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ABSTRACT Results of a kinetic model of thermotropic La-- HI, phase transitions (1, 2) are used to predict the types

and order-of-magnitude rates of interactions between unilamellar vesicles that can occur by intermediates in the La.
HI, phase transition. These interactions are: outer monolayer lipid exchange between vesicles; vesicle leakage
subsequent to aggregation; and (only in systems with ratios of La and HI, phase structural dimensions in a certain range

or with unusually large bilayer lateral compressibilities) vesicle fusion with retention of contents. It was previously
proposed that inverted micellar structures mediate membrane fusion (e.g., 1, 3, 4). These inverted micellar structures

are thought to form in all systems with such transitions (1, 2). However, I show that membrane fusion probably occurs

via structures that form from these inverted micellar intermediates, and that fusion should occur in only a sub-set of
lipid systems that can adopt the HI, phase. For single-component phosphatidylethanolamine (PE) systems with
thermotropic La. HI, transitions, lipid exchange should be observed starting at temperatures several degrees below TH
and at all higher temperatures, where TH is the La -- HI, transition temperature. At temperatures above TH, the HI,
phase forms between apposed vesicles, and eventually ruptures them (leakage). In most single-component PE systems,

fusion via La. HI, transition intermediates should not occur. This is the behavior observed by Bentz, Ellens, Lai,
Szoka, et al. (5-8, 9) in PE vesicle systems. Fusion is likely to occur under circumstances in which multilamellar
samples of lipid form the so-called "inverted cubic" or "isotropic" phase (19, 20). This is as observed in the
mono-methyl DOPE system (Ellens, H., J. Bentz, and F. C. Szoka. 1986. Fusion of phosphatidylethanolamine
containing liposomes and the mechanism of the La-HI, phase transition. Biochemistry. In press.) In lipid systems with
Lat - HI, transitions driven by cation binding (e.g., Ca2+-cardiolipin), fusion should be more frequent than in
thermotropic systems.

INTRODUCTION

The La- HI, phase transition is an inter-lamellar event: it
can only occur when bilayers are closely-apposed (1, 2).
Structures that form during this transition should thus
allow certain interactions between apposed bilayers. In this
paper, I will show what interactions can occur via interme-
diates in this phase transition in different temperature
ranges, and make order-of-magnitude estimates of the
rates at which they should occur.
The first intermediates to form in this phase transition

are thought (1, 2) to be inverted micellar intermediates
(IMI, Fig. 1, top), which form between apposed bilayer
membranes. IMI can mediate three types of interactions
between lipid vesicles, which are illustrated in Fig. 2. First,
IMI make apposed bilayer interfaces momentarily contin-
uous: lipids in the outer monolayers of apposed vesicles can
intermix (Fig. 1, top; Fig. 2, top). I will show that IMI can
form even when the lipid is at a temperature a few degrees

below TH, the equilibrium La - HI, phase transition
temperature.

Second, when the temperature is greater than or equal to
TH, IMI assemble into HI, structures (2), converting the
facing monolayers of the vesicles into the HI, phase. This is
an obvious consequence of the existence of the phase
transition. It results in rupture and leakage of the vesicles,
and more complete lipid mixing (Fig. 2, lower left).

Third, in some but not all systems, it is possible for IMI
to form a second type of structure that results in membrane
fusion. IMI arte metastable structures in dynamic equilib-
rium with the original apposed bilayer structure: typical
rates of IMI reversion to patches of apposed bilayers are
estimated (1, 2) as _103 s-'. However, IMI can also revert
(1, 2) to another bilayer structure that allows mixing of
both the lipids and aqueous contents of apposed vesicles
without leakage of the contents to the external medium
(interlamellar attachments, or ILA; Fig. 1, bottom; Fig. 2,
lower right). This results in membrane fusion. Others (e.g.,
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FIGURE 1 IMI (top) and ILA (middle) structures. Top: The IMI (1, 2)
consists of a spherical inverted micelle (water cavity radius ro) surrounded
by an external monolayer of lipid. The external monolayer is cylindrically
symmetrical about the vertical axis of the figure. The smaller radius of
curvature of the external monolayers of both the IMI and the ILA (as
initially formed) is ro. Surfaces A are the circular areas of planar
monolayer (radius == 2[ro + 1]) above and below the high-curvature
surfaces of the IMI. Surface Sm is the lipid-water interface inside the
spherical micelle. Middle: The ILA is also cylindrically symmetrical
about the vertical axis, and makes the two original bilayers continuous
around the edge of an interlamellar pore. Si is the surface lining this pore.
Bottom: Cross-section of ILA, viewed in perspective.

3, 4) have previously proposed a role for IMI (which
correspond to the "lipidic particles" they discuss; 1) in
membrane fusion. However, whereas IMI are probably
involved in all L4,, - HI, transitions (2), I will show that
ILA can form in only a sub-set of systems with this phase
transition. Hence, fusion via L4, -- HI, transition interme-
diates will be observed only in those systems.

These predictions are consistent with observed mem-
brane-membrane interactions in HI,-forming systems (5-
10). The kinetic description developed here is applicable to
lipids undergoing thermotropic L4,- HI, phase transitions,
and is only a qualitative guide to the behavior of systems in
which the transition is driven by cation-binding (e.g.,
Ca2,-cardiolipin; 11, 12).

THEORY

Overview
IMI are probably the first structures to form during the
La, - HI, phase transition, making the facing monolayers
of apposed bilayers continuous (1, 2). IMI form in large
numbers when membranes are apposed near TH (1010 to
1011I per cm' of bilayer interface in systems near the phase
transition; e.g., 13). It is easy to show (Eq. 26, below) that
the expected order-of-magnitude lifetime of an IMI (10-3
s; 1, 2) is large compared with the random-walk diffusion
time of a lipid molecule across the surface of a vesicle 0.1I
ltm or more in diameter: a single IMI can rapidly mix the
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FIGURE 2 Membrane-membrane interactions that can occur via IMI in
lipid vesicle dispersions. When IMI form between two vesicles, the outer
monolayers of the membranes become continuous, allowing lipid mole-
cules to diffuse back and forth between the two vesicles. When PILA is > 1,
ILA form fast enough to appear before all IMI are consumed via HI,
phase formation. This results (right side of figure) in mixing of the
aqueous contents of the two vesicles without leakage to the external
medium (fusion). Fusion can occur when T is greater than or equal to TH,
but may be possible a couple of degrees below TH in some cases. If P,,A is
<« 1, and T is - TH, then the HI, phase forms between the apposed vesicles
(left side of figure). This eventually ruptures the vesicles, releasing the
aqueous contents to the external medium (bottom).

