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In pancreatic �-cells, the syntaxin 6 (Syn6) soluble N-ethylmaleimide-sensitive factor attachment protein receptor is
distributed in the trans-Golgi network (TGN) (with spillover into immature secretory granules) and endosomes. A
possible Syn6 requirement has been suggested in secretory granule biogenesis, but the role of Syn6 in live regulated
secretory cells remains unexplored. We have created an ecdysone-inducible gene expression system in the INS-1 �-cell
line and find that induced expression of a membrane-anchorless, cytosolic Syn6 (called Syn6t), but not full-length Syn6,
causes a prominent defect in endosomal delivery to lysosomes, and the TGN, in these cells. The defect occurs downstream
of the endosomal branchpoint involved in transferrin recycling, and upstream of the steady-state distribution of mannose
6-phosphate receptors. By contrast, neither acquisition of stimulus competence nor the ultimate size of �-granules is
affected. Biosynthetic effects of dominant-interfering Syn6 seem limited to slowed intragranular processing to insulin
(achieving normal levels within 2 h) and minor perturbation of sorting of newly synthesized lysosomal proenzymes. We
conclude that expression of the Syn6t mutant slows a rate-limiting step in endosomal maturation but provides only
modest and potentially indirect interference with regulated and constitutive secretory pathways, and in TGN sorting of
lysosomal enzymes.

INTRODUCTION

The final membrane remodeling required for biogenesis of
mature endocrine secretory granules occurs at the stage of
clathrin-decorated, immature secretory granules (ISGs), in
which a subset of lumenal proteins (Kuliawat et al., 1997)
and a subset of membrane proteins (Dittié et al., 1997) are
removed and delivered to the endosomal system (Feng and
Arvan, 2003). Of the membrane proteins that are removed
from ISGs, some play clear physiological roles in secretory
granule biology (Milgram et al., 1994); others may be in-
volved in completion of trans-Gogi network (TGN)-based
remodeling tasks (Klumperman et al., 1998), whereas still
others may have important or even primary functions in the
endosomal system (Molloy et al., 1999). In this report, we
consider syntaxin 6 (Syn6), a soluble N-ethylmaleimide-sen-
sitive factor attachment protein receptor (SNARE) protein
found in ISG membranes (Klumperman et al., 1998) as well
as TGN and endosome compartments (Bock et al., 1997;
Mallard et al., 2002). Despite a common assembly scheme,
SNARE protein interactions are now generally recognized to
provide an important part of the specificity of intracellular

membrane fusion events (Parlati et al., 2000; Scales et al.,
2000; Bock et al., 2001; Parlati et al., 2002) as well as part of
the driving force for membrane fusion (Hu et al., 2003). In
the four-helix bundle contributing to a functional SNARE
complex, Syn6 acts as a “light chain” (Fukuda et al., 2000)
homologous to the C-terminal helix of SNAP-25 (Bock et al.,
2001; Misura et al., 2002). In some cases Syn6 has been found
by coimmunoprecipitation to be present in SNARE com-
plexes that include Syn7, Vti1b, and vesicle-associated mem-
brane protein (VAMP)7 or VAMP8, as part of fusion events
within endosomal system (Wade et al., 2001).

Some SNARE proteins may be present in ISGs as a pre-
lude to their role in stimulus-dependent granule exocytosis
(Regazzi et al., 1996; Wheeler et al., 1996). However at steady
state, molecules such as VAMP4 and Syn6 are distributed in
the TGN and ISGs but not in mature secretory granules
(Bock et al., 1997; Klumperman et al., 1998; Steegmaier et al.,
1999; Eaton et al., 2000; Hinners et al., 2003). Furthermore,
VAMP4 and Syn6 are also found abundantly in the endo-
somes, suggesting recycling of these SNARE proteins be-
tween biosynthetic and endocytic pathways (Wendler and
Tooze, 2001). It is unclear whether these proteins play roles
in membrane fusion events at all stages of their intracellular
transport itinerary (Watson and Pessin, 2000). Clearly,
steady-state localization does not necessarily establish
where the primary intracellular activity of that protein oc-
curs. A case in point is the cation-independent mannose
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6-phosphate receptor: there is a major steady-state distribu-
tion of the receptor in endosomes (Griffiths et al., 1988), even
though initial capture of newly synthesized lysosomal en-
zymes by the receptor occurs in the TGN.

To date, ISGs have been reported to be associated with
three different kinds of membrane fission/fusion events that
may involve SNAREs: direct exocytosis of clathrin-deco-
rated ISGs at the cell surface (Orci et al., 1984; Molinete et al.,
2001); clathrin-coated vesicle budding that initiates the con-
stitutive-like secretory pathway and facilitates delivery of
lysosomal proenzymes to the endosomal system (Kuliawat
and Arvan, 1992; Kuliawat and Arvan, 1994); and homotypic
ISG-ISG fusion, which might be an obligatory step in mature
secretory granule biogenesis (Tooze et al., 1991; Urbe et al.,
1998). It is not clear which, if any, of these fission/fusion
events in living cells use Syn6 in a rate-limiting step. To
explore such rate-limiting steps, we have been interested to
perturb intracellular Syn6 function in the pancreatic �-cell
line INS-1. We have not pursued microinjection of blocking
antibodies because of an interest to generate biochemical as
well as morphological phenotypes, and because preliminary
investigations have indicated that INS-1 cells are more dif-
ficult to microinject than non-�-cell lines. Alternatively, sol-
uble SNARE protein mutants lacking integral membrane
anchors are competent to form complexes with endogenous
SNAREs and ancillary proteins and have been repeatedly
found to cause specific dominant interference of membrane
fusion events facilitated by their endogenous counterparts
(Dascher and Balch, 1996; Olson et al., 1997; Scales et al., 2000;
Hua and Scheller, 2001; Collins et al., 2002; Geelen et al., 2002;
Xu et al., 2002; Li et al., 2003; Low et al., 2003). Therefore, with
this strategy in mind, we have developed an inducible gene
expression system in the INS-1 pancreatic �-cell line and
used this system to carefully analyze a series of phenotypes
associated with induced expression of full-length Syn6 or a
truncated, membrane-anchorless form, Syn6t. Our results
suggest specific Syn6 involvement in endosomal function in
pancreatic �-cells.

