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Synaptotagmin 1 (Syt1), a major Ca21 sensor in neuroexocytosis, utilizes SNARE- and membrane-binding
to regulate vesicle fusion, a required process for neurotransmitter release at the synapse. However, the
mechanism by which Syt1 orchestrates SNARE- and membrane- binding to control individual vesicle fusion
steps is still unclear. In this study, we used a number of single vesicle assays that can differentiate
intermediates of neuroexocytosis, to focus on Syt1 mutants that might impair Syt1-SNARE/PIP2
interaction, Ca21-binding, or membrane penetration. Our results show that, although putative
Syt1-SNARE/PIP2 coupling through the polybasic region of the C2B domain is critical for vesicle docking,
its disruption does not affect content release. In contrast, Ca21-binding and membrane-penetration mutants
significantly reduce content release. Our results thus delineate multiple functions of Syt1 along the pathway
of Ca21-triggered exocytosis in unprecedented detail.

I
n the pre-synapse, Ca21-triggered neurotransmitter release from synaptic vesicles is the key process for
maintaining signal transduction in the neuronal system1. SNARE proteins, comprised of presynaptic t-
SNAREs syntaxin 1A and SNAP-25 and vesicle v-SNARE VAMP2 (vesicle-associated membrane protein

2), function as the core fusion machinery in vesicle exocytosis2–5. For tight control of neurotransmitter release by
Ca21, another vesicle protein, synaptotagmin 1 (Syt1), has been identified as a major Ca21 sensor6,7. It is believed
that Syt1 plays a key role in synchronizing neurotransmitter release by sensing Ca21 influx and subsequently
triggering rapid fusion of the vesicle with the plasma membrane1,7–10.

At the molecular level, Syt1 contains an N-terminal transmembrane domain, a flexible linker region, and
tandem Ca21-binding C2 (C2A and C2B) domains11. Cytoplasmic C2A and C2B domains share a b-sandwich
structure containing a bottom loop region that can bind two and three Ca21 ions, respectively12–14. Syt1 can
interact with t-SNARE and the ternary SNARE complex via the polybasic region on the C2B domain in both
Ca21-independent and -dependent manners15–19. Also, Syt1 could bind to the negatively charged lipid PIP2

(Phosphatidylinositol 4,5-bisphosphate) on the plasma membrane probably via the same polybasic region on
the C2B domain in the absence of Ca21, while the loop regions could penetrate into the acidic membrane upon
Ca21 binding20–24.

In functional studies, both SNARE and membrane binding by the C2 domains have proven essential in
achieving vesicle fusion18,25–30. Mutations in the polybasic region resulted in the impairment of SNARE-mediated
lipid mixing in vitro as well as Ca21-triggered neurotransmitter release in vivo21,31,32. Mutations in the Ca21

binding sites revealed that Syt1 is the Ca21 sensor and that Ca21 binding to the loop region is required for vesicle
exocytosis6,29,33–35. Finally, the loss and the gain of function mutations on the loop region showed that its
membrane penetration is a critical step for Ca21-triggered membrane fusion26,27,33,36,37. It has recently been shown
that membrane attachment through its transmembrane domain is important for Syt1 to function properly as a
Ca21-sensor29,38–40.

It is thought that vesicle fusion proceeds in at least three sequential steps: vesicle docking, hemifusion (or lipid
mixing), and fusion-pore opening (or content release)9,41,42, and studies have shown that Syt1 might be involved in
all three steps. Apparently, Syt1’s interactions with the SNARE complex and with the membrane are responsible
for these regulations. For example, the putative Syt1-t-SNARE/PIP2 interaction assists docking of vesicles to the
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plasma membrane18,30,43. Syt1’s penetration into the membrane is
likely to play roles in both lipid mixing and fusion-pore open-
ing6,26,27,29,33–37. The Syt1-ternary SNARE interaction might regulate
those later steps as well in response to the Ca21 signal, although this
has not been demonstrated experimentally. Because of experimental
difficulties for previous ensemble fusion assays in resolving indi-
vidual steps along the fusion pathway, many ambiguities still remain
with respect to understanding the molecular origins of the Syt1’s
involvement in individual steps of Ca21-triggered neuroexocytosis.

