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Analysis of NSF Mutants Reveals Residues Involved in SNAP Binding and ATPase
Stimulatior!
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ABSTRACT. N-Ethylmaleimide-sensitive fusion protein (NSF) and its yeast orthologue, Secl8, are
cytoplasmic AAA" ATPases required for most intracellular membrane fusion events. The primary function
of NSF is thought to be the disassemblyctSNARE complexes, thus allowinganss SNARE complex
formation and subsequent membrane fusion. The importance of NSF/Secl18 in intracellular membrane
traffic in vivo is highlighted by the inhibition of neurotransmissiorDrosophila comatoséNSF) mutants

and of constitutive secretion in yeastcl8mutants. However, the underlying biochemical defects in
these mutant proteins are largely unknown. Here, we identifgéieé8-Imutation as a G89D substitution

in the N domain of Sec18p. This mutation results in an inhibition of the mutant protein’s ability to bind
to Sec17p (yeasi-SNAP). In contrast, engineering titematos&®3 mutation (S483L) into mammalian

NSF (S491L) has no effect a-SNAP binding. Instead, the stimulation of ATPase activityobNAP
required for wild-type NSF to disassemble SNARE complexes does not occur in the mut&iig pistein.

This biochemical phenotype predicts a dominant negative effect, which was confirmed by engineering
the st53mutation into Sec18 (A505L), resulting in a dominant lethal phenotype in vivo. These findings
suggest a biochemical basis for the block in membrane fusion observed in the mutant organisms.
Furthermore, the mutants characterized here define key residues involved in two essential, but
mechanistically distinct, biochemical functions of NSF: SNAP binding and SNAP-dependent ATPase
stimulation.

Intracellular membrane fusion is known to require interac-  In view of the near ubiquitous requirement for NSF in
tions between SNARE proteins. Although controversy —membrane fusion, much work has gone into structural and
remains over whether such interactions drive bilayer fusion functional analysis of NSF and its yeast orthologue, Sec18.
directly (1, 2), it is generally accepted that the formation of Both proteins share a characteristic domain structure, with
a transSNARE complex between SNAREs on opposing an N-terminal domain (N) followed by two AAAATPase
vesicle and target membranes is essential in enablingdomains (D1 and D2). The N domain is required for
membrane fusion. Fdrans SNARE complex formation to  interactions witha-SNAP (Secl17 in yeast), the D1 domain
proceed, howevercisSNARE complexes residing in the for ATP hydrolysis, and the D2 domain for hexamerization
same membrane must first be disassembled. Disassembly i¢4). These domains are arranged such that the SNARE
clearly necessary to recyctts-SNARE complexes formed  complex is positioned inside the NSF hexamer, wiHSNAP
after membrane fusion, but is also required prior to fusion interacting with both the SNARE complex and the outside
to separate vesiculatisSNARE complexes3). In most face of the N domains7j. The crystal structures of the NSF
cases, the disassembly of cellular SNARE complexes isand Sec18 N domains reveal remarkable similarity, with both
performed bya-SNAP and the hexameric ATPase NS3J. ( comprising twag3-sheet-rich subdomains Nand N, in near
It is thought thaio-SNAP both recruits NSF to the SNARE  identical orientations §-10). This structural similarity
complex and stimulates ATP hydrolysis by NSF, resulting extends to function, as Sec18p can replace mammalian NSF
in dissassembly of the comple%,(6). This would then in biochemical and membrane traffic assay$-{13).

