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Abstract We here report the identification of AUT10 as a novel
gene required for both the cytoplasm to vacuole targeting of
proaminopeptidase I and starvation-induced autophagy. aut10A
cells are impaired in maturation of proaminopeptidase I under
starvation and non-starvation conditions. A lack of Autl0p
causes a defect in autophagy prior to vacuolar uptake of
autophagosomes. Homozygous aut10A diploids do not sporulate.
Vacuolar acidification indicated by accumulation of quinacrine is
normal in autl0A cells and mature vacuolar proteinases are
present. A biologically active Ha-tagged Aut10p, chromosomally
expressed from its endogenous promoter, localizes in indirect
immunofluorescence microscopy in the cytosol and on granulated
structures, which appear clustered around the vacuolar mem-
brane. This localization differs from known autophagy
proteins. © 2001 Federation of European Biochemical Soci-
eties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

To survive nutrient limitation eukaryotic cells have evolved
a sophisticated protein transport pathway called autophagy.
Autophagy delivers parts of the cells to the lysosome (vacuole)
for degradation [1,2]. This breakdown affects nearly half of all
cellular proteins in a day and recycles building blocks and
energy.

Autophagy starts with formation of autophagosomes.
These double-membrane vesicles unspecifically enclose parts
of the cytoplasm and even whole organelles. After fusion of
the outer membrane layer of autophagosomes with the vacu-
ole a still membrane-enclosed autophagic body is released to
the vacuolar lumen and broken down together with its cyto-
solic content [3.4].

Our knowledge of autophagy increased significantly due to
three independent screens for autophagy-defective mutants in
Saccharomyces cerevisiae, and the identification of autophagy
genes termed APG [5], AUT [6] and CVT [7], respectively.
Landmarks in the analysis of autophagy have been the iden-
tification of two ubiquitin-like conjugation systems required
for formation of autophagosomes. One system covalently cou-
ples Apgl2p to Apg5p, the other covalently links Aut7p to the
membrane lipid phosphatidylethanolamine [8].
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Interestingly proaminopeptidase I (proAPI) is selectively
targeted to the vacuole via autophagy under starvation con-
ditions [9]. In growing cells, however, proAPI reaches the vac-
uole via the cytoplasm to vacuole targeting (cvt) pathway. The
cvt pathway significantly resembles autophagy in using dou-
ble-membrane cvt vesicles and requiring almost all autophagy
proteins. But compared to autophagosomes, cvt vesicles are
smaller and exclude cytosol [9]. Furthermore, the cvt pathway
depends on some specific gene products not essential for au-
tophagy [10,11].

Our initial screen for autophagy mutants identified eight
AUT genes. Since we expected the existence of further auto-
phagy genes, we started a novel screen using the ~ 5000 yeast
deletion strains which cover the non-essential part of the
~ 6000 yeast genes. In each strain an individual gene was
deleted in the ‘Yeast Deletion Project’. We screened these
5000 deletion strains for autophagy mutants and have already
reported the identification of AUTS [12]. Here we report the
identification and characterization of AUTI0, which we dem-
onstrate to be essential for both autophagy and the cvt path-
way. autlOA cells are unable to mature proAPI and are de-
fective in autophagy prior to vacuolar fusion of
autophagosomes. Furthermore, homozygous diploid autl0A
cells do not sporulate. In aut/0A cells mature vacuolar pro-
teinase B and carboxypeptidase Y are detectable and vacuolar
acidification appears normal. Indirect immunofluorescence
microscopy localizes a chromosomally expressed, biologically
active Ha-tagged AutlOp (Autl0-Hap) in the cytosol and on
granulated structures, which appear clustered around the vac-
uole.

2. Materials and methods

2.1. Strains, media, antibodies and reagents

Media were prepared according to [13]. Starvation was done in 1%
potassium acetate. Antibodies used: anti-Ha: clone 16B12 (BabCo,
USA); monoclonal anti-green fluorescent protein (GFP): (Clontech,
USA); anti-3-phosphoglycerate kinase (PGK) and anti-carboxypepti-
dase Y (CPY) (Molecular Probes, Leiden, The Netherlands); horse-
radish peroxidase (HRPO)-conjugated goat anti-rabbit (Medac, Ham-
burg) and HRPO-conjugated goat anti-mouse (Dianova, Hamburg).
Antibodies to proAPI are described in [12].

