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Synaptotagmins (Syt) are a large family of proteins that regu-
late membrane traffic in neurons and other cell types. One iso-
form that has received considerable attention is SYT4, with
apparently contradictory reports concerning the function of
this isoform in fruit flies and mice. SYT4 was reported to func-
tion as a negative regulator of neurotrophin secretion in mouse
neurons and as a positive regulator of secretion of a yet to be
identified growth factor from muscle cells in flies. Here, we have
directly compared the biochemical and functional properties of
rat and fly SYT4. We report that rat SYT4 inhibited SNARE-
catalyzed membrane fusion in both the absence and presence of
Ca’". In marked contrast, fly SYT4 stimulated SNARE-medi-
ated membrane fusion in response to Ca>*. Analysis of chimeric
molecules, isolated C2 domains, and point mutants revealed
that the C2B domain of the fly protein senses Ca>* and is suffi-
cient to stimulate fusion. Rat SYT4 was able to stimulate fusion
in response to Ca>* when the conserved Asp-to-Ser Ca>* ligand
substitution in its C2A domain was reversed. In summary, rat
SYT4 serves as an inhibitory isoform, whereas fly SYT4 is a bona
fide Ca*>* sensor capable of coupling Ca>* to membrane fusion.

Neurons harbor two distinct major classes of secretory vesi-
cles: small synaptic vesicles (SV),” which mediate rapid synaptic
transmission, and large dense core vesicles (LDCV), which
secrete neuropeptide growth factors as well as other hormones
(1). Significant progress has been made in the identification and
function of positive and negative regulators of SV exocytosis
(2), but at present less is known concerning the regulation of
LDCV exocytosis.

Early studies indicate that a member of the synaptotagmin
family of proteins, SYT4 (3), is a component of SVs (4), whereas
other reports rule out the presence of SYT4 on SVs (5, 6). More
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recent studies, carried out using fruit flies and mouse neurons,
suggest that SYT4 might play a direct role in the regulation of
secretion from LDCVs in both organisms (7-9). More specifi-
cally, SYT4 was shown to be expressed in muscle cells at the
Drosophila neuromuscular junction (7). Loss of postsynaptic
SYT4 results in defects in presynaptic nerve terminal growth
and plasticity, and it is proposed that SYT4 functions as a pos-
itive regulator of an unidentified retrograde messenger (7).

A different view arose from similar studies carried out
using cultured mouse neurons (8). In this case, SYT4 was
shown to co-localize with brain-derived neurotrophic factor
(BDNF) in LDCVs that are targeted to both pre- and
postsynaptic compartments. Knock-out and overexpression
experiments revealed that SYT4 serves as a negative regula-
tor of BDNF secretion at both loci. SYT4 is rapidly up-regu-
lated in response to activity (10-12), and it was proposed
that up-regulation of SYT4 serves to down-regulate synaptic
function via inhibition of BDNF (8). Indeed, SYT4 serves to
limit the magnitude of long-term potentiation via its ability
to inhibit the release of BDNF (8).

Collectively, it appears that the positive role played by SYT4
at the fly neuromuscular junction and the negative role of SYT4
in the release of BDNF from mouse neurons are contradictory
findings. The focus of the current study is to use direct ap-
proaches to resolve this apparent controversy. Before delving
further, it will be useful to review a few key findings regarding
the Syt family.

All of the Syt isoforms have similar overall structures: a short
luminal domain, a single transmembrane domain, and a cyto-
plasmic domain comprising tandem C2 domains called C2A
and C2B (13).In SYT1, each C2 domain binds two to three Ca?*
ions via four to five acidic residues in two flexible loops (14 —16);
upon binding Ca>* these loops partially insert into membranes
that harbor acidic phospholipids (17, 18). The insertion step
drives localized bending of the target membrane to facilitate
fusion (19, 20). Syt has also been shown to mediate vesicle
aggregation; this could juxtapose SNAREs to facilitate fusion
(21, 22). In addition, SYT1 binds to target membrane SNARE
proteins in a Ca®>" promoted manner (23, 24); it is thought that
the Ca>"-independent component of this interaction serves to
clamp or inhibit the fusion complex (25). Then, in response to
Ca®", SYT1 can influence the folding and assembly of SNAREs
to facilitate fusion (26).

In contrast to SYT1, SYT4 harbors a Asp-to-Ser substitution
of one of the Ca®" ligands in its C2A domain (3). Interestingly,
fly SYT4 harbors the same Asp-to-Ser mutation within its C2A
domain, but in contrast to the rat protein, fly SYT4 appears to
retain some degree of Ca®", and Ca®"-dependent effector,
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binding activity (27, 28). This observation is consistent with the
notion that fly SYT4 might serve to facilitate SNARE-mediated
membrane fusion reactions, whereas rat SYT4 inhibits these
reactions. Here, we directly test this idea by assaying both pro-
teins in a reconstituted membrane fusion system. Our results
confirmed that rat SYT4 is a negative regulator of SNARE cat-
alyzed membrane fusion and also directly revealed, for the first
time, that fly 4 serves as a positive regulator of fusion. Hence,
despite their ~50% sequence identity and the conserved substi-
tution of a Ca®" ligand in their C2A domains, mouse and fly
SYT4 are not functional orthologs. Further experiments pro-
vided insights into the molecular basis for these functional
differences.

