Sec16 function in ER export and autophagy is

independent of its phosphorylation in
Saccharomyces cerevisiae

Tomohiro Yorimitsu and Ken Sato*

Department of Life Sciences, Graduate School of Arts and Sciences, University of Tokyo, Tokyo 153-8902, Japan

ABSTRACT Coat protein complex Il (COPII) protein assembles at the endoplasmic reticulum
exit site (ERES) to form vesicle carrier for transport from the ER to the Golgi apparatus.
Sec16 has a critical role in COPII assembly to form ERES. Sec164%65N mutant, which lacks the
N-terminal 565 amino acids, is defective in ERES formation and ER export. Several phospho-
proteomic studies have identified 108 phosphorylated Ser/Thr/Tyr residues in Sec16
of Saccharomyces cerevisiae, of which 30 residues are located in the truncated part of
Sec1625%5N, The exact role of the phosphorylation in Sec16 function remains to be deter-
mined. Therefore, we analyzed nonphosphorylatable Sec16 mutants, in which all identified
phosphorylation sites are substituted with Ala. These mutants show ERES and ER export
comparable to those of wild-type Sec16, although the nonphosphorylatable mutant binds
the COPII subunit Sec23 more efficiently than the wild-type protein. Because nutrient
starvation-induced autophagy depends on Sec16, Sec162%¢5N impairs autophagy, whereas
the nonphosphorylatable mutants do not affect autophagy. We conclude that Sec16
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phosphorylation is not essential for its function.

INTRODUCTION
The intracellular transport starts at the endoplasmic reticulum (ER).
The coat protein complex Il (COPI) machineries mediate the

formation of transport vesicles from the ER. Extensive studies have
revealed the processes involved in COPII vesicle formation. ER-
resident Sec12 activates the small GTPase Sar1 by catalyzing its GTP
binding, which allows Sar1 to relocate to the ER membrane (Nakano
and Muramatsu, 1989; Barlowe and Schekman, 1993). The inner
coat Sec23/Sec24 complex is recruited to membrane-bound Sarf,
followed by recruitment of the outer coat Sec13/Sec31 complex,
which deforms the membranes followed by sculpting COPII vesicles
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(Matsuoka et al., 1998; Bi et al., 2002, 2007; Tabata et al., 2009;
lwasaki et al., 2017). Sec24 and its paralogues act as cargo adaptors
to mediate incorporation of cargo proteins into nascent vesicles
(Roberg et al., 1999; Kurihara et al., 2000; Miller et al., 2002, 2003).
Sec23 serves as a GTPase-activating protein (GAP) against Sar1,
which is stimulated by Sec31, leading to removal of Sar1 from
forming vesicles (Yoshihisa et al., 1993; Antonny et al., 2001).
COPII protein assembles at the specialized ER domain, the ER
exit site (ERES). COPII vesicles loaded with specific cargoes is
thought to exit from distinct ERESs (Castillon et al., 2009; Iwasaki
et al., 2015). Inactivation of Sec16 impairs ERES formation and ER
export (Connerly et al, 2005; Shindiapina and Barlowe, 2010;
Yorimitsu and Sato, 2012). Like other COPII components, Sec16 is
conserved among species and has the structured central conserved
domain (CCD) flanked by the unstructured N- and C-terminal
regions (Whittle and Schwartz, 2010; Pietrosemoli et al., 2013;
Sprangers and Rabouille, 2015). Sec16 interacts with all COPII
components through distinct regions (Gimeno et al., 1995; Shaywitz
et al., 1997; Yorimitsu and Sato, 2012). Therefore, Sec16 acts as a
scaffold for COPII assembly to form ERES (Barlowe and Miller, 2013;
Lord et al., 2013). Sec16 also regulates COPII functions in vesicle
formation processes (Bharucha et al., 2013). In vitro reconstitution
experiments have shown that Sec16 inhibits Sec31-stimulated
Sec23 activation by preventing Sec31 from binding to Sec23, which
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may stabilize COPII assembly (Kung et al., 2012; Yorimitsu and
Sato, 2012).

