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Vesicles in neurons and neuroendocrine cells store neurotransmitters and pep-
tide hormones, which are released by vesicle fusion in response to Ca>*-evok-
ing stimuli. Synaptotagmin-1 (Sytl), a Ca’' sensor, mediates ultrafast
exocytosis in neurons and neuroendocrine cells. After vesicle docking, Sytl
has two main groups of binding partners: anionic phospholipids and the
SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein recep-
tors) complex. The molecular mechanisms by which Sytl triggers vesicle
fusion remain controversial. This Review introduces and summarizes six
molecular models of Sytl: (a) Sytl triggers SNARE unclamping by displac-
ing complexin, (b) Sytl clamps SNARE zippering, (c) Sytl causes membrane
curvature, (d) membrane bridging by Sytl, (e) Sytl is a vesicle-plasma mem-
brane distance regulator, and (f) Sytl undergoes circular oligomerization. We
discuss important conditions to test Sytl activity in vitro and attempt to illus-
trate the possible roles of Sytl.

hormone; SNARE;
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Neurons and neuroendocrine cells

communicate by [4], thalamus [5], cerebellum [5], and hippocampus

exocytosis of neurotransmitters at chemical synapses.
Neurotransmitters are packaged into specialized orga-
nelles called vesicles, i.e., synaptic vesicles and dense
core-vesicles. Synaptic vesicles from the presynapse
transfer classical neurotransmitters (e.g., glutamate,
acetylcholine, gamma-aminobutyric acid, glycine) that
regulate electrical signals to postsynapse, whereas
dense core-vesicles are responsible for exocytosis of
amines, neuropeptides, and hormones, which modulate
synaptic activity [1-3].

Dense core-vesicles are minor components (e.g.,
1 ~2% of density of synaptic vesicles) in the central
nervous system such as the neuromuscular junction

Abbreviations

[6]. For this reason, chromaffin granules called large
dense-core vesicles (LDCVs) have been widely used
as a model system to study dense core-vesicles [7].
Despite the differences in the biological functions of
synaptic vesicles and LDCVs [2], both types use sol-
uble N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE) proteins as the fusion
machinery [1-3.8]. Ca®" sensor synaptotagmin-1
(Sytl), which is anchored in vesicle membranes,
mediates fast Ca®"-dependent exocytosis of synaptic
vesicles in neuromuscular junctions [9] and hip-
pocampal neurons [10], and of LDCVs in chromaffin
cells [11,12].

LDCV, large dense-core vesicle; Pl, phosphatidylinositol; PKC, protein kinase C; PS, phosphatidylserine; SNARE, soluble N-ethylmaleimide-

sensitive factor attachment protein receptors; Syt1, synaptotagmin-1.
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Evidence in 1990 showed that the C2 domains of
Sytl have membrane-binding affinity and suggested
Sytl as the Ca®>" sensor [13], but further reports have
suggested several different molecular mechanisms of
how Ca®" triggers Sytl to initiate vesicle fusion, so
the topic has become increasingly enigmatic and even
controversial.

This Review focuses on six molecular models to
explain the function of Sytl in Ca®"-dependent vesicle
fusion, and discusses the complexity of Sytl functions:
(a) Sytl triggers SNARE unclamping by displacing
complexin, (b) Sytl clamps SNARE zippering, (c) Sytl
causes membrane curvature, (d) membrane bridging by
Sytl, (e) Sytl is a vesicle-plasma membrane distance
regulator, and (f) Sytl undergoes circular oligomeriza-
tion.

