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Abstract. The radius of the pore formed by sticholysin | Large unilamellar vesicles — Osmotic jump — Light
and Il (Stl, Stll) in erythrocytes and sticholysin | in lipid scattering — Stopped flow — Actinoporin

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 measureditroduction

The relative permeability of each sugar was derived and

the pore radius estimated with the Renkin equation. Thesticholysin | (Stl) and Il (Stll) are basic cytolysins pu-
radius was similar for sticholysin | and Il and was inde- rified from the Caribbean sea anemdichodactyla he-
pendent of the reference sugar chosen and of the toxilianthus. They belong to a group of highly homologous
concentration applied. It was also the same when erythproteins, characterized by high pl, molecular size around
rocytes were pretreated with different toxin doses in the20 kDa, inhibition by sphingomyelin [1, 12, 24, 34] and
presence of a polyethylene glycol (PEG) large enough te@redominant beta structure [6, 40], which are collectively
prevent lysis and thereafter transferred to solutions conealled actinoporins [24].

taining oligosaccharides of different size where they did Most, maybe all, actinoporins are capable of form-
lyse at different rates. The osmometric behavior of largeng oligomeric pores in cell and lipid membranes [1, 12,
unilamellar vesicles (LUV) was thereafter used to esti-24, 34], therefore belonging to the pore-forming toxins
mate the toxin lesion radius in a model system. LUV (PFT) family. Studying actinoporins is important not
transferred to a hyperosmotic solution with a certainonly to understand their envenoming properties, but also,
sugar immediately shrank and then re-swelled at a ratand more in general, to investigate basic mechanisms
dependent on the bilayer permeability to water and sugaisuch as: polypeptide insertion into membranes, self ag-
When LUV were previously permeabilized with Stl, only gregation, pore assembly and solute permeation through
a fraction of them, namely those not carrying pores, conthe newly formed pores [28, 32]. In addition, they have
tinued to behave as osmometers. By increasing the sizéie potential of becoming tools for biotechnological and
of the added sugar and approaching the pore radius, thgharmaceutical applications. In fact, they have already
fraction of osmometric LUV increased. Relative perme-been used for the construction of antitumoral and anti-
abilities were derived and used to estimate a channgbarasite chimeric molecules [7, 8, 47, 57]. In this re-
radius around 1.2 nm, both for sugars and for PEGsspect, eukaryotic actinoporins are an interesting alterna-
In conclusion the sticholysin pore has a constant sizdive to the most frequently used bacterial toxins [26, 52].
independent of toxin concentration and similar in natural ~ Studies on the structure and function of actinoporins
and artificial membranes, suggesting it has a fixed prehave made major advances with equinatoxin II, from

dominant structure. Actinia equina after its cloning and expression in a bac-
) ] ) terial system [2], which allowed site-directed mutagen-
Key words: Colloid-osmotic lysis — Erythrocytes — esjs. 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-

Correspondence td3. Menestrina lix, a central domain containing a cluster of aromatic
menes@cefsa.itc.it residues, and 2 residues in the C-terminal part of the
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molecule. That the three tryptophans of the central clust47, 57]. Human red blood cells (HRBC) were prepared from total
ter are qu|Ck|y transferred into the ||p|d phase has beeﬁ)lood Obtalfjled mtrgvengusly from healthy volunteers, by washing
confirmed by direct mutations of these residues [37]_thr|ce (10 min centrifugation at 700 x g, room temperature) in 0 m

Similarly. the | tant role of the N-t . has b Tris-HCI, 140 nm NaCl, pH 7.4 (TBS). In each well, a fixed concen-
imiiarly, the important role ot the N-terminus nas DEeN, i, of sy was present, in a final volume of 1Q0of TBS, with or

indicated also by truncation experiments [3]. Given theyithout 30 mu of one oligosaccharide or PEG (as specified in the text).
high degree of homology which is present in the group,The reaction was started by adding 1000f HRBC (preequilibrated
these features are likely to be representative also for alkith the same osmoticant), at a titre corresponding to an initigh A
other actinoporins. The three-dimensional structure ofralue of around 0.1. The microplate was shaken and read every 8 sec
soluble equinatoxin Il has now been completely SO|Vedf0r the firs_t 30 or 45 min and thereafter at a lower frequency for up to
by X-ray crystallography [6]. 2 hr 30 min.

