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Structural insights into the molecular mechanism of calcium-
dependent vesicle-membrane fusion

Axel T Brunger

The fusion of vesicles with target membranes is controlled by a
complex network of protein—protein and protein—lipid
interactions. Recently determined structures of the SNARE
complex, synaptotagmin Ill, nSec1, domains of the NSF
chaperone and its adaptor (SNAP), and Rab3 and some of its
effectors provide the framework for developing molecular
models of vesicle fusion and for designing experiments to test
these models. Ultimately, knowledge of the structures of
higher-order complexes and their dynamic behavior will be
required to obtain a full understanding of the vesicle fusion
protein machinery.
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Abbreviations

GDI GDP-dissociation inhibitor

GppNHp  guanosine-5'-((3,y)-imidotriphosphate

NSF N-ethylmaleimide-sensitive factor

PEG polyethylene glycol

SNAP soluble NSF-attachment protein

SNAP-25 synaptosomal-associated protein of 25 kDa
SNARE  soluble NSF-attachment protein receptor
VAMP vesicle-associated membrane protein

Introduction

Vesicular trafficking in eukaryotic cells is essential for
diverse cellular processes, including maintenance of dis-
tinct subcellular compartments, protein and hormone
secretion, egg fertilization and neurotransmitter release
[1-5,6°°]. The life cycle of a vesicle generally consists of
three stages (Figure 1): endocytosis or formation of the
vesicle from specific cellular membranes; exocytosis or
fusion of the vesicle with its target membrane; and recy-
cling of the components of the protein machinery after
exocytosis. This review focuses on recent structural studies
of the key proteins responsible for exocytosis and recycling.

Vesicular exocytosis utilizes a protein machinery that is
conserved from yeast to man [7,8]. SNARE (soluble
N-ethylmaleimide-sensitive factor [NSF]-attachment
protein receptor) proteins are essential components of
this machinery [2,4]. In synaptic vesicle exocytosis,
three SNARE proteins are involved: the plasma-
membrane-associated proteins syntaxin and SNAP-25
(synaptosomal-associated protein of 25 kDa), and the
vesicular protein synaptobrevin, also referred to as VAMP
(vesicle-associated membrane protein). Other conserved

proteins include the ATPase NSF [9] and its adaptor,
known as SNAP (soluble NSF-attachment protein) [10],
the Rab class of small G proteins and their effectors [11],
the synaptotagmin family [12] and the nSecl (neuronal
homolog of the yeast Secl protein, also referred to as
Munc18) family [13]. Many other factors that interact with
SNAREs have been characterized, such as complexin
[14], VAP33 [15] and synaptophysin [16].

Figure 2 summarizes some of the key stages involved in
synaptic vesicle fusion. Initially, syntaxin is bound to nSecl
and synaptobrevin is probably bound to a factor such as
synaptophysin or VAP33. Both syntaxin and synaptobrevin
are single-pass membrane proteins. A yet to be identified
molecular machinery probably brings the vesicle and plasma
membrane into close proximity, allowing SNAREs on
opposite membranes to form ¢is complexes [17°°].
Synaptobrevin then binds to syntaxin and SNAP-25. At the
priming stage, the system becomes competent to undergo
fusion upon an increase in Ca2+ concentration in the micro-
molar range [18°°], possibly involving a Ca2+-binding
protein such as synaptotagmin. At the recycling stage,
0a-SNAP and NSF bind to the SNARE complex, and the
SNARE complex is then dissociated upon ATP hydrolysis.

Before docking, vesicles have to be targeted to the correct
location at the appropriate time. This process is much
less understood than the later stages of vesicle fusion.
However, some of the molecular components of this target-
ing process are beginning to emerge. Among them are the
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Stages involved in vesicle—-membrane fusion and key proteins involved.
The proteins in the central schematic are color coded as follows:
synaptobrevin, dark blue; synaptophysin, light blue; syntaxin, red;
nSecl, brown; SNAP-25, green; synaptotagmin, yellow; Rab3A, dark
red circle; rabphilin-3A, olive green; Ca2* channel, magenta; NSF, pink
circle; a-SNAP, sky blue. Surrounding the schematic are crystal
structures of the SNARE complex (blue: synaptobrevin; red: syntaxin;
green: SNAP-25) [29], the N-terminal domain of syntaxin, which is

shown as a separate structure (the structure of the linker between the
syntaxin N-terminal domain and the core SNARE complex is unknown)
[30], the nSecl—syntaxin complex (red: syntaxin; brown: nSec1)
[38*], a-SNAP (Sec17 in yeast) [110*], NSF-N [106**,107*], NSF-
D2 [103,104], the complex between the small G protein Rab3A and
the effector binding domain of rabphilin-3A (red: Rab3A; brown:
rabphilin-3A) [92*], Rab GDI [96] and domains C2A and C2B of
synaptotagmin [72*]. P;, inorganic phosphate.

sec6/8 complex in mammalian cells [19] and the exocyst in
yeast [20]. These are large (> 700 kDa) macromolecular
complexes that could be involved in targeting processes
before SNARESs become involved.

SNAREs

The SNARE complex can be isolated from neuronal cell
extracts [21]. It can also be assembled from recombinantly
expressed and purified proteins iz vitro [22,23]. The
membrane anchors are not required for the assembly
of the SNARE complex. The SNARE complex
exhibits remarkable thermal and chemical stability
[22,23]. Limited proteolysis of the synaptic SNARE
complex revealed a core complex with similar bio-
physical properties to the full-length complex [24,25].

This core complex is sufficient to promote vesicle fusion
in vitro [26°,27°,28°°].

The SNARE core complex consists of a parallel four-helix
bundle [29], whereas the N-terminal domain of syntaxin
consists of an antiparallel three-helix bundle [30]
(Figure 3). The core of the four-helix bundle of the
SNARE complex is composed of layers formed by inter-
acting sidechains from each of the four a helices [29].
These layers are highly conserved across the entire
SNARE family. At the center of the core complex, a con-
served ionic layer was found, consisting of an arginine and
three glutamine residues contributed by each of the four
a helices [29]. Interestingly, this ionic layer is sealed off
against solvent by adjacent hydrophobic layers. This
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energetically somewhat unfavorable configuration pre-
sumably has some functional role during SNARE
complex assembly or disassembly. A glutamine to leucine
mutation in SNAP-25 has been shown to affect exocytosis
in adrenal chromaffin cells [31°°].

Mutations in these and other layers reduce complex stability
and cause defects in membrane trafficking, even in
distantly related SNARESs [32]. Based on the conservation
of the core of the SNARE complex, SNAREs were reclas-
sified into Q-SNAREs and R-SNAREs, and it was
proposed that fusion-competent SNARE complexes gen-
erally consist of four-helix bundles comprising three
Q-SNARESs and one R-SNARE [32]. A possible exception
to this 3Q:1R rule is the homotypic vacuolar fusion system,
in which five distinct SNARESs interact [33°*]. However,
these experiments were carried out with extracts of yeast
and analyzed by immunoprecipitation, so it is not clear
whether all five vacuolar SNARES interact quantitatively
in a single pentameric complex.

SNARESs have several conformational states [34°°-36°°]
(Figure 4): first, the ‘closed’ conformation of uncom-
plexed syntaxin and the unstructured or flexible
conformations of synaptobrevin and SNAP-25; second,
the binary complex of syntaxin and SNAP-25; and third,
the ternary complex of syntaxin, SNAP-25 and the
cytoplasmic domain of synaptobrevin. The closed confor-
mation of uncomplexed syntaxin contains a four-helix
bundle made up of the regulatory N-terminal HyHzHg
domain and roughly half of the core complex domain
H,or (Figure 4). The topology of this closed conforma-
tion was predicted on the basis of NMR data [34°*] and a
crystal structure of the yeast syntaxin homolog Ssol has
now been solved [37°°]. A similar conformation of syntaxin
has recently been observed in the crystal structure of
syntaxin in the syntaxin-nSecl complex [38°°], suggest-
ing that it is the closed conformation of syntaxin that
binds to nSecl.

