The role of Sec3p in secretory vesicle targeting

and exocyst complex assembly
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ABSTRACT During membrane trafficking, vesicular carriers are transported and tethered
to their cognate acceptor compartments before soluble N-ethylmaleimide-sensitive factor
attachment protein (SNARE)-mediated membrane fusion. The exocyst complex was believed
to target and tether post-Golgi secretory vesicles to the plasma membrane during exocyto-
sis. However, no definitive experimental evidence is available to support this notion. We de-
veloped an ectopic targeting assay in yeast in which each of the eight exocyst subunits was
expressed on the surface of mitochondria. We find that most of the exocyst subunits were
able to recruit the other members of the complex there, and mistargeting of the exocyst led
to secretion defects in cells. On the other hand, only the ectopically located Sec3p subunit is
capable of recruiting secretory vesicles to mitochondria. Our assay also suggests that both
cytosolic diffusion and cytoskeleton-based transport mediate the recruitment of exocyst sub-
units and secretory vesicles during exocytosis. In addition, the Rab GTPase Sec4p and its
guanine nucleotide exchange factor Sec2p regulate the assembly of the exocyst complex.
Our study helps to establish the role of the exocyst subunits in tethering and allows the in-
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vestigation of the mechanisms that regulate vesicle tethering during exocytosis.

INTRODUCTION

Exocytosis is essential for many basic biological processes, such as
neurotransmission, epithelia formation, and cell migration. During
the late stages of exocytosis, secretory vesicles are believed to be
tethered to the plasma membrane before soluble N-ethylmaleim-
ide—sensitive factor attachment protein receptor (SNARE)-mediated
fusion. The exocyst complex, consisting of Sec3p, Sec5p, Secép,
Sec8p, Sec10p, Sec15p, Exo70p, and Exo84p, is essential for exocy-
tosis. The exocyst was first discovered by genetic and biochemical
approaches in the budding yeast Saccharomyces cerevisiae and
later found to be evolutionarily conserved in mammals (Novick et al.,
1980; TerBush and Novick, 1995; TerBush et al., 1996; Ting et al.,
1995; Hsu et al., 1996; Guo et al., 1999a). It was proposed more
than a decade ago that the exocyst complex functions to target or
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tether post-Golgi secretory vesicles to the plasma membrane
(Pfeffer, 1999; Waters and Pfeffer, 1999; Guo et al., 2000; He and
Guo, 2009). However, the role of the exocyst in vesicle tethering has
not been experimentally demonstrated. The current model of exo-
cyst function in tethering is mostly based on the established pro-
tein—protein and protein—phospholipid interactions (Guo et al.,
1999b; Matern et al., 2001; Boyd et al., 2004; He et al., 2007a; Liu
etal., 2007; Zhang et al., 2008; Shen et al., 2013) and yeast mutation
analyses (Finger and Novick, 1997; Finger et al., 1998; Wiederkehr
et al., 2003). Despite numerous studies, the dynamic process of
vesicle tethering remains elusive. A major reason that vesicle tether-
ing at the plasma membrane is difficult to observe is that once the
vesicles are tethered, they promptly fuse with the plasma mem-
brane. Although membrane fusion can be blocked using the SNARE
mutants, the vesicles frequently accumulate in the cytoplasm rather
than being attached to the plasma membrane (Novick et al., 1980;
Brennwald et al., 1994; Grote et al., 2000; Jantti et al., 2002). More-
over, the role of the exocyst is difficult to dissect or interpret in these
mutant backgrounds due to the genetic complexity of multiple
mutations. New assays are therefore called for to overcome these
limitations.

A more definitive test for the role of a protein(s) in secretory ves-
icle targeting is to ectopically position the protein(s) to another loca-
tion and examine whether the vesicles follow the protein(s) to that
site. This principle has been followed in the past to establish the
targeting mechanisms for a number of intracellular organelles such
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FIGURE 1: Ectopic targeting of the exocyst to mitochondria and peroxisomes. (A) The Tom20-mCherry and Tom20-

mCherry-Sec3p fusions. See Materials and Methods for the construction of the plasmids. (B) Colocalization of Tom20-
mCherry and Tom20-mCherry-Sec3p with Cit1-GFP, a marker protein for yeast mitochondria. (C) Sec8-GFP is recruited
to mitochondria in cells expressing Tom20-mCherry-tagged exocyst subunits Sec3p, Sec5p, Secép, Sec10p, Sec15p,
and Exo84p but not Exo70p. (D) Summary of Sec6-GFP and Sec8-GFP localization in cells expressing Tom20-mCherry—

tagged exocyst subunits. +, located to mitochondria;

