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ABSTRACT: The N-ethylmaleimide sensitive factor (NSF) plays a critical role in intracellular trafficking
by disassembling soluble NSF attachment protein receptor (SNARE ) complexes. The NSF protomer
consists of three domains (NSF-N, NSF-D1, and NSF-D2). Two domains (NSF-D1 and NSF-D2) contain
a conserved∼230 amino acid cassette, which includes a distinctive motif termed the second region of
homology (SRH) common to all ATPases associated with various cellular activities (AAA). In hexameric
NSF, several SRH residues become trans elements of the ATP binding pocket. Mutation of two conserved
arginine residues in the NSF-D1 SRH (R385A and R388A) did not effect basal or soluble NSF attachment
protein (SNAP)-stimulated ATPase activity; however, neither mutant underwent ATP-dependent release
from SNAP-SNARE complexes. A trans element of the NSF-D2 ATP binding site (K631) has been
proposed to limit the ATPase activity of NSF-D2, but a K631D mutant retained wild-type activity. A
mutation of the equivalent residue in NSF-D1 (D359K) also did not affect nucleotide hydrolysis activity
but did limit NSF release from SNAP-SNARE complexes. These trans elements of the NSF-D1 ATP
binding site (R385, R388, and D359) are not required for nucleotide hydrolysis but are important as
nucleotide-state sensors. NSF-N mediates binding to the SNAP-SNARE complex. To identify the structural
features required for binding, three conserved residues (R67, S73, and Q76) on the surface of NSF-N
were mutated. R67E completely eliminated binding, while S73R and Q76E showed limited effect. This
suggests that the surface important for SNAP binding site lies in the cleft between the NSF-N subdomains
adjacent to a conserved, positively charged surface.

TheN-ethylmaleimide sensitive factor (NSF)1 was one of
the first proteins identified to play a role in vesicular
trafficking (1). Since that time, NSF has been shown to be
required for almost every intracellular trafficking event in
the cell (reviewed in refs2 and 3). The membrane fusion
events central to vesicular trafficking are facilitated by the
formation of a heterotrimeric or heterotetrameric complex
of integral membrane proteins called soluble NSF attachment
protein receptors (SNAREs; reviewed in refs4-6). NSF acts
as a chaperone or “protein unfoldase” by disassembling
complexes of SNARE proteins once membrane fusion has
been completed (reviewed in refs3, 7, and8). NSF can also
affect the disassembly and rearrangement of complexes that
do not contain the full complement of SNARE proteins (9-

11). Adaptor proteins called soluble NSF attachment proteins
(SNAPs) bind NSF to SNARE complexes (12, 13), forming
the so-called 20S complex (14, 15). Once the SNAP-
SNARE complex is bound, interactions with SNAPs stimu-
late the ATPase activity of NSF and promote SNARE
complex disassembly (16, 17).

NSF is a homohexameric protein (18) whose protomers
can be divided into three domains (19): an N-terminal
domain (NSF-N, a.a. 1-205), and two ATP binding domains
(NSF-D1, a.a. 206-477; NSF-D2, a.a. 478-744). Studies
show that each domain distinctly contributes to the overall
function of the NSF protein: NSF-N is required for SNAP
binding; NSF-D1, the first ATP binding domain, is required
for SNARE complex disassembly; and NSF-D2 is required
for hexamerization (17, 20-23). As compared to NSF-D2,
NSF-D1 has a lower affinity for ATP and accounts for the
majority of NSF basal and SNAP-stimulated ATPase activity
(17, 22, 23). One potential reason for the low hydrolytic
activity of NSF-D2 may be Lys631, which interacts directly
with theγ-phosphate of ATP bound to an adjacent protomer
in the NSF-D2 hexamer (24, 25). This residue, which is
substituted for asparatic acid in NSF-D1, is proposed to
disrupt the charge distribution during ATP hydrolysis (24,
25).

