10

11
12

13
14
15

16
17
18
19
20
21

22

23

24
25

26
27
28
29

Fusion pore in exocytosis: more than an
exit gate?

A [3-cell perspective

Benoit Hastoy!, Anne Clark?, Patrik Rorsman®?, Jochen Lang?

1 Oxford Centre for Diabetes, Endocrinology and Metabolism, University of Oxford, Churchill

Hospital, Oxford OX3 7LE, UK

’Metabolic Research, Institute of Neuroscience and Physiology, University of Goteborg,

Medicinaregatan 11, S-41309 Goteborg, Sweden

3 Laboratoire de Chimie et Biologie des Membranes et Nano-objets (CBMN), CNRS UMR 5248,

Université de Bordeaux, Allée de Geoffrey St Hilaire, 33600 Pessac, France

Corresponding authors:

B. Hastoy benoit.hastoy@ocdem.ox.ac.uk

J. Lang jochen.lang@u-bordeaux.fr

SIX KEYWORDS

Exocytosis, Fusion Pore, Synaptobrevin, Insulin, Islets, Type 2 Diabetes

FUNDING

Work in our laboratories was funded by Wellcome, the Medical Research Council (MRC) and
National Institute for Health Research (NIHR), Oxford Biomedical Research Centre (BRC), the French
National Research Agency ANR, the French Ministry of Education and Research, the CNRS and the

University of Bordeaux.


mailto:benoit.hastoy@ocdem.ox.ac.uk
mailto:jochen.lang@u-bordeaux.fr

30

31
32
33
34
35
36
37
38
39
40
41
42
43
44

45

Exocytosis is a fundamental biological event and the process by which hormones (like
insulin) are released into the blood. Considerable progress has been made in understanding the
detailed steps from secretory vesicle docking to membrane hemifusion, opening of a membrane
fusion pore and its regulation. This precisely orchestrated sequence of events implies a close
interaction between membrane proteins and lipids in a confined space and constrained geometry to
ensure physiological delivery of cargo. Here we consider some of the many (still open) questions
such as the nature of the initial fusion pore, the structure of the SNARE transmembrane domains,
their potential role (active or passive?), the lipid-transmembrane domain interplay and dynamics
and regulation of the fusion pore. The fusion pore, via the restrictions imposed by its physical
dimensions constrains hormone release. We discuss how fusion pore expansion may be affected in
type-2 diabetes via changes in gene transcription and alterations in the profile of circulating lipids.
Thus detailed understanding of membrane fusion and the fusion pore itself seems to be required to
understand important aspects of healthy B-cell function and how it becomes disrupted under

pathophysiogical conditions.
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1. Introduction

Pancreatic islet B-cells occupy a unique position in the physiological regulation of nutrient
homeostasis [1]. Although several other organs (such as gut, brain, liver, adipocytes and muscle) are
required for fine-tuning of metabolism and its adaptation to environmental cues [2-4], the B-cells of
the pancreatic islets arguably represent the body’s principal nutrient sensor. The B-cell exerts its
function by secreting insulin, the only hormone of the body capable of lowering the plasma glucose
levels. Thus, the B-cell plays both the part of the sensor and the actuator. The functional significance
of the B-cell and insulin is illustrated by the devastating metabolic consequences of type 1 diabetes
(T1D), an autoimmune disease associated with the destruction of the insulin-producing B-cells.
However, T1D accounts for only a small fraction of diabetes (10%) and most diabetic patients instead

have type 2 diabetes (T2D).

In T2D, the B-cells remain viable but they fail to dispense insulin with the right kinetics and
at the right level to maintain plasma glucose levels in the normal range. The underlying disturbance
remains obscure but it is now clear that the insulin secretion defect develops gradually over many
years [5, 6] as a result of a conspiracy between the genetic predisposition and lifestyle factors.
Because of its central role in fuel homeostasis and the evidence implicating defective insulin
secretion as a cause of T2D, it is perhaps not surprising that the 3-cells represent the target of many
of the diabetes medicine currently in clinical use (such as sulfonylureas and GLP-1). Currently, more
than 100 gene variants increasing T2D risk have been identified but — with a few exceptions — the
mechanism(s) by which they act remain to be established. In some cases, the evidence points to

‘unusual suspects’ such as the very last steps of the insulin release process.

2. B-cell Physiology and Insulin Secretion via Exocytosis

The concept ‘exocytosis’ denotes the fusion of intracellular vesicles with the plasma
membrane to release either soluble cargo or to insert new molecules (such as lipids or proteins) into
the target membrane (Fig. 1). Physiologically, exocytosis is of very broad significance, spanning from
renewal of the plasma membrane and its components to cell migration and cell division,
maintenance of the membrane integrity and intercellular communication [7-9]. The term
"exocytosis”, was first coined in in the 1960s [10] in chromaffin cells, observed at the ultrastructural
level in the 1970s there [11] as well as at synapses [12] and described molecularly (at a relatively

detailed level) in the 1990s (and onwards) [13-15].
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Insulin secretion involves exocytosis of large dense core vesicles (LDCVs) and show great
similarity to the release of catecholamines from adrenal chromaffin cells (the archetypal
neuroendocrine cells). Indeed, B-cells and insulin secretion now represent a widely used model
system to study LDCV exocytosis [16]. Studies of insulin exocytosis and its regulation are of particular

interest given the link to T2D and its clinical implications [1].

The process of nutrient-induced insulin secretion is well understood and will not be
described in great detail here. Briefly, insulin secretion is elicited by nutrients such as glucose, lipids
or certain amino acids [17]. Their metabolism, subsequent to transporter-mediated entry into the
cytosol generates a number of coupling factors linking metabolism to hormone secretion. Whereas
changes in the ATP/ADP ratio are the best characterized example, other are also important such as
increases in cyclic AMP or specific lipids [18-20, 21 ]. Changes in ATP/ADP ratio lead to closure of
ATP-regulated K* (Katp) channels [22]. Kare channel activity maintains membrane potential at the
resting potential (-70mV) at low glucose concentrations not associated with stimulation of insulin
secretion. Closure of these channels results in membrane depolarization and the initiation of action
potential firing due to opening of voltage-dependent Ca? channels. The associated increase in

cytoplasmic Ca?* ([Ca?];) triggers insulin exocytosis [3] (Fig. 1).

Insulin secretion follows a characteristic biphasic time course and consists of an initial but
transient 1%t phase followed by a sustained/slowly developing 2™ phase. Although first described 50
years ago [23] and preserved in all species investigated (including man [24]), the cellular background
of biphasic insulin secretion remains debated. It has been attributed to both sequential release of
distinct pools of secretory granules and time-dependent changes in B-cell electrical activity [17, 25-

27].

It is interesting to correlate the kinetics of biphasic insulin secretion with the physiological
actions of insulin. Whereas insulin action on the liver is maximal after 15 min [28], a considerable
further delay in insulin action on other organs is caused by the time required for transepithelial
delivery of the peptide hormone to attain its site of action [29]. These considerations suggest that

the biphasic release subserves a physiological function.

Impaired nutrient homeostasis is a hallmark of T2D [30]. Insulin resistance in target tissues
as well as B-cell dysfunction are recognized as the major pathogenic factors. However, the view that
islet failure develops mainly secondary to hormone resistance is no longer tenable on the base of

functional, epidemiological and genetic data [1, 31-34].
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Interestingly, T2D is associated with the loss of normal biphasic insulin secretion: 1% phase
insulin secretion is nearly abolished and 2™ phase insulin secretion strongly reduced [35]. The
underlying causes are not known but may be secondary to impaired metabolism [36], electrical
activity or exocytosis [37-40]. T2D has also been shown to be accompanied by a loss in B-cells,
especially in long-standing cases, but control and patient’s post-mortem sample values largely
overlap and differences are not pronounced enough to explain the progression to the disease [35,
41-43]. Thus, it seems reasonable to conclude that impaired B-cell secretory function must be taken
into account in the aetiology of T2D. Of course, the two concepts are not mutually exclusive and T2D

may well involve both reduced B-cell function and mass.

