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ABSTRACT: Synaptotagmin (Syt) triggers Ca2+-dependent membrane fusion via its tandem C2
domains, C2A and C2B. The 17 known human isoforms are active in different secretory cell types,
including neurons (Syt1 and others) and pancreatic β cells (Syt7 and others). Here, quantitative
fluorescence measurements reveal notable differences in the membrane docking mechanisms of Syt1
C2A and Syt7 C2A to vesicles comprised of physiological lipid mixtures. In agreement with previous
studies, the Ca2+ sensitivity of membrane binding is much higher for Syt7 C2A. We report here for
the first time that this increased sensitivity is due to the slower target membrane dissociation of Syt7
C2A. Association and dissociation rate constants for Syt7 C2A are found to be ∼2-fold and ∼60-fold
slower than Syt1 C2A, respectively. Furthermore, the membrane dissociation of Syt7 C2A but not
Syt1 C2A is slowed by Na2SO4 and trehalose, solutes that enhance the hydrophobic effect. Overall,
the simplest model consistent with these findings proposes that Syt7 C2A first docks electrostatically to the target membrane
surface and then inserts into the bilayer via a slow hydrophobic mechanism. In contrast, the membrane docking of Syt1 C2A is
known to be predominantly electrostatic. Thus, these two highly homologous domains exhibit distinct mechanisms of membrane
binding correlated with their known differences in function.

Membrane-targeting C2 domains are central components
of many cellular signaling pathways, including secretion,

chemotaxis, and cell growth.1−3 Initially identified as homo-
logues of the second conserved domain of protein kinase C
(PKC), over 400 C2 domains have been identified in human
proteins to date.4,5 One major function of C2 domains is
targeting membrane surfaces upon binding one or more Ca2+

ions.2,3,6 This activity drives Ca2+-sensitive membrane docking
of soluble parent proteins (e.g., conventional PKCs) or drives
additional membrane docking for proteins already tethered to a
membrane [e.g., synaptotagmins (Syt)].
C2 domains are known to dock to their target membranes via

various combinations of electrostatic and hydrophobic
interactions. For example, the C2 domain from protein kinase
Cα (PKCα C2) binds to anionic headgroups of phosphati-
dylserine (PS) and phosphatidylinositol-(4,5)-bisphosphate
[PI(4,5)P2, PIP2], while the C2 domain from cytosolic
phospholipase A2 (cPLA2 C2) penetrates deeply into the
hydrocarbon core of phosphatidylcholine (PC)-rich mem-
branes.7−9 This difference in target lipid specificity yields the
observed difference in intracellular targeting; PKCα is targeted
to plasma membrane while cPLA2 translocates to internal
membranes during a Ca2+ signaling event.7,8,10,11 Deeply
inserting C2 domains such as cPLA2 C2 typically exhibit
slower membrane association and dissociation rates than
domains that interact mainly with headgroups, such as PKCβ
C2 or the first C2 domain from synaptotagmin 1 (Syt1

C2A).9,12,13 Among C2 domains that target anionic lipid
headgroups, some have been observed to specifically recognize
PIP2 in addition to the more abundant PS (e.g., PKCα C2 and
Syt1 C2B),8,11,14,15 while others appear to use less specific
electrostatic interactions (e.g., Syt1 C2A).16,17

Syt family proteins serve as Ca2+-sensitive triggers for
membrane fusion in secretory cells.18−20 Seventeen human
isoforms are known, each of which contains two C2 domains
(C2A and C2B) and an N-terminal transmembrane helix.21−23

Of the known isoforms, Syt1 is by far the most widely studied
and is well-known to localize to neurosecretory vesicles.19,21

Syt1 plays a central role in rapid neurotransmitter secretion,
and other isoforms including Syt2 and Syt9 are also involved in
this process.17,21

Other cell types use Syt isoforms for secretion in processes
that involve lower peak Ca2+ signals and slower response times
than neurons. For example, Syt7 is the primary isoform
responsible for Ca2+-triggered insulin secretion by the β cells of
the pancreas, while Syt1 and Syt2 are not detected in primary β
cells.21,24 The N-terminal helix of Syt7 is anchored predom-
inantly to insulin secretory vesicles in β cells, although it has
been observed in other intracellular locations depending on
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expression level and cell type.24,25,26 Syt7 is also found in
lysosomal membranes of macrophages, where it is suggested to
play a role in their exocytosis.27

Homologous C2 domains from within the same protein
family (e.g., PKC C2 domains or Syt C2A domains) have been
reported to exhibit differences in membrane binding, such as
altered Ca2+ binding cooperativity and affinity, that tune
different isoforms for their distinct functional and cellular
contexts.28,29 C2A domains of Syt isoforms are known to vary
in Ca2+ sensitivity of membrane binding, with Syt7 C2A being
one of the most Ca2+-sensitive.29 Despite known differences in
Ca2+-triggered membrane binding af f inity, C2 domains of the
same protein family typically exhibit the same binding
mechanism.
Here, we report significant differences in the Ca2+-dependent

membrane binding reactions of C2A domains from Syt1 and
Syt7. In contrast to the rapid membrane association and
dissociation rates characteristic of Syt1 C2A, the corresponding
domain from Syt7 displays slow kinetics reminiscent of those of
cPLA2 C2.7,12 Solute sensitivities of dissociation kinetics are
consistent with a significant role of the hydrophobic effect for
Syt7 C2A membrane interaction. The simplest interpretation is
that membrane-bound Syt7 C2A possesses stronger hydro-
phobic interactions with the bilayer than Syt1 C2A, although
other explanations cannot yet be ruled out. On the basis of
these results, we propose a two-state docking model for Syt7
C2A, wherein the domain initially binds the membrane surface
via electrostatic interactions and is subsequently stabilized by
hydrophobic insertion.

