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Abstract Here we identify Monlp as being essential for the
cvt-pathway and autophagy. Thus, monlA cells are impaired in
proaminopeptidase I maturation and homozygous diploid monlA
cells do not sporulate. Quantitative autophagy measurements
suggest a complete autophagy block. The autophagosomal
marker protein GFP-Aut7p accumulates in monlA cells at punc-
tate structures outside the vacuole. Furthermore, proaminopep-
tidase I accumulates in monlA cells in a proteinase-protected
form. Our data demonstrate that monlA cells are defective in
the fusion of cvt-vesicles and autophagosomes with the vacuole.
Consistent with this, GFP-Monlp localizes to the cytosol and to
punctate structures within the cytosol.

© 2002 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction

The MONI gene was initially identified in a screen for
knockout mutants that cause hypersensitivity against the
drugs monensin and brefeldin A [1]. These drugs are supposed
to interfere with intracellular protein transport processes.
Consistently, MONI also appeared in a genomic screen for
mutants that secrete the vacuolar CPY [2]. It was further
shown that monlA cells have fragmented vacuoles and that
they are defective in the maturation of both vacuolar carboxy-
peptidase Y and proteinase A. A retardation of vacuolar al-
kaline phosphatase maturation was also observed. These stud-
ies suggest a function of Monlp during vacuolar protein
sorting, but did not reveal where Monlp functions within
this pathway.

We are interested in the molecular mechanisms of the au-
tophagic protein transport in Saccharomyces cerevisiae. Auto-
phagy unspecifically delivers parts of the cytoplasm for deg-
radation to the vacuole [3,4]. This starvation-induced
recycling pathway assures cell survival during starvation.
Mechanistically, autophagy starts at the preautophagosomal
(perivacuolar) structure [5,6], where double membrane trans-
port vesicles (autophagosomes) are formed [7]. Autophago-
somes can enclose not only cytosolic material but also organ-
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elles, such as mitochondria, parts of the ER and peroxisomes.
After fusion of the autophagosomal outer membrane with the
vacuole, membrane-enclosed autophagic bodies are released
into the vacuole. Vacuolar breakdown of autophagic bodies
and their contents depends on vacuolar proteinase B [§],
Autdp [9] and the putative lipase Cvt17/Aut5p [10,11]. During
starvation proaminopeptidase I is selectively targeted via au-
tophagy to the vacuole, where mature aminopeptidase I is
formed. Under nutrient-rich conditions, however, proamino-
peptidase I transport is taken over by the cvt-pathway. The
cvt-pathway is morphologically very similar to autophagy, but
its transport intermediates (cvt-vesicles) are smaller than au-
tophagosomes and exclude cytosol [12]. Autophagy proteins
are to a large extent also involved in the cvt-pathway.

Here we identify Monlp as a novel component essential for
both the cvt-pathway and autophagy. Thus fluorescence mi-
croscopy using the autophagosomal marker protein GFP-
Aut7p together with data on the accumulation of proamino-
peptidase I in a proteinase K-protected form reveal that
monlA cells have a defect in the vacuolar fusion of cvt-vesicles
and autophagosomes.

2. Materials and methods

2.1. Strains, media, antibodies and reagents

Standard media were used [13]. Starvation medium: 1% potassium
acetate or SD-N (0.17% yeast nitrogen base without amino acids and
ammonium sulfate, 2% glucose).

Antibodies: anti-green fluorescent protein (GFP), anti-3-phospho-
glycerate kinase (PGK), and anti-carboxypeptidase Y (CPY) (Molec-
ular Probes, Leiden, The Netherlands), horseradish peroxidase
(HRPO)-conjugated goat anti-rabbit (Medac, Hamburg, Germany)
and HRPO-conjugated goat anti-mouse (Dianova, Hamburg, Ger-
many), anti-proaminopeptidase 1 [14].

