Resident CAPS on dense-core vesicles docks
and primes vesicles for fusion
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ABSTRACT The Ca?*-dependent exocytosis of dense-core vesicles in neuroendocrine cells
requires a priming step during which SNARE protein complexes assemble. CAPS (aka CADPS)
is one of several factors required for vesicle priming; however, the localization and dynamics
of CAPS at sites of exocytosis in live neuroendocrine cells has not been determined. We im-
aged CAPS before, during, and after single-vesicle fusion events in PC12 cells by TIRF micro-
scopy. In addition to being a resident on cytoplasmic dense-core vesicles, CAPS was present
in clusters of approximately nine molecules near the plasma membrane that corresponded to
docked/tethered vesicles. CAPS accompanied vesicles to the plasma membrane and was
present at all vesicle exocytic events. The knockdown of CAPS by shRNA eliminated the
VAMP-2-dependent docking and evoked exocytosis of fusion-competent vesicles. A
CAPS(AC135) protein that does not localize to vesicles failed to rescue vesicle docking and
evoked exocytosis in CAPS-depleted cells, showing that CAPS residence on vesicles is essen-
tial. Our results indicate that dense-core vesicles carry CAPS to sites of exocytosis, where
CAPS promotes vesicle docking and fusion competence, probably by initiating SNARE com-
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plex assembly.

INTRODUCTION

Membrane fusion in the multistep endomembrane secretory and
endocytic pathways of eukaryotic cells is catalyzed by soluble N-
ethylmaleimide sensitive factor—associated protein receptor
(SNARE) protein complexes that are assembled by a diverse set of
tethering factors cooperating with Sec1/mammalian orthologue of
UNC18p (Munc18) proteins (Carr and Rizo, 2010; Yu and Hughson,
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2010; Hong and Lev, 2014). Dense-core vesicle (DCV) exocytosis in
neuroendocrine cells is a well-studied membrane fusion process
that uses the neuronal SNARE proteins syntaxin-1, synaptosomal-
associated protein, 25 kDa (SNAP-25), and vesicle-associated mem-
brane protein-2 (VAMP-2; aka synaptobrevin-2; Sollner et al., 1993;
Sudhof and Rothman, 2009; Jahn and Fasshauer, 2012). SNARE
complex formation during vesicle docking and priming bridges
vesicles to the plasma membrane in preparation for Ca?*-triggered
exocytosis (Wojcik and Brose, 2007; Malsam et al., 2008; Verhage
and Sorensen, 2008; Kasai et al., 2012). Although cognate SNARE
proteins suffice for docking and fusion of liposomes in vitro (Weber
et al., 1998), vesicle docking and priming in cells requires the prim-
ing factors calcium-dependent activator protein for secretion (CAPS)
and Munc13 (Wojcik and Brose, 2007; Jahn and Fasshauer, 2012;
James and Martin, 2013; Imig et al., 2014), as well as Munc18 (Rizo
and Sudhof, 2012). The timing and location of SNARE regulators
during DCV exocytosis in neuroendocrine cells have been studied
to some extent for Munc13 (Friedrich et al., 2013; Kabachinski et al.,
2014) and Munc18 (Zilly et al., 2006; Smyth et al., 2010; Smyth et al.,
2013; Gandasi and Barg, 2014) but not for CAPS.

CAPS (aka CAPS-1, CADPS, UNC31p) is a neuronal/endo-
crine-specific protein that reconstitutes Ca?*-dependent DCV exo-
cytosis in permeable neuroendocrine cells (Walent et al., 1992;
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Ann et al., 1997). Gene knockouts or RNA interference in flies,
worms, mice, or cultured cells indicate that CAPS is essential for
DCV exocytosis, specifically at a vesicle priming step (Berwin et al.,
1998; Renden et al., 2001; Fujita et al., 2007; Speese et al., 2007;
Liu et al, 2008; Speidel et al., 2008; Shinoda et al, 2011;
Kabachinski et al., 2014). CAPS is also required for synaptic vesicle
priming and docking in neurons (Jockusch et al., 2007; Imig et al.,
2014). We showed that CAPS is a SNARE-binding protein (Daily
et al.,, 2010; Khodthong et al., 2011) that promotes SNARE com-
plex formation to accelerate SNARE-dependent liposome fusion
(James et al., 2008, 2009). In addition, CAPS binds to phosphati-
dylinositol 4,5-bisphosphate (PI(4,5)P,) by a central pleckstrin ho-
mology domain, which is required for Ca?*-evoked vesicle exocy-
tosis in cells, as well as for CAPS stimulation of SNARE-dependent
liposome fusion (Grishanin et al., 2002, 2004; James et al., 2008;
Kabachinski et al., 2014). Although these biochemical studies sug-
gest that CAPS operates on the plasma membrane to promote
vesicle priming for exocytosis, there is also evidence that CAPS
associates with DCVs (Berwin et al., 1998; Grishanin et al., 2002).
The general cytoplasmic distribution of soluble CAPS has
precluded studies of membrane-associated CAPS in live cells. The
present work localized CAPS in live cells by total internal reflection
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fluorescence (TIRF) microscopy and simultaneously monitored
evoked DCV exocytosis. CAPS was present in clusters near the
plasma membrane that corresponded to docked/tethered DCVs.
CAPS arrived at the plasma membrane with DCVs and was present
at all exocytic events. Evidence indicated that CAPS functioned
from its location on DCVs to promote VAMP-2-dependent DCV
docking and priming. It is apparent that DCVs carry resident CAPS
to sites of exocytosis to engage plasma membrane effectors for
docking and priming.

RESULTS

CAPS localization by TIRF microscopy

CAPS is a soluble protein required for priming DCVs for exocytosis.
Because of its cytoplasmic distribution, it had not been possible to
detect CAPS association with membranes in live neuroendocrine
cells. To determine its localization at sites of exocytosis, we ex-
pressed and imaged a CAPS-mKate2 protein in live PC12 cells by
TIRF microscopy. In contrast to a soluble fluorescent mKate2 pro-
tein, which exhibited a diffuse localization (Figure 1A, top), CAPS-
mKate2 localized to clusters within ~160 nm of the coverglass
(Figure 1A, bottom). This clustering was similar to that seen by CAPS
antibody staining of plasma membrane sheets from PC12 cells
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Colocalization of CAPS and DCVs in TIRF field. (A) TIRF images of PC12 cells expressing vesicle content
BDNF-EGFP (green) and either mKate2 or CAPS-mKate2 (red). Scale bar, 5 pm. (B) Zoomed images are from the area
outlined in the white box in A. Scale bar, 400 nm. Closed circles highlight areas of colocalization. (C) Percentage
colocalization of DCVs and CAPS. Mean values + SEM (n = 4 cells). (D) Random line scan (10 ym) of merged CAPS/DCV
images. (E) TIRF images of moving DCVs (BDNF-EGFP) with CAPS-mKate2. Open circles highlight the moving DCVs in
both channels. Scale bar, 1.5 pm. (F) Displacement graph plots trajectories of a moving DCV and a moving CAPS cluster.
(G) Graph of percentage of moving DCVs that are associated with a moving cluster of CAPS-mKate2. Mean values +

SEM (n = 15-20 vesicles).
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Colocalization of endogenous CAPS with chromogranin B-positive DCVs. CAPS (red) and chromogranin
B (green) were localized in digitonin-permeabilized, fixed PC12 cells by indirect immunofluorescence by confocal
microscopy with z-sectioning. (A) A single section for both channels and a merge. Insets are indicated by a white box.
Scale bars, 5 pm (main images), 0.5 pm (insets). (B) Colocalization was assessed across all z-sections using the confined
displacement algorithm implemented with the ImageJ GDSC plug-in to provide the Manders coefficients for the stack.
Mean values + SD (n = 10 cells). (C) Line scan depicts overall close localization of CAPS with chromogranin B-containing

DCVs.

