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The contact between two bilayer membranes results in their monolayer fusion comprising the formation of a
trilaminar structure (a single bilayer connected to two bilayers over the whole perimeter) in the contact
region. The time required for monolayer fusion was measured and irreversible electrical breakdown was
studied for membranes of different compositions. A theoretical model of the monolayer fusion is suggested to
explain the results. It assumes that the structural reorganization underlying the process involves the
formation of a stalk between bilayers as a result of local bending of the interacting monolayers. This
structural reorganization is similar to the hydrophilic pore formation in a bilayer under irreversible
breakdown. However, the directions of the monolayer bending are different in the two processes and,
therefore, the bending energies depend oppositely on the effective shape of lipid molecules. Theoretical
predictions agree well with experimental data. The applicability of the suggested mechanism to biomembrane

fusion is discussed.

Introduction

In recent years, a number of papers have ap-
peared dealing with the mechanism of cellular
membrane fusion and prefusion membrane inter-
action (for a review, see Ref. 1). The fusion can be
conveniently subdivided into the following stages
{2]: First, a tight hydrophobic contact occurs be-
tween the protein-free membrane regions [2,3].
The subsequent stages of the process have not
been established with any certainty, different view-
points being based mainly on the results of elec-
tron-microscopy investigations. De Kruyff et al.
[4] proposed that the fusion is a result of nonbi-

Abbreviations: PC, phosphatidylcholine; lysoPC, lysophos-
phatidyicholine; PE, phosphatidylethanolamine.
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layer structure formation (of the type of inverted
micelles) in the contact region. There is evidence,
however, that membrane fusion is preceded by the
formation of an intermediate (so-called trilaminar)
structure in the contact region [2,5,6], when two
bilayers interact to yield a single bilayer. Further
disruption of this bilayer leads to joining of the
interiors of the cells or vesicles, i.e., to their fusion.

Membrane fusion cannot proceed without dis-
turbing the lipid bilayers. It requires a drastic
structural reorganization of the membranes involv-
ing the development of structural defects. The
primary act of a fusion (comprising the beginning
of the structural reorganization) determines the
mechanism of the process. Two main types of
fusion mechanism [7] are worth mentioning: The
first one involves, as the primary stage, local
structural reorganization of interacting membranes



644

followed by the formation of a stalk between two
bilayers [7,8].

The stalk may consist of either one or two
monolayers from a bilayer. Monolayer stalks yield
trilaminar structures, whereas bilayer stalks result
immediately in complete fusion [8). The stalks also
seem to be observed in multilayer systems, includ-
ing cardiolipin [6,9]. Secondly, the structural re-
organization of membranes involves, simulta-
neously, wide areas of membrane surfaces. This
requires tight adhesion of the bilayers and the
second mechanism is, therefore, called the ‘adhe-
sion’ mechanism [7].

A system of two interacting bilayer lipid mem-
branes provides a convenient experimental model
for studying fusion mechanisms [10-16]. The
membranes are initially brought together by
pressing one membrane against the other until
plane-parallel contact is reached between them.
After some time, depending on the membrane
composition, as well as on the composition and
concentration of the electrolyte, the system under-
goes the transition to a new state. Simple electrical
measurements (usually specific capacity measure-
ments) proved that a single bilayer, i.e., trilaminar
structure, was formed in the contact region. Then,
provided certain conditions exist, such a mono-
layer fusion (i.e., the removal of the inner mem-
brane monolayers leading to a contact of the outer
monolayers [11,14,16]) may result in complete fu-
sion, with formation of a membrane tube [15].
Thus, the studies of both electrostimulated [15]
and Ca’*-induced [16] membrane fusion demon-
strated that complete fusion was necessarily pre-
ceded by formation of a trilaminar structure in the
contact region.

The present work is devoted to theoretical and
experimental studies of the mechanism of mono-
layer membrane fusion. Particular attention is paid
to the role of the effective shape of lipid molecules
in this phenomenon [17]. It should be noted that
the influence of the shape of lipid molecules on
structural reorganization of bilayers was already
discussed in a number of works [17-25]. It was
particularly shown that such asymmetric lipids as
phosphatidylethanolamine and cardiolipin can
provoke the formation of nonbilayer structures of
the type of the inverted hexagonal H,, phase
[22,23], as well as the occurrence of in-

tramembrane particles within the fusing mem-
branes [24]. It was also reported [25] that bilayer
structures can be formed from a mixture of two
shape-complementary lipids (e.g., nonsaturated
phosphatidylethanolamine and lysophosphati-
dylcholine), although the individual lipids could
not produce planar bilayers.

It is shown in the present work that structural
reorganization of bilayer lipid membranes, un-
derlying the monolayer fusion, consists of the for-
mation of a stalk between the bilayers as a result
of local bending of the interacting monolayers. In
principle, this process is opposite to hydrophilic
pore formation in a bilayer under irreversible
breakdown [26,27]; the directions of the mono-
layer bending are different in these processes and,
therefore, the bending energies depend oppositely
on the spontaneous curvature of lipids in a mem-
brane reflecting the shape of lipid molecules. This
close analogy is used below for a comparative
study of monolayer fusion and irreversible break-
down of lipid membranes of various compositions.

