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Ca2*-triggered exocytosis of synaptic vesicles is controlled by the Ca?*-binding protein synaptotagmin (syt) I. Fifteen
additional isoforms of syt have been identified. Here, we compared the abilities of three syt isoforms (I, VII, and IX) to
regulate soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE)-mediated membrane fusion in
vitro in response to divalent cations. We found that different isoforms of syt couple distinct ranges of Ca?*, Ba2*, and Sr?*
to membrane fusion; syt VII was ~400-fold more sensitive to Ca*>* than was syt I. Omission of phosphatidylserine (PS)
from both populations of liposomes completely abrogated the ability of all three isoforms of syt to stimulate fusion.
Mutations that selectively inhibit syt-target-SNARE (t-SNARE) interactions reduced syt stimulation of fusion. Using Sr?+
and Ba?*, we found that binding of syt to PS and t-SNAREs can be dissociated from activation of fusion, uncovering
posteffector-binding functions for syt. Our data demonstrate that different syt isoforms are specialized to sense different

ranges of divalent cations and that PS is an essential effector of Ca”*+syt action.

INTRODUCTION

Synaptotagmin (syt) I was identified as an abundant constit-
uent of synaptic and large dense core vesicles (Matthew et
al., 1981; Perin et al., 1990; Chapman and Jahn, 1994). Se-
quence analysis revealed that the cytoplasmic domain of syt
Iis largely composed of two conserved motifs, C2-domains,
which were thought to confer Ca?* and phosphatidylserine
(PS) binding activity to “typical” isoforms of protein kinase
C (Perin et al., 1990). Biochemical studies demonstrated that
syt was in fact a Ca®" and PS binding protein (Brose et al.,
1992) and that these interactions were mediated by its tan-
dem C2-domains, designated C2A and C2B (Davletov and
Sudhof, 1993; Chapman and Jahn, 1994; Bai et al., 2002,
2004a). The Ca?*-binding activity of syt I prompted the idea
that it may function as a Ca?" sensor during regulated
exocytosis (Brose et al., 1992). This idea has been addressed
using a variety of approaches, ranging from acute interfer-
ence to genetic manipulations (Augustine, 2001; Chapman,
2002; Koh and Bellen, 2003). Results from these studies were
largely consistent with the idea that syt I may function as a
Ca?* sensor during exocytosis. However, in many cases,
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aspects of the syt I null phenotype are mimicked by changes
in other proteins, many of which do not bind Ca?* (Koh and
Bellen, 2003).

An alternative approach to address the question of
whether syt I is a Ca®* sensor that regulates membrane
fusion was based on a reconstituted fusion assay. Rothman
and coworkers established a system to monitor soluble N-
ethylmaleimide-sensitive factor attachment protein receptor
(SNARE)-mediated membrane fusion (Weber et al., 1998;
McNew et al., 1999; Nickel et al., 1999). The vesicular SNARE
(v-SNARE) synaptobrevin (syb), and the target membrane
SNAREs (t-SNAREs) syntaxin and SNAP-25, are reconsti-
tuted into distinct populations of proteoliposomes. When
mixed, the cytoplasmic domains of the SNARE proteins
assemble, in frans, into a four helix bundle (Sutton et al.,
1998) that pulls the bilayers together, resulting in membrane
fusion (Weber et al., 1998, McNew et al., 2000). Fusion is
monitored via the dequenching of a fluorescence donor from
a donor-acceptor pair incorporated into the bilayer of the
v-SNARE proteoliposomes. Using this reduced system, the
cytoplasmic domain of syt I (sometimes referred to as
C2AB-I) was shown to markedly enhance the rate and extent
of SNARE catalyzed membrane fusion in a strictly Ca®*-
dependent manner; in the absence of Ca?*, C2AB-I slightly
inhibited SNARE-mediated fusion (Tucker et al., 2004). Mu-
tations that abolished the Ca®*-binding activity of C2AB-I
completely disrupted Ca?*-triggered stimulation of fusion,
demonstrating that in the reduced system, syt directly func-
tions as a Ca®* sensor for fusion.

Fifteen additional isoforms of syt have been identified in
vertebrates (Craxton, 2004). One possibility for this variety
of isoforms is that syts have diverged to sense distinct
ranges of intracellular calcium concentration ([Ca?*];), thus
making it possible for different kinds of cells, or even distinct
organelles within the same cell, to fuse with target mem-
branes at different [Ca®*]; (Burgoyne and Morgan, 1998). For
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example, the threshold for exocytosis in goldfish retinal
bipolar neurons is >20 uM Ca?* (Heidelberger et al., 1994),
whereas at the rat calyx of Held reliable release occurs at <1
uM Ca?* (Bollmann et al., 2000; Schneggenburger and Ne-
her, 2000). Here, we make use of the reconstitution assay to
directly address the question of whether different isoforms
of syt couple distinct ranges of [Ca®*] to membrane fusion.
We focus on three isoforms of syt: I, VII, and IX. We note that
syt IX (Fukuda et al., 2002b; Zhang et al., 2002; Tucker et al.,
2003; Hui et al., 2005) is sometimes referred to as syt V
(Craxton and Goedert, 1995; Hudson and Birnbaum, 1995).

A second goal of this study is to determine whether syts
can couple divalent cations, other than Ca?*, to fusion. In
many cases, Sr>* and Ba?* can replace Ca?* as the trigger
for exocytosis in neuronal and neuroendocrine cells (Tomsig
and Suszkiw, 1996; Capogna et al., 1997; Xu-Friedman and
Regehr, 2000; Kishimoto et al., 2001; Neves et al., 2001; Searl
and Silinsky, 2002). Thus, if syts are general divalent cation
sensors for secretion then at least some isoforms would be
expected to couple these alternative cations to membrane
fusion. Sr?>*, in particular, has emerged as a useful tool to
study synaptic transmission, as this divalent cation gives
rise to release with altered kinetics (Goda and Stevens, 1994;
Xu-Friedman and Regehr, 2000; Searl and Silinsky, 2002). As
such, the molecular identity of the “Sr?>*-sensor” has gar-
nered considerable interest (Li et al., 1995a; Searl and Silin-
sky, 2002; Shin et al., 2003). Using this reduced system, it
should be possible to determine directly whether specific
isoforms of syt are indeed capable of coupling not only Ca>*
but also Sr>* and Ba*>* to SNARE-catalyzed membrane fu-
sion.