-, not located to mitochondria; N/A, not applicable. (E) The

exocyst complex is assembled at mitochondria in cells expressing Tom20-2xFLAG-Sec3p. Cells expressing Tom20-
2xFLAG was used as a negative control. The exocyst complex was immunoprecipitated using the anti-FLAG antibody
and the exocyst subunits (Secép, Sec10p, Sec15p, and Exo84p) coimmunoprecipitated with Tom20-2xFLAG-Sec3p.
Molecular weights (in kilodaltons) are indicated to the left. (F) The exocyst can be ectopically targeted to peroxisomes.
Sec6-GFP and Sec8-GFP were targeted to peroxisomes in cells expressing Pex3N-mCherry-Sec3p but not Pex3N-

mCherry.

as nucleus and mitochondria. In this study, we developed an ectopic
targeting assay in yeast and examined the role of the exocyst and its
regulators in vesicle targeting and tethering.

RESULTS

Ectopic targeting of the exocyst subunits

The mitochondrial protein Tom20p associates with the outer mem-
brane of mitochondria through its N-terminal transmembrane seg-
ment and exposes its C-terminus to the cytosol (Yamamoto et al.,
2011). We engineered a Tom20-mCherry fusion in yeast expres-
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sion vectors (Figure 1A). The Tom20-mCherry fusion protein was
correctly targeted to mitochondria as indicated by its colocaliza-
tion with a GFP-tagged mitochondria marker protein, Cit1p (Figure
1B). Using this vector, we cloned each of the eight exocyst sub-
units 3’ to the Tom20-mCherry fusion. When expressed in yeast, all
of the exocyst fusion proteins were ectopically targeted to mito-
chondria, as shown by their colocalization with Cit1-GFP (Figure
1B and Supplemental Figure S1). We noticed that mitochondria
tended to cluster in cells expressing Tom20-mCherry-exocyst sub-
units, which will be discussed later.

Molecular Biology of the Cell



Using these constructs, we first examined the ability of each exo-
cyst component to recruit other subunits of the complex to mito-
chondria. The yeast strain containing Sec8-GFP was first generated
by chromosomal integration to the SEC8 locus. Plasmids containing
Tom20-mCherry-exocyst fusions were individually transformed into
the Sec8-green fluorescent protein (GFP)-expressing cells. Except
for Tom20-mCherry-Exo70p, Tom20-mCherry tagged Sec3p, Sec5p,
Secébp, Sec10p, Sec15p, and Exo84p recruited Sec8-GFP to mito-
chondria. As a negative control, Sec8-GFP remained polarized to
the bud tip in cells expressing Tom20-mCherry alone (Figure 1C).
Besides Sec8-GFP, the same pattern was observed for the recruit-
ment of Sec6-GFP (Figure 1D). It is not clear why Tom20-mCherry-
Exo70p failed to recruit the other subunits, although its expression
level was similar to those of the other fusion proteins (unpublished
data). This issue will be discussed later.

Sec3p is localized to the bud tip, which is the site of active exocy-
tosis and membrane expansion in yeast and was proposed to serve
as a "landmark” protein (Finger et al., 1998; Boyd et al., 2004).
Moreover, Sec3p interacts directly with phosphatidylinositol 4,5-bis-
phosphate (PI(4,5)P,) and the Rho family of small GTPases at the
plasma membrane (Guo et al., 2001; Zhang et al., 2001, 2008; Baek
et al., 2010). We therefore focused our experiments on ectopically
targeted Sec3p in the following studies. In addition to microscopy,
the ability of the ectopically expressed Sec3p to recruit other exocyst
subunits to mitochondria was further tested biochemically. As shown
in Figure 1E, Secép, Sec10p, Sec15p, and Exo84p were coimmuno-
precipitated with Tom20-2xFLAG-tagged Sec3p using the anti-FLAG
antibody. As a negative control, none of the exocyst components
were coimmunoprecipitated with Tom20-2xFLAG. We also tested
whether other subunits of the exocyst were capable of recruiting
Sec3p. We found that all of the ectopically expressed exocyst sub-
units, except for Exo70p, recruited Sec3-GFP to mitochondria (Sup-
plemental Figure S2).

To exclude the possibility that ectopic targeting of Sec3p was
due to factors specific to mitochondria, we used peroxisomes as a
targeting organelle. A Pex3N-mCherry vector, which allows the tar-
geting of proteins to peroxisomes, was constructed. As shown in
Figure 1F, Sec6-GFP and Sec8-GFP were targeted to peroxisomes in
cells carrying Pex3N-mCherry-Sec3p but not for cells expressing
Pex3N-mCherry. Taken together, our data show that the ectopic tar-
geting system allows the assembly of the exocyst complex to sur-
rogate organelles, and Sec3p is able to recruit the other exocyst
subunits to these compartments.

