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The effect of cholesterol on myelin basic protein-induced aggregation of zwitterionic phospholipid vesicles
was studied by turbidimetry, quasi-elastic light scattering and centrifugation techniques. Without cholesterol,
the degree of vesicle aggregation caused by myelin basic protein is relatively low and is only slightly
increased using cholesterol concentrations up to approx. 25-30 mol%. When the cholesterol content in the
bilayer exceeds approx. 30 mol%, there is a dramatic increase in the susceptibility of the vesicles to
aggregation in the presence of myelin basic protein. Palmitoyl aldehyde and eicosane, substances resembling
products of lipid degradation, increase myelin basic protein promoted fusion of vesicles. The fusion is
accompanied by increased leakage of entrapped carboxyfluorescein. In the presence of cholesterol, myelin
basic protein-induced fusion of the liposomes becomes much more sensitive to the presence of aliphatic
aldehydes or alkanes. The results suggest that cholesterol has an important role in promoting membrane
adhesion in biological systems but these structures become unstable in the presence of small amounts of
products of lipid degradation. The findings have important implications to the understanding of the stability
of the myelin membrane.

Introduction

Interaction of myelin basic protein (MBP) with
a lipid bilayer is thought to play a crucial role in
membrane adhesion in the myelin sheath [1-6).

Abbreviations: MBP, myelin basic protein; PC, egg yolk phos-
phatidylcholine; DOPE, dioleoylphosphatidylethanolamine;
N-NBD-PE, N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)phos-
phatidylethanolamine; N-Rh-PE, N-(lissamine rhodamine B
sulfonyl)dioleoylphosphatidylethanolamine; Pipes, 1,4-
piperazinediethanesulfonic acid; Hepes, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid.

Correspondence: Dr. RM. Epand, Department of Biochem-
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Protein-induced aggregation of phospholipid
vesicles has received much attention as a model of
membrane-membrane adhesion that is required
for the stabilization of the structure of myelin
[2,6-10]. It is well established that myelin basic
protein induces rapid and massive aggregation of
vesicles which contain a sufficient amount of acidic
phospholipids [6-8]. Vesicles prepared from a
major zwitterionic phospholipid, phosphatidyl-
choline, are much more resistant to aggregation by
myelin basic protein. With these vesicles, in-
creased membrane-membrane interaction may be
observed only when relatively very high protein
concentrations and long incubation times are em-
ployed [2,9]. The susceptibility of phosphati-
dylcholine vesicles to aggregation in the presence
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of MBP is somewhat increased when another zwit-
terionic phospholipid, phosphatidylethanolamine,
is present in the bilayer [10].

In addition to phospholipids, cholesterol is a
major lipid component of myelin as well as many
other biological membranes. Many properties of
cholesterol, such as its effects on membrane struc-
ture, have been very extensively studied (Ref. 11
and references therein). The possible role of
cholesterol in membrane-membrane interactions
and particularly its role in bilayer adhesion in
myelin, have received much less attention. Here
we present experimental evidence that cholesterol
strongly promotes MBP-induced aggregation of
vesicles prepared from the two zwitterionic phos-
pholipids, phosphatidylcholine and phosphatidyl-
ethanolamine.

Membrane association is the first step leading
to membrane fusion (see, for example, Ref. 12).
Membrane fusion is induced by myelin basic pro-
tein only in situations where the products of lipid
degradation such as lysophosphatidylcholine [8] or
aliphatic aldehydes [13] are present. When, in
addition, cholesterol is present in the membrane,
MBP-induced fusion becomes particularly sensi-
tive to the presence of small amounts of the
products of lipid degradation. Thus cholesterol
has an important role in promoting membrane
adhesion but the resulting structures become un-
stable in the presence of small amounts of aliphatic
aldehydes or alkanes.