Syt1 as a Ca?* sensor for fast
exocytosis

Neurotransmitters contained in synaptic vesicles are
released in response to Ca®" influx at presynaptic nerve
terminals [14]. Synaptic transmission at the synapses is
fast: the delay from presynapse to postsynapse is around
0.2 ~ 1 ms, depending on temperature; at 37 °C, vesicle
fusion occurs within 10 ~ 100 ps after Ca®" influx in
the presynapse [15,16]. Sytl is responsible for fast syn-
chronous exocytosis of synaptic vesicles and LDCV
[17,18], but not for asynchronous release, i.e., other
Ca®" sensors are involved in asynchronous release (re-
viewed in [17]). Sytl that contains two tandem C2
regions, homologous to protein kinase C (PKC) [13]
and proposed to be a Ca’" sensor [19], interacts with
negatively charged anionic phospholipids in a Ca®*-
dependent manner. Knockout of Sytl in hippocampal
neurons causes selective impairment of fast synchronous
exocytosis [10]; this result supports the direct evidence
that Sytl is a Ca®" sensor for synchronous release.
Mammalian Syt includes 16 isoforms [20], but Sytl, 2,
and 9 mediate Ca®"-dependent fusion of synaptic vesi-
cles [21] in neurons, whereas Sytl and 7 cause Ca®"-
dependent LDCV exocytosis [22] in chromaffin cells.
Sytl is a transmembrane protein in synaptic vesicles
and LDCVs. Acidic aspartate residues in two Ca®"-
binding C2 domains [13] (C2A and C2B), coordinate
three and two Ca”>" ions, respectively [23-25]. In addi-
tion to these Ca’"-binding loops, the C2B domain
contains a polybasic region (KKKK, 324-327; Fig. 1)
that is close to Ca’"-binding loops and is enriched
with lysine residues [23] that interact with anionic
phospholipids [26-32] or the SNARE complex [33—44].
Evidence in 1992 showed that Sytl interacts with anio-
nic membrane [19] or with SNARE proteins [39] by
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electrostatic interaction. Whether Sytl can interact
with anionic phospholipids or the SNARE complex,
or both in a physiological ionic environment remains
controversial.

Molecular mechanisms of Syt1 to
trigger fusion

Model 1: SNARE unclamping by displacing
complexin

Complexin I and II are considered to bind to the par-
tially zippered SNARE complex and might block pro-
gression of SNARE zippering by replacing synapto
brevin/VAMP-2 binding in the C-terminal part of the
SNARE complex [45-48] (Model 1, Fig. 2). However,
the hypothesis that complexin clamps SNARE zipper-
ing might be applicable only in a specialized synapse
and this ‘SNARE clamping by complexin’ hypothesis
remains controversial [49], e.g., complexin might pro-
mote progression of SNARE zippering [50], complexin
might inhibit spontaneous fusion throughout the inter-
action of membrane [51] and t-SNARE [52], and com-
plexin may clamp vesicle fusion by electrostatic
repulsion (reviewed in ref. [49]). Complexin I might
block vesicle fusion by the electrostatic repulsion
between the vesicle membrane and complexin I in
mouse hippocampal neurons [53], but electrostatic
repulsion by complexin I showed no significant effect in
C. elegans neuromuscular junction [54]. The phenotype
of complexin I knockout varies among species, so gen-
eralization of complexin function is a complicated task.
Despite this debate, complexins are generally accepted
to be clamping factors that block vesicle fusion in a
docking state [45,46,55]. Upon Ca’" influx, Sytl inter-
acts with the partially zippered SNARE complex and
displaces complexin from SNAREs, so the clamping
effect of complexin might be released by Ca’*-bound
Sytl.

Many groups have demonstrated Sytl interaction
with SNARE proteins [33—44]. The polybasic region in
the C2B domain of Sytl (KKKK, 324-327; Fig. 1) is
associated with SNAREs [36-38,56,57]. NMR struc-
ture suggested that the polybasic region of the C2B
domain (KKKK, 324-327; Fig. 1) interacts electrostat-
ically with acidic residues from syntaxin-1 and SNAP-
25 of the SNARE complex, whereas basic residues
from Sytl (bottom end, RR, 398 399; Fig. 1) binds to
the membrane [57]; NMR and molecular dynamics
simulation suggest that Sytl and complexin I interact
simultaneously with a partially assembled SNARE
complex that has distinct binding sites [57]. In con-
trast, atomic-resolution X-ray crystal structures

FEBS Letters 592 (2018) 3480-3492 © 2018 Federation of European Biochemical Societies 3481
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Fig. 1. Structure of the SNARE complex and Syt1. The SNARE motif of the SNARE complex is ~ 7 nm long and synaptic vesicles are tightly
docked < 2 ~ 4 nm from the plasma membrane; this proximity suggests that SNARE proteins might be partially assembled in a docking
state. The C2B domain of Syt1 has a polybasic region with a four-lysine patch (KKKK, 324-327) and bottom end with two arginines (RR,
398 399), which are responsible for the interaction with SNAREs or PIP,. Protein structures (top) and the electrostatic potential surface
(bottom) are visualized using PyMOL Molecular Graphics System (PDB ID: 1BYN for C2A, 1K5W for C2B, and 1SFC for the SNARE

complex).

