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Autophagocytosis is a starvation-induced process responsible for transport of cytoplasmic proteins to the
vacuole. In Saccharomyces cerevisiae, autophagy is characterized by the phenotypic appearance of autophagic
vesicles inside the vacuole of strains deficient in proteinase yscB. The AUT1 gene, essential for autophagy, was
isolated by complementation of the sporulation deficiency of a diploid aut1-1 mutant strain by a yeast genomic
library and characterized. AUT1 is located on the right arm of chromosome XIV, 10 kb from the centromere,
and encodes a protein of 310 amino acids, with an estimated molecular weight of 36 kDa. Cells carrying a
chromosomal deletion of AUT1 are defective in the starvation-induced bulk flow transport of cytoplasmic
proteins to the vacuole. aut1 null mutant strains are completely viable but show decreased survival rates during
starvation. Homozygous Daut1 diploid cells fail to sporulate. The selective cytoplasm-to-vacuole transport of
aminopeptidase I is blocked in logarithmically growing and in starved Daut1 cells. Deletion of the AUT1 gene
had no obvious influence on secretion, fluid phase endocytosis, or vacuolar protein sorting. This supports the
idea of autophagocytosis as being a novel route transporting proteins from the cytoplasm to the vacuole.

Cells have developed sophisticated mechanisms to adapt to
changes in the nutritional environment. One major process
enabling cells to survive periods of nitrogen deprivation is
degradation of large amounts of intracellular proteins. Eukary-
otic cells contain two major systems for protein degradation,
the proteasome and the lysosome (18, 21). While the protea-
some seems to be responsible for the breakdown of regulated
and short-lived proteins (17), the starvation-induced proteo-
lytic breakdown is dependent mainly on the lysosome. An
interesting question is how cytosolic proteins enter the lysoso-
mal (vacuolar) lumen.

Morphological studies preferentially done with mammalian
cells have demonstrated that this protein uptake process is due
mainly to unselective bulk flow autophagocytosis (for reviews,
see references 8 and 34). Detailed electron microscopic studies
supported the idea that cytoplasm containing double or mul-
tilayered early autophagosomes are most likely formed from
parts of the endoplasmic reticulum (9, 13, 45). These vesicles
are further maturing to late autophagosomes and autolyso-
somes (10, 24, 26).

Another, more selective mechanism for vacuolar protein
uptake during nutrient deprivation, based on a KFERQ-re-
lated pentapeptide motif, was proposed by Dice (6).

As a simple eukaryotic model organism which is easily ame-
nable to genetic manipulations, we used the yeast Saccharo-
myces cerevisiae to study gene products involved in the uptake
process of proteins from the cytoplasm into the vacuole. Under
nitrogen starvation conditions in Saccharomyces cerevisiae,
nearly half of the total cellular protein content is degraded
during a 24-h period. More than 80% of this degradation takes
place inside the vacuole, the counterpart of the mammalian
lysosome (40). Following the concomitant uptake of several
cytosolic enzymes into the vacuole, the unselective nature of
protein entry into the vacuole in this organism was demon-

strated (11). A detailed microscopic analysis showed the ap-
pearance of autophagic vesicles inside the vacuole, when cells
with defects in the vacuolar endoproteinases yscA or yscB are
subject to starvation (37, 39). The accumulation of these ves-
icles can also be induced by incubating the cells in nitrogen-
deficient media in the presence of the proteinase yscB inhibitor
phenylmethylsulfonyl fluoride (PMSF) (39, 41). By indirect
immunofluorescence microscopy, it has been shown that fatty
acid synthase, a cytoplasmic marker protein, is localized inside
these autophagic vesicles (41).

For genetic dissection of autophagocytosis, we isolated au-
tophagocytosis mutants, i.e., mutants defective in the autoph-
agic process (41). These autmutants are defective in the break-
down of a cytoplasmic marker protein, fatty acid synthase,
whose degradation during starvation was shown to be depen-
dent mainly on the action of the vacuolar proteinases. Further-
more, aut mutants are unable to accumulate autophagic vesi-
cles in the vacuolar lumen during periods of nitrogen
starvation.

Another set of mutants (apg) with a defect in autophagocy-
tosis was isolated due to their reduced ability to survive during
starvation (44).

