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Insulin is released into the blood stream to normalize elevated blood glucose, for example
after a meal. The hormone is synthesized by β-cells in the endocrine pancreas, and stored in
small vesicles, known as secretory granules, until required. When glucose is elevated, these
granules undergo regulated exocytosis and thereby secrete the hormone. The primary trigger for
this is a glucose-dependent elevation in cytosolic Ca2+, which enters the cell through voltage-
gated Ca2+ channels. Glucose-stimulated insulin secretion follows a biphasic timecourse, with
a rapid 1st phase that lasts for a few minutes, followed by a slowly developing sustained 2nd

phase. Compromised 1st phase secretion is an early sign of developing type-2 diabetes. Biphasic
secretion is thought reflect the vastly different probabilities of individual insulin granules, but
direct evidence for this is still lacking. In this thesis, high resolution TIRF microscopy was used
to identify rate limiting steps for insulin granule exocytosis in health and in type-2 diabetes, and
to understand these steps at the molecular level. It is shown that granule docking is critical for
sustained insulin secretion. In β-cells from type-2 diabetic donors, docking is compromised and
no longer responsive to glucose. Expression analysis in a large donor cohort suggests that this
is due to decreased expression of proteins involved in the docking step. One of these proteins,
the SNARE protein syntaxin-1, is well-known to cluster at the site of docked granules, which
initiates the formation of functional release sites. Analysis using a series of syntaxin-1 mutations
indicates that this clustering depends on specific features in its N-terminal Habc domain and
involves binding of the S/M protein munc-18. The data suggest that the closed conformation of
syntaxin-1 mediates the interaction between granule and plasma membrane. Finally, it is shown
that voltage-gated L-type Ca2+ channels are slowly recruited to the sites of docked granules,
which depends on interaction with the granule priming factor Munc13. This arrangement leads
to localized the Ca2+ influx near a subset of the docked granules, which dramatically increases
their release probability. Importantly, the interaction between Ca2+ channels and granules fails
in type-2 diabetic β cells. In summary, the thesis highlights the importance of the spatial
organization of the secretory machinery for adequate insulin secretion, and suggests that defects
in this process partly underlie the disturbed blood glucose regulation in type-2 diabetes.
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Abbreviations 

ACh acetylcholine 
cAMP cyclic adenosine 3´,5´-monophosphate 
[Ca2+]cyt cytosolic Ca2+concentration 
CCh carbachol 
CD caging diameter 
Dz diazoxide 
EGFP enhanced green fluorescent protein 
ER endoplasmic reticulum 
FA fatty acid 
Fsk forskolin 
FWHM full width at half maximum 
GLP-1 Glucagon-like peptide-1 
GSIS glucose-stimulated insulin secretion 
HbA1c glycated haemoglobin 
IRP immediately releasable pool 
K+-ATP channel ATP-sensitive K+ channel 
ND non-diabetic 
NPY neuropeptide Y 
PCR polymerase chain reaction 
PKC protein kinase C 
PMA phorbol ester 
PIP2 phosphatidylinositol 4,5-bisphosphate 
PIP3 phosphatidylinositol 3,4,5-bisphosphate 
PM plasma membrane 
RIM Rab3-interacting molecules 
RRP readily releasable pool 
SI stimulation index 
SM Sec1/Munc-18 
SNARE soluble NSF attachment protein receptor 
SST somatostatin 
stx syntaxin 
T2D type 2 diabetes 
TIRF total internal reflection fluorescence 
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Introduction 

Insulin is released by regulated exocytosis 
 
Exocytosis is a fundamental cell biological process involved in cell-cell com-
munication, intracellular protein transport, neurotransmission, and hormone 
secretion. During hormone secretion, secretory granules fuse with the cell 
membrane to release their cargo. Exocytosis can be classified into regulated 
exocytosis, constitutive exocytosis and lysosomal exocytosis. Regulated exo-
cytosis needs stimulation and is observed in endocrine cells and neuronal syn-
apses. Constitutive exocytosis does not need stimulation and is related to the 
release of membrane proteins and lipids. Lysosomes are involved in digesting 
and expelling waste materials. Regulated exocytosis is studied in this thesis. 
Insulin secreting pancreas islet β cell was used as a model. 