Chemicals: oxalyticase (Enzogenetics, Corvallis, OR, USA), phe-
nylmethylsulfonylfluoride (PMSF) (Sigma, Deisenhofen, Germany),
PVDF-membrane (Bio-Rad, Hercules, CA, USA), oligonucleotides
(MWG Biotec, Ebersberg, Germany), restriction enzymes (Roche,
Mannheim, Germany). Other analytical grade chemicals were from
Sigma (Munich, Germany) or Merck (Darmstadt, Germany). Immu-
noblots were developed with an ECL detection kit (Amersham,
Braunschweig, Germany).

2.2. MONI and PHOS8 chromosomal deletion

A PCR fragment conferring kanamyecin resistance was created with
plasmid pUGS6 [19] and the primers: S-MON1 TCTATCAAAGTA-
CACAAACGTAGAATCAGTACATCGGAACT and AS-MONI
AATAACCTCCCTGTCACAAGTTAAAACACGGCCCCATCAC.
This fragment was used to chromosomally delete MONI in WCG4a,
yielding YKMW?2 (Table 1). Gene replacement was confirmed by

0014-5793/02/$22.00 © 2002 Federation of European Biochemical Societies. Published by Elsevier Science B.V. All rights reserved.

PII: S0014-5793(02)03456-7


mailto:thumm@po.uni-stuttgart.de

K. Meiling-Wesse et al.[FEBS Letters 530 (2002) 174-180

Southern (not shown). YUE63, YUE66, YKMW22, YKMW20 were
created using the pho8A::LEU2 deletion plasmid pGF10 [20].

2.3. Determination of sporulation frequency

Stationary phase homozygous diploid cells were shifted to 1% po-
tassium-acetate. After 3, 6 and 10 days at room temperature the
number of sporulated cells was counted and expressed as a percentage
of the total cells. In the genetic background used (BY4743, Euroscarf,
Frankfurt, Germany), dyads are often seen in addition to tetrads.
Both were counted as sporulated cells.

2.4. Alkaline Phosphatase Assay

The pho8A::LEU2 deletion strains were transformed with the
Pho8A60-expression plasmid pCC5 [21]. Enzymatic activity was mea-
sured as described [22] with the following modifications. Logarithmi-
cally grown cells were washed with water and resuspended in SD-N
medium. One ODg unit of cells was harvested at each time point and
washed once with water. The cells were then suspended in 0.2 ml of
assay buffer (250 mM Tris-HCI, pH 9.0, 10 mM MgSO,4, 10 uM
ZnSO4) and disrupted by vortexing with glass beads. After centrifu-
gation, 50 pl of the supernatant was added to 0.5 ml of assay buffer
and 50 pl of 55 mM o-naphtylphosphate. After incubation for 15 min
at 30°C, 0.5 ml of 2 M glycine-NaOH (pH 11.0) was added to stop the
reaction. Fluorescence intensity was measured with excitation at 345
nm and emission at 472 nm. Protein concentration was determined
with the BCA method (Pierce, Rockford, IL, USA).

2.5. Proteinase K protection

Proteinase protection was done according to [23] with the following
modifications. 40 ODg units of stationary phase or starved cells were
harvested, washed twice with water and incubated for 15 min in 20
mM DTT containing 100 mM Tris—HCI buffer, pH 9.4. The cells were
then resuspended in 1 M sorbitol, 50 mM sodium phosphate buffer
pH 7.4 containing 50 pg/ml oxalyticase, and spheroplasted at 30°C for
30 min. The spheroplasts were hypotonically lysed by resuspending in
PS200 (20 mM potassium-PIPES, 200 mM Sorbitol, pH 6.8 with
5 mM MgCly). Cell debris was removed by repeated centrifugation
and the supernatant divided into three 300-ul fractions. 300 ul PS200,
PS200 with 50 pg/ml Proteinase K, and PS200 with 50 ug/ml Protein-
ase K and 0.4% Triton X-100 were added to each fraction, respec-
tively. After 15 min on ice, digestion was stopped through trichloro-
acetic acid precipitation.

