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COPII vesicles contribute to autophagosomal

membranes

Takayuki Shima, Hiromi Kirisako, and Hitoshi Nakatogawa®

A hallmark of autophagy is the de novo formation of double-membrane vesicles called autophagosomes, which sequester
various cellular constituents for degradation in lysosomes or vacuoles. The membrane dynamics underlying the biogenesis of
autophagosomes, including the origin of the autophagosomal membrane, are still elusive. Although previous studies
suggested that COPII vesicles are closely associated with autophagosome biogenesis, it remains unclear whether these
vesicles serve as a source of the autophagosomal membrane. Using a recently developed COPII vesicle-labeling system in
fluorescence and immunoelectron microscopy in the budding yeast Saccharomyces cerevisiae, we show that the
transmembrane cargo Axl2 is loaded into COPII vesicles in the ER. Ax|2 is then transferred to autophagosome intermediates,
ultimately becoming part of autophagosomal membranes. This study provides a definitive answer to a long-standing,
fundamental question regarding the mechanisms of autophagosome formation by implicating COPII vesicles as a membrane

source for autophagosomes.

Introduction
Macroautophagy (hereafter referred to as autophagy), an evo-
lutionarily conserved degradation system in eukaryotes, is in-
volved in various cellular activities and the pathogenesis of
multiple human diseases (Yang and Klionsky, 2010; Ohsumi,
2014; Bento et al., 2016; Dikic and Elazar, 2018). In autophagy,
cytoplasmic components, including proteins, RNAs, and organ-
elles, are sequestered within double-membrane vesicles called
autophagosomes and then transported into lysosomes or va-
cuoles. In Saccharomyces cerevisiae, the core autophagy-related
(Atg) proteins assemble to organize the pre-autophagosomal
structure (PAS) in the vicinity of the vacuole (Suzuki et al.,
2001). Subsequently, a membranous component of the PAS
(probably Golgi-derived vesicles containing Atg9; Mari et al.,
2010; Yamamoto et al., 2012) expands into a cup-shaped mem-
brane called the isolation membrane (or phagophore). This
membrane subsequently becomes spherical and ultimately seals
to complete the autophagosome. Previous studies have eluci-
dated the molecular functions of the Atg proteins and their
concerted actions, which are highly conserved in yeast and
mammals (Nakatogawa et al., 2009; Mizushima et al., 2011).
However, the molecular mechanisms underlying autophago-
some formation, including the origin of the autophagosomal
membrane, remain elusive.

Recent studies suggested several organelles as a source for
the autophagosomal membrane, including the ER (Axe et al,,

2008; Hayashi-Nishino et al., 2009; Yli-Anttila et al., 2009),
the ER-Golgi intermediate compartment (Ge et al., 2013), mi-
tochondria (Hailey et al, 2010), the plasma membrane
(Ravikumar et al., 2010), and the recycling endosome (Puri et al.,
2013). In mammals, ER subdomains called omegasomes are
formed upon induction of autophagy and are likely to act as a
platform for formation of the autophagosome (Axe et al., 2008).
Electron microcopy also revealed that the isolation membrane is
connected with the ER via thin tubules (Hayashi-Nishino et al.,
2009; Yli-Anttila et al., 2009; Uemura et al., 2014). In yeast,
previous studies suggested the involvement of coat protein
complex II (COPII) vesicles, which mediate ER-to-Golgi trans-
port (Barlowe et al., 1994; Jensen and Schekman, 2011). Mutants
deficient for COPII vesicle formation are unable to form the
autophagosome (Ishihara et al., 2001). In addition, the isolation
membrane is associated with ER exit sites, where COPII vesicles
are formed (Graef et al., 2013; Suzuki et al., 2013). Moreover,
Atg9 interacts with the COPII protein Sec24, depending on the
phosphorylation of Sec24 under autophagy-inducing conditions
(Davis et al., 2016). In mammals, lipidation of the autophago-
somal protein LC3 was shown to occur on special COPII vesicles
generated from the ER-Golgi intermediate compartment under
starvation conditions (Ge et al., 2013, 2014, 2017). These results
allowed us to speculate that COPII vesicles serve to form the
autophagosomal membrane. However, no direct evidence that
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COPII vesicles become part of the autophagosomal membrane
has been provided.

