
Journal of Cellular Biochemistry 99:1203–1215 (2006)

Novel Putative Targets of N-ethylmaleimide
Sensitive Fusion Protein (NSF) and a/b Soluble NSF
Attachment Proteins (SNAPs) Include the Pak-Binding
Nucleotide Exchange Factor bPIX
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Abstract N-ethylmaleimide sensitive fusion protein (NSF) is a chaperone that plays a crucial role in the fusion of
vesicles with target membranes. NSF mediates the ATP-consuming dissociation of a core protein complex that assembles
during vesicle fusion and it thereby recharges the fusion machinery to perform multiple rounds of fusion. The binding of
NSF to the core complex is mediated by co-chaperones named soluble NSF attachment proteins (SNAPs), for which three
isoforms (a, b and g) are known. Here, we sought to identify novel targets of the NSF-SNAP complex. A yeast two-hybrid
screen using the brain specific bSNAP isoform as bait revealed, as expected, NSF and several isoforms of the SNARE
protein syntaxin as interactors. In addition, three isoforms of the reticulon protein family and two isoforms of BNIP3
interacted with bSNAP. A yeast two-hybrid screen using NSF as bait identified Rab11-FIP3 and the Pak-binding nucleotide
exchange factor bPIX as putative binding partners. bPIX interacts with recombinant NSF in co-sedimentation assays and
the two proteins may be co-immunoprecipitated. A leucine zipper (LZ) motif within the C-terminus of bPIX mediates
binding to NSF; however, this fragment of bPIX does not exhibit dominant negative effects in a cellular assay. In summary,
our results support the evolving view that NSF has numerous targets in addition to conventional SNARE complexes. J. Cell.
Biochem. 99: 1203–1215, 2006. � 2006 Wiley-Liss, Inc.
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The investigation of the chaperone N-ethyl-
maleimide sensitive fusion protein (NSF) has
been instrumental in understanding the mole-
cular mechanism of membrane fusion events.
First, it was shown that NSF binds to soluble
NSF attachment proteins (SNAPs). Three iso-
forms of SNAP exist, of which a and g isoforms
are ubiquitously expressed and the b isoform is

restricted to the brain [Clary et al., 1990;
Whiteheart et al., 1993]. a- and g-SNAP were
subsequently used in biochemical experiments
to identify SNAP receptors (SNAREs), the
targets of the NSF-SNAP complex [Söllner
et al., 1993]. The SNAREs purified from brain
detergent extracts were identical to the synap-
tic vesicle protein synaptobrevin-2 and the
plasma membrane proteins syntaxin-1A/B and
synaptosome-associated protein of 25 kDa
(SNAP25). A short coiled-coil forming sequence
is shared by these SNAREs and by many
homologous SNARE proteins that were subse-
quently identified from different tissues and
organisms [Weimbs et al., 1997]. Next, it was
found that coiled-coil motifs from SNAREs
located on different membranes (trans-config-
uration) form a four helix bundle that forces
the vesicle membrane near to the plasma

� 2006 Wiley-Liss, Inc.

Grant sponsor: European Union Grant; Grant number:
QLRT-2000-02089.

*Correspondence to: Henry G.S. Martin, Brain Research
Centre, University of British Columbia, 2211 Wesbrook
Mall, Vancouver V6T 2B5, Canada.
E-mail: henrym@interchange.ubc.ca

Received 19 September 2005; Accepted 19 April 2006

DOI 10.1002/jcb.20998



membrane and initiates the fusion event. A
hallmark of the energetically stable SNARE
complexes is their resistance to the detergent
sodium dodecyl sulfate (SDS). Complexes of
SNAREs on the same membrane (cis-configura-
tion), formed as a result of fusion events, become
disassembled in an ATP-consuming process
dependent on SNAP and NSF. This disassembly
allows the SNAREs to participate in additional
rounds of fusion [Mayer et al., 1996; reviewed in
Jahn et al., 2003].

Recently, several putative targets have been
suggested for the NSF-SNAP complex that do
not fall into the structural classification of
SNAREs. One group of putative targets has
been identified due to direct binding to NSF.
This direct contact contrasts with the strict-
ly SNAP-mediated interactions of classical
SNAREs with NSF. Direct NSF binding has
been demonstrated for the AMPA receptor
subunit GluR2 [Nishimune et al., 1998; Osten
et al., 1998], for G-protein coupled receptors
[Cong et al., 2001; Heydorn et al., 2004], for
barrestin [McDonald et al., 1999], for rab
proteins [3, 4 and 6; Han et al., 2000] and for
the GABARAP/GATE16/LMA1 protein family
(reviewed in Whiteheart and Mateeva, 2004).
Furthermore, the yeast homologue of NSF,
Sec18p, has been shown to interact with the
dynamin-like GTPase Vps1p [Peters et al.,
2004]. A second group of novel NSF-SNAP
targets has been identified due to binding to
the SNAP isoforms. aSNAP binds to BNIP1
[Nakajima et al., 2004], bSNAP has been
reported to bind to synaptotagmin [Schiavo
et al., 1995], both a and b SNAP bind to Pick1
in complex with GluR2 [Hanley et al., 2002] and
gSNAP binds to the Rab11-interacting protein
[RIP11; Chen et al., 2001; Tani et al., 2003].
Finally, NSF and SNAPs have been identified as
constituents of large multimolecular complexes
for which the exact binding sites for NSF/SNAP
are not yet known. Early endosomal antigen-1
(EEA-1), rabaptin-5, rabex-5 and syntaxin-13
form such a complex associated with endosomes
[McBride et al., 1999].

The discoveries of novel actions of NSF have
been most influential in the field of synaptic
transmission. The reports on the interaction
between NSF and the AMPA-type glutamate
receptor subunit GluR2 [Nishimune et al., 1998;
Osten et al., 1998] have been the starting point
for the recognition of AMPA receptor trafficking
as common mechanism for a postsynaptic

strengthening of synaptic transmission [Collin-
gridge and Isaac, 2003]. In analogy to core
complex disassembly, NSF dissociates a com-
plex of AMPA receptors and the associated
protein Pick1 in an ATP-dependent process
[Hanley et al., 2002].