R . . Alternatively, HRBC were permeabilized using different toxin
While itis clear that Stl and Stll exert their CytOIyt'C concentrations in the presence of PEG 3000, which is big enough to

action by forming oligomeric pores in the cell membrane prevent hemolysis but allows pore formation. Such permeabilized
[1, 56] due to the instability of these oligomers, their HRBC were then separated from unbound toxin by repeated centrifu-
stoichiometry is not well established yet. Most evidencegation, always in the presence of PEG 3000. Finallyu20f perme-
suggests, for these and other actinoporins, that a tetramagilized HRBC were transferr_ed to the wells of a micr(_)plate and
is the preferred structure [10, 38], however, it is still not f}‘;fggﬁ”ﬁdté‘;‘té'i?:r ezr?trcgn‘é"(')t:aiiﬂ;‘;dzsTb#gi;:tzn\f;r;'”tﬁeor: .
clear whether only o_ne ohgomenc form exists, or Wheth_ netically read as above. Also in this case HRBC counts were chosen
er pores can have different sizes and the tetramer is only,.y, that initial Ag, values were around 0.1.
the average result. Due to the peculiar osmotic properties of larger PEGs (e.g.,
In this work we have tried to establish if the struc- PEG2000 and PEG3000 [48]), in some experiments (as specified in the
ture of the sticholysin pore is fixed or not, by measuringtext) instead of being used at a constant 3@ concentration, like the
its hydrodynamic radius both in red blood cells and in oligosacchgrides, they were addgd at a constant osmolarity of (_50
purely IipidiC vesicles as a function of toxin concentra- mOsm, which corresponds approximately to the measured osmolarity

tion. If different forms in fact. exist. larger pores would of 30 mm PEG2000 [48]. The osmolarity of the various solutions was
on. erent forms act, exist, larger pores wou measured with a cryoscopic osmometer (Osmomat 030, Gonotec, Ber-

be expected at higher toxin doses. While the estimate oOf, Germany).

pore radius in red blood cells, based on their colloid-  The colloid-osmotic hemolysis hypothesis is based on the differ-
osmotic properties, is an established technique, that witlnt permeability of a damaged erythrocyte membrane for bulk osmoti-
vesicles is not trivial due to their small volume. In fact, cants of different size. Along an outward osmotic gradient of nonper-
osmotic shrinkage/swelling of these tiny objects is Verymeant molecules (such as hemoglobin), net influx of water increases

. . _ . ell volume until the cell membrane breaks [36]. Such an effect can be
?eusl((:)ll(vﬁ‘lr;df;es?lﬂi'::tiissfggi)ed flow approach suitable 1EOfnrevented 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 Stl and Stll, addition of large osmoticants, indeed,
increased the time,,, necessary to reach 50% of hemolysis, in a
size-dependent wag¢eFig. 14). We used;,,° — t;,.°, (t,,,° andt,
TOXINS AND REAGENTS being the half-time with or without the osmolites respectively) as an
estimate of the delay introduced by the osmotic protectant, which in
Stl and Stll were purified according to a described procedure [30],turn represents the time necessary for it to diffuse inside the cell
combining gel filtration chromatography on Sephadex G-50 mediumthrough the toxin-induced lesions. According to [21]t44 — ty,.) is
(Amersham-Pharmacia Biotech, Upsalla, Sweden) and lonic Exchangeelated to the permeability, of the sugass through the cell membrane
Chromatography on CM-cellulose 52 (Whatman, Kent, UK). Stl has by:
the same N-terminus sequence as the toxin previouslydcéllé by
Kem and Dunn [25], whereas Stll corresponds to the cytolysin C I Utz = t2) = ps* AV @

isolated by Blumenthal and Kem [15]. whereA andV are average area and volume of the cell. Provided that

Calcein was obtained through Sigma and Triton X-100 from the spontaneous permeability of the osmolite through the RBC mem-
Merck (Darmstadt, Germany). Lipids used were egg phosphatidylchoyrane is small enough in comparison to that mediated by the toxin-
line (PC) and sphingomyelin (SM) both from Avanti Polar Lipids jnduced pores (which generally is true, as we will see), and assuming

(Alabaster, AL), and were more than 99% pure according to the purhat for a given toxin concentration an averagengfores are formed
chaser. Glycerol, ethylene glycol, glucose, sucrose, raffinose, maltoper each RBC, we can write:

hexaose, maltoheptaose were from Sigma (Milan, Italy), stachiose and
maltopentaose were from Acros Organics (Geel, Belgium) and allPs*A = nPs (2
PEGs (PEG200, PEG300, PEGA400, PEG600, PEGQOO’ PEGlOOQ\’/herePS is the single pore permeability of the osmolge

PEG2000 and PEG3000) were from Fluka (Buchs, Switzerland).

