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ABSTRACT Two sorts of inverted micellar structures have previously been proposed to explain morphological and
*'P-NMR observations of bilayer systems. These structures only form in systems with components that can adopt the
inverse hexagonal (H,) phase. LIP (lipidic particles) are intrabilayer structures, whereas IMI (inverted micellar
intermediates) are structures that form between apposed bilayers. Here, we calculate the formation rates and half-lives
of these structures to determine which (or if either) of these proposed structures is a likely explanation of the data.
Calculations for the egg phosphatidylethanolamine and the Ca*-cardiolipin systems show that IMI form orders of
magnitude faster than LIP, which should form slowly, if at all. This result is probably true in general, and indicates that
“lipidic particle” electron micrograph images probably represent interbilayer structures, as some have previously
proposed. It is shown here that IMI are likely intermediates in the lamellar <+ H,, phase transitions and in the process of
membrane fusion in some systems. The calculated formation rates, half-lives, and vesicle-vesicle fusion rates are in

agreement with this observation.

INTRODUCTION

Many authors have invoked inverted micellar structures to
explain the morphology and *'P-NMR spectra associated
with nonbilayer structures in lipid systems near the lamel-
lar-to-inverted hexagonal (H,;) phase transition (1-10).
Freeze-fracture electron micrographs of multilamellar
preparations show corresponding bulges and pits in the
lipid lamellae, ~10 nm in diameter. These have been called
“lipidic particles” (LIP) (e.g., 1, 6). Inverted micelles are
good candidates for the components of such structures.
They have appropriate radii of curvature and resemble the
H,, phase (water enveloped by lipid). Presumably, on
account of this resemblance, inverted micellar structures
can form most rapidly near the spontaneous lamellar-
to-H,, transition. These are, in fact, the conditions under
which LIP are observed. The *'P-NMR spectra of some
phospholipid systems near the lamellar-to-H,, phase transi-
tion contain “isotropic” components: These are thought to
be due to the motion of lipids around radii of curvature
similar to those expected in inverted micellar structures
(6, 10). However, such resonances might be due to a
variety of structures with small radii, such as cubic phases
or even small vesicles (e.g., 11).

Two types of inverted micellar structural models for
lipidic particles have been proposed. The first is referred to
here as the LIP because it was the first inverted micellar
model associated with the observations (1,6). LIP are
intrabilayer structures, assumed (1-8) to be spherical
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inverted micelles sandwiched between the monolayers of
the bilayer (see Fig. 1). The second is the IMI (inverted
micellar intermediate), a spherical inverted micelle within
a cusplike interbilayer attachment (Fig. 2). This sort of
structure has been proposed (e.g., 2,5,12-14,15) as a
transient intermediate in the process of membrane fusion
and the lamellar-to-H,, phase transition.

There is debate as to which (or if either) of these
structures best describes the morphological and NMR
data (e.g., 3,12,16,17). LIP and IMI are potentially
important in the dynamics of pure lipid systems and
biomembranes (2, 5, 12-15, 18); they could be involved in
membrane fusion, interbilayer and transbilayer movement
of lipids and other substances. When we have a better
understanding of lipidic particle sturcture, formation rates,
and half-lives, we will be able to make more quantitative
estimates of the effects of these structures on biomembrane
properties.

In this paper, I have derived expressions for the forma-
tion rates and half-lives of these two hypothetical inverted
micellar structures. The general approach is as follows.
LIP or IMI formation is viewed as a two-step process.
First, enough lipid molecules must be assembled (by
concentration fluctuations in the plane of the bilayer) in
one spot to form a LIP or IMI. The required number and
area can be calculated using the dimensions of the bilayer
and H,, phases. The probability of a critical fluctuation can
be calculated using simple thermodynamics and the
bilayer lateral compressibility (obtainable via two different
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methods). Second, one calculates the probability of LIP
formation from patches of interface undergoing a critical
fluctuation. This probability is expressed as the product of
an Arrhenius rate constant and the lifetime of the fluctua-
tion. The lifetime is the random-walk diffusion time of a
lipid molecule across the area of interface involved. The
frequency factor and activation energy of the rate constant
can be estimated using the time scales of lipid motion in the
bilayer phase and the thermodynamics of the lamellar-
to-H,; transition, respectively. In the case of the IMI, the
probability that the interfaces of the two bilayers are
closely apposed during the critical fluctuation must also be
considered. Close apposition must occur so that the
motions of lipids in both interfaces can become coopera-
tive. Close apposition is taken to mean interfacial separa-
tions of <1 nm.

Expressions describing LIP formation are derived in the
first part of section A entitled One-Component Systems.
The second and third parts entitled Formation of LIP in
Two-Component Systems and Conclusions Concerning the
LIP Model contain a derivation of the effects of impurities
on formation rates and a discussion of results, respectively.
IMI formation rates are derived in section B, in the first
part entitled Theory, and are discussed in the final part
entitled Conclusions Concerning IMI. Readers who are
more interested in the physical significance of the results
than the details of the derivations need read only the last
part of sections A and B.

The results can be briefly summarized. LIP, the intrabi-
layer structures, are predicted to form extremely slowly.
Sample calculations for egg phosphatidylethanolamine
(EPE) and the Ca*2-cardiolipin (Ca*’-CL) systems show
that LIP would form at a maximum rate of hundreds of
structures per square micron of bilayer per hour; this is, if
anything, an over-estimate. This is consistent with the
absence of LIP in unilamellar phosphatidylethanolamine
(PE) dispersions (17), and the very slow appearance of
such structures in unilamellar cardiolipin-phosphatidyl-
choline preparations exposed to Ca*? (19). LIP are pre-
dicted to have very long half-lives, though they are not
thermodynamically stable structures.

However, IMI (the interbilayer structures) should form
quite rapidly. It will be shown that the formation of such
structures requires either no fluctuation or very small
fluctuations in the local lipid concentration in the bilayers.
Moreover, the activation energy for inverted micelle for-
mation is likely to be much smaller then for LIP. This
accounts for the high frequency of lipidic particle images in
multi- (as opposed to uni-) lamellar dispersions. IMI can
only form between two or more membranes, a situation
ubiquitous in liposomes but rarer in dispersions of unila-
mellar vesicles. In some cases the rate-limiting step in IMI
formation is the rate at which membranes can be closely
apposed. Under the right conditions, IMI will form
between closely apposed EPE and Ca*’-CL interfaces in
milliseconds or less.
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IMI may be intermediates in the process of membrane
fusion. Our work predicts that IMI can spontaneously
revert to bilayer structure (Fig. 2), either fusing the two
apposed bilayers (bottom left of Fig. 2) or reforming the
original bilayers (bottom right). Fusion in this fashion
results in cusplike interbilayer attachments such as those
observed by others (12, 16, 17).

IMI could also be intermediates in the L — H;; phase
transition. Above the bulk L — Hj; phase transition of the
apposed bilayers, the rate of IMI reversion is slow, and
IMI should exist long enough to aggregate with others into
H,, rod precursors (Fig. 4). Various workers have com-
mented on the tendency of lipidic particle-like structures to
form linear arrays (e.g., 3, 6, 16) and appear to form or
bleb off from H,-like tubes (e.g., 5, 8, 20). In some systems
(2, 20) there is evidence for a cubic phase consisting of
arrays of inverted micelles, which could form via an
analogous mechanism. However, the exact nature of these
structures is uncertain (21).

The half-lives of IMI for EPE and Ca*’-CL are
predicted in the 0.1-ms range under most circumstances.
This makes imaging of IMI via electron microscopy very
difficult, even using rapid-freezing techniques. These short
half-lives may also explain the absence or near absence of
isotropic *'P-NMR resonances from pure unsaturated
alkyl chain-PE preparations (22, 23) and Ca*’-CL sys-
tems (24) under conditions when IMI reversion is rapid.
Such resonances are observed under conditions for which
we predict longer IMI half-lives (24-26). The model of
IMI as intermediates in the L <= H,; phase transitions is
also compatible with the temperature and Ca*? concentra-
tion hysteresis observed in the EPE (23, 27) and Ca**-CL
(24, 28) systems.

We also calculate rate constants for the fusion of pairs of
aggregated unilamellar vesicles via IMI. The results seem
compatible with observations on related lipid systems.
Fusion via IMI is predicted to occur at slow rates in EPE
systems and quite rapidly in Ca**-CL systems. These rates
are, respectively, slower than and faster than the rate of
vesicle fusion in the Ca*’-PS system (29-35), which
clearly proceeds via a different mechanism. Since at least
one other fusion mechanism exists, it may be difficult to
determine the relative contribution (if any) of IMI fusion
to the observed rate in H;, phase-forming systems. Our
work identifies some criteria for making this distinction.
However, IMI-mediated fusion remains to be unequivo-
cally demonstrated.

A. FORMATION OF INVERTED
MICELLAR STRUCTURES (LIP)
IN ISOLATED BILAYERS

One-Component Systems
First, we must determine the number of molecules neces-
sary to form an LIP structure. We start with the assump-
tion that the area per lipid molecule, a,, at the lipid-water
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interface within the inverted micelle is the same as at the
interface in the H;; phase. Moreover, we assume that the
radius, r;, of the water cavity within the inverted micelle
(see Fig. 1) is at least as large as the radius of the water
channel in the H,, phase, ry. This is reasonable, because
the cavity in the inverted micelle has two small principal
radii of curvature, whereas the water channel in the H,
phase has only one. We would expect that, if anything,
lipid-packing constraints in the micelle would be more
severe than in the H;; phase, making r; > ry. The number
of molecules, n,,, composing the micelle is then simply the
surface area of the water cavity divided by a,,

4xr?

M

n, =
aO

The radius of the entire micelle is the water cavity radius

plus the thickness of a lipid monolayer, 2

rm=ri+Q. (2)

We must also calculate the number of lipid molecules in
the curved monolayers enveloping the inverted micelle.
The structure of these monolayers is significantly different
from bilayer structure for a radius equal to r,, + £ around
the center of the micelle (Fig. 1). Therefore, all molecules
of the exterior monolayers within this distance from the
center of the micelle are assumed part of the LIP. Simple
geometric arguments show that the number of lipid mole-
cules in each exterior monolayer (n,) is

Urm + 8/ 2

2
~ = /2)? —
e R L P 1

3)
where a is the equilibrium area per lipid molecule at the
bilayer/water interface. To evaluate n,, we have calculated
the surface area of each enveloping monolayer at the
monolayer midplane (i.e., at a radius of r, + 2/2 from the
center of the micelle) and divided by a. This is appropriate
because of the small radii of curvature of these surfaces.
The number of lipid molecules composing the LIP is n,,, +
2n.. The number of molecules normally occupying a

FIGURE 1 LIP structure in cross section. The inverted micelle is
spherical. The structure is cylindrically symmetrical about the vertical
axis (dashed line through the center of the micelle).
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circular patch of bilayer/water interface of radius r,, + ¢
at equilibrium coverage is simply
(r, + 2)?
——

n= 4)

Given the number of molecules comprising an LIP
(2n, + n,) and the number of molecules normally found in
a patch of bilayer of the same cross-sectional area (4 =
#[r, + 2}%), we can calculate the probability that lipid
concentration fluctuations in the two leaflets of the bilayer
will assemble the requisite number of molecules in the
same spot. Fluctuations in the two monolayer leaflets of the
bilayer are assumed independent. This assumption is rea-
sonable: the coupling between the leaflets during phase
transitions is very weak (36-38); defects due to population
dissymmetry in the leaflets of unilamellar vesicles heal
quite slowly (39); and the order parameter of the terminal
methyl and methylene groups of the phospholipid alkyl
chains is quite low, so we would expect changes in packing
within one monolayer to only weakly influence packing in
the other. This weak coupling assumption may break down
for dialkyl glycerolipids with alkyl chains of greatly dif-
ferent length (differences > two methylene groups, [37]).

