Biochem. J. (2003) 370, 213—221 (Printed in Great Britain)

213
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Synaptobrevin 2 (Sb2), syntaxinl (Stx1), and synaptosomal-
associated protein of 25 kDa (SNAP-25) are the main com-
ponents of the soluble N-ethylmaleimide-sensitive fusion protein
attachment protein receptor (SNARE) complex involved in
fusion of synaptic vesicles with the presynaptic plasma membrane.
We report the characterization of D53, a novel SNARE-binding
protein preferentially expressed in neural and neuro-endocrine
cells. Its two-dimensional organization, established by the hydro-
phobic cluster analysis, is reminiscent of SNARE proteins.
D53 contains two putative helical regions, one of which includes
a large coiled-coil domain involved in the interaction with
Sb2 in vitro. Following subcellular fractionation, endogenous
D53 was specifically detected in the membrane-containing

fraction of PC12 cells, where it co-immunoprecipitated with Sb2.
Analysis by confocal microscopy showed that, in these cells,
endogenous D53 co-localized partially with the transferrin re-
ceptor in early endosomes. In vitro assays revealed that binding
properties of D53 to Stx1 and Sb2 are comparable with those of
SNAP-25. Furthermore, D53 forms Sb2/Stx1/D53 complexes in
vitro in a manner similar to SNAP-25. We propose that D53
could be involved in the assembly or disassembly of endosomal
SNARE complexes by regulating Sb2/Stx interaction.
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trafficking, PC12 cells.
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INTRODUCTION

Fusion of synaptic vesicles with the plasma membrane is mediated
by the formation of SNARE (soluble N-ethylmaleimide-sensitive
fusion protein attachment protein receptor) complexes involving
proteins specifically located on the synaptic vesicles (v-SNARE:s),
synaptobrevin 2 (Sb2), and target proteins located on the plasma
membrane (t-SNAREs), syntaxinl (Stx1) and the synaptosomal-
associated protein of 25 kDa (SNAP-25). The synaptic vesicle
protein, Sb2, is considered to be one of the key proteins involved
in exocytotic membrane fusion. Sb2 and Stx1 are transmembrane
proteins containing a coiled-coil domain. SNAP-25 contains two
coiled-coil domains located in the N- and C-terminal regions and
is anchored to the plasma membrane by palmitoylated cysteine
residues present in the middle part of the molecule [1,2]. In vitro,
Sb2, SNAP-25 and Stx1 form a bundle of four « helices [3,4] that
bridges donor and target membranes in close proximity, thereby
leading to lipid bilayer fusion [5]. Disassembling of the SNARE
complex, allowing further rounds of membrane fusion, is
triggered by binding of soluble N-ethylmaleimide-sensitive fusion
protein attachment protein and the ATP-dependent activity of
N-ethylmaleimide-sensitive fusion protein (for review see [6]).
Major evidence for the involvement of these proteins in neuro-
secretion results from the fact that secretion was inhibited by
treatment with botulinum or tetanus neurotoxins which specific-
ally cleave Sb2, Stx1 and SNAP-25 (for reviews see [7-9]).
Sb2, Stx1 and SNAP-25 are the prototypes of protein families
whose members have been identified in cells as distantly related

as yeast and mammalian neurons. This suggests that the SNARE
mechanism is highly conserved throughout secretory pathways
[10-12].

We have characterized R10 [13], an avian protein containing a
coiled-coil domain, expression of which is developmentally
regulated in chick embryo neuroretina. It was reported that
the gene encoding the human orthologue of this protein is over-
expressed in tumours and tumour cell lines, in particular in
breast and lung adenomas and adenocarcinomas [14].

In this study we report the biochemical characterization of
D53, a highly R10-related protein expressed in neural and
neuroendocrine cells. We show that both D53 and R10 belong to
a structurally conserved family of proteins sharing a coiled-coil
domain. This domain is necessary in the location of D53 on early
endosomes. We also show that D53 directly interacts with Sb2
and Stx1 and potentiates, in vitro, the formation of Sb2/Stx1/D53
complexes.

Analysis of its two-dimensional (2D) organization together
with its in vitro properties, suggest that D53 could regulate
SNARE complexes on early endosomes.

EXPERIMENTAL
Cell culture and transfection

PCI12 cells were plated on collagen-coated plastic Petri dishes,
and grown as described previously [15]. HeLa and COS-7 cells
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were maintained in Dulbecco’s modified Eagle medium con-
taining 7 9%, fetal calf serum. The cells were transiently transfected
with expression vectors by the DEAE Dextran-chloroquin
method as described previously [16].

Construction of two-hybrid ¢cDNA library

Oligo (dT)- and random-primed two-hybrid system libraries of
neuroretina from 13-day-old chick embryos were prepared in
lambdaHybriZAP vector using ZAP-cDNA Gigapack II Gold
Cloning Kit and HybriZAP Two-Hybrid Predigested Vector Kit
(Stratagene, La Jolla, CA, U.S.A)).

Plasmid construction and mutagenesis

The pGBT9 R10 plasmid, used as a bait for the two-hybrid
screening, was constructed by cloning amino acids 52-251 of R10
[13] in frame with the GAL4 DNA-binding domain of the vector.

To obtain constructs synthesizing glutathione S-transferase
(GST)-D53 and GST-Sb2 fusion proteins, the FEcoRI/Sall
fragments of pAD-GAL4D53 and pAD-GAL4Sb2 plasmids,
isolated by the two-hybrid screening, were inserted in frame with
the GST gene in the pGEX-4T1 vector (Amersham Biosciences
Europe, Saclay, France) resulting in pGEX/D53 and
pGEX/Sb2. The EcoRI/Sall fragment of pAD-GAL4DS53 was
also inserted in frame with the green fluorescent protein (GFP)
gene in the pEGFP-C2 vector (Clontech Laboratories, Palo
Alto, CA, U.S.A.) to produce pEGFP/D53.

The pGEX/NterD53 construct was prepared from the
pGEX/D53 plasmid by deleting the B/pl and Xhol restriction
fragment which encoded the C-terminal part of the protein. This
plasmid encodes the first 40 amino acids of D53 coupled to GST.

To obtain the construct synthesizing a haemagglutinin-tagged
D53 protein, the coding region of D53 was fused in frame at its 3’
end with the DNA fragment encoding the nine-residue epitope
HAT1 of the influenza virus haemagglutinin, by PCR. The primers
used were: 3005 (5'), 5'-GACGCGGTGCTGCGACC-3"; and
3006HA (3"), 5-TCAGAGGCTAGCATAATCAGGAACAT-
CATACGGACACTGAAGCTCTTCTT-3’, encoding the HA
epitope. The PCR product was cloned into the pMOSBlue vector
(Amersham Bioscience), sequenced, digested with Xbal and
BamHI and inserted into the pSVL vector between Xbal
and BamHI sites (pSVLDS53-HA).

