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Ca’*-induced fusion of large unilamellar phosphatidylserine / cholesterol vesicles
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The effect of cholesterol on the Ca®*-induced aggregation and fusion of large unilamellar phosphatidylserine
(PS) vesicles has been investigated. Mixing of aqueous vesicle contents was followed continuously with the
Tb / dipicolinate assay, while the dissociation of pre-encapsulated Tb / dipicolinate complex was taken as a
measure of the release of vesicle contents. Vesicles consisting of pure PS or PS /cholesterol mixtures at
molar ratios of 4:1, 2:1 and 1:1 were employed at three different lipid concentrations, each at four
different Ca’* concentrations. The results could be well simulated in terms of a mass-action kinetic model,
providing separately the rate constants of vesicle aggregation, ¢,,, and of the fusion reaction itself, f,;. In
the analyses the possibility of deaggregation of aggregated vesicles was considered explicitly. Values of both
¢y, and f,, increase steeply with the Ca** concentration increasing from 2 to 5 mM. With increasing
cholesterol content of the vesicles the value of c,; decreases, while the rate of the actual fusion reaction,
f11, increases. Remarkably, the effect of cholesterol on both aggregation and fusion is quite moderate. The
presence of cholesterol in the vesicle bilayer does not affect the leakage of vesicle contents during fusion.

Introduction tional role of cholesterol in membranes. These

have demonstrated that cholesterol has profound

Cholesterol is a major constituent of many
biological membranes. Numerous studies have
been carried out on sterol-containing model mem-
branes in order to delineate the possible func-
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effects on the fluidity and barrier properties of
lipid bilayers [1). Cholesterol has also been shown
to affect the polymorphic phase behaviour of
membrane lipids [2]. However, relatively little is
known about a possible role of cholesterol in
membrane fusion.

Perhaps one of the best characterized cases that
point to a specific function of cholesterol in mem-
brane fusion is that of fusion of certain viruses
with target membranes. For example, it has been
demonstrated that fusion of Semliki Forest virus
at mildly acidic pH requires the presence of
cholesterol in the target membrane [3,4), while
recent studies on Sendai virus indicate that for
virus-induced fusion and lysis of liposomes the
presence of cholesterol in the liposomal bilayer is
essential [S—7]. It has also been demonstrated that
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enrichment of erythrocytes with cholesterol en-
hances their susceptibility to fusion induced by
Sendai virus [8]. Another example of biological
membrane fusion suggesting a specific involve-
ment of cholesterol is the fusion of myoblasts
which has been shown to be inhibited when the
cholesterol content of the cells is lowered [9].

A great deal of information regarding the
molecular mechanisms of interaction and fusion
between lipid bilayer membranes has been ob-
tained from investigation of model systems
[10-12]. Utilizing PS vesicles, Fraley et al. [13]
have shown that cholesterol greatly reduces the
leakage of encapsulated contents during fusion of
the vesicles induced by calcium phosphate. Re-
cently, it was found that cholesterol reduces the
overall rate of Ca’?*-induced fusion in small un-
ilamellar vesicle systems, consisting of various
PS/cholesterol mixtures [14]. Kinetic analyses
demonstrated that the observed reduction in the
overall rate of fusion was due to a decrease of the
rate of vesicle aggregation, while the rate of the
actual fusion reaction was somewhat enhanced in
the presence of cholesterol [14].

In the above study [14] small vesicles with a
strongly curved bilayer and a high intrinsic fusion
capacity were used. Thus, large NaCl concentra-
tions [15,16] had to be employed in order to slow
down the rate of fusion. The present study pro-
vides a more complete answer to the question of
the effect of cholesterol on the aggregation and
fusion of PS vesicles in the presence of Ca?*.
Large unilamellar vesicles with an unstrained bi-
layer and a lower intrinsic fusion capacity were
employed. Thus, the effect of bilayer curvature
was eliminated and the use of high NaCl con-
centrations could be avoided. In addition, vesicle
deaggregation processes, which could affect the
rate constants, were considered explicitly.