Chemicals: Zymolyase-100T (Seikagaku, Tokyo, Japan); phenyl-
methylsulfonyl fluoride (PMSF) and phloxin B (Sigma, Deisenhofen,
Germany); oligonucleotides (MWG-Biotec, Ebersberg, Germany),
other chemicals were of analytical grade and from Sigma or Merck
(Darmstadt, Germany). For detection of peroxidase-labeled antibod-
ies on immunoblots the ECL detection kit (Amersham, Braunschweig,
Germany) was used.

YHBI, YHB2 and YHB3 are isogenic to wild-type strain WCG4a
Mato. ura3 his3-11,15 leu2-3,112 [14] and were generated as described
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below. Homozygous diploid strains used were from Euroscarf, Frank-
furt, Germany and isogenic to BY4743 (MATalMATo. his3A1lhis3A1
leu2 AO/leu2 AO met1SAOIMET15 LYS2/lys2A0 ura3A0lura3A0).

2.2. Chromosomal deletion of AUTI0

A PCR fragment consisting of the kanamycin resistance gene
flanked by AUT10 sequences was generated using fr021w-1 (tgttccagt
taactctgtatectt ttctcttc ggectg acacagetgaa gettegtacge), and fr021w-2
(tgegttgtga cgtacggaaggea gegegagacacttec gtgageataggee actagtg-
gatctg) and plasmid pUG6 [15]. Chromosomal replacement of
AUTI0 with this fragment in WCG4a yielded YHBI1. Gene replace-
ment was confirmed by Southern blotting (not shown).

2.3. Generation of tagged AUTIO species

YHB2 was generated by chromosomal integration of a fragment
consisting of GFP and a Schizosaccharomyces pombe HIS5 marker
in WCGH4a. The fragment was created by PCR using plasmid pFAo6a-
GFP(S65T)-HIS3MX6 [16], YFR-GFP-1 (gcgattgcttaa tattgtcacag-
tattccatctt gatggatcggateee cgggttaattaa), and YFR-GFP-2 (tgegttgtg-
acgta cggaagg cagegeg agacacttcegtga gaattcgagetegtttaaac).

Chromosomal integration of a PCR fragment consisting of a triple
Ha tag and an S. pombe HIS5 marker in WCG4a yielded YHB3. The
fragment was created using plasmid p3xHA-HISS (S. Munroe, Cam-
bridge, UK), YFR-HA-1 (gcgattgcttaatatt gtcacagtattccatctt gatggat-
catcatcatca tcatcatggagcaggggcgggtec), and YFR-HA-2 (tgegttgt gac-
gta cggaaggeage gegagacacttcegtg agaggtegacggta tegataag).

Positive transformants were selected on plates lacking histidine.
Southern blotting confirmed correct gene replacement (not shown).

2.4. Quinacrine staining

Cells were harvested and washed in 10 mM HEPES, 2% glucose pH
7.4, then incubated in the same buffer for 3-5 min with 200 uM
quinacrine [17] and washed with buffer.

2.5. Indirect immunofluorescence

Immunofluorescence was done according to [18] with the following
modifications. Cells were fixed by adding formaldehyde to a concen-
tration of 3.5% and 1 M potassium phosphate pH 6.5 to a concen-
tration of 100 mM. After 2 h at room temperature the cells were
washed three times with SP buffer (1.2 M sorbitol, 0.1 M KH,POy4
pH 6.5), resuspended in SP buffer containing 20 mM B-mercaptoeth-
anol and 45 pug/ml Zymolyase T100 and spheroplasted at 30°C for 30
min. After labelling with mouse anti-Ha antibody, Cy®3-conjugated
goat anti-mouse IgG (Dianova, Hamburg, Germany) was used as
secondary antibody. The cells were then covered with mounting solu-
tion containing DAPI (0.4 pg/ml) and visualized with a Zeiss Axio-
skop 2 plus and an Axiocam image system. For overlays pictures were
pseudo-colorized with Photoshop.

