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Summary

The structure of 20 S particles, consisting of NSF, SNAPs, and SNARE complexes, was analyzed
by electron microscopy and fluorescence resonance energy transfer. Structural changes associated
with the binding of a-SNAP and NSF to SNARE complexes define the contribution of each
component to the 20 S particle structure. The synaptic SNARE complex forms a 2.5 x 15 nm rod.
a-SNAP binds laterally to the rod, increasing its width but not its length. NSF binds to one end of
the SNAP/SNARE complex; the resulting 20 S particles measure 22 nm in length and vary in
width from 6 nm at their narrowest point to 13.5 nm at their widest. The transmembrane domains
of VAMP and syntaxin emerge together at the NSF-distal end of 20 S particles, adjacent to the
amino terminus of a-SNAP.

Introduction

Despite the constant flow of proteins and lipids into, out of, and through intracellular
compartments, each type of organelle maintains a distinct functional and morphological
identity. To preserve the organization of cellular compartments, cargo-laden transport
vesicles act as intercompartmental shuttles that selectively dock to and fuse with their
intended membrane targets. A family of membrane proteins, referred to as SNAREs, forms a
core machinery involved in these transport reactions (SolIner et al., 1993a; Rothman, 1994;
Stidhof, 1995; Hanson et al., 1997b). SNAREs are distributed to distinct intracellular
compartments with t-SNAREs mainly present on target membranes and v-SNARES
predominately on vesicle membranes. The v-SNARE VAMP-2/synaptobrevin 1l (Baumert et
al., 1989; Elferink et al., 1989; hereafter referred to as VAMP) and the t-SNARES syntaxin
(Bennett et al., 1992; isoforms 1A and 1B) as well as SNAP-25 (Oyler et al., 1989) are the
prototypic members of the SNARE family whose complex and function were identified first
at the neuronal synapse (Séllner et al., 1993a).

In the case of heterotypic membrane fusion, a v-SNARE binds to its cognate t-SNARE,
forming a SNAREpin, which pairs a transport vesicle to its target membrane for fusion. The
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specificity of v-/t-SNARE association and their assembly into stable complexes may thereby
dictate, at least at this stage of the process, which set of membranes can fuse. Reconstitution
experiments indicate that SNAREpins are the minimal fusion machinery (Weber et al.,
1998).

v- and t-SNARES interact via their cytosolic domains that form a parallel four-stranded
helical bundle (Poirier et al., 1998b). SNARE complexes found at neuronal synapses are
stable up to 90°C and resist denaturation by SDS (Hayashi et al., 1994). On electron
micrographs, neuronal v-/t-SNARE complexes appear as rod-like structures with a parallel
v- and t-SNARE alignment (Hanson et al., 1997a).

To disassemble otherwise stable SNARE complexes, a general machinery consisting of the
N-ethylmaleimide-sensitive fusion protein (NSF; Block et al., 1988; Wilson et al., 1989) and
soluble NSF attachment proteins (SNAPs; Clary and Rothman, 1990; Whiteheart et al.,
1993) acts on v-/t- SNARE complexes at many different intracellular locations (Séllner et
al., 1993b; Sggaard et al., 1994; Nagahama et al., 1996; Subramaniam et al., 1996, 1997;
Hay et al., 1997; Paek et al., 1997; Nichols et al., 1997; Ungermann et al., 1998). NSF and
SNAPs bind to SNARE complexes in a sequential manner, giving rise to 20 S particles,
named for their sedimentation coefficient of 20 Svedberg units. 20 S particles are stable
under conditions that preclude ATP hydrolysis by NSF. NSF is a hexameric ATPase; each
subunit contains three domains, an amino-terminal N domain and two ATP-binding
domains, termed D1 and D2 (Tagaya et al., 1993; Whiteheart et al., 1994; Fleming et al.,
1998). 20 S particle disassembly is catalyzed by NSF’s ATPase activity, which releases
SNAPs and free v- and t-SNARESs (Soéllner et al., 1993b; Hayashi et al., 1995). Free v- and t-
SNAREs can thereby be recycled for another round of vesicular transport.

In this study, we analyzed the structure of 20 S particles as well as intermediate complexes
involved in 20 S particle assembly to assess the contribution of NSF, SNAPs, and (synaptic)
SNARE complexes to the 20 S particle structure. To localize distinct domains of NSF, a.-
SNAP, and SNAREs within 20 S particles we isolated 20 S particles containing epitope-
tagged recombinant proteins and examined these particles complexed with antibodies by
electron microscopy. This technique allowed us to locate the D2 domain of NSF, the amino
terminus of a-SNAP, and the membrane-spanning region of VAMP within 20 S particles. In
addition, we assembled SNARE complexes that contained green and blue fluorescent protein
moieties in lieu of the trans-membrane domains of VAMP and syntaxin. Fluorescence
resonance energy transfer (FRET) studies (Fairclough and Cantor, 1978; Stryer, 1978; Heim
and Tsien, 1996) in the presence of a-SNAP and NSF, under conditions of 20 S particle
assembly, suggest that the membrane anchors of SNARES lie in close proximity, irrespective
of whether they are incorporated in SNARE complexes (Hanson et al., 1997a; Lin and
Scheller, 1997; Poirier et al., 1998b) or in 20 S particles. Our results therefore define the
structural layout of 20 S particles.
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Purification of Neuronal SNARE Complexes and 20 S Particles

To analyze the structure of SNARE complexes by electron microscopy, synaptic v/t-SNARE
complexes were purified from a brain detergent extract based on their a-SNAP binding
property. SNARE complexes were isolated by affinity chromatography on GST-a-SNAP,
released from the immobilized fusion protein by incubation with r7-octylglucoside and high
salt, sedimented through glycerol gradients, and processed for electron microscopy (see
Experimental Procedures).