Syntaxin switches to an ‘open’ state upon binding to
SNAP-25 [34°°]. In this ‘open’ state, binding to the other
SNAREsS is mediated by the H,,. domain. Conformational
switching of the H . domain, mediated by the Hy\HgHg
domain, represents a regulatory mechanism for SNARE
complex assembly by affecting the kinetics of ternary com-
plex formation [26°,39]. Formation of binary and ternary
complexes is associated with increasing induction of
a-helical structure in previously unstructured or flexible
regions of SNAREs [22,34°°-36°°,40]. Because the
N-terminal half of the syntaxin H.,,. domain is always
folded (Figure 4), these data suggest that SNARE com-
plex assembly begins distal to the membrane surfaces and
proceeds toward them. This ‘zipper’ model of vesicle
fusion was also suggested by experiments using fluores-
cence resonance energy transfer [41], electron microscopy
[4,42,43] and electron spin polarization [44] of labeled
SNARE complexes.

Figure 3
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Known crystal structures of components of the 20S complex — SNARE
complex [29], a-SNAP (Secl7 in yeast) [110*], NSF-N [106°,107**]
and NSF-D2 [103,104] — and their speculative localization in a
rotational averaged electron micrograph of the 20S complex [102]. The
packing of the NSF-D2 domain in the crystallographic P6 lattice forms a
hexamer [103,104] that matches the cone-shaped ring-like features of
the electron micrograph. As the D1 and D2 domains have similar
primary sequences, their structures are probably also similar. This
suggests that the two rings consist of the D1 and D2 domains. The
assignment of the N-terminal domain was suggested by matching the
trimeric packing of the three NSF-N domains per asymmetric unit in one
of the crystal forms [107°*] with the electron micrograph.

Role of SNAREs

Although the precise function of the SNARE:s is the topic of
some debate, there is overwhelming evidence that they play
a fundamental role in membrane fusion. First, site-specific
cleavage of SNAREs by clostridial neurotoxins inhibits neu-
rotransmission [45,46]. Second, SNAREs represent a
minimal fusion machinery: SNARESs reconstituted into arti-
ficial liposomes can induce fusion iz vitro [26°,47,48°°].
Experiments in a permeabilized PC12 cell system also con-
firmed the importance of SNARE:s for fusion iz vive [49°°].
"Third, the soluble domains of SNAREs spontaneously
assemble into an extremely stable four-helical bundle
in vitro [22,29]. The a-helical composition and the high
thermal and chemical stability are similar to those of pro-
teins involved in viral fusion, possibly indicating a common
ancestral mechanism for both fusion systems [50]. Fourth,
complex formation probably proceeds in a directed fashion,
starting at the membrane-distal end of the complex and pro-
ceeding towards the membrane-proximal C terminus [34°°]
(Figure 4). This directed assembly process may bring mem-
branes into close proximity, thus overcoming the
free-energy barrier to stalk formation. The membrane
domains of syntaxin and synaptobrevin appear to be essen-
tial, as replacing them with a geranylgeranyl group inhibits
fusion in yeast [51°°]. Recent studies of the transmembrane
domain of synaptobrevin indicate that it is 0-helical and tilted
with respect to the bilayer normal by approximately 50°
(ME Bowen, AT Brunger, unpublished data).
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Figure 4

Conformational states and binding events

@ (b) N (©)
—~_ N c

involving SNARE proteins and their possible
role in vesicle fusion (zipper model). As
discussed in more detail in the text, SNAREsS
have several conformational states:

(a) closed; (b) binary (syntaxin—~SNAP-25);

Undetermined
Flexible

Helix

Putative TM helix

) N N

N (@

core

and (c,d) ternary cis SNARE complex. The
intermediate cis complex shown in (c) is
speculative. Synaptobrevin, blue; syntaxin,
red; SNAP-25, green. Undetermined: no
information available about the conformation

c of the protein region; flexible, residues that are
Cc probably undergoing significant motion in
solution and are not part of a rigid domain of
the protein. TM, transmembrane.

Current Opinion in Structural Biology

C

The hypothetical model presented in Figure 4 assumes
the existence of a partly assembled state of SNAREs
docked between two membranes. Although this state has
not been directly observed, there is indirect evidence for
such an intermediate state. First, the cleavage sites for all
clostridial neurotoxin proteases are located in the C-terminal
(membrane-proximal) half of the core complex [29,46].
However, SNARESs probably have to bind in an extended
conformation to the proteases, as suggested by the co-crystal
structure of a fragment of synaptobrevin and the protease
domain of the botulinum neurotoxin type B [52°°]. As
SNAREs are protected against proteolysis in the fully
assembled complex [45,46], this suggests that SNAREs
must exist in partly assembled or ‘loose’ states for signifi-
cant periods of time. Recent experiments further support
this hypothesis: the C terminus of synaptobrevin is sensi-
tive to toxins in the docked state, but the N terminus is not
[53°]. Kinetic studies of chromaffin cell exocytosis
revealed a fusion-competent state that is sensitive to the
attack of clostridial neurotoxins [54]. Inhibition of SNARE
complex assembly by antibody binding differentially
affected kinetic components of exocytosis, suggesting the
existence of loose and tight SNARE complex states [55°°].

Analysis of PEG-induced fusion of artificial liposomes sug-
gested the existence of two intermediate stages of vesicle
fusion: a stalk and a hemifusion state [56,57]. Assuming that
similar stages exist during the fusion of cellular vesicles
with target membranes, one can speculate that SNARE
complex formation could lower the free-energy barrier to
reaching the stalk intermediate state. In addition, SNARE
complex formation could lower the free-energy transition-
state barriers between the stalk state, the hemifusion state
and the fused state of the system. It is, however, probable
that other factors (such as proteins or the lipid composition
of synaptic vesicles) are involved in regulating these free-
energy barriers, especially in view of the fact that neuronal
vesicle fusion is tightly Ca2+-regulated and proceeds at a

faster timescale (milliseconds) than can be accomplished by
in vitro fusion induced by SNAREs (minutes).

Other experiments have been interpreted to cast doubt on
the central role of SNAREs in membrane fusion. 1 vitro
experiments on sea urchin cortical vesicles showed a
discrepancy between vesicle fusion, as assayed by turbidity
measurements, and the time-course of SNARE complex
formation [58,59]. Homotypic fusion between cortical vesi-
cles is an extremely unlikely event 7z vivo. In these
experiments, contacts between fusing vesicles therefore
had to be induced by applying a centrifugal force. Thus,
these experiments do not necessarily dispute the role of
SNARE:S in the biological context.

In vitro studies of homotypic vacuolar fusion during yeast
cell division showed that SNARE complexes can be disas-
sembled before fusion [60]. This observation does not
necessarily rule out a role for SNARESs in membrane fusion.
Perhaps SNARE complexes could be disassembled with-
out undocking the membranes if the system is committed
for fusion at the irreversible hemifusion stage [56,57].

SNARE interactions are promiscuous

The primary sequence conservation of the structural core
of the SNARE complex casts doubt on the targeting role of
SNARES in vesicle trafficking, as originally proposed by
the SNARE hypothesis [1]. Indeed, very similar biophysical
and biochemical properties were obtained 7z vitro for com-
plexes consisting of artificial combinations of SNAREs
that are localized to different compartments iz vivo
[61°°,62°°]. Furthermore, some SNAREs can function at
several different transport steps iz vivo [63]. Thus,
SNARESs cannot be the sole determinants of vesicle tar-
geting specificity. Rather, the observed SNARE
localizations may be important for interactions with other
factors, such as nSecl, that interact with nonconserved
SNARE residues [38°°].
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Interactions of syntaxin with nSecl

"The partially structured, ‘closed’ state of syntaxin interacts
with nSecl [37°°,38°¢,64°°,65°°]. The conformation of syn-
taxin found in the crystal structure of this complex is
dramatically different from that in the ternary SNARE
complex. C-terminal syntaxin residues that are unstruc-
tured or flexible in solution adopt a sequence of small
a-helical fragments connected by short loops when com-
plexed with nSecl. In the ternary SNARE complex, these
residues form a continuous o helix.

The flexible regions of uncomplexed syntaxin could have
local structure that is related to the structure of syntaxin in
the nSecl-syntaxin complex. The chemical shift dispersion
of a helices is small and the motion produced by flexible
hinges may explain the 'H-15N heteronuclear single quan-
tum correlation (HSQC) NMR spectrum that was observed
for uncomplexed syntaxin [36°°] and its yeast homolog Ssol
[34°°]. It is thus probable that nSecl acts by stabilizing one
of the conformations of uncomplexed syntaxin. The con-
formational transition of syntaxin is a striking example of
the role of conformational flexibility in biological function.
In contrast to syntaxin, nSecl does not undergo major con-
formational changes upon binding to syntaxin [65°°].

