Gen. Physiol. Biophys. (1984), §, 379—402 379

On the Theory of Membrane Fusion.
The Adhesion-Condensation Mechanism

M. M. KozrLov and V. S. MARKIN

Institute of Electrochemistry, Academy of Sciences of the USSR
Moscow, Lenin prospect 31, USSR

Abstract. The primary act of the adhesion-condensation mechanism underlying
membrane fusion is considered. This act involves the formation of a close
dehydrated contact between membranes and the subsequent crystallization of
molecules of the external monolayers in the contact region. Crystallization
associated with a decrease in the area per molecule gives rise to elastic stresses
which cause a disruption of the external monolayer of the membrane in the contact
region. This disruption results in the formation of a trilaminar structure (a
monolayer fusion occurs). It has been shown that for the formation of a trilaminar
structure between liposomes with a radius of 20 nm the contact area must be at
least 22 % of that external monolayer. Moreover, the membrane has to overcome
an energy barriers; according to estimates for 20 nm liposomes, the maximum
value of the barrier is approximately 20 kKT. The height of the disruption barrier
decreases with increasing area of the contact region. Estimates have been obtained
for the minimum area of a “*hole” in the contracting monolayers, which arises from
their disruption for 20 nm liposomes, this area is approximately 2 x 10 nm’.

The developed theory explains the data obtained by the Papahadjopoulos group
in their experiments on the fusion of phosphatidylserine liposomes (Portis et al.
1979; Wilshut et al. 1980; Diizgiines et al. 1981); in addition, it enables the
description of the mechanism underlying the disruption of a liposome as a result of
expansion of its membrane. The process of disruption was studied by Kwok and
Evans (1981).

Key words: Membrane fusion — Adhesion mechanisms — Condensation
mechanism

Introduction

In previous papers (Markin and Kozlov 1983a; Kozlov and Markin 1983)
a classification of the membrane fusion mechanisms has been introduced based on
the primary act which the structural rearrangement of bilayers originates from. The
primary act characterizes the fusion of both biological and artificial membranes,
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and it does not include the removal of various proteins from the contact region of
membranes, which occurs at carlier stages of cell fusion (Lucy 1978: Markin
1981).

Two main fusion mechanisms have been distinguished: the stalk mechanism,
which starts with the formation of a bridge between the interacting membranes and
the adhesion mechanism at the initial stage of which a close contact between the
membranes is established. In the latter case a partial interpenetration of the
membranes can not be ruled out. The adhesion mechanism includes
adhesion-micellar and adhesion-condensation mechanisms, according to the way of
transformation of the membrane structure following the establishment of a contact.

The adhesion-micellar mechanism involves the formation in the contact region of
inverted micelles which disrupt the integrity of the interacting membranes and lead
to fusion (Markin and Kozlov 1983a; Kozlov and Markin 1983 ; Cullis et al. 1980).

The adhesion-condensation mechanism is based on phase transition from liquid
to the crystalline state of lipid molecules in the contact region of the external
monolayers of the interacting membranes. The transition from the liquid to the
crystalline state is accompanied by a decrease in the area per molecule, 1. e. it
actually is a condensation of molecules (Chapman et al. 1967).

Crystallization of molecules of the external monolayer may cause stresses leading
to disruption of the external monolayers of the contacting liposomes. As a result,
the internal volumes of liposomes become separated by a single bilayer, i.e.
a trilaminar structure is formed (in other words a monolayer fusion occurs)
(Markin and Kozlov 1983a; Kozlov and Markin 1983). Further evolution of the
trilaminar structure may lead to disruption of the bilayer separating the internal
volumes of cells (liposomes), i.e. to complete fusion.

The possible existence of the adhesion-condensation mechanism of fusion has
been indicated by results obtained in recent years by the Papahadjopoulos group in
experiments on fusion of negatively charged phosphatidylserine (PS) liposomes
under the action of calcium ions.

These studies yielded following main results:

(1) Fusion of PS liposomes occurs only if Ca®* cations are present in the liposome
bathing solution ;

(2) at low Ca** concentration (1 mmol/l) no fusion occurs; the fusion of small
liposomes with a diameter of about 25 nm requires concentrations of Ca®* of
minimum 1.2 X 107" mol . | ' and the fusion of large liposomes (about 100 nm in
diameter) minimum 2.4 x 10 * mol . 1"', the ratio of adsorbed Ca’' ions to PS
molecule number being close to 1:2;

(3) in a system of PS liposomes fusion is accompanied by aggregation of PS
liposomes, liberation of heat due to crystallization of lipid molecules, release of the
liposome content and by the formation of structures called cochlear cylinders ;

(4) the most rapid processes are aggregation, liberation of heat and fusion all of



Adhesion — Condensation Mechanmism 381

them occuring approximately within the same time interval; release of the
liposome contents and the formation of cochlear cylinders both occur with a delay ;

(5) in the presence of Ca’' ions the membrane contact region is practically
entirely dehydrated whereas in the presence of Mg** ions or in absence of divalent
cations there is a considerable amount of water between the lamellac;

(6) in the presence of calcium, the lamellar distance corresponding to the
distance between the centers of the contacting bilayers is by 0.7 nm smaller than
the bilayer thickness measured separately ;

(7) in the presence of Ca®" ions the phase transition temperature T is by more
than 100° higher as compared to that observed in the absence of divalent cations.

