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Abstract We here identify Mai1p, a homologue of the
autophagy protein Aut10p, as a novel component essential for
proaminopeptidase I (proAPI) maturation under non-starvation
conditions. In mai1vv cells mature vacuolar proteinases are
detectable and vacuolar acidification is normal. In mai1vv cells
autophagy occurs, though at a somewhat reduced level. This is
indicated by proAPI maturation during starvation and accumu-
lation of autophagic bodies during starvation with phenyl-
methylsulfonyl fluoride. Homozygous diploid mai1vv cells
sporulate, but with a slightly reduced frequency. Biologically
active Ha-tagged Mai1p, chromosomally expressed under its
native promoter, is at least in part peripherally membrane-
associated. In indirect immunofluorescence it localizes to the
vacuolar membrane or structures nearby. In some cells Ha-
tagged Mai1p appears concentrated at regions adjacent to the
nucleus. ß 2002 Published by Elsevier Science B.V. on behalf
of the Federation of European Biochemical Societies.
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1. Introduction

Aminopeptidase I, a vacuolar enzyme, is synthesized as a
cytosolic proform, and proteolytically matured upon arrival in
the vacuole. In contrast to other vacuolar proteinases pro-
aminopeptidase I (proAPI) does not enter the classical route
via the endoplasmic reticulum and Golgi to the vacuole [1]. In
non-starved cells proAPI instead uses the cytoplasm to vacu-
ole targeting (cvt) pathway and in cells starved for nitrogen it
is targeted to the vacuole via autophagy. For reviews see [2,3].

The cvt pathway starts with the formation of 150 nm diam-
eter double membrane-layered vesicles (cvt vesicles), which
speci¢cally enclose proAPI, but exclude cytosol [4]. The outer
membrane layer of these cvt vesicles fuses with the vacuolar
membrane and a still membrane-enclosed cvt body is released
to the vacuolar lumen. After disintegration of this vesicle,
proAPI is matured by proteinase B. In starved cells auto-
phagy is induced and proAPI is targeted via this otherwise
unspeci¢c process to the vacuole. Autophagy and the cvt
pathway are mechanistically very similar and share most of
their molecular components [5,6]. Even though during
autophagy signi¢cantly larger V300 nm transport vesicles

(autophagosomes) are formed, which unspeci¢cally enclose
parts of the cytosol.

Beside the extensive mechanistical and genetic overlap be-
tween autophagy and the cvt pathway a number of gene prod-
ucts such as Tlg2p [7], Vps45p [7], Vac8p [8] and Cvt19p [9,10]
have been identi¢ed. These are only required for the cvt path-
way but not for autophagy. On the other hand, gene products
such as Apg17p are only needed for autophagy [11].

The molecular principles of autophagy have interested us
for many years. Based on our initial EMS mutagenesis screen
[12] we identi¢ed eight autophagy (AUT) genes. Since identi-
¢cation of mutated genes by complementation with a genomic
library is time consuming, we started a reverse genetics ap-
proach using the V5000 yeast deletion strains, generated in
the world wide `Yeast Deletion Project'. We screened these
strains for defects to survive nutrient limitation, a phenotype
of autophagy mutants, using a simple colony-based pheno-
type. On starvation plates containing the red dye phloxine B
[13] starvation sensitive colonies turn red, due to the staining
of dead cells.

This screen identi¢ed V1300 strains, which we further an-
alyzed in immunoblots for defects in proAPI maturation. We
thus identi¢ed AUT8 and AUT10, as novel autophagy genes,
which both also a¡ect the cvt pathway [14,15]. Interestingly,
Aut10p shares signi¢cant homologies with Ypl100wp and
Ygr223wp, two Saccharomyces cerevisiae proteins of unknown
function. Here we identify the essential function of Ypl100wp
(Mai1p) for proAPI maturation under non-starvation condi-
tions. In mai1v cells mature vacuolar proteinase B and car-
boxypeptidase Y are detectable and quinacrine accumulation
indicated normal vacuolar acidi¢cation. Interestingly, Mai1p
is not essential for autophagy. In mai1v cells starved for nitro-
gen, proAPI is matured and in the presence of the proteinase
B inhibitor phenylmethylsulfonyl £uoride (PMSF) autophagic
bodies accumulated in the vacuole. Indirect immuno£uores-
cence localized a biologically active Ha-tagged Mai1p ex-
pressed from the chromosome under its endogenous promoter
to parts of the vacuolar membrane or structures closely at-
tached. Most interestingly, Mai1p appeared concentrated in
regions of the vacuolar membrane adjacent to the nucleus in
some cells.

