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Synaptotagmin-1 functions as a Ca2* sensor in neurotransmitter
release through its two C, domains (the C;A and C;B domain).
The ability of synaptotagmin-1 to bridge two membranes is likely
crucial for its function, enabling cooperation with the soluble N-
ethylmaleimide sensitive factor adaptor protein receptors (SNARESs)
in membrane fusion, but two bridging mechanisms have been pro-
posed. A highly soluble synaptotagmin-1 fragment containing both
domains (C;AB) was shown to bind simultaneously to two mem-
branes via the Ca*-binding loops at the top of both domains and
basic residues at the bottom of the C,B domain (direct bridging
mechanism). In contrast, a longer fragment including a linker se-
quence (InC;AB) was found to aggregate in solution and was pro-
posed to bridge membranes through trans interactions between
InC,AB oligomers bound to each membrane via the Ca**-binding
loops, with no contact of the bottom of the C;B domain with the
membranes. We now show that InC;AB containing impurities in-
deed aggregates in solution, but properly purified INC,AB is highly
soluble. Moreover, cryo-EM images reveal that a majority of InC;AB
molecules bridge membranes directly. Fluorescence spectroscopy
indicates that the bottom of the (GB domain contacts the mem-
brane in a sizeable population of molecules of both membrane-
bound C,AB and membrane-bound InC,AB. NMR data on nanodiscs
show that a fraction of C,AB molecules bind to membranes with
antiparallel orientations of the C; domains. Together with previous
studies, these results show that direct bridging constitutes the
prevalent mechanism of membrane bridging by both C,AB and
InC,AB, suggesting that this mechanism underlies the function of
synaptotagmin-1 in neurotransmitter release.

membrane bending | Ca2+ sensing | exocytosis | synaptic transmission

N eurotransmitter release is a key event in interneuronal
communication that is acutely triggered by Ca®* influx into
a presynaptic terminal (1). The synaptic vesicle protein synapto-
tagmin-1 acts as a Ca>" sensor in fast release through the two C,
domains that form most of its cytoplasmic region (the C,A and
C,B domains) (2-5). This function is coupled to membrane fusion
through the neuronal soluble N-ethylmaleimide sensitive factor
adaptor protein receptor (SNARE) proteins (6, 7), which bring
the synaptic vesicle and plasma membranes together by forming
SNARE complexes (2, 3). Synaptotagmin-1 function also de-
pends on a tight interplay with complexins (8-10) and other key
proteins of the release machinery (11, 12). The synaptotagmin-1
C, domains bind three or two Ca®* ions through loops at the top
of B-sandwich structures (13-15) (Fig. 14). These top loops also
mediate Ca”*-dependent phospholipid binding (15-17), which is
crucial for synaptotagmin-1 function (5, 18). Moreover, the syn-
aptotagmin-1 cytoplasmic region clusters chromaffin granules and
liposomes (19), and a fragment containing its two C, domains was
shown by cryo-EM to bind simultaneously to two membranes,
bringing them into close proximity (~4 nm) (20). The C,B do-
main is sufficient for this activity (20), which can explain the
preponderant role of Ca®* binding to the C,B domain in neu-
rotransmitter release (21, 22). Mutation of two arginine residues
at the bottom of the C,B domain (R398 and R399) strongly
impairs neurotransmitter release, the liposome-clustering activity,
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and the ability to stimulate SNARE-dependent lipid mixing
between liposomes (7). These findings led to the proposal that
synaptotagmin-1 cooperates with the SNAREs in inducing
membrane fusion by helping to bring the two membranes to-
gether in a Ca®*-dependent manner, directly bridging the two
membranes via the Ca®*-binding loops at the top and the argi-
nines at the bottom of the C,B domain (7, 20, 23).

Though EPR data agreed with this model of membrane
bridging (24), and increasing evidence supports the notion that
the membrane-bridging activity of synaptotagmin-1 is critical for
its function (7, 25-31), a recent study concluded that the bridging
occurs by a fundamentally different mechanism that requires
trans interactions between synaptotagmin-1 oligomers bound to
each membrane, without binding of the bottom of the C,B do-
main to the lipids (29). This mechanism, which we refer to as the
oligomerization model, is compared in Fig. 1 B and C with the
direct-bridging model. The oligomerization model was supported
in part by 7-nitrobenz-2-oxa-1,3-diazole (NBD) fluorescence
data that contradicted our previous NBD fluorescence results
(20) and suggested that the bottom of the C,B domain does not
contact the membranes (29). Cryo-EM images reported in
a separate study (25) revealed a separation of ~9 nm between
synaptotagmin-1 bridged membranes, consistent with the oligo-
merization model. Note, however, that both of these studies used
a synaptotagmin-1 fragment containing the two C, domains and
most of the linker that separates them from the vesicle mem-
brane (residues 95421 and 96421 in refs. 25 and 29, respectively;
below we refer to both as InC,AB), whereas the fragment that we
used contained only the two C, domains (residues 140—-421; below
referred to as C,AB) (20).

Significance

The ability of synaptotagmin-1 to bridge two membranes is
likely critical for its function as a Ca%* sensor in neurotrans-
mitter release. A synaptotagmin-1 fragment spanning its two
C, domains bridges membranes directly, binding simulta-
neously to both membranes. However, a longer synapto-
tagmin-1 fragment spanning most of its cytoplasmic region
was proposed to bridge membranes through protein—protein
interactions between oligomers bound to each membrane. This
paper now shows that direct bridging actually constitutes the
prevalent mechanism of membrane bridging by the longer
synaptotagmin-1 fragment. These findings strongly suggest
that direct membrane bridging underlies the function of syn-
aptotagmin-1 in neurotransmitter release.
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Fig. 1. Two models of membrane bridging by synaptotagmin-1. (A) Ribbon
diagrams of the synaptotagmin-1 C;A domain (40) (Left) and C,B domain
(15) (Right). Ca®* ions are shown as yellow spheres. The two arginines at the
bottom of the C;B domain (R398 and 399) are shown as blue stick models. (B)
Direct-bridging model whereby the C; domains bind simultaneously to the
two apposed membranes, resulting in an intermembrane distance of ~4 nm.
The C,A and C,B domains are shown in pink and blue, respectively, with the
Ca* ions bound to the top loops in yellow; the R398 and R399 side chains at
the bottom of the C;B domain are represented by blue lines. The diagram is
meant to illustrate that the two C, domains can have parallel or antiparallel
orientations, with the Ca*-binding loops binding to the same membrane or
to opposite membranes; R398 and R399 can cooperate in bridging in both
orientations, but are more critical for bridging in the parallel orientation.
Bridging requires multiple C;AB molecules but does not involve interactions
between them (20). (C) Oligomerization model whereby bridging is medi-
ated by trans interactions between oligomers bound to separate mem-
branes, resulting in an intermembrane distance of ~8-9 nm. The model
postulates that only the Ca®*-binding loops contact the membranes,
whereas R398 and R399 do not, instead mediating protein-protein inter-
actions (29). The putative binding mode between oligomers is unknown, and
hence the model of interactions between the bottom sides of the C;
domains shown is arbitrary.