outer monolayers of apposed vesicles. IMI ("lipidic par-
ticles") are observed in freeze-fracture electron micro-
graphs of La phase samples near this phase transition (e.g.,
13). Near TH, the number of observable IMI decreases as
the La phase is stabilized either by reduction in tempera-
ture or by addition of increasing mole fractions of a lipid
that only adopts the La phase (1, 13). We thus expect that
IMI may begin forming between apposed vesicles at
temperatures slightly lower than TH and at all higher
temperatures. Estimates of IMI formation rates (1, 2)
show that this should happen within a second or less after
vesicle aggregation.
When the temperature is greater than TH, IMI formed

between the two vesicles aggregate into HI, precursors (2).
More and more vesicle surface will be apposed to convert
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as much lipid as possible to the HI, phase, and a tension will
develop in the vesicle walls that eventually becomes suffi-
cient to rupture them. This produces vesicle leakage and
more extensive lipid mixing than isolated IMI formation
(sheets of membrane from ruptured vesicles can join
edge-on, producing complete lipid mixing). Since leakage
is driven by the La -- HI, transition in apposed bilayer
areas, such leakage will occur within a time after vesicle
aggregation roughly equal to the La -, HI, phase transition
time. This time is estimated from theory to be on the order
of 10-' to -1 s for unsaturated acyl-chain phosphatidyl-
ethanolamines (PEs) superheated by 10 K (2), and is
observed to be -1 s or less for PEs subjected to large
temperature jumps (14, 15; P. Laggner, personal commu-
nication). Thus, lipid exchange and vesicle leakage should
be complete within seconds or less after vesicle aggrega-
tion.
IMI are in dynamic equilibrium with the bilayers from

which they form, and can revert to patches of planar
bilayer on a millisecond time scale (1, 2). The extent to
which fusion occurs is determined by the rate at which IMI
revert instead of another type of bilayer structure, the
inter-lamellar attachment (2), or ILA (Fig. 1, bottom).
More specifically, fusion will occur via ILA only if the

rate of ILA production is comparable to or greater than the
rate at which IMI are consumed by HI, phase formation.
During the phase transition, the steady-state number of
IMI per unit area of apposed bilayer-bilayer interface is
termed n° (2). n' is estimated (2) and observed ("lipidic
particles"; e.g., 13) to be on the order of 1010 to 1011
structures per centimeter squared. These IMI are con-
sumed via coalescence into HI, precursors at a rate k1(no)2,
where k, is a rate constant 10-11 cm2/s (2). Let PILA be
the rate at which an ILA can form from an IMI. The two
rates at which IMI are consumed are:

IMI(nl per cm2)

PILAn, k1(nl)2
ILA HI, phase.

ILA will form in significant numbers only if

PILA > k1no - 101-1 s'. (1)

I will show first that ILA form rarely in most systems
(i.e., PILA << 1) because a major lipid concentration fluctua-
tion must occur in an IMI in order for it to rearrange into
an ILA. The frequency of such fluctuations decreases
precipitiously with increasing size of the required fluctua-
tion (1). In contrast, no fluctuation is necessary for IMI
reversion to planar bilayers (1). Hence, few if any ILA are
produced from IMI unless only a very small concentration
fluctuation is required.
The frequency of the required concentration fluctuation

is very sensitive to the ratio of the areas per lipid molecule
head group in the La and HI, phase (a and ao, respectively).

I will show that ILA formation (and hence fusion) is much
more probable (by orders of magnitude) in systems with
smaller values of this ratio than are found in pure phospha-
tidylethanolamine systems. More specifically, I estimate
that if this ratio is much greater than roughly 1.2, PILA will
be very small compared to unity, and an ILA will not be
able to form between two vesicles and fuse them before all
the IMI are converted to the HI, phase (Eq. 1). This ratio is
more than 1.2 for most single-component HI,-forming
lipids. It is - 1.8 for egg phosphatidylethanolamine
(16, 17), which should be typical of most unsaturated
acyl-chain phosphatidylethanolamines (PE). Fusion via
ILA should be rare in such systems, and fusion is not
observed in pure PE systems (9). The frequency of the
fluctuation required for ILA formation is also very sensi-
tive to the lateral compressibility of the bilayers (1), large
compressibilities corresponding to large formation rates.
The head group area ratio is related to the equilibrium

curvature of the HI, phase in a given lipid system. Smaller
HI, tube diameters correspond to greater differences in ao
and a. Lipids with larger head groups are likely to have
larger ao and smaller a/ao ratios, since it is harder to pack
large head groups close together in the HI, phase than in
the La phase. Thus, the ratio is likely to be small in
mixtures of PE with phosphatidylcholines (PCs), since in
these system the HI, tube diameter increases rapidly with
increasing PC content (20), while -a in the La phase is
nearly the same for many unsaturated acyl-chain PEs and
PCs (17). The ratio is also likely to be small in single-
component systems with slightly larger head groups than
PE (e.g., mono-methylated PE; 17). Morphology consis-
tent with ILA is observed in such cases (particularly
systems incorporating some cholesterol; e.g., Figs. 5 and 6,
and other systems reviewed in reference 19). Elsewhere
(D. P. Siegel, manuscript submitted for publication) I will
show that ILA in multilamellar arrays should assemble
into a structure resembling the inverted cubic phase
described by others (18, 20, 21), and that such "phases"
are more probably metastable arrays of these interme-
diates. These "phases" should be observed in systems with
PILA 10-1-1 (Eq. 1). Unilamellar vesicles should fuse via
ILA formation under the same conditions in which multi-
lamellar samples of the same lipids form cubic or isotropic
phases.
The rates of ILA formation estimated here are only

order-of-magnitude estimates because the dimensions of
the transient intermediates are not susceptible to direct
measurement and the lateral compressibilities haven't been
measured in relevant systems. However, the results are
accurate enough to verify that ILA shouldn't form in pure
PE systems, where they are not observed, and are likely to
form in PC-PE mixtures and in mono-methylated PE,
where morphology consistent with them and the so-called
"cubic phases" are observed.

In systems where ILA form fairly rapidly at T > TH,
whatever fusion that occurs must also be complete within
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an interval equal to the phase transition time after vesicle
aggregation. The proportion of vesicle-vesicle contacts that
result in fusion, however, may have an odd temperature
dependence. This proportion is determined by the probabil-
ity that an ILA forms before the lipid of the apposed
interfaces is converted to the HI, phase. The fusion rate via
ILA may be maximal a couple of degrees below TH, since
in this temperature range, a few IMI can form and revert
as long as the vesicles remain aggregated, but IMI are not
consumed by HI, phase formation. In contrast, at T 2 TH
IMI are more rapidly consumed via HI, formation (Eq. 1)
and are not able to form ILA.

