sec reported earlier for glycerol in mem-
branes of slightly different composition (pure lecithin)
and geometry (planar bilayers) [44].

Finally, if glucose was used, the vesicles remained
shrunk for the whole duration of the experiment, since
this oligosaccharide is practically membrane-imper-
meant on this time scale [17, 29].

HYDRODYNAMIC RADIUS OF THE StI PORE IN

LIPID BILAYERS

Having characterized the osmometric behavior of LUVs,
they were used to investigate the properties of incorpo-
rated toxin lesions, with the aim of estimating their ra-
dius in a model system.

The change in light-scattering due to the initial
shrinkage after the osmotic jump was measured with
different oligosaccharides or PEGs (the same used for

the RBC experiments of Figs. 1 and 2). LUV were either
intact (control) or pretreated with known amounts of StI.
The results using the PEG series are shown for intact
vesicles (Fig. 5A) or for LUV permeabilized with an StI
concentration, 0.12mM, suitable to cause the permeabi-
lization of 50% of the vesicles (Fig. 5B). This dose was
determined in control experiments with calcein-loaded
LUV as the concentration that released 50% of the cal-
cein.

Intact vesicles shrank practically at the same rate
and to the same extent for all PEGs except for the
smaller, membrane-permeant EG and PEG200. The ex-
tent of shrinkage of LUV previously permeabilized with
StI was instead decreased for all PEGs, but this was more

Fig. 5. Osmotic shrinkage of LUV permeabilized or not by StI. The
initial change in light-scattering, due to the shrinkage of LUV subjected
to an osmotic jump, was measured similarly to Fig. 4 for either intact
vesicles (A) or for vesicles permeabilized with StI (B). Pretreated LUV
of (B) had been incubated at 50mg/ml (63 mM) for 30 min with 2.4
mg/ml of StI (0.12mM), a concentration calculated to cause 50% of
permeabilization on the basis of calcein-release experiments. Different
PEGs were used: EG; PEG200; PEG300; PEG400; PEG600; PEG1000
(as indicated next to each trace). Injected solutions were: syringe 1,
Buffer B with 50 mg/ml LUV (63 mM), treated or not with toxin;
syringe 2, BufferB with 0.56 Osm sugar; 1:1 mixing. Other experi-
mental conditions as in Fig. 4. Given the reduced outside-inside osmo-
larity difference, the initial rate of volume change was here lower than
in Fig. 4, i.e.,dV/dt |0 was 22 × 106 nm3/sec. However, thePf coeffi-
cient of intact vesicles, which could be extrapolated using Eq. 6, was
practically the same, i.e., 35mm/sec. In the case of permeabilized LUV
and large osmoticants an early phase of faster shrinkage is seen, which
is conceivably due to the higher water permeability through vesicles
containing at least one pore.
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evident for those of average molecular weight up to 400.
This indicates that the permeability of PEGs through the
vesicles was increased by StI to a different extent de-
pending on their size.

An estimate of the amount of LUV shrinkage (Fig.
6A) was obtained by measuring the difference in light
scattering between the maximum value induced by the
osmotic jump, as it occurs a few seconds after mixing,
and an initial value taken 2 msec after the trigger signal
from the stop syringe (a time at which the transient nose
coming from the top syringe was finished and the signal
was still at a minimum).

Clearly, the extent of shrinkage was in all cases
larger with intact LUV than with StI-permeabilized

LUV. This was due to the fact that, in the presence of
PEGs smaller than the radius of the pore, only the frac-
tion of LUV without StI channels continued to behave as
perfect osmometers. LUV with channels were so perme-
able that they simply didn’t change volume. This as-
sumption is justified by the fact that the single-channel
permeability of toxin lesions is in general quite large.
For example, the single-channel water permeability of
the S. aureusa-toxin pore was measured to be around
1.5 × 109 nm3/sec [45]. Since the StI pore is twice as
large as thea-toxin pore and probably 1/3 shorter [55,
57], its water permeability can be expected to be approxi-
mately 9 × 109 nm3/sec, which is almost twice that of the
whole envelope of one vesicle (i.e.,Pf × A 4 4.8 × 109

nm3/sec). This estimate is also in agreement with previ-
ously determined permeabilities of non-electrolytes
through actinoporin channels. Using radioactive tracers,
in fact, Varanda and Finkelstein [58] determined that the
single-channel permeability of StII for glycerol was 52 ×
106 nm3/sec, a value which is roughly 15 times that of the
whole membrane of one vesicle (Pg × A 4 3.5 × 106

nm3/sec) as determined from Fig. 4.
In the presence of osmoticants so small that their

permeation through the pore was faster than our time
resolution (approximately 10 msec) the transient light
scattering increase due to the shrinkage of LUV with
channels was abolished. Therefore, the fraction of non-
permeabilized vesicles,f0, may be estimated from the
minimum value of the ratio between the light-scattering
increase observed with vesicles permeabilized by StI
(calledDLS(+StI)) and that seen with intact LUV (called
DLS (−StI)), as it is detected with a highly permeant
solute of permeabilityP0 and radiusr0:

f0 = ~DLS~+StI!/DLS~−StI!!0 = ~DLS~+StI!/DLS~−StI!!min

(7)

Such minimum was indeed observed with the channel-
permeant PEGs of size between 0.4 and 0.6 nm (Fig. 6B).

