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Interaction of Munc18 and Syntaxin in the regulation of insulin secretion
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Abstract
Syntaxin1A and Munc18-1 play essential roles in exocytosis. However, the molecular mechanism and the functional roles of their
interaction in insulin secretion remain to be explored. Using membrane capacitance measurement, we examine eﬀect of overexpressing
Munc18-1 on exocytosis in pancreatic b cells. The results show that Munc18-1 negatively regulates vesicle fusion. To probe the interaction between Munc18-1 and Syntaxin1A, Munc18-1-Tdimer2 and EGFP-Syntaxin1A were co-transfected into INS-1 cells. FRET measurement conﬁrmed that Munc18-1 interacted with wild type Syntaxin 1A, but not the constitutively open form (DM) of Syntaxin1A.
Overexpressing DM in primary pancreatic b cells augmented insulin secretion, and this eﬀect can overcome the inhibitory eﬀect of
Munc18-1 overexpression. We propose that Munc18-1 inhibitis the SNARE complex assembly by stabilizing Syntaxin1A in a closed conformation in vesicle priming process, therefore negatively regulates insulin secretion.
 2007 Elsevier Inc. All rights reserved.
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The SNARE (soluble N-ethyl-maleimide sensitive factor
attachment protein receptor) family plays fundamental
roles in mediating membrane fusion [1]. SNAREs can be
divided into two categories: the v-SNAREs located on
carrier vesicles, and the t-SNAREs present on target compartments [2]. Syntaxin1A (Stx1A) is a t-SNARE predominantly located in the plasma membrane (PM) and has been
shown to be essential for vesicle docking and fusion [3].
Munc18 isoforms are mammalian members of Sec1 and
UNC-18-related proteins that are highly conserved from
yeast to mammals. This protein family is thought to regulate the exocytosis in a SNARE-dependent way [4,5]. However, the exact role of Munc18-1 in secretion cells remains
controversial. There has been considerable debate about
whether Munc18-1 is involved only in secretory-vesicle
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docking step at the target membrane [6] or additionally
in fusion step [7].
Zhang et al. recently reported that Munc18 was associated with Syntaxin and served as a negative regulator of
exocytosis in insulin secretion cell line HIT-T15 cells [8].
However, pancreatic primary b cells diﬀer from insulin
secretion cell lines. For instance, Synaptagmin I is not
expressed in primary b cells but is abundantly expressed
in insulin secretion INS-1 cells [9–11]. So, key regulators
controlling insulin secretion should be studied in these primary cells. The mechanism by which Munc18-1 interact
with Stx1A and regulate insulin secretion in primary b cells
remains unsolved. In the present study, we aim to clarify
the functional role of Stx1A/Munc18-1 interaction in the
fusion of insulin-containing granules to the plasma membrane in primary b cells transfected with a Recombinant
Semliki Forest Virus (SFV) vector [12]. We overexpressed
Munc18-1, wild type Stx1A and the open form mutant of
Stx1A in primary rat pancreatic b cells, and examined roles
of these proteins in insulin secretion.

