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Stimulation of NSF ATPase activity during t-SNARE priming
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Abstract N-Ethylmaleimide-sensitive factor (NSF) plays a key
role in vesicular traffic by disassembling and priming SNARE
proteins for their function in docking and fusion. We demonstrate
that the ATPase activity of NSF is activated by o-soluble NSF
attachment protein (a-SNAP) in a complex with syntaxin 1A. In
addition, we show that a construct consisting of the H3 domain of
syntaxin 1A (GST-synt(195-263), which does not support NSF
disassembly in the presence of MgATP gave a larger stimulation.
NSF ATPase activation was specific and did not occur using
mutant o-SNAPs unable to bind GST-synt or with mutated C-
termini. We suggest that activation of NSF ATPase activity in
the SNARE complex may be essential to allow SNARE priming.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

N-Ethylmaleimide-sensitive factor (NSF) is a member of a
large family of ATPases with diverse cellular functions known
as the AAA ATPases [1]. NSF [2,3] and its yeast homologue
Sec18p [4] have been shown to play essential roles in many
aspects of the vesicular traffic within cells including transport
from the ER to the Golgi [5], intra-Golgi transport [3], neuro-
transmitter release [6] and endocytic transport [7,8]. NSF ex-
erts its effects following its recruitment, via soluble NSF at-
tachment proteins (SNAPs) [9,10], to a class of membrane
proteins collectively termed SNAP receptors (SNAREs) and
originally designated as v-(vesicular) or t-(target) SNAREs
[11]. ATP hydrolysis by NSF leads to dissociation of itself
and SNAPs from the SNAREs and to disassembly of SNARE
protein complexes in vitro [12].

It was originally suggested that disassembly of SNARE
complexes, and particularly, disruption of v-SNARE/t-
SNARE pairing would occur following transport vesicle dock-
ing as a late step leading to membrane fusion [12]. This model
has been extensively debated [13] and it is now clear that
SNAP and NSF can function prior to vesicle docking in var-
ious systems [14-19] and that SNARE complex disassembly
and disruption of v-SNARE/t-SNARE interaction by SNAP
and NSF can occur on isolated transport vesicles [16,17] as a
prelude to their docking and fusion [16]. In addition to this
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event, another role of SNAP and NSF has been uncovered, in
which they also prime t-SNAREs for their subsequent func-
tion [16,20]. In vitro, SNAP and NSF action can modify the
conformation of the neuronal t-SNARE syntaxin 1A such
that it can no longer bind o-SNAP or the v-SNARE
VAMP [20] and in yeast vacuole-vacuole fusion Secl8p and
Secl17p have a direct and essential priming action on vacuoles
containing t- but not v-SNARESs [16]. The priming reaction,
which requires ATP hydrolysis by NSF, thus consists of dis-
tinct molecular events including SNARE complex disruption
and also specific priming of t-SNARESs for their subsequent
role in vesicle docking and fusion [16]. The molecular events
during ATP hydrolysis and the chaperone-like action of NSF
[13] are thus crucial in the steps leading to transport vesicle
fusion with target membranes.

It has previously been demonstrated that, while SNAPs
cannot efficiently bind NSF in solution, they can do so fol-
lowing their immobilisation on plastic [9]. This has been pre-
sumed to be due to generation of a conformational change in
SNAPs similar to that occurring on binding to SNARE:s [9].
We have previously demonstrated that plastic-immobilised
SNAPs not only recruit NSF but also stimulate its ATPase
activity [21-23]. Evidence that this activation is physiologi-
cally significant includes the finding that a-SNAP stimulates
hydrolysis by the D1 but not the D2 ATPase domain of NSF
[24] and only the ATPase activity of the D1 domain is abso-
lutely essential for NSF function in vesicular traffic [25]. In
addition, mutations near the C-terminus of o-SNAP abolish
its ability to stimulate NSF ATPase activity and such mutant
proteins can no longer support SNARE complex disassembly
or secretory vesicle fusion [26]. We examine here the ability of
a-SNAP to stimulate NSF in a complex with the t-SNARE
syntaxin 1A. This SNARE protein is the major neuronal
SNAP receptor [20], has an essential role in regulated exocy-
tosis [27-29] and syntaxin homologues are required for vari-
ous other intracellular fusion events [15,16,27]. The data pre-
sented indicate that ATP hydrolysis by NSF is activated
within an NSF/o-SNAP/syntaxin 1A complex suggesting
that this activation is a key molecular event in the t-SNARE
priming reaction.

