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The yeast S. cerevisiae imports cytosolic components into the vacuole non-selectively by
autophagy and degrades them by vacuolar hydrolases under nutrient starvation conditions. We
developed a novel system for monitoring autophagy by constructing cells in which modified
vacuolar alkaline phosphatase is expressed as an inactive precursor form in the cytosol. Under
starvation conditions, the processing of the precursor to the mature form and phosphatase activity
appeared gradually, and the mature form was located in the vacuole. Disruption of APG/, an
essential gene {or autophagy, resulted in no processing or phosphatase activity. These results
indicate that the precursor form in the cytosol is transferred to the vacuole by autophagy and
converted to the active form by vacuolar proteinases. Thus, autophagy could be determined easily
and accurately by measuring the phosphatase activity.  © 1995 Academic press, Inc.

Under starvation conditions, cytosolic proteins are degraded mainly by autophagy in
Iysosomes of mammalian cells [2, 18]. Autophagy is associated with dynamic movement and
interaction of intracellular membranes, indicating that there must be humbers of molecules involved
in the process. However, the studies of autophagy in mammalian or plant cells remain mainly at
morphological level. Further biochemical and genctic analyses will be necessary for understanding
this complex and dynamic membranc interaction and underlying molecular mechanism involved in
the autophagy.

In the yeast 8. cerevisiae, the vacuole is equivalent to the lysosome in mammalian cell [11].
The vacuole is equipped with numbers of hydrolases and its lumen is acidic, so it functions as a
lytic compartment. Previously we reported that autophagy in yeast involves dynamic changes of
the membranes [1, 22]. Starvation induces formation of autophagosomes, which consist of a
double membrane enclosing a portion of the cytosol non-selectively. The outer membrane of the
autophagosome fuses with the vacuolar membrane and the resulting inner single membrane
structure, the autophagic body, is delivered to the vacuole, where it is rapidly disintegrated
depending on vacuolar proteinases, and then its cytosolic contents are degraded by vacuolar
hydrolases.
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Since autophagic import of the cytosolic components into the vacuole is non-selective and
no specific marker is available, monitoring of autophagy has been carried out by a combination of
indirect ways such as measuring overall protein degradation, decrease of the long-lived cytosolic
proteins, and detection of cytosolic proteins in the vacuolar fraction [3, 22, 25]. These methods,
however, require a lot of process that prevent quantitative analysis on the autophagy, especially at
the early stage of this process. We have developed a novel system for simple and sensitive

monitoring of autophagy.

Materials and Methods

Strains, media for yeasts and bacteria . The yeast strains used were as follows: YW5-1B
(MATa leu2-3,112 trpl ura3-52); TNI121 (MATa leu2-3,112 trpl ura3-52 pho8::pho8a60
phol3::URA3), TNI122 (MATa leu2-3,112 trpl ura3-52 pho8::pho8A60 phol3::URA3
proi::TRPIY; TN123 (MATa lew2-3,112 trpl ura3-52 pho8::pho8460 phol3::URA3
apgl::LEU2), and TNI124 (MATa leu2-3,112 trpl ura3-52 pho8::pho8460 phol3::LEU2).
Baciterial strains were grown in standard media [17]. Yeast cells were grown in YPD, minimal
essential medium SD, nitrogen starvation medium S(-N)D, carbon starvation medium S(-C),
nitrogen and carbon starvation medium S(-N) or sulfate starvation medium S(-S)D as described
previously [22].

