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Autophagy is a major cellular degradation pathway that is
highly conserved among eukaryotes. The identiﬁcation of
cargos captured by autophagosomes is critical to our understanding of the physiological signiﬁcance of autophagy in cells,
but these studies can be challenging because autophagosomes
disintegrate easily. In the yeast Saccharomyces cerevisiae, cells
deﬁcient in the vacuolar lipase Atg15 accumulate autophagic
bodies (ABs) within the vacuole following the induction of
autophagy. As ABs contain cytosolic components including
proteins, RNAs, and lipids, their puriﬁcation allows the identiﬁcation of material targeted by autophagy for degradation. In
this study, we demonstrate a method to purify intact ABs using
isolated vacuoles from atg15Δ cells. Taking advantage of the
size discrepancy between the vacuoles and ABs, the vacuolar
membrane was disrupted by ﬁltration to release ABs. Filtered
vacuolar lysates were subjected to density gradient centrifugation to obtain AB fractions. Puriﬁed ABs retain membrane
integrity and contain autophagic cargos. This technique offers
a valuable tool for the identiﬁcation of the cargos of autophagy,
examination of autophagic cargo selectivity, and biochemical
characterization of autophagosome membranes.

Autophagy is an evolutionally conserved intracellular
degradation process in which cytoplasmic constituents and
organelles are delivered to the vacuole/lysosome for degradation (1, 2). Upon induction of autophagy, a curved, membranous structure (the isolation membrane) forms, expands, and
eventually forms a double-membrane structure called an
autophagosome (AP) that captures a portion of the cytoplasm.
The outer membrane of the AP subsequently fuses with the
vacuole (or a lysosome in mammalian cells), releasing the
inner membrane–bound structure into the vacuolar lumen;
this structure, termed the autophagic body (AB), is then
degraded by resident hydrolases. Autophagy occurs constitutively at a low level and is strongly induced when cells are
starved for nutrients; in the latter case, cytosolic constituents
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are sequestered in an apparently random fashion into APs by
macroautophagy (herein simply ‘autophagy’). Nitrogen starvation, which is sensed through the Target of rapamycin
signaling pathway, is one of the strongest autophagy-inducing
stimuli, and inhibition of rapamycin by rapamycin also induces
autophagy at a level comparable to nitrogen starvation (3).
Ultimately, the degradation products of autophagy are
returned to the cytosol for reuse by the cell. Autophagy
therefore acts as a fundamental cellular degradation pathway
that maintains cellular homeostasis and forms a central plank
of the starvation response. Autophagy is essential for survival
during nitrogen starvation in yeast (4), and perturbations in
autophagy have been associated with many diseases, including
cancer and neurodegenerative pathologies in mammals (5).
AP formation is a membranous phenomenon characterized
by intricate membrane dynamics. So far, 18 Atg (autophagyrelated) proteins (Atg1-10, Atg12–14, Atg16–18, Atg29,
Atg31) have been identiﬁed as ‘core’ Atg proteins required for
AP formation in yeast (6). Atg8 forms a conjugate with an
amino group of a membrane phospholipid, phosphatidylethanolamine (PE). The formation of Atg8-PE requires Atg7 (an E1
enzyme), Atg3 (an E2 enzyme), and Atg12-Atg5-Atg16 (an E3
like enzyme). Atg4 protease functions in the processing of
Atg8 precursor and delipidation of Atg8-PE. Structural and
biochemical studies have recently revealed that Atg2 functions
to transport phospholipids from the endoplasmic reticulum to
the isolation membrane and that Atg9 acts as a phospholipid
scramblase on the isolation membrane (7–11). In addition to
the canonical autophagy pathway, many selective or preferential types of autophagy have been reported (12, 13). These
mechanisms employ receptor and adaptor proteins to ensure
the expansion of isolation membranes closely around the
surface of proteins/organelles targeted by selective autophagy,
indicating that the autophagy machinery can be adapted to the
highly speciﬁc removal of cellular components. Whether bulk
autophagy is a truly random process or exhibits some preference in cargo isolation has not yet been thoroughly investigated. A further question that remains poorly addressed in the
ﬁeld concerns the proteins and lipid membrane composition of
AP membranes, as well as their physical properties, which so
far have proven challenging to analyze due to the technical
difﬁculties involved in speciﬁcally isolating AP membranes.
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Method to prepare autophagic bodies in yeast
In this study, we develop a novel method for the isolation
of ABs from yeast. Early electron microscopic studies of
autophagy in yeast revealed that APs range in size from 300 to
900 nm in diameter and are bound by a double layer of
membranes that contain very little protein, especially within
the inner membrane (14). These properties of AP membranes
make it challenging to purify AP by biochemical methods
such as immunoisolation. In WT yeast cells, ABs disintegrate
almost immediately within the vacuole, preventing their
visualization even by live cell microscopy. In contrast, cells
lacking vacuolar proteases (Pep4 and Prb1) or the vacuolar
lipase (Atg15) accumulate ABs within the vacuole (15–18). In
this study, we describe a density gradient centrifugation
method for the isolation of ABs from vacuoles in yeast. This
approach allows for the investigation of cellular materials
targeted for degradation by autophagy under diverse physiological conditions, as well as the interrogation of AB properties, such as membrane composition and biochemical
features.