Materials and Methods

Materials. Bovine brain phosphatidylserine (PS,
grade I) was obtained from Lipid Products (Nut-
field, UK) and cholesterol from Sigma Chemical
Co. (St. Louis, MO). N-NBD-PE was from Avanti
Polar Lipids, Inc. (Birmingham, AL). The lipids
were stored as a chloroform solution under argon,
at —20°C. TbCl; - 6H,0 was obtained from Al-

drich (Brussels), dipicolinic acid from Sigma and
[**CJsucrose from Amersham International (Am-
ersham, U.K.). All other chemicals were of the
highest purity available. Water was distilled twice.
Vesicle preparation. Large unilamellar vesicles
(LUV), composed of PS or PS/cholesterol mix-
tures, were prepared by reverse-phase evaporation
and sized to 0.1 pm by successive extrusion through
0.2 pm and 0.1 pm Unipore polycarbonate filters
as described before [17]. The internal aqueous
contents of the vesicles were either (i) 5 mM
TbCl,/ 50 mM sodium citrate (Tb-vesicles), (ii) 50
mM dipicolinate (sodium salt) /20 mM NaCl (di-
picolinate-vesicles), or (iii) 2.5 mM TbCl/25 mM
sodium citrate/ 25 mM dipicolinate (sodium
salt) /10 mM NaCl (Tb/ dipicolinate-vesicles). In
addition, all aqueous media contained 5 mM
Hepes, adjusted to a final pH of 7.4. Vesicles were
separated from non-encapsulated material by gel
filtration on Sephadex G-50, using 100 mM
NaCl/5 mM Hepes/1.0 mM EDTA (pH 7.4) as
elution buffer. Lipid phosphorus was determined
according to the method of Bottcher et al. [18].
Fusion measurements. The fusion assay was car-
ried out as described before [17,19,20]. Briefly, the
method invovles the encapsulation of Tb as the Tb
(citrate)$™ complex in one population of vesicles,
and the anion of dipicolinic acid in another. Ves-
icle fusion results in mixing of the vesicle contents
and fast formation of the fluorescent Th(DPA);~
complex (designated Tb/dipicolinate complex).
Fusion is followed continuously by monitoring the
Tb /dipicolinate fluorescence intensity. EDTA (0.1
mM) and Ca2?* (> 1 mM), included in the exter-
nal medium, effectively prevent the formation of
the Tb /dipicolinate complex outside the vesicles.
Fluorescence measurements were carried out in
a Perkin-Elmer MPF 44 fluorimeter. The experi-
ments were carried out in a final volume of 2.0 ml
100 mM NaCl/5 mM Hepes/0.1 mM EDTA (pH
7.4) which was magnetically stirred and main-
tained at 25°C. Routinely, the medium in the
cuvette contained the desired CaCl, concentra-
tion. Fusion was initiated by injecting an aliquot
(100 pl) of a concentrated 1: 1 mixture of Tb- and
dipicolinate-vesicles, to obtain final lipid phos-
phorus concentrations of 5, 20 or 100 uM. Excita-
tion of the Tb/dipicolinate complex was at 276
nm; fluorescence emission was measured at 545



nm, with a cutoff filter (< 525 nm) between the
sample and the emission monochromator [17]. Ex-
citation and emission slits were set at 10 nm. The
fluorescence scale was calibrated such that the
100% value corresponded to the maximal fluores-
cence intensity that could be obtained with the
vesicle concentration used [17]. Therefore, the flu-
orescence intensity at any time during the fusion
reaction represents the percentage of the total
amount of Tb that is associated with dipicolinate.
All experiments were performed in duplicate. Cor-
rection for Tb/dipicolinate complex dissociation
due to its release to the external medium or due to
entry of Ca%* and/or EDTA into the vesicles was
made by following the decrease in the complex
fluorescence intensity upon injection of the ap-
propriate concentration of vesicles containing the
pre-encapsulated Tb/dipicolinate complex (Tb/
dipicolinate-vesicles) into the Ca?*-containing
buffer, under the same conditions that were em-
ployed in the fusion measurements [16].

Lipid phase separation measurements. The ex-
tent of lipid phase separation in PS/cholesterol
vesicles was determined according to the method
of Hoekstra [21]. The fluorescent probe N-NBD-
PE was incorporated in the lipid bilayer of the
vesicles and the degree of its self-quenching de-
termined by measuring fluorescence before and
after addition of Triton X-100 (1%, v/v) with
appropriate correction of the latter value for the
effect of Triton on the fluorescence quantum yield
of N-NBD-PE [21]. Excitation was at 465 nm and
emission was measured at 530 nm. The average
surface density of N-NBD-PE in the different
vesicle preparations was kept at 1 molecule per
1460 A2, which corresponds to 4.8 mol% in pure
PS vesicles and 3.6 mol% in PS/ cholesterol (molar
ratio, 1:1), given an area per molecule of 70 A2
for PS and 35 A? for cholesterol [22].