2.6. GFP-Aut7p degradation

Mid-log cells grown in SMD were starved in SD-N. One ODgg
unit of cells was hourly harvested for 4 h. The samples were processed
for immunoblotting. Plasmid pGFP-AUT7 is described in [5].

2.7. Generation and localization of GFP-Monl

MONI1 was amplified from BY4742 (Euroscarf, http://www.uni-
frankfurt.de/fbl5/mikro/euroscarf/) genomic DNA using the primers
TCGGATCCATGAATCTCAATGAAAGC and ATGAATTCCCT-
GTCACAAGTTAAAACAC. The PCR fragment was cleaved with
BamHI and EcoRI and cloned into the corresponding sites of the
N-terminal GFP-fusion vector pUG36 (Guldener and Hegemann,
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http://mips.gsf.de/proj/yeast/info/tools/hegemann/gfp.html) to create
pGFPMONI1. BY4742 cells were transformed with pUG36 and
pGFPMONI. Transformants incubated on SC solid media, depleted
of methionine to induce the MET25 promoter, were immobilized in
0.7% agarose. Images were obtained with a Zeiss Axiovision 2.05
microscope, using a Plan NeoFluar 40X/0.75 objective equipped
with a DIC or FITC filter.

3. Results

3.1. Monlp is essential for maturation of proaminopeptidase I

In the yeast deletion project a collection of ~ 5000 deletion
strains, each deleted for a single open reading frame, was
generated. This collection covers the non-essential part of
the yeast genome, corresponding to ~ 85% of the whole ge-
nome. We previously screened this deletion collection for
strains with a reduced ability to survive during nitrogen star-
vation, a characteristic but not unique phenotype of autopha-
gy mutants [24]. Since this quite pleiotropic assay identified
over 1000 strains, we further checked these 1000 strains for
defects in proaminopeptidase I maturation, which indicate a
more specific defect in autophagy. We here report detection of
monlA cells in this screen. For further characterization we
chromosomally deleted MONI in the WCG4a background
with a PCR-generated cassette conferring kanamycin resis-
tance (see Section 2.2). Gene replacement was confirmed by
Southern (not shown).

In non-starved cells, where the cvt-pathway is active, no
mature proaminopeptidase I was detectable (Fig. 1, lane 4),
whereas the enzyme is fully processed in wild-type cells due to
the active cvt-pathway (Fig. 1, lane 3). Furthermore, starva-
tion for extended times (up to 24 h), which induced autophagy
in wild-type cells, did not overcome the proaminopeptidase I
maturation defect in moniA cells (Fig. 1, lanes 5 and 6). Since
maturation of proaminopeptidase I requires mature vacuolar
proteinase B [25], we checked for the presence of mature pro-
teinase B in monlA cells. Consistent with the previously de-
scribed vacuolar protein sorting defects [2], we found that
non-starved monlA cells contain some proproteinase B (Fig.
1, lane 4); however, enough mature proteinase B is present
(Fig. 1, lanes 4-6). Taken together, this suggests an essential
function for Monlp in the cvt-pathway and autophagy.

3.2. Quantitative analysis of autophagy in monlA cells
To quantify the autophagic defect of monlA cells, we used
the Pho8A60-assay established by Noda et al. [22]. Alkaline

Table 1

Strain Genotype Reference
WCG4a Mat o his3-11,15 leu2-3 ura3 [15]
YKMW2 WCG4a Mat o monlA: : KAN® this study
YKMW7 WCG4a Mat o cczIA: : KANR [16]
YKMWI10 WCG4a Mat a ypt7A::HIS3 [16]
YKMW20 WCG4a Mat o cczIA:: KANR phoSA::LEU2 this study
YKMW22 WCGd4a Mat o monlA:: KANR phoSA::LEU2 this study
YUEG63 WCG4a Mat o phoSA::LEU2 this study
YUE66 WCG4a Mat o aut5A:: KANR phoSA::LEU2 this study

YIS4 WCG4a Mat o aut5A: : KANR

(1]

YMS30 WCG4a Mat a aut3A:: KANR [17]

YMTA WCG4a Mat a, his3-11,15 leu2-3 ura3 pep4A::HIS3 [15]