Finally, we take advantage of the reduced fusion assay to
determine whether Ca?*esyt operates by interacting with
anionic lipids and/or t-SNAREs. Loss-of-function syt mu-
tants reveal that syts act, at least in part, by binding t-
SNAREs. By omitting PS, we demonstrated that PS is an
essential effector of Ca?*esyt action. In addition, using alter-
ative divalent cations, we find that the binding of syt to both
t-SNAREs and to PS can be dissociated from activation of
the fusion complex. Thus, the action of syt on SNARE pro-
teins and PS during fusion seems to involve an additional
step that occurs after the initial binding reaction.

MATERIALS AND METHODS

Plasmids and Protein Purification

cDNA encoding rat syt I (Perin et al., 1990) was provided by T. C. Stidhof
(University of Texas Southwestern Medical Institute, Dallas, TX). cDNA en-
coding mouse syts VII and IX (Fukuda et al., 1999) was provided by M.
Fukuda (Institute of Physical and Chemical Research, Saitama, Japan). Syt I
C2AB (amino acids 96—421), syt VII C2AB (amino acids 134-403), and syt IX
C2AB (amino acids 104-386) were subcloned into pTrc-His vector (Invitro-
gen, Carlsbad, CA), expressed in Escherichia coli, and purified as described
previously (Chapman et al., 1996) with modifications. Briefly, bacterial ex-
tracts were mixed with Ni-NTA agarose (0.8 ml of a 50% slurry; QIAGEN,
Valencia, CA) for 30 min at 4°C. Beads were washed two times in wash buffer
(25 mM HEPES-KOH, 400 mM KCl, 10% glycerol, 20 mM imidazole, and 5
mM B-mercaptoethanol) plus 10 ug/ml DNase and RNase (Roche Diagnos-
tics, Indianapolis, IN). Two more washes were carried out in the same buffer
lacking nucleases. Proteins were eluted from the beads in wash buffer with
500 mM imidazole and dialyzed overnight against buffer A (25 mM HEPES-
KOH, pH 7.4, 100 mM KCl, 10% glycerol, 1 mM dithiothreitol).

Syt linker mutants (Bai et al., 2004b), which have either two (2X-linker) or
three (3X-linker) copies of the linker sequence between C2A and C2B (resi-
dues 264-272), and Ca?* ligand mutants, C2A;B I and C2AB,, I, in which the
subscript M corresponds to mutations that disrupt Ca?*-binding to either
C2A (D230,232N) or C2B (D363,365N) (Earles ef al., 2001; Bai et al., 2002), were
expressed and purified as glutathione S-transferase (GST) fusion proteins and
cleaved from the GST tag using thrombin, as described previously (Tucker et
al., 2003).

Plasmids to generate recombinant synaptobrevin 2 (also called vesicle-
associated membrane protein [VAMP] II) (pTW2) and the t-SNARE het-
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erodimer (syntaxin 1A and SNAP-25) (pTW34) were kindly provided by J. E.
Rothman (Columbia University, New York, NY), and proteins were expressed
and purified as described previously (Weber et al., 1998; Tucker et al., 2004).
The cytoplasmic domain of synaptobrevin 2 (cd VAMP, amino acids 1-94)
was purified as described previously (Tucker et al., 2004). Full-length GST-
SNAP-25B and GST-syntaxin 1A were purified as described previously
(Earles et al., 2001). The syt IX-c-myc construct used for human embryonic
kidney (HEK)-293 cell transfection was generated by cloning full-length syt IX
into the pcDNA 3.1/c-myc-His vector (Invitrogen), resulting in a tag at the C
terminus.

Preparation of v-SNARE- and t-SNARE-reconstituted
Vesicles

All lipids were obtained from Avanti Polar Lipids (Alabaster, AL). Reconsti-
tution of v-SNARE and t-SNARE vesicles was carried out as described pre-
viously (Tucker ef al., 2004). v-SNARE vesicles were reconstituted using a
lipid mix composed of 82% 1-palmitoyl, 2-oleoyl phosphatidylcholine (PC),
15% 1,2-dioleoyl phosphatidylserine, 1.5% N-(7-nitro-2-1,3-benzoxadiazol-4-
yl)-1,2-dipalmitoyl phosphatidylethanolamine (NBD-PE, donor), and 1.5%
N-(lissamine rhodamine B sulfonyl)-1,2-dipalmitoyl phosphatidylethano-
lamine (Rhodamine-PE, acceptor). t-SNARE vesicles were reconstituted in
85% PC and 15% PS (mole/mole). When PS was omitted from the vesicles, PC
was increased to 97 and 100% for v-SNARE and t-SNARE vesicles, respec-
tively. v-SNARE and t-SNARE vesicles were reconstituted to give ~100-150
copies or ~80 copies per vesicle, respectively, as described previously (Tucker
et al., 2004). At ~80 copies/vesicle, the t-SNARE concentration in the fusion
assay is ~2.7-3 uM.

Fusion Assays

Fusion assays were conducted as described previously (Tucker ef al., 2004).
Briefly, each reaction consisted of 45 ul of purified t-SNARE vesicles and 5 ul
of purified, NBD/Rhodamine-PE labeled v-SNARE vesicles along with 0.2
mM EGTA, the indicated concentrations of divalent cation and syt, and buffer
A in a total volume of 75 ul. The v- and t-SNARE vesicles stocks had equal
concentrations of phospholipids; hence, t-SNARE vesicles were added in
excess. After 2 h, 0.5% n-dodecylmaltoside (Roche Diagnostics) was added to
dequench the NBD fluorescence. The raw fluorescence was converted to
rounds of fusion as described previously (Parlati et al., 1999; Tucker et al.,
2004). [Divalent cation],.. was calculated using WebMaxC version 2.22 soft-
ware (C. Patton, Stanford University, Stanford, CA). Curve fitting (for Figure
1C) was carried out using Prism 4.02 software (GraphPad Software, San
Diego, CA) with the variable slope sigmoidal dose-response function. For the
syt VII/Ca?" curve, data up to the plateau (at 100 uM Ca?*) was used for
fitting to calculate ECy, values.

