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SNARE [soluble NSF (N-ethylmaleimide-sensitive factor) attach-
ment protein receptor] proteins are essential for membrane fusion
but their regulation is not yet fully understood. We have previously
shown that the amino-terminal Longin domain of the v-SNARE
TI-VAMP (tetanus neurotoxin-insensitive vesicle-associated mem-
brane protein)�VAMP7 plays an inhibitory role in neurite out-
growth. The goal of this study was to investigate the regulation of
TI-VAMP as a model of v-SNARE regulation. We show here that the
Longin domain (LD) plays a dual role. First, it negatively regulates
the ability of TI-VAMP and of a Longin�Synaptobrevin chimera to
participate in SNARE complexes. Second, it interacts with the
adaptor complex AP-3 and this interaction targets TI-VAMP to late
endosomes. Accordingly, in mocha cells lacking AP-3�, TI-VAMP is
retained in an early endosomal compartment. Furthermore, TI-
VAMPc, an isoform of TI-VAMP lacking part of the LD, does not
interact with AP-3, and therefore is not targeted to late endo-
somes; however, this shorter LD still inhibits SNARE-complex for-
mation. These findings support a mechanism controlling both
localization and function of TI-VAMP through the LD and clathrin
adaptors. Moreover, they point to the amino-terminal domains of
SNARE proteins as multifunctional modules responsible for the fine
tuning of SNARE function.

SNARE [soluble NSF (N-ethylmaleimide-sensitive factor)
attachment protein receptor] proteins are key mediators of

membrane fusion as they are necessary for membrane fusion in
vivo and are sufficient for fusion of liposomes in vitro (1, 2).
However, the mechanisms ensuring proper targeting and regu-
lation of SNAREs are still not well understood. All SNAREs
share a 60- to 70-aa residue sequence called the SNARE motif,
which mediates v-SNARE�t-SNARE interaction; additionally,
several SNAREs contain extended amino-terminal regions,
which might control their subcellular localization and protein
interactions, and thus regulate their function (3, 4). In particular,
the amino-terminal Longin domain (LD) of the v-SNARE
TI-VAMP (tetanus neurotoxin-insensitive vesicle-associated
membrane protein)�VAMP7�SYBL1, negatively regulates neu-
rite outgrowth (5, 6). This domain is homologous to the profilin-
like amino-terminal domains of sec22p and ykt6p (7–9), and
defines a subfamily of SNAREs, called the Longins (9). The
molecular mechanism underlying the function of LDs is not
completely understood: the LD of ykt6 interacts directly with the
SNARE motif (8), whereas this is not the case for Sec22 (7). In
this article, we have analyzed the regulatory role of the LD of
TI-VAMP as a model for v-SNARE regulation. Our data
demonstrate a dual function for the LD, controlling both the
ability of the v-SNARE to participate in SNARE complexes and
its subcellular localization by an AP-3-mediated pathway. There-
fore, our results reveal the multifunctional nature of the amino-
terminal domains of SNAREs.

Materials and Methods
Antibodies and DNA Constructs. Mouse mAb clone 158.2 anti-TI-
VAMP will be described elsewhere. Mouse mAbs anti-GFP
(GFP; clones 7.1 and 13.1, Roche Diagnostics, Indianapolis),
syntaxin 6 (clone 30, Transduction Laboratories, Lexington,
KY), syntaxin 4 (clone 49, Transduction Laboratories), syntaxin
8 (clone 48, Transduction Laboratories), Vti1b (clone 7, Trans-
duction Laboratories), and transferrin receptor (68.4, from I.
Trowbridge, Salk Institute, La Jolla, CA) have been described.
Rabbit sera anti-TI-VAMP (TG18), SNAP-23 (TG7) (10), syn-
taxin 3 (TG0) (10), VAMP8 (TG15) (11), and VAMP4 (TG19�
20) (12) were purified by affinity chromatography. Rabbit
polyclonal antibodies anti-syntaxin 10 and syntaxin 16 were
generous gifts from Dr. W. Hong (Institute of Molecular and
Cell Biology, Singapore). Rabbit polyclonal antibodies anti-
AP-1 and AP-3 subunits and mouse mAb anti-AP-2 have been
described elsewhere (13).

