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Atomic Force Microscope Spectroscopy Reveals a Hemifusion
Intermediate during Soluble N-Ethylmaleimide-Sensitive
Factor-Attachment Protein Receptors-Mediated
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ABSTRACT This study investigated the effect of soluble N-ethylmaleimide-sensitive factor-attachment protein (SNAP)
receptors (SNARES) on the fusion of egg L-a-phosphatidylcholine bilayers using atomic force microscope (AFM) spectroscopy.
AFM measurements of the fusion force under compression were acquired to reveal the energy landscape of the fusion process.
A single main energy barrier governing the fusion process was identified in the absence and presence of SNAREs in the
bilayers. Under compression, a significant downward shift in the fusion dynamic force spectrum was observed when cognate
v- and t-SNAREs were present in the opposite bilayers. The presence of vesicle-associated membrane protein (VAMP) and
binary syntaxin and SNAP 25 in the apposed bilayers resulted in a reduction in the height of the activation potential by ~1.3 kg T
and a >2-fold increase in the width of the energy barrier. The widening of the energy barrier in the presence SNAREs is
interpreted as an increase in the compressibility of the membranes, which translates to a greater ease in the bilayer deformation
and subsequently the fusion of the membranes under compression. Facilitation of membrane fusion was observed only when
SNAREs were present in both bilayers. Moreover, addition of the soluble cytoplasmic domain of VAMP, which interferes with
the interaction between opposing v- and t-SNAREs, prevented such facilitation. These observations implicated the interaction
between the cytoplasmic domains of opposing SNAREs in the observed fusion facilitation, possibly by destabilizing the bilayers
through pulling on their transmembrane segments. Our AFM compression measurements revealed that SNARE-mediated
membrane fusion proceeded through a sequence of two ~5 nm collapses of the membrane, an observation that is consistent

with the existence of a hemifused state during the fusion process.

INTRODUCTION

Soluble N-ethylmaleimide-sensitive factor-attachment protein
(SNAP) receptors (SNARE:s) are recognized as fusion proteins
and have been widely accepted as the minimal machinery for
membrane fusion (1). SNAREs associated with the vesicular
membrane are termed v-SNARESs, and those associated with
the target plasma membrane are t-SNAREs. The neuronal
v-SNARE, vesicle-associated membrane protein 2 (VAMP 2,
also referred to as synaptobrevin 2) and the t-SNARESs,
syntaxin and synaptosomal-associated protein 25 kD (SNAP
25) are expressed in the presynaptic terminal and mediate
membrane fusion during neurotransmitter release (2,3). The
interaction between the v- and t-SNAREs forms a ternary core
complex that has been described as a parallel a-helical bundle
or a coiled coil structure (4,5). It is well established that VAMP
and syntaxin contribute one helix each, whereas SNAP 25
contributes two helices to the complex. VAMP and syntaxin
are anchored via their transmembrane segments in the
vesicular and plasma membranes, respectively, whereas
SNAP 25 is recruited via palmitoylation sites to the plasma
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membrane, where it interacts with syntaxin. The SNARE
hypothesis proposes that the interaction between v- and
t-SNAREs mediates vesicle fusion with the plasma membrane
(6-8). After arrival of an action potential to the presynaptic
terminal, increasing intracellular Ca>* is sensed by the puta-
tive Ca>* sensor in the vesicle surface, synaptotagmin. It is
speculated that upon sensing of Ca® ", synaptotagmin interacts
with phospholipids and the SNAREs leading to the full zip-
pering of the SNARE complex, which ultimately leads to the
formation of the fusion pore and neurotransmitter release (9).