3.  Insulin Secretion as paradigm for LDCV Exocytosis

3.1. Vesicles and pools

Exocytosis encompasses the last steps in hormone secretion (Fig. 1). It can be divided into
several distinct steps [44]. The movement to and tethering of the secretory granule to the plasma
membrane is referred to as ‘docking’ [12, 45-48]. Once the granules have docked, they undergo
additional biochemical reactions to attain release competence in a process termed ‘priming’ [49, 50].
To allow release of the cargo, the two membranes (the plasma membrane and the secretory
granule) must overcome membrane repulsion and merge [51] (Fig. 2A). Insulin containing LDCVs are
formed in the trans-Golgi Network and have to undergo several maturation steps [16, 52, 53]. In this
process, pro-insulin is converted into insulin [54]. The diameter of mature granules has been a
matter of debate. Chemical fixation yields a diameter of around 350 nm, however, this may well be
an artefact and rapid freezing techniques concluded upon a diameter of some 250 nm [55-57].
Granule maturation also involves membrane remodelling and insertion of proteins involved in the
exocytotic process including certain SNARE proteins (see below) such as syntaxin 6 or VAMP4 as well

as calcium-sensing synaptotagmin 4 [58-61].

The B-cell contains some 5.000 to 10.000 secretory vesicles [55, 62]. Of these, only 1% are
immediately available for release (“readily releasable pool” or RRP) (see Fig. 1). The RRP granules
have been proposed to underlie the first phase of biphasic insulin secretion. The remaining 99% of
granules constitute a ‘reserve pool’ of granules [25, 26]. Reserve granules must undergo a series of
priming reactions and even physical translocation within the (-cell to attain release competence. It

has been proposed that this gives rise to 2" phase insulin secretion [63]. As in other cases of LDCV



138
139

140
141
142
143
144
145
146
147
148
149
150
151
152

153
154
155
156
157
158
159
160

161
162
163
164
165
166
167
168
169

exocytosis, both the final fusion step and the transit between pools are Ca**-dependent processes,

albeit with distinct affinities [64, 65].

3.2.  The B-cell SNARE Machinery

Membrane fusion is driven by an evolutionary conserved set of proteins, the Soluble N-
ethylmaleimide-sensitive-factor Attachment protein REceptor (SNARE) complex [13-15, 66-68]. The
core of this supramolecular complex encompasses two cytosolic proteins with transmembrane
domains (see Fig. 2A): VAMP/synaptobrevin on the vesicles (v- or R-SNARE, according to the central
presence of an Arg in its cytosolic helix [67, 69]) syntaxin on target plasma membranes and lipid-
anchored SNAP-25 (target t-SNAREs or Q-SNAREs, according to the central presence of an Gin in
their cytosolic helices [67, 69]). The interaction of the cytosolic domains of these three proteins gives
rise to a coiled coil [69, 70]. Zippering of the helix exerts a mechanical force and brings the vesicle
and plasma membrane into close contact [15, 71]. This may overcome the forces exerted by the
hydration barrier and induce membrane fusion. The complex is subject to further regulation by a
number of proteins such as complexins, muncl3, the SM proteins secl/muncl8 as well as

chaperones that intervene at different steps [72-75].

Early work demonstrated the expression and functional role of the essential components in
[B-cells. These include the SNARE proteins VAMP-2, syntaxin-1 and SNAP-25 as well as chaperones
[76-84]. As in neurones, syntaxin 1 and SNAP-25 bind to [85] and regulate the activity of voltage-
dependent Ca?* channels in B-cells [86-89], which may explain why the Ca%" channels congregate at
secretory granules [38]. Syntaxin also interacts with K,2.1 voltage-gated K* channels (that are
involved in action potential repolarization of the B-cell action potential) [90-92]. Similar to K,
channels, distinct SNARE protein isoforms have been shown to interact with different forms of

voltage-gated Ca** channels [87, 88, 93].

Recent work led to the proposal that granules in 1%t and 2" phase insulin release may use
distinct SNARE protein isoforms [94-96] (but see [97, 98]). However, it is not clear whether distinct
SNARE machineries need to be implicated as as events upstream of exocytosis, such as electrical
activity and changes in [Ca%*],, are also biphasic [27, 99] and should suffice to produce biphasic
secretion patterns. The attribution of different phases of secretion to distinct sets of SNARE proteins,
such as VAMPS8 or syntaxin 3 and syntaxin 4 [95, 96], is also complicated by the fact that some of
these are classical components of other membrane trafficking pathways. These include glucose
transporter cycling [100] or fusion of endosomes, lysosomes or autophagosomes [101-105].

Interference with any of these events could indirectly affect exocytosis, as was recently

6
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demonstrated for dynamin [106]. Indeed, a careful and quantitative analysis of distribution in the
post-Golgi SNARE trafficking by immune electron microscopy, as performed for the intra-Golgi
pathway [107], is still crucially lacking and light microscopy may not be sufficient in view of the

highly intertwined and functionally linked post-Golgi compartments.

3.3.  B-cell Synaptotagmins and Fusion

Several isoforms of the vesicle proteins of the synaptotagmin (Syt) family bind Ca®* and
phospholipids and are the main Ca?* sensors for exocytosis in neurones [14]. Following the initial
demonstration that these sensors are also operational in insulin exocytosis [108], almost every Ca®* -
sensitive synaptotagmin (i.e. Sytl, 3, 4, 5, 7 and 9 [109-111]) has been proposed to be involved in
insulin release in clonal or primary B-cells using antibodies, overexpression or knockdown, although
their respective subcellular localisation remains controversial [112-123]. In human [B-cells the major
Ca?*-sensitive synaptotagmins expressed are Syt4, Syt5 and Syt7, whereas Syt2 and Syt9 are only
present at minor levels [124]. Decreasing Syt4 expression levels reduces insulin secretion [121, 123],
an effect which likely reflects its known TGN localisation in the trans-Golgi Network (TGN) and action
in vesicle maturation rather than a role in exocytosis itself [60, 114, 125]. Whereas knock-down of
Syt9 did not alter glucose homeostasis or insulin secretion in vivo [126], Syt7 knock-out mice exhibit
glucose intolerance and some reduction in exocytosis [127, 128], raising the question about
additional Ca?* sensors. Recently Syt7 has been reported to play a novel more dominant function in
the replenishment of releasable vesicle pools rather than in exocytosis per se [122]. A further
complication is that Syt7 is also involved in endocytic-lysosomal traffic [129] and cholesterol delivery
into the plasma membrane [130], which may impact insulin secretion via indirect effects [131]. Thus,
the identity of the physiologically relevant Ca?* sensor of insulin secretion remains controversial. A
potential resolution to this conundrum is that either exocytosis is controlled by an array of multiple
synaptotagmin isoforms and eventually at distinct steps during exocytosis [132-135] or that
secretory granules are more heterogeneous than previously thought [136]. The ultrastructural co-
localisation and characterisation required for such a scenario as well as the functional implication

remain to be experimentally tested.

