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Soluble N-ethylmaleimide-sensitive factor attachment protein re-
ceptor (SNARE) proteins of the syntaxin, SNAP-25, and VAMP
families mediate intracellular membrane fusion through the for-
mation of helical bundles that span opposing membranes. Soluble
SNARE domains that lack their integral membrane anchors inhibit
membrane fusion by forming nonfunctional complexes with en-
dogenous SNARE proteins. In this study we investigate the depen-
dence of membrane fusion on the concentration of a soluble
SNARE coil domain derived from VAMP2. The increase in the
inhibition of fusion observed with increasing concentration of
inhibitor is best fit to a function that suggests three SNARE
complexes cooperate to mediate fusion of a single vesicle. These
three complexes likely contribute part of a protein and lipidic
fusion pore.

Vesicle trafficking is a ubiquitous cellular process by which
proteins and lipids are transported between organelles of

the secretory pathway. Vesicles derived from a donor compart-
ment deliver their cargo through fusion with the acceptor
compartment membrane. Soluble N-ethylmaleimide-sensitive
factor attachment protein receptor (SNARE) proteins of the
syntaxin, VAMP (also called synaptobrevin), and SNAP-25
families mediate this membrane fusion process (1, 2). In the
nerve terminal, syntaxin and VAMP proteins are anchored in
bilayers of the plasma membrane and vesicle membrane respec-
tively by hydrophobic C-terminal domains. Fusion occurs when
SNARE proteins on opposing membranes form four-helix bun-
dles that bring the membrane in close opposition (3–6). The
four-helix bundle that results from the fusion reaction is ex-
tremely stable and does not unfold until heated to 95°C (7). In
vivo, SNARE complexes are dissociated through the action of
a-SNAP and the ATPase N-ethylmaleimide-sensitive factor
(NSF) so that they can participate in another round of membrane
fusion (8). There are at least 35 SNARE proteins in mammals,
and most are specifically localized to distinct membrane com-
partments (9). Formation of specific SNARE complexes likely
contributes to the specificity of membrane fusion that underlies
the organization of membrane compartments.

According to the current hypothesis of SNARE function, after
docking, SNARE proteins form loosely associated trans com-
plexes, which have been suggested as being either N-terminally
zippered or oscillating between N-terminally zippered and fur-
ther zippered states (10, 11) (Fig. 1, reaction 1). In this paper we
refer to such loosely associated trans SNARE complexes as
‘‘trans SNARE complexes.’’ The set of SNARE proteins made
up of one molecule each of syntaxin, VAMP, and SNAP-25
positioned next to each other before forming trans SNARE
complex is referred to as ‘‘unassembled SNAREs.’’ Ca21 may
induce rapid, full zippering of trans SNARE complexes (6).
Formation of this extremely stable complex brings the vesicle
and cell membranes into close opposition, and may provide the
driving force for fusion (Fig. 1, reaction 2). A well-established
permeablized cell assay makes use of the fusion of morpholog-
ically docked dense core vesicles (DCVs) with the PC12 cell
membrane. This reaction has been divided into two stages (12),
of which the first ‘‘priming’’ stage is ATP dependent, and the
second ‘‘triggering’’ stage is Ca21 dependent.

Permeabilization of PC12 cells permits the entry of exogenous
molecules into the cell while the integrity of the vesicle fusion
machinery is retained. Bacterially expressed soluble coil do-
mains of neuronal VAMP and syntaxin inhibit DCV release in
this ‘‘cracked cell assay’’ (13, 14). Western blotting showed that
the recombinant proteins added to permeabilized PC12 cells
form SDS-resistant complexes with endogenous SNARE pro-
teins (14), but such complexes cannot trigger fusion because the
membrane anchor required for mediating fusion is absent from
the recombinant proteins (15) (Fig. 1, reaction 3). The SNARE
complexes formed by binding of recombinant SNARE coil
domains with endogenous proteins are referred to as ‘‘inhibitory
complexes’’ in this paper. It is worth noting that although the
formation of trans SNARE complexes between endogenous
proteins requires overcoming an energy barrier due to the
repulsion and hydration of the two lipid bilayers, such an energy
barrier does not exist for formation of the fully zippered
inhibitory complexes. Therefore the configuration of inhibitory
complexes resembles the more stable cis SNARE complexes
formed by endogenous proteins after membrane fusion, and it is
likely that dissociation of the inhibitory complexes is NSF and
a-SNAP dependent.

