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Fast neurotransmission and slower hormone release share
the same core fusion machinery consisting of SNARE (soluble
N-ethylmaleimide-sensitive factor attachment protein recep-
tor) proteins. In evoked neurotransmission, interactions
between SNAREs and the Munc18-1 protein, a member of the
Sec1/Munc18 (SM) protein family, are essential for exocytosis,
whereas other SM proteins are dispensable. To address if the
exclusivity of Munc18-1 demonstrated in neuroexocytosis also
applied to fast insulin secretion, we characterized the presence
and function ofMunc18-1 and its closest homologueMunc18-2
in �-cell stimulus-secretion coupling. We show that pancreatic
�-cells express both Munc18-1 and Munc18-2. The two
Munc18 homologues exhibit different subcellular localization,
and only Munc18-1 redistributes in response to glucose stimu-
lation. However, both Munc18-1 and Munc18-2 augment glu-
cose-stimulated hormone release. Ramp-like photorelease of
caged Ca2� and high resolution whole-cell patch clamp record-
ings show that Munc18-1 and Munc18-2 overexpression shift
the Ca2� sensitivity of the fastest phase of insulin exocytosis
differently. In addition, we reveal that Ca2� sensitivity of exocy-
tosis in �-cells depends on the phosphorylation status of the
Munc18 proteins. Even though Munc18-1 emerges as the key
SM-protein determining the Ca2� threshold for triggering
secretory activity in a stimulated �-cell, Munc18-2 has the abil-
ity to increase Ca2� sensitivity and thus mediates the release of
fusion-competent granules requiring a lower cytoplasmic-free
Ca2� concentration, [Ca2�]i. Hence, Munc18-1 and Munc18-2
display distinct subcellular compartmentalization and can co-
ordinate the insulin exocytotic process differently as a conse-
quence of the actual [Ca2�]i.

Tomaintain glucose homeostasis in the body, the pancreatic
�-cellmust in a controlledway produce, store, and secrete insu-

lin in response to appropriate stimuli (1). Regulated membrane
fusion resulting in insulin exocytosis in �-cells is managed by
the same core SNARE3 (soluble N-ethylmaleimide-sensitive
factor (NSF) attachment protein receptor) fusion machinery
that mediates release of chemical signals at highly specialized
central neuronal synapses (2–4). Three conserved SNARE pro-
teins, VAMP2, syntaxin 1A, and SNAP-25, connect vesicles
with the plasma membrane by forming an exceptionally stable
protein complex that holds the intrinsic, but slow, capability to
perform lipid bilayer fusion (5). Except for the SNARE proteins,
additional cooperating proteins are critical to guarantee speed
and accuracy of diverse membrane fusion events occurring in
excitable cells. Such a key accessory regulator in synaptic trans-
mission is Munc18-1, a member of the Munc18 (mammalian
homologue of the unc-18 gene) family (6). In addition to
Munc18-1 (with two alternatively spliced variants, Munc18-1a
andMunc18-1b), Munc18-2 andMunc18-3 isoforms have also
been identified (7–9). Munc18-2, also named Munc18b or
muSec1 (mammalian ubiquitously Sec1), is the closest homo-
logue ofMunc18-1, showing 63% amino acid sequence identity
(7).
The 67-kDa hydrophilic Munc18-1 protein has been shown

to be necessary not only for vesicle exocytosis but also for dock-
ing of vesicles to the plasma membrane (10). Indeed, in the
absence of Munc18-1 in neuronal cells, neither evoked nor
spontaneous neurotransmission can operate (6). However,
besides the reported positive effect of Munc18-1 in regulated
exocytosis (6, 11–13), Munc18-1 has also been identified as a
negative regulator of insulin secretion (14, 15). Still, Munc18-1
is primarily considered to be a neuronal protein, whereas the
homologueMunc18-2 has awider tissue expression profile. For
instance,Munc18-2 is prominent in epithelial cells (16) and has
been identified as a binding partner of Cab45, a Ca2�-binding
protein prominent in pancreatic acini (17). Recently Cab45/
Munc18-2 was also detected in the endocrine �-cell (18).
Munc18-2 exhibits the same syntaxin selectivity as Munc18-1
by binding syntaxin 1A, 2, and 3 (7, 16, 19). Worth mentioning
is also thatMunc18-2 has been shown to increase the secretory
capacity of othermammalian cells, such asHeLa,HEK-293, and
HT-1080 cells, and a mutation in the gene encodingMunc18-2
has been reported to impair cytotoxic granule exocytosis and
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cause familial hemophagocytic lymphohistiocytosis type 5,
FHL-5 (20, 21). Munc18-3 is expressed ubiquitously and has
been demonstrated to be a functional partner of syntaxin 4 in
the regulation of insulin-stimulated translocation ofGLUT-4 in
3T3-L1 adipocytes (22), amylase release from parotid acinar
cells (23), and in the second phase of insulin secretion (24, 25).
Phosphorylation of Munc18 proteins has been shown to

affect exocytosis. Two kinases that have been identified tomod-
ify the function of Munc18-1 are cyclin-dependent kinase 5
(Cdk5) and protein kinase C (PKC) (26). Cdk5 is a small serine/
threonine kinase that plays a pivotal role in many, in particular
neuronal, processes by phosphorylating several different sub-
strates (27, 28). Nevertheless, emerging evidence has demon-
strated that Cdk5 is also vital in non-neuronal tissues, for exam-
ple during muscle development, wound healing, and in insulin
secretion from pancreatic �-cells (29–31). For its activation,
Cdk5 is dependent upon association with one of the two regu-
latory subunits, p35 or p39 (32, 33). PKC, which is part of the
diacylglycerol secondmessenger pathway, is a kinase that exists
in many isoforms, of which several have an established regula-
tory role in distinct physiological steps of the exocytotic process
(34). Despite the fact that endocrine�-cells share the same core
exocytotic machinery as highly specialized neuronal synapses,
regulated insulin secretion may require additional versatility.
Primary �-cells have, in addition to the fastest phase of regu-
lated exocytosis, slower phases of insulin secretion displaying
different kinetics compared with the initial stimulated release
(35, 36). In addition tomaintaining a normal basal insulin secre-
tion, the triggering threshold for stimulated insulin exocytosis
and themagnitude of released hormone from�-cells need to be
precisely tailored to different physiological conditions. To
explore if the essential key regulator in synaptic transmission,
Munc18-1, but also the closely related Munc18-2 protein con-
tribute to the adaptability of insulin exocytosis from �-cells,
we characterized their presence, abundance, and intracellular
compartmentalization as well as their influence on Ca2� sensi-
tivity of the fastest phase of insulin secretion. We could dem-
onstrate that both Munc18-1 and Munc18-2 affect insulin
secretion, and depending on their phosphorylation status, they
display distinct subcellular localization and control of Ca2�

sensitivity of exocytosis. We now suggest that in �-cells the
fine-tuning of Ca2� sensitivity of the exocytotic machinery
partly relies on the presence of different Munc18 variants and
their phosphorylation status, and these variations contribute to
the versatility of regulated insulin release.

EXPERIMENTAL PROCEDURES

Antibodies—The following primary antibodies were used: a
mouse anti-c-Myc antibody (9E10, Santa Cruz Biotechnology),
a rabbit polyclonal anti-FLAG antibody (Sigma), and a mouse
monoclonal anti-green fluorescent protein (GFP) antibody
(JL-8, Clontech, BDLivingColors). Primary antibodies directed
toward Munc18 variants were: a rabbit anti-Munc18-2 anti-
body (a kind gift from Dr. V. Olkkonen), a rabbit polyclonal
anti-Munc18-1 (Synaptic Systems), and a mouse anti-
Munc18-1 antibody (Transduction Laboratories). As a plasma
membranemarker, a mousemonoclonal anti-Na�/K� ATPase
�-1 antibody (clone C464, Upstate Biotechnology) was used.