COPI| proteins are regulated by phosphorylation. Sec23 is shown
to be phosphorylated, and its phosphorylation is suggested to be
involved in the uncoating process (Lord et al., 2011). Under nutrient
starvation conditions, Sec23 and Sec24 also undergo phosphoryla-
tion to serve in autophagy (Davis et al., 2016; Gan et al., 2017).
Autophagy is a degradation process in the vacuole/lysosome. When
nutrient starvation triggers autophagy, a membrane structure called
the autophagosome emerges at preautophagosomal structure
(PAS), where autophagy-related (Atg) proteins are assembled. It
engulfs the cytoplasmic materials and delivers them to the vacuole/
lysosome where they are digested and recycled for survival
(Nakatogawa et al., 2009; Feng et al., 2014). Mounting evidence has
currently demonstrated the connection between autophagy and a
COPIl system (Davis et al., 2017; Zahoor and Farhan, 2018). The PAS
has been shown to contact the ERES, which is suggested to directly
transfer lipid molecules from the ER to forming autophagosomes
(Graef et al., 2013; Suzuki et al., 2013; Kotani et al., 2018). Recent

A

work has also revealed that COPII vesicles are directly targeted to
autophagosomes to supply the membrane source (Shima et al.,
2019). Autophagy induction is proposed to trigger COPII vesicles
directing to the Golgi to be redirected to autophagosomes (Lemus
et al., 2016). In this model, Sec24 phosphorylation is a key event to
promote Sec24 to interact with Atg? and to mediate the redirection
of vesicles (Davis et al., 2016). Autophagy is known to require Sec16
(Ishihara et al., 2001). However, current knowledge of the role of
Sec16 in autophagy is limited.

Sec16 is also known to undergo phosphorylation. Two phos-
phorylation sites are mapped in the N-terminal region of mamma-
lian homologue Sec16A (Farhan et al., 2010; Joo et al., 2016). In
Drosophila, Sec16 is shown to be phosphorylated in the C-terminal
region in response to nutrient starvation (Zacharogianni et al., 2011).
In Saccharomyces cerevisiae Sec16, several phosphoproteomic
studies have so far identified 108 phosphorylated Ser/Thr/Tyr resi-
dues throughout the regions except for the CCD, and also revealed
that some sites are responsive to starvation and treatment with
the autophagy inducer rapamycin (Figure 1A and Supplemental

cp 2195

Sec16 (WT)

1 _Np ___ ccD |
(T T T M1 1

Sec164565N

566

erv29A
WT WTA565N :Sec16

<+p1
i CPY

Mid2-GFP

[+ Pgki

|

—

@ o
o (=}
L |

WT

N A O
o O O

% of cells with Mid2-GFP O

accumulated at ER

o

WT A565N ANp ACp ANCp

A565N

Sec16-AcGFP Sec13-mCherry

*
»? o -

Sec16*%%5N mutant shows defects in ERES formation and ER export. (A) Tenfold serial dilutions of cultures of
sec16A cells expressing wild-type Sec16 or Sec16*5¢N mutant were spotted on YPD plates and grown at 30°C for 2 d.
The right panel is the schematic representation of wild-type Sec16 and Sec16*5¢*N mutant. The gray box represents the
CCD. Black lines in wild-type Sec16 represent locations of phosphorylation sites as shown in Supplemental Figure STA.
Np, 62 N-terminal phosphorylation sites; Cp, 46 C-terminal phosphorylation sites. (B) CPY transport was examined by
immunoblotting in erv29A sec16A cells expressing wild-type Sec16, and sec16A cells expressing wild-type Sec16 or
Sec16*%N mutant. (C) Mid2-GFP transport was monitored by fluorescence microscopy in sec16A cells expressing
wild-type Sec16 or Sec16*5¢N mutant. Arrowheads indicate Mid2-GFP accumulated in the ER. Scale bars, 4 pm.
(D) The percentage of cells showing Mid2-GFP accumulated in the ER. Error bars indicate the SD of three experiments.
(E) sec16A cells expressing Sec16-AcGFP or Sec16%¢5N-AcGFP with Sec13-mCherry were observed by fluorescence
microscopy. Sec16 constructs visualized in the green channel are indicated in green. Scale bars, 4 pm.
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Figure S1A; Albuquerque et al., 2008; Holt et al., 2009; Swaney et
al., 2013; lesmantavicius et al., 2014). It remains unclear whether the
phosphorylation at any of these sites has a role in Sec16 function.
Analysis of serial truncation mutants of Sec16 has previously shown
that Sec162%5N mutant exhibits poor growth (Yorimitsu and Sato,
2012). This mutant lacks the region of the N-terminal 565 residues
including the 30 phosphorylation sites. Whether loss of these
phosphorylation sites is associated with the defects of Sec164%5N is
not known.