There are currently two main models for fusion pore
formation: the proximity model and the protein-lined fusion
pore model (10). The proximity model proposes a mechan-
ical role for the SNARE proteins while zippering, which
brings the apposed bilayers into a critical proximity where
nucleation of a purely lipidic fusion pore can take place and
membrane fusion can ensue. During this process, the two
membranes merge together, passing through a hemifused
state (11,12). Hemifusion involves the coalescence of the
two proximal leaflets (monolayers) followed by that of the
remaining distal monolayers of the apposed membranes
when full fusion is complete (13). Given the high energy cost
for the initiation and opening of the fusion pore (14), the
proximity model falls short in explaining the reversible kiss-
and-run fusion events observed in vivo (15-19) and, thus,
the protein-lined fusion pore model has been invoked
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(20-22). In this model, a gap junction type of structure for
the fusion pore is proposed (23). During formation of the
SNARE complex, the SNAREs pull together and their
transmembrane segments begin to oligomerize (24-26) in
the apposed membranes to form hemichannel-like structures
(20,27). Upon formation of these structures, an open channel
(i.e., fusion pore) forms whereby vesicular content is re-
leased into the extracellular space (28,29). A fusion pore
behaving like an ion channel can account for the fast opening
and closing during the reversible kiss-and-run fusion events.
Moreover, the protein-lined pore is a transient structure and,
upon dilation, the transmembrane segments dissociate and
lipid molecules are incorporated into the pore as full mem-
brane fusion takes place.

Different approaches have been employed to investigate
the role of SNAREs in membrane fusion (7,11,25,30,31).
Although, SNARE:s have been widely shown to be sufficient
in driving membrane fusion, recent studies have challenged
the requirement for SNAP 25 in the SNARE complex during
vesicle fusion with planar membranes (32,33). Nonetheless,
the specific mechanism for SNARE-mediated membrane
fusion is yet to be established. We previously reported on a
protein-free lipid bilayer system which provided the neces-
sary spatial and temporal resolution to detect fusion events
and measure fusion forces using atomic force microscopy
(AFM) (34). In this study, we use this system to measure
forces required to generate fusion of apposed egg L-a-
phosphatidylcholine (egg PC) bilayers containing SNARE
proteins in an effort to investigate the mechanism(s) of
SNARE-mediated membrane fusion.

MATERIALS AND METHODS
Atomic force microscope

We used a custom-built AFM in which the lateral and vertical scans are
decoupled (35). In brief, the sample sits on an X-Y stage which can be
adjusted relative to the cantilever mounted on a stacked piezoelectric
transducer (Physik Instrumente, Auburn, MA). The piezoelectric transducer
provides the necessary vertical movement (0—~10 wm range) to approach
and retract the cantilever from the stationary substrate. AFM cantilevers
were purchased from Veeco (model MLCT-AUHW, part 00-103-0925;
Woodbury, NY), and the largest V-shaped cantilever with a nominal spring
constant of 10 mN/m was used in all experiments after attachment of a glass
microbead (~50 um diameter; Polysciences, Warrington, WA). Custom
software was used to calibrate the cantilever tip based on thermal noise
analysis (36) and to control the position of the piezoelectric transducer and
timing during force scan measurements. A charge-coupled device camera
was used to visualize the sample through a 20 X objective positioned beneath
the stage. To maintain desired sample temperature, a Peltier element was
positioned underneath the sample chamber and a silicone-based heat sink
compound was used to provide thermal coupling with the sample chamber.
A temperature probe was positioned in direct contact with the buffer bathing
the sample, and temperature stability was within 0.3°C.

Glass dish and cantilever preparation

Glass microbeads were epoxied to the tip of the silicone nitride cantilevers
with the aid of a micromanipulator. Glass dishes and stainless steel utensils
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were boiled in distilled water containing ~10% RBS 35 detergent (Pierce,
Rockford, IL) and ethanol and rinsed extensively with distilled water.
Cantilevers with attached microbeads were soaked in 1% n-octyl B-p-
glucopyranoside, then in 100% ethanol followed by ultraviolet irradiation
after extensive rinsing in nanopure water (18 M{) cm; Barnstead, Dubuque,
TA). Finally and immediately before use, cleaned cantilevers and glass dishes
were further treated for 5 min in a nitrogen plasma cleaner (Harrick Plasma,
Ithaca, NY). The hydrophilic nature of the surfaces was confirmed by the
presence of electrostatic repulsion between the glass substrates and ionic
screening when AFM force scans were performed in purified water and salt
solutions, respectively (data not shown).