Secondary antibodies were horseradish peroxidase-conjugated
anti-rabbit and anti-mouse immunoglobulins (Rockland).
Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)—

Total RNA was isolated from mouse brain (ob/ob), pancreatic
islets (ob/ob) that contain 90–95%, �-cells (37), and the
MIN6-m9 cell line using the GenEluteTM Mammalian Total
RNA kit (Sigma). RT-PCR was performed with the Super-
ScriptTM III RT-PCR System (Invitrogen). RT-PCR were car-
ried out using specific Munc18-1a, Munc18-1b, andMunc18-2
primers (Proligo, Sigma) designed according to GenBankTM
sequences (accession numbers NM_001113569.1, NM_
011503.4, and U21116.1). Primers were: Munc18-1a, 5�-tcg-
tccgcgtccttcagacac-3� and 5�-tcagcgtgtccagcagtttc-3�; Munc18-
1b, 5�-tcgtccgcgtccttcagacac-3� and 5�-ctccattgttggagcctgatc-3�;
Munc18-2, 5�-ccagcatgccaacgtgcag-3� and 5�-cttgaggtcatcgaggaa-
gc-3�. RT-PCR amplification was performed with the program 30
minat55 °C,2minat94 °C followedby39cyclesof94 °C for1min,
56 °C for 1 min, and 72 °C for 1 min, ending with 72 °C for 7 min.
Amplification of syntaxin mRNA isoforms 1–3 was performed
using the following primers: syntaxin 1A, 5�-atgaaggaccgaacccag-
gagc-3� and 5�-tctatccaaagatgcccccga-3�; syntaxin 2, 5�-atgcggga-
ccggctgccgg-3� and 5�-tcatttgccaaccgacaagcc-3�; syntaxin 3, 5�-
atgaaggaccggctggagcat-3� and 5�-ttatttcagcccaacggacaatg-3�. PCR
products were separated by electrophoresis on 2% Tris acetate-
EDTA-agarose gels and visualized by ethidium bromide staining,
and 1-kb of DNA ladder (Invitrogen) was used as a size marker.
PCRproductswere subjected toDNAsequencing (ABIPrism377,
Applied Biosystems), and the obtained results were verified by
comparing with corresponding sequence entries in the National
Centre for Biotechnology Information BLAST programs. All
experiments were reproduced three times on separate RNA
preparations.
Quantification of mRNA—Semiquantitative RT-PCR was

performed with the primers forMunc18 and syntaxin isoforms
described above and with glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) primers as the internal control. GAPDH
primers were designed according to GenBankTM (accession
numbers XM_147107 andX02231) to yield a PCR product of 208
bp:5�-gacatcaagaaggtggtgaagc-3�and5�-gtccaccaccctgttgctgta-3�.
A trace of [�-32P]dCTP (3000 �Ci/mmol, PerkinElmer Life Sci-
ences) was included in the reactions, and the following program
was used: 30min at 55 °C and 2min at 94 °C followed by 20 cycles
of 94 °C for 1min, 56 °C for 1min, 72 °C for 1min, and finally 72 °C
for 7 min. Products were separated on 8% polyacrylamide Tris
borate EDTA (TBE) and detected using phosphoimaging (BAS-
1500, Fujifilm). Signal intensities were quantified by Image Gauge
V3.45 (Fujifilm). Analyses were repeated at least three times on
three separate RNA preparations, and the results are expressed as
arbitrary units (AU). Statistical significance was evaluated using
Student’s unpaired t test.
Expression Vectors—Munc18-1 WT, a Munc18-1 PKC

mutant (triplemutations from serine to alanine in PKCputative
phosphorylation sites; Ser-306, -312, -3133 Ala), a Munc18-1
Cdk5 mutant (a mutation in Cdk5 phosphorylation site, Thr-
5743Ala-574), andMunc18-2WTwere cloned into the bicis-
tronic expression vector pIRES2-EGFP (Clontech). The origi-
nal constructs used for recloning were kind gifts from Drs. R.
Toonen, M. Verhage, E. Stuenkel, and T. Südhof, respectively.
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A construct encoding rat Munc18-2 WT, introduced in-frame
into EGFP-C3 (Clontech), was kindly provided by Dr. U. Blank
(19). A mutated rat Munc18-2 template (mutation in a poten-
tial Cdk5 phosphorylation site, Thr-5733Ala 573)was created
by PCR-directed mutagenesis and thereafter inserted into
pIRES2-EGFP and alsoGFP tagged by cloning into a pEGFPC-1
vector (Clontech). FLAG- and myc-tagged Munc18-1 con-
structs were generated by PCR amplification of cDNA encod-
ing the rat Munc18-1 WT sequence, and to achieve a more
efficient translation initiation of the mRNAs, Kozak sequences
were introduced. For generation of the YFP-Munc18-1 Cdk5
phosphorylation mutant, the mutation was introduced into
Munc18-1WT-YFP-C1 (Clontech) (a generous gift fromDr. Y.
Liu). All construct were analyzed by DNA sequencing (ABI
Prism 377, Applied Biosystems) and transfected into MIN6-
m9, and expression was analyzed by immunoblotting. Pre-de-
signed shRNA plasmids specifically generated to knock down
the expression of Munc18-1 and Munc18-2 and co-expressing
GFP were purchased from SuperArray, Bioscience Corp.
Isolation and Transfection of Primary �-Cells—Adult male

NMRI mice were killed by cervical dislocation. Liberase (0.3
mg/ml, Roche Applied Science) dissolved in Hanks’ buffered
salt solution (Invitrogen) was injected into the pancreas
through the bile duct. The pancreas was removed and digested
for 10–15 min at 37 °C. Islets were collected by centrifugation
and trypsinized into single cells. Cell culturing and transient
transfections were performed as described previously (29).
Cell Culture, Gene Expression, and Western Blot in MIN6

Cells—Insulinoma MIN6-m9 cells were cultured, protein
lysates were prepared, and immunoblotting was performed as
described previously (29).
Subcellular Fractionation—MIN6-m9 cells transfected with

tagged Munc18 templates were grown for 48 h in culture
medium as described above. Before harvesting the cells for
sucrose density gradient analysis, they were treated as follows:
starvation for 1 h in Ca5 buffer (125mMNaCl, 5.9mMKCl, 1.28
mM CaCl2, and 1.2 mM MgCl2, 25 mM Hepes, and 0.1% bovine
serum albumin (pH adjusted to 7.4 usingNaOH)) and exposure
to either stimulatory (DMEM, 25mMglucose) or unstimulatory
conditions (DMEM, 0.5 mM glucose) for 30 min followed by
washing with PBS and trypsinization. Trypsinized cells were
washed, homogenized, and centrifuged, and fractions were col-
lected as described in Lilja et al. (29). 20�g of protein from each
fraction was analyzed by immunoblotting. For comparison and
quantitative analysis of obtained signal of different tagged
Munc18 proteins in different subcellular fractions, Image
Gauge software was used. The results are expressed as percent
protein found in plasma membrane fractions using Na�/K�

ATPase�-1 as a plasmamembranemarker in unstimulated and
stimulatedMIN6 cells. All gradients were repeated three times,
and Western blotting analyses were performed two times for
gradient and construct and condition. After washing, mem-
branes were incubated with horseradish peroxidase-conju-
gated immunoglobulins for 45 min at room temperature.
Immunoreactive bands were detected by enhanced chemilumi-
nescence (ECL plus or ECL Advance, Amersham Biosciences)
using a CCD camera (LAS 1000, Fuji Photo Film Co., Ltd) that
provides optimal linearity of signal intensity. The obtained

quantification data were analyzed using unpaired Student’s t
test for significance evaluation.
Human GH Transfection and Secretion Assay—The cultur-

ing and transfection of INS-1E cells were performed as
described previously (29).
Electrophysiology—Patch pipettes were pulled from borosili-

