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The Gaussian Curvature Elastic Energy of Intermediates in
Membrane Fusion

David P. Siegel
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ABSTRACT The Gaussian curvature elastic energy contribution to the energy of membrane fusion intermediates has usually
been neglected because the Gaussian curvature elastic modulus, k, was unknown. It is now possible to measure « for
phospholipids that form bicontinuous inverted cubic (Q)) phases. Here, it is shown that one can estimate « for lipids that do not
form Q; phases by studying the phase behavior of lipid mixtures. The method is used to estimate « for several lipid
compositions in excess water. The values of k are used to compute the curvature elastic energies of stalks and catenoidal
fusion pores according to recent models. The Gaussian curvature elastic contribution is positive and similar in magnitude to the
bending energy contribution: it increases the total curvature energy of all the fusion intermediates by 100 units of kg T or more. It
is important to note that this contribution makes the predicted intermediate energies compatible with observed lipid phase
behavior in excess water. An order-of-magnitude fusion rate equation is used to estimate whether the predicted stalk energies
are consistent with the observed rates of stalk-mediated processes in pure lipid systems. The current theory predicts a stalk
energy that is slightly too large, by ~30 kgT, to rationalize the observed rates of stalk-mediated processes in phosphatidyl-
ethanolamine or N-monomethylated dioleoylphosphatidylethanolamine systems. Despite this discrepancy, the results show that
models of fusion intermediate energy are accurate enough to make semiquantitative predictions about how proteins mediate
biomembrane fusion. The same rate model shows that for proteins to drive biomembrane fusion at observed rates, they have to
perform mediating functions corresponding to a reduction in the energy of a purely lipidic stalk by several tens of kg T. By binding
particular peptide sequences to the monolayer surface, proteins could lower fusion intermediate energies by altering the elastic
constants of the patches of lipid monolayer that form the stalk. Here, it is shown that if peptide binding changes « or some other
combinations of local elastic constants by only tens of percents, the stalk energy and the energy of catenoidal fusion pores
would decrease by tens of kg T relative to the pure lipid value. This is comparable to the required mediating effect. The curvature
energies of stalks and catenoidal fusion pores have almost the same dependence on monolayer elastic constants as the
curvature energies of the rhombohedral and Q) phases; respectively. The effects of isolated fusion-relevant peptides on the
energies of these intermediates can be determined by studying the effects of the peptides on the stability of rhombohedral and
Q, phases.

INTRODUCTION

The structures of intermediates in the process of biomem-
brane fusion are difficult to establish, since the intermediates
are small and transient. However, using information obtained
from the study of model lipid systems, it is possible to esti-
mate the energy of different proposed intermediate structures
relative to the initial flat bilayer state. This energy is taken
to represent the minimum activation energy for membrane
fusion. It is thus possible to postulate mechanisms for
membrane fusion by looking for mechanisms in which the
intermediate structures have low free energy and change with
lipid composition in a fashion compatible with the observed
composition-dependent membrane fusion rates. To date, no
fusion mechanism has been proposed that proceeds via
lower-energy structures than the recent versions of the stalk
mechanism (1-4). In particular, the mechanism described by
Kozlovsky and colleagues (2,3) has been successful in ra-
tionalizing many qualitative observations concerning the
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lipid composition dependence of membrane fusion rates (5—
7), and seems compatible with many observations of protein-
mediated biomembrane fusion (6-9).

The principal components of the energies of a fusion in-
termediate like a stalk are the energy necessary to closely
oppose the surfaces of the two original bilayers (10,11); the
curvature elastic energies of the lipid monolayers; and the
energy associated with stabilization of hydrophobic defects
(1,12). The latter contribution arises through local variations
in lipid acyl chain length or in lipid molecule tilt (2). The
curvature energies of intermediates in fusion can be calcu-
lated using the Helfrich expression for the lipid monolayer
curvature energy (13). The Helfrich curvature energy is
composed of contributions from the bending energy and the
Gaussian curvature elastic energy.

Most authors have either neglected the contribution of the
Gaussian curvature elastic energy in calculating the curvature
energy of fusion intermediates (1-4,12), or have assumed
that the contribution is very small (14). An awkward feature
of some of these theories is that their predictions contradict
observed lipid phase behavior. Some predict the existence of
lipid phases not previously observed for some ranges of lipid
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spontaneous curvature, such as phases composed of stalks for
sufficiently negative values of the spontaneous curvature
(1,2), or inverted cubic phases for any lipid with negative
spontaneous curvature above the chain-melting temperature
(14), where only lamellar phases are observed. The theory of
May (4) deals only with stalks. It predicts stalk energies that
are >0 for values of spontaneous curvature >~—0.35nm "',
and hence is compatible with the observed absence of stable
stalk phases in pure PE and lipids with more positive cur-
vatures in excess water.

One of the reasons for calculating the energy of fusion
intermediates is to help us understand how proteins mediate
membrane fusion in vivo. For our models to be useful for this
purpose, the predictions must be compatible with two sets of
observations on pure lipid systems. First, they must be
compatible with observed lipid phase behavior. If they do not
pass this test, then they are incorrectly predicting the curva-
ture energy of monolayer assemblies. Second, the predicted
fusion intermediate energies must be compatible with the
observed rates of lipid mixing and fusion in pure lipid sys-
tems. It is therefore important to calculate the energies of
fusion intermediates containing the Gaussian curvature en-
ergy contribution, and determine whether the results are
consistent with these observations.

A recent theoretical study (11) showed that inclusion of the
Gaussian curvature contribution is necessary to rationalize
the lipid composition and water activity ranges of stability of
the thombohedral phase, in which the structural unit is es-
sentially a stalk fusion intermediate. In Kozlovsky et al. (11),
the contribution of the Gaussian curvature elastic energy to
the stalk energy is positive and comparable to that of the
bending in absolute magnitude. These results imply that the
Gaussian curvature elastic energy is a substantial component
of the curvature energy of fusion intermediates, and that
neglecting it produces substantial under-estimates of inter-
mediate energies relative to planar bilayers.

To calculate the Gaussian curvature contribution to the
curvature energy, the Gaussian curvature elastic modulus
must be known (13), and this modulus is lipid composition-
dependent (15,16). Recently, accurate methods for measur-
ing the Gaussian curvature modulus have been developed
(17-19), although they have so far been applied to only two
lipid compositions. One factor limiting wider application
of these methods is that they can only be used on lipid
compositions that adopt bicontinuous inverted cubic (Qy)
phases. Here, the method employed by Siegel (19) is ex-
tended to estimate the Gaussian curvature elastic moduli of
additional lipid compositions that are more representative
of biomembrane lipids. Observations of lipid phase behavior
from earlier x-ray diffraction and *'P NMR studies, along
with data previously obtained with N-monomethylated di-
oleoylphosphatidylethanolamine (DOPE-Me (20)), are used
to estimate the moduli for DOPE, dioleoylphosphatidylcho-
line (DOPC), and an equimolar mixture of DOPC and
cholesterol.
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The derived values of the Gaussian curvature moduli re-
sults are then used to calculate the curvature energy for stalks
and catenoidal fusion pores for several lipid compositions
using recently derived models (11,18). It is shown that the
Gaussian curvature elastic energy contribution is positive and
of the same order of magnitude as the bending energy con-
tribution for stalks, hemifusion diaphragms, and catenoidal
fusion pores in all of the lipid compositions. The Gaussian
curvature elastic contribution makes the total curvature en-
ergy of the fusion intermediates larger than values obtained
using only the bending energy by 100-200 units of kg7,
where kg is the Boltzmann constant and T is the temperature.
The resulting intermediate energies are compatible with the
observed phase behavior of these lipids in excess water. An
order-of-magnitude estimate of stalk formation rates in pure
lipid systems is used to determine whether the curvature
energies of stalks, including the Gaussian curvature elastic
energy contributions, are consistent with the observed rates
of stalk-mediated processes in pure lipid systems. We pre-
sume that membrane fusion-mediating proteins act in part by
reducing the energy necessary to create fusion intermediates.
To estimate the extent of this reduction, we use the same
model of stalk formation rates that would be required for
stalks to form on the observed timescale of membrane fusion
in two representative biomembrane systems.

THEORY

Fig. 1 is a schematic diagram of the stalk-mediated fusion of two unilamellar
bilayer liposomes (5,6). The monolayers of the bilayers are depicted as
continuous slabs. The two original liposomes interact through formation of a
stalk between the proximal monolayers (Fig. 1 A), which, at the narrowest
point in a plane parallel to the original bilayers, has a radius equal to that of
one lipid monolayer thickness. The stalk expands in the plane of the bilayers
into a hemifusion diaphragm (HF) (Fig. 1 B), which corresponds to a stalk
with a disk of planar bilayer inserted in the center. According to a recent
model (3), radial expansion of the stalk is spontaneous for lipids with neg-
ative values of spontaneous curvature (Jy), like DOPE, but requires an ap-
plied membrane tension for lipids with larger (less negative) values, like
DOPC. The planar bilayer in the center of the HF can form a fusion pore (Fig.
1 C) within the single bilayer diaphragm. It is not clear what the shape of the
fusion pore is or where it will form in the HF, although it likely forms at the
edge of the diaphragm (3). The pore in the HF is unstable due to the high
curvature energy of the pore edges (~3 kgT/nm of edge length (6)). We
presume that the system rearranges by a combination of radial contraction of
the rim of the HF and radial expansion of the fusion pore in the planar bilayer
expansion to form a more stable bilayer-walled pore (Fig. 1 D). Here, the
bilayer-walled pore is referred to as the catenoidal fusion pore. This is be-
cause when the two monolayers have the same composition, the minimal-
curvature energy form of this pore is achieved when the bilayer midplanes lie
on a catenoid (18), which is a zero-curvature surface. The catenoidal fusion
pore has also been referred to as an interlamellar attachment (18,19), al-
though earlier uses of this term referred to bilayer-walled pores with a
noncatenoidal shape(e.g., (12,14)). It has been proposed that the first fusion
pore can also form directly from the stalk, as well as from the HF, based on
the results of fluorescence assays in polyethylene glycol (PEG)-induced
fusion (21) and coarse-grain computer simulations (22).