610

Y. Dong et al. / Biochemical and Biophysical Research Communications 360 (2007) 609–614

Materials and methods
Plasmids construction. Stx1A fragment was ampliﬁed with Pfu DNA
polymerase (Stratagen, La Jolla, CA), digested and ligated into pEGFPC1 fusion vector (Clontech Laboratories, Palo Alto, CA) to get the corresponding N-terminal GFP-tagged fusion proteins. The double point
mutant, which is an open form mutant of Stx1A (DM, L165A/E166A)
was generated using the QuikChange Site-Directed Mutagenesis Kit
(Stratagene) and ligated into vector pIRES2-EGFP to make pDM-IRESEGFP. EGFP-Munc18-1 fragment was ligated into pDM-IRES-EGFP to
generate pDM-IRES-EGFP-Munc18-1. For construction of Munc18Tdimer2, Munc18-1 PCR fragment was ligated into pcDNA3.1-TDimer2
(gift from Dr. R.Y. Tsien). To generate recombinant pSFV plasmids, the
fragments EGFP-Stx1A, EGFP-Munc18-1, DM-IRES-EGFP, and DMIRES-EGFP-Munc18-1 were cloned into plasmid pSFV1 (Invitrogen Life
Science). Construct integrity was veriﬁed using DNA sequencing analysis
provided by United Gene Holdings, LTD (Shanghai, China). Restriction
enzymes and other standard reagents were purchased from New England
Biolabs.
Cell culture. INS-1 cells were cultured as previously described [14].
Pancreatic b cells from adult male Wistar rats were prepared and cultured
as described previously [15].
Unless otherwise noted, cells were superfused at room temperature in
the external solution containing (in mmol/L): 135 NaCl, 2 KCl, 5 CaCl2, 2
MgCl2, 10 Hepes, pH 7.4.
Transfection. INS-1 cells were transfected with Lipofectamine 2000
(Invitrogen Life Science) as per manufacture’s recommendations. Four
microliters of the puriﬁed plasmid DNA was used for cells cultured on
6-well plates. Cells were used 2 days after transfection.
Recombinant SFV carrying the desired proteins were generated as
previously described [12]. The virus-containing supernatant was titrated
on pancreatic b cells in serum-free medium. Infection was continued for
1.5 h at 37 C with 5% CO2, then the virus solution was drained and the
incubation was continued for 8–16 h before electrophysiology
experiments.
Fluorescence imaging. Confocal laser scanning biological microscope
(FV500, Olympus) was constructed on an inverted microscope (IX81,
Olympus). Images were collected under a Zeiss a-Plan Fluar 100·
(NA = 1.45) oil objective. Images were acquired and analyzed using
FLUOVIEW 4.3 (Olympus).
For FRET study, CFP labeled Stx1A and YFP labeled Munc18-1 were
imaged by confocal microscope. We also developed another FRET pair
[16], EGFP/Tdimer2, to study the interaction between Stx1A (or open
form mutant) with Munc18-1. Excitation light was selected using a ﬁber
optical coupled monochromator (Polychrome IV; TILL Photonics
GmBH, Germany). FRET signal was quantiﬁed by calculating the eﬀective FRET eﬃciency following the equation


I F  bI D
EA ¼ c
1
aI A
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as we described previously [17].
Ca2+-uncaging and [Ca2+]i measurement. Flashes of UV light and
ﬂuorescence-excitation light were generated as described [18]. We used
DM-nitrophen (DMN)-containing internal solutions consisted of (in
mM): 110 CsGlu, 5 DMNP–EDTA, 8 NaCl, 3.6 CaCl2, 2 MgATP, 0.3
GTP, 0.2 furaptra, and 35 Hepes (pH 7.2). The basal [Ca2+]i was measured
to be 200 nM by fura-2. [Ca2+]i was calculated from the ﬂuorescence
ratio according to the equation: [Ca2+]i = Keﬀ * (R  Rmin)/(Rmax  R),
where Keﬀ, Rmin, and Rmax are constants obtained from intracellular calibration as previously described [18].
Membrane capacitance (Cm) measurement. All electrophysiological
experiments on overexpressed b cells were carried out 8–16 h after SFV
infection at 30–32 C. Cm measurements were conducted as previously
described [19]. The Cm traces were imported to IGOR Pro (WaveMetrics,
Lake Oswego, OR) and were ﬁtted with a triple exponential function. The
sustained component of release was measured as the Cm increase between
1 and 5 s after each ﬂash.

The data are given as the mean ± SEM. Statistical signiﬁcance was
evaluated using Student’s t-test. P < 0.05 was considered to be statistically
signiﬁcant.

