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We calculate the characteristic energies of fusion between planar bilayers as a function of the
distance between them, measured from the hydrophobic/hydrophilic interface of one of the two
nearest, cis, leaves to the other. The two leaves of each bilayer are of equal composition: 0.6 volume
fraction of a lamellar-forming amphiphile, such as dioleoylphosphatidylcholine, and 0.4 volume
fraction of a hexagonal-forming amphiphile, such as dioleoylphosphatidylethanolamine.
Self-consistent field theory is employed to solve the model. We find that the largest barrier to fusion
is that to create the metastable stalk. This barrier is the smallest, about 14.6kzT, when the bilayers
are at a distance about 20% greater than the thickness of a single leaf, a distance which would
correspond to between 2 and 3 nm for typical bilayers. The very size of the protein machinery which
brings the membranes together can prevent them from reaching this optimum separation. For even
modestly larger separations, we find a linear rate of increase of the free energy with distance
between bilayers for the metastable stalk itself and for the barrier to the creation of this stalk. We
estimate these rates for biological membranes to be about 7.1kz7/nm and 16.7kzT/nm, respectively.
The major contribution to this rate comes from the increased packing energy associated with the
hydrophobic tails. From this we estimate, for the case of hemagglutinin, a free energy of 38kzT for
the metastable stalk itself and a barrier to create it of 73kzT. Such a large barrier would require that
more than a single hemagglutinin molecule be involved in the fusion process, as is observed.

© 2007 American Institute of Physics. [DOI: 10.1063/1.2766945]

I. INTRODUCTION

Although it is essential to a host of biological processes
in which material enters, exits, or changes location within the
cell (e.g., viral entry, exocytosis, and intracellular traffick-
ing), the process of membrane fusion is not well understood.
Some basic concepts, however, are clear. The membranes to
be fused must be set under tension, i.e., their free energy per
unit area must be increased, so that the fused state with
smaller area has a lower free energy than the unfused system.
This tension is brought about by bringing the membranes to
be fused in close proximity to one another, on the order of a
few nanometers, thereby removing some water from the hy-
drophilic head groups of the amphiphiles comprising the
membrane and consequently raising the system free energy.
This additional energy is supplied by fusion proteins. Even
though the free energy of the system is reduced by fusion,
the rearrangement of lipids required by the process can only
occur if the system surmounts free energy barriers. The cal-
culation of these barriers has been the subject of much
attention.'™

From the above argument, it follows that the barrier to
the fusion process must be a function of the tension. It also
depends on the pathway to fusion that the system takes,*’ as
well as several other factors. Among these are the average
compositions of the different amphiphiles comprising the
membrane and, in particular, their composition in the cis, or
proximal, leaves.* We have examined each of these factors,
and the upshot is that, for bilayers in which the relative frac-
tion of hexagonal-forming and lamellar-forming amphiphiles

0021-9606/2007/127(7)/075102/6/$23.00

127, 075102-1

in the cis leaves are similar to that in biological membranes,
the largest barrier to fusion, in either the standard' or
nonstandard'®'? pathways, is that to form the initial stalk.
This is the initial local junction formed by the rearrangement
of lipids in the two apposing cis leaves.' Further, this barrier
is not large; it was estimated® to be on the order of 13kgT,
with T the absolute temperature and kz Boltzmann’s con-
stant. The fact that the rate-limiting barrier to fusion should
be so small led us to conclude that fusion should occur rap-
idly once the two membranes were brought sufficiently close
to initiate the process.