The HF-to-catenoidal pore rearrangement process must require a sub-
stantial input in energy in the form of applied tension in systems with low J,
since radial contraction of the HF rim is not spontaneous (3). In fusion

Biophysical Journal 95(11) 5200-5215



5202

>

I

A

FIGURE | Schematic representation of fusion according to the stalk
theory (2,3). The monolayers of the bilayers are depicted as slabs. All
structures are axially symmetric and appear in the cross section that contains
their vertical axes (dotted lines). The first structure to form that bridges two
opposed membranes is the stalk (A). For sufficiently negative values of J
(3), or in the presence of sufficient membrane tension, the stalk can expand
radially to form a hemifusion diaphragm (B), which contains a disk of planar
bilayer membrane in the center. Fusion occurs when a pore forms within this
single bilayer (C). The axis of the pore is depicted as the shorter vertical
dashed line. The edge of the bilayer pore is unstable, and the system can
lower its free energy by forming a catenoidal fusion pore (D).

involving planar lipid bilayers made with alkane solvents (23), it is possible
that residual solvent lowers the defect stabilization energy inherent to the HF
rims (12), but this does not occur in phospholipid unilamellar vesicles made via
extrusion (24). Catenoidal fusion pores form in 0.1- to 0.2-um extruded uni-
lamellar vesicles of DOPE-Me within milliseconds after they are temperature-
jumped above the bilayer/nonbilayer phase transition temperature (24). Thus,
it is possible that fusion pore formation can occur after limited expansion of
the HF (Fig. 1 C) in protein-free, solvent-free membranes (12). In this work,
due to the uncertainty in the structure and dimensions of the initial fusion
pore, only the curvature energy of the catenoidal fusion pore (Fig. 1 D) will
be calculated, because the geometry is more constrained.

The curvature elastic energy per unit area of a continuous monolayer with
respect to a planar monolayer is given as (13)

k k

f:j‘“[.lst]z +KK*7mJ52, (1)
where J is the monolayer curvature at the monolayer neutral plane, J; the
spontaneous curvature at the same plane, k., the monolayer bending modu-
lus, and k the monolayer Gaussian modulus. The curvature is represented by
J = ¢ + ¢, and the Gaussian curvature by K = c;c¢,, where ¢; and ¢, are the
two principal radii of curvature of the monolayer neutral plane. The sign of k
for lipid monolayers is negative to be consistent with observed lipid phase
behavior. In bicontinuous Qy; phases, ¢; and ¢, are of different sign, and K <
0. If k is =0, it can be shown that Qy; phases form instead of lamellar phases
for all lipids with even slightly negative values of J; (18), like DOPC, and the
Qyqr phases immediately collapse to very small values of the unit cell constant
to maximize the area density of K.
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Models for stalk structure composed of smooth monolayers predict high
curvature energies for stalks (12,14) because of the attendant creation of
hydrophobic interstices at the juncture where the hydrophobic surfaces of the
monolayers separate. These interstices must be stabilized by entropically
disfavored stretching of the surrounding acyl chains, which substantially
raises the free energy of the stalk (12). Models that allow for variation in lipid
molecule tilt within the monolayers predict lower energies (1-4,25), because
this permits the monolayers to form nonsmooth interfaces, which make these
interstices unnecessary. Crudely, the monolayers can form *‘joints’” at which
the monolayer curvature makes a discontinuous change, as in the center of
the stalk structure in Fig. 1 A. The curvature and tilt energy per unit area is
then given by (11)

1 - . 1 |
fo=Sha —J)*+ kK — Ekmjf k() @
where ¢ characterizes the tilt of a molecule away from the local surface
normal vector, and £, is a tilt elastic constant. k, cannot be measured directly.
An estimate (26) of 0.001 kgT/nm? was used in previous studies (2—4,11),
although a more recent estimate (27) places the value at twice the original
value. J and K are the splay and saddle splay, respectively, which include
additive contributions from monolayer bending and tilt variation along the
monolayer surface. In monolayers with vanishing tilt, these variables are the
same as J and K, respectively, in Eq. 1. The values of k,,, J,, and k in Eq. 2 are
assumed to have the same values as in Eq. 1, and these values are as measured
via experiments on Hyy and Qy; phases (see below). Thus, in the limit of zero
tilt, Eq. 2 reduces to Eq. 1. A tilt model is not necessary to describe the
curvature energies of catenoidal-fusion pore structures, because they lack

hydrophobic interstices.

The curvature free energy of a fusion intermediate is the integral of Eq.
1 or Eq. 2 over the area of all the monolayer segments composing the
structure. Let F be the total curvature energy of a segment of monolayer. F is

the integral of f or f; over the area, A, of a monolayer segment:

F:/fdA:Fb+FG, 3)

where Fp is the contribution of bending elastic energy and Fg is the
contribution of Gaussian curvature elastic energy:

Fg =k / KdA. )

For the stalk, Fg and Fg are the area integrals of the second term, and of the
sum of the other two terms, respectively, in Eq.2. For flat bilayers, K = 0 and
FG = 0.

What is Fg for the intermediates in
membrane fusion?

For monolayers with smooth interfaces, the change in total area-integrated
Gaussian curvature during fusion intermediate formation is determined by
the change in topology of the system, including all the lipid monolayers (18).
Formation of each stalk between the proximal monolayers of two liposomes
changes the area integral of the Gaussian curvature of all the monolayers by
—4r. Conversion of each stalk to a catenoidal fusion pore changes the total
integrated Gaussian curvature by another unit of —4.

However, the change in Gaussian curvature energy is determined by the
change in the product of k and the area integral of K for all monolayers in
intermediate compositions (Eq. 4). « is composition-dependent, and the
composition can vary from place to place in a biomembrane, so the inter-
mediate energy must be calculated with the local value of k in each mono-
layer that forms the intermediate. Let Kproximal and Kgistal be the values of k for
the lipids in the proximal and distal monolayers, respectively. It is convenient
to consider the case of intermediates forming between infinite flat sheets of
membrane, since the original flat sheets have K = 0 and thus zero Gaussian
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curvature energy. For the proximal monolayer of a stalk, [KdA = —4r . The
Gaussian curvature elastic energy of the stalk, Fé“'k, is the sum of the con-
tributions from the proximal and distal monolayers:

stalk __ y-proximal distal
Fl = Rl g paal, ()

The integral [KdA for the distal monolayers of the stalk is 0. Thus, by Eq. 5,

F:;alk = Kproximal(_47T) + K distal (0) - _47TKmeimal' (6)

HFs (3) are radially expanded stalks with a patch of flat bilayer inserted in the
center (Fig. 1 B). Since the flat bilayer has zero Gaussian curvature, the Fg
values for the proximal and distal monolayers are the same as in the stalk:

HF stalk
FG = FG = _47TKproximal' (7)

In the catenoidal fusion pore, the two planar distal monolayers of the original
bilayers become continuous, as do the facing monolayers. If we assume that
the proximal and distal monolayers have the same value of «, then, by Eq. 4,
the [KdA contribution of the distal monolayer is the same as for the proximal
monolayer in the stalk:

F‘F’GOre = —47T(KProximul + Kdistal)' (8)

For monolayers with nonsmooth surfaces, like the proximal monolayer of the
stalk in previous studies (2—4,11), tilt contributions to K can change the area-
integrated value of K from the value in Eq. 6. However, at least in the case of
Kozlovsky et al. (11), this makes only a small difference from the smooth
monolayer value in Eq. 6: the Gaussian curvature energy of stalks is —11.8k,
which is only a 6% difference from —4r.

To what extent have values of k been measured?