To address these issues, we generated polybasic region mutants,
which are likely to impair the Syt1-SNARE/PIP2 interaction, Ca21

binding site mutants to hamper its Ca21 affinity, and loop region
mutants to alter its membrane penetration capacity. With well-estab-
lished single vesicle assays40,44–46 that, can resolve the vesicle fusion
process into docking and content release reflecting fusion pore open-
ing, we dissected the effect of these mutations on individual fusion
steps. The results show that Ca21-independent t-SNARE and PIP2

binding, mediated by the polybasic region of Syt1, is essential for
vesicle docking. To our surprise, however, content release is regu-
lated only by the Ca21-dependent insertion of the loop region and
Ca21 binding sites of Syt1 into the membrane, and not at all by its
SNARE/PIP2 interaction.

Results
Syt1 mutants and their SNARE interactions. Syt1 mutants were
designed on the basis of three reported functions of Syt1 in synaptic
vesicle exocytosis: its interaction with SNARE and/or PIP2, Ca21

binding, and membrane penetration. To alter these features of
Syt1, we generated three groups of previously well-characterized
Syt1 mutants. First, we intended to disrupt the SNARE/PIP2-
binding polybasic region of the C2B domain by changing three
basic amino acids Lys326, Lys327, and Lys331 to either acidic
amino acid Glu (EEE), or neutral amino acid Gln (QQQ)21,31,32. We
note however that there might be other binding modes between
SNAREs and Syt1 (see Refs. 19,47). Another mutant, Y311N, was
generated, because, although Y311 is a residue buried inside the
polybasic region, this mutation has been shown to affect Syt1’s
binding to binary t-SNARE18,48, thereby hampering vesicle docking
(blue in Fig. 1A). We also note though that these mutations might
disrupt the Syt1 structure, thereby impacting functions. Such
disruption is especially concerning for partially buried position
311(Ref. 48). The circular dichroism (CD) spectra however show
that the overall folding was not affected significantly by the Tyr to
Asn mutation at this position (Supplementary Fig. S1). Second, to
block the Ca21 binding capability, we mutated the amino acids
Asp230 and Asp232 in the C2A domain to Ala (C2A*), the amino
acids Asp363 and Asp365 in the C2B domain to Ala (C2B*), or
generated all four mutations in the C2A and C2B domains
(C2A*B*)6,14,29,33–35,49 (red in Fig. 1A). Third, we generated loop
region mutants to reduce the membrane penetration ability of
Syt1. We mutated amino acids Met173 and Phe234 in C2A to Ala
(2A(A)), amino acids Val304, Ile367 in C2B to Ala (2A(B)), or
generated all four mutations in C2AB (4A)27,33,50. Conversely, to
enhance membrane penetration ability, we changed these amino
acids to Trp instead of Ala (2W(A), 2W(B), 4W)26,27,33,36,37

(magenta in Fig. 1A).
Because it has been shown that Syt1 binding to the binary complex

of t-SNAREs syntaxin 1A and SNAP-25 plays a role in vesicle dock-
ing prior to the rise of the Ca21 level18, we first examined the Syt1
binding to the t-SNARE complex. The polybasic region mutants
EEE, QQQ, and Y311N showed significant reduction of binding to
the binary t-SNARE complex in the absence of Ca21 (Fig. 1B). To
further understand molecular mechanism of the t-SNARE-Syt1
interaction, we performed the GST pull-down assay in the present
of 200 mM inositol 1,4,5-trisphosphate (IP3) to mimic PIP2 in solu-
tion. Our results showed that IP3 reduces the interaction between

wild-type Syt1 and the binary t-SNARE complex somewhat
(Supplementary Figs. S2B and S2C), indicating that Syt1 binding
to PIP2 might compete with t-SNARE binding somewhat. Controls
BSA and Ca21 did not affect the interaction between Syt1 and the
binary t-SNARE complex (Supplementary Figs. S2B and S2C), indi-
cating that Syt1-binary t-SNARE interaction is specific and Ca21-
independent.