2. Materials and methods

2.1. Strains, media, antibodies and reagents
Standard media were used [16]. Starvation medium contained 1%

potassium acetate. Antibodies: anti-Ha: clone 16B12 (BabCo, USA);
anti-3-phosphoglycerate kinase, anti-carboxypeptidase Y (Molecular
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Probes, Leiden, The Netherlands); horseradish peroxidase (HRP)-
conjugated goat anti-rabbit (Medac, Hamburg, Germany) and
HRP-conjugated goat anti-mouse (Dianova, Hamburg, Germany);
anti-proAPI [14].

Chemicals: zymolyase 100T (Seikagaku, Tokyo, Japan); PMSF
(Sigma, Deisenhofen, Germany); oligonucleotides (MWG-Biotec,
Ebersberg, Germany), other analytical grade chemicals were from
Sigma or Merck (Darmstadt, Germany). For immunoblots we used
the ECL detection kit (Amersham, Braunschweig, Germany).

YHB4 and YHB5, isogenic to WCG4a MatK ura3 his3-11,15 leu2-
3,112 [17], were generated as described below. Homozygous diploid
strains isogenic to BY4743 (MATa/MATK his3v1/his3v1 leu2v0/
leu2v0 met15v0/MET15 LYS2/lys2v0 ura3v0/ura3v0) were from
Euroscarf, Frankfurt, Germany.

2.2. MAI1 chromosomal deletion
A PCR fragment with the kanamycin resistance gene £anked by

MAI1 sequences was generated using pl100w-1 (TTCCACTCCTTTG-
GATTTGAAATAGACAGATAGAAAAGGATCAGCTGAAGCT-
TCGTACGC), and pl100w-2 (CGTACAATATCTATTAAGATTA-
TGAAAACTGCACATATGCAGCATAGGCCACTAGTGGATCT-
G) and plasmid pUG6 [18]. Chromosomal replacement of MAI1 with
this fragment in WCG4a yielded YHB4. Gene replacement was con-
¢rmed by Southern analysis (not shown).

2.3. Probing vacuolar acidi¢cation
Cells were washed in 10 mM HEPES, 2% glucose pH 7.4, incubated

in this bu¡er for 3^5 min with 200 WM quinacrine [19] and washed
with bu¡er again. Cells were then viewed using a Zeiss Axioskop 2
plus £uorescence microscope.

2.4. Determination of sporulation frequency
Homozygous diploid cells grown to stationary phase were shifted to

1% K-acetate. After 3 and 6 days at room temperature the number of
sporulated cells was counted and expressed as percentage of total
cells. In the genetic background used (BY4743, Euroscarf, Frankfurt,
Germany) large amounts of diades were often seen in addition to
tetrads. Sporulated cells are counted as the sum of both.

2.5. Ha-tagging of Mai1p
YHB5 was made by chromosomal integration of a PCR fragment

consisting of a triple Ha-tag and a Schizosaccharomyces pombe HIS5
marker in WCG4a. The fragment was generated with plasmid
p3xHA-HIS5 (S. Munroe, Cambridge, UK), and primers PL100w-
HA-1 (ACCTGGTGAATGTGTGCT GACTAAAAATAA TAAAT-
TTACACAT CATCATCATCATCATG GAGCAGGGGCGGG-
TGC), and PL100w-HA-2 (CGTACAATATCTA TTAAG ATTAT
GAA AACTGCACATA TGCAGAGGTCGACGGTATCGATA-
AG). Transformants were selected on plates lacking histidine. South-
ern blotting con¢rmed correct gene replacement (not shown).