showed that the polybasic region of the C2B domain
is not involved in SNARE interaction, but binds to
the plasma membrane [58]; and that instead, three dif-
ferent SytI-SNARE binding sites exist, i.e., the C2A
domain of the tertiary interface bridges another
SNARE complex and could displace complexin from
the SNARE complex [58]. The conserved primary
interface involves acidic residues from SNAP-25 and
syntaxin-1A and basic residues from Sytl (bottom
end, RR, 398 399; Fig. 1) [58], but an NMR-based
model suggests that this region of Sytl (bottom end,
RR, 398 399; Fig. 1) binds to the plasma membrane
[57]. These diverse results all indicate that the electro-
static effect dominantly mediates the interaction of
Sytl and the SNARE complex, and that this interac-
tion depends on ionic strength [43,48].

Recent high-resolution crystal structures revealed
an additional primed SNARE-Complexin—Sytl tripar-
tite interface in which two Sytl molecules simultane-
ously interact with one SNARE complex on distinct
binding sites on primary and tripartite interfaces, ter-
med SytlI-SNARE-Complexin—-Sytl structures [59].
Syt1-SNARE-Complexin—Sytl complexes might keep
the partially zippered SNARE complex in a vesicle-
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priming state [59]. Ca®>*-bound Sytl causes molecular
rearrangements, and ultimately induces full SNARE
zippering by liberating or displacing complexin from
the SytI-SNARE-Complexin—Sytl complex [59].

However, this model in which Sytl leads to
unclamping of SNARE zippering by displacing com-
plexin is still debated. Sytl binds to SNAP-25 [60-62]
and syntaxin-1A [42,62,63] and this interaction is
mediated by the electrostatic effect between basic resi-
dues of C2AB domain and acidic residues of syntaxin-
1A [64] or SNAP-25 [61,65]. Electrostatic interaction
between Sytl and the SNARE complex is mainly
observable at low ionic strength [43,48], because under
this condition the weak electrostatic interaction
strengthens. This interaction of SytI-SNARE has very
weak affinity [31] and is mainly observable at very
high concentrations (10 ~ 400 um) of the C2AB
domain of Sytl [42,60,64-66] and in buffer that has
low ionic strength (50 ~100 mmM Na®™ or K¥)
[43,48,67]. Complexin has a high binding affinity, so it
can interact with the SNARE complex independently
of ionic strength, but Sytl fails to bind to the SNARE
complex even in the presence of complexin at physio-
logical ionic strength [67].

FEBS Letters 592 (2018) 3480-3492 © 2018 Federation of European Biochemical Societies
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Currently, no direct evidence shows that Sytl trig-
gers full SNARE zippering by displacing or replacing
complexin, which arrests vesicle fusion. Whether com-
plexin clamps SNARE is still under debate, because
spontaneous vesicle fusion is either unaffected or
reduced in complexin-deficient mammalian neurons
(reviewed in Ref. [49]); furthermore, in the physiologi-
cal ionic environment Sytl dominantly binds to anio-
nic phospholipids without interacting with the SNARE
complex [31,67]. However, complexin could inhibit
spontaneous fusion by other processes, for example,
the interaction of membrane—complexin [S1] and t-
SNARE-complexin [52].

Model 2: Syt1 clamps SNARE zippering

Another hypothesis (Model 2, Fig. 2) suggests that
Sytl, not complexin, is the clamping factor of SNARE
zippering. This hypothesis was proposed because dele-
tion of Sytl increases spontaneous release (mini-fre-
quency) in many cell types [9,37,68-72], i.e., SNARE
clamping inhibits spontaneous release before Ca®*
influx. The model proposes that Sytl clamps SNARE
zippering to arrest vesicle fusion before Ca®" trigger-
ing, and that Ca®"-bound Sytl is inserted to the
plasma membrane, and thereby causes conformational
changes that evoke full SNARE zippering and vesicle
fusion.