EXPERIMENTAL PROCEDURES

DNA Constructs—A plasmid for the expression of mouse
synaptobrevin 2 in Escherichia coli was provided by J. E. Roth-
man (Yale University, New Haven, CT) (29); full-length
t-SNARE heterodimers were generated as described previously
by subcloning cDNA encoding full-length rat SNAP-25B and
rat syntaxin 1A into the pRSFDuet-1 vector (Novagen) (25).
c¢DNA encoding fly SYT1, fly SYT4, fly n-syb, fly syntaxin 1A,
and fly SNAP-25 were provided by J. T. Littleton (Massachu-
setts Institute of Technology, Boston). For expression in bacte-
ria, the cytoplasmic domains of fly SYT1-(148-474) and fly
SYT4-(134 —474) were subcloned into pGEX-4T vectors. Point
mutations were generated by QuikChange mutagenesis (Strat-
agene). Rat chimeras were subcloned into pGEX-4T vectors as
follows: rat1A 4B, residues 96 —263 of SYT1 and residues 279 —
425 of SYT 4; rat4A 1B, residues 108 —278 of SYT4 and residues
264 —421 of SYT1. Full-length fly n-syb was subcloned into the
pET-28a vector using the EcoRI and BamHI sites. To generate
fly t-SNARE heterodimers, cDNA encoding full-length fly
SNAP-25 was subcloned into pRSFDuet-1 (Novagen) using the
EcoRI and Notl sites; full-length fly syntaxin was subcloned into
a downstream site via BgIII and Kpnl sites. Rat and fly SYT4
chimeras were subcloned into pGEX-4T vectors as follows:
rat4A fly4B, residues 108 —278 of rat SYT4 and residues 322—
474 of fly SYT4; fly4 A rat4B, residues 134321 of fly SYT4 and
residues 279—-425 of rat SYT4. The cytoplasmic domain of
SYT11 was subcloned into pGEX-4T vectors.

Protein Expression and Purification—Recombinant proteins
were generated as described previously (30).

Liposome Preparation—DProteoliposomes were prepared as
described (31). Briefly, lipids were dried under a stream of
nitrogen and resuspended in elution buffer (25 mm HEPES, 400
mM KCI, 10% glycerol, 1 mm dithiothreitol, 1% n-octylglu-
coside) containing SNARE proteins. Mixtures were diluted
with dialysis buffer (25 mm HEPES, 100 mm KCl, 10% glycerol,
1 mm dithiothreitol) and centrifuged for 5 h at 41,000 rpm in an
Accudenz gradient. Liposomes were collected (1.2 ml) from the
0 and 30% Accudenz interface.

For preparation of protein free liposomes, lipids (15% phos-
phatidylserine (PS), 30% phosphatidylethanolamine (PE), 55%
phosphatidylcholine (PC)) were dried under a stream of nitro-
gen and resuspended in dialysis buffer. The mixtures were then
extruded through polycarbonate membranes (100 nm, GE
Healthcare) to form unilamellar liposomes.
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In Vitro Fusion Assays—Fusion assays were performed as
described (30) but using 10-fold lower amounts of vesicles and
proteins. Under these conditions, less Syt is needed to drive
fusion at rates comparable with our earlier studies. Briefly,
75-ul fusion reactions were prepared, including 4.5 ul of
t-SNARE vesicles or protein-free vesicles, 0.5 ul of 7-nitro-2-
1,3-benzoxadiazol-4-yl (NBD)-rhodamine-labeled v-SNARE
vesicles and 1 um Syt. The mixtures were preincubated at 37 °C
for 20 min in the presence of 0.2 mm EGTA followed by injec-
tion of Ca?* (1 mm); fusion was monitored for an additional
hour. At the end of each run, 20 ul of the detergent n-dodecyl-
B-p-maltoside was added to each reaction to yield the maxi-
mum fluorescence signals at “infinite” dilution of the fluores-
cence resonance energy transfer (FRET) donor-acceptor pair.
NBD dequenching was monitored using a BioTek Synergy HT
plate reader.

Co-sedimentation Assays—Syt proteins (4 uM) were incu-
bated with increasing concentrations of liposomes (15% PS,
55% PC, and 30% PE) for 15 min at room temperature in a final
reaction volume of 100 ul. The mixtures were then centrifuged
at 70,000 rpm for 1 h. The supernatant of each sample was
collected, mixed with 25 ul of 3X SDS loading buffer, and
boiled for 5 min. Samples were subjected to SDS-PAGE and
stained with Coomassie Blue.

