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CAPS and Munc13 utilize distinct PIP2-linked 
mechanisms to promote vesicle exocytosis
Greg Kabachinski, Masaki Yamaga, D. Michelle Kielar-Grevstad, Stephen Bruinsma, 
and Thomas F. J. Martin
Department of Biochemistry, University of Wisconsin, Madison, WI 53706

ABSTRACT Phosphoinositides provide compartment-specific signals for membrane traffick-
ing. Plasma membrane phosphatidylinositol 4,5-bisphosphate (PIP2) is required for Ca2+-trig-
gered vesicle exocytosis, but whether vesicles fuse into PIP2-rich membrane domains in live 
cells and whether PIP2 is metabolized during Ca2+-triggered fusion were unknown. Ca2+-de-
pendent activator protein in secretion 1 (CAPS-1; CADPS/UNC31) and ubMunc13-2 (UNC13B) 
are PIP2-binding proteins required for Ca2+-triggered vesicle exocytosis in neuroendocrine 
PC12 cells. These proteins are likely effectors for PIP2, but their localization during exocytosis 
had not been determined. Using total internal reflection fluorescence microscopy in live cells, 
we identify PIP2-rich membrane domains at sites of vesicle fusion. CAPS is found to reside on 
vesicles but depends on plasma membrane PIP2 for its activity. Munc13 is cytoplasmic, but 
Ca2+-dependent translocation to PIP2-rich plasma membrane domains is required for its activ-
ity. The results reveal that vesicle fusion into PIP2-rich membrane domains is facilitated by 
sequential PIP2-dependent activation of CAPS and PIP2-dependent recruitment of Munc13. 
PIP2 hydrolysis only occurs under strong Ca2+ influx conditions sufficient to activate phospho-
lipase Cη2 (PLCη2). Such conditions reduce CAPS activity and enhance Munc13 activity, es-
tablishing PLCη2 as a Ca2+-dependent modulator of exocytosis. These studies provide a di-
rect view of the spatial distribution of PIP2 linked to vesicle exocytosis via regulation of 
lipid-dependent protein effectors CAPS and Munc13.

INTRODUCTION
Phosphoinositides provide important compartment-specific signals 
for membrane trafficking by recruiting and activating specific pro-
teins in cellular membranes (Hurley and Meyer, 2001). In this man-
ner, phosphatidylinositol 4,5-bisphosphate (PIP2) on the plasma 
membrane plays a key role in regulating actin assembly, endocyto-
sis, exocytosis, phagocytosis, and ion channel function (Martin, 
2001; Di Paolo and De Camilli, 2006; Suh and Hille, 2008; Koch and 
Holt, 2012). Processes near membrane domains of PIP2 may be 

regulated by local PIP2 synthesis and degradation (Schramp et al., 
2012; Zhang et al., 2012). The spatial and temporal regulation of 
PIP2 was characterized for phagocytosis, where an initial enhanced 
synthesis of PIP2 in early phagosome formation transitions to a de-
crease in PIP2, with diacylglycerol (DAG) formation during phago-
some closure (Botelho et al., 2000; Flannagan et al., 2012). The 
dynamics of PIP2 has not been well characterized for other mem-
brane-trafficking events, such as vesicle exocytosis.

Regulated vesicle exocytosis in neuroendocrine cells exhibits a 
strong requirement for PIP2, but its role is incompletely understood. 
Dense-core vesicles are transported to the plasma membrane, where 
they become fusion competent in priming reactions that involve the 
assembly of soluble N-ethylmaleimide–sensitive factor attachment 
protein receptor (SNARE) protein complexes (Rettig and Neher, 
2002; Jahn and Scheller, 2006; Rizo and Rosenmund, 2008). A role 
for PIP2 in vesicle priming was identified by the ATP requirement for 
priming involving conversion of PIP to PIP2 (Eberhard et al., 1990; 
Hay and Martin, 1993; Hay et al., 1995). Levels of PIP2 establish the 
number of primed vesicles (Olsen et al., 2003; Grishanin et al., 2004; 
Milosevic et al., 2005) and the rates of sustained secretion (Aikawa 
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labeling due to high-affinity binding to PIP2, as shown previously 
(Holz et al., 2000). Therefore we used a PLCδ4-PH fusion protein, 
which exhibits ~10-fold-lower affinity for phosphoinositides (Lee 
et al., 2004). The mKate2-PLCδ4-PH protein partitions onto the 
plasma membrane into punctate domains (Figure 1A). The specific-
ity of PLCδ4-PH domain binding was confirmed by hydrolyzing PIP2 
with a 5-phosphatase (Supplemental Figure S2A). Many of the 
membrane-proximal vesicles in the evanescent field, identified by 
brain-derived neurotrophic factor (BDNF)–enhanced green fluores-
cent protein (EGFP) cargo, colocalized with PIP2-containing mem-
brane domains (Figure 1B). The overlap of BDNF-EGFP pixels 
(green) with PLCδ4-PH-mKate2 pixels (red) exhibited a Manders co-
efficient of ~0.5, which was much greater than random. The results 
revealed for the first time PIP2-rich domains in the plasma mem-
brane of live neuroendocrine cells.

Two-channel TIRFM enabled direct imaging of vesicle exocytosis 
with simultaneous imaging of PIP2 with mKate2-PLCδ4-PH fluores-
cence. To conduct these studies, we used cells expressing moderate 
levels of mKate2-PLCδ4-PH to minimize the inhibition of exocytosis. 
Moderate expression of mKate2-PLCδ4-PH was associated with 
46 ± 6% (n = 7) reduction in exocytic events. Vesicle exocytosis was 
monitored with BDNF-EGFP as vesicle cargo. As shown previously 
(Lynch et al., 2008), little BDNF-EGFP is released during exocytosis, 
but there is a marked increase in fluorescence at the time of fusion 
pore formation due to vesicle deacidification (Supplemental Figure 
S1). This increase in fluorescence is followed by gradual dimming, 
which results from fusion pore closure and gradual vesicle reacidifi-
cation. Using 56 mM K+ depolarization to promote Ca2+ influx opti-
mal for exocytosis, we monitored PIP2 levels by mKate-PLCδ4-PH 
fluorescence at sites of evoked vesicle exocytosis. PIP2 levels in a 
region of interest centered on fusing vesicles were higher (Figure 
1C, second row) than in a comparable region centered on nonfusing 
vesicles in the same cells (Figure 1C, fourth row). This was similar for 
docked vesicles that fused (Figure 1C) and for newly arrived vesicles 
that fused during stimulation (Figure 1D). The results quantitated 
across many examples (Supplemental Figure S2, C and D) showed 
that vesicle exocytosis evoked by moderate stimulation occurs into 
PIP2-rich membrane domains.