Recent measurements of the ratio x/k,, in symmetric bilayers, which are
accurate to within ~10%, have been obtained in only two lipid systems:
glycerolmonooleate/DOPC/DOPE = 0.58:0.38:0.04, where the ratio is k/k,, =
—0.75 £ 0.08 (17); and DOPE-Me (18,19), where the ratio is —0.83 = 0.08
(18) or —0.90 = 0.09 (19). The method used by Siegel (19) is slightly more
accurate than that used by Siegel and Kozlov (18), for reasons discussed by
Siegel and Tenchov (19,28). k,,, was assumed to be 10 kg7 for DOPE-Me
(18), so k is ~—9 kgT for this lipid. As will be shown in the course of
this work, « is within <16% of the DOPE-Me value for at least three other
lipid systems (DOPC, DOPE, and an equimolar DOPC/cholesterol mixture).
It has been argued that for bilayer-forming lipids in general, x/k,, must
be >—1 (17) and <—0.5 (29). k., for many biologically relevant lipid sys-
tems is on the order of 10 kgT (29), which suggests that « is usually in the
range —5 to —10 kgT. Therefore, assuming that the value of k for the four
lipids discussed in this work (—8 to —9 kgT) is representative of most
membrane lipids, we see from Eqgs. 68 that the Gaussian curvature energy of
fusion intermediates could range between 100 and 200 kg7, which is obvi-
ously a very significant contribution. However, as discussed below, contri-
butions of this magnitude are necessary to resolve paradoxes concerning lipid
phase behavior that occur if « is assumed to be 0, as in some previous cal-
culations (1-4,14,25).

Estimating « on the basis of observed lipid
phase behavior

Lipid compositions with symmetric bilayers should form thermodynically
stable catenoidal fusion pores and bicontinuous Qy phases when the fol-
lowing inequality is satisfied (19):

K 8
— =26/, — —=. 9
ko ' 2 ©)
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4 is the distance between the bilayer midplanes and the neutral plane of the
lipid monolayers. It is assumed that the neutral plane is at the interface
between the hydrophilic and hydrophobic regions of the monolayer. Using
data from Rand and Parsegian (30) for monomethylated egg PE, & is
estimated to be 1.3 = 0.1 nm. Using data from detailed structural studies of
the DOPC L, phase at 30°C (31), one obtains nearly the same value (1.36
nm). Hence, a value of 1.3 = 0.1 nm is used here for dioleoyl-chain lipids and
lipid compositions with similar average chain lengths.

The relationship in Eq. 9 is also applicable to lipid mixtures. If a lipid
composition forms bicontinuous Qy phases at equilibrium under given
conditions, and one knows the values of &, Js, and & for the lipid compo-
sition of the Qyr phase, one can calculate a lower bound to the value of «/k;,
via Eq. 9. Conversely, if a Q phase is not observed, then Eq. 9 provides an
upper bound to the value of k/ky,. J of the lipid components decreases with
increasing temperature. The temperature at which the curvature energies of
the L, and Qy phases are equal is denoted as Tk (19), and is defined as the
temperature at which the equality in Eq. 9 is satisfied. The value of «/k,, at
T = T is designated M:

252
:%L—Bf. (10)

mM="5

m | T=Ty

The value of J; can be measured by x-ray diffraction experiments on samples
of the Hy phase of the lipid composition in the presence of long-chain
alkanes (32). Knowing the values of J, kn,, and 6 at Tk, one can determine
the value of k for the mixture. If we have expressions for the elastic constants
of the mixture in terms of the elastic constants of the pure components, we
can use Eq. 10 to estimate the Gaussian curvature elastic moduli of lipids that
do not form Qy; phases by themselves. The values of k and &, are expected to
change with temperature, but the ratio «/k,,, for DOPE-Me appears to be
constant to within ~1% across a temperature interval of 35°C (19). The
value of k, for DOPE decreases linearly with increasing temperature
by ~15% between 10°C and 60°C (33). Hence, the measured values of &k,
and « are fairly constant across small temperature intervals of a few tens
of degrees.

We will only consider mixtures of two lipids for which & is constant. Let
the subscript « indicate the elastic constants of the ‘‘host’’ lipid. The sub-
script B indicates the elastic constants of the ‘‘guest’’ component, which is a
small fraction of the total lipid. The J; of the mixture may be expressed as the
molecular-area-weighted sum of the spontaneous curvatures of the pure lipid
constituents (J,, and Jg) (34):

Jo =Yoo T ypls = (1 _y,B)Ja + ypts, (11

where the area fractions y,, and yg can be calculated based on knowledge of
the area/molecule of each of the two lipids at the neutral plane (a, and ag,
respectively) and their mole fractions (1 — xg and xg, respectively):

an (1 — xp)

_ YT ap(xp)
a,(1 — xg) + agxg’ (12)

e a,(1 —xg) +agxg’
The spontaneous curvature of binary lipid mixtures is often observed to be
approximated by a mole-fraction-weighted sum of the spontaneous curva-
tures of the lipids (e.g., (35-39)). Equation 12 is a mole-fraction-weighted
sum if the two lipid species have equal areas at the neutral plane (a, = ag).
The a, ~ ag condition is met by most of the lipids studied in (35-38). The J
of a mixture may also seem linear in the mole fraction of g if a, 7# ag, but the
area fraction of B is kept small (37,39). Here, we will be concerned
predominantly with DOPE and DOPC, which have similar values of area/
molecule at the neutral plane (37), so xg =~ yg (to within a few percent).
The bending elastic modulus of a two-component lipid mixture, Ky, is
given by (34)

1 Ve

Ye _ (1 —yp) +Y£
knix ko kg ke kg’

13)
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where k, and kg are the bending moduli of the pure components. Finally, we
need an expression for the monolayer Gaussian curvature elastic modulus of
a two-component mixture in terms of the Gaussian moduli of the compo-
nents. If one adds a term for the Gaussian curvature elastic energy to the
expression for the free energy of a lipid monolayer, and performs the same
analysis as in Kozlov and Helfrich (34), then the expression for the Gaussian
curvature elastic modulus of the mixture is

W) e ov,)
K=N,|=— +Ng| = , (14)
(aNa ANgJK . 8NB AN,,J K

where N,, and Ng are the number of molecules of species a and 8 per unit
area, respectively; and A is the monolayer area. We assume that the
contributions of the individual lipid species to k do not depend on the lipid
composition (ideal solution behavior). This is a good assumption for weakly
interacting lipids, like PE and PC, but might be violated in mixtures with
nonideal mixing behavior, like PC and cholesterol. With this assumption, for
constant A and constant numbers of lipid molecules N, and Ng,

K = YoKe T YKg = (1 — yp)Ka + yKp. (15)
Expressing M for the two-component mixture (Eq. 10) in terms of Egs.
11-15, rearranging and retaining terms only to the first power in yg (since
¥g < 1), one obtains

KBk(,B—/IJrMQ(Z—l—k—“ﬂ, (16)
B y kg

where M, = K/kq, the “‘host’” lipid property that is measured directly by the
method in the studies by Siegel and Kozlov (18) and Siegel and Kozlov (19).

THEORETICAL RESULTS

The Gaussian curvature elastic modulus of
DOPE, kpore

A good estimate of kpopg can be made on the basis of ob-
served phase behavior. DOPE and DOPE-Me should have
similar elastic constant values: the values of k,, for the two
lipids are similar (18,19), and the Hy; tube diameters at Ty are
about the same (40,41). On these grounds, one would expect
DOPE to form a Qy phase upon heating, just as in DOPE-Me
(20). This is not observed. Instead, DOPE in excess water
forms Hy; phases if heated through the lamellar (L, )/inverted
hexagonal (Hyy) phase transition temperature (Ty), and only
forms Qy phases if the temperature is cycled back and forth
across Ty, between —5°C and 15°C (42,43). Other pure PE
systems behave similarly (44,45). This Q phase metasta-
bility in PE occurs because of the influence of the particularly
strong attraction between L, phase bilayers in pure PEs as
compared to PE-PC mixtures or mono-methylated PEs. The
energy of this interaction is absent in the Qy; phase, where
bilayers are several times farther apart than in the L, phase
(28). This effect increases the L,/Qy phase transition tem-
perature (Tg) to be =Ty . However, the Qy; phase can form
during temperature cycling: each time the system is cooled
through Ty, most of the Hyy phase lipid reverts to L, phase,
but a fraction enters the Qy; phase instead, and the Qy; phase is
easily supercooled once it forms and also persists to tem-
peratures >Ty; on reheating (20).
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The total free energy of lipid in the Q and Hy phases,
composed of curvature energy and bilayer-bilayer interaction
energy contributions (28), must be equal at some temperature
within the cycling interval. This condition is expressed as

fQ :fH+(gH_gu)7 (17)

where f and fy are the curvature free energies of the Qy and
Hy phases, respectively, with respect to planar bilayers, and
gu is the bilayer-bilayer interaction energy in the L, phase. g,
is a large positive value for DOPE: work must be done to
separate the bilayers in the L, phase so that the Qy; phase can
form. The lipid interfaces in the Hy; phase of DOPE in excess
water are two or three times farther apart than in the L,, phase,
but there may be an interaction energy in this phase, gy,
whose form is not known. We presume that gy is positive as
well, but smaller than g, so that 0 = gy — g, = —g..

