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a-Haemolysin is a protein toxin (107 kDa) secreted by some pathogenic strains of E. coli. It binds to mammalian cell membranes,
disrupting cellular activities and lysing cells. This paper describes the mechanism of a-haemolysin-induced membrane leakage,
from experiments in which extrusion large unilamellar vesicles, loaded with fluorescent solutes, are treated with purified toxin.
The results show that the toxin does not require of any membrane receptor to exert its activity, that vesicles become leaky
following an ‘all-or-none’ mechanism, and that leakage occurs through a non-osmotic detergent-like bilayer disruption induced
by the protein. Small pores formed by monomeric a-haemolysin, as described by other authors, do not appear to be related to
the process of membrane disruption. Instead, the experimental data would be in agreement with the idea of oligomeric
assemblies being required to produce release of solutes from a single vesicle.

Introduction

a-Haemolysin is a protein (107 kDa) which is ac-
tively secreted by E. coli. It appears to be responsible
for the pathogenic effects of some strains of the bac-
terium, and it has also the added interest of being one
of the very few proteins for which E. coli has a specific
export machinery [1]. As a toxin, a-haemolysin binds to
mammalian cell membranes, disrupting cellular activi-
ties and lysing cells. Jorgensen et al. [2] were among
the first to study the membrane effects of this toxin.
Bhakdi et al. [3] examined the toxin-induced release of
ions and haemoglobin from red blood cells, and pro-
posed that a-haemolysin might damage target cell
membranes by generating monomeric transmembrane
pores, 1.5-3 nm in diameter, a view that was supported
by studies using model membranes [4,5].
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Abbreviations: ANTS, 1,3,6-trisulphonate-8-aminonaphthalene;
DPX, p-xylenebis(pyridinium bromide); PC, phosphatidylcholine; PE,
phosphatidylethanolamine; CHOL, cholesterol; FITC, fluorescein
isothiocyanate; LUV, large unilamellar vesicles; HU, haemolytic
unit.

From the point of view of structure, the C-terminal
region of a-haemolysin contains a 9-amino-acid chain
that is reiterated 11 times within a 129-residue span [1];
alternatively, a 13-fold repetition of an octapeptide has
been suggested [6]. Alterations of these amino-acid
repeats affect cytolytic activity and secretion [6]. More
recently, it has been shown that the mature toxin
contains one or more fatty acyl residues [7]. This,
together with the stretches of non-polar amino-acids
that are found near the N-terminal end [8,9] explain
the amphipathic behaviour of the protein, which can be
found in an active form both in polar and non-polar
environments. The partly hydrophobic character of a-
haemolysin also explains that, in aqueous media, it is
protected against denaturation by 6 M urea [10] and,
also in aqueous environments, it is found in the form of
large aggregates [11].

The present contribution is intended to describe in
detail the phenomenon of a-haemolysin-induced mem-
brane leakage, by using large unilamellar vesicles, ob-
tained by extrusion, as a membrane model. In particu-
lar it will be shown how leakage does not appear to
occur through discrete pores, but is rather the result of
a detergent-like effect of the toxin, which disrupts the
lipid membrane, probably by facilitating the formation
of non-bilayer structures.
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Materials and Methods

Materials

Egg phosphatidylcholine (PC), and egg phospha-
tidylethanolamine (PE), were grade I from Lipid Prod-
ucts (South Nutfield, England). Cholesterol (CHOL)
and all other lipids were from Sigma (St. Louis, MO).
8-Aminonaphthalene-1,2,3-trisulphonic acid (ANTS),
p-xylylenebispyridinium bromide (DPX) and octadecyl-
rhodamine B (R,q) were obtained from Molecular
Probes (Eugene, OR). Dextrans and fluoresceine iso-
thiocyanate (FITC)-derivatised dextrans were also pur-
chased from Sigma. a-Haemolysin was purified from
the culture filtrates of an over-producing strain of E.
coli, according to Ostolaza et al. {11]; the haemolytic
activity of the preparations was of about 400 haemolytic
units (HU)/ug protein (=43000 HU/nmol), 1 HU
being defined as the dilution factor required for a
given a-haemolysin preparation to produce 50% lysis
of a standard red blood cell suspension [12].

