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activity than GST-Parkin, as shown in Fig. 1F, we used MBP-Parkin in
the following experiments.

Fused MBP Is a Good Pseudo-substrate to Monitor E3 Activity of
Parkin—We next determined whether the MBP portion or Parkin por-
tion (or both) is ubiquitylated. To check this, we purified MBP-
LVPRGS-Parkin, in which a thrombin-digestion sequence is inserted
between MBP and Parkin. As depicted in Fig. 24, if the MBP moiety is
ubiquitylated, its molecular weight would increase by ubiquitylation
and subsequent digestion, but if not ubiquitylated, its molecular weight
would remain unchanged. First we tried to split MBP-LVPRGS-Parkin
by thrombin; however, this recombinant protein was hardly digested for
some unknown reason (data not shown). We next fused the C-terminal
IBR-RING2 region of Parkin to MBP-LVPRGS (hereafter dubbed IBR-
RING?2, see Fig. 44), and this construct was cleaved moderately (Fig. 2B,
lanes 1 and 2). When IBR-RING2 was subjected to an ubiquitylation
assay and subsequently separated into MBP and IBR-RING2 portions by
thrombin digestion, the molecular weight of MBP moiety was clearly
increased (see the asterisks in Fig. 2B, lanes 3 and 4), meaning that the
MBP portion is ubiquitylated. Does this result mean that bacterial MBP
protein is the substrate for Parkin? The answer is no. When sole MBP
protein was incubated with IBR-RING2, this free MBP was not ubiqui-
tylated at all, even though IBR-RING2 was autoubiquitylated as
described (Fig. 2, compare C with B). This result indicates that the
IBR-RING2 region of Parkin ubiquitylates fused-MBP, but not unbound
MBP, and strongly suggests that Parkin recognizes MBP as a substrate
not because of its amino acid sequence but because of its physical vicin-
ity to Parkin. As depicted in Fig. 2D, when the same experiment was
repeated using an anti-Parkin antibody, the molecular weight of the
IBR-RING2 moiety was also increased meaning that both MBP and
IBR-RING?2 portions were ubiquitylated (Fig. 2E). Although many puta-
tive substrates of Parkin have been reported, the lack of a good in vitro
substrate makes any biochemical study difficult. Our study revealed that
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fused MBP could be a good pseudo-substrate to monitor the E3 activity
of Parkin,

Parkin by Itself Catalyzes Multiple Monoubiquitylation—The Uev1l-
Ubcl3 heterodimer is an E2 involved in the formation of Lys-63-linked
polyubiquitylation (19). We confirmed that our Uevl-Ubcl3 complex is
functional (Fig. LD and supplemental Fig, LA). Motivated by the findings
that Parkin catalyzes Lys-63-linked polyubiquitylation (20, 21) and Par-
kin cooperates with Uev1-Ubc13 in our assay (Fig. 1B), we investigated
the mode of Parkin-catalyzed ubiguitylation. Parkin could either cata-
lyze multiple monoubiquitylation, Lys-48-linked polyubiquitylation, or
Lys-63-linked polyubiquitylation. Lys-48-linked polyubiquitylation has
been studied most and it essentially directs the substrate to degradation
by the proteasome. In contrast, the Lys-63-linked polyubiquitylation
and monoubiquitylation serve as a signal other than proteasomal-pro-
teolysis (22-24). We first used methylated ubiquitin (hereafter referred
to as Met-Ub) in which all lysine residues are blocked by methylation
and is incapable of polyubiquitylation. If Parkin catalyzes polyubiquity-
lation, the use of Met-Ub would shorten the ladder of ubiquitylation but
if not, the ubiquitylation pattern would remain unchanged. Unexpect-
edly, the use of Met-Ub and Uev1-Ubc13 did not change the ubiquity-
lation pattern, indicating that Parkin catalyzes multiple monoubiquity-
lation in vitro (Fig. 3A). The same result was observed when Ubc7 was
used as E2 (Fig. 3B), and these results were more evident when IBR-
RING? (Fig. 44) was utilized (Fig.'3, C and D). Repeated experiments
using lysine-less ubiquitin, in which all lysine residues were changed to
arginine, showed it cannot form a polyubiquitin chain, again confirmed
the consequence (Fig. 3E). It is noteworthy that sole Ubc13 itself assisted
autoubiquitylation of Parkin as well as the Uevi-Ubc13 complex (sup-
plemental Fig, 1B), again supporting this conclusion. These results
allowed us to conclude that the mode of ubiquitylation catalyzed by
intrinsic Parkin in vitro is multiple monoubiquitylation rather than
polyubiquitylation (see “Discussion”).
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FIGURE 3. Parkin catalyzes multiple monoubliquitylation. A and B, in vitro ubiquityla-
tion assay was performed in the absence (—) or presence of ubiquitin {(Ub) or methylated-
ubiquitin (Met-Ub; cannot form polyubiquitylation chain). Uevi-Ubc13 was used as E2 in
Aand Ubc7 in B. Almost identical ubiquitylation patterns were observed in Ub and Met-
Ub, indicating that Parkin catalyzes muitiple monoubiquitylation. Cand D, the result was
more evident when IBR-RING2 (see Fig. 4) was utilized. Uev1-Ubc13 was used as E2 in C
and Ubc7 in D. E, the same experiment was performed using lysine-less ubiquitin, Ub,
autoubiquitylation; *, oligomerization bands. Anti-MBP antibody was used in all
experiments.

