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Identification of the Docked Granule Pool
Responsible for the First Phase of
Glucose-Stimulated Insulin Secretion

Samira Daniel, Mitsuhiko Noda, Susanne G. Straub, and Geoffrey W.G. Sharp

The mechanisms underlying the first phase of glucose-
stimulated insulin release, the deterioration of which
marks the early stages of both type 1 and type 2 dia-
betes, are essentially unknown. Among many hypothe-
ses, one holds that the first phase is due to a readily
releasable pool of insulin-containing granules. We used
current knowledge of the mechanisms of exocytosis
and the proteins involved in docking granules at the
plasma membrane to test this hypothesis. A docked
pool of readily releasable granules was identified by
immunoprecipitation of the plasma membrane protein
syntaxin with a specific antibody and by co-immuno-
precipitation of soluble N-ethylmaleimide-sensitive
factor attachment protein-25 (SNAP-25) and the gran-
ule proteins synaptobrevin and synaptotagmin. The
four SNARE proteins co-immunoprecipitated each other,
thus identifying the core complex associated with
docked granules. Using co-immunoprecipitation as a
marker for docked granules, we found that the docked
pool was rapidly discharged during the first phase of
glucose-stimulated insulin release and refilled during
the second phase. Other secretagogues also released the
pool, whereas the physiological inhibitor norepineph-
rine blocked its release. Further studies on the nature
of this pool of granules should shed light on the causes
of its deterioration in the early stages of diabetes and
the reasons for deficient insulin release. Diabetes
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everal pathways are involved in stimulus-secretion
coupling for glucose-stimulated insulin release. The
convergence of these signaling pathways on the
translocation of granules, granule docking, and
exocytosis results in a complex but characteristic biphasic pat-
tern of insulin release (1-3). Much effort has been expended
and many theories have been developed in trying to under-
stand the mechanisms of biphasicity, in part because of the
relationship between the onset of diabetes and the loss of the
first phase of glucose-stimulated release (4,5). Translocation
and exocytosis are controlled by proteins that have been
highly conserved from yeast to mammals (6,7), and detailed
knowledge has been gained from studies on neurotransmitter
release (8,9). The basic exocytotic machinery consists of sol-
uble N-ethylmaleimide-sensitive factor (NSF) attachment pro-
tein (SNAP) receptors (SNARESs) that associate to form a
complex on which the essential components of the docking
and fusion apparatus assemble (10). The vesicle membrane
proteins (v-SNARESs) synaptobrevin and synaptotagmin com-
bine with the plasma membrane target proteins (t-SNARESs)
syntaxin and SNAP-25 to constitute the SNARE complex on
which the SNAPs and NSF form a multimeric complex essen-
tial for granule docking and exocytosis (6-10). Although the
details and timing of these events in the 3-cell are unknown,
it is clear that the core complex of SNARE proteins is asso-
ciated with docked granules. We have taken advantage of this
core complex to identify docked granules in the 3-cell and sub-
sequently tested their ready releasability, physiological rele-
vance, and relationship with the two phases of insulin release.
Studies were carried out on the HC-9 cell line, which is an
excellent model of the mouse pancreatic (3-cell from which it
is derived and which responds to the physiological range of
glucose concentrations with biphasic insulin release (11).

