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The synaptic vesicle protein synaptotagmin-1 (SYT) is required to
couple calcium influx to the membrane fusion machinery. How-
ever, the structural mechanism underlying this process is unclear.
Here we report an unexpected circular arrangement (ring) of SYT’s
cytosolic domain (C2AB) formed on lipid monolayers in the absence
of free calcium ions as revealed by electron microscopy. Rings vary
in diameter from 18–43 nm, corresponding to 11–26 molecules of
SYT. Continuous stacking of the SYT rings occasionally converts
both lipid monolayers and bilayers into protein-coated tubes. Helical
reconstruction of the SYT tubes shows that one of the C2 domains
(most likely C2B, based on its biochemical properties) interacts with
the membrane and is involved in ring formation, and the other C2
domain points radially outward. SYT rings are disrupted rapidly by
physiological concentrations of free calcium but not by magnesium.
Assuming that calcium-free SYT rings are physiologically relevant,
these results suggest a simple and novel mechanism by which SYT
regulates neurotransmitter release: The ring acts as a spacer to pre-
vent the completion of the soluble N-ethylmaleimide–sensitive fac-
tor activating protein receptor (SNARE) complex assembly, thereby
clamping fusion in the absence of calcium. When the ring disassem-
bles in the presence of calcium, fusion proceeds unimpeded.

Synaptotagmin-1 (SYT) is the calcium (Ca2+) sensor that
triggers synchronous release of neurotransmitters for synaptic

transmission (1–4). It is a transmembrane protein, localized to the
synaptic vesicles (1, 5), with tandem cytosolic C2 domains (C2A
and C2B) that bind phospholipids in both a Ca2+-independent and
a Ca2+-dependent manner (1, 6). The membrane-distal C2B do-
main interacts with acidic lipids such as phosphatidylserine (PS)
and phosphatidylinositol 4,5-bisphosphate (PIP2) to mediate effi-
cient docking of the synaptic vesicles (7–10) before the influx of
Ca2+ ions. Recent studies (7, 8, 11, 12) have located this calcium-
independent membrane-binding site to a polybasic patch on the
C2B domain (site I in Fig. 1A). The binding of Ca2+ to the
calcium-coordination pocket of the C2B domain (site II in Fig.
1A) triggers the insertion of flanking portions of site II into the
plasma membrane, and this Ca2+-triggered membrane insertion
is absolutely required for neurotransmitter release (13–16).
The C2B domain also mediates the Ca2+-independent binding

of SYT to neuronal soluble N-ethylmaleimide–sensitive factor
activating protein receptor on the plasma membrane (t-SNARE)
[syntaxin/ synaptosomal-associated protein 25 (SNAP25)], most
likely via its interaction with SNAP25 (17-21). This interaction is
believed to position SYT on the prefusion SNARE complexes to
trigger rapid exocytosis in response to Ca2+ (20, 22). How the
insertion of site II into the membrane bilayer is coupled to the
completion of the SNARE assembly to release neurotransmitter
is still unclear, although some key points have been established. In
the prefusion state, the SNARE complexes are clamped at a half-
zippered state and are prevented from further assembly by a
mechanism involving SYT and the synaptic protein complexin
(CPX) (23–27). Upon calcium binding, the C2 domain and
t-SNAREs retain a fixed spatial relationship as site II rapidly
inserts into the bilayer (20), suggesting that if cooperative

conformational changes are involved in calcium coupling, they
likely involve a higher-order oligomeric arrangement of these
proteins.
To understand how Ca2+ binding to SYT triggers the com-

pletion of the SNARE complex assembly to drive fusion, we are
exploring the supramolecular organization that SYT can assume
on membrane surfaces. Here, we have used EM to visualize the
organization of membrane-bound SYT-C2AB domains in the
absence of calcium. We report that SYT-C2AB domains as-
semble into ring-like structures on lipid monolayers under Ca2+-free
conditions. This oligomeric assembly requires the electrostatic in-
teraction of SYT with PS in the lipid monolayers. These rings en-
close and deform the lipid surface and disassemble upon exposure
to physiological levels of Ca2+ ions, suggesting a novel mecha-
nism by which SYT regulates neurotransmitter release.

Results
SYT-C2AB Domains Oligomerize as Circular Structures on the Membrane
Surface. To obtain oligomeric SYT-C2AB domains on lipid sur-
faces, we adapted the conditions used for 2D crystallization of
protein kinase C (28), combined with the affinity grid technique
(29). Briefly, the lipid monolayer formed at the air/water interface
was recovered by placing a carbon-coated EM grid on top of the
lipid hydrophobic tails. After the lipid was transferred onto an EM
grid, protein solution was added to the lipid monolayer under
Ca2+-free conditions (1 mM EDTA) and was incubated for 1 min
at room temperature (22 °C). Negative-staining EM analysis re-
vealed the presence of ring-like structures on the lipid monolayer
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(Fig. 1B). In lightly stained areas of the grid, SYT rings appeared
dark, probably because the stain collected around the protein. In
a darkly stained area of a grid many of these rings showed bright
bands around the periphery, representing zones of true negative
staining (Fig. 2C).
Besides the circular rings, we also observed related oligomers

including “clams,” “volcanos,” and “tubes” (Fig. 1B). Clams
consist of a bright linear feature sandwiched between two layers
of proteins. We interpret these features as rings that have col-
lapsed laterally, buckling the central monolayer region to form
a bilayer sandwiched between two SYT layers (Fig. 1C). Volca-
nos consist of expanded ring-like structures with a shallow center
and a bilayer edge further surrounded by a layer of protein (Fig.
1B). Volcanos might correspond to collapsed ring structures
(Fig. 1C). The percentage of these alternate structures increased
with a proportional decrease in the percentage of SYT rings as
incubation times were lengthened (Fig. 1D), indicating that the

rings are kinetic precursors to the clams and volcanos. There-
fore, we concluded the ring is the most relevant arrangement of
the SYT protein. In support of this assumption, we also observed
tubular protein-coated structures growing out of lipid mono-
layers and bilayers (Fig. 1B; also see Fig. S4) that appear to be
closely related to the ring structures (see below).
The diameter of these SYT rings ranged from 18–43 nm, with

