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Synaptotagmin 1 (syt1) is a Ca®* sensor that regulates synaptic
vesicle exocytosis. Cell-based experiments suggest that syt1 func-
tions as a multimer; however, biochemical and electron micros-
copy studies have yielded contradictory findings regarding
putative self-association. Here, we performed dynamic light scat-
tering on syt1 in solution, followed by electron microscopy, and
we used atomic force microscopy to study syt1 self-association on
supported lipid bilayers under aqueous conditions. Ring-like multi-
mers were clearly observed. Multimerization was enhanced by
Ca®* and required anionic phospholipids. Large ring-like structures
(~180 nm) were reduced to smaller rings (~30 nm) upon neutrali-
zation of a cluster of juxtamembrane lysine residues; further
substitution of residues in the second C2-domain completely abol-
ished self-association. When expressed in neurons, syt1 mutants
with graded reductions in self-association activity exhibited con-
comitant reductions in 1) clamping spontaneous release and 2)
triggering and synchronizing evoked release. Thus, the juxta-
membrane linker of syt1 plays a crucial role in exocytosis by
mediating multimerization.
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ynchronous release of neurotransmitters from presynaptic

nerve terminals is triggered by the influx of Ca** ions via
voltage-gated Ca®* channels (1-3). The rise in [Ca®*]; is sensed
by the synaptic vesicle (SV) protein synaptotagmin 1 (sytl) (4,
5), which interacts with anionic phospholipids (6-9) and soluble
N-ethylmaleimide sensitive factor attachment protein receptor
(SNARE) proteins (10, 11) to trigger membrane fusion (12).
Sytl also plays additional roles in the regulation of the SV
cycle, including the inhibition of spontaneous release (clamp-
ing) (13-15), docking and priming (16, 17), and endocytosis
(18-21). Although the importance of sytl in the SV cycle is
well established, whether and how sytl performs each of these
functions as a multimeric structure remains the subject of a
long-standing debate.

Early work, using Drosophila as a model system, revealed intra-
genic complementation between several distinct mutant alleles of
sytl (13). This result strongly suggests that sytl has separable
functional domains and operates as a multimer in vivo. More
recently, careful titration of mutant forms of sytl (that were iden-
tified in human patients), in the presence of the wild-type (WT)
protein, resulted in the potent dominant-negative inhibition of
SV exocytosis (22). This result further suggests that sytl functions
as an oligomer. However, the ability of sytl to oligomerize, and
the structure of these putative complexes at both biochemical and
ultrastructural levels, remains controversial.

SVs all contain approximately 15 copies of sytl (23), and
multimerization of these monomers has been proposed to
occur via two distinct mechanisms. The first proposed mode
was constitutive and was mediated by determinants in the
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N-terminal region of the protein, which comprises residues 1 to
142 (Fig. 14). Using density gradient centrifugation, native sytl
was reported to assemble into N-terminal region-mediated
dimers (24) or tetramers in a nondenaturing detergent, 3-((3-
cholamidopropyl) dimethylammonio)-1-propanesulfonate (4),
but was also found to be largely monomeric in the absence of
Ca** in Triton X-100 (25). N-terminal oligomerization was later
refined in detergent-free conditions and shown to occur within
residues 1 to 96, which comprises a short intraluminal segment,
a transmembrane domain (TMD), and the first 16 residues of
the juxtamembrane linker (residues 80 to 142) between the
TMD and the first Ca*"-sensing motif, C2A (26).

The second proposed mode of sytl oligomerization is medi-
ated by the C-terminal Ca**-sensing domain, C2B (Fig. 14).
The sytl C2B domain has been implicated in numerous modes
of oligomerization that range from Ca**-triggered homo-
dimerization to the formation of large multimeric complexes
(27-29). Reported oligomerization motifs within C2B include
residues K326/327 (27), F349 (28), and R398/399 (29). How-
ever, even though the self-association of purified, recombinant
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Fig. 1. The complete cytoplasmic domain of syt1 forms large oligomers in solution upon addition of 6:0 PS. (A) Structure of full-length syt1 embedded in a SV
membrane with relevant residue annotations. Structures of the C2 domains were derived from the Research Collaboratory for Structural Bioinformatics Protein
Data Bank (PDB) 5t0r (C2A) and PDB 2yoa (C2B); other linker segments, derived from PDB 5w5c, were added. The syt1 oligomerization mutations tested in this
study are color-coded as follows: K326,327A, magenta; F349A, orange; R398,399Q, yellow; and the polylysine juxtamembrane region is emphasized in blue. The
amino acid sequence (residues 80 through 95) of the syt1 juxtamembrane region immediately following the transmembrane domain is shown below, with lysine
residues shown in blue. (B) Cartoon depiction of the DLS assay. (C) Representative results of the DLS analysis showing the diameter of 2 uM WT and mutant
syt1(80-421) with and without the addition of 100 uM 6:0 PS. Average diameters for each condition, performed in triplicate, are shown in Table 1. (D) Representa-
tive EM images of WT and Juxta K mutant syt1(80-421) samples that were analyzed by DLS with and without the addition of 6:0 PS. (Scale bar: 200 nm.)
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C2B has been abundantly described (25, 30), this protein frag-
ment was found to tightly bind bacterial contaminants (31).
These contaminants alter the biochemical properties of C2B
and thus complicate the interpretation of studies that did not
include high salt washes and a ribonuclease/deoxyribonuclease
treatment to remove them during sytl purification. Indeed,
removal of these contaminants from C2B abolished its ability to
self-associate in the presence or absence of Ca**. However, in
some studies, the addition of anionic phospholipid appeared to
restore Ca®*-triggered oligomerization activity (29, 32-34).

Most recently, in a notable series of electron microscopy (EM)
studies by Rothman, Krishnakumar, Volynski, and colleagues, the
cytoplasmic domain of sytl formed ring-like oligomers on lipid
monolayers when imaged via negative stain EM; these rings com-
prised more than 15 copies of sytl (32). Interestingly, these rings
were reported to be disrupted by Ca**, and this dissolution was
proposed to act as a mechanism to unclamp SV fusion (28, 32,
35-37). In contrast, other EM studies showed sytl forms hepta-
meric barrels in the presence of Ca®* (34).