The purification of SNAP/SNARE complexes and 20 S particles for electron microscopy
relied on similar preparative procedures. SNARE complexes were bound to GST-a.-SNAP as
above; in the case of 20 S particles, NSF was added under conditions precluding ATP
hydrolysis. Both SNAP/SNARE complexes and 20 S particles were released from the beads
by thrombin cleavage of GST-a-SNAP (such that the GST moiety remained on the beads)
and purified further by velocity centrifugation. The polypeptide compaositions of a typical
SNARE complex (Figure 1, lane 1) and a 20 S particle preparation (Figure 1, lane 2) were
analyzed by SDS-PAGE.

To localize individual domains of 20 S particle constituents, epitope tags were added to the
components of interest (NSF, a-SNAP, and VAMP). For example, to determine the position
of the membrane-spanning region of VAMP within 20 S particles, the endogenous VAMP in
20 S particles was replaced with recombinant VAMP-myc-hisg, which contains a myc
epitope in lieu of the membrane-spanning region (see Experimental Procedures). Anti-myc
antibodies were bound to 20 S particles with the myc-tagged constituent (Figure 1, lane 3)
and the antibody-decorated particles imaged.

Ternary SNARE Complexes Form Rod-like Structures

Electron micrographs of synaptic v-/t-SNARE complexes contained numerous rod-like
structures with a globular mass at one end (data not shown). Image analysis demonstrated
that SNARE complexes form rods, 2.5 nm in width and 15 nm in length, including a
globular mass with a diameter of ~5 nm at one end (Figure 2B). The size of the globular
mass in SNARE complexes is compatible with the presence of a detergent micelle of Triton-
X-100 with a molecular weight of ~90 kDa attached to the SNARE membrane anchors
(Furth et al., 1984).

Individual SNARE complex rods showed a tendency to aggregate, forming dimeric (Figure
2C) and higher order oligomeric structures (see gallery, Figure 2F). Linear dimers were
selected for image analysis and appear as elongated rods, 23 nm length, with a ~5 nm
globular mass in their center (Figure 2C). Dimers, however, did not show a strict prevalence
for a linear arrangement. Higher order oligomers (trimers, tetramers, etc.) of SNARE
complexes appear as “plug and spoke” structures (Figure 2F) with the “spokes”
corresponding to individual SNARE complex rods, emanating from a central “plug” (Figure
2F). This plug is morphologically similar to the globular mass attached to individual and
dimeric SNARE complex rods although it occasionally appeared increased in size, perhaps
as more SNARE hydrophobic domains aggregate and share a detergent micelle.
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Neither the globular mass nor the formation of oligomers was observed with SNARE
complexes containing recombinant proteins lacking the SNARE membrane spans (see
Figure 2A; Hanson et al., 1997a), which otherwise were similar in size and dimension to
those containing full-length SNARES. The presence of the globular mass at only one end of
the SNARE complex rod (with full-length SNARES) suggests that all SNARE membrane
anchors lie at one end of the rod and share the same detergent micelle.

SNAPs Bind to the Lateral Side of SNARE Complex Rods

The addition of a-SNAP to the SNARE complex rod tripled its width (to 7-8 nm) without
altering its length (Figure 2D). a.-SNAP thus binds laterally to the SNARE complex rod.
Linear dimers of SNAP/SNARE complexes were equivalent in length to SNARE complex
dimers (Figure 2E), as expected for lateral a-SNAP binding. SNAP/SNARE complexes
seem to oligomerize via the hydrophobic SNARE domains, as is the case with ternary
SNARE complexes alone.

20 S Particles Have a Sparkplug Shape

Electron micrographs of 20 S particles reveal numerous asymmetric particles with a typical
“sparkplug shape” (Figure 3A, black arrows). These particles possess two distinct structural
domains, a stacked double ring structure at one end and a cone-shaped tail that diminishes in
width as it projects away from the stacked ring structure. The cone-shaped tail and the
double-ring structure are strikingly similar in size and shape to the SNAP/SNARE complex
and the side view of NSF (Figure 4A), respectively. Owing to these structural similarities,
we conclude that the sparkplug-shaped assemblies are 20 S particles. The micrographs also
contain ring-shaped molecules (Figure 3A, black arrowheads), which likely represent top
views of NSF (Figure 4B; see also Hanson et al., 1997a; Fleming et al., 1998).

The sparkplug-shaped particles were susceptible to ATP hydrolysis, providing biochemical
evidence that they represent 20 S particles. Upon incubation with Mg-ATP to promote their
disassembly, these particles disappeared almost completely from electron micrographs; top
view projections of NSF became the predominant visible structure (data not shown). NSF
forms a double ring structure with a diameter of 12 nm, a height of 9 nm, and a 6-fold
rotational symmetry (Figure 4). NSF was imaged under the same nucleotide conditions as 20
S particles.