On the other hand, it has been postulated that Syt1 binding to the
ternary SNARE complex regulates Ca21-triggered opening of fusion-
pores7. The polybasic region mutations reduced Syt1 binding to the
ternary SNARE complex in the presence of Ca21 (Fig. 1C). As con-
trols, adding BSA or removing Ca21 did not affect the interaction
between Syt1 and the ternary SNARE complex (Supplementary Figs.
S2D and S2E). IP3 (200 mM) did not alter the interaction between
wild-type Syt1 and the ternary SNARE complex in the presence of
500 mM Ca21 (Supplementary Figs. S2D and S2E). With these

Figure 1 | SNARE binding of Syt1 mutants. (A) Ribbon diagram of the

cytoplasmic domain of Syt1 (C2AB). The model is derived from the crystal

structural of the cytoplasmic domain of Syt1 (C2AB, PDB id: 2R83)69. The

C2B domain was rotated about 180u in the horizontal plane relative to C2A

and the linker between C2A and C2B to show the Ca21 binding loops of

both domains in the same plane. Two important Ca21 binding residues

(D230/D232) on the C2A domain and the other two Ca21 binding residues

(D363/D365) on the C2B domain are shown as red sticks. Four residues

proposed to be important for membrane insertion (M173/F234 on C2A,

V304/I367 on C2B) are shown in magenta. Four residues on the C2B

domain (K326/K327/K331/Y311) that are proposed to bind the SNARE

complex, are shown in blue. (B and C) GST pull-down assays of SNARE-

Syt1 binding. Mutations in the polybasic region of the C2B domain (EEE,

QQQ, and Y311N) hamper SNARE binding while the Ca21 binding (C2A*,

C2B*, and C2A*B*) and loop region mutations (2A(A), 2A(B), 4A,

2W(A), 2W(B), and 4W) mutations do not change the SNAREs binding

capability of Syt1. The binary complex is formed between GST-tagged

soluble syntaxin 1A (191–266) and His-tagged SNAP-25 and the ternary

complex is formed among GST-tagged soluble VAMP2 (1–96), syntaxin

1A (191–266), and His-tagged SNAP-25.
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mutants we are now ready to test, with the single vesicle fusion assay
whether or not there is direct correlation between Syt1-t-SNARE
coupling and vesicle docking and, more importantly, between
Syt1-ternary SNARE complex coupling and content release.

In contrast to these polybasic region mutations, neither the muta-
tions in the Ca21-binding sites nor those in the membrane-penetrat-
ing loops affected the Syt1’s ability to bind the binary t-SNARE
complex in the absence of Ca21 or the ternary SNARE complex in
the presence of Ca21 (Figs. 1B and 1C).

Polybasic region mutations in Syt1 reduce PIP2-binding and
vesicle docking. To study the effect of the Syt1 mutants on
individual fusion steps, we reconstituted wild-type Syt1 or its
mutants and VAMP2 (molar ratio of 151) onto a population of
vesicles (v-vesicles) (Supplementary Fig. S3). Premixed t-SNAREs
(syntaxin 1A: SNAP-25 5 1:1.5) were reconstituted into another
population of vesicles (t-vesicles) (Supplementary Fig. S3A). The
wild-type Syt1 and its mutants had all similar reconstitution
efficiencies when reconstituted together with VAMP2 to v-vesicles
(Supplementary Fig. S3B).

Previously, we had shown that both binary t-SNARE and PIP2 play
roles in Syt1-mediated vesicle docking30. Therefore, we performed
the single vesicle membrane-binding assay to examine Syt1’s binding
to SNARE free vesicles (Supplementary Fig. S4A). In this assay,
SNARE-free vesicles with 2 mol% PIP2 were immobilized (or teth-
ered) on the surface by the avidin-biotin conjugation (see Materials
and Methods section), Syt1- or its mutants-reconstituted vesicles
doped with 2 mol% fluorescence acceptor lipid DiD (Syt1-vesicles)
were loaded, and the number of Syt1-vesicles docked (or bound) to
the SNARE-free vesicles in the imaging area (45 3 90 mm2) were
counted. We found that only the polybasic region mutants showed
impaired binding to the PIP2-containing vesicles by as much as 60%

in the absence of Ca21 (Fig. 2A and Supplementary Fig. S5), showing
that Syt1 binding to the negatively charged PIP2 might contribute to
vesicle docking, confirming our previous results30.