Here we report the isolation and sequencing of the AUT1
gene, shown to be essential for the autophagocytotic process.
Chromosomal deletion of AUT1 does not influence growth on
rich media but leads to a reduced survival rate of the mutant
cells during periods of nitrogen starvation. Autophagocytosis
seems to be an essential prerequisite for sporulation. Homozy-
gously deleted aut1 diploids are defective in the formation of
asci. The block of autophagocytosis in chromosomal aut1-de-
leted cells has no significant influence on endocytosis (29),
secretion (31, 33), or vacuolar biogenesis (5, 38). Most re-
cently, a phenotypic and genetic overlap of autophagocytosis
and the selective import of aminopeptidase I from the cyto-
plasm into the vacuole (16, 20) has been found (15). We found
Daut1 mutant strains to be impaired in the maturation of the
precursor of aminopeptidase I. Our findings support the idea
that autophagocytosis constitutes a new route of protein trans-
port from the cytoplasm to the vacuole.
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MATERIALS AND METHODS

Chemicals. PMSF was purchased from Serva, Heidelberg, Germany; zymol-
yase 100T was from Seikagaku Kyogo, Tokyo, Japan; lucifer yellow and quina-
crine were from Sigma, Deisenhofen, Germany; goat anti-rabbit antibodies la-
beled with horseradish peroxidase were from Medac, Hamburg, Germany;
L-[35S]methionine, a-35S-dATP, and tissue solubilizer NCS-II were from Amer-
sham-Buchler, Braunschweig, Germany. All other chemicals were from Sigma or
Roth (Karlsruhe, Germany), and all were of analytical grade.

Synthetic oligonucleotides were from Eurogentec, Ougrée, Belgium, and
MWG Biotech, Ebersberg, Germany
Antibodies. Antibodies directed against proteinases yscA, yscB, and yscY as

well as fatty acid synthase are described elsewhere (11, 12, 25); antibodies against
aminopeptidase I were generously provided by D. J. Klionsky (20).
Media. Yeast strains were grown either in complete liquid medium YPD (1%

yeast extract, 2% peptone, 2% glucose) or complete minimal dropout medium
CM (consisting of 0.67% yeast nitrogen base [without amino acids] and 2%
glucose and supplemented with adenine, uracil, and amino acids) as described
previously (1). For starvation or sporulation, cells were incubated in 1% potas-
sium acetate.
Strains. For strains used, see Table 1. Strain WCGAa was obtained by chro-

mosomal deletion of the ADE2 gene in WCG4a with a 2.3-kb BamHI fragment
from pPL131. Strain YMS5a was made by transforming a 3.5-kb XbaI fragment
from pAUT1D1::URA3 into the genome of WCG4a; strain YMS6a was made by
transforming a 4.6-kb BamHI-SacI fragment from pAUT1D1::ADE2 into
WCGAa; and YMS7a was made by transforming a 3.5-kb XbaI fragment from
pAUT1D1::URA3 into WCG4a. YMS8 was obtained from a cross of YMS5 and
YMTA. The end2 mutant strain RH932 was kindly provided by H. Riezman.
Plasmids. Standard DNA cloning and manipulation was done as described

before (1). For DNA sequencing, we used the T7 DNA sequencing kit obtained
from Pharmacia, Freiburg, Germany. Plasmid pPL131 used for chromosomal
deletion was a gift from P. Ljungdahl, Stockholm, Sweden.

Plasmid pRSp8 containing the S. cerevisiae genomic DNA including the AUT1
locus was selected from a YCplac111-based library (5a). For subcloning of a
genomic fragment containing the functional AUT1 gene, a 3.3-kb XbaI fragment
was isolated from pRSp8 and cloned into the XbaI site of pRS315, pRS316,
pRS306 (36), or pRS426 (4) to obtain plasmids pRS315/AUT1, pRS316/AUT1,
pRS306/AUT1, and pRS426/AUT1, respectively. For chromosomal deletion of
AUT1, a 0.9-kb BglII-NcoI fragment was removed from pRS315/AUT1 and
replaced by a 1.1-kb URA3 fragment, yielding plasmid pAUT1D1::URA3. In a
second approach, a 2.2-kb fragment containing the functional ADE2 marker was
used to get pAUT1D1::ADE2.
Screening procedure. The ade2 deletion allele from pPL131 was chromosoma-

lly introduced into an aut1-1 mutant strain, and the resulting strain was crossed
with an aut1-1 ADE2 mutant strain of the opposite mating type. The resulting
diploid strain was transformed with yeast genomic libraries based on the CEN
LEU2 shuttle vector YCplac111 (5a) or the 2mm URA3 shuttle vector YEp24 (3),
and complementation of the nonsporulating phenotype of the diploid was
searched for. The resulting colonies were washed from the plates, diluted into
1% potassium acetate at an optical density at 600 nm (OD600) of approximately
10, and incubated for 4 to 6 days at room temperature for sporulation. From 100
ml of sporulated cells, random spores were prepared by digestion with 0.1 mg of
zymolyase 100T in 5 ml of sterile water, followed by the addition of 5 ml of 1.5%
Nonidet P-40 solution and sonification. Thereafter, cells were washed and plated
on selective media. The ratio between red (ade2) and white colonies (ADE2 or
ade2/ADE2) was always near 1:1, indicating that very few diploid cells survived
this procedure. Red colonies were picked and tested for the ability to accumulate
autophagic vesicles upon starvation in the presence of PMSF as described pre-
viously (41).
Microscopy. Microscopic observations were done with a Zeiss Axioskop