CAPS and ubMunc13-2 are major effectors for PIP2
PIP2 is required for a priming step in the exocytic pathway (Olsen 
et al., 2003; Grishanin et al., 2004; Milosevic et al., 2005), where 
CAPS and Munc13 proteins are essential (Ashery et al., 2000; 
Grishanin et al., 2004; Liu et al., 2008). CAPS and Munc13 may 
function as PIP2 effector proteins (Grishanin et al., 2004; James 
et al., 2008; Shin et al., 2010), but the spatial and temporal regula-
tion of these proteins during exocytosis has not been character-
ized. We confirmed that CAPS-1 is expressed in PC12 cells, and 
we identified ubMunc13-2 as the major Munc13 protein in PC12 
cells (Supplemental Figure S3). The roles of CAPS-1 and ub-
Munc13-2 in evoked vesicle exocytosis were assessed by reducing 
the expression of either protein by >90% (Figure 2B). Depletion of 
either CAPS or ubMunc13-2 did not affect the number of vesicles 
near the plasma membrane (Figure 2C) but markedly reduced 
vesicle exocytosis evoked by 56 mM K+ depolarization (Figure 2, D 
and E). Fusion events from resident or newly arrived vesicles were 
similarly reduced by CAPS or ubMunc13-2 knockdown (Supple-
mental Figure S4). Successful rescue experiments with CAPS in 
CAPS-knockdown cells (see later discussion of Figure 6) or with 
Munc13-1 in ubMunc13-2–knockdown cells (see Supplemental 
Figure S7) indicated that off-target effects were not responsible for 
the inhibition of evoked exocytosis. However, the overexpression 

and Martin, 2003; Milosevic et al., 2005). PIP2-rich domains in plasma 
membrane preparations colocalize with a subset of vesicles, which 
suggests that these domains are preferential sites for exocytosis 
(Aoyagi et al., 2005; James et al., 2008). Such domains have yet to 
be identified in live cells, and it is not known whether vesicle fusion 
occurs into PIP2-rich membrane regions or whether PIP2 is metabo-
lized during Ca2+-triggered exocytosis.

A number of proteins required for vesicle exocytosis are pro-
posed to function via PIP2 binding, including the SNARE protein 
syntaxin-1 (Aoyagi et al., 2005; James et al., 2008; van den Bogaart 
et al., 2011) and the Ca2+ sensor synaptotagmin-1 (Bai et al., 2004; 
Kuo et al., 2011; Koch and Holt, 2012; van den Bogaart et al., 2012). 
The two major proteins that function in vesicle priming Ca2+-depen-
dent activator protein in secretion 1 (CAPS-1; CADPS) and Munc13-
1/2 bind PIP2 (Augustin et al., 1999; Ashery et al., 2000; Grishanin 
et al., 2004; Jockusch et al., 2007; Liu et al., 2008; Shin et al., 2010). 
Low-affinity binding by its pleckstrin homology (PH) domain is re-
quired for CAPS stimulation of SNARE-dependent liposome fusion 
(Loyet et al., 1998; Grishanin et al., 2002; James et al., 2008). Higher-
affinity, Ca2+-dependent PIP2 binding by the C2B domain of 
Munc13-2 is required for Ca2+-dependent augmentation of synaptic 
vesicle exocytosis (Shin et al., 2010). PIP2 may activate or recruit 
these proteins near sites of vesicle exocytosis in cells, but this has 
not been determined. CAPS and Munc13 proteins have related C-
terminal SNARE protein–binding domains (see later, Figure 2A; 
Koch et al., 2000; Guan et al., 2008; Pei et al., 2009; Khodthong 
et al., 2011). Despite sequence relatedness, coexpressed CAPS and 
Munc13 proteins may not function redundantly, as suggested by the 
strong impairment of vesicle priming in synapses of CAPS-1/2– or 
Munc13-1–knockout mice (Augustin et al., 1999; Jockusch et al., 
2007). The N-terminal lipid-binding domains of CAPS and Munc13 
proteins are distinct (see later, Figure 2A), which may account for this 
lack of redundancy. However, the lipid-dependent regulation of 
CAPS and Munc13 proteins at sites of exocytosis remains to be 
assessed.

In the present work, we use total internal reflection fluorescence 
microscopy (TIRFM) to image PIP2, DAG, CAPS, and Munc13 at sites 
of dense-core vesicle exocytosis in live neuroendocrine PC12 cells. 
We show that PIP2 localizes to domains on the plasma membrane 
that provide sites for vesicle exocytosis. CAPS resides on vesicles 
but requires plasma membrane PIP2 for activation. Cytosolic Munc13 
exhibits Ca2+-dependent recruitment to PIP2-rich plasma membrane 
domains, which is required for its activity. PIP2 metabolism to DAG 
is only detected under stronger Ca2+-influx conditions that activate 
phospholipase Cη2 (PLCη2), which leads to loss of CAPS function 
and gain of Munc13 function. These studies provide a direct view of 
the spatial distribution of PIP2 linked to vesicle exocytosis via regula-
tion of lipid-dependent protein effectors.

RESULTS
PIP2-rich domains localize to sites of vesicle exocytosis
The distribution of PIP2 in membrane preparations from neuroendo-
crine cells is heterogeneous and punctate (Laux et al., 2000; Aoyagi 
et al., 2005; Milosevic et al., 2005; James et al., 2008). Subdiffraction 
domains containing >6 mol% PIP2 colocalize with a subset of dense-
core vesicles (James et al., 2008; van den Bogaart et al., 2011). 
Some sites correspond to syntaxin-1 clusters, which suggests that 
PIP2 domains constitute preferential sites for vesicle exocytosis 
(Aoyagi et al., 2005; James et al., 2008; van den Bogaart et al., 
2011). To test this directly in live PC12 cells, we imaged PIP2 at sites 
of vesicle exocytosis by TIRFM. Expression of a fluorescent, PIP2-
binding PLCδ1-PH protein resulted in uniform plasma membrane 
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FIGURE 1: Evoked vesicle exocytosis occurs at PIP2 domains. (A) PC12 cells expressing PLCδ4-PH-mKate2 exhibit 
puncta on the plasma membrane viewed by TIRF microscopy. Several cell footprints are shown. (B) In cells coexpressing 
BDNF-EGFP, many of the dense-core vesicles (green) overlapped with the distribution of PLCδ4-PH-mKate2 puncta (red; 
right three images, insets, and bottom). Overlap of green pixel distribution with red was assessed by the method of 
Costes et al. (2004) as a Manders coefficient (M1 = 0.49 ± 0.09 SE, n = 6). A set of rotated images was used to assess 
random overlap (M1 = 0.06 ± 0.02 SE, n = 6). BDNF-EGFP pixel overlap with PLCδ4-PH-mKate2 pixels was significantly 
different from random (p < 0.005). The Manders coefficient for PLCδ4-PH-mKate2 pixel overlap with BDNF-EGFP pixels 
(M2) was 0.10 ± 0.02. Images shown were deconvolved to reduce background. (C) Vesicle exocytosis was stimulated in 
56 mM K+ buffer (MS). Images of BDNF-EGFP–containing vesicles and PLCδ4-PH-mKate2 fluorescence were acquired at 
4 Hz. Resident (R) vesicles that fused were compared with nonfusing vesicles (N) in the same cells. (D) Similarly, 
nonresident (NR) vesicles that fused were compared with nonfusing vesicles (N) in the same cells. Nonresident fusion 
events were defined as absence of a vesicle in the TIRF field for at least 0.5 s before fusion (Supplemental Figure S1). 
Fluorescence was quantitated across numerous images, as summarized in Supplemental Figure S2, C and D.
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FIGURE 2: CAPS and ubMunc13-2 are corequired for evoked vesicle exocytosis. (A) Schematic of CAPS and 
Munc13-1/ubMunc13-2 proteins, indicating annotated C2, PH, DUF1041, and MHD1 domains in CAPS, and 
C2, C1, DUF1041, MHD1, and MHD2 domains in Munc13-1/ubMunc13-2. Dashed lines indicate regions of 
sequence homology between CAPS and Munc13 proteins. (B) Western blot indicating CAPS and ubMunc13-2 
knockdown. β-Actin was used as the loading control. (C) Representative TIRF images of control cells and CAPS- or 
ubMunc13-2–knockdown cells expressing BDNF-EGFP. Scale bar, 2 μm. The average density of vesicles in the TIRF 
field is plotted beneath the images. (D) CAPS-knockdown cells stimulated with 56 mM K+ buffer (at time zero) 
resulted in ~80% reduction of exocytosis. Recordings were taken at 4 Hz, and events were binned into 15-s 
increments. Note that no events occur in the absence of stimulation (5.6 mM K+ buffer). (E) ubMunc13-2–
knockdown PC12 cells stimulated with 56 mM K+ buffer resulted in ~90% reduction of exocytosis. Recordings were 
taken at 4 Hz, and events were binned into 15-s increments. (F) Overexpression of ubMunc13-2 failed to restore 
evoked exocytosis in CAPS-knockdown cells. Inset, threefold ubMunc13-2 overexpression. (G) Overexpression of 
CAPS was unable to restore evoked exocytosis in ubMunc13-2–knockdown cells. Inset, overexpression of 
CAPS-mKate2. Mean values ± SE (n = 15–20 cells for CAPS knockdown and 10–15 cells for ubMunc13-2 
knockdown).
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evoked by strong stimulation reduced the dependence of exocyto-
sis on CAPS but retained a dependence on ubMunc13-2. The re-
sults indicated that both the lipids (PIP2 vs. PIP2/DAG) and priming 
factors (CAPS/Munc13 vs. Munc13) regulating vesicle exocytosis dif-
fer with stimulus strength (MS vs. SS).