Co-flotation Assays— 45 pl of PS-free t-SNARE vesicles were
mixed with the indicated Syt proteins (10 um final concentra-
tion) in the presence of either 1 mm Ca®>* or 0.2 mm EGTA in a
total reaction volume of 100 ul at room temperature for 30 min.
Samples were mixed with 100 wl of 80% Accudenz and trans-
ferred to centrifuge tubes (Beckman Instruments). 35, 30, and
0% Accudenz were sequentially added to form step gradients.
Samples were centrifuged at 55,000 rpm for 105 min. 40 ul of
each sample was collected at the interface between the 30 and
0% Accudenz layers and analyzed by SDS-PAGE and staining
with Coomassie Blue.

Immunoprecipitation—Syt proteins (2 um) were mixed with
t-SNARE heterodimers (2 uM) in TBS buffer (20 mm Tris, 150
mM NaCl, pH 7.4) plus 0.5% Triton X-100 in a total volume of
150 wl for 1 h at 4 °C in the presence of 2 mm EGTA or 1 mm
Ca®*.t-SNARE heterodimers were immunoprecipitated with 2
wl of an anti-syntaxin antibody (HPC-1) for 2 h followed by the
addition of 40 ul of a 50% slurry of protein G-Sepharose Fast
Flow beads (GE Healthcare). The mixtures were incubated for
1 h, and beads were collected by centrifugation. Pellets were
washed with TBS buffer four times, boiled in sample buffer,
subjected to SDS-PAGE, and stained with Coomassie Blue.

RESULTS

Opposite Effects of Rat and Fly SYT4 in Reconstituted Mem-
brane Fusion Reactions—Rat and fly SYT4 exhibit ~50%
sequence identity within their cytoplasmic domains and, as
their names indicate, are thought to be encoded by orthologous
genes. Compared with SYT1, they both bear an Asp-to-Ser sub-
stitution of one of the acidic Ca®>" ligands within the C2A
domain. However, recent studies suggest that rat and fly SYT4
have distinct physiological functions (7-9, 32). These differ-
ences in function may be because of the distinct biochemical
properties of these two proteins. Here, we addressed this ques-
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FIGURE 1. Effect of rat and fly SYT4 on reconstituted SNARE-mediated
membrane fusion reactions. A, schematic diagram of the in vitro fusion
assay. Tr, t-SNARE vesicle; Vr, v-SNARE vesicle. B, left, the cytoplasmic domain
of rat or fly SYT4 (1 um) was added to SNARE-bearing liposome fusion reac-
tions, and samples were incubated for 20 min prior to the addition of Ca?*.
After injection of Ca®" (1 mm [final], indicated by arrows), fusion was moni-
tored for another 120 min at 37°C. As controls, rat and fly SYT1 were assayed
under identical conditions. NBD dequenching signals were normalized to the
maximum fluorescence signal, obtained by adding detergent, and plotted as
a function of time. Right, experiments were also carried out in the continued
presence of 0.2 mm EGTA. C, the final extent of fusion, regulated by SYT1 or
SYT4, was plotted against protein concentration in the presence of 1 mmCa?*
(left panel) or 0.2 mm EGTA (right panel) (n = 3).

tion by carrying out direct comparisons of rat and fly SYT4 in a
well characterized reconstituted membrane fusion assay (25,
30, 31). SNAREs, from either rat or fly, were reconstituted into
PS/PC/PE (15/55/30%) liposomes. v-SNARE vesicles bear a
fluorescence resonance energy transfer donor-acceptor pair
(NBD-rhodamine) attached to the head group of PE. Fusion of
v-SNARE-bearing vesicles with unlabeled t-SNARE vesicles
serves to dilute the donor-acceptor pair, resulting in dequench-
ing of the NBD signal, which is monitored using a plate reader
(Fig. 1A).

Rat and fly SYT4 were preincubated with SNARE-bearing
vesicles for 20 min. Ca®>" was then added to yield a final free
concentration of 1 mm, and fusion was monitored for another
120 min. Rat and fly SYT4 exhibited marked functional differ-
ences in this fusion assay (Fig. 1, B and C). Rat SYT4 inhibited
fusion in the absence and presence of Ca”>*, whereas fly SYT4
promoted robust fusion in response to Ca*>"; fusion was not
observed using protein-free vesicles (data not shown). As a pos-
itive control we included rat and fly SYT1 in parallel fusion
assays. As expected, rat SYT1 gave rise to efficient Ca®>*-pro-
moted fusion activity. Interestingly, similar results were
obtained using the fly ortholog of SYT1. Because Syt proteins
operate, in part, by engaging SNARE proteins (25, 26, 30, 33,
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34), these findings further suggested that the determinants that
underlie Syt-SNARE interactions are conserved across species.
These results also helped to validate the use of vertebrate
SNAREs to study invertebrate Syt proteins. However, to ensure
that these results were not specific for rat SNAREs, we repeated
these experiments with fly SNARE-bearing vesicles, and similar
results were obtained. Rat SYT4 inhibited fly SNARE-mediated
fusion, whereas fly SYT4 stimulated fly SNARE-mediated fu-
sion (supplemental Fig. S1). Both proteins were able to clamp
fusion in EGTA.