This conclusion highlights the question of what is “suf-
ficiently close,” i.e., the issue of the dependence of the fusion
barrier on the distance between the membranes to be fused. It
is an interesting issue which speaks to the interplay between
the lipids and a fusion protein. An example is provided by
hemagglutinin, the fusion protein associated with the influ-
enza virus.”” It is anchored in the viral membrane. A cluster
of between three and six of them around the eventual site of
fusion are required.14 A first conformational change of he-
magglutinin is accompanied by removal of the receptor bind-
ing domains. A second conformational change exposes the
hydrophobic fusion peptide which anchors in the target
membrane. At this point the conformation of the several he-
magglutinins, which are essentially normal to the mem-
branes, keeps the viral and target membranes at a distance of
13.5 nm from one another.”” A final conformational change
brings the membranes much closer, on the order of 4 nm,
with the hemagglutinin now parallel to the membranes and
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pointing away from the fusion site.'® This conformational
change releases a great deal of energy, on the order of 60kgT
per hemagglutinin,17 which presumably is expended in pull-
ing the membranes to this distance and in bringing about the
formation of the stalk. The question is why this distance is
what it is. Is it because a smaller distance between mem-
branes would cause fusion to be energetically less expensive,
but the very size of the hemagglutinin prevents a closer ap-
proach, or is it that the machinery is such that it does bring
the membranes to the optimal separation? Just what is the
competition that sets the distance at which fusion occurs?
Similar questions apply to the soluble N-ethylmaleimide-
sensitive factor-attachment protein receptors (SNARE) ma-
chinery which promotes fusion.'®

There has been little theoretical work on the distance
dependence of the barrier to fusion.'” ! It was considered
explicitly by Kozlovsky and Kozlov" using a phenomeno-
logical model. They found that the energy of an isolated stalk
was practically independent of the distance between mem-
branes, and approached a value of about 43k;T as the dis-
tance between membranes increased without limit. This re-
sult can be traced to a few assumptions. First, the membranes
are assumed to be tensionless. Hence, the additional mem-
brane area needed to create a stalk between two membranes
at a large distance costs no free energy by assumption. This
assumption is presumably quite good when the distance be-
tween membranes is greater than that of the hydrophobic
repulsion, on the order of a few nanometers.>> The second
assumption is that the membranes can bend to take a shape
which minimizes the curvature energy of the system. Given
the constraints on the membrane separation placed by the
presence of the fusion proteins, this is probably not the case.
Finally, the phenomenological free energy employed does
not capture the energy associated with packing the tails effi-
ciently into the axially symmetric stalk structure, a structure
very different from the planar bilayer, the membrane con-
figuration of lowest free energy.

In order to clarify these issues, particularly that of the
packing, we employ a microscopic model to study the depen-
dence of the barriers to fusion on the distance H between the
hydrophobic/hydrophilic interfaces of the apposed leaves of
planar membranes. The membranes are under either zero or a
small tension. The membranes are composed of a mixture of
two amphiphiles, one lamellar and the other hexagonal form-
ing. The leaves are of equal composition, one that mimics the
mix of these two classes of amphiphiles in the cis leaves of
red blood cell membranes. This choice is made because pre-
vious works”"? show that the free energy of fusion interme-
diates is most sensitive to the composition of the cis leaves,
and rather insensitive to that of the trans leaves. Only the
standard fusion mechanism is considered. We do this because
we have found very little difference in the barriers of the two
different mechanisms when membranes with a mix of hex-
agonal and lamellar formers were considered.® In addition,
this restriction significantly simplifies the calculation.

We find, once again, that the largest barrier to fusion is
that associated with the formation of the initial stalk. We also
can understand the dependence of this barrier on the separa-
tion between membranes as follows. When the membranes
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are very close, the barrier to fusion increases with decreasing
distance for two reasons. Not only does the repulsive, hydro-
phobic interaction, essentially a depletion force, increase
with decreasing separation, but also the energy required for
the amphiphiles to rearrange into a stalk of such short extent
becomes larger with smaller membrane separation. Due to
this effect, the stalk is not a metastable structure. As a con-
sequence fusion would have to proceed directly to a fusion
pore without a stalk intermediate, an absence which would
make the process much less likely. When the membranes are
farther apart, the stalk becomes a stable intermediate, and the
barrier to fusion decreases. As the distance between mem-
branes increases still further, the barrier to fusion now in-
creases rapidly with increasing distance due to the packing
energy of the initial stalk connecting the membranes, an en-
ergy which scales with the length of the stalk. We find this
rate of increase to be about 7kgzT per nanometer. Conse-
quently, the lowest barrier to fusion occurs when the two
membranes are at a distance large enough that membrane
repulsion is not too great, and the stalk is metastable, but
small enough that the stalk is relatively short and energeti-
cally inexpensive. In our system we find the optimum dis-
tance to be about 20% greater than the thickness of a single
leaf of our bilayer, a distance which would correspond to
between 2 and 3 nm for typical membranes. This is in rea-
sonable agreement with the observed distance to which labo-
ratory membranes must be brought in order to fuse.” The
lowest barrier to fusion corresponds to about 14.6kgT for a
biological membrane. To fuse membranes which are at a
somewhat larger distance, as in the case when the very size
of hemagglutinin prevents a closer approach, requires tra-
versing a larger barrier. At a distance between head groups of
4 nm applicable to the case of hemagglutinin, we estimate
that the barrier is on the order of 73kT. It is not surprising,
then, that more than a single fusion protein would be re-
quired.