AFM measurement of fusion force

During an AFM force scan measurement, the approach and retract traces
correspond to the movement of the cantilever tip toward and away from the
substrate, respectively. As the cantilever is lowered and pressed against the
substrate, the cantilever is subjected to forces that result in its bending
(deflection). Deflection of the cantilever is monitored by the position of a pigtail
laser beam focused on the coated back side of the cantilever tip and reflected
onto a two-segment photodiode. Upward or downward cantilever deflections
signify, respectively, repulsive or attractive interaction forces between the
cantilever tip and the sample. The change of the laser position on the photodiode
is calibrated based on the force causing the cantilever deflection. All force
measurements are performed in Tris-buffered saline (TBS) (10 mM Tris/100
mM NaCl, pH 7.2). The interaction force between the cantilever and the
substrate is derived from the product of the spring constant of the cantilever and
the extent of its deflection. The resulting force scan represents the interaction
force versus displacement of the piezoelectric transducer. Since fusion of the
compressed bilayers occurs during the approach step, in this study, we focused
on the approach trace of the AFM force scan.

Custom data analysis programs were written in /gor software to detect the
jump events during the approach step of the force scans. These jump events
were interpreted as signatures for hemifusion and fusion of the bilayers. The
forces associated with the jump events were also measured. We only re-
ported forces measured at the first jump event. We typically carried out 300—
400 force scan measurements for each compression rate, and a range over
~2 orders of magnitude of compression rates was covered by varying the
scan velocity. A minimum of triplicate experiments for each condition was
performed on different days. From 20 to 30% of the force scans produced
jump events, and the measured forces were grouped in histograms (10 pN
bin size). The most probable force for each compression rate was derived,
and plots of force versus compression rate were generated. These plots are
also referred to as the dynamic force spectrum (DFS).

Plasmids and protein purification

Plasmids to generate recombinant full length VAMP 2 (pTW2) and the full
length t-SNARE heterodimer (syntaxin 1A and SNAP 25; pTW34) (1) were
provided by J. E. Rothman (Columbia University, New York, NY).
Complementary DNA encoding full length syntaxin 1A (37) (provided by
R. H. Scheller; Genentech, San Francisco, CA) was subcloned into a pTrc-
His vector (Invitrogen Life Technologies, Carlsbad, CA), resulting in an
N-terminal His-6 tag. Proteins were expressed and purified as described
(30,38). Briefly, bacterial pellets were resuspended in 25 mM HEPES-KOH,
400 mM KCl, 20 mM imidazole, and 5 mM B-mercaptoethanol. Bacterial
extracts were mixed with nickel-nitrilotriacetic acid agarose (Qiagen,
Valencia, CA) for 2 h at 4°C. Beads were washed two times in wash buffer
(25 mM HEPES-KOH, 400 mM KCI, 20 mM imidazole, and 5 mM
B-mercaptoethanol, 1 mM MgCl2) plus 10 ug/ml DNase and RNase (Roche
Applied Science, Indianapolis, IN) to remove residual RNA/DNA. Two
more washes were carried out in the resuspension buffer. Proteins were
eluted from the beads in resuspension buffer with 500 mM imidazole, 10%
glycerol (w/v), and 1% n-octylglucoside (Research Products International,
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Philadelphia, PA). SNAP 25 and the soluble cytoplasmic domain of VAMP
(cd-VAMP; residues 1-94; pET-1sybCD, also provided by J. E. Rothman)
were purified as above except that n-octylglucoside was omitted from the
elution buffer, and soluble protein was dialyzed using dialysis tubing from
Spectrum Labs (Rancho Dominguez, CA) against 25 mM HEPES-KOH,
100 mM KCl, 10% glycerol (w/v), and 1 mM dithiothreitol.

