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Chaperoning SNARE assembly and disassembly

Richard W. Baker! and Frederick M. Hughson
Department of Molecular Biology, Princeton University, Princeton, New Jersey 08544, USA

Abstract

Intracellular membrane fusion is mediated in most cases by membrane-bridging complexes of
soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNARES). Yet /n vitro,
the assembly of such complexes is inefficient, and their uncatalyzed disassembly is undetectably
slow. Here, we focus on the cellular machinery that orchestrates SNARE complex assembly and
disassembly, thereby regulating processes ranging from vesicle trafficking to organelle fusion to
neurotransmitter release. Rapid progress is being made on many fronts, including the development
of more realistic cell-free reconstitutions, the application of single-molecule biophysics, and the
elucidation of x-ray and high-resolution electron microscopy structures of the SNARE assembly
and disassembly machineries ‘in action’.

Graphical abstract

Recent structural, biochemical and single-molecule biophysical studies have elucidated the
molecular mechanisms underlying the control of SNARE complex assembly and disassembly by
chaperones.

Vesicular transport in eukaryotic cells is driven by the protein nanomachines that mediate
vesicle budding, vesicle movement, and vesicle docking and fusion. The culminating event,
membrane fusion, delivers the cargo contained within a vesicle to a cellular compartment
such as the Golgi or, in the case of exocytosis, releases it from the cell. Vesicle—target
membrane fusion depends on the assembly of membrane-bridging complexes formed by
soluble A-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) [G] 1
(Box 1). SNAREs are also essential for some forms of “homotypic’ fusion, such as that
between vacuoles in yeast or between early endosomes in neurosecretory cells; other
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homotypic fusion events (for example, between ER membranes or mitochondria) require
dynamin-related proteins®. The ability of SNARES to mediate membrane fusion thus enables
a broad array of crucial cell biological processes. With great power, however, comes great
risks — uncontrolled membrane fusion could quickly destroy the interior architecture of
eukaryotic cells. Accordingly, the assembly and disassembly of SNARE complexes is
carefully controlled” 8,

This Review focuses on recent progress towards elucidating the molecular mechanisms
underlying SNARE complex assembly and disassembly and their control by chaperones
including membrane tethering factors, Sec1-Munc18 proteins (SM proteins) [G], and A~
ethylmaleimide-sensitive fusion factor (NSF) [G]. Membrane tethering factors®-10 not only
mediate the initial contact between a vesicle and its target membrane but also bind SNAREs
to regulate their assembly. Tethering factors work together with SM proteins?:11, which can
function as templates for SNARE complex formation!2. These and other findings shed new
light on the mechanisms underlying synaptic vesicle fusion and its regulation by the Ca2*
sensor protein synaptotagmin!314. The SNARE disassembly machinery consists of NSF and
soluble NSF attachment proteins (SNAPs) [G]; recent structural and single-molecule
biophysical studies have markedly enhanced our understanding of how stable SNARE
complexes are dismantled so that the constituent SNARES can be re-cycled and re-used1®.
Overall, it seems increasingly plausible that vesicle docking, SNARE complex assembly,
membrane fusion, and SNARE complex disassembly and recycling may be viewed as an
integrated set of reactions mediated by overlapping sets of molecular components.

SNARE complex assembly and disassembly

SNARE complex assembly, which generally involves four different SNARESs anchored in
two different membranes, is topologically complex. We therefore begin the discussion with
some general considerations regarding assembly—disassembly cycles and off-pathway
intermediates.

SNARE complexes mediate fusion

The initial discovery of SNARESs, which were affinity purified from a bovine brain extract,
resulted in the identification of three SNARES that are essential for neurotransmitter
releasel6. One of them, synaptobrevin, resides on synaptic vesicles, whereas the other two,
syntaxin 1 and SNAP25 (synaptosomal-associated protein, 25 kDa), reside on the
presynaptic plasma membrane. Synaptobrevin and syntaxin 1, similarly to most SNAREs,
contain a single SNARE motif adjacent to a C-terminal transmembrane helix. SNAP25 is
atypical in that it contains two SNARE motifs (SNAP25-N and SNAP25-C; see Box 1) and
lacks a transmembrane anchor. Instead, SNAP25 is associated with the presynaptic
membrane through palmitoyl groups that are attached to cysteine residues within the linker
that joins the two SNARE motifs.

The segregation of synaptobrevin, syntaxin 1 and SNAP25 between the two membranes
inspired the idea that vesicle-associated SNAREs (v-SNARES) pair with target-membrane-
associated SNAREs (t-SNARES) to generate membrane-bridging trans-SNARE complexes
[G] that are capable of driving membrane fusion (FIG. 1a)17:18, Synthetic liposomes
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containing synaptobrevin indeed undergo lipid mixing (a proxy for fusion) with synthetic
liposomes containing syntaxin 1 and SNAP25, which strongly supports the idea that trans-
SNARE complexes represent a minimal machinery for membrane fusion!®. More recently,
content mixing assays have largely supplanted lipid mixing assays; these studies have
verified the central role of SNARES in membrane fusion and have also pointed to the key
importance of other factors (discussed later)20-22,

Even the simplest eukaryotes have twenty or more SNAREs, many of which are specific for
particular intracellular trafficking pathways (for example, ER to Golgi or Golgi to plasma
membrane)2. Extensive liposome reconstitution experiments using various combinations of
SNAREs showed that lipid mixing requires cognate v-SNAREs and t-SNAREs — that is, v-
SNARES and t-SNAREs that function together in a particular trafficking pathway?23. This
and other evidence strongly suggests that substantial specificity, in terms of which vesicles
fuse with which target membranes, is conferred by the SNAREs themselves. Later, we
discuss membrane tethering factors, which also have important roles in determining the
selection of target membranes for vesicle fusion.

