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Abstract. A mechanism for rupture of a separating 
bilayer, resulting from vesicle monolayer fusion is in- 
vestigated theoretically. The stalk mechanism of 
monolayer fusion, assuming the formation and expan- 
sion of a stalk between two interacting membranes is 
considered. The stalk evolution leads to formation of 
a separating bilayer and mechanical tension appear- 
ance in the system. This tension results in rupture of 
the separating bilayer and hydrophilic pore formation. 
Competition between the mechanical tension and hy- 
drophilic pore energy defines the criteria of contacting 
bilayer rupture. The tension increases with an increase 
of the absolute value of the negative spontaneous cur- 
vature of the outer membrane monolayer, K °. The 
pore edge energy decreases with an increase of the 
positive spontaneous curvature of the inner membrane 
monolayer, K~. The relations of spontaneous curva- 
tures of outer and inner monolayers, leading to sepa- 
rating bilayer rupture, is calculated. It is demonstrated 
that his process is possible, provided spontaneous cur- 
vatures of membrane monolayers have opposite signs: 
K ° < 0, K~ > 0. Experimental data concerning the fu- 
sion process are analysed. 

Key words: Vesicle fusion, stalk mechanism, stalk evo- 
lution, monolayer fusion, trilaminar structure, pore 
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Introduction 

Membrane fusion attracts the attention of many re- 
searchers owing to the participation of this phe- 
nomenon in numerous biological processes (Evered 
and Whelan 1984). A great number of works deal with 
the search for conditions necessary for the fusion of 
cells and model membranes: lipid vesicles, planar bi- 
layer lipid membranes etc (Pinto da Silva and Nogueira 
1977; Papahadjopoulos et al. 1979; Rand 1981; Duz- 
gunes 1985; Chernomordik et al. 1985). In recent years 

attempts have been made to study the detailed molec- 
ular mechanism of membrane fusion (Chernomordik 
et al. 1985; Markin and Kozlov 1984; Israelachvili 
1985; Ohki 1984; Cullis et al. 1985; Lucy and Ahkong 
1986; Raundino 1986; Siegel 1986). Possible fusion 
mechanisms have been classified according to the 
nature of the contact between membranes that pre- 
cedes fusion. Mechanisms suggesting a wide-area con- 
tact were named adhesion mechanisms (Markin and 
Kozlov 1984; Kozlov and Markin 1984). Such a mech- 
anism may be represented by the adhesion-condensa- 
tion mechanism, involving a phase transition of lipid 
molecules in the membrane contact zone (Kozlov and 
Markin 1984). A membrane fusion mechanism that 
starts after a local point contact has been established 
between the membranes is called a stalk mechanism 
(Markin et al. 1984; Chernomordik et al. 1985). The 
stalk mechanism suggests that the formation of nar- 
row bridges (stalks) connecting the membranes (Gin- 
gell and Ginsberg 1978), is an intermediate stage in the 
fusion process (Fig. 1 a, b). If a stalk extends between 
the external monolayers of the interacting membranes 
only, it is named a monolayer stalk. An expansion of 
such a bridge leads to a trilaminar structure, a separat- 
ing bilayer bordering on the two bilayers along its 
perimeter (Fig. I b), being formed. The formation of 
the trilaminar structure is often referred to as mono- 
layer fusion to emphasize that this process does not 
ensure mixing of inner volumes of cells and vesicles. 
The fusion process is completed by destruction of the 
separating bilayer. 

The stalk hypothesis has been developed and 
substantiated experimentally by Chernomordik et al. 
(1985). It has been proven quantitatively that in the 
system of two bilayer lipid membranes the fusion pro- 
cess should involve an intermediate stage of mono- 
layer fusion triggered by the stalk mechanism (Cher- 
nomordik et al. 1985; Melikyan et al. 1983). 