MC100 microscope. Visualization of autophagic vesicles inside the vacuole was
done as described before (41). Vacuolar acidification was examined by observing
accumulation of the fluorescent dye quinacrine inside the vacuole by standard
procedures (30). Endocytosis was examined as described previously (7) by accu-

mulation of lucifer yellow. Staining with MDY-64 was done as proposed by
Molecular Probes Europe BV, Leiden, The Netherlands.
Cell fractionation. Spheroplast formation, lysis, and preparation of vacuole-

enriched and cytosolic fractions were performed as described by Harding et al.
(15), except that cells were starved for 24 h at room temperature before sphero-
plast formation and preincubation in the presence of dithiothreitol was done for
30 min. Whole spheroplasts were harvested and washed at 1,000 3 g.
Electrophoresis and immunoblotting. Cell extracts were prepared as described

before (11), samples were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (10 or 12% acrylamide [23]) and blotted onto nitrocellulose
membranes (43). To prevent unspecific binding of antibodies to nitrocellulose,
membranes were incubated in PBS-T buffer (0.1% Tween 20, 100 mM NaCl, 20
mM potassium phosphate [pH 7.5]) containing 10% nonfat milk for at least 2 h.

For immunodetection, primary antisera against proteinases yscA and yscB
were used at a dilution rate of 1:5,000, and antisera against carboxypeptidase
yscY, aminopeptidase I, and fatty acid synthase were used at a dilution of
1:10,000 in PBS-T for at least 1 h. After washing three times in PBS-T and
incubation with peroxidase-conjugated goat anti-rabbit secondary antibody at a
dilution of 1:5,000 for 1 h, membranes were washed and the bands were visual-
ized with the enhanced chemiluminescence detection kit provided by Amersham-
Buchler.
Protein turnover. Cells were grown in 10 ml labeling medium (consisting of

0.17% yeast nitrogen base [without amino acids and ammonium sulfate], 2%
proline, and 2% glucose and supplemented with the appropriate auxotrophic
nutrients) at 308C to approximately 5 3 107 cells/ml. In the last 14 h of growth,
3.7 MBq of L-[35S]methionine was added to the culture. After labeling, the cells
were collected by centrifugation, washed three times with starvation medium,
resuspended in starvation medium containing 10 mM nonradioactive methio-
nine, and further incubated at 308C. At the indicated times, 1-ml samples were
taken, mixed with 100 ml of 110% trichloroacetic acid, and incubated on ice for
at least 4 h. For determination of the released acid-soluble radioactivity, the
samples were centrifuged for 5 min at 14,000 3 g. Nine hundred microliters of
the supernatant was mixed with 5 ml of liquid scintillation mixture. For deter-
mination of the total incorporated radioactivity, the pellets of the 0-h samples
were washed five times with starvation medium containing 10% trichloroacetic
acid and two times with ethanol-ether (1:1). The pellets were air dried and
dissolved in 1 ml of NCS-II–H2O (9:1) at 408C. Nine hundred microliters of the
solution was mixed with 5 ml of liquid scintillator. Radioactivity was determined
with a Wallace 1410 liquid scintillation counter (Pharmacia).
Survival during starvation. Cells of different strains were grown to equal ODs

in YPD medium, harvested, and resuspended in 1% potassium acetate to an
OD600 of 0.02 to 0.05. Every 24 h, samples were taken, diluted, and plated, and
the number of colonies growing was determined. The relative survival rate
compared with the number of colonies recovering after the first 24 h of starvation
was calculated.
Secretion of invertase. Secretion of invertase was assayed as described previ-

ously (27), without shifting the cells to 378C.