ATP-driven SNARE disassembly

Vesicle docking is accompanied by trans-SNARE complex assembly, but membrane fusion
converts the trans-SNARE complex into a cis-SNARE complex [G] in which all SNAREs
are associated with the same fused membrane (FIG. 1a). cis-SNARE complexes are
disassembled by the cytoplasmic proteins NSF24 and SNAPs2°. Disassembled t-SNARESs are
immediately available to participate in subsequent vesicle docking and fusion reactions,
whereas v-SNAREs must first be recycled to the donor membrane before engaging in
productive SNARE complex assembly26:27. The energy fueling this cycle of SNARE
complex assembly and disassembly is expended by the ATPase NSF in breaking apart the
highly stable cis-SNARE complex. The remaining steps in the cycle, including SNARE
complex assembly and membrane fusion, are spontaneous — that is, energetically
downhil128-31,

Topology-sensitive SNARE chaperones

The cycle of SNARE complex assembly and disassembly, as shown in FIG. 1a, raises
obvious questions. For example, what prevents a freshly disassembled cis-SNARE complex
from simply assembling again, creating a futile cycle? Less obviously, what prevents t-
SNAREs from engaging in non-productive side reactions? /n vitro, for example, syntaxin 1
and SNAP25 form non-productive 2:1 complexes in which a second copy of syntaxin 1
occupies the space that is normally reserved for the v-SNARE synaptobrevin32:33, Another
non-productive side reaction involves syntaxin 1 alone, which can form dimers and
tetramers34. The NSF- and SNAP-mediated disassembly of off-pathway complexes such as
these would open the door to additional futile cycling.

Futile cycling could be mitigated by the involvement of additional factors that function as
chaperones, by binding individual SNARESs and/or on-pathway assembly intermediates and
protecting them from taking “wrong turns’ that would require the action of NSF (and ATP
hydrolysis) to restore. A second reason to propose the involvement of SNARE chaperones is
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that the assembly of productive, membrane-bridging trans-SNARE complexes is
topologically complex, involving multiple SNARE proteins associated with two different
membranes. Chaperones might, for example, prevent the assembly of anti-parallel SNARE
complexes and stable, non-cognate SNARE complexes, both of which can form 7n vitro3>:36,
Third, trans-SNARE complex assembly takes place in the presence of the SNARE
disassembly machinery, and chaperones may therefore be required to provide a protected
pathway for the assembly of productive trans-SNARE complexes in the presence of
NSF21.37 (although it has also been suggested that NSF and SNAPs are themselves capable
of distinguishing cis-SNARE complexes from trans-SNARE complexes38:39). Taken
together, these considerations imply a need for ‘topology-sensitive’ chaperones to protect
disassembled SNARESs from off-pathway assembly reactions, to promote the geometrically
complex assembly of trans-SNARE complexes, and to protect partly or fully assembled
trans-SNARE complexes from the disassembly mediated by NSF until fusion has occurred,
all while allowing cis-SNARE complexes (and those off-pathway intermediates that do
form) to be disassembled.

Before concluding these general considerations, it is also relevant to mention the case of
homotypic fusion (FIG. 1b), in which all four SNAREs are present on each of the two
membranes to be fused. The resulting cis-SNARE complexes on each membrane must first
be disassembled by NSF and SNAPs, so that productive trans-SNARE complexes can then
assemble. Thus, the need for chaperones that selectively promote trans-SNARE complex
assembly, even in the continued presence of NSF and SNAPs, is clear. The proteins that are
most clearly implicated as SNARE chaperones are membrane tethering factors and SM
proteins, both of which are essential for vesicle docking and membrane fusion 7 vivo.

Membrane tethering factors

The close approach of two membranes bearing complementary SNAREs is a prerequisite for
the formation of trans-SNARE complexes. At greater distances, and prior to SNARE
engagement, membranes that are destined to fuse become tethered to one another by much
larger membrane tethering factors8-19. There are two classes of membrane tethering factor:
homodimers containing long stretches of predicted coiled coil and hetero-oligomers known
as multisubunit tethering complexes (MTCs) [G]. The coiled-coil tethers are highly
elongated, with the largest of these potentially capable of extending 300 nm or more. The
MTCs are also large (>250 kDa) but are more compact than the coiled-coil homodimers,
with maximum dimensions of 20-40 nm (FIG. 2a). Our understanding of membrane
tethering factors is far from complete: conclusive demonstrations of membrane attachment
have largely been lacking®®, and high-resolution structures are in many cases missing or
fragmentary. However, evidence has continued to accumulate that membrane tethering
factors, by binding to SNARESs and other vesicle and target membrane proteins, function as
SNARE chaperones and, more generally, as organizers of vesicle docking and fusion.

Coiled-coil tethering factors

A recent report provided the most convincing demonstration so far that coiled-coil tethering
factors connect trafficking vesicles with their target membrane®!. Golgins, which are the
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largest class of coiled-coil tethering factors, are anchored through their C-termini to the
Golgi“2. When individual golgins were systematically mislocalized to the outer membrane
of mitochondria, they recruited the appropriate cargo-laden vesicles to mitochondriat1:43:44,
For example, golgin 245, which normally resides on the trans side of the Golgi and recruits
endosome-derived vesicles, selectively redirected to the mitochondria vesicles carrying
endosome-to-Golgi cargo, but not vesicles carrying ER-to-Golgi or intra-Golgi cargo.
Overall, a panel of golgins was able to recruit vesicles in a cargo-specific manner that
correlates well with their localization within Golgi stacks*L.

How do golgins capture a transport vesicle? Golgins contain a large number of binding sites
for Rab GTPases*>46, which in turn have long been known to have central roles in
regulating vesicle transport by associating, in their activated GTP-bound states, with
membranes and recruiting effector proteins such as MTCs*748. Thus, golgins might capture
vesicles by binding vesicle-associated Rab proteins. A second possibility is that golgins
capture vesicles by binding directly to vesicle membranes. The golgin GMAP210 (also
known as TRIP11), for example, contains an N-terminal amphipathic lipid packing sensor
(ALPS) domain that binds selectively to highly curved membranes, including vesicles#20,
A third possibility is that golgins might capture vesicles by binding to their v-SNAREs,
although evidence for direct golgin—v-SNARE binding is somewhat limited®1:52, |n addition
to identifying the elements that are required for vesicle capture, it will be important to
address how golgin-mediated tethering ultimately facilitates SNARE engagement and
membrane fusion. Exciting progress is being made; for example, a recent study used
proximity ligation and atomic force microscopy to show the functional importance of
flexibility of coiled-coil tethering factors for vesicle tethering at the Golgi®3.

Multisubunit tethering complexes

In contrast to the coiled-coil tethering factors, the MTCs are composed of three or more
different subunits (FIG. 2a). The known MTCs can be divided into three families, each
conserved from yeast to mammals: the homotypic fusion and vacuolar protein sorting
(HOPS) family®4:55, the complexes associated with tethering containing helical rods
(CATCHR) family10:56 and the transport protein particle (TRAPP) family®’. The HOPS and
CATCHR families, although structurally unrelated, are particularly notable for their large
number of direct interactions with other proteins that are implicated in vesicle docking and
fusion, such as vesicle coat proteins, Rab GTPases, SNAREs and SM proteins (TABLE 1).
This array of interactions indicates that MTCs may function as organizers of membrane
docking, SNARE complex assembly and membrane fusion.

