INVERTED MICELLAR INTERMEDIATES AND THE
TRANSITIONS BETWEEN LAMELLAR, CUBIC, AND
INVERTED HEXAGONAL LIPID PHASES.

I. Mechanism of the L, <> H;; Phase Transitions
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ABSTRACT A model for the thermotropic transitions between lamellar (L,) and inverted hexagonal (Hy,) phases is
developed. According to this model, the first structures to form during the L, — Hy; transition are inverted micellar
intermediates (IMI). The structure, formation rates, and half-lives of IMI (“lipidic particles”) were described
previously (3). IMI coalesce in the planes between apposed bilayers to form two types of Hj, phase precursors. The first
is a monolayer-encapsulated Hy tube (RMI), which forms via coalescence of IMI in pearl-string fashion. These
structures have been proposed previously based on electron microscopic evidence (26). I show that if only RMI form,
L, + Hy transitions cannot occur on observed time scales (faster than seconds). I propose that a second type of
intermediate, a line defect (D), forms as well. LD should form via IMI-IMI coalescence in significant numbers, and
clongate rapidly into structures consisting of two apposed halves of Hy; tubes. Transitions via LD can occur in less than
seconds, the time depending on the fraction of IMI-IMI coalescence events producing LD and the number of IMI per
unit of bilayer area. Hysteresis in the phase transition temperature may be due to the difference in water content of the
two phases and their low water permeabilities. The model is in qualitative agreement with morphological, NMR, and
x-ray diffraction data on phospholipid systems. The results are relevant to IMI-mediated interactions between
unilamellar bilayer vesicles (3), and to the structure of inverted cubic phases observed in some phospolipid systems
(23, 24). These will be discussed in subsequent publications (22, D. P. Siegel, manuscript in preparation).

INTRODUCTION

Nonbilayer structures, such as inverted micellar structures
and the inverted hexagonal (H};) phase, can form in many
phospholipid and glycolipid systems. These structures and
their possible relevance to biomembrane processes have
been the object of extensive research (see references 1 and
2 for recent reviews), particularly in regard to membrane
fusion and exocytosis (3 and references therein; 2, 4).
Many biomembranes and membrane lipid extracts can
adopt the inverted hexagonal (Hy) phase under some
conditions (5-10). Theory (11) indicates that even phos-
pholipid membranes with fairly large mole fractions of
charged, non-H;-forming lipid will adopt the Hy; phase if
the bilayers are closely enough apposed (*“‘dehydrated”).
Membranes containing lipids that can adopt the Hy; phase
can easily be closely apposed (12-15) and may undergo
fusion via inverted micellar intermediates (2—4, 16). Such
intermediates and the Hj phase itself are induced by
interactions with agglutinins and some proteins (17-19),
and some proteins bind to membranes more easily in the
presence of these intermediates (20). The activity of some
proteins may be modulated by the tendency of membranes
to form nonbilayer structures (21). Nonbilayer structures
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may occur with significant frequency in biomembranes,
and may affect the kinetics of many biological processes.

All of these structures are associated with the transition
to the Hy; phase. It is important to understand the structure
and dynamics of intermediates in the L, — H transition in
order to determine the effects of these structures on bio-
membrane behavior. Here, I discuss the types of interme-
diates that are likely to form, and make order of magnitude
estimates of their numbers, half-lives, and the rate of the
phase transition under certain circumstances. The implica-
tions of this model for the types and rates of membrane-
membrane interactions in vesicle dispersions near the L, —
Hy, transition of the lipid will be discussed in Part II (22).
Implications concerning the structure of the inverted cubic
phase observed in some phospholipid systems (23, 24) will
be discussed in Part III (D. P. Siegel, manuscript in
preparation).

THEORY

Overview

The L, — Hj, transition is viewed as a three-step process.
First, IMI (3) form between apposed lipid bilayers (Fig.
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1). IMI can diffuse in the plane between the apposed
bilayers, and encounter other IMI. The second step is IMI
coalescence (Fig. 2) and formation of Hj precursors
(Figs. 3, 4). The rate of this process is modeled as a
two-dimensional Smoluchowski aggregation rate multi-
plied by an activation energy term. The third step is
alignment of the precursors into bundles of Hy; tubes (Fig.
5).

The second step, IMI coalescence, can produce two
types of structures. IMI can coalesce in pearl-string fash-
ion to form rod micellar intermediates (RMI, Fig. 3),
which are essentially H;; tubes sandwiched between the
two original bilayers. This mechanism has been proposed
previously (e.g., 25, 26) on the basis of freeze-fracture
electron microscopy data (e.g., 1, 25-27). Growth of RMI
by successive coalescence events is slow.

I propose that IMI coalescence can also result in the
formation of a second structure; a line defect (LD, Fig. 4).
The structure that is the immediate consequence of IMI
coalesence (Fig. 4, top) is two spherical micelles enveloped
by an exterior monolayer. This structure can evolve into
either an RMI or an LD. If the spherical micelles diffuse
far enough apart, the two thicknesses of exterior monolayer
neck down between them, and form a region that resembles
the walls of two adjoining Hj; tubes in cross section (Fig. 4,
bottom). The geometry of this region is very similar to the
Hy phase, and it can accrue lipid from the contiguous
bilayer regions by diffusion. LD elongate and incorporate
lipid into the Hy phase rapidly. Morphology consistent
with LD structure has been observed (1, 23, 25, 28). LD
and RMI produce H, tubes lying in the planes of the
original bilayers, which is the alignment of the two phases
that is observed (6, 30, 31).

The third step in the transition is the sideways aggrega-
tion of LD and RMI into arrays of H; tubes (Fig. 5). The
difference of the RMI, LD, and Hj, tubes with respect to
the inter-bilayer spacing in the L, phase results in smaller
van der Waals attractive forces between bilayers contain-
ing them. This drives lateral phase-separation of the RMI
and LD into bundles of H tubes. In the case of LD,
sideways aggregation is also driven by LD elongation:
uptake of bilayer lipid into two separated LD tends to draw
them together in the plane of the bilayers. This process is
also visible in electron micrographs (23).

I will explicate each of these steps below and then derive
estimates of the kinetics of L, «+ Hj; phase transitions.

Role and Formation of IMI

IMI are inverted micelle-containing structures that form
between closely apposed bilayers. A cross-sectional view of
an IMI is given in Fig. 1. Morphology consistent with this
structure has been observed in many systems, and is the
first evidence of the phase transition when the transition is
approached by either changes in temperature or in in lipid
composition (1; 3 and references therein). Expressions for
the formation rate and half-lives of IMI were derived in
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FIGURE 1 Formation of an IMI. Two bilayers (a) are closely apposed

(b). The interfaces merge at the periphery of a circular patch of lipid to
form the IMI (¢). The IMI is cylindrically symmetrical about the vertical
axis. The inverted micelle in the center is spherical. The IMI can revert to
either of two bilayer structures (d); the original patch of apposed bilayers
(left); or (rarely) to an interlamellar attachment (ILA, right). The ILA is
also cylindrically symmetrical about the vertical axis, and makes the two
original bilayers continuous.

reference 3. Some refinements to the method in reference 3
are described here.

In reference 3, IMI formation was treated as a three-
step process. I will summarize them, as the same principles
are applied in this work. First, the bilayers have to be
closely-enough apposed (to within <1 nm) for the motions
of molecules in the interfaces to become correlated. This
will happen infrequently in most systems, due to the
short-range repulsive forces between bilayers (31-33).
Second, the local lipid concentration in the patch of closely
apposed membranes must be sufficient for IMI formation:
this is almost always true (3). Finally, the lipids rearrange
into the IMI structure.

The influence of the close-apposition step on the IMI
formation rate can be treated as a stationary probability of
close-apposition, P,;

Pa=exp(_Gapp/kT)a (1)

where G,,, is the free energy required to appose the
interfaces to within <l nm. G,,, can be estimated from
interlamellar force measurements (31-33). Rearrange-
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ment of the bilayer patches into IMI probably occurs as
shown in Fig. 1. The lipids on the periphery of a patch of
apposed bilayer interfaces containing the number of mole-
cules that will form the inverted micelle become closely
apposed (Fig. 1 ). When pressed closely together on this
locus, the interfaces merge to form the inverted micelle and
the external semi-toroidal monolayer of the IMI (Fig. 1 ¢).
The IMI formation rate is described in terms of an
Arrhenius rate constant. The frequency factor is the lipid
chain rotational isomerization rate, «,. This is so because
the major difference between the conformation of a lipid
molecule in the Ay and L, phases is the increased disorder
and projected area of the alkyl chains (11, 34). This time
scale is also roughly the lipid molecule displacement time
scale (the rate at which molecules can rearrange into new
order). Increases in the number of kinks in the acyl chains
must be tightly coupled to lateral displacements of lipid
molecules in the bilayer. This time scale is ~10 ns (34-36),
and o, ~ 10%s.