The length of averaged 20 S particles is 22 nm (Figure 3B), including a 13 nm long tail
whose width varies from 6 nm at its tip to 9.5 nm at its edge in contact with NSF. The tail of
20 S particles appears to be shaped like a cone, while SNAP/SNARE complexes resemble a
cylinder (Figure 2D). The SNAP/SNARE complex may therefore undergo a conformational
change when bound to NSF, leading to the observed change in shape. The individual rings of
20 S particles vary in height, with the inner ring 4 nm and the outer ring 5 nm in height,
identical to the height of the rings in free NSF (Figure 4A). In 20 S particles, the outer ring
diameter is 12 nm while the inner ring diameter is 13.5 nm. The latter diameter is greater
than either ring diameter in free NSF (Figure 4A). This increase in the inner ring diameter is
consistent with a structural change in NSF due to its association with SNAPs and SNARE
complexes (see Discussion). However, the similarity of the stacked ring arrangement of NSF
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both in the absence and presence of binding partners indicates that a single NSF hexamer
resides within a 20 S particle.

Like SNARE and SNAP/SNARE complexes, 20 S particles associate into dimeric, trimeric,
and higher order oligomeric structures (see inset, Figure 3A). Linear 20 S particle dimers
have an overall length of 40 nm and represent two 20 Sparticles associated at their tips, with
a 4 nm overlap (Figure 3C). 20 S particle oligomerization occurred not only on EM grids but
also in solution when the detergent concentration was reduced below the critical micellar
concentration. 20 S particles sedimented much more rapidly than expected in velocity
centrifugation experiments when glycerol gradients contained only 0.01% (w/v) Triton-
X-100 or CHAPS (data not shown). The more rapid sedimentation of the particles was not
due to protein denaturation since large aggregates sedimenting into the pellet were not
observed.

The image analysis of 20 S particles revealed subclasses that may reflect some variability in
the 20 S particle structure (Figure 3D). These subclasses differ mainly in the orientation of
the cone-shaped region relative to the double ring. This indicates either a limited flexible
link between NSF and SNAP/SNARESs or an inherent asymmetry that might be masked by
variations in the way 20 S particles adsorb to EM grids.

NSF and the Membrane-Spanning Region of VAMP Are Located at Opposite Ends of 20 S

Particles

To locate protein domains within 20 S particles, individual proteins were epitope-tagged
(with a myc epitope), incorporated into 20 S particles, decorated with antibodies, and
imaged. Figure 5A shows examples of monomers and dimers of 20 S particles without
bound antibodies. To aid in the recognition of the antibodies, they were colored red in the
first column of Figure 5B-5D. For comparison, duplicate images in the second column of
Figure 5B-5D were left uncolored. In the case of 20 S particles with carboxy-terminal myc-
tagged NSF, the antibodies selectively label the stacked ring structure of NSF, with no
additional mass observed in the cone-shaped region of 20 S particles (Figure 5B). In all
cases examined, the antibodies bind to the outer of the two stacked rings with no binding
observed to the inner ring. This indicates that the outer ring consists of the carboxy-terminal
D2 domains of NSF and that D1 (and possibly N) domains form the inner ring of 20 S
particles.

To localize the membrane anchor region of VAMP within 20 S particles, the endogenous
VAMP was exchanged for a recombinant counterpart, VAMP-myc-hisg, with a myc epitope
in lieu of the membrane span. Anti-myc antibodies bound to the tip of individual 20 S
particles or at the junction between 20 S particle dimers (Figure 5C). 20 S particles lacking
the membrane anchor of VAMP still oligomerize at their tips, suggesting that the
hydrophaobic regions of t-SNAREs are sufficient for oligomerization and reside at the tips of
20 S particles.

In order to locate the amino terminus of a.-SNAP within 20 S particles, we isolated 20 S
particles containing myc-a-SNAP decorated with anti-myc antibodies (Figure 5D). The
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amino terminus of a-SNAP is located near the tip of 20 S particles, in close proximity to the
SNARE membrane anchors.

The Membrane Anchors of SNAREs Emerge from the Same End of 20 S Particles

Our data indicate that the membrane anchors of the v-SNARE and t-SNARES emerge
together at the NSF-distal end of 20 S particles. To provide further evidence for such an
arrangement, we constructed chimerae containing the cytosolic domains of VAMP or
syntaxin fused either to blue or green fluorescent protein (BFP/GFP; see Experimental
Procedures). We formed ternary SNARE complexes with these fusion proteins and
monitored fluorescence resonance energy transfer between BFP and GFP under conditions
of 20 S particle assembly and disassembly. FRET is a highly distance-dependent process;
the efficiency of energy transfer from the donor BFP (Agyc. 389 Nm, Agmis. 446 nm) to the
acceptor GFP (Aeyc. 489 nm, Aomis. 508 nm) decreases with the sixth power of the distance
between the fluorophores (Fairclough and Cantor, 1978; Stryer, 1978; Heim and Tsien,
1996). If the carboxyl termini of VAMP and syntaxin lie in close proximity in 20 S particles,
FRET between the donor (syntaxin-BFP) and the acceptor (GFP-VAMP or VAMP-GFP)
fluorophore should be most prominent when the fluorophores are fused to the carboxyl
termini of both the v- and t-SNARE.