Determination of the encapsulated volume and
the molar concentration of the vesicles. Encapsula-
tion of Tb, dipicolinate and Tb/dipicolinate in
the vesicles was determined as described before
[17]. For comparison, 1 mM ["C]sucrose (0.5
Ci/mol) was added to the media in which the
vesicles were made and its encapsulation in the
vesicles was determined by radioactivity measure-
ments. Encapsulated volumes calculated on the
basis of the entrapped ['*Clsucrose were essen-
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tially the same as the corresponding internal
volumes based on the entrapment of either Tb,
dipicolinate or Tb/dipicolinate.

The molar concentration of the vesicles was
determined on the basis of the encapsulated
volume of the vesicles. The inner vesicle radius
was calculated from a set of two equations

47N

3 Ri=yp

47N[R*+(R+d)’]/4=N,

in which R is the inner vesicle radius, v the
encapsulated volume per unit volume, N the num-
ber of vesicles per unit volume, 4 the bilayer
thickness (40 A), A the average area per PS mole-
cule and N, the number of PS molecules per unit
volume. The average area per PS molecule in a
PS/ cholesterol vesicle was calculated by taking 70
A? for a PS molecule and half of that value
(35 A?) for cholesterol. Thus, for example at PS/
cholesterol molar ratios of 4:1 and 2:1 the values
for A used were 78.8 A? and 93.3 A2, respectively.

The size of the vesicles was not significantly
affected by the presence of cholesterol. For exam-
ple, the average encapsulated volume of vesicles
consisting of pure PS was 3.0 litre per mol of
phospholipid. This value, according to the above
equations, corresponds to an inner vesicle radius
of 460 A and a vesicle concentration at 100 pM
PS of 1.2:107° M. The encapsulated volume of
PS/ cholesterol (molar ratio, 1:1) vesicles was 4.5
litre per mol of phospholipid. In this case the
inner vesicle radius is 465 A, corresponding to a
vesicle concentration at 100 pM PS of 1.8-107°
M.

Theoretical analysis. The overall fusion reaction
is modeled to consist of two main steps: (i) the
aggregation of the vesicles, and (ii) the fusion
reaction itself, resulting in coalescence of the inner
vesicle volumes. The initial stage of the fusion
process, in which a fused doublet, denoted by F,,
is formed through fusion of an aggregated dimer
V,, is given by

ay_ fn

V,+V,2V,5F,
d,

11

The rate of formation of V, from two single
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vesicles V,, i1s of second order in the vesicle
concentration and is described by the rate con-
stant ¢;; (M~ '-s™"). The dimers V, can either
fuse or deaggregate. These reactions are of first
order with rate constants f;; (s~ ') and d,, (s7),
respectively. The kinetic equations, describing the
disappearance of V, and the formation of V, and
F,, can be solved by numerical integration. This
provides a simulation of the time-course of fluo-
rescence intensity determined experimentally.
Thus, the kinetic parameters of the aggregation
and fusion process can be determined by fitting
the experimental data to the theoretical calcula-
tion.

Measurements were performed at vesicle con-
centrations varying from 5 to 100 uM phospholi-
pid. The dilute vesicle concentration should satisfy
the relation ¢,V < f,, in which ¥}, is the molar
concentration of vesicles. Such a condition enables
the determination of the rate constant c,;, since in
this case the overall fusion process is rate limited
by the aggregation. The rate of fusion in
concentrated vesicle suspensions is more sensitive
to the value of f{;, and can be used to determine
/11> provided that ¢,V > f,,,/100.

The first stage in the analysis consists of ob-
taining the time-course of the quantity /= F+
0.5 D, in which F is the % fluorescence of the
Tb /dipicolinate complex in the fusion assay and
D the dissociation of the pre-encapsulated com-
plex due to its leakage and entry of EDTA and
Ca?" into the vesicles [16). The factor 0.5 in the
expression for I is due to the fact that only 50% of
the fused doublets are productive in terms of
fluorescence development. Subsequently, the ex-
perimental results at different vesicle concentra-
tions are simulated in terms of the model, the
essential aspects of which are outlined above, thus
providing the values for the parameters c;;, d,;
and f;.

