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Ca’*-independent membrane penetration by the tandem C2
domain proteins synaptotagmin-1 and Doc2f3
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Exocytosis mediates the release of neurotransmitters and
hormones from neurons and neuroendocrine cells. Tandem C2
domain proteins in the synaptotagmin (syt) and double C2
domain (Doc2) families regulate exocytotic membrane fusion
via direct interactions with Ca®>* and phospholipid bilayers.
Sytl is a fast-acting, low-affinity Ca®>* sensor that penetrates
membranes upon binding Ca>* to trigger synchronous vesicle
fusion. The closely related Doc2f3 is a slow-acting, high-affinity
Ca’" sensor that triggers spontaneous and asynchronous vesicle
fusion, but whether it also penetrates membranes is unknown.
Both sytl and Doc2f3 bind the dynamically regulated plasma
membrane lipid phosphatidylinositol 4,5-bisphosphate (PIP,),
butitis unclear whether PIP, serves only as a membrane contact
or enables specialized membrane-binding modes by these Ca®*
sensors. Furthermore, it has been shown that PIP, uncaging can
trigger rapid, sytl-dependent exocytosis in the absence of Ca**
influx, suggesting that current models for the action of these
Ca®* sensors are incomplete. Here, using a series of steady-state
and time-resolved fluorescence measurements, we show that
Doc2, like sytl, penetrates membranes in a Ca®>*-dependent
manner. Unexpectedly, we observed that PIP, can drive mem-
brane penetration by both sytl and Doc2f in the absence of
Ca?*, providing a plausible mechanism for Ca*>*-independent,
PIP,-dependent exocytosis. Quantitative measurements of pen-
etration depth revealed that, in the presence of Ca>*, PIP,, drives
Doc2p, but not sytl, substantially deeper into the membrane,
defining a biophysical regulatory mechanism specific to this
high-affinity Ca®>* sensor. Our results provide evidence of a
novel role for PIP, in regulating, and under some circumstances
triggering, exocytosis.

Exocytosis, a fundamental physiologic process, relies on the
fusion of cellular membranes. In many cases, membrane fusion
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is mediated by soluble N-ethylmaleimide—sensitive factor
attachment protein receptors (SNAREs)” along with accessory
proteins that integrate signals near the fusion site (1, 2). At
neuronal synapses, a critical signal for exocytosis is Ca*>" (3),
which acts upon tandem C2 domain proteins in the synaptotag-
min (syt) (4-8) and Doc2 (9, 10) families to trigger SNARE-
catalyzed fusion of vesicular and plasma membranes (10, 11).

Sytl is a primary Ca>* sensor for fast, synchronous neu-
rotransmitter release (7, 8). It is activated by relatively large
increases (=1 um) in cytoplasmic Ca*>" ([Ca®"],) that trigger
the rapid insertion of side chains from each C2 domain into
lipid bilayers containing anionic phospholipids (12, 13). It has
been rigorously established that penetration of lipid bilayers by
sytl accelerates SNARE-catalyzed fusion in vitro and in cul-
tured neurons (14-16). Doc2f3, a closely related protein that
lacks a transmembrane domain but contains a muncl13-inter-
acting domain at its N terminus (17), regulates asynchronous
(18) and spontaneous (10, 19) neurotransmitter release from
neurons, synaptic augmentation (20), vesicle priming in chro-
maffin cells (21, 22), and insulin secretion from 3 cells (23).
Compared with syt1, however, Doc23—membrane interactions
occur with slower kinetics and a much higher sensitivity for
[Ca®*] (20-100 nm) (10, 19, 24). Thus, although both syt1 and
Doc2 are Ca>" sensors for exocytosis, their divergent func-
tional paradigms invite a closer comparison to establish
common mechanistic principles for Ca>"-sensitive tandem
C2 domain proteins. For example, although sytl must pene-
trate membranes to stimulate membrane fusion, it has not
been established whether—and if so, how—Doc2f pene-
trates membranes.

Alongside proteins and Ca®>*, phospholipid headgroups play
key biophysical roles in Ca®*-triggered exocytosis. Of particu-

2 The abbreviations used are: SNARE, soluble N-ethylmaleimide-sensitive factor
attachment protein receptor; PIP,, phosphatidylinositol 4,5-bisphosphate; PS,
phosphatidylserine; syt1, synaptotagmin-1; [Ca*>*], cytoplasmic Ca®*; NBD,
N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)ethylenediamine; Doc2, double C2
domain; HG, headgroup; ND, nanodisc; TEMPO-PC, 1,2-dipalmitoyl-sn-
glycero-3-phospho(tempo)choline; v-SNARE, vesicle SNARE; t-SNARE, target
SNARE; syb2, synaptobrevin-2; GST, glutathione S-transferase; NTA, nitrilotri-
acetic acid; SUMO, small ubiquitin-like modifier; POPC, 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine; POPS, 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoserine; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine;
dansyl, 5-dimethylaminonaphthalene-1-sulfonyl; doxyl, N-oxy-4',4’-dimethy-
loxazolidine; PE, phosphatidylethanolamine; PC, phosphatidylcholine; PDB,
Protein Data Bank.
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Figure 1. Doc2 3 penetrates membranes in response to Ca®*. A, schematic diagrams of syt1 and Doc28. MID, munc13-interacting domain; TMD, transmem-
brane domain. B, model illustrating the putative membrane penetration activity of Doc2 where the distal tip of Ca®"-binding loop 1 was mutated to cysteine
and labeled with the fluorescent dye NBD, shown at right. The shaded stripe in the bilayer leaflet depicts the approximate distribution of the quenching
nitroxide on 12-doxyl-PC. Ribbon diagrams show C2A (PDB code 4LCV) and C2B (PDB code 4LDC) of Doc2 3 from Giladi et al. (52). C, NBD emission spectra from
each of the four Ca®"-binding loops of Doc23 C2AB. Graph titles indicate the C2 domain and loop labeled (e.g. C2A*(1)-C2B corresponds to loop 1 of C2A, and
C2A*(3)-C2B corresponds to loop 3 of C2A). Labeled C2AB was combined with liposomes (15% PS, 30% PC, 20% PE, and 35% cholesterol) in 500 um EGTA after
which Ca?* was added (250 umfree [Ca®"]).Ca® " triggered an intensity increase and blue shiftin the emission spectra at all four labeling sites, suggesting burial
of the probe into the bilayer. Membrane insertion was confirmed with the use of liposomes containing 15% 12-doxyl-PC, which efficiently quenched the

fluorescence at each labeled site. Spectra are representative of data from at least four independent trials.