MATERIALS AND METHODS

Antibodies and Other Materials
A rabbit polyclonal antibody against retinoid X receptor� was from Santa
Cruz Biotechnology (sc553; Santa Cruz Biotechnology, Sant Cruz, CA). The
monoclonal antibody (mAb) 3D10 against the N-terminal 26 residues of the
Syn6 cytosolic domain has been described previously (Bock et al., 1997) and
was used for Western blotting and immunoprecipitation. A mAb against Syn6
used for immunofluorescence was from StressGen Biotechnologies (San Di-
ego, CA). Both polyclonal and monoclonal antibodies against the c-myc
epitope were from Santa Cruz Biotechnology. Guinea pig anti-insulin was
from Linco Research (St. Charles, MO). Rabbit polyclonal anti-procathepsin B
was from Upstate Biotechnology (Lake Placid, NY). Rabbit polyclonal anti-
TGN38 was the kind gift of Dr. S. Milgram (University of North Carolina,
Chapel Hill, NC). A mouse ascites containing mAb clone 2F7.1 against rat
TGN38 (Luzio et al., 1990) was from Affinity Bioreagents (Golden, CO). Two
mAbs against Tac were from American Type Culture Collection (clones
2A3A1H and 7G7B6), with similar results. Rabbit polyclonal antiserum spe-
cific for Vti1b was generously provided by the lab of Dr. J. E. Rothman
(Memorial Sloan-Kettering Cancer Center, New York, NY). Rabbit polyclonal
anti-Vti1a and mouse monoclonal anti-EEA1 were from BD Transduction
Laboratories (Lexington, KY). Rabbit polyclonal anti-Ykt6 was from Dr. J. Hay
(University of Michigan, Ann Arbor, MI). A mouse mAb (E2-1) directed
against SFV-E2 (Kielian et al., 1990) was the kind gift of Dr. M. Kielian (Albert
Einstein College of Medicine, Bronx, NY). A rabbit polyclonal antiserum
against rat brain carboxypeptidase D (CPD) was described previously
(Varlamov and Fricker, 1998). All antibodies used in live cell uptake experi-
ments were azide free. Anti-calnexin was from Dr. P. Kim (University of
Cincinnati College of Medicine, Cincinnati, OH), anti-synaptophysin/p38
was obtained from the laboratory of Dr. D. Shields (Albert Einstein College of
Medicine), and anti-guanine nucleotide dissociation inhibitor (GDI) was from
Zymed Laboratories (South San Francisco, CA). Horseradish peroxidase-,
fluorescein isothiocyanate-, and Cy3- and Cy2-conjugated secondary antibod-

ies were from Jackson ImmunoResearch Laboratories (West Grove, PA).
[35S]Methionine/cysteine (Expre35S35S) was from PerkinElmer Life Sciences
(Boston, MA). Methionine/cysteine-deficient and complete DME, RPMI 1640
medium, leupeptin, pepstatin, and stock chemicals were from Sigma-Aldrich
(St. Louis, MO).

Cell Culture
INS-1 cells were cultured in RPMI 1640 medium supplemented with 30 mM
sodium bicarbonate, 1 mM sodium pyruvate, 10 mM HEPES, pH 7.35, 50 �M
�-mercaptoethanol, 10% fetal bovine serum, and 0.1% penicillin-streptomycin
(Invitrogen, Carlsbad, CA) at 37°C with 5% CO2 as described previously
(Neerman-Arbez and Halban, 1993).

DNA Constructs
An N-terminally myc-tagged full-length Syn6 was prepared by polymerase
chain reaction mutagenesis with flanking 5� ClaI and 3� HindIII sites; this was
subcloned into these sites in pCMV4. In addition, Syn6t was prepared by
polymerase chain reaction mutagenesis with flanking 5� BglII and a 3� se-
quence encoding a myc tag and a HindIII site, and this was also subcloned
into pCMV4. (Recent studies indicate that both N-terminally tagged an C-
terminally tagged syntaxins exhibit normal intracellular trafficking and dis-
tribution; Kasai and Akagawa, 2001.) Both full-length and Syn6t inserts were
excised from pCMV4 with BglII/XbaI and subcloned into pIND (Invitrogen).
The plasmids encoding Tac-TGN38 (Humphrey et al., 1993; Ghosh et al., 1998)
and Tac-Lamp1 (Marks et al., 1996) chimeras were kindly provided by Dr.
M.S. Marks (University of Pennsylvania School of Medicine, Philadelphia,
PA). The albumin-CPD chimera has been previously described (Kalinina and
Fricker, 2003).

Transfection
Transfection of plasmid DNA was with Effectine (QIAGEN, Valencia, CA)
following the manufacturer’s protocol. Stable INS-1 clones transfected with
pVgRXR (Invitrogen) were selected with 40 �g/ml zeocin; INS cells positively
expressing both ecdysone receptor and retinoid X receptor� by Western blot
were termed INS39 cells. INS39 cells were then transfected with the pIND
vector to achieve inducible expression of full-length or truncated forms of
myc-tagged Syn6, and clones were selected in 20 �g/ml zeocin plus 100
�g/ml G418 (Invitrogen) and maintained in the presence of 20 �g/ml zeocin,
50 �g/ml G418. All antibiotics were removed at least 2 d before the beginning
of experiments. For transient expression experiments, cells were used 2 d after
transfection.

Uptake and Degradation of 35S-Semliki Forest Virus (SFV)
[35S]Methionine-labeled Semliki Forest virus was the kind gift of Dr. Margaret
Kielian (Albert Einstein College of Medicine). INS cells grown in 35-mm
plates were either uninduced or induced by the addition of 20 �M ponaster-
one (Invitrogen) for 24 h before experiments. The cells were then incubated
for 1.5 h at 4°C with [35S]methionine-labeled Semliki Forest virus. After
several washes in cold medium to remove unbound virus, internalization and
degradation of surface-bound SFV were determined as described previously
(Kielian et al., 1990).

Transferrin Recycling Assay
Cells were grown on 24-well plates; all experimental observations were made
in triplicate. To achieve steady state, cells were incubated with 3 �g/ml
125I-transferrin in McCoy’s binding buffer for 90 min at 37°C (a 200-fold excess
of unlabeled transferrin was added to some wells to determine nonspecific
binding). Before starting the assay, cells were acid washed for 2 min in 0.15 M
NaCl, 20 mM citrate, pH 5.0, to remove surface-bound 125I-transferrin, fol-
lowed by washing in 150 mM NaCl, 1 mM CaCl2, 5 mM KCl, 1 mM MgCl2,
and 20 mM HEPES, pH 7.4. The cells were then incubated in the presence of
3 �g/ml unlabeled transferrin and 10 mM desferroxamine at 37°C. At 2.5, 5,
10, 15, and 20 min, the medium was collected to measure 125I-transferrin
efflux, the cells were solubilized, and radioactivity in both was measured by
scintillation counting.

Metabolic Labeling and Stimulation of Secretory Granule
Exocytosis
Stably transfected INS-1 clones were seeded 2 d before experiments in the
absence of selectable antibiotics. Cells were induced by the addition of 20 �M
ponasterone for 24 h before experiments. Cells were preincubated for 30 min
in methionine and cysteine-free DME and then pulse labeled with 130 �Ci of
[35S]methionine/cysteine for 30 min in the same medium. After labeling, cells
were washed three times with ice-cold DME before chase for various times at
37°C in DME containing 5.5 mM glucose and 1% fetal bovine serum. Exocy-
tosis was stimulated in DME containing a combination secretagogue, includ-
ing 10 mM glucose, 1 �M phorbol 12-myristate 13-acetate, 1 mM isobutyl-
methylxanthine, 1 mM tolbutamide, 10 mM leucine, and 10 mM glutamine
(Neerman-Arbez and Halban, 1993). At the end of selected chase periods,
media were collected, and cells were lysed in 1% Triton X-100, 0.1% SDS, 100
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mM NaCl, 10 mM EDTA, 25 mM Tris, pH 7.4, plus 1 mU/ml aprotinin, 1 �M
leupeptin, 10 �M pepstatin, 5 mM EDTA, 1 �M E64, and 1 mM iodoacet-
amide. Cell lysates and chase media were precleared with zysorbin (Zymed
Laboratories), normalized to 200,000 trichloroacetic acid precipitable cpm,
and subjected to immunoprecipitation.

