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Single Molecule Mechanical Probing of the SNARE Protein Interactions
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ABSTRACT Exocytotic release of neurotransmitters is mediated by the ternary soluble N-ethyl maleimide-sensitive fusion protein
attachment protein receptors (SNARESs) complex, comprised of syntaxin (Sx), synaptosome-associated protein of 25 kDa (SNAP25),
and synaptobrevin 2 (Sb2). Since exocytosis involves the nonequilibrium process of association and dissociation of bonds between
molecules of the SNARE complex, dynamic measurements at the single molecule level are necessary for a detailed understanding of
these interactions. To address this issue, we used the atomic force microscope in force spectroscopy mode to show from single
molecule investigations of the SNARE complex, that Sx1A and Sb2 are zippered throughout their entire SNARE domains without the
involvement of SNAP25. When SNAP25B is present in the complex, it creates a local interaction at the O (ionic) layer by cuffing Sx1A
and Sb2. Force loading rate studies indicate that the ternary complex interaction is more stable than the Sx1A-Sb2 interaction.

INTRODUCTION

Exocytosis underlies the release of transmitters from neurons
and astrocytes (1,2) in the central nervous system. After
increase of the intracellular Ca>™ level, transmitter molecules
stored in secretory vesicles are released into the extracellular
space. This secretory process at presynaptic terminals is
mediated by the core complex containing the soluble N-ethyl
maleimide-sensitive fusion protein attachment protein re-
ceptors (SNARES), including synaptobrevin 2 (Sb2; also re-
ferred to as vesicle-associated membrane protein 2, VAMP2),
synaptosome-associated protein of 25 kDa (SNAP2S5), and
syntaxin (Sx) (3,4). Over the last few years structural, bio-
chemical, biophysical, and genetic studies have provided crit-
ical insights into the assembly of this complex, yet the exact
nature of the role of the individual SNARE proteins in the
complex is debated.

Until recently, a view of the SNARE complex formation
assumed a Sx1-SNAP25 intermediate binary complex loca-
ted at the plasma membrane, which forms the core (ternary)
SNARE complex, necessary for vesicular fusion, when it
interacts with Sb2 located on vesicles. However, experiments
using either Clostridial toxins that cleave Sb, or genetically
engineered organisms (Saccharomyces cerevisiae, Caeno-
rhabditis elegans, Drosophila, and mouse) lacking the
vesicular-SNARE Sb showed that the vesicular fusion was
not completely abolished (5—-11). For example, electrophys-
iological examination in Drosophila lacking neuronal Sb
showed that even though action potential-evoked synaptic
transmission was abolished, spontaneous vesicular fusions
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were still recorded although at a reduced rate; ultrastructur-
ally, vesicles were targeted to the presynaptic terminals and
they docked normally (9). Similarly, in squid giant presyn-
aptic terminals injected with botulinum toxin CI1, which
cleaves Sx, vesicles were docked normally, whereas evoked
synaptic transmission was abolished (12). Furthermore, in
Drosophila strains lacking Sx both evoked and spontaneous
synaptic transmission were abolished, whereas docking was
preserved (9). Therefore, it seems that both proteins Sb and
Sx have a postdocking function in vivo, with Sb having a
prefusion role, whereas Sx could have a central role in ve-
sicular fusion. Indeed, transmembrane segments of Sx line
the fusion pore of regulated exocytosis (13,14). Genetic
ablation of the plasma membrane target-SNARE SNAP25 in
mouse revealed that spontaneous, but not evoked synaptic
transmission, can occur in the absence of this protein (15).
Taken together, the persistence of fusion in these experi-
ments when using live cellular systems perhaps is due to the
redundancy of cellular proteins; closely homologous pro-
teins could substitute the eliminated ones and rescue the
function. Consistent with this notion, members of Sb family
in Drosophila are functionally interchangeable for synaptic
transmission (16). Thus, it appears that in vivo there could be
many interactions between SNARE proteins mediating fusion
with some redundancy and promiscuity in these interactions.

To study exocytosis at the molecular level, one can in vitro
reconstitute docking and fusion by using purified recombi-
nant proteins and artificial membranes. Here, in the absence
of all other proteins otherwise present in vivo the SNAREs
mediate both docking and fusion in vitro. For instance, fu-
sion of modified synaptic vesicles or large-dense core neuro-
secretory granules containing native vesicular-SNARE(s) to
a planar lipid bilayer containing Sx1A, but not SNAP25, has
been reported (17,18). Additionally, Sx1A in supported bi-
layers and Sb2 in liposomes are necessary and sufficient to
mediate liposome docking and fusion, which occurred even
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without SNAP25; the presence of SNAP25 had little effect
on docking efficiency and the probability of fusion (19,20).
This is in sharp contrast with the results from studies using
proteoliposomes fusing to each other when reconstituted with
SNARE proteins, where the fusion was inhibited either by
botulinum toxins A and E, which cleave SNAP25, or by an
antibody against SNAP25 (21,22). Therefore, it would be
important to further comparatively investigate the roles of
Sx-Sb and SNAP25-Sx-Sb complexes in docking and fusion
in vitro; these investigations should increase our under-
standing of intermolecular interactions between the protein
components of these complexes.

Fusion of single synaptic vesicles to the neuronal plasma
membrane has been investigated using electron microscopy
(23), amperometry (24), total internal reflection fluorescence
microscopy (25), and capacitance measurements (26) (also
reviewed in Ryan and Reuter (27)). In these approaches,
vesicular fusion was clearly defined by detecting () shapes,
amperometric spikes, the loss of recycling dyes, or capac-
itance step increases, respectively. Even though docking of a
single vesicle is experimentally less accessible, this process
was studied using electron microcopy, where vesicles in
close apposition to the plasma membrane were considered to
be docked (9,12,28). A dynamic imaging study of docking in
neurons, which assessed the formation of stable SNAP25-
Sb2 complexes, was done using fluorescence resonant energy
transfer (FRET) and wide-field fluorescence microscopy
(29), although not at the level of single synaptic vesicles.
Additionally, dynamics of the interactions between SNARE
proteins were thoroughly investigated using biochemical and
biophysical approaches, including surface plasmon reso-
nance (e.g., Calakos et al. (30)). However, the process of
association and dissociation of the bonds between molecules
of the SNARE complex is inherently a nonequilibrium pro-
cess and therefore equilibrium-binding constants that are
usually measured in biochemical test-tube approaches might
not provide the complete information. Consequently, dy-
namic measurements at the single molecule level would be
necessary for better understanding of intermolecular inter-
actions of proteins within the SNARE complex. A prereq-
uisite for designing such measurements is the existence of
precise molecular structure of SNARE proteins, which has
recently been accomplished using x-ray crystallography (31).
Indeed, cleverly designed single molecule studies, guided by
the available x-ray crystallography structural information us-
ing FRET and total internal reflection fluorescence micros-
copy further advanced our understanding of SNARE protein
interactions and their role in exocytosis (19,32). However,
these studies could not offer information on the mechanical
characteristics of the protein interactions, a necessary compo-
nent for detailed understanding of exocytosis. Relatively
recently, the atomic force microscope (AFM) has emerged as
a powerful tool for studying single molecule nanomechanical
interactions (33—37). Parameters that can be measured using
AFM spectroscopy, such as the force and the total mechan-
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ical extension (strain) required to rupture the binding be-
tween the various proteins, can yield valuable insight into the
sequence of interactions, the nature of the binding (zippering
versus highly localized binding site), and the strength of the
binding. The initial study of SNARE proteins by the AFM
spectroscopy used only the rupture force as a representation
of the binding energy in understanding single molecule in-
teractions between SNARE proteins (37). However, the work
done, which is a vector product of the applied force and the
corresponding extension, is accounted in part by the energy
for breaking of the intermolecular bonds, in part by the
energy required to compensate the thermal entropy of the free
sections of the stretched proteins and dissipation. The final
force required to rupture all the bonds will not necessarily
correspond to the total interaction energy of the bound
proteins (as assumed in Yersin et al. (37)) due to: 1) the
different extensions for each system; 2) unknown angle of
the applied force with respect to the axis of the protein
system; 3) entropy contributions; and 4) dissipation.