As alluded to above, Syt proteins have been proposed to reg-
ulate fusion by interacting with PS and t-SNAREs (35). We
therefore compared the PS and t-SNARE binding activities of
fly and rat SYT1 and SYT4 to determine whether these effector
interactions were indeed correlated with Ca®* -regulated fusion
activity. PS binding activity was monitored using a co-sedi-
mentation assay in which Syt was incubated with increasing
amounts of PS-bearing liposomes. Liposomes were then pel-
leted via centrifugation. To avoid the loss of material in the
pellet due to washing steps, we monitored the depletion of Syt
from the supernatant and used this information to calculate the
amount of bound material. Using this approach we found that
rat SYT4 failed to bind to PS in either the absence or presence of
Ca®*.In contrast, fly SYT4, as well as rat and fly SYT1, bound to
PS in a Ca?*-dependent manner (Fig. 2A4). These data are con-
sistent with previous reports indicating that fly, but not rat,
SYT4 binds to PS in response to Ca>" (28, 36).

Next, we examined the t-SNARE binding activities of rat and
fly SYT4 using a co-flotation assay in which t-SNAREs are
reconstituted into liposomes that lack PS. Soluble Syt frag-
ments were incubated with the liposomes and centrifuged
through an Accudenz step gradient. Syt that was bound to ves-
icles via interactions with t-SNAREs co-floated with the pro-
teoliposomes to the top of the 0-30% Accudenz interface.
Vesicles were collected from this interface, subjected to SDS-
PAGE, and stained with Coomassie Blue. Rat SYT4 strongly
bound to t-SNARE heterodimers in the absence Ca2*; binding
was not influenced by the addition of Ca®>*. In contrast, fly
SYT4, as well as rat and fly SYT1, bound to t-SNAREs weakly in
the absence of Ca>"; the addition of Ca®" resulted in a signifi-
cant increase in t-SNARE binding activity (Fig. 2B). Together
with the PS binding data detailed above, we propose that rat
SYT4 is unable to stimulate fusion because it fails to interact
with either PS or t-SNARE heterodimers in response to Ca**.

Rat SYTI1 and SYT4 Chimeras Failed to Stimulate Fusion—
Both rat and fly SYT4 bear the same aspartate to serine substi-
tution in one of the Ca®>" ligands in C2A (Fig. 4A), yet one
protein is an active Ca®>" sensor and the other is not. To gain
greater insight into this critical difference, we made use of chi-
meric proteins that harbored tethered C2 domains from differ-
ent Syt isoforms.

First, we noted that in the case of rat SYT1, the isolated C2B
domain alone is able to stimulate fusion in the reconstituted
fusion assay (30), and thus differences in the C2B domain
between rat and fly SYT4 could potentially contribute to the
observed differences in our fusion assays. However, it is also
possible that an inactive C2A domain in rat SYT4 might be able
to down-regulate the activity of its adjacent C2B domain (e.g. as
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FIGURE 2. PS and t-SNARE binding activities of rat and fly SYT4. A, left, representative gel of the co-sedi-
mentation assay used to monitor Syt-membrane interactions, in the presence of 0.2 mmMEGTA or T mmCa?*. Syt
was incubated with liposomes (15% PS, 30% PE, 55% PC) for 20 min. Bound and free proteins were then
separated via sedimentation as described under “Experimental Procedures.” The supernatant fraction, which
was depleted of Syt protein upon binding liposomes, was subjected to SDS-PAGE and stained with Coomassie
Blue. Rat SYT4 failed to bind PS-harboring liposomes; in contrast, fly SYT4, rat SYT1, and fly SYT1 all bound to
PS-harboring vesicles in a Ca®*-dependent manner. Right, the amount of bound protein was calculated and
plotted against [liposome] (n = 3). B, left, the t-SNARE binding activities of SYT4 and SYT1 were monitored using
a co-flotation assay as described under “Experimental Procedures.” Syt proteins were incubated with PS-free
t-SNARE vesicles (Tr) (30% PE, 70% PC) in 0.2 mm EGTA and then floated through a density gradient with or
without added Ca?* (1 mm). Syt that was associated with vesicles (via interactions with t-SNARE) was collected
from the top layer of the gradient, subjected to SDS-PAGE, and stained with Coomassie Blue. A representative
gelis shown. Rat SYT4 exhibited strong t-SNARE binding activity in EGTA; this binding was unaffected by Ca®".
In contrast, rat SYT1, fly SYT1, and fly SYT4 all exhibited weak t-SNARE binding activity in the absence of Ca®*
and much stronger binding in the presence of Ca®*. Neither rat SYT1 nor rat SYT4 bound to protein-free (pf)
liposomes that lacked PS. Right, the molar ratio of Syt to syntaxin (syx) in each sample was plotted.

active C2B domain could still regu-
late fusion when tethered to a
“dead” C2A domain (Fig. 34).