Experiments in yeast show an interaction between secl
and the assembled plasma membrane SNARE complex
[66°°,67°°]. This is in contrast with the neuronal case,
whereby interactions between syntaxin and nSecl, and
between syntaxin, SNAP-25 and synaptobrevin are mutu-
ally exclusive [64°*]. One could speculate that two distinct
conformations exist for the secl family of proteins or that a
transient interaction exists between secl and the partially
assembled SNARE complex [38°°,64°°,67°°].

Synaptotagmin

Synaptotagmin is a membrane-associated protein that
interacts with SNAREs, phospholipid membranes, CaZ*
channels and proteins involved in endocytosis [12,68-71].
In the cytosolic portion of this protein, a flexible seven
amino acid linker joins two homologous C2 domains, CZA
and C2B [72°*]. The C2A domain binds to anionic phos-
pholipids [73,74] and other accessory proteins, such as
syntaxin [75], in a Ca%*-dependent fashion. No conforma-
tional change is observed upon Ca?* binding [76], except
for rotamer changes of the Ca2+-coordinating aspartic acid
residues. The C2B domain promotes binding to other C2B
domains [71], as well as to accessory proteins, indepen-
dently of Ca2+. The crystal structure of synaptotagmin I11,
which includes the C2A and C2B domains, exhibits differ-
ences in the shape of the CaZ+-binding pocket, the
electrostatic surface potential and the stoichiometry of
bound divalent cations for the two domains [72°*]. The
C2A and C2B domains do not directly interact; synapto-
tagmin, therefore, covalently links two independent C2
domains, each with potentially different binding partners.
The C2B domain is involved in oligomerization of synap-
totagmin [77°]. Interestingly, neuronal proteins such as

rabphilin [78] and Doc2 [79] also possess multiple C2
domains similar to those of synaptotagmin. The structure
of the C2B domain of rabphilin is very similar to the C2B
domain of synaptotagmin III [72°°,80°°].

Synaptotagmin and the SNARE complex interact inde-
pendently of Ca2+, although the interaction is enhanced
upon addition of Ca2+ [72°%,81°,82]. The Ca2*-binding
domains probably interact with the plasma membrane [73],
whereas the polybasic regions could interact with the
SNARE core complex [29,72°°].

Rab3A

Members of the Rab family of small G proteins regulate
vesicular membrane traffic in all eukaryotic cells
[11,83-86]. Rab3A predominantly localizes to synaptic
vesicles and plays an important role in the regulation of
neurotransmitter release [87]. Rab proteins were suspected
to be determinants of vesicle targeting specificity because
distinct isoforms display unique cellular localizations [84].
However, studies of chimeric Rab proteins suggested that
Rabs can function at two distinct transport steps — vesic-
ular transport from the endoplasmic reticulum to the Golgi
and fusion of post-Golgi secretory vesicles to the plasma
membrane [88,89] — suggesting that Rabs cannot be the
sole targeting determinant. Like other small G proteins,
the Rab family members may function as molecular
switches or timers, cycling between the inactive GDP-
bound and active GTP-bound forms, regulating their
effector proteins and downstream targets accordingly.

In the cytosol, Rab proteins are kept in the inactive, GDP-
bound state by the Rab GDI (GDP-dissociation inhibitor),
preventing them from nonspecific binding to membranes.
Upon binding to a specific donor compartment or vesicle,
GDI is displaced by a GDI-displacement factor (GDF).
Exchange of GDP for GTP is then catalyzed by GEFs
(guanine exchange factors), activating the Rab protein and
rendering it resistant to removal from the membrane by
Rab GDI. GTP is hydrolyzed by the intrinsic GTPase
activity of the Rab protein. The transition-state barrier of
the hydrolysis reaction is lowered by GTPase-activating
proteins (GAPs). Once vesicle fusion has occurred, GDI
can release the GDP-bound form of Rab to the cytoplasm
and the cycle begins again.

Gene knockout of Rab3A impairs regulation of neurotrans-
mitter release [86,90]. The GTP-bound form of Rab3A
interacts with at least two effector proteins, rabphilin-3A
[78] and rim [91], which may interact with, as yet
unknown, downstream targets. Activated Rab3A reversibly
recruits rabphilin-3A to synaptic vesicles [78]. Rim has
sequence similarity to rabphilin-3A, but localizes to the
active zone of the presynaptic plasma membrane, instead
of to synaptic vesicles [91].

A relatively large number of Rab proteins and their effec-
tors are present in eukaryotic cells. A structural basis for
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the specific pairing between these proteins was recently
proposed based on the structure of activated
Rab3A-G'TP-MgZ+ bound to the effector domain of
rabphilin-3A [92°°]. Rabphilin-3A contacts Rab3A primarily
in two distinct areas [92°*]; few conformational changes are
observed upon complex formation [92°°,93°¢]. The first
area involves the Rab3A switch I and switch II regions,
which are sensitive to the nucleotide-binding state of
Rab3A. The second area consists of a hydrophobic surface
pocket in Rab3A that interacts with a SGAWFF structural
element of rabphilin-3A. Based on sequence analysis and
biochemical and structural data, it was proposed that this
pocket or ‘Rab complementarity-determining region’
(RabCDR) establishes a specific interaction between each
Rab protein and its effectors [92°°]. Based on the crystal
structure of the Rab3A-rabphilin-3A complex, it was pro-
posed that small G proteins generally can have diverse
surface areas for effector recognition. The recent structure
of Rho complexed with the effector domain of PKN/PRK1
[94°] supports this hypothesis: the variable C-terminal o
helix of the small G protein Rho is involved in binding to
the effector binding domain of PKN/PRKT1 in a fashion
similar to rabphilin.

The crystal structure of Sec4, a member of the Rab family
in the G protein superfamily, was determined in two states:
bound to GDP and bound to a nonhydrolyzable GTP
analog, guanosine-5'-(B,y)-imidotriphosphate (GppNHp)
[95°°]. This represents the first structure of a Rab protein
bound to GDP. Sec4 in both states grossly resembles other
G proteins bound to GDP and GppNHp. In
Sec4-GppNHp, structural features common to active Rab
proteins are observed. In Sec4-GDP, the switch I region is
highly disordered and displaced relative to the switch I
region of Ras—GDP. This structural variability in both the
switch I and switch II regions of GDP-bound Sec4 pro-
vides a possible explanation for the high off-rate of GDP
bound to Sec4 and suggests a mechanism for the regulation
of the G'TPase cycle of Rab proteins by GDI proteins.

The crystal structure of GDI has also been solved [96].
GDI functions in recycling and regulating Rab proteins.
Residues have been identified that are probably involved
in binding to Rab proteins, but full elucidation of these
interactions has to await the determination of the structure
of a GDI-Rab complex.

NSF

According to a current model, NSF and members of the
SNAP family of proteins act together to disassemble
SNARE complexes before and after fusion. SNARE
proteins can form both ¢is (same membrane) and zrans
(opposing membranes) complexes that are substrates for
SNAPs and NSF [21,60]. As discussed above, #rans
SNARE complexes are important for membrane fusion.
Fusion of opposing membranes results in the formation
of cis SNARE complexes that are disassembled for recy-
cling and reactivation by the joint action of SNAP and

NSEFE. Interestingly, NSF also interacts with glutamate
receptors [97]. An additional function of NSF could be in
glutamate receptor cycling in and out of the synaptic
postsynaptic membrane through endocytosis and exocy-
tosis [98°], a process that may be connected to long-term
potentiation and long-term depression.

NSF is a hexamer [99] and belongs to the AAA (ATPases
associated with cellular activities) family of proteins [100].
Each NSF protomer contains three domains: an N-terminal
domain required for SNAP-SNARE binding and two
ATPase domains, termed D1 and D2. ATP binding and
hydrolysis by D1 are necessary for the SNARE disassem-
bly reaction to occur, and ATP binding, but not hydrolysis,
by D2 is necessary for hexamer formation [9,101]. SNAP
and NSF bind sequentially to SNARE complexes, forming
so-called 20S particles, named after the sedimentation
behavior of the supercomplex. Rotationally averaged elec-
tron micrographs of 20S particles have been obtained in
the presence of ATPYS [102] and allow one to speculate
about the localization of the structurally known compo-
nents in the 20S complex (Figure 3).