In this study, we took advantage of a recently developed
technique to intensely label COPII vesicles with the transmem-
brane cargo protein Axl2. We found that this protein is trans-
ferred from the ER to forming autophagosomal membranes,
dependent upon its loading into COPII vesicles.

Results and discussion

The transmembrane COPII cargo AxI2 localizes to
autophagy-related membranes

One straightforward approach to assessing whether COPII
vesicles are used to form the autophagosome would be to mi-
croscopically observe whether the autophagosomal membrane is
labeled with a COPII cargo protein. However, even when fluo-
rescent proteins have been fused to COPII cargos, their locali-
zation to the autophagosomal membrane has not been observed.
Although live imaging of COPII vesicles using a fluorescent
protein-fused cargo is intrinsically difficult (probably due to the
low copy numbers of cargo proteins and the high-speed move-
ment of the vesicles), a recent study succeeded in circumventing
this difficulty (Kurokawa et al., 2014). AxI2 is a transmembrane
protein that is sorted into COPII vesicles in the ER and trans-
ported, via the Golgi apparatus, to the plasma membrane, where
it is involved in budding of daughter cells (Roemer et al., 1996).
In that study, AxI2 was fused to GFP and expressed under the
control of the SSAI heat shock promoter in a temperature-
sensitive mutant of SECI2 (secl2®), which encodes a guanine
nucleotide-exchange factor required for COPII vesicle formation
(Fig. 1 A; Kaiser and Schekman, 1990; Kurokawa et al., 2014). Ata
low temperature (23°C), these cells can form COPII vesicles, but
the expression of AXL2-GFP is suppressed (Fig. 1 A, left). When
the cells are shifted to a high temperature (37°C), synthesis of
AxI2-GFP is strongly induced, whereas formation of COPII
vesicles is blocked due to the inactivation of Secl2, resulting in
accumulation of AxI2-GFP in the ER membrane (Fig. 1 A, mid-
dle). When the temperature is shifted back to 23°C, AxI2-GFP
synthesis is shut off, and COPII vesicles heavily loaded for Ax12-
GFP begin to exit from the ER (Fig. 1 A, right). Loading of AxI2
into COPII vesicles depends on the cargo receptor Ervl4 (Powers
and Barlowe, 1998). We sought to use this system to determine
whether COPII vesicles are a source for the autophagosomal
membrane.

In yeast cells, the ER is mainly distributed in the cell pe-
riphery and the perinuclear region, as visualized with Sec63-
mCherry (Fig. 1 B; Prinz et al., 2000). As reported previously
(Kurokawa et al., 2014), when secl2 cells were incubated at 37°C
for 1h, AxI2-GFP accumulated in the ER (Fig. 1 B). When the cells
were shifted to 23°C in the presence of rapamycin, which in-
hibits Tor kinase complex 1 and thereby induces autophagy
(Noda and Ohsumi, 1998), AxI2-GFP was immediately trans-
ported to the plasma membrane, as in the absence of rapamycin
(Fig. 1 B; Kurokawa et al., 2014). This ER exit of AxI2-GFP was
almost completely blocked in cells lacking Erv14 (Fig. 1 B). Thus,
we confirmed that this COPII vesicle-labeling system properly
operates under autophagy-inducing conditions.
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We also checked whether autophagy occurs normally in the
absence of Ervl4. In the presence of rapamycin, the amino
peptidase Apel is transported via autophagy to the vacuole,
where it is processed into the mature form (Lynch-Day and
Klionsky, 2010). We found that deletion of ERVI4 (erv144) did not
affect the maturation of Apel (Fig. S1 A). Autophagic activity can
also be assessed by monitoring GFP fragments generated by
vacuolar degradation of the cytoplasmic protein Pgkl fused to
GFP (Welter et al., 2010). We found that Pgkl-GFP was degraded
via autophagy in ervl4A cells as efficiently as in WT cells (Fig. S1
B). We also confirmed that maturation of the vacuolar protease
Pep4 proceeded normally in ervi4A cells (Fig. S1 A). Thus, dis-
ruption of ERVI4 does not affect autophagy.