cate glass capillaries (GC150F-15, Harvard Apparatus Ltd) by a
horizontal pipette puller (P-97, Sutter Instruments). The
pipette resistance was 2–3 megaohms in cesium-based solu-
tion. The coverslip with cells was transferred from the incuba-
tor into the perfusion chamber and fixed with U-shaped plati-
num frame. 1.5 ml of extracellular solution consisting of 150
mMNaCl, 10mMHEPES, 3mM glucose, 5mMKCl, 2mMCaCl2,
1 mM MgCl2, pH 7.2, and osmolality of 300 � 10 was added to
the chamber. The pipette solution used for Ca2�-induced
capacitance measurement was composed of 5 mM NP-EGTA
(Invitrogen), 4 mMCaCl2, 0.1 mM Fura 6F (Invitrogen) together
with 125 mM CsCl, 40 mM HEPES, 2 mM MgCl2, 20 mM tetra-
ethylammonium chloride, and 2 mM Na2ATP with pH 7.2 and
osmolality of 300 � 10. All chemicals were purchased from
Sigma unless otherwise indicated. Recordings were performed
in the standard whole-cell mode via a patch clamp lock-in
amplifier (SWAM IIc, Celica), low-pass-filtered, transferred
to a PC via an A/D converter (National Instruments), and
recorded on the hard disk using WinWCP V3.9.6 software
(John Dampster, University of Strathclyde). The same software
was used to apply voltage protocol for identifying �-cells by
their Na� current inactivation pattern. A continuous sine volt-
age was applied to measure resting membrane capacitance
(Cm), a parameter that is proportional to membrane surface
area. Signal processing was done using Matview (Wise Tech-
nologies, Ljubljana, Slovenia) and Matlab (Mathworks). The
number of cells investigated varied between 5 and 20, and the
datawere evaluated using one-way analysis of variance and Stu-
dent’s t test.
Ca2� Measurements—Fura 6F (Molecular Probes, 0.1 mM in

pipette solution) was used to measure intracellular Ca2� con-
centrations ([Ca2�]i) simultaneously with the patch clamp
recordings. Fura 6F was excited at 380 nm with a monochro-
mator (Polychrome IV; TILL Photonics). Long pass dichroic
mirror reflected the monochromatic light above 400 nm from
the perfusion chamber and transmitted the emitted fluores-
cence, which was further filtered through a 420-nm barrier fil-
ter. The fluorescence intensity was measured with photodiode
(TILL Photonics). [Ca2�]i was calculated as described previ-
ously (38).

RESULTS

Expression and Abundance of Different Munc18 and Syn-
taxin Isoforms in Pancreatic �-Cells—It has previously been
shown thatMunc18-1, the “neuronal”Munc18 protein, is pres-
ent in pancreatic �-cells, but if both splice variants are
expressed is not known (14). Munc18-2 has been considered to
be the more or less universally expressed isoform, being
expressed in, for example, insulinoma cell lines and primary
�-cells (8, 18). However, a valid study of Munc18 expression
levels and splice variants has not yet been performed due to the
fact that antibodies directed toward either Munc18-1 or
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Munc18-2 usually demonstrate a significant cross-reactivity.
Expression of Munc18-1/2, therefore, needs to be analyzed at
the mRNA level. To address this, we designed isoform specific
PCR primer pairs to analyze the expression pattern of the two
Munc18-1 splice variants, theMunc18-2mRNA as well as their
corresponding syntaxin partners. RT-PCR analyses were per-
formed on RNA isolated from ob/ob mouse islets (containing
90–95% �-cells) and mouse insulinoma MIN6 cells and are
comparedwith the expression found in ob/obmouse brain. The
results demonstrated the presence of two splice variants of
Munc18-1, Munc18-1a and Munc18-1b, and also Munc18-2
mRNA both in primary �-cells and in the insulin secreting
MIN6 cell line (Fig. 1A). An additional PCR product was
obtained inMunc18-1a amplification from brainmRNA.How-
ever, as DNA sequence analyses showed that the PCR product
corresponded to both Munc18-1a and Munc18-1b sequences,
it was viewed as an artifact. Semiquantitative analyses ofmRNA
transcripts of the different protein variants were performed to
determine expression levels usingGAPDHas an internal stand-
ard (Fig. 1B). Relative quantification showed that Munc18-1a
mRNAwas themost abundant isoformand expressed at similar
levels in mouse brain, mouse islets, and MIN6 cells (0.74, 0.80,
and 0.87 arbitrary units (AU), respectively). In comparison, the
level of Munc18-1b was low in brain (0.22 AU; ***, p � 0.001)
and just detectable in mouse islets and MIN6 cells (0.02 and
0.01 AU, respectively; ***, p � 0.001). Munc18-2 mRNA was
most abundant in islets and expressed at low levels in brain and
MIN6 cells (0.21, 0.01, and 0.02 AU, respectively; *, p � 0.05)
(Fig. 1B). RT-PCR performed with syntaxin isoform-specific
primers on brain and�-cellmRNAdetected syntaxin 1A, 2, and
3 in our samples.With semiquantitative RT-PCR (Fig. 1D) syn-

taxin 1A expression was found to be prominent in brain, lower
in islets, and barely detectable in MIN6 cells (1.67, 0.15, and
0.05 AU, respectively; *, p � 0.05). Syntaxin 3 was not detected
in brain but was present at low levels in islets and MIN6 cells
(Fig. 1D). Although syntaxin 2 was also detected with RT-PCR
(Fig. 1C), the levels were too low to produce quantifiable signals
in any of the tissues analyzed by semiquantitative RT-PCR (Fig.
1D). Taken together, the mRNA expression of Munc18 and
syntaxin isoforms differs in islets, brain, and in the immortal-
ized insulin-secretingMIN6 cell line. Consistently, Munc18-1a
was the major Munc18 isoform expressed. However, the
expression of Munc18-2 mRNA was surprisingly high in pri-
mary �-cells compared with brain and MIN6 cells.
Subcellular Distribution of WT and Phosphorylation

Mutants ofMunc18 Proteins Differs in Unstimulated and Stim-
ulated MIN6 Cells—�-Cells are glucose sensors that upon
increased glucose metabolism close their KATP channels,
resulting in depolarization of the cell. Depolarization opens
voltage-gated Ca2� channels, and the concomitant Ca2� influx
triggers insulin secretion. To investigate and compare the sub-
cellular localization of Munc18-1 and Munc18-2 WT proteins
plus the corresponding phosphorylation mutants during rest-
ing and stimulatory conditions, we used the insulin-secreting
cell line MIN6. This cell line was used to obtain enough tran-
siently transfected cells for sucrose gradient analyses. Quanti-
tative analyses of relative levels of different Munc18 proteins
localizing to plasma membrane fractions (peaking in fractions
�5–9) were performed using endogenously expressedNa�/K�

ATPase as the plasmamembranemarker. The results were dis-
played as the percent of Munc18 protein associated with the
plasma membrane compared with maximal signal. Analyses

FIGURE 1. Expression of Munc18 and syntaxin mRNA isoforms in brain, islets, and MIN6 cells. A, RT-PCR was performed on total RNA with Munc18-1a,
Munc18-1b, and Munc18-2 specific primers. The length of each amplified fragment was consistent with the expected lengths, estimated from the nucleotide
sequences of the different Munc18 isoforms (236, 302 and 472 bp, respectively). M � 1kb DNA ladder. B, semiquantitative RT-PCR of Munc18-1a, Munc18-1b
and Munc18-2 mRNAs was performed using GAPDH as internal control. C, syntaxin 1A, 2, and 3 mRNAs were detected with RT-PCR in brain, islets, and MIN6
cells. Sizes of amplified products were 868, 873, and 870 bp, respectively. D, semiquantitative RT-PCR identified syntaxin 1A in brain, pancreatic islets, and MIN6
cells. The level of syntaxin 2 was too low to be quantified, and syntaxin 3 was only detected in islets and MIN6 cells. All experiments were performed three times
on three separate RNA preparations, and statistical analysis was performed using unpaired Student’s t test. *, p � 0.05; ***, p � 0.001.
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demonstrated that the majority of the Munc18-1 WT protein
was present in soluble fractions in resting MIN6 cells (0.5 mM

glucose) with a limited protein pool, 37.4%, associated with
plasmamembrane (Fig. 2,A,B (left panel), andC). Interestingly,

the localization of the phosphorylation mutants of Munc18-1
revealed a different localization compared with the WT pro-
tein. In unstimulated cells, Cdk5 and PKC phosphorylation
mutants were enriched in the plasma membrane fractions. As