Plasmid expressing the D53P,, ,, mutant protein was generated
by PCR using oligonucleotide-mediated site-directed muta-
genesis. Briefly, the fragment of pAD-GAL4DS53 encoding
amino acids 1-147 was amplified with the appropriate primers
(forward primer, 5-GATGTATATAACTATCTATTCG-3’,
and reverse primer, 5-AGTGGGAGAATTCCTCAT-3"), di-
gested with EcoRI and used to replace the corresponding
fragment of pGEX/DS53 and pEGFP/D53. These mutagenic
oligonucleotides were 5'-GTACCAGCAGCCAAAGAAAAG-
CACCCGATT-3" and its complementary strand.

pBKSDS53 and pBKSDS3P,, , plasmids used for the in vitro
transcription and translation experiments were obtained by
inserting the HindIll/Sall fragments of pEGFP/DS53 and
pEGFP/D53P,, ., constructs into the pBluescript vector
(Stratagene).

To synthesize a histidine-tagged D53, the EcoRI/Xbal frag-
ment of pAD-GAL4DS53 was inserted into the pET28a vector
(Novagen, Madison, WI, U.S.A.).

GST-SyntaxinlA, ,, plasmid encoding the cytoplasmic region
of SyntaxinlA (amino acids 1-261) fused to GST and referred as
GST-Stx1, was kindly provided by Dr S. Quetglas [17].
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Sequence analysis

Searches for similarities were performed at the National Centre
for Biotechnology Information (http://www.ncbi.nlm.nih.gov/)
using the BLAST2 and PSI-BLAST programs [18]. Coiled-coil
regions were predicted by using the COILS and PAIRCOILS
programs [19,20]. The bidimensional hydrophobic cluster analy-
sis (HCA) was also used in order to highlight the organization of
the protein sequence into domains and their associated secondary
structure features [21]. This method adds secondary-structure
prediction to sequence comparison and is therefore particularly
efficient for comparing sequences sharing low levels of identity
(below the so-called ‘twilight’ zone, i.e. 20-259%, identity), as
structure is often much more conserved than sequence [22,23].
Secondary structure predictions were performed using the JPred
program [24].

Cell fractionation

PC12 cells (107) were homogenized in 2 ml of PBS containing
protease inhibitors (protease inhibitor cocktail tablets, Roche)
using a cell cracker. After 5 min centrifugation at 1000 g, two-
thirds of the resulting supernatant [post-nuclear supernatant
(PNS)] were centrifuged at 200000 g for 30 min at 4 °C. The
supernatant fraction was the cytosol fraction. The pellet cor-
responding to the membrane fraction was further re-suspended
in 600 xl of PBS and homogenized.

Immunoprecipitation and Western blotting

Cell lysates from COS-7 cells transfected with D53-expressing
vectors, from PC12 cells or from embryonic chicken neuroretinas
were prepared as described previously [25]. They were analysed
by immunoprecipitation followed by SDS/PAGE and Western
blotting. Blots were probed with either the anti-D53 and the anti-
HA (12CAS, Roche) or the anti-Sb2 antibodies at dilutions of
1:1500, 1:1000 and 1:2000 respectively. Proteins were visualized
by chemiluminescence as recommended by the suppliers
(Amersham Bioscience; Pierce, Tattenhall, Cheshire, U.K.).

Purification of bacterial recombinant proteins

GST fusion proteins were prepared according to Frangioni and
Neel [26]. A single colony of DH5a, transformed with the
plasmid of interest, was grown overnight in Luria—Bertani (LB)
broth containing 100 xg/ml ampicillin. A 1:50 (v:v) dilution of
the overnight culture was grown in LB, up to 4,,, 0.4, then
induced with 0.1 mM IPTG for 4h at 37 °C. Bacteria were
pelleted by centrifugation at 7000 g for 7 min at 4 °C and washed
with STE (10 mM Tris/HCI, pH 8.0, 150 mM NaCl, 1 mM
EDTA). Pellets were lysed by sonication with 100 mg/ml lyso-
zyme, 1.59, laurylsarcosine in STE. Lysates were clarified by
centrifugation at 10000 g for 5 min, at 4 °C. The supernatant
was adjusted to 29, Triton X-100, and incubated with
glutathione—Sepharose beads at 4 °C for 4 h. Beads were washed
several times with ice-cold PBS and resuspended in storage buffer
[50 mM Hepes, pH 7.4, 150 mM NaCl, 5 mM dithiothreitol
(DTT), 109% (v/v) glycerol].

Recombinant Stx1 was purified from the GST fusion protein
by treatment with 11 units of human thrombin (Sigma)/ml in
150 mM NaCl, 25mM CaCl, 10 mM Hepes, pH 7.4, and
0.05 mM Tween 20, for 3 h at 25 °C. Thrombin was removed by
adding p-aminobenzamidine coupled to agarose beads (Sigma)
and centrifugation at 2000 rev./min for 1 min at 4 °C. His-tagged
proteins were purified according to Weber et al. [5]. Briefly,
Escherichia coli strain Bli5 (Novagen), transformed with the
plasmid of interest, was grown under conditions described above,



D53, a coiled-coil protein, potentiates Sh2—Stx interaction 215

— a2p | chicken D53

variable region

172

hos3 20 pAvASADFSSMLSEERr EE[ra
053 20 DAVGSADFSSMLESEErEE[RrAISET oL
chD53 20 DMVTDVDFTSMISE EE[BRA L|
hDs2 20 DVAATISATETLSE EE| R W
CSPP28 20 DAAATISATETLSEESOEEMAR v
=052 20 DAVTMLSAFPEALTE EE[RR v
R10 65 DAAATVOMSETLOEERION EBA K W
hoS4 3  GVAARTPAVEGLTEASEEE[RA v
F13E6.1 5 QHMDSSSSNEIVLESQARRDLERT

d a d a d a d

iled-coil

hDS3 141 ETKVGGTHNPNGGESFEENLESTAHASAGS
mhs3 141 ETRVGOTHHGOUGSFEENLNSTAHASEQN
chDS3 146 ETKVGGTBHTGGSFEENLSSTAHASAQS
hD52 128 KSKVGGTRPAGGDFGENLNSARNASATT
COPP2E 128 KSKVGGTKPAGGDFGENLNSTANASATS
mD52 128 ESKVGGAKPAGGDFGENLNSTANATS TM
R10 196 . LESKVGGSKPASGDFGENLNSAANASATE 240
RD54 158 JIESKVVGDREN