The ubiquitin-like protein Atg8 is conjugated to phosphati-
dylethanolamine and thereby anchored to autophagy-related
membranes, including the PAS, isolation membrane, and auto-
phagosome. Consequently, these membranes can be observed by
fluorescence microscopy as puncta of fluorescently labeled Atg8
(Suzuki et al., 2001). When secI2®* cells expressing AXL2-GFP and
mCherry-ATG8 from the SSAI and ATG8 promoters, respectively,
were incubated at 37°C for 1 h and then treated with rapamycin
at 23°C for 30 min, a significant proportion of mCherry-Atg8
puncta were positive for AxI2-GFP (Fig. 1 C). This AxI2 locali-
zation to Atg8 puncta was abolished by disruption of ERV14, al-
though Atg8 puncta formed normally in these cells (Fig. 1 C).
These results suggested that Ax12 localizes to autophagy-related
membranes in a manner dependent on its exit from the ER via
COPII vesicles. Colocalization of AxI2 with Atg8 was not ob-
served in SECI2 (WT) cells, in which AxI2 continuously exits
from the ER at 37°C (Fig. S2 A), suggesting that the intense, high-
frequency loading of AxI2 into COPII vesicles, achieved by its ER
accumulation followed by rapid release in a temperature-
sensitive COPII mutant, would allow us to observe Ax12 locali-
zation to autophagy-related membranes.

Next, we incubated SECI2 cells at 37°C to accumulate AxI2-
GFP at the plasma membrane and then shifted them to 23°C to
shut off Ax12-GFP expression. When these cells were treated
with rapamycin, Ax12-GFP did not localize to mCherry-Atg8
puncta, suggesting that Axl2 was not transported from the
plasma membrane to autophagy-related membranes (Fig. S2 B).
To accumulate AxI2-GFP at the Golgi apparatus, we performed
similar experiments using a temperature-sensitive mutant of
SEC7 (sec7™), which encodes a guanine nucleotide-exchange
factor that is responsible for vesicle formation at the Golgi
(Franzusoff and Schekman, 1989) and also important for auto-
phagosome formation (van der Vaart et al., 2010). Although
these cells were treated with rapamycin at 23°C after incubation
at 37°C, we did not observe AxI2 localization to Atg8 puncta,
consistent with the idea that AxI2 is transferred from the ER to
autophagy-related membranes rather than through the Golgi
apparatus (Fig. S2 C).

AxI2 localizes to isolation membranes and autophagosomes

At the autophagosome formation site, the PAS is first organized,
and then the isolation membrane expands to form the auto-
phagosome. The Atg2-Atgl8 complex is required for autopha-
gosome formation (Shintani et al., 2001; Wang et al., 2001; Obara
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Figure 1. The COPII transmembrane cargo Axl2 is transferred from the ER to Atg8-positive structures. (A) Schematic diagram of the method for intense
labeling of COPII vesicles. (B) sec12ts SSAIpro-AXL2-GFP cells were grown at 23°C, incubated at 37°C for 1 h, and then incubated at 23°C in the presence of
rapamycin. After a 2-h incubation, the cells were observed under a fluorescence microscope. Scale bars, 5 pum. (C) sec12's SSAlpro-AXL2-GFP cells were in-
cubated at 37°C for 1 h and then treated with rapamycin at 23°C for 30 min, followed by fluorescence microscopy. Arrowheads show mCherry-Atg8 puncta
positive for Ax(2-GFP. Scale bars, 5 um. The graph shows the proportion of mCherry-Atg8 puncta that were positive for Ax|2-GFP. Values are means + SD (n =
3). ***, P < 0.001 (unpaired two-tailed t test).