The cDNAs of human TI-VAMP (10) and the GFP-fusion
constructs GFP-TIVAMP, GFP-�Longin-TIVAMP, and GFP-
Longin have been reported (5). The cDNA of rat Syb2 (14) was
cloned by PCR into the pEGFP-C3 vector (CLONTECH). For
the production of the chimera GFP-Longin�Syb2, a PvuI site
was introduced by site-directed mutagenesis in GFP-TIVAMP
(after residue D124) and in GFP-Syb2 (after residue R30).
PHLuorin from G. Miesenbock (Sloan–Kettering Memorial
Hospital, New York) was used for the carboxyl-terminal GFP-
fusion constructs TIVAMP-GFP and �Longin-TIVAMP-GFP.
The cDNA of AP-3� (13) was cloned into pCDNA3 by using the
BamHI and XhoI sites. For the production of inducible clones,
TI-VAMP and �Longin-TIVAMP were cloned in the tet off
pBI-4 vector (15).

Identification of TI-VAMPc. Isoform c of TI-VAMP is the product
of an alternative splicing variant of the gene SYBL1 (SYBL1c)
that was isolated by RT-PCR, using human brain tissue as
template. The existence of this isoform was subsequently
confirmed by an RNase protection assay (unpublished obser-
vations). SYBL1c results from an intraexonic and in-frame
splicing variant, which skips 123 nucleotides, lacking part of
exon 2 and all of exon 3. The splicing is produced by using a
cryptic GT donor splice site, within exon 2 at position 179
(position is in base pairs relative to GenBank accession no.
X95804) and the known AG acceptor site, at the 3�-end of intron
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3. Translation of this alternative transcript would produce a
putative 179-aa protein that we named TI-VAMPc (GenBank
accession no. AJ549301). This isoform differs from TI-VAMP
(GenBank accession no. NP005629) because of a deletion from
28 to 68 aa (inclusive). For the GFP-fusion construct, the cDNA
of TI-VAMPc was cloned into EcoRI and BamHI sites of
pEGFP-C3 vector (CLONTECH).

In Vitro Interaction Assay. An Escherichia coli strain coexpressing
GST-syntaxin 1 and His6-SNAP-25 was kindly provided by G.
Schiavo (Cancer Research UK, London). Purification of the
recombinant complex was as described (16). The GFP-fusion
proteins GFP-TIVAMP, GFP-�Longin-TIVAMP, and GFP
alone were produced in transiently transfected HeLa cells.
Twenty-four hours after transfection, cells were lysed in RIPA
buffer (50 mM Tris, pH 7.5�150 mM NaCl�10 mM EDTA�0.1%
SDS�1% Triton X-100�0.5% deoxycholate) and the fluores-
cence of the extracts was quantified to include equal amounts in
the in vitro interaction assay. After the indicated times of
incubation at 4°C, the glutathione beads were washed three times
in PBS plus 0.1% Triton X-100 and either quantified directly in
a SpectraMax Gemini XS fluorometer (Molecular Devices;
excitation wavelength, 488 nm, emission wavelength, 535 nm), or
eluted in sample buffer for SDS�PAGE and Western Blot
analysis of the bound GFP-fusion proteins. Nonlinear regression
curves (one phase exponential association), statistics, rate con-
stants and Bmax were calculated by using PRISM (GraphPad, San
Diego).