Clarifying these apparently conflicting results and defining
how synaptotagmin-1 bridges membranes is crucial to under-
standing its mechanism of action in neurotransmitter release.
With this double goal, we have investigated whether there are
two mechanisms of membrane bridging and whether the C,AB
and InC,AB fragments have some different properties that might
favor distinct mechanisms, focusing on particular aspects where
results from different studies appeared to be contradictory. To-
gether with previously available data, our results show that the
direct model underlies the major mechanism of membrane bridg-
ing by both C,AB and InC,AB. Moreover, NBD fluorescence

E3244 | www.pnas.org/cgi/doi/10.1073/pnas.1310327110

spectroscopy and NMR analyses on nanodiscs show that a frac-
tion of C,AB molecules bind to membranes with antiparallel
orientations of the C, domains and contact of the bottom of the
C,B domain with the membranes.

Results

Solubility of Synaptotagmin-1 Fragments. A potential reason for
distinct behavior in synaptotagmin-1 fragments is a different
solubility. Indeed, the study that proposed the oligomerization
model (29) reported aggregation of InC,AB in solution at con-
centrations above 10 pM in the presence of 1 mM Ca’*, a
property that might underlie the putative oligomerization on
membranes. This aggregation data contrasts with the high solu-
bility of the C,AB fragment that we have observed in extensive
studies performed over the years under varied conditions, even at
high protein and Ca** concentrations. This high solubility is il-
lustrated, for instance, by the high quality of the "H-'"N trans-
verse relaxation-optimized spectroscopy (TROSY)-heteronuclear
single quantum coherence (HSQC) spectra that we obtain regu-
larly for "*N- or *H,"”N-labeled C,AB (20, 23), or by the line
widths observed in the "H NMR spectrum of 800 uM "*N-labeled
C,AB shown in Fig. S1, which was obtained in 100 mM Ca?*.

To investigate the behavior of InC,AB in our hands, we pre-
pared "N-labeled InC,AB fragment using the same rigorous
purification procedure that we commonly use for C,AB and that
includes affinity chromatography with washes at high salt and
high Ca®* concentrations, a benzonase treatment on the affinity
column, ion exchange chromatography, and gel filtration
(Materials and Methods). The "H-">"N TROSY-HSQC spectrum
of purified 100-uM InC,AB in 20 mM Ca** (Fig. 2) exhibited
similar quality to those obtained for C,AB (20, 23), with an in-
creased number of cross-peaks in the middle of the spectrum
that can be attributed to the additional residues from the linker
region and that indicate that this region is unstructured. Note
that "H-'""N TROSY-HSQC spectra are very sensitive to aggre-
gation and hence the high quality of the spectrum obtained for
InC,AB shows that it has no detectable tendency to aggregate
even in 20-mM Ca®* and 100-uM protein concentration. This
result is in stark contrast with the reported tendency of InC,AB
to aggregate (29). However, we did notice that partially purified
samples of InC,AB had a much higher tendency to aggregate in
the presence of Ca** than the fully purified protein.

102.0
107.0
112.0
0
h o
Z117.0
122.0
127.0

132.01®
10.0

Fig. 2. Ca”*-bound InC,AB yields high-quality NMR data. The contour plot
shows a 'H-">N TROSY-HSQC spectra of 100 uM ">N-InC,AB in 25 mM Tris
(pH 7.4) containing 125 mM NaCl and 20 mM Ca*.
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To analyze in more detail how purity may affect aggregation,
we used the same turbidity assay that was used previously to
monitor the aggregation tendency of InC,AB in solution (29).
For this purpose, we prepared an InC,AB sample using our
purification protocol, including the benzonase treatment, but we
performed the final gel filtration step without the preceding ion
exchange chromatography. We observed two major peaks, one
that eluted at the volume corresponding to monomeric, pure
InC,AB (peak 2; Fig. 34) and another that eluted earlier (peak
1; Fig. 34). Both peaks contained InC,AB (Fig. 34, Inset), and
reinjection into an analytical column showed that both peaks
correspond to stable species (Fig. S2). The turbidity of the
samples from both peaks as assessed from the absorbance at 400
nm was within background levels for both peak 1 and peak 2 in
the absence of Ca®*. For peak 2, the turbidity also remained at
background levels in 1 mM Ca®* even at 100-uM protein con-
centration (Fig. 3B, red triangles), as we observed also for an
InC,AB sample purified by our complete protocol (Fig. 3B, black
circles). Strikingly, the InC,AB sample corresponding to peak 1
exhibited a steep increase in turbidity in 1 mM Ca?* at protein
concentrations above 10 uM (Fig. 3B, blue squares), and the
concentration dependence of turbidity was similar to that re-
ported previously for InC,AB in the study that proposed the
oligomerization model (29). Hence, we were not able to repro-
duce the reported aggregation of InC,AB using our fully purified
InC,AB, but we did observe this aggregation behavior with
partially purified InC,AB.

Whereas the UV spectrum of peak 2 exhibited a maximum at
~280 nm, as is common for proteins, the maximum absorption
in the UV spectrum of peak 1 was at ~265 nm (Fig. 3C). This
feature is typical of samples contaminated with nucleic acids and
is common in partially purified synaptotagmin-1 fragments con-
taining the C,B domain because of its very high affinity for
polyacidic compounds (32). Though elimination of such con-
taminants is particularly difficult for the isolated C,B domain
(15, 32), the C,AB and InC,AB fragments also require special
precautions for purification, as outlined above and described in
more detail in Materials and Methods. In fact, most of the
InC,AB protein elutes in early peaks in gel filtration if we do not
perform the benzonase treatment, despite the fact that we per-
form washing steps with high salt on the affinity resin. In this
context, it is important to note that the study that proposed the
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oligomerization model claimed to have removed polyacidic
contaminants by high-salt washes on an affinity column (29). In
our hands, this procedure is far from sufficient to obtain pure
InC,AB. We also emphasize that in some occasions, 'H-BN
HSQC spectra have revealed the presence of contaminants in the
synaptotagmin-1 C,B domain even when there was no unusual
absorption maximum near 260 nm (33), showing that a lack of
such an absorption maximum is not sufficient to ensure purity.
Thus, we normally verify the purity of synaptotagmin-1 fragments
including the C,B domain using "H-'"N HSQC or TROSY-SQC
spectra on '“N-labeled samples (Fig. 2). Based on the signal-to-
noise ratio of these spectra, we estimate that our procedure yields
protein that is at least 95% free of contaminants.