Experimental

Materials. Lipids were obtained from Avanti
Polar Lipids, Inc. (DOPE, PC, N-Rh-PE, N-NBD-
PE) and Nu-Chek-Prep, Inc. (cholesterol, eico-
sane). Palmitoylaldehyde was prepared by oxida-
tion of hexadecanol (Sigma) according to the pro-
cedure of Corey and Suggs [14]. The cholesterol
was recrystallized from methanol/ water and
showed only one spot on TLC in hexane/ diethyl
ether/acetic acid (70:30:1, v/v). 6-Carboxy-
fluorescein was from Eastman Kodak Co. Myelin
basic protein was prepared according to the
method of Lowden et al. [15]. Bovine pancreatic
ribonuclease, poly(L-lysine)HBr (mol. wt. 40000)
and poly(L-arginine)HCl (mol. wt. 40000) were
obtained from Sigma Chemical Co. Bovine serum

albumin (Fraction V) was from Boehringer Mann-
heim.

Preparation of vesicles. Small unilamellar
vesicles for all experiments were prepared by dis-
solving the appropriate mixture of lipids in chloro-
form/ methanol (2:1, v/v), evaporating the
solvent to dryness and resuspending the sample in
buffer. The mixture was subsequently sonicated
under nitrogen to visual clarity in a bath-type
sonicator at approx. 4°C. For assays of vesicle
aggregation a buffer of 10 mM Pipes, 150 mM
NaCl, 0.1 mM EDTA (pH 7.4) was used. In order
to remove residual larger lipid aggregates, the
resulting suspension was centrifuged at 40000 X g
for 1 h, and the clear supernatant was used for
aggregation studies. Vesicles were kept at room
temperature and used within a few hours after
preparation.

Turbidimetric assay of vesicle aggregation. Ves-
icle aggregation was measured by an increase in
the turbidity of the suspension at 500 nm
[2,9,10,16]. Lipid concentration was 0.5 mg/ml
and experiments were performed at room temper-
ature using a Gilford, Model 2400 spectropho-
tometer. Results are expressed as a ratio of turbid-
ity before addition of protein (zero time) to that
after 30 min incubation in the presence of MBP.

Quasi-elastic light scattering. Quasi-elastic light
scattering (see Ref. 17 for review) was used to
determine the hydrodynamic diameters of the
vesicles before and after aggregation. A 15 mW
helium-neon laser (Jodon Eng. Assoc. Inc., Ann
Arbor, MI) producing light of wavelength 632.8
nm was focused into the sample. The sample
chamber has been described in detail elsewhere
[18]). The detection system included a quantum
photometer (PAR Instruments Inc., Princeton,
New Jersey, Model 1140) and a dedicated autocor-
relator (Langley-Ford, Amherst, MA, Model 1096).
The scattering angle for all experiments was 90°.

Analysis of the experimental autocorrelation
function was performed using the method of ex-
ponential sampling [19] to obtain an average
correlation time for each function. Average hydro-
dynamic diameters of the vesicles and aggregates
were obtained using the standard Stokes-Einstein
relation.

Centrifugation assay for aggregation of vesicles.
This assay made use of the change in sedimenta-



tion coefficient as a result of vesicle aggregation
[20]. Vesicles (0.5 mg/ml total lipid) containing 1
mol% of N-Rh-PE were incubated without or in
the presence of myelin basic protein for 30 min at
room temperature. The suspension was then
centrifuged at 10000 X g for 15 min at 20°C and
the supernatant was separated from the pellet. The
fraction of lipid in the supernatant and in the
pellet was determined by measuring the ab-
sorbance of the dye lipid in the supernatant at 570
nm after disruption of the vesicles with Triton
X-100. This absorbance was compared with the
total absorbance obtained from protein-free, non-
centrifuged vesicles. Results are expressed as per-
cent of total lipid recovered in the pellet.