RESEARCH DESIGN AND METHODS

Materials. Monoclonal antibodies to syntaxin (10H5) and synaptotagmin (1D12)
were kindly provided by Dr. Masami Takahashi. Human monoclonal antibody to
syntaxin (SP6) was purchased from Upstate Biotechnology (Lake Placid, NY) and
the antibody to SNAP-25 from Transduction Laboratories (Lexington, KY). Dr. Rein-
hard Jahn kindly gave us the monoclonal antibody to synaptobrevin 2 (C1 69.1).
Mouse immunoglobulin G (IgG) and the enhanced chemiluminescence reagents
were obtained from Amersham Pharmacia Biotech (Piscataway, NJ). The protein
G agarose beads (from GpC streptococcus), the prestained SDS-PAGE standards,
and mastoparan were purchased from Sigma (St. Louis, MO). Norepinephrine was
obtained from Fluka (Milwaukee, WI).
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Cell culture. BHC-9 cells were cultured in Dulbecco’s modified Eagle’s medium
containing 25 mmol/l glucose, 1 mmol/l pyruvate, 15% horse serum, 2.5% fetal
bovine serum, 100 pg/ml streptomycin, and 100 units/ml penicillin at 37°C in a 95%
air and 5% CO, atmosphere. The cells were cultured in 75 cm? flasks for the cell
lysate preparations, in wells of 16 mm diameter for the insulin secretion incuba-
tions and on glass coverslips for the perifusion incubations.
SDS-PAGE and immunoblot analysis. Samples were resuspended in Laemmli
sample buffer (656 mmol/1 Tris, 3% SDS, 10% glycerol, 0.025 mg/ml bromophenol
blue and 5% 2-mercaptoethanol) and boiled for 5 min. The samples were separated
by SDS-PAGE and then transferred electrophoretically to a polyvinylidene
fluoride (PVDF) membrane. The transfer solution contained 25 mmol/l Tris,
192 mmol/] glycine, and 20% v/v methanol, pH 8.3. The membrane was then
blocked in Tris-buffered saline with Tween (TBST) containing 13.24 mmol/1
Tris-Cl, 1.94 mmol/l Tris-Base, 32.72 mmol/l NaCl, 1.79 mmol/l EDTA, 0.05%
Tween 20, 1% bovine serum albumin, and 5% nonfat dried milk for at least 1 h at
4°C. Primary antibody incubations were carried out for 1 h at 4°C. After washing
with TBST buffer, at least three times for 5 min each, the membrane was incubated
with horseradish peroxidase-conjugated donkey antibodies to mouse IgG diluted
1:5,000 for 1 h at 4°C. Washing of the membrane was carried out as before and the
immune complexes were visualized by enhanced chemiluminescence (ECL kit).
Fractionation of BHC-9 cells and immunoprecipitation. Membrane and
cytosol protein fractions were prepared as follows. BHC-9 cells were washed twice
with phosphate-buffered saline, scraped off the flasks and the samples collected
in 1.5 ml Eppendorf tubes. After centrifugation at 4°C at 15,000 rpm, the pellets
were stored at —80°C for at least 30 min and quickly thawed at room temperature.
The samples were then suspended in Tris-KCI-MgCl, (TKM) buffer (25 mmol/l Tris
HCl, pH 7.4, 25 mmol/1 KCl, 5 mmol/1 MgCl,, 0.25 mol/l sucrose, and the protease
inhibitors aprotinin, leupeptin, and phenylmethylsulfonyl fluoride) and cen-
trifuged for 5 min at 1,000 rpm. The supernatant was centrifuged at 15,000 rpm
for 1 h. The resulting supernatant contained the cytosolic fraction and was col-
lected while the remaining pellet was solubilized on ice in TKM buffer contain-
ing 1% NP40. After centrifugation at 4°C for 15 min at 15,000 rpm, the supernatant
was collected as the solubilized crude membrane fraction.
Immunoprecipitation reactions were carried out by first incubating the anti-
body with protein G agarose beads for a couple of hours at 4°C with shaking,
followed by three washes with a lysis buffer [50-137 mmol/l NaCl, 15.7 mmol/l
NaH,PO,(H,0), 1.47 mmol/l KH,PO,, 2.68 mmol/1 KCl, 1% NP40, 1 mmol/ dithio-
threitol (DTT), 15 mmol/l MgCl, protease inhibitors, pH 7.4]. The lysate samples
were incubated with the antibody bound protein G agarose beads for 2 h at 4°C
with shaking. After several washes with the lysis buffer, the beads were resus-
pended in Laemmli sample buffer.
Treatment of BHC-9 cells. Flasks (75 cm?) of BHC-9 cells were washed twice
in Krebs-Ringer bicarbonate buffer (KRBB) composed of 129 mmol/l NaCl,
5 mmol/l NaHCOs, 4.8 mmol/1 KCl, 1.2 mmol/ KH,PO,, 2.0 mmol/l CaCl,, 1.2 mmol/l
MgSO,, 0.2% bovine serum albumin, and 10 mmol/14-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid (HEPES) (pH 7.4) containing 0.1 mmol/1 glucose. Preincu-
bation was carried out at 37°C in KRBB for 30 min. After aspirating out the
medium, 10 ml of fresh KRBB containing 30 mmol/l glucose, 35 mmol/1 KCl, or
15 pmol/l mastoparan was used for the incubation conditions, with KRBB alone
serving as the control. During inhibitor treatment, norepinephrine was added along
with glucose, KCl, and mastoparan during the incubation period. The incubations
were carried out for 10 min for glucose and mastoparan and for 2 min for KC1. The
reactions were stopped by removing the medium and washing the cells twice with
cold phosphate-buffered saline. After completely aspirating out any leftover solu-
tion, the flasks were incubated in 700 pl of lysis buffer and rocked at 4°C for
30 min. The sample was collected in 1.5 ml Eppendorf tubes and centrifuged at
15,000 rpm for 5 min. The resulting supernatant was collected as cell lysate.
Insulin secretion under static incubation conditions. Wells of 16 mm in diam-
eter of BHC9 cells grown to the concentration of 0.4-1.6 X 10° were washed and
then preincubated for 30 min at 37°C in 1.5 ml KRBB. After the medium was
removed, 1 ml of fresh KRBB containing test substances was given to the cells for
60 min at 37°C or 30 min in the case of mastoparan. At the end of the incubations,
the medium was collected from each of the samples and centrifuged briefly to sed-
iment any detached cells. The supernatants were stored at —20°C until radioim-
munoassay. After any leftover buffer was removed from the wells by aspiration,
1 ml of asolution containing 77% ethanol and 1% HCl was added to each well to extract
the insulin and determine the insulin content of the cells. The plates were kept
overnight at —20°C until assay. The data are expressed as means + SE. Statistical signi-
ficance was evaluated by one-way analysis of variance by Bonferroni’s method.
Insulin secretion under perifusion conditions. The perifusion system is as
described previously (12) with some modifications. In brief, BHC-9 cells were
grown on glass coverslips, which were then placed in each of the four 0.7-ml per-
ifusion chambers with the cells facing the inside of the chamber. The cells were
perifused with KRBB and 0.1 mmol/1 glucose at 37°C for 30- or 60-min equilabra-
tion periods prior to the test periods with 30 mmol/l glucose.The specific proto-
cols are described in the text and figure legends. Samples were collected at 1- and
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2-min intervals for the measurement of insulin secretion. At the end of the exper-
iment, the coverslips were suspended in 1 ml of solution of 77% ethanol and 1%
HCIl to extract the insulin and kept at —20°C until assay to measure the residual
insulin content.

