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Abstract

The assembly of SNARE proteins into a tight complex has been hypothesized to drive membrane
fusion. A model of the initial fusion pore as a proteinaceous channel formed by SNARE proteins
places their membrane anchors in separate membranes. This leaves the possibility of a final assembly
step that brings the membrane anchors together and drives fusion pore expansion. The present study
develops a model for expansion in which the final SNARE complex zipping step drives a transition
from a proteinaceous fusion pore to a lipidic fusion pore. An estimate of the energy released upon
merger of the helical segment of the SNARE motif with the helical membrane anchor indicates that
completing the assembly of a few SNARE complexes can overcome the elastic energy that opposes
lipid bilayer deformation into a narrow fusion pore. The angle between the long axes of membrane
anchor and SNARE motif serves as a useful reaction coordinate for this transition. Energy was
calculated as a function of this angle, incorporating contributions from membrane bending, SNARE
complex assembly, membrane anchor flexing, and hydrophobic interactions. The rate of this
transition was evaluated as a process of diffusion over the barrier imposed by these combined
energies, and the rates estimated were consistent with experimental measurements.

Introduction

Soluble N-ethylmaleimide-sensitive factor attachment receptor (SNARE) proteins catalyze the
fusion of membranes from distinct cellular compartments during membrane trafficking (1,2).
The synaptic SNARE proteins, synaptobrevin, SNAP-25, and syntaxin play essential roles in
exocytosis, catalyzing the fusion of secretory vesicles with the plasma membrane. Homologous
SNARE motifs within these proteins form a very tight complex comprising 4 coiled a-helices
(3,4). By forming these complexes SNARE proteins can act as a fusion machine to drive the
merger of membranes (5-8). It has been noted that assembly of the SNARE complex in the
fashion of a zipper will pull membranes closer together (9,10), and some studies indicate that
this assembly occurs in stages to drive sequential steps in fusion (11-14). However, there is
also evidence against a pure zipping mechanism (15), and the mechanisms by which SNARE
proteins deform and remodel lipid bilayers remain unclear.

Evidence has been presented suggesting that the membrane anchor of syntaxin lines the initial
fusion pore of exocytosis. Mutations that change the side chain size and charge at specific sites
can either increase or decrease flux through the fusion pore in a manner suggesting that these
residues face the pore lumen (16,17). Only sites along one a-helical face of the syntaxin
membrane anchor have this particular effect. With one intriguing exception (18), mutations
outside the membrane anchors of SNARE proteins do not alter the flux through a fusion pore
(15). An independent line of investigation of the curvature elasticity of fusion pores indicated
that the lipidic pore forms after the initial fusion pore (19). These results support the hypothesis
that SNARE proteins catalyze membrane fusion by forming an intermediate gap junction-like
channel that spans the vesicle and plasma membranes (20). The likely partner to syntaxin in
forming the fusion pore through the vesicle membrane would be synaptobrevin, a SNARE
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protein anchored in the vesicle. In a fusion pore formed by SNARE protein membrane anchors,
these helical segments must be in different membranes and cannot be part of the SNARE
complex. Yet the SNARE complex can extend to include the membrane anchors (21), and
deleting the membrane anchors reduces its stability (21,22). Thus, completing the assembly of
the SNARE complex can drive a late step of membrane fusion to expand the initial
proteinaceous pore and initiate a transition to a pore composed of lipid.

This late step is difficult to envisage. A fusion pore must expand as exocytosis progresses, but
models based on proteinaceous fusion pores do not offer a clear picture of the ensuing
expansion. Fusion pores composed of lipid can expand due to the fluid nature of lipid bilayers,
and theories have been developed to understand this process (23,24). An initial proteinaceous
fusion pore must undergo a conversion in its composition to allow lipid to replace protein.
During this transition, lipid molecules must intercalate between the protein segments that line
the fusion pore. Hypothetical mechanisms for such a process are difficult to find in the literature
(3,10).

The present study formulates a hypothesis for this transition and develops a theoretical model
for fusion pore expansion in terms of graduation from protein to lipid. An analysis of the
relevant energies begins with an evaluation of two key contributions, one arising from the
bending of lipid bilayers and the other arising from the final SNARE complex assembly step.
Completing the assembly of a small number of SNARE complexes yields sufficient energy to
shift the balance in favor of a lipidic pore. This transition is opposed by a transient increase in
hydrophobic energy as the hydrocarbon interiors of lipid bilayers come in contact with water.
Summing this and other contributions leads to an energy as a function of membrane anchor tilt
angle. This energy profile presents a barrier to fusion, and incorporating this profile into a rate
theory based on diffusion over a barrier yielded rates of fusion pore dilation that can be
compared to experimental measurements.