First I will derive estimates of the formation rate of ILA
from IMI. Then I will use the theory in (1, 2) to verify that
the IMI formation rate between apposed vesicles is rapid,
verify that IMI can extensively mix outer monolayers of
apposed vesicles, derive conditions for vesicle leakage via
HI, phase formation, and crudely estimate a temperature
dependence of the IMI formation rate near TH.

Rate of IMI Reversion to Interlamellar
Attachments (ILA)

PILA, the ILA Formation Rate. When an IMI
forms an ILA, the dimensions of the exterior monolayer of
the ILA should be the same as those of the IMI. The radius
of the water cavity in the inverted micelle and the smaller
principle radius of curvature of the exterior surface of an
IMI are both about the value ro given by Eq. 64 of
reference 1;

dimensions of an IMI (-1 I,s). Therefore, the increment
An must be about evenly-divided between the two surfaces
A or an ILA will not be able to form: there must be a
simultaneous concentration fluctuation (increment of
An/2 molecules) in each surface. Otherwise, the lipid
molecules could not rearrange into the ILA structure on
the time scale of ILA formation. The relative magnitude of
the required fluctuation is

An (ni - nm)
c 2n, - 2n,

1. (3)

As described in reference 1, the probability of a fluctua-
tion of this magnitude occurring simultaneously in both
surfaces A is

( )12]2
(4)

where C. is the lateral compressibility of the bilayer. The
rate at which these fluctuations occur in an IMI is the
product of Pf and the frequency of concentration fluctua-
tions, f f is the inverse of the two-dimensional random-
walk diffusion time of a lipid molecule across a monolayer
patch of area A,

f= 47rD/A, (5)

where D is the diffusion coefficient of the lipid molecules
within the bilayer and A = 4ir(ro + 1)2. The probability
(< 1) that an ILA will form from the IMI undergoing
these critical fluctuations (Eq. 16 of reference 1), is F

-B+ [B2 - 8Wl2]1/2
rO -= 2W

(2)

B = 1(4 - 7rb); W= 2 - b(i + b - 1); b = (a/ao)'/2

I is the monolayer thickness, -a is the area per lipid head
group in the La phase, and ao the area per head group in the
HI, phase. ro is also the radius of the narrowest part of the
channel through the ILA (Fig. 1). During ILA formation,
patches of monolayer above and below the inverted micelle
in the IMI (surfaces A, Fig. 1) and the lipid of the inverted
micelle (surface Sm, Fig. 1) rearrange into a monolayer
lining the channel through the ILA (surface Si).

Because the areas of these surfaces are different and the
areas per lipid molecule on them are not all the same (1),
the number of lipid molecules in monolayer Si is often
larger than the number in the monolayers of the original
IMI. Let the number of lipid molecules in the monolayer
area Si, A, and Sm be ni, n1, and nm, respectively. In order
for an ILA to form, ni - nm molecules must be present in
the two monolayers A, which are each composed of n,
molecules at equilibrium. The required increment in the
number of molecules on the surfaces A is An =

n- nm - 2n1. The time scale for IMI reversion is in the
10-100 ns range (1, 2), which is fast compared with the
random-walk diffusion time of lipid molecules across the

aF A e GILAl

F4rDex kT
(F' 1), (6)

where GILA is the activation energy for ILA formation
(discussed below). a, is the lipid molecule lateral displace-
ment rate in the bilayers, which is - 108 s1-'. Thus, the rate
of ILA formation from an IMI is

PILA 2`A e[rfcI c(2kTCS)]F. (7)

The magnitude of PILA is determined chiefly by the
magnitude of h, to which it is extremely sensitive through
the [erfc (x)]2 term. [erfc(x)]2 is a precipitously decreas-
ing function of its argument, having the values 2 x 10',
5 x 10-'°, and 2 x 10-16 for x = 2, 3, and 4, respectively. It
will be shown below that to a good approximation, F is
unity for relevant values of nc.

Magnitude of k. To calculate ic (Eq. 3), we
need to know ni, the number on molecules on surface Si. ni
is S divided by the average area/lipid molecule on Si. The
arrangement of lipid molecules on Si ranges between
packings almost identical with the HI, and La phases.
Where Si becomes continuous with the monolayers of the
apposed bilayers, the area per head group must be a, as in
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0.20-the La phase. At the narrowest portion ("neck") of the
channel through the ILA, the channel radius (ro, Eq. 2) is
about the radius of the water channel in the HI, phase, so
that the area per head group must be about ao. We don't
know the dependence of the area per head group on the
local interfacial curvature for intermediate values. It seems
reasonable to assume that the area per head group will be
ao in the "neck" over a band of height 2ro (i.e., extending a
distance ro to either side of a plane equidistant between the
two apposed bilayers). For simplicity, I assume that the
head group area is -a everywhere else. (Below, I will show
how the predicted value of nc changes when the other
possible assumptions about this dependence are made.)
The number of molecules on Si is then

0.16'

nc
0.12'

0.08

0.04

ol
0 0.4 0.8 1.2 1.6 2.0

0.20

0.16-

0.12-

0.08-

(Si - 47rro) 4irro
ni= +a+

a aO

nm (1, 2) and n, in Eq. 3 are given by

Sm 4irro
nl =- =

aO aO

A 4ir(ro + 1)2
nl =-= _

a a

(8)

(9)

0.041

o- /
1.0 1.2 1.4 1.6 1.8 2.0

6/aO

FIGURE 3 Top: Scaled magnitude of the critical lipid concentration
fluctuation in Surfaces A necessary for ILA formation, hc, vs. ro/l.
Bottom: nc vs. a/ao. PILA becomes significant compared to unity only if
hC ' 0.06.

Si is

Si = 4ir(ro + 1) (ro + 2!) - 4r(ro + 21)2.

With Eqs. 3 and 9, we find

,S - Sm
n -c 2A

1.

This expression can be written in terms of the ratio ro/l;

nc =

Ir + I2][1 +Ii]2_[rO,]

2

By substituting for ro (Eq. 2), h,, is obtained in terms of
alao * nc is plotted as a function of (ro/l) and (a/ao) in Fig.
3. -a and ao are structural parameters of the equilibrium
phases, which are determined via x-ray diffraction.
The ratio a/ao reflects the equilibrium interfacial curva-

ture of the lipid system. (This factor is similar to the
intrinsic curvature discussed in reference 29). Systems in
which the equilibrium curvature is small (small ao, thus
small ro and large a/ao) will not form ILA because nc will
be too large and thus PILA will be nearly zero (Eq. 7). We
can thus estimate the rate of ILA formation per IMI on the
basis of ai and ao. For typical D, A, a,, and C5 (7 x 10-8
cm2/s (22, 23), 10- 12 cm2, 108 S- 1, 10-2 cm/dyne (24),
respectively) and F = 1, the maximum ILA formation rate
(Eq. 7) is on the order of

PILA 1 0[erfc{35 h,}]2 per IMI per second. (13)

With Fig. 3 and Eq. 13, we can estimate the value of
a/ao for which PILA approaches 1 s-' and membrane fusion
via ILA becomes possible. [erfc(2)]2 is 2 x 10-5, so that
PILA should approach this rate when inc is .2/35, or nc <
0.06. Fig. 3 shows that this is true for systems in which
a/aO < 1.2.