 
Insulin is the blood glucose lowering hormone in the human body. It is pro-
duced in pancreatic β cells of the islet1 and released to blood stream. It is taken 
up by target tissues like muscle and lever via insulin receptors2. Insulin is syn-
thesized as pre-pro-insulin in the rough endoplasmic reticulum (RER). Pre-
pro-insulin is converted to proinsulin when exported from the RER to the 
Golgi by removing of amino terminal signal sequence3,4. Proinsulin then is 
packaged into immature secretory granules which acidify gradually in the 
Trans-Golgi Network (TGN). Proinsulin gradually converts to insulin and is 
stored in β cells for release upon demand3. 

 
There are several thousand insulin granules in the cytosol of a β cell5,6. Before 
exocytosis, granules in the cytosol need to be transported7,8 toward the cell 
membrane. They tether the cell membrane, dock at the future release site and 
become primed to get release competence6 (Figure 1). Docking is the process, 
which granules attach to the cell membrane and gradually become stationary. 
Then granules gradually acquire release competence during priming process. 
It is a Ca2+, ATP-dependent and temperature sensitive process, which is regu-
lated by β cell signaling pathway. Although the molecular steps leading to 
docking remains unclear, knockdown of some of the proteins involved in ex-
ocytosis does decrease docked granules. SNARE protein (for “soluble NSF 
attachment receptor proteins”) like stx-1 and SM protein (for “Sec1/Munc18-
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like proteins”) munc18 are two such proteins which form clusters at granule 
docking site9,10. 

 

granule

docking
priming Ca2+

exocytosis

cell membrane
Ca2+

 

Figure 1. Life cycle of secretory granules at the plasma membrane. Secretory 
granules are transported toward the cell membrane and undergo docking and prim-
ing to become release competence. Content is released by exocytosis triggered by 
Ca2+ influx. 

 
The increased blood glucose concentration is the major stimulant for insulin 
release. Glucose enters the β cells through GLUT transporters and is metabo-
lized via glycolysis to generate ATP. The increased ATP/ADP ratio leads to 
the closure of the K+-ATP channels (ATP sensitive K+ channels), which results 
in depolarization of the cell membrane and action potential firing. Opening of 
the voltage-gated Ca2+ channels leads to the influx of extracellular Ca2+ which 
in turn triggers secretory granule exocytosis and insulin release. Insulin is re-
leased in a biphasic pattern. It consists of a fast 1st phase which lasts 5-10 min 
followed by a slow 2nd phase11,12 lasting several hours. This pattern can be 
observed in human body13, isolated islets and isolated single β cell14,15. 

 
It is thought that different release probability of individual granules underlies 
the biphasic pattern of insulin secretion16–18. Only 1% of 10000 secretory gran-
ules in a pancreatic β cell can be released within a short time upon stimula-
tion19–21. This group of granules is often referred to as the readily releasable 
pool (RRP)22. The RRP can be depleted rapidly and its size corresponds 
roughly to the size of the 1st phase secretion. For sustained secretion, the RRP 
needs to be replenished by conversion of granules from a reserve pool (RP)22. 
It is thought that granules in the RP are docked, but do not yet have attained 
release competence and need to undergo priming reactions to become release 
competent. However, it has been shown that some granules can undergo exo-
cytosis immediately after arrival at the plasma membrane in rodents. This 
“newcomer” exocytosis or “crash fusion” has been observed primarily during 
2nd phase secretion23. Since these granules do not require prolonged residence 
at the plasma membrane, it is possible that they arrive already primed. 
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Mechanism of regulated exocytosis 
 