Il. THE MODEL

To investigate the effect of the distance between planar
membranes on the free energy barrier to fuse them, we ex-
tend the application of self-consistent field theory to micro-
scopic models of membranes initiated earlier.”® The basic
assumption of this approach is that the self-assembly into
bilayer vesicles and the processes which these vesicles can
undergo, such as fusion, are common to systems of am-
phiphiles, of which lipids are but one example. Recent work
on vesicles which consist of diblock copolymers serves to
illustrate this point.24 It follows that these processes can be
explored in whatever system of amphiphiles proves to be
most convenient. For the application of self-consistent field
theory, that system is one of block copolymers in a ho-
mopolymer solvent. While the processes that amphiphiles
undergo are presumably universal, the energy scales of these
processes are system dependent, and thus it is necessary to
be able to compare the energy scale in a biological bilayer
with the energy scale in our system of block copolymers.
This will be done below.

Here we consider a system of two bilayers each com-
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posed of two different amphiphiles that resemble dio-
leoylphosphatidylcholine (DOPC) and dioleoylphosphati-
dylethanolamine (DOPE) in their hydrophobic/hydrophilic
ratios. The two leaves of each bilayer are of the same com-
position. The system is incompressible and occupies a vol-
ume V. The two amphiphiles are each AB diblock copoly-
mers. Type 1, a lamellar former, consists of N monomers and
has a molecular volume Nv. The fraction of hydrophilic
monomers, arbitrarily chosen to be of type A, is denoted by
f1 and is assigned the value f;=0.4 as such a diblock has a
“spontaneous curvature” similar to that of DOPC.® The am-
phiphile of type 2 consists of Na& monomers and has a mo-
lecular volume of aNv. The fraction of hydrophilic mono-
mers, f, is chosen to be f,=0.294 as this produces a
spontaneous curvature similar to that of DOPE. We set
(I-f))Nv=(1-f,)@Nv such that hydrophobic tails of differ-
ent types of amphiphiles have equal length. For our chosen
f1=04 and f,=0.294, @=0.85. The solvent is an A ho-
mopolymer with volume Nv.

We denote the local volume fraction of hydrophilic ele-
ments of amphiphile 1 to be ¢, (r), that of amphiphile 2 to
be ¢,,(r), and that of the solvent to be ¢, (r). The total
local volume fraction of hydrophilic elements is denoted by

Pa(r) = ¢A,1(1') + ¢A,2(I‘) + ¢A,x(r)‘ (1)

Similarly the total local volume fraction of hydrophobic el-
ements is

¢p(r) = dp 1 (r) + ¢p (). (2)

The amounts of each of the components are controlled by
activities {y, {,, and {,. Because of the incompressibility con-
straint, only, two of the activities are independent. Cylindri-
cal coordinates (p, ,z) are employed.

