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Synaptotagmin-7 outperforms
synaptotagmin-1 to promote the formation
of large, stable fusion pores via robust
membrane penetration

Kevin C. Courtney1,2, TaraknathMandal3,4, NikunjMehta 1, LanxiWu1, Yueqi Li1,5,
Debasis Das1,6, Qiang Cui3 & Edwin R. Chapman 1

Synaptotagmin-1 and synaptotagmin-7 are two prominent calcium sensors
that regulate exocytosis in neuronal and neuroendocrine cells. Upon binding
calcium, both proteins partially penetrate lipid bilayers that bear anionic
phospholipids, but the specific underlying mechanisms that enable them to
trigger exocytosis remain controversial. Here, we examine the biophysical
properties of these two synaptotagmin isoforms and compare their interac-
tions with phospholipid membranes. We discover that synaptotagmin-1—
membrane interactions are greatly influenced by membrane order; tight
packing of phosphatidylserine inhibits binding due to impaired membrane
penetration. In contrast, synaptotagmin-7 exhibits robust membrane binding
and penetration activity regardless of phospholipid acyl chain structure. Thus,
synaptotagmin-7 is a super-penetrator. We exploit these observations to spe-
cifically isolate and examine the role of membrane penetration in synapto-
tagmin function. Using nanodisc-black lipid membrane electrophysiology, we
demonstrate that membrane penetration is a critical component that under-
lies how synaptotagmin proteins regulate reconstituted, exocytic fusion pores
in response to calcium.

Within the seventeen-member family of mammalian synaptotagmin
(syt) isoforms1, syt1 and syt7 are currently themost heavily studied2,3. It
is now established that both isoforms play important roles in the
synaptic vesicle (SV) cycle and neurotransmission, but their detailed
mechanisms of action remain unclear. Both isoforms bind Ca2+ ions via
each of their tandemC2-domains, designated C2A and C2B. Syt1 binds
Ca2+ with lower affinity4, and responds to changes in [Ca2+] with faster
kinetics than syt75. Syt1 is localized to SVs2,6–8, where it clamps spon-
taneous release9,10 under resting conditions. Then, upon

depolarization and Ca2+ entry11,12, syt1 functions to trigger and syn-
chronize evoked release9,13–15. Syt1 also has additional functions,
including the formation of the readily releasable pool of SVs16, SV
docking17, and accelerating the kinetics of endocytosis18,19. In contrast,
syt7 largely resides on the axonal plasma membrane20,21 in nerve
terminals where it supports asynchronous neurotransmitter
release22,23. Additionally, syt7 KOs exhibit alterations in short term
synaptic plasticity, including a loss of paired pulse facilitation24 and
enhanced synaptic depression with impaired SV replenishment25,
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without affecting spontaneous or single-stimulus evoked neuro-
transmitter release25,26. Recently, syt7 was shown to promote activity-
dependent docking of SVs at active zones21,23, which may provide a
unifying mechanism to support the multitude of functions described
for this isoform. Notably, this syt7 docking functionwas determined to
be upstream of Doc2α, a Ca2+ sensor for asynchronous neuro-
transmitter release23,27. In addition to being targeted to the plasma
membrane of axons, syt7 also resides on the surface of lysosomes28 to
promote plasma membrane repair29. Furthermore, both syt1 and syt7
are present on dense core vesicles in neurons and in chromaffin cells
where they are thought to serve as Ca2+ sensors for exocytosis30,31. In
addition, in chromaffin cells, syt7 has also been proposed to act as a
docking/priming protein32. Whether syt7 is targeted to secretory
vesicles or the plasmamembranemight confer unique functional roles
in membrane trafficking and exocytosis.

Although there is a long history of in vitro reconstitution and
functional characterization of syt133, to date, the successful purifica-
tion of full-length syt7 has not been reported. This has precluded
direct comparisons between full-length versions of these two isoforms
in reduced systems. With respect to their molecular mechanisms of
action, there is a consensus that upon binding Ca2+, the C2-domains
of syt1 and syt7 partially penetrate membranes that harbor anionic
phospholipids34,35. This membrane penetration step might serve to
destabilize the local phospholipid environment by introducing volume
into the bilayer, buckling the membrane, and lowering the energy
barrier for fusion34,36–39. Additionally, membrane penetration could
enable syts to regulate SNARE complex assembly40,41 and stabilize
curved intermediate structures42. Finally, since syt1 and syt7 are
membrane-anchored proteins, interactions between their C2-domains
and ‘target’membranes also serve to closely juxtapose thebilayers that
are destined to merge, thus facilitating SNARE-mediated fusion43.

The importance of syt1 membrane penetration is supported by
in vitro mutagenesis studies. In each C2-domain, the distal tips of two
Ca2+ binding loops insert into membranes upon Ca2+ binding33,34,43.
Substitution of residues at the tips of these loops,with four tryptophan
residues (4W) to increase hydrophobicity and interfacial interactions
with phospholipids, enhances membrane binding and bending, while
substitution with alanines (4A) reduces membrane association39,44.
Moreover, when these mutant proteins are expressed in syt1 KO neu-
rons, 4 A fails to rescue synchronous neurotransmitter releasewhereas
4W expression exhibits a significant increase in EPSC amplitude and
Ca2+-sensitivity, compared to WT syt145,46. However, the 4W and 4A
mutations have other effects on syt1 biochemistry, including altered
interactions with SNARE proteins39. Additional approaches are needed
to unambiguously define the precise role of syt1•membrane interac-
tions in fusion.

Here, we examine howmembrane binding and penetration by the
C2-domains of syt1 and syt7 contribute to Ca2+-triggered membrane
fusion. Specifically, we use phospholipid bilayer order as a tool to
explore the link between Ca2+•syt membrane penetration and the
regulation of reconstituted fusion pores, which represent the first
crucial intermediate in the fusion reaction. We demonstrate that syt
function can be controlled by manipulating phosphatidylserine (PS)
acyl chain structure. Namely, syt1 did not bind or penetrate bilayers
that contained PS with saturated acyl chains; without efficient mem-
brane penetration, syt1 failed to promote or stabilize fusion pores in
response to Ca2+. Unexpectedly, we discovered that syt7 displays far
more robust membrane penetration activity as compared to syt1, and
efficiently penetrated all bilayers that were tested, regardless of the
membrane order. Furthermore, we report the first use and character-
ization of reconstituted full-length syt7 and determine, via compar-
isons with syt1, that the ability of their C2-domains to penetrate
membranes is a crucial step in the regulation of fusion pores.