Recently, a complex of a Pak-binding nucleo-
tide exchange factor for Rac/Cdc42 namedbPIX,
and a GTPase activating protein for Arf named
GIT1 has been implicated in the regulation of
postsynaptic mechanisms in Drosophila [Par-
nas et al., 2001] and mammalian neurons [Ko
et al., 2003; Zhang et al., 2003, 2005].bPIX binds
directly to the postsynaptic scaffold protein
Shank, which is involved in the regulation of
dendritic spine formation [Park et al., 2003].
The molecular action of bPIX in these processes
is still unknown.

The aim of this study was the identification of
novel targets of the NSF-SNAP chaperone
complex and the evaluation of a possible
involvement of such targets in postsynaptic
processes. The original strategy used by Söllner
and colleagues to utilise SNAPs for the identi-
fication of putative NSF targets has previously
been pursued by yeast two-hybrid screens with
a- and g-isoforms as baits [Hatsuzawa et al.,
2000; Chen et al., 2001; Tani et al., 2003]. We
have continued this approach by performing
yeast two-hybrid screens of rat brain cDNAs
using NSF and bSNAP as baits. We obtained
prey clones for NSF itself, classical SNAREs
and several novel putative targets of the NSF-
SNAP complex.

MATERIALS AND METHODS

Materials

Enzymes for DNA manipulations were from
Roche Molecular Biochemicals (Indianapolis,
IA) or New England Biolabs (Beverly, MA).

Yeast Two-Hybrid Screens and Related Methods

Yeast two-hybrid screens using a full-length
rat bSNAP or rat NSF and a rat brain cDNA
prey library in pVP16-3 or pGAD10 respectively
were performed essentially as described [Betz
et al., 1997]. For small scale yeast transforma-
tions, bait and prey plasmids were co-trans-
formed by a lithium acetate method into
Saccharomyces cerevisiae L40 reporter strain
and colonies were tested for activation of the b-
galactosidase reporter gene by filter assays
[Vojtec et al., 1993].
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Rat bPIX C-term (aa 524–646) isolated from
rat brain cDNA prey library was prepared as a
glutathione-S-transferase (GST) fusion protein
by subcloning into pGEX4.1t (Amersham Bios-
ciences, Piscataway, NJ). GST rat bPIX C-
terminal fragments were prepared by PCR from
bPIX C-term and subcloned into pGEX4.1t;
bPIX-GBD (aa 524–558), bPIX-LZ (aa 579–
640) and bPIX-PL (aa 639–646). Full-length
human mycbPIX, a kind gift from Wannian
Yang, was subcloned into pGEX4.1 and pHA-
CMV (Clontech, Palo Alto, CA) to prepare GST-
bPIX and HA-bPIX, respectively. For fluores-
cent fusion protein preparation, the same bPIX
constructs were subcloned into pEGFP-C1
(Clontech). All constructs were verified by
DNA sequencing (Department of Biochemistry,
University of Oxford, UK).

Sindbis Expression System (Invitrogen,
Carlsbad, CA) was used for expression of green
fluorescent protein (GFP) fusion proteins in
neuronal cells. EGFP-bPIX constructs were
subcloned into the XbaI restriction site of
pSinREP5 and in parallel with helper pDS(26S)
plasmid, RNA was prepared by in vitro tran-
scription. BHK cells were transfected with
helper and structural RNAs by electroporation
for sindbis virus production. After 48 h signifi-
cant cell death was observed and virus particles
were then harvested from the culture media.

Co-Sedimentation Assay ‘GST Pulldown’

Recombinant His6NSF was prepared from
M15[pREP4] (Qiagen, Valencia, CA) bacterial
cell lysates and His6T7-Shank1(PDZ) from
BL21(DE3) (Stratagene, LaJolla, CA) bacterial
cell lysates. Purification was performed essen-
tially as decribed by Hanson et al. [1995]. GST
fusion proteins were prepared from BL21
bacterial cell lysates. In co-sedimentation
assays, 2 mg of GST fusion protein was immobi-
lized on 20 ml of 50% glutathione-sepharose
slurry (Amersham). For NSF co-sedimentation
100 nM of His6NSF in buffer N (25 mM HEPES,
pH 7.3, 150 mM KCl, 1 mM DTT, 1 mM ATP,
2 mM EDTA, 0.5% Triton X-100) was applied to
the immobilized GST fusion proteins for 1 h.
Complexes were then washed four times with
buffer N before solubilisation of sedimented
proteins in Laemmeli buffer. Proteins were
detected by Western blot using HRP-conjugated
monoclonal anti-His antibody (Roche). For co-

sedimentation of Shank1(PDZ), 50 nM T7-
Shank1(PDZ) in buffer S (25 mM HEPES, pH
7.3, 150 mM KCl, 1 mM DTT, 1 mM ATP, 2 mM
EDTA, 1% Triton X-100, 10% Glycerol) was
applied to the immobilized GST fusion proteins
for 1 h. Complexes were then washed four times
in buffer S before solubilisation of sedimented
proteins in Laemmeli buffer. Proteins were
detected by Western blot using monoclonal
anti-T7 antibody (Merck Biosciences, Ger-
many). Flag-GIT1 (a kind gift of Richard
Premont) and mycbPIX were transiently
expressed in HEK293 cells for 18 h, before
solubilisation in PBS with 1% Triton X-100
supplemented with protease inhibitor cocktail
(Roche). Cell lysates were applied to immobi-
lized GST fusion proteins for 1 h before four
washes in PBS with 1% Triton X-100. Co-
sedimented proteins were solubilised in Laem-
meli buffer and detected by Western blot with
either 9E10 monoclonal anti-myc (Santa Cruz
Biotechnology, CA) or M2 monoclonal anti-flag
(Sigma) antibodies.