Then, we tested the effect of these mutations on vesicle docking by
applying the single vesicle docking assay with t-vesicles containing
DiD and v-vesicles containing fluorescence donor lipid DiI (2 mol%
each) (Supplementary Figs. S4B and S4C)40,51,52. Our results showed
that polybasic region-disrupted mutants Syt1 EEE and Y311N exhib-
ited reduced vesicle docking by as much as ,70% when compared
with wild-type Syt1. The QQQ mutant, however, had a mild inhibi-
tion by ,30% (Fig. 2D). Unlike the polybasic region mutants, the
Ca21 binding site and loop region mutants had negligible effects on
vesicle docking (Figs. 2E and F). Similar to our previous work using
solution single-vesicle assay, when PIP2 was removed from t-vesicles,
vesicle docking is reduced significantly (Supplementary Fig. S6)30,
suggesting that the Syt1-PIP2 interaction may well be the dominant
force for vesicle docking. When the control IP3 or BSA was injected
into the chamber together with t-vesicles, vesicle docking was not
affected (Supplementary Fig. S6). Although our results may not be
sufficient to pinpoint the detailed binding mechanism, they establish
a direct correlation between Syt1-SNARE/PIP2 coupling and vesicle
docking, and show that the polybasic region of Syt1 plays a role in
vesicle docking.

Ca21 binding and the penetration of the loop region of Syt1 into
the membrane are essential for content release. Ca21 triggered
neurotransmitter release at the synapse requires a fusion-pore
encompassing the vesicle membrane and the plasma membrane.
To study the effect of various Syt1 mutations on the fusion-pore
opening step, we first examined the Ca21 triggered insertion of
Syt1 into the membrane. This time PIP2 was removed from
SNARE-free vesicles and Syt1-vesicles were injected into the

Figure 2 | Interaction between the polybasic region of the C2B domain and PIP2 is important for vesicle docking. (A–C) PIP2 binding abilities of wild-

type Syt1 and its mutants with alterations at the polybasic region, Ca21 binding sites, and the loop region. (D–F) Single vesicle docking probabilities of

wild-type Syt1 and its mutants with alterations at the polybasic region, Ca21 binding sites, and the loop region. The fraction is defined as the number of

docked t-vesicles divided by the number of immobilized v-vesicles. Results are shown as the mean 6 S.D. (*P , 0.05, n 5 3, and n.s. means ‘not

significant’).

www.nature.com/scientificreports
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chamber in the presence of 500 mM Ca21. We found that both Ca21

binding site mutants and alanine mutants on the loop region showed
impaired vesicle docking (Supplementary Fig. S7), consistent with
the previous report that Ca21 bridges Syt1 and the membrane and
both C2A and C2B domains of Syt1 bind to the membrane in the
presence of Ca21 (Ref. 43).

Then we applied the single vesicle content mixing assay and mon-
itored the diffusion of sulforhodamine B from a v-vesicle to an empty
t-vesicle, that results in a sudden increase of the fluorescence
signal due to dilution-induced fluorescence dequenching40,46

(Supplementary Fig. S8A). We used v-vesicles reconstituted with
Syt1 and VAMP2 in a 151 molar ratio for wild-type Syt1 and its
mutants, although the vesicles containing Syt1 and VAMP2 at the
154 molar ratio also exhibited robust content mixing (Supplementary
Fig. S9). The polybasic region mutants EEE, QQQ, and Y311N
showed no difference in term of the fusion percentage among docked
vesicles from the wild-type Syt1 in Ca21-triggered content release
(Fig. 3A and Supplementary Fig. S8B). We note that the disruption
of polybasic region by these mutations could still affect neurotrans-
mitter release in fast (submillisecond) time scale after the Ca21 influx
in vivo. However, the Ca21 binding sites mutants Syt1-C2A*, Syt1-
C2B*, and Syt1-C2A*B* exhibited a decrease in Ca21-triggered con-
tent release by 30, 60, and 70%, respectively (Fig. 3B and
Supplementary Fig. S8C). The results indicate that Ca21 binding to
the C2 domain is important for Ca21-triggered content release. We
notice that the mutation in C2B is more severely disruptive than those
in C2A, consistent with previous findings25.

