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Apg10p, a novel protein-conjugating enzyme
essential for autophagy in yeast

Takahiro Shintani, Noboru Mizushima, of enzymes. The ubiquitin-activating enzyme, EI1,
Yoko Ogawa', Akira Matsuura?, hydrolyzes ATP and forms an intermediate of ubiquitin
Takeshi Noda and Yoshinori Ohsumi3 adenylate, followed by the binding of ubiquitin to its own
active-site cysteine residue in a thioester linkage. Activated
Department of Cell Biology, National Institute for Basic Biology, ubiquitin is next transferred to an active-site cysteine

Okazaki 444-8585, Japan residue of a ubiquitin-conjugating enzyme, E2, to form

present address: Department of Neurobiology, Graduate School of  the ubiquitin thioester in a similar fashion. At the final
e anecn Semctonon o 16 s oo e of 2P, Which s often catayeed by ubguit profein Igase,
Technology, Yokoham‘; 226-8501, Japan » oKy E3, ublqum_n is atta_ched to a lysine residue of the

target protein via an isopeptide bond (Varshavsky, 1997;
Bonifacino and Weissman, 1998; Hershko and Ciechan-
over, 1998).

In recent years, the ubiquitin-related proteins have been
discovered and some of them have been found to be
covalently attached to other proteins (Johnson and
Hochstrasser, 1997; Kamitaet al, 1997; Saitohet al,
1997; Hochstrasser, 1998; Lamnegal, 1998). RanGAP1
(Ran-specific GTPase-activating protein) (Matueisal,,
1996, 1998; Mahajaet al, 1997, 1998), PML (Kamitani
et al, 1998; Muler et al, 1998), Sp100 (Sternsdoef al,,
1997, 1999) and kBa (Desterroet al, 1998) were found

: ; to be covalently modified by SUMO-1 (small ubiquitin-
gm?,\r, ptrho;teln:m\a/\:h(;sceti\;‘;gggorg a;epggg,vvr;pgi;% \?/Se _related_modifigr—l). Thg Ii_gation of SUMO-1 to RanGAP1
transferred to the Cys-133 residue of ApglOp to is crucial for its association with Ra_lr_lBP_Z, a component
form an Apgl2p-ApglOp thioester. Cells expressing of the nuclear pore compl_ex. Modification of PML or
Apg10pt133Sdo not generate the Apg12p—Apg5p conju- Sp100 by SUMO-1 is also important for the assembly of
gate, which leads to defects in autophagy and cytoplasm- subnuclear structures termed rjuclear dots or PML nuclear
to-vacuole targeting of aminopeptidase I. These findings ~ Podies (Duprezt al, 1999; Miler and Dejean, 1999).

SCorresponding author
e-mail: yohsumi@nibb.ac.jp

Autophagy is a cellular process for bulk degradation of
cytoplasmic components. The attachment of Apgl2p, a
modifier with no significant similarity to ubiquitin, to
Apgb5p is crucial for autophagy in yeast. This reaction
proceeds in a ubiquitination-like manner, and requires
Apg7p and ApglOp. Apg7p exhibits a considerable
similarity to ubiquitin-activating enzyme (E1) and is
found to activate Apgl12p with ATP hydrolysis. Apg10p,
on the other hand, shows no significant similarity to

indicate that Apg10p is a new type of protein-conjugat- ~ SMt3p, & yeast homolog of SUMO-1, is essential for
ing enzyme that functions in the Apg12p—Apg5p con- viability (Johnson and Blobel, 1997) and is likely to
jugation pathway. contribute to cell cycle regulation (Li and Hochstrasser,
Keywords autophagy/protein conjugation/protein- 1999). The enzyme system myolved in conjugatlorj_of
conjugating enzym&accharomyces cerevisiae SUMO-1/Smt3p to other proteins has been identified

recently (Gonget al, 1997, 1999; Johnsoet al, 1997;
Schwarzet al, 1998; Desterr@t al., 1999; Okumeet al,,

. 1999). SUMO-1/Smt3p is activated by an Aosl-Uba2
Introduction heterodimer and conjugated to proteins by Ubc9. NEDDS8
Proteins are often modified by a variety of moieties in (neural precursor cell-expressed developmentally down-
cells: phosphates, carbohydrates, lipids or proteins, etc.regulated gene 8) and its yeast homolog Rublp, showing
Such chemical processes, called post-translational modi-~50% identity to ubiquitin, are conjugated to cullin/
fications, modulate protein function by altering protein Cdc53p, a common subunit of the multifunctional SCF
activity, stability, subcellular localization or interaction ubiquitin ligase, in a ubiquitination-like manner. The
with other molecules. A well characterized type of protein NEDD8 conjugation pathway requires at least two
modification is ubiquitination, which is involved in select- enzymes: an El-like heterodimeric activating enzyme,
ive degradation of short-lived proteins, quality control APP-BP-hUba3, and an E2-like conjugating enzyme,
of endoplasmic reticulum proteins, turnover of plasma hUbcl2 (Osakaet al, 1998; Gong and Yeh, 1999).
membrane proteins and so on (Varshavsky, 1997; The activating and conjugating enzymes of the Rublp
Bonifacino and Weissman, 1998; Ciechanover, 1998; conjugation pathway have also been identified as Ulalp—
Hershko and Ciechanover, 1998). Ubiquitin, a highly Uba3p and Ubcl2p, respectively (Lamneral, 1998;
conserved 76-amino-acid-residue protein, is transferred toLiakopouloset al,, 1998). Although substrates of Ubc9 and
target proteins to form isopeptide bonds between the Ubcl2 are not ubiquitin, Ubc9 and Ubc12 are structurally
C-terminal glycine of ubiquitin and the-amino group of similar to the ubiquitin E2s.