The similarities between SNARE-mediated membrane fusion
and viral membrane fusion are striking (2). Both involve the
formation of very stable helical bundles. Both require confor-
mational changes that bring membranes close together, likely
disrupting the bilayers and promoting their fusion. The hemag-
glutinin fusion protein of influenza is proposed to function as a
trimer (16). The gp64 viral fusion protein of baculovirus also
oligomerizes into multimers to mediate fusion (17). Although it
has been suggested that SNARE complexes may form a ring
around the fusion site, there are little or no data in support of
this hypothesis. SNARE proteins do form higher order com-
plexes in vitro (18–20); however, these complexes may form
during or after detergent solubilization, and the stoichiometry of
these complexes is not well defined. Because SNAP-25 contrib-
utes two coils to the helical bundle, it has been proposed that
each coil could be part of a separate complex and that this could
be a mechanism of tying together a set of SNAREs, perhaps in
a circular configuration. However, single SNAP-25 coils can
function to mediate fusion when separated from each other (6,
14), and some intracellular fusion events use four independent
SNARE proteins (21). So, linking of complexes by a multivalent
SNARE component is clearly not a requirement for fusion.

Thus, we are left with a central question of how many SNARE
complexes are required to mediate a membrane fusion event. In
an attempt to answer this question, we studied the concentration
dependence of the inhibition of DCV fusion with the plasma
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membrane in PC12 cells by a soluble SNARE coil domain.
Fitting of experimental data to a theoretical function suggests
that three SNARE complexes mediate a membrane fusion event.

Materials and Methods
Cracked PC12 Cell Assay. PC12 cells were maintained, [3H]-
norepinephrine (NE) labeled, cracked, and EGTA extracted as
described (12). Cracked cell assay was carried out essentially as
described in Scales et al. (14). Briefly, priming reactions con-
taining '106 cracked cells, MgATP, cytosol, and recombinant
proteins in 160 ml of KGlu buffer [50 mM Hepes (pH 7.2)/105
mM potassium glutamate/20 mM potassium acetate, 2 mM
EGTA] were incubated at 30°C for the indicated priming times,
then chilled on ice. Then 40 ml of 8 mM Ca21 in KGlu buffer was
added to adjust the final concentration to '1 mM free Ca21, 2
mM MgATP, '0.5 mg/ml cytosol, and the indicated concentra-
tion of recombinant proteins. Release was triggered by incubat-
ing the reactions at 30°C for the indicated triggering times and
then chilling them on ice. NE release was calculated as a
percentage of the total 3H in the 2500 3 g supernatant. Data
were analyzed by using DELTAGRAPH 4.0 software.

Preparation of Recombinant Proteins. Rat GST-VAMP2 coil (ami-
no acids 25–94) was expressed in Escherichia coli BL21 (RIL)
cells and purified by using glutathione-agarose as described (14).
Soluble proteins were liberated by thrombin cleavage of the
glutathione S-transferase (GST) tags immobilized on glutathi-
one-agarose (Sigma), dialyzed into KGlu buffer, and assayed for
concentration with the BCA (bicinchoninic acid) kit (Pierce),
and the purity was verified by gel analysis.