Because of the lack of consensus regarding the ability of sytl to
oligomerize and the contradictory reports regarding the structure
of these putative oligomers, we re-examined this question while
adhering to physiological conditions that required minimal manip-
ulation of the samples. To this end, we performed dynamic light
scattering (DLS) on sytl in solution followed by EM, and atomic
force microscopy (AFM) imaging of sytl on supported lipid
bilayers (SLB). Together, these in vitro experiments served as a
platform to screen for putative oligomerization motifs that were
then functionally tested in neurons. Importantly, these in vitro
experiments were conducted under aqueous conditions. Moreover,
we used the complete cytoplasmic domain of the protein (residues
80 to 421) (Fig. 14). This contrasts with most of the earlier in vitro
work which utilized truncated forms of the cytoplasmic domain of
sytl (ie., residues 96 to 421 or 143 to 421) that lacked either the
highly cationic portion of the juxtamembrane region or the entire
juxtamembrane segment (Fig. 14). By DLS and EM, we observed
that anionic lipids cause syt1(80-421) to assemble into large clus-
ters. Moreover, AFM imaging found that syt1(80-421) forms clus-
ters, large ring-like structures, and large patches on phospholipid
bilayers in an anionic lipid-dependent manner; the formation of
these multimeric structures on phospholipid bilayers was enhanced
by Ca®*. Mutagenesis revealed that lysine residues in the juxta-
membrane linker are crucially important for sytl self-association.
AFM imaging revealed that additional mutations in the C2B
domain further diminished the ability of sytl to self-associate. In
neurons, the ability of sytl to multimerize was well correlated with
its ability to clamp spontaneous release and to trigger and synchro-
nize evoked release. Hence, the juxtamembrane linker enables
sytl to assemble into a multimer, and this multimerization plays a
key role in the regulation of SV exocytosis.

Results

The Syt1 Cytoplasmic Domain Forms Multimeric Structures in
Solution upon Binding Anionic Phospholipids. The structure of
sytl is depicted in Fig. 14. The N-terminal region comprises a
short luminal domain, a single TMD, and a juxtamembrane
linker that is followed by the tandem C2 domains (24). Within
this juxtamembrane linker lies a sequence containing 10

positively charged residues directly after the TMD (Fig. 14). A
key feature of the experiments reported here is that we used
the intact cytoplasmic domain of sytl, residues 80 to 421, which
includes this cationic juxtamembrane segment. Again, this con-
trasts with the majority of published work describing sytl bio-
chemistry and oligomerization because those reports were
based on shorter fragments (residues 96 to 421 or 143 to 421,
both lacking the polybasic region) (28-30, 32).

We first assessed the self-association properties of sytl by per-
forming DLS in aqueous media (Fig. 1B). Each of the two C2
domains of sytl are ~2.5 x 5 nm (SI Appendix, Fig. S14). We rea-
soned that if sytl assembled into a multimeric structure, the aver-
age hydrodynamic diameter of the pure protein should exceed
these monomeric dimensions. When suspended in physiological,
aqueous media, pure syt1(80-421) was found to have an average
diameter of ~5 nm, suggesting it is indeed monomeric (Fig. 1C).
Sytl1 is known to function by binding anionic lipids, namely phos-
phatidylserine (PS) and PIP, (6-9). We therefore examined how
anionic lipids would influence multimerization. Remarkably, we
found that the addition of a soluble, short-chain anionic lipid, 6:0
PS, caused sytl to assemble into structures with a diameter of
~250 nm (Fig. 1C). In contrast, sytl remained monomeric in the
presence of a nonacylated variant (phosphoserine) (SI Appendix,
Fig. S1B), and 6:0 PS alone failed to generate a detectable DLS
signal. This demonstrates that sytl self-association is triggered
upon binding anionic phospholipids, mediated by electrostatic
and hydrophobic interactions. We then proceeded to image the
DLS samples by negative-stain EM. In line with the DLS, EM
imaging found large clusters in the WT syt1(80-421) + 6:0 PS
sample, whereas protein alone and 6:0 PS alone samples were
devoid of these large structures (Fig. 1D).

Since SVs have, on average, 15 copies of sytl (23), we do not
expect these large structures to exist in vivo. However, these find-
ings show that the cytoplasmic domain of sytl has the ability to
self-associate in the presence of anionic lipids. As such, we rea-
soned that analyzing the size of these supraphysiological multi-
meric structures, in conjunction with site-directed mutagenesis,
would enable us to map the determinants that mediate lipid-
dependent homomeric interactions under aqueous conditions.

Syt1 Self-Association Persists after Substitution of Residues in the
C2B Domain. To gain insight into the structural elements of
syt1(80-421) that mediate self-association, we mutated a number
of residues that have previously been reported to regulate sytl
oligomerization through the C2B domain and performed DLS
analysis. These mutant forms of sytl encompass K326,327A (27,
34), a positively charged region that is also responsible for Ca**-
independent PIP,-binding activity (7); F349A, which was reported
to disrupt the ring structures observed by negative-stain EM (28,
36); and R398,399Q, implicated in binding SNAREs and C2B
self-association via back-to-back dimerization (29). All three sets
of mutations failed to disrupt multimerization under our experi-
mental conditions (Fig. 1C and Table 1).