Theory

Consider the stalk mechanism of membrane
fusion involving the formation of a stalk between
contacting monolayers of two opposing mem-
branes (Fig. 1). Bulging defects develop initially in
the interacting membranes, growing then towards
each other. These defects are the nuclei of a stalk
and comprise disruptions of the monolayers,
Therefore,the energy of the contact between a
disruption region and an intermembrane milieu is
characteristic of them. This energy per unit nucleus
will be denoted as W,. Further mutual joining of
the bulging defects results in the formation of a
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Fig. 1. Stalk mechanism of trilaminar structure formation: (a)
two bilayers in contact region; (b) rise of the bulging defects in
the contacting monolayers; (c) joining of the defect leading to a
stalk formation; (d) removal of the inner monolayers from the
contact region and further joining of the outer monolayers
resulting in a trilaminar structure formation.



stalk (Fig. 1b, ¢, d) which is then able to expand.
Consider the criteria of the formation and evolu-
tion of a stalk. The stalk membrane is bent signifi-
cantly and possesses, therefore, a considerable
bending energy. The monolayer bending energy
per unit area [17] is:

Wz%(KH’Kz_sz)Z (1)
where K, and K, are the principal curvatures of a
neutral monolayer surface, not changing its area
under bending; D, is the monolayer bending mod-
ulus; K is the spontaneous curvature representing
a monolayer curvature in a stain-less state. Spon-
taneous curvature of a monolayer comprises a
characteristic of the effective shape of the lipid
molecules constituting it. The shape of a lipid
molecule is determined by the relative size of its
polar head and hydrophobic tail [21]. Thus, the
packing parameter f=uv(a-/. )" is used to char-
acterize the shape of a molecule [27] (v is the
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Fig. 2. The shapes of lipid molecules (a), energetically favorable
structures formed in a monolayer by lipids of different shapes
(b), and typical defects in a bilayer membrane (c). (Ia) A lipid
with the polar head exceeding in cross-section the hydrophobic
tail - cone (e.g., lysoPC). (Ib) A monolayer of positive sponta-
neous curvature. (Ic) A hydrophilic pore in a bilayer. (IIa)
Cylindrically-shaped lipid (e.g., PC). (1Ib) Planar monolayer.
(IIc) Defect-less bilayer structure. (IIla) Inverted cone (e.g.,
PE). (IlIb) A monolayer of negative spontaneous curvature.
(IIIc) Local bulging defect.
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volume of a molecule, @ is the area of its polar
head and /_ is the maximal length of its hydro-
carbon tail). If f<1/3 (lysolipids), then a mole-
cule has the shape of a cone (Fig. 2a); if f=1, a
molecule is cylindrically shaped (phosphati-
dylcholine); and if f> 1, a molecule represents an
inverted cone (phosphatidylethanolamine). Con-
sider a monolayer composed of lipid molecules of
the same kind. In a strain-less state, it possesses a
curvature { referred to as spontaneous curvature
of molecules of this type. The spontaneous curva-
ture of a lipid molecule is related to its packing
parameter fby 3f(1 + 1/2{.1 ) =3+ 1/4-({.1.)%
This relation can be obtained by substituting the
explicit expressions for the volume of a molecule
and the area of its head into the expression for f.
For conical lipids (f<1) the spontaneous curva-
ture is positive, for cylindrical lipids (f=1) it
equals zero, and for lipids with the shape of an
inverted cone (f>1) the curvature is negative
(Fig. 2). For a monolayer composed of a mixture
of lipid molecules of different kinds, its sponta-
neous curvature K will be related to the respective
characteristics of the constituting molecules.

It is obvious that the spontaneous curvature of
a monolayer can be varied either discretely or
continuously. Monolayers of a uniform composi-
tion evidently allow us to obtain only a discrete set
of K, values. In the present work, we varied the
spontaneous curvature continuously by changing
the relative content of lipid components with
spontaneous curvatures {; and {,. If it is accepted
that the spontaneous curvature of a composite
monolayer is additive in spontaneous curvatures of
the constituting molecules, then

Ks=o§sl+(1—0)§52=§52+(§51—§52)0 (2)

where 8 is the mole fraction of molecules of the
first kind.

Spontaneous curvature corresponds to a non-
strained shape of the membrane monolayer.
Therefore, if the sum of the geometrical curvatures
of a monolayer is equal to its doubled spontaneous
curvature, then, according to Eqn. 1, the bending
energy equals zero. If the sum differs from 2K,
then elastic strains occur in the membrane and the
respective bending energy (cf. Eqn. 1) becomes not
equal to zero. Thus, the bending energy of a
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membrane monolayers is lower as the difference
between the sum of the geometrical curvatures and
the doubled spontaneous curvature becomes
smaller. With this in mind, consider the stalk
energy. As seen from Fig. 1, a stalk membrane is
characterized by two principal curvatures of op-
posite sign: negative meridianal curvature K, cor-
responding to the stalk generatrix, and positive
equatorial curvature K, corresponding to a per-
pendicular direction. Consideration of the stalk
geometry revealed that the sum of the curvatures
K, + K, is negative because the main term is K.
Therefore, the stalk formation is the more energet-
ically favourable as the spontaneous curvature of a
monolayer is decreased.