Mistargeting of the exocyst results in defects in cell growth
and secretion

The exocyst has been localized to the bud tip in yeast (TerBush and
Novick, 1995; Finger et al., 1998; Guo et al., 199%a; Zajac et al.,
2005). Using our newly developed assay, we tested whether mistar-
geting of the exocyst to mitochondria affected cell growth and exo-
cytosis. First, growth of cells carrying different Tom20-mCherry-exo-
cyst subunits was examined on plates using the standard yeast
colony assay. As shown in Figure 2A, except for Exo70p and the
Tom20-mCherry vector control, growth was inhibited in cells ex-
pressing the Tom20-mCherry-exocyst subunits. The growth defects
of these cells could be rescued by the overexpression of SECT
(encodes a SNARE regulator) and SEC4 (encodes the Rab small
GTPase) using 2u plasmids (Figure 2B). Because SECT and SEC4
have often been used to rescue secretion defects of the exocyst
mutants, our results suggest that secretion in the exocyst mistar-
geted cells was affected. Next, we examined the secretion of 1,3--
glucosyltransferase (Bgl2p), a cell wall-remodeling enzyme
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commonly used to assay for yeast exocytosis. As shown in Figure
2C, Bgl2p secretion was defective in cells carrying the Tom20-
mCherry-exocyst plasmids (except for Exo70p). Similar to Bgl2p,
secretion of another cargo protein, invertase, was also inhibited in
these cells (Figure 2D).

The C-terminus of Sec3p mediates exocyst targeting

Sec3p contains two functional domains. Its N-terminus (amino acids
1-320) interacts with the Rho family of GTPases and PI(4,5)P,, which
mediates the polarized localization of Sec3p at the plasma mem-
brane (Guo et al., 2001; Zhang et al., 2001, 2008; Baek et al., 2010).
The C-terminal region (amino acids 321-1336) of Sec3p binds to the
exocyst subunit Sec5p (Guo et al., 2001). We fused the two domains
of Sec3p to Tom20-mCherry (Tom20-mCherry-Sec3N and Tom20-
mCherry-Sec3C) and expressed them in cells. Sec6-GFP and Sec8-
GFP were recruited to mitochondria in cells carrying TomZ20-
mCherry-Sec3C but not in cells carrying Tom20-mCherry-Sec3N
(Figure 3A). Cells expressing Tom20-mCherry-Sec3N grew similarly
to those containing the control plasmid, whereas cells carrying
Tom20-mCherry-Sec3C were defective in growth, similar to cells ex-
pressing Tom20-mCherry-Sec3p (Figure 3B). Consistent with the
growth phenotype, Bgl2p secretion was also defective in these cells
(Figure 3C). This result suggests that Sec3 C-terminal region recruits
the exocyst subunits to mitochondria for exocyst assembly, which is
consistent with the previous Sec3p domain mapping results (Guo
et al., 2001; Zhang et al., 2008).

Tom20-mCherry-Sec3p recruits secretory vesicles to the
mitochondria
Using the ectopic targeting assay, we examined whether secretory
vesicles were recruited to mitochondria in cells expressing Tom20-
mCherry-Sec3p. We first examined vesicles by immunofluorescence
using the Rab protein Sec4p as a marker. In the Tom20-mCherry-
Sec3p cells, while some Sec4p remained detectable at the bud,
a portion of Secdp colocalized with Tom20-mCherry-Sec3p at the
mitochondria in 35.1% of the cells (n = 105; Figure 4A, left). We
noted that not all of the Sec4p was recruited to mitochondria, which
will be discussed later. As a control, all Sec4p proteins were local-
ized to the bud in cells expressing Tom20-mCherry (>95% of the
cells, n=100). The secretory vesicles were also examined by follow-
ing the cargo protein, Bgl2p, using immunofluorescence micros-
copy (Figure 4B, left). There was very little Blg2p detected inside the
cells expressing Tom20-mCherry, consistent with the observation
that Tom20-mCherry alone does not block secretion in cells shown
earlier. In cells expressing Tom20-mCherry-Sec3p, however, Bgl2p
was detectable at the mitochondria in 88.5% of the cells (n = 139).
We also examined the localization of chitin synthase Il (Chs3p), a
protein required for cell wall remodeling at the mother—daughter
junction. It was previously shown that Chs3-GFP was localized to
mother—bud junction and some endosomal compartments (Chuang
and Schekman, 1996), and the functional exocyst complex is re-
quired for its proper localization (Zanolari et al., 2011). As shown in
Figure 4C, portions of Chs3-GFP were recruited to mitochondria in
89.7% of the cells (n = 108) expressing Tom20-mCherry-Sec3p, sug-
gesting that Sec3p mediates the targeting of secretory vesicles. The
fluorescence microscopy result was further supported by biochem-
istry experiments in which Secdp, Bgl2p, and Chs3p were found to
associate with mitochondria purified from yeast cells expressing
Tom20-mCherry-Sec3p but not cells expressing Tom20-mCherry
(Supplemental Figure S3).