Vesicle preparation and measurements of leakage

Large unilamellar vesicles (LUV) of different com-
positions were prepared by extrusion and sized using
0.1 um pore size Nuclepore membranes as described
by Mayer et al. [13]. Vesicle contents leakage was
measured by using the ANTS/DPX system according
to Ellens et al. [14]. Liposomes contained 12.5 mM
ANTS, 45 mM DPX, 50 mM Tris-HCI (pH 7.0). Lipo-
somes were separated from unencapsulated material
by column chromatography on Sephadex G-75 using 50
mM Tris-HCI, 85 mM NaCl, 10 mM CaCl, (pH 7.0) as
the elution buffer. The same buffer was used in the
leakage assays. When required, strictly isotonic condi-
tions were ensured by checking the osmotic pressure of
intra- and extravesicular solutions in an Osmomat 30
osmometer (Gonotec, Berlin).

Fluorescence assays were performed in a LS-50
Perkin Elmer spectrofluorometer, at room temperature
(20-22°C) with continuosly stirred cuvettes. For the
ANTS /DPX system, excitation was at 355 nm and
emission at 530 nm. An interference filter (Schott
06505, 515 nm) was used to avoid scattered light. 100
wl of a liposome suspension (5- 107> M in lipid) were
diluted in 400 w1 buffer; the fluorescence level of this
preparation did not vary with time, and was set as 0%
leakage. The 100% fluorescence level for leakage was
obtained by detergent lysis (Triton X-100, 4 mM final
concentration) of the liposomes. Leakage experiments
were started by adding an appropriate amount of puri-
fied a-haemolysin (usually 400-600 HU in about 20
wl) to the intact liposome suspension. (Crude toxin
preparations were not suitable for these assays, since
they contained highly fluorescent impurities.) Correc-
tions for differences in the amount of solutes en-
trapped in the various vesicle preparations were car-

ried out when required [15]. Since a-haemolysin is kept
in 6 M urea for stability reasons [11] it was checked
that urea, up to 0.5 M in the cuvette, did not interfere
with our measurements; in practice, urea concentration
in the cuvette was always below 0.25 M.

In some experiments, the release of fluorescein iso-
thiocyanate (FTIC), or FITC-derivatised dextrans, was
tested. The self-quenching properties of FITC were
used in this series of measurements. Liposomes pre-
pared in 4.36 mM FITC, or FITC-dextrans, were freed
from non-encapsulated material using a column of
Sephacryl S-300 (30 X 2.5 cm), eluted with 50 mM Tris,
70 mM NaCl, 0.1 mM EDTA (pH 7.0). Fluorometry
conditions were: excitation, 465 nm; emission, 520 nm;
interference filter, 495 nm.

Lipid mixing

Vesicle lipid mixing was measured by dilution in the
bilayer of the self-quenching probe octadecylrho-
damine (R ;g) as described by Hoekstra et al. [16]. The
details were as described previously [15].

Leakage mechanism

A series of measurements was carried out to find
out whether partial leakage occurs as a result of an
all-or-none event (some of the vesicles release all of
their contents) or as a graded event (all of the vesicles
release part of their contents), essentially as described
by Parente et al. [17]. Briefly, a quench curve for
vesicles containing varying concentrations of ANTS
and DPX, always at a 3.6/1 mole ratio, was con-
structed. Then the extent of leakage induced by a-
haemolysin was measured at a variety of lipid /protein
ratios, keeping constant lipid concentration. Samples
were applied to a Sephadex G-75 column to separate
the lipid vesicles; fluorescence of the eluted vesicle
fraction was measured before and after detergent solu-
bilization, and the percent fluorescence remaining with
the vesicles calculated. Experimental values can be
compared with predicted results [17,18].

Results

When LUV are treated with a-haemolysin, release
of vesicle contents occurs (Fig. 1A) until a stable fluo-
rescence value is obtained (in the example shown, in
about 15 min). In the curve in Fig. 1A, equilibrium is
reached well before 100% leakage has occurred. This is
very often the case under our experimental conditions,
in fact 100% release of liposomal contents is not usu-
ally observed. This phenomenon will be examined in
detail later. No lipid mixing is detected (Fig. 1B) under
these or any other experimental conditions tested, sug-
gesting that a-haemolysin does not induce vesicle fu-
sion.
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Fig. 1. Assays for a-haemolysin-dependent vesicle leakage and vesi-
cle fusion. (A) Release of aqueous contents (ANTS/DPX) from
LUV (PC:PE:CHOL, 2:1:1). Lipid and protein concentrations
were 10 uM and 50 nM, respectively. 100% leakage was measured
after addition of 4 mM Triton X-100. (B) Lipid mixing assay, based
on dequenching of R 4. The lower, superimposed, curves correspond
to experiments in the presence or absence of a-haemolysin. The
upper trace was recorded in the presence of 4 mM Triton X-100, and
corresponds to 100% fusion (lipid mixing).