The C2AB domain of Sytl has been suggested to be
a clamping factor that halts full SNARE zippering by
binding to the partially assembled SNARE com-
plex [37]. SNARE clamping by Sytl may steer the
Ca’" -triggered membrane penetration of Sytl [37].
However, the full-length of Sytl fails to clamp vesicle
fusion, but instead slightly increases the efficiency of
Ca®"-independent fusion [29,73-75]; this result
strongly argues that Sytl is not a clamping factor of
SNARE assembly. The inhibitory effect of the C2AB
domain of Sytl is also controversial in different sys-
tems, e.g., inhibition of Ca’?*-independent fusion by
the C2AB domain does not occur when purified native
vesicles are used [76]. Sytl inhibits spontaneous release
of vesicle fusion, but the mechanisms of SNARE
clamping by Sytl are under debate.

Furthermore, the weak SytlI-SNARE interaction is
completely disrupted at physiological ion concentra-
tions that include 150 mM K* and 1 mm ATP/
Mg”>" [67]; this observation may refute the hypothe-
sis that Sytl clamps SNARE. However, the interac-
tion of the C2B domain (bottom end, RR, 398 399;
Fig. 1) with the SNARE complex is resistant to
ionic strength and observable independently of the
presence of ATP/Mg?"; this result contradicts the

Y. Park et al.

influence of ionic strength on SytlI-SNARE interac-
tion [77]. The electrostatic interaction is tightly cou-
pled to the ionic strength of the buffer [78] and the
weak interaction between Sytl and SNARE proteins
is unlikely to be detected in physiological conditions.
Ca’"-bound Sytl has much higher binding affinity
to membrane than the SNARE complex, so upon
Ca®" triggering, Sytl only binds to membranes that
bear anionic phospholipids [31,67]; this distinction
contradicts the physiological role of SytlI-SNARE
interaction.

Model 3: Syt1 causes membrane curvature

Ca?"-dependent membrane insertion is the most essen-
tial and characteristic property of the C2AB domain
of Sytl [13,19]. Physiological concentration of Ca’"
leads to binding of the C2AB domain to negatively
charged anionic phospholipids [19,31,42,79-82]. Ca®*-
dependent membrane binding of the C2AB domain
depends on the concentration of anionic phospho-
lipids, i.e., C2AB domain binding increases with rise in
the negative charge density in membranes [83,84]. PIP,
(—4 net charge at neutral pH) strengthens the binding
affinity of Sytl [31]. Ca®>"-binding to aspartate resi-
dues in the C2AB domain caused dramatic change in
the surface electrostatic potential of the C2AB domain;
as a result the positive electrostatic potential of the
C2AB domain is attracted to anionic phospholipids,
i.e., phosphatidylserine (PS) provides the complete
coordination site for Ca?™ [25,85], and Ca>" functions
as an electrostatic switch that turns off repulsion
between anionic phospholipids and acidic residues in
the C2AB domain [64]. PIP, efficiently potentiates
Ca’"-dependent binding of C2AB domain to the tar-
get membranes [76,84,86,87] and increases the speed of
response of Sytl insertion by steering the membrane-
penetration activity of Sytl [86]. The polybasic region
of the C2B domain (KKKK, 324-327; Fig. 1)
increases sensitivity to Ca®>" by interacting with PIP,
in the plasma membrane [26,28-31,86,88-90]. Collec-
tively, the Ca’"-binding loops of Sytl are inserted to
the plasma membrane and the polybasic region of the
C2B domain interacts with PI(4,5)P, to synergistically
strengthen the binding affinity of Sytl and increase the
dwell time of Sytl in the plasma membrane [31].
Mutation in the Ca®*-binding sites of Sytl dis-
rupts synchronous release [83,91], whereas gain-of-
function mutation of Sytl increases Ca’" sensitivity
of release [92]; these results agree with in vitro data,
and support the hypothesis that Ca’"-dependent
membrane insertion of Sytl is critical for Ca®*-
dependent vesicle fusion. Additionally, mutations in
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the polybasic region of the C2B domain still show
Ca’"-dependent exocytosis, but reduced Ca’"-sensi-
tivity of release [88,89].