Within the self-consistent field approximation, the free
energy (N(T,V,A,{,{,¢,), of the system containing a bi-
layer, or bilayers, each of area A, is given by the minimum
of the functional

Nv ~
ﬁﬂ ==40,- 50, - L0+ J dr[ YN, (r) ¢p(r)
B

= WA(X) a(r) — wp(r) dp(r) — £(r)(1 — ¢, (r)
= ¢p(r)], 3)

where Q(T,[wy,wp]), QT ,[ws,wg]), and Q(T,[w,]) are
the configurational parts of the single chain partition func-
tions of amphiphiles 1 and 2 and of solvent. They have the
dimensions of volume, and are functions of the temperature
T, which is inversely related to the Flory interaction y, and
functionals of the fields w, and wpg. These fields, and the
Lagrange multiplier &(r), which enforces the local incom-
pressibility condition, are determined by the self-consistent
equations which result from minimizing the free energy
functional. Insertion of these fields into the free energy func-
tional, Eq. (3), yields the free energy within the self-
consistent field approximation,
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FIG. 1. Apposed bilayers separated by distance H. Circles represent hydro-
phobic head groups and curved lines hydrophobic tails. The separation H is
measured between the hydrophilic/hydrophobic interfaces of the contacting
leaflets.

Nv
kBTQ(Ts V’ A’ gl > 52’ g&)

== §,0(T,[wa,wp]) = HO5(T [ wa, wi))
- 40T, [wa]) - f dr YN e, (r) dp(r), (4)

The free energy of the system without the bilayer, i.e., a
homogeneous solution, is denoted by Q(7,V,{;,{»,{,). The
difference between these two free energies, in the thermody-
namic limit of infinite volume, defines the excess free energy
of the system with one, or more, membrane,

&)(T7 A’ gl’ §27 gs) = élnl[Q(Ta V7 A’ gl’ §27 gs)

_QO(Ta V5 §1’§2»§x)]' (5)

With the excess free energy known, the surface free energy
per unit area, or equivalently, the surface tension 7, is ob-
tained from the excess free energy of a single, flat bilayer
5Qbilayer

5Qbilayer( T, A’ gl ’ §2’ ga)
A

’)/(T» §I9§2’ gv) = Jlln.:c . (6)

In order to calculate the free energy of stalk or hemifu-
sion intermediates as a function of their radius, that radius
must be fixed®> by a local Lagrange multiplier y(r). Simi-
larly, to constrain the membranes to be separated by a speci-
fied distance H at some point r, we must introduce an addi-
tional Lagrange multiplier A(r). The distance H is chosen to
be the distance between the hydrophilic/hydrophobic inter-
faces of the contacting, cis leaflets as shown in Fig. 1. With
these additional constraints, the free energy functional to be
minimized now reads

NoQ
kgT

==40,-00,- L0+ f dV[ XN ¢,(r) pp(r)

= wu(r) @a(r) —wi(r) dg(r) = &(r)(1 = Py (r)
= ¢p(r)) — y8(p = R) 8(2)(P4(r) — ¢pp(r))
—\[8(z— HI2) + 8(z + HI2)](hu(r) — pp(r))]. (7)

It is clear that one cannot constrain the bilayers to be a
distance H apart at a position at which the stalk or hemifu-
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sion diaphragm come in contact. Consequently in the last
integral in Eq. (7), the region of integration over p is re-
stricted to be greater than R+ R, where R is the radius of the
fusion intermediate, and R, is positive and at least as large as
the hydrophilic thickness of the bilayer. The condition that
the free energy functional of Eq. (7) be minimized yields a
set of self-consistent equations that we solve in real space. A
detailed description on the derivation of Eq. (3) and the real
space solution algorithm can be found elsewhere.®*%%’

Finally, we need to compare the energies in a biological
system with those in our homopolymer system. There are
various choices for the energy of the biological system. One
could choose a property of a single bilayer, such as the en-
ergy per unit area of a hydrophobic, hydrophilic interface.
Alternatively a property of two interacting bilayers could be
chosen, such as the attractive energy per unit area between
them. As the former is so well known, we shall employ it,
but we will show below that this gives essentially the same
result had we chosen the latter. We consider the dimension-
less quantity vy, D?/kgT, where 7,,=40X 1073 N/m is the
oil, water interfacial tension, and D=4 X 10~ m is a typical
bilayer thickness. With kzT=4.3X 1072 N'm, this ratio is
about 150 for a biological system. The analogous quantity in
the polymer system is y,d>/kyT, where 7, is the surface
tension between coexisting solutions of hydrophobic and hy-
drophilic homopolymers, and d is the thickness of our bilay-
ers. We calculate y,d*/kzT=56.7, so that energy scales in a
biological system are about a factor of 150/56.7=2.6 greater
than in our polymer model.