2.6. Indirect immuno£uorescence
Immuno£uorescence was done according to [20] with the following

modi¢cations. Cells were ¢xed for 2 h at room temperature by adding
3.5% formaldehyde and 1 M potassium phosphate pH 6.5 to a con-
centration of 100 mM. After washing three times with SP bu¡er (1.2
M sorbitol, 0.1 M KH2PO4 pH 6.5), the cells were resuspended in SP
bu¡er containing 20 mM L-mercaptoethanol and 45 Wg/ml zymolyase
100T and spheroplasted at 30³C for 30 min. After incubation with
mouse anti-Ha antibody, Cy13-conjugated goat anti-mouse IgG (Di-
anova, Hamburg, Germany) served as the secondary antibody. Cells
were then covered with Citi£uor containing DAPI (200 Wl Citi£uor+8
Wl DAPI (1 Wg/ml)) and visualized with a Zeiss Axioskop 2 plus with
an Axiocam image system. Overlays were pseudo-colorized with Pho-
toshop.

2.7. Membrane association of Mai1-Hap
Stationary cells spheroplasted with oxalyticase were hypotonically

lysed as described [9]. Aliquots were then incubated with equal vol-
umes of bu¡er, 5 M urea, 0.2 M Na2CO3 (pH 11.2), 2 M K-acetate or

Fig. 1. ProAPI maturation is impaired in non-starved mai1v cells.
Extracts of cells of the stationary phase (lanes 1, 2, 5, and 8),
starved for 4 h (lanes 3, 6, and 9) or 24 h (lanes 4, 7, and 10) in
1% K-acetate were separated by SDS^PAGE, electroblotted on
PVDF membrane and probed with antibodies against proAPI.
apg12v cells, defective in autophagy, and pep4v cells, lacking vacuo-
lar proteinase A, are included. wt: wild-type; proAPI: proamino-
peptidase I; mAPI: mature aminopeptidase I.

Fig. 2. Mai1p is not essential for autophagy. A: Nomarski optics
visualizes autophagic bodies accumulating in the vacuole of mai1v
cells starved for 4 h in 1% K-acetate in the presence of the protein-
ase B inhibitor PMSF. aut1v cells are defective in autophagy. Bar:
10 Wm. B: Homozygous diploid mai1v cells can sporulate. Station-
ary grown cells were incubated in 1% K-acetate and the number of
sporulated cells (both diades and tetrads, see Section 2.4) was
counted after 3 and 6 days and expressed as percentage of total
cells. Cells defective in autophagy (apg12v) are included. The aver-
age of four independent measurements is shown.

C
Fig. 3. Mai1p shows homologies with the S. cerevisiae proteins
Aut10p and Ygr223cp and V30 proteins from di¡erent species. A:
Clustal alignment [24] shows that homologies are not restricted to
the putative WD-40 repeats of Mai1p (hatched boxes). Residues
identical with Mai1p are shaded. B: Phylogenetic analysis (using
Clustal) groups the homologues in subfamilies, interestingly Mai1p
is the sole member of its subfamily.
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2% Triton X-100, respectively. Centrifugation for 1 h at 100 000Ug
then yielded supernatant and pellet fractions.

3. Results

3.1. ProAPI maturation is impaired in non-starved mai1v
(ypl100wv) cells

We screened the V5000 yeast deletion strains of the `Yeast
Deletion Project' for strains with a reduced ability to survive
nitrogen starvation. This phenotype, typical for autophagy
mutants and to a signi¢cantly less extent also for strains de-
fective in the cvt pathway, was monitored on starvation plates
containing the red dye phloxine B. Since more than 1300
deletion strains were positive, we further analyzed in immu-
noblots the proAPI maturation in non-starved cultures of
these cells. We here identify ypl100wv cells in this screen.
Due to the defect in maturation of proaminopeptidase I we
termed this gene MAI1.

