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Abstract
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Pancreatic beta-cells secrete insulin in response to increase in blood glucose concentration with
a rapid first phase and slower, sustained second phase. This secretion pattern is similar in entire
pancreas, isolated islets of Langerhans and single beta-cells and it is disrupted in type 2-diabetes.
Insulin stored in secretory vesicles has to undergo preparatory steps upon translocation to the
plasma membrane which include docking and priming before being released by exocytosis.
A better understanding of the molecules involved in these steps is required to determine the
rate limiting factors for sustained secretion. Here these processes were studied in real time
using total internal reflection fluorescence microscopy, which enables observation of insulin
granules localized at the plasma membrane. A pool of granules morphologically docked at
the plasma membrane was found to be depleted upon repeated stimulations. Recovery of the
docked pool of granules took tens of minutes and became rate limiting for sustained secretion.
Shorter depolarization stimuli did not deplete the docked pool and allowed rapid recovery
of releasable granules. When a new granule arrived at the plasma membrane, docking was
initiated by de novo formation of syntaxin/munc18 clusters at the docking site. Two-thirds of the
granules which arrived at the plasma membrane failed to recruit these proteins and hence failed
to dock. Priming involved recruitment of several other proteins including munc13, SNAP25
and Cav1.2 channels. Exocytosing granules were in close proximity to Ca2+ influx sites with
high degree of association with Cav1.2 channels. This is because of the association of these
channels to exocytosis site through syntaxin and SNAP25. During exocytosis the assembled
release machinery disintegrated and the proteins at the release site dispersed. Syntaxin dispersal
was initiated already during fusion pore formation rather than after release during exocytosis.
This was studied using a newly developed red fluorescent probe - NPY-tdmOrange2 which
was the most reliable pH sensitive red granule marker to label insulin granules. Overall these
data give new insights into the molecular mechanisms involved in biphasic insulin secretion.
Disturbances in the secretion at the level of granule docking and fusion may contribute to the
early manifestations of type-2 diabetes.
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RRP  readily releasable pool 
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SNARE  soluble NSF attachment protein receptor 
Syx  syntaxin-1A 
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RIM  rab3 interacting molecule 
NPY  neuropeptide Y 
PIP2  phosphatidylinositol 4,5-bisphosphate 
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Introduction 

Exocytosis is a fundamental cell biological process where vesicle cargo is 
released by fusion with the plasma membrane. There are two types of exocy-
tosis namely. regulated and constitutive exocytosis. Regulated exocytosis is 
triggered by Ca2+ and constitutive exocytosis is triggered without any exter-
nal stimulus. Transport or delivery of newly synthesized proteins in many 
cell types occurs through constitutive exocytosis. Regulated exocytosis re-
quires an external stimulus and occurs in mammalian cell types like pancre-
atic islet cells, neurons and immune cells. They secrete hormones, neuro-
transmitters, and cytotoxins that make up the vesicle cargo in these cells. In 
the present study, pancreatic beta-cells that release the blood-glucose lower-
ing hormone insulin was used as a model to study regulated exocytosis. 

Insulin synthesis, processing and exocytosis 
Insulin is produced in beta-cells of the islets of Langerhans in the pancreas 
and secreted according to the metabolic demands of the body. Insulin is syn-
thesized at the rough endoplasmic reticulum in the form of pre-pro-insulin. 
The amino terminal signal is removed before the export from the endoplas-
mic reticulum to the Golgi to form proinsulin. It is then packaged into imma-
ture secretory granules which acidify gradually in the trans-Golgi network. 
In granules proinsulin is cleaved by several proteases to form insulin [2]. 
Mature secretory granules are the most abundant organelles in beta-cells and 
fill out much of the cytosol. The granules translocate to the plasma mem-
brane where they can be released by regulated exocytosis. 
 
Insulin is released in response to an increase in the blood glucose concentra-
tion. Glucose is taken up by beta-cells through GLUT transporters and then 
metabolized in the cells to yield ATP. The resultant increase in the 
ATP/ADP ratio closes ATP sensitive K+- (K-ATP) channels, leading to 
gradual depolarization of the plasma membrane. Ca2+ then enters through 
voltage dependent calcium channels resulting in increase of the cytosolic 
Ca2+ concentration which triggers exocytosis of insulin granules [3].  
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Insulin secretion in response to a step increase in glucose has a biphasic time 
course, with a rapid, pronounced first phase lasting about 5-10 min followed 
by a slower but less pronounced second phase, which can be mostly resolved 
into regular pulses. This secretion pattern is characteristic of the entire pan-
creas, isolated islets and single beta-cells alike. The pattern is altered in early 
stages of the development of type-2 diabetes with a blunted first phase and 
irregular pulsatility [4,5]. However, the underlying mechanisms are not un-
derstood. Theoretical average insulin granule release rates during the first 
phase is approximately 20 insulin gr*min-1 (granules per min) and 6 gr*min-1 
during second phase [6]. Although these rates have been confirmed in mu-
rine beta-cells [7] the rates remain inconclusive in human beta-cells. Capaci-
tance measurements of exocytosis in murine beta-cells demonstrated that 
only about 100 of the nearly 10,000 granules can be released immediately in 
response to high Ca2+ [8,9,10]. The number of releasable granules in human 
beta cells is approximately 300 [11]. The Ca2+ concentration required for 
exocytosis of these granules is 10 times higher than the average Ca2+ concen-
tration seen in stimulated beta-cells [12,13,14]. Such high Ca2+ concentra-
tions are believed to be achieved only at the mouth of the voltage dependent 
calcium channels. Ca2+ entry from the voltage dependent calcium channels 
generates a spatial Ca2+ gradient where there is at least 3 fold higher Ca2+ at 
the exocytosis sites compared to bulk of the cytoplasmic Ca2+. The granules 
that release immediately in response to voltage dependent elevation of intra-
cellular Ca2+ concentration are defined as the readily releasable pool of gran-
ules (RRP). These granules account for less than 1% of the total granules in 
a beta cell. The RRP is quickly exhausted, but gradually replenished from a 
“reserve pool” of granules [8,9,10,15,16]. These granules are in the vicinity 
of the plasma membrane but have to undergo several steps known as priming 
before they become release ready (Fig 1). The availability of release 
ready/primed granules thus determines the amplitude of first phase and lim-
its the rate of secretion during second phase.  