lar note is phosphatidylinositol 4,5-bisphosphate (PIP,), a
dynamically regulated (25) polyanionic phospholipid impor-
tant for exocytosis in chromaffin cells (26), PC12 cells (27), and
neurons (28). PIP, is localized to the plasma membrane and
interacts with key components of the vesicular release machin-
ery, including SNARE proteins (29, 30), calcium-activated pro-
tein for secretion (CAPS) (31), syt1 (13, 32, 33), and Doc2p (10,
19, 34). In the case of sytl, binding to PIP, under resting con-
ditions “steers” the C2 domains of this protein, and thus its
Ca®"-dependent membrane-penetration activity, toward the
plasma membrane to trigger release (13). PIP, has also been
shown to enhance the Ca*>* sensitivity of lipid binding by syt1
cooperatively with phosphatidylserine (PS) (32, 35), the major
anionic phospholipid of the cytoplasmic face of the plasma
membrane. Similarly, Doc2B binds PIP,-containing mem-
branes in both the presence and absence of Ca®>", and PIP, is
required to localize Doc2f to the plasma membrane (10, 19,
34). Because depletion of PIP, substantially reduces spontane-
ous neurotransmitter release in cultured neurons (28), this
form of neurotransmission may depend on PIP, binding by
Doc2p, but this interaction has not been studied in detail.

According to current models of tandem C2 domain protein
function, Ca>™ is required for membrane penetration and thus
the triggering of exocytosis. However, recent findings have
challenged this model by demonstrating that rapid uncaging of
PIP, can trigger sytl-dependent exocytosis without a measur-
able change in [Ca®"], (36). Given the apparent requirement of
Ca®>* for membrane penetration by syt1, how could a stepwise
increase in available PIP, evoke exocytosis?

SASBMB

In the present study, we first demonstrate that, like sytl,
Doc2f penetrates lipid bilayers upon binding Ca®>*. We report
the unexpected finding that, in membranes containing PS, PIP,
drives Ca®" -independent membrane penetration by both syt1
and Doc2B. This interaction stimulates Ca®"-independent
fusion mediated by sytl in vitro. Moreover, in the presence of
Ca®", PIP, significantly increases the membrane penetration
depth of Doc2 but not sytl, thus providing a mechanism by
which PIP, may selectively drive spontaneous release. Our
results define key biophysical differences between sytl and
Doc2p and provide a potential molecular mechanism by which
PIP, can directly trigger exocytosis in the absence of increases
in [Ca®"],.

Results

Doc2f penetrates and aggregates membranes in a manner
analogous to syt1

We first sought to determine whether the tandem C2
domains of Doc2f share key biochemical properties with sytl
(Fig. 1A). We thus purified the tandem C2 domains (“C2AB”) of
both proteins and used a series of assays to define their Ca**-
dependent and -independent interactions with lipid bilayers.
To assess whether the Ca®>"-binding loops of Doc28 C2AB
penetrate membranes in a manner analogous to sytl, residues
at the tips ofloops 1 and 3 in each C2 domain of Doc23 (His-158
and Phe-222 in C2A and Ala-298 and Gly-361 in C2B) were
individually mutated to cysteine and labeled with the environ-
mentally sensitive probe N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)ethylenediamine (NBD) (Fig. 1B). Membrane insertion was
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monitored via fluorescence emission changes after adding lipo-
somes and Ca>" to NBD-labeled protein. Emission spectra
from NBD probes at all four Ca®>*-binding loops underwent
hypsochromic shifts and substantial intensity increases when
both Ca®>" and PS-containing liposomes were present. Ca®>"
triggered these fluorescence changes only in the presence of
membranes, suggesting that each probe inserts into the bilayer
in response to Ca®>" (Fig. 1C and Fig. S1). To confirm a direct
interaction between these probes and the acyl chains in the
bilayer, we used liposomes containing a membrane-embedded
nitroxide (doxyl) spin label on an acyl chain of PC; this moiety
quenches fluorescence largely by direct collision with excited-
state fluorophores (37). NBD fluorescence, in each loop, was
efficiently quenched by a spin label at the 12-position of the acyl
chain (12-doxyl-PC, 15 mol %) (Fig. 1C), directly demonstrating
that all four Ca?*-binding loops of Doc2 B insert into the hydro-
phobic region of the bilayer.

Aggregation of PS-containing liposomes is also a character-
istic property of sytl C2AB in vitro (38). This activity has not
been described for Doc2f, a soluble protein whose function
may also rely on its ability to juxtapose membranes. To assay for
aggregation activity, Doc23 C2AB was mixed with liposomes
and Ca®", and the turbidity of the mixture was monitored by
absorbance at 400 nm. As with syt1 C2AB, Doc23 C2AB rapidly
and reversibly aggregated liposomes that harbored PS (Fig. S2A4).
Moreover, this aggregation activity was strongly enhanced when
copies of Doc23 C2AB were bound to separate liposomes and thus
available to interact in trans (Fig. S2, B and C). This behavior,
which was also observed for syt1 (38) (Fig. S2), suggests a common
mechanism of aggregation in which C2AB molecules, bound to
liposomes via their Ca*>*-binding loops, subsequently interact
with other liposome-bound C2AB molecules.