Since the Qy; phase does not form before the Hy; phase on
slow heating, the temperature at which the condition in Eq.
17 is met must be <Ty, which is 3°C for DOPE (46). At Ty,
Jfu =0, so at this temperature, the value of f;, lies between two
values: if g — g, = 0, f has its maximum value of 0, which
means that k/k,,, has the value given by Eq. 10. If gy — g, <O,
then fo < 0 and Tk is at a lower temperature than Ty. At the
lower temperature of the cycling range, —5°C, the tempera-
ture is <Ty, and fiy is >0. fz can be calculated at a temper-
ature 7T in terms of the spontaneous curvature at 7 and Ty:
J(T) and J(Ty) (18,47):

Kin

fa(T) = 7[(JS(TH))2 — (J(1))]. (18)

We assume that J; is equal to the the inverse of the pivotal
plane radius (32). This radius has been measured in DOPE at
only a few temperatures, mostly at or above room tempera-
ture (32,33,36,37,48). A consensus value of 2.85 nm at 22°C
(36,37,48) is used. The radius decreases linearly with in-
creasing temperature at a rate that is approximately —0.0109
nm/°C (33). With these values, the extrapolated values of J
at —5°C and Ty are —0.318 nm~! and —0.320 nm !,
respectively. k,, for DOPE is 9 kgT when corrected for the
discrepancy between the neutral and pivotal planes (36).
Thus, at —5°C, fz = 0.0261 kgT/nm?>. gu has been measured
for egg PE and L, phase POPE as 0.14 erg/cm” or 0.017 kgT/
nm? (30). With these values, it is clear that Joat =5°Cis >0
for the entire range of values of gy — g, considered here: it
does not matter what the exact value of gy is. According to
the form of expression of the curvature energy of Qy phases
(18), if fo > 0 at a given temperature, then that temperature
is <Tk, and for DOPE, —5°C < Tx = 3°C. Then, according
to Eq. 10, M is in the range —0.941 to —0.912, and a value
of —0.927 = 0.015 is used here. The standard errors in the
values of the bending elastic moduli are assumed to be =10%,
which is approximately the uncertainty cited in other studies
(36,37,48); the errors in the spontaneous curvatures are +3%
(corresponding to an error in neutral plane placement of *0.1
nm for lipids like DOPE and DOPE-Me, which is a typical
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error in such x-ray diffraction experiments); and the error in 6
is =0.1 nm. The error in 6 is estimated from the difference in
values obtained for monomethylated egg PE and DOPC near
room temperature (30,31). Therefore, according to Eq. 10,
kpore = —8.3 kgT £ 1 kgT, where the uncertainty arises
from the uncertainty in 8, k,,, and J4(Tx).

The Gaussian curvature elastic modulus of
DOPC, kporc

Kpopc can be determined from the phase behavior of DOPE/
DOPC mixtures using Eqgs. 10-16 and the value of kpopg
estimated above. Ideally, one would determine the value of M
of a DOPE/DOPC mixture by measuring the temperature
dependence of the unit cell constant of the Qy phase (19).
However, a good estimate can also be derived from the
temperature at which isotropic *'P NMR resonances are
observed. In a dispersion of large multilamellar liposomes of
phospholipids, isotropic >'P NMR resonances arise from Qy
phases, or the catenoidal fusion pores that are Qp phase
precursors (18,19). This correspondence of the appearance of
isotropic 3IP_NMR resonances with Qq phase formation has
been verifed via x-ray diffraction for DOPE-Me (20,40,49),
DEPE and DOPE exposed to temperature-cycling protocols
(42-45), and soy PE/egg PC (50). As a function of increasing
temperature, the curvature energy of catenoidal fusion pores
first becomes equal to that of the L, phase at Tx. Hence, the
temperature at which the isotropic component becomes
dominant in the *'"P NMR spectrum of a phospholipid mix-
ture is an estimate of Tk.

The relationship between the temperature at which isotropic
IP NMR resonances appear and T is approximate, however.
The curvature energy of catenoidal fusion pores is small and
changes slowly with temperature at temperatures near Tk
(18,19), so that some of these structures form at temperatures a
few degrees below Tx. For example, isotropic resonances in
DOPE-Me dispersions have been observed starting at tem-
peratures between 10° below Tk (49,51-53) and Tk (54-56),
where Tk was later determined via x-ray diffraction (19,20).

3'p NMR spectra of 4:1 (mol/mol) mixtures of DOPE/
DOPC show an isotropic component at 35°C (49), and the
spectrum is almost completely isotropic after prolonged in-
cubation at 40°C (57). The J, and k,,, of DOPC were mea-
sured as —0.115 nm™ ' and 9 kgT, respectively, at 32°C (37).
Thus, 40°C is an estimate of T for the lipid mixture, and the
area/molecule values of DOPE and DOPC at the neutral
plane are assumed to be equal. The difference between J; of
DOPC between 32 and 40°C is negligible. The value of J for
DOPE at 40°C is estimated to be —0.377 nm ™. For y = 0.2
and kpope = kpopc, Eq. 16 reduces to the simpler form
Kpopc — kDOPE(sM — 4MDOPE)- The value of KDOPE calcu-
lated above is used to calculate Mpopg (Eq. 10). When the
relative standard errors assumed are the same as in the cal-
culation of kpopg, With Egs. 10-16, one obtains kpopc =
—7.6 £ 1.5 kgT.
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The Gaussian curvature elastic modulus of
DOPC/cholesterol = 1:1, kpc.ch

It was recently shown that an equimolar mixture of DOPC
and cholesterol forms a Qy; phase in excess water starting at
~65°C (58). As noted by Tenchov et al. (58), 65°C is an
upper bound to Tx. The Jg values for DOPC/cholesterol
mixtures were measured at 32°C in Chen and Rand (37) by
adding tetradecane to induce an Hy phase in the DOPC/
cholesterol mixtures, and then measuring the change in the
Hy phase unit-cell dimension under osmotic stress (32). If we
use Chen and Rand’s (37) data to approximate Jg as the in-
verse of the pivot plane radius in the Hy; phase in the DOPC/
cholesterol = 1:1 system, we find that at 32°C, J, = —0.25
nm ' k,, for this mixture is 11 kg7 (37). Since J decreases
with increasing temperature, J; for the system at 32°C will be
smaller (more negative) than the value at 65°C. If the Tk of
the mixture is 65°C and the temperature dependence of J for
the DOPC/cholesterol mixture is the same as for DOPE-Me
(18), this would make the value of J; 16% smaller, or —0.29
nm ', at 65°C. Therefore, we use a value of J, at Tx = —0.27 *
0.02 nm~"'. Assuming the same uncertainties in k,, and & as
above, with Eq. 10, one obtains kpc.cy = —8.4 = 1.1 kgT.

The estimated values of « of the three representative lipid
systems are given in Table 1, along with the values of &, and
Js for T = 32°C.

Effect of Gaussian curvature elastic energy
contributions on fusion intermediate energies

The discussion here will concentrate on the model for stalk
energies of Kozlovsky et al. (11), because more analytical
expressions for the dependence of stalk curvature energy on
curvature elastic constants are given in that case than in the
study by May (4). However, as will be shown below, addition
of a Gaussian curvature elastic energy to the energy reported
in the study by May (4) will make the stalk energy compa-
rable to or larger than the similarly adjusted values predicted
by the theories in other studies (1-3).

The curvature elastic energy of a stalk in excess water, F,
according to the model of Kozlovsky et al. (11) is given by

TABLE 1 Curvature elastic constants for the
lipid compositions

J, at 32°C

Lipid system Kk* (kgT) ke (kgT) (nm™Y)

DOPE —83+ 1 of —-0.365"
DOPC —76*+ 15 ot —0.115%
DOPC/cholesterol = 1:1 mol/mol —8.4 *= 1.1 1#* —0.250%

*Calculated as described in the text.

TCalculated from data in other studies (33,36,37,39), as described in the
text.

*Value from Chen and Rand (37).

SAs calculated via Egs. 11 and 12 using values of J; for DOPC and
cholesterol from Chen and Rand (37).
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F,=F"+26.1k,8J, — 11.8x, (19)

where F? is the splay elastic energy necessary to create a stalk
in a lipid system with J; = 0, which is a constant equal to ~81
kgT. This value of FV is appropriate for stalks forming
between the membranes of two isolated vesicular mem-
branes, as in biomembrane fusion or the fusion of small
liposomes, where the membranes around the periphery of the
stalk are separated by a distance of >3 nm (11). F? is larger
if this distance is smaller: for example, if the interbilayer
separation is 2 nm, Fg ~ 90kgT (11). In Kozlovsky etal. (11)
the contributions to the curvature elastic energy are due to
splay (a combination of monolayer bending and gradients in
lipid molecule tilt) and saddle splay (Gaussian) curvature
elastic energy. These are given by the sum of the first two
terms on the righthand side of Eq. 19, and the last term,
respectively. The contribution of tilt elastic energy (the last
term in Eq. 2) is contained within the value of F?.