Results
Syt7, but not syt1, efficiently penetratesmembranes that harbor
saturated PS
To compare how syt1 and syt7 interact with phospholipid bilayers, we
first performed a well-described syt•loop penetration assay34,43. For
this, the cytoplasmic domains (denoted C2AB) of each isoform were
labeled with a solvatochromic fluorescent dye, NBD, on a cysteine
residue placed in the distal tip of a membrane penetration loop (loop-
3); we labeled the C2B of syt1, the dominant C2-domain47,48, and either
C2A or C2B of syt7. In the absence of Ca2+ ( + EGTA), these C2AB
domains only weakly interact with 100nm liposomes composed
of phosphatidylcholine (PC)/phosphatidylserine (PS) (80:20), result-
ing in low fluorescence signals (Fig. 1a–c and Supplementary Fig. 2).
UponbindingCa2+, theC2ABdomains rapidly associatewith liposomes
and partially insert into the hydrophobic core of the bilayer34,35, caus-
ing a significant increase, and a blue-shift, in NBD fluorescence
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Fig. 1 | Syt7, but not syt1, efficiently penetrates membranes that harbor
saturated PS. a Illustration showing how an NBD labelled C2AB domain associates
with a lipid bilayer in response to binding Ca2+. After binding Ca2+, the C2ABdomain
binds and partially penetrates the membrane, thus inserting the NBD dye into the
hydrophobic core of thebilayer, causing a blue shift and an increase influorescence
intensity. b Representative fluorescence emission spectra (left panel) of NBD
labelled syt1, in the presence (solid lines) and absence (dotted lines) of Ca2+, and
liposomes composed of 80:20 DOPC/DOPS (black) or DOPC/DPPS (blue). The syt1
C2ABdomain is labeled on loop 3 of theC2Bdomain at position 367. Quantification
of NBD-syt1 C2AB fluorescence emission at 525 nm in the presence of Ca2+ and
liposomes composed ofDOPC/DOPS (black) orDOPC/DPPS (blue), right panel. The
data are normalized to the EGTA condition, shown as a horizontal black dotted line.
c Representative fluorescence emission spectra (left panel) and quantification
(right panel) of NBD labelled syt7, under the same conditions as (b). The syt7 C2AB
domain is labeled on loop 3 of the C2B domain at position 361. Each condition was
repeated five times on different days using fresh materials. Error bars represent
standard error of the mean. **** represents p <0.0001 and ns represents a non-
significant differencebetween conditions determinedby two-sided Student’s t-test.
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(Fig. 1a–c and Supplementary Fig. 2). To specifically examine the
contribution of hydrophobic interactions to the binding reaction, we
compared the ability of syt1 and syt7 to penetrate bilayers containing
20% PS with either saturated (16:0/16:0) or unsaturated acyl chains
(18:1/18:1), also notated as dipalmitate-phosphatidylserine (DPPS) and
dioleate-phosphatidylserine (DOPS), respectively; the remaining 80%
of the lipids in both conditions were unsaturated dioleate-
phosphatidylcholine (DOPC) (Supplementary Fig. 1). Knowing that
syt1 and syt7 are PS binding proteins, we postulated that tight lateral
packing of saturated PS acyl chains in the liposomes might render the
bilayers refractory to penetration, thus restricting hydrophobic inter-
actions. We first confirmed that syt1 and syt7 efficiently penetrate
bilayers containing unsaturated DOPS (Fig. 1b, c and Supplementary
Fig. 2). However, if the PS acyl chains are fully saturated, syt1 pene-
tration was virtually abolished (Fig. 1b), despite having 80% of the
bilayer composed of unsaturated DOPC. We found the C2A and C2B
domains of syt7 C2AB exhibited comparable penetration into satu-
rated and unsaturated PS bilayers (Fig. 1c and Supplementary Fig. 2),
indicating a more robust mode of interacting with membranes.

To establish the generality of the syt1 penetration defect observed
using saturated PS-bilayers, we examined the membrane penetration
performance of other C2-domain-containing proteins under the same
conditions as were used with syt1 and syt7. We engineered a single
cysteine substitution into the third loop of the C2-domains from pro-
tein kinase C (PKC) and cytosolic phospholipase A2 (cPLA2), as well as
the third loop in the C2B domain of Doc2β C2AB. We found that all
three proteins also displayed significantly impaired penetration into
membranes with saturated acyl chains in response to Ca2+ (Supple-
mentary Fig. 3), thus the robust penetration of syt7 into DPPS bilayers
appears unique.

Molecular dynamics simulations show saturated PS clusters
resist syt1 C2B-domain penetration
Next, to further examine how syt1 and syt7 interact with bilayers
containing saturated and unsaturated PS, we conducted all-atom
molecular dynamics (MD) simulations of their C2-domains with
phospholipid bilayers, again using the same lipid compositions used
above. We first performed lipid-only MD simulations to monitor the
stability of DOPS andDPPS clusters in theDOPC/DxPS (80:20) bilayers.
We postulated that DPPS may form a tight cluster, thus restricting C2-
domain penetration. For this initial test, a small cluster of 32 PS lipids,
either DOPS or DPPS, was placed in the center of a DOPC membrane
(Supplementary Fig. 4a) and equilibrated for 450 ns using MD simu-
lations. Figure 2a shows that DPPS lipids (cyan) are much more com-
pact thanDOPS lipids (blue), suggesting that the saturated PS lipids are
likely to form bigger, more stable clusters in a saturated-unsaturated
lipid mixture (Supplementary movies 1 & 2). We then quantified how
clustered the two PS species were at the end of the simulations by
measuring the midpoint distances between the PS molecules; the
radial distribution function (RDF), shows that the DPPS molecules
remain in close proximity with a peak centered around 0.75 nm. In
contrast, the DOPS molecules are more dispersed, as indicated by a
shorter peak heightwith a broad distribution (Fig. 2b). These initialMD
simulations were also validated via atomic force microscopy (AFM)
imaging of supported lipid bilayers containing 20% DOPS or DPPS; we
found that Ca2+ reversibly caused DPPS to segregate into 15 ± 7 nm
clusters in the bilayer (Supplementary Fig. 5a). In contrast, no lipid
clustering was observed in the DOPS condition (Supplemen-
tary Fig. 5b).

We then carried out a second set of MD simulations to examine
how PS acyl chain structure affects C2-domain•membrane interactions
using syt1 C2B, syt7 C2A, and syt7 C2B. Each isolated C2B domain was
placed on top of the membrane such that the membrane penetration
loops were positioned close to the PS cluster (Supplementary Fig. 4b,
c). The systemwas solvated and charge neutralized by adding Ca2+ and

Cl- ions. Upon equilibration of the C2-domains, we found that Ca2+-
bound loops 1 and 3 of the C2B domains spontaneously inserted into,
and remained inside, the DOPC/DOPS membrane throughout the
1000 ns long MD simulations (Fig. 2c). In the case of syt7 C2A, how-
ever, tiltingof the domain in favorof loop3penetration restricted loop
1 access to the hydrophobic core of the bilayer (Supplementary
Fig. 6a). In all cases using DOPS, the insertion depth of loop 3 was
greater than the depth of loop 1, while loop 2 remained away from the
lipid head groups (Fig. 2c, lower panel and Supplementary Fig. 6a).
Insertion of loops 1 and 3 allows the hydrophobic residues, V304 and
I367 of syt1 C2B, F229 of syt7 C2A, and I298 and L361 of syt7 C2B, to
access the hydrophobic bilayer core, strengthening the binding
interaction. This result matches well with previous experimental
results from our laboratory43. In contrast to the DOPS simulations,
tight packing of the PS lipids in the DOPC/DPPS membrane does not
allow strong binding or insertion of the syt1 C2B domain (Fig. 2d, left
panel). However, in line with our experimental results (Fig. 1c and
Supplementary Fig. 2), we found that the syt7 C2A and C2B domain
loops penetrated well into the DPPS cluster (Fig. 2d, right panel and
Supplementary Fig. 6). Additional pairwise comparisons of the pene-
tration depths that were reached by the C2-domain loops are shown in
Supplementary Fig. 7.

Cholesterol rescues the syt1 membrane penetration defect
The experiments and MD simulations above reveal that acyl chain
packing strongly affects the ability of syt1, but not syt7, to penetrate
membranes in response to Ca2+. We therefore tested whether ‘loos-
ening’ the lateral packing of DPPS bilayers can rescue syt1 penetration.
Physiological plasma membrane lipid bilayers contain approximately
30–40% cholesterol6,49,50. Cholesterol displays unique membrane
modulating properties by reducing the rotational mobility (stiffening)
of unsaturated acyl chains, while also adding space between (loosen-
ing) tightly packed saturated acyl chains. We therefore hypothesized
that introducing cholesterol into DPPS bilayers would loosen the PS
clusters and allow the syt1 C2B domain to penetrate otherwise
refractorymembranes. After repeating theDPPSMD simulations in the
presenceof 30% cholesterol, we indeed found that loops 1 and 3 of syt1
C2B could penetrate the DPPS membrane (Fig. 3a, b). Correspond-
ingly, in AFM experiments, Ca2+ failed to induce detectable clusters in
DPPS supported lipid bilayers that contained 30% cholesterol (Sup-
plementary Fig. 5c).