2. Materials and methods

2.1. Buffers

ATPase buffer: 100 mM KCl, 25 mM Tris, 2 mM MgCl,, 0.6 mM
ATP, 0.5 mM DTT, 10% (v/v) glycerol, pH 7.4. Binding buffer: 150
mM NacCl, 20 mM HEPES, 2 mM MgCl;, | mM DTT, 0.5% (v/v)
Triton X-100, pH 7.4. GST elution buffer: 50 mM Tris-HCI, 10 mM
reduced glutathione, pH 8.0.

2.2. Plasmid constructs

A plasmid encoding essentially the full length cytoplasmic domain
of syntaxin 1A (amino acids 4-266) fused to glutathione-S-transferase
(GST) was a gift from Dr R. Scheller (Howard Hughes Medical In-
stitute, Stanford University, CA, USA). A truncated syntaxin consist-
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ing of the H3 domain (synt 195-263) was amplified by PCR using Taq
polymerase. The primers used contained restriction endonuclease sites
to permit subcloning into the pGex 4T-2 vector (Pharmacia). Expres-
sion from this vector generates GST fusion proteins where the GST
moiety is attached, via a thrombin cleavable linker region, to the N-
terminus of the cloned protein. Primers used for amplification were as
follows: sense: EcoRI 5'-GCCCGAATTCAGATCGAGACCAGG-
CACAGT-3'; antisense: Xhol 5’-CCCCCTCGAGTTACCTGCGT-
GCCTTGCTCTGG-3'. The amplified PCR product was ligated into
pGex4T-2 and checked by automated sequencing.

2.3. Recombinant protein expression

GST-syntaxin fusion protein constructs were expressed in E. coli
M15 [pREP4] cells (Qiagen) and protein expression induced using
1 mM isopropyl-1-thio-f-p-galactopyranoside for 4 h. Proteins were
purified from cytosolic fractions on glutathione-Sepharose 4B (Phar-
macia) and eluted by application of buffer containing 10 mM reduced
glutathione. NSF, o-SNAP and a-SNAP mutant constructs [24] were
expressed as Hisg-tagged proteins and purified using Nickel-NTA
agarose (Qiagen) according to published methods [10,26]. GST-
VAMP was a gift from Dr Clifford Shone (PHLS, Salisbury, UK).

2.4. NSF ATPase assays

For analysis of the ATPase activity of NSF immobilised on plastic,
a-SNAP and o-SNAP mutant proteins were immobilised by a 20-min
incubation in 1.5 ml polypropylene Eppendorff tubes at room temper-
ature (5 ug protein in a final volume of 20 pul). SNAP solutions were
discarded and 50 pl NSF (20 pg/ml, 0.044 uM) in ATPase buffer
added to each tube. For every condition, control tubes were incubated
with 50 pl of NEM-inactivated NSF (2 mM NEM for 20 min on ice).
All samples were then incubated for 1 h at 37°C and ATPase activity
measured using a spectrophotometric method [30,31]. Corrections for
contaminating ATPase and endogenous phosphate in protein samples
were made by subtracting the NEM-treated control values from the
non-NEM-treated incubations.
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For analysis of NSF ATPase activity during SNARE priming, syn-
taxin constructs (at 5 UM unless otherwise stated) and o-SNAP or o-
SNAP mutants (2.5 uM) were preincubated on ice for 2 h together in
glass test tubes. NSF was then added to a final concentration of 50
nM, the concentration based on NSF as a hexameric protein [32], in a
final reaction volume of 50 pl. All samples were then incubated for 1 h
at 37°C and ATPase activity determined as described above with
NEM-treated NSF samples run as controls for all conditions. All
data are shown with NEM-treated control values subtracted. These
values were closely similar under all conditions.

2.5. GST-syntaxinlo-SNAPINSF binding and disassembly assay

GST syntaxin 4-266 and GST syntaxin 195-263 (1 uM) were im-
mobilised onto 40 pl of a 50% slurry of GST-Sepharose in a 30-min
incubation at 4°C. o-SNAP was then added to a final concentration
of 5 uM in a total volume of 100 pul of binding buffer. Incubations
were then continued for a further 2 h at 4°C with periodic agitation.
Sepharose bound syntaxin/SNAP complexes were then pelleted by
brief centrifugation and supernatants removed. NSF in either binding
buffer, or binding buffer with excess EDTA (5 mM) was added to
each condition at 100 nM in a total volume of 100 ul and incubations
continued for a further hour at 4°C. GST-Sepharose was again pel-
leted and washed twice with 1 ml of the appropriate binding buffer
(with or without EDTA). Finally beads were removed to fresh cen-
trifuge tubes and bound proteins solubilised by boiling in the presence
of 40 pl SDS dissociation buffer. Bound NSF was analysed by SDS-
PAGE on 15% polyacrylamide gels and immunoblotting.