Next, the curvature elastic energy of the catenoidal fusion
pore is evaluated. In Siegel and Kozlov (18), it was shown
that fusion pores will have catenoidal profiles for membranes
in which the two monolayers have the same composition. The
catenoid is a surface with zero mean curvature. The catenoidal
surface is the bilayer midplane. The curvature energy of the
monolayers making up the catenoidal fusion pore is not zero,
however, because the neutral planes of the monolayers do not
lie on the catenoid surface, but lie on surfaces that are dis-
placed from the bilayer midplanes, and these surfaces have
nonzero curvature energy. A model has been developed for
the curvature energy of catenoidal fusion pores and Qy; phases
that is accurate to the fourth order in curvature (19). However,
here the fusion pore energy is calculated using the second-
order curvature energy model in Siegel and Kozlov (18) to be
consistent with the second-order calculation for stalks (Eq.
19). For symmetric bilayers, the curvature elastic energy of a
catenoidal fusion pore is given by

Fro = 167 (kméjs - g) . (20)
The contribution of Gaussian curvature elastic energy is
—8mk (Eq. 8). If a catenoidal fusion pore forms between flat
bilayers, there must be a region with nonvanishing curvature
around the periphery of the pore, which will also contribute to
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the curvature energy. However, these contributions are small
compared to kgT for big enough patches of fusing mem-
branes (59). Moreover, if the catenoidal fusion pore forms
between two bilayer membranes that each have even slight
nonzero convex curvature, as in the fusion of an intracellular
secretory vesicle with a slightly invaginated segment of a
cellular plasma membrane, or the fusion of two unilamellar
liposomes, then there is no such additional contribution to
Fpore; there will generally be a finite radius from the axis of
the catenoidal fusion pore at which the tangent angle of the
pore membrane is equal to the tangent angle of the surround-
ing liposomal membrane, as long as the pore radius is smaller
than the vesicle radius. Hence, the contribution from the
peripheral regions can be neglected in Eq. 20.

The total curvature elastic energy of stalks and catenoidal
fusion pores, along with the contributions from the splay and
saddle splay terms for stalks, and the bending and Gaussian
curvature elastic terms for catenoidal fusion pores, can be
calculated with the values of the elastic constants in Table 1,
using Egs. 8, 19, and 20. These values are displayed in Table
2. The uncertainties in the energies given in Table 2 are only
the uncertainties introduced by the uncertainties in the values
of k for each lipid composition (Table 1). They do not take
uncertainty in the values of any other variables into account.
The intermediate curvature energies can also be calculated
for mixtures of DOPE and DOPC using the elastic constants
for each of the pure lipids and Eqs. 11-13 and 15. The results
of these calculations are displayed in Fig. 2.

The bending energy values for stalks in Table 2 correspond
to the curvature energies one would calculate with k = 0. The
dependence of the stalk bending energies on J; is similar to
the dependence of the stalk energies found via the model of
May (4), which were also calculated with k = 0. However,
the energies in that study (4) are higher for small J; and lower
at J; values closer to 0. The stalk bending energy for the J of
DOPE would be ~0 (Fig. 7 in May (4)), and for DOPC (J; =
—0.115 nm_l) ~20 kgT. These values are ~30 kgT higher
and ~26 kgT lower, respectively than the values for DOPE
and DOPC in Table 2 of this article. A Gaussian curvature
elastic contribution must be added to the energies calculated
by May (4). This contribution would be ~100 kgT for both
lipids (Eq. 6). With this contribution, the total stalk energy for
the May model (4) would be ~100 kgT for DOPE and 120

TABLE 2 The curvature elastic energy of stalks and fusion pores (in kgT)

Stalk Fusion pore
System Saddle splay Splay Total Gaussian Bending Total
DOPE 98 * 12 -30 68 = 12 209 = 25 —215 —6 * 26
DOPC 90 = 18 46 136 = 18 191 = 38 —68 123 = 38
DOPC/cholesterol = 1:1 mol/mol 99 £ 13 -12 87 £ 13 211 = 27 —180 31 £ 27

Values were calculated using the elastic constant values in Table 1. Stalk splay and saddle splay curvature energies were calculated using Eq. 19. The splay
and saddle splay elastic energies of stalks are the sum of the first two terms, and the last term, respectively, in Eq. 19. Fusion pore Gaussian curvature elastic
energies were calculated using Eq. 8; and the total curvature energies using Eq. 20. The indicated uncertainties in total energy are the uncertainties introduced

by the uncertainty in k for each system (Table 1).

Biophysical Journal 95(11) 5200-5215
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FIGURE 2 Plot of the curvature elastic energy of stalks
(left) and catenoidal fusion pores (right) in DOPE-DOPC
mixtures as a function of the mole fraction of DOPC in the
mixture. Solid lines represent the total curvature elastic
energy, long-dashed lines the splay elastic or bending
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kgT for DOPC. However, these are approximate compari-
sons. A smaller value, k,, = 6.8 kgT, was used by May (4),
and a different energy optimization procedure was applied
than in Kozlovsky et al. (11). For example, the monolayer
thickness was taken as another degree of freedom in May (4).
To better compare the two models, the stalk energies should
be recalculated using the same values for the elastic con-
stants, the values of k estimated here, and the optimization
procedure described in May (4).

DISCUSSION

The values of k for the different lipid compositions are
similar (Table 1), and similar to the value measured for
N-monomethylated DOPE (19), despite the large uncertainty
in the calculations. This may not be surprising in light of the
similarity in the values of k,, for the same lipids. The Gaus-
sian curvature elastic energies for stalks and catenoidal fusion
pores are large and positive for all the lipid compositions
(Table 2, Fig. 2), and are frequently larger in absolute mag-
nitude than the contributions from bending or splay elastic
energy.

The data in Fig. 2 also show that intermediate energies that
include the Gaussian (saddle splay) curvature elastic contri-
bution are consistent with observed lipid phase behavior in
excess water. First, the total stalk curvature energies are >0
for DOPE, DOPC, and their mixtures (Table 2 and Fig. 2).
This is compatible with the absence of any rhombohedral
phases in excess water in these compositions (60). In con-
trast, if k = 0 in Eq. 19, as in Kozlovsky and Kozlov (2), and
the only contribution to the total curvature elastic energy is
from splay, then Eq. 19 would predict the existence of ther-
modynamically stable stalks in excess water in DOPE-DOPC
mixtures near room temperature for mixtures with <40 mol %
DOPC (Fig. 2 left, long-dashed line). Rhombohedral phases
composed of stalks are observed in DOPC and in DOPE-
DOPC mixtures (60), but not in pure DOPE, and only if
the lipids are extensively dehydrated to water activities of

0.4-0.8. Extensive dehydration lowers the amount of en-
ergy necessary to create stalks from the L, phase: dehy-
dration forces bilayers into closer proximity against strong
repulsive forces, whereas rhombohedral phase (stalk) cre-
ation from the L, phase destroys the bilayer/bilayer in-
terface (11).

Second, the total curvature energy of catenoidal fusion
pores is close to zero for DOPE and for mixtures of DOPE
with small mole fractions of DOPC (Table 2 and Fig. 2). This
is compatible with the isotropic >'P NMR resonance ob-
served for DOPE-rich mixtures of these lipids at 40°C, close
to the temperature used for our calculations (49). The cate-
noidal fusion pore energy is also low for DOPC/cholesterol =
1:1 (Table 2), which is compatible with the formation of a Qy;
phase at a higher temperature (~65°C (58)). In Fig. 2, the
total curvature energy of a catenoidal fusion pore increases as
the mole fraction of DOPC increases in a DOPE-DOPC
mixture, consistent with the observation that the temperatures
at which Qy; phases and Qy; phase precursors appear increase
with increasing mole fraction of DOPC in DOPE (49). In
contrast, if k = 0 in Egs. 10 and 20, then catenoidal fusion
pores would form a thermodynamically stable phase in all the
lipid compositions treated in this work, and in fact in any lipid
composition with J; < 0 (like pure DOPC), which is not
observed.

Comparison of predicted stalk energy with the
rates of stalk-mediated processes in pure
lipid systems

The curvature energies must not make the activation energy
for formation of fusion intermediates so high that they cannot
form at the rates of observed fusion processes. Lipid mixing
and fusion between lipid vesicles are examples of processes
that are thought to be stalk-mediated. In all the cases in Table
2 and Fig. 2, the curvature energy of the catenoidal fusion
pores is less than the curvature energy of the stalks. This
suggests that the energy barrier to stalk creation is the pri-
mary barrier to fusion in pure lipid systems. To minimize the
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number of assumptions about the kinetic scheme for inter-
conversion of fusion intermediates (e.g., reversible versus
irreversible reactions, existence of side reactions, etc.), rate
estimations will only be made for stalks.

To make order-of-magnitude estimates of the effects of
intermediate energy on the rate of stalk-mediated processes
without detailed knowledge of the kinetic scheme for inter-
mediate formation, further simplifying assumptions are
necessary. First, we assume that formation of the interme-
diate is a simple one-step process. In reality, processes like
close opposition of two membranes may have to precede
formation of a stalk structure between them. However, it was
recently proposed that the membranes first come into contact
via a stalklike deformation of one of the opposed membranes,
and that the energy of this deformation is lower than that of
the resulting stalk (61). Hence, the membrane-membrane
contact and intermediate formation step might be treatable as
a single process.

Second, it is assumed that the total curvature elastic energy
of the stalk with respect to flat bilayers is a lower-bound
estimate to the total activation energy for formation of the
intermediate, W. With these assumptions, we can use an
equation for estimating the order-of-magnitude waiting time,
7, for formation of stalk intermediates that was proposed by
Weaver and Mintzer (62) and Kuzmin et al. (25):

~ exp(W /kgT)
T wSN

S is the area/fusion site, and N is the number of possible fusion
sites. w is the characteristic frequency of fluctuations within
lipid monolayers, which is taken to be 10'" s™' nm ™2 (62).
We consider the area of interaction between a unilamellar
liposome with a radius of 50 nm and another membrane. It is
assumed that the area of membrane-membrane contact is a
disk with diameter equal to one liposome radius, so the
contact area is (50 nm)?. The area of interface that can form
a stalk is (3 nm)z, so the number of possible stalk initiation
sites is (50 nm)*/(3 nm)*, and SN = 8 X 10° nm> It is
emphasized that Eq. 21 is only intended to yield estimates
that are accurate to within a few orders of magnitude.