et al., 2008). Previous studies reported that the isolation mem- vesicles, are assembled (Suzuki et al, 2007, 2013; Gémez-
brane hardly expands in cells lacking the Atg2-Atgl8 complex, Sanchez et al., 2018). Thus, the Atg8 puncta observed in atg2A
although the other core Atg proteins, including Atg8 and Atg9 cells represent the PAS or early isolation membranes. The
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Figure2. COPII vesicles are recruited to forming autophagosomes. (A) AxI2 localization to Atg8 puncta in atg2A cells was examined as described in Fig. 1C.
Scale bars, 5 um. Values in the graph are means + SD (n = 3). ***, P < 0.001 (unpaired two-tailed t test). (B) sec12* SSAIpro-AXL2-GFP cells overexpressing
Apel were incubated at 37°C for 1 h, transferred to nitrogen-starvation medium at 23°C for 1 h, and then observed by fluorescence microscopy. Arrowheads
show an Ax[2-GFP punctum on an isolation membrane visualized with mCherry-Atg8. Scale bars, 5 um. The graph shows the proportion of Atg8-positive
isolation membranes that colocalized with AxI2-GFP. Values are means + SD (n = 3). ***, P < 0.001 (unpaired two-tailed t test). (C-E) sec12's SSAIpro-AXL2-GFP
ypt7A cells were incubated at 37°C for 1 h, transferred to nitrogen-starvation medium at 23°C for 2 h, and then observed by fluorescence microscopy. Ar-
rowheads show Ax|2-positive Atg8 puncta. Scale bars, 5 um. The graphs show the proportion of mCherry-Atg8 puncta that colocalized with Ax[2-GFP (D) and
the number of Atg8 puncta per cell (E). Values represent means + SD (n = 3). ***, P < 0.001 (unpaired two-tailed t test).

colocalization of Ax12 with Atg8 was significantly diminished by  expansion of the isolation membrane. However, AxI2-GFP did
deletion of ATG2, but it was still observed in the cells (Fig. 2 A). not stain the entire isolation membrane (see Discussion).

These results suggest that COPII vesicles are also recruited to the We also investigated whether Axl2-GFP resides on complete
autophagosome formation site before the expansion of the iso- autophagosomes. In cells lacking Ypt7, a GTPase required for
lation membrane initiates, although to a lesser extent. autophagosome-vacuole fusion, autophagosomes accumulate in

When the autophagosome cargo Apel is overexpressed in the cytoplasm under starvation conditions (Kirisako et al., 1999).
yeast cells, it self-assembles into a giant complex. When au-  Our fluorescence microscopy analysis revealed that a significant
tophagy is induced in these cells, isolation membranes ex- proportion of autophagosomes, observed as mCherry-Atg8
panding along the surface of the giant Apel complex can be puncta in ypt7A cells, were labeled with AxI2-GFP (Fig. 2, C
visualized by fluorescence microscopy as extended Atg8- and D). Deletion of ERVI4 substantially diminished the auto-
positive structures (Suzuki et al., 2013). AxI2-GFP localized to  phagosomal localization of Ax12-GFP (Fig. 2, C and D), although it
these structures in an Ervl4-dependent manner (Fig. 2 B). These  did not affect the number of autophagosomes per se (Fig. 2, C
results suggest that COPII vesicles are employed during andE). These results suggest that Ax12-GFP in the ER membrane
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Figure 3. COPII vesicles become part of autophagosomal membranes. (A-]) sec12° SSAIpro-AXL2-GFP ypt7A cells were incubated at 37°C for 1 h, and then
autophagy was induced at 23°C by nitrogen starvation for 3 h, followed by immunoelectron microscopy using anti-GFP antibodies. Open arrowheads indicate
autophagosomes, and closed arrowheads indicate GFP signals (gold particles). Scale bars: 500 nm (A), 200 nm (B-]). (K) At least 30 autophagosomes in ERV14
and ervI4A cells were examined, and the proportion of autophagosomes that contained gold particles on their membranes is shown in the graph.

is transferred to the isolation membrane via COPII vesicles and
ultimately becomes part of the autophagosomal membrane.
Residual colocalization of Axl2-GFP with mCherry-Atg8 in
ervi4A cells would at least partly represent ER fragments se-
questered within autophagosomes (see the next section).