release SNARE proteins to engage trans and hence In vivo evidence for a requirement of NSF in membrane

function in further membrane fusion events. fusion comes from theomatosemutants inDrosophila
melanogaster(14) and sec18mutants inSaccharomyces
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hydrolysis (7). However, no such biochemical analysis has CA) and constructs checked by DNA sequencing (University
been performed on the53mutation, which maps to a region  of Durham, Durham, U.K.).
of unknown function at the interface of the D1 and D2  Purification of Recombinant ProteinRecombinant His
domains. Of the originasec18mutants isolated by Novick  tagged proteins were purified froEscherichia coliextracts
et al. U5), all that is known is that the widely use#c18-1 using NP"—NTA chromatography 13). To minimize po-
allele maps to a 120-amino acid region in the N doma#8).( tentially irreversible changes caused by incubation &CG37
Here, we report the identification of treec18-Imutation expression of mutant constructs was induced at22°C.
as a G89D substitution and the biochemical characterizationAll chromatography was performed at 222 °C using a
of this and the comatosst53 allele using recombinant Pharmacia FPLC system.
proteins. Our results suggest a mechanistic basis for the block «-SNAP/Secl17p Binding Assayhe a-SNAP binding
in membrane fusion seen in the mutant organisms and alsoassay was performed as previously descride). (For the
provide novel information about key residues that are Secl7p binding assay, 20 of 200ug/mL Sec17p or control
important for SNAP binding and ATPase stimulation by buffer was incubated for 20 min in a 1.5 mL polypropylene
SNAP. microcentrifuge tube. These solutions were then removed,
and the tubes were incubated with 100 of wash buffer
EXPERIMENTAL PROCEDURES [50 mM KCI, 1 mM DTT, and 25 mM Tris-HCI (pH 7.4)]
Materials. Affinity-purified anti-Sec18p antiserum was a containing 10 mg/mL BSA for 2 min. This was then
generous gift from A. Haas (University of Wurzburg, removed, and the tubes were further incubated in wash buffer
Wurzburg, Germany). Theecl18-1lyeast strain RSY271  containing 1 mg/mL BSA for 2 min. After removal of this
(MAT a; his4-619 ura3-52 sec18-] and its isogenic wild- buffer, 20uL of 10—100 ug/mL Sec18p or Secl8-1p was
type parent, RSY249 (MAZ, his4-619 ura3-52, were added in binding buffer [100 mM KCI, 2 mM EDTA, 0.5
generously provided by R. Schekman (University of Cali- mM ATP, 1 mM DTT, 1% (w/v) PEGoo 250 ug/mL
fornia, Berkeley, CA) via A. Haas. Monoclonal anti-NSF soybean trypsin inhibitor, and 20 mM Hepes (pH 7.4)], and
antibody was a generous gift from M. Tagaya (Kyoto tubes were incubated for 10 min. Supernatants were then
University, Kyoto, Japan). The monoclonal anti-VAMP2 removed and all tubes washed with 1d0of binding buffer.
antibody was a generous gift from M. Takahashi (Mitsubishi All the above steps were performed on ice. SDS sample
Kasei Institute of Life Science, Tokyo, Japan). The pSEY8 buffer (50uL) was then added, and the contents of the tubes
plasmid was a gift from S. Emr (University of California, were boiled for 5 min before separation on 10% polyacry-
San Diego, CA). Plasmids encoding kitagged NSF and  lamide gels. Secl7p and Secl18p were detected using a
o-SNAP were gifts from J. Rothman (Memorial Sloan monoclonal anti-His tag antibody (Sigma) and developed
Kettering Cancer Center, New York, NY). Monoclonal anti- using enhanced chemiluminescence.
o/-SNAP antibody was obtained from Synaptic Systems SNARE Complex Disassembly Assdyiton X-100-
(Gittingen, Germany). Yeast transformation kits were pur- extracted rat brain membrane proteins (200, prepared