lll. RESULTS AND DISCUSSION

We first consider some properties of a single bilayer
composed of lamellar-forming amphiphiles, chosen to mimic
DOPC, whose volume fraction is 0.6, and hexagonal-
forming amphiphiles, chosen to mimic DOPE, whose vol-
ume fraction is 0.4. The leaves are of equal composition. As
in our previous work, we have chosen the volume of am-
phiphile 1 to be Nv= 1.54R§,, where R, is the radius of gyra-
tion of the polymer. The bilayer thickness, measured between
the planes at which the volume fractions of the hydrophilic
part of the amphiphiles and that of the solvent are equal, is
4.3R,. The hydrophobic thickness, measured between the
planes at which the volume fractions of hydrophilic and hy-
drophobic parts of the amphiphiles are equal, is 2.7R,.

Two such bilayers have a weak attraction between them
due to depletion forces induced by expulsion of some solvent
when they are brought together. To see this, we calculate the
excess free energy of a system of two flat bilayers a distance
H apart, 8Qspijayers(H), and define the free energy per unit
area,

F(H) = mZbilaxers(H) _ 27 (8)

By definition, this quantity asymptotes to zero for large H,
and is negative when the bilayers attract one another. For the
case of bilayers under zero tension, the dimensionless quan-
tity F(H)R;/kT is plotted in Fig. 2.
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FIG. 2. Free energy per unit area of apposed bilayers, F(H) of Eq. (8), in
units of kBT/Rﬁ as a function of separation distance H/R, between bilayers
composed of 60% lamellar formers and 40% hexagonal formers and under
zero tension.

This energy of attraction per unit area can be compared
with those measured between phospholipid bilayers provided
we know the length scale given by R,, the radius of gyration
of the polymers in our system. To obtain this we note that the
thickness of our bilayers is approximately 4.3R,. If we take a
typical bilayer thickness to be 4 nm, then R,~0.93 nm. With
this and kzT=4.1 X 102! J, our calculated value of the free
energy per unit area at the equilibrium distance between
membranes corresponds to 0.07 mJ/m?. This should be in-
creased by the factor of 2.6 if the energy scale we obtained
by comparison with the hydrophilic, hydrophobic repulsion,
is correct. Thus we expect that the energies of attraction per
unit area between two phospholipid bilayers should be ap-
proximately 0.18 mJ/m?. This agrees extremely well with
the results presented by Marra and Israclachvili® in their
Fig. 2. It shows that we could have obtained our energy scale
equally well from the interaction energy of two bilayers.

The excess free energy of an intermediate, such as a
stalk, is calculated as follows. We compute the excess free
energy SQ(H) of the system of two bilayers which are con-
nected by the intermediate, and which, far from it, are sepa-
rated by a distance H. The excess free energy of the inter-
mediate is then

iy (H) = jﬂ{m(m - [F(H) +2y]A}. )

In Fig. 3, we show the excess surface energy of the stalk as
a function of its radius R at different bilayer separations H.
Again, the tension of the bilayer is zero. The leaves of the
bilayers shown here have compositions ¢;=0.60 and
$,=0.40, which are almost the same as the cis leaves of the
asymmetric membranes we considered previously.8 We note
that for stalk radii which are quite small, less than about 0.5
R,, we find no solution for a stalk intermediate. This reflects
the fact that the process by which the stalk initially forms
cannot necessarily be thought of as one which produces a
stalk of infinitesimal radius which then expands. At large
radii, the stalk expands into a hemifusion diaphragm. We find
that as the membrane separation H increases, this hemifusion
diaphragm becomes indistinguishable from a single bilayer
membrane. Hence for all large H the free energy increases
linearly with R with a slope directly related to a line tension,
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FIG. 3. Excess surface energy of stalklike fusion intermediates as a function
of stalk radius R for H=2.2R, (solid), H=2.7R, (dotted), H=3.2R, (dashed),
H=3.IR, (dot-dashed), and H=4.0R, (dot-double-dashed) for systems com-
posed of 60% DOPC-type and 40% DOPE-type diblocks under zero tension.

one which arises from the junction of the hemifusion dia-
phragm with the two bilayer membranes.