4.  The Centre Stage of Exocytosis: The Fusion Pore

4.1. Hemifusion
Discrete steps during membrane fusion were initially conceptualized and demonstrated for
viral fusion [137-139] and SNARE-mediated exocytosis is generally accepted to follow a similar path:

from an initial membrane deformation via hemifusion (involving the apposed leaflets of the two
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bilayers) stalk formation to opening of the fusion pore (see Fig. 2). At the fusion site, both lipid
bilayers (that of the plasma membrane and the secretory vesicle) must transiently enter an unstable
state that allows lipid mixing without disrupting membranes. The precise mechanisms of hemifusion
are still debated [140]. They may involve initial deformation of vesicular and plasma membranes
thus reducing intermembrane space (Fig. 2B), followed by mechanical strain on membranes exerted
via full SNARE complex formation (zippering) and juxtamembrane domain mediated destabilisation
of opposing membrane leaflets with acyl chain protrusion [141, 142]. The initial deformation of one
or the two opposing membranes (“dimples”, see Fig. 2B) would further enhance the propensity to
fuse due to increased membrane tension [143] and may involve the synaptotagmins [144, 145]. The
resulting hemifusion (Fig. 2B) allows lipid mixing between the fused outer layers of the donor
(vesicle) and acceptor (plasma) membrane [146]. Direct evidence for hemifusion has been provided
by various experimental approaches; SNARE proteoliposomes [147-149], cell-to-cell fusion [150,
151], force measurements [152, 153], imaging in neurones and (-cells [154, 155] and evidence for its
potential effect lipid structures have been provided by diffraction methods [156]. The formation of
the stalk (Fig 2B and C) was predicted in protein-free systems [157, 158] and these In silico analyses
suggest three different possible outcomes: (i) a minimal stalk with a height just greater than two
bilayers; (ii) an elongated stalk; or (iii) the formation of a hemi-diaphragm [51, 157, 159]. The latter
two outcomes have also been predicted in simulations including lipids and SNARE proteins [160-
162]. These observations support the existence of the stalk and have greatly advanced our view of
this intermediate structure although the dynamics in native protein-containing lipid membranes

remain unknown.

Critically, the stalk is characterised by a high curvature (Fig. 2B). Similarly, trans leaflets
(facing the vesicle lumen, or in case of the plasma membrane, the extracellular medium) have to
bend and rearrange with large opposite curvatures to obtain a stalk [163] (see Fig. 2B and also 6).
According to this model, membranes undergo a great amount of physical stress during hemifusion
and its evolution that may require specific adaptation in order to preserve membrane integrity and
comply with a very particular geometry. Indeed, lipid acyl chains are probably bent at the base and
stretched at the neck (mid-height) of the stalk [51, 159, 164] and a relative movement of cis
(cytosolic) versus trans (luminal/extracellular) leaflets has been postulated in silico [162]. It is often
assumed that local membrane curvature could be supported by specific lipids, which may favour
positive or negative curvatures according to their geometry [165, 166] (but see also [167]) and
consequently influence membrane fusion [140]. The opening of the fusion pore occurs when a
membrane continuum is formed consisting of the trans leaflets and of the cis-leaflets (Fig. 2C). Seen

this way, fusion, opening and expansion of the fusion pore reflect the relaxation of the system and

8
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the return to a stable state.

4.2. Fusion Pore and Full vs partial Fusion

The fusion pore (term first used by Almers and collaborators [168]) constitutes the polar
continuum between vesicle lumen and cell exterior prior to further expansion. Its highly dynamic
nature as well as its initial nano- or even subnanometric inner diameter excludes capture of its early
form by electron microscopy [169-171]. In contrast, its kinetics can be reasonably well recorded by
sophisticated electrophysiological, electrochemical and optical means [154, 172-175]. In rat B-cells,
the earliest pore measured has a diameter of about 2 nm [176]. Once it has fully expanded, the
fusion pore is wide enough to accommodate insulin, the diameter of which ranges between 2.6 and
5 nm in its mono- and hexameric forms, respectively [177, 178]. However, due to the lack of direct
morphological and structural assays, we still do not have a precise view of its chemical composition
in terms of proteins or lipids (or both) at the time of its formation and its nature is still highly

debated (see below 4.4.).

The fusion pore connects electrically the granule lumen to the exterior and the ease by
which electrical charges pass (conductance) is determined by the cross-sectional area of the pore,
and to a lesser extent by its length. Thus, the fusion pore conductance is not linearly related to the
pore diameter but depends on its square and small changes in diameter results in considerably
larger changes in conductance. At its early stage the fusion pore opening is still reversible. In this
unstable state, the conductance varies [179] and may flicker between an open (conducting) and
closed (non-conducting) state. In some cases, the fusion pore closes permanently after a few
openings and closures. This type of exocytosis has been referred to as ‘kiss’-and-run’ [180-183] or
‘flickering’ [168]. Conversely, during full fusion, the fusion pore expands completely until the entire

granule membrane collapses into the plasma membrane (Fig. 3A).

According to observations in chromaffin cells, pituitary lactotrophs and astrocytes the
behaviour of the fusion pore described here may be influenced by the vesicle size, which could
relate to the bending energy of the membrane [82, 184-187]. It is implicit from this view that larger
vesicles should be more prone to transit to full exocytosis whereas smaller vesicles may be more
suited for kiss-and-run events. However, vesicle diameter also influences docking [188] and
downstream mechanisms are clearly modulated by SNARE cooperativity [189] and potentially by the
geometry of contact sites [190] and it is worth noting that direct comparison of fusion pores
generated by the small synaptic-like microvesicles [191] or by the larger insulin granules does not

lend support for such a vesicle size effect in pancreatic B-cells [192].

9
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Given its small size, the fusion pore allows a selective release of vesicular content [193,
194]. Small molecules as ATP, GABA are able to go through the pore and once released may regulate
neighbouring cells [195]. Although ‘kiss-and-run’ exocytosis normally represents only 10% of the
fusion events measured in mouse B-cells [40], it is of physiological relevance for paracrine/autocrine
regulation [192, 196]. Kiss-and-run exocytosis can also be considered as a specific type of
endocytosis. In this very short amount of time, the vesicular pH is buffered from an acidic pH and
small molecules can enter in the vesicle. Techniques of imaging take advantage of these two
properties to study the fusion pore kinetics. Total Internal Reflection Fluorescent (TIRF) microscopy,
used in combination with the pH sensitive GFP (pHluorin), allows a precise detection of the fusion
pore opening since the fluorescence signal significantly increases as the vesicular pH becomes
neutral [197, 198]. Two-photon confocal microscopy can be used to monitor the rate of exocytosis
by using the fluorescent tracer sulforhodamine-B (SRB), which small enough to enter the granule via
the fusion pore [199]. However, due to the technical challenges, the fate of these vesicles after
endocytosis and their consequence on [-cell functions remain poorly understood. Recent
developments in light sheet microscopy may also provide new insights especially for very rapid

events [200].

Kiss-and-run exocytosis may not involve mixing of the membrane proteins of the two
compartments (secretory granules and plasma membrane) whilst still allowing lipid exchange [201].
Evidence for lipid mixing can be obtained by ruthenium red staining of the membrane (Figure 3). If
the granule membrane has been in direct contact with the plasma membrane, part of the granule
membrane will be labelled by ruthenium red which is electron dense and thus exhibits an increased
contrast by electron microscopy. When visualised by electron microscopy, the structure of the late
fusion pore and attached vesicle is seen as an omega (Q2) shape (note that early fusion pores escape
direct visualisation) (Fig. 1 and 3). Once the fusion pore has expanded beyond a certain diameter, its
opening is irreversible, at least in the case of large vesicles as the giant granules of mast cell as well
as eosinophil or neutrophil granules [179, 202, 203], and proceeds to full fusion of the vesicle with

the plasma membrane and the subsequent release of the hormone cargo.