SNARESs were present in approximately equimolar amounts in both sets of ternary
complexes (data not shown). a-SNAP and Mg-ATP-yS were added to both sets of ternary
complexes, followed by addition of NSF. None of the additions had an effect on the emission
spectra of the ternary complexes shown in Figures 6A and 6B (solid lines). However, the
sample containing a C-terminal fluorophore fused to VAMP and to syntaxin (Figure 6A,
solid line) exhibited a larger FRET signal than the sample with an N-terminal fluorophore
fused to VAMP and a C-terminal fluorophore fused to syntaxin (Figure 6B, solid line). This
indicates that VAMP and syntaxin align with their membrane anchors in close proximity,
irrespective of whether they are incorporated in ternary SNARE complexes (Hanson et al.,
1997a; Lin and Scheller, 1997; Poirier et al., 1998b) or in 20 S particles.

To verify that the FRET observed was due to SNARE complex formation and not due to a
SNARE-independent association of GFP and BFP, duplicate samples of both ternary
SNARE complexes were incubated with a-SNAP and Mg-ATP. No change in the emission
spectra was detected as compared to the solid lines in Figures 6A and 6B. However, when
NSF was added, SNARE complexes were disassembled and FRET disappeared in both sets
of samples (dashed lines in Figures 6A and 6B). This demonstrates that the FRET signal was
dependent on SNARE complex formation.

The efficiency of energy transfer was calculated for both sets of samples (for C-terminal
fluorophores and fluorophores at opposite termini) by comparing the fluorescence intensity
of the BFP donor peak under conditions of 20 S particle assembly (Mg-ATPyS) and
disassembly (Mg-ATP) (Fairclough and Cantor, 1978). The efficiency of energy transfer
between syntaxin-BFP and VAMP-GFP was 21.6% + 2.6% (n = 11), whereas the efficiency
of energy transfer between syntaxin-BFP and GFP-VAMP was 6.0% + 1.9 (n = 3). These
results are consistent with a largely parallel arrangement of VAMP and syntaxin in 20 S
particles.
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Discussion

In this study, we illustrate the assembly of 20 S particles on a structural level (Figure 7). The
stepwise addition of a-SNAP and NSF to SNARE complexes allowed us to define the
contribution of each of these three constituents to the 20 S particle structure. Most results
were obtained with endogenous SNARE complexes containing full-length proteins. This
excludes potential structural alterations, which might occur with the use of recombinant,
bacterially expressed SNAREs lacking the membrane-spanning domains or posttranslational
modifications such as the palmitoylation of SNAP-25 (Hess et al., 1992).

SNARE complexes appear as rod-like structures. Protein domains involved in this structure
include the carboxy-terminal domain of syntaxin, the majority of the cytosolic domain of
VAMP, and the amino- and carboxy-terminal domains of SNAP-25 (Hayashi et al., 1994;
Pevsner et al., 1994; Fasshauer et al., 1998; Poirier et al., 1998a, 1998b). The membrane
anchors of SNARES emerge together at one end of the rod and appear as a globular domain
in the presence of detergent (Figure 2B). This result is consistent with the FRET data (Figure
6; Lin and Scheller, 1997) as well as previous electron microscopy (Hanson et al., 1997a)
and spin labeling electron paramegnetic resonance spectroscopy studies (Poirier et al.,
1998b) of recombinant SNARE complexes. The SNARE membrane anchors seem to be
prone to aggregation, causing SNARE complex oligomerization, in particular with detergent
concentrations below the critical micellar concentration. The amino terminus of syntaxin
was visible in SNARE complex field views as a slender hook-like appendage to the SNARE
complex rod (data not shown; Hanson et al., 1997a); however, this domain was lost during
the image averaging procedure (Figure 2A) owing to its flexible linkage to the rest of the
SNARE complex.

The 6070 residue helical juxtamembrane domain of syntaxin that interacts with the other
synaptic SNARES also binds a.-SNAP (Hanson et al., 1995; Hayashi et al., 1995; McMahon
and Siidhof, 1995). These interactions may explain the lateral association of SNAP with the
SNARE complex rod. Both the N-terminal 63 and the C-terminal 37 residues of a-SNAP are
required for SNARE complex binding, indicating that these regions are either indispensable
for the correct folding of a.-SNAP or are part of its SNARE-interacting surface that may
include one or more a-helical domains of SNAP. Regardless of the exact nature of SNARE-
SNAP interaction it appears that the SNARE complex rod (given the likely assumption that
a-SNAP binding does not alter the conformation of the rod) is surrounded by a-SNAP
along its entire length in a sheath-like manner. This spatial arrangement may create an
environment required for the dissociation of the extraordinarily stable synaptic SNARE
complex. a-SNAP may in fact interact with SNARES along the entire length of the rod in
order to translate the energy generated by NSF’s ATPase activity into conformational
changes in one or several SNARES, leading to the dissociation of the entire complex.

The NSF double ring binds to the SNAP/SNARE complex at the end opposite to the SNARE
membrane anchors. The cone-shaped tail of the 20 S particle has a length of 13 nm in
contrast to the 15 nm length of SNARE and SNAP/SNARE complexes. This leaves the
possibility that the SNARE complex rod partially inserts into the inner ring of NSF,
consistent with the presence of a stain-filled pore or cavity in free NSF (Figure 4B).
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However, the major portion of NSF is stacked above the SNAP/SNARE complex. Although
gross rearrangements of the SNAP/ SNARE complex do not seem to occur upon NSF
binding (as judged by morphology and by FRET studies), subtle changes are clearly
detectable. The cylindrical shape of the SNAP/SNARE complex, with a constant width of 7—
8 nm, changes to a cone-like shape in 20 S particles; its width ranges from 9.5 nm adjacent
to the NSF rings to 6 nm at its tip. The diameter of one of NSF rings increases from 12 nm
to 13.5 nm upon 20 S particle assembly. This change occurs in the inner NSF ring at the
interface with the SNAP/SNARE complex.