An universal and conserved fusion machinery mediates exocytosis, which is 
driven by SNARE proteins (soluble N-ethylmaleimide-sensitive fusion pro-
tein [NSF] attachment protein [SNAP] receptors)24. SNARE proteins include 
synaptobrevin-2(VAMP), stx-1, and SNAP-25 (25-kDa synaptosomal-associ-
ated protein). Stx-1 and SNAP25 are present at the plasma membrane and they 
are collectively called tSNAREs (target SNAREs). VAMP resides in the ves-
icle or granule membrane and is often called vSNAREs (vesicle SNAREs). 
These proteins have a common homologous sequence called the SNARE mo-
tif which is constituted of 60–70 amino acids25. The four SNARE motifs (stx-
1 and VAMP has one SNARE motif separately while SNAP 25 has two 
SNARE motives) combine together to form a ternary complex26 to drive the 
fusion of granules and the plasma membrane27. These proteins cannot be reg-
ulated by Ca2+. Many proteins regulating neurotransmitter release have also 
been found in the pancreatic β cell and involved in insulin granules secre-
tion14,28. These proteins include Sec1/Munc18 protein munc1829,30, synapto-
tagmin31,32, munc13, complexin, Rab3a33,34 and RIM35,36. Munc18 is a member 
of the SM (Sec1/Munc18) proteins. It regulates exocytosis by interaction with 
the SNARE protein stx-1. Knockout of munc18 in mouse results in blockage 
of neurotransmitter release. Stunted insulin secretion during the 1st phase and 
glucose tolerance were observed in these knockouts37,38. Munc13 is essential 
for neurotransmitter release39–41. Exocytosis is decreased in munc13 knockout 
mouse and can be rescued by expression of munc13 MUN domain42. Overex-
pression of munc13 enhances exocytosis. Synaptotagmin is a Ca2+ sensor in 
the Ca2+-dependent neurotransmission and secretion of insulin granules43. The 
SNARE complex is blocked initially by synaptotagmin clamp. Ca2+ binds to 
the C2 domains of synaptotagmin which leads to the open of the clamping and 
the SNARE complex is released44. 

 
Stx-1 is composed of a N-terminal (NHabc) domain, a SNARE (H3) domain 
and a C-terminal domain (transmembrane domain). The SNARE motif takes 
part in the formation of SNARE complex as talked above. N-terminal is com-
posed of three a-helices (Ha, Hb and Hc) and a N-peptide. Stx-1 has two con-
formations: closed and open. The NHabc domain folds back to bind with H3 
domain to form a four helical bundle52. This is the closed conformation of stx-
1. Munc18 binds with this closed conformation of stx-1 and makes it stable 
and disable the formation of SNARE complexes37,38,53. When stx-1 in an open 
conformation, its N-peptide bind loosely with N-terminal lobe of munc1853,54. 
Munc18 is free to fold back onto the trans-SNARE complex and clasps it 
tightly55. N-terminal domain is required for stx-1 to recruit to granules. Stx-1 
clusters at the granule docking sites10. Overexpression of N-terminal decrease 
the formation of clusters and successful docking9. Granules with stx-1 clusters 
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at their sites have longer residence time at the plasma membrane and are firmly 
docked. While granules without stx-1 clusters have shorter residence time at 
the plasma membrane. These clusters facilitate exocytosis and disassemble 
after exocytosis. Single molecule tracking and FRAP experiments have shown 
that stx-1 clusters are in rapid exchange with the unbound stx-1 molecules 
from the surrounding area in the plasma membrane10. Stx-1 clustering in the 
cell plasma membrane is mediated by cholesterol45, polyphosphoinositides46 
and electrostatic protein-lipid interactions47. Clustering of stx-1 can be af-
fected by interaction of its positively charged residues near its transmembrane 
domain with PIP2 and PIP347,48. 

 
Munc18 is expressed in mammalian neurons and pancreatic islet β cells49,50. It 
is crucial for granule docking29,51 , priming and exocytosis. Munc18 clusters 
at the granule docking site and promotes granule docking10. Structurally 
munc18 has three domains: domain1, domain2 and domain3 which is com-
posed of domain3a and domain 3b. The domain 1 and domain3a form a central 
cavity which binds with closed stx-1. Residues 38-70 in domain 1 and 271-
280 and 331-338 in domain 3a of munc18 are involved in this binding52.  

 
Munc13 takes part in priming vesicles for exocytosis. Munc13-1 and -2 are 
the dominant isoforms expressed in the pancreatic islets56. Munc13-1 is the 
most abundant mammalian isoform. The expression of munc13-1 is strongly 
decreased in pancreatic islets from T2D individuals57. Munc13-1 form clusters 
at the granule site during priming in INS1 cell line10 and their overexpression 
enhances exocytosis58. Munc13-1 is composed of a C1 domain, a MUN do-
main which participates in vesicle priming59,60 and a C2 domain which con-
sists of C2A, C2B and C2C. The C1 domain binds with DAG while the C2B 
domain binds to Ca2+ and C2C domain co-operates with the MUN domain 
during priming61. The MUN domain weakly binds to the SNARE motif of stx-
1 and accelerates the transformation from mun18 bound closed to the open 
conformation40. The C2A domain binds with RIMs (Rab3-interacting mole-
cules), which is believed to play an essential role in vesicle docking and prim-
ing62. 
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Ca2+ channel and secretory granule exocytosis 
 