Materials and Methods

The Renkin equation [22, 49] provides a link between the per-
meability P¢ of an uncharged molecule of radinsind that of a refer-
Lvsis oF Rep BLoob CELLS ence molecule of radiua(P,) through a noninteracting pore of ra-

diusr:
Hemolysis was assayed by measuring the decrease in turbidity of a 3 5 5
human red blood cell suspension at 650 nm with a microplate readep p — A-A-WwnN+B- (" -C-(n?) - (1 -xr)
(UVmax, Molecular Devices, Sunnyvale, CA), as already described ° % (1-A-(a/r)+B- (a/r)°-C- (a/r)°) - (1 -a/r)?

®
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where A, B and C are three numerical coefficients (2.104, 2.09 and calcein was measured with a spectrofluorimeter (FP550, Jasco, Cre-
0.95, respectively). Provided that we compare data obtained with cellsnalla, Italy) exciting at 494 nm and detecting at 520 nm. To a cuvette
of the same average area and volume and at the same toxin conceoentaining 50ug/ml (63 um) of LUV in buffer B, various amounts of
tration (i.e., same), the observed delays can be used, throughlEq. Stl were added and the percentage of release, R, was calculated as:
and2, to build a Renkin plot relating the relative permeability of the

molecule with its size via EB. Ry, = (Ffin = Fin)/(Fmax — Fin) - 100 4)

where F;,, and Fy, represent the steady-state values of fluorescence
PREPARATION OF LIPID VESICLES before and after toxin addition, and the maximum rele&se,, was
obtained with 1 mw Triton X-100. The concentrations inducing 50% or
Large unilamellar vesicles (LUV200) were prepared by extrusion of agno release were extrapolated from the observed dose dependence of
solution containing freeze-thawed multilamellar liposomes [33, 39] in Ry, The rationale for choosing such valuesRyf is that, assuming a
a buffer containing or not 40 mor 80 mu calcein (m.w. 710) and  pgjsson distribution of pores on the vesicles, the following relation

enough NaOH to give pH 7.0. The lipid used was a 1:1 mixture of PChojds betweerR and v, the average number of pores present on the
and SM always at a starting lipid concentration of 5 mg/ml. Extrusion yesicles [54]:

was performed by 31 passages in a LiposoFast Basic Unit of Avestin

Inc. (Ottawa, Canada) equipped with two stacked polycarbonate filters, — _ | (1 - R,/100) (5)
bearing holes with an average diameter of 200 nm (Nuclepore, Maid-

stone, UK). Direct measurement of LUV size was performed by pho-Therefore, the chosen conditions Rf, = 50% and 80%, would cor-

ton correlation spectroscopy (as in [39], using a laser particle sizefespond to having = 0.7 andv = 1.6 respectively. This means that
(Malvern Z-sizer 3, Malvern, UK) and lead to a diameter of 180 £ 10 gach permeabilized vesicle should contain approximately 1 pore in the
nm. To remove untrapped calcein, LUVs were spun through minicol-first case, and 2 pores in the second. Osmotic-jump experiments were
umns loaded with Sephadex G50-medium (Amersham-Pharmacia) aGserformed as above except that bufBawas used and the hyperosmotic
cording to [31], and pre-equilibrated with a buffer containing 1@ m  go|ution contained 0.56 Osm of different oligosaccharides or PEGs (as

HEPES, 100 m NaCl, 1 mv EDTA pH 8 (bufferA) or 10w HEPES,  gpecified in the text). Control experiments were performed with intact
1 mm EDTA pH 8 (bufferB). LUVs.

OsMoTIC-JUMP EXPERIMENTS WITH INTACT VESICLES ABBREVIATIONS

A two-syringe stopped-flow spectrometer (model SF-51, Hi-Tech SCI_Stl, Stichodactyla helianthusticholysin I; Stll, sticholysin II; SM,

entific, Salisbury, UK), interfaced to a personal computer, was used in__’. L - . ]
the fluorescence configuration [19]. Typically, one syringe containedsthgomye“n’ PC, phosphatidylcholine; EG, ethylene glycol; PEG,

vesicles (loaded with 40 mcalcein) in bufferA at a lipid concentration polyethylene glycol; Triton X-100, octylphenoxy polyethoxy ethanol;

of 50 pg/ml (63 wM, assuming an average lipid molecular weight of HRBC, human red blood cells.
800 D). The other syringe contained a hyperosmotic solution prepared