Our localization of NSF’s carboxyl terminus to the outer ring indicates that the inner ring
likely contains the N or D1 domains of NSF, which are involved in SNAP and SNARE
interactions (Nagiec et al., 1995), while the outer ring consists of D2 hexamerization
domains (Lenzen et al., 1998; Yu et al., 1998). Furthermore, platinum replicas of
uncomplexed NSF under conditions permitting 20 S particle assembly demonstrate that the
N domains are arranged radially as six small globules surrounding the central core of two
stacked rings (Hanson et al., 1997a). It is therefore possible that a movement of the six NSF
N-terminal domains upon SNAP/SNARE binding increases the diameter of the inner NSF
ring and/or the mass of the SNAP/SNARE complex adjacent to the inner NSF ring.
Unfortunately, all attempts to decorate 20 S particles with antibodies directed against the N
domains of NSF were unsuccessful.

It is possible that a-SNAP contributes to these structural changes as well. There are
indications that a-SNAP contains at least two NSF binding sites that are distributed to the
amino- and carboxy-terminal half of the molecule (Barnard et al., 1997). The occupancy of
these binding sites by NSF could cause molecular rearrangements throughout the entire
SNAP molecule that may explain the decreased diameter in the SNAP/SNARE complex at
the tip of 20 S particles. Another possibility is that the detergent (Triton X-100) images less
prominently with 20 S particles than with the smaller SNAP/SNARE and SNARE
complexes. To unambiguously resolve the binding interactions between individual domains
NSF, SNAPs, and SNAREs will require high resolution data from crystallographic or NMR
studies.

SNARE complex formation is not only involved in heterotypic membrane fusion but also
plays a role in homotypic membrane fusion (Nichols et al., 1997; Sato and Wickner, 1998;
Patel et al., 1998; Rabouille et al., 1998). The hexameric ATPase p97 (Peters et al., 1990)
and p47 (Kondo et al., 1997) act on t-/t-SNARE complexes in a manner similar to NSF and
SNAP on v-/t-SNARE complexes. p47 and a-SNAP both interact directly with t-SNARES
and compete with each other for a binding site on syntaxin 5 (Rabouille et al., 1998).
p97/p47/GST-syntaxin 5 complexes have been visualized by electron microscopy (Rabouille
et al., 1998). Similar to the arrangement of 20 S particles, p47 and syntaxin 5 emerge from
one ring of the p97 double ring structure (Peters et al., 1992; Rabouille et al., 1998), which
resembles NSF in side view. However, p97/p47/GST-syntaxin 5 complexes contain two
“legs” (likely consisting of p47 and GST-syntaxin 5) in contrast to the cone-shaped tail of 20
S particles. Remarkably, all structural studies with p97/p47/GST-syntaxin 5 complexes were
performed in the presence of Mg-ATP, conditions that favor 20 S particle disassembly.
Assuming that NSF and p97 both catalyze SNARE complex disassembly by a similar
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mechanism involving ATP hydrolysis, the p97/p47/GST-syntaxin 5 images may capture
structures following p97-mediated t-SNARE complex dissociation.

NSF and p97 are hexameric ATPases that seem to act by switching the conformational states
of their protein substrates. Recent data indicate that NSF has a broader substrate spectrum
than first anticipated, as has been demonstrated by its interaction with the carboxy-terminal
domain of the GIuR2 subunit of AMPA receptors (Nishimune et al., 1998; Osten et al., 1998;
Song et al., 1998), which in turn binds to proteins that contain PDZ domains (Dong et al.,
1997). It remains to be seen whether NSF and SNAP interact with this and other potential
substrates in a similar manner as with SNAREs.

Experimental Procedures

Plasmids

We amplified rat syntaxin 1A, rat VAMP-2, and Aequoria victoria GFP (S65T) and BFP
(Y66H/Y145F) cDNAs (Heim and Tsien, 1996) to construct expression vectors for syntaxin-
BFP, VAMP-GFP, and GFP-VAMP. The constructs encode the cytoplasmic domains of the
SNAREs (residues 1-265 for syntaxin and 1-94 for VAMP) fused at their amino (GFP-
VAMP) or carboxyl terminus (VAMP-GFP and syntaxin-BFP) to GFP or BFP (residues 1-
238) with an intervening (SGG)3 linker. The syntaxin-BFP and VAMP-GFP PCR products
were cloned into the Sphl and Bglll sites of pQE-70 (Qiagen), while the GFP-VAMP PCR
fragment was inserted into the Sphl and Hindll1 sites of pQE-30 (Qiagen).

Expression vectors for syntaxin-HA-hisg or VAMP-myc-hisg were generated by amplifying
the cytoplasmic domains of syntaxin (residues 1-265) and VAMP (residues 1-94), and
ligating the PCR products into the BamHI and Ndel sites of a pET3A-based vector (Sggaard
et al., 1994) modified to encode a carboxy-terminal myc (Evan et al., 1985) or HA (Wilson
et al., 1984) tag followed by six histidine residues.