chased from Invitrogen (Groningen, The Netherlands); QIA- as previously describe@(), were incubated with 109 of
AMP genomic DNA isolation kits, pQE vectors, and a-SNAP and 1Q:g of NSF/NSF con#®3with or without 2
nitrilotriacetic acid (NTA) agarose were purchased from mM MgCl, and 0.5 mM ATP or ATRS in a final volume
Qiagen (Dorking, U.K.). Unless otherwise specified, all other of 1 mL of Complete buffer [20 mM Hepes, 100 mM KCl,
reagents were analytical grade and obtained from Sigma0.7% (w/v) Triton X-100, 1 mM DTT, 1 mM PMSF (pH
(Poole, U.K.). 7.0), 1% (w/v) PEG 4000, and 1% (w/v) glycerol, with or
Identification and Construction of MutaniSenomic DNA without 2 mM MgCl] for 30 min at 4°C, with head-over-
was isolated from RSY271 and the open reading frame of head rotation. Samples were then incubated with A§0f
thesec18-lallele amplified by PCR as previously described HPC-1 anti-syntaxin monoclonal antibodyrfd h at 4°C,
for SEC18(13). Automated sequencing (Oswell, Southamp- with head-over-head rotation followed by addition of 20
ton, U.K.) of the first 800 nucleotides of the PCR product of a 50% protein G- Sepharose slurry and incubation for a
revealed the only difference frol BEC18to be a G— A further 1 h. Samples were then washed four times with wash
substitution at position 266. Mutagenic primers (sense, 5 buffer 20 mM Hepes, 100 mM KCI, 0.7% (w/v) Triton
GCGTACCTGGGACGGTTGGTCCC!3and antisense, 5 X-100, 1 mM DTT, and 1 mM PMSF (pH 7.0)] with or
GGGACCAACCGTCCCAGGTACGC-3 were then used  without MgCL and ATP or 2 mM EDTA and ATPS.
to introduce this mutation into the bacterial expression vector, Samples were spun down, and the supernatant was removed,
PQE30SEC18(13), and the yeast expression vector, pSEY8- followed by addition of 6QuL of 100 mM glycine (pH 2.7)
SEC18(18), creating the pQE38ec18-land pSEY8sec18-1 and incubation for 5 min followed by centrifugation at
plasmids. Thecomatose stS&utation was introduced into  1300@ for 2 min. The supernatant was transferred to a fresh
PQE9-NSF 19) using mutagenic primers (sens&&ACT- tube and neutralized with 2L of 1 M Tris followed by
TCCTGGCTCTTTTGGAGAATGAT-3 and antisense, b addition of 60uL of SDS sample buffer. Samples were boiled
ATCATTCTCCAAAAGAGCCAGGAAGTC-3) to create for 5 min and separated on 15% polyacrylamide gels, and
the pQE9-NSFES3 plasmid. The analogous mutation was blotted with antisera to syntaxin and VAMP, or Coomassie
introduced into pSEY&EC18using the following mutagenic  stained (to identify NSF and-SNAP). Blots were visualized
primers to create the pSEY&:c18%2 plasmid: sense,’5 using enhanced chemiluminescence and quantified &4&ing
GACTTTTTAAATTTACTCAACGATGTTACTCC-3; and labeled secondary antibodies.
antisense, sSCTGAAAAATTTAAATGAGTTGCTACAAT- Secl18/NSF ATPase Ass&yl.Pase assays were performed
GAGG-3. All mutations were introduced using the “Quick- in flat-bottomed 96-well microtiter plates as described
change” site-directed mutagenesis kit (Stratagene, La Jolla,previously (3). Values were corrected by running duplicate
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Ficure 2: Secl7p binding is defective in Sec18-1p. (A) ATPase
assay. Plates were preincubated with either 480mL Secl7p
(black bars) or control buffer (white bars) for 30 min. This was
: then removed and replaced with 1@/mL Sec18p or lug/mL
“GNQRTWGGWSLN" Sec18-1p for 120 min before assaying released phosphate spectro-
D photometrically. Data are expressed as meai®EM (n = 4). (B)
Secl7p binding assay. Tubes were preincubated with either 200
ug/mL Secl7p or control buffer for 20 min, washed, and then
incubated with 10@xg/mL Sec18p or Sec18-1p for 10 min. Bound
protein remaining after washing was solubilized, run on polyacry-
lamide gels, and detected using an anti-His tag antibody.