3. Results

3.1. Identification of YFRO2Iw/IAUTI0

We screened the ~ 5000 yeast deletion strains for a reduced
ability to survive nitrogen starvation [12]. This phenotype is
typical for autophagy mutants [5,6] and can be monitored on
starvation plates containing the red dye phloxin B [5]. Due to
the increased number of dead cells, autophagy mutants turn
red on these plates, while wild-type colonies stay almost white.
Starvation sensitivity turned out to be quite unspecific, how-
ever, more than 1300 colonies were positive. We further
checked these deletion strains in immunoblots for a defect
in maturation of proAPI and here report identification of
yfr021wA cells in this screen. As shown below, YFR02Iw is
essential for autophagy, we therefore term this open reading
frame AUTIO0.

To analyze YFR02Iw/AUTI0 we chromosomally deleted it
in our wild-type strain WCG4a by replacement with a PCR-
generated cassette conferring resistance to kanamycin. Correct
gene replacement was confirmed by Southern blotting (not
shown).
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Fig. 1. AUTIO is essential for the cvt pathway and autophagy. A:
autl0A cells of the stationary growth phase (lane 6), starved for 4 h
(lane 5) and 24 h (lane 4) in 1% K-acetate are impaired in matura-
tion of proaminopeptidase I. Wild-type (lanes 1-3) and cells defec-
tive in vacuolar proteinase A (pep4A) (lanes 7-9) are included.
Crude extracts of cells were subjected to SDS-PAGE, blotted on
polyvinylidene fluoride (PVDF) membranes and probed with anti-
bodies against aminopeptidase 1. B: aut/0OA cells do not accumulate
autophagic bodies in their vacuoles during starvation with PMSF.
Wild-type cells and autIA cells [23] defective in autophagy are in-
cluded. Cells were starved 4 h in 1% K-acetate and visualized with
Nomarski optics. Bar=10 um. C: Homozygous diploid autl0A cells
do not sporulate. Diploid wild-type cells and homozygous diploid
apgI2A cells [24] defective in autophagy are included. Cells were
sporulated in 1% K-acetate and the number of asci was counted
after 3 days (left bar) and 6 days (right bar) and expressed as a per-
centage of total cells.



H. Barth et al./[FEBS Letters 508 (2001) 23-28

3.2. autl0A (yfr021wA) cells are defective in the cvt pathway
and autophagy

In growing cells proAPI reaches the vacuole, where it is
proteolytically matured, via the cvt pathway. During nitrogen
starvation autophagy takes over the transport of proAPI to
the vacuole. Therefore, cells with a defect in the cvt pathway
but not autophagy show proAPI under non-starvation condi-
tions and mature aminopeptidase I (mAPI), when autophagy
is induced by starvation. autl0OA cells grown to early station-
ary phase as well as starved cells show an almost complete
block in maturation of proAPI (Fig. 1A, lanes 4-6). This
suggests a function of AutlOp in both the cvt pathway and
autophagy. Next we directly checked the autophagic capacity
of aut10A cells.

3.3. autlOA cells are defective in autophagy prior to vacuolar
uptake of autophagosomes

In S. cerevisiae autophagic bodies are broken down in the
vacuole dependent on vacuolar proteinase B. Addition of the
proteinase B inhibitor PMSF to starving wild-type cells there-
fore leads to the accumulation of autophagic bodies in the
vacuole (Fig. 1B) [4,6]. autl0A cells do not accumulate auto-
phagic bodies in their vacuoles under these conditions (Fig.
1B), indicating a defect in the autophagic pathway prior to the
fusion of autophagosomes with the vacuole.

Autophagy mutants are unable to undergo the cell differ-
entiation process of sporulation [1,2]. Accordingly, homozy-
gous diploid autl0A cells do not sporulate (Fig. 1C).

3.4. Features and homologues of AutlOp

AutlOp is a protein of yet unknown function with a pre-
dicted molecular mass of 55 kDa. AutlOp is not classified as a
membrane protein by all algorithms, but a rather hydrophobic
region at amino acids 48-64 is present (Fig. 2A). Consistent
with the sporulation defect of autl0A cells (Fig. 1C), AutlOp
was termed Nmrlp for ‘needed for premeiotic replication’
(http://genome-www.stanford.edu/Saccharomyces/), but no
data or publications are known.