Results
Preparation of AB-containing vacuoles under autophagyinducing conditions
We have previously reported a method for the isolation of
vacuoles by taking advantage of the low density of this
organelle (19). To purify ABs, we started by purifying vacuoles
containing ABs from cells following autophagy induction. We
used atg15Δ cells, in which ABs accumulate within vacuoles,
atg15Δ atg2Δ cells, in which APs and thus also ABs do not
form, and WT cells, in which ABs and their cargo are degraded
within vacuoles (Fig. 1A). Cells were cultured in a rich medium
(YPD) and treated with rapamycin for 3 h to induce autophagy.
Following this, spheroplasts were prepared by incubating cells
with Zymolyase, an enzyme that digests the yeast cell wall.
Spheroplasts were then lysed by osmotic shock and vacuoles
were puriﬁed from cell lysates by ﬂoatation in a Ficoll step
gradient. Phase-contrast microscopy revealed that vacuoles
puriﬁed from atg15Δ cells contain a large number of ABs,
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Figure 1. Puriﬁcation of vacuole from WT, atg15Δ, and atg15Δ atg2Δ cells. A, schematic representation of the puriﬁcation of autophagic bodies from
vacuoles. B, phase-contrast microscopy images of vacuole fractions. After 3 h of induction of autophagy by rapamycin, vacuoles were isolated from WT,
atg15Δ, and atg15Δ atg2Δ cells. Scale bars represent 2 μm. C, Western blotting of the whole-cell lysate (Total) and vacuolar fraction (Vacuole) samples using
antibodies against Pho8 and Vph1 (vacuole membrane), Ape1 (autophagy cargo), Pep4 and Cpy1 (vacuole lumen), Atg8 (AP and vacuole membrane), Pep12
(endosome/internal vesicle of MVB/vacuole), cytosolic protein (Adh1, Hsp90, Pgk1), Dpm1 (ER membrane), Por1 (outer mitochondrial membrane), Cox2
(mitochondrial matrix), Van1 (Golgi), and Gsp1 (nucleus). Note that Vph1 is sensitive to proteolysis and appears in part as a band with an apparent molecular
mass of 75 kDa (35). AP, autophagosome.
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whereas vacuoles from atg15Δ atg2Δ (defective for autophagy)
and WT (ABs degraded within the vacuole) cells are almost
completely devoid of AB-like structures (Fig. 1B). Next, we
examined organelle marker proteins to assess the purity of
obtained vacuoles. Vacuolar membrane proteins (Pho8 and
Vph1) and vacuolar luminal proteins (Pep4 and Cpy1) were
enriched in puriﬁed vacuolar extracts of WT, atg15Δ, and
atg15Δ atg2Δ cells compared to total cell lysates (Fig. 1C). On
the other hand, mitochondrial (Por1 and Cox2), Golgi (Van1),
and nuclear marker proteins (Gsp1) were largely excluded
from puriﬁed vacuolar extracts, indicating the strong and
speciﬁc enrichment of vacuole.
Previous studies have suggested that the ER is a source of
membranes for APs and that most APs contain ER fragments
(20). We investigated whether ER membrane proteins are
detected in puriﬁed vacuolar extracts isolated from WT,
atg15Δ, and atg15Δ atg2Δ cells, ﬁnding that the ER membrane
protein Dpm1 is detected at a similar level in all strains
(Fig. 1C). This suggests that a part of the ER may contaminate
puriﬁed vacuolar fractions. We also examined Pep12, a
t-SNARE that localizes mainly to endosomes/MVBs. After
fusion of an MVB with the vacuole, internal vesicles of the
MVB are degraded in the vacuole. It has previously been reported that Atg15 is involved in the degradation of the internal
vesicles of MVB (16). Indeed, Pep12 was detected in the
vacuolar fraction of atg15Δ and atg15Δ atg2Δ, while no signal
was detected in WT vacuolar fractions (Fig. 1C). The absence
of a Pep12 signal in the WT vacuoles suggests that Pep12 was
degraded in this organelle. We conclude that vacuoles puriﬁed
from atg15Δ or atg15Δ atg2Δ cells contain internal vesicles of
MVB.
Characterization of cytosolic proteins in AB-containing
vacuoles
Atg8 is a ubiquitin-like protein that is widely used as a
marker of APs. It has been reported that Atg8 localizes to the
vacuolar membrane independently of the autophagy machinery (21). We detected Atg8-PE in vacuole extracts from WT,
atg15Δ, and atg15Δ atg2Δ cells, but a nonconjugated form of
Atg8 was additionally detected in atg15Δ cells (Fig. 1C). The
Atg8-PE observed in atg15Δ atg2Δ vacuolar fractions may
arise from Atg8 bound to the outer face of the vacuolar
membrane in an autophagy-independent manner. Meanwhile,
free Atg8 observed only in atg15Δ cell extracts suggests
cleavage of Atg8-PE bound to the inner side of ABs by Atg4
(See also Atg8 and Atg8-PE in Fig. 3B).
When autophagy is induced, the well-established autophagy
cargo protein Ape1 is delivered to the vacuole by autophagy
(6). prApe1 is selectively taken up by APs and transported to
the vacuole where AB membranes are subsequently disintegrated. prApe1 is then processed by vacuolar proteases at
the N-terminal region, yielding a mature form (mApe1). In
vacuoles isolated from WT cells, mApe1 was detected
(Fig. 1C). Meanwhile, vacuoles isolated from atg15Δ cells
showed a prApe1 band which was not observed in atg15Δ
atg2Δ vacuoles. mApe1 detected in vacuoles isolated from

