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Soluble N-ethylmaleimide-sensitive fusion attachment protein re-
ceptor (SNARE)-mediated fusion of synaptic vesicles with the
presynaptic-plasma membrane is essential for communication be-
tween neurons. Disassembly of the SNARE complex requires the
ATPase N-ethylmaleimide-sensitive fusion protein (NSF). To deter-
mine where in the synaptic-vesicle cycle NSF functions, we have
undertaken a genetic analysis of comatose (dNSF-1) in Drosophila.
Characterization of 16 comatose mutations demonstrates that NSF
mediates disassembly of SNARE complexes after synaptic-vesicle
fusion. Hypomorphic mutations in NSF cause temperature-sensi-
tive paralysis, whereas null mutations result in lethality. Genetic-
interaction studies with para demonstrate that blocking evoked
fusion delays the accumulation of assembled SNARE complexes
and behavioral paralysis that normally occurs in comatose mutants,
indicating NSF activity is not required in the absence of vesicle
fusion. In addition, the entire vesicle pool can be depleted in shibire
comatose double mutants, demonstrating that NSF activity is not
required for the fusion step itself. Multiple rounds of vesicle fusion
in the absence of NSF activity poisons neurotransmission by trap-
ping SNAREs into cis-complexes. These data indicate that NSF
normally dissociates and recycles SNARE proteins during the in-
terval between exocytosis and endocytosis. In the absence of NSF
activity, there are sufficient fusion-competent SNAREs to exocy-
tose both the readily released and the reserve pool of synaptic
vesicles.
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The core components of the vesicle-fusion apparatus consist
of the plasma-membrane soluble N-ethylmaleimide-sensitive

fusion (NSF) attachment protein (SNAP) receptors (SNAREs)
syntaxin and soluble NSF attachment protein of 25 kDa (SNAP-
25) and the vesicle SNARE synaptobrevinyvesicle-associated
membrane protein. Neuronal SNAREs assemble into highly
stable SDS-resistant 7S SNARE complexes (1). The ATPase
NSF has been implicated in numerous membrane-trafficking
steps, including regulated exocytosis (2–8). NSF is recruited to
the 7S complex by means of the adapter proteins ayb- and
g-SNAP to form a larger 20S complex that is subsequently
disassembled by the ATPase activity of NSF (1). Both assembly
and disassembly of the SNARE complex are essential for
synaptic-vesicle trafficking in vivo (6–10). NSF belongs to the
AAA family of ATPases (ATPases with diverse cellular activi-
ties) and forms a hollow cylindrical hexamer when viewed with
high-resolution electron microscopy (11, 12). The structure of
the NSF hexamer depends on the presence or absence of bound
ATP or ADP and undergoes substantial conformational changes
upon ATP hydrolysis (11). Each monomer consists of three
domains (13): an N-terminal domain essential for interaction
with the SNAPySNARE complex, and two tandem ATPase
domains termed D1 and D2. The D2 domain is required for
hexamerization of NSF (11, 14–16). The D1 domain contains a
high-affinity ATP-binding and hydrolysis site that accounts for
the majority of the ATPase activity in NSF (15, 17). Recruitment
of NSF to SNARE complexes via the SNAP adapters results in

the specific stimulation of D1 ATPase activity and disassembly
of the SNARE complex (17–20).

Molecular analysis in Drosophila has revealed two closely
related NSF genes, dNSF-1 and dNSF-2 (21–23). NSF-1 and
NSF-2 largely show a developmental and spatially restricted
expression, suggesting nonredundant roles for the two proteins
(21, 22). For example, NSF-2 is not expressed in the optic lobe
(22), whereas NSF-1 is absolutely required for synaptic trans-
mission in the fly eye (6). Mutations in NSF-1 have been shown
to correspond to the temperature-sensitive paralytic mutation
comatose (comt; ref. 23), whereas mutations in NSF-2 cause
embryonic lethality (24). Tissue-specific rescue experiments
suggest an essential role for NSF-1 in the nervous system,
whereas NSF-2 is required in the mesoderm (24). Experimental
analysis has not yet resolved where in the synaptic-vesicle cycle
NSF functions. SNARE disassembly could be required for
vesicle recruitment to active zones, for vesicle docking and
priming, for fusion, or for vesicle endocytosis. Here, we provide
evidence that the disassembly of SNARE complexes by NSF-1
occurs after synaptic-vesicle fusion. In the absence of NSF
activity, multiple rounds of fusion of the vesicle pool can occur,
with the consequent accumulation of cis-SNARE pairs (7S
complexes present on the vesicle or plasma membrane). Only
then is synaptic transmission disrupted in comt mutants, sec-
ondary to an inability to form trans-SNARE pairs that are
capable of bridging the synaptic vesicle and plasma membrane.