Carboxyfluorescein release assay. Carboxy-
fluorescein (250 mM) in 10 mM Hepes buffer (pH
7.4), 0.1 M NaCl, 0.002% NaN, was entrapped in
sonicated liposomes as previously described [10].
External carboxyfluorescein was removed by gel
filtration through a Sephadex G-50 column (20 X 1
cm) using 10 mM Hepes (pH 7.4), 0.1 M NacCl,
0.002% NaN, as eluant. Leakage from vesicles was
examined at 25°C by the technique of Weinstein
et al. [21]. As the highly self-quenched entrapped
carboxyfluorescein leaks from vesicles, it becomes
diluted, and as a result, an increase in fluoresence
is observed. Fluorescence changes corresponding
to dye efflux were recorded with excitation and
emission wavelengths of 490 and 520 nm, respec-
tively. The carboxyfluorescein release is expressed
as:

% Release = %—:—2
where F) is the initial fluorescence (in the absence
of protein); F, is the fluorescence after an incuba-
tion period, F, is the fluorescence after disruption
of the vesicles by addition of 100 pl of 5% Triton
X-100 (100% dye release). The amount released
from vesicles in the absence of protein was sub-
tracted from the protein-induced release.
Carboxyfluorescein assay for leaky fusion. In
order to determine if the carboxyfluorescein
leakage depended on vesicle-vesicle interactions,
we measured the effect of the addition of un-
labelled sonicated vesicles on the rate of carbo-
xyfluorescein leakage. These experiments were
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performed as described above except that to one
set of curvettes an addition 1 mg/ml of unlabelled
sonicated vesicles was added (about 20-fold higher
concentration than the vesicles with carboxy-
fluorescein entrapped).

Resonance energy transfer assay of lipid inter-
mixing. Lipid intermixing was assayed by the loss
of resonance energy transfer between N-NBD-PE
and N-Rh-PE incorporated at 1 mol% each into
the same vesicle [22,23] as previous described [13].
The lipid intermixing assay, based on dilution of
membrane-incorporated fluorophores, was carried
out as follows: 50 ul of labelled vesicles (lipid
concentration of 1.5 mg/ml) and 50 pl of un-
labelled vesicles (lipid concentration of 7.5 mg/ml)
were added to a cuvette containing 2 ml of buffer
(10 mM Hepes (pH 7.4), 0.1 M NaCl, 0.002%
NaN,) at 25°C and the ratio of fluorescence
emission at 530 and 591 nm was determined (exci-
tation wavelength, 450 nm). The fluorescence ratio
of the vesicles alone shows almost no change with
time of incubation over a period of 30 min. The
fluorescence was also measured as a function of
time after the addition of protein. The extent of
lipid intermixing was calculated as

% Intermixing = [(C,/C)—1]100/(D - 1)

where C, is the initial fluorophore concentration
in the membrane; C, the concentration of the
fluorophore in the membrane after incubation with
myelin basic protein; D, the maximal possible
dilution (six in the present assay). Values of C
were obtained from standard curves made from
measurements of fluorescence emission intensity
ratios for a series of liposomes prepared from lipid
films containing the labelled lipids and varying
amounts of unlabelled lipid which had been dis-
solved together in chloroform/methanol. Ad-
dition of myelin basic protein had little effect on
the standard curve.

Results

Fig. 1 shows turbidity changes of PC/DOPE
(2:1) vesicles, containing various amounts of
cholesterol, upon 30 min incubation of the sam-
ples in the presence of various concentrations of
myelin basic protein. Without protein there is no
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Fig. 1. Turbidity changes of the suspensions of PC/DOPE
(2:1) vesicles containing various amounts of cholesterol upon
30 min incubation of the samples in the presence of various
amounts of myelin basic protein (MBP). A /A%, is the ratio
of turbidity at 500 nm of MBP-aggregated vesicles to that of
protein-free vesicles. The concentration of myelin basic protein
is 0.005 mg/ml (O), 0.01 mg/mll (@), 0.025 mg,/ml (O) and
0.05 mg/ml (®). Each point represents the average of 4-6
independent experiments.

change in light scattered by the vesicles. Upon
addition of myelin basic protein, a concentration-
dependent increase in light scattering is observed,
indicating protein-induced aggregation of small
vesicles. With cholesterol-free vesicles the extent
of this aggregation is relatively small. The pres-
ence of cholesterol in the membrane promotes
MBP-induced aggregation in a concentration-de-
pendent manner. At cholesterol concentrations of
up to 25-30 mol%, only a small increase in the
susceptibility of the vesicles to aggregation by
myelin basic protein is observed. However, at
higher cholesterol concentrations (30-49 mol%)
the protein-induced increase in light scattering
becomes much more dramatic, indicating a mas-
sive aggregation of the vesicles. The general shape
of the turbidity increase vs. cholesterol content
plots is observed for all protein concentrations
employed although, of course, the extent of the
aggregation increases with increasing concentra-
tions of myelin basic protein.