Western Blotting of Syn6
Western Blotting of Syn6 was performed on samples subjected to 10% SDS-
PAGE, electrotransferred to nitrocellulose, and blotted with primary antibody
against c-myc or syntaxin 6 at 1:1000 dilution and the appropriate secondary
IgG-peroxidase conjugate at 1:2000 dilution, followed by enhanced chemilu-
minescence detection.

Cell Surface Tagging and Recycling of CPD, Albumin-
CPD, and Tac-TGN38 to the TGN
Cells grown on poly-l-lysine–coated coverslips were treated plus or minus 20
�M ponasterone for 24 h. For antibody uptake, cells were incubated either
with rabbit anti-albumin (1:150 dilution) or mouse mAb anti-Tac. At the
conclusion of the uptake period, the cells were washed twice in ice-cold
phosphate-buffered saline (PBS) and fixed with 4% formaldehyde for 15 min,
washed, permeabilized with 0.1% Triton X-100 in PBS for 15 min, and stained
with Cy3-conjugated IgG secondary antibody at 1:500 dilution. In addition,
these fixed permeabilized cells were incubated with anti-TGN38 (either rabbit
polyclonal or mouse mAb, depending upon which antibody was used for
uptake) and a Cy2-conjugated anti-mouse IgG secondary antibody at 1:100
dilution.

Electron Microscopy
Syn6-21 cells and Syn6t-10 cells plus and minus 1 d of ponasterone treatment,
grown on tissue culture plastic, were fixed with 2.5% glutaraldehyde and 2%
formaldehyde in 0.1 M Na cacodylate, pH 7.0, for 2 h at room temperature
and postfixed with 1% osmium tetroxide. The cells were dehydrated in
ethanol and propylene oxide, infiltrated and embedded in LX112 resin
(LADD Research Industries, Burlington, VT), thin sectioned, stained with lead
citrate and 1% uranyl acetate, and examined at a fixed magnification in a
1200EX transmission electron microscope (JEOL, Tokyo, Japan) at 80 kV.
Captured images were then projected and each individual secretory granule
profile outlined and analyzed for precise granule cross-sectional area by the
Investigator HT Analyzer program (version 2.1; Genomic Solutions, Ann
Arbor, MI). Finally, mean granule diameters were calculated from the cross-
sectional areas, based on a spherical geometry.

Membrane Sedimentation and Sucrose-Velocity Gradient
Centrifugation Assays
Cells grown on 15-cm dishes were either uninduced or induced for 24 h with
20 �M ponasterone. The cells were washed twice with ice-cold PBS plus 0.2
mM MgCl2, plus 1 mU/ml aprotinin, 1 �M leupeptin, 10 �M pepstatin, 5 mM
EDTA, 1 �M E64, and 1 mM iodoacetamide. For membrane sedimentation,
the cells were scraped and lysed in buffered 0.3 M sucrose plus protease
inhibitors by eight passages through 21-gauge needle followed by eight
passages through a ball-bearing cell cracker with 0.002-inch clearance. Then,
0.5 ml of cell homogenate was spun at 67,500 � g�h. Pellets were resuspended
in an equal volume of the same buffer, and equal aliquots of pellet and
supernatant fractions were taken for SDS-PAGE and immunoblotting. In
preparation for sucrose-velocity gradient centrifugation, cells were lysed the
same way but in 0.1 M KCl, 1 mM EDTA, 1% glycerol, and 10 mM HEPES, pH
7.35, plus protease inhibitors. Postnuclear supernatants were loaded onto
5–20% HEPES-buffered sucrose gradients, spun in swinging buckets for 1 h at
100,000 � g, and collected in 12 fractions, with fraction 12 including the
resuspended pellet. The fractions were analyzed by SDS-PAGE and immu-
noblotting.

RESULTS

Inducible Expression of Syn6 and Syn6t in INS Cells
Because soluble cytosolic domains of a variety of syntaxins
have been found to confer dominant interfering phenotypes
(Dascher and Balch, 1996; Olson et al., 1997; Scales et al., 2000;
Hua and Scheller, 2001; Collins et al., 2002; Geelen et al., 2002;
Xu et al., 2002; Low et al., 2003; Li et al., 2003), we wished to
create inducible expression of a dominant interfering, mem-
brane-anchorless form of Syn6 in a pancreatic �-cell line. For
this purpose, ecdysone receptor/retinoid X receptor�-ex-
pressing INS cells (called INS39) were transfected with a
vector driving the ponasterone-inducible expression of a
myc-tagged Syn613236, called Syn6t. Two Syn6t-expressing
clones (6t-1 and 6t-10) were studied; uninduced cells exhib-

ited no mutant phenotypes, whereas induction of Syn6t
expression in both clones exhibited identical mutant pheno-
types (see below). To simplify, many of the experiments
presented herein show results of Syn6t expression in only
one of the clones. Untransfected INS39 cells, parental INS-1
cells, or INS39 cells inducibly expressing a myc-tagged full-
length Syn6 (usually clone Syn6-21) were used as control cell
lines in various experiments.

After overnight induction of gene expression in the pres-
ence of ponasterone, immunoblotting with a monoclonal
anti-Syn6 revealed inducible expression of Syn6t (�29 kDa)
in the Syn6t-10 clone or full-length Syn6 (�30 kDa) in Syn6-2
and Syn6-21 clones, respectively (Figure 1A). In addition, all
INS cells express the �26-kDa endogenous Syn6 (Figure
1A). After 24 h of ponasterone treatment, the 6t-10 clone
showed levels of Syn6t �5.5-fold (n � 6) greater than en-
dogenous Syn6 and Syn6-21 showed levels of full-length
Syn6 �4.4-fold greater (n � 8) than endogenous Syn6. Not
surprisingly, Syn6t had a shorter half-life than endogenous
Syn6, which showed no decrease in levels of immunoreac-
tive protein in cells 4 h after cycloheximide treatment (Fig-
ure 1B). Immunofluorescence with anti-myc indicated that
�90% of INS cells are positive for induced Syn6t expression;
nevertheless in the cell population with induced expression
of truncated (or full-length) Syn6, the steady-state jux-
tanuclear distributions of endogenous CPD and TGN38, two
TGN markers, did not seem altered (Figure 1C). As shown in
Figure 2A, whereas full-length myc-tagged Syn6 behaved as
expected for an integral membrane protein (being quantita-

Figure 1. Expression of full-length Syn6 and a truncated mem-
brane-anchorless form (Syn6t), tagged with a c-myc epitope. (A)
Western blotting with mAb 3D10 (against Syn6 cytosolic domain) of
Syn6t-10, Syn6-2, or Syn6-21 cells either uninduced (�) or induced
by the addition of 20 �M ponasterone (�) 24 h before cell lysis. (B)
Western blot with a polyclonal anti-myc antibody in ponasterone
induced Syn6t-10 cells incubated for the indicated times in 10
�g/ml cycloheximide to inhibit new protein synthesis; the identical
samples were also probed with mAb 3D10 against Syn6. Note the
presence of endogenous (“endog.”) Syn6 in A and B. (C) Immuno-
fluorescence localization of endogenous TGN38 (primary mouse
mAb, stained in green) and CPD (primary rabbit polyclonal anti-
body, stained in red) in Syn6t-10 cells in the absence and presence of
inducer. An identical steady-state distribution was also observed
upon induced expression of full-length Syn6 (our unpublished
data).
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tively sedimented at 100,000 � g for 1 h, comparable with
the control membrane protein, calnexin), myc-tagged Syn6t
distributed primarily as a soluble protein with most occur-
ring in the 100,000 � g supernatant (marked by the guanine
nucleotide dissociation inhibitor [GDI] control protein). This
difference was also apparent at the immunofluorescence
level; although in the absence of inducer the endogenous
Syn6 expressed in Syn6t-10 cells showed a juxtanuclear dis-
tribution (Figure 2B, left), after treatment with inducer the
overall immunofluorescence of Syn6 was increased and
weighted toward a diffuse cytosolic distribution (Figure 2B,
right).

