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ABSTRACT Synaptotagmin-1 (Syt-1) and synaptotagmin-7 (Syt-7) contain analogous tandem C2 domains, C2A and C2B,
which together sense Ca®* to bind membranes and promote the stabilization of exocytotic fusion pores. Syt-1 triggers fast
release of neurotransmitters, whereas Syt-7 functions in processes that involve lower Ca®" concentrations such as hormone
secretion. Syt-1 C2 domains are reported to bind membranes cooperatively, based on the observation that they penetrate farther
into membranes as the C2AB tandem than as individual C2 domains. In contrast, we previously suggested that the two C2
domains of Syt-7 bind membranes independently, based in part on measurements of their liposome dissociation kinetics.
Here, we investigated C2A-C2B interdomain cooperativity with Syt-1 and Syt-7 using directly comparable measurements.
Equilibrium Ca®* titrations demonstrate that the Syt-7 C2AB tandem binds liposomes lacking phosphatidylinositol-4,5-bisphos-
phate (PIP,) with greater Ca®" sensitivity than either of its individual domains and binds to membranes containing PIP, even in
the absence of Ca®*. Stopped-flow kinetic measurements show differences in cooperativity between Syt-1 and Syt-7: Syt-1
C2AB dissociates from PIPo-free liposomes much more slowly than either of its individual C2 domains, indicating cooperativity,
whereas the major population of Syt-7 C2AB has a dissociation rate comparable to its C2A domain, suggesting a lack of coop-
erativity. A minor subpopulation of Syt-7 C2AB dissociates at a slower rate, which could be due to a small cooperative compo-
nent and/or liposome clustering. Measurements using an environment-sensitive fluorescent probe indicate that the Syt-7 C2B
domain inserts deeply into membranes as part of the C2AB tandem, similar to the coinsertion previously reported for Syt-1.
Overall, coinsertion of C2A and C2B domains is coupled to cooperative energetic effects in Syt-1 to a much greater extent
than in Syt-7. The difference can be understood in terms of the relative contributions of C2A and C2B domains toward membrane
binding in the two proteins.

INTRODUCTION

Synaptotagmins are a family of proteins that trigger and
regulate fusion of secretory vesicles with the plasma mem-
brane during exocytosis (1-3). Structurally, synaptotagmins
contain an N-terminal transmembrane region, a cytoplasmic
juxtamembrane linker region, and tandem C-terminal C2
domains, termed C2A and C2B (Fig. 1 A). In eight of the
17 mammalian isoforms, the C2 domains together function
as a Ca®" sensor to trigger SNARE-mediated membrane
fusion (3-5). Although the synaptotagmins are structurally
homologous, their Ca>" and membrane-binding sensitivities
vary (6).

This study focuses on C2 domains from synaptotagmin-1
(Syt-1) to synaptotagmin-7 (Syt-7), two isoforms that serve
as models for high-speed and high-sensitivity Ca*"-depen-
dent vesicle fusion, respectively (7). Syt-1 serves as a pri-
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mary Ca’" sensor in the fast, synchronous release of
neurotransmitters, whereas Syt-7 is involved in asynchro-
nous neurotransmitter release, vesicle replenishment, synap-
tic facilitation, and endocrine and neuroendocrine secretion
processes that occur at relatively low Ca®' concentrations
(8-13). Correspondingly, C2 domains of Syt-7 were found
to be 400-fold more sensitive to Ca>" than Syt-1 and have
the slowest membrane-dissociation kinetics among the syn-
aptotagmins (14,15). Both of the individual C2 domains
from Syt-7 bind more tightly to membranes in the presence
of Ca*" than their respective counterparts in Syt-1 (16—-19).

Ca*"-dependent membrane binding of synaptotagmin C2
domains is mediated by conserved aspartate residues in each
domain’s Ca*"-binding loops (CBLs), of which CBLI and
CBL3 insert into membranes upon binding Ca>" (Fig. | B)
(20-25). The structural origins of membrane-binding
differences between Syt-1 and Syt-7 are not yet completely
clear, although some features that contribute to the
strong membrane binding of Syt-7 have been identified
(17,18,26). In addition to their Ca”-dependent membrane
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FIGURE 1 Schematic structure of synaptotagmin. (A) Full-length synap-
totagmins contain an N-terminal transmembrane helix anchored to either
the secretory vesicle or plasma membrane (65,66) and two C-terminal C2
domains. (B) The Syt-1 and Syt-7 C2AB protein fragments used in this
study consist of the C-terminal C2 domains, which coordinate Ca>" ions
and insert into membranes primarily via Ca*"-binding loops (CBL1 and
CBL3). The C2B domains additionally contain a polybasic patch (blue
shading) that can interact with anionic lipids in a Ca”'-independent
manner. To see this figure in color, go online.

binding, the C2B domains of both isoforms contain a polyba-
sic lysine-rich patch centered on the (-4 strand, which
has been shown to bind preferentially to polyanionic phos-
pholipids such as phosphatidylinositol-(4,5)-bisphosphate
(PIP,) (18,27-30). PIP, binding includes a mechanism that
is independent of Ca”; however, its affinity is modest such
that only a fraction of the protein population is typically
observed to be membrane bound in the absence of Ca®"
(31). The stronger affinity of Syt-1 C2AB for membranes
containing PIP, manifests primarily through slower dissoci-
ation kinetics (ko¢r), Wwhereas association rates (k,,,) are essen-
tially independent of lipid composition (30).

Mutational studies of Syt-1 and Syt-7 have revealed an
interesting difference between the two proteins in the rela-
tive functional importance of the two C2 domains. The abil-
ity of Syt-1 to trigger fusion appears to depend more on
Ca*" binding by its C2B domain, whereas Syt-7 appears
to be dominated by its C2A domain (9,11,32-34). In partic-
ular, neutralization of Ca*"-binding aspartate residues in the
C2B domain of Syt-1 attenuates synchronous neurotrans-
mitter release much more severely than corresponding mu-
tations in the C2A domain (32,33). Fusion events mediated
by Syt-7 display the opposite pattern: they are more sensi-
tive to mutations in the Ca?*-coordinating residues of the
Syt-7 C2A domain (9,11,34). In vitro membrane-binding
measurements also indicate that C2B dominates membrane
binding in Syt-1, whereas C2A dominates in Syt-7 (18). In
principle, differences between how these two sets of C2 do-
mains work together could reflect functional specialization
in the synaptotagmin family.

In light of these findings, it has become essential to under-
stand how the C2A and C2B domains of Syt-1 and Syt-7
work together to bind and insert into membranes. Several
studies have addressed this question for Syt-1 and have
found that its C2 domains can either bind to the same target
membrane or bridge between two opposing membrane sur-
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faces (35-37). A combination of these modalities can exist
simultaneously depending on the protein fragment used, the
lipid composition, and the protein/lipid ratio (29,38). It has
also been reported that Syt-1 C2AB membrane binding is
cooperative on the basis of structural observations that
both C2 domains copenetrate a target membrane more
deeply when present as the C2AB tandem than as isolated
individual domains (23,39). Biophysically, cooperativity
implies that additional free-energy stabilization is achieved
by the combination of the C2A and C2B domains beyond
that which would be expected from simply linking any
two membrane-binding protein domains together, i.e.,
from avidity effects (40). This cooperative energetic model
has been supported by single-molecule force measurements
on Syt-1, for which C2AB domain dissociation from a target
membrane was detected as single events that required a
greater pulling force than the individual domains (41,42).
Another study reported that replacement of the C2A-C2B
linker region of Syt-1 with a rigid polyproline helix resulted
in orientation-dependent effects on both membrane binding
in vitro and secretion from neurons, further suggesting that
the relative orientation of the two domains may be function-
ally important for coinsertion into the target membrane (43).

In contrast to this model of cooperative membrane bind-
ing by the C2 domains of Syt-1, we have previously reported
that the C2 domains of Syt-7 bind a target membrane inde-
pendently (44). This assessment was made on the basis of
both single-molecule diffusion measurements on planar
supported lipid bilayers and dissociation kinetics from lipo-
somes lacking PIP,. In this model of independent membrane
binding, the C2AB tandem domain is still predicted to have
a stronger membrane affinity and Ca®" sensitivity than the
individual domains because the binding strength of a multi-
valent protein-ligand interaction is enhanced because of the
presence of multiple binding sites (40). However, the two
binding sites are not predicted to strengthen one another’s
affinity, i.e., binding affinities are expected to be additive
rather than synergistic.