2.6. GST-syntaxinlo-SNAP binding assay

GST-synt(195-263) at 5 uM was incubated with 2.5 uM o-SNAP or
a-SNAP mutants in a total volume of 100 pul of binding buffer for 2 h
at 4°C with periodic mixing. 20 pl of a 50% slurry of GST-Sepharose
was then added to each condition and incubation continued for a
further 1 h at 4°C. GST-Sepharose was pelleted by centrifugation at
13000 rpm in a microfuge for 1 min and supernatants discarded. Each

Fig. 1. GST-Syntaxin constructs, analysis of purified proteins and binding of NSF. A: Schematic representation of syntaxin 1A and the two
syntaxin GST-fusion proteins used in this study. B: SDS-PAGE analysis of purified GST-synt(195-263) and GST-synt(4-266). C: Association
of NSF with a-SNAP and syntaxin GST-fusion proteins in the presence of MgATP or with excess EDTA to prevent ATP hydrolysis.
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pellet was washed twice with binding buffer and bound proteins solu-
bilised by boiling in 50 ul SDS dissociation buffer. Bound His-tagged
SNAPs were analysed by SDS-PAGE on 15% polyacrylamide gels and
immunoblotting with monoclonal anti-polyhistidine antibody (Sigma).

3. Results

Assembly of SNAP and NSF onto a t-SNARE protein,
subsequent disassembly of this complex and priming of the
t-SNARE have been demonstrated in a minimal system con-
sisting of a-SNAP, NSF and syntaxin 1A [20]. We examined
whether SNAP-activation of the NSF ATPase would occur in
the minimal complex of these three proteins. In this system,
the primed syntaxin 1A cannot subsequently rebind o-SNAP
or NSF [20] suggesting that only short-lived stimulation of
NSF ATPase activity would occur under these conditions.
In contrast, constructs in which only the H3 domain of syn-
taxin 1A is fused to GST can bind o-SNAP and NSF but do
not support ATP-dependent disassembly and NSF and o-
SNAP remain bound in the presence of MgATP [20,33,34].
A complex formed with an H3 domain construct could poten-
tially support continued ATPase activation. We aimed, there-
fore, to compare NSF ATPase activity in complexes contain-
ing the cytoplasmic domain of syntaxin 1A or only the H3
domain as GST fusion proteins (Fig. 1A,B). The two syntaxin
1A constructs were found to bind o-SNAP and the ability of
both GST-synt(4-266) and GST-synt(195-263) to recruit o-
SNAP and NSF but only GST-synt(4-266) to support ATP-
dependent disassembly of NSF was demonstrated with the
constructs used here (Fig. 1C).

When o-SNAP and NSF are combined in glass tubes, rel-
atively little activation of NSF ATPase activity occurs as the
proteins do not efficiently associate under these conditions
[21]. In the present experiments, a-SNAP was added in a large
molar excess over NSF to ensure maximal activation of the
NSF ATPase. At these molar ratios a low level of activation
of NSF due to o-SNAP alone was seen in all experiments.
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Addition of increasing amounts of GST-synt(4-266) or the H3
domain construct GST-synt(195-263) to a-SNAP and NSF in
glass resulted in a stimulation of NSF ATPase activity over
that due to a-SNAP alone (Fig. 2A). For reasons that are
unclear, higher concentrations of the GST syntaxin constructs
were less effective. The peak stimulation (at 5 uM syntaxin)
was consistently greater for GST-synt(195-263) (4.51+0.52-
fold, compared to control which in this case had both o-
SNAP and NSF present, n=8 experiments) than for GST-
synt(4-266) (1.96 £ 0.15-fold, n=7). A difference in the extent
of stimulation cannot be explained by differences in NSF re-
cruitment to the syntaxin constructs (Fig. 1C). It is, however,
consistent with the behaviour of the complexes of these pro-
teins in previous assembly/disassembly studies [20,33,34] and
as shown in Fig. 1C, and suggests that in the non-disassem-
bling complex with the H3 domain construct continuing futile
cycles of ATP hydrolysis occur. The stimulation of the NSF
ATPase was specific since no significant stimulation over that
due to a-SNAP alone was seen in the presence of GST or of
GST-VAMP (Fig. 2B). In this experiment GST-synt(195-263)
present with o-SNAP gave a 9-fold stimulation of NSF ATP-
ase activity compared to that of NSF alone without added
o-SNAP (Fig. 2B, column 4 vs. column 1).