Expression vectors for hisg-NSF, hisg-NSF-myc, and GST-SNAP-25 have been described
elsewhere (Séllner et al., 1993b; Whiteheart et al., 1993; Weber et al., 1998). A plasmid
coding for glutathione-S-transferase(GST)-myc-a.-SNAP was produced by ligating a
double-stranded oligonucleotide encoding the myc epitope into the BamHI site of a GST-a.-
SNAP expression vector (Nagahama et al., 1996).

Protein Expression

Syntaxin-BFP, GFP-VAMP, and VAMP-GFP were expressed in Escherichia coli strain
BL21/DE3 at 25°C, and all other constructs were expressed at 37°C. Bacterial cells were
lysed in PBS-D (137 mM NaCl, 2.7 mM KCI, 8.1 mM NayHPOy, 1.4 mM KH,PO4 [pH
7.4], and 1 mM dithiothreitol [DTT]) for GST-tagged proteins and in 50 mM Hepes-KOH
[pH 7.0], 200 mM KCI, and 2 mM B-mercaptoethanol (B-ME) for hisg-tagged proteins in the
presence of 1 mM phenylmethylsulfonyl fluoride (PMSF) by two passages through a French
Press. The lysates were clarified by centrifugation at 10° x g for 1 hr. GST-SNAP-25 was
purified by affinity chromatography on glutathione agarose (GSHA) beads (Sigma). GST-
SNAP-25 was eluted from the beads in PBS-D, 10 mM glutathione, and 20% (w/v) glycerol,
dialyzed into the same buffer lacking glutathione, and stored on ice up to 2 weeks prior to
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use. Hisg-tagged proteins were purified by affinity chromatography on Ni2*-NTAagarose
beads (Qiagen), eluted with an imidazole gradient in 25 mM Hepes-KOH [pH 7.5], 200 mM
KCI, 10% (w/v) glycerol, and 2 mM B-ME, and dialyzed into 25 mM Hepes-KOH [pH 7.5],
100 mM KCI, 10% (w/v) glycerol, and 1 mM DTT.

Hisg-NSF and hisg-NSF-myc were purified as described (White-heart et al., 1994). Protein
concentrations were estimated by the method of Bradford using IgG as a standard.

Isolation of SNARE Complexes, SNAP/SNARE Complexes, and 20 S Particles

An E. colilysate (100 pl) containing approximately 4 mg/ml GST-a-SNAP was incubated
with 100 ul GSHA beads for 1 hr at 4°C in 0.5 ml PBS-D containing 0.05% (w/v) Tween-20
(PBS-TD). The beads were washed twice with 1 ml each of PBS-TD, PBS-TD containing 1
M KCI, and buffer A (25 mM Hepes-KOH [pH 7.0], 100 mM KCl, 10% (w/v) glycerol, 1%
(w/v) Triton-X-100, and 1 mM DTT), and incubated for 2-16 hr at 4°C with bovine brain
extract (50-100 mg protein; Séliner et al., 1993a) in 30 ml buffer A. The beads were washed
three times with 1 ml each of buffer A and buffer B (25 mM Hepes-KOH [pH 7.4], 100 mM
NaCl, 0.5% (w/v) Triton-X-100, and 1 mM DTT).

SNARE complexes were released from the beads by incubating them four times for 5 min at
25°C in 100 pl 25 mM Hepes-KOH [pH 7.4], 1 M NaCl, 1% (w/v) n-octylglucoside, and 1
mM DTT. The eluates were collected and pooled. Under these elution conditions GST-a.-
SNAP remained on the beads.

SNAP/SNARE complexes were isolated by cleaving GST-a-SNAP with 20 units of
thrombin (Sigma) in 100 pl buffer B for 30 min at 25°C. The eluate containing SNAP/
SNARE complexes was pooled with three 100 pl washes of the beads in buffer B and PMSF
was added to a final concentration of 1 mM.

To assemble 20 S particles, 900 pg hisg-NSF-myc was added to the GST-a-SNAP beads in
the presence of brain extract; the incubation was continued for 1-2 hr. Whenever NSF was
present, all buffers were adjusted to 2 mM EDTA and 0.5 mM ATP. The beads were washed
three times each with 1 ml buffer A and B. 20 S particles were released by thrombin
cleavage of GST-a-SNAP as above. An additional 80 ug of NSF was added and the sample
was incubated on ice for 15 min.

All protein complexes were sedimented in linear 10%—-35% (w/v) glycerol gradients in
buffer C (25 mM Hepes-KOH [pH 7.0], 100 mM NaCl, 0.05% (w/v) Triton-X-100, and 1
mM DTT) in an SW41 rotor (Beckman) at 4°C and 40,000 RPM for 12-18 hr. Fractions
containing the appropriate protein complexes were concentrated by dialysis against buffer C
containing 10% (w/v) polyethylene glycol (MW 35,000) prior to electron microscopy.

