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Quantitative single-molecule analysis of
assembly and Ca2+-dependent
disassembly of synaptotagmin oligomers
on lipid bilayers
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Synaptotagmin-1 (Syt-1) self-assembles into ring-like oligomers, and genetic and biochemical
evidence suggest that oligomerization is needed to clamp synaptic vesicles and stabilize them for
Ca2+-evoked release. However, oligomerization has not yet been demonstrated on lipid bilayers or
studied in quantitative biophysical terms. Here we utilize single-molecule imagingmethods tomonitor
the assembly and disassembly of oligomeric clusters of Syt-1 on lipid bilayers in real-time. Syt-1
assembled into two distinct classes of oligomers, small (5 ± 2 subunits) and large (15 ± 2 subunits).
Each class assembled at a constant kon that was always proportional to its ultimate size, but both
classesdisassembled at the sameunit rate (koff) independent of its size. Both largeand small oligomers
explosively disassembled when Ca2+ was added. The F349A mutation in the Syt-1 nearly eliminates
the large class of oligomers but does not reduce the small class. Altogether, the physical-chemical
properties of Syt-1 oligomers meet or exceed the physiologic requirements to function as such
a clamp.

The synaptic proteins Munc13-1 and Synaptotagmin-1 (Syt-1) form oligo-
mers with well-defined structures and shapes1–9. Munc13-1 is the key
molecular chaperone that assembles the SNARE complex10–14 and transitions
betweendistinctoligomeric states to scaffold theassemblyof the ready-release
synaptic vesicle in several steps9,15,16. Syt-1 is the primary calcium sensor
triggering synchronous release of these primed synaptic vesicles17–24.

Oligomers of Syt-1 have a ring-like shape, suggesting a potential role as
a clamp to reduce the spontaneous fusion of docked vesicles25–30. In parti-
cular, Wang et al. reported the assembly of Sytnaptotagmin-1 into ring-like
structures on lipidmonolayers usingnegative staining electronmicroscopy3.
The rings were also observed to self-assemble in solution in the presence of
Mg2+ and phosphatidylinositol 4,5-bisphosphate diC4 or Mg2+ and ATP28.
Fluorescence correlation microscopy studies revealed that the average copy
number of Syt-1 in these oligomers to be ~16 molecules28.

A targeted mutation (F349A) selectively disrupts the interfacial inter-
action between neighboring Synaptotagmin-1 molecules, thereby prevent-
ing rings from assembling29,30. This mutation greatly increases spontaneous

release of synaptic vesicles fromPC12neuro-endocrine cells29 and increases
all forms of release at cortical synapses30, confirming the idea that Syt-1 rings
function to restrain (i.e., clamp) synaptic vesicles from fusing. Cryo-electron
tomography of the synaptic vesicle–plasma membrane interface in PC12
cells revealed a circular, symmetrical arrangement of 6 protein complexes
thatwas also disrupted by expressing the ring-disrupting F349 Syt-1mutant
protein that caused spontaneous release31. A follow-up study32 measuring
average changes in populations of boutons failed to detect meaningful
effects of F349A, most likely the result of population averaging, but did
confirm that Synaptotagmin oligomerization is a primary mechanism for
clamping and provided novel evidence that the juxta-membrane linker
region may also contribute to oligomerization. In vitro functional studies
using reconstituted single vesicle analysis found that vesicles containing
F349Adiffuse freely on the bilayer and undergo spontaneous fusion25, while
vesicles with wild type Syt-1 are immobile on the bilayer until fusion is
triggered byCa2+, strongly suggesting that Syt-1 oligomers clamp the fusion
machinery.
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While these studies have been important in suggesting a key role for
circular oligomers of Syt-1 in regulating neurotransmitter release, the
observations to date are largely qualitative and concern oligomers forming
on artificial lipid monolayers or in solution, neither being directly physio-
logically relevant; and oligomers have not yet been directly demonstrated to
form on more physiologically relevant lipid bilayers. A quantitative
understanding is also required, including determining their size distribu-
tions in greater detail and, critically, acquiring energetic and kinetic infor-
mation about the assembly and disassembly processes. Furthermore, the
behavior of Syt-1 oligomers in response toCa2+ remains poorly understood.
Suchknowledge is crucial in assessingwhether the formationof a Syt-1 ring-
based clamp can occur within the required time frame; whether this clamp
can persist long enough to establish a readily-releasable pool, andwhether it
can dissipate fast enough to allow synchronous Ca2+-evoked fusion. Each of
these factors is essential for an effective clamp in neurotransmission.

Hence the general physiological relevance of Syt oligomerization to
control of neurotransmitter release has already been established29,30. Here,
we provide a detailed physical chemical description of the oligomerization
process and its control by calcium ions. We employ single molecule
methods on awell-defined bilayer system to establish the size distribution of
oligomeric Syt-1 clusters as well as the real-time kinetics of oligomerization
and dissociation. We have identified kinetically distinct small (5 ± 2) and

large (15 ± 2) clusters which assemble on bilayers at equilibrium. Their sizes
are determined by their differing rates of association, rather than their rates
of dissociation, which are the same. The F349A “unclamping” mutation
eliminates the large but not the small clusters, suggesting that the large
clusters aremore relevant to regulating neurotransmitter release. Both types
of clusters rapidly disassemble when exposed to Ca2+ ions.

Results
Syt-1 molecules form clusters on lipid bilayers
Syt-1 has an N-terminal transmembrane domain and its cytosolic part
includes a linker domain (residues 79 to 142) followed by two C2 domains
(C2A and C2B, residues 143 to 421) at the C-terminus. We bacterially-
expressed and then purified the complete cytosolic domain, including the
linker domain32, consisting of residues 79-421,with the nativeCys at residue
79 for fluorescent labelling33 andHis6-SUMOat theN-terminus to facilitate
purification (Supplementary Figs. S1 & S2; also see Materials and Methods
for details).

The AlexaFluor 647-labelled cytosolic Syt-1 (55 nM) was incubated at
23 °C with a supported lipid bilayer containing 71 mole% DOPC, 25%
DOPS, 2% PI(4,5)P2, and 2% DAG in a buffer solution containing 50mM
HEPES, 140mMKCl, 10%glycerol, and1mMTCEPand thenexaminedby
TIRF microscopy (see Materials and Methods for details). Clusters were

Fig. 1 | Syt-1 forms clusters on lipid bilayer. A DOPC:DOPS:DAG:PI(4,5)P2
(71:25:2:2) bilayer is monitored by TIRF microscopy. AWhen fluorescent wildtype
Syt-1 (79–421) is added in solution, protein clusters are observed on the bilayer. A
representative image of these clusters is presented here. The buffer is 50 mMHEPES,
140 mM KCl, 10% glycerol, and 1 mM TCEP at pH 7.4. B In absence of Syt-1, no
fluorescence is observed. C, D Representative step-bleaching profiles of Syt-1 clus-
ters of different sizes: small cluster (C), where the bleaching steps and corresponding
numbers of dyes are indicated, and large cluster (D), where the bleaching profile

displays a smooth decay, which can be fitted with an exponential function (red solid
line): I tð Þ ¼ I0e

�t=t0 þ B, where I0 is the initial intensity at the beginning of
bleaching, t0 is the time constant of bleaching, and B is the background fluorescence.
EThe copy number of Syt-1 in each cluster can be determined by step-bleaching, and
from the initial intensity (SeeMaterials andMethods). The distribution of Syt-1 copy
numbers in clusters displays a double-peak showing there are two types of clus-
ters (n = 437).
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observed on the bilayer membrane (Fig. 1A). As expected, when there was
no protein added into the cell, no fluorescent particles were observed lipid
bilayer membrane (Fig. 1B).