The activation energy for rearrangement into IMI struc-
ture, G* is composed of two terms (3). The first is G, the
energy required to make the two interfaces continuous, and
is given by

Gmic = (21rnm)l/1 E- (Srzrtzl/ao)I/zEa (2)

where E is the activation energy per lipid molecule for this
process, 4, is the area per lipid molecule at the lipid-water
interface in the Hj phase. r,; is the radius of the water
cavity of the inverted micelle, and can be calculated from
the dimensions of the L, and Hj phases (3; and Eq. 6,
below).

We can only guess at E, and merely offer a rationale for
the value used in reference 3. Near the L, — H, transition,
the major contribution to E will be the energy necessary to
simultaneously disrupt head group-head group interactions
within the monolayer planes and form them between lipids
on the apposed interfaces. Given the similar environment
of lipids in the IMI to that of the H\; phase and the trivial
chemical potential difference Au between the Hy; and L,
phases at the transition temperature (3), it is likely that the
changes in acyl chain conformation and head group area
are almost spontaneous. The energy of head group-head
group interactions is probably about a couple of kT (e.g.,
hydrogen bond energies in lipids like phosphatidyletha-
nolamine), and such interactions exist between given head
groups only a fraction of the time. Moreover, new interac-
tions will be developing as old ones end. Hence, we assume
that E is about kT/2, as in reference 3.

The second component in G* is Gy, the free energy of
activation that accounts for the nonequilibrium radius of
curvature of the exterior monolayer of the IMI. We can
make a more accurate estimate of Gy, than in reference 3
as follows.

The exterior surface of the IMI has two principal radii of
curvature. The first is negative in sign and swings in the
plane normal to the apposed bilayers. The second is of
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opposite sign, and swings in the plane parallel to the
apposed bilayers. The sign of the radius indicates the sense
of curvature; i.e., positive curvature corresponds to head
groups splayed apart (head groups farthest from the
origin), negative to head groups pressed together (head
groups closest to the origin). The first of these principle
radii has the same negative sign and about the same
magnitude as the equilibrium Hj; water channel radius, 7,.
The second, however, is of positive sign: the head groups
are splayed apart, exposing some hydrophobic moieties to
the aqueous phase, which is energetically unfavorable.

However, the curvature free energy of this surface
should be small because of its compound curvature. This
reflects the compensatory nature of the two lipid packing
schemes represented by the two principal radii of curvature
of the surface: the head groups are splayed apart (small
positive radius of curvature) in the plane parallel to the
bilayers, but are packed more closely in the plane normal to
the bilayers (small negative radius of curvature). This can
be demonstrated using Helfrich’s expression (37) for the
curvature elastic free energy of interfaces. At and above
Ty, —r is the equilibrium radius of curvature, and

Gaet = Ske(1/ Ry — 1/1, + 1/ry). (3)

S is the surface area of the external lipid-water interface of
an IMI (3),

S =2x2r,(rg + 1, + 21) — 4xr?, 4)

where [ is the thickness of a lipid monolayer (assumed to
have the same value in the L, and Hy, phase). k, is the
bending elastic modulus of the interface, R,, the average
positive radius of curvature of the external monolayer, and
r, the negative radius of curvature. r, is negative, and r; =~ r,
(3). k. for monolayer interfaces cannot be evaluated
directly, although bilayer values are 107" to 107'* ergs
(38, 39). It can be shown that the inverse of the area-
average positive radius of curvature 1/R,, on surface S,
R,,, is given by

1/R,, = 2x’r,/S. )

Equations like Eq. 3 have been used (11) to describe the
free energy of lipid molecules in the H;; phase, which is
similar to this structure. In IMI, R,, is typically about four
times larger than the magnitude of r,. Small (30%) reduc-
tions in r, relative to ry, are sufficient to reduce Gy to zero.
In fact, the value of r, that makes G4 much less than kT
for egg PE is also ry, the value corresponding to most rapid
IMI formation (Eq. 8, below). Therefore, G, should be
less than kT for most systems.

Kirk, Gruner, and Stein (11) pointed out that some acyl
chains in the Hy phase must stretch out to fill the
interstitial spaces between Hy rods. This reduces the
conformational freedom of the chains, and makes a sub-
stantial contribution to the chemical potential difference
between the L, and Hy phases, Au. Such void volumes
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appear in IMI as well (stars in Fig. 1 ¢). Differences in the
interstitial void size in IMI and the Hj, phase could affect
the chemical potential differences between H;; and IMI,
and hence our estimates of G*. However, Fig. 1 ¢ repre-
sents an idealized geometry. The lipid-water interfaces in
IMI and the H|, phase can distort slightly to reduce the
void volume to different extents. In reality, we don’t know
the void volume accurately in either case, and can’t
calculate this contribution to the free energy. It might be a
significant contribution to G*.

When 2r, is large compared to the thickness of the
aqueous layers in the L, phase, there may be another
contribution to G¥; the work of increasing interbilayer
separation. With expressions for the van der Waals energy
in multibilayer systems (40), it can be shown that this term
is <2 kT for most r,.

The formation rates and half-lives of IMI are calculated
as in reference 3. ry, the radius of the water cavity in the
inverted micelle of the IMI, is given by

ro={—B + [B* — 8WIY]'/3/2W, (6)
where

B=1(4—xb); b=(@/a)'s W=2—b(x+b-1).

a is the area per lipid head group in the bilayer. G, is
calculated via Eqs. 2 and 6. The IMI formation rate per
unit area of apposed bilayers per unit time is

N; = (ai/A) exp (~=G*/kT)P,. @)

A is the minimum area of a patch of apposed bilayers that
can form an IMI,

A = dx(ry + 12 (8)

2

Typical values of NV lie in the range of 10"'-10'"* IMI cm~
s~ (3).

Around Ty, IMI are in dynamic equilibrium with the
bilayers from which they form (3). The rate of reversion of
IMI to bilayer structure is

P_; = ayexp (—G* JkT)P,, )
and the half-life with respect to reversion is
typ= QP37 (10)

where G* is the activation energy for reversion. Since this
is simply the reverse of the IMI formation process, when
T = Ty, G* will be given by

G} = G* = G + Gy (11)

When T + Ty, Gt is affected by the chemical potential
difference Au. When Hj; is the more stable phase at
equilibrium, a greater activation energy will be required to
force the IMI lipids into a bilayer conformation. Typical
values of #,, at T ~ Ty are in the range of milliseconds

A3).
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P, in Eq. 9 represents the probability that the IMI will
become distorted enough to revert to bilayer structure.
This factor was neglected in reference 3, but is probably
small compared to unity, and substantially affects the IMI
lifetime and number density (below). IMI revision requires
that the IMI flatten in the direction normal to the bilayers
in order to reform the bilayer interfaces. P, is analogous to
P, (Eq. 1). It is hard to evaluate P,, since we know little
about hydration forces in spherical geometries. (There is
reason to believe that they will be weaker than those acting
between planar bilayers; 11.) Some energy also has to be
expanded in changing the curvature of the exterior sur-
faces of the IMI during this process. The fact that Gy is
<kT implies that this latter contribution is negligible.
Therefore, the free energy required to deform an IMI
sufficiently for reversion to begin is less than G,g,, and P, >
P,.

Let n; be the instantaneous two-dimensional concentra-
tion of IMI. If the only IMI-consuming process is rever-
sion,

dn/dt = Ny(1 — mA) — mP_, (12)
and
1 —exp(—Ct)
"= 40 + (PP, exp ((G* — GY/kTI]
=ni[1 — exp (-Cr)], (13)
where

C = a,[P.exp (—~G* /kT) + P,exp (—G*/kT)]. (14)

n{ represents the steady-state concentration of IMI if
reversion is the only IMI decay process. n,(f) becomes n{
after a time =~ 1/C after T is brought to Ty,

In reference 3 it was shown that an IMI can revert to
either a patch of apposed planar bilayers or an interlamel-
lar bilayer attachment (ILA), (Fig. 1d, right). It was
assumed that reversion formed both structures with similar
frequency. A more detailed treatment (22) shows that
reversion to ILAs should be much less frequent than
reversion to planar bilayers. This has a substantial effect on
the predicated rate of IMI-mediated membrane-mem-
brane fusion in lipid dispersions (22). ILA form too
infrequently in PE to affect the value of n{ (Eq. 13).