Cell Culture and Immunoprecipitation

HEK293 cells were grown in Dulbecco’s
modified Eagle’s media supplemented with
10% foetal calf serum at 378C under 5% CO2.
Ten centimetres plates were transfected when
70% confluent with 12 mg total of DNA using
Lipofectamine 2000 reagent (Invitrogen). After
48 h, cells were lysed in buffer H (25 mM
HEPES, pH 7.3, 150 mM NaCl, 1 mM DTT, 0.5%
Triton X-100) supplemented with protease
inhibitors in the presence of either 0.5 mM
ATP, 2 mM MgCl2, or 0.5 mM AMP-PNP
(Sigma), 3 mM EDTA. After clarification by
centrifugation, 1–2 mg of lysate was incubated
with 1mg of anti-HA antibody (#1867423, Roche)
conjugated to protein A sepharose slurry for 2 h
at 48C. Complexes were washed four times in
buffer H with either ATP �MgCl2 or AMP-
PNP �EDTA, before solubilisation in Laemmeli
buffer. Co-immunoprecipitates were detected
by Western blot using anti-NSF monoclonal
antibody (ab16681, Abcam, UK)

Confocal Microscopy

Low-density hippocampal cultures were pre-
pared from E18 embryonic tissue as previously
described [Terashima et al., 2004] and plated on
poly-L-lysine coated coverslips at a cell density
between 100 and 500 cells/mm2. At 14 days
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in vitro neurons were incubated with Sindbis
virus for 18 h, after which cells were fixed in
3.7% paraformaldehyde, 5% sucrose PBS.
PSD95 containing synapses were identified
with anti-PSD95 monoclonal antibodies (ABR,
Golden, CO) after cell permeabilisation with
0.1% Triton X-100. Secondary anti-mouse anti-
bodies (Molecular Probes, Eugene, OR) conju-
gated to Alexa Fluor 568 were used for
revelation. Immunocytochemistry and EFGP
fusion proteins were analysed by confocal micro-
scopy with a Leica AOBS system (Nussloch,
Germany). Sections of primary dendrite were
imaged through a 63�/1.32 oil objective at a
digital resolution such that one pixel equals
0.09 mm2. Images were collected with LCS
confocal software (Leica) and quantified using
Image J (NIH). For dendritic structural analy-
sis all protrusion >0.5 mm and <9 mm were
measured for length and maximum breadth.
Data were statistically analysed from five
independent experiments by Student’s t-test
as applicable. Data are expressed as the mean�
SEM.

RESULTS

A direct interaction between NSF and GluR2
has been reported independently by three
different groups [Nishimune et al., 1998; Osten
et al., 1998, Song et al., 1998]. In each case the
interaction was detected with yeast two-hybrid
prey constructs of NSF lacking a few N-terminal
amino acid residues (aa). In a re-screen of a rat
brain cDNA library using the GluR2 C-termi-
nus as bait we obtained two independent prey
clones of NSF lacking the N-terminal 9 aa or the
N-terminal 15 aa. Surprisingly, GluR2 showed
no interaction with a full-length NSF construct
in yeast two-hybrid b-galactosidase assays (not
shown). Full-length NSF constructs are func-
tional in the yeast two-hybrid system as they
show strong signals upon dimerisation (see
below). Biochemical assays demonstrated that
full-length NSF can bind to GluR2 in a SNAP-
and ATP-regulated manner [Osten et al., 1998;
Hanley et al., 2002], thus, the N-terminal
truncation might be required only in the yeast
two-hybrid system to prevent dissociation of
complexes by endogenous SNAP (Sec17 in
yeast). The binding site for SNAPs is localized
within the N-terminal region of NSF [Yu et al.,
1999]. We reasoned that N-terminal truncated
NSF might be a useful tool to identify further
targets that directly interact with NSF.

Putative Interaction Partners of NSF

Using the N-terminal 9 aa truncated NSF as
bait we screened an adult rat brain cDNA
library. We obtained 257 clones with histidine
autotrophy of which most of them showed b-
galactosidase activity. Those clones were
grouped by restriction digest analysis and
representatives were sequenced. The majority
of clones represented multiple copies of 18
independent clones for NSF itself, all harbour-
ing the C-terminal oligomerisation domain.
Interestingly, the borders of partial clones for
NSF corresponded well with borders of second-
ary structure elements described in crystal
structure determinations of the N-terminal
and C-terminal domains of NSF [Lenzen et al.,
1998; Yu et al., 1998; May et al., 1999; Yu et al.,
1999]. All full-length and partial NSF clones
oligomerised with full-length as well as the 9 aa-
truncated NSF.

Beside several clones coding for transcription
factors and proteins often obtained from our
library (e.g. UBC-9), multiple copies of indivi-
dual clones coding for four different proteins
were obtained (Table I), namely the recycling
endosomal protein Rab11-FIP3, the Golgi pro-
tein aCOP, the germinal centre kinase Mink2
and the Pak-interacting rho guanine nucleotide
exchange factor bPIX. None of these prey clones
interacted with lamin as a control, full-length

TABLE I. Yeast Two-Hybrid Interacting
Partners of NSF and iSNAP

Identity of prey clones derived from a screen using NSF
as bait
NSF NP_068516
bPIX AAC39971
Rab11-FIP3 AAH81997
aCOP NP_034068
Mink2 NP_795712

Identity of prey clones derived from a screen using bSNAP
as bait
NSF NP_068516
Syntaxin-1A NP_446240
Syntaxin-1B NP_077725
Syntaxin-3 NP_112386
Syntaxin-5 NP_113892
Syntaxin-7 NP_068641
Syntaxin-12/13 NP_075228
Syntaxin-17 NP_663775
Reticulon-1 NP_446317
Reticulon-3 AAH62068
Reticulon-4 NP_114019
BNIP3 NP_445872
BNIP3-like NP_543164
Bcl2-like-13 NP_705736
PTP IV NP_033000
RPTP N2 (Phogrin) NP_113788
RPTP sigma NP_035348
RPTP zeta NP_037212
VAP-B NP_068619
Unknown protein AAH56480/AAH40264
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NSF or the GluR2 C-terminus in yeast two-
hybrid b-galactosidase assays (not shown).

