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CAPS drives trans-SNARE complex formation and
membrane fusion through syntaxin interactions
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Ca2+-dependent activator protein for secretion (CAPS) is an essential
factor for regulated vesicle exocytosis that functions in priming
reactions before Ca2+-triggered fusion of vesicles with the plasma
membrane. However, the precise events that CAPS regulates to
promote vesicle fusion are unclear. In the current work, we reconsti-
tuted CAPS function in a SNARE-dependent liposome fusion assay
using VAMP2-containing donor and syntaxin-1/SNAP-25-containing
acceptor liposomes. The CAPS stimulation of fusion required PI(4,5)P,
in acceptor liposomes and was independent of Ca2*, but Ca2* de-
pendence was restored by inclusion of synaptotagmin. CAPS stimu-
lated trans-SNARE complex formation concomitant with the stimu-
lation of full membrane fusion at physiological SNARE densities. CAPS
bound syntaxin-1, and CAPS truncations that competitively inhibited
syntaxin-1 binding also inhibited CAPS-dependent fusion. The results
revealed an unexpected activity of a priming protein to accelerate
fusion by efficiently promoting trans-SNARE complex formation.
CAPS may function in priming by organizing SNARE complexes on the
plasma membrane.

vesicle exocytosis | priming | PIP2 | contents mixing

Vesicle fusion in the secretory pathway employs SNARE pro-
teins, members of a conserved family of membrane-associated
proteins that contain approximately 60-aa heptad repeat motifs (1).
A donor membrane SNARE protein associates in trans with
acceptor membrane SNARE proteins to generate a 4-helix bundle
(2, 3). Vesicle exocytosis in neuronal and endocrine cells utilizes
VAMP2 (also known as synaptobrevin 2) on the vesicle (v-
SNARE) and the target membrane SNAREs (t-SNARES) syn-
taxin-1 and SNAP-25. The structure of a 4-helix bundle of neuronal
SNARESs suggested how an assembled frans-SNARE complex
could promote fusion through close membrane apposition (3).
Evidence that neuronal SNARE complexes might directly catalyze
membrane fusion was provided by lipid mixing studies with
SNARE:S reconstituted into proteoliposomes (4). The function of
several key SNARE regulatory proteins, including synaptotagmin
and Munc18-1, was successfully reconstituted in the lipid-mixing
assay (5, 6).

Dense-core vesicle exocytosis in cells proceeds through several
stages before Ca?*-triggered fusion, consisting of docking/tethering
and priming steps (7). Vesicles engage the plasma membrane in
docking/tethering interactions that involve syntaxin-1 and SNAP-25
(8, 9). However, not all docked/tethered vesicles are competent for
fusion, and priming reactions are needed to convert docked vesicles
to a fusion-ready state (10). Priming involves the progressive
assembly of frans-SNARE complexes, likely through the initial
assembly of t-SNARE heterodimers with subsequent incorporation
of VAMP2 by zippering N-terminal to C-terminal regions of the
SNAREs (11-14). SNARE-binding proteins likely catalyze
SNARE complex assembly during priming but little is known about
how this is achieved.

Molecular studies of factors that act in priming are needed to
elucidate the pathway of SNARE complex assembly before fusion.
Muncl13 proteins, which are required for vesicle priming (15), may
function through interactions with SNARE:s (16, 17). A Munc-13-1
C-terminal domain (18, 19) binds pre-assembled SNARE com-
plexes (20, 21), but the effect of Munc13-1 on SNARE complex
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assembly is unknown. Ca®>*-dependent activator protein for secre-
tion (CAPS) proteins, which exhibit sequence similarity to a
C-terminal domain of Muncl3-1 (22), also function in vesicle
priming (23), but the mechanism used remains to be defined.
CAPS-1 reconstitutes late stages of Ca?"-triggered dense-core
vesicle exocytosis in permeable PC12 cells (24) and is required for
optimal Ca?"-triggered vesicle exocytosis in endocrine and neural
cells (25, 26). CAPS proteins contain a central PH domain and are
recruited to membrane PI 4,5-P, (27), which itself is essential for
priming vesicle exocytosis (28).

To characterize the mechanism of CAPS-1 function in priming,
we reconstituted its activity in a minimal liposome assay employing
neuronal SNARE proteins in PI 4,5-P,-containing liposomes (29).
As we report here, CAPS dramatically enhanced rates of non-leaky
full fusion in liposomes that contained limiting densities of t-
SNARE:S, and promoted trans-SNARE complex formation on the
liposomes. CAPS interacted directly with membrane t-SNAREs,
and a t-SNARE-binding CAPS C-terminal Muncl13 homology
domain protein inhibited CAPS stimulation of SNARE-dependent
fusion. The results suggest that CAPS is a regulator of t-SNAREs
that functions in priming by promoting SNARE complex assembly
for vesicle exocytosis.