Details of the model and the procedure em-
ployed in the simulation of the experimental re-
sults for I wvalues up to 20% are given in
[10,15,16,23,24]. An extension of the procedure to
higher I values is described in Ref. 25 and has
been employed in the analysis of the kinetics of
bilayer lipid mixing and internal contents mixing
during fusion of cardiolipin- or PS-containing
vesicles [26,27]. It should be noted that the current

procedure of numerical calculation of the time-
course of fluorescence intensity does not just
consider doublet formation, but takes into account
aggregation-fusion products consisting of up to 16
original vesicle monomers. To limit the number of
adjustable parameters to a minimum, we employed
for the higher-order aggregation, deaggregation
and fusion reactions the same rate constants (cy;,
d,, and f};), respectively as for the initial dimeri-
zation. By doing so, we do not intend to suggest
that the higher-order rate constants are identical
to those of the initial dimerization reaction. How-
ever, up to I values of approx. 25%, as considered
here, fluorescence is contribted almost exclusively
by doublets.

Results

Measurements of the kinetics of vesicle fusion
(Tb/dipicolinate complex formation) and the dis-
sociation of pre-encapsulated Tb/dipicolinate
complex included four vesicle compositions: pure
PS and PS/ cholesterol mixtures at molar ratios of
4:1, 2:1 and 1:1. Three vesicle concentrations
were employed, corresponding to PS concentra-

tions in pure and mixed vesicles of 5, 20 and 100

pM. For brevity we present only a sample of the
results. The data points in Fig. 1 show the observed
enhancement of the overall rate of fusion with
increasing vesicle concentrations and the effect of
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Fig. 1. Effect of cholesterol on the fusion of PS LUV at
different vesicle concentrations in the presence of 5 mM Ca?™.
Data points represent the experimental time-course of Tb/
dipicolinate fluorescence intensity corrected for leakage of
vesicle contents. Vesicles were injected into the medium in the
cuvette, containing 5 mM CaCl,, to the final concentrations
(micromolar lipid phosphorus) indicated. The corresponding
theoretical simulations are given by the solid or dashed lines.
® ®, PS/cholesterol (2:1); a------. A, PS.




cholesterol at a PS/cholesterol molar ratio of 2: 1.
It is evident that at relatively high vesicle con-
centrations the presence of cholesterol results in
an increase of the overall rate of fusion, whereas
at lower vesicle concentrations the rate of fusion is
slightly reduced. Fig. 2 shows the effect of Ca%*
on the overall rate of fusion of PS/cholesterol
(2:1) vesicles at a vesicle concentration of 20 pM
(lipid phosphorus).

By analyzing the data obtained at the three
different vesicle concentrations studied, for each
particular vesicle composition and Ca?* con-
centration, we determined the effects of cholesterol
on the separate stages of the fusion process, i.e.,
the initial vesicle aggregation and the subsequent
fusion reaction. The results for each condition
could be well simulated by the model. Examples
of the fit are given in Figs. 1 and 2. Table I
presents a survey of the rate constants of the
aggregation and fusion steps for vesicles consisting
of pure PS or PS/cholesterol mixtures at molar
ratios of 4:1 and 2:1. The results indicate that
the ¢,, values decrease and that the f;, values
increase with increasing cholesterol content of the
vesicles. Both effects are rather moderate. The
table also illustrates the increase in ¢;; and f},
values with increasing Ca2* concentration.

It should be noted that the values of the rate
constants in Table I correspond to a value of the
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Fig. 2. Effect of the Ca’* concentration on the fusion of
PS/cholesterol (2:1) LUV. Data points represent the experi-
mental time-course of Tb/dipicolinate fluorescence intensity,
corrected for leakage of vesicle contents. Vesicles were injected
to a final concentration of 20 pM (lipid phosphorus) into the
medium in the cuvette containing the millimolar CaCl, con-
centrations indicated. The lines represent the corresponding
theoretical simulations, in which the rate constants presented
in Table I were employed.
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deaggregation rate constant, d,,, of zero. A setting
of d;, =0 produced an optimal fit of the data to
the model. However, we can not completely rule
out the possibility that d,; equals f;; or 1/2 f,,,
in which case the variation in the rate constants
¢;; and f;; as a function of the cholesterol con-
tent of the vesicles would become even smaller
than shown in Table 1.