Dominant Negative Syn6t Causes Specific Defects in the
Endosomal System of INS Cells
To evaluate endosomal function, we first examined whether
Syn6t affected the lysosomal delivery/degradation of li-
gands endocytosed via the well-established clathrin-coated
vesicle pathway. For this, we used a standard assay mea-
suring lysosomal degradation of endocytosed 35S-labeled
SFV (Martys et al., 1996) that has been previously examined
in pancreatic �-cells (Turner and Arvan, 2000). Lysosomal
delivery/degradation of 35S-labeled SFV was statistically
indistinguishable between INS cells, INS39 cells, INS39 cells
transfected with full-length Syn6 in the absence or presence
of inducer, or Syn6t-10 cells in which Syn6t was not ex-
pressed. However, after induction of Syn6t expression, there
was dramatic inhibition of the rate of SFV degradation (Fig-
ure 3A). The magnitude of this effect is large; greater than or
equal to the inhibition obtained upon 100 nM wortmannin
addition to Chinese hamster ovary cells (Martys et al., 1996)
or 10 �g/ml brefeldin A added to INS-1 pancreatic �-cells
(Turner and Arvan, 2000). Because no significant differences
in surface binding or initial internalization of surface-bound
SFV were observed (SFV uptake at 5 min is shown visually
in Figure 5; see below), the data suggest that Syn6t induces
a dominant interfering phenotype during endosome–lyso-
some maturation in INS cells.

To test whether the endosomal defect induced by Syn6t
was in the most proximal portion of the endocytic pathway,
we examined transferrin uptake and recycling from these
cells. Not only was Syn6t expression without effect on trans-
ferrin uptake (our unpublished data), it also had no effect on
transferrin return from the endocytic pathway, via recycling
endosomes, back to the medium (Figure 3B). This suggests
that the endosomal defect induced by Syn6t is located down-
stream of the transferrin recycling branchpoint.

To determine whether a similar endocytic pathway defect
could be identified for another marker that defines the en-
dosome–lysosome trafficking route, we transiently trans-
fected INS cells to express a Tac-Lamp1 chimeric protein
(Marks et al., 1996) in which the cytoplasmic tail of Lamp1
was appended to the lumenal and transmembrane domains
of a monomeric integral membrane reporter protein, the
interleukin-2 receptor alpha-chain (Tac). In either INS39
cells or Syn6-21 cells after 1 h continuous uptake at 37°C,
anti-Tac lumenal domain mAb had not yet reached cathep-
sin B-positive lysosomes in most cells (only 25% of cells
showing complete colocalization), but at 2 h uptake, anti-Tac
colocalized with cathepsin B-positive lysosomes (Figure 4,

Figure 2. Extent of membrane association of inducibly expressed
full-length Syn6 in Syn6-21 cells, and Syn6t in 6t-10 cells. (A) Ho-
mogenates were resolved into supernatant (S) and pellet (P) frac-
tions as described in MATERIALS AND METHODS and analyzed
by SDS-PAGE and Western blotting with antibodies against caln-
exin, myc tag, or GDI as indicated. (B) Immunofluorescence with
anti-Syn6 mAb in uninduced (�) or induced (�) Syn6t-10 cells.

Figure 3. Endocytic pathway phenotype as-
sociated with dominant-interfering Syn6t ex-
pression. (A) Lysosomal delivery/degrada-
tion of [35S]SFV is inhibited by induced
expression of Syn6t. The assay was performed
as described in MATERIALS AND METH-
ODS. After 2 h of warm up, the fraction of
total radioactivity bound to uninduced
Syn6-21 cells that became degraded and oc-
curred as trichloroacetic acid-soluble counts
in the medium was �35%; this was arbitrarily
assigned a value of 1.0 and all other cells,
conditions, and time points were compared
with this value. The hatched lines indicate
curves extrapolated to zero. (B) Recycling of
ligand-bound transferrin receptors. After the
cells indicated were loaded to steady state with 125I-transferrin, the cells were washed and recycling of transferrin receptors to the cell surface
was followed by release of 25I-transferrin into the medium (and disappearance from cells).
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top, marked with arrows) in most transfected cells. Specifi-
cally, when scored more than six experiments for cells that
did not express Syn6t, all cells expressing Tac-Lamp1
showed either complete (50%) or partial (50%) colocalization
of anti-Tac with cathepsin B-positive lysosomes, and this

was also true in Syn6t-10 cells that were not treated with
inducer (Figure 4, bottom left). However, in the majority
(55%) of Syn6t-10 cells treated with inducer, the Tac-Lamp1
chimera had not yet achieved any delivery to lysosomes at
2 h (Figure 4, bottom right), whereas another 36% of cells
showed only partial delivery.

It is easier to perform morphological studies of the
endocytic pathway by using SFV rather than the Tac-
Lamp1 chimera because the former method does not re-
quire transfection, and endocytosis of the antigenic
marker occurs in �95% of cells. A mAb against the E2
epitope was used to track SFV after it had been prebound
to the cell surface at 4°C (Figure 5A). Five minutes after
warm up of cells to 37°C, virus was detected at the cell
perimeter (Figure 5A, top). In whole cell immunofluores-
cence using cells with induced expression of full-length
Syn6, by 20 min after warm up, virions could clearly be
chased into the cell interior; but beginning after 35 min,
the epitope to which the anti-E2 mAb was directed be-
came substantially less immunoreactive (Figure 5A, bot-
tom left), suggesting epitope masking, a conformational
change, or degradation. By contrast, in cells with induced
Syn6t expression, the intracellular staining intensity of the
SFV E2 epitope largely persisted (Figure 5A, bottom
right). To determine whether, at this time, virions had
advanced as far as mannose-phosphate receptor-positive
late endosomes, the experiment was repeated but this
time by using confocal immunofluorescence microscopy
and double labeling with anti-E2 and anti-mannose-phos-
phate receptor antibodies (Figure 5B). Once again in both
types of INS cells the SFV particles initially decorated the
cell perimeter and by 35 min after warm up, cells with
induced expression of the full-length protein exhibited a
significant decrease in detection of the E2 epitope (Figure
5B, bottom left). At this time in cells with induced expres-
sion of Syn6t (Figure 5B, bottom right), SFV immunoflu-
orescence persisted (red), but the staining did not signif-
icantly colocalize with mannose-phosphate receptors
(green). Eventually, at later times, SFV immunofluores-
cence also disappeared in Syn6t-expressing cells (our un-
published data). These data strongly suggest that Syn6t
induces a defect in delivery of SFV to later endosomal
compartments where loss of immunofluorescence is likely
to occur, although this is a kinetic block rather than a
permanent one.