Ficure 1: The secl8-1mutation causes a single amino acid
substitution (G89D). (A) The Secl8 open reading frame was
amplified from a secl18-1strain (RSY271) and its sequence
compared to that amplified from a wild-typSEC18 strain
(RSY249). The position of the G266A substitution is indicated. ) o . .
(B) RSY271 cells were transformed with pSE®EC18encoding this G266A mutation in the predictesttc18-Iprotein would
wild-type Sec18p) or pSEY8ec18-1(encoding mutant Sec18-1p)  be a single amino acid substitution, changing glycine 89 into
and inoculated onto minimal plates. Following 3 days growth at gn aspartate residue. The position of glycine 89, at the end

25 or 37°C, the plates were photographed to assess viability. (C) hali : ; :
The sec18-1mutation causes a predicted glycine 89 to aspartate of an a-helix (a2) in the Ny subdomain of Sec18), is

substitution. The yellow band indicates the position of glycine 89 Shown in Figure 1C.
in the crystal structure of the Sec18p N domain. To determine the functional effect of tkec18-Imutation,

) . ) . we introduced the G89D substitution into a Sec18 bacterial
assays either without added proteins (for Sec18) or in the gyhression plasmid and biochemically characterized the
presence of 5 mM-ethylmaleimide (for NSF). resulting purified mutant protein. Sec18-1p exhibited dose-
RESULTS dependent intrinsic ATPase activity at both 25 and°@7

(data not shown), indicating that this enzymic activity is not
Most studies of the cellular function of Sec18 have been grossly inhibited in the mutant. Indeed, although variation
based on analysis of theecl8-1 strain. Surprisingly, was observed between batches of recombinant protein,
however, all that is known of theec18-1allele itself is that Sec18-1p generally displayed higher intrinsic ATPase activity
the mutation lies within a 351-base pddlal restriction than wild-type Sec18p. Controlling for this, by comparing
fragment 8). To identify this mutation, we amplified the  wild-type and mutant proteins at equivalent levels of intrinsic
secl8open reading frame from theecl8-1strain and ATPase activity, we find it is clear that whereas ATPase
sequenced through th@lal fragment. The only aberration  activity in wild-type Secl8p was greatly stimulated by
from the wild-type sequence was a single-€A nucleotide purified Sec17p, no such stimulation was observed for the
substitution at position 266 (Figure 1A). Introduction of this mutant Sec18-1p (Figure 2A). Similar assays were performed
mutation into a Sec18 yeast expression plasmid [pSH®8 (  using a range of concentrations of Sec18-1p, but Secl7p
here termed pSEY&EC18 abolished its ability to comple-  stimulation of ATPase activity was never observed (data not
ment the RSY27%ec18-lyeast strain at 37C (Figure 1B), shown). To determine if this was a consequence of a reduced
thus confirming the sequencing information. The result of level of Sec17p binding in the mutant, in vitro binding assays
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Table 1: The st53 Mutation Acts Dominantly When Introduced into
Secl8
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Species Sequence

D. melanogaster (ANSF1) <€4+— NSF
C. cricetulus (CHO NSF)

S. cerevisiae (Sec18)

VNRDDFLHSLEHDIKPAFG
VTRGDFLASLENDIKPAFG
VTREDFLNAL-NDVTPAFG

Construct Number of colonies

<— a-SNAP

420

369

246
0
0

Empty vector
SEC18
sec18-1
sec18?
sec18-E350Q

a-SNAP: + -

B

12.54

a(A) Comparison of the sequence surrounding $f3 mutation
site (shaded) in fly, mammalian, and yeast NSF. The shaded residues
in NSF and Sec18 were changed to leucine in the NS#hdsec18>3
constructs. (B) Effect of overexpressing various Secl18 constructs in
wild-type cells. RSY249 cells were transformed with YEpURAS (empty
vector), pSEY8SEC18 pSEY8sec18-1pSEY8secl8%3 and pSEY8-
E350Qand inoculated onto minimal plates. Following growth for 3
days at 25C, the viability of yeast strains was established by counting
the number of colonies grown since inoculation.