Energy Differences Between Proteinaceous and Lipidic Pores

The two key structures are depicted in Fig. 1. Fig. 1A depicts a proteinaceous fusion pore lined
by SNARE protein membrane anchors through the two lipid bilayers. The SNARE motifs are
associated ina SNARE complex and hold the membranes together. SNARE complexes actually
contain four SNARE motifs, but for the present purpose of illustration the SNARE motifs
attached to the two membrane anchors are all we need. Fig. 1B shows the fusion pore after a
structural transition in which the membranes have fused and the pore has become
predominantly lipidic.

Fig. 1 identifies two important structural changes, each of which embodies a major energetic
contribution. First, the lipid bilayers in Fig. 1B are deformed by bending, and this bending
energy opposes the transition. Second, the SNARE proteins initially have their membrane
anchors and SNARE motifs at right angles. During the transition the membrane anchor rotates
and is incorporated into the SNARE complex. Eliminating the right angles brings the two o-
helical segments of each SNARE protein into a single longer a-helix. This final step in SNARE
complex zipping releases energy. Each of these contributions to the energy difference can be
estimated.

Lipid bilayer bending energy

Lipid bilayers deformed into shapes such as depicted in Fig. 1B have been studied using
continuum models of membrane elasticity (25-27). However, this approach becomes
inaccurate for very high curvatures such as are seen in fusion pores (28). Furthermore, the
transition depicted in Fig. 1 also incurs a change in Gaussian curvature, and there is no
satisfactory measurement for the Gaussian curvature modulus of a lipid bilayer. A self-
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consistent field theory has been developed that provides energy estimates based on a molecular
description of lipid bilayers (29). This approach does not depend on the continuum
approximation of classical elasticity theory, nor does it require knowledge of the Gaussian
curvature modulus. In agreement with continuum models (27), the potential energy surface has
a shallow minimum for a metastable pore (29), indicating that the energy variations with pore
size will be small. The estimate of ~17 KT (for zero membrane tension from Fig. 8 of Katsov
et al., 2004) provides a suitable starting point. Based on a comparison of interfacial tensions,
Katsov et al indicated that scaling by 2.5 yields numbers that are relevant to biological
membranes. This gives 42.5 kT, which will be used here for the lipid bending energy of the
structure depicted in Fig. 1B.

SNARE complex zipping energy

The final step of SNARE complex zipping suggests two possible driving forces. First, contacts
can form between the two membrane anchors and these contacts stabilize a SNARE complex
(4,21). This contribution would include hydrophobic contacts arising from the predominantly
hydrophobic side-chains exposed to water in the proteinaceous fusion pore (17). These side
chains will move from a polar to a hydrophobic environment during the transition. It should
also be noted that stabilizing contacts between adjacent membrane anchors within the
proteinaceous pore will be lost during the transition. These contacts would stabilize the initial
state, but the magnitude of this contribution is difficult to assess.

A second potential contribution to zipping arises from the merger of the two helical segments
of each SNARE protein. The cooperative nature of the helix-coil transition polypeptides
dictates an energetic cost of juxtaposing segments in different states. This cooperativity reflects
the ease of extending an already formed helix versus the difficulty of nucleating a new helix
in a coil background. For the SNARE protein configuration illustrated in Fig. 1A, placing a
short unstructured linker between two a-helical segments creates energetically costly borders.
Straightening out the linker and merging these two helices to create the structure depicted in
Fig. 1B eliminates these borders and lowers the free energy.

The free energy change of merging two helical segments can be expressed in a straightforward
manner within the framework of the theory of the helix-coil transition (30). This theory assigns
statistical weights to each residue depending on its identity and on whether or not the adjacent
residue is in the same state. Thus, elongating a helix by one residue multiplies the statistical
weight of a configuration by the elongation parameter s. Nucleating a helix multiplies the
statistical weight of a configuration by a product of the elongation parameter and the nucleation
parameter, so. For a coiled segment with a neutral intrinsic preference between helix and coil,
the change in free energy for one SNARE protein to undergo the transition is simply kT In(o).
(Note that Fig. 1A shows only a right angle but not the actual linker. Although one SNARE
protein contains two helix-coil boundaries on each side of the linker, the statistical weight only
contains one factor of . This follows the original Zimm-Bragg formulation and enables us to
use parameter values based on fits of experimental data to this theory.)