Results

CAPS Accelerates SNARE-Dependent Liposome Fusion. Studies in per-
meable PC12 cells indicate that CAPS functions after vesicle
docking to prime Ca?*-dependent dense-core vesicle exocytosis
(23, 24). To determine the mechanism of CAPS function, we
reconstituted its activity in a minimal SNARE-dependent liposome
fusion assay (4). Because lipid mixing in the liposome assay is
strongly dependent on SNARE surface densities [supporting in-
formation (SI) Table S1], we used VAMP2 densities on donor and
syntaxin-1/SNAP-25 densities on acceptor liposomes in the physi-
ological range (see Materials and Methods) (30, 31). The lipid
composition of membranes also affects liposome fusion (29).
Because CAPS associates with membranes through interactions
with PI 4,5-P,, this lipid was included at 5 to 10 mol% in the
t-SNARE-containing acceptor liposomes (29).

CAPS markedly stimulated the rates and extent of lipid mixing
measured by the de-quenching of N-4-nitrobenzo-2-oxa-1,3-
diazole-phosphatidylethanolamine (NBD-PE) fluorescence (Fig.
1A). The increased lipid mixing with CAPS was completely inhib-
ited by inclusion of a soluble syntaxin fusion protein that compet-
itively inhibits #rans-SNARE complex formation, which indicated
that CAPS stimulation was SNARE-dependent. Munc18-1 was
reported to stimulate SNARE-dependent lipid mixing with prein-
cubation (6). By contrast, CAPS stimulation of lipid mixing oc-
curred immediately upon addition of the protein (Fig. 1B), and the
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Fig. 1. CAPS stimulates SNARE-dependent liposome fusion. (A) Lipid mixing
between v-SNARE and t-SNARE(10% PIP,) liposomes was determined in the
absence of additions (open circles), with 5 uM soluble syntaxin (open dia-
monds), or with 1 uM CAPS in the absence (filled circles) or presence (filled
diamonds) of 5 uM soluble syntaxin. Lipid mixing is shown as a percent of
maximal NBD fluorescence corrected for protein-free (P, x) liposomes. (B) v-
and t-SNARE liposomes were incubated overnight at 0°C to 4 °C in the
absence (open squares, filled squares) or presence (filled triangles) of 1 uM
CAPS and compared with freshly assembled (open circles, filled circles) lipo-
somes in lipid mixing reactions after acute addition of 1 uM CAPS to freshly
assembled (filled circles) or preincubated (filled squares) liposomes.

preincubation of liposomes with CAPS did not further enhance the
stimulation of lipid mixing (Fig. 1B). This indicated that CAPS
promoted SNARE-dependent lipid mixing directly rather than
through a SNARE complex intermediate that formed during
pre-incubation. Overall, the results showed that aspects of CAPS
function were successfully reconstituted in a minimal SNARE-
dependent liposome assay.

Because CAPS is a Ca* binding protein (32) and acts at a late
Ca?"-triggered stage of exocytosis in permeable PC12 cells (23), we
tested the effects of Ca>* over a broad concentration range. We
found that CAPS-dependent lipid mixing was not affected by Ca?*
(Fig. S1A) but that Ca?* regulation was conferred by introducing
a synaptotagmin C2AB protein (Fig. S1B) (5). In the absence of
Ca?*, C2AB inhibited CAPS stimulation of lipid mixing, but in the
presence of Ca®™, the rates of lipid mixing were restored to those
with CAPS alone (Fig. S1B). The results indicated that CAPS
function was not directly Ca?>*-regulated, and they were consistent
with CAPS function at a priming step that precedes synaptotagmin-
dependent, Ca?*-triggered fusion. The results revealed that a
priming factor could promote SNARE-dependent lipid mixing in
the absence of downstream regulators.

