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Autophagocytosis is a starvation-induced process, carrying proteins destined for degradation to the lyso-
some. In the yeast Saccharomyces cerevisiae, the autophagic process is visualized by the appearance of auto-
phagic vesicles in the vacuoles of proteinase yscB-deficient strains during starvation. aut3-1 mutant cells which
exhibit a block in the autophagic process have been isolated previously. By using the drastically reduced
sporulation frequency of homozygous aut3-1 diploid cells, the AUT3 gene was cloned by complementation. The
Aut3 protein consists of 897 amino acids. The amino-terminal part of the protein shows significant homologies
to serine/threonine kinases. aut3 null mutant cells are fully viable on rich media but show a reduced survival
rate upon starvation. They are unable to accumulate autophagic vesicles in the vacuole during starvation.
Starvation-induced vacuolar protein breakdown is almost completely impaired in aut3-deficient cells. Vacuolar
morphology and acidification are not influenced in aut3-deficient cells. Also, secretion of invertase, endocytic
uptake of Lucifer Yellow, and vacuolar protein sorting appear wild type like in aut3-deficient cells, suggesting
autophagocytosis as a novel route for the transport of proteins from the cytosol to the vacuole. By using a fusion

of Aut3p with green-fluorescent protein, Aut3p was localized to the cytosol.

For eukaryotic cells, sorting and transport of various pro-
teins to different organelles are very important processes. Most
of these protein transport processes, like secretion (40, 42),
vacuolar protein sorting (6, 46, 47), endocytosis (36), or mito-
chondrial protein uptake (9, 29, 39), are well known, and a lot
of work has been done to characterize these processes genet-
ically and biochemically. The yeast Saccharomyces cerevisiae
has turned out to be an ideal model organism for the study of
these processes, but little attention has been given to the trans-
port of cytoplasmic proteins destined for degradation into the
vacuole, the counterpart of the mammalian lysosome. The
molecular signals for regulation of autophagocytosis are un-
known. For mammalian cells, Dice (10) and Cuervo and Dice
(8) proposed a selective pathway using a KFERQ-related pen-
tapeptide motif. Furthermore unselective, starvation-induced
autophagocytosis is well documented in mammalian cells (for
reviews see references 14 and 43), but the molecular mecha-
nisms and the genes involved in this process are still unknown.
Detailed electron microscopic studies have suggested that dur-
ing autophagocytosis, parts of the cytoplasm are engulfed by
restricted areas of the rough endoplasmic reticulum (12, 13, 16,
55), thus forming double- or multilayered, nascent autophagic
vesicles or autophagosomes. These vesicles mature to degra-
dative autophagic vesicles or autolysosomes (12, 13, 30, 33).

In the methylotrophic yeast Pichia pastoris, peroxisomes are
degraded by a microautophagic process upon shifting of the
cells from methanol to a glucose-containing medium or by a
macroautophagy-like process after shifting of cells from meth-
anol to ethanol (54). In S. cerevisiae, evidence of autophago-
cytosis has been detected by the visualization of autophagic
vesicles inside the vacuole of cells deficient for proteinase B
during starvation for nitrogen (48, 51). The accumulation of
these vesicles can also be induced by application of the pro-
teinase B inhibitor PMSF (phenylmethane sulfonyl fluoride) to
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cells starving for nitrogen. Electron microscopic studies have
suggested the existence of autophagic vesicles in the cytoplasm
(3). Recently, attempts to genetically dissect the autophagic
pathway in S. cerevisiae have been started by isolating mutants
(aut or apg mutants) with a defect in this process (51, 53). The
overlap of autophagy with other protein transport processes in
the cell is not understood. Surprisingly, however, a genetic and
phenotypic overlap of autophagocytosis with the selective and
rapid (half time of about 45 min) vacuolar uptake of amino-
peptidase I (API) directly from the cytoplasm (25) has been
detected. Nearly all aut mutants exhibited a block in the vac-
uolar uptake of API. A variety of cvf mutants with a defect in
the cytoplasm-to-vacuole targeting of API genetically overlap
the aut mutant strains. aut3 was found to be allelic with cv¢10
(19).

Here we describe the isolation and characterization of the
AUT3 gene. Aut3p shows significant homologies to serine/
threonine kinases. A chromosomal au3 null mutant strain is
viable on rich media but shows a complete block in the auto-
phagic process, demonstrated by its inability to accumulate
autophagic vesicles in the vacuole and a block of starvation-
induced vacuolar protein breakdown.