Construction of plasmids and yeast strains. Manipulations of E. coli cells and DNAs were
done essentially based on Sambrook et al. {17]. Plasmid pAL145 [7], which contains 4.4 kbp of
PHOS region in the BamHI site of pBR322 with BamHI linker, was a gift from Dr. Kanecko of
Osaka University. A Kpnl site was introduced at 181 bp downstream of the translational initiation
codon ATG for PHOS by the PCR using a set of primers 5-TCAGGTACCTCTGCATCACAC-
AAGAAG-3', 5-TTTGTCCTCATTGGAAGCT-T-3', and pAL145 as a template. The PCR
product was subcloned into the Kpul/HindII sites of pBluescript II SK+ (Stratagene, CA) to
generate pTN1. Plasmid pTN2, which contains the pho8460 lacking the region encoding the N-
terminal and transmembranc segments of Pho8p, was constructed by subcloning of 0.8 kbp of
BamBHl/HindIl fragment of pAL145 encoding the C-terminal and 3'-untranslated region of PHOS8
into the BamHI/Hindll sites of pTN1. The Kpnl-Kpnl fragment (2.5 kbp) of pTN2 was inserted
into the Kpnl site of pKT10 [21] to connect the TDH3 promoter. The resulting plasmid, pTN3,
was digested with BamHI and Sall, and 2.0 kbp fragment was subcloned into pRS306 [19] to
obtain pTN7. Plasmid pTN9 was constructed by ligating the BamHI-Hindlll fill-in fragment (0.8
kbp) of 5' region of the PHOS gene in pAL145 into the BamHI site in pTN7 with BamHI linker.
Plasmid pST 100 contains disrupted PRB! gene with the TRP{ gene [22]. Plasmid pYAPI16
contains a disrupted APG! gene with the LEUZ gene (Matsuura et al, manuscript in preparation).
Plasmid pTN23, which contains LcoRI-Hindlll (1.5 kbp) fragment of PHOI13 genc from pALS55
[9] in pUCI119, was partially digested with Pstl, and 4.2 kbp of Psfl-Psil fragment of the LEU?2
gene from YEpI3 was inserted at the PHO/3 region to generate pTN24. Plasmids pALSS and
pPH13 were gifts from Dr. Harashima of Osaka University, and pKT 10 was a gift from Dr. Toh-¢
of University of Tokyo. Yeast strain TN109 was generated by integrating pTN9 into the PHOS
locus of wild-type strain Y W5-1B, and the wild type PHOS8 gene was replaced with the pfio8A60
gene by counterselection of Ura~ using 5-fluoro-orotic acid. TN121 and TN124 were gencrated by
integrating pPH13 [9] and pTN24 into the PHOI3 locus of TN109 respectively. TN122 and
TNI123 were generated by integrating pST 100 into the PRBI locus and pY AP116 into the APG/
locus of TN121 respectively.

Preparation of antiserum of Pho8p. A lacZ-PHOS fusion gene was constructed by inserting
a Bglll-Sall fragment of the PHOS8 gene, which does not contain C-terminal pro-region, into
pUR278 [16], and was used to transform £. coli strain XL 1-blue (Stratagene CA). The fusion
protein produced was purified by SDS-PAGE and electro-elution. A rabbit was immunized with
the purified fusion protein by Shibayagi (Gunma, Japan). The antiserum was purified on a
cyanogen bromide activated Sepharose column coupled with the GST-Pho8p fusion protein. GST-
Pho8p fusion protein was obtained by the similar procedure as described above, except for use of
the GST-PHOS fusion gene in the pGEX-3X [5].
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Subcellular fractionation, immunoblotting and alkaline phosphatase assay.
Subcellular fractionation was carried out by the method of Herman and Emr [4]. Vacuoles were
prepared as described before [22] except for incubation in S(-N) medium as starvation medium.
SDS-PAGE was carried out by Laemmli's method [14] and the proteins separated were subjected
to conventional immunoblotting analysis. Anti-Vmalp antibody was kindly provided by Dr.
Anraku of University of Tokyo. Anti-ADH and anti-CPY sera were obtained as described
elsewhere [1, 20] in collaboration with Dr. Nakano of University of Tokyo. Protein was
determined with a BCA protein assay kit (Pierce, 111). A yeast lysate was prepared by disrupting
the cells with glass beads in ice-cold reaction buffer (50 mM Tris-HCI pH 9.0, 5 mM MgCl,, 1
mM PMSF, 1 ug/ml pepstatin A (Sigma, MI) ) and removed the cell debris by centrifugation at
10,000 x g for 5 min. Alkaline phosphatase in the lysate was assayed with p-NPP (Wako, Japan)
as a substrate by the method of Torriani [23] in the presence of 1 mM PMSF and 1 pg/ml pepstatin
A. One micromole of p-nitro-phenol gives 11.7 units of AAazo.

Results and Discussion

The structure of Pho8p, vacuolar alkaline phosphatase, is as follows from the N-terminus:
a cytosolic tall, a membrane spanning region, a catalytic region, and a pro-region at the C-terminus
(Fig. 1) [10]. The analysis on various hybrid proteins of Pho8p and Suc2p showed that the
membrane spanning region acts as an uncleavable signal sequence for translocation into the ER
membrane and is necessary and sufficient for delivery of Pho8p to the vacuole {12]. Taking
advantages of this structural and functional characteristics of PhoBp, for monitoring autophagy, we
constructed a gene encoding a truncated form of Pho8p, PhoBA60p, which lacks 60 amino acid
residues at the N-terminus including the membrane spanning region (Fig. 1). The modified version
of Pho8p lacking the membrane spanning region should remain in the cytosol. The PHOS8 gene in
wild-type cells (YWS5-1B) was replaced with pho8A60 connected under a strong promoter of
TDHS3 gene, a gene for glyceraldehyde 3-phosphate dehydrogenase [15]. Disruption of the PHOS8
gene did not affect the accumulation and degradation of autophagic bodies or the growth phenotype