Values for ¢ obtained by fitting Zimm-Bragg theory to helix melting data range from 107° to
2.1x1072 (31). Several amino acids in the synaptobrevin and syntaxin linkers have ¢ values of
1075, and most of the amino acids have low o values. Indeed, the linker sequences could reflect
adaptations to maximize the energy cost of breaking an a-helix, so for the present study o will
be taken at the low end of the range. Taking the elongation parameter values (31) for the 10
amino acid linker sequences and multiplying them together gives 0.82 for syntaxin and 0.78
for synaptobrevin. Thus, for these linker sequences elongation parameters are not expected to
make a significant contribution to helix completion in these two proteins. Elongation factors
will therefore be ignored. Taking o = 10~° gives a favorable free energy change of 11.5 kT per
SNARE protein.
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The formation of contacts between the SNARE protein membrane anchors will be addressed
later, but for now we can use the helix-completion free energy just estimated to assess its
effectiveness in driving the transition illustrated in Fig. 1. Each SNARE complex has two
membrane-spanning SNARE proteins, so two SNARE complexes can provide enough energy
(46 kT) to overcome the 42.5 kT of membrane bending energy required to create a lipidic fusion
pore. Based on conductance measurements, 5-8 SNARE complexes have been proposed to
form a fusion pore (17). With 6 there will be 12 helix-completing SNARE proteins releasing
atotal free energy of 138 kT. This is more than enough to overcome the energy cost of bending
membrane.

The Energy Barrier for the Transition

For SNARE complex zipping to be effective in driving the transition we need a viable pathway
between the two states shown in Fig. 1, which does not incur too high an energy cost. As the
SNARE proteins straighten out, the proximal parts of the membrane anchors will spread out

and expose lipid acyl chains to water (Fig. 2). This creates unfavorable contact between water
and hydrophobic surfaces, and raises the free energy substantially. This section addresses the
issue of the hydrophobic energy barrier of the transition. First a simple approach was used and
found to give a prohibitively high energy. Then an approach incorporating two more realistic
features was tested and found to reduce the height of the energy barrier to levels that make this
zipping mechanism tenable.

Hydrophobic Interactions During Pore Expansion

The exposure of the hydrocarbon bilayer interior to water as the membrane anchors tilt is
illustrated in Fig. 2A. The hydrocarbon-water contact zones appear as triangular sections
between adjacent membrane anchors. Hydrophobic energy (Ey,) is generally taken as
proportional to the area of a contact region.

En=BA (1)

A is the area of a hydrocarbon-water interface and S is an empirical factor determined
experimentally. For aliphatic hydrocarbons $ has been estimated from plots of free energy
versus water accessible surface area to be in the range of 20-33 cal/A2, and 8 = 25 cal/A? has
been suggested as a generic value (32). Carbon-carbon double bonds reduce this factor to below
20 cal/AZ (33) and biological membranes have cholesterol and acyl chains with some double
bonds so for the present analysis £ will be taken as 22 cal/A? (0.0374 kT/A2).

Itis important to note that values of £ based on interfacial tension measurements of macroscopic
interfaces are approximately 3 times greater than the above values based on thermodynamic
measurements (34). This discrepancy has been attributed to various factors such as surface
roughness, curvature, and differences between microscopic and macroscopic scales (35-37).
The larger value of 5 from interfacial tension measurements has been used previously to
estimate energy costs of creating hydrocarbon-water contact in hypothesized fusion
intermediates, and on this basis it was argued that very large energies would make the formation
of structures with substantial hydrophobic-water contacts prohibitive (38). However, it is not
clear which parameter should be used in such calculations. The lower values have been used
effectively to account for the stability of proteins (39,40) and micelles (41). Furthermore, a
computer simulation has generated similar low values for the association of a-helices (42). The
present analysis will proceed using the lower thermodynamic estimate of 4.
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When the SNARE protein membrane anchors tilt by an angle 6y, a straightforward geometric
calculation yields the hydrophobic contact area for one of the triangles in Fig. 2A between two
adjacent membrane anchors of a pore formed by N chains as

A=b’sin(fp)sin(/N) \/ 1 — sin’(#p)sin®(r/N) @)

b is the length of an edge of the membrane anchor that is exposed to the lipid bilayer
hydrocarbon interior prior to tilting (Fig. 2A), and it is assumed that this length remains
constant. Note that Eq. 2 is the area between the membrane anchors. The hydrocarbon-water
contact areas contributed by the membrane anchors themselves are not included because this
contact exists prior to tilting and will not increase.

b will be taken as the thickness of the hydrocarbon interior of a fluid lipid bilayer. In fluid,
fully-hydrated lipid bilayers composed of dioleolylphosphatidylcholine the carbonyls of the
acyl chains of opposing monolayers are separated by 29 A (43). The hydrophobic region of
each chain begins one carbon-carbon bond deeper in the membrane, reducing the thickness of
the hydrophobic region by ~3 A. Furthermore, the value of 29 A was for phospholipids
containing 18-carbon chains and biological membranes have a roughly equal proportion of 16-
carbon chains. With an average of 17 carbons per acyl chain the thickness of the hydrophobic
region will be reduced by ~ 2 A (44), leading to a value of b = 24 A for use here.