an average size of 27.6 ± 0.6 nm (mean ± SD) (Fig. 2A) corre-
sponding to 11–26 copies of SYT per ring (interpolated from the
helical symmetry of SYT-decorated tubes, as discussed below).
Despite the variation in outer diameter (Fig. 2B), each ring is
composed of a band of constant width surrounding a circular
stain-excluded region. The width of the band, about 50 Å, is
consistent with the dimensions of a single SYT-C2AB domain
(30). Unexpectedly, the stain-excluded regions within the rings
appeared brighter than the background under true-negative
staining conditions (Fig. 2C). Given the lipid-bending property of
SYT (11, 31), a probable explanation for the exclusion of stain
from the centers of the rings is that the lipid monolayer in these
regions has been displaced upwards (buckled) by the surround-
ing SYT proteins (Fig. 1C).

Ring Assembly Is Specific to the SYT-C2AB Domain. Ring-like struc-
tures are a unique and intrinsic property of the calcium-free SYT-
C2AB domain. A lipid monolayer treated with buffer or incubated
with other proteins (BSA, SNARE/complexin complex) did not
show ring-like structures but rather appeared as a heterogeneous
pattern (Fig. S1). Furthermore, increasing the input SYT con-
centration caused a corresponding increase in the number of
rings observed on the lipid monolayers (Fig. S2), indicating that
ring formation requires the presence of SYT. These findings
indicated that these rings are not artifacts of the negative staining
procedure, a conclusion that is supported further by the presence
of ring-like structures of similar dimension observed by cryo-EM
(Fig. S3).
The number and integrity of SYT rings were affected signifi-

cantly by anionic lipids present in the monolayer and the ionic
strength of the buffer used. A minimum of 35% PS was required
to obtain stable ring structures (Fig. S2). Ring formation did not
require PIP2, because similar numbers of rings were observed on
phosphatidylcholine (PC)/PS monolayers (40% PS: 9.9 ± 0.9
rings per um2; 25% PS: 0.5 ± 0.5 rings per um2, mean ± SEM) and
on PC/PS monolayers supplemented with 5% PIP2 (40% PS +
5% PIP2: 11.5 ± 1.5 rings per um2; 25% PS + 5% PIP2: 1.2 ± 0.2
rings per um2). Therefore, we excluded PIP2 from our lipid
monolayer assay to simplify the membrane composition and
typically used a monolayer composed of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) and 1,2-dioleoyl-sn-glycero-3-
phospho-L-serine (DOPS) at a 3:2 molar ratio. The assembly of
the SYT ring also was sensitive to the ionic strength of the buffer.
The ideal salt concentration was 15 mM KCl, and buffers con-
taining 50 mM KCl inhibited ∼75% of ring formation (Fig. S2).
In addition, mutation of the key lysine residues (K326A, K327A)
within the polybasic patch on C2B domain (site I in Fig. 1A)
drastically reduced the number of SYT rings, by ∼95% (Fig. S2).
Taken together, these results suggested that the electrostatic
interaction between the polybasic patch of C2B (site I) and the
negatively charged phospholipids is critical for the formation of
SYT rings. Note: The SYT construct tested here contains only
the cytoplasmic C2AB domain of SYT (residues 143–421). In the
full-length protein, the 60-residue linker region that connects the
C2 domain to the membrane anchor, which is known to self-
oligomerize (1, 32, 33), might help stabilize the circular ring-like
arrangement under physiological salt concentrations.
We optimized the conditions that form rings (Fig. 2C) and

performed 2D class averaging of the resulting rings. This analysis
revealed two shells of densities surrounding a central stain-
excluded area (Fig. 2D). However, neither symmetry reinforcement

Fig. 1. Calcium-free SYT-C2ABs form circular oligomers on a lipid mono-
layer surface. (A) Atomic structure of the SYT-C2AB domain (PDB ID code
2R83). The C2A domain (residues 96–263) and C2B domain (residues 271–
421) are shown in cyan and gray, respectively. The calcium-independent
lipid-binding site (site I) consists of four lysine residues (K324, K325, K326,
and K327; blue) (12, 39). The calcium-dependent lipid-binding site (site II)
consisting of four conserved aspartic residues (D303, D309, D363, and D365;
red) coordinates the binding of calcium ions (yellow), which are super-
imposed from a calcium-bound structure of C2AB [PDB I code 2YOA (53)]. In
the arginine apex (site III), conserved arginine residues (R398 and R399;
green) might be involved in membrane aggregation (10). (B) (Left) Ring-like
SYT-C2AB oligomers appeared after 1-min incubation on lipid monolayer in
the absence of Ca2+ at room temperature, as visualized by negative-staining
EM. (Right) Enlarged view of the oligomeric structures: ring (r), clam (c),
volcano (v), and tubule (t). (C) Schematics of possible pathways by which
the lipid monolayer can be remodeled by SYT oligomers (cross-section). The
circular SYT oligomer (ring) could buckle the lipid monolayer into a dome.
Because of the instability of lipid monolayer, the dome might seal laterally
into a bilayer bar sandwiched by SYT molecules (clam), or the buckled
monolayer might collapse vertically so that the center of the monolayer
reattaches to the carbon film below and the edge folds into a bilayer rim
surrounded by SYT (volcano). Also, the continuous stacking of the SYT
oligomer might elongate the lipid into either a monolayer tube from a ring
or into bilayer tube from a volcano. (D) Quantification of oligomeric SYT-
C2AB structures shows the evolution of ring-like structures. Syt-C2AB (5 uM)
was incubated with lipid monolayer for various times (1, 5, or 10 min) at
37 °C. C, clam; R, ring; V, volcano. The number of each type of structure was
normalized to the total number of oligomeric structures counted on each
micrograph to cancel any dispersion of distribution.
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nor class-averaging analysis could resolve features corresponding to
individual SYT subunits, leaving the protein architecture un-
derlying the ring structure unclear. We suspected that the tube
structures in our sample represented spiral extensions of the rings
that protruded from the membrane, and some of the rings may
represent the end-on views of short tubules. Therefore we per-
formed helical reconstruction of the SYT-C2AB–decorated
tubes to determine the structure of the SYT rings.