Here we extend AFM spectroscopy measurements using
experimental conditions emulating physiological ones. We
show from single molecule mechanical investigations of the
SNARE complex that both the total extension and the force
provide critical information on the binding mechanism. Hence,
in the case of Sx1A and Sb2 interactions, the single mo-
lecular pair measurements under different force loading rates
confirm a zippering model, i.e., formation of coiled coils
(30,38). In contrast, in the ternary SNARE complex where
SNAP25B is additionally present, the measured extension
(~12 nm) is consistent with the position of the localized
electrostatic bond (0 or ionic layer) predicted from x-ray
structure (31). Additionally, the Sx1A-Sb2 interaction has an
order of magnitude higher dissociation rate than the rate de-
termined for the ternary complex. Thus, the presence of
SNAP25B in the complex would allow positioning of vesicles
at a maximal distance of ~12 nm from the plasma membrane
for an extensive period of time, when compared to the period
permitted by the Sx1A-Sb2 interactions alone. These findings
support similar conclusions drawn from other techniques.

METHODS
Recombinant proteins

Recombinant Sb2 and Sx1A were generated using modified pET vectors as
described elsewhere (39,40), resulting in their cytoplasmic domains (aa 1-94
of rat Sb2 and aa 1-266 of rat Sx1A) tagged with six histidines (H6) at their
C-termini (Sb2-H6 and Sx1A-H6). Similarly, we also generated C-terminus
H6-tagged truncated form of rat Sx1A (Sx1A73.266-H6) containing SNARE
domain (aa 178-266), but lacking an N-terminal part of the molecule.
Recombinant N-terminally H6-tagged full-length rat SNAP25B (H6-
SNAP25B) was generated using pTrcHis vector. These proteins were
purified using nickel-sepharose beads (Qiagen, Valencia, CA). Recombinant
full-length rat SNAP25B was generated using pGEX-2T vector and
expressed as a fusion protein having glutathione S-transferase (GST) at its
N-terminus (GST-SNAP25B). We also generated cytoplasmic domains of
Sb2 and Sx1A (aa 1-94 and aa 1-265 of rat sequences, respectively) tagged
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with GST at their N-termini (GST-Sb2 and GST-Sx1A). The resulting GST
fusion proteins and GST alone were purified using glutathione columns
(Amersham Biosciences, Piscataway, NJ). The proteins were quantified
using the Bradford reagent (Pierce Biotechnology, Rockford, IL) and bovine
serum albumin as a standard. To determine their purity, the proteins were
subjected to 15% sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis in combination with silver-stain technique (41). Densitometry of silver-
stained gels, performed using ChemiDoc XRS gel documentation system
(BioRad Laboratories, Hercules, CA), indicated that purified recombinant
proteins represent 84-97% of the total protein content.

Western blotting

Recombinant proteins were loaded at 1 ug per lane and subjected to 15%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, followed by
transfer to nitrocellulose membranes that were probed with antibodies against
Sb2 (clone 69.1, Synaptic Systems, Goettingen, Germany, catalog No. 104
201, 1:1000 dilution; note that this product has been recently replaced by the
manufacturer with catalog No. 104 211), SNAP-25 (clone 71.1, Synaptic
Systems, catalog No. 111 001, 1:10,000 dilution), and Sx1 (clone 78.2,
Synaptic Systems, catalog No. 110 001, 1:10,000 dilution or clone HPC-1,
Sigma-Aldrich, catalog No. S0664, 1:1000 dilution). Immunoreactivity of
bands was detected using enhanced chemiluminescence (Amersham Bio-
sciences, Piscataway, NJ). All proteins showed single immunoreactive
bands with appropriate molecular weights.

In experiments using light chain of botulinum toxin B (BoNT-B; List
Biological Laboratories, Campbell, CA) we incubated 200 ng of toxin with
1 pg of recombinant Sb2 in internal solution containing 250 uM zinc
chloride at room temperature (20-24°C) for 2 h whereupon the reaction was
stopped by adding 3X gel sample buffer. The internal solution contained (in
mM): potassium-gluconate, 140; NaCl, 10, and HEPES, 10 (pH = 7.35).
The cleavage of Sb2 was assessed using anti-Sb2 antibody (clone 69.1),
which was raised against synthetic peptide corresponding to the N-terminal
part of rat Sb2 (aa 1-17, but Metl was replaced by Cys) (42). Although this
epitope is still present in BoNT-B cleavage product (aa 1-76), it is not
recognized by this antibody for unknown reasons, as described elsewhere
(e.g., Fig. 4 of Parpura et al. (43)). Consequently, Western blots show re-
duction in the single immunoreactive band without displaying an additional
lower molecular weight band. Furthermore, the activity of BoNT-B was
confirmed using previously described micromechanosensor (44).

Functionalization of cantilevers and
glass coverslips

Triangular silicon nitride cantilevers (320 wm long; Digital Instruments,
Santa Barbara, CA) with integral tips and glass coverslips (Fisher Scientific;
catalog No. 12-545-82-12CIR-1D) were coated with nickel films (thickness
~150 nm) using a thermal evaporator. After nickel film deposition, the tips
were functionalized with Sx1A-H6 recombinant proteins by incubating tips
in a solution containing proteins (aa 1-266 and aa 178-266 at 0.1-0.2 mg/
mL and 0.5 mg/mL, respectively) for 3 h at room temperature. In some
experiments, the tips were functionalized with synthetic H6 peptide (10 mg/
mL; Covance Research, Berkeley, CA; catalog No. PEP-156P). Nickel-
coated glass coverslips were functionalized with Sb2-H6 recombinant
protein or H6 by applying a solution containing protein (0.17 mg/mL) or
peptide for 1 h at room temperature. After incubation with recombinant
proteins or synthetic H6 peptide, the tips and coverslips were rinsed three
times with an internal solution, and then were kept separately submersed in
this internal solution in a humidified chamber at +4°C until used in ex-
periments for up to 36 h. Before experiments the glass coverslips were
mounted on metal disc AFM sample holders.

In some experiments, a solution containing either GST-Sb2 (2.3 mg/mL),
GST-SNAP25B (0.475 mg/mL), or GST alone (2.125 mg/mL) was applied
onto Sx1A functionalized tips for 10-30 min at room temperature, followed
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by a triple wash with internal solution. In a subset of experiments, we further
treated Sb2 functionalized coverslips in three different ways: 1) Internal
solution supplemented with light chain of BoNT-B (100 nM) and zinc
chloride (250 uM) was applied onto functionalized coverslips at room
temperature for 2 h (used for indirect immunochemistry; compare this to the
BoNT treatment used in single molecule measurements in the next section,
Force-distance curves); zinc ions alone do not significantly affect the nickel-
histidine coordination (44). 2) GST-Sx1A (0.7 mg/mL) or GST (2.125 mg/
mL) alone was applied onto Sb2 functionalized coverslips for 30 min at
room temperature. 3) Peptides encoding for rat Sx1A aa 178-200 and aa
215-235 (Synthetic Biomolecules, San Diego, CA) dissolved in internal
solution (1 mg/mL each) were separately applied onto Sb2 functionalized
coverslips for 30 min at room temperature. After any of these treatments,
coverslips and tips were rinsed three times with internal solution and stored
in a humidified chamber at +4°C until used in experiments.