PIP, triggers Ca**-independent membrane penetration by
Doc2p and syt1

We next focused on the role of PIP, in driving specific modes
of membrane binding by sytl and Doc2f. Because previous
studies of membrane penetration by syt1 were performed using
nonphysiologic mixtures of phospholipids (13, 15, 39), we
assayed the membrane penetration activity of sytl and Doc2f3
in the presence of model plasma membranes that included 15
mol % PS and 1 mol % PIP,, a composition that reflects the PIP,
content of neuronal and neuroendocrine cell plasma mem-
branes (29, 40). Indo-1 was used to verify that [Ca*"];..
remained very low, i.e. =10 nm, upon addition of PS:PIP, lipids
(Fig. S3). Surprisingly, under these conditions, we observed
not only Ca®>"-independent binding but also Ca®>*-indepen-
dent penetration of the bilayer by both proteins (Fig. 2, A and
C). In each case, this activity, at 1 mol % PIP,, was limited to
the Ca>"-binding loops of the C2B domain. Inclusion of
12-doxyl-PC in the liposomes resulted in quenching of NBD
fluorescence, confirming a direct interaction of C2B loop 3
with the interior of the membrane in the case of each protein
(Fig. 2, A and C). Sytl and Doc23 C2AB diverged in terms of
the behavior of C2B loop 1, which failed to penetrate in the
case of sytl but engaged in shallow penetration in the case of
Doc2p (Fig. 2, A and C). PS and PIP, were both required for
Ca®"-independent penetration of membranes by both sytl
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and Doc2p (Fig. 2, B and D). Previous studies of membrane
penetration by sytl included liposomes containing either PS
or PIP, but not both, thus explaining why this novel interac-
tion was not observed previously (13, 15, 39).

These data suggest that sytl and Doc2f3 contain at least par-
tially distinct binding sites for PS and PIP, that, when occupied
simultaneously, drive Ca”>"-independent insertion of C2B into
the bilayer. To confirm that these findings hold true for full-
length sytl, we formulated nanodiscs containing the full-
length, labeled protein (ND-sytl) (Fig. 3A). As in the case for
C2AB, ND-sytl underwent Ca®>"-independent penetration of
membranes containing PS and PIP, but not PS alone (Fig. 3B)
This result is of particular significance because, in chromaffin
cells, optical uncaging of PIP, drives a small, sytl-dependent
exocytotic burst even in the absence of measurable changes in
Ca>" levels (36) (see “Discussion”).

PIP, exhibits differential effects on Doc2f3 and syt1

Our penetration experiments (Fig. 2) also revealed striking,
lipid-dependent differences between sytl and Doc2f in the
presence of Ca®>". In particular, Doc28 C2A loop 3 demon-
strated a unique increase in fluorescence only when both PS
and PIP, were present (Fig. 2B). In contrast, we observed no
such changes in the analogous position in syt1, which displayed
equivalent Ca®>*-dependent NBD fluorescence increases upon
binding PS-bearing liposomes whether or not PIP, was
included (Fig. 2D). We explored this issue further by examining
the impact of PS and PIP, on the disassembly kinetics of Ca>"
sensor—lipid complexes. In this assay, preassembled C2AB—
Ca*>*-liposome complexes were rapidly mixed with EGTA to
remove free [Ca®>"] while FRET was monitored between pro-
tein and liposomes using a stopped-flow rapid-mixing instru-
ment (Fig. 4). The inclusion of 1 mol % PIP, in PS-bearing
liposomes had no effect on the disassembly kinetics of sytl
complexes (mean = S.E.: PS, 73.7 + 10.0 s *; PS:PIP,, 79.1 =
7.8 s~ p > 0.5, Welch’s ¢ test) (Fig. 4B). In striking contrast,
PIP, slowed the disassembly of Doc2 complexes nearly 10-fold
(PS, 4.90 = 0.21 s~ % PS:PIP,, 0.49 = 0.03 s™'; p = 0.0002,
Welch'’s t test) (Fig. 4C). In combination with data from NBD-
labeled penetration assays (Fig. 2), these findings further sup-
port a specific role for PIP, in stabilizing the Ca®" -dependent
activated state of Doc2p.

Quantitative analysis of membrane penetration activity

Our initial NBD fluorescence results (Figs. 1 and 2) moti-
vated a more quantitative comparison of membrane penetra-
tion by sytl and Doc2B. We thus used the parallax method of
London and co-workers (37, 41) to determine the insertion
depth of NBD on each loop of sytl and Doc2p in the presence
and absence of Ca®>* and PIP,. We used doxyl-PC labeled at
either the 5- or 12-positions of the acyl chain as well as on the
choline headgroup (HG-doxyl; Fig. 54; also known as TEMPO-
PC). Quenching efficiencies in the presence of Ca*>* are shown
in Fig. 5, Cand D, whereas quenching efficiencies in the absence
of Ca®" are shown in Fig. S7. Increased quenching by deeper
doxyls and decreased quenching by shallower doxyls indicate
deeper insertion of the NBD probe. By comparing the quench-
ing efficiencies of spin labels at various points on the alkyl
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Figure 2. PS and PIP, synergistically drive Ca>*-independent membrane penetration by syt1 and Doc2g but exert different effects on each protein.
A, emission spectra of NBD-labeled Doc23 C2AB before and after the addition of liposomes containing 15 mol % PS and 1 mol % PIP, in 500 um EGTA (=10 nm
[Calfee)- Under these conditions, loops 1 and 3 of C2B demonstrate robust increases in emission intensity. Emission from loop 3 is efficiently quenched by
12-doxyl-PC, indicating Ca®"-independent insertion into the bilayer. Spectra are representative of data from at least four independent trials. B, NBD-labeled
Doc23 C2AB was combined with the indicated liposomes, and the NBD emission intensity was measured before and after the addition of Ca®*. For each
replicate, emission intensity was normalized to the signal from NBD-labeled protein prior to liposome addition. For Doc23, PS and PIP, each support Ca®*-
dependent penetration activity. However, when combined, PS and PIP, drove a marked Ca?*-dependent increase in the emission from C2A loop 3.Both PSand
PIP, were required for Ca® " -independent penetration by loops 1 and 3 of C2B (arrows). Cand D, same as above but using syt1 C2AB. In contrast to Doc28 C2AB,
PS drives penetration of syt1 C2A more efficiently than PIP, in the presence of Ca®*. The combination of PIP, and PS did not drive any additional NBD signal
increases in C2A but marginally increased NBD signals in C2B. As with Doc2 3, both PIP, and PS were required for robust Ca? *-independent penetration by Syt1
C2B loop 3 (arrow). Error bars, S.E. of four independent trials; *, p < 0.05; **, p < 0.005; ns, p > 0.5; all by Welch's t test.

chains, we quantitatively estimated the depth to which the NBD
labels penetrate the membrane. For this analysis, we improved
on previous implementations of the parallax analysis by using
published molecular dynamics simulations of doxyl-PC
quenchers (42) to determine the uncertainty in the measured
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penetration depth for each probe (see “Experimental proce-
dures”). Calculated depth parameters are shown in Table 1 and
represented visually in Fig. 7.