CAPS Stimulates Full Fusion and Contents Mixing in Liposomes. Vesicle
fusion with the plasma membrane occurs by the initial merger of
contacting cytoplasmic leaflets, which results in formation of a stalk
intermediate that leads to fusion pore formation upon merger of
non-contacting leaflets (33). Inverted cone-shaped lipids that in-
duce positive curvature inhibit a wide variety of membrane fusion
processes because they antagonize the high negative curvature
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Fig.2. CAPS stimulates full fusion at low t-SNARE densities. (A) v-SNARE and
t-SNARE(10% PIP,) liposomes were incubated with 0.1 mM LPC for 10 min
(filled squares) before lipid mixing reactions were conducted without addi-
tions (open circles) or with 1 uM CAPS (filled circles, filled squares). (B)
Tb3*-loaded v-SNARE and DPA-loaded t-SNARE(10% PIP,) liposomes were
prepared with 640 and 340 SNARE molecules/um?, respectively, and incubated
without additions (open circles), with 5 uM soluble syntaxin (open squares),
with 1 uM CAPS (filled circles), or with CAPS plus soluble syntaxin (filled
squares). Mixing of contents was expressed as percentage of complete mixing
following detergent lysis. (C) Lipid mixing reactions were conducted with
v-SNARE liposomes and t-SNARE(5% PIP;) liposomes that contained 1 to 100
copies of syntaxin-1/SNAP-25 in the absence (open circles) or presence of 1 uM
CAPS (filled circles) (mean + SD, n = 3; TNot different; *, P > 0.05 for with vs.
without CAPS).

needed to form a stalk intermediate. LysoPC, an inverted cone
lipid, fully inhibited CAPS-stimulated lipid mixing (Fig. 24), which
suggested that CAPS promoted a physiological form of membrane
merger.

Low SNARE densities were reported to enable hemi-fusion
rather than full fusion (34). Because we used similar SNARE
densities (lipid:protein ratios of 225:1 for v-SNARE and 500:1 for
t-SNARE liposomes), it was possible that CAPS acted to promote
the transition of a hemi-fused intermediate to full fusion. To assess
this, we measured the mixing of contacting and non-contacting
leaflets with an assay (35) that oxidizes the NBD fluorophore on the
solvent-exposed leaflet. Liposomes were treated with dithionite to
fully bleach the exposed NBD, which corresponded to approxi-
mately 60% of the fluorescence (Fig. S2A4), and were purified by
gradient centrifugation. Parallel fusion assays conducted with the
bleached and unbleached liposomes revealed that little total or
inner leaflet mixing occurred in the absence of CAPS (Fig. S2B).
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By contrast, CAPS promoted rapid increases in both total and inner
leaflet mixing (Fig. S2B). Rate constants derived for total versus
inner leaflet mixing with CAPS (0.09 min—! = 0.004 and 0.08
min~! = 0.01, respectively; Fig. S2B) did not differ significantly.
The results indicated that CAPS did not act by accelerating the
transition of a hemi-fused intermediate to full fusion but rather
initiated full bilayer fusion.

FRET-based assays that rely on NBD-PE and Rh-PE dilution
do not uniquely indicate whether increased fluorescence results
from fusion of donor and acceptor liposomes or from lipid
transfer between membranes (36). To determine whether CAPS
promoted bona fide non-leaky membrane fusion, we used a
classical assay to detect contents mixing (37). Donor and accep-
tor liposomes were loaded with terbium (Tb3") and dipicolinic
acid (DPA), respectively, to monitor contents mixing by the
unique fluorescence emission of the Tb3*-DPA complex (Fig.
S2C). Our attempts to entrap low molecular weight Tb3* and
DPA in extruded 100-nm liposomes failed at commonly used
higher SNARE densities. However, with VAMP2 densities at
640 molecules/um? in donor liposomes and t-SNAREs at 318
heterodimers/um? in acceptor liposomes, successful Tb** and
DPA incorporation was achieved. No contents mixing occurred
in liposome incubations in the absence of CAPS at these SNARE
densities (Fig. 2B). By contrast, CAPS promoted robust contents
mixing corresponding to consumption of approximately 20% of
the donor liposomes (Fig. 2B). CAPS-dependent contents mix-
ing was fully blocked by inclusion of a soluble syntaxin fusion
protein, indicating that it was SNARE-dependent. NBD fluo-
rescence assays conducted under the same conditions also
showed virtually no lipid mixing in the absence of CAPS but
robust mixing in the presence of CAPS (Fig. S3). Calibration of
the NBD fluorescence to rounds of fusion indicated that 1 uM
CAPS stimulated fusion equivalent to approximately 20% of the
donor liposomes undergoing one round of fusion (Fig. S44).
Considering that we used less than the half-maximally effective
concentration of CAPS (29) (Fig. S4B), these results indicated
that CAPS promoted efficient full fusion of the liposomes.