Reconstitution of SNARESs into vesicles and
bilayer formation

Egg PC was purchased from Avanti Polar Lipids (Alabaster, AL).
Reconstitution of v-SNARE and t-SNARE vesicles was carried out as
previously described (30,38) with modifications. In brief, v-SNARE and
binary t-SNAREs were reconstituted in separate populations of 100% egg
PC vesicles by the detergent depletion method followed by a floatation step
on an Accudenz density gradient, as previously described (38). Protein
concentrations were adjusted to yield an average of 25 copies of protein
molecules per vesicle. SNARE-free vesicles were prepared as described
previously (30) but using 100% egg PC. For each experiment, the bilayers
were formed by vesicle adsorption and fusion to the hydrophilic surfaces.
Egg PC vesicles, with and without SNARESs, were adsorbed for 1 h at 4°C,
separately, to cleaned glass dishes and the glass microbeads attached to the
cantilever tip. After adsorption and while always in solution, the bilayers
were gently washed three times with TBS. The AFM was assembled next,
and necessary temperature adjustments were performed before initiation of
the experiments.

RESULTS
SNARE-mediated membrane fusion

VAMP 2 (v-SNARE) and binary syntaxin 1A and SNAP 25
(t-SNARESs) were reconstituted into egg PC bilayers. AFM
fusion force measurements were carried out at ~24°C in the
absence and presence of these cognate v- and t-SNARESs in the
opposite bilayers. Separately, the v-SNARE bilayers were
formed on the glass microbead attached to the cantilever tip,
and the t-SNARE bilayers were formed on the glass dish. The
AFM was later assembled with the bilayers being always
submerged in TBS. As previously described (34), during a
force scan measurement, the apposed bilayers are compressed
together during the approach step, which leads to an upward
deflection of the cantilever (Fig. 1). With the applied com-
pression, the bilayers hemifuse (/;) and eventually fully fuse
(/) with the continued application of compression. The jump
is attributed to the sudden displacement of the cantilever tip
toward the substrate as a result of the coalescence of the lipid
material at the interface between the substrates bearing the
bilayers. The fusion force is measured at the beginning of the
jump event, and only fusion forces associated with the first
jump (J) are reported. The measured forces were grouped in
distribution histograms based on the compression rate (Fig. 2
A). Different compression rates were achieved by varying the
scan velocity. As evident in Fig. 2 A, the fusion force was
reduced in the presence of SNARES in the bilayers. The most
probable force was obtained from the histograms and plotted
against the logarithm of the compression rate, also referred to
as the DFS (Fig. 2 B). The DFS revealed that the fusion force
increased linearly with the logarithm of the compression rate.
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FIGURE 1 Typical force versus piezo displacement curve displaying the

approach trace of an AFM force scan measurement between apposed
floating lipid bilayers containing SNAREs. As the bilayers are compressed
together, they fuse in two jump steps at J; and J,. The jump is due to the
sudden displacement of the cantilever tip toward the substrate as a result of
the merger of the bilayers under the applied compression force f; or f>. The
inset is a magnification of the approach trace during the jump event. Distance
d is the measure of the jump distance and is consistently on the order of a
single egg PC bilayer thickness. This suggests the merging of the two
proximal monolayers (hemifusion) of the apposed bilayers during J,
followed by that of the two distal ones (full fusion) during J, as depicted in
the accompanying cartoons.

A significant reduction in the fusion force over the entire
range of the compression rate was observed when SNARE
proteins are present in the bilayers as opposed to when they
are absent (Fig. 2 B). Moreover, the absence of VAMP from
the v-SNARE bilayers, or the addition of 20 uM of the soluble
cytoplasmic domain of VAMP (cd-VAMP), interfered with
the observed reduction in the compression force that is required
to generate fusion of the apposed membranes (Fig. 2 B). These
data indicate that trans-SNARE pairing is required during
SNARE-mediated membrane fusion in this assay system.