MATERIALS AND METHODS

Chemicals. Yeast media were purchased from Difco, Detroit, Mich. [**S]me-
thionine and NCS-II tissue solubilizer were from Amersham, Braunschweig,
Germany. The liquid scintillator Rotiszint eco plus was from Roth, Karlsruhe,
Germany. Zymolyase-100T was from Seikagaku, Tokyo, Japan. DNA-modifying
enzymes were from Boehringer Mannheim, Germany, and oligonucleotides were
from MWG Biotech, Ebersberg, Germany. All other chemicals were of analytical
grade and were purchased from Sigma, Deisenhofen, Germany, or Merck,
Darmstadt, Germany.

Strains and media. The yeast strains used in this study are listed in Table 1.
Yeast strains were grown either in complete medium (YPD [1% yeast extract,
2% peptone, 2% glucose]) or in complete minimal dropout medium (CM [2%
glucose, 0.67% yeast nitrogen base without amino acids, supplemented with the
appropriate auxotrophic nutrients]) (2). For radiolabelling, strains were grown in
sulfur-free labelling medium (0.17% yeast nitrogen base without amino acids and
ammonium sulfate, 2% proline, 2% glucose, supplemented with the appropriate
auxotrophic nutrients except methionine and cysteine). Starvation medium con-
tained 1% potassium acetate only, and sporulation medium contained 1% po-
tassium acetate and auxotrophic nutrients. For solid media, 2% agar was added.
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TABLE 1. Yeast strains used in this study

Strain Genotype fgfli rr?ngcr
WCG4a mata his3-11,15 leu2-3,112 ura3 21
YMTA  mata pral A::HIS3 leu2-3,112 ura3 51
YMS30  mato aut3A:KAN® his3-11,15 leu2-3,112 ura3 This work
YMS31  mata aut3-1 his3-11,15 leu2-3,112 ura3 51
YMS32  mata aut3-1 pral A::HIS3 his3-11,15 leu2-3,112 ura3  This work
YMS33  mata aut3-1 his3-11,15 leu2-3,112 ura3 ade2 This work

mato aut3-1 his3-11,15 leu2-3,112 ura3 ADE?2

For DNA manipulation and sequencing, yeast transformation, and tetrad dis-
section, standard protocols were used (2).

Isolation of AUT3. The aut3-1 homozygous diploid strain YMS33 was trans-
formed with a pCS19-based genomic library (44), spread on CM-ura plates, and
grown for 3 days at 30°C. About 18,000 transformants were washed from the
plates and pooled. Aliquots (1/20) were taken, grown for 4 h in 20 ml of YPD,
washed twice with sporulation medium, and resuspended in 20 ml of sporulation
medium. After 5 days of incubation at 23°C, random spores were isolated by lysis
of unsporulated diploid cells by Zymolyase digestion of the cell wall in hypoos-
motic solution (2), spread on CM-ura plates, and grown for 4 days at 30°C. Red
colonies were picked, grown overnight in 750 pl of CM-ura at 30°C, and shifted
to 750 pl of starvation medium containing 1 mM PMSF. After 3 to 4 h of
incubation at 30°C, cells were examined by light microscopy by using a Zeiss
Axioscope with Nomarski optics. Plasmids from cells showing wild-type-like
accumulation of autophagic vesicles were rescued and characterized by restric-
tion analysis. Only one type of plasmid (pCSA), with a 7.4-kb genomic insert, was
observed. By using the same procedure, 25,000 transformants from a YCp50-
based genomic library (38) were screened and two types of plasmids (YCpA and
YCpC, with inserts of 18 and 11.4 kb, respectively) were isolated.

HindIII fragments of 0.7, 2.0, 2.5, and 4.0 kb containing the complete genomic
insert from pCSA were subcloned in centromeric vector pRS316 (45) and se-
quenced. Also, a 3.7-kb PvulI-BsaAl fragment containing the open reading
frame (ORF) YGLI80w was subcloned in the Smal site of yeast centromeric
shuttle vector pRS316 and integrative plasmid pRS306.

By using primers cccgttaatcatcttttecttgttegtttegtgtatetgtcagetgaagettegtacge and
cccttagecactgtaccaacacgttaactcttagagaacageataggecactagtggatctg and plasmid
pUGH (18), a DNA fragment for the chromosomal replacement of ORF YGLI80w
with a LoxP-KANR-LoxP cassette was created by PCR.