Figure 4. Continuous uptake of anti-Tac mAb in various INS cell
clones transiently transfected to express a Tac-Lamp1 chimera.
Transfected cells are indicated with arrows. Immunofluorescence
distribution of cathepsin B-positive lysosomes is shown in green.
The 2-h uptake of anti-Tac is detected by a Cy3-conjugated second-
ary antibody, shown in red. Regardless of the presence or absence of
ponasterone, in cells not expressing Syn6t the Tac-Lamp1 chimera
reaches cathepsin B-positive compartments. Note that in cells ex-
pressing Syn6t, the Tac-Lamp1 chimera shows delayed delivery to
cathepsin B-positive compartments (bottom right).

Figure 5. Progression of SFV through the
endocytic pathway of INS cells. (A) Virus was
prebound to the clones indicated at 4°C and
the cells then washed thoroughly before
warm up. At different times after warm up to
37°C, the cells were fixed, permeabilized, and
immunostained using a mAb for the SFV E2
protein and a Cy3-conjugated secondary an-
tibody (in red), and whole cell immunofluo-
rescence captured with a charge-coupled de-
vice camera. (B) Samples were prepared as in
A, but double labeled for SFV E2 (in red) and
cation-independent mannose-phosphate re-
ceptors and a Cy2-conjugated secondary an-
tibody (in green). The images were captured
by confocal fluorescence.
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Effects of Dominant-interfering Syn6t on Secretory
Granule Biogenesis
Syn6t-10 cells that had been untreated or treated with
inducer were pulse labeled with 35S-amino acids for 30
min and then chased in the absence of added secreta-
gogues for up to 4 h. Under these conditions, a modest
fraction of proinsulin was secreted especially during the
first 2 h of chase, and this was independent of Syn6t
expression (Figure 6A). In a fifth and final hour, duplicate
wells were chased further in the absence or presence of
secretagogue. Regardless of Syn6t expression, the stimu-
lus elicited release of comparable fractions of mature in-
sulin from the regulated secretory pathway (Figure 6A).
Because Syn6 has been reported to be required for homo-
typic fusion of small ISGs (Wendler et al., 2001), it seemed
possible that Syn6t might allow for the production of
small ISGs that can undergo exocytosis but not fuse with
each other, resulting in a smaller-than-normal granule
population. We therefore performed electron microscopy
at fixed magnification of INS cells not expressing or ex-
pressing the dominant-interfering Syn6t mutant for 1 d
and measured the profile areas and diameters of granules
under each condition. Secretory granules in ponasterone-
treated INS cells have a half-life of �17 h; therefore, the
majority (65%) of granules in the 6t-10 cells were made de
novo during a day of continuous Syn6t expression (Figure
6B). In the absence of Syn6t, insulin secretory granule
diameters averaged 209 � 121 nm (n � 337 granules) and
in the presence of induced Syn6t expression for a full day
the uncorrected diameters still averaged 209 nm � 177 nm
(n � 345 granules; the measurements were uncorrected
for the variation obtained when planar sections are cut at
random depths through spherical granules, which raises
the standard deviations). Thus, Syn6t expression does not
obviously impair the ability of insulin secretory granules
to undergo regulated release or to achieve their normal
final size. To look for more subtle phenotypes in initial

acquisition of stimulus competence, we used a pulse-
chase format to more closely examine discrete 30-min
intervals during the first 2 h after proinsulin biosynthesis.
Stimulus-dependent secretion of insulin-containing pep-
tides was not less in Syn6t-expresssing cells (Figure 7A,
filled symbols) compared with that in cells induced to
express full-length Syn6 (open symbols). There was a
delay in the endoproteolytic processing from proinsulin
to insulin in Syn6t-expresing cells (Figure 7B); neverthe-
less, unlike the major delay in the lysosomal arrival of
endocytic pathway markers (that dramatically persists
after 120 min; Figures 3–5), there was no difference in the
insulin content of ISGs after 120 min of chase (Figure 7B).
Together, the data indicate that Syn6t expression does not
cause any detectable defect in biogenesis of mature insu-
lin secretory granules, although there is a modest lag in
intragranular conversion to insulin.

Figure 6. Biosynthesis of mature insulin secretory granules is not
detectably affected by induced expression of Syn6t. (A) Syn 6t-10
cells either uninduced (�) or induced for 24 h with ponasterone (�)
were pulse labeled, chased, and stimulated with secretagogue as
described in the text. Proinsulin (Proins) and insulin (Ins) were
recovered by immunoprecipitation with an anti-insulin antibody
followed by SDS-PAGE and fluorography. (B) The cells as described
below each panel were processed for electron microscopy as de-
scribed in MATERIALS AND METHODS. A portion of the nucleus
of the cell is oriented to the left of each image. The cells show
relatively abundant secretory granules and mitochondria.

Figure 7. Biogenesis of new insulin secretory granules in cells
expressing full-length Syn6 or Syn6t. Multiple wells of Syn 6-21 cells
(open symbols) or 6t-10 cells (closed symbols) were induced for 24 h
with ponasterone pulse labeled for 30 min and then chased for
30-min blocks of time: 0–30, 30–60, 60–90, and 90–120 min. The
endpoint of each chase collection period is shown along the x-axis.
During each independent 30-min chase period, samples were exam-
ined under stimulated or unstimulated conditions as in Figure 6. At
the conclusion of each period, the collected media and cell lysates
were immunoprecipitated with anti-insulin and analyzed by SDS-
PAGE and phosphorimaging. The band intensities for proinsulin,
conversion intermediates, and insulin were quantitated in each
sample. (A) Acquisition of stimulus competence of new secretory
granules. Percentage of secretion during each time interval was
calculated by the sum of proinsulin � conversion intermediates �
insulin in the medium as a fraction total present in the cell lysate
plus the medium collected during that time interval. The percentage
of stimulus-dependent secretion, a measure of acquisition of stim-
ulus competence, was calculated as the percentage of secretion
under stimulated conditions minus the percentage of secretion un-
der unstimulated conditions. The mean and value ranges in two
identical experiments are shown (range was the same magnitude in
both cell lines; shown for one set of cells only as the ranges between
the cell lines overlap). (B) Processing of proinsulin to insulin within
releasable secretory granules. From the stimulus-dependent secre-
tion, the fraction comprised of proinsulin (circles), conversion inter-
mediates (triangles), and insulin (squares) is shown as a function of
time. The mean and range of values show the relative insulin
production as indicated on the Figure. Note that by 2 h of chase,
conversion to insulin in both sets of cells is indistinguishable.
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Syn6t Expression Results in Minor Missorting of Newly
Synthesized Lysosomal Cathepsin B
Because Syn6t expression has obvious effects on the endo-
cytic pathway (Figures 3–5), we proceeded to study indi-
rectly the effect of Syn6t expression on the recycling/avail-
ability of mannose phosphate receptors by examining newly
synthesized lysosomal enzyme delivery to lysosomes in
these cells (as measured by intracellular conversion of pro-
cathepsin B [ProB] to the mature lysosomal form). In the
absence or presence of expression of the full-length Syn6
(Figure 8A, top left), the ProB precursor is initially present at
the end of the pulse labeling but is largely converted to
mature B after a 4-h chase (Figure 8A, top right). Identical
results were obtained in control INS and INS39 cells (our
unpublished data). On induced expression of Syn6t (in ei-
ther the 6t-1 or 6t-10 clones; Figure 8A, bottom left), ProB
delivery to lysosomes at 4-h chase was incomplete in com-
parison with the cells in the absence of inducer (Figure 8A,
bottom right). However, the magnitude of this effect was
clearly small because the recovery of newly synthesized
mature cathepsin B from the induced cells was not appre-
ciably diminished from that in uninduced cells (Figure 8A,
bottom right). Overall from three experiments, there was an
increase of 10 � 5% of intracellular ProB at the end of the
chase as a result of the expression of Syn6t.