The difference between one-half the number of mole-
cules necessary to form a LIP and n is An,

1
An=§(nm+2ne)—ﬁ. (5)

The relative magnitude of the critical fluctuation, #,
(which is the fluctuation large enough to permit LIP
formation) is then

B=—=——-1 (6)

(Naturally, the values of n,, n., and 7 in this expression
should be integers.) The probability of a fluctuation of this
magnitude in each monolayer is calculated in the fashion of
Blank (40). The fluctuation amplitudes in a monolayer
patch of area A4 at temperature T are assumed to be
Gaussian distributed. The root mean squared (rms) ampli-
tude is given by

An kTC,
(%) -5 O
where
1 (34
Cs=7(ﬁ)T' ®

C, is the lateral compressibility of the lipid monolayer and
I1 is the lateral pressure in the plane of the monolayer. k is
Boltzmann’s constant.

Values of C, can be obtained from Langmuir trough
measurements (preferably at the oil-water interface), or
from x-ray studies of bilayer systems via the method of Lis
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et al. (41). In principle, C, of monolayers at the oil-water
interface should approximate the bilayer compressibility.
This is more obvious if, instead of (8A4/3II), we consider
the change of volume of each system at constant monolayer
thickness, A, compressed by an amount Aa. That is,

904 1 {A volume ©)
Il v N h All constant h '

If a force, F, is required to produce a small compression,
Aq, in a bilayer, the derivative in Eq. 9 is ~2Aah/F. If the
monolayers behave independently, a monolayer can be
compressed to the same Aa by F/2, with a volume change
of only Aah. The compressibility is thus the same as in the
bilayer case. The assumption of constant monolayer thick-
ness is valid for small fluctuations in lipid concentration.
The standard deviation of the distribution of n is then

a=i(%)”2 (10)

and the probability of a fluctuation greater than or equal to
a given i (of selected sign) is

) An [ 4 Y7
P(#.) = l/2erfc[E]=l/2crfc[n(2kTCs) ], (11)

where erfc(x) is the complementary error function.' To
obtain the number of times per second that a given patch
undergoes a fluctuation equal to or greater than the critical
magnitude, P, must be multiplied by the frequency of the
fluctuations. This is the inverse of an average fluctuation
lifetime. This frequency factor, £, is equal to the inverse of
the two-dimensional random-walk diffusion time, Az, of a
lipid molecule across a patch of radius 7, + £.

[ - (12)

where D, is the diffusion coefficient of lipid molecules in
the bilayer.
The number of times per second that a unit area of

'Values of erfc(x) may be obtained from tables or estimated via

2

2 e "
[#]'? [x + (x* + 2)'7]

< erfe(x)

2

2 e ”

= [1r]”2 . (x2 N 1)1/2] .
¢

Some approximate values of [erfc(x)]? are given below

[erfc (x)]°
22 x 1073
49 x 107
24 x 107"
2.4 x 1072,

W oS W NIR
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monolayer undergoes a fluctuation of critical or larger
amplitude is then

No= 2P (RO, (13)

The number of critical or larger fluctuations per second
occurring simultaneously in both monolayers at the same
location is

1
Ny = ZfPZ(ﬁc) . (14)

The number of events forming inverted micelles per second
per unit area of membrane is then

. A 1/2
”‘(2kTC,)

D,
N, = N,F, = ’;—2 [crfc

2
I F,, (15)

where

#

F, =a,expl—ﬁ At . (16)

F, is the efficiency (<1) with which LIP form from
critically populated patches. We assume an Arrhenius rate
form for F,, with a pre-exponential factor, «,, determined
by the time scale of molecular motions and a free energy of
activation G”. Both of these factors depend upon the
details of the molecular rearrangements accompanying the
transition to micellar structure, and cannot be calculated a
priori. However, we can derive estimates. The time scales
of molecular displacements in liquid crystalline bilayers
and H,, phases are in the range of nanoseconds or tens of
nanoseconds (27, 42, 43). (This time scale is quite short
compared with the microsecond-range duration of density
fluctuations in the bilayer, so Eq. 16 is appropriate.) Thus
a, will be roughly the inverse of this time scale, 10® s~

G7 is given by

G” =G+ Gric ~ G, an

where GJ; is the free energy of activation necessary to
deform the monolayers that envelop the micelle. G 7. is the
free energy of activation needed to translocate lipid mole-
cules into the bilayer interior and form the micelle. G is
the increase in chemical potential of the lipid in the bilayer
patch as a result of the critical fluctuation (due to local
increase in lipid concentration). We can estimate the size
of these terms.

G ;is due to increases in lipid-water interfacial area and
changes in the curvature of the exterior monolayers of the
LIP. The interfacial tensions of phospholipid and bio-
membranes are quite small. In fact they are virtually
tension-free in the absence of osmotic pressure gradients
(44-46). Moreover, the change in lipid-water interfacial
area at the LIP exterior is small. The surface area of a
spherical segment of height 4 and base radius R is 2xRhA.
Here R = r,, + Rand A = r,, (see Fig. 1) so the change in
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exterior monolayer surface area A4 during LIP formation
is about

AA ~4xr (ro + ) — 27(ry, + 0F = 2x(r2 — 29). (18)

Thus, the change in free energy due to surface creation, g,
is ~g, = 2wa(rZ — 2%), where o is the lipid-water interfacial
tension. For a tension of 0.1 dyn/cm (46) this value will be
several kT or less, where k is Boltzmann’s constant and T
the absolute temperature. The component of Gl due to the
radii of curvature of the exterior monolayers is harder to
estimate. This small radius of curvature will tend to pry the
head groups apart, exposing more of the hydrophobic
membrane interior to the aqueous phase. We can estimate
this effect by an increase in apparent bilayer-water interfa-
cial tension to some value o’. Then G would be approxi-
mately this value plus g, or

G~ dar (ra + D’ — 0) + 27o(r? — 9. (19)

For ¢’ — ¢ of 0.1 dyn/cm, G &, would be ~5-10 kT.

G 7. is hard to estimate, because it is probably a sensitive
function of lipid molecule structure and of the details of the
inversion process. We would expect it to be smallest for
lipids that can be easily dehydrated and can create lipid-
water interfaces with small radii of curvature (lipid sur-
rounding water). These are of course the attributes of lipids
that form the H,, phase. Further, we would expect partial
lipid dehydration and micelle formation to proceed most
rapidly under circumstances when this phase forms sponta-
neously. Thus, G ;. will be smallest and LIP will form most
readily when the system is very close to the lamellar-to-H,,
phase transition. For systems that undergo a thermotropic
transition, like EPE, this means that LIP can form most
rapidly very close to or above the lamellar-to-Hj, transition
temperature, Ty. For systems in which cation binding
drives the transition, like Ca*%-CL, this means that the
Ca*? concentration must be above a certain critical value
(24).

There is very little thermodynamic data that is applica-
ble to an estimate of G,. Thermodynamic data for the
lamellar-to-H,, transition are not strictly applicable
because they provide equilibrium free energy differences,
not activation free energies. Moreover, this transition is an
interbilayer process (see section B), while LIP formation is
an intrabilayer event. In the LIP case, lipid molecules must
transit the monolayer, while this is probably not true of the
H,, formation process. Free energies of dehydration (i.e.,
movement from the alkane-water interface to bulk alkane)
have been measured for some surfactants (e.g., 47). How-
ever, these values probably represent overestimates of the
values for LIP formation. They have been measured for
saturated alkyl chain compounds incapable of H;, forma-
tion. The gain of conformational freedom of the unsatu-
rated chains of H-forming lipids during H,, formation is
quite marked (27), and will have a substantial entropic
effect on G ;.. Moreover, any cooperativity in LIP forma-
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tion would further reduce G ;.. Thus, we will assume that
the product of n,, and AG for the lamellar-to-H,, transition
provides a lower limit to G, and that the product of n,
and the dehydration AG (several kT per molecule [47])
provides an upper limit.

The large contribution G ;. makes to G * is partly offset
by the increase in lipid chemical potential due to the
critical concentration fluctuation, G.. The chemical poten-
tial of the monolayer lipid is a function of the local lipid
density. In the critically fluctuated monolayer patches, the
area per molecule, a., is

% =17 P (20)
and
_ _ 1
Aa=ac—a=a(~ —1). 21
.+ 1
Since C; is given by (41)
—Aa
C = =F (22)

where F is the local lateral pressure corresponding to a.,
and the free energy increase per lipid molecule, E,, due to
this compression is

E. = FAa, (23)
then
a 1 2
E.-— -1} . 24
&) @9

The total increase in free energy, G, of the bilayer patch
undergoing a critical fluctuation is thus

G, =2(1 + h)nE, . (25)

This excess free energy can be dissipated either by decay of
the local concentration fluctuation (which is most fre-
quent) or by inversion of a fraction of the lipid molecules to
form a LIP. G, can be many multiples of k7.

Note that for

#

i—T =< n(a,At) - (26)

F, will be unity.

Eq. 15 is the rate of LIP formation. The rate for
reversion of LIP to bilayer structure can also be derived. In
this reversion process, a critical fluctuation in the envelop-
ing monolayers reduces the local lipid density and permits
reinsertion of the molecules of the micelle into the original
monolayer. The critical fluctuation magnitude in each
monolayer for reversion (i__) is

An  —n,

e = —— = —" 27
Ao = . (27)

where n. is given by Eq. 6.
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We can now calculate the probability of such a fluctua-
tion as in Eq. 11. The factor of (4/C;)"/? in the argument of
erfcin Eq. 15 is different for the case of LIP reversion. The
surface area of the exterior monolayers in the LIP is
greater than the original bilayer patch area. However, the
effective C; of the LIP monolayers is probably enhanced by
their small radius of curvature. The highly disordered alkyl
chains of the bilayer immediately adjacent to the inverted
micelle (Fig. 1) also increase the local microscopic com-
pressibility. Reinsertion of micellar lipid into these regions
is probably a much more facile process than into planar
monolayers. Since the functional dependence of C, on
radius of curvature is unknown, we will simply assume that
(A/C,))'* is the same as in the monolayer case. This will
probably lead to an underestimate of the true reversion
probability. Let Py be the probability of a LIP reverting to
bilayer structure per fluctuation lifetime. Then, as in the
derivation of NV,

= P{a,)F_, . (28)

F_, is an efficiency factor similar to F_,. The free energy
of activation for reversion will generally be smaller than for
LIP formation. Let G be the free energy of activation in
F_,. G” will consist of two terms similar to the terms G 7.
and G, in G”. These are present because lipid molecules
must still transit the monolayer and because the critical
fluctuation 7. increases the chemical potential of the
monolayer lipid. The term corresponding to G, is G,_,
which is given by Eq. 25, using #._ instead of 7. and n,
instead of n. E_ is given by Eq. 24, substituting #__ for #..
Note that |7, | is usually >#,., and hence G, > G..
Moreover, G* will not contain a term like G, since
reversion creates no new deformation stresses (it relieves
existing stresses). Therefore G* willbe <G* and F_, = F,.
When the inequality in Eq. 26 is violated (large G ),

F. (G + G — G|

T] ~ €Xp T (29)

The steady state number of LIP per unit area, n,p, is
obtained from

d
d—'t' LIP = 0 = N,(1 — Anyp) — ke (30)

where N, is given by Eq. 15 and ky is the rate constant for
LIP reversion,
- Py/At. (31)

Py is given by Eq. 28 and At by Eq. 12. Using Eqgs. 30 and
31,

a4+ =) (32)
Ny = + Nl .
From Egs. 15, 28, and 31,
kR F—I Pc(hc—) 2 )
F.‘A(F.)[Pc(ho 33
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and

1+

e (A Pn)
Close to the lamellar-to-Hj; transition, n ,p ~ 1/A4, since
P (n._) is usually «P(7,).