Survival rate during starvation. Cells were grown to early stationary phase,
harvested, and resuspended in starvation medium to an optical density at 600 nm
of 0.05. At the indicated times, samples were taken, diluted, and plated on YPD.
After 48 h at 30°C, the number of growing colonies was determined.

Invertase secretion. Secretion of invertase was assayed as previously described
(34) without shifting the cells to 37°C.

Protein turnover. Cells were grown in 10 ml of labelling medium at 30°C to
approximately 5 X 107/ml. For the last 14 h of growth, 3.7 MBq of L-[**S]me-
thionine was added to the culture. Cells were then harvested, washed three times
with 10 ml of starvation medium, resuspended in 10 ml of starvation medium
containing 10 mM nonradioactive methionine, and further incubated at 30°C. At
the times indicated in Results, 1-ml samples were taken, mixed with 100 wl of
110% (wt/vol) trichloracetic acid (TCA), 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 X g. A 900-pl volume of the supernatant was
mixed with 5 ml of liquid scintillator. For determination of the total incorporated
radioactivity, the pellets of the 0-h samples were washed five times with starva-
tion medium containing 10% TCA and twice with ethanol-ether (1:1). The
pellets were air dried and dissolved in 1 ml of NCS-II (containing 10% water) at
40°C. A 900-pl volume of the solution was mixed with 5 ml of liquid scintillator.
Radioactivity was determined with a Wallac 1410 liquid scintillation counter
(Pharmacia). Protein breakdown was calculated as the increase of TCA-soluble
activity divided by the TCA-insoluble activity of the 0-h sample. Different
quenching effects of TCA and NCS were corrected by using an internal standard.

Endocytosis. Lucifer Yellow accumulation was assayed as previously described
(35), by using 4 mg of Lucifer Yellow per ml and 8 mM sodium orthovanadate
without shifting the cultures to 37°C.

Construction of GFP-Aut3 fusion protein. A 2.8-kb Xmnl-Hpall fragment
from pCSA was ligated in frame into the Smal site which is part of the multi-
cloning site of CEN6/ARSH4 vector pRN295 (pRN295 further contains URA3
and Amp as selectable markers [20a]), which contains the green-fluorescent
protein (GFP) gene under the control of the inducible Met25 promotor. In the
resulting fusion protein, the first 30 amino acids of Aut3p are replaced with GFP.
The fusion construct was introduced into strains WCG4a and YMS31. For
induction of the Mer25 promotor, the strains were incubated overnight in me-
thionine-free CM. Localization of GFP was examined by fluorescence micros-
copy using a Zeiss Axioscope.
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Nucleotide sequence accession number. The sequence characterized in this
study has been assigned GenBank accession number Z72702x1.

RESULTS

The aut3-1 mutant strain YBK26 was isolated by ethyl meth-
anesulfonate mutagenesis for its inability to degrade the cyto-
plasmic enzyme fatty acid synthase and its defect in accumu-
lating autophagic vesicles inside the vacuole during starvation
on nitrogen-free media in the presence of PMSF (Fig. 1) (51).
The existence of a single, recessive gene mutation responsible
for the aut3-1-associated phenotype was confirmed by analyz-
ing the tetrads of three successive backcrosses with wild-type
strain WCG4a.

Isolation of the AUT3 gene. Like other aut mutants, a ho-
mozygous aut3-1 aut3-1 diploid strain was found to be nearly
unable to sporulate. In our attempt to identify the AUT3 gene,
we transformed this diploid strain with a plasmid-encoded
yeast genomic library. After shifting of the transformed cells to
sporulation medium, predominantly those cells with a plasmid-
encoded AUT3 gene should be able to form asci. A significant
enrichment of ascospores was achieved by lysing most of the
diploid cells in a hypoosmotic solution after Zymolyase diges-
tion of the cellular wall (2). The use of a heterozygous ade2
ADE? diploid strain allowed the rapid recognition of asco-
spores surviving this procedure. Only ade2 haploid ascospores
are able to form the typical red pigment. The red colonies were
subsequently checked for accumulation of autophagic vesicles
inside the vacuole after a 3-hour starvation period in the pres-
ence of PMSF. By using a centromeric pCS19-derived genomic
library (44), 18,000 transformants were collected and subjected
to the random-spore procedure described in Materials and
Methods. After streaking on plates, 150 red colonies were
checked for restoration of the ability to accumulate autophagic
vesicles inside the vacuole. The genomic plasmids of 12 posi-
tive colonies were rescued. All plasmids contained the same
7.4-kb genomic insert. Partial sequencing of a 4.0-kb HindIII
subclone localized this pCSA fragment to a region of chromo-
some VII left of MTP5 (Fig. 2A). By using a Ycp50-derived
genomic library (38), 25,000 additional transformants were
checked. They yielded 10 positive clones with two different
types of genomic inserts: YcpSOA (18.6 kb) and YcpC (10.2
kb), respectively. A 5-kb fragment was common to all three
genomic fragments (Fig. 2A).