When Sx1A-H6 was combined with Sb2-H6, H6-SNAP25B (0.1 mg/
mL), or H6 and used for cofunctionalization, these agents were preincubated
in equimolar ratio in a tube for 10 min at room temperature before they were
coapplied onto coverslips or tips for 1 and 3 h at room temperature, re-
spectively. Cofunctionalization of tips and coverslips with SxIA-H6 +
Sb2-H6 and tips with Sx1A-H6 + H6-SNAP25B or Sx1A-H6 + H6 was
followed by rinsing them three times with internal solution. They were then
stored in a humidified chamber at +4°C until used in experiments.

To accommodate for variations in the success of procedures used for
functionalization of tips and coverslips, we performed matching controls
with any of the treatments to allow for day-to-day comparison of the data.

Force-distance curves

We used nanoscope E and associated equipment (Digital Instruments, Santa
Barbara, CA) in force spectroscopy mode. All experiments were carried out
at room temperature (20-24°C) in a fluid cell that kept hydration and
osmotic properties of the sample. Force was calculated using spring con-
stants, ranging from 10 to 13 mN/m that were determined for each cantilever
using a previously described method (45). The bending of the cantilever was
taken into account in the calculation of the extension (46). The piezoelectric
tube extension, including nonlinearities, was calibrated interferometrically
for all force loading rates used (47). All extension and force measurements
are expressed as mean * SE.

In experiments using light chain of BoNT-B, internal solution was
supplemented with BoNT-B (100 nM), zinc chloride (250 uM), tetrakis-(2-
pyridilmethyl)ethylenediamine (TPEN; 50 uM; Molecular Probes, Eugene,
OR; catalog No. T1210) or with some combinations of these agents. This
solution was injected into the fluid cell using microfluidic ports, resulting in
5.7-fold dilution of BoNT-B, Zn”, and TPEN. The final concentrations of
these agents reported in this work were adjusted to accommodate dilution
factors. In a subset of the experiments, internal solution alone (sham treat-
ment) was injected using the same protocol. The acquisition of force-
distance curves in these experiments was executed twice: once just before
the treatment and then again 23-31 min after the initiation of the treatment
(injection of solution). In the experiments where a combination of BoNT-B
and TPEN was used, these agents were preincubated on ice for 1 h, followed
by equilibration at room temperature (~25 min) before injection into the
fluid cell.

Strength of single molecule binding force
between six consecutive histidine molecules
(H6) tag and Ni®*

H6 functionalized coverslips were incubated with nickel-agarose bead
suspension (Qiagen, catalog No. 36111; 20-70 wm in diameter) for 5 min at
room temperature. The coverslips decorated with beads were then rinsed
with internal solution to remove the excess of nonadherent beads. The
remaining attached beads were then probed with H6 functionalized tips. The
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mean value of the single molecule binding force between H6 and Ni** was
found to be 525 *= 41 pN (32 events) by measuring the force required to
rupture the attachment of H6 functionalized AFM tips to the nickel-agarose
bead. These forces were much greater than the forces measured for taking
apart recombinant proteins studied. Additionally, the force measurements
are in good agreement with previously reported mechanical strength of the
coordination bond between an H6 tag and nickel nitrilotriacetate (48).

Indirect immunochemistry

The presence of Sx1A and SNAP25B on functionalized tips and Sb2 on
functionalized glass coverslips was determined by indirect immunochem-
istry. We labeled tips and glass coverslips using mouse monoclonal anti-
bodies against Sx1 (clone HPC-1, 1:500) and against Sb2 (1:500),
respectively. In experiments where SNAP25B was complexed onto Sx1A
functionalized tips, SNAP25B was probed with a rabbit polyclonal antibody
(clone MC-21, 1:200) generously supplied by Dr. Pietro DeCamilli (Yale
University, New Haven, CT). Cantilevers were incubated with the primary
antibodies for 1 h at room temperature and followed by triple wash with
internal solution. The TRITC-conjugated goat anti-mouse or Alexa Fluor
488-conjugated goat anti-rabbit (Molecular Probes) secondary antibodies
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were applied and the preparation was incubated for 1 h at room temperature
followed by a triple washout in internal solution.

Visualization for immunochemistry was done using an inverted micro-
scope (Nikon TE 300) equipped with wide-field epifluorescence (Opti-Quip,
Highland Mills, NY; 100 W xenon arc lamp), and standard fluorescein (for
Alexa Fluor 488) and rhodamine (for TRITC) filter sets (Chroma
Technology, Brattleboro, VT). Images were captured through the 20X air
(for cantilevers) and 60X oil immersion (for coverslips) objectives using a
CoolSNAP-HQ cooled charge-coupled device camera (Roper Scientific,
Tucson, AZ) driven by V+ + imaging software (Digital Optics, Auckland,
New Zealand). To reduce photobleaching of the sample an electronic shutter
(Vincent Associates, Rochester, NY) was inserted in the excitation pathway
and controlled by the software. Bright-field images were acquired with
a green interference filter inserted in the light path of a halogen lamp.
All images presented in the figures represent raw data.

RESULTS

We measured the interaction between single molecule pairs
of Sb2 and Sx1A using single molecule force spectroscopy