PLCη2 is required for the shift in priming factor 
requirements
That DAG generation occurred under strong but not moderate stim-
ulation conditions (Figure 4A) indicated that a PLC was activated at 
higher Ca2+ levels. This was consistent with the decreased mKate2-
PLCδ4-PH fluorescence observed at sites of exocytosis under strong 
stimulation conditions (Supplemental Figure S2, B–D). Several PLC 
isozymes are expressed in PC12 cells (Homma et al., 1989), but we 
found that the cells also express PLCη2, a strongly Ca2+-activated 
PLC (Nakahara et al., 2005). To determine its role in evoked vesicle 
exocytosis, we knocked down PLCη2 by >80% (Figure 5A), but this 
had little effect on vesicle exocytosis evoked by either moderate or 
strong stimulation (Figure 5B). However, when PLCη2 and CAPS 
were knocked down together (Figure 5A), exocytosis evoked by 
strong stimulation was fully inhibited (Figure 5, C and D). Thus loss 
of a requirement for CAPS in strong stimulation conditions (Figure 4, 
C and E) required PIP2 hydrolysis by PLCη2. This suggests that CAPS 
is not active under strong stimulation conditions because PIP2 is re-
duced to below a threshold level needed for its activation. Con-
versely, based on the inhibition by the C1-domain antagonist cal-
phostin C (Betz et al., 1998), ubMunc13-2 required its DAG-binding 
C1 domain only under strong stimulation conditions, for which DAG 
was generated (Supplemental Figure S5). Thus the loss of CAPS 
function and gain of Munc13 function under strong stimulation con-
ditions appeared to result from the partial conversion of PIP2 to 
DAG.

CAPS resides on vesicles but requires activation by PIP2
Because our results indicated that PIP2 is present at sites of vesicle 
exocytosis, it was important to determine the localization of CAPS 
and Munc13 proteins during exocytosis. CAPS exhibited a punctate 
distribution near the plasma membrane that corresponded to its 
localization on dense-core vesicles (Figure 6A; Grishanin et al., 
2002). It was unclear, however, whether CAPS on vesicles required 
PIP2 binding for its activity. We found that a PH-domain mutant 
(R558D/K560E/K561E) of CAPS (Figure 6B), which fails to bind PIP2 
and is not activated by PIP2 in vitro (Grishanin et al., 2002; James 
et al., 2008), was unable to restore vesicle exocytosis in CAPS-de-
pleted cells under moderate stimulation conditions (Figure 6, C and 
D). This was in spite of the normal localization of the CAPS mutant 
protein on vesicles (Figure 6, E and F). Thus CAPS activity for exocy-
tosis required binding to PIP2, which may be mediated through 
trans interactions between CAPS on the vesicle and PIP2 on the 
plasma membrane.

Stimulation induces Ca2+-dependent Munc13 translocation 
to sites of exocytosis
The localization of Munc13 proteins during vesicle exocytosis elic-
ited by Ca2+ influx into neuroendocrine cells has not been deter-
mined. We localized a functional Munc13-1-GFP protein (Ashery 
et al., 2000), which has a domain organization similar to that of ub-
Munc13-2. In TIRFM studies, Munc13-1-GFP exhibited a diffuse 
cytosolic localization similar to that of GFP (Figure 7A). However, 
upon stimulation, Munc13-1 was translocated into clusters at the 
plasma membrane (Figure 7A). This was not observed for GFP, 
which ruled out clustering as resulting from changes in surface 

of ubMunc13-2 in CAPS-knockdown cells (Figure 2F) or overex-
pression of CAPS in ubMunc13-2–knockdown cells (Figure 2G) 
failed to restore evoked vesicle exocytosis. Thus it was apparent 
that CAPS and ubMunc13-2 function nonredundantly in PC12 cells 
under moderate stimulation conditions.

Dual role for PIP2 in evoked exocytosis
To assess the role of PIP2 in evoked vesicle exocytosis in live cells, 
we overexpressed PIP2 hydrolytic enzymes. In the first approach, we 
expressed a 5-phosphatase-FKBP12 fusion protein that is targeted 
to a plasma membrane–localized FRB protein upon rapamycin addi-
tion (Varnai et al., 2006). Plasma membrane PIP2 was acutely re-
duced after rapamycin treatment but not in controls, based on the 
membrane-to-cytosol translocation of a PLCδ1-PH-GFP probe 
(Figure 3A). This reduction in PIP2 strongly inhibited vesicle exocyto-
sis evoked by 56 mM K+ (termed moderate stimulation [MS]; Figure 
3B, MS). In a second approach, we overexpressed PLCη2, a Ca2+-
regulated enzyme that hydrolyzes PIP2 (Nakahara et al., 2005). 
TagRFP-PLCη2 localized to the plasma membrane and generated 
DAG in response to stimulation as monitored by the cytosol-to-
membrane translocation of a protein kinase Cδ (PKCδ)-C1-EGFP fu-
sion protein (Figure 3D). Vesicle exocytosis evoked by moderate 
stimulation was strongly inhibited by PLCη2 overexpression (Figure 
3C, MS). The results indicate that intact PIP2 is required for vesicle 
exocytosis evoked by moderate stimulation.

When we elicited vesicle exocytosis under stronger conditions, 
the results were quite different. Depolarization at 95 mM K+ pro-
motes a twofold greater Ca2+ rise (to ~0.8 μM; termed strong stimu-
lation [SS]) than does 56 mM K+ (unpublished data). PIP2 was still 
required, as indicated by the inhibition of strong stimulation–evoked 
exocytosis by acute activation of a 5-phosphatase (Figure 3B, SS). 
However, the requirement for PIP2 appeared to be indirect, based 
on the finding that PLCη2 overexpression failed to inhibit vesicle 
exocytosis elicited by strong stimulation (Figure 3C, SS). The results 
suggested that the requirement for PIP2 was in part because it 
served as a precursor for DAG generation. To detect plasma mem-
brane DAG, we monitored the membrane translocation of a PKCδ-
C1-EGFP protein by TIRFM. There was little DAG generation pro-
moted by moderate stimulation, whereas DAG generation in 
response to strong stimulation was robust (Figure 4A). The DAG 
generated under strong stimulation conditions had a punctate ap-
pearance consistent with it arising from the metabolism of PIP2 in 
membrane domains. The results suggested that evoked vesicle exo-
cytosis is dependent on intact PIP2 under moderate stimulation con-
ditions but that exocytosis under strong stimulation conditions is 
supported in part by DAG generated from PIP2.