HOPS family—The HOPS family comprises both the HOPS complex [G] itself and the
closely related class C core vacuole/endosome tethering (CORVET) complex. The six-
subunit yeast HOPS complex, which is required for homotypic and heterotypic membrane
docking and fusion in the endo-lysosomal system, is one of the best characterized MTCs
(FIG. 2b)%:58, The /n vitro reconstitution of yeast homotypic vacuolar fusion, using synthetic
liposomes and purified proteins, has enabled an in-depth investigation of the mechanism of
action of the HOPS complex3%60, For example, the HOPS complex was shown to tether
membranes through its interactions with the membrane-associated Rab GTPase Ypt7, acidic
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phospholipids and SNAREs®1.62, Negative-stain electron microscopy of the HOPS complex
revealed Ypt7-binding subunits at both ends of a bilobed, flexible structure (FIG. 2a and
b)83. The clear implication is that the HOPS complex tethers membranes, at least in part, by
binding at both ends to membrane-associated Rab proteins.

As noted above, homotypic fusion involves two identical membranes, each carrying a full
complement of four SNAREs (FIG. 1b). In order to liberate individual SNARES so that they
can then assemble into membrane-bridging trans-SNARE complexes, it is first necessary to
disassemble cis-SNARE complexes on each of the participating membranes. This
disassembly of the cis-complex and reassembly of the trans-complex — and therefore
membrane fusion in the /n vitro reconstituted system — requires Sec17 and Sec18 (the yeast
SNAP and NSF protein, respectively) in addition to the HOPS complex. An attractive
hypothesis is that SNARES, having been disassembled by Sec17 and Sec18, are organized
for assembly of trans-SNARE complexes by the HOPS complex. Consistent with this model,
the HOPS complex binds both individual SNAREs and SNARE complexes®4-67. The HOPS
complex also seems to protect assembling trans-SNARE complexes from premature
disassembly by Sec17 and Sec1837:68, Thus, the HOPS complex exhibits at least some of the
properties that one would predict for a topology-sensitive chaperone. We discuss later a
particular subunit of the HOPS complex (the SM protein Vps33) that seems to directly
catalyze SNARE complex assembly.

CATCHR family—The CATCHR family comprises the exocyst, Dsl1, conserved
oligomeric Golgi (COG), Golgi-associated retrograde protein (GARP) and endosome-
associated recycling protein (EARP) complexes. The CATCHR-family complexes, similarly
to the HOPS-family complexes, bind Rab GTPases, SNARES, SM proteins and/or vesicle
coat proteins (TABLE 1). The CATCHR complexes also seem to function both as tethers
and, in collaboration with SM proteins, as chaperones for SNARE complex assembly. From
a structural standpoint, the best characterized of the CATCHR complexes is the yeast Dsl1
complex, which contains the three subunits Dsl1, Tip20 and Sec39 (also known as Dsl3)89:70
(FIG. 2c). Each of these subunits is essential for the trafficking of COPI-coated vesicles
from the Golgi to the ER. X-ray crystallography and negative-stain electron microscopy
studies of the Dsl1 complex have shown that it has a two-legged structure containing a hinge
in the middle that allows both closed and open conformations (FIG. 2¢)’%72, In the closed
conformation, the Dsl1 complex forms a 20-nm tower. This tower is anchored at its base,
through interactions between the legs of the complex and t-SNARES, to the ER membrane’3.
At the apex of the Dsl1 tower is a disordered region known as the ‘lasso’, which contains
multiple binding sites for COPI174.7>, The structure thus suggests that the Dsl1 complex can
function as a tether, connecting COPI-coated vesicles to their target organelle. /n vitro, the
Dsl1 complex accelerates (albeit modestly) the assembly of cognate SNARE complexes’?,
which hints that the Dsl1 complex might also function as a chaperone for SNARE complex
assembly.

Structural studies of subunits of the larger CATCHR complexes — GARP, EARP, COG and
exocyst — point to them having a shared subunit fold, which indicates common descent
from a single evolutionary progenitor, but little obvious homology at the quaternary
structural level (FIG. 2a)%10. Negative-stain electron microscopy analysis of the complete,
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hetero-octameric exocyst complex showed that it forms a complex bundle of rod-like
elements that probably represent single subunits’®. An earlier study of a COG subcomplex
(comprising four of the eight subunits) revealed a rather different, three-legged structure’’.
Notwithstanding their architectural differences, substantial evidence indicates that each of
these complexes participates in the assembly of SNARE complexes, probably with the
assistance of SM proteins’8-83, A more detailed understanding of the mechanics of this
process awaits structural studies of MTC-SNARE (and/or MTC-SNARE-SM protein)
complexes.

TRAPP family—The TRAPP family comprises several distinct TRAPP complexes: for
example, TRAPPI, TRAPPII and TRAPIII in yeast. These complexes are more compact and
less flexible than the HOPS or CATCHR-family complexes (FIG. 2a)8485 and, unlike those
complexes, the TRAPP family complexes function as guanine nucleotide exchange factors®
but are not known to bind SNARES directly. The involvement of the TRAPP complexes in
tethering may therefore be indirect, through their activation of Rab proteins and/or their
binding to coiled-coil tethering factors or vesicle coat proteins?0:87,

Secl1l-Muncl8 proteins and SNARE assembly

Multiple lines of evidence have emerged to suggest that MTCs work together with SM
proteins, which themselves seem to be universally required for SNARE-mediated membrane
fusion8.

Model of SM-catalyzed SNARE assembly

There are four major families of SM protein, and all eukaryotes seem to have at least one
member of each family88. Different SM proteins, similarly to different SNARES, are specific
for different sets of intracellular trafficking pathways!. However, unlike the SNARES, whose
role in membrane fusion seems clear, the essential functional role of SM proteins has been
difficult to decipher1:89.90, Progress has been hampered by, among other things, a relative
dearth of high-resolution structures showing how SM proteins interact with SNAREs.
However, there are now more than a dozen x-ray structures of SM proteins, representing
three of the four major families, in the Protein Data Bank. Several of these structures include
a bound peptide derived from the extreme N-terminus of a Qa-SNARE®193 and two other
structures contain the intact Qa-SNARE cytoplasmic domain (missing only the C-terminal
transmembrane anchor)?4-%. Most recently, we reported two structures of a single SM
protein, bound in one case to the SNARE motif of a Qa-SNARE and in the other case to the
SNARE motif of an R-SNARE2, We believe it is time to throw caution to the wind by
placing these known structures into a speculative sequence (FIG. 3).