RESULTS

The aut1-1 mutant strain FIM35 obtained by ethyl methane-
sulfonate mutagenesis (41) was backcrossed four times with
the wild-type strain WCG4a. Seventy-nine tetrads were ana-
lyzed for the phenotypic appearance of autophagic vesicles in
the vacuole in the presence of PMSF. All tetrads showed a 2:2
segregation of vesicle accumulation. This demonstrates the
existence of a recessive, single point mutation responsible for
the aut1-1 phenotype. From the segregation pattern of the
aut1-1 mutation and the centromere-linked auxotrophic
marker trp1 (data not shown), the genetic distance (35) of

TABLE 1. List of strains

Strain Genotype Reference or
source

WCG4a MATa his3-11,15 leu2-3,112 ura3 41
WCGAa MATa his3-11,15 leu2-3,112 ura3 ade2DA This work
YMTAa MATa his3-11,15 leu2-3,112 ura3 pra1D::HIS3 41
YMS5a MATa his3-11,15 leu2-3,112 ura3 aut1D1::URA3 This work
YMS6a MATa his3-11,15 leu2-3,112 ura3 ade2D1 aut1D1::ADE2 This work
YMS7a MATa his3-11,15 leu2-3,112 ura3 ade2D1 aut1D1::URA3 This work
YMS8a MATa his3-11,15 leu2-3,112 ura3 aut1D1::URA3 pra1D::HIS3 This work
DYY101 MATa leu2-3,112 ura3-52 his3-D200 trp1-D901 ade2-101 suc2-D9 GAL ape1::LEU2 20
RH932 MATa ura3 leu2 bar1 end2 H. Riezman
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FIG. 1. (A) Part of the genomic DNA fragment SCN201952 surrounding the AUT1 gene. The chromosome XIV centromere sequence is located near position
27300. Also shown are the genomic fragments obtained from the library plasmids pRSp8 and pRSp34, the two subclones made from pRSp8, and the fragment used
for subcloning of the AUT1 gene. (B) Sequence of the AUT1 gene. The nucleotide sequence of AUT1 is identical to the published sequence of ORF N2040. Amino
acids are shown in a single-letter code. Recognition sites of several commonly used DNA restriction enzymes are indicated. (C) Clusters of positively and negatively
charged amino acid residues within Aut1p.
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AUT1 to the centromere was calculated to be 7.6 cM. A local-
ization in direct neighborhood to TRP1 did not seem likely
from these data.
Isolation of the AUT1 gene. In our attempt to isolate the

AUT1 gene, we took advantage of the drastically reduced
sporulation frequency of a homozygous aut1-1/aut1-1 diploid
mutant strain. After transformation of this diploid strain with
a plasmid-encoded yeast chromosomal library, predominantly
those cells bearing a plasmid-borne AUT1 wild-type gene
should be able to form asci. Most of the nonsporulated diploid
cells were killed by following the established random spore
protocol (1). The use of a heterozygous ade2/ADE2 diploid
strain allowed the rapid recognition of ascospores after this
procedure. Only ade2 haploid ascospores exhibited the typical
red pigment. A plasmid-encoded AUT1 gene should rescue not
only the sporulation defect but also the defect in the auto-
phagic pathway seen in an aut1-1 mutant strain. Therefore, the
red colonies were further tested for restoration of their ability
to accumulate autophagic vesicles inside the vacuole during a
4-h starvation period on nitrogen-free medium in the presence
of PMSF.

In a typical experiment, batches of 3,000 clones transformed
with the genomic library were pooled, sporulated, and sub-
jected to the random spore procedure. After spreading on
plates, 20 to 40 red colonies were checked from each batch for
their ability to accumulate autophagic vesicles. By use of the
centromeric YCplac111 genomic library, 45,000 colonies were
analyzed in total. In one batch, five positive colonies were
detected, and the respective plasmids were rescued. All plas-
mids were found to be identical and contained a 5.5-kb
genomic insert (pRSp8) (Fig. 1A).

In a similar approach, by use of an overexpressing high-copy
Yep24-derived genomic library, 15,000 transformands were
screened in five batches. Four positive colonies containing
identical plasmids (pRSp34) with a 7.5-kb genomic insert were
found. Partial sequencing of the genomic inserts of pRSp8 and
pRSp34 localized both of them to chromosome XIV, genomic
fragment SCN201952 (Fig. 1A) (47). The genomic fragment
SCN201952 is located on the right arm of chromosome XIV,
directly flanking the centromere, which is in good agreement
with the calculated genetic distance of the aut1-1 locus 7.6 cM
from the centromere. The only complete open reading frame
(ORF) present in both of the plasmids pRSp8 and pRSp34 was
the ORF N2040. A 3.3-kb XbaI fragment from pRSp8 contain-
ing only ORF N2040 was subcloned into the vector pRS315
and found to be capable to restore the vesicle accumulation
defect of the aut1-1 mutant strain. As expected, two subclones
starting at the unique PstI site inside N2040 were unable to
complement the aut1-1 mutation (Fig. 1A). The described
3.3-kb XbaI fragment was chromosomally integrated in an
aut1-1 mutant, and the resulting strain was crossed with a
wild-type strain. All ascospores exhibited a wild-type pheno-
type. This confirmed that the isolated ORF N2040 was indeed
identical to AUT1. Resequencing of AUT1 did not uncover any
discrepancies with the known sequence (47) in the databases
(Fig. 1B). AUT1 encodes a protein with 310 amino acids and a
calculated molecular size of 36 kDa. The AUT1 gene product
Aut1p seems to be quite hydrophilic with clusters of charged
amino acids (Fig. 1C) and a predicted isoelectric point of 4.4.
A stretch of 23 amino acids (residues 130 to 152) seems to
fulfill the definition given by Realini et al. (28) for KEKE
motifs, although there is only one K present. KEKE motifs
have been proposed to be involved in the assembly of proteins
into larger complexes. The Aut1p contains no obvious trans-
membrane domains. The Aut1p shows no significant homolo-
gies to other proteins of known function in the databases.