In this study, we created nonphosphorylatable Sec16 mutants in
which all 108 phosphorylation sites are substituted with Ala. We
found that the nonphosphorylatable mutants display ERES, ER
export, and autophagy comparable to those of wild-type Sec1é.
Surprisingly, our data indicate that Sec16 phosphorylation is not
essential for its function.

RESULTS AND DISCUSSION

The N-terminal region of Sec16 is required for ERES
formation and ER export

We set out to investigate the effect of Sec162%°N mutant on COPII-
mediated transport. As shown in our previous complementation
assay (Yorimitsu and Sato, 2012), when expressed as a sole copy of
Secl16 in sec16A cells, Sec162%¢N exhibited growth defect (Figure
1A). We next checked the ER-Golgi transport in sec16A cells
expressing Sec164%¢N. Carboxypeptidase Y (CPY) is exported from
the ER to the Golgi in a COPIl-dependent manner, and then deliv-
ered to the vacuole, where it is processed to become the mature
form. Because Erv29 acts as a cargo receptor to incorporate CPY
efficiently into the COPII vesicle (Belden and Barlowe, 2001), the
ER-specific p1 form of CPY is accumulated in erv29A background
cells (Figure 1B). Similarly, Sec162%*N displayed significant accumu-
lation of the p1 form. We also examined the distribution of Mid2-
GFP by fluorescence microscopy (Figure 1, C and D). Mid2-GFP is
exported as a COPI| cargo protein from the ER, and finally localizes
to the plasma membrane (Ono et al., 1994), as observed in cells with
wild-type Sec16. Sec1625N showed Mid2-GFP localization to the
plasma membrane but also its presence in the ER, indicating the
accumulation of Mid2-GFP in the ER. Collectively, these results
indicate that Sec164%N reduced the efficiency of ER export.

Finally, we examined the distribution of Sec13-mCherry and
Sec16-AcGFP by fluorescence microscopy in order to investigate
ERES formation (Figure 1E). Although both Sec16-AcGFP and
Sec162%N-AcGFP colocalized together with Sec13-mCherry,
Sec162%N_AcGFP and Sec13-mCherry exhibited aberrantly exag-
gerated ERES, compared with a typical dispersed ERES pattern of
Sec16-AcGFP. These results suggest that the N-terminal region lack-
ing in Sec164%N plays a critical role in the proper formation and/or
organization of ERES.

Previous results have shown that Sec162%°N Jacks the Sec31-
binding site and is unable to interact with Sec31 (Kung et al., 2012;
Yorimitsu and Sato, 2012). Based on the results shown below, de-
fects of Sec162%%°N might be caused by loss of the ability to inter-
act with Sec31. Sec16 mutant lacking the 60 amino acid residues
for the Sec31 binding was previously shown to be defective in cell
growth and CPY transport (Yorimitsu and Sato, 2012). This finding
shed light on the implication of the Sec16-Sec31 interaction in ER
export, although the underlying details remained unclear. Here,
we provide a novel insight into the role of the Sec16-Sec31 inter-
action in organizing ERES formation to ensure typical dispersed
ERESs throughout the ER. In Pichia pastoris, correct Sec16 localiza-
tion at the ERES was shown to require the N-terminal region that
binds Sec23, Sec24, and Sec31 (Bharucha et al., 2013). In contrast
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to our observation, loss of this region abolished P. pastoris Sec1é
from ERES. This different observation might come from the
difference in the COPII proteins binding in the regions. Our previ-
ous pull-down analysis showed that the Sec31-binding site bound
neither Sec23 nor Sec24 (Yorimitsu and Sato, 2012). Thus, our
observation may reflect the exact effects of the interaction with
Sec31 on Sec16 function.

Sec16 phosphorylation is dispensable for its function in

ER export

Two distinct phosphorylation sites, Thr-415 and Ser-846, were iden-
tified in the N-terminal region of mammalian Sec16 homologue
Sec16A (Farhan et al., 2010; Joo et al., 2016). Because the nonphos-
phorylatable Sec16A mutants of each of these residues affected the
number of ERES, phosphorylation is suggested to be implicated in
ERES formation. In S. cerevisiae, there are 108 phosphorylated Ser/
Thr/Tyr residues identified in Sec16, of which the 30 residues exist in
the N-terminal regions truncated in Sec164%N (Figure 1A and Sup-
plemental Figure S1A). This prompted us to wonder whether loss of
these 30 phosphorylation sites would be associated with the defects
of Sec162565N_ |t has been noted that two Sec16A phosphorylation
sites appear not to be conserved in S. cerevisiae Sec16, due to a
high divergence of Sec1é sequence among species (Joo et al.,
2016). Therefore, we created nonphosphorylatable mutant Sec162N?
by substituting the 62 phosphorylation sites in the N-terminal region
with Ala. Simultaneously, to extend our focus to the C-terminal
phosphorylation sites, we created Sec16“P and Sec16*NP mutants
with Ala substitutions of the C-terminal 46 sites, and the entire 108
sites, respectively.