atg15Δ cells is likely due to partial degradation of prApe1
during the vacuole puriﬁcation process, resulting in the
cleavage of prApe1 to the mature form.
We further examined several cytosolic proteins, including
Adh1 (alcohol dehydrogenase), Hsp90 (heat-shock protein),
and Pgk1 (3-phosphoglycerate kinase). These proteins were
detected in vacuolar extracts puriﬁed from atg15Δ cells but not
WT or atg15Δ atg2Δ cells, indicating that these proteins reside
in the AB and are degraded in WT cells. Taken together, these
data indicate that our procedure yields vacuoles containing
intact ABs (Fig. 1C).
Puriﬁcation of ABs from atg15Δ cells
We next examined methods to isolate intact ABs from the
isolated vacuoles. Neither sonication nor detergent are
appropriate for this purpose. We instead reasoned speciﬁc
disruption of the vacuole membrane could liberate intact ABs.
To this end, we focused on the size difference between vacuoles and ABs. Vacuoles in yeast are large, usually 1 to 4 μm in
diameter, whereas ABs are about 500 nm in diameter. Taking
advantage of this difference, we attempted to break the vacuolar membrane by ﬁltration (Fig. 1A). We isolated vacuoles
from atg15Δ cells under rapamycin-treated conditions. After
passing the puriﬁed vacuoles through membrane ﬁlters of
various sizes, we examined vacuoles by microscopy. When a
1.2 μm pore size membrane ﬁlter was used, intact vacuoles
were barely visible, but small vacuoles were still observed,
indicating incomplete destruction of the vacuole (Fig. 2A). We
found that a 0.8 μm pore size membrane ﬁlter, which is larger
than the average AB diameter, could efﬁciently disrupt vacuoles (Fig. 2A). We subjected unﬁltered or ﬁltered vacuoles by
0.8 μm ﬁlters to OptiPrep density gradient centrifugation and
further processed these samples into 12 fractions (Fig. 2B).
When unﬁltered vacuoles were fractioned by 0 to 30% OptiPrep density gradient centrifugation, Vph1 (vacuolar membrane protein), prApe1, and mApe1 (autophagy cargo protein)
were all distributed in the light fractions. On the other hand,
fractionation of the vacuolar ﬁltrates through 0.8 μm ﬁlters
showed a characteristic distribution of Ape1: prApe1 was
detected in the heavy fractions, whereas mApe1 was identiﬁed
in the top fractions (Fig. 2B). Vph1 was distributed in the light
fractions. These results indicate that the ﬁltration of vacuoles
can separate the vacuolar membrane fraction from the fraction
containing prApe1. Since prApe1 was distributed in the heavy
fractions, the same experiment was performed with a higher
density gradient. We found that in the 0 to 45% OptiPrep
condition, the fractionation pattern of prApe1 shifts to a
lighter fraction and becomes closer to the distribution of Vph1
than in the 0 to 30% OptiPrep condition (Fig. 2B). Therefore,
we decided to investigate the behavior of other marker proteins under 0 to 30% OptiPrep conditions, where Vph1 and
prApe1 can be better separated.
In order to provide an additional unbiased reporter of
cytosolic protein sequestration in APs, we expressed a vectorborne GST-GFP chimeric protein in cells. GST-GFP localized
to the cytoplasm of cells under growing conditions. When
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Figure 2. Filtration of vacuole from atg15Δ cells. A, phase-contrast microscopy images of vacuole from atg15Δ cells before and after ﬁltration. Ficoll was
added to the sample to a ﬁnal concentration of 10%. Scale bars represent 4 μm. B, separation of the AB fractions from the vacuolar lysates by OptiPrep
density gradient centrifugation. Vacuolar lysates were passed through a membrane ﬁlter with a pore size of 0.8 μm and subjected to 0 to 30% or 0 to 45%
OptiPrep density gradient centrifugation. This preparation was then fractioned into 12 fractions. Western blot of marker proteins before (input) and after
fractionation are shown. AB, autophagic body.