RESULTS AND DISCUSSION

Identification of the core complex of docked granules.
The presence of SNARE proteins in the BHC-9 cells was
demonstrated by Western blotting. Four components of the
core complex—synaptotagmin, syntaxin, SNAP-25 (data not
shown), and synaptobrevin—were detected in a membrane
fraction from the cells at molecular weights of 65, 35, and
18 kDa, respectively (Fig. 1A). These proteins could not be
detected in cytosol fractions. The four antibodies used in
the Western blots were then used to immunoprecipitate core
complex proteins. All four antibodies immunoprecipitated the
appropriate protein and co-immunoprecipitated the three
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FIG. 1. Localization of SNARE proteins and co-immunoprecipitation
of the core complex. A: Membrane and cytosol protein fractions were
separated by a 15% SDS-PAGE, transferred to PVDF membranes, and
immunoblotted with antibodies against synaptotagmin, syntaxin, and
synaptobrevin. B: Cell lysates from BHC-9 cells prepared in TKM
buffer were immunoprecipitated with antibodies against synapto-
brevin, synaptotagmin, SNAP-25, and syntaxin. The immunoprecipi-
tated proteins were separated by 15% SDS-PAGE. After transfer of the
proteins to a PVDF membrane, the membrane was cut based on molec-
ular weight and immunoblotted with the anti-syntaxin (upper panel)
or anti-synaptobrevin antibodies (lower panel).
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other proteins. Data showing the co-immunoprecipitation of
syntaxin and synaptobrevin are depicted in Fig. 1B.

