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checkpoints to ensure fidelity have been demon-
strated in transfer RNA synthetases (27), protein
synthesis (28), and DNA and RNA polymerases
(29, 30) and possibly represent a general princi-
ple for complex cellular pathways that need to
recognize degenerate signals or to discriminate
between correct and incorrect substrates based
on minor differences.
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Dynamic Ca**-Dependent
Stimulation of Vesicle Fusion by
Membrane-Anchored Synaptotagmin 1

Han-Ki Lee,™* Yoosoo Yang,* Zengliu Su,** Changbong Hyeon,® Tae-Sun Lee,* Hong-Won Lee,*
Dae-Hyuk Kweon,? Yeon-Kyun Shin,*®t Tae-Young Yoon™?t

In neurons, synaptotagmin 1 (Syt1) is thought to mediate the fusion of synaptic vesicles with the
plasma membrane when presynaptic Ca®* levels rise. However, in vitro reconstitution experiments
have failed to recapitulate key characteristics of Ca?*-triggered membrane fusion. Using an

in vitro single-vesicle fusion assay, we found that membrane-anchored Syt enhanced Ca®*
sensitivity and fusion speed. This stimulatory activity of membrane-anchored Syt1 dropped as the
Ca®* level rose beyond physiological levels. Thus, Syt1 requires the membrane anchor to stimulate
vesicle fusion at physiological Ca** levels and may function as a dynamic presynaptic Ca**
sensor to control the probability of neurotransmitter release.

cells involves fusion of membrane-bounded
compartments (/) and is mediated by the
SNARE (soluble N-ethylmaleimide—sensitive
factor attachment protein receptor) proteins

Intracellular membrane trafficking in eukaryotic

Fig. 1. Membrane-anchored Sytl stimulates single-vesicle
docking using 10 uM Ca®*. (A) Exemplary images of single-
vesicle FRET imaging. Fluorescence signals from single-vesicle
complexes were separated with the threshold at 645 nm and
detected as the donor and the acceptor channel signals,
respectively (top). Each single-vesicle complex appearing as a
Gaussian peak is identified (bottom). (B) Number of single-
vesicle complexes formed between t- and v-vesicles under the
conditions depicted. The surface-immobilized v-vesicles contain
both v-SNARE and Syt1 (red bar) or only v-SNAREs (blue bar).
*P < 0.05 and **P < 0.01, assessed using the paired t test, and

all the errors are SD unless otherwise specified.

found on both the vesicle (v-SNARE) and target
membranes (t--SNARE) (2—4). In neurons, syn-
aptotagmin 1 (Sytl) is a Ca>* sensor that interacts
with SNAREs and membranes to mediate
synaptic vesicle fusion, triggering synchronous

Donor Acceptor

Number of
single-vesicle complexes

neurotransmission (3, 5, 6). Proteoliposome
fusion mediated by the t- and v-SNARE proteins
is a useful in vitro system (7) for dissecting the
molecular functions of presynaptic fusion regu-
lators, including Sytl (5, 6, 8). The soluble Sytl
variant, which has the two cytoplasmic C2
domains but lacks the transmembrane domain,
has been the subject of extensive studies (9—14).
This “soluble C2AB” accelerates proteoliposome
fusion to reach a time constant of about 10 s
when 100 uM or 1 mM Ca®" is added (3, 14).
However, when the full-length, membrane-
anchored Sytl is used, addition of the same levels
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of Ca”" instead inhibits fusion (12, 15, 16). This
membrane anchor is preserved in all isoforms of
the Syt family except Syt17 (17), suggesting that it
plays an important role in regulating synaptic

vesicle fusion. Understanding this currently hid-
den role of the membrane anchor requires the
study of Ca**-evoked vesicle fusion stimulated by
membrane-anchored Sytl.

REPORTS

Here, we used a single-vesicle fluorescence
fusion assay to track the time course of individ-
ual vesicle-vesicle fusion events (fig. S1) (18, 19).
The assay involves one group of vesicles (called
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v-vesicles), containing v-SNARE, full-length Syt1
and lipidic acceptor dyes, immobilized on an
imaging surface. A second group of vesicles
(t-vesicles), with the precomplex of t-SNAREs
and lipidic donor dyes, are mixed with a desired
concentration of Ca®" and introduced for re-
action via microfluidic buffer exchange. When
the t-vesicles react with the surface-immobilized
v-vesicles, a single-vesicle complex is formed that
can be detected by an increase in the efficiency
of the fluorescence resonance energy transfer
(FRET) between the donor and acceptor dyes.
Docking between t- and v-vesicles generates a
FRET efficiency of less than 0.2, whereas the
fully fused state generates 0.75 or higher (/8).