Results
Overexpressing Munc18-1 reduced insulin secretion in
primary rat b cells
To determine the function of Munc18-1 in insulin secretion, EGFP-Munc18-1 was overexpressed in primary rat
pancreatic b cells using SFV expression system [12,13].
Exocytosis was elicited by ﬂash photolysis and was monitored by Cm measurement. In response to the step-like
[Ca2+]i elevation, the Cm increase typically consists of three
components obtained from a triple exponential ﬁt, which
we termed the fast burst, slow burst and sustained components as previously reported [20]. The fast burst and slow
burst components represent fusion of the rapidly and
slowly releasable pools, respectively [13,21], whereas the
sustained component represents reﬁlling of the releasable
pools from a large depot pool of vesicles [13,22].
Comparing to non-transfected cells, we observed a signiﬁcant reduction of exocytosis in b cells overexpressing
Munc18-1 (Fig. 1). The sizes of the slow burst and sustained components were reduced by 50% by Munc18-1
overexpression, whereas the fast burst component
remained unaﬀected (Fig. 1A and C). The result suggests
that Munc18-1 may inhibit the priming and reﬁlling of vesicle pool. In basal condition, vesicles in rapidly releasable
pool (RRP) have formed tight SNARE complex already,
so RRP size cannot be reduced by overexpression of
Munc18-1. To further conﬁrm this hypothesis, second ﬂash
were used to trigger exocytosis 2 min after the ﬁrst ﬂash
uncaging. After depleting the RRP pool in the ﬁrst ﬂash,
an inhibition of the reﬁlling step would be expected to
reduce the fast burst component in second ﬂash. We noted
that both the fast and slow burst components of the second
ﬂash were reduced by 50% in cells overexpressing
Munc18-1, as well as for the sustained component
(Fig. 1B and D). To explore whether Munc18-1 participates in the ﬁnal fusion step, the kinetics of the fast burst
and slow burst components were compared between control cells and cells overexpressed with Munc18-1. No significant diﬀerence was observed (data not shown).
In vivo FRET measurement between Stx1A and Munc18-1
To further identify whether spatially colocalized Stx1A
and Munc18-1 interact with each other in vivo, we have
employed the FRET technique [23]. First, we checked
whether Munc18-1 interacts with wild type Stx1A using
the most frequently used FRET pair CFP/YFP. Cytoplasmic-tagged CFP-Stx1A and Munc18-1-YFP were coexpressed in INS-1 cells. As shown in Fig. 2A, after
photobleaching the YFP ﬂuorescence using 514 nm laser,
the intensity of CFP ﬂuorescence increased accordingly at
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Fig. 1. Overexpression of Munc18-1 inhibits Ca2+-triggered exocytosis in rat pancreatic b cells. (A,B) Averaged [Ca2+]i and Cm increases (bottom) in
response to the ﬁrst and second ﬂash from 33 control cells (black) and 21 cells overexpressing Munc18-1 (grey). Arrows indicate the onset of the ﬂash.
(C,D) Averaged amplitudes of the fast burst, slow burst and sustained components from control (open bar) and Munc18-1 overexpressing cells (ﬁlled bar)
in response to the ﬁrst and second ﬂash, respectively. The sustained component was measured as the Cm increase between 1 and 5 s after ﬂash. The fast
burst and slow burst component were derived from the triple exponential ﬁt. **Signiﬁcant diﬀerence (p < 0.01, t-test) compared with paired control
condition.

supporting an impaired interaction between DM and
Munc18-1.
Munc18-1 regulates insulin secretion in primary rat b cells
through its interaction with Stx1A

Fig. 2. In vivo interaction between Stx1A and Munc18-1. (A) Displayed
are confocal ﬂuorescence images of co-expressed CFP-Stx1A and
Munc18-1-YFP in INS-1 cells. After photobleaching of YFP ﬂuorescence
using 514 nm laser, the ﬂuorescent intensity of CFP showed signiﬁcant
increase, demonstrating an in vivo interaction of Munc18-1 with Stx1A.
Bar, 5 lm. (B) The EGFP/Tdimer2 FRET pair was employed to assay the
interaction between wild type Stx1A (WT) and DM with Munc18-1. The
apparent FRET eﬃciency calculated according to Eq. (1) was used to
quantify the FRET signal. **Signiﬁcant diﬀerence (p < 0.01, t-test)
compared with wild type FRET signal.