Effect of stimulators of insulin secretion—glucose,
potassium chloride, and mastoparan—on the core com-
plex. Because the co-immunoprecipitation of v-SNARE pro-
teins by antibodies against t-SNARE proteins (and vice-versa)
identifies the core complex of docked granules, and thereby
the docked granules themselves, we used the interaction
between the v-SNARE synaptobrevin and the t-SNARE syn-
taxin to characterize the pool of docked granules. We tested
lysates prepared from BHC-9 cells that had been treated with
stimulators and inhibitors of insulin secretion. Thus, the cells
were exposed to high glucose concentrations (20-30 mmol/l),
to a depolarizing concentration of KCl (35 mmol/1), and to the
wasp venom peptide mastoparan (15 pmol/l). These were cho-
sen because of the variety of mechanisms by which they
stimulate insulin release (Fig. 2B), with glucose as the arche-
typical physiological stimulator, KC1 to depolarize the cell
and provide a “pure” Ca?* stimulus, and mastoparan as the
putative Ge-protein stimulator (13,14). The results shown in
Fig. 2A are from cells exposed to glucose and mastoparan for
10 min (though we found subsequently that 5 min of exposure
to glucose is sufficient to discharge the docked pool [Fig. 6])
and to KCI1 for only 2 min. The reason for the shorter period
for KCl is that the secretory response to KCl is both faster and
larger than the response to glucose. The antibody against syn-
taxin was used to co-immunoprecipitate synaptobrevin.
Immuno-blots revealed that under basal nonstimulatory con-
ditions, synaptobrevin co-precipitated with syntaxin, indicat-
ing the presence of docked granules. Exposure of the BHC-9
cells to the stimulators of insulin release resulted, in all three
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FIG. 2. Effects of secretagogues on insulin
secretion and the core complex in BHC9 cells.
A: BHC-9 cells grown in 75 cm? flasks were
preincubated at 37°C in KRBB for 30 min.
During the incubation period, KRBB contain-
ing 0.1 mmol/1 glucose served as the control,
and 30 mmol/1 glucose, 35 mmol/l1 KCl, or
15 pmol/l mastoparan was used to stimulate
insulin secretion. The incubations were car-
ried out for 10 min for glucose and masto-
paran and for 2 min for KCl. Samples were
immunoprecipitated with protein G agarose-
conjugated anti-syntaxin antibody and sepa-
rated by 15% SDS-PAGE. After transfer of the
proteins to PVDF membranes, the membrane
was incubated with the anti-synaptobrevin
antibody. Lane 1 denotes the control or basal
conditions; lane 2 denotes the secretagogue-
treated conditions. B: BHC-9 cells grown in
wells of 16 mm in diameter were treated with
KRBB containing the stimulators of insulin
release, 30 mmol/l glucose and 35 mmol/1 KC1
for 60 min and 15 pmol/l mastoparan for
30 min, with KRBB alone serving as the control.
The graphs in B denote the insulin release
measured from the above treated cells. Values
are mean = SE for each condition. The number
of wells (n) used for each condition was four.
Statistical significance is P < 0.01 vs. basal for
glucose, KCl, and mastoparan.
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FIG. 3. Effect of the a2-adrenergic physiological inhibitor norepi-
nephrine on glucose-stimulated insulin release. BHC-9 cells were stim-
ulated with 30 mmol/l glucose with and without 10 pmol/l norepi-
nephrine. Cells incubated in KRBB alone served as the control or basal
conditions. The incubation and immunoblotting reactions shown in A
were carried out as described in METHODS. Lane 1 represents BHC-9 cells
treated with only KRBB containing 0.1 mmol/l glucose; lane 2 repre-
sents 30 mmol/l glucose-stimulated BHC-9 cells; and lane 3 represents
BHC-9 cells exposed to 30 mmol/l glucose in the presence of 10 pmol/l
norepinephrine. B represents the insulin release measurements from
BHC-9 cells that were treated as described for lanes 1, 2, and 3 in A.
The insulin assay was performed as described in METHODS. Values are
means = SE of four experiments. The stimulation of release by 30
mmol/l glucose and inhibition by 10 pmol/l norepinephrine were both
statistically significant (P < 0.01). The norepinephrine-treated cells had
a release rate that was not significantly different from basal.
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FIG. 4. Lack of effect of the inhibitor norepinephrine on mastoparan-
stimulated insulin release. BHC-9 cells were stimulated with 15 pmol/l
mastoparan with and without 10 pmol/l norepinephrine. Cells incu-
bated in KRBB alone served as the control or basal conditions. As
shown in A, the samples were subject to immunoprecipitation by the
antibody against syntaxin, followed by SDS-PAGE and immunoblotting
with the anti-synaptobrevin antibody. Lane 1 represents BHC-9 cells
treated with only KRBB containing 0.1 mmol/l glucose; lane 2 repre-
sents 15 pmol/l mastoparan-stimulated BHC-9 cells; and lane 3 rep-
resents the cells exposed to 15 pmol/l mastoparan and 10 pmol/1 nor-
epinephrine. B represents the insulin release measurements from
BHC-9 cells that were treated as described for lanes 1, 2, and 3 in A.
The insulin assay was performed as described in METHODS. Values are
means + SE of four experiments. Stimulation of release in the pres-
ence of mastoparan was statistically significant compared with basal
release in the absence and presence of norepinephrine (P < 0.01).
There was no significant effect of norepinephrine.
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FIG. 5. Dynamic changes in insulin secretion and the core complex.
A: Perifusion studies as described in METHODS were carried out with the
addition of 30 mmol/l glucose during the incubation period. Values are
means = SE of four determinations. IRI, immunoreactive insulin.
B: BHC-9 cells were treated with 30 mmol/l glucose for 0 min, 10 min,
and 60 min. Cell lysates were prepared as described in METHODS, fol-
lowed by immunoprecipitation of the samples by an anti-syntaxin
antibody bound to protein G agarose beads. After SDS-PAGE and
transfer of the proteins onto a PVDF membrane, the blots were
probed with the anti-synaptobrevin antibody.
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FIG. 6. Perifusion and immunoblot analyses of repeated glucose stim-
ulation in BHC-9 cells. A: Perifusion studies on BHC-9 cells were car-
ried out as described in METHODS. During the incubation period, two
30 mmol/1 glucose treatments were given, each for a period of 5 min.
The two 5-min stimulatory periods were separated by a 15-min peri-
fusion in the presence of 0.1 mmol/l glucose. IRI, immunoreactive
insulin. Values are means + SE of four experiments. B: BHC-9 cells
were incubated in KRBB containing 0.1 mmol/l or 30 mmol/l glucose
according to the protocol described in METHODS. Equal amounts of the
cell lysates at the 10-min, 15-min, 30-min, and 35-min time points
were immunoprecipitated with the anti-syntaxin antibody conjugated
to protein G agarose beads and separated by SDS-PAGE. The blots
were then probed with the anti-synaptobrevin antibody.