We first determine the number of copies of Syt-1 in each cluster at
equilibrium condition (seeMaterials andMethods).We gradually bleached
the image frames using suitable laser power at different positions. The
bleaching profiles of each particle (particle fluorescence intensity versus
bleaching time)were plotted.When the protein copy numberwas small, the
bleaching profile displayed apparent discrete steps (Fig. 1C). Then, the

actual number of proteins can be determined from counting the number
and intensity of steps.When the copy number is large, the bleaching profile
becomes smooth and can be fitted with an exponential decay function
(Fig. 1D). The size of larger clusters can be calculated from the initial
fluorescence intensity of the cluster at the beginning of bleaching divided by
the unit intensity of a single fluorophore.

Histograms depicting the observed cluster sizes reveal a broad dis-
tribution of copy numbers for Syt-1 molecules, spanning from 1 to 20
molecules (Fig. 1E). This size distribution of the Syt-1 oligomers displays

Fig. 2 | Kinetic observation of dissociation of Syt-1 clusters in real-time.
A Schematic illustration of dissociation of wildtype Syt-1 clusters after flowing in
Ca2+-free buffer containing 50 mM HEPES, 140 mM KCl, 10% glycerol, and 1 mM
TCEP.BRepresentative TIRF images of the Syt-1 cluster at different time during the
process. Dissociation starts at t = 160 s upon the flow of buffer. C Representative
curves of the fluorescent intensity of Syt-1 clusters versus time showing the dis-
sociation of clusters of different sizes, “small” clusters are in the left three panels (in
red) and “large” clusters in the right two panels (green). The blue dashed lines in the
left two panels indicate the step-dissociation of small Syt-1 clusters. N(0) indicates
the estimated initial size of the cluster.D Schematic illustration of the two pathways
that Syt-1 may utilize for dissociation: the free end disassembly model in which
dissociation can only occur at the two ends, and the isotropic internal disassembly

model in which every Syt-1 molecule can dissociate from the cluster with equal
probability. The initial disassembly slope allows discriminating between the two
models. E Determination of the slopes of the initial dissociation of the 5 repre-
sentative clusters shown in (C). The intensity, I(t), versus t curves were converted
into the copy number, N(t), versus t curves. (F) Determination of unit koff of dis-
sociation of WT Syt-1 clusters. The initial slopes were plotted as function of initial
sizes, N(0), and the data were fitted with the free end disassembly model (purple
dashed line with R2 = 0) and the isotropic disassembly model (black solid line with
R2 = 0.98), respectively. The R2 values suggests the experimental data is best
described by the isotropic internal dissociation process (n = 27).
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two distinct populations, which we term small and large. The small clusters
contain 5 ± 2 copies of Syt-1, while the large clusters contain 15 ± 2 copies.
Previous studies of Syt-1 oligomers by electronmicroscopy in solution28 and
on lipid monolayers3 did not report the population of small clusters.
However, the size distribution from these studies is similar to the dis-
tribution of large oligomers we find here. This consistency in size dis-
tribution from results obtained inmultiple systems with unrelatedmethods
strongly suggests that the propensity of Syt-1 to form large oligomers is a
robust intrinsic property. It is possible that the first class of oligomers was
not visualized in the negative staining electron microscopy study, either
because their small sizes fell below the detection limit or because they lacked
the stability required for the negative staining method.

High-speed atomic force microscopy (HS-AFM) was also used to
reveal clusters on lipid bilayers in a similar size range to the large class of
oligomers revealed by single molecule counting (See Supplementary
Fig. S3). We performed these HS-AFM experiments in part because a
previous AFM study32 also reported ring-like structures. The presence of
similar structures in spite of thedrastically different experimental conditions
(concentration and incubation time) shows the robustness of the Syt-1
cluster formation process. The difference in cluster size, ~150 nm corre-
sponding to 100 or more Syt-1 vs. ~15-mers here, can be explained by the
experimental variations. Since there are only 15 to 22 Syt-1 in a synaptic
vesicle34,35, giant clusters withmore than a hundredmolecules cannot occur
physiologically.

Kinetics of disassembly of Syt-1 clusters in real-time
To measure the kinetics of the disassembly of Syt-1 oligomers, we allowed
oligomerization to come to equilibriumon a bilayer incubatedwith solution
containing excess Syt-1, and then allowed the system to re-equilibrate once
the free Syt-1 was removed. This results in the dissociation of pre-formed
clusters.

Therefore, we first prepared a lipid bilayer and mounted the flow cell
onto theTIRFmicroscope. Thenwe introduced cytosolic Syt-1 solution into
the cell. After incubation for 20min at 23 °C, clusters of wild type Syt-1
formed on the lipid bilayer. Next, a protein-free buffer solution containing
50mM HEPES, 140mM KCl, 10% glycerol, and 1mM TCEP was flowed
into the cell at 30 µl/min while the fluorescence of the clusters on the lipid
bilayer was monitored in real-time (Fig. 2A). The re-equilibration of the
system after removal of the free Syt-1 in solution resulted in the dissociation
of pre-formed clusters. The TIRF images of a representative cluster at dif-
ferent time displayed this process (Fig. 2B). Regardless of the varying cluster
sizes, all disassembly profiles exhibited a common behavior: initial fluor-
escent intensities reached a plateau before the buffer’s introduction; this
plateau was followed by a rapid phase of dissociation of Syt-1 molecules
upon the buffer arrival gradually leading to a new plateau of low fluorescent
intensities. Fig. 2C shows disassembly versus time profiles separately for the
small and large classes of clusters. As expected, in the case of the small
clusters we could readily observed single dissociation steps, the intensity
decreases between successive steps being approximately the same. Eachsuch
step is presumed to represent the dissociation of a single molecule of Syt-1.

As reported before, the oligomers of Syt-1 are likely linear polymers
that can close to formrings3,29. In principle, the disassembly of suchstructure
may follow either of two distinctmechanisms, either dissociating only at the
free ends, or alternatively dissociating from any internal position (Fig. 2D).

In the free end model, the rate of dissociation will be independent of
chain length/oligomer size:

� dN tð Þ
dt

¼ 2koff ð1Þ

whereN(t) is the number of Syt-1molecules at time t, and koff is the off-rate.
Integrating this equation, we obtain:

N tð Þ ¼ N 0ð Þ � 2koff t or I tð Þ ¼ I 0ð Þ � 2akoff t ð2Þ

where N(0) is the number of Syt-1 molecules before dissociation, I(t) is the
intensity of the cluster at time t. N(t) can be converted into I(t) by using
N(t) = I(t)/a, where a is the unit intensity of a single fluorophore, i.e., the
average intensity of a single bleaching step determined using small clusters
(see Materials and Methods).