Hemifusion during SNARE-mediated
membrane fusion

Ata protein/lipid ratio of 1:1000 used to form our bilayers, we
estimate an average protein density of 0.17 = 0.04 molecule
per um?. With this surface density we noticed that a majority,
but not all, of the AFM measurements revealed signatures of
SNARE-mediated fusion where simultaneous jump and
unbinding events are detected in the approach and retract
steps, respectively. As noted earlier, membrane fusion is
characterized by two jumps in the AFM approach trace (Fig.
1), one corresponding to hemifusion and a second, at higher
force, to full fusion. In general, SNARE-mediated hemifusion
requires lower compression forces (see Figs. 2 and 5 A, left
panel). In addition, we noted that SNARE-mediated hemi-
fusion is associated with adhesion of the membranes detected
in the retraction trace of the AFM force scan measurement
(see Fig. 5 A, left panel). The measured adhesive forces, in the
range of 50-300 pN, are consistent with the unbinding forces
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FIGURE 2 (A) Distribution histograms of fusion force values measured at
the first jump during the approach step of an AFM force measurement. The
forces measurements were carried out under different compression rates
(~2000 and ~100,000 pN/s) in the absence (shaded) and presence
(hatched) of SNARE:s in the bilayers. Notice the shift in the force when
SNAREs existed in the bilayers. (B) Dynamic force spectra of the fusion
process for egg PC bilayers with and without SNAREs. Notice the
significant decrease in the fusion force when cognate v-SNARE (VAMP 2)
and t-SNAREs (binary syntaxin 1A and SNAP 25) were present in the
bilayers as compared to SNARE-free bilayers. The inset shows sodium
dodecylsulfate-polyacrylamide gel electrophoresis confirming the successful
reconstitution of VAMP or syntaxin and SNAP 25 in v- and t-SNARE
vesicles, respectively. No change in the force profile was observed when
v-SNARE bilayers were substituted with SNARE-free bilayers. Similarly,
treatment of the t-SNARE bilayers with the soluble cytoplasmic domain of
VAMP (cd-VAMP, 20 M) prevented reduction in the fusion force that was
observed for intact v- and t-SNARE bilayers. Lines are fits of the model to
the data points. Error bars are the standard error of the mean.

of individual SNARE complexes (M. H. Abdulreda and V. T.
Moy, unpublished observations) (39,40). In contrast, com-
pression of SNARE-free bilayers did not show evidence of
adhesion in the retraction trace (see Fig. 5 A, right panel).
Using the adhesion event as a signature for SNARE-mediated
fusion, we estimate that ~65% of our fusion measurements
were facilitated by SNAREs. Our analysis revealed that in
SNARE-mediated fusion, the jump distance for hemifusion
was reduced from 4.4 = 0.1 nmto 3.9 * 0.3 nm (see Fig. 5 B).
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As discussed below, this reduction in jump distance can be
attributed to the greater compressibility of SNARE-containing
bilayers. Moreover, our AFM measurements lend support to a
model in which SNARE-mediated membrane fusion proceeds
through hemifusion.

DISCUSSION AND CONCLUSIONS

Using the AFM, we carried out dynamic force measurements
to reveal the energy landscape of the fusion process for egg PC
bilayers. Our results showed that, under compression, the
fusion force was significantly reduced when SNARE proteins
were present in the bilayers. More specifically, the fusion
force was most reduced when cognate v- and t-SNAREs were
present in the opposite bilayers. Using a previously described
model (34), we can elaborate on the role of SNARE proteins in
the fusion process. In brief, the model is based on the tran-
sition state theory, where an energy barrier has to be overcome
for fusion to occur. The unfused bilayers pass through a
transition state that is at the peak of the energy barrier as they
move along the reaction coordinate toward the fused state.
Under the application of a compression force, the applied
force adds a linear term to the thermopotential of the system,
which effectively tilts the barrier and reduces the activation
potential of the process. The fusion rate under compression (f)
can then be expressed as