F13E6.1 204

Figure 1 Structure of D53 protein
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(R) Comparison of the HCA plots of the chicken D53 and C. efegans F13E6.1 protein sequences. The sequence is shown as a duplicated oc-helical net, where hydrophobic amino acids (V, I, L,
F, Y, W) are enclosed. The sequence is presented in duplicate in order to restore the full environment of each amino acid. Hydrophobic amino acids form clusters which mainly correspond to
the internal faces of regular secondary structures (a-helices and /4-strands) [21]. The way to read the sequence in one-dimension (1D) and with secondary-structure distribution (2D) is indicated
in the inset. Symbols used for amino acids with a particular structural behaviour are also indicated in the inset. The most conserved regions are indicated with shading below the sequence (also
denoted coiled-coil ). Within these regions, the conserved hydrophobic amino acids are enclosed and those which should participate in the core of the structure are shaded. They form the main
part of the hydrophobic clusters whose shape strongly indicate oc-helical structures. (B) Linear alignment of the conserved regions of the R10/D53 protein family. Identical amino acids are white
on a black background, similar amino acids are boxed. The “a” and ‘d’ positions of the coiled-coil’s heptad repeat, as well as the position of the predicted cc-helices are indicated below the sequences.
The amino acids of the coiled-coil are also shown on a helical wheel (right). Leucine residues 57 and 67 are indicated by asterisks in (B) and in bold in (A).

in LB medium containing 50 yg/ml kanamycin and 30 mg/ml
chloramphenicol. Bacteria were lysed by lysozyme treatment
(100 ug/ml) and sonication for 1 min. Protein was purified
on nickel-nitriloacetic acid (Ni-NTA) agarose (Qiagen,
Courtaboeuf, France) in 25 mM Hepes, KOH, pH 7.4, 100 mM
KCl, 109% (v/v) glycerol, 2 mM p-mercaptoethanol, 19, octyl
p-D-glucopyranoside in the presence of 250 mM imidazole.

In vitro binding experiments

pBKSDS53 and pBKSD53P,, , constructs were used for in vitro
T7-driven transcription and translation using the TNT-coupled
transcription/translation kit (Promega) with [**S]methionine as
the radioactive tracer amino acid in a final volume of 50 ul. For
binding experiments, 10 1 of the reactions were incubated
overnight at 4 °C with 10 ug of GST alone, or GST-Sb2 and
GST-D53 immobilized on glutathione—Sepharose beads in the

presence of 50 mM Hepes, pH 7.4, 150 mM NaCl, 5 mM DTT,
109 (v/v) glycerol and 19, Triton X-100 in a final volume of
400 pl. After centrifugation, the supernatant containing the
unbound fraction was removed and the beads were washed four
times with 1 ml of binding buffer, resolved by SDS/PAGE and
revealed by fluorography.

In binding experiments involving bacterial recombinant GST-
Sb2, GST-Stx1, HisD53 and the cytoplasmic domain of Stx1, 0.3
or 1 uM GST-Sb2 or GST-Stx was incubated overnight at 4 °C
with increasing concentrations of recombinant His-tagged D53
in 21 mM Hepes, pH 7.5, 20 mM KCI, 120 mM potassium
acetate, 1.6 mM EDTA, 29, (v/v) glycerol, 0.4 mM p-mercapto-
ethanol, 0.2 9, octyl p-p-glucopyranosyde, 0.01 9%, Tween 20 and
10 mM imidazole. In the GST-Sb2/HisD53 complex, 0.3 uM
Stx1 was added and incubation was continued for 1 h. After
washing three times with 400 ul of 20 mM Hepes, pH 7.5,
150 mM potassium acetate, 2 mM EDTA, 0.05 9%, Tween 20 and
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5% (v/v) glycerol, proteins were analysed by SDS/PAGE and
immunoblotting. EC,, was defined as the half-maximal binding
of each soluble protein, based on pixel intensity quantified on the
Gel Documentation System 2000 (Bio-Rad). For HisD53 (Figure
6A), uncalibrated absorbance (ud) values/mm? were: 0, 1.75;
7.75, 21.2, 29.6, 33. For HisD53 (Figure 6B), ud values/mm?
were: 0, 2.32; 4.17, 11, 20.4, 21.4, 29. For Stxl (Figure 6C),
ud values/mm? were: 0, 0.08, 3.19, 3.97, 21.7, 29.4, 41.7. For
HisD53 (Figure 6D), ud values/mm? were: 0, 6.53, 11.7, 18,
26.3, 37.7. For Stx1 (Figure 6D), ud values/mm? were: 4.22,
10.6, 8.7, 20.6, 24.3, 30.7.

Preparation of D53-specific antiserum

The pGex/NterD53 construct was used to produce a bacterial
protein containing the first 40 amino acids of D53 fused to GST,
as described previously. After purification, the protein was
concentrated in a Centricon 10 (Amicon, Danvers, MA, U.S.A.),
following the manufacturer’s instructions, and prepared for
immunization of rabbits (Agrobio, la Chavannerie, La Ferté St
Aubin, France).

Antibodies

Monoclonal antibodies were gifts from: Dr R. Jahn (Max-
Planck Institute, Gottingen, Germany) for rat-Sb2 ¢l69.1; Dr C.
Barnstable (Yale University, New Haven, CT, U.S.A.) for rat-
Syntaxinl HPC-1; Dr I. Trowbridge (Salk Institute, San Diego,
CA, U.S.A)) for Transferrin Receptor, H68.4. N-terminal His6
antibody was purchased from Clontech and 12CAS5 antibody
from Roche.

The secondary antibodies used were FITC-conjugated anti-
rabbit IgG (Sigma), and Texas Red dye-conjugated AffiniPure
Goat Anti-Mouse IgG (H and L; Jackson Immunoresearch
Laboratories, West Grove, PA, U.S.A.).

Immunofluorescence

PCI12 cells were seeded in collagen-coated eight-well chambers
(Laptek chamber; Nalge Nunc International, Naperville, IL,
U.S.A.) at a density of 12000 cells per well. After 3 days, cells
were fixed with 39, (w/v) paraformaldehyde in PBS for 20 min
and permeabilized by treatment with 0.259, Triton X-100 in
PBS for 10 min at 22 °C. After treatment with 0.29% (W/v)
gelatin in PBS, for 20 min, cells were incubated for 1 h with the
first antibodies at 22 °C. After washing three times with PBS,
they were incubated with the secondary antibodies for 1h,
washed several times with PBS, and mounted in Vectashield
mounting medium (Vector Laboratories, Peterborough, U.K.).
HeLa cells were permeabilized before fixing, by digitonin treat-
ment (50 xg/ml in PBS) for 90 s on ice.

RESULTS
D53 belongs to a structurally conserved family of proteins

R10 was isolated in proliferating quail neuroretina cell cultures
infected with the avian lymphomatosis virus RAV-1, as a hybrid
mRNA containing R10 sequence associated with retroviral
regulatory elements [13]. R10 encodes a protein containing a
coiled-coil domain involved in homo- and hetero-oligomeric
protein interactions [13,27].