In order to establish that the stimulation of NSF ATPase
activity by syntaxin 1A is a specific a-SNAP mediated proc-
ess, we used a series of a-SNAP mutants [26]. We first exam-
ined the ability of these mutant o-SNAPs to bind to GST-
synt(195-263). The a-SNAP (L294A) and o-SNAP(1-285)
bound to GST-synt(195-263) to a similar extent as wild-type
o-SNAP (Fig. 3). In contrast, the two mutants with large C-
or N-terminal deletions, o.-SNAP(1-200) and o-SNAP(121-
295) gave little or no detectable binding. In the plastic-immo-
bilisation assay, a-SNAP (L294A) and o-SNAP(1-285) can
bind NSF but cannot stimulate its ATPase activity [26]. In
the present experiments this was confirmed and it was also
seen that a-SNAP(1-200) could not stimulate NSF ATPase
activity on plastic but the N-terminally deleted a-SNAP(121-
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Fig. 2. Effect of GST-fusion proteins on SNAP-activation of the NSF ATPase activity. A: GST-synt(4-266) or GST-synt(195-263) were added
at various concentrations to incubations containing 2.5 UM o-SNAP and 50 nM NSF and ATPase activity was determined. For each condi-
tion, control values from NEM-treated NSF incubations were subtracted (n=4). B: NSF (50 nM) was incubated alone with 2.5 uM o-SNAP
or with o-SNAP plus GST-synt(4-266), GST-synt(195-263), GST or GST-VAMP, all at 5 uM. All data are shown with NEM-treated controls

subtracted (n=4).
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Fig. 3. Analysis of binding of a-SNAP and a-SNAP mutants to
GST-synt(195-263). GST-synt(195-263) at 5 uM was incubated with
2.5 uM a-SNAP or a-SNAP mutants as indicated. GST-synt(195—
263) and any bound o-SNAPs were recovered on glutathione-Se-
pharose beads and bound o-SNAPs detected using anti-polyhistidine
antibody that recognises the Hisg-tag in all of the a-SNAPs. The
positions of migration of o-SNAP(1-200) and o-SNAP(121-295)
which did not bind are indicated by the upper and lower arrows, re-
spectively. No binding of a-SNAP to beads alone was detected.

295) did so (Fig. 4A). In incubations in glass with GST-
synt(195-263), activation of NSF ATPase activity only oc-
curred to any significant extent with wild-type o-SNAP (11-
fold over that due to NSF alone) and not with any of the o-
SNAP mutants (Fig. 4B). The lack of ability of a-SNAP
(L294A), o-SNAP(1-285) and a-SNAP(1-200) to stimulate
the NSF ATPase is consistent with the plastic-immobilisation
assay in which they are inactive. In contrast, a-SNAP(121-
295) could stimulate NSF on plastic but not in conjunction
with GST-synt(195-263) (Fig. 4B) presumably due to its in-
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ability to bind to GST-synt(195-263) (Fig. 3). These data
show that the stimulation of NSF ATPase activity requires
an o-SNAP that can bind syntaxin. Binding and complex
formation is, however, not sufficient and ATPase activation
cannot occur with o-SNAP constructs with C-terminal muta-
tions that have previously been shown to be inactive in both
NSF ATPase activation on plastic and in SNARE complex
disassembly [26].

4. Discussion

We have demonstrated that NSF ATPase activity is stimu-
lated following assembly of -SNAP and NSF into a complex
with the t-SNARE syntaxin 1A in a specific process that re-
quires assembly of the three components since a-SNAP mu-
tants that cannot bind the H3 domain of syntaxin 1A do not
stimulate the NSF ATPase. Another SNARE, VAMP, was
unable to stimulate NSF ATPase in the presence of o-
SNAP consistent with its inability to detectably bind o-
SNAP in the absence of other SNARE proteins [20,33,34].
Finally, assembly into a complex is insufficient for NSF ATP-
ase activation as o-SNAPs with C-terminal mutations were
unable to stimulate NSF ATPase in the presence of GST-
synt(195-263) despite their ability to bind to this protein.
This lack of stimulation was consistent with the inability of
these C-terminal mutants to stimulate NSF ATPase after im-
mobilisation on plastic. These latter findings support the idea
that activation of NSF ATPase activity by immobilised o-
SNAP is a faithful representation of a physiologically occur-
ring process normally requiring assembly onto a SNARE pro-
tein and emphasises the crucial nature of the C-terminus of o-
SNAP for a productive NSF/a-SNAP/SNARE interaction
[26].