Yeast Two-Hybrid Cloning and Analysis. Baits were PCR-amplified
(Pfu, Stratagene) and cloned into the pB27 plasmid derived from
the original pBTM116 (17). The Longin and cytosolic domains
of human and Drosophila TI-VAMP comprised residues 1–120
and 1–188, respectively. Random-primed cDNA libraries from
human placenta and Drosophila embryos (0–24 h) poly(A)�

RNA were constructed into the pP6 plasmid derived from the
original pGADGH (18). The libraries were transformed into the
Y187 yeast strain and 10 million independent yeast colonies were
collected, pooled, and stored at �80°C. The mating protocol has
been described elsewhere (19). Each screen was performed to
ensure that a minimum of 50 million interactions were tested.
The prey fragments of the positive clones were amplified by PCR
and sequenced at their 5� and 3� junctions on a PE3700 se-
quencer. The resulting sequences were used to identify the
corresponding gene in the GenBank database by using a fully
automated procedure. Direct interaction assays were performed
by mating, using the L40 and AMR70 strains (17).

Cell Culture and Transfection. HeLa and mocha cells were cultured
in DMEM with 10% FCS and transfected by electroporation as
described (5). For the sucrose treatment, cells were incubated
with 0.05 M sucrose for 18 h, washed and chased for 5 h before
fixation. Tet off Madin–Darby canine kidney (MDCK) cells
(CLONTECH) cultured in DMEM with 7% FCS and 200 �g�ml
G418 were cotransfected by electroporation with pBI-4-GFP-
TIVAMP or pBI-4-GFP-�Longin-TIVAMP, and the pKT-Hyg
vector conferring resistance to hygromycin in a ratio of 1:7.
Clones were selected in medium containing 400 �g�ml hygro-
mycin, 200 �g�ml G418, and 0.5 �g�ml doxycycline. Electron
microscopy experiments were carried out at least 5 days after
removal of doxycycline.

Immunocytochemistry. Cells were fixed with 4% paraformalde-
hyde and processed for immunofluorescence as described (20).
Confocal laser scanning microscopy was performed by using
either a TCS or an SP2 confocal microscope (Leica, Heidelberg,
Germany). Images were assembled without modification by
using PHOTOSHOP (Adobe Systems, San Jose, CA).

Immunoelectron Microscopy. MDCK cells were fixed with 2%
paraformaldehyde in phosphate buffer 0.2 M, pH 7.4 (PB) for 2 h
at room temperature. Fixed cells were processed for ultrathin
cryosectioning, were ImmunoGold labeled, and contrasted as
described (21). Anti-GFP polyclonal antibodies (Molecular
Probes) were visualized with protein A-gold conjugates (PAGs)
(Department of Cell Biology, Utrecht University, Utrecht, The
Netherlands).

N-ethylmaleimide (NEM) Treatment, Chemical Crosslinking, and Im-
munoprecipitation. NEM treatment was as described by Galli et al.
(10). Crosslinking was performed by incubating intact cells with
1 mM dithiobis(succinimidyl proprionate) (DSP) diluted from a
freshly prepared stock at 25 mM in DMSO. After 30 min at room
temperature, DSP was neutralized with 10 mM Tris, pH 7.6, for
15 min. After the NEM or DSP treatments, cells were lysed and
processed for immunoprecipitation as described (5).

Antibody Binding Assay. HeLa cells transfected with TIVAMP-
GFP or with �Longin-TIVAMP-GFP were incubated in the
presence of 5 �g�ml anti-GFP antibody in culture medium for 1 h
at 4°C, washed extensively with PBS, fixed with 4% PFA and
processed for immunofluorescence.