The aggregated vesicles are no longer small,
relative to the wavelength of light, and the turbidi-
metric measurements provide only a qualitative
indication of the increase of particle size due to

TABLE 1

PROPERTIES OF LIPID VESICLES IN THE PRESENCE
OF MYELIN BASIC PROTEIN (MBP)

Lipid [MBP] (D¥/DEY* % Lipid
composition (ng/ml) in pellet
PC/DOPE (2:1) 25 4+1 8+2
50 - b 12+1
PC/DOPE /cholesterol 25 20+4 4245
(2:1:2.9) 50 -° 60+6

* D*/D§" is the ratio of the average particle diameter after 30
min incubation of the vesicles with myelin basic protein to
that of protein-free vesicles. This ratio was determined by
quasi-elastic light scattering experiments.

® Not determined.

vesicle aggregation. A better and more reliable
measure of the increased size of the particles may
be obtained from quasi-elastic light scattering ex-
periments. The results of such experiments indi-
cate that the increase in average particle size in-
duced by myelin basic protein is several-fold larger
for vesicles containing 49 mol% cholesterol com-
pared to cholesterol-free vesicles (Table I). This
confirms the conclusion reached from turbidimet-
ric experiments that cholesterol promotes MBP-in-
duced aggregation of PC/DOPE vesicles. The
above conclusion is further supported by the ob-
servation that cholesterol-containing vesicles in-
cubated with myelin basic protein are much more
readily pelleted than cholesterol-free vesicles, indi-
cating formation of larger structures with the
cholesterol-containing vesicles (Table I). No lipid
material was pelleted under present experimental
conditions during centrifugation of the vesicles in
the absence of basic protein.

We have previously demonstrated that the pres-
ence of aliphatic aldehydes in membranes promo-
tes MBP-induced fusion [13]. Since the first step
in the fusion of vesicles is their self-association, we
would anticipate that cholesterol would further
sensitize vesicle containing aliphatic aldehydes to
fusion by myelin basic protein. Aliphatic al-
dehydes may promote fusion by partitioning pre-
dominantly into the hydrocarbon portion of the
membrane and thereby destabilizing the bilayer
phase in a manner analogous to the effects of
alkanes [24]. In this work, we also tested the effect
of the 20-carbon alkane, eicosane, on vesicle sta-



bility and fusion. By the criterion of the resonance
energy transfer assay of lipid mixing, eicosane is
at least as effective as palmitoyl aldehyde in pro-
moting the MPB-induced fusion of vesicles (Fig.
2). The results also demonstrate that cholesterol
promotes lipid mixing and that 6% eicosane pro-
motes much greater lipid mixing in cholesterol-
containing vesicles than does 10% eicosane in
vesicles of the same phospholipid composition but
without cholesterol.