NSF-D2

NSF-D2 consists of a nucleotide-binding subdomain and a
C-terminal subdomain that is structurally unique among
nucleotide-binding proteins [103,104] (Figure 3). There
are interactions between the bound ATP moiety and both
the neighboring D2 protomer and the C-terminal subdo-
main that may be important for ATP-dependent
oligomerization. Of particular importance are three well-
ordered and conserved lysine residues that interact with
the ATP [3- and y-phosphates, one of which emerges from
a neighboring NSF protomer and probably contributes to
the low hydrolytic activity of D2 [103].

NSF-N

The N-terminal domain of NSF (NSF-N) is required for
SNAP-SNARE binding and disassembly [105]. The struc-
tures of the N-terminal domains of NSF [106°¢,107°¢], of
the yeast homolog Sec18p [108°] and of the homologous
VAT protein from the archaebacterium Thermoplasma aci-
dophilum [109°] are nearly identical, illustrating the
structural conservation of the family of AAA ATPases. The
N-terminal domain is composed of two subdomains: a
double-Y—yr-barrel and an 00— roll [106°*,107°*] (Figure 3).
The interface between the two subdomains forms a groove
that is a probable site of interaction with the C-terminal por-
tion of 0-SNAP [106°°]. Unexpectedly, both subdomains
are structurally similar to domains of the transcription factor
EF-Tu [106°*]. Both proteins have an adjacent nucleotide-
binding domain, D1 in NSF and domain 1 in EF-Tu, and
both proteins couple nucleotide hydrolysis to large confor-
mational changes between domains.

a-SNAP
"The structure of Secl7, the yeast homolog of a-SNAP, con-
sists of a twisted sheet of O-helical hairpins and a globular
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C-terminal domain that is primarily composed of a-helical
hairpins [110°*]. Secl7 is structurally related to several
other a/a proteins known to mediate protein—protein inter-
actions as part of larger assemblies: tetratricopeptide
repeats (TPRs) [111], 14-3-3 [112], HEAT repeats [113°]
and clathrin heavy-chain repeats [114°]. The Sec17 twisted
sheet has local similarity to the structure of the TPRs from
protein phosphatase 5, but the overall twist of the sheet of
a-helical hairpins in the two structures is very different.

Interactions between a-SNAP (Sec17) and SNAREs have
been partially mapped using deletion mutagenesis and
in vitro binding studies. The SNAP-interacting region of
SNARES overlaps with their core complex-forming regions
[115-117]. 'This, in conjunction with the structure of the
synaptic core complex [29] and the observed promiscuity
of SNAP-SNARE interactions, suggests that SNAPs
recognize general surface features (shape or electrostatic
charge distribution) of the parallel four-helix bundle.
Indeed, the curvature of the grooves of the four-helix bundle
of the SNARE complex is similar to the curvature of the
twisted sheet of Sec17 (Figure 3). Electron microscopy and
mutagenesis studies of SNAP-SNARE complexes suggest
that SNAP ‘coats’ the SNARE complex along most of its
length [102]. Residues that are conserved in a variety of
homologous SNAP sequences map predominantly to one
face and to one ridge of the structure of Sec17. These sur-
faces are likely to interact with SNAREs and/or NSF
(Sec18). SNAP may function as a rigid lever, transmitting
the force generated by conformational changes in NSF
(Sec18) to drive disassembly of SNARE complexes [110°°].

Conclusions

Significant progress has been made in the elucidation of
the structures of proteins involved in vesicular exocytosis.
One of the most striking properties of the vesicular fusion
machinery is the highly dynamic nature of the protein—pro-
tein interactions — binding partners frequently change
and proteins undergo dramatic conformational changes.
Crystal structures can only provide snapshots of the pro-
tein machinery. It remains a challenge to connect these
snapshots in order to obtain a ‘movie’ of the vesicular
fusion machinery and the fusion process itself.

Acknowledgements

The author thanks Bryan Sutton, Mark Bowen, Reinhard Jahn, William
Weis and Richard Scheller for stimulating discussions and critical review
of the manuscript, and Kira Misura for providing an image of the
nSecl-syntaxin complex.

References and recommended reading
Papers of particular interest, published within the annual period of review,
have been highlighted as:

¢ of special interest
¢ of outstanding interest

1. Rothman JE: Mechanisms of intracellular protein transport. Nature
1994, 372:55-63.

2. Sudhof TC: The synaptic vesicle cycle: a cascade of protein-
protein interactions. Nature 1995, 375:645-653.

3. Schekman R, Orci L: Coat proteins and vesicle budding. Science
1996, 271:1526-1533.

4. Hanson Pl, Roth R, Morisaki H, Jahn R, Heuser JE: Structure and
conformational changes in NSF and its membrane receptor
complexes visualized by quick-freeze/deep-etch electron
microscopy. Cell 1997, 90:523-535.

5. Conner S, Wessel GM: Rab3 mediates cortical granule exocytosis
in the sea urchin egg. Dev Biol 1998, 203:334-344.

6. Bock JB, Scheller RH: SNARE proteins mediate lipid bilayer

e fusion. Proc Natl Acad Sci USA 1999, 96:12227-12229.

The authors review recent results supporting the model that SNAREs are
important in mediating membrane fusion.

7. Ferro-Novick S, Jahn R: Vesicle fusion from yeast to man. Nature
1994, 370:191-193.

8. Bennett MK, Scheller RH: The molecular machinery for secretion is
conserved from yeast to neurons. Proc Natl Acad Sci USA 1993,
90:2559-2563.

9. Whiteheart SW, Rossnagel K, Buhrow SA, Brunner M, Jaenicke R,
Rothman JE: N-ethymaleimide-sensitive fusion protein: a trimeric
ATPase whose hydrolysis of ATP is required for membrane fusion.
J Cell Biol 1994, 126:945-954.

10. Clary DO, Griff IC, Rothman JE: SNAPs, a family of NSF attachment
proteins involved in intracellular membrane fusion in animals and
yeast. Cell 1990, 61:709-721.

11. Ferro-Novick S, Novick P: The role of GTP-binding proteins in
transport along the exocytic pathway. Annu Rev Cell Biol 1993,
9:575-599.

12. Brose N, Petrenko AG, Siidhof TC, Jahn R: Synaptotagmin: a calcium
sensor on the synaptic vesicle surface. Science 1992, 256:1021-1025.

13. PevsnerJ, Hsu S-C, Scheller RH: n-Sec1: a neuronal-specific syntaxin-
binding protein. Proc Natl Acad Sci USA 1994, 91:1445-1449.

14. McMahon HT, Missler M, Li C, Sudhof TC: Complexins: cytosolic
proteins that regulate SNAP receptor function. Cell 1995,
83:111-119.

15. Skehel PA, Armitage BA, Bartsch D, Hu Y, Kaang BK, Siegelbaum SA,
Kandel ER, Martin KC: Proteins functioning in synaptic
transmission at the sensory to motor synapse of Aplysia.
Neuropharmacology 1995, 34:1379-1385.

16. Wiedenmann B, Franke WW: Identification and localization of
synaptophysin, an integral membrane glycoprotein of Mr 38,000
characteristic of presynaptic vesicles. Cell 1985, 41:1017-1028.

17. Zenisek D, Steyer JA, Almers W: Transport, capture and exocytosis
e of single synaptic vesicles at active zones. Nature 2000,
406:849-854.
The imaging of single synaptic vesicles near the plasma membrane is
described. Vesicles were captured at small, discrete active zones near the
terminal surface. An electric stimulus caused them to undergo rapid exocy-
tosis. Next, vesicles held in reserve about 20 nm from the plasma membrane
advanced to exocytic sites and became release-ready 250 ms later.
Apparently, a molecular machinery brings the vesicle and plasma membrane
into close proximity, allowing SNAREs on opposite membranes to form cis
complexes.

18. Scheggenburger R, Neher E: Intracellular calcium dependence of
e transmitter release rates at a fast central synapse. Nature 2000,
406:889-893.