(James et al., 2008). Brain-derived neurotrophic factor (BDNF)-en-
hanced green fluorescent protein (EGFP) was used as a content
marker to monitor the location of DCVs. The distribution of CAPS-
mKate?2 clusters was similar to that of BDNF-EGFP-containing DCVs
at the plasma membrane (Figure 1B). An analysis of colocalization
revealed a Manders coefficient of colocalization in both directions
(DCV to CAPS cluster and CAPS cluster to DCV) of 0.85 (Figure 1C).
This high degree of overlap was also evident in line-scan analyses of
images (Figure 1D). We found that CAPS clusters moved with mo-
bile DCVs in the TIRF field, indicating that CAPS is a resident on
DCVs (Figure 1, E and G, and Supplemental Movie S1).

To eliminate the possibility that an expressed CAPS-mKate2 pro-
tein artificially localized to DCVs, we immunolocalized endogenous
CAPS in digitonin-permeabilized cells, which showed that ~63% of
DCVs detected by chromogranin B cargo were positive for CAPS
(Figure 2, A-C). This estimate from a confocal z-series indicated that
most DCVs, and not simply those in proximity to the plasma mem-
brane, had bound CAPS. Whereas CAPS s also a soluble cytosolic
protein, the results showed that CAPS is a resident on DCVs, consis-
tent with earlier studies (Berwin et al., 1998; Grishanin et al., 2002).

Number of CAPS molecules on DCVs
Clusters of CAPS are relatively stable in resting cells. About 70% of
the original clusters of CAPS persisted at the same sites after 4 min
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(Figure 3, A and B). About 70% of the DCVs originally identified also
remained in the same position, which suggests that the 30% of
CAPS clusters that were no longer present had moved with the cor-
responding DCVs. Within individual clusters of CAPS, there was lit-
tle net change in CAPS-mKate2 fluorescence with time, indicating
that the steady-state number of CAPS molecules in a cluster on
DCVs is relatively fixed (Figure 3C).

Studies of SNARE-dependent liposome fusion suggest that >10
SNARE complexes suffice for fusion (James et al., 2009; Karatekin
et al., 2010; van den Bogaart et al., 2010). However, in cells, a larger
number of syntaxin-1 molecules (50-75) reside in clusters on the
plasma membrane near DCVs, suggesting that only a small subset
of SNAREs may be activated for fusion (Sieber et al., 2007; Barg
et al., 2010; Knowles et al., 2010). Because DCV-associated CAPS
may play a role in inducing SNARE complex assembly, we deter-
mined how many molecules of CAPS-mKate2 reside in DCV-associ-
ated clusters, using established fluorescence microscopy methods
(Coffman and Wu, 2014). Specifically, we counted molecules in TIRF,
where signal to noise is high. To eliminate complications from en-
dogenous protein, we reduced CAPS levels by >95% with a short
hairpin RNA (shRNA; Figure 3D) that eliminates CAPS activity in
DCV exocytosis, and we reexpressed a CAPS-mKate2 protein to
fully rescue DCV exocytosis (Kabachinski et al., 2014). Single mole-
cules of CAPS-mKate2 that underwent single-step photobleaching
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Number of CAPS molecules present in clusters. (A) Live PC12 cell expressing CAPS-mKate2 imaged using
TIRF in resting buffer for 4 min. White arrowheads point to clusters of CAPS that are present at all times. Scale bar,
5 pm. (B) Percentage of DCVs and CAPS that remain in the same position after 4 min. (C) Fluorescence intensity changes
of 10 random CAPS clusters over the course of 4 min in resting cells. (D) CAPS shRNA was used to knock down CAPS in
PC12 cells. (E) TIRF image of cytosol from CAPS-mKate2-expressing HEK cell diluted 1:250,000 and used as intensity
standard. Scale bar, 400 nm. (F) Representative photobleaching step of a single CAPS-mKate2 molecule. (G) Histogram
of the number of photons emitted by single CAPS-mKate2 molecules. Data were fitted to a single-Gaussian distribution
with R-square = 0.91 (n = 2200 single molecules). (H) Histogram of the number of CAPS-mKate2 molecules present in a
cluster at the time of fusion (bottom scale) or the photon distribution of clusters with background subtracted (top scale).
Data for photons were fitted to a single-Gaussian distribution with R-square = 0.95 (n = 200 events in six cells).
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(Figure 3, E and F) were used as a standard. We determined the
average integrated fluorescence intensity of molecules within a
0.8-um? circle and subtracted average integrated fluorescence in-
tensity in local background corresponding to 89 photons (Figure
3@G). Compared to this standard, the mean intensity of CAPS-mKate2
clusters in cells within the same-sized region of interest (ROI; with
local background corrected) provided an estimate of 3-18 CAPS
molecules resident in clusters, with an average of ~9 CAPS mole-
cules/cluster (Figure 3H). This measurement was similar over a
2.5-fold range of CAPS expression (with local background cor-
rected). The range of this estimate is consistent with the size hetero-
geneity of DCVs (Wang et al., 2003). The results suggest that the
number of CAPS molecules on a DCV needed to rescue exocytosis
is considerably lower than the number of syntaxin-1 molecules
(50-75) in plasma membrane clusters near DCVs in PC12 cells
(Sieber et al., 2007; Knowles et al., 2010). If CAPS on DCVs acted
stoichiometrically to assemble SNARE complexes, these observa-
tions suggest that a small number of SNARE complexes would be
formed.

CAPS localization at the time of fusion

The use of TIRF microscopy to image fluorescent cargo-loaded
vesicles in real time is a reliable and sensitive method for detect-
ing evoked DCV exocytosis (Steyer and Almers, 2001; Taraska
et al., 2003; Kabachinski et al., 2014). The acidic pH of the DCV
lumen partially quenches cargo BDNF-EGFP fluorescence, and
the rapid increase in fluorescence intensity that occurs upon fusion
pore opening in single-vesicle exocytic events serves as a strong
signal that exocytosis has occurred. Simultaneous detection of
CAPS-mKate2 and BDNF-EGFP fluorescence revealed that virtu-
ally all Ca?*-evoked DCV exocytic events occurred at CAPS clus-
ters (Figure 4, A and B).