In order to explore the influence of vesicle lipid
composition on the phenomenon of leakage, experi-
ments were carried out with different lipid mixtures. A
comparison parameter was arbitrarily set as the extent
of leakage produced 10 min after addition of 400 HU
of a-haemolysin, a condition under which maximum
release was never observed. (Similar results were found
when the amount of a-haemolysin was varied between
40 and 800 HU.) The data are shown in Table I; it can
be seen that changes in lipid composition may induce
up to 4-fold changes in activity. It should also be noted
that, although the total lipid extract from red blood
cells supports a high leakage activity when compared to
pure PC, some very simple formulations are even more
sensitive to a-haemolysin. Analysis of the data in Table
I also reveals that some lipids, such as PE and CHOL,
greatly increase the observed leakage, while others are
not so effective. It is also noteworthy that lysolecithin
appears to reverse the effect of PE, so that the
PC:PE:lysolecithin (2:1:1) mixture is actually less
effective in promoting leakage than pure PC. In view of
the high leakage activity observed with PC: PE: CHOL
(2:1:1) all further experiments were carried out with
this mixture, unless otherwise specified.

The kinetics of the leakage process was studied by
performing release experiments, as shown in Fig. 1,

Lipid composition (mole ratio) % Release
PC 27
PC:PE (2:1) 67
PC:CHOL (3:1) 69
PC:PE:CHOL (2:1:1) 76
PC:PE:lysolecithin (2:1:1) 20
PC:PI(1:1) 42
PC: sphingomyelin 40
PC:CHOL :sphingomyelin: PE: cerebroside
(6:5:4:4:1) 57
Red blood cell lipids 61
‘Outer monolayer’ lipids ° 69

2 % Release measured 10 min after addition of 400 HU (=1 pg) of
a-haemolysin. Lipid concentration was 10 uM.

5 An artificial mixture of lipids believed to represent the composi-
tion of the erythrocyte plasma membrane outer monolayer:
PC:PE:CHOL:SM:ganglioside (12:3:17:10:1).

with varying amounts of a-haemolysin, while keeping
constant lipid concentration (10 uM). At each protein
concentration, a ¢, ,, is measured, as time at which
half-maximal release is produced. The resulting data
are plotted as a function of toxin concentration, as
shown in Fig. 2. A plot of ¢, ,, vs. reciprocal of a-
haemolysin concentration gives a straight line (inset),
suggesting that the process is second order with respect
to a-haemolysin. The reciprocal of the slope of this
line gives an experimental velocity constant k., = 3.15
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Fig. 2. Kinetics of a-haemolysin-induced vesicle leakage. Leakage
experiments, as shown in Fig. 1, were performed with increasing
amounts of toxin and ¢, ,, (time required to produce a half-maximal
effect) recorded for each case. (A) Direct plot of t;,, vs. a-
haemolysin concentration. (B) Plot of ¢, ,, vs. reciprocal of toxin
concentration. The slope of the straight line is the reciprocal of the
experimental rate constant k.,,. Vesicle composition was
PC:PE:CHOL (2:1:1).
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Fig. 3. Release of liposomal aqueous contents, induced by a-
haemolysin. (A) A LUV preparation (10°*M) is treated with an
amount of toxin producing less than 50% release (1.5 pg); a second
addition of the same amount of toxin (arrow) produces a similar
release. (B) An experiment is started with the minimal amount of
protein producing 100% release (4.5 pg); the addition of a fresh
batch of liposomes (10~* M); is again accompanied by release of
contents, (C) Curve a: a-haemolysin (1.2 pg) is pre-incubated for 10
min with an excess (2 mM) of ‘empty’ LUV; then 0.2 mM LUV
loaded with ANTS/DPX is added. Curve b: as in curve a, except
that the protein was not pre-incubated with ‘empty’ vesicles.