Far from the lamellar-to-H,, transition, when the system
is more stable in the lamellar phase, G* becomes much
larger than G*. (Far below Ty, for example, the alkyl
chains of the lipid cannot adopt the more disordered
configuration in the Hy, phase.) In this limit

1 [ P(f) P
LIP

P o )] ] (34)

T A|P(n.)

Steady state LIP density should therefore decrease rapidly
as the stability of the bilayer phase increases.

Four things should be noted concerning the large steady
state LIP density predicted by Eq. 34. First, it is achieved
quite slowly. An estimate of the time, ¢, required is

xp[((;* - Gf)/kT]. (35)

1,> 2P 2/f P (R)F, . (36)
N,
P?is such a small quantity that ¢, is a macroscopically long
interval. Second, Eq. 34 overestimates n,,p. As noted
previously, P2(#._) is probably much larger than the value
calculated using monolayer values of C,. This is true
because disorder in the monolayers immediately adjacent
to the inverted micelie and in the highly curved exterior
monolayers probably increases the local value of C. Even a
10% increase in the effective C, would increase PX(n._)
three to 30-fold for typical values of the argument of
erfc(x). This would decrease n, p. Third, when the inequal-
ity in Eq. 26 is violated and G* is large, (F_,/F,) becomes
»>1 (Eq. 29). This greatly reduces np: for G* — G7 =5
kT, (F_,/F)) = 148. Finally, at large np, the LIP
probably aggregate into strings, forming structures resem-
bling H;, rods enveloped by monolayers (3, 8). This is
energetically favorable, since aggregation increases one
principal radius of curvature at each of the lipid-water
interfaces in the LIP.

We can also estimate the half-life ¢,,, of a LIP. The LIP
reversion probability per unit time is Pg /AT and we obtain
ty, via

P,
'l/z_R
0_5=£ Al de. 37)

Py is time independent and is zero for t = 0. At is a
constant, so

-2 [erfc[itc_( 4 )'/2] TAL g
2P, 2kTC, F_,
Note that if n, = 7 (fi._ = 7.) then
(. =h):t,=1t,. (39)
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We can now estimate n.;p, IV, and ¢,,, for an egg
phosphatidylethanolamine (EPE) bilayer. Lipidic particles
are often observed in such unsaturated PE preparations
(e.g., 3,8,15). We use bilayer dimensions and lateral
compressibility data at 25°C from (41), and area per head
group data from references 41 and 48. Since T}, for EPE is
~30°C (23), these values are relevant to the correct
temperature range. The thickness of the bilayer (=2%) is
~4 nm (41). The diameter of Hj rods in natural PE
systems is 6-8 nm (3, 48-50). Using this diameter (7.0
nm) as the diameter of the inverted micelle (equals 2 r,,)
yields a diameter for the monolayer-enveloped structure of
11.0 nm. This value is compatible with observations of the
size of lipidic particles (~10 nm, [8]).

The area per headgroup, aq, at the lipid-water interface
in the Hy; phase is 0.42 nm? (48). We thus find

4x(r,, — 9)?

n, = —— = 67 molecules. (40)
ao

With this result, using Egs. 1 and 5, we find
f. ~ 0.248.

We use a value of 0.067 cm/dyn for C, (41) and D, = 3 x
10* cm?/s, which is appropriate for liquid crystalline
bilayers of unsaturated phospholipids (51, 52).

Ny, nyp, 15, and 1, will be in terms of F, and F_,. We
can estimate F, using Eq. 15. We take a, = 10® and
calculate At = 2.5 us via Eq. 12. Then F, = 250 . {exp
(=G*/kT)}. According to Eq. 26, if G* < 5.5 kT, F, will
equal 1. By Eqgs. 23 and 24 we calculate G, ~ 38 kT. Since
G i is probably only several kT, F, = 1 for G, < 38 kT, or
38/n, = 0.6 kT per lipid molecule forming the micelle.
This energy is large compared with the free energy AGy, of
the lamellar-to-H;, transition, and small compared with
values estimated using dehydration energies. The enthalpy
AH\, of the transition in EPE is ~0.5 kT per molecule (27).
Within a few degrees of Ty, AG,, is given by

AGy = AHH(I - l) . (41)
Ty
For T, — T = 5° AG, is <0.01 kT per molecule. By
comparison, free energies of dehydration of simple fatty
acids are quite large (~4 kT, [47]). This would yield a G 7,
of ~270 kT, which would make F, and N, effectively zero.
Therefore, we assume a value of 38 kT for G to make
F;, — 1, and treat the results as upper limits on N, and
nypp.

Using F, = F_, = 1, we obtain (Eqgs. 15, 34, 36, 39)
N, <90 LIP/um’/h; nyp < 1/A ~ 10*/um?, 1, , < 2,000 h,
and 1, > 100 h. These values are upper limits (V,, ¢, /5, n.1p)
and a lower limit (¢,) on the anticipated values, respec-
tively. LIP are predicted to form very slowly, if at all, in
this system. The half-life of those that do form is predicted
to be quite long, and the steady state LIP density would be
achieved only after many days of incubation. These results
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are qualitatively compatible with the reported absence of
lipidic particle structures in unilamellar EPE vesicle prepa-
rations (17).

We emphasize that the values derived above are upper
bounds on N, and nyp. If G;./n, were only 1 kT, as
apposed to the value of 0.6 kT assumed above to make F, =
1, N, would be 2 x 107'° LIP/um?/h. For all practical
purposes, LIP could not form. Likewise, we use a value of
C, of 0.067 cm/dyn (41). This is almost an order of
magnitude larger than typical values from vesicle deforma-
tion experiments (53, 54). A value only 20% smaller would
reduce NV, by a factor of two hundred. LIP would be so rare
as to evade detection via electron microscopy.

To calculate N,, nyp, ¢, and ¢, for the Ca**CL
system, we use @, = 0.584 nm? and r, = 0.75 nm (55). The
H,; rod diameter is 5.3 nm (55). We assume that this
diameter equals 2r; + 2%, yielding = 1.9 nm. Measure-
ments of @ in bilayers in the presence of Ca*? are lacking.
We use Rand and Sengupta’s estimate (55) of 1.2 nm?/
molecule. Measurements of C; in bilayers or monolayers at
the oil/water interface are also lacking. We use the value
of 0.010 cm/dyn determined in monolayers at the air/
water interface (56—58). We assume that G .. is ~1 kT per
lipid phosphate group in the micelle, and that G5;is 5 kT.
We calculate G, = 1.2 kT via Eqgs. 24 and 25. At 25°C and
with D, = 3 x 107% cm?/s, we find N, < 250 LIP/um?/h;
nup=<1/A=1.5x 10°LIP/um’ t,, <4y,and ,> 60 h.
Using freeze-fracture electron microscopy, others (19)
have observed lipidic particles in 0.2 um-diameter unila-
mellar CL-PC vesicles (in the absence of cryoprotectant)
only after hours of incubation in the presence of Ca*2 This
is roughly compatible with the value of N, given above. At
that rate, LIP would constitute 1% of the surface area of a
0.2 um-diameter vesicle of pure CL after 0.6 h. The rate of
appearance of LIP would be slower in a mixed CL-PC
system (see the following parts entitled Formation of LIP
in Two-Component Systems and Conclusions Concerning
the LIP Model).

As with EPE, these numbers are upper bounds (N, nyp,
t,2) and a lower bound (z,), respectively. Note that G ™ is
large (~28 kT) for Ca*’-CL, and F, « 1. In this system,
our assumptions about G* control the value of N,. Our
assumption that G 7. is only 1 kT/phosphate group (2/CL
molecule) in the micelle is conservative. For simple mole-
cules like alkanols, the free energy of dehydration is four
times k7 around room temperature (47). Even when
complexed with Ca*?, the phosphate groups should be
somewhat hydrophilic, and there is an additional exposed
hydroxyl group on the CL head group. If G, were
increased 20%, N, would be reduced 100-fold. Thus, as
with EPE, we conclude that LIP form very slowly in
Ca*2-CL systems, if at all. The results are compatible with
observations of unilamellar CL-containing systems.

The physical relevance of these calculations will be
further discussed in the final part of this section. Note that
these expressions are very sensitive to input parameters.
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For typical values of the argument of erfc(x) (x = 2t04),a
10% change in x produces a difference of about three to
30-fold in erfc(x), respectively. The equations can only be
relied on for order-of-magnitude estimates.

Several assumptions have been made to make the theory
tractable. First, we have assumed that fluctuations in the
two monolayers of the bilayer are independent. As outlined
in the beginning of this section, this is probably reasonable
if the two alkyl chains of each lipid molecule are of about
equal length. Second, we have assumed that C, is indepen-
dent of the local lipid concentration. This will probably
break down for high local lipid concentrations (i.e., i, =
0.1), making the calculated NV, values overestimates of the
true rates. Third, we have used a simplistic model to derive
the inverted micellar dimensions. Because of more severe
head group packing constraints at the spherical interface in
the micelle, for example, it is probable that r; is greater
than or equal to the radius of the H,, water channel. Again,
this would lead to an overestimate of NV,.

Finally, it may be objected that it is inappropriate to use
a well-defined C, at or near the lamellar-to-H;, transition
because of the compressibility divergence in the neighbor-
hood of phase transitions involving molar volume changes.
This is not the case for LIP formation in isolated bilayers
(e.g., in unilamellar vesicles). There does not seem to be an
accessible pathway to H, phase formation until several
bilayers are apposed to one another ([8] and section B).
LIP, if they exist, are not thermodynamically stable struc-
tures (due to the unfavorable small radii of curvature of the
enveloping monolayers) and form very slowly: therefore,
they do not produce such divergence close to Ty.

Formation of LIP in Two-Component
Systems

Consider a bilayer containing component No. 1, an H;-
forming lipid, and component No. 2, which only exists in
the lamellar phase under the ambient conditions. If compo-
nent No. 2 cannot participate in LIP formation, we
presume that concentration fluctuations in the bilayer
cannot lead to LIP formation unless large enough patches
of pure component No. 1 are formed. For simple systems,
one can easily calculate this demixing probability, Pp.

We make several assumptions. First, the lipids must
form ideal mixtures. Second, we assume that the areas per
molecule in the bilayer are equal for both species,

3 -a-a (42)

Finally, the fluctuations in lipid concentration in 2 mono-
layer are assumed to be nearly symmetrical. The surpluses
of the components are in the same ratio as their bulk
concentrations. This is a good approximation if the mole
fraction of either component is not too small and the total
number of molecules in A is large.

The equation for the LIP formation rate in the two-
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component system is

nD,, 2 :
N, = 'l PLF,. (43)

el A \112
er c[n(——ZkTCm) ]

C. and D, are the compressibility and lipid diffusion
coefficient, respectively, in the mixture. 4 will be the same
as in the one-component case. Py, is the probability that a
critically fluctuated monolayer patch of area A4 forms a
region of n,,/2 molecules of pure component No. 1.

Py, is obtained via simple combinatorial formulae for the
partition functions of the original mixture (patch undergo-
ing a critical fluctuation, before demixing) and the de-
mixed system. Let x, and x, be the mole fractions of the
components. Using the combinatorial formula for distri-
buting # indistinguishable objects so that {n;} objects are in
the categories {i}, we find the partition function for the
original mixture is

{5l 5H

a —x.)”—z"‘ !