For a pore formed by 6 SNARE complexes there will be a total of 12 triangular sections of
water-hydrocarbon contact. For these 12 sections Egs. 1 and 2 gives 112 kT when the membrane
anchors are fully horizontal. But at this stage fusion will be complete and the opposing
hydrocarbon sections from the two membranes will merge to eliminate the water-hydrocarbon
interface. Even tilting half way to 6y = n/4 will raise the energy to 84 kT for N=6 and 90 kT for
N=8. This energy is relatively insensitive to further increases in N because of a cancellation of
two opposing factors. As the number of sections between adjacent membrane anchors
increases, the area per section decreases. Thus, adding more SNARE complexes can provide
more energy, and ultimately enough of them could overcome the hydrophaobic energy barrier.
Given the shallow energy minima of fusion pores (27,29), changes in membrane bending
energy that would accompany the formation of a larger lipidic pore will have little impact
compared to the 23 kT per SNARE complex increase in driving force. A proteinaceous fusion
pore thus effectively focuses the energy derived from the assembly of multiple SNARE
complexes.

Expansion of a Flexible Pore

The above calculations were based on the assumption that the membrane anchors and lipid
hydrocarbon interior are rigid. In fact, the membrane anchors can bend and this will reduce the
area of hydrocarbon-water contact. Furthermore, the lipids from the opposing bilayers can
collapse together to close out narrow regions so that as 8 increases the adjacent zones of
hydrocarbon will merge. Fig. 2B illustrates these additional features as a modification of the
rigid model shown in Fig. 2A.

To address membrane anchor bending in response to the torque applied through the linker, we
will introduce G, for the angle at the upper end of a bilayer, and continue to use 6 for the angle
at the distal end (Fig. 2B). Thus, when the anchor is bent, 8y # 6y, and the difference gives the
degree of bending. 8, will be used later in this work as a reaction coordinate to follow the extent
of the transition.

The theory of elasticity gives the energy of bending a rod as (45)
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1
~ds
R(s)~ 3

b
K
EK=§£

where s is the coordinate that follows the contour of the long axis of the rod, R(s) is the radius
of curvature at s, and « is the coefficient of flexural rigidity. Equilibrium molecular dynamics
has been used to estimate values of x for a-helices composed of various amino acids, and except
for polypeptides composed of glycine, x values were composition independent and about 1000
kT A (46). For a 30 A a-helix, uniform bending to 0.24 radians costs 1 kT. This much bending
should reduce the hydrocarbon-water contact area in Fig. 2B and thus reduce the energy barrier
of membrane anchor tilting.

Next, consider the effect of reduced water accessibility in the narrow gap between the proximal
zones of hydrocarbon of the two bilayers (Fig. 2B). As the membrane anchors and adjacent
hydrocarbon-water surfaces rotate the opposing lipid bilayers will approach one another. The
surfaces will collapse together when the gap closes down to the size of a molecule of water.
In a classical treatment of this problem, the water accessible surface area of a protein was
evaluated based on contact area with a water molecule-sized spherical probe (32). Fig. 2B
shows this probe at the junction between the bilayers. The region excluding water extends away
from the junction to a distance of

o=wtan6, (4)

This length delimits the zone between the hydrocarbon regions of the two fusing bilayers from
which a sphere of radius w is excluded. For nonpolar surfaces the appropriate value isw = 1.6
A (32).

This same effect will apply to the mostly hydrophobic side chains of the SNARE protein
membrane anchors. As 6y, increases the proximal ends of the membrane anchors will merge
and eliminate energetically costly contacts between these side chains and water. Taking each
membrane anchor as a cylinder with a radius of 3.5 A, the surface area per cylinder exposed
to the pore lumen will be 3.57(1-2/N)L, where L is the cylinder length and N is the number of
SNARE complexes. The length of the stretch of membrane anchor with water excluded from
its surface is then ¢ from Eq. 4. Multiplying the area of this stretch by g gives

E,= - 3.57(1 — 2/N)wtan6, ®

This can be viewed as the hydrophobic membrane anchor contribution to the energy of the
final zipping step.

This calculation of hydrophobic energy treats the interaction essentially as a contact force. The
distance dependence of the hydrophobic interaction is not well understood but extending the
range of this force will stabilize the intermediate structures with tilted membrane anchors. Two
lipid bilayers interact by long range attractive forces between the hydrocarbon interior and
short range repulsive forces between the head groups. As the membrane anchors tilt the
attractions of the exposed hydrocarbon bilayer interiors will no longer be directly opposed by
the head group repulsions. This attraction can drive membrane anchor tilting and draw the
hydrocarbon regions together. The strongest part of the attraction between hydrophobic
surfaces appears at a separation of ~2-10 A (37). This study also showed that there was no
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energy barrier to the association of hydrophobic surfaces. Computer simulations of the
association of poly-leucine a-helices also indicated that the attraction has a range of nearly 10
A, with no barrier obstructing association (although poly-alanine had a someone shorter range
of attraction and a low barrier) (42). Incorporating a distance dependence into the hydrophobic
energy will add considerably to the stabilization of the tilted intermediate state of the fusion
pore. The simplest way to incorporate the range of the hydrophobic interaction into the present
analysis is to increase w. Here w = 3.2 A will be tested and compared with results obtained
with 1.6 A.