The conditions necessary for stalk and trilaminar 
structure formation have been analyzed in previous 
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Fig. 1 a-e. Stalk mechanism of membrane fusion, a Zero-radius 
stalk formation, b stalk expansion and contact bilayer forma- 
tion, e formation of a pore in a separating bilayer 

papers (Markin et al. 1984; Chernomordik et al. 1985). 
To form the stalk, the membranes must overcome the 
hydration repulsion which prevents their approach. 
This process is achieved by local bending of bilayers 
under the action of thermal fluctuations. The local 
approach of membranes results in a loss of stability in 
the contact area and formation of a monolayer stalk. 
Further evolution of the stalk consists of its expansion 
and the formation of a trilaminar structure (Markin 
et al. 1984; Chernomordik et al. 1985). The probability 
of stalk formation and the conditions encouraging its 
expansion are determined by the degree of membrane 
hydration and by the elastic curvature energy of op- 
posed membrane monolayers (Chernomordik et al. 
1986; Leikin et al. 1987). The latter is closely related to 
the curvature of monolayers in the unstrained state. 
Such spontaneous curvature reflects the effective 
shape of lipid molecules determined both by an actual 
structure of each separate molecule and by specific 
interactions in a monolayer (Petrov and Bivas 1984). 

The studies mentioned above do not analyze the 
final stage of the fusion process: the rupture of the 

separating bilayer. This paper probes this question us- 
ing the concepts of structure reorganization, elastic 
curvature and spontaneous curvature used in the pre- 
ceding research. We obtain the relationship between 
spontaneous curvatures of outer and inner vesicle 
monolayers at which the expansion of the monolayer 
stalk leads to the rupture of the separating bilayer, i.e. 
to the completion of the fusion process. 

The model 

Let us consider the fusion of two vesicles (Fig. 1). A 
lipid bilayer making up the vesicle membrane consists 
of two monolayers free to slide laterally over each 
other. However, transversely they constitute a bilayer 
couple i.e. the bilayer can not laminate into two sepa- 
rate monolayers. The membrane monolayer in contact 
with the external solution is called the outer one and 
the second monolayer bordering the inner volume of 
the vesicle is called the inner one. Let us assume that 
in the course of membrane fusion the two stages occur 
in succession. First the outer monolayers of the vesi- 
cles fuse, i.e. monolayer fusion takes place. Secondly, 
the inner monolayers fuse, this results in mixing of 
vesicle volumes, and the aqueous contents intermix. 

Both stages are related to structural reorganiza- 
tion of the lipid monolayers. When monolayer fusion 
occurs, the reorganisation of outer monolayers leads 
to the emergence of a monolayer stalk, a bridge be- 
tween the membranes (Markin et al. 1984), and then to 
the formation of trilaminar structure (Fig. 1 b). At this 
point the aqueous contents of the vesicles appear to be 
separated by a single separating bilayer, made up of 
the inner monolayers of the interacting membranes. 
The structural reorganization, occurring at the second 
stage of the process and involving inner monolayers of 
the vesicle membranes, leads to the formation of an 
inverted pore in the separating bilayer which consti- 
tutes a hole, the edge of which is made up of polar 
heads of lipid molecules (Fig. 1 b). 

The two structures emerging in the process of fu- 
sion have much in common. In fact, the formation of 
each of them is related to the bending of the membrane 
monolayer. The stalk wall is formed by curved outer 
monolayers, whereas the edge of the inverted pore 
consists of curved inner monolayers. However, a sub- 
stantial difference between these structures is that the 
bending occurs in opposite directions. To form the 
stalk, the outer monolayer should be bent in such a 
way that polar heads of lipid molecules contract and 
the hydrophobic tails extend. Such bending we will 
consider to be a negative one, since it occurs within a 
bulge in the monolayer having the direction opposite 
to that of the external normal to the monolayer plane. 
Within the inverted pore the inner monolayer is bent 
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in the positive direction, the lipid molecule polar heads 
extend and the hydrophobic tails contract. 

The process of stalk and inverted pore formation is 
determined by the changes in the system elastic of 
bending. Let us consider the energy of a system of two 
fusing vesicles. We assume that the vesicles have the 
same parameters and relate all the following equations 
to one of them. The major contribution to the change 
in the system energy, caused by the stalk and pore 
formation, comes from the elastic curvature energy 
and extension-compressive energy of the monolayers. 