Both of the ATP binding domains of NSF contain the
230-250 amino acid motif that is the hallmark of the AAA
family of cellular ATPases (26-28). AAA proteins use ATP
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hydrolysis to carry out a wide range of cellular processes,
from facilitating membrane fusion to protein degradation
(reviewed in ref29). As with other nucleotide-binding motifs,
the AAA sequence contains both Walker A and B motifs,
which make up the core of the ATP binding site. Mutational
analysis shows that these motifs are important for both
nucleotide binding and hydrolysis (17, 20, 21). The AAA
domains of a number of proteins have a very similar overall
structure. NSF-D2 (24, 25), p97/VCP-D1 (30), HsIU (31,
32), RuvB (33), and the clamp loader complex(34) all have
anR/â subdomain that contains the nucleotide binding pocket
and a C-terminal helical subdomain that lies close to the
nucleotide-binding pocket. One unique feature of the AAA
cassette is the so-called second region of homology (SRH).
The SRH is a highly conserved region of∼18 amino acids
located within the nucleotide-binding subdomain (27, 28).
Residues at the N-terminal end of the SRH are in close
proximity (<8 Å; see ref30) to the phosphates of the bound
nucleotide. Mutation of one of these residues Thr394 in
Sec18p to a proline eliminates ATPase activity (35). Several
AAA proteins are hexameric (36) and, in that state, observed
in the crystal structures of NSF-D2 (24, 25), HsIU (31, 32)
and p97-D1 (30), some of the C-terminal residues of the SRH
form part of the interprotomer interface. Because of this trans
arrangement, these residues become part of the nucleotide-
binding pocket of an adjacent protomer and are proposed to
function in nucleotide binding and hydrolysis or in nucle-
otide-state sensing(34, 37-39).

NSF-N is required for SNAP binding. Truncation mutants
lacking NSF-N are hexameric and have basal ATPase activity
but fail to bind SNAP-SNARE complexes (22, 40). NSF-N
(41, 42) and its yeast equivalent Sec18-N (43) are composed
of two subdomains connected by a linker of variable length.
The first subdomain (NA, 1-83) is made up of sixâ strands
arranged in a barrel with two “ψ loops” containing shortR
helices (R1 andR2) extending over the top. This so-called
doubleψ â barrel (DPBB) is found in several other proteins
and theψ loops have been associated with substrate binding
(44). The second subdomain (NB) is composed of fourâ
strands wrapped around a single amphipathicR helix.
Interestingly, despite limited sequence conservation, there
is significant structural similarity between NSF-N and the
analogous N domains of both p97/VCP (30) and VAT (45).

Because NSF-N is important for SNAP-SNARE binding,
structural analysis has focused on identifying regions that
could serve as binding sites for the acidic C terminus of
SNAPs (42, 46, 47). Three “grooves” of sufficient size are
present in NSF-N (42). Given thatψ loops of DPBB domains
are often involved in ligand binding (44), it is of note that
the R2 helix, in the secondψ loop of NSF-NA, contains a
highly conserved arginine residue, Arg67. The Arg67 side
chain is exposed on the surface that bounds one side of a
surface groove on NSF-N, which has been proposed to be
the likely SNAP binding site (42). The analogous groove in
p97-N also contains an arginine residue (Arg89) equivalent
to Arg67 in NSF.

The experiments presented here begin to address which
specific regions of the protomer are important for three
aspects of NSF activity: (1) nucleotide hydrolysis, (2)
SNAP-SNARE complex binding, and (3) NSF-SNAP-
SNARE complex disassembly.

EXPERIMENTAL PROCEDURES

Reagents.ATP was obtained from Boehringer Mannheim
Biochemicals (Indianapolis, IN). [R32P]-ATP (800 Ci/mmol)
was from ICN (Costa Mesa, CA). Pure nitrocellulose
membranes (0.2µm) for immunoblotting were purchased
from Schleicher & Schuell (Keene, NH). Horseradish per-
oxidase conjugated anti-immunoglobulin secondary antibod-
ies were from Sigma (St. Louis, MO), and SuperSignal
chemiluminescent substrate was purchased from Pierce
(Rockford, IL). Polyethyleneimine cellulose plates for thin-
layer chromatography were from Selecto Scientific (Nor-
cross, GA). Glutathione, immobilized on cross-linked 4%
beaded agarose, was from Sigma. All chemicals were of
reagent grade.

Production and Purification of Recombinant Proteins and
Mutants.Wild-type His6-NSF and His6-NSF mutants were
produced as recombinant proteins inEscherichia coliand
purified as described (22). Site-directed mutagenesis was
accomplished using the QuickChange kit according to
manufacturer’s instructions (Stratagene, La Jolla, CA), and
mutations were confirmed by dideoxy nucleotide sequencing.
Recombinant His6-R-SNAP, His6-SNAP-25, and GST-syn-
taxin 1 (cytoplasmic domain) were prepared as previously
described (9, 10, 22). Protein concentrations were measured
with the BioRad protein assay reagent (BioRad, Hercules,
CA) using ovalbumin as a standard.