Previously published studies of INS cells have indicated
that most newly synthesized ProB sorting has occurred
within 1.75 h of chase, during which there is modest consti-
tutive and constitutive-like secretion; thereafter, there is lit-
tle or no unstimulated or stimulated release of ProB (Kulia-
wat et al., 1997; Turner and Arvan, 2000). To determine the
extent of spillover of ProB from the TGN into ISGs of Syn6t-
expressing cells, we examined unstimulated and stimulated
secretion for 1 h beginning after the first 1.75 h had elapsed.
During the first 1.75 h in either the absence or presence of
inducer, there was very little newly synthesized proinsulin
released (Figure 8B, bottom). Furthermore, in agreement
with earlier results (Figure 6A), there was clear stimulus-
dependent release of processed insulin recovered during the
ensuing hour (Figure 8B, bottom). From the identical sam-
ples, cells with Syn6t expression exhibited an increase in the
unstimulated release of ProB during the first 1.75 h, consis-
tent with modest missorting into constitutive and constitu-
tive-like secretory pathways (Figure 8B, top, lane 2). More-
over, during the ensuing hour in cells treated with inducer,

the stimulus-dependent release of ProB (Figure 8B, top, com-
pare lanes 5 and 6) was of a small magnitude such that it
resulted in little depletion of the labeled cathepsin B remain-
ing in the cell lysate (lanes 9 and 10), despite stimulus-
dependent insulin release from the same samples sufficient
to cause marked insulin depletion from the cells (lanes 9 and
10, bottom). These data confirm that the overall extent of
ProB missorting into constitutive and constitutive-like path-
ways (as well as ProB persistence in secretory granules) was
relatively minor, and most intracellular ProB that did persist
at 165 min of chase was not depleted by secretagogue and
was therefore likely to already be in transit beyond the
secretory pathway, i.e., delayed while en route through the
endosomal system.

Recycling to the TGN in Syn6t-expressing INS Cells
Recycling of TGN resident proteins can be followed by
antibody- or other tagging of the subpopulation of mole-
cules that are cycling via the plasmalemma and then follow-
ing the surface-tagged molecules as they return to the TGN
via the endosomal system (Gartung et al., 1985; Molloy et al.,
1994; Banting and Ponnambalam, 1997; Varlamov and
Fricker, 1998). In numerous preliminary experiments, we
examined endocytic return of surface-tagged endogenous
carboxypeptidase D and found that, slower than previously
reported for recycling of this antigen in AtT-20 cells
(Varlamov and Fricker, 1998), a 2-h period of continuous
antibody uptake was optimal to achieve a concentrated
TGN-based signal of surface-tagged molecules in the entire
population of INS cells. With this in mind, we then per-
formed a series of experiments in INS cells expressing or not
expressing Syn6t.

Figure 9 experiment ① shows the transient expression of a
chimeric protein in which the N-terminal lumenal domain of
serum albumin was attached to the transmembrane and
cytosolic domains of CPD (Alb-CPD). In cells not expressing
Syn6t, (top row of panels), a 2-h antibody uptake delivered
Alb-CPD in transfected cells (red) to the compartment pos-
itive for endogenous TGN38 (green). In three independent
experiments, this was the case in 100% of the cells. By
contrast, in three different images of INS cells with induced
expression of Syn6t, different degrees of delayed delivery of
Alb-CPD could be seen (experiment ① , bottom row of pan-
els; some of the cells marked with small arrows). Quantita-
tively, 96% of Syn6t-expressing cells failed to show Alb-CPD

Figure 8. A minor lysosomal enzyme mis-
sorting defect is observed in INS cells upon
induced expression of Syn6t. (A) Syn 6-21
cells (top) or Syn6t-1 or Syn6t-10 cells (bot-
tom) either uninduced (�) or induced for 24 h
with ponasterone (�) were pulse labeled and
either lysed without chase (Pulse) or chased
in the absence of secretagogues for 3 h
(Chase). ProB and mature cathepsin B were
recovered by immunoprecipitation with an
anti-ProB antibody followed by SDS-PAGE
and fluorography (right). In addition, lysates
from the cells without chase were immuno-
precipitated with anti-myc antibody to con-
firm induced expression of Syn6 or Syn6t
(panels at left). The molecular weight markers
were prestained and should be considered
only approximations. (B) Syn6t-10 cells either

uninduced (�) or induced for 24 h with ponasterone (�) were pulse labeled for 30 min and chased for the times indicated in the absence �)
or presence (�) of secretagogue stimulation (Stim). The identical media and cell lysate samples were immunoprecipitated with anti-ProB
antibody (top) and anti-insulin antibody (bottom). The positions of ProB, mature cathepsin B (mature B), proinsulin (Proins), and insulin (Ins)
are shown.

R. Kuliawat et al.

Molecular Biology of the Cell1696



colocalization with TGN38. In experiment ② , to eliminate
the addition of inducer as a potential variable, INS cells were
transiently transfected either with plasmid encoding Alb-
CPD alone, Alb-CPD plus full-length Syn6, or Alb-CPD plus
Syn6t (an unequal ratio of the two plasmids in double trans-
fection was used to ensure that all cells transfected with
Alb-CPD also received a Syn6-containing construct). Once
again, in cells not expressing Syn6t (top), Alb-CPD reached
the TGN (in 100% of cells) whereas in cells expressing Syn6t,
Alb-CPD arrival in the TGN was delayed (bottom) in all
transfected cells. This phenotype was not related to overex-
pression of Alb-CPD per se because mislocalization of Alb-
CPD was exclusive to cells expressing Syn6t. Moreover, an
identical phenotype was observed for continuous 2-h uptake
of anti-CPD (to follow the endogenous membrane protein)
in cells transiently transfected to express full-length Syn6
(100% of transfected cells achieving a tight juxtanuclear
localization of CPD) or Syn6t (only 12% of cells achieving
this localization).