Modulation of Ca2� Sensitivity and Insulin Exocytosis in �-Cells

28030 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 32 • AUGUST 12, 2011



much as 63.0 and 54.6%, respectively, of the total detected pro-
tein colocalized with the Na�/K� ATPase marker (Fig. 2, B,
middle and right panel, and C; *, p � 0.05). When MIN6 cells
were stimulated with 25 mM glucose, there was a quantitative
recruitment of Munc18-1 WT to the plasma membrane frac-
tions, demonstrated as an increase of percentage membrane
bound protein (66.0%, Fig. 2C, **, p � 0.01). On the other hand,
glucose stimulation of MIN6 cells did not noticeably increase
or decrease the amount of already membrane associated
Munc18-1 PKC and Cdk5 phosphorylation mutants (65.6 and
62.4%, respectively) (Fig. 2, B,middle and right panel, C, andD,
I and III). We also compared the difference in subcellular local-
ization between Munc18-1 WT and Munc18-2 WT proteins.
During unstimulated conditions, the Munc18-2 WT protein
was predominantly found in low density fractions correspond-
ing to a cytoplasmic localization (Fig. 2, A and D, II). The
amount of Munc18-2 protein in the plasma membrane frac-
tions was relatively small compared with what we observed for
the Munc18-1 WT protein (24.8% compared with 37.4%,
respectively; **, p� 0.01). However, when analyzing subcellular
distribution of the Cdk5 phosphorylation mutant of Munc18-2
in unstimulated cells, a small difference in the subcellular local-
ization compared with overexpressed WT protein was ob-
served. An apparent peak of mutant Munc18-2 protein was
present in fractions 4 and 5, where for example trans-Golgi
network can be found, whereas theWT protein peaked in frac-
tion 3, corresponding to cytoplasmic fractions containing
mainly small membranous organelles and soluble proteins (Fig.
2D, II). No significant translocation changes analogous with
those found for the Munc18-1 WT protein and relative to the
Na�/K� ATPase marker in response to glucose stimulation
were observed for Munc18-2 WT. Amounts of the Munc18-2
protein co-localizing with plasma membrane fractions were
similar, 24.8 and 26.7%, for unstimulated and glucose-stimu-
lated conditions, respectively (p � 0.44). The absence of the
Cdk5 phosphorylation site in the Munc18-2 template
(Munc18-2 Cdk5 phosphorylation mutant) did not seem to
considerably affect subcellular distribution of Munc18-2 pro-
tein after glucose stimulation (p � 0.49; Fig. 2D, II and IV). In
conclusion, Munc18-1WT demonstrates a glucose-dependent
translocation in MIN6 cells, whereas the PKC and Cdk5 phos-
phorylation mutants of Munc18-1 are sequestered in the
plasma membrane already at resting conditions. Munc18-2 is,
phosphorylated or not, mainly localized to cytosolic fractions
irrespective of stimulation status.

Munc18-1 and Munc18-2 Positively Affect Glucose-stimu-
lated Hormone Secretion—Glucose stimulation of �-cells trig-
gers, via a series of intracellular metabolic processes, insulin
release. TheMunc18-1 protein demonstrated a glucose-depen-
dent subcellular translocation, whereas the Munc18-2 protein
did not. To investigate if the different Munc18 proteins had an
effect on glucose-stimulated secretion, we took advantage of
the human growth hormone (hGH) assay employed in INS-1E
cells. We cotransfected cells with a vector expressing hGH
and constructs encoding Munc18-1 WT, Munc18-2 WT, or
control (pIRES2-EGFP, mock) followed by examination of
the secretory response. By increasing glucose concentrations
from 3 to 10 mM in mock-transfected cells, a significant
increase, 249 � 7%, of secretion was observed (***, p � 0.001;
Fig. 3). This corresponds to 16.2 � 1.1% of total hGH (Fig. 3;
Mock). The percentage of released hGH at 10 mM glucose
was further enhanced by overexpressing either the
Munc18-1 WT or the Munc18-2 WT protein. Compared
with control cells, Munc18-1 and Munc18-2 overexpression
augmented the secretory response at elevated glucose con-
centration with 122 � 6 and 123 � 5%, respectively. This is
consistent with 19.7 � 1.2% (Munc18-1) and 19.8 � 0.9%
(Munc18-2) of total hGH secreted. These effects were statis-
tically significant (*, p � 0.05). At basal conditions (3 mM

glucose), there was no significant differences between con-
trol or Munc18-transfected cells. Thus, we could conclude
that both Munc18-1 and Munc18-2 confer an overall posi-
tive effect on glucose-stimulated secretion. This was shown
with the hGH release assay, a method that measures hor-
mone release during 30 min of stimulation, thus reflecting
both faster and slower phases of glucose-stimulated
secretion.
Membrane Capacitance Measurements and Slow Photo-

release—Physiological activation of �-cells is through depolar-
ization-induced opening of voltage-gatedCa2� channels. Aswe
and others previously reported, significant reduction of the
functional density of channels during cell isolation procedures
can contribute to an unknown source of variability (39). There-
fore, we decided to use slow photorelease to increase the overall
Ca2� concentration in the �-cell to stimulate regulated exocy-
tosis and to specifically examine the Ca2� sensitivity of the fast-
est phase of insulin release (40). Single �-cells were patch
pipette-loaded with Ca2� caged to NP-EGTA buffer and, after
buffer equilibration in the cytosol, subjected to slow photore-
lease to increase the cytosolic freeCa2� concentration ([Ca2�]i)

FIGURE 2. Munc18-1 and Munc18-2 proteins distribute differently in sucrose gradient analyses in insulin-secreting MIN6 cells. A, homogenates from
unstimulated MIN6 cells transfected with tagged Munc18-1 WT or Munc18-2 WT were fractionated by sucrose density gradient fractionation. Quantification of
Munc18-1 (open squares) and Munc18-2 (filled squares) using anti-Na�/K� ATPase-1 antibody as a plasma membrane marker was performed and is presented
as the average percent of maximal signal. The Munc18-2 WT protein was almost exclusively enriched in soluble fractions, whereas the Munc18-1 WT isoform
demonstrated a more widespread distribution. The amount of the two Munc18 isoforms in the plasma membrane fractions (�5–9) was significantly different
(**, p � 0.01). B, fractionation and subcellular localization of Munc18-1 WT and Munc18-1 proteins mutated in PKC and Cdk5 phosphorylation sites in
unstimulated and glucose-stimulated MIN6 cells is shown. Munc18-1 WT and phosphorylation mutants associated differently with the plasma membrane
(fractions �5–9) in unstimulated MIN6 cells (0.5 mM), with mutants preferentially enriched in the plasma membrane (*, p � 0.05). The Munc18-1 WT protein was
recruited to the plasma membrane upon glucose stimulation (25 mM) of MIN6 cells, whereas the mutated proteins remained sequestered in the plasma
membrane fractions (�5–9). C, a table shows the mean values of the quantified amounts of the Munc18-1 WT protein and Munc18-1 phosphorylation mutant
proteins in plasma membrane fractions during unstimulated and glucose-stimulated conditions. D, representative immunoblots of different Munc18 tem-
plates in unstimulated and glucose-stimulated MIN6 cells are shown. Fractions 2–15 of whole cell homogenates were resolved on SDS gels, and proteins were
detected with the appropriate antibodies. The distribution of Munc18 WT proteins and kinase phosphorylation mutants in unstimulated MIN6 cells was
compared with potential localization changes during stimulatory conditions. All fractionation studies for each construct and each condition were performed
at least three times. Data were analyzed using Student’s unpaired t test, and *p � 0.05 was considered statistically significant.
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to the range of a few �M (Fig. 4A). The single �-cell exocytotic
activity was assessed as a change in membrane capacitance
(Cm), a parameter proportional to the plasma membrane sur-
face area using high resolution whole-cell patch clamp record-
ings (Fig. 4B). The slow photorelease produced a fast ramp-like
increase in [Ca2�]i that peaked after about 5 s and reached the
maximal amplitude after about 10 s (Fig. 4A). The kinetics of
the induced Ca2� change closely resembled the kinetics of a
Ca2� change produced by activation of voltage-gated Ca2�

channels using depolarization trains (39). The ramp-like
increase in [Ca2�]i typically resulted in two kinetic phases of
membrane expansion with maximal amplitudes designated
amp1 and amp2 for the first and the second component of fast
exocytosis, respectively (Fig. 4B). The time derivatives of theCm
traces showed two separated processes. The maximal rates of
Cm change within each phase have been accordingly termed
rate1 and rate2 (Fig. 4C). To assess the Ca2� dependence of the
overall exocytotic process, we first plotted the parameters we
could measure at steady state [Ca2�]i (typically after more than
5 s of slow photorelease) against the peak [Ca2�]i (Capeak; Fig. 4,
E and F). Both amp2 and rate2 showed clear Ca2� dependence
in mock-transfected �-cells, but the data were substantially
scattered (Fig. 4, E and F). However, detailed analysis of the
experimental traces revealed that the initial threshold level for
[Ca2�]i (Catr) to trigger the Cm increase (2.2 � 0.4 �M, n � 28)
was reproducible (Fig. 4D). Moreover, we found that the Ca2�

dependence followed the Hill saturation kinetics with high
cooperativity. The half-maximal rate of the Cm change was
achieved at 2.4 � 0.4 �M [Ca2�]i, n � 28, (EC50; Fig. 4D, inset).