_ roexpd Y

kfuaion - k eXp{kBT}’ (1)
where k° is the fusion rate in the absence of applied com-
pression and describes the energy barrier height, v is the
distance between the unfused and the transition state positions
along the reaction coordinate and describes the energy barrier
width, kg is the Boltzmann constant, and 7 is the absolute
temperature.

Equation 1 describes how the fusion rate is changed by
constant compression forces. However, a constant compres-
sion force is difficult to maintain in an AFM experiment.
Instead, a dynamic force approach was used to characterize
the forces leading to fusion of the compressed bilayers.
Under conditions of constant compression rate r¢ (ry = df/dt),
the probability density function for forced fusion is given by

- cenl g on{ 1ol )]}

and the most probable force f * (i.e., the maximum of the
distribution OP(f)/0f = 0) can be expressed as

% kBT Y kBT
=0 + 2 In{r ).
f v n{kokBT} y n{’f} (3)

Equation 3 shows that the most probable fusion force f* is a
linear function of the natural logarithm of the compression or
loading rate In{r¢}. The fusion parameters k° and y (Table 1)
were derived from fitting Eq. 3 to the acquired plots of f *
versus In{r¢} (DFS). Using these parameters, we can estimate
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TABLE 1 Energy barrier parameters of the fusion process for
egg PC bilayers in the absence or presence of SNAREs in the
specified combinations

Energy barrier parameters

Bilayers y A K (s™hH
SNARE-free versus SNARE-free 0.5 5.52
v- versus t-SNAREs 1.2 19.3
SNARE-free versus t-SNAREs 0.52 5.67
v- versus t-SNAREs w/cd-VAMP 0.65 6

Fusion was generated by compressing the bilayers that were present on the
opposite hydrophilic substrates, the glass dish, and microbead attached to
the AFM tip. The parameters were derived using the above model. Notice
the >2-fold increase in the barrier width and ~4-fold increase in the fusion
rate when v- and t-SNARE proteins existed in the bilayers. See Fig. 3 for an
interpretation of these parameters in terms of the energetics of the fusion
reaction.

the relative position of the transition state along the fusion
energy landscape between two similar systems, where relative
differences in the height and width of the energy barrier
between the systems under different conditions can be
compared.

Fig. 3 shows that during the fusion process, the bilayers
pass along the reaction coordinate from the unfused to the
fused state passing through a transition state, which is at
the peak of the energy barrier. The distance between the
positions of the unfused and the transition state is the energy
barrier width (vy). £° describes the height of the energy barrier
or the activation potential of the membrane fusion process.
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Fanks "
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FIGURE 3 Energy landscape of the fusion process in the absence of
compression was revealed by our AFM experiments. Based on the transition
state theory, the unfused bilayers move along the reaction coordinate toward
the fused state, passing through a transition state that is at the peak of the
energy barrier. In the presence of cognate v- and t-SNARE:s in the apposed
bilayers, the energy barrier width was increased and the position of the
transition state was shifted to the right by 0.65 A relative to the SNARE-free
bilayers. The height of the energy barrier was also reduced by ~1.3 kgT.
Both changes lead to a reduction in the slope of the energy barrier. A steeper
barrier is harder to overcome. Thus, the reduction in the slope of the barrier,
effectively, results in a facilitation of the overall process. We interpret the
widening in the energy barrier as an increase in the minimal separation
distance between the apposed bilayers before fusion can take place. Figure
not to scale.
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The derived energy barrier parameters (Table 1) showed that
the energy barrier width was increased by >2-fold and its
height was reduced by ~1.3 kgT (6AG) in the presence of
cognate v- and t-SNAREs in the bilayers as compared to
SNARE-free bilayers. The relative difference in the energy
barrier height SAG between two systems is given by
(&)
0AG = —kgTln| — |, 4
k3