Formation of 20 S Particles Decorated with Anti-myc Antibodies

20 S particles containing myc-tagged a.-SNAP were prepared by replacing GST-a-SNAP
and hisg-NSF-myc with GST-myc-a-SNAP and hisg-NSF, respectively. To incorporate

VAMP-myc-hisg into 20 S particles, GST-a-SNAP beads with bound SNARE complexes
were washed with 30 ml of buffer A and resuspended in 50 ml buffer A containing 2 mM
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MgCly, 0.5 mM ATP, and 2 mg hisg-NSF, as well as 400 pg VAMP-myc-hisg. After 2 hr,
EDTA was added to a final concentration of 8 mM to favor 20 S particle reassembly and the
incubation proceeded overnight. In the presence of excess VAMP-myc-hisg, SNARE
complexes and 20 S particles reassembled with VAMP-myc-hisg instead of endogenous
VAMP (see Figure 1, lane 3). All subsequent buffers contained 2 mM EDTA and 0.5 mM
ATP. Immobilized 20 S particles containing either hisg-NSF-myc or VAMP-myc-hisg were
washed three times with 1 ml buffer B, incubated with 1.2 mg of 9E10 (anti-myc)
monoclonal antibody (Evan et al., 1985) for 2 hr, and washed again. 20 S particles with
bound antibodies were released from the beads as above with no subsequent NSF addition
and sedimented into glycerol gradients. 20 S particles containing myc-a-SNAP were
sedimented through glycerol gradients prior to antibody binding to remove myc-a-SNAP
that was not incorporated in 20 S particles. These particles were concentrated, incubated
with 200 pg of 9E10 antibody, and separated from unbound antibodies by a second round of
velocity centrifugation.

Isolation of Recombinant SNARE Complexes and Fluorometric Studies

250 pg of GST-SNAP-25 was bound to 100 pl GSHA beads in 0.5 ml PBS-D. The beads
were washed twice with 1 ml each of PBS-D and buffer D (25 mM Hepes-KOH [pH 7.4],
100 mM NacCl, 2% (w/v) glycerol, 0.05% (w/v) Triton-X-100, and 1 mM DTT), incubated
for 2 hr with 900 pg Syn-HA-hisg and 1.5 mg VAMP-myc-hisg in a final volume of 10 ml
buffer D, and washed again. Ternary SNARE complexes were released from the beads by
thrombin cleavage and sedimented for 18 hr in 7%-25% (w/v) glycerol gradients in buffer C
lacking detergent as above.

For fluorometric studies, ternary SNARE complexes were formed on 100 pl GSHA beads
with 30 pg GST-SNAP-25, 50 ug syntaxin-BFP, and either 50 ug VAMP-GFP or 50 ug GFP-
VAMP in 1 ml buffer E (25 mM Tris-HCI [pH 7.5], 125 mM NaCl, 10% (w/v) glycerol, and
1 mM DTT) and released from the beads by thrombin cleavage. Each eluate was divided into
duplicate samples (in 600 ul buffer E) and transferred into cuvettes held at 37°C. 300 g
hisg-a-SNAP and 2 mM MgCl, were added to all samples and duplicates received either 1
mM ATP or 1 mM ATPvyS. 120 ug NSF was added 5 min later. Emission spectra were
monitored before and after all additions with a Perkin Elmer LS 50B fluorimeter using an
excitation wavelength of 375 nm and a bandwidth of 15 nm.

FRET efficiency for BFP was calculated from the fluorescence intensities (F) at 440 nm as
1- (Fatpys/Fatp). Fatpys represents the fluorescence intensity under 20 S particle assembly
(solid lines, Figures 6A and 6B), and Farp the fluorescence intensity under 20 S particle
disassembly conditions (dashed lines, Figures 6A and 6B). Therefore, Farp,s reflects the
BFP fluorescence intensity with BFP and GFP in a SNARE-mediated complex, while Fatp
represents the BFP fluorescence intensity with BFP dissociated from GFP.

Electron Microscopy and Image Averaging

Samples (3-5 pl) at a protein concentration of <0.05 mg/ml were applied to electron
microscopy grids rendered hydrophilic by a 15-60 sec exposure to glow discharge in a
plasma cleaner (Harrick Scientific Corp., New York). The grids were washed once either in
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distilled water or in 0.5 mM ATP (pH 7.0) and 2 mM EDTA and negatively stained with 2%
(w/v) uranyl acetate (pH 4.5) or 2% (w/v) methylamine tungstate (pH 6.5). Electron
micrographs were recorded with a Phillips EM 420 at a magnification of 36,000 and an
accelerating voltage of 100 kV. The electron micrographs were preselected using a laser
diffractometer for evaluating the focus conditions and digitized by means of an Eikonix
1412 camera with a 15 x 15 pm? pixel size or a LeafScan 45 with a 10 x 10 pm? pixel size.

Particles were selected by hand and extracted for image processing using programs for
single particle averaging and principle component analysis (PCA) contained in the SEMPER
and EM system program packages (Hegerl, 1996; Saxton, 1996). Alignment of single
particles was performed by means of correlation methods starting with randomly chosen
molecules as references. If the preliminary averages were consistent, they were used as
references for refinement of the orientational and lateral alignment. PCA was performed
with data sets from which the average images had been subtracted (van Heel and Frank,
1981), following the procedures outlined in detail in Frank, 1996. The most significant
eigenvectors were used for classification, as judged by their corresponding eigenvalues and
their contribution in separating image sets that differ in the orientation, conformation,
staining variability, and structural integrity of the molecules. The number of particles
classified was 1343 for recombinant SNARE complexes, 510 for endogenous SNARE
complexes, 624 for SNAP/SNARE complexes, 296 for NSF side views, 1448 for NSF top
views, 3567 for monomeric 20 S particles, and 335 for dimeric 20 S particles.