Four HindIIl fragments of the pCSA genomic insert were
subcloned (Fig. 2A) in the centromeric yeast shuttle vector
pRS316. All were unable to complement the defect in the
accumulation of autophagic vesicles seen in an aut3-1 mutant
strain. Sequencing of these genomic fragments identified a
single ORF of 2.8 kb, which was incomplete in all four sub-
clones (Fig. 2B). Recently, the established sequence was con-
firmed by the systematic yeast sequencing project. The ORF
was designated YGLI80w (G1615). A 3.7-kb Pvull-BsaAl frag-
ment carrying only ORF YGLI180w and its promotor was sub-
cloned and found to complement an aut3-/ mutation.

Chromosomal deletion of AUT3. To generate YGLISOw
chromosomal null mutant strain YMS30, we used a PCR-based
deletion method and plasmid pUG6 (18) to replace a 2.8-kb
fragment containing the promotor and most of the ORF with
a LoxP-KAN®-LoxP cassette (58) conferring kanamycin resis-
tance on yeast (Fig. 2A). The correct gene replacement was
confirmed by Southern blot analysis (data not shown). YMS30
showed the defect in the accumulation of autophagic vesicles
already known from the qut3-1 mutant strain. An integrative
plasmid was constructed by inserting the 3.6-kb BsaAl-Pvull
fragment into the Smal site of pRS306. The plasmid was lin-
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A-

FIG. 1. Accumulation of autophagic vesicles in the vacuolar lumen is blocked in aut3A cells. After 4 h of starvation in the presence of 1 mM PMSF, the vacuole
of wild-type strain WCG4a appears to be filled with vesicles (A). Under the same conditions, no vesicles are evident in vacuoles of aut3 null mutant strain YMS30 (B).
Compared to wild-type cells (C), aut3-1 mutant cells (D and E) show an elongated endoplasmic reticulum. Yeast cells were prepared for electron microscopy by
permanganate fixation as described elsewhere (57). N, nucleus; V, vacuole; M, mitochondrion; arrowhead, endoplasmic reticulum. A and B, Nomarski optics; B, C, and
D, electron micrographs. Bars, 2 pm.
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FIG. 2. (A) Restriction map of part of the genomic DNA fragment SCVIIGENE_I0 surrounding AUT3 (Restriction sites: A, BsaAl; B, BamHI; E, EcoRI; H,
HindIlI; P, Pvull). The genomic fragments obtained from library plasmids pCSA, YCpA, and YCpC are shown. Plus and minus signs indicate the ability and inability,
respectively, to complement the defect in vesicle accumulation. The fragments used for subcloning and sequencing of the AUT3 gene and the chromosomal region
replaced by the KAN® gene in aut3 null mutant strain YMS30 are also shown. (B) Sequence of the AUT3 gene. The nucleotide sequence of AUT3 is identical to the
published sequence of ORF YGL180w. Amino acids are shown in the single-letter code.

earized with Bg/II and chromosomally integrated into aut3-1
mutant cells. The resulting strain was crossed with wild-type
strain WCG4a. Analysis of 22 tetrads confirmed the identity of
ORF YGL180w with the aut3-1 locus.

Homologs of Aut3p. AUT3 encodes a protein of 897 amino
acids with a calculated molecular mass of 102 kDa. The amino-
terminal region of Aut3p shows significant homologies with
other known serine/threonine kinases (Fig. 3A). The highest
homologies were found with CEUNC5IMR_1, an ORF of
Caenorhabditis elegans with an unknown function (31), and
KMLC_DICDI, a myosin light-chain kinase homolog of Dic-
tyostelium discoideum (49). The N-terminal 300 amino acids
of Aut3p share 35% identity with the C. elegans protein and
28% identity with the Dictyostelium myosin light-chain kinase.
A detailed analysis showed all of the characteristic features of
serine/threonine kinases, like a glycine loop (amino acids 30 to
35), which forms part of the Mg”*-ATP binding site, residues
Lys54, Asp71, and Glu211, which recognize the y-phosphate of
Mg**-ATP and the catalytic domain (amino acids 168 to 180)
(26, 27).