Gel Electrophoresis and Immunoblotting.Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
was performed under reducing conditions on 10% slab gels
in a discontinuous buffer system (48). Western blotting onto
nitrocellulose was performed according to standard tech-
niques (22) using 5% powdered milk in Tris-buffered saline
to block nonspecific interactions. Horseradish peroxidase
conjugated anti-mouse immunoglobulin antibodies were used
as secondary reagents. SuperSignal substrate was used to
visualize the immunodecorated antigens using X-OMAT
X-ray film (Eastman Kodak Co., Rochester, NY), and the
film was developed using a medical film processor Konica
QX-70 (Picker, Cleveland, OH).

SNAP-SNARE Complex Binding Assay.The complex
formation procedure was modified from previously described
methods (17). Briefly, GST-syntaxin 1 was incubated with
preswollen, glutathione-agarose beads (100µg of protein/
100µL of beads) at 4°C in phosphate-buffered saline with
0.01% (v/v) Tween 20, 0.1% (v/v)â-mercaptoethanol, and
2 mM EDTA. After 1 h, the beads were washed four times
(0.5 mL each) in the same buffer, and then equal volumes
of the beads (and therefore an equal amount of SNARE
complexes) were aliquotted into the reaction tubes. Complex
formation reactions were performed in a final volume of 500
µL containing 15µL of beads with GST-syntaxin 1 in
binding buffer (20 mM HEPES/KOH (pH 7.4), 250 mM
imidazole, 150 mM potassium acetate, 5 mM EGTA, 2.5
mM AMP-PNP, 5 mM MgCl2, 1% (w/v) glycerol, 1% (w/
v) Triton X-100, and 10% (w/v) ovalbumin) and saturating
amounts ofR-SNAP, SNAP-25, and wild-type or mutant
NSF. After 3 h at 4°C, the beads were washed five times (1
mL each) with binding buffer without ovalbumin. The bound
proteins were eluted with an SDS-PAGE sample buffer and
analyzed by western blotting using the anti-NSF monoclonal
antibody 2E5 (20), which equally detects both mutant and
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wild-type NSF. The binding of wild-type and mutant NSF
was always SNAP-dependent.

To measure the release of bound NSF from SNAP-
SNARE complexes, the complexes, were preformed on the
GSH-agarose beads and incubated for 45 min at 25°C in
a binding buffer with the AMP-PNP replaced with 5 mM
ATP. The beads were recovered by centrifugation, and the
bound proteins were eluted with an SDS-PAGE sample
buffer. The dissociated proteins, in the supernatant, were
precipitated with 10% (w/v) trichloroacetic acid, and both
bound and released samples were analyzed by western
blotting.

ATPase Assay of NSF.ATPase assays were performed as
a modification of previously described methods (10) using
[R32P]-ATP in a buffer containing 25 mM Tris HCl (pH 7.6),
100 mM KCl, 0.5 mM 1,4-dithiothreitol, 1 mM MgCl2, 1%
glycerol, 1 mM ATP, 10µCi of [R32P]-ATP, and 10µg of
wild-type or mutant NSF. To measure the effect of SNAP-
SNARE complexes on wild-type or mutant NSF, ATPase
reaction mixes were added directly to preformed SNAP-
SNARE complexes and then incubated at 25°C. After
incubation, aliquots (2µL) of each reaction were spotted on
a polyethyleneimine thin-layer plate and chromatographed
in 0.7 M LiCl and 1 M acetic acid. Plates were dried and
then analyzed using a PhosphoImager from Molecular
Dynamics (Sunnyvale, CA). ATPase activity was measured
by determining the percent of [R32P]-ADP produced relative
to the total nucleotide present. In none of the reactions was
any [R32P]-AMP produced. The binary syntaxin 1-SNAP-
25-SNARE complex was used in these experiments because
it had been previously shown to cause maximal stimulation
of the ATPase activity of NSF in these assays (10).