Two hydrophobic residues in the Ca®"-binding
loops of each C2 domain of Sytl are partially inserted
into the inner leaflet of the plasma membrane (~ 10 A
deep) [81]; this action may induce local membrane
deformation in the plasma membrane [27,93]. The
increased dwell time of Sytl and deepened insertion of
Sytl into the membrane may destabilize the bilayer
and thus contribute to overcome the energy barrier for
fusion [31]. The C2B domain of Sytl causes positive
curvature in the plasma membrane in a Ca’*-depen-
dent manner by sequestering PS [94]. Local curvature
mediated by membrane insertion of Sytl may facilitate
SNARE-mediated vesicle fusion by lowering the
energy barrier of the intermediates including close
membrane apposition, fusion stalk formation, and
fusion pore openings (Model 3, Figs 2and 3D) [95-98].
The curvature of plasma membrane might decrease the
membrane repulsion force [95,99], and the membrane
repulsion becomes minimized by large reduction of the
contact area of the two opposing membranes. The
energy barrier to stalk formation also decreases
because the positive curvature could lower the mem-
brane bending energy required to form a stalk. In
addition, the insertion of C2 domains and consequent
membrane dimpling increase membrane tension that
decreases the energy barrier for both the hemifusion
state and fusion pore opening [100].

High concentration of the C2AB domain of Sytl
(~10 pm) in the presence of Ca>* tubulates liposomes; this
tubulation might result from curvature formation by the
C2AB domain [27,93]. However, high concentration of the
C2AB fragment is required for tubulation of liposomes.
Membrane tubulation by the C2AB domain was only
observed by using negative-stain electron microscopy, but
not by cryo-electron microscopy [26,101]. Local positive
curvature induced by C2AB insertion would facilitate
fusion, but local curvature formation is mainly predicted by
theoretical simulation [98]; no experiment has yet demon-
strated that full-length Sytl induces endogenous local cur-
vature and membrane protrusion at the area of vesicle
docking upon Ca®" triggering. Novel techniques and
approaches are expected to show the molecular mechanisms
by which Sytl causes membrane bucking.

Model 4: Syt1 causes membrane bridging

Sytl cross-links vesicles to the plasma membrane by
interactions of the C2A and C2B domain with two dif-
ferent membranes. Before Ca®’ arrival, the acidic
Ca?" -binding sites of these domains repel membranes,

Six different models of synaptotagmin-1

and this repulsion inhibits membrane fusion [26]. After
Ca’" triggering, the C2A and C2B domains bind to
opposing membranes, thereby bridging the vesicle and
plasma membrane [26,102]. The C2A domain is
inserted into the vesicle membrane, but the polybasic
region in the C2B domain interacts selectively with
PIP,, so the C2B domain binds to the plasma mem-
brane [103] (Model 4, Fig. 2).

The linker between the C2A and C2B domain is so
flexible that the two C2 domains bridge opposing
membrane at ~ 4 nm distance, thereby facilitating vesi-
cle fusion [81,103]. Membrane bridging by Sytl may
be further classified to parallel or antiparallel orienta-
tions of two C2 domains, i.e., into an oligomerization
model and a direct-bridging model [101]; the linking
depends on Styl interactions with the vesicle and the
plasma membrane [32,73]. Parallel and antiparallel ori-
entations of two C2 domains might have different
functions, i.e., parallel orientations of the C2A and
C2B domain to the plasma membrane trigger vesicle
fusion, whereas antiparallel configuration of domains
clamp vesicle fusion [104].

The SNARE complex seems to be partially assem-
bled at a vesicle docking state, and the C2A and C2B
domains of Sytl might face the vesicle and the plasma
membrane, respectively. The partial SNARE zippering
brings two opposing membrane into close proximity
~2-4 nm before Ca’>" influx [105], then upon Ca’®*
influx, Sytl causes membrane bridging up to ~ 4 nm,
but the mechanism by which this membrane bridging
can lower the energy barrier to fusion is not clear.
Membrane bridging by the C2A and C2B domains
might decrease the energy barrier for fusion by dehy-
drating the interbilayer region and stabilizing the
primed state (~ 2 nm) (Figs 2 and 3D). However, the
physiological ionic environment that includes ATP/
Mg”" disrupts interaction of the C2AB domain with
the vesicle membrane [76,106]; these results are evi-
dence that the C2AB domain is only inserted into the
PIP,-containing plasma membrane to trigger vesicle
fusion, not into the vesicle membrane, and may thus
refute this model of membrane bridging by the C2AB
domains.