autophagy was induced by rapamycin treatment, GST-GFP
expressed in atg15Δ cells was delivered to the vacuole and
localized to the AB, while it was not observed in atg15Δ atg2Δ
cells (Fig. 3A). GST-GFP therefore provides a useful marker to
assess bulk autophagy. We isolated vacuoles from atg15Δ and
atg15Δ atg2Δ cells expressing GST-GFP under rapamycintreated conditions and passed these samples through 0.8 μm
ﬁlters. We subjected these ﬁltrates to OptiPrep density
gradient centrifugation (Fig. 3B). In atg15Δ and atg15Δ atg2Δ
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cells, the vacuolar luminal proteins Pep4 and Cpy1 appeared in
the top fractions (fractions 1–2). Pho8 and Vph1 (vacuolar
membrane) and Pep12 (the internal vesicles of MVB) were
distributed throughout the lighter fractions (fractions 3–5).
Dpm1 (ER membrane) was widely distributed, gradually
increasing towards the bottom fraction. Meanwhile, in atg15Δ
cells, prApe1 was detected in heavier fractions (fractions
7–12), whereas mApe1 was identiﬁed in the top fractions
(fractions 1–3). Cytosolic proteins (Adh1, Hsp90, Pgk1)
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Figure 3. Puriﬁcation of AB from atg15Δ cells. A, ﬂuorescence microscopy images of GST-GFP expressed in atg15Δ and atg15Δ atg2Δ cells. The localizations of GST-GFP before and after rapamycin treatment for 3 h were examined. Arrow indicates ABs. Scale bars represent 5 μm. B, separation of the AB
fractions from the vacuolar lysates by OptiPrep density gradient centrifugation. Vacuolar lysates were passed through a membrane ﬁlter with a pore size of
0.8 μm and subjected to 0 to 30% OptiPrep density gradient centrifugation. (Top) Western blot of marker proteins before (input) and after fractionation by
OptiPrep density gradient centrifugation. Typical results are shown. (Bottom) qRT-PCR analysis of 18S rRNA. The amount of 18S rRNA was measured by qRTPCR. RNA measurements were determined in three independent biological replicate experiments. AB, autophagic body; qRT-PCR, quantitative real‑time
PCR; rRNA, ribosomal RNA.
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fractionated into similar fractions as prApe1. However, these
cytosolic markers were not detected in the heavy fraction
derived from atg15Δ atg2Δ cells.
We also examined the distribution of the reporter GST-GFP
construct. In atg15Δ samples, full-length GST-GFP was clearly
observed in heavier fractions, whereas cleaved GFP was
recovered in the light fractions. In atg15Δ atg2Δ samples,
cleaved GFP was detected in light fractions. The distribution of
Atg8 was examined along similar lines. In samples isolated
from atg15Δ cells, the localization of Atg8-PE was widely
distributed between fractions 1 to 12, but the localization of
free Atg8 was found only in fractions 7 to 12. In atg15Δ atg2Δ
samples, Atg8-PE was mainly found in fractions 1 to 5. Based
on these results, we regard fractions 7 to 12, which showed
prApe1, cytoplasmic marker protein, and free Atg8 signals, to
be AB-enriched fractions.
We hypothesized that the reason why the AB fraction is
denser than vacuolar membranes is due to the presence of
ribosomes within ABs. Ribosomes are markedly dense supramolecular structures due to the large amount of RNA, and
prior electron microscopy (EM) analyses indicate that most
APs contain a similar density of ribosomes to the cytoplasm
(14). We assessed 18S ribosomal RNA (rRNA) in each fraction
by quantitative real‑time PCR (qRT-PCR). In samples extracted from atg15Δ cells, 18S rRNA was observed in fractions 7 to
12, which is consistent with the detection of cytoplasmic cargo
proteins and Atg8 in these fractions (Fig. 3B). 18S rRNA