Chromosomal deletion of AUT1. Chromosomal aut1 null
mutant strains were constructed by deleting the AUT1 coding
region between the BglII and NcoI restriction sites (Fig. 1B)
and inserting the URA3 or ADE2 gene, respectively, as a se-
lectable marker. The correct gene replacement was confirmed
by Southern hybridization and PCR (data not shown).

The resulting strains YMS5 (aut1D1::URA3) and YMS6
(aut1D1::ADE2) were viable and did not show any growth
phenotypes at 10, 30, or at 378C (data not shown). Vacuolar
morphology was checked with Nomarski optics (Fig. 2A) and
the vacuolar membrane dye MDY-64 (Fig. 2B). Daut1 cells
exhibited a clearly visible vacuole, which appeared smaller than
wild-type vacuoles. The membranes of autophagic vesicles ac-
cumulating inside the vacuoles of starved pra1-deficient cells
could also be stained with MDY-64 (Fig. 2B). Quinacrine, a
dye routinely used to detect the acidification of the vacuole
(30), accumulated normally inside the vacuoles of Daut1 cells
(Fig. 2C).

As expected, aut1 null mutant strains showed a block in the
autophagic pathway, demonstrated by their inability to accu-
mulate autophagic vesicles inside the vacuole during starvation
for nitrogen in the presence of the proteinase yscB inhibitor
PMSF (Fig. 2A). For further confirmation of a defect in the
uptake of cytoplasmic proteins into the vacuolar lumen of
these strains, we checked the subcellular localization of a cy-
toplasmic protein, fatty acid synthase, after a 24-h starvation
period for nitrogen. For cell fractionation, spheroplasted cells
were hypotonically lysed without affecting the integrity of the
vacuole. Thereafter, cytoplasmic and vacuolar enriched frac-
tions were isolated in a centrifugation step (15). To prevent the
degradation of cytoplasmic proteins inside the vacuole, strains
defective in proteinase yscA (pra1/pep4) were used for this
experiment. As a control for proper vacuolar enrichment, the
localization of the resident vacuolar proteinase yscB was also
checked (Fig. 3). As shown in Fig. 3A, lane P, in an AUT1
wild-type, pra1-deficient strain, significant amounts of both
subunits of the cytoplasmic fatty acid synthase can be detected
in the vacuolar enriched fraction by immunoblotting, whereas
in the aut1/pra1 null mutant strain, no fatty acid synthase is
localized to the vacuole (Fig. 3B, lane P).

Demonstration that not only the uptake of a single cytoplas-
mic protein into the vacuole but also the unspecific bulk flow of
proteins to the vacuole is affected in aut1-deleted cells was
brought about by determining the overall protein turnover
rate. All cellular proteins were radiolabeled in growing cells
with L-[35S]methionine. Thereafter, cells were shifted to a ni-
trogen-free, nonradioactive starvation medium. After precipi-
tating nondegraded proteins with trichloroacetic acid, the
amount of acid-soluble small peptides generated by the action
of the intracellular proteinases was determined (Fig. 4). Under
these conditions, a wild-type strain exhibited an initial protein
breakdown rate of 1.8% per h. The block of vacuolar proteo-
lysis in a pra1-deficient strain reduces this rate to 18% of the
level of a wild-type strain; the residual proteolysis rate is
mainly due to the action of nonvacuolar proteinases, most
likely, the cytosolic and nuclear proteasome (40). A nearly
identical reduction of protein degradation to 18% of that of
the wild type was detected in an aut1 null mutant strain (Fig.
4). This gives a strong indication for a block of unselective
protein uptake into the vacuole due to the defect in Aut1p.