Results
A Mathematical Model for the Inhibition of NE Release from PC12 Cells
by a SNARE Coil Domain. We propose that the dose–response of
inhibition of vesicle release by a soluble SNARE coil domain is
an indicator of the cooperativity of SNARE proteins in medi-
ating fusion. If each vesicle fusion event requires several pairs of

trans SNARE complexes to cooperate, and is prevented by
formation of inhibitory complexes by only a subset of these
SNARE proteins, then the fraction of vesicles inhibited from
fusion in the presence of a SNARE coil domain inhibitor will
exceed the fraction of the SNARE proteins diverted into inhib-
itory complexes from the fusion-competent SNARE pool. Start-
ing with this hypothesis we sought to determine the SNARE
cooperativity value, n, by empirical curve fitting of the inhibitor
dose versus vesicle release response. To this end, we primed
[3H]NE-loaded, cracked PC12 cells in the presence of the
SNARE coil domain at 30°C for 15 min, then chilled the cells on
ice, adjusted the Ca21 concentration to '1 mM free Ca21, and
triggered release by incubating the cells at 30°C for 1.5, 2, or 3
min. Because the H3 domain of syntaxin 1A has been reported
to self-oligomerize at micromolar concentration (22), we used
the soluble VAMP2 coil domain peptide in all experiments. This
peptide presents as a monomeric form when assayed by gel
filtration. We made the following assumptions about the assay:
(i) during the 15-min priming period, equilibrium is reached
between unassembled SNAREs, trans SNARE complexes, and
inhibitory complexes as shown in Fig. 1; (ii) during the 1.5- to
3-min triggering period, the reaction rate for inhibitory complex
dissociation, k23, is sufficiently low that the concentration of
inhibitory complexes remains relatively constant.

Tests for these assumptions are presented later in results. To
define the relationship of inhibitor concentration and release
using cooperativity n as a parameter, we model the kinetics of
fusion as follows:

The reactions that occur in the absence of inhibitor are

unassembled SNAREs-|0
k1

k21

trans SNARE complex [1]

n trans SNARE complexesO¡
k2

Ca21

fusion [2]

The additional reaction that occurs in the presence of VAMP2
coil inhibitor is

VAMP2 coil domain

1 unassembled SNAREs-|0
k3

k23

inhibitory complex [3]

Because the term ‘‘unassembled SNAREs’’ refers to a single set
of SNARE proteins before complex assembly, reaction 1 is a first
order reaction in both forward and reverse directions, and the
units of k1, k21 are both s21. Reaction 3 is second order in the
forward direction and first order in the reverse direction. Be-
cause the unit of VAMP2 concentration used in this paper is mM,
the units of k3 and k23 are mM21zs21 and s21, respectively.
Because n trans SNARE complexes cooperate to mediate fusion,
they should be regarded as a unit in reaction 2, so 2 is first order
and the unit of k2 is s21. Under assumption i, equilibrium is
reached for reactions 1 and 3 during the priming stage. Referring
to the concentration of unassembled SNAREs, trans SNARE
complex, inhibitory complex and VAMP2 coil domain as [U],
[T], [I], and [V] respectively, the equilibrium can be described by
equations

k1@U# 5 k21@T# [4]

and

k3@U#@V# 5 k23@I#. [5]

For the equilibrium of reaction 1 the ratio of trans SNARE
complexes to unassembled SNAREs has previously been esti-

Fig. 1. A model of SNARE coil domain mediated inhibition of norepineph-
rine (NE) release from PC12 cells. SNARE monomers located at a fusion site
after vesicle docking undergo two conformational changes leading to mem-
brane fusion. The first (reaction 1) is the formation of a loosely associated trans
SNARE complex. The second (reaction 2) is a zippering of the trans SNARE
complex that leads to fusion. The monomers are the substrates for binding of
the SNARE coil domain inhibitors (reaction 3). The complex formed by reaction
3 does not lead to a fusion event and thus blocks exocytosis. The SNAP-25 loop
has been omitted for simplicity.