Putative Interaction Partners of bSNAP

Binding of NSF to its targets is most often
mediated by SNAPs, and yeast two-hybrid
screens for aSNAP [Hatsuzawa et al., 2000]
and gSNAP [Chen et al., 2001; Tani et al., 2003]
have been reported. Here, we used full-length
bSNAP as bait to screen a juvenile rat brain
cDNA library. We obtained 347 clones with
histidine autotrophy of which most of them
showed b-galactosidase activity. All positive
clones were identified by sequencing. Two
independent prey clones coded for full-length
NSF. The majority of prey clones from the
screen represented several isoforms of syntaxin
(Table I), with isoform 1A/B being most abun-
dant. Interestingly, all syntaxin clones coded for
fragments including both, the SNARE motif and
the C-terminal transmembrane region. Dele-
tion of the transmembrane region decreased the
signal intensity in b-galactosidase assays of
bSNAP and syntaxin-1A (not shown).

Thirty-two copies of 13 independent prey
clones coded for isoforms 1, 3 and 4 of reticulon,
a protein family of unknown function that
localizes to the endoplasmic reticulum and cell
surface. Twelve copies coded for the Bcl2-
related proteins BNIP3, BNIP3-like protein
and Bcl2-like protein-13, apoptosis-inducing
proteins that localize to the cytoplasm and
mitochondria. As was the case for the syntaxins,
all reticulon or Bcl2-related preys coded for
fragments that included C-terminal transmem-
brane regions. Several clones coded for protein
tyrosine phosphatases and receptor protein
tyrosine phosphatases, however, some of these
prey clones have also been obtained in unre-
lated yeast two-hybrid library screens. Finally,
some preys were found as single clones in
multiple copies (Table I).

In b-galactosidase assays all bSNAP-
interacting prey clones also bound to aSNAP,
but not to lamin, full-length NSF, N-terminal
9aa truncated NSF or GluR2 C-terminus (not
shown).

NSF Binding to bPIX

From the novel putative NSF-SNAP targets
that have been identified in yeast two-hybrid
library screenings (Table I) we were particu-
larly interested in bPIX, because work in flies
and in mammalian neuronal cultures had

implicated this protein as regulator of the
postsynaptic structure.

The prey clone obtained from the yeast two-
hybrid screen coded a fragment of bPIX covering
the region from aa 524 to the C-terminus. First,
we expressed this region of bPIX as a fusion
protein with GST and tested for the binding of
recombinant 6� His-tagged NSF from bacteria.
For comparison, we tested in parallel binding of
NSF to its binding partner GluR2 by expression
of a GST fusion of the GluR2 C-terminus
[Nishimune et al., 1998; Osten et al., 1998]. In
this assay system, bPIX binds NSF with an
efficiency comparable to GluR2 C-terminus
(Fig. 1A). GST-full-length bPIX bound NSF with
similar efficiency to the prey fragment (Fig. 1B).

To confirm that the association of bPIX and
NSF could also occur in vivo, we performed co-
immunoprecipitations from transfected HEK293
T cells. Complexes from cells co-expressing N-
terminal HA-tagged bPIX and NSF immuno-
precipitated with an HA antibody contained
NSF, as did immunoprecipitated HA-tagged
GluR2, but not HA-tagged GluR1 (Fig. 1C).
The association of GluR2 with NSF is reduced
under conditions that allow ATP hydrolysis in a
similar manner to the SNARE-NSF-SNAP
complex [Osten et al., 1998]. To test if the
bPIX-NSF interaction had the same character-
istics, we performed co-immunoprecipitations
in conditions that either permitted ATP hydro-
lysis (0.5 mM ATP and 2 mM MgCl2) or
prevented it with the presence of a non-hydro-
lysable ATP analogue (0.5 mM AMP-PNP and
3 mM EDTA). NSF only weakly associated with
bPIX in conditions that permitted ATP hydro-
lysis (Fig. 1D).

The fragment of bPIX encoded by the prey
clone contains three parts that differ in the
complement of binding partners. The N-term-
inal portion of the fragment (GBD) contains the
binding site for the Arf-GAP GIT1 [Zhao et al.,
2000]. The middle part contains a leucine zipper
region (LZ) that mediates dimerisation or
oligomerisation of bPIX [Koh et al., 2001; Kim
et al., 2001; Premont et al., 2004]. The C-
terminus contains a PDZ-binding motif (PL)
that binds to Shank and Scribble [Park et al.,
2003; Audebert et al., 2004]. To determine the
binding region on bPIX for NSF, GST-fusion
proteins of each individual fragment were
probed in co-sedimentation assays for binding
to HEK293 expressed Flag-GIT1 (Fig. 2A), COS7
cell expressed myc-bPIX (Fig. 2B), bacterially
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expressed T7-Shank-PDZ-domain (Fig. 2C),
and bacterially expressed His6-NSF (Fig. 2D).
In line with previous results, GIT1 bound
exclusively to the GBD, bPIX bound exclusively
to the LZ and the PDZ domain bound preferen-
tially to the PL, but also to the LZ (as previously
reported by Park et al. [2003]) and slightly to the
GBD. We found that the binding site on bPIX for
NSF is restricted to the LZ (Fig. 2D).

bPIX Overexpression in Cultured Neurons

It was recently reported that overexpression
of bPIX into dissociated neuronal cultures
causes the formation of numerous thin protru-
sions [Zhang et al., 2003]. Therefore, we
generated GFP-fusion proteins of full-length
bPIX and fragments encoding GBD, LZ or PL

with the aim of further investigating this
process. Delivery of GFP, GFP-bPIX or GFP-
bPIX-fragments by recombinant sindbis virus
infection of dissociated mature neurons led to
strong expression of all proteins within 24 h, as
detected by Western blotting using an anti-GFP
antibody (Fig. 3A). GFP-bPIX showed a punc-
tate distribution (Fig. 3B.2), and was also
present within the axons (Fig. 3B.3). In older
neurons which had been maintained for 3 weeks
in vitro GFP-bPIX puncta co-localized with
PSD95 immunocytochemistry (Fig. 3C). In
contrast, all GFP-bPIX-fragments distributed
diffusely within neuronal dendrites and somata
similar to GFP (Fig. 3B.4–6). A fraction of GFP-
bPIX-LZ expressing cells showed large aggre-
gates of the recombinant protein within the