StI doses used in these experiments were chosen, on
the basis of control experiments performed with calcein-
loaded LUV, to provide either 50% (open circles) or 80%
(closed circles) release. Correspondingly, the fraction of
intact vesicles,f0, estimated as in Fig. 6 in a series of 3
independent experiments, averaged, respectively, 49 ±
12% and 18 ± 6% in the two conditions above, very close
to the theoretically expected values of 50% and 20%
respectively. Using the expression relating the average
fraction of permeabilized LUV to the average number of
channels per LUV (Eq.5, originally derived by Schwarz
[54]) we calculated that permeabilized vesicles contained
on average one pore in the first case, and around two
pores in the second case.

On the other hand, when the size of the added PEG
approached the radius of the pore, also the permeabilized
vesicles started to shrink again because of the reduced

Fig. 6. Extent of osmotic shrinkage of LUV, permeabilized or not by
StI, as a function of the size of the osmolite molecule. (A) The extent
of LUV shrinkage was quantitated by measuring the difference in light
scattering between the maximum value induced by the osmotic jump
and an initial value taken 2 msec after the stop signal. Different PEGS
were used, as shown in Fig. 5. LUVs (63mM) were either intact (closed
circles) or treated with 2.4mg/ml (0.12mM) of StI for 30 min (open
circles), a concentration that causes 50% permeabilization, as in Fig. 5.
Lines drawn have no theoretical meaning. (B) The ratio between the
extent of shrinkage of vesicles permeabilized or not by StI was calcu-
lated for the different PEGs. StI doses sued for the permeabilization
were: 2.4mg/ml (0.12mM, open circles) or 6mg/ml (0.3 mM, closed
circles) and were meant to cause 50% and 80% release, respectively.
Other experimental conditions as in Fig. 5. Lines drawn have no theo-
retical meaning. The increased ratio observed with the smaller EG was
conceivably due to the high spontaneous permeability of this molecule
through the membrane itself. This provided a not-negligible, toxin-
independent, contribution to the transient, thereby shiftingf upwards.
This effect was not analyzed further.
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permeability of these larger molecules through the chan-
nel, and the extent of observable shrinkage tended to be
restored (Figs. 5 and 6). That the vesicles were indeed
permeabilized is indicated also by the increased rate at
which water flowed out during the shrinking phase, evi-
denced by the fast time constant in the light-scattering
jump.

The observed light-scattering increase was empiri-
cally related to the permeability of the osmoticant by the
following relation:

(DLS (+StI)/DLS (−StI))s 4 1 − (Ps/P0) z (1 − f0) (8)

In fact, in the presence of impermeant sugarsPs 4 0 and
DLS (+StI) 4 DLS (−StI), whereas in the presence of
very permeant sugarsPs 4 P0 andDLS(+StI)/DLS(−StI)
4 f0, as per Eq.7. If such a simple, linear relationship
holds, it is possible to derivePs/P0 from Eq. 8:

Ps/P0 4 (1 − (DLS (+StI) / DLS (−StI))s / (1 − f0) (9)

Such a ratio is reported in Fig. 7. Application of the
Renkin equation to the descending part of the plot, forr
> r0, led to an estimate of 1.1 nm, both for oligosaccha-
rides and for PEGs, at an StI concentration of 2.4mg/ml
and around 1.2 nm at 6mg/ml. It must be noted that the
shape of the Renkin curve was not reproducing the ex-
perimental points very precisely, thus suggesting that the
relationship in Eq.8 may be oversimplified. Deriving a
more realistic expression for Eqs. 8 and 9, however, is
outside the scope of this work and will not be attempted.

In conclusion, the size of StI and StII pores seems to
be quite constant, around 1.1 nm, and virtually the same
in natural and artificial membranes. Either oligosaccha-

rides or PEGs were used for its estimate, however, prob-
ably due to their polydispersity, PEGs gave slightly un-
derestimated values. Pore size does not markedly de-
pend on the toxin concentration, suggesting that lesions
of constant diameter are formed, both in natural and in
model membranes.
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