Some Qa-SNAREs contain a short N-terminal region — the N-peptide — which binds to a
site on the ‘back’ of the cognate SM protein®1-94.97 (Fig. 3a). The N-peptide of the neuronal
Qa-SNARE syntaxin 1 has been extensively studied and is required both for synaptic vesicle
fusion and for the stimulation of liposome fusion /7 vitro by the SM protein Munc18a 98-100,
Strikingly, the syntaxin 1 N-peptide still supports liposome fusion when transplanted onto
SNAP25 or when anchored, separately from the rest of syntaxin 1, in the target
membranel0L, These and other data indicate that the essential role of the N-peptide is to
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recruit the SM protein to the site of SNARE complex assembly. Other Qa-SNAREs,
including those that lack an N-peptide, probably recruit SM proteins using alternative or
additional strategies86:93,

The first reported structure of an SM protein, Munc18a, also included syntaxin 1949 (Fig.
3b). Between the N-peptide of syntaxin 1 and its SNARE motif is a three-helix bundlel92,
The SNARE motif and the three-helix bundle interact, forming a four-helix bundle that
inhibits SNARE complex assembly103:104 This autoinhibited conformation of syntaxin 1,
which is marginally stable on its own, is stabilized by binding to the cleft of the SM
protein94.105.106 Thys, SM proteins can clamp Qa-SNARES in autoinhibited conformations
and prevent or postpone their assembly into cis-, trans- or off-pathway (non-stoichiometric)
SNARE complexes. Munc18a also stabilizes syntaxin 1 (and vice versa) in vivol97:108,

We recently reported two x-ray structures of the SM protein Vps33 bound to the SNARE
motifs of the Qa-SNARE Vam3 and the R-SNARE Nyv112, All three proteins were from the
thermopbhilic fungus Chaetomium thermophilum. In the first of these structures (FIG. 3c),
the bound SNARE motif of Vam3 strongly resembles the SNARE motif of syntaxin 1 in its
complex with Munc18a. The second structure reveals that the SNARE motif of an R-
SNARE can bind to a highly conserved groove on the surface of the SM protein (FIG. 3d).
The R-SNARE binding groove is formed by a conserved ‘helical hairpin’ — a finger-like
extension emerging from domain 3a of the SM protein and consisting of two long,
antiparallel a-helices connected by a loop. In the Munc18a-syntaxin 1 structure (FIG. 3b),
the helical hairpin is bent back upon itself (‘furled’)92:94-96_ Furling avoids a steric clash
with the three-helix bundle of syntaxin 1 but also covers the R-SNARE binding groove of
Munc18a (FIG. 3f). Thus, the R-SNARE binding site on the SM protein is revealed only
when the helical hairpin is unfurled, which is in turn possible only when the SM protein is
either uncomplexed or, as illustrated in FIG. 3c, bound to an ‘open’ Qa-SNARE.

Vps33 can bind simultaneously to the SNARE motifs of both Vam3 and Nyv112. The x-ray
structure of the ternary Vps33—-Vam3-Nyv1 complex has not been reported, but the crystal
structures of the Vps33-Vam3 and Vps33-Nyv1 complexes place the Qa- and R-SNARES in
the proper orientation (parallel) and alignment (with zero-layer residues adjacent) for
subsequent assembly (modeled in FIG. 3d). These results, together with functional studies of
Vps3312 and Munc18109:110 imply that SM proteins use their helical hairpins to facilitate
SNARE complex formation. At least in the case of Vps33, the SM protein functions as a
template upon which an early SNARE complex assembly intermediate, resembling a half-
zippered complex between the Qa- and R-SNAREs, can form.

Finally, SM proteins bind the four-helix bundles formed by assembled SNARE
complexes88111-114 The binding mode for SNARE complexes might resemble the binding
mode for autoinhibited Qa-SNARES?, but direct evidence of this has not been reported,
neither has the mechanistic role of SM protein binding to SNARE complexes been
definitively elucidated (Fig. 3e). Binding of SM proteins might protect trans-SNARE
complexes from premature disassembly mediated by NSF and SNAPs and/or might
stimulate fusion directly, perhaps by inducing membrane bending15.
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The preceding discussion places the known SM protein—-SNARE structures (FIG. 3a-d) into
a speculative order of events. First, the SM protein is recruited to a Qa-SNARE, in either an
open or an autoinhibited conformation, by binding to its N-peptide. Second, the SM protein
functions as a clamp to hold the Qa-SNARE shut and prevent it from binding other
SNAREs. Third, opening of the SM-bound Qa-SNARE — presumably catalyzed by another
factor such as Munc13 (discussed below) — leaves the SNARE motif bound to the SM
protein but enables the unfurling of the helical hairpin of the SM protein to reveal the R-
SNARE hinding site. Fourth, an R-SNARE embedded in the apposed membrane binds to the
SM protein template, creating a half-zippered, R-SNARE-Qa-SNARE complex. Fifth, the
SNARE complex assembly process continues, via a pathway that has not been elucidated, to
generate a complete, fusion-competent trans-SNARE complex. This proposed sequence of
events is unlikely to be universal, but we hope that it will function as a useful jumping-off
point for further investigation.

Model implications

In this model, the initial contact between SNAREsS is predicted to involve R- and Qa-
SNAREs anchored in opposite membranes (FIG. 3). By contrast, it has been nearly
axiomatic in the field that “acceptor’ complexes of Qa-, Qb- and Qc-SNARESs form first;
indeed, the QaQbQc-SNARE complex has itself sometimes been called a t-SNARE23,
However, the x-ray structures depicted in FIG. 3c and 3d hint that SM proteins function as
assembly templates by binding first to R- and Qa-SNAREs. Qb- and Qc-SNAREs would
join the complex subsequently. We note that what distinguishes a cis-SNARE complex from
a trans-SNARE complex is whether the R- and Qa-SNAREs are in the same or different
membranes. Therefore SM proteins, by somehow choosing an R-SNARE located in trans,
could impose a topological filter on the first step of the overall assembly process.