To calculate the hydrocarbon-water contact area between two adjacent, bent membrane
anchors, note that at any given position, s, along the membrane anchor, the increment in 9 is
dé = ds/R(s). Integrating then gives

s
1
0(s)=00+ [ ——dt

o R(®) ®

An increment, ds, has a projection on the horizontal plane of dx = sin(4(s))ds. Using the above
expression for 9(s) and integrating dx gives

N ) t 1
x(s)—{sm [90+{R(u) du] dt

(7)
The distance between two adjacent membrane anchors at s is then

2y(s)=2x(s)sin(r/N) (8)
The increment in area of an infinitesimally thin trapezoidal section between two adjacent

membrane anchors is

iy\*
dA=2y 1—(2) ds
ds

9)

With Eq. 8 and its derivative, the area can be expressed as an integral of Eq. 9. Multiplying by
£ gives the hydrophobic contribution to the fusion pore expansion energy.

0 (10)

Note that this integral over s ends at b-6 (6 from Eq. 4) to account for the area around the top
of the membrane anchor from which water is taken as excluded.

Combining Egs. 3, 5, and 10 provides an expression for the energy of fusion pore expansion
as the membrane anchors tilt.
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E=E+Ey+E; (11)

If we set 6, = 6(b) then R(s) can be found as the function that minimizes this energy. The double
integral form of Eq. 10 makes applying the standard methods of variational calculus very
difficult. As an alternative approach 1/R(s) is expanded in a power series.

1 5
——=A+Bs+Cs" - --
R(s) (12)

Using Eq. 6 to express 6(s), and taking Eq. 12 to 2" order yields

6(s)=6+As+.Bs*+LCs’ (13)

Using Eqg. 4 then gives the membrane anchor bending contribution as
E.=tk (A2b+ABD* + (B +2AC)b* +1 BCb*+1C?D° )

(14)

And Eg. 10 gives the hydrophobic contribution as

(15)

With these explicit expressions for E,. and Ep, one can minimize E of Eq. 11 to determineé
and the coefficients of the power series for 1/R(s) in Eq. 12, subject to the constraint that 8, is
fixed according to Eq. 13 as

Oy=60+Ab+1Bb*+1Cb’ (16)

This constrained minimization was carried out with MathCad v. 14, varying A, B, C, and 6.
Adding cubic or quartic terms to Eq. 12 failed to reduce the minimum energy significantly;
variations were on the order of 0.1%, indicating that the power series expansion generates a
quantitative solution to this minimization problem. The constraint 6,>0 was imposed because
negative values lead to unphysical situations. The double integral in Eq. 15 prolonged the
minimization, and the process was dramatically shortened by expanding sin(6g + the power
series) as the sine of a sum of two angles and replacing the sine and cosine of the power series
with first and second order Taylor expansions, respectively. This approximation is reasonable
because the power series, which represents the total bend in the membrane anchors, never
exceeds 1/R ~ 0.01 A1, In instances where the minimization was performed with the double
integral expression, the effect of this approximation was found to be on the order of 0.1%.

The energy barriers obtained by this method are illustrated in Fig. 3. Fig. 3A shows plots of
energy versus tilt angle for w=1.6 A, and x=500 kT, 1000 kT, and oo. Introducing flexibility to
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the membrane anchors had a relatively small effect on the energy barrier, reducing the peak
and moving it to the right. However, when summed with a large driving force, shifting the peak
to the right will also reduce the height of the energy barrier. Keeping x=1000 kT and comparing
w=1.6 A and 3.2 A shows that varying the range of the hydrophobic interaction has a much
greater impact on the energy barrier (Fig. 3B). How these barriers influence the rate of the
fusion pore dilation transition will be considered next.

The Rate of Fusion Pore Expansion

A full reaction coordinate energy

To calculate a complete energy profile along the reaction coordinate, the various contributions
evaluated above were summed. The helix completion energy arising from N SNARE
complexes was taken as 2N In(c) with o = 107° and the elastic energy of a lipidic pore was
taken as 42.5 kT, as described above. These two energies were added and multiplied by 6/
(n/2, so that as the tilting progresses from 0 to n/2, the driving force makes a contribution to
the energy that is linear in 6,,. The energy from minimizing Eq. 11 was then added to this linear
function to give complete energy profiles for N=6, 7, and 8. Figs. 3C and 3D show the energy
barriers obtained with w=1.6 A and 3.2 A, respectively. These plots show that for many
conditions, fusion pores encounter reasonably low energy barriers during a transition driven
by tilting the membrane anchors. Thus, allowing the membrane anchors to bend and the bilayers
to coalesce during the zipping process leads to a significant reduction in the energy barrier to
fusion pore expansion. Increasing the number of SNARE complexes also lowers the barrier.