It seems likely that activation of the NSF ATPase by o-
SNAP within a SNARE complex is a crucial event for sub-
sequent complex disassembly and t-SNARE priming as pre-
viously suggested from the inability of C-terminally mutated
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Fig. 4. Stimulation of NSF ATPase activity by a-SNAP and effects of o-SNAP mutants. A: Effect of o-SNAP and indicated mutants in a
plastic-immobilisation assay with 5 pg per tube o-SNAP and 1 pg NSF showing the inability of o-SNAP (L294A), a-SNAP(1-285) and o-
SNAP(1-200) to stimulate NSF ATPase activity whereas wild-type o.-SNAP and o-SNAP(121-295) could do so (2=4). B: Comparison of the
effect of o-SNAP and indicated o-SNAP mutants to activate NSF ATPase in glass in the presence of GST-synt(195-263). The first two incuba-
tions contained NSF alone or NSF and o-SNAP. The other incubations contained NSF, a-SNAP or a-SNAP mutants and GST-synt(195-263).
Only wild-type o-SNAP was able to significantly stimulate NSF ATPase activity in the presence of GST-synt(195-263) (n=4).
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o-SNAPs to support NSF-dependent disassembly of VAMP
from SNARE complexes immunoprecipitated from brain
membranes [26]. These previous findings suggested that the
intrinsic ATPase activity of NSF is insufficient for the disrup-
tion of v-SNARE/t-SNARE interaction [26] and that the in-
crease in ATPase activity due to a-SNAP stimulation of the
D1 domain of NSF [24] is essential. It is not known for cer-
tain whether simultaneous ATP hydrolysis by all NSF sub-
units within the hexamer is required for the action of NSF in
SNARE complex disruption but this is likely as NSF contain-
ing only a single non-enzymatically active subunit is non-func-
tional in Golgi transport assays [25]. The maximal level of
stimulation of the NSF ATPase seen here in the presence of
o-SNAP and GST-synt(195-263) was considerably greater
(around 10-fold increase over NSF alone) than that previously
observed [21-23,26] in the plastic-immobilisation assay and
indicates that a substantial increase in NSF ATPase activity
occurs within a SNARE complex. By analogy with well char-
acterised molecular chaperones it could be envisaged that the
chaperone-like action of NSF would require one or more
cycles of concerted ATP hydrolysis to allow correct re-folding
of the t-SNARE to occur. It is possible that activated NSF
functions as a conformational quality control check by con-
tinuing to hydrolyse ATP in the complex until the correctly
printed t-SNARE conformation is achieved.

The correct interaction of SNARE, SNAP and NSF to
allow NSF ATPase activation may be an important molecular
switch that, when tripped, initiates SNARE complex disas-
sembly and t-SNARE priming. If so, cycles of nucleotide
binding and hydrolysis by NSF would determine SNARE
conformation. NSF in the ATP-bound state would interact
with  SNAREs via SNAPs [32,35]. Formation of the
SNARE/SNAP/NSF complex would activate the NSF ATP-
ase resulting in t-SNARE priming and conversion of NSF
into the ADP bound state which is unable to interact with
SNAPs/SNARESs [32,35] and so release NSF from the com-
plex. Exchange of ADP for ATP would then complete the
cycle and allow NSF to catalyse another round of priming.
This hypothetical model is very similar to that proposed for
the rab GTPases, in which only rabs in the GTP-bound state
are able to interact with their membrane effectors, and where
GTPase activity results in conversion to the GDP-bound form
which allows release of rab into the cytosol. Exchange of
GDP for GTP then completes the cycle. Although there are
differences between the two proposed cycles (e.g. nucleotide
hydrolysis by NSF enables subsequent membrane fusion,
whereas the time spent by rabs in the GTP-bound state acts
as a fusogenic window of opportunity [36]), the similarities are
intriguing in view of the requirement for both proteins in
membrane traffic. In particular, since rab GTP/GDP exchange
and GTP hydrolysis are precisely regulated by various pro-
teins, it may be that NSF nucleotide binding and hydrolysis
are also under tight control by protein factors other than
SNAPs and SNAREs during the complex membrane fusion
process.
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