 
A small subset of RRP granules which account for the first few granules 
released upon influx of Ca2+  are assumed to be located in the immediate 

Fig 1. Life cycle of a secretory granule 
at the plasma membrane. Secretory 
vesicles translocate to the plasma mem-
brane where they dock. Docked granules 
undergo ATP dependent steps referred to 
as priming to form a readily releasable 
pool (RRP) of granules. In beta-cells 
entry of Ca2+ through voltage gated cal-
cium channels trigger exocytosis with 
resulting release of insulin (modified 
from [1]). 
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vicinity of the Ca2+ channels and are referred to as immediately releasable 
pool (IRP)[17]. These granules undergo exocytosis with rates that are transi-
ently as high as 650 granules*s-1 compared to 500 granules*s-1 for RRP 
granules. This suggests that IRP granules experience Ca2+ concentrations 
well above the average observed in the bulk of the cytosol (˜2µM) [12,14]. 
Nanodomains, where Ca2+ reaches tens to hundreds of µM, are expected to 
develop near the mouth of open Ca2+-channels. This is consistent with a 
model where IRP granules are situated in the vicinity of voltage-dependent 
Ca2+-channels, where domains of high Ca2+ develop [17,18,19]. However, 
direct evidence for these channels clustering at the release site is lacking. L-
type Ca2+-channels conduct the majority of the Ca2+ that enters the beta-cells. 
Mouse β-cells express predominantly the LC-type channel (CaV1.2) [17,20] 
while rats and humans express LD-type channel (CaV1.3) [21,22,23]. These 
channels have been reported to bind proteins of the exocytosis machinery, 
such as syntaxin, synaptotagmin, RIM and RIM binding protein 
[24,25,26,27,28,29,30]. The interaction site of neuronal Ca2+-channels is a 
loop between its transmembrane domains II and III, which is often referred 
to as synprint site. A peptide derived from the corresponding region of the 
LC-type channel ablates fast secretion [17] in beta-cells and in neurons 
[31,32,33]. The Synprint peptide from the LC but not LD-type channels binds 
to the SNARE (soluble N-ethylmaleimide sensitive factor attachment protein 
receptor) proteins syntaxin and SNAP25 [30,34]. This suggests that the LC-
type channels expressed in mouse beta-cells interact with the SNARE pro-
teins and overexpression of synprint peptide blocks this interaction by in-
creasing the distance of the exocytotic machinery to the Ca2+ influx site. 
 
Secretory granules visualized in electron micrographs of beta-cells [35] and 
other secretory cells [36,37,38,39] show a subset of granules which are in 
immediate vicinity to plasma membrane and are referred to as “morphologi-
cally docked” granules. These granules are observed to have restricted mo-
bility in the fluorescent field in live cells [40] suggesting a physical binding 
to the membrane [41]. Upon stimulation, more than half of the granules in 
the vicinity of plasma membrane were lost in chromaffin cells [39]. This 
shows that the exocytosis occurs from the pool of docked granules 
[15,42,43], although this has been challenged by reports of granules that fuse 
immediately after arrival at the plasma membrane [44,45,46,47].  
 
At least 10% of the granules in EM micrographs of beta-cells of the approx-
imately 10,000 granules are docked. Not all docked vesicles are fusion com-
petent since the primed pool is limited to a only few hundred granules [48]. 
Hence granules can be classified to docked and primed pools based on their 
functionality and distance to the plasma membrane (fig 1) [49,50,51]. 
Primed granules in the vicinity of the plasma membrane are released during 
the first phase in beta cells stimulated with glucose. During the second phase 
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the release rate is slowed down due to replenishment of primed granules in 
an ATP-dependent process [52]. This biphasic time course observed during 
glucose stimulation results in exocytosis from pre-docked granules [8,15]. 
Repeated stimulations by patch clamp depolarizations result in a larger frac-
tion of pre-docked granules being released, despite this a large fraction of 
docked granules are left at the plasma membrane [8,53]. A small fraction of 
docked granules (<15%) remain resistant to repeated depolarizations since 
they are in dead-end docked state [53]. The requirement of docking and 
priming (sequential model) as a prerequisite for exocytosis remained un-
doubted [8,15] until it was reported that granules could fuse immediately 
upon arrival at the plasma membrane [7,46,47,54,55]. This pattern of exocy-
tosis called crash fusion is mostly observed during the second phase of glu-
cose stimulated insulin secretion owing to limited availability of docked 
granules during this phase (Fig 2). In concert with this observation there 
have also been reports of docking being a constraint for granules which are 
release ready [56]. In contrast granules in the sequential model stay at the 
plasma membrane and hence have a chance to recruit priming factors and 
become release ready assuming that they have not been primed before arrival 
at the plasma membrane. Both models are based on results from rodent pri-
mary beta-cells and chromaffin cells but have never been reported in human 
beta-cells.  
 
 
 
 
 
 
 
 

 
Proteins involved in exocytosis 
The molecular and physiological mechanisms of membrane fusion  is similar 
in different types of cells. Most of the proteins involved in neurotransmitter 
release have also been identified in beta cells and perform a similar role dur-
ing exocytosis [57]. SNARE proteins drive the membrane fusion. Syntaxin 
and SNAP25 are the SNARE proteins localized in the plasma membrane 
(target membrane), referred to as t-SNAREs. VAMP2 is a SNARE protein 
localized to the vesicle membrane and is thus called a v-SNARE. The 
SNARE domains of syntaxin and SNAP25 in the target membrane and that 
of VAMP2 on the vesicle membrane form a zipper which can progressively 
overcome the energy barrier of membrane fusion [58,59]. Several studies 
suggest that about 3 SNARE complexes are sufficient to drive fusion of a 

Fig 2. Granule availability for fusion. 1. 
An incoming granule sequentially follows 
docking and priming steps before fusion 
2. An incoming granule undergoes fusion 
without passing through the docking 
(crash fusion) as suggested in the alter-
nate model for fusion. 
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vesicle [60,61,62,63,64,65]. This is consistent with the energy requirements 
of the fusion reaction and the energy released during SNARE complex for-
mation [66]. 