where, k{ and k3 are the fusion rate constants of the compared
systems 1 and 2, respectively. More specifically, in the
presence of SNAREs in the bilayers, the position of the
transition state was shifted along the reaction coordinate to
the right due to widening of the energy barrier (1.2 A), and its
position along the free energy axis (height) was lowered. The
overall effect of these modifications is a reduction in the
slope of the energy barrier, which effectively results in a
facilitation of the fusion process. Similar to our previous
observation upon addition of cholesterol (34), the presence
of SNARE:S in the bilayers had more prominent effects on the
width of the energy barrier than its height. In the presence
of SNAREs in the bilayers, widening of the energy barrier,
in the absence of compression, is interpreted as an increase
in the compressibility of the bilayers, which translates to a
greater ease in the deformation of the membranes and sub-
sequently their fusion under compression. This is illustrated
in Fig. 3 where interpretation of our results, in terms of the
above model, shows that the interaction between SNARE
proteins in the opposite bilayers facilitated membrane fusion
in the absence of compression. However, such facilitation
becomes more apparent during accelerated fusion under
compression (Fig. 4). It is evident in Fig. 4 that, in the
presence of SNARESs, the fusion rate is initially ~4-fold

Fusion Rate (s™')

T T
0 50 100 150 200 250
Compression Force (pN)

FIGURE 4 Fusion rate increases when SNARE proteins are present in the
bilayers, with and without compression. However, according to Eq. 1, the
rate increases exponentially with applied compression force. Using Eq. 1,
rate values were derived in the absence (dotted line) and presence (solid line)
of cognate v- and t-SNARESs in the opposite bilayers. The derived values
were plotted against the corresponding compression force.
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higher than that in their absence, and the difference between
the rates increases exponentially with compression force.

During neurotransmitter release, continuity between the
lumen of the vesicle and the extracellular space is provided
through the opening of a fusion pore. According to the
protein-lined pore model, mixing of the proximal monolayers
(hemifusion) may or may not occur on the way toward full
membrane fusion. Furthermore, whether or not membrane
fusion proceeds through hemifusion, there will be no change
in the distance spanning the two membranes until both
bilayers have fully merged and permanent fusion has taken
place. At this point, the distance is reduced by an amount
equivalent to two bilayer thicknesses. This is in sharp contrast
to the proximity model where the distance changes in two
discernable steps, each equivalent to one bilayer thickness—the
first after hemifusion and the second as a result of full fusion.
In our AFM system, we are able to measure the jump distance
during hemifusion (d; inset in Fig. 1), and we consistently
measure a jump distance of 3.9 = 0.3 nm in the presence of
SNARE proteins in the bilayers (Fig. 5 B). Due to the fact that
we detect a jump and the jump distance is consistently on the
order of a single bilayer thickness, our findings are consistent
with a model where bilayers transition through a hemifused
state during membrane fusion.

Our experiments were designed to determine the minimal
number of SNARE complexes required to mediate mem-
brane fusion. To achieve these conditions, we used a low
surface density (0.17 = 0.04 molecule per um?) of SNAREs
in the bilayers. Subsequently, 20-30% of the force scans
yielded jump events, and ~65% of those scans showed
unbinding events corresponding to the interaction between
SNARE proteins (Fig. 5 A, left panel). Additional analysis of
these unbinding events indicated that they resulted from the
unbinding of single SNARE complexes (39,40). This
analysis revealed that the observed fusion facilitation was
yielded by single interactions between SNARE proteins.
Given the nature of our experimental system, bilayer fusion
is ensured by the applied compression; and although other
studies have suggested that a single SNARE complex is
sufficient to dock and fuse a vesicle to a planar lipid bilayer
(32,40), we cannot currently confirm whether the observed
fusion facilitation mediated by a single SNARE complex is
sufficient to produce membrane fusion in vivo. Nevertheless,
our results indicate that the formation of a protein-lined pore,
involving multiple SNARE complexes, is not required for
bilayer fusion in our experimental system.