The most important result in Fig. 3 is that the increase of
separation between fusing bilayers causes the energy of the
metastable stalk to increase significantly. It follows that the
barrier to the formation of this stalk also increases signifi-
cantly with separation. As an estimate to this barrier, we take
the energy of the stalk with the smallest radius for which we
find a solution of our equations. This should be considered
an upper bound, as there may be less expensive paths to the
creation of the stalk. A second result of note is that there is
no metastable stalk if the bilayers are too close to one an-
other. This is because the energy associated with the rear-
rangement of amphiphiles needed to make the stalk is simply
too large at small membrane separations. As the intermem-
brane distance increases, the stalk does become metastable
with a radius on the order of 1.3R,. This is reasonable as the
diameter of this stalk is about the same as the hydrophobic
thickness of our bilayers, 2.7R,, so that amphiphiles that
make up the stalk can take configurations somewhat similar
to those of amphiphiles in the unperturbed bilayers.

The importance of the stalk being metastable can be seen
in Fig. 4, which summarizes the results of our calculation.

0Q /KT
£ O x © N
1
1

FIG. 4. Various energies related to fusion in the standard mechanism as a
function of separation H for bilayers shown in Fig. 3. Squares represent the
initial barrier to create a stalk, circles the metastable stalk energy, and tri-
angles the second barrier as the stalk expands to a hemifusion diaphragm.
For the lowest two values of separation (H=1 96R, and 2.20Rg), metastable
stalks do not exist.
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We have plotted, as a function of separation H, the energy of
the stalk with the smallest radius for which we find a solution
(squares), the energy of the metastable stalk (circles), and the
barrier (triangles) which is associated with the expansion of
the stalk into a hemifusion diaphragm before pore formation.
For the smallest two interbilayer separations shown,
H= 1.96Rg and H:2.20Rg, there is no metastable stalk. Con-
sequently, one large activation energy of approximately
11kgT (corresponding to 29k;T for a biological membrane)
is required before a fusion pore can form. However, for sepa-
rations for which there is a metastable stalk, H= 2.5Rg, fu-
sion can occur in two steps: formation of the initial stalk
which relaxes to the metastable stalk and expansion into a
hemifusion diaphragm with formation of a fusion pore. An
additional activation energy is required for this second step,
and is given by the difference between the energy of the
second barrier and that of the metastable stalk. A third point
of interest concerns the range from H/ R,>2.49, at which the
stalk first becomes metastable, to H/R,<3.05 at which the
barrier to make the hemifusion diaphragm (triangles in Fig.
4) is no longer larger than the barrier to make the initial stalk
(squares in Fig. 4). Within this range, the additional energy
needed by the metastable stalk to surmount the second bar-
rier and go forward to the hemifusion diaphragm is larger
than that required for the process to reverse itself by means
of the disappearance of the stalk. In other words, in this
range successful fusion is a less likely outcome of stalk for-
mation than the simple disappearance of the stalk. The prob-
abilities of these outcomes are not reversed until H/R, ex-
ceeds 3.25. But at this larger separation, the barrier to form
the initial stalk is also larger. Thus we expect that most of the
time a metastable stalk actually forms, it does not lead to
successful fusion.