by adding to the same buffer either glucose or glycerol at a constanh . .
osmolarity of 1.6 Osm. An equal amount from each syringe was pneu- esults and Discussion
matically injected through the mixer into the observation cell with a
measured dead time, between mixer and cell, of around 7 miIIisecondsH
The injecting syringes, the mixing chamber and the observation cell YDRODYNAMIC RADIUS OF THE Stl AND Stll PORES IN

were all thermostatted to 25°C by a water circulation bath. The timeRED BLOOD CELLS

course of the light emitted at 90° was followed after the trigger signal

from the stop syringe [19]. Either calcein fluorescence emission orAn estimate of the size of the pore formed by Stl in red
vesicle light scattering were recorded. For calcein signal, excitationp|god cells was obtained by taking advantage of the col-
was set at 485 nm by a monochromator, and emission was high-pasg;q_osmotic characteristic of hemolysis induced by this

filtered at =530 nm with an optical filter (Schott OG530). This al- toxin. Usi h th t det ined th
lowed an estimate of calcein self-quenching. To measure the Iight—oxm' Sing human erythrocytes, we determine e

scattering instead, excitation was selected at 360 nm and no filter wa!::_ate of he_m0|y5is ir‘ the presence or not Qf oligosaccha-
used in emission. An increase of calcein signal indicated vesicle swellfides of different size, all at a concentration of 3&m

ing, which is accompanied by a decreased self-quenching of calceifFig. 1A). An estimate of the relative permeability of
[17, 29]. Conversely, an increase of light-scattering indicated vesicleegch oligosaccharide was derived from the inverse of the

shrinkage, which causes an increase of the form-factor [16, 50]. delay that it introduced in the hemolysis curve with re-

spect to the control (saline buffer only). Such permeabil-
OsMOTIC-JUMP EXPERIMENTS WITH ity was found to be inversely related to oligosaccharide
PERMEABILIZED VESICLES size. The following oligosaccharides were used (in pa-

renthesis, their hydrated radii as reported in [27, 53]):
For these experiments calcein-free LUV were prepared in busfer g|ucose (0_42 nm); sucrose (0_54 nm); raffinose (0.66
When pre-permeabilized, these LUV were incubated ap.g0nl (63 nm); stachiose (0.76 nm); maltopentaose (0.82 nm);

wM), in buffer B (30 min, room temperature) with an Stl dose calcu- .
lated to produce either 50% or 80% of release. The required dose warsnaItOheXaose (0.90 nm); maltoheptaose (0.98 nm).

2.4p.g/ml (0.12pMm) and 6pg/ml (0.3 um), respectively, as determined DiViding the data of '_:ig- A by the permeability of )
in parallel experiments performed using LUV loaded with 8@ oal- a reference oligosaccharide, they could be arranged in a

cein as described earlier [56]. Briefly, the fluorescence of releasedrenkin plot [22, 49], which provided an estimate of the
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60 w0 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. 2)), the Renkin plot gave always very simi-
lar extrapolated radii (Fig.B). The best-fit results with
the series of oligosaccharides is reported as a function of
toxin dose in Fig. £ (squares).

50

T
100 150

" S e A Since very often polyethylene glycols (PEGs) are

0o 1 2 3 4 5 6 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
1073 (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
T . T constant 30 m concentration, as with the oligosaccha-
05 1.0 rides (open circles), or at a constant osmolarity of 60
Hydrodynamic radius (nm) mOsm (filled circles) with practically the same results.
_ _ _ , o Whereas it is clear that with both oligosaccharides
Fig. 1. Colloid osmotic properties of hemolysis induced by S8) ( o pEGs; the radius of the pore does not depend on the
The rate of toxin-induced hemolysis of human erythrocytes in TBS was ' . . . .
determined by measuring the decrease in turbidity after the addition of:oncemrat'on of the toxin, the estimates obtained with
16 ng/ml (0.8 m) Stl. The following oligosaccharides of different size the two kinds of molecules, on the other hand, were
were added, all at 30 m concentration (the number in parenthesis slightly different, i.e., 1.09 nm and 0.96 nm, respectively.
represents their hydrated radius in nm [53]): a) control (no oligosac-Thjs might be due, at least in part, to the fact that non-
charide); b) glucose (0.42); c) sucrose (0.54); d) raffinose (0.66); e}qyqrated radii have been used for PEGs, whereas avail-
stachiose (0.76): f) maltopentaose (0.82); g) maltohexaose (0.90): hpjy) hydrated values were used for oligosaccharides. A
maltoheptaose (0.98 nmB) An estimate of the permeability of each ’ . '
oligosaccharide was derived from the inverse of the delay that it intro-nydration layer of 0.05 to 0.1 nm is indeed a reasonable
duced in the hemolysis curvede A with respect to the control. Rela- value [27, 53]. In addition, a slight underestimate could
tive permeabilities were then obtained by dividing by the permeability also result from the fact that PEGs, especially larger
ofarefer_erlce oligosgccharide, and the dgta were arranged ina_lRenk'@neS' are pondisperse in size [11]_ It is therefore ex-
plot providing an estimate of the pore radius. The reference oligosac-, ected that the fraction with molecular Weight Iarger than