Flotation Assays

Flotation assays were carried out as described previously (Tucker ef al., 2004).
For binding of syt cytoplasmic domains to protein-free vesicles shown in
Figure 2C, 100-nm vesicles were prepared using an Avanti Polar lipids
extruder according to the manufacturers instructions (Davis et al., 1999).

Immunoprecipitation Assays

Rat brain detergent extracts were prepared as described, and all incubations
and binding reactions were carried out at 4°C (Chapman et al., 1995). One
milligram of total protein extract was incubated with the indicated [divalent
cation] for 1 h before the addition of 1.5 ul of the a-syntaxin 1A monoclonal
antibody (mAb) HPC-1 (Barnstable et al., 1985). After incubating for an
additional 2 h, 30 ul of protein-G Fast-Flow beads (of a 50% slurry; GE
Healthcare, Piscataway, NJ) was added and incubated for another hour.
Samples were then washed three times in buffer B (50 mM HEPES-NaOH, pH
7.4, 100 mM NaCl, 0.2 mM EGTA, and 1 mM [divalent cation],..). Bound
protein was eluted from the beads by boiling in SDS sample buffer; 25% of the
bound material was subjected to SDS-PAGE and immunoblot analysis. Native
syt I was probed using mAb 41.1 (Chapman and Jahn, 1994) and syntaxin was
probed using HPC-1. For all blots in this study, immunoreactive bands were
detected using enhanced chemiluminescence; signals were quantified by den-
sitometry and bar graphs depict averages from at least three independent
experiments. Error bars represent the SD. Significance was determined using
an unpaired student t test with a 95% confidence interval. HPC-1 and 41.1
were provided by R. Jahn (Max Planck Institute for Biophysical Chemistry,
Gottingen, Germany).

Transfection of HEK-293 Cells and
Coimmunoprecipitation

Twelve micrograms of syt IX-c-myc (p-CDNA3.1) and syntaxin 1A (p-IRES-
GFP) were cotransfected into HEK-293 cells using calcium phosphate (Jordan
and Wurm, 2004). Four plates (100 mm) of confluent cells were harvested and
lysed 48-72 h posttransfection using 0.5% cholate and 1% Triton X-100. The
protein concentration was determined using the BCA assay and bovine serum
albumin as a standard (Pierce Chemical, Rockford, IL). Coimmunoprecipita-
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Figure 1. Syt I, VII, and IX stimulate SNARE-mediated membrane fusion in response to divalent cations. (A) Illustration showing the
different components of the in vitro fusion assay. Fusion of v-SNARE (v) vesicles, containing a donor (D) and acceptor (A) FRET pair, with
unlabeled t-SNARE vesicles (t), results in an increase in donor fluorescence. The cytoplasmic domain of syt was assayed for its ability to
stimulate fusion in the presence of different divalent cations. (B) Syt I, VII, and IX differentially stimulate fusion in response to divalent
cations. The indicated syt isoform (7 uM) was incubated with v- and t-SNARE vesicles in the presence of 1 mM Ca?* (open circles), Ba>*
(open squares), Sr>* (open diamonds), or Mg?* (closed triangles), or in the presence of 0.2 mM EGTA (open triangles). Rounds of fusion were
plotted as a function of time. (C) Divalent cation dependency of syt I-, VII-, and IX-stimulated membrane fusion. v-SNARE and t-SNARE
vesicles were incubated in the presence of the indicated syt isoforms (7 uM) and [divalent cation]. The total amount of fusion (t = 120 min)
was plotted as a function of [divalent cation]. The [divalent cation], ,, values are listed in Table 1. (D) Ca?*ssyt-stimulated membrane fusion
was efficiently blocked by cd VAMP. The indicated syt isoform (7 uM) was mixed with v- and t-SNARE vesicles in the presence of 0.2 mM
EGTA (open triangles), 1 mM Ca®* (open circles), or 1 mM Ca®* plus cd VAMP (10 puM; closed diamonds). Rounds of fusion were plotted

as a function of time.

tion (CoIP) assays were carried out as described above with 75 ug of protein
from the detergent extract and 1.5 ul of a-c-myc antibody (9E-10; obtained
from Harlan Bioproducts for Science, Indianapolis, IN; Evan ef al., 1985). Fifty
percent of the bound material was subjected to SDS-PAGE and immunoblot
analysis. Syntaxin was probed using HPC-1, and syt IX was detected using an
a-c-myc antibody.

GST-Pull-Down Assays

GST-binding assays were carried out in a total volume of 150 ul using 15 pg
of GST-syntaxin or GST-SNAP-25 immobilized on 25 ul of glutathione-Sepha-
rose beads (GE Healthcare) and 1.5 uM cytoplasmic domain of syt (Earles et
al., 2001). Binding reactions were carried out for 1 h at 4°C in buffer B and
beads were washed three times. Five percent of the bound material was
subjected to SDS-PAGE and immunoblot analysis. Syt I was detected using
mADb 41.1. For experiments with the cytoplasmic domain of syt IX, 35% of the
bound material was subjected to SDS-PAGE and syt IX was detected using a
polyclonal antibody directed against the cytoplasmic domain of the protein
(Tucker et al., 2003).