RESULTS AND DISCUSSION

Production of Recombinant NSF and Mutants.Three
specific regions were examined by mutagenesis to determine
their role in NSF activity. The first two are predicted to
function in nucleotide hydrolysis. The third region has been
proposed to be important for SNAP-SNARE binding. For
region 1, on the basis of its proximity to theγ-phosphate of
the ATP bound by an adjacent protomer in the NSF-D2
hexamer, Lys631 is predicted to disrupt charge distribution
during γ-phosphate cleavage and therefore limit ATP hy-
drolysis by NSF-D2 (24, 25). Conversely, the equivalent
residue in NSF-D1 (Asp359) is proposed to have a positive
effect on nucleotide hydrolysis (37). K631D and D359K
mutants were created to determine the effect these residues
have on nucleotide hydrolysis and NSF function. For region
2, two highly conserved arginine residues, present in the
C-terminus of SRH of most AAA proteins, are important
for both nucleotide hydrolysis and protease activity of
bacterial FtsH (38). To determine the role of the equivalent
residues in NSF, Arg385 and Arg388 were each changed to
alanine. A double mutant (D359K-R385A) was produced
to determine if a loss of one positive charge in the ATP
binding site could be compensated for by the addition of a
second in a proximal position. For region 3, theψ loops of
DPBB domains often contain residues with functional
importance (44). In NSF-N, the second loop of NSF-NA

contains a highly conserved arginine residue (Arg67) that
lies close to one of the surface grooves which is proposed

to participate in SNAP binding (42). Mutagenesis of Arg67
along with two other nearby highly conserved residues (Ser73
and Gln76; see Figure 5C) was undertaken, and the resulting
mutants were tested for SNAP-SNARE complex binding.

Recombinant NSF and the point mutants were produced
in E. coli as previously described (20, 22). In each case, the
proteins were initially purified by Ni2+-NTA-agarose affinity
chromatography, concentrated, and then further purified by
sizing chromatography on Superose 6 (Figure 1). This second
purification step assured the oligomeric nature of all recom-
binant proteins. Wild-type NSF and all mutant NSF proteins
showed the same fractionation profile on Superose 6 (data
not shown).

Basal and Stimulated ATPase ActiVity. Previous studies
demonstrated that NSF has a low basal ATPase activity (4
mmol/mg/min (19)), which is stimulated 2-10-fold by the
addition of SNAP-SNARE complexes (10, 16, 23). The
mutant proteins were tested to determine if they had basal
ATPase activity and whether SNAP-SNARE complexes
could stimulate that activity. Basal ATPase activity was
detected for each of the mutants tested, and it did not
significantly differ from that of wild-type NSF (Figure 2A).
The lack of increase in basal ATPase activity for the K631D
mutant suggests that Lys631 is not solely responsible for
the catalytic inactivity of NSF-D2. Because any increase in
nucleotide hydrolysis by NSF-D2 could be masked by the
higher activity of NSF-D1, the same mutation (K631D) was
made in isolated NSF-D2. The mutant domain was oligo-
meric, migrating as did wild-type NSF-D2 on sizing chro-
matography, but there was no detectible increase in ATP
hydrolysis activity (data not shown). In the converse experi-
ment, a lysine residue placed in the analogous position
(D359) of NSF-D1 had little significant effect on ATPase
activity. Unexpectedly, the single mutation of either Arg385
or Arg388 (in the SRH) or the double mutation of Arg385
and Asp359 had no significant effect on basal ATPase
activity. As expected, none of the mutations made in NSF-N
affected basal ATPase activity (Figure 2A and data not
shown).

The binary SNARE complex of syntaxin and SNAP-25
together withR-SNAP was previously shown to provide
maximal stimulation of NSF ATPase activity (10). When
this complex was added to the ATPase assays, each of the
mutants, except R67E, showed a 5-6-fold increase in

FIGURE 1: Recombinant protein preparations. Wild-type and mutant
NSF proteins were expressed inE. coli and purified sequentially
on Ni2+-NTA agarose and Superose-6 columns. Each lane contains
5 µg of the indicated protein preparation. The 10% SDS-PAGE
gel was stained with Coomassie Brilliant Blue.