charide was either glucose (squares), sucrose (circles), raffinose (ups; . ;
g (sq ) ¢ ) ( he average could plug a pore slightly bigger than the

ward triangles), stachiose (downward triangles) or maltopentaose (dia- : ) ”
monds). Solid lines are best fits of the Renkin equation providing (in PEG nominal radius, thus producing the observed under-
the same order as above) a radius of 1.09 + 0.02, 1.13 + 0.02, 1.11 estimation of pore size. The fact that, despite being
0.02, 1.08 £ 0.02 and 1.09 + 0.02 nm, respectively. 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-
pore radius (Fig. B). This procedure was repeatedly sage of similar PEGs through the pores formed by staph-
applied, choosing different oligosaccharides as the refylococcal a-toxin, where researchers reached the same
erence, and best fit values of the Renkin radius wereonclusion. On the other hand, the possibility that PEGs,
calculated in each case, as reported in the figure. In thigeing linear molecules, unfold in solution and get
way, we ascertained that the estimated radius (approxthrough the pore in an elongated configuration, would
mately 1.1 nm) does not depend on the oligosaccharideave led to a marked overestimate of pore radius instead
chosen as the reference. of the observed underestimate.

Thereafter, the same approach was used to estimate We obtained quite similar results also with Stll, a
the pore radius as a function of the concentration of theslightly more active isotoxin produced 8. helianthus
toxin applied (Fig. 2). In fact, if pores of different size (insertsin Fig. 2). The concentration-independent pore
could be formed, one should expect that larger porestadius determined with 30 m PEGs in this case was
requiring a higher number of constituent monomers,1.05 nm, slightly bigger than that of Stl, and in agree-
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Relative permeability
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T

10 100 1000
[Toxin] (ng/ml) Fig. 2. Dose dependence of the Renkin radius of the pore formed byA$tHRBC were
exposed to different Stl doses in the presence or not of PEGs of different mw. The
reciprocal of the time necessary to reach 50% hemolysts,{lis reportedversusStl
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); PEG60O0 filled triangles); PEG900 (open triangles); PEG1000 (filled diamonds).

. 10°3 Stil ' Reported values are averageseof two to four determinations. Straight lines have a

E % 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 FigBL.The
approach described in Fig. 1 was used to estimate pore radius as a function of the
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concentration of the toxin applied. Stl was either 32 ng/ml (Mpsguares), 16 ng/ml (0.8
nm, circles), 8 ng/ml (0.4 m, upward triangles), 4 ng/ml (0.2n downward triangles) or
2 ng/ml (0.1 m, 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 Stll and 30MTPEGs. Stll concentration was either 14 ng/ml (0.7
nM, squares), 7 ng/ml (0.35w circles), 3.5 ng/ml (0.17wm, upward triangles), 1.8 ng/ml
(0.09 v, downward triangles), or 0.9 ng/ml (0.041ndiamonds). PEGs hydrodynamic

1 radii were taken from [27]. The reported dotted line is again the best fit of the Renkin
3 Iy S—— equation to all experimental values, providing radius 1.05 + 0.01 @nBést-fit values