The above authors have put forward a hypothesis claiming that each Ca’' ion
forms a ““trans’ -complex with two PS molecules of the adjacent membranes: as
a result, a close contact is established involving no molecules of water; it is these
“trans” - complexes which are believed by the authors to upset the stability of
membranes, thereby promoting their fusion. In a previous paper (Markin and
Kozlov 1983b) it has been showed that if a close dehydrated contact is formed
between charged PS liposomes in the presence of calcium, the phase transition
temperature in the contact region must exceed by more than 160° the transition
temperature in a membrane contacting electrolyte solution. This results from the
fact that charges of the external monolayer with adsorbed Ca** ions form a lattice
of alternating opposite charges of the chess-board type, which tends to be
compressed. In the region of the dehydrated contact with a low dielectric constant
the electric attraction between molecules turns out to be very strong, this leading to
a considerable increase in the transition temperature as compared to that in the
remaining part of the bilayer. In this connection, it may be assumed that if initially
the membranes of PS liposomes were in the liquid state at too high temperature
then, after the formation of a dehydrated contact between them in the presence of
calcium, the molecules of the external monolayers sited in the contact region will go
over into the crystalline state.

A theory of stresses and ruptures in a membrane as a result of molecule
crystallization in the external monolayer is developed below. Based on the theory,
we shall explain the data obtained by the Papahadjopoulos group in experiments
on fusion of PS liposomes (Portis et al. 1979 ; Wilshut et al. 1980 ; Diizgiines et al.
1981). We shall show in particular that stresses arising from crystallization of
molecules in the contact region can result in membrane disruption in this region,
triggering the adhesion-condensation mechanism of membrane fusion.

Formulation of problem. Let us consider two unilamellar liposomes composed of
negatively charged molecules. Let us assume that the external monolayers of both
liposomes are neutralized by calcium ions and are in mutual contact, the contact
region including 2N° molecules (N°© from each of the interacting monolayers) being
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Fig. 1. Two liposomes in contact. The heads of the contacting negatively charged membranes in the
presence of Ca’* form a chess-board-type lattice of alternating charges.

fully dehydrated (Fig. 1). In accordance with the results of Markin and Kozlov
(1983b) we shall suppose that 2N° molecules in the contact region have all gone
over to the crystaline state while the remaining molecules of both membranes have
remained in the liquid state.

Let us assume for the sake of simplicity that all the contacting liposomes have the
same radii, and we shall refer all subsequent reasoning to one of the liposomes
(without any loss of generality).

We shall suppose, that an equilibrium area b, or b, is characteristic of an
undeformed lipid molecule in the liquid and in the crystalline state, respectively,
whereby b, > b,. If the actual area per molecule, a, differs from that under
equilibrium, then respective strain energy per molecule in the liquid and in the
crystalline state is

2 2
w, =T (a; blbi) . ow,=T (a, beY) (1)
where a; and a, are the actual areas per molecule in the liquid and crystalline state,
respectively and I" is the modulus of elasticity, the value of which for artificial
bilayer membranes is close to 5 x 10°* N/m (Israelachvili et al. 1977) (the values of
the equilibrium areas for dipalmitoyllecithin are b, =0.65 nm” and b, = 0.48 nm’
(Traiible and Eibl 1974)).

The areas of the monolayers of a closed liposome cannot change independently.
It is easy to consider the case of liposomes of an arbitrary radius ; however, to avoid
tedious expressions we shall assume that the radii of the liposomes are well larger
than the membrane thickness and, hence, it may be inferred that both the areas of
the monolayers and the corresponding total numbers of molecules in the mono-
layers are equal. Let us denote the number of molecules in one monolayer N. If the
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Fig. 2. Disruption of the external monolayer. A: A “hole” in the contact region of the membranes. B: A
hypothetical “*hole™ outside the contact region of the membranes; the “hole™ edges are hydrophobic.

C: A hypothetical “hole” outside the contact region of the membranes; the “hole” edges are covered
with polar heads.

membrane molecules are all in the same phase state, the areas of the monolayers
equal the equilibrium areas and the bilayer is not stressed. In our case, N*
molecules of the external monolayer are in the crystalline state and all the
remaining membrane molecules are in the liquid state ; thus the equilibrium area of
the external monolayer is smaller than that of the internal one. In view of the
equality of the actual areas of the monolayers the external monolayer becomes
expanded relative to its equilibrium area while the internal one is compressed. This
may lead to disruption of the external monolayer, occuring in both the contact
region and the part of the membrane, adjoining the electrolyte solution (Fig. 2 A,
2B). We shall determine conditions under which disruption of either type may
occur.

Basic equations. To the thermodynamic equilibrium of the liposome at a constant
pressure, P, and a constant temperature, T, there corresponds a minimum of its
Gibbs free energy, @ (Landau and Lifshitz 1976). Therefore, to solve the above
problem the knowledge of conditions under which disruption of the external
monolayer causes @ to decrease, is essential.

The expression for @ can be written as

@ =N° (e5— TsS+ Pu) +
+ (N =N (e5— Tsg+ Pv3)+ N (ei — Tsi + Pvi) + U (A), (2)
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where £5,v5 and s§ are the energy, volume and entropy per molecule in the contact
region of the membranes respectively; 7,07 and s7 are the corresponding variables
for molecules sited in the external monolayer outside the contact region; and &}, v}
and s} are variables characterizing molecules in the internal monolayer,

The variables £5,¢5 and ¢} include all kinds of energy, namely, elastic energy (1),
which changes with varying area per molecule ; electric energy of the interaction of
molecules; and the energy per one ncutralized molecule in its underformed state.
U (A) is the energy of a “hole” of the area A, which arises from disruption of the
external membrane monolayer. Further we shall suppose that the “hole™ is
circular, corresponding to the minimum of its energy (the Gibbs free energy of both
contacting liposomes is obtained by doubling the right-hand member of Eq.2).