■ MATERIALS AND METHODS

Materials. All lipids were synthetic unless otherwise
indicated. Cholesterol (CH), 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (phosphatidylcholine, PC), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine (phosphatidyletha-
nolamine, PE); phosphatidylinositol (PI) natural from bovine
liver, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (phos-
phatidylserine, PS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
(1′-rac-glycerol) (phosphatidylglycerol, PG), sphingomyelin
(SM) natural from brain, and phosphatidylinositol-4,5-bi-
sphosphate [PI(4,5)P2, PIP2] natural from brain were from
Avanti. N-[5-(Dimethylamino)naphthalene-1-sulfonyl]-1,2-di-
hexadecanoyl-sn-glycero-3-phosphoethanolamine (dansyl-PE,
dPE) was from Invitrogen. Other chemicals were of high-
quality USP or analytical grade.
Cloning, Protein Expression, and Purification. Human

Syt7 DNA was obtained from American Type Culture
Collection (clone 11045721). The C2A domain (residues
N135−S266, based on numbering in GenBank AAI25171) was
PCR-amplified and subcloned into a GST expression vector
developed previously by the Falke laboratory.30 Fusion protein
was expressed in E. coli and purified using a glutathione affinity
column, including extensive washing with 0.5 M NaCl to
remove any nonspecifically bound nucleic acids prior to

cleavage with thrombin and elution of the free C2 domain.
cPLA2 C2, PKCα C2, and rat Syt1 C2A were also expressed as
GST fusions, as described previously, and purified by the same
method.7,12 The cPLA2 C2 domain was further purified by
Ca2+-dependent binding to PC-phenyl sepharose resin,
followed by elution with ethylenediaminetetraacetic acid
(EDTA).31 Proteins were stored in Buffer A [140 mM KCl,
15 mM NaCl, 25 mM N-(2-hydroxyethyl)piperazine-N-2-
ethanesulfonic acid (HEPES), pH 7.4]. Any residual nucleic
acid contamination (assessed by absorbance at 260 nm) was
removed by benzonase treatment followed by extensive buffer
exchange in a centrifugal concentrator. Protein purity was
≥95% as determined by SDS-PAGE, identity was verified using
mass spectrometry, and concentration was determined by
absorbance at 280 nm in 5 M guanidinium HCl.

Preparation of Lipid Mixtures and Phospholipid
Vesicles. Lipids in chloroform were mixed at the desired
molar ratios, dried under a stream of nitrogen, and then further
dried under vacuum for 2 h. The dried lipids were then
hydrated with Buffer A. Small unilamellar phospholipid vesicles
were generated by sonicating the hydrated lipids to clarity with
a Misonix XL2020 probe sonicator. The vesicle stock solutions
used in the equilibrium Ca2+ titrations and kinetic experiments
were prepared with a total accessible lipid concentration of 1.5
mM with the mole percentages for target membranes given in
Table 1.

Steady-State Fluorescence Spectroscopy. Steady-state
fluorescence experiments were carried out on a Photon
Technology International QM-2000-6SE fluorescence spec-
trometer at 25 °C. The excitation and emission slit widths were
1 and 8 nm, respectively, for all measurements. All buffers were
made with Chelex-treated Ca2+-free water. Protein and vesicle
stock solutions were incubated with Chelex resin to remove
residual Ca2+ before use. Quartz cuvettes and stir bars were
decalcified by soaking in 50 mM EDTA and rinsing extensively
with Ca2+-free water prior to use.

Equilibrium Measurement of Ca2+-Dependent Pro-
tein-to-Membrane FRET. To determine the Ca1/2 of each C2
domain, protein−membrane binding assays were performed as
described previously.32 Briefly, protein (0.5 μM) was added to
vesicles (100 μM total accessible lipid) in a quartz cuvette.
CaCl2 was titrated in to each cuvette, and fluorescence
resonance energy transfer (FRET) was measured with 284
nm excitation, 512 nm emission, and 10 s integration. Each
intensity value was corrected for dilution, and the intensity of a
blank sample was subtracted containing only buffer, lipid, and
Ca2+. Reversibility was verified following all Ca2+ titrations by
measuring fluorescence after addition of sufficient EDTA to
chelate all free calcium. Data were fit using Kaleidagraph
(Synergy Software) to the Hill equation

Δ = Δ
+

+

+F F
[Ca ]

[Ca ] (Ca )

H

H Hmax

2

2
1/2 (1)

Table 1. Physiological Target Membrane Lipid Compositions (%)

membrane PC PS PE PI PG CH SM PIP2 dansylPE

TM(−)PIP2 10.7 21.3 27.9 5.6 0 25 4.5 0 5
TM(+)PIP2 10.7 21.3 27.9 4.6 0 25 4.5 1 5
TM[11% PS] 10.7 11.3 37.9 5.6 0 25 4.5 0 5
TM[31% PS] 10.7 31.3 17.9 5.6 0 25 4.5 0 5
TM(−)PS/PI(+)PG 10.7 0 27.9 0 26.9 25 4.5 0 5
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where ΔF is the fluorescence increase, H is the Hill coefficient,
and ΔFmax is the calculated maximal fluorescence change. Data
in figures are shown following normalization of ΔFmax to unity
for each titration, except where noted otherwise.
Equilibrium fluorescence measurements were performed in

Buffer A. For a subset of Ca2+ titrations, including those for
which Ca1/2 < 3 μM, a Ca2+ buffering system including 1.5 mM
nitrilotriacetic acid (NTA) and 1 mM MgCl2 was used in order
to maintain total Ca2+ well in excess of protein. In these
titrations, the free Ca2+ concentration was calculated using
MaxChelator. Reliability of this system is demonstrated by
measurements with Syt7 C2A on TM(−)PIP2 in both the
presence and absence of this Ca2+ buffering system, whose
Ca1/2 values differ by <20% (Table 2).