of the Renkin radius of Stl, obtained at each toxin dose, are shown either for the series of
the oligosaccharides at a constant 3@ goncentration (squares, averages-of tripli-
cates), or for that of the PEGs (circles) using either 30 constant concentration (open
circles, average isp of duplicates) or 60 mOsm constant osmolarity (filled circles,
average 1sp of triplicates). Other conditions as in Fig. 1. In the inset the same kind of data
Stil for StIl and 30 nm PEGs (average #p of duplicates). Horizontal lines correspond to a
radius of 1.09 nm for Stl and oligosaccharides, 0.96 nm for Stl and PEGs and 1.05 nm for
Stll and PEGs.
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ment with a previously published estimate of around 1smaller than the radius of the pore, the HRBC started
nm [20], which was based on the fact that a dyelysing promptly. This is a direct proof that PEG 3000,
of molecular weight 795 (acid blue) was permeantindeed, prevented lysis by acting as an osmotic pro-
through the pore, whereas one of molecular weight 96Qectant and not, for example, by inhibiting toxin binding
(Evans blue) was not. This confirms that different acti-and/or pore assembly. This approach allowed to esti-
noporins, besides a similar primary and secondary strucmate directly the rate of HRBC lysis in the presence of
ture [3, 9, 30, 40], also have a closely similar mechanisnthe different sugars, without any interference from the
of action. kinetics of toxin binding or from transient effects that
Since PEG 3000 was able to completely abolish heimight occur during toxin absorption and insertion. Even
molysis, it was used to develop a different approachin this case it was possible to observe different rates of
HRBC were pretreated with different concentrations oflysis with the different oligosaccharides and toxin con-
Stll in the presence of 30 mPEG 3000, which pre- centrations (Fig. 8) and the observed half times were
vented hemolysis. Thereafter, they were separated froragain used to build a Renkin plot, similar to those in
unbound toxin by washing twice and transferred to aFigs. 1 and 2. Once more, the derived radius was inde-
buffer containing or not 30 mn of the various osmoti- pendent of both the reference sugar and the toxin con-
cants. In all cases in which the osmoticant had a sizeentration (Fig. 8). Furthermore, the extrapolated
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Fig. 4. Osmometric behavior of large unilamellar vesicles. In a
Fig. 3. Estimation of pore radius in HRBC pretreated with Sth) (  stopped-flow photometer with a 90° fluorescence configuration, LUV
HRBC pretreated with different doses of Stll in the presence of PEG200, loaded with 40 m calcein, were instantly mixed with a hyper-
3000, which prevented hemolysis, were transferred to solutions conosmotic solution and changes in emitted light were recorded. Calcein
taining or not 30 mu of different osmolites. The reciprocal of the time signal (thin trace, lefthand ordinate) was recorded exciting at 485
necessary to reach 50% hemolysist,(dy was reportedversusStil nm and detecting at =530 nm. A decrease of this signal indicates
concentration as in Fig./&2 Symbols used are as follows: buffer alone shrinkage of the vesicles (with a consequent increase of calcein self-
(filled squares); sucrose (open squares); raffinose (filled circles);quenching), whereas an increase indicates swelling. Light-scattering
maltopentaose (open circles); maltoheptaose (filled triangles);(thick trace, righthand ordinate) was instead measured-at360 nm
PEG1500 (open triangles). Reported values are averagesttwo to with no filter in front of the detector. Because the number and molecu-
four determinations. Straight lines, with slopes ranging from 1.3 to 1.6,ar weight of the LUV remained constant, changes in light-scattering
demonstrate that toxin binding had not undergone saturation in thavere dominated by changes of the form-factor [19, 50]. Henceforth, an
concentration interval used. Plots for glucose, stachiose and maltoincrease of this signal indicated shrinkage of the vesicles, whereas a
hexaose were similar and were not included (for clarity). Other condi-decrease indicated swelling. Two different oligosaccharides were used
tions as in Figs. 1 and 2BJ The Renkin plot was used to estimate pore to establish the osmotic gradient: glucose (paiebr glycerol (panel
radius at the different toxin concentrations used. Applied Stll was 12.5B). Note that in each panel a different time scale was used for the first
ng/ml (0.6 m, closed squares), 25 ng/ml (1.26 rclosed circles), 50 ~ and the second part of the traces, which were however recorded con-
ng/ml (2.5 m, closed and open triangles), 100 ng/ml (&, ropen tinuously. Injected solutions were: syringe 1, Buffewith 50 w.g/ml
diamonds), 200 ng/ml (10vy crosses) or 800 ng/ml (40masterisks). (63 pm) LUV; syringe 2, BufferA with 1.6 Osm sugar; mixing was 1:1.
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 Stll
dose. The average value, horizontal solid line, is 1.08 + 0.05 nm.  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
value, 1.08 + 0.05 nm, was consistent with that estimatedre a widely used model to investigate the mode of action
before with untreated HRBC. 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 Stl
CHARACTERIZATION OF THE OSMOTIC PROPERTIES OF in experiments conceptually similar to the colloid-

PC:SM LUV osmotic hemolysis.