For the internal dissociationmodel the simplest possibility is isotropic,
i.e., everymonomer regardless of its position in theoligomerdissociateswith
equal probability per unit time. Hence, the overall dissociation rate will be
proportional to the size of the cluster:

� dN tð Þ
dt

¼ N tð Þkoff ð3Þ

This yields:

N tð Þ ¼ N 0ð Þe�koff t ð4Þ

At t<<1=koff , this equation can be approximated by:

N tð Þ ¼ N 0ð Þ � N 0ð Þkoff t or I tð Þ ¼ I 0ð Þ � I 0ð Þkoff t ð5Þ

To determine which of these two models best describes our kinetic
data, wefitted the initial dissociation slope (initial decreasing of intensity I(t)
or copy numberN(t) versus t profile) of each individual cluster with a linear
function. For instance, in Fig. 2E, we show the initial dissociation slopes of
the 5 clusters in Fig. 2C. Then the initial slopes, which are N(0)koff, are
plotted as function of N(0). Figure 2F shows that these initial dissociation
slopes display a linear dependence on N(0) with a substantial slope, sug-
gesting that disassembly of Syt-1 clusters nicely follows the internal (iso-
tropic) disassemblymodel. In contrast, the horizontal fit (purple dashed line
in Fig. 2F) gives anR2 value of 0, indicating that the experimental datadonot
follow the free enddisassemblymodel. From the linearfit using the isotropic
disassembly model, we obtain a monomer dissociation rate, koff , of
0.0024 ± 0.0004 s-1. The internalmodel holds for both the small and the large
class of Syt-1 clusters (Fig. 2E, F). It is noteworthy that the values of unit koff
for the small (5 ± 2) and the large (15 ± 2) clusters were indistinguishable.

Kinetics of assembly of Syt-1 clusters in real-time
We proceeded to investigate the kinetics of the oligomerization process of
wild-typeSyt-1.A lipidbilayermembranewasmadeon theglass coverslipof
an Ibidi flow cell, which was subsequently mounted onto the TIRF micro-
scope. Themicroscopewas focused on the bilayer, and a solution of Syt-1 in
a buffer containing 50mMHEPES, 140mM KCl, 10% glycerol and 1mM
TCEP was flowed into the cell at 30 μl/min, all while monitoring the real-
time fluorescence of Syt-1 on the lipid bilayer (Fig. 3A).

Upon introduction of the Syt-1 solution, Syt-1 molecules started their
association and formed clusters on the lipid bilayer. The TIRF images of a
representative cluster at different time points are displayed in Fig. 3B. We
analyzed thefluorescent intensity versus timeprofiles to gain insight into the
kinetics of the cluster growth. Figure 3C provides representative growth
curves for these Syt-1 clusters, all which shared common features: (1) As
expected, no clusters were observed before the introduction of the Syt-1
solution, i.e., the fluorescent intensity remained stable at low, background
levels; (2) Rapid association began upon the arrival of Syt-1 and swiftly
reached plateaus; and (3) The plateaus were sustained for approximately
10min before the fluorescent intensities began to slowly decline. Step-like
growth was especially notable in the case of small clusters. Intensity
increases betweenneighboring steps are consistent for different cluster sizes.
Itwasnoticeable that the additionof Syt-1molecules to the clusters occurred
in a one-by-one pattern.

In light of the bimodal size distribution of Syt-1 clusters (Fig. 1E), we
classified all the growth curves into two corresponding categories, slow
growth(yielding small clusters) and fast growth (yielding large clusters). The
cut-off point was taken to be between9 and 10 copies of Syt-1 (small being 9
or less, large being 10 or greater). For each class, all the individual curves
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were combined into a single average curve (Fig. 3D, green circles and red
diamonds).

To determine the on-rates, kon, from the mean composite growth
curves, we considered the initial association of Syt-1 molecules, which

follows the equation below:

dN tð Þ
dt

¼ 2konC ð6Þ
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where C is the concentration of Syt-1. The constant ‘2’ takes into account
assembly at eachof the2 freeendsof theoligomer. If growthcanoccur at one
end only, as for microtubules or actin, the constant ‘2’ would be removed
from Eq. 6 but the rest of the analysis is exactly the same, kon would just be
twice larger.

After integration:

N tð Þ ¼ 2konCt ð7Þ

where N(t) can be calculated through

N tð Þ ¼ I tð ÞNplateau

Iplateau
ð8Þ

We plotted the initial parts of the two mean composite growth curves
(one for the small cluster population and the other for the large cluster
population).Wefitted themeachwith the linear functions, respectively, and
obtained the two slopes, which are equivalent to 2konC.

This enabled us to determine a kon for each cluster class: kon =
(0.6 ± 0.2) × 105M−1s−1 with a characteristic copy number, <Nplateau > =
4 ± 1, for the small cluster class, and kon = (4 ± 0.8) × 105M−1s−1 with a
characteristic copy number, <Nplateau > = 15 ± 2, for the large cluster class
(Fig. 3E). These findings suggest that the presence of two distinct cluster
populations in the cluster size distribution is a result of the existence of two
distinct kon values. Furthermore, it indicates that the size of a cluster is
primarily determined at the very outset of cluster formation during the
initial association steps, and slow-growing clusters are intrinsically unable to
attain the size of large cluster.

The two characteristic copy numbers, <Nplateau > =~4 and ~15, closely
align with the two average sizes in the bimodal distribution, namely,
Naverage = ~5 and ~15. The consistency between the copy numbers obtained
from thekinetic data and themost probable values from the size distribution
shows that these two independent methods converge, thereby confirming
the robustness of our findings.

With the measured kon and koff values, it should be possible to predict
the entire assembly profiles of Syt-1 clusters at equilibrium, considering the
reaction equation:

dN tð Þ
dt

¼ 2konC � koff N tð Þ ð9Þ

which can be integrated into

N tð Þ ¼ 2konC
koff

1� e�koff t
� �

ð10Þ

or

I tð Þ ¼ 2konC
koff

Iplateau
Nplateau

1� e�koff t
� �

ð11Þ

We used Eq. (11), along with the two kon values for the small and large
cluster classes, as well as the single unit koff determined from Fig. 2F, to

predict the assembly profiles for each cluster classes. In Fig. 3D, the solid
black lines represent these predictions for the growth of both cluster classes.
Satisfyingly, they closely alignwith the associationphases andplateaus in the
experimental data. Equation (11) does not account for the subsequent
intensity drops following the plateaus. The underlying mechanism
responsible for this decline in fluorescence is unclear but could represent
vectorial loss of subunits as rings openand subunits leave before the ring can
close again (see Discussion). It is not trivially the result of photobleaching
because at the same experimental conditions the cluster fluorescence can
remain constant over 1000 s without apparent decrease (Supplemen-
tary Fig. S4).

Kinetics of assembly and disassembly of clusters of F349A Syt-
1 mutant
The F349A mutant of Syt-1 reduces the interactions between C2B
domains7,29,30. Negative staining electron microscopy studies revealed that
this mutant was not able to form ring-like structures on lipid monolayers29.
Fusion assays showed that its clamping function was reduced29,30. We
purified the cytosolic domain (residues79 to421)of the Syt-1F349Amutant
(Supplementary Fig. S2). Under the same condition as the wild-type Syt-1,
this mutant also formed clusters on lipid bilayers (Fig. 4A), although only
the small clusters were observed (Fig. 4B). The peak of large clusters
observed with wild-type Syt-1was completely absent in the case of the
F349A protein (Fig. 4B). This suggests the interface between neighboring
C2B domains in the oligomers is different in large vs small oligomers, and
specifically that the inter-subunit interface in large oligomers involves F349,
whereas the interface in small oligomers does not require this residue.