To investigate the function of the R10 gene product, the yeast
two-hybrid system was used to identify interacting proteins. A
neuroretina ¢cDNA library, prepared from 13-day-old chick
embryos, was screened by using R10 as bait. Among approxi-
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Figure 2 D53 interacts with Sb2 in vitro

(R) D53wt and D53Pg;_g, were radiolabelled by /n vifro transcription and translation and
incubated with GST-D53, GST and GST-Sb2. One-tenth of each reaction mixture (Input), and
bound proteins of the remaining nine-tenths were analysed by SDS/PAGE and fluorography. An
internal negative control (background) was measured in each lane by quantifying the same
surface area just above the specific signal. The obtained values were subtracted from the
values obtained for the specific signal. The values obtained in uA were: 47.92 for the wtD53
input; 48.17 for the D53P;_g, input; 5.15 for the retention of the wtD53 on the GST alone;
4.3 for the retention of the D53Py; 4, on the GST alone; 65.34 for the retention of the wtD53
on the GST-Sh2; and 9.91 for the retention of the D53P;,_g, on the GST-Sh2. Luciferase (Luc)
was used as a negative control for interaction with GST-Sb2. (B) Equal amounts of GST and
GST-Sb2 loading were checked by Coomassie Blue staining.

mately 169000 transformants screened, three classes of clones
showed specific interaction with the bait. They encoded the R10
protein, confirming its capacity to form homo-oligomers [13], the
chicken orthologue of the mammalian D53, a highly R10-related
protein shown to be overexpressed in several human breast
carcinomas [14] and the chicken orthologue of the synaptic-
vesicle-associated protein Sb2.

A BLAST search for similarities revealed that several
R10/D53-related proteins existed in species from Caenorhabditis
elegans to human [14,28-32]. The overall similarities, ranging
from 28.2-81.5 9, suggested the existence of an R10/D53 protein
family. Comparison of D53 amino acid sequence with that of the
most distantly related sequence of the family, i.e. that of the C.
elegans F13E6.1 putative protein, allowed organization of the
protein into domains and delineation of the most conserved
regions within these domains. These should be essential to the
structure and function of such proteins. By using the bidimen-
sional HCA [21], we identified two conserved regions (shaded
blocks between the two compared plots) separated by a variable
region, which cannot be aligned between chicken D53 and
the C. elegans protein, and should, therefore, correspond to
different structures (Figure 1A).

The first conserved region in all members of the R10/D53
protein family includes a typical coiled-coil domain, as defined
by the COILS [19] and PAIRCOIL [20] programs (Figure 1B)
and easily detectable in the HCA plot (Figure 1A). Indeed, the
hydrophobic positions of the heptad repeat, constituting the core
of the coiled-coil structure (positions ‘a’ and ‘d’), form a typical
long horizontal cluster. In fact it corresponds to the 2D projection
of the three-dimensional (3D) helical structure, as the support
used in this sequence representation is the a-helix. Within this
first conserved region, the coiled-coil is immediately followed
by a region predicted, by HCA and JPred, to adopt a helical
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Figure 3 Characterizations of D53 protein and antibody

(R) Expression of HA-tagged D53 protein. Lysates of COS-7 cells transfected with pSVLD53-
HA construct were immunoprecipitated with anti-HA antibody (HA), non-specific rabbit serum
(NS), pre-immune serum (PI), or D53-specific antiserum (D53), resolved by SDS/PAGE (15%
gel) and immunoblotted with either the anti-HA-specific antibody or the D53 antiserum. (B)
Specific recognition of endogenous D53 protein. A lysate of neuroretina, extracted from
13-day-old chicks, was immunoprecipitated either with preimmune serum, or with D53-
specific antiserum, and revealed with the D53 antiserum. (G) Competition experiment.
D53-specific antiserum was incubated for 3 h at 4 °C in the presence of GST-D53 beads, the
supernatant was used for the immunoprecipitation (D53 4 Ag) of neuroretina lysates and com-
pared with precipitation obtained in the same conditions with the preimmune (PI) or the
specific D53 antiserum.

structure (Figure 1B). The second conserved region is predicted
to contain two other «-helices with a small domain which has a
moderate probability of forming coiled-coils (Figure 1B). These
results strongly suggested that members of this family could have
similar functions involving their helical domains.

D53 is a Sh2-binding protein

Because of the strong similarity between R10 and D53, and the
specific expression of D53 in avian neuroretina (V. Proux-
Gillardeaux, unpublished work), we investigated whether D53
was also able to interact with Sb2. We found that interaction of
D53 with Sb2 was as efficient as that of R10, in the two-hybrid
system (results not shown). A direct interaction between the two
proteins was assessed by an in vitro binding assay. Thus, a purified
recombinant GST-Sb2 fusion protein was immobilized on
glutathione-Sepharose beads and incubated with [**SJmethionine-
labelled D53 protein obtained by in vitro translation. D53 was
able to bind to GST-Sb2, but not to GST-coupled beads (Figure
2A). Indeed, a quantification of the fluorography revealed that
15.159, of radiolabelled D53 was retained on GST-Sb2-coupled
beads versus 1.199%, on GST alone, leading to about 149, of
specific retention.

A PNS Cyt Mb
D53 wus |lowexposure
PNS Cyt Mb
Sbh2 - . -
B PNS Cyt Mb PNS Cyt Mb
Sh2 - - -~
IP D53 IP D53
C
Sb2 —
IP - Pl D53 D53

Figure 4 Subcellular localization of D53 and Sb2 in PC12 cells

(R) Proteins (100 xg) contained in the post-nuclear supernatant (PNS), cytosolic (Cyt) and
membrane-containing fractions (Mb) of PC12 cells were resolved by SDS/PAGE (12% gel) and
probed with D53- and Sb2-specific antibodies. (B) Sb2 co-immunoprecipitates with D53 in the
membrane-containing fraction of PC12 cells. Proteins (200 «g) from each fraction were
immunoprecipitated with D53 antiserum, analysed by SDS/PAGE (12% gel) in parallel with
proteins indicated in (A) and simultaneously revealed with the Sb2-specific antibody. The values
from the quantification (uncalibrated optical density), done on the low exposure, were 81.24 for
the direct Western blot, 25.30 for the immunoprecipitation and 15.81 for the unspecific signal.
(C) Specificity of the D53-Sh2 interaction. Lysates of PC12 cells were immunoprecipitated with
either preimmune (PI) or specific D53 antiserum.