Elastic energy can exist even in a planar mono-
layer due to the non-zero value of its spontaneous
curvature. A comparison of the energies of a stalk
and planar monolayer determines the possibility of
the rise and further evolution of a stalk.

Eqn. 3 gives an expression for the stalk energy
with respect to the energy of a planar monolayer
as a zero reference point [18]:

W, = 2erh{K5h[7r(p +2)-4]

ST C ) N

V{( p+2) -1

where p=2R/h; h is the thickness of a mono-
layer, and R is the stalk radius. The analysis of
Egn. 3 shows that the stalk energy should indeed
decrease with the decrease of the spontaneous
curvature. Suppose that one of the lipid compo-
nents of a membrane possesses a positive sponta-
neous curvature, {,; > 0, whereas the second com-
ponent is characterized by a negative curvature,
$,» <0, then, in accordance with Eqn. 2, stalk
energy (Eqn. 3) will increase with the increase of
the content of the first component, since the
spontaneous curvature of a membrane monolayer
will increase in this case.

A stalk arises as two membranes approach each
other. Let us estimate the mean waiting time pass-
ing from the instant of apposing membranes to-
gether to the instant of a stalk formation. Suppose

arctan + 1 } 3)

that an intermediate structure develops initially,
composed of two nuclei of zero radius. Its energy
is:

W, =2W, + W,

and represents the energy barrier which interacting
membranes overcome due to fluctuations. Denot-
ing the mean frequency of membrane fluctuations
as p,; then, the mean waiting time of a stalk
formation is:

_ 1
o = 3 "exp{ 7 (W, 4 )| (@)

Statement of the problem

Suppose that the first component (the lipid
molecules with positive spontaneous curvature ).
is present in the surrounding solution, its bulk
concentration being c¢,. If the distribution coeffi-
cient of this lipid between a membrane and solu-
tion is A, its fraction in a membrane is § = 4 - ¢
Let us find the dependence of the waiting time of
a stalk formation on the bulk concentration of the
first lipid component. Substituting Eqns. 2 and 3
into Eqn. 4, we get:

log 1, = B+615 h(fq $2)Acy (%)

where B embodies all terms independent of the
bulk concentration ¢, of the first component. Eqn.
5 shows that if the formation of a trilaminar
structure follows the stalk mechanism, the loga-
rithm of the waiting time is proportional to the
bulk concentration ¢, of the first component which,
when included into a membrane, increases the
spontaneous curvature of membrane monolayers.
The waiting time increases with ¢, since the stalk
energy increases with the spontaneous curvature.
Both log ¢, and ¢, can be experimentally de-
termined, and if the stalk mechanism of a mono-
layer fusion is realized in a system, a linear depen-
dence of log ¢, on ¢, should be anticipated. This
allows us to suggest an independent method of
testing the hypothesis that it is the bending strains
associated with a spontaneous curvature that cause
monolayer fusion. It is based on the fact that the
spontaneous curvature of a membrane monolayer



may affect, along with the stalk formation, another
structural reorganization of a lipid bilayer, namely
the formation of a hydrophilic pore with the edge
covered with the heads of lipid molecules (Fig. 2c).
The monolayer is bent at the edge of a pore and,
therefore, possesses an elastic energy. Notice that
the monolayer bending at the edge of a pore is
quite similar to the bending of a stalk membrane
(Fig. 2). The only difference is the signs of curva-
tures, i.e., monolayers are bent oppositely in these
cases. From this, it follows that the energy of a
monolayer bending at the edge of a pore is propor-
tional to the spontaneous curvature K, but de-
creases with it, unlike the case of a stalk where the
energy increases. The dependence of the energy of
a pore edge (per unit length) on the bulk con-
centration of the first component is:

nDy 27Dy 2wD
Y= = ok = S (fa — 8o ) hdc (6)

As seen from Eqn. 6, the edge energy, like the
stalk energy, is proportional to the bulk concentra-
tion ¢, of the first component, but decreases with
it. Compare Eqns. 5 and 6. It is important that the
same combination of parameters §= Ah({; —
$,)D, enters both equations. This fact can be
used to test the hypothesis of stalk mechanism,
since the edge energy of a pore can be determined
from the data on irreversible breakdown of a
bilayer [26].

It was found that an electrical field applied to a
bilayer stimulates the development of hydrophilic
pores in a membrane. The increase of the radius of
these pores above a certain critical value leads to
irreversible rupture of a membrane. The mean
lifetime £, of a bilayer in an electric field is de-
scribed by the following expression [26]:

7TY2 7
kT[o+Cm(<s/cm—l)V2/2]} )

t =P~exp{

Here, P is the preexponential factor, k the Boltz-
mann constant, T the absolute temperature, o the
tension, C,, the capacity of a membrane, ¢, = 80
and ¢, =2 and are the permeabilities of the sur-
rounding solution and the hydrocarbon part of a
membrane, respectively, and U the voltage applied

to a membrane. Knowing the experimental depen-
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dence of 7, on U, Eqn. 7 allows evaluation of the
value of y determined also by Eqn. 6. Knowing the
experimental dependence of y on ¢, and Eqn. 6,
one can find parameter £. Substituting this param-
eter into Eqn. 5, one obtains the theoretical depen-
dence of log ¢ on ¢,. Its comparison with the
corresponding experimental results can be used to
verify the hypothesis that the structural reorgani-
zation leading to a trilaminar structure formation
is a result of bending strains and is determined by
the spontaneous curvature of a bilayer.

