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Abstract: Soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNARESs) are
universal molecular engines that drive membrane fusion. Particularly, synaptic SNAREs mediate fast
calcium-triggered fusion of neurotransmitter-containing vesicles with plasma membranes for synaptic
transmission, the basis of all thought and action. During membrane fusion, complementary SNAREs
located on two apposed membranes (often called t- and v-SNAREs) join together to assemble into a
parallel four-helix bundle, releasing the energy to overcome the energy barrier for fusion. A
long-standing hypothesis suggests that SNAREs act like a zipper to draw the two membranes into
proximity and thereby force them to fuse. However, a quantitative test of this SNARE zippering
hypothesis was hindered by difficulties to determine the energetics and kinetics of SNARE assembly
and to identify the relevant folding intermediates. Here, we first review different approaches that have
been applied to study SNARE assembly and then focus on high-resolution optical tweezers. We
summarize the folding energies, kinetics, and pathways of both wild-type and mutant SNARE
complexes derived from this new approach. These results show that synaptic SNAREs assemble in
four distinct stages with different functions: slow N-terminal domain association initiates SNARE
assembly; a middle domain suspends and controls SNARE assembly; and rapid sequential zippering of
the C-terminal domain and the linker domain directly drive membrane fusion. In addition, the kinetics
and pathway of the stagewise assembly are shared by other SNARE complexes. These measurements
prove the SNARE zippering hypothesis and suggest new mechanisms for SNARE assembly regulated

by other proteins.

Keywords: SNARE assembly; membrane fusion; synaptic exocytosis; optical tweezers; protein folding;
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Introduction
Soluble N-ethylmaleimide-sensitive factor attachment
protein receptors (SNAREs) are molecular engines for

membrane fusion.! Similar to molecular motors,
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SNAREs generate force to perform their biological func-
tion. Specifically, the force generated by SNARESs draws
two lipid bilayers into close proximity to counteract elec-
trostatic repulsion between the membranes and to dehy-
drate and deform the bilayers required for membrane
fusion.? The role of force in membrane fusion cannot be
overemphasized, because this force generation is proba-
bly the single most important mission of SNAREs for
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Figure 1. SNARE domain structures, membrane fusion, and the experimental setup to study SNARE assembly. (A) Amino acid
sequences and their domain structures of the SNARE motifs in synaptic syntaxin 1 (SX1), VAMP2, and SNAP-25B (SN1 and
SN2). The amino acids in the hydrophobic layers or the central ionic layer are highlighted in yellow. The amino acids colored
red are mutated to test their effects on SNARE assembly. Syntaxin and VAMP2 are cross-linked at their N-termini, with one of
the cross-linking sites marked by a red rectangle, and pulled from their C-termini. The extremely fast middle domain (MD)
transition and its associated state 3 can only be resolved in some experiments and is often mixed with the CTD transition, as is
shown in C. (B) SNARE proteins couple their folding and assembly to draw two membrane into proximity and force them to
fuse. An assembled synaptic SNARE complex is depicted to bridge the plasma membrane and the vesicle membrane. (C)
Experimental setup to pull a single cytoplasmic domain of the synaptic SNARE complex using optical tweezers (OTs). The
assembled SNARE complex consists of an N-terminal Habc domain in a antiparallel three-helix bundle, the core four-helix
bundle domain, and a linker domain (LD) in a two-stranded coiled coil. The four-helix bundle contains an N-terminal domain

(NTD) and a C-terminal domain (CTD) that are separated by a central ionic layer (“0” layer). Adapted from Ma et a

membrane fusion per se. Supporting this concept, effi-
cient membrane fusion can also be driven by the force
produced by DNA hybridization or dimerization of engi-
neered coiled coils.>®

However, SNAREs are special in several aspects.
First, SNARESs do not contain any ATPase domain and
their power strokes are nucleotide-independent.
Instead they produce force by coupled folding and
assembly of a pair of cognate SNARE proteins or pro-
tein complexes: one on the vesicle membrane (v-
SNARE) and the other typically on the target mem-
brane (t-SNARE).” The specific t- and v-SNARE paring
also contributes to the specificity of membrane fusion.®
Each eukaryote has 20-50 SNAREs (with 36 in
human cells) that mediate membrane fusion involved
in various pathways of intracellular transport and
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trafficking.” All SNAREs share characteristic SNARE
motifs of ~60 amino acids in ~16 heptad repeats
[Fig. 1(A)1.*° Individual SNARE motifs are disordered
in solution, but four complementary SNARE motifs
fold and assemble into a structurally conserved four-
helix bundle [Fig. 1(B)l.*'? In the core of the bundle
are 15 layers of hydrophobic amino acids and one cen-
tral ionic layer containing three glutamine residues
and one arginine residue (numbered from —7 to +8)
[Fig. 1(A)]. After membrane fusion, the fully assembled
SNARE complex is disassembled by the AAA+ ATPase
NSF (N-ethylmaleimide-sensitive factor) with the assis-
tance of SNAPs (Soluble NSF-attachment proteins) in
an ATP-dependent manner.'®1¢ Disassembly of each
SNARE complex costs around 10 ATP molecules.”
Therefore, SNARE engines work like battery-powered
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motors: they are charged upon disassembly and dis-
charged upon assembly.