IMI Coalescence

IMI can diffuse within the plane between the two apposed
bilayers. IMI encounter others and coalesce in some frac-
tion of the encounters. There is only a small thermody-
namic driving force for coalescence (an increase in the
positive radius of curvature of the exterior monolayers of
the coalesced IMI). IMI coalescence is almost irreversible
because coalescence intermediates are rapidly converted
into more kinetically stable structures (rod micellar inter-
mediates and line defects;, see below). The IMI coales-
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cence rate is a two-dimensional reaction rate (41). We can
make an order-of-magnitude estimate of it as follows.

We model the diffusion of an IMI as diffusion of the
inverted micelle within the enveloping monolayers of the
two apposed bilayers and the exterior surface of the IMI
(Fig. 1 ¢). This results in motion of the IMI as a whole. As
the micelle moves, a force is exerted on the exterior surface
of the IMI. In response, the exterior surface is also
displaced within the plane of the apposed bilayers. Equiva-
lent numbers of lipid molecules are swept up into the
exterior surface of the IMI at its leading edge and returned
to the bilayer at its trailing edge.

We approximate the IMI diffusion coefficient, Dy, as
that of the spherical inverted micelle in a three-dimen-
sional, viscous fluid. This is obviously an over-simplifica-
tion. The hydrodynamics of particle motion will not be
those found in an extended continuum, and the monolayers
aren’t continuous, isotropic fluids. We assign a viscosity
n = 1 poise to the fluid sheets with which we model the
monolayers, which is compatible with the diffusion coeffi-
cients of lipids and proteins in the L, phase (42, 43). Dy is
given by the Stokes-Einstein relation,

DlMl=kT/67r7’ (ro+ 1). (15)

Using a and q, data for egg PE as in reference 3, and an
egg PE monolayer thickness of 1.6 nm (21), Dy is 7 x
107% cm’s ™! near room temperature. This is one-third the
diffusion coefficient in the L, phase of proteins of about the
same dimensions as the micelle (42).

The coalescence rate of IMI can be described as the
chemical reaction rate between two identical reactants in a
two-dimensional system. Torney and McConnell (41)

showed that to a good approximation the rate constant is
k| = 8aD|M1 (16)

when the proportion of encounters that are reactive, o, is
<0.1 and the system is dilute (i.e., when n{ < 1/2A4). I will
show below that « will be <0.01. Eq. 16 may be inappro-
priate when IMI are almost close-packed (n} ~
1/2A, the maximum value possible; 3). A more appropri-
ate form can be derived for that limit (D. P. Siegel,
unpublished results). For the purpose of making order-
of-magnitude predictions, however, Eq. 16 will suffice.

Calculation of the Reactivity, o

Two things must occur for two IMI (Fig. 2 a) to coalesce.
First, the outer surfaces of the enveloping monolayers at
the “waists” of the IMI must be closely apposed to within
some distance H (Fig. 2 b). Then the monolayers can
become continuous, as in formation of IMI from apposed
bilayers (Fig. 2 ¢). roand r, are larger than H. Thinning the
channel between IMI requires an activation energy Gy,
accounting for changes in curvature and work done against
hydration forces.

During this process, lipid on the walls of the channel can
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FIGURE 2 IMI coalescence. Two IMI, diffusing in the plane of the
apposed bilayers (top) approach each other. The channel between the
external monolayers thins by exchange of lipid with the continuous planar
monolayers (middle). The channel reaches a thickness H at which the two
monolayer walls can merge into a single interface. This produces
(bottom) a coalescence intermediate (CI): the two spherical inverted
micelles are enclosed by a single exterior monolayer. At the left, the
monolayers are depicted as slabs. The edges of monolayers that are
continuous (exterior monolayers of the two IMI and the facing mono-
layers of the bilayers) are shaded. The drawings on the right are
cross-sections of the structures in the plane parallel to and equidistant
from the bilayers (top).

diffuse into the adjoining bilayers to relieve local stresses
due to curvature changes. This reduces the first contribu-
tion to Gy: the work against hydration forces probably
dominates. We can estimate an upper bound for this
contribution. The sides of the channels must be apposed on
a locus about two molecules wide in order for coalescence
to occur. Half the area of this locus is ~ 2r,(2a4/?), and the
hydration component of Gy is less than the work done in
bringing two bilayers of this area to within a distance of H
of one another. Using force constants from reference 31

Gy = 4reay ’E’, 7
where
E' = —P, _/;’chp {=x/A dx = Py [e A —e~2or].  (18)

P, and X are measured hydration force constants for the
lipid system (e.g., 31).
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Eqgs. 17 and 18 will yield an over-estimate of G,. Only
part of the area of the interfaces will be directly apposed
like parallel plates: the process resembles deformation of a
cylindrical channel. There are indications that hydration
forces are weaker in a Hj; channel than those acting
between lipid lamellae (11, 44). For r, = 1.34 nm (appro-
priate for dilinoleoy!-PE and egg PE at around 20°C), a, =
0.42 nm’ (egg PE, reference 45), H = 1 nm, and egg PE
force constants from reference 31, we find that G, is <6
kT. Some of this energy may be available as activation
energy for the succeeding coalescence step.

The work necessary to make the external monolayers of
the two IMI continuous, G, is estimated in the same way
as Gy (Eq. 2). The locus at which the interfaces must
merge in IMI coalescence is the perimeter /, of the
narrowest part of the inter-IMI channel. This locus is
elliptical (Fig. 2; major axis 7, minor axis H), and Gy is
the product of E and the perimeter (46) of the locus divided
by the average width of a lipid head group;

Gy ~ 2x [(r + H?) /2] 2E/all®. (19)

The free energy of activation for IMI coalescence G is
given by

Gl < GM + GH‘ (20)

«, the proportion of IMI encounters that are reactive, is
simply

a =exp(—G/kT). @2n

H,; PHASE FORMATION

IMI coalescence can produce either of two structures; rod
micellar intermediates (RMI), or line defects (LD). Both
these structures assemble into the Hj phase, but at
different rates. The structure resulting from a given IMI
coalescence event is determined by the competition of two
processes: fusion of the two spherical inverted micelles
within the coalescence intermediate into a single rod-
shaped micelle (RMI, Fig. 3), and separation of the two
micelles within the coalescence intermediate (leading to
LD formation, Fig. 4).

RMI Formation

The initial product of IMI coalescence (the coalescence
intermediate, or CI) is two spherical inverted micelles
enveloped by the monolayers of the original IMI (Fig. 2 ¢).
These can fuse into rod a micelle, forming an RMI. This
process is visible in freeze-fracture electron micrographs:
many authors (e.g., 1, 25-27) have published images of
“lipidic particles” aggregating into or blebbing off from
H; tube structures.

In order to make two lipid-water interfaces continuous,
they must be closely apposed to within some critical
distance H. We assume that when two spherical micelles
fuse, their interfaces first become continuous on a locus of
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FIGURE 3 Fusion of two spherical micelles in a CI (top) to form a rod
micellar intermediate, or RMI (bottom). The edges of the exterior
monolayer of the CI are shaded, and the cross sections through the
structures are depicted as in Fig. 2.

this diameter H. The chemical potentials of lipid in rod and
spherical micelles are almost identical near Ty. Thus, in
analogy to IMI formation and IMI coalescence, the activa-
tion free energy for formation of the rod micelle will be the
number of molecules on the locus at which the spherical
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FIGURE 4 Formation of a line defect (LD) from a CI. The two spherical
micelles on the CI (a) diffuse a distance I, apart within the enveloping
monolayer. The external monolayer necks down between them, forming
an LD (b). A cross section of the region between the two micelles in the
plane perpendicular to the apposed bilayers is shown in d: this region
resembles the halves of two Hy tubes apposed with the hydrophobic
surfaces in contact. Lipid molecules from the continuous planar bilayers
diffuse directly into the Hy-like middle section of the LD (arrows in ¢),
causing clongation of the LD (right-hand side of c).
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micelle interfaces become continuous and an energy E. We
assume that E has the same value as in IMI formation and
coalescence. The rate of spherical micelle fusion is
expressed as an Arrhenius rate constant with frequency
factor «;. In analogy to Egs. 2 and 19, the activation energy
for spherical micelle fusion into an RMI is

Grmi = THE/ay?, (22)
and the rate of this process will be
kray = oy €xp (—Grwa/kT). (23)

These equations also give the rate of spherical micelle
fusion with pre-existing rod micelles in CI (i.e., IMI
coalescing with RMI terminals). Using H = 1 nm, «, =
10%"", and E = kT/2 as before, we find kgpq = 10° exp
(=3) = 10° — 107 s7! for egg PE: the half-life of the
spherical micelles within CI is <1 pus.