Next, we tested loop region mutants that either reduce or enhance
the membrane penetration ability of the loops, depending on the
side-chain size of the corresponding amino acids. We observed an
anticipated inhibition of content release for alanine mutants (2A(A),
2A(B), 4A) by 40%, 20%, 70% (Fig. 3C and Supplementary Fig. S8D),
respectively. The results thus indicate that membrane penetration of
Syt1 is important for opening fusion pores. In contrast, we observed
no enhancement for two tryptophan mutants (2W(A), 2W(B)),

although the 4W mutant was able to increase content mixing by
20% (Fig. 3C and Supplementary Fig. S8D). As controls, in the
absence of Ca21 none of these mutants supported content mixing
effectively (pink bars in Fig. 3 and dotted lines in Supplementary Fig.
S8).

Our results thus show that the polybasic region that mediates Syt1-
SNARE/PIP2 coupling plays a role in vesicle docking but not in the
final fusion step. It appears, however, that Ca21-binding and the loop
penetration into the membrane are important elements in content
release although they have minimal effect on vesicle docking.

Discussion
In this work, our single vesicle fusion assay revealed that mutations in
the polybasic region in Syt1 cause reduced SNARE and PIP2 binding
and result in an apparent decrease in vesicle docking, but produce
little change in the content release. It has been long speculated that
Syt1-SNARE interaction plays a critical role in Ca21-triggered exo-
cytosis25. Our results show that the coupling between the polybasic
region of Syt1 and SNARE/PIP2 is limited to vesicle docking (Fig. 4)
and does not extend its influence on to the final content release step.

However, the Syt1-ternary SNARE complex coupling might still
play an important role in regulating Ca21-triggered exocytosis. A
current mechanistic model predicts that complexins, a family of
small presynaptic proteins, bind to the SNARE complex and inhibit
full zippering, thereby clamping membrane fusion53–58. It has been
thought that Syt1 would unclamp the complexin clamp in the pres-
ence of Ca21, requiring Syt1’s binding to the SNARE complex53,54. It
thus appears that Syt1-ternary SNARE coupling is required for repla-
cing the complexin clamp. In a separate note, since polybasic region
mutants cannot completely block the Syt1/ternary SNARE inter-
action (Fig. 1 and Supplementary Fig. S2) we cannot rule out the
possibility that there might be another unidentified region mediating
the Syt1/ternary SNARE interaction besides the polybasic region19,47.

Although the Syt1-SNARE/PIP2 interaction has little influence on
fusion pores, our results show that Syt1’s membrane insertion is

Figure 3 | Content mixing of wild-type Syt1 and its mutants. The bar graphs represent single vesicle content mixing events within 1 min. of the fusion

reaction. Pink bars represent the cases without Ca21 while red bars represent the cases with 500 mM Ca21. Content mixing probabilities are for wild-type

Syt1 and its mutants in the polybasic region (A), for the Ca21 binding sites (B), and for the loop region (C). The fraction is defined as the number of

content mixing events divided by the number of docked vesicles. Results shown represent the mean 6 S.D. (*P , 0.05, n 5 3 and n.s. means ‘not

significant’).
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indeed critical for Ca21-triggered opening of the fusion (Fig. 4), con-
sistent with the conclusion of many previous in vivo and in vitro
studies7,25. For Syt1 it is unclear if SNARE- and membrane-binding
is sequential. Our previous work raised the possibility that Syt1
simultaneously binds the SNARE complex and the PIP2-containing
membrane30,39. Here, based on experiments involving Syt1 mutants,
we show this concurrent SNARE/PIP2 interaction through the poly-
basic region on Syt1 in the absence of Ca21, might be essential for
synaptic vesicle docking.