Synaptotagmin is the Ca2+ sensor of exocytosis and has a dual role, acting 
both during priming and fusion. Synaptotagmin acts as a clamp such that the 
zipper formed by the trimeric SNARE complex initially is blocked but be-
come released upon binding of Ca2+ to the C2 domains of synaptotagmin 
[67]. In addition, it has been proposed that Ca2+ independent binding of syn-
aptotagmin to the membrane phospholipid PIP2 (phosphatidylinositol 4,5-
bisphosphate) can position the vesicles such that they can interact with syn-
taxin and form a SNARE complex [68,69]. This view has been supported by 
the observation that PIP2 can form microdomains in the plasma membrane. 
These microdomains partially co-localize with syntaxin clusters, which in-
creases upon increase in PIP2 at the plasma membrane [68,70,71]. Syntaxin 
clusters are made up of 50-70 molecules of syntaxin and these molecules in 
the cluster are in rapid equilibrium with unbound molecules [72,73,74]. 
Clusters of SNAREs are associated with docked granules and  facilitate exo-
cytosis [75]. 
 
All SNARE proteins contain at least one SNARE motif, VAMP2 and syn-
taxin also have a membrane anchoring transmembrane region. Syntaxin is 
the only SNARE protein possessing an additional N-terminal domain, which 
folds over the SNARE domain keeping syntaxin in a closed conformation 
[76,77]. The N-terminal domain, which accounts for 60% of the protein is 
composed of a short N-peptide and a Habc domain [78,79]. Munc18 binds to 
syntaxin through its N-terminal domain and the SNARE domain 
[80,81,82,83,84] by forming an intramolecular coiled coil between the 
SNARE domain, N-terminal Habc domain [85,86]. This results in confor-
mation change at Habc domain of syntaxin making it accessible for for-
mation of the SNARE complex. Munc18 is stabilized by binding to the Habc 
domain and munc18-SNARE complexes mediate different functions during 
synaptic vesicle exocytosis. Deletion of the Habc domain resulted in de-
crease in the size of the RRP at the synapse [87]. Furthermore, deletion of 
the N-terminal domain of syntaxin abolishes clustering of protein at the 
granule sites [75]. The SNARE-munc18 protein complex disassembles after 
fusion and is thought to be recycled for future fusion processes. The recy-
cling is done by proteins such as N-ethylmaleimide sensitive factor (NSF) 
and soluble NSF attachment protein alpha (αSNAP) so that the individual 
SNARE components are made available for the future fusion processes [51]. 
SNARE proteins further coordinate with accessory proteins to facilitate exo-
cytosis [59,88,89]. 
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Munc13 is another SM (sec1/munc18-like) protein implicated in neuro-
transmitter release [90]. Expression of the MUN domain of munc13 alone 
can rescue exocytosis in munc13 knockout mice [89]. Munc13 is involved in 
the transfer of vesicles to RRP during priming [91,92,93]. This function is 
regulated by Ca2+ and a Rab3a interacting protein called RIM [94]. Knock-
down of RIM leads to severe defects in priming, which can be rescued by a 
mutant of munc13 [95]. The MUN domain of munc13 increases the transi-
tion rate between syntaxin-1/munc18 complex to SNARE complex [96,97].  
 
Rab3a is a G-protein that plays a role in late steps of exocytosis. Rab3a cy-
cles between an active form when bound to GTP and an inactive form when 
bound to GDP [98]. Hydrolysis of GTP on rab3a by the intrinsic GTPase 
activity leads to dissociation of rab3a from the vesicle membrane during 
exocytosis [99]. Rab3a binds directly to munc18 and has been shown to have 
a major role during docking [100,101]. Increase in its expression leads to 
increase in the number of docked granules [102] and a decrease in the num-
ber of docked granules in rab3a knockdown [103]. Consistent with the role 
of rab3a in membrane trafficking its expression is highest in brain and endo-
crine cells [104]. Rab3a interacting molecule (RIM) has been implicated in 
vesicle fusion [105]. RIM is involved in tethering of voltage gated calcium 
channels to the release site. As discussed above this is critical for coupling of 
influx of Ca2+ to fusion [106]. The stoichiometry and time course of recruit-
ment of these proteins to the release site remains unknown. 

The SNARE and SM proteins syntaxin 1 [7,107,108,109], SNAP25 
[37,108], VAMP2 [37], Munc 18 [37,110] and synaptotagmin [37] have a 
role in granule docking apart from their role in exocytosis. Knock down of 
any of these proteins leads to severe defects in docking. Knockdown of syn-
taxin abolished exocytosis and markedly reduced the number of docked 
granules [107,110]. Syntaxin without the Habc domain does not co-localize 
with docked granules [75] compared to full-length syntaxin which has a very 
high degree of co-localization [75,111]. 

Kinetics of exocytosis 
A transient pore is formed when vesicle membrane and plasma membrane 
fuse during exocytosis  [8,112,113,114,115,116,117]. This initial pore has 
been shown to be too narrow to allow release of the relatively large insulin 
molecule [8,116,118]. In endocrine cells including beta cells, the pore can 
open and close several times before release of the granule content 
[8,119,120,121]. Dilation of the pore can lead to complete cargo release and 
the fusion pore dynamics may be influenced by several external stimuli 
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[116,122]. Fusion pore lifetime and size have been studied by patch clamp 
techniques in beta-cells [115,116,118,123].  
 