To further verify that secretory vesicles are tethered to the mito-
chondria in cells expressing Tom20-mCherry-Sec3p, thin-section
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FIGURE 2: Ectopic targeting of the exocyst to mitochondria led to secretion defects. (A) Growth of cells expressing
Tom20-mCherry-tagged exocyst subunits. The same amount of yeast cells was serially diluted at 1:10 ratio and then
spotted on SC plates at 25°C. Except for Tom20-mCherry-Exo70, yeast cells expressing Tom20-mCherry-tagged
exocyst subunits grew more slowly than control cells expressing Tom20-mCherry. (B) The growth defect of Tom20-
mCherry-Sec3 cells can be suppressed by high-copy 2 plasmids expressing either SECT or SEC4 gene. (C) Bgl2p
secretion in cells expressing Tom20-mCherry-tagged exocyst subunits. Except for Tom20-mCherry-Exo70, yeast cells
expressing Tom20-mCherry-tagged exocyst subunits showed accumulation of Bgl2p in cells (Internal) detected by
Western blotting. Molecular weights (in kilodaltons) are indicated to the left. Alcohol dehydrogenase (Adh1p) was used
as a loading control. (D) Except for Tom20-mCherry-Exo70, yeast cells expressing Tom20-mCherry-tagged exocyst
subunits were defective in invertase secretion at 25°C. The percentage of external (secreted) relative to the total
invertase is presented. Error bars represent SD (n = 3). *p < 0.01 as compared with cells expressing Tom20-mCherry.

electron microscopy was performed using protocols described
previously (Perkins and McCaffery, 2007; Luo et al., 2013). In cells
carrying Tom20-mCherry vector alone, vesicles were barely detect-
able at mitochondria. In cells expressing Tom20-mCherry-Sec3p, we
observed attachment of vesicles of diameter 80-100 nm (the typical
size of post-Golgi secretory vesicles) to mitochondria in 61.2% of
the cells (n = 103; Figure 4D). The secretory vesicles and mitochon-
dria do not appear to be perfectly colocalized because of their dif-
ferent sizes and organization (Figure 4D). However, the association
of the two membrane entities is obvious. As a control, only 8.9% of
the cells expressing Tom20-mCherry-Secép displayed vesicle asso-
ciation with mitochondria (n = 112). In cells expressing Tom20-
mCherry-Sec3p, not all of the secretory vesicles were associated
with mitochondria. We speculate that this is due to the number of
the exocyst subunits, such as Sec8p and Sec10p, being limited in
cells, and the fact that not all of the vesicles are fully equipped with
the exocyst complex for tethering to mitochondria marked by
Tom20-mCherry-Sec3p. The rest of the accumulated vesicles are in
the cytoplasm without being tethered to any membrane
compartment. We also noticed that mitochondria often clustered in
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cells expressing Tom20-mCherry-Sec3p. This is consistent with our
fluorescence microscopy results showing that GFP-Cit1 fluorescence
tended to concentrate at one or a few areas (Figure 1). It was previ-
ously reported that defects in vesicular trafficking affect mitochon-
dria morphology in yeast, often making the mitochondria less
“tubular” (Altmann and Westermann, 2005). However, these mor-
phological changes in mitochondria do not interfere with the study
of exocyst targeting to mitochondria. More important, previous
studies demonstrated that defects in mitochondria morphology do
not affect membrane trafficking (Prinz et al., 2000; Sesaki and
Jensen, 2001; Fritz et al., 2003; Messerschmitt et al., 2003; Dimmer
et al., 2005; Youngman et al., 2004).