The synaptic SNAREs have long been a model
system to study SNARE assembly and membrane
fusion. The synaptic SNARE complex is also the first
SNARE complex that was identified.” The SNAREs
consist of t-SNARESs syntaxin and SNAP-25 (synapto-
some-associated protein 25) and the v-SNARE VAMP2
(vesicle-associated membrane protein 2, also called
synaptobrevin), in which SNAP-25 contains two
SNARE motifs (SN1 and SN2) that are connected by a
long disordered loop [Fig. 1(A)]. Synaptic SNAREs
mediate exocytosis of neurotransmitter-containing
vesicles at synaptic or neuromuscular junctions.'® The
exocytosis occurs in several stages.!®2* First, vesicles
are docked onto presynaptic membranes with the
assistance of SNARE binding proteins, such as synap-
totagmin and Muncl8-1 (mammalian uncoordinated-
18).2226 Then, the complementary t- and v-SNAREs
associate to form trans-SNARE complexes that bridge
vesicle and plasma membranes. Likely partially
assembled, these trans-SNARE complexes prime the
vesicle for calcium-triggered fusion.?” Finally, the calci-
um influx induced by the arrival of an action potential
triggers synchronous fusion of the primed vesicles,
typically within 200 ps in mammalian brains.2®%® The
fusion releases the neurotransmitters into the synaptic
or neuromuscular junctions, which bind to receptors
on the postsynaptic neurons or muscle cells to activate
them.

The energetics and kinetics of SNARE assembly
are keys to understanding the working mechanism of
SNARE engines and their biological function. The con-
cept of SNARE engine was inspired by the observation
that the synaptic SNARE complex is a parallel helix
bundle.'®® The observation also suggested a zippering
mechanism for SNARE-mediated fusion because
SNARE assembly brings the two membranes into
proximity, a prerequisite for fusion.®’ Subsequently,
SNAREs alone were shown to induce fusion between
liposomes with reconstituted t- and v-SNARES, corrob-
orating that SNAREs are the minimal machine for
membrane fusion.*? However, the reconstituted fusion
is orders of magnitude slower than synaptic vesicle
fusion. The slow fusion seems to correlate with the
slow SNARE assembly in vitro, which generally takes
from tens of minutes to hours to complete.?*3% Accord-
ingly, Li et al. have recently measured a small t- and
v-SNARE association rate constant of ~7,300 M~ ! s !
in solution, indicating a large energy barrier for
SNARE zippering.?* They have also determined
the rate constants of the t-SNARE complex binding to
the Vn peptide (~530 M ! s 1) and the Vc peptide
(~6,000 M~ ! s71) corresponding to N- and C-terminal
halves of the v-SNARE, respectively. A comparison of
the three rate constants suggests that the association
between isolated t- and v-SNAREs is initiated at
the C-terminal half, which is opposite to the N-to-C
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SNARE zippering direction during membrane fusion.
The initial association rate constant for membrane-
anchored t- and v-SNAREs should be much smaller
than the rate constant for binding between the
t-SNARE complex and the Vn peptide, due to the
repulsive force between the apposed membranes. In
conclusion, de novo SNARE assembly is extremely
slow. In addition, although the SNARE complex has a
high melting temperature (>80°C), SNAREs only
assemble at a much lower temperature.'? Isothermal
titration calorimetry (ITC) measurements reveal an
association energy of ~18 kT (11 keal mol 1) between
t- and v-SNAREs.?%®® This energy is much less
than the energy barrier of membrane fusion, which is
estimated to be >40 kpT'? Therefore, the energy and
rate of SNARE assembly measured from those experi-
ments were inconsistent with the SNARE zippering
hypothesis.

