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Glucose-induced insulin exocytosis is coupled to associations
between F-actin and SNARE proteins, although the nature and
function of these interactions remains unknown. Toward this
end we show here that both Syntaxin 1A and Syntaxin 4 associ-
ated with F-actin in MIN6 cells and that each interaction was
rapidly and transiently diminished by stimulation of cells with
D-glucose. Of the two isoforms, only Syntaxin 4 was capable of
interacting directly with F-actin in an in vitro sedimentation
assay, conferred by the N-terminal 39–112 residues of Syntaxin
4. The 39–112 fragment was capable of selective competitive
inhibitory action, disrupting endogenous F-actin-Syntaxin 4
binding inMIN6 cells. Disruption of F-actin-Syntaxin 4 binding
correlated with enhanced glucose-stimulated insulin secretion,
mediated by increased granule accumulation at the plasma
membrane and increased Syntaxin 4 accessibility under basal
conditions.However, no increase inbasal level Syntaxin4-VAMP2
association occurred with either latrunculin treatment or expres-
sion of the 39–112 fragment. Taken together, these data disclose a
new underlying mechanism by which F-actin negatively regulates
exocytosis via binding and blocking Syntaxin 4 accessibility, but
they also reveal the existence of additional signals and/or steps
required to trigger the subsequent docking and fusion steps of
exocytosis.

Insulin granules are exocytosed in two distinct phases. First-
phase insulin granule release involves the rapid fusion of a small
pool of granules that are already present at the plasma mem-
brane under basal conditions, termed the readily releasable
pool, and these granules will discharge their cargo in response
to nutrient and also non-nutrient secretagogues (1–4). In con-
trast, second-phase secretion is evoked only in response to
nutrients and involves additional steps such as themobilization
of intracellular storage granules, targeting of granules to
SNARE3 sites for docking and fusion steps of exocytosis and

insulin release. Remarkably, although the actin cytoskeleton
has been considered to play a principle regulatory role in
glucose-stimulated insulin secretion since 1968 (5, 6), the
lack of mechanistic data has impeded the inclusion of
cytoskeletal input into models detailing the regulation of
biphasic insulin release.
F-actin was originally shown to function as a “cell web” in

islet beta cells (7–10). This notion was consistent with observa-
tions from other cell types and led to the concept that cytoskel-
etal disruption serves as a mechanism to clear away the F-actin
barrier and permit access of granules to the plasma membrane
(11–14). However this model did not suffice to explain why
insulin granule transport still requires F-actin as a motive force
(9, 15), nor did it explain why F-actin is both increased and
decreased by glucose (16–19). Distinct from neurotransmitter
exocytosis or GLUT4 translocation events that are impacted by
F-actin, insulin release occurs over a long time period and in
discrete phases, requiring the readily releasable pool of granules
at the plasma membrane to be refilled from the more intracel-
lular storage pool in a carefullymeteredmanner.More recently,
glucose-induced F-actin remodeling in beta cells has been visu-
alized by dynamic changes in cortical F-actin (20–23). No
changes in the F/G-actin ratio were detected, indicating that
the F-actin was being remodeled and reorganized as opposed to
a general loss of cellular F-actin content in response to glucose.
Remodeling occurred specifically in response to D-glucose, and
not L-glucose or KCl stimulation, and was coupled to SNARE
protein-mediated exocytosis.
Insulin granule exocytosis requires two syntaxin isoforms:

Syntaxin 1A and Syntaxin 4. Syntaxin 1Anullmouse islets show
significantly fewer predocked granules, which support first-
phase insulin release in response to calcium influx, although
second-phase secretion is normal (24). Syntaxin 4 heterozygous
knock-out mouse islets show decreased first-phase secretion
and also a slight decrease in second-phase secretion (25). In
addition, Syntaxin 4 overexpressing transgenic mouse islets
have enhanced second-phase secretion (25). Other cell systems
that utilizemultiple syntaxins show partitioning of interactions
and localization to particular membrane compartments to
achieve differential modes of vesicle targeting and fusion (26,
27). Characterization of unique features of Syntaxin 1A and
Syntaxin 4 will be required before amechanistic understanding
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of their different roles in biphasic insulin release can be
discerned.
We have previously demonstrated that, in rodent islet beta

cells, glucose-induced insulin exocytosis is coupled to the inter-
action of F-actin with t-SNARE proteins (21). Here, we have
demonstrated the relevance of this to human islet function and
expanded upon the underlying mechanism by showing that
F-actin bound directly to a novel motif in the N terminus of
Syntaxin 4. We found that competitive inhibition of the direct
association between F-actin-Syntaxin 4 increased unstimulated
granule accumulation at the plasma membrane as well as Syn-
taxin 4 accessibility to VAMP2. Interestingly however, VAMP2
association with syntaxin was not increased upon release of
F-actin binding from Syntaxin 4, suggesting the requirement
for an additional stimulus-dependent/induced step that pre-
cedes the docking and fusion steps in exocytosis.

EXPERIMENTAL PROCEDURES

Materials—Rabbit polyclonal Syntaxin 4 and mouse mono-
clonal Syntaxin 1 antibodies were obtained from Chemicon
(Temecula, CA) and Upstate Biotechnology (Lake Placid, NY),
respectively. The mouse anti-insulin and rabbit anti-actin anti-
bodies were obtained from Sigma. Rabbit anti-GFP antibody
was acquired fromAbcam (Cambridge,MA).Monoclonal anti-
SNAP-25 and anti-GFP antibodies were purchased from BD
Biosciences/Clontech. The mouse monoclonal anti-VAMP2
antibody and recombinant soluble Syntaxin 1A protein were
obtained from Synaptic Systems (Gottingen, Germany).
Latrunculin B was purchased from Calbiochem. Texas Red-
conjugated secondary antibody and control mouse and rabbit
IgG for immunoprecipitation were purchased from Jackson
Immunoresearch Laboratories (West Grove, PA). Radioimmu-
noassay-grade bovine serum albumin and D-glucose were pur-
chased from Sigma. The MIN6 cells were a gift from Dr. John
Hutton (University of Colorado Health Sciences Center). Goat
anti-mouse and anti-rabbit horseradish peroxidase secondary
antibodies and TransFectin lipid reagent were acquired from
Bio-Rad. ECL reagent was purchased from Amersham Bio-
sciences. The human C-peptide and rat insulin radioimmuno-
assay kits were purchased from Linco Research Inc. (St.
Charles, MO). The actin binding spin-down assay and F/G-
actin quantitation kits were purchased from Cytoskeleton
(Denver, CO).
Plasmids—pGEX-4T1-VAMP2-(1–94) was generated as

described previously (28). The pGEX-4T1-Syntaxin 4-(1–193),
-(1–112), and -(1–70) cDNA constructs were generated by sub-
cloning PCR-generated rat Syntaxin 4 fragments into the SalI
and XhoI sites of the pGEX-4T1 expression vector. The pGEX-
4T1-Syntaxin 4-(1–273) and -(39–273) cDNA constructs were
made by subcloning PCR-generated fragments into the EcoRI
and XhoI sites of pGEX-4T1. The pEGFP-Syntaxin 4-(39–112)
cDNA construct was generated by subcloning the PCR-gener-
ated Syntaxin 4 fragment engineered with 5�-EcoRI and
3�-XhoI sites into the 5�-EcoRI and 3�-SalI sites of the EGFP-C2
vector (Clontech). All constructs were verified by DNA
sequencing.