CAPS Drives Fusion at Low t-SNARE Densities. PI 4,5-P, is required for
CAPS activity in fusion but is effective only when present in the
acceptor liposomes containing SNAP-25 and syntaxin-1 (29), which
suggested that CAPS acts in cis with t-SNAREs. By generating
acceptor liposomes with varying t-SNARE content, we found that
CAPS promoted efficient liposome fusion at extremely low t-
SNARE densities. Whereas fusion was not achieved with as many
as 100 copies of t-SNARE proteins per 50 nm liposome in the
absence of CAPS, CAPS effectively accelerated fusion of liposomes
that contained as few as 5 to 10 copies of t-SNARE:s (Fig. 2C). This
corresponds to 3 to 8§ outward-oriented t-SNAREs in the liposomes
(38), which is close to estimates for the number of trans-SNARE
complexes needed for a Ca?"-triggered exocytic event in cells (39,
40). The results were compatible with an action of CAPS on
t-SNARE proteins (as described later).

It was suggested that the kinetics of SNARE-dependent lipid
mixing may be artificially slow because of the presence of non-
functional 1:2 SNAP-25:syntaxin-1 t-SNARE complexes (13). Such
non-functional complexes, which have been demonstrated to form
as soluble counterparts, would require displacement of a syntaxin
by VAMP2 to form fusogenic heterotrimeric complexes, which
would slow the kinetics of liposome fusion. To determine the role,
if any, played by such potentially dysfunctional t-SNARE com-
plexes in the liposome fusion assay, we systematically varied the
ratio of SNAP-25 to syntaxin-1 in acceptor liposomes. Whereas
fusion without CAPS was negligible over the full range of ratios we
tested, CAPS accelerated rates and increased the extent of fusion
optimally at a SNAP-25 to syntaxin-1 ratio of approximately 1:1
(Fig. S5). The results indicated that CAPS operated on liposomes
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Fig. 3. CAPS stimulates SNARE complex formation. (A) CAPS stimulates
formation of a =165 kDa SNARE complex. Incubations were assembled with v-
ort-SNARE(5% PIP;) liposomes or with both in the absence or presence of 1 uM
CAPS and incubated for 30 min at 32°. One incubation (asterisk) was boiled
before SDS/PAGE. Complexes of ~165 kDa (arrowhead) were detected with
syntaxin antibody. (B) Incubations were conducted with VAMP2- and t-
SNARE(5% PIP,) liposomes for 0 time (lanes 1 and 4) or for 30 min at 32 °C
(lanes 2 and 3) or 4 °C (lanes 5 and 6). One micrometer of CAPS was present as
indicated (lanes 3 and 6). Complexes of ~165 kDa (arrowhead) were detected
with syntaxin antibody. (C) Incubations with CAPS as in B were conducted for
indicated times at 32 °C were analyzed for SDS-resistant SNARE complexes
with syntaxin antibody. Intensities of the ~165 kDa band (arrowhead) were
quantified and expressed as fold increase. A representative blot is shown for
the 0- to 10-min incubations. One 10-min sample (70*) was boiled before
SDS/PAGE. (D) Liposome incubations as in B were conducted for 0 time (lane
1) or 30 min (lanes 2-5) with 1 uM CAPS and 0.1 mM LPC as indicated. SNARE
complexes of ~165 kDa (arrowhead) were detected with syntaxin antibody.

that contain functional 1:1 SNAP-25/syntaxin-1 heterodimers
rather than on potentially dysfunctional 1:2 complexes.

CAPS Drives trans-SNARE Complex Formation in Liposomes. Membrane
fusion requires the formation of heterotrimeric SNARE complexes
in trans between donor and acceptor membranes (4, 38). Hetero-
trimeric SNARE complexes are unusually stable and persist in SDS
gel electrophoresis (41). To determine whether CAPS promoted
SNARE complex formation, we analyzed liposome fusion reactions
for SDS-resistant SNARE complexes. Liposome incubations con-
ducted without CAPS, which exhibited little fusion, contained only
very low levels of high molecular weight SDS-resistant SNARE
complexes (Fig. 3 4 and B). By contrast, incubations with CAPS
strongly stimulated the formation of high molecular weight
SNARE complexes, the most prominent of which was approxi-
mately 165 kDa (Fig. 3 4 and B, arrowhead). Detergent-soluble
full-length SNARESs readily form complexes of approximately 165
kDa upon mixing (Fig. S64). Formation of the ~165 kDa complex
is impaired when SNARE:S are inserted into liposomes but readily
form when CAPS is incubated with v- and t-SNARE liposomes
(Fig. 34). The SDS-resistant SNARE complex of approximatey 165
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kDa contained the 3 SNARES as detected by antibody probing for
each (Fig. S6C). The ~165 kDa complex likely consisted of dimers
of heterotrimers because equimolar amounts of syntaxin-1 and
VAMP?2 were detected by quantitative Western blotting when the
~165 kDa complex was re-run on SDS/PAGE after boiling (Fig.
S7). As expected for heterotrimeric SNARE complexes, boiling in
SDS sample buffer eliminated the ~165 kDa complex (Fig. 34),
with half of it eliminated at 70 °C (not shown).