Materials and Methods
Fly Strains. Drosophila melanogaster were cultured on standard
medium at 23°C. Lethal comt alleles were generated by feeding
1- to 2-day-old g sd f males ethyl methanesulfonate (EMS) or by
exposure to 5,000 rad and crossing them to homozygous ST53
virgin females. Approximately 8,000–10,000 heterozygous F1
females were collected from these crosses and tested for
temperature-sensitive (TS) paralysis in a 38°C water bath. Extra
conditional comt mutations were generated by feeding Canton S
males with EMS and mating to attached X females. Conditional
paralytic mutations were maintained and tested for failure of
complementation with known comt alleles.

Sequence Analysis of comt Mutations. Genomic DNA of lethal comt
alleles was isolated from comtlethalycomtST53 heterozygotes, and
the genomic region spanning the ORF was amplified by PCR.
The presence of a silent base-pair polymorphism distinguished
the mutagenized g sd f and the ST53-bearing chromosomes,
resulting in the creation of an Sau3A site at base pair 1266 of the
comt locus carried by the g sd f chromosome. This polymorphism
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allowed DNA from the allele of interest to be unambiguously
identified from the heterozygous comtlethalycomtST53 f lies. An
Sau3A-positive, g sd f-derived insert then was sequenced with a
series of 10 overlapping primers. Mutations detected in these
inserts were confirmed by sequencing the region of interest in an
independently isolated g sd f insert. Genomic DNA of homozy-
gous viable comt alleles was amplified directly and sequenced.

Preparation of 7S Complexes and Head Homogenates. Native 7S
complexes were prepared as described (6). Briefly, f lies of the
indicated genotype were frozen in liquid nitrogen, vortexed, and
10 heads were homogenized in 50 ml of SDS sample buffer. The
supernatant (20 ml) was resuspended in 30 ml of fresh SDS
sample buffer, and 10 ml of samples were loaded onto discon-
tinuous SDSy9%-15% PAGE gels without boiling. The gels
were immunoblotted with antisyntaxin monoclonal antibody 8C3
at 1:1,000 dilution. Immunoreactive bands were visualized by
using enhanced chemiluminescence. Separation of subcellular
fractions as shown in Fig. 3 was carried out with 15 ml of flies
of the indicated genotypes maintained at room temperature or
given a 20-min 38°C heat pulse. Flies were frozen in liquid
nitrogen, and heads were obtained by sieving and grinding to a
powder in liquid nitrogen. The powder was then homogenized on
ice in 5 mM Hepes buffer (pH 7.4) containing protease inhibitors
(1 mM phenylmethylsulfonyl f luoridey2 mg/ml aprotininy1
mg/ml leupeptiny1 mM EDTAy1 mg/ml pepstatin). Cell debris
and cuticle were removed by centrifugation at 3,000 3 g for 5
min. Velocity sedimentation was done with a 10–30% sucrose
gradient centrifuged for 1 h at 50,000 RPM in a VTi65 rotor
(Beckman Coulter). One milliliter of protein fractions was
obtained beginning from the bottom of the gradient to the top
and, subsequently, run out on SDSyPAGE gels, transferred to
nitrocellulose, and probed for the specified antigens.

Electroretinograms and Transmission Electron Microscopy (TEM) Anal-
ysis. Electroretinograms and TEM analysis were performed as
described (6). Flies for TEM were maintained at 38°C for 10 min
under constant light stimulation to drive vesicle cycling in
photoreceptors before fixation.