Prevalence of Direct Membrane Bridging by InC;AB. The most direct
evidence supporting the oligomerization model of membrane
bridging by InC,AB was provided by cryo-EM images showing
extended flat surfaces of liposomes apposed to each other with
a constant separation of ~9 nm, and clear electron density be-
tween them that can be attributed to InC,AB oligomers or
aggregates (25). These images contrast with those that we ob-
tained by cryoelectron tomography with C,AB, where the pre-
dominant separation between apposed membranes was ~4 nm,
as expected for direct membrane bridging by a C, domain (20).
We did observe some longer distances for some interfaces
bridged by C,AB, but they did not involve extended parallel
surfaces and clear accumulation of oligomeric protein density
between them. Note also that such longer distances are expected
to arise naturally as liposomes approach before association or
separate after dissociation given the dynamic nature of the li-
posome clustering induced by C,AB (20).

To investigate the mechanism of membrane bridging by
InC,AB in our own hands, we performed cryo-EM experiments
with InC,AB and liposomes containing the same lipid composi-
tion used in ref. 25 (Fig. 4 and Fig. S3). Samples were prepared
with a 1:120 InC,AB-to-lipid ratio, which is sufficient to induce
liposome clustering (20, 29), or with an excess of InC,AB to yield
an InC,AB-to-lipid ratio of 1:36, which further favors clustering.
In none of the samples we observed the extended flat surfaces of
liposomes apposed to each other that were reported in ref. 25,
but note that it is unclear how prevalent this type of interface was
in that study because no quantitative analysis of the cryo-EM
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Impurities promote aggregation of INC,AB in solution. (A) Gel filtration profile on a Superdex 75 16/60 column of an InC,AB sample that was purified

by our usual procedure, including the benzonase treatment, but without ion exchange chromatography step. (Inset) Peaks 1 and 2, as well as a control sample
of fully purified InC,AB (pure), were analyzed by SDS/PAGE and Coomassie blue staining. (B) Analysis of INCAB aggregation using a turbidity assay. The
turbidity as monitored from the absorption at 400 nm was measured as a function of protein concentration for the same control sample of purified InC,AB
(black circles), and for the samples from peaks 1 (blue squares) and 2 (red triangles) of the gel filtration experiment shown in A. The experiments were
performed in 25 mM Tris (pH 7.4) containing 125 mM NaCl and 1 mM Ca?*. (C) UV spectra of samples corresponding to peaks 1 and 2 in the gel filtration

chromatogram shown in A.
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Fig.4. Cryo-EM analysis of liposome clustering by InC,AB. Samples containing 3 uM or 10 uM InC,AB, 1 mM Ca?*, and phospholipid vesicles (0.3 mg/mL lipids)
were incubated and fast-frozen on EM grids (5 min after mixing the reagents). (A) Examples of the cryo-EM images obtained. Arrows indicate liposome pairs
with apparent intermembrane distances of 4 nm or less. (Scale bar: 100 nm.) (B) Overall distribution of apparent distances measured between 697 selected
liposome pairs bridged by InC,AB. (C and D) Distribution of apparent distances measured between liposome pairs in samples containing 3 uM InC,AB, yielding
an InC;AB-to-lipid ratio of 1:120 (C), or 10 uM InC,AB, yielding an InC,AB-to-lipid ratio of 1:36 (D). The distribution of B includes all of the distances included in
C and D. Note that protein-free liposomes do not cluster under the conditions of our experiments (20).

data were presented. In our images, we did observe a few in-
stances of liposomes separated by distances of 8-10 nm that
appeared to contain abundant electron density between the
membranes, consistent with bridging by InC,AB oligomers or
aggregates (see arrows in Fig. S34). However, this type of in-
terface was very rare. Indeed, the distances between apposed
liposomes were generally smaller (Fig. 4 and Fig. S34), and even
in cases where the distances were ~9 nm there was no clear
density for InC,AB oligomers in most cases.

To have a representative quantitative picture of the distribu-
tion of distances between membranes bridged by InC,AB, we
measured 697 apparent distances between pairs of liposomes.
Because of the dynamic nature of liposome clustering, some of
the vesicles were loosely clustered, with distances between vesi-
cles that were clearly too long to involve bridging by InC,AB
(Fig. S3B). Such long distances were not included in our mea-
surements. The distribution of apparent intermembrane distances
that we measured is centered on preponderant values of 3-4 nm
with a smooth decay at longer values (Fig. 4B).

Because they provide 2D rather than 3D information, cryo-
EM projection images tend to underestimate the intermembrane
distance, particularly when there is a significant difference in
vesicle size and when the distance is small. This problem is
minimized by the fact that the vesicles are limited in their posi-
tional displacement because of the limited thickness of vitrified
ice, usually less than 100 nm under our conditions as measured
by burning a hole at a 45-degree tilt first and then visualizing it
at —45 degree tilt (34). As a consequence, many specimen
regions contained vesicles that were approximately in the same
plane (Fig. 4 and Fig. S34) (31). Thus, our measurements of
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intermembrane distances (Fig. 4B) focused on these regions and
avoided areas where the ice was thick and included staggered
vesicles. Because the underestimation of distances is expected to
be smaller for pairs of larger vesicles, we also plotted the in-
termembrane distances for vesicle pairs where both vesicles had
diameters of at least 70 nm (Fig. S44). Although the distribution
was less smooth because of the smaller numbers of distances
included, it still resembled the overall distribution observed for
all vesicle pairs (Fig. 4B). We estimated the error in our mea-
surements and found that, in random sampling of the vertical
displacement of the two vesicles, the averaged error of our
measurement is less than 30% in the lower distance range and
less than 10% in the longer range (Fig. S4 B and C).

We conclude that the histogram of Fig. 4B reflects reasonably
well the actual intermembrane distances, with a bias at the
shorter distances that shifts the center of the distribution slightly.
Thus, though the preponderant distance values measured were
3—4 nm, the actual preponderant values are estimated to be 4-5
nm, which correspond to the size of a single C, domain oriented
perpendicularly between the two membranes (Fig. 1B). These
results parallel those obtained for C,AB by cryoelectron to-
mography (20) and correspond to the distribution of inter-
membrane distances that can be expected if direct bridging
constitutes the predominant mechanism of membrane bridging
by InC,AB. Note that the observation of intermembrane dis-
tances longer than 5 nm, with a progressive decay in abundance
as the distance increases, is a natural consequence of the
dynamic nature of the vesicle clustering induced by InC,AB,
with vesicles approaching before association or separating after
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dissociation (as noted above for the results obtained with C,AB
in ref. 20).