We began characterizing the osmometric behavior
Having established that the size of the pore formed by Stbf large unilamellar vesicles (LUV 200) in solution (Fig.
and Stll in red blood cells is constant and independent off). LUV containing 40 mu calcein were mixed with an
toxin concentration, we decided to investigate whetherequal volume of a hyperosmotic solution (containing 1.6
this is true also with lipid bilayer membranes. It is Osm of a sugar) and changes in the light emitted at 90°
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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 (pamglor 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 vesicless
[17, 29], and by the increase in light-scattering, due to an\é
enhancement of the form-factor [S0]. Such shrinkage isg
rate-limited by the permeability of water through the *‘é
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 calculatedsa4 x 16 nm®, the initial rate of
volume change can be estimated, from the traces in Fig.
4, to bedV/dt |, = 73 x 10 nm’sec. Such rate of
change is related to the bilayer permeability coefficient
of water, P;, by [43]:

1000
to
300

200

EG

1000
600

400
300

200
EG

dv/dt = -A Py, Ac (6) 0.0 +—

—— -
000 005 010 015 0.20

where A is the average surface of one vesiolg, the Time (s)
molar volume of water (18 ml/mol) anfic the outside- ) ) ) y
Fig. 5. Osmotic shrinkage of LUV permeabilized or not by Stl. The

|n§|de C::fferen(.:e In OsmOIamY' ACCOI’dllng to Eﬁ"and initial change in light-scattering, due to the shrinkage of LUV subjected
using the per_tlnent geometric and S.O. ution par_ameters(b an osmotic jump, was measured similarly to Fig. 4 for either intact
we could derive the water permeabmty coefficient for vesicles p) or for vesicles permeabilized with SB8). Pretreated LUV
our PC:SM vesicles, which turned out to be 881/sec,  of (B) had been incubated at §0y/ml (63 wm) for 30 min with 2.4
in good agreement with published values [17, 29, 43]. pg/ml of Stl (0.12pm), a concentration calculated to cause 50% of
In the case of glycerol, shrinking was followed by a permeabilization on the basis of calcein-release experiments. Different
slower swelling phase, which was rate-limited by the(PEQSC;’_"e’e ZSEd: EG; PESZOO? F)’EIG_3°0? (F;EGI“O_O? PEG600; P'?Glofo
e : : : as indicated next to each trace). Injected solutions were: syringe 1,
natural permeability of thls_ (_)I_|gosacchar|de through theBuffer B with 50 ug/ml LUV (63 wm), treated or not with toxin:
mem_brane [17' 46]' The initial rate of volume Changesyringe 2, BufferB with 0.56 Osm sugar; 1:1 mixing. Other experi-
was in that casedV/dt|, = 0.22 x 16 nm*sec. UsiNg  mental conditions as in Fig. 4. Given the reduced outside-inside osmo-
again Eq6, and the molar volume of glycerol{ = 73.7 Iarity difference, the initial rate of volume change was here lower than
mi/mol), the bilayer permeability of glycerol resulted in in Fig. 4, i.e.,dV/dt|, was 22 x 16 nm*/sec. However, th®; coeffi-
Py = 2.8 x 102 wm/sec, a value comparable to that of cient of intact vesicles, which could be extrapolated using Eq. 6, was
5.4 x 1072 pum/sec reported earlier for glycerol in mem- practically the same, i.e., 36m/sec. In the case of permeabilized LUV

. . " ...y and large osmoticants an early phase of faster shrinkage is seen, which
branes of slightly different composition (pure lecithin) is conceivably due to the higher water permeability through vesicles

and g_eometry (planar bilayers) [44]. _  containing at least one pore.
Finally, if glucose was used, the vesicles remained
shrunk for the whole duration of the experiment, since

this oligosaccharide is practically membrane-imper-the RBC experiments of Figs. 1 and 2). LUV were either
meant on this time scale [17, 29]. intact (control) or pretreated with known amounts of Stl.