Results and Discussion
To characterize further the role of NSF-1 in synaptic transmis-
sion, we isolated a series of new comt mutations through two
approaches. Our first approach was to screen for X-linked
temperature-sensitive paralytic mutants. Approximately 150,000
males containing an ethyl methanesulfonate (EMS)-
mutagenized X-chromosome were tested for reversible temper-
ature-dependent paralysis at 38°C. Three mutations failed to
complement comt and thus represented new alleles. Three
additional temperature-sensitive alleles of comt were identified
in independent screens by Satpal Singh (personal communica-
tion). Together with three previously known comt mutations
(ST17, TP7, and ST53), we characterized nine conditional alleles
of NSF-1. A second screen that permitted isolation of new comt
alleles—even if they were associated with a lethal phenotype—
also was carried out. This screen was based on the observation
that flies heterozygous for a conditional comt allele and a
deletion that removes the gene are viable and manifest temper-
ature-sensitive paralysis. Males were mutagenized with either
EMS or g-rays and crossed to homozygous comtST53 virgin
females. Approximately 10,000 heterozygous F1 females were
collected from these crosses and tested for temperature-sensitive
paralysis at 38°C. Four new lethal alleles and one viable allele of
comt were identified in this screen. Two additional recessive
lethal comt alleles identified by B. Baker and K. S. Krishnan
(personal communication) were included in our analysis.

To determine the underlying amino acid changes that cause
the comt mutant phenotypes, we sequenced the ORF of each

allele (Fig. 1A). All but one of the temperature-sensitive para-
lytic mutants altered highly conserved amino acids within the D1
domain, a region required for NSF-mediated disassembly of the
SNARE complex. comt alleles in this category include ST17
(G274E), JN17 (G387S), DN47 (E394K), TP7 (P398S), X238
(N418I), DN48 (A447V), X91 (A448T), and ST53 (S483L). One
lethal mutation, LED, maps to the D1 domain and causes a G to
S substitution at amino acid 443. The remaining comt temper-
ature-sensitive paralytic mutation we identified was DN34, which
alters a highly conserved Gly residue in the N-domain of NSF
(G58D), a region required for SNAP-mediated binding to the
SNARE complex (25). Analysis of the crystal structure of the N
terminus of NSF reveals that Gly-58 lies in the first loop of the
double-c b-barrel (DPBB) motif (Fig. 1C; refs. 25–27). The
DPBB motif is common in many proteins and is often important
for substrate binding (28). A third class of comt alleles alters the
D2 domain of NSF, a region required for assembly of NSF into
functional hexamers. Three lethal comt mutants lie in this
domain, including 1121 (P494L), 133 (E606K), and CLP, which
has a 1-bp deletion that shifts the reading frame 36 aa upstream
of the carboxyl terminus and leads to a premature stop codon.
One viable allele, comtG4, also disrupts the D2 domain and
results in a 3-aa deletiony2-aa substitution (VQQ to GS at
amino acids 525–527) near the ATP-binding site in the D2
domain. comtG4 mutants are only weakly temperature sensitive,
but show a substantial reduction in lifespan with progressive
weakness and lack of coordination. Because the three-
dimensional structures of the D1 and D2 domains of NSF are
likely to be highly conserved (14), we modeled the sites of the
comt D1 and D2 mutants on the crystal structure of NSF-D2
(Fig. 1B). A large number of residues mutated in the tempera-
ture-sensitive mutants reside in a loop region that has been
postulated to serve as a lever that imparts force to the SNARE
complex during ATP hydrolysis. This region of the AAA domain
also has been shown to undergo conformational shifts during the
ATP-bindingyhydrolysis cycle in the NSF-related protein, p97
(29, 30). The remaining conditional alleles cluster near the
ATP-bindingyhydrolysis site. Of the D2 domain alleles, comt133

alters a conserved glutamate in the ATP-hydrolysis domain,
indicating that this mutation is likely to abolish hexamerization
of NSF.