Equilibrium Measurement of Ionic Strength Depend-
ence of Membrane Binding. C2 domains (0.5 μM) were
premixed with TM(−)PIP2 vesicles (100 μM total accessible
lipid) in Buffer A + 1 mM MgCl2 and excess CaCl2. The Ca

2+

concentrations used were 1 mM for Syt1 C2A and 200 μM for
Syt7 C2A, since liposome flocculation was sometimes observed
with Syt7 C2A at higher Ca2+ concentrations. These Ca2+

concentrations are well in excess of Ca1/2, resulting in a
maximal FRET efficiency as monitored by dansyl emission at
512 nm. NaCl was titrated into each cuvette, and fluorescence
was measured as described above, with a sample lacking protein
serving as a blank. A baseline value of fluorescence due to direct
dansyl excitation at 284 nm was obtained by adding sufficient
EDTA to fully chelate calcium at the end of the titration. This
value was subtracted from all measurements, and the corrected
initial fluorescence intensity was normalized to unity.
Stopped-Flow Measurement of Association and

Dissociation Kinetics. All kinetic experiments were per-
formed on an Applied Photophysics SX.17 stopped-flow
fluorescence spectrophotometer at 25 °C in Buffer A, unless
otherwise indicated. The dead time of the instrument was 0.9 ±
0.1 ms; thus, all data points prior to 1 ms were eliminated prior
to quantitative analysis. The excitation wavelength and slit-
width settings on the excitation monochromator were 284 and
6 nm, respectively, and a 475 nm long-pass filter was used for
detecting dansyl (acceptor) emission. To determine the

observed rate constant for membrane association (kobs), C2
domains (0.5 μM, all concentrations after mixing) and Ca2+

(200 μM) were rapidly mixed with vesicles (100 μM total
accessible lipid). The resulting time course exhibited increasing
fluorescence intensity with time, which was fit to a single-
exponential function:

= Δ − +−F F C(1 e )k t
max

obs (2)

where kobs is the apparent association rate constant and C is an
offset. To simplify representations, C was subtracted and ΔFmax
normalized to unity in figures shown.
To determine the rate constant for the dissociation (koff) of

C2 domains from the membranes, the ternary complex of C2
domains (0.5 μM), vesicles (100 μM total accessible lipid), and
Ca2+ (200 μM) was assembled. The ternary complex was then
rapidly mixed with an equal volume of EDTA (1 mM after
mixing). The return to equilibrium was monitored using the
decrease in dansyl emission as the C2 domain dissociated from
the membrane. The data were subjected to nonlinear least-
squares fitting to a single- or double-exponential function (eq 3
or 4, respectively):

= Δ − +−F F C(1 e )k t
max

off (3)

= Δ − + − +− −F F F C(1 e ) (1 e )k t k t
max 1 max 2

off1 off2 (4)

where the koff are dissociation rate constants and C is an offset.
Similarly to association plots, C was subtracted and ΔFmax (or
ΔFmax1 + ΔFmax2) normalized to unity in figures shown.

Single-Molecule Diffusion Measurement. Protein lateral
diffusion was measured using total internal reflection
fluorescence (TIRF) microscopy essentially as described
previously.33,34 C2 domains were engineered to include the
11-amino acid recognition sequence for Sfp phosphopantethei-
nyltransferase and labeled using this enzyme.33,35 Supported
lipid bilayers containing a 3:1 mixture of DOPC and DOPS
were prepared as described previously.33 These were imaged in
single-molecule imaging buffer (Buffer A with 20 mM 2-
mercaptoethanol, 0.5 mM MgCl2, and 200 μM CaCl2) at 20 °C
before and after addition of protein. Images were taken on a
TIRF microscope with simultaneous excitation at 532 and 640
nm, and the two emission wavelengths were imaged
simultaneously from the same view area on different areas of
the CCD camera. Particles were tracked using ImageJ and
diffusion constants were determined in Mathematica (Wolfram
Research) as described previously.33

■ RESULTS
Strategy. The goal of this study is to compare the kinetic

and equilibrium membrane binding properties of Syt7 C2A to
those of the well-studied Syt1 C2A, in order to shed light on
the mechanism underlying the known, higher Ca2+ sensitivity of
Syt7 C2A that is crucial for its signaling function. The domains
were expressed in E. coli as GST fusions, purified by affinity
chromatography, and eluted following thrombin cleavage
between the GST and C2 domains. In addition, cPLA2 C2
and PKCα C2 domains were isolated as previously described
for use in control experiments.7

In order to best approximate the complexity and negative
charge density of the native membranes targeted by these
protein domains in vivo, except where noted otherwise
experiments comparing the two domains were performed
with lipid compositions reflecting the content of physiological

Table 2. Best-Fit Parameters from Equilibrium Calcium
Titrations

protein domain membrane Ca1/2
a (μM) Hill coeffa

Syt1 C2A 1:1 PC:PS/5% dPE 31 ± 2 2.4 ± 0.4
Syt1 C2A TM(−)PIP2 43 ± 1 1.8 ± 0.1
Syt1 C2A TM(+)PIP2 37 ± 1 1.9 ± 0.1
Syt7 C2A 1:1 PC:PS/5% dPE 1.7 ± 0.2b 2.2 ± 0.1
Syt7 C2A TM[11% PS] 8 ± 1b 2.6 ± 0.1
Syt7 C2A TM(−)PIP2 5.4 ± 0.4b 2.7 ± 0.2

4.7 ± 0.2 3.4 ± 0.5
Syt7 C2A TM[31% PS] 2.2 ± 0.1b 2.0 ± 0.1
Syt7 C2A TM(+)PIP2 3.4 ± 0.2 2.8 ± 0.4
Syt7 C2A TM(−)PS/PI(+)PG 5.1 ± 0.3b 3.0 ± 0.1
PKCα C2 TM(−)PIP2 30 ± 10 1.0 ± 0.1
PKCα C2 TM(+)PIP2 7.7 ± 0.5 1.9 ± 0.1

aBest-fit parameters were determined by fitting titration data to the
Hill equation (eq 1). The mean and standard deviation of these
parameters are reported from at least three independent titrations for
each protein−membrane pair. bTitration performed in a Ca2+

buffering system using NTA (see Materials and Methods).
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target membranes (TM, see Materials and Methods). It is
currently debated whether Syt C2A domains target the plasma
membrane or secretory vesicle membrane during fusion.36−38