Isolation, Culture, and Stimulation of Insulin Secretion of
Mouse and Human Islets—Pancreatic mouse islets were iso-
lated as previously described (29, 30). Briefly, pancreata from
8–12-week-old male mice were digested with collagenase and
purified using a Ficoll density gradient. After isolation, islets
were cultured overnight in CMRL-1066 medium. Fresh islets
were handpicked into groups of 10, preincubated in Krebs-
Ringer bicarbonate buffer (10 mM HEPES, pH 7.4, 134 mM
NaCl, 5mMNaHCO3, 4.8mMKCl, 1mMCaCl2, 1.2mMMgSO4,
1.2 mM KH2PO4) containing 2.8 mM glucose and 0.1% BSA for
1.5 h in the presence of 10 �M latrunculin or DMSO vehicle
followed by stimulation with 20 mM glucose for 2 h. Medium
was collected to measure insulin secretion, and islets were har-
vested in Nonidet P-40 lysis buffer to determine cellular insulin
content by radioimmunoassay. Human islets isolated from two
independent nondiabetic donors were obtained through the
National Institutes of Health/ICR (islet cell resource) distribu-
tion program, and used in experiments identical in design to
those described above with mouse islets.
Cell Culture, Transient Transfection, and Secretion Assays—

MIN6 beta cells were cultured in Dulbecco’s modified Eagle’s
medium (25 mM glucose) supplemented with 15% fetal bovine
serum, 100 units/ml penicillin, 100 �g/ml streptomycin, 292
�g/ml L-glutamine, and 50�M �-mercaptoethanol as described
previously (31). MIN6 beta cells at �60% confluence were
transfected with 40 �g of plasmid DNA/10-cm2 dish using
TransFectin (Bio-Rad) to obtain �30–50% transfection effi-
ciency. After 48 h of incubation, cells were washed twice with
and incubated for 2 h in freshly prepared modified Krebs-
Ringer bicarbonate buffer (MKRBB: 5 mM KCl, 120 mM NaCl,
15 mM HEPES, pH 7.4, 24 mM NaHCO3, 1 mM MgCl2, 2 mM
CaCl2, and 1mg/ml radioimmunoassay-grade BSA). Cells were
stimulatedwith20mMglucose for the amountof time indicated in
the figures after which the buffer was collected and microcentri-
fuged for5minat4 °Ctopellet cell debris, and insulin secreted into
the buffer was quantitated using a rat insulin immunoassay kit
(LincoResearch).Cellswereharvested inNonidetP-40 lysis buffer
(25 mM Tris, pH 7.4, 1% Nonidet P-40, 10% glycerol, 50 mM
sodium fluoride, 10 mM sodium pyrophosphate, 137 mM NaCl, 1
mM sodium vanadate, 1 mM phenylmethylsulfonyl fluoride, 10
�g/mlaprotinin, 1�g/mlpepstatin, 5�g/ml leupeptin) containing
60 mM n-octylglucoside and lysed for 10 min at 4 °C, and lysates
were cleared of insoluble material by microcentrifugation for 10
min at 4 °C for subsequent use in co-immunoprecipitation exper-
iments. Formeasurement of humanC-peptide release,MIN6beta
cells were transiently co-transfected with each plasmid plus
humanproinsulin cDNA(kindgift fromDr.ChrisNewgard,Duke
University). Forty-eight h after transfection, cells were preincu-
bated for 2 h inMKRBBbuffer and stimulatedwith 20mMglucose
for 1 h. MKRBB was collected for quantitation of human C-pep-
tide released.
Immunofluorescence and Confocal Microscopy—MIN6 cells

at 40% confluency plated onto glass coverslips were preincu-
bated in MKRBB in the absence or presence of latrunculin (10
�M) or vehicle (Me2SO) for 1–2 h followed by stimulation with
20 mM glucose for 5 min and then immediately fixed and per-
meabilized in 4% paraformaldehyde and 0.1% Triton X-100 for
10 min at 4 °C. Fixed cells were blocked in 1% BSA plus 5%
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donkey serum for 1 h at room temperature followed by incuba-
tion with insulin antibody (1:100) for 1 h. MIN6 cells were then
washed with phosphate-buffered saline (pH 7.4) and incubated
with anti-mouse Texas Red secondary antibody for 1 h. All cells
were washed again in phosphate-buffered saline, overlaid with
Vectashield mounting medium, and mounted for confocal flu-
orescence microscopy using a Zeiss 510 confocal microscope.
EGFP and insulin-Texas Red fluorescing cells were imaged
using single-channel scanning using a �100 objective.
Electron Microscopy—MIN6 beta cells were grown to �80%

confluence on Thermonox coverslips. Cells were washed twice
with and incubated for 2 h in freshly prepared modified Krebs-
Ringer bicarbonate buffer followed by the addition of either
latrunculin B or Me2SO vehicle for an additional 30 min. Cells
were fixed in a 0.1 M cacodylate-buffered mixture of 2% glutar-
aldehyde and 2%paraformaldehyde for 30min at room temper-
ature followed by overnight incubation at 4 °C and then post-
fixed in 1% OsO4 in for 1 h. En bloc staining in 0.5% aqueous
uranyl acetate was performed for 3 h followed by a 10-min
water wash. Dehydration was done in the following sequence:
50% ethanol, 70% ethanol, 95% ethanol, and 100% ethanol each
for 10min. Infiltration entailed ethanol and resin in the order of
3:1 (1 h), 1:1 (overnight), 1:3 (1 h), and 100% resin (2–3 changes
each 30 min). The Thermonox coverslips were inverted over a
1.5-ml centrifuge tube filledwith resin and polymerized for 48 h
at 60 °C. Thick (0.5–2.0 �m) and thin (60–100 nm) sections
were cut using the microtome (Leica Ultracut). The thin sec-
tions were stained with uranyl acetate and lead citrate and
viewed on the FEI Tecnai G2 Biotwin.
Subcellular Fractionation—Subcellular fractions of beta cells