Ca2+ enters through voltage-gated Ca2+ channels in response to depolarization 
of the plasma membrane and triggers insulin containing granules exocytosis63. 
In mouse β cells, there is evidence that Ca2+-influx occurs preferentially near 
rapidly releasing granules64–66. However, direct evidence for Ca2+ channel 
clustering at the release site is lacking. L-type Ca2+ channels conduct the ma-
jority of the Ca2+ that enters the β cell during electrical activity. Mouse β cells 
express predominantly the Lc-type channel (CaV1.2)67,68 while rats and hu-
mans express CaV1.369–71. Ablation of the granule associated L-type channel 
Cav1.2 in β cells prevents rapid exocytosis and causes loss of 1st phase insulin 
secretion72, while ablation of CaV2.3 does not alter the size of RRP and only 
affects 2nd phase release73. This suggests that L-type, but not R-type Ca2+ chan-
nels couple electrical activity to insulin granule exocytosis in mouse. Both L- 
and P/Q-type channels have been reported to bind proteins of the exocytosis 
machinery, such as stx-1, synaptotagmin, and active zone proteins such as 
munc 13, RIM and RIM binding protein35,74–79. In neurons, these interactions 
likely contribute to clustering of the channel at neuronal active zones. The β 
cells lack bona fide active zones, but express a number of active zone proteins, 
which may instead organize individual release sites. The interaction site of 
neuronal Ca2+ channels has been pinpointed to the loop between its transmem-
brane domains II and III, which is often referred to as synprint site. The syn-
print peptide from the Lc-type channel CaV1.2 binds with the C2 domain of 
munc13 aggregating the Ca2+ channels on the presynaptic membrane80,81. A 
peptide derived from the corresponding region of the Lc-type in mouse β cells 
ablates fast secretion20,82, presumably because it interferes with the coupling 
between the release site and the channel. 

 
There are only about 500 Ca2+ channels in one mouse pancreatic β cell, but a 
small fraction of the RRP granules can be released as fast as 650 granules*s-1 
with latencies about 5-10ms83,84. These granules comprises about 10% of the 
RRP68, which is referred to as the immediately releasable pool (IRP). [Ca2+] 
in the cytosol is less than 1 μM during glucose stimulation68,85 while exocyto-
sis in β cells is half-maximally stimulated around  20 μM [Ca2+]. Based on the 
relatively low Ca2+ channel density and smaller Ca2+ current ampli-
tude46,47,67,69,83, it has been proposed that microdomains of high [Ca2+] that de-
velop near the open pore of the voltage-gated Ca2+ channels are most relevant 
for exocytosis of insulin granules65,68. However, direct evidence for this notion 
is still lacking. 
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Aims 

The following questions are discussed in the thesis 
 
I. What is the morphology and molecule basis for biphasic insulin 
secretion? 
 
The biphasic pattern of insulin secretion is thought to reflect pools of insulin 
granules with different release probability, but direct evidence from observing 
granule behavior is lacking. The aim of this study was to define the morpho-
logical and molecular basis for biphasic secretion pattern in single β cells of 
non-diabetic (ND) and type-2 diabetic (T2D) human donors, and to identify 
the rate-limiting step for sustained insulin secretion. 
 
II. How is stx-1 recruited to docked granule site? 
 
Stx-1 aggregates into small clusters in the plasma membrane that are crucial 
for granule docking and exocytosis. The aim of this project was to identify 
structural features of stx-1 that determine its specific interaction with the gran-
ule docking site, in particular within its N-terminal Habc domain. 
 
III. What is the basis for the temporal synchronization of β cell elec-
trical activity and insulin granule exocytosis, and how is this af-
fected by type-2 diabetes? 
 