In this study, we sought to compare more directly the
extent of coinsertion and cooperativity in C2ZAB membrane
binding between Syt-1 and Syt-7. First, we measured Ca*"
sensitivity for C2A, C2B, and C2AB domains toward lipo-
somes of physiological lipid compositions, with and without
PIP,—the first time, to our knowledge, such a measurement
has been reported for the Syt-7 C2B and C2AB domains.
Second, we performed direct side-by-side comparisons of
liposome dissociation kinetics between Syt-1 and Syt-7
C2A, C2B, and C2AB domains, using the approach devel-
oped in our previous study (44). Finally, we applied an envi-
ronment-sensitive fluorescent reporter assay with Syt-7 that
was previously used to show coinsertion of the tandem C2
domains from Syt-1 (23). The results show similarities
in the membrane coinsertion of Syt-1 and Syt-7 C2 domains
despite significant differences in their kinetics of membrane
dissociation. We suggest that coinsertion and energetic



cooperativity can be decoupled in Syt-7 because of the rela-
tive importance of the Syt-7 C2A domain in governing this
protein’s high-affinity membrane binding.

MATERIALS AND METHODS
Materials

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine, 1,2-dioleoyl-sn-glycero-3-phospho-L-serine
(sodium salt) (DOPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine,
liver phosphatidylinositol (PI), 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoethanolamine, brain PIP,, cholesterol, and brain sphingomyelin
were from Avanti Polar Lipids (Alabaster, AL). 1,2-Dipalmitoyl-sn-glyc-
ero-3-phosphoethanolamine-N-(5-dimethylamino-1-naphthalenesulfonyl)
(dansyl-PE) was from NOF America (White Plains, NY). 3-[(3-Cholamido-
propyl)dimethylammonio]-1-propanesulfonate was from BioVision (Milpi-
tas, CA). 5-({2-[(iodoacetyl)amino]ethyl }amino)naphthalene-1-sulfonic
acid (IAEDANS) was from Molecular Probes (Eugene, OR). 2-Mercaptoe-
thanol (BME) and EDTA were from Fisher Scientific (Hampton, NH)
(=99% purity). Nitrilotriacetic acid (NTA) was from Alfa Aesar (Ward
Hill, MA). All reagents were American Chemical Society grade or higher.

Protein cloning, expression, and purification

Plasmid DNA encoding human Syt-7 (GenBank ID: BC125170.1) and
Syt-1 (GenBank ID: BC058917.1) were obtained from American Type
Culture Collection (Manassas, VA). Sequences encoding the Syt-7 C2A
domain (residues N135-S266), Syt-7 C2B domain (S261-A403), Syt-7
C2AB domain (N135-A403), Syt-1 C2A domain (K141-E272), Syt-1
C2B domain (S265-K422), and Syt-1 C2AB domain (K141-K422) were
subcloned into a glutathione S-transferase-fusion vector developed previ-
ously (16,45). All DNA sequences were verified using primer-extension
sequencing (Eton Biosciences, San Diego, CA). Plasmids were transformed
into Escherichia coli BL-21 DE3 for protein expression.

All proteins were purified using glutathione affinity chromatography.
Cells were lysed in lysis buffer (50 mM Tris, 400 mM NaCl, 1% Triton
X-100, 1 mM BME (pH 7.5) with protease inhibitors) using a Sonics
VibraCell sonicator (Sonics, Newtown, CT) with a 6-mm probe. For single
domains, lysates were treated with DNase (2 U/mL) obtained from Sigma-
Aldrich (St. Louis, MO) for 30 min. Lysates were centrifuged to remove
insoluble matter, and supernatants were incubated with glutathione
sepharose 4B beads (GE Healthcare, Chicago, IL) for 3 h at 4°C. The beads
were washed extensively with 50 mM Tris, 400 mM NaCl, 1 mM GME (pH
7.5) and subsequently with 50 mM Tris, 1.1 M NaCl, 5 mM EDTA, 1 mM
BME (pH 7.5). Beads were then exchanged into 50 mM Tris, 150 mM NaCl,
0.05 mM EDTA, 1 mM GME (pH 7.7) for cleavage with restriction-grade
thrombin (Novagen; Millipore Sigma, Billerica, MA), and eluted using
the thrombin cleavage buffer or buffer A (25 mM HEPES, 15 mM NaCl,
140 mM KCI, 0.5 mM MgCl, (pH 7.4)) plus 1-10 mM SME. SME was
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omitted during purification of wild-type Syt-1 C2A. For Syt-7 C2AB,
1-3 mM 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
was added to all wash and elution buffers.

Proteins for Ca>*" dependence and kinetic experiments were immediately
purified further via gel filtration (Syt-1 C2A) or cation exchange (all other
C2 fragments) chromatography using an Akta Purifier fast protein liquid
chromatography system (GE Healthcare). Gel filtration was performed us-
ing a Superdex G75 10/300 GL column (GE Healthcare) in buffer A. Cation
exchange was performed using a HiTrap SP HP 5 mL column (GE Health-
care) in buffer A plus 1 mM GME, and protein was eluted with a gradient of
NaCl. Representative chromatograms are shown in Fig. S1. Protein integ-
rity was confirmed using sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) (Fig. S2), and masses were further verified using
matrix-assisted laser desorption ionization mass spectrometry (MALDI).
Absorbance spectra were measured using a Nanodrop 2000 (Thermo Fisher
Scientific, Waltham, MA) to assess removal of nucleic acids. All purified
proteins had A,gp/Asg ratios < 0.54, indicating the absence of nucleic
acid contamination (46). Finally, protein concentrations were measured
using ultraviolet (UV) absorbance (PerkinElmer, Waltham, MA) based on
predicted extinction coefficients at 280 nm (http://protcalc.sourceforge.
net). The purified proteins were aliquoted, flash-frozen, and stored at
—80°C. Before use, aliquots were thawed and centrifuged at 17,000 x g
for 2 min to remove any debris, and the UV absorbance spectrum was re-
checked to verify protein concentration and lack of nucleic acid.

Liposome preparation

Phospholipids in chloroform were combined at the desired molar ratio for
each experiment (Table 1). After the evaporation of chloroform, the lipid
films were dried under vacuum for >2 h and rehydrated in buffer A con-
taining 10 mM BME to a final concentration of 3 mM total lipid. Small
unilamellar vesicles were prepared by sonication to clarity on ice using a
Sonics VibraCell sonicator with a 3-mm tip. Liposomes were stored at
4°C for at least 8 h after preparation and were used within 1 week. Lipid
concentrations are reported as total accessible lipid, which is approximated
as one-half of the total lipid present.

Equilibrium measurement of Ca®*-dependent
protein-to-membrane FRET

C2 domain liposome binding was assessed using a protein-to-membrane
fluorescence resonance energy transfer (FRET) assay in which protein
Trp residues serve as the donor and dansyl-modified lipids are the acceptor
(47). Buffers were prepared using Chelex-treated Ca®"-free water. Lipo-
somes were incubated with 10% (v/v) Chelex beads (Bio-Rad, Hercules,
CA) overnight at 4°C to remove residual Ca>". Protein stocks were dialyzed
into Ca®'-free buffer A (plus 1-10 mM GME for cysteine-containing
proteins). Quartz cuvettes were soaked in 100 mM EDTA, then rinsed
extensively with Ca>"-free water before use. Steady-state fluorescence
experiments were performed using a Photon Technology International

TABLE 1 Lipid Compositions Used in This Study

Target Membrane Lipid Compositions (mol %)
Name PE PC* PS* PI PIP, Sphingomyelin Cholesterol Dansyl-PE”
PM 279 10.7 21.3 3.6° 2.0° 4.5 25 5.0
PM(—)PIP, 279 10.7 21.3 5.6 - 4.5 25 5.0
1:1 DOPC/DOPS - 47.5 475 - - - - 5.0

#1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine were used for the physiological membranes,
whereas DOPC and DOPS were used for the simplified lipid composition for consistency with prior experiments (44).
"For AEDANS fluorescence measurements, dansyl-PE was omitted and replaced with PC.