In the presence of Ca>", PIP, exerted strikingly different
effects on membrane penetration by Doc2 3 versus sytl (Figs. 5
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Figure 3. Membrane penetration by full-length syt1 reconstituted into nanodiscs. A, experimental scheme. Full-length syt1 was purified, labeled with
NBD on loop 3 of C2A or loop 3 of C2B, and reconstituted into 13-nm-diameter nanodiscs comprising membrane scaffolding protein and POPC (ND-syt1).
ND-syt1 was combined with liposomes containing acidic phospholipids in EGTA (500 um) followed by the addition of Ca®* to assay Ca®*-independent and
Ca?*-dependent membrane penetration activity. B, representative spectra for penetration experiments with ND-syt1. As with syt1 C2AB, Ca** and acidic
phospholipids caused an increase and blue shiftin NBD fluorescence. Likewise, in the presence of both PS and PIP,, Ca® " -independent penetration by C2B, but
not C2A, was observed. Spectra are representative of results from four independent trials.

and 7). Although PIP, drove all four loops of both sytl and
Doc2f deeper into the bilayer, this effect was far more pro-
nounced for Doc2p. In particular, loop 3 of Doc28 C2A pene-
trated, on average, 3.7 A deeper into the bilayer in the presence
of PIP,. In contrast, PIP, increased the average penetration
depth of the loops of syt1 by, at most, 1 A. Remarkably, Doc2f3
C2A penetrates only shallowly into PS-bearing membranes
lacking PIP, but penetrates approximately as deeply as syt1 if
PIP, is present (Figs. 5C and 7). Sytl, by contrast, penetrates
PS-bearing membranes to nearly its full extent even in the
absence of PIP, (Figs. 5D and 7). These results provide direct
evidence that PIP, substantially deepens Ca®"-dependent
membrane penetration by Doc2 but has relatively subtle effects
on sytl. Our findings define a mechanistic divergence between
sytl and Doc2f3 and a biophysical mechanism by which Doc2f3
acts specifically as a PIP,-dependent Ca®" sensor.

Elevation of PIP, drives additional membrane penetration to
stimulate membrane fusion

Physiologic [PIP,] in the plasma membrane is ~1 mol % but
can reach >5 mol % at sites of vesicle docking and fusion (29,
40). Even at 1% PIP,, we noted some doxyl quenching of NBD
probes on the C2A domains of sytl and Doc2, suggesting that
further increases in PIP, might drive additional membrane
penetration by these sensors (Fig. S7). To assess how elevating
[PIP,] might drive alternative membrane-penetration modes
by sytl and Doc2f3, we measured emission from NBD-labeled
sytl and Doc23 C2AB in the presence of liposomes containing
increasing mol % PIP, (Fig. 6, A and B). We observed signifi-
cant, dose-dependent increases in NBD emission intensity for
labels on C2A in both Doc2f3 and sytl as PIP, was increased
from 1 to 5 mol %. In the case of Doc2f, elevation of [PIP,]
drove penetration by all four loops, with this effect approaching
saturation at 5% PIP, (Fig. 5A4). In the case of sytl, increasing
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[PIP,] drove penetration by C2A loop 3, demonstrating that
elevation of [PIP,] can trigger activation of both C2 domains of
this protein (Fig. 6B). These results support a specific role for
PIP, in activating both Doc2f and syt1 at physiologically rele-
vant concentrations (illustrated in Fig. 7). Moreover, these find-
ings suggest a mechanism by which syt1, under certain circum-
stances, may be partially activated by PIP, to trigger Ca*"-
independent vesicle fusion (36).

Because PIP,-dependent, Ca®>" -independent penetration by
sytl was less extensive than that of Doc2 3, we sought to deter-
mine whether this novel penetration activity can enhance ves-
icle fusion in the absence of Ca>*. We thus performed in vitro
fusion assays using v-SNARE vesicles containing syb2 and full-
length sytl with t-SNARE vesicles containing syntaxin-1A:
SNAP-25B heterodimer and increasing amounts of PIP,, (Fig. 6,
C—-F). In both lipid and content-mixing assays, elevation of
[PIP,] enhanced fusion of v- and t-SNARE vesicles prior to the
addition of Ca", consistent with the capacity of PIP, to drive
Ca®*-independent activation of syt1 (36). Increasing PIP, like-
wise enhanced membrane fusion after the addition of Ca?™,
consistent with published findings using in vitro fusion assays
(43) and PIP, uncaging in chromaffin cells (36).

Discussion

Taken together, our results demonstrate key similarities and
unanticipated differences between sytl and Doc2, tandem C2
domain Ca®" sensors specialized for distinct physiologic func-
tions. Our results reveal that, like sytl, Doc2f aggregates and
penetrates membranes containing anionic phospholipids in
response to Ca®>" (Figs. 1 and S2). This activity, which likely
results in a Ca*>*-dependent deformation of the membrane due
to the space occupied by the tips of the Ca®>* -binding loops (44,
45), thus appears to be a core feature of tandem C2 domain
Ca®* sensors. Given that Doc2f3 is not anchored to vesicles by a
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Figure 4. PIP, slows the disassembly kinetics of C2AB-Ca®*-liposome
complexes containing Doc23 but not syt1. A, schematic of disassembly
assay. C2AB-Ca?*-liposome complexes were preassembled and then rapidly
mixed with EGTA while monitoring FRET between tryptophan residues in
C2AB and dansyl-PE acceptors on the liposomes. B, representative traces (left)
and rate constants derived from single-exponential fits (right) for disassembly
of Doc23-Ca?"-membrane complexes. The inclusion of 1 mol % PIP, in lipo-
somes containing 15% PS slowed the observed rates of disassembly by ~10-
fold. C, as above but for syt1 C2AB. In contrast to the case of Doc23, mem-
brane complex disassembly rates (K;,) for syt1 were unchanged with the
inclusion of 1 mol % PIP,. Error bars, S.E. of four independent trials; **, p <
0.005; ns, p > 0.5; both by Welch'’s t test.

transmembrane domain and that vesicular membranes contain
anionic phospholipids, it is possible that this aggregation activ-
ity may, in part, underlie the ability of this protein to promote
membrane fusion.