Insulin granule exocytosis is very well synchronized, with a small “immedi-
ately releasable pool” (IRP) of granules responding within a fraction of a sec-
ond. The IRP is thought to underlie 1st phase insulin secretion, which is absent 
in type-2 diabetes. The aim of this work was to test, in ND and T2D β cells, 
the hypothesis that L-type Ca2+ channel distribution and resultant Ca2+ micro-
domains determine insulin granule release probability. 
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Methods 

Cells 
 
INS1 cells clone 832/13 were used in paper II and paper III. Human pancreatic 
islets were also used in paper I and paper II. INS1 cells clone 832/13 has 13 
fold increase in insulin secretion in response to glucose stimulation which is 
15 fold increase in primary pancreatic β cells86. Dispersed human pancreatic 
islets were kindly provided by the Nordic Network for Clinical Islet Trans-
plantation (Uppsala) and the IsletCore (Alberta Diabetes Institute, Edmonton). 
For experiments, INS1 cells were transfected with plasmid and dispersed hu-
man islet cells were infected with virus encoding fluorescent-protein tagged 
neuropeptide-Y (NPY) as granule marker. 

Fluorescently tagged proteins and microscopy 
 
EGFP and mCherry are used for two-color simultaneous imaging because of 
their well separated excitation and emission spectra. Neuropeptide Y tagged 
with mCherry was used as a granules marker. Other proteins involved was 
tagged with EGFP. Cells transfected with fluorescently labeled plasmid were 
imaged with TIRF (Total Internal Reflection Fluorescence) microscopy (Fig-
ure 2A). It creates an evanescent wave that selectively illuminates fluoro-
phores within 100-150nm thin layer of the coverslips87. The fluorophores lo-
cated only in this narrow layer can be excited. The low penetration depth in-
creases the signal-noise ratio and reduces the background fluorescence. Photo 
bleaching is reduced since the limited excitation. It makes the real time and 
high resolution imaging of insulin granule secretion possible. To study the 
behavior of single molecules of L-type Ca2+ channels, we used TIRF micros-
copy to do single molecule imaging. Resolution is 100 nm per pixel. With the 
very low expressing levels, single molecules were identified by single step 
bleaching. Confocal microscopy were used to see the distribution of proteins 
in cell cytosol and plasma membrane. 
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Measurement of granule exocytosis 
 
Secretory granules were labeled with fluorescent proteins by lipofection. High 
K+ or high glucose were puffed on single cell by a glass pipette to evoke exo-
cytosis. Timing and frequency were controlled by computer. High glucose was 
used to simulate the glucose induced insulin secretion in vivo. High K+ leads 
to a depolarization and Ca2+ influx and bypass the metabolic aspects of glu-
cose stimulation. Before stimulation, docked granules can be observed by 
TIRF microscopy as immobile bright puncta on the cell plasma membrane. 
Granule doing exocytosis can be visualized as a characteristic fluorescent 
change. When the exocytosis-related proteins were labeled with fluorescence 
protein in another colour, the activities of both granules and proteins can be 
studied simultaneously. There are also other methods to measure insulin se-
cretion. For example, ELISA, measuring the secreted insulin, is limited by 
little temporal resolution and needs a big amount of cells. Membrane capaci-
tance measurements record the increase in cell surface area when exocytosis 
happens. It provides high temporal resolution and it was also used in this the-
sis. However, it cannot record and give any information before and after exo-
cytosis. Compared to the methods above, imaging technique combined with 
stimulation have high temporal resolution, provides information about exocy-
tosis and records the activities of related proteins. 

Image analysis 
 

Association of EGFP-labeled proteins with granules was quantified as fol-
lows. As it is shown in figure 2B-C, the locations of well separated granules 
were identified by eye. The same area was transferred to the protein channel. 
With the use of a journal in MetaMorph, we then measured fluorescence in-
tensity in a circle c, centered on the granule position: the granule-associated 
fluorescence, the annulus a: the local background, the ∆F =c-a: fluorescence 
specifically associated with a granule, the cell’s average background bg, the 
S=a-bg the corrected annulus value which is linearly related to the expres-
sion level of the labeled protein and ∆F/S. ∆F/S values were averaged for 
each cell for single images. For movies ΔF/S was calculated for every frame. 
Granule density was calculated using a macro “find maxima” in ImageJ. Sin-
gle molecules were tracked using ImageJ particle tracker88. Candidate dock-
ing or undocking events were found manually as granules that approach the 
TIRF field with an axial component and become laterally confined for at 
least 2 frames. Exocytosis events were detected manually based on sudden 
brightening of a granule89, followed by sudden disappearance of the granule 
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fluorescence. The moment of exocytosis was defined as the first significant 
change from the pre-exocytosis baseline. 
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Figure 2. TIRF microscopy and image analysis. A. The TIRF (Total Internal Re-
flection Microscopy) B. Quantification of protein expressed at the granule docking 
site. Scale bar: 1μm. 
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Results and discussion 