As for the entropy per molecule, we shall assume it to be independent of the area
per molecule, a (provided that the shift of a from the equilibrium area b is not too
extensive) ; the entropy per molecule in the liquid and crystalline state is s;0 and s,q,
respectively.

At a pressure P =1 atm the dependence of the volume of a molecule on its area
can be neglected because the corresponding contribution to the Gibbs free energy
is small compared with the elastic energy (Markin and Kozlov 1983b).

Finally, according to the results of Markin and Kozlov (1983b) there is a strong
mutual attraction between the molecules sited in the region of dehydrated contact
in the presence of adsorbed calcium. As a result, a molecule within the contact
region reaches the limit of deformability; this means that changes in the elastic
energy, arising from deformations of the molecules, increase much more drastically
than it might be expected from (1). As far as the molecules outside the contact
region are concerned, their areas are close to those equilibrium (provided the area
of the contact region is much smaller than that of the monolayer) ; changes in the
elastic energy are defined by formula (1). It follows that in deformations of the
membrane due to the formation of a **hole” the change in the energy per molecule
in the contact regions is less than that of the remaining molecules. Therefore, the
area per molecule in the contact region will further be assumed to be invariable and
its value will be taken for estimates.

In the above assumptions the Gibbs free energy (2) of the liposome is written as

@ =(N—N°) € (a?) + Nei (a}) + U (A)+ const (3)

Here, €} (a3) and € (a}) are the energies per molecule in the external (with the
exception of the contact region) and the internal monolayer as functions of the area
per the molecule (respective),const incorporates all terms independent of the areas
of the monolayers and remaining unchanged with the varying area of the “‘hole”.

It follows from Eq. (3) that the parameters defining @ are af, a} and A. An
additional condition of the approximate equality of the areas of the monolayers is
imposed on these parameters:
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N¢b, + (N — N°) a3 + A = Na,, (4)

Eq. (4) indicates that only two of the three parameters mentioned above are
independent.

We shall suppose that it is the elastic energy (1) that is the main contribution to
changes in €3(a3) and £i(a}) as a result of deformation. Here, we shall neglect
changes in the electric energy of molecules which according to the estimates of
Markin and Kozlov (1983b) are much smaller than changes in the elastic energy.

Disruption in the liposome contact region. et us consider under what conditions
the external monolayers of the liposomes may disrupt in the region of their contact
(Fig. 2A). What is the energy of a “hole” formed as a result of such a disruption?
The contact is dehydrated and the intact monolayers limiting the internal volumes
of the liposomes protect the “hole” against the penetration of water; thus no
energetically disadvantageous contact of the hydrophobic parts of the membrane
with water as a result of the disruption may occur. The “hole’ has an excessive
energy from a different reason. As mentioned above, the polar heads of the
external monolayer of the liposome with adsorbed Ca** ions form a lattice of
alternating opposite charges (or the chess-board type) (Fig. 1). The molecules
forming the lattice are effectively attracted to each other (Markin and Kozlov
1983b). As a result of disruption of the monolayer, some of the molecules become
sited at the edge of the “hole”. A calculation using the modified cut-off disc
method (Cullis et al. 1980) shows that the electric energy of a molecule sited deep
in the lattice is smaller than that of a molecule at the edge of the “hole” (Appendix
A). The excessive electric energy per molecule at the edge of the “hole” is

w=7x10- % 1 (5)
g€, Vb,
Here, e, is the charge of the polar head, ¢ is the dielectric constant of the medium
surrounding the polar heads and &, is the dielectric permeability of the vacuum.  The
Gibbs free energy of one liposome (3), taking into account Egs. (5) and (1), is
(a3— b))’ (a,— b))’

O=L(N-N)—5——+N—— A + BV A + const (6)
A

el 1
¢ by ;
The first terms on the right side of Eq. (6) represent the membrane elastic energy
which, as shall be shown does not disappear even if the membrane ruptures (the
“hole” area A # 0). The third term is the “hole™ energy per liposome, determined
by the appearance of an excessive electric energy in the molecules sited at the edge
of the “hole”. This term determines the linear tension of the ‘‘hole” perimeter. It
follows from Eq. 6 that the magnitude of the linear tension of the hole is a function

where B=107? and A is the area of the hole.
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of the dielectric constant ¢ of the medium surrounding the polar heads. Further
estimates will show that if a dehydrated contact with a low ¢ is established, the
linear tension is large enough to counteract membrane disruption.

The constant in Eq. (6) incorporates all contributions to @, which remain
unchanged with varying A.