Furthermore, the lipid compositions of these two subcellular
membranes in β cells have not been reported. However, on the
basis of measurements of neuronal secretory vesicle and
erythrocyte plasma membrane compositions,39,40 and assuming
similar asymmetry due to flippase activity,41 we estimate that
the cytosolic faces of these two membranes have similar lipid
compositions approximated by the TM membranes used in this
study. One notable exception is the polyanionic lipid PI(4,5)P2,
which is found exclusively in the plasma membrane.42,43 Thus,
our experiments compare C2A binding to membranes both
lacking PI(4,5)P2 [TM(−)PIP2] and containing 1% PI(4,5)P2
[TM(+)PIP2].
Ca2+ Dependence of C2A-Membrane Docking. Syt7

C2A has been previously reported to be among the most Ca2+-
sensitive Syt C2A domains for docking to simple membranes
comprised of PC and PS.29 As a functional test of purified
protein, the Ca2+ sensitivity of membrane binding was
measured using a protein-to-membrane FRET assay previously
used in our laboratory with Syt1 C2A.12,32 Ca2+ was titrated
into samples containing 0.5 μM Syt1 C2A or Syt7 C2A domain
and excess liposomes (SUVs) containing PC:PS (1:1) with 5%
dansyl-PE, and the tryptophan-to-dansyl FRET efficiency was
measured as a function of [Ca2+] (Figure 1). Fitting of titration

curves to the Hill equation yielded Hill cooperativity
coefficients and Ca1/2 values, defined as the concentration of
Ca2+ at which membrane binding is half-maximal. The
measured Ca1/2 values were 31 ± 2 and 1.7 ± 0.2 μM for
Syt1 C2A and Syt7 C2A, respectively (Figure 1 and Table 2).
Hill coefficients for both domains were greater than 1, as
expected for cooperative binding of multiple Ca2+ ions by each
domain.9,14,31 The Ca1/2 value of Syt1 C2A is similar to that
reported previously in our laboratory using the same lipid
composition,12 and the Ca1/2 value of Syt7 C2A is comparable

with a previous report using 3:1 PC:PS and GST-fused
protein.29

Syt1 C2A is known to target anionic lipids nonspecifically,
with no significant preference for PI(4,5)P2.

16 Syt7 C2A has
been reported to bind PC/1.5%PI(4,5)P2 membranes in a
Ca2+-dependent manner, but the effect of PI(4,5)P2 on its Ca2+

sensitivity toward PS-containing membranes has not been
tested.44 Here, Ca2+ titrations were carried out to measure Syt1
C2A and Syt7 C2A docking to physiological target membranes
with and without PI(4,5)P2 [TM(+)PIP2 and TM(−)PIP2],
and the fit parameters are reported in Table 2. Ca1/2 values on
TM(−)PIP2 were slightly greater than those on PC:PS (1:1)
membranes for both domains, as expected due to the lower
density of anionic lipids in TM(−)PIP2. Addition of PI(4,5)P2
to generate the TM(+)PIP2 mixture decreased Ca1/2 values by
less than 30% for both C2A domains. This behavior is clearly
distinct from that reported for PKCα C2, whose Ca1/2 is
strongly dependent on the presence of PI(4,5)P2.

7,8,45 As a
positive control, a 4-fold Ca1/2 decrease was measured in
parallel studies of PKCα C2 binding to the same TM(+)PIP2
and TM(−)PIP2 membranes (Table 2). In other control
measurements, FRET was not observed for either C2A domain
in the presence of membranes containing only PC and dPE
(Figure 1), nor with PS-containing membranes in the absence
of Ca2+ (Supporting Information Figure S1). Overall, these
observations are consistent with both domains having a Ca2+-
dependent association with anionic lipids but without
significant enhancement derived from additional targeting to
PI(4,5)P2.

Electrostatic Contributions to Membrane Docking. In
order to directly test for electrostatic contributions to Syt7 C2A
membrane interaction, Ca2+ titrations were performed with this
domain on membranes with varying mole fractions of the
anionic lipid PS. Overall, the TM(−)PIP2 mixture contains 31%
anionic lipids (21% PS, 5% PI, and 5% dPE). The measured
Ca1/2 values increase from 2.2 ± 0.1 μM on membranes
containing 31% PS to 8 ± 1 μM on membranes containing 11%
PS, reflecting a large effect of anionic lipid content on apparent
membrane affinity (Figure 2 and Table 2). When the PS and PI
in the TM mixture are quantitatively substituted with the

Figure 1. Ca2+ sensitivity of membrane binding. CaCl2 was titrated
into 0.5 μM Syt1 C2A (open symbols) or Syt7 C2A (closed symbols)
in the presence of PC:PS(1:1)/5% dPE or PC/3% dPE vesicles
(squares), beginning with Ca2+-free solutions. Protein-to-membrane
FRET was measured as described in Materials and Methods. Points
and error bars shown are mean ± standard deviation of three
independent replicate titrations. Data were normalized based on best
fits to the Hill equation (solid curves, eq 1); the parameters from these
fits are given in Table 2. Data shown are normalized based on these
fits. PC control data are normalized to corresponding PC:PS titration
data after adjusting for dPE content. Inset shows expansion of the Syt7
C2A binding curve.