a lysine residue in the target protein. Ubiquitination Recently, we found a novel modifier essential for auto-
involves sequential enzymatic reactions by several classesphagy (Mizushimeaet al, 1998a). Autophagy is a cellular
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Aapg10

wild type

process essential for bulk degradation of cytoplasmic
componentsin eukaryotes. We demonstrated previously that
cytoplasmic components including proteins, carbohydrates,
lipids, nucleic acids and organelles are transported to the
vacuole in yeast by macroautophagy in response to nutrient
starvation (Takeshigeet al, 1992; Babaet al, 1994,
1995). When cells face nutrient starvation, cytoplasmic
components are sequestered non-selectively by double-
membrane-bound structures termed autophagosomes ant
then targeted to the lysosome/vacuole to be degraded. g,
Autophagy plays a central role in protein turnover, which
may be important for cellular remodeling during develop-
ment and differentiation. Taking advantage of yeast
genetics, autophagy-deficient mutants S#ccharomyces
cerevisiagapgandaut) have been isolated independently
by two laboratories (Tsukada and Ohsumi, 1993; Thumm s s o
etal, 1994). Surprisingly, thepgandautmutants partially Time (day)
overlap with cvt mutants that are based on defects in

cytoplasm-to-vacuole targeting (Cvt) of aminopeptidase | D

(Hardinget al,, 1996; Scotet al,, 1996). The Cvt pathway  MIPYQEWHSQLQSLYDSQIFHNWALCODVHLNDEKDGLLLRLIPTROLOK 50

L : : NTERIENKLLNHIELYLTYSKVYNEPLLLLRIWEEKSIDGIPMTKLMLET 100
uses a similar mechanism to the autophagic pathway (Baba prps: 1 ovockrorLeLpr INLEGS VNY SFHPCDTSCTVGDQAEFMSTYL 150

et al, 1997). During analyses oAPG gene products, RRWVSIFIFSWLGYEDS 167
We. found a novel protein conjugation system that is Fig. 1. Cloning of theAPG10gene and phenotype dfapglOcell.
indispensable for both autophagy and the Cvt pathway (a) wild-type (YW5-1B), apg10-1mutant (MT91-4-2) and\apg10
(Mizushimaet al,, 1998a). Apgl12p is a hydrophilic 186- (TFD10-L1) cells were incubated in SD(-N) medium containing 1 mM
amino-acid-residue protein with no similarity to ubiquitin PMSF at 30°C. After incubation for 6 h, cells were observed under

[PURER e [P light microscopy (Nomarski images)B) Wild-type (closed circles),
or ubiquitin-related modifiers, which is covalently attached apg10-1mutant (closed triangles) arkapg10(open circles) cells

to Ap95p- The Apgl12p—-Apg5p conjugate further associ- were grown to 1 Olgygml in YPD and then transferred to SD(—N)
ates with Apgl6p to form the Apgl2p—Apg5p—Apglép medium. After incubation at 30°C for the times indicated, their
multimeric complex (Mizushimat al, 1999)_ The manner viability was determined by phloxine B staining (Tsukada and Ohsumi,
of conjugation of Apgl12p to Apg5p is ubiquitination-like: 1993). C) Cell lysates from wild-type cells with empty vector

. } H . pRS316 (lane 1) of*APG12(lane 2), and alsapg10-1(lane 3) and
a covalent linkage of the C-terminal glycine of Apgl2p Napgl0cells with "AAPG12(lane 4) were subjected to Western

to the |y5_ine'149_ side Chain of Apg5p via an _isopeptide blotting analysis with anti-HA antibody (16B12)DY Amino acid
bond. This reaction requires at least two proteins: Apg7p sequence of Apg10p. Cysteine residues are indicated in bold.

and ApglOp. Apg7p is similar to ubiquitin-activating

enzyme in its amino acid sequence around the ATP binding apg10-1mutant in autophagy is due to loss of the Apg12p—
site and the active-site cysteine residue, and has beempg5p conjugate, and that ApglOp probably functions at
found to be an El-like Apgl2p-activating enzyme the Apgl2p-conjugating step.