Elastic curvature energy per unit of surface of a 
monolayer is given by (Helfrich 1973) 

W~ = B2 (K m + Kp - 2K,) 2 , (1) 

where B m is the elastic curvature modulus (bending 
rigidity) of a monolayer, which is approximately equal 
to 10 -2° J; K,, and Kp are the principal (meridional 
and parallel) curvatures of a monolayer, K, is the 
spontaneous curvature constituting monolayer curva- 
ture in hypothetical unstrained state. The value of K s 
is determined by the effective shape of lipid molecules 
making up the monolayer. When the lipid molecules 
have a narrow polar head and wide hydrophobic tail, 
the monolayer tends to bend in the negative direction 
(with respect to the external normal) and its sponta- 
neous curvature is negative K S < 0. In contrast,, when 
the lipid molecules are narrow-tailed and wide-head- 
ed, spontaneous curvature of the monolayer is pos- 
itive, K S > 0. In the first case, K, < 0, the lipid molecule 
has the effective form of inverted cone; in the second 
case K, > 0 it has the form of a cone. If the areas of a 
polar head and hydrophobic tail are the same sponta- 
neous curvature of the monolayer is equal to zero, 
K s = 0, and the molecules have the effective shape of a 
cylinder. 

The stalk energy 

Let us consider the stalk formed by fused outer mono- 
layers of two interacting vesicles having spontaneous 
curvature K °. 

The stalk wall is formed by the curved monolayers 
(Fig. 1 a). To find the elastic curvature energy of the 
stalk wall, we assume that the neutral surface, dividing 
the monolayer  into two equal parts, is formed by the 
rotation of a semicircle with diameter 2 r correspond- 
ing to the height of the stalk. Let h denote the thickness 
of the monolayer, 6 = h/2, and the internal radius of 
the stalk R corresponds to the radius of a trilaminar 
structure formed by its surface. With these assump- 
tions the elastic curvature energy of the stalk mem- 

brane have been calculated (Markin et al. 1984) to be 

(r + 6 + R) 2 arctg 
=~Bm , f (~+a) (2 r+a+R)  R + 

+ K ° [2 7c (r + 6 + R) -- 8 r] - 4}, (2) 

where it has been suggested that W = 0 for a planar 
monolayer. 

Later we will focus our attention on the case where 
the stalk is formed between the apposed membranes 
separated by an equilibrium distance dw, determined 
by the hydration repulsion and Van-der-Waals at- 
traction. Taking into account that 2r  = d w + h and 
dw - h ~- 3 nm (Gruen et al. 1984; Rand 1981), we as- 
sume r = h so that Eq. (2) is reduced to the following 
form 

W~= W0~ + 2zTsR ,  (3) 

where 

Wos = rc B,, (0.62 + 1.42 K ° h) (4) 

is the energy of the stalk of zero radius and 

7~ Bm o 
7s = T (K, h + 0.25) (5) 

is the linear tension of a monolayer stalk. 
It follows from Eqs. (3) and (5) that there are differ- 

ent ways for the evolution (formation) of bridge. If 
7~ > 0 an increase in stalk radius is energetically unfa- 
vourable. In contrast, when the linear tension is nega- 
tive, 7~ < 0, the stalk tends to expand because it results 
in a decrease in its elastic energy. The linear tension of 
the stalk is determined by spontaneous curvature of 
the monolayer constituting its wall. The lower is K °, 
the less is the value of Ts. This is connected with the fact 
that the stalk wall has negative meridional curvature 
comparable in its value with the thickness of a bilayer. 
Such a surface is favourable for the placement of lipid 
molecules with narrow polar heads and wide hydro- 
phobic tails. In other words, the more negative the 
monolayer spontaneous curvature is, the less curva- 
ture energy is accumulated in the membrane of the 
monolayer stalk. It follows from Eq. (5) that the exten- 
sion of the stalk (7, < 0) is favourable once 

K ° h < -- 0.25, (6) 

i.e. the radius of spontaneous curvature is less than 
four monolayer thicknesses. 

Energy of  pore edge 

The calculation for elastic curvature energy of the 
monolayer constituting the pore edge is similar to the 



124 

calculation for the stalk energy. It leads to the expres- 
sion (Markin and Kozlov 1985) 

Wp = Wop -+- 2 rc T p R , (7) 

where 

Wov = rc B,n [0.84 - 2.28 K~ h], (8) 

and the linear tension of the pore edge is equal to 

7v = ~ -  [0.5 -- K~ h]. (9) 

Here R is the pore radius; K ° is the spontaneous curva- 
ture of the inner monolayer of the vesicle membrane. 