Figure 2. PS sensitivity of Syt7 C2A Ca2+/membrane binding. CaCl2
was titrated into 0.5 μM Syt7 C2A in the presence of membrane
vesicles containing different amounts of the anionic lipid PS (squares:
TM[31%PS]; triangles: standard TM(−)PIP2 containing 21% PS;
circles: TM[11%PS]). Points and error bars shown are mean ±
standard deviation of three independent replicate titrations. Data were
normalized based on best fits to the Hill equation (solid curves, eq 1);
the parameters from these fits are given in Table 2.
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anionic lipid phosphatidylglycerol (PG), Syt7 C2A retains Ca2+-
dependent membrane binding with a Ca1/2 within error of the
standard TM composition [Table 2, TM(−)PS/PI(+)PG].
Clearly, the anionic character of the membrane is a key
determinant of Syt7 C2A affinity (Figure 1), reflecting an
electrostatic component to the membrane docking interaction
similar to that previously reported for Syt1 C2A.16

To test whether the electrostatic component of membrane
interaction is required for Ca2+-triggered Syt7 C2A-membrane
docking, NaCl was titrated into C2A/Ca2+/liposome mixtures
up to a final concentration of 700 mM (Figure 3). As judged by

the observed FRET signal at equilibrium, the membrane affinity
of Syt1 C2A decreased steadily during the titration, with nearly
complete dissociation achieved above 300 mM NaCl. This
NaCl dependence of Syt1 C2A membrane binding has been
reported previously by our group and others.12,46 By contrast,
Syt7 C2A remained ∼80% bound at 600 mM NaCl. This
relative insensitivity to NaCl indicates that Syt7 C2A binds
much more tightly to membranes than Syt1 C2A at high ionic
strength and suggests that Syt7 C2A either has an extremely
strong electrostatic attraction to the membrane or possesses an
additional mechanism stabilizing its membrane-docked state.
Kinetics of C2A-Membrane Association and Dissoci-

ation. C2 domains that insert deeply into membranes with
extensive hydrophobic contact, such as cPLA2 C2, tend to
associate and dissociate from membranes more slowly than
domains such as Syt1 C2A and PKCα C2 possessing primarily
electrostatic docking.12 We compared the membrane associa-
tion and dissociation kinetics for Syt1 C2A and Syt7 C2A on
TM(−)PIP2 membranes using stopped-flow fluorimetry.
Apparent on rates were determined in the presence of
saturating CaCl2 (200 μM), which upon mixing drives full
association of the domains with membrane vesicles. Off rates
were measured by rapid addition of EDTA to premixed C2
domains and vesicles. As positive controls, we also measured
the association and dissociation kinetics of cPLA2 C2 and
PKCα C2 domains on the same membranes. The association

and dissociation rates measured for Syt1 C2A, cPLA2 C2, and
PKCα C2 were all within 2-fold of those measured previously
for the same proteins,7,12 with minor differences explained by
the different lipid composition of the TM(−)PIP2 membranes.
The membrane association rate of Syt7 C2A is observed to

be comparable to the Syt1 C2A and PKCα C2 domains. In the
presence of 100 μM total accessible lipid, Syt7 C2A binds
TM(−)PIP2 vesicles with an apparent rate constant (kobs) of
157 ± 2 s−1 (Figure 4A and Table 3). This is 2-fold slower than

Syt1 C2A (340 ± 10 s−1) and 2-fold faster than PKCα C2 (64
± 2 s−1), both of which interact primarily with the headgroup
region of membranes. All three of these domains had
association curves that fit well to single-exponential equations.
The association rate of Syt7 C2A was over 4-fold faster than
that of cPLA2 C2 (37 ± 2 s−1, Figure 4A and Table 3).
Similarly, the headgroup-binding Syt1 C2A and PKCα C2
domains associated 9-fold and 2-fold faster than cPLA2 C2.
In contrast, the membrane dissociation rate of Syt7 C2A is

vastly different from Syt1 C2A and PKCα C2 but is more
similar to that of the deeply inserted cPLA2 C2. The
dissociation timecourse of Syt7 C2A following EDTA addition
fits well to a single-exponential curve with a rate constant koff =
11 ± 4 s−1 (Figure 4B and Table 3). By contrast, Syt1 C2A
requires a double-exponential fit with the major component

Figure 3. Sensitivity of Syt C2A−membrane interactions to electro-
static screening. Syt1 C2A (0.5 μM, open circles) or Syt7 C2A (0.5
μM, filled circles) was incubated in a fluorescence cell initially in Buffer
A containing TM(−)PIP2 vesicles (100 μM total accessible lipid) and
Ca2+ at a concentration ∼50-fold higher than the Ca1/2 (1 mM Ca2+

for Syt1 C2A, 200 μM Ca2+ for Syt7 C2A). Increasing concentrations
of NaCl were added, and the protein-to-membrane FRET was
measured as described in Materials and Methods. Points and error bars
shown are mean ± standard deviation of three independent replicate
measurements and are normalized based on the initial fluorescence
and the final signal upon addition of EDTA.

Figure 4. Kinetics of C2 domain-membrane association (A) and
dissociation (B). (A) Ca2+-loaded protein (0.5 μM, in buffer A + 200
μM CaCl2) was rapidly mixed with TM(−)PIP2 vesicles (100 μM
accessible lipid; all concentrations are after mixing) in a stopped-flow
fluorescence spectrometer, and dansyl fluorescence was monitored as a
function of time. Data are normalized based the fits shown to single-
exponential curves (solid lines, eq 2). (B) Solutions containing 0.5 μM
protein, 200 μM CaCl2, and TM(−)PIP2 vesicles (100 μM accessible
lipid) were rapidly mixed with an equal volume of 2 mM EDTA, and
protein-to-membrane FRET was observed. Fits shown are to single
(eq 3, Syt7 C2A and cPLA2 C2) or double (eq 4, Syt1 C2A)
exponential decays, with rate constants given in Table 3. Inset shows
an expansion of the Syt1 C2A time course.
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exhibiting the off-rate constant 670 ± 20 s−1. The minor
component was faster than the upper limit of measurement and
may be a mixing artifact on this short time scale, as first-order
dissociation has been reported previously for this domain.12

cPLA2 C2 dissociation displayed a single-exponential rate
constant of 15 ± 1 s−1, in good agreement with a previous
report.7 Overall, the dissociation rate of Syt7 C2A is
comparable to the deeply penetrating cPLA2 C2 domain and
much slower than the headgroup binding domains Syt1 C2A
and PKCα C2.
Hydrophobic Contributions to Membrane Docking.