8066 u www.pnas.orgycgiydoiy10.1073ypnas.131214798 Hua and Scheller



mated to be about 20 in chromaffin cells (5). As the inhibitor
concentration increases the concentration of unassembled
SNAREs further decreases. Unassembled SNAREs are ex-
pected to mediate fusion at a slower rate than trans SNARE
complexes because reaction 1 needs to take place first. However,
to simplify the kinetic scheme we consider SNARE proteins in
both states to mediate fusion at the rate of the trans SNARE
complex, k2, and refer to both unassembled SNAREs and trans
SNARE complexes as fusion-competent SNARE complexes.
Given the proportion of unassembled SNAREs, such a simpli-
fication should give rise to ,5% error in our predicted values of
releases and n.

During triggering the equilibrium for reactions 1 and 3 is
disturbed because the trans SNARE complexes are consumed in
reaction 2. This drives reaction 1 in the forward direction and
reaction 3 in the reverse direction. Assumption ii states that the
rate of inhibitory complex dissociation is sufficiently slow that
the concentration of inhibitory complexes remains approxi-
mately constant during a 3-min triggering period. Therefore only
the SNARE proteins in fusion-competent SNARE complexes at
the beginning of the triggering period contribute to fusion. The
VAMP2 coil domain inhibitor is in large stoichiometric excess,
with at least 2,000,000 peptide molecules per vesicle, thus its
concentration during the fusion process can be taken as a
constant. For the sake of simplification, concentration of fusion-
competent SNARE complexes, unassembled SNAREs, trans
SNARE complexes and inhibitory complexes in the presence of
x mM of VAMP2 coil domain inhibitor are referred to as [F]x,
[U]x, [T]x, [I]x. Combining Eqs. 4 and 5,

@F#0 5 @T#x 1 @U#x 1 @I#x

and

@F#x 5 @T#x 1 @U#x 5 @F#0~@T#x 1 @U#x!y@F#0

gives

@F#x 5 @F#0~k1yk21 1 1!y~k1yk21 1 1 1 xzk3yk23)

5[F#0zay~a 1 x! [6]

where

a 5 ~k1yk21 1 1!y~k3yk23). [7]

The unit of a is mM.
Eq. 6 states that the number of fusion-competent SNARE

complexes in the presence of x mM VAMP2 coil domain is a/(a
1 x) fraction of that in the absence of inhibitor. Therefore in the
presence of the VAMP2 coil domain each endogenous SNARE
complex has a/(a 1 x) probability of being a fusion-competent
SNARE complex. In the simplest scenario, if there are n pairs
of SNARE proteins between the vesicle and cell membranes,
and membrane fusion requires cooperative activity of n SNARE
complexes, then the probability that a vesicle is able to fuse with
cell membrane is

p~vesicle is able to fuse with cell membrane!

5 p~SNARE complex is fusion competent!n

5 ~ay~a 1 x!!n. [8]

Therefore (a/(a 1 x))n fraction of the vesicles should be able to
fuse with cell membrane in the presence of inhibitor according
to the Poisson distribution. Because release is proportional to the
number of vesicles able to fuse with the cell membrane, by
normalizing maximum release without inhibitor to 1, the rela-

tionship of normalized release, y, and inhibitor concentration, x,
can be expressed by

y 5 ~ay~a 1 x!!n. [9]

The triggering time used in our experiments was sufficiently
short as to approximate linear release (Fig. 2).

In a more complicated scenario, it is possible that m pairs of
SNARE proteins rest between the vesicle and cell membranes,
but a subset of n pairs is sufficient to trigger fusion. If this were
the case, however, then when (m2n)/m of the SNARE proteins
are in inhibitory complexes, most vesicles would still have n
competent SNARE complexes to mediate fusion. The inhibition
curve should therefore show an initial plateau with an experi-
mentally observable size. For example, if m equals 4 and n equals
1, the size of the plateau would be about half of the inhibitor
concentration needed to inhibit 75% of release. We observed no
sigmoidal shape in the inhibition curve in our experiments (Fig.
3A), so we consider such a scenario to be unlikely.