532 Biochemistry, Vol. 41, No. 2, 2002 Matveeva et al.



ATPase activity, which was comparable to wild-type NSF.
The R67E mutant failed to bind to the SNAP-SNARE
complex and, therefore, was not stimulated (see Figure 4).
The ATPase activity of all mutants was inhibited by prior
treatment with NEM (5 mM for 30 min on ice, data not
shown). The SNAP-SNARE complex on its own showed
only background levels of nucleotide hydrolysis (Figure 2A,
last set of lanes).

The observation that each mutant had apparently normal
ATPase activity suggests that D359 and the arginine residues
at the C-terminal end of the SRH have no significant effect
on ATP hydrolysis by NSF-D1. This is surprising when
compared to the bacterial AAA protein FtsH, where mutation
of equivalent residues has a dramatic effect on ATPase
activity (38). In those studies, it was proposed that the

arginine residues act in trans on the ATP bound by the
adjacent protomer to assist in nucleotide hydrolysis. Con-
sistent with this, monomeric FtsH does not have detectable
ATPase activity (38). For NSF, this is apparently not the
case. To address this point further, we examined a mono-
meric form of NSF, NSF-N-D1. Shown in Figure 2B, NSF-
N-D1 has basal ATPase activity as previously reported (22).
The ATPase activity increased by 4-fold upon addition of
SNAP-SNARE complexes. These two experiments suggest
that, for NSF, the trans contributions of the adjacent subunit
to the ATP binding site may not be required for nucleotide
hydrolysis. These data show that the structures responsible
for basal ATPase activity are contained entirely within the
N-D1 fragment and most likely do not require oligomeriza-
tion. It is, however, possible that NSF-N-D1 oligomerizes
when bound and stimulated by SNAP-SNARE complexes
but that no stable oligomer has been detected as free in
solution (20, 22). Further experimentation will be required
to determine if NSF-N-D1 can oligomerize when bound to
SNAP-SNARE complexes and whether those interactions
are sufficient to affect ATP hydrolysis.

SRH Mutants Fail to Release from SNAP-SNARE Com-
plex.Because NSF-N-D1 has ATPase activity but does not
mediate membrane trafficking (22), it is clear that other
enzymatic properties are also required for NSF function. We
next examined the ability of NSF and the mutants to bind to
and to release from the SNAP-SNARE complex in an
ATPase-dependent manner. For these experiments, wild-type
or mutant NSF was incubated with preformed SNAP-
SNARE complexes in the presence of a nonhydrolysable
ATP analogue (AMP-PNP). Binding was evaluated by
coprecipitation of NSF with the SNARE fusion protein
(GST-syntaxin). Release was evaluated by measuring the
appearance of NSF in the supernatant after incubation of the
NSF-SNAP-SNARE complex in the presence of ATP. In
Figure 3, ∼60% of the wild-type NSF, prebound to the
SNAP-SNARE complex, was released into the supernatant
when incubated with ATP. This behavior was also seen with
the NSF-D2 mutant, K631D. Consistent with previous reports
(22), the E329Q mutant of NSF-D1, shown to be defective
in ATP hydrolysis, did bind to SNAP-SNARE complexes
but was not released into the supernatant upon addition of
ATP. This mutant is frozen in the ATP-bound state and is,
therefore, unable to initiate the ATPase-dependent confor-
mational changes required for release from SNAP-SNARE
complexes. Similar behavior was seen with the D358K
mutant, the two SRH mutants (R385A and R388A), and the
double mutant (D359K/R385A). The two, R-A mutants have
the more severe defect, but none of the four mutants were
able to release from the SNAP-SNARE complex to the
extent of the wild-type NSF (Figure 3). The D359K, R385A,
R388A, and D359K/R385A mutants clearly bound to the
SNAP-SNARE complex, albeit to differing extents (Figure
3). This indicates that the mutants were able to attain the
ATP-dependent SNAP-SNARE-binding-competent confor-
mation but also suggests that the efficiency of conversion
to that conformation may be affected by the mutations.
Further quantitative binding studies will be required to
determine the binding constants for these interactions.

In summary, the D359K, R385A, R388A, and D359K/
R385A mutants can attain the conformation required for
SNAP-SNARE binding and can hydrolyze nucleotides.