Another critical question in SNARE assembly
concerns intermediates of SNARE assembly. Jahn
et al. considered that SNARE assembly occurs down-
hill in a steep energy gradient, and thus cannot be
suspended midway®” In this scenario, SNARE
assembly would proceed without any intermediates
in an all-or-none fashion. In contrast, the multiple-
phase kinetics of exocytosis and results of SNARE
cleavage by neurotoxins suggest the existence of par-
tially assembled trans-SNARE complexes prior to
membrane fusion.'®?2 Yet, the conformations of these
intermediate states and their relation to the different
stages of membrane fusion remain unclear.®

In this article, we will focus on the single-
molecule manipulation of SNARE proteins based
on optical tweezers (OTs) and the results derived
from this approach, with a brief survey of other
experimental approaches applied to study SNARE
assembly. We will first describe the stagewise
SNARE assembly and its associated energies and
kinetics. We will then show how SNARE assembly
is altered by mutations. Comparing their effects on
exocytosis, we will gain insights into distinct func-
tions of different SNARE folding domains in mem-
brane fusion. Finally, we will summarize our
improved understanding on t-SNARE structure and
dynamics.

Challenges to Measure the Energy

and Kinetics of SNARE Assembly

A variety of biophysical approaches have been applied
to investigate SNARE assembly both in solution and
on membranes, which greatly contribute to our cur-
rent understanding of SNARE engines. These include
spectroscopic methods based on circular dichroism
and fluorescence detection,'?233435:38-40 (34,36
atomic force microscopy (AFM),*:™% and the surface
forces apparatus (SFA).“5%" The spectroscopic meth-
ods consistently revealed a slow t- and v-SNARE
association. The reported bimolecular association rate
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constants vary between 6 X 10° M ! s ! and 6 x 10°
M ! 713438 Notably, no intermediate states were
detected for association between isolated t- and v-
SNARES in solution. The spectroscopic methods and
other methods mentioned above have defined the
energy of SNARE assembly in the range of 17-35
kgT, which significantly underestimate the stability
of synaptic SNARE complexes, as we will discuss
later. We have compared AFM, SFA, and OTs in the
studies of SNARE assembly elsewhere.?® Here we
will discuss more on ITC, which has been widely
used to study the folding energy of the SNARE com-
plex, as well as other receptor-ligand interactions. By
titrating SNAP-25 into the syntaxin and VAMP2 mix-
ture, Fasshauer et al. measured an extraordinarily
high enthalpy release of 110 kcal/mol (or 185 kgT)
upon assembly of the three SNARE proteins, but
derived low SNARE folding free energy of ~18 kg7 or
a dissociation constant (Kg) of 23 nM between t- and
v-SNARESs.?® Similarly, by titrating VAMP2 into pre-
formed t-SNARE complexes, Li et al. again derived a
high enthalpy of 40 kcal/mol (67 kgT) for t- and v-
SNARE association and an apparent binding free
energy of 17 kT or K4 = 132 nM.3* However, as was
noted by some of these authors, SNARE assembly
was not completely reversible in the titration experi-
ments and the actual folding free energy of the
SNARE complex is expected to be much greater than
those derived from ITC measurements.>® In addition,
we noticed that the experimental condition used in
these ITC experiments could only reveal an upper
limit of K4 ~ 10 nM for the binding affinity between
t- and v-SNAREs. In typical ITC experiments, the
heat release per mole of ligand injected into the
receptor solution (@) is measured at different ratios
of ligand to receptor concentrations (X). The recep-
tor-ligand binding affinity is obtained by fitting the
ITC data with the Wiseman isotherm formula.® The
fitting is accurate when the Wiseman parameter, the
ratio of the receptor concentration to Ky, is below
~500. However, when the parameter exceeds 500, the
@-X data approach a step function and the fitting is
no longer accurate. In the ITC experiments to study
SNARE assembly energy, the concentration of the
syntaxin and VAMP2 mixture or the t-SNARE com-
plex is above micromolar, restricting accurate affinity
measurements above 10 nM. Consistent with this
prediction, the measured @—-X data are indeed close
to a step function,®*®® indicating that the derived
energy for SNARE assembly only represents a lower
bound. This conclusion is corroborated by the obser-
vations that all ITC measurements of SNARE affinity
saturate in the nanomolar range, regardless of
SNARE mutations and peptide binding, despite their
effects on attenuating SNARE assembly.2%3436 In
conclusion, the current ITC measurements underesti-
mate the stability of the SNARE complex and exhibit
reduced sensitivity to mutations.
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Studying SNARE assembly is challenging using
traditional experimental approaches based on an
ensemble of SNARE proteins. First, assembly of isolat-
ed SNARE complexes is irreversible, which makes it
impossible to directly measure the energy of SNARE
assembly. Second, synaptic SNAREs readily misfold,
which complicates studies of functional SNARE assem-
bly and may contribute to the large range of associa-
tion rates mentioned above. The cognate SNARE
motifs can form various antiparallel conformations in
vitro.322%%1 In addition, the t-SNAREs readily form a
stable 2:1 t-SNARE complex with an additional syn-
taxin molecule.?® Because this syntaxin molecule occu-
pies the binding site for VAMP2, the 2:1 t-SNARE
complex cannot support SNARE zippering. Third,
intermediates of SNARE assembly are transient®®3%5!
and difficult to synchronize in specific d states for tra-
ditional kinetics studies. Fourth, the isolated SNAREs
show an assembly pathway different from the
membrane-anchored SNAREs, as is discussed above.
Trans-SNARE assembly favors an N-to-C assembly
pathway due to membrane repulsion and the topologi-
cal orientation of SNAREs, whereas such constrains
are absent in assembly of isolated SNAREs in solu-
tion. As a result, SNARE assembly in solution tends
to follow a C-to-N direction.?® Finally, functional
SNARE assembly occurs in the presence of a force
load imposed by the apposed membranes, which dra-
matically alters the energetics and kinetics of SNARE
assembly and leads to force-dependent intermedi-
ates.®® These challenges call for new experimental
approaches to investigate SNARE assembly. We have
established a single-molecule manipulation method
based on high-resolution OTs to study SNARE assem-
bly, which overcomes the above-mentioned difficulties
and allow us to directly measure the folding inter-
mediates, energies, and kinetics of single SNARE
complexes.18:52-56