PILA for unsaturated acyl-chain PE systems can be
estimated as follows. The value of a/ao for egg PE z 1.8
(using -a and ao from references 16, 17). With ro = 1.34 nm
(Eq. 1) and 1 = 1.6 nm (egg PE; 17), n, = 0.130 (Eq. 12).
The bilayer compressibility, Cs, as measured directly via
dilation of single egg- and dimyristoyl-PC bilayers
(24, 25), is 0.007 cm/dyn. The value for PE may be
somewhat different. We use a value of C. - 0.01 cm/dyne,
which is the value calculated (1) from the data for
mixtures of saturated and unsaturated PEs in reference 26.
(The larger values of C, used in reference 1 are now
thought to be inaccurate; 27, 28). We use D = 7 x 10-8
cm2/s, and A is calculated with Eq. 9. We use the upper
limit on F of unity to find the upper limit on PILA (Eq. 7);

PE systems: PILA 105 [erfc(4.8)]2F I 0-17 ILA/s.

Obviously, this formation rate is negligable (Eq. 1), and we
do not expect to observe ILA formation in such systems.

This estimate of PILA is very sensitive to nc. As calculated
here, -n is approximate, and therefore so is the critical
value of a/ao for which ILA formation becomes rapid. The
uncertainty results from having to assume values for the
area/lipid molecule on surface Si. However, we can put
limits on the range of nc for a system with a given value of
a/ao. Let the average area per molecule on Si be f,. It can
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be shown that

[ r° + I][ ro + I [ro+ [1[aO
hc= (2f3/ )14)

nonequilibrium radii of curvature (analogous to Gdef in
references 1 and 2). Gf is analogous to Gc of reference 1. Gf
is the increase in free energy of the lipid in surface A
(decrease in activation energy) due to the critical fluctua-
tion. Gf is given by (1)

The area of the region where the area/lipid has to be about
ao is approximately 47rr'/S,, or roughly 10% Si for ro0 1.
a/ao is almost certainly <2. I know of no system with such
a large ratio, and it is usually smaller, e.g., in egg PE. Thus
it is unlikely that : is less than a/[0.9 + 0.1(2)] or 0.91ia.
Conversely, (3 is unlikely to be greater than -a for two
reasons. First, as just discussed there is a substantial part of
Si with the smaller area/lipid of ao. Second, Eqs. 17-19,
below, show that the net area-average curvature of Si is
negative (head groups packed slightly closer together than
on planar interfaces; i.e.,: < -a) throughout the relevant
range of ro and I (0 < ro < 3.5 1). For egg PE, the lower and
upper limits on A yield n, values of 0.17 and 0.05, respec-
tively. The former value produces a PILA that is essentially
zero, consistent with the trivial value of PILA given by Eq.
12. The latter value yields an upper limit on PILA of -10'
ILA s- . This rate is larger than our estimate of the rate of
IMI assembly into the HI, phase (Eq. 1), but the value of (
that yields this limit is very unlikely.

Therefore, these order-of-magnitude estimates show
that ILA probably do not form at observable rates in
unsaturated acyl-chain PE systems across the possible
range of nc values. Even with the unlikely assumption d =
a, Eqs. 12 and 14 both show that the rate of formation of
ILA is many orders of magnitude faster in systems with
small values of the ratio a/ao than in systems with the a/aO
values found in systems like egg PE. This is in accord with
the fact that morphology consistent with ILA has not been
reported in pure PE systems. Morphology consistent with
ILA and the inverted cubic phase that is thought to form
from them (D. P. Siegel, manuscript submitted for publi-
cation) has only been observed in systems with smaller
a/ao, such as PE to which small mole fractions of La phase
PC has been added (19, 20, 21).

Activation Energy for ILA Formation. The
activation energy for ILA formation, GILA, determines the
value of F. However, GILA is also determined by nc. I will
now show that the dependence of GILA on ic is such that F is
simply equal to one for ic much greater than zero. This
greatly simplifies our estimates of PILA (Eq. 7). We don't
need accurate estimates of GILA to demonstrate this. GILA is
composed of three contributions

GILA= G_+ GC- Gf. (15)

Gt is the activation energy for the information of two
lipid-water interfaces from interface Sm, and is the same as
for IMI reversion of planar bilayers (1, 2): it was estimated
in references 1 and 2 to be -10 kT for PE systems. GC is the
free energy necessary to form the surface Si with its

Gf = 2(1 + c) [(i) -I }]. (16)

Gf is a rapidly increasing function of nc, and can be tens of
kT (1). It is of most interest to us here because it
demonstrates the effect of kc.
The curvature free energy G, of ILA can be estimated as

was the IMI curvature free energy Gdef in reference 2. Let
ke be the bending modulus of the lipid-water interfaces.
We use the same assumptions about the equilibrium
curvature in the two regions of Si as we did in deriving Eq.
11. It can be shown that for ro smaller than 31, the
curvature free energy of surface Si (excluding the band in
the neck with HI,-like curvature) is to a good approxima-
tion given by

Gs= Sikj- +r- + 21 (17)

where

1 27r2(ro + 21) - 47rr2
R' Si

(18)

and

Si , 47r2(ro + l)(ro + 21) - 4ir(ro + 21)2. (19)

Ro is the equilibrium radius of curvature for the interface.
Ro is infinity in the La phase, which is appropriate for this
portion of Si. Expressions like Eqs. 17 and 18 can be
derived for the HI,-like region of Si, but the net curvature
in this region is so close to the equilibrium curvature of the
HI, phase that the contribution to the total curvature
energy is often less than kT. ke must be on the same order
of magnitude as the values for bilayers (1012 erg; 29-32).
With ke _ 10-12 erg, ro and 1 determined for egg PE as
before, we obtain Gs, 20 kT.
The important points are: first; that the sum of GW and