[ control

10.04 Il +SNAP

~
[4)]
1

ATP hydrolysis
(nmol P produced)
3]
e

were performed. Co-incubation of wild-type Sec18p with
Secl7p resulted in readily detectable Secl7p-dependent
binding of Sec18p, but no such binding was apparent from
incubation of Sec18-1p with Sec17p, despite using several-
fold higher amounts of the mutant (Figure 2B). Thus, the
primary defect in Secl18-1p is an inhibition of Secl7p
binding. <153

The Drosophila com>® mutation is known to cause a NSF . NSF . o
single amino acid substitution (S483L) at the interface of Eg;ﬁ; ?J(:A)SSNI\?APF;dt()Ei?]?j?ndegts?aTP%% ;;‘@g'f‘et'o?e;ﬁcﬂiggévsv |It?1
the D.l and D2 doma'”s of dNS_FlG), aregion of un!(now_n either 100ug/mL a-SNAPgor co%/trol buffer for 2p0 min, washed,
function. To shed light on the biochemical role of this region, anq then incubated with 10@/mL NSF or NSES2 for 10 min.
we generated a substitution in mammalian CHO cell NSF Bound protein remaining after washing was solubilized, run on
(S491L) analogous to the53mutation, creating NSF3 (see polyacrylamide gels, and detected by Coomassie blue staining. (B)
Table 1A). To determine if this mutation, like thatsec18- ATSPI\?XI% assay. E lates weretprlegc#batedh_\t/vutg enth?rﬂgggL .

1, would inhibit .SNAP b_inding, in vitro binding assays were %his was 'Eheicremfg\i)adogncé)?e;?ac;d \?vrit%L Nasr?:) o?rNSFﬁgm'
performed. Co-incubation of NSF or NSFwith a-SNAP for 150 min before assaying released phosphate spectrophotometri-
resulted in similar SNAP-dependent binding by both proteins cally. Data are expressed as meanSEM (n = 4).

(Figure 3A). Assays of intrinsic ATPase activity were also

similar in wild-type and mutant NSF (Figure 3B). However,

the stimulation of intrinsic NSF ATPase activity bySNAP
seen in wild-type NSF was not observed in NSHFigure
3B). Furthermore, this lack of SNAP stimulation could not
be alleviated by increasing the concentration of NSfdata
not shown). Taken together, these data suggest thatRSF
has normal intrinsic ATPase activity and SNAP binding
ability, but that its ATPase activity is poorly stimulated by
o-SNAP.

An a-SNAP mutant (L294A) has been described that is
able to bind NSF but is unable to stimulate its ATPase
activity, consequently preventing SNARE complex disas-
sembly @1). As the phenotypes af-SNAP(L294A) and
NSF®2were so similar with respect to SNAP binding and gous to thest53mutation (see Table 1A). ASEC18is an
ATPase activation, we tested the prediction that #SF essential gene, any putative dominant mutation should be
would be unable to disassemble SNARE complexes. Solu-lethal. The wild-typeS. cereisiaestrain, RSY249, was then
bilized rat brain membranes were incubated with recombinant transfected with high-copy plasmids containing wild-type

2.5+

0.0-

25°C 37°C 25°C 37°C

reduction in the amount of VAMP bound to syntaxin,
indicating SNARE complex disassembly. In contrast, no
significant release of VAMP from syntaxin was observed
with mutant NSF>3 in the presence of hydrolyzable ATP
(Figure 4). NSE33js therefore defective in SNARE complex
disassembly, presumably due to its lack of SNAP-stimulated
ATPase activation.