4.3.  SNARE protein TMDs: Sequences and Dynamic Structures

Recent work has led to a more detailed understanding of how different domains in the
SNARE proteins influence exocytosis and the opening of fusion pore. The vesicular VAMP plasma
membrane syntaxin SNARE proteins contain a C-terminal transmembrane domain (TMD) preceded

by a regulatory N-terminal domain, the cytosolic SNARE motif and the amphipathic juxtamembrane

10
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domain (Fig. 4A). By contrast, the plasma membrane SNARE protein SNAP25 is attached through
palmitoylated cysteines. Whereas the function of the cytosolic and juxtamembrane portions of the
SNARE complex in membrane fusion is fairly well understood [69, 70, 204-208] and dynamics of their
organisation during exocytosis has also been imaged in live chromaffin and B-cells [209-212], the

role of the TMDs is much less clear.

During hemifusion and fusion pore opening local parameters such as protein
concentration, membrane tension and lipid organisation change drastically (see 4.6. below). The
analysis of how the structure and dynamics of the TMDs varies during these events requires
advanced techniques and has mostly been performed in either complete absence of lipids [213],
dehydrated membranes [214] or at low protein/lipid ratios [147, 215-218], conditions that do not
recapitulate the SNARE protein ‘crowding’ during fusion [219]. Vibrational spectroscopy and its
different approaches (ATR-FTIR, Attenuated Total Reflection-Fourier Transformed Infrared;
PMIRRAS, Phase Modulated Infrared Reflection Absorption Spectroscopy) allow label-free
simultaneous detection of the orientation and structural conformation of peptides, lipids and
phospholipid head groups [220, 221]. Moreover, these approaches permit dynamic modulation of
membrane pressure and peptide/lipid ratios during recording [220, 222, 223]. Aided by these
methods, it has been possible to address a number of issues pertinent to membrane rearrangement
or fusion in model systems and this has considerably advanced our understanding of viral membrane
fusion proteins [224-227]. The effect of protein-lipid interactions can also be visualized by Brewster
angle microscopy (BAM) in hydrated monolayers as models of biological membranes and provides

useful information on domain organisation, membrane heights and viscosity [376].

Single membrane spanning TMDs, as present in most but not all VAMP and syntaxin
isoforms, are classically described as hydrophobic anchors adopting a-helical structures. The amino
acid sequence of the VAMP TMD is rather short, consists of only 19-21 residues [228] and contains
an unusually high percentage of rigid Cg-branched amino acids (mainly hydrophobic lle and Val as
well as the small, slightly polar Thr, see Fig. 4B). These amino acids tend to destabilise a-helices and
favour PB-sheet conformation [229]. Accordingly protein structure predictions, such as Chou-
Fassman, GOR or position-specific scoring matrices [230-232], indicate a large preference for [3-

sheets over a-helices for VAMP and syntaxin transmembrane domains.

It appears indeed that the TMDs of VAMP1 and VAMP2 contain a significant amount of j3-
sheets and that these not only occur in micelles or organic solvents but also in synthetic bilayers and

using the full-length protein [233-235, 236 ]. Interestingly, they shift from a predominantly a-helical

11
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to a B-sheet configuration solely depending on lipid/protein ratios, and this transition is fully
reversible [234-236]. This structural flexibility is very unusual and may be highly relevant to
exocytosis given that the local TMD concentration increases during membrane fusion [189, 219, 237,
238]. The syntaxin TMD (see Fig. 4C) also contains equally a high percentage of Cg-branched amino
acids but the few structural studies undertaken to date suggest a far lesser degree of structural

diversity and alterations than for the VAMP TMD [236, 239].

Why have these structural diversity and dynamics not been observed previously? It may be
relevant that in most instances lipid membranes were either completely absent [213], dehydrated
and thus rigid [214] or present only at a low peptide/lipid ratio [147, 240], conditions that all favour
the presence of a-helices. Finally, computational constrains do not permit the in silico study of such

transitions.

Many transmembrane domains are not straight rods but more often kinked or tilted and
this deviation from the canonical a-helical structure may be functionally significant [241]. In silico
simulations [242] provide evidence for a highly tilted TMD for VAMP2 as already observed by
structural approaches [214, 236, 240]. In addition these simulations revealed the presence of a kink
at Gigo[242]. This residue is probably situated close to the centre of the bilayer as the preceding
amphipathic juxtamembrane domain (JMD) is already partially embedded in the membrane [242,
243]. Simulations indicate that the helix was partially unwound around Gigo, suggesting some
flexibility, and this unwinding was also observed in vitro, even when using highly dehydrated
membrane [214]. Indeed, when the TMD is mutated to substitute this glycine with a rigid Cg-
branched valine, a large diminution of its structural dynamics is observed [234]. The Gioo residue of
VAMP2 is highly conserved among all species examined [234] and similarly situated glycine residues
are present in VAMP1, 3 and 5 and may be replaced by other small residues (A, C) in VAMP4 and 8
(see Fig. 4 B). The presence of a small amino acid at these positions is indeed typical for SNARE
proteins and forms a statistical hallmark for SNARE TMDs together with the high prevalence of Cg-
branched amino acids (I, V and L). The latter characteristics are also shared with viral fusion proteins
[229]. A functional importance of this signature is suggested by the positive correlation in artificial or
in biological systems between membrane fusion and structural mobility, B-sheet content and central

helix breakers such as glycine [234, 244-246].

Membrane density, packaging and thickness and the relative amount of lipids species such
as cholesterol or phosphatidylserine exposed to the cytosolic face (which influence the membrane’s

capacity to bend) increase considerably from the ER to the plasma membrane [247-249].

12
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Interestingly, this correlates with variations in the SNARE TMD sequences. Accordingly, the small
central and Cg-branched amino acids are absent in the TMDs of the endoplasmic reticulum/Golgi R-
SNARE sec22. Thus the potential role of these TMD characteristics may be constrained by specific

membrane architecture.

VAMPs may form dimers at defined contact sites [250, 251]. Initially debated on grounds of affinity
[252], high local concentrations are clearly present and further increased during fusion [219, 237,
253] and may even be more pronounced in large dense core vesicles as compared to synaptic
vesicles [189]. Dimers have been well documented for VAMP2 by biochemical assays and as well as
in silico [218, 254-258]. These interactions may be modulated by lipids competing as solvents or via
repulsive head group charges [259]. Whereas some evidence indicates a role of TMD
homodimerisation in fusion events depending on sec22 [260], a VAMP isoform implicated in the
early secretory pathway (see above), the physiological relevance remains unknown at the level of

exocytosis.

4.4. Are SNARE transmembrane domains lining the fusion pore?

The nature of the fusion pore remains hotly debated and it is still unclear whether the pore
is lined by proteins (such as SNARE TMDs), lipids or both. The assumption of a “protein only” nature
of the initial fusion pore was intuitively deduced because the fusion pore undergoes rapid
conductance changes (openings, closures, flickers) resembling those seen for ion channels [170, 171,
179, 261, 262]. However, these characteristics can also be obtained using protein-free lipid
membranes [263] or been modelled as lipid pore [264]. It should be noted, however, that fusion
pores in protein-free systems were of larger conductance than seen in cellular systems (i.e. during
synaptic-like vesicle exocytosis [265]). However, these pores are still within the range of those
observed for insulin granules and there is no strong evidence in B-cells that vesicle size (LDCV vs
SLMV) would influence fusion pore stability [192]. The absence of lipid flow upon initial pore
opening using fusogenic hemagglutinin and phospholipid probes [266] is often taken as a further
argument in favour of a protein pore. This led to the proposal of the dispersing subunit model [267]:
specific fusion proteins form a proteinaceous bridge spanning both membranes and lipid influx
ensues late upon subunit dissociation and pore expansion. However, lipids and corresponding lipid
dyes may be contained by high protein concentrations [268] and fluxes difficult to observe. Using the
amphiphilic dye FMI-43, entry of the probe into the granule membrane is observed prior to the
uptake of an aqueous fluorophore into the granule lumen during insulin exocytosis [199]. This

suggests that the early fusion pore is indeed of lipidic nature. The extent of lipid flow required to
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form an initial lipid fusion pore obviously depends on the geometry and size of the stalk, which has

only been simulated in silico with different models [162, 269, 270].