Gs in Eq. 15 is likely to be 30-40 kT; and second; that Gf
(Eq. 16) will approach this value when nc >0.07. The total
GILA will be close to zero under these conditions, and F will
have the maximum value of unity (Eq. 6). We can thus
assume that F = 1 for most values of a/ao, which greatly
simplifies our estimates of PILA- However, note that GILA
will increase and F will decrease for smaller values of kc,
which will therefore decrease PILA (Eq. 7). This decrease in
F for values of hc smaller than hc - 0.07 may indicate that
ILA can form only when ic is in a narrow range around
0.07. However, our estimates of nc and activation energies
are too crude to make more refined predictions concerning
this point.
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Probability of Vesicle- Vesicle Fusion via
ILA. Two aggregated vesicles fuse when at least one ILA
forms between them before they leak or disaggregate. Let
Pf be the number of ILA that can form between two
vesicles apposed over an area of contact A, before the lipid
in this region enters the HI, phase. The number of ILA
forming per unit time is

ACn IPILA* (20)

no is estimated to be 1010 to 10l1 cm-2 (2). The total
number of ILA we can expect to form between two vesicles
is approximately

Pf - ACPILAnitT- (21)

tT is the length of time required to transform the lipid on
the exterior of the vesicles in area AC into the HI, phase.
This time will be about the bulk phase transition time tT
estimated (2) and observed (14, 15; P. Laggner, personal
communication) to be -1 s or less.
The rate of ILA-mediated fusion is dictated primarily

by the magnitude of PILA. For vesicles 0.1 ,um in diameter,
AC will be -10-" cm2 (i.e., a circular patch of membrane
-30 nm in diameter), so that

Pf - (10 -1) * PILA- (22)

The apparent first-order rate constant for fusion of two
apposed vesicles in an aggregate is

kf--=. (23)
tT

PILA must be significant compared to unity in order for kf
to approach the range of kf measured (33, 34) for non-
HI,-forming, non-ILA-forming systems (35-37). Note that
the expression for kf in Eq. 23 is different from the form in
(1), where it was assumed that PLA was 0.5 in all cases. In
view of the calculations of PILA in this paper, this is clearly
incorrect.

Leakage of Aggregated Vesicles Induced
By HI, Phase Formation

Leakage will be observed before fusion in systems for
which Pf is small compared to unity and T is greater than
TH. As the lipid in AC enters the HI, phase, a tension is
induced in the vesicle walls. The surfaces of the mem-
branes must be apposed in order to form the HI, phase, but
the surface area of the vesicles is essentially constant. The
vesicles deform as the area of the diaphragm between them
increases. Eventually, either the tension in the vesicle walls
prevents further growth of the HI, phase region or the walls
rupture and the vesicles leak. In order to rupture the
vesicles, the free energy reduction achieved by a virtual
expansion of the contact area must exceed the work done
against the tension in the membranes when the tension has

reached T*, the critical tension for rupture (38):

(Gad + GH2) > 2T*. (24)

GH2 is the free energy change per unit area when the lipid
in the apposed monolayers of the two membranes enters
the HI, phase. Gad is the free energy of interaction of the
bilayers per unit area at the equilibrium separation
between the vesicle interfaces. For PE, values of Gad may
be as small as -0.8 erg/cm2 (49). GH2 is given by

G [7rrh,4H/aOI - [2(rh + lAL/I -(AL)rh (25)
H2 ~ (rh + 1) ao(rh + 1)

where AsH and IAL are the chemical potentials of the HI, and
La phases, respectively, and A\z = (ILH - ALL) rT* is - 3
dyne/cm for egg lecithin (24). With this value, Eq. 25
indicates that AAL must be tenths of kT (T tens of
degrees > TH) in order for leakage to occur. However, the
value of T* in H11-forming systems may be much smaller
than this value. The cohesion of the membranes will be
lower in the regions of high curvature (i.e., junctions of the
bilayers with IMI or HI, structures). Moreover, if the walls
of the original vesicles are stressed by a trans-membrane
osmotic pressure difference to a tension r0, then GH2 (Eq.
24) need only exceed the difference 2(T* - TO). In such
cases, leakage may be rapid at T t TH.

Note that apposed vesicles may not be able to leak via
HI, formation unless the contact area A, is big enough to
contain more than one IMI. This is because the initial
event in HI, phase formation from IMI is a two-
dimensional aggregation of IMI (2): more than one IMI is
required. Since nl is in the range 1010 to 101 cm-2, for AC ;

10-11 to 10-10 cm2, there may be on the average only one
IMI between apposed vesicles at any time. In such cases,
leakage and rapid HI, phase formation may be delayed
until the vesicles fuse (via ILA formation or other mecha-
nisms) into large structures with larger AC. It is interesting
to note that this is exactly the behavior observed in 0.2 ,gm
diameter vesicles of mono-methylated PE (10), which
should have AC in this range. In this system, there is often a
lag time between extensive aggregation of vesicles and
sudden massive leakage and HI, formation. Some vesicle
fusion is observed during this lag time. At higher tempera-
tures, where theLf-- HI, phase transition in bulk samples
of this lipid is rapid, leakage is immediate upon aggrega-
tion. This may be a result of larger n° at higher tempera-
tures (see Effect of Temperature on IMI and ILA Forma-
tion). Ellens et al. proposed a very similar interpretation of
this data in their report (10).

Lipid Exchange Between Aggregated
Vesicles

IMI make the exterior monolayers of apposed vesicles
continuous for the lifetime of the IMI. Lipid molecules on
the exterior monolayers of each vesicle can diffuse along
the exterior surface of the IMI and onto the interface of the
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apposed vesicle. We estimate the extent of lipid mixing
that occurs when an IMI forms between the vesicles by
calculating the distance, XD, a lipid molecule can random-
walk diffuse during the half-life of an IMI;

2D 1/2
XD_ P (26)

-3-

P_3 is the rate of IMI reversion to planar bilayer patches
(1, 2). If XD is approximately the radius of the apposed
vesicles, than extensive mixing of the lipid in the exterior
monlayers occurs when a single IMI forms. Since D is
10-7 cm2/s and P3 for PE systems is in the range 103 S- I

(1, 2), a single IMI can extensively mix the outer mono-
layers of vesicles z 0.1 gm in diameter.
The rate of lipid exchange is controlled by the initial rate

of IMI formation between apposed vesicles. This is the
product of Ac and the IMI formation rate per unit area of
apposed bilayers, N3, which is in the range 1011 to 105IMI
cm-2 S-1 (1, 2). Since A, is _10-1" cm2 for 0.1 ,m-diameter
vesicles, IMI should form and start lipid exchange within
one second or less after vesicle aggregation.