As a consequence of its inability to disassemble SNARE
complexes,a-SNAP(L294A) acts as a dominant inhibitor
of membrane fusior2Q). We reasoned that, as NSfshared
this defect in SNARE complex disassembly, it might also
act as a dominant negative mutant. To address this issue in
Vivo, we generated a substitution in Sec18 (A505L) analo-

o-SNAP and NSF or NS¥2 before immunoprecipitating
SNARE complexes via a syntaxin antibod®0). Incubation
with wild-type NSF caused an ATP hydrolysis-dependent

SEC18sec18% sec18-1sec18-E350Qor an empty vector
control (Table 1B). As expected, no colonies were observed
in cells transformed witlsec18-E350Qas this allele encodes
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& accumulate SNARE complexes containing Sec17p but lack-
& & & ing Sec18-1p. Indeed, it has been demonstrated that incuba-
A $J ,Q." éo .3? tion of the RSY271sec18-1strain at the restrictive temper-
ature results in the accumulation of the Sed5p/Bos1p/Sec22p/
NSF Betlp SNARE complex involved in ER to Golgi transport
(25). Moreover, although Secl7p co-immunoprecipitated
syntaxin with this complex, no observable Sec18-1p was associated
(25), consistent with our biochemical analysis.
The originalDrosophilacomatose mutantstl7andst53
a-SNAP were isolated 25 years agb4), but only recently were these
recognized as NSF1 mutantsgf. Since then, these mutants
I—' — -I VAMP have been used to functionally dissect the stage(s) in the
synaptic vesicle cycle at which NSF acts. Although opposite
ATP: + - + - interpretations have been reached on this issue (compare refs
26 and 27 and refs28 and 29), it is clear that synaptic
SNARE complexes accumulate in the mutants at the restric-

ATPyS: - + - + tive temperature. Nevertheless, the biochemical defect caus-
ing this phenotype in thet53mutant has not been addressed.
B 100+ We found that introducing the analogous mutation into

mammalian NSF had no effect on the protein’s intrinsic
ATPase activity or its ability to bind SNAP, but specifically
inhibited the SNAP stimulation of ATP hydrolysis. As this
stage in the NSF cycle is essential for SNARE complex
disassembly 41), this would be predicted to result in the
accumulation of SNARE complexes, consistent with the

% change in VAMP
binding
]

comatosgphenotype.
0 As pointed out above, the biochemical defects in recom-
FicurRe 4: NSF'S3is defective in SNARE complex disassembly. binant Sec18-1p and NSBare consistent with the pheno-
(A) Solubilized rat brain membrane (200.), a-SNAP (10ug), types of the mutant organisms at restrictive temperatures.

and NSF (1Qug) were incubated with either ATP or APB at 4 .
°C for 30 min. Complexes were immunoprecipitated with anti- However, whereas both yeasecl8-1and Drosophila

syntaxin (HPC-1) antibody and protein-Gepharose beads. Bound COME®® mutants are temperature-sensitive, neither the re-
proteins were run on polyacrylamide gels and detected by either combinant protein nor theec18%2allele displayed temper-
Coomassie blue staining (NSF aneSNAP) or immunoblotting  ature dependency. Consistent with these findings, cytosol
(VAMP and syntaxin). (B) The amount of co-immunoprecipitated 5apared fronsec18-1cells is unable to function in in vitro