Fig. 1. NSF interacts with the PAK binding exchange factor
bPIX in vitro and in vivo. GST fusion proteins of isolated yeast
two-hybrid bPIX clone (GST-bPIX-c) and the C-terminus of
GluR2 (GST-GluR2-c) were immobilized on glutathione-sephar-
ose for ‘pulldown’ assays. A: With anti-his antibody a band
corresponding to the size of NSF is detected from the lysates of
his6NSF expressing bacteria, which is precipitated by GST-
GluR2-c and GST-bPIX-c. No such band is seen with GST alone
and no protein is detected with GST-bPIX-c pulldown of bacterial
lysates not expressing his6NSF (�). B: Purified recombinant
his6NSF is also susceptible to retention by immobilized GST-

bPIX-c. Expression of the entire bPIX as a GST fusion protein
(GST-bPIX) is equally able to precipitate purified his6NSF.
C: Expressed NSF is co-immunoprecipitated by HA-tagged bPIX
and HA-tagged GluR2 from the lysates of HEK293 T cells, but not
by HA-tagged GluR1, detected with NSF antibody. This
interaction is susceptible to ATP hydrolysis. D: In similar
experiments, NSF is co-immunoprecipitated by HA-tagged bPIX
in the presence of 0.5 mM AMP-PNP and 3 mM EDTA, but only
weakly interacts in the presence of 0.5 mM ATP and 3 mM
MgCl2. In control lysate lacking HA-bPIX expression NSF is not
co-immunoprecipitated (�). Inputs are of 20 mg of total protein.
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somata (Fig. 3B.7). At higher magnifications
thin or stubby protrusions of the dendrites were
visible that are likely to represent filopodia and
spines, respectively (Fig. 4A). Quantification of
the number of filopodia per mm of dendrite
showed an increase for GFP-bPIX overexpres-
sing cells, and a decrease for GFP-bPIX-GBD
expressing cells (Fig. 4B). However, the number
of filopodia in dendrites from GFP-bPIX-LZ
expressing neurons was unaltered.

DISCUSSION

Recent reports on novel targets of the chaper-
one NSF suggest that its function may extend
beyond dissociation of core complexes derived
from membrane fusion events. Following two

conceptual different approaches we searched
for additional targets of NSF-SNAP chaperone
complexes using the yeast two-hybrid system.
First, an N-terminal truncated version of NSF
capable of directly interacting with putative
targets, and second, a brain specific b isoform of
SNAP were used as baits in yeast two-hybrid
library screens. Several of the novel candidates
that we obtained have already been discussed in
the context of NSF dependent processes.

Syntaxin

Syntaxins form the largest class of conven-
tional SNAREs. The detection of seven different
syntaxin isoforms as a/bSNAP interactors
(Table I) supports the notion that NSF-SNAP
chaperone complexes act universally on SNARE

Fig. 2. NSF binds to bPIX via its LZ domain. A: Schematic
diagram ofbPIX indicating the arrangements of the src-homology
3 (SH3), pleckstrin-homology (PH), Dbl-homology (DH) and
regulatory (T1) domains. The C-terminal region of bPIX may be
divided into three regions; the GIT-binding domain (GBD),
coiled-coil leucine zipper domain (LZ) and PDZ ligand domain
(PL).B: Immobilized GST fusion proteins containing the GBD are
able to retain recombinant Flag-GIT1 from HEK293 cell lysates,
detected by anti-flag Western blot.C: bPIX is reported to dimerise
through its LZ domain. Consistent with this an immobilized GST
fusion protein comprising the LZ region retains recombinant

mycbPIX from HEK293 cell lysates. D: bPIX interacts with the
PDZ domain protein Shank1 through its C-terminal PDZ ligand.
A bacterially expressed and purified PDZ domain of Shank1 is
retained by immobilized GST fusion proteins of the PL, and also
the LZ and more weakly the GBD of bPIX. However, deletion of
the final leucine residue of bPIX-c (bPIX-c(DL)) ablates the
interaction with the Shank1 PDZ domain. Co-sedimented
proteins were detected by anti-T7 Western blot. E: Bacterially
expressed and purified his6NSF co-sediments with GST-LZ. A
100 nM solution of his6NSF was applied to immobilized GST-
bPIX fragments and detected by anti-his6 Western blot.
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complexes. Importantly, aSNAP and bSNAP
showed no differences in the binding to syntaxin
isoforms, supporting the original suggestion by
Clary et al. [1990] that both isoforms share a
common binding site on SNAREs. Evidence for a
bSNAP-specific function, as previously sug-
gested [Schiavo et al., 1995], was not obtained
in our yeast two-hybrid study.

BNIP3

A role of NSF in the regulation of apoptosis
was recently suggested by the suppression of
apoptosis upon overexpression of aSNAP
[Nakajima et al., 2004]. A large family of anti-
and pro-apoptotic proteins share structural
similarity to Bcl2, most prominently in a
domain named BH3. The pro-apoptotic BH3-

only protein BNIP1 was shown to bind directly
to aSNAP [Nakajima et al., 2004]. In analogy to
core complex disassembly NSF-aSNAP dissoci-
ates a complex of BNIP1 and syntaxin isoforms
in an ATP-dependent manner [Nakajima et al.,
2004]. However, BNIP1 is only a weak promoter
of apoptosis and localizes to the endoplasmic
reticulum. Thus, Nakajima et al. [2004] sug-
gested that the effect of aSNAP on apoptosis
could be mediated by the mitochondrial protein
BNIP3. Our findings that BNIP3 and BNIP3-
like protein interact with aSNAP and bSNAP in
the yeast two-hybrid system support this view.