Docking of new granules is rate-limiting for 
sustained insulin secretion (Paper I) 
 
Different pools of insulin granules have different release probability, which is 
thought to be responsible for the biphasic pattern of insulin secretion. This 
study is to identify the morphological and molecular basis for this notion in 
non-diabetic (ND) and type-2 diabetic (T2D) human β cells. Before insulin 
granule becomes release ready, it needs to tether on the plasma membrane and 
undergo docking and priming. Docked granules underwent exocytosis in re-
sponse to high glucose in a biphasic pattern, which is consistent with the ob-
servations in intact islet and human body90. The rate was initially faster at 18 
granules min-1 slowing down to 10 granules min-1. Rate of exocytosis was 
faster than that of docking, which results 50% decrease of docked granules. 
Exocytosis in this phase includes the exocytosis from primed granules and is 
strongly affected by β cell signaling pathways (GLP1, somatostatin) which 
alter the priming rate. It was believed that the docked granules in a β cell is 
sufficient to maintain insulin secretion for hours91,92. However, after a long 
time stimulation, only a small fraction of left granules responded to a subse-
quent stimulation to release insulin in β cells irrespective of diabetic status or 
the kind of stimulation. This is consistent with a dead end docked state of 
granules observed in chromaffin cells93. Another possible reason is that gran-
ules recycle at the plasma membrane by maintaining a similar rate between 
docking and undocking, so that the docked granule pool is in a dynamic bal-
ance. Consistent with this about 16 granules min-1 undock and therefore every 
docked granule is roughly replaced once an hour. A β cell might not be able 
to respond to repeated stimulations although they have enough docked gran-
ules due to the relatively slow rate of priming. This is true also for the newly 
docked granules (approximately 10 minutes), resulting in slow recovery of 
these cells. We observed that all the exocytosis events resulted from previ-
ously docked granules. Studies show the “newcomer” exocytosis or “crash 
fusion”, where granules stay on the plasma membrane for very short time be-
fore undergoing exocytosis, especially in rodent β cells94. However, such ex-
ocytosis events were not observed in this study. Perhaps due to β cells from 
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different species or difference in experimental techniques, the exact reason is 
though unclear. 
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Figure 3. Both exocytosis and granule density are much less in T2D than in ND β cells. A. β cells 
from non-diabetic (ND) or type 2 diabetic (T2D) donors expressing NPY-mCherry, imaged by TIRF mi-
croscopy before and after stimulation with 10 mM glucose for 20 min. Scale bar, 1 μm. 
B. Time courses of cumulative exocytosis (top), and granule density (lower) in ND or T2D β cells.  
 

The number of docked granules in β cells from T2D individuals was 
approximately one-third of β cells from ND before stimulation (Figure 
3A, C). Number of exocytosis events in the T2D β cells was less than 
20% of that from ND β cells either when stimulated with high glucose 
or K+ (Figure 3B). This is consistent with the less insulin release seen 
from secretion data obtained from T2D donors. Recovery of releasable 
granules after initial stimulation in T2D β cells was much slower than 
that in ND β cells. Therefore it can be speculated that the underlying 
cause of T2D is strong reduction of successful docking events. Dock-
ing of granules can be accelerated by high glucose in ND β cells but 
no other signaling pathways. However, activation of cAMP or PKC 
pathways increased granule exocytosis and inhibition in exocytosis 
was observed when somatostatin was used. This effect was limited to 
priming and did not alter the docked granules. 
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Stx-1 is recruited to the granule docking sites in the 
closed munc18-1 bound conformation (Paper II) 
 