Results
The LD of TI-VAMP Inhibits SNARE-Complex Formation in Vitro and in
Vivo. To better understand the molecular mechanisms underly-
ing the regulatory function of the amino-terminal extensions of
SNARE proteins, we first set up an assay to quantitatively
measure the binding of v-SNAREs to t-SNAREs in vitro (Fig.
1b). Recombinant t-SNARE composed of GST-syntaxin 1 and
His6-SNAP-25 was immobilized on beads (see Fig. 6a, which is
published as supporting information on the PNAS web site,
www.pnas.org) and incubated with diluted detergent extracts of
HeLa cells expressing GFP, GFP fused to full-length TI-VAMP

Fig. 1. The LD inhibits SNARE-complex formation in vitro and in vivo. (a)
Scheme of the structure of TI-VAMP. TMD, transmembrane domain. (b and c)
Quantitative in vitro assay to measure the interaction between recombinant
syntaxin 1 and SNAP25 with TI-VAMP or �Longin-TIVAMP. The graphic shows
one representative experiment of three independent experiment. (d and e)
HeLa cells transfected with GFP-TIVAMP or GFP-�Longin-TIVAMP (d) or with
GFP-Syb2 or GFP-Longin�Syb2 (e), and treated as described in Fig. 6c, were
lysed and immunoprecipitated with an anti-GFP antibody. Coimmunoprecipi-
tated SNAREs were detected by Western blot and quantified by densitometry.
The histograms show the statistical analyses of at least three independent
experiments. *, P � 0.05, Student’s t test.
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(GFP-TIVAMP), or GFP fused to TI-VAMP lacking the LD
(GFP-�Longin-TIVAMP). As measured by fluorescence, dele-
tion of the LD induced a more efficient interaction of TI-VAMP
with the immobilized t-SNARE (Figs. 1c and 6b). Analysis of the
kinetics of the v-SNARE�t-SNARE interaction revealed a
two-fold increase in the Bmax (bound v-SNARE) of GFP-
�Longin-TIVAMP compared with GFP-TIVAMP (470 � 37
versus 235 � 33 fluorescence arbitrary units respectively; two-
tailed P value is 0.04), with no significant difference in the rate
constant (0.25 � 0.12 h�1 versus 0.19 � 0.05 h�1; two-tailed P
value is 0.70), reflecting the fact that both proteins have the same
SNARE motif.

To understand the relevance of this autoinhibition in vivo, we
compared the ability of GFP-TIVAMP and GFP-�Longin-
TIVAMP to form SNARE complexes in transfected HeLa cells.
We found that the LD inhibited the formation of SNARE
complexes with cognate plasma membrane and endosomal t-
SNAREs of TI-VAMP (Figs. 1d and 6 c and d). Indeed,
compared with GFP-TIVAMP, GFP-�Longin-TIVAMP made
between 4- and 10-fold more SNARE complexes with SNAP-23,
syntaxin 4, syntaxin 6, and Vti1b (Figs. 1d and 6d). The specificity
of the SNARE interactions was not affected by the presence of
the LD because the repertoire of t-SNAREs coimmunoprecipi-
tated by endogenous TI-VAMP (Fig. 7c, which is published as
supporting information on the PNAS web site), GFP-TIVAMP,
and GFP-�Longin-TIVAMP was identical (Figs. 1d and 6 c and
d), thus suggesting that TI-VAMP and �Longin-TIVAMP me-
diated fusion with the same target membranes. We then asked
whether the LD could function in the context of another
v-SNARE. Therefore we produced a GFP-fusion of synapto-
brevin 2 (GFP-Syb2) and a chimeric protein between TI-VAMP
and Syb2 by exchanging the first 30 aa of Syb2 with the LD of
TI-VAMP (GFP-Longin�Syb2). We found that the LD also
inhibited the formation of SNARE complexes in the context of
Syb2 (Figs. 1e and 6d). Indeed, GFP-Longin�Syb2 made between
2- and 10-fold fewer SNARE complexes than GFP-Syb2 (Fig. 1e)
with known partners of Syb2, i.e., syntaxin 4, SNAP-23 (11), and
syntaxin 6 (22). These results suggest that the LD could prevent
the accessibility of the SNARE motif of the v-SNARE to its
cognate t-SNAREs as suggested for syntaxin 7 (23) and ykt6p
(8). In the case of ykt6p, a direct interaction of the amino-
terminal domain and the SNARE motif was detected in a yeast
two-hybrid assay (8). In our case, however, we did not detect any
interaction between the LD of TI-VAMP and either its SNARE
motif or its full cytoplasmic domain in a yeast two-hybrid assay
(Fig. 6e). The lack of high-affinity interaction between the LD
and the SNARE motif of TI-VAMP is further supported by the
fact that TI-VAMP was not recovered in multiple yeast two-
hybrid screens using the LD as bait (see below, Fig. 4) and also
by the following further evidence (unpublished observations): (i)
in vitro assays with recombinant proteins in which there was no
interaction between the LD and the SNARE motif of TI-VAMP;
(ii) the lack of coimmunoprecipitation from cells transfected
with both domains of the protein; (iii) the observation that
addition of recombinant LD had no effect on the binding of
GFP-TIVAMP and GFP-�Longin-TIVAMP to the immobi-
lized t-SNARE as described above; and (iv) the autoinhibition of
the LD when fused to Syb2 (Figs. 1e and 6d). These results also
suggest that the Longin domain does not mediate homooli-
gomerization of the protein. We cannot exclude that the LD-
mediated autoinhibition may result from a low-affinity intramo-
lecular interaction, but an intramolecular steric hindrance would
be a more likely mechanism.