Let us consider how the Gibbs free energy @ depends on the “‘hole™ area A. It
should however be stressed that at a fixed value of A the areas per lipid molecule
outside the contact region, a5 and a}, must satisfy the condition of mechanical

T . . - . 0@
equilibrium, which requires the occurrence of a minimum @, i.e. — =0 and

day
3P 5 ) : - . : .
g-a—,=0. These conditions in conjunction with Eq. (4), which determines the
A
relationship between the areas of the monolayers, lead to following expressions for
a3 and a
o_2Nb,—Nb,— A
a,= ZN E__ Nc L] (?)

and

2 (N—Nb, + N°b, + A 8)
2N—N° (

a,=

The substitution of Egs. (7) and (8) into Eq. (6) yields an expression for the Gibbs
free energy
N‘: 2
(2N-N9) | N
b=r
b, 5_ N¢
N

N
+ 6 V A + const (9)

An analysis of expressions (7) and (8) indicates that, with the appearance of
a “‘hole”, the area per molecule in the external monolayer decreases and that in the
internal monolayer increases, both of them approximating their equilibrium values.
This results in a decrease in the membrane elastic energy represented by the first
term in Eq. (9). However, a “hole” energy given by the second term in Eq. (9)
appears. These two trends compete; as a result the disruption of the external
monolayer can be energetically gainful under certain conditions only.

So far, the ““hole™ area A has been assumed to be fixed. In order to extablish the
conditions of disruption we shall investigate the dependence of the Gibbs free
energy @ on A. This dependence (for a doubled value of @, corresponding to the
Gibbs free energy of both liposomes) is shown in Fig. 3 (curves 1—4).

The parameter characterizing the curves in Fig. 3 is the area of the membranes
contact region (the number of lipid molecules is N°) in each of the liposomes in the
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Fig. 3. The dependence of the Gibbs free energy of the liposome on the “hole™ area in the contact
region of the external monolayer. Value of @ is substracted from the value corresponding to A =0 and
the zero contact area of the membranes. Abscissa: the contact area of the liposomes (the number of
molecules sited in the contact region). Eq. (9) was used to obtain values b, =0.65 nm”; b, =0.48 nm*;
and N=7700. 1:N/N=0.1. 2:N/N=0.19. 3: N /N=0.22. 4: N /N=0.25.

contact region. The curve @(A) can increase monotonically (Fig. 3, curve 1). This
means that, with the formation of a “*hole”, the appearance of excessive energy of
the membrane cannot be compensated for by a decrease in the elastic energy: thus
the disruption is thermodynamically not gainful. If the contact area of the
membranes is sufficiently large the dependence ®(A ) may reach a minimum (Fig.
3, curves (2—4)).

An analysis of expression (9) shows that the minimum contact area at which
a minimum of the Gibbs free energy appears for the first time includes N*
molecules of the external monolayer in each of the liposomes ; this is determined to
within (N¢/2N)* from the formula

N¢ (4r 3;;&)2&

(10)

) bAb_;_ o (4r 5@)“
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Taking into account the above values of variables in Eq. (10) for the 20 nm
liposome we obtain N°/N =0.18. If the value of the Gibbs free energy is greater at
the minimum than that at the point A =0 (Fig. 3, curve 2) the appearance of
a “hole” is not gainful. Otherwise, if @ is less at the minimum than or equal to its
value at the point A =0 (Fig. 3, curves 3—4), disruption may occur, since in such
a situation, the total effect due to both decrease in elastic stresses and the
appearance of a “hole” leads to a decrease in the Gibbs free energy. Thus, the
condition of disruption of the external monolayer is the extention of the contact
area (or of the number of molecules of each of the liposomes in the contact region
N**) to a value at which the equality of the values of the Gibbs free energy @ at the
minimum point and at the point A =0 begins to hold.

With a further increase in the area of the contact region the @ value becomes
smaller at the minimum point than that at the point A =0 (Fig. 3, curve 4). This
means that the appearance of a “*hole” becomes energetically even more gainful.

The number N°*, at which disruption may occur and the area A* of a ‘“‘hole”
arising in the external monolayer can be found using following equations obtained
from requirements 3®/3A =0 and ®(A*)=P(0)

-2, 11
2N —N¢ 4r VA @b
2N (b =b)~A_fb 1 _
2N — N¢ rva -
Assuming that N°<2N, the solution to Egs. (11) and (12) gives to within
(N</2N)*:

(12)

3 (r \ff\fﬂ)m 13)
2b,\—b,,+1( B )2-'3
b, 2 \I'VNb,

_l b; ( ﬁ )2;3 2/3
ﬁb‘qN‘ 4 b_a' i b-r r V Nb;
T 1 b B 2/3
1 4+-—2—
2 b,—b, (r \/Nbl)

Considering the 20 nm liposome and assuming £ =2, b, =0.65 nm® and b, =
0.48 nm?, the second term in the denominators of expressions (13) and (14) and in
the numerator of Eq. (14) can be neglected and these expressions can be rewritten
with the exception of a small percentage as

A*=(ﬁ‘f’]i— - (15)

N
N

A*= (14)
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Fig. 4. The dependence of the energy barrier value on the contact region area for a disruption of the
external monolayers in the contact region of the liposomes. The plot was constructed for to occur values
b, =0.65 nm*; b, =0.48 nm’; N=7700; and I'=5x10 *N/m. In the shaded region there is no
barried as such since a monotonic increase in energy as a function of the “*hole™ area corresponds this
region. The asterisk denotes the contact region at which disruption is in principle possible ®(A*)=
@(0).
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Estimates by Egs. (15) and (16) vyield N*/N=0.22 and A*=
2 x 10* nm®. This means that disruption in the contact region becomes possible as
soon as the contact area has covered more than 22 % of the monolayer molecules ;
in this case, the minimum area of the “hole” formed is approximately equal to the
area per 300 lipid molecules.