The pathway we propose (FIG. 3) is consistent with a recent reconstitution of synaptic
vesicle fusion?L. A novel feature of this reconstitution is that it begins with liposomes
containing syntaxin 1 bound to Munc18a rather than to SNAP25. The fusion of these
liposomes faithfully recapitulates the fusion of synaptic vesicles in that it depends on the
Ca?* sensor protein synaptotagmin 1 (discussed in the following section), resists the SNARE
complex disassembly activity of NSF and SNAPs, and depends on both Munc18a and
Munc13. Munc13, a ‘priming factor’ that is essential for synaptic vesicle fusion i vivot16,
opens Munc18-bound syntaxin for assembly with other SNAREs117-119, Thus, Munc13
seems to be capable of mediating the conversion between the states depicted in FIG. 3b and
3c. Munc13 and Muncl18a may collaborate to provide a protected pathway for the assembly
of trans-SNARE complexes in the presence of NSF and SNAPs. Intriguingly, Munc13 is
structurally homologous to subunits of CATCHR-family MTCs120, which indicates that the
latter may also modulate SNARE-SM protein interactions. However, it is not understood
how Munc13 or MTCs might accomplish this.

Although there are several examples of the binding of SNARE motifs to SM proteins, the
apparent binding affinities are low12:65113.121 This makes sense in as much as SM proteins
function as catalysts for SNARE motif assembly, and tight binding to individual SNARE
motifs would slow the assembly reaction. To compensate for this relatively weak binding,
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the SNAREs may be gathered together by membrane tethering factors for assembly
promoted by SM proteins. The potential for collaboration between MTCs and SM proteins is
clearest in the case of the HOPS complex, which is unique in containing an SM protein,
Vps33, as a stable subunit (FIG. 2b). The other subunits of the HOPS complex bind to the
N-terminal regions of two out of the four SNAREsS that are required for vacuolar fusion
(Vam3 and Vam7)84.66.67 Other MTCs, which are not as tightly associated with an SM
protein, could nonetheless create an ‘assembly zone’ in which the SNARE motifs are
presented to the cognate SM protein. Elucidating the architecture of SNARE assembly zones
will be a challenging but important goal for future investigations.

Synaptotagmin and regulated exocytosis

The most intensively studied membrane fusion reaction in biology is that between
neurotransmitter-containing synaptic vesicles and the pre-synaptic plasma membrane, and
indeed the SNAREs that are required for evoked neurotransmitter release have featured
prominently in this Review so far. Neurotransmitter release and its physiological regulation
are complex and well-reviewed topics13:122-124 with a great deal of recent study having
been focused on the regulatory factors complexin and synaptotagmin 1. Complexin is
generally thought to function as a clamp to prevent the premature fusion of synaptic
vesicles124-127 Here, we focus primarily on the recent structural characterization of
complexes between SNARESs and the Ca2* sensor protein synaptotagmin 1128.129 3
transmembrane protein that resides on synaptic vesicles. Its C2 domains, C2A and C2B,
bind Ca?*, acidic phospholipids, phosphatidylinositol 4,5-bisphosphate and synaptic
SNARE complexes!23, Crucially, synaptotagmin 1 couples the action-potential-triggered
influx of Ca2* at the axon terminal to the SNARE-mediated fusion of synaptic vesicles with
the pre-synaptic plasma membrane and the consequent release of neurotransmitters30.131,
This coupling probably involves the ability of synaptotagmin 1 to bind to SNARE
complexes (see however REF. 132), but it has been challenging to characterize this
interaction at high resolution.

A recent crystal structure of synaptotagmin 1 and a SNARE complex, generated by
connecting them using a flexible linker, revealed a conserved interface between the C2B
domain of synaptotagmin 1 and a face of the SNARE complex formed by SNAP25 and
syntaxin 1 (FIG. 4)129. In addition to this ‘primary’ interface, the crystal structures also
revealed secondary and tertiary interfaces between synaptotagmin 1 and the SNARE
complex. The residues of the SNARE complex and synaptotagmin 1 that form the primary
interface are conserved among the synaptotagmins, SNAP25 homologues and syntaxin
homologues that are involved in fast, Ca2*-triggered exocytosis. Moreover, the primary
interface is Ca?* independent, suggesting that it forms prior to the arrival of an action
potential at the axon terminal. Mutations of two, three or five of the conserved residues
disrupted binding of synaptotagmin 1 to the SNARE complex, synaptotagmin 1-dependent
membrane fusion in a cell-free assay, and Ca2*-triggered exocytosis /i vivot29,

A second recent study, this one using NMR, identified an overlapping binding site for
synaptotagmin 1 on the SNARE complex, but in this case binding involved a different face
of the synaptotagmin 1 C2B domain (FIG. 4)128, Mutations targeting this interface, but
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different from those tested based on the crystal structure, resulted in reduced binding of
synaptotagmin 1 to the SNARE complex as well as impaired function of synaptotagmin 1 in
cultured neurons.

Further complicating comparison of the NMR and crystallographic studies, the NMR study
used a double mutant of synaptotagmin 1 (R398Q, R399Q) that alters key residues in the
primary interface as defined by the crystallographic studies. Nonetheless, both studies
support the same general conclusion — that synaptotagmin 1 and the SNARE complex have
multiple modes of interaction that may enable the assembly of a superstructure around the
docking site between a synaptic vesicle and the presynaptic membranel28.129 Multiple
synaptotagmin 1-binding sites on each SNARE complex would allow synaptotagmin 1 to
bridge multiple SNARE complexes, creating a large assembly of SNARESs and Ca2* triggers.
Upon Ca?* influx, Ca?*-driven association between synaptotagmin 1 and the plasma
membrane (FIG. 4b) could reorganize and/or strain this array, inducing membrane curvature
and/or closer proximity between the apposed membranes, full SNARE zippering and
membrane fusion.

SNARE disassembly

So far, we have emphasized the elaborate machinery responsible for membrane docking,
SNARE complex assembly and regulated membrane fusion. Following fusion, SNARE
recycling — and the energization of the SNARE cycle — requires disassembly of the
SNARE complex. SNARE complex disassembly is also required to resolve off-pathway
SNARE complexes and to prepare membranes for homotypic fusion. The SNARE
disassembly machinery comprises NSF and accessory factors known as SNAPs (no relation
to the neuronal SNARE protein SNAP25). A major breakthrough in our understanding of
this machinery was the recent structural characterization, using cryoEM, of intact NSF in
both ADP- and ATP-bound states, as well as of SNARE-NSF-SNAP complexes3®.