The LD Controls the Subcellular Localization of the v-SNARE. We then
asked whether the form of TI-VAMP lacking the LD would show
a different subcellular distribution. As we have seen before in
PC12 cells, the GFP-TIVAMP staining was identical to that of

endogenous TI-VAMP in HeLa cells (unpublished observa-
tions). Treatment of cells with sucrose induced the osmotic
swelling of the GFP-TIVAMP-positive structures (Fig. 2a),
suggesting a late endosomal�lysosomal nature (24). In contrast,
GFP-�Longin-TIVAMP-positive structures were not affected
by the sucrose treatment (Fig. 2a), indicating a different intra-
cellular distribution. The subcellular localization of both pro-
teins was also investigated at the ultrastructural level (Fig. 2b).
Immunogold labeling on ultrathin cryosections revealed that the
bulk of GFP-TIVAMP localized to compartments similar to
lysosomes on the basis of their morphological appearance (i.e.,
electron dense membranous content). Occasionally, membrane
vesicles were also labeled with the anti-GFP antibodies. In
contrast, the subcellular distribution of GFP-�Longin-TIVAMP
was restricted to tubulovesicular elements.

Fig. 2. The LD controls the intracellular localization of TI-VAMP. (a) HeLa
cells transfected with GFP-TIVAMP or GFP-�Longin�TIVAMP were either di-
rectly fixed (control) or fixed after sucrose treatment (sucrose). Note the
swelling of GFP-TIVAMP-positive vesicles, but not that of GFP-�Longin-
TIVAMP-positive vesicles (Insets). (Bar, 10 �m; bar in Insets, 7 �m.) (b) Ultrathin
cryosections of MDCK cells expressing GFP-TIVAMP and GFP-� Longin-TIVAMP
were ImmunoGold-labeled with anti-GFP antibodies and PAG10. TI-VAMP
localizes to the limiting membrane of lysosomal compartments (arrows).
Occasionally, TI-VAMP is detected in small closely apposed vesicles (arrow-
heads). GFP-� Longin-TIVAMP localizes to tubular vesicular membrane struc-
tures (arrows). (Bars, 200 nm.)
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When compared with endosomal markers, GFP-TIVAMP
colocalized significantly with the tetraspanin protein CD63, but
not with the transferrin receptor (TfR) (Fig. 3a), supporting a
late endosomal�lysosomal localization in these cells, as seen in
3T3 cells (25). In contrast, GFP-�Longin-TIVAMP, while still
localized in vesicles distributed all over the cytoplasm, did not
colocalize with CD63, but did colocalize with the TfR (Fig. 3b).
Conversely, GFP-Syb2 distributed mostly to early�recycling en-
dosomes, as shown by extensive colocalization with the TfR, but
not with CD63 (Fig. 3c), whereas the chimera GFP-Longin�Syb2
displayed the inverse pattern, with some codistribution with