Autl0p exhibits two WD40-like repeats at amino acids 234—
274 and 277-318. WD repeat proteins, whose best studied
member is the G subunit of heterotrimeric G-proteins, con-
tain at least four repeats [19]. There is no common function
attributed to WD repeat proteins, but they are suggested to
share a common B-propeller fold, which is presumed to form
a scaffold for interaction with other proteins. With only two
repeats AutlOp is not a typical WD repeat protein. AutlOp
shares homologies with ~40 proteins from Homo sapiens to
S. pombe. Phylogenetic analysis groups these proteins into
four subfamilies (Fig. 2B). From the proteins of the AutlOp
subfamily (Fig. 2C) no function can be deduced.

3.5. In autl0A cells mature vacuolar proteinases are present
and vacuolar acidification appears normal
Immunoblot analyses of autl0A cells of the early stationary

N
Fig. 2. A: AutlOp shows a hydrophobic region between amino acids
48 and 64. Hydrophobicity analysis was done according to [25]. B:
Phylogenetic analysis of proteins with homologies to AutlOp unrav-
els four different families. Phylogenetic analysis was done using
Clustal [26]. C: The homology of AutlOp with other proteins is not
restricted to the WD40 repeats.
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Fig. 3. A: In autlOA cells grown to stationary phase (lane 3), starved for 4 h (lane 2) and 24 h (lane 1) in 1% K-acetate mature proteinase B
(PrB) and mature carboxypeptidase Y (CPY) are detectable. Wild-type (lanes 7-9) and cells lacking vacuolar proteinase A (pep4A) (lanes 4-6)
are included. Crude extracts were separated by SDS-PAGE, blotted on PVDF membranes and probed with antibodies against proteinase B
(upper panel). The membrane was then reprobed with antibodies against carboxypeptidase Y (lower panel) and antibodies against 3-phospho-
glycerate kinase (PGK). B,C: Accumulation of the fluorescent dye quinacrine in the vacuoles of aut/0OA cells indicates normal vacuolar acidifi-
cation. Wild-type cells (WCG) and vmalA cells defective in vacuolar acidification are included. B: stationary cells; C: cells starved for 4 h in
1% K-acetate. From left to right: Nomarski, fluorescence and an overlay of Nomarski and fluorescence. Bar =10 pum.

growth phase and those starved for nitrogen, respectively,
showed mature vacuolar proteinase B and mature carboxy-
peptidase Y, but no significant amounts of proproteinase B
or procarboxypeptidase Y (Fig. 3A). Quinacrine is a fluores-
cent dye, which accumulates in acidic vacuoles [17]. Wild-
type-like accumulation of quinacrine in the vacuoles of

aut10A cells grown to stationary phase and those starved for
nitrogen indicates normal vacuolar acidification (Fig. 3B,C).

3.6. Localization of biologically active Ha-tagged AutlOp
To localize AutlOp, we chromosomally integrated a PCR-
generated cassette consisting of GFP [20] and an auxotrophic
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Fig. 4. A: An Autl0 fusion protein with GFP, chromosomally ex-
pressed with its native promoter, is detectable in immunoblots using
anti-GFP antibodies (upper panel). The fusion protein is biologically
active, as indicated by maturation of aminopeptidase I (lower pan-
el). WCG: wild-type. Crude extracts were separated by SDS-PAGE,
blotted on PVDF membranes and probed with antibodies against
GFP and aminopeptidase I, respectively. B: An AutlOp carrying a
triple Ha tag at its carboxy-terminus is detectable in immunoblots.
Autl0-Ha is biologically active, indicated by maturation of amino-
peptidase I (middle panel). Crude extracts were separated by SDS—
PAGE, blotted on PVDF membranes and probed with anti-Ha anti-
bodies. The membrane was then reprobed with antibodies against
aminopeptidase I and 3-phosphoglycerate kinase (PGK). Cells chro-
mosomally expressing Autl0-Ha were grown to stationary phase
(lane 3) or starved for 4 hours (lane 2). Lane 4: wild-type cells;
lane 5: cells lacking vacuolar proteinase A; lane 1: cells lacking
aminopeptidase I.