As mentioned above, D53 contains a coiled-coil domain
conserved in all members of the R10/D53 protein family.
Moreover, the coiled-coil domain of Sb2 is involved in heterotypic
protein—protein interactions. Thus we investigated whether the
binding of D53 to Sb2 was mediated by the N-terminal coiled-
coil domain of D53. We constructed a plasmid expressing a
mutant form of D53 (pBKSDS53P,, ,,), in which we disrupted
the coiled-coil structure by substituting leucine residues 57 and
64 for proline residues, as predicted by the PAIRCOIL program.
Only a very weak interaction of the mutant protein with GST-
Sb2 was detected (Figure 2A). Only 2.3 9, of the mutant protein
was retained on GST-Sb2 beads versus 19, on GST alone,
resulting in a 1.3 9, specific retention. Thus, D53 was retained
about 11 times more than the mutant protein. This clearly
showed that the binding of D53 to Sb2 requires the integrity of
its N-terminal coiled-coil domain. Taken together, these results
provided evidence for a direct in vitro interaction between D53
and Sb2 mediated by the coiled-coil domain of D53.

To confirm in vivo the D53/Sb2 interaction, we immunized
rabbits with a GST fusion protein containing the first 40 amino
acids of D53. Antiserum specificity was validated by immuno-
precipitation and immunoblotting analysis, using lysates from
COS-7 cells transfected with the pSVLD53-HA plasmid. We
detected a 27 kDa protein, also identified by the HA-Tag
antibody. This protein was not recognized by preimmune or non-
specific rabbit serum (Figure 3A). Moreover, this antiserum
specifically recognized an endogenous D53 protein of 25 kDa in
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Figure 5 Localization, by confocal microscopy, of D53 in PC12 cells (A) and of GFPD53 in HeLa cells (B) in comparison with the endosomal recycling

compartment (TfR)

For double labelling, D53 was revealed with a FITC-conjugated anti-rabbit secondary antibody, whereas TfR was revealed with a Texas Red dye-conjugated secondary antibody. GFPD53 was revealed

by direct fluorescence. The panels on the right-hand side are colour overlays.

13-day-old chicken neuroretina (Figure 3B). A competition
experiment done by incubating the D53 antiserum previously
with a D53 purified protein abolished this detection (Figure 3C).

Sb2 is known to be a transmembrane protein. Given that D53
does not contain any membrane targeting motif, we asked
whether the subcellular localization of D53 overlaps with that of
Sb2. Therefore we performed subcellular fractionation of PC12
cells in which both D53 and Sb2 were expressed. We found that
both proteins are enriched in the membrane-containing fraction
(Figure 4A), as compared with the post-nuclear supernatant
fraction. They were not detected in the cytosolic fraction.

To assess the biological significance of the in vitro binding of
D53 to Sb2, we investigated whether we could detect the presence
of D53/Sb2 complexes in the membrane-containing fraction. We
detected Sb2 in complexes immunoprecipitated by D53-specific
antibody and about 7.259, of the total Sb2 was pulled down
with DS53-specific antibody (Figure 4B). This co-immuno-
precipitation is specific, because only the D53 antibody, and not
the pre-immune serum co-immunoprecipitated Sb2 (Figure 4C).
Given that D53 is predicted to be soluble, this suggests that
its association with membranes could be mediated through its
interaction with Sb2 in PC12 cells.

D53 partially localizes on early endosomes

Next, we investigated the subcellular localization of endogenous
D53 in PC12 cells by confocal microscopy. Using affinity-purified
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D353 polyclonal antibody, we observed the labelling of punctate
structures throughout the cytoplasm that were enriched in a
perinuclear region (Figure 5A).

We investigated whether D53 co-localized with the transferrin
receptor, an established marker of early endosomes [33]. We
found that detection of D53 immunoreactivity overlapped with
that of the transferrin receptor (Figure SA). Given that Sb2 was
previously found not only on the small synaptic-like vesicles, but
also on early endosomes of PC12 cells [34], these results suggest
that D53 and Sb2 may co-localize on early endosomes.

The discrepancy between the absence of a membrane-targeting
motif on the D53 amino acid sequence, and its enrichment in the
membrane-containing fraction, suggested that the association of
D53 with early endosomes could be mediated by protein—protein
interactions involving the coiled-coil domain of the protein. To
assess the role of this domain, we examined whether its disruption
affected localization of the protein on early endosomes. There-
fore, we transfected Hela cells with plasmids expressing either
GFPD53wt (wild-type) or GFPD53P,,, , mutant protein and we
studied their subcellular localization by confocal microscopy, in
correlation with the distribution of the transferrin receptor. Both
wt and mutant D53 proteins were revealed by the direct fluor-
escence of GFP. We observed that GFPD53wt and mutant
proteins were predominantly detected as cytosolic proteins,
masking the detection of transferrin-receptor-containing
organelles (results not shown). Therefore, we permeabilized the
transfected cells with digitonin, before their fixation, in order to
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of equal amounts of GST-Stx1 and GST-Sb2 was confirmed by Ponceau S staining.

wash out excess of exogenous cytosolic proteins. We observed a
perinuclear and punctate vesicular distribution of GFPD53wt
similar to that observed in PC12 cells. D53 partialy overlapped
with the transferrin receptor, but a non-endosomal localization
of the protein was also observed (Figure 5B). However, the
mutant GFPD53P;, , protein was no longer detectable under
these conditions, indicating its inability to associate with mem-
branes (results not shown). These experiments confirm that D53
is predominantly present on early endosomes and that its
localization is dependent on the coiled-coil domain integrity.

D53 enhances interaction of Stx1 with the Sb2 complex

The results presented above showed that D53 resided on vesicular
structures that presumably contained a fraction of Sb2 and that
it interacted with Sb2 through its coiled-coil domain. Sb2 was
shown previously to be the v-SNARE interacting with Stx1, the
membrane-associated t-SNARE [35]. However, in a binary in
vitro system, Sb2 and Stx1 exhibited a relatively weak interaction,
whereas the addition of SNAP-25 significantly increased the
binding of Sb2 to Stx1 [36]. We therefore investigated whether
the presence of D53 could also modulate Sb2/Stx1 interaction in
vitro.

Given that SNAP-25 binds directly to Sb2 and Stx1 in a dose-
dependent manner [37], we examined whether D53 exhibited
similar binding properties. We incubated increasing amounts of
His-tagged D53 with constant amounts of either GST-Stx1A | ,,
(Figure 6A) or GST-Sb2 (Figure 6B) fusion proteins immobilized
on glutathione—Sepharose beads. Binding of D53 to Stxl and
Sb2 was saturable, with a 50 9, -effective concentration (EC,,)
of about 0.42 uM and 2 uM respectively. These values were
comparable with those obtained under the same conditions
for SNAP-25 binding to the same proteins [37]. These results
indicated that, like SNAP-25, D53 bound directly to v- and
t-SNARE:s.