CAPS promoted a rapid accumulation of the approximate 165
kDa complex under typical liposome fusion assay conditions (Fig.
3C) with a time course that was similar to that of fusion itself (see
Fig. 2A). From these results, it was unclear whether CAPS pro-
moted frans-SNARE complex formation or whether cis SNARE
complexes accumulated as the result of CAPS-stimulated fusion.
To distinguish these 2 alternatives, we incubated liposomes with
CAPS under conditions in which fusion did not occur. Inclusion of
lysoPC in liposome incubations, which abolished CAPS-dependent
fusion (Fig. 2A4), reduced but did not abolish levels of the ~165 kDa
complex (Fig. 3D). Similarly, incubations at 0 °C to 4 °C, in which
CAPS-dependent fusion did not occur, reduced but did not abolish
formation of the ~165 kDa complex (Fig. 3B). The formation of
~165 kDa SNARE complexes, driven by CAPS under conditions
in which fusion did not occur, implied that these were #rans rather
than cis SNARE complexes. Consistent with this, in liposome
incubations at 0 °C to 4 °C, CAPS strongly stimulated the amount
of VAMP2 that co-immuno-isolated with syntaxin-1 (Fig. S6B).
The results indicated that CAPS promoted trans-SNARE complex
formation under non-fusion conditions. The greater accumulation
of the ~165 kDa complex promoted by CAPS under fusion
conditions (Fig. 3 B and D) likely represented the accumulation of
cis SNARE complexes as fusion proceeded.

To determine the number of SNARE proteins driven into
trans-SNARE complexes by CAPS at 0°C to 4 °C, we analyzed
incubations by 2D gel electrophoresis and quantified the immuno-
reactive SNAREs (Fig. S7). CAPS (1 uM) stimulated the incor-
poration of 1.65% of syntaxin-1 and 0.75% of VAMP?2 into high
molecular weight complexes. Based on the SNARE content of the
proteoliposomes, this would correspond to approximately 9 to 10
trans-SNARE complexes per fusion event stimulated by CAPS
assuming a single round of fusion that consumed 20% of the
v-SNARE liposomes (as described earlier), which is similar to that
estimated by the t-SNARE titration study (Fig. 2C).

To further characterize the ability of CAPS to promote trans-
SNARE complex formation, we used a liposome docking assay.
v-SNARE (i.e., VAMP2-containing) liposomes labeled with
Rh-PE were incubated with supported planar bilayers that con-
tained SNAP-25, syntaxin-1, and PI 4,5-P,. We monitored v-
SNARE liposome encounters with the t-SNARE bilayer by total
internal reflection fluorescence microscopy (TIRF) and deter-
mined their dwell time. In the absence of CAPS, few v-SNARE
liposomes persisted on the supported bilayer (Fig. 4). By contrast,
addition of CAPS markedly enhanced v-SNARE liposome dock-
ing, which depended on SNARE complex formation based on the
ability of soluble syntaxin to eliminate it (Fig. 4). We found that
v-SNARE liposome docking was similarly enhanced regardless of
whether CAPS was directly added to incubations or first added to
bilayers followed by washing. In the absence of CAPS, most
v-SNARE liposome encounters with the t-SNARE bilayer were
brief, lasting no more than 0.15 sec. In the presence of CAPS,
v-SNARE encounters exhibited long dwell times, with many lasting
37.5 s or longer, which were completely inhibited by soluble syntaxin
(Fig. S6D). The results indicated that CAPS could drive SNARE
protein associations in trans by acting on t-SNARE-containing
membranes.