How might the Syt1’s insertion into the membrane promote the
opening of fusion-pores for content release? McMahon and
Chapman have independently shown that Syt1 has the capacity to
induce a positive curvature of the bilayer33,50. They demonstrated that
this newly discovered function is well correlated with the ability to
stimulate lipid mixing (or hemifusion) with Ca21. It is also possible
that this curvature-inducing ability of Syt1 might provide some
thrust to overcome the energy barrier for pore opening.
Alternatively, it has long been thought that transmembrane domains
of fusion proteins, including those in viral membrane fusion as well
as in intracellular membrane fusion, play a critical role in driving the
fusion-pore59,60. It has been shown that Syt1 binds the basic mem-
brane proximal linker region of SNAREs where PIP2 molecules can
cluster43. We speculate that this interaction might activate trans-
membrane domains to drive fusion pore opening, although more
work is needed to support this idea. Very recently, Südhof and cow-
orkers have disputed the critical involvement of SNARE transmem-
brane domains for Ca21-triggered exocytosis, warranting further
work in this area61.

In summary, using a series of single vesicle assays40,46,62–64 resolving
the individual fusion steps in the single vesicle fusion event, we have
shown that Syt1-SNARE/PIP2 coupling through the polybasic region
has little to do with content release although it plays a significant role
in vesicle docking. On the other hand, our results demonstrate that
Ca21-induced insertion of Syt1 into the membrane is essential for
content release. Our results thus delineate multiple functions of Syt1
along the pathway of Ca21-triggered exocytosis.

Methods
Plasmid constructs and site-directed mutagenesis. DNA sequences encoding rat
syntaxin 1A (amino acids 1–288 with three native cysteines C145, C271, and C272
replaced by alanines), rat VAMP2 (amino acids 1–116 with C103 replaced by
alanine), rat SNAP-25 (amino acids 1–206 with four native cysteines C85, C88, C90,
and C92 replaced by alanines), soluble syntaxin 1A (amino acid 191–266), and soluble
VAMP2 (amino acids 1–96) were inserted into the pGEX-KG vector as N-terminal
glutathione S-transferase (GST) fusion proteins. SNAP-25 was inserted into a pET-
28b vector also as an N-terminal 6xHistidine (His)-tag fusion protein. Recombinant
synaptotagmin 1 (Syt1, amino acids 50–421 with four native cysteines C74, C75, C77
and C79 replaced by alanines and another C82 replaced by serine, (we denoted this

recombinant form as wild-type Syt1 in this work and used it as the template for
generating the point mutants) was inserted into a pET-28b vector as a C-terminal
His-tagged protein. It has been previously shown that the deleted first 49 N-terminal
residues does not affect the Syt1 function in exocytosis33,37,38. The Quick Change site-
directed mutagenesis kit (Stratagene) was used to generate all Syt1 mutants, including
Syt1 EEE (L326/327/331E), Syt1 QQQ (L326/327/331Q), Syt1 Y311N, Syt1 2A(A)
(M173A/F234A), Syt1 2A(B) (V304A/I367A), Syt1 4A (M173A/F234A/V304A/
I367A), Syt1 2W(A) (M173W/F234W), Syt1 2W(B) (V304W/I367W), Syt1 4W
(M173W/F234W/V304W/I367W), Syt1-C2A* (D230A/D232A), Syt1-C2B*
(D363A/D365A), and Syt1-C2A*B* (D230A/D232A/D363A/D365A). DNA
sequences were confirmed by the Iowa State University DNA Sequencing Facility.

Protein expression and purification. The GST-tagged proteins were expressed in E.
coli Rosetta (DE3) pLysS (Novagene). Details can be found in our previous work39,65.
The His-tagged proteins were expressed in E. coli BL21 (DE3) (Novagen) and purified
using previously-described protocol39,66.