FIGURE 1 (A) Schematic of experimental approach.
Recombinant Sb2 (Sb2-H6) is attached to the nickel-
coated coverslip surface through histidine residue tags
(H6) at its C-terminus, leaving its cytoplasmic domain free
to interact with the recombinant Sx1A (Sx1A-H6) that is
similarly attached by means of a C-terminus histidine tag
to the nickel-coated cantilever tip. These two proteins are
brought to near proximity (approach; arrow pointing
down) by means of the piezoelectric element and then
taken apart (retract; arrow pointing up). (B) Bright-field
images of the cantilevers that were subjected to indirect
immunochemistry in C. Cantilevers incubated with Sx1A-
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(Fig. 1). We coated glass coverslips and microfabricated
AFM cantilever tips with nickel films, which were partially
oxidized by exposure to air (44). The nickel-coated glass
coverslips were functionalized with recombinant Sb2 (rat
sequence aa 1-94) conjugated to six consecutive histidine
molecules (H6) tag at its C-terminus (Sb2-H6) (40); the H6
was sterically coordinated by Ni*" generated from nickel
oxidation. To study Sb’s interaction with Sx1A we used
nickel-coated AFM tips functionalized with a recombinant
Sx1A (rat sequence aa 1-266) conjugated to an H6 tag at its
C-terminus (Sx1A-H6) (39). Success in coupling of recom-
binant proteins to their respective surfaces was assessed us-
ing indirect immunochemistry. Monoclonal antibody against
Sx (49) revealed the presence of Sx1A-H6 recombinant pro-
tein only on functionalized cantilevers, but not on the control
cantilevers, where recombinant proteins were omitted during
the functionalization procedure (Fig. 1, B and C). Similarly,
incubation of nickel-coated glass coverslips with recombi-
nant Sb2-H6 resulted in functionalization of glass surface
(Fig. 1 D) as detected by a monoclonal antibody directed
against Sb2 (42). As both SNARE proteins were tagged at
their C-termini, their parts corresponding to cytoplasmic tails
were freely available for intermolecular interactions. A stan-
dard AFM with a fluid cell containing internal saline was
used to measure the strength of the single intermolecular in-
teractions. The functionalized coverslip was mounted on top
of the piezoelectric tube, whereas the functionalized AFM
cantilever was mounted on the fluid cell. The piezo was then
used to move the functionalized coverslip toward and away
from the cantilever tip. The interaction force was measured
from the deflection of the cantilever. Sx1A and Sb2 were
brought in contact by means of the piezo; the contact force
was between 0.75 and 1.2 nN, whereas the contact time
varied between 0.5 and 3 s depending on the force loading
rate. As the coverslip was moved down starting at point a in
Fig. 1 E, it remained attached to the tip until point c. The
straight line trace ab is due to the linear response of the tip in
rigid contact with the coverslip. The segment bc, recorded as
an increase in force, represents bending of a cantilever due to
nonspecific interactions between the tip and the coverslip.
These interactions were recorded at all times even when
probing nonfunctionalized nickel-coated glass coverslips
with nickel-coated tips (Fig. 2; Table 1). Atpoint cin Fig. 1 E
the tip instantaneously snaps away from the coverslip (zero
extension) and point d is the start of the observed stretching
of the bound proteins due to the continued movement of the
coverslip. The (nonzero) extension of the proteins observed
after point d is absent in experiments where the bound pro-
tein system did not form (determining the interaction prob-
ability) or was absent (control experiments; see below and
Table 2). In ~38% of attempts, ranging from 32% to 48% for
different sets of functionalized tips and coverslips, we de-
tected an interaction force due to bonding between two pro-
teins. The intermolecular bond was stretched at a retraction
velocity of 1.6 um/s, leading to its rupture at a defined force
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FIGURE 2 Nonspecific interactions between the tips and coverslips. (A)
The retraction part of a typical force-distance curve acquired using nickel-
coated tips and coverslips. In the segments ab and bc, the coverslip and the
cantilever tip are still in contact, until they separate, as indicated by the
segment cd with force returning to zero at point d. The dashed line indicates
zero force, whereas its intercept with the force-distance curve indicates point
b. Circles indicate the different points within the force-distance curve.
Similar force-distance curves were recorded when H6 functionalized tips
were used to probe Sb2-H6 functionalized coverslips (B) or when Sx1A-H6
functionalized tips were used to probe H6 functionalized coverslips (C; also
see Table 1). Drawings are not to scale. Retraction velocity, 1.6 um/s.

and at a finite distance (extension) from the glass surface
(237 = 4 pN and 23.0 = 0.6 nm, respectively; 456 events;
Fig. 1, E-G). This rupture force and the corresponding
mechanical extension of the complex when integrated pro-
vide the free energy change for breaking the bonds. Al-
though a considerable fraction of the force is expended to
stretching the molecules against the entropic elasticity, the
force-distance (extension) relationship (Fig. 1 E, de segment)
could not be well explained by the worm-like chain polymer
model (50,51), as only the stiff asymptotic section of the
polymer extension was present. Therefore, the interacting
Sx1A-Sb2 molecular pair does not have any free wriggling
polymer sections, implying that these molecules are com-
pletely zippered. Although the long mechanical extension
of ~23 nm prevents classification of these interactions as
arising from narrow angstrom (A) size potential barriers
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TABLE 1 Nonspecific interactions between tips and coverslips
Positive

Tip Coverslip Positive Tested (%)

NiZ* Ni?* 350 350  100.0
Sx1A-H6 Sb2-H6 465 468 99.4
H6 Sb2-H6 200 200  100.0
Sx1A-H6 H6 320 320 100.0
Sx1A-H6 + GST-Sb2 Sb2-H6 1478 1482 99.7
Sx1A-H6 Sb2-H6 + GST-Sx1A 1372 1378 99.6
Sx1A-H6 + Sb2-H6  Sb2-H6 498 500 99.6
Sx1A-H6 Sb2-H6 + Sx1A-H6 493 494 99.8

Note: Nonspecific interactions refer to the bed segment of the force-distance
curves (see Figs. 1 E and 2 A); retraction velocity is 1.6 um/s.
Abbreviations: GST, glutathione S-transferase; H6, six consecutive histi-
dines tag; Sb2, synaptobrevin 2; Sx1A, syntaxin 1A.

previously noted in other single molecular bond measure-
ments (34,52,53), it provides insight into the nature of the
intermolecular interaction helping to distinguish between a
zippering type (formation of coiled coils) and that due to a
localized binding site. This extension in Sx1A-Sb2 interac-
tions favors a model where zippering spans the entire SNARE
domains of these molecules up to their C-termini. Since Sx1A
used here should be in closed form as the construct encom-
passes entire cytoplasmic tail including regulatory N-termi-
nal domain, the existence of Sx1A-Sb2 interactions indicate
that either Sb2 induces a conformational change of Sx1A to
bring it to open state or Sb2 can directly interact with the closed
form of Sx, as recently suggested ((19,54), also see below).
To verify specificity of the interactions between Sx1A and
Sb2, we performed control experiments with tips or cover-
slips functionalized with H6 (Table 2). Here, we probed Sb2-

TABLE 2 Specific interactions between syntaxin 1A
and synaptobrevin 2

Positive

Tip Coverslip Positive Tested (%)
Ni** Ni** 0 350 0
Sx1A-H6 Sb2-H6 2146 5652 38
H6 Sb2-H6 1 200 <1
Sx1A-H6 H6 2 320 <1
Sx1A-H6 Sb2-H6 65 182 36
Sx1A-H6 + GST-Sb2 Sb2-H6 71 1482 5
Sx1A-H6 + GST Sb2-H6 194 494 39
Sx1A-H6 Sb2-H6 105 286 37
Sx1A-H6 Sb2-H6 + GST-Sx1A 72 1378 5
Sx1A-H6 Sb2-H6 + GST 174 494 35
Sx1A-H6 Sb2-H6 341 1010 34
Sx1A-H6 + Sb2-H6  Sb2-H6 14 500 3
Sx1A-H6 Sb2-H6 + Sx1A-H6 21 494 4

Note: specific interactions refer to the def segment of the force-distance
curves (see Figs. 1 E and 2 A); retraction velocity is 1.6 um/s; spaces
separate matching sets of experiments.

Abbreviations: GST, glutathione S-transferase; H6, six consecutive histi-
dines tag; Sb2, synaptobrevin 2; Sx1A, syntaxin 1A.
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H6 functionalized coverslips with H6 functionalized tips.
Alternatively we used Sx1A-HG6 functionalized tips to probe
H6 functionalized coverslips. Although we recorded at all
times nonspecific interactions described in Figs. 1 and 2 as
the segment bcd (Table 1), the nonzero extensions (after point
d, segment def) were recorded in <1% of attempts, as com-
pared to 38% in controls where Sx1A-H6 functionalized tips
and Sb2-H6 functionalized coverslips were used. Addition-
ally, parallel experiments involving soluble SNARE cyto-
plasmic tails as competitive antagonists were performed (Table
2). Here, we preincubated Sx1A-H6 functionalized tips with
GST-Sb2, and then used these tips to probe Sb2-H6 func-
tionalized coverslips. We also preincubated Sb2-H6 func-
tionalized coverslips with GST-Sx1A, which were then
probed with Sx1A-H6 functionalized tips. We find that this
treatment of functionalized tips and coverslips with soluble
(GST-tagged) complementary SNARE cytoplasmic tails, but
not with GST alone, caused great reduction in interactions
between Sx1A and Sb2 as compared to control (Table 2).
One concern with these experiments is the possibility that
GST moiety of chimeric proteins is sterically hindering bind-
ing between proteins on the tip and coverslips, whereas com-
plementary cytoplasmic tails serve as the means to deliver it
to specific site of interaction. To address this possibility, we
cofunctionalized tips with Sx1A-H6 + Sb2-H6, which were
then used to probe coverslips functionalized with Sb2-H6, and,
conversely, we cofunctionalized coverslips with Sb2-H6 +
Sx1A-H6, which were probed with Sx1A-H6 functionalized
tips. We find that this treatment of cofunctionalized tips and
coverslips with H6-tagged complementary SNARE cyto-
plasmic tails caused great reduction in interactions between
Sx1A and Sb2 as compared to control (Table 2); again,
nonspecific interactions were recorded essentially at all times
(Table 1). Taken together these data indicate that Sb2-H6
and Sx1A-H6 are selectively immobilized via H6, but not
through nonspecific adsorption.