SYT-C2AB Domain Induces the Formation of Membrane Tubes. The
SYT-coated tubes observed in the lipid monolayer system had
multiple sources of origin (Fig. S4). There were lipid monolayer
tubules budding directly from underlying lipid monolayer, lipid
bilayer tubes emanating from the volcano structures (34), and
lipid bilayer tubes that extended from liposomes attached to the
lipid monolayer (Fig. S4). Tube formation seemed to be driven
by the spiral extension of SYT rings, which facilitate the extension
of membrane tubes. These tubes are different from the previously
characterized tubular structures (11) induced by SYT. First, these
tubes were formed under Ca2+-free conditions, compared with the
strict requirement of Ca2+ in the earlier reports (11, 31). Second,
these tubes were significantly wider, with a mean diameter of
29.1 ± 3 nm for the monolayer-derived tubes and 37.5 ± 6 nm for
the bilayer-derived tubes (Fig. S4), compared with the 17.5 ± 3 nm
mean diameter for calcium-induced tubules from Folch liposomes
(11). Last, the most significant difference was that calcium-free
tubes were coated with proteins (Fig. 3A and Fig. S5), whereas the
membrane-only tubules formed in the presence of calcium. In fact,
some of these ordered tubes had a distinctive diffraction pattern

allowing their 3D structure to be determined by helical re-
construction (Fig. 3B and Fig. S5).
Because only a minority of the monolayer tubes gave a distinct

diffraction pattern suitable for helical indexing (Fig. S5), we
focused on the bilayer tubes for a detailed analysis. The diameter
of bilayer-derived SYT-C2AB tubes varied from 20–50 nm (Fig.
S4), corresponding to different helical families. As defined by the
start numbers of two principal helices of a helical lattice (35), the
most frequently encountered tubes belong to the (−4, 19), (−4,
21), (−4, 22), and (−4, 25) families. These families had mean
diameters of 32.7 ± 0.1, 35.2 ± 0.4, 37.5 ± 0.5, and 41.7± 0.04 nm,
respectively, with some intrafamily variations caused by flat-
tening and slight differences in unit cell dimensions. This linear
correlation between the diameter of SYT tube and its helical
start number was used to interpolate the number of SYT mol-
ecules in a single ring with a given diameter (Fig. 2A).
We reconstructed the helical family (−4, 22) using a single-

particle method, iterative helical real space reconstruction (IHRSR)
(36, 37). Diffraction patterns from individual tubes did not show
layer lines extending beyond 39 Å (Fig. 3B). However, by aligning
and averaging images of tubes from the same helical family (Fig.
S6), we were able to reconstruct a 3D structure of the SYT-C2AB
tubular array (Fig. 3C) at 24.2-Å resolution assessed by gold-
standard Fourier shell correlation (FSC0.143) (Fig. S6). As shown
in the cross-sections of reconstructed tubes (Fig. 3 and Fig. S7),
the shape of asymmetric unit of the helical array resembled an
elongated structure normal to the helix axis. The dimensions of
asymmetric unit, about 50 Å long from the lipid/protein interface
to the outer boundary of the protein and with a thickness of
40 Å, are consistent with the dimensions of a single calcium-free
SYT-C2AB molecule (30). In addition, the cross-section of the
reconstructed SYT tube matched the ring-class average of the
same diameter (Fig. 3A, Lower), suggesting a similar arrange-
ment of SYT molecules in rings and tubes. Therefore we con-
cluded that the rings represented end-on views of one or more
turns of the SYT helices. This structural feature may greatly
increase the heterogeneity of selected “rings,” even those with a

Fig. 2. Structural analysis of SYT rings. (A) The size distribution of SYT rings
was measured from the outer diameter (n = 985). Ring particles were
aligned to a series of discs of increasing size by multireference alignment.
The number of particles sorted into each class was normalized to the total
number of input particles to represent the frequency of SYT rings at each
diameter bin (lower x axis). We determined there were 22 SYT molecules in
a bilayer tube with a diameter of 37 nm, giving a SYT/diameter ratio of 0.6.
Using this value, we calculated the number of SYT molecules per ring for
a given diameter (upper x axis). (B) Average of ring particles corresponding
to each diameter bin as shown in A. (C) Optimized SYT rings visualized by
negative staining. The protein solution was incubated on an EM grid-sup-
ported monolayer at 22 °C for 1 min, followed by annealing on ice for
30 min. (D) Circular arrangement of SYT. (Upper) Representative SYT-C2AB
rings varying by diameter. (Lower) The corresponding class averages de-
termined by multivariate statistical analysis. The center of the ring appears
white, probably because the monolayer is buckled and raised above the level
of the stain, given the lipid-bending property of SYT (11, 31). The density
surrounding the central lipid domain shows a two-shell feature that might
correspond to the tandem C2A-C2B domain of SYT.