°For Ca®* titrations, PM liposomes contained 4.6% PI and 1.0% PIP,.
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(Birmingham, NJ) QM-2000-6SE fluorescence spectrometer at 25°C. Exci-
tation slit width was 2.4 nm for Syt-7 C2B on PM liposomes (see Table 1 for
lipid composition) and 1 nm for all other samples; emission slit width was
8 nm. CaCl, was titrated into an initially Ca*"-free solution containing pro-
tein (2 uM for Syt-1 C2A and C2B, 0.3-1.0 uM for others) and liposomes
(75 uM accessible lipid). Because of the extreme Ca" sensitivity of Syt-7
C2 domains, a Ca>" buffering system containing 1.5 mM NTA was used for
most titrations to maintain total [Ca>*] in excess of protein, as described
previously (16). For some titrations (Syt-1 C2B and C2AB, as well as
titrations indicated in the Supporting Material), a more aggressive Ca>"
buffering system consisting of 1.5 mM NTA and 0.2 mM EDTA was
used. Concentrations of free Ca®™ and Mg®" (the latter held constant
at 0.5 mM) were calculated using MaxChelator (https://somapp.ucdmec.
ucdavis.edu/pharmacology/bers/maxchelator/webmaxc/webmaxcE.htm).
No Ca®" buffering system was used for Syt-1 C2A. For each titration,
FRET was measured (Aexcitation = 284 nm, Aemission = 510 nm) over a
10-s integration time for each of three replicate samples. Each intensity
value was corrected for dilution, and the intensity of a blank sample con-
taining only buffer, lipid, and Ca*" was subtracted. Reversibility was tested
by adding excess EDTA after titrations. Fluorescence emission scans before
and after titration are shown in Fig. S3. Normalized data were fitted to the
Hill equation,

]H

[Ca2+
[Ca2+]H + (Cal/z)

AF = AF,,, ) 2% )

where AF is the fluorescence increase, Cay, is the Ca®* concentration at
which half of the initially unbound protein becomes membrane bound, H
is the Hill coefficient, 4F, is the fluorescence change in the absence of
Ca®", and AF,, is the calculated maximal fluorescence change. Fitting
was performed using Kaleidagraph 4.5 (Synergy Software). Data in figures
are shown after normalization of 4F,,, to unity for each titration.

Stopped-flow spectroscopy

Stopped-flow fluorescence kinetic measurements were performed using a
BioLogic SFM3000 spectrophotometer (Knoxville, TN) using 284-nm
excitation and a 455-nm long-pass emission filter. Unless otherwise noted,
protein concentrations used were 1 uM for Syt-7 C2 domains and Syt-1
C2AB and 5 uM for individual Syt-1 C2 domains (all concentrations listed
are before mixing). Protein-to-membrane FRET (dansyl-PE emission) was
monitored after rapid mixing of equal volumes of protein-bound liposomes
(200 uM total accessible lipid, 200 uM CaCl,) and 2 mM EDTA in buffer
A. Dead time is estimated to be 1.4 ms. Data sets for each sample were
calculated as the average of eight or more time courses and were fitted to
a single- or double-exponential function (Eqs. 2 or 3, respectively):

F = AFmax (e_knfft) + C7 (2)

F = AF e 1(€7") + AF g (e7*7) +C,  (3)

where the k. are dissociation rate constants and C is an offset. C was sub-
tracted and AF 5 (or AFax 1 + 4Fnax 2) normalized to unity in the figures
shown. Rate constants listed are average = SD of >3 independent repli-
cate measurements.

Dynamic light scattering

The Z-average diameter of liposome suspensions (1:1 DOPC/DOPS, 200
uM accessible lipids, 100 uM Ca’>") was determined using a Zetasizer
Nano S90 (Malvern Instruments, Malvern, UK) before and after addition
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of protein. The samples were removed from the instrument and used for
stopped-flow kinetic measurements as described above.

Purification of AEDANS-labeled proteins

To facilitate labeling, native cysteine residues were removed from the pro-
teins, and unique cysteines were inserted using site-directed mutagenesis
(Quik-Change II XL; Agilent, Santa Clara, CA). A cysteine to alanine sub-
stitution was performed at C275 in Syt-7 C2AB and C2B. (Note: the C275A
mutant of Syt-7 C2B was also used for all Syt-7 C2B kinetic experiments
because this mutation greatly simplified purification of the protein, which
otherwise had a propensity to form disulfide-linked dimers.) C260 was
mutated to serine in Syt-7 C2A and C2AB; we have previously reported
that this mutation has only minor effects on the C2A domain (17). For
AEDANS attachment, a library of mutants was generated with one of the
following residues mutated to cysteine in Syt-7 single and tandem domains:
T170 in CBLI of C2A (single and tandem domains denoted C2A' and
C2A'B, respectively), N232 in CBL3 of C2A (denoted C2A* and
C2A°B), T301 in CBLI of C2B (denoted C2B' and C2AB'"), and N364
in CBL3 of C2B (denoted C2B> and C2AB?). Mutations were confirmed
using primer-extension sequencing (Eton Biosciences). Proteins were ex-
pressed and purified using glutathione affinity chromatography as described
above, except that 0.5 mM tris(2-carboxyethyl)phosphine was used in place
of 1 mM BME for all domains, and 2.5 mM CaCl, was included in
the thrombin cleavage buffer for C2B. After thrombin cleavage and elution,
protein concentrations were estimated from absorbance at 280 nm, and the
proteins were incubated with IAEDANS (4:1 molar ratio of IAEDANS/pro-
tein). For single domains, proteins were labeled in 140 mM KCl, 0.5 mM
MgCl,, 25 mM HEPES, 50 mM glutamic acid, 50 mM arginine (pH 7.1)
overnight at 4°C (48). For C2AB tandems, proteins were labeled in
thrombin cleavage buffer for 1 h at room temperature. The reaction was
quenched by adding 1 mM BME. To remove free dye and anionic contam-
inants, the proteins were further purified using cation exchange chromatog-
raphy as described above, including 20 mM CaCl, in the chromatography
buffers. After chromatography, proteins were exchanged into buffer
A plus 1 mM BME. Protein mass and labeling was verified using SDS-
PAGE gel electrophoresis with visualization under UV light, and concentra-
tion was quantified based on AEDANS absorbance.

AEDANS fluorescence assays

AEDANS fluorescence was measured using a Photon Technology Interna-
tional QM-2000-6SE fluorescence spectrometer (Birmingham, NJ) at 25°C.
Fluorescence emission was measured from 450 to 600 nm, with Aeycitation =
337 nm. Excitation slit widths were 1 nm except for the following samples:
C2A’B, 1.6 nm; C2AB', 1.6 nm; and C2AB?, 2.4 nm. Emission slit widths
were 8 nm for all measurements. All measurements were carried out with
0.5-1 uM protein in buffer A with 0.2—1.0 mM Ca®" before and after addi-
tion of liposomes (33 uM total lipid).

RESULTS
Strategy and protein purification

To study C2A-C2B interdomain cooperativity, we expressed
and purified individual domains and C2AB tandems of both
Syt-1 and Syt-7 (Figs. 1, S1, and S2). Initial purification was
accomplished using affinity chromatography with cleavable
glutathione S-transferase tags. Because the Syt-1 C2B
domain and both Syt-7 C2 domains are cationic and tend
to copurify with anionic contaminants, these individual do-
mains and both C2AB tandem domains were additionally
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purified using cation exchange chromatography (Fig. SI)
(16,18,49). Syt-1 C2A was purified using glutathione affin-
ity chromatography followed by gel filtration (Fig. S1). Pu-
rity of all six protein domains was excellent as assessed
using SDS-PAGE, UV absorbance, and mass spectrometry
(see Materials and Methods).