CD63 and virtually no colocalization with the TfR (Fig. 3d).
These effects were not due to the absence of the short amino-
terminal domain of Syb2, but to the presence of the LD of
TI-VAMP, because a form of Syb2 lacking the first 30 residues
behaved like full-length Syb2 (unpublished observations). These
results suggested that the LD had a second role in the targeting
of TI-VAMP to late endosomes�lysosomes.

TI-VAMP Interacts with the AP-3 Adaptor Complex Through the LD. To
understand the LD-dependent effect on subcellular distribution
of v-SNAREs, we performed a yeast two-hybrid screen by using
either the LD or the cytoplasmic domain, comprising both the
LD and the SNARE motif, of Drosophila or human TI-VAMP
as bait. The t-SNARE proteins syntaxin 1A, syntaxin 3, and
SNAP-23, known partners of TI-VAMP (5, 10), were identified
as partners of the cytoplasmic domain, thereby validating the
screen. Importantly, this screen revealed an interaction between
the LD and the � subunit of the AP-3 complex (Fig. 4a). This
adaptor complex has been shown to mediate traffic to late
endocytic compartments (13, 26–29) and to the plasma mem-
brane (30). The interaction between TI-VAMP and the � subunit
of AP-3 was confirmed by transfection, followed by crosslinking

Fig. 3. The LD controls the intracellular localization of v-SNAREs. HeLa cells
transfected with the constructs indicated were fixed and stained for the
endosomal markers CD63 and TfR. Arrows point to structures labeled by both
the GFP-fusion protein and either CD63 or TfR. Arrowheads point to structures
positive for only one of the proteins. (Bar, 13 �m.)

Fig. 4. Direct interaction between AP-3� and the LD. (a) Results of a yeast
two-hybrid screening using either the Longin or the cytoplasmic domain of
Drosophila or human TI-VAMP as baits. SNAP-29, a yet unknown partner of
TI-VAMP, was also detected both in the human and in the Drosophila screen-
ing, and biochemical experiments validated this interaction (unpublished
observations). The red and green lines highlight the intersection and total
coverage of all prey clones identified in the yeast two-hybrid screen, respec-
tively. (b) HeLa cells transfected with the GFP-fusion constructs indicated were
crosslinked, lysed, and immunoprecipitated with an anti-GFP antibody. Co-
immunoprecipitated proteins were detected by Western blot. (c) HeLa cells
fixed and double stained for endogenous TI-VAMP and AP-1, AP-2, and AP-3
are shown. (Bar, 15 �m.)
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and coimmunoprecipitation experiments (Fig. 4b). The endog-
enous � subunit of AP-3 was recovered in an immunoprecipi-
tation from cells transfected with GFP-TIVAMP, but not from
cells transfected with GFP-Syb2. The �3 subunit of AP-3 was
also recovered, demonstrating that TI-VAMP interacts with the
whole AP-3 complex. In agreement with the two-hybrid results,
when the immunoprecipitation was done from cells transfected
with GFP-�Longin-TIVAMP, neither the � subunit nor the �3
subunit were recovered, whereas both were recovered from cells
transfected with GFP-Longin�Syb2 (Fig. 4b). The AP-1 and
AP-2 complexes were not coimmunoprecipitated in these con-
ditions (Fig. 7 and unpublished observations). We then com-
pared the distribution of endogenous TI-VAMP with that of the
different clathrin adaptor complexes (Fig. 4c). TI-VAMP did not
colocalize with the plasma membrane adaptor AP-2, whereas it
colocalized partially with AP-1 in the perinuclear area and more
evidently with AP-3. Altogether these results suggest a strong
biochemical link between TI-VAMP and AP-3.