Vacuolar proteolysis is most prominent in cells starving for
nitrogen, and proteinase yscA-deficient cells cannot survive
extended times of starvation (40, 46). We therefore measured
the ability of haploid Daut1 cells to survive a starvation period
(Fig. 5). Similar to a pra1-deficient strain, Daut1 cells exhibited
a significantly reduced survival rate. After prolonged periods of
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starvation, the survival rate of the Daut1 strain was even lower
than that of a pra1-deficient strain (Fig. 5).

Diploid cells respond to nutrient limitation by the differen-
tiation process of sporulation and the formation of asci. Sporu-
lation frequency was determined either by counting the asci
under the microscope or by using ade2/ADE2 heterozygous
diploids and counting the number of red colonies formed after
a random spore procedure. For calculation of sporulation fre-
quencies, the viability of cells after sporulation was tested and
only viable cells were taken into consideration to exclude any
influence from mutant cells dying of starvation. Wild-type and
heterozygous AUT1/Daut1 diploids showed normal sporulation
rates under various conditions (data not shown), whereas ho-
mozygous Daut1/Daut1 cells completely failed to sporulate.
From several million viable diploid cells, we were unable to
recover any haploid colonies or observe any asci microscopi-
cally (data not shown).
Overlap with other vesicle transport processes. We eluci-

dated a potential overlap of autophagocytosis and other vesi-
cle-mediated processes by checking the influence of a chromo-
somal aut1 deletion on several other protein transport
processes.
Biogenesis of the vacuole. The correct sorting of soluble

vacuolar proteinases to the vacuole is a good indication of
undisturbed vacuolar biogenesis. An analysis of the steady-
state levels of the proteinases yscA and yscB and carboxypep-
tidase yscY by immunoblotting showed only the mature forms
of these enzymes in Daut1 cells after starvation (Fig. 6A) as
well as in growing cells (data not shown). Recently, a more
rigid kinetic pulse chase analysis of carboxypeptidase yscY
maturation showed a wild-type-like sorting of this enzyme to
the vacuole in an aut1-1 mutant strain (15).
Secretion. The efficiency of secretion was measured (Fig.

6B) by use of invertase as a well-known marker enzyme for

secretion (32). The appearance of enzymatically active, extra-
cellular invertase after induction of the enzyme by glucose
deprivation was examined. There was no significant alteration
in the time course of invertase secretion visible in an aut1-
deficient strain as compared with that of a wild-type strain (Fig.
6B).
Endocytosis. In contrast to endocytosis-defective mutants,

the ability of aut1 null mutant cells to take up lucifer yellow
into the vacuole by fluid-phase endocytosis (7) was not affected
(Fig. 6C).
Cytoplasm-to-vacuole targeting of aminopeptidase I. Ami-

nopeptidase I was shown to be synthesized as a precursor in
the cytoplasm, from where it is targeted directly to the vacuole
without the detour through the secretory pathway. In the vac-
uole, the enzyme undergoes maturation by proteinase yscB
(20). Cells deleted in the chromosomal aut1 gene are defective
in maturation of preaminopeptidase I (Fig. 7). In crude ex-
tracts of logarithmically growing cells or cells starved for 4 h,
no mature aminopeptidase I could be recognized (Fig. 7, lanes
4). A centromeric plasmid carrying the AUT1 gene almost
completely cured this defect in logarithmically growing as well
as in starved cells (Fig. 7, lanes 5). A small amount of pream-
inopeptidase I is still visible. Overexpression of AUT1 from a
2m plasmid did not further reduce the amount of aminopepti-
dase I precursor (lanes 6).

DISCUSSION

The autophagic process of cytoplasmic protein uptake and
delivery to the lysosome (vacuole) is not yet understood at the
molecular level. To gain some understanding of this process,
we followed a genetic approach with the model eukaryote S.
cerevisiae. Analysis of an aut1-1 mutant strain, isolated by its
inability to degrade a cytosolic marker protein and its inability
to accumulate autophagic vesicles in the vacuole, sheds some
first light on this process.

FIG. 3. Cell fractionation. Cellular extracts of total spheroplasts (T), a vac-
uolar enriched pellet (P), and a cytosolic enriched supernatant (S) fraction were
prepared as described after 24 h of starvation, separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, blotted, and probed with antibodies
directed against the a- and b-subunits of fatty acid synthase and proteinase yscB.
(A) The pra1 deletion strain shows accumulation of fatty acid synthase together
with the vacuolar marker yscB in the vacuole-enriched fraction (P) after starva-
tion. (B) In a pra1/aut1 double mutant strain under identical conditions, no fatty
acid synthase is found in the fraction containing proteinase yscB, thereby dem-
onstrating the block in autophagic transport due to deletion of the AUT1 gene.