We first analyzed the ability of membrane-
anchored Sytl to stimulate SNARE-mediated
single-vesicle docking using pM Ca®’ levels.
After a 3-s reaction between the t- and v-vesicles,
we counted the number of single-vesicle com-

A v t

1 0mol% PS, 6 mol% PIP,, [SNARE+Syt1]
1 3mol% PS, 6 mol% PIPy, [SNARE+Syt1]
[J 3mol% PS, 0.5 mol% PIP, , [SNARE+Syt1]

3k ok

plexes formed per imaging area (Fig. 1A and
figs. S2 to S5). In the absence of Ca**, Sytl
increased the docking number by a factor of three
(Fig. 1B). The stimulation of docking by Sytl
was Ca?'-dependent, and there was another two-
fold enhancement between 0 and 10 uM Ca®*
(Fig. 1B). We also tested whether this Syt effect
on docking was strictly dependent on SNARE
activity. We disabled the t-SNAREs using a
SNARE-motif peptide of v-SNARE (sVAMP),
which suppressed the docking number by as much
as 90% (Fig. 1B). This observation indicates that
Sytl’s stimulation essentially involves formation
of the temary SNARE complexes (20-22).

To control the late steps of neurotransmitter
release, Sytl should have the capacity to catalyze
the transition to the full-fusion state (3, 3, 6). To
explore this possibility, we employed a real-time
tracking approach, which followed the entire
course of fusion events occurring in individual
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Fig. 4. Dynamic Ca®*-
dependent stimulation of
vesicle fusion by membrane-
anchored Sytl. (A to D)
Single-vesicle docking data
under the molecular con-
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cis (v-vesicle) and trans
(t-vesicle) membranes. Re-
actions are carried out with
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number data using a modified MWC model (B) (SOM text 3). 15 mol % PS lipids are included for the
trans-membrane in every case. (E) Molecular model for the activity of the membrane-anchored Syt1.

single-vesicle complexes (Fig. 2, A to D, fig. S6,
and movie S1). The time gap between the docking
and full fusion, A7, exclusively measured the
full-fusion kinetics of an individual fusion event,
separated from the docking kinetics (Fig. 2, A
to D, and SOM text 1). When the v-vesicle con-
tained only v-SNAREs, the cumulative plot
of AT shows a single exponential distribution
[three independent movies used for each plot
(Fig. 2, E and F)]. Inclusion of Syt without Ca*"
(Fig. 2E) created a small, fast-kinetic com-
ponent (Fig. 2F, t; = 520 ms). When we added
10 uM Ca*" to this reaction with membrane-
anchored Syt1 (Fig. 2E), the absolute population
of the fast-kinetic component increased by a
factor of 14 (Fig. 2F). This increase of the fast
component was not simply due to docking en-
hancement, but rather was the result of direct
acceleration of the full-fusion kinetics (Fig. 2G
and SOM text 1). Although it was shown that
lipid mixing could occur without proper mixing
of contents (23), this fast-fusion kinetics pro-
vides convincing evidence that we have observed
actual fusion events rather than slow lipid re-
arrangements such as flip-flop transitions. Thus,
in response to 10 uM Ca”', the membrane-
anchored Syt1 directly accelerates the full-fusion
reaction, in addition to the docking kinetics.

To determine what happens when the Ca*"
concentration increases beyond 10 uM, we
repeated the docking-number analysis while
increasing Ca>" to 100 uM (Fig. 3, A to D).
Unexpectedly, the population of single-vesicle
complexes that peaked at 10 uM Ca?" dropped as
the Ca®" level rose further, which was visible at
25 uM Ca?" (Fig. 3A). At 100 uM Ca*", the
docking number became comparable to that
obtained with no Ca*" (Fig. 3A). In addition,
the fluorescence intensity analyses excluded the
possibility of multiple-vesicle aggregation at high
Ca®" concentrations (Fig. 3, B to D, and SOM
text 2). We also performed real-time tracking
measurements with higher Ca®" and found that
100 uM Ca®" indeed cut down the catalysis of
full-fusion states (Fig. 3E); the absolute popu-
lation showing a full-fusion event was smaller
than that of the 0 uM Ca®" reaction and similar
to that observed for the SNARE-only reaction
without Syt (Fig. 3E). Thus, at 100 uM Ca>",
membrane-anchored Sytl is largely deactivated
and loses its capacity to catalyze the full-fusion
state (Fig. 3F).