were isolated as described previously (28). Briefly, MIN6 beta
cells at 80–90% confluence were harvested into 1ml of homog-
enization buffer (20 mM Tris-HCl, pH 7.4, 0.5 mM EDTA, 0.5
mM EGTA, 250 mM sucrose, 1 mM dithiothreitol, and 1 mM
sodium orthovanadate) containing protease inhibitors. Cells
were disrupted by 10 strokes through a 27-gauge needle and
homogenates centrifuged at 900 � g for 10 min. Postnuclear
supernatants were centrifuged at 5,500 � g for 15 min, and the
subsequent supernatant was centrifuged at 25,000 � g for 20
min to obtain the storage granule (SG) fraction in the pellet.
The supernatant was further centrifuged at 100,000 � g for 1 h
to obtain the cytosolic fraction (Cyt). Plasma membrane (PM)
fractions were obtained bymixing the postnuclear pellet with 1
ml of buffer A (0.25 M sucrose, 1 mMMgCl2, d 10mMTris-HCl,
pH 7.4) and 2 volumes of buffer B (2 M sucrose, 1 mM MgCl2, d
10mMTris-HCl, pH 7.4). Themixture was overlaid with Buffer
A and centrifuged at 113,000 � g for 1 h to obtain an interface
containing the plasma membrane fraction. The interface was
collected and diluted to 2 ml with homogenization buffer for
centrifugation at 6,000 � g for 10 min, and the resulting pellet
was collected as the plasmamembrane fraction. All pellets were
resuspended in 1% Nonidet P-40 lysis buffer to ensure solubili-
zation of membrane proteins.
Co-immunoprecipitation and Immunoblotting—MIN6 beta

cell cleared detergent homogenates (2–3 mg) were combined
with rabbit anti-Syntaxin 4 ormouse anti-Syntaxin 1 antibodies
for 2 h at 4 °C followed by a second incubation with protein G
Plus-agarose for 2 h. The resultant immunoprecipitates were

subjected to 12% SDS-PAGE followed by transfer to PVDF
membranes for immunoblotting. Membranes were blocked in
5% milk/TBS-Tween for 1 h at room temperature followed by
immunoblotting (Syntaxin 1A, Syntaxin 4,and SNAP-25 anti-
bodies were used at 1:1000; VAMP2 antibody was used at
1:5000). Proteins were visualized by enhanced chemilumines-
cence for quantitation using a Chemi-Doc gel documentation
system (Bio-Rad).
Recombinant Proteins and Interaction Assays—GST-

VAMP2-(1–94) fusion protein was expressed in Escherichia
coli and purified by glutathione-agarose affinity chromatogra-
phy as described (28). GST-VAMP2 was immobilized on
Sepharose beads and incubated with cleared detergent lysates
(�3 mg) prepared from unstimulated cells for 2 h at 4 °C. Fol-
lowing threewashes with 1%Nonidet P-40 lysis buffer, proteins
were eluted from the Sepharose beads and subjected to electro-
phoresis on 12% SDS-PAGE followed by transfer to PVDF
membrane for immunoblotting with Syntaxin 4 antibody. For
the F-actin spin-down assays, recombinant VAMP2 and Syn-
taxin 4 proteins were initially expressed and purified as GST
fusion proteins after which the GST was removed by thrombin
cleavage and remaining protein captured (Novagen kit). Syn-
taxin 1A protein was purchased from Synaptic Systems. Pro-
teins were concentrated to �20 �M and centrifuged at
150,000 � g for 1 h at 4 °C immediately prior to use of the
resulting supernatant in an actin binding assay. Purified F-actin
stocks (23 �M) were prepared according to manufacturer’s
instructions. Test proteins were incubatedwith F-actin stock in
actin polymerization buffer at room temperature for 30 min.
BSA and �-actinin control proteins provided by the manufac-
turer were used as negative and positive F-actin binding control
proteins, respectively, in each experiment for validation of
binding. All reactions were centrifuged at 150,000 � g for 1.5 h
at 24 °C, and supernatants were removed into individually
labeled new tubes on ice. Both the supernatants and the pellets
were subjected to 12–18% SDS-PAGE followed by transfer to
PVDF membranes for Coomassie staining or immunoblotting
analyses.
Statistical Analysis—All data are expressed as mean � S.E.

Data were evaluated for statistical significance using Student’s t
test.

RESULTS

F-actin Function Is Conserved between Human and Rodent
islet Beta Cells—We previously reported that treatment of rat
islets with latrunculin B results in potentiation of glucose-stim-
ulated insulin release (21). Latrunculin is a potent actin mono-
mer-binding and sequestering agent that converts cellular
F-actin to G-actin. To establish continuity of function among
islet model systems, the impact of latrunculin upon secretion
frommouse islets and human isletswas evaluated. Similar to rat
islets, isolated mouse islets showed a robust response to 2 h of
glucose stimulation, which was further potentiated by latrun-
culin (Fig. 1A). Human islets were obtained from three inde-
pendent nondiabetic human cadaver pancreases through the
National Institutes of Health/ICR/ABCC (Administrative and
Bioinformatics Coordinating Center) distribution program.
Because of the fragility of these human islets following isolation
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and shipment, latrunculin pretreatment and stimulation time
was limited to 1 h rather than the 2-h period used with mouse
islets, which cumulatively resulted in a lesser yet still significant
secretory response to glucose stimulation (Fig. 1B). Impor-
tantly, each batch of human islets showed the latrunculin-po-
tentiated effect upon glucose-stimulated insulin release,
whereas basal secretion was comparable to the vehicle
(DMSO)-treated islets (Fig. 1B). Because islets containmultiple
cell types, 70–80% of which are insulin-containing beta cells,
culturedMIN6 beta cells were used to further confirm that this
potentiating effect of latrunculin was transduced through the
beta cells and not one of the other islet cell types. This potenti-
ating effect occurred very rapidly and was evident within 5 min

of stimulation with glucose (Fig.
1C). Latrunculin also potentiated
insulin release from MIN6 cells in
response to KCl and phorbol
12-myristate 13-acetate (PMA) as
well as calcium-stimulated secre-
tion from streptolysin-O-permeabi-
lized cells (21). Moreover, the actin-
depolymerizing effect of latrunculin
was validated by analysis of the F:G-
actin ratio, converting the F-actin:
G-actin ratio from �20:80% in
unstimulated or vehicle-treated
cells to �1:99% (data not shown).
Thus the potentiating effect of
latrunculin was found to be con-
served across species and relevant to
human islet function.Moreover, the
MIN6 beta cell line was found to be
an appropriate model system in
which to pursue amechanistic study
of the role of F-actin in beta cell
secretion.
To determine how latrunculin