Strong stimulation bypasses the requirement for CAPS 
but not for ubMunc13-2
These results suggested that the lipid dependence of vesicle exocy-
tosis may differ with stimulus strength. Therefore we determined 
whether the requirements for the lipid-dependent protein effectors 
CAPS and ubMunc13-2 differed for moderate and strong stimula-
tion conditions. The overall rates and extent of evoked vesicle exo-
cytosis did not differ for moderate and strong stimulation conditions 
(Figure 4B). However, we found that exocytosis evoked by strong 
stimulation did not require CAPS (Figure 4C), which contrasted with 
the strict requirement for CAPS in exocytosis evoked by moderate 
stimulation (Figures 4C and 2D). By contrast, evoked vesicle exocy-
tosis at both moderate and strong stimulation required ubMunc13-2 
(Figure 4D). These differing requirements, summarized in Figure 4E, 
indicate that the increased metabolism of PIP2 at elevated Ca2+ 
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FIGURE 3: PIP2 is required for evoked vesicle exocytosis. (A) Hydrolysis of PIP2 was monitored in epifluorescence 
microscopy by the membrane-to-cytoplasm translocation of PLCδ1-PH-GFP in cells coexpressing mRFP-FKBP12-5-
phosphatase before or after rapamycin (Rapa) treatment. Rapamycin treatment reduced PIP2 levels as inferred from the 
translocation of PLCδ1-PH-GFP to the cytoplasm, as indicated in line scans. There was no comparable PIP2 reduction in 
cells expressing mRFP-FKBP12 as controls (unpublished data). (B) Rapamycin-induced recruitment of the FKBP12-5-
phosphatase fusion protein inhibited exocytosis evoked by 56 mM K+ (MS) and 95 mM K+ (SS) conditions. Mean ± SE 
(n = 7–13 cells). (C) Overexpression of PLCη2 inhibited exocytosis evoked by 56 mM K+ (MS) but not that evoked by 
95 mM K+ (SS). Mean ± SE (n = 11–13 cells). (D) Representative epifluorescence images showing the localization of 
tagRFP-PLCη2 at the plasma membrane (middle) and its activation at 56 mM K+ (MS) and 95 mM K+ (SS) to generate 
DAG, detected by the translocation of a PKCδ1 C1 domain–EGFP fusion protein to the plasma membrane (top), as 
documented by line scans across the cells (bottom). Right bottom inset, ratio of average pixel fluorescence intensity of 
C1-EGFP on the plasma membrane to total (mean values ± SD, n = 3–6, *p < 0.0005, ns = nonsignificant).
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FIGURE 4: Strong Ca2+ influx switches the protein requirements for exocytosis. (A) DAG levels increased after 
incubation in strong (95 mM K+, SS) but not moderate (56 mM K+, MS) stimulation conditions. DAG was monitored 
by TIRF microscopy in cells expressing PKCδ-C1-EGFP. Average intensity of C1-EGFP in the TIRF field (bottom; 
mean ± SE, n = 5–7 cells). (B) Rates and numbers of exocytic events were similar for moderate (MS) and strong 
stimulation (SS) buffers (added at time zero). No events occur in 5.6 mM K+ buffer. (C) Strong stimulation evoked 
exocytosis in CAPS-knockdown cells to ~80% of that in control levels. (D) ubMunc13-2 knockdown inhibited evoked 
exocytosis in both moderate (MS) and strong (SS) stimulation buffers. (E) The number of cumulative exocytic events 
observed at 300 s in B–D. Exocytosis in CAPS-knockdown cells was significantly different (*p < 0.05) for MS and SS 
conditions, whereas CAPS-knockdown cells did not differ from control cells under SS conditions (ns). Mean ± SE, 
n = 15 cells.



Volume 25 February 15, 2014 PIP2, CAPS, and Munc13 in exocytosis | 515 

show rescue (Supplemental Figure S7). Thus 
the Ca2+-dependent translocation of 
Munc13-1 to PIP2-rich membrane domains 
mediated by its C2B domain is essential for 
the activity of Munc13 in vesicle priming.

DISCUSSION
PIP2 was found to be essential for Ca2+-de-
pendent vesicle exocytosis in neuroendo-
crine cells (Eberhard et al., 1990; Hay and 
Martin, 1993; Hay et al., 1995). Although 
subsequent studies clarified the roles of PIP2 
in vesicle exocytosis, several questions 
about PIP2 localization, metabolism, and 
mechanism remained. The key new findings 
of the present work are as follows: 1) PIP2 in 
live cells segregates into high-concentration 
domains on the plasma membrane; 
2) evoked vesicle fusion occurs into PIP2-rich 
domains in the plasma membrane; 3) two 
essential vesicle priming proteins, CAPS and 
Munc13, are regulated by PIP2 but by dis-
tinct mechanisms; 4) PIP2 metabolism to 
DAG does not accompany Ca2+-triggered 
vesicle exocytosis under Ca2+-influx condi-
tions optimal for eliciting exocytosis; but 5) 
PIP2 metabolism to DAG is promoted by 
high Ca2+ concentrations via PLCη2 activa-
tion; and 6) PLCη2 activation shifts the de-
pendence of exocytosis on CAPS and 
Munc13 to dependence on Munc13 alone. 
Overall PIP2 plays an important role in spa-
tial coordination of vesicle exocytosis, as 
summarized in Figure 8.

Vesicle exocytosis at PIP2-rich membrane domains
Previous studies identified high-concentration domains of PIP2 in 
isolated cell membranes (Aoyagi et al., 2005; Milosevic et al., 2005; 
James et al., 2008; van den Bogaart et al., 2011) or in fixed cells 
(Laux et al., 2000). Here we characterized similar PIP2 domains in the 
plasma membrane of live cells for the first time. A lower-affinity PIP2-
binding PLCδ4-PH probe (Lee et al., 2004) was used to detect mem-
brane domains of PIP2 by TIRFM. A subset of dense-core vesicles 
colocalized with the PIP2 domains, whereas many of the more nu-
merous PIP2 domains did not colocalize with vesicles. Other PIP2-
dependent processes, such as actin assembly, constitutive exocyto-
sis, endocytosis, and ion channel regulation, likely occur at these 
other PIP2 domains, depending on their protein composition.