(Shirahama and Ohsumi, unpublished observation). We examined the subcellular localization of
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Fig. 1. Structurc of Pho8A60p. Pho8A60p is truncated Pho8p deleted of 60 amino acid residues
at the NH2-terminus, including the membrane spanning region (box).
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Pho8A60p. Affinity-purified antiserum against Pho8p recognized only Pho8p by immunoblotting
(data not shown). A lysate of TN 124 cells (pho8.:pho8A60) grown in YPD, nutrient-rich medium,
was subjected to centrifugation and proteins of the pellet and the supernatant were subjected to
immunoblotting. An authentic Pho8p was localized within the membrane fraction (data not
shown). While, Pho8A60p was detected in the supernatant fraction with the cytosolic enzyme
alcoholdehydrogenase, but not in the peliet fraction with vacuolar H*-ATPase (Fig. 2A). This
result showed that PhoBA60p is expressed and remained at the cytosol.

On arrival at the vacuole via the secretory pathway, authentic Pho8p is converted to the
mature form with a half time of about 6 min [10] as the result of cleavage of the pro-region at the
C-terminus depending on the activity of proteinase A [6, 8, 10]. TN 124 cells (pho8A60) grown in
YPD were transferred to nitrogen starvation medium and the lysate was subjected to
immunoblotting with anti-Pho8p serum. When grown in YPD, the Pho8A60p was detected at
approximately 64 kDa, which corresponds to the size deduced from the total length of its open
reading frame (Fig. 2B lane 1). When the cells were subjected to nitrogen starvation, a novel band
appeared at approximately 59 kDa, and gradually increased in amount during prolonged incubation
(Fig. 2B lanes 2 to 5). As the size of the pro-region of Pho8p is about 4 kDa, this processing of
Pho8A60p coincided with cleavage of the C-terminal pro-region.
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Fig. 2. A. Localization of Pho8a60p. TN124 (pho8a60) celis were grown in YPD medium and
disrupted for subcellular fractuonation. Sup and ppt indicate the supernatant and pellet fraction,
respectively, obtained by centrifugation at 100,000 x g for 30 minutes. Fractions equivalent to the
same numbers of the cells were loaded on 10% SDS-PAGE gel and immunoblotted with each
antiserum. B. Processing of Pho8a60p under starvation conditions. TN124 (pho8a60) cells were
grown in YPD and transferred to S(-N)D. At intervals during incubation, the cells were collected,
disrupted and subjected to immunoblotting with anti-Pho8p serum. Samples of 20 pg of protein
were loaded in each lane.Lanes!, 2, 3, 4 and 5 are samples incubated in S(-N)D for 0, 1, 3, 5 and
7 hours, respectively. C. Localization of processed Pho8a60p. TN124 (pho8a60) cells were
grown in YPD to a density of 2 x 107 cells/ml and transferred to S(-N). Vacuoles were prepared as
described in Matenals and methods. Samples of 10 pg of protein of each fraction were subjected to
immunoblotting with anti-CPY or anti-ALP serum and samples of (.5 pg of protein with anti-
ADH serum. Lanes 1 and 2, spheroplast Iysates; lanes 3 and 4, vacuolar fraction; lanes 1 and 3,
starvatton for O hour;lanes?2 and 4, starvation for 4.5 hours. D. TN124 (pho8460) , TN122
(pho8460 aprbl) and TNI123 (pho8a60 aapgl) cells were grown in YPD, transferred to S(-N)D
and subjected to immunoblotting with ant-Pho8p serum. Samples of 20 pg of protein were loaded
in each lane. Lanes 1 and 2, TN 124 (pho8a60)) ; lanes 3 and 4, TN122 (pho8460 aprbl); lanes 5
and 6, TN123 (pho8a60 aapg!). Lanes 1, 3 and S, 0 hour; lanes 2, 4 and 6, 7 hours in S(-N)D.
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The intracellular localization of the processed Pho8A60p was examined. Pho8AGOp was
not detected in the vacuolar fraction of cells grown in YPD (Fig. 2C). After incubation in starvation
medium for 4.5 hours, processed PhoBA60p was concentrated in the vacuolar fraction as well as
carboxypeptidase Y (Fig. 2C), and most of it was resistant to trypsin treatment (data not shown),
indicating that it was located within the vacuole. Proteinase B, encoded by the PRB/ gene, is
localized in the vacuole and necessary for disintegration of the autophagic body {22]. Even after
incubation of disruptant of PRRB/ for 7 hours in the nitrogen starvation medium, no processing of
PhoBA60p occurred (Fig. 2D lane 4). These results indicate that the processing of Pho8A60p in
starvation conditions is resulted from its delivery to the vacuole, and did not occur outside the
vacuole. The APG] gene 15 shown to be essential for autophagy and a disruptant of the APG/
gene docs not accumulate autophagic bodies in the vacuole (24, Matsuura et al, manuscript in
preparation). After nitrogen starvation for 7 hours, no processed Pho8A60p appeared in Aapgl
cells (Fig. 2D). This finding indicates that delivery of Pho8A60p from the cytosol to the vacuole
depends on autophagy (Fig. 3).