(Mizushimaet al, 1998a; Tanidaet al., 1999). Apgl10p,

on the other hand, shows no significant similarity with Isolation and sequence analysis of APG10

other proteins whose functions are known. Here, we show The APG10 gene was cloned by complementation of
that Apg10p is a new type of protein-conjugating enzyme reduced viability of apgl0-1 mutant under starvation
that functions in the Apgl2p conjugation pathway. conditions as described in Materials and methods. A
YCp50-based yeast genomic library (a gift from Dr Wada,
Osaka University) was introduced inapg10-1cells, and
screening of ~10 000 transformants yielded plasmid 5-5C
apg10-1 shows a defect in autophagy containing an 8.0 kb genomic fragment. Subcloning of
We have isolated and characterized a@pg10-1 mutant the fragment of 5-5C revealed that a 1.2Xba—-Hindlll
(Tsukada and Ohsumi, 1993). Wild-type cells accumulated fragment containing one open reading frame (ORF)
autophagic bodies (ABs) in their vacuoles in a nitrogen- YLL0O42c was sufficient for complementation. The
starvation medium containing 1 mM phenylmethylsulfonyl YLLO042c is a novel gene and encodes a hydrophilic
fluoride (PMSF), which were observed under a light protein of 167 amino acids with a predicted molecular
microscope (Takeshiget al., 1992 and Figure 1A, wild  mass of 19.8 kDa (Figure 1D).

type). On the other hand, thapgl0-1 cells did not To determine whether YLLO42c was the authentic
accumulate ABs (Figure 1A). Moreover, thepgl0-1 APG10gene, this ORF was disrupted by replacing with
mutation severely reduced the viability of the cells under aLEU2gene. The disruptant exhibited the same phenotype
the starvation condition (Figure 1B). It was found that as theapgl0O-1cell: (i) the autophagic bodies did not
Apgl2p is covalently attached to Apg5p via an isopeptide accumulate in the vacuole during starvation (Figure 1A);
linkage in a ubiquitination-like manner and this conjuga- (ii) the viability of the disruptant decreased under the
tion is crucial for autophagy (Mizushimet al, 1998a). starvation condition (Figure 1B); and (iii) the Apgl2p-
Theapgl0-1Imutant completely lost the ability to generate Apg5p conjugate was not generated at all (Figure 1C).
the Apgl2p—Apg5p conjugate (Mizushinea al, 1998a Sequence analysis of tlegpgl0-1lallele revealed that the
and Figure 1C). These data suggest that the defect of the482nd nucleotide of the coding sequence was altered from
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G to A, which led to translation termination at the 160th
amino acid residue. Furthermore, a diploid cell obtained
by crossingapg10-1and Ayll042c cells is also defective

in autophagy. We concluded therefore, that YLLO42c was
the authenticAPG10gene.

The amino acid sequence of Apgl0p did not provide
any insight into its function. A BLAST search, however,
revealed that it was homologous to Gaenorhabditis
elegansprotein of unknown function (DDBJ/EMBL/Gen-
Bank accession No. Z54282) but exhibited no significant
similarity to ubiquitin-conjugating enzymes or ubiquitin-
protein ligases.

Formation of an Apg12p-Apg10p thioester

To elucidate how Apgl0p participates in the Apgl2p—
Apg5p conjugation pathway, we first examined whether
ApglOp could interact with other components of this
pathway. In a two-hybrid assay (Jametsal, 1996), we
observed that ApglOp physically interacts with Apg7p
and Apgl2p but not with Apg5p (Figure 2A). Next we
performed coimmunoprecipitation to confirm the Apg10p—
Apgl2p interaction. Total cell lysates Aapg5cells with
HAAPG10 and/or MY’ APG12 (3X Myc-tagged construct)
on 2u plasmids were immunoprecipitated with either anti-
HA or anti-Myc antibody. The resulting precipitates were
analyzed by Western blotting. When the cells expressed
both"AApg10p and"Y°Apg12p,eApgl2p was copreci-
pitated by pulling™Apg10p down with anti-HA antibody
(Figure 2B, lane 17), and*Apg10p was coprecipitated
with MY¢Apg12p (Figure 2B, lane 18). These results
indicate that Apg10p interacts with Apgli#pvivo. Under
non-reducing SDS—-PAGE conditions, an additional 56
kDa band was also detected by both anti-HA and anti-
Myc antibodies (Figure 2B, lanes 8 and 9), whereas it
was not detected in cells harboring eitH&YAPG10 or
MyCAPG12plasmid. Furthermore, its molecular mass was
shifted from 56 to 61 kDa by changify°’APG12plasmid

to a 6X Myc-tagged construct (data not shown). This
difference in molecular mass just corresponds with a size
of 3X Myc. These findings show that the 56 kDa band
contains both "AApg10p and MY°Apg12p, and these
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Fig. 2. In vivo interaction of Apg10p with Apg12pA) Two-hybrid

assay for interactions of Apg10p with Apg5p, Apg7p and Apgl2p.
Yeast cells (PJ69-4A) harboring the indicated plasmids were streaked
out on plates with medium lacking adenine to assay for interaction-
dependent activation of theDE2 gene. B) Total lysates fromAapg5
cells with "AAPG10and/orMY°APG120n 2u plasmid were
immunoprecipitated with anti-HA (mAb 16B12) or anti-Myc (mAb
9E10) antibody. Precipitates were analyzed by Western blotting using

molecules conjugate 1:1 via a reducing reagent-sensitiveanti-HA or anti-Myc antibody. Apg12p adduct of Apg10p is indicated
bond. Apgl2p has three cysteine residues. Because théy ® and an unidentified complex of 67 kDa @®. The positions of

substitutions of all three cysteine residues of Apgl2p by
alanine did not affect the formation of the Apgl2p-
Apgl10p conjugate, the dithiothreitol (DTT)-sensitive bond

cross-reacting IgG heavy chain (H) and light chain (L) are indicated
by arrowheads.