The slow dissociation rate of Syt7 C2A is consistent with
stabilization from hydrophobic membrane insertion but could
also arise from other factors (see Discussion). In order to test
the role of the hydrophobic effect in the slow dissociation of
this domain, we measured dissociation kinetics in the presence
of a kosmotropic agent, either 30% trehalose or 1.3 M Na2SO4.
Although their precise mechanisms are unknown, these solutes
generally increase the free energy penalty for water-exposed
nonpolar surfaces.47 Effects include stronger interaction
between proteins and nonpolar matrices (e.g., in hydrophobic
interaction chromatography), stabilized folded states of
proteins, and increased membrane affinity for deeply inserting
proteins such as cPLA2 C2.

12,48−50 The presence of either agent
reduced the rate of Syt7 C2A membrane dissociation
significantly (Figure 5 and Table 3). The effect of Na2SO4 is
particularly interesting, since the ionic strength of this solution
would tend to screen electrostatic interactions and weaken any
electrostatic contributions to membrane binding. Indeed,
inclusion of 1.3 M NaCl instead of Na2SO4 increased the
dissociation rate (Figure 5). Inclusion of 30% trehalose
decreased the Syt7 C2A dissociation rate ∼2-fold but had no
significant effect on the dissociation rate of Syt1 C2A (Table 3).
The ionic strength sensitivity of Syt1 C2A precluded
measurement in 1.3 M Na2SO4, since the equilibrium position
of this domain in high salt is not on the membrane even in the
presence of Ca2+ (Figure 3 and data not shown). Na2SO4 in the
absence of Ca2+ was not sufficient to target Syt7 C2A to
membranes, in contrast to cPLA2 C2 (Figure S2). Overall,
these results indicate that the off rate of Syt7 C2A, but not Syt1
C2A, is sensitive to the inclusion of kosmotropic solutes known

to enhance hydrophobic components of biomolecular associ-
ation.

Lack of Self-Association of Syt7 C2A. In principle, a
hydrophobic contribution to protein−membrane binding could
stem from several mechanisms (see Discussion). One
possibility of particular interest for Syt7 C2A is protein−
protein association, as this domain has been reported to self-
associate in solution at high [Ca2+].51 In order to test for lateral
self-association of membrane-bound Syt7 C2A, we measured
diffusion on a supported bilayer using single-molecule total
internal reflection fluorescence (TIRF) microscopy with
particle tracking (Table 4 and Movies S1−S3). Alexa Fluor

647-labeled Syt7 C2A (AF647-Syt7C2A, ∼5 pM) was used as a
probe molecule, and either Alexa Fluor 555-labeled cPLA2 C2
(AF555-cPLA2C2, ∼1 pM) or PKCα C2 (AF555-PKCαC2, ∼3
pM) was used in the same samples as a negative control. If Syt7
C2A self-associates on the surface, then its diffusion constant
should decrease upon addition of unlabeled Syt7 C2A, while
diffusion of the control protein should remain constant.33

Instead, addition of 20 nM Syt7 C2A did not change diffusion
within measurement error, while 60 nM unlabeled Syt7 C2A
decreased diffusion of all species by approximately the same
amount (Table 4). The latter effect likely represents crowding
on the membrane surface at high protein-to-lipid ratios. On the
basis of the initial spot density of ∼5 pM AF647-Syt7C2A, we
estimate a ∼1:300 protein-to-lipid ratio on the membrane after
addition of 20 nM Syt7 C2A, comparable to the maximum
1:200 ratio reached in our ensemble fluorescence experiments.
[We note that the cationic Syt7 C2A tends to associate strongly

Table 3. Measured Rate Constants from Kinetic Experiments

protein domain koff
a (s−1)

kobs for assocn
(s−1)

koff/kon
b

(μM)

Syt1 C2A 670 ± 20c 340 ± 10 41 ± 2
Syt7 C2A 11 ± 4 157 ± 2 1.5 ± 0.5
PKCα C2 50 ± 2 64 ± 2 16 ± 1
cPLA2 C2 15 ± 1 37 ± 2 N.D.d

Syt1 C2A (30% trehalose) 660 ± 10 N.D. N.D.
Syt7 C2A (30% trehalose) 4.5 ± 0.5 N.D. N.D.
Syt7 C2A (1.3 M
Na2SO4)

2.0 ± 0.1 N.D. N.D.

Syt7 C2A (1.3 M NaCl) 40 ± 3 N.D. N.D.
aValues and errors shown are from best fits to representative data
averaged over 8−12 repeat measurements for each condition. All
experiments used TM(−)PIP2 membranes. bValues of kon were
determined by dividing kobs by the concentration of accessible PS (see
Discussion). cDissociation kinetics for Syt1 C2A were biexponential.
The major rate (90% of amplitude) is reported. dN.D.: not
determined. Because cPLA2 C2 interacts with PC rather than PS,
koff/kon is not reported for this domain.

Figure 5. Effect of solutes on Syt7 C2A membrane dissociation.
Dissociation was measured as described in the legend to Figure 4B,
except that the indicated solutes were present in both solutions prior
to mixing. Fits shown are to a single-exponential decay (eq 3), with
parameters listed in Table 3.