[(n . ”7“)(1 - xo] ! ’_' (44)

and the corresponding expression for the partially demixed
system is

o{5)-2)-

The entropy of demixing, Sy, and free energy of demix-
ing, AG)p, are

11— x)n] !]-'. (45)

m

ASD=k|nQD—k1an=kln[%], (46)
and

AGp = —kTn [%] , (47

and the probability of demixing is

Py = exp {—AGp/kT} = % (48)

The expression for Py, thus becomes

(f'“z—x')' (n—n—z"’)x. ![(1 —x,)%]![(n—%)(l - x)]!
("f)g[(n_;—;)x.]![(l — x)nj!

where n = n. + n,/2. The expression for the rate of
reversion N_, of inverted micelles per unit area in this
system is identical to NV _, except for the use of C,,, and D,

(49)
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The expression for n,p becomes (for F, = F_, = 1)

Pc(ﬁc—) 2 F—I -2
1+ l?c(-;:)— (T) (Pp)

np=A" (50)

P} decreases rapidly with increasing x,. For systems like
EPE, x, > 0.10 should greatly reduce the LIP formation
rate, NV,. Some values of P2 for EPE mixed with a lamellar
phase impurity are given below (n = 159, n,/2 = 34,
agpg = @, = 0.75 nm?, from the first part entitled One-
Component Systems).

X3 P f)
0.05 0.20
0.10 0.062

015 73x107°
020 7.8x107".

The ratio N,/N, is proportional to P}. However, the
presence of component No. 2 will make C,, # C,, which
will also substantially affect NV,/N,. A first order approxi-
mation for C,, would be to use the sum of the products of
the compressibilities of each component with the mole
fraction of that component.

If the mixture is at all nonideal, Eq. 49 will underesti-
mate the true P,. Any tendency of the components to
self-associate can make Gy, < 0. For example, at x, = 0.20
in the example above, Gy, is only 7 kT for a separation of 34
EPE molecules. If the self-association free energy of EPE
is as small as 0.2 kT/molecule, G, ~ 0, and P, — 1.
(Conversely, EPE-impurity affinity would raise G, and
lower Pp.)

Note, however, that it might not be necessary to form a
single patch of n,/2 component No. 1 molecules. First,
inversion may be possible from a number of smaller
patches. Second, there are reports (e.g., 26, 59) that the
3'P-NMR spectra of non-H,-forming phospholipids con-
tain an isotropic component when the phospholipids are
part of a lipidic particle-forming mixture. The non-H,-
forming phospholipid head groups are subject to some sort
of isotropic motional averaging. This may arise from
motion around the water cavity in the micelle or around the
highly curved exterior monolayers of the LIP (or IMI, see
section B). If the former effect is the cause of the isotropic
signal, it would indicate that extensive demixing of criti-
cally fluctuated patches of bilayer is unnecessary. This
would make Eq. 43 a serious underestimate of NV,.

Conclusions Concerning the LIP Model

The calculations in the preceding parts show that

(a) LIP should be rare, if they exist at all. Using
optimistic assumptions about r; and G, the model pre-
dicts that unilamellar EPE preparations at or very near T},
should form LIP at a maximum rate of 90 LIP per square
micron of membrane per hour. The predicted maximum

rate for Ca*?-CL using G J./n,, ~ 2 kT (at 25°C at or near
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the [Ca*?] threshold for H,, formation) is 250 LIP/um?/h.
Slightly less optimistic assumptions about r,, C,, and G ;.
reduce these formation rates by several orders of magni-
tude. These results are consistent with the absence of
lipidic particle morphology in unilameliar EPE prepara-
tions (17) and near absence in unilamellar Ca*2-CL-PC
preparations (incubated without cryoprotectant [19]).

(b) The predicted steady state LIP densities are very
large, resulting in closely packed arrays of LIP. These
densities are large overestimates since reversion rates are
probably seriously underestimated by the model. The
steady state is achieved quite slowly (days to weeks). The
slow accumulation of LIP is qualitatively compatible with
the long incubation times (hours) necessary before any
lipidic particle morphology appears in unilamellar Ca**
CL-PC preparations (19).

(¢) The predicted half-lives of LIP are also quite long
{months or longer). Once again, as discussed in the part
entitled One-Component Systems, these are overestimated
by the model. Qualitatively, these results are compatible
with the pronounced hysteresis of lipidic particle morphol-
ogy and isotropic *'P-NMR spectra (6, 26, 60, 61).

(d) The LIP formation rate should decrease rapidly
when mixed with increasing amounts of a non-H;;-forming
component.

(e) LIP are not thermodynamically stable. Their forma-
tion and reversion rates are just very small.

In comparing these predictions to experiment, I have
emphasized observations on unilamellar lipid preparations
as opposed to multilamellar preparations. This is an impor-
tant distinction. Large numbers of lipidic particles are
observed in multilamellar lipid preparations quenched
after incubation above the lamellar-to-H,; phase transition
(e.g., 3,6, 12, 17), while very few are observed in unilamel-
lar preparations. In unilamellar preparations, apposition of
two vesicle membranes can be a comparatively rare event,
while this situation is ubiquitous in liposomes. This sug-
gests two possibilities. The first is that different lipidic
particle structures form in each case, the structure in the
unilamellar case arising from an intrabilayer event (i.e., a
LIP) and the structure in liposomes from an interbilayer
event. Alternatively, the lipidic particle structures in unila-
mellar preparations may be of the interbilayer type, their
reduced frequency resulting from the infrequent close
apposition of vesicles. Interbilayer structures will be exam-
ined in the next section.

The present model shows that LIP structures may form
at rates slow enough to be compatible with observations
from unilamellar systems, i.e., they may be a good model
for the intrabilayer structure described above. However, it
remains to be demonstrated that these lipidic particle
images are LIP. Careful freeze-fracture electron micro-
graphic studies of vesicle preparations are required. A LIP
(i.e., intrabilayer) model of lipidic particles is applicable
only if these structures are found on unilamellar vesicles
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outside of regions of vesicle-vesicle contact. The predicted
formation rates of LIP are quite slow. LIP might escape
detection unless large areas of unilamellar structure inter-
face are examined after lengthy incubation near the lamel-
lar-to-H;, transition. The latter requirement means that
care must also be taken to either limit vesicle aggregation
or rigorously exclude lipidic particle images present on
planes of vesicle—vesicle apposition.

LIP structures will only form in lipid systems with
compounds that can adopt the H;; phase near the lamellar-
to-Hy, transition. Systems with the following attributes will
have the best chance of evolving LIP at observable rates:
(a) H,, rod dimensions @, a,, and £ such that

(nn + 2n.)

1
2n

<

<1,

where n,, n.,, and n are given by Egs. 1, 3, and 4,
respectively; (b) GL. < n, kT (this is most likely in
systems with easily dehydrateable head groups, very close
to the lamellar-to-H,; transition of the bulk lipid-water
system); (c) large lateral compressibility C,, especially if
fi. > 0.1. Note that G, is proportional to C; '; Egs. 24, 25. A
large C is desirable to increase P, (Eq. 11) provided that
the simultaneous decrease in G, does not make G* too
large (Egs. 16, 17). (d) In mixed systems, the mole frac-
tion of H,-forming component should be large (=0.8).
This will not be important in systems where the mixture is
nonideal or where external influences (e.g., multivalent
cation binding in charged lipid systems) induce lateral
phase separations.

B. FORMATION OF IMI BETWEEN
APPOSED BILAYERS

Theory

IMI Formation Rate. We assume that IMI are
structures similar to those depicted in references 15 and 61.
This structure is shown in Fig. 2 a. IMI formation is
treated as a three-step process. First, two bilayers are
closely apposed, so that the monolayers are <1-nm apart.
This allows the motions of molecules in the facing mono-
layers to become coordinated. Because phospholipid mem-
branes repel each other at these small separations (62—64)
this is not necessarily a frequent occurrence. Second, the
lipid concentration in the apposed monolayers must be
sufficient to form an IMI structure. A major difference
between IMI formation and LIP formation (section A is
that the equilibrium lipid concentration is usually suffi-
cient to form the inverted micellar structure. This greatly
increases the anticipated overall formation rate, since large
fluctuations in lipid concentration are rare. Third, if a
sufficient free energy of activation energy is available, the
lipids in the apposed monolayers will rearrange into the
IMI configuration (Fig. 2 a). The probability of IMI
formation by this third process is the product of an
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FIGURE 2 (a) IMI structure in cross section. The inverted micelle is
spherical. The structure is cylindrically symmetrical about the vertical
axis (dashed line through the center of the micelle). (b) Rearrangement
of the bilayer attachments to the IMI. The structure is still cylindrically
symmetrical about the vertical axis. (¢) Products of IMI reversion to
bilayer structures. Left: fusion of the two original lamellae, resulting from
rearrangement of the micellar lipid around the vertical axis of b. Right:
re-formation of original lamellae, resulting from rearrangement about the
horizontal plane of symmetry (dashed horizontal line in b).

Arrhenius rate constant and a fluctuation lifetime, as in
LIP formation. The free energy of activation for this
process is probably much smaller than in the LIP case,
however. Lipid molecules do not have to be totally dehy-
drated and travel through a monolayer to form the inverted
micelle. Part of the water-lipid interface of the apposed
monolayers becomes the water-lipid interface in the
micelle.

The IMI can revert to bilayer structure by re-formation
of the original planar membrane interfaces. When this
occurs, either the original two membranes are re-formed
(Fig. 2 ¢, right) or the two original membranes are made
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continuous (Fig. 2 c, left); this latter process is membrane
fusion. Note that in the final stage of the fusion process, the
site of the IMI will resemble a cusplike interbilayer
attachment. This may be the origin of the cusps observed in
freeze-fracture electron micrographs of liposomes near the
lamellar-to-H,, phase transition (e.g., 12, 17).

First, we calculate the number of lipid molecules in an
IMI. The structure in Fig. 2 a consists of a spherical
inverted micelle (radius r,, = r; + £) inside an annular
interbilayer attachment. This annulus is a semitorroidal
monolayer of lipid. The surface area (SA) of this semitor-
roidal region is then

SA=27%(rn + 2+ r) — 4xr}. &)

The principal radii of curvature of this surface are »; and
r = r, + 2 The former is the radius of the water cavity of
the micelle (approximately the radius of the water channel
in the H,; phase), and the latter is somewhat smaller than
the limiting radii of small sonicated lipid vesicles (65, 65a).
The area per lipid head group, @', on this surface will be
intermediate between the areas appropriate for each of
these radii, i.e.,

a = Ja, Va. (52)

The number of molecules in the semitorroidal monolayer is
then simply SA4/a’. The number of molecules in the
micelle, n,, is calculated (for a given r;) as in section A
(Eq. 1).

We proceed by calculating the probability of fluctua-
tions large enough to assemble the number of molecules
necessary to form an IMI. The area of the original
monolayer patches that form the IMI is

A=a(r, +2+r). (53)

n, the number of molecules in a patch of this area at
equilibrium, is given by

ni-Afa. (54)
The number of lipid molecules in an IMI is then

SA4
o= +n,. (55)

The scaled magnitude of the critical fluctuation, 7., in each
facing monolayer of the apposed bilayers is

po= /D=7 (56)
n
which, using Egs. 53-56, becomes

_ [mri(ri+9) + ril@/a,)'? — 111 a\'?
.

In calculating the magnitude and probability of the
critical fluctuations, we have to distinguish between two
limiting situations. The fluctuations in the exterior leaflets
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of the two bilayers could be almost independent (uncou-
pled) at small interbilayer separations. Alternatively, if the
interbilayer separation is quite small or multivalent cations
form intermembrane complexes between lipid head
groups, the fluctuations might be coupled. Motions of
molecules in one monolayer would be strongly influenced
by the motion of molecules in the other. This may well be
the case in some charged phospholipid-divalent cation
H,-forming systems (e.g., Ca*’-cardiolipin [55] and
Ca*2-phosphatidic acid [4]).

We can calculate the probability of the critical fluctua-
tions in both of these cases. We assume that the coupled
limit corresponds to formation of bimolecular intermem-
brane lipid complexes. In this case, it is the number of lipid
complexes within area A that fluctuates, and not the
number of individual lipid molecules in each facing mono-
layer, as in the uncoupled limit. In the coupled limit, a
critical fluctuation is one that assembles n,/2 bimolecular
complexes within area A. The equilibrium number of
complexes within area A is simply n, the equilibrium
number of lipid molecules in each monolayer. Thus, 7 in
the strong-coupling case is the same as the value given by
Eq. 55, which is 7, for the uncoupled limit.