the PM, demonstrating an in vivo interaction of Munc18-1
with Stx1A. As the CFP/YFP pair are suboptimal for
FRET measurement in our system, we have later developed
an alternative pair, EGFP/Tdimer2, which displays superior wavelength separation of the emission spectra [16].
We quantiﬁed the FRET eﬃciency [17] between Stx1AEGFP and Munc18-1-Tdimer2 according to Eq. (1). In
agreement with our photobleaching experiment, we
observed a signiﬁcant FRET signal between Stx1A and
Munc18-1 (Fig. 2B). In contrast, Munc18-1 and DM
displayed a signiﬁcantly reduced FRET signal, further

To address roles of these two proteins in insulin secretion, the open form DM mutant was overexpressed in primary rat b cells. Interestingly, we identiﬁed overexpression
of DM signiﬁcantly augmented the sustained component as
well as the slow burst component (Fig. 3A and B), indicating that DM, the open form Stx1A, can facilitate the formation of SNARE complex. As shown previously,
Munc18-1 was a negative regulator of insulin secretion.
However, co-expression of Munc18-1 with DM did not
block the augmentary eﬀect of DM, suggesting the inhibitory eﬀect of Munc18-1 was due to its interaction with
Stx1A. As a control, overexpression of wild type Stx1A
did not signiﬁcantly aﬀect ﬂash-evoked exocytosis in b cells
(Fig. 3C and D).
Discussion
Munc18 is believed to play an important role in vesicle
docking and fusion. There are various models concerning
the role of Munc18 in regulating membrane fusion [4,5].
One of the models suggests that the association of Munc18
with Syntaxin stabilizes the closed form of Syntaxin, and
thereby negatively regulates exocytosis [24]. This idea is
supported by the observation that overexpression of
UNC-18 in Drosophila inhibits neurotransmitter release
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Fig. 3. Conversion of Stx1A from closed to open form is rate-limiting in insulin secretion. Shown are Cm responses of rat pancreatic b cell to ﬂashes from
paired experiments. Arrows indicate the onset of the ﬂash. (A) Averaged [Ca2+]i (top) and DCm increases from 17 control cells, 27 cells overexpressed with
DM and 16 cells co-overexpressed with DM and Munc18-1. (B) Summary of the amplitudes of the three exocytotic components from control cells, cells
overexpressed with DM and DM + Munc18-1. *Signiﬁcant diﬀerence (p < 0.05, t-test) as compared with paired control cells. (C) Averaged [Ca2+]i (top)
and DCm increases from control cells (n = 33) and cells overexpressed with wild type (WT) Stx1A (n = 25). (D) No statistic signiﬁcance was observed
between the three exocytotic components after overexpression of Stx1A as compared with paired control cells.

in a Syntaxin-dependent manner [25]. Contrary to this
model, however, overexpression of Munc18-1 increased
exocytosis in chromaﬃn cells [6]. Moreover, deletion of
Munc18-1 in mice resulted in a complete diminishment of
neurotransmitter release [26]. Other models propose a role
for Munc18 in the docking of vesicles to the PM [6,27] or in
the ﬁnal fusion after docking by interacting with Syntaxin
[28] or the pre-assembly SNARE complex [29–31]. There
are still a number of unanswered question regarding this
docking and fusion issues.
In this study, we investigated the function of Munc18 in
isolated primary insulin secretion b cell. The insulin
response to glucose stimulation is characterized by a typical biphasic time course. It has been suggested that the
biphasic release of insulin reﬂects the fusion of distinct subsets of secretory vesicles. The ﬁrst phase of insulin secretion
is attribute to the release of vesicles from the RRP vesicle
pool, while the second phase involves mobilization of granules from the reserve pool [32,33]. The exact role of
Munc18-1 in the multiple steps of insulin secretion has
not been investigated. Taking advantage of the capability
to dissect multiple components of exocytosis using caged
Ca2+ release, we have studied the eﬀect of overexpressed
Munc18-1 on diﬀerent components of secretion in primary
cultured pancreatic b cells.
We demonstrated that the slow burst component as well
as the sustained component of exocytosis was inhibited,
whereas the fast burst component remains unaltered in
response to the ﬁrst ﬂash. After depletion of RRP in ﬁrst
ﬂash, the three components elicited by the second ﬂash