Growth assay showed that each of these mutants could support
viability in secT6A cells as well as wild-type Sec16 (Figure 2A).
Consistently, the nonphosphorylatable mutant with substitutions in
30 phosphorylation sites did not show defect in cell growth (our
unpublished data). Additionally, in contrast to sec1éA cells express-
ing the temperature-sensitive mutant Sec16Y1%% which grew at
23°C but not at 37°C, sec16A cells expressing the nonphosphorylat-
able mutants were not temperature-sensitive, and grew as well as
those expressing wild-type Sec16 under both conditions (Supple-
mental Figure S1B). We then examined ER export in secTéA cells
expressing the nonphosphorylatable mutants. These mutants did
not exhibit significant accumulation of the p1 form of CPY compa-
rable to that of the wild-type protein (Figure 2B). Fluorescence
microscopy also revealed proper localization of Mid2-GFP to the
plasma membrane but no accumulation in the ER with the nonphos-
phorylatable mutants (Figures 1C and 2C). These results indicate
that unlike Sec162%%5N, the nonphosphorylatable mutants retain the
ability to drive ER export.

We next investigated ERES formation by visualizing the mUkG1-
fused nonphosphorylatable mutants along with Sec13-mCherry by
fluorescence microscopy (Figure 2D). These mutants all displayed
colocalization with Sec13-mCherry at ERES, comparable to that of
wild-type Sec16-mUkKG1, indicating proper formation of ERES.
Collectively, these findings clearly rule out the possibility that loss of
the N-terminal phosphorylation sites is the cause for the defects of
Sec162565N,

The nonphosphorylatable Sec16 mutant shows increased
interaction with Sec23

Finally, we immunoprecipitated HA-tagged Sec16 from detergent-
solubilized cell lysates and checked the phosphorylation by
immunoblotting using an antibody that recognizes phosphorylated
Ser/Thr residues (Figure 3A). Phosphorylation was detected on
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Nonphosphorylatable Sec16 mutants show normal ERES formation and ER export. (A) Tenfold serial
dilutions of cultures of sec164 cells expressing Sec16 from a URA3 plasmid along with an empty vector or a plasmid
encoding wild-type Sec16 or the indicated Sec16 phosphomutants were spotted on plates in the presence or absence
of 5-FOA and grown at 30°C for 3 d. (B) CPY transport was examined in secT6A cells expressing wild-type Sec16 or the
indicated Sec16 mutants. (C) Mid2-GFP transport was monitored by fluorescence microscopy in sec16A cells expressing
wild-type Sec16 or the indicated Sec16 mutants. Scale bars, 4 pm. (D) sec16A cells expressing mUkG1-fused wild-type
Sec16 or nonphosphorylatable mutants with Sec13-mCherry were observed by fluorescence microscopy. Sec16
constructs visualized in the green channel are indicated in green. Scale bars, 4 pm.

immunoprecipitated Sec16-HA but not on Sec16*NP-HA. We  the binding sites for Sec23 in the N-terminal and C-terminal regions
further analyzed these immunoprecipitates in order to examine an in (Espenshade et al., 1995; Yorimitsu and Sato, 2012; Bharucha et al.,
vivo interaction between Sec16 and endogenous Sec23. Sec16 has  2013), and these sites are phosphorylated. Therefore, we wondered
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FIGURE 3: Sec162NC mutant shows increased interaction with Sec23. (A) Sec16-HA and
Sec16*NP-HA were immunoprecipitated from cell lysates with anti-HA antibody, followed by
immunoblotting using antibodies against HA tag, phospho-Ser/Thr, or Sec23. Lysates from
cells expressing Sec16-AcGFP were used as the negative control (-). (B) Sec16-HA, Sec162Np-
HA, and Sec16““P-HA were immunoprecipitated, followed by immunoblotting as described in
A. The right panels in A and B show quantifications of the band intensity of Sec23 relative to
that of Sec16-HA in the immunoprecipitation (IP) fraction. The band intensity of Sec23
coimmunoprecipitated with Sec16-HA was set to 1. Error bars indicate the SD of three or

more experiments.

whether Sec16 phosphorylation affects the interaction with Sec23.
Both Sec16-HA and Sec162NP-HA exhibited coprecipitation of
Sec23. However, an almost twofold higher level of Sec23 was
coprecipitated with Sec162NP-HA compared with that with Sec16-
HA (Figure 3A). Collectively, these results indicate that Sec162Nr is
not indeed phosphorylated but can interact with Sec23 more
efficiently than wild-type Sec16. Further coimmunoprecipitation
experiments revealed that neither Sec16NP-HA nor Sec164¢P-HA
showed remarkably increased interaction with Sec23 (Figure 3B),
suggesting some redundancy of the Sec23-binding sites in the N-
and C-terminal regions of Sec16.