1073 nM~!s™!. Vesicles composed of some other
lipid mixtures were analyzed in a similar way; second-
order kinetic behaviour was found in all cases for a
wide range of toxin concentrations. Measured £k,
values were: 1.56- 103> nM ~!s~! (pure PC), 1.98 - 10~
nM~!s~!' (PC:CHOL, 3:1), or 2.52-107% nM~1s™!
(PC: sphingomyelin, 3:1).

When lipid vesicles are treated with an amount of
toxin such that less than 50% leakage occurs, a second
addition of the same amount of toxin produces again
the same extent of leakage (Fig. 3A). In general, the
final extent of leakage is the same irrespective of
whether a-haemolysin has been added in one or more
aliquots. The results in Fig. 3A, apart from showing the
reproducibility of a-haemolysin action, appear to indi-
cate that, at least under certain conditions, some vesi-
cles are preserved from the toxin. This, in turn, may

explain why, in some cases, 100% leakage is not reached
in our experiments, and speaks in favour of an ‘all-or-
none’ leakage mechanism (see below).

The reciprocal experiment, in which, once a plateau
has been reached in a leakage experiment, a fresh,
similar aliquot of vesicles is added, is shown in Fig. 3B.
Again, release occurs until a plateau is reached, and
the two segments of the curve are virtually superimpos-
able. This experiment could be interpreted at least in
two ways: (1) a-haemolysin comes in and out of the
membrane, thus a fresh population of vesicles may be
attacked just as well as the original one, or (ii) mem-
brane binding may be irreversible, or only slowly re-
versible, but the membrane /water partition coefficient
of a-haemolysin is rather low, so that, at this
protein /lipid ratio, the bulk of the protein is in solu-
tion, ready to partition into new aliquots -of fresh
vesicles. However, the experiment shown in Fig. 3C
strongly supports the latter hypothesis; in this experi-
ment a-haemolysin (12 pg) was preincubated for 10
min with a large excess (2 mM) of ‘empty’, i.e., non-flu-
orescent, LUV. Then, at time zero, an aliquot (0.2
mM) of vesicles containing ANTS and DPX was added.
Release (curve a) is negligible. Curve b is the positive
control, in which no pre-incubation with empty lipo-
somes had occurred. Thus the protein appears to bind
irreversibly to the lipid bilayer, although under most
experimental conditions a significant fraction of a-
haemolysin remains free in solution.

Release of vesicle contents induced by a-haemolysin
was further characterized in a series of experiments in
which lipid and protein concentrations were indepen-
dently varied (Fig. 4). Both the extent and the initial
rates of leakage have been studied. The data in Fig. 4
correspond to pure egg PC vesicles, but similar results
were found with PC:PE:CHOL (2:1:1). When lipid
concentration is varied, at a constant protein/lipid
mole ratio (1:2000) (Fig. 4A,B), the lytic activity in-
creases almost linearly with concentration; this can also
be interpreted as a result of the toxin partitioning
between lipid and water: as the lipid concentration
decreases, the fraction of membrane-bound toxin is
also decreased. When a-haemolysin concentration was
kept constant (0.1 wM) and lipid concentration was
varied from 50 to 500 uM, only a slight decrease in the
extent and initial rate of leakage was recorded (Fig.
4C,D). A decrease would in fact be expected according
to our previous hypothesis of an irreversible toxin-bi-
layer binding; the fact that such a decrease is only
moderate may reflect again that a significant fraction
of the protein remains free in solution under most
conditions. In a separate series of experiments, a-
haemolysin concentration was varied, at constant lipid
(10 uM) (Fig. 4E,F). Both percent leakage and initial
rates increase very steeply with low toxin concentra-
tions, finally reaching a plateau. The observed high
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Fig. 4. Effect of independently varying lipid and protein concentrations on the extent and initial rate of vesicle leakage. (A,B) Lipid concentration
is varied, at a constant (2000:1) lipid: protein mole ratio. (C,D) Lipid concentration is varied, at a constant (0.1 M) protein concentration. (E,F)
a-Haemolysin concentration is varied, at a constant (10 uM) lipid concentration. LUV were composed of PC.

sensitivity of leakage rates with respect to protein
concentration suggests that a monomer-multimer as-
sembly process may be involved in the leakage mecha-
nism.