is probably a thioester bond between the C-terminal group of the Cys-507. By analogy with ubiquitination, an
glycine of Apg12p and a cysteine residue of Apgl0p, but Apg12p covalently bound to the Cys-507 residue of Apg7p
is not a disulfide bond. Another DTT-sensitive 67 kDa can be transferred to a cysteine residue of a hypothetical
band was also detected by anti-Myc but not by anti-HA E2-like enzyme. Figure 3 shows that the Apg12p—Apgl0p
antibody (Figure 2B, lanes 6, 8 and 9), suggesting that it conjugate was not formed if\apg7 cells, suggesting that
contained Apg12p but not Apgl0p. We concluded, how- Apgl2p is tranferred to ApglOp after Apg7p functions
ever, from several lines of evidence (described below) (Figure 3, lanes 8 and 9). The non-covalent interaction
that the 67 kDa complex is not involved in the Apgl2p— between Apgl0p and Apgl2p was also lost completely in
Apg5p conjugation pathway. Similar results were obtained Aapg7 cells. Considering that Apg7p should activate the
with the cells expressing botf*Apg10p and"°Apg12p C-terminus of Apgl2p, the Apg7p-dependent formation
from CEN plasmids (data not shown). of the Apgl2p—-Apgl0p conjugate suggests that Apgl2p

Next we examined the effects of Apg7p and Apg5p on
formation of the Apgl12p—Apgl0p conjugate. Apg7p has
already been found to function as an El-like Apgl2p-
activating enzyme by Mizushimet al. (1998a) and Tanida
et al. (1999). Apg7p probably activates Apgl2p with
hydrolysis of ATP and subsequent transfer to its own thiol
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and ApglOp are linked via a thioester bond. As stated
above, the interaction between Apg7p and ApglOp was
confirmed in the two-hybrid assay. Taken together, these
results suggest that an activated Apgl2p is transferred
directly from Apg7p to an active-site cysteine residue

of Apg10p.
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Fig. 3. Effects of the deletion oAPG5or APG7on Apgl12p—Apgl0p

thioester formation. Coimmunoprecipitation was performed with wild-

type (KA311B),Aapg5(YNM122) or Aapg7 (YTS12) cells harboring

HAAPG10and MY°APG120n 2u plasmids. The resulting precipitates H;,&Rg;?g;_
were analyzed by Western blotting. The DTT-resistant Apg12p—Apg5p "
conjugate is indicated b@®.

When coimmunoprecipitation was carried out using HAADg10p—]
wild-type cells, Apgl2p—Apgl0p thioester was generated

as in theAapg5cells, i.e. the deletion of ApgSp, a target Fig. 4. Apg12p is transferred to the Cys-133 residue of Apg10p
molecule of the Apgl2p conjugation, did not promote v e yivsates fromapgiocells (TFD10-L1) harboringAPG12

accumulation of the Apgl2p-Apgl0p conjugate (Figure ang each mutant form ¢**APG100n CEN plasmids were subjected

3, lanes 2 and 3). Overexpression of Apg5p also had no to Western blotting analysis with anti-HA antibody (mAb 16B12).
effect on the formation of the Apg12p—Apgl0p thioester (B) Cell extracts from the wild-type cells (KA311B) harboring
MYeAPG12and mutatedAPG10were subjected to

(data not shown). These results indicate that the amount. e : I
immunoprecipitation and the resulting precipitates were analyzed by

of Apg5p .WOUId not Change the kine_tics_ of Apgl2p- Western blotting with the rabbit anti-HA antibody.
Apgl0p thioester formation. Moreover, in wild-type cells,

the Apgl2p—Apg5p conjugate was precipitated with anti-
Myc but not with anti-HA antibody (Figure 3B, lanes 3 we examined the abilities of the substitutes to generate
and 12) providing evidence that Apg10p no longer associ- the Apgl2p—Apg5p conjugate by Western blotting. The
ates with Apgl12p after Apgl2p is transferred to Apg5p. Apgl2p—Apg5p conjugate of 70 kDa was formed in
The interaction between ApglOp and Apg5p was not AapglOcells harboring™APG10and"AAPG120on CEN
detected in the two-hybrid assay (Figure 2A). These data plasmids (Figure 4A, lane 3). The substitution of Cys-26
suggest that Apgl2p is not transferred directly from or Cys-137 by Ser (C26S or C137S, respectively) in
Apgl0p to Apg5p, and other factor(s) may be necessary Apgl0p did not affect the generation of the conjugate at
for the Apg10p-to-Apg5p transfer of Apgl2p. all, whereas the substitution of Cys-133 by Ser (C133S)
The DTT-sensitive 67 kDa band was even detected in resulted in a complete loss of the conjugation, although
the Aapg7 cells when immunoprecipitation was carried Apgl0g-133S was detected in an amount comparable to
out by anti-Myc antibody (Figure 3, lane 9), suggesting that of wild-type Apgl0p (Figure 4A).
that the 67 kDa complex could be generated without To investigate whether Apgl2p was covalently attached
activation of Apgl2p. Moreover, the band appeared even to Cys-133 of Apg10p by a thioester bond, coimmunopre-
when anAPG12\G (C-terminal Gly deletion) construct, cipitation was carried out using the C133S or C133A (the
which could conjugate to Apg5p no longer, was used substitution of Cys-133 by Ala) mutants (Figure 4B). As
for immunoprecipitation instead of a wild-typaPG12 compared with the positive control (Figure 4B, lanes 2
construct (data not shown). Therefore, we concluded thatand 3), quite a small amount of Apgl2p-ApgdiFs
the 67 kDa complex did not participate in the Apgl2p— conjugate was detected (Figure 4B, lanes 5 and 6). This