Manipulation of Single SNARE Complexes

by OTs

OTs use tightly focused laser beams to trap polystyrene
or silica beads (typically 0.5-3 pm in diameter) in a
harmonic potential.>”*® OTs utilize the beads as force
and displacement sensors while applying tiny, precisely
known forces (0.02-250 pN) to a single molecule
attached to the beads [Fig. 1(C)]. An optical interfer-
ence method detects the bead position with angstrom
resolution.®® %2 As a result, OTs measure the extension
response of a single molecule to the applied mechanical
force with a spatiotemporal resolution of ~0.3 nm and
~20 ps.588963 The extension and force are used to
derive the conformation and energy of the SNARE
complex in different folding states in real time. Specifi-
cally, for a reversible two-state transition, the folding
energy of the associated protein or protein domain
(AG) can be measured from the mechanical work
required to unfold the domain (F,;XAx), that is,
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AG=F1/3XAx—Ey.,where Fis the equilibrium force
with half unfolding probability of the associated transi-
tion, Ax is the corresponding extension change, and
Ei. is the energy required to stretch the unfolded
polypeptide chain to the force F; /2.58’64’65 This equation
shows that the mechanical work is used to unfold the
protein and to further pull the unfolded polypeptide to
the equilibrium force. For transitions among more
than two states under thermodynamic equilibrium, the
equilibrium force is not well defined. However, the fold-
ing energy of each state at zero force can be similarly
derived based on the Boltzmann distribution of state
populations at different constant forces.®¢¢”

Figure 1(C) shows our basic experimental setup
and SNARE construct employed to study synaptic
SNARE assembly.*®%32¢ The cytoplasmic SNARE
construct contains either full-length SNAREs [Fig.
1(C)] or truncated SNARESs involved in complex for-
mation. The complex was pulled from the C-termini
of syntaxin and VAMP2 via a long DNA handle. The
DNA handle serves as a spacer to facilitate SNARE
attachment to the beads and force measurement.%5°
To help SNARE reassembly and ensure its correct
assembly pathway, we cross-linked syntaxin and
VAMP2 at a site toward the N-terminus of their
SNARE motifs. Once a single SNARE complex was
tethered between two beads, we used dual-trap
high-resolution OTs to pull the SNARE complex.

We manipulate a single SNARE complex by
either pulling or relaxing the complex or by holding
the complex under a constant mean force at a fixed
trap separation.”® The force change is controlled by
moving one optical trap relative to the other at 10
nm s ! Both force and extension of the protein—
DNA tether are recorded at 10 kHz. We present the
data in two formats: plots of force—extension curves
(FECs) show global phase diagrams of protein tran-
sitions induced by force and extension—time trajecto-
ries exhibit detailed transition kinetics of a protein
or a protein domain at specific force.?®%® In these
plots, discrete extension increases or decreases rep-
resent cooperative protein unfolding or refolding,
with sizes of the extension changes roughly propor-
tional to the numbers of amino acids involved in the
transitions. In contrast, continuous extension
changes in FECs are caused by stretching the DNA
and the unfolded polypeptide while the SNARE com-
plex remains in one folding state, which could be fit
by the Marko—Siggia formula.”""2