The Rate of Barrier Crossing

The energy profiles in Figs. 3C and 3D will now be used to estimate the rate of the transition.
For a process governed by diffusion over a barrier the rate, «, can be calculated as (47) (see
Ch. 7 of (48))

Veoe! _pi /KT

=—0]e€

nf (17)

Three of the parameters in this equation, ET, ¢g, and ¢, can be obtained from the complete
energy plots in Figs. 3C and 3D. ET is the energy difference between the initial energy minimum
and the peak of the energy barrier. po and ¢ are the quadratic coefficients for the energy as a
function of 6y, around initial minimum and around the peak of the barrier, respectively. They
were estimated from quadratic fits for the five points around the initial dip and the peak of each
plot in Figs. 3C and 3D.

f, the coefficient of friction, remains to be determined. It depends on the flow of the surrounding
medium as the transition progresses. As the SNARE membrane anchors tilt and zip, lipid flows
through the fusion pore, encountering resistance from shearing forces and from friction
between the two lipid monolayers as they slide past one another; water-lipid shear makes a
negligible contribution (49). The lipid flow as 8, increases closely resembles the flux of lipid
through a fusion pore driven by a tension difference between the two membranes (compare
Figs. 4A and 4B). The hydrodynamics of the lipid flux illustrated in Fig 4A was analyzed by
Chizmadzhev et al. (49), who derived an analytical expression for the velocity as a function of
the tension gradient. Their tension-velocity representation will be used here to develop a
representation relevant to the present case where energy varies with 6.

Lipid velocity v(¢) along a contour at the bilayer midplane in Fig. 4A is related to the rate of
change of 6, as
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dt ) (18)

p is the radius of curvature of the contour at the leading edge of the growing pore; for a toroid
thisis p in Fig. 4A. ¢is the angle between the membrane anchors and the horizontal plane (Fig.
4B), s0 G = 7/2 — ¢. (Use of the variable ¢ in this analysis follows Chizmadzhev et al. (49).)
At the fusion pore-planar membrane junction (where ¢ = z/2) the velocity is taken as vy. For
a toroidal pore these two velocities are related by

voL

M= L pcostd) (19)

where L is the distance from the vertical axis of the pore to its rim (again where ¢ = z/2; Fig.
4B). (Separate expressions were used previously for the inner and outer monolayers of the pore
(49), but for the present analysis that distinction is unnecessary). Chizmadzhev et al. (49)
showed that vq is related to the tension difference between the two membranes, 4o, by the
expression

AoL
Voue
O 2(n51(2) 1, (2) (20)

ns and #; are coefficients of shear and relative viscosity, respectively, and will both be taken
here as 5 = 107 g/s (49). g=p/L. 1(g) and J(g) are ‘form factors’ that reflect the geometry of
the fusion pore. These form factors were expressed as integrals evaluated over a complete
toroidal fusion pore in the interval —z/2 to z/2. In the present analysis the pore is only partially
formed (Fig. 4B), so form factors were determined by integrating from —z/2 to —g and ¢ to
7/2. Combining Eqs. 18-20 gives a relation between the tension difference and the rate of
change of 6,

_2n(g)+J ()L — pcos(p))p dby

A
7 I? dt (21)

The rate of change of energy was found to be (49)

IE
(—:47er0A0'
dt (22)

In a brief time interval the change in energy for a small displacement Ju is

OE=4nL(Ac)oug (23)

From Eq. 19 we obtain
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ougL

OUO)= T~ pcostd) (24)

These displacements can be expressed in terms of changes in 8y, with the aid of Eq. 18.

B ou(p) B ougL

56 =
p  p(L— pcos(¢h)) (25)

Combining Egs. 23 and 25 gives

dE
—=4np(L — pcos(¢))Ac
a0 (L — pcos(¢)) 26)

Eliminating 4o from Egs. 21 and 26 gives

0y _ 5 dE
dt - 8apn(L — pcos(¢))*(I(g)+J(g)) dOb (27)