CryoEM structures of NSF

Each monomer of NSF comprises three domains: the N domain, which mediates SNAP—
SNARE binding; the D1 domain, which mediates ATP hydrolysis; and the D2 domain,
which binds stably to ATP and mediates hexamerization of NSF (FIG. 5a)°. Previous
electron microscopy analysis showed that NSF forms stacked hexameric rings133134, The
quality of the new data were sufficient to determine and refine 3D reconstructions without
imposing symmetry, which was instrumental in resolving nucleotide-dependent differences
between the ATP- and ADP-bound states3?. ATP-bound NSF adopts a ‘split-washer’
conformation, in which the D1 domains are approximately six-fold symmetric but have a
slight right-handed helical pitch (FIG. 5b). By contrast, ADP-bound NSF adopts an ‘open
flat washer’ conformation, in which the sixfold symmetry is broken but all six D1 domains
remain essentially co-planar. The ring is more compact in the ATP-bound state, which
suggests that a spring-like transition occurs from a ‘loaded’ split washer to a ‘relaxed’ open
flat washer. In general agreement with previous studies33, large variations were observed in
the orientations of the N domains relative to the D1 and D2 rings.
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The same study also reported approximately 8-A resolution cryo-EM reconstructions of the
*20S complex’ that is formed by NSF (in the presence of the non-hydrolyzable ATP analog
AMP-PNP), a-SNAP and the assembled SNARE motifs of syntaxin 1, SNAP25 and
synaptobrevin (FIG. 5a). Four different reconstructions, potentially representing four unique
molecular states, were generated3®. Four molecules of a-SNAP ensheath the SNARE
complex, and the N-terminal domains of NSF (how better defined than in the NSF-only
structures discussed above) interact with sites on the outer surface of individual a-SNAP
monomers. The symmetry mismatch (six NSF monomers interacting with four a-SNAP
molecules) is such that the individual a-SNAP monomers are bound to either one or two
NSF N-terminal domains. There is also a ‘handedness’ mismatch, with the four SNARE
helices exhibiting a left-handed twist (which is the standard for coiled-coil interactions)
whereas the four a-SNAP molecules (similarly to the D1 domains in the ATP-bound NSF
hexamer) have a right-handed twist. The NSF ring is even more compact in these 20S
structures than in ATP-bound NSF, which may indicate that the NSF spring is further
tightened upon interaction with the a-SNAP-SNARE complex (FIG. 5b). Together, these
observations support a model in which the 20S particle, as it cycles between the observed
conformations (and possibly others), exerts a torque to destabilize the interactions between
the four SNAREs. Additionally, the transition between the ATP-bound split washer
conformation and the ADP-bound flat washer conformation of NSF may exert a shear force
on the SNARE complex. Torque and shear force, applied in combination or in series,
provide an appealing mechanistic explanation for SNARE complex disassembly (FIG. 5c).

Single-molecule analysis

Single molecule fluorescence experiments corroborate the idea that NSF uses a spring-
loaded mechanism to unwind SNARE complexes3®. In experiments using TIRF microscopy
to image single SNARE complexes being disassembled by a single NSF hexamer, one round
of ATP hydrolysis (per NSF monomer) was sufficient for robust disassembly. This finding
contrasts with other recent reports, which concluded that multiple rounds of ATP hydrolysis
are required for the disassembly of a single SNARE complexe136.137 Measurements of
individual NSF hexamers indicated that SNARE complex disassembly occurs in a single
step after an initial dwell period!3%. Strikingly, ATP hydrolysis seemed to cause a large
tension that was released in a single conformational switch, reminiscent of a loaded spring
being released. The addition of phosphate analogues that, in conjunction with ADP, mimic
the ATP hydrolysis transition state of NSF was found to inhibit SNARE complex
disassembly, suggesting that disassembly requires not only ATP hydrolysis but also the
release of inorganic phosphate. This interpretation implies that NSF remains in the ATP-
bound conformation — but with ADP bound — during the latent period prior to SNARE
disassembly. The subsequent release of this spring-loaded state in a single step could cause
gross conformational changes within the 20S particle, thereby triggering the disassembly of
the bound SNARE complex and subsequent release of the monomeric SNAREs.

New roles for SNAPs?

We conclude by discussing several intriguing studies that suggest an unexpected role for
SNAP proteins — which have been described as adaptors for SNARE complex disassembly
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— in stabilizing trans-SNARE complexes and thereby promoting membrane fusion. In the
first study, Sec17 (the yeast SNAP) markedly improved binding between SNARE complexes
and their cognate SM proteins®®. The Sec17-SM protein-SNARE complex partially, though
not completely, blocked disassembly of the SNARE complex by Sec18 (the yeast NSF
protein). Based on these and other findings, the authors proposed a timer model whereby SM
proteins, together with Sec17, function to delay the action of Sec18. Fusion-incompetent
SNARE complexes, by contrast, would not be recognized by the SM protein and would
therefore be disassembled. The disassembly delay could be important in giving trans-
SNARE complexes time to mediate membrane fusion.

It also came as a surprise, given its canonical role in SNARE complex disassembly, that
Secl17 was able to rescue the vacuolar fusion defect caused by short C-terminal truncations
in the Qc-SNARE Vam7138. Building on this finding, a recent study showed that Sec17 can
strongly stimulate the fusion of liposomes in which trans-SNARE complexes have formed
but fusion pores have not yet opened?39. This fusion-stimulating activity of Sec17 depended
on a pair of hydrophobic loops, which in a SNAP-SNARE complex would be well-
positioned for membrane insertion3?. The results suggest that Sec17 can bind partially
formed SNARE complexes, perhaps helping to drive SNARE zippering towards completion,
and insert hydrophobic loops into the membrane, which potentially perturb the lipid bilayer
and promote fusion. By contrast, another recent report suggested that a.-SNAP could
interfere with the full zippering of some, but not other, SNARE complexes4, which is in
line with previous observations that excess Sec17 can inhibit membrane fusion141,

Together, these findings suggest an intriguing multiplicity of roles for Sec17 and possibly
SNAPs in general. On the one hand, Sec17 functions as an adaptor that recruits Sec18 to cis-
or off-pathway SNARE complexes for disassembly. On the other hand, Sec17 may also be
recruited to trans-SNARE complexes as they assemble on SM protein templates, potentially
helping to drive SNARE zippering to completion and/or perturbing the lipid bilayer, both of
which would stimulate membrane fusion. At some stage the SM protein would disengage,
allowing Sec17 to recruit Sec18 for SNARE complex disassembly.