This dynamic nature was further manifested by analyzing
separately the distribution of intermembrane distances in the
samples that had InC,AB-to-protein ratios of 1:120 or 1:36. For
an InC,AB-to-protein ratio of 1:120, the distribution of in-
termembrane distances exhibited a maximum at 3-5 nm (Fig.
4C), and the profile was broader than the overall cumulative
profile (Fig. 4B). In contrast, the maximum in the distribution of
intermembrane distances was 3—4 nm for an InC,AB-to-protein
ratio of 1:36 (Fig. 4D), and the relative abundance of the shorter
distances was clearly higher than that observed at the lower
protein-to-lipid ratio. These observations indicate that the higher
protein density on the liposomes stabilizes the membrane-
membrane bridging, keeping a higher percentage of interfaces at
the molecular distance imposed by direct bridging, whereas the
association—dissociation equilibrium is more dynamic at the lower
protein densities, thus yielding a broader distribution of distances.
It is important to note that, if both mechanisms (direct bridging
and oligomerization) contribute substantially to liposome clus-
tering, higher protein density would be expected to favor the
oligomerization mechanism and hence to shift the maximum of
the intermembrane distances to larger values, contrary to what we
actually observed. Hence, these results not only show that direct
bridging underlies the primary mechanism for membrane bridging
by InC,AB, but also suggest that oligomerization does not con-
tribute substantially to membrane bridging.

Contact of the Bottom of the C;B Domain with the Membrane. NBD
is an environment-sensitive probe that exhibits a large increase in
fluorescence emission intensity when transferred from an aque-
ous to a hydrophobic environment (35). The increase in NBD
fluorescence observed upon Ca**-dependent phospholipid bind-
ing of a mutant C,AB (N396C) labeled with NBD at the bottom of
the C,B domain provided evidence that this bottom region con-
tacts the membranes in a population of C;AB molecules (20). In
contrast, no increase in NBD fluorescence was observed in similar
experiments performed with NBD-labeled N396C mutant InC,AB
(29). To test in our own hands whether this discrepancy arose
from the use of different synaptotagmin-1 fragments, we per-
formed analogous experiments, side by side with NBD-labeled
N396C mutant C,AB and InC,AB samples and the same lipo-
some preparations. We observed similar increases in NBD

fluorescence for both C,AB and InC,AB upon Ca?*-dependent
phospholipid binding (Fig. 5 4, B, and E). These results are
comparable to those we obtained previously for C,AB with lip-
osomes containing a higher percentage (30%) of phosphati-
dylserine (PS) (20), and were reproducible in a large number of
experiments that we performed in different days with different
preparations. The experiments were performed with protein-to-
lipid ratios that lead to liposome clustering, which we verified
using dynamic light-scattering (DLS) (20), but analogous NBD
fluorescence increases were observed under conditions where
clustering does not occur (Fig. 5 C-E). Hence, these increases
reflect an intrinsic tendency of the bottom of the C,B domain to
bind to membranes even in the absence of clustering. Note also
that the finding that the increase in NBD fluorescence is not
larger under clustering conditions is not surprising because only
a small percentage of the C;AB molecules that cover the vesicle
surface can participate in clustering, given the dynamic nature of
clustering and the fact that only small regions of the vesicle
surfaces are apposed to other vesicles upon clustering.

The NBD fluorescence increases that we observed are modest,
which could arise from an interfacial location of the NBD probe
in a majority of molecules or from a small population that has
a large fluorescence increase. However, we favor the second
possibility because a large amount of evidence showed that
a majority of C,AB molecules bind to membranes primarily
through the Ca**-binding loops at the top of both C, domains
(15-17, 36), and the bottom of the C,B domain by itself is not
sufficient for lipid binding (20). Indeed, NBD probes placed at
the tip of the Ca”*-binding loops exhibit much larger increases in
fluorescence upon membrane binding than those observed with
the probe at the bottom of the C,B domain (20). We estimate
that the population of molecules where the bottom of the C,B
domain contacts the membrane is at least 5-10%, assuming that
NBD probes placed at the bottom or the top loops undergo
comparable fluorescence emission increases upon membrane
binding, but the population would be larger if NBD probes
placed at the bottom of the C,B domain undergo lower fluo-
rescence increases because of an interfacial location.

Substantial Populations of Antiparallel Orientations of the Two C,
Domains on Nanodiscs. Because the Ca®*-binding loops at the
top of the C,A domain are involved in membrane binding for
a majority of C,AB molecules, and the NBD fluorescence data
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Fig. 5. Increased fluorescence of NBD probes placed at the bottom of the C;B domain upon membrane binding. (A and B) Representative fluorescence

emission spectra of 0.3-uM samples of NBD-labeled N396C mutant C,AB (A) or InC,AB (B) acquired side by side in the presence of phospholipid vesicles (100-uM
lipids) and 1 mM EGTA or 1 mM Ca?* (clustering conditions). (C and D) Analogous spectra acquired under the same conditions but using 1-mM lipids (non-
clustering conditions). For each set of experiments in A-D, spectra acquired with identical samples containing unlabeled C;AB or InC;AB were subtracted to
remove contributions from light scattering to the observed intensities. The data were then normalized to the maximum fluorescence intensity observed in the
absence of Ca®*. (E) Quantification of NBD fluorescence increases upon membrane binding. NBD fluorescence emission spectra analogous to those shown in
A-D were acquired in triplicate under clustering conditions (C;AB+ and InC;AB+) or nonclustering conditions (C;AB— and InC;AB-). Bars represent averages of
the ratios between the NBD fluorescence intensity maxima observed in 1 mM Ca®* and 1 mM EGTA in three separate pairs of experiments performed under
identical conditions. Error bars represent SDs.
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show that a small but sizeable population of molecules bind to
a single membrane through the bottom of the C,B domain, this
population of molecules is expected to involve conformations
with an antiparallel arrangement of the two C, domains. This
notion agrees with an EPR study that measured distances be-
tween pairs of spin labels placed at the two domains of InC,AB
(24), although distances between the top of one domain and the
bottom of the other were not measured. To obtain direct evi-
dence for proximity between the opposite ends of the C,A and
C,B domain on a membrane, we performed an NMR analysis of
C,AB bound to nanodiscs, which are disk-like phospholipid
bilayers surrounded by a scaffolding protein (37). For this pur-
pose, we used perdeuterated C,AB specifically 'H,'*C-labeled at
Ile, Leu, and Val methyl groups (*H-ILV-'*CH;-C,AB) and took
advantage of the high sensitivity of "H-'>C heteronuclear mul-
tiple-quantum coherence (HMQC) spectra of proteins labeled
with this scheme even for large protein complexes (38).