Several proteins required for vesicle exocytosis were reported to
depart from exocytic sites during or after DCV fusion, including com-
plexin and syntaxin-1 (An et al., 2010; Barg et al., 2010). By contrast,
under optimal Ca?* stimulation conditions (56 mM KCl), there was
usually (~80%) no change in the amount of CAPS present during exo-
cytosis (Figure 4, C and E), but occasionally (~10%) a loss of CAPS
was observed (Figure 4, D and E). However, the frequency of exocytic
events associated with CAPS dissociation was markedly increased
(from 10 to 60%) at stronger depolarization with increased Ca?* influx
(95 mM KClI; Figure 4, F-H). Based on the fluorescence profile of
BDNF-EGFP, the mode of DCV exocytosis was similar under the two
(56 and 96 mM) stimulation conditions (unpublished data). In all
cases, CAPS dissociation was restricted to DCVs that underwent exo-
cytosis. CAPS dissociation from DCVs promoted by high Ca?* may
be an attenuation mechanism that decreases the probability of fusion
pore reopening, but the underlying mechanism is unknown.

Imaging in TIRF identifies evoked vesicle exocytic events from
either plasma membrane-associated docked DCVs or newly re-
cruited cytoplasmic DCVs. We previously showed that docked and
newly recruited DCVs both require CAPS for exocytosis (Khodthong
et al.,, 2011). Under optimal Ca?* stimulation conditions (56 mM
KClI), the majority (~80%) of exocytic events occur from DCVs pres-
ent at the plasma membrane (Figure 4A), whereas the remaining
(~20%) events occur from newly recruited DCVs that become visible
in the TIRF field <0.5 s before fusion and quickly transition into fu-
sion (Figure 4l). Both types of DCV fusion events occurred with
CAPS clusters present; with fusion events from newly recruited
DCVs, CAPS clusters arrived at the plasma membrane with the
DCVs (Figure 4, | and J). This confirms that CAPS resides on and
travels to the plasma membrane on DCVs.
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CAPS is required for docking of DCVs

High (1 pM) concentrations of CAPS promote the stable docking of
VAMP-2—containing liposomes onto syntaxin-1/SNAP-25-contain-
ing bilayer membranes (James et al., 2009). DCVs have high CAPS
surface concentrations (9 molecules/100-nm DCV > 5 pM), which
could promote DCV docking by assembling SNARE complexes
(James et al., 2008, 2009). We tested this idea by determining the
molecular requirements for DCV docking/tethering in PC12 cells,
using TIRF microscopy. Many of the ~100-nm DCVs in the PC12 cell
clone used in these studies are attached to the plasma membrane,
based on biochemical and morphological studies (Martin and Kow-
alchyk, 1997; Fujita et al., 2007; Wu et al., 2012). To circumvent po-
tential fixation artifacts (Verhage and Sorensen, 2008), we used TIRF
microscopy in live cells to identify DCVs that were directly tethered
or docked to the plasma membrane. We disassembled the cortical
actin layer (see Materials and Methods), which contains enmeshed
DCVs (Lang et al., 2000), and found an immobile (in x, y) pool of
DCVs directly attached to the plasma membrane that corresponded
to ~65% of the DCVs in our standard TIRF field (Supplemental
Figure STA). This pool of DCVs was strongly reduced by the knock-
down of syntaxin-1 and SNAP-25 (Supplemental Figure S1B), con-
sistent with DCVs being in a tethered or docked state (Wu et al.,
2012; Mohrmann et al., 2013).

Previous studies showed that the total number of DCVs in the
TIRF field was unchanged by CAPS depletion (Khodthong et al.,
2011; Nojiri et al., 2009), and we confirmed this finding for the im-
mobile (in x, y) DCV pool. However, CAPS depletion might affect
transitions between tethered and docked DCVs, both of which are
visible in the TIRF field. DCVs that are tightly docked to the plasma
membrane can be distinguished from more loosely tethered vesi-
cles by monitoring vesicle movement in the axial z-dimension
(Toonen et al., 2006; Karatekin et al., 2008). To measure apparent
vesicle attachment lengths in the z-dimension, we calculated the
maximum z-displacement of individual DCVs from the minimal and
maximal fluorescence of BDNF-EGFP (see Supplemental Figure
S2A and Materials and Methods). The normalized z- movement dis-
tribution of 487 attached vesicles in 25 cells (Figure 5, A and B) was
best fitted by three Gaussian curves with means centered at ~28, 42,
and 55 nm, respectively (Figure 5C). By contrast, the zmovement of
immobilized beads fitted to a single Gaussian with a mean centered
at 27 nm (Supplemental Figure S2, B and C). The results suggest
that DCV attachment to the plasma membrane is mediated through
different molecular complexes that can be reliably classified by z-
movement lengths. The majority (~70%) of DCVs in the TIRF field
resided in the shortest attachment group (Figure 5C, pool 1), which
we refer to as tightly docked, whereas the remaining (~30%) DCVs
were distributed into two longer attachment groups, which we refer
to collectively as tethered (Figure 5C, pools 2 and 3).

CAPS knockdown reduced the number of tightly docked DCVs
(pool 1) by ~40% (Figure 5, D and E). Because the total number of
immobile (in x, y) DCVs in the TIRF field was unchanged upon CAPS
knockdown, there was a corresponding increase in the number of
tethered DCVs (pools 2 and 3) to ~60% of the total population from
~30% in wild-type cells (n = 645 vesicles from 25 cells, p < 0.0001;
Mann-Whitney test and two-way analysis of variance [ANOVA];
Figure 5E). Unlike the effect of CAPS depletion, the depletion of
ubMunc13-2, a priming factor that is cytoplasmic in resting PC12
cells (Kabachinski et al., 2014), did not significantly affect the distri-
bution of zzmovements (Figure 5, D and E; n = 195 from nine cells,
p > 0.05; Mann-Whitney test).

The effect of VAMP-2 depletion was strikingly similar to that for
CAPS knockdown. VAMP-2 depletion had little effect on the total

Molecular Biology of the Cell



number of immobile (in x, y) DCVs in our standard TIRF field (Sup-
plemental Figure S1B) but shifted tightly docked DCVs to a tethered
state as measured in the z-dimension (Figure 5, F and G), similar to
the effect of CAPS depletion (Figure 5E). As a control for the effect
of VAMP-2 knockdown, the knockdown of syntaptotagmins-1 and
-9, the major functional synaptotagmin isoforms in PC12 cells (Lynch
and Martin, 2007), had no detectable effect on DCV docking or
tethering (Figure 5G). Our results suggest that CAPS and VAMP-2
share a common pathway for DCV docking. Indeed, the depletion
of both CAPS and VAMP-2 had the same effect on vesicle zzmove-
ment distribution as single depletion (Supplemental Figure S2D),
which is consistent with both proteins acting in a common pathway.
The simplest interpretation of these data is that ~40% of tightly
docked DCVs are attached by VAMP-2—containing SNARE com-
plexes formed in a CAPS-dependent process.