Our findings establish a new role for PIP, in exocytosis by
showing that PIP, directly stimulates penetration of the target
membrane by sytl and Doc2f. Although PIP, has been under-
stood as a key factor in defining exocytotic sites and priming
vesicles for release, our work defines an additional downstream
function, ie. direct activation of Ca®>" sensors that trigger
SNARE-catalyzed membrane fusion. Critically, although Ca**
stimulates membrane penetration, we show that it is not strictly
required for this activity when PIP, is present (Figs. 2, 3, 6, and
7). To our knowledge, this is the first evidence that a C2 domain
can penetrate (and thus presumably deform (44, 45)) a mem-
brane without an elevation in [Ca®>*],. Thus, a rapid increase in
[PIP,], e.g. via optical uncaging of caged PIP, as performed by
Walter et al. (36), might trigger syt1-dependent release via two
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nonexclusive mechanisms: recruitment of additional Ca*>* sen-
sors that penetrate the plasma membrane or driving deeper
penetration by Ca>" sensors that are already present at release
sites (Figs. 6 and 7). Furthermore, because [PIP,] can reach >5
mol % at release sites (29) and the plasma membrane contains
~10-15 mol % PS (46), it is likely that the docked and/or
primed configurations of sytl and Doc2f involve some degree
of insertion into the plasma membrane. However, although the
PIP, uncaging technique of Walter et al. (36) provides useful
mechanistic insights, we note that we are not aware of studies
showing such rapid up-regulation of PIP, at exocytotic sites in
endogenous systems.

Strikingly, the Ca®"-independent penetration activity of
Doc2pf reached near-saturation at 5 mol % PIP,, a dose-re-
sponse that is well-tuned to the physiologic range of PIP, levels
at sites of fusion. We also note that, although Ca®* plays key
roles in physiologic exocytosis, multiple studies have demon-
strated varying degrees of residual exocytosis after dramatically
reducing [Ca®>"]; (47, 48). Because [Ca®"]; increases lead to
activation of phospholipase C and the cleavage of plasma mem-
brane PIP,, the Doc2p—PIP, interactions defined here may
serve to maintain baseline spontaneous fusion rates during qui-
escent periods. Additionally, cAMP- and GTP-dependent sig-
naling pathways have been shown to potentiate exocytosis in an
apparently Ca®*-independent fashion (49). Further studies, in
which cellular ATP, PIP,, and Ca>* are all carefully controlled,
may more quantitatively define the role of PIP, in driving Ca** -
independent exocytosis in live cells.

This work lends key support to the physiologic relevance of
PIP, as a crucial biophysical regulatory factor for Doc2 (Figs.
4.-7). Sytl, by contrast, appears to rely on PIP, for preadsorp-
tion onto the plasma membrane (13) rather than full membrane
penetration per se. Our results correspond well to those
reported by Pérez-Lara et al. (35), who found that PIP, did not
substantially enhance the penetration depth of syt1 in the pres-
ence of PS. The divergence between sytl and Doc2f is readily
reconciled with the specialized functions of these proteins.
Doc2f operates at near resting [Ca®>*] on slow timescales and is
thus well-poised to respond to the dynamic (but relatively slow)
regulation of PIP, levels at release sites. Sytl, in contrast, must
respond in microseconds to transient Ca®" elevations. Addi-
tional lipid requirements for full penetration by sytl might
come at a kinetic cost that would impair its capacity for trigger-
ing rapid membrane fusion. Our stopped-flow data (Fig. 4) sup-
port this interpretation, demonstrating that PIP, robustly sta-
bilizes the active state of Doc2f but not sytl. The findings
reported here provide an example of how two highly homo-
logous protein sequences (the tandem C2 domains of sytl and
Doc2p) can retain core mechanistic principles while evolving
highly specialized, lipid-dependent regulatory mechanisms.
Other tandem C2 domain Ca®>" sensors may be tuned to
respond to other lipid headgroups, acyl chain compositions,
regulatory proteins, or even small molecules. These regula-
tory functions, and how they influence the corresponding
physiologic processes, remain the focus of ongoing and
future studies.
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Figure 5. PIP, markedly deepens membrane penetration by Doc2 but not syt1. A, illustration depicting membrane-bound C2AB and the approximate
distributions of nitroxide quenchers. The yellow star represents NBD label, and green spheres represent Ca”* ions. B, representative emission spectra for
nonquenching liposomes along with liposomes containing the indicated doxyl quencher. Relative quenching efficiencies at different probe locations corre-
spond to the average location of the NBD label in the bilayer. Deeper insertion results in stronger quenching by 12-doxyl versus 5-doxyl and HG-doxyl
liposomes, whereas shallower insertion results in stronger quenching by HG-doxyl and 5-doxyl liposomes. C, NBD-labeled Doc23 C2AB was combined with
liposomes and Ca®* (250 um), and quenching efficiencies of doxyl-PC liposomes with and without PIP, were quantified. Inclusion of PIP, drives both loops of
C2A deeper into the bilayer as evinced by reduced shallow quenching and increased deep quenching. This effect is also apparent for Doc23 C2B. D, same as in
C but using NBD-labeled syt1. In contrast to Doc23, syt1 C2A penetrates deeply in the absence of PIP, as shown by relatively efficient quenching by 12-doxyl
liposomes. In contrast to the case of Doc2, PIP, exhibits only a weak tendency to drive additional penetration by syt1. Error bars, S.E. of fourindependent trials;

*,p < 0.05; **, p < 0.005; ns or unmarked, p > 0.5; all by Welch's t test.