A fourth point we wish to make is the following: once a
metastable stalk becomes possible, the additional activation
energy needed to pass to the hemifusion diaphragm is always
less than the barrier to create the initial stalk. Hence this
barrier to create the initial stalk, whose magnitude is shown
by the squares in Fig. 4, becomes the largest barrier to fu-
sion. Its magnitude is the smallest when the stalk first be-
comes metastable, which occurs when the bilayers are at a
distance H~2.5R, which exceeds by about 20% a distance
equal to half the hydrophobic thickness of our bilayers. This
small membrane separation, again defined between the
hydrophilic/hydrophobic interfaces of the apposed cis leaf-
lets can be compared with the results of Weinreb and Lentz”
who found optimum fusion at a distance between
hydrophobic/hydrophilic interfaces that was comparable to
half the hydrophobic thickness of their bilayers. The value of
this smallest barrier for stalk formation is, from Fig. 4, about
5.6kgT for the copolymer membranes, which corresponds to
about 14.6kzT for a biological membrane.

We note from Fig. 4 that the free energies of the meta-
stable stalk and of the barrier to its creation become linear
functions of H even for values of H which are not too large.
The rate of increase of the free energy of the metastable stalk
with intermembrane distance (circles in Fig. 4) is
2.5kgT/(H/R,). We can convert this rate of change of free
energy with distance to practical units as follows. We in-
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crease the energy by a factor of 2.6 to account for the differ-
ence between our amphiphilic bilayers and those composed
of lipids and utilize the length scale R,~0.93 nm obtained
earlier. From these we find that the above rate of increase of
the metastable stalk free energy with thickness becomes

daQstalk

IH ~ 7.1kgT/nm. (10)

As we have set the tension of the bilayers to zero, this in-
crease in stalk free energy does not arise simply from the
additional surface area of a longer stalk. We have repeated
our calculations taking a surface tension equivalent to
2.68 mN/m, a value in the range of tensions which can cause
rupture,29 and found that the rate of change of metastable
stalk energy with membrane separation increased from the
value of 7.1 only to 9.4 kzT/nm. Therefore we conclude that
the increased area associated with a stalk of greater length is
not the major contribution to the stalk free energy. Rather it
is plausible that the dominant contribution to the length de-
pendence of the metastable stalk free energy comes from the
packing of the hydrophobic tails. That is, although the stalk
has a diameter comparable to the hydrophobic thickness of
the bilayer, the axially symmetric configuration is very dif-
ferent from the planar bilayer. If the density of headgroups in
the stalk is comparable to that in the bilayer, then the tails
become crowded near the center of the stalk. Conversely, if
the tail density at the center is comparable to that of the
interior of the bilayer, then the density of headgroups must
be considerably less than that of the bilayer causing a sig-
nificant energy penalty of contact between solvent and tails.
This conjecture is strengthened by the observation, from Fig.
4, that the rate of increase with distance H of the barrier to
stalk formation is greater than that for the metastable stalk
itself. This is reasonable as the intermediate that we consider,
and which corresponds to the barrier, is a stalk of diameter
smaller than that of the metastable stalk, and also smaller
than the thickness of an unperturbed bilayer. Hence the hy-
drophobic tails are packed quite densely. From Fig. 4,
(squares), this slope is d 8y, =6.0d(H/R,) which for a
biological membrane translates to

Ao,
——— ~ 16.7kzT/nm.
barier __ 16 7k, T/ (11)

These results permit us to discuss the interesting case
which arises when the apposing membranes cannot be
brought to the optimum, small distance which the am-
phiphiles would like simply because of the very size of the
protein machinery which brings the membranes together.
This is the case with hemagglutinin whose approximate
4 nm width® keeps the head groups of apposing membranes
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this distance apart. If we assume a head group of 1 nm,?

then the minimum distance between hydrophilic/
hydrophobic interfaces is on the order of 6 nm. The free
energy of the metastable stalk and the barrier to its creation
when the apposing bilayers are constrained to be at such a
distance can be estimated from Fig. 4 and the linear behavior
at large distances given above. We find the metastable stalk
to have an excess free energy of 38kzT. The barrier to be
overcome to create this metastable stalk is about 73kpT. It is
understandable that more than a single hemagglutinin mol-
ecule is required to bring about the amphiphile reorganiza-
tion needed to produce a stalk linking membranes at such a
distance, one imposed by the very machinery of fusion itself.
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