First, let us consider the rates of processes in protein-free
lipid systems. Time-resolved cryoelectron microscopy ex-
periments have shown that large unilamellar vesicles (LUVs)
composed of egg PE or DOPE-Me fuse extensively within 16
ms when subjected to a temperature jump to T > Ty (21).
Using W = 68 kgT for pure DOPE (Table 2), we find 7 ~ 10
s for stalk formation. The stalk energy for DOPE in Table 2,
and hence W, has an uncertainty due to uncertainty in k of 12
kgT, which makes 7 uncertain to within a very large factor of
10°. Even so, a figure of 7 ~ 10'* s indicates that the model
for the curvature energy of stalks in Kozlovsky et al. (11)
yields values that are obviously too large to be compatible
with the observations in Siegel et al. (24). The estimated
value of 7 suggests that the model used here (11) overesti-
mates the stalk curvature energy by ~30 kgT or more.

@1
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The L, /Hy transition in the bulk L, phase is also thought to
begin with stalk formation (3,14,63). Significant numbers of
stalks must form on timescales shorter than the half-time of
the transition. In PE L, phases, in which the water/bilayer
interfaces are ~1—-1.5 nm apart (30), the appropriate value for
formation of stalks (FS in Eq. 19) is ~95 kgT (11). This value
of F? includes the effect of constraints on the shape of the
stalk due to repulsive forces between adjacent membranes in
the multilayer stack. With this value of F?, the total energy of
stalks forming within a bulk L, phase of DOPE would be
~82 kgT (Eq. 16). A 10-um cube of L, phase (chosen to
represent an average multilamellar liposome) contains ~8 X
10” fusion sites if we use the same value of S as before. With
these values, Eq. 21 predicts a waiting time for formation of
even a single stalk in an MLV of 10" s. Even with an un-
certainty in W of 12 kgT, this very long waiting time is in-
compatible with measurements of the L, /Hy; transition rate in
DOPE MLVs. The L, /Hy transition has a half-completion
time of several tens of seconds or less when a sample is su-
perheated by =5° (64), and ~1 s when samples are super-
heated by 30° (65). This discrepancy suggests that the stalk
curvature energy estimated by the model in Kozlovsky et al.
(11) is too high by >30 kgT; a result similar to our estimate
for fusion in unilamellar liposomal systems. The stalk model
in May (4) seems to generate an even higher total stalk cur-
vature energy for the DOPE system, but as noted in the
Theory section, more detailed calculations would be required
to test this.

The total stalk curvature energy in DOPC is estimated to be
136 = 18 kgT (Table 2). With this value of W, 7 ~ 10** s.
According to this estimate, DOPC LU Vs should not fuse with
each other in excess water. This is certainly compatible with
their observed stability in excess water and the fact that they
remain stable even if a quite substantial stress is applied via
suspension in 10% PEG (66). The PEG concentration re-
quired to induce fusion in small unilamellar vesicles com-
posed of PE and PC mixtures increases with increasing PC
content (67), as one would expect if the energetic barrier to
membrane fusion increased with increasing PC content (Fig.
2). Thus, the energy predicted via Eq. 20 is consistent with
observations for DOPC liposome fusion in the sense that
DOPC liposome fusion is extremely slow or absent in excess
water, and that the energy needed to create a stalk decreases
with increasing PE content. The total stalk energies estimated
for DOPC according to the May model (4) are also consistent
with this conclusion.

In summary, the curvature energies of stalks calculated as
in Kozlovsky et al. (11) are too large to be compatible with
observed rates of lipid mixing and fusion in LUVs of pure
DOPE (24), or with the observed rates of L,/Hy phase
transitions in DOPE (64,65). Assuming that vesicle fusion
and the L,/Hy transition are stalk-mediated, the model in
Kozlovsky et al. (11) seems to overestimate the energy by 30
kgT or more. Similar differences are found for the May theory
(4). Discrepancies of this size may be due to such factors as a
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difference between the estimated versus actual value of &, or
to gaps in the theories that have not been identified. It should
also be pointed out that the expression for the stalk curvature
energy in Eq. 19 contains the difference between a large
positive contribution (the first and last terms) and a negative
contribution that is similar in absolute magnitude (the second
term). Hence, especially for lipids with low J;, like DOPE,
part of the apparent discrepancy in total energy may be the
result of inaccuracies in the values of the elastic constants in
the respective terms. The Kozlovsky et al. theory (11) ra-
tionalizes many qualitative and semiquantitative observa-
tions of lipid mixing and membrane fusion in pure lipid
systems, such as the effects of lipid composition and bilayer
composition asymmetry (5-9). It is important to note that the
predicted stalk and catenoidal fusion pore energies are now
consistent with observed lipid phase behavior, and that the
apparent discrepancy in stalk energy estimated here is con-
siderably smaller than those calculated using early stalk
models (14), which was later referred to as the ‘‘energy cri-
sis”” (2). With inclusion of saddle splay and Gaussian cur-
vature elastic energies, models of fusion intermediate energy
(11,19) begin to pass the two tests proposed in the Intro-
duction for models of fusion mechanisms. These models are
accurate enough to make semiquantitative predictions about
how proteins mediate biomembrane fusion. The models
might be refined further by more detailed tests of predictions
concerning thombohedral (R) and Qy; phase stability, and by
further consideration of the effects of local variations in lipid
monolayer thickness (4).

The intermediate energies in this work were calculated
using a continuum theory that was derived for systems with
radii of interfacial curvature that are much larger than mo-
lecular dimensions (13). The radii of curvature of the stalk
monolayers are comparable to or even smaller than lipid
molecular dimensions, especially at the ‘‘waist’” of the stalk
(Fig. 1 A). As noted in Kozlovsky and Kozlov (2), the theory
in Helfrich (13) successfully predicted the curvature energies
in Hy; phases with similarly small radii of interfacial curva-
ture (36,47,68,69). However, the interface in the Hy phase
has no Gaussian curvature. There is an apparent discrepancy
between the stalk energies calculated in this work and the
energies that are consistent with the observed rates of stalk-
mediated processes. Perhaps some or all of this discrepancy is
due to a failure of the continuum model to correctly estimate
the curvature energies of surfaces with large geometric and
Gaussian curvatures. One way to test this would be to de-
termine whether models based on the continuum theory (13)
accurately describe the stability of rhombohedral phases as a
function of water activity, lipid composition, and tempera-
ture. A previous theoretical study of rhombohedral phase
stability (11) could not unambiguously resolve this issue, in
part because the rhombohedral phases in question only form
at water activities of 0.4-0.8 (60). As noted in Kozlovsky
et al. (11), the elastic constants (k,, J;, k) are determined by
separate experiments on systems at near unit water activity.
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The actual values of these constants may be different in such
extensively dehydrated systems. The best test would be to
apply the theory in Kozlovsky et al. (11) to rhombohedral
phases that form at water activities closer to unity. There
is preliminary evidence that some lipid compositions form
at least some rhombohedral phase at a water activity of 0.9
(H. W. Huang, Department of Physics and Astronomy, Rice
University, 2008, personal communication).

Estimated lipid intermediate energies for
biomembrane fusion

Estimating the energy required to form fusion intermediates
in a biomembrane lipid composition may give us insight into
the mechanism of fusion. If the energy of a pure lipid fusion
intermediate is too high for the intermediate to form at rates
similar to biomembrane fusion, the discrepancy can be as-
signed to a difference in fusion mechanism relative to the
mechanism corresponding to formation of the pure lipid in-
termediate; to a discrepancy in the model for calculating the
energy of the lipid intermediate; to the effects of fusion
proteins on intermediate energy; or to some combination of
these possibilities. For the purposes of the calculations here,
it is assumed that the stalk-HF-catenoidal fusion pore pro-
gression in a patch of membrane lipid is the basis of protein-
mediated membrane fusion. We consider three illustrative
cases; influenza virus lipid mixing with protein-free lipo-
somes, exocytosis at central nervous system synapses, and
fusion of sea urchin cortical granules.

The lipid compositions of the two lipid monolayers of bio-
membranes are generally different. It is important to estimate
the effect of the differences in the elastic constants between the
two monolayers on fusion intermediate energy. The expression
for the curvature energy of the stalk (Eq. 19) was derived for
symmetric-bilayer compositions. However, the splay elastic
energy of the stalk is insensitive to the value of J of the distal
monolayer (2), and most of the change in curvature is con-
centrated in a small area of opposed monolayer area. The op-
posed monolayers are the only ones that undergo a topological
change, and thus the only ones that make a substantial contri-
bution to the change in saddle splay (Eq. 6). Thus, it is a rea-
sonable approximation to use Eq. 19 to estimate the curvature
energy of stalks in asymmetric bilayers, using the elastic con-
stants corresponding to the lipid composition of the opposed
monolayers. The bending energy of catenoidal fusion pores is
sensitive to the elastic constants of both monolayers (1).