The carboxy-terminal part of Aut3p shows no significant
homologies to other proteins in the databases. A serine-rich
region (amino acids 495 to 526) may be a sign of phosphory-
lation, or probably autophosphorylation, of Aut3p. Other fea-
tures of Aut3p are clusters of charged amino acids (Fig. 3B)
and a cluster consisting of seven glutamines, from amino acids
542 to 548.

Phenotypes of an aut3 mutant strain. Chromosomal dele-
tion of the AUT3 gene did not impair growth compared to a
wild-type strain at 23, 30, or 37°C. The lack of autophagic
vesicles accumulating inside the vacuole confirmed the auto-
phagic defect of aut3A cells.

During the autophagic process, cytosolic proteins are trans-
ported to the vacuolar lumen and subjected to proteolysis. We
therefore measured the ability of cells with aut3 deleted to
degrade proteins during nitrogen starvation. All cellular pro-
teins were radiolabelled by growth for 16 h in the presence of
[>°S]methionine. After shifting of the cells to a nonradioactive
starvation medium, nondegraded proteins were precipitated
with TCA and the amount of acid-soluble small peptides gen-
erated by the action of proteinases was determined (Fig. 4). A
wild-type strain showed an initial breakdown rate of 1.8% of all
cellular proteins per h. Vacuolar proteolysis is almost com-
pletely blocked in strains deficient in the major vacuolar en-
doproteinase yscA (PEP4 PRAI) (1, 24, 56, 59). A strain with
pral deleted exhibited an 82% reduction in the total protein
degradation rate compared to a wild-type strain (Fig. 4) (50).
The residual proteolysis rate is due to the action of the cyto-
solic proteasome (data not shown). An identical 82% reduc-
tion was found in an aut3-1 mutant strain. A pralA aut3-1
double mutant strain showed no further decrease in the pro-
tein degradation rate (Fig. 4). This confirms the vacuolar lo-
calization of the protein degradation defect seen in aut3-1
mutant cells and illustrates the unselective nature of autoph-
agic protein breakdown. The block of the transport of cytosolic
proteins to the vacuole under starvation conditions in aut3-1
mutant cells has been shown by immunofluorescence localiza-
tion of fatty acid synthase (51). Autophagocytosis and vacuolar
protein breakdown are known to be induced by nutrient limi-

tation. Under these conditions, we found Aut3p to be essential
for cellular function. Like a pral-deficient strain, a haploid
aut3-deficient strain has a significantly reduced ability to sur-
vive periods of nitrogen starvation (Fig. 5). Diploid wild-type
cells normally form asci if they are subjected to starvation.
Homozygous aut3A diploid cells, in contrast, are unable to
sporulate.

Deletion of AUT3 did not influence the wild-type-like mor-
phology of the vacuole as checked by light microscopy with
Nomarski optics and by applying the vacuolar membrane stain
MDY-64 (Fig. 6A). The wild-type-like accumulation of Quin-
acrine (37) in the vacuole of aut3A cells is a good indication of
normal acidification of this organelle (Fig. 6B). Electron mi-
croscopic studies demonstrated an elongated endoplasmic re-
ticulum (Fig. 1).

We analyzed the influence of the block of autophagocytosis
in aut3A cells on several other vesicle-mediated processes. We
used invertase, a well-known marker protein (41), to check the
integrity of the secretory pathway. As shown in Fig. 7A, aut3A
cells secreted invertase with the same rate as a wild-type strain.
Fluid phase endocytosis was measured by monitoring the up-
take of the fluorescent dye Lucifer Yellow into the vacuole
(11). No difference from a wild-type strain could be detected
(Fig. 7B). Most recently, the correct sorting of resident vacu-
olar proteins like proteinase yscA and carboxypeptidase yscY
was confirmed in aut3-1 cells by using immunoblots and pulse-
chase kinetic experiments (19). The selective import of API
from the cytoplasm to the vacuole is blocked in aut3A cells, and
recently, AUT3 has been shown to be allelic with CVTI10 (19).