The basis for PIP2 domain formation has not been determined. 
One model for domain formation suggests that it is mediated by 
charge interactions with proteins containing clusters of basic resi-
dues (Laux et al., 2000; McLaughlin and Murray, 2005). PIP2 domains 
that function in vesicle exocytosis may be organized in part by syn-
taxin-1, a SNARE protein with a membrane-proximal cluster of basic 
residues (Aoyagi et al., 2005; James et al., 2008; van den Bogaart 
et al., 2011). Takahashi and coworkers found that ~13% of the vesi-
cles in PC12 cell membrane preparations resided at PIP2- or PIP2- 
and syntaxin-containing sites (Aoyagi et al., 2005). These authors 
found that depolarization of cells in 60 mM K+ reduced colocalizing 
vesicles to ~3% in membrane preparations, which led to the pro-
posal that vesicles fuse preferentially at PIP2-rich domains (Aoyagi 
et al., 2005). Here we demonstrated this directly in live-cell imaging 

membrane topology. Moreover, clusters of Munc13-1 colocalized in 
part with vesicles at the plasma membrane (Figure 7B). Thirty per-
cent of membrane-proximal vesicles in the TIRF field colocalized 
with Munc13-1 puncta after stimulation (Manders coefficient, 
0.3 ± 0.02, SE, n = 7 cells).

The translocation of Munc13-1 to the plasma membrane oc-
curred rapidly after stimulation (Figure 7, C and D) and was the same 
for moderate and strong stimulation (Figure 7E), which indicated 
that lower Ca2+ increases were sufficient to induce translocation. 
Munc13-1 harboring a mutant C1 domain (H567K) that lacks phorbol 
ester binding (Betz et al., 1998; Rhee et al., 2002; Basu et al., 2007) 
underwent a similar translocation in response to moderate (unpub-
lished data) as well as strong stimulation (Figure 7F), indicating that 
the C1 domain does not mediate Ca2+-dependent Munc13-1 trans-
location. By contrast, Munc13-1 harboring D705N/D711N mutations 
in its C2B domain, which abolish Ca2+-dependent interactions with 
PIP2 (Shin et al., 2010), failed to undergo Ca2+-dependent transloca-
tion under either moderate (unpublished data) or strong (Figure 7G) 
stimulation conditions. Consistent with the PIP2-binding properties 
of its C2B domain, Munc13-1 was found to translocate to PIP2 do-
mains on the plasma membrane, as indicated by the complete sup-
pression of translocation by overexpression of the PIP2-binding 
PLCδ1 PH domain (Supplemental Figure S6). Finally, we assessed the 
activity of the Munc13-1 C2B(D705N/D711N) mutant in evoked 
vesicle exocytosis. Whereas expression of a wild-type Munc13-1 
protein reversed the inhibition of evoked exocytosis by ubMunc13-2 
knockdown, the Munc13-1 C2B(D705N/D711N) mutant failed to 

FIGURE 5: PLCη2 functions as a Ca2+-dependent modulator of exocytosis. (A) Western blot 
showing knockdown of PLCη2 mediated by siRNA (left) or shRNA (right). Positions of 100- and 
150-kDa standards are indicated. (B) Knockdown of PLCη2 with siRNA did not affect total 
number of exocytic events, regardless of stimulation conditions. (C) Double knockdown of CAPS 
and PLCη2 with shRNA plasmids inhibited exocytosis under strong stimulation (SS) condition. 
This contrasted with the lack of effect of CAPS knockdown (Figure 4C) or PLCη2 knockdown (B) 
under the same conditions. (D) Cumulative exocytic events at 300 s. Exocytosis evoked by SS 
conditions differed significantly (***p < 0.0005) for CAPS knockdown and the double 
knockdown (mean ± SE, n = 5–10 cells).
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phospholipase D, SCAMP2, syntaxin, and synaptotagmin (Koch and 
Holt, 2012).

CAPS and Munc13 as PIP2 effector proteins
Vesicles transit through priming steps that confer fusion compe-
tence for which PIP2 is required (Aikawa and Martin, 2003; Olsen 
et al., 2003; Milosevic et al., 2005). CAPS and Munc13 proteins, 
which bind PIP2 (Loyet et al., 1998; Grishanin et al., 2002; James 
et al., 2008; Shin et al., 2010), were identified as essential for vesicle 
priming (Walent et al., 1992; Augustin et al., 1999; Grishanin et al., 
2004; Liu et al., 2008), but the mechanisms by which these proteins 
function as PIP2 effectors were unclear. CAPS is cytosolic but also 
localizes to dense-core vesicles (Grishanin et al., 2002), which is the 

by TIRFM (Figure 1, C and D, and Supplemental Figure S2) at mod-
erate stimulation conditions (56 mM K+), for which little hydrolysis of 
PIP2 to DAG occurs (Figure 4A). Arrival of a Ca2+ signal sufficient to 
optimally trigger exocytosis was not sufficient to promote PIP2 hy-
drolysis. By contrast, higher levels of Ca2+ promoted by strong stim-
ulation (95 mM K+) evoked exocytosis at sites containing lower lev-
els of PIP2 (Supplemental Figure S2) accompanied by the generation 
of DAG (Figure 4A). It is apparent that vesicle fusion in cells can oc-
cur into membrane domains enriched with PIP2 and/or PIP2 and 
DAG, depending on stimulation conditions. That vesicle exocytosis 
occurs at sites enriched in PIP2 and/or DAG is consistent with the 
proposed functional roles for many lipid-dependent proteins in ves-
icle exocytosis, including CAPS, Munc13, rabphilin, Mints, 

FIGURE 6: CAPS localizes to vesicles and requires PIP2 for activation. (A) Coexpression of BDNF-EGFP and CAPS-
mKate2 in PC12 cells revealed that CAPS localizes to dense-core vesicles as viewed by TIRF microscopy. (B) Schematic 
showing C2, PH, and MHD1 domains in CAPS. Sequences show conservation of CAPS PH domain, with boxed residues 
indicating sites of mutation (R558D/K560E/K561E; DEE). (C,D) CAPS knockdown by shRNA plasmid markedly 
attenuates exocytosis evoked by 56 mM K+. Wild-type CAPS rescues exocytosis in the knockdown cells, whereas the 
CAPS PH-domain mutant (DEE) fails to rescue. (E, F) The CAPS PH-domain mutant DEE localizes to dense-core vesicles 
based on colocalization with BDNF-EGFP in TIRF microscopy. Line scans between arrowheads indicate colocalization.
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FIGURE 7: Stimulation promotes Munc13 translocation to sites of exocytosis. All images are an average of four 
consecutive images taken 250 ms apart. The contrast and brightness of images were adjusted equally. (A) TIRF 
microscopy of PC12 cells expressing either EGFP or Munc13-1-EGFP. Cells were stimulated with MS buffer, and images 
were taken 120 s poststimulation. The white box region is displayed in the zoomed image. Scale bar, 5 μm (four upper 
images), 3 μm (zoomed image). (B) Representative TIRF images showing the localization of vesicles containing NPY-
tagRFP and Munc13-1-EGFP translocated in response to MS buffer. Scale bar, 5 μm. Vesicles colocalized with Munc13-1 
with a Manders coefficient of 0.3 ± 0.02 (± SE, n = 7 cells). (C) Time course of the change in fluorescence intensity for 
cells expressing EGFP or Munc13-EGFP, with zero representing the time of stimulation (MS). Fluorescence from total cell 
footprint was measured. (D) Change in fluorescence intensity in cells expressing EGFP or Munc13-1-EGFP after 120 s of 
stimulation (MS). The change for Munc13-1-EGFP and EGFP differed significantly (p < 0.05, mean ± SE, n = 6 cells). 
(E) Graph displaying the average density of Munc13-1 clusters under both MS and SS conditions. The cluster density 
poststimulation differed from the density prestimulation (**p < 0.005), but there was no significant difference in cluster 
densities post-MS and post-SS. (F) Representative images showing that the H567K mutation in the C1 domain did not 
inhibit Munc13-1 translocation to the plasma membrane. The graph displays the average density of Munc13-1 H567K 
clusters before and after stimulation, where a significant (**p < 0.005) difference was observed. (G) Representative 
images showing that the D705N/D711N mutations in the C2B domain (Munc13 DN) prevent Munc13-1 translocation to 
the plasma membrane. These mutations disrupt Ca2+-dependent PIP2 binding (Shin et al., 2010). The graph displays the 
average density of Munc13 DN clusters before and after stimulation, which did not differ (mean ± SE, n = 6–8 cells).
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sequence for PKC (Oancea and Meyer, 1998), suggests that the ini-
tial Ca2+-dependent recruitment of Munc13 to PIP2 via its C2B do-
main leads to further activation via its adjacent C1 domain if DAG is 
available at the same membrane site. Thus the high Ca2+-depen-
dent activation of PLCη2 will generate local membrane domains 
with reduced PIP2 and increased DAG. Although such membrane 
domains are inadequate to activate CAPS, a low-affinity PIP2-bind-
ing protein (Grishanin et al., 2002; James et al., 2008), they are suf-
ficient to recruit the high-affinity PIP2-binding Munc13 via its C2B 
domain (Shin et al., 2010) and further activate Munc13 by DAG 
binding to its C1 domain.