Table 4. Single-Molecule Diffusion Measurements

diffusion constant of fluorescent speciesa

(μm2/s)

unlabeled Syt7 C2A added
(nM)

AF647-
Syt7C2A

AF555-
PKCαC2

AF555-
cPLA2C2

0 1.5 ± 0.1 1.6 ± 0.1 1.5 ± 0.1
20 1.3 ± 0.1 1.5 ± 0.1 N.D.
60 0.8 ± 0.2 1.0 ± 0.1 0.9 ± 0.1

aValues and errors shown are mean ± SD from 3 to 6 movies of 1000
frames each and are obtained by fitting diffusion data pooled from all
trajectories of each movie (600−6000 steps per movie). Measurements
were taken on DOPC:DOPS (3:1) membranes at 200 μM Ca2+. N.D.:
not determined.
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with contaminants from cell lysates similarly to Syt1 C2B.52

The presence of these contaminants (likely nucleic acid, based
on absorbance at 260 nm) gave rise to apparent self-association
in some of our early experiments (data not shown), but self-
association was not observed after the contaminants were
removed.] Overall, these data indicate no Syt7 C2A
oligomerization on the bilayer at the protein-to-lipid ratios
used for the present equilibrium and kinetic measurements.

■ DISCUSSION
The membrane targeting mechanism of the Syt1 C2A domain
has been the subject of many detailed investigations. The Syt7
C2A domain is less well characterized; it is known to exhibit a
higher Ca2+ sensitivity of membrane docking than Syt1 C2A,
but the molecular mechanisms underlying this property remain
unknown. Here we report the following six new observations
for Syt7 C2A docking to target membranes composed of a
near-physiological lipid mixture. (i) Other anionic lipids,
particularly PG, can substitute for PS equally well as a target
lipid, indicating that the membrane docking mechanism
includes an electrostatic component. (ii) The presence of
PI(4,5)P2 causes no enhancement of membrane affinity beyond
that expected from nonspecific electrostatic interaction,
indicating that PI(4,5)P2 is not a target lipid as observed
previously for Syt1 C2A.16 (iii) The Syt7 C2A−membrane
interaction is stable in the presence of up to 600 mM NaCl,
suggesting that the membrane docking mechanism includes an
important nonelectrostatic component, in contrast to Syt1 C2A
which is displaced from membranes by similar levels of salt.12,46

(iv) The lateral bilayer diffusion of Syt7 C2A is independent of
protein concentration over a broad range of membrane surface
densities, indicating that the additional membrane binding
stability does not arise from surface-induced oligomerization.
(v) The first direct measurement of Syt7 C2A membrane
dissociation kinetics indicates they are 60-fold slower than Syt1
C2A dissociation kinetics and instead are similar to the deeply
penetrating cPLA2 C2. Unusually slow dissociation kinetics
have also been reported previously for the entire cytoplasmic
domain of Syt7,53 and our current findings provide strong
evidence that the C2A domain contributes to or dominates this
behavior. (vi) The Syt1 C2A dissociation kinetics are further
slowed by kosmotropic solutes, providing evidence that the
rate-limiting step in dissociation may involve exposure of
hydrophobic residues to solvent.
The Ca1/2 values for Syt7 C2A binding to physiological target

membranes in this study are within the range reported in
previous studies using less quantitative assays with simpler lipid
compositions (1−6 μM29,54). For comparison, recent studies
reported slightly lower Ca1/2 values of ≤1 μM for membrane
binding of the entire cytoplasmic region and for vesicle fusion
induced by full-length Syt7.55,56 Thus, while the isolated C2A
domain exhibits high Ca2+ sensitivity, it appears likely that C2B
and/or interdomain interactions play additional roles in the
function of full-length Syt7, analogous to recently reported
interdomain cooperativity in Syt1.17,57−59

The simplest Syt7 C2A membrane docking mechanism
consistent with these observations is the two-step reaction
illustrated in Figure 6A. In this model, the domain initially
docks to its target membrane via nonspecific electrostatic
attraction between the positively charged Ca2+−C2 complex
and anionic membrane lipids, similar to the electrostatic
docking mechanism of many C2 domains including Syt1 C2A
(Figure 6A, step 1). In this initial step, Ca2+ binding is proposed

to serve as an electrostatic switch that changes the protein−
membrane electrostatic interaction from unfavorable to
favorable.60 Subsequently, the surface-bound Syt7 C2A is
proposed to penetrate more deeply into the bilayer, enabling
hydrophobic residues to penetrate into the hydrocarbon core
(Figure 6A, step 2). Since the protein-to-membrane FRET
assay employed here to observe membrane binding detects the
initial electrostatic binding step, and the second membrane
penetration step is unlikely to significantly alter the FRET
signal further, the model adequately explains the observation
that Syt7 C2A association kinetics are single-exponential and
similar in rate to C2 domains with a purely electrostatic binding
mechanism (Figure 4A). During the dissociation reaction,
single-exponential kinetics are again observed (Figure 4B),

Figure 6. Model of Syt7 C2A membrane docking mechanism. (A)
Proposed two-step docking model. In step 1, C2 domains interact with
Ca2+ ions (orange circles) to drive initial electrostatic docking to
membranes containing anionic lipid headgroups (red circles). Both
Syt1 C2A (red box) and Syt7 C2A (blue box, inclusive of both steps)
can participate in this docking event. In this model, Syt7 C2A but not
Syt1 C2A can also undergo a transition to a more deeply inserted
docking geometry (step 2). (B) Membrane docking geometry for Syt1
C2A previously determined through electron paramagnetic resonance
(EPR) depth measurements.13 The published solution structure of
Ca2+-bound Syt1 C2A (PDB ID 1BYN61) is drawn aligned to the
membrane in an illustration of the EPR-determined geometry reported
by Frazier et al.13 The amino acid side chains of Phe234 and Met173
on the membrane-inserted Ca2+ binding loops are shown (green
sticks). (C) Hypothesized membrane docking geometry of Syt7 C2A.
The solution structure of Syt7 C2A (PDB ID 2D8K) is drawn aligned
to the membrane in a manner allowing penetration of both Phe229
and Phe167 (green sticks) into the hydrocarbon interior of the
membrane. For clarity in illustration, three Ca2+ ions are shown with
the Ca2+-free 2D8K structure based on their position in 1BYN after
backbone alignment of the two structures. Panels B and C were
created using MacPyMol.
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supporting the idea that extraction of the hydrophobic residues
from the bilayer is rate-determining and slow relative to the
subsequent, rapid dissociation of the electrostatic protein−
membrane complex.
Published structures of the two domains offer some possible