showed a peak at fraction 9. In contrast, atg15Δ atg2Δ samples
yielded no 18S rRNA signal at all. Based on these results, we
concluded that our density gradient centrifugation yields three
fractions. The top two fractions are made up of soluble proteins, including vacuolar luminal proteins. Fractions 3 to 5 are
made up of vacuolar membranes and internal vesicles of MVB.
Fractions 8 to 12 are AB-enriched fractions.
To address the degree to which ABs are puriﬁed, the proteins in each fraction after fractionation were visualized
(Fig. 4). The ponceau S staining in Figure 4 shows that many
proteins were visible in the AB fraction from atg15Δ cells.
However, for atg15Δ atg2Δ cells, few proteins were observed
in the AB fraction. We checked another vacuolar membrane
protein in AB fractions by Western blotting. Vma1, one of the
Vo subunits of V-ATPase, was found to exhibit the same
behavior as the V1 subunit, Vph1, and the signal was signiﬁcantly reduced in AB fractions (Fig. 4). We characterized the
bottom fraction more closely because the ER membrane protein Dpm1 was detected in the fraction, independent of
autophagy (Fig. 3B). For this purpose, we examined other ER
proteins (Sec63, Sar1, Kar2). Sec63, ER membrane protein, and
Sar1, ER-localized protein, showed the same behavior as
prApe1 and Pgk1, indicating that these proteins are included
in the AB fraction in an autophagy-dependent manner (Fig. 4),
which is in good agreement with our previous EM analysis
(20). In contrast, Kar2, ER luminal protein, had the same
pattern as Dpm1. Thus, we do not know the exact reason, but
the localization of ER proteins was found to be different
depending on the ER protein used. Since ER is inherently
included in AB (20), it is quite difﬁcult to determine the extent
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to which ERs are contaminated. For subsequent analyses, we
adopted a conservative deﬁnition of fractions 8 to 11 to use as
the AB fraction, because fraction 12 is a bottom fraction that is
likely to contain contaminating proteins and membranes due
to nonspeciﬁc aggregation. Meanwhile, fraction 7 is close to
the vacuolar membrane fraction.
Characterization of isolated AB from atg15Δ cells
We next set out to characterize ABs isolated using this
method by collecting AB fractions and subjecting them to
biochemical and EM analyses. First, a protease protection
assay was performed to examine the membrane integrity of
puriﬁed ABs. prApe1 and Hsp90 were resistant to proteinase K
treatment, indicating that AB membranes remain intact
(Fig. 5A). Second, AB fractions were examined by EM and
compared with the vacuolar membrane fraction (Fig. 5B). In
the vacuolar membrane fractions, fairly large membrane
fragments were clearly observed. On the other hand, the AB
membrane was hard to visualize, which reproduced our previous ﬁndings (22) and suggests that AB membranes have very
low electron density. These ABs contained ribosomes, in
agreement with 18S rRNA data (Fig. 3B). Third, we analyzed
the size of the AB fractions by dynamic light scattering (DLS).
The average diameter of ABs was 379 nm, which is consistent
with the size of ABs shown in our EM data (Fig. 5C). Finally,
we compared the total protein complement puriﬁed from
atg15Δ and atg15Δ atg2Δ cell–derived fractions. Many protein
bands presumably representing diverse cytosolic proteins were
detected in the AB fraction of atg15Δ cells (Fig. 5D). In
contrast, such protein bands were barely detectable in atg15Δ
atg2Δ samples. We conclude that the proteins detected in the
atg15Δ AB fraction are cargo proteins captured by APs and
delivered to the vacuole.