It follows from Eq. (9) that the linear tension of the 
pore is reduced as the inner monolayer spontaneous 
curvature grows. The dependence of 7p on K ° is op- 
posed to the corresponding dependence for the stalk 
linear tension. This reflects the fact that the bending of 
the monolayer of the stalk wall and that of the pore 
edge occurs in opposite directions. Therefore, unlike 
the stalk formation, the location in the pore edge of 
lipid molecules having wide polar heads and narrow 
hydrophobic tails, i.e. molecules with positive sponta- 
neous curvature, is favourable. 

M o n o l a y e r  e x t e n s i o n  - c o m p r e s s i o n  

We will assume that expansion of the stalk is energet- 
ically favourable. Let us consider the case when there 
is no pore in the separating bilayer in the course of the 
expansion (Fig. 1 b). Stalk expansion leads to an in- 
crease in the effective area of the outer monolayer of 
the vesicle at the expense of the area of the "hole" in 
this monolayer which emerges as a result of the stalk 
formation. Owing to the fact that outer and inner 
monolayers are connected transversely and are free to 
slip laterally, the expansion of the stalk results in 
stretching of the inner monolayer and in compression 
of the outer monolayer. At this point the relationship 
A o + a, = A i is valid, where A o and Ai are the areas of 
the outer and inner monolayers respectively, and a, is 
the area of the "hole" in the outer monolayer, i.e. the 
area of separating bilayer between the vesicles. Exten- 
sion, as well as compression, of monolayers leads to 
accumulation of elastic energy. Its value for the inner 
and outer monolayers is given by 

Weo = F(AAc)  2 . (AA,) 2 
3 ' W e o = V ~ ,  (10) 

where F is the lateral elasticity modulus of a mono- 
layer (~  5 . 1 0 - 2 N / m ;  Kwok and Evans 1981); A A  o 

and A A I  denote deviation of areas of the outer and 
inner monolayers from equilibrium value. The equilib- 

rium area A, assumed to be nearly the same for both 
monolayers, corresponds to their undeformed state. 

The extension of the inner monolayers leads to 
stretching of the contact bilayer separating the inner 
volumes of the vesicles. It may result in the formation 
of a pore in the separating bilayer that completes the 
process of fusion. Our task is to identify the conditions 
under which stalk extension results in pore formation. 

Rupture of the separating bilayer 

Let us consider two similar vesicles separated by an 
at-area separating bilayer formed as a result of the 
stalk expansion. We assume that there is an ap-area 
pore in the contact bilayer and that both the pore and 
the bilayer are circular. We suppose also that a t and ap 
are substantially less than the equilibrium area of the 
vesicle monolayers A. The elastic energy of this system 
per vesicle including the curvature energy of the stalk 
wall and pore edge as well as the extension-compres- 
sive energy of the monolayers, is given by 

~(AAo) 2 
+ + 7s,/a,  

+ 2 x/~ 7px/ap. (11) 

Equation (11) is valid, provided that ap < a t. The rela- 
tionship between the vesicle monolayers leads to an 
additional condition connecting the variations in the 
areas of outer (AAo) and inner (AAI) monolayers with 
the areas a, and ap (Fig. 1) 

A A  ° + a t = A A  i + a v. (12) 

The equilibrium state of the system corresponds to a 
minimum of its elastic energy. Taking into account 
Eq. (12), we obtain that for given values a t and a v the 
minimal energy is equal to 

F ( a t - - a P ) Z  + 2 ~ T s ~  + 2 x / ~  T p x / ~ p .  (13) 
W =  2 

An analysis of Eq. (13) indicated that the form of de- 
pendence of the system elastic energy W on the areas 
a t and a v is determined by the relation between linear 
tension of the stalk 7s and the pore 7. 