Stx-1 forms small clusters in the cell plasma membrane, which is crucial for 
granule docking and exocytosis. This study is to identify which part of stx-1 
contributes to its function for clustering and granule docking. Stx-1 isoforms 
stx-3 and -4 are expressed in both mouse and human islet β cells. Expression 
of stx-1 accounts for 50% of all the stx-1 isoforms in human β cells and much 
higher than the amount expressed in mouse β cells56. Stx-1 and stx-3 take part 
in regulated exocytosis. Stx-4 clusters in the cell plasma membrane at differ-
ent sites from stx-1 and contributes to the constitutive secretion84. Stx-11 is 
abundant in cells of immune system and structurally lacks the transmembrane 
part. Stx-1 and -3 pair with munc18-1, stx-4 with munc18-3 and stx-11 with 
munc18-295. Stx-1, stx-3 and stx-4 formed clusters at the plasma membrane. 
Syx-1 and syx-3 were strongly recruited to granule docking sites while syx-4 
clusters were weakly associated recruited (Figure 4A-C). When the endoge-
nous stx isoforms were cleaved by botulinum toxin C (BoNT-C), number of 
docked granules was strongly reduced but it can be rescued by the expression 
of the toxin-resistant stx-1. So stx-1 clusters is important for granule docking 
which is consistent with previous studies96. Stx-3 behaved identically to stx-1 
in clustering, granule docking and exocytosis. Whether stx-3 clusters at the 
same sites as that of stx-1 is not known. It may compete with stx-1 in support-
ing granule docking and clustering at granule docking site. More experiments 
are designed to answer these questions. 

 
Binding of stx-1 to docking sites is strongly decreased when the N-terminal 
domain (NHabc) is deleted97. As it is shown in figure 4A-C, clustering of hy-
brid stx1-4 to docking sites was similar to that of stx-1. Binding of hybrid 
stx4-1 to docking sites was reduced by half compared to stx-1. Binding of the 
mutations at charged amino acids construct sats to docking sites was similar 
to that of stx-1. When the sats mutations were introduced into stx4-1, binding 
was similar to that of stx-4. From these results, we conclude that binding of 
stx-1 clusters to the granule docking sites depends on features present in its 
NHabc domain. When Ha, Hb, Hc, N-peptide or most combinations were de-
leted from stx-1, the clustering to granule sites was decreased except for the 
Hab fragment. The Hc domain may contain specific binding sites involved in 
the recruitment to docking sites. Another explanation is that dimers of ΔHab 
form alternative four helix bundle consisted of 2 Hc helices and 2 H3 helices. 
This bundle is stabilized by munc18 just like the stx-1 closed conformation. 
Overexpression of most fragments decreased docked granules; the decrease 
was even stronger especially with overexpression of Ha and NHabc domains. 
It is consistent with the expression of the NHabc fragment decreasing the bind-
ing of stx-1 to granule docking site and the density of docked granules and 
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exocytosis10,98. The decreased docking effect due to overexpression of NHabc 
fragment could be rescued by overexpression of full-length stx-3 but not stx-
4. Ha caused the strongest inhibitory effect on granule exocytosis, followed 
by Hb and Hc when 75 mM K+ was applied. This suggests that they are of 
equal importance which is consistent with the hypothesis that proper folding 
of the closed formation of stx-1 is required for these functions, and likely also 
for recruitment of stx-1 to the granule docking sites. It is suggested that all the 
three helices are required for clustering of stx-1 to granule sites. Totally it 
indicates that stx-1 recruits to the granule sites in its closed conformation with 
the binding of munc18 (Figure 4D). 
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Figure 4. Stx-1 clusters at the docked granule sites in its closed conformation 
bound with munc18. A. Representative images showing stx-1 WT, stx-4 WT, 
stx1SATTSS, stx4Habc1, stx1Habc4, stx1Habc4SATTSS, stx1∆Habc, stx1∆Hab, 
stx1∆Hbc, stx1∆Hac, stx1∆Ha, stx1∆Hb, stx1∆Hc, stx1∆SNARE, stx1∆N, 
stx1∆NHab. Scale bar: 1μm. B. Average images of the EGFP channel spatially 
aligned to granule locations for constructs specified in A. Scale bar: 1μm. C. Quanti-
fication of syntaxin binding to the docking site (∆F/S). D. Cartoons show that stx-1 
clusters on docked granule site while stx-4 cannot form clusters in cell plasma mem-
brane and closed conformation of stx-1 bind with munc18. 
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Ca2+ channel clustering with insulin-containing 
granules is disturbed in type 2 diabetes (Paper III) 
 