Using Ca2* uncaging in large synaptic terminals, it was shown that step-like
elevations to only 10 pM Ca2* induce fast transmitter release, which
depletes around 80% of a pool of available vesicles in less than 3 ms. It is
concluded that the nonsaturation of Ca2* binding and a high intracellular
Ca2* cooperativity in triggering vesicle fusion make fast synaptic transmis-
sion very sensitive to modulation in local Ca2+ concentration.

19. Hsu SC, Ting AE, Hazuka CD, Davanger S, Kenny JW, Kee Y,
Scheller RH: The mammalian brain rsec6/8 complex. Neuron 1996
17:1209-1219.

20. TerBush DR, Maurice T, Roth D, Novick P: The exocyst is a
multiprotein complex required for exocytosis in Saccharomyces
cerevisiae. EMBO J 1996, 15:6483-6494.

21. Otto H, Hanson PI, Jahn R: Assembly and disassembly of a ternary
complex of synaptobrevin, syntaxin, and SNAP-25 in the
membrane of synaptic vesicles. Proc Natl Acad Sci USA 1997,
94:6197-6201.

22. Fasshauer D, Otto H, Eliason WK, Jahn R, Brunger AT: Structural
changes are associated with SNARE-complex formation. J Biol
Chem 1997, 242:28036-28041.



170 Macromolecular assemblages

23. Rice LM, Brennwald P, Brunger AT: Formation of a yeast SNARE
complex is accompanied by significant structural changes. FEBS
Lett 1997, 415:49-55.

24. Poirier MA, Hao JC, Malkus PN, Chan C, Moore MF, King DS,
Bennett MK: Protease resistance of syntaxin.SNAP-25.VAMP
complexes. Implications for assembly and structure. J Biol Chem
1998, 273:11370-11377.

25. Fasshauer D, Eliason WK, Brunger AT, Jahn R: Identification of a
minimal core of the synaptic SNARE—complex sufficient for
reversible assembly and disassembly. Biochemistry 1998,
37:10345-10353.

26. Parlatti F, Weber T, McNew JA, Westermann B, Séliner TH, Rothman JE:

. Rapid and efficient fusion of phospholipid vesicles by the
a-helical core of a SNARE complex in the absence of an
N-terminal regulatory domain. Proc Natl Acad Sci USA 1999,
96:12565-12570.

The authors demonstrate that the SNARE core complex (i.e. without the

N-terminal domain of syntaxin and the SNAP-25 linker region) is sufficient to

promote vesicle fusion in vitro.

27. Weber T, Parlati F, McNew JA, Johnston RJ, Westermann B, Séllner TH,

. Rothman JE: SNAREpins are functionally resistant to disruption by
NSF and aSNAP. J Cell Biol 2000, 149:1063-1072.

Using a liposome fusion assay [47], it was shown that NSF only disrupts cis

SNARE complexes, that is, complexes of SNAREs that are localized to the

same membrane as they are found after vesicle—membrane fusion.

28. McNew JA, Parlatti F, Fukuda R, Johnston RJ, Paz K, Paumet F,

es  Soliner TH, Rothman JE: Compartmental specificity of cellular
membrane fusion encoded in SNARE proteins. Nature 2000,
407:153-159.

A subset of SNARE complexes was tested for its ability to perform artificial

liposome fusion. It was found that cognitive SNARE complexes are able to

perform fusion as well as complexes between relatively distant members of

the SNARE family.

29. Sutton RB, Fasshauer D, Jahn R, Brunger AT: Crystal structure of a
SNARE complex involved in synaptic exocytosis at 2.4 A
resolution. Nature 1998, 395:347-353.

30. Fernandez I, Ubach J, Dulubova |, Zhang X, Sudhof TC, Rizo J: Three-
dimensional structure of an evolutionarily conserved N-terminal
domain of syntaxin 1A. Cell 1998, 94:841-849.

31. Wei S, XuT, Ashery U, Kollewe A, Matti U, Antonin W, Rettig J,

e Neher E: Exocytotic mechanism studied by truncated and zero
layer mutants of the C-terminus of SNAP-25. EMBO J 2000,
19:1279-1289.

The role of the zero (ionic) layer of the synaptic fusion complex is examined.

Mutant SNAP-25 — Q174L, a point mutant in the zero layer — was trans-

fected into adrenal chromaffin cells. Cells expressing the mutant protein dis-

played an effect on neurotransmission by a selective reduction of the
sustained phase and refilling kinetics. It was therefore concluded that the
ionic layer is critical for SNARE complex assembly in chromaffin cells.

32. Fasshauer D, Sutton RB, Brunger AT, Jahn R: Conserved structural
features of the synaptic fusion complex: SNARE proteins
reclassified as Q- and R-SNARESs. Proc Natl Acad Sci USA 1998,
95:15781-15786.

33. Ungermann C, von Mollard GF, Jensen ON, Margolis N, Stevens TH,
e Wickner W: Three v-SNAREs and two t-SNAREs, present in a
pentameric cis-SNARE complex on isolated vacuoles, are
essential for homotypic fusion. J Cell Biol 1999,
28:1435-1442.
Experiments using yeast extracts and immunoblotting show that five SNARE
proteins are involved in homotypic vesicle fusion.

34. Fiebig KM, Rice LM, Pollock E, Brunger AT: Folding intermediates of
e SNARE complex assembly. Nat Struct Biol 1999, 6:117-123.
Unstructured regions in Ssolp (syntaxin homolog) and in Snclp (synapto-
brevin homolog) are found for both uncomplexed and complexed proteins.
Sequential sequence assignments of the amide resonances of the unstruc-
tured residues are presented using triple-resonance 1H13C15N HSQC NMR
spectroscopy. Little structure is induced in Ssolp upon binary complex for-
mation with Sec9p (SNAP-25 homolog). Upon ternary complex formation,
both Ssolp and Snclp become nearly entirely structured.

35. Hazzard J, Stidhof TC, Rizo J: NMR analysis of the structure of

e synaptobrevin and of its interaction with syntaxin. J Biomol NMR
1999, 14:203-207.

NMR studies of synaptobrevin show that it is unstructured in solution.

Interactions with syntaxin were characterized. The results are similar to earli-

er studies on the yeast homologs of synaptobrevin and syntaxin — Sncl and

Ssol, respectively [34*].

36. Dulubova |, Sugita S, Hill S, Hosoka M, Fernandez |, Stdhof TC, Rizo J:
e A conformational switch in syntaxin during exocytosis, role of
muncl8. EMBO J 1999, 18:4372-4382.

NMR studies of syntaxin show that it exists in a closed conformation in solu-
tion. SNARE complex formation requires a conformational change to an
open state. nSecl (Munc18) binds to the closed conformation. This study
illustrates that the conformational transition of syntaxin is similar to that
observed for the yeast homolog Ssol [34*].

37. Munson M, Chen X, Cocina AE, Schultz SM, Hughson FM:
e» Interactions within the yeast T-Snare SsolP that control SNARE
complex assembly. Nat Struct Biol 2000, 7:894-902.
The crystal structure of the entire cytoplasmic domain of Ssolp is described.
Itis found in a ‘closed’ conformation. The conformation of Ssolp is very sim-
ilar to the structure of syntaxin found in the nSecl—syntaxin complex.
Differences are found in the linker regions between the N-terminal syntaxin
domain and the core complex domain, and at the C-terminal end. Neuronal
syntaxin is substantially more flexible in the linker region. Furthermore,
several interactions were observed between the unstructured half of the
C-terminal core helix and nSecl.

38. Misura KMS, Scheller RH, Weis WI: Three-dimensional structure of
es  the neuronal-Secl/syntaxin complex. Nature 2000, 404:355-362.
The structure of the nSecl (Munc18)-syntaxin complex is presented. The
conformation of syntaxin is dramatically different from that in the SNARE
complex. A possible role for Rab proteins in dissociating the stable
nSecl(Muncl8)—syntaxin complex is proposed.

39. Nicholson KL, Munson M, Miller RB, Filip TJ, Fairman R, Hughson FM:
Regulation of SNARE complex assembly by an N-terminal domain
of the t-SNARE Ssolp. Nat Struct Biol 1998, 5:793-802.

40. Fasshauer D, Bruns D, Shen B, Jahn R, Brunger AT: A structural
change occurs upon binding of syntaxin to SNAP-25. J Biol Chem
1997, 272:4582-4590.