Lysine Residues in the Juxtamembrane Linker of Syt1 Regulate Self-
Association. As outlined in the introduction, sytl was first thought
to self-associate via determinants in the N terminus of the protein
(4, 26). Within this putative oligomerization region, the juxtamem-
brane linker was shown to mediate Ca®*-independent interactions

Table 1. Average diameter of syt1(80-421) in solution

WT K326,327A F349A R398,399Q Juxta K
Control 6.0 = 0.3 58 £ 1.3 51*14 5.8 £ 0.7 54+ 1.7
+ 6:0 PS 215.7 = 38.3 366.1 = 22.2 321.3 = 455 3733 7.9 51=*x25

DLS analysis of WT and mutant syt1(80-421) (2 uM) in aqueous buffer with and without the
addition of 100 uM 6:0 PS. Error represents SD derived from three independent experiments.
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with membranes (38). The juxtamembrane linker contains a seg-
ment (between residues 80 to 95) in which 10 of the first 16 resi-
dues after the transmembrane domain are lysines (Fig. 14). This
cationic region is poorly characterized, as residues 80 to 95 are
commonly excluded from recombinant preparations of the sytl
soluble domain, perhaps because of the increased difficulty in
purification (see Methods). We hypothesized that these charged
residues mediate interactions with anionic phospholipids to pro-
mote oligomerization (4, 26, 38). To assess this possibility, we neu-
tralized the juxtamembrane lysines via mutagenesis (Juxta K) (S
Appendix, Fig. S2) and, again, performed DLS on syt1(80-421)
with and without 6:0 PS. In contrast to WT protein, we found that
6:0 PS failed to trigger self-association of the Juxta K variant;
Juxta K syt]l remained monomeric in solution (Fig. 1C and Table
1). This DLS result was further validated by EM imaging, which
found that the Juxta K + 6:0 PS sample completely lacked large
protein-lipid clusters (Fig. 1D).

The Syt1 Cytoplasmic Domain Forms Multimeric Structures on SLBs.
Although DLS and EM analysis served as an efficient screen that
enabled us to uncover Juxta K-mediated syt1 self-association, this sys-
tem is accompanied by nonphysiological caveats. To validate the DLS
and EM results, we developed a second in vitro assay to examine if
the sytl cytoplasmic domain self-associates on the surface of phos-
pholipid bilayers. For this, we generated SLBs and performed AFM
imaging while aiming to mimic native, physiological conditions (Fig.
24). This AFM strategy combines the distinct advantages of both
DLS and EM by enabling high sensitivity experiments, with single
particle resolution, in aqueous media. As a preliminary test of our
AFM approach, we incubated 1 pM syt1(80-421) with an SLB
(DOPC/DOPS/PIP,, 72:25:3) for 6 h in the absence of Ca**. Under
these aqueous conditions, we observed the formation of large num-
bers of ring-like structures formed by sytl on the lipid bilayer surface
(ST Appendix, Fig. S34). A zoomed-in three-dimensional view of a
representative structure is also shown (SI Appendix, Fig. S3B). Over-
all, the diameter of these structures (ie., the distance between the
two highest points on both sides in a cross-section) was commonly
greater than 100 nm, suggesting that they are formed by a high copy
number of syt1(80-421).

Importantly, the sytl rings that we observed by AFM are filled
with lipids in the center as determined by lateral height profiles in
conjunction with an analysis of surface roughness inside and out-
side the rings (SI Appendix, Fig. S3 B and C). These findings indi-
cate that these structures assemble on the surface of intact
bilayers. We also occasionally observed structures that formed
around defects (holes) in the SLB (ST Appendix, Fig. S4A4). These
structures resemble protein-decorated holes that form on SLBs
after treatment with pore-forming proteins such as Bax (39).
However, since syt1(80-421) does not form large pores in bilayers
(SI Appendix, Fig. S4B), we believe the effects of pore-forming
proteins like Bax on SLBs are distinct from the ring-like struc-
tures that we observed. Indeed, upon further examination, we
found that defects in the SLB are stable over time (SI Appendix,
Fig. S4C), while the number of ring-like structures increase dra-
matically with time (SI Appendix, Fig. S4D). Hence, sytl ring for-
mation does not require membrane defects, and these ring-like
structures represent bona fide sytl multimers on the SLB surface.
Notably, since the properties of the structures that associate
around membrane defects are dominated by the size and shape of
the defect itself rather than the multimerization properties of sytl,
we excluded structures with an interior hole or defect in the
bilayer from all analyses.

Syt1 Self-Association Requires Anionic Phospholipids and Is
Enhanced by Ca**. After establishing that circular multimeriza-
tion (i.e., ring formation) on the bilayer surface was robust and
reproducible by AFM imaging, we set the incubation time of
syt1(80-421) with the SLB to 20 min in all subsequent trials. In
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the absence of Ca** [0.5 mM ethylene glycol-bis(p-aminoethyl
ether)-N,N,N',N'-tetraacetic acid (EGTA)], at increasing protein
concentration, protein structures on the SLB transitioned from
particles (50 nM) to rings (1 pM) and from rings to patches
(3 uM) (SI Appendix, Figs. S5 and S6 and Table S1). The sensitiv-
ity of the multimeric structures to protein concentration in our
AFM analysis and the variation in the morphology of these multi-
mers, suggest structural plasticity in the multimerization process.
In comparison, in 1 mM free Ca”", rings and patches still formed,
but both classes of multimers formed at lower protein concentra-
tions as compared to the Ca**-free condition (SI Appendix, Fig.
S6 and Table S1). The effect of Ca®" was also consistent across a
range of Ca®* concentrations (SI Appendix, Fig. S7A). These find-
ings show that all forms of syt1 self-assembly (particles, rings, and
patches) can occur in the absence of Ca** and that the addition
of Ca®* facilitates multimerization. To further confirm this Ca**-
dependent enhancement, we tested a sytl Ca**-binding mutant,
syt1*N(80-421), in which two acidic Ca** ligands in each C2
domain were mutated to neutral residues, thus abolishing
Ca®*-binding activity (40, 41). Ring-like structures were still
observed, but Ca®* failed to enhance further assembly (SI
Appendix, Fig. STB). The precise mechanism by which Ca®*
promotes sytl self-association is not yet known but likely
involves conformational changes that alter the relative orien-
tation of its tandem C2 domains within the multimer (15). In
addition, Ca®* might also facilitate self-assembly by increasing
the local sytl concentration on the bilayer.