To further study the specificity of the interaction between
Sx1A and Sb2, we used the light chain of BoNT-B, which
can cleave Sb2 (55-57), and thus can reduce the probability
of interactions between Sx1A and Sb2. We first verified that
BoNT-B, a Zn** endopeptidase, in the presence of zinc ions
cleaves immobilized Sb2 by using immunochemistry and
Western blots (Fig. 3). In parallel, we recorded force-distance
curves. After determining a baseline probability of interac-
tions occurring between Sx1A and Sb2 (35%; Table 3), a
solution containing BONT-B (18 nM) and zinc ions (44 uM)
was introduced into the fluid cell while measuring intermo-
lecular interactions. The ratio of positive interactions after
and before the treatment (Table 3, A/B, 0.2) indicates that the
cleavage of the Sb2 led to the large reduction in the number
of Sx1A-Sb2 interactions, when compared to the sham treat-
ment where a plain solution was injected (Table 3, sham,
A/B, 1.1). Zinc ions alone did not affect the probability of
Sx1A-Sb2 intermolecular interactions. Native light chain of
BoNT-B, however, caused a small reduction in the number
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FIGURE 3  Specificity of the extension and force measurements. (A) BoNT-
B in the presence of zinc ions (Zn*") cleaves recombinant Sb2 as revealed
by the reduction in Sb2 immunoreactivity on functionalized coverslips (B, +)
and by the reduction of Sb2 immunoreactive band on Western blots (C, +)
when compared to their controls (B and C, —). Dashed box in A indicates
epitope recognized by anti-Sb2 antibody (for details see ‘‘Materials and
Methods’’). The drawing in A is not to scale. Scale bar in B, 10 um.

of interactions (Table 3, A/B, 0.8). This marginal action
of native BoNT-B was sensitive to the presence of the
Zn**chelator TPEN (9 M), which itself did not cause an
effect on the probability of Sx1A-Sb2 interactions. Thus,
BoNT-B in its native form had some prebound Zn’*, as

TABLE 3 Botulinum neurotoxin type B affects the interaction
between syntaxin 1A and synaptobrevin 2

Before (B) After (A)
Positive Positive
Treatment Positive Total B (%) Positive Total A (%) A/B
Sham 80 234 34 75 208 36 1.1
BoNT-B 222 624 36 193 678 28 0.8
BoNT-B + Zn** 138 390 35 82 1170 7 0.2
Zn** 84 234 36 85 234 36 1.0
BoNT-B + TPEN 82 234 35 89 260 34 1.0
TPEN 89 234 38 98 260 38 1.0

Note: Sham represents a control for the injection of the reagents (treatment)
into the AFM fluid chamber (for details see Materials and Methods).
Abbreviations: BoNT-B, botulinum neurotoxin type B; TPEN, tetrakis-(2-
pyridilmethyl)ethylenediamine.
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described previously for native light chains of various Clos-
tridial toxins (58-60). Taken together, the sensitivity of
Sx1A-Sb2 interactions to BoNT-B confirms the specificity
of our measurements.

Additional test of the Sx1A-Sb2 interaction specificity
was done. Here the cantilever tips were functionalized using
a truncated form of Sx, Sx1A73.,66-H6, encoding for rat aa
178-266, thus, lacking a part of the molecule N-terminally
from its SNARE domain, and used to probe Sb2-H6
functionalized glass coverslips (Fig. 4 A). We recorded the
interaction forces and extension values in 37% of attempts
(239 of 650). These measurements were not significantly
different from those acquired using a Sx1A molecule (aa
1-266) containing the entire cytoplasmic domain (compare
Fig. 4 E with Fig. 1, F and G; also see Fig. 6 D), a finding that
is consistent with previous reports indicating necessity of
SNARE domain, but not of deleted section of Sx1A molecule
(aa 1-177) for Sx1A-Sb2 interactions (30,38,61). Interest-
ingly, both Sx1A and Sx1A ;75,66 interacted with Sb2 with
similar probability, as the interactions were recorded in 38%
and 37% of attempts, respectively. This favors the notion that
Sb2 directly interacts with the SNARE domain of Sx1A in
closed form, without inducing a large conformation change
of Sx1A from its closed to open state.

After this initial confirmation of the specificity of mea-
sured interactions, we further studied the properties of Sx1A-
Sb2 interactions. In this set of experiments we incubated
Sb2-H6 functionalized coverslips with synthetic peptides
encoding for parts of the rat Sx1A sequence, either aa 178—
200 or aa 215-235 (Fig. 5 A). After preincubation with
peptides we probed Sb2-H6 functionalized coverslips with
Sx1A-H6 functionalized tips. We found that the peptide aa
215-235 that putatively binds closer to the C-terminus of
Sb2 reduces the number of Sx1A-Sb2 interactions more
frequently (9% of events recorded) than the peptide aa 178—
200 which binds to the N-terminus of Sb2 (30% of events
recorded as compared to 43% in control without peptide
preincubation; Fig. 5 B). Thus, the disruption of the Sx1A-
Sb2 interaction was enhanced if the binding of a Sx1A cog-
nate peptide occurred closer to the C-terminus of Sb2, hence,
closer to the starting point of the extension. Additionally, we
recorded the position-dependent shortening of the Sx1A-Sb2
extension, where, although reduced in number, successful
interactions in the presence of aa 215-235 measured 14.6 *
0.8 nm (n = 138), whereas 20.0 = 0.7 nm (n = 270) in the
presence of aa 178-200 (compare Fig. 5, C and D); both ex-
tension measurements were significantly shorter than the
23.0 = 0.6 nm in control measurements without peptide
incubation (compare Fig. 1 F and Fig. 5 E, left; also see Fig.
6 D). These data further indicate that Sx1A-Sb2 interaction
encompassed the entire length of their SNARE domains,
which are zippered without the presence of SNAP25.