In the coupled limit, the number of times per second that
critical or larger fluctuations occur in a 1-cm’ patch of two
closely apposed bilayers is given by an expression analo-
gous to Eq. 13 in section A

No= TP, (59)
where
. 1 . A 1/2
P.(h,) = 3 erfc ln°(2kTCs) l (59)
f=4xD /A. (60)

(Naturally, 4 and . are now the values calculated for
IMI, Egs. 53 and 56, respectively.) The number of IMI
formed per second per unit area between two bilayers
apposed in the coupled limit is

2xD,
Ny = NoF,P, = =

D[ ofsf A \~
erc[n°(—2kTCs) I

- F,P,. (61)

P, is the fraction of the time that the interfaces spend
closely apposed. This is a function of the geometry and size
of the interacting bilayer structures (e.g., liposomes, vesi-
cles) and the forces acting between them. F; is an
efficiency factor similar to F, (Eq. 16, section A). D, is the
lateral diffusion coefficient of the bimolecular complex.
The membrane interiors are probably a much more viscous
environment than the intervening aqueous phase. Thus, D,
is primarily a function of the size of the diffusing entity’s
hydrophobic moiety. According to Saffman’s (66) expres-
sion, if D, is the diffusion coefficient of a single lipid
molecule, D, = D, /2.
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In the uncoupled limit, the frequency of fluctuations
greater than or equal to the critical fluctuation in a unit
area patch of closely apposed bilayers is given by an
expression like Eq. 14

Ny = ;sz (7). (62)

The frequency of IMI formation per unit area of apposed
bilayer in the uncoupled limit is

xD, . A \'1?
Nlu = NbF3Pa = 7,erfclnc(2k—m) ]

where A and 7, assume the values calculated via Egs. 53
and 56. Note that N,, contains an additional factor of
P_(#.), which should reduce it relative to V..

In section A, we noted that r; was at least as large as the
radius of the water rods in the H;, phase. It is probably
larger due to the more severe head group packing con-
straints at a spherical interface. In the LIP case, increasing
r; always increases 7, reducing the LIP formation rate. It
is very important to note that this is not true for IMI. A
real value of r; always exists such that 7. = 0, and this value
is usually only slightly larger than the Hy; water rod radius.
This value, r,, is found by setting A, = 0 in Eq. 57 from
which

2
FyP,, (63)

—B + (B? — 849)'?
24

ry = , (64)
where A =2 —b(x +b-1), B=2(4 — wb), and
b = (a/a,)'*. Naturally, one takes the positive real value
as the physically significant one. For r, = ry, i, = 0, and
P.(fA.) = 1. The lipid concentration in the apposed mono-
layers is thus always appropriate for IMI formation, and
the formation rate is limited by P, and F;. It is possible that
r; may be somehow constrained to be different from r,. In
such cases, Eqs. 61 or 63 are appropriate for N, or N;,. We
will assume that 7; = r, if 7, is no more than a few tenths of
a nanometer larger than the H;, rod diameter. (For r,
greater than this, n,, becomes so large that very extensive
cooperative motions are necessary to form the micelle.
Moreover, the conformational freedom of the alkyl chains
in the micelle is reduced relative to the H, phase if r;
becomes too large. Both effects reduce F; considerably.)
For r; = ry Egs. 61 and 63 both reduce to

N, = (%) exp {—G"/kT}P,, (65)

where we have used F; = («,/f) exp {—G*/kT} in anal-
ogy to Eq. 16.

One could also write an expression for the effect of
non-H;,-forming impurities on NV, IV,,, or V,.. The expres-
sion for Py would be the same as Eq. 49, using the IMI
values for n, and n (Eq. 54). This approximation assumes
ideal mixing and is subject to all the possible effects
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mentioned in section A under Formation of LIP in Two-
Component Systems. NV;, would include a factor of P} and
Ns a factor of Pp,.

We assume that G is a sum of three components G,
G, and GZ,. as in section A,

G* = Gl + Gi —G... (66)
G is obtained via
G.=2(1 + A)nE, (67)

in analogy to Eq. 25, where E, is obtained via Eq. 24 using
the IMI values of ii.. If r; = r, then E.and G_are 0 because
A, =0.

G is the free energy of activation necessary because of
the change in total lipid-water interfacial area during IMI
formation (g;) and the change in curvature of the mono-
layers surrounding the inverted micelle. (The changes in
curvature at the micellar lipid-water interface are
accounted for in GZ,..) The total change in lipid-water
interfacial area, AA, is

AA=SA + 4xr? -24 (68)
and the component of G, due to area changes, g, is
g = 6AA, (69)

where ¢ is the average lipid-water interfacial tension. As in
the first part of section A entitled One-Component Sys-
tems, we assume that the effect of curvature can be
accounted for by an increase in the effective interfacial
tension to some greater value, ¢'. Then,

Gli=g + (' — 0)(SA) =0'(SA) — 6(24 — 4xr?). (70)

For ¢ = 0.1 dyn/cm and ¢’ = 2¢ (as in section A, One-
Component Systems), Gz, will be in the range of 1-2 kT.

G, is the free energy of activation needed to form the
inverted micelle. It is probably a sensitive function of lipid
molecule structure and of the sorts of molecular displace-
ments involved in micelle formation. As with LIP, we
would expect G to decrease as the system approaches the
lamellar-to-H,, phase transition. However, G, for IMI
formation is probably much smaller than for LIP forma-
tion. To form the micelles in IMI, n,, lipid molecules do not
have to be largely dehydrated and pass through a lipid
monolayer. The existing lipid-water interfaces of the
apposed monolayers can become the lipid-water interface
in the micelle.

We can only crudely estimate G, for IMI because we
don’t know the details of the micelle formation process. A
lower limit to G, is certainly n,, multiplied by the free
energy difference between the lamellar and H;, phases
when the micelle forms. A more reasonable estimate can be
made only by making some intelligent guesses about the
IMI1 formation process. It seems reasonable to assume that
the inverted micelle forms from two regions on the apposed

BIOPHYSICAL JOURNAL VOLUME 45 1984



membranes, each containing ~n,/2 molecules. If the two
circular regions are pressed closely together around their
peripheries, the two lipid-water interfaces can merge to
form the spherical interface in the inverted micelle (see
Fig. 3). The number of molecules on the periphery of a
circular monolayer region containing n,/2 molecules is
(2xn,)"2. Gz, will be roughly this number times the free
energy per molecule of the process occurring at the periph-
ery of the regions. This process probably involves simulta-
neous disruption of head group-head group interactions in
the planes of the monolayers, development of such interac-
tions between head groups in the apposed interfaces, and
changes in the conformation of the alkyl moieties tending
to decrease the interfacial radius of curvature. Since the
lipid head groups do not have to be thrust into hydrophobic
domains for this to occur, the required free energy of
activation will be much smaller than G, /n,, in the LIP
case. For LIP, we assumed (section A) Gi./n, ~1 kT (2
kT for Ca*? — CL, because of its dimeric structure). It
seems reasonable to assume a figure half as large for IMI
formation, which yields
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FIGURE 3 Initial events in IMI formation. Top: two bilayers are
apposed. Middle: the lipids at the periphery of a patch containing n,,
molecules become closely apposed. Interactions between head-groups at
the same interface are disrupted and develop between head groups on
opposite interfaces. The radius of curvature of the interfaces begins to
decrease. Bottom: micelle formation.
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IMI Reversion: Membrane Fusion and the L —
H, Phase Transition. Reversion of IMI to bilayer
structure (Fig. 2 ¢) is assumed to proceed via a two-step
process. First a concentration fluctuation occurs in the
monolayer regions surrounding the inverted micelle. If this
fluctuation is large enough to permit re-formation of two
apposed membrane interfaces of area A, bilayer formation
occurs with a probability F_; by the reverse of the IMI
formation process described above. The IMI reversion rate
(events/second) P_, is then

P~3 =chF-3’ (72)

where P, is the probability of the critical fluctuation and f
is approximately the value given by Eq. 60.

IMI reversion is harder to model than LIP reversion.
First, the arrangement of the bilayer attachments to the
IMI may change quickly after IMI formation (Fig. 2 b).
The angles between the planes of the bilayers attached to
the periphery of the micelle (viewed in cross section in Fig.
2 b) will become equal. This lowers the free energy slightly
since it reduces the average interfacial radius of curvature
at the bilayer-micelle junctures and distributes strains
equally between them. We do not know how quickly or to
what extent this happens and thus it is difficult to calculate
the local lipid concentrations and the required critical
fluctuations for reversion.

Second, the IMI can form two types of bilayer structures
(Fig. 2 ¢). It may re-form the original bilayers (bottom
right) or form a structure in which the two original
lamellae are continuous (left). The latter process is mem-
brane fusion, since a cusplike bilayer annulus joins the
original lamellae. The type of final structure formed from
an IMI is determined by where the majority of the
molecules in a micelle go during the rearrangement.
Rearrangement around the vertical axis of symmetry
(vertical dashed line in Fig. 2 b) produces membrane
fusion, and rearrangement about the horizontal plane
(horizontal dashed line) re-forms the original bilayers.

It is likely that the critical fluctuations permitting
rearrangement of IMI are quite frequent. Fluctuations in
any of the three monolayers bounding the micelle (or any
combination of them) could permit the rearrangement to
start. The alkyl chains of the lipid molecules bordering the
micelle are highly disordered, so that local values of C, will
be large. Moreover, we note that no critical fluctuation is
required for reversion from the IMI as it is first formed
(Fig. 2a): n. = O for IMI formation when r, = r;, and
reversion is just the reverse of this process. Therefore, it is
reasonable to assume that P, = 1 in Eq. 72.

The two possible bilayer structures probably form with
roughly equal frequencies. This seems particularly likely
from an IMI geometry like that of Fig. 2 b. We will assume
that half of the IMI that revert will fuse the original
lamellae (Fig. 2 ¢). Using P, = 1 and a form of F_, like
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that of F; and F, (Eq. 16)
P_y = a, exp{—G* /kT} (73)
and the IMI half-life, ¢, ,, is given by
Lyp=Q2P3) " (74)

G?7 is the free energy of activation for the reversion process.
G7 will not contain a term like Gj;; in G because no new
surfaces with unfavorable radii of curvature are formed
during reversion. Close to the L — H,, phase transition of
the lipid, we assume that G” will be approximately equal to
G:ic'

IMI may be intermediates in the L <« H,, transitions.
Consider lipid bilayers apposed under conditions such that
H; is the stable phase at equilibrium. When IMI form
under these conditions, they will revert more slowly than
when the system is just below the bulk L — H,, transition.
This is because G” increases. The micellar lipids of the
IMI are in conformations resembling those of H,, phase
lipid more closely than those of lamellar lipid. When the
chemical potential difference, Ay, between lamellar and
H,, phase lipid is positive, a larger G~ will be required to
force these lipids back into the lamellar phase. As the H,
phase becomes more stable, G* will increase, P_,
decreases, and ¢, ;2 increases. That is,

Gf]aboveL——- Hy ™ Gf]alL«H" + nmAﬂ" (75)

G™ may decrease for similar reasons. Under these condi-
tions, IMI still form rapidly between apposed bilayers, but
will endure longer; they will therefore become more
numerous. If IMI are consumed by no process other than
reversion, the steady state number of IMI per unit area, n,,
will be

m = {A[1 + expl{(G* — G?)/kTI/P,]}". (76)

As Ap increases, the more numerous IMI, diffusing in the
plane of the apposed bilayers, will encounter other IMI
more frequently. Aggregation of IMI into strings will then
occur (Fig. 4). The micelles in the string can then
rearrange into H;, rods within the enveloping monolayer.
Aggregation in this manner reduces the free energy of the
system. First, the micellar lipid can form the more stable
H,, rod. Second, aggregation decreases the positive curva-
ture (i.e., head groups splayed apart) of the “waist” of the
IMI (the circumference of the semitorroidal surface; Figs.
2 a, 4 [top]). As discussed in section A, positive curvature
tends to expose hydrophobic moieties to the aqueous
phase.