We tested these two chimeras in
the fusion assay and found that
neither was able to stimulate fusion
to any significant degree, although
there was a minor increase in fusion
when using relatively high concen-
trations (1-2 uM) of ratlA 4B (Fig.
3B). These experiments suggested
that both C2 domains from rat
SYT4 are defective in terms of
stimulating membrane fusion in
response to Ca>*.

Functional Comparison of the Iso-
lated C2 Domains from Rat and Fly
SYT4—As shown above, rat and fly
SYT4 have distinct effects in mem-
brane fusion reactions. To further
elucidate the molecular basis for
this difference, we purified the iso-
lated C2 domains from each protein
and analyzed them in the fusion
assay. Interestingly, the isolated
C2B from fly SYT4 was able to stim-
ulate fusion in response to Ca®". In
contrast, rat SYT4 C2B, as well as
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FIGURE 3. Rat SYT1 and SYT4 chimeras have modest effects on reconsti-
tuted membrane fusion reactions. A, schematic diagram summarizing the
structural organization of rat SYT1 and SYT4 chimeras. B, the extent of fusion
regulated bzy two rat chimeric proteins, rat1A 4B and rat4A 1B in the presence
of 1 mm Ca*", was plotted against [Syt]. Neither chimera stimulated signifi-
cant levels of fusion (n = 3).

shown in supplemental Fig. S2, the D230S mutation in the C2A
domain of the cytoplasmic domain of rat SYT1 significantly
reduced the ability of adjacent C2B domain to stimulate fusion).

To begin to discern between these possibilities, we built two
chimeras between rat SYT1 and rat SYT4: the C2A domain
from SYT1 was fused with the C2B domain from rat SYT4 (des-
ignated rat1A 4B). This chimera was used to address the ques-
tion of whether the C2A domain of SYT1 could activate the
C2B domain of SYT4 (37). The second chimera, in which the
C2A domain from SYT4 was fused with the C2B domain from
SYT1 (designated rat4A 1B), was used to determine whether an
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ratand fly SYT4 C2A, failed to stim-
ulate fusion (Fig. 4B). These results
confirm that rat SYT4 fails to stimulate membrane fusion
because of a lack of activity in both of its C2 domains.

We then tested the PS binding activities of the isolated SYT4
C2 domains using the supernatant depletion liposome co-sed-
imentation assay (Fig. 4C and supplemental Fig. S3A4). Fly SYT4
C2B bound to PS in response to Ca®>*. In contrast, rat SYT4
C2B, as well as rat and fly SYT4 C2A, failed to bind to PS in
either the presence or absence of Ca>".

We also tested the t-SNARE binding activities of each C2
domain using the reconstituted t-SNARE liposome co-flotation
assay. Analogous to the PS binding activity of each C2 domain
described above, fly SYT4 C2B bound to t-SNARE het-
erodimers in a Ca®>*-promoted manner. In contrast, rat SYT4
C2B exhibited robust Ca>*-independent t-SNARE binding
activity. The rat and fly SYT4 C2A domains bound to t-SNARE
heterodimers weakly in the absence and presence of Ca** (Fig.
4D and supplemental Fig. S3B).