Experimental Data Suggests That Three SNARE Complexes Cooperate
to Mediate Membrane Fusion. Based on the model stated above, we
wondered if the value of the parameters n and a could be
determined by fitting experimental data to equation 9. As shown
in Fig. 3B, one set of experimental data corresponding to 2-min
triggering time was fitted to functions y 5 a/(a 1 x); y 5
(a/(a 1 x))2; y 5 (a/(a 1 x))3; y 5 (a/(a 1 x))4; and y 5 (a/(a
1 x))5. The value of a was determined by curve fitting. At low
levels of inhibition curves of different n values are close to each
other. At high levels of inhibition, however, the differences
between curves are significant on a double-log plot. Therefore,
accurately measuring release at high levels of inhibition should
allow us to determine the n value unequivocally. In practice, the
optimum release in absence of inhibitor measured in our exper-
iments range from 15% to 30% of the total [3H]NE loaded into
the cells, and the standard deviation of release is about 0.5% of
total [3H]NE, so y values above 0.01–0.03, depending on the
optimum release value, can be measured without being obscured
by experimental error.

In Fig. 4, data from three typical experiments with different
triggering times corresponding to 1.5, 2, and 3 min are shown.
Baseline release in presence of 4 mM EGTA was subtracted

Fig. 2. The time course of NE release from permeabilized PC12 cells. Cells
were primed by incubating at 30°C for 15 min in the presence of ATP and
cytosol. Then release was triggered by adjusting the free [Ca21] to '1 mM and
was stopped at the indicated time points by chilling the reaction on ice. The
data are fitted to function y 5 bz(1 2 e(2kx)), assuming that the triggering
reaction is a first-order reaction. The range of triggering times used for our
experiments is marked by the black bar. Regardless of the particular function
used to fit the data the release increases approximately linearly over the
triggering times used for our experiments.
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from all data points, release without inhibitor was normalized
to 1, and the resultant data points were fitted to Eq. 9. Table
1 is a summary of the results. The data suggest that formation
of 3 trans SNARE complexes is both essential and sufficient
for mediating Ca21 induced vesicle fusion with the plasma
membrane.

The data shown in Table 1 also allow a test of assumption ii
made in building the kinetic model. If ii does not hold, i.e., a
significant fraction of inhibitory complexes dissociate during
triggering and the resultant unassembled SNAREs participate in
mediating fusion, then in the presence of inhibitor, the normal-
ized release would increase with triggering time. This would shift
the inhibition curve, such that the n value would change over
time. Using the standard Student t test, we observed no statis-
tically significant difference in the n value obtained at 1.5-, 2-,
and 3-min triggerings. Thus assumption ii appears to be valid
within the 3-min triggering limit.

Standard deviations for a are higher than those for n, as is
shown in Table 1. One reason is that experimental error in the
measurement of the VAMP2 coil domain concentration re-
sults in proportional error in the determination of a value,
whereas it does not result in error for the determination of n
value. VAMP2 coil domain peptides denature and lose vesicle
release inhibition activity during storage. Such inactivation is

not detectable by the bicinchoninic acid assay we used to
measure peptide concentration and may cause up to 10% error
in protein concentration determination. Alternatively, because
a/(a 1 x) represents the fraction of SNARE proteins in
fusion-competent SNARE complexes, there could be limited
inhibitory complex dissociation occurring during the first 3
min of triggering. If this is true, then the extent of dissociation
is likely too low to be ref lected in the value of n. Substituting
a 5 10 mM and k1/k21 5 20 into Eq. 7 gives an approximate