After the study of mechanical properties for Sx1A-Sb2
intermolecular interactions, we then measured the single inter-
molecular interaction events between all three core proteins
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FIGURE 4 The SNARE domain of Sx1A is sufficient
for interaction with Sb2. (A) Cantilevers incubated with
Sx1A178.266-H6 (+), a truncated form of Sx1A encoding
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for rat sequence aa 178-266 and containing SNARE
domain, but lacking the remaining N-terminal part of the
Sx1A molecule, were successfully functionalized as indi-
cated by the positive immunoreactivity (C) when com-
pared to the control cantilevers where Sx1A7g.266-H6 (—)
was not attached to the cantilever. (B) Bright-field im-
ages of cantilevers that were subjected to indirect im-
munochemistry in C. (D) The retraction part of a typical
force-distance curve using a truncated Sx1Aj7g.266-HO
functionalized tip and a Sb2-H6 functionalized coverslip.
(E) Distributions of the extensions and forces at rupture
recorded from the interactions between Sx1A;;g.66-H6
functionalized tips and Sb2-H6 functionalized coverslips
indicate that the SNARE domain of Sx1A is sufficient for
interactions with Sb2, whereas the remaining part of Sx1A
(aa 1-177) is not necessary for these intermolecular
interactions to occur (compare with Fig. 1, F and G).
Arrowheads in E indicate mean values. Drawing in A is not
to scale. Retraction velocity, 1.6 wm/s. Scale bars in B and
C, 30 wm.
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of the SNARE complex, Sb2, Sx1A, and SNAP25B. Here,
the AFM cantilevers were functionalized with Sx1A-H6
and then preincubated with SNAP25B having GST at its
N-terminus (GST-SNAP25B) to form a binary complex,
whereas the nickel-coated coverslips were functionalized
with Sb2-H6 (Fig. 6 A, top). We confirmed the formation of
the binary complex at the AFM cantilevers using indirect
immunochemistry (Fig. 6 A, bottom). Next, we loaded both a
tip and a coverslip into the fluid cell and brought the cov-
erslip into contact with the tip. At the contact site with the
plate a binary Sx1A-SNAP25B complex at the tip binds Sb2
on the coverslip to form a ternary Sb2-Sx1A-SNAP25B core
SNARE complex. Retracting the coverslip dissociated this com-
plex, while we measured the extension and rupture force for
this type of single intermolecular interaction (Fig. 6, B and C).
SNAP25B had little effect on the probability of Sx1A-Sb2
interactions, since we measured them in 40% of attempts
(272 of 676), a finding consistent with the lack of effect
by SNAP25 on docking efficiency and the probability of
thermally induced liposome-bilayer fusion (19). Although
the presence of GST-SNAP25B on the tip did not cause any
changes in force measurements (243 = 5 pN, 272 events;
Fig. 6, B-D) at ~20 nN/s force loading rate (but see below

200 400
Force (pN)

600

for different rates), the extension measurements exhibited
significant shortening (12.5 = 0.4 nm, 272 events) when
compared to the control Sx1A-Sb2 interactions (23.0 = 0.6
nm). In contrast, when Sx1A-H6 functionalized tips were
preincubated with GST, in 39% of attempts (192 of 494) we
observed the force and extension measurements (234 * 7 pN
and 22.8 * 0.7 nm, 192 events), which were not significantly
different from measurements in the control experiments re-
cording Sx1A-Sb2 interactions (Fig. 6, B and C; also com-
pare Fig. 6 C, middle, with Fig. 1 F). Additionally, we
prepared AFM tips functionalized with Sx1A75.,6-H6 that
were preincubated with GST-SNAP25B and used to probe
Sb2 functionalized glass coverslips. In 39% of attempts (173
of 442) we observed force and extension values correspond-
ing to those recorded with complete Sx1A-H6 (compare
bottom and top graphs in Fig. 6, B and C), indicating that the
non-SNARE portion (H,,. domain and linker region to the
SNARE domain) of the Sx1A molecule does not play a role
in the assembly of the core SNARE complex.

One concern with the use of GST-tagged SNAP25B is that
GST moieties can dimerize (62). Thus, it is possible that the
above data is reporting on the interaction between Sx1A,
Sb2, and GST-SNAP25B dimers. Since the use of thrombin
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FIGURE 5 Sb2 and Sx1A are zippered. Sb2 functionalized coverslips
were preincubated with peptides encoding for a portion of rat Sx1A
molecule, either aa 178-200 or aa 215-235 (A). Force spectroscopy (double
arrow) reveals that the number of interactions between Sx1A and Sb2 is
reduced in conditions where peptides were preincubated with Sb2
functionalized coverslips (B). The retraction part of typical force-distance
curves using a Sx1A-H6 functionalized tip and a Sb2-H6 functionalized
coverslip preincubated with either aa 178-200 (C) or aa 215-235 peptides
(D). (E) Distributions of the extensions and forces at rupture recorded from
interactions between Sx1A-Sb2 in the presence of cognate peptides.
Arrowheads in E indicate mean values. Retraction velocity, 1.6 um/s.
Drawings in A are not to scale.

to free SNAP25B from GST-SNAP25B resulted in many
proteolytic fragments (data not shown) that may contaminate
our measurements, we used H6-SNAP25B to further address
the role of SNAP25B in ternary complex (Fig. 7). Here,
Sx1A-H6 and H6-SNAP25B were preincubated in equimo-
lar ratio in a tube to form binary complexes, which were then
used to cofunctionalize the AFM tips. Coverslips function-
alized with Sb2-H6 were probed with cofunctionalized tips.
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We found that the presence of H6-SNAP25B on the tip
did not cause any changes in the force measurements at ~20
nN/s force loading rate, whereas as before the extension
measurements exhibited significant shortening (245 = 5 pN,
11.9 = 0.4 nm, 206 events; Fig. 7 E) when compared to the
control where tips were cofunctionalized with Sx1A-H6 and
H6 peptide (230 = 6 pN, 22.7 = 0.6 nm, 120 events; Fig. 7
E). Thus, data acquired using H6- and GST-tagged forms of
SNAP25B are in full agreement, removing the possibility
that in experiments using GST-SNAP25B we were studying
the role of its dimer in the ternary complex.

The data we presented in Figs. 1-7 were acquired using a
retraction velocity of 1.6 wm/s corresponding to an ~20 nN/s
force loading rate. Therefore, to confirm our conclusions
with respect to zippering of Sx1A-Sb2 and to further study
the nature of interaction within the ternary complex we mea-
sured force and extension at the point of rupture of the single
intermolecular bond as a function of the force loading rate
(Fig. 8). The measured rupture forces increase exponentially
with the loading rate (52,53) (one-way ANOVA; P 557y <
0.001 and P(7, 835, < 0.001 for Sx1A-Sb2 interactions in the
absence or presence of GST-SNAP25B, respectively). Ex-
trapolating the force loading rate to zero force enables us to
estimate dissociation rates, which correspond to the sponta-
neous off rates (k,¢) when only a single barrier width to the
transition state exists (63). In the case of Sx1A-Sb2 inter-
action, this exponential relationship leads to a barrier width
of 0.66 A and a spontaneous dissociation lifetime of 0.16 s
based on the assumption of a single barrier (51-53). In con-
trast the ternary SNARE complex containing Sx1A, Sb2, and
SNAP25B is much stronger with a corresponding barrier
width of 1.22 A and a spontaneous lifetime of 2.1 s; hence
the ternary SNARE complex is substantially more stable than
the Sx1A-Sb2 interaction.