Effect of Temperature on IMI and ILA
Formation

It is possible to make semi-quantitative predictions about
the temperature dependence of the the membrane-mem-
brane interactions mediated by IMI and ILA. However,
La HI, transitions are often broad and hysteretic, and it
may be hard to experimentally establish an accurate TH for
a given system. Therefore, the temperature effects pre-
dicted in this paper may occur over larger temperature
ranges in real systems. Impurities (S. Gruner and G. Kirk,
personal communication) and the ionic strength of the
aqueous medium (39) can also affect TH. When charged
lipid impurities are present, the ionic strength of the
medium can alter the rate of IMI production between
vesicles by slowing the aggregation and close apposition
rate. The predictions made below are valid for the zero-
charge or high ionic-strength limit.
IMI are intermediates in the La - HI, phase transition,

and form only in the vicinity of the transition temperature,
TH. nI will change rapidly in temperature interval around
TH. We can estimate n' at different temperatures (no[ T])
as follows. no at TH is given by (2)

A[l(p0 x1 (27)

P, and Pa are variables irrelevant to this discussion: it is
merely important to remember that the ratio Pr/Pa is
roughly constant as a function of temperature around TH
and is usually much greater than unity (2). G* and GI are
the activation energies for IMI formation from apposed

bilayers and IMI reversion to apposed bilayers, respec-
tively. At T = TH, G: is estimated to be of the order of 10
kT, and is approximately equal to Gt (2). The difference
Gt - Gt can change as a function of temperature,
changing no (Eq. 27).

Let nb be the number of lipid molecules composing an
IMI. GC is defined as the difference in free energy of the
transient activated complex of nb lipid molecules from
which an IMI forms and nb lipid molecules in the La phase
at T= TH. G is the difference between the energies of the
activated complex and the IMI at T = TH. Therefore the
difference G* - Gt at temperatures around TH is the
difference in free energy of the nb lipid molecules of the
IMI and nb molecules in the La phase at that temperature.
This difference may have some small positive value at TH,
and will change as the relative stability of the IMI and the
La phase changes. We do not know the temperature
dependence of this difference. However, the chemical
potential of the lipid in an IMI is probably similar to that of
HI, phase lipid (1, 2), and should have a similar tempera-
ture dependence. As an approximation, we assume that the
chemical potential difference between IMI and the La
phase has the same temperature dependence as the chemi-
cal potential difference between the HI, and La phases,
Ag4.

With this approximation, at temperatures near TH, G$-
G* is given by

t- Gt- nbAt. = nbHH[ -T THT]

(for small T - THI), (28)
where we have expressed Agu in terms of the enthalpy of the
La-- HI, transition, HH. This approximation for Ag is only
valid for small temperature intervals around TH (plus or
minus 100K), because HH should change significantly
over larger temperature ranges. nb is given by (2)

4r2(ro + I)ro- 47rrO4o r
b= (aao)'1/2 +-a (29)

An approximation to the ratio of n°( T) at a temperature T
near TH to ni at TH is thus given by (Eqs. 27 and 28;
Pr/Pa >> 1)

no(T)
ITH exp {-nbAu/kTl (for small IT - THI). (30)

For egg PE, HH is 0.5 kT (39), nb is =300 (1, 2), and nb
Ag, increases by 0.5 kT per degree K of temperature
decrease below TH. Thus, the steady-state number of IMI
per unit area of vesicle-vesicle interface should be e-05,
e-2 , and e-5 (0.6, 0.08, and 0.007) of the value at T = TH
when the temperature is 1, 5, and 10°K below TH, respec-
tively (Eq. 30). IMI are formed in correspondingly larger
numbers, and La- HI, transitions are more rapid (2),
when bilayers are apposed at temperatures greater than
the equilibrium TH.
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Since IMI form in exponentially decreasing numbers
with decreasing temperature, IMI-mediated lipid ex-
change between apposed vesicles must become rare more
than 5 or 10°K below TH. At TH - 10°K, no(T) will be
108-109 IMI/cm2 (n°(TH) , 1010-1011/cm2; 2). On the
average, at any given time an IMI should exist between
only a small fraction of aggregated pairs of vesicles with
AC > 10-" cm2. We cannot estimate the IMI formation
and reversion rates separately as a function of temperature,
since this would require knowledge of the temperature
dependence of the chemical potentials of the La and HI,
phases themselves. Therefore we cannot estimate the tem-
perature dependence of the rate of IMI-mediated outer
monolayer lipid mixing between vesicles. However, Gt is
only 10 kT at TH for egg PE, and since Au changes slowly
with temperature, the La phase chemical potential may
also be a slowly changing function of temperature. If this is
true, the IMI formation rate could be large at tempera-
tures as much as 10°K below TH (the IMI formation rate
at TH is estimated to be 101-_105 IMI/cm2/s; 2). The
extent of vesicle outer monolayer mixing achieved by
formation of a single IMI should decrease with tempera-
ture. As IMI become more and more unstable, the IMI
reversion rate, P3, should increase, which should decrease
XD (Eq. 26).

Temperature can affect the probability that two aggre-
gated vesicles will fuse via ILA formation in two ways.
This probability (Pf, Eq. 22) is the product of the number
of IMI that form in the contact area (ACni), PILA, and the
time interval in which ILA can form. This time interval is
very long when vesicles are apposed below TH: IMI are not
consumed via HI, formation at these temperatures, so that
IMI and ILA can form as long as the vesicles remain
apposed. For vesicles of dipalmitoyl- and dimyristoyl-PE,
vesicle aggregates seem to be stable for hours (41). How-
ever, when the temperature is greater than or equal to TH,
the interval in which IMI and ILA can form is the L,ar-
HI, phase transition time, which can be seconds or less
(2, 14, 15). This several order-of-magnitude change in the
interval during which ILA can form increases Pf at lower
temperatures.

In contrast, no decreases rapidly with decreasing tem-
perature below TH (Eq. 30). The temperature dependences
of no and the time interval for ILA formation are of
opposite sign and similar magnitude, so it is not possible to
make accurate estimates of the probability of fusion via
ILA below TH. It is possible that fusion via ILA will be
maximal and significant only at temperatures -2-50K
smaller than TH, because no will be close to the value at TH
in this range, but the HI, phase cannot form, so that many
ILA can form (Eq. 21). The rate of fusion via ILA should
decrease rapidly at T 2 TH: the time interval for ILA
formation decreases precipitously at TH, and n' increases
rapidly above TH (Eq. 30), so k1no becomes much larger
thanPILA (Eq. 1 ).