FIGURE 2: Basal and SNAP-SNARE-stimulated ATPase activities
of wild-type and mutant NSF. In panel A, SNAP-SNARE
complexes were formed as described in Experimental Procedures
using 15µL of GSH-agarose beads, 20µg of GST-Syntaxin 1,
and saturating amounts of His6-RSNAP and His6-SNAP-25. Basal
and stimulated ATPase activities were measured for wild-type or
mutant (10µg) in the absence (-) or presence (+) of complex at
25 °C for 10 min in reaction buffer (total volume of 50µL). The
amount of [R32P]-ADP produced is expressed as a percentage of
the total nucleotide present in the reaction. The fold increases in
ATPase activity (stimulation) were calculated by dividing the
SNAP-SNARE-stimulated ATPase activity by the basal ATPase
activity of NSF. Panel B shows the basal and SNAP-SNARE-
stimulated ATPase activities for hexameric NSF and monomeric
NSF-N-D1. Basal and SNAP-SNARE-stimulated ATPase activities
were measured as in panel A. The amount of [R32P]-ADP produced
in 10 min at 25°C is normalized to moles of protomer present.
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However, they were unable to initiate or propagate the ATP-
dependent conformational change(s) required for release from
the SNAP-SNARE complex. This deficiency could be the
result of a lack of coordination between protomers as these
residues most likely act in trans. Such coordination is
apparently important because ATP binding by all six copies
of NSF-D1 is required for NSF activity (20).

SNAP Binding Regions of NSF-N.Arg67 is one of the most
highly conserved residues in the N domains of all known
NSF orthologues (3). This residue lies in the middle of the
R2 helix, which is part of the secondψ loop of both NSF
and Sec18p. Arg67 is also adjacent to a putative SNAP
binding region (42). Mutations were made at three conserved
positions on NSF-N: R67E, S73R, and Q76E (see Figure
5C). These mutant proteins were tested for their ability to
bind to the SNAP-SNARE complex (Figure 4). The two
mutants S73R and Q76E did bind SNAP-SNARE com-
plexes, though, with apparently lower efficiency than did
wild-type NSF. This suggests that this region of the NSF-N
surface may play a limited role in SNAP-SNARE complex
binding. Mutation of Arg67, however, completely eliminated
binding. All three mutants were hexameric and retained wild-
type levels of basal ATPase activity (Figure 2A and data
not shown).

The sequence and structural conservation of Arg67 in NSF
orthologues and other AAA proteins (i.e., p97/VCP and
VAT) suggest that this residue could play an important

functional role. Arg67 is positioned in the middle of theR2
helix of NSF-NA (Figure 5C) and similarly in p97/VCP-NA
(30) and VAT-NA (45) such that the side chain is surface-
exposed and proximal to a surface groove proposed as a
potential ligand binding site (41-43). A positive charge on
the binding surface may function as a reference point for
binding, especially for ligands with significant negative
charges such asR- andâ-SNAP. Consistent with the effect
of the Arg67 mutation, a temperature-sensitive mutation of
yeast NSF (Sec18p), Sec18-1, results in the replacement
of Gly95 with aspartic acid (41). Gly95 in Sec18p is
equivalent to Ala70 in NSF, and a change of this residue to
aspartic acid would disrupt the positioning of theR2 helix,
presumably resulting in a disruption of this surface region.
The surface region containing theR2 helix and, in particular,
the highly conserved Arg67 is clearly required for SNAP-
SNARE binding and, hence, for stimulation of NSF ATPase
activity (Figure 2A). Further mutagenesis will be required
to more fully define the boundaries of the SNAP binding
site on NSF-N.

Mechanistic Implications.Unfortunately, there is no
detailed structural information available for NSF-N-D1.
However, the structure of p97-N-D1 does provide insight
into how the mutations discussed here could affect NSF
function (see Figure 5). The surface containing the residue
equivalent to Arg67 (Arg89 in p97/VCP) is inaccessible in
the ADP-bound form of p97-N-D1 (30). In this nucleotide
state, the interdomain linker (dark-brown ribbon in Figure
5A) buries the argnine residue into the p97N-p97D1
interface. In negatively stained EM images, the ADP-bound
NSF hexamer has a barrel-like shape (49); therefore, NSF-
N-D1 could adopt a conformation similar to that shown for
ADP-bound p97-N-D1. The burial of Arg67 into the N-D1
interface would prevent the binding of SNAPs. With ATP
bound, NSF exposes a cationic surface (43) and is competent
to bind SNAPs (17, 22). Negatively stained EM images of
ATP-bound NSF suggest that the N domains can extend
radially from the central barrel core (49). This arrangement
demonstrates that NSF-N is on a flexible linker arm and is
not tucked in alongside the NSF-D1 when NSF-D1 is in the
ATP-bound state. As an additional point, one crystal form
of NSF-N contains a trimeric assembly of protomers that
has been proposed to have functional significance (41). In
this configuration, the side chains of Arg67 are exposed on
the surface of each protomer where they would be accessible
for SNAP binding. All of these data are consistent with the
model whereby NSF binds to SNAPs, when in the ATP-