Re-formation of spherical micelles from the rod micelles
within RMI should be slower. In order to fission into two
micelles, the diameter of the water channel in the rod
micelle has to thin to a diameter H. This requires work
against hydration and other forces, and an activation
energy about equal to G, (Egs. 17, 18). The rate constant,
ks, for spherical micelle re-formation from an RMI at
equilibrium rod micelle diameter is

ks < o, exp {—(Grai + GH)/le = kg €xp {_GH/kT}- (24)

Gy (Eq. 17) can be as large as 6 kT, so kg is much smaller
than kgpq. We therefore neglect the rate of rod micelle
fission (CI re-formation from RMI) in our treatment of
the L, — H|, transition.

RMI grow by repeated coalescence of IMI with the ends
of the RMI. Coalescence of IMI with the sides of RMI is
also possible. Since RMI have smaller diffusion coeffi-
cients and tend to align with sides parallel into the smallest
area possible (see Assembly of LD or RMI into Hy; Tubes,
below), this may not be a frequent occurrence, however.

LD Formation

The spherical inverted micelles in the CI undergo
Brownian motion within the exterior lipid monolayers. If
the spherical micelles diffuse far enough apart before they
fuse into a rod micelle, the exterior monolayers of the CI
become apposed in the region between the separated
micelles. In cross-section, this region resembles the walls of
two adjoining Hy; tubes (Fig. 4). The radius of curvature of
the interfaces is r,, and the chemical potential of lipid in
this region is essentially that of Hy, phase lipid. This region
of the LD rapidly accrues lipid molecules from the adjoin-
ing bilayer by diffusion, and lengthens to accommodate the
influx. This is a rapid, nearly zero activation-energy path-
way between the L, and Hy; phases. It also automatically
aligns LD and adjacent RMI into bundles of Hy; tubes
(Fig. 5).

Morphology consistent with LD structures (ripple pat-

FIGURE 5 Assembly of LD and RMI into the bulk Hy phase. LD and
RMI form between bilayers (a). Lipid diffusion into the LD (arrows)
pulls the LD and RMI together (b) as the LD elongate (parallel to dotted
lines in a). The diameters of LD, RMI, and Hy; tubes are unequal to d,,,
and this alignment minimizes the area of the bilayer array with d # d.,.
LD and RMI formed between adjacent pairs of lamellae pack in the
hexagonal scheme of the H;; phase to minimize the distance between Hy
tubes (¢).
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terns that merge into Hy; tube bundles) are visible in
freeze-fracture micrographs obtained by many workers
(1, 23, 25, 28). Hui et al. (23) noted that such structures
(“ripples”) were common for systems with abrupt L, «
Hj, transitions. The ripples in the fracture planes probably
represent the points at which apposed bilayers are made
continuous at the linear central regions of LD. Reports to
date make no mention of the IMI-like terminals of the
present model. Such IMI-like terminals may be difficult to
distinguish from IMIs budding off from the ends of RMI
in Hy; tube arrays. The LD terminals would look like IMI
(“lipidic particles”) except that the allowed spacing
between them is different and they would be slightly
(~2nm) displaced from the axis of the Hj, tubes in the
array. It is possible that LD terminate in what Hui et al.
have termed “conical LIPs.” However, as described in the
Discussion, conical LIPs should be rare, if they form at
all.

The probability of formation of an LD in each IMI-IMI
or IMI-RMI coalescence event, P, is determined by
competition of the rate of spherical micelle fusion within
the CI, kgpg, and the rate at which the micelles can
separate sufficiently for an LD to form, k. - k_ is
estimated in Arrhenius rate form. The frequency factor is
the inverse of the time necessary for a spherical micelle to
random-walk diffuse to the critical inter-micellar separa-
tion, /., for LD formation. The area of the exterior
monolayers of the CI must expand slightly during this
process. This can be accounted for by inclusion of an
activation energy term, G;. We estimate Gy by calculating
the difference in area of the exterior monolayer of the CI
when the spherical micelles are in contact (the assumed
starting position) and when their centers are the critical
distance apart for LD formation. We assume that the free
energy of curvature per unit area of this surface is the same
as in IML. The region of exterior monolayer that forms the
linear region of the LD must initially be at least one lipid
molecule wide (Fig. 4), so that

I.=21 + all*. (25)

It can be shown that the surface areas of the exterior
monolayer of the CI initially and at the point of LD
formation (S¢; and S| p) are within ~10% of each other.
Since

G = (S — Sc1)G et/ S, (26)
using the estimate of G, from Role and Formation of IMI,
G is <1 kT for PE systems.
The rate of LD evolution from a CI is then
ky = [2D|Ml/1¢2:] exp (—GL/kT). (27)

P, is simply the ratio of ki to kg,

Py = (ky/kgmt) = [2DIMI/I¢2:al] exp [(Grmi — GL)/KT]. (28)
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For values of r for egg PE, E = kT/2,and G, = 1 kT, P, is
only ~0.004.

Eq. 28 yields only a lower bound to P,. We assumed that
the spherical micelles are initially in contact and have to
diffuse apart in the CI, because it is the simplest assump-
tion. However, during IMI-IMI coalescence, when the
walls of the inter-IMI channel first become continuous, the
spherical micelles are almost exactly I, apart. LD forma-
tion may be facile at this juncture (P, = 1). The true value
of P is >0.004, but is determined by details of the
coalescence mechanism that are experimentally inaccessi-
ble.

Rate of LD Elongation

The initial rate at which an LD elongates is limited by the
rate of lipid diffusion into the LD. This influx of lipid
increases with the length of the center portion of the LD, L.
After a short interval of growth, the rate will be limited by
the work done against friction in extending the two ends of
the LD. We can estimate these LD elongation rates when
—Ap « kT.

The linear, central portion of the LD is contiguous with
the two apposed bilayers along a perimeter 4L. The flux of
lipid across a unit length of this perimeter, J, is (e.g., 47)

J = —(ND/kT){(An/Ax), (29)

where N is the number of lipid molecules per unit area of
interface (= a~"), D is the lipid molecule diffusion coeffi-
cient, and x is the distance perpendicular to L in the plane
of the bilayer. The lipid chemical potential changes from
that of the L, phase to that of the H,; phase over a distance
Ax =~ ai/*. Using the dimensions of the Hj; phase and an
initial LD length ay/?, the initial, lipid diffusion-limited
rate of elongation is,

dL/dt = (2D/xr,)(ay/@)**(— Au/kT). (30)

We have assumed that lipid molecules are incorporated as
fast as they can cross the LD perimeter. Molecules need
only undergo several lateral displacements to accomodate
each new arrival, so this is valid when Ja'/? < a,: hence the
requirement (—~Au/kT) « 1.

The growth described by Eq. 30 is exponential. Eventu-
ally, the work done against friction in elongating the LD
limits dL/ds. We assume that the frictional work is domi-
nated by the work of moving the two IMI-like terminals of
the LD (Fig. 4). We equate the work done against friction
in moving one IMI terminal at a velocity dZ/dt for an
interval dt with the net free energy flux into the LD
resulting from accretion of bilayer lipid. This yields

dL/dt = (—ryAu)/3n(re + Da,. 31

7 is the viscosity assigned to the bilayer phase (see Eq. 15).
Using r,, a,, and a values for egg PE as before (a = 0.75
nm?; 31), y = 1 poise,and D = 7 x 10~% cm’~! (L, phase

phospholipids well above the L, — L, transition; e.g., 42,
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43), the initial LD elongation rate is 0.1(—Au/kT) cm/s,
and the limiting rate is (—2Au/kT) cm/s. For thermo-
tropic L, — Hj; transitions, in the neighborhood of Ty, Au
can be estimated from the enthalpy of the transition, Hy

Ap = Hy(1 — T/Ty). (32)

The enthalpy of the egg PE transition is 0.5 kT at Ty =~
30°C (34). At a temperature T = Ty + 1°K, —Au/kT =
0.0017. The initial dL/d¢ is almost 2 um/s (incorporation
of almost 5 x 10* lipids/s) and the final rate is more than
30 um/s (~10° lipids/s). It can be shown that the limiting
dL/dt is attained <1 ms after LD formation, when the LD
is <10 nm long.