41. Lin RC, Scheller RH: Structural organization of the synaptic
exocytosis core complex. Neuron 1997, 19:1087-1094.

42. Hanson PI, Heuser JE, Jahn R: Neurotransmitter release — four
years of SNARE complexes. Curr Opin Neurobiol 1997, 7:310-315.

43. Katz L, Hanson PI, Heuser JE, Brennwald P: Genetic and
morphological analyses reveal a critical interaction between the
C-termini of two SNARE proteins and a parallel four helical
arrangement for the exocytic SNARE complex. EMBO J 1998,
17:6200-6209.

44. Poirier MA, Xiao W, Macosko JC, Chan C, Shin YK, Bennett MK: The
synaptic SNARE complex is a parallel four-stranded helical
bundle. Nat Struct Biol 1998, 5:765-769.

45, Hayashi T, McMahon H, Yamasaki S, Binz T, Hata Y, Sudhof TC,
Niemann H: Synaptic vesicle membrane fusion complex: action of
clostridial neurotoxins on assembly. EMBO J 1994, 13:5051-
5061.

46. Jahn R, Niemann H: Molecular mechanisms of clostridial
neurotoxins. Ann New York Acad Sci 1994, 733:245-255.

47. Weber T, Zemelman BV, McNew JA, Westermann B, Gmachl M,
Parlatti F, Séllner TH, Rothman JE: SNAREpins, minimal machinery
for membrane fusion. Cell 1998, 92:759-772.

48. Nickel W, Weber T, McNew JA, Parlatti F, Soliner TH, Rothman JE:

es  Content mixing and membrane integrity during membrane fusion
driven by pairing of isolated v-SNAREs and t-SNAREs. Proc Natl
Acad Sci USA 1999, 96:2571-12576.

Content mixing assays illustrate the role of SNARESs in vesicle fusion using

an in vitro liposome fusion system.

49. Chen YA, Scales SJ, Patel SM, Doung YC, Scheller RH: SNARE

e« complex formation is triggered by Ca2+ and drives membrane
fusion. Cell 1999, 97:165-174.

Experiments in permeabilized PC12 cells support the role of SNARES in

fusion and suggest that SNARE complex formation is completed upon Ca2*

concentration increase.

50. Skehel JJ, Wiley DC: Coiled coils in both intracellular vesicle and
viral membrane fusion. Cell 1998, 95:871-874.

51. Grote E, Baba M, Ohsumi Y, Novick PJ: Geranylgeranylated
*s  SNARESs are dominant inhibitors of membrane fusion. J Cell Biol
2000, 151:453-465.

High-level expression of mutant Sncl (yeast synaptobrevin homolog) and
Sso2 (yeast syntaxin homolog) proteins that have a C-terminal geranylger-
anylation signal instead of a transmembrane domain inhibits exocytosis at a
stage after vesicle docking. The mutant SNARE proteins are membrane-
associated, correctly targeted, assemble into SNARE complexes and do not



Molecular mechanism of calcium-dependent vesicle—membrane fusion Brunger 171

interfere with the incorporation of wild-type SNARE proteins. This result indi-
cates an important role for the transmembrane domains of the SNARE pro-
teins during membrane fusion.

52. Hanson MA, Stevens RC: Cocrystal structure of synaptobrevin-II

e bound to botulinum neurotoxin type B at 2.0 A resolution. Nat
Struct Biol 2000, 7:687-692.

The crystal structure of synaptobrevin Il complexed to the protease domain

of botulinum neurotoxin type B is described. A fragment of synaptobrevin

that included the cleavage site was used. The synaptobrevin peptide is in a

largely unstructured conformation. In fact, binding is only possible with the

unstructured conformation, explaining the resistance of the assembled

SNARE complex to botulinum neurotoxin cleavage.

53. Hua S-H, Charlton MP: Activity-dependent changes in partial VAMP

. complexes during neurotransmitter release. Nat Neurosci 1999,
2:1078-1083.

Proteolysis by synaptobrevin-specific neurotoxins shows that the C-terminal

half of the SNARE core complex is exposed before neurotransmission. This

suggests the existence of a partially assembled SNARE complex.

54. Xu T, Binz T, Niemann H, Neher E: Multiple kinetic components of
exocytosis distinguished by neurotoxin sensitivity. Nat Neurosci
1998, 1:192-200.

55. Xu T, Rammner B, Margittai M, Artalejo AR, Neher E, Jahn R:

e« Inhibition of SNARE complex assembly differentially affects
kinetic components of exocytosis. Cell 1999, 99:713-722.

In chromaffin cells, an increase in intracellular Ca2* leads to an exocytotic

burst followed by sustained secretion. In the presence of an antibody that

blocks SNARE complex assembly, the sustained component is largely

blocked, the burst slightly reduced and one of the kinetic components of

the burst is eliminated. This suggests that SNARE complexes exist

in a dynamic equilibrium between loose and tight states, both of which

support exocytosis.

56. Lee ], Lentz BR: Evolution of lipidic structures during model
membrane fusion and the relation of this process to cell
membrane fusion. Biochemistry 1997, 36:6251-6259.

57. Lee], Lentz BR: Secretory and viral fusion may share mechanistic
events with fusion between curved lipid bilayers. Proc Natl Acad
Sci USA 1998, 95:9274-9279.

58. Coorssen JR, Blank PS, Tahara M, Zimmerberg J: Biochemical and
functional studies of cortical vesicle fusion: the SNARE complex
and Ca2* sensitivity. J Cell Biol 1998, 143:1845-1857.

59. Tahara M, Coorssen JR, Timmers K, Blank PS, Whalley T, Scheller RH,
Zimmerberg J: Calcium can disrupt the SNARE protein complex on
sea urchin egg secretory vesicles without irreversibly blocking
fusion. J Biol Chem 1998, 273:33667-33673.

60. Ungermann C, Sato K, Wickner W: Defining the function of trans-
SNARE pairs. Nature 1998, 396:543-548.

61. Yang B, Gonzalez LC Jr, Prekeris R, Steegmaier M, Advani RJ,

e« Scheller RH: SNARE interactions are not selective. Implications
for membrane fusion specificity. J Biol Chem 1999,
274:5649-5653.

Potential SNARE complexes were tested using five proteins of the VAMP

family, three members of the SNAP-25 family and three members of the syn-

taxin family. All 21 complexes have very similar biophysical properties, sug-
gesting that the specificity of membrane fusion is not encoded by the
interactions among SNAREs.

62. Fasshauer D, Antonin W, Margittai M, Pabst S, Jahn R: Mixed and
e« non-cognate SNARE complexes. Characterization of assembly
and biophysical properties. J Biol Chem 1999, 28:15440-15446.

Artificial SNARE complexes were tested using combinations of the
Q-SNARES syntaxin 2, syntaxin 3 and syntaxin 4, and the R-SNARESs synap-
tobrevin/VAMP2 and endobrevin/VAMPS8. The resulting complexes have
very similar biophysical properties to the synaptic fusion complex of synap-
tobrevin—syntaxin—SNAP-25. This suggests that the specificity of membrane
fusion is probably not due to specific SNARE pairing.

63. Fischer von Mollard G, Nothwehr SF, Stevens TH: The yeast v-
SNARE Vtilp mediates two vesicle transport pathways through
interactions with the t-SNAREs Sed5p and Pep12p. J Cell Biol
1997, 137:1511-1524.

64. Yan B, Steegmaier M, Gonzalez LC Jr, Scheller RH: nSec1 binds a

es  closed conformation of syntaxinlA. J Cell Biol 2000, 148:247-252.
nSecl binds to syntaxin 1A, but not to the ternary SNARE complex.
Conversely, binding of nSecl to syntaxin prevents SNARE complex
formation. This contrasts with the results found in yeast [66*], in which
interactions between secl and the assembled yeast SNARE complex
are found.

65. Bracher A, Perrakis A, Dresbach T, Betz H, Weissenhorn W: X-ray

e crystal structure of neuronal Secl from squid sheds new light on
the role of this protein in exocytosis. Structure 2000, 8:685-694.

The crystal structure of uncomplexed nSecl (Muncl8) is presented.

Essentially no conformational changes are observed compared with nSecl

in complex with syntaxin [38*].

66. Carr CM, Grote E, Munson M, Hughson FM, Novick PJ: Seclp binds
e to SNARE complexes and concentrates at sites of secretion.