We also monitored the disassembly process of the small Syt-1 F349A
clusters when equilibrium was abruptly perturbed by removing the protein
from the medium. Supplementary Fig. S5 presents representative fluor-
escent intensity profiles over time.We fitted the initial dissociation phase of
each individual F349A cluster the same as for the wild-type Syt-1, with a
linear function thereby determining the initial slope for each individual
cluster (Supplementary Fig. S6). These slopes, representing N(0)koff, were
plotted as functionofN(0) (Fig. 4C). Likewild-typeSyt-1, the slopes of initial
dissociation phase were linearly related to N(0), indicating that the dis-
assembly of Syt-1 F349A clusters also follows the internal, isotropic dis-
assembly mechanism. We then determined the unit off-rate for the F349A
mutant koff = 0.0017 ± 0.0003 s−1, which is indistinguishable from the off-
rate of the wild-type Syt-1 clusters (0.0024 ± 0.0004 s−1).

We also monitored the assembly process of Syt-1 F349A clusters by
analyzing fluorescence intensity profiles over time. Supplementary Fig. S7
shows representative growth curves of these mutant clusters which all have
similar features: cluster growth initiated promptly when themutant protein
solution arrived, gradually reaching plateaus, followed by a slow decrease in
the fluorescence intensities. This process yielded steady-state small clusters
of varying sizes, often characterized by step-like growth.

We then averaged all the growth curves into a single composite one
(Fig. 4D, red diamonds). The initial segment of this averaged growth curve
was plotted and fittedwith a linear function (Fig. 4E), yielding a slope 2konC
and a value for kon for the assembly of the F349A clusters of
(0.4 ± 0.1) × 105M−1s−1 with a characteristic copy number, <Nplateau > =
4 ± 1. Notably, this on-rate is similar to the on-rate of the assembly of

Fig. 3 | Kinetic observation of association of Syt-1 clusters in real-time.
A Schematic illustration of association of wildtype Syt-1 clusters after flowing in Syt-
1 solution. BRepresentative TIRF images of the Syt-1 cluster at different time points
during the process. Association starts at t = 390 s upon the flow of the protein
solution. C Representative curves of the fluorescent intensity of Syt-1 versus time
showing the association of Syt-1 that grew into clusters of different sizes. The growth
of small clusters was marked in red (left two panels), while large clusters in green
(right two panels). The blue dashed lines in the left two panels indicate the step-wise
association of individual Syt-1molecules.DAveraged growth curves ofwildtype Syt-
1 cluster and comparison with theoretical predictions. According the bimodal size
distribution, all growth curves were divided into two classes with a cutoff between 9

and 10 copies of Syt-1: a slow-growth class that result in small clusters, and a fast-
growth class that result in large clusters. In each class, all the curves were averaged
into a single one (filled red diamonds and filled green circles; n = 10 for small clusters
and n = 9 for large clusters). Growth predictions (black solid lines) fromEq. 11 of the
two averaged growth curves over the whole process, using the two kon from (E) and
the single koff from dissociation data in Fig. 2F, displayed good matches with the
averaged experimental curves. E Determination of kon of association of WT Syt-1
clusters on averaged growth curves of the clusters. In each class, kon were obtained
from the initial growth of the mean cluster size (filled red diamonds and filled green
circles, respectively), <N(t)>, versus t curves, which generated a characteristic size,
<N > , for each class (n = 10 for small clusters and n = 9 for large clusters).
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wildtype Syt-1 into small clusters (0.6 ± 0.2) × 105M−1s−1, but significantly
slower than the assembly kinetics of large clusters (4.0 ± 0.8) × 105M−1s−1.

To test the self-consistency of the entire data set, we used the kinetic
parameters to predict the steady-state cluster size distributions and growth
curves for theF349mutant clusters, employingEq. (11) andutilizingkon and
koff as determined from Fig. 4C, E, respectively. The solid black line in
Fig. 4D represents these predictions for the growth of the clusters, providing
a good match with the observed association phases and plateaus.

The subunit binding constant, KD, can be calculated from the ratio
KD = koff/kon. The binding constants for the two populations of wild-type
Syt-1 clusters were 6 ± 2 nM for the large clusters, and 40 ± 8 nM for the
small clusters (Fig. 4F). For comparison, it is worth noting that the subunit
binding constant of wild-type Syt-1 oligomerization in solution in the
presence of Mg2+ and ATP was estimated using FCS to be ~1 μM28. The

better affinity we find here suggests that the oligomers are more stable on
lipid bilayer than in solution.

The binding constant of the small (and only class of) F349A oligomers
was 45 ± 15 nM, indistinguishable from the ~40 nM for the small wild-type
clusters.This reinforces our earlier conclusion thatF349 contributes binding
energy to thepackingofC2Bdomains in the large butnot the small oligomer
class. Because F349A reduces vesicle clamping, this suggests that clamping
involves large oligomers and not small oligomers.

Kinetics of dissociation of Syt-1 clusters in the presence of Ca2+

In the previous experiments, we determined that the off-rate of wild-type
Synaptotagmin -1 clusters inCa2+-free buffer was approximately 0.0024 s−1.
This demonstrated that these cluster had a lifetime of around 1000 s in the
absence of Ca2+. However Ca2+-evoked neurotransmitter release occurs

Fig. 4 | Kinetic observation of dissociation and association of the clusters of the
Syt-1F349A clamping mutant in real-time. A Representative TIRF image of
clusters formed with Syt-1 mutant F349A mutant. B The copy number of Syt-1
F349A mutant in each cluster can be determined by step-bleaching, and from the
initial intensity. The distribution of copy numbers of Syt-1 F349A clusters displays a
single-peak with small cluster size (n = 573). The blue dashed line represents the
distribution of wildtype Syt-1 clusters, which serves as a reference. CDetermination
of unit koff for dissociation of Syt-1 F349A clusters. The initial dissociation slopes
were plotted as function of initial sizes, N(0), and displayed a proportional rela-
tionship (n = 15).DAveraged growth curves of Syt-1 F349A cluster and comparison

with theoretical predictions. All the curves were averaged into a single one (filled red
diamonds; n = 12). Growth predictions (black solid line) from Eq. 11 of the averaged
growth curves over the whole process, using the kon from (E) and the koff from
dissociation data in (C), displayed good matches with the averaged experimental
curves. E The initial slope of the averaged growth curve of Syt-1 F349A clusters
allows the determination of kon for the formation of Syt-1 F349A clusters (same as
Fig. 3E) (n = 12). F Summary of kinetic and thermodynamic parameters of the
oligomerization of wild-type (WT) Syt-1 and the F349A mutant (n = 4 for surface
densities).

https://doi.org/10.1038/s42003-024-07317-9 Article

Communications Biology |          (2024) 7:1608 7

www.nature.com/commsbio


rapidly, so it is essential to investigate the kinetics of cluster dissociation in
the presence of a Ca2+-containing buffer.

Following the same procedure as before, we allowed Syt-1 clusters to
assemble to equilibrium on a lipid bilayermembrane and then added 1mM
CaCl2, which was flowed into the cell at 30 µl/min. The fluorescence
intensity of each cluster was measured in real-time. The vast majority of
clusters, both small and large, underwent rapid dissociation and diffused
away within a single image frame. Figure 5A provides a series of frame-by-
frame images for five representative clusters. The Ca2+ arrived between
frames 3 and 4 as confirmed by the sharp decrease in background fluores-
cence (Fig. 5B). The sharp decrease in background fluorescence was due to
the flow of non-fluorescent buffer which suddenly diluted and eventually
replaced the original incubating buffer that contained fluorescent Syt-1. At
this time point of dissociation, the effective Ca2+ concentration was diluted
to about 200 μM.