To examine the influence of the SLB phospholipid com-
position on sytl self-association, we omitted PS and PIP; in
our protein-lipid interaction tests of syt1(80-421). We
found that anionic phospholipids were required for sytl
multimers to assemble on the bilayer (SI Appendix, Fig.
S84). Next, to validate that phospholipid binding promotes
sytl self-association, we deposited syt1(80-421) onto a bare
mica surface (lipid free) and again studied its morphology
under aqueous conditions (S Appendix, Fig. S8B). When no
lipid was present, syt1(80-421) molecules appear as dispersed
particles with similar dimensions in both EGTA and Ca®*
conditions.

Lysine Residues in the Juxtamembrane Linker of Syt1 Are Essential
for Large Ring Formation on SLBs. Our DLS and EM analyses
revealed that syt1l multimerization, in response to lipid binding,
is governed by the Juxta K region. We revisited all the sytl
mutants characterized by DLS to assess their respective impact
on multimerization on phospholipid bilayers. The WT and
mutant syt1(80-421) structures that were analyzed by AFM and
the associated lateral height profiles are shown in SI Appendix,
Figs. S9-S13. Our AFM analysis found the K326,327A, F349A,
and R398,399Q mutations have no effect on the formation of
large multimeric structures, similar to the DLS result (Fig. 2C).
However, also in agreement with our DLS and EM results, we
found that neutralizing the juxtamembrane lysine residues
(Juxta K) dramatically disrupted the formation of large rings
on the SLBs (Fig. 2C). Interestingly, although no large multi-
meric structures were present with 1 uM Juxta K in 0.5 mM
EGTA, smaller ~30-nm ring structures were formed in the
presence of 1 mM free Ca®" (Fig. 2C and SI Appendix, Fig.
S13). The distinct diameters of the small and large rings (Fig.
2D) suggest that the two populations of syt1(80-421) multimers
form by different mechanisms. Notably, the smaller rings have
dimensions that are comparable to the rings reported by Roth-
man, Krishnakumar, Volynski, and colleagues (28, 32, 35, 36).
In stark contrast, however, the small rings observed by AFM in
aqueous buffer only appeared in the presence of Ca®*, whereas
the rings observed by negative stain EM were dispersed by
Ca®* (32).
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Fig. 2. AFM imaging of WT and mutant syt1(80-421) on supported lipid bilayers. (A) Cartoon depiction of the AFM experimental conditions. (B) Repre-
sentative AFM topographical images of 1 uM WT syt1(80-421) on supported lipid bilayers (72% DOPC, 25% DOPS, 3% PIP,) in the presence (1 mM) and
absence (0.5 mM EGTA) of Ca®*. (C) Representative AFM topographical images of the syt1(80-421) mutants under the same conditions as the WT samples.
The protein concentration was 1 uM in all cases except for the R398,399Q sample in which a concentration of 300 nM was used to better visualize ring
formation. Pixel size: left column, 9.8 nm/px and right column, 2.0 nm/px. (D) Ring diameters for WT syt1(80-421) (green), K326,327A (purple), F349A
(orange), and R398,399Q (yellow) in the absence of Ca®* and of Juxta K (blue) in the presence of Ca®*. For the Juxta K sample in Ca%*, 41.6% of the
observed structures were rings, while the remainder were particles. Additional C2B mutations in the Juxta K background abolished ring formation, so
these samples were excluded from ring analysis. **** denotes P values < 0.0001 for Juxta K compared to all other conditions. Other statistical compari-
sons were not significantly different (ns). For WT, F349A, K326,327A, R398,399Q, and Juxta K, the number of rings measured were the following: 26, 13,
9, 10, and 5 for each condition from 3, 2, 2, 2, and 2 sets of analyses using independent SLBs, respectively. Error bars represent SEM.

particles were observed in the AFM images of Juxta K +
K326,327A, Juxta K + F349A, and Juxta K + R398,399Q (Fig.
2C). These findings reveal that sytl multimerization is regu-
lated by a complex interplay between the juxtamembrane

Concurrent Mutations in Two Distinct Regions of Syt1 Abolish Self-
Association. In an effort to further disrupt sytl self-association
(small rings), we analyzed all of the above C2B mutations in a
Juxta K mutant background. Remarkably, only featureless
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region and the C2B domain of sytl, with the juxtamembrane
region serving as the primary determinant. These data suggest
that the C2B mutations may have had subtle effects on self-
association that escaped detection when analyzed in an other-
wise WT background (Fig. 2C).

Syt1 Self-Association Mutants Are Targeted to Synapses with the
Correct Topology. Having established that the complete cytoplas-
mic domain of sytl forms homo-multimers under aqueous con-
ditions on lipid bilayers, we sought to determine the functional
relevance of this interaction by conducting cell-based experi-
ments. We first determined whether each of the mutants
described in our in vitro experiments were properly targeted to
SVs in cultured sytl knockout (KO) mouse hippocampal neu-
rons. Floxed sytl was disrupted using Cre recombinase
followed by re-expression of WT or each mutant form of the
protein using lentiviral transduction; the expression was moni-
tored via immunoblot (Fig. 34 and SI Appendix, Fig. S14; we
note that juxtamembrane lysine mutations [Juxta K] reduced
the mobility of both recombinant and neuronally expressed syt1
on sodium dodecyl sulfate—polyacrylamide gel electrophoresis
[SDS-PAGE] gels). We observed that WT and each mutant
form of sytl were highly colocalized with the SV marker synap-
tophysin (Fig. 3 B and C). Notably, the sytl Juxta K mutant
lentiviral expression construct preserved the WT K80 and K81
residues directly following the TMD to ensure proper sytl
topology (SI Appendix, Fig. S2) (42). To further confirm target-
ing to SVs, we conducted pHluorin experiments and found that
upon stimulation and exocytosis, all constructs rescued the reduc-
tion in the time to peak that is characteristic of sytl KO neurons
(19) (Fig. 3 D and E). Moreover, all but the F349A mutant res-
cued the kinetic defect in endocytosis that occurs in the KO (19)
(Fig. 3F). The unexpected inability of F349A to rescue SV recy-
cling will be addressed in a future study. In summary, these find-
ings demonstrate that all constructs are targeted to SVs with the
same topology as the WT protein. However, the low time resolu-
tion of the pHluorin measurements sharply limits what can be
learned about excitation—secretion coupling, so we next turned to
high-speed glutamate imaging and electrophysiology experiments
to address the impact of the self-association mutants on evoked
and spontaneous neurotransmitter release.