Experimental

Materials. Lipid bilayers were prepared from
phosphatidylethanolamine (PE, ex Escherichia coli,
Koch-Light), azolectin (Associated Concentrates),
cardiolipin ex bovine heart (Kharkov, U.S.S.R.),
egg phosphatidylcholine (PC, Koch-Light) and
general lipids of bovine brains obtained by the
method described by Kates [28]. The lipids were
dissolved in either n-decane (30-40 mg/ml) or in
squalene (Merck). To modify the lipid composition
of membranes, ethanol solution (0.625 mg,/ml) of
lysophosphatidylcholine (LysoPC, Sigma) was
used. In several cases, cholesterol (Calbiochem)
was added to a membrane-forming solution in the
ratio of 5 lipid to 1 cholesterol (w/w).

Before preparing a membrane-forming solution,
azolectin was washed ten times and carefully dried.
Chromatographically pure PE and cardiolipin were
used without additional purification. Polar con-
taminations were removed from squalene using
aluminium oxide {29].

Formation of bilayers and measurement of their
tension. Membranes were formed by the usual
technique on a 1-1.5 mm hole in 1-10"! M KCl
solution (unless otherwise specified) at 30°C. To
prepare solvent-free bilayers, squalene solutions of
PE, cardiolipin and azolectin were used. These
bilayers were studied earlier [16,30,31] and found
to be stable enough and possess high specific
capacity. We were, however, unable to obtain
solvent-free phosphatidylcholine bilayers by this
method.

Membrane tension ¢ was measured by the
method described by Tien [32].

Membrane interaction. A special cell [31] was
used to study membrane interaction. Two bilayers
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were pressed one against another due to the dif-
ference of hydrostatic pressures in the central and
lateral sections of the cell caused by imbedding the
calibrated Teflon pivots in the lateral sections. The
cell was designed so that a bilayer interaction
could be controlled both in directions parallel and
perpendicular to the membrane contact plane using
binocular microscopes providing 84-fold magnifi-
cation. In order to standardize the experimental
conditions, the difference of hydrostatic pressures
was arranged to give contact regions of 0.25-0.35
mm diameter. Ag/AgCl electrodes immersed in a
solution were used in the present work, these being
connected to Keithley-427 amplifiers and PAR-175
(Princeton Applied Research) generator. The
capacity of bilayers was obtained from the ampli-
tudes of rectangular responses to the linearly-swept
voltage applied. It was reported earlier [14-16]
that recording the amplitude and shape of a capa-
citive current of two membranes with grounded
electrolyte solution allows one to distinguish the
main stages of bilayer interaction (Flg. 3). The
voltage applied to an electrode in one of the lateral
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Fig. 3. Recording of a trilaminar structure formation and
subsequent growth of the area of a bilayer in a contact region
using electrical measurements. Bilayers of azolectin in squalene,
1 M KCl, 30°C. The instant r = 0 corresponds to the instant
when a plane-parallel contact is reached. The arrow indicates
the instant of the initiation of monolayer fusion. The typical
current oscillograms for the stages of a plane-parallel contact
(curve 1) and monolayer fusion (curve 2) are presented at the
top of the figure.

sections of the cell was linearly swept at the speed
of 10 V/s with an amplitude of +20 mV. The
electrolyte solution in the central section was
grounded, and the electrode in the second lateral
section was used to record the amplitude of capa-
citive current /, immediately before the change of
the sweep direction. Some time after establishing
the plane-parallel contact of membranes (the wait-
ing time of a monolayer fusion, ¢ ), capacitive
current /. begins to rise. This instant (labelled by
an arrow in Fig. 3) corresponds to the initiation of
trilaminar structure formation. Further increase of
the capacity reflects the increase of the area of a
single bilayer in the contact region [16]. This pro-
cess will be discussed in detail elsewhere. Notice
that the shape of the capacitive current changes
when passing from the stage of a plane-parallel
membrane contact to the stage of a monolayer
fusion (cf. Fig. 3). This reflects the termination of
the leakage through the grounded electrode in the
central section.

Looking in the direction perpendicular to a
contact plane, the results are even more obvious.
In this case, an appearance and growth of a black
spot can be directly observed in the reflected light
against the background of the yellowish region of
a plane-parallel contact. The time passing from the
instant of a plane-parallel contact to the instant of
a trilaminar structure formation (z_,) was mea-
sured with the accuracy of +1 s. The beginning of
a monolayer fusion was registered by the ap-
pearance of a minimally visible (under 56-fold
magnification) black spot of approx. 10 um diam-
eter comprising a bilayer region, as revealed by
capacity measurements at later stages of a mono-
layer fusion [16]. Notice that it is practically im-
possible to observe the formation of bilayer struc-
tures of a less diameter, since one has to keep the
whole contact region in a visual field simulta-
neously. As a result, the values of ¢, thus ob-
tained appear somewhat overestimated. However,
the systematic error seems to be inessential, since
the diameter of a visible spot was found to be
doubled in less than 3 s at the initial stage of
growth,

To control the effective lateral resistance of the
intermembrane gap, the characteristic time 7, of
charging two membranes with grounded interspac-
ing electrolyte solution was determined by apply-



ing the voltage swept at 10 V /s with an amplitude
of 120 mV [33]. The capacitive current curves
recorded (they are similar to curve 1 in Fig. 3)
were averaged over 20 single pulses in order to
increase the signal / noise ratio and were then used
to calculate the characteristic time 7,.