The top two panels depict the dissociation of small clusters, while the
three bottom panels depict the dissociation of large clusters. An intriguing
observation was the ability to capture the moment that when clusters dis-
integrated explosively and dispersed in all directions from their original
position (Cluster #5, frame 4, Fig. 5A). The time interval between con-
secutive image frames was 4 s. Figure 5B represents profiles of decreasing
fluorescent intensities of background and clusters of different sizes (left
panel: small cluster; right panel: large cluster) during the buffer flow with
Ca2+. The sudden decrease in fluorescence usually occurred at a single video
frame simultaneously for both background and clusters, suggesting that
Syt-1 clusters disassemble faster than the temporal resolution limit of the
experiment.

In previous experiments, we found that spontaneous dissociation of
Syt-1 oligomers (in the absence of Ca2+) followed the internal, isotropic
disassembly model. This model also fits well with our observation in the
presence of Ca2+, where all the monomeric units in the oligomer “explode”
and move out along all directions.

The disappearance of the Syt-1 clusters with calcium could also be
observed by HS-AFM (Fig. 6A, B).

Old and new clusters remain distinct
We used two-colors of Syt-1 to simultaneously monitor the de novo
assembly of new Syt-1 clusters in the presence of “old” pre-existing clusters.
Todo this,wefirst prepared the lipidbilayer on theglass coverslip andadded
“old” Syt-1 Alexa-488. After an incubation period of 20min, a solution
containing “new” Syt-1 Alexa-647 was then flowed into the cell, as illu-
strated in Fig. 7A. The fluorescence of Alexa-488 and Alexa-647 were both
measured in clusters over time. Figure 7B displays representative TIRF
images of both channels vs. time. In the top panel, clusters of Syt-1 labeled
with Alexa-488 gradually dissociated, while, in the bottom panel, Syt-1
labeled with Alexa-647 gradually assembled into new oligomers at distinct
locations. Interestingly, no “new” Syt-1 Alexa-647 molecules were added
into the pre-existing “old” Syt-1 Alexa-488 oligomers, even though they
were already largely dissociated.

Discussion
Syt-1 clusters represent polymerized monomers
Four lines of evidence establish that the clusters of Syt-1 observed to
assemble on lipid bilayers are due to oligomeric self-assembly of Syt-1 into
polymers, as distinct from happenstance occupancy of the same limited
region of the bilayer surface, in spite of the spatial limits of optical micro-
scopy (~300 nm). First, the bimodal size distribution observed (Fig. 1E) in
no way matches the simple Poisson distribution expected for random
clustering at the same overall surface density (Supplementary Fig. S8).
Second, the consistent growth of each cluster from an initial seed (Fig. 3C)
independently rules out resolution artefacts. Third, the near elimination of
the large clusters (Fig. 4B) by point mutation (F349A) establishes a direct
interaction between subunits involving the mutated C2B domain. Finally,
the clusters are not entirely immobile on the lipid bilayer surface. The lateral
movements of the clusters on the bilayer surface reveal a standard diffusion

of the clusters with a diffusion coefficient that decreases with the cluster size
(See Supplementary Fig. S9).Hence, the colocalized Syt-1molecules actually
belong to a single entity and the clusters are actually Syt-1 oligomers.

Nucleation of Syt-1 oligomers
Weobserved a bimodal size distribution of the oligomers, with average copy
numbers around 4 (small clusters) and 15 (large clusters), respectively. The
small and large clusters have similar off-rate (unit koff), however, the asso-
ciation rate is about 6 times slower for small clusters compared to large
clusters. Hence, the size difference in the small and large clusters is the
consequence of the distinct growth kinetics.

The sizes of small and large classes of oligomers is determined by the
differing association rates of their Syt-1 subunits. Intriguingly, in Fig. 3D, E,
the increase in oligomer size exhibits a linear progression right from the
initiation of the oligomerization process. This linear growth, faster for the
larger oligomers than for the smaller ones, suggests that, even at the first
moment when the smallest Syt-1 oligomer forms, the fate of the oligomer
(large vs small) has already been determined. This suggests that the small
and large oligomers are nucleated by distinct “seeds”, the large seed invol-
ving residue F349 and the small seed not. Since the two peaks in Fig. 1E
contain approximately equal numbers of oligomers, it appears that the two
molecular seeds responsible for driving oligomer formation are equally
probable and thus energetically similar.

Molecular organization and kinetics of Syt-1 oligomers
The observation that the spontaneous dissociation rate at equilibrium is
linearly related to oligomer size (Fig. 2F) implies the absence of end effects,
and shows that all Syt-1molecules in theoligomer are identically arranged in
a closed structure. This observation indicates that the valency of Syt oligo-
mers is 2, meaning each Syt-1 can only bind two other Syt-1, generating a
linear oligomer. Indeed, if the valency was 3 or more, each Syt-1 could bind
at least 3other Syt-1moleculesand the clusterwould look like anetwork that
would be almost impossible to lock at a finite size in a two-dimensional
context. Conversely, a linear oligomer can loop on itself, like a ring. Hence,
our results suggest that the closed structure we observe is a closed ring
topology.

Previously, Syt-1 rings composed of 11 to 26 (16 ± 4) copies were
observed to spontaneously form on phospholipid monolayers3 or in
solution28. Our current findings now confirm that similar ring oligomers
also can assemble onphospholipidbilayers,with the size of the larger class of
oligomers aligning with previously reported observations. The smaller oli-
gomers might not have been detected earlier, possibly due to their insuffi-
cient contrast for visualization by negative-staining electron microscopy.
According to our model, the ring-like structure remains stable during dis-
assembly, but the ring dimensions decrease as Syt-1 molecules detach from
the oligomer.

In summary, we propose the following scenario (Fig. 8). Initially, linear
oligomers nucleate from one of two possible distinct initial “seed” con-
formations which dictates whether they will ultimately grow to be small or
large oligomers (phase I). As the oligomers grow (phase II), they reach an
equilibrium size determined by their rates of association and dissociation
(phase III). The positions of the linear oligomer ends fluctuate over time,
and during this movement, the two ends eventually meet and bind (phase
IV). This event locks the oligomer in place, forming a ring-like structure that
canno longer add subunits to grow.When a Syt-1molecule dissociates from
the oligomer, the ring is opened and it is possible that other Syt-1 may bind
to the two loose ends thereby increasing the oligomer size. Alternately, the
two loose ends, already very close to each othermaymeet and reseal the ring
before any other free Syt-1 can bind to one end. In the two-color experiment
presented in Fig. 7, the pre-existing Syt-1 Alexa-488 oligomers have been
formed for more than 20minutes. When the flow of Syt-1 Alexa-647
solution arrives, these Syt-1 Alexa-488 oligomers have already passed Phase
IV (not in Phase III anymore), i.e., locked in a ring-like structure. The new
coming Syt-1 Alexa-647 cannot insert within these already existing locked
Syt-1 Alexa-488 clusters and can only form new pure Syt-1 Alexa-647
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clusters, indicating that ring resealing is faster than addition of new Syt-1 to
the loose ends. Hence, once the oligomer is locked in a ring-like structure
(phase IV), it can only decrease in size (phase V).