Reticulon

Reticulon isoforms constitute a protein
family that is of special interest in respect to

Fig. 3. GFP-bPIX is concentrated in spines and axons in
cultured hippocampal neurons.A: Full-length bPIX and the three
C-terminal interaction domains of bPIX were expressed as GFP
fusion proteins in primary hippocampal cultures through Sindbis
virus infection. Cell lysates from infected neurons were probed
for expression of GFP fusion protein expression by Western
blotting with anti-GFP antibody 24 h after infection. B: GFP
signals from 2 to 3 weeks in vitro infected neurons. In comparison
to GFP, GFP-bPIX is found in a punctate distribution particularly

concentrated in spine-like structures (1–2). GFP-bPIX is also
targeted to axons (3). Expression of GFP-GBD, GFP-PL and GFP-
LZ results in a distribution similar to GFP without definite
subcellular localization (4–5); however, a subset of GFP-LZ-
infected neurons form aggregates of GFP signal (6). Scale bar
40 mm. C: GFP-bPIX co-localizes with PSD95 (red) in dendrites
and spines. Three weeks in vitro neurons were infected for 18 h
before fixation and PSD95 immunocytochemistry. Scale bar
10 mm.
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neurological diseases. First, several family
members have been identified (under the name
of Nogo-A) as inhibitors of neurite outgrowth
and re-growth after injury [Oertle and Schwab,
2003]. Second, other family members appeared
recently as modulators in the process of b-
amyloid formation in Alzheimer disease [He
et al., 2004]. However, how reticulons affect
these disease states remains relatively un-
known. A relation of NSF to reticulons is sug-
gested by the finding that reticulon-1C binds to
several syntaxin isoforms [Steiner et al., 2004],

but a possible sensitivity of reticulon-syntaxin
complexes to NSF-mediated dissociation has
not been studied. Reticulons are mainly loca-
lized in the endoplasmic reticulum where they
have recently been reported to aid the formation
of the complex tubular morphology of the peri-
pheral endoplasmic reticulum [Voeltz et al.,
2006]. Surprisingly, the endoplasmic reticulum
shaping function of the reticulons was identified
from a pharmacological sensitivity to N-ethyl-
maleimide (NEM). NEM is also a potent
inhibitor of NSF, raising the possibility that

Fig. 4. The formation of dendritic filopodia is promoted bybPIX
expression, but is insensitive to expression of NSF interaction
domain. A: Cultured hippocampal neurons 11–14 days in vitro
infected for 18 h with GFP-bPIX or GFP-bPIX C-terminal
interaction domains. Fluorescent images are of short sections of
dendrites from infected neurons. Protrusions are seen projecting
off the dendrite with all GFP fusion constructs, however GFP-
bPIX-induced protrusions may be better seen using the actin stain

phaloidin-Alexa 568 (top right panel). Scale bar 10 mm.
B: Quantification of filopodia determined as protrusions
>1.5 mm in length without discernable head in sections of
dendrites. Whereas bPIX-LZ and bPIX-PL have no effect on the
number of filopodia, expression of GPF-bPIX causes a significant
increase in the frequency of filopodia (n¼24 dendrites;P<0.05;
t-test), while expression of GFP-GBD reduces the frequency of
filopodia (n¼ 21; P<0.05). Error bars SEM.
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NSF may have a role in processing the reticu-
lons during endoplasmic reticulum network
formation. A particular structural feature of
reticulons is that the C-terminal hydrophobic
region has the potential to form alternatively
one or two transmembrane spanning regions,
resulting in opposite topologies of the N-termini
[Oertle and Schwab, 2003]. Intriguingly, sev-
eral NSF-a/bSNAP targets (syntaxin, BNIP3)
belong to a subclass of membrane proteins
classified as tail-anchored proteins [Borgese
et al., 2003], and binding ofbSNAP to syntaxins,
BNIP3s and reticulons involved the transmem-
brane domains [see also Lewis et al., 2001].
Thus, NSF-SNAP chaperone complexes may
be more generally involved in the handling of
C-terminal hydrophobic tails.

Rab11-FIP

Recognition of a conserved binding motif for
the endosomal small GTPase Rab11 in several
proteins allowed the characterisation of a
Rab11 family of interacting proteins (Rab11-
FIP) that regulates the trafficking of proteins
and membrane through the endosome [Prekeris
et al., 2000, 2001; Hales et al., 2001]. The family
member RIP11 has been identified as binding
partner of gSNAP [Chen et al., 2001; Tani et al.,
2003], and RIP11-gSNAP complexes undergo
NSF-mediated disassembly [Tani et al., 2003].
The family member Rab11-FIP3 identified here
as putative direct binding partner of NSF
shares the feature of several coiled-coil motifs
in the C-terminal region with RIP11. The coiled-
coil motifs mediate oligomerisation of Rab11-
FIPs [Wallace et al., 2002; Junutula et al., 2004]
and form the binding site for gSNAP on RIP11
[Tani et al., 2003], suggesting that NSF-
SNAP may regulate the oligomerisation state
of Rab11-FIPs. Interestingly, Rab11-FIP3
dimers seem to be SDS resistant [Horgan
et al., 2004]. Rab11-FIP3 determines the asym-
metry of cell divisions, thus the mechanisms
regulating its activity may be important in this
processes [Emery et al., 2005].

bPIX

For the maintenance of synaptic transmis-
sion, neurons require active NSF-SNAP cha-
perone function in the postsynapse [Nishimune
et al., 1998]. The postsynaptic actions of NSF
may include SNARE-dependent [Luscher et al.,