DISCUSSION
All the phenomena discussed in this paper are a conse-
quence of proximity to the La - HI, phase transition. My
purpose is to predict the sort and rate of membrane-
membrane interaction phenomena that result from inter-
mediates in the transition. However, membrane fusion,
vesicle leakage, and lipid exchange can also occur via other
mechanisms. Lipid exchange can occur slowly via single
lipid molecules through the aqueous phase (e.g., 42).
Vesicle leakage and fusion can occur via cation-mediated
mechanisms in some systems (e.g., 35, 43). I hope to clarify
the role of nonbilayer structures in membrane-membrane
interactions by identifying the types and rates of interac-
tions ascribable to them.
The analysis in this work permits four conclusions. First,

IMI formation between aggregated lipid vesicles should be
rapid (within 1 s or less after aggregation) at temperatures
at or above TH. Formation of a single IMI leads to
extensive mixing of the lipids in the outer monolayers of the
vesicles, since the lifetime of IMI (millisecond range; 1, 2)
is substantial compared with the time it takes lipid mole-
cules to diffuse a distance on the order of 0.1 m.

Second, IMI may form in significant numbers even
when the temperature is five or ten degrees below TH, and
lead to this outer monolayer mixing. The expression for the
steady-state number of IMI (Eq. 30) is only an order-
of-magnitude estimate, because we do not know the exact
temperature dependence of the chemical potentials of IMI
and the equilibrium phases. However, this method shows
that membrane-membrane interactions may occur via
La - HI, phase transition intermediates even when the La
phase is the equilibrium phase, although only at tempera-
tures close to TH.

Third, after vesicles aggregate at temperature greater or
equal to TH, the IMI that form between them will coalesce
into the HI, phase in the same manner as in bulk multila-
mellar samples (2). The chemical potential gradient driv-
ing the transition drives the apposition of as much of the
vesicles' surfaces as possible. This produces a tension in the
vesicle walls that eventually is sufficient to rupture them.
Naturally, this process can only occur at temperatures
greater than TH. The onset temperature for leakage should
be slightly above TH, but we cannot accurately predict it
with Eqs. 24 and 25 because we lack accurate measure-
ments of r*. It is possible that T* is much lower for
membranes incorporating high-curvature defects like IMI,
and that leakage of apposed vesicles should occur as soon
as several such defects form (i.e., starting at temperatures
just below TH).

Fourth, it has previously been suggested that membrane
fusion can occur via IMI-like structures ("lipidic par-
ticles", e.g., references 3, 4). These structures are thought
to occur in all La -- HI, phase transitions (1, 2). On this
basis , one would expect fusion to be rapid in vesicle
dispersions of all lipid systems that can adopt the HI, phase
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when the system is near the La HI, transition. This is not
what is observed (5-10). The analysis in this paper shows
that fusion only occurs when IMI form ILA, and that this
should occur at observable rates only in a subset of systems
with La HI, transitions. The rate of the ILA formation
process is extremely sensitive to the structural parameters
of the equilibrium phases (e.g., to the head group area ratio
a/ao; Fig. 3), and is significant only for systems with small
values of this ratio. The critical a/ao ratio for significant
fusion rates (i.e., PILA 1, Eq. 1) cannot be accurately
predicted, but it is likely to be in the range of 1.2. In pure,
unsaturated acyl-chain PE systems, this ratio is observed to
be much larger (-1.8 for egg PE; 16, 17). Hence, fusion
via ILA formation should be rare in such systems, which
should include most PEs of biological interest. Fusion may
occur in some systems with large a/ao ratios if the bilayer
lateral compressibility is fairly large (e.g., 0.02 dyn/cm or
larger, compared to the observed values of 0.007-0.01
dyn/cm; 24-26). ILA formation rates in systems with
large al/ao ratios should be maximal at temperatures a few
degrees below TH: to whatever extent fusion via ILA occurs
in such systems, it should be most observable in that
temperature range.

Ellens, Bentz, Szoka and co-workers (5-8) have recently
studied the interactions of large uni- and oligo-lamellar
vesicles composed of egg PE and small mole fractions of
cholesteryl hemisuccinate (CHEMS). They have also
studied vesicle dispersions of three different pure PEs (9).
Thermotropic La -- HI, phase transitions can occur in such
systems when the ambient pH is low and CHEMS and PE
are in the protonated, uncharged form. The temperature-
dependent interactions of vesicles around TH at low pH
reported by these authors are those predicted by the
present model. Vesicles in these systems leak their aqueous
contents to the surrounding medium in an aggregation-
dependent manner (5, 8, 9). Lipid mixing occurs both
above and below TH (7). However, the initial rate of lipid
mixing after vesicle aggregation reflects the kinetics of
intermediate formation between the vesicles. This initial
rate of lipid mixing is small at low temperatures and
increases rapidly with increasing temperature near TH,
reaching a plateau a few degrees below TH (7, 9). The
initial rate of aggregation-induced leakage also increases
rapidly with temperature in the immediate vicinity of TH.
Fusion is not observed at all in CHEMS-PE at low pH
(7, 8). At low pH, small fusion rates are observed in the
pure PE systems (9) when the temperature is below TH, but
these rates are maximal a few degrees below TH and fall to
very small values at temperatures above TH.

These are exactly the attributes predicted in this work
for lipids with rapid thermotropic transitions like PE: Pf is
very small (fusion unobservable for T > TH); leakage
occurs after vesicle aggregation via HI, formation at T >
TH; and lipid mixing (via IMI formation) begins at temper-
atures slightly below TH. It is possible that the liposome
fusion observed a few degrees below TH in pure PE systems

(9) is ILA-mediated. Since IMI that form at these temper-
atures cannot be consumed by HI, phase formation, the
rate of ILA formation from IMI may be significant even if
the value of a/aO is not optimal for ILA formation (Eq. 1).
ILA production would be slow compared to HI, phase
production at T 2 TH, and fusion would stop, as is observed
(9).
The same authors, in a recent study of mono-methylated

dioleoyl-PE (10), observed rapid initial lipid mixing and
leakage rates in a temperature range in which bulk samples
had a rapid La HI, transition, but observed increased
rates of membrane fusion and reduced leakage rates at
lower temperatures, where bulk samples adopted isotropic
or cubic phases (18). These observations are compatible
with the postulate that ILA produce both membrane
fusion and cubic ("isotropic") phase formation (D. P.
Siegel, manuscript submitted for publication; and below),
while IMI, which are most numerous when La HI,
transitions are rapid (2), mediate only lipid exchange and
vesicle leakage. Mono-methylated PE is a lipid that one
would expect to have an a/ao ratio much closer to 1.2 (i.e.,
PILA 1 s 1) than to the value of - 1.8 observed for egg PE
(PILA 0O). PEs and PCs of similar unsaturated acyl chain
distributions have similar areas per head group in the La
phase (17). Mono-methylated PE, having a head group
structure intermediate between PE and PC (mono- vs.
tri-methylated as in PC) is likely to have nearly the same
value of a in the La phase as PE and PC. The slightly larger
mono-methylated PE head group will be more difficult to
pack into a highly curved HI, phase lipid-water interface,
resulting in a larger value of ao and a smaller ratio a/ao.
Thus, the observations of isotropic phase structures in
mono- vs. unmethylated DOPE (18) and of fusion in such
systems (10) and not in DOPE (9) are all consistent both
with the concept of ILA-mediated fusion and with the
increasing incidence of ILA as a function of decreasing
a/aO predicted in this work.
The fact that multilamellar samples of mono-methy-