Syt-1 oligomers have sufficient stability to function as
fusion clamps
Synaptic vesicles docked and primed for ready-release at presynaptic
terminals must generally await a signal to secrete their neurotransmitter in

order to pass information from action potentials synchronously across
synapses. Specifically, entering Ca2+ ions (permitted by the opening of
nearby voltage-gated channels) trigger fusion by binding to Syt-1, releasing
its clamp on SNARE-mediated vesicle fusion17. In our models36,37 ring oli-
gomers of Syt-1 are critical for the stability of the fusion clamp because they
radially restrain SNAREpins from zippering to completion. The loss or
reduction in clamping when the large class of oligomers are eliminated by
the F349A mutation25,29,30 provides strong evidence for this model. Also,

Fig. 5 |Kinetic observation of dissociation of Syt-1 clusters in the presence ofCa2+

in real-time. A Frame-by-frame displays of the dissociation of Syt-1 clusters after
flowing inCa2+-containing buffer.Most clusters, including small (clusters #1 and #2)
and large ones (#3, #4, and #5), dissociated in one image frame (n = 4). The interval
between neighboring frames was 4 s. B Representative curves of the fluorescent
intensity of Syt-1 clusters (red diamonds) or background (blue triangles) versus time

showing the rapid dissociation of clusters of different sizes (left panel: small cluster;
right panel: large cluster) simultaneously upon the entry of flow of Ca2+-containing
buffer. The sharp decrease in background fluorescence was due to the flow of non-
fluorescent buffer which diluted and replaced the original incubating buffer that
contained fluorescent Syt-1.
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since clusters of F349Ahave similar off-rate and on-rate as the small clusters
of the wild-type Syt-1, the main clamping function is probably fulfilled by
the large clusters of wild-type Syt-1.

Certain quantitative physical-chemical properties of Syt-1 oligomers
are required for themodel to be tenable. Satisfyingly, the quantitative kinetic
data reported here so far meet all the following requirements for a steric
clamp in the process of synaptic vesicle fusion:
1. Rapid assembly: The clamp must swiftly form between the vesicle and

membrane when needed within the time frame physiologically avail-
able for vesicle priming.

2. Robustness and durability: The clamp must be robust and durable,
being stable long enough to explain the observed rates of spontaneous
vesicle release in synapses.

3. Near instantaneous dismantling: The clampmust dissociate within the
time frame of synchronous neurotransmitter release of < 1ms.

The on-rate for Syt-1 oligomer formation is approximately
4 × 105M−1s−1. The number of Syt-1 molecules per synaptic vesicle is
15–2234,35. Hence in the volume between docked vesicle and plasma mem-
brane, the concentration of Syt-1 is in between 1 and 10mM38. Thus konC is
between 300 and 3000 s−1 and the time needed to form oligomers between
vesicle membrane and presynaptic terminal is around 0.3–3ms. The time
required for docking and priming of synaptic vesicles at the plasma mem-
brane of fast synapses is ~100 ms39, so an effective clamp must assemble
within this time frame.Our quantitative data reveal that the rapid formation
of Syt-1 oligomers fits requirement 1 for rapid formation of the clamp.

Fig. 7 | Monitoring association and disassociation of two colors of Syt-1 clusters
simultaneously. A Schematic illustration of dissociation of wildtype Syt-1 Alexa488
clusters and formation of wildtype Syt-1 Alexa647 clusters. Syt-1 Alexa488 clusters
on lipid bilayer were pre-formed by incubating with Syt-1 Alexa488 solution. Then

Syt-1 Alexa647 solution flowed in. B Representative TIRF images of Syt-1 Alexa 488
clusters (top panel, green), and Syt-1 Alexa647 clusters (bottom panel, white), at
different time. The two panels showed the same area on the lipid bilayer. Growth of
new clusters usually occurred at a fresh spot (n = 3).

Fig. 6 | High Speed Atomic Force Microscope (HS-AFM) imaging of disassembly
of Syt-1 clusters in the presence of Ca2+ in real-time. A Frame-by-frame displays of
the dissociation of Syt-1 clusters upon flowing in Ca2+-containing buffer. Most

clusters dissociated in one image frame. The interval between neighboring frames
was 1 s. B Frame-by-frame displays of the AFM images of the lipid bilayer in the
absence of Syt-1 upon flowing in Ca2+-containing buffer.
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The proposed Syt-1 ring clamp’s intrinsic nature involves utilizing its
molecular volume to maintain spacing between the docked vesicle and
plasma membrane and restrain bound SNAREpins, reducing premature
spontaneous fusion.Ourquantitative data alsobear on thepotential stability
of a ring-based Syt-1 clamp (requirement 2). Specifically, for a given dis-
sociation rate, koff , the lifetime of an oligomer of initial size Nmax is:PNmax

n¼3
1

nkoff
. Each term in the sumcorresponds to the dissociation of one Syt-

1 from the oligomer. Since large Syt-1 oligomers have an intrinsic (in the
absence of Ca2+) dissociation rate of about koff ¼ 0:0024 s−1 their lifetime is
approximately 1000 s. This extended lifetime allows for the accumulation of
enough vesicles and precise configuration of accessory proteins, crucial for
synchronized fusion.

In contrast, for the oligomers of the F349A mutant of Syt-1, although
the off-rate is similar, however, due to their small copy number, they can last
around 100 s between the vesicle and the plasmamembrane. Therefore, the
wild-type Syt-1 oligomer is able to hold clamping sufficiently long for
evoked fusion, fulfilling requirement 2 for the stability of the clamp, while
the F349Amutant oligomers havemuch shorter lifetime, hence they are not
able to effectively reduce spontaneous fusion. These results are consistent
with in vivo and in vitro functional assays25,29,30.

Finally, inneurotransmission, the rate of fusion is in the sub-millisecond
range upon the entry of Ca2+ flow. Thus the clamp must vanish in this time
scale. Our study reveals that Syt-1 oligomers disassemble themselves and
dispersewithin a single image frame inbothTIRFandHS-AFMexperiments,
approximately 1 s, satisfying the requirement for the clamp to vanish upon
Ca2+ entry. We suspect that the Syt-1 oligomers dissociate much faster than
this when they encounter Ca2+, but future experiments with far better time
resolution will be needed to test requirement 3 further.

Materials and Methods
Chemicals
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), Potassium
hydroxide (KOH),Potassiumchloride (KCl),Magnesiumchloride (MgCl2),
Calcium chloride (CaCl2), Glycerol, DNAse I, RNAse A, Benzonase, Roche
complete protease inhibitor cocktail tablets, and DL-Dithiothreitol (DTT)
were purchased from Sigma-Aldrich. Nickel-NTA agarose, TCEP-HCl
were supplied byThermoFisher Scientific. The lipids used in this study, 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3-(phospho-L-
serine) (sodium salt) (DOPS), L-α-phosphatidylinositol-4,5-bisphosphate
(Brain, Porcine) (ammonium salt) (brain PI(4,5)P2), and 1-2-dioleoyl-sn-
glycerol (DAG)were purchased fromAvanti Polar Lipids. Alexa Fluor® 488
Maleimide and Alexa Fluor® 647Maleimide were purchased from Thermo
Fisher Scientific. SUMO protease was home purified. All aqueous solutions
were prepared using 18.2 MΩ ultra-pure water (purified with theMillipore
MilliQ system).

Protein constructs, expression and purification
We elected to work with Syt-1 constructs that do not contain the trans-
membrane domain because previous studies showed that (i) Syt-1 ring
formation seems to be due to the C2B domain7, and (ii) the disordered
region following the transmembranedomainprovides enoughorientational
freedom for the C2B domain to bind opposing membranes through the
polybasic patch40,41. Hence, the transmembrane domain is unlikely to affect
oligomerization.