The cross-peaks from the 'H-">C HMQC spectrum of “H-ILV-
13CH;-C,AB in the presence of nanodiscs containing 15% dio-
leoyl-PS (DOPS) and 1 mM Ca** are considerably broader than
those of Ca**-free H-ILV-'>CH;-C,AB (Fig. S5 4 and B), but
they are still observable with high sensitivity. Comparison of
'H->C HMQC spectra of isolated *H-ILV-">CH;-C,AB in the

presence of 0, 1, and 20 mM Ca?* revealed progressive changes
in cross-peaks from methyl groups in the Ca®*-binding loops,
similar to the behavior observed for amide groups (14), and these
cross-peaks exhibited some additional movements in spectra ac-
quired in the presence of nanodiscs and 1 mM Ca** (Fig. S5C).
These results show that 2H-ILV-">CH;-C,AB is fully bound to
the nanodiscs under the conditions of our experiments and that
the observed cross-peaks do not arise from residual unbound *H-
ILV-'3CH;-C,AB. DLS experiments showed that C,AB-medi-
ated bridging of nanodiscs does not occur under the conditions of
these experiments, and hence that NMR data acquired under
these conditions should reflect the conformational distribution of
C,AB molecules bound to a single membrane.

To gain insight into the relative orientations of the two do-
mains, we prepared “H-ILV-'*CH3-C,AB single mutants where
either N248 at the bottom of the C,A domain or V304 at the top
of the C,B domain were replaced by a cysteine and labeled with
the paramagnetic probe (1-oxyl-2,2,5,5-tetramethyl-3-pyrroline-
3-meth%/l)methanethiosulfonate (MTSL). "H-"*C HMQC spectra
of the *H-ILV-'>*CH;-C,AB mutants bound to nanodiscs before
and after reduction of the probe allowed us to measure para-
magnetic broadening effects (PBEs; defined as the ratios be-
tween the cross-peak intensities before and after reduction) (39).
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Fig. 6. Analysis of PBEs within C,AB bound to nanodiscs. (A and C) 'H-">C HMQC spectra of 50-uM MTSL-labeled 2H-ILV-'3CH3-C,AB N248C (A) or V304C (C)
mutant in the presence of 1-mM Ca®* and 60-uM nanodiscs before (red) or after (black) reduction with 1 mM dithionite and 1 mM ascorbic acid. Assignments
based on our previous NMR studies of the isolated C,A and C,B domains (15, 40) are indicated for well-resolved cross-peaks. Cross-peaks from methyl groups
that exhibit PBEs indicative of antiparallel orientations of the C; domains (at the top of the C,B domain in A and to the bottom of the C,A domain in C) are
labeled in blue. (B and D) Summary of the interdomain PBEs measured for the N248C (B) or V304C (D) mutant. Ribbon diagrams of the C,A (Left) and C,B
(Right) domains are shown, with the Ca%* ions shown as yellow spheres and the atoms of the residues that were mutated to place the MTSL labels shown as
green spheres. The methyl carbons that exhibited strong (0-0.4) or medium (0.4-0.6) interdomain PBEs are shown as red or orange spheres, respectively. The
residues bearing these methyl groups are 294, 387, 394, 401, 409, 413, and 417 (red) and 273, 291, 292, 307, and 335 (orange) in B; 171 (red) and 149, 158, 181,
197, 239, 240, and 250 (orange) in D. The curved arrows are meant to illustrate that the MTSL label placed at the bottom of the C;A domain (N248C) induces
substantial PBEs in the bottom, middle, and top of the C;B domain, whereas the MTSL label placed at the top of the C,B domain (V304C) induces substantial
PBEs at the top, middle, and bottom of the C;A domain. The dashed lines represent the linker between the C;A and C,B domains.
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The intradomain PBEs observed for the cross-peaks of the C,A
domain in the N248C mutant and for the cross-peaks of the C2B
domain in the V304C mutant (Fig. 6) followed the expected ™~
dependence (where r is the distance between the corresponding
methyl group and the probe) according to the known 3D struc-
tures of the domains (13, 15, 40).

The observation of interdomain PBEs in multiple regions of
the C,B domain for the N248C mutant and in multiple regions of
the C,A domain for the V304C mutant is consistent with EPR
(24), and single-molecule FRET (41, 42) studies that revealed
a dynamic relative orientation between the two domains. For the
N248C mutant that contained the MTSL probe at the bottom of
the C,A domain, we observed some strong PBEs (<0.4) and
medium PBEs (= 0.4-0.6) for multiple cross-peaks at the bottom
and middle of the C,B domain (Fig. 6 4 and B), indicating
a predominance of parallel and oblique orientations of the two
C, domains. Note that both types of orientations can allow si-
multaneous binding of the Ca’*-binding loops from both
domains to the same membrane, and that there likely is a con-
tinuum of relative orientations that allow such simultaneous
binding. Hence, these results are consistent with the expected
prevalence of C,AB molecules that bind to a membrane via the
top loops of both domains. However, we also observed medium
PBEs between the MTSL probe at the bottom of the C,A do-
main and methyl groups in the top of the C,B domain (Fig. 6 4
and B), which must originate from conformations with an anti-
parallel orientation of the two domains. The interdomain PBEs
observed for the V304C mutant with the MTSL probe at the top
of the C,B domain were generally weaker than those observed
for the N248C mutant, with only one strong PBE that involved
a methyl group at the top of the C,A domain. This result likely
arises because residue 304 is at the very tip of a top loop of the
C,B domain and hence is not very close to methyl groups of the
C,A domain in most available conformations. Nevertheless, we
did observe medium PBEs with several methyl groups from the
top, middle, and bottom of the C,A domain (Fig. 6 C and D),
consistent with the conclusions drawn from the analysis with the
N248C mutant and confirming again the existence of a pop-
ulation of C,AB molecules bound to a membrane with an anti-
parallel orientation of the two C, domains. It is not feasible to
reliably quantify this population from the measured PBEs be-
cause of the highly dynamic nature of this system, but the overall
results are fully consistent with the population of molecules
where the bottom of the C,B domain contacts the membrane
estimated from the NBD fluorescence data.

Discussion

The observation that synaptotagmin-1 can aggregate chromaffin
granules and liposomes (19), and that Ca**-bound C,AB can
bridge two membranes to bring them within 4 nm, led to an
attractive model whereby synaptotagmin-1 triggers synaptic ves-
icle fusion by brlnglng the vesicle and plasma membranes into
close proximity in a Ca®*-dependent manner, in cooperation
with the SNARES (20). This model was supported by the finding
that Ca**-evoked neurotransmitter release is almost completely
abolished by a mutation of two arginines at the bottom of the
C,B domain that impairs the liposome clustering activity of
C,AB and its ability to stimulate SNARE-dependent lipid mixing
between liposomes (7). However, an alternative model proposed
that InC,AB oligomerization is required for its membrane
bridging activity and that such activity involves protein—protein
interactions between InC,AB molecules bound to the two ap-
posed membranes, with no contact of the bottom of the C,B
domain with the membranes (29). This model was supported by
cryo-EM images reported in a separate study (25). Assessing the
validity of these two models and clarifying the apparently con-
tradictory data from different studies is critical to understand
how synaptotagmin-1 triggers neurotransmitter release. The data
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presented here show that direct bridging constitutes the primary
mechanism by which both C;AB and InC,AB bring two mem-
branes into apposition, and that the bottom of the C,B domain in
a fraction of C,AB and InC,AB molecules contacts the mem-
branes even in the absence of membrane bridging.