The extension measurements as a function of the force
loading rate are even more revealing of the nature of the
bonding mechanism in the Sx1A-Sb2 intermolecular bond in
comparison to the ternary SNARE complex. The extension
in the case of Sx1A-Sb2 exponentially increases as a func-
tion of the force loading rate (one-way ANOVA, P, s57) <
0.001) pointing to the relatively high spontaneous dissoci-
ation rate of the zipper-type nonlocalized interaction. In
contrast, the extension measurements with the ternary SNARE
complex remained constant as the loading rate was varied
(one-way ANOVA, P¢; g35y = 0.83). The fact that the
extension remains constant while the rupture force increases
exponentially with the increasing loading rate further points
to cuffing, a strong intermolecular binding localized at the 0
layer (also see ‘‘Discussion’’) induced by SNAP25B, which
concomitantly disturbs the Sx1A-Sb2 prezippered arrange-
ment within their SNARE domains N-terminally to this layer
(Fig. 9). Based on the inspection of the force-extension curves,
this disturbance of Sx1A-Sb2 interaction N-terminally to the
0 layer caused by SNAP25B is most likely due to un-
zippering of Sx1A-Sb2, rather than the result of their weak
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FIGURE 6 SNAP25B reduces the extension of Sx1A-Sb2 interactions. (A) Sx1A functionalized tips (Sx1A-H6) were preincubated with GST-SNAP25B.
As revealed by indirect immunochemistry (middle, bright-field images; bottom, fluorescence images) only tips preincubated with GST-SNAP25B (+) show
positive immunoreactivity. (B) The retraction part of typical force-distance curves and distribution of measured extensions (C) when tips were preincubated
either with GST-SNAP25B (top), GST (middle), or where tips were functionalized with truncated Sx1A75.266-H6, incubated with GST-SNAP25B, and then
used to probe Sb2 functionalized coverslips (bottom). (D) Summary of all experiments shown in Figs. 1-6 indicate that there is no significant difference in the
rupture force in any condition tested (fop), whereas the extension measurements (bottom) are an invaluable tool in the assessment of the functional role of
individual SNARE proteins. Arrowheads in C indicate mean values. Bars in D represent mean * SE of 138-456 events. Solid bars show data acquired on Sb2-
H6 functionalized coverslips probed with Sx1A-H6 functionalized tips, whereas the hatched bars indicate coverslips tested with the truncated form of Sx.
Statistical significance was established by a one-way ANOVA followed by a post-hoc Scheffeé’s comparison at P << 0.05 (*) or P < 0.01 (**). Scale bar,

30 wm. Retraction velocity, 1.6 um/s. Drawing in A is not to scale.

interaction, since force-extension curves at different force
loads revealed a single unbinding event at ~12 nm without
appearance of an additional unbinding event (e.g., at ~23
nm at 20 nN/s).

DISCUSSION

Our data using force spectroscopy are consistent with
previous biochemical and x-ray crystallographic findings.
However, they also provide additional new insights with
regard to the function of these proteins. In previous studies,
force spectroscopy was used to study single molecule nano-
mechanical interactions (33-37), where the rupture force
alone was used as the marker of intramolecular and inter-
molecular mechanical properties. In this study, however, the
total extension in addition to the rupture force provides crit-
ical information on the binding mechanism between SNARE
proteins. Thus, the extension is an important parameter in
studying single molecular interaction between proteins, par-
ticularly when those proteins are involved in exocytosis, where
vesicle-plasma membrane distance is of critical importance.
Interestingly, the force necessary to dismantle a ternary
SNARE complex was not significantly larger than the rup-
ture force measured for individual pairs of Sx1A-Sb2 mol-
ecules at force loading rate of 20 nN/s (Fig. 6 D, top, and Fig.

8 A; Student’s #-test, p > 0.3). These data are not in complete
agreement with a recent report on force measurements of the
SNARE complex by others (37). In Fig. 2 of that report,
there is an appreciable difference in the rupture force for the
various proteins at similar force loading rates (~21 nN/s;
calculated from the reported retraction speed of 355 nm/s and
spring constant of 0.06 N/m). In our study, however, such
force difference is apparent at somewhat lower force loading
rates, less than ~7 nN/s (Fig. 8 A). For example, at 3 nN/s
force loading rate the force to dismantle individual Sx1A-
Sb2 pairs was 118 = 6 pN, whereas the force of 146 = 6 pN
was recorded for disassembling of the ternary complex
(Student’s #-test, p < 0.01). Since in both studies the spring
constants of the cantilevers were determined using the same
method (45), this difference perhaps could be attributed to
the method of protein deposition.

Yersin et al. (37) utilized nondirectional cross-linking of
the proteins with glutaraldehyde to attach proteins to the sur-
faces. This procedure tethers proteins to the surface reducing
the proteins’ ability to mechanically interact, yet it allows
them to interact in a random fashion, forming both parallel
and antiparallel configurations. In contrast, in our study, we
directionally attached proteins with their C-termini contain-
ing H6 being sterically coordinated by nickel ions to the
surface, thus allowing these proteins to mechanically interact
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FIGURE 7 H6-SNAP25B reduces the extension of Sx1A-Sb2 interactions. (A) Cofunctionalized tips with equimolar ratio of Sx1A-H6/H6-SNAP25B and
Sx1A-H6/H6 were used to probe Sb2-H6 functionalized coverslips as shown in the force-distance curves (B). Distribution of the measured extensions (C) and
forces (D) at rupture. (E) Summary of the experiments indicate that there is no significant difference in the rupture force, whereas there is significant reduction
in the extension at rupture when the tips contained Sx1A-H6/H6-SNAP25B, as compared to when the tips were cofunctionalized with Sx1A-H6/H6. Student’s
t-test, P < 0.01 (**). Arrowheads in C and D indicate mean values. Retraction velocity, 1.6 um/s. Drawing in A is not to scale.

in a physiologically more abundant parallel fashion (19,38,
64). Here, as the glass coverslip with deposited Sb2 on its
surface is approaching the tip surface covered with Sx1A, the
N-termini of these fully extended proteins would start to form
parallel interactions at ~20 nm distance between the glass
coverslip and the tip, and as this distance shortens, the pro-
teins would become completely zippered. However, for the
formation of antiparallel interactions between Sx1A and
Sb2, the tip and the glass coverslip would have to be at ~10
nm distance. It is worth noting that these different config-
urations are a result of interactions between the SNARE do-
mains of Sx1A and Sb2, whereas the N-terminal of SNAP25
remains parallel to Sx1A at all times (32). Since the inter-
conversion between parallel and antiparallel configurations
of SNARE complexes had not been observed (32), it is
highly likely that we are predominately recording parallel
interactions between the SNARE proteins in all conditions
tested. Although we have not directly tested the dominance
of the parallel configuration in our study, the experiments
carried out elsewhere support this inference. A directed ap-
proach using liposome-bilayer fusion showed fivefold numer-
ical preponderance of parallel over antiparallel configuration
of SNARE complexes (19), whereas the same proteins ex-
hibited a reverse preponderance where antiparallel configu-
ration was threefold more abundant than parallel when the
interactions between proteins where carried out in solution,
allowing random interaction (32). Indeed, future carefully
designed experiments will need to be performed to determine
the contributions of these different states to force and ex-
tension measurement using force spectroscopy. Additional
benefit of using a directional approach favoring only one
configuration of SNARE complex is in its implication of the
energy landscape with one stable local minimum and as-
sumption of a single barrier width. Consequently, this per-
mits more accurate assessment of spontaneous dissociation
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rates for proteins at a single molecule level than the random
approach. More importantly, however, the directed, nickel-
histidine coordination approach of protein deposition removes
concerns with regard to tethering of proteins to the surface,
whereas when a cross-linking technique is used, it inherently
reduces protein’s ability to mechanically interact, an essen-
tial requirement when studying mechanical processes.

As implied above in our experimental approach, we find
extension to be the important measurement parameter of the
interaction between SNARE complex proteins, as well as the
rupture force when experiments were performed over the
wide range of different retraction speeds force loading rates.
Indeed, the force measurements were also important in a
recent BONT-B micromechanosensor development, since a
single molecular pair Sx1A-Sb2 binding force of ~250 pN
was sufficient to suspend rather large beads (up to ~41 uM
in diameter) on AFM cantilevers, whose timed detachment
was a measure of BONT-B presence (44). Additionally, the
force measurements indicate that the strength of interaction
between molecules in single Sx1A-Sb2 pairs or ternary com-
plexes could easily allow one pair/complex to effectively
keep a vesicle attached to the membrane, a finding that is in
agreement with the measurements using FRET approach
elsewhere, showing that 1-2 ternary SNARE complex in-
teractions were sufficient for a single liposome docking (19).