BY4742 Mato his3A1 leu2AO lys2A0 ura3A0 Euroscarf, Frankfurt,
Germany

BY4743 Mat aloe his3A1lhis3A; 1 leu2A0/leu2 A0 lys2A0ILYS2 METI15/met15A0 ura3A0lura3A0 Euroscarf, Frankfurt,
Germany

DYY101 MATo leu2-3,112 ura3-52 his3-A200 trpl-A901 ade2-101 suc2-A9 apel : : LEU2 [18]
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Fig. 1. Proaminopeptidase I maturation is defective in starved and
non-starved monlA cells. Crude extracts of stationary phase cells
(stat) or cells starved for the indicated times in 1% K-acetate were
immunoblotted and analyzed with antibodies against proaminopepti-
dase 1 (API) (upper panel); CPY and PGK (middle); proteinase B
(PrB) (lower panel). p: proform; m: mature. Wild-type (WCQG),
proteinase A deficient (pep4A) and proaminopeptidase I deficient
cells (apelA) were included as controls.

phosphatase (Pho8p) is synthesized as an inactive precursor,
which is targeted to the vacuole, and then activated proteo-
Iytically. In Pho8A60p the ER import sequence is deleted, the
truncated enzymatically inactive protein therefore accumu-
lates in the cytosol. After starvation induction of autophagy
Pho8A60p is transported to the vacuole and activated. Alka-
line phosphatase activity therefore quantitatively corresponds
to the autophagic capacity [22]. For this assay, we chromo-
somally deleted PHOS in the strains used and expressed
Pho8A60p from a plasmid (see Section 2.4). As shown in
Fig. 2A, autophagy is almost completely blocked in moniA
cells, similar to aut5A cells, which are defective in intravacuo-
lar lysis of autophagic bodies [11,10].

Homozygous diploid autophagy mutants typically are de-
fective in the cell differentiation process of sporulation [3].
Indeed homozygous diploid monlA cells are unable to form
asci (Fig. 2B).