Total Internal Reflection Fluorescence (TIRF) microscopy of labeled insulin 
granule proteins has enabled the study of formation and dissipation of the 
fusion pore [118,124,125].  A better understanding of molecules involved in 
the regulation of the fusion pore is limited by the availability of probes to 
study the pore kinetics. The pH of the vesicle lumen is acidic but changes to 
neutral when the pore establishes contact between the luminal content and 
the extracellular fluid. This pH change can be used to follow the opening and 
collapse of the pore with pH-sensitive fluorescent proteins with near neutral 
pKa. PHluorin with a pKa of 7.6 [126,127], is often used to study the kinet-
ics of exocytosis process [128,129,130,131,132]. Although fluorescent pro-
teins with near neutral pKa are readily available in the green spectrum, red-
emitting pH-sensitive fluorescent proteins are rare. They are also often not 
well characterized as reporters of exocytosis. Red-emitting pH-sensitive 
fluorescent proteins offer better spectral separation during dual and triple 
color applications with blue and green fluorescent proteins. This is beneficial 
in the triple color imaging of the behavior of proteins involved in exocytosis 
and would give a better understanding of the exocytotic machinery, since the 
fusion pore is thought to be formed due to conformational changes in the 
SNARE complex [133,134].  
 
In order to follow the life cycle of the insulin granule during docking, prim-
ing and fusion, we use TIRF microscopy. TIRF microscopy allows studies of 
fluorescent molecules within 100 nm of the plasma membrane. The spatial 
organization of various proteins at the granule site was studied to understand 
the mechanisms involved in biphasic insulin secretion. 
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Methods 

Cells and human islets for studies of insulin secretion 
Murine beta cell lines are commonly used to study insulin secretion. Even 
though there are many murine beta cell lines, very few of them stably mimic 
the insulin secretion achieved in freshly isolated primary beta-cells. In re-
sponse to glucose rat insulinoma - INS1 cells exhibit 2 to 4 fold increase in 
insulin secretion [135] which in comparison to the 15 fold increase in prima-
ry cells [136] is small. A clone of INS1 cells called 832/13 has been reported 
to secrete 13 fold increase in insulin secretion in response to glucose stimu-
lation [137]. Hence this was used as a model for studying insulin secretion.  

We used human pancreatic islets (paper I and III) kindly provided through 
the Nordic Network for Clinical Islet Transplantation, Uppsala facility. INS1 
cells were transfected with plasmid expression vectors and the dispersed 
human islet cells were infected with adenoviral expression systems. 

Microscopy  
TIRF microscopy - Insulin granule exocytosis can be visualized in real 
time using fluorescence microscopy. Exocytosis of insulin can be visualized 
at the plasma membrane of the cell which is >10nm in thickness. Detection 
of fluorophores labelled to monitor exocytosis improves with better signal to 
noise ratio and elimination of fluorescence from the background. TIRF mi-
croscopy uses an evanescent wave to selectively illuminate the fluorophores 
in a 100-150 nm thin layer of the cell surface adhered to the glass coverslip 
[138]. Cells transfected with fluorescently labelled proteins of interest were 
imaged using a custom-built lens-type TIRF microscope with a resolution of 
0.16 μm per pxl with red (excitation 561 nm/emission 610 nm) and green 
channels (excitation 488 nm/emission 523 nm). 
 
Single molecule imaging – TIRF microscopy can be used to visualize 
live cells with a resolution of 10-20 nm. This technique was exploited to 
study the behavior of single molecules of syntaxin and L-type calcium chan-
nels in relation to insulin granules. Single molecules were identified based 
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on characteristic single step bleaching observed in cells expressing very low 
levels of the EGFP tagged protein. 

 
Confocal microscopy – The distribution of soluble proteins with respect 
to granules localized in the cytoplasm was visualized using confocal micros-
copy. In this technique elimination of out of focus light results in higher 
contrast images of the focal plane. Confocal imaging was done with a Zeiss 
LSM780 microscope using a ×63/1.40 objective (Zeiss) with sequential 
scanning of the red (excitation 561 nm, emission 578–696 nm) and green 
channel (excitation 488 nm, emission 493–574 nm). 
 
Fluorescently tagged proteins for imaging – Dual or triple color fluo-
rescence microscopy depends on well-defined spectral separation of the 
fluorophores used. The combination of EGFP and mCherry are widely used 
for two-color simultaneous imaging due to their well separated excitation 
and emission spectra. Therefore neuropeptide Y (NPY) tagged to mCherry 
and EGFP tagged to proteins involved in exocytosis machinery were transi-
ently co-transfected for dual color fluorescence microscopy applications. 
Fluorescent proteins with near neutral pKa are beneficial in sensing the 
change in pH between acidic and neutral during exocytosis. EGFP has a pKa 
of 6 and is hence very beneficial to study the kinetics of exocytosis 
[8,129,139,140,141]. Red-emitting pH-sensitive fluorescent proteins are rare 
and often not well characterized for dual color applications as reporters of 
exocytosis although some of them have been characterized for endocytosis 
[142,143].  

Image analysis 
Visualizing insulin granule dynamics – Cells with NPY-tagged fluo-
rescent protein containing granules were imaged with TIRF microscopy. 
Granules appeared punctate in the TIRF field and most of them were station-
ary. A small fraction of granules appeared in the TIRF field and became 
arrested after reaching their highest brightness, likely because they became 
bound to the plasma membrane. Granules that approach the TIRF field and 
become laterally confined for at least 2 frames can either dock or just visit 
the plasma membrane. We define docking as granules that remain confined 
at least 60-90 s; visitors were those granules that remained for <60 s after 
appearing at the plasma membrane. Granules that are not stable at the plasma 
membrane and lose its fluorescence over a time of 1-2 s and disappear from 
the TIRF field are referred to as undocking. Exocytosis events in comparison 
were characterized by rapid loss of the granule marker fluorescence within 
0.2s and were visualized when the cells were depolarized with high K+. Exo-
cytosis with NPY-Venus and -EGFP as granule markers were preceded by an 
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increase in fluorescence lasting up to several seconds due to the pH-
dependent dequenching that occurs when the fusion pore opens [8]. This 
increase was not seen in cells expressing pH insensitive constructs such as 
NPY-mCherry, although the rapid loss of the granule fluorescence remained 
a reliable marker of exocytosis. 