facilitated this potentiation, insulin
granule localization was examined.
Electron micrograph images of
latrunculin-treated MIN6 cells
showed the prevalence of granules
localized at the plasma membrane
(Fig. 2A, right panel). In 10 images of
latrunculin-treated cells collected,
more than 90% exhibited this phe-
notype. In contrast, vehicle-treated
cells contained only a few granules
at the cell periphery (Fig. 2A, left
panel; arrow denotes plasma mem-
brane between neighboring cells) in
all fields. Insulin immunofluores-
cent confocal microscopy of vehi-
cle- or latrunculin-treated MIN6
cells confirmed the identity of the
granules localized at the PMas insu-
lin-containing (Fig. 2B). Punctate
insulin staining was visible broadly

across the expanse of the beta cells under basal conditions, with
regrouping of granules closer to the cell periphery after only 5min
of glucose stimulation. Latrunculin treatment mimicked this glu-
cose-induced redistribution of granules to the cell periphery but
did so in the absence of glucose. Immunofluorescent images of
more than 30 clusters of latrunculin-treated cells showed the phe-
notype in Fig. 2B. In a third approach, subcellular fractions were
prepared from MIN6 cells treated with vehicle or latrunculin to
quantify theextentof thegranule redistribution inducedby latrun-
culin. The fractionation procedure was validated in two ways: 1)
demonstration of the highest insulin content in the insulin SG
fraction with lesser but significant levels in the PM fraction and
none in thecytosolic fraction (28,32,33); 2) thepresenceofmarker

FIGURE 1. Latrunculin potentiates insulin secretion in human islets: conservation of function with
rodent islets and cultured beta cells. A, mouse islets were handpicked for a 2-h preincubation in KRB
with 2.8 mM glucose � latrunculin (LAT; 10 �M) and then 2 h more under basal or stimulated conditions (20
mM glucose (Gluc)) with 10 islets/condition performed in duplicate. Three independent sets of mouse islets
were combined; data are expressed as insulin secretion normalized to insulin content. *, p � 0.05, versus vehicle
(VEH)-basal condition. B, human islets were isolated from cadaver pancreas at the ICR center and shipped for
receipt within 48 h of isolation. Islets were allowed to recover for 3 h and then handpicked for preincubation for
1 h in KRB containing 2 mM glucose � latrunculin (10 �M LAT) followed by 1 h of incubation under basal (2.8 mM

glucose) or stimulated conditions (20 mM glucose). Data represent the average of three independent batches
of human islets normalized for insulin content and expressed as percent vehicle-basal secretion set equal to
100% (*, p � 0.05, versus vehicle-basal condition). C, MIN6 cells were preincubated in glucose-free MKRBB
containing vehicle or LAT for 2 h and then stimulated with 20 mM glucose for 5 min. Data represent the average
of six independent sets of MIN6 cells normalized for protein content and expressed as percent vehicle-basal
secretion; *, p � 0.02, versus vehicle-basal condition.
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proteins in the PM (Syntaxin 4, Syntaxin 1A), the SG (VAMP2,
phogrin), and theCyto fractions (Cdc42,Munc18c). In three inde-
pendent sets of fractions, latrunculin induced an �2.5-fold
increase in VAMP2-bound insulin granules localized to the PM,
with a coordinate �40% loss from the SG pool (Fig. 2, C and D).
Ponceau S staining was used to validate equal loading in each
experiment. Thus, latrunculin-induced F-actin depolymerization
allowed a flow of insulin granules to the PM in the absence of the
glucose stimulus.
Glucose-induced Dissociation of F-actin from Syntaxin 4—

We have previously reported that F-actin is dynamically reor-
ganized in response to glucose stimulation in islet beta cells, a

phenomenon that is coupled to Syn-
taxin 1 association (20, 21). F-actin
associated in a specific manner, as
IgG alone or voltage-dependent cal-
ciumchannel (VDCC)primary anti-
bodies failed to co-immunoprecipi-
tate F-actin. These studies also
showed that Syntaxin 1 associates
only with F-actin and not G-actin;
treatment of cells with actin depoly-
merizing agents destroyed this asso-
ciation. We have since demon-
strated a requirement for a second
syntaxin isoform in insulin granule
exocytosis, Syntaxin 4 (25). Here we
show that like Syntaxin 1, Syntaxin 4
associated with F-actin under basal
conditions (Fig. 3, A and B). Also
similar is the marked significant
reduction of actin association with
Syntaxin 4 after 10 min of glucose
stimulation. Following 30 min of
glucose stimulation actin reassoci-
ated with Syntaxin 4, albeit to a
lesser extent than it did with Syn-
taxin 1. Treatment of cells with
latrunculin abolished�90% of actin
interaction with Syntaxin 4 (Fig.
3C), indicating that it was F-actin
and notG-actin that interactedwith
Syntaxin 4. These data expand upon
the current notion of F-actin serving
as a barrier by suggesting that the
negative function of F-actin ismedi-
ated through its association with
multiple plasma membrane-bound
syntaxins.
F-actin Directly Associates with

Only the Syntaxin 4 Isoform—To
determine how the SNARE pro-
teins might confer interaction
with F-actin, sequence analyses of
v- and t-SNARE proteins for
potential homology with any
known actin-binding protein
motifs were conducted. Although

no homologies were identified in VAMP2, SNAP-25, or Syn-
taxin 1A, Syntaxin 4 was found to have some homology to a
motif known as “spectrin-like.” To determine whether Syn-
taxin 4 might bind in a direct manner to F-actin, an in vitro
actin sedimentation/spin-down assay was employed.
Recombinant soluble forms of each SNARE protein (trans-
membrane domain deleted), expressed in E. coli and puri-
fied, were incubated with F-actin in a calcium-containing
binding buffer and subsequently centrifuged to pellet F-actin
and associated proteins. Proteins in each fraction were
resolved on SDS-PAGE for detection by Coomassie Blue
staining. The known F-actin-binding protein, �-actinin,