Syt1 Self-Association Is Essential for Driving and Synchronizing
Evoked SV Exocytosis. In the next series of experiments, we used
iGluSnFR (43) to monitor the evoked release of glutamate from
SVs, triggered by single action potentials, in WT, sytl KO, and
sytl KO neurons rescued with each of the constructs detailed in
Fig. 3. From the raw traces (Fig. 44) and from histograms that
were created by binning the peak iGluSnFR signal (AF/F,) ver-
sus time (Fig. 4B), it was evident that loss of syt1 abolished rapid
synchronous release; only slow asynchronous release was
detected. Fast release was completely rescued by WT sytl and
the F349A mutant. In contrast, the Juxta K mutant, alone and
combined with the F349A mutant, only partially rescued fast
release (Fig. 4 A and B). Examination of the average traces
showed that expression of the Juxta K mutant resulted in a 63 =
1.7% reduction in the peak amplitude of the iGluSnFR signal,
and this was exacerbated by adding the F349A mutation, result-
ing in a 79 = 1.7% reduction in the signal (Fig. 4 C and D and
SI Appendix, Table S2). To visualize the influence that these
mutations have on the balance of synchronous versus asynchro-
nous release, we plotted the normalized cumulative frequency
distributions for WT and each mutant as a function of time.
From this analysis, the ability of sytl to synchronize release is
readily apparent (Fig. 54); the synchronous fraction of total
release observed over the image series was then extracted and is
plotted in Fig. 5B. Substitution of F349 slightly reduced synchro-
nization, but this did not reach significance in our experiments
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(but see ref. 37). However, the Juxta K mutations, which strongly
affected homo-multimerization, resulted in a marked reduction
in the ability of sytl to synchronize release. Moreover, this effect
was even greater when the Juxta K mutant also included the
F349A mutation (Fig. 5). Hence, there is a correlation between
the ability of mutations to impair sytl self-association and to
reduce and desynchronize evoked release.

Syt1 Self-Association Is Required for Clamping Spontaneous
Release. Careful inspection of the iGluSnFR signals, before an
action potential was delivered, indicated that some of the sytl
mutations also affected basal fusion rates (Fig. 54). Indeed, it
is well documented that under resting conditions, sytl serves as
a fusion clamp that inhibits spontaneous release (minis)
(13-15, 44, 45). Monitoring spontaneous activity with
iGluSnFR will reveal frequency and spatial information (14).
However, it is unknown if this method will accurately report
event amplitude. Because these properties may be affected by
our sytl mutants, we turned to electrophysiological characteri-
zation of spontaneous release (Fig. 6). We focused on inhibi-
tory GABAergic minis (mIPSCs), as they are more reliant on
sytl than are glutamatergic minis (46) (Fig. 6). These experi-
ments revealed yet another correlation: mutations that impair
sytl self-association also result in concomitant increases in
spontaneous fusion rates (Fig. 6 A and B). More specifically,
F349A partially disrupted the ability of sytl to clamp minis as
previously reported (37), while the Juxta K mutant had an even
stronger effect; mutating both regions almost completely abol-
ished the clamping activity of sytl (Fig. 6 A and B). The mini
amplitudes were unchanged across all conditions (Fig. 6C).
Together, the physiology experiments described in this study
support a model in which sytl must multimerize in order to
clamp minis and to drive and synchronize evoked SV exocytosis.

Discussion

Cell-based experiments suggest that sytl functions in the SV
cycle as an oligomer (13, 22). Indeed, density gradient fraction-
ation (24) and coimmunoprecipitation (47) experiments support
the notion that sytl oligomerizes in the presence of detergent.
However, the stoichiometrg and structure of these oligomers, as
well as the effect of Ca™ ions and phospholipids on self-
association, remain unresolved issues. Hence, whether oligo-
merization impacts sytl function remains unclear. It is therefore
crucial to address the ability of sytl to homo-multimerize on
lipid bilayers, in the absence of detergent, under physiologically
relevant conditions. In the current study, we first addressed this
by conducting DLS, EM, and AFM measurements in a reconsti-
tuted sytl-membrane system under detergent-free aqueous con-
ditions. We observed that the complete cytoplasmic domain of
sytl does in fact form multimers on membranes under relatively
native conditions.

We emphasize that our in vitro experiments utilized the com-
plete cytoplasmic domain of sytl, residues 80 through 421, which
includes the entire juxtamembrane linker between the TMD and
the C2A domain. Residues 80 through 95 have largely been over-
looked in previous studies examining sytl function, but two stud-
ies suggested that this region might be important for function. In
one report, a peptide corresponding to residues 80 through 98 of
sytl reduced neurotransmitter release, potentially by inhibiting
sytl-membrane interactions (48). In another study, the juxtamem-
brane linker was directly shown to promote membrane binding
and to mediate sytl glycine zipper interactions (38). Strikingly, we
did not observe rings or other multimeric structures when using a
shorter fragment that began at residue 96; this fragment lacks the
juxtamembrane lysine patch. These observations might seem to be
at odds with the fact that rings on lipid monolayers were initially
observed by EM with a sytl C2AB domain that lacked the entire
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Fig. 3. WT and mutant syt1 constructs are efficiently targeted to SVs. (A) Representative anti-syt1 immunoblots of WT, syt1 KO (generated using a Cre
virus), and KO neurons expressing WT syt1, Juxta K mutant syt1, F349A mutant syt1, and the double Juxta K + F349A mutant syt1 in mouse hippocampal
neurons at 15 DIV. (B) Representative super-resolution fluorescent immunocytochemistry images from mouse hippocampal neurons at 21 DIV. Images of
WT, syt1 KO (+Cre), and KO neurons expressing WT, Juxta K mutant, F349A mutant, and the double Juxta K + F349A mutant syt1 variants stained with
anti-synaptophysin (magenta) and anti-syt1 (yellow) antibodies; in the last column, these signals are merged. (Scale bar, 10 um.) (C) Bar graph of the Pear-
son’s correlation coefficient statistic R. Values were obtained using regions of interest (ROIs) from whole fields of view and JaCoP for ImageJ . Plot of the
median Pearson’s R = 95% Cl; n = 15 for each condition from three trials. Line of idenity at y = 0 (dashed line). These data were not normally distributed;
**x* denotes P value < 0.0001 between WT and syt1 KO; no other conditions were statistically significantly different from WT using Kruskal-Wallis test
with Dunn'’s correction. Full statistics are included in the figure source data. (D) Partially cropped, averaged, and normalized vGlut1-pHluorin traces from
each indicated condition obtained using wide-field fluorescence, imaged once a second for 120 s. A 20-Hz field stimulation began at t = 10 s (200 action
potentials) in 14 DIV hippocampal mouse neurons. (E) vGlut1-pHluorin 10 to 90% peak rise times were plotted. Values are median with 95% Cl; 500 to
700 ROIs (n) were analyzed from three separate trials. These data were not normally distributed; **** denotes P value < 0.0001 between WT and syt1
KO, and no other conditions were statistically significantly different from WT using Kruskal-Wallis test with Dunn’s correction. (F) vGlut1-pHluorin decay
times represented as time constants determined from fitting data to a single exponential function. Values are median with 95% Cl; 500 to 700 ROIs (n)
measured from three separate trials. These data were not normally distributed; **** denotes P value < 0.0001 between WT and syt1 KO and WT and
F349A mutant rescue; no other conditions were statistically significantly different (ns) from WT using Kruskal-Wallis test with Dunn’s correction.