lated DOPE form isotropic phases at low temperatures but
HI, phases at higher temperatures (10, 18) may be due to
an increase in no with increasing temperature (Eq. 30).
This would increase the rate of HI, phase formation relative
to PILA at high temperatures (Eq. 1). Also, isotropic phases
may not form at high temperatures because PILA may be
smaller due to an increase in a/ao (Fig. 3; Eq. 7) with
increasing temperature. In a similar mixed PE-PC system
(20), the radius of curvature of the HI, phase has been
observed to decrease with increasing temperature, which is
consistent with an increase in a/ao. In this work, TH is
defined as the temperature at which the HI, phase first
becomes the stable phase at equilibrium. In mono-methy-
lated DOPE, TH is probably the temperature at which the
isotropic phase is first observed. At such temperatures, HI,
is the equilibrium phase, but the La HI, phase transition
is sluggish, and the intermediates in it (IMI) become
trapped via ILA formation. ILA are metastable structures
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that cannot assemble into the HI, phase (D. P. Siegel,
manuscript submitted for publication).

Ellens et al. (9) also studied interactions of PE liposomes
as a function of temperature near La -- HI, transitions
induced by Ca2" addition at pH 9.5, where PE is anionic. It
is not clear if such transitions should be classified as
ionotropic. The resulting HI, phase has the same TH as the
transition observed at low pH in the absence of Ca2". Also,
high concentrations of Ca2" are required (20 mM) to form
the HI, phase at pH 9.5. These facts imply that stable
Ca2+-PE complexes of defined stoichiometry may not
form. Ca2, may simply reside in the electrical double layer,
reducing the net electrostatic repulsion between anionic PE
head groups, and allowing them to pack closely together to
form the high-curvature lipid-water interface of the HI,
phase. The temperature-dependent liposome interactions
in Ca2+-PE are the same as in PE at low pH, and are as
predicted here for thermotropic systems with rapid La
HI, transitions. The Ca2+- and Mg2+-induced interactions
in CHEMS-PE (6, 8) are as predicted here for ionotropic
systems (below). In CHEMS-PE, Ca2+ induces an HI,
phase with a higher TH than the low-pH HI, phase, and
only small concentrations of Ca2+ are required. This is
what one would expect for an ionotropic transition (i.e.,
stable anionic lipid-cation complexes of defined stoichiom-
etry).

Therefore, the present model of membrane-membrane
interactions provides a consistent and unified description of
membrane-membrane interactions in these systems near
the L. - HI, phase transition. The authors of reference 10
arrived at a similar interpretation of their findings. Else-
where (D. P. Siegel, manuscript submitted for publica-
tion), I will describe how ILA can assemble into arrays
with the observed attributes of the inverted cubic and
amorphous phases described by others (18, 20, 21).

Lipids with L,,a HI, Transitions Driven by
Cation-Binding

In some lipid systems, the La,-, HI, phase transition is
driven by the binding of cations to anionic lipid molecules.
Cardiolipin (11, 12) and phosphatidic acid (44, 45) adopt
the HI, phase in the presence of divalent cations or acid
(47). The kinetics of such transitions and IMI/ILA forma-
tion cannot be quantitatively described by the theory in
reference 2. Au is a sensitive function of the interfacial
curvature and local cation concentration, and the free
energy of intermediates of different curvature will be quite
different. Thus the free energies of activation for intercon-
version of structures will be different than calculated here,
and their populations will be in different ratios.

It is likely that for given ic values, Pf will be larger for
systems with transitions driven by cation binding than for
systems with thermotropic transitions. The activation ener-
gies for reversion and coalescence of IMI into HI,-like
structures will be large, since substantial changes in inter-

facial curvature (and dissociation of many lipid-cation
complexes) are involved. In contrast, formation of ILA
from IMI involves almost no change in the area of IMI
interface having curvature resembling the HI, phase. The
activation energy for ILA formation may thus be smaller
than the activation energy for reversion to planar bilayers,
and ILA may form at a greater rate than in thermotropic
systems. Moreover, in the presence of cation concentra-
tions much above the transition threshold value, ILA will
be more stable than patches of planar bilayer: the lipids on
the exterior monolayer will have HI, like curvature, and A,u
relative to the bilayer should be of order kT in the presence
of excess Ca2" (11). Hence, ILA formation (and ILA-
mediated fusion) are more probable in systems with transi-
tions driven by cation-binding.

In their study (47) of cardiolipin/phosphatidylcholine
vesicle fusion, Wilschut et al. reported that, on exposure to
Ca2", fusion (mixing of aqueous contents of vesicles)
became observable at a fairly well-defined threshold Ca2"
concentration. The initial rate of fusion increased rapidly
at concentrations above this threshold. The leakage rate
also increased with increasing Ca2" concentrations above
this threshold, until it was almost as fast as fusion. This is
the behavior expected in a system in which the rate of IMI
coalescence into HI, precursors is smaller than PILA. As
[Ca2"] increases past the threshold value, A/u increases,
and the ILA formation (fusion) rate increases. The leakage
rate is slow at near-threshold [Ca2"] since IMI coalescence
(HI, phase formation) is slow. The rate of leakage increases
at higher [Ca2"] because n°, the IMI coalescence rate (Eq.
1), and GH2 (Eq. 25) all increase with [Ca2,]. Thus, the
[Ca2+] dependences of the interaction rates in this system
are compatible with an IMI- and ILA-based mechanism.
However, other mechanisms cannot be ruled out, and
ILA-mediated fusion has not been unambiguously demon-
strated.

Possible Biological Relevance
As described in Part I (2), many biomembranes and
membrane lipid extracts can adopt the HI, phase or form
IMI/ILA-like morphology if slightly dehydrated. More-
over, small changes in the composition of these biomem-
branes can destabilize them with respect to HI, phase
formation (for reviews, see references 19, 48). It is possible
that cells could control the susceptibility of specific areas of
their membranes to membrane fusion (e.g., as in exocyto-
sis) via ILA by subtle modulation of the amounts of lipids
that stabilize the HI, phase at physiological temperatures.
This and other possible roles of IMI and ILA structures in
biomembrane behavior will be discussed elsewhere (48).
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