We recently reported that fragments of the ER are selectively
sequestered into the autophagosome for degradation in the
vacuole under nitrogen-starvation conditions (Mochida et al.,
2015). This observation raised the possibility that our fluores-
cence microscopy experiments were detecting Ax12-GFP signals
in ER fragments within autophagosomes rather than in the au-
tophagosomal membrane per se. To address this possibility, we
performed immunoelectron microscopy using anti-GFP anti-
body in order to closely examine the autophagosomal localiza-
tion of AxI2-GFP (Fig. 3). In yeast cells, autophagosomes are
easily identifiable based on their morphological characteristics:
double membrane-bound vesicles containing cytoplasmic com-
ponents, including ribosomes, which appear as electron-dense
dots (Fig. 3 A; Takeshige et al., 1992). Immunogold particles
representing Ax12-GFP were observed in the ER membrane with
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higher frequency in ervi4A cells, in which exit of Ax12-GFP from
the ER was blocked (Fig. 3 B). In addition, as expected, double-
membrane vesicles derived from the perinuclear ER (or nuclear
envelope; Mochida et al., 2015) within autophagosomes were
decorated with gold particles (Fig. 3, C and D). Nonetheless,
signals for AxI2-GFP were also detected precisely on autopha-
gosomal membranes (Fig. 3, E-H and K). By contrast, autopha-
gosomal membranes were rarely labeled with gold particles in
ervl4A cells. Although at low frequency, Ax12-GFP signals were
also found on isolation membranes (unclosed, cup-shaped
membranes; Fig. 3, I and J). Taken together, these results sug-
gest that COPII vesicles become part of the autophagosomal
membrane during its formation.

Observation of the transfer of lipids or transmembrane
proteins constitutes direct evidence for the contribution of one
organelle as a membrane source for the biogenesis of another
organelle. In this study, we showed that the transmembrane
protein AxI2 is transferred from the ER, via COPII vesicles, to
forming autophagosomal membranes. In our analysis, ~30% of
autophagy-related membranes were positive for AxI2 (Fig. 1 C;
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Fig. 2, A and D; and Fig. 3 K), implying that COPII vesicles are not
employed to form all autophagosomes. However, given that al-
most all autophagosomes are formed in the close vicinity of ER
exit sites and that the formation of COPII vesicles is required for
autophagosome formation (Ishihara et al., 2001; Graef et al.,
2013; Suzuki et al., 2013), COPII vesicles should be an essential
source of membrane for autophagosome formation. Therefore, it
is more likely that the partial labeling of autophagy-related
membranes with AxI2-GFP is due to the nature of the experi-
mental system, in which a limited proportion of COPII vesicles
were intensely loaded with AxI2-GFP. Moreover, cells might
contain autophagosomes that were formed after most Ax12-GFP
had exited the ER (AxI2-GFP expression was shut off upon the
temperature downshift).

Although AxI2 localization to Atg8 puncta was significantly
diminished by ATG2 deletion, colocalization of Axl2 and Atg8
was still observed (Fig. 2 A), suggesting that COPII vesicles are
also recruited at an early stage in autophagosome formation.
This idea is consistent with the previous report that defects in
COPII vesicle formation impair the PAS localization of Atg
proteins (Graef et al., 2013). Nonetheless, the fact that AxI2 co-
localized with Atg8 puncta to a greater extent in WT cells than in
atg2A cells suggests that more COPII vesicles are employed
during the expansion of the isolation membrane.