FIG. 4. Degradation of total cellular proteins during starvation. The pra1
deletion strain YMTA (h) showed drastically reduced turnover rates compared
with that of the wild-type strain WCG4a (Ç). The same reduction in degradation
could be observed in the aut1 null mutant YMS6 (E).

FIG. 2. (A) Accumulation of autophagic vesicles in the vacuolar lumen during starvation in the presence of PMSF is blocked in aut1 deletion strains. After 4 h of
starvation, the vacuole of wild-type strain WCG4a is filled with vesicles (WT). Under the same conditions, no vesicles can be observed in vacuoles of the aut1 null mutant
strain YMS5 (aut1). (B) Vacuolar morphology. Morphology of vesicles after starvation for 4 h stained with the fluorescent dye MDY-64. Strain YMTA, carrying the
pra1 null allele, shows normal vacuolar morphology. Autophagic vesicles accumulated under these conditions are also stained by the dye (figure produced with Zeiss
video imaging system). The vacuole of strain YMS6 (aut1D1::ADE2) is morphologically similar to vacuoles of strain YMTA except that no vesicles are accumulating
(figure produced with a Zeiss Axioskop MC100 microscope). (C) pH-dependent accumulation of the fluorescent dye quinacrine in the vacuolar lumen. Vacuolar
staining of Daut1 cells (right) is not distinguishable from that of wild type (left), indicating that acidification of the vacuole occurs normally in the mutant cells.
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By use of the drastically reduced sporulation frequency of a
homozygous aut1-1/aut1-1 diploid strain, we developed a new
screening procedure which allows the rapid isolation of genes
related to the autophagic process. This led us to the isolation
of the AUT1 gene, which was sequenced and found to be
identical to ORF N2040 on the right arm of chromosome XIV.
The AUT1 gene encodes a protein of 310 amino acids that
contains no obvious transmembrane domain. A search for ho-
mologs of Aut1p in the protein databases identified no signif-
icant similarities to other proteins of known function. One
striking feature of Aut1p is the high content of charged amino
acids.

We constructed chromosomal aut1 null mutant strains and
confirmed the complete block of autophagocytosis in these
strains by demonstrating the absence of any autophagic vesi-
cles in the vacuolar lumen during a starvation period for ni-
trogen in the presence of PMSF. In mammalian tissues, auto-
phagocytosis is well known as a starvation-induced transport
process of cytoplasmic proteins into the lysosome. We there-
fore routinely used nitrogen starvation conditions with only 1%
potassium acetate as the culture medium to fully induce the
autophagic pathway. We performed cell fractionation experi-
ments with pra1-deficient cells to prevent the degradation of
proteins in the vacuolar lumen. In cells wild type for auto-
phagocytosis, the cytosolic fatty acid synthase can be found in
the vacuolar fraction after starvation as a result of the auto-
phagic process. The lack of fatty acid synthase in the vacuolar
enriched fraction of Daut1 cells confirmed the inability of these
cells to import cytosolic proteins into the vacuole.

Under starvation conditions in a strain wild type for protein-
ase and autophagocytosis, 40% of all cellular proteins were
shown to be subject to vacuolar proteolysis during a 24-h pe-
riod (40). We measured the overall protein breakdown rates in
Daut1 cells. Similar to a proteinase yscA-deficient strain, which
is impaired in almost the complete protein breakdown inside
the vacuole (19, 40, 46), an aut1 null mutant strain had a
reduced proteolysis rate of 0.32% of all proteins per h com-
pared with the rate of 1.8% per h found in a wild-type strain.
This reduction very much supports the idea of autophagocyto-
sis as being an unspecific bulk flow protein transport pathway

FIG. 5. Survival during starvation in 1% potassium acetate (at an OD600 of
0.02 to 0.05). Like the pra1mutant strain YMTA (h), the aut1mutant YMS5 (E)
showed a drastically reduced survival rate as compared with that of the wild-type
strain WCG4a (Ç).

FIG. 6. Overlap of autophagocytosis with other vesicle transport processes.
(A) Vacuolar proteinases yscA, yscB, and yscY are fully matured in aut1 deletion
strains. All strains were starved for 4 h in acetate medium. The pra1 mutant
strain YMTA showed only the precursor forms of proteinase yscB (proPrB) and
carboxypeptidase Y (p2CpY) and no proteinase yscA. From the aut1 mutant, as
from the wild-type strain, only the mature forms (mPrB, mCpY, and mPrA) are
recovered. (B) Secretion of invertase occurred at the wild-type level in aut1
mutant strains. In the supernatants of wild-type strain WCG4a (Ç) and aut1
deletion strain YMS5 (E), invertase activities increase with similar kinetics after
induction. (C) Accumulation of lucifer yellow was normal in aut1 mutants.
Results for aut1 null mutant strain YMS6, visualized by Nomarski optics and
fluorescence, with the end2mutant strain RH932 as a negative control are shown.
Under identical conditions, lucifer yellow is enriched in the vacuoles of YMS6
but not in RH932. Vacuolar staining of YMS6 is undistinguishable from that of
the wild type.
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to the vacuole. This is also in good agreement with previous
findings that different cytoplasmic proteins enter the vacuole at
the same rate (11, 22).