Linear tension of a membrane edge. In order to
obtain this parameter, we have investigated an
irreversible breakdown of bilayers [26,34,35]. Mean
(averaged over no less than ten measurements)
lifetimes, i.e., the time passing from applying the
voltage to the current jump corresponding to irre-
versible membrane rupture [26], were determined
for membranes of each composition studied at 4-5
different voltages applied. A membrane rupture
was registered using storage oscillography by a
voltage jump on 1 k{2 load resistor connected in
series with a membrane [26]. The experimental
curves were treated in terms of Eqn. 7. Specific
capacity C, and tension ¢ measured for mem-
branes of a given composition were substituted
into the equation. Then, the least-squares method
was applied to compute the values of y and P
providing the best agreement between calculated
and experimental lifetimes. Notice that the value
of P can be used, in principle, to estimate the pore
concentration in a membrane [34]. It, however,
would require additional model assumptions.

Results

Linear tension of pores in bilayers of different com-
positions

Experimental points in Fig. 4 represent mean
lifetimes for membranes of different compositions
at different voltages. The figure displays also theo-
retical log #,(U) curves obtained from Eqn. 7 by
the least-squares method. At certain values of y
and P, theoretical curves describe sufficiently well
the voltage dependences of the lifetimes of mem-
branes. It is noteworthy that since y* enters Eqn. 7
exponentially, even a small change in y leads to a
considerable variation of theoretical log ¢, (U)
curve. Therefore, this method of determining the
linear tension appears quite accurate.

The values of linear tension y providing best fit
of theoretical curves to experimental data are pre-
sented in Table I. Depending on a membrane
composition, the values obtained are ranged from
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Fig. 4. Voltage dependences of mean lifetimes of bilayers of:
(m) PC in decane in the presence of lysoPC (4-10™* mg/ml),
curve 1, y=3.3-10"12 N, P =25-10"5, (a) Azolectin in de-
cane, curve 2, y=9.2-10"12 N, P=16-10". (®) PC in de-
cane, curve 3, y=8.6-10 "2 N, P=8-10"% (O) Azolectin in
squalene, curve 4, y=9.0-10"'2 N, P=4-10"9, (a) PE in
squalene, curve 5, y=166-10"1" N, P=3.1-10"". Each
experimental point (a—e) corresponds to a value averaged over
no less than ten measurements (1-10~' M KCl). Theoretical
curves (1-5) were calculated from Eqn. 7 using the respective
values of parameters y and P.

0.33-10"'"" N (bilayers of PC + 4.0- 10~ * mg/ml
lysoPC) to 1.66 - 10~ "' N (membranes of PE).

Plotted in Fig. 5 are the values of y as de-
termined for PE bilayers at different lysoPC con-
centrations (0; 3.1-107* and 4.5-107* mg/ml).
As seen, modifying the membranes by lysoPC
results in decrease of v.

Monolayer fusion of lipid membranes

The monolayer fusion occurs both in solvent-
free and solvent-containing membranes. In both
cases, a trilaminar structure formation is an irre-
versible process. It appears considerably more dif-
ficult to separate bilayers without their disruption
if a trilaminar structure is already formed than to
do it before the monolayer fusion. Visual observa-
tions have revealed that even if one succeeds in
separating the membranes, they remain connected
in a contact bilayer region until a vesicle splits off
from one of the membranes. Finally, the vesicle
remains attached to another membrane in a con-
tact region.
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TABLE I

LINEAR TENSION, y, CAPACITY C,, AND TENSION ¢ FOR MEMBRANES OF DIFFERENT COMPOSITIONS

Composition of bilayer Y(N)Y x10') C, (F/m*}x107%) o(N/my x10%)
PE /squalene 1.66+0.07 6.6 +0.3 2.4 +0.2
PE /decane 1.60 +0.06 4440.2 27 £03
General lipids /decane 1.04+0.04 35402 20 +03
Azolectin/decane 0.92+0.05 39402 1.9 +0.2
Azolectin/squalene 0.90 +0.06 78404 22 +0.2
PC /decane 0.86+0.04 32402 1.0 £0.3
PE /squalene + lysoPC (3.1- 10~ * mg/ml) 0.77 £0.06 6.8+0.3 1.05+0.2
PE /squalene + lysoPC (4.5-10~* mg/ml) 0.41 +0.05 7.2+03 0.33+0.1
PC/decane + lysoPC (4-10 ™% mg/ml) 0.33+0.06 35403 0.2 +01

The visual observations in the direction per-
pendicular to a contact plane have also shown
that, although the monolayer fusion of membranes
of any composition inevitably led to the formation
of similar structures in a contact region, the pres-
ence of a solvent in membranes influenced consid-
erably the process. So, formation of a single bi-
layer between interacting membranes containing
decane proceeds abruptly at a great number of
points of a contact region simultaneously. Since,
as shown by Berestovsky and Gyulkhandanyan
[13], a monolayer fusion of solvent-containing