From this expression the coefficient of friction emerges as

8np? ,
THL = peos(@) X (U(g)+(g))

f=

(28)

fin Eq. 28 was evaluated here taking p = 3 nm (the closest distance between two bilayers
determined by hydration forces (50)), L = 5.5 nm (p+half the bilayer thickness+ fusion pore
radius of ~0.5 nm (17)), and ¢=n/2—6}, at the peaks in Fig. 3. f was found to range from 1.81
x 107 to 1.85 x 1074 erg s. For a short range hydrophobic interaction (w = 1.6 A) the rate
constants obtained from Eq. 17 were o =7.8 x 10 °s71,0.20 571, and 145 s71 for N=6, 7, and
8, respectively. For w=3.2 A the rate constants were 1.01 571, 390 s 1, and 2520 571,
respectively. Although it is generally recognized that exocytosis takes place with millisecond
kinetics, most kinetic studies have not determined the rate of the transition examined here.
However, amperometry experiments in PC12 cells have examined the kinetics of fusion pore
transitions in detail and determined the rate of the transition of a fusion pore to a dilating state
at saturating [Ca2*] to be 700 sec! (51), and this falls in the faster end of the range of values
calculated here.

DISCUSSION

This study analyzed the energetics of a hypothetical mechanism for the dilation of a
proteinaceous fusion pore involving conversion to lipid. This mechanism posits a final step of
SNARE complex assembly in which zipping and helix completion drive membrane anchors
tilting. This mechanism allows zipping to perform mechanical work, deforming the membrane
and prying open the fusion pore. This mechanism offers a parallel with a hypothetical
mechanism of muscle contraction in which a helix-coil transition within myosin has been
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proposed to generate contractile force (52). Here a structural transition in the SNARE proteins
drives the dilation of a protein-lined fusion pore, exerting a bending force on lipid bilayers so
that two membranes can fuse. This model was used to derive a range of rates for the transition
that includes an experimental measurement without adjusting free parameters. Thus, this
coupling of SNARE protein zipping to fusion pore dilation provides a plausible mechanism
for a key step in biological fusion during exocytosis.

It is significant that the energetics of this transition reflects a balance between very large
opposing forces. This makes the transition very sensitive to small changes in key parameters.
Modest changes in the membrane bending rigidity, a-helix flexural rigidity, the coefficient
relating hydrophobic contact area to energy, the range of the hydrophobic interaction, and the
energy of the final SNARE complex zipping step can make the energy barrier much larger or
much smaller. Other energetic modes not considered in this model, such as sagging of the
bilayer surface or other elastic deformations of the lipids around the exposed hydrocarbon
region, as well as tilting of hydrocarbon chains, might allow the system to reduce the energy
barrier below that estimated here. On the other hand, breaking of contacts between adjacent
membrane anchors would increase the barrier.

While balancing large opposing forces makes it more difficult to make quantitative theoretical
predictions, this makes the underlying biological process more sensitive to conditions. This is
precisely a feature one expects to find in a biological system that produces large and rapid
structural changes in response to a biological signal. Triggering membrane fusion on
millisecond time scales requires large forces that can be released in response to ligand binding.
The sensitivity of the helix-coil transition to capping interactions makes helix completion an
ideal mechanism for the transduction of such signals. This would enable a protein to clamp the
fusion apparatus in an inactive state by intermolecular capping through hydrogen bonds with
backbone carbonyls and amides of the linker region. Withdrawal of that protein would disrupt
the capping and trigger fusion. Conversely, intramolecular capping within the linker sequence
could be relieved by another protein forming hydrogen bonds with a capping side chain in the
linker region. The Ca2* sensor synaptotagmin | inhibits SNARE protein mediated fusion of
liposomes in the absence of Ca2* (53), and this could result from helix capping. Ca2* could
thus initiate fusion pore dilation by binding to synaptotagmin | to disrupt this interaction and
reduce the stability of the helix-coil junction. The helix-coil transition is also sensitive to
environment, so that the dipping of the linkers into the membrane (54,55) could also favor
helix completion.

The high stability of the heterotrimeric SNARE complex has been invoked as a source for the
large energy required to drive fusion (5,10). The present theory offers a more detailed picture
of how this energy could be utilized. For helix completion to deform the membranes as
proposed here, a rigid base is required to transmit force to the membrane anchor. In order for
helix completion to tilt the membrane anchor and pry the fusion pore to open wider, the
cytoplasmic portion most be held firmly in place. Incorporating the SNARE motifs of the
proteins anchored in different membranes into one complex prevents these parts of the protein
from rotating relative to the membrane during helix completion. The stability of the SNARE
complex thus provides a means of transferring the force generated during zipping to the lipid
bilayer rather than generating an unproductive rotation of the SNARE motif into an orientation
perpendicular to the plane of the membrane.