cases, in the discharge of the core complex—as judged by fail-
ure of the antibody against syntaxin to immunoprecipitate
synaptobrevin from the cell lysates (Fig. 2A). These results
imply that the granules that are already docked are being
stimulated by glucose, KCl, and mastoparan to fuse with the
plasma membrane and release insulin.

Effect of a physiological inhibitor of insulin secretion,
norepinephrine, on the core complex. To confirm that co-
immunoprecipitation of the core complex proteins identi-
fies the docked granules, further studies were performed by
exposing the cells to the stimulators of insulin secretion, glu-
cose or mastoparan, in the absence and presence of norepi-
nephrine. Norepinephrine completely blocks insulin release
in response to a high glucose concentration (Fig. 3B) but
has no effect on mastoparan-stimulated release (Fig. 4B). As
canbe seen in Fig. 34, as norepinephrine blocks glucose-stim-
ulated insulin release, so norepinephrine blocks the effect of
glucose to discharge the docked granule pool. Mastoparan,
however, discharged the docked granule pool in both the
absence and presence of norepinephrine, in accord with its
ability to stimulate insulin secretion regardless of the presence
of norepinephrine (Fig. 4A). Thus, the co-immunoprecipita-
tion of synaptobrevin with syntaxin identifies a physiologically
releasable pool of docked granules.