There is morphological evidence of this process. Many
workers have published freeze-fracture electron micro-
graphs of spherical features aggregating in strings to form
(or blebbing off of) H,-like tubes (5, 8, 20), and many
have remarked on the tendency of lipidic particle features
to form linear arrays (e.g., 3, 16).

The above model also predicts that thermotropic L —
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FIGURE 4 IMI aggregation into H,, rod precursors. Top: many IMI
form between apposed lamellae. Middle: IMI encounter others and
aggregate forming strings of inverted micelles enveloped by the lipid
monolayers of the apposed lamellae. Bottom: micelles aggregate into
elongated cylindrical micelles (Hy, rod precursors). Only the lipid mole-
cules composing the IMI and the Hy; rod precursors are depicted.

Hy, transitions should be broad and hysteretic. Near T},
Ap ~AH[1 — T/Ty), where AHy is the enthalpy of the
L — H, transition. As noted in section A, these enthalpies
are usually small (~0.5 kT at Ty for EPE [27]), and the
Ap is very small for temperatures close to Ty.
Accordingly (G* — G™) and thus n, will change slowly
with increasing T (Eq. 76). Since the rate of IMI aggrega-
tion must depend on n,, this implies that the IMI aggrega-
tion and reversion rates will be nearly equal over a finite
temperature range. For finite heating rates, this produces a
broad, hysteretic transition. Such broad, hysteretic ther-
motropic transitions are observed for EPE and other
unsaturated PE (23, 27).

L — H,, transitions driven by lipid-divalent cation
complex formation (e.g., Ca*?>-CL) may be hysteretic
under some circumstances. Ca*? binding allows the CL
molecules to adopt the small interfacial radii of curvature
in the H;; phase, so Au is probably a sensitive function of
the molar ratio of bound Ca**/CL. This ratio changes
rapidly with increasing [Ca*?] (e.g., from 0.35 to 1 for
[Ca*®] =~ 1 and 2 mM, respectively; [24]). Thus,
(G* — G?) and n, should change rapidly with increasing
[Ca*?], indicating a nonhysteretic transition. When CL
liposomes are exposed to constant [Ca*?] near the transi-
tion threshold concentration, the H,, phase does form
readily (24).

However, when transiently exposed to [Ca*?]» the
threshold value [Ca*?],, many lipidic particles are
observed in electron micrographs of the sample (24).
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Moreover, *'P-NMR spectra of the samples have intense
isotropic resonances that endure for macroscopic intervals.
These observations could mean that IMI formed at high
[Ca*?] revert and aggregate very slowly. This might be due
to a higher bound Ca*2/CL ratio obtained by exposure to
high [Ca*?]. Large Ca*?/CL ratios stabilize small interfa-
cial radii of curvature. A ratio close to saturation (Ca*?/
CL = 1) might slow the rate at which IMI aggregate and
form Hj, rods. The curvature of the interfaces within the
inverted micelle and around the exterior of the IMI must
change during this process. At Ca*?/CL ratios near unity,
a significant fraction of the Ca*?/CL complexes have to
dissociate in order for rearrangement into Hj; rods to occur.
The simultaneous dissociation of many complexes is proba-
bly an infrequent event. IMI formed above the [Ca*?],
probably aggregate slowly, forming strings of inverted
micelles packed between lipid monolayers that slowly
aggregate into H, rods (Fig. 4, bottom). Moreover,
micelles of IMI formed during transient exposure to high
[Ca*?] would maintain their high bound Ca*?/CL ratios
for long periods, because the lipids surrounding the water
cavity of the micelle are almost impermeable to Ca*?. This
is consistent with the long-lived isotropic *'P-NMR reso-
nance observed after such transient exposure to [Ca*?] >
[Ca*?], (“addition samples” in [24]). If this model is
correct, one would expect the reverse process (the H, — L
transition, driven by reducing [Ca*?]) to exhibit pro-
nounced hysteresis for similar reasons (low Ca*? permea-
bility, slow H;, rod — IMI aggregate transition). This is in
fact observed. When the [Ca*?] is reduced below [Ca*?],,
Ca*2-CL preparations exhibit isotropic *P-NMR reso-
nances and lipidic particle morphologies for extended
periods (24).

This treatment of the L — Hj, transition can be adapted
to describe the fusion of apposed unilamellar lipid vesicles
via IMI: [vesicle + vesicle],gpregatea %, larger vesicle. The
rate constant, k;, and the outcome of IMI formation will
change as a function of the system’s proximity of the L —
Hj; transition. When the system is just below the L — H;,
transition and reversion is a rapid process, the equation of
k. is a straightforward generalization of Eq. 65

k= o (% )cxp (= G*/KT} P, () 77)

(valid for P, exp {(G* —G™)/kT} < 1). P, is the probabil-
ity that the vesicles become closely enough apposed for
IMI formation over an area A. The factor of 4 accounts for
the fact that only half of IMI reversion events result in
fusion (Fig. 2 ¢). The inequality states that this equation
applies when IMI formation is rate-limiting (i.c., slower
than IMI reversion). In general, this is true just below the
L — H,, transition. Note that under these conditions the
walls of the vesicles separating the enclosed volumes from
the external aqueous phase do not rupture. IMI reversion
makes the walls of the two vesicles continuous, forming a
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single larger vesicle. The volumes enclosed by the vesicle
bilayers become continuous only with each other and not
with the external medium. This is obvious from Fig. 3;
reversion is just the reverse of the depicted process. Thus,
just below the L — H,; transition, the vesicles fuse without
leaking their contents to the external medium.

When the inequality under Eq. 77 is violated, the rate of
fusion is limited by the rate at which IMI revert, rather
than the rate at which they form (Eq. 77). This will be the
case above the L — H,, transition, when H,, is the stable
phase at equilibrium and G is large

k= P_,/2 (78)

(for P, exp {(G* —G™)/kT}>1).

Above the transition, however, IMI can aggregate into
H, rods between the apposed bilayers (Fig. 4). This
process must be rapid compared with IMI reversion above
the L — H,, transition in order for the transition to occur
via this model. H;, rod formation will progressively trans-
form the vesicle aggregate into a mass of Hy, lipid. This
must eventually lead to release of the encapsulated con-
tents of the original vesicles to the external medium. All
the bilayers of the aggregate must be apposed in order to
form the Hy, phase. If so apposed, they cannot separate the
original enclosed volumes of the vesicles from the external
medium. Therefore, when vesicles are apposed above the
L — H,, transition, the rate at which the IMI aggregate
and induce leakage of the apposed vesicles will become
significant compared with the rate at which the apposed
vesicles fuse.

Rapid IMI aggregation can occur only if a large number
of IMI per unit area can form quickly. Therefore, the
leakage rate will be small compared with the fusion rate for
vesicles apposed over an area A that is less than several
multiples of A4, and larger for large values of A. Small
vesicles may have substantial leakage rates during initial
vesicle encounters only if multivesicular aggregates form
rapidly on a time scale of k;'. Vesicles in the interior of
such aggregates could be closely apposed to others over
almost their entire surface area, so that A » A4. This will
only be true if the vesicle concentration is very high and the
long range repulsive forces between vesicles are weak.

We cannot predict the rate of IMI aggregation. How-
ever, the lifetime of IMI with respect to aggregation, ¢,,
will decrease and approach the reversion lifetime (P_;) '
at the transition, with , < (P3)~' above the transition. If
we define an apparent rate constant k, for leakage of the
contents of aggregated vesicles

ke<1/t, = P_, (719)

(A > A).

It is apparent that far above the transition, when the
inequality under Eq. 78 is satisfied, k, will become signifi-
cant compared with k;. (Because only one IMI need revert
to fuse two apposed vesicles, but many must aggregate to
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induce leakage, it is likely that k; = k, under most
circumstances.) In contrast, when the system is nearer the
L — H,, transition, reversion is more rapid than aggrega-
tion and k, is smaller relative to k;.

Therefore, when vesicles of H,-forming lipid are
apposed, the following behavior should be observed. Just
below the L — H,, transition, vesicles should fuse with
retention of their contents with a rate constant given by Eq.
77. k¢ should increase with increasing proximity to the L —
H,, transition since G™ decreases. Above the transition, k,
will be given by Eq. 78. The rate of leakage, k;, from
apposed vesicles (A » A) should be small at the transition,
but the ratio of k,/ k. will increase rapidly farther above the
transition. kg, will most likely always be <1. For small
vesicles (A ~ A), k; for initial vesicle encounters will be
much larger than k, even far above the transition. Under
these circumstances, the vesicles will fuse with retention of
contents until they grow large enough for A to become »A
or multivesicular aggregates form, after which (k,/ k) will
increase. G* and G change slowly around the L — Hj,
transition for thermotropic systems, so that changes in
fusion behavior around the transition will be less marked in
these systems than in systems with transitions driven by
divalent-cation binding.

Predicted Rates for EPE and Ca*’/CL. For
EPE (pH 7, T = T,;), we assume that a, a,, and £ have the
same values as used in the first part of section A entitled
One-Component Systems. Via Eq. 64, we find that r, =
1.67 nm. This value is close to the radius of the water cavity
in the H,, phase. It is therefore likely that inverted micelles
can form with this value of r,,, and Eq. 65 is the appropri-
ate expression for the IMI formation rate. Using o, = 10°
s~!, T = Ty, and Egs. 53, 65, 66, 70, 71,73, 74, and 77, we
obtain G* = 140 kT, G* = 11.4 kT, and N; ~ 4.9 x 10°
(P,) IMI/um?/s; t,,, ~ 4.5 x 107*s; k;~ 42 (A/A) P,s”".
For small unilamellar vesicles ~ 30 nm in diameter,
A ~ A and we can calculate P, using measurements of
interlamellar forces (62, 63). Aggregated EPE vesicles of
this size have an equilibrium separation of 1.7 nm and
require an activation energy, G,, of ~10 kT at T ~ T}, (62)
to become closely apposed (separation <1 nm). Thus,
using

P, ~exp{—G,/kT} = exp{-10}, (80)

we find k; = 0.0019 s'. P, is the probability of close
apposition per interfacial patch of area A in liposomes. P, is
probably = P,, so that N, = 22 IMI/um?/s.

The formation rate of IMI in liposomal dispersions (/V;)
is predicted to be more than 10* times faster than the LIP
formation rate near Ty (section A, One-Component Sys-
tems). The predicted half-life near T, is quite short,
however. The predicted rate constant for fusion of aggre-
gated small EPE vesicles is not large, but is sufficient to
fuse dispersions in minutes (aggregation is quite rapid for
PE vesicles and is not rate limiting [67]). Values for k;
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have not been measured for EPE systems. However, in
liposomal dispersions of unsaturated PE, fusion (monitored
by release of encapsulated marker and electron micros-
copy) is complete within <5 min (15). This is roughly
consistent with the above predictions if we assume P, ~
P,.