Fig. 3. Structural analysis of a SYT-C2AB–decorated tube. (A) Electron mi-
crograph of a SYT-C2AB–decorated tube visualized by negative staining. The
protein arrangement in the SYT-decorated tube is comparable to that in a
SYT ring because the cross-section of the 3D-reconstructed SYT tube matches
the SYT ring class average at the same diameter. (1) A cross-section normal
to the tube axis from the 3D helical reconstruction of a single tube. The
membrane tube is surrounded by 22 subunits of C2AB. The thickness of the
membrane is about 5 nm, corresponding to a phospholipid bilayer. (2) Cross-
section of the averaged reconstruction of the (−4, 22) helical family (n = 5).
(3) Class average of rings with a 37-nm diameter (n = 21). (4) The right half of
the tube cross-section in 2 matches the left half of the ring in 3. Protein
densities surrounding the membrane tube (1 and 2) or central lipid dome (3)
have a width of 5 nm, consistent with the C2AB domain of SYT. (B) Dif-
fraction pattern of the tube (shown in A) computed by fast Fourier trans-
form. The two principal helices (n1,0 = −4, n0,1 = 22) are indicated. The arrow
points to the last visible layer line at 39 Å. (C) Surface representation of the
(−4, 22) SYT tube reconstructed from five negatively stained tubes using
SPARX-IHRSR. The rise/subunit and the rotation/subunit were calculated
from the helical symmetry. The axial dimension of a single of layer of the
ring (denoted by the arrow) is 40 Å.
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uniform diameter, yielding blurry 2D class averages that failed to
resolve the subunit of the ring (Fig. 2D and Fig. S6). At the current
resolution (24.2 Å) of the EM map, we are unable to distinguish
whether the C2A or C2B domain interacts with the membrane,
but a reasonable interpretation, given that the site I mutation
(K326A, K327A) strongly reduced ring formation (Fig. S2), places
the C2B domain on the protein/lipid interface in our EM map
(Fig. S7). It should be noted that the elongation of SYT-coated
membrane tubes may not occur in a physiological setting because
the growth of these SYT arrays will be limited by the amount of
SYT present on each synaptic vesicle and by the length of the
juxtamembrane linker (∼60 residues) that connects the C2
domains to the membrane anchor in the synaptic vesicle. Thus
the SYT ring is unlikely to grow more than one layer under in
vivo conditions.

Calcium Disrupts the SYT Rings. In our early attempts, we observed
that calcium prevented the assembly of SYT rings (Fig. S1). To
exclude the possibility that any given divalent cation may in-
terfere with ring formation, we tested if SYT rings can exist
in the presence of magnesium (Mg2+) at a physiological level
(1 mM Mg2+). Although Mg2+ present in the protein incubation
buffer did not affect the structural features of SYT rings, it re-
duced the total number of rings observed (with Mg2+ condition:
3.3 ± 0.4 rings per um2; non-Mg2+ condition: 9.9 ± 0.9 rings per
um2; P < 0.001) (Fig. S2). This reduction might be caused by the
ability of Mg2+ to cluster PS and/or shield electrostatic interaction
between SYT and the lipid.
Next, we tested if calcium disrupted preformed SYT rings.

SYT-C2AB rings formed in the presence of 1 mM Mg2+ were
rinsed briefly (∼10 s) with the same incubation buffer without or
with calcium (0.1 mM or 0.5 mM Ca2+) before negative staining.
As shown in Fig. 4A, even a brief treatment with calcium dras-
tically disrupted the integrity of SYT rings. Inclusion of 0.1 mM
Ca2+ in the wash buffer resulted in more fragmented and in-
complete rings, and the number of SYT rings remaining after the
calcium wash decreased proportionally to increasing concen-
trations of Ca2+ present in the wash buffer. In contrast, the number
of rings remained approximately constant for the EM grid rinsed
with magnesium buffer (with Mg2+ rinse: 3.3 ± 0.4 ring per um2;
without Mg2+ rinse: 3.8 ± 0.3 ring per um2; P > 0.1), indicating
that the disruption of rings is calcium-specific. Although ring-like
features disappeared after the Ca2+ rinse, SYT remained bound
to the lipid surface. The disruption of SYT rings was reversed
when Ca2+ was chelated with EDTA (Fig. S8).
To verify that the calcium sensitivity of the SYT rings reflects a

specific interaction of Ca2+ with SYT, we generated an SYT
mutant, 3xDA (D309A, D363A, D365A), in which the Ca2+

binding to the C2B, the principle domain involved in triggering
neurotransmitter release (16), was disrupted. Consistent with
earlier observations (12, 38), SYT 3xDA showed impaired ability
to cluster liposomes in response to calcium (Fig. S9) but was
capable of self-assembling into ring-like structures (Fig. 4B). We
observed a greater number of rings formed in the 3xDA mutant
than in the WT SYT (3xDA: 8.4 ± 0.7 ring per um2; WT: 3.8 ± 0.3
ring per um2; P < 0.001), probably reflecting enhanced elec-
trostatic interaction between the lipid and SYT in the ab-
sence of Ca2+ because the cluster of negative-charged aspartic
residues was neutralized by the alanine mutations. Nevertheless,
the 3xDA rings were insensitive to washing by calcium buffer; in
fact, the number of ring-like structures increased after calcium
treatment (Fig. 4B), probably mediated by the association of the
calcium-bound C2A domain with the lipid monolayer. These
data clearly show that the Ca2+ sensitivity of SYT rings is caused
by the calcium-binding site of the C2B domain.

Discussion
Here we report the unexpected observation that the cytosolic
domain of SYT can form ring-like oligomers on lipid surfaces in
the absence of calcium. If these rings were to form at the inter-
face of the synaptic vesicles and the plasma membrane, they would
act as a “washer” to separate these membranes and thereby ste-
rically prevent the completion of SNARE-dependent fusion (Fig.
5). Then it would be simple to imagine that calcium-triggered
disassembly of the ring would allow the resumption and comple-
tion of fusion. The height of the ring [about 4 nm as estimated
from SYT-tube reconstruction (Fig. 3C)] and the distance be-
tween membranes bridged by the C2AB domain (39) would allow
the N-terminal (membrane-distal) domain of the SNARE com-
plex to assemble, but such a gap would impede the complete as-
sembly of the SNARE complex (40). As a result, the SYT ring
would act as a “clamp” on neurotransmitter release.
Why would rings be disassembled by calcium? The simplest

explanation, based on the site I (calcium-independent) interac-
tion with acidic membrane lipids, would be that the SYT mole-
cule in the ring assembly orients so that site II is held back from
membrane penetration (Fig. S7). The insertion of site II upon
calcium binding then would require the reorientation of the ring
geometry. Additionally, intramolecular interactions (41) and al-
ternative oligomeric arrangements formed uniquely in the pres-
ence of calcium (42) may destabilize further the calcium-free
rings we have described here. The calcium-triggered membrane
insertion could accelerate fusion further by inducing local cur-
vature to lower the energy for bilayer merging (11, 31, 43). Thus
this simple spacer (washer model) (Fig. 5) could explain how
SYT acts both as a clamp and an activator of neurotransmitter
release, synchronizing the release to Ca2+ influx (44, 45).
The clamping role of CPX involves a transacting mechanism

that would stabilize the precisely half-zippered SNARE in-
termediate (24). Deletion of CPX results in a higher rate of
spontaneous neurotransmitter release and a reduced amount of
evoked release that generally is less synchronous (46–50). Thus,
CPX adds a layer of regulation that reduces noise, increases
signal, and allows more precise timing for information processing
by neural circuitry. It is possible to imagine that the “zig-zag
array” of transclamped CPX-SNAREpins (24) is itself templated
by the ring by virtue of the binding of constituent t-SNAREs to