CAPS and Munc13 proteins exhibit sequence similarity in C-ter-
minal regions (Figure 2A) essential for SNARE-protein binding (Koch 
et al., 2000; Khodthong et al., 2011; Li et al., 2011). A key finding of 
the present work is that CAPS-1 and ubMunc13-2 function nonre-
dundantly in PC12 cells (Figures 2 and 4), similar to what is inferred 
from synaptic transmission defects in CAPS- or Munc13-1–knockout 
mice (Augustin et al., 1999; Jockusch et al., 2007). The findings 
imply that these proteins function in a complementary manner, and 
our localization studies (Figures 6 and 7) suggest that these proteins 
may function sequentially. CAPS, delivered to sites of exocytosis on 
vesicles, could initiate SNARE-protein complex formation upon ac-
tivation by plasma membrane PIP2 in resting cells by using its MHD1 
domain (Khodthong et al., 2011). After stimulation and its Ca2+- and 
PIP2-dependent recruitment to sites of exocytosis, ubMunc13-2 
could further stabilize SNARE-protein complexes, possibly using its 
MHD2 domain (Li et al., 2011). Sequential activation is consistent 
with the reported CAPS requirement for the function of overex-
pressed Munc13-1 in chromaffin cells (Liu et al., 2010). At high Ca2+ 
levels (0.8 μM in PC12 cells), the recruitment of Munc13 to PIP2 may 
be accompanied by DAG-induced conformational changes that en-
able Munc13 to functionally replace CAPS, possibly using both its 
MHD2 and MHD1 domains.

The similar time courses for evoked vesicle exocytosis (Figure 4B) 
and Munc13 recruitment (Figure 7C) indicate that Munc13 arrival at 
exocytic sites could be rate limiting for vesicle exocytosis in PC12 
cells. Detailed comparisons indicate that Munc13 arrival precedes 
exocytosis at most sites by several seconds (M.Y., unpublished re-
sults). The possibility that Ca2+-dependent translocation of Munc13 
to sites of exocytosis rate-limits evoked vesicle exocytosis would 

functional pool of CAPS (G.K., unpublished data). We confirmed the 
vesicle localization of CAPS and found that its activity, but not vesi-
cle localization, required binding to PIP2 (Figure 6). The interaction 
of vesicle-bound CAPS with PIP2 may be a trans interaction from the 
vesicle to the plasma membrane, but we cannot exclude the possi-
ble exchange of CAPS from the vesicle to the plasma membrane, 
given the affinity of CAPS for PIP2 and plasma membrane SNARE 
proteins (Daily et al., 2010). Nonetheless, it appears that CAPS is 
delivered to sites of exocytosis on dense-core vesicles.

In vertebrate neurons, Munc13-1 is prelocalized at active zones 
in proximity to synaptic vesicle release sites through N-terminal-
domain interactions with proteins in the cytomatrix of the active 
zone, such as RIM (Andrews-Zwilling et al., 2006). By contrast, 
Munc13-1 is cytosolic in neuroendocrine cells (Ashery et al., 2000), 
and it was not known how Munc13 proteins reach sites of exocyto-
sis. Here we show for the first time that ubMunc13-2 is required for 
regulated dense-core vesicle exocytosis in PC12 cells along with 
CAPS-1 (Figure 2). Because of a domain organization similar to ub-
Munc13-2, we used Munc13-1 for localization studies. Expressed 
Munc13-1 is cytosolic in PC12 cells, but moderate or strong Ca2+ 
influx promoted its rapid translocation to PIP2 domains on the 
plasma membrane that correspond in part to vesicle-docking sites 
(Figure 7 and Supplemental Figure S6). The stimulation-dependent 
translocation of Munc13-1 used its Ca2+-dependent, PIP2-binding 
C2B domain but not its DAG-binding C1 domain (Figure 7). Previ-
ous studies showed phorbol ester- or DAG-induced, C1 domain–
dependent translocation of Munc13-1 to unspecified membrane 
sites (Lackner et al., 1999; Ashery et al., 2000). By contrast, our re-
sults reveal an essential role for the C2B domain in Munc13 translo-
cation during Ca2+ influx. Moreover, Ca2+-dependent translocation 
of Munc13 is required for its role in Ca2+-evoked dense-core vesicle 
exocytosis (Supplemental Figure S7). These results extend the view 
of Munc13 as a Ca2+-dependent PIP2-binding effector for vesicle 
exocytosis (Shin et al., 2010). Although the C1 domain of Munc13-1 
was not required for Ca2+-dependent membrane recruitment, the 
activity of Munc13 was enhanced by DAG under strong stimulation 
conditions, as indicated by its ability to compensate for lack of CAPS 
activity (Figure 4) and by calphostin C sensitivity of exocytosis 
evoked by strong stimulation conditions (Supplemental Figure S5). 
A parsimonious model, strikingly similar to the proposed activation 

FIGURE 8: Summary of roles for PIP2, CAPS, Munc13, PLCη2, and DAG in vesicle priming in PC12 cells. Under 
moderate stimulation conditions (56 mM K+, peak [Ca2+]I = 400 nM), CAPS and ubMunc13-2 are both required for 
evoked vesicle exocytosis (left). Vesicle-associated CAPS is activated by PIP2, and Munc13 undergoes Ca2+-dependent 
recruitment to PIP2 domains. At exocytic sites, CAPS and Munc13 promote SNARE complex assembly (syntaxin1, red; 
SNAP25, blue; VAMP2, green) through Munc homology domain (MHD) interactions. Under strong stimulation conditions 
(95 mM K+, peak [Ca2+]I = 800 nM), PLCη2 activation leads to partial PIP2 hydrolysis and DAG generation (right). 
Decreased PIP2 prevents CAPS activation but supports Ca2+-dependent Munc13 recruitment. Mixed domains of PIP2 
and DAG enable further C1 domain–dependent Munc13 activation.
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5-TCCTGCACCACGCCGAAAAACTTCGAGGTGTGG-3 and the re-
verse primer 5-CCACACCTCGAAGTTTTTCGGCGTGGTGCAG G
A-3. The C2 mutations D705N/D711N were made consecutively 
with the D705N introduced first using the forward primer 5-GGCT-
TGCAGGCCAAGAACAAGACAGGATCCA-3 and the reverse primer 
5-TGGATCCTGTCTTGTTCTTGGCCTGCAAGCC-3. The D711N 
mutation was introduced next with the forward primer 5-AGAACAA-
GACAGGATCCAGTAACCCTTATGTCAC-3 and the reverse primer 
5-GTGACATAAGGGTTACTGGATCCTGTCTTG TTCT-3.