Ca®" sensitivity of Syt-1 and Syt-7 C2 domains

The Ca”" sensitivities of membrane binding were compared
among individual and tandem C2 domains of Syt-7 and
Syt-1 (Fig. 2; Table 2). Titration with Ca®" in the presence
of liposome membranes produces sigmoidal binding
curves with a characteristic Ca,,, ([Ca>"] for binding half
the Ca®'-sensitive population) and a Hill coefficient
typically >1 arising from cooperative binding of multiple
Ca’" ions and membrane to each C2 domain (50).
To compare these parameters for Syt-7 C2A, C2B, and
C2AB domains, Ca®" was titrated into solutions containing
protein and liposomes with lipid compositions approxi-
mating the interior leaflet of the plasma membrane, with
or without PIP, (Table 1), and protein-to-membrane
FRET was monitored (47). Because of the strong Ca’"
sensitivity of Syt-7, solutions were treated to remove
as much free Ca’>" as possible, and a Ca®" buffering
system was used to enable reliable measurement of binding
even at free Ca’" concentrations less than the protein
concentration (16). Consistent with a previous report, the
Syt-7 C2A domain bound liposomes containing a physio-
logical membrane composition without PIP, (PM(—)PIP,,
Table 1) with a Ca;;, around 5 uM and a Hill coefficient
of 2.2 (Table 2) (16). Inclusion of PIP, in the membrane
had little impact on the Ca,,, and Hill coefficient for this
domain (Table 2).

In contrast, the Syt-7 C2B domain showed a pronounced
PIP, dependence, consistent with a previous report (18). In
the absence of PIP,, Syt-7 C2B bound liposome membranes
with somewhat weaker Ca®" sensitivity than the C2A
domain (Fig. 2 A), but the trend was reversed upon inclusion
of 1% PIP, in the membrane because the protein was
partially membrane bound even before Ca®" addition
(Fig. 2 B; Table 2). We estimate the level of contaminating
free Ca®" in these measurements to be <0.1 uM based on
measurements using the Ca’'-sensitive dye Quin-2
(Fig. S4). The ability of Syt-7 C2B to bind PM liposomes
before Ca®" addition persisted in experiments using a
more aggressive Ca®' buffering system that included
0.2 mM EDTA (Fig. S5); thus, we conclude that Syt-7
C2B has a binding mode to PIP, that is Ca”-independent.
Its binding was mostly reversed upon addition of 2.5 mM
EDTA (Fig. 2 B; Figs. S3 and S5), which might arise from
ionic interactions between EDTA and the polybasic region
of the Syt-7 C2B domain.

Mutation of Cys275 to alanine amplified a Ca®-indepen-
dent component of Syt-7 C2B binding PM(—)PIP, lipo-
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FIGURE 2 Ca®" sensitivity of Syt-7 (A and B) and Syt-1 (C) C2
domains. CaCl, was titrated into solutions containing the indicated C2A
(triangles), C2B (squares), or C2AB (circles) domains and liposomes.
Data were normalized based on best fits to Eq. 1; the parameters from these
fits are given in Table 2. Points and error bars shown are mean + SD of
three replicate titrations; where not visible, error bars are smaller than the
symbol. Right panels show the extent of reversibility upon addition of
2.5 mM EDTA.

somes, which was not reversible with EDTA (Fig. S5;
Table 2). However, the Ca;, and Hill coefficient were
only modestly affected by this mutation, suggesting that
the mutation alters Ca®"-independent but not Ca*"-depen-
dent binding (Table 2). This mutation was required for the
AEDANS measurements and was also used for the kinetic
experiments with Syt-7 C2B described below.
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TABLE 2 Equilibrium Ca?* Titration Parameters of Syt-1 and
Syt-7 C2 Domains

Amount
Liposome Bound
Composition before Ca®* Hill
(Table 1) Domain Addition (%) Ca;, (uM)*  Coefficient®
PM Syt-1 C2A <5 101 = 2 1.7 = 0.1
PM Syt-1 C2B <5 14.6 = 0.6 1.3 £ 0.1
PM Syt-1 C2AB <5 45 + 0.2 1.8 = 0.1
PM(—)PIP, Syt-7 C2A <5 48 £ 04 22 + 0.1
PM(—)PIP,  Syt-7 C2B 5+ 1 160 £ 05 2.5+ 0.1
PM(—)PIP, Syt-7 C2B 511 151 £ 06 27 =02

C275A

PM(—)PIP, Syt-7 C2AB 53 +£3 1.2 £ 0.1 22 *+ 0.1
PM Syt-7 C2A 6+ 2 40 £ 1.0 22 +0.2
PM Syt-7 C2B 37 £ 1 35 £ 0.6 0.8 = 0.1
PM Syt-7 C2AB >85 ND” ND”

Uncertainties represent SD from > 3 separate experiments.

%Cay, and Hill coefficients were obtained from fitting to Eq. 1. Note that
these parameters correspond to the population of protein not initially bound
to membrane. Parameters could not be determined accurately for Syt-7
C2AB on PM liposomes because of its largely Ca®*-independent profile.
°ND, no data.

The Syt-7 C2AB tandem had a lower Ca, , toward PM(—)
PIP, liposomes than either individual domain and was
~50% bound to these liposomes before Ca>" addition
(Fig. 2 A; Fig. S5). Inclusion of 1% PIP, further enhanced
membrane binding because the C2AB tandem was > 85%
bound to PM liposomes before Ca®" addition (Fig. 2 B).
Binding of Syt-7 C2AB to PM(—)PIP,, but not PM, lipo-
somes was reversed upon EDTA addition (Fig. 2; Fig. S3).
In contrast, C2 domains of Syt-1 did not exhibit measurable
Ca’*-independent binding toward PM liposomes under
these experimental conditions (Fig. 2 C). Overall, the
combination of the two domains increases the Ca®" sensi-
tivity of membrane binding for both Syt-1 and Syt-7
(Fig. 2, A=C) and enhances a Ca”*"-independent binding
mode for Syt-7 (Fig. 2, A and B). However, it is not clear
from these data whether the enhancements reflect coopera-
tivity or simply additive contributions of two connected
membrane-binding domains.

Assessing cooperativity in Syt-1 and Syt-7 C2AB
domains from dissociation kinetics

To probe whether the energetics of Syt-1 and Syt-7 C2AB
membrane binding are cooperative, we measured the ki-
netics of protein-membrane dissociation upon addition of
the Ca®>" chelator EDTA. In this experiment, protein-to-
membrane FRET decreases after the addition of EDTA
to protein-liposome complexes. The EDTA coordinates
Ca’" ions as each C2 domain leaves the membrane sur-
face, rendering each domain’s dissociation irreversible.
Thus, if the two C2 domains bind and release from mem-
branes independently, then the dissociation kinetic profile
of the C2AB tandem should be closely similar to that of
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the rate-limiting domain. We have previously used this
method to report independent binding for Syt-7 C2AB us-
ing liposomes composed of 3:1 DOPC/DOPS (44). On the
other hand, if the two C2 domains of a C2AB tandem bind
membranes cooperatively, then C2AB dissociation is
expected to be significantly slower than both of the indi-
vidual domains.

Using this approach, the tandem C2 domains of Syt-1 are
clearly observed to bind membranes cooperatively.
Although the Syt-1 C2A domain dissociated from 3:1
DOPC/DOPS too quickly to measure, we quantified dissoci-
ation kinetics of Syt-1 C2A, C2B, and C2AB using 1:1
DOPC/DOPS (Fig. 3 A) and PM(—)PIP, (Fig. 3 B). The in-
dividual Syt-1 C2 domains’ dissociation time courses fit
well to single exponential profiles, with the C2A rate con-
stant similar to previous reports (16,51). Dissociation of
the C2B domain was slower than the C2A domain, consis-
tent with its stronger membrane binding (18,30,42).
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FIGURE 3 Dissociation kinetics of Syt-1 C2 domains on (A) 1:1 DOPC/
DOPS liposomes and (B) PM(—)PIP, liposomes. Dansyl-PE fluorescence
was monitored as solutions containing 5 uM (single domains) or 1 uM (tan-
dem domain) protein, 200 uM CaCl,, and liposomes (200 uM accessible
lipid) were rapidly mixed with an equal volume of 2 mM EDTA (all con-
centrations listed are before mixing). Kinetic data were fitted to Eqs. 2 or
3, with rate constants shown in Table 3. Inset shows the full timescale of
measurement of Syt-1 C2AB. Data shown are representative of >3 inde-
pendent measurements.