The partial localization of vesicles to the mitochondria in the
Tom20-mCherry-Sec3p-expressing cells (Figure 4A, left) suggests
that a pathway parallel to Sec3p targets the vesicles to the bud. It
was shown that vesicles are delivered along actin cables to the
daughter cells in yeast (Pruyne et al., 1998; Schott et al., 1999;
Santiago-Tirado et al., 2011). We therefore examined the localiza-
tion of Sec4p in these cells with their actin cables disrupted. On
latrunculin treatment, more cells (85.4%, n = 113) showed Secdp

Molecular Biology of the Cell
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FIGURE 3: Ectopic expression of Sec3p is required for exocyst targeting and assembly at mitochondria. (A) Sec6-GFP
and Sec8-GFP can be recruited to mitochondria in cells expressing Tom20-mCherry tagged Sec3C (amino acids [aa]
321-1336) but not Sec3N (aa 1-320). (B) Cells expressing Tom20-mCherry-Sec3p or -Sec3C grew more slowly than cells
expressing Tom20-mCherry-Sec3N on a synthetic complete plate at 25°C. (C) Cells expressing Tom20-mCherry-Sec3 or
-Sec3C showed accumulation of Bgl2p inside the cells as detected by Western blotting. Adh1p was used as a loading

control. Molecular weights (in kilodaltons) are indicated to the left.

localization to the mitochondria than did dimethyl sulfoxide (DMSO)-
treated cells (35.1%, n = 105; Figure 4A, right). In cells expressing
Tom20-mCherry, Bgl2p fluorescence became more detectable in
the cytoplasm in latrunculin-treated cells than those treated with
DMSO (Figure 4B). This is consistent with a previous study showing
that disruption of actin led to random accumulation of secretory
vesicles (Karpova et al., 2000). However, in cells expressing Tom20-
mCherry-Sec3p, brighter Bgl2p signals were detected at mitochon-
dria after latrunculin B treatment, and 67.2% of the cells (n = 122)
show Bgl2p localization to the mitochondria (Figure 4B, right).

In cells expressing other Tom20-mCherry-exocyst subunits,
Sec4p was dispersed in the cytosol rather than associated with the
mitochondria (Supplemental Figure S4), suggesting that they are
unable to recruit vesicles. Latrunculin treatment did not affect the
recruitment of Sec8p to mitochondria in cells expressing Tom20-
mCherry-Sec3p (Supplemental Figure S5).

Secdp controls exocyst recruitment

Using the ectopic targeting assay, we examined exocyst assembly to
Sec3p on mitochondria in a number of post-Golgi secretory path-
way mutants. Sec8-GFP was expressed in wild-type, sec2-41, sec4-8,
sec1-1, and sec9-4 cells carrying either Tom20-mCherry (as a vector
control) or Tom20-mCherry-Sec3p. As shown in Figure 5, in cells
carrying Tom20-mCherry-Sec3p, Sec8-GFP was recruited to
mitochondria in all strains at the permissive temperature (25°C). At
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the restrictive temperature (37°C), Sec8-GFP failed to be recruited
to mitochondria in the sec2-41 and sec4-8 cells. Because Sec2p is
the guanine nucleotide exchange factor of Sec4p, this result further
supports the role of Sec4p in regulating exocyst assembly and tar-
geting. The mitochondria targeting of the Sec8-GFP in secT-1 and
sec9-4 strains expressing Tom20-mCherry-Sec3p was unaffected,
which is consistent with the idea that Sec1p and SNARE proteins
function downstream of the exocyst (Grote et al., 2000).

DISCUSSION

Despite many studies, the role of the exocyst in vesicle tethering
has remained hypothetical. Work on yeast and mammalian cells
localized the exocyst to sites of active exocytosis (TerBush and
Novick, 1995; Finger et al., 1998; Grindstaff et al., 1998; Guo et al.,
1999a; Inoue et al., 2003; Zajac et al., 2005; Liu et al., 2007, 2009;
Zhang et al., 2008; Rivera-Molina and Toomre, 2013). However,
whether the exocyst actually tethers vesicle at the plasma mem-
brane remains unclear. During exocytosis, due to the rapid transi-
tion from tethering to fusion, vesicle tethering at the plasma mem-
brane is difficult to monitor by microscopic imaging. Using an
ectopic targeting strategy, we are able to demonstrate that Sec3p
was not only able to recruit the other subunits for exocyst complex
assembly, but also, unlike the other subunits, recruit secretory
vesicles. Our study provides experimental support for the role of
Sec3p in vesicle targeting.
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FIGURE 4: Ectopic recruitment of secretory vesicles to mitochondria. (A) Sec4p was examined by immunofluorescence
microscopy using a rabbit polyclonal antibody. In the presence of DMSO, Sec4p was partially recruited to mitochondria
in cells expressing Tom20-mCherry-Sec3p, with the rest localized to the bud. After latrunculin B treatment, however,
Secdp signal in the bud diminished. Concomitantly, significantly more Sec4p associated with mitochondria. As a control,
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We used mitochondria as a surrogate organelle for the following
reasons. First, mitochondria have been used to study organelle
targeting because of their relative autonomy (Sengupta et al., 2009;
Willett et al., 2013). Second, post-Golgi secretory vesicles targeted
to mitochondria do not fuse with mitochondria due to the lack of
cognate target-SNAREs there, thus allowing the observation of
“tethering.” Thus the inability of vesicles to fuse with mitochondria
is an advantage for this study. Mitochondria intersect with the endo-
plasmic reticulum at certain regions (Kornmann etal., 2009; Friedman
et al., 2011). However, since the exocyst subunits are targeted only

mCherry Sec8-GFP Merge

Tom20p, they can only physically associate
with mitochondria rather than the endoplas-
mic reticulum.