Perspectives

Recent advances in the field of membrane trafficking have brought us several steps closer to
a molecular framework for understanding membrane docking and fusion and its
orchestration by chaperones mediating SNARE complex assembly and disassembly.
Docking and fusion are likely coordinated by membrane tethering factors functioning
together with small GTPases and SM proteins, but only a few relevant structures are
currently available as blueprints for detailed mechanistic biochemistry. Recent advances in
cryoEM provide a promising path forward, provided that strategies can be developed for
coping with the intrinsic flexibility that so far seems to characterize many of the relevant
complexes. It will be particularly interesting to see, as the field develops further, to what
extent different SNARE complex assembly reactions (such as those mediated by HOPS
complexes versus those mediated by CATCHR complexes) resemble one another
mechanistically. Elucidating the shared mechanistic features implemented by different
chaperone machineries should help to unlock the fundamental principles underlying
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intracellular membrane fusion. Finally, understanding the role of SNAPS, not only in
SNARE complex disassembly but also possibly in assembly and fusion, will lead to a more
holistic understanding of SNARE complex function and its regulation.
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soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNARES)
Integral or peripheral membrane proteins that mediate membrane fusion by forming parallel
four-helix bundles

Sec1-Muncl8 proteins
(SM proteins). Cytoplasmic proteins that bind to SNAREs and seem to be universally
required for SNARE-mediated membrane fusion

N-ethylmaleimide-sensitive fusion factor
(NSF). Homo-hexameric protein of the AAA+ ATPase family that drives the disassembly of
SNARE complexes; known as Sec18 in yeast

Soluble NSF attachment proteins
(SNAPs). Adaptor proteins that allow NSF to recognize and disassemble SNARE
complexes; Sec17 is the yeast SNAP

trans-SNARE complex
Complex containing at least one SNARE embedded within each of two apposed membranes;
required for membrane fusion

cis-SNARE complex
Non-fusogenic SNARE complex in which all SNAREs are associated with the same
membrane; created from a trans-SNARE complex when membranes fuse

Multisubunit tethering complexes
(MTCs). Large, hetero-oligomeric complexes that orchestrate vesicle docking and fusion
through interactions with SNARES, Rab proteins, SM proteins and/or vesicle coat proteins
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HOPS complex

A hetero-hexameric MTC — comprising Vpsl11, Vpsl6, Vps18, Vps33, Vps39 and Vps4l
in yeast — that functions in endo-lysosomal fusion reactions (for example, the homotypic
fusion of yeast vacuoles)
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Box 1
SNARE architecture and nomenclature

Soluble A-ethylmaleimide-sensitive factor attachment protein receptors (SNARES) are
defined by a 60- to 70-residue ‘SNARE motif’ that can fold into an amphipathic a-
helix#>. Most but not all SNARES contain, adjacent to the SNARE motif, a C-terminal
transmembrane helix anchor. Many SNAREs also have N-terminal domains that regulate
SNARE complex assembly and/or interact with other elements of the vesicle docking and
fusion machinery. The formation of a productive SNARE complex entails the coupled
folding and assembly of an intermolecular four-helix bundle containing four different
SNARE motifs (see the figure). This bundle, at its longitudinal midpoint, contains a ‘zero
layer’ comprising four large, hydrophilic residues — usually arginine or glutamine3. The
zero layer residues, which are buried within the otherwise hydrophobic core of the
SNARE complex, hydrogen bond with one another, presumably to ensure that the four
SNARE motif a-helices assemble in the proper register®. SNARES can be defined as
vesicle-associated SNARES (v-SNARES) or target membrane-associated SNAREs (t-
SNARES) (see the figure, part a). Alternatively, they can be defined by the residue they
contribute to the zero layer and their position within the four-helix bundle: R-SNAREs
contribute an arginine to the zero layer, whereas Qa-, Qb-, and Qc-SNAREs each
contribute a glutamine3 (see the figure, parts b and c). A few SNARE proteins, such as
SNAP25, contain both Qb- and Qc-SNARE motifs within a single polypeptide chain.
Although the original v-SNARE and t-SNARE terminology is still widely used, it is
neither as specific (it does not distinguish among t-SNARES) nor as broadly applicable (it
does not apply to homotypic fusion) as the R-SNARE and Q-SNARE nomenclature.
However, it is generally easy to translate between the two nomenclatures, as most v-
SNAREs contain zero-layer arginines and are therefore R-SNARES, whereas most t-
SNAREsS contain zero-layer glutamines and are therefore Q-SNAREs.
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Key points

Fusion of eukaryatic transport vesicles with target organelles requires
membrane-bridging complexes of soluble N-ethylmaleimide-sensitive factor
attachment protein receptors (SNARES).

Productive assembly of SNARE complexes, involving four different SNARES
anchored in two different membranes, is topologically complex. Both
assembly and disassembly chaperones are required to ensure the temporal and
spatial integrity of the intracellular trafficking network.

The initial contact of a transport vesicle with a target membrane is mediated
by homo-dimeric and hetero-oligomeric membrane tethering factors. In
addition to their role in tethering, these factors may also function as
chaperones for SNARE complex assembly.

Sec1-Munc18 (SM) proteins interact directly with SNARES and are required
in vivo for SNARE-mediated membrane fusion. They may accelerate SNARE
complex formation by functioning as templates to stabilize early assembly
intermediates.

Recent x-ray crystal and NMR structures of the calcium sensor protein
synaptotagmin bound to the SNARE complex reveal the molecular details of
an interaction that probably underlies the exquisite sensitivity of
neurotransmitter release to calcium levels.