Experimental procedures
Protein purification

Constructs encoding sytl C2AB (amino acids 140—421) and
Doc2B C2AB (amino acids 126 —412) were expressed as N-termi-
nal GST fusion proteins (pGEX4T-1 vector, GE Healthcare) in
Escherichia coli, purified via GSH-Sepharose affinity chromatog-
raphy, and cleaved with thrombin in reconstitution buffer (100
mm KCl, 25 mm HEPES-NaOH, pH 7.4) plus 5% glycerol. Full-
length synaptobrevin-2 was likewise expressed as a GST fusion
protein, purified, and cleaved in a similar buffer containing 400 mm
KCI and 1% n-octyl p-glucopyranoside. Full-length sytl in the
pTrcHis vector (Invitrogen) and full-length syntaxin-1A:SNAP-
25B heterodimer in the pRSF Duet vector (EMD Millipore) were
expressed as N-terminal His, fusion tags, purified via nickel-NTA-
Sepharose affinity chromatography, and eluted in elution buffer
(500 mMm imidazole, 400 mm KCl, 25 mm HEPES-NaOH, pH 7.4,
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1% n-octyl p-glucopyranoside). DTT (2 mm) was added to syn-
taxin-1A:SNAP-25B heterodimer and full-length syt1 to prevent
aggregation. Membrane scaffolding protein MSP1E3D1 (50) was
likewise purified by Ni**-NTA-Sepharose chromatography and
eluted in elution buffer without detergent. For full-length sytl,
endogenous cysteines were substituted with alanines, and the pro-
tein was expressed as an N-terminal His,-SUMO fusion construct
in pET28. Purified protein was subjected to on-bead labeling (see
below) and eluted in elution buffer containing 0.05% 7-B-dodecyl
maltoside (Gold Biotechnology). Imidazole and residual free dye
were removed by ultrafiltration, and the N-terminal tag was
cleaved off with recombinant SENP2 protease followed by
removal with Ni*>"-NTA-Sepharose resin. During purification, all
lysates were treated with DNase and RNase, and beads bearing
each Doc2f or sytl construct were washed extensively with 1 m
NaCl, 1 mm Mg>" to remove any bound nucleic acid contaminants.
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Table 1
Calculated depth parameters from doxyl quenching experiments

Membrane insertion depth was calculated by measuring the relative quenching efficiencies of doxyl spin labels located at different positions on the lipid acyl chains
according to the methods described by Chattopadhyay and London (37). Values of z indicate distance from the center of the bilayer, in A, and subscripts denote the doxyl
pair used to calculate this distance. Each value represents the calculated average distance of the NBD label from the center of the bilayer. Errors represent half-widths of the
calculated depth distributions based on molecular dynamics simulations of doxyl quenchers by Kyrychenko and Ladokhin (42). Penetration depths were determined in the
presence of 250 wM [Ca®"] free, except in conditions labeled “EGTA.” In these cases, dashes indicate distances not determined, as no penetration was observed in EGTA
without PIP, present. See “Experimental procedures” for details on calculations and error propagation.

Membrane penetration parameters for Doc2f C2AB

C2A%(1) C2A*(3) C2B*(1) C2B*(3) EGTA:
C2B*(3)
PS PS:PIP2 PS PS:PIP2 PS PS:PIP2 PS PS:PIP2 PS:PIP2
136+ 128+ 142 = 122+ 132+ 121+ 12.6 + 115+
men, A gy 8.4 8.5 8.4 8.4 8.4 8.4 8.4 138284
. 128% 10.5 + 14.6 + 9.0+ 11.5 + 9.6+ 10.2 + 8.6+
A gy 76 93 75 738 75 75 75 e
AZ(:“.)‘ PS - PIP2, A: 1 6 37 l 5 l 3 -
Membrane penetration parameters for Sytl C2AB
C2A*(1) C2A*(3) C2B*(1) C2B*(3) EGTA:
C2B*(3)
PS PS:PIP2 PS PS:PIP2 PS PS:PIP2 PS PS:PIP2 PS:PIP2
129+ 129+ 125+ 119+ 13.4 % 13.0% 12.4 + 12.1
zno-n, A 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4 13.9e0.4
10.8 + 10.4 + 102+ 8.9+ 11.6 + 10.8 + 93+ 8.9+ R
zsn, A 7.6 75 75 7.5 7.8 7.6 7.5 75 12:9:£8.3
AZv). ps - pip2, A 0.2 0.9 0.6 0.4 -

Protein mutagenesis and labeling

Native cysteines (Cys-277 in Syt1 and Cys-145, Cys-217, Cys-
249, Cys-290, Cys-337, and Cys-387 in Doc2f3) were removed
and replaced with alanines, and exogenous cysteines were intro-
duced at the indicated positions using site-directed mutagenesis.
All mutagenesis was confirmed by Sanger sequencing. For label-
ing, protein was diluted to 10 um in 600 ul of reconstitution buffer
plus 5% glycerol containing 100 um tris(2-carboxyethyl)phos-
phine. Iodoacetamidyl-NBD-amide (Thermo Fisher; 2 mm in
DMSO) was added dropwise to this solution for a final dye:protein
ratio of 10:1 (mol:mol), and the labeling reaction was allowed to
proceed for 2 h at room temperature with rotation. The reaction
was then quenched with DT'T, and the free dye was removed by
desalting on a column (PD MidiTrap, GE Healthcare) equilibrated
in reconstitution buffer plus 5% glycerol. Protein concentrations
and labeling stoichiometry were determined by UV-visible
absorption spectroscopy using an empirically determined extinc-
tion coefficient for NBD. Labeling efficiency ranged from 0.8 to 1.2
dye molecules per protein. Full-length sytl was labeled during
purification by incubating protein-bearing Ni** -NTA-Sepharose
resin in 1 ml containing 10% DMSO and 0.5 mg of iodoacetamidyl-
NBD amide overnight at 4 °C with rotation. Beads were washed
extensively prior to elution.

Liposome preparation

Liposomes were prepared from POPC, POPS, POPE, brain
PIP,, and cholesterol (all from Avanti Polar Lipids) stored indi-
vidually as chloroform stocks except for brain PIP, (stored in
20:9:1 CHCl;:MeOH:H,0). Unless noted otherwise, liposomes
contained 30% POPC, 15% POPS, 20% POPE, and 35% choles-
terol (all % mol/mol). For membrane-embedded quenching
studies, 15% 5-doxyl-, 12-doxyl-, or headgroup-doxyl-PC
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replaced POPC in equimolar quantity. In liposomes lacking PS,
this lipid was replaced with the same mole fraction of POPC.
For stopped-flow rapid-mixing experiments, 5% dansyl-PE
replaced an equimolar amount of POPE. For liposome formu-
lation, lipids were combined, and two to three drops of metha-
nol were added. The solvent was evaporated under a stream of
nitrogen, and the films were dried under vacuum for atleast 2 h.
Films were rehydrated in reconstitution buffer at a final con-
centration of 5 or 10 mu [lipid] and extruded 29 times through
a single 100-nm polycarbonate filter (Whatman).