Localization of Aut3p. We constructed an in-frame fusion of
GFP (5, 7) and Aut3p under the control of the inducible Mer25
promotor to localize the AUT3 gene product in the cell. The
GFP fusion protein, in which the first 32 amino acids of Aut3p
are replaced with GFP, was unable to restore the mutant
phenotypes in aut3-1 mutant cells. Expression of the fusion
protein in wild-type and aut3A cells showed a cytosolic local-
ization in logarithmically growing cells (Fig. 8). In wild-type
cells starved for nitrogen, some of the fusion protein was de-
tected inside the vacuole; no fusion protein was detectable in
vacuoles of starved aut3A cells (data not shown).

DISCUSSION

For a better understanding of the importance of the auto-
phagic process for cellular function and the adaptation of the
cell to nutrient limitation and to get more detailed insights into
the mechanistic principles of this process, we used a genetic
approach. In a previous study, several autophagocytosis-defec-
tive aut mutants have been isolated (51). These aut mutants are
unable to degrade the cytosolic fatty acid synthase and to
accumulate autophagic vesicles inside the vacuole during pe-
riods of nitrogen starvation. By using the aut3-1 mutant strain,
we isolated the AUT3 gene with the aid of a newly developed
screening procedure based on the sporulation defect of ho-
mozygous aut diploid mutant strains.

We constructed a chromosomal aut3 null mutant strain. The
expected block in the autophagic pathway in this strain was
demonstrated by the lack of autophagic vesicles that normally
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FIG. 3. (A) Homology of the N-terminal part of Aut3p to other kinases. UNC51, CEUNC5IMB_1; KMLC, KMLC_DICDI (MLCK); NPKS, JC1446; CaMK, A49682
(Ca?*/calmodulin-dependent protein kinase); KIN3, YSCKIN3_1; SNF1, SCSNF1. Amino acids 168 to 180 are essential for the kinase activity. (B) Clusters of positively

and negatively charged amino acid residues within Aut3p.

accumulate inside the vacuole during starvation for nitrogen in
the presence of PMSF.

The high importance of autophagocytosis for the degrada-
tion of intracellular proteins was demonstrated by determining
the total protein breakdown rate under starvation conditions in
aut3-1 mutant cells. The measured 82% reduction of proteo-
lysis in aut3-1 mutant cells illustrates the unspecific nature of
autophagocytosis in S. cerevisiae. This is in good agreement

with previous findings obtained with mammalian (28) and yeast
(15) cells. An isogenic strain with pral deleted exhibited the
same 82% reduction in the total protein breakdown rate; a
pralA aut3-1 double mutant strain showed no further cumula-
tive reduction in the protein degradation rate. This confirms
the vacuolar origin of the aut3-dependent autophagic protein
degradation defect. By using indirect immunofluorescence mi-
croscopy, it has already been shown that aut3-1 mutant cells
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FIG. 4. Degradation of total cellular proteins during starvation. pral deletion
strain YMTA (0) and aut3-1 mutant strain YMS31 (@) showed drastically
reduced turnover rates compared to wild-type strain WCG4a (m). No further
decrease in the turnover rate of aut3-1 pral double mutant strain YMS32 (O) was
observed.

are unable to transport cytoplasmic fatty acid synthase to the
vacuolar lumen (51). Taken together, these results demon-
strate that the AUT3-dependent autophagic process in yeast is
responsible for the unspecific transport of cytoplasmic proteins
to the vacuole. The residual 18% protein breakdown under
these conditions is due to nonvacuolar proteolysis.

The block of autophagic protein uptake into the vacuole in
aut3A cells had no significant influence on vacuolar morphol-
ogy as checked by Nomarski optics in a light microscope and by
electron microscopy. Also, vacuolar acidification, checked by
accumulation of the fluorescent dye Quinacrine, appeared nor-
mal.