3.3. Autophagy is impaired in monl A cells prior to vacuolar
fusion of autophagosomes

We next wished to determine at which step autophagy is
affected in monlA cells. When yeast cells are starved for nitro-
gen in the presence of the proteinase B inhibitor PMSF, au-
tophagic bodies accumulate in the vacuoles [8]. These vesicles
can be visualized in light microscopy. We detected no auto-
phagic bodies within the fragmented vacuoles of monlA cells
under these conditions (Fig. 3A). However, the fragmented
vacuoles might interfere with detection of autophagic bodies.
We therefore further used a GFP-Aut7 fusion protein as a
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visible marker for cvt-vesicles and autophagosomes [5,6].
Aut7p is involved in the biogenesis of these vesicles and dur-
ing their formation it is specifically enclosed within their lu-
men. In non-starved wild-type cells, GFP-Aut7p is clearly
detectable at the dot-like preautophagosomal structure prox-
imal to the vacuole (Fig. 3B). In starved wild-type cells, it is
transported to the vacuole inside autophagosomes, where
their breakdown release quite proteolysis-resistant GFP (Fig.
3B). As shown in fluorescence microscopy of starved and non-
starved moniA cells, GFP-Aut7p did not enter the vacuoles
but accumulated in multiple dot-like structures outside the
vacuoles (Fig. 3B). This strongly suggests a block of the au-
tophagic pathway before vacuolar fusion of cvt-vesicles and
autophagosomes. Since GFP-Aut7p is degraded inside the
vacuole, resulting in formation of free GFP, we additionally
analyzed GFP-Aut7p degradation in immunoblots to monitor
autophagy. Consistent with microscopy and the quantitative
evaluation of autophagy using Pho8A60p, almost no free GFP
was detectable in monlA cells (Fig. 3C). To indicate the es-
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Fig. 2. Autophagy is blocked in monlA cells. A: Quantitative mea-
surement of autophagy in monlA phoS8A cells expressing Pho8A60p
from a plasmid. In wild-type cells, enzymatically inactive Pho8A60p
is transported via autophagy to the vacuole and proteolytically acti-
vated. At the indicated times aliquots of cells starving in nitrogen-
free SD-N medium are withdrawn and enzymatic activity is mea-
sured (see Section 2.4). Enzymatic activity in wild-type (WCG) cells
after 4 h starvation was set to 100%. aut5A and cczIA cells, which
are defective in autophagy, are included. Further details in the text.
B: Homozygous diploid monlA cells are unable to sporulate. Cells
were incubated in 1% K-acetate at room temperature and at the in-
dicated times the combined number of tetrads and dyads were
counted and expressed as a percentage of total cells.
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Fig. 3. The autophagic block in monlA cells occurs before vacuolar uptake of autophagosomes. A: monlA cells were starved for 4 h in nitro-
gen-free SD-N medium with the proteinase B inhibitor PMSF. Wild-type (WCG) and aut3A cells defective in autophagy were included. Bar:
10 um. B: The autophagosomal marker GFP-Aut7p accumulate in non-starved (upper panel) and starved (4 h in SD-N, lower panel) monlA
cells at punctate structures outside the vacuole. Cells expressing GFP-Aut7p from a centromeric plasmid with its native promotor were ana-
lyzed in fluorescence microscopy. Wild-type (WCG) and ypt7A cells exhibiting a defect in vacuolar uptake of autophagosomes were included.
Bar: 10 um. C: The autophagosomal marker GFP-Aut7p is not degraded in monlA cells. Cells expressing GFP-Aut7p from a centromeric plas-
mid with its endogenous promotor were shifted to nitrogen starvation medium (SD-N). At the indicated times, aliquots were taken and immu-
noblotted with antibodies against GFP, which detects both GFP-Aut7 and free GFP (upper row) and cytosolic PGK (lower row) as a loading
control. Wild-type (WCG), ypt7A, autlOA cells expressing GFP-Aut7p and wild-type cells without GFP-Aut7p (WCG) were included. ypt7A

and autlOA cells are defective in autophagy.

sential function of Monlp in autophagy, we termed it Autl2p,
but will further use the official name Monlp.

3.4. Proaminopeptidase I accumulates in membrane-protected
form in monl A cells

To further dissect, at which step the cvt-pathway and au-
tophagy are impaired in monlA cells, we checked whether
proaminopeptidase I, another specific cargo of cvt-vesicles
and autophagosomes, accumulates in protease-accessible or
membrane-protected form. We used non-starved monlA cells
to check the effect on the cvt-pathway (Fig. 4A) and cells
starved for nitrogen to evaluate autophagy (Fig. 4B). Under
both conditions, treatment of hypotonically lysed sphero-
plasted monlIA cells with proteinase K did not result in deg-

radation of proaminopeptidase I (Fig. 4A and B, lane 5).
Treatment with proteinase K together with the detergent Tri-
ton X-100, however, led to degradation of proaminopeptidase
I (Fig. 4A and B, lane 6). As controls, we included apglA
(aut3A) cells, impaired in formation of cvt-vesicles and auto-
phagosomes, and ypt7A cells, defective in vacuolar fusion of
these vesicles. To exclude that membrane protection is mim-
icked by unlysed cells, we additionally separated the hypotoni-
cally lysed spheroplasts in a 10000 X g pellet (Fig. 4A and B,
lane 2) and supernatant (Fig. 4A and B, lane 3). The lack of
cytosolic PGK in the pellet fractions confirms the absence of
contaminating whole cells. These findings show that in moniA
cells cvt-vesicles and autophagosomes are still formed but are
unable to fuse with the vacuole.
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Fig. 4. In non-starved (A) and 4 h in SD-N starved (B) moniA cells proaminopeptidase I is proteinase-protected. Hypotonically lysed sphero-
plasts were treated with buffer (B, lane 4), proteinase K (K, lane 5) and proteinase K+Triton X-100 (KT, lane 6). The samples were then im-
munoblotted with antibodies against proaminopeptidase I (upper panel). An aliquot of the spheroplast lysate was further centrifuged at
10000 X g and separated into a Py, pellet and a Sy supernatant fraction. Immunoblotting with antibodies against cytosolic PGK confirmed the
absence of contaminating whole cells. Note that proaminopeptidase I is not degraded by proteinase K but converted into a mature-like form
marked as m*API.
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GFP-Mon1