We then studied whether D53 also affects binding of Stx1 to
Sb2. We found that in a similar binding assay, association of
Stx1 with GST-Sb2 was not saturable at concentrations up to
20 uM of Stx1 (Figure 6C). By using the Microcal™ Origin
program (see the Experimental section), the EC,, of this inter-
action was estimated at about 10.2 M of Stxl. This was
consistent with previous data indicating that EC;, of Sb2 binding
to GST-Stx1 was lower than 12 xM [37]. Finally we incubated
increasing amounts of recombinant His-tagged D53, with 1 uM
of the GST-Sb2 fusion protein bound to glutathione-Sepharose
beads and added 0.3 uM of purified recombinant Stx1 was added
to each sample (Figure 6D). We observed that under these
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conditions, D53 bound to GST-Sb2 withan EC,, of about 2.2 uM,
a value similar to that obtained in pairwise association. As
expected, only barely detectable amounts of Stx1 interacted
with Sb2 in the absence of D53. However, by increasing the
concentration of D53, we found that there was a dose-dependent
increase in the retained amount of Stxl. Interestingly, Stx1
binding to GST-Sb2 was enhanced 7-fold in the presence of
3.2 uM D53. The EC;, of Stxl to GST-Sb2 was obtained at
0.61 xM DS53. This concentration is comparable with the amount
of SNAP-25 necessary to obtain a EC;, of Sb2 to GST-Stxl1, as
observed by Pevsner et al. (0.7 uM) [37].

DISCUSSION

In the present study we analysed the biochemical properties of
D53, anovel v- and t-SNARE binding protein expressed in avian
neuroretina and in PC12 cells. We showed that D53 contains a
large N-terminal coiled-coil domain required for its localization
on early, transferrin-receptor-containing endosomes and for its
interaction with the v-SNARE, Sb2.

The main finding of this study was that D53 enhances
interaction of Stx1 with the Sb2 complex in vitro. Using recom-
binant Sb2, Stx1 and D53, we showed that D53 binds to both
Sb2 and Stx1, with EC,, values similar to those obtained for
SNAP-25. Furthermore, in the presence of increasing amount of
D53, binding of Stx1 to Sb2 was enhanced in a dose-dependent
manner. These biochemical characteristics are similar to those
assigned to SNAP-25[36,37]. Analysis of the 3D structure of the
synaptic SNARE complex has shown that it is a heterotrimer
containing Stx1, Sb2 and SNAP-25 in a ratio of 1:1:1. In fact,
four coiled-coil domains are involved in the formation of this
complex, one provided by Stx1, one by Sb2 and two originating
from SNAP-25. These domains are arranged in parallel to form
a cylinder [3,4]. The 2D organization of D53 consists of two
helical regions, conserved in all members of the R10/D53 family,
one of which contains a highly conserved coiled-coil domain.
This structure is reminiscent of the proteins included in SNARE
complexes. Based on our results, it is likely that the canonical N-
terminal coiled-coil of D53 could participate in a four-helix
bundle similar to those formed in SNARE complexes. This
hypothesis is supported by the propensity of the D53 coiled-coil
to form tetrameric structures, as predicted by the PAIRCOIL
program [20] and based on the high proportion of non-branched
amino acids, such as Leu, at a and d positions of the heptad
register (Figure 1B) [38]. Moreover, the length of its N-terminal
helical domain, which contains nine a and ten d positions (Figure
1B), is consistent with previous reports showing that in the
different SNARE proteins, eight a and eight d positions are
necessary to form the four-helix bundle structures [39,40].
However, D53 contains at its C-terminal portion two a-helices,
instead of a long coiled-coil domain in the case of SNAP-25. This
suggests that two molecules of D53 could take part in the
formation of a tetrameric complex involving Sb2 and Stx. It was
reported that in yeast, an intracellular t-SNARE is built from a
‘heavy chain’, homologous to syntaxin, and two separate non-
syntaxin ‘light chains’ [41]. According to this model, the C-
terminal helices of D53 could either interact together and stabilize
the complex, or bind to other proteins and regulate the complex
assembly.

Alternatively, D53 could behave like SNAP-25. In this case,
the C-terminal «-helices, together with the N-terminal coiled-coil
domain, would participate in the formation of the core structure
of a trimeric complex. This hypothesis is strengthened by the fact
that a discontinuous SNAP-25 C-terminal coil supports exo-
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cytosis [42]. Accordingly, the two C-terminal a-helices of D53
could behave as a truncated coiled-coil domain. It is also
supported by the fact that the concentration of D53 necessary to
obtain a half-maximal saturation of Stx1 to Sb2 is comparable
with that of SNAP-25.

Results of immunolocalization experiments showed that D53
is located on endosomes characterized by the presence of the
transferrin receptor, in PC12 and in the non-neuronal HeLa cells.
This suggests that D53 could regulate the formation of SNARE
complexes involved in recycling synaptic vesicles, possibly by
activating association of Sb2 with endosomal t-SNAREs.
Syntaxinl3 could be a good candidate, since it has been identified
as an endosomal t-SNARE implicated in homotypic endosome
fusion and found in a complex with Sb2 in rat brain Triton X-100
extracts [43]. According to the model proposed above, D53 could
have a SNAP-25-like function on early endosomes. In mam-
malian cells only four proteins of the SNAP-25 family have been
characterized so far: SNAP-25 at the presynaptic plasma mem-
brane, SNAP-23 and Syndet at plasma membranes of non-
neuronal cells [44-47], and SNAP-29 with a broad distribution
on multiple membranes [48]. Interestingly, D53, like SNAP-29,
but unlike SNAP-25, Syndet and SNAP-23, does not contain a
membrane-association domain. Nevertheless, D53 is located in
the membrane fraction of PC12 cells, where it binds to Sb2. We
propose that D53 could be a novel actor in the biochemical
pathway that underlies homotypic or heterotypic membrane
fusion. It could act as a SNAP-25-like protein involved in the
formation of endosomal SNARE complexes. However, we
cannot exclude a function on early endosomes similar to that
described for SNAP-29, which was shown to inhibit SNARE
disassembly in synapses [49].

Both helical regions identified in D53 protein are highly
conserved in all members of the R10/D53 family. Immuno-
localization experiments showed that R10 was located on the
endoplasmic reticulum, where it co-localized with f-COP (V.
Proux-Gillardeaux and T. Galli, unpublished work), suggesting
that proteins of the R10/D53 family have similar functions in
different cell compartments involving vesicular trafficking.

Human orthologs of R10 and D53 are overexpressed in
tumours and tumour cell lines, in particular in breast and lung
adenomas and adenocarcinomas [14,29]. Interestingly, it was
also reported that SNAP-25 is overexpressed in prolactin-
secreting human pituitary adenomas [50]. Although, at present,
our data do not shed light on whether proteins involved in
vesicular trafficking may have a direct link with oncogenesis, it
seems crucial to further explore their potential role in human
cancer.