It is evident from Fig. 3 (curves 2—4) that for a “hole” to be formed, the
membranes have to overcome an energy barrier associated with the linear tension

of the “hole” perimeter. The value of the barrier can be analytically calculated only
for the case ®(A*)=®(0):

AW=""
by

N 5x107 1 e2 b\*?
——r 17
( VN Fesf,by) 17
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Taking into account the above values of the variables in Eq. (17) an estimate
gives AW =40kT. With increasing contact area the value of the barrier decreases
(Fig. 4). However, the barrier cannot disappear entirely what the tact area extent
might be : this follows from the existence of the linear tension of the hole perimeter.

Let us estimate the characteristic time within which the external monolayer in
the contact region may disrupt if the area of this region equals, say, 22 % of the
membrane area. We shall make use of expression for the rate of formation of pores
in a membrane, as described in Weaver and Mintzer (1981);

v=v, Vu exp(—%}r—v) (18)
where Vj is the total volume of the lipid molecules in the membrane contact
region; and v, is the characteristic frequency (2x10°*s™' m™). For the 20nm
liposomes an estimate of the characteristic time for the formation of a trilaminar
structure, T=v ', considering that the energy barrier in the case considered is
40 kT, gives 1=2 x 10 °s. This means that the energy barrier does not limit the
process of formation of a trilaminar structure, and the main condition is that the
contact area of the liposomes amounts to 22 % of the membrane area (for the

20 nm liposomes).

Discussion

The above theory considered the possibility of disruption of the external monolayer
of a negatively charged liposome membrane in contact with another liposome in
the presence of Ca** ions, The lipid molecules in the contact region go over from
the liquid to the crystalline state (12) and become compressed; as a result, the
membrane develops elastic stresses which lead to disruption of the external
monolayer in the contact region of the liposomes (Fig. 2).

Expression (13) gives the minimum area of the contact region at which
disruption can occur. An estimate by Eq. (13) for liposomes of radius 20 nm has
shown that a rupture in the contact region can occur if the area of the contact
region constitutes approximately a fifth part of the total area of the external
monolayer.

Expression (14) has been constructed for the minimum area of “*holes” arising
from the disruption of the external monolayer. Estimates have shown that if the
liposome radius is 20 nm the minimum area of a ‘“hole” is approximately
2 x 10° nm? as a result of a rupture in the contact region.

Finally, expression (17) has been obtained for the energy barrier which the
liposome has to overcome for a rupture to occur when the formation of a ‘‘hole”
becomes energetically gainful. The value of the barrier for disruption in the contact
region was found to be approximately 20 kT.

An estimate of the characteristic time for the formation of a “‘hole”, t at the
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Fig. 5. The primary act of membrane fusion A—(': the formation and growth of the contact region
(crystalline “'spot™): D: disruption of the external monolayer and the formation of a trilaminar
structure ; E: a hypothetical disruption of the trilaminar structure to the occurrence of an excessive area
of the internal monolayers during the expansion of the contact region; F: a hypothetical disruption of
the trilaminar structure due fo the considerable bending of the monolayer separating the internal
volumes of the liposomes.

above value of the energy barrier has shown that t=2 x 10 ° s, i.e. the layer must
disrupt practically instantaneously as soon as the required conditions are met.

An increase in the contact area leads to a decrease in the energy barrier and,
hence, to a decrease in the time for the formation of a “hole”.

The above theory accounts for the experimental results of the Papahadjopoulos
group (Portis et al. 1979 ; Diizgiines et al. 1981 ; Wilshut et al. 1980) mentioned in
Introduction. Since the most important phenomenon studied in these works has
been membrane fusion we shall start with the description of a possible mechanism
underlying this process. The primary act of the adhesion-condensation mechanism
of fusion under consideration is the establishment of a dehydrated contact between
the membranes; this may apparently occur only in the presence of Ca®" ions.
However, establishing of the contact alone, is insufficient ; for the fusion to take
place, the integrity of the bilayer must be disrupted (Markin and Kozlov 1983a;
Kozlov and Markin 1983). Here, the seeond aspect of the action of Ca** ions comes
to expression. Being adsorbed by charges of the lipid molecules and neutralizing
the total membrane charge, they form a lattice of alternating charges of the
chess-board type. The heads of lipid molecules are strongly attracted to each other
in a nonpolar medium represented by the dehydrated contact of the membranes.
As a result, the phase transition temperature of the lipid in the contact region is by
more than 160° higher than that in the remaining parts of the membrane (Markin
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and Kozlov 1983b) i.e. according to the data of Newton et al. (1978), approximate-
ly 8°C for charged and 18°C for neutralized membrane. Hence, at temperatures of
about 20° to 40°C, the external monolayer molecules in the contact region can go
over to the crystalline state, whereas other molecules of the bilayer remain in their
liquid state. This gives rise to stresses in the external monolayer of the liposome,
leading to its disruption.

However, the disrupturing does not occur immediately. First, a small contact
region is formed and molecules in this region began crystallizing, a crystalline
“spot’” appears in the external monolayer of each of the interacting liposomes. This
process should be experimentally manifested as adhesion of the liposomes and start
of phase transition. An analysis has indicated that the membranes polar groups of
which form a lattice of alternating charges are electrically attracted to each other
(Appendix B.) At small intermembrane distances, the attraction becomes very
strong (B2), and the contact between the membranes must practically be irrever-
sible. After a contact had been formed and a crystalline “‘spot” had appeared in the
external monolayer. the events further proceed as follows. The parts of the
membranes, adjacent to the contact region, are mutually attracted due to the
interaction between the lattices of alternating charges (Appendix B). Due to this,
the contact region becomes enlarged (Fig. 5B, C), i.e. it acts as a sort of a “zipper”
“clasping” the liposomes to each other. When the contact area reaches approxi-
mately a fifth part of the area of the external monolayer, the external monolayers
of the interacting membranes disrupt, the material from the contact region, is
partially removed and a trilaminar structure is formed between the liposomes (Fig.
5); in other words, the internal volumes of the liposomes become separated by
a simple instead of two bilayers.