The results using the PEG series are shown for intact

vesicles (Fig. B) or for LUV permeabilized with an Stl
HYDRODYNAMIC RADIUS OF THE Stl PORE IN concentration, 0.1, suitable to cause the permeabi-
LiPiD BILAYERS lization of 50% of the vesicles (FigB). This dose was

determined in control experiments with calcein-loaded
Having characterized the osmometric behavior of LUVs,LUV as the concentration that released 50% of the cal-
they were used to investigate the properties of incorpo¢ein.
rated toxin lesions, with the aim of estimating their ra- Intact vesicles shrank practically at the same rate
dius in a model system. and to the same extent for all PEGs except for the

The change in light-scattering due to the initial smaller, membrane-permeant EG and PEG200. The ex-

shrinkage after the osmotic jump was measured withtent of shrinkage of LUV previously permeabilized with
different oligosaccharides or PEGs (the same used fo8tl was instead decreased for all PEGs, but this was more
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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 Stl 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. aureusx-toxin pore was measured to be around
1.5 x 10 nm*sec [45]. Since the Stl pore is twice as
large as thex-toxin pore and probably 1/3 shorter [55,
57], its water permeability can be expected to be approxi-
matel 9 x 16 nm/sec, which is almost twice that of the
whole envelope of one vesicle (i.& x A = 4.8 x 10
nm/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 Stll for glycerol was 52 x
10° nm*/sec, a value which is roughly 15 times that of the
whole membrane of one vesicl®(x A = 3.5 x 1¢

LA L A A B A B
02 04 ,0’6 , 08 10 nm/sec) as determined from Fig. 4.
Hydrodynamic radius (nm)

In the presence of osmoticants so small that their

Fig. 6. Extent of osmotic shrinkage of LUV, permeabilized or not by permegtlon through the pore was faster than_ our _t'me
Stl, as a function of the size of the osmolite molecul. The extent ~ '€solution (approximately 10 msec) the transient light
of LUV shrinkage was quantitated by measuring the difference in lightScattering increase due to the shrinkage of LUV with
scattering between the maximum value induced by the osmotic jumpchannels was abolished. Therefore, the fraction of non-
and an initial value taken 2 msec after the stop signal. Different PEGSyermeabilized vesicles,, may be estimated from the
were used, as shown in Fig. 5. LUVs (&) were either intact (closed  minimum value of the ratio between the light-scattering
circles) or treated with 2.4wg/ml (0.12 M) of Stl for 30 min (open gncrease observed with vesicles permeabilized by St

circles), a concentration that causes 50% permeabilization, as in Fig. N
Lines drawn have no theoretical meaninB) The ratio between the (Ca”edALS (+St|)) and that seen with intact LUV (Ca”ed

extent of shrinkage of vesicles permeabilized or not by Stl was calcu LS (=St)), as it is detected with a highly permeant
lated for the different PEGs. Stl doses sued for the permeabilizatiorsolute of permeability?, and radiug :

were: 2.4pg/ml (0.12 M, open circles) or Gug/ml (0.3 M, closed

circles) and were meant to cause 50% and 80% release, respectivelfy, = (ALS+Stl)/ALS-Stl)), = (ALS+Stl)/ALS—StI)),in
Other experimental conditions as in Fig. 5. Lines drawn have no theo- (7)
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- Such minimum was indeed observed with the channel-

independent, contribution to the transient, thereby shiftingwards. ~ P€rmeant PEGs of size between 0.4 and 0.6 nm (Hyp. 6
This effect was not analyzed further. Stl 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%
evident for those of average molecular weight up to 400(closed circles) release. Correspondingly, the fraction of
This indicates that the permeability of PEGs through theintact vesiclesf,, estimated as in Fig. 6 in a series of 3
vesicles was increased by Stl to a different extent deindependent experiments, averaged, respectively, 49 *
pending on their size. 12% and 18 + 6% in the two conditions above, very close
An estimate of the amount of LUV shrinkage (Fig. to the theoretically expected values of 50% and 20%
6A) was obtained by measuring the difference in lightrespectively. Using the expression relating the average
scattering between the maximum value induced by thdraction of permeabilized LUV to the average number of
osmotic jump, as it occurs a few seconds after mixing,channels per LUV (Edb, originally derived by Schwarz
and an initial value taken 2 msec after the trigger signa[54]) we calculated that permeabilized vesicles contained
from the stop syringe (a time at which the transient nosen average one pore in the first case, and around two
coming from the top syringe was finished and the signalpores in the second case.
was still at a minimum). On the other hand, when the size of the added PEG
Clearly, the extent of shrinkage was in all casesapproached the radius of the pore, also the permeabilized
larger with intact LUV than with Stl-permeabilized vesicles started to shrink again because of the reduced
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104 rides or PEGs were used for its estimate, however, prob-
> ] ably dye to their pond|sperS|§y, PEGs gave slightly un-
= 08+ derestimated values. Pore size does not markedly de-
s 1 pend on the toxin concentration, suggesting that lesions
g 0'6'_ of constant diameter are formed, both in natural and in
S 4l model membranes.
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