For further analysis we chromosomally deleted ypl100w
(MAI1) in our wild-type WCG4a (see Section 2.2) and con-
¢rmed gene replacement by Southern analysis (not shown).
ProAPI is transported to the vacuole via autophagy in starv-
ing cells and via the cvt pathway in non-starved cells. As
expected in our background a signi¢cant defect in proAPI
maturation is also seen in mai1v cells under non-starvation
conditions (Fig. 1, lane 5). This shows the requirement of
Mai1p for proAPI maturation under conditions where the
cvt pathway is active. However, shifting the cells to nitro-
gen-free starvation medium for 4 and 24 h, respectively, res-
cued this maturation defect (Fig. 1, lanes 6 and 7), suggesting
the occurrence of starvation-induced autophagy.

3.2. Mai1p is not essential for autophagy
In the vacuolar lumen of wild-type cells autophagic bodies

are rapidly broken down, dependent on vacuolar proteinase B
[21]. Addition of the proteinase B inhibitor PMSF to starving
wild-type cells therefore leads to the accumulation of autopha-
gic bodies in the vacuole [21]. Since autophagic bodies are
visible in Nomarski optics, this is an easy way to monitor
autophagy (Fig. 2A). Consistent with proAPI maturation dur-
ing starvation, autophagic bodies accumulate in mai1v cells
under these conditions (Fig. 2A). A slightly reduced number
of autophagic bodies per vacuole indicates the occurrence of
autophagy, even if at a slightly reduced level compared to
wild-type cells. Autophagy mutants are unable to undergo
the cell di¡erentiation process of sporulation [22]. We also
used this phenotype to assess the autophagic capacity of ho-
mozygous diploid mai1v cells. These cells sporulate, however
the sporulation frequency (see Section 2.4), determined in an
average of four independent experiments, only reached V65%
of the wild-type level (Fig. 2B). This further supports that
autophagy occurs in mai1v cells, but at a somewhat reduced
level.

3.3. Homologues and features of Mai1p
MAI1 encodes a 496 amino acid protein with a calculated

molecular mass of 55 kDa. No putative transmembrane do-
mains are predicted. Search for motives identi¢ed three puta-
tive WD40 repeats from amino acids 284^325, 335^376, and
442^479, respectively (Fig. 3A). Mai1p is not classi¢ed as a
typical WD repeat protein, however, since WD repeat pro-
teins contain at least four repeats [23]. WD repeat proteins,

Fig. 4. A: Mature vacuolar proteinase B and carboxypeptidase Y
are detectable in mai1v cells. Crude extracts of cells grown to the
stationary growth phase (lanes 1, 4, and 7) starved for 4 h (lanes 2,
5, and 8) or 24 h (lanes 3, 6, and 9) in 1% K-acetate were subjected
to SDS^PAGE, transferred to PVDF membrane and probed with
antibodies against proteinase B (PrB) (upper panel), or carboxypep-
tidase Y (CPY) and 3-phosphoglycerate kinase (PGK) (lower panel).
pro: proform; m: mature. B,C: Accumulation of the £uorescent
dye quinacrine in the vacuole of mai1v cells indicates normal vacuo-
lar acidi¢cation. Cells grown to the stationary growth phase (B) or
starved for 4 h in 1% K-acetate (C) were stained with quinacrine
(see Section 2.3) and visualized with Nomarski (left) and £uores-
cence microscopy (middle). An overlay of Nomarski and £uores-
cence is on the right. vma1v cells are defective in vacuolar acidi¢ca-
tion. WCG: wild-type. Bar: 10 Wm. D: mai1v cells are able to lyse
autophagic bodies inside their vacuoles. aut5v [20] cells are defective
in lysing autophagic bodies. Cells were starved for 4 h in 1% K-ace-
tate and visualized with Nomarski optics. Bar: 10 Wm.
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a well studied member is the GL subunit of heterotrimeric G-
proteins, are thought to act as a sca¡old for interactions with
other proteins. Mai1p has over 30 homologues in various
species like Neurospora crassa, S. pombe, Caenorhabditis ele-
gans, Homo sapiens, Drosophila melanogaster and Arabidopsis
thaliana (Fig. 3A,B). Mai1p is a homologue to Aut10p (19%
identity) and Ygr223cp (14% identity) from S. cerevisiae. Phy-
logenetic analysis using Clustal [24] suggests the existence of
three subfamilies, each containing one of the yeast homo-
logues. Most interestingly, Mai1p is the only representative
of its subfamily (Fig. 3B).