The availability of a chromosomal aut1 null mutant strain
allowed a detailed study of the importance of autophagy for
cellular function. There was no influence visible of an aut1
deletion on cellular viability on rich media like YPD. As com-
pared with that of the wild type, growth was also unchanged at
10, 30, and 378C. This demonstrates that autophagocytosis is
not essential for the cell in rich media, containing the proper
amount of amino acids and utilizable nitrogen. However, au-
tophagocytosis plays a prominent role in the adaption of cells
to nutrient limitation conditions. aut1-deficient cells showed a
drastically reduced ability to survive if nitrogen was omitted
from the medium. The differentiation process of sporulation of
diploid cells, another starvation-linked process, was also se-
verely affected. Homozygous aut1-deleted diploids are unable
to form asci.

The overlap of autophagocytosis with other vesicular trans-
port processes like vacuolar biogenesis, secretion, or endocy-
tosis is still an open question. A lot of work has been done with
mammalian cells to answer this question (for a review, see
reference 8). A connection between endocytosis and auto-
phagocytosis has been demonstrated in mammalian cells by the
appearance of endocytosed material in autophagic vacuoles
(14, 42), but the major route seems to be fusion of autophagic
vesicles with preexisting lysosomes (24). In S. cerevisiae, an
ultrastructural analysis showed double membrane-layered au-
tophagosome-like structures in the cytosol. Sometimes, the
outer membrane of these structures has been found in conti-
nuity with the vacuolar membrane (2). This proposes a mem-

brane fusion event that could explain the appearance of single
membrane-surrounded vesicles in the vacuolar lumen (37, 39).

Interestingly, we found that the membranes of autophagic
vesicles, which accumulate inside vacuoles, could be stained
with MDY-64, a dye routinely used to stain the vacuolar mem-
brane. This might be a hint that the membranes of the auto-
phagic vesicles in the vacuolar lumen to some extent resemble
the vacuolar membrane.

We checked the effect of a block of autophagocytosis caused
by an aut1 deletion on vacuolar morphology by using light
microscopy with Nomarski optics and detected a wild-type-like
vacuole with a slightly reduced size. Staining with the vacuolar
membrane marker MDY-64 and vacuolar acidification probed
with quinacrine (30) showed no difference between the aut1
deletion mutant and a wild-type strain. A steady-state analysis
of the maturation of the proteinases yscA, yscB, and yscY, as
well as a kinetic analysis of carboxypeptidase yscY sorting to
the vacuole, showed no defect in the vacuolar protein sorting
pathway. The time course of invertase secretion and the uptake
of lucifer yellow by fluid phase endocytosis were wild type like.
Taken together, these results suggest that Aut1p plays no es-
sential function for other vesicle-mediated processes. This sup-
ports the idea that autophagocytosis constitutes a novel route
to the vacuole, with no generally essential function for endo-
cytosis and vacuolar biogenesis.

The action of Aut1p has been found to be essential for the
selective vacuolar uptake of aminopeptidase I in logarithmi-
cally growing and in starving cells (15). This beautifully illus-
trates the occurrence of autophagocytosis not only during star-
vation but also in logarithmically growing cells in rich media.
Indeed, Teichert et al. have found vacuolar proteolysis respon-
sible for 30 to 40% of the total proteolysis rate in logarithmi-
cally growing cells (40).

Aut1p may function as a soluble cytosolic factor in the au-
tophagic process by interacting with other specific proteins.
This idea is supported by the existence of clusters of charged
amino acids in the Aut1p. Such clusters have been proposed to
be involved in the association of proteins (28). In an attempt to
localize the Aut1p, we created epitope-tagged versions of the
protein by inserting the HA epitope (hemagglutinin from Hae-
mophilus influenzae) into the protein. Unfortunately, all con-
structs created to date were unable to complement the defects
seen in an aut1-deleted strain and were therefore not useful to
localize the Aut1p in the cells. Further studies to localize the
Aut1p in the cells and to shed light on its precise function in
the autophagic process are under way.
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