RESULTS

Divalent Cation Dependency of syt I-, VII-, and
IX-regulated Membrane Fusion

In a recent study, we demonstrated that the cytoplasmic
domain of syt I stimulated SNARE-mediated membrane
fusion in the presence of Ca?* (Tucker et al., 2004). Here, we
asked whether cytoplasmic domains derived from other
members of the syt family can also stimulate SNARE-medi-
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ated membrane fusion in response to Ca>* (Figure 1A). For
these studies, we compared syt I, VII, and IX, because these
are the major isoforms expressed in PC12 cells, which are a
common model system to study secretion (Kishimoto et al.,
2001; Zhang et al., 2002; Tucker et al., 2003). In addition, we
selected syt VII because it has been suggested to be a high-
affinity Ca?* sensor in comparison with syt I (Sugita et al.,
2002, but see Li et al., 1995a,b). We note that all experiments
reported in this study use the cytoplasmic domain of either
syt I, VIL, or IX, because the full-length proteins have a
tendency to aggregate.

We found that the cytoplasmic domains of all three syt
isoforms tested stimulated SNARE-mediated membrane fu-
sion in response to Ca®* (Figure 1B). The [syt] dependence
for stimulation was nearly identical for each of the three
isoforms tested, with maximal stimulation occurring at ~7
uM protein (Supplemental Figure 1). Although different syt
isoforms stimulated membrane fusion to different extents, it
is clear that stimulation of SNARE-mediated fusion is not
limited to syt I but rather extends to other members of the
syt family.

In these experiments, syt I-stimulated membrane fusion
with a [Ca?*],,, of 116 uM, in agreement with previous
work (Tucker et al., 2004). In contrast, syt VII stimulated
fusion with a [Ca?*], ,, of 0.30 uM, which is roughly 400-
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Figure 2. Coflotation of syt I, VII, and IX with reconstituted t-SNARE vesicles and PS-harboring protein-free vesicles. (A) The cytoplasmic
domain of syt was incubated with vesicles before mixing with the Accudenz density media. The mixture was overlaid with decreasing
concentrations of Accudenz. After centrifugation, the vesicles floated to the 0/30% Accudenz interface along with any bound syt. Samples
collected from the 0/30% Accudenz interface were analyzed by SDS-PAGE and stained with Coomassie Blue. Divalent cation (1 mM) was
present throughout the gradient. Unbound syt remained in the bottom portion of the tube. (B) The indicated syt isoforms (10 uM) were
incubated with t-SNARE vesicles (100% PC) in the presence of 1 mM [divalent cation] and applied to gradients as described in A. Syt can
bind to these proteoliposomes via interactions with membrane embedded t-SNAREs. (C) The indicated syt isoforms (10 uM) were incubated
with protein-free vesicles composed of either 15% PS and 85% PC or 25% PS and 75% PC in the presence of 1 mM [divalent cation] and
applied to gradients as described in A. syt can bind to these liposomes via interactions with PS. (D) Syt I does not stimulate fusion in Ba**
or Sr** even when PS is increased to 25%. Syt I (7 uM) was incubated with v- and t-SNARE vesicles harboring either 15% PS (left) or 25%
PS (right), in the presence of 1 mM Ca?* (open circles), Ba>* (open squares), Sr>* (open diamonds), Mg>* (closed triangles), or in the presence
of 0.2 mM EGTA (open triangles). Rounds of fusion were plotted as a function of time. (E) The amount of stimulation obtained after 2 h
compared with control (—syt) was plotted for each condition. Samples contained either 0.2 mM EGTA or 1 mM divalent cation. Percent
stimulation by syt was determined using the following equation: (fusion with syt — fusion without syt) X 100/fusion without syt. Error bars
represent the SD (n = 4).

fold lower than for syt I. The Ca®?" dose response for syt
IX-stimulated membrane fusion was more complex, yielding
two components with [Ca?*], ,, values of 0.40 and 32 uM
(Figure 1C and Table 1). The major conclusion drawn for
these experiments is that the syt family is capable of sensing
a wide range of Ca®* concentrations. It should be noted that
these [Ca"], ,, values were obtained using liposomes con-
taining 15% PS. For syt I, increasing the PS to 25% signifi-
cantly reduced the [Ca®*],,, for fusion by enhancing the
ability of syt to bind Ca?* (Brose et al., 1992; Tucker et al.,
2004). Thus, all of the values reported here are likely to be
modulated by changes in lipid composition.

The cytoplasmic domain of synaptobrevin 2 (cd VAMP)
effectively blocked Ca?*esyt-stimulated membrane fusion
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for all isoforms tested, as shown previously for syt I (Tucker
et al., 2004; Figure 1D). This suggests that trans pairing of
SNAREs is required for syt-stimulated membrane fusion.
Furthermore, the cytoplasmic domain of each syt isoform
had no effect on NBD dequenching when either v- or t-
SNAREs were omitted from the vesicles (Tucker et al., 2004;
our unpublished observations), suggesting that both SNARE
populations are required for syt action during fusion.

As outlined in Introduction, other alkaline metals such as
Ba?* and Sr?* can substitute for Ca?* in triggering release
from numerous cell types, including PC12 cells (Kishimoto
et al., 2001). One question that has arisen is whether syt I can
couple these alternative metals to membrane fusion or
whether other syt isoforms selectively serve as Sr>* and
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Table 1. EC, of [divalent cation] stimulated membrane fusion

Ca2+ Ba2+ Sr2+

EC,,  Hill ECs, Hill ECs, Hill

syt (uM)  slope (uM) slope (uM) slope

syt I 116 1.0 n.a. n.a. n.a. n.a.

syt VII 0.30 2.0 563 1.5 260 1.5

syt IX* 1st 0.40  0.20 n.a. n.a. 983 3.0
2nd 32 2.0

n.a., not applicable.

The asterisk (*) indicates syt IX-stimulated fusion in Ca?* yielded
two inflection points denoted as 1st and 2nd (also see Figure 1).

Ba?* sensors. We therefore assayed the ability of Sr*>* and
Ba?* to regulate the activity of syt I, VII, and IX in the
reconstituted fusion assay (Figure 1, B and C, and Table 1).
We found that Sr>* activated only syt VII and IX ([Sr?*],,,
values of 260 and 983 uM, respectively) and Ba>" activated
only syt VIIL in the fusion assay ([Ba®*], ,, value of 563 uM).
Thus, although all syt isoforms tested responded to Ca?",
only a subset of syts are capable of coupling Sr>* and Ba**
to membrane fusion under the conditions of our assay sys-
tem. These data suggest that in PC12 cells, syt VII and IX
might function as Sr>* sensors and that syt VII might also
function as a Ba?* sensor.