Influenza virions have lipid compositions resembling raft
microdomains (70). Cholesterol is ~44 mol % of the mem-
brane. The phospholipid composition is about equally di-
vided between three lipid classes: PE; a combination of PC
and sphingomyelin; and acidic lipids (phosphatidylserine and
phosphatidylinositiol). More than 60% of the phospholipid
acyl chains are saturated (71). Phosphatidylcholine is con-
centrated in the external leaflet of the virus, as it is in the host
cell from which the virus buds (72). The high proportion of
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saturated acyl chains and the high combined PC and sphin-
gomyelin content probably make both &, and J for the ex-
ternal leaflet of the viral membrane larger than for the DOPC/
cholesterol = 1:1 case in Table 2. k;, is probably greater than
for pure DOPC due to the large proportion of saturated acyl
chains, but the high cholesterol content could make Jg con-
siderably less than for pure DOPC. However, if the viral
membrane separates into liquid ordered and disordered phase
regions, we cannot be sure which phase is most relevant for
fusion activity. Hence, the patches of membrane that actually
fuse might be lower in saturated chain lipids and cholesterol
than the bulk composition. As for the influence of the external
leaflet of the target liposomes, the lipid composition of the
target liposomes did not have much effect on the overall rate
of lipid mixing under the conditions used in other studies
(73-76). In fact, the target membranes were >90 mol %
DOPC in many cases (73-76), and the balance was gangli-
oside or glycophorin, which were added to act as receptors
for the viral hemagglutinin. This suggests that the average of
the lipid compositions of the viral and target membranes
under these circumstances corresponded to a liquid disor-
dered phase (e.g., enriched in DOPC). Therefore, it is as-
sumed that the curvature energies of purely lipidic stalks for
the influenza virus/DOPC LUV system lie between the
values for DOPC/cholesterol and pure DOPC calculated in
Table 2. The typical half-times for lipid mixing reported in
other studies (73—76) were tens of seconds. Using the value
of SN = 8 X 10° nm? for interaction of vesicles of radius 0.1
um, as estimated above, it is seen that to have 7 =~ 1 s in Eq.
21, W must be <37 kgT. The curvature elastic energy of
stalks in DOPC/cholesterol = 1:1 is 87 * 13 kgT, and the
value for DOPC is 136 *= 18 kgT. This suggests that in-
fluenza-virus-induced lipid mixing could only proceed via
lipidic stalk intermediates according to the model in
Kozlovsky et al. (11) if the proteins perform functions cor-
responding to a reduction in W of 50-100 kgT. Note that this
estimate for the required effect of proteins on W may be
decreased by the discrepancy in predicted versus observed
lipidic stalk energy estimated above.

In the case of synaptic vesicle/plasma membrane fusion,
the compositions of the external leaflet of the synaptic vesicle
membrane and of the synaptic plasma membrane are taken to
be similar (77). The synaptic vesicle membrane composition
(78) consists of approximately equal weights of cholesterol
and phospholipid, with a combination of PE and plasmenyl-
PE representing 42 mol % of the phospholipid, PC and
sphingomyelin representing 43 mol %, and PS 12 mol %. A
large fraction of the acyl chains of the phospholipids are
highly unsaturated, especially for the PE fraction. Since the
combined fraction of high-curvature lipids (PE, plasmenyl
PE, and cholesterol) is high and the acyl chains are exten-
sively unsaturated, and PE is enriched in the external leaflet
of synaptic vesicle bilayers (79) and in the cytoplasmic leaflet
of plasma membranes, it is possible that the J; for the two
opposed monolayers is intermediate between that of pure
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DOPE and DOPC/cholesterol = 1:1. Synaptic vesicles are
~40 nm in diameter, and the lengths of the SNARE complex
components are of order 10 nm (78), which suggests that
there may be only one fusion site available per docked ves-
icle. In this case, SN ~ 30 nm?2. The time constant for release
of the readily-releasable pool of synaptic vesicles is 2—4 ms
when Ca®" influx is not rate-limiting (80,81). Using a wait-
ing time of 1 ms, one finds, via Eq. 21, that W must be <22
kgT. The total curvature energies of stalks in pure DOPE and
equimolar DOPC/cholesterol are 68 = 12 kgT and 87 = 13
kgT, respectively (Table 2). This suggests that the protein
fusion ‘‘machinery’’ has to perform functions corresponding
to a reduction in W of 50-70 kgT for fusion to occur on
physiological timescales via formation of stalks, as described
in Kozlovsky et al. (11). As with influenza hemagglutinin-
mediated fusion, this estimate for the required effect of pro-
teins on W may include the apparent discrepancy in lipidic
stalk energy estimated here.

Sea urchin cortical vesicles (CVs) undergo fusion in a
calcium-dependent manner (82,83). The lipid composition of
the membranes of these vesicles (84) is somewhat similar to
that of synaptic vesicles (SVs), and CVs and SVs have about
the same weight ratio of cholesterol to phospholipid, al-
though in CVs, PE represents a smaller fraction of the
phospholipids, and there is almost no sphingomyelin. In
addition, CV membranes seem to contain high levels of tri-
acylglycerols (23% of the total lipid), and lower levels of
monacylglycerols, free fatty acids, and lyso-PE. It is difficult
to assess the influence of these latter compounds. However,
we proceed by making the same assumption as for SVs, that
the elastic constants for the two opposed monolayers in the
CV system are intermediate between those of pure DOPE and
DOPC/cholesterol = 1:1. CVs are ~1 wm in diameter (85),
so we assume a contact-area diameter equal to one vesicle
radius, and calculate SN in Eq. 21 to be ~2 X 10° nm?. The
initial rate of CV fusion upon exposure to Ca** is on the
order of 100%/s (83), so 7 must be ~0.1 s. For this value of 7,
W must be <35 kgT. This is ~30 and 50 kgT smaller, re-
spectively, than the total curvature energy of stalks in the
pure DOPE and DOPC/cholesterol systems. This estimate is
similar to that for SV/plasma membrane fusion, above, ex-
cept that the fusion-mediating proteins in CV would have to
reduce W to a slightly smaller extent for the stalk formation
rate to correspond to the observed fusion timescale.

The stalk-pore theory is successful in explaining many
qualitative features of biomembrane fusion (5-9), including
recent observations of the effects of several exogenous lipids
on biomembrane fusion rates (82) and the effects of exoge-
nous cholesterol (83,86). Cholesterol increases the rate of
exocytosis in sea urchin cortical granule fusion (83) and of
hemifusion in hemagglutinin-induced cell fusion (86), and
also promotes fusion pore opening in the latter system. These
two roles are consistent with the expected reduction in stalk
and HF energy by a lipid with such a negative value of J
(37), and with the observed role of cholesterol in stabilizing
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catenoidal fusion pores and Qp phases (58). It is likely that
intermediates resembling stalks mediate biomembrane fu-
sion. However, as estimated above, it appears that the cur-
vature energies of purely lipidic stalks are too high, by 30-100
kgT, to be compatible with the observed rate of stalk-mediated
processes in biomembranes. Part of this discrepancy may
be due to inaccuracies in calculating the energy of lipidic
stalks, since the energies for lipidic stalks, at least for PE,
appear to be 30 kgT or more too high. The balance of the
apparent discrepancy in stalk energy in biomembrane sys-
tems (as much as 70 kg7, depending on the system and the
assumptions) must be due to some influence of the fusion-
mediating proteins. How can fusion-mediating proteins re-
duce the energy of the first fusion intermediates in the context
of the stalk model?

Can fusion-mediating proteins in vivo increase
the rate of formation of lipid fusion intermediates
by changing the local curvature elastic constants
of lipid monolayers?

Proteins can impose membrane curvature that favors inter-
mediate formation in at least three ways: scaffold creation,
local modification of spontaneous curvature, and induction of
bilayer asymmetry (see (6,87-89) for reviews). In modifi-
cation of the local spontaneous curvature, protein moieties
bind to the lipid-water interface, insert between the lipid
headgroups, and impose a curvature on a small patch of the
interface (88). In particular, Martens et al. (90) recently
proposed that insertion of synaptotagmin C2 domains into
the plasma membrane drives stalk formation by inducing a
positive spontaneous curvature in an annulus of monolayer
surrounding the monolayer patch that forms the stalk. It is
postulated that this dimples the plasma membrane toward the
synaptic vesicle membrane, and also places the central patch
of monolayer that forms the stalk under positive curvature
stress, so that its curvature energy is closer to that of a stalk. In
Martens et al. (90), it was estimated that synaptotagmin
binding could reduce the stalk energy by ~20 kgT.

In principle, moieties of fusion-mediating proteins can also
bind to the opposed monolayer interfaces that form the stalk.
Most of the fusion-mediating machinery is in the cytoplasmic
space in synaptic vesicle fusion, and outside of the virions in
influenza virus fusion. Moreover, the area of monolayer in-
volved in stalk formation is not large, and few peptide-lipid
interactions would be required. The area of opposed mono-
layer in either membrane that participates in stalk formation
is ~30 nmz, and the monolayer-water interfacial area in the
highest-curvature region of a stalk is ~50 nm?. For example,
it is conceivable that several fusion peptides could bind to the
monolayers of the fusion patch before stalk formation, or
stabilize the interfaces of a nascent stalk. Another possible
energy-reducing arrangement may be disposition of positive
charges on the surfaces of proteins immediately surrounding
the fusion patch. If arrayed in a semitoroidal geometry around
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the fusion patch, these might interact with negatively charged
lipids on the surface monolayer of a nascent stalk, effectively
stabilizing the negative curvature of this surface. For cate-
noidal fusion pores, most of the Gaussian and mean curvature
is concentrated in the region within several nanometers of the
minimum radius of the pore (19). Protein binding to the lipid-
water interface in this region could lower the curvature energy
of the nascent catenoidal fusion pore.