Thus, in the above system of negatively charged liposomes the primary act of
fusion (by the adhesion-condensation mechanism), may start in the presence of
Ca®*. In this case the primary act is completed by the formation of a trilaminar
structure (Markin and Kozlov 1983a) or, put another way, by a monolayer fusion
(Fig. 5D). Physical processes which occur at the subsequent stages of fusion leading
to mixing of the contents of the liposomes, i.e. to complete fusion have not been
considered in the present paper. We shall formulate several hypotheses on the
nature of these processes. Further enlargement of the contact region should lead to
an appreciable distorsion of the liposome shape and give rise to some excessive
area of the internal monolayers, which in turn may cause disruption of the bilayer
separating the internal volumes (Fig. SE). Another possible variant is that the
trilaminar structure becomes disrupted at later stages of the zipper clasping when in
virtue of the geometric limitations the edges of the “hole’ become overlapped and
the bilayer separating the internal volumes has to be strongly deformed (Fig. 5F).
Separate communications will be devoted to a theoretical analysis of stages
following the primary act.



Adhesion — Condensation Mechanism 393

Efflux of the liposome contents. The Papahadjopoulos group (Portis et al. 1979;
Diizgiines et al. 1981 ; Wilshut et al. 1980) has noted that, even at the initial stages
of the process of interaction between PS liposomes, with the aggregation and fusion
playing dominant role, an efflux of the liposome contents may be observed,
although to a small degree. This suggests that, along with a rupture within the
contact region, resulting in membrane fusion, in some cases a rupture occurs
outside the contact region; as a result, the liposome contents is released into the
external solution. It may be assumed that a rupture of this type has similar
underlying mechanism as that occurring within the contact region (Appendix C).
First, the external monolayer outside the contact region becomes disrupted, giving
rise to a hole with a hydrophobic “bottom™ and a perimeter covered with polar
heads due to tilting of the lipid molecules (Fig. 2C). To the energy of the “hole
bottom™ corresponds to the surface tension o, and the energy of the perimeter
corresponds to the linear tension y. Further evolution of such a “hole™ should
consist in disruption of the second monolayer of the membrane; in this case, the
membrane hydrophobic part loses contact with the solution and the liposome
content is released. In Appendix C, an expression shall be given for the area of the
contact region of the membranes, required for the disruption outside this region to
occur. An estimate using this expression and assuming the surface tension of the
“hole”, o to be the same as that at the heptane-water interface, =5 x 107> N/m
(Adamson 1975) and the linear tension per monolayer y=5 X 107** N (Helfrich
1974 ; Litster 1975) shows that no disruption of the external monolayer of the
given type will occur outside the contact region even if the contact region extends
over entire external monolayer. For such a disruption to occur a relation
0=2x107? N/m should in principle hold.

In the above mechanism stresses are eliminated due to the appearance of a “‘hole”
in the external monolayer; as a result the total area of this monolayer becomes
enlarged. However, another variant may be proposed, consisting in the formation
of a through pore of a small radius outside the contact region with its perimeter
covered with polar heads of lipid molecules; such a pore is termed inverted
(Abidor et al. 1979). Material can get through the pore from the internal to the
external monolayer, eliminating stresses in the membrane (Fig. 6). Let us estimate
what the area of the contact region must be for such a mechanism to be feasible.
The inverted pore possesses an energy associated with the tilting of lipid molecules
on its perimeter. As follows from the paper by Kozlov and Markin (1983) the
energy of the pore is

W=2x D{z((;—:zg— tg\/ } (19)

where p=2r/h; r is the pore radius (the radius of the channel formed by the pore,
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Fig. 6. A hypothetical mechanism ol stress elimination in the membrane with the formation of an
inverted pore and with the overflowing of the lipid from the internal into the external monolayer. A: the
intact membrane: B: the intermediate stage of the process with the membrane hydrophobic part being
uncovered (" the formation of an inverted pore and redistribution of the material.

Fig. 6): h is the monolayer thickness ; and D is the coefficient of bending rigidity of
the monolayer.

Let us assume that the pore has a zero radius, o = 0. A pore can arise if its energy
is less than or equal to the elastic energy accumulated in the membrane prior to the
formation of the pore and elimination of stresses. From Eq. (7) and (19) it is easy
to find the form of the question for the equation for the contact area (the number of
particles of one membrane, contained in this region, required for the formation of
such a pore):

C(NY (b —b,)' _

5N b 53D (20)

It thus appears that

' D b
N- \/10.6 N by (1)

Eq. (21) includes the coefficient of bending rigidity D. For a bilayer D=10""]
and this coefficient is proportional to the membrane thickness cubed, D~ h’
(Landau and Lifshitz 1965); thus for a monolayer D=1.2 x 107*" J. Using the
above values of the contants occurring in Eq. (21) we obtain for 20 nm liposomes.