The vector expressing the cytosolic domain of Syt-1, residues 79 to 421,
was cloned from rat Synaptotagmon-1 to a pET28 plasmid. A His6-SUMO
tag was inserted into the vector, right before the N-terminus of the Syt-1 aa.
79 to 421 (Supplementary Fig. S1), similarly to previous report38. To ensure a
single Cysteine residue on position 79, Cysteine residues at position 82 and
277 were mutated into Serine and Alanine residues respectively.

This plasmid was used as a template to generate the Syt-1 F349A
mutant using a QuickChange mutagenesis kit (Agilent Technologies as
before16).

The cytosolic Syt-1 and Syt-1 F349A mutant were expressed in bac-
terium cells, BL-21 gold (DE3) Escherichia coli bacterial strain. Similarly to
previous report38, a 4 L culture of this bacteria grown at 0.6–0.8 OD
(600 nm) cell density was inducedwith 0.5mM Isopropyl-β-D-thiogalacto-
pyranoside (IPTG) for 4 h at 37 °C. Cells were pelleted.

The Syt-1 proteins were then purified using Ni-NTA affinity beads as
described before33,38,42. To summarize, the cell pellet was thawed on ice and
resuspended in 50ml buffer containing 50mM HEPES (pH 7.4), 400mM
KCl, 10% Glycerol (w/v), 1mM TCEP, 0.5mM of phenylmethanesulfonyl-
fluoride (PMSF), 10 μg/ml DNAse I, 10 μg/ml RNAse A, 10 μl Benzonase,
and 1 tablet of EDTA-free protease inhibitor cocktail (Roche). Triton X-100
was then added to the suspension to a final concentration of 4% (v/v). This

Fig. 8 |Model of successive phases in the assembly/disassembly of Synaptotagmin
oligomers. This model provides an explanation for the observed kinetics of Syt-1
oligomers, as presented in Fig. 3D. Based on experimental observations, the key
assumptions are as follows: i. the oligomer exhibits a linear structure; ii. Additional
Syt-1 primarily binds through the two ends of the oligomer; iii. All Syt-1 can dis-
sociate from the oligomer at a rate independent of their location, and the oligomer
reseals after a Syt-1 dissociates. I) Nucleation: At time 0, a first Syt-1 dimer
assembles, initiating the nucleation of the Syt-1 oligomer. This nucleation seed can
have two forms that determine the assembly rate of the subsequent Syt-1. The slower
(resp. faster) assembly rate will lead to the smaller (resp. larger) oligomers; II)
ContinuousGrowth: Following nucleation, the lownumber of Syt-1molecules in the

oligomer results in an assembly rate exceeding the disassembly rate. Hence, the
oligomer experiences continuous growth due to the addition of new Syt-1; III)
Plateau Phase: As the oligomer size increases, the disassembly rate eventually
matches the assembly rate. Despite ongoing addition and dissociation of Syt-1, a
steady state is reached and the oligomer size remains constant during this plateau
phase; IV) Loop Formation: During the plateau phase, the two Syt-1molecules at the
end of the monomer eventually meet in their fluctuating movement and bind. This
binding locks the oligomer in a loop; and, finally V) Size Reduction: Once the
oligomer is locked, dissociation can still occur, but binding of new Syt-1 is restricted.
Consequently, the oligomer size decreases during this phase.
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suspension was passed 4 times through the French press cell disruptor. The
lysate was centrifuged at 40,000 rpm in a Ti45 rotor (Beckman) for 40min at
4 °C. The supernatant was removed and 2ml Qiagen Ni-NTA slurry along
with 10 ul Benzonase were added, and subsequently rotated using an orbiting
wheel overnight at 4 °C. The beads were washed at 4 °C with 30ml buffer
containing 50mM HEPES at pH 7.4, 400mM KCl, 10% glycerol, 1mM
TCEP, and 10mM Imidazole, then with another 30ml buffer containing
50mM HEPES at pH 7.4, 400mM KCl, 10% glycerol, 1mM TCEP, and
25mM Imidazole, followed the third 30ml buffer containing 50mMHEPES
at pH 7.4, 270mM KCl, 10% glycerol, 1mM TCEP, and 25mM Imidazole.
100 μl of SUMO protease (~2mg/ml) in 1ml buffer was added to the beads
and incubated for 3 h at room temperature with shaking to remove the 6xHis
SUMO tag while bound to the Nickel-NTA column.

After the cleavage reaction, elusions were collected. To remove RNA/
DNA contamination during purification of Syt-1, the eluted protein was
further purified by using the AKTAwith aMonoS cation exchange column
anda10ml superloop.Toclean theMonoScolumn, 10ml0.5MNaOHwas
first injected into the superloop and flowed into the MonoS column in the
reversed position (upside down). Then 5ml 1mg/ml pepsin enzyme was
injected into the superloop andflowed into theMonoS column. TheMonoS
column was then detached from the AKTA and both ends were sealed.
Digestion was performed in a 37 °C incubator for 1 hour. After digestion,
10ml 0.5M NaOH was injected into the superloop and flowed into the
MonoS column in the reversedposition again. TheMonoS columnwas then
put in upright position, and washed by 10ml low salt buffer A (50mM
HEPES, 0mMKCl, 20% glycerol, 1 mMTCEP), then by 10ml 100%buffer
B (50mMHEPES, 2000 mM KCl, 20% glycerol, 1mM TCEP), and finally
by 5% B. The flow running throughMonoS column was kept continuously
at 0.5ml/min with 5% B. Then superloop was washed with 10ml water.
When the column was ready, dilute the Syt-1 protein until 100mMKCl in
the buffer is reached, and inject it to the superloop, and flow into theMonoS
column. This would allow Syt-1 to bind the column at 100mM KCl. After
the binding reached steady state (the conductivity curve became flat), set
Gradient to “100% B, length = 60min”. The KCl concentration would
increase gradually and the Syt-1 protein would be eluted.

SDS-gel electrophoresis and UV absorption analysis showed that the
fraction eluted from MonoS column at about 700mM KCl was pure and
had a ratio of absorption at 260 nm over 280 nm smaller than 0.6, which
indicated that it was RNA/DNA-free (Supplementary Fig. S2). The protein
concentration was typically 1mg/ml as determined by using a Bradford
protein assay and/or Nanodrop 2000.

Protein labeling
We learned that the N-terminal Cysteine residue was more efficient in the
coupling reaction with a maleimide fluorescent dye. Hence we used the
native Cysteine residue at position 79 of Syt-1 for labeling with the
maleimide-AlexaFluor 488 or AlexaFluor 647. All other Cysteine residues
were mutated to Serine or Alanine.

The cytosolic Syt-1 and its F349A mutant were labeled by incubating
the proteins with Alexa 488 or Alexa 647 conjugated with a Maleimide
group fromThermo Fisher Scientific, as described before33. The protein was
first centrifuged at 14,000 rpm for 20min at 4 °C to remove any precipita-
tion. Fluorescence dye was added into the protein solution at dye:protein =
5:1 molar ratio and the mixture was incubated for 30min at room tem-
perature with gentle rotation. Unreacted dye was removed by passing
through the illustraNAP-5 andNAP-10 (CytivaGEHealthcare) three times
at room temperature.

The labeling efficiencies of WT Syt-1 and the F349A mutant are close
to 95%.More specifically,WT Syt-1 with Alexa 488 around 95%,WT Syt-1
with Alexa 647 around 97%, F349A mutant with Alexa 488 around 94%,
F349A mutant with Alexa 647 around 98%, respectively.