Consider the case when the linear tension of the 
stalk is negative, 7~ < 0. The graphs of the dependence 
of W on at/7t and ap /A  are shown in Fig. 2 b (I 7, [ > ?p) 
and Fig. 2 a (]Tsl < 7p). From Fig. 2 one can see that 
when the pore is absent the dependence of the system 
energy on the contact bilayer area W (a,) has a mini- 
mum. The minimum corresponds to 

(,~,2 R4~1/3 
,',,413 t g s  O!  a * = z  lr ~ , (14) 
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Fig. 2a and b. Dependence of elastic energy Won the area of the 
separating bilayer a t and on the area of the inverted pore ap. 
Different values of linear tensions 7s and yp are investigated: 
a ILl <7v, 7s = -- 1.6" 1 0 - I 2 N ,  yp=3" 10-12N; b I~&l > 7v 
7s = - 3  ' 10 12N, 7;= 1.6" 10-12N 

where R 0 is the initial radius of the vesicle, R o = 

~ / 4  r~. Area a* corresponds to the equilibrium con- 
tact bilayer formed as a result of the stalk expansion. 
In this state the energy of the system is equal to 

4 2 1/3 w*- 3 (7 R& 
2 ' / 3 \  r ) ' (15) 

We assume that rupturing the separating bilayer is 
possible when the formation of a pore in it may de- 
crease the system energy below the value of W*. The 
analysis of Eq. (13) indicates that if the absolute value 
of the linear tension of the stalk is lower than of a pore 
[7sl < 7p, the formation and extension of the pore leads 
to an increase in the elastic energy (Fig. 2a). This 
means that the separating bilayer is stable. In the case 
when 172t > 7, an increase in the pore area, accompa- 
nied by an increase of the separating bilayer radius, 
leads to a drop in the system energy. This conclusion 
is illustrated in Fig. 2b. The geometrical surface indi- 
cating a dependence of the energy W on areas a, and 
ap has a "canyon". The points on the bot tom of this 
"canyon" correspond to the minimum values of energy 
with fixed values of a, and variable values of ap. Let us 
examine "the trajectory" of the system, marked by ar- 
rows in Fig. 2b, starting at the point a p - - 0 ,  a t = a* 
and going into the canyon and further down along its 
bottom. If 17~1 < 7p, the movement along the trajec- 
tory corresponds to a monotonous  increase in energy 

b 

atzo o/c 
A 0,2 0,6 1,0 2,0 

(Fig. 2a), and the system energy always exceeds W*. If 
ITs[ > 7,, the movement along the trajectory is accom- 
panied by non-monotonous changes in the system en- 
ergy. When the values of at, ap are high enough the 
energy infinitely decreases. This means that the forma- 
tion of a large pore is energetically favourable. 

Thus 

17J > 7. (16) 

is the condition of the separating bilayer destabiliza- 
tion. It can be expressed in terms of spontaneous cur- 
vature of outer K ° and inner Kis vesicle monolayers. 
From Eqs. (5) and (9) we obtain 

- K ° h  > 0.75 + K ~ h .  (17) 

However, as mentioned above, in this case the pore 
expansion is accompanied by non-monotonous 
changes in the system energy, i.e. the system should 
overcome an energy barrier. The top of the barrier is 
the highest point along the "trajectory" described 
above, which corresponds to the saddle point of the 
function W ( a , , a f l .  It follows from Eq. (13) that the 
function W (a,, aft has a saddle point at 

2 - 2 / 3  

a,=a*, = a *  1 - ~  ; 
Y, / 

< ( #'t-213 
1 g p 

ap = ap = a t ..2 1 - -  \ " 

a %  
A 
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Substituting this expression and Eq. (14) into Eq. (13) 
we find that the height of the energy barrier is equal to 

A W =  1 1 W ( a t ,  av) - W ( a * ,  O) 

_ ( 21"  1 -  1 v H  J (18) 
The analysis of Eq. (18) shows that the barrier A Wgoes 

2 2 down as 7p/7s decreases. Let us find the condition, 
which allows the system to overcome the energy barri- 
er within the time ~ comparable with the duration of 
the experiment. According to the theory of absolute 
rates of reactions, we express the time required to over- 
coming the energy barrier as 

1 exp ( A ~ )  (19) 
z =  liar 

where # is the characteristic frequency of fluctuations 
of the membrane monolayer, which can be estimated 
as # -~ 4- 1029s - I  m 2 (Weaver and Mintzer 1981). It 
follows from Eqs. (18) and (19) that the condition for 
overcoming the barrier is 

~-t75 1 -  1 3,2) j < l n ( z / l a , ) .  (20) 

Here the value of a, depends on the values of linear 
tension Ys and Vp. However, this dependence may by 
disregarded since a, is in the logarithm's argument. 
The evaluation indicates that a t constitutes approxi- 
mately a half per cent of the initial area of the vesicle 
monolayer a]Jl  ~- 5 • 10-3. Assuming that the charac- 
teristic time for an experiment is r --- 1 min, it is possi- 
ble to show that condition (20) produces a negligible 
correction to condition (16). Therefore we consider 
inequalities (16) and (17) to be the criterion for rupture 
of the separating bilayer. 