The observation that TomZ20-tagged
Exo70p was unable to recruit the other exo-
cyst subunits to mitochondria is intriguing,
as previous studies suggested the involve-
ment of Exo70 in vesicle tethering at the
plasma membrane (He et al, 2007a; Liu
et al., 2007; Wu and Brennwald, 2010; Wu
etal., 2010; Bendezu et al., 2012). It is pos-
sible that the tagging of Exo70p may affect
its conformation. On the other hand, since
Exo70p binds to PI(4,5)P, and is a direct tar-
get of kinases and the Rho family of GTPases
(Robinson et al., 1999; Inoue et al., 2003; He
et al.,, 2007a; Hutagalung et al., 2009; Wu
et al.,, 2010; Ren and Guo, 2012), "activa-
tion” by these regulators may be a prerequi-
site for Exo70 to participate in vesicle tar-
geting and tethering. Indeed, in mammalian
cells, the interaction of Exo70 with the rest
of the exocyst is promoted by ERK1/2 phos-
phorylation in response to epidermal growth
factor signaling (Ren and Guo, 2012).

Our study also revealed a difference be-
tween the recruitment of the exocyst sub-
units and the recruitment of secretory vesi-
cles. Almost every exocyst subunit was
capable of recruiting the other subunits to
the mitochondria. Although a pool of the
exocyst associates with the secretory vesi-
cles (Guo et al.,, 1999b, Boyd et al., 2004;
Shen et al., 2013), a significant amount of
the exocyst in yeast is cytosolic, and a diffu-
sion-based mechanism is probably sufficient
for the assembly of the some of the exocyst
complex in cells. This is consistent with pre-
vious biochemical analysis in yeast showing
that most of the exocyst complex was solu-
ble even in the absence of detergents
(TerBush and Novick, 1995). However, for vesicle targeting, only
Tom20-mCherry-Sec3p, but not other exocyst subunits, was able to
reroute the secretory vesicles to mitochondria from sites of their
physiological action (i.e., bud tip or mother—daughter cell junction
in yeast). Although the other ectopically targeted exocyst subunits
were able to recruit Sec3-GFP to mitochondria (Supplemental Figure
S2), probably through diffusion, none of them could target vesicles
there (Supplemental Figure S4). This result underscores a unique
role that Sec3p plays in vesicle targeting. It was previously shown
that Sec3p and a portion of Exo70p localized to the plasma

.

DMSO. After latrunculin B treatment, Bgl2p fluorescence became more detectable and was dispersed in the cytoplasm
rather than associated with mitochondria. In cells expressing Tom20-mCherry-Sec3p, however, Bgl2p was detectable at
the mitochondria in the presence of DMSO. After latrunculin B treatment, brighter Bgl2p signal was detected at
mitochondria. (C) Chs3-GFP was recruited to mitochondria in cells expressing Tom20-mCherry-Sec3p but not in cells
expressing Tom20-mCherry. (D) Thin-section electron microscopy analysis of cells expressing Tom20-mCherry, Tom20-
mCherry-Sec3p, or Tom20-mCherry-Secép. Secretory vesicles (shown in dark staining) associated with mitochondria
clustered in cells expressing Tom20-mCherry-Sec3p but not in cells expressing Tom20-mCherry or Tom20-mCherry-
Secép. The selected areas are magnified and shown at the bottom. There was no vesicle accumulation in cells expressing
Tom20-mCherry. Cells were fixed with permanganate, and the vesicles are shown in dark staining. Scale bar, 1 ym.
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membrane, whereas all of the other exocyst subunits, including
some Exo70p, are associated with secretory vesicles, and the assem-
bly of the holo-exocyst complex mediates vesicle tethering to the
plasma membrane (Boyd et al., 2004). In the scenario of ectopic tar-
geting, mitochondria-localized Sec3p can readily compete with the
plasma membrane-localized endogenous Sec3p for the assembly of
the exocyst complex for vesicle tethering. For the other ectopically
targeted exocyst components such as Sec8p, however, since the se-
cretory vesicles already has a copy of the endogenous Sec8p, it will
not associate with Tom20-mCherry-Sec8p at the mitochondria. Thus
we reason that the spatial segregation of Sec3p from the rest of the
exocyst subunits in cells (plasma membrane vs. secretory vesicles)
may provide a possible explanation for the unique vesicle-targeting
function of Sec3p observed in our ectopic targeting assays.