Stepwise SNARE Assembly and Disassembly

The first two sets of FECs (#1 and #2) shown in Fig-
ure 2(A) are obtained by first pulling and then relax-
ing a single SNARE complex for two consecutive
rounds.*® The FECs for the pulling phase show fast
extension flickering in two force ranges, one at 10—
13 pN (marked by dashed oval) and the other at 15—
18 pN (solid oval), followed by an irreversible jump
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(green arrow). Based on the linear structure of the
ternary SNARE complex, these extension changes
represent rapid and reversible folding and unfolding
transitions in the linker domain (LD) and the C-
terminal domain (CTD) and irreversible unfolding of
the N-terminal domain (NTD) [Fig. (2B)]. When the
SNARE complex is relaxed upon NTD unfolding
[Fig. (2A), gray curve in FEC #1], the complex takes
more than 5 s to reassemble at a low force (red
arrow), leading to pronounced hysteresis in SNARE
assembly and disassembly. Thus, NTD assembles
slowly with a large energy barrier. When the com-
plex is further pulled to a higher force upon NTD
unfolding, another unfolding event is found (FEC
#2, cyan arrow), corresponding to t-SNARE unfold-
ing and the accompanying SNAP-25 dissociation. As
a result, the syntaxin-VAMP2 conjugate fails to reas-
semble at a low force. However, adding 0.2 pyM
SNAP-25 in the solution rescues t-SNARE folding
(FEC#3, blue arrow) and SNARE assembly (red
arrow). Therefore, these FECs reveal five distinct
states with two intermediates for SNARE zippering
[states 2 and 4 in Fig. 2(B)]. Here we have referred
to SNARE zippering as SNARE assembly between
the partially folded t-SNARE complex [state 5 in
Fig. 2(B) and state i in Fig. 8] and the v-SNARE.
The most important intermediate has a half-
zippered SNARE structure (state 4). Detailed analy-
ses show that folding of its CTD and LD release free
energy of ~36 and ~8 kgT, respectively, with no or a
small energy barrier. Thus, the half-zippered state
folds rapidly and forcefully. The half-zippered state
is also detected by Min et al. using magnetic twee-
zers.”> However, the CTD unfolds at ~34 pN and
refolds below 11 pN. The difference is caused by a
different pulling site used in this work: the SNARE
complex is pulled from an artificial site at the junc-
tion between CTD and LD, instead of the C-termini
of LD used in our experiment. As a result, a large
energy barrier separates the folded and the unfolded
CTD states, leading to a large hysteresis of the CTD
transitions in the FEC. Finally, the half-zippered
state is supported by many other experiments,>4%74
especially imaging by electron microscopy.”"® Com-
bining with earlier evidence,'*2277 these observa-
tions corroborate that a half-zippered trans-SNARE
structure is required for the calcium-triggered syn-
aptic vesicle fusion. In contrast, de novo SNARE zip-
pering without preassembled NTD is too slow to
support rapid synaptic vesicle fusion.™

Energetics, Kinetics, and Pathway

of SNARE Assembly

To measure NTD assembly energy, we need to make
the NTD transition reversible. To this end, we grad-
ually shift the N-terminal cross-linking site toward
the SNARE motif. NTD transition becomes revers-
ible only when the cross-linking site is shifted to the

Energetics, Kinetics and Pathway of SNARE Assembly
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Figure 2. The SNARE complex zippers stepwise. (A) Force-extension curves (FECs) obtained by first pulling and then relaxing
single SNARE complexes in the absence (#1 and #2) and presence (#3) of SNAP-25 in the solution. Regions of different states
(red numbers, see B) are fit by the Marko-Siggia formula (dashed red lines). Some transitions are marked: the reversible LD
transition by a dashed oval, the reversible CTD transition by a solid oval, NTD unfolding by green arrows, t-SNARE unfolding by
cyan arrows, t-SNARE refolding by the blue arrow, and full SNARE reassembly by red arrows. The inset shows the close-up
view of the CTD transition. (B) Derived SNARE assembly and disassembly states and pathway. The free energies of different
states relative to the unzipped state (E) are indicated. Adapted from Gao et al. and Ma et al.*8%®