D i s c u s s i o n  

Having the theory developed in this paper one can give 
a total description of the stalk mechanism of mem- 
brane fusion. Now it is also possible to determine the 
conditions for realization of this process. 

The fusion process includes the following principal 
steps: 

1. The nucleation of a monolayer stalk, which con- 
nects the outer monolayers of interacting mem- 
branes; 

2. The expansion of a stalk and formation of a sepa- 
rating bilayer between the inner volumes of vesicles 
(cells); 

3. The formation and evolution of an inverted pore in 
the separating bilayer which leads to the comple- 
tion of the fusion process. 

a b 

Fig. 3a and b. Molecular structure of pore in lipid bilayer; 
a inverted pore, b hydrophobic pore 

It is possible to imagine two kinds of pore in a lipid 
bilayer: inverted and hydrophobic ones (Glaser et al. 
1988). 

The edge of an inverted pore is formed by a lipid 
monolayer (Fig. 3 a). In contrast, in the edge region of 
a hydrophobic pore, the contact between aqueous so- 
lution and hydrophobic lipid tails takes place 
(Fig. 3 b). The calculation shows that the bending elas- 
tic energy of a lipid monolayer in the edge of an invert- 
ed pore is less than the energy of a hydrophobic one. 
That is why we may postulate in the present investiga- 
tion that all pores are inverted and characterised by 
elastic energy of monolayer bending. 

The realisation of the stalk mechanism of mem- 
brane fusion implies that the basic conditions of this 
process are satisfied: the outer monolayers of interact- 
ing membranes have negative spontaneous curvature 
(K ° < 0), and inner monolayers have positive sponta- 
neous curvature (K~ > 0). 

These conditions for realisation of membrane fu- 
sion are due to the geometrical features of membrane 
structures, which arise during this process. The two 
main structures - stalk and inverted pore - require the 
bending of membrane monolayers in opposite direc- 
tions. The curvature of the stalk wall is negative 
(Fig. 1 a). Therefore the elastic energy of outer lipid 
monolayers, which form the stalk, is minimal if their 
spontaneous curvature is also negative. The curvature 
of the monolayer at the edge of the inverted pore is 
positive (Fig. I b). So the change of bending energy of 
the lipid monolayer during the nucleation and evolu- 
tion of the inverted pore in the separating bilayer is 
minimal if the spontaneous curvature of the inner 
monolayer is positive. The conditions for stalk expan- 
sion (Eq. (6)) and rupture of the separating bilayer 
(Eq. (17)) are shown in Fig. 4. The values of the sponta- 
neous curvature placed below the curve in the figure 
correspond to the cases when the growth and the rup- 
ture of the separating bilayer, completing the fusion 
process, take place. The points above the curve do not 
meet the conditions required. 

Let us now compare the conclusions of the theory 
developed with available experimental data. 

Ca 2 + s t i m u l a t e d  m e m b r a n e  fus ion .  On the basis of the 
theory developed in this paper one can explain the 
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Fig. 4. The correlation between the spontaneous curvatures of 
the outer (K °) and inner (Kis) monolayers, determining the possi- 
bility of membrane fusion. Values of the spontaneous curvatures 
placed below the curves correspond to the cases when the 
growth and the rupture of the separating bilayer take place. The 
points above the curve do not meet the criterion for fusion 

fusion mechanism of phosphatidylserine (PS) lipo- 
somes in the presence of Ca 2 + ions. Experimentally 
this process was investigated by Papahadjopoulos  
et al. (1979). The main idea of the explanation is that 
Ca 2+ ions adsorbed at the outer monolayer  of PS 
membranes  neutralise the negative charge of the lipid 
heads. As a result, Ca 2 + adsorption confers negative 
spontaneous curvature on the outer monolayer  (this 
effect is also due to the more complicated electrostatic 
effects described below). At the same time Ca 2 + ions 
cannot  penetrate into the inner monolayer  of PS lipo- 
somes. The negative charge which is not compensated 
by Ca 2 + ions gives positive spontaneous curvature to 
the inner monolayer.  As a result the interaction be- 
tween Ca 2 + ions and vesicles leads to opposite sponta- 
neous curvature of membrane  monolayers.  This cir- 
cumstance is favourable for the realization of fusion. 