To further distinguish between tightly docked and tethered DCVs
and determine whether CAPS- and VAMP-2-dependent docking
can be detected as a decrease in net vesicle distance from the cov-
erglass, we altered the penetration depth of the TIRF field and ac-
quired images at penetration depths of ~90, ~130, and >130 nm
(see Materials and Methods). There was a significant increase in the
number of DCVs (0.57 £ 0.05 to 0.83 £ 0.06 vesicle/pm?; n= 31 cells)
as the penetration depth was increased from 90 to 130 nm (Figure
6, A-C). This result confirmed that in wild-type cells, the majority of
DCVs are tightly docked, whereas the remaining DCVs are tethered
at longer distances. Depletion of CAPS (Figure 6B) or VAMP-2
(Figure 6C) resulted in a significant reduction in the DCV density
when the penetration depth was 90 nm compared with wild-type
cells but not when the penetration depth was >130 nm. This sug-
gests that CAPS and VAMP-2 are required for the tight docking of a
subset of DCVs that are tethered at longer distances in the absence
of these proteins.

Resident CAPS on DCVs functions in docking and exocytosis
The detection of distinct DCV attachment states (docked vs. teth-
ered) in live cells by TIRF microscopy allowed us to assess the fusion
competence of DCVs by depolarizing the cells to promote Ca?* in-
flux. In a time course, most exocytic events evoked by depolariza-
tion occurred within 3 min (Figure 7F). We found that the fraction of
attached DCVs in wild-type cells that underwent exocytosis within
3 min was 33%, which we expressed as a fusion probability of 0.33
(Figure 7A). The fusion-competent DCVs may correspond in part to
the DCVs that depend on VAMP-2 and CAPS for docking (Figure 5).
Indeed, the depletion of CAPS, VAMP-2, or syntaxin-1 and SNAP-25
strongly reduced fusion probabilities (Figure 7A). This suggests that
the subset of DCVs that are fusion competent formed SNARE-con-
taining docking complexes in a process dependent on CAPS.
CAPS is present on DCVs and could interact with plasma mem-
brane constituents at the time of DCV arrival at the plasma mem-
brane. To determine whether CAPS function requires its residence
on DCVs, we used a CAPS(AC135) protein that lacks a C-terminal
vesicle-binding domain (Grishanin et al., 2002). In CAPS-depleted
cells, an expressed CAPS(AC135)-mKate2 protein did not localize to
membrane-proximal clusters corresponding to docked/tethered
DCVs (Figure 7, B and C). To determine whether CAPS(AC135) was
functionally active, we tested whether it would rescue DCV docking
in cells depleted of CAPS. The reduced number of tightly docked
DCVs in resting cells depleted of CAPS was rescued by reexpression
of wild-type CAPS (Figure 7, D and E). In contrast, expression of
CAPS(AC135) failed to restore the number of tightly docked DCVs
to wild-type levels, and the number of tethered DCVs remained
similar to that in CAPS-depleted cells (Figure 7, D and E). That
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CAPS(AC135) failed to promote tight docking indicates that resi-
dent CAPS on DCVs is required for DCV docking.

To determine whether CAPS(AC135) was functionally active in
evoked vesicle exocytosis, we monitored the number of exocytic
events in stimulated cells. The number of exocytic events in stimu-
lated cells was strongly reduced by CAPS knockdown compared
with wild-type cells (Figure 7F) and was restored by reexpression of
wild-type CAPS (Figure 7G). IN contrast, expression of CAPS(AC135)
failed to restore evoked exocytosis (Figure 7G). The results indicate
that CAPS residence on DCVs is essential for its function in promot-
ing DCV fusion competence.

DISCUSSION

SNARE proteins on the vesicle and plasma membrane assemble
into complexes during the vesicle-docking and -priming reactions
that precede Ca?*-triggered fusion (Xu et al., 1998; Sorensen et al.,
2006; Weninger et al., 2008; Takahashi et al., 2010; Kasai et al.,
2012; Imig et al., 2014). CAPS plays a key role in vesicle priming and
promotes SNARE complex formation in vitro (James et al., 2009).
However, the location and dynamics of CAPS at sites of exocytosis
in live cells had not been determined. The present work clarifies the
DCV priming process in neuroendocrine cells by showing that CAPS
is a resident on DCVs that functions to promote docking and fusion
competence.

Because CAPS is an abundant cytoplasmic protein, its localiza-
tion on membranes in live cells was difficult to study. In the present
work, TIRF microscopy revealed that CAPS clusters at the plasma
membrane correspond to docked/tethered DCVs. The CAPS clus-
ters moved with mobile DCVs and arrived at the plasma membrane
with DCVs. We also found that DCVs throughout permeabilized
cells contain resident CAPS, consistent with earlier work (Berwin
et al., 1998; Grishanin et al., 2002). This differs from a recent report
on hippocampal neurons, in which CAPS localized to synaptic re-
gions but was not detected on mobile DCVs (Farina et al., 2015). We
attribute this difference to the higher signal-to-noise detection of
TIRF microscopy in our studies, in which clusters of approximately
nine molecules of CAPS on DCVs were detected. Consistent with
finding CAPS as a resident on DCVs, previous studies showed that
CAPS regulates catecholamine uptake by DCVs in chromaffin cells
(Speidel et al., 2005; Liu et al., 2008; Brunk et al., 2009), implying an
interaction between CAPS and DCVs. The identity of proteins and/
or lipids on DCVs that CAPS binds remains to be determined.

The number of CAPS molecules on DCVs was regulated under
specific conditions. CAPS clusters on DCVs did not change substan-
tially when exocytosis occurred under optimal Ca?* influx condi-
tions. However, greater Ca?* influx, while not altering the number of
exocytic events or the cavicapture mode of fusion (Kabachinski
et al., 2014), promoted the dissociation of CAPS at the time of fu-
sion pore opening. This could represent a Ca?*-dependent desensi-
tization mechanism that decreases the probability of a second fu-
sion pore opening in the cavicapture mode (Harata et al., 2006;
MacDonald et al., 2006; Llobet et al., 2008; Xia et al., 2009). The
nature of the Ca?*- and exocytosis-dependent process responsible
for CAPS dissociation is unknown but may be related to the strong
stimulus-triggered translocation of CAPS from synaptic regions re-
cently described for hippocampal neurons (Farina et al., 2015).

Our studies identified a functional role for DCV-resident CAPS in
promoting docking and fusion competence. We describe a TIRF-
based assay to assess DCV attachment to the plasma membrane in
live PC12 cells. Corrections for movement and elimination of actin
associations revealed one major and two minor pools of plasma
membrane-attached DCVs. Immobile (in x, y) DCVs in the TIRF field
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FIGURE 4: CAPS localization during DCV exocytosis. (A) Exocytosis was stimulated by depolarization with 56 mM KClI,
and two separate fusion events were imaged by TIRF at 4 Hz. BDNF-EGFP exhibited increased fluorescence at the time
of fusion pore opening (arrows). CAPS-mKate2 was imaged simultaneously. The first fusion event is indicated by the
closed circle and the second event by the open circle; the time bar (in seconds) shows t = 0 for the first fusion event and
arrows for both events. Scale bar, 2 ym. (B) Histogram shows the percentage of DCV fusion events (+SEM, n = 110) that
occurred with a CAPS-mKate2 cluster. Soluble mKate2 was expressed as a control in separate cells. (C) Fluorescence
intensity profiles of BDNF-EGFP (green) and CAPS-mKate2 (red) corresponding to the open circles in A. The
fluorescence intensity of the CAPS-mKate2 cluster associated with this fusion event did not change. (D) Fluorescence
intensity profiles of BDNF-EGFP (green) and CAPS-mKate2 (red) corresponding to the closed circles in A. The CAPS-
mKate2 cluster associated with this fusion event decreased during fusion. (E) Multiple events similar to those in C and D
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that exhibited short attachments were termed tightly docked,
whereas those with longer attachments were termed tethered.
These were distinguished by both z-dimension movement and net
distances from the coverglass. A subset of the tightly docked DCVs
were fusion competent and likely attached by VAMP-2 interactions
with syntaxin-1/SNAP-25 complexes. Previous studies in chromaffin
and PC12 cells documented small pools of DCVs attached via
VAMP-2 (Nofal et al., 2007; Wu et al., 2012). In cells depleted of
VAMP-2 or CAPS, this subset of tightly docked DCVs shifted to a
tethered state, which lost competence for evoked fusion. These
findings indicate that CAPS is required to convert DCVs from a teth-
ered to a docked state. The DCV tether was not defined in our stud-
ies but may correspond to rabphilin-3, a positive-acting tether for
DCVs in PC12 cells (Tsuboi and Fukuda, 2005; Larson et al., 2014).