Model 5: Syt1 regulates vesicle-plasma
membrane distance

The energy barriers for vesicle fusion include dehydra-
tion of the phospholipids head groups and steric hin-
drance; for two opposing membrane to contact,
proteins must be moved out of the way. Electrostatic
repulsion between the vesicle and plasma membrane
might contribute to this energy barrier. The vesicle

FEBS Letters 592 (2018) 3480-3492 © 2018 Federation of European Biochemical Societies 3485
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Fig. 3. Energy landscapes of six molecular models of Syt1. (A) Sytl-mediated SNARE unclamping by displacing complexin. Syt1/Ca®*
decreases the energy barrier by triggering full SNARE complex formation. (B) Syt1-mediated SNARE clamping. Ca®* binding to Syt1 induces
the full SNARE complex formation to decrease the energy barrier for membrane fusion. (C) Membrane curvature formation. Syt1/Ca®*
decreases the energy barriers for membrane apposition, stalk formation, and membrane fusion by positive local curvature formation. (D)
Membrane bridging. The docked state results from partially zippered SNARE complex formation. Syt1/Ca?* brings the two membranes into
close proximity and reduces the energy barrier. (E) Distance regulator. No partial assembly of SNARE proteins at the vesicle docking state.
Syt1 controls the distance between the vesicle and plasma membrane and Syt1/Ca’* decreases the energy barrier by bringing two
opposing membrane into close proximity. (F) Circular oligomerization of Syt1. C2B oligomerization is released by Ca®* binding to the C2B
domain and the dissociation of Syt1 ring decreases the energy barrier for fusion pore opening.

membrane contains the negatively charged phospho-
lipids PS and PI (phosphatidylinositol) [107]; both
have —1 net charge, whereas the plasma membrane
has PS and PIP,. Therefore, repulsion between two
opposing membrane might block vesicle docking and
fusion. This model suggests that SNARE proteins
might not be preassembled before Ca®" increase, and
that Sytl contacts the plasma membrane via the
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polybasic region [75]; this is the major difference from
Model 4 (Figs 2 and 3). The polybasic region in the
C2B domain is responsible for Ca®"-independent
binding to PIP,, and might be involved in vesicle
docking [26-32,82,86,88,90]. In a vesicle docking state,
electrostatic repulsion expands the distance between
two membranes, so SNARE proteins have little chance
to meet. Instead, the C2AB domain of Sytl extends to
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interact with the plasma membrane via the polybasic
region [75]. The polybasic region of the C2B domain
tethers two opposing membranes, but electrostatic
repulsion prevent SNARE assembly [75] (Model 5,
Figs 2 and 3E). Liposomes that contain membrane-
anchored Sytl keep two membranes far (~ 7-8 nm)
apart in the absence of Ca®>" [108], and thereby block
SNARE zippering.

Upon Ca®" binding, Sytl functions as a ‘charge
bridge’ to bring the two membranes closer together,
thus initiating the SNARE nucleation and SNARE-
mediated membrane fusion to occur; Sytl functions as
a distance regulator [75]. However, vesicle docking at
distance of ~ 8 nm seems unlikely because synaptic
vesicles are tightly docked < 2 nm from the active zone
and Muncl3 and other SNARE regulatory proteins
might induce tight vesicle docking in vivo [109].

Model 6: Syt1 undergoes circular oligomerization

This model attempts to explain structural studies, and
planar ring-shaped Sytl oligomers that are observed
using electron microscopy [106,110,111]. This polymer-
ized oligomerization is conducted by oligomers of the
C2B domains. The ring structure is 20-35 nm in diam-
eter, and is composed of 12-20 Sytl copies [110]. Sytl
rings form on the plasma membrane before Ca®" trig-
gering, and thereby block and clamp the full SNARE
zippering and vesicle fusion [106]. Ca>" dissociates the
ring oligomerization of Sytl, thus allowing the full
SNARE zippering and vesicle fusion [106,110,111]
(Figs 2 and 3F).

This buttressed-ring of Sytl might include the MUN
domains of Muncl3, i.e., an outer ring composed of
six curved Muncl3 ‘MUN’ domains surrounds a stable
inner ring of Sytl oligomers, and thereby form a hex-
americ symmetrical ring structure that clamps SNARE
zippering [112]. Circular oligomerization of Sytl might
be consistent with the crystal structure of two Sytl—
one SNARE complex [59] in which one C2B domain
coordinates the primary site (complexin-independent)
and another C2B domain coordinates the tripartite site
(complexin-dependent) of the SNARE complex.