The extent of lipid mixing promoted by sub-
stances other than myelin basic protein was mea-
sured using vesicles composed of cholesterol / PC/
DOPE /¢icosane (molar ratio 0.4:0.3:0.3:0.06).
Addition of 10 mM CaCl, did not induce lipid
mixing nor did it affect MBP-induced lipid mix-
ing. Neither bovine pancreatic ribonuclease, a pro-
tein with an alkaline p/, nor bovine serum al-
bumin, a protein with some lipid-binding proper-
ties, induced lipid mixing in this system. However,
the basic poly-amino acids, poly(L-lysine) and
poly(L-arginine) were more effective than myelin
basic protein in inducing lipid mixing, particularly
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Fig. 2. Resonance energy transfer assay of lipid intermixing.
Mpyelin basic protein (final concentration 5 pg/ml) was added
to a solution containing unlabelled vesicles (187 ug/mi) and
vesicles of identical lipid composition but containing 1 mol%
each of the fluorescent labelled lipids N-NBD-PE and N-Rh-PE
(37.5 ng/ml) at 25°C. The lipid compositions of the vesicles
are as follows: ®, Cholesterol/PC/DOPE /eicosane (molar
ratio 0.4:0.3:0.3:0.06); a, Cholesterol /PC/DOPE /palmitoyl
aldehyde (molar ratio 0.4:0.3:0.3:0.06); 4, Cholesterol /PC/
DOPE (molar ratio 0.4:0.3:0.3); @, PC/DOPE /palmitoyl al-
dehyde (molar ratio 0.5:0.5:0.1) (The curve for PC/DOPE/
eicosane (molar ratio 0.5:0.5:0.1) is superimposable on this
curve.); O, PC/DOPE (molar ratio 1:1).
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Fig. 3. Carboxyfluorescein leakage and leaky fusion assay.
Myelin basic protein (7 pg/ml) added at zero time. PC/
DOPE /cholesterol /eicosane in 0.4:0.3:0.3:0.06 molar ratio
at a labelled vesicle concentration of 50 ug/ml (@) and with
the addition of 1 mg/ml unlabelled vesicles (a). PC/DOPE/
cholesterol in a 0.4:0.3:0.3 molar ratio at a labelled vesicle
concentration of 50 ug/ml (@) and with the addition of 1
mg/ml unlabelled vesicles (O).

during the first few minutes after peptide ad-
dition. The time-course of the poly(amino acid)-
induced fusion is not presented because incuba-
tion of these samples resulted in the formation of
large aggregates with apparent quenching of fluo-
rescence.
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Fig. 4. Carboxyfluorescein leakage and leaky fusion assay.
Poly(1-lysine) (7 pg/ml) added at zero-time. PC/DOPE/
cholesterol /eicosane in 0.4:0.3:0.3:0.06 molar ratio at a
labelled vesicle concentration of 50 ug/ml (®) and with the
addition of 1 mg/ml unlabelled vesicles (m). PC/DOPE/
cholesterol in a 0.4:0.3:0.3 molar ratio at a vesicle concentra-
tion of 50 pg/ml (a) and with the addition of 1 mg/ml
unlabelled vesicles (O).
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The effect of myelin basic protein (Fig. 3) and
poly(L-lysie) (Fig. 4) on carboxyfluorescein leakage
was measured. Myelin basic protein is more effec-
tive than poly(L-lysine) in inducing vesicle leakage.
The presence of additional unlabelled vesicles,
particularly those containing eicosane, further en-
hanced vesicle leakage. These results demonstrate
that vesicle aggregation is accompanied by bilayer
destabilization which results in carboxyfluorescein
leakage. Attempts to measure the mixing of aque-
ous contents by the Tb-dipicolinic acid assay [25]
were unsuccessful, perhaps because in this system
vesicle fusion is accompanied by increased vesicle
permeability.

Discussion

The studies reported in this paper show that
cholesterol promotes MBP-induced aggregation of
small unilamellar vesicles prepared from zwit-
terionic phospholipids, as measured by turbidime-
try, quasi-elastic light scattering and increased .pel-
leting of the vesicles. The aggregation-promoting
effect of cholesterol is particularly dramatic when
the concentration of cholesterol in the bilayer
exceeds approx. 30 mol%. Cholesterol comprises
about 40 mol% of the lipid components of the
myelin membrane [26]. The molecular mechanism
of the above aggregation-promoting effect of
cholesterol is at present not fully understood but
it may be related to the fact that cholesterol in
bilayers does not bind as much water as do phos-
pholipids. As the removal of water is thought to
be one of the major barriers to vesicle-vesicle
contact [27], cholesterol-induced dehydration of
the bilayer surface is likely to be an important
factor in promoting vesicle contact. The aggre-
gated vesicles will then be more prone to fuse
through the formation of bilayer defects. Sub-
stances which promote hexagonal phase formation
also induce membrane fusion. Several of the com-
ponents of our system which promote vesicle fu-
sion have also been shown to induce hexagonal
phase formation. These substances include
cholesterol [28], alkanes [24] and myelin basic
protein [29]. The fusogenic activity of myelin basic
protein is not unique to that protein but also
occurs with poly(L-lysine) and poly(L-arginine).
Polyamines such as spermine also promote the