Recent cryoEM structures and single particle FRET studies both indicate that
the chaperone A-ethylmaleimide-sensitive factor (NSF) may use a ‘spring-
loaded’ mechanism to disassemble SNARE complexes in a single step.
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Figure 1. Cycles of SNARE assembly and disassembly
a | Heterotypic membrane fusion is thought to begin with a v-SNARE in a vesicle and three

t-SNARES in a target membrane. Assembly into membrane-bridging trans-SNARE
complexes drives membrane fusion and cargo delivery. The resulting cis-SNARE complex is
disassembled by the ATPase NSF (working together with the adaptor protein SNAP; not
shown), which releases the SNARES for subsequent cycles of assembly and disassembly. If
reassembly of the SNARE complex occurs before the v-SNARE is removed for recycling
back to its donor (vesicle) compartment, the resulting cis-SNARE complex must be
disassembled without having catalyzed membrane fusion (a futile cycle). b | In homotypic
membrane fusion, each of the two membranes contains all four SNARES. The resulting cis-
SNARE complexes on each membrane must be disassembled prior to trans-SNARE complex
assembly and membrane fusion. As in the case of heterotypic fusion, this cycle must operate
in the continual presence of NSF and SNAP. To avoid futile cycling, chaperones are required
to privilege trans-SNARE complex assembly over cis-SNARE complex assembly.
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Figure 2. Membrane tethering and SNARE assembly
a | Membrane tethering factors include coiled-coil homodimers (not shown) and

multisubunit tethering complexes (MTCs). Shown for the MTCs are representative class
averages, derived from negative-stain electron micrographs, for the HOPS63, Dsl1 (Dsl1 and
Sec39 subunits only)”1, exocyst’8, COG (Cog1-4 subunits only)’” and TRAPPI11142
complexes, as well as x-ray structure-based models for DsI171 and TRAPPI84 complexes.
The numbers in parentheses indicate the number of subunits imaged (present/total) by
electron microscopy (or, in the case of Dsl1, by x-ray crystallography). Class averages
reproduced with permission from REFS. 63, 71, 76, 77 and 142. b | Simplified model for
HOPS complex-dependent membrane tethering and fusion. In this model, HOPS functions
first as a tether, by binding to Rab proteins on two different membranes, and then as a
chaperone for SNARE complex assembly. HOPS may also block the premature disassembly
of trans-SNARE complexes and the futile reassembly of cis-SNARE complexes. The
structure of the HOPS complex is based on negative-stain electron microscopy®2. For clarity,
the soluble Qc-SNARE Vam?7 is shown with a membrane anchor. Electron microscopy-
based class averages reproduced with permission from REF. 63. ¢ | Model for Dsl1 complex-
dependent membrane tethering and fusion. In this model, the Dsl1 complex mediates
tethering by binding to SNARE proteins on the target membrane and — via an unstructured
‘lasso’ within the Dsl1 subunit — to the COPI coat on cargo-carrying vesicles. Next, the
Dsl1 complex chaperones the proper assembly of trans-SNARE complexes. A hinge region
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within the Dsl1 subunit of the complex is evident in class averages of Dsl1-Sec39
complexes (reproduced with permission from REF. 71).
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Figure 3. A structure-based mechanism for SM protein-mediated SNARE complex assembly
a-e | X-ray crystal structures (first row) and schematic representations (second row) of SM

protein—-SNARE complexes. The structures and schematics are placed in a speculative order
to suggest a potential pathway for SM protein-templated SNARE complex assembly. a |
Many SM proteins bind to the N-peptide lying at the extreme N-terminus of Qa- (or
syntaxin-like) SNAREs. Shown is the structure of the SM protein Munc18a (grey) bound to
the N-peptide of syntaxin 4 (yellow) (PDB code 3PUJ)%2. b | Some Qa-SNARES adopt an
auto-inhibited conformation that binds to, and is stabilized by, the cognate SM protein. This
binding mode requires a furled conformation for the helical hairpin of the SM protein.
Shown is the structure of Munc18a bound to the cytoplasmic portion of syntaxin 1a (yellow
and red) (PDB code 3C98)%*. ¢ | The opening of the Qa-SNARE is accompanied by the
unfurling of the SM protein's helical hairpin, which exposes the R-SNARE binding site.
Shown is the structure of the SM protein Vps33 (grey) bound to the SNARE motif of the
Qa-SNARE Vam3 (red) (PDB code 5BUZ)'2. d | Binding of the R-SNARE to the SM
protein leads to a half-zippered SNARE complex representing a potential early intermediate
in SNARE complex assembly. Shown is a model that combines the structures of Vps33
bound to the R-SNARE Nyv1 (blue) (PDB code 5BV0) and VVp33 bound to the Qa-SNARE
Vam3 (red and yellow) (PDB code 5BUZ)2. e | After formation of the trans-SNARE
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complex, SM proteins may bind directly to the resulting four-helix bundle. The resulting
complex has not, however, been structurally defined. f | Unfurling of the domain 3a helical
hairpin of the SM protein reveals the R-SNARE binding site.
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Figure 4. Structural characterization of the synaptotagmin-SNARE complex interaction
a | Superimposed structures of synaptotagmin 1 bound to the neuronal SNARE complex,

determined by x-ray crystallography (PDB code 5CCH)2% and NMR (PDB code 2N1T)128,
implicate the same face of the SNARE complex as being the primary contact site for the
C2B domain of synaptotagmin (shown in purple for the crystal structure and in grey for the
NMR structure). The x-ray crystal structure also defines secondary and tertiary binding sites
on the SNARE complex for the C2A (cyan) and C2B domains of synaptotagmin. b | The
structural data suggest a model in which multiple synaptotagmins and SNARE complexes
form a super-complex around a docked vesicle. Calcium influx is proposed to promote
interactions between synaptotagmin 1 and the plasma membrane that deform the plasma
membrane, bringing it into juxtaposition with the vesicle membrane and facilitating
membrane fusion129,
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Figure 5. SNARE complex disassembly by NSF and SNAPs
a | The near atomic-resolution cryoEM structure of the 20S complex comprising six copies

of NSF, four copies of a-SNAP and the neuronal SNARE complex (PDB code 3J96)3°. A
ribbon model of the complex is shown next to the electron density from one of four single
particle reconstructions. b | The D1 domains of the NSF hexamer are shown for three
separate structures of NSF: the 20S complex, ATP-bound NSF (PDB code 3J94) and ADP-
bound NSF (PDB code 3J95) (lacking a.-SNAP and the SNARE complex)3°. Comparison of
these structures shows that NSF adopts a split washer orientation when bound to ATP and
within the 20S complex, and an open washer orientation when bound to ADP. ¢ | A
simplified schematic of NSF and its interaction with the SNARE complex (only the D1
domain of NSF is shown for clarity). When bound to ATP and the SNARE complex, NSF
adopts a compact, split-washer orientation. Upon ATP hydrolysis and release of inorganic
phosphate, NSF undergoes a conformational change to the open-washer orientation, thereby
applying rotational and shear forces to the SNARE complex. This spring-like transition
unwinds the SNARE complex in a single round of ATP hydrolysis, which releases the
individual SNARES for participation in further rounds of membrane fusion39135,
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