It has been mentioned that, under most experimen-
tal circumstances, leakage reaches a plateau at values
below 100%. In principle, incomplete leakage may be
due to either of two reasons, or to a combination of
them, namely: (i) some, but not all, of the vesicles
release all of their contents (all-or-none mechanism),
or (ii) all of the vesicles release only part of their
contents (graded mechanism). A method to ascertain
whether or not one of these mechanisms is predomi-
nant was described by Parente et al. [17] and has been
summarized above. Fig. 5 shows the results obtained
with several protein/lipid ratios; the observed and
predicted values (including those for either hypothesis)
are shown. Comparison of those values clearly shows
that release is best interpreted as an all-or-none mech-
anism, i.e., under conditions at which partial release is
observed, there is a fraction of vesicles left intact after
toxin treatment. This has important implications for
the mechanism of action of a-haemolysin, as described
below.
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Fig. 5. An experimental test for the mechanism of a-haemolysin

induced vesicle leakage. Curve a: theoretical values predicted for the

‘all-or-none’ mechanism. Curve b: theoretical values predicted by the

‘gradual release’ mechanism. Full circles: experimental values. (See
text for details.)
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Fig. 6. a-Haemolysin-induced release of FITC and FITC-dextrans.

Curve 1: release of FITC-dextran (M, = 17200). Curve 2: experiment

as in curve 1, except that non-fluorescent dextran had been added to

the extravesicular buffer until the osmotic pressure exactly matched
that of the vesicle contents.

All the above observations are compatible with the
currently held view that a-haemolysin is a pore-for-
ming toxin. However, it is also possible that the protein
acts in a detergent-like way, disrupting the integrity of
the bilayer. The following experiments appear in fact
to support the latter hypothesis. Measurements were
carried out of the leakage of vesicles loaded with
fluorescent substances of increasing molecular weights.
In particular, self-quenching FITC-derivatised dextrans
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Fig. 7. a-Haemolysin-induced release of various FITC-dextrans. (®)
M, =17200. (v) M, =9400. (v) M, = 4400.
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were used. Fig. 6 shows the leakage of FITC-dextran,
M. =17200. The fact that this large molecule may
leave the vesicles speaks against a pore mechanism. It
could be argued that haemolysin forms only small
pores, through which small ions and water enter the
vesicle until it bursts, thus liberating the entrapped
FITC-dextran. However, dextran release does not ap-
pear either to be a secondary effect of an osmotic
shock of the vesicles: curve 1 in Fig. 6 was obtained
under the usual conditions, but curve 2 was recorded in
a system in which non-fluorescent dextran in the same
buffer was added to the outside of the vesicles until the
outer osmotic pressure exactly matched the corre-
sponding value inside the vesicles (osmotic pressures
were measured with an osmometer, as indicated under
Materials and Methods). No significant difference is
observed between curves 1 and 2. It should be noted
that dextran release curves appear rather sigmoidal in
shape, as compared to that of small molecules, e.g.,
ANTS (Figs. 1 and 6). Finally, the results in Fig. 7
support the idea that dextrans are released via the
same mechanism as the small molecules; all three
FITC-dextrans display a similar behaviour in an experi-
ment in which a-haemolysin concentration was changed
(compare with Fig. 4E).

Discussion

The experimental results presented in this paper
may provide answers to a number of questions, hith-
erto unclarified, on the mechanism of a-haemolysin-in-
duced lysis of eukaryotic cells.

A receptor for a-haemolysin?

The existence of a receptor for a-haemolysin in the
erythrocyte membrane had been postulated by several
authors in the past. More recently, Benz et al. [19],
studying toxin-dependent changes in bilayer conductiv-
ity, observed much higher toxin activity in membranes
composed of asolectin than in those formed by pure
phospholipids, PC or phosphatidylserine. These results
were interpreted as suggesting a lipidic receptor, that
would also exist in a complex mixture such as asolectin.
However, our results in Table I clearly indicate that,
although mixtures of natural origin, e.g. red blood cell
lipids, support higher lytic activities than pure PC,
simple lipid mixtures, e.g., PC:PE:CHOL, support
similar if not higher activities. This does not necessarily
exclude the presence of a receptor in cells, but explains
all current observations without requiring its existence.