In light of these findings, using isolated C2 domains, we built
and tested another chimeric protein: the C2A domain of rat
SYT4 was fused to the C2B domain of fly SYT4 (designated
rat4A fly4B) (supplemental Fig. S44). We found that this chi-
mera was not able to stimulate fusion when tested at concen-
trations up to 1 um (supplemental Fig. S4B). These findings
indicate that rat SYT4 C2A is able to “shut off” a functional
adjacent C2B domain. These data are consistent with our find-
ings in Fig. 3B demonstrating that rat SYT4 C2A is also able to
inhibit the function of an adjacent SYT1 C2B domain. For com-
pleteness, we tested an additional chimera: the C2A domain of
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FIGURE 4. The C2B domain of fly SYT4 directly promotes fusion in
response to Ca2*. A, alignment of Ca®" ligands in rat and fly Syt. The con-
served Asp-to-Ser Ca®" ligand substitution is indicated by an open rectangu-
lar box. B, fusion reactions were carried out as described in the legend for Fig.
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cence signals were plotted against [C2 domain]. Fly SYT4 C2B triggered fusion
in response to Ca®™; rat SYT4 C2A, C2B and fly SYT4 C2A all failed to stimulate
fusion. C, the ability of isolated C2 domains from rat and fly SYT4 to bind
PS-bearing liposomes was monitored using a co-sedimentation assay. The
amount of bound protein was determined and plotted against [liposome]. Fly
SYT4 C2B bound to PS-bearing liposomes in response to Ca®*; the other three
C2 domains failed to exhibit significant levels of binding. D, the t-SNARE bind-
ing activities of the isolated C2 domains from rat and fly SYT4 were monitored
using a co-flotation assay as described in the legend for Fig. 2B. The molar
ratio of Syt to syntaxin in each sample was plotted. Both C2 domains of rat
SYT4, as well as fly SYT4 C2A, bound to t-SNAREs in a Ca®*-independent
manner. In contrast, fly SYT4 C2B bound to t-SNARE in a Ca?"-dependent
manner (n = 3). For representative gels of these experiments, please see
supplemental Fig. S3.

fly SYT4 was fused to the C2B domain of rat SYT4 (designated
fly4A rat4B). This chimera also failed to stimulate fusion, in
agreement with the observation that each of the isolated C2
domains used to build the construct was without activity in the
reconstituted fusion assay (supplemental Fig. S4).

Reversal of the Ser-244 Mutation Endows Rat SYT4 with the
Ability to Function as a Ca”" Sensor for Fusion—As detailed
above, SYT4, in both fly and rat, harbors a Asp-to-Ser substitu-
tion of one of the Ca®" ligands within its C2A domain. Previous
studies have examined the functional consequences of this
mutation in a neuroendocrine cell line. First, amperometric
recordings of LDCV exocytosis in PC12 cells overexpressing
wild type rat SYT4 (which harbors Ser-244) revealed an
increase in stand-alone foot (SAF) signals as compared with
cells overexpressing SYT1. SAF represent events in which
fusion pores open and close again without dilating. The S244D
mutation in rat SYT4 reduced the duration of SAF to that in
cells overexpressing SYT1, but the frequency of SAF remained
as high as that in cells overexpressing wild type SYT4 (38).
These data suggest that the S244D mutation converts, at least
partially, the biological activity of SYT4 so that it is more similar
to SYT1. We therefore tested whether the S244D mutation
might be able to rescue the ability of rat SYT4 to stimulate
membrane fusion in vitro. As shown in Fig. 54, we found that
the S244D mutant form of rat SYT4 was in fact able to stimulate
membrane fusion. This gain of function suggests that rat SYT4
evolved to inhibit membrane fusion. For comparison, we gen-
erated and tested a fly SYT4 mutant that carries an analogous
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FIGURE 5. The $244D mutation in rat SYT4 results in robust Ca* sensor
function during reconstituted membrane fusion. A, fusion assays were
carried out as described in the legend for Fig. 1B but with the indicated Syt
constructs. In contrast to wild type rat SYT4, the S244D mutant stimulated
membrane fusion in the presence of Ca*. B, an analogous mutation was also
analyzed in fly SYT4 (S284D); this mutation was largely without effect. C, the
$244D mutation endowed the isolated C2A domain of SYT4 with the ability to
stimulate fusion in response to Ca®". Tr, t-SNARE vesicle; Vr, v-SNARE vesicle.

mutation (fly SYT4 S284D). The mutant fly SYT4 stimulated
fusion in response to Ca>" to levels similar to wild type fly
SYT4, and no apparent gain of function was observed (Fig. 5B).

To further understand how the S244D mutation “activates”
rat SYT4, we examined its PS and t-SNARE binding activity,
again using the co-sedimentation and co-flotation assays
detailed above. These experiments revealed that the point
mutation gave rise to Ca®" -regulated binding of the intact cyto-
plasmic domain of rat SYT4 to both of these effectors (Fig. 6, A
and B, and supplemental Fig. S5, A and B).

The gain of function brought about by the Ser-to-Asp muta-
tion could be restricted to the C2A domain of rat SYT4. Alter-
natively, and as noted above, this mutation could act by altering
the ability of C2A to influence the adjacent C2B domain
(supplemental Fig. S2). To address this question, we analyzed
the isolated C2A domain, which harbored this mutation, in the
fusion assay and found that it stimulated fusion in response to
Ca®* (Fig. 5C). Hence, the $S244D mutation endows the C2A
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FIGURE 6.PS and t-SNARE binding activities of rat and fly SYT4 Ser-to-Asp
mutants. A, liposome binding assays were carried out by co-sedimentation
and analyzed as described in the legend for Fig. 2A. Rat SYT4 failed to bind. Rat
SYT4 S244D, wild type fly SYT4, and fly SYT4 S284D all bound to PS-bearing
liposomes in response to Ca?*. B, the molar ratio of Syt to syntaxin, as deter-
mined from co-flotation assays (described in the legend for Fig. 2B), was plot-
ted (n = 3). Wild type and S244D mutant rat SYT4 bound to t-SNAREs in a
Ca?"-independent manner. In contrast, wild type fly SYT4 and the S284D
mutant exhibited Ca®"-promoted t-SNARE binding activity. C, co-immuno-
precipitation of Syt with t-SNARE heterodimers composed of full-length
SNAP-25B and syntaxin 1A. The isolated C2A domain of rat SYT4 S244D
bound to t-SNAREs in a Ca?*-dependent manner. Rat SYT1 was analyzed in
parallel and served as a control. For representative gels of these experiments,
please see supplemental Fig. S5.