Two granule pools are responsible for the biphasic
release of insulin. We then studied the time course of
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action of high glucose concentrations on insulin secretion and
on the docked pool. BHC-9 cells perifused in 0.1 mmol/l glu-
cose were subsequently exposed to 30 mmol/l glucose for
60 min. The rate of insulin secretion was monitored at 1- or
2-min intervals. Cell lysates were prepared and immunopre-
cipitated by antibody against syntaxin at zero time, 10 min,
and 60 min, times that correspond to basal conditions, the end
of the first phase of insulin secretion, and late in the second
phase of secretion. The pattern of the response, with a first
phase of secretion that peaks at 5 min and is complete at
10 min and a prolonged plateau of elevated release, is seen
clearly in Fig. 5A. Also shown in Fig. 5B is the Western blot
for synaptobrevin from the syntaxin immunoprecipitate at
these time points. The core complex is present at zero time
(basal conditions) but has been largely discharged by the
end of the first phase at 10 min. Subsequently, as judged by
the presence of the core complex at 60 min, the docked pool
of granules has been refilled. One conclusion that can be
drawn from these studies is that the docked pool of granules,
detected by co-immunoprecipitation of syntaxin and synap-
tobrevin, is the pool of granules that is responsible for the first
phase of glucose-stimulated insulin secretion. A further con-
clusion is that during the second phase of glucose-stimu-
lated release, the rate of recruitment of granules from the
reserve pool to the docked pool exceeds the rate of granule
exocytosis. This imbalance in rates leads to the refilling of the
docked granule pool.

The question arises as to why the refilled pool, seen at
60 min, is not readily released by the glucose stimulus, which
is still present and which has been shown to result in a con-
tinuously elevated intracellular Ca** concentration (11). We
surmised that the inability of the glucose stimulus to raise the
rate of secretion during the second phase to a level equal to
that of the first phase, despite the presence of a docked pool
of apparently equal size, might be due to the time required to
prepare (prime) the granules for release after they have
docked. In other words, the rate of second-phase insulin
release is governed by the rate at which the docked granules
can be primed. To test this possibility, the BHC-9 cells were
exposed to 30 mmol/l glucose for 5 min to induce a first
phase of release and discharge the docked pool; returned to
0.1 mmol/1 glucose for the next 15 min (to take off the stim-
ulus); and then restimulated with 30 mmol/l glucose for a fur-
ther 5 min. Cell lysates were prepared from cells under basal
conditions at 10 and 30 min and under stimulated conditions
at 15 and 35 min. Exposure to 30 mmol/l glucose at 10 min
resulted, as expected, in a first phase of insulin secretion.
Removal of the glucose stimulus at 15 min resulted in a rapid
reduction of the insulin release rate to baseline levels. Res-
timulation by glucose at 30 min resulted in another “first
phase” of secretion (see Fig. 6A). These data were corre-
lated with the immunoprecipitation data (shown in Fig. 6B).
A pool of docked granules was clearly detected under basal
conditions at zero time. The pool was discharged in 5 min at
the peak of the first phase of insulin secretion. After return
of the cells to basal conditions (0.1 mmol/l glucose), the
docked pool was regenerated at 30 min and again discharged
by the glucose stimulus. It seems probable, therefore, that the
first phase of insulin release is due to a pool of granules that
is primed and ready for release. As this primed, docked pool
is rapidly discharged during the first phase, the second phase
of release must be due to granules that are translocated from
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a reserve pool to the plasma membrane, and have to be
primed before release. The rate at which the granules are
primed after docking appears to be rate limiting for insulin
exocytosis during the second phase.

In summary, we have identified the docked pool of granules
that is responsible for the first phase of glucose-stimulated
insulin release. After discharge during the first phase, the pool
isrefilled by translocation of granules from a reserve pool at
arate that exceeds the second-phase release rate. Thus, the
rate of release of insulin during the second phase is not
determined by the rate of translocation. Rather, it is the rate
of priming after docking that is rate limiting. Interestingly,
these results confirm a two-compartment model for the (3-cell
that was proposed 30 years ago by Grodsky et al. (15) and
proposed again more recently on the basis of capacitance
measurements (16).
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