Assembly of LD or RMI into
H,; Tube Arrays

If either two LD or two RMI are apposed side-to-side
within the plane of the original bilayers, an H}; channel will
be formed between them (Fig. 5). RMI and LD align in
this fashion spontaneously. In general, 2r, + 2/ and
2r, + 2/ will not be equal to the equilibrium interlamellar
spacing in the L, phase, d,,. Interlamellar forces tend to
maintain the spacing, d, at d,, and will segregate and align
the RMI or LD in the manner of Fig. 5 since this
minimizes the area of bilayer array over which d # d,,.
Micrographs in reference 23 show this process underway.

LD elongation drives the same process much more
rapidly. LD elongate by sweeping up lipid from the contig-
uous L, interfaces. As the lipid in the monolayers between
two LD (or an LD and RMI) is swept up into the LD,
conservation of mass requires that the two structures must
be drawn together. This spontaneous segregation strongly
affects the Hj, phase formation rate. Without it, LD and
RMI would have random orientations within the planes of
the bilayer stacks, presenting barriers to free diffusion
(coalescence) of IMI, and leading to very slow alignment
of LD and RMI via diffusion during the transition.

Rate of L, — H,, Transitions

It is possible to make order-of-magnitude estimates of the
time necessary to complete the L, — Hj; phase transition
under certain circumstances. We will do this for transitions
via RMI alone and via both RMI and LD, and compare
the predicted times with observations. This will show which
pathways are likely to exist in real systems. We will
calculate as the transition time the time after a tempera-
ture jump to T = Ty + 1°K required to incorporate all L,
lipid into Hy;-like structures (LD and RMI). Equations can
also be derived for linear increases in temperature with
time (D. P. Siegel, unpublished work). We assume that
water transport within the L, phase is fast with respect to
the transition time scale.

The transition occurs in three stages. At time ¢ = 0, the
temperature of the system is instantaneously increased
from a temperature less than Ty to a temperature T =

Ty + 1°K. First, IMI form between apposed bilayers. n,
increases rapidly to a steady-state value n} (Eq. 13)
determined by the competition of IMI production and
reversion. The second stage commences when n, is equal to
n.

The second stage, RMI and LD production, controls the
kinetics of the transition. The rate of IMI coalescence is
sensitive to the value of »{. If n{ is small, this stage is slow.
A small percentage of the lipid of the system exists in IMI
at any time. IMI slowly coalesce, forming RMI and LD.
When nf is large, this second stage is rapid and both RMI
and LD form quickly. The third stage begins when the rate
of lipid incorporation into LD surpasses the rate of lipid
addition to RMI via IMI coalescence. The duration of the
second stage is therefore also affected by the LD produc-
tion probability (P, ). If the value of P, is the lower bound
value (Eq. 28), the rate of lipid incorporation into LD
exceeds that into RMI after a long period of IMI coales-
cence. If P, is large, LD dominate the incorporation rate
from the start and the overall rate is much more rapid. The
duration of the third stage is also controlled by the LD
elongation rate dL/dz, which is sensitive to the ambient
temperature (Eqgs. 31, 32).

Simple expressions can be derived for the transition time
if we make four simplifying assumptions. First, we assume
that the number of IMI per unit area of bilayer-bilayer
interface, m(t), is the steady-state value nf for t >1/C (Eq.
13). Second, we assume that the area of apposed bilayer-
bilayer interface in the system is constant in time during
the transition. Third, we neglect the relatively infrequent
coalescence of IMI with pre-existing RMI. Fourth, we
assume that dL/dz is constant and is the friction-limited
value (Eq. 31).

The first assumption is valid if the rate of IMI produc-
tion N, is larger than the rate of IMI coalescence, k;(n?)>.
This is true: N, (3) falls in the range 10''-10" IMI/cm?/s.
We will show below that n is the range 10'°-10"" IMI/cm?
and k; is ~10™" cm?/s, so that of k/(n{)* is ~10°-
10" /cm?/s. Solution of Eq. 12 including a term for IMI
coalescence shows that n,(z) will typically be within ~10%
of n? (D. Siegel, unpublished work).

The second assumption is valid because we only seek
order-of-magnitude estimates of ¢;. The area available for
IMI formation decreases as L, phase lipid enters the H
phase, so that our assumption will slightly underestimate
the transition times. Explicit equations can be derived (D.
Siegel, unpublished work) showing that an assumption of
linear decrease in bilayer area with time during the
transition makes only about a factor of two difference in
the predicted times when LD and RMI are both assumed
to form, so that this assumption is nevertheless valid for our
purposes. If only RMI formed, the true transition time
would be several multiples of the value calculated below.

The third assumption is valid because RMI will have a
smaller diffusion coefficient than IMI, and react slower
than IMI. RMI also tend to aggregate into Hj bundles
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(Fig. 5), making them less available for reaction with IMI.
The fourth assumption is valid because dZ/dt reaches the
friction-limited value within 1 ms after LD formation, and
1 ms is much smaller than the transition times under these
conditions. Relaxation of these assumptions produces
unwieldy equations that must be solved via numerical
methods (D. Siegel, unpublished work).

With these assumptions, for transitions via both RMI
and LD, the number of lipid molecules in Hy-like struc-
tures at time ¢ after the transition begins is

Nr = 2Mky ()t + PV [t - vldr, (33)

where M is the number of molecules in an IMI that are
incorporated into the CI. It can be shown that

M =~ 28/3(a,a)'* + 4nrl, (34)
where S is given by Eq. 4, and
V = 2xry/a,)(dL/dt), (395)

where (dL/dt) is given by Eq. 31. The transition is
complete when Ny = 2/a, the number of molecules in the
original two apposed bilayer interfaces. Evaluating the
integral and rearranging yields the total transition time in
systems forming both LD and RMI (including the time
1/C that it takes for the IMI concentration to build up to
nd):

tip = 1/C + {—2M + [4M? + VP, [ak(n0)*]'?}/ VP,
~ [4/aVP ky(n})'1'. (36)

The second, approximate form of Eq. 36 is valid because M
is ~200 in systems like pure PEs (3), which is much smaller
than the other term inside the brackets, and because 1/C is
only in the millisecond range (3).

If we assume that the transition only occurs via RMI,
the transition should be complete after several multiples of
the time tgp;

trmi = 1 /aMki(n}). (37)

Numerical Example: Egg-PE Near Room
Temperature or DLPE at 20°C

We will estimate ¢, and tgy for PE with x-ray structural
parameters of egg PE and DLPE system investigated by
Hui and co-workers (23, 24). These systems should be
typical of most PEs of biological interest.

We obtain r, of pure DLPE at 20°C and egg PE from
the d,,, spacing in x-ray diffraction patterns of the Hy
phase, which is 3.46 nm (24, 48). The typical thickness of
an unsaturated PE bilayer (egg PE; see reference 32) is
~3.2nm,sothat/ = 1.6 nm. Since d,; = r, + 1, r,, is 1.86
nm. 7, is calculated via Eq. 6, and is 1.3 nm. We assume
that ry = r, for the sake of simplicity. We assume that E =
kT/2 (as in reference 3), and estimate G* ~ 10kT. Gy is
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small compared with kT: with r, = ry, G4 as calculated
with Eq. 3 is ~0.03 kT, which is negligible. Eq. 17 yields an
upper limit of 6 kT for Gy: we assume Gy = 3 kT in what
follows. M is equal to 200, from Eqs. 6 and 34. We use the
value for k; calculated for egg PE IMI coalescence of 7 x
1072 = 107" em~2 57" (Eq. 16). We use the value of V
calculated for egg PE (Hy Phase Formation) of 10°
molecules/s (Eq. 31).