—=0.1

According to the estimate, the inverted “pore” eliminating stresses in the mem-
brane becomes gainful if the contact area includes more than 10 % of the
membrane area. However, at the intermediate stage of the formation of a “*pore”,
hydrophobic parts of the membrane must be uncovered (Fig. 6) giving rise to an
energy barrier



Adhesion — Condensation Mechanism ' 395

AW =2mysh + ah*c —5.3D, (22)

where yg is the linear tension of the noninverted perimeter of the pore in the
external monolayer at the first stage of the pore formation (Fig. 6). Adamson
(1975) reports values of yo=10"""N. Using the above values of the variables
appearing in Eq. (22) we get AW=~1000KkT. An energy barrier of the extent
makes the mechanism under consideration unlikely. The inverted pore may be
formed by some other mechanism, independent on: the uncovering of the
hydrophobic parts. However this also seems unlikely because such a mechanism
should be associated with an additional compression of the internal monolayer.

In conclusion of this section is should be pointed out that the problem of
membrane disruption with the liposome contents being related remains obscure
and calls for further investigations.

The effect of the liposome size on fusion. Wilshut et al. (1980) have shown that the
liposome size plays a role in the process of fusion. Small liposomes fuse more
readily than large ones. This is reflected by higher rates of fusion observed in
suspensions of small liposomes.

This may be explained, first, by the fact that disruption of the external monolayer
leading to fusion, necessitates the establishment of a contact region between the
liposomes, with the area of this region being the larger the greater the liposome
gize. If this stage is limiting, then the characteristic fusion time must also increase
with the liposome size. .

Moreover, the rate of fusion must be strongly dependent upon the energy barrier
AW which the membranes have to overcome for a “hole” to be formed in the
external monolayer (the rate of the process is proportional to exp (— AW/kT)).
The value of this barrier, as indicated by Eq. (17) is the higher the larger the
liposome size, AW ~N?; thus the larger the liposome the lower the rate of fusion.

It should be noted that all our calculations have been made under approximation
of equality of the areas of both liposome monolayers. A more accurate calculation
would not lead to a qualitative modification of the results, namely, the above
conclusion concerning an increase of the energy barrier for the occurrence of
a disruption with the liposome size, remains valid.

A simplified method of calculating the disruption in the membrane contact region.
Another to illustrate the theory in a clear-cut manner we shall show how conditions
of the external monolayer disruption can be obtained by a simpler through
approximate method. Let us consider a membrane with N° molecules in the
crystalline state in the external monolayer and with the remaining molecules
composing the membrane in the liquid state. If there is no “‘hole” in the external
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Fig. 7. The dependence of the Gibbs free energy of the liposomes, @, on the contact region area (the
number of lipid molecules in the contact region). @,: no disruption; @;: disruption of the external
monolayer eliminating elastic stresses. '=5x 107* N/m; b, =0.65 nm’*; b, =0.48 nm®; N =7700; and
e=2.

monolayer, the membrane is stressed. In this case, the Gibbs free energy of the
membrane is

F?J_:f (h;‘ = h‘r}j

@, = - + const (23)

- 2N .'t )Y
Let us assume that the external monolayer of the membrane has failed to withstand
the expansion and disrupted, the area of the “‘hole” formed being such that elastic
stresses in the membrane have totally disappeared. In this case, the Gibbs free
energy will be

&, =B Vb, — b, VN+ const (24)

Plots of @, and @, versus the contact area of the liposomes (the number of particles
in the crystalline state N©) are shown in Fig. 7 (curves 1 and 2). As the contact area
increases, the system “‘shifts” from left to right along the lower curve. First, the
system is represented by curve 1, corresponding to the absence of rupture ; after
a certain contact area has been established, it “passes” over to curve 2, which
corresponds to the presence of a “*hole”. It is easy to find from Eqgs. (23) and (24)
that the contact area at which disruption becomes gainful comprises N° b, where

e ﬁ b,g 2/3
N'=[2N £ oy
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A numerical estimate for a 20 nm liposome on the condition that b; =0.65 nm’ and
b, ~0.48 nm’gives N°/N =0.25. This value of the required contactareais somewhat
overestimated since we have used an approximate condition of complete elimina-
tion of elastic stresses. The more rigorous theory outlined above allows for the fact
that elastic stresses are not entirely eliminated even after disruption ; the remaining
stresses counterbalance the linear tension of the hole.

Application to the problem of liposome lysis. Based on the above theoretical
approach the mechanism underlying liposomes lysis may be described as a result of
expansion of the membranes, as investigated by Kwok and Evans (1981).
Assuming that the lysis is due to the appearance of an inverted pore in the
membrane, it may be shown that this process is associated with the membrane
overcoming an energy barrier which is the lower the greater the expansion of the
membrane. In our future communication we will show that such a mechanism
describes well the experimental results obtained by Kwok and Evans (1981).

Acknowledgement. We are grateful to Yu. A. Chizmadzhev for his helpful discussions.
Appendix A

Calculation of excessive electric energy of a molecule at the edge of a “hole” in the
external monolayer

Heads of lipid molecules of a negatively charged membrane with adsorbed
Ca**ions form a lattice of alternating charges of the chess-board type (Markin and
Kozlov 1983b). The electric energy of a molecule sited deep in the lattice, can be
determined by a modified cut-off disc method (Kozlov and Markin 1982)

wy=—0.07 %= 1 (A1)
1 " ee, Vb,

where b, is the area per molecule; e, is the elementary charge; ¢, is the dielectric
permeability of vacuum ; and ¢ is the dielectric constant of the medium surrounding
the polar heads. (Markin and Kozlov 1983b) Expression (A1) indicates that there
is attraction between the molecules in this lattice.