Cholesterol has been reported to drastically
reduce the passive diffusion of water-soluble
molecules through lipid bilayer membranes [1],
including those consisting of PS [28]. By contrast,
in the present study we observed that incorpora-
tion of cholesterol in PS vesicles has no significant
inhibitory effect on the release of vesicle contents
that occurs as a result of fusion of the vesicles in
the presence of Ca2*. Table II shows the relative
kinetics of mixing of aqueous vesicle contents and
of release for pure PS vesicles and PS/ cholesterol
(2:1) vesicles in the presence of 5 mM Ca?*.
Clearly, the leakage per fusion, given by the D/
(F + 0.5D) values in the table, is not appreciably
reduced by the presence of cholesterol in the
vesicles.

It has been noted previously that in the early
stages of the fusion process the release of internal
contents from PS LUV is marginal, particularly at
higher vesicle concentrations [10,16,17,19,20,23,
24,27). This relative nonleakiness of the initial
fusion events can also be seen from the results in
Table II.

The survey of rate constants in Table I does not
include values on vesicles consisting of PS/
cholesterol at a 1:1 molar ratio. As shown in Fig.
3, with vesicles of this composition we observed a
considerable decrease of the overall rate of fusion
relative to the results obtained with PS / cholesterol
(2:1) vesicles. Due to the large degree of release,
relative to mixing of vesicle contents (Fig. 3),
kinetic analysis of the cases involving PS/
cholesterol (1:1) vesicles became less reliable. It
can be concluded with certainty that the rate of
aggregation of PS/cholesterol (1:1) vesicles is
significantly lower than that of PS/cholesterol
(2:1) vesicles. However, it is difficult to determine
whether or not the rate of fusion is also reduced.

In order to evaluate the effect of cholesterol on
PS vesicle bilayers, possibly underlying its effect
on the fusion of the vesicles, we examined the
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TABLE I

EFFECT OF CHOLESTEROL ON THE Ca?*-INDUCED AGGREGATION AND FUSION OF PS LUV: SURVEY OF RATE

CONSTANTS

The relative uncertainty in the c;; values is +20%. For the f;; values the uncertainty is +40%, unless specified by the range of

values indicated, which is somewhat overestimated.

Ca®* PS PS /cholesterol (4:1) ? PS/cholesterol (2:1) ?
F;I;ir)l ‘nm I ‘1 S “m I

M ts™h s™hH M~ ts™h s™h M~ 1s™h) s™h
2 2.3-10° 0.004-0.01 1.6-10¢ 0.004-0.01 1.0-10° 0.01-0.05
3 1.2-107 0.02 -0.03 5.0-10° 0.07 3.4-10¢ 0.12
4 3.3-107 0.05 1.7-107 0.08 1.6-107 0.16
5 6.0-107 0.08 3.3.107 0.12 3.0-107 0.20

# Molar ratio.

occurrence of pre-existing lipid phase separations
in the vesicles. Phase separations have been re-
ported for cholesterol-containing vesicles
[21,29-32]. Hoekstra [21] has shown that the fluo-
rescence self-quenching of N-NBD-PE can be
utilized to measure the extent of lipid phase sep-
aration in cholesterol-containing vesicles. In the
present study we used the same technique. Fig. 4
shows that cholesterol does not produce any de-

TABLE 11

tectable phase separation in PS LUV up to a
PS/cholesterol molar ratio of 2:1. At higher
cholesterol contents the self-quenching of N-
NBD-PE increases significantly, indicating the
coexistence of cholesterol-rich and cholesterol-
poor domains in the vesicle bilayer. This result is
in agreement with observations of Bach [32] on
PS/ cholesterol multibilayer systems.

EFFECT OF CHOLESTEROL ON THE RELATIVE KINETICS OF MIXING AND RELEASE OF VESICLE CONTENTS

DURING Ca2?*-INDUCED FUSION OF PS LUV

Mixing of vesicle contents (F) and release of pre-encapsulated Tb/dipicolinate complex, resulting in its dissociation (D), were
measured at the vesicle concentrations indicated in the presence of 5 mM Ca?*. Relative release is given by D/( F +0.5D), in which
F +0.5D represents the mixing of contents corrected for release (Refs. 16,24).