The maximal rate1 of the Cm changes in mock-transfected
�-cells peaked between 100 and 700 femtofarads/s. The mea-
sured maximal rate1 in control (not transfected) and mock-
transfected �-cells was comparable with the maximal rate
achieved in control �-cells in tissue slices that were stimulated
with brief depolarization pulses (41).
Overexpression of Munc18-1 and Munc18-2 WT Isoforms

Shifts Ca2� Sensitivity of Exocytotic Activity—In neuronal cells
Munc18-1 function has been thoroughly investigated, and this
protein is indispensible for synaptic transmission. Munc18-1
has been identified to operate in at least three different config-
urations, associating with the SNARE proteins at steps imme-
diately upstream of or at membrane fusion. Whether this
unique function of Munc18-1 in fast exocytosis also applies to
endocrine cells remains to be investigated. To clarify a possible
function of different Munc18 proteins in fast phases of insulin
exocytosis, we transiently overexpressed different Munc18
variants in dispersed primary�-cells. Transient overexpression
of Munc18-1 WT tended to shift Ca2� dependence to lower
Ca2� sensitivity (2.6 � 0.5 �M; Fig. 5A), i.e. higher [Ca2�]i was
required to trigger exocytosis comparedwithmock-transfected
cells. On the other hand, overexpression of Munc18-2 WT
shifted Ca2� dependence to higher sensitivity (2.3 � 0.5 �M;
Fig. 5A). The difference in mean values of Ca50 of the two
Munc18-transfected groups was greater than would be
expected by chance (n � 17–20; *, p � 0.05). The amp1 and
rate1 parameters were comparable in all tested groups (Fig. 5,A
and B). Hence, this is the first indication that Munc18-1 and

FIGURE 3. Munc18-1 and Munc18-2 as positive effectors in glucose-stimulated hGH secretion in INS-1E cells. INS-1E cells were transfected with Munc18-1
WT, Munc18-2 WT, Munc18-2 Cdk5 phosphorylation mutant, or pIRES2-EGFP vectors (control) in combination with a hGH expression construct. Glucose-
stimulated secretion was triggered by incubation of INS-1E cells at 3 or 10 mM glucose for 30 min. Secreted hGH is presented as the percent of total hGH. The
average percent of total hGH released is calculated in at least three experiments (each run in duplicates). Data were analyzed by Dunnett’s test and are
presented as the mean � S.E. *, p � 0.05; ***, p � 0.001.
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Munc18-2 may influence Ca2� sensitivity of the secretory
activity in endocrine cells differently.
Combined Overexpression of Munc18-1 and Munc18-2 WT

Isoforms Significantly Increases the Total Amplitude of Fast
Exocytosis in �-Cells—To further investigate a potential pres-
ence of parallel or integrative Munc18 protein functions in fast
exocytosis in �-cells, we analyzed the second phase of the Cm
change. For interpretation of the statistics, we compared the
values for the cells where the peak [Ca2�]i ranged between 3
and 5 �M for two reasons. First, in 95% of photorelease experi-
ments, [Ca2�]idemonstrated a saturated peak in this range (Fig.
5C), and second, we wanted to exclude the contamination from
the first phase of fast exocytosis that occurs at lower [Ca2�]i.
We observed that amp2 was significantly higher when either

Munc18-2 WT was expressed alone or coexpressed with the
Munc18-1WT isoform (Fig. 5D; *, p� 0.05; **, p� 0.01). Rate2
did not change under any transfection conditions (Fig. 5E). The
trend of reduced amp2 and rate2 inMunc18-1WToverexpres-
sion is likely a result of shifted Ca2� sensitivity. Unexpectedly,
reduced expression levels of Munc18 proteins by introduc-
tion of knock-down templates did not significantly affect any
of the measured parameters compared with control (SH C3)
(Fig. 5, B, D, and E). A significant enlargement of amp2 was
observed upon single overexpression of Munc18-2WT, mir-
roring an increase in the number of exocytosed insulin gran-
ules during the second fast phase of exocytosis. An addi-
tional increase of amp2 was also obtained upon Munc18-1
and Munc18-2 coexpression, maybe indicating a potential

FIGURE 4. Biphasic increase in Cm in primary �-cells transfected with pIRES2-EGFP (mock) and slow photorelease-induced increase in [Ca2�]i. A, slow
photorelease of Ca2�-NP-EGTA produced a ramp-like increase in [Ca2�]i, reaching its peak amplitude (Capeak) after about 10 s. B, after reaching the threshold
value of [Ca2�]i (Catr), a biphasic increase in Cm was triggered with the first phase reaching maximal amplitude within the first second after initiation (amp1) and
second phase reaching maximal amplitude (amp2) at Capeak. C, shown is the time derivative of Cm amplitude presented in B, with the maximal rate of the first
phase (rate1) and maximal rate of the Cm change during the second phase (rate2). D, the rate of Cm change (D) showed saturation kinetics when plotted versus
[Ca2�]i, with high cooperativity and half-effective [Ca2�]i (Ca50) at 2.4 �M, n � 28. Inset, a curve shows the Hill function fit through the Ca2� dependence data.
E, shown is concentration dependence of the amp2 to Capeak. F, shown is concentration dependence of rate2 to Capeak. fF, femtofarad.
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additive effect of the two SM proteins (Sec1/Munc18) and
suggesting the possibility of integrative secretory pathways.
Cdk5 and PKCPhosphorylationMutants ofMunc18 Isoforms

andCa2� Sensitivity—Munc18 proteins are important hubs for
protein phosphorylation. We tested the effect of two kinase
systems by includingMunc18-1 templateswith amutatedCdk5
phosphorylation site (PCdk5 mutant, Thr-574 3 Ala-574) or
with all PKC phosphorylation sites altered (PPKC mutant, Ser-
306, -312, -3133Ala) orMunc18-2with amutatedCdk5phos-
phorylation site (Thr-5733Ala-573). As shown in Fig. 6,A and
B, the Ca2� sensitivity of the first phase of the Cm change was
significantly shifted whenMunc18 isoform phosphorylation by
the aforementioned kinases was impaired. Cells overexpressing
Munc18-1 PCdk5 tended to become less sensitive to [Ca2�]i
compared withmock-transfected control cells (Fig. 6B). On the
other hand, Munc18-1 PPKC andMunc18-2 PCdk5 mutants had
an opposite effect, significantly increasing the Ca2� sensitivity
of the process (Fig. 6B; ***, p � 0.001). This suggested that the

phosphorylation events in these cases are important to prevent
vesicle fusion before an adequate increase in [Ca2�]i has been
reached or before the action of corresponding phosphatases
have facilitated the exocytotic process. In cotransfection exper-
iments of Munc18-1 PCdk5 and Munc18-2 PCdk5, the effect on
the Ca2� sensitivity resembled overexpression of Munc18-1
PCdk5 alone, with the cells being significantly less sensitive to
[Ca2�]i (Fig. 6B; *, *p � 0.01). In fact, overexpression of
Munc18-1 PCdk5 has been dominant in all tested combinations.
As for the second phase of the Cm change, amp2 was signifi-
cantly elevated in the Munc18-1 PPKC-overexpressing �-cells
(Fig. 6C; **, p� 0.01). The absence of the phosphorylation event
altered both rate1 and rate2 (Fig. 6,A andD). Significant reduc-
tions in rate2were found after single transfections ofMunc18-1
PCdk5 and Munc18-2 PCdk5 mutants but also after cotransfec-
tion of these two templates (Fig. 6D; **p� 0.01; *, p� 0.05). On
the contrary, overexpression of the Munc18-1 PPKC phosphor-
ylation mutant significantly increased rate2 (Fig. 6D; *, p �

FIGURE 5. Ca2� dependence of Cm change in �-cells overexpressing different Munc18 WT isoforms. A, shown are Hill function plots presenting Ca2�

dependence of the rate of the Cm change of the first phase of secretion in �-cells transiently transfected with mock, Munc18-1 WT, and Munc18-2 WT proteins.
B, shown is a bar chart representation of amp1 in cells transfected with different WT isoforms and shRNA plasmids reducing the level of Munc18 proteins (as
indicated in E). C, a histogram of the Capeak levels produced with photo-release shows that in 95% of all experiments [Ca2�]i peaked between 3 and 5 �M. All
statistics for the second phase were compared for this [Ca2�]i range. D, shown is a bar chart representation of amp2. E, shown is a bar chart representation of
rate2. The number of investigated cells was between 5 and 20. *, p � 0.05; **p � 0.01. fF, femtofarad.
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0.05). Briefly, phosphorylation of Munc18-1 and Munc18-2 pro-
teins modulates both Ca2� sensitivity and rate of insulin exocyto-
sis. Anymodification in the signaling pathway thatwould lead to a

reduced Cdk5 phosphorylation of Munc18-1 should, therefore,
require a stronger stimulationof�-cells to supply sufficient insulin
to sustain glucose homeostasis within the organism.

FIGURE 6. Ca2� dependence of the rate of Cm change in �-cells overexpressing Munc18 phosphorylation mutants or Ckd5 activators, p35 or p39.
A, shown are Hill function plots presenting Ca2� dependence of the rate of Cm change of the first phase of fast exocytosis in �-cells transiently transfected with
Mock, Munc18-1 PCdk5 (Munc18-1 P), Munc18-1 PPKC, and Munc18-2 PCdk5 (Munc18-2 P) phosphorylation mutants. B, shown is a bar chart representation of the
Ca50 in �-cells transfected with different phosphorylation mutants (as indicated in D). C, shown is a bar chart representation of amp2. D, shown is a bar chart
representation of rate2. E, shown are Hill function plots presenting Ca2� dependence of the rate of Cm change of first phase in �-cells transiently cotransfected
with mock, Munc18-1 WT, or Munc18-2 WT and p35 or p39 Ckd5 activator constructs. F, shown is a bar chart representation of the Ca50 in �-cells transfected
with different phosphorylation mutants (as indicated in H). G, shown is a bar chart representation of amp2. H, shown is a bar chart representation of rate2. The
number of investigated cells was between 5 and 20. *, p � 0.05; **, p � 0.01, ***, p � 0,001. fF, femtofarad.
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Cotransfection of Cdk5 Activators and Munc18 WT Isoforms
and Ca2� Sensitivity—Next we addressed the role of the Cdk5
activators, p35 and p39, in the early process of fast insulin exo-
cytosis induced by a ramp-like Ca2� change. Overexpression of
p35 or p39 constructs alone (not shown) or a combination of
p39 with any Munc18 WT isoform had no effect on Ca2� sen-
sitivity (Fig. 6, E and F). We hypothesized that as we are only
analyzing the effect within 10 s after increase of [Ca2�]i, maybe
too few copies of natively expressedMunc18 proteins are acces-
sible for phosphorylation by Cdk5 at the site of exocytosis, and
consequently no significant augmentation was detected. How-
ever, considering the second phase of the fastest secretory
response, combination of the p39 activator with either
Munc18-1 WT or Munc18-2 WT tended to slightly but not
significantly decrease rate2 (Fig. 6H). Cotransfections of either
Munc18-1WT or Munc18-2 WT with the p35 Cdk5 activator
resulted in significant shifts in Ca2� sensitivity of the fast secre-
tory component, as also seen in the change of EC50 value (Fig. 6,
E and F; ***, p � 0.001; **, p � 0.01). In addition, combining
Munc18-1 WT and p35 significantly enlarged amp2, i.e. the
number of fusing vesicles (Fig. 6G; ***, p � 0.001), whereas p35
cotransfection with Munc18-2 WT almost completely abol-
ished both amp2 and rate2. A delayedCm response due to lower
Ca2� sensitivity of exocytosis when overexpression of p35 and
Munc18-1WTwere combined could be the result of restrained
granule fusion during the first phase of fast insulin exocytosis,
which in turn leads to an accumulated number of vesicles
released during the second kinetic phase, amp2. The lack of
second phase release, represented by amp2 and rate2 parame-
ters, in p35 and Munc18-2 WT double transfection could be
attributed to the fact that this combination already facilitated
vesicle fusion during amp1 at lower [Ca2�]i and, thus, is not
seen in the amp2measurements. Despite the small effect of the
p39 activator on maximal rate of secretory activity, both the
rate and shift of Ca2� sensitivity observed uponMunc18-1WT
single overexpression were normalized to control levels when
the p39 activator and Munc18-1 WT protein were cotrans-
fected. On the other hand, coexpression of Munc18 proteins
with p35 disturbed the phosphorylation pattern and signifi-
cantly changed Ca2� sensitivity. Thus, these results indicate
important roles for p35 and p39 Cdk5 activators in modulation
of the kinetics of secretion by controlling the number and rate
of releasable insulin granules but also in balancing Ca2� sensi-
tivity of the exocytotic process.

DISCUSSION

The pancreatic �-cell, in which the main function is to
produce and secrete insulin, is a classic example of an endo-
crine cell. Nevertheless, �-cells express the full repertoire of
SNARE and SNARE-regulating proteins found in neuronal
cells, including the neuronal Munc18-1 protein. In addition,
�-cells also express exocytotic proteins previously impli-
cated in only non-neuronal exocytosis; for example,
Munc18-2. We hypothesize that the presence of operators
for several secretory pathways in �-cells might be one of the
underlying reasons why this cell manages multiple phases of
insulin secretion and demonstrates such a diversity and
adaptability of the secretory response. This is an attribute

important for the �-cell ability to tightly control glucose
homeostasis in the body.
We first characterized the expression and abundance of

endogenous Munc18 mRNAs and their corresponding syn-
taxin partners in islets, brain, and the insulinoma cell line
MIN6. The results showed that the relative level of Munc18-2
was surprisingly high in islets from ob/obmice, which on aver-
age contain 90–95% �-cells. The matching syntaxin isoforms 1
and 3 were also expressed.
Sec1/Munc18 proteins, originally identified as essential for

membrane trafficking and secretion in yeast, are highly con-
served among organisms. Null mutations of Munc18 homo-
logue genes in a variety of species resulted in disruption or
disturbances in regulated membrane fusion and/or specific
intracellular trafficking pathways (42, 43). Particularly remark-
able was the finding that targeted disruption of the mouse
Munc18-1 gene produced amutant that died shortly after birth
(6). Even though brain development appeared normal, embryos
from these mouse mutants were paralyzed due to the complete
absence of both spontaneous and evoked synaptic transmission
(6, 44). However, analyses in neuroendocrine chromaffin cells
fromMunc18-1 null embryos demonstrated a small but signif-
icant evoked secretion of catecholamines (45). This could indi-
cate that some excitable cells possess both aMunc18-1-depen-
dent secretory pathway and a yet redundant bypass route,
allowing regulated exocytosis to occur in a Munc18-1-inde-
pendent way.
Despite being the subject of intense studies, the precise reg-

ulatory roles and the sites of action of theMunc18-1 protein are
not entirely elucidated. Several studies ofMunc18-1 function in
different organisms have demonstrated both negative and pos-
itive roles in regulated exocytosis (10). For example, in �-cells,
the Munc18-1 protein has been proposed to have both inhibi-
tory and positive effects on insulin release (14, 15, 29). Incon-
sistency in these results in �-cells could of course be a conse-
quence of different experimental techniques measuring
different phases of the insulin secretory cascade and thereby
emphasizing different roles of the Munc18-1 protein. An addi-
tional possibility is that in some Munc18-1-expressing cells
there also exists Munc18-1-independent secretory pathways.
Besides bindingmonomeric syntaxin 1 in the closed conforma-
tion, recent findings show that Munc18-1 is capable of binding
to the N-terminal part of syntaxin 1 in the open configuration
(46). This direct interaction of Munc18-1 with the assembled
SNARE complex promotes fusion and fusion pore kinetics (47).
This positive effect contradicts the traditional theory of
Munc18-1 playing an inhibitory role in secretion (46, 47). How-
ever, the negative effect on secretion is believed to be mediated
through the formation of a high affinity syntaxin-1/Munc18-1
interaction, likely during vesicle docking, and thus preventing
syntaxin-1 to assembly into the trimeric SNARE complex
(46, 47). Transitions between the different binding modes of
Munc18-1 are believed to be regulated by dynamic phosphory-
lation/dephosphorylation, and thereby kinase activity also
partly contributes to the function ambiguity (48).
Munc18-1 and Munc18-2 can both bind the two target