In all cases, syt stimulation of SNARE-mediated mem-
brane fusion was strictly regulated by Ca?*, Ba>*, and/or
Sr?*; in the absence of these divalent cations, none of the syt
isoforms stimulated fusion (Tucker et al., 2004). The slight
increase in fusion seen in the presence of Mg?* (Figure 1B)
is within error of the assay, and raising the [Mg?*] from 10
nM to 3 mM (Figure 1C) did not result in significant in-
creases in fusion. Furthermore, none of the divalent cations
tested affected fusion in the absence of syt (our unpublished
observations).

Divalent Cations Trigger Binding of syt to t-SNAREs
and PS

Syt I binds anionic lipids and the t-SNAREs, syntaxin and
SNAP-25, in a Ca**-promoted manner (Zhang et al., 2002;
Bai et al., 2004b). These interactions have been suggested to
couple Ca?" influx to regulated secretion, although the role
of SNARE binding activity in Ca®*-regulated secretion has
been questioned (Shin et al., 2003). We therefore carried out
experiments to determine whether there is a correlation
between stimulation of fusion and divalent cation-induced
binding of syt to t-SNAREs and/or to anionic lipids.

A coflotation assay was used to monitor the binding of syt
to t-SNARE liposomes (Figure 2A). This assay is unique
because it makes it possible to measure binding of syt to
t-SNARES that are embedded into membranes rather than to
t-SNAREs in detergent micelles or soluble t-SNARE frag-
ments. In the first series of experiments, we assayed for
binding of syt to t-SNARE liposomes composed of 100% PC;
under these conditions (i.e., in the absence of PS) all of the
proteoliposome binding activity is mediated by interactions
with t-SNAREs and not membranes, because syt does not
bind to PC (Tucker et al., 2004). We observed that all three
divalent cations were able to trigger binding of syt I to
t-SNAREs (Figure 2B), which is consistent with previous
results (Chapman et al., 1995; Tucker et al., 2004, but see also
Shin et al., 2003). For syt VII, Ca®>*, Sr?*, and Ba?* promoted
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binding to t-SNAREs and also stimulated membrane fusion.
Syt IX exhibited strong t-SNARE binding activity in the
presence of Ca?™; weaker, but significant levels of binding in
response to Sr?*; and little binding in Ba?", similar to the
pattern of stimulation seen in the reduced fusion assay.
Thus, in all cases where divalent cations stimulated fusion,
they also triggered sytt-SNARE interactions. However, in
some cases, binding was not sufficient to regulate fusion
(e.g., Ba®* /Sr?>*, and syt I). We propose that syt operates by
first binding to effectors and then driving subsequent con-
formational changes/rearrangements that result in the reg-
ulation of fusion. Apparently, some metals can drive bind-
ing but fail to drive the subsequent steps that regulate
fusion.

Next, we examined the interaction of the cytoplasmic
domains of syt I, VII, and IX with protein free PS-harboring
liposomes in response to different divalent cations. Under
these conditions, syt associates with the liposomes by virtue
of its high-affinity interaction with PS (Tucker et al., 2004).
Syt I bound protein-free vesicles containing 15% PS in the
presence of Ca?* but weakly in the presence of Ba*>* and
Sr?* (Figure 2C); these results correlate well with syt I
stimulation of membrane fusion (Figure 1, B and C). Like-
wise, there was a tight correlation between stimulation of
membrane fusion and the PS binding activity of syt VII and
IX in response to each divalent cation. Specifically, syt VII
stimulated membrane fusion in response to Ca?*, Ba*>*, and
Sr?* and also bound to PS in the presence of all three
divalent cations. Syt IX stimulated membrane fusion in the
presence of Ca?*, weakly in response to Sr*>*, and not at all
in Ba?"—the same pattern of behavior as seen for lipid
binding.

Binding of syt I to vesicles in response to Ba®>* and Sr>*
could be induced by increasing the mole fraction of PS from
15 to 25% (Figure 2C). However, reconstitution of v- and
t-SNARESs into vesicles that harbored 25% PS did not result
in syt I stimulation of membrane fusion in response to Ba®*
and Sr?* (Figure 2, D and E). Thus, in at least some cases,
Sr?*- and Ba?*-triggered binding of syt to PS, and to t-
SNAREs (discussed above), can be uncoupled from mem-
brane fusion. These data indicate that syt regulation of
membrane fusion may involve additional divalent cation-
induced activation steps that occur after binding of syt to
these effector molecules.

Recent studies suggested that syt It-SNARE interactions
are not essential for the fast component of divalent cation
regulated secretion. This was largely based on the observa-
tion that syt I did not bind t-SNAREs in response to Sr>*
(Shin et al., 2003), and native syt IX was reported not to
coimmunoprecipitate (IP) with t-SNAREs in a Ca®*-depen-
dent manner (Shin et al., 2004). However, we found that
recombinant syt I and IX bind reconstituted t-SNAREs in the
presence of Ca®* and Sr?*, although syt IX bound t-SNAREs
somewhat weakly in the presence of Sr*>* (Figure 2B). To
clarify this issue, we performed colP experiments from rat
brain detergent extracts. Native syt I colPed with the t-
SNARE syntaxin to a small extent in EGTA; binding was
significantly increased in response to Ca®* as well as Ba®*
and Sr?* (Figure 3, A and B). As a control, we probed for
SNAP-25 in the immunoprecipitates and found the levels of
SNAP-25 were unaffected by divalent cations (our unpub-
lished observations). Because syt IX is expressed at >10-fold
lower levels in rat brain than syt I (Chicka, Edwardson,
Bhalla, and Chapman, unpublished observations), we can-
not reliably detect syt IX in t-SNARE IPs. This observation
might explain why Shin et al. (2004) failed to detect syt
IX-t-SNARE interactions from rat brain. To further explore
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Figure 3. Full-length syt I and IX bind syntaxin in a divalent cation
promoted manner. (A) Ca?*, Ba?*, and Sr**, but not Mg?*, promote
the colP of native syt I with the t-SNARE syntaxin. Syntaxin was
IPed from a rat brain detergent extract using HPC-1 as described in
Materials and Methods in either 1 mM [divalent cation] or 0.2 mM
EGTA. Samples were subjected to SDS-PAGE and immunoblot anal-
ysis using a-syt I (41.1) or a-syntaxin (HPC-1) antibodies. Total
represents 3 ug of the rat brain extract; 25% of the IPed material was
analyzed. (B) Bound syt I from A is quantified by densitometry.
Error bars represent the SD (n = 5); **p < 0.05. (C) Full-length
syntaxin and syt IX coIP in response to Ca*>* and Sr**. syt IX-c-myc
and syntaxin were cotransfected into HEK-293 cells. Detergent ex-
tracts from transfected cells were incubated with a a-c-myc antibody
to IP syt IX. Samples (50% of the IPed material) were subjected to
SDS-PAGE and immunoblot analysis using a-c-myc (syt IX) or
a-syntaxin antibodies. Total represents 3 ug of the extract. (D)
Syntaxin bound to syt IX (C) was quantified by densitometry. Error
bars represent the SD (n = 3); **p < 0.05, *p = 0.05.