Fig. 4. The SYT-C2AB ring is disrupted by calcium ions. (A) Electron micro-
graphs of WT SYT-C2AB rings rinsed briefly with 1 mM Mg2+ (Left) or with
buffer containing 1 mM Mg2+ supplemented with 0.1 mM (Center) or 0.5 mM
(Right) Ca2+. The number of ring-like structures is reduced as a function of free
calcium concentration. Black arrows indicate tubules. Insets show the enlarged
rings or fragmented rings indicated by white arrows. (B) Electron micrographs
of rings of the calcium-binding site mutant SYT-3xDA (SYT D309A, D363A,
D365A). The calcium-induced disassembly of the ring is abolished by disrupting
the calcium-binding ability of the C2B domain. Quantifications of SYT-C2AB
ring-like structures maintained on the lipid monolayer as a function of free
calcium for both WT SYT and the calcium-binding mutant SYT-3xDA are
shown at the far right. Summary graphs show mean ± SEM (n = 3, >40 micro-
graphs per condition).
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the proposed SYT ring. Obviously, this model is speculative, and
further structural and physiological studies will be required to
ascertain its relevance.
Consistent with the washer model, it is known that the initial

docking of the synaptic vesicles to the plasma membrane is inde-
pendent of SNARE complex assembly (18, 51, 52) and involves
SYT from the synaptic vesicle binding the acidic lipids, including
PIP2 in the plasma membrane (9, 53–56). Furthermore, although
deletion of CPX markedly increases the amount of spontaneous
transmitter release and reduces the amount of calcium-coupled
release, much release still remains (provided SYT remains) (46,
49, 57–59). In further support of this model, it has been shown that
SYT by itself can act a negative regulator (clamp) of SNARE-
mediated fusion under Ca2+-free conditions (12, 41, 44, 45), and
synaptic transmission is inhibited more severely in mutations that
abolish the membrane insertion of C2B domain than in SYT-null
mutants (14).
The calcium-independent ring assembly is not constrained to

a rigid number of subunits. Rings and ring-related tubes of

various diameters can be found in our monolayer system (Fig. 2A
and Fig. S4). Helical indexing of SYT tubes 37 nm in diameter
showed 22-fold symmetry (i.e., 22 SYT molecules per ring) (Fig.
3). Therefore, we estimate that rings 18–43 nm in diameter would
comprise 11–25 copies of SYT (Fig. 2A). There are ∼16–22 copies
of SYT on a synaptic vesicle (40–50 nm) (5, 60), enough to form
a ring ∼27–37 nm in diameter, assuming that copies originating
from the transient plasma membrane pool of SYT do not con-
tribute (Fig. 5). Besides neurotransmitter release, other types of
calcium-dependent exocytosis use larger (200–350 nm) vesicles, such
as the neuropeptide-containing dense-core vesicles and hormone-
containing secretory granules (61, 62), which may harbor more
SYT and allow the assembly of larger rings.
The self-organization of SYT into the rings might provide a

scaffold for the organization of other components of the mem-
brane fusion machinery under resting conditions to allow rapid
and synchronous fusion upon calcium influx. The intrinsic cal-
cium cooperativity of synaptic exocytosis suggests that multiple
Ca2+ ions are required to activate SYT (63). It is estimated that
3–5 Ca2+ ions are required to trigger synchronized exocytosis (64,
65), but reduced calcium-binding affinity does not change the
calcium cooperativity of neurotransmitter release (66), suggesting
that multiple copies of SYT might be involved in gating release.
This notion is consistent with our current model in which the
oligomeric nature of the SYT ring allows a few calcium ions sto-
chastically binding to several subunits within the ring to result in
the rapid disintegration of the SYT ring and thus triggering fusion.

Materials and Methods
Details of materials and methods are provided in SI Materials and Methods.
GST-SYT-C2AB was expressed in Escherichia coli BL21(DE3) and was purified
as previously described (10). EM on lipid monolayers was carried out as de-
scribed (29). Briefly, lipid monolayers formed at the air/water interface were
recovered by a carbon-coated EM grid (400 mesh; Ted Pella). Then protein
solution was added to the lipid side of the grid and was incubated in a hu-
midity chamber. After brief rinsing with incubation buffer supplemented
with Mg(AC)2 or CaCl2 at various concentrations, the grid was blotted,
negatively stained with uranyl acetate solution (1% wt/vol), and air dried. To
prepare a sample for cryo-EM, the monolayer was picked up with a Quan-
tifoil 2/2 grid (SPI Supplies) with the carbon side facing the lipid. The grid
was incubated with SYT-C2AB and plunge-frozen into liquid ethane using a
Vitrobot (FEI). The samples were examined on a Tecnai T12 microscope (FEI)
operated at an acceleration voltage of 120 kV. Images were recorded under
low-dose conditions (∼20 e−/Å2) on a 4K × 4K CCD camera (Gatan), at a
nominal magnification of 42,000×. For image processing, SYT-C2AB ring
complexes were aligned to a set of disk references 15–45 nm in diameter
using multireference alignment in Imagic (67). SYT-C2AB–decorated tubes
were indexed further with the EMIP program suite (68) to determine the
helical symmetry. Tubes having the same diameter, as determined by pro-
jection matching, and indexed as being in the same helical family were
combined and subjected to IHRSR using sxihrsr (37). The crystal structure of
SYT-C2AB [Protein Data Bank (PDB) ID code 2R83] was placed manually into
the EM maps of the SYT-decorated tube and then was fitted using the fit-in-
map function of Chimera (69).
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Materials. The DNA constructs used in this study are the rat
synaptotagmin-1 (SYT) C2A and C2B domain (residues 143–
421). The calcium-binding mutant synaptotagmin-1 3xDA (SYT
143–421 with D309A, D363A, D365A) was generated using the
QuikChange mutagenesis kit (Agilent Technologies). Lipids,
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), and
1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) were pur-
chased from Avanti Polar Lipids.