It is also interesting to note that latrunculin treatment further en-
hanced vesicle targeting to mitochondria in the Tom20-mCherry-
Sec3p—expressing cells. This observation suggests that the exocyst
alone is probably capable of recruiting vesicles for SNARE-mediated
fusion, whereas the actin cables may confer directionality and/or
provide the necessary efficiency of vesicle delivery (polarized trans-
port vs. slow diffusion) in a physiological setting such as polarized
cell growth. The data are consistent with the previous observation
that latrunculin treatment led to a moderate accumulation of vesi-
cles in yeast cells in addition to their depolarized transport (Karpova
et al., 2000). They are also consistent with the genetic analyses
showing the synthetic lethality of sec3 mutants with mutants defec-
tive in myosin motors or actin cable formation (Bendezu and Martin,
2011; Bendezu et al., 2012; Guo lab, unpublished data).

Using the mitochondria-targeting system, we further found that
the assembly of the exocyst was defective in the sec2 and sec4 mu-
tants but not in mutants affecting SNARE assembly (secT and sec9).
The Rab protein Sec4p has been proposed to recruit the exocyst to
vesicles through its binding to Sec15p, and a previous glycerol gra-
dient fractionation experiment showed decreased assembly of the
exocyst complex in sec4 mutant cells (Guo et al., 1999b). Consistent
with the previous work, our study using the ectopic targeting assay
suggests that Sec4p regulates the assembly of the exocyst complex.
It is possible that the interaction between Sec15p and Sec4p causes
conformational changes of Sec15p, promoting its association with
the rest of the exocyst components for complex assembly.

The exocyst is a member of the complex associated with tether-
ing containing helical rods (CATCHR) family of proteins, which are
believed to mediate vesicle tethering at various stages of mem-
brane trafficking (Yu and Hughson, 2010; Brocker et al., 2010). The
ectopic targeting strategy has been successfully used to study the
targeting of Golgi vesicles by the conserved oligomeric Golgi com-
plex in mammalian cells (Willett et al., 2013). The same ectopic tar-
geting approach may also be applied in the future to test the other
members of the CATCHR family in tethering.

MATERIALS AND METHODS

Yeast strains, plasmids, and procedures

Standard methods were used for yeast growth and genetic manipu-
lations (Sherman, 2002). The yeast strains and plasmids used in this
study are listed in Supplemental Tables S1 and S2. To construct the
Tom20-mCherry mitochondria-targeting vector (pGV373), mCherry
was first cloned into the BamHI/Hindlll sites of the LEU2-based
p415TEF (Mumberg et al., 1995) to generate pGV369. The open
reading frame of Tom20 without stop codon was then amplified by
PCR and cloned into the BamHI site of pGV369. The exocyst
subunits were subcloned into pGV373 by the Hindlll site. To con-
struct the peroxisome-targeting vector (pGV377), the 5" 135 base
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pairs of PEX3 were amplified by PCR and cloned into the BamHl site
of pGV369. The Tom20-2xFlag vector (pGV379) was constructed by
insertion of the Tom20-2xFlag sequence to the BamHI/Hindll sites
of the p415TEF plasmid. The forward and reverse primers for the
PCR reaction are 5-TAGAACTAGTGGATCCATGTCCCAGTC-
GAACCCTAT-3" and 5-CGGTATCGATAAGCTTCTTATCGTCGT-
CATCTTTGTAATCCTTGTCATCGTCGTCCTTGTAGTCGTCATCGA-
TATCGTTAGCTT-3’, respectively. The reverse primer contains
2xFlag sequence. The open reading frame of SEC3 was amplified
by PCR and subcloned into the Sall site of pGV379.

Bgl2p secretion assays

Bgl2p secretion assays were performed as previously reported, with
modifications (Harsay and Bretscher, 1995; He et al., 2007b). Briefly,
yeast cells were grown in synthetic complete medium to early log
phase at 25°C. We resuspended 10 ODggg units of cells in 300 pl of
spheroplast solution buffer and incubated them at 37°C in a water
bath for 30 min. The spheroplasts were pelleted, and 100 pl of su-
pernatant was carefully transferred to a new tube as the external
pool. The pellet (spheroplasts) was washed once with spheroplast
wash buffer and then dissolved in 300 pl of lysate buffer. After cen-
trifugation, 100 pl of supernatant was transferred to a new tube as
the internal pool. Bgl2 was detected by Western blotting with an
anti-Bgl2p polyclonal antibody.