The short hairpin RNA (shRNA) plasmid for CAPS was generated 
by ligating oligonucleotides encoding shRNAs into pSHAG-1 vector 
(generously provided by G. Hannon, Cold Spring Harbor Laboratory, 
Cold Spring Harbor, NY) with BamHI and BseRI. Rat CAPS mRNA 
sequence corresponding to nucleotides 3839–3866 (ACAGU-
GACGAGGAAGAUGAAG AAGACGA) was targeted. The oligonu-
cleotide sequences were 5′-TCGTCTTCTTCATCTTCCTCGTCACT-
GTGAAGCTTGATAGTGATGAGGAGGATGAGGAAGACGACT-
ATTTTTT-3′ (sense) and 5′-GATCAAAAAATAGTCTTCCTCATCCTC-
CTCATCACTATCAAGCTTCAGCACAGTGACGAGGAAGATGAA-
GAAGACGAC-3′ (antisense). The specificity of the knockdown con-
struct was verified by a BLAST search of the public databases. Knock-
down of ubMunc13-2 was performed with endoribonuclease-pre-
pared small RNAs (esiRNAs) as described (Kittler et al., 2005). PC12 
cell cDNA was generated from isolated mRNA, and a 400–base pair 
esiRNA target sequence was selected using the Web server DEQOR 
(Henschel et al., 2004). PCR was used to amplify this region using the 
forward primer 5′-GCTAATACGACTCACTATAGGGAG AGTCA-
GGATGAAGGTGCAAGAA-3′ and the reverse primer 5′-GCTAATAC-
GACTCACTATAGGGAG ACTTCATTGTGGAGCCACTTCA-3′. A T7 
promoter sequence was appended to the 5′ end of both primers, 
and the 400–base pair PCR product was used as a template for an in 
vitro transcription reaction (Applied Biosystems, Foster City, CA). 
Transcribed RNA was annealed to generate double-stranded RNA 
and digested for 72 h at 37°C with DICER (Finnzymes, Vantaa, 
Finland). The esiRNA was purified over a Q-Sepharose column, 
precipitated in isopropyl alcohol, washed with ethanol, dried, and 
resuspended in transfection buffer. Concentrations of esiRNA were 
determined by measuring the OD260 and confirmed on 4% agarose 
gel. As a control, esiRNA targeting mCherry was generated. Knock-
down of ubMunc13-2 was alternatively conducted by transfection 
with an shRNA knockdown construct (target sequence CACAACT-
CACTGAGGATAGACCTGTCTAC; OriGene, Rockville, MD) with a 
sham vector as control. Knockdown of PLCη2 was conducted 
with pSM2-PLCη2 (or empty) shRNA plasmids (Open Biosystems, 
Huntsville, AL) or siRNA.

Antibodies and reagents
Anti-mouse PLCη2 polyclonal antibody was kindly provided by 
K. Fukami. The anti–glyceraldehyde 3-phosphate dehydrogenase 
monoclonal antibody was purchased from Ambion (Austin, TX) 
and used at a 1:1000 dilution. The anti-actin monoclonal antibody 
was purchased from Sigma-Aldrich (St. Louis, MO) and used at a 
1:8000 dilution. The anti–Munc13-1 polyclonal antibody was pur-
chased from Synaptic Systems (Göttingen, Germany) and used at 
a 1:1000 dilution. The anti–Munc13-2 monoclonal antibody was 
purchased from Santa Cruz Biotechnology (Santa Cruz, CA) and 
used at a 1:250 dilution. The anti–Munc13-4 polyclonal antibody 
was provided by H. Horiuchi (Tohoku University, Sendai, Japan) 
and used at 1:1000 dilution. The anti-CAPS polyclonal antibody 
was generated against full-length CAPS protein, purified by pro-
tein A–agarose chromatography, and used at 1:1000 dilution. 
Fluo-4 AM was purchased from Molecular Probes (Eugene, OR). 

explain the absence of a ready releasable vesicle pool in resting 
cells and the long latencies between stimulation and secretion ob-
served for PC12 cells (Kasai et al., 2012; Martin, 2003).

Role of PLCη2 as a Ca2+-dependent modulator 
of Ca2+-dependent exocytosis
A key finding in the present work is that dense-core vesicle exocyto-
sis uses two alternative mechanisms with different protein and lipid 
requirements, depending on stimulus strength (Figure 8). Under 
moderate stimulation conditions, exocytosis depends on PIP2 and 
uses both CAPS-1 and ubMunc13-2 (Figures 2 and 3). Under strong 
stimulation conditions, exocytosis depends on PIP2 and DAG and 
uses ubMunc13-2 (Figures 3 and 4). The latter is similar to the effect 
of high-frequency stimulation, which overcomes impaired synaptic 
transmission in CAPS-1/2–knockout mice (Jockusch et al., 2007). 
Strong but not moderate stimulation activates PLCη2 to generate 
DAG (Figure 4A), and the present work indicates that PLCη2 activa-
tion alters the protein requirements for vesicle exocytosis. Strong 
stimulation bypasses the requirement for CAPS in wild-type cells but 
does not do so in PLCη2-depleted cells (Figure 5). PLCη2 was char-
acterized as a neural/neuroendocrine-specific PLC, but its role was 
unknown (Nakahara et al., 2005; Kanemaru et al., 2010). The pres-
ent work shows that PLCη2 acts as a Ca2+-dependent switch that 
shifts exocytosis from a CAPS/Munc13-dependent mode to a 
Munc13-dependent mode. PLCη2 may be the unidentified en-
zyme required for Munc13-dependent synaptic augmentation 
(Rosenmund et al., 2002).

In summary (Figure 8), the present work uses TIRF imaging to 
show that PIP2 is enriched at sites of vesicle exocytosis in live cells 
and participates directly in the activation and recruitment of lipid-
dependent priming factors, CAPS and Munc13. PLCη2 is found to 
be a Ca2+-regulated switch activated by strong Ca2+ influx. PLCη2 
activation reduces PIP2 in membrane domains to below a threshold 
for CAPS activation but is sufficient for the recruitment of Munc13, 
which is further activated by DAG.