Although G,,, can be measured in L, systems, P, is
difficult to estimate. First, there is reason to believe that
some part of G, can be coupled into G,,.: close apposition
can raise the local lipid chemical potential of the L, phase,
which should reduce the activation energy necessary to
form the IMI. Second, measurements of the interlamellar
forces have not been made in systems close to 7. The head
groups of lipids become less hydrated upon adoption of the
Hy; phase, and close apposition of bilayers may become
more facile in the vicinity of the L, — H, transition. Hui et
al (23) observed that systems exhibiting the most facile
(“direct”) L, — Hj, transitions were those in which the L,
lamellar repeat distance decreased with increasing temper-
ature near Ty, implying a weakening of repulsive hydra-
tion forces. P, is hard to estimate for similar reasons.

Accordingly, we assume a range of P,/P, values. More
work has to be done against hydration forces to appose
bilayer interfaces of the critical area 4 than must be done
to flatten an IMI for reversion (Hj; Phase Formation), so it
is hard to imagine P, /P, being smaller than unity. A more
likely value is e°, arrived at as follows. About 10 kT is
required to appose two 30-nm diameter PE vesicles to
within <1 nm near room temperature (35). Making the
conservative assumption that this is G,,, for formation of
an IMI in a multilamellar array, P, = e '° (Eq. 1). We
arbitrarily assume that half this energy is required to
deform IMI sufficiently for reversion to begin, so that
P./P,=e(=5+10) =e7°.

For this range of values,

n=6x10°to5 x 10" ~ 10" — 10" IMI cm™2.

This is the range we will use in the calculations. Note that

" this is also the range of “lipidic particle” densities (10>-10’

um™?) observed via rapid-freezing freeze-fracture electron
microscopy of lipid samples near the L, — Hj phase
transition (e.g., 49). If anything, »? is larger than the
morphological results imply, since the fast-freezing time
scale (1-10 ms) is on the same order as IMI reversion
half-lives (Eq. 10; 3). These values yield the following
L, — H; phase transition times when the temperature of
the PE L, phase is instantaneously increased to T,y + 1°
K:

tip = 1-10s (Pp = lower bound of 0.004)

~ 0.1-1s (P, = upper bound of 1)
tRMl £ 10—101 S. (38)
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Note that #,, is much greater than 1 ms, so that our
assumption that the LD elongate at the constant, friction-
limited velocity is valid.

The Importance of LD

Only a few time-resolved x-ray diffraction studies of the
L, — H phase transition have been performed. However,
all these transition time measurements are much more
compatible with the transition times calculated assuming
participation of LD than those calculated assuming only
RMI formation. The observed transition times are a couple
of seconds or less for bacterial PEs (50) and ether
analogues of saturated-acyl chain PEs (51) subjected to
rapid T-jumps and 0.3-0.4 s for egg PE subjected to a
temperature increase rate of ~6°K/s (P. Laggner, manu-
script in preparation). The times observed in these experi-
ments may also include delays due to water transport
between the two phases (see below) and the transition
times of sucessive sub-populations of lipids. It is therefore
unlikely that L, — Hj; transitions in these systems proceed
only by RMI, which was the original mechanistic proposal
(25, 26). Some sort of LD-like intermediate must exist in
order for the transition to proceed on the observed time
scales.

LD exert such a powerful influence on the transition rate
because they are the fastest path between the L, and H,
phases. The average time between IMI coalescence events
per RMI is kn!, or ~0.1-1 s~'. For RMI-mediated transi-
tions the rate of incorporation of molecules into the Hj
phase per RMI is

dN;/dt = Mkn? =~ 10-10? lipids/s, (39)

while the rate of incorporation per LD at T = Ty + 1°K is
10° lipids/s, or 10* times faster than the co-existing RMI
pathway. Thus, even if the proportion of IMI-IMI coales-
cence events that form LD, Py, is quite small, LD still
dominate the kinetics of the transition.

LD-mediated transitions should also create long-range
Hj, phase order much faster than RMI-dominated systems.
Micrographs of the Hy, phase often show images of unin-
terrupted A, tubes many microns in length. The number of
IMI coalescence events per RMI during the L, — H|;
transition is on the order of kn{t; , which is on the order of
unity. These RMI are each the products of only a few
IMI-IMI coalescence events, and will be <0.1 um long.
They would have to fuse end-on into long Hy; tubes after
the RMI aligned into bundles (Fig. 5). This takes addi-
tional time, so that we should expect to see shorter Hy
tubes in micrographs of systems rapidly quenched during
the transition. In contrast, LD elongate at dL/d¢t ~ 30
pm/s (Eq. 31) even when the system is very weakly
superheated (T = T}; + 1°K). LD lengths will be about
(dL/dt)t,p long, which is microns to hundreds of microns.
Thus, LD automatically produce long, aligned Hy; tubes on
the time scale ¢, as is observed, whereas RMI probably
cannot.

LD may be difficult to image via freeze-fracture elec-
tron microscopy. The number of RMI structures incorpo-
rated into the Hy; phase at the end of the IMI coalescence
stage is of order 10~'-1 times n{. The number of LD
should be a factor of P, smaller, so that there will be more
RMI than LD in samples quenched during the L, — Hy
transition if Py is small. If P is close to unity, both the
L, — Hy and H; — L, transitions can occur on the
rapid-freezing time scale, and imaging of any interme-
diates will be difficult (see “Hy;; — L, Transitions,” below).
Rapid-freezing will result in a transient temperature jump
far below Ty. This will cause LD to contract with a velocity
of the same magnitude as given by Egs. 31 and 32 with T <
Ty. V will be so large that LD may contract and disappear
in 10 msorless () = 10" ecm™2, P =1, T — Ty =
—30°K).

n? and the L, — Hy; Transition Rate Are
Anti-Correlated With IMI Lifetime

It is obvious from Eqgs. 36 and 37 that the rate of the L, —
Hy, transition is sensitive to n!. Factors that increase n{
(e.g., large P,, decrease in A through a decrease in r,; Eqgs.
6, 8, 13) decrease the transition time. Note that reductions
in P, generally correspond to reductions in P,, and that
reductions in r, reduce G* (Egs. 2, 11). Thus, factors that
increase n{ (Eq. 13) generally decrease both f,p and the
half-life of IMI (Eq. 10). The most rapid L, — Hj
transitions should occur in systems with the most labile
IMI. This is consistent with the predictions in reference 3
and with the absence of IMI morphology in freeze-fracture
electron micrographs of systems with rapid transitions
(23, 24, 25).

For example, in mixtures of dilinoleoyl-PE and palmi-
toyloleoyl-PC, r,, (and therefore ry) increases as the mole
fraction of PC increases (24). Increases in r, should
increase A, and increases in the mole fraction of PC should
decrease P,, because of the stronger short-range forces in
PC vs. PE systems (30). We therefore expect the lability of
IMI to decrease with increasing mole fraction of PC. This
should make IMI observable on the *'P-NMR and freeze-
fracture electron microscopy time scales (3), whereas 1, , is
too short (0.1-1 ms) in pure PE (3). This is as observed.
IMI are not observed in the pure PE system (23, 24), but
IMI morphology appears as PC content increases (24).
The rate of the transition decreases as well, at least in the
sense that hysteresis in the transition increases and IMI
morphology is observed over a wider temperature range
(23, 24). This happens in other PE-PC systems as well
(49, 52-54).

Hysteresis in the L, — Hj; Phase Transition
Due to Water Transport
The H\ and L, phases in equilibrium at a given tempera-

ture may contain different amounts of water. For instance,
the water content of the egg PE H|, phase around the
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transition temperature is >20% by weight (45), while the
content of the L, phase is closer to 40% (31). In order for
multilamellar samples of lipid to adopt the Hj; phase, a
substantial amount of water may have to be transported
both within the stacks of lamellae and across the bilayers,
which are poorly permeable to water. Lag times due to
water transport can delay and broaden the transition, and
delay it to different extents when the temperature is raised
through T, at different rates. This may explain the
temperature scan rate-dependent thermal hysteresis
observed by Yager and Chang in egg PE samples (55). The
findings of Ranck et al. (50) are also consistent with this
interpretation: the L, < H,; transition times they report
are largest for systems with the greatest differences in
structural parameters between the two phases. Usually, the
greater this difference, the greater the differences in water
content of the phases. The longest relaxation time for
H,, — L transitions observed in (50) was several seconds.