Fig. 3. Release at high levels of inhibition is optimal for estimating cooper-
ativity. One set of experimental data corresponding to 15-min priming, 2-min
triggering is plotted on linear plot (A) and double log plot (B). (A) Experimen-
tal data are fit to y 5 (a/(a 1 x))n, the best-fit curve shown is y 5 (17.8/(17.8 1
x))2.9. (B) The same set of data are fit to functions y 5 (a/(a 1 x))n, where n are
fixed values of 1, 2, 3, 4, and 5. The best-fit curves shown are y 5 3.26/(3.26 1
x); y 5 (10.6/(10.6 1 x))2; y 5 (18.5/(18.5 1 x))3; y 5 (26.5/(26.5 1 x))4; y 5
(34.6/(34.6 1 x))5. y 5 (18.5/(18.5 1 x))3 corresponds to the darkened curve.
Positions of the curves corresponding to y 5 3.26/(3.26 1 x) and y 5 (34.6/(34.6
1 x))5 are indicated in the graph.

Fig. 4. Inhibition of NE release from PC12 cells by the VAMP 2 coil domain.
Normalized inhibition is plotted versus concentration of the inhibitor in mM
and the data are fit to the function y 5 (a/(a 1 x))n. Results from three
representative experiments are shown with triggering times of 1.5, 2, and 3
min, respectively. The triggering time used in the assay and cooperativity
value n obtained by curve fitting are indicated in each panel. The best fit
curves shown are y 5 (9.0/(9.0 1 x))2.7 in A; y 5 (15.2/(15.2 1 x))3.2 in B; and y 5
(11.4/(11.4 1 x))2.8 in C.
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estimation of k3/k23 as 2 mM21. Therefore Kd for inhibitory
complex is 0.5 mM. At first sight k3 seems to be quite low given
that k23 is proposed to be small. However, in the cell endog-
enous SNARE proteins are likely placed in close proximity to
each other by docking proteins, whereas soluble SNARE
domains need to diffuse in three dimensions while searching
for their binding partners, and their path is limited by the
position of the lipid membranes and other proteins clustered
at the fusion site. Such spatial limitations are likely ref lected
by a low coil domain-binding rate and the large excess of
VAMP2 coil domain needed to inhibit release.

As a partial test of assumption i, we compared the inhibition
curves generated from 15-min priming, 2-min triggering and
30-min priming, 2-min triggering (Fig. 5). If equilibrium was not
reached for reactions 1 and 3 after 15-min priming, then an extra
15-min priming should change the concentration of SNARE
proteins in each state, and this should be reflected by a differ-
ence between the two inhibition curves. Because we did not
observe significant difference between the two curves, it is likely
that during the 15-min priming period equilibrium was reached
between unassembled SNAREs, trans SNARE complexes, and
inhibitory complexes. During priming period the rate approach-
ing equilibrium is determined by forward reaction rate of 3,
whereas during triggering period the rate approaching equilib-
rium is determined by reverse reaction rate of 3. Therefore it is
not surprising that the initial equilibrium is reached within 15
min but does not shift significantly toward new equilibrium after
3 min of triggering.

Discussion
We previously examined the issue of SNARE cooperativity by
using a SNAP-25 rescue assay (23). In this assay, bacterially
expressed SNAP-25 C-terminal domain was used to rescue
vesicle release from cracked PC12 cells pretreated with botuli-
num neurotoxin E, which cleaves the C terminus of endogenous

SNAP-25 proteins (6), and no obvious cooperativity between
SNARE proteins was observed. However, the method of analysis
and the accuracy of the data in our previous experiments would
not have revealed a cooperativity of 3.

The major practical limit in the experiments presented here is
the short time window within which the release can be analyzed
by using our model. At shorter triggering time points the release
signal is too low to determine release at a high level of inhibition
accurately, whereas at longer time points the release is signifi-
cantly influenced by dissociation of inhibitory complexes. Nev-
ertheless, the control tests and the consistency of our determi-
nation of the n value as 3 support our conclusions.