Liposome formation
Protein-free liposomes were prepared by extrusion using an Avestin mini-
extruder8,16. To make the liposomes for preparing bilayers, DOPC, DOPS,

DAG, andPI(4,5)P2weremixed at 71:25:2:2mole ratio. Total amountwas 3
μmoles.Nitrogenflowwas use to remove the liquid solvents, and lipidswere
then dried in vacuum for 2 h, followed by re-suspension with 500 μl buffer
containing 50mM HEPES, 140mM KCl, and 10% glycerol. The resus-
pended lipidswere treatedwith freezing (using liquid nitrogen) and thawing
(in 37 °Cwater bath) cycles for 8 times, followed by extrusion using 100 nm
or 50 nm membrane for 21 times.

Bilayer preparation and TIRF microscopy
Bilayers were prepared by bursting liposomes on the glass surface using a
glass-bottomed μ-Slide V10.5 chip from Ibidi. 2.5 µl MgCl2 at 500mMwere
added into 122.5 µl buffer containing 50mM HEPES (pH 7.4), 140mM
KCl, and 10% glycerol. Then 125 µl extruded bilayer liposomeswere added.
60 µlMgCl2-liposome solutionwere loaded into the channel of the ibidi chip
and incubate for 40min at roomtemperature. The channelwaswashedwith
the same buffer supplemented with 6mM EDTA, and then with buffer
supplemented with 1mM TCEP.

The Ibidi chip was then mounted to the stage of a Nikon TIRF
microscope. To monitor formation of clusters on the bilayer, a solution of
55 nMcytosolic Syt-1 in the buffer containing 50mMHEPES 140mMKCl,
10% glycerol, and 1mM TCEP flowed into the channel of the Ibidi chip
using a syringe drive at 30 ul/min. And the bilayer was imaged at room
temperature with the TIRF microscope in real-time.

Counting Syt-1 copy numbers
There are two types of experiments in this paper: the equilibrium experi-
ment where the sizes of the clusters remain constant, and the dynamic
experiments where the clusters are in rapid growth or disassembly.

We have previously described the procedure for counting the copy
number of molecules in clusters of various size for determining the sizes of
clusters in equilibrium experiments8. Here is a brief description of the
method.

Determination of the number of copies of Syt-1 in each cluster is
achieved through counting the number of fluorophores in the cluster. We
assume that the copy numbers of protein molecules and fluorophores are
equal because all proteins in the experiments display very high labeling
efficiencies (~95%).

For clusters at equilibrium, we gradually bleached the image frames
using suitable laser power at different positions. The bleaching profiles of
each particle (particle fluorescence intensity versus bleaching time) were
plotted and two types of bleaching patterns were found, depending of the
cluster size.When the protein copy number was small, the bleaching profile
displayed apparent discrete steps (Fig. 1C). Then, the actual number of
proteins can be determined from counting the number and intensity of
steps. This approach only works for relatively small copy numbers (7 or
fewer). When the copy number is large, the bleaching profile becomes
smooth and can be fitted with an exponential decay function. The size of
larger clusters can be calculated from the initial fluorescence intensity of the
cluster at the beginning of bleaching, I0. The copy number N is obtained
through

N ¼ I0=a

where a is the unit intensity of a singlefluorophore, i.e., the average intensity
of a single bleaching step determined using small clusters16.

Both method, step-bleaching and the method based on total intensity,
provide similar results in the overlapping range 5–7 copies (see for
instance Fig. 1C).

In this study we also counted copy numbers out of equilibrium in
dynamic experiments (clusters that are in rapid formationanddisassembly).

In these dynamic experiments, wherewemonitor the rapid association
or dissociation process of clusters in real-time, we closed the shutter right
after each data acquisition and ensured the laser power was sufficiently low
tominimize photobleaching. Since it is not possible to use step-bleaching to
determine the copy numbers of the clusters, the intensities of clusters
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measured during their growth or disassembly provide a direct measure of
their size at any time using the same equation:

N tð Þ ¼ I tð Þ=a

In some cases, when the cluster size is small, it is possible to observe
step-like dissociation (first two panels in Fig. 2C) or association (first two
panels in Fig. 3C) because the Syt-1 molecules were usually separated from
(dissociation) or added into (association) the cluster following the one-by-
one pattern. Consequently, the copy number can also be counted from the
number of steps.

GUV preparation
Giant unilamellar vesicles (GUVs) were used for HS-AFM. GUVs were
prepared by electroformation using DOPC and DOPS mixtures43. 20 µl of
1mg/ml lipid mix (DOPC:DOPS, 6:4, mol:mol) were deposited on two
indium tin oxide (ITO)-coated glass slides (70–100Ω resistivity, Sigma-
Aldrich) and placed in a vacuum desiccator for at least 2 h to remove traces
of organic solvent. An opened tor rubber joint of ~1mm thickness was used
as a non-leaky spacer between the two ITO slides, and the chamber was
formed by compressing the two slides with springmetal clips. The chamber
was filled with 400 µl of 300mM sucrose solution and exposed to 1 V AC-
current (10Hz sinusoidal) at room temperature for 1.5 h. The resulting
suspension was collected in a tube and used within the next days for
experiments.

High-Speed Atomic Force Microscopy (HS-AFM) and data
analysis
Amica disc of 1mm diameter was glued to a 1mm2 x 3mm2 glass cylinder
and used as sample stage. 1 µl of imaging buffer (25mM HEPES pH 7.4,
1mM DTT, 2mMMg(C2H3O2)2, 1mM EDTA) was added to the freshly
cleavedmica, followed by addition of 1 µl of theGUVs suspension prepared
as described above. The sample was incubated for 10min and gently rinsed
with imaging buffer and always kept under fluid. The HS-AFM fluid
chamber was then filled with ~120 µl imaging buffer into which the sample
stage was immersed. First, the quality of SLB formationwas checked byHS-
AFM imaging. After SLB assessment and image acquisition area position-
ing, cytosolic Syt-1 was added to the fluid chamber to a final concentration
of 500 nM. After imaging the Syt-1 clusters at Ca2+-free condition, CaCl2
was then added to the AFM fluid chamber to reach a final concentration of
2mM. Prior to each experiment, the protein was dialyzed against imaging
buffer for 1 h.

Imaging was performed at room temperature on an HS-AFM 1.0
(RIBM, Japan) using ~8 µm long cantilevers (NanoWorld, Switzerland)
with a nominal resonance frequency of ~1.2MHz and ~0.7MHz in air and
liquid, respectively, and a nominal spring constant of ~0.15 N/m44. To
achieve minimum tip-sample interaction, small oscillation free (Afree) and
set point (Aset) amplitudes of ~1 nm and ~0.9 nm, respectively, were used.
Typically, pixel sampling ranged between 300 × 300 pixel and 200 × 200
pixel and frame acquisition rate ranged between 1 s−1 and 2 s−1.

For HS-AFM movie analysis, we performed a moving average of 3
consecutive time frames to improve the signal-to-noise ratio and a first
order polynomial flattening. Syt-1 size and diameter were manually mea-
sured using ImageJ. Calculation and representation of size and section
profiles were performed in OriginLab (version 2019b).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Data reported in this study are available in the article and the supplementary
information. The source data file underlying all graphs can be found in
Supplementary Data. All other data are available from the corresponding
author on reasonable request.
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