Whereas our results provide the evidence that COPII vesicles
(the ER) are a source for the autophagosomal membrane, pre-
vious studies have proposed that other organelles also supply
membranes to generate autophagosomes (Lamb et al., 2013; Ge
et al., 2015; Pavel and Rubinsztein, 2017). As discussed, these
different conclusions are not mutually exclusive; in a redundant
or nonredundant manner, some organelles may supply mem-
branes as building blocks, whereas others supply proteins or
lipids that play specific roles for autophagosome formation. Our
observation that AxI2-GFP resided in part of the isolation
membrane (Fig. 2 B) may represent the contribution of COPII
vesicles to autophagosome formation in this manner.

Recent studies reported that puncta of LC3 (an Atg8 homo-
logue) are closely associated with ER exit sites in mammalian
cells (Graef et al., 2013; Zhao et al., 2017). In addition, FIP200, a
component of the ULKI kinase complex that initiates autopha-
gosome formation, interacts with SEC12 (Ge et al., 2017). These
results suggest that COPII vesicles are used to form autophago-
somal membranes in mammalian cells as well. On the other
hand, in mammals, omegasomes and isolation membrane-
associated tubules are also involved in autophagosome forma-
tion (Axe et al., 2008; Hayashi-Nishino et al., 2009; Yli-Anttila
etal,, 2009; Uemura et al., 2014). Hence, it is important to clarify
how ER exit sites and COPII vesicles cooperate with these
autophagy-related ER subdomains to form autophagosomes.

An inherent, essential role for COPII vesicles is to transport
proteins and membranes from the ER to the Golgi apparatus.
How are COPII vesicles redirected from transport to the Golgi to
the PAS or isolation membrane? First, physical proximity to ER
exit sites would facilitate the capture of COPII vesicles by these
autophagy-related membranes. In addition, the Rab GTPase
Yptl, which localizes to COPII vesicles, interacts with compo-
nents of the Atgl kinase complex in yeast (Wang et al., 2013). A
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recent study also reported that the COPII coat protein Sec24 is
phosphorylated by Hrr25 and interacts with Atg9 (Davis et al.,
2016). These protein-protein interactions can target COPII
vesicles to the autophagy-related membranes. Subsequently,
membrane fusion should occur between these membranes, al-
lowing COPII vesicles to become part of the nascent autopha-
gosomal membranes. It is also noteworthy that autophagy
occurs normally in a mutant of Usol (Tan et al., 2013), which
binds Yptl to tether COPII vesicles to the Golgi, suggesting that
COPII vesicle fusion to the Golgi is not necessary for autopha-
gosome formation.

Our results demonstrate that COPII vesicles provide material
for formation of the autophagosomal membrane, emphasizing
the importance of addressing the following key questions. First,
how do COPII vesicles fuse with autophagy-related membranes?
SNARE proteins are likely to mediate this reaction, as with other
intracellular membrane fusion events (Jahn and Scheller, 2006).
Although previous studies showed that yeast mutants for
SNAREs, which are responsible for fusion between COPII vesi-
cles and the Golgi, are defective in autophagy (Nair et al., 2011;
Tan et al., 2013), it remains to be elucidated whether and how
these SNAREs are involved in autophagosome formation. It is
also important to reveal how COPII vesicles contribute to auto-
phagosome formation. Are COPII vesicles a major source for
expansion of the autophagosomal membrane? Do they supply
proteins or lipids required for autophagosome formation? It
would also be valuable to know the composition and morphology
of COPII vesicles used to form autophagosomes, which may
differ from those of conventional COPII vesicles. Clarifying these
issues will further advance our understanding of the mechanism
of autophagosome formation.