CAPS Binds Membrane-Associated Syntaxin. The preceding results

implied that CAPS may interact directly with t-SNARE proteins.
To determine whether a stable CAPS interaction with a component
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Fig. 4. CAPS promotes stable docking of VAMP2 liposomes to t-SNARE

supported bilayers. Bilayers containing t-SNAREs and 5% PIP, were incubated
with Rh-PE labeled VAMP2 liposomes (A) or additionally with 1 uM CAPS (B),
5 uM soluble syntaxin (C), or CAPS with soluble syntaxin (D). Protein-free Rh-PE
liposomes were incubated with bilayers (E) or co-incubated with 1 uM CAPS
(F). Bilayers were washed and imaged by TIRF microscopy, and the number of
docked liposomes per field (6,300 um?2) was quantified for 7 different regions
for each condition (means with range of duplicates shown for 2 experiments).

on liposomes could be detected, we subjected liposome fusion
reactions to buoyant density gradient separation. We found that
soluble CAPS added to liposome fusion reactions was retained on
floated liposomes. Subsequent studies indicated that CAPS was
retained on liposomes that contained syntaxin-1/SNAP-25 but not
on liposomes that contained VAMP2 (Fig. 5 4 and C). Liposomes
containing only syntaxin-1 were also found to retain CAPS (Fig.
5B). By contrast, protein-free liposomes (Fig. 5D) failed to retain
CAPS. The results indicated that CAPS is a syntaxin-1-binding
protein.

To determine whether CAPS binding to t-SNAREs was respon-
sible for the fusion-promoting activity of CAPS in SNARE-
dependent liposome fusion, we tested 2 CAPS fusion proteins that
contain the CAPS Munc13 homology (MH) domain (Fig. 5E). The
CAPS MH domain encompasses DUF1041 and MHD1 homology
domains (22) that correspond to a portion of a Munc13-1 domain
that binds SNARE complexes (20). A fusion protein that contained
the core of the MH domain (residues 859-1,073) along with a larger
overlapping C-terminal peptide (residues 655-1,289) were gener-
ated. Neither of the 2 fusion proteins stimulated liposome fusion
(Fig. 5F), which is consistent with a requirement for additional
domains (e.g., PH domain) for CAPS stimulation of SNARE-
dependent fusion (29). However, both fusion proteins were simi-
larly effective in inhibiting CAPS-stimulated fusion (Fig. 5F). Each
of the fusion proteins bound to t-SNARE liposomes (Fig. S8) and
inhibited CAPS binding to t-SNARE liposomes (Fig. 5G). Thus,
CAPS protein truncations that contained the MH domain exerted
dominant interfering effects on CAPS-stimulated fusion. This
indicated that CAPS promoted SNARE-dependent liposome fu-
sion through direct interactions with t-SNAREs.

Discussion

CAPS, a priming factor for regulated vesicle exocytosis, exhibited
robust activity in accelerating SNARE-dependent liposome fusion.
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Fig. 5. CAPS interacts with syntaxin-1. CAPS (1 uM) was incubated with
phosphatidylcholine/phosphatidylserine liposomes containing t-SNAREs (A),
syntaxin-1 (B), or VAMP2 (C), or with protein-free liposomes (D) and bound
CAPS (fractions 1-3) was separated from free CAPS (fractions 7 and 8) by
Accudenz gradient centrifugation. Fractions were analyzed by immunoblot-
ting for CAPS or syntaxin (Stx). Results representative of 3 experiments. (E)
Schematic representation of CAPS domains and fusion proteins containing
MH domain. (F) MH domain-containing CAPS proteins inhibited liposome
fusion. v-SNARE and t-SNARE/5% PIP, liposomes were incubated without
additions (open circles) or with 1 uM CAPS (filled circles), 10 uM CAPS(655-
1289) (open squares), 10 uM CAPS(859-1073) (open diamonds), CAPS plus
CAPS(655-1289) (filled squares), and CAPS plus CAPS(859-1073) (filled dia-
monds). Representative results of 3 experiments are shown as percentages of
maximal NBD fluorescence corrected for protein-free liposomes. (G) CAPS
binding to t-SNARE liposomes. CAPS bound to t-SNARE liposomes was ad-
justed for protein-free binding and normalized to syntaxin intensity.
CAPS(859-1073) and CAPS(655-1289) inhibited CAPS binding to t-SNARE
liposomes by 52% and 46%, respectively.