—6 layer [Fig. (1C), yellow arrow].’® This observa-
tion suggests that the amino acids N-terminal to or
near the —6 layer significantly limit the rate of NTD
assembly. The NTD transition occurs at a slightly
higher force range than the CTD transition (Fig. 3,
WT). Consequently, both transitions are simulta-
neously detected in a relatively large force range.
The CTD-NTD transitions can be detected at high
spatiotemporal resolution at different constant mean
forces [Figs. 4(A) and 5]. Interestingly, a new state 3
appears in the CTD transition, which splits the orig-
inal CTD into a new CTD and a middle domain
(MD) that folds and unfolds at submillisecond time
scale. Four-state hidden-Markov modeling (HMM)
fits the extension trajectories well,*5¢%57 revealing
sequential folding and unfolding transitions among
the four states 2-5 [Fig. (4A)].>®> The HMM also
yields state populations, extensions, lifetimes, and
transition rates [Fig. (4B)]. Based on its extension,
the state 3 has a structure similar to the state 4,
but zippers to the +2 layer. Model fitting to the
force-dependent populations and rates yields the
energy landscape of SNARE zippering [Fig. (4C)]. In
particular, the folding energies of the three domains
are derived: 25 (+2, S.D.) kgT for NTD, 13 (1) kgT
for MD, and 22 (+3) kgT for CTD. Thus, the total
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zippering energy of a single SNARE complex is 68
(*£4) kgT. This energy is significantly greater than
any previous measurements®*364¢ and,
knowledge, is one of the highest protein folding
energies reported. For comparison, we have mea-
sured the folding energy of one of the strongest
coiled coils that melts above 100°C.”%° The two-
stranded coiled coil has an unfolding equilibrium
force of 12.4 pN and a folding energy of 24 (*1)
ET.”® Note that the axial length of the coiled coil
(33 a.a.) is about half of the size of the SNARE com-
plex. In addition, the duplex DNA of the same
length as the SNARE complex (~12 nm) has an
equilibrium unfolding force of 14.5 pN and folding
energy of ~106 kpT'®' Thus, SNARE assembly
releases a large amount of energy commensurate
with the requirement for membrane fusion.
This result is consistent with the observation that

a single SNARE complex is sufficient for membrane
82,83

to our

fusion.

The NTD zippering energy measured by us
depends on the cross-linking at the —6 layer. On one
hand, the cross-linking may prevent the amino acids
at or N-terminal to the —6 layer from unzipping
[Fig. (1A)], which approximately underestimates the
NTD zippering energy by 14%. On the other hand,
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Figure 3. FECs of wild-type (WT) and mutant SNARE complexes showing effects of layer mutations on SNARE assembly. The
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legend for Figure 5). Adapted from Ma et al.>®

the cross-linking tethers the t- and v-SNAREs
together, leading to a high effective concentration of
the v-SNARE around the t-SNARE complex. The
concentration is estimated to be >1 molar, leading to

an overestimation of the bimolecular NTD association
energy.®® Therefore, the measured NTD zippering
energy may not significantly deviate from the actual
bimolecular NTD association energy.8%®* It will be
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Figure 4. Force-dependent reversible folding and unfolding of the WT SNARE complex among four states. (A) Extension-time
trajectories (black) of a single SNARE complex at two indicated mean forces (F). The red trajectories are idealized state transitions
derived from hidden-Markov modeling (HMM). (B) Force-dependent state populations (top, symbols) and transition rates (bottom)
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SNARE complexes. The reaction coordinate is the number of the amino acid in VAMP2 located at the C-terminal border of the
zippered region that starts from the amino acid number 36 at the N-terminal cross-linking site [Fig. 1(A)]. From Ma et a/.5*
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Figure 5. Position-dependent effects of layer mutations on SNARE assembly. (A) Extension-time trajectories of the WT and
mutant SNARE complexes at the indicated constant mean forces (F). Domains that are involved in sequential folding and
unfolding transitions are indicated by the domain names connected by “+” signs. However, some mutations cause two
neighboring domains to cooperatively fold and unfold as single extended domains, which are indicated by two individual
domains connected by “_” signs. (B) Probability-density distributions of the extensions shown in A (symbols) and their best-fits

by sums of two to four Gaussian functions (curves). The red symbols and curves for L60A and L70A show the distributions of
the extensions for NTD transitions (not shown) at high forces. From Ma et al.>®

interesting to test more cross-linking sites around the
—17 layer for potential reversible NTD transition and
to confirm the prediction. It must be noted that the
N-terminal cross-linking does not affect the folding of
MD, CTD, and LD.?3

Position-Dependent Effects of Point Mutations
and Distinct Functions of Different Domains
Functional studies of SNAREs make use of numerous
SNARE mutations.'®?! However, data interpretation has
been hindered by lack of clear understanding on the
effects of these mutations on SNARE assembly. To corre-
late the energetics and kinetics of SNARE assembly to its
biological function, we have examined 16 SNARE muta-
tions in all layers except —7, mainly single alanine sub-
stitutions in VAMP2.%% The FECs and extension—time
trajectories of representative mutations are shown in Fig-
ures 3 and 5, respectively. We have found that effects of
these mutations are strongly position-dependent and
may alter the energetics, kinetics, or pathway of SNARE
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assembly, indicating distinct functions of different
SNARE folding domains (Fig. 6). Note that the folding
energy and the folding pathway of the SNARE complex
are correlated. The four folding domains of the wild-type
SNARE complex are partly maintained by their distinct
mechanical stabilities. Most mutations specifically desta-
bilize the domains in which the mutations are located,
thus altering their mechanical stabilities relative to other
domains. Consequently, two domains may merge into a
single domain to cooperatively fold and unfold, changing
the folding pathway.