3.4. Mature vacuolar proteinases are detectable in mai1v cells
and vacuolar acidi¢cation is wild-type like

A prerequisite for maturation of proAPI is the presence of
mature vacuolar proteinase B. We analyzed crude extracts of
mai1v cells starved for nitrogen (Fig. 4A, lanes 2 and 3) and
from the stationary growth phase (Fig. 4A, lane 1) in immu-
noblots and detected signi¢cant amounts of mature vacuolar
proteinase B and carboxypeptidase Y.

Vacuolar disintegration of autophagic bodies further re-
quires vacuolar acidi¢cation [25]. Vacuolar acidi¢cation is in-
dicated by the accumulation of the £uorescent dye quinacrine
[19] in the vacuole. In both starved and non-starved mai1v
cells quinacrine accumulated in the vacuole suggesting normal
vacuolar acidi¢cation (Fig. 4B,C).

In mai1v cells, starved for nitrogen without PMSF, no au-
tophagic bodies are visible in the vacuole (Fig. 4D). The abil-
ity to break down autophagic bodies further con¢rms both
the presence of mature vacuolar proteinases and normal vac-
uolar acidi¢cation.

3.5. Biologically active Ha-tagged Mai1p is recruited to the
vacuolar membrane or structures nearby

To localize Mai1p, we generated a chromosomally inte-
grated triple Ha-tagged Mai1p (Mai1-Hap) expressed from
its native promoter. As detailed in Section 2.5, we chromoso-
mally integrated a PCR fragment consisting of a triple Ha-tag
and an auxotrophic marker at the 3P-terminus of the MAI1
gene. Southern analysis con¢rmed correct integration (not
shown). Chromosomally expressed Mai1-Hap was clearly de-
tectable at the expected molecular mass of V60 kDa in im-

C
Fig. 5. A: A triple Ha-tagged Mai1p (Mai1-Hap) expressed from
the chromosome under its native promoter is biologically active as
indicated by proAPI maturation under non-starvation conditions.
Extracts of cells grown to the stationary growth phase (lanes 2 and
5) or starved for 4 h in 1% K-acetate (lanes 1, 3, 4, and 6) were
subjected to SDS^PAGE, electroblotted on PVDF membrane and
probed with antibodies against Ha (upper panel), proAPI (middle
panel) and 3-phosphoglycerate kinase (PGK) (lower panel). ProAPI:
proaminopeptidase I; mAPI: mature aminopeptidase I. B,C: Indi-
rect immuno£uorescence microscopy of cells expressing under its en-
dogenous promoter a triple Ha-tagged Mai1p from the chromo-
some. White arrowheads show regions adjacent to the nucleus
where Mai1-Hap appears concentrated in some cells. Black arrow-
heads mark o¡shoots to the nucleus. Cells grown to the stationary
growth phase (B) or starved for 4 h in 1% K-acetate (C) were ¢xed,
spheroplasted and processed for indirect immuno£uorescence with
antibodies against Ha (see Section 2.6). From bottom to top: No-
marski, nuclear staining with DAPI, immuno£uorescence and an
overlay is shown. D: Wild-type cells lacking a Ha-tag. From left to
right: immuno£uorescence, nuclear staining with DAPI and Nomar-
ski. Bar: 10 Wm.
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munoblots using antibodies against Ha (Fig. 5A, lanes 1 and
2). Biological activity of the Ha-tagged Mai1p (Mai1-Hap) is
indicated by proAPI maturation in non-starved cells (Fig. 5A,
lane 2, middle panel).