FIGURE 3: ATPase-dependent release of NSF and mutants from
SNAP-SNARE complexes. Preformed NSF-SNAP-SNARE
complexes were incubated for 45 min at 25°C in the presence of
5 mM ATP. The bound (b) and released (s) proteins were analyzed
by western blotting using the 2E5 monoclonal antibody as shown
in panel A and quantified by densitometry as shown in panel B.
The data presented are representative of three distinct experiments.

FIGURE 4: Binding of NSF-N domain mutants to SNAP-SNARE
complexes. SNAP-SNARE complexes were formed as described
in Experimental Procedures from GST-Syntaxin 1,R-SNAP, SNAP-
25, and NSF or mutant in the presence of 2.5 mM AMP-PNP.
The bound proteins were eluted with an SDS-PAGE sample buffer
and analyzed by western blotting using the 2E5 monoclonal
antibody. The data presented are representative of three distinct
experiments.
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bound conformation, because the surface containing Arg67
is exposed.

On the basis of the crystal structure of the ADP-bound
form of p97 (Figure 5A,B), it is possible to see how some
of the trans residues at the C terminus of the SRH might
affect conformational changes through the hexamer. p97-
Arg362 (equivalent to NSF-Arg388) is positioned so that it
forms a salt bridge with p97-E305 (NSF-E329) from the
adjacent protomer (Figure 5B). p97-Asp333 (NSF-Asp359)
likely maintains the position of p97-Arg362 through two
hydrogen bonds (Figure 5B). Mutation of either of these two
residues would be expected to affect the formation of the
salt bridge between E305 and Arg362 and could, therefore,
disrupt nucleotide-dependent interprotomer contacts.

The role for p97-Arg359 (NSF-Arg385) is less apparent.
On the basis of its proximity to theâ-phosphate of ADP
(3.5 Å; Figure 5B) and the potential effect that aγ-phosphate,
from ATP, might have on the positioning of its side chain,
p97-Arg359 could be responsive to the nucleotide bound.
Both p97-Arg359 and p97-Phe360 have higher B factors than
the surrounding residues (30) suggesting potential disorder
or flexibility at those positions. In the clamp loader complex,
a structurally equivalent arginine (Arg169 in sensor 1) has
different conformations in each of the threeγ subunits (34).
Using crude modeling analysis, the authors suggest that a
nucleotide bound to theγ-1 subunit would affect the
conformation of the SRH inγ-2, resulting in an opening of
the site for nucleotide binding. Binding of nucleotide toγ-2
would then induce a similar conformational change in the
γ-3 subunit. Such analysis shows that this arginine in the
SRH is positioned to be responsive to the nucleotide of one
binding site and affects the conformation in the next. From
the data presented in this paper, this arginine is not required
for ATP hydrolysis by NSF, but it does play a role in the
nucleotide-dependent disengagement of the NSF hexamer
from the SNAP-SNARE complex.

While the C-terminal residues of the SRH appear to act
in trans, the N-terminal residues appear to be cis elements
of the nucleotide binding site. One highly conserved residue
at the N terminus of the SRH (Thr394 in Sec18p, equivalent
to Thr381 in NSF and Thr347 in p97) is important for
nucleotide hydrolysis (35). Mutation of Thr394 to proline
results in a dominant-negative form of Sec18p that cannot
hydrolyze ATP. These data together with the data presented
in this paper suggest that the N- and C-terminal residues of
the SRH may play distinct roles in the mechanism of AAA
proteins. The highly conserved SRH cassette may directly
connect ATP hydrolysis at one nucleotide binding site and
the structural changes of an adjacent ATP binding site. While
this insight into the mechanisms of AAA proteins will be
valuable in the design of future experiments and in the
interpretation of structural analysis, it remains to be seen
how widely applicable this mechanism will be in non-
olgimeric AAA family members.
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