Autophagy requires the N-terminal region of Sec16 but

not its phosphorylation

We expressed Sec16 mutants in sec16A cells with Pgk1-GFP and
examined autophagy by using Pgk1-GFP processing assay. When
autophagy is induced under nitrogen starvation, cytoplasmic Pgk1-
GFP is nonselectively engulfed along with other cytoplasmic
materials within autophagosomes, and then delivered to the
vacuole, where the GFP moiety is cleaved by vacuolar proteolysis.
Because the cleaved GFP is relatively stable and detectable by
immunoblotting, monitoring its level provides the degree of the
autophagic activity (Welter et al., 2010). After 2 h nitrogen starva-
tion, both wild-type Sec16 and Sec1625¢N exhibited GFP cleavage
but the cleaved GFP level of Sec164%%N was lower than that of wild-
type Sec16 (Figure 4, A and C), whereas wild-type Sec16 never
raised cleaved GFP in atgTA cells. These results indicate that au-
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tophagy relies on the N-terminal region of
Sec16, suggesting that Sec16 interaction with
Sec31 in the N-terminal region is an essential
process to potentiate COPII subunits to form
both vesicles targeting to the Golgi and to
autophagosomes at ERES. Another possibility
is that this interaction is involved in the proper
ERES formation and then maintains the con-
tact between the ERES and the PAS to ensure
the flow of lipids from the ER to autophago-
somes. In this case, Sec16 might interact with
Atg proteins localizing to the PAS through the
N-terminal region, which directly maintains
the ERES-PAS contact. Sec16 has been found
to interact with Atg8 (Graef et al., 2013). Fu-
ture studies are needed to clarify the binding
site and the role of their interaction in
autophagy.

In contrast, each of the nonphosphorylat-
able mutants showed GFP cleavage at a level
similar to the wild-type protein (Figure 4, B
and C). These results indicate that in S. cerevi-
siae, Sec16 phosphorylation is dispensable
for its function in not only ER export but also
autophagy. Because Sec23 forms the stable
complex with Sec24 paralogues (Hicke et al.,
1992; Roberg et al., 1999; Kurihara et al.,
2000), however, our finding that Sec162N¢P
alters interaction with Sec23 may imply that
Sec16 phosphorylation can influence its abil-
ity to interact with the complex of Sec23/
Sec24 paralogues to regulate ER export of
the specific cargo. This is in accord with the
previous observation that the phosphoryla-
tion of Sec16A at Ser-846 modulates the
interaction with Sec24C, a Sec24 isoform at ERES, and then drives
the ER exit of Sec24C-specific cargoes (Joo et al., 2016).

ANp  ACp

MATERIALS AND METHODS

Strains and media

Yeast strains used in this study are listed in Supplemental Table S1.
All strains are isogenic to YPH500 (Sikorski and Hieter, 1989). To gen-
erate YTY343 and YTY397, PCR-based genomic integrations of GFP
atthe 3" end of MID2 and PGK1 of YTY046 were carried out by using
pFA6a-GFP-HIS3MX6 and pFA6a-GFP-hphMX6 as templates as de-
scribed previously (Longtine et al., 1998). Strains were grown at 30°C
in YPD (2% polypeptone, 1% yeast extract, 2% glucose), SD (0.67%
yeast nitrogen base without amino acids, 2% glucose) supplemented
with appropriate nutrients, or SD-N (0.17% yeast nitrogen base with-
out amino acids and ammonium sulfate, 2% glucose). Counterselec-
tion against URA3-containing plasmids was performed on SD plates
containing 0.1% 5-fluoroorotic acid (5-FOA; Wako).