There are multiple mechanisms for tethering and docking DCVs,
with some leading to fusion incompetence (Gomi et al., 2005;
Tsuboi and Fukuda, 2006; Hugo et al., 2013). The VAMP-2-, CAPS-
dependent pathway identified here leading to fusion competence
may be a minor component in cells in which only a small fraction of
docked DCVs undergo evoked fusion. Reduced DCV docking upon
CAPS depletion has been reported for some neural or neuroendo-
crine cells, using rapid-freeze or conventional electron microscopy
or live-cell TIRF methods (Zhou et al., 2007; Hammarlund et al.,
2008; Speidel et al., 2008; Lin et al., 2010; Sadakata et al., 2013;
Imig et al., 2014). However, studies in some systems did not detect
such changes, which may be attributed to the methods used or to
the small size of a CAPS-dependent pool of docked DCVs (Fujita
et al., 2007; Jockusch et al., 2007; Liu et al., 2008; Farina et al.,
2015).

We propose that transitions of tethered DCVs to a tightly docked
state is mediated by CAPS acting to promote the formation of
SNARE complexes. In a reconstituted system, CAPS promoted the
stable docking of VAMP-2—containing liposomes onto supported
bilayers containing syntaxin-1/SNAP-25 heterodimers (James et al.,
2009). CAPS promotion of VAMP-2-dependent DCV docking may
be only one step in the overall DCV priming process that renders
DCVs fusion competent in PC12 cells. The Ca?*-dependent recruit-
ment of ubMunc13-2 is also required for DCV exocytosis in PC12
cells (Kabachinski et al., 2014), and yet we found that the knock-
down of ubMunc13-2 did not affect the tightly docked DCV pool in
resting cells. These results suggest that CAPS promotes SNARE
complex assembly that is sufficient for DCV docking but not full
priming. CAPS may promote the formation of a limited number of
SNARE complexes that suffice for docking but not for fusion (Shi
et al., 2012). Alternatively, SNARE complexes assembled by CAPS
could be only N-terminally zippered (Sorensen et al., 2006) and re-
quire the action of other factors such as ubMunc13-2 to promote full
priming. Direct studies of SNARE complex formation on the subset
of tightly docked, fusion-competent DCVs will be needed to assess
these possibilities.

DCV docking and priming would be efficiently promoted by con-
centrated resident CAPS on DCVs. A CAPS(AC135) protein that
failed to localize to DCVs was incapable of promoting tight docking
of DCVs or the promotion of fusion competence. The CAPS(AC135)
protein is likely properly folded because it exhibits activity in perme-
able cell assays at higher concentrations (Grishanin et al., 2002).
Overall these studies indicate that CAPS residence on DCVs is re-
quired for CAPS function in DCV exocytosis. High concentrations of
CAPS on DCVs could function in-trans in low-affinity interactions
with the plasma membrane effectors PI(4,5)P, and syntaxin-1/SNAP-
25. CAPS is effective in solution at micromolar concentrations in
stimulating SNARE-dependent liposome fusion without latency
(James et al., 2008, 2009), suggesting that CAPS could initiate
SNARE complex formation upon arrival of DCVs at the plasma mem-
brane. Previous studies showed that CAPS depletion eliminates the
fusion of both docked and newly recruited DCVs (Khodthong et al.,
2011). The present work helps to explain how newly recruited DCVs
with the resident priming factor CAPS could undergo rapid exocyto-
sis (crash fusion) in stimulated cells (Kasai et al., 2012).

In summary, this work shows that CAPS is a peripherally bound
resident protein on DCVs and is present at all sites of DCV exocyto-
sis. Resident DCV-bound CAPS is essential for the docking and fu-
sion competence of DCVs. This indicates that DCVs carry priming
factors to sites of exocytosis at the plasma membrane. That the
priming factor CAPS promotes docking of DCVs contributes to the
emerging view (Imig et al., 2014) that vesicle docking and priming
are overlapping rather than distinct steps involving the assembly of
SNARE complex intermediates.

MATERIALS AND METHODS

DNA constructs

The plasmid encoding BDNF-EGFP was provided by V. Lessmann
(Johannes Gutenberg Universitdt, Mainz, Germany).The botulinum
neurotoxin (BoNT) E light chain expression plasmid was previously
described (Zhang et al., 2002). The plasmids encoding BoNT C1 light
chain and tetanus toxin (TeTx) light chain were provided by J. Blasi
(University of Barcelona, Barcelona, Spain). Synaptotagmin 1 expres-
sion plasmids were previously described (Lynch and Martin, 2007).
shRNA vectors for the down-regulation of Syx1a were constructed in
the ExpressionArrest pSM2 vector (Open Biosystems, Huntsville, AL)
with 22-mers that target nucleotides 591-612 of Syx1a, using de-
signs based on described methods (Paddison et al., 2004). All con-
structs were checked by sequencing. shRNA plasmids targeting rat
isoforms of synaptotagmin-1 and -9 and SNAP-25b were previously
described (Aikawa et al., 2006; Lynch and Martin, 2007).