Apg5p conjugating reaction. conjugate was found to be resistant to the reducing reagent
(Figure 4B, lanes 14 and 15), which suggested that an

Apg12p is attached to the Cys-133 residue of ester bond is formed between Apgl2p and Apgtdiy

Apg10p instead of a thioester bond. The C133A mutation caused

There are three cysteine residues in ApglOp (Figure a complete loss of the Apgl2p—ApglOp conjugate even
1D). To determine which cysteine residue contributes to in the absence of the reducing reagent (Figure 4B, lanes
thioester formation, each cysteine residue of Apg10p was 8 and 9). These results indicate that Cys-133 is an active
substituted by serine using site-directed mutagenesis. First,center of Apgl0p and contributes to thioester formation.
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A = ATP hydrolysis (Mizushimaet al, 1998a; Tanidaet al.,
1999). Here, we have characterized Apg10p as an Apgl2p-
conjugating enzyme acting after Apg7p in the Apgl2p—
Apg5p conjugation pathway. Coimmunoprecipitation
experiments revealed that a reducing reagent-sensitive
covalent adduct was formed between Apg12p and Apg10p
in an Apg7p-dependent manner (Figures 2B and 3). This
adduct is likely to be a thioester linked between the
C-terminal carboxy group of Apgl2p and the active-site
cysteine-133 of Apg10p (Figure 4). These findings suggest
that the high-energy thioester bond between Apg12p and
Apg7p is transferred to ApglOp through transacylation.
The Apgl2p transfer from Apg7p to ApglOp certainly
occurs directly because the interaction between Apg7p
and Apgl0p was observed in the yeast two-hybrid assay
(Figure 2A). As shown above, ApglOp functions as an
B ‘E2’ in the Apgl2p—-Apg5p conjugation system.

1 2 3 4 5 On the other hand, we speculate that the transfer of

o o Apgl2p from Apgl0p to Apg5p, a final target molecule
B r— — of Apgl2p, requires other protein(s) on the grounds of
several lines of evidence: (i) the interaction between

ApglOp and Apg5p was not detected by a two-hybrid
Fig. 5. The cysteine-133 residue of Apgl0p is essential for autophagy assay (Figure 2A); (ii) Apg12p did not interact with Apg5p

and the Cvt pathwayA) Autophagic activities were measured by an ; ; _ ;
ALP assay (Noda and Ohsumi, 1998). YTS3 cellaig10 in the Aapg7or AapglOcells with a two-hybrid assay but

PHOB8::pho@\60) harboring each mutakPG100on CEN plasmids did in wild-type .Ce"S (data not shown); (iii) Apg_10p
were grown to 1 Olygml in SC medium lacking tryptophan and then ~ NO longer associated to the Apgl2p—-Apg5p conjugate
transferred to SD(—N) medium. Lysates from the cells after incubation (Figure 3, lanes 2, 3, 11 and 12), which suggests that
for 0 and 4 h were used for assay. Error bars indicate the SD of three neaither Apg10p nor Apgl2p contributes to the recognition

independent experimentdB) Cell lysates fromAapg10cells (TFD10- . : : :
L1) harboring empty vector, pRS316 (lane 1), wild-typAPG10 of Apgop; and (IV) moreover, the Changes In expression

g & B

ALP activity (U/mg)

g

(Iane 2),FAAPG 1625 (lane 3),"AAPG 11335 (lane 4) or level of Apg5p did not affect the kinetics of the Apgl2p—
HAAPG1G6-137S(lane 5) on CEN plasmids were subjected to Western  Apg10p thioester formation (Figure 3). The other factor(s)
blotting analysis with anti-API antiserum. that recognizes Apg5p may be essential for the transfer

of Apgl2p from ApglOp to Apg5p. Our model for
Both mutations prevented the interaction between the freean enzyme system of the Apgl2p—Apg5p conjugation
forms of Apg12p and Apgl0p (Figure 4B, lanes 6 and 9). pathway is shown in Figure 6. Apg7p hydrolyzes ATP
Next we asked whether the Cys-133 mutation of Apg10p and forms the high-energy thioester bond between its
affected autophagy and Cvt of proaminopeptidase | (pro- active-site cysteine and the C-terminus of Apgl2p. The
API). Autophagic activities were measured using a bio- activated Apgl2p is transferred directly from Apg7p to
chemical assay monitoring autophagy-dependent the active-site cysteine-133 of Apg10p to form the thioester

processing of alkaline phosphatase R&® (Nodaet al.,, bond. Then Apgl2p is transferred to the target protein
1995). In wild-type cells, Phd®%0 was activated by  Apg5p, which may require the additional protein(s).
transferring the cells from a rich medium to a nitrogen- In the coimmunoprecipitation experiment, the non-