SNAREs syntaxin 1 and 3, which show 64% identity in amino
acid structure and share conserved protein domains. Interest-
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ingly, in HIT-T15 cells the plasma membrane protein syntaxin
3 has also been detected in the cytoplasm, functioning both as a
modulator of insulin secretion and of Ca2� channel activity
(49). Munc18-2 has mostly been studied in epithelial tissues,
where it controls apical regulated exocytosis, and in pancreatic
acini, where it has been demonstrated to control Slp4a/
granuphilin-syntaxin interactions and amylase secretion (17,
50). Coexpression of Munc18-1 and Munc18-2 has been con-
firmed in �-cells, somatotrophs in the anterior pituitary, mast
cells, and PC12 cells (18, 52–54).
Phosphorylation of exocytotic proteins plays an important

role in membrane trafficking and regulated secretion. We have
previously shown that Munc18-1 is expressed in pancreatic
�-cells and, together with Cdk5/p39, acts as a positive regulator
of induced insulin exocytosis (29). The Cdk5 protein demon-
strated a subcellular translocation from membrane-bound to
cytosolic fractions when �-cells were stimulated by glucose
(30). To investigate if WT or phosphorylation mutants of the
Munc18 proteins changed localization as a response to cellular
stimulation,we used transiently transfectedMIN6 cells. Impor-
tantly, these experiments were performed using epitope-tagged
Munc18 constructs, as Munc18 antibodies usually show a high
degree of cross-reactivity between the different Munc18 iso-
forms. We observed a translocation of the Munc18-1 WT pro-
tein to plasma membrane fractions during glucose stimulation
of �-cells, consistent with recent findings by Halban and co-
workers (11). Interestingly, the absence of functional Cdk5 or
PKC phosphorylation sites sequestered the Munc18-1 protein
at the plasma membrane already under unstimulatory condi-
tions, and thesemutants remainedmembrane-bound also after
stimulation. Obviously, both Cdk5 and PKC activity are
required for the correct cycling of the Munc18-1 protein
between the cytosolic- and membrane-bound state in �-cells.
On theother hand, bothMunc18-2WTand itsCdk5phosphor-
ylation mutant remained cytosolic both in unstimulated and
glucose-stimulated �-cells. Despite the difference in subcellu-
lar localization, both Munc18-1 and Munc18-2 were able to
augment glucose-stimulated secretion. The increase in released
hormone was modest but reproducible. It is possible to trigger
additional signaling pathways and further enhance released
hGHby adding amixture of secretagogues (see for example Ref.
11), but we chose to look on only glucose-dependent secretion.
In light of our findings it is of interest to compare with studies
made in another cell type, namely the pituitary somatotrophs,
where co-existence of Munc18-1 and Munc18-2 has also been
observed (52). Anterior pituitary cells from Munc18-1 null
mutants did not exhibit a complete absence of stimulated pep-
tide secretion from large dense core vesicles.However, the large
dense core vesicles appeared to reside at a larger distance from
the membrane in mutants compared with WT cells when
Munc18-1 was absent (52).
The Munc18-1 protein is involved in both early steps of the

exocytotic cascade and in the events close to the actual mem-
brane fusion. We investigated the fastest phase of regulated
exocytosis by using the high resolution slow photorelease of
caged Ca2� and carefully evaluated the effects of Munc18 WT
and phosphorylationmutated templates on the rate and ampli-
tude of the first seconds of Ca2�-triggered release in pancreatic

�-cells.WhenMunc18-1 was overexpressed in�-cells, a higher
[Ca2�]i than in control cells was required to trigger secretion
of release-competent vesicles. Thismay be explained by the fact
that Munc18-1 together with syntaxin-1 forms a stable protein
complex engaged in secretory granule docking, and higher
intracellular Ca2� levels are required for augmenting
Munc18-1 transition and vesicle fusion with the plasma mem-
brane. On the other hand, Munc18-2 overexpression shifted
the Ca2� sensitivity so that fusion of granules was also initiated
at lower Ca2� concentrations. This suggests that the different
Munc18 proteins may support different granule populations
that release their content at different [Ca2�]i. Indeed, the fastest
phase of exocytosis could be divided further in two components
demonstrating different fusion kinetics, rate1 and rate2, and
with different amplitudes, amp1 and amp2. Both coexpression
of Munc18-1 and Munc18-2 and single introduction of
Munc18-2 further supported this by significantly increasing the
number of releasable granules (amp2) exocytosed during the
second secretory phase. This suggests that Munc18-2, in addi-
tion to assisting the release of the fastest phase of secretion
(amp1), likely is important for refilling the granule pool released
during amp2. Partial silencing of the Munc18-1WT protein or
the Munc18-2 protein (reduced to �10–15%), quantified by
Western blot, had no significant effect on the fastest phase of
the exocytotic response. This suggests that the remaining
endogenous protein is still sufficient to manage this phase of
secretion. However, one should bear in mind that Munc18 is a
regulatory protein involved in many steps preceding the fastest
phase of regulated vesicle fusion, and a partial down-regulation
of the expression level may not be the rate-limiting factor for
the secretory step studied in our experimental set up.
Munc18-1 Cdk5 phosphorylation mutant or Munc18-1 WT in
combination with p35 lowered the Ca2� sensitivity, i.e.
increased the Ca2� “threshold” for triggering of fusion. The
non-phosphorylated form of the Munc18-1 protein is, similar
to theWT template, still capable of stably docking the granules,
which is followed by the shift to higher Ca2� sensitivity, but the
absence of Cdk5 phosphorylation leads to a negative effect on
the rate and amplitude of exocytosis. On the other hand, adding
p39 with Munc18-1 WT restored the Ca2� sensitivity to the
control levels compared with single overexpression of
Munc18-1 WT, thus apparently increasing the release proba-
bility of this vesicle pool. This is similar to our earlier findings
where Cdk5/p39 facilitated stimulated insulin secretion via
Munc18-1, although the different experimental techniques
used in the two different studies cannot be directly compared
(29). This suggests that the rate-limiting step may be on the
level ofMunc18 phosphorylation, likely by p39-activated Cdk5.
Overexpression of p39 activator alone tended to lower themax-
imal rate of membrane fusion in transfected �-cells but seemed
to operate at a Ca2� sensitivity comparable with that in control
cells. On the contrary, overexpression of p35 activator pro-
duced an evenmore severe phenotype thanCdk5mutants, sug-
gesting a non-redundant and deactivating role for this subunit.
All the different phosphorylation mutants of Munc18-1 and
Munc18-2 negatively affected rate2 in the second phase of fast
insulin exocytosis. Thus, different combinations of Munc18
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proteins and kinases modulate both the Ca2� sensitivity and
the rate of insulin exocytosis.
Conclusions and Hypothesis—Taken together, we now show

that bothMunc18-1 andMunc18-2 have the ability to augment
glucose-stimulated secretion, and the Munc18-1 protein dem-
onstrates a glucose-dependent cellular relocalization. We
hypothesize that previous ambiguous results identifying
Munc18-1 both as a positive and negative regulator of stimu-
lated secretion in �-cells could depend on its role at different
time points corresponding to different phases of insulin exocy-
tosis. Thus, Munc18-1 could operate as a negative regulator
during early, docking, or priming steps, but closer to the actual
membrane fusion step, Munc18-1 mainly augments secretion.
To investigate this possibility and to compare Munc18-1 and