1999] and SNARE-independent [Hanley et al.,
2002] processes. The latter involves the dis-
sociation of a complex between the AMPA-type
glutamate receptor subunit GluR2 and the
coiled-coil and PDZ domain-containing protein
Pick1 [Hanley et al., 2002]. Because of our
interest in the postsynaptic actions of NSF we
focused our work on bPIX as putative target of
NSF. Deletion mutants of bPIX in Drosophila
have severe defects in the postsynaptic struc-
ture [Parnas et al., 2001] while synaptic defects
due to the functional loss of NSF2 may be
rescued by the bPIX-effector Pak3 [Laviolette
et al., 2005]. In the mammalian CNS a complex
of bPIX and GIT1 is involved in the regulation of
postsynaptic AMPA receptor localization and in
the formation of dendritic spines, a specialized
structure at glutamatergic postsynapses [Ko
et al., 2003; Zhang et al., 2003, 2005]. Binding of
NSF is mediated by a C-terminal LZ-type coiled-
coil region within bPIX and in line with other
NSF substrates is sensitive to ATP hydrolysis.
Guided by the similarity between the complex of
GluR2 and Pick1 [Hanley et al., 2002] and the
complex of Shank and bPIX (Fig. 2; Park et al.,
2003], both mediated by dual coiled-coil and
PDZ domain mediated interactions, we investi-
gated the influence of NSF on the binding
between Shank and bPIX. Although pre-asso-
ciation of a Shank fragment to bPIX increased
the amount of bound NSF in co-sedimentation
assays, an ATP-dependent dissociation of the
complex could not be observed (H.M., unpub-
lished observation). In line with a previous
report [Zhang et al., 2003], overexpression of
bPIX was found to cause the formation of
numerous thin dendritic protrusions, resem-
bling immature dendritic spines. Extending
this reported work, we demonstrated that a
fragment of bPIX corresponding to the binding
region for GIT1 exerts a dominant negative
effect on the formation of protrusions. This
finding supports the view that bPIX and GIT1
need to act in conjunction [Zhao et al., 2000;
Zhang et al., 2003; Premont et al., 2004] and
demonstrates that the process of protrusion
formation can be disturbed by dominant nega-
tive mutants. A peptide corresponding to the
NSF-binding region of GluR2 (pep2m) has
successfully been used to elucidate the role of
NSF in GluR2 regulation [Nishimune et al.,
1998]. We reasoned expressing the NSF-bind-
ing region of bPIX might permit a similar
illumination of bPIX function. However, in
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contrast to the GIT1-binding region, overex-
pression of the NSF-binding region of bPIX
could not influence the formation of protrusions
(Fig. 4). The lack of an effect could be due to
differences in the mechanisms and affinities
that mediate the competition between the GIT1-
binding region or the LZ region and bPIX
binding partners, or to the expression levels
reached at the synapse for the different GFP-
bPIX-fragments. We noted that neurons expres-
sing high levels of GFP-bPIX-LZ formed large
somatic aggregates, suggesting that high con-
centrations of soluble fusion proteins cannot be
reached for this construct. Thus, our dominant
negative approach appeared not suitable to
demonstrate an involvement of NSF in bPIX-
mediated postsynaptic processes.

Recently, it has been reported that bPIX
forms SDS-resistant oligomers in the absence
of GIT1, whereas in the presence of GIT1 a large
(1–2 million Dalton) and stable heteromeric
complex forms [Premont et al., 2004]. Thus,
NSF could be involved in the arrangement of
heteromeric bPIX-GIT1 complexes.

In summary, we present a limited number of
novel putative targets for NSF-SNAP chaper-
one complexes that could be involved in a vari-
ety of cellular processes, ranging from apoptosis
to synaptic transmission. On a molecular level,
NSF-SNAP complexes may be involved in the
disassembly of coiled-coil-mediated interac-
tions underlying not only SNARE complexes
but also other forms of stable oligomers, and the
C-terminal membrane anchoring of NSF-SNAP
targets may be mechanistically involved in the
dissociation process.

ACKNOWLEDGMENTS

We thank Dr. W. Yang, Dr. R. Premont and
Dr. A. Nishimune each for providing myc-bPIX,
Flag-GIT1 and rat brain cDNA library, respec-
tively. For their excellent technical experience,
we thank I. Thanhauser, F. Benseler and
L. Cotton. We would also especially like to
thank Dr. Nils Brose and Dr. Yu Tian Wang for
their support.

REFERENCES

Audebert S, Navarro C, Nourry C, Chasserot-Golaz S,
Lecine P, Bellaiche Y, Dupont JL, Premont RT, Sempere
C, Strub JM, Van Dorsselaer A, Vitale N, Borg JP. 2004.
Mammalian scribble forms a tight complex with the
betaPix exchange factor. Curr Biol 14:987–995.

Betz A, Okamoto M, Benseler F, Brose N. 1997. Direct
interaction of the rat unc-13 homologue Munc13-1 with
the N-terminus of syntaxin. J Biol Chem 272:2520–
2526.

Borgese N, Colombo S, Pedrazzini E. 2003. The tail of tail-
anchored proteins: Coming from cytosol and looking for a
membrane. J Cell Biol 161:1013–1019.

Chen D, Xu W, He P, Medrano EE, Whiteheart SW. 2001.
Gaf-1, a g-SNAP-binding protein associated with the
mitochondria. J Biol Chem 276:13127–13135.

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

Collingridge GL, Isaac JT. 2003. Functional roles of protein
interactions with AMPA and kainate receptors. Neurosci
Res 47:3–15.

Cong M, Perry SJ, Hu LA, Hanson PI, Claing A, Lefkowitz
RJ. 2001. Binding of the b2 adrenergic receptor to N-
ethylmaleimide-sensitive factor regulates receptor recy-
cling. J Biol Chem 276:45145–45152.

Emery G, Hutterer A, Berdnik D, Mayer B, Wirtz-Peitz F,
Gaitan MG, Knoblich JA. 2005. Asymmetric rab11
endosomes regulate delta recycling and specify cell fate
in the Drosophila nervous system. Cell 122:763–773.

Hales CM, Griner R, Hobdy-Henderson KC, Dorn MC,
Hardy D, Kumar R, Navarre J, Chan EKL, Lapierre LA,
Goldenring JR. 2001. Identification and characterization
of a family of Rab11-interacting proteins. J Biol Chem
276:39067–39075.

Han SY, Park SY, Park SD, Hong SH. 2000. Identification
of rab6 as an N-ethylmaleimide-sensitive fusion protein-
binding protein. Biochem J 352:165–173.

Hanley JG, Khatri L, Hanson PI, Ziff EB. 2002. NSF
ATPase and a-/b-SNAPs disassemble the AMPA recep-
tor-Pick1 complex. Neuron 34:53–67.

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

Hatsuzawa K, Hirose H, Tani K, Yamamoto A, Scheller RH,
Tagaya M. 2000. Syntaxin 18, a SNAP receptor that
functions in the endoplasmatic reticulum, intermediate
compartment, and cis-Golgi vesicle trafficking. J Biol
Chem 275:13713–13720.

He W, Lu Y, Qahwash I, Hu XY, Chang A, Yan R. 2004.
Reticulon family members modulate BACE1 activity and
amyloid-b peptide generation. Nat Med 10:959–965.