7 x10'N)

T T T T 1

CLHLPO)
(x10%mgiml)

Fig. 5. Linear tension y of pores in solvent-free membranes in
the presence of lysoPC (LPC) in different concentrations. The
points shown in the figure were obtained from experimental
dependences log 1,(U) (see text for details).

membranes initiates due to the contacts of micro-
lenses attending such membranes, we have focused
our attention on studying the interactions of
solvent-free bilayers. In this case, quite the reverse,
a trilaminar structure formation begins at one or
two points (bilayer spots) and then extends slowly
over the whole contact region. Therefore, the in-
stant of a trilaminar structure formation against a
background of a plane-parallel contact can be
determined quite accurately for solvent-free mem-
branes.

Table II lists the values of mean waiting time of
monolayer fusion for solvent-free azolectin, PE
and cardiolipin membranes. For the accurate com-
parison of charged (azolectin and cardiolipin) and
neutral (PE) bilayers, the experiments were carried
out using 1 M KCI solution to secure efficient
screening of membrane charges. In the case of PE
bilayers, a monolayer fusion occurred often, even

TABLE I1

THE VALUES OF THE WAITING TIME OF A MONO-
LAYER FUSION, :/_,, FOR SOLVENT-FREE MEM-
BRANES OF DIFFERENT LIPID COMPOSITIONS

Compeosition of bilayer tonf (8)
Azolectin 160
Azolectin + cholesterol (5:1) 14
Azolectin + lysoPC (1.4-10~* mg/ml) 410
Azolectin + lysoPC (1.4-10~* mg/ml)+cholesterol (5:1) 44
Phosphatidylethanolamine 122
Cardiolipin <1

? The waiting time is measured starting from the instant of the
visual rather than real plane-parallel contact (as in all other
cases).



before the plane-parallel contact was established
which required about 10 s. Therefore, the waiting
time of a trilaminar structure formation was mea-
sured for these membranes starting from the in-
stant of the visual rather than real plane-parallel
contact.

In contrast to other solvent-free membranes
considered, the monolayer fusion of cardiolipin
bilayers takes place at a great number of points
simultaneously just after bringing the membranes
in a contact. Therefore, Table II presents only an
estimate of ¢_; < 1 s for these membranes.

In some experiments, the composition of bi-
layers was modified by introducing cholesterol
into a membrane-forming solution. Cholesterol de-
creases considerably the value of ¢, (Table II).
Unfortunately, real concentration of cholesterol in
a bilayer was unknown. Based on the increase of
electromechanical stability of membranes and the
appearance of a significant conductance current in
the presence of nystathin (the data are not pre-
sented), it can only be stated that cholesterol was
indeed included in bilayers.

Introduction of lysoPC in the central section of
the experimental cell influenced considerably the
value of t_,. A significant delay of a monolayer
fusion was observed in this case. At low lysoPC
concentrations (approx. 1-10~* mg/ml), notable
increases in ¢, was observed as compared to the
control test (cf. Table II). At lysoPC concentra-
tions exceeding 1-107° mg/ml, membrane rup-
ture usually 3-4 min after the introduction of
lysoPC. Notice that azolectin/ cholesterol and PE
membranes can endure higher concentrations of
lysoPC than azolectin bilayers. The presence of
n-decane in membranes increases their stability to
lysoPC as well. It should be noted that we were
unable to obtain a reproducible delay of trilaminar
structure formation for bilayers of phospholipids
in decane.

Fig. 6 displays the dependence of ¢, for
solvent-free PE bilayers on the bulk concentration
of lysoPC. As seen from the figure, the waiting
time increases exponentially with lysoPC con-
centration. The solid line in the figure was ob-
tained theoretically (see below).

We have also measured the charging time of
interacting membranes. For the azolectin bilayer
in squalene, 7, was determined in 1-10~' M KClI
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Fig. 6. Dependence of the waiting time 7, of a monolayer
fusion of solvent-free PE bilayers on the bulk concentration of
lysoPC (1-10~! M KClI). The solid line represents the theoreti-
cal dependence of ¢ on the lysoPC (LPC) concentration.

solution, with the radius of a contact region being
fixed at 1.75-107% cm. The time obtained was
2.8 + 0.3 ms. With 7-107* mg/ml of lysoPC in-
troduced in the central section of the cell, its value
was 3 + 0.3 ms of that which coincides with the
blank test value of 7, within the limits of experi-
mental errors.

Discussion

Stalk mechanism of a monolayer fusion of lipid
membranes

Experimental results obtained in the studies of
the monolayer fusion and electrical breakdown of
membranes composed of different lipids show that
the shape of the lipid molecule is of key impor-
tance in monolayer fusion. The values of the wait-
ing time of a trilaminar structure formation be-
tween interacting solvent-free membranes were
measured (Table II). The waiting times increase in
the sequence: cardiolipin, PE, azolectin +
cholesterol, azolectin, azolectin + cholesterol +
lysoPC. As shown above, the waiting time ¢, is
less, the less the spontaneous curvature of a mem-
brane monolayer. So, this sequence is in qualita-
tive agreement with the theoretical predictions
based on the concept of spontaneous curvature of
lipid molecules. Actually, lysoPC possesses posi-

CO(LPC A
x104mglmr
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tive spontaneous curvature, whereas cardiolipin,
PE and cholesterol are characterized by negative
curvatures [18,20]. At the same time, the sponta-
neous curvature of a monolayer of azolectin, com-
prising a complex mixture of lipids [36], should
have an intermediate value.