The large extension of 23 nm measured in the Sx1A-Sb2
interaction together with the ability to cause its alteration
when incubated with Sx1A cognate peptides and its expo-
nential relation to the force loading rate, indicates that the
region of this interaction encompasses the entire SNARE
domains of these two proteins (Figs. 1, 5, and 8). If we con-
sider that amino acid to amino acid distance within the coil is
0.15 nm, then ~150 aa would be involved in this interaction,
perhaps ~75 aa on each protein. This is consistent with
previous reports that minimum binding sites between Sx-Sb2
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FIGURE 8 The force and extension values for dissociation of SNARE
proteins as a function of the force loading rate. (A) The force necessary to
take apart the Sx1A-Sb2 in the absence (circles) or presence of SNAP25B
(squares) increases exponentially with the increase in the loading rate. (B)
The extension changes significantly with the loading rate only when Sx1A-
Sb2 interactions are ruptured, but not when SNAP25B is present with Sx1A-
Sb2. Points represent mean + SE (61-100 events in A and 33-272 events in
B). The dashed lines indicate fits to the data described by either an equation
force = @ + b X In (force loading rate) in A, where @ = —373 pN and —96
pN, whereas b = 63 pN and 34 pN, for Sx1A-Sb2 (r = 0.9), and Sx1A-Sb2-
SNAP25 (r = 0.84) interactions, respectively, or an equation extension =
a + b X In (force loading rate) in B, where a = —12.0 nm and b = 3.4 nm for
Sx1A-Sb2 interactions (r = 0.89). The force loading rate is in pN/s. The
solid line indicates that the extension value is constant at 11.6 nm as it does
not change with the loading rate when measuring the Sx1A-Sb2-SNAP25B
interactions.

include at least 60—70 aa interactions, Sb2 aa 27-94, and Sx
aa 190-266 (38,65). However, some helical segments could
be extended due to the stretching process, which could break
the intramoleculer hydrogen bonds even before the final
rupture of the intermolecular bonds. This might explain the
broad distribution in the observed rupture forces and ex-
tensions shown in Fig. 1, F and G. It is unlikely that all the
hydrogen bonds of the helix are broken as then the total
extension required would be approximately double of that
observed.

The extension necessary to rupture the Sx1A-Sb2-
SNAP25B bond correlates well with crystallographic struc-
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FIGURE 9 A model describing interactions between SNARE proteins.
Sx1A and Sb2 are zippered through their entire SNARE domains (lef?).
When SNAP25B is additionally present within the complex (right), the
interaction is localized C-terminally from a Sx1A-Sb2 cuffing position at the
0 layer (circle), whereas N-terminally from there Sx1A and Sb2 are either
unzippered or very weakly bound (arrow), allowing a possible interaction
with additional proteins. Drawings are not to scale.

ture of the SNARE complex reported elsewhere (consult Fig.
2 of Sutton et al. (31)). In the SNARE complex, four a
helices (Sb2 and Sx each contributing one helix, whereas
SNAP25 two) are knitted together by hydrophobic interac-
tions, with an ionic interaction at the 0 layer (Figs. 2 and 3 of
Sutton et al. (31)). The flanking leucine zipper layers with
hydrophobic interaction act as a water-tight seal to shield the
ionic interactions from the surrounding aqueous medium.
This seal stabilizes the four helical oligomeric state and the
register of the complex by decreasing the local dielectric
constant by a factor of 80, thereby enhancing the electrostatic
interaction within the ionic layer. On applying force to Sx1A
and Sb2 at their C-termini, the hydrophobic bonds starting at
layer +8 are successively broken until layer O comes into
contact with water, reducing the electrostatic bond strength
and leading to the rupture of the complex. If all eight helical
turns from each of Sx, Sb2, and two SNAP25 helices that are
hydrophobically bonded and precede the ionic bond at O
layer are completely ruptured and extended under the applied
force in our experimental conditions, then the total extension
would be 17.3 nm (4 helices X 8 turns X 0.54, where
0.54 nm is the pitch of the a-helix (66,67)). This value is
somewhat longer than the mean of the extension (12.5 nm in
Fig. 6 and 11.9 nm in Fig. 7) measured in our experiments,
and it may indicate that only partial extension of the SNARE
complex is necessary to destroy the water-tight seal, leading
to rupture of the bond. A second possibility is that the rup-
tured sections of the molecules are not aligned with the tip-
coverslip axis. A third possibility would be that SNAP25
coils do not make a major contribution to extension measure-
ments, but only the Sx1A and Sb2 coils. Hence, if one uses
Arg-56 of Sb2 and GIn-226 of Sx1A as the alignment mark
of the 0 layer of the SNARE complex, we have 39 aa
residues (56-94) from Sb2 and 41 aa residues (226-266)
from Sx1A that can possibly contribute to the intermolecular
interaction spanning from the C-termini of the cytoplasmic
tails (excluding histidine tags) to the O layer, then the
extension would be 12.0 nm (80 aa X 0.15 nm, where 0.15
nm is the axial distance between two aa residues in the
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a-helix (67)), a value which compares favorably to the 11.9—
12.5 nm measured (also see Fig. 8 B; it is a 11.6 nm constant
when measured over wide range of force loads). Thus the
extension measurement is complimentary to the crystallo-
graphic data of the SNARE complex, and it indicates that
SNAP25B functionally cuffs Sb2 and Sx1A at the O layer.
This cuffing would effectively guarantee keeping the vesicle
on an ~12 nm maximal distance from the plasma membrane,
as opposed to ~23 nm maximal distance in the absence of
SNAP25B. Additionally, the presence of SNAP25B increases
the spontaneous lifetime of the ternary SNARE complex
(~2.1 s), when compared to that Sx1A-Sb2 interaction alone
(~0.16 s).

Taken together, these findings suggest that intracellularly
there could be two modes of vesicular positioning in respect
to the plasma membrane even when all the proteins of
SNARE complex are in parallel configuration, and if Sx1la-
Sb2 interactions alone are possible in vivo. At vesicle-plasma
membrane distances smaller than ~12 nm, the ternary
SNARE complex would play the major role in vesicular
positioning, whereas at distances of 12—-23 nm this role could
be accomplished by Sx1A-Sb2 pairs. In lieu of the voltage-
gated Ca®" channels’ close proximity to SNARE complexes
in nanodomains (68), the vesicles positioned closer to the
plasma membrane in the presence of SNAP25 would fuse
synchronously, when the intracellular Ca’" levels increase,
unlike those vesicles docked at farther and various distances
solely using Sx1A-Sb2 interactions. Since SNAP25 has been
shown to directly interact with synaptotagmin 1 (22,69-71),
it may additionally serve to recruit this Ca®" sensor to the
SNARE complex. The exact role for the weak interaction/
unzippering of the Sx1A and Sb2 N-terminally to the O layer
after the binding of SNAP25B needs to be studied further.
This could perhaps allow additional interactions with other
molecules involved in triggering vesicular fusion. Although
the proposed model with two modes of vesicular positioning
to the plasma membrane is an exciting possibility, the phys-
iological relevance of Sx1A-Sb2 complex, except in genet-
ically and biochemically manipulated systems, is not readily
apparent, since it has been suggested that Sb2 could only be
available to interact with Sx1 and SNAP25 after Ca’*
increase to micromolar levels (72). Thus, future designed
experiments will need to be performed to determine whether
Sb2 and Sx can form binary complexes in living cells.
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