Heydorn A, Sondergaard BP, Ersboll B, Holst B, Nielsen
FC, Haft CR, Whistler J, Schwartz TW. 2004. A library of
7TM receptor C-terminal tails—Interactions with the
proposed post-endocytic sorting proteins EBP50, NSF,
SNX1 and GASP. J Biol Chem 279:54291–54303.

Horgan CP, Walsh M, Zurawski TH, McCaffrey MW. 2004.
Rab11-FIP3 localises to a Rab11-positive pericentroso-
mal compartment during interphase and to the cleavage
furrow during cytokinesis. Biochem Biophys Res Com-
mun 319:83–94.

Jahn R, Lang T, Sudhof TC. 2003. Membrane fusion. Cell
112:519–533.

Junutula JR, Schonteich E, Wilson GM, Pedent AA,
Scheller RH, Prekeris R. 2004. Molecular characteriza-
tion of Rab11 interactions with members of the family of
Rab11-interacting proteins. J Biol Chem 279:33430–
33437.

NSF/SNAP Interactions 1213



Kim S, Lee SH, Park D. 2001. Leuzine zipper-mediated
homodimerization of the p21-activated kinase-interact-
ing factor, beta Pix. Implication for a role in cytoskeletal
reorganization. J Biol Chem 276:10581–10584.

Ko J, Kim S, Valtschanoff JG, Shin H, Lee JR, Sheng M,
Premont RT, Weinberg RJ, Kim E. 2003. Interaction
between liprin-a and GIT1 is required for AMPA receptor
targeting. J Neurosci 23:1667–1677.

Koh CG, Manser E, Zhao ZS, Ng CP, Lim L. 2001. Beta1Pix,
the PAK-interacting exchange factor, requires localiza-
tion via a coiled-coil region to promote microvillus-like
structures and membrane ruffles. J Cell Sci 114:4239–
4251.

Laviolette MJ, Nunes P, Peyre JB, Aigaki T, Stewert BA.
2005. A genetic screen for suppressors of drosophila
NSF2 neuromuscular junction overgrowth. Genetics
170:779–792.

Lenzen CU, Steinmann D, Whiteheart SW, Weis WI. 1998.
Crystal structure of the hexamerization domain of
N-ethylmaleimide-sensitive fusion protein. Cell 95:525–
536.

Lewis JL, Dong M, Earles CA, Chapman ER. 2001. The
transmembrane domain of syntaxin 1A is critical for
cytoplasmic domain protein–protein interactions. J Biol
Chem 276:15458–15465.

Luscher C, Xia H, Beattie EC, Carroll RC, von Zastrow M,
Malenka RC, Nicoll RA. 1999. Role of AMPA receptor
cycling in synaptic transmission and plasticity. Neuron
24:649–658.

May AP, Misura KMS, Whiteheart SW, Weis WI. 1999.
Crystal structure of the amino-terminal domain of N-
ethylmaleimide-sensitive fusion protein. Nat Cell Biol 1:
175–182.

Mayer A, Wickner W, Haas A. 1996. Sec18p (NSF)-driven
release of sec17p (alphaSNAP) can precede docking and
fusion of yeast vacuoles. Cell 85:83–94.

McBride HM, Rybin V, Murphy C, Giner A, Teasdale R,
Zerial M. 1999. Oligomeric complexes link rab5 effectors
with NSF and drive membrane fusion via interactions
between EEA1 and syntaxin 13. Cell 98:377–386.

McDonald PH, Cote NL, Lin FT, Premont RT, Pitcher JA,
Lefkowitz RJ. 1999. Identification of NSF as a b-
arrestin1-binding protein. J Biol Chem 274:10677–
10680.

Nakajima K, Hirose H, Taniguchi M, Kurashina H, Arasaki
K, Nagahama M, Tani K, Yamamoto A, Tagaya M. 2004.
Involvement of BNIP1 in apoptosis and endoplasmic
reticulum membrane fusion. EMBO J 23:3216–3226.

Nishimune A, Isaac JT, Molnar E, Noel J, Nash SR, Tagaya
M, Collingridge GL, Nakanishi S, Henley JM. 1998. NSF
binding to GluR2 regulates synaptic transmission.
Neuron 21:87–97.

Oertle T, Schwab ME. 2003. Nogo and its partners. Trends
Cell Biol 13:187–194.

Osten P, Srivastava S, Inman GJ, Vilim FS, Khatri L, Lee
LM, States BA, Einheber S, Milner TA, Hanson PI, Ziff
EB. 1998. The AMPA receptor GluR2 C terminus can
mediate a reversible, ATP-dependent interaction with
NSF and alpha- and beta-SNAPs. Neuron 21:99–110.

Park E, Na M, Choi J, Kim S, Lee JR, Yoon J, Park D,
Sheng M, Kim E. 2003. The shank family of postsynaptic
density proteins interacts with and promotes synaptic
accumulation of the bPIX guanine nucleotide exchange
factor for Rac and Cdc42. J Biol Chem 278:19220–19229.

Parnas D, Haghighi P, Fetter RD, Kim SW, Goodman CS.
2001. Regulation of postsynaptic structure and protein
localization by the rho-type guanine nucleotide exchange
factor dPix. Neuron 32:415–424.

Peters C, Baars TL, Buhler S, Mayer A. 2004. Mutual
control of membrane fission and fusion proteins. Cell 119:
667–678.

Prekeris R, Klumperman J, Scheller RH. 2000. A Rab11/
Rip11 protein complex regulates apical membrane
trafficking via recycling endosomes. Mol Cell 6:1437–
1448.

Prekeris R, Davies JM, Scheller RH. 2001. Identification of
a novel Rab11/25 binding domain present in eferin and
Rip proteins. J Biol Chem 276:38966–38970.

Premont RT, Perry SJ, Schmalzigaug R, Roseman JT, Xing
Y, Cleing A. 2004. The GIT/PIX complex: An oligomeric
assembly of GIT family ARF GTPase-activating proteins
and PIX family Rac1/Cdc42 guanine nucleotide exchange
factors. Cell Signal 16:1001–1011.

Schiavo G, Gmachl MJS, Stenbeck G, Söllner TH, Rothman
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