Fig. 1. Structural alteration of NSF in comt mutants. (A) The amino acid
alterations in the NSF-1 protein relative to the previously defined functional
domains are depicted diagrammatically. Lethal alleles are indicated in bold.
(B) The locations of the mutations found in the D1 or D2 domain are modeled
onto the crystal structure reported for the D2 domain. (C) The location of the
G58D change in the DN34 allele is modeled onto the crystal structure reported
for the N-terminal domain of NSF.
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To characterize further the requirements for NSF-1 in vesicle
trafficking, we analyzed both the temperature-sensitive and
lethal comt mutants in more detail. Most comt temperature-
sensitive mutations paralyze within several minutes at 38°C,
similar to alleles described (6). Although the comtDN34 allele
displays temperature-sensitive paralysis at 38°C, it requires a
longer incubation time (6–7 min) and shows residual locomoter
activity during longer 38°C incubations. The delayed paralysis in
comtDN34 mutants correlates with its unique molecular defect in
the N-terminal domain. All temperature-sensitive comt alleles
showed a dramatic accumulation of SDS-resistant SNARE
complexes compared with wild type, suggesting an essential role
for NSF in the disassembly of SNARE complexes (Fig. 2A). Each
comt temperature-sensitive mutant also blocked vesicle-
trafficking in Drosophila photoreceptors at 38°C, as indicated by
a loss of the onyoff synaptic events in electroretinogram record-
ings from the retina (Fig. 2B). In contrast to the temperature-
sensitive paralysis of the conditional alleles, complete removal of
NSF-1 resulted in lethality. Two lethal alleles we identified result
in premature stop codons that cause truncations of NSF-1.
comt191 truncates in the middle of the D1 domain (Q405*) and
is likely to be a null allele. comtG8 truncates at the end of D1
(T464*; Fig. 1). These mutations can be rescued with a free
duplication carrying a wild-type comt allele or with a heat-shock
driven NSF-1 transgene, indicating the lethal phenotypes are
specifically associated with loss of NSF-1 activity. Null mutants
died during embryonic and larval stages, although a small
percentage survived to pupae.

The accumulation of SNARE complexes in the temperature-
sensitive paralytic mutants suggests these mutations disrupt the
ATPase activity or subsequent force generation required for
SNARE-mediated disassembly (Fig. 2 A). Consistent with this
model, the altered NSF protein in comtST17 mutants has been
biochemically demonstrated to have a temperature-dependent
block in SNARE disassembly in vitro (31). However, it is
unknown where NSF-mediated SNARE disassembly is required
during the synaptic-vesicle cycle: before docking, after docking,
during fusion, or after exocytosis. To determine the stage in the
synaptic-vesicle cycle where NSF is required, we choose to study

the comtST17 mutation in more detail. We took advantage of two
other mutations that allow us to block specific stages in vesicle
trafficking. shiTS1 is a temperature-sensitive mutation in dynamin
that blocks synaptic-vesicle endocytosis (32, 33). paraTS1 is a
temperature-sensitive mutation in the a-subunit of the sodium
channel that blocks action potential propagation and subsequent
evoked-vesicle fusion (34). We generated double mutants con-
taining shiTS1 comtST17 or comtST17 paraTS1 by recombination. If
NSF is required for exocytosis of the nerve terminal pool of
synaptic vesicles, we would expect that NSF should be epistatic
to dynamin in nerve terminals and lead to a block in vesicle
fusion before the terminals are depleted of vesicles. If the
inactivation of NSF does not block a step on the exocytotic side
of the synaptic-vesicle pathway, then all of the vesicles would be
capable of translocating to active zones, and of docking, priming,
and fusing. Then, we would expect to see a depletion of synaptic
vesicles in shiTS1 comtST17 double mutants similar to what is
observed in shiTS1 mutants. In shiTS1 mutants incubated at 38°C,
synaptic-vesicle proteins such as synaptotagmin, CSP, and syn-
aptobrevin redistribute to the plasma-membrane fraction at
38°C when assayed on sucrose velocity sedimentation gradients
(Fig. 3A; refs. 35 and 36). In wild type or comtST17 mutations
incubated at 38°C, there was no shift in the distribution of
synaptic-vesicle proteins. However, in shiTS1 comtST17 double
mutants and in shiTS1 mutants incubated at 38°C (Fig. 3A),
synaptic-vesicle proteins redistributed to the plasma membrane,
indicating the synaptic-vesicle pool is capable of completing all
stages of exocytosis, including fusion in comt mutants. To extend
our biochemical analysis, we performed an ultrastructural anal-
ysis on photoreceptor nerve terminals. As reported, comtST17

mutants accumulate docked and undocked synaptic vesicles
when incubated for 10 min at 38°C under constant light stimu-
lation (Fig. 3B; refs. 6 and 8). In contrast, shiTS1 photoreceptor
terminals are depleted of synaptic vesicles. Photoreceptor ter-
minals of shiTS1 comtST17 double mutants show a depletion of
synaptic vesicles similar to shiTS1 (Fig. 3C), confirming that both
the docked and reserve pool of vesicles can fuse in comt mutants.