The plasmid CAPS-mKate2 was generated by subcloning rat
CAPS from a CAPS-myc-his pcDNA3.1 plasmid into pmKate2-N1
from Evrogen using Xhol and Kpnl. There is a 23—amino acid linker
between CAPS and mKate2 (EFHHTGLVDPSSVPRAR-DPPVAT). A
glutathione S-transferase-rat Munc18-1 plasmid was used as a

were scored for changes in CAPS-mKate2 fluorescence (by >15%) and plotted as increased, decreased, or unchanged
after exocytosis stimulated at 56 mM KCI (£SEM, n = 110). (F) Exocytosis was stimulated by depolarization with 95 mM
KCl, and single fusion events were imaged by TIRF at 4 Hz. Time bar (in seconds) shows t = 0 for fusion pore opening.
Scale bar, 2 pm. At stronger depolarization, fusion events were frequently accompanied by a decrease in CAPS-mKate2
fluorescence. (G) Fluorescence intensity profiles of BDNF-EGFP (green) and CAPS-mKate2 (red) corresponding to the
fusion event in F, showing decrease in CAPS-mKate2 fluorescence. (H) Histograms show the percentage of DCV fusion
events stimulated by 95 mM KCl that occurred with CAPS-mKate2 fluorescence increasing or decreasing (by >15%) or
remaining unchanged (+SEM, n = 58). (I) Arrival of a new DCV (BDNF-EGFP) at the plasma membrane (indicated as t =0
with arrow) in a cell stimulated at 56 mM KCl. Imaging by TIRF at 4 Hz with simultaneous imaging of CAPS-mKate2.
Scale bar, 2 pm. (J) Representative fluorescence intensity profile of BDNF-EGFP (green) and CAPS-mKate2 (red) during
DCV arrival at the plasma membrane, showing simultaneous arrival of CAPS.
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2-3 were found at 37 and 52 nm (dotted lines). (D) Scatterplot of attached DCV z-movement
length for wild-type (n = 487, median 31 nm), CAPS knockdown (n = 645, median 41 nm), and

ubMunc13-2 (n = 195, median 29 nm) knockdown cells. Medians are indicated by black bar (ns,
not significant; ***p < 0.001). (E) Fraction of attached DCVs in pool 1 (docked), pool 2 (tethered),

and pool 3 (tethered) for wild-type, CAPS knockdown, or ubMunc13-2 knockdown cells (mean

values £ SE for n > 10 cells; **p < 0.01). (F) Scatterplot of attached DCV z-movement length for

wild-type (n = 487 vesicles, median 31 nm), VAMP-2 knockdown (n = 708, median 40 nm), and
Syt1/9 knockdown (n = 109, median 30 nm) cells. Medians are indicated by black bar (ns, not

662

G. Kabachinski, D. M. Kielar-Grevstad, et al.

template to generate a PCR product. The
forward primer was CGAGCTCAAGCTTC-
GATGGCCCCCATTGGCCTCAAGGCGG,
and the reverse primer was TACGCGG-
TACCTTAACTGCTTATTTCTTCGTCT-
GTTTT. Hindlll and Kpnl were used to clone
Munc18-1 insert into either pEGFP-C1 from
Clontech (Mountain View, CA) or pmKate2-
C1 from Evrogen (Moscow, Russia) to yield
EGFP-Munc18 and mKate22-Munc18. A
14-amino acid linker separates EGFP/
mKate2 and Munc18 (GGGGSGLRSRAQAS).
Oligonucleotides  encoding ~ CAPS/
CADPS shRNAs were ligated into pSHAG-1
vector generously provided by G. Hannon
(Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY) with BamHI and BseRIl. The
knockdown construct was designed to target
rat CAPS/CADPS mRNA sequence corre-
sponding to nucleotides  3839-3866
(ACAGUGACGAGGAAGAUGAAGAA-
GACGA). The oligonucleotide sequences
were 5-TCGTCTTCTTCATCTTCCTCGTCA
CTGTGAAGCTTGATAGTGATGAGGAGGA
TGAGGAAGACGACTATTTTTT-3"  (sense)
and5'-GATCAAAAAATAGTCTTCCTCATCC-
TCCTCATCACTATCAAGCTTCAGCA-
CAGTGACGAGGAAGATGAAG-AAGAC-
GAC-3' (antisense). The specificity of the
knockdown construct was verified by a
BLAST search of the public databases. To
knock down Munc18-1, we used the pSuper-
rMunc18-1-3 plasmid that targets residues
246-264 in rat Munc18-1, generously pro-
vided by S. Sugita (University of Toronto, To-
ronto, Canada; Arunachalam et al., 2008).
The QuikChange Site-Directed Muta-
genesis method (Stratagene) was used to
generate point mutations in CAPS-mKate2.
To bypass the CAPS shRNA, eight silent mu-
tations were introduced in the CAPS rescue
vector. The first four were introduced using
the forward primer 5'-TGAAGGACAGC-
GACGAAGAAGACGAAGAGGACGAC-
GAATTCC-3" and the reverse primer
5'-GGAATTCGTCGTCCTCTTCGTCTTC-
TTCGTCGCTGTCCTTCA-3". The second
four were introduced using the forward
primer 5-TGAAGGACAGCGATGAAGAG-
GACGAGGAGGATGACGAATTCC-3'  and
the reverse primer 5-GGAATTCGT-
CATCCTCCTCGTCCTCTTCATCGCTGT-
CCTTCA-3". A CAPS C-terminal truncation
of amino acids 1154-1289, referred to as

significant; ***p < 0.001). (G) Fraction of
attached DCVs in pool 1 (docked), pool 2
(tethered), and pool 3 (tethered) for
wild-type, VAMP-2 knockdown, or Syt1/9
knockdown cells are shown as mean values +
SE for n> 10 cells (*p < 0.05, **p < 0.01).
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AC135 mKate2, was generated by producing an insert from nucleo-
tides 2129-3459 and cloning this into the CAPS-mKate2 vector
using Scal and EcoRI. The forward primer was TAGACGAGTACT-
GCGCTCGGAATGGAGTCCGAGGATG, and the reverse primer
was ACATGGAATTCCTTAGATGCCGCCTTCACCGTAAA. Rescue
mutations were not needed in this vector because the target site lies
within the deleted region.
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Cell culture and transfections

PC12 cells were cultured in DMEM supplemented with 5% calf se-
rum and 5% horse serum. Cells (6.25 x 10%) were transfected by
electroporation in a 2-mm-gap cuvette using an Electroporator ||
(Invitrogen, Carlsbad, CA) set at 71 pF and 330 V. Transfections were
done in cytomix (25 mM 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid [HEPES], pH 7.6, 120 mM KCI, 10 mM KH,POy,4, 0.15 mM
663
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CaCly, 5 mM MgCl,, 2 mM ATP, and 2 mM ethylene glycol tetraace-
tic acid) using 2-20 pg of DNA. HEK293FT cells (Invitrogen) were
cultured in DMEM with high glucose and supplemented with 10%
fetal bovine serum. A calcium phosphate protocol was used to
transfect HEK cells at 70% confluency. DNA (20 pg) was diluted into
500 pl of a 250 mM CaCl; solution. This was added dropwise into
500 pl of bubbling 2x HeBS (280 mM NaCl, 1.5 mM NayHPO,, and
50 mM HEPES at pH 7.05). After a 20-min incubation at room tem-
perature, the precipitates were added to the cells in a dropwise
manner. Cells were harvested 48 h posttransfection.

Live cells were imaged in basal buffer PSS-Na, (145 mM NaCl,
5.6 mM KCl, 2.2 mM CaCly, 0.5 mM MgCl,, 15.0 mM HEPES,
5.6 mM glucose, pH 7.4). Potassium depolarization was achieved by
switching the buffer to PSS-K (95 mM NaCl, 56 mM KCl, 2.2 mM
CaCly, 0.5 mM MgCly, 15.0 mM HEPES, 5.6 mM glucose, pH 7.4) or
to a similar 56 mM NaCl/95 mM KClI buffer as indicated. Actin disas-
sembly was promoted by halichondramide (a kind gift from V. A.
Klenchin, University of Wisconsin, Madison, WI) used at final concen-
tration of 10 pM for 10 min diluted in PSS-Na (Klenchin et al., 2003).