The Ca e + ion adsorption can drastically change 
the bending stiffness of the monolayer.  This point must  
be taken into account during the calculation of stalk 
linear tension 7~ according to Eq. (5). 

Let us now consider more exactly the change of 
monolayer  spontaneous curvature due to the action of 
Ca 2+ ions. We assume that initially the calcium ions 
are absent in the system and consider spontaneous 
curvature of the vesicle monolayers.  

The value of spontaneous curvature of the PS 
monolayer  is not known. To estimate it we assume that 
the spontaneous curvature of a neutral PS monolayer  
(existing, for example, at low pH) is equal to zero. 
Starting with this assumption we find spontaneous 
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curvature of a monolayer  consisting of PS molecules 
bearing negative charge. 

The value of spontaneous curvature of such a 
monolayer  is expressed as follows (Lerche et al. 1986) 

e2(h + x - * )  
K~ - 2 , (21) 

8aoBmeeOX 

where h is the thickness of a monolayer,  B m is the 
curvature elasticity modulus of monolayers,  z is the 
inverse Debye length in electrolyte solution, a 0 is the 
area per lipid molecule in medium section, of the 
monolayer,  ~ is the dielectric permittivity of the media, 
s 0 is the dielectric constant. Taking e 0 = 1.6 - 10-19 Q, 
h = 2 n m ,  x - l = l n m ,  a o = 0 . 6 n m  a, e = 8 0 ,  e o = 8 . 9  
• 10-~2 F/m, B m = 10-2°J  and using Eq. (21) we find 
that the spontaneous curvature of the monolayer  has 
a substantial positive value, K S h -~ + 1. 

After addition of Ca 2 + to the system, adsorption of 
the ions on external surfaces of the vesicles leads to 
neutralization of the total negative charge of their 
outer monolayers.  This results in compensat ion of 
electrostatic repulsion between the polar heads, and 
the positive spontaneous curvature related to it is re- 
moved. Assume that each Ca 2 + ion is adsorbed on a 
polar head of a lipid molecule. Than a half of the lipid 
molecules of the monolayer  change their charge to the 
opposite one, since the cation charge is twice as great 
as that of a polar head. This brings the monolayer  total 
charge to zero and a lattice of alternating charges of a 
chess-board type may be formed on its surface (Markin 
and Kozlov 1983). Attraction between the charge oc- 
curs in such a lattice. As a result the area of the mono-  
layer in the region of polar heads tends to contract  and 
spontaneous curvature of the monolayer  becomes neg- 
ative. Its value may be estimated using the expression 
for the attraction energy in the lattice of alternating 
charges (Markin and Kozlov 1983) as 

Ks ° = 10 .2  e2h 
e ~o B,, a 3/2" (22) 

Using Eq. (22), we obtain that K ° h -~ - 0.3. 
Note  that adsorption of Ca 2 + leads to strong de- 

hydration of PS monolayers (see, for example, Gruen 
et al. 1984). This dehydration should lead to a signifi- 
cant change in spontaneous curvature of the monolay-  
er. Unfortunately there are no models which allow us 
to estimate this effect quantitatively. However, the 
change in spontaneous curvature induced by dehydra- 
tion occurs in the same direction as the change caused 
by electrical effects (towards negative values). There- 
fore we can argue that spontaneous curvature of the 
outer monolayer  become even more negative than the 
value estimated above. 

Estimations similar to the one considered above 
suggest that this mechanism is equally feasible in other 
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well studied experimental systems. This refers to vesi- 
cles of mixed composition the membranes of which are 
composed of unsaturated phosphatidylethanolamine 
(PE) and PS; PE and cardiolipine in the presence of 
calcium etc., and equally to liposomes, the outer 
monolayers of which are treated with phospholipases 
C and D (Shragin et al. 1985). 