FIGURE 2. Latrunculin causes increased granule accumulation at the plasma membrane in the absence of
glucose. A, transmission electron microscopy of MIN6 cells treated with vehicle (VEH) or latrunculin (LAT). Bar �
500 nm. B, latrunculin treatment mobilizes granules toward the plasma membrane compartment from the
storage granule pool under basal conditions. MIN6 cells were left unstimulated, stimulated with 20 mM glucose
for 5 min, or treated with 10 �M latrunculin for 2 h and then fixed and permeabilized for anti-insulin immuno-
fluorescent (IF) confocal microscopy. Bar � 5 �m. C, MIN6 cells were treated with latrunculin or the DMSO
vehicle for 2 h and then subfractionated, and 20 �g of protein from the PM and SG fractions were resolved on
12% SDS-PAGE for immunoblotting. Ponceau S staining was used to verify equal loading; syntaxin immuno-
blotting (IB) was used to validate PM fraction integrity in each fractionation. Data are representative of two
independent experiments. D, optical density scanning quantitation (each set of fractions normalized to VEH
control � 100%) of VAMP2; data shown are the average � S.E. of three independent sets of fractions. Ponceau
S staining was used to verify loading in SG and PM fractions each experiment.
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appropriately localized to the pellet (P) with F-actin (Fig. 4,
lanes 7 and 8), whereas BSA served as the negative control in
this assay and localized to the supernatant (S) (Fig. 4, lanes 5 and
6). Recombinant Syntaxin 1A also remained strictly in the
supernatant (Fig. 4, lane 4), as did VAMP2 (data not shown).
Remarkably, Syntaxin 4 protein was present in both the pellet
and supernatant fractions (Fig. 4, lanes 1 and 2). Dosage studies
with increasing amounts of Syntaxin 4 protein input indicated
this to be a dose-dependent association reaching saturation,
where asmuch as�25%of the Syntaxin 4 protein input pelleted
with F-actin (data not shown). These data indicated that Syn-
taxin 4 had the ability to interact directly with F-actin, whereas
Syntaxin 1A associated exclusively via an indirect mechanism.
To determine which region of Syntaxin 4 conferred direct

interaction with F-actin, a series of C- and N-terminal trun-
cations (Fig. 5A) were made in the context of GST-Syntaxin
4 (�TM, soluble form). Coomassie Blue staining showed that
all GST-Syntaxin 4 truncation proteins migrated at the cor-
rect molecular weight and as single bands (Fig. 5B). GST was
cleaved, and the remaining Syntaxin 4 fragments were puri-
fied for use in the F-actin spin-down assay. In each assay,
recombinant Syntaxin 1A and Syntaxin 4 were used as neg-
ative and positive controls for F-actin interaction, respec-
tively (data not shown). C-terminal deletion of domains H3,
Hc, or the N-terminal deletion of residues 1–38 failed to
abolish Syntaxin 4 interaction with F-actin (Fig. 5C). Further
delineation of the binding region was detected by immuno-
blotting instead of Coomassie Blue, given the small molecu-
lar weight of the protein. This served as a means to enhance
detection of any interaction, taking advantage of the N-ter-
minal epitope recognized by this particular antibody
(epitope is residues 2–23 of Syntaxin 4). Using this method,
it was seen that the C-terminal deletion up through the Hb
domain did ablate binding to F-actin (Fig. 5D). Subsequent
truncations of the Ha and Hb domains in the context of the
full soluble Syntaxin 4 protein were constructed to deter-
mine further the importance of the Ha and Hb domains indi-
vidually but, unfortunately, were labile upon cleavage from
the GST protein. Because these binding data delineated the
N-terminal Ha-Hb region, comprising residues 39–112, as
the minimal region sufficient to confer binding of Syntaxin 4

FIGURE 3. Glucose-induced dissociation of F-actin from Syntaxin 1A
and Syntaxin 4. MIN6 cells were preincubated in MKRBB for 2 h and stim-
ulated with 20 mM glucose (Gluc) for 10, 30, and 60 min. Detergent cell
lysates were prepared by harvesting in lysis buffer containing 1% Nonidet
P-40 and n-octylglucoside. Cleared detergent cell lysates (2 mg of protein)
were immunoprecipitated (IP) with mouse anti-Syntaxin 1 (A) or rabbit
anti-Syntaxin 4 (B) for 2 h at 4 °C. Immunoprecipitates were resolved on
12% SDS-PAGE, and proteins were transferred to PVDF for immunoblot-
ting (IB) with mouse anti-Syntaxin 1A or Syntaxin 4, anti-SNAP-25, and
rabbit anti-actin. C, lysates prepared from cells pretreated for 2 h with
vehicle (DMSO, VEH) or latrunculin (LAT) were used in immunoprecipita-
tion reactions with anti-Syn4 antibody for subsequent immunoblotting
for co-immunoprecipitation of actin. Parallel reactions including IgG
immunoprecipitation reactions were included to control for nonspecific
binding as demonstrated previously (Ref. 21; not shown here). Data are
representative of at least five independent co-immunoprecipitation
experiments. Optical density scanning quantitation of actin association
with syntaxin is shown directly below each of the three immunoprecipita-
tion studies (each set of lysates normalized to basal � 1). Bars represent the
average � S.E. of 3–5 independent experiments.

FIGURE 4. Syntaxin 4 but not Syntaxin 1A binds directly to F-actin in vitro.
Recombinant purified proteins were tested for direct F-actin binding in an in
vitro sedimentation assay. Following incubation and centrifugation, F-actin
and associated binding proteins are recovered in the pellet (P) fraction, and
non-F-actin-binding proteins remain in the supernatant (S). Proteins were
resolved on 10% SDS-PAGE and detected by Coomassie Blue staining. This
reaction was determined to be at saturation for binding (data not shown).
Data are representative of six independent experiments using four different
preparations of proteins.

Syntaxin 4 Binds Directly to F-actin

APRIL 18, 2008 • VOLUME 283 • NUMBER 16 JOURNAL OF BIOLOGICAL CHEMISTRY 10721



with F-actin, GST-(39–112) was constructed, but it also was
labile in vitro. The importance of these far N-terminal resi-
dues in Syntaxin 4 structure has been reported and likely
explains the instability of our constructs lacking this region
(34). Thus, the in vitro assay data suggested the F-actin inter-
acting region of Syntaxin 4 to be between amino acids
39–112. Notably, this region also contains the predicted
spectrin-like motif.
Selective Separation of Syntaxin 4 from F-actin Enhances

Granule Mobilization and Exocytosis—To determine the
requirement for Syntaxin 4 binding to F-actin in cells, the Syn-
taxin 4 actin-binding region (residues 39–112) was used as a
selective competitive inhibitor. This small region was fused to
the C terminus of the EGFP as shown in Fig. 6A, which enabled
visualization of its localization within transfected cells and eas-
ier detection of its expression by immunodetection on SDS-
PAGE (Fig. 6B, IB:EGFP in lysate). Plasmids encoding EGFP-

FIGURE 5. The region containing the HA-HB domains of Syntaxin 4 is
necessary and sufficient to confer direct binding to F-actin. A, four
C-terminal truncations and one N-terminal truncation of Syntaxin 4 were
generated as GST fusion proteins for expression in E. coli and purification
on glutathione-Sepharose. B, Coomassie Blue staining showed the expres-
sion of GST fusion Syntaxin 4 truncation proteins. C, thrombin-cleaved
Syntaxin 4 N-terminal and C-terminal truncated fragments 1–194, 1–112,
and 39 –273 were prepared at a concentration of 1 mg/ml for use in the in
vitro actin sedimentation assay. Both the supernatants (S) and pellets (P)
were subjected to 15% SDS-PAGE for Coomassie Blue staining. Syn4 and
Syn1A reactions were used as positive and negative controls, respectively,
in each experiment (see Fig. 4). D, purified Syntaxin 4 C-terminal trunca-
tions 1–112 and 1–70 were prepared and tested in the actin sedimenta-
tion assay. Both the supernatants and the pellets were subjected to 18%
SDS-PAGE followed by transfer to PVDF membranes for immunoblotting
with rabbit anti-Syntaxin 4. Data are representative of 2–3 independent
sets of proteins.