In particular, our data indicate that the LD of TI-VAMP
interacts directly with AP-3� and suggest that this interaction
would mediate TI-VAMP localization to a late endosomal�
lysosomal compartment. To test this hypothesis, we made use of
mocha cells, which lack the � subunit and thus a functional AP-3
complex. We reasoned that if AP-3 was implicated in the
targeting of TI-VAMP to a CD63-positive late endosomal
compartment, then the distribution of TI-VAMP in mocha cells
should be affected. This was indeed the case: in mocha cells,
GFP-TIVAMP colocalized with early�recycling endosomes la-
beled with the TfR (Fig. 5a). When these cells were cotrans-
fected with the � subunit, thus allowing formation of functional
AP-3 complex, GFP-TIVAMP recovered its distribution to late
endosomes�lysosomes and did not colocalize with the TfR (Fig.
5a). Furthermore, if the AP-3-mediated targeting of TI-VAMP
depended on the interaction between its LD and the � subunit,
there should be no difference in the distribution of GFP-
�Longin-TIVAMP, regardless of the presence or the absence of
the AP-3 complex. Again, this was the case: in mocha cells,
cotransfected or not with the � subunit, GFP-�Longin-TIVAMP
colocalized with the TfR (Fig. 5a), as seen before in HeLa cells
(Fig. 3b).

The Truncated LD of an Isoform of TI-VAMP, TI-VAMPc, Does Not
Interact with AP-3 But Still Inhibits SNARE-Complex Formation in Vivo.
SNARE proteins could be regulated by mRNA splicing (31). We
have recently identified a splicing isoform of TI-VAMP, TI-
VAMPc (M.V., F.F., and M.D., unpublished observations),
which lacks approximately one-third of the LD (Fig. 5b). Coim-
munoprecipitation experiments showed that GFP-TIVAMPc
did not interact with AP-3� (Fig. 5d), whereas AP-3� was
coimmunoprecipitated with GFP-TIVAMP and with the LD of
TI-VAMP fused to GFP (GFP-Longin) (Fig. 5d), a cytosolic
protein (5). Interestingly, and by contrast to GFP-TIVAMP,
GFP-TIVAMPc did not colocalize with CD63 (Fig. 5c), thus
confirming the direct link between AP-3� binding and late
endosomal localization and indicating that a crucial domain for
AP-3� binding resides between residues 28–68 of TI-VAMP.
However, TI-VAMPc behaved like TI-VAMP, regarding its
ability to participate in SNARE complexes with cognate t-
SNAREs (Fig. 5e). This latter result indicates that the shorter
LD of TI-VAMPc retains the autoinhibitory function, but not
the AP-3 binding function of the full LD.

The finding that GFP-�Longin-TIVAMP interacts more ef-
ficiently with plasma membrane and endosomal t-SNAREs (Fig.
1), together with its early endosomal localization (Figs. 2 and 3b),
suggests that the LD may regulate the exocytic function of
TI-VAMP, i.e., the fusion of TI-VAMP’s vesicles with the
plasma membrane. Therefore, we produced GFP-fusion proteins
with the GFP tag fused to the carboxyl terminus of TI-VAMP

(TIVAMP-GFP) or of �Longin-TI-VAMP (�Longin-TI-
VAMP-GFP), and measured their expression at the plasma
membrane by incubating living cells with an anti-GFP antibody.