 
Quantifying insulin secretion - Insulin secretion was measured by de-
tecting the frequency of exocytosis events from at least 10-15 cells per con-
dition. Insulin secretion is often measured through enzyme-linked assays, 
which measures the secreted insulin. They are limited by temporal resolution 
and require a large number of cells. Capacitance measurements provides 
very high temporal resolution and allow detection of individual vesicle fu-
sion events in single cells [1,144]. However, this technique is somewhat 
invasive and only allows recordings from one cell at a time. In the present 
work, insulin secretion was measured by monitoring the frequency of exocy-
tosis events in the TIRF field over time. The optical imaging technique mim-
ics capacitance measurements in providing high temporal resolution. Exocy-
tosis was evoked by high K+ applied by computer-timed local pressure ejec-
tion through a glass pipette. This protocol bypasses the metabolic aspects of 
glucose stimulation and is generally thought to mimic the 1st phase of insulin 
secretion [145]. Indeed, after K+ stimulation many cells initially show a high 
frequency of exocytosis that decreased after the first few minutes, somewhat 
reminiscent of biphasic insulin secretion [124].  
 
Quantification of proteins at the release site - To quantify the degree 
of co-localization of proteins to the granule site INS1 cells were cotransfect-
ed with granule marker NPY-mcherry and various EGFP-tagged protein 
constructs. Syntaxin 1 (Syx1) clusters that colocalize with morphologically 
docked granules at the plasma membrane is observed in a variety of cells 
[75,146,147,148]. We confirmed that Syx1-EGFP aggregated in small clus-
ters that appeared diffraction limited in size (<0.2µm) and that they were 
overlaid on a hazy background of diffuse Syx1-EGFP fluorescence. To 
quantify this specific association, we applied “location-guided averaging” 
[74,75], somewhat analogous to classical binding assays. Fluorescence from 
granule-bound syntaxin1-EGFP (∆F) and free syntaxin molecules in the 
surrounding membrane area (S) was measured; their relationship follows a 
simple one-site binding model in the form ∆F = Bmax*S/(Kd + S), where the 
initial slope ∆F/∆S (approximated by ∆F/S for S<<kD) is proportional to the 
binding affinity (Bmax/kD) to the granule site. Small images spatially aver-
aged clearly showed a syntaxin1 spot at the granule site, but not at random 
locations [75]. Similarly, other proteins enriched at the granule site to vary-
ing degrees. Rab3a, Rab27a, RIM, syntaxin3 was similar to syntaxin1 
whereas munc18 and munc13 resulting in about half of this affinity. 
Granuphilin and rabphilin accumulated much more than syntaxin1. Ca2+-
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channel subunit CaV1.2 and NSF accumulated to one third of the level of 
syntaxin1. SNAP 25, rab7a, NCX1, alpha-SNAP, and a probe for phosphati-
dylinositol 4,5-biphosphate (PIP2) [149] accumulated to one fourth of the 
level of syntaxin1, but they were all significantly enriched at the granule site 
when compared with random regions in the PM. We conclude that a number 
of proteins, probably not limited by those tested here, accumulate at the 
docking site (Fig 3). 

 
Fig 3. Quantification of proteins at the docking site - A Quantification of granule 
associated fluorescence (c-a=∆F), and nonspecific fluorescence (a-bg=S). The ratio 
∆F/S is proportional to the proteins affinity to the docking site for the proteins me-
tioned in the figure. B Average images of the same constructs at the granule site or 
at random locations (rand). C Images of cells expressing the constructs indicated in 
A. 
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Aims 

This thesis addresses the following questions: 

I. How does granule docking and priming relate to phasic insulin se-
cretion? 

The availability of release ready granules determines the rate of biphasic 
secretion. Therefore the recovery of this pool is crucial for sustained secre-
tion. The aim of this study was to investigate if the preparatory steps which 
include docking and priming; become rate limiting for the recovery of re-
lease ready granules. 

II. How is the exocytosis machinery assembled during docking and 
priming? 

Binary acceptor complexes of syntaxin and SNAP25 have been proposed as 
docking receptor [37,148]. Granules that bind to these docking receptors are 
assumed to recruit other proteins involved in exocytosis upon docking (Fig 
4). Direct evidence for this model of docking is lacking. The aim of this part 
of the work was to study the mechanism of docking and recruitment of these 
proteins before exocytosis in real time using total internal reflection fluores-
cence microscopy. 

 
Fig 4. Alternative mechanisms of docking tested. 1. The incoming granule docks 
randomly to form its own nanodomain which recruits other proteins before its re-
lease or 2. The incoming granule should dock at a preexisting release site with 
SNARE proteins 
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III. What is the basis for synchronization between electrical activity and 
exocytosis?  

Electrophysiological and biochemical data suggest that L- and P/Q-type 
channels functionally couple to the proteins which are part of the exocytosis 
machinery [24,25,26,27,28,29,30]. Using high resolution microscopy com-
bined with spatiotemporal mathematical modeling we aim to see how the 
vicinity of exocytosing granules to localized Ca2+ influx sites influence the 
granule’s probability to undergo exocytosis. We also study the association of 
these Ca2+ influx sites to Ca2+ channels. 