Syt-1 C2AB dissociation from 1:1 DOPC/DOPS fit best
to a double-exponential profile, of which the faster rate con-
stant was ~7-fold slower than the isolated C2B domain and
>50-fold slower than the isolated C2A domain (Table 3). A
similar trend was seen with PM(—)PIP, liposomes (Fig. 3
B). All three Syt-1 protein fragments had monoexponential
profiles with the latter lipid composition, suggesting a single
membrane-bound population of each individual or tandem
domain. Although Syt-1 C2AB dissociated from these lipo-
somes faster than from 1:1 DOPC/DOPS, the tandem
domain was still >3-fold and 20-fold slower than the
respective C2B and C2A individual domains (Table 3).
Thus, the energy barrier for membrane release upon
EDTA addition is significantly greater for the Syt-1 C2AB
tandem than for both of its individual domains, consistent
with a model of cooperative membrane binding.

Dissociation kinetics of Syt-7 C2 domains (Fig. 4) show
marked differences from Syt-1. Dissociation of each indi-
vidual Syt-7 domain was slower than that of the correspond-
ing Syt-1 domain (Table 3), consistent with separate
previous reports of Syt-7 C2A and C2AB (15,16). The dif-
ference is particularly pronounced between the C2A do-
mains, for which Syt-7 C2A dissociated >100-fold slower
from both membrane compositions tested. Notably, for
Syt-7, the C2A domain dissociated slower than the C2B
domain, in contrast to Syt-1, for which the isolated C2B
domain dissociates slower. This result is consistent with
prior reports that the C2A domain dominates membrane
binding and fusion properties for Syt-7 (9,11,18,34).

Dissociation of Syt-7 C2AB from both 1:1 DOPC/DOPS
and PM(—)PIP, was biphasic, with a major (faster) rate con-
stant that differed by no more than 30% from the isolated
C2A domain on each liposome composition tested (Fig. 4;
Table 3). The double-exponential character suggests the
presence of multiple populations; one interpretation is that
a subpopulation (20-30%) of Syt-7 C2AB is bound to mem-
branes in a cooperative fashion analogous to Syt-1, although
other explanations are also possible (see Discussion).
Notably, the larger population of Syt-7 C2AB has dissocia-
tion kinetics that are nearly the same as the isolated C2A
domain (Table 3). This similarity is evident from comparing

TABLE 3 Dissociation Kinetics of Syt-1 and Syt-7 C2 Domains

Domain kosr, 1:1 DOPC/DOPS (s 1) kogr, PM(—)PIP, (s™1)
Syt-1 C2A 710 = 30 1020 + 90
Syt-1 C2B 140 + 10 170 + 10
Syt-1 C2AB 21 =+ 2 (72% amp) 48 + 5

2.6 + 0.1 (28% amp)
Syt-7 C2A 6.39 + 0.04 74+ 03
Syt-7 C2B 80 = 9 (88% amp) 100 + 20

13 + 2 (12% amp)

Syt-7 C2AB 4.6 % 0.3 (74% amp) 5.9 + 0.6 (77% amp)

0.16 = 0.04 (26% amp) 0.64 = 0.09 (23% amp)

Uncertainties represent SD from > 3 separate experiments. Double-expo-
nential rate constants are reported with their respective percent amplitudes
from the best-fit curve.
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FIGURE 4 Dissociation kinetics of Syt-7 C2 domains on (A) 1:1 DOPC/
DOPS liposomes and (B) PM(—)PIP, liposomes. Dansyl-PE fluorescence
was monitored as solutions containing 1 uM protein (in A) or 0.25 uM
protein (in B), 200 uM CaCl,, and liposomes (200 uM accessible lipid)
were rapidly mixed with an equal volume of 2 mM EDTA (all concentra-
tions listed are before mixing). Kinetic data were best fitted to Eqs. 2
or 3, with rate constants listed in Table 3. Data shown are representative
of >3 independent measurements.

the initial portions of portions of the dissociation time
courses, during which the fast component dominates
(Fig. S6). For this population, the kinetics are more consis-
tent with the two C2 domains of Syt-7 having noncoopera-
tive membrane-binding energies.

Liposome clustering by Syt-7 C2B

Some Syt C2 domains, including C2AB tandems, are
known to promote clustering of liposomes in a Ca®'-
dependent manner (18,36,37,52,53). This effect could
conceivably produce slower dissociation rates, e.g., if a
subpopulation of protein is initially inaccessible to the
added EDTA. To probe whether liposome clustering occurs
under the conditions used in the measurements above, we
performed dynamic light scattering measurements of 1:1
DOPC/DOPS liposomes in the presence of different
concentrations of Syt-7 C2B. Addition of 0.5 uM protein
to liposomes resulted in a significant increase in particle

Biophysical Journal 116, 1025-1036, March 19, 2019 1031



Tran et al.

size from an average diameter of ~100 nm to ~500 nm
(Fig. S7 A). Further addition of protein to 2 uM increased
the size distribution further, to ~800 nm (Fig. S7 B). These
samples became visibly cloudy, but not flocculated, upon
addition of 2 uM protein. Thus, Syt-7 C2B induces lipo-
some clustering but not large-scale aggregation under
conditions comparable to those used in the kinetic mea-
surements reported above.

This degree of clustering appears to have no effect on the
major dissociation rate constants. Kinetic profiles were
measured using 0.5, 1, and 2 uM Syt-7 C2B on the same
concentration of liposomes (Fig. S8). At the highest protein
concentration, the dissociation profile was clearly double
exponential, suggesting the presence of multiple popula-
tions. Kinetic profiles at the lower protein concentrations
could also be fitted to a double-exponential profile, although
the slower component was greatly decreased in intensity
(Table S1). The slower phase was only a minor contributor
(<20%) to the overall kinetic profile at protein concentra-
tions < 1 uM. Importantly, the rate constants of the fast
and slow components showed no trend among measure-
ments using various concentrations of protein (Table S1).
Thus, we conclude that liposome clustering and aggregation
result in a subpopulation of protein with a significantly
slower dissociation; however, at the protein concentrations
used in the experiments above, the major, faster dissociation
rate constant remains readily measurable. It is possible that
liposome clustering may give rise to some of the minor,
slower component(s) that we observe with Syt-1 and Syt-7
C2AB dissociation. Importantly, these results support a
high level of confidence that the major rate constants of
the kinetic profiles correspond to straightforward protein-
membrane dissociation that is not influenced by liposome
aggregation effects.

Membrane insertion of Syt-7 C2 domains

To test whether the tandem structure of Syt-7 C2AB affects
its C2 domains’ membrane insertion, we used the environ-
ment-sensitive fluorescent label AEDANS. This approach
has been used previously to demonstrate membrane inser-
tion of Syt-1 C2 domains (23,24), but to our knowledge
has not been previously applied to other synaptotagmins.
AEDANS was attached to a unique engineered cysteine
residue on the tip of CBL1 or CBL3 on each Syt-7 C2
domain both individually and in the C2AB tandem. These
are the regions that penetrate membranes in many C2 do-
mains, including synaptotagmins (17,22,54-57). We denote
these constructs based on the domain and loop in which the
AEDANS label was placed; for example, C2A'B has the
AEDANS group on CBL1 of C2A within the C2AB tan-
dem (Fig. S9). Upon addition of physiological liposomes
lacking PIP, (PM(—)PIP,, Table 1) to protein in the pres-
ence of excess Ca2+, the AEDANS fluorescence emission
increased and blueshifted when the label was in either
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CBL1 or CBL3 of the individual C2A domain (CZA1 or
C2A3 , Fig. 5, A and C) or CBL3 of the individual C2B
domain (C2B°, Fig. 5 G). For all labeling positions, the in-
crease in fluorescence emission was amplified when
measured in the C2AB tandem (Fig. 5, B, D, F, and H).
The difference between individual and tandem domains is
especially striking when comparing constructs labeled on
CBL1 of the C2B domain, as the AEDANS fluorescence
increased dramatically on addition of liposomes to
C2AB' but not C2B' (Fig. 5, E and F).