domain of rat SYT4 with the ability to function asa Ca** sensor
capable of regulating SNARE-catalyzed fusion reactions.

Next, we examined the PS and t-SNARE binding activity of
the isolated C2A domain that bore the $S244D mutation using
co-sedimentation and co-immunoprecipitation assays. Isolated
S244D SYT4 C2A bound to PS-bearing liposomes in response
to Ca®" (Fig. 6A and supplemental Fig. S5A), consistent with a
previous report (39). Given that the t-SNARE binding activity
of the rat SYT4 C2A S244D mutant was too weak to be quanti-
fied using co-flotation assays (where low affinity interactions
canresult in significant levels of dissociation during centrifuga-
tion), we used a co-immunoprecipitation approach to monitor
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FIGURE 7. Analysis of wild type and mutant SYT11 in reconstituted mem-
brane fusion assays. Wild type rat SYT11 failed to stimulate membrane
fusion. The S246D mutation, which restored a Ca®* ligand within the C2A

domain, endowed the protein with the ability to stimulate fusion in response
to Ca®*. Tr, t-SNARE vesicle; Vr, v-SNARE vesicle.

binding. Isolated S244D rat SYT4 C2A was incubated with full-
length t-SNARE heterodimers in detergent and immunopre-
cipitated using an anti-syntaxin antibody. Bound material was
subjected to SDS-PAGE and the gels stained with Coomassie
Blue. Rat SYT4 S244D C2A bound to t-SNARE heterodimers
weakly in the absence of Ca®>*; binding was significantly
increased by the addition of Ca®>". SYT1 served as a control and
exhibited robust Ca®"-dependent t-SNARE binding activity
(Fig. 6C and supplemental Fig. S5C).

Among all of the Syt isoforms, SYT11 has the greatest degree
of homology to rat SYT4, and harbors the Asp-to-Ser substitu-
tion of the same Ca®" ligand as SYT4 (40). Therefore, in the
final series of experiments, we compared rat SYT4 and SYT11
in the reconstituted fusion assay. Analogous to SYT4, wild type
SYT11 failed stimulate fusion, whereas reversal of the Ca®"
ligand mutation in the C2A domain of SYT11 back to an aspar-
tic acid residue endowed the protein with the ability to stimu-
late membrane fusion in response to Ca>" (Fig. 7).

DISCUSSION

SYT4 is an interesting member of the Syt family because its
expression is induced by seizures and activity (10). Indeed,
SYT4 KO mice exhibit defects in memory and learning tasks,
and SYT4 has emerged as a critical regulator of synaptic plas-
ticity in mice (8,41-43). SYT4 has been studied in detail in fruit
flies, where it also affects aspects of synaptic plasticity and neu-
ronal growth (7, 32). However, studies based on mice and flies
have resulted in apparently contradictory findings. Namely,
studies of mammalian SYT4 indicate that it plays an inhibitory
role in secretion. For instance, overexpression of SYT4 reduces
the frequency of LDCV fusion events in PC12 cells, shortens the
time from fusion pore opening to dilation (44), increases the
frequency and duration of kiss-and-run events (38), modulates
LDCYV exocytosis in peptidergic nerve terminals of the neuro-
hypophysis (9), and inhibits pre- and postsynaptic BDNF
release in neurons (8). In contrast, studies using fruit flies as a
model system suggest that fly SYT4 is a positive regulator of
secretion. SYT4 in muscle cells at the fly neuromuscular junc-
tion is required for normal presynaptic growth and for aspects
of synaptic plasticity. It therefore has been proposed that fly
SYT4 serves to promote the release of a retrograde factor from
muscle cells to influence presynaptic structure and function (7).
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The goal of the current study was to investigate the seemingly
disparate functions reported for fly and rat SYT4.