this issue, full-length syt IX was tagged with a c-myc epitope
and coexpressed with full-length syntaxin in HEK-293 cells.
ColIP experiments were then performed using an a-c-myc
antibody. Low levels of syntaxin bound to syt IX in EGTA
with a significant increase in binding in the presence of both
Ca?* (p < 0.05) and Sr?* (p = 0.05; Figure 3, C and D). These
data are in agreement with data obtained using recombinant
proteins (Figure 2B). As a final confirmation, pull-down
experiments were carried out using the cytoplasmic domain
of syt and immobilized GST-tagged SNAP-25 and GST-
tagged syntaxin. The pull-down data confirmed that syt I
and IX bind t-SNAREs in a Ca?*, Ba?*, and Sr*>* promoted
manner (Supplemental Figure 2) and are also in agreement
with previous studies showing that in PC12 cell membranes,
native syts I and IX interact with the other t-SNARE, SNAP-
25, in a Ca?*"-promoted manner (Zhang et al., 2002). Al-
though there are some differences in the extent of binding,
the interaction of syt I and IX with t-SNAREs was always
stimulated by divalent cations that promote fusion.

Syt Stimulates Membrane Fusion by Engaging t-SNAREs

The data mentioned above suggest that t-SNARE binding is
not sufficient for syt stimulation of membrane fusion. To
address more directly whether sytst-SNARE interactions do
in fact regulate fusion, we determined whether mutations in
syt I, that selectively disrupt t-SNARE binding activity, also
disrupt stimulation in the reduced fusion assay. In a previ-
ous study, we showed that doubling or tripling the length of
the linker that connects the C2A and C2B domains of syt I
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results in a graded reduction in Ca?*-dependent t-SNARE
binding activity (Bai et al., 2004b). This is a selective loss-of-
function mutation; increasing the linker length does not
affect the interaction of syt I with anionic lipids (Bai ef al.,
2004b). Coflotation of the linker mutants with reconstituted
t-SNAREs confirmed the loss of t-SNARE binding activity
with increased linker length, although some degree of Ca®*-
dependent binding persisted even with the 3X-linker con-
struct (Figure 4, A and B) (Bai et al., 2004b).

Increasing the length of the linker that connects the C2A
and C2B domains of syt I resulted in a graded loss of
Ca?*esyt stimulated SNARE-catalyzed membrane fusion
(Figure 4C). For example, the extent of stimulation was
reduced 32% for the 3X-linker mutant compared with wild-
type (wt) syt I. These data indicate that reduction of t-
SNARE binding activity correlates with a loss of Ca?*-de-
pendent stimulation of fusion. Thus, syt regulates
membrane fusion, at least in part, via interactions with t-
SNAREs. In the absence of t-SNAREs or v-SNAREs,
Ca?*esyt is without effect in the fusion assay (Tucker et al.,
2004; our unpublished observations).

Disruption of the Ca?*-binding sites in both C2 domains
of syt I abolished Ca?*-stimulated fusion of v- and t-SNARE
vesicles (Tucker et al., 2004). However, it is not known
whether Ca?* binding to the C2A domain, C2B domain, or
both domains is necessary for stimulation. We therefore
analyzed two mutant versions of syt I; one in which the
Ca?*-binding activity of C2A was disrupted (C2A,,B), and
one in which the Ca?*-binding activity of C2B was dis-
rupted (C2AB,,). These mutations reduce t-SNARE and
PS/PC liposome binding activity (Figure 4, A and B; Earles
et al., 2001). Disruption of Ca?*-binding to either C2A or C2B
reduced the ability of syt to stimulate fusion (Figure 4D).
Similar reductions in activity for the C2A and C2B mutants
were observed when liposomes contained 25% PS and 15
uM syt was added to the reaction (Figure 4E). These data
indicate that both C2-domains of syt I play roles in Ca®*
triggered, SNARE-mediated membrane fusion. However, at
lower levels of PS (e.g., 15%; Figure 4D) and soluble syt I, the
mutations in C2A had a greater effect than mutations in C2B
(Figure 4, D compared with E).

PS Is Required for Syt Stimulation of Fusion

Finally, we addressed the role of sytsPS interactions during
membrane fusion. We had previously shown that changes in
the PS content of reconstituted v- and t-SNARE vesicles
results in a shift in the Ca?* dependence of syt-stimulated
membrane fusion, indicating that syt executes its function
via interactions with anionic lipids in addition to interac-
tions with t-SNAREs (Tucker ef al., 2004). Here, we asked
whether PS is essential for Ca®*esyt-stimulated fusion by
selectively omitting this lipid from the v- and/or t-SNARE
vesicles. Removal of PS from both vesicle populations did
not affect SNARE catalyzed fusion but abolished Ca?*esyt
stimulation of fusion (Figure 5, A and B). Thus, PS is an
essential effector for the action of Ca?*ssyt.