Future studies will need to determine the relationship of the in vitro
fusion-promoting properties of CAPS discovered here to the prim-
ing activity of CAPS in neural and endocrine cells. The current work
provides several major conclusions about the in vitro properties of
CAPS that are likely relevant to its role in priming vesicle exocytosis
in cells. First, the fusion-promoting activity of CAPS was evident in
aminimal liposome fusion assay, which implied that CAPS interacts
with SNARE proteins and/or phospholipids. Previous work char-
acterized CAPS interactions with PI 4,5-P, and phosphatidylserine
(23) whereas the current work revealed direct interactions of CAPS
with membrane syntaxin-1. Second, the fusion-promoting activity
of CAPS was rapid, SNARE-dependent, and accompanied by
trans-SNARE complex formation. The rapid effects of CAPS with
no discernible latency are consistent with a direct action of CAPS
on SNARE proteins to enhance trans-SNARE complex formation.
Third, CAPS promoted full fusion at physiological SNARE den-
sities that, in the absence of CAPS, had little ability to mediate
fusion. This implied that CAPS accelerated a rate-limiting step in
SNARE complex assembly, which is likely important for its priming
activity in vesicle exocytosis. Future studies are needed to identify

17312 | www.pnas.org/cgi/doi/10.1073/pnas.0900755106

the precise step in SNARE complex assembly that CAPS affects
through syntaxin-1 binding. Last, CAPS, which functions in a
Ca?*-regulated vesicle fusion process, accelerated SNARE-
dependent liposome fusion in the absence of Ca* regulation. Here
a priming factor of the CAPS/Munc13 family was shown to possess
fusion-promoting activity, which indicates that priming factors can
accelerate upstream steps in vitro that lead to fusion in the absence
of downstream regulators that operate in vivo (e.g., synaptotagmin).
Our results provide a basis for elucidating the mechanisms by which
priming factors catalyze SNARE complex assembly for vesicle
exocytosis.

At all stations of membrane trafficking, a common set of factors
comprised of members of the Rab, Sec-1/Munc-18, and SNARE
protein families operate to enable specific donor-acceptor mem-
brane pairing and fusion (42). In addition, a diverse set of tethering
factors characteristic of each transport step operate (directly or
indirectly) as Rab effectors to activate SNAREs for fusion (43).
Tethering factors such as p115 (44) and the HOPS complex (45)
were shown to promote frans-SNARE complex formation. For
regulated vesicle exocytosis, Rab effectors such as rabphilin, RIM,
Slp4a/granuphilin, and Munc18-1 interact with the t-SNAREs
SNAP-25 and syntaxin-1 (9, 46, 47). These factors signal vesicle
arrival at the plasma membrane and mediate vesicle tethering.
However, not all docked/tethered vesicles are competent to un-
dergo triggered fusion and other factors are needed to “prime”
vesicles for triggered fusion. Muncl8-1 promotes frans-SNARE
complex formation in preincubations in vitro (6), but in vivo,
additional factors are needed. Muncl3-1, a well characterized
priming factor, was proposed to convert syntaxin-1 from a “closed”
state incapable of engaging SNARE partners into an “open” state
that interacts to assemble SNARE complexes (48). However, the
pathway for SNARE protein complex assembly during priming
catalyzed by Munc13-1 is poorly understood and remains to be
directly studied.

CAPS proteins, which exhibit sequence similarity to Munc13-1
in a C-terminal MH domain (22), also function in vesicle priming.
The phenotype of a strongly reduced pool of primed vesicles in
neurons from CAPS-1/CAPS-2-knockout mice (26) was similar to
that characterized in neurons from Muncl3-knockout mice (15),
which indicates closely related but non-redundant functions for
CAPS and Muncl3 proteins. To characterize the potential priming
mechanism of CAPS, we used a SNARE-dependent liposome
fusion assay (4). CAPS activity was reconstituted in this assay when
physiological levels of PI 4,5-P, were included in t-SNARE lipo-
somes (29). CAPS rapidly and efficiently stimulated SNARE-
dependent liposome fusion without a requirement for preincuba-
tion, which distinguishes the activity of CAPS from that observed
for Muncl8-1 (6).

The rate-limiting step for fusion in the liposome assay at high
SNARE densities is the collision-limited formation of fusogenic
trans-SNARE complexes between VAMP2 and SNAP-25/
syntaxin-1 (38). How might CAPS accelerate frans-SNARE com-
plex formation and SNAR E-dependent liposome fusion? We con-
sidered the possibility that CAPS activity in promoting SNARE
complex formation and membrane fusion could be a result of
liposome aggregation mediated by the PI 4,5-P»- and phosphati-
dylserine-binding properties of CAPS (27). However, light scatter-
ing studies failed to detect any liposome aggregation promoted by
CAPS (Fig. S9). The current evidence suggests that CAPS is
directed to t-SNARE liposomes through low-affinity interactions
with PI 4,5-P; (29). On the t-SNARE liposomes, CAPS engages
syntaxin-1 in high affinity interactions. An important clue on how
CAPS promotes trans-SNARE complex formation through t-
SNARE interactions was provided by studies in which t-SNARE
densities were systematically varied. At physiological t-SNARE
densities (1,273-5,095 molecules/um?), there was little if any spon-
taneous fusion because collisional encounters with v-SNARE
liposomes under our assay conditions would have a low probability