juxtamembrane linker (143 to 421) (32), but in that study, ring
formation required low ionic strength buffers (5 to 15 mM KCI)
and 40% PS. Indeed, sytl self-association is highly dependent on
the salt concentration of the buffer (29), and supraphysiological
PS promotes calcium-independent membrane binding (49).
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Subsequent EM studies continued to include a low salt step dur-
ing sample processing; however, it was later determined that the
juxtamembrane linker could stabilize ring formation (36) after
buffer exchange from 5 mM to 100 mM KCI prior to imaging. In
short, both mutagenesis and truncation experiments demonstrate
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that the juxtamembrane linker is required for the cytoplasmic
domain of sytl to form homo-multimers at physiological ionic
strength.

It is presently unknown whether sytl residues 1 to 79 (the
N-terminal region and the TMD) influence self-association.The
in vitro approaches used in this study are well suited to examine
the self-association properties of the cytosolic domain of sytl.
However, alternative strategies would be required to address
the multimerization of full-length syt1. For example, DLS anal-
ysis of sytl proteoliposomes would be overwhelmed by the light
scattered from the vesicles themselves and attempts to visualize
the oligomeric status of membrane-embedded full-length sytl
via AFM might be confounded by N-terminal interactions with
the mica surface. We also note that full-length syt contains five
cysteine residues within the TMD region that are palmitoylated
in vivo (50). It has been demonstrated that recombinant full-
length sytl is prone to aberrant disulfide bonding when these
residues are buried within the hydrophobic core of a

phospholipid bilayer (26). Therefore, future in vitro studies of
sytl self-association would require examination of a cysteine-
free variant or the use of fully palmitoylated protein. Although
we did not examine the full-length recombinant protein in the
current study, the strong correlation between the in vitro results
and physiology data suggests that syt1(80-421) is a reasonable
proxy for full-length syt1 in vivo.

Under our aqueous conditions, syt1(80-421) formed large
ring-like structures with diameters ~180 nm on lipid bilayers; in
contrast, previous reports of negative-stain EM analysis
revealed rings that were 17 to 45 nm in diameter (32). Another
striking difference was that in our AFM experiments, Ca®* pro-
moted self-assembly, while in the EM studies, Ca®* dissolved
the rings. Interestingly, Wang et al. (35) also found that Ca**
stabilized syt1 rings that had assembled in solution after binding
a variety of polyanionic compounds. Differences in experimental
conditions and sample handling steps in EM versus AFM
experiments are likely to underlie the observed differences in
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Fig. 6.

Lysine residues in the syt1 juxtamembrane linker regulate spontaneous neurotransmitter release. (A) Representative traces of mIPSCs from syt1

KO neurons (gray) or syt1 KO-expressing WT rescue (green), Juxta K mutant rescue (blue), F349 mutant rescue (orange), and Juxta K + F349A mutant res-
cue (magenta) syt1. (B) Quantification of mIPSC frequencies from neurons expressing the various syt1 constructs. mIPSC frequency was 2.7 = 0.07 Hz in
syt1 KO neurons (mean * SEM; n = 17), 1.5 + 0.10 Hz in WT syt1 rescued cells (n = 27), 2.2 + 0.10 Hz in Juxta K rescued cells (n = 17), 1.9 = 0.14 Hz in
F349A rescued cells (n = 21), and 2.4 = 0.0.08 Hz in Juxta K, F349A rescued cells (n = 16). (C) The quantification of mIPSC amplitudes after expression of
the various syt1 constructs described in A. No statistical differences (ns) were observed. * denotes P values < 0.05; ** denotes P values < 0.01, and ****
denotes P value < 0.0001 determined by ANOVA using Tukey’s multiple comparisons test. All comparisons and statistical analyses are provided in the fig-
ure source data.
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multimeric structure and regulation. Specifically, AFM facili-
tates imaging of sytl on lipid bilayers in an aqueous buffer; EM
yields greater resolution but involves extensive sample prepara-
tion, and images are obtained on monolayers under vacuum. At
present, we believe that the multimeric structures observed in
our system are distinct from the previous reports of sytl rings.