Selective averages from the most representative and consistent image classes were used to
refine the alignment of the whole data sets. These data were reanalyzed by PCA and
classification. In particular, 20 S particles were aligned with respect to the double ring
structure of the particles, using a reference average masked for the SNAP/SNARE portion of
the complex. Images of SNARE and SNAP/SNARE complexes were preselected for smaller
and larger particles. PCA and subsequent classification of both types of particles revealed
monomeric and dimeric SNARE and SNAP/SNARE complexes that were separated from
each other and aligned using particular class averages. The “central-plug and spoke”
multimeric SNARE complexes were not processed further. NSF particles, either in top or
side view orientation, were selected separately from micrographs and individually
processed. The resolution of averages was assessed according to the radial correlation
function criterion, by comparing equivalent Fourier components of averaged molecular
images calculated from two independent data sets (Saxton and Baumeister, 1982). The
values were usually between 1.7 nm for data sets containing =300 images and 2.3 nm for
smaller data sets. All averaged images (Figures 2A-2E, 3B-3C, 4A-4B, and 7) are presented
at the same magnification with the exception of Figure 3D.
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Figure 1. Ternary SNARE Complex and 20 S Particle Preparations
Ternary SNARE complexes (lane 1), 20 S particles (lane 2), and 20 S particles containing

VAMP-myc-hisg complexed with anti-myc antibodies (lane 3) were subjected to high Tris-
urea-SDS PAGE as described in Séllner et al. (1993a) and stained with Coomassie Brilliant
Blue. The abbreviations HC and LC refer to the heavy and light chains of anti-myc
antibodies, respectively. Preparations shown in lanes 2 and 3 treated with thrombin yielded
both full-length and N-terminally clipped syntaxins (marked by *). Thrombin digestion led
to a partial proteolytic cleavage of 9 N-terminal amino acids of syntaxin 1A and 1B (as
detemined by N-terminal sequencing). These shortened syntaxins behaved identically to
their full-length counterparts in SNARE complex and 20 S particle formation as well as in
NSF-mediated SNARE complex disassembly (data not shown).
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20 nm

Figure 2. Structure of Ternary SNARE and SNAP/SNARE Complexes
Protein complexes were purified and analyzed by electron microscopy as described in

Experimental Procedures. (A) Average of 343 ternary SNARE complexes assembled from
bacterially expressed SNAREs lacking membrane-spanning domains. (B and C) Averages of
207 monomeric (B) and 95 dimeric (C) SNARE complexes isolated from a bovine brain
detergent extract. (D and E) Averages of 162 monomeric (D) and 223 dimeric (E) SNAP/
SNARE complexes. (F) Examples of oligomeric, nonaveraged SNARE complexes that
appear as central plug and spoke structures.

Mol Cell. Author manuscript; available in PMC 2017 July 04.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Hohl et al.

Page 18

Figure 3. Field View and Structure of 20 S Particles
(A) The micrograph shows monomeric 20 S particles (black arrows), dimeric 20 S particles

(white arrows), and top views of NSF (black arrowheads). The insets contain examples of
trimeric and tetrameric 20 S particles. (B) Average of 574 monomeric 20 S particles (4th
individual class in [D]). (C) Average of 133 dimeric 20 S particles. (D) Gallery of six classes
of averages that indicate the variability of 20 S particles in the electron micrographs. The
individual classes contain averages of 451, 209, 871, 574, 400, and 730 particles (from left
to right). 20 S particles were aligned with respect to the double ring structure and analyzed
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by PCA using the entire particle. The width of each individual image in the gallery
corresponds to 27 nm.
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Figure 4. Structure of NSF in I1ts ATP-Bound State
(A-B) NSF was imaged in buffer containing 2 mM EDTA and 0.5 mM ATP. (A) Average of

184 NSF side views. (B) Average of 431 NSF top views, illustrating a 6-fold rotational
symmetry.
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Figure5. Localization of 20 S Particle Constituents by | mmunoelectron Microscopy
(A) Series of monomeric (top row) and dimeric 20 S particles (bottom row) in the absence of

bound antibody (same magnification as Figure 3A). (B-D) 20 S particles with different myc-
tagged constituents complexed with antibodies. The first two columns show duplicate
images with antibodies colored red in the first column and left uncolored in the second. The
final two columns provide additional examples of antibody-decorated particles. The
antibodies were directed against carboxy-terminal myc-tagged NSF (B), carboxy-terminal
myc-tagged cytosolic VAMP (C), and amino-terminal myc-tagged a-SNAP (D). Note the
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presence of one to several additional mass(es) attached to the outer ring of 20 S particles
(B), the tip of the tail region of 20 S particles (C), and the region adjacent to the tips of 20 S
particles (D).
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Figure 6. Fluorescence Resonance Energy Transfer between GFP-and BFP-Tagged SNARES
Assembled in 20 S Particles

(A and B) The emission spectra of ternary SNARE complexes containing SNAP-25,
syntaxin-BFP, and either VAMP-GFP (A) or GFP-VAMP (B) in the presence of a-SNAP,
NSF, and either Mg-ATP-yS (solid lines) or Mg-ATP (dashed lines). The emission spectra
reported in A and B were recorded 30 min after addition of NSF (see Experimental
Procedures). Both sets of measurements were confirmed in 11 (A) and 3 (B) independent
experiments.

AU, arbitrary units.
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Figure 7. Structural Assembly Pathway of 20 S Particles
Stepwise assembly of 20 S particles, illustrating the structural contributions of NSF, a-

SNAP, and SNARE complexes to 20 S particles. a-SNAP binds laterally to the SNARE
complex rod in a sheath-like manner. NSF binds as a double ring to the SNAP/SNARE
complex at the end opposite to the SNARE membrane anchors.
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