Next, we revisited the syt1 NBD•loop penetration experiments
described in Fig. 1 to further examine the effects of cholesterol,
experimentally. First, we used soluble cholesterol-loaded methyl-β-
cyclodextrin (sChol) to introduce cholesterol intoDOPC/DPPSbilayers
while monitoring changes in NBD fluorescence as a function of time
(Fig. 3c). As described above (Fig. 1b), Ca2+-bound syt1 C2AB can only
minimally penetrate DPPS-containing bilayers, as indicated by a rela-
tively low fluorescence signal under this condition (Fig. 3d, grey trace).
However, after of the addition of sChol, to incorporate cholesterol into
the liposomes, syt1 C2AB regained the ability to penetrate the bilayer
(Fig. 3d, black trace), showing maximal penetration after approxi-
mately 10min.

We then generated 100nm DOPC/DPPS liposomes with increas-
ing amounts of cholesterol, up to 30%, while monitoring membrane
penetration by fluorometry. As with the real-time addition of choles-
terol, discrete increases in the cholesterol concentration allowed syt1
C2AB to penetrate membranes, with an EC50 of 17.6%, reaching max-
imal membrane penetration at 25% cholesterol (Fig. 3e). Without
cholesterol, approximately ten-fold more lipid was needed to enable
syt1 to penetrate into liposomes bearing DPPS (protein:lipid, 1:4000),
compared to DOPS (protein:lipid, 1:400) (Fig. 3f). However, if choles-
terol is present, syt1 penetration is comparable for all PS species,
across a wide range of protein/lipid ratios (Fig. 3f). This effect of
cholesterol on syt1 binding to DPPS rationalizes how Kiessling et al.
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(2018) observed Ca2+•syt1 triggered membrane fusion using bilayers
containing saturated PS, as these membranes also contained 20%
cholesterol51. Together, these results support the conclusion that syt1
fails to penetrate DPPS-containing membranes, due to the rigidity of
the bilayer. However, the attributes of syt7 that enabled robust pene-
tration into DPPS bilayers remained unclear; this is addressed
further below.

C2-domain binding to phospholipid bilayers is coupled to
membrane penetration
To determine whether the compromised penetration of syt1 into
DPPS-containing bilayers was also accompanied by a failure to bind to
the liposome surface via electrostatic interactions, we performed a
protein-liposome co-sedimentation assay. The C2AB domains were
mixed with 100nm liposomes that were composed of 20% saturated
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(DPPS) or unsaturated PS (DOPS), in 0.2mMEGTAor 0.5mM free Ca2+,
followed by ultracentrifugation to pellet the liposomes (Fig. 4a);
bound proteins co-sediment with the liposomes. C2AB domains from
both syt1 and syt7 efficiently bound DOPS-containing liposomes in the
presence of Ca2+, as indicated by a depletion of protein from the
supernatant (Fig. 4b). However, analogous to the penetration data,
only 20–25% of syt1 C2AB bound DPPS-bearing liposomes in Ca2+

(Fig. 4c). This validates that membrane insertion is a prerequisite for
efficient syt1•membrane binding activity, presumably by providing
hydrophobic interactions; electrostatic interactions alone are appar-
ently insufficient to enable syt1 to stably bind anionic lipidmembranes.
This conclusion is consistent with earlier mutagenesis studies39. In
contrast to syt1, and in agreement with the penetration results, we
found that syt7maintained robust binding to liposomes bearing either
unsaturated or saturated PS (Fig. 4b, c), further supporting the idea
that membrane binding is coupled with penetration. Notably, we
consistently observed that approximately 25–30% of the syt7 bound to
the liposomes in EGTA; this might reflect the propensity of DPPS to
form clusters, thereby increasing the local concentration of this lipid.
Indeed, a previous report showed that syt7 exhibits robust Ca2+-inde-
pendent binding to liposomes, as a function of the mole fraction
of PS52.

Hydrophobic residues are critical for C2-domain•membrane
interactions
The membrane binding and penetration assays described above
revealed that the C2-domains of syt1 and syt7 engage with lipid
bilayers in somewhat distinct manners. We therefore compared the
amino acid sequences of their membrane penetration loops; overall,
the sequences are highly conserved (Fig. 4d). The most notable dif-
ferences are that the syt1 loops contain three more hydrophobic
residues, and three fewer positive charged residues (excluding the
histidine residues in the syt1 loops at physiological pH) than the syt7
loops. This could be expected to equip syt1 with comparatively
enhanced penetration activity, and syt7 with a prominent electro-
static binding component; instead, we found that syt7 displayed
enhanced membrane binding (Fig. 4b, c) and penetration activity
(Fig. 1c). To delve into this further, we generated a series of mutants
to examine how the hydrophobic and cationic character of the loops
influenced binding. These included a syt1 C2AB construct that con-
tained five tryptophan substitutions in the penetration loops (syt1
5W) to increase hydrophobic and interfacial interactions with
phospholipids, or a poly-cationic mutant (L171K, H198K, K236R,
N333R, Y364K, K369R) that grafted all the cationic residues of the
syt7 loops onto syt1 (syt1 s7 + ). Note that while K236R and K369R in
the syt1 s7+ construct do not affect the charge at these two positions,
arginine residues have been reported to exhibit enhanced interfacial
binding to phospholipids, compared to lysines53. We also examined a
syt7 C2AB mutant with reduced hydrophobicity (F167, F229, I298,
L361A) in the penetration loops (syt7 4 A).

We first tested how syt1 5W, syt1 s7+ and syt7 4 A performed
against the refractory bilayers containing saturated DPPS. Co-
sedimentation assays revealed that syt1 5W exhibited enhanced
membrane binding activity in response to Ca2+; the tryptophan sub-
stitutions enabled syt1 5W to bind equally well to DOPS and DPPS

(Fig. 4e, f). Moreover, NBD-labelled syt1 5W was able to efficiently
penetrate DPPS bilayers, revealing a clear gain-of-function (Supple-
mentary Fig. 8). In contrast, the syt1 s7+ construct did not improve
binding to DPPS in response to Ca2+ (Fig. 4e, f) and displayed a partial
reduction in binding to DOPS in Ca2+ (Fig. 4e, f). In short, this mutant
exhibited the opposite of the predicted effect. When examining syt7
4 A, we found this construct had a reduced ability to bind DPPS in Ca2+,
compared to WT syt7 (Fig. 4c, e, f), again highlighting the importance
of hydrophobic residues in the loops.

To further explore how electrostatic interactions contribute to
syt•membrane interactions, we conducted protein-liposome co-sedi-
mentation experiments as a function of increasing ionic strength. We
confirmed that syt1•membrane binding was highly sensitive to the salt
concentration (Fig. 4g, h, left panel), whereas WT syt7 was entirely
resistant (Fig. 4g, i, left panel), as reported previously34,43,54. We then
repeated these experiments using syt1 5W, syt1 s7+ and syt7 4 A. We
found that the syt1 5W substitutions had a significant impact on
overcoming salt sensitivity, while grafting the charged residues in the
loops of syt7 onto syt1 (syt1 s7 +) did not improve salt resistance
(Fig. 4g, h, left panel). The syt1 s7+ results are surprising considering
this construct contains prominent hydrophobic and electrostatic
character yet is still outperformed by WT syt7. Moreover, syt1 5W was
also outperformed by WT syt7 in this assay. In line with the DPPS co-
sedimentation experiments (Fig. 4e, f), we also observed that hydro-
phobicity is critical for salt-insensitivity of syt7, as the 4 A mutation
enabledmodest increases in salt (200mM) to disrupt binding (Fig. 4g,
i, left panel). To tease apart contributions of each syt7 C2-domain, we
generated and tested syt7 C2AB constructs with reduced loop hydro-
phobicity in either theC2A (syt7C2A2AB) or C2B (syt7C2AB2A) domain.
These results demonstrated that the C2A domain of syt7 is responsible
for the salt insensitivity, whereas the syt7 C2AB2A mutation had no
effect (Fig. 4g, i, left panel). We also found, via stopped-flow rapid
mixing experiments, that the membrane dissociation kinetics of each
of these constructs shared the same trends as the co-sedimentation
studies (Fig. 4h, i, right panels). Specifically, the 5W mutation slowed
the disassembly of Ca2+•syt1 from liposomes after mixing with excess
EGTA (Fig. 4h, right panel), and both the syt7 4 A and syt7 C2A2AB
mutations significantly increased the disassembly rate (Fig. 4i, right
panel), further supporting the importance of loop hydrophobicity.
Curiously, we found that the syt7 C2AB2A mutation reproducibly slo-
wed the kinetics of disassembly (Fig. 4i, right panel). At present, a
mechanism for this perplexing C2AB2A mutation effect is unknown.