Invertase secretion assay

Cells were grown to early log phase in synthetic complete (SC) me-
dium overnight at 25°C. We collected 2.0 ODggg units of cells for
each sample. Half of the sample was immediately pelleted, resus-
pended in 1 ml of ice-cold 10 mM NaNj3 solution, and stored on ice.
The other half was incubated in YP (1% yeast extract + 2% peptone)
plus 0.1% glucose for 2 h at 25°C for invertase induction. Measure-
ment of internal and external invertase activity was performed on all
samples as described previously (He et al., 2007b). Statistical analy-
ses were performed using the Student'’s t test.

Immunoprecipitation

For immunoprecipitation of Tom20-2xFLAG and Tom20-2xFLAG-
Sec3, total proteins were extracted using the glass beads-beating
method (Inagaki et al., 1999). Anti-FLAG beads (Clontech, Mountain
View, CA) were used for immunoprecipitation. Typically, 50 ODygg
units of a mid-log-phase yeast culture were harvested, and total
protein was extracted using the glass beads method (Inagaki et al.,
1999). Cell lysates were used for immunoprecipitation with anti-
FLAG beads in immunoprecipitation buffer (50 mM Tris-HCI, pH 7.5,
150 mM NaCl, 1 mM EDTA, 1 mM ethylene glycol tetraacetic acid
[EGTA], 10% glycerol, and protease inhibitors [Roche, Branchburg,
NJ]) at 4°C for 4 h with rotation. Beads were washed with washing
buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, and 10% glycerol) three times. The beads were mixed with
30 pl of 1x SDS loading buffer and incubated at 95°C for 5 min.
Protein samples were cooled on ice for several minutes and sub-
jected to 10% SDS-PAGE. Western blotting was performed using
the rabbit polyclonal antibodies against Secép, Sec10p, Sec15p,
and Exo84p.

Fluorescence microscopy

Yeast strains were grown to early log phase in a synthetic complete
medium overnight at 25°C. Samples were collected by centrifuga-
tion, and 2 pl of the suspension was used for fluorescence micros-
copy using a Leica (Buffalo Grove, IL) microscope (CTR6000)
equipped with a Plan-Apochromat 100x, 1.40 numerical aperture oil
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immersion objective lens. Images were captured with a digital cam-
era (DFC350FX; Leica) operated under LAS AF 1.5.1 software (Le-
ica). Rabbit anti-Sec4p and anti-Bgl2p polyclonal antibodies were
used at 1:2000 dilution for immunofluorescence microscopy using
protocols described previously (Walch-Solimena et al., 1997). For
F-actin disruption, cells were treated with 100 pM latrunculin B for
60 min before microscopy.

Electron microscopy

To visualize the tethering of secretory vesicles, electronic micros-
copy with permanganate fixation was performed according to the
procedure described previously (Perkins and McCaffery, 2007). Yeast
strains were grown in SC medium overnight to early log phase at
25°C. Cells were collected by centrifugation and resuspended in the
fixation buffer (100 mM sodium cacodylate, pH 7.4, 3% glutaralde-
hyde, 5 mM CaCl,, and 5 mM MgCly) for 1 h. The samples were
washed with 100 mM sodium cacodylate (pH 7.4), embedded in
ultra-low-temperature gelling agarose (Sigma-Aldrich, St. Louis,
MO), and cut into small pieces. These blocks were postfixed in 4%
KMnOy, for 1 h and then twice washed with double-distilled water.
The samples were then treated with 0.5% sodium metaperiodate for
15 min and washed with double-distilled water. The samples were
resuspended in 2% uranyl acetate, dehydrated through a graded
series of ethanol (50-100%, ice cold), and washed twice with propyl-
ene oxide. The samples were resuspended in the mixture of propyl-
ene oxide and Spurr resin (Polysciences, Warrington, PA) in 1:1 ratio
and rotated overnight, transferred to 100% Spurr resin, and left in a
vacuum overnight. The next day, the resin was changed three times,
and the samples were then rotated overnight. Subsequently, the
samples were put in polyethylene BEEM embedding capsules
(Polysciences) containing Spurr resin and placed in an 80°C oven for
24 h. Sections were cut, placed onto 400-mesh nickel grids, and
poststained with lead citrate for 2 min. Cells were observed using a
transmission electron microscope (model 1010; JEOL, Peabody,
MA) at 100,000x magnification. The association of secretory vesicles
with mitochondria was observed. Cells with three or more vesicles
attached to a cluster of mitochondria were counted as positive for
vesicle-mitochondria association.
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