We thank Ms Marie Cambot and Ms Naima Chamil for technical assistance. This
work was supported by the Centre National de la Recherche Scientifique and by the
Institut Curie. V.P.-G. was supported by fellowships from the Ligue Nationale Contre
le Cancer and from the Association pour la Recherche sur le Cancer.

REFERENCES

1 Hess, D. T, Slater, T. M., Wilson, M. C. and Skene, J. H. (1992) The 25 kDa
synaptosomal-associated protein SNAP-25 is the major methionine-rich polypeptide in
rapid axonal transport and a major substrate for palmitoylation in adult CNS.

J. Neurosci. 12, 4634—4641

2 Vogel, K. and Roche, P. A. (1999) SNAP-23 and SNAP-25 are palmitoylated /n vivo.
Biochem. Biophys. Res. Commun. 258, 407—410

3 Poirier, M. A, Xiao, W., Macosko, J. C., Chan, C., Shin, Y. K. and Bennett, M. K.
(1998) The synaptic SNARE complex is a parallel four-stranded helical bundle. Nat.
Struct. Biol. 5, 765—769



D53, a coiled-coil protein, potentiates Sh2—Stx interaction 221

4 Sutton, R. B,, Fasshauer, D., Jahn, R. and Brunger, A. T. (1998) Crystal structure of a
SNARE complex involved in synaptic exocytosis at 2.4 A resolution. Nature (London)
395, 347353

5  Weber, T., Zemelman, B. V., McNew, J. A., Westermann, B., Gmachl, M., Parlati, F.,
Sollner, T. H. and Rothman, J. E. (1998) SNAREpins: minimal machinery for
membrane fusion. Cell (Cambridge, Mass.) 92, 759—772

6 Hay, J. C. and Scheller, R. H. (1997) SNAREs and NSF in targeted membrane fusion.
Curr. Opin. Cell. Biol. 9, 505512

7 Niemann, H., Blasi, J. and Jahn, R. (1994) Clostridial neurotoxins: new tools for
dissecting exocytosis. Trends Cell. Biol. 4, 179—185

8 Schiavo, G., Rossetto, 0. and Montecucco, C. (1994) Clostridial neurotoxins as tools
to investigate the molecular events of neurotransmitter release. Semin. Gell. Biol. 5,
221-229

9 Humeau, Y., Doussau, F., Grant, N. J. and Poulain, B. (2000) How botulinum and
tetanus neurotoxins block neurotransmitter release. Biochimie 82, 427—446

10  Bennett, M. K. and Scheller, R. H. (1993) The molecular machinery for secretion is
conserved from yeast to neurons. Proc. Natl. Acad. Sci. U.S.A. 90, 2559—2563

11 Jahn, R. and Sudhof, T. C. (1999) Membrane fusion and exocytosis. Annu. Rev.
Biochem. 68, 863—911

12 Chen, Y. A. and Scheller, R. H. (2001) SNARE-mediated membrane fusion. Nat. Rev.
Mol. Cell. Biol. 2, 98—106

13 Proux, V., Provot, S., Felder-Schmittbuhl, M. P., Laugier, D., Calothy, G. and
Marx, M. (1996) Characterization of a leucine zipper-containing protein identified by
retroviral insertion in avian neuroretina cells. J. Biol. Chem. 271, 30790-30797

14 Byrne, J. A, Mattei, M. G. and Basset, P. (1996) Definition of the tumour protein
D52 (TPD52) gene family through cloning of D52 homologues in human (hD53) and
mouse (mD52). Genomics 39, 523—532

15  Greene, L. A, Aletta, J. M., Rukenstein, A. and Green, S. H. (1987) PC12
pheochromocytoma cells: culture, nerve growth factor treatment, and experimental
exploitation. Methods Enzymol. 147, 207-216

16 Papin, C., Eychene, A., Brunet, A., Pages, G., Pouyssegur, J., Calothy, G. and Barnier,
J. V. (1995) B-Raf protein isoforms interact with and phosphorylate Mek-1 on serine
residues 218 and 222. Oncogene 10, 1647—1651

17 Quetglas, S., Leveque, C., Miquelis, R., Sato, K. and Seagar, M. (2000) Ca®*-
dependent regulation of synaptic SNARE complex assembly via a calmodulin- and
phospholipid-binding domain of synaptobrevin. Proc. Natl. Acad. Sci. U.S.A. 97,
9695-9700

18  Altschul, S. F., Madden, T. L., Schaffer, A. A, Zhang, J., Zhang, Z., Miller, W. and
Lipman, D. J. (1997) Gapped BLAST and PSI-BLAST: a new generation of protein
database search programs. Nucleic Acids Res. 25, 33893402

19  Lupas, A, Van Dyke, M. and Stock, J. (1991) Predicting coiled-coils from protein
sequences. Science (Washington, D.C.) 252, 1162—1164

20 Berger, B. W. D. B., Wolf, E., Tonchev, T., Milla, M. and Kim, P. S. (1995) Predicting
coiled-coils by use of pairwise residue correlations. Proc. Natl. Acad. Sci. U.S.A. 92,
8259-8263

21 Gaboriaud, C., Bissery, V., Benchetrit, T. and Mornon, J. P. (1987) Hydrophobic
cluster analysis: an efficient new way to compare and analyse amino acid sequences.
FEBS Lett. 224, 149—155

22 Girault, J. A., Labesse, G., Mornon, J. P. and Callebaut, I. (1999) The N-termini of
FAK and JAKs contain divergent band 4.1 domains. Trends Biochem. Sci. 24, 54—-57

23 Wojcik, J., Girault, J. A., Labesse, G., Chomilier, J., Mornon, J. P. and Callebaut, I.
(1999) Sequence analysis identifies a ras-associating (RA)-like domain in the
N-termini of band 4.1/JEF domains and in the Grb7/10/14 adapter family.
Biochem. Biophys. Res. Commun. 259, 113—120

24 Cuff, J. A, Clamp, M. E., Siddiqui, A. S., Finlay, M. and Barton, G. J. (1998) JPred:
a consensus secondary structure prediction server. Bioinformatics 14, 892—893

25 Barnier, J. V., Papin, C., Eychene, A., Lecog, 0. and Calothy, G. (1995) The mouse
B-raf gene encodes multiple protein isoforms with tissue-specific expression. J. Biol.
Chem. 270, 23381-23389

26  Frangioni, J. V. and Neel, B. G. (1993) Solubilization and purification of enzymatically
active glutathione S-transferase (pGEX) fusion proteins. Anal. Biochem. 210, 179—187