Our data support previous conclusions39,45 that C2-domain loop
hydrophobicity is critical for membrane binding, especially when
contrasting our syt7 4 A and syt1 s7+ results (Fig. 4e, f). However,
considering syt7 has higher membrane binding affinity (Supplemen-
tary Fig. 9),with fewer hydrophobic residues in the loops, compared to
syt1 (Fig. 4d), these results highlight the somewhat counterintuitive
complexity of C2-domain•membrane interactions, which cannot easily
be predicted from the primary sequence. These results indicate that
the hydrophobicity of the C2-domain loops may be more important
than the cationic properties in governing membrane binding. How-
ever, additional factors, other than the sum of hydrophobic and elec-
trostatic residues in the loops, appear to influence C2AB•membrane
interactions.

Fig. 2 | Molecular dynamics simulations of syt1 and syt7 C2B•membrane
interactions. a End-point (450 ns) MD simulations of lipid bilayers composed of
DOPC/DOPS or DOPC/DPPS. The PS lipids were initially placed as a cluster in the
center of the membrane (see Supplementary Fig. 4 for the starting images) and
then allowed to freely diffuse over time. b Radial distribution functions comparing
the clustering behavior of DOPS and DPPS in the lipid bilayer at the end of the
simulation shown in (a). c End point (1000ns) MD simulations snapshots showing
syt1 (orange) and syt7 (yellow) C2B domains interacting with lipid bilayers com-
posed of DOPC/DOPS. Quantification of loop 1 and loop 3 depth from syt1 and syt7

into the DOPS-containing bilayers (blue shading) are shown in the lower panels. In
each case, the loop depth is normalized relative to the position of the lipid phos-
phate group, indicated by a horizontal dotted line. d End point (1000ns) MD
simulations snapshots showing syt1 (orange) and syt7 (yellow) C2B domains
interacting with lipid bilayers composed of DOPC/DPPS. Quantification of loop 1
and loop 3 depth from syt1 and syt7 into the DPPS-containing bilayers (light cyan
shading) are shown in the lower panels. The loop residue that achieved the deepest
depth of penetration, I367 for syt1 and L361 for syt7, is emphasized in white.
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Fig. 3 | Cholesterol enables syt1 to penetrate bilayers containing DPPS. a MD
simulations snapshot after 1000 ns of a syt1 C2B domain (shown in orange) inter-
acting with a phospholipid bilayer composed of DOPC/DPPS/cholesterol. DOPC is
shown in grey, DPPS in cyan and cholesterol in magenta. Residue I367 on loop 3 of
syt1 is emphasized in white and the bound Ca2+ ions are shown in purple.
b Quantification of the penetration depth of loop 1 (top panel) and loop 3 (lower
panel) of the syt1 C2B domain into the DPPS-containing bilayer (light cyan shading)
throughout the 1000ns MD simulation. The loop depth is normalized relative to
the position of the lipid phosphate group, indicated by a horizontal dotted line.
c An illustration depicting an experimental C2 domain membrane penetration
assay with the addition of a cholesterol-cyclodextrin complex, known as soluble
cholesterol (sChol). In the absence of cholesterol, loop 3 in the C2B domain of syt1
C2AB only minimally penetrates the bilayer containing DPPS. When sChol is

applied, cholesterol is donated into the DPPS bilayer, which enables syt1 C2AB to
efficiently penetrate themembrane. d Representative time course examining NBD-
labelled syt1 C2AB fluorescence in the presence of DOPC/DPPS (80:20) under the
indicated conditions. Note: the fluorometer was briefly paused during the addition
andmixingofCa2+ and sChol into the cuvette, indicatedby the vertical dashed lines.
e Representative fluorescence spectra of NBD-labelled syt1 C2AB with various
100nm liposome populations composed of DOPC/DPPS and increasing choles-
terol. f Quantification of a liposome titration in the presence of NBD-labelled syt1
C2AB (I367C). The experiments were repeated on three separate occasions with
fresh materials. The protein concentration was fixed at 250 nM and the fluores-
cence at 525 nm was monitored as the concentration of lipid increased from 0 to
500 µM. Error bars represent standard error of the mean from triplicate
experiments.
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Membrane penetration is required for synaptotagmin 1 to pro-
mote the formation of large, stable, fusion pores
Having established that PS acyl chain order can govern how C2-
domains interact with lipid bilayers, we proceeded to investigate the
functional consequences of restricting syt membrane penetration. We
reasoned that PS acyl chain structure could be exploited to specifically
interrogate the relationship between syt•membrane penetration and
the ability of syts to promote membrane fusion41. For this, we used a

recently developed nanodisc-black lipid membrane (ND-BLM) planar
lipid bilayer electrophysiology approach41,55. This involves the recon-
stitution of v-SNAREproteins into a nanodisc (ND) to act as a SVmimic,
while t-SNAREs are reconstituted into a planar lipid bilayer to mimic
the presynaptic plasma membrane. When v-SNAREs in NDs associate
with t-SNAREs in the supported bilayer, trans-SNARE complexes
assemble to create a nascent fusion pore across the two membranes
(Supplementary Fig. 10). The properties of these fusion pores are then
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monitored electrophysiologically. Previously, we reported that 13 nm
NDs with three copies of the SV SNARE, synaptobrevin 2, (ND3) make
small unstable fusion pores42,55 with BLMs containing the t-SNAREs
syntaxin-1A and SNAP-25B. However, incorporation of syt1 into these
NDs caused the fusion pores to expand into larger, more stable
structures in response to Ca2+ binding41. This experimental system is,
therefore, ideal to examine the direct impact of syts on the properties
of fusion pores. By substituting PS species within the BLM, we can
examine how syt membrane penetration influences pore kinetic
properties and dilation.

Classically, BLM experiments are conducted by first dissolving a
lipid mixture in a solvent, such as n-decane, followed by using a fine
tipped brush or glass capillary to paint the lipids across a small
aperture to form a planar lipid bilayer41. We found that the critical
lipid in this study, DPPS, is insoluble in n-decane, making the stan-
dard BLM protocol unusable. We therefore developed a new strategy
to form a planar lipid bilayer across the aperture of a standard BLM
cup that could accommodate all lipids used in this study (described
in detail in the Methods section). This approach involves resus-
pending the lipids in pure water and then pipetting a droplet of lipid
across the aperture of the BLM cup (Fig. 5a). The cup is then placed
into a vacuumdesiccator to evaporate the water and form a lipid film.
Buffer is then applied, and the lipids self-assemble to form a bilayer
across the aperture. In contrast to other BLM protocols, this new
strategy also has the advantage of allowing the incorporation of
t-SNAREs directly into the BLM lipid mixture, rather than requiring a
second step to donate the t-SNAREs into the BLM after formation, as
was done previously41. This drying method was successfully able to
form t-SNARE-incorporated bilayers, enabling DPPS ND-BLM
experiments.