depleted medium. The AapglO cells expressing covalent interaction between Apgl2p and ApglOp was
Apgl10F-133Sdid not activate Pha860 even in the starva-  also observed, which required both Apg7p and Apgl0p
tion medium, while those expressing Apg#8{® or activity (Figures 3 and 4B). This suggests that the non-
Apgl10F-137S showed normal autophagic activity (Figure covalent association is dependent on Apgl2p—Apgl0p
5A). These data indicate that the C133S mutation in thioester formation. Therefore, the non-covalent complex
ApglOp causes a defect in autophagy. ProAPI is synthe-may actually exist as one of the intermediate forms of the
sized in the cytoplasm and imported directly to the vacuole reaction during transfer of Apg12p from Apg10p to Apg5p.
by a mechanism closely related to the autophagic pathway,Alternatively, the non-covalent complex may be due to
and then processed to the mature form by proteinase B.the unexpected cleavage of the thioester bond during the
As expected, proAPl was not processed in fkepgl0 preparation of samples.

cells expressing Apgl16H33S (Figure 5B), implying that As described above, the reaction mechanism for
the formation of a thioester intermediate is also essential Apg12p—Apg5p conjugation is closely related to those for
for API transport. the ubiquitin or ubiquitin-related modifier system, and

Apgl0p catalyzes the E2-like reaction in the Apgl2p—
Apg5p conjugation pathway. A large number of E2s have
been identified widely in eukaryotes and comprise the
Apgl2p is a modifier protein with no significant similarity ~ Ubc (ubiquitin-conjugating enzyme) family that is charac-
to ubiquitin and ubiquitin-related modifiers. The covalent terized by conserved sequences, termed ‘E2 motifs’, con-
binding of Apgl12p to Apg5p is essential for autophagy taining the active-site cysteine and a conserved His—Pro—
in yeast. The Apgl2p-Apg5p conjugating reaction is Asn tripeptide (Haas and Siepmann, 1997). It has been
initiated by Apg7p, an Apgl2p-activating enzyme, with found that some Ubcs are used for ubiquitin-related

Discussion
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Fig. 6. Model of the enzymatic pathway for the Apgl2p—Apg5p conjugation system. Apgl2p is activated by Apg7p with ATP hydrolysis; the
carboxy group of the C-terminal glycine of Apgl2 is conjugated to the thiol group of the cysteine-507 residue of Apg7p via a high-energy thioester
bond (~). Subsequent transfer of Apgl12p to the thiol group of the cysteine-133 residue of ApglOp results in the formation of the Apg12p—Apgl0p
thioester. Finally, the C-terminus of Apg12p is covalently attached to the lysine-149 residue of Apg5p via an isopeptide bond, which may require
hypothetical Apg5p-recognizing protein(s).

Table I. Yeast strains used in this study

Strain Genotype Source

YWS5-1B MATa ura3 leu2 trpl Y.Wada

MT91-4-2 MATa ura3 apgl0-1 Tsukada and Ohsumi (1993)
TFD10-L1 MATa ura3 leu2 trplAapgl0::LEU2 this study

KA311B MATa ura3 leu2 his3 trpl Irie et al. (1993)

YNM122 MATa ura3 leu2 his3 trplAapg5::HIS3 Mizushimaet al. (1998a)
YTS12 MATa ura3 leu2 his3 trplAapg7::HIS3 this study

TN125 MATa ura3 leu2 his3 trpl ade2 lys2 PHO8::ph&80 Nodaet al. (1998)

YTS3 MATa ura3 leu2 his3 trpl ade2 lys2 PHO8::ph&dB80 Aapgl0::LEU2 this study

PJ69-4A MATa ura3 leu2 his3 trpl galA gal8QA LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ Jamest al. (1996)

modifier, e.g. Ubc9 and Ubc12 for SUMO-1/Smt3p and complete (SC) media. SD(-N) medium (0.17% yeast nitrogen base

NEDD8/Rub1p respectively (Gorxg al. 1997 Johnson Wlthqut amino aC|d_s and ammonium sqlfate a_nd 2% glucose) was used
o NN i for nitrogen starvation. Standard genetic manipulations were performed

and Blobel, 1997; Leet al, 1998; Llakopouloset al_" as described by Adanet al.(1998). DNA manipulations were performed

1998; Osakeet al, 1998; Schwarzt al, 1998). In spite  using standard methods (Sambraetkal, 1989).

of the similarity of the reaction mechanisms between the

Apgl2p and ubiquitin systems, the Apgl2p system uses Cloning, disruption and epitope tagging of APG10

the protein with no significant sequence similarity to AF’Gl%Jol\{Va?h Clgrgﬁ(d N*)Jy Cgmplemergatior_\b%f redl_icedl V(ilezlbilityk 0;‘

pgl0-1in the —N) medium as described previously (Funakoshi

Ubcs as an E2. Bec.au.s.e the str_uct.u_re of Apg12p qus nm:t al, 1997; Kametakeet al, 1998). A yeast mutant MT91-4-2 was

resemble that of ubiquitin or ubiquitin-related modifier at yansformed with a YCp50-based yeast genomic library and*Ura

all, except for the C-terminal glycine, the protein structur- transformants were replica-plated onto SD(-N) plates containing

ally unrelated to Ubcs, namely Apgl10p, must be necessary10 pg/ml phloxine B, on which dead cells were stained red (Tsukada

for the recognition of Apg12p and/or Apg7p. This is the and Ohsumi, 1993). White colonies were picked up and subjected to a
light microscopic observation to confirm the accumulation of autophagic

bodies in their vacuoles.