were more severely inhibited, suggesting that the overexpression of Munc18-1 inhibited the priming and recruitment of vesicle to the RRP pools (see Fig. 1). Whereas
our result is in agreement with a negative role of
Munc18-1 in insulin secretion [34], it is in contrast with
the previous study in chromaﬃn cells where overexpression
of Munc18-1 increased the docking of vesicles [35]. Against
a role of Munc18-1 in the ﬁnal Ca2+-dependent binding
steps prior to fusion, we demonstrated that the kinetics
of the exocytotic burst was not altered by overexpression
of Munc18-1. However, our data does not exclude possible
eﬀects of Munc18-1 on the kinetics of fusion pore expansion as demonstrated previously in chromaﬃn cells [28].
To get further understanding of the molecular mechanisms, we have tested the interaction between Stx1A and
Munc18-1 in vivo. We provided direct evidence for the
binding of Stx1A and Munc18-1 from in vivo FRET measurement, which is consistent with a recent study in
HEK293 cells [36]. We found no colocalization of
Munc18-1 with DM mutant on the surface membrane
(data not shown). The FRET signal between DM and
Munc18-1 is almost abolished (see Fig. 2B). Interestingly,
DM is still able to form clusters at the PM as the wild type
does (data not shown), implying that DM can localize at
the correct position and assemble in clusters without help
of Munc18-1. When we overexpressed the open form
mutant, we observed a large increase in the slow burst
and the sustained component (Fig. 3). Moreover, the
augmentative eﬀect of DM persists in the presence of
Munc18-1. We also showed that DM aggregated into
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clusters at the PM but could not interact with Munc18-1.
Thus, we conclude that the inhibitory eﬀect of Munc18-1
is mainly due to its interaction with Stx1A, i.e., by stabilizing Stx1A in the closed form. Intriguingly, both DM and
Munc18-1 inﬂuence the slow burst without aﬀecting the
fast burst. The fast and slow burst components are supposed to represent vesicles in the rapidly and slowly releasable pool, which probably have already formed tight and
loose ternary SNARE complexes, respectively [20]. As a
control, overexpressing wild type Stx1A exerted no eﬀect
on exocytosis in pancreatic b cells (Fig. 3). The lack of
eﬀect of wild type Stx1A could not be due to an ineﬃciency
in our overexpression system because the SFV system has
been successfully employed to overexpress a number of
proteins in a variety of cells [12,37]. The lack of eﬀect is
in contrast with the previous ﬁnding [38], but in agreement
with a recent report that overexpression of Stx1A has no
eﬀect on the extent or time course of exocytosis in chromafﬁn cells [28]. A recent elegant experiment in Stx1A transgenic mice has suggested that elevated level of Stx1A
inhibited insulin secretion by down-regulation of voltagegated Ca2+ channels [39]. This eﬀect, however, will be
bypassed in our ﬂash experiment because of homogenously
elevated [Ca2+]i independent of Ca2+ channels. Thus, this
discrepancy may be explained, at least in part, by the diﬀerence in method of stimulation used.
In summary, our results provide direct evidence that the
conversion of Stx1A from a closed form to an open form is
critical for the formation of the slowly releasable pool, presumably by initiating the complexation of the trans
SNARE complex. We propose that the opening of Stx1A
in pancreatic b cells constitutes a rate-limiting step in insulin secretion and Munc18-1 negatively regulates this step.
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