Materials and methods

Yeast strains and media

The yeast strains used in this study are listed in Table S1. Gene
knockout and tagging of fluorescent proteins were performed by
a standard PCR-based method (Janke et al., 2004). To construct
the strains expressing AxI2-GFP, the plasmid pRS304-p2HSE-
AXL2-GFP (gifted from Dr. Kazuo Kurokawa and Dr. Akihiko
Nakano, RIKEN, Saitama, Japan) was linearized with SnaBI and
introduced into the parental strains to allow integration of the
plasmid into the chromosomal TRPI locus. Yeast strains were
cultured in YPD medium (1% yeast extract, 2% peptone, and
2% glucose) or SD+CA medium (0.17% yeast nitrogen base
without amino acids and ammonium sulfate, 0.5% ammonium
sulfate, 0.5% casamino acid, and 2% glucose) with appropriate
supplements. To induce autophagy, cells were shifted to SD-N
medium (0.17% yeast nitrogen base without amino acids and
ammonium sulfate and 2% glucose) or treated with rapamycin
(53123-88-9; LCL).

Fluorescence microscopy

Fluorescence microscopy was performed using a DeltaVision
Elite imaging system (GE Healthcare) equipped with a scientific
CMOS camera (pco.edge 5.5; PCO AG) and a 60x objective lens
(PLAPON, NA/1.42; Olympus). Five z-stack images at 0.2-pm
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intervals were acquired and deconvolved using the SoftWoRx
software. Images were processed using Fiji (Image]).

Electron microscopy

Electron microscopy was performed by Tokai Electron Micros-
copy, Inc. based on a rapid freezing and freeze-fixation method.
Yeast cell pellets sandwiched with copper disks were quickly
frozen in liquid propane at -175°C and then treated with 0.5%
tannic acid in acetone and 2% distilled water at -80°C for 2 d.
These samples were dehydrated using anhydrous acetone and
anhydrous ethanol, infiltrated with a 50:50 mixture of ethanol
and resin (LR white; London Resin Co. Ltd.) at 4°C for 2 h, and
then infiltrated with 100% LR white at 4°C for 30 min, followed
by polymerization at 50°C overnight. The polymerized resins
were ultra-thin sectioned at a thickness of 80 nm using an ul-
tramicrotome (Ultracut UCT; Leica). The sections were placed on
nicked grids, which were subjected to immunostaining with
anti-GFP antibodies (ab6556; Abcam) and secondary antibodies
conjugated to 10-nm gold particles (ab27234; Abcam), followed
by treatment with 2% glutaraldehyde. These samples were
stained with 2% uranyl acetate and then with lead stain solution
(Sigma-Aldrich) and observed on a transmission electron mi-
croscope (JEM-1400 Plus; JEOL). Images were acquired using a
CCD camera (Veleta; Olympus).

Immunoblots

Cell pellets were suspended in 20% trichloroacetic acid, incu-
bated on ice for 20 min, centrifuged at 15,000 g for 5 min,
washed with cold acetone, suspended in SDS sample buffer
(100 mM Tris-HCl, pH 7.5, 10% glycerol, 2% SDS, and 20 mM
dithiothreitol), and incubated at 65°C for 10 min. The cells were
then disrupted on a FastPrep-24 homogenizer (MP Biomedicals)
with 0.5-mm YZB zirconia beads (Yasui Kikai). The samples
were clarified by centrifugation, and the supernatants were
analyzed by SDS-PAGE, followed by immunoblotting with an-
tibodies against GFP (mouse monoclonal, JL-8; Clontech), Pgkl
(mouse monoclonal, 459250; Invitrogen), Apel, and Pep4 (rabbit
polyclonal, anti-API-2, and anti-PrA, respectively; gifted from
Dr. Yoshinori Ohsumi, Tokyo Institute of Technology, Yoko-
hama, Japan).

Statistical analysis
The significance of differences was evaluated by an unpaired
two-tailed t test.

Online supplemental material

Fig. S1 shows autophagic activity in ervi4A cells. Fig. S2 shows
Ax12 localization in SECI2 or sec7 cells. Table S1 lists yeast
strains used in this study.
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