In line with Das et al. (2020), we validated that in the absence of
Ca2+ (0.5mM BAPTA), ND3-syt1 formed small and unstable fusion
pores in all conditions (Fig. 5b, c). The addition of Ca2+ caused a
significant increase in the current passing through ND3-syt1 fusion
pores that form in the DOPS-containing BLM (Fig. 5b, c), indicative of
an increase in pore size. Ca2+ also significantly increased the fraction
of time that the ND3-syt1 pores remained in the open state in the
DOPS-containing BLM (Fig. 5d). We found the peak of the open dwell
time distribution was shifted to longer open times by > 100-fold
(Fig. 5e), compared to the BAPTA condition. In contrast, Ca2+ failed to
trigger syt1-mediated fusion pore expansion in the DPPS-containing
BLM (Fig. 5b–e), presumably due to impaired membrane insertion.
Specifically, the current passing through ND3-syt1 pores formed in
the DPPS-containing BLM was unchanged by the addition of Ca2+.
Moreover, the open dwell time and the fraction of time that pores
remained in the open state were also unaffected by Ca2+ under this
condition. Together, these data reveal that syt1 must penetrate the
target membrane in order to drive stable fusion pore opening and
dilation.

Synaptotagmin 7 robustly penetrates ordered PS bilayers to
dilate and stabilize fusion pores
To further correlate membrane penetration with fusion pore opening
and dilation we aimed to purify and reconstitute full-length syt1 5W
(FL-syt1 5W), and full-length syt7 (FL-syt7) into NDs to compare with
the WT syt1 ND-BLM recordings, as the C2AB domains of syt1 5W and
syt7were able to efficiently bind (Fig. 4c, f) and penetrate (Figs. 1, 2 and
Supplementary Fig. 8) intoDPPS-containingbilayers.However, to date,
the useof recombinant FL-syt7 hasnot been reported, presumably due
to difficulty in purification. We were able to express and purify func-
tional FL-syt7, using high volumes of starting material and a stringent
protocol, which enabled us to examine the impact of FL-syt7 on fusion
pores, as compared to FL-syt1 and FL-syt1 5W.We reasoned that if syt1
5W and syt7 C2AB domains were able to penetrate saturated PS
bilayers, and if penetration is indeed critical for regulating pores, then
both FL-syt1 5W and FL-syt7 should be capable of opening and dilating
fusion pores that form in a DPPS-bearing BLM, in response to Ca2+.
Indeed, increased hydrophobicity of the syt1 C2AB penetration loops
was previously shown to enhance fusion pore expansion in HeLa cells
expressing flipped t-SNAREs56 and in PC12 cells57. In line with enhanced
penetration performance, compared toWT syt1, we found that FL-syt1
5W and FL-syt7 reconstituted into ND3 both yielded significant
increases in fusion pore current in DPPS-bearing BLMs in the presence
of Ca2+ (Fig. 5b, c). The addition of Ca2+ also significantly increased the
fraction of time that ND3-syt1 5W and ND3-syt7 pores were in the open
state (Fig. 5d); in both cases the open dwell time distributions were
shifted to approximately 10-fold longer open times (Fig. 5e).

When examining the kinetics of fusion pore transitions in the
presence of Ca2+, we found that the closing rates for ND3-syt1 fusion
pores formed in the DPPS-BLM were significantly faster than for the
DOPS condition (Fig. 5f, upper panel); FL-syt1 failed to stabilize the
fusion pore open state when membrane penetration was impaired by
using DPPS.Moreover, the closing rates of the ND3-syt1 fusion pores in
the DPPS-containing BLM were also significantly faster than the
penetration-competent ND3-syt1 5W and ND3-syt7 samples when Ca2+

was present (Figs. 1, 5f and Supplementary Fig. 8), further supporting
the conclusion that stabilization of the open state is likely a direct
consequence of C2-domain penetration into the target BLM. Interest-
ingly, while Ca2+ enabled ND3-syt1 to significantly increase the fusion
pore opening rate in the DOPS BLM, we found no difference in the
opening rates between ND3-syt1, ND3-syt1 5W and ND3-syt7 in the
DPPS condition (Fig. 5f, lower panel and Supplementary Fig. 11). The
discrepancy in opening rates between the penetration competent
samples, ND3-syt1 in DOPS, as well as ND3-syt1 5W and ND3-syt7 in
DPPS,may suggest that C2-domainmembranepenetration is preceded
by SNARE zippering. Alternatively, the presence of DPPS at the fusion
pore site may alter the conformation of the t-SNAREs51 or increase the
local rigidity of the phospholipid bilayer58, to affect pore opening.
Indeed, it was previously demonstrated that saturated acyl chains

Fig. 4 | Hydrophobic interactions dominate syt1 and syt7 membrane associa-
tion. a Illustration of the liposome-protein co-sedimentation assay. Proteins and
liposomes aremixed, followed by sedimentation of the liposomes; the supernatant
is subjected to SDS-PAGE to assay for protein depletion. b Representative Coo-
massie stained SDS-PAGE gels of syt1 and syt7 co-sedimentation samples, in the
presence and absenceof Ca2+, using liposomes composed ofDOPC/DOPSorDOPC/
DPPS. Throughout the figure, “Input” refers to the protein-only control sample.
c Quantification of the replicated syt1 (n = 4) and syt7 (n = 3) co-sedimentation
assays comparing binding to DOPS and DPPS containing liposomes. **** and ns
represents p <0.0001 and p =0.4962, respectively. d Amino acid sequences of the
penetration loops of syt1 and syt7 C2A and C2B domains. Unique residues at
comparable positions between the two sequences are indicated by an asterisk (*).
Unique residues with a difference in charge are indicated by an asterisk and
exclamation point (*!). e Representative Coomassie stained SDS-PAGE gels of
mutant syt1 and syt7 co-sedimentation samples, in the presence and absence of

Ca2+, and liposomes composed of DOPC/DOPS or DOPC/DPPS. f Quantification of
themutant syt1 and syt7 co-sedimentation assays comparing binding to DOPS- and
DPPS-bearing liposomes (n = 3). ****, * and ns represents p <0.0001, p =0.011 and
p =0.1049, respectively. g Representative Coomassie stained SDS-PAGE gels of WT
and mutant syt1 and syt7 co-sedimentation samples containing between 100 and
500mMsalt.hQuantificationof theWTandmutant syt1 co-sedimentation samples
containing between 100- and 500mM salt (left panel). Disassembly of Ca2+-
dependent WT and mutant syt1 complexes with liposomes, measured by stopped
flow rapid mixing with the Ca2+ chelator, EGTA (right panel) (n = 3). iQuantification
of experiments performed using WT and mutant syt7, as described in (h) (n = 3).
The molecular weights of syt1 and syt7 C2AB and the various mutants in (e, g) are
consistent with (b). Each condition was repeated on different days using fresh
materials. Error bars represent standard error of the mean. Conditions were com-
pared using the two-sided Student’s t-test.
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reduce SNARE-mediated fusion59. It is also noteworthy that in the ND-
BLM BAPTA conditions, PC and PS (80% and 20%, respectively) are
expected to be uniformly distributed throughout the BLM (Supple-
mentary Fig. 5a). Therefore, SNARE-alone fusion pores could form in a
PS-independentmanner (i.e., by forming amalleable, DOPC rich fusion
pore) and are thus less affected by the acyl chain structure of the PS
constituent. However, in the DPPS BLM, Ca2+ is expected to cause the

syts to act at the site of, or adjacent to, a rigid PS cluster (Fig. 2 and
Supplementary Fig. 5a), whichmay affect the kinetics of pore opening.
Regardless, upon pore opening, the penetration competent syts act to
restrict closure and drive dilation.

The ND-BLM data presented thus far exclusively employed our
newly developed method of forming planar lipid bilayers via drying
and re-hydrating the lipids across the aperture of the BLMcup (Fig. 5a);
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this facilitated the incorporation of DPPS into the BLM and enabled us
to study how syt penetration impacts fusion pore properties (Fig. 5).
Next, we reverted to classical BLM paintingmethodology41,55 tomake a
direct comparison of syt1 and syt7 when both proteins were capable of
penetrating the target membrane in response to binding Ca2+. These
experiments used ND3-syt1 and ND3-syt7 in association with DOPS-
containing t-SNARE BLMs. Using this approach, syt7 continued to
generate significantly larger fusion pores than syt1, but the kinetic
analysis found no significant differences in open time fractions, or the
closing and opening rates of the pores that are regulated by these two
proteins (Supplementary Fig. 12). Thus, when membrane penetration
is no longer a limiting factor, the functional differences in syt1 and syt7
are more subtle under these conditions.