Recently, a fusogenic peptide derived from the fusion-
mediating protein of the HIV virus was reported to reduce the
ky, of PC membranes by a factor of 3 or more relative to the
pure lipid at peptide/lipid molar ratios of only 0.01-0.03,
which corresponds to the concentrations expected at fusion
sites in vivo (91). The modulus was measured by analyzing
the wavelike fluctuations of bilayers in an L, phase. As noted
by Tristram-Nagle and Nagle (91), it is possible that the
apparent reduction in k,, is due to a special arrangement of
peptides in the bilayers, so that the reduction might not be the
same for deformations such as those found in stalk formation.
Ideally, the effect of the peptide on the monolayer bending
modulus should be measured via osmotic stress experiments
in the Hy; phase (32), where the curvature of the interface is
more similar to the curvature expected in a stalk. However,
the data in Tristram-Nagle and Nagle (91) show that fusion-
mediating peptides can create a lipid-peptide assembly with
drastically different elastic constants than the initial lipid
monolayer. In a recent theoretical study, Zemel et al. (92)
showed that amphiphilic helical peptides that adsorb to the
lipid-water interface strongly reduce the bilayer thickness,
but also induce either strong positive or negative bilayer
curvature, depending on the depth of insertion of the helix.
Peptide binding can also simultaneously increase in bilayer
bending elastic modulus by as much as severalfold. Both of
these effects occurred at a peptide/lipid ratio of only 0.05.
The induced bilayer spontaneous curvature ranged between
—0.3 and + 0.1 nm ™", Only rigid cylindrical peptides were
treated in Zemel et al. (92), and the peptide effects on the
Gaussian modulus were not calculated. Rigid cylinders that
interact strongly with the hydrophobic monolayer interior
would probably increase the energy necessary to make
membrane or monolayer deformations with nonzero K (92).
However, this may not be true of anisotropic inclusions like
bent or kinked amphipathic helices bound to lipid-water in-
terfaces, which could stabilize a monolayer in a configuration
with K < 0 (93,94), effectively lowering the local value of k.

How would a large peptide-binding-induced change in &,
alone, affect the curvature energies of stalks forming from the
same patch of opposed membranes? In Eq. 19, F? is the splay
elastic energy of a stalk when J; = 0, whose value depends on
the value of k,, and the elastic constant for gradients in mo-
lecular tilt along lipid interfaces, for which there is no directly
determined value (2). No analytical expression for F¥ in
terms of k,, and tilt elastic constants was given in the studies
by Kozlovsky and co-workers (2,11). If peptide binding to
the membranes reduces k, as profoundly as the fusion
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peptide in Tristram-Nagle and Nagle (91), it is likely that the
value of FE would be decreased. For low-curvature lipid
systems like DOPC, this could reduce the stalk curvature
energy. However, because J; < 0, Eq. 19 is the sum of the
negative term in k., /g and two large and positive contribu-
tions, from F 8 and from the term in k. For the low-J, systems,
DOPE and equimolar DOPC/cholesterol, if peptides pro-
foundly decrease the value of k,,, the reduction in absolute
magnitude in the k. Js term could offset or exceed the effect
on F’ ? Thus, the effect of a change in &, is sensitive to the
local value of J.

In contrast, even small peptide-induced changes in k alone
would have large effects on the curvature energies of stalks
and catenoidal fusion pores of all lipid compositions. The
Gaussian curvature elastic contribution to the total curvature
energy is large and positive for stalks and catenoidal fusion
pores in all three lipid compositions (Table 2). Increasing «
by 20% (i.e., making it less negative) lowers the total stalk
and catenoidal fusion pore energies by ~20 and 40 kgT,
respectively (Table 2). The fusion intermediate energy is
especially sensitive to changes in «, in both low- and high-
curvature lipid systems.

However, it is more realistic to consider the effects of
peptide-induced changes in combinations of elastic con-
stants. It is unlikely that binding of peptides to the lipid-water
interface can change any of the elastic moduli of the lipid
monolayers independently of the others. &, J, and « are all
related to the monolayer stress profile, which is the horizontal
force as a function of depth in the plane of the monolayer
(15). The first moment of the stress profile along the direction
perpendicular to the monolayer is equal to —k,,J, and the
second moment to « (15). Binding peptides to the monolayer-
water interface will change the distribution of mass and in-
termolecular forces as a function of depth, which should have
at least some effect on both moments of the stress profile, and
hence on all three quantities. Moreover, peptide adsorption to
the monolayer can change the bilayer thickness (95) and,
hence, 6. The curvature energies of the fusion intermediates
are sensitive to relative changes in different elastic constants.
The expression for the curvature energy of stalks (Eq. 19) can
be rearranged to yield

F, = F) +26.1 [k,8J, — 0.452«]. (22)

The term in brackets in Eq. 22 is almost identical to the term
in brackets in the expression for Fp,or (Eq. 20). Thus, we see
that the curvature energies of stalks and of catenoidal fusion
pores in symmetric bilayers are both linearly dependent on
nearly the same quantity. To determine the effect of a change
in lipid-peptide monolayer composition of the fusion patch
on fusion intermediate energy, we generally must determine
the change that is produced in the quantity (k,,0J5 — k/2). For
catenoidal fusion pores in asymmetric bilayers like biomem-
branes, the bending energy component of Fp,. is more
complicated than in Eq. 20, and will depend on the values
of k, Js, and 6 for each monolayer, as well as on the
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catenoidal pore radius. However, the Gaussian curvature
elastic contribution to Fper. Will be proportional to the sum of
the k values for the two monolayers (Eq. 8). Thus, the
expression for o in the asymmetric bilayer case will have
a form similar to Eq. 20 in the sense that Fp,.. will be
proportional to the difference between two terms: an expres-
sion in terms of bending energy constants, and the sum of
Gaussian curvature elastic moduli for the two monolayers.

The two terms inside the brackets in Eqs. 20 and 22 are of
similar absolute magnitude, so small simultaneous changes in
more than one constant can lead to large changes in total
fusion intermediate energy, including large reductions. For
example, if peptide-lipid interactions induce a simultaneous
25% increase in k and 25% decrease in k,6J; in a patch of
equimolar DOPC/cholesterol, then the stalk energy decreases
by ~50 kgT relative to the peptide-free monolayer. This
would be partially offset by an increase in F¥, and it is pre-
sumed that this increase can be no more than 25% (assuming
a direct proportionality of F? to k), or ~20 kgT. The net
reduction in stalk energy of >30 kgT is comparable to the
activation energy reductions required for fusion protein ac-
tivity that were estimated above.

The degree to which isolated peptides change the energy
of stalks and catenoidal fusion pores can be inferred from the
effects of the peptides on the stability of the R and Qy
phases. The free energy of the stalk-based rhombohedral
phase (60) is linearly dependent on (k,,6J5 — 0.452k) (11).
The quantity (k,,0J; — k/2) is the stability criterion for Qy
phase to the second order in curvature; Qp phases are stable
when this quantity is <O (18). In a sense, preparing samples
of these two phases is like preparing large samples of lipidic
fusion intermediates in the laboratory. Insight into which
elastic constants are most affected by binding of isolated
peptides can be obtained by measuring the peptide effects
on Jg, k,, and 8. J; and k;,, can be determined in the presence
of peptide by appropriate x-ray diffraction experiments on
peptide-lipid-alkane Hy; phases (32), and 6 by x-ray diffrac-
tion experiments on peptide-lipid L, phases. Such studies
make the assumption that the peptides are not maintained in
some particular orientation to the bilayers by the structure of
the other proteins around the fusion site in vivo, however.
Some care must be taken in interpreting the results from R
phases. So far, R phases have only been observed (60) at low
water activities (0.4-0.8), and lipid elastic constants may be
different under such dry conditions from those in excess
water (11).

The effects of bilayer-spanning peptides may be especially
interesting to study more extensively. Peptides correspond-
ing to the bilayer-spanning regions of viral (96,97) and
SNARE (98) fusion proteins, as well as synthetic bilayer-
spanning peptides (99), accelerate fusion in otherwise pro-
tein-free lipid vesicles (96-99). At least some synthetic
membrane-spanning peptides have also been shown to lower
the temperature at which Qy; phases form by as much as 20° at
peptide/lipid ratios of 0.005 (100). It can be shown that this
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corresponds to a reduction of 20 kg7 in catenoidal pore en-
ergy compared to the pure lipid. It is not clear how the pep-
tides affect the free energy of the Qy phase (100): if the
peptides change one or more monolayer elastic constants, the
peptides are at such a low concentration that an individual
peptide must somehow be able to influence the elastic be-
havior on the length scale comparable to the interpeptide
separation of >8 nm. If such is the case, particular species of
membrane-spanning peptides at the periphery of the fusion
patch could also reduce the stalk curvature energy.

The author is grateful to M. M. Kozlov for useful discussions.
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