Munc18-2 function, we chose to analyze the fastest phase of
regulated exocytosis in �-cells in more detail. Our examination
of the initial fastest Ca2�-triggered exocytosis demonstrates a
release pattern with two kinetic phases and different Munc18
isoforms acting bymodulating theCa2� sensitivity of releasable
vesicles (Fig. 7). This suggests the existence of a heterogeneous
population of release-competent granules in pancreatic�-cells,
vesicles requiring high [Ca2�]i for fusion, here referred as
HCRP (high Ca2�-requiring pool), and vesicles that fuse at
lower [Ca2�]i, named LCRP (low Ca2�-requiring pool) (see the
dark and light blue vesicles in the hypothetical model in Fig. 7).
The vesicles are presumably identical to what has previously
been referred to as a highly Ca2�-sensitive pool, present in
�-cells (51, 55). HCRP are most likely located close to the

FIGURE 7. Hypothetical model. We propose a hypothetical model that illustrates the presence of two kinetic phases of fast insulin exocytosis. The model
suggests that the existing releasable insulin granule population in �-cells is heterogeneous, with the simultaneous presence of vesicles requiring
different [Ca2�]i for fusion with the plasma membrane. The discrete difference of Ca2� sensitivity for fusion of different granule pools coincides with
different Munc18 proteins, and the role of the Munc18 proteins also depends on their phosphorylation state. Thus, Munc18-1 and Munc18-2
are associated differently with release of insulin through two parallel or integrative secretory pathways with different [Ca2�]i sensitivity. Exocytosis of
insulin is a multistep pathway. The conventional view is that vesicles are recruited to the plasma membrane where they are stably docked before going
through a priming step that prepares them for fusion. Membrane vesicles, stably docked close to the plasma membrane (in dark blue) require high
[Ca2�]i to fuse and are expected to constitute a portion of the HCRP, released within 10 s post-stimulation (amp2, �150 –300 granules). Vesicles that
exocytose at lower [Ca2�]i (in light blue) are referred to as the LCRP, fuse within 1 s (corresponding to amp1 in the figure), probably represent a limited
pool of vesicles, “possible newcomers,” residing in the vicinity of the membrane and accompanied by the Munc18-2 protein. These vesicles may not
proceed through the conventional Munc18-1-dependent docking step before fusion, thereby allowing a faster insulin response after stimuli. Likely,
these LCRP vesicles also constitute a supply of granules to the conventional Munc18-1-dependent pathway where they will be stably docked, requiring
a higher [Ca2�]i for release (corresponding to amp2). Consequently, we suggest that the Munc18-2 protein has a dual function in insulin secretion; it
assists a limited pool of LCRP vesicles in fast fusion at lower [Ca2�]i to ensure an immediate insulin response and also supports refilling of the
Munc18-1-dependent docked pool of insulin granules. Dr. Christopher J. Barker (CJB) helped with the illustration of this figure.
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plasma membrane, associated, and managed by a Munc18-1-
dependent secretory pathway. On the other hand, triggering of
the LCRP fusion requires lower [Ca2�]i. Those vesicles are not
necessarily directly attached to the plasma membrane, i.e. sta-
bly docked, and they appear to be more dependent on the cyto-
solic Munc18-2 protein. The rate and the amplitude of the
release during the first seconds of the fastest insulin release also
depend on the phosphorylation status of the different Munc18
proteins. Thus, whereas it seems that neuronal cells are com-
pletely dependent on aMunc18-1-operated secretory pathway,
neuroendocrine tissues such as adrenal chromaffin cells and
anterior pituitary cells have a limited capacity to perform
Munc18-1-independent-regulated membrane fusion. The
endocrine pancreatic�-cells appear to concurrently use several
secretory pathways, whereas secretion mechanisms in the exo-
crine pancreas as well as the apical membrane fusion in epithe-
lial cells completely rely on Munc18-1-independent pathways.
The change in Ca2� sensitivity, as reported in this paper, shows
a dependence on differentMunc18 homologous and presents a
novel contribution to our understanding of the function of the
�-cell. Moreover, it illustrates a new way of fine-tuning insulin
release by different protein isoforms, which in addition can be
phosphorylated to further increase the complexity. Further
work will be needed to characterize the precise molecular
mechanisms differentiating the Ca2� sensitivity of insulin
secretion. However, our finding that distinct Munc18 homolo-
gous play a role in this process is novel. In conclusion, we sug-
gest that both Munc18-1 and Munc18-2 are important regula-
tors of insulin secretion from pancreatic �-cells, and their
collective function contributes to �-cells demonstrating such
an adaptive secretory response to different physiological con-
ditions and environmental cues.
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21. Côte,M.,Ménager,M.M., Burgess, A.,Mahlaoui, N., Picard, C., Schaffner,
C., Al-Manjomi, F., Al-Harbi,M., Alangari, A., LeDeist, F., Gennery, A. R.,
Prince, N., Cariou, A., Nitschke, P., Blank, U., El-Ghazali, G., Ménasché,
G., Latour, S., Fischer, A., and de Saint Basile, G. (2009) J. Clin. Invest. 119,
3765–3773

22. Tellam, J. T., Macaulay, S. L., McIntosh, S., Hewish, D. R., Ward, C. W.,
and James, D. E. (1997) J. Biol. Chem. 272, 6179–6186

23. Imai, A., Nashida, T., and Shimomura, H. (2004) Arch. Biochem. Biophys.
422, 175–182

24. Jewell, J. L., Oh, E., and Thurmond, D. C. (2010) Am. J. Physiol. Regul.
Integr. Comp. Physiol. 298, 517–531

25. Oh, E., and Thurmond, D. C. (2009) Diabetes 58, 1165–1174
26. Snyder, D. A., Kelly, M. L., and Woodbury, D. J. (2006) Cell Biochem.

Biophys. 45, 111–123
27. Dhavan, R., and Tsai, L. H. (2001) Nat. Rev. Mol. Cell Biol. 2, 749–759
28. Lalioti, V., Pulido, D., and Sandoval, I. V. (2010) Cell Cycle 9, 284–311
29. Lilja, L., Johansson, J. U., Gromada, J., Mandic, S. A., Fried, G., Berggren,

P. O., and Bark, C. (2004) J. Biol. Chem. 279, 29534–29541
30. Lilja, L., Yang, S. N., Webb, D. L., Juntti-Berggren, L., Berggren, P. O., and

Bark, C. (2001) J. Biol. Chem. 276, 34199–34205
31. Rosales, J. L., and Lee, K. Y. (2006) BioEssays 28, 1023–1034
32. Ko, J., Humbert, S., Bronson, R. T., Takahashi, S., Kulkarni, A. B., Li, E., and

Tsai, L. H. (2001) J. Neurosci. 21, 6758–6771
33. Tang, D., and Wang, J. H. (1996) Prog. Cell Cycle Res. 2, 205–216
34. Morgan, A., Burgoyne, R. D., Barclay, J. W., Craig, T. J., Prescott, G. R.,

Ciufo, L. F., Evans,G. J., andGraham,M. E. (2005)Biochem. Soc. Trans. 33,
1341–1344

35. Henquin, J. C. (2009) Diabetologia 52, 739–751
36. Jewell, J. L., Oh, E., and Thurmond, D. C. (2010) Am. J. Physiol. Regul.

Integr. Comp. Physiol. 298, R517–R531
37. Hellman, B. (1965) Ann. N.Y. Acad. Sci. 131, 541–558
38. Sedej, S., Tsujimoto, T., Zorec, R., and Rupnik, M. (2004) J. Physiol. 555,

769–782
39. Speier, S., and Rupnik, M. (2003) Pflugers Arch. 446, 553–558
40. Skelin, M., and Rupnik, M. (2011) Cell Calcium 49, 89–99
41. Rose, T., Efendic, S., and Rupnik, M. (2007) J. Gen. Physiol. 129, 493–508
42. Toonen, R. F., and Verhage, M. (2003) Trends Cell Biol. 13, 177–186
43. Novick, P., Field, C., and Schekman, R. (1980) Cell 21, 205–215
44. Korteweg, N., Maia, A. S., Verhage, M., and Burbach, J. P. (2004) Eur.

J. Neurosci. 19, 2944–2952
45. Voets, T., Toonen, R. F., Brian, E. C., de Wit, H., Moser, T., Rettig, J.,
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