These experiments were extended to use transiently ex-
pressed Tac-TGN38 (Mallard et al., 2002). In Figure 9, exper-
iment ③ , cells not expressing Syn6t delivered the expressed
Tac-TGN38 (red, cells marked with arrows) to the TGN38-
positive compartment (green) and cells expressing Syn6t
showed delayed delivery of Tac-TGN38 (right). Finally, by
using confocal immunofluorescent microscopy in experi-

ment ④ , it was apparent that whereas INS cells not express-
ing Syn6t showed excellent Tac-TGN38 delivery to the
TGN38-positive compartment, even in Syn6t-expressing
cells where Tac-TGN38 reached a predominant juxtanuclear
location (nuclear position denoted with “N”), the chimera
still did not colocalize with the TGN marker in these cells.
Quantitatively, when combining all experiments expressing
either Alb-CPD or Tac-TGN38, of INS cells not expressing
Syn6t, 100% achieved colocalization of these markers with
endogenous TGN38, whereas for cells that do express Syn6t,
5.6% of cells achieved colocalization with TGN38, 13.9%
achieved partial colocalization, and 80.5% of cells achieved
no colocalization. These data are consistent with results in
Chinese hamster ovary cells in which efficient endosomal
Tac-TGN38 return to the TGN is kinetically impaired by
overexpressing a construct very similar to Syn6t (Mallard et
al., 2002).

Syn6t Expression Alters Vti1b Distribution in Pancreatic
�-Cells
At the molecular level, the role of Syn6 in efficient endoso-
mal delivery of proteins might be explained by associations
with a number of potential Syn6-interacting proteins (Si-
monsen et al., 1999; Nagamatsu et al., 2001; Wendler and
Tooze, 2001). Using available antibodies, we could not con-
vincingly demonstrate coimmunoprecipitation of Syn7,

Figure 9. Transient expression and recycling of albumin-CPD and Tac-TGN38 chimeras in INS cells. Experiment ① : Syn 6-21 cells or
Syn6t-10 cells were transfected with a plasmid encoding Alb-CPD and either uninduced (�) or induced for 24 h with ponasterone (�) before
a 2-h continuous uptake with an anti-albumin polyclonal antibody (in red) as well as the immunofluorescent distribution of TGN38 by using
a mAb (in green). In cells expressing Syn6t, transfected cells are marked with small arrows. Experiment ② : INS cells were transfected with
Alb-CPD, full-length Syn6, or Syn6t-encoding plasmids, alone or in combination as indicated (double transfections used a 5:1 ratio of syntaxin
DNA to Alb-CPD DNA). The cells were then labeled as in experiment ① . In cells expressing Syn6t, transfected cells are marked with small
arrows. Experiment ③ : Syn 6-21 cells or Syn6t-1 cells were transfected with a plasmid encoding Tac-TGN38 and either uninduced (�) or
induced for 24 h with ponasterone (�) before a 2-h continuous uptake with a mAb anti-Tac (in red) as well as the immunofluorescent
distribution by using a polyclonal anti-TGN38 lumenal domain (in green). In the latter two panels, the nuclei are also stained with
4,6-diamidino-2-phenylindole (in blue). Transfected cells are marked with arrows. Experiment ④ : INS39 cells or Syn6t-10 cells were
transfected, induced with ponasterone, and labeled as in experiment ② , except that the cells were examined by confocal fluorescence
microscopy.
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Vti1a, Ykt6, mVps45, or EEA1 with Syn6t in INS cells. We
therefore tried another approach: because Syn6t has differ-
ent sedimentation properties to that of full-length Syn6 (Fig-
ure 2), INS cells expressing or not expressing Syn6t were
lysed in the complete absence of detergents and postnuclear
supernatants were analyzed by 5–20% sucrose-velocity gra-
dient centrifugation to examine the relative distribution of
potential interactors. As shown in Figure 10, Western blot-
ting for Syn6 in INS-1 cells (left set of panels) showed the
endogenous protein recovered exclusively at the bottom of
the gradient (fraction 12). This also matched the distribution
of endogenous Vti1b (Figure 10), and the integral membrane
protein marker calnexin (Figure 10, Clnx) was similarly dis-
tributed. In 6t-10 cells (right set of panels), endogenous Syn6
showed the same distribution while induced expression of
Syn6t was recovered in the upper four fractions (top gradi-
ent, upon overexposure, a very small fraction of Syn6t was
also recovered in fraction 12), and this distribution of soluble
Syn6t is similar to that observed for the soluble GDI marker
protein in control cells. Two SNARE proteins were recov-
ered both in apparently soluble forms as well as at the
bottom of the gradient (in markedly different proportions),
namely, Vti1a and Ykt6; the latter distribution has also been
reported by others (Hasegawa et al., 2003). However, neither
of these two proteins, nor the early endosomal antigen
EEA1, was unequivocally altered by Syn6t expression. By
contrast, upon expression of Syn6t, the distribution of Vti1b
was distinctly shifted in part to the uppermost four fractions
of the sucrose-velocity gradient (right set of panels). We do
not know whether the redistribution of a subset of Vti1b
molecules reflects their extraction from membranes because

the membrane anchor of Vti1b contains the highly unusual
negatively charged (Glu) residue midway along its trans-
membrane domain (Advani et al., 1998). We also entertained
the possibility that this shift could reflect Vti1b relocation
into a population of microvesicles (Antonin et al., 2000)
rather than to a soluble cytosolic population, but this seemed
unlikely because synaptic-like microvesicles are still recov-
ered at the bottom of the detergent-free gradient, as judged
by the distribution of the marker synaptophysin/p38 (Fig-
ure 10, bottom).

Vti1 in yeast is required for all traffic to the yeast lysosome
(von Mollard et al., 1997) and human Vti1 can functionally
substitute for yeast Vti1 in vti1 mutant yeast (von Mollard
and Stevens, 1998). The mammalian Vti1b in particular is
localized to endosomes (Kreykenbohm et al., 2002), and Syn6
is known to form a complex with Vti1b in other cell types
(Xu et al., 1998; Wade et al., 2001). We therefore used an
immunoprecipitation-Western coprecipitation assay to de-
termine whether Vti1b could associate with Syn6 and Syn6t
in INS cells. Syn6-21, 6t-10, or control INS39 cells were
immunoprecipitated with anti-myc mAb or anti-myc poly-
clonal antibody. These immunoprecipitates were immuno-
blotted with polyclonal anti-myc to confirm immunoprecipi-
tation (Figure 11, top left and top middle). As expected, no
blottable myc band could be recovered from control INS39
cells. Myc-tagged protein expression was also confirmed by
direct immunoblotting of lysates of cells that had not been
previously immunoprecipitated (Figure 11, top right). Anti-
myc immunoprecipitates subjected to SDS-PAGE and elec-
trotransfer were immunoblotted with anti-Vti1b antibody
(bottom left and bottom middle). No Vti1b could be immu-
noblotted from immunoprecipitates of cells not expressing a
myc-tagged Syn6 protein. However, Vti1b was coprecipi-
tated using anti-myc in lysates of cells with induced expres-
sion of either full-length Syn6 or Syn6t. Finally, all three of
the cell lines could generate coprecipitation of Vti1b when
the initial immunoprecipitation was performed with anti-
Syn6 mAb (Figure 11, bottom right). Together, the data in
Figures 10 and 11 are consistent with Syn6t competing for a
subset of potential Syn6 SNARE interactions, including
Vti1b within the endosomal system.