Protein Expression and Purification. Escherichia coli BL21(DE3)
expressing GST-C2AB was grown to an OD600 of 0.8, induced
with 0.5 mM isopropyl β-D-1-thiogalactopyranoside, and grown
at 37 °C for 3 h. The cells were harvested and suspended in lysis
buffer [25 mM Hepes (pH 7.4), 500 mM KCl, 1 mM MgCl2,
10 mM CaCl2, 1 mM DTT, 1% Triton X-100, 10% (vol/vol)
glycerol, protease inhibitors]. Bacteria were lysed by a cell
disrupter, and lysate was supplemented with 0.1% poly-
ethylemine before being clarified by centrifugation (100,000 × g
for 30 min). The supernatant was loaded onto glutathione-
Sepharose beads (Amersham Pharmacia Biotech), and the bead-
immobilized proteins were washed with 15 mL each of buffer I
[50 mM Hepes (pH 7.4), 1.1 M KCl, 1 mM DTT], buffer II (50
mM Hepes, 100 mM KCl, 50 mM CaCl2, 1 mM DTT), buffer
III (50 mM Hepes, 100 mM KCl, 1 mM DTT), and buffer IV
(50 mM Hepes, 100 mM KCl, 2 mM ATP, 10 mM MgSO4,
1 mM DTT). The beads subsequently were incubated with
10 μg/mL DNase I, 10 μg/mL RNaseA, and 10 μL of benzonase in
buffer V (buffer III plus 1 mM MgCl2,) at room temperature for
1 h and were washed again with buffers I, II, and III. SYT
fragments then were cleaved off the GST moiety by PreScission
protease, and the nucleotide contamination was followed by
260 nm/280 nm ratio of all samples. Protein further purified
following a more vigorous procedure (1) formed rings in-
distinguishable from those formed by GST–affinity-purified
SYT-C2AB. The protein was flash frozen and stored for up to
1 mo at −80 °C in buffer III augmented with 10% glycerol without
significant loss of ring-forming activity.

Lipid Monolayer Assay. Degased double-distilled H2O (ddH2O)
was injected through a side port to fill up wells (4 mm diameter,
0.3 mm depth) in a Teflon block. The surface of the droplet was
coated with 0.5 μL of phospholipid mixture (0.5 mM of POPC:
DOPS = 3:2 in chloroform). The Teflon block then was sealed
in a humidity chamber for 1 h at room temperature to allow
chloroform evaporation. Continuous carbon-coated EM grids
were baked at 70 °C for 1 h and washed with hexane to improve
hydrophobicity. Lipid monolayers formed at the air/water inter-
face were recovered by placing the pretreated EM grid (400 mesh;
Ted Pella) carbon side down on top of each water droplet for
1 min. The grid was raised above the surface of the Teflon block
by injecting ddH2O into the side port and then was lifted off the
droplet immediately. Protein (5 μM, 10 μL) in 20 mM 3-(N-
morpholino)propanesulfonic acid (Mops) (pH 7.5), 5 mM KCl,
1 mM EDTA, 2 mMMg(AC)2, 1 mMDTT, 5% (wt/vol) trehalose
was added to the lipid side of the grid and was incubated in a
37 °C humidity chamber for 1 min. To facilitate structural analysis
of the rings, we further optimized the incubation conditions by
using an annealing procedure: Rings were nucleated at 22 °C
for 1 min followed by a 30-min annealing step at 4 °C. The
grids were rinsed briefly (∼10 s) with incubation buffer alone
or with buffer supplemented with CaCl2 (0.1–0.5 mM). The

free calcium was calculated by Maxchelator (maxchelator.stanford.
edu). Subsequently, the grids were blotted with Whatman #1 filter
paper, negatively stained with uranyl acetate solution (1%, wt/vol),
and air dried.
The negatively stained specimens were examined on a trans-

mission electron microscope (FEI Tecnai T12) operated at an
acceleration voltage of 120 kV. The defocus range used for our
data was 0.6–2.0 μm. Images were recorded under low-dose
conditions (∼20 e−/Å2) on a 4K × 4K CCD camera (UltraScan
4000; Gatan, Inc.), at a nominal magnification of 42,000×.
Micrographs were binned by a factor of 2 at a final sampling of
5.6 Å per pixel on the object scale.
The rate of ring formation was influenced by the temperature

and time of incubation. Typically, we observed SYT rings formed
within 1 min of incubation even at room temperature (∼22 °C)
(Fig. 1A), but the 37 °C incubation was more effective, especially
in the presence of Mg2+. The rate of ring formation and number
of rings formed were improved with longer incubation (30 min)
at low temperatures (4 °C or 20 °C) after the 37 °C incubation.

Image Processing. SYT-C2AB ring complex.Ring particles were selected
manually using EMAN2 boxer (2), and the phases were corrected
for the contrast transfer function (CTF) using EMAN2. Individual
rings were self-centered by correlation with its rotational average
using SPIDER (3). Particles initially were aligned to a set of ring
references ranging from 15–45 nm in diameter using multi-
reference alignment and then were classified by multivariate
statistical pattern recognition procedures in Imagic (4).
SYT-C2AB–decorated tubes. Tubes on C2AB-lipid monolayer grids
were selected with sxhelixboxer implemented in EMAN2 (5).
Segments of straight tubes that gave rise to diffraction showing
clear layer lines were indexed further with EMIP (6) to deter-
mine the helical symmetry. The helical family (−4, 22) selected
for 3D reconstruction has a twofold rotational symmetry and was
characterized by the following symmetry parameters: rotation/
subunit (ΔΦ) = −82.105°; rise/subunit (Δz) = 4.13 Å. Five tubes
(each segment, 256 × 256 pixels; overlap, 17 pixels; n = 78 ∼174
for each tube) having the same diameter as determined by radial
projection and indexed as having the same helical symmetry were
analyzed by the iterative helical real-space refinement using
SPARX-iterative helical real space reconstruction (IHRSR) (5)
to generate an averaged 3D helical reconstruction. The same five
tubes then were subjected to refinement by SPARX-IHRSR
individually, using the preliminary helical reconstruction (low-
pass–filtered to 50 Å) for an initial reference. Helical symmetry
parameters were held constant during this and all subsequent
refinement steps.
The SPARX-IHRSR analysis yielded inconsistent polarity