fusion of vesicles containing a high proportion of
phosphatidylethanolamine [30]. Contact of vesicles
containing an abundance of phosphatidyl-
ethanolamine has been shown to induce hexagonal
phase formation followed by leakage of vesicle
contents [31]. Such a phenomenon may occur with
myelin basic protein or poly(L-lysine) induced fu-
sion of vesicles containing PC, DOPE, cholesterol
and eicosane (Figs. 3 and 4).

The aggregation-promoting effect of cholesterol
found in a simple model vesicle system may be of
direct relevance to the physiological role of
cholesterol. Particularly, in view of the present
results, it is tempting to speculate about the possi-
ble functional role of cholesterol in myelin. In
addition, it has recently been reported that
cholesterol increases the ability of myelin basic
protein to aggregate vesicles of phosphatidylserine
[32]. The high level of cholesterol in this mem-
brane may contribute to the factors responsible
for the interlamellar adhesive forces which are
necessary for the formation and maintenance of
the compact multilamellar structure of the myelin
membrane. The role of cholesterol in the MBP-in-
duced aggregation of the vesicles may, however,
reflect a more general property of cholesterol.
Recently, it has been reported [16] that zwit-
terionic phospholipid vesicles containing equimo-
lar amounts of cholesterol are readily aggregated
by calcium phosphate. No calcium phosphate-in-
duced aggregation was, however, observed with
cholesterol-free vesicles. The increased suscept-
ibility of the vesicles to aggregation in the pres-
ence of cholesterol may also have important impli-
cations for the mechanism of biomembrane fu-
sion, as aggregation of the membranes is a neces-
sary condition for any fusion event to occur.
Several reports have appeared which document
the requirement for cholesterol in certain types of
membrane fusion [33-35].

Non-leaky vesicle fusion can only be proven by
demonstrating mixing of the aqueous contents of
the vesicles without exposure to the external en-
vironment. However, model systems of membrane
fusion result in intermediates or products which
are at least somewhat leaky. It is the balance
between increased vesicle permeability and the
rate of fusion which determines whether mixing of
aqueous contents can be detected in the initial



stages of fusion. In the present case, the vesicles
become too permeable in the presence of the basic
protein for mixing of aqueous contents to be
detected. Nevertheless, it is likely that fusion is
taking place. Using vesicles containing both
cholesterol and eicosane the mixing of lipids upon
addition of basic protein is rapid and extensive
making it unlikely that the mechanism is via lipid
exchange. We have previously shown by freeze-
fracture electron microscopy that the product of
the interaction of myelin basic protein with
palmitoylaldehyde-containing vesicles is fused {13].
Finally, the leakiness of the membrane increases
with increased concentration of vesicles (Fig. 3)
demonstrating that the bilayer is destabilized at
the point of vesicle-vesicle contact. This destabili-
zation of the bilayer is promoted by the presence
of palmitoyl aldehyde or eicosane. These sub-
stances were chosen for the present study because
they represent the types of molecules which could
accumulate in the myelin membrane as a result of
membrane degradation. Aliphatic aldehydes are
produced by the action of plasmalogenase on the
myelin membrane. The increase in the activity of
this enzyme is thought to lead to demyelination
[36,37]. Alkanes are products of lipid peroxida-
tion. Lipid peroxidation has been suggested to be
of primary importance in inducing alterations in
the physical properties of the myelin membrane
[38,39]. Thus, cholesterol and myelin basic protein
normally stabilize the compact multilamellar
structure of myelin but in the presence of products
of lipid degradation such as lysophosphatidylcho-
line [8], alkanes or aliphatic aldehydes the bilayer
is destabilized and fusion processes are accel-
erated. This fusion would lead to a breakdown of
the permeability barrier of myelin [1].
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