The NTD is generally insensitive to single alanine
substitutions and is responsible for vesicle priming.
Except M46A (—3 layer), all single alanine substitu-
tions in NTD barely change SNARE assembly, indicat-
ing robust NTD folding (Fig. 6). Correspondingly,
many of these mutations do not significantly affect
exocytosis.2"?2 However, double mutations V39A/
V42A decrease the rate and stability of NTD assembly
[Figs. (3 and 5)(A), and 6)], which slows down vesicle
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priming and reduces the number of primed vesicles
and the amplitude of calcium-triggered neurotrans-
mitter release.?! The comparison corroborates that
the NTD is responsible for vesicle priming. M46A is
special, because it destabilizes NTD, leading to com-
parable mechanical stabilities for NTD and MD. As a
result, the two domains merge into an extended
domain (designated as MD_NTD) to cooperatively fold
and unfold (Fig. 5). The effect of this mutation on exo-
cytosis remains to be tested. However, the —3 layer
appears to play an important role in stabilizing NTD.
A mutation in the same layer in the human SNARE
protein membrin causes epilepsy.®®

The CTD is sensitive to layer mutations and
directly drives membrane fusion. CTD mutations gen-
erally reduce CTD stability (Fig. 6). In particular,
L70A and F77A in VAMP2 and M71A/1192A in SNAP-
25 dramatically destabilize the CTD. Consequently,
these mutations abolish exocytosis.?"®® This compari-
son demonstrates that CTD catalyzes membrane
fusion by lowering the energy barrier for membrane
fusion. In contrast, L84A (+8) alters neither SNARE
assembly nor exocytosis.2! Among all mutations test-
ed, syntaxin T2511 is the only mutation that enhances
SNARE assembly. Electrophysiological measurements
show that this mutation in flies enhances synaptic
exocytosis.3” Therefore, CTD assembly energy dic-
tates the speed of exocytosis, corroborating that the
CTD directly drives membrane fusion.

The three layer mutations in the MD change
the reaction pathway of SNARE assembly or globally
reduce the stability of the SNARE complex, thereby
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impairing membrane fusion.®®%® L60A and L63A
unite CTD and MD into a single domain (MD_CTD),
leading to an extension change equal to the sum of
the extension changes for individual CTD and MD
transitions [Figs. 4(C) and 5)]. In contrast, the ionic
layer mutation R56A clearly shows MD as an inde-
pendent domain, as is seen from both the extension—
time trajectory and the corresponding histogram dis-
tribution (Fig. 5). However, R56A is unique among
all mutations tested because it globally reduces the
folding energies of CTD, MD, and NTD by 3.2, 0.8,
and 4.2 kT, respectively, compared to the WT.53¢7
This observation suggests that R56A induces a sub-
tle long-range conformational change that spreads to
both NTD and CTD, an unusual property likely
shared by all the hydrophilic amino acids in the ion-
ic layer.’® More data demonstrate that MD is impor-
tant for the accuracy of SNARE assembly, as MD
mutations cause heterogeneity in SNARE transition
kinetics.?®

The stepwise SNARE zippering continues to the
LD and the transmembrane domain (TMD), contrib-
uting to additional SNARE zippering energy.”® Yet,
the functions of LD and TMD zippering remain a
matter of debate.?’®* Highly positively charged, LD
interacts strongly with membranes and may consti-
tute a membrane anchor with the TMD.**®7 In
addition, TMD may destabilize membranes or help
form fusion pores during membrane fusion.”®1%% In
conclusion, different SNARE folding domains play
distinct functions in SNARE zippering and mem-
brane fusion.

Energetics, Kinetics and Pathway of SNARE Assembly
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from Zorman et al.%?