Indirect immuno£uorescence microscopy with an anti-Ha
antibody detected Mai1-Hap in non-starved cells at punctate
structures near or on the vacuolar membrane and in the cy-
tosol (Fig. 5B). Cytosolic staining appeared somewhat granu-
lated. In cells starved for 4 h in nitrogen-free medium (Fig.
5C) a signi¢cant staining of the vacuolar rim was also seen.
The limited resolution of microscopy prevents to clearly dis-
tinguish whether the vacuolar membrane itself or structures
nearby were stained. Compared to non-starved cells more
Mai1-Hap seemed to be concentrated at the vacuolar surface.
Most interestingly, Mai1-Hap appeared focused at regions of
the vacuolar membrane adjacent to the nucleus in some cells
(Fig. 5C, white arrowheads). Furthermore, in some cells, o¡-
shoots from the vacuolar membrane are seen in proximity of
the nucleus (Fig. 5C, black arrowheads). Consistent with the
localization, Mai1-Hap is at least in part peripherally mem-
brane-associated (Fig. 6).

4. Discussion

Mai1p is a homologue to Aut10p and Ygr223cp of S. ce-
revisiae and V30 proteins from yeast to humans. Phyloge-
netic analysis groups the homologues in three subfamilies
(Fig. 3B), each containing one yeast homologue. Since
Mai1p is the sole representative of his subfamily this might
suggest a speci¢c function of this protein for yeast. In a pre-
vious study we identi¢ed Aut10p as a component of both
autophagy and the cvt pathway [15]. We now show that
Mai1p is essential for proAPI maturation in non-starved cells,
conditions where the cvt pathway is active (Fig. 1). However,
Mai1p is not essential for starvation-induced autophagy (Figs.
1 and 2). Mai1p in this respect resembles Tlg2p, Vps45p, and
Vac8p [7,8]. tlg2v, vps45v and vac8v cells are defective in the
cvt pathway, but after starvation induction of autophagy
proAPI is matured. It is presumed that these proteins a¡ect
a step speci¢c for the cvt pathway, like for example formation
of cvt vesicles or conversion between the cvt pathway and

autophagy. Further extensive studies are necessary to clarify
whether Mai1p plays a similar role in maturation of proAPI.

One might speculate about a similar function of Ygr223cp,
the third yeast homologue. We also generated ygr223cv cells
in our background and included these cells in our experiments
(not shown). Negative results are di¤cult to communicate,
but under the conditions used no obvious phenotype could
be detected for ygr223cv cells. We therefore expect that
Ygr223cp either has a redundant function or acts in another
pathway.

This ¢ts well with a most recent phenotypic analysis of
these three open reading frames. Also in this study no speci¢c
phenotype was found for ygr223cv cells [26]. Based mainly on
growth phenotypes on several media, the authors expect that
the three proteins are not part of the same pathway, and
speculate that Yfr021wp (Aut10p) and Ypl100wp (Mai1p)
might be related to amino acid signalling pathways. Interest-
ingly, a mai1v aut10v ygr223cv triple deletion strain did not
grow on a speci¢c acetate medium at 15³C, but the double
deletion strains did [26]. This suggests that unless each of the
proteins has a distinct function, there is some functional rela-
tionship between all three proteins.

Mai1p lacks obvious transmembrane domains. Indeed in
indirect immuno£uorescence a biologically active Ha-tagged
Mai1p expressed at physiological levels is seen partly in the
cytosol (Fig. 5B,C). However, a signi¢cant amount of Mai1-
Hap is recruited to the vacuolar membrane or structures near-
by (Fig. 5B,C). Interestingly, Mai1-Ha appeared focused in
some cells on the vacuolar membrane adjacent to the nucleus
(Fig. 5C, white arrowheads). Sometimes o¡shoots from the
vacuolar surface to the nucleus are also visible (Fig. 5C, black
arrowheads). Mai1-Hap is at least in part peripherally at-
tached to a membrane (Fig. 6). It is tempting to speculate
that this is due to interaction with still unknown membrane
proteins. Identi¢cation of such putative interaction partners
should give further insights in the function of Mai1p.
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