marker at the 3’terminus of AUTI0 (see Section 2.3). Correct
integration was confirmed by Southern analysis (not shown).
Immunoblot analysis clearly confirmed the presence of Autl0-
GFPp, which as indicated by maturation of aminopeptidase I
was biologically active (Fig. 4A). However, direct and indirect
fluorescence microscopy failed to detect the fusion protein
within the cells. Therefore, we further generated an Autl0-
Hap, by chromosomal integration of a PCR fragment consist-
ing of a triple Ha tag and an auxotrophic marker at the 3'-
terminus of the 4UTI0 gene (see Section 2.3). The resulting
Autl0-Hap, expressed from the chromosome under control of
the endogenous promoter, was detectable in immunoblots as
expected at ~60 kDa using monoclonal antibodies to Ha
(Fig. 4B). Autl0-Ha was biologically active as demonstrated
by maturation of proaminopeptidase I (Fig. 4B) and by accu-
mulation of autophagic bodies in the vacuole, when starved in
the presence of PMSF (not shown). In indirect immunofluo-
rescence microscopy using an anti-Ha antibody Autl10-Ha was

N
Fig. 5. Indirect immunofluorescence localizes Autl0-Ha, chromoso-
mally expressed from its native promoter, in the cytosol and on
granulated structures, which appear clustered around the vacuolar
membrane. A: stationary cells; B: cells starved for 4 h in 1%
K-acetate. Fixed cells were spheroplasted and processed with anti-
bodies to Ha. Wild-type cells lacking a Ha tag are included. From
left to right: overlay of immunofluorescence and Nomarski (Merge),
immunofluorescence (Autl0-Ha), Nomarski (Nom) and nuclear
staining with DAPI (DNA/DAPI). Bar=10 pum.
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visible in both stationary grown and starved cells in the cyto-
sol (Fig. 5A,B) and on granulated punctate structures, which
appear to cluster at the vacuolar membrane.

4. Discussion

Autophagy involves membrane flux and formation of un-
conventional double-membrane transport vesicles. Despite the
progress in autophagic research numerous questions remain
open. What is the membrane source of autophagosomes?
Where and how are autophagosomes formed? What is the
nature and function of the organelle defined by the integral
membrane protein Aut9/Apg9 [21,22]? An important step in
answering these questions is identification of the components
of the autophagic machinery. After completion of the ‘Yeast
Deletion Project’ we used the yeast deletion strain collection
to screen for novel autophagy genes. Typical for a reverse
genetics approach, identification of a mutant implies knowl-
edge of the respective gene. We here report the identification
of YFRO2Iw/AUTIO in this screen. Our study clearly indicates
the requirement of AutlOp for both the cvt pathway and
autophagy (Fig. 1A-C). In autophagy, a lack of AutlOp leads
to a defect prior to vacuolar fusion of autophagosomes (Fig.
1B). We further checked for effects on vacuolar biogenesis.
Deletion of AUTI0 has no obvious influence on vacuolar
acidification (Fig. 3B,C), no significant amounts of the pro-
forms of vacuolar proteinase B and carboxypeptidase Y are
detectable in immunoblots (Fig. 3A) and the vacuole is not
fragmented (Figs. 1B and 3B,C). The localization of Autl0-
Hap at granulated, punctate structures, which appear clus-
tered around the vacuole (Fig. 5), is highly interesting, since
it is different from known autophagy proteins. Clarification of
the nature of these structures will therefore surely give new
insights. Recruitment of Autl0-Hap at structures together
with the existence of two WD40 repeats in AutlOp might be
a hint for interactions with other proteins. Speculatively,
AutlOp might dimerize, thus bringing together four WD40
repeats necessary to form a platform for protein interactions.
Phylogenetic analysis puts AutlOp in a family consisting of 11
proteins of so far unknown function from species such as H.
sapiens, Drosophila melanogaster, Caenorhabditis elegans, S.
pombe, Arabidopsis thaliana and Neurospora crassa. Most
likely all these proteins share a similar function. With
Ypll00wp (19% identity) and Ygr223c (19% identity)
AutlOp has two homologues with unknown function in yeast.
Studies are under way to check if these relatives have a func-
tion similar to AutlOp.
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