IV. Which is the best granule marker to study the kinetics of exocytosis 
and release? 

NPY tagged fluorescent proteins are valuable tools for studying vesicle traf-
ficking processes like exo and endocytosis. There are very few red-emitting 
pH sensitive fluorescent proteins that sense the change in pH during these 
processes and therefore beneficial in dual color applications. We test a panel 
of red fluorescent proteins to identify the best granule marker for study of 
exocytosis.  
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Results and Discussion 

Depletion of the docked granule pool becomes a rate 
limiting factor for sustained secretion (Paper I and II).  
A large fraction of ~10,000 total granules in beta-cells are fusion incompe-
tent at any given point of time [35]. To determine what fraction of granules 
at the plasma membrane is fusion competent, we stimulated human islet cells 
with glucose (10mM) or high K+ (75mM). Stimulation with glucose resulted 
in high frequency of exocytosis (0.12 gr*s-1) followed by lower frequency of 
exocytosis (0.02 gr*s-1) for 200 s after stimulation. This is reminiscent of 
pronounced insulin secretion observed initially in response to glucose in 
mouse beta-cells [52,150]. Similar to previous studies in human beta cells 
[151] short bursts of exocytosis events interrupted by intervals without se-
cretion were observed in a large fraction of the cells. More than a third of the 
docked granules were lost at the end of the experiment. To bypass the meta-
bolic aspects of glucose stimulation, high K+ stimulation was applied result-
ing in shorter stimulation time. This resulted in kinetics similar to first phase 
during glucose stimulation but half of the docked granules were lost already 
within 60 s. These results are consistent with data from patch clamp depolar-
ization stimuli in some of the previous studies [35,152] where it took 60-120 
s to recover the high frequency of exocytosis in subsequent depolarization 
stimuli [48]. Here high K+ stimulation was repeated on the same cell instead 
of patch clamp depolarizations in previous studies. A larger pool of docked 
granules were present before stimulation which resulted in high frequency of 
exocytosis (0.9 gr*s-1) during the initial stimulation. In contrast subsequent 
stimulation of the same cell resulted in decreased frequency of exocytosis 
(0.1 gr*s-1). In concert with this there were fewer docked granules due to its 
depletion during first stimulation which could not be recovered in time (2 
min) for subsequent stimulation. This would mean that the rate of docking 
(0.05 gr*s-1) cannot keep pace with the rate of exocytosis (0.9 gr*s-1). In 
agreement with this prediction, the rate of exocytosis was still not complete-
ly recovered 20 min after the initial stimulation (0.6 vs 0.9 gr*s-1). Hence 
recovery of the docked pool of granules requires tens of minutes and is rate 
limiting for sustained secretion. 

 
These results indicate that docking is a pre-requisite for sustained secretion 
and this conclusion is consistent with previous studies [8,15]. However, this 
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view has been challenged by evidence that new incoming granules can re-
lease without docking, a process referred to as “crash fusion” [7,54,55] (fig 
2). To further clarify whether docking is a pre-requisite for fusion we tracked 
granules in INS1 cells with TIRF microscopy for 120 s to check if they were 
confined to their position under non-stimulatory conditions. This was fol-
lowed by stimulation with high K+ to trigger exocytosis. This experiment 
demonstrated that granules which underwent exocytosis in response to K+ 
had been docked and immobile for at least 25 s before fusion. In contrast, 
granules which showed movement before stimulation did not undergo exo-
cytosis. New incoming granules (granules which were not seen in the TIRF 
field in the beginning of the observation period) showed a high degree of 
movement in the sub-membrane space but did not undergo exocytosis within 
the time frame of the experiment. These data suggest that docking indeed is 
a prerequisite for exocytosis. Crash fusion was reported mostly during glu-
cose stimulation [7], which typically requires extended observation periods. 
One possible explanation for the discrepant results may be that the granule 
label progressively bleaches making the granules difficult to detect. Howev-
er, when the granules exocytose, they would increase in brightness due to the 
dequenching that occurs when the label is exposed to the neutral extracellu-
lar pH.  In summary, granule docking is a prerequisite for exocytosis and 
recovery of the docked granule pool may therefore become a rate limiting 
factor for sustained insulin secretion. 

Conversion of docked granules to RRP is slow  
(Paper I). 
Upon stimulation with high K+ a subset of docked granules responded result-
ing in exocytosis of these granules (responders) in human beta-cells. Long 
repeated depolarizations resulted in fusion of about half of the docked gran-
ules. The remaining granules underwent exocytosis during subsequent depo-
larizations but not during the first stimulation. Although there was availabil-
ity of docked granules in subsequent stimulations there was a decrease in 
frequency of exocytosis. This observation is consistent with the results from 
INS1 [8] and PC12 cells [53]  and suggests that docked granules are not 
necessarily fusion competent but they have to be primed before they can 
undergo exocytosis. The rate of priming was determined by the time taken 
for a set of newly docked granules to attain release competence. The release 
probability was calculated and expressed as a function of residence time of 
the newly docked granules at the membrane before exocytosis. Half-
maximal release probability was reached after 3 min. This rate is slower than 
the previous estimates of ~1 min for RRP refilling in mouse beta cells 
[48,153]. This difference might be due to differences in the depolarization 
protocols. Thus, long depolarizations used in the present study might be 
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more efficient in depleting the docked and primed granule pool than shorter 
depolarizations used in previous studies. Short depolarizations (<2 s) neither 
depleted the docked granules nor reduced the frequency of exocytosis during 
subsequent stimulations. Hence the supply of primed granules may be suffi-
cient during short stimulations [10]. A small fraction of the docked granules 
never undergo fusion, which would mean that they never get primed for 
release and hence are in a dead-end docked state [53]. In spite of this, dock-
ing and priming determine the availability of release ready granules. From 
the previous experiments recovery of docked pool would take tens of 
minutes, in addition to this they have to be primed to become release compe-
tent. Therefore during long stimulations availability of release ready gran-
ules becomes rate limiting for sustained secretion. 