Interestingly, after neutralizing the juxtamembrane lysines,
we observed small rings by AFM that were comparable to the
size of the rings that were observed via EM. This may reflect
the fact that the majority of the EM studies were, again, con-
ducted using a truncated form of sytl (143 to 421) that lacked
the crucial juxtamembrane lysine-rich segment (28, 32, 35, 37).
We went on to examine all three mutations [K326,327A (27,
34), F349A (28), and R398,399Q (29)] that have been impli-
cated in oligomerization activity mediated by the C2B domain.
None of these substitutions abolished self-association by them-
selves, but our AFM imaging found that each set of mutations
completely disrupted the self-association in the Juxta K mutant
background (Fig. 2C). We therefore conclude that the juxta-
membrane linker and the C2B domain of sytl both contribute
to a complex multimerization mechanism. The formation of
large and small rings thus appears to involve somewhat distinct
structural elements; the precise experimental conditions might
determine which element dominates.

Because WT sytl self-associates in the absence of Ca**, it is
likely to form multimers under resting conditions in neurons.
Our AFM imaging of sytl on phospholipid bilayers further
revealed that these structures not only persisted but were
enhanced by Ca”*. Moreover, Juxta K neutralization abolished
self-association in EGTA and revealed that Ca** promoted a
second mode of multimerization that was mediated by C2B
domain interactions. Taken together, our data suggest that
Juxta K-mediated self-association is likely constitutive, while
C2B-mediated multimerization would be regulated by Ca**
during the exocytic limb of the SV cycle in neurons.

Importantly, anionic phospholipids are an essential cofactor
for self-association (Fig. 1C and SI Appendix, Fig. S8). Given the
close apposition of the Juxta K region to the SV membrane (38)
and the lack of rampant vesicle clustering by reconstituted full-
length sytl (i.e., a lack of trans interactions), we believe the Juxta
region likely associates with anionic lipids in a cis configuration
on the surface of SVs. In this model, the Juxta K region serves to
organize sytl on SVs, which then guides C2B-mediated self-asso-
ciation on the presynaptic plasma membrane.

We took advantage of the mutations that impaired sytl self-
association in vitro under relatively physiological aqueous con-
ditions and conducted functional assays in neurons. Deletion of
the entire juxtamembrane linker has been shown to disrupt sytl
function, perhaps by altering the ability of the C2 domains to
engage effectors (51). However, the role of the Juxta K region
in SV exocytosis had not been previously explored via an amino
acid substitution approach. We first established that each
mutant was efficiently targeted to SVs with proper topology
and then conducted physiology experiments that revealed a
clear correlation between the ability of the mutations to disrupt
multimerization activity with their ability to disrupt the clamp-
ing activity of sytl, resulting in higher rates of spontaneous SV
release. Moreover, impairment of sytl self-association was also
correlated with reductions in peak glutamate release and the
desynchronization of this release in response to single action
potentials. Together with our in vitro studies, these cell-based
findings strongly suggest that sytl must assemble into multi-
mers, mainly via its juxtamembrane lysine-rich patch, but also
with contributions from the C2B domain, in order to inhibit
spontaneous release and to drive rapid and efficient evoked
release. Interestingly, a recent study using a reconstituted vesi-
cle fusion assay proposed that sytl must first clamp fusion in
order to become subsequently responsive to Ca** (52).
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We reiterate that large clusters observed by DLS and the
ring-like structures that we observed by AFM are unlikely to
form on SVs in vivo, as there are only ~15 copies of syt1 per ves-
icle (23). In contrast, the sytl copy number in our in vitro sys-
tems were largely unrestricted, and this is expected to exaggerate
the oligomeric state. Still, these supraphysiological structures
served as a platform to assay for regulatory factors (lipids, Ca**)
and structural elements that govern sytl self-association on lipid
bilayers. Although the precise structural arrangement and oligo-
meric status of sytl on SVs is still unknown, our data suggest
that the ~15 molecules of sytl per SV would likely multimerize
with each other in vivo. We also note that ~20 to 25% of neuro-
nal sytl resides in the plasma membrane of presynaptic boutons
(53-55), and this pool could also potentially play a role in exocy-
tosis by forming large (>15 copies) oligomers. Regardless, the in
vitro experiments reported here demonstrate that highly purified
sytl self-associates under native conditions, and these assays
provided a means to monitor the disruption of this activity via
mutagenesis to, in turn, guide functional experiments. Again,
our pHluorin experiments largely rule out a role for
juxtamembrane-mediated oligomerization in endocytosis (Fig.
3F), but we demonstrate that sytl self-association clearly plays a
role in clamping spontaneous release (Fig. 6) and in determining
the extent and synchronization of evoked SV exocytosis (Figs. 4
and 5).

At present, it is unclear as to how the oligomerization of sytl
contributes to its ability to regulate SV fusion. It seems likely
that Juxta K-mediated multimerization of sytl on the surface
of SVs would, in addition to facilitating C2B—C2B interactions,
influence how the C2 domains engage with binding partners on
the presynaptic plasma membrane. For example, sytl oligomer-
ization might serve to “order” SNARE proteins around the
fusion pore via direct physical interactions with t-SNARESs (10,
11, 40). Oligomerization could also play additional roles in the
regulation of release by adding mass to the fusion complex to
drive pore dilation, orienting the C2 domains of sytl to mediate
its distinct effects on spontaneous and evoked release (15),
allowing copies of sytl to functionally cooperate with one
another via direct physical interactions (22), or allowing groups
of sytl molecules to penetrate bilayers (29) and rearrange the
phospholipids, as an ensemble, to drive fusion pore transitions.
These issues will be addressed in future studies and will be
facilitated by the robust AFM approach that allows the study of
sytl self-association under physiological conditions.