Vesicle Time PS PS/cholesterol (2:1) 2
concn. ) F D D/(F+05D) F D D/(F+0.5D)
(BMPS) (%) %) %) %)
5 30 5.1 0.3 0.06 6.9 0 0
45 9.1 0.8 0.08 9.3 0.4 0.04
60 128 1.3 0.10 11.5 1.5 0.12
90 19.0 40 0.19 14.7 4.6 0.27
120 230 7.1 0.27 16.2 8.8 0.43
20 12 48 0 0 6.6 0 0
24 126 0 0 13.1 02 0.02
36 20.1 10 0.05 195 2.4 0.12
48 26.5 42 0.15 27 8.4 0.31
100 6 7.3 0 0 8.7 0 0
12 145 0.9 0.06 212 0.4 0.02
18 207 42 0.18 4338 6.3 0.13

® Molar ratio.



25+
D
F /
/
- 0 /
3 /
< /
@ 15 PS/Chol
g /1)
§ :
3 0
5
[ .
60 90 120 150

time (s)

Fig. 3. Relative kinetics of mixing and release of aqueous
vesicle contents during fusion of PS/cholesterol (2:1) or PS/
cholesterol (1:1) LUV in the presence of S mM Ca2*. The
solid lines present the time course of Tb/dipicolinate fluores-
cence intensity, F, after injection of a 1:1 mixture of Tb/ and
dipicolinate-vesicles into the cuvette to a final concentration of
20 pM (lipid phosphorus). The dashed lines show the corre-
sponding release experiments, in which the decrease of Tb/
dipicolinate fluorescence, due to dissociation (D) of the Tb/
dipicolinate complex, was monitored after injection of Tbh/
dipicolinate-vesicles into the cuvette to the same final lipid
concentration as that in the fusion experiment. The PS/
cholesterol molar ratio in the vesicles is indicated.
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Fig. 4. Lipid phase separations in PS/cholesterol LUV: depen-
dence of the self-quenching of N-NBD-PE on the mole frac-
tion of cholesterol. N-NBD-PE was incorporated in PS/
cholesterol LUV, containing increasing amounts of cholesterol,
and the fluorescence self-quenching of the fluorophore was
determined, as described in Materials and Methods.

Discussion

The results presented in this paper demonstrate
that incorporation of cholesterol in PS LUV re-
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sults in a moderate reduction of the rate of
Ca2*-induced vesicle aggregation, while at the
same time the rate of the actual fusion reaction is
enhanced to an equally limited extent. This con-
clusion is in agreement with the results of a previ-
ous investigation of the effects of cholesterol on
the Ca?*-induced fusion of PS SUV [14].

The observation that cholesterol enhances the
tendency of PS vesicles to fuse, while it slows
down the rate of vesicle aggregation, provides an
explanation for the opposite effects of cholesterol
on the overall rate of fusion, depending on the
vesicle concentration. In dilute vesicle suspen-
sions, where ¢,V < f},, the overall rate of fusion
is mainly determined by the rate of vesicle aggre-
gation, whereas in more concentrated suspensions
the rate of the fusion reaction itself becomes in-
creasingly important. This is illustrated in Fig. 1,
which shows that the stimulatory effect of
cholesterol on the fusion reaction per se becomes
apparent only at the higher vesicle concentrations.

The rate of vesicle aggregation is proportional
to exp(— V' */kT), where V' * is the height of the
potential barrier for close approach of the vesicles.
According to the Derjaguin-Landau-Verwey-Over-
beek (DLVO) theory [33] the total intervesicle
potential energy can be considered as the sum of
an attractive Van der Waals term and a repulsive
electrostatic term [10,34]. In PS vesicle systems the
presence of Ca?* reduces the electrostatic repul-
sion, mainly as a result of binding of the ions to
the negatively charged lipid molecules [10,15,16,
23,24]. This explains the dramatic increase of the
¢;; values for PS vesicles in the presence of in-
creasing Ca’* concentrations (Table II, Fig. 2).
However, the decrease of the ¢;; values with
increasing cholesterol content of the vesicles is less
easily understood. Electrostatic repulsion is ex-
pected to be reduced for vesicles consisting of
PS /cholesterol mixtures, relative to those consist-
ing of pure PS, due to a decreased average surface
charge density in the presence of the sterol. Fur-
thermore, Van der Waals attraction is expected to
increase slightly in the presence of cholesterol
[35,36]. That nonetheless the rate of Ca?*-induced
vesicle aggregation is reduced in the presence of
cholesterol, albeit to a limited extent, may be due
to a moderately decreased binding of Ca?* to the
vesicles. Such an explanation would be consistent
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with observations of Gregory and Ginsberg [37],
who reported a slight reduction of Ca* binding to
PS in monolayer systems due to the presence of
up to 33 mol% of cholesterol in the monolayer.
Alternatively, short-range repulsive hydration
forces [38] may be enhanced by the presence of
cholesterol in the vesicle bilayer [39,40], thus inter-
fering with the formation of stable vesicle aggre-
gates.