Immunofluorescence and Western blotting
Immunofluorescence studies for CAPS used a commercial CAPS
polyclonal antibody (MyBioSource, San Diego, CA) and a chromo-
granin B monoclonal generously provided by W. B. Huttner (Max
Planck Institute of Molecular Cell Biology and Genetics, Dresden,
Germany). PC12 cells were permeabilized with 20 pM digitonin in a
4-min incubation before fixation in 4% paraformaldehyde, followed
by 0.5% Triton X-100 extraction. Fixed cells were incubated with pri-
mary antibodies (1:50 dilution) for 2 h and with secondary antibodies
for 1 h at room temperature. Z-stacks were obtained on a Nikon A1R
confocal. For quantitating protein knockdown, cells that were mock
transfected, transfected with shRNA plasmids, or expressing neuro-
toxin light chain constructs were immunostained, and fluorescence
intensity per cell was measured. Measured fluorescence intensities
were used to calculate percent knockdown. Cells were washed with
phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde
(wt/vol), permeabilized in PBS containing 0.2% Triton X-100, and
blocked in 10% fetal bovine serum (FBS) in PBS. Cells were incu-
bated with primary antibody diluted in 10% FBS in PBS for 1 h at
room temperature. Primary antibodies used were anti-syntaxin-1
monoclonal (HPC-1; Sigma-Aldrich, St. Louis, MO), anti-SNAP-25
polyclonal (LS-C10248; Lifespan Biochemicals, Seattle, WA), and
anti-SNAP-25 monoclonal (SMI 81; Covance, Dedham, MA). After
washing with PBS, cells were incubated with Alexa Fluor—conjugated
secondary antibody for 1 h, washed, and imaged. To detect actin,
we used phalloidin staining by fixing and extracting cells for incuba-
tion with Alexa Fluor 568—phalloidin (Molecular Probes, Eugene,
OR) diluted 1:50 in blocking buffer for 30 min at room temperature
and extensively washed with PBS.

Cell lysates from each condition were fractionated by SDS-PAGE
for Western blotting. Proteins were transferred to nitrocellulose,
washed, and blocked in 5% milk in PBS-Tween. Membranes were
probed with the primary antibody for 1 h at room temperature and
washed. Antibodies used for Western blotting were anti-syntaxin-

1A HPC-1 monoclonal (Sigma-Aldrich), anti-synaptobrevin2/VAMP2
polyclonal (raised against residues 2-17; Synaptic Systems, Goet-
tingen, Germany), anti-SNAP-25 polyclonal (LS-C10248; Lifespan
Biochemicals), anti- glyceraldehyde-3-phosphate dehydrogenase
monoclonal (Ambion/Life Technologies, Grand Island, NY), and anti-
CAPS polyclonal, which was generated against full-length purified
rat CAPS protein. Horseradish peroxidase—conjugated secondary
antibody was incubated with the membrane for 1 h at room tem-
perature. Blots were exposed to film, and signals were quantified
using a densitometer.

Single-molecule fluorescence

DNA encoding CAPS as mKate2-tagged proteins was transfected
into HEK 293 cells as described. Cells were harvested 48 h after
transfection, resuspended in 100 pl of PSS Na*, broken by two
rounds of freeze-thaw, and pelleted at 14,000 rpm in a microcentri-
fuge at 4°C for 20 min. The supernatant was removed as cell lysate.
Fluorescent protein concentrations were ~5 uM. For imaging single
molecules, the cell lysates were diluted 1:250,000 into PSS Na* and
plated onto 35-mm glass-bottom dishes (MatTek, Ashland, MA).
After a 5-min incubation, the dishes were washed with PSS Na* to
remove nonabsorbed molecules. Single fluorescently labeled mole-
cules were imaged by TIRF using an Evolve Digital Monochrome
electron-multiplying (EM) charge-coupled device (CCD) camera in
photon counting mode (Photometrics, Tucson, AZ; Figure 3E). We
sampled many of the molecules to demonstrate that most (>90%)
exhibited single-step photobleach (Figure 3F). We then determined
the average integrated fluorescence intensity of a single CAPS
mKate2 molecule within an ROI of 0.8 um? and subtracted the aver-
age background in same-size ROIs (Figure 3G). The mean value de-
termined by a single Gaussian fit (R-square = 0.91) was 89 photons
with SD of 60. We determined the average integrated fluorescence
intensity of individual CAPS-mKate?2 clusters in cells in the same size
ROI (0.8 um?) and performed a local average background subtrac-
tion for each cluster analyzed (Figure 3H). The mean value for this
Gaussian fit (R-square = 0.95) was ~800 photons. The photon distri-
bution of clusters was divided by the mean of the single-molecule
standard to derive ~9 molecules of CAPS/per cluster (Figure 3H).
Estimates of CAPS molecules/cluster were similar over a 2.5-fold
range of CAPS-mKate2 expression. Images were analyzed using
MetaMorph imaging software (Molecular Devices, Sunnyvale, CA),
and data were fitted to a single-Gaussian distribution using Prism
software.

TIRF microscopy

Cells were transfected and plated on 35-mm glass-bottom dishes
(MatTek) coated with 0.1 mg/ml poly-pL-lysine and collagen (Sigma-
Aldrich). After 72 h, cells were imaged on a Nikon TIRF Microscope
Evanescent Wave Imaging System on a TE2000-U Inverted Micro-
scope with an Apo TIRF 100x, numerical aperture (NA) 1.45 objec-
tive lens. EGFP fluorescence was excited with the 488-nm laser line
of an argon ion laser. TagRFP, mKate2, and Alexa Fluor 568 fluores-
cence were excited with the 543-nm laser line of a HeNe laser.
Simultaneous imaging from both lines was achieved using a Dual

for wild-type CAPS rescue (n = 487, median 31 nm), CAPS knockdown (n = 645, median 41 nm), and CAPS(AC135)
rescue (n = 195, median 29 nm). Medians are indicated by black bar (***p < 0.001). (E) The fraction of attached DCVs in
pool 1 (docked), pool 2 (tethered), and pool 3 (tethered) for wild-type CAPS rescue, CAPS knockdown, or CAPS(AC135)
rescue (mean values + SE for n > 10 cells; *p < 0.01). (F) Time course of cumulative DCV exocytic events in control (black
squares) and CAPS knockdown cells (white squares) after depolarization with 56 mM KCI. (G) Time course of cumulative
DCV exocytic events in CAPS-knockdown cells expressing either wild-type CAPS (black circles) or CAPS(AC135) (open

circles). Mean values + SEM (n = 10-15 cells).
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View imaging system (Optical Insights, Tucson, AZ). Images were
acquired at 250-ms intervals with a CoolSNAP-ES Digital Mono-
chrome CCD camera system (Photometrics) set to bin pixels 2 x 2
controlled by MetaMorph software or with an Evolve Digital Mono-
chrome EM CCD camera system. Calibration of distance was per-
formed under same 2 x 2 bin, which differs from calibrations re-
ported previously (Lynch and Martin, 2007). Data analysis was done
using MetaMorph software and FlJI (ImageJ; National Institutes of
Health, Bethesda, MD). The TIRF microscope was calibrated to de-
termine field penetration depth by the use of fluorescent beads.
Fluorescent beads (0.05, 0.1, 0.2, 0.4, 0.5, or 1.0 ym in diameter)
were absorbed to glass (MatTek) and imaged in PSS Na +15% BSA
to mimic the refractive index of cytosol (1.35). Integrated intensities
of beads were measured when the laser angle was set in the verti-
cal position to illuminate entire sample (F,). The laser angle was
then set to achieve TIRF, and integrated intensity was measured (F).
Curve fits of the F/F, ratio, using an equation describing the expo-
nentially weighted volume of a sphere to some height, calculated
a decay constant (1/e) for our standard TIRF system of 160 nm.