The existance of certain qualitative correlation
with spontaneous curvatures of membrane
monolayers was found, as well, in the investiga-
tions of electromechanical stability of bilayers (Ta-
ble I, Fig. 5). The values of linear tension vy, as
obtained from the results of these studies, decrease
with the increase of spontaneous curvature. This
fact and linear behaviour of dependence of PE
bilayers, y, on the bulk concentration of lysoPC
(Flg. 5) is in agreement with theoretical predict-
ions (Eqn. 6).

The most decisive test of the present concepts
may be provided by the quantitative comparison
of the results obtained using two different experi-
mental approaches. As shown above, the same
combination of membrane parameters § enters both
the expression for the waiting time of a monolayer
fusion and the equation for the linear tension of a
hydrophilic pore. The value of this parameter was
found for PE + lysoPC membranes from the ex-
periments on y determination. The slope of the
dependence y(c,) (Fig. 5, Eqn. 6) gives £=6.4-
10~ ' J/ml per mg. Substituting it in Eqn. 5, we
obtain the slope of the theoretical dependence log
t.:(cy). Term B in Eqn. 5 was calculated for
¢y =4.5-10"* mg/ml. Fig. 6 shows that the theo-
retical dependence thus obtained fits well the
experimental points. It is worth noting that no free
parameter was used in the present comparison of
theory with experiment. Hence, the fact that all
experimental points fall on the same straight line,
whose slope was predicted by the present theory,
proves the validity of this theory.

Thus, both qualitative and quantitative com-
parison of the experimental data obtained in com-
parative investigation of irreversible breakdown
and monolayer fusion of membranes with the pre-
dictions of the above theoretical model demon-
strate the validity of the suggested mechanism of a
monolayer fusion of lipid bilayers and reveals the
key importance of a spontaneous curvature of
lipids in this process.

Notice that in treating the experimental data,

we have used only the combination of the mem-
brane parameters. However, it seems possible to
obtain the values of some individual parameters
entering this combination. These are bending
modulus D, and spontaneous curvature { of mole-
cules, e.g., PE. The values of these quantities can
be obtained from the values of ¥ for membranes of
pure lipids: PC and PE. On the assumption that
D, is independent of a monolayer composition
and that the spontaneous curvature of PC equals
zero [18,20], it follows from Eqgn. 6 and Table |
that D, =4-10"%" J and {pp = —0.46 /h.

Electrical breakdown and molecular structure of
lipids

It is noteworthy that the values of linear tension
obtained in this work (Table I) are close to that
reported in Ref. [37] as estimated from the radius
of pores formed in giant PC liposomes under
strong electrical field ((1.4-2.1)-10"'" N). Our
method of measuring vy, although less visual than
that described by Harbich and Helfrich [37], seems
more universal and simple, since it requires neither
preparing the giant unilamellar liposomes nor a
rather complicated recording system.

An effective value of y, which can be measured
by our method for a bilayer of any composition,
characterizes both the effective spontaneous curva-
ture of a membrane (see above) and the ability of
a membrane to form hydrophilic pores [38]. It is
possible that the increase of the probability of the
formation of these pores after a bilayer modifica-
tion which decreases y underlies typical changes of
electrical properties of membranes observed in
some cases (the resistance of a bilayer decreases,
the fluctuations and, sometimes, even discrete
jumps of its value occur).

It is of interest that equal values of y do not
necessarily imply equal electromechanical stability
of membranes of different compositions. Thus, for
all potentials studied, the lifetimes of bilayers of
azolectin in decane are considerably longer than
those of the solvent-free membranes of the same
lipid composition formed using squalene solution
(Fig. 4; curves 4 and 2). At the same time, the
values of linear tension calculated from these
curves using the respective values of C, (0.39
wF /cm? and 0.78 uF /cm? for decane and squalene
bilayers, respectively) and o (1.7-107° N/m and



210" * N /m) practivally coincide (Table I). Note
that for PE membranes, as well, the presence of
solvent only slightly affects the value of y. This
closeness of the values for membranes of the same
lipid composition but essentially different mean
thickness seems quite explicable. It is known that
solvent-containing membranes are non-uniform in
thickness [39,40]. The strength of electric field is
higher in thinner regions. The field makes these
regions still thinner due to the removal of a solvent
[40]. 1t is likely that the pores appear just in these
regions where the local membrane thickness ap-
proaches the thickness of a bilayer.