The proximity model for membrane fusion does not impli-
cate the direct involvement of SNARE proteins in the for-
mation of a fusion pore. It suggests that SNAREs contribute
to the work performed on the bilayers during membrane
fusion (41,42); the interaction between SNARE proteins
brings the membranes to a minimal distance, a critical prox-
imity, where membranes undergo spontaneous lipid mixing
and, ultimately, fusion. In our experiments, however, the
AFM provides the necessary mechanical force to induce
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fusion, with and without SNARESs. If SNARE interactions
were to facilitate fusion by only contributing to the mechan-
ical work, their contribution would be overwhelmed by the
higher AFM-applied compression, and we would have ex-
pected to see no change in the fusion force under com-
pression. Yet, the fusion force was reduced when SNAREs
existed in both bilayers but not in a single bilayer or when
opposing SNARE interactions were prevented by soluble
cd-VAMP (Fig. 2 B). This suggested an additional role for
SNARE interaction in destabilizing the membranes during
SNARE-mediated fusion. Such a role could be brought about
by pulling on the SNARE transmembrane segments as
“‘tension’’ is generated during zippering of the trans-SNARE
complex. It has been shown that replacing the transmem-
brane segment of either v- or t-SNAREs with a lipid anchor
prevents fusion between vesicles (43). Moreover, increasing
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FIGURE 5 (A) Representative approach and retract traces from AFM
force measurement. In the presence of SNARES in the bilayers (left panel),
hemifusion (jump) was observed during approach at a lower compression
force, and unbinding events were detected in the retract step. These
unbinding events indicated SNARE-mediated fusion. On the other hand,
higher compression forces were measured for hemifusion and no unbinding
events were detected during the retract step in the absence of SNARES (right
panel). (B) Distribution histograms for jump distance values (d; inset in Fig.
1) measured during jump events in the presence (fop) or absence (bottom) of
SNARESs in the bilayers. The top panel shows jump distance values that were
measured in the presence of simultaneous unbinding events in the retract
step. A shift in the jump distance value was observed when SNARESs existed
in the bilayers. It was reduced from 4.4 = 0.1 nm to 3.9 = 0.3 nm, which is
interpreted as an increase in the compressibility and deformation of the
membranes when SNAREs are present in the bilayers. The increase in the
compressibility and deformation of the membrane translates into a greater
ease in membrane fusion.
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the length of a flexible linker between the cytoplasmic and
transmembrane segments reduced the fusion efficiency in a
linker length-dependent manner (42). Therefore, we specu-
late that pulling on the transmembrane segments leads to
their tilting or upward movement in the membrane in which
they are anchored, which in turn destabilizes the lipid
bilayers at the interface between the apposed membranes.
This promotes the nucleation of a fusion pore and may lead
to fusion.

In conclusion, our results show that SNARE-mediated
bilayer fusion proceeds through hemifusion. They also sug-
gest that as few as one SNARE complex is sufficient to
significantly reduce the energy requirements for the fusion
process under compression and possibly mediate membrane
fusion. In the presence of SNAREs, the fusion rate of the
bilayers increases exponentially during accelerated fusion
under compression. It also increases in the absence of applied
compression. This increase in the fusion rate is the result of
the overall reduction in the slope of the energy barrier and is
interpreted as an increase in the compressibility of the mem-
branes, which translates to a greater ease in the deformation of
the membranes and subsequently their fusion. These findings
lend support to a model for SNARE-mediated membrane
fusion where interaction between trans-SNARE:s lead to local
destabilization of the lipid bilayers and subsequently to
hemifusion on the path to full fusion.
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