The 0.45 ms half-life estimated for EPE IMI has two
consequences concerning experimental observation of IMI.
First, the lability of IMI should make them difficult to
image via electron microscopy near Ty. IMI form rapidly
under such conditions, but revert so quickly that few exist
at any instant. In liposomal dispersions, large areas of
apposed bilayers can be examined easily and this should
not be an insuperable problem. In fact, micrographs of
liposomal PE do show structures that could represent IMI
(e.g., 3). In unilamellar preparations, however, it is very
difficult to examine large areas of apposed vesicle con-
tracts. Even when rapid freezing techniques are applied to
halt the reversion process, one would have to examine a
very large number of vesicle-vesicle contacts to image a
single IMI. With apparatus such as that developed by
Heuser (68), for example, a thin layer of sample can be
frozen without crystalline artifacts within ~500 us. If we
assume that all IMI formed during this interval are
imageable, the number, N, of complete cross fractures of
vesicle-vesicle contracts that must be examined to image a
single IMI is

N~ (2k) ' (500 pus)™' =5 x 10°. (81)

This is quite difficult to do, and may explain why IMI have
not been observed in unilamellar PE dispersions (3, 17).

The second consequence of the short half-life is that pure
EPE IMI might not produce the “isotropic” *'P-NMR
signals expected of micellar structures. Isotropic peaks are
observed if some of the lipids experience isotropic motional
averaging within intervals shorter than the inverse width of
bilayer *'P-NMR peaks (0.1-1 ms). Diffusion of lipids
around two surfaces in the IMI can produce such averag-
ing, the semi-torroidal annulus and the spherical interface
in the micelle. The former surface contains more than five
times more lipid than the latter and has the major effect on
the *'P-NMR spectra. For EPE IMI, the two-dimensional
random-walk diffusion time, ,,, around this circumference
2n(r, + Qis

Ly~ (ry + 2)%/D, ~ 0.1 ms. (82)

Note that this is approximately the same as the estimated
IMI half-life. Therefore, near 7T, IMI may not exist long
enough to produce significant isotropic components in the
3P-NMR spectra. (Moreover, the steady state number, n,,
of IMI contain a small fraction of the total EPE in a
bilayer dispersion at any given instant, see Eq. 76.) In fact,
no such components are observed in spectra of pure EPE or
other single-component unsaturated PE dispersions (3, 23,
60). They are observed in spectra of mixtures of unsatu-
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rated PE with lipids that only form lamellar phases (3, 10,
25, 26, 69). Lamellar phase impurities probably increase
the number of lipid molecules, n,, in the IMI structure,
since they do not readily form interfaces with small radii of
curvature. This would increase G* and G, and therefore
increase t,,,. This would increase the intensity of the
isotropic component in the *'P-NMR spectra of the mix-
ture, provided n, was still significant. The model appears
consistent with these observations as well.

For Ca*?-CL with a, a,, and £ values as in the first part
of section A entitled One-Component Systems, we find
ro = 1.37 nm via Eq. 64. This is not much larger than the
radius of the H,, phase water cavity (0.75 nm, [55]). We
therefore assume that r, = r, and use Eq. 65 for N,. Since
the cardiolipin molecule is essentially two phosphodiacyl-
glyceride molecules joined together, we double the calcu-
lated value of n,, in Eq. 71 to estimate G*, as in the first
part of section A. We assume that the [Ca*?] is the
threshold value for the L — H,, transition, [Ca*?],. At T =
298°K, using oy = 108 57!, we find G* = 12.7 kT, G =
11.2 kT, and N; = 2.3 x 10° (P,) IMI/um’/s; 1/, ~ 0.36
ms and k; ~ 150 (A/A4)P,s™".

The interlamellar forces in this system have not been
measured, so we cannot accurately guess P, and P,. Near
[Ca*?],, the molar ration of bound Ca*? to CL is ~0.35
(24). P, and P, will therefore be substantially less than
unity, because the negative electrostatic charge on the
bilayer interfaces will be substantial. The bound Ca*?/CL
ratio increases rapidly with increasing [Ca*?], however, so
that P,, P,, N,, and k; should increase rapidly. At high
[Ca*?], P, and P, will approach unity. In dispersions of
small vesicles, initially fusion will occur with rate constant
k¢ given by Eq. 78

[Ca*?] > [Ca*?],: ke~ 7005
A~ A

After the first few fusion events, the small vesicles would
grow large enough for leakage to become significant. Note
that for [Ca*?] > [Ca*?],, P, — 1 and N, is predicted to be
large enough to completely convert apposed interfaces to
arrays of IMI within a millisecond.

There has been an elegant study of the fusion of
dispersions of 0.1 um diameter vesicles of an equimolar
mixture of CL and PC in the presence of Ca*? (70). The
qualitative behavior of the system in reference 70 is as
predicted in the part of section B entitled /M Reversion:
Membrane Fusion and the L — H, Phase Transiton.
Fusion with retention of contents is extremely slow until
the [Ca*?] concentration surpasses a well-defined [Ca*?],
(~9 mM), and then increases rapidly. Between Ca*’
concentrations of 9 and 9.5 mM, the initial fusion rate
increases more than sixfold. The initial rate of leakage of
vesicle contents is much slower than the initial fusion rate
at [Ca*?] ~ [Ca*?],, but increases rapidly with [Ca*?]
above [Ca*?],. The ratio of these initial rates is ~0.1 at 10
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mM Ca*?, and 0.4 at 15 mM Ca*?. The vesicle diameters
are only several times the diameter of an IMI-forming
patch of area 4 (13 nm). The ratio k;/k; would be larger if
the vesicles were larger. Both the behavior of the initial
fusion rate and the initial leakage rates as a function of
[Ca*?] are qualitatively as predicted in section B (Theory
section, second part) (Eqs. 77-79). The change in fusion
rate is also a function of the change in aggregation rate
with increasing [Ca*?], and these results are not a straight-
forward representation of the [Ca*?] dependence of k;.
Nevertheless, it seems unlikely that the change in aggrega-
tion rate between 9 and 9.5 mM Ca*? concentration is
large enough to account for a sixfold increase in the fusion
rate. According to Fig. 2 of reference 70, the change in
initial fusion rate between 10 and 10.5 mM Ca*? is about
five times the change between 9 and 9.5 mM. Clearly a
well-defined [Ca*?],, and not a simple change in aggrega-
tion rate, is involved.

Values of k; were not obtained in reference 70 by
methods used by others (34, 35). It is clear, however, that
the value of k; predicted for pure Ca*2-CL is orders of
magnitude larger than the range of values indicated by the
data of reference 70. This is as expected, since the rate in
pure Ca*-CL should far exceed the rates in a CL-PC
mixture. The presence of PC increases n,, and G™, and may
introduce a demixing probability (Pp « 1) into the expres-
sions for k;. Moreover, Ca*2-induced phase separation of
CL and PC regions may be necessary before IMI can form
rapidly. This would slow the initial fusion rate. The
maximum initial rate of fusion observed in reference 70
was fusion of ~30% of the original vesicles in 1s ([Ca*?] =
20 mM, > [Ca*?),). This is compatible with k; > 0.3 s7'.
The value of k; predicted for pure Ca*?-CL above [Ca*?],
is 700 s™".

Note that the value of [Ca*?], is sensitive to the propor-
tion of (charged) CL in the lipid mixture and the ionic
strength of the suspending medium. This is a simple
consequence of the effect of the electrostatic surface
potential of the bilayers on the [Ca*?] in the electrical
double layer and therefore available for complexation with
CL. This effect has been extensively treated in other
systems (e.g., 71). For instance [Ca*?], is ~ 9 mM in
equimolar CL-PC mixtures (70) and is only ~1 mM for
pure CL in a similar medium (24).

As noted in the part of section B entitled /M1 Reversion:
Membrane Fusion and the L — H,, Phase Transition, our
model of IMI formation and aggregation is qualitatively
compatible with the behavior of Ca*?/CL systems
underdoing the L — H;, transitions (24). Near [Ca*?],, the
enormous value of N; we predict (sufficient to completely
convert apposed bilayers to IMI arrays in milliseconds) is
compatible with a facile L — H,, transition. The predicted
value of f,,, is short enough to explain the very weak
isotropic *'P-NMR resonances observed under these cir-
cumstances. Not only do IMI disappear rapidly due to IMI
aggregation, but they revert so quickly that the average
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lifetime is approximately the NMR time scale (0.1-1 ms).
Because IMI also represent a small fraction of the total
lipid population at any instant, they have a minimal effect
on the *'P-NMR spectrum of the mixture, as observed. We
postulate that IMI aggregation into (and disaggregation
from) H, rods is slower at [Ca*?] > [Ca*?],.
Careful rapid-freezing freeze-fracture studies will be
necessary to prove this.

The rates and half-lives predicted above for EPE and
Ca*2-CL are only estimates. The values are sensitive to
the values we estimate for G*, G”, and «,. For example,
the largest contribution to G™ and G” is G, which we
can only crudely estimate. An error of 4 or 5 kT in our
estimate of G, would change Nj, k;, and ¢, by two
orders of magnitude. The chief result of these calculations
is that the predicted values of V3, k;and ¢, , are consistent
with the observed behavior of EPE and Ca*2-CL systems
for reasonable estimates of the input parameters.

At present, there is no direct evidence for the existence
of IMI structures. **P-NMR and some morphological
results are consistent with our model of such structures,
however. Higher-resolution rapid-freezing morphological
studies of lipidic particle images in systems undergoing
the L — H, transitions might provide more direct
evidence for the type of structure envisioned here. For
systems like Ca*2-CL, this work might best be conducted
on samples transiently exposed to [Ca*?] significantly
greater than [Ca*?],; under such circumstances, the
half-lives of IMI are probably longer than at [Ca*?],.

It would be surprising if structures resembling IMI did
not exist. The inverted geometry of the H,; phase cannot
arise quickly from intrabilayer events such as LIP forma-
tion (e.g., LIP formation followed by LIP aggregation
into H;, rods enveloped by the leaflets of the original
bilayer). Even the maximum LIP formation rates calcu-
lated in section A are too slow to account for L — H;,
transitions that occur in minutes or less. Ca**-CL LIP
form at less than ~250 LIP/um?/h; this means that <2%
of the lipid would be converted to H,,-like geometry per
hour at [Ca*?),. It is difficult to imagine another intrabi-
layer event that could give rise to the H;, phase and yet
proceed at an appreciable ra  One might imagine
lengths of cylindrical inverted micelle forming in a man-
ner analogous to LIP, for instance, but this process would
involve the simultaneous translocation of many more
molecules across the monolayers than in the LIP case; the
activation energy would be prohibitive and the rate triv-
ial. The inverted geometry of the H,, phase must therefore
involve an interbilayer event, which seems to require the
existence of structures like IMI.

IMI might be intermediates in the process of unilamel-
lar vesicle fusion. In this case, however, other processes
leading to membrane fusion (but not H; phase formation)
may occur at competitive rates. Membrane fusion in
unilamellar dispersions of phosphatidylserine (PS) in the
presence of Ca*? obviously proceeds via a different mech-
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anism, because PS has never been observed to adopt the
H,; phase in the presence of Ca*2. Fusion in this system
has been extensively studied (29-33). The critical defect
responsible for bilayer fusion by this mechanism is thought
to be the periphery of the gelled, divalent cation-complexed
lipid patches formed between the closely-apposed mem-
branes (29, 33, 75). This mechanism is probably relevant
to other acidic phospholipid systems as well. The fusion
rate constants for this mechanism are clearly competitive
with the rate constants we estimate here for IMI-mediated
fusion. Nir et al. (34, 35) have measured k; values for small
PS vesicles of 5 + 3 s™'. This is probably comparable with
k; for CL at [Ca*?],, k; = 150 (P,), where P, < 1. However,
it is less than k; for CL at [Ca*?] > [Ca*?],. By compari-
son, the predicted IMI-mediated k; for small EPE vesicles
is only ~0.002 s™'. For mixed systems of H;,-forming lipids
and acidic phospholipids (e.g., EPE/PS), or for systems
where divalent cation binding drives the L — H,, transition
(e.g., Ca*2-CL), it might be difficult to determine whether
the initial vesicle fusion events take place via IMI-
mediated or Ca*?-PS-like mechanisms. Careful measure-
ments of k; as a function of temperature near Ty or
divalent cation concentration might aid in making this
distinction.