Discussion
In this study, we present a puriﬁcation method of ABs from
yeast, which is the ﬁrst report on the isolation of the inner
membrane structure of APs. The procedure outlined in this
study allows for the detailed examination of the molecular
mechanisms and physiological roles of autophagy.
Our approach exploits the accumulation of ABs under
autophagy-inducing conditions in the atg15Δ strain and the
large size of budding yeast vacuoles, which are relatively easy
to isolate. In order to obtain intact ABs from vacuoles, we took
advantage of the size discrepancy between vacuoles and ABs,
employing ﬁltration through ideal pore size membrane ﬁlter to
disrupt the vacuolar membrane and release ABs for subsequent fractionation (Fig. 2A). In this method, we cannot
exclude the possibility that large ABs may be broken in the
process of passing through the ﬁlter. If there is a method to
speciﬁcally disrupt only the vacuolar membrane, these problems will be improved. However, we believe at least a qualitative characterization of AB is possible with this method.
The purity of ABs was veriﬁed by Western blotting of a
range of representative marker proteins, and we showed that
cytosolic proteins and an additionally expressed chimeric
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as in Figure 3B. Western blot of marker proteins before (input) and after fractionation by OptiPrep density gradient centrifugation. AB, autophagic body.

GST-GFP protein were recovered in the AB fraction in an
autophagy-dependent manner. Representative mitochondrial,
Golgi, and nuclear protein markers were detected only
marginally, if at all, in the AB fraction. Meanwhile, Vph1, a
marker of the vacuolar membrane, was observed in the AB
fraction, although the majority of this protein was eliminated
from ABs by density gradient centrifugation. For ER proteins,
we found that the localization of ER proteins in the AB fraction
was different depending on the ER protein used as marker
proteins. While small amount of contamination of ER membranes cannot be ruled out, fractions 8 to 11 most likely
include ER proteins that are naturally present in ABs due to
close localization of ER or the supply of ER membranes during

AP formation (Figs. 3B and 4). Considering the overall fractionation patterns of rRNA, EM data, and SDS-PAGE analyses
of total protein content, we conclude that the AB is highly
enriched using the fraction strategy described in this report.
We developed this technique by purifying ABs from atg15Δ
cells after rapamycin treatment for 3 h. We anticipate that our
method is applicable to other cells that accumulate autophagic
bodies, such as the pep4Δ prb1Δ strain, as well as cells treated
with PMSF (15).
Puriﬁcation of ABs offers a valuable and previously unavailable method for the determining and analysis of autophagy cargos. While bulk degradation via autophagy is
generally described as a nonselective, “random” process, recent
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Figure 5. Characterization of isolated AB. A, protease protection assays after proteinase K treatment. The AB fraction was either not treated or mixed with
proteinase K and/or Triton X-100 before being incubated on ice for 30 min. After protein precipitation, samples were analyzed by immunoblotting using
anti-Ape1 or anti-Hsp90 antibodies. B, electron microscopic analyses of vacuole membrane and AB fractions. ABs typically contain cytosolic ribosomes. Scale
bars represent 500 nm. C, dynamic light scattering (DLS) of ABs. Before DLS, AB fractions were dialyzed to PBS. The average of four measurements for one
sample is shown. The mean diameter was calculated to be 379 nm. D, SDS-PAGE separation of proteins extracted from vacuole membrane and AB fractions
of atg15Δ and atg15Δ atg2Δ cells. Vacuolar membrane and AB fraction exhibit distinct protein patterns when analyzed by Coomassie brilliant blue-stained
SDS-PAGE. d. nm, diameter in nanometers; AB, autophagic body.

studies have demonstrated the selective and preferential
degradation of proteins, mRNAs, and organelles by bulk
autophagy (23–25). By analyzing proteins derived from puriﬁed ABs, it will be possible to directly analyze cargos captured
by autophagy. This method would allow us to determine what
and how much is degraded under various autophagy-inducing
conditions. Furthermore, this method allows us to identify
temporal changes in the complement of proteins that are
degraded by autophagy.
A further implication of this study is that isolated ABs can
be used to reveal characteristic features of AP membranes. A
long-standing question in autophagy research concerns the
origin of the AP membrane and the process of its formation.
Marker proteins localized to the outer and inner membrane
of APs are likely to be eliminated during the progression of
AP formation and are not necessarily good markers. Puriﬁed
ABs will allow for the biochemical characterization of the
inner membrane of the AP, which has until now proven to be
technically difﬁcult. The identiﬁcation of the membrane
lipids found in AB membranes promises to provide important clues for future analysis of the origin and lipid dynamics
of membranes during the formation of AP. For example, the
speciﬁcity of lipids carried by Atg2 and Atg9 and differences
between the outer and inner membranes of APs will be
elucidated. The morphological characteristic of ABs, the very
thin appearance of these membranes when examined by EM,
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may be also accounted for by lipid analyses of AB
membranes.
Characterization of puriﬁed ABs may also help researchers
understand the mechanism of AB disruption within the
vacuole. In WT cells, ABs are immediately disrupted
following their delivery to the vacuole. Atg15 has been
shown to act as a lipase in this process, but molecular details
are only poorly understood. Using puriﬁed ABs as a substrate for in vitro assays will allow detailed characterization
of AB disruption.