Inclusion of 2% PIP, in the liposome composition
resulted in a similar pattern, except that the amount of
fluorescence increase for the individual domains was
somewhat greater than in the absence of PIP, (Fig. S10).
Overall, the C2 domains of Syt-7 penetrate into mem-
branes when present as single or tandem domains. Howev-
er, C2B in particular penetrates significantly more deeply
when it is part of the C2AB tandem structure. This result
is qualitatively similar to what was previously reported for
Syt-1 (23).
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FIGURE 5 Membrane insertion of Syt-7 C2A and C2B domain loops in
the absence of PIP,. Fluorescence emission spectra are shown of Syt-7
single domains (A, C, E, and G) or the C2AB tandem (B, D, F, and H)
labeled with AEDANS on CBLI1 (A, B, E, and F) or CBL3 (C, D, G,
and H) (see Fig. S9 for schematic of labeling sites and Materials and
Methods for residue numbers). Data are of protein in solution alone (black)
and after addition of PM(—)PIP, liposomes (gray). All spectra are normal-
ized to the maximal intensity in the absence of lipid.



DISCUSSION

In this study, we have employed FRET-based equilibrium
Ca®" titrations, stopped-flow kinetic measurements, and
fluorescence-based membrane insertion assays to explore
how the two C2 domains of Syt-7 work together in compar-
ison to those of Syt-1. Four main conclusions can be drawn
from the results: 1) membrane-dissociation kinetics indicate
the tandem C2 domains of Syt-1 bind membranes with
cooperative energetics; 2) Syt-7 C2AB dissociation kinetics
from membranes lacking PIP, reveal two populations, the
larger of which has a profile consistent with noncooperative
membrane binding (44); 3) the Syt-7 C2AB fragment binds
membranes through a combination of Ca?'-independent
and highly Ca”"-sensitive mechanisms; and 4) the CBLs
of Syt-7 C2B insert more deeply into membranes in the
context of the C2AB tandem, similarly to Syt-1 (23).
Thus, coinsertion and energetic cooperativity appear to be
decoupled in Syt-7 because the linkage of the C2A and
C2B domains appears to induce significantly deeper inser-
tion of the C2B domain but has only minor effects on disso-
ciation kinetics relative to the individual C2A domain.

Decoupling of coinsertion and cooperativity in
Syt-7

Liposome dissociation kinetics reveal a clear distinction be-
tween the extent of cooperative membrane binding in Syt-1
and Syt-7 C2AB tandems. For Syt-1, the C2AB tandem dis-
sociates much slower than either of the C2A or C2B individ-
ual domains (Fig. 3; Table 3), consistent with cooperative
energetics of insertion. In contrast, Syt-7 C2AB dissociation
kinetics are biphasic, indicating multiple populations, of
which the larger population dissociates at a rate closely
similar to its individual C2A domain (Fig. 4; Table 3).
Importantly, these trends among the various domains are
the same using two lipid compositions from which dissoci-
ation kinetics were measurable for all species, 1:1 DOPC/
DOPS and PM(—)PIP,.

The minor, slower phase in Syt-7 C2AB dissociation may
arise from a population (~25%) of the protein in which the
C2A and C2B domains bind membranes cooperatively;
alternatively, it could arise from liposome clustering. Clus-
tering of liposomes induced by Syt-7 C2AB has been
reported previously (18). We observe that liposome clus-
tering gives rise to a minor, slow phase in Syt-7 C2B disso-
ciation kinetics (Figs. S7 and S8; Table S1), and it is likely
that a similar phenomenon occurs for the C2AB tandem.
Liposome clustering and cooperativity are not mutually
exclusive; conceivably, these two phenomena could account
for the double-exponential profile of Syt-1 C2AB dissocia-
tion from 1:1 DOPC/DOPS liposomes, which has two rate
constants that are both significantly slower than the individ-
ual domains (Table 3). Syt-7 C2AB dissociation profiles are
adequately fitted by a double exponential, but we cannot

Cooperativity in C2AB Membrane Binding

rule out the possibility of more than two populations.
Regardless of the origin of the slow phase(s) in the Syt-7
C2AB dissociation data, the largest population of this pro-
tein has dissociation rate constants that are closely similar
to the individual C2A domain.

The AEDANS-based membrane insertion results indicate
commonalities between Syt-1 and Syt-7 that provide struc-
tural context for understanding the differences in kinetics.
We show that CBL1 and CBL3 of Syt-7 C2A and C2B insert
into membranes in the C2AB tandem (Fig. 5, B, D, F, and
H). The trends are the same in the presence of PIP,
(Fig. S10). In particular, the Syt-7 C2B domain penetrates
into membranes more deeply as part of the C2AB tandem
than as an individual domain (Fig. 5, E-H; Fig. S10,
E—H). These results align with previous reports of compara-
ble measurements with Syt-1 (15,23), suggesting that these
two synaptotagmin isoforms bind membranes with similar
structural mechanisms despite differences in the extent of
interdomain cooperativity that are evident from their disso-
ciation kinetics.

Our results, along with previously reported data, suggest a
model in which insertion of the C2B domain is strongly
impacted by the C2AB linkage and the relative energetics
of membrane binding by C2A and C2B domains differ be-
tween the two isoforms (Fig. 6). For Syt-1, the C2B domain
has been reported to bind membranes more tightly than the
C2A domain does (18,30). This difference is reflected in our
measurements both of Ca>" dependence in the presence of
PIP, (Fig. 2 C) and dissociation rates in the absence of
PIP, (Fig. 3). In contrast, Syt-7 C2A binds membranes
more tightly than Syt-7 C2B in the absence of PIP, (Figs.
2 A and 4) (18). We suggest that the deeper insertion of
the C2B domain significantly slows the membrane-dissoci-
ation kinetics of Syt-1 C2AB because that protein’s mem-
brane-binding strength is dominated by its C2B domain
(Fig. 6, top). For Syt-7, membrane binding is dominated
by the C2A domain, which binds tightly and penetrates
deeply as an individual domain (17) and only slightly deeper
in the C2AB tandem (Fig. 5, A-D). Thus, C2A-C2B linkage
does not significantly enhance the free energy of membrane
binding for the C2A-dominated Syt-7 (Fig. 6, bottom).

Ca?* independence of Syt-7 C2 domains toward
PIP,

Syt-7 C2AB binding was mostly Ca®>"-independent toward
membranes containing the physiologically relevant target
lipid PIP, (Fig. 2 B; Table 2). On average, PIP, comprises
1-2% of plasma membrane lipids, and it is reported to diffuse
into fusion pore and secretory vesicle membranes within a
few seconds during fusion events; therefore, PIP, is very
likely a target lipid for Syt-1 and Syt-7 in vivo (29,58-60).
Because Syt-7 C2AB membrane binding to PIP,-containing
liposomes was hardly reversed by EDTA under our condi-
tions (Fig. 2 B; Fig. S3 F), we were unable to measure its
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FIGURE 6 Structural model of linkage effects on C2AB insertion and
dissociation kinetics. (Leff) The individual C2A domains of Syt-1 (top)
and Syt-7 (bottom) penetrate membranes primarily via their CBLs (20—
24) (Fig. 5, A and C); Syt-1 C2A dissociates much faster than Syt-7 C2A
upon addition of EDTA (16) (Table 3). (Center) The individual C2B do-
mains bind membranes relatively superficially through interaction of the
polybasic region (blue shading) with lipid headgroups (30) along with
modest insertion of CBL3 (23) (Fig. 5, E and G). (Right) In the C2AB
tandem, linkage to C2A affects the binding geometry of the C2B domain,
leading to deeper insertion of its CBL1 and CBL3 (23,24) (Fig. 5, F-H).
For Syt-1, this deeper insertion leads to much slower dissociation kinetics
compared to the individual domains, i.e., interdomain cooperativity. For
Syt-7, dissociation kinetics are dominated by the C2A domain and rela-
tively unaffected by C2A-C2B linkage (Fig. 4). (Bottom right) A minor,
very slow phase in Syt-7 C2AB dissociation kinetics may be explained
by liposome clustering, which could include a subpopulation of C2AB frag-
ments bound in trans to opposing liposomes. Brown circles represent Ca® .
Curvature is approximately to scale of 100-nm-diameter liposomes
(Fig. S7). Kinetics upon EDTA addition are as follows: very fast, >500
s’l; fast, 80-200 s’l; moderate, 10-50 s’l; slow, 1-10 s"; very slow,
<1 57" (Table 3). To see this figure in color, go online.

dissociation kinetics. Thus, further studies are needed to
elucidate whether Syt-7 membrane binding becomes cooper-
ative in the presence of PIP,. We observe that Ca> ™ sensitivity
of the Syt-7 C2B domain is comparable to or stronger than the
C2A domain in the presence of PIP, (Fig. 2 B; Table 2), and
the Ca®>" independence of the C2AB tandem suggests that
the two domains’ binding energies might be more than addi-
tive toward physiological membranes containing PIP,. How-
ever, the modest cellular effects reported to arise from
mutations in the C2B domain would suggest that the C2A
domain continues to dominate Syt-7 Ca®" sensing under
physiological conditions (9,11,34). Given the observed
Ca”" independence of Syt-7 C2AB and the high local lipid
concentration at sites of fusion, other factors would likely
be needed to prevent Syt-7 C2 domains from inserting into
the plasma membrane before Ca>" influx and to bring them
off after fusion. Possibly, competing interactions exist, e.g.,
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with SNARE proteins (61,62), that modulate Ca**-indepen-
dent Syt-7 C2AB membrane insertion in vivo.