FIGURE 6. Expression of Syntaxin 4 residues 39 –112 in MIN6 cells dis-
rupted the endogenous F-actin-Syn4 association and increased glucose-
stimulated secretion. A, the Ha-Hb region of Syntaxin 4 was fused to the C
terminus of EGFP for expression in mammalian cells. This is a schematic rep-
resentation of EGFP and EGFP-(39 –112) proteins. B, MIN6 lysates expressing
the �37-kDa EGFP-(39 –112) protein were used for immunoprecipitation (IP)
with Syntaxin 4 antibody and immunoblotted (IB) for co-precipitation of
actin. EGFP (29 kDa) in lysates served as control; the actin/Syn4 ratio in EGFP-
expressing lysates was set equal to 1 for normalization in each of four immu-
noprecipitation experiments (*, p � 0.05). C, MIN6 cells were co-transfected
with EGFP or EGFP-(39 –112) with human proinsulin to report effects upon
glucose-stimulated human C-peptide secretion only from transfected cells.
MIN6 cells were preincubated in glucose-free MKRBB followed by stimulation
with 20 mM glucose for 30 min. Data represent the mean � S.E. from five
independent experiments normalized for total protein content. Data were
normalized to the unstimulated level for each construct to obtain stimulation
index (*, p � 0.05).
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(39–112) or EGFP vector alone were transfected into MIN6
cells and effect upon Syntaxin 4-F-actin association evaluated
by immunoprecipitation with anti-Syntaxin 4 antibody and
actin immunoblotting. Because the EGFP-(39–112) fragment
did not contain the epitope recognized by the Syntaxin 4 anti-
body, only endogenous Syntaxin 4 was immunoprecipitated.
Indeed, expression of the EGFP-(39–112) resulted in an �30%
decrease in co-precipitation of endogenous Syntaxin 4-F-actin
complexes. EGFP-(39–112) action was not due to inadvertent
binding to other Syntaxin 4 binding partners, because immu-
noprecipitation of this fusion protein failed to co-precipitate
proteins such as Syntaxin 4, VAMP2, SNAP-25, and Munc18c
(data not shown). The analogous region of Syn1A was not used
for comparison, as this region of Syntaxin 1A is known to inter-
act directly with another important exocytotic protein,
Munc13-1 (35). Despite its ability to dissociate endogenous
F-actin-Syntaxin 4 complexes and to bind to F-actin in vitro,
stable association of the peptidewith endogenous F-actin could
not be detected consistently (data not shown). Although EGFP-
(39–112) protein expression levels were substantial, conforma-
tional changes in peptide structure due to its fusion to EGFP
may have impaired its ability to stably interact with F-actin.
Unlike latrunculin treatment, the EGFP-(39–112) expression
had no effect upon global cellular F-actin content (F:G-actin
ratio was �25:75%), such that the action of the inhibitory
peptide was more likely through selective separation of F-ac-
tin from Syntaxin 4 and not via dispersal of the cortical F-ac-
tin network to allow granules to gain access to the plasma
membrane.
The EGFP-(39–112) competitive inhibitory fragment was

then used to evaluate the functional importance of the endog-
enous Syntaxin 4-F-actin association in glucose-stimulated
insulin secretion. Because transfection efficiency was �50%,
the human C-peptide reporter assay was utilized as a means of
measuring secretion only from transfectable cells. MIN6 cells
were co-transfected with EGFP-(39–112) or vector control
together with human proinsulin cDNA. Human C-peptide
(derived from human proinsulin) is synthesized and packaged
in an identical fashion to mouse C-peptide and insulin in gran-
ules but is immunologically distinct frommouse C-peptide and
serves as a reporter of secretion from transfectable cells. MIN6
cells transfected with EGFP vector responded to glucose
stimulation by eliciting a 26% increase in insulin release (Fig.
6C), similar to levels reported by others using this particular
reporter assay (36, 37). However, expression of EGFP-(39–
112) increased insulin release to �49%, suggesting that the
selective disruption of F-actin binding to Syntaxin 4
enhanced insulin exocytosis. Thus, the potentiating effect of
latrunculin could be recapitulated, at least in part, by com-
petitive inhibition of F-actin binding to Syntaxin 4.
Disruption of F-actin Binding to Syntaxin 4 Enhances Gran-

uleMobilization and Syntaxin 4 Accessibility—Given the func-
tional parallels between actions of EGFP-(39–112) with latrun-
culin upon insulin secretion, we next sought to determine if the
EGFP-(39–112) inhibitor impacted granule localization.MIN6
cells expressing either EGFP of EGFP-(39–112) were subfrac-
tionated, and VAMP2 accumulation in PM and SG fractions
was assessed. Fig. 7 shows a�1.6-fold increase inVAMP2 in the

PM fraction of EGFP-(39–112)-expressing cells comparedwith
cells expressing EGFP alone (p � 0.0002). This increase
occurred under basal conditions, similar to that with latruncu-
lin treatment. This corresponded to a �30% decrease of
VAMP2 from the SG fraction of EGFP-(39–112) cells relative
to control (p � 0.0001). These data indicate that VAMP2-
bound granules were inappropriately mobilized to the PM in
the absence of the glucose stimulus.
In addition to increasing granule number at the PM,we spec-

ulated that the role of F-actin binding to Syntaxin 4might be to
negatively regulate Syntaxin 4 accessibility by VAMP2. To test
this possibility, exogenous GST-VAMP2 (soluble form, �TM)
protein linked to Sepharose beads was added to cell lysates to
“probe” for accessible Syntaxin 4, i.e. Syntaxin 4 available for
binding. From unstimulated MIN6 cells left untreated or
treated with vehicle (DMSO), the GST-VAMP2 was able to
co-precipitate Syntaxin 4 protein (Fig. 8A, lane 1). Interestingly
however, GST-VAMP2 co-precipitated significantlymore Syn-
taxin 4 protein (2.4 � 0.2, p � 0.0005) from lysates prepared
from latrunculin-treated cells (Fig. 8A, lane 2).
However, even though latrunculin-induced F-actin depoly-

merization rendered Syntaxin 4more accessible toVAMP2 and
also significantly increased the number of granules juxtaposed
to the PM under basal conditions, the amount of endogenous
VAMP2 co-immunoprecipitated with Syntaxin 4 was not coor-
dinately increased in latrunculin-treated lysates when com-