Fig. 5. GFP-Monlp localizes to the cytosol and to cytosolic punctated structures. Wild-type cells expressing GFP (left) or GFP-Monlp were
grown in methionine-free medium and analyzed by fluorescence microscopy.

3.5. Monl-GFP is located in the cytosol and at cytosolic,
punctate structures

To learn more about the intracellular localization of
Monlp, we generated a plasmid-encoded Monl-GFP fusion
protein under control of the methionine-regulated MET25-
promotor (see Section 2.7). Most interestingly, fluorescence
microscopy showed beside a cytosolic localization the pres-
ence of punctate structures in the cytosol (Fig. 5). This would
be compatible with the recruitment of Monlp to some mem-
branes, as expected for a function in vacuolar fusion of cvt-
vesicles and autophagosomes.

4. Discussion

Our findings clearly demonstrate an essential function of
Monlp in the cvt-pathway and autophagy, supported by the
following. (i) Proaminopeptidase I maturation is blocked in
non-starved and starved monlA cells, even after prolonged
starvation (Fig. 1). (i) Homozygous diploid moniA cells are
unable to sporulate, which is typical for autophagy mutants
(Fig. 2B). (iii) Most convincingly, a quantitative evaluation of
autophagy in starving monlA cells showed a complete block
(Fig. 2A). Several explanations could be responsible for the
observed block of autophagy and the cvt-pathway. First of
all, proteins might still reach the vacuolar lumen but, due to
the lack of mature vacuolar proteinases or due to another
defect in lysing autophagic bodies, their intravacuolar break-
down might be inhibited. We therefore confirmed that in
monlA cells despite their kinetic defect in vacuolar protein
sorting, significant steady-state levels of mature vacuolar pro-
teinase B are present (Fig. 1). We further used GFP-Aut7p,
which is specifically enclosed in cvt-vesicles and autophago-
somes, as a tool to directly monitor the autophagic protein
transport in fluorescence microscopy. The accumulation of
GFP-Aut7p at punctate structures outside the vacuoles and
the lack of vacuolar fluorescence (Fig. 3B) in monlA cells
clearly demonstrates a block before vacuolar uptake of auto-
phagosomes and cvt-vesicles. This is further confirmed by
immunoblots (Fig. 3C) and the lack of intravacuolar autopha-
gic bodies in monlA cells, starved in the presence of the pro-
teinase B inhibitor PMSF (Fig. 3A). This suggests a function
of Monlp either in biogenesis of proaminopeptidase I-con-
taining vesicles or in their vacuolar fusion. Defects in biogen-
esis of vesicles result in cytosolic accumulation of proamino-
peptidase I in proteinase K accessible form, while a defect in
vacuolar fusion of the vesicles leads to the accumulation of

proaminopeptidase I trapped inside these vesicles. Our experi-
ments with starved and non-starved monlA cells revealed pro-
teinase protection of proaminopeptidase I (Fig. 4A and B).
This suggests a function of Monlp in the fusion of cvt-vesicles
and autophagosomes with the vacuolar membrane. Further-
more, recruitment of GFP-Monlp to cytosolic punctate struc-
tures (Fig. 5) fits well with such a function. Based on our data,
we speculate that Monlp has a similar function in the vacu-
olar protein-sorting pathway. Proteins sharing homology with
Monlp are present in species from Anopheles gambiae to
Homo sapiens, our study might therefore be useful in studying
these proteins. Ypt7p and Cczlp [16,26,27] are also involved
in vacuolar fusion of cvt-vesicles and autophagosomes. It will
therefore be interesting to see if there are functional interac-
tions between Monlp and these proteins.
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