MATERIALS AND METHODS
DNA constructs
The plasmid encoding BDNF-EGFP was provided by V. Lessmann 
(Johannes Gutenberg Universität, Mainz, Germany). The plasmid 
CAPS-mKate2 was generated by subcloning rat CAPS from a CAPS-
mychis pcDNA3.1 plasmid into pmKate2-N1 from Evrogen 
(Moscow, Russia) using XhoI and KpnI. The ubMunc13-2 expression 
plasmid was generated by cloning ubMunc13-2 from PC12 cDNA 
into pcDNA3.1 using XhoI/KpnI. PKCδC1-EGFP plasmid was pro-
vided by S. Grinstein (Hospital for Sick Children, Toronto, Canada). 
Plasmids encoding PLCδ4-PH-EGFP, cyan fluorescent protein (CFP)-
FRB, monomer red fluorescent protein (mRFP)-FKBP12-only, and 
mRFP-FKBP12-5-ptase were provided by T. Balla (National Institute 
of Health, Bethesda, MD). EGFP-mousePLCη2 (EGFP-PLCη2) 
plasmid was provided by K. Fukami (Tokyo University of Pharmacy 
and Life Science, Tokyo, Japan). TagRFP-PLCη2 and mKate2-PLCη2 
were generated by inserting BspEI/BamHI and BglII/SalI fragments 
of EGFP-PLCη2 into the BspEI and BamHI sites and BglII and 
SalI sites of TagRFP-C and mKate2-C vector (Evrogen), respectively. 
PLCδ4-PH-mKate2 plasmid was generated by subcloning rat 
PLCδ4-PH from a PLCδ4-PH-EGFP plasmid into KpnI and SmaI 
sites of pmKate2-N. Munc13-1-EGFP plasmid was provided 
by J. Rettig (Universität des Saarlandes, Saarbrücken, Germany), and 
site-directed mutagenesis (Stratagene, Santa Clara, CA) was 
used to generate point mutations in Munc13-1-EGFP. The C1-do-
main mutation H576K was introduced using the forward primer 
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tated by averaging four consecutive images before stimulation and 
four images taken 120 s after stimulation unless otherwise indicated.

Assays for evoked exocytosis were conducted with PC12 cells 
expressing BDNF-EGFP as previously described (Lynch et al., 2008). 
There is little BDNF-EGFP release during dense-core vesicle exocy-
tosis. Fusion pore formation during exocytosis is accompanied by 
increased fluorescence from vesicle deacidification. The fluores-
cence subsequently decreases gradually as the result of fusion pore 
closure and vesicle reacidification. These fluorescence changes, 
shown for representative vesicles in Supplemental Figure S1, are the 
hallmark features of vesicle fusion and are readily distinguished from 
vesicles that approach and leave the plasma membrane. Images 
were acquired at 250-ms intervals, and fusion events were manually 
counted. An alternative assay for secretion was used for the study of 
Supplemental Figure S7. PC12 cells stably expressing NPY-EGFP 
were transfected with ubMunc13-2 shRNA construct or sham vector 
with or without coexpression of rat Munc13-1-ECFP and seeded 
into 96-well plates. At 4 d posttransfection, cells were stimulated 
with 56 mM K+ buffer, and secretion of NPY-EGFP was monitored 
10 min poststimulation. Percentage secretion was calculated as 
100 × GFPsupernatant/(GFPsupernatant + GFPcells).

For fixed-cell imaging, PC12 cells were transfected with plasmids 
encoding C1-EGFP and tagRFP or tagRFP-PLCη2. Cells were plated 
on poly-l-lysine and collagen-coated coverslips. After 48 h of incuba-
tion, cells were washed with basal buffer and stimulated with 56 or 95 
mM K+ buffer for 2 min. Cells were immediately fixed with 3.7% form-
aldehyde in phosphate-buffered saline. Coverslips were mounted on 
slides with Mowiol 4-88 Reagent (EMD Biosciences, San Diego, CA) 
and imaged on a Nikon C1 laser scanning confocal microscope with 
a 60× oil immersion objective with numerical aperture 1.4.

Calphostin C was purchased from LKT Laboratories (St. Paul, MN). 
Phorbol 12-myristate 13-acetate and rapamycin were purchased 
from Sigma-Aldrich.

Cell culture and transfection
PC12 cells were cultured in DMEM (Sigma-Aldrich) supplemented 
with 5% horse serum and 5% calf serum at 37°C in a 10% CO2 atmo-
sphere at constant humidity. PC12 cells (grown to ~80% confluency 
in a 10-cm dish) were suspended in 0.5 ml of cytomix buffer (25 mM 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid [HEPES], 120  
mM KCl, 10 mM KH2PO4, 0.15 mM CaCl2, 5 mM MgCl2, 2 mM 
ethylene glycol tetraacetic acid, pH 7.6) and were transfected with 
10–50 μg of plasmid DNA. Transfections for plasmid DNA or siRNA 
were performed by electroporation using an ECM 830 (BTX, Holli-
ston, MA) set at 8 ms, one pulse at 230 or 90 V, respectively. Alter-
natively, transfections were conducted with 10 μg of CAPS shRNA 
plasmid or empty vector using an Electroporator II (Invitrogen, 
Carlsbad, CA) set at 71 μF and 330 V. Cells were plated on poly-l-
lysine and collagen-coated 35-mm glass-bottom dishes (MatTek, 
Ashland, MA) or six-well dishes for 72–96 h with subsequent TIRF 
analysis or Western blotting.

Cell imaging
Live-cell imaging was conducted on a Nikon TIRF microscope eva-
nescent wave imaging system with a TE2000-U inverted microscope 
(Nikon, Kawasaki, Japan) and an Apo TIRF 100×/numerical aperture 
1.45 (Nikon) objective lens. EGFP fluorescence was excited with a 
488-nm laser line and mKate2 with a 514-nm laser. Images were 
acquired (usually at 4 Hz) with a CoolSNAP-ES Digital Monochrome 
charge-coupled device (CCD) camera (Photometrics, Tucson, AZ) or 
an Evolve Digital Monochrome electron-multiplying CCD camera 
(Photometrics) controlled by MetaMorph software (Universal Imag-
ing, Downingtown, PA). Data analysis was done using ImageJ (Na-
tional Institutes of Health, Bethesda, MD) or MetaMorph.

Imaging was conducted in a basal buffer (15 mM HEPES, pH 7.4, 
145 mM NaCl, 5.6 mM KCl, 2.2 mM CaCl2, 0.5 mM MgCl2, 5.6 mM 
glucose, 0.5 mM ascorbic acid, 0.1% bovine serum albumin) or with 
stimulation buffers for moderate (basal buffer with 95 mM NaCl, 
56 mM KCl) or strong (basal buffer with 56 mM NaCl, 95 mM KCl) 
stimulation at room temperature. Calcium imaging studies were con-
ducted by loading cells with Fluo-4 by incubation with 2 mM of Fluo-
4AM and 0.02% Pluronic F-127 (Molecular Probes) at room tempera-
ture for 30 min in the dark, followed by incubation in basal buffer at 
37°C for 20 min for subsequent imaging at 488 nm. The K+ buffers, 
56 and 95 mM, increased intracellular Ca2+ from ~50 to ~400 and 
~800 nM, respectively, within 5 s. Rapamycin-induced PIP2 hydrolysis 
was conducted as described (Varnai et al., 2006). Briefly, PC12 cells 
were transfected with plasmids encoding CFP-FRB, mRFP-FKBP12-5-
ptase (or mRFP-FKBP-only), and BDNF-EGFP or PLCδ1-PH-EGFP for 
48 h. Medium was replaced with basal buffer, rapamycin to 100 nM 
was added, and cells were stimulated with 56 or 95 mM K+ buffer. To 
detect PIP2 and vesicle exocytosis, cells were transfected with plas-
mids encoding mKate2-PLCδ4-PH and BDNF-EGFP for 48 h and im-
aged by TIRF microscopy. Consecutive images from recordings at 
4 Hz were averaged over 2 s and deconvolved for analysis. Images 
were analyzed in Fiji with autothresholding and the JACoP plug-in 
using the method of Costes et al. (2004) to calculate the Manders 
coefficients. The Costes randomization p values were close to 1.0. To 
directly assess random overlap, rotated images were used to calcu-
late a Manders coefficient for random. DAG generation on the 
plasma membrane was detected in cells expressing C1-EGFP. 
Munc13-1-EGFP translocation to the plasma membrane was quanti-
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