The leakage mechanism

Parente et al. [17] have distinguished between two
putative leakage mechanisms, respectively the ‘all-or-
none’ and the ‘graded release’ mechanisms. Their syn-
thetic, amphipathic peptide GALA was found to follow



the former pattern. A recent report [20] has shown how
synthetic surfactants may induce release from PC vesi-
cles following one or the other of the above mecha-
nisms, in different cases. Our results (Fig. 5) clearly
suggest that a-haemolysin acts through the all-or-none
mechanism. In turn, this implies that the number of
toxin molecules required to induce complete leakage
from a given vesicle must exceed a certain critical value
[17]. When the number of vesicle-associated protein
molecules is below that value, or perhaps when an
appropriate number of bound molecules fails to reach
a certain assembly pattern, leakage does not occur.

Pore formation vs. detergent-like effect

Several toxins are known to act via pore formation
[21). E. coli a-haemolysin has been included among
them [5,19,31], and the pore diameter has been esti-
mated at = 1-3 nm. The main experimental evidence
consists of electrophysiological studies in ‘black lipid
film’ bilayers. Although the published data may sup-
port the existence of pores through which small
molecules can permeate, it is evident that the non-
osmotic leakage of high-molecular-weight dextrans de-
scribed in this paper (Figs. 6,7) is not compatible with
flux through such pores. Our studies do not rule out
the possibility that, at some stage of bilayer-toxin inter-
actions, the suggested small pores be formed, but they
clearly demonstrate that an additional a-haemolysin
effect is required to explain the observed leakage.

The simplest way to interpret our data is to assume
that a-haemolysin-induced release of aqueous contents
from large unilamellar vesicles is due to bilayer disrup-
tion in a detergent-like effect of the toxin. This mecha-
nism of action has not been often invoked to explain
the effect of bacterial toxins, but it is accepted in the
case of other peptide toxins, e.g. melittin [22-25]. The
bilayer-destabilizing properties of a-haemolysin are
rather obvious from our data in Table I. Lipids such as
PE and CHOL, which tend to destabilize the bilayer
under certain conditions [26-29] allow the develop-
ment of high leakage activities. Furthermore, lyso-
lecithin, known to compensate the destabilizing effect
of PE [30], also compensates the pro-lytic capacity of
PE (Table I). We therefore suggest that leakage in-
duced by a-haemolysin occurs through a toxin-induced
bilayer disruption, perhaps through the formation of
(transient) non-bilayer intermediates. The same mech-
anism could operate in cell as well as in model mem-
branes.

A previous study on the effect of a-haemolysin on
phospholipid vesicles [5] led to somewhat different
conclusions, namely that the toxin makes the vesicles
permeable (to calcein) by forming pores through the
membrane. However, we believe that those and the
present results are not directly comparable, and that
the previously published data correspond to a different
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phenomenon induced by a-haemolysin. In the previous
case, pseudo first-order kinetics was found, while we
apparently find second-order. In addition, small unil-
amellar vesicles, prepared by sonication, instead of
LUV, were used in that work; sonicated vesicles are
metastable, and many protein and non-protein sub-
stances are known to induce their breakdown [32,33].
Differences in protein preparation might also account
for the apparent disagreement, since Menestrina [5]
appears to use only a partially purified a-haemolysin.

Monomer vs. multimer organization

Several reports have indicated that the aqueous
channel formed by a-haemolysin consists of a single
protein monomer [3-5). More recently, however, the
a-haemolysin channel has been suggested to be formed
by a toxin oligomer [19]. As discussed above, it is
possible that formation of voltage-dependent ion chan-
nels and vesicle leakage are two distinct, separate
effects of a-haemolysin. The present work has been
focused on the latter phenomenon, thus the pertinent
question is whether a single toxin monomer is enough
to break down the permeability barrier of LUV. Even
though they are not conclusive in this respect, our
results appear to favour the hypothesis of multimeric
aggregates being responsible for the observed leakage.
Significant observations in this respect are the second-
order kinetics, suggesting that, at least at some stage in
the process, the protein acts as a dimer (Fig. 2), the
steep increase of the extent and rate of leakage upon
increasing the protein/lipid ratio (Figs. 4E,F and 7)
[17], and the all-or-none mechanism of leakage (Fig. 5)
[17]. The ensemble of these data would be in agree-
ment with the idea that the number of molecules
required to produce release from a single vesicle must
exceed a critical value; such a value could vary with the
size of the solute to be released.
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