Discussion
During membrane fusion, discrete phospholipid bilayers are drawn
together by proteins to overcome significant energy barriers and drive
membrane merger. Recently, we described that an accessory protein,
complexin, promotes SNARE-mediated membrane fusion by stabiliz-
ing curved intermediate structures that form during fusion via inser-
tion of a C-terminal amphipathic helix at the fusion pore site42. Syt1 has
also been suggested to promote fusion via membrane insertion34,37–39.
However, with the multitude of functions assigned to syt1, precisely
how this molecule synchronizes Ca2+ influx into nerve terminals with
the release of neurotransmitters remains unclear. In particular, the
specific contribution of syt1 membrane penetration in triggering
fusion has been difficult to disentangle from other interactions. For
example, syt1 inhibits SV exocytosis in the absence of Ca2+ (a fusion
clamp), presumably by binding SNAREs and preventing complete
zippering9. In principle, Ca2+ binding could drive synchronized SV
exocytosis simply by re-directing syt1 away from the trans-SNARE
complex to release the fusion clamp and trigger fusion, potentially
making membrane penetration inconsequential. Arguing against this
idea, however, Ca2+•syt1 has been shown to directly drive SNARE
complex assembly via PS binding40. Previous studies have examined
the role of syt1 membrane penetration by mutagenesis to increase or
decrease the hydrophobicity of the C2-domain penetration
loops39,56,60. These studies support the importance of membrane
penetration, but - as described above - these mutants may have unin-
tended effects on protein function that confound conclusions.
Namely, these mutations have been shown to affect the ability of syt1
to bind SNARE proteins39. Importantly, however, other mutagenesis
studies de-coupled the effects of membrane penetration and SNARE-
binding on exocytosis14,61. Itwasdemonstrated that altering the rigidity
and/or rotational orientation between the tandem C2-domains of syt1
affected membrane penetration performance in correlation with
exocytosis, without affecting SNARE-binding14,61, but effects on inter-
actions with other effectors could still not be ruled out.

To specifically assess the role of syt1membrane penetration in the
fusion reaction, we took an alternative approach by primarily working

withWT proteins and thenmanipulating the composition of the target
membrane to control syt1•membrane interactions. We found that syt1
cannot efficiently bind or penetrate phospholipid bilayers containing
saturated PS (Figs. 1–4). We reasoned that this phenomenon could be
exploited to isolate the role of membrane penetration from all other
interactions to gain detailed insights into how syt1 triggers fusion. We
also found that other C2-domain containing proteins (i.e., cPLA2, PKC
and Doc2β) failed to penetrate bilayers containing saturated acyl
chains (Supplementary Fig. 3). However, we discovered that syt7
exhibited robust membrane penetration into bilayers containing
either saturatedor unsaturatedPS (Figs. 1 & 2). This distinction enabled
direct comparisons between syt1 and syt7, to tease apart the specific
role of membrane penetration in syt function.

The distinctmembrane penetration performance of syt1 and syt7,
both experimentally (Fig. 1) and via MD simulations (Fig. 2 and Sup-
plementary Fig. 6), then led us to investigate amechanism that enables
syt7 to act as a super-penetrator. We therefore examined the relative
contributions of hydrophobic and electrostatic interactions in med-
iating syt•membrane binding. We demonstrate that Ca2+-dependent
binding of C2-domains to phospholipid bilayers requires membrane
penetration (Fig. 4); in isolation, electrostatic interactions are insuffi-
cient. Indeed, although Ca2+-bound syt1 binds to di-acylated anionic
lipids with high affinity, syt1 does not associate withmono-acylated PS
(lyso-PS)62, which originally suggested that syt1 membrane binding is a
combination of electrostatic and hydrophobic interactions. Hydro-
phobic residues in the membrane penetration loops of both syt1 and
syt7 are indeed critical for binding phospholipid bilayers (Fig. 4).
Specifically, increasing syt1 hydrophobicity overcomes the defect in
binding to saturated PS and slows the syt1•membrane disassembly
kinetics (Fig. 4e, f, h). Conversely, reduced hydrophobicity renders
syt7 susceptible to elevated salt (Fig. 4g, i) and speeds up the syt7-
membrane disassembly kinetics (Fig. 4i). Curiously, the primary amino
acid sequence of the syt1 and syt7 penetration loops (Fig. 4d) failed to
predict the binding properties of these C2-domains, suggesting that
membrane binding is more complex than simply a sum of their
charged and hydrophobic residues.

After finding that syt1 membrane binding can be controlled by
manipulating the PS acyl chain structure, and that syt7 and a gain-of-
function syt1 (syt1 5W) can overcome the saturated PS binding defect
observed with WT syt1, we proceeded to test these three variants
functionally, using the ND-BLM approach (Supplementary Fig. 10). To
our knowledge, this is the first reported successful purification,
reconstitution and functional testing of FL-syt7. By comparing syt
action upon membranes containing DOPS or DPPS, we aimed to
determine whether membrane penetration is required for syt1/7 to
drive fusion pore opening and dilation. To address this, a new BLM
methodwas developed in order to enable the formation of planar lipid
bilayers containing all the lipids used in this study (Fig. 5a). This
method of incorporating DPPS in the BLM was critical as the distinct
penetration performances of syt1 and syt7 are otherwise subtle

Fig. 5 | Membrane penetration is required for syts to trigger the dilated open
state of fusion pores. a Illustration of the modified BLM protocol using lipid
desiccation, which facilitated the formation of planar lipid bilayers containing
DPPS. b Representative raw traces of syt1, syt1 5W and syt7 ND-BLM recordings.
ND3-syt1 experiments were performed with 20% DOPS in the BLM as a positive
control for the effect of Ca2+ on fusion pore properties The remaining traces were
performed with 20% DPPS in the BLM, in 0.5mM BAPTA or 0.5mM free Ca2+.
c Quantification of the current passing through ND-BLM fusion pores under the
indicated conditions. The statistical notations refer to comparisons between the
corresponding BAPTA (n = 5) and Ca2+ conditions (syt1 DOPS and syt1 DPPS n = 6;
syt1 5W DPPS n = 7; syt7 DPPS n = 8). *** represents p = 0.0008 for syt1 DOPS and
p = 0.0004 for syt1 5W DPPS, * represents p =0.0267 and ns represents
p = 0.2853. d Quantification of the fraction of time that ND-BLM fusion pores
remained in the open state under the indicated conditions. The statistical

notations refer to comparisons between the corresponding BAPTA (syt1 DOPS
and syt1 5W DPPS n = 4; syt1 DPPS and syt7 DPPS n = 5) and Ca2+ conditions (syt1
DOPS n = 5; syt1 DPPS, syt1 5W DPPS and syt7 DPPS n = 6). *** represents
p = 0.0001; ** represents 0.0043; * represents 0.0491 and ns represents
p = 0.9270. e Open dwell time distributions from the indicated ND-BLM fusion
pore conditions. The data from each replicated condition are pooled. f Opening
and closing rates of ND-BLM fusion pores derived from the indicated closed and
open dwell time analyses, respectively. For BAPTA, syt1 DOPS and syt1 5W DPPS
n = 4; syt1 DPPS and syt7 DPPS n = 5. For Ca2+, syt1 DOPS n = 5; syt1 DPPS, syt1 5W
DPPS and syt7 DPPS n = 6). *** represents p = 0.0006 for syt1 DOPS and syt7 DPPS
in comparison with syt1 DPPS and p = 0.0005 for syt1 DPPS and syt1 5W DPPS; ns
represents p > 0.05. Each condition in this figure was repeated on different days
using freshmaterials. Error bars represent standard error of themean. Conditions
were compared using the two-sided Welch t-test.
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(Supplementary Fig. 12). As predicted, we observed that stable fusion
pore opening, and dilation, were directly correlated with the ability of
syts to penetrate membranes. Specifically, when C2-domains are
incapable of penetrating a bilayer, fusion pore stabilization and dila-
tion is abrogated. Conversely, conditions that permit the syts to
penetrate membranes in response to Ca2+ (syt1 and syt7 into DOPS, or
syt1 5W and syt7 into DPPS) result in larger, more stable fusion pores
(Fig. 5 and Supplementary Fig. 12). Hence, syt membrane penetration
activity directly mediates, at least in part, the regulation of
fusion pores.