Membrane reconstitution. The lipid molecules used in this study were 1,2-dioleoyl-
sn-glycero-3-phospho-L-serine (DOPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), phosphatidylinositol-4,5-bisphosphate (PIP2, from porcine
brain), cholesterol, and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamin-N-
(biotinyl) (biotin-DPPE). All lipids were obtained from Avanti Polar Lipids. 1,19-
Dioctadecyl-3,3,39,39-Tetramethylindocarbocyanine Perchlorate (DiI), 1,19-
Dioctadecyl-3,3,39,39-Tetramethylindodicarbocyanine Perchlorate (DiD), and
sulforhodamine B were obtained from Invitrogen.

For the single vesicle docking assay, the molar ratios of lipids were 155615205252
(DOPS5POPC5cholesterol5PIP25DiD) for the t-SNARE-reconstituted (t-)vesicles,
and 557352052 (DOPS5POPC5cholesterol5DiI) for the v-SNARE-reconstituted (v-
)vesicles, respectively. To fix v-vesicles on the TIR imaging surface coated with
neutravidin, 0.1 mol% biotin-DPPE was added to the v-vesicle lipid mixture prior to
the rehydration-freeze thaw-extrusion steps (see below). The lipid mixture was first
completely dried and then rehydrated with dialysis buffer (25 mM HEPES, pH 7.4,
100 mM KCl). After five freeze–thaw cycles, protein-free large unilamellar vesicles
(,100 nm in diameter) were obtained by extrusion through a 100 nm polycarbonate
filter (Whatman). For membrane reconstitution, SNARE proteins and Syt1 were
mixed with protein-free vesicles at a protein-to-lipid molar ratio of 15200 for each
protein component (this ratio was kept the same for all experiments, including the
single vesicle content mixing assay) with ,0.8% OG in the dialysis buffer at 4uC for
15 min. The mixture was diluted by a factor of two with the dialysis buffer and this
diluted mixture was then dialyzed overnight in 2 L dialysis buffer at 4uC. Details for
the reconstitution process were discussed in our previous work39,64.

For the single vesicle content mixing assay using a small sulforhodamine B content
indicator, lipid mixtures were prepared as described for the single vesicle docking
assay except that the fluorescent lipid dyes (DiI and DiD) were replaced by equal
amounts of POPC. The t-vesicles were prepared as described earlier, except that
50 mM sulforhodamine B in the dialysis buffer was kept throughout all the sample
preparation steps for the v-vesicles. Free sulforhodamine B was removed through
dialysis and a further PD-10 column desalting step (GE healthcare).

Membrane reconstitution efficiency was confirmed using liposome co-sedi-
mentation assay followed by a SDS-page analysis. Briefly, the aggregated protein was
first removed after dialysis by centrifugation at 10,000 g for 10 min at 4uC. Then the
membrane-bound protein was pelleted through high-speed liposome sedimentation
using an Airfuge Air-Driven Ultracentrifuge (Beckman) at 150,000 g for 30 min at
4uC. Pelleted vesicles were re-suspended in the dialysis buffer and re-subjected to the
centrifuge for twice more. Finally, the pellets were re-suspended in 60 ml (about 1/3 of
the initial volume) of dialysis buffer and analyzed by SDS-page.

Single vesicle binding assay. Slide preparation was the same as that in the vesicle
docking assay. SNARE-free vesicles (with or without 2 mol% PIP2) were immobilized
on the PEG-coated surface. After two rounds of 200 ml dialysis buffer washing, Syt1 or
its mutants reconstituted vesicles (Syt1-vesicles, DiD-labled without PIP2, 100 ,
200 nM) were injected into the flow chamber for 30 min docking at room
temperature. After washing out free Syt1-vesicles, the docked Syt1-vesicles number in
the imaging area (45 3 90 mm2) was counted (Supplementary Figs. S10A-C).