We would like to emphasize that, so far, no evidence has been
provided to support the oligomerization mechanism for the
shorter C,AB fragment. On the contrary, our NMR data (20, 23)
(Fig. S1) demonstrate that C,AB has no detectable tendency to
self-associate in solution even at high protein and Ca** concen-
trations. Moreover, no cross-linking of C;AB bound to liposomes
was induced by the highly efficient agent Tris(bipyridine)ruthe-
nium(IT) (20) despite the very high local concentrations of C,AB
molecules on the membranes, and FRET experiments provided
additional compelling data showing that C,AB does not oligo-
merize on membranes (20). Finally, cryo-EM images showed that
the distances between vesicle pairs bridged by C,AB are pre-
dominantly ~4 nm (20), which is incompatible with the oligo-
merization model and can only be explained by direct membrane
bridging by C,AB. Because the activity of C;AB in stimulating
SNARE-dependent lipid mixing between liposomes in re-
constitution experiments (7) is comparable to that of InC,AB
(43), all these observations clearly establish that oligomerization
is not required for this stimulatory activity.

EPR studies also yielded strong support for the direct bridging
model for InC,AB (24), and no oligomerization of InC,AB under
membrane bridging conditions was observed by EPR (24) or
fluorescence spectroscopy (44). The study that proposed the
oligomerization model using InC,AB (29) did not account for the
EPR data or the results that were already available for C,AB
(20); relied on the cryo-EM images of a separate study (25);
and supported the model with a series of indirect experiments,
without providing direct evidence for the existence of protein—
protein interactions that help to bridge the membranes. In our
cryo-EM analysis with InC,AB (Fig. 4 and Fig. S3), we did not
observe the extended parallel surfaces of liposomes with clear
protein density between them and a separation of 9 nm reported
previously (25). Because no statistical analysis of the prevalence
of these extended surfaces was described, it is unclear to what
extent the cryo-EM data from this previous study are contradic-
tory with our results. Our analysis of 697 vesicle-vesicle interfaces
reveals that apparent intermembrane distances of 3—4 nm (actual
distances of 4-5 nm) predominate, thus showing that a majority of
InC,AB molecules bring membranes together by direct bridging.
We did observe some interfaces with intermembrane distances of
8-10 nm and accumulation of electron density that might corre-
spond to InC;AB oligomers. However, this type of interface was
very rare (less than 1%) and might arise from nonspecific aggre-
gates of InC,AB caused by the presence of residual polyacidic
contaminants in a small percentage of InC,AB molecules, rather
than from well-defined InC,AB oligomers. In this context, it is
worth nonng that properly purified lnCzAB has no tendency to
aggregate in solution in 1 mM Ca’** even at 100-uM protein
concentration, but the presence of such contaminants does lead to
aggregation at protein concentrations above 10 pM (Fig. 3).

The study that proposed the oligomerization model used
InC,AB samples that aggregate at more than 10 pM concentra-
tion (29). Moreover, the primary evidence provided to conclude
that membrane bridging requires trans interactions between
InC,AB molecules bound to separate membranes relied on the
finding that immobilized liposomes containing prebound InC,AB
pulled down target liposomes containing prebound InC,AB, but
not free liposomes (29). Interpretation of these data assumed
that the prebound InC,AB molecules were permanently pinned
to their respective liposomes because of their very slow dissoci-
ation rates, as described in ref. 45. However, the rates reported
in that reference are on the order of 10 s~ . Hence, lnCzAB
should readily redistribute among liposome populatlons in the
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time scale of the pull-down assays, and the lack of binding of the
target plain liposomes can be attributed merely to the overall
decrease in InC,AB concentration, which resulted in protein-to-
lipid ratios that do not support liposome clustering (figure 3 in
ref. 29). Furthermore, direct membrane bridging by InC,AB was
presumably ruled out by the lack of an increase in fluorescence
for NBD probes placed at the bottom of the C,B domain (in-
cluding residue 396) upon membrane binding, and by the ab-
sence of FRET between these probes and rhodamine-labeled
lipids (29). However, interpretation of these data are hindered
by the fact that only a small percentage of membrane-bound
InC,AB molecules is expected to contribute to bridging to other
membranes (see above), and the effects of clustering on NBD
fluorescence are thus expected to be very small, likely within the
error of the measurements. Note also that we do see a fluores-
cence increase for an NBD probe placed at residue 396 upon
membrane binding for both InC,AB and C,AB (Fig. 5) (20). It is
unclear why such increase was not observed for the InC,AB 396
mutant in ref. 29, but it is tempting to speculate that it may arise
from insufficient purification of the InC,AB 396 mutant in that
study, given the aggregation reported for the WT InC,AB (29).

The modest nature of the increases in fluorescence that we
observe for NBD probes at the bottom of the C,B domain upon
Ca?*-dependent binding of C,AB or InC,AB to membranes
(Fig. 5), together with the much larger increases observed with
NBD probes at the Ca**-binding loops (20) and the analysis of
PBEs in C,AB bound to nanodiscs (Fig. 6), suggest that a ma-
jority of molecules bind to a single membrane through the Ca®*-
binding loops of both C, domains. It is important to realize that
this feature arises naturally from the high membrane-affinity of
the Ca®*-binding loops and is fully compatible with the direct
bridging model. Moreover, only a small percentage of molecules
needs to bind to an apposed membrane via the bottom of the
C,B domain to mediate direct bridging, which could occur in
both parallel and antiparallel orientations of the domains (Fig.
1B). The NBD data also show that a population of molecules
binds to membranes with an antiparallel orientation of the C,
domains and the bottom of the C,B domain contacting the
membrane. We estimate that this population is at least 5-10%
based on the observed NBD increases, but it could be consid-
erably higher if the NBD probes at the bottom of the C,B do-
main contact the membrane at an interfacial position, whereas
those at the Ca®*-binding loops insert more deeply into the bi-
layer. This overall picture is consistent with our PBE measure-
ments on nanodiscs, as well as with EPR data obtained with
InC,AB that revealed proximity of the bottom of the C,B do-
main to the membrane surface and a substantial population of
molecules with antiparallel orientations (24). Although the EPR
analysis suggested a predominance of antiparallel orientations,
the EPR and NBD data are not necessarily inconsistent given the
uncertainties in the populations that can be estimated by either
method. Regardless of these uncertainties, the NBD, PBE, and
EPR data leave no doubt that a sizeable population of C,AB/
InC,AB molecules bind to membranes with an antiparallel ori-
entation of the C, domains.