Mode of E3 Activity of Parkin with Pathogenic Missense Mutations—
At present, dozens of disease-relevant mutations of Parkin have been
reported, and the primary cause of autosomal recessive juvenile parkin-
sonism is assumed to be impairment of the E3 activity of Parkin by such
mutations. However, it is still contentious whether Parkin with PD-
causing mutation loses its E3 activity or not (see supplemental Table 1),
primarily because of the absence of a sensitive E3-activity assay system
using recombinant Parkin. To settle this problem, we examined the E3
activity of MBP-Parkin harboring various mutations and deletions.
Three in-frame exonic deletions and 19 PD-linked mutations distrib-
uted throughout Parkin were selected (Fig. 44). In addition, two Parkin
species, one lacks its Ubl domain (AUbI) and the other possesses only
C-terminally IBR-RING2 domain (IBR-RING2), were also generated.
When these MBP-Parkin mutants were incubated with Ubc7 as E2, only
mutations neighboring the second RING finger motif (Fig. 44, solid
circles) abolished the E3 activity completely (Fig. 4B). A nonsense muta-
tion lacking the rear RING finger motif had no E3 activity and sole
IBR-RING2 retained the E3 activity (Fig. 4, light gray circles), indicating

0
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that the second RING finger motif is the catalytic core for the E3 activity
of Parkin. Contrary to what was assumed, all disease-relevant mutations
other than those in RING?2 still possessed E3 activities equivalent to that
of the wild-type Parkin (Fig. 4B). The same results were observed when
UbcH7 or Uevl-Ubcl3 was used as E2 (data not shown). In these assays,
we used a bacterially expressed recombinant Parkin, and to our knowl-
edge, this is the first direct evidence that E3 activity of the strictly pure
Parkin harboring various pathogenic mutations is not compromised.

DISCUSSION

To date, numerous biochemical studies have been performed to
understand the E3 activity of Parkin. However, it is difficult to rule out the
possible involvement of other E3s (see Introduction). Furthermore, the lack
of a good model substrate spurs the difficulty to check the intrinsic E3
activity of Parkin. We thus set up a sensitive E3 assay system using bacteri-
ally expressed recombinant Parkin. Our assay system has some advantages;
namely, we can obtain a large quantity of MBP-Parkin with higher E3 activ-
ity than GST-Parkin (Fig. 1). In addition, this fusion protein was already
primed for ubiquitylation even in the absence of model substrate, because
fused MBP can work as a good pseudo-substrate (Fig. 2). More importantly,
because MBP-Parkin is purified from E. coll, it is free from possible contam-
ination of other E3(s). The establishment of this assay allowed us to perform
a thorough biochemical characterization of Parkin protein.