Currently, no direct evidence has shown circular
oligomerization of Sytl in vivo at the active zone.
Visualizing the buttressed rings of Sytl in presynaptic
neurons remains a topic of further study. Although
Sytl mutations that disrupt the ring structure block
Sytl function, the circular oligomerization ring struc-
ture of Sytl is preferentially formed at low ionic
strength and reduced at physiological ionic strength
[110], i.e., 15 mm KCI for Sytl ring oligomers [110]
and 20 mm KCl for fluorescence correlation

Six different models of synaptotagmin-1

spectroscopy experiments [111]. Nevertheless, this
model might describe the geometrical localization
between SNARE/Sytl and the fusion pore.

Discussion

The diversity of Sytl functions in vitro can result from
different experimental conditions. Here we describe
some experiments to reduce the diversity of Sytl func-
tions caused by experimental artefacts. 1) In vitro
fusion data might vary depending on whether full-
length Sytl or the C2AB domain is used for fusion
assay. The C2AB domain fails to rescue the phenotype
of Sytl knockout [113] and only full-length Sytl, not
the C2AB domain, efficiently reproduces Ca”"-depen-
dent fusion in the in vitro reconstitution system [76].
High concentration of the C2AB domain causes clus-
tering and aggregation of liposomes and affect fusion
independently of Sytl activity. 2) Physiological Ca®*
concentrations should be used to test Sytl functions.
Ca’" has a biphasic effect to trigger vesicle fusion
in vitro and in chromaffin cells [67,114], i..,
10 ~ 100 um Ca®" increases vesicle fusion, whereas
0.1 ~10 mm Ca®* reverses it. Ca®>* dose-response
curve is an important control experiment to ensure
whether or not Ca®*-dependent fusion is mediated by
Sytl. 3) A normal physiological ionic environment
including ATP/Mg> " should be used. Sytl interactions
with membrane or SNARE proteins are tightly regu-
lated by the electrostatic effect, and thus Sytl function
and activity vary depending on the ionic strength and
salt concentration. Although the effects of low salt
condition may be considered because of macromolecu-
lar crowding of these proteins [115], Sytl activity must
be confirmed in vitro using physiological buffer to
reduce the nonspecific effect. SNARE proteins
together with SNARE regulatory proteins such as
Muncl3, Muncl8, and even NSF/alpha-SNAP create
a more realistic reconstitution system to study the Sytl
function (reviewed in [116]).

In a physiological ionic environment, the main bind-
ing partner of Sytl is most likely a membrane that
contains anionic phospholipids, rather than the
SNARE complex, and the polybasic region of the C2B
domain may be responsible for PIP, interaction before
Ca®" triggering. The possibility still exists that Sytl
interacts with SNARE proteins when vesicles are
tightly docked within 0-2 nm of the plasma membrane
[109] and the SNARE complex seems to be at least
partially assembled. Furthermore, membrane deforma-
tion by Ca’"-bound Sytl might contribute to over-
come the energy barrier to fusion. These six models of
Sytl may be compatible and applicable at different
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times and in different places, and data obtained using
advanced techniques may spawn new models. It is also
worth noting that some of the differences between
in vitro biochemical assays of fusion and in vivo neu-
ronal exocytosis may be due indirectly to Sytl changes
in vesicle recycling and cargo sorting, but this Review
focuses explicitly on the role of Sytl in exocytosis.

Conclusions and perspectives

Since the discovery and cloning of Sytl, its mecha-
nisms have been examined intensively. However,
molecular models of how Sytl evokes vesicle fusion
remain controversial. Sytl interacts with SNARE pro-
teins [39] and anionic plasma membrane [19], but the
mechanisms have not yet been determined. Major
debates are 1) whether Sytl binds to the SNARE com-
plex or to the membrane or to both [77] in a vesicle
docking state in a physiological ionic environment that
include ATP/Mg?", 2) how Sytl, together with com-
plexin, controls SNARE clamping to restrict sponta-
neous fusion before Ca®" rise, 3) whether complexin
might be a SNARE clamping factor, and if not, how
vesicle fusion stops before Ca®" increase, and 4) how
Sytl unclamps SNARE zippering to trigger Ca’"-
dependent membrane fusion. We have reviewed six
molecular models of Sytl and discussed the debate
about each model. Advances in technologies of cryo-
electron microscopy, single-molecule measurements,
in vitro fusion assay, nanodisc fusion assays for fusion
pore nucleation, and force spectroscopy such as optical
tweezers, magnetic tweezers and atomic force micro-
scopy will help to increase understanding of the molec-
ular mechanism by which Sytl triggers vesicle fusion.
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