"Non-bilayer" lipids - induced fusion. The direction of 
stalk evolution and the probability of stalk formation 
are determined by spontaneous curvature of mono- 
layers making up the membranes. The formation of a 
monolayer stalk and an increase in its diameter are 
initiated by negative spontaneous curvature of the 
outer monolayers reflecting the presence of so-called 
"non-bilayer" lipids which under these conditions 
(temperature, pH, Ca 2 + concentration) have a tenden- 
cy to form a hexagonal (Hll) phase. In contrast, the 
transition from monolayer fusion to complete fusion is 
encouraged by positive spontaneous curvature of the 
inner monolayer. As has been shown above the posi- 
tive spontaneous curvature may be induced, for exam- 
ple, by electrostatic interaction between charged polar 
heads of acid lipids which, unlike the molecules of the 
outer monolayers, do not interact with the Ca 2 + ions. 
Thus, according to the theory developed, short-lived 
or relatively stable bridges connecting the outer mono- 
layers of the Vesicles may be formed in the suspension, 
depending on the relations between the signs and val- 
ues of spontaneous curvatures of the outer and inner 
monolayers. The results, obtained by comparative 
study of kinetics of membrane and water marker redis- 
tribution in the course of liposome interaction under 
various conditions, allow us to suggest that all the 
situations discussed above may be observed in ex- 
periments. Apart from complete fusion (the mixing of 
both membrane and water markers) (Wilschut and 
Hoekstra 1986; Duzgunes et al. 1985) a fusion of mem- 
branes (the mixing of membrane markers) without co- 
alescence of their aqueous contents (intermixing of wa- 
ter markers) was reported (Bentz et al. 1985; Bondeson 
and Sundler 1985; Ellens et al. 1985, 1986). It is impor- 
tant that under the conditions ensuring complete fu- 
sion, the rate of intermixing for membrane markers 
was greater than for the water ones in agreement with 
the hypothesis under consideration (Wilschut and 
Hoekstra 1986; Duzgunes et al. 1985). 

In papers devoted to liposome fusion the impor- 
tant role played by "non-bilayer" lipids in this phe- 
nomenon has been widely discussed (Cullies et al. 
1985; Markin et al. 1984; Siegel 1986). Since the pres- 
ence of such lipids should be favourable for monolayer 
fusion of liposomes within the framework of our hypo- 
thesis, the corresponding experimental facts equally 
corroborate the theory. On the other hand if lipo- 
somes are initially formed solely of non-bilayer lipid, 

both monolayers of their membranes have negative 
spontaneous curvatures and it may be expected that 
the monolayer fusion will not be completed. This is 
precisely the situation observed by Bentz et al. (1985) 
and Ellens et al. (1986) for phosphatidylethanolamine 
liposomes. 

As far as we know the influence of spontaneous 
curvature of membrane inner monolayers on the prob- 
ability of fusion has never been discussed in the litera- 
ture. From the viewpoint of the stalk hypothesis it may 
be expected that the introduction of Ca 2 + ions into the 
inner volumes of liposomes of acid lipids should re- 
duce the probability of fusion. 

Influence of  tension on membrane fusion. In conclusion 
let us point out two further common features of fusion 
phenomena that might be explained within the frame- 
work of the conceptions considered. It has been ob- 
served that swelling of liposomes in a hypotonic medi- 
um promotes their fusion (Miller and Racker 1976; 
Lucy and Ahkong 1986). This effect is easily explained 
by the fact that the osmotic swelling of liposome mem- 
branes increases tension of the separating bilayer and 
consequently increases the probability of its destruc- 
tion, i.e. initiates complete fusion. The mechanical ten- 
sion of a separating bilayer depends on the vesicle 
radius. The calculation based on Eqs. (10) and (14) 
leads to the following formula for tension 

1{F72"] ~/3 
a = 2-~75 \ ~ o 2 ]  . (23) 

One can see, that er increases as the vesicle radius (R0) 
decreases. As a result, the disruption of a separating 
bilayer is more frequent for small vesicles. This actual- 
ly has been observed experimentally (Nit et al. 1983). 

Thus, the stalk hypothesis explains a great number 
of experimental results. However only further research 
can provide an answer to the question on the mecha- 
nism (or mechanisms) of fusion in different experimen- 
tal systems. 
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