Pho8p acquires phosphatase activity when its pro-region is cleaved off in the vacuole.
Besides Pho8p, wild-type cells possess Phol3p, a cytosolic alkaline phosphatase that is not
essential for vegetative growth [9]. To measure the phosphatase activity derived only from
PhoBAGOp, we disrupted the PH()13 gene. As shown in Fig. 4A, TN121 cells (pho8::pho8A60
phol3::URA3) grown in YPD showed negligible phosphatase activity, indicating that non-
processed PhoBA6OP, like authentic Pho8p, does not have phosphatase activity. While, the activity
appeared after a lag period of 1 hour and increased during incubation in nitrogen-starvation

medium for 7 hours. Furthermore, this induction of phosphatase activity was not seen in Aapg/ or
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Fig. 3. Schematic drawing of import of Pho8a60p into the vacuole by the autophagic pathway.
Under nutrient starvation conditions, an autophagosome enclosing Pho8a60p in the cytosol fuses
with the vacuole. The resulting single membrane structure of the autophagic body is disintegrated
depending on vacuolar proteinases. PhoBa60p is processed by vacuolar proteinases o acquire
phosphatase activity. PrA, proteinase A; PrB, proteinase B.

Fig. 4. Induction of phosphatase activity of Pho8a60p under starvation conditions. A. TN121
(pho8a60) cells were grown in YPD medium and transferred 1o each medium at 0 hour. After
indicated times of incubation, cells were {ysed and pNPPase activity was measured as described in
Materials and methods. B. Cells of TN121 (pho8460), 122 (pho8a60 aprbl) and 123 (pho8a60
aapgl) were grown in YPD and transferred to S(-N)D. After incubation for O or 3 hours, cells
were lysed and alkaline phosphatase activity was measured as described in Materials and methods.

130



Vol. 210, No. 1, 1995 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Aprbl cells (Fig. 4B), consisient with the finding that processing of Pho8A60p did not occur in
these cells. Phosphatase activity emerged also under carbon starvation and sulfate starvation (Fig.
4A). We also observed accumulation of autophagic bodies in the vacuole under these starvation
conditions [22]. From these results, we concluded that this phosphatase activity reflects
autophagy-dependent processing of Pho8A60p.

During nitrogen starvation for up to 7 hours, the amount of the precursor form of
PhoBA60p did not change significantly in Aapgl cells, as determined by immunoblotting (Fig.
2D). In these cells, Pho8A60p was not imported into the vacuole, and so its level in the cytosol
remains constant during nitrogen starvation. Furthermore, processed Pho8A60p was stable in the
vacuole, because the phosphatase activity induced under nitrogen starvation remained constant after
further incubation in a medium supplemented with ammonium sulfate to stop the autophagy (data
not shown). From these results, we concluded that the phosphatase activity shows the extent of
autophagy under nitrogen starvation.

There have been several attempls to monitor autophagy so far. One method used was
measurcment of the radioactivity of amino acids released on degradation of pre-labeled protein
[25]. However, by this method, 1t is hard to distinguish protein degradation by autophagy from the
degradation by the other systems. Moreover, released amino actds may be reutilized for synthesis
of proteins, which results in under-cstimation of the degradation. Another method used was
measurement of the decrease of long-lived proteins in the cytosol by immunoblotting [3].
However, this method is not sensitive enough to detect decrease by a few per cent in the total
amount of protein in the initial phase of autophagy. There are also reports of quantitation of
autophagy in mammalian or ycast cells by subcellular fractionation of autophagolysosomes and
measurement of the cytosolic marker [3, 13]. However, this method of analysis involves quite
many steps. Ln contrast, the system presented here allows not only sensitive but simple analysis of

autophagy even in the early phase of autophagy.
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