β

FIGURE 7. Like latrunculin treatment, expression of EGFP-(39 –112) mobi-
lizes granules into the PM compartment from the storage granule pool
under basal conditions. MIN6 cells were transfected with EGFP or EGFP-(39 –
112) DNA and 48 h later were subfractionated, and 20 �g of protein each from
the PM and SG fractions was resolved on 12% SDS-PAGE for immunoblotting
(IB). Optical density scanning quantitation (each set of fractions normalized to
EGFP control � 100%) of VAMP2. Data are shown as the average � S.E. of four
independent sets of fractions. �-Catenin immunodetection was used to verify
PM fraction integrity and equal protein loading in each set of PM fractions;
Ponceau S staining was used to verify loading in SG and PM fractions in each
experiment.
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paredwith vehicle-treated lysates (Fig. 8B, lanes 1 and 2). These
data suggest that the mechanism is more complex than can be
explained by a simple inverse relationship between loss of F-ac-
tin binding corresponding to increased VAMP2 binding. In
addition, Syntaxin 4-VAMP2 association was similar between
EGFP-(39–112) and EGFP-expressing cell lysates (Fig. 8B,
lanes 3–4), even though F-actin binding to Syntaxin 4 was sig-
nificantly reduced by expression of EGFP-(39–112). Co-immu-
noprecipitation experiments were also conducted using PM
fractions in place of whole cell lysates and similarly showed no
increased association of VAMP2 with latrunculin treatment of
EGFP-(39–112) expression (data not shown). This lack of
impact upon VAMP2-Syntaxin 4 association correlates with
the lack of effect of latrunculin or the EGFP-(39–112) fragment
upon basal insulin release. Thus, these data suggest that F-actin
negatively regulates exocytosis via binding and blocking Syn-
taxin 4 accessibility but also reveal the necessity for additional
signals and/or steps required to trigger vesicle docking and
fusion.

DISCUSSION

The importance of F-actin in insulin exocytosis has long been
debated, yet its relevance to human insulin release has
remained unknown.Herewe demonstrate for the first time that
the potentiating effect of F-actin depolymerization upon glu-
cose-stimulated insulin secretion is a conserved and valid
mechanism in human islets. Validation of this relevance

prompted us to investigate the mechanism by which F-actin
functioned in insulin exocytosis, and we show here that this
selectively involves Syntaxin 4. Syntaxin 4 was found to func-
tion as a novel actin-binding protein, associating with F-actin
via its N-terminal region containing the Ha-Hb domains. This
association was specific for Syntaxin 4, as Syntaxin 1A failed to
directly bind to F-actin. This represents the first mechanistic
evidence in support of functionally distinct roles for these
seemingly redundant syntaxin isoforms in insulin granule
exocytosis.
Our data show that these Syntaxin 4-F-actin complexes were

key to the mechanism by which F-actin regulates granule flow/
mobilization. One possible role for this complex might be that
Syntaxin 4 serves as an attachment site of F-actin to the plasma
membrane, such that under basal conditions Syntaxin 4 might
exist in two conformations (see model, Fig. 9 left panel): 1)
“closed” and bound by F-actin to block granule docking, con-
sistent with data presented here showing that Syntaxin 4 was
more accessible in cells treated with latrunculin; and 2) “open”
and bound by a granule to support first-phase insulin release.
Then upon glucose-stimulated actin reorganization (Fig. 9,
right panel), granules mobilize and may preferentially dock at
open Syntaxin 4 sites for subsequent fusion and insulin release.
The novel F-actin binding motif of Syntaxin 4 functioned as a
competitive inhibitor of the direct association between F-actin-
Syntaxin 4, mimicking actions of latrunculin but without
inducing global changes in cellular F-actin content. This sug-
gests that it may be through this particular interaction with

FIGURE 8. EGFP-Syntaxin4 (39 –112) expression increases Syntaxin 4
accessibility but not VAMP2 docking/fusion at Syntaxin 4 sites. A, MIN6
cells were treated with vehicle (VEH) or latrunculin (LAT) for 2 h in glucose-free
MKRBB for preparation of cleared detergent lysates for use in GST-VAMP2
(soluble form) interaction assays. Lysate protein (2–3 mg) was combined with
GST-VAMP2 linked to beads, and precipitated proteins were resolved on 10%
SDS-PAGE for Syntaxin 4 immunoblotting (IB). Data are representative of four
independent sets of cell lysates. B, MIN6 cells were left untransfected or were
transfected with pEGFP or pEGFP-(39 –112) DNA. Forty-eight h later, cells
were preincubated in glucose-free MKRBB with or without DMSO or LAT
added for 2 h and harvested for preparation of cleared detergent lysates.
Lysate protein (2 mg/reaction) was incubated with anti-Syntaxin 4, and co-
immunoprecipitated proteins (IP) were resolved on 12% SDS-PAGE for immu-
noblotting with anti-Syntaxin 4, anti-VAMP2, and anti-actin antibodies. Data
are representative of 3– 6 independent experiments.

FIGURE 9. Model depicting potential mechanism of regulation of insulin
exocytosis by F-actin-Syntaxin 4 complexes under basal and glucose-
stimulated conditions. Left panel, under basal conditions, F-actin binds to
residues 39 –112 of Syntaxin 4 (Ha-Hb domains), decreasing Syntaxin 4 acces-
sibility to VAMP2 (consistent with Syntaxin 4 being in the closed conforma-
tion) and also restricting the flow of storage pool granules into the readily
releasable pool at the plasma membrane. However, some Syntaxin 4 sites are
occupied by granules, consistent with the requirement for Syntaxin 4 in first-
phase insulin release (25). Right panel, glucose stimulation results in the local-
ized reorganization of actin, which allows the storage pool of insulin granules
to traffic to the plasma membrane and increases accessibility of VAMP2 to
Syntaxin 4 sites (open conformation) to facilitate granule fusion and insulin
release. An additional step triggered by glucose to “activate” VAMP2 docking
is suggested (see question mark).
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Syntaxin 4 that F-actin exerts some of its “barrier” function in
exocytosis. Whether this association also plays a role in the
“positive” role for F-actin in granule mobilization remains
untested. To date there is evidence to suggest that the positive
role ismediated by vesicle-microfilament interactions (38–41).
Interestingly, however, VAMP2 association with syntaxin