Proteoliposome reconstitution for aggregation assays

Proteoliposomes were formed using 15% PS, 30% PE, and
55% PC, all mol %. Lipids in chloroform stocks were combined,
dried under vacuum, rehydrated in reconstitution buffer, and
subjected to five freeze—thaw cycles. Protein-free unilamellar
vesicles were prepared from this mixture by extrusion through
a 50-nm polycarbonate filter (Whatman). Syntaxin-1A:SNAP-
25B heterodimer (for t-SNARE-bearing liposomes) or synap-
tobrevin-2 (for v-SNARE- bearing liposomes) were mixed with
protein-free vesicles at a protein:lipid molar ratio of 1:200
with ~0.8 weight % octyl glucoside in the buffer at 4 °C for 15
min. The mixture was diluted two times with reconstitution
buffer, and this diluted mixture was then dialyzed against 2
liters of reconstitution buffer with 5 g of Bio-beads SM2
(Bio-Rad) at 4 °C overnight. For aggregation studies, pro-
tein-free liposomes were prepared in the same fashion but
with the protein omitted.

Nanodisc reconstitution

POPC (100 nmol), MSP1E3D1 (10 nmol), and full-length
labeled syt1 (2 nmol) were combined in reconstitution buffer
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Figure 6. Increasing [PIP,] drives Ca®*-independent penetration by both
C2 domains of Doc2g and syt1 and potentiates Ca”*-independent and
-dependent vesicle fusion. A, NBD-labeled Doc2 3 C2AB was combined with
liposomes harboring PS and increasing concentrations of PIP, in the absence
of Ca?*, and NBD emission intensity was quantified. Increasing [PIP,] drove
substantial intensity increases from NBD labels on all four loops of Doc2p.
This effect appeared to reach near-saturation at 5 mol % PIP,. B, as in A but for
syt1 C2AB. In addition to robust penetration by C2B loop 3, increasing [PIP,]
drove partial penetration by C2A loop 3. C-F, v-SNARE liposomes containing
full-length syb2 and full-length syt1 were combined with t-SNARE liposomes
containing full-length syntaxin-1A:SNAP-25B (syx:SN25) heterodimer and
increasing mol % PIP,. C, scheme of lipid-mixing assay. Fusion of vesicles was
monitored by dequenching of NBD. D, results of lipid-mixing assays con-
ducted with increasing mol % PIP, in the t-SNARE vesicles. Above, full traces;
below, Ca**-free portion of the trace shown on an expanded timescale. PIP,
drove Ca®*-independent and -dependent lipid mixing in a dose-dependent
manner. E, scheme of content-mixing assay. Fusion of vesicles was monitored
by dequenching of sulforhodamine B. F, results of content-mixing assays con-
ducted with increasing mol % PIP, in the t-SNARE vesicles. Above, full traces;
below, Ca**-free portion of the trace shown on an expanded timescale. As
with lipid-mixing experiments, a dose-dependent effect of PIP, on Ca®*-inde-
pendent and -dependent fusion was observed. Error bars, S.E. of four inde-
pendent trials.

containing 5% glycerol and 0.05% n-B-dodecyl maltoside.
Bio-beads SM2 were added (80 ul of a ~95% slurry in recon-
stitution buffer), and the mixture was incubated overnight
with rotation to remove n-B-dodecyl maltoside and permit
nanodisc self-assembly.

Aggregation assays

C2AB (1 uMm) and liposomes (113 um lipid) were combined in
100 wl of reconstitution buffer containing 200 um EGTA, and
absorbance at 400 nm was monitored in a spectrophotometer
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(Eppendorf) at room temperature. Ca>" was added at the indi-
cated points for a total of 1 mM free Ca®>*. EGTA was subse-
quently added for a final concentration of 2 mm [EGTA]. Inde-
pendent experiments were defined as replicates performed
with a unique combination of separately prepared batches of
protein and lipid.

Stopped-flow rapid mixing

C2AB (4 um), liposomes (1 mu lipid), and CaCl, (250 uMm for
sytl and 40 um for Doc2p) were combined in reconstitution
buffer. This mixture was loaded into one syringe of an
SX-18.MV stopped-flow spectrometer (Applied Photophysics)
at room temperature (23 °C) and rapidly mixed with an equal
volume of 2 mm EGTA in the same buffer. Samples were
allowed to equilibrate in the spectrometer for 5 min prior to
mixing. Excitation at 285 nm was provided via a xenon arc lamp
and monochromator (Applied Photophysics), and emission
was monitored via photomultiplier tube through a 470-nm
long-pass filter (KV470, Schott). Single-exponential decays
were fitted using Applied Photophysics Pro-Data SX software
prior to normalization, with the first 2 ms of each trace omitted
from analysis to account for instrument dead time. Indepen-
dent experiments were defined as replicates performed with a
unique combination of separately prepared batches of protein
and lipid.

Penetration assays

NBD-C2AB (0.25 um) or ND-sytl (0.15 um sytl), liposomes
(117 uM total lipid), and Ca** (250 um [Cay,...) were combined
in 600 ul of reconstitution buffer containing 500 um EGTA.
Spectra (A, = 390 nm; A, = 470-630 nm) were acquired at
room temperature (23 °C) in a quartz cuvette using a QM-1
fluorimeter (Photon Technology International) after the addi-
tion of each component. In all cases, protein was added first
followed by liposomes and finally CaCl,. CaCl, was added for a
total [Ca®"] of 750 um of which 500 um was chelated by EGTA,
leaving a [Ca®"];.. of 250 um. A buffer blank was subtracted
from all traces. For quantification, traces were integrated by
taking the average background-subtracted fluorescence inten-
sity between 510 and 610 nm. Averaged traces were normalized
to the background-subtracted, integrated signals from labeled
C2AB prior to the addition of lipids or Ca®>" for each replicate.
Independent experiments were defined as replicates performed
with a unique combination of separately prepared batches of
protein and lipid. Example spectra for penetration assays are
shown in the supporting information.