values for individually boxed segments withinmost of the filaments.
To address this issue, after the IHRSR procedure each filament
was assigned the majority polarity found for its box segments, and
in-plane Euler angles then were flipped for segments that did not
match the assigned polarity. The resulting alignment parameters
were refined further using the helical mode of the FREALIGN
software package (7, 8), which maintained these polarity as-
signments because of the local nature of the Euler angle search.
The measured defocus range in the imaged tubes was 0.8–1.3 μm,
which placed the first zero of the CTF at a minimum resolution of
∼17–21 Å. Based on this observation, CTF correction was turned
off during the FREALIGN refinement. A real-space cylindrical
mask with inner and outer radii of 100 Å and 196 Å, respectively,
was applied during the FREALIGN refinement to exclude noisy
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solvent regions. The helical stiffness parameter of FREALIGN was
set to 1 to improve the continuity of out-of-plane tilt Euler angle
values. Data at resolutions higher than 38 Å were excluded from the
refinement target.
Fourier shell correlation (FSC) was calculated using a gold-

standard procedure (9). Briefly, independently reconstructed
EM maps of individual SYT tubes were aligned (including
polarity matching) by e2align3D.py in EMAN2 and then were
averaged to generate two volumes (volume 1 corresponds to one
tube, 174 segments; volume 2 is the sum of two tubes containing
193 segments). The FSC between these volumes was calculated
using a spherical Gaussian mask of half-width 10 pixels (56 Å)
centered on a small number of protein subunits in the tubular wall.
The two FSC volumes (a total of 377 segments from three

tubes) subsequently were averaged and low-pass filtered to 25 Å
to generate a final volume for crystal structure fitting. The crystal
structure of SYT-C2AB (PDB ID code 2R83) was low-pass fil-
tered to 25 Å and then placed manually into the EM maps of the
SYT-decorated tube with the C2B domain contacting the mem-
brane. This alignment was refined using the “fit-in-map” function of
Chimera, optimized for correlation using data above a contour
enclosing the estimated volume of the tube components. For this
volume estimation, the contribution of the lipid bilayer was
computed as πH(R2

– r2), where R and r are the outer and inner

radii of the bilayer tube, respectively, and H is the z-axial height
of the final reconstructed map. Volume of the protein layer was
estimated by ð2H=ΔΦÞ × Mr × 1.23 Å3/Da (10), where theMr for
SYT-C2AB (amino acids 143–421) is 31 kDa. The number of
helical subunits is multiplied by a factor of 2 in the above ex-
pression to include the C2 symmetry-related subunits. The vol-
ume of the low-pass filtered atomic structure was estimated as
Mr × 1.23 Å3/Da. The contour levels of both the EM map and
the low-pass–filtered map of C2AB were adjusted until their
volumes matched the estimated volumes before fitting.
Because the methods described here did not uniquely establish

the handedness of the helix, it is possible that the true map is the
mirror image of the one presented here. The correlation reported
by our crystal structure-fitting procedure was substantially higher
(0.79) for the left-handed helix (n1,0 = −4, n0,1 = 22) depicted in
the figures than for the right-handed one (0.69) (n1,0 = 4, n0,1 =
−22). However, the SYT-C2AB crystal structure fits to the
density maps nearly as well and forms a lattice with similar in-
tersubunit contacts for either choice of handedness. Thus, al-
though the current data do not yet establish the precise geometry
of the intersubunit contacts because of limitations in the reso-
lution of the map and ambiguity in the handedness, the overall
conclusions are the same in either case.
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Fig. S1. The ring-like structure is specific to the presence of calcium-free SYT-C2AB. (A) Lipid monolayer of 60% POPC, 40% DOPS incubated with buffer. (B)
Lipid monolayer incubated with 5 μM BSA. (C) Complexin–soluble N-ethylmaleimide–sensitive factor activating protein receptor 60 (CPX–SNARE60) complex
attached to a lipid monolayer containing 1% maleimide-phycoerythrin via a C-terminal cysteine on CPX. (D) Lipid monolayer incubated with 5 μM SYT-C2AB in
the presence of 1 mM free calcium.
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Fig. S2. Optimizing the conditions for SYT C2AB ring assembly. (A) The concentration of SYT applied to the monolayer on the EM grids was varied from 5–0.6 μM
by serial dilution. (B) The anionic lipid (DOPS) content on the monolayer was varied from 25–40%. Inclusion of 5% phosphatidylinositol 4,5-bisphosphate
(PIP2) [at 40% phosphatidylserine (PS)] did not increase the number of rings formed dramatically, but inclusion of 1 mM free magnesium ions inhibited ring
formation by 60%. (C) The ionic strength of the incubation buffer was varied from 10–150 mM KCl. The number of ring-like structures was counted in
randomly recorded micrographs. Values shown are mean ± SEM (n = 2; five or more micrographs per condition). The optimal condition for SYT ring assembly
was 5 μM of SYT-C2AB on a lipid monolayer containing 40% DOPS with 15 mM KCl in the incubation buffer. (D) Effect of C2B site I mutation (K326A/K327A) on
ring formation. WT or mutant C2B was diluted to 5 μM in buffer [20 mM Mops (pH 7.5), 15 mM KCl, 1 mM DTT, 5% trehalose, 1 mM Mg2+] and was applied to
the lipid monolayer [phosphatidylcholine (PC):PS = 3:2] supported by an EM grid at 37 °C for 2 min. Then the grid was rinsed briefly with the dilution buffer
before staining with 1% uranyl acetate (UA).