Liposome clustering and aggregation

Previously, Syt-1 C2B and C2AB as well as Syt-7 C2A and
C2AB have been found to induce liposome aggregation
(18,36,52,53). In this study, we report that Syt-7 C2B
(C275A) shares the same property using 1:1 DOPC/DOPS
liposomes. Both of the polybasic regions that have been sug-
gested to impact bilayer bridging by Syt-1 C2B are present
in Syt-7 C2B as well (7,29,63). As expected, liposome clus-
tering depends on protein concentration (Fig. S7) (28,64). In
these experiments, liposome clustering arising from bilayer
bridging may reflect a separate structural state from the co-
insertion events whose extent of cooperativity was the main
focus in this study, and therefore we sought to minimize ag-
gregation by choosing conditions that favor coinsertion,
such as low protein/lipid ratios (38). At higher protein/lipid
ratios, liposome aggregation appeared to produce or exag-
gerate a slow component of the kinetic time course
(Fig. S8; Table S1). However, the rate constant of the major
component of the kinetic time course remained unaffected;
therefore, we conclude that this rate constant represents
dissociation of the proteins from the liposome surface.

Implications for evolution of synaptotagmin
function

Despite their different Ca®" sensitivities and kinetics, both
Syt-1 and Syt-7 insert their C2B domain CBLs, particularly
CBLI1, more deeply into membranes as C2AB tandems than
as individual domains. The conservation of this structural
feature suggests that coinsertion of C2 domains into the
same membrane may be a common feature among synapto-
tagmins, even under conditions in which some degree of
liposome clustering is also present (38). We recently posited
that synaptotagmins in the three-dimensional context of a
fusion pore could assume a geometry in which CBL1 and
CBL3 of both C2A and C2B copenetrate the fusion pore
neck while the polybasic regions bridge between opposing
membranes (7). In other words, cooperative membrane
insertion and bilayer bridging are not necessarily contradic-
tory functions. In principle, cooperativity between C2 do-
mains could facilitate rapid and efficient coinsertion to
stabilize the fusion pore during a Ca>" signaling event.
Future studies comparing structural and energetic properties
of more synaptotagmin isoforms could provide key insights
into the evolution of synaptotagmin function in fusion pore
formation and stabilization.
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Figure S1. Gel filtration (Syt-1 C2A) and cation exchange (other C2 domains)
chromatograms. Syt-1 C2A has a negative net charge and was purified by gel filtration
chromatography using an isocratic elution to remove any aggregates. All other C2 fragments
were purified by cation exchange chromatography to remove anionic contaminants. All were
performed in Buffer A (with 1 mM BME for ion exchange runs) and ion exchange runs were
eluted with added NacCl as indicated in green. Absorbance chromatograms at 280 nm are shown
in blue. A peak prior to NaCl indicated presence of anionic contaminants; these flow-through
peaks typically had absorbance spectra consistent with nucleic acid. Fractions corresponding to
the boxed regions were combined and buffer-exchanged to remove excess NaCl. Baseline drift,
as seen in Syt-7 C2AB chromatogram is likely due to a nonzero level of disulfide-linked BME in
the high-salt elution buffer.
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Figure S2. SDS-PAGE analysis of protein samples after gel filtration or cation exchange.
A: Syt-1 C2A; B: Syt-1 C2B; C, D: Syt-1 C2AB from two different aliquots of protein; E: Syt-7
C2A; F: Syt-7 C2B; G: GST-tagged fusion protein of Syt-7 C2AB; H: Syt-7 C2AB, final
purified protein used for this study. All protein samples have the expected mass.



A Syt-7 C2A on PM(-)PIP2 D Syt-7 C2A on PM G Syt-1 C2A on PM
16 16 25
i —t\p.: on;y ( e ft\p\j cn;y ‘
—— Lipid + Protein —— Lipid + Protein
%’a 12 After Ca titration %;,7 1.2 After Ca titration ;-,a 2 ——Lipid only
ST after EDTA ST . after EDTA 2z —Lipid + Protein
€3 €3 2515 —— After Ca titration
=208 =208 ) ——After EDTA
SE SE SE
g3 o g3 35
E8 04 E8 04 E<
w w 05
02 02
[ 0 [
300 350 400 450 500 550 300 350 400 450 500 550 300 350 400 450 500 550
Wavelength (nm) Wavelength (nm) Wavelength (nm)
B Syt-7 C2B on PM(-)PIP2 E Syt-7 C2B on PM H Syt-1 C2B on PM
25 e 6 — Lipid only
—— Lipid only e —— Lipid only 7
> 2 ——Lipid + Protein - ——Lipid + Protein - ——Lipid + Protein
i Atter Ca titration g5 After Ca titration £o12 After Ca titration
ST s ——after EDTA SE 12 ——after EDTA g,‘é 1 ——After EDTA
£ ES £r0s
SE 5gos SE e
23 25 28
= »wL o6 £ES
£ES £ES ui 04
w05 W04
02 02
0 0 0
300 350 400 450 500 550 300 350 400 450 500 550 300 350 400 450 500 550
Wavelength (nm) Wavelength (nm) Wavelength (nm)
c Syt-7 C2AB on PM(-)PIP2 F Syt-7 C2AB on PM I Syt-1 C2AB on PM
16 18
A —— Lipid only 16 —— Lipid only
. —— Lipid + Protein 2 14 S Gl CL N
g2 After Ca titration g 0 s After Ca titration 25
SE after EDTA St —after EDTA 2s
€5 ES £3
cEos §8os 34
o5 N BE wZ
65 °° 28 o6 a8
E8 04 E<04 e
W i
02 02
Y %550 350 400 450 500 550 300 350 400 450 500 550

300 350 400 450 500 550

Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure S3: Fluorescence emission scans before and after Ca*" titrations. Emission spectra
were measured of the indicated liposomes in the absence of protein (blue), in an identical sample
containing the indicated Syt-7 or Syt-1 C2 domain prior to Ca®>* addition (red), after the addition
of Ca*" to the highest concentration used (see Figure 2) (green), and after addition of 2 mM
EDTA (violet). Peaks at 350 nm correspond to tryptophan (donor) emission, and peaks at 510
nm correspond to dansyl (acceptor) emission. Protein-membrane binding is assessed and
quantified from increased acceptor emission. The large scatter peak at lower wavelengths in
panel E is due to instrument settings (wider emission slit) and does not affect quantitation of
acceptor emission. Spectra after titration are corrected for dilution and normalized to dansyl
emission in the lipid-only samples. We note that some of the dansyl emission peaks “after
EDTA” are slightly lower than before the titration. The effect, when present, is modest and
should not affect interpretation of the titration data. We speculate it could arise due to small
sample losses during titration (e.g., liposomes sticking to pipette tips used for Ca?* additions,
which could become stickier with certain proteins bound).
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Figure S4: Measurement of background Ca** levels using the fluorescent Ca?* chelator
Quin-2. A: A solution of ~6 uM Quin-2 (Sigma-Aldrich) was prepared in Buffer A without
Mg?* and mixed 1:1 with the same buffer. This solution was titrated with Ca?" prepared from a
standard solution of known concentration (Ricca Chemical). Quin-2 fluorescence (ex. 345 nm,
em. 505 nm) increased linearly upon addition of Ca®* up to 2 pM (filled circles, best-fit line)
with a slope of 22.5 arbitrary fluorescence units (A.U.)/uM, and became saturated at higher Ca®*
concentrations (open circles). Note that the Quin-2 concentration is not known precisely, and the
y-intercept does not necessarily reflect zero Ca®" because the solution may contain some
background level of Ca?*. B: In order to measure background Ca®" levels in the “Ca®*-free”
buffers used for equilibrium Ca?" titrations in Figures 2 and S5, these buffers were mixed 1:1
with the ~6-uM Quin-2 solution described above, and their fluorescence intensities were
measured for direct comparison to the standard curve shown in A. (Mg?" was omitted, as it also
binds Quin-2 at the concentrations used in this study.) All of the measured intensities were
below that of the y-intercept in the standard curve, indicating that these solutions have less
background Ca®* than the solution used for the standard curve. Inclusion of NTA had little effect
on Quin-2 fluorescence, as NTA (Kq 115 uM) is a weak Ca?" chelator compared to Quin-2 (K4
115 nM) (1). However, addition of EDTA (K4 24.3 nM) decreased Quin-2 fluorescence by up to
~30%, indicating the presence of some background Ca®" in this buffer. C: Addition of 10 uM
Ca®" to solutions used in panel B brought the fluorescence intensity up to the saturation value
measured in panel A. All error bars represent standard deviations from measurements performed
in triplicate.