Experimental procedures
General methods
Yeast strains
Yeast strains used in this study are listed in Table 1. Strains
were generated using one-step gene disruption or replacement
methods as described previously (26, 27). All deletion and
epitope-tagged strains constructed in this study were validated
by PCR.
Plasmids used in this study
pRS416-GPDp [URA3 CEN] GST-GFP
The GFPS65T gene from a pFA6a-series plasmid (pFA6aGFP-kanMX) (28) was ampliﬁed by PCR and ligated into the
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Table 1
Yeast strains used in this study
Strain

Genotype

X2180-1B

MATα SUC2 mal mel gal2 CUP1

MMY209
SMY105

X2180-1B; atg15Δ::kanMX6
X2180-1B; atg15Δ::kanMX6,
atg2Δ::natNT2
X2180-1B; atg15Δ::kanMX6,
ura3Δ::hghNT1, pRS416-GST-GFP
X2180-1B; atg15Δ::kanMX6,
ura3Δ::hghNT1, atg2Δ::natNT2,
pRS416-GST-GFP
X2180-1B; SEC63::SEC63-mGFP::
natNT2, atg15Δ::zeo
X2180-1B; SEC63::SEC63-mGFP::
natNT2, atg15Δ::zeo, atg2Δ:: kanMX

SMY345
SMY518
SMY605
SMY610

Source
Yeast Genetic
Stock Center
This study
This study
This study
This study
This study
This study

p416-GPD plasmid (29) between XbaI and BamHI restriction
sites. Subsequently, the GST gene from the pEGKG plasmid
(30) was ampliﬁed by PCR and inserted immediately upstream
of GFPS65T using the In-Fusion HD cloning kit (Takara).

45% OptiPrep gradients were prepared in 30 mM MES–Tris
(pH 6.9), 0.1 M KCl, 0.5 mM MgCl2, 0.2 M sorbitol using a
Gradient Master (BioComp Instruments, Inc.). Before loading,
the vacuolar fraction was ﬁltered (0.8 μm PC Membrane,
ATTP01300, or 1.2 μm PC Membrane, RTTP02500, Merck
Millipore) and the vacuolar fraction (less than 1 ml) was added
to the top of 11 ml gradients and centrifuged at 72,000g for
90 min using a P40ST swing rotor (Hitachi Koki). Fractions
were collected from the top using a Piston Gradient Fractionator (Model 152 BioComp Instruments, Inc). Twelve
fractions (1 ml each for fraction 1–10, 0.6 ml for fraction 11,
and 0.2 ml (bottom) for fraction 12) were collected. Aliquots
(15 μl) of each fraction were resolved by SDS-PAGE and
subjected to immunoblotting. For qRT-PCR analyses, aliquots
(10 μl) of each fraction were used. For staining by Coomassie
brilliant blue, the vacuolar fraction (640 μl) and AB fraction
(640 μl) were precipitated with 10% trichloroacetic acid and
resolved by SDS-PAGE before staining with Coomassie brilliant blue (Nacalai Tesque, 04543-64).

Vacuole isolation

Protease protection assay

Yeast vacuoles were isolated from whole cells as previously
described (19) with some modiﬁcations. Cells grown in 2.5 L
YPD medium in a 5 L capacity ﬂask to a density of A600 = 1.0
were treated with 0.2 μM rapamycin for 3 h. Cells were then
collected and washed once with water. Spheroplasts were
prepared by incubation of cells in spheroplast buffer (1.2 M
sorbitol, 50 mM Tris–HCl (pH 7.5), 50 mM 2-mercaptoethanol, and 5 U/ml zymolyase 100T (Nacalai Tesque, 07665-55)
for 30 min. Spheroplasts were then collected by centrifugation,
washed with wash buffer (1.2 M sorbitol and 50 mM Tris–HCl
pH 7.5), resuspended in 40 ml of ice-cold buffer A (0.2 M
sorbitol, 12% w/v Ficoll 400, 0.1 mM MgCl2, 10 mM MES–
Tris pH 6.9, and protease inhibitor cocktail (complete,
EDTA free, Roche), and homogenized using a Dounce homogenizer on ice. All subsequent handling was performed on
ice. The lysate (25 ml) was transferred to an ultracentrifuge
tube and buffer B (10 ml; 0.2 M sorbitol, 8% w/v Ficoll 400,
0.1 mM MgCl2, and 10 mM MES–Tris pH 6.9) was layered on
top. Two of these layered samples were centrifuged at 72,000g
in a P28S swing rotor (Hitachi Koki) for 30 min at 4  C. The
top, white layer (a crude vacuole preparation) was collected
into a new ultracentrifuge tube. This crude vacuole preparation (5 ml) was underlaid with buffer B0 (3.5 ml; 0.2 M sorbitol,
4% w/v Ficoll 400, 0.1 mM MgCl2, and 10 mM MES–Tris pH
6.9) and buffer C (3.5 ml; 0.2 M sorbitol, 0.1 mM MgCl2, and
10 mM MES–Tris pH 6.9) and subjected to a further round of
centrifugation at 72,000g in a P40ST swing rotor (Hitachi
Koki) for 30 min at 4  C. The band at the 0 to 4% Ficoll
interface containing vacuoles (approximately 500 μl  1 ml)
was collected.