The transition times calculated in this paper assume that
water transport is fast compared to the transition rate. This
will be appropriate when H;; phase forms between apposed
unilamellar vesicles (22), in permeabilized multilamellar
arrays or, perhaps, in oligolamellar systems.

H,; — L Phase Transitions

The H, — L, transition should occur via the same two
paths as the L, — Hy, transition. The ends of H); tubes are
either LD or RMI terminals, and the H;; tubes can shorten
by LD contraction (lipid molecules diffusing from the
walls of Hj, tubes directly into adjoining bilayer interface)
or by RMI fission into IMI. IMI subsequently revert to
patches of L, phase bilayer.

The H;,— L, transition may be more hysteretic than the
L, — H) transition, since water transport in the H|; phase
is probably slower than in the L, phase: transport is
essentially one-dimensional (through the center of Hy
rods) instead of two-dimensional (within aqueous inter-
bilayer slabs). This may explain the greater temperature
hysteresis observed via calorimetry in the Hy — L, vs. the
L, — H, transitions in several PE systems (44, 55).

When the H;; phase is formed, most of the molecules
enter it via LD, and reside in LD-terminated Hj tubes.
This is due to the much greater velocity of the LD- vs.
RMI-mediated pathway. When the system is subsequently
driven through the H; — L, transition, these LD will
simply shrink in length (the reverse of the elongation
process) with the same velocity given by Eq. 31. Therefore,
the time necessary to complete the H;, — L, transition
should be about the same as ¢;p.

Some of the Hj, lipid will exist in structures built up
from RMI. The rate of evolution of IMI from the ends of
CI should be on the same order of magnitude as the rate of
IMI coalescence with pre-existing RMI. The activation
energy for evolution of a spherical micelle from a rod
micelle is higher than the activation energy of the reverse
reaction by an amount Gy (estimated in Hy Phase Forma-
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tion). However, during the Hy; — L, transition, IMI will be
rapidly consumed via reversion to patches of apposed
bilayers, and mass action will drive IMI production from
RMI.

Are LD Stable Within the Bulk H;; Phase?

When the L, — Hj; transition is complete, a small number
of IMI-like terminals of LD will be packed within arrays of
Hj, tubes. It can be shown that the average length between
LD terminals in a given Hj tube will be on the order of
aVtp/2(r, + 1), which is tens of microns for PE systems.
Moreover, the terminals will not be very mobile within the
Hy, phase: the central portion of an LD cannot expand
when all the L, lipid has been consumed, and contraction
requires growth of L,-like regions at the expense of Hy
region, which is clearly disfavored. Therefore, it is very
unlikely that two terminals will encounter one another and
coalesce like two IMI. The LD terminals are probably very
long-lived.

It is possible that isolated LD terminals rearrange into
other sorts of defects over long periods of time. These other
defects may not be able to participate in an Hy — L,
transition: an LD can contract and transfer lipid to the L,
phase if the lipid-water interfaces of two adjacent Hy
water channels are continuous around the periphery of the
LD terminal. That continuity may be lost if an LD forms
another type of defect. If a large fraction of LD terminals
rearrange, the H — L, transition might be much longer
than ¢p. Since L, — Hy and Hy; — L, phase transition
times are about the same under similar conditions (56, 58)
we presume that either LD are fairly stable or that LD are
rapidly regenerated from other structures during the initial
phase of the H;; — L, transition.

DISCUSSION

The transition mechanism assumed in this paper involves
only structures for which there is morphological evidence.
The estimated rates and transition times lead us to several
conclusions.

First, transitions via the first proposed mechanism of Hy
assembly, successive coalescence of IMI into rod micellar
structures (25), can only occur in tens or hundreds of
seconds. However, L, <+ H, transitions are observed to
occur in seconds or less for small T-jumps (50, 51, P.
Laggner, manuscript in preparation). Moreover, times
measured in experiments like those in (49) are the total of
the time delay due to water transport within the phases and
the transition times of successive subpopulations of lipid.
There are reports that some Hy — L, transitions are much
faster (1). Transitions via the mechanism in (25) are very
unlikely to be this rapid.

Second, the line defect (LD) structures [ propose here
should form in significant numbers from IMI-IMI coales-
cence events as secondary intermediates. Once formed,
they provide a very rapid pathway between the L, and Hy;
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phases, and dominate the transition kinetics. Structures of
similar morphology have been observed via electron
microscopy (1, 23, 25). The kinetic analysis shows that
even if LD form infrequently (P_ « 1), they substantially
reduce L, « H|, transition times. In the limit P, — unity
(which is possible in the current model), transition times
could be tens-hundreds of milliseconds. Transitions driven
by large temperature jumps, for which —Au and V are
large (Eqs. 31, 32), could occur in the millisecond regime.
These conditions are encountered during rapid freezing of
Hy; samples for electron microscopy, and may explain the
difficulty in imaging transition intermediates by this tech-
nique in some PE preparations (1): the transition runs on
the same time scale as the freezing process. The freeze-
fracture morphology of nascent H; phase is also more
easily rationalized in terms of LD-dominated, as compared
to RMI-dominated, transitions. LD can assemble into the
observed aligned, multi-micron lengths of Hj tubes in
times of 1 s or less, while RMI require much longer to do
$O.

Third, the rate of L, < H, transitions is also sensitive to
the steady-state number of IMI that form per unit area of
bilayer-bilayer interface, n{. n{ cannot be accurately calcu-
lated, but should be in the range 10'-10"' /cm? (consistent
with the range of concentrations of “lipidic particles”
observed via freeze-fracture electron microscopy; see refer-
ence 3). Factors that increase n{ (smaller r,, increased ease
of close apposition, smaller mole fractions of lamellar-
phase impurities) should shorten transition times. The
same factors that increase n{ shorten the half-life of IMI
with respect to reversion. Thus, systems with the fastest
transitions have the most labile IMI. In such cases, IMI
half-lives may be in the sub-millisecond regime (3), consis-
tent with the absence of isotropic *'P-NMR resonances and
“lipidic particle” morphology in pure PE systems.

Much of the hysteresis in L, +» Hj, phases may be due to
differences in water content of the phases at equilibrium
and the sluggishness of water transport within them.
Similar suggestions have been made by others (30, 50). In
deriving the kinetic estimates, I assumed that either water
transport was rapid on the transition time scale or that the
difference in water contents between the equilibrium
phases was trivial. Often, this will not be the case.
Observed transition times in multilamellar, oligolamellar,
permeabilized multilamellar, and aggregated unilamellar
dispersions may be different on this account.

Finally, some corrections were made to the IMI forma-
tion rate and n{ expressions derived in reference 3. IMI
should not revert to patches of apposed bilayers and
inter-bilayer attachments (ILA, Fig. 1 4, right) with equal
frequency, as assumed in reference 3. ILA should form
rarely in pure PE. This has important consequences for the
behavior of vesicle dispersions and the structure of some
inverted cubic phases (23, 24), and will be discussed in
(22) and a manuscript in preparation, respectively.

Other mechanisms for these transitions have been pro-
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posed. The intermediates proposed to participate in some
models seem unlikely on kinetic grounds.

Line Defect Structures Are Secondary
Intermediates in L, — H,; Transitions

In this model, IMI represent the first loci at which the
lipid-water interfaces of apposed bilayers become continu-
ous. This is consistent with observations that unilamellar
vesicle suspensions do not show morphological evidence of
the phase transition when Hy is the equilibrium phase until
the vesicles aggregate (56, 57). The interfaces of apposed
lipid bilayers must become continuous in order for the
L, — Hy transition to occur: in reference 3 I showed that
the formation of inverted micellar intermediates and Hy
rods within isolated bilayers was exceedingly unlikely, and
that the transition had to be an interbilayer phenomenon in
order to occur on a time scale shorter than days.