The fusion pore allows exit of polar or charged substances (H*, ATP, insulin upon
equilibration of vesicular and extracellular pH, e.g.) and therefor needs a corresponding surface,
which is provided either by polar phospholipid head groups or suitable amino acid residues. With
regard to the possible proteinaceous nature of the fusion pore, it is worth noting that TMDs of
VAMP2/syntaxin 1 appear to lack polar residues except for the most C-terminal portion (see Fig. 4B).
The situation is not different in other isoforms which contain, at most, one or maximally two polar
residues (in general serines or threonines) more centrally located within the TMD. In fact, serine may
behave more like apolar amino acids when in a transmembrane helix as its side chain protons can
bind back to the carbonyl oxygen of a residue preceding it by one helical turn they [271]. Although
multimeric aggregates of synthetic amphipathic 21-mer peptides (containing solely Leu and Ser)
have been shown to mimic ion channels, at least a total of 18 to 24 serines were required to form
the pore, thus largely exceeding the number present in VAMP or syntaxin TMDs [272]. From a
protein chemistry point of view, a plausible conformation consists of the polar C-termini sticking out
towards the pore lumen. Such an arrangement had been proposed as scaffold model [273] and has
some in silico [274] and experimental support. Addition of residues at this site delays the opening of
the fusion pore and reduces burst amplitude which reflects flux through the pore. This may point to
a reduced mobility of the TMD [275] but may also occur if the flux of cargo through the fusion pore
was impeded by steric hindrance. However, at least in insulin exocytosis, the attachment of a glycine
linker and a large protein (phluorin) to the C-terminus of VAMP2 did not alter fusion pore kinetics for
a small molecule (ATP) when comparing endogenous VAMP2 with phluorin-tagged wild-type VAMP2
[234]. This argues against a lining of the fusion pore by the C-terminus of VAMP2. Finally, it is worth
noting that two copies of SNARE proteins suffice for synaptic exocytosis [276] and in certain
intracellular fusion steps only one protein SNARE TMD is available [277], which is clearly insufficient

to produce a hydrophilic central pore.

A number of studies have been performed using truncated peptides, point- or “en-bloc” mutations
or addition of lipid anchors (see Fig. 5). As a general caveat, almost all of these studies lack dynamic
structural studies, an important point also in view of the general difficulty to model complex lipid
membranes and to predict structural effects of mutations in silico [278, 279]. Therefore, crucial
information is often lacking for precise interpretation. Mutations in the TMDs of either syntaxin 1 or
VAMP2 in PC12 or chromaffin cells affects the kinetics of the fusion pore as deduced from

amperometric analyses [280-283] (Fig. 5). These data are consistent with a largely (but not
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exclusively) protinaceous fusion pore but it remains unclear how the corresponding hydrophobic
residues (L/Leu, V/Val, I/lle, C/Cys) could form a central water-filled pore in the native peptides [284,
285]. Similarly covalent labelling of several central residues in the VAMP2 TMD by polar tracers was
interpreted as their exposure to the pore lumen [286] (see Fig. 5). However, as VAMP was only
present in two copies, it remains difficult to arrange any polar lining of the pore. Note that another
set of proteins had been proposed as pore former, the Fo subunit of the v-ATPase [287], however, its
pore size is far too large for an initial fusion pore [288] and functional data suggest a control of
vesicle filling [289]. In conclusion, it cannot be completely excluded that the fusion pore is in part

proteinaceous but compelling evidence for such an arrangement is still missing.

4.5. SNARE TMDs: a role in membrane fusion beyond anchoring?

Membrane fusion and fusion pore opening and expansion have a number of important
constraints in terms of time, geometry, pressure and tension [143] as well as packaging of
hydrophobic and polar compounds in a highly crowded environment [253]. This implies close
interaction between lipids and proteins and raises the first obvious question: are SNARE protein

TMDs required for fusion beyond function as membrane anchor?

Previous studies in yeast suggest that at least one of the TMDs can be replaced by long-
chain lipids or unrelated protein sequences in intracellular membrane trafficking events [290-292].
Similar observations were reported for exocytosis [293] but data are confounded by unspecific
effects of a protein linker [246, 280] and the use of supraphysiological Ca?. It is now believed that
membrane fusion proceeds in a sequential fashion; initiated as hemifusion with lipid mixing and
followed by fusion pore opening with content release [157]. From these considerations it follows
that lipid mixing cannot be equated to fusion pore opening and that both events have to be

independently determined.

The concept that the VAMP2 TMD influences exocytosis beyond a role as membrane
anchor is based in part on the fusogenicity of VAMP TMD-mimicking peptides [229, 233, 244, 245].
Although membrane lipid mixing persisted in reconstituted and cellular systems after replacement of
the TMD with lipids or unrelated transmembrane protein sequences, both the expansion and
lifetime of the fusion pore were affected [149, 150, 294, 295]. Mutational analysis provides further
evidence for a role of TMDs (see Fig. 5). Point mutations along the VAMP2 or syntaxin 1 TMD
interfere with the emptying of the vesicles of their cargo [234, 246, 281-283, 296].
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Fusion pore kinetics is also influenced by proteins interacting with SNAREs or associated
components (such as CSP or Munc-18) and ‘tuneable’ by phosphorylation [187, 297-301] but it
remains unclear whether these effects reflect indirect effects (long range actions such as differences
in SNARE assembly pathways and complex cooperativity) or more direct post-fusion modulation of

the pore.

4.6. Lipids and the fusion pore

Lipids are amphiphilic molecules with polar heads, facing the aqueous lumen, and acyl chains
of high hydrophobicity, which results in strong interactions between chains. This amphiphilic nature
of lipids drives the structure of the membrane bilayer. The hydrophobic acyl tails compose the core,
which amounts to about one half of the membrane thickness. The hydrated membrane interfaces
account of the other half and its polar headgroups face either the cytosol, the lumen of an organelle,
or the extracellular medium [302]. Membranes are composed of a mixture of different types of lipids

[303, 304] and the inner and out leaflets vary in their lipid composition [305-307].

Fatty acid length and saturation modify the properties of the lipids. The nature of the acyl
chains affects not only the molecular interactions and packaging density, but also impacts on the
molecular shape of the lipids. This shape, defined by a packing parameter (P) [308], can vary from
cylindrical (P=1) to conical (P>1 or P<1). Lipids with P#1 induce a spontaneous curvature to the
bilayer provided their distribution is anisotropic, i.e. differs between the two leaflets. In cells, the
curvature of a membrane reflects to the sum of spontaneous curvatures of each lipid [308].
However, both the strength of this correlation and its relevance in biological membranes remain
debated [167]. The capacity of membranes to adapt to mechanical stress depends on their lipid
contents [166]. These mechanical properties of the membrane are likely to be highly relevant to

exocytosis [309] as it will affect the curvature of the stalk structure [310].