Plasmids were rescued from the candidate cells and one plasmid,
named 5-5C, was used for further analysis. Subcloning identified a
1.2 kb Xbd-Hindlll fragment as the minimal region with comple-
menting activity.

The 2.4 kbXba—Kpnl fragment was subcloned into pBluescript Il
KS+ (Stratagene) to generate pKSAPG10. The 2.(Bkid—Pst LEU2
fragment from pJJ282 (Jones and Prakash, 1990) was cloneBsiito

first example showing that the protein quite different from

Ubcs functions as an E2-like protein-conjugating enzyme.
A BLAST search revealed that Apgl0p has a potential

C.eleganshomolog of unknown function. In addition, the

EST fragments that are closely related to ApglOp are

also found in human (DDBJ/EMBL/GenBank accession
No. AA448080) and mouse (DDBJ/EMBL/GenBank

accession No. AA673136). The sequences around theEcdaRV-digested pKSAPG10 to generate pKSapg10:LEU2. The 4.24 kb
cysteine-133 residue are well conserved among theseNhé-Ncd fragment from pKSapg10::LEU2 was used for transformation

proteins, supporting the suggestion that the cysteine-13

residue of Apgl0p is the active site. Considering that the

Apgl2p—Apg5p conjugation system is conserved from
yeast to human (Mizushimet al,, 1998b), Apg10p should
also be widely distributed in eukaryotes. Recently, it was
reported that th@ichia pastorishomolog of Apg7p, Gsa?,

is required for microautophagy of peroxisomes and is able

30f YW5-1B and TN125. The disruption of th&PG10 gene was

confirmed by PCR.

C-terminal epitope-taggedPG10 ("AAPG1Q was constructed by
inserting the DNA sequence encoding a repeated hemagglutinin
(HA)-epitope tag (X HA) just before the stop codon. The tagged

‘APG10was confirmed to be functional by complementation of the
apg phenotype of thepgl0-1cell.

Plasmid construction

to complement the defects in macroautophagy and API HappG10was cloned into thexba and EcaRI sites of pRS316 and

transport inS.cerevisiagdKim et al, 1999; Yuanet al,

pRS426 (Sikorski and Hieter, 1989) to generate pHA-APG10-316

1999). These findings suggest that Apg1l0p may function and pHA-APG10-426, respectively. pHA-APG12-314 was described

in peroxisome degradation as well as macroautophagy an
the Cvt pathway.

Materials and methods

Strains and media, genetic and molecular biological
techniques
The S.cerevisiaestrains used in this study are listed in Table I. Yeast

gpreviously (Mizushimaet al, 1998a) and pMyc-APG12-424 was gener-

ated by subcloning of the DNA fragment encoding 3Myc-tagged
Apgl2p (Mizushimaet al, 1998a) into theSpé and Xhd sites of
pRS424. For the two-hybrid assay, the enfi@G100RF was amplified

by PCR and inserted into thecaRl site of pGBD-C1 (Jamest al,
1996) to generate pGBD-APG10 that expresses the DNA binding domain
of Galdp fused with Apg10p. pGAD-APGS5 was created by insertion of
the entireAPG5 ORF into theBanH! and Pst sites of pGAD-C1 to
fuse Apg5p to the C-terminal end of the Gal4p activation domain.

cells were grown in yeast extract—peptone—dextrose (YPD) or synthetic pGAD-APG?7 contains the same APG7 fragment as pGBD-APG7 (Tanida
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et al, 1999). pGAD-APG12 was described previously (Mizushima
et al, 1999).

Site-directed mutagenesis

Site-directed mutagenesis APG10was performed by PCR (Het al,
1989). The following primers were used: C26S-FiwGIGGGCCCTTT-
CCCAAGATGTCC-3; C26S-Rv, 5-GACATCTTGGGAAAGGGC-
CCAGT-3; C133S-Fw, 5TTCCATCCATCCGATACATCATGTATA-
3’; C133S-Rv, 5CATGATGTATCGGATGGATGGAA-3; C133A-Fw,
5'-TTCCATCCAGCCGATACATCATGTATA-3; C133A-Ry, B-CATG-
ATGTATCGGCTGGATGGAA-3; C137S-Fw, 5-GATACATCATCTA-
TAGTAGGTGAC-3; C137S-Rv, 5GTCACCTACTATAGATGATG-
TATC-3'. The mutatedAPG10 fragments were inserted into théba
and EcaRl sites of pRS316 or pRS426. All mutations were verified by
dideoxy sequencing.

Immunoprecipitations

Yeast cells harborind~APG10and/orMY°APG120n 2u plasmid were
broken with glass beads in IP buffer [50 mM Tris—HCI pH 7.5, 150 mM
NaCl, 5 mM EDTA, 1 mM PMSF and X protease inhibitor mixture
(Complete”, Boehringer Mannheim)]. Cell debris was removed by
centrifugation at 500@ for 5 min, and the protein concentration of the
resultant lysate was determined by Bradford’s method. After Nonidet
P-40 was added to the lysate to a final concentration of 1%, it was

Two distinct pathways for targeting proteins from the cytoplasm to
the vacuole/lysosomd. Cell Biol, 139, 1687-1695.