clues to the structural origin of hydrophobic enhancement for
Syt7 C2A. The two C2A domains share 48% identity and 90%
conserved polarity in their amino acid sequences.2 Both possess
two nonpolar residues that protrude from the ends of two
calcium-binding loops; mutation of these in Syt1 C2A
influences membrane affinity despite its predominantly electro-
static binding mechanism (Figure 6B,C).61,62 For Syt1 C2A
these residues are Met173 and Phe234; for Syt7 C2A both
hydrophobic residues are Phe (167 and 229). Since aromatic
residues including Phe are known to have an unusually high
affinity for the region of the bilayer hydrocarbon core adjacent
to the headgroup layer, the presence of two Phe residues in
Syt7 C2A may account for the stronger hydrophobic
contribution to its docking mechanism.63,64 Figure 6C
schematically shows the predicted membrane docking geom-
etry of Syt7 C2A, with both Phe residues penetrating into the
hydrocarbon layer, compared to the shallower, experimentally
determined docking geometry of Syt1 C2A (Figure 6B) with
just one Phe penetrating into this region.13 This proposed
geometry of Syt7 C2A somewhat resembles that of Syt1 C2AB;
Met173 penetrates into the bilayer more deeply in Syt1 C2AB
than in Syt1 C2A.59 Notably, a mutation in Drosophila Syt1
corresponding to F234Y diminishes secretion by 50%,
suggesting membrane insertion of phenylalanine is a key
determinant of protein function.65

The proposed hydrophobic insertion of Syt7 C2A is
supported by its slow dissociation kinetics and the sensitivity
of the kinetics to kosmotropic agents that enhance the
hydrophobic effect. Both of these features were previously
observed for the cPLA2 C2 domain, which has since been
shown directly by electron paramagnetic resonance (EPR)
membrane docking geometry studies to penetrate into the
bilayer hydrocarbon core.9,12 However, further tests of the Syt7
C2A hydrophobic insertion, including future EPR docking
geometry studies, are crucial since the available evidence does
not fully rule out alternative models. For example, one could
argue that following the electrostatic docking step, a slow
conformational change occurs in the Syt7 C2A domain that
buries hydrophobic residues inside the protein, rather than in
the membrane. Such a conformational change appears less
likely than the proposed model, given that no such rearrange-
ment has been observed in other C2 domains, presumably due
in part to the highly stable β-sandwich core of the C2 motif.
Alternatively, one could argue that the kosmotrope sensitivity
of Syt7 C2A dissociation reflects a protein-induced change in
membrane structure, for example PS clustering or altered
bilayer curvature, since kosmotrope effects on membrane
dynamics are unknown. This possibility appears less likely to
account for our observation of slow dissociation, since Syt1
C2AB is known to cause such clustering and bending18,58 but
dissociates rapidly from the membrane upon removal of Ca2+.53

The slower dissociation kinetics observed for Syt7 C2A
directly account for its higher Ca2+ sensitivity relative to Syt1
C2A. In principle, the observed higher Ca2+ sensitivity for Syt7
C2A relative to Syt1 C2A could arise from either tighter Ca2+

binding by the free domain and/or stronger membrane affinity
for the Ca2+-loaded domain. The latter effect has been termed
target-assisted messenger affinity (TAMA).7 Ca2+ binding by

the two domains in the absence of membrane does not produce
a fluorescence change (ref 12 and data not shown), and thus
the intrinsic Ca2+ affinity is not accessible via this method.
However, the membrane affinity of the Ca2+-loaded domains
may be approximated from the ratio of the kinetic parameters
koff and kon. Here, kon can be approximated as kobs/[PS] since
PS is the major anionic lipid target present in the TM(−)PIP2
membranes and the protein is essentially 100% bound at
equilibrium. Values of koff/kon are shown in Table 3, with Syt7
C2A ∼25-fold lower than Syt1 C2A. This represents a much
tighter membrane interaction for Syt7 C2A relative to Syt1
C2A in the presence of 200 μM Ca2+ and could fully account
for the 8-fold difference in Ca2+ sensitivity measured at
equilibrium (Table 2). Such koff/kon values do not correspond
directly to equilibrium dissociation constants since membrane
docking is accompanied by cooperative binding of multiple
Ca2+ ions.16,66 Nevertheless, they show that enhanced
membrane affinity of the Ca2+ loaded state of Syt7 C2A
relative to Syt1 C2A can explain its increased Ca2+ sensitivity of
membrane binding.
Finally, the observed differences in kinetics and Ca2+

sensitivity of membrane binding appear to reflect the
physiological roles of the two Syt isoforms. Syt1 is the main
isoform involved in rapid neurotransmitter secretion, function-
ing on a time scale of tens of milliseconds or less.67 Syt7 is
more broadly expressed54 and is responsible for slower
secretion of insulin in islet β cells25 and glucagon in islet α
cells68 as well as lysosomal membrane fusion in macrophages
and other cell types.27 Furthermore, neurotransmitter secretion
is triggered by peaks of intracellular [Ca2+] in the 100 μM
range,69 while insulin secretion is triggered by local [Ca2+] in
the 1−10 μM range, comparable to the Ca1/2 of Syt7 C2A.70

Thus, dramatically different kinetics and Ca2+ sensitivities of the
Syt1 and Syt7 C2A domains are well tuned to the time scales
and Ca2+ levels involved in their cellular functions.
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