Kinetic analysis revealed that membrane penetration competent
syts significantly reduced fusion pore closing rates, thereby keeping
pores in the open state for longer periods (Fig. 5f). Notably, the ND-
BLM system traps fusion pores in a reversible intermediate state, due
to the rigid scaffold that surrounds the NDs. However, in vivo, no such
restricting scaffold is present; the penetration action of the syts in
neurons may instead favor a one-way reaction by stabilizing the nas-
cent fusion pore, reducing the propensity to reverse towards closure,
and supporting pore dilation. In this view, Ca2+ binding by syts directs
the C2-domains to penetrate the target membrane33,63, thus lowering
the energy barrier for full fusion of SVs with the plasma membrane.

In chromaffin cells, syt1 and syt7 both localize to the surface of
secretory granules where they were reported to differentially activate
exocytosis64. These two syt isoforms were shown to partially segregate
into non-overlapping granule pools that exhibit distinct modes of
exocytosis. Specifically, membrane depolarization triggered rapid
fusion and full collapse of syt1-granules with the plasma membrane,
while syt7-granules released their encapsulated contents slowly and
appeared to restrict full vesicular collapse64. Under our current
experimental conditions, the ND-BLM results failed to detect these
distinct phenomena. This may be attributed our use of small (13 nm)
NDs that have limited dilation capacity. Future studies that aim to
specifically examine the fusion pore dilation step may instead exploit
larger NDs to reveal unique effects of syt1 and syt7 on dilation. Addi-
tionally, the precise lipid composition at vesicular release sites is not
known. It is conceivable that release sites could be compositionally
heterogeneous, resulting in favored fusion events driven by either syt1
or syt7.

It is noteworthy that, while syt7 was determined herein to
exhibit more robust binding and penetration into lipid bilayers, as
compared to syt1, recent findings suggest that syt7 might not act
solely as a Ca2+ sensor for exocytosis in all cell types21,23,32. For
example, in neurons, syt7 functions as a dynamic, Ca2+-regulated SV
docking protein on the axonal plasma membrane that feeds docked
vesicles to Doc2α, another slow sensor that triggers asynchronous
neurotransmitter release27. In this context, with highly curved ~42 nm
SVs, the binding and penetration of syt7 into the vesicle bilayermight
mediate its recently described activity-dependent docking function.
We note that syt7 has also been reported to be a direct exocytic Ca2+

sensor residing on lysosomes, contributing to lysosome•plasma
membrane fusion28 Yet another study suggested that syt7 on dense
core vesicles plays a role in docking or priming, rather than fusion
per se32. Clearly, additional work is needed to clarify the function of
syt7, but an appealing idea is that syt7 functions differently when
targeted to the presynaptic membrane in neurons versus when it is
targeted to dense core vesicles or lysosomes. We also note that roles
for syt7 in dense core vesicle docking/priming and fusion are not
mutually exclusive.

In this study, we reconstituted FL-syt7 into NDs to facilitate a
direct comparison with syt1 using the ND-BLM approach. Our main
goals were to assess whether syt7 can directly modulate fusion pores,
and if so, how membrane penetration influences this regulation. We
established that syt7 exhibits unusually robust membrane binding
properties and thatmembranepenetration is indeed a critical step that
enables both syt1 and syt7 to directly regulate fusion pores in response

to binding Ca2+. We note that interrogation of syt1 and syt7 function in
the ND-BLM systemmimics, in a sense, dense-core granule exocytosis,
due to both isoforms residing in the ND. Ongoing studies will incor-
porate FL-syt7 into the BLM and syt1 in the ND, to model SV biology,
in vitro, with increased complexity. Moreover, with recombinant FL-
syt7 readily in hand, future studies will use FL-syt7 to reconstitute the
SV docking step23, with the goal of developing an in vitro model to
build a more complete understanding of the SV cycle.

Methods
Protein purification
Recombinant proteins were produced in E. coli (BL21) and purified
using Ni-NTA or TALON metal affinity agarose resin as previously
described in ref. 42. The cDNAs for FL-syt1, syt1 C2AB (residues 96-421;
I367C), FL-syt1 5W (M173W, F231W, F234W V304W, Y364W, I367C),
syt1 5W C2AB, cPLA2 (Y96C), PKC (L249C), FL-syt7, syt7 (L361C) and
Doc2β (G361C) were cloned into a pET-SUMO vector and purified as
SUMO fusion proteins. FL-syt1 was generated with ACAGATTGGT
GGatcCGTGAGTGCCAGTCATCCTGAGG and TACCTAAGCTTTTACTT
CTTGACAGCCAGCAT primers; FL-syt7 was generated with ACAGA
TTGGTGGatcCATGTACCGGGACCCGGAG and ATAAATACCTAAGCTT
TCAGGCTTTCAGCTGGTGC primers; syt1 C2AB constructs were
generated with

CAGATTGGTGGatcCGGAGGAAAGAACGCC and ATAAATACCT
AAGCTTTTACTTCTTGACAGCCAGCATGGC primers; syt7 C2AB con-
structs were generated with ACAGATTGGTGGatcCCTGGGCCGAAT
CCAGTTCAGTGT and ATAAATACCTAAGCTTTCAGGCTTTCAGCTGG
TGCCACT primers; Doc2B C2AB was generated with ACAGAT
TGGTGGatcCGCCCTGGGTACACTGGACTTCAG and ATAAATACCTAA
GCTTTCAGTCGCTGAGTACAGCCC primers; cPLA2 was generated
with ACAGATTGGTGGatcCTCCCACAAGTTTACGGTAGTGGT and ATA
AATACCTAAGCTTTCAGCTTGAGGCAACTTCAAGAGACA primers and
PKC was generated with ATTGGTGGatcCGAGCGCCGTGGCCG and CC
TAAGCTTGTCTTACGGCACATTAAAGTACTCGCCTTCTTCC primers.

pET-SUMO-hGSDMD was a gift from Hongbo Luo (Addgene
plasmid # 111559; http://n2t.net/addgene:111559; RRI-
D:Addgene_111559); syt1 and PKC were provided by Tom Sudhof; syt7
was provided by Mitsunori Fukuda; Doc2β was provided by Matthijs
Verhage; cPLA2wasprovided byRogerWilliams.With the exception of
cPLA2 and PKC, the SUMO domain was cleaved from the protein of
interest by incubation with 0.5μM SENP2 protease overnight at 4 °C.
cPLA2, PKC, syb2, MSP1E3D1 and the SNAP-25B/syntaxin1a hetero-
dimer were eluted from the Ni-NTA or TALON resin by 500mM imi-
dazole, followed by running the sample through a PD-10 desalting
column to remove the imidazole. pMSP1E3D1 was a gift from Stephen
Sligar (Addgene plasmid # 20066; http://n2t.net/addgene:20066;
RRID:Addgene_20066); syb2 was provided by James Rothman;
SNAP25B was provided by M.C Wilson; syntaxin1a was provided by
Richard Sheller. SNAP25B and syntaxin1a were previously cloned
together into the pRSFDuet-1 (Novagen)65. Proteins that contained a
transmembrane domain were purified with the addition of 0.9%
CHAPS in the buffers. The protein concentrations were determined by
Coomassie stained SDS-PAGE and compared with a range of BSA
standards.