Cholesterol is one of the essential lipids of membrane bilayers and in membrane fusion [311].
While its basic properties were described early on [312], our understanding of exocytosis and
technological advances continue to reveal the importance of its role during exocytosis and
membrane fusion [311, 313]. Cholesterol is most abundant in secretory vesicles, synaptic vesicles
and the plasma membrane where it is present in similar molar amounts as phospholipids [253, 314].
Cholesterol plays an important role in trafficking all along the secretory pathway [315, 316] as well
as secretory vesicle budding and shaping [317, 318]. Thus, data obtained by chronic cholesterol

addition or by its depletion using methyl-B-cyclodextrin in cellular systems should be interpreted
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with caution. More direct evidence pointing to a role of cholesterol in membrane fusion and fusion
pore opening comes from acute manipulation by microinjection of cholesterol [319, 320]. These
experiments also suggest that cholesterol located in the cytoplasmic leaflet is the most relevant pool
in membrane fusion and pore opening.

The geometry of cholesterol favours membrane bending but other properties of the
molecule are also important as phospholipids of the same shape cannot restore the kinetics of
fusion after cholesterol depletion [321]. Due to its polycyclic amphipathic structure, cholesterol
modifies the biophysical properties of the surrounding phospholipids. Cholesterol contains a rigid
ring structures that straightens the neighbouring lipid acyl chains and increases the viscosity of the
membrane by reducing the mobility and the structural dynamics of the neighbouring phospholipids
[322-325]. These properties increase the thickness of the lipid bilayer [326] and promotes the
formation of phase separations in a mixture of saturated and un saturated phospholipids [311, 327,
328]. The junction of the two phases promotes membrane curvature [329]. These biophysical
properties are hypothesized to support also the budding and the creation of new vesicles [311, 330,

331].

Cholesterol can form dimers with other lipids and also interact with protein juxta- and
transmembrane domains [332, 333]. Cholesterol Recognition/interaction Aminoacid Consensus
sequence (CRAC sequence: L/V-(X1.5)-Y-(X1.5) )-R/K) [333, 334] as well as its reverse sequence (CARC)
[335] and the short amino acid sequence R-W-L may provide interaction sites and play an essential
role in partitioning cholesterol and other lipids in conjunction with specific transmembrane domain.
A potential effect of cholesterol on TMDs has also been deduced from its ability to stimulate not
only of hemifusion but also of the fusion pore opening and expansion [313, 336]. The SNARE protein
VAMP?2 contains these two overlapping putative CRAC and CARC motifs [337] in the juxtamembrane
and N-terminal transmembrane domain and VAMP2 has been identified as cholesterol binding
protein in a mass spectrometric survey [338] but functional significance in intact cells (if any) has not

been studied.

A number of effects have been demonstrated for cholesterol on SNARE proteins and
exocytosis in both reconstituted fusion assays and intact cells. Cholesterol promotes the interaction
between SNAP25 and syntaxin 1 prior to SNARE complex formation [339]. Topologically, the
structure of cholesterol (small hydroxyl head, large hydrophobic portion) imposes an intrinsic
negative curvature to the surrounding bilayer [340]. It is therefore tempting to hypothesise that
cholesterol is involved in the generation of lipidic fusion intermediates (lipid stalk, see previous

section), where membranes are highly curved [159, 163, 310, 341]. Observations on purified cortical
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vesicles identified two main functions of cholesterol: membrane organizer and fusion trigger [342].
The former function would promote the recruitment of component essential for Ca** sensing
whereas the latter is mainly supported by its negative curvature and its high concentration [321].
More recently, progressive addition of cholesterol to protein-free giant unilamellar liposomes has
shown that cholesterol stabilised and decelerated the opening of the fusion pore [343], placing

cholesterol at the centre stage as a critical regulator of the core fusion machinery.

Lipid subdomains driven by either lipid-lipid or lipid-protein interactions ensure membrane
heterogeneity, which is quite different from the original fluid mosaic model where membrane
proteins diffuse freely [344]. This heterogeneity in protein and lipid partition provides the
membrane with mechanical properties such as lateral tensions. The latter (also termed membrane
tension) corresponds to the force needed to deform the membrane. In cells, this tension is
influenced by several parameters such as the osmotic force between cytosol and extra cellular
medium, the submembrane actin/myosin cortex and its links to vesicles [345, 346] as well as forces
resulting from cell-to-cell or cell-to-surface adhesion [143]. Biophysical and in-silico approaches
indicate an important contribution of membrane tension to fusion [347-349] but it is not clear
whether there is an optimal membrane tension and (if so) how cells measure it. During vesicle
fusion, the surface tension contributes to the expansion of the fusion pore that precedes the
complete merging of the vesicle into the plasma membrane [143]. Although it was assumed that this
occurs spontaneously, recent work in neurones indicates it requires ATP hydrolysis and actin
polymerisation [350]. Therefore, any mechanism that influences membrane tension may affect both

the stability and kinetics of the fusion pore.

4.7. Lipids and proteins in fusion and fusion pore dynamics

The initial events in hemifusion are thought to be initiated by close membrane apposition
and mechanical forces exerted by zippering of the cytosolic SNARE complex [351]. Ensuing
movement of the TMD may pull phospholipids out of the membrane plane and thus create a focus
for hemifusion of the apposed membranes layers [70, 71, 204, 213]. This capacity would account for
the fusogenicity of TMDs and derived model peptides in proteolipsomes [233, 244]. However, an
increased local concentration of VAMP2 TMDs does not disturb polar phospholipid headgroups [236]
and “canonical” SNARE TMD sequences are not an obligatory requirement for hemifusion [147, 149,
295]. Interestingly, the arrest of exocytosis when using short rigid acyl chains instead of TMDs [294],
situated probably at the level of hemifusion [149], can be overcome by the addition of inverse

conical (P<1) lysophosphatidylcholine [294]. This suggests that membrane lipid rearrangements may
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not proceed correctly in the absence of specific TMDs and thereby impedes fusion pore opening.
Interestingly the increase in local SNARE TMD concentration at the fusion site changes the tilt of the
TMD [235, 236]. An increase in its perpendicular insertion is further promoted by cholesterol in
model membranes [218]. Such a change in insertion angle may provide not only adaptation to
different membrane thickness but also increase the curvature in conjunction with a direct action of

cholesterol on membrane bending (see Fig 2 and 6).

The relative mobility between lipids and TMDs plays a major role. Functional assays and in
silico predictions of TMD mobility provided important insight after replacing “en-bloc” native VAMP2
TMD (including the Gigo glycine kink [242]) or by either multiple Cg-branched isoleucines (Poly-lle) or
by multiple leucines (Poly-Leu). Flexibility of TMDs in membranes was clearly linked to fusion pore
opening and expansion: whereas increased TMD mobility favours fusion pore expansion, a decrease
in flexibility reduces the number of fusion events, and slows pore opening and expansion [246]. In
fact, just replacing two small residues that may provide TMD mobility around the Gigo glycine kink
[242] had similar effects on fusion pore opening and stability [234]. These mutations impede
structural mobility of the TMD, interfere with the a-helix to B-sheet transitions, and irreversibly
increase membrane viscosity upon an increase in local TMD concentration. The importance of lateral
movements of the TMD is also compatible with observations on VAMP2 TMD mutations introducing

additional charged residues at the extreme C-terminus and thus impeding its movement [275].