To our knowledge, no data directly measuring SNARE co-
operativity have been reported, although several groups have
observed higher-order complexes formed from individual
SNARE proteins carrying the transmembrane domain (24) or
from the SDS-resistant core domains in detergent solutions (7,
18, 20) and on solid surface (19). Equilibrium between mono-
mers and trimers of the core complex in detergent solution
has been observed (7). Furthermore, motifs located in the
transmembrane domains of VAMP2 and syntaxin 1A have been
reported to mediate homo- and hetero- oligomerization of
SNARE proteins (25). If such higher-order SNARE complexes
exist in a physiological environment, one might imagine that at
the fusion site a cluster of three t-SNAREs is positioned opposite
to a cluster of three v-SNAREs. When fully zippered SNARE
complexes form, the hetero-oligomerization might then extend
to the transmembrane domains of the SNARE proteins. Such
SNARE pairing is proposed both to bring the lipid bilayers close
enough for lipid mixing to occur and to contribute to fusion by
disturbing the conformation of lipid bilayers, or perhaps even
guide lipid rearrangements through the fusion event. After
SNARE pairing, the complexes may separate from each other
laterally, promoting formation and dilation of a fusion pore. Our
results do not rule out the possibility that the three pairs of
SNARE proteins at the fusion pore are organized through
interaction with other proteins. However, we do not find our
data consistent with the hypothesis of SNAP-25 serving as a
physical linker between complexes. In addition to the evidence
against such a hypothesis discussed above, this mechanism would
require extremely rapid dissociation of the resultant cis SNARE
complexes to avoid limiting the expansion of the fusion pore, and
it is unlikely that the NSF concentration at the fusion site would
be high enough to fulfill such a task.

Alternatively, the organization of SNARE proteins into high-
er-order complexes might depend on other proteins involved in
the late steps of fusion. Self-oligomerization in synaptotagmin
has been well documented (26, 27). As a potential Ca21 sensor
this protein is well positioned to coordinate the organization of
SNARE complexes. Intriguingly, a recent paper (28) reported a
reduced Ca21 cooperativity in Drosophila syntaxin mutants. In
the context of our work, this result argues for both SNARE
cooperativity and direct, one-to-one coupling of a Ca21 sensor
with individual SNARE complexes. The similarity of the Ca21

cooperativity (n 5 3–4) and the SNARE cooperativity (n 5 3)
suggests that there is a mechanistic link between these processes.
Other candidates for modulating SNARE cooperativity
include complexin (20), cysteine string protein (29), and nsec1/
munc18 (30).

In summary, based on a current hypothesis for the mechanism
of SNARE-mediated membrane fusion, we have built a model
describing the relationship of NE release, SNARE coil domain
concentration, and SNARE cooperativity in the cracked cell
assay. We collected data by using a two-step priming–triggering
protocol, and estimated the SNARE cooperativity to be 3. We
propose the existence of a fusion pore that is likely to be
composed of lipid, three VAMP2 transmembrane domains, and
three syntaxin 1A transmembrane domains. Expansion of the

Table 1. SNARE cooperativity determined by fitting SNARE coil
domain inhibition curve

Triggering time, min No. of expts n a

1.5 3 2.9 6 0.2 10.9 6 1.7
2 4 3.1 6 0.3 16.9 6 1.2
3 6 2.9 6 0.4 13.4 6 3.7

The values of n and a are given along with the SD.

Fig. 5. Increasing priming time does not change the shape of the dose-
dependent inhibition curve. Data from a 30-min priming, 2-min triggering
experiment (3, n 5 2.6) is compared with that of a 15-min priming, 2-min
triggering experiment (ƒ, n 5 3.2). The curve plotted shows the best-fitting
curve for the 30-min priming dataset.
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fusion pore likely occurs when the SNARE proteins dissociate
in the plane of the membrane. This study is an attempt to model
intricate biological processes with a simple kinetic scheme, and
we hope it will inspire novel quantitative approaches to remain-
ing questions in the field.
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