A molecule sited at the edge of a “hole” in the lattice possesses an excessive
energy as compared to molecules sited deep in the lattice. This is due to the fact
that the molecule at the edge of the “hole’ has neighbours in only one half-space.
To calculate the excessive energy, first, the energy of a particle sited in a linear
chain of alternating charges (Fig. 8) must be known:

1 e 1 1
( 1+2 3+ 47 eg, Vb, (42)

W= —— —

1 )_mz ez 1
8::580\/!)_,
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Fig. 8. A linear chain of charges alternating in sign. (see Appendix A).

Hence, the excessive energy of a molecule at the edge of the “hole” is

o 2
Wi W _ggqpefe L

e, Vb,

Appendix B
The interaction between two chess-board-type lattices

Let us consider two opposing square lattices with staggered positive and negative
charges, equal in modules to e,. A stable relative position of such lattices is given
when the negative charges of one of the lattices face the positive charges of the
otherone. The energy of interaction of these lattices per unit area can be calculated
by the modified cut-off disc method (Kozlov and Markin 1982)

2
W= e (I 4 " 4 )_

dee,0° d Va+ o> Vd*+4p’
2 2 2
_Lz(\/dzﬁi_\/dumg_), (B1)
4mee,0 T T

where d is the distance between the planes of the lattices and p is the distance
between neighbouring atoms in the lattices (the lattices are assumed to be
identical). Expression (B1) suggests that if the planes of the lattices are at
a sufficient distance from each other, d > g, the interaction energy asymptotically
tends to zero, and the strength of interaction also tends to zero (this is natural
because each lattice as a whole is neutral). If the lattices are close to each other,
d < p, the interaction energy per unit area will be

g’ 1
W=—rrt——
dmee,0° d (B2)
i.e. there is a strong mutual attraction.

Note that if for some reason the lattices cannot be oriented in an optimum
manner relative to one another the interaction of opposite charges will still turn
them so that there will be attraction between them, if weaker than given by Eq.
(B1).
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Appendix C

Disruption of the external monolayer outside the contact region of the membranes

Let us assume that the external monolayer outside the contact region of the
membranes has been disrupted (Fig. 2B, C). In this case, the part of the
hydrophobic surface of the internal monolayer, forming the ““hole bottom”,
becomes uncovered. The contact of this part of the membrane with the electrolyte
solution gives rise to an excessive energy. In addition, the hydrophobic chains of
the lipid molecules of the external monolayer, arranged along the perimeter of
a “hole”, may be uncovered (Fig. 2B). It is known (Petrov et al. 1980) however,
that in most cases the “hole” edges become covered with the polar heads of lipid
molecules (Fig. 2C) similarly as it is the case in inverted pores in a membrane. The
perimeter of such an ““inverted hole™ possesses an energy associated with the tilting
of lipid molecules sited on it.

From Eq. (3) an expression for the Gibbs free energy of the liposome can be
derived:

- b))’ a,— b))’

o=r(N-N)BE=o)  pn@—b) ),
b,\ b.\

+2VryVA + const, (c1)

where o is the energy of interaction of the unit area of the membrane hydrophobic
part with the electrolyte solution, y is the energy of the unit perimeter of “hole”,
and h is the length of the acyl chain of a lipid molecule. The first two terms on the
right side of Eq. (C1) represent the elastic energy of the membrane ; the third term
represents the energy of interaction of the hydrophobic ‘“‘hole bottom™ with the
electrolyte solution (Fig. 2B), i.e. virtually the surface tension of the “hole” ; the
fourth term represents the interaction energy of the acyl chains of molecules,
arranged along the “‘hole” perimeter (it has the meaning of the linear tension of the
“hole” edge; and const incorporates all the terms which remain unchanged with
varying “hole™ area A).

To analyze the dependence of the Gibbs free energy of the liposome on the
“hole” area A, we shall write this expression considering that the areas per
molecule, which correspond to the conditions of mechanical equilibrium, are given
by expressions (7) and (8). As a result, we get

N¢ A

IN-N[ N —B)—R

o=r— = +0A +2VayVA+const  (C2)
A

2"N

2
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The contact area, required for a minimum to appear in the curve @ (A), must
include the number of molecules of the external layer N given to within (N°/2N)?
by the expression

V7 213
Ne_ el )
N b-b, +( Vay )w
b 2I' VN

The area of the contact region (or the number of molecules in the contact region
N°*), required for a disruption to occur, and the minimum ‘“‘hole” area A are
determined from equations

Nc(b;\_by)_A_ggi_\/E'}’bi_O (C4)
2N—N¢ 2I' 2IvA

—= Y= == C5

2N-N° 2 TIVA ca)
analogous in their meaning to Egs. (12) and (13). From the solution of Egs.
(B4)—(BS5) subject to the condition N°<2N we find to within (N°/2N)? that for
a disruption to occur outside the contact region of the membranes this region must
include

Nex=

Var
,%Jrg (rzx/b_ﬂ) (©6)
bi=by

2Vay \?
Lb;L zr 2(r\/_E)

molecules of the external monolayer, and the minimum area of the ““hole”’formed is

e (1L (22|

b o 1 b (2Vmy\»

(U Gtmar 2 on (VeR) )
(by=b,)2I' 2b,—b, hN

Calculation of the energy barrier, to be overcome by the membranes for

a disruption to occur outside the contact region if the value of the Gibbs free energy
at the minimum equals its value at A =0, yields the expression

A*

Il

(€7
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AW =0.5 NI, (11, \/ﬁ \/%)m (C8)
s
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