In summary, we cannot completely rule out that a small
population of InC,AB molecules form well-defined oligomers
between membranes, but there is currently no clear evidence for
the existence of such well-defined oligomers, and the rare
occurrences of InC,AB aggregates between membranes that
appear to be visible in our cryo-EM images could be induced by
the presence of residual amounts of polyacidic contaminants,
much like these contaminants promote aggregation in solution.
Moreover, there is very compelling data against oligomerization
for C;AB bound to membranes (20), and the results presented
here, together with previously available data (20), provide
overwhelmingly evidence supporting the notion that the syn-
aptotagmin-1 C, domains bring membranes into apposition pri-
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marily by the direct bridging mechanism. One could argue that
all these data were obtained in vitro and that high local con-
centrations of synaptotagmin-1 between a docked synaptic vesi-
cle and the plasma membrane could favor oligomerization in
vivo. However, synaptic vesicles contain on average 15 synapto-
tagmin-1 molecules (46), whereas no oligomerization was ob-
served for membrane-bound C,AB under conditions where the
protein density on the membranes was threefold higher (20).
Furthermore, mechanistic considerations also favor the bridging
model because a synaptotagmin-1 oligomer between the mem-
branes would be expected to hinder rather than promote mem-
brane fusion, whereas single synaptotagmin-1 molecules could
readily diffuse away from the center of the intermembrane space
to bind to the SNARESs and cooperate with them in bringing the
synaptic vesicle and plasma membranes together by the direct
bridging mechanism (23) (Fig. S6). Nevertheless, a better under-
standing of the nature of synaptotagmin-1-SNARE interactions
and additional correlations between the clustering abilities of
synaptotagmin-1 mutants and their functional activities in vivo,
beyond that already established (7), will be required to further
investigate the validity of the direct bridging mechanism.

Materials and Methods

Recombinant Proteins. N-terminal GST fusion proteins of synaptotagmin
fragments 140-421 (C,AB) and 95-421(InC,AB) were expressed in Escherichia
coli BL21(DE3) cells and purified as previously described (20, 32), with slight
modifications. Briefly, the proteins were expressed in Lennox L Broth media
at 25 °C for 18 h with 0.4 mM isopropy! p-p-1-thiogalactopyranoside. Cells
were resuspended in buffer A [40 mM Tris-HCl (pH 8.2), 200 mM NacCl, 2 mM
DTT] with 1% Triton and protease inhibitor mixture, and lysed using an
Avestin EmulsiFlex-C5 homogenizer. The soluble fraction of the cell lysate
was collected after centrifugation at 48,000 x g for 30 min and incubated
with Glutathione Sepharose 4B (GE Healthcare) at 4 °C for 12 h. The resin
was washed with buffer A, buffer A + 50 mM CaCl,, and buffer A + 50 mM
CaCl, + 1 M NaCl. Remaining nucleic acid contaminants bound to synapto-
tagmin fragments were then cleared with benzonase treatment (40 units
per milliliter of solution, corresponding to ~1,000 units per liter of cell cul-
ture) in 50 mM Tris (pH 8.0), 2 mM MgCl; for 2 h at room temperature with
gentle rotation of the beads. The GST tag was cleaved with thrombin on the
resin at room temperature for 3 h. Synaptotagmin fragments were further
purified with an ion exchange Source S column [buffers: 50 mM NaAc (pH
6.2), 5 mM CaCly; and 50 mM NaAc (pH 6.2), 5 mM CaCl,, 1 M NaCl] and size-
exclusion chromatography on a Superdex 75 16/60 column using 25 mM Tris
(pH 7.4) containing 125 mM Nacl as the buffer.

Synaptotagmin C277S and N396C double mutations for both C;AB and
InC,AB were generated by the QuikChange site-directed mutagenesis kit
(Stratagene). The proteins were labeled with N,N’-dimethyl-N-(iodoacetyl)-
N’-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)ethylenediamine (IANBD amide) (Invi-
trogen) according to manufacturer’s protocol using 50-60 pM of syanto-
tagmin-1 fragments and 400 pM IANBD amide in the presence of 100 pM Tris
(2-carboxyethyl)phosphine at room temperature with 2-h incubation time.
All of the experiments were performed in 25 mM Hepes (pH 7.4), 150 mM
KCl, and 1 mM MgCl, reconstitution buffer unless otherwise indicated.

Preparation of Phospholipid Vesicles. The 1,2-dioleoyl-sn-glycero-3-[phospho-
L-serine] (DOPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (Avanti Polar
Lipids) in chloroform were mixed in a glass test tube in a desired ratio, and
chloroform was evaporated using dry nitrogen stream. The lipids were
placed in a vacuum chamber overnight for complete removal of organic
solvent. Lipid films were hydrated with reconstitution buffer in an appro-
priate volume yielding 10 mM lipids. Lipids were vortexed >5 min then
frozen and thawed five times. Large unilamellar vesicles were prepared by
extruding the hydrated lipid solution through 0.08-pm polycarbonate
membranes 23 times using an Avanti Mini-Extruder. The homogeneity of the
vesicle size distribution was confirmed by dynamic light scattering and cryo-
EM, and was centered around a diameter of 80 nm.

Fluorescence Experiments. NBD fluorescence emission (500-620 nm) experi-
ments were performed on a Photon Technology International spectropho-
tometer with a 4-nm slit width and 485-nm excitation at room temperature
using 0.3-uM synaptotagmin-1 fragments and 0.1- or 1-mM lipid vesicles
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(DOPS:POPC:POPC 15:55:30) in reconstitution buffer including 1 mM EGTA or
1 mM CaCl,. Experiments under all of the conditions were repeated at least
three times, and SDs were calculated. All of the experiments were repeated
with unlabeled synaptotagmin fragments, and the data were subtracted
from actual data as background. Microsquare cuvettes with 5-mm interior
width and 400-pL volume capacity were used to obtain reliable data. Cuv-
ettes with lower volume capacity (e.g., submicrocuvettes) gave considerably
more variability in the data.

Turbidity. Aggregation of differentially purified synaptotagmin-1 InC,AB
fragments was monitored from the absorbance at 400 nm using a Varioskan
Flash Plate Reader on a clear-bottom black 96-well plate. Experiments were
performed in 25 mM Tris (pH 7.4) containing 125 mM NacCl, 1 mM Ca®*, and
the indicated protein concentrations.