The increase of f;; with an increasing
cholesterol content of the vesicles up to a PS/
cholesterol molar ratio of 2:1 (Table I) demon-
strates that, once the vesicles are aggregated, they
have a greater tendency to fuse in the presence of
cholesterol than in its absence. This enhanced
tendency to fuse is also indicated by the capacity
of PS/cholesterol (2:1) LUV to fuse in the pres-
ence of Mg?* (results not shown), whereas PS
LUYV merely aggregate under these conditions [19].
The fusion-promoting influence of cholesterol may
be related to the presence of cholesterol-rich and
cholesterol-poor microdomains in the vesicle bi-
layer prior to the initiation of the aggregation and
fusion process. Even though the fluorescence data
in Fig. 4, and the calorimetric data of Bach [32],
do not reveal any lipid phase separation in PS/
cholesterol mixtures up to molar ratios of 2:1, the
presence of microdomains, that go unnoticed with
these techniques, can not be excluded. In fact,
there is evidence indicating the presence of micro-
domains in cholesterol-containing phosphati-
dylcholine or sphingomyelin bilayers, even at rela-
tively low cholesterol contents [29,30]. Imperfec-
tions in lipid packing at microdomain boundaries
can be expected to render the apposed vesicle
bilayers susceptible to direct hydrophobic interac-
tions and, thus, could serve as nucleation points
for fusion.

The decrease of ¢;; with increasing cholesterol
contents of the vesicles includes the case of the
PS/cholesterol (1:1) mixture. However, as indi-
cated in Results, we could not determine unam-
biguously whether f,; continues to increase up to
cholesterol contents of the vesicles of 50 mol%. At
such high cholesterol levels there is an extensive
phase separation in the system (Fig. 4, Refs.
29-32). In contrast to the situation at lower
cholesterol levels, where presumably microdo-
mains coexist, under these conditions domain

boundaries are likely to be less abundant. This
may result in a reduction of the rate of fusion for
vesicles with a high cholesterol content.

A surprising outcome of the present study is
the marginal extent of the effect of cholesterol on
the fusion of PS vesicles. It has been demonstrated
previously [41] that the Ca?*-induced fusion of PS
LUV is dependent on the fluidity of the vesicle
bilayer: vesicles that are in the gel state do not
fuse, but merely aggregate in the presence of Ca’*.
In the light of this observation we did not expect
cholesterol, which presumably creates a state of
substantially reduced fluidity in PS bilayer sys-
tems [1], to have such a small effect on the
Ca?*-induced fusion of PS vesicles. Equally
surprising is the observation that cholesterol does
not reduce the leakage of internal contents during
fusion (Table II). This result supports the pro-
posal made earlier [17,19,20] that the leakage of
vesicle contents occurring as a result of vesicle
fusion, does not proceed via a mechanism of pas-
sive diffusion but rather by collapse and rupture
of fused vesicles. Incorporation of cholesterol in
PS vesicles does reduce the release of vesicle con-
tents associated with fusion induced by calcium
phosphate [13]. Indeed, in this case there is evi-
dence indicating that the passive permeability of
the vesicles is affected, since the induced permea-
bility changes appear to result from alterations in
the crystal structure of calcium phosphate com-
plexes at the vesicle surface [13].

The marginal effect of cholesterol on PS vesicle
fusion indicates that in cases where cholesterol is a
prerequisite for fusion, its role is of a different
character than in the PS vesicle system. For exam-
ple, the cholesterol requirement in the fusion of
Semliki Forest virus [3,4], rather than representing
an overall effect of the fluidity of the target mem-
brane lipids, is likely to reflect a specific interac-
tion of cholesterol with one of the viral spike
glycoproteins, possibly leading to local fluctua-
tions in lipid packing and bilayer destabilization.
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