Bonifacino,J.S. and Weissman,A.M. (1998) Ubiquitin and the control of
protein fate in the secretory and endocytic pathwaysu. Rev. Cell
Dev. Biol, 14, 19-57.

Ciechanover,A. (1998) The ubiquitin-proteasome pathway: on protein
death and cell lifeEMBO J, 17, 7151-7160.

Desterro,J.M., Rodriguez,M.S. and Hay,R.T. (1998) SUMO-1
modification of kBa inhibits NF«B activation.Mol. Cell, 2, 233-239.

Desterro,J.M., Rodriguez,M.S., Kemp,G.D. and Hay,R.T. (1999)
Identification of the enzyme required for activation of the small
ubiquitin-like protein SUMO-1J. Biol. Chem.274, 10618-10624.

Duprez,Eet al (1999) SUMO-1 modification of the acute promyelocytic
leukaemia protein PML: implications for nuclear localisatianCell
Sci, 112, 381-393.

Funakoshi,T., Matsuura,A., Noda,T. and Ohsumi,Y. (1997) Analyses of
APG13 gene involved in autophagy in yeasBaccharomyces
cerevisiae. Genel92 207-213.

Gong,L. and Yeh,E.T.H. (1999) Identification of the activating and
conjugating enzymes of the NEDD8 conjugation pathwayBiol.
Chem, 274, 12036-12042.

Gong,L., Kamitani,T., Fujise,K., Caskey,L.S. and Yeh,E.T.H. (1997)
Preferential interaction of sentrin with a ubiquitin-conjugating enzyme,
Ubc9.J. Biol. Chem.272 28198-28201.

incubated with protein G-Sepharose 4 Fast Flow (Amersham PharmaciaGong,L., Li,B., Millas,S. and Yeh,E.T.H. (1999) Molecular cloning and

Biotech) at 4°C for 1 h for preabsorption. The preabsorbed lysate
containing 5 mg of protein was incubated with or withoytllof mouse
monoclonal anti-HA (16B12, BAbCo) or anti-Myc (9E10) antibody at
4°C for 2 h and then 2@l of protein G—Sepharose (50% slurry) were
added to it. After incubation at 4°C for 2 h, unbound proteins were
removed by three washes in 1 ml of IP buffer containing 1% Nonidet
P-40. The immunoprecipitated proteins were eluted by boiling in SDS
gel-loading buffer with or without 100 mM DTT. Proteins were separated
by SDS—-PAGE and analyzed by immunoblotting with anti-HA (16B12),
anti-Myc antibody (9E10) or rabbit polyclonal anti-HA antibody
(BAbCo).

Western blotting analysis of whole yeast lysate

Cells were resuspended in 1Q0 of 0.2 N NaOH, 0.5% 2-mercapto-
ethanol. After incubation for 15 min on ice, 1 ml of ice-cold acetone
was added and further incubated for 30 min at—20°C. After centrifugation
at 10 000g for 5 min, the resulting pellets were resuspended in the
appropriate volume of SDS loading buffer and boiled for 5 min. Lysates
equivalent to 0.5 ORyg cells were separated by SDS-PAGE and
electrotransferred to a polyvinylidene difluoride membrane (Millipore).
Mouse monoclonal anti-HA antibody (16B12) or rabbit anti-aminopeptid-
ase | antibody (a gift from Dr Klionsky) was used for immunodetection.

characterization of human AOS1 and UBA2, components of the
sentrin-activating enzyme compleXEBS Lett. 448 185-189.

Haas,A.L. and Siepmann,T.J. (1997) Pathways of ubiquitin conjugation.
FASEB J, 11, 1257-1268.

Harding,T.M., Hefner-Gravink,A., Thumm,M. and Klionsky,D.J. (1996)
Genetic and phenotypic overlap between autophagy and the cytoplasm
to vacuole protein targeting pathway. Biol. Chem. 271, 17621—
17624.

Hershko,A. and Ciechanover,A. (1998) The ubiquitin syst&nnu. Rev.
Biochem, 67, 425-479.

Ho,S.N., Hunt,H.D., Horton,R.M., Pullen,J.K. and Pease,L.R. (1989)
Site-directed mutagenesis by overlap extension using the polymerase
chain reactionGene 77, 51-59.

Hochstrasser,M. (1998) There's the Rub: a novel ubiquitin-like
modification linked to cell cycle regulatioGenes Dey.12, 901-907.

Irie,K., Takase,M., Lee,K.S., Levin,D.E., Araki,H., Matsumoto,K. and
Oshima,Y. (1993)MKK1 and MKK2, which encodeSaccharomyces
cerevisiaemitogen-activated protein kinase-kinase homologs, function
in the pathway mediated by protein kinase Mol. Cell. Biol, 13,
3076-3083.

James,P., Halladay,J. and Craig,E.A. (1996) Genomic libraries and a
host strain designed for highly efficient two-hybrid selection in yeast

Development was performed by the ECL detection methods (Amersham  Genetics 144, 1425-1436.

Pharmacia Biotech).

Other methods

For measurement of autophagic activity, the alkaline phosphatase (ALP)
assay was performed as described previously (Noda and Ohsumi, 1998).

The two-hybrid assay was performed as described by Jaha¢g1996).
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