These observations on lipid-protein interactions also raise the question as to whether SNARE
TMDs exert an active, eventually catalytic role [246]? Initial models of hemifusion stalk formation
contained (highly unlikely) void interstices between the membrane leaflets, a conformation that
could only be overcome by the assumption of locally highly disordered acyl chains [159].
Interestingly the fusogenicity of VAMP2-derived TMD model peptides [233, 352] correlates with
increased acyl chain disorder [353, 354]. More importantly, an increased local concentration of
VAMP2 TMDs, as expected to occur during hemifusion and pore opening, promotes disordered
arrangement of the acyl chains without disturbing headgroups [236]. This argues that the
physicochemical nature of the VAMP TMD actively influences the lipid phase. Collectively, these
observations provide evidence that the TMD exerts a critical and catalytic role in membrane fusion
by altering membrane viscosity and peptide-lipid interactions that influence the establishment and
expansion of the fusion pore [234]. The TMD dynamics may be arranged around Guioo, located in the
centre of the bilayer, which could also permit relative movement between the two leaflets during

fusion.
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5.  SNAREs, Lipids and Fusion Pore in Diabetes

5.1. Lipids, lon Channels and Second Messengers

There is a strong correlation between obesity and T2D risk [355, 356] and elevated plasma
levels of free fatty acids [357]. Early work incubating cell lines with different fatty acids revealed an
inhibitory effect on exocytosis [312, 358]. Similarly, chronic incubation of human and mice islets with
palmitate inhibited glucose-Induced insulin secretion (GIIS) by dispersion of the Ca? channel

aggregates close to release-competent secretory granules [38, 359, 360].

The dyslipidaemia associated with T2D can be also accompanied with a low level of HDL-
cholesterol [361]. These observations prompted studies in which islets or clonal B-cells were
cultured in the presence of extreme levels of cholesterol (addition or depletion). Accumulation of
cholesterol was found to inhibit GIIS either by affecting glucose metabolism [362], trafficking [363]
or actin organisation [364]. Rescue by cholesterol depletion using methyl-B-cyclodextrin (MBCD)
restored insulin secretion [362]. However, when MBCD was used on its own, it also impaired insulin
secretion by modifying SNAP25 localization [131]. A genetic model of cholesterol distribution offers
another way to address its role. The efflux of cellular cholesterol and phospholipids involves ABCA1.
ABCA1-KO mice accumulate cholesterol and exhibit impaired GIIS [365] that correlated with reduced
depolarization-evoked Ca?* entry and exocytosis [366]. On the other hand, decreasing endogenous
cholesterol by squalene epoxidase inhibitors, which exert a milder effect than MBCD, affects
exocytosis independent of Ca% entry [367]. Recently, accumulation of cholesterol modulated also
the proportion of kiss-and-run and full fusion exocytosis (more kiss-and-run) [368]. These studies
emphasize the central role of cholesterol in membrane dynamics, organisation, and the critical
cholesterol set point that support membrane function. However, a caveat of the experimental
protocols used to date is that they produce increases in membrane cholesterol that are far larger

than those encountered in vivo (even in the diseased state).

Ca?*entry via voltage-gated Ca?*-channels triggers exocytosis [3, 369]There is evidence that
GIIS requires the close proximity of the Ca** channel clusters with the secretory granules. As
described in the preceding section, dyslipidaemia reduces GIIS by the disassembly of these Ca?'-
channel/granule aggregates [359]. Very recent evidence suggests that the Ca?*-channels are
recruited to docked granules with pre-formed SNARE complexes and that this process is perturbed in
B-cells from T2D donors [38]. Similar aggregates have also been described for K,2.1 voltage-gated K*

channels and overexpression of these channels rescues reduced insulin exocytosis from T2D B-cells
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[92]. Thus, clustering of ion channels in the plasma membrane appears essential for proper

exocytosis in the healthy B-cell.

Fusion pore kinetics is regulated by Ca?* [132-135] and cAMP [192, 194, 370]. Both
signalling pathways are activated by glucose metabolism [17, 18, 371] and affected by long-term
exposure to high glucose [372-375], a situation that emulates the increase in plasma glucose seen in
T2D. Glucose metabolism also regulates sumoylation, which may control levels and function of
exocytotic proteins [376-379]. As sumoylation is regulated by the redox potential and given that T2D
is associated with disturbed glucose metabolism, this provides a potential link between diabetes and

impaired insulin exocytosis [380].

5.2.  SNARE proteins, GWAS and Islets

The limited access to human islets in the past, especially to those from diabetic patients, has
prompted the development of cellular models related to T2D. Chronic exposure to elevated glucose
levels in vitro (glucotoxicity) induces a number of biochemical alterations resulting in loss of glucose
stimulated insulin secretion [381-383]. Using this model within an acceptable glucose concentration
range (5-20 mM), a decreased expression of VAMP2 and (to a lesser degree) syntaxin 1 along with an
increased expression of SNAP-25 were observed in INS-1 cells and in human islets that correlated
with reduced Ca*-induced exocytosis in permeabilised cells [372]. VAMP2 downregulation by
elevated glucose was also reported for mouse islets [384], rat islets from Wistar or non-obese
diabetic Goto-Kakizaki (GK) rats [385, 386] and MKR mouse, a diabetes model induced by insulin
resistance [387]. Interestingly expression of one SNAP25 isoform, SNAP25b, was required for
physiological [Ca?']; oscillations in mouse PB-cells, which may point to a role in transport of
components required for physiological islet cell coupling and signalling [388]. In humans,
considerable downregulation of all three SNARE proteins in diabetic islets was apparent in one study
[389], whereas other studies reported only a very modest reduction in syntaxin 1 without alterations
in VAMP2 [123] or only in the TGN synaptotagmin Syt4 [390]. As access to diabetic human islets is
still limited and these data were based on a small number of patients, it remains to be conclusively

established that the expression of SNARE proteins is reduced in T2D.

T2D is a complex disease involving the interplay of both genetic and environmental factors
(including lifestyle, diet and age). The advent of Genome Wide Association Studies (GWASs)
proposed an unbiased genetic approach based on the whole genome sequence [391, 392]. It is

based on the genotyping of Linkage Disequilibrium (LD) blocks (parts of the genome that are always
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inherited together) and captures all common single nucleotide polymorphisms (SNP) in different loci
across the whole genome. Whereas this approach is extremely powerful for SNP mapping, linking a
given SNP with the causal transcript in the same LD block remains challenging [393]. Each locus
encompasses coding and non-coding regions and each non-coding variant can influence the

expression of the neighbouring genes [394-396].

More than 100 loci show statistically significant association with T2D susceptibility [397],
with most of these proposed to elicit their affect via altered B-cell function [398-400]. However, the
majority of the genetic variants associated with T2D risks are non-coding and common. When taken
individually, they have a modest impact on T2D risk [397, 401]. Whereas it seems established that
T2D and exocytosis can be associated [389, 402, 403], the molecular mechanism through which they
influence hormone release and specially the fusion pore remains poorly described. The non-coding
variant CDKAL1 (rs7756992) is associated with a 50% increase in T2D risk [400] and increased
expression of the transcription factor Sox4 [395]. Increase in Sox4 expression correlated with a
reduced insulin secretion in mouse and human B-cells, an effect that was attributed to a dramatic 5-
fold increase (from 10% to 50%) in kiss-and-run exocytosis at the expense of full fusion [40]. Electron
microscopy performed on the islets incubated with Ruthenium red also confirmed the increase in
kiss-and-run events: membrane labelling was observed in some vesicles that retained a central
insulin core. The occurrence of such granules suggests that the fusion pore was open long enough
for ruthenium to label the granular membrane but not expanding sufficiently to allow the exit of

insulin (Figure 3 A, B arrowheads).