Methods

Recombinant Proteins. Recombinant rat syt1 was purified from Escherichia
coli (BL21) as an N-terminally tagged his6-SUMO fusion protein. Protein
expression was induced by the addition of 200 uM isopropy! p-d-1-thioga-
lactopyranoside when the optical density of the culture at 600 nm reached
0.6 to 0.8. Bacterial pellets were lysed by sonication in 50 mM Tris, 300 mM
NaCl, 5% glycerol, 5 mM 2-mercaptoethanol, 1% Triton X-100 (pH 7.4) plus
a protease inhibitor mixture (Roche). The samples were also incubated with
RNase and DNase (10 pg/mL) to prevent nucleic acid-mediated aggregation
(56). Insoluble material was removed by centrifugation at 4,000 rpm for 15
min, and the supernatant was incubated with nickel-nitrilotriacetic acid
(Ni-NTA) agarose followed by washing the beads with 50 mM Tris, 1 M
NacCl, and 5% glycerol (pH 7.4). Protein was liberated from the Ni-NTA aga-
rose by overnight incubation with 0.5 uM recombinant SENP2 protease. A
final fast protein liquid chromatography purification was performed by
running the samples through a Superdex 200 Increase 10/300 GL column in
25 mM Hepes, 300 mM NaCl, 5% glycerol, and 5 mM 2-mercaptoethanol
(pH 7.4). Samples were subjected to SDS-PAGE, and protein concentration
was determined by staining with Coomassie blue using bovine serum albu-
min as a standard.

DLS Analysis. DLS of syt1(80-421) was performed using a DynaPro NanoStar
Dynamic Light Scattering instrument (Wyatt Technology). The syt1(80-421)
protein (2 uM) was suspended in 25 mM Hepes, 100 mM KCl, and 0.5 mM
EGTA, with and without 100 uM 1,2-dihexanoyl-sn-glycero-3-phospho-L-serine
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(6:0 PS), and average diameter distributions were determined. Each of the WT
and mutant syt1(80-421) samples were analyzed in triplicate with consistent
results. The DLS samples were then blinded and imaged by EM as previously
described (57).

AFM Imaging. A total of 30 ul liposomes (ImM stock solution; PC/PS/PIP,,
72:25:3 or PC/PS, 80:20, extruded with a 100 nm filter) were suspended in 270
ul imaging buffer (25 mM Hepes, pH 7.4, 150 mM potassium gluconate, and
0.5 mM EGTA) with or without 1.5 mM CaCl, and deposited onto freshly
cleaved mica (20-mm diameter discs). After incubating for 30 min, the sample
was rinsed with 150 pl of the same buffer six times, using a pipette, to remove
unabsorbed material; the substrate was covered by the buffer at all times.
Purified syt1(80-421) was suspended in the same buffer and added to the sam-
ple. After a 20-min or 6-h incubation period, the sample was again rinsed
repeatedly to remove unbound protein, and the final sample volume was
adjusted to 300 pl. AFM imaging was carried out with an Agilent 5500 Scan-
ning Probe Microscope in acoustic alternating current mode with silicon
nitride probes (FastScan-D, Bruker or BL-AC40TS, Oxford Instruments). Images
were captured with minimum imaging force at a scan rate of 2 Hz with 512
lines per area. Data analysis was performed with Picolmage 5.1.1. Particle vol-
ume was determined using the peak/dip volume tool (within the Picolmage
software) line by line. The ring structure diameter was defined as the distance
between the two highest points on each side of a cross-section across the
imaged structure. Protein coverage on lipid bilayers was determined by set-
ting the height threshold to anything 1 nm or more above the bilayer surface.

iGluSnFR Imaging and Quantification. iGluSnFR imaging and quantification
were performed as previously described (14) with the following modifications.
For single stimuli imaging, 150 frames were collected at 10-ms exposure (1.5 s
total), and a single field stimulus was triggered at half a second after the ini-
tial frame.

pHluorin Imaging. Live-cell fluorescent imaging of pHluorin-expressing neu-
rons was carried out under the same conditions as iGluSnFR imaging. Briefly,
images were acquired on an Olympus IX83 inverted microscope equipped
with a cellTIRF 4Line excitation system using an Olympus 60x/1.49 Apo N
objective and an Orca Flash4.0 CMOS camera (Hamamatsu Photonics). This
microscope runs Metamorph software with Olympus 7.8.6.0 acquisition soft-
ware from Molecular Devices. The imaging media was extracellular fluid with
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2 mM CaCl,. Single image planes were acquired with 500-ms exposure using a
white organic light-emitting diode with standard green fluorescent protein
filters. Images were collected once a second for 3 min. A stimulation train was
started 9 s into imaging. The trains (200 stimuli in 10 s [20 Hz]) were triggered
by a Grass SD9 stimulator through platinum parallel wires attached to a field
stimulation chamber (Warner Instruments; RC-49MFSH). All biosensor imaging
experiments were performed at 32 to 34 °C. The environment was controlled
by a Tokai incubation controller and chamber.

Colocalization Quantification. Colocalization was measured as described previ-
ously (14), using Fiji for ImageJ and Just Another Colocalization Plugin .

Electrophysiology. mIPSCs were recorded using a Multiclamp 700B amplifier
(Molecular Devices) and analyzed as previously described (46). Briefly, syt1 KO
hippocampal neurons expressing WT, Juxta K, F349A, or Juxta K + F349A at
day in vitro (DIV) 14 through 19 were transferred to a recording chamber with
a bath solution containing the following (in mM): 128 NaCl, 5 KCl, 2 CaCl2, 1
MgCl2, 30 D-glucose, 25 Hepes, and 1 M tetrodotoxin, pH 7.3 (305 mOsm).
Borosilicate glass pipettes (Sutter Instruments) were pulled by a dual-stage
glass micropipette puller (Narishige) and filled with an internal solution con-
taining (in mM) 130 KCl, 1 EGTA, 10 Hepes, 2 ATP, 0.3 GTP, 5 QX-314 (Abcam),
and 5 sodium phosphocreatine, pH 7.35 (295 mOsm). mIPSCs were pharmaco-
logically isolated by bath applying D-AP5 (50 uM, Abcam) and cyanquixaline
(20 uM, Abcam) and acquired using a Digidata 1440B analog-to-digital con-
verter (Molecular Devices) and Clampex 10 software (Molecular Devices) at 10
kHz. Neurons were held at —70 mV. All cells were equilibrated for ~1 min
after break in before recordings started. Series resistance was compensated,
and traces were discarded if the access resistance exceeded 15 MQ for the
entire duration. The collected miniature events were detected in Clampfit
11.1 (Molecular Devices) using a template matching search.

Data Availability. All study data are included in the article and/or SI Appendlix.
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