This model also suggests a function for the formation of fusion pores from multiple SNARE
protein membrane anchors. Combining multiple SNARE complexes to form a proteinaceous
fusion pore can focus the energy and provide the driving force necessary to overcome the

hydrophobic energy barrier that obstructs the transition to a lipidic pore. Experimental results
support the involvement of multiple SNARE complexes in exocytosis. A cooperativity analysis
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has suggested that at least 3 SNARE complexes are necessary for fusion (56). The conductance
of a fusion pore suggests a channel formed by 5-8 SNARE complexes (17,57). Bilayer fusion
in vitro requires ~8 SNARE complexes (58). An analysis of SNARE protein cleavage by
chlostridial toxins suggests that fusion may require as many as 15 SNARE complexes (59).

Studies of liposomes have shown that replacing the membrane anchor with a lipid link reduces
the fusogenicity of SNARE proteins (60). The present model suggests that experiments should
focus on the linkers as pivotal regions of SNARE proteins. Manipulating the linkers between
the SNARE motif and membrane anchor can reduce fusion, but the results do not provide a
clear test of this model (61). Lengthening the linker slows down fusion, possibly because the
greater entropy of a longer coil reduces the energy of helix completion. Insertion of a proline
into the linker slowed fusion in some experiments but had no effect in other experiments
(61). However, while proline breaks a-helices, it increases the stiffness of the polypeptide so
that the impact on the transmission of force to the membrane anchor cannot be assessed.
Mutations in the linker region of syntaxin slow fusion pore dilation during Ca?*-triggered
exocytosis (15,62). Mutations in the linker region of synaptobrevin increased fusion pore
lifetime by 40%, although these effects were not statistically significant (63). It is hoped that
the present work will motivate more critical experiments to test the role of the linker motif in
SNARE-mediated membrane fusion.

Models for membrane fusion have generally focused on the two alternative mechanisms of 1)
lipid stalk formation (64) and 2) formation of a gap junction-like proteinaceous pore (20).
Experiments have suggested that lipid bilayers can fuse by the stalk mechanism (65), and this
mechanism can account for the rate of viral fusion (66). One particularly attractive feature of
the lipid stalk model is that fusion can proceed through a sequence of intermediates while
minimizing hydrocarbon-water contact. But when fusion is driven by a protein complex
capable of releasing a substantial quantity of energy, transient exposure of the lipid
hydrocarbon to water becomes a possibility. This may be the most reliable way to induce fusion
rapidly in response to a specific biological signal.
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Fig. 1.

The dilation of a fusion pore is envisaged as a transition from a proteinaceous gap-junction-

like structure (A) in which SNARE protein membrane anchors line the pore through the two
membranes. Straightening out the SNARE proteins bends the membrane into a quasi-toroidal
structure (B). The transition from A to B thus converts the fusion pore from protein to lipid.
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Fig. 2.

A. An intermediate state of fusion pore dilation illustrates a structure during the transition from
the proteinaceous state (Fig. 1A) to the lipidic state (Fig. 1B). Tilting of the membrane anchors
exposes triangular domains of lipid hydrocarbon to water. 8y represents the angle of tilt of the
membrane anchor and b is the thickness of the hydrocarbon region of the bilayer. Eq. 2 gives
the area of one of those sections in terms of b, 6y, and the number of membrane anchors. B.
The structure pictured in A is modified to incorporate 1) membrane anchor bending and 2)
water exclusion from the junction of the two bilayer interiors as they approach one another.
The sections of hydrocarbon exposed to water are no longer triangular but are now bounded
by curves and no longer confined to a plane. A circle in the left corner with radius w probes
solvent accessible surface to determine the area from which water is excluded. g and 6, denote
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the angles between the bilayer normal and membrane anchors at the bottom and top of the
membrane, respectively.
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Fig. 3.

Energy profiles obtained by minimizing E, + En, + E5 (Eq. 11) for fusion pore expansion, plotted
versus tilt angle 6y, (see Fig. 2B). A and B present the sum of hydrophobic energy and a-helix
bending energy for N=6 SNARE complexes. Varying the flexural rigidity, «, of the a-helix
from 500 to 1000 kT and making it absolutely stiff (xk=00) have a moderate influence on the
energy barrier (A). Varying the parameter representing the range of the hydrophobic
interaction, w, from 1.6 to 3.2 A has a much stronger influence on the energy barrier (B). C
and D present this minimized contribution from Eq. 11 added to a linear interpolation of the
helix completion energy plus the membrane bending energy. The profiles were calculated for
N =6, 7, and 8 SNARE complexes, withw = 1.6 A (C) and 3.2 A (D).
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Fig. 4.

A. A toroidal fusion pore composed of lipid. When the two fusing membranes are under
different tensions lipid flows along the curved arrow on the right. p represents the radius of the
semicircle that defines the toroidal pore. L represents the distance from the pore axis (vertical
dashed line) to the outer rim of the pore (49). B. The flow of lipid in a fusion pore during the
transition follows a segment of the trajectory taken by lipid in a toroidal pore in A.
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