James et al.


http://www.pnas.org/cgi/data/0900755106/DCSupplemental/Supplemental_PDF#nameddest=SF9

SINPAS

yd

of leading to trans-SNARE complex formation. It is significant that
our direct estimate of plasma membrane syntaxin-1 densities in the
PC12 cell plasma membrane is in this range (2,280 molecules/um?).
CAPS accelerated SNARE-dependent fusion at t-SNARE densi-
ties even as low as 10 copies/100 nm liposome (318 molecules/um?).
This suggests that CAPS might function to “cluster” t-SNARE
complexes to promote high-density regions on the membrane,
which would increase the probabilities of trans-SNARE complex
formation in collisional encounters with v-SNARE liposomes. The
number of SNARE complexes needed for a fusion event has
previously been indirectly estimated to be 3 to 8 (39, 40). Our
analysis of SNARE complexes promoted by CAPS estimated that
complexes with 9 or 10 copies of syntaxin-1 and VAMP2 form per
fusion event, which is close to our minimal estimates of the number
of t-SNARE:s per liposome required for CAPS-dependent fusion.
Additional studies will be needed to fully elucidate the mechanism
by which CAPS accelerates SNARE-dependent fusion. In conclu-
sion, our studies suggest that CAPS functions directly on t-SNAREs
to increase the likelihood of forming fusion-competent trans-
SNARE complexes. This provides an important step toward ob-
taining a molecular description of the function of priming factors in
regulated vesicle exocytosis.

Materials and Methods

v-SNARE Liposome Docking on Planar-Supported t-SNARE Bilayers. Planar sup-
ported bilayers were formed as described (29). v-SNARE or protein-free liposomes
(85:12 mol% DOPC:DOPS) labeled with 3 mol% Rh-PE diluted to 50 uM lipid in
reconstitution buffer were added to 5 mol% PI 4,5-P,-, t-SNARE-containing
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planar supported bilayers. Bilayers were incubated with 1 M CAPS and or 5 uM
GST-syntaxin-1A (1-265) in reconstitution buffer without glycerol for 10 min
before addition of v-SNARE liposomes. Bilayers were imaged on a Nikon
TE2000-U inverted microscope by TIRF using an Apo TIRF X 100, NA 1.45 objective
lens. Images were acquired at 75-ms intervals with a CoolSNAP-ES camera (Pho-
tometrics). Bilayers were washed 3 times with 1 mL reconstitution buffer to
remove free liposomes, and images of docked v-SNARE liposomes were acquired.
Image analysis used Metamorph software (Universal Imaging).

t-SNARE Liposome Binding and SNARE Complex Formation. Protein-free liposomes
or liposomes containing VAMP2, syntaxin-1A, or syntaxin-1A/SNAP-25 were
mixed with 1 uM CAPS and incubated at room temperature for 30 min. For
competition studies, 1 uM of either CAPS(859-1073) or CAPS(655-1289) proteins
were incubated with 300 nM CAPS and syntaxin-1A/SNAP-25 liposomes. Binding
reactions were subject to buoyant density flotation on Accudenz gradients by
centrifugation at 192,000 X g at 4 °C for 4 h. Fractions were collected, analyzed
by SDS/PAGE, and immunoblotted with CAPS antibody and syntaxin-1A (HPC-1;
Sigma-Aldrich) antibody. For SNARE complex formation studies, incubations with
VAMP2 liposomes, t-SNARE liposomes, or both were conducted in reconstitution
buffer without glycerol at 0 °C to 4 °C or 37 °C for the indicated times in the
presence or absence of CAPS or 0.1 mM LPC. To resolve SDS-resistant complexes,
reactions were separated by SDS/PAGE as described (41). SDS-resistant complexes
were identified by immunoblot detection using monoclonal syntaxin1A/HPC-1,
polyclonal SNAP-25 (LifeSpan Biosciences), or VAMP2 polyclonal antibodies (Syn-
aptic Systems).
Additional methods are described in the S/ Text.
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