Plasmids

Plasmids pTYY42 (Sec16-AcGFP), pTYY48 (Sec16-HA), pTYY48-
A565N (Sec1645N-HA), pTYY48-L1089P (Sec16M1989P-HA), pFaba-
hphMXé, and pFA6a-GFP-HIS3MXé were described previously
(Longtine et al., 1998; Hentges et al., 2005; Yorimitsu and Sato,
2012). For pFA6a-GFP-hphMX6, a BamHI/Ascl fragment containing
GFP was cut from pFA6a-GFP-HIS3MX6 and inserted into the cor-
responding sites of pFaba-hphMXé. For pTYY42-A565N (Sec164%¢5N-
AcGFP), a BamHI/Xhol fragment containing 2xAcGFP was cut from
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Autophagy is impaired by Sec162%5N mutant but not by nonphosphorylatable Sec16 mutants. Autophagy
was monitored by Pgk1-GFP processing assays in atg1A sec16A cells expressing wild-type Sec16, and sec164 cells
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starvation. (C) Quantification of the intensity of cleaved GFP relative to the total intensities of cleaved GFP and
Pgk1-GFP. The GFP cleavage of wild-type Sec16 was set to 1. Error bars indicate the SD of three experiments.

PTYY42 and inserted into the corresponding sites of pTYY48-
A565N. For pTYY48-ANp (Sec16Ne-HA) and  pTYY48-ACp
(Sec162°P-HA), DNA fragments coding Sec16NP and Sec162%P were
synthesized by gBlocks (IDT), and inserted into the Nhel/Hpal- and
Hpal/BamHI-digested pTYY48, respectively, by using NEBuilder
assembly kit (NEB). For pTYY48-ANCp (Sec162NP-HA), the
Sacl/Hpal-digested fragment from pTYY48-ANp was inserted into
the corresponding sites of pTYY48-ACp. For pTYY56 (Seclé-
mUkG1)-based plasmids, DNA fragment coding the yeast codon-
optimized mUkG1 as shown previously (Kaishima et al., 2016) was
synthesized by Europhins Genomics and inserted into the
BamHI/Xhol-digested pTYY48, pTYY48-ANp, pTYY48-ACp, and
PTYY48-ANCp.

Immunoprecipitation

YTY047, YTY049, YTY0492Ne, YTY0494CP, and YTY0494NCP cells
were grown to midlog phase, and 600 ODqg units of cells were col-
lected. After being washed with water, cells were resuspended in
lysis buffer (25 mM HEPES, pH 8.0, 100 mM NaCl, 1 mM EDTA, 5%
glycerol) with 2x protease inhibitor cocktail (cOmplete, EDTA-free;
Roche) and 2x phosphatase inhibitor cocktail (PhosSTOP, Sigma-
Aldrich) and disrupted by vigorous vortexing with glass beads at
4°C. Lysates were solubilized on ice for 20 min by adding octylglu-
coside (Dojindo) to a final concentration of 4%. After unsolubilized
materials were removed by centrifugation at 10,000 x g for 5 min at
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4°C, the supernatant was transferred to a new tube and equal
volume of lysis buffer supplemented with 3 pl of mouse anti-HA
antibody (901514; Biolegend) was added. After 2 h incubation at
4°C, protein A-sepharose beads (20 pl; GE Healthcare) were added
and incubated for 1 h at 4°C. The beads were washed three times
with lysis buffer containing 1% B-octylglucoside, and the proteins
were eluted by boiling in SDS sample buffer. The eluted proteins
were resolved by SDS-PAGE, followed by immunoblotting with
rabbit anti-HA (561; MBL), mouse anti-phospho-Ser/Thr (612548;
BD Transduction Laboratories), and goat anti-Sec23 antibodies
(sc-20195; Santa Cruz).

Pgk1-GFP processing assay

Autophagy was monitored by Pgk1-GFP processing assay as de-
scribed previously (Welter et al., 2010). Cells grown in YPD medium
up to midlog phase were shifted to SD-N medium. After 2 h incuba-
tion, cell lysates were prepared by vigorous vortexing with glass
beads in SDS-PAGE sample buffer and then subjected to SDS-
PAGE, followed by immunoblotting with mouse anti-GFP antibody
(66002-1-Ig; Proteintech).

Fluorescence microscopy

Cells grown to midlog phase were imaged with an Olympus 1X71
microscope (Olympus) equipped with a CSU10 spinning-disk confo-
cal scanner (Yokogawa Electric Corporation) as described previously

Molecular Biology of the Cell



(Yorimitsu and Sato, 2012). Images were taken with an electron-
multiplying charge-coupled device camera (iXon, DV897; Andor
Technology, South Windsor, CT), and analyzed using Adobe Photo-
shop and ImageJ.
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