was not increased upon release of F-actin binding from Syn-
taxin 4. This could be due to a requirement for an additional
stimulus-dependent/induced step(s) that precedes the docking
and fusion steps in exocytosis. It is known that VAMP2-Syn-
taxin binding occurs more efficiently in cells than in vitro, and
this has been proposed to be due to a requirement for VAMP2
activation, Syntaxin accessibility, or both (42). Thus, perhaps
the reason docking/fusion was not enhanced under conditions
where Syntaxin 4 accessibility and granule mobilization to the
PMwere both increasedwas because of amissing cellular signal
triggered by glucose required for VAMP2 activation. The small
Rho-family GTPase Cdc42 has been suggested as a possible
candidate (42) based upon data showing: 1) Cdc42 binds
directly to theN-terminal 28 residues of theVAMP2 protein on
the insulin granule (28); 2) Cdc42 activation correlates with
mobilization of VAMP2-bound granules to the PM, specifically
in response to stimulation with glucose and not KCl (28, 43); 3)
deregulation of Cdc42 activation via depletion of its GDI results
in inappropriate fusion and release of insulin in the absence of
the glucose stimulus (44); and 4) Cdc42 is required exclusively
for the second phase/mobilization phase of insulin secretion
from islets (43). This would be a glucose-specific signal inde-
pendent of the calcium signal that is thought to couple the
calcium-sensitive complexin protein inmediating Syntaxin 1A-
dependent exocytosis in neurotransmitter release (45). How-
ever, the specifics as to how glucose Cdc42 might activate
VAMP2 to promote granule targeting to particular syntaxin-
based active sites to facilitate second-phase secretion are
unclear because the characterization of such active sites
remains incomplete.
Our finding that Syntaxin 4 in particular associated directly

with F-actin represents a step toward distinguishing the func-
tions of Syntaxin 4 from Syntaxin 1A and in characterizing the
active site used for second-phase secretion. Syntaxin 4 binding
to F-actin was mediated via its N-terminal Ha-Hb region and
not through itsH3/SNAREdomain, consistentwith alignments
showing lesser conservation in the N terminus of these Syn-
taxin isoforms 35% identical in Ha and 38% in Hb versus 56% in
H3 domain). Moreover, VAMP2 contains the conserved
SNARE domain and failed to bind. Only very recently has
another SNARE protein been reported to directly interact with
actin, the R-SNARE protein Ykt6p, although the binding motif
remains to be identified (46). A second distinguishing characteris-
tic was the slow and incomplete reassociation of F-actinwith Syn-
taxin 4 after the initial glucose-induced disruption of binding in
the co-immunoprecipitation studies relative to the kinetics of
F-actin and Syntaxin 1A association. These kinetic differences are
consistent with the notion that Syntaxin 4 docking sites are acces-
sible and operative during second-phase secretion, although this
concept awaits further examination using primary beta cells.
Differential localization to caveolae may also mark distinct

syntaxin-based active sites. Data frommultiple studies in diver-

gent cell types show that Syntaxin 1A is clustered into “active
sites” by caveolae (47–49). A recent study used stimulated
emission depletion (STED) microscopy to show that the
SNARE motifs of Syntaxins 1 and 4 mediate specific syntaxin
clustering by homo-oligomerization, thereby spatially separat-
ing sites for different biological activities (50).Moreover, caveo-
lar clustering can be induced by localized F-actin depolymer-
ization (51). Furthermore, L-type calcium channels have
been localized in or nearby caveolae (52), and overexpression
studies performed in cultured beta cells showed that
increased Syntaxin 1A protein inhibits L-type calcium chan-
nel activity, whereas overexpression of Syntaxin 4 is without
effect (53).
The Syntaxin 4 fragment comprising the Ha-Hb domain

markedly increased granule flow to the PM, mimicking the
effects induced by latrunculin in unstimulated cells, as well as
the effect of acute glucose stimulation (28). Like glucose stim-
ulation, the 39–112 inhibitory fragment did not cause global
changes in F-actin content, whereas latrunculin is a global actin
depolymerizing agent. These data suggest then that Syntaxin
4-F-actin complexes may be a target of glucose-induced local-
ized F-actin reorganization and may be the means by which
glucose coordinates the timing of increased Syntaxin 4 accessi-
bility with increased granule accumulation at the plasmamem-
brane. Alternatively, it is possible that this 39–112 fragment
interfered with Syntaxin 4 binding to other factors involved in
actin remodeling. Of the SNARE and SNARE accessory pro-
teins, only n-Sec1/Munc18 andMunc13 proteins are known to
interact with the N-terminal helices of syntaxin proteins (35,
54); but we failed to see any alteration in endogenous Syntaxin
4-Munc18c association in cells expressing the 39–112 frag-
ment, and the Syntaxin 4 isoformhas yet to be shown to interact
withMunc13. However, Syntaxin 4 has been shown to bind the
actin-binding protein �-fodrin directly (55), and in 3T3L1 adi-
pocytes the Syntaxin 4-fodrin complex is functionally impor-
tant in insulin-stimulated GLUT4 translocation (56). In addi-
tion, the F-actin-severing proteins such as gelsolin and
scinderin have been shown to be important in stimulus-secre-
tion coupling in cultured beta cells (22, 57), although neither
has been shown to associate with syntaxins.
In summary, these studies provide data to support a new

model whereby the negative barrier function of cortical F-actin
ismediated in part by a discrete anddirect interaction of F-actin
with Syntaxin 4 at the plasmamembrane and further reveal the
existence of a new step in stimulus-induced granule exocytosis
that precedes docking. In islet beta cells, this new step requires
glucose as the stimulus. Although the Syntaxin 4-F-actin inter-
action will likely impact exocytosis events in many cells given
the ubiquitous expression pattern of these proteins, the kinetics
of biphasic insulin release are quite distinct from events such as
neurotransmitter secretion or GLUT4 translocation. Second-
phase insulin release can occur over a long time period (hours),
requiring the readily releasablepool at theplasmamembrane tobe
refilled from the more intracellular storage pool in a carefully
meteredmanner. F-actin iswell suited to this task, because release
and refill events must occur across the expanses of the cell, yet be
coordinated to occur simultaneously to achieve the precisely
timed biphasic release of insulin. Future studieswill be required to
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determine the importance and specific utilization of the Syntaxin
4-F-actin complex in these other cell types.
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