NBD labeling
The cPLA2 and PKC C2 domains were engineered to harbor a single
cysteine residue in loop 3 of their single C2 domains, while syt1, syt1
5W, syt7 and Doc2β C2AB domains had a single cysteine in loop 3 of
their C2B domains. The mutations for the single cysteine variants are
listed above in the protein purification section. To conjugate NBD
(Fisher Scientific) to the cysteine thiol group, 50μM of each protein
was incubated with at least 10-fold excess iodoacetamide-NBD over-
night at 4 °C, followed by removal of free dye using a PD-10 desalting
column. Protein labeling efficiency ( > 80%) was calculated using the
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Beers-Lambert law (A = εcl) with the NBD extinction coefficient of
25,000M-1 cm-1 at 480 nm to determine NBD content, and this value
was compared to the protein concentration.

Preparation of unilamellar vesicles
Large unilamellar vesicles (LUVs) were prepared by pipetting chloro-
form suspended lipids into a glass tube, followed by drying the sample
under a stream of nitrogen gas. After formation of a thin lipid film, the
sample was then placed in a lyophilizer for at least 60min to remove
residual organic solvent. The lipids were hydrated with 25mMHEPES,
100mM KCl pH 7.4 and placed at 50 °C to aid in resuspension, fol-
lowed by vortexing to generatemultilamellar vesicles. The sample was
then repeatedly passed through a 100nm filter using a mini extruder
system (Avanti Polar Lipids) to result in uniform LUVs.

Co-sedimentation assay
One hundred nm LUVs (0.5mM) composed of DOPC/DOPS or DOPC/
DPPS (80:20)weremixedwith 2.5 µMof the indicatedC2ABproteins in
0.2mM EGTA or 0.5mM free Ca2+. The LUVs, or protein-LUV com-
plexes, were then pelleted by ultracentrifugation at 160,000 x g in a
TLA-100 rotor (Beckman). The unbound fraction of C2AB in the
supernatants was quantified by densitometry analysis of Coomassie
blue stained SDS-PAGE gels. For experiments with increasing salt, the
samples received progressive increases in NaCl.

Atomic force microscopy
Supported lipid bilayers composed of DOPC/DOPS, DOPC/DPPS
(80:20) or DOPC/DPPS/Cholesterol (56:14:30) were prepared by first
generating 1mM LUVs, as described above, followed by incubating a
10-fold diluted sample with freshly cleaved mica discs in a liquid cell.
The AFM imaging of the supported lipid bilayers was performed using
an Agilent 5500 Scanning Probe Microscope, as previously
described66.

Molecular dynamics simulations
The syt1 C2B, syt7 C2A and syt7 C2B protein crystal structures were
taken from the PDB database (PDB ID 1K5W, 2D8K and 3N5A, respec-
tively). The lipid models were generated using CHARMM-GUI
software67. The CHARMM36 forcefield68 was used to model all the
components of the system.Tocheck the stability of PS clusters,wefirst
built a cylindrical cluster containing 32 DPPS or DOPS lipids. This PS
cluster was then inserted into the center of a DOPC bilayer (Supple-
mentary Fig. 4a). The lipid bilayer was then solvated using TIP3P water
box of ( ~ 9.4 × 9.4 × 8.0nm3) and 32 Ca2+ and 32 Cl− ions were added
to the system. The solvated system was first energy-minimized using
conjugate gradient method to remove any bad contacts between the
solvent and solute atoms. This step was followed by a short NVT
simulation in which phosphorous atoms of the lipid heads were
restrained. The NVT equilibrated system was then subject to restraint-
free NPT equilibration at the atmospheric pressure and room tem-
perature. The temperature and pressure of the systemwere controlled
using Nose-Hoover thermostat with a time constant of 1 ps and
Parrinello-Rahman barostat with a time constant of 5 ps, respectively.
The covalent bonds involving light hydrogen atoms were constrained
using LINCS algorithm to enable the simulation time step of 2 fs. Per-
iodic boundary conditions were enforced in all three directions and
the long-range electrostatic interactions were calculated using
particle-mesh-Ewald method. The short-ranged van der Waals forces
was smoothly decayed to zero in the range of 1.0 to 1.2 nm using a
switching function. All simulations were carried out using the Gromacs
suite of programs69.

Stopped-flow rapid mixing
Rapid mixing was performed using a SX-18.MV stopped-flow spectro-
meter (Applied Photophysics). Samples constituting protein (4 µM),

liposomes (1mM lipids composed of 70% DOPC, 25% DOPS, and 5%
dansyl-PE), and CaCl2 (250 µM) were allowed to rapidly mix with an
equal volume of EGTA (2mM) at room temperature (23 °C). Before
mixing, the samples were allowed to equilibrate for 5min in their
respective syringes of the spectrometer. Endogenous protein trypto-
phan residues were excited at 295 nm and the emission of the dansyl,
due to FRET,wasmonitored via using a 470 nm long-passfilter (KV470,
Schott). The reaction volume was set to 120 µl in the stopped-flow
instrument. Using Applied Photophysics Pro-Data SX software, the
average traces were fitted with either single or double exponential
functions and the kinetic values were selected based on the minimum
chi-square value of the fitted curve. A few initial data points (within
1ms) were omitted from the fit to account for the dead-time of the
instrument. The experiments were done in biological as well as tech-
nical triplicates.

Nanodisc-black lipid membrane electrophysiology
Reconstitution of three copies of syb2 with three copies of syt1, syt1
5W or syt7 into nanodiscs and t-SNARE SUVs were performed as pre-
viously described42. In contrast to previous nanodisc-black lipid
membrane (ND-BLM) experiments42, the results in Fig. 5 used planar
lipid bilayers that were formed by drying lipids that were resuspended
in water, rather than decane. See Fig. 5a for an illustration of this
procedure. This method was developed as DPPS is not soluble in the
typical solvent used to form the bilayers, decane, used in classical
approaches. Throughout thismanuscript, the sameplanar lipid bilayer
formation strategywasused, regardless of lipidmixture, to ensure that
samples could be directly compared. Bilayers were formed by resus-
pending 30mM of either DOPC/DOPS or DOPC/DPPS in pure water.
Five µl of the lipids were mixed with 1 µl t-SNARE reconstituted SUVs
( ~ 400 µM lipids, 400nM protein) and pipetted as a droplet over the
aperture in the bilayer cup. The bilayer cup with the lipid droplet is
then placed horizontally in a vacuum desiccator for 60minutes to
evaporate the water and form a lipid film across the aperture. As soon
as the lipid is dried, the bilayer cup isplaced in the bilayer chamber and
25mMHEPES, 10mMKCl pH 7.4 buffer is added to the trans chamber.
To break through the dried lipid, and ‘unplug’ the cup aperture, press
firmly on top of the cup to force a small volume of buffer through the
aperture, followed by filling the cis chamber with 25mM HEPES,
100mM KCl. Next, use a fine tipped paint brush, dipped in decane, to
re-seal the cup aperture and form the planar lipid bilayer. Note that
while DPPS is not soluble in pure decane, when the lipids are in the
presence of water, this mixture of polar and non-polar solutions
facilitates the formation of a bilayer harboring DPPS. After the bilayer
is formed, a cis chamber buffer exchange is performed to remove free-
floating lipid and t-SNAREs. Subsequent ND-BLM experiments are
conducted and analyzed as previously described in ref. 42. ND-BLM
experiments described in Supplementary Fig. 12 used conventional
BLM methodology via painting lipids in n-decane to form the planar
lipid bilayers. These experiments were performed with bilayers com-
posed of DPhPC-DOPS (80:20).

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

Data availability
Source data are provided with this paper. All data presented in this
manuscript can be found in the accompanying source data file.
Structures used in the molecular dynamics simulations were acquired
from RCSB.org. Source data are provided with this paper.
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