Conserved SNARE Assembly Pathway

and Kinetics

The partially assembled intermediates are crucial for
the fast calcium-triggered synaptic SNARE assembly
and vesicle fusion. Do they exist in folding of other
SNARE complexes, especially those mediate slower
membrane fusion? To address this question, we have
tested three SNARE complexes responsible for trans-
location of glucose transporter type 4 (designated as
GLUT4) in adipocytes or muscle cells, constitutive
fusion of endocytic vesicles to early endosome in mam-
mals (Endosome), and fusion of post-Golgi vesicles to
plasma membranes in yeast (Yeast).>2 We have discov-
ered that these SNARE complexes share the same
assembly pathway and kinetics as the neuronal
SNARE complex (Neuron), that is, slow NTD associa-
tion and fast CTD zippering (Fig. 7). This demon-
strates that the SNARE assembly pathway and
kinetics are highly conserved,'® likely caused by the
highly conserved primary sequences of SNARE motifs
and structures of assembled SNARE complexes. Thus,
the half-zippered intermediate in SNARE assembly
likely plays an essential role in SNARE assembly and
membrane fusion, not specific to synaptic SNAREs for
fast fusion. We speculate that the half-zippered inter-
mediate is required for accurate and regulated
SNARE assembly and may serve as a substrate for
Sec/Muncl8 (SM) proteins that are essential for
SNARE-mediated membrane fusion.'?41% Consistent
with this view, we found that Munc18-1 stabilizes the
synaptic SNARE complex in a half-zippered state.®?
However, the CTD folding energies significantly differ
among these SNARE complexes, as is indicated by
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their different equilibrium forces (Fig. 7). Correspond-
ingly, the GLUT4, endosomal, and yeast SNARE
complexes have CTD folding energies of 23, 16, and 13
kT, respectively, which may partly account for the
different speed of membrane fusion mediated by these
SNARE complexes.

T-SNARE conformation and its two-step folding

The experiments on synaptic SNARE zippering demon-
strate that the t-SNARE complex is mechanically sta-
ble with significantly folded syntaxin even after the
SNARE complex is unzipped [Fig. (2B)]. To elucidate
the overall structure, stability, and folding dynamics of
the t-SNARE complex, we pulled the t-SNARE complex
from the C-termini of syntaxin and SN1 or SN2.%°
From both pulling sites, the t-SNARE complex folds
and unfolds similarly via an obligate half-assembled
intermediate [Fig. (8A)]. The large extension changes
associated with t-SNARE folding and results of SNARE
mutations show that the folded t-SNARE complex is a
three-helix bundle with a small frayed C-terminus in
layers +5 to +8 [Fig. (8B)]. This folded t-SNARE con-
formation confirms the one derived from our SNARE
zippering assay [Fig. (2B)]. The unfolding energy of
NTD and CTD are 5 and 7 kg7, respectively. Account-
ing for the effect of the N-terminal cross-linking, we
obtained a total bimolecular association energy of 17
kT between syntaxin and SNAP-25,%° consistent with
the ensemble measurement of 18 £5T.%**% Combining
this result with the ternary SNARE zippering energy
yields a total unfolding energy of ~80 kg7 for a single
SNARE complex. In comparison, NSF consumes ~10
ATP molecules or ~200 kgT energy to disassemble a
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single SNARE complex,!” leading to an energy
efficiency of ~40% for NSF-dependent SNARE
disassembly.

Perspectives

OTs make it possible to accurately measure the ener-
gy and kinetics of SNARE assembly for the first time.
These measurements verify the SNARE zippering
mechanism and reveal stepwise SNARE assembly via
intermediates and domains with distinct functions. In
particular, the observed half-zippered intermediate is
conserved across four different SNARE complexes and
likely constitutes an essential intermediate for all
SNARE-mediated membrane fusion. The new meth-
odology and improved understanding of SNARE
engines will help elucidate the regulatory mecha-
nisms of SNARE assembly, membrane fusion, and
associated diseases. Many proteins directly bind
SNAREs to regulate SNARE assembly, enabling
calcium-triggered exocytosis to occur at right time
and location.'%41% Using OTs, we have obtained
interesting effects of several key regulatory proteins
on SNARE assembly, including Munc18-1, a-SNAP,
and various Vn and Ve peptides.?>®® It will be inter-
esting to apply the approach to test other regulatory
proteins, such as synaptotagmin, complexin, and NSF.
In addition, membranes directly modulate SNARE
assembly and are bound by key regulatory proteins
including synaptotagmin,'®”1% complexin,'®® and -
SNAP 1O Thyestigating SNARE assembly in a nat-
ural membrane context will better recapitulate the
energetics and kinetics SNARE assembly and its reg-
ulatory mechanisms in vivo.'%3 In this case, model
membranes can be incorporated into the SNARE
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zippering assay as bilayers supported on bead surfa-
ces or nanodiscs.?>1!* Finally, numerous mutations of
SNARESs or their regulatory proteins have been iden-
tified in a variety of human diseases.?>1%117 OTs
will be an important tool to understand how these
mutations alter the energetics, kinetics, and pathway
of regulated SNARE assembly, leading to dysfunction
of SNARE assembly and membrane fusion.
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