The effect of Sox4 overexpression on exocytosis is mediated by an increase in
STXBP6/amisyn expression, which stabilizes the fusion pore and prevents its expansion. The precise
mechanism by which amisyn acts on the fusion pore has not been clarified yet. However, some
hypotheses can be drawn among which, due to its structure with R-SNARE-like coiled-coil domain,
amisyn could compete in the formation of the SNARE complex and prevent the zippering of the
SNARE complex [196]. This may in itself restrict fusion pore expansion but it will also result in a
lower TMD concentration at the fusion sites that in turn (as discussed above) affects membrane

viscosity consequential effect on fusion pore establishment and expansion.

6. Conclusions

Although our knowledge about membrane fusion has made very significant progress during

the last 20 years, our understanding of the complex interaction between different lipid species and
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transmembrane domains remains in rudimentary. A number of questions are still open and it
remains to define which mechanisms are universal throughout the secretory pathway and which
represent ‘variations on the theme’ to allow adaptation to specific biochemical, geometric and time
constraints. Another layer of complexity is added by the intertwined traffic and fusion/fission events
occurring in the post-Golgi compartments and here we lack a high-quality view of the distribution
gradient of proteins, not to speak about lipid species. It has also become evident recently that the
fusion pore opening requires a complex environment, it is highly regulated and can lead to very
diverse outcomes as well as differential release of compounds. It is tempting to describe the fusion
pore as the Cerberus of exocytosis, guarding the exit of the cargo (including insulin) with his three
heads: membrane viscosity, structural dynamics and lateral tension. Subtle mechanical alterations at
this crucial event may have great impact on the amounts of cargo released and may (as we have

discussed) contribute to the secretory deficiency in T2D.
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FIGURES AND LEGENDS

FIGURE 1

Figure 1: Insulin exocytosis in rodent pancreatic -cells. Note the presence of immature, mainly
pro-insulin containing secretory granules (white arrows) and of mature secretory granules (arrowheads)
characterized by a denser core due to proinsulin conversion to insulin and subsequent crystallisation. A vesicle
fused with the plasma membrane is visible on the upper left with the typical omega configuration (Q2) of the
fusion pore, already considerably enlarged here. Note that the core is less dense than in non-fused mature

granules indicating partial solvation of the insulin hexamers.
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FIGURE 2
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Figure 2: Exocytosis proceeds through distinct steps. A, General view of SNARE-mediated
exocytosis. The v-SNARE (VAMP2) on the vesicle forms a complex with the t-SNAREs (syntaxin 1,
SNAP-25) on the plasma membrane followed by zippering of the complex and final opening of a
fusion pore. B and C, detailed membrane centred view of final steps during exocytosis. B: Membrane
dimpling at future contact sites, hemifusion of apposed bilayer sheets and eventually radial
extension of the stalk to a diaphragm. C, Generation of stalk or hemidiaphragm may result in fusion

pore opening and expansion, which is a reversible process up to a certain radius of the pore.
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FIGURE 3
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Figure 3: Reduction of insulin secretion through the increase of kiss and run event. A. Fate
of vesicles during full fusion (left) or kiss-and-run events (right). Note that in kiss-and-run exocytosis,
insulin remains trapped inside the granule. Incubation with Ruthenium red (5 min) stains the plasma
membrane but not the vesicular membrane that have never reached the cell surface beforehand.
Membranes positive for Ruthenium Red appear more electron dense (thicker and darker). Vesicles
that have undergone kiss-and-run exocytosis will be positive for both insulin and Ruthenium red. B.
Electron micrographs of islets incubated with Ruthenium red. Sox4mut B-cells contain more vesicles
positive for both insulin and ruthenium red (arrowhead) than control cells [40]. Abbreviations: M,
mitochondrion; PM, plasma membrane; G, Golgi apparatus; ER., endoplasmic reticulum; Ins. Ves.,

Insulin Vesicle. Scale bar: 1pum.
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FIGURE 4
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Fig. 4 Transmembrane domains of VAMP/synaptobrevin (R-SNARE) and syntaxin (Q-
SNARE). A. General architecture of VAMP/Synaptobrevin (VAMP) and Syntaxin (STX) with cytosolic
N-terminal regulatory domain (not present in all isoforms), SNARE motif, juxtamembrane domain
(JMD) and transmembrane domain (TMD). B and C: Peptide acid sequence of the TMDs in VAMP (B)
and syntaxin (C) isoforms. Only the isoforms with a clearly identifiable TMD are displayed. Note that
the R-SNARE Ykt6 [277] as well as the Q-SNAREs STX9/19 and STX11 do not possess a predictable
TMD sequence but multiple cysteines that may be prenylated. Classification of amino acids
according to Betts and Russell [404] is given on the image high-lighting Cg-branched (in yellow),
hydrophobic, tiny (blue) or polar amino (red dot) acids. Note that Threonine, although slightly polar,
has been classified along with isoleucine and valine according to its nature as a Cg-branched amino
acid (and thus form a-helices with difficulty). The following human protein sequences were used:
NP_055046 (VAMP1, isoform 1), NP_055047 (VAMP2, isoform 1), NP_004772 (VAMP3), NP_003753
(VAMP4), NP_006625 (VAMP5), NP_001138621 (VAMP7), NP_003752 (VAMPS8), NP_004883.3
(SEC22B), NM_052874.4 (STX1), AAH47496.1 (STX2), AAH07429 (STX3), AAH02436 (STX4),
AAH12137 (STX5), AAH09944 (STX6), AAH11975 (STX7), NP_004844 (STX8), AAC05087 (STX10),
NP_803173 (STX12), AACO5647 (STX16).
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Fig. 5 Synopsis of mutational analysis of transmembrane domains of VAMP2 and syntaxin
1. Given are the TMDs of VAMP2 and syntaxin 1 (STX1) with colour codes as in Fig. 4 except for
orange background which denotes charged residues. Note that only most prominent results of
different studies are depicted. Black bars and grey bars, homodimerisation sites in VAMP2 based on
in vitro and in silico data [251, 254-257, 405] where grey bars indicate cholesterol sensitive changes
[218], blue or red arrows denote increased fusion or accelerated kinetics vs decreased flux or slower
kinetics, respectively. Arrows between VAMP2 and syntaxin 1 sequence indicate contact sites
derived from crystallography of wild-type proteins [213]. The numbers (1)-(6) correlate with
functional effects as follows: (1) fusion pore conductance in nanodisc-cell fusion (multiple point
mutations) [406]; (2) amperometric foot amplitude and pore conductances (single and multiple
point mutations) [281, 296]; (3) amperometric prespike foot amplitude and rise time using “en bloc”
mutations [246]; (4) hormone secretion and fusion pore kinetics in clonal INS-1 B-cells (single and
double point mutations) [234]; (5) polar solvent accessibility (blue circles) [286]; and (6)
amperometric determination of foot current in pheochromocytoma PC12 cells (single point

mutations) [282, 283]. Note the absence of in-vitro structural determinations of mutants except for

(4).
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Fig. 6 SNARE TMD and lipids in hemifusion prior to fusion
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Membrane bilayer
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pore opening. The combined

action of cholesterol in bending and rigidifying the membrane and the structural dynamics of VAMP2

TMD (kinked at Gig0) on membrane properties may initiate the lipid rearrangement (initiation point)

and the opening of the fusion pore. Note that this represents a static 2D view of a swift 3D event.

The morphology of the membrane may define subregions where different actors (protein/lipids)

would have complementary functions on membrane structure and lipid rearrangement. Beyond in-

silico modelling, temporal and spatial characterisations of these intermediate steps are not

established and remain technically challenging.
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