The influence of lysoPC on membrane interaction

LysoPC is one of the best studied membrane
modifiers. Inclusion of lysoPC in bilayers is known
to increase their conductance and to lower consid-
erably membrane tension and stability [32,41].
These effects were also observed in the present
work (Table 1, the data on the decrease of the
resistance of membranes modified with lysoPC are
not presented). In addition, the presence of 4.5 -
107* mg/ml of lysoPC in solution increases
specific capacity of membranes from an initial
value of 0.66 + 0.02 to 0.72 + 0.03 uF /cm®. That
is in agreement with the decrease of the thickness
of liposomal membranes due to inclusion of lysoPC
[42]. The equilibrium constant of fixing lysoPC on
erythrocyte membranes and PC liposomes was de-
termined by Elamrani and Blume [43]. It equals
about 1-10° M. If it is accepted that the fixing
constant takes the same value in our case, as well,
then the simplest estimation for the case where
bulk concentration of lysoPC is 5-10"' mg/ml
predicts an approx. 10% content of lysoPC in a
membrane. This value seems quite reasonable and
i1s in agreement with the experimental data on
erythrocyte hemolysis (lysoPC comprises approx.
10-20% of the total amount of lipids) [44].

Since lysoPC concentrations used in our work
are close in order of magnitude to the critical
concentration of micelle formation [41], it might
be supposed, in principle, that the inhibition of a
monolayer fusion by lysoPC is caused by the
hindrances in bringing membranes together due to
the presence of a considerable amount of micelles
in the intermembrane gap. Then, it would be antic-
ipated that addition of lysoPC would lead to a
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notable change in the effective resistance of the
interbilayer gap. However, charging time measure-
ments showed that this is not the case. Thus, the
influence of lysoPC on a monolayer membrane
fusion is caused by its incorporation in bilayers.

In the experimental system of two interacting
lipid bilayers used in the present work, lysoPC did
not force complete membrane fusion (i.e., the for-
mation of a membrane tube) even in concentra-
tions close to those rupturing lipid membranes.
Moreover, as shown above, modification of mem-
branes with lysoPC delays the monolayer fusion
comprising the initial stage of bilayer interaction
preceding their fusion. These results agree well
with the data obtained for biological membranes.
Thus, the fusion of myoblasts and vesicles of
myoblast membranes is suppressed by lysoPC in
concentrations close to those that we used (ap-
prox. 1-10~* mg/ml), and the increase in lysoPC
content in the membrane of Sendai virus decreases
considerably the fusogenic activity of the latter
[46]. On the other hand, it was reported [47,48]
that lysoPC may act as a fusogen. This, however,
requires very high lysoPC concentrations (0.1-1
mg/ml) inducing, alongside the fusion, the lysis of
cells [47,48].

Thus, to summarize, special experiments on bi-
layer lipid membranes allowed to ground the fol-
lowing mechanism of a monolayer fusion of lipid
membranes. Local bulging defects rise in interact-
ing membrane monolayers. Mutual joining of the
defects belonging to different monolayers leads to
a stalk formation between the bilayers. Then, the
diameter of a stalk increases, which results in a
trilaminar structure formation. The stalk energy is
determined by the monolayer bending energy,
which in turn depends on the effective shape of
lipid molecules.

The influence of lipid molecule shape on the
process of membrane fusion was frequently dis-
cussed in the literature [4,22-25]. The molecules
with small polar head and broad hydrocarbon tail
(PE, cardiolipin) were demonstrated to facilitate
fusion. The electron microscope study of the inter-
action of liposomes made of such molecules dem-
onstrated that it may lead either to bilayer fusion
or to the formation of nonbilayer structures like
inverted micelles [49]). The above-mentioned
authors suggested that it was the formation of
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inverted micelle comprised of substance from in-
teracting bilayers that provoked the fusion process
[4]. But it follows from recent investigations that
the inverted micelles appear in the system after the
fusion and seem to be somewhat stabilized inter-
mediate structures formed in this process [50]. Our
paper is devoted in fact to the investigation of
such intermediate states which precede the forma-
tion of trilaminar structure. Such an intermediate
structure visualized in the Fig. 1b might be the
apposition of two stalk nuclei. The contact of
hydrophobic edges of stalk nuclei with milieu seems
energetically to be highly unfavourable. But
according to Hoekstra [51], fusion occurs most
probably in the region of tight dehydrated contact
between membranes. In that case, the energy of
interaction between stalk nuclei and milieu can be
relatively small.

If it is supposed that fusion is accompanied by
the appearance of an inverted micelle, then its
nucleus has to be placed between the walls of stalk
nucleus (Fig. 1b). In any case, it is the inter-
mediate structure, which condition the energy bar-
rier to be overcome in monolayer fusion and there-
fore determine the process kinetics investigated in
this paper. Our results imply that the incorpora-
tion of molecules of positive spontaneous curva-
ture (e.g., lysoPC) into bilayers has the same effect
as that which can be calculated from the supposi-
tion that the intermediate structure energy is
mainly determined by the stalk nuclei energy. We
should like to stress that it is right both qualita-
tively and quantitatively. It means that either the
inverted micelles do not arise in this system at all,
or their nuclei energy is small comparing to stalk
nuclei energy and has no impact on the kinetics of
monolayer fusion.

An excess amount of lipid arises in the process
of trilaminar structure formation. During the
lipid-membrane interaction investigated in this
paper, that surplus is removed to the membrane
periferee (i.e., to the meniscus). But in the systems
without a lipid reservoir (in vesicles and cells), the
excess material can be packed into inverted
micelles.

We focused our investigation on the primary
stage of trilaminar structure formation having in
mind that stalk mechanism can operate also dur-
ing interaction of cell membranes.
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