Cryo-EM. Both sides of Quantifoil 200 mesh copper, R2/2 hole shape, 2 pm hole
size and 4 um period grids were glow-discharged in a Denton Vacuum DV-
502A instrument with 40-mA current for 45 s. Whatman paper with a 0.2-mL
drop of amylamine was prepared immediately before use and included
during the glow discharge to prevent extensive binding of liposomes onto
the carbon surface of the grid. Samples for cryo-EM were prepared by in-
cubating 0.3 mg/mL lipid vesicles (DOPS:POPC 20:80) with 3 uM or 10 pM
InC,AB fragment (resulting in protein to lipid ratios of 1:120 or 1:36, re-
spectively) in reconstitution buffer at room temperature for 2 min; 3 uL of
the sample were loaded onto the carbon side of a Quantifoil grid, incubated
for 10 s, and blotted with a piece of Whatman no. 4 paper from the edge of
the grid for 5's. Another 3 L of the sample were loaded onto the same side
of the grid and rapidly frozen using Vitrobot FP 5350/60-type automated
vitrification robot. The total incubation time up to the blotting step was
~5 min. The blotting time was 2 s and the humidity in the blotting chamber
was above 95%. Standard Vitrobot Filter paper, @55/20 mm, grade 595, was
used for blotting. Images were taken with a JEOL 2200FS transmission
electron microscope equipped with an energy filter at cryotemperatures,
keeping samples on an Oxford Instruments cryoholder. Images were taken
at 52.95 K calibrated magnification and were recorded on a 2K x 2K Tietz
slow scan CCD camera or Kodak SO-163-type films. The electron density was
kept at 20-30 electrons per square angstrom during each exposure by
a minimum dosage system. Films were scanned with a PhotoScan Instrument
from Z/I Imaging at 14-pm resolution. Measurements of distances between
membranes were performed using ImageJ.

. Rizo J, Sudhof TC (2012) The membrane fusion enigma: SNAREs, Sec1/Munc18
proteins, and their accomplices—quilty as charged? Annu Rev Cell Dev Biol 28:
279-308.

2. Jahn R, Fasshauer D (2012) Molecular machines governing exocytosis of synaptic

vesicles. Nature 490(7419):201-207.

3. Brunger AT, Weninger K, Bowen M, Chu S (2009) Single-molecule studies of the

neuronal SNARE fusion machinery. Annu Rev Biochem 78:903-928.

4. Chapman ER (2008) How does synaptotagmin trigger neurotransmitter release? Annu
Rev Biochem 77:615-641.

. Fernandez-Chacon R, et al. (2001) Synaptotagmin | functions as a calcium regulator of
release probability. Nature 410(6824):41-49.

6. Bhalla A, Chicka MC, Tucker WC, Chapman ER (2006) Ca(2+)-synaptotagmin directly
regulates t-SNARE function during reconstituted membrane fusion. Nat Struct Mol
Biol 13(4):323-330.

7. Xue M, Ma C, Craig TK, Rosenmund C, Rizo J (2008) The Janus-faced nature of the
C(2)Bdomain is fundamental for synaptotagmin-1 function. Nat Struct Mol Biol
15(11):1160-1168.

8. Schaub JR, Lu X, Doneske B, Shin YK, McNew JA (2006) Hemifusion arrest by
complexin is relieved by Ca2+-synaptotagmin I. Nat Struct Mol Biol 13(8):748-750.

9. Tang J, et al. (2006) A complexin/synaptotagmin 1 switch controls fast synaptic vesicle
exocytosis. Cell 126(6):1175-1187.

10. Giraudo CG, Eng WS, Melia TJ, Rothman JE (2006) A clamping mechanism involved in
SNARE-dependent exocytosis. Science 313(5787):676-680.

11. Parisotto D, Malsam J, Scheutzow A, Krause JM, Séllner TH (2012) SNAREpin assembly
by Munc18-1 requires previous vesicle docking by synaptotagmin 1. J Biol Chem
287(37):31041-31049.

12. Ma C, Su L, Seven AB, Xu Y, Rizo J (2013) Reconstitution of the vital functions of
Munc18 and Munc13 in neurotransmitter release. Science 339(6118):421-425.

13. Sutton RB, Davletov BA, Berghuis AM, Sudhof TC, Sprang SR (1995) Structure of the
first C2 domain of synaptotagmin I: A novel Ca2+/phospholipid-binding fold. Cell
80(6):929-938.

14. Ubach J, Zhang X, Shao X, Sudhof TC, Rizo J (1998) Ca2+ binding to synaptotagmin:
How many Ca2+ ions bind to the tip of a C2-domain? EMBO J 17(14):3921-3930.

15. Fernandez |, et al. (2001) Three-dimensional structure of the synaptotagmin 1 C2B-

domain: Synaptotagmin 1 as a phospholipid binding machine. Neuron 32(6):

1057-1069.

5

Seven et al.

Nanodisc Preparation. Nanodiscs were prepared as previously described (47)
with small modifications (48). Briefly, ApoA1 and lipids (DOPS:POPC 15:85) at
an ApoAT:lipid ratio of 2:130 were mixed with 1% n-octyl-p-p-glucopyr-
anoside and 1% sodium cholate. The mixture was vortexed and then in-
cubated at room temperature for 30 min. The nanodiscs were formed by
passing the mixture over a 4-cm-high column of Extracti-Gel D resin (Pierce)
to remove the detergent. The nanodiscs were then purified on a Superdex-
200 HiLoad 16/60 column (GE Healthcare) in 25 mM Tris-HCl (pH 7.4), 125 mM
NaCl, 1 mM CaCl,, concentrated using a 30-kDa molecular weight cutoff
filter, and exchanged to the same buffer in 100% D,O.

Spin Labeling of Syt1. To prepare the 2H-ILV-">CH5-C,AB N248C or V304C
mutants for spin labeling, they were first treated with 10 mM DTT, and the
DTT was then removed by cation exchange chromatography on Source S.
The final buffer composition after cation exchange was ~50 mM sodium
acetate (NaOAc), pH 6.2, 400 mM NaCl, 5 mM CaCl,. The protein was con-
centrated to 40-60 pM and a 10-fold excess of MTSL was added from a 40-
mM stock in dimethyl sulfoxide. The mixture was rotated overnight at 4 °C
to allow complete cysteine labeling; the excess MTSL was removed by buffer
exchange in 25 mM Tris-HCI (pH 7.4), 125 mM NaCl, 1 mM CaCl, using
a 10-kDa molecular weight cutoff filter; and the sample was exchanged to
the same buffer in 100% D,O. The paramagnetic activity of MTSL was re-
moved by reduction with 1 mM sodium dithionite and 1 mM ascorbic acid
from 100-mM stocks. The dithionite stocks were prepared immediately be-
fore addition (<30 min) due to its high instability.

NMR Spectroscopy. NMR spectra were acquired at 25 °C on Varian INOVA800
or INOVAG00 spectrometers. 'H-'>N HSQC and 'H-'>C HMQC spectra were
acquired under the conditions indicated in the figure legends using H,0/D,0
95:5 (vol/vol) or 100% D,O, respectively, as the solvent. Total acquisition
times were 2-12 h. NMR data were processed with NMRPipe (49) and ana-
lyzed with NMRView (50).
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