Besides these morphological criteria, we used an aut3-
deficient strain to investigate the fidelity of other vesicle-me-
diated protein transport pathways. The vacuolar protein-sort-
ing pathway is responsible for proper sorting of resident
vacuolar proteinases like proteinase yscA and carboxypepti-
dase yscY (6, 46, 47). Kinetic analysis of CPY maturation and
steady-state immunoblot analysis of PrA maturation in aut3-1
mutant cells showed correct sorting, maturation, and glycosyl-
ation of these enzymes (19). We checked the efficiency of the
secretory pathway (40, 41) by monitoring the appearance of

% viable colonies

0 1 2 3 4 5 6 7
time [days]

FIG. 5. Survival during starvation in 1% potassium acetate. Like the pral

mutant strain (), aut3 null mutant strain YMS30 (®) and aut3-1 pral double

mutant strain YMS32 (O) showed a drastically reduced survival rate compared to
wild-type strain WCG4a (m).
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MDY-64

A Nomarski

FIG. 6. (A) The vacuole of aut3 null mutant strain YMS30 is morphologically
similar to the vacuoles of wild-type (wt) strain WCG4a as checked by light
microscopy with Nomarski optics and by applying the vacuolar membrane stain
MDY-64. (B) pH-dependent accumulation of the fluorescent dye quinacrine in
the vacuolar lumen. Vacuolar staining of aut3A cells is not distinguishable from
that of wild-type cells, indicating that acidification of the vacuole occurs normally
in qut3 mutant cells. Bars, 5 pm.

invertase activity in the extracellular medium. Fluid phase en-
docytosis (36) was checked by monitoring the uptake of the
fluorescent dye Lucifer Yellow. All of these processes showed
wild-type characteristics. These findings suggest that auto-
phagocytosis is no essential prerequisite for vacuolar protein
sorting, endocytosis, or secretion but constitutes a new route
delivering cytosolic proteins to the vacuole. In mammalian
cells, the appearance of endocytosed material in autophagic
vacuoles has been demonstrated (17, 32, 52), but the normal
pathway of autophagocytosis seems to be the fusion of auto-
phagic vacuoles with lysosomes (12, 13, 30).
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FIG. 7. (A) Secretion of invertase at wild-type level in aut3 mutant cells. In
the supernatants of wild type (m) strain WCG4a and aut3 deletion strain YMS30
(@), invertase activity increased with similar kinetics after induction. (B) Vacu-
olar staining of aut3 null mutant cells with the fluid phase endocytosis marker
Lucifer Yellow is indistinguishable from that of wild-type (wt) cells. Bar, 5 pm.

Under nutrient limitation conditions, autophagocytosis con-
stitutes an essential process for cellular function. Under these
conditions, aut3A cells had a significantly lower survival rate
than a wild-type strain and sporulation of homozygous aut3A
diploid cells was abolished.

The resident vacuolar aminopeptidase I is synthesized as an
inactive cytoplasmic precursor, which is taken up by the vacu-
ole with a half time of about 45 min independently of the
secretory and vacuolar protein-sorting pathway. Inside the vac-
uole, precursor API becomes mature API in a proteinase yscB-

Nomarski mssssm GFP-Aut3p

FIG. 8. Intracellular localization of the GFP-Aut3 fusion protein. Bar, 5
pm.

J. BACTERIOL.

dependent manner (25). Seventeen complementation groups
of cvt mutant strains with a defect in the selective cytoplasm-
to-vacuole targeting of precursor API have been isolated (19,
20). Aut3-1 mutant cells are impaired in the uptake of the
cytoplasmic API precursor into the vacuole, and an allelism of
the aut3-1 mutant strain with the cvtJ0-1 mutant strain has
been found (19). This demonstrates an essential function of
Aut3p in the selective and rapid translocation of precursor API
from the cytoplasm to the vacuole.

On the basis of the use of a GFP-Aut3 fusion protein, a
cytoplasmic localization of Aut3p was proposed. The localiza-
tion of some fusion protein in the vacuole of wild-type cells
after starvation is most likely due to the action of the autoph-
agic process itself.

Aut3p shows significant homologies to a large number of
serine/threonine kinases. An indication of kinase involvement
in the autophagic process in mammalian cells has been found
(4, 22, 23). In those studies, an inhibitory effect due to the
action of kinases was suggested. A chromosomal deletion of
AUTS3, in contrast, leads to a recessive block of autophagocy-
tosis. This suggests that phosphorylation of a target protein
through Aut3p activates the autophagic process. One probable
function of Aut3p might be involvement in a signal transduc-
tion cascade, probably nutrient sensing. A serine-rich region in
Aut3p (amino acids 495 to 526) might also imply regulation of
this kinase by phosphorylation.

Kinases have also been found to be implicated in the vacu-
olar protein-sorting pathway (46). The elongation of the ER
seen in aut3-deficient cells may indicate a function of Aut3p in
the biogenesis of autophagic vesicles at the ER. Further stud-
ies to clarify the exact function of AUT3 in autophagocytosis
are underway.
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