Removal of PS from the v-SNARE membranes also re-
sulted in a loss of syt-stimulated membrane fusion. How-
ever, we observed that syt VII and IX, but not syt I, could
tolerate removal of PS from the t-SNARE vesicles (Figure 5,
A and B; our unpublished observations). Thus, PS is essen-
tial for the ability of all isoforms of syt studied here to
stimulate membrane fusion. However, the precise localiza-
tion of PS needed for syt activity differs among syt isoforms.
Although the reason for these latter differences is unclear,
these experiments nevertheless demonstrate that PS is an
essential effector for Ca?*esyt action.

Molecular Biology of the Cell
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Figure 4. Role of Ca?* and t-SNARE binding activity in syt regulation of fusion. (A) Increasing the length of the linker that connects the
C2-domains of syt I results in graded reductions in Ca?"-triggered binding to membrane embedded t-SNAREs. Wt, linker mutants, and
Ca?*-ligand mutant forms of syt I, (10 uM) were incubated with protein-free (pf; 100% PC) or t-SNARE vesicles (100% PC) in the presence
(+) or absence (—; 0.2 mM EGTA) of 1 mM Ca?* as described in Figure 2A. (B) Bound protein from A was quantified by densitometry (n =
3, error bars represent the SD). (C) Increasing the length of the linker between the C2A and C2B domain of syt reduces syt-stimulated
membrane fusion. Wild-type and linker mutant forms of syt I (10 uM) were incubated with v- and t-SNARE vesicles in the presence of 1 mM
Ca®" (open symbols). Error bars represent the SD (n = 4). (D) Role of Ca?* binding to the C2A and C2B domain of syt in syt-stimulated
membrane fusion. Fusion assays were carried out as described in C using a mutant forms of syt I that fail to bind Ca?* via the C2A (C2AB)
or C2B (C2AB,,) domain. These experiments were carried out using liposomes that contain 15% PS. Error bars represent the SD (n = 3). (E)
Fusion assays were carried out as described in D except that the amount of PS in both vesicle populations was increased to 25%. Error bars
represent the SD (n = 3). In C-E, the data obtained in EGTA were omitted for clarity; in EGTA, slight inhibition of fusion by syt was observed
in all experiments. Percent stimulation by syt was determined as defined in Figure 2E.

DISCUSSION

Recent studies have established that syt I is a Ca®>* sensor
that regulates neuronal exocytosis (Augustine, 2001; Koh
and Bellen, 2003; Tucker et al., 2004). Since the identification
of syt I, 15 additional isoforms have been identified in ver-
tebrates (Craxton, 2004). Thus, a major question that has
emerged is: Why have so many distinct isoforms of syt
evolved? One idea is that syts have diverged to sense dis-
tinct ranges of Ca®*. In the current study, we addressed this
hypothesis using a reduced reconstituted system.

We found that syt I, VII, and IX are each able to directly
couple Ca?* to SNARE-catalyzed membrane fusion, but the
[Ca®"],,, values for each isoform were markedly distinct
(Table 1). For example, the [Ca®*], ,, for syt VII (0.30 uM)
was ~400-fold lower than for syt I (116 uM). The Ca?* dose
response for syt IX was more complex, with two inflection
points at 0.40 and 32 uM. These findings establish that syts
have diverged to couple different ranges of [Ca®*] to mem-
brane fusion.

We extended our study to include Sr>* and Ba®*, because
both of these divalent cations have been shown to substitute
for Ca?* as a trigger for exocytosis in a number of cell types
(Tomsig and Suszkiw, 1996; Capogna et al., 1997; Xu-Fried-
man and Regehr, 2000; Kishimoto et al., 2001; Shin et al.,
2003). The goal of these experiments was to determine
whether Sr?* and Ba* act via syt I or via distinct isoforms
of the protein, to regulate fusion. Under the conditions of
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our in vitro fusion assay, syt VII was able to couple both
Sr>* and Ba®" to membrane fusion, syt IX was able to couple
Sr?* but not Ba*>* to fusion, and syt I was unable to couple
either Sr?* or Ba?" to fusion. These data suggest that syt I
might not function as a major Sr>* and Ba®* sensor in
neurons or neuroendocrine cells. The levels of Ba®>* and/or
Sr?* needed to stimulate fusion in the presence of syt VII
and IX are in the high micromolar range, similar to the high
micromolar concentrations of these metals needed to drive
release from intact PC12 cells (Kishimoto et al., 2001). In
addition, the range of [Ca®*] sensed by the syt isoforms
tested here (ECs, values from 0.30 to 116 uM Ca?*) lie
within the range of concentrations that drive membrane
fusion in living cells—from low micromolar to ~200 uM
Ca?*, depending on the cell type under study (Thomas et al.,
1993; Heidelberger et al., 1994; Heinemann et al., 1994; Ro-
driguez et al., 1997; Bollmann et al., 2000; Schneggenburger
and Neher, 2000; Beutner et al., 2001; Kishimoto et al., 2001).

We observed that in all cases where different divalent
cations are able to stimulate membrane fusion, stimulation
correlated with binding to both t-SNARE proteins and to
PS-harboring liposomes. However, in some cases, Ba>* and
Sr?* were able to trigger binding of syt to these effectors
(e.g., syt I) without stimulating fusion. Thus, under some
conditions, binding does not always result in activation of
the fusion reaction. These findings indicate that although
binding is critical for syt function, there are postbinding
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Figure 5. PSis an essential effector of Ca?*esyt action. (A) The indicated isoforms of syt (7 uM) were mixed with v-SNARE (v) and t-SNARE
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that lacked PS are indicated by (—); all combinations were tested. Rounds of fusion were plotted as a function of time. (B) Data from A were
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plotted for each condition.

steps that are essential to regulate fusion. Understanding
these steps will require structural studies to reveal differ-
ences in syt-effector complexes in the presence of various
divalent cations. However, we note that the initial open state
of fusion pores might correspond to a SNARE-lined channel
(Han et al., 2004) that subsequently dilates, resulting in com-
plete membrane fusion. We speculate that the posteffector
binding steps mediated by Ca?* and syt might involve
assembly of SNARE complexes (Chen ef al., 1999) and open-
ing of the fusion pore. Ca?* and syt might then also function
to drive lateral separation of SNARE proteins, or intercala-
tion of lipids between SNARE subunits, to dilate the fusion
pore (Bai et al., 2004b).