Depth calculations

Measurements of bilayer penetration depths were performed
according to the parallax method of London and co-workers
(37, 41) with slight modifications used to estimate distribution
widths for each probe location. This method relies on 1) a hard-
sphere approximation of quenching by nitroxide radicals and 2)
the relative quenching efficiencies of two quenchers at known
depths in the bilayer to estimate the position of a fluorescent
probe. The final equation used to derive penetration depths is
as follows,
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Figure 7. Model of Ca*>*-dependent and -independent membrane penetration by Doc23 and syt1 in the presence and absence of PIP,. Calculated
membrane penetration depths are illustrated, to scale, for Doc2 and syt1. Models of syt1 and Doc2 were created by rendering the molecular surfaces of the
corresponding X-ray or NMR structures (Doc2, as above; syt1, PDB codes 1RSY (C2A) and 1K5W (C2B) from Sutton et al. (53) and Fernandez et al. (54),
respectively). The polybasic patch of C2B is rendered cyan in each model. Shaded areas in the bilayer represent the calculated half-widths of the penetration
depth measurements for each probe. A, scale drawing of membrane penetration by Doc2p. Prior to binding Ca?*, C2B shallowly penetrates bilayers in the
presence of 1% PIP,. After binding Ca®", all four loops penetrate the bilayer. However, both loops in C2A are relegated to a shallow position unless PIP, is also
present, which enables C2A loop 3 to penetrate 3.7 A deeper on average into the membrane. In the absence of Ca*, increases in mol % PIP, in the target
membrane can drive partial penetration of the bilayer by all four loops of Doc2p. B, scale drawing of membrane penetration by syt1. As with Doc23, 1% PIP,
enables Ca?*-independent penetration by C2B loop 3, and increasing [PIP,] drives penetration by C2A loop 3. Upon binding Ca®", however, all four loops of

syt1 penetrate deeply into the membrane even in the absence of PIP,.

1 F
Zg=Lyg+ (—TrCInFl - L212>/(2L21) (Eq. 1)
where Z_, is the distance of probe from the bilayer center, L , is
the distance from the bilayer center to the shallow quencher,
L,, is the difference in depth between the two quenchers, F, is
the relative fluorescence intensity of the shallow quencher, F, is
the relative fluorescence intensity of the deeper quencher, and
Cis the concentration of quencher in molecules per A%, assum-
ing 20 mol % quencher and an area of 70 A2 per lipid molecule.
Both F, and F, are expressed as a fraction of the NBD-C2AB
emission intensity obtained in the absence of doxyl-PC
quencher. For values corresponding to the positions of quench-
ers in the bilayer, we used the results of the recent molecular
dynamics simulations (42) as these data matched previous
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experimental results well and also provided estimated distribu-
tion widths for the location of doxyl-PC quenchers in the
bilayer. The half-widths of these distributions were propagated
as errors across all mathematical operations in Equation 1 to
estimate half-widths for the location of each probe. Errors in F,
and F, were also propagated, although the errors in these mea-
surements were small compared with the errors corresponding
to the quencher distribution widths. Distances from bilayer
center were calculated using two pairs of doxyls (5- and
12-doxyl and headgroup- and 12-doxyl). We note that the devi-
ation in measured depth between the two pairs of doxyls used
tended to increase with more deeply located NBD probes.
These deviations were <2 A in almost all cases, however, and
we speculate that they occurred due to depth-dependent
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changes in the mobility of the NBD fluorophore and/or deviation
from the hard-sphere approximation for quenching by nitroxide
radicals. The average calculated depth of each NBD-labeled probe
using this method was shallow enough (minimum 8.6 A from
bilayer center) that quenching by 12-doxyl-PC from the opposite
leaflet of the bilayer was ignored in our calculations.

Lipid-mixing assays

For preparation of v-SNARE liposomes, full-length sytl and
full-length synaptobrevin-2 were diluted in elution buffer,
added to dried lipid films (15% PS, 7% PE, 20% cholesterol, 55%
PC, 1.5% NBD-PE, and 1.5% rhodamine-PE, all % mol/mol) at
1:2000 protein:lipid ratio, incubated for 40 min on ice, and dia-
lyzed extensively against reconstitution buffer containing 1
g/liter Bio-beads SM2. The dialyzed liposome suspension was
then purified by buffer exchange into reconstitution buffer
using a PD-10 column (GE Healthcare). t-SNARE liposomes
were prepared similarly by adding t-SNARE heterodimer in
elution buffer to lipid films of the same composition (1:2000
protein:lipid ratio) but without NBD-PE or rhodamine-PE and
with 0, 1, 3, or 5% PIP, substituted for an equimolar amount of
PC. For lipid-mixing assays, v-SNARE liposomes (0.5 um) were
mixed with t-SNARE liposomes (5 uM) in 100 ul of reconstitu-
tion buffer. Fluorescence (460-nm excitation/520-nm emis-
sion) was monitored in a plate reader (BioTek) while incubating
the reaction at 37 °C with Ca** (500 uMm) added at the indicated
time point. Independent experiments were defined as replicates
performed with a unique combination of separately prepared
batches of protein and lipid.

Content-mixing assays

v-SNARE liposomes for content-mixing assays were prepared as
for lipid-mixing assays but without NBD-PE or rhodamine-PE.
t-SNARE liposomes containing PIP, and sulforhodamine B were
prepared as above but with 10 mm sulforhodamine B (Acros
Organics) in the elution buffer containing t-SNAREs. For content-
mixing assays, v-SNARE liposomes (5 um) were mixed with
t-SNARE liposomes (1 um) in 100 ul of reconstitution buffer.
Fluorescence (530-nm excitation/590-nm emission) was moni-
tored in a plate reader (BioTek) while incubating the reaction at
37 °C with Ca®" (500 um) added at the indicated time point. Ca®*
was added earlier in these experiments than in lipid-mixing exper-
iments because longer incubations yielded content mixing that
was almost entirely Ca®" -independent in the presence of PIP,.
Incubation of dye-containing t-SNARE vesicles in the absence of
v-SNARE vesicles did not result in dequenching (data not shown),
indicating that this phenomenon was not due to leakage of dye
from these vesicles. Independent experiments were defined as rep-
licates performed with a unique combination of separately pre-
pared batches of protein and lipid.

Indo-1 measurements

Indo-1 (0.33 wM) was added to 600 ul of reconstitution buffer
containing 500 um EGTA followed by PS:PIP, liposomes (0.117
M) and Ca®™* (250 um) with spectra taken (A_, = 332 nm) after
each addition. [Ca**];, ., was estimated by comparison with ref-
erence spectra (51).
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