Several investigators have reported results they interpret
as excluding involvement of lipidic particles as fusion
intermediates. It is important to distinguish between LIP
and IMI in this matter. Bearer et al. (19) conducted an
interesting rapid-freezing electron microscopic study of
vesicles of equimolar CL/PC mixtures and equimolar
EPE/brain PS mixtures. These vesicles were incubated
with 5 mM Ca*? for 1-2 s before rapid freezing. The
authors reported no lipidic particles structures visible on
the vesicles, although fusion occurred. They concluded that
lipidic particles, which only occurred in their dispersions
after hours of incubation, were not involved in fusion.

While this type of study may eventually tell us much
about inverted micellar structures, work so far does not
rule out an IMI fusion mechanism. First, as the authors of
reference 19 pointed out, their work does not exclude the
possibility of a transitory IMI-like intermediate. Here, we
predict IMI to have submillisecond half-lifes. Such inter-
mediates would be very difficult to image in unilamellar
dispersions via this technique (Eq. 81) and would probably
escape detection. The lipidic particle images visible after
prolonged incubation probably represent LIP, which we
predict to form at rates compatible with the observations of
reference 19. These structures are long-lived and should be
more easily detected. LIP are intrabilayer structures,
uninvolved in membrane fusion (section A). Second, the
CL/PC vesicles in reference 19 were incubated under
conditions in which IMI are unlikely to form: 5 mM Ca*?
in the presence of 100 mM NaCl at pH 7.4. In a more
recent study using nearly identical media, Wilschut et al.
(70) found that [Ca*?], is ~9 mM for the same lipid
mixture. Thus it would be even more difficult to detect the
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formation of IMI structures in such dispersions, since IMI
might not form at all. Wilschut et al. (70) could barely
measure fusion rates even at 8 mM Ca*?. Under these
circumstances ([Ca*?] < [Ca*?],) it would not be surpris-
ing if another mechanism (resembling the Ca*?-PS mech-
anism) was responsible for fusion. In contrast, at higher
[Ca*?] the sharp threshold [Ca*?] and extraordinarily
rapid increase in fusion rate with increasing [Ca*?] (70)
seem more consistent with an IMI fusion mechanism (see
the preceding part of this section). The absence of lipidic
particles in PE-brain PS dispersions after short incubations
(19) reflects the disparity between the rate of fusion in the
Ca*2-PS system and the predicted (IMI-mediated) rate in
PE (below).

There have been several excellent investigations of the
fusion process in mixtures of unsaturated alkyl-chain PE
and PS (73, 74). In these studies, divalent cation-induced
fusion, presumably involving PS, dominated the initial
fusion rate. In reference 73, fusion occurred rapidly even
though the temperature was said to be below T, for the PE
component. In reference 74, transbilayer redistribution of
PE (indicating the presence of nonbilayer PE structures,
like IMI {75]) occurred only after extensive Ca**-induced
fusion, presumably via fusion of regions of nearly pure PS
that laterally phase separate upon addition of Ca** (74, 76,
77). However, these observations are in accord with the
present model of IMI formation. k; for Ca**-induced small
PS vesicle fusion is much larger than the predicted k; for
small EPE vesicles. Thus, membrane fusion of patches of
PS on apposed interfaces should be much faster than fusion
of PE via IMI, as is observed in both studies (73, 74).
Naturally, if the system is far below Ty, IMI cannot form
and fusion proceeds via a different mechanism. As noted in
reference 74, nonbilayer PE structures form when equimo-
lar PE/PS is incubated with Ca*? but not with Mg*2. This
is because Mg*? does not induce extensive PS phase
separation, whereas Ca*? is much more effective (76). The
rate of IMI formation in incompletely phase-separated
PE/PS mixtures will be quite small. The non-H,,-forming
PS will increase n,, and G™, as well as introduce a Py, term
(«1) into the expressions for k; and N, (Egs. 61, 63, 65,
77).

The rate of IMI formation in EPE is also dependent on
the rate at which the membranes can be closely apposed. In
mixed PE-PS membranes, Mg*? or Ca*’ binding will
closely appose the interfaces (via charge neutralization and
“dehydrated” complex formation in the case of Ca*?[79]).
Thus, the rate of nonbilayer structure (IMI) formation in
liposomes will be effected by the accessibility of inner
lamellae of liposomes to Ca*2. Ca*? is necessary to closely
appose and laterally phase separate the lamellae. This may
explain the vesicle radius of curvature effect found in
reference 74. Transbilayer PE redistribution was found
only in situations when small unilamellar PE-PS vesicles
(SUV) were added with PE-PS liposomes to Ca*?-contain-
ing media above Ty. k; for SUV (at least for pure PS SUV)
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is much larger than for larger vesicles (5 = 3 vs. 0.1 s~

[34, 35]). If true for PE-PS structures as well, small
vesicles would fuse more rapidly with each other (Ca*2-PS
mechanism) than with liposomes. (Repulsive forces
between particles are also smaller for small structures.)
After the first few fusion events, fusing PS SUV disper-
sions become leaky (78, 79). These structures would now
contain Ca*2. Fusion of these larger structures with the
original liposomes would introduce Ca*? into the liposomal
interlamellar spaces, driving close apposition, PS-PE phase
separation, and IMI formation. This would produce the
observed (74) transbilayer PE redistribution.

Sundler et al. (80) also concluded that nonbilayer phase
formation is not involved in fusion of phosphatidylinositol
(P)-PE mixtures in the presence of Ca*? and Mg*2.
Above the gel — liquid crystalline transition temperature
of the lipids, vesicles of such mixtures fuse at comparable
rates whether or not the PE component is EPE or dimyris-
toyl PE (which does not form the H,, phase under these
conditions [81]). Vesicles of pure PI do not fuse (80). One
might infer that PE is itself the lipid component undergo-
ing the fusion process and that no IMI is involved because
of the effectiveness of dimyristoyl PE. However, this could
just as well represent a fusion mechanism involving pre-
dominantly PI which is faster than the sluggish IMI fusion
rate predicted for EPE. It is noted in reference 80 that
increasing proportions of PE decrease the [Ca*?] and
[Mg*?] necessary to induce fusion of PE-PI vesicles. The
role of PE may be to simply facilitate close apposition. PE
head groups are comparatively poorly hydrated, and the
short-range repulsive “hydration” forces between PE
lamellae are weak compared with other lipids (62), as
noted in reference 80. Increasing the ratio of neutral PE to
charged PI thus reduces both the head group hydration of
and electrostatic repulsive forces between the vesicles. This
will increase the frequency of close apposition, which is a
prerequisite to fusion via either mechanism. Pure PI
vesicles may simply become closely apposed so infre-
quently due to their high surface charge and well-hydrated
head groups as to fuse at negligible rates. It is also
interesting to note that soy PE-soy PI mixtures have
recently been reported to form lipidic particles in the
presence of Ca*? (82). Therefore, an IMI fusion mecha-
nism is possible in this system with a PE component above
Ty- As in the PE-PS case, these findings (80) do not rule
out an IMI fusion mechanism. They do demonstrate that
the rate of such a mechanism, if it exists, must be slower
than the rate observed for the Ca**-induced (non-IMI)
mechanism. Given the slow rate predicted here for EPE,
this is not surprising. In contrast, the predicted IMI fusion
rate for the Ca*>-CL system is very rapid. The sharp
[Ca*?], and extraordinarily rapid increase in fusion rate
for [Ca*?] > [Ca*?], observed for the CL/PC system, as
well as the rapidity of the lamellar — H,, transition at
[Ca*?], (24), are good indications that Ca*?-CL fusion
does proceed via an IMI mechanism.
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Conclusions Concerning IMI

The estimated rates and half-lives of IMI indicate that
these structures should have the following properties. First,
they should form quite readily between apposed mem-
branes, at rates several orders of magnitude faster than
LIP formation in isolated membranes. This could explain
the rarity of lipidic particle images in unilamellar prepara-
tions of lipids that form many such particles in liposomal
preparations under the same conditions. In liposomes, the
fraction of apposed membrane surface area is quite large,
and IMI should form frequently, giving rise to lipidic
particle morphology. In unilamellar vesicle dispersions, the
fraction of apposed area is much smaller, and IMI should
be less frequent. Any lipidic particle structures observed in
these cases probably represent LIP (which form much less
frequently, see section A or IMI formed at planes of
vesicle-vesicle contact. This idea has been previously pro-
posed (e.g., 2, 3, 5, 12-14).

Second, IMI haif-lives are predicted to be quite short.
These half-lives are comparable with the >’P-NMR time
scale in pure lipid preparations close to the L — H;
transition. This (and the small fraction of lipid present as
IMI at any instant) is compatible with the absence or near
absence of “isotropic” *'P-NMR resonances under these
conditions (2, 23, 24, 60) and the greater intensity of such
resonances when IMI reversion and aggregation rates are
predicted to be slower (e.g., incorporation of lamellar
phase impurity; [10], [25], [60]; see also the section
entitled IMI Reversion: Membrane Fusion and the L —
H,, Phase Transition). These short half-lives also indicate
the difficulty in imaging IMI in fast-freezing experiments
(Eq. 81).

Third, the fusion rates constants predicted for EPE and
Ca*2-CL are compatible with observation (see the final
part of the Theory section in section B). The rate constant
predicted for EPE is small compared with rate constants
for the Ca*-PS fusion mechanism (30-32), indicating
that in mixed lipid systems the fusion rate may be domi-
nated by other mechanisms. The rate constant for Ca**-
CL is quite large, however, which is compatible with the
very rapid fusion observed in the similar Ca**-CL/PC
system (70). Our model is also consistent with the qualita-
tive behavior of k; and the relative significance of vesicle-
vesicle leakage vs. fusion as a function of [Ca*?] in this
system. It is emphasized that the IMI fusion mechanism is
not proposed as an alternative explanation for fusion in
systems like PS in the presence of Ca*2. IMI fusion can
only occur in lipid systems with components near their
lamellar-to-Hy, phase transitions. As far as we know, pure
PS does not adopt such a phase with or without Ca*? under
normal conditions. IMI fusion is a likely candidate in other
systems. This work provides a means of estimating the rate
via this mechanism in comparison with alternative pro-
cesses. Fusion via IMI remains to be demonstrated. High-
er-resolution rapid freezing morphological investigations
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seem necessary to do this. Fourth, this model of IMI
formation is compatible with the observed hysteresis in the
L < H,, transitions of EPE and Ca*2-CL.

The rates and half-lives calculated in this work are only
estimates; the values are very sensitive to the value of G*
and GZ,., which cannot be directly measured. The principal
result is that reasonable estimates of these parameters
based on equilibrium properties yield rates and half-lives
consistent with the NMR, morphological, membrane
fusion, and L <« H,; transition behavior of the relevant
systems.

Bilayer systems with the following attitudes will form
IMI most readily.

(a) Values of a, a,, £ such that r, as calculated by Eq. 64
is within a few tenths of a nanometer of r;, the radius of the
water channel in the H;, phase (ie., i, — 0). If this
condition is not met, then IMI formation will be fastest
when | n.| given by Eq. 57 is « 1 and C, is large.

() Small G*, which requires that either T = Ty
(thermotropic L — H,, transitions) or [cation] = [cation],
(cation binding-driven transitions).

(c) High probability of close apposition of bilayers (i.e.,
fast aggregation rates and weak short-range repulsive
forces between interfaces).

(d) In mixed systems, a large mole fraction of Hj-
forming component. Small mole fractions will still be
effective if the lipid mixing is nonideal or phase separation
of the H,,-forming component can be achieved by other
means. Examples are cation binding to acidic lipid compo-
nents (e.g., 76) or separation induced by close apposition
itself (63).

The author is grateful to D. F. Hager for many valuable discussions.
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