27 Byrne, J. A, Nourse, C. R., Basset, P. and Gunning, P. (1998) Identification of homo-
and heteromeric interactions between members of the breast carcinoma-associated
D52 protein family using the yeast two-hybrid system. Oncogene 16, 873—881

28 Byrne, J. A., Tomasetto, C., Garnier, J. M., Rouyer, N., Mattei, M. G., Bellocg, J. P.,
Rio, M. C. and Basset, P. (1995) A screening method to identify genes commonly
overexpressed in carcinomas and the identification of a novel complementary DNA
sequence. Gancer Res. 59, 2896—2903

Received 20 August 2002/10 October 2002; accepted 11 October 2002
Published as BJ Immediate Publication 11 October 2002, DOI 10.1042/BJ20021309

29

30

31

32

33

34

35

36

37

38

39

40

4

42

43

44

45

46

47

48

49

50

Chen, S., Maroulakou, 1., Green, J., Romano-Spica, V., Modi, W., Lautenberger, J.
and Bhat, N. (1996) Isolation and characterization of a novel gene expressed in
multiple cancers. Oncogene 12, 741—751

Nourse, C. R., Mattei, M. G., Gunning, P. and Byrne, J. A. (1998) Cloning of a third
member of the D52 gene family indicates alternative coding sequence usage in D52-
like transcripts. Biochim. Biophys. Acta 1443, 155—168

Parente, J. A., Goldenring, J. R., Petropoulos, A. C., Hellman, U. and Chew, C. S.
(1996) Purification, cloning, and expression of a novel, endogenous, calcium-
sensitive, 28-kDa phosphoprotein. J. Biol. Chem. 271, 20096—20101

Wilson, R., Ainscough, R., Anderson, K., Baynes, C., Berks, M., Bonfield, J.,

Burton, J., Connell, M., Copsey, T., Cooper, J. et al. (1994) 2.2 Mb of contiguous
nucleotide sequence from chromosome Il of C. elegans. Nature (London) 368,
32-38

Harding, C., Heuser, J. and Stahl, P. (1983) Receptor-mediated endocytosis of
transferrin and recycling of the transferrin receptor in rat reticulacytes. J. Cell Biol.
97, 329-339

Grote, E. and Kelly, R. B. (1996) Endocytosis of VAMP is facilitated by a synaptic
vesicle targeting signal. J. Cell Biol. 132, 537-547

Calakos, N., Bennett, M. K., Peterson, K. E. and Scheller, R. H. (1994) Protein—protein
interactions contributing to the specificity of intracellular vesicular trafficking. Science
(Washington, D.C.) 263, 1146—1149

Hayashi, T., McMahon, H., Yamasaki, S., Binz, T., Hata, Y., Sudhof, T. C. and
Niemann, H. (1994) Synaptic vesicle membrane fusion complex: action of clostridial
neurotoxins on assembly. EMBO J. 13, 50515061

Pevsner, J., Hsu, S. C., Braun, J. E., Calakos, N., Ting, A. E., Bennett, M. K. and
Scheller, R. H. (1994) Specificity and regulation of a synaptic vesicle docking
complex. Neuron 13, 353—361

Harbury, P. B., Zhang, T., Kim, P. S. and Alber, T. (1993) A switch between two-,
three-, and four-stranded coiled coils in GCN4 leucine zipper mutants. Science
(Washington, D.C.) 262, 1401-1407

Antonin, W., Holroyd, C., Fasshauer, D., Pabst, S., Von Mollard, G. F. and Jahn, R.
(2000) A SNARE complex mediating fusion of late endosomes defines conserved
properties of SNARE structure and function. EMBO J. 19, 6453—6464

Fasshauer, D., Sutton, R. B., Brunger, A. T. and Jahn, R. (1998) Conserved structural
features of the synaptic fusion complex: SNARE proteins reclassified as Q- and
R-SNAREs. Proc. Natl. Acad. Sci. U.S.A. 95, 15781—15786

Fukuda, R., McNew, J. A, Weber, T., Parlati, F., Engel, T., Nickel, W., Rothman, J. E.
and Sollner, T. H. (2000) Functional architecture of an intracellular membrane
t-SNARE. Nature (London) 407, 198—202

Chen, Y. A., Scales, S. J., Jagath, J. R. and Scheller, R. H. (2001) A discontinuous
SNAP-25 C-terminal coil supports exocytosis. J. Biol. Chem. 23, 28503—28508
Prekeris, R., Klumperman, J., Chen, Y. A. and Scheller, R. H. (1998) Syntaxin 13
mediates cycling of plasma membrane proteins via tubulovesicular recycling
endosomes. J. Cell Biol. 143, 957-971

Low, S. H., Roche, P. A., Anderson, H. A, van ljizendoorn, S. C., Zhang, M.,

Mostov, K. E. and Weimbs, T. (1998) Targeting of SNAP-23 and SNAP-25 in
polarized epithelial cells. J. Biol. Chem. 273, 3422—3430

Galli, T., Zahraoui, A., Vaidyanathan, V. V., Raposo, G., Tian, J. M., Karin, M.,
Niemann, H. and Louvard, D. (1998) A novel tetanus neurotoxin-insensitive vesicle-
associated membrane protein in SNARE complexes of the apical plasma membrane of
epithelial cells. Mol. Biol. Cell 9, 1437—1448

Wang, G., Witkin, J. W., Hao, G., Bankaitis, V. A., Scherer, P. E. and Baldini, G.
(1997) SYNDET is a novel SNAP-25 related protein expressed in many tissues.

J. Cell Sci. 110, 505513

Koticha, D. K., Huddleston, S. J., Witkin, J. W. and Baldini, G. (1999) Role of the
cysteine-rich domain of the t-SNARE component, SYNDET, in membrane binding and
subcellular localization. J. Biol. Chem. 274, 9053—9060

Steegmaier, M., Yang, B., Yoo, J. S., Huang, B., Shen, M., Yu, S., Luo, Y. and
Scheller, R. H. (1998) Three novel proteins of the syntaxin/SNAP-25 family. J. Biol.
Chem. 273, 34171-34179

Su, Q. N., Mochida, S., Tian, J. H.,, Mehta, R. and Sheng, Z. H. (2001) SNAP-29: a
general SNARE protein that inhibits SNARE disassembly and is implicated in synaptic
transmission. Proc. Natl. Acad. Sci. U.S.A. 98, 1403814043

Majo, G., Ferrer, ., Marsal, J., Blasi, J. and Aguado, F. (1997) Immunocytochemical
analysis of the synaptic proteins SNAP-25 and Rab3A in human pituitary adenomas.
Overexpression of SNAP-25 in the mammosomatotroph lineages. J. Pathol. 183,
440-446

© 2003 Biochemical Society