J Cell Biol 1999, 146:333-344.
Experiments in yeast show an interaction between Seclp (homolog of
nSecl) and the assembled yeast SNARE complex. This is in contrast to
nSecl, for which only binding to isolated syntaxin has been observed [64*].

67. Grote E, Carr CM, Novick PJ: Ordering the final events in yeast

e exocytosis. J Cell Biol 2000, 151:439-451.

In yeast, the assembly of SNARE complexes between the secretory vesicle
SNARE Sncp and the plasma membrane SNAREs Ssop and Sec9p occurs
at a late stage of the exocytic reaction. Mutations that block either secreto-
ry vesicle delivery or tethering prevent both SNARE complex assembly and
the localization of Seclp (yeast homolog of nSecl [Munc18]) to sites of
secretion. These results lend further credence to a different role for yeast
Secl compared with neuronal nSec1.

68. Li C, Ullrich B, Zhang J, Anderson R, Brose N, Stidhof TC: Ca*2-
dependent and -independent activities of neural and non-neural
synaptotagmins. Nature 1995, 375:594-599.

69. Schiavo G, Gmachl MJ, Stenbeck G, Séllner TH, Rothman JE:
A possible docking and fusion particle for synaptic transmission.
Nature 1995, 378:733-736.

70. Schiavo G, Stenbeck G, Rothman JE, Séllner TH: Binding of the
synaptic vesicle v-SNARE, synaptotagmin, to the plasma
membrane t-SNARE, SNAP-25, can explain docked vesicles at
neurotoxin-treated synapses. Proc Natl Acad Sci USA 1997,
94:997-1001.

71. Chapman ER, Desai RC, Davis AF, Tornehl CK: Delineation of the
oligomerization, AP-2 binding, and synprint binding region of the
C2B domain of synaptotagmin. J Biol Chem 1998,
273:32966-32972.

72. Sutton RB, Ernst JA, Brunger AT: Crystal structure of the cytosolic
e« C2A-C2B domains of synaptotagmin I1I: implications for Ca+2-
independent SNARE complex interaction. J Cell Biol 1999,
147:589-598.
The structure of the cytosolic C2A and C2B domains of synaptotagmin Ill is
presented. The two C2 domains are structurally very similar, except for an
elongated C-terminal a helix and a more constricted Ca2+-binding site in the
C2B domain. The two C2 domains are connected by a short flexible linker.
A CaZ*-independent interaction between the C2A and C2B domains, and
the synaptic SNARE complex is observed by native gel electrophoresis. A
model of this supercomplex is proposed.

73. Chapman ER, Davis AF: Direct interaction of a Ca2+ binding loop of
synaptotagmin with lipid bilayers. J Biol Chem 1998,
273:13995-14001.

74. Chae YK, Abildgaard F, Chapman ER, Markley JL: Lipid binding ridge
on loops 2 and 3 of the C2A domain of synaptotagmin | as
revealed by NMR spectroscopy. J Biol Chem 1998,
273:25659-25663.

75. Chapman ER, Hanson PI, An S, Jahn R: Ca2+ regulates the
interaction between synaptotagmin and syntaxin 1. J Biol Chem
1995, 270:23667-23671.

76. Shao X, Fernandez |, Stidhof TC, Rizo J: Solution structures of the
Ca2+-free and Ca2*-bound C2A domain of synaptotagmin I: does
Ca2+ induce a conformational change? Biochemistry 1998,
17:16106-16115.

77. Desai RC, Yynes B, Earles CA, Littleton JT, Kowalchyck JA, Martin TFG,
. Chapman ER: The C2B domain of synaptotagmin is a Ca2*-
sensing module essential for exocytosis. J Cell Biol 2000,
150:1125-1135.
It is reported that Ca2+ drives conformational changes in the C2B domain
of synaptotagmin and triggers the homo-oligomerization and hetero-
oligomerization of multiple isoforms of the protein. These associations are
Ca2*-mediated. Acidic Ca2* ligands show redundancy. The replacement
of all acidic residues with asparagine results in constitutive clustering
activity. These results crucially depend on isoform ‘b’ of synaptotagmin |,
which has a glycine residue at position 374 instead of an aspartate.
Glycine at this position is conserved among the family of synaptotagmins.
Thus, isoform ‘a’ may represent an exception. C2B-mediated oligomeriza-
tion may drive the assembly of the fusion machinery into a collar or ring-
like fusion pore.



172 Macromolecular assemblages

78. Stahl B, Chou JH, Li C, Stdhof TC, Jahn R: Rab3 reversibly recruits
rabphilin to synaptic vesicles by a mechanism analogous to raf
recruitment by ras. EMBO J 1996, 15:1799-1809.

79. Orita S, Sasaki T, Naito A, Komuro R, Ohtsuka T, Maeda M, Suzuki H,
Igarashi H, Takai Y: Doc2: a novel brain protein having two
repeated C2-like domains. Biochem Biophys Res Commun 1995,
206:439-448.

80. Ubach J, Garcia J, Nittler MP, Siidhof TC, Rizo J: Structure of the

e janus-faced C2B domain of rabphilin. Nat Cell Biol 1999,
1:106-112.

The solution NMR structure of the C2B domain of rabphilin is presented. It

is structurally very similar to the C2B domain of synaptotagmin Il [72].

81. Davis AF, Bai J, Fasshauer D, Wolowick MJ, Lewis JL, Chapman ER:

. Kinetics of synaptotagmin responses to Ca2+ and assembly with
the core SNARE complex onto membranes. Neuron 1999,
24:363-376.

The binding of synaptotagmin to lipid bilayers is greatly enhanced upon com-

plex formation with the SNARE complex and Ca2* concentration increase.

82. Bay JC, Earles J, Lewis J, Chapman ER: Membrane-embedded
synaptotagmin interacts with the cis and trans target membranes
and assembles into oligomers via a novel mechanism. J Biol
Chem 2000, 274:25427-25435.

83. Sggaard M, Tani K, Ye RR, Geromanos S, Tempst P, Kirchhausen T,
Rothman JE, Séliner T: A Rab protein is required for the assembly
of SNARE complexes in the docking of transport vesicles. Cell
1994, 78:937-948.

84. Simons K, Zerial M: Rab proteins and the road maps for
intracellular transport. Neuron 1993, 11:789-799.

85. Pfeffer SR: Rab GTPases: master regulators of membrane
trafficking. Curr Opin Cell Biol 1994, 6:522-526.

86. Geppert M, Siidhof TC: Rab3 and synaptotagmin: the yin and yang
of synaptic membrane fusion. Annu Rev Neurosci 1998, 21:75-95.

87. Fischer von Mollard G, Mignery GA, Baumert M, Perin MS, Hanson TJ,
Burger PM, Jahn R, Sudhof TC: Rab3A is a small GTP-binding
protein exclusively localized to synaptic vesicles. Proc Natl Acad
Sci USA 1990, 87:1988-1992.

88. Brennwald P, Novick P: Interactions of three domains
distinguishing the Ras-related GTP-binding proteins Yptl and
Sec4. Nature 1993, 362:560-563.

89. Dunn B, Stearns T, Botstein D: Specificity domains distinguish the
Ras-related GTPases Yptl and Sec4. Nature 1993, 362:563-565.

90. Castillo PE, Janz R, Sudhof TC, Tzounopoulos T, Malanka RC,
Nicoll RA: Rab3A is essential for mossy fiber long-term
potentiation in the hippocampus. Nature 1997, 388:590-593.

91. Wang Y, Okamoto M, Schmitz F, Hofmann K, Stidhof TC: Rim is a
putative Rab3 effector in regulating synaptic-vesicle fusion.
Nature 1997, 388:593-598.

92. Ostermeier C, Brunger AT: Structural basis of Rab effector

e specificity: crystal structure of the small G protein Rab3A
complexed with the effector domain of rabphilin-3A. Cell 1999,
96:363-374.

The crystal structure of the Rab3A—rabphilin-3A complex is presented. Two

contact regions are revealed. One of them involves the conserved switch |

and switch Il regions of Rab3A. The other one involves the hypervariable

C-terminal region of Rab3A. It is speculated that the latter surface contact

area could confer specificity for Rab—Rab effector pairing.