To study the physical mechanism of Sytl
activity (Fig. 4), we weakened the interaction
between Sytl and the cis-membrane by remov-
ing negatively charged phosphatidylserine (PS)
lipids from the v-vesicle membrane (9, 12, 24).
Without the PS lipids in the cis-membrane, the
docking stimulation by Syt lost the tendency to
decrease up to 100 uM Ca** (Fig. 4A). On the
other hand, when we decreased the phosphatidyl-
inositol 4,5-bisphosphate (PIP,) lipids in the t-
vesicle membrane from 6 (25) to 0.5 mole percent
(mol %), the stimulatory effect of Sytl was abol-
ished in the entire Ca®" range studied (Fig. 4A).
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Thus, Sytl needs to interact with both the t-
SNARE precomplex (Figs. 1B and 4A, sVGAMP
treatment) and PIP, on the transmembrane for
its stimulatory effect, whereas the folding back
of Sytl to the cis-membrane causes its inacti-
vation (Fig. 4E) (12, 24).

The data also suggest that the balance of
Syt1’s cis- and trans-membrane interactions shifts
dynamically as a function of Ca>* concentration.
From the single-vesicle data (Fig. 4A), we
presume two conformations of Sytl, cis- and
trans-conformers, where only the trans-conformer
stimulates fusion (SOM text 3 and fig. S7). The
Ca®'-dependent power shift between these two
conformers could be explained by assigning
different Ca*" dissociation constants to the cis-
(K.s) and trans-conformers (Kya,s) (Fig. 4B),
reminiscent of the classical Monod-Wyman-
Changeux (MWC) model for protein allostery.
Our model predicts a large anisotropy in the two
dissociation constants; Kin/Keis =~ 34 (Fig. 4B),
indicating that at high Ca*>" levels where [Ca")/
K>>1, Sytl predominantly partitions into the
cis-conformer and becomes inactivated (Fig. 4E).
Because the C2B domain exhibits a much larger
Ca2+-binding dissociation constant (3, 10, 26), it
is tempting to speculate that the trans-conformer,
critical for fusion stimulation, is predominantly
mediated by the C2B domain.

Finally, we observed that the presence of
another divalent ion, Mg2+, affected the overall
shape of the Ca®*-dependent stimulation pat-
tern. Simply increasing the PS lipids in the cis-
membrane to the physiological level of 15 mol %
(27) pushed the stimulation peak to sub-uM Ca**
levels, followed by a quick deactivation of Sytl
that began at 1 pM Ca”" (fig. S8A). However, in
the presence of physiological 1 mM Mg**, the
stimulation peak at 10 uM Ca®>" was restored
(Fig. 4, B and C), probably due to the enhanced
screening of electrostatic interactions by Mg
ions. Furthermore, this nonmonotonic docking pat-
tern correlated well with up- and down-regulation
of'the ability of Syt to accelerate the full-fusion
kinetics (fig. S8, B and C). Thus, the essential
molecular activities of membrane-anchored Sytl1
can be reproduced under physiological charge

conditions in the cis- and trans-membranes.
Synaptic vesicles directly isolated from rat brain,
which have native Syt1 and lipids, also show a
deactivation behavior at 100 uM and 1 mM Ca**
(16). These observations collectively suggest
that the dynamic Ca**-dependent activity of
Sytl would occur in physiological contexts.

We have demonstrated that anchoring Sytl
to a lipid membrane fundamentally changes its
molecular activity. In the presynaptic active zone,
tens of UM or even several UM of presynaptic
Ca”"is sufficient to trigger strong neurotransmitter
release (28, 29). The membrane-anchored Sytl
reconstituted in our assay has a remarkable Ca*"
sensitivity, responding to those Ca" levels opera-
tional at the presynaptic termini. In comparison,
at the same effective concentration, we found that
the soluble C2AB required one order of magni-
tude higher Ca** for docking stimulation and did
not show any deactivation pattern up to 500 uM
Ca®" (SOM text 4). Thus, in addition to the en-
hanced Ca®" sensitivity, Syt1’s membrane anchor
seems to give it the Ca”'-dependent, nonmono-
tonic activity. A simple use of sub-mM Ca”" only
inactivates membrane-anchored Syt1, which may
explain why previous in vitro studies failed to
observe stimulatory effects with full-length Sytl.
Our work suggests that Sytl modulates the
probability of neurotransmitter release in response
to the presynaptic Ca>* levels and molecular
composition of membranes, which may contrib-
ute to the dynamic plasticity of neuronal
communication.
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