Single vesicle docking and content mixing assays. After coating the quartz surface
with a solution of methoxy-polyethylene glycol (mPEG) and biotin-PEG molecules to
eliminate non-specific binding of vesicles, the quartz slide was assembled into a flow
chamber and coated with neutravidin (0.2 mg ml21). Following 30 minutes of
incubation at room temperature (,25 uC), the v-vesicles were immobilized on the
PEG-coated surface. After two rounds of 200 ml dialysis buffer washing, t-vesicles
(100 , 200 nM in lipid concentrations) were injected at room temperature into the
flow chamber for 30 min of docking. After washing out free t-vesicles, we acquired
images (45 3 90 mm2) from 5 , 40 random locations within the flow chamber using
635 nm laser excitation for docked t-vesicles and 532 nm laser excitation for
immobilized v-vesicles, respectively. All spots appeared in the green channel were
considered as docked t-vesicles. The spots in the image were identified by the
smCamera program (kindly provided by Dr. Taekjip Ha’s group) based on the
criteria: peak radius, 3 pixel; peak threshold/data scaler, 1%. The docking probability
was calculated as the ratio of average docked t-vesicles to average anchored v-vesicles
(Supplementary Figs. S10D-F). Details of the single vesicle docking assay were
reported in our previous work67,68.

Figure 4 | A mechanistic model for multiple synaptotagmin 1 functions
along the vesicle fusion pathway. Before Ca21, the polybasic region of the

C2B domain interacts with t-SNAREs and PIP2 molecules to promote

docking of synaptic vesicles. Upon calcium arrival, the membrane

association and insertion of Ca21-bound C2A and C2B domains become

critical for content release.
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For real-time imaging of small sulforhodamine B content release, sulforhodamine
B containing v-vesicles was immobilized on the PEG-coated surface. After two
rounds of washing using 1 ml dialysis buffer, t-vesicles were injected into the channel
to make them bind to v-vesicles. After 30 min of incubation at room temperature
(,25 uC), dialysis buffer, with or without 500 mM Ca21, was injected into the flow
chamber by a motorized syringe pump at a speed of 33 ml sec21. The detail of the
single vesicle content mixing assay was reported in previous work45,46,62.

GST pull-down assay. To form a binary complex, His-tagged SNAP-25 and GST-
tagged soluble Syntaxin 1A (191–266) cell lysates were mixed and loaded onto Ni-
NTA beads. The binary complex was purified following the procedure described for
His-tagged SNAP-25, and the purified binary complex was then loaded onto
Glutathione-agarose beads. After washing thoroughly with a cleavage buffer (50 mM
Tris-HCl, pH 8.0, 150 mM NaCl, 0.8% OG) to remove unbound His-tagged SNAP-
25, the binary complex immobilized beads were separated into many equal parts in
1.7 ml Eppendorf tubes. Equal amounts of wild-type Syt1 or its mutants and cleavage
buffer were added to the immobilized binary complex and the mixture was incubated
at 4uC for 1 h. The beads were then thoroughly washed with the cleavage buffer.
5xSDS-loading buffer (313 mM Tris-HCl, pH 6.8, 10% SDS, 0.05% bromophenol
blue, 50% glycerol, 0.5 M DTT) was added to the samples and the mixture was boiled
for 10 min. Proteins were resolved on precast 12% SDS-page and visualized using
Coomassie blue staining. To test the binding of wild-type Syt1 and its mutants to the
ternary SNARE complex, purified soluble Syntaxin 1A (191–266) was mixed with
His-tagged SNAP-25 and GST-tagged soluble VAMP2 (1–96) cell lysates before
loading onto Ni-NTA beads. The ternary complex was purified following the same
procedure described for His-tagged SNAP-25. The purified ternary complex was then
loaded onto Glutathione-agarose beads. After washing thoroughly with cleavage
buffer to remove unbound His-tagged SNAP-25 and the binary complex, binding of
wild-type Syt1 or its mutants was performed following the procedure described above
for the binary complex, except that 500 mM Ca21 was added to the cleavage buffer.

CD spectroscopy. The CD spectra were measured with an AVIV stop-flow Circular
Dichroism spectropolarimeter at 190 to 260 nm using a cell with the 1 mm path-
length. The sample containing 10 mM of either wild-type Syt1 or the Y311N mutant
was measured at 25uC. For the correction of the baseline error, the signal from a blank
run with PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2 mM
KH2PO4) containing 0.8% OG was subtracted from all the experimental spectra.
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