AB fractions were treated with 160 μg/ml proteinase K for
30 min on ice in the presence or absence of 0.2% Triton X-100.
Following protease treatment, the reaction was terminated by
adding PMSF at a ﬁnal concentration of 17 mM on ice.
Samples were then precipitated with 10% trichloroacetic acid
and subjected to immunoblotting.

OptiPrep density gradient centrifugation
OptiPrep iodixanol density media was obtained from Abbott
Diagnostics Technologies AS. The continuous 0 to 30% or 0 to

DLS analysis
Before DLS analysis, AB fractions were pooled and dialyzed
three times against PBS buffer using a dialysis membrane with
a 100 kDa MWCO (Spectra/Por Biotech Cellulose Ester
Dialysis Tube, SPECTRUM, 131414). AB in PBS was analyzed
using a Zetasizer Nano S (Malvern Instruments) in 40 μl
quartz cuvettes. Four measurements were performed after
equilibration for 2 min at 20  C. Experimental data were
processed using the manufacturer’s software. Corrections for
solvent refractive index (1.335) and viscosity (1.020) were
used
(Dispersion
Technology
Software,
Malvern
Instruments).
Immunoblotting
Immunoblot analyses were performed as described previously (31–33). Primary antibodies against GFP (Roche,
11814460001), ALP (Abcam, ab113688), PGK (ThermoFisher
Scientiﬁc, 459250), Vph1 (Invitrogen, A6426) and Ape1 (34),
Pep12 (Invitrogen, A-21273), Dpm1 (Invitrogen, A-6429),
Por1 (Invitrogen, A-6449), Cox2 (ThermoFisher Scientiﬁc,
459150), Van1 (a gift from Koji Yoda, the University of Tokyo),
Sar1 (a gift from Akihiko Nakano, RIKEN Center for Advanced
Photonics), Gsp1 (25), Kar2, Pep4, Cpy1, Hsp90, Atg8, Adh1,
and Vma1 (Ohsumi lab stock) were acquired from the indicated sources. Images were acquired using FUSION-FX7
(Vilber-Lourmat) imaging systems. The images were processed using the manufacturer’s software.
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Light and ﬂuorescence microscopy
For isolated vacuoles, images were acquired on an inverted
microscope (Olympus IX71) equipped with a 100× oilimmersion objective and phase-contrast optics (UPlanFL N
100× 1.3). Intracellular localization of GST-GFP was examined
using an inverted ﬂuorescence microscope as described previously (33). Images were captured using an image acquisition
system and analysis software (HCImage, Hamamatsu
Photonics).
EM analysis
The samples were ﬁxed with an equal amount of 4% paraformaldehyde and 4% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.4) for 1 h at 4  C. Then, they were subjected to a second
round of ﬁxation with 2% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.4). After ﬁxation, the samples were postﬁxed with
2% osmium tetroxide in 0.1 M phosphate buffer (pH 7.4). Ultrastructural analysis of vacuole membrane fraction and AB
fraction was performed by Tokai-EMA Inc (Japan).
Isolation of RNA and qRT-PCR
Isolation of RNA and qRT-PCR analysis was performed as
described previously (25, 32). Brieﬂy, RNAs from isolated
vacuoles and 12 fractions yielded by OptiPrep density gradient
centrifugation were extracted by TRIzol reagent (Thermo
Fisher Scientiﬁc), and complementary DNAs (cDNAs) were
synthesized using the PrimeScript RT reagent kit with gDNA
eraser (TAKARA). A random hexamer was used for cDNA
synthesis. Subsequent qRT-PCR was performed using TB
Green Premix Ex Taq II (Tli RNase H Plus) (TAKARA) with
the RDN18-speciﬁc primers 50 -AACTCACCAGGTCCAGACACAATAAGG-30 and 50 -AAGGTCTCGTTCGTTATCGCAATTAAGC-30 . Serial dilutions of cDNA were used for
qPCR calibrations. Melting-curve analyses conﬁrmed the
ampliﬁcation of a single product for RDN18.
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