VAMP relative to syntaxin was determined usirigfl-labeled . .
secondary antibodies and quantitative densitometry. Data shownmembrane traff]c assays even at permissive temperatures
are meanst the standard deviation pooled from three separate (11), although this may be due to low levels of soluble Sec18-
experiments. 1p (unpublished observations). Nevertheless, it has been
o ) ) pointed out that temperature-sensitive mutants most com-
an intrinsic ATPase-_defectlve mutant that has pre_\/lousl_y beenmomy result “from a constitutive defect that, at higher
shown to be dominant lethal®). Transformation with  temperature, is unable to keep up with the increased rate of
sec18%3 also resulted in no colonies, indicating a similar f,nction required” 80). For example, although the yeast
dominant lethal phenotype of this mutant. In contrast, large sec9-4mutant is temperature-sensitive, recombinant Sec9-
numbers of colonies were observed in cells overexpressing4p exhibits a temperature-independent defect in SNARE
SECl&ndsec18-1We therefore conclude that the dominant  complex assembly3(). Furthermore, temperature-sensitive
negative phenotype predicted by our biochemical analysis phenotypes can even result from null mutations, as evidenced
of the stS3mutation is manifest in vivo. by the temperature-induced paralysi€irosophila csmull
mutants 81). A simple explanation of our results is that the
DISCUSSION secl8-1and st53 mutants are greatly disabled in SNAP
Since the initial isolation of theec18-1strain more than  binding and ATPase activation, respectively, but retain some
20 years agol5), this mutant has been the basis of most vestigial activity that is difficult to detect biochemically, yet
studies of the cellular function of Secl18. Although the sufficient to enable function at low rates. For example, a
primary phenotype of theec18-1mutant is a temperature- more transient interaction of Sec18-1p with Sec17p might
sensitive block in endoplasmic reticulum (ER) to Golgi be missed under stringent binding assay conditions, but could
transport, most other membrane traffic steps are similarly potentially allow the minimal level of SNARE disassembly
affected R4). This indicates that thesec18-1mutation required in the cell.
interferes with a fundamental function of Sec18 required for  Independent of organismal mutant phenotypes, our find-
its participation in diverse membrane fusion processes. Weings reveal novel residues involved in two key aspects of
have now identified theec18-Imutation and demonstrated NSF biochemistry: SNAP binding and SNAP-dependent
that this inhibits the mutant protein’s ability to bind to Sec17p ATPase activation. Previous analysis of deletioparrange-
(yeast SNAP). Clearly, recruitment of Sec18/NSF to SNARE ment mutants of NSF indicated that the N domain is required
complexes by SNAPs is an essential, early step in the NSFfor interactions with the SNAPSNARE complex, the D1
cycle. Therefore,sec18-1cells would be predicted to domain for ATP hydrolysis (and hence complex disas-
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sembly), and the D2 domain for hexamerizatidi®,(32).
However, most point mutants of NSF and Sec18p described
so far have targeted residues in the Walker A and B boxes
required for ATP binding or hydrolysid 8, 19, 32—36). The
remainder, theec18-10%nd NSF" alleles, similarly block
intrinsic D1 ATPase activity {7, 23). Thus, our findings
provide the first biochemical analysis of loss-of-function
point mutants of NSF/Sec18 possessing intrinsic ATPase
activity. The glycine residue mutated gec18-1lis located

at the end of thex2 helix lining the interface of the Nand

Ng subdomains in Secl18 (Figure 1QJ),(and the corre-
sponding alanine in NSF is similarly positione8, (L0).
Replacement of glycine 89 with an acidic aspartate residue
would be predicted to disrupt the packing of thig helix
(20). It has been suggested that helicdsanda2 from Na

and strangb10 from Ns together form a basic groove at the
interdomain interface which may be the site of interaction
with the acidic C-terminus ott-SNAP @). The reduced
ability of Sec18-1p to interact with Sec17p observed here
provides direct experimental support for this notion. Further
mutational studies will be required to identify other residues
comprising the reciprocal minimal binding regions on NSF
and SNAPs.

The observation that NS¥ is specifically defective in
SNAP-stimulated ATPase stimulation suggests a function in
this process for the DiD2 domain interface where the
mutation occurs. One possibility is that this region comprises
a second SNAP interaction site on NSF, as our results clearly
show that the processes of SNAP binding and SNAP
stimulation of ATPase activity are mechanistically separate
(Figure 3). Nevertheless, the similarity in phenotypes be-
tween NSF53 and o-SNAP(L294A) provides independent
support for the idea that ATPase stimulation by SNAPs (and
not merely intrinsic ATPase activity alone) is essential for
SNARE complex disassembly. This notion is supported by
the dominant lethal effect afec18°3 as a mutant efficient
at SNARE binding but inefficient at disassembly should lock
SNAREs into dead-end 20S complexes inaccessible to the
wild-type Sec18 protein. In contrast, a mutant poorly able
to bind SNAPs should cause little interference with the
function of wild-type Sec18p, consistent with the relative
lack of an effect ofsec18-1loverexpression. We envisage
that similar mutational studies will provide further new
information about key residues required for NSF function.
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