Next, we investigated how SNARE-complex accumulation in
comtST17 mutants was affected by blocking vesicle recycling in
shiTS1 comtST17 double mutants. If the large accumulation of
SNARE complexes represents those complexes that assembled
during one round of vesicle fusion at nerve terminals, SNARE-
complex accumulation in shiTS1 comtST17 double mutants should
be the same as in comtST17 alone. However, if multiple rounds of
exocytosis of the vesicle pool can occur in the absence of NSF
activity, and if these rounds of fusion are necessary to generate
the large excess of unresolved SNARE complexes, we would
expect to see a decrease in 7S accumulation in the double
mutant, because shiTS1 blocks multiple rounds of vesicular
cycling. SNARE complexes were isolated from comtST17 and
shiTS1 comtST17 mutants. As shown in Fig. 4A, SNARE-complex
accumulation was greatly reduced in the double mutant com-
pared with comtST17 mutants alone, suggesting that multiple
rounds of vesicle cycling do occur in the absence of NSF. As
expected, there is still more SNARE complex present in the
double mutant than in wild type, which is consistent with the
accumulation of unresolved SNARE complexes formed during
a single round of exocytosis. If endocytosis could be blocked
without disrupting NSF activity, we reasoned that the accumu-
lation of SNARE complexes should not occur in shiTS1 comtST17

mutants. We were able to test this possibility by taking advantage
of the differential sensitivity of shiTS1 and comtST17 to temper-
ature. Whereas shiTS1 mutants become paralyzed at 29°C,
comtST17 mutants do not paralyze until 35°C. Therefore, we
incubated double mutants at 29°C for 10 min to block endocy-
tosis and to deplete the vesicle pool with NSF still active and then
shifted to 38°C for 10 min to block NSF activity. Analysis of
SNARE-complex accumulation with this protocol demonstrated

Fig. 2. Temperature-sensitive comt alleles accumulate SNARE complexes
and block synaptic transmission in the retina. (A) 7S complexes from wild type
or the specified comt allele were isolated after a 20-min 38°C heat shock.
Syntaxin was present in a 35-kDa monomeric form and in a 73-kDa complex
with SNAP-25 and synaptobrevin. The 73-kDa complex is shown in A. All comt
conditional alleles showed a dramatic accumulation of the 7S complex after
exposure to 38°C. (B) Electroretinograms were recorded from wild type and
comt temperature-sensitive paralytic mutations. Flies were rapidly heated
from 20°C to 38°C and maintained at 38°C for 3–10 min. Note the loss of on-
and off-transients (arrows) with a normal photoreceptor depolarization in
comt flies. Similar losses of onyoff transients were observed in X91, JN17, and
X238 (not shown). Three to seven individuals of each genotype aged from 1 to
5 days were tested, with results similar to those shown. Scale bar is a 2
mVydivision (vertical) and a 2 secydivision (horizontal).
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that there was no SNARE-complex accumulation in the double
mutant when the vesicle pool was depleted with NSF still active
(Fig. 4A). These results suggest that NSF disassembles cis-
SNARE complexes that reside in the plasma membrane as a
consequence of fusion. In addition, free SNAREs that are acted
upon by NSF and that are trapped in the plasma membrane in
shi mutants do not spontaneously reassemble into cis-SNARE
complexes once NSF activity is blocked.

A prediction of our model for NSF function is that SNARE
complexes accumulate in comt as a direct consequence of vesicle
fusion and a subsequent failure in disassembly of the complex
postfusion. Manipulations that block release would be predicted to
block the accumulation of SNARE complexes. We tested this
hypothesis by using comtST17 paraTS1 double mutants. We have
noted that paraTS1 does not block synaptic transmission in the fly
retina (photoreceptors do not use para-dependent action potentials;
ref. 6). Because the eye constitutes a significant portion of the
Drosophila head and would, therefore, compromise our assays in
comtST17 paraTS1 double mutants, we eliminated the eye and the
contribution of photoreceptor synapses to our SNARE-complex
assays by expression of GMR-hid (which drives the cell-death gene
hid in photoreceptor primordial cells). To avoid the cumulative
effect of spontaneous fusion events contributing to the build up of
SNARE complexes in our assay, we assayed SNARE accumulation
at 38°C at 5 min. In flies lacking photoreceptors, paraTS1 suppressed
the accumulation of SNARE complex that otherwise would occur