93. Dumas JJ, Zhu Z, Connolly JL, Lambright DG: Structural basis of

es  activation and GTP hydrolysis in Rab proteins. Structure 1999,
7:413-423.

The structure of Rab3A bound to GppNHp is presented.

94. Maesaki R, Ihara K, Shimizu T, Kuroda S, Kaibuchi K, Hakoshima T:

. The structural basis of Rho effector recognition revealed by the
crystal structure of human RhoA complexed with the effector
domain of PKN/PRK1. Mol Cell 1999, 4:793-803.

The crystal structure of Rho bound to the effector domain of PKN/PRK1 is

presented. This complex has superficial similarity to structural features of the

Rab3A-rabphilin-3A complex [92°].

95. Stroupe C, Brunger AT: Crystal structures of a Rab protein in its

e inactive and active conformations. J Mol Biol 2000, 304:585-598.
The crystal structure of Sec4, a member of the Rab family in the G protein
superfamily, was determined in two states: bound to GDP and bound to a
nonhydrolyzable GTP analog (GppNHp). In Sec4—GDP, the switch | region is
highly disordered and displaced relative to the switch | region of Ras—GDP. In

two of the four molecules of Sec4-GDP in the asymmetric unit of the
Sec4—-GDP crystals, the switch Il region adopts a conformation similar to that
seen in the structure of the small G protein Ran bound to GDP.

96. Schalk I, Zeng K, Wu S-K, Stura EA, Matteson J, Huang M, Tandon A,
Wilson IA, Balch WE: Structure and mutational analysis of rab
GDP-dissociation inhibitor. Nature 1996, 381:42-48.

97. Nischimune A, Isaac JT, Molnar E, Noel J, Nash SR, Tagaya M,
Collingridge GL, Henley JM: NSF binding to GIuR2 regulates
synaptic transmission. Neuron 1998, 21:87-97.

98. Luscher C, Xia H, Beattie EC, Carroll RC, von Zastrow M, Malenka RC,

. Nicoll RA: Role of AMPA receptor cycling in synaptic transmission
and plasticity. Neuron 1999, 24:649-658.

AMPA receptor cycling is suggested to play a role in neuronal plasticity. A pos-

sible role of NSF in the exocytosis step of receptor cycling is proposed.

Exocytosis of AMPA-receptor-containing vesicles would increase the density of

receptors in the postsynaptic membrane, hence enhancing neurotransmission.

99. Fleming KG, Hohl TM, Yu R, Milller SA, Wolpensinger B, Engel A,
Engelhardt H, Brunger AB, Sdliner TH, Hanson PI: A revised model
for the oligomeric state of the N-ethylmaleimide sensitive factor,
NSF. J Biol Chem 1998, 273:15675-15681.

100. Beyer A: Sequence analysis of the AAA protein family. Protein Sci
1997, 6:2043-2058.

101. Sumida M, Hong R-M, Tayaga M: Role of two nucleotide-binding
regions in an N-ethylmaleimide-sensitive factor involved in
vesicle-mediated protein transport. J Biol Chem 1994,
269:20636-20641.

102. Hohl TM, Paralti F, Wimmer C, Rothman JE, Séllner TH, Engelhardt H:
Arrangement of subunits in 20S particles consisting of NSF,
SNAPs, and SNARE complexes. Mol Cell 1998, 2:539-548.

103. Yu RC, Hanson PI, Jahn R, Brunger AT: Structure of the ATP-
dependent oligomerization domain of N-ethylmaleimide sensitive
factor complexed with ATP. Nat Struct Biol 1998, 5:803-811.

104. Lenzen CU, Steinmann D, Whiteheart SW, Weis WI: Crystal
structure of the hexamerization domain of N-ethylmaleimide-
sensitive fusion protein. Cell 1998, 94:525-536.

105. Nagiec EE, Bernstein A, Whiteheart SW: Each domain of N-
ethylmaleimide-sensitive fusion protein contributes to its
transport activity. J Biol Chem 1995, 49:29182-29188.

106. Yu RC, Jahn R, Brunger AT: NSF N-terminal domain crystal

e structure: models of NSF function. Mol Cell 1999, 4:97-107.

The crystal structure of the N-terminal domain of NSF (NSF-N) is presented
in an orthorhombic crystal lattice with one molecule per asymmetric unit. The
cleft between the two subdomains of NSF-N is a probable binding site for
C-terminal residues of a-SNAP. The two subdomains of NSF-N are struc-
turally very similar to domains of the transcription factor EF-Tu. The structure
of NSF-N was also solved in a different crystal form [107*].

107. May AP, Misura KM, Whiteheart SW, Weis WI: Crystal structure of

e»  the amino-terminal domain of N-ethylmaleimide-sensitive fusion
protein. Nat Cell Biol 1999, 1:175-182.

An independent crystal structure of NSF-N is presented that contains three

molecules per asymmetric unit. It is speculated that the trimeric packing

could resemble the oligomeric arrangement of NSF-N, with three NSF-N

domains pointing inwards and three pointing outwards.

108. Babor SM, Fass D: Crystal structure of the Sec18p N-terminal

. domain. Proc Natl Acad Sci USA 1999, 96:14759-14764.

The crystal structure of the Sec18p (yeast homolog of NSF) N-terminal
domain is presented. It is very similar to the N-terminal domain of NSF
(NSF-N).

109. Coles M, Diercks T, Liermann J, Groger A, Rockel B, Baumeister W,

. Koretke KK, Lupas A, Peters J, Kessler H: The solution structure of
VAT-N reveals a ‘missing link’ in the evolution of complex
enzymes from a simple BapB element. Curr Biol 1999,
9:1158-1168.

The solution structure of the N-terminal domain of VAT (VAT-N) demonstrates

a structural similarity between the N-terminal domains of the VAT protein

from the archaebacterium Thermoplasma acidophilum and NSF.

110. Rice LM, Brunger AT: Crystal structure of the vesicular transport
e protein Secl7: implications for SNAP function in SNARE complex
disassembly. Mol Cell 1999, 4:85-95.

The crystal structure of Sec17, the yeast homolog of a-SNAP, is presented.
The structure consists of a twisted sheet comprising a-helical hairpins and
a globular C-terminal domain. The twisted sheet probably interacts with the
SNARE complex, whereas the C terminus interacts with the N-terminal
domain of NSF.



Molecular mechanism of calcium-dependent vesicle—membrane fusion Brunger 173

111. Das AK, Cohen PTW, Barford D: The structure of the
tetratricopeptide repeats of protein phosphatase 5: implications
for TPR-mediated protein-protein interactions. EMBO J 1998,
17:1192-1199.

112. Yaffe MB, Rittinger K, Volinia S, Caron PR, Aitken A, Leffers H,
Gamblin SJ, Smerdon SJ, Cantley LC: The structural basis for 14-3-
3:phosphopeptide binding specificity. Cell 1997, 91:961-971.

113. Groves MR, Hanlon N, Turowski P, Hemmings BA, Barford D: The

. structure of the protein phosphatase 2A PR65/A subunit reveals
the conformation of its 15 tandemly repeated HEAT motifs. Cell
1999, 96:99-110.

The structure of the protein phosphatase 2A PR65/A subunit is presented.

114. Ybe JA, Brodsky FM, Hofmann K, Lin K, Liu S-H, Chen L, Earnest TN,
. Fletterick R, Hwang PK: Clathrin self-assembly is mediated by a
tandemly repeated superhelix. Nature 1999, 399:371-395.

The authors present the structure of a clathrin fragment that is involved in
mediating spontaneous clathrin heavy-chain polymerization and light-chain
association. The clathrin fragment has structural similarity to HEAT and TPR
repeats, and to Sec17 (a-SNAP homolog).

115. Kee Y, Lin RC, Hsu S-C, Scheller RH: Distinct domains of syntaxin
are required for synaptic vesicle fusion complex formation and
dissociation. Neuron 1995, 14:991-998.

116. Hanson PI, Otto H, Barton N, Jahn R: The N-ethylmaleimide-
sensitive fusion protein and a-SNAP induce a
conformational change in syntaxin. J Biol Chem 1995,
270:16955-16961.

117 Hayashi T, Yamasaki S, Nauenburg S, Binz T, Niemann H:
Disassembly of the reconstituted synaptic vesicle membrane
fusion complex in vitro. EMBO J 1995, 14:2317-2325.