Mechanism of docking (Paper II) 
Two-thirds of the granules that arrived at the plasma membrane did not re-
side at the membrane for more than 20 s and only one third of the granules 
had a longer residence resulting in stable docking. Currently it is believed 
that granules that arrive at the plasma membrane bind to pre-determined 
docking sites. These sites are thought to be binary acceptor complexes made 
up of SNARE proteins localized to plasma membrane, syntaxin and SNAP25 
which act as docking receptors. Incoming granules with VAMP2 has been 
proposed to bind to these docking receptors to form a stable docking com-
plex [37,69,148].  When we simultaneously imaged granules and syntaxin 
with TIRF microscopy we did not find pre-existing syntaxin clusters to 
which incoming granules docked. Instead, syntaxin clusters were formed 
upon granule arrival at the plasma membrane. When syntaxin clustering was 
prevented by overexpression of the Habc fragment, stable docking was in-
hibited. In neuronal cell types the Habc domain of syntaxin directs the pro-
tein to granules [75,154] and deletion of this domain results in fewer releas-
able vesicles [87], this might be due to the strong docking phenotype similar 
to our observation in INS1 cells. Munc18 clusters were formed on a similar 
timescale as syntaxin and these proteins co-localize at the granule site. Only 
one third of the granules, which visited the plasma membrane, docked and 
induced de novo formation of syntaxin/munc18 clusters. No clusters were 
observed at granules that visit the plasma membrane and they failed to dock. 
This observation suggests that granules may carry molecular cues that initi-
ate syntaxin/munc18 recruitment and which confer weak interactions be-
tween the granule and the plasma membrane during the tethering phase [41]. 
Candidates for such molecules are, the small GTPases Rab3 and Rab27. 
They have been demonstrated to be involved in docking [103] and to interact 
with the rab3 effector protein RIM [155]. Consistent with this idea, at least 
some of the granules arriving at the membrane carried munc18 and rab3 
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which could bind syntaxin to bridge the two membranes. Another candidate 
is synaptotagmin, which can bridge vesicle and target membranes in a lipid- 
and Ca2+-dependent manner [156,157]. However, since synaptotagmin does 
not bind the Habc-domain of syntaxin [158], the present observation that the 
Habc domain prevents granule docking is inconsistent with direct binding 
between synaptotagmin and syntaxin initiating the docking process [37]. In 
conclusion, these data show that incoming granules induce de novo for-
mation of syntaxin/munc18 clusters, which is a prerequisite for stable dock-
ing. 
 

 

 

 

 

Organization of exocytosis machinery during granule 
priming (Paper II and III).  
The assembly of the exocytosis machinery requires recruitment of SNAREs 
and many other proteins to the release site. We followed the recruitment of 
some of the key proteins, including munc13 and SNAP25, to the release site. 
The bulk of munc13 and SNAP25 were not recruited to the release site until 
about 40 s after docking. The calcium channel Cav1.2 was recruited to a 
subset of docked granules on a similar timescale. The timing of recruitment 
of munc13, SNAP25 and Cav1.2 in our experiments is consistent with a role 
in priming rather than docking. Munc13 binding to the plasma membrane 
during priming [91,96,159] is dependent on PIP2 and Ca2+ [160] and directly 
binds syntaxin and munc18 [96,161]. Rab3 interacting protein RIM1 is 
known to bind munc13 [159] and SNAP25 [24] and this interaction might be 
responsible for driving munc13 and SNAP25 to the release site in a Ca2+ 
dependent manner [162]. Consistent with this idea, rab3a co-localized with 
granules before they docked resulting in rab3a being recruited with the gran-

Fig 5. Interaction via syntaxin's 
Habc domain recruits clusters to 
the docking site.  
A) A granule approaching the 
plasma membrane tethers and 
forms a stable docking complex 
upon syntaxin clustering. B) Addi-
tion of a soluble N-terminal Habc 
fragment of syntaxin competes 
with native syntaxin. The granule 
can dock as long as sufficient 
wildtype syntaxin is available to 
the incoming granule. C) Increased 
expression of N-terminal Habc 
fragment competitively binds to 
incoming granules and hence 
prevents granule docking.
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ule to plasma membrane during granule docking. RIM1 is also known to 
bind Cav1.2 channels [24,27,163,164,165]. Such binding might provide a 
structural framework for channel recruitment and further interaction with 
SNARE proteins syntaxin 1A and SNAP25 [28,34,166]. The late recruitment 
of these proteins during granule priming explains the slow rate of organiza-
tion of the exocytosis machinery. The time taken for these proteins to be 
recruited to the granules in part explains why not all docked granules are 
fusion competent. 

Disintegration of the exocytosis machinery during 
membrane fusion (Paper II and III). 
Although it is clear that the fusion competent granules have the exocytosis 
machinery in place [167,168,169,170], it remains unclear how big this frac-
tion is and what happens to the proteins after fusion. We could detect clus-
ters of syntaxin, munc18, munc13, rab3a and SNAP25 at a subset of gran-
ules which underwent fusion. Clusters of these proteins were found to co-
localize to some extent with non-responding granules too, but the accumula-
tion was significantly higher at the responding granules. Within seconds 
after exocytosis the complex disintegrated with the exception of SNAP25, 
which remained clustered even 2 s after exocytosis. 20% of the syntaxin also 
remained at the granule site 2 s after exocytosis. This might reflect the pres-
ence of some SNARE complexes remaining intact due to delayed recruit-
ment of recycling factors, such as NSF, which is required to release the 
SNARE complex in to its constituents [171].  

 
The exocytosis machinery binds to Cav1.2 channels via the synprint site of 
the channel [30,172]. The Cav1.2 channels conduct the majority of the Ca2+ 
that enters the beta-cell during electrical activity. They are localized to a 
subset of docked granules. Granules undergoing fusion were associated 
with stronger EGFP-CaV1.2 signals than those that failed. Most of the exo-
cytosing granules were released within 5 s resulting in a high frequency 
exocytosis after the application of the depolarization stimulus. Cav1.2 clus-
ters at these granules disintegrated within 4 s after exocytosis. When the 
granule association with Cav1.2 channels was blocked by co-expression of 
synprint fragment the number of responding granules markedly declined. 
There was a low frequency of exocytosis when cells were stimulated with 
Ach to release intracellular Ca2+. During depolarization-dependent Ca2+-
influx, a subset of RRP is faster and well synchronized with the depolariza-
tion stimulus and called as the immediately releasable pool (IRP). Our find-
ing that Ca2+-channel-associated granules undergo rapid, synchronized exo-
cytosis suggests strongly that these granules correspond to the IRP which is 
observed in capacitance measurements [17]. The IRP granules are release 
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ready granules with the exocytosis machinery in place allowing immediate 
fusion upon Ca2+ influx. The exocytosis machinery disintegrates within a 
few seconds after exocytosis and cannot be reused by newly incoming gran-
ules (fig 6). 