It is believed that the high [Ca2+] microdomains exist near the open pore of L-
type Ca2+ channels. Granules localized in this area are more likely to do exo-
cytosis. Experiments were designed to test this hypothesis in ND and T2D 
human β cells. When ND β cells or Ins 1 cells were stimulated with high glu-
cose or high K+, exocytosis events synchronized with the localized Ca2+ influx 
(Figure 5A-B). It is consistent with the results obtained from measuring cell 
capacitance99. Number of exocytosis events during the depolarization was 
more compared to the intervals between depolarization (Figure 5B). Exocyto-
sis is triggered by Ca2+ influx but not the increase of the average [Ca2+]cyt upon 
release Ca2+ from ER by stimulating with acetylcholine (ACh, 250 μM). This 
was blocked upon overexpression of synprint peptide in these cells, resulting 
in overall decrease of exocytosis. We conclude that localized Ca2+ influx oc-
curs preferentially near the granules with high release probability. However, 
both granule localized Ca2+ influx and the synchronization between depolari-
zation and exocytosis are disturbed in T2D β cells. 
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Figure 5. Localized Ca2+ influx through channels which cluster at the granule 
release sites. A. The averaged Fluo5F signals for ND and T2D β cells. Sequences 
are aligned to the onset of K+ application (red arrow). Scale bar = 1μm. B. Exocyto-
sis events as a function of time stimulated by high K+ in ND and T2D β cells. C. 
Cartoon shows that in ND β cells, Ca2+ channels form clusters at the granule release 
sites by interaction between synprint peptide of Ca2+ channel and munc13. Granules 
localize at the open pore of Ca2+ channels have high release probability than gran-
ules those out of this area. Both exocytosis and related Ca2+-influx were lost in T2D 
β cells.
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A fraction of docked granules co-localized with EGFP labelled-α-subunit of 
CaV1.2. This colocalization was decreased strongly when synprint or the C2 
domain of Munc13-1 was expressed. It confirms that channel clusters and 
granule docking sites interact via the synprint fragment (Figure 5C). A similar 
decrease in co-localization of channels with docked granules was seen when 
the cells were long term cultured with fatty acids to mimic the diabetogenic 
action of a high-fat diet (HFD)100. 

 
Introduction of the synprint fragment reduced exocytosis to about half, result-
ing in the loss of the initial burst phase of exocytosis. Munc13-1 binds to the 
synprint domain81 and is required for granule priming. Munc13 expression is 
reduced in T2D57 which may explain the decreased association between Ca2+ 
channel with granules in T2D. Consistent with this, exocytosis in T2D β cells 
was only a third of that in ND β cells and with a strongly reduced initial burst 
phase. Responder granules localized strongly with EGFP-CaV1.2 compared 
to the failures. This association was even higher for responders which exocy-
tosis during the first 5 s of the depolarization than those that did so later. We 
conclude that granules docked near the Ca2+ influx sites tend to undergo exo-
cytosis in burst phase. These granules are localized with L-type channels, and 
hence have higher release probability. They are identical with the granules of 
IRP (immediately releasable pool) which was defined in β cells by patch-
clamp68. 
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Conclusions 

Insulin is released in a biphasic pattern in response to elevated glucose con-
centration. An insulin-containing granule must tether, dock and prime on the 
plasma membrane before release. Among totally around 10,000 insulin gran-
ules in a β cell, only 5% are docked on the plasma membrane. SNARE proteins 
stx-1 and SM protein munc18 form clusters at docking site. The helices struc-
ture, Ha, Hb, Hc and H3, and the N-peptide of stx-1 are required for these 
clusters to form and for granule docking. Mutations in the stx-1 and munc18 
at their binding interfaces decrease the cluster formation and docking of gran-
ules, and it is proposed that stx-1 clusters at docked granule site in a munc18 
bound closed conformation. Only about 100 of the docked granules are readily 
releasable when the cell is stimulated. A subset of these, the IRP is released 
immediately when stimulated, and likely corresponds to the 1st fast phase of 
insulin secretion. Localized Ca2+ influx through L-type Ca2+ channels that 
cluster at the secretory granule site results in exocytosis of granules in IRP. 
The L-type Ca2+ channels associated with IRP granules by interaction between 
the channels’ synprint peptide and C2C domain of Munc13. Both IRP and 
Ca2+ channel clustering are lost in T2D β cells and INS1 cells treatment with 
fatty acid, to mimic the diabetic status. Granule priming, and therefore the 
release competence of individual granule is regulated by β cell signaling path-
ways. Meanwhile, incoming granules are translocated and docked on the 
plasma membrane to refill the RRP. This process is accelerated by glucose in 
non-diabetic cells, but not in T2D β cells. Replenishment of RRP requires at 
least 10 min, and is the limiting step for sustained insulin secretion. 
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