Fig. S3. Cryo-EM of SYT rings on the suspended lipid monolayer. To prepare samples for cryo-EM, the monolayer was picked up with a Quantifoil 2/2 grid (SPI
Supplies) with the carbon side facing the lipid. The grid was incubated with SYT-C2AB, blotted in 100% humidity at 20 °C for 2 s, and plunge-frozen into liquid
ethane cooled by liquid nitrogen using a Vitrobot (FEI). (Left) Monolayers across an entire hole on the Quantifoil were preserved in a thin layer of vitreous ice
(asterisk). The black arrow indicates an empty hole; the white arrow points to an area where the ice has melted because of overexposure to the electron beam.
(Right) SYT rings as visualized by cryo-EM confirming that the SYT rings are not artifacts of the negative staining.
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Fig. S4. SYT-C2AB–coated membrane tubules have multiple sources of origin. (A) Tubules coated with protein bud directly from the lipid monolayer. SYT rings
(white arrow) with a diameter similar to that of the tube typically are found at the end of these tubules, suggesting the continuous stacking of the rings may
pull the lipid monolayer into tubes. The central zone of these tubules is about 10 nm in diameter, too narrow for the existence of a lipid bilayer tube. (B)
Protein-decorated tubes extending from the lipid monolayer but showing characteristics of a lipid bilayer (white walls of the tube). These monolayer-derived
bilayer tubes typically have volcano structures (white arrow) at the ends. (C and D) In certain cases, one or more bilayer tubes bud out of liposomes that are
associated with a lipid monolayer. (E) Distribution of the SYT tube diameters. The measured outer diameter of monolayer tubes (black bars; n = 104) and
bilayer tubes (gray bars; n = 372) were quantified separately. Monolayer tubes are narrower, showing a mean size of 29.1 ± 3 nm (mean ± SD), compared with
the mean diameter of bilayer tubes, 37.5 ± 6 nm.

Fig. S5. Reconstruction of SYT-C2AB–coated monolayer tubes. (A) A SYT-C2AB–coated lipid monolayer tube visualized by negative staining. (B) Diffraction
pattern of the tube shown in A. (C) EM surface map of the helical reconstruction of the monolayer tube coated by C2AB. The lipid monolayer is shown in
yellow, and the protein is shown in gray. The dimension of the protein density (4 × 4 nm) is consistent with a single SYT-C2AB molecule. (D) Density projection
of the reconstructed monolayer tube across the axis of the helix.
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Fig. S6. Three-dimensional reconstruction of SYT-decorated bilayer tubes. (A) Gold-standard FSC curve (blue). Resolutions corresponding to FSC = 0.5 and
0.143 are 34.0 Å and 28.8 Å, respectively. (B) Cross-sections of 3D-reconstructed SYT-decorated tubes. (Upper) (a–d) Four individual tubes belonging to the
(4, −22) helical family were reconstructed separately using SPARX and FREALIGN. Each tube segmented to the thickness of a single SYT (46 nm) was projected
along the tube axis to generate the cross-section views. (Lower) To estimate the minimum layers of stacking rings that may gave rise to a blurry projection
corresponding to the ring class averages, the average map of five independently reconstructed tubes was segmented to the axial length corresponding to one,
two, four, or eight subunits. The boundary of the asymmetric unit smears out when as few as four layers of protein are included for generating the 2D
projection.

Fig. S7. X-ray structure of SYT-C2AB fitted into the EM density map. Surface representation of the tube is sectioned to the thickness of a single strand of the
four-start helix to reveal the shape of the individual asymmetric unit. (A) The C2B domain (gray) appears to mediate both the membrane association and the
ring assembly. The PS/PIP2-binding polybasic patch (site I; K326, K327; blue) is packed against the membrane surface, whereas the Ca2+-binding site (site II) of
C2B localizes to the protein–protein interface involved in ring formation. (B) The C2A domain (cyan) projecting radially away from the membrane surface does
not contribute to membrane binding or ring formation; however, it might be involved in stacking SYT along the helical axis. (C) Longitudinal section along the
axis of the helix shows the protein orientation on the plasma membrane. Insertion of site I into the lipid surface causes the buckling of plasma membrane. Site II is
located on the same side as site 1, directed toward the plasma membrane for rapid membrane insertion upon calcium binding. Site III is on the side opposite sites I
and II, thus facing toward the synaptic vesicle. The N-terminal linker domain that connects the C2 domains to the synaptic vesicle is shown as a dotted line.
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Fig. S8. SYT ring formation is reversible. (A) An SYT ring was assembled on lipid monolayers composed of 60% POPC, 40% DOPS in the presence of 1 mM free
Mg2+ [20 mM Mops (pH 7.5), 15 mM KCl, 2 mM Mg(Ac), and 1 mM EDTA] at room temperature for 2 min. (B) A calcium rinse disrupts these preformed rings.
After the initial incubation, excess protein was blotted away by filter paper, and then one drop of calcium buffer (free Ca2+, 0.1 mM) [20 mM Mops (pH 7.5),
15 mM KCl, 1.1 mM Mg(Ac)2, 1 mM CaCl2, 1 mM EDTA, 1 mM DTT] was applied to the EM grid, blotted immediately, and stained with 1% UA for fixation. (C)
Preformed rings supported on an EM grid were rinsed briefly with calcium buffer, followed by 1-min incubation in EDTA buffer [20 mM Mops (pH 7.5), 15 mM
KCl, 1 mM EDTA, 1 mM DTT] to chelate calcium.

Fig. S9. WT SYT and the calcium-binding SYT mutant (D309A, D363A, D365A; 3xDA) were tested for their ability to aggregate lipids in a calcium-dependent
manner. Changes in vesicle turbidity (absorbance at 400 nm) was measured upon the sequential addition of 1 μM SYT-C2AB (time 0; WT, open circles; 3xDA,
black triangles), 1 mM Ca2+, and 2 mM EGTA to protein-free liposomes with a lipid composition of 15% PS, 30% PE, and 55% PC. The total lipid concentration
in each experiment was 113 μM.
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