Direct support for the idea that Ca®*esyt regulates fusion
via interactions with t-SNAREs was provided using mutant
forms of syt. We have previously characterized a series of
mutations in the linker of syt I that connects the tandem
C2-domains. By lengthening this linker two- and threefold,
we observed a graded reduction in t-SNARE binding activ-
ity, with no effect on sytPS interactions (Bai et al., 2004b).
When full-length syt-linker mutants were expressed in PC12
cells, they resulted in a graded reduction in catecholamine
secretion and in the destabilization of fusion pores. Here, we
observed that the syt I linker mutants reduced the ability of
syt I to couple Ca?* to fusion in our reduced fusion assay.
We note that the effect of the linker mutations was less
marked in the reconstituted system compared with PC12
cells (Figure 4C compared with Bai et al., 2004b). We suggest
that this difference is due to differences in the rate limiting
steps in these two systems; fusion in PC12 cells is much
faster than in our minimal defined system. Thus, the smaller
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effect of the linker mutant in the slower, reduced system
might be due to a rate-limiting step that is distinct from
sytst-SNARE interactions.

It has been reported that syt IX fails to bind to t-SNAREs
in response to Ca?* (Shin et al., 2004). Thus, if syt IX is
important for driving exocytosis in some cell types (Fukuda
et al., 2002b), it might do so without binding t-SNAREs.
However, our data—using three independent assays—
clearly demonstrate that Ca®>* indeed triggers efficient bind-
ing of syt IX to t-SNAREs. A plausible explanation for why
binding was not observed by Shin et al. (2004) might be
because syt IX is expressed at 10-fold lower abundance in
brain (Chicka, Edwardson, Bhalla, and Chapman, unpub-
lished observations) and therefore fell below the limits of
detection in the previous study (Shin et al., 2004).

Direct support for the idea that Ca?*ssyt regulates fusion
via interactions with PS was provided by omitting PS from
either the v- or t-SNARE liposomes in the reconstituted
fusion assay. Complete removal of PS from both populations
of liposomes did not affect SNARE-mediated fusion in the
absence of syt. This was a somewhat surprising finding,
because previous studies had indicated that syb interacts
with PS in a manner that prevents SNARE complex assem-
bly (Hu et al., 2002; Quetglas et al., 2002; Kweon et al., 2003).
Thus, in our assay system, either PS does not affect the
ability of syb to form SNARE complexes, or, the release of PS
by syb is not rate limiting. The key finding here was that
removal of PS completely abolished the ability of Ca?*+syt to
stimulate fusion. These data unequivocally establish that PS
is an essential effector of Ca?*esyt action. For syt I, activity
required the presence of PS on both sides of the membranes
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destined to fuse, whereas for syt VII and IX PS was needed
only in the v-SNARE membrane. The reasons for these dif-
ferences are unclear, but may involve the distinct abilities of
syt, or syt-oligomers (Fukuda et al., 2002a; Wu et al., 2003), to
draw two bilayers together.

We do not yet know, on a quantitative basis, the relative
contribution of sytt-SNARE interactions in the fusion reac-
tion. Unlike PS, we cannot simply remove SNARE proteins
from one or both membranes, because under those condi-
tions Ca?*esyt is without effect and no fusion is observed
(Tucker et al., 2004). However, syt stimulation of membrane
fusion was completely blocked by the cytoplasmic domains
of both v-SNAREs and t-SNAREs, supporting the idea that
Ca?*esyt acts through SNARE proteins (Figure 1D; Tucker et
al., 2004). Furthermore, alterations in t-SNARESs alone (i.e., a
truncation of SNAP-25 that mimics cleavage by botulinum
neurotoxin A) shifted the Ca?* sensitivity of the fusion
reaction (without affecting syt'membrane interactions or syt-
mediated aggregation of vesicles), further supporting the
idea that syt acts, at least in part, via t-SNAREs (Tucker et al.,
2004). Furthermore, the concentration of syt I needed to
saturate the in vitro fusion reaction was directly related to
the density of t-SNAREs used in the assay, again suggesting
that syt operates by interacting with t-SNAREs (Tucker et al.,
2004). The syt I linker mutant data discussed above (Figure
4, A-C) provide additional evidence for a role of sytet-
SNARE interactions in fusion.

Point mutations that disrupt the Ca?*-sensing ability of
the C2A or C2B domain have been expressed in syt I null
neurons and their effects on synaptic transmission deter-
mined. In some of these studies, it was concluded that the
C2B domain plays a more important role in synaptic trans-
mission than the C2A domain (Fernandez-Chacon et al.,
2002; Mackler et al., 2002; Nishiki and Augustine, 2004).
However, other studies suggest that, like C2B, C2A also
plays a critical role in transmitter release from neurons
(Fernandez-Chacon ef al., 2001; Stevens and Sullivan, 2003)
and PC12 cells (Wang ef al., 2003). In addition, it should be
noted that the readout of our fusion assay is distinct from
electrophysiological measurements of exocytosis that rely on
postsynaptic recordings. Indeed, recent studies indicate that
the majority of release events in hippocampal neurons might
not be associated with complete fusion and lipid bilayer
mixing (Aravanis et al., 2003; Richards et al., 2005). More-
over, our simplified fusion assay lacks many of the addi-
tional regulatory components that are present in a cellular
milieu.

In summary, our data suggest that syts act via a common
mechanism that involves forming complexes with both t-
SNAREs and with PS. Different isoforms of syt have di-
verged to couple distinct ranges of [Ca®*] to fusion, and
some isoforms, but not others, are Sr>* and Ba?" sensors, as
defined by functional criteria.
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