For calculating the amount of background Ca?*, we assume that the level of Quin-2 fluorescence
measured in the presence of 200 pM EDTA corresponds to zero Quin-2 bound to Ca?*, (i.e. the
“true” y-intercept of the standard curve). This assumption makes sense because (a) the excess
EDTA is calculated to bind >99% of the Ca®>* away from Quin-2 based on the Ky values listed
above, and (b) Quin-2 fluorescence is reported to increase 5-fold upon saturation with Ca?" (1)
consistent with its increase from ~20 to ~100 A.U. in this assay. Thus, using the 200 uM EDTA
baseline value (Panel B, right) and the slope from Panel A, we calculate the background Ca?*
level in Buffer A without Mg?" plus 1 mM BME (Panel B, left) to be 0.5 pM. NTA does not
contribute a significant amount of background Ca?" (Panel B, second from left). Other possible
sources of Ca?" contamination in our experiments in Figure 2 are considered below:
1. Protein stocks are unlikely to contribute significantly because these were dialyzed into
Ca**-free buffer prior to use.
2. Liposome stocks are unlikely to contribute significantly because these were incubated
with Chelex beads prior to use.
3. The MgCl, stock used lists a maximum Ca?* content of 0.01% per ACS specifications, so
the use of 1.2 mM MgCl, in our titration buffer solutions may contribute up to ~0.1 uM
additional Ca?", bringing the total background Ca?" concentration to ~0.6 pM.

Finally, we note that our use of Ca>*-buffering systems decreases the level of free Ca®* far below
the total background level measured here. In our Ca®* buffering system containing 1.5 mM
NTA, the presence of 0.6 uM total Ca>* would only include 40 nM free Ca?*. Similarly, in our
Ca?" buffering system containing 1.5 mM NTA and 200 uM EDTA, the presence of 0.6 uM total
Ca®" would only include 75 pM free Ca?>*. MaxChelator
(https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/webmaxc/webmaxcE.htm)
was used for all calculations of free Ca?". Thus, we can be confident that protein-to-membrane
FRET measured in these systems prior to Ca?" addition reflects a Ca?*-independent protein-lipid
interaction.

1. Tsien, R. Y., T. Pozzan, and T. J. Rink. 1982. Calcium homeostasis in intact lymphocytes:
cytoplasmic free calcium monitored with a new, intracellularly trapped fluorescent indicator. J
Cell Biol 94:325-334.
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Figure S5: Use of a more aggressive Ca?*-buffering solution to test for Ca**-independent
binding. Ca’* was titrated into solutions containing protein and PM(-)PIP2 (A) or PM (B)
liposomes as described in Methods. The experiments shown here used a Ca?" buffering system
containing 1.5 mM NTA, 0.2 mM EDTA, and 1.2 mM total MgCl, (0.5 mM free MgCl,). The
concentrations of free Mg?* and Ca?* were calculated using MaxChelator
(https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/webmaxc/webmaxcE.htm).
Data were normalized based on best fits to Eq. 1; the parameters from these fits are given in
Table 2. Points and error bars shown are mean =+ standard deviation of three replicate parallel
titrations; where not visible, error bars are smaller than the symbol. Right panels show the extent
of reversibility upon addition of 2.5 mM EDTA. Fitting parameters were as follows: C2B (WT)
on PM(-)PIP2: initial binding < 5%, Cai2 13.9+ 0.6 uM, H 1.8 + 0.1; C2B (C275A) on PM(-
)PIP2: initial binding 41 £ 1 %, Cai2 8.4 £ 0.3 uM, H 2.35 + 0.08; C2AB on PM(-)PIP2: initial
binding 61 + 1 %, Cai2 0.70 = 0.04 uM, H 1.78 £ 0.03; C2B (WT) on PM: initial binding 53 + 1
%, Cai2 0.24 £ 0.02 uM; H 1.7 £ 0.2. Differences from fitting parameters in Table 2 are within
the range of what could be expected based on unavoidable batch variations in liposomes.
Importantly, the presence of a Ca?*-independent population persists for each species that had a
large membrane-bound fraction prior to Ca?" addition.
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Figure S6: Comparing the rates of initial dissociation Kinetics for Syt-1 (top) and Syt-7
(bottom) C2 domains from PM(-)PIP; liposomes. Shown are magnifications of the first few
milliseconds of data from Figures 3B and 4B in the main text, with the y-axes scaled to show
only the first 30% of protein dissociation. The C2AB domain of Syt-7 has an initial dissociation
rate similar to that of Syt-7 C2A.
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Figure S7. Dynamic light scattering (DLS) of liposome clustering. A total of 0.5 uM (A) or
2.0 uM (B) Syt-7 C2B (C275A) was added to liposomes (1:1 DOPC/DOPS, 200 uM accessible
lipid concentration). Z-averaged intensities are reported. Peaks represent the population of
liposomes within certain size range. Data shown are representative of 3 independent replicate

measurements.
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Figure S8. Dissociation kinetics of different concentration of Syt-7 C2B on 1:1 DOPC/DOPS
liposomes. Dansyl-PE fluorescence was monitored as solutions containing 0.5 uM (red), 1 uM
(black), or 2 uM (blue) protein, 200 uM CaCl,, and liposomes (200 uM accessible lipid) were
rapidly mixed with 2 mM EDTA (all concentrations listed are before mixing). Kinetic data were
best fit to double exponential decays, with rate constants and respective amplitudes reported in
Table S1 below. The signal-to-noise ratio is inversely correlated to the concentration of protein.

Table S1. Dissociation rate constants of Syt-7 C2B from 1:1 DOPC/DOPS are concentration
independent while the amplitude of each component of the double exponential fit are well
correlated with concentration. Dissociation rate constants were determined from the data shown
in Figure S8 as described in Methods. Rate constants and amplitudes from the fast and slow
components are shown. Where listed, uncertainties are standard deviations from > 3 separate
experiments.

Syt-7 C2B concentration (uM) kotr (s™)

0.5 94 (93% amp) 12 (7% amp)
1 80 £ 9 (88% amp) 13 £2 (12% amp)

2 104 (45% amp) 14 (55% amp)




C2A3

Figure S9: Sites used for AEDANS labeling. Top: A composite structural model of Syt-7
C2AB, drawn from structures of the individual domains (PDB IDs: 2D8K for C2A and 3N5A for
C2B). Ca*"-binding loops (CBLs) are marked. Bottom: Schematic illustrations of AEDANS
(cyan stars) labeled protein variants used for membrane insertion experiments.
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Figure S10. Membrane insertion of Syt-7 C2A and C2B domain loops in the presence of
2% PIP,. Fluorescence emission spectra are shown of Syt-7 protein domains labeled with
AEDANS on the indicated loops (see Figure S9 for schematic and Methods for labeled residues)
in solution alone (black) and after addition of PM liposomes (gray). All spectra are normalized

to the maximum intensity in the absence of lipid.
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