The release probability increases with  the proximity of 
a granule to Ca2+ influx sites (Paper III). 
Higher density of Cav1.2 channels does not necessarily result in increased 
Ca2+-influx at these sites since all the channels are not open. To test for lo-
calized Ca2+-influx, we visualized Ca2+-influx sites using a low affinity Ca2+ 
indicator Fluo5FF in dispersed human islet cells and the genetically encoded 
Ca2+ sensor R-GECO targeted to plasma membrane in INS1 cells. Spatio-
temporal averaging of the Fluo5FF and R-GECO images following a depo-
larization stimulus revealed fast and localized Ca2+-influx at responding 
granules, while the signal was slower and more diffuse at non-responding 
granules. When the cells were instead stimulated with a short pulse of ace-
tylcholine (ACh, 250 µM), which causes release of Ca2+ from intracellular 
stores, the GECO signal was not localized to the granule site. Likewise, ex-
pression of the synprint fragment derived from CaV1.2 prevented granule-
localized Ca2+-influx. Mathematical modeling of Ca2+-influx confirmed that 
the observed rates of Ca2+-entry and distribution are consistent with localized 
Ca2+-influx near granules. A spatiotemporal mathematical model with time-
to-event statistical analysis [173] allowed us to calculate the release proba-
bility. The results demonstrated that if a Ca2+ channel moves closer to a 
granule and reduces the distance between them by 50%, the release probabil-
ity per time unit increases ~4 fold. This finding is consistent with the re-
sponding granules showing a higher density of closely associated Cav1.2 
channels. 

Kinetics of exocytosis and release (Paper IV). 
A fusion pore forms when the vesicle and plasma membranes are melting 
together during exocytosis, and this process is thought to require conforma-
tional changes in the SNARE complex [133,134]. To investigate how the 
SNARE proteins relate to the dynamics of fusion, we resorted to dual color 
imaging with a fluorescently tagged SNARE protein and a pH sensitive fluo-
rescent protein to label granules. There are few pH sensitive red fluorescent 
proteins available and many of them have not been tested for their suitability 
as secretory granule markers. The present survey identified NPY tagged to 
tandem dimer (td)-mOrange2 as a suitable pH-sensitive red fluorescent pro-
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tein for dual-color applications to study the dynamics of exocytosis, pore 
formation and vesicle cargo release. This protein was well-targeted to gran-
ules, exhibited bright fluorescence, which bleached slowly, and it showed 
pH-sensitivity similar to EGFP. Moreover, it allowed detection of single 
exocytosis events, which were observed as a transient rise of fluorescence 
caused by dequencing, followed by rapid decline as the marker was released 
from the vesicle. Experiments with simultaneous imaging of SNARE protein 
syntaxin-EGFP and td-mOrange2 showed that, the loss of syntaxin coincided 
with the rising phase of td-mOrange2 intensity, suggesting that syntaxin 
dispersal is initiated already during pore formation rather than after release 
of the granule content. This new approach will extend the possibilities to 
study the kinetics of exocytosis under various conditions. 

 
Fig 6. Model of granule docking and release. 
A Approaching granule induces clustering of syntaxin and munc18. The site then 
matures by recruiting additional proteins, including munc13, and disintegrates dur-
ing exocytosis. B Undocking as consequence of syntaxin/munc18 cluster dispersal. 
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Conclusions 

Although there are more than 10,000 granules in a beta cell, few of these are 
readily available for secretion. Granules which eventually release first have 
to dock at the plasma membrane and then go through a priming process. A 
fraction of the docked granules makes up the RRP, which is quickly depleted 
during the 1st phase of insulin secretion. Depletion of the RRP results in a 
slower rate of exocytosis. Replenishment of the RRP takes tens of minutes. 
The slow recruitment of granules and subsequent conversion of granules into 
the RRP during priming becomes a rate limiting factor for sustained secre-
tion. Granule docking is associated with de novo formation of syntax-
in/munc18 clusters at the plasma membrane. We found no evidence for pre-
existing granule docking receptors. Granules recruit munc13, SNAP25 and 
Cav1.2 after docking and the timing of recruitment of these proteins is con-
sistent with a role in priming. Release of primed granules is accelerated due 
to opening of the calcium channels visualized by Ca2+ nanodomains at re-
sponding granules, rather than its high density after recruitment. These 
nanodomains are absent when the interaction between the channel and the 
release site is blocked. A similar effect can be observed due to decreased 
expression of SNARE proteins in islets from diabetic patients [174]. This 
should directly affect docking and could account for secretory defects in 
patients with type-2 diabetes. The docking step is therefore an attractive 
target for drug development. 
 
To study the kinetics of exocytosis we tested a panel of ten orange/red and 
two green FPs in fusions with neuropeptide Y (NPY) for use as secretory 
granule marker. NPY tagged to td-mOranage2 was well-targeted to granules, 
bright, bleached slowly and showed pH-sensitivity which is best suited for 
study of kinetics during exocytosis. The use of this as granule marker in dual 
color applications with SNARE protein syntaxin fused to EGFP lead us to 
discover that the syntaxin dispersal is initiated already during pore formation 
rather than after release. Therefore this vesicle marker is likely suitable also 
for the study of many other membrane fusion or fission reactions, such as 
endocytosis and constitutive exocytosis. 
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