Colocalization analysis

For colocalization analysis, we first defined a mask of the signal in
either channel using the ImageJ tool Find Maxima and generated a
mask using the output Maxima Within Tolerance that best described
the signal. Colocalization within the regions specified by the inde-
pendent masks of each channel was quantified using the Coloc 2
plug-in for Fiji for Figure 1. This program automates thresholding
and reports statistically significant thresholded colocalization coef-
ficients tMy and tM, as defined in Costes et al. (2004). We used the
confined displacement algorithm (Ramirez et al., 2010) imple-
mented by the Genome Damage and Stability Centre (GDSC) plug-
in for ImageJ by Alex Herbert (University of Sussex, Brighton, United
Kingdom) for Figure 2, which calculates colocalization coefficients
tM; and tMj for both channels following a pixel randomization as-
sessment. These operations were applied to deconvolved images
of confocal z-stacks obtained using Nikon A1 confocal microscope
running Nikon Elements software.

Attached vesicle analysis

We defined vesicles belonging to the mobile pool when a vesicle
moved at least 1 pixel or moved into or out of the TIRF field in 10 s.
In our system, the average rate of transport was 110 x 107 pm?/s
(1 pixel in 1.5 s), which is consistent with previously reported rates
(Lang et al., 2000). Vesicles were considered immobile if they moved
<1 pixel in 10 s. However, on average, immobile vesicles moved at
speeds of <3 x 10 pm?/s, which equates to 1 pixel every 60 s.
Images were streamed at 4 Hz for 10 s. The resulting stack was pro-
cessed into a single image to remove mobile vesicles, using stack
arithmetic minimization. The minimized image was corrected for
background. Individual vesicles were counted using either the
Count Nuclei function in MetaMorph (method 1) or the Find Maxima
function in FIJI (method 2). In addition, images were processed by a
Top Hat morphology filter to separate vesicle clusters in method 1.
Vesicle densities are reported as a function of the cell footprint
membrane area. Method 2 resulted in lower total vesicle densities,
but trends remained the same (unpublished data). Quantitation was
done using only method 1 or 2 and reported with concomitant
control cells.

The z-movement length analysis
All zz-movement length image analysis was carried out in FlJI
(ImagelJ). Vesicles were identified using Find Maxima from an inten-
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sity-minimized image from stacks streamed at 4 Hz for 7.5 s
(30 frames). Points identified were used to create a binary mask.
Mask points were dilated to encompass the entire vesicle. Isolated
ROIls were selected for analysis to minimize contributions from
neighboring vesicles. ROIs were transferred to the original stack
(background corrected), and integrated intensity was monitored
over time for each ROI. Maximum and minimum intensities for each
ROI were found over a 7.5-s time period. Further increasing this
sampling interval to 10-20 s did not affect the results. To determine
maximum z-movement length from fluorescence changes, we used
the equation z(t) = -\ In(l/],), where z(t) is maximum z-movement
length, A is 1/e of the evanescent field (160 nm), I; is the minimum
intensity, and I, is the maximum intensity. The population of maxi-
mal vesicle zmovement lengths was plotted as a frequency plot
(5-nm intervals), which was best fitted to a mix of three Gaussian
distributions (adjusted R-square = 0.99). A model with four popula-
tions did not improve the adjusted R-square value, and a model with
two populations reduced it. To distinguish changes in vesicle tether
lengths, we used the intersections of the Gaussian curves (37 and
52 nm) to pool the data. The resolution of the z-measurement de-
pends on the noise within the imaging system. We measured the z-
movement of 100-nm beads adsorbed onto glass to assess this
noise. Bead movements were distributed into a single-Gaussian
population with mean centered at 27 nm (adjusted R-square =
0.985). The SD of the Gaussian fit was 6.8 nm, representing the
precision of the measurement.

Variable-angle TIRF microscopy

Cells were transfected and plated on 35-mm glass-bottom dishes
(MatTek) coated with 0.1 mg/ml poly-bL-lysine (Sigma-Aldrich).
After 72-96 h, cells were imaged on a Nikon N-STORM Imaging
System with an Apo TIRF 100x/NA 1.49 objective lens. EGFP fluo-
rescence was excited with a 488-nm diode laser. The laser angle
was set using a motorized TIRF illuminator programmed through
Elements imaging software. Images were captured sequentially
with 100-ms exposures using an iXon DU897 EM CCD camera
(Andor, Concord, MA). We calculated the TIRF field penetration
depth using the equation d = M[4n(n? sin?@ — ny)"?], where
sin ® = 2rm/200,000n;, r is the distance of the laser illumination
position from the center (in micrometers), ny and n, are the refrac-
tive indices of the glass and medium, respectively, and m is the
magnification of the objective; TIRF angle positions (r) were found
relative to the critical angle. The position illuminator angle used in
live cells was calculated at a 1/e value of 90, 130, and >130 nm.
These penetration depths were confirmed using fluorescent beads
(0.05, 0.1, 0.2, and 0.4-um diameter) absorbed to glass (MatTek)
and imaged in PSS-Na plus 15% BSA. Bead images were obtained
with the laser illuminator at 90, 130, >130, or vertical positions. Total
fluorescence (vertical position) was compared with bead fluores-
cence at each position. Total fluorescence of 0.05- and 0.1-pm
beads was evident at 290 nm, whereas total fluorescence of the
0.2-um bead was evident at 2130 nm.

Variable-angle DCV density analysis

Images were streamed at 4 Hz for 7.5 s. The resulting stack was
processed into a single image to remove mobile vesicles using stack
arithmetic minimization. Mobile vesicles are defined as vesicles that
moved in the xy- or z-dimension out of the TIRF field. At shallow
angles, tethered vesicles moved out of the TIRF field and were
considered “mobile” and were removed from density determina-
tions. The minimized image was corrected for background. Individ-
ual vesicles were identified using the Find Maxima function in FIJI.
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The noise tolerance was adjusted to the local background within the
individual cell.

Statistical analysis

Al statistical analysis was done using GraphPad Prism software, with
the exception of Gaussian fitting, which was conducted in Matlab. A
Mann-Whitney test for ANOVA was used to determine statistical
significance between treatment groups of movement-length scatter
plots, vesicle density, and fusion probabilities. Means of vesicle
movement lengths were also subjected to two-way ANOVA analy-
sis. Error bars are SEM.
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