Fig. 3. NSF is not required for vesicle fusion until a pool of free SNAREs are
depleted. (A) SDSyPAGE gels were run with fractions collected from sucrose-
gradient velocity sedimentation of Drosophila head membranes from Canton
S, comtST17, shiTS1, or comtST17 shiTS1 adults that were given a 20-min 38°C heat
shock. Proteins were transferred to nitrocellulose and probed with antibodies
to the indicated proteins. Plasma-membrane proteins such as syntaxin and the
sodium pump migrate to the bottom of the gradient in the last few fractions.
In contrast, synaptic-vesicle proteins migrate in fractions three to six. In shiTS1

or comtST17 shiTS1 mutants, synaptic-vesicle proteins accumulate in the plasma-
membrane fractions, indicating that vesicles are capable of fusing with the
redistribution of vesicle antigens to the plasma membrane. Ultrastructural
analysis of comtST17 (B) or comtST17 shiTS1 (C) synapses from 1- to 3-day-old adult
flies given a 10-min 38°C heat pulse under constant light stimulation support
the biochemical results. Representative cross-sectioned retinal axon terminals
are shown. In comt mutants, the terminals are filled with synaptic vesicles that
have not fused with the membrane. In contrast, cross-sectioned retinal ter-
minals of shiTS1 (not shown) or comtST17 shiTS1 mutants are devoid of synaptic
vesicles and show an increase in larger vacuolar-type structures, as previously
documented in shi mutants. Similar results were obtained from three to seven
individuals of each genotype.

Fig. 4. (A) shi reduces the accumulation of SNARE complexes in comt
mutants. 7S complexes from 10 Canton S, comtST17, shiTS1, or comtST17 shiTS1

flies that were given a 20-min 38°C heat pulse were isolated. A reduction in the
7S complex was found in shi flies after exposure to 38°C, whereas comt
mutants show a dramatic accumulation of 7S complex. This result is in marked
contrast with comtST17 shiTS1 double mutants, which show a less dramatic
accumulation of 7S complex after exposure to 38°C. 7S complexes also were
isolated from 10 flies of the indicated genotypes after a 10-min heat pulse at
29°C, which was followed by a 10-min heat pulse at 38°C. Inactivation of
dynamin before the inactivation of NSF prevents the buildup of 7S complex in
shi comt double mutants. (B) Vesicle fusion is required for SNARE-complex
accumulation in comt mutants. 7S complexes were isolated from 10 Canton S,
comtST17 paraTS1, or comtST17 flies after a 5-min 38°C heat pulse. Each strain also
expressed a GMR-hid transgene to eliminate the contribution of photorecep-
tor synapses to the 7S assay. para reduced the amount of 7S complex present
(compared with both controls and comt mutants) and eliminated 7S accumu-
lation in comt mutants.
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in comt mutations incubated at 38°C (Fig. 4B). This result confirms
that SNARE complexes accumulate in comt mutants as a conse-
quence of vesicle fusion. In addition, paraTS1 also eliminated the
pool of SNARE complexes normally present in wild-type flies,
suggesting that assembly of SNARE complexes requires nerve
activity. This finding argues against stable SDS-resistant SNARE
complexes forming during synaptic-vesicle docking or priming,
because paraTS1 specifically blocks action potentials. An alternative
explanation for the experimental findings in comt double mutants
is that loss of NSF is not rapid at the restrictive temperature but
occurs slowly. Several lines of evidence argue against this interpre-
tation. First, eight conditional comt paralytic mutants alter distinct
amino acids in the D1 domain, yet all show delayed paralysis,
suggesting that this result is a general feature of the comt phenotype.
Most convincingly, however, is the behavior of comt para double
mutants (37). Double mutants exposed to 38°C for 5 min show a
rapid recovery like para mutants alone when returned to the
permissive temperature. After rapid recovery and normal behavior,
these flies then suddenly reparalyze several minutes later at the
permissive temperature. Because comt mutants would be com-
pletely paralyzed after 5 min at 38°C and require greater than 30
min to recover at permissive temperature, we conclude that NSF
would be inactivated in the double mutant at 38°C.