Figure 10. Syn6t expression alters the distribution of Vti1b in INS
cells. Control INS cells or Syn6t-10 cells were treated with ponas-
terone for 24 h, lysed, and the cell extracts loaded on sucrose
velocity gradients. The numbered fractions run from top to bottom
of the sucrose gradients. Each fraction was analyzed by SDS-PAGE
and immunoblotting with the antibodies indicated. Small horizontal
lines to the left of the gels indicate positions of prestained molecular
mass markers that allowed for identification of the correct region.
Clnx, calnexin; EEA1, early endosomal antigen 1; p38, synaptophy-
sin.

Figure 11. Vti1b association with Syn6t and Syn6 in INS cells. The
cell lines indicated were immunoprecipitated with anti-myc mAb or
anti-myc polyclonal antibody, which were then subjected to SDS-
PAGE and immunoblotting. All three lower panels show immuno-
blotting with anti-Vti1b; note that from control INS39 cells no Vti1b
can be coprecipitated with anti-myc (left and middle) although
Vti1b can be coprecipitated when the cells are immunoprecipitated
with anti-Syn6 (bottom right). The upper panels all show myc
Western blotting with polyclonal anti-myc to confirm direct immu-
noprecipitation of the myc-tagged Syn6 full-length and Syn6t con-
structs as well as the presence of these bands in the original cell
lysates (top right).
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DISCUSSION

Dominant Negative Effects of Syn6t on the Endocytic
Pathway
Syn6 is a long-lived protein (Figure 1B) that is localized to
endosomes and the TGN/ISGs (Bock et al., 1996, 1997;
Klumperman et al., 1998; Simonsen et al., 1999; Steegmaier et
al., 1999; Watson and Pessin, 2000; Wade et al., 2001; Wendler
et al., 2001). Thus, it is widely believed that Syn6 regularly
recycles and, kinetically speaking, exit from endosomal in-
termediates and the biosynthetic pathway represents the
slowest steps in the Syn6 cycling itinerary. The issue ad-
dressed in the present study is where does the Syn6 SNARE
potentially participate in a rate-limiting step in protein traf-
ficking, rather than functioning primarily as a cargo protein.
Based on actions of the dominant-negative Syn6t in INS
cells, the evidence presented implicates a primary activity of
Syn6 in the endosomal system of pancreatic �-cells.

The predominant distribution of Syn6 in endosomes and
the TGN in itself might suggest that Syn6 participates di-
rectly in endosome–TGN return; indeed, a construct called
Syn6cyto (which is nearly identical to our Syn6t) has been
reported to inhibit TGN return of a Tac-TGN38 chimera
(Mallard et al., 2002), and we have confirmed these findings
upon Syn6t expression in INS cells both for Tac-TGN38 and
for Alb-CPD (Figure 9). This inhibition represents primarily
a kinetic slowing of the return route, whereas the TGN exit
step remains slow or slower, because the steady-state distri-
butions of TGN markers (CPD and TGN38) do not seem
altered (Figures 1C and 8). Similarly, upon Syn6t expression
in INS cells, there is a significant kinetic defect in endocytic
cargo delivery from the cell surface to lysosomes as mea-
sured biochemically (Figure 3A) or morphologically (Fig-
ures 4 and 5A). This defect seems to occur downstream of
the branchpoint for transferrin recycling (Figure 3B) yet
upstream of mannose-phosphate receptor-enriched late en-
dosomes (Figure 5B). On expression in INS cells (Figures 1
and 2), we observe coimmunoprecipitation of Syn6t with
Vti1b (Figure 11) (an endosomal SNARE; Kreykenbohm et
al., 2002) and a change in the intracellular distribution of
Vti1b (Figure 10), consistent with the idea that Syn6t works
by competing for endosomal Syn6 SNARE partners (Simon-
sen et al., 1999; Mills et al., 2001; Wade et al., 2001; Kreyken-
bohm et al., 2002; Mallard et al., 2002), altering the intracel-
lular distribution of at least one, to influence cargo
progression from early endosomes to lysosomes or the TGN.

Effects of Syn6t Expression on the Biosynthetic Pathway
In the literature, one potential Syn6-interactor (endobrevin/
VAMP8) has been implicated in playing a physiological role
in the exo-endocytosis cycle of insulin secretory granule
(Nagamatsu et al., 2001). Even more important to the current
considerations is the longstanding view that new secretory
granule biogenesis involves reutilizing many secretory gran-
ule membrane constituents that have recycled via the endo-
cytic pathway (Farquhar, 1983). Given the clear positive
findings of the current study implicating Syn6 function
within the endosomal system, one of our central goals was
then to test whether Syn6t could interfere significantly with
secretory granule formation. Indeed, a recent report has
suggested that Syn6 is involved in secretory granule biogen-
esis by facilitating homotypic fusion of ISGs, based on an in
vitro fusion assay using ISGs from PC12 cells (Wendler et al.,
2001). However, positive evidence indicating homotypic fu-
sion of ISGs in live regulated secretory cells, even PC12 cells,
has not yet been obtained (Rudolf et al., 2001), nor has this
step yet been shown to be essential for granule biogenesis in

endocrine, exocrine, or neural cells. Moreover, a purified
recombinant soluble Syn6 construct containing Syn62–231
(only slightly smaller than our Syn6t1–236) does not inhibit
readout in the in vitro assay (Wendler et al., 2001). In agree-
ment, the present data indicate that Syn6t does not obvi-
ously impair the cross-sectional area of the mature insulin
granule population (Figure 6) or the formation of new se-
cretory granules as judged by acquisition of secretagogue-
stimulated exocytosis (Figure 7A), even though it does pro-
duce overt effects on the endosomal system.

What is observed in the biosynthetic pathway upon Syn6t
expression is a modest lag in intragranular conversion to
insulin (Figure 7B) and a small lysosomal enzyme missort-
ing phenotype (Figure 8), including increases in the amount
of ProB spilling into constitutive and constitutive-like secre-
tory pathways and exhibiting abnormally prolonged resi-
dence in secretory granules as well as in postsecretory (i.e.,
endosomal) compartments. However, because mannose-
phosphate receptor-dependent trafficking of ProB is only
marginally affected, we suggest that the endosomal step(s)
inhibited by Syn6t expression is likely to be largely proximal
to the endosomal site of entry of most mannose-phosphate
receptors. This is also consistent with kinetic slowing of SFV
endocytic transport at a site proximal to the steady-state
distribution of mannose-phosphate receptors (Figure 5B).
Moreover, the fact that the steady-state distribution of TGN
proteins is not obviously affected upon Syn6t expression
provides a further indication that secretory pathway opera-
tions are likely to proceed relatively normally in spite of
slowed kinetics of protein return from the endosomal sys-
tem.

Thus, we conclude that Syn6t provides only modest and
potentially indirect interference with regulated and consti-
tutive secretory pathways, and in TGN sorting of lysosomal
enzymes.

In summary, the data obtained in the pancreatic �-cell line
INS-1 suggest that Syn6 plays a potentially rate-limiting role
in endocytic delivery both to lysosomes and the TGN. Given
the recent finding that certain insulin secretory granule
membrane proteins may be irreversibly cleaved upon stim-
ulated exocytosis at the plasma membrane (Ort et al., 2001),
and thus cannot be reused intact, we believe the question of
how important endosome-to-TGN return really is for ongo-
ing secretory granule biogenesis remains open, and needs to
be revisited.
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