It has been suggested that linear confluences of apposed
bilayer-water interfaces tens of nm or more long are the
first structures to form during this transition (1, 23, 24). It
is obvious that apposed bilayers are more likely to first
become continuous around the perimeter of objects the size
of IMI. The activation energy required to make two
lipid-water interfaces continuous must grow at least
linearly with the perimeter of the initial connection. Work
must be done against short-range repulsive forces (31-33)
to closely-appose the interfaces, and some energy must be
spent in disrupting lipid-lipid interactions in the planes of
the two interfaces. Both these contributions increase with
the area of interface apposed and can each be significant
compared to kT per lipid molecule, so that the activation
energy increases rapidly with increasing perimeter of the
first membrane-membrane continuity. Assuming an Arr-
henius-type formation rate, this means that the formation
rate decreases exponentially with increasing perimeter
length. IMI, with an initial continuity perimeter of ~3 nm
for PE (3), form orders of magnitude faster than line
defects tens of nm long. Line defects like those proposed in
(1,23, 24) are therefore very unlikely to be the first
structures that form during the transition.

The LD intermediates I propose here are consistent with
the morphology cited in references 1, 23 and 24 and can
form readily from the first intermediates, IMIL. In this
fashion, the system assembles the Hy phase from many
low-activation energy structures (IMI), as opposed to
formation of fewer but much higher activation energy
(hence, improbable) structures. The same principle sug-
gests that smaller primary intermediates than IMI should
form. I will now show that the free energy of curvature of
the lipid-water interfaces in such structures is too unfavor-
able for them to form in significant numbers.

“Conical LIP”-Like Structures
are Unlikely

In their careful study of the L, — Hj; and Cy, transitions in
PE-PC mixtures, Hui et al. (23) observed freeze-fracture
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FIGURE 6 Conical LIP structure, as described in reference 23. Left:
cross-section in the plane perpendicular to the apposed bilayers. Right:
cross section in the plane parallel to and equidistant from two apposed
bilayers.

morphology they interpreted in terms of a “conical LIP”
structure. This structure is depicted in Fig. 6: the connec-
tion between the two bilayers has the same exterior shape
as an IMI, but there is no micelle enclosed by the exterior
monolayer. If such structures form, they could elongate
rapidly into LD, the play a role in the L, — H; phase
transition.

However, this structure seems unlikely: the curvature
energy, and hence the activation energy for formation of
this structure, is very large. The positive radius of curva-
ture in the plane between the bilayers is equal to the
monolayer thickness. This is the length of a lipid molecule,
and is approximately one-third the corresponding radius in
IMI. Such a radius of curvature means that several
methylene groups of the acyl chains of each lipid molecule
are exposed to water. Eq. 4 predicts a curvature free energy
of ~100 kT for such a structure, using r, and / data
appropriate for PE at 20°C (23, 24, 31) and k, = 10~ erg.
Moreover, expressions like Eq. 4 should break down and
yield underestimates when both radii of curvature are on
the order of molecular dimensions, as with this case. The
total free energy of activation for formation of a conical
LIP will be greater than the curvature free energy, and a
(rare) concentration fluctuation in the apposed bilayers
may be required to form it, as described in reference 3. The
large activation energy results in a trivial formation rate
for such structures (<10~ /cm?/s for an activation energy
of 50 kT, frequency factor «;, and cross-sectional diameter
of 2[r, + 1]). We therefore expect that conical LIP-type
structures are very rare, if they form at all.

Complex Hexagonal Intermediates in the
L,— Hy Transition

Borovjagin et al. reported (28) that the L, — H, transition
in mixtures of egg PC and cardiolipin (EPC-CL) involved
formation of complex hexagonal phase structures. These
are cylindrical tubes of bilayers, the interior water channel
having the same radius as the water channel in the H|;
phase. This conclusion was based on thin-section negative-
stain electron microscopy and the observation of two tube
thicknesses in freeze-fracture electron micrographs of the
nascent Hy; phase, the thicker tubes being compatible with
complex hexagonal tube dimensions.

There are five problems with this interpretation. First,
these two classes of tube diameters have been observed
previously in similar systems, occasionally apposed side-
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by-side (25). If the larger variety of tubes are bilayer
cylinders, this would mean that the head groups on the
exterior surface of the complex hexagonal tube are apposed
to ends of the acyl chains of lipids on the normal Hj; tube:
this is highly unlikely. Van Venetie and Verkleij (25)
suggest that this dichotomy represents a partial lateral
phase separation of the two lipid components, resulting in
larger water channel diameters for the PC-rich mixture.

Second, the complex hexagonal structure has a high
curvature energy compared to RMI and IMI. The curva-
ture free energy of a length L of the bilayer when the
equilibrium radius is r, (Hy; phase) is

G' = 2tRLk(1/R + 1/r)%, (40)

where R is the diameter of the complex hexagonal tube.
For R values observed in reference 28 of ~6 nm, L = 2r, (to
make the surface area roughly comparable to IMI), r, =
~1 nm (28), and an optimistically low k, = 107" erg, we
find that G” is ~250 kT. This is a very large energy, which
makes this structure very unlikely (particularly when
lengths much larger than 2r, are observed; [25, 28]).

Third, it is not clear how the complex hexagonal phase
would form. This process is depicted (Fig. 10 E and 10 E’
of reference 28) as involving the simultaneous fission of
two apposed bilayers. This would be a much higher
activation-energy and rarer process than the fusion of
apposed monolayers, as in IMI formation. Fourth, it is not
clear how complex hexagonal structures would shed their
outermost monolayers to become Hy, arrays at a significant
rate, as Borovjagin et al. pointed out (28). Fifth, the
identification of the thick tubes as the complex hexagonal
phase was made on the basis of thin-section negative stain
electron microscopy in reference 28. The samples were
prepared by ethanol series dehydration after exposure to
glutaraldehyde-tannic acid, osmium tetroxide, and uranyl
acetate. This procedure might result in morphology unrep-
resentative of the initial state of the system.

Therefore, we assume that complex hexagonal struc-
tures are not intermediates in the L, — Hj; transition. We
also note that many features visible in Figs. 3-7 of
reference 27 are compatible with RMI and LD morpholo-

gy.

L,— Hj Transitions Driven By Divalent
Cation Binding

The expressions in this paper are derived for thermotropic
L, < Hj transitions. The transition in some systems is
driven by divalent cation binding to anionic lipid. For
example, at room temperature and neutral pH, bovine
heart cardiolipin adopts the Hy; phase in the presence of
divalent cations such as Ca’* or Mg>* (58, 59). The
methods used here to estimate transition times are in-
applicable in those cases. The chemical potential and equi-
librium curvature of lipid-water interfaces are sensitive
functions of the local divalent cation concentration. For
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example, the enthalpy of Ca’* binding in the Ca®*-
cardiolipin system increases from ~200 cal/mole to 1,800
cal/mole as the Ca**-to-cardiolipin mole ratio is increased
from 0.5 to 17 (59). The equilibrium curvature in the Hy
phase also depends on [Ca’*] (58). This means that at a
given local [Ca?*], the chemical potential differences
between lipid aggregates with different radii of curvature
can be much larger than for thermotropic L, — Hy
transitions. This greatly affects the activation energies for
formation and reversion of IMI, IMI coalescence, etc.
Severe hysteresis as a function of [Ca’*] can also occur
(59; see discussion in reference 3). The rates of the
individual steps in the transition will therefore be different
than predicted by the present theory, which is only a
qualitative description of L, — H|; transitions of this type.

Implications for Time-Resolved X-Ray
Diffraction Studies

Some rough conclusions can be drawn concerning the
populations of lipid in different structures during the
transition and the likely diffraction patterns. The first
structures to form are IMI. The fraction of the lipid in IMI
at any time is probably small, and decreases with time as
lipid enters the Hy; phase. The maximum fraction of lipid
in IMI, fiu, is

S = (E)Mﬂ?,

which is in the range 1-10%. fi; decreases with a relaxa-
tion time ~ f; 5. IMI are also small (~10 nm-diameter)
structures that will be irregularly spaced in most systems.
This implies that they will not produce well-defined fea-
tures in the instantaneous diffraction pattern of the lipid
system, and that the intensity of any such features will be
weak.

The next structures to form are RMI and LD, which
closely resemble Hj tubes. Therefore, we do not expect
these structures to result in novel features in the instanta-
neous x-ray diffraction pattern, either. The diffraction
pattern should simply resemble a superposition of the L,
and Hj, patterns, the relative amplitude of the two compo-
nents changing with time. The lines arising from the Hj,
phase will probably become narrower in the second or so
following disappearance of the L, lines, since RMI will be
fusing into longer Hy, tubes, which will be more tightly and
regularly packed. There may be a diffuse, low-intensity
signal from IMI in some systems. These expectations are
compatible with observations to data (50, 51).

(41)
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