Together, these results suggest that NSF does not function in
fusion, recruitment of vesicles to active zones, docking, or
priming. Rather, we propose that NSF specifically disassembles
SNARE complexes after fusion and before endocytosis. In the
absence of synaptic transmission in comtST17 paraTS1 mutants,
SNARE complexes do not accumulate, and behavioral paralysis
induced by loss of NSF function is delayed. Thus, in the absence
of vesicle fusion, NSF is not required to prime or maintain
synaptic vesicles in a fusion-competent state. Once NSF has been
inactivated, vesicle release and activity continues for several
minutes before paralysis occurs. In shi comt double mutants,
inactivating both dynamin and NSF results in a shi phenotype,
with synapses devoid of synaptic vesicles, confirming that vesicles
continue to fuse in the absence of NSF activity. Thus, a large pool
of excess v-SNAREs are present and can support fusion in the
absence of NSF. After these pools are exhausted, a postdocking
defect in fusion occurs because of an inability to form trans-
SNARE pairs. Our findings complement and extend the models
of NSF function provided by previous analyses of comt mutants
in Drosophila (6–8, 24, 37, 38). Dorsal longitudinal f light muscle
recordings from temperature-sensitive comt mutants have dem-
onstrated a reduction in synaptic current during repetitive
stimulation that is accompanied by an increase in the number of
docked synaptic vesicles (8). In the absence of repetitive stim-
ulation, no defects in fusion were detected, confirming that
vesicle fusion itself does not require NSF activity. Rather, NSF
is required to restore the pool of vesicles that are readily
released, likely through its ability to break apart cis-SNARE
complexes and reactivate individual SNAREs for additional
rounds of fusion. Thus, multiple lines of evidence support the
conclusion that several rounds of vesicle fusion can continue in
comt mutants before synaptic transmission is finally poisoned by

a lack of fusion-competent SNAREs. A similar postfusion role
for the yeast NSF homolog, SEC1, also has been proposed (39).

Additional studies will be required to determine the pool size
of fusion-competent SNAREs maintained by NSF activity at
different synapses. This pool size will have important implica-
tions for presynaptic plasticity, as it would determine whether
modulation of SNARE assemblyydisassembly rates plays a role
in controlling presynaptic output during stimulation. In fly
photoreceptors and central synapses, we estimate that this pool
size is sufficient to mediate the fusion of several rounds of the
entire nerve-terminal synaptic-vesicle population. We base this
conclusion on our observation that in shi comt double mutants,
there is a substantial reduction (.2-fold) in the amount of
SNARE complexes that accumulate, compared with comt mu-
tants alone. This observation suggests the large increase in
assembled SNARE complexes in comt mutants results from
recycling of the vesicle pool more than once. At adult Drosophila
neuromuscular junctions, the pool of fusion-competent
SNAREs seems to be smaller, because nerve-stimulation rates as
low as 5 Hz can rapidly decrease exocytosis in comt conditional
mutants (8). Thus, the size of the fusion-competent pool of
SNAREs can be differentially controlled at distinct synapses.
Although it is unknown how many SNARE complexes are
required for the fusion of a synaptic vesicle, our results argue that
there are sufficient v-SNAREs present on each vesicle to suffice
for several rounds of exocytosis without being regenerated
through NSF action. Likewise, there seems to be a large pool of
synaptic t-SNAREs that can function in many cycles of fusion
without requiring regeneration through NSF action. Overexpres-
sion of the NSF adapter a-SNAP at crayfish neuromuscular
junctions (40) or at the squid giant synapse (41) results in an
increase in the pool of synaptic vesicles readily released. These
findings suggest that modification of the functional pool size of
fusion-competent SNAREs over time can alter synaptic function
and may be an important mechanism for modulating synaptic
plasticity. The use of fast FM dyes recently has defined an
additional synaptic-vesicle pathway of vesicle fusion and imme-
diate reuse (42). In such cases, the ability to rapidly dissociate
SNARE complexes may be essential, and NSF activity may be
rate-limiting in this rapid reuse pathway. The recent finding that
patients with schizophrenia show a substantial reduction in NSF
expression in the prefrontal cortex (43) suggests that disruption
of SNARE-mediated disassembly rates also may be a contrib-
uting factor in psychiatric dysfunction. Further studies into the
mechanisms that maintain fusion-competent SNAREs and ac-
celerate NSF activity should provide insights into presynaptic
plasticity and the machinery that modulates synaptic-vesicle
fusion.
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