Using a reconstituted system, we directly compared the
effects of fly and rat SYT4 on SNARE-mediated membrane
fusion reactions. First, we confirmed that rat SYT4 failed to
stimulate fusion in response to Ca** (45). Strikingly, and in
marked contrast to the rat protein, fly SYT4 promoted robust
Ca®* stimulated fusion in vitro (Fig. 1B). These results helped
to resolve the disparate findings regarding the function of
SYT4; the fly and rat proteins are not functional orthologs of
one another. We noted that the cytoplasmic domain of fly SYT4
ishomologous to rat SYT11 (49% identity) (40). However, given
that rat SYT11 is an inhibitory isoform (45), as in the case of rat
SYT4, it too does not appear to serve as a functional ortholog of
fly SYT4.

Previous studies have established that rat SYT1 plays a dual
role in regulating membrane fusion reactions in vitro and at
synapses (25, 30, 35, 46—49). Although rat SYT1 promotes
fusion in the presence of Ca>*, this isoform also serves to clamp
or inhibit fusion in the absence of Ca>". This clamping activity
appears to be mediated by the Ca®>"-independent component
of Syt-t-SNARE interactions (25). Although rat SYT4 does not
stimulate fusion in response to Ca®”, it strongly clamps fusion
in the absence of Ca®" (Fig. 1B, right panel) (45). Consistent
with the strong clamping function of SYT4, its Ca®>" -indepen-
dent t-SNARE binding activity is also very robust (Fig. 2B) (38).

Although one of the acidic Ca®>" ligands within the C2A
domain of SYT4 has been replaced over the course of evolution
with a serine residue, all of the acidic Ca*>" ligands are con-
served within the C2B domain. Thus, the apparently obvious
explanation for the functional difference between rat SYT1 and
SYT4 is the Ser-to-Asp mutation within C2A. However, our in
vitro fusion data, using chimeras between SYT1 and SYT4, indi-
cate that both C2 domains of rat SYT4 exhibit functional defi-
ciencies (Fig. 3). This notion was confirmed by analysis of the
isolated C2 domains. In contrast to SYT1, in which the isolated
C2B domain is able to regulate fusion (30), neither isolated C2A
nor C2B from rat SYT4 was able to stimulate fusion.

When we examined the isolated C2 domains of fly SYT4 in
the fusion assay, both fly and rat C2A failed to stimulate fusion
(owing to the Ser-to-Asp mutation), but interestingly, the iso-
lated C2B of fly SYT4 was able to stimulate fusion, whereas rat
C2B did not. The finding that the C2B domains of rat and fly
SYT4 have such divergent properties in reconstituted fusion
reactions was highly unexpected; these proteins exhibit 56%
sequence identity and their isolated C2B domains have per-
fectly conserved acidic Ca** ligands. Our biochemical analysis
revealed that the C2B domain of rat SYT4 does not possess
Ca®* dependent PS or t-SNARE binding activity. In contrast,
the C2B domain from fly SYT4 exhibits Ca>"-promoted inter-
actions with both of these effectors (Fig. 4, C and D). Moreover,
a gain-of-function mutation, in which a Ca®>" ligand was
restored by replacing the serine at position 244 with an aspar-
tate residue in rat SYT4, endowed the protein with the ability to
stimulate membrane fusion in response to Ca>". Further anal-
ysis showed that this functional “rescue” was due to the gain of
Ca®"-regulated PS and t-SNARE binding activity exhibited by
the C2A domain.
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Expression levels of rat SYT4 are controlled by neuronal
activity; increases in activity result in up-regulation, thus
allowing SYT4 to compete with positive regulators of LDCV
secretion to down-regulate exocytosis (9, 44). In neurons,
this down-regulation results in a reduction in BDNF secre-
tion to dampen neuronal activity and to place an upper limit
on long term potentiation (8). Rat SYT4 therefore appears to
have evolved as a homeostatic regulator of synaptic activity.
In contrast, fly SYT4 appears to serve as a positive regulator
of secretion. Whether flies express inhibitory isoforms of Syt
remains an open issue. In this light it is notable that 17 iso-
forms of Syt have been identified in vertebrates, but only
seven isoforms are expressed in flies. Future studies, in
which each isoform of fly Syt is screened in fusion reactions
using a variety of fly SNARE proteins, should reveal the
inhibitory isoforms of Syt (45).

In summary, we have directly addressed the abilities of rat
and fly SYT4 to regulate SNARE-catalyzed membrane fusion
reactions. The major finding here is that fly SYT4 was able to
respond to Ca®>" to drive rapid and robust membrane fusion.
This contrasts sharply with the inability of rat SYT4 to couple
Ca®" to fusion. However, both rat and fly SYT4 were able to
clamp fusion to some extent in the absence of Ca®", and our
biochemical data indicate this is due to relatively efficient
binding of these proteins to t-SNAREs to shut them off.
Finally, although most attention has been focused on the
conserved Asp-to-Ser substitution of a Ca*>* ligand in the
C2A domain of fly and rat SYT4, the data reported here
indicate that functional differences between these proteins
extend to their C2B domains.
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