Fig. 5. Localization and function of TI-VAMP depends on its interaction with
functional AP-3 complex. (a) Mocha cells were transfected with either GFP-
TIVAMP or GFP-�Longin-TIVAMP alone, or were cotransfected with AP-3�.
GFP-TIVAMP and GFP-�Longin-TIVAMP were detected by direct GFP fluores-
cence (green), whereas AP-3� (blue) and TfR (red) were detected by coimmu-
nolabeling. Merge, the level of colocalization between the TfR and GFP-
TIVAMP or GFP-�Longin-TIVAMP. (b) Scheme of the structure of TI-VAMP
compared with TI-VAMPc. Isoform c lacks residues 28–68 (red box). (c) HeLa
cells transfected with GFP-TIVAMPc were fixed and stained for endogenous
CD63. (d) HeLa cells transfected with the GFP-fusion constructs indicated were
crosslinked, lysed, and immunoprecipitated with an anti-GFP antibody. Co-
immunoprecipitated proteins were detected by Western blot. (e) HeLa cells
transfected with the GFP-fusion constructs indicated were incubated with
NEM as in Fig. 6c, lysed, and immunoprecipitated with a mouse monoclonal
anti-GFP antibody. Coimmunoprecipitated SNAREs were detected by Western
blot. (Bar in a, 10 �m; bar in c, 13 �m.)
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Fusion of the GFP tag at the carboxyl terminus of TI-VAMP or
�Longin-TIVAMP did not affect their steady-state localization.
However, cells transfected with �Longin-TIVAMP-GFP bound
the anti-GFP antibody more efficiently than cells transfected
with TIVAMP-GFP (Fig. 8, which is published as supporting
information on the PNAS web site). Whereas these results are
consistent with the trafficking of other AP-3-dependent cargo
proteins such as CD63 (32), the fact that TI-VAMP is a
v-SNARE-mediating fusion at the plasma membrane (5), to-
gether with the autoinhibitory role of the LD in plasma mem-
brane SNARE-complex formation, suggest that the presence of
the LD correlates with the low exocytic activity of TI-VAMP.

Discussion
The extended amino-terminal domains of certain SNAREs have
been proposed to be responsible for their regulation, and in some
cases, like for syntaxin 1 and 7 and ykt6p, a role in modulating
SNARE-complex formation has been shown (8, 23, 33). Our
data point to the LD of TI-VAMP as, to our knowledge, the first
example of a SNARE amino-terminal domain playing a dual role
by modulating both the fusogenic activity and the subcellular
localization of the v-SNARE. Altogether our results show that
the LD of TI-VAMP plays two distinct functions: (i) it controls
the capacity of this v-SNARE to interact with its endosomal and
plasma membrane t-SNARE partners (Fig. 1), and (ii) by
interacting with the � subunit of AP-3, it targets TI-VAMP to
late endosomes�lysosomes (Figs. 2–5). The first role of the LD
unraveled by our in vitro assay can function independently from
the second because (i) the interaction between AP-3 and TI-
VAMP is labile and could only be observed after in vivo
crosslinking, and (ii) the autoinhibition but not the AP-3-
dependent targeting is conserved in the shorter form of the LD
present in TI-VAMPc. Interaction between SNAREs and coat

proteins have been described (34, 35), but this is an example of
a SNARE domain playing a dual role. Hence, our findings
suggest that the amino-terminal domains of SNAREs can reg-
ulate at least two independent biochemical properties, one
directly linked to their fusogenic activity, and one linked to their
targeting to a specific subcellular compartment. Furthermore,
the multifunctional properties of the LD point to an important
coordination between localization and function, a crucial aspect
of cell homeostasis. In addition, our data show the involvement
of AP-3 in transport from early�recycling to late endosomes.
Given our demonstration that TI-VAMP mediates neurite out-
growth (5) and apical transport in epithelial cells (10, 36), and its
role in the endocytic pathway (25), the important regulation
unraveled here suggests that the neurological defects seen in
mocha mice (37), and the defects in renal function seen in mocha
and pearl mice (38, 39), may be linked to a defect in the proper
targeting of TI-VAMP. TI-VAMP is likely to interact with as yet
unknown membrane proteins, the trafficking of which would also
be affected when this pathway is perturbed. In the light of the
link between the AP-3 and TI-VAMP pathways, it will now be
important to further identify the regulators and cargo of the
TI-VAMP�AP-3-mediated pathway in both nonneuronal and
neuronal cells.
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