Interestingly, sole Parkin catalyzes multiple monoubiquitylation in
vitro (Fig. 3). Moreover, although Doss-Pepe et al. (20) reported that
Parkin accelerates polyubiquitin chain formation, the MBP-Parkin in
our assay did not stimulate the assembly of polyubiquitin chain (Fig. 1D,
compare lanes 4and 6, and 10and 12, respectively). These results seem-
ingly suggest that the ubiquitylation catalyzed by Parkin functions not
for proteasomal degradation but for non-proteasomal-proteolytic func-
tion(s), such as transcriptional regulation and/or membrane trafficking
in vivo. However, it is still premature to make such conclusion.
Although we showed that pure Parkin catalyzes multiple monoubiqui-
tylation in vitro (Fig. 3), some additional factor(s) like E4 can work
together in vivo, and this needs to be considered. E4 can extend the
ubiquitin chain by recognizing the ubiquitin moiety of a ubiquitylated-
protein as a substrate (25). If such an E4-like factor(s) cooperates with
Parkin in vivo, it is still possible that monoubiquitylation catalyzed by
Parkin is used as the scaffold for further polyubiquitylation and finally
functions for proteasomal degradation. All things considered, further
studies are obviously required; in particular, the authentic substrate and
the function of Parkin-catalyzed ubiquitylation need to be addressed.

Another unexpected result was that most of the PD-relevant mis-
sense mutations do not abrogate E3 activity of Parkin (Fig. 4). Only
missense mutations in the rear RING finger motif abolished the E3
activity, revealing that not the first but the second RING finger motif is
the catalytic core of Parkin. Recently, several studies that focused on the
pathophysiological mechanisms of Parkin have been published (26 -30).
Although our results on enzymatic activities of mutant Parkin are not
fully consistent with previous reports (see supplemental Table 1), meth-
odological differences in the E3 assay may account for the conflicting
observation. For example, in one study immunoprecipitated Parkin was
used as the source of E3 in vitro (31) and in other studies, E3 activity of
Parkin was checked by whether or not coexpression of Parkin in cells
enhances the ubiquitylation of the putative substrate (7, 30). Although
there is little discrepancy, recent studies and our present work drew the
same conclusion that the dysfunction of Parkin is not simply attributa-
ble to catalytic impairment of its E3 activity. Indeed, several missense
mutations cause Parkin to be sequestered into an aggresome-like struc-
ture, and this phenomenon may be involved in disease pathogenesis
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(27-30). We think that disease-relevant mutations cause not only atten- ~ REFERENCES

uation of E3 activity but also a variety of primary defects such as seques-
tration into aggresome and dissociation from its partner protein, and
possibly a complex of such defects may eventually lead to Parkin dys-
function and autosomal recessive juvenile parkinsonism.

PD is the second most prevalent neurodegenerative disorder, and
thus, analysis of Parkin is important in terms of public welfare. Indeed, a
large number of articles on Parkin have been published; however,
because of fierce scientific competition, not all Parkin-related phenom-
ena were critically scrutinized although there remains room for close
examination. For example, Pawlyk et al. (32) recently inspected the anti-
Parkin antibodies and uncovered a high non-specificity of the available
Parkin antibodies. This also holds true for the E3 activity of Parkin, because
precedent works could not exclude the possible’involvement of another
E3(s). Herein we investigated thoroughly the enzymatic activity of bacteri-
ally expressed recombinant Parkin. Although our work is not conspicuous,
we hope that our biochemical characterization using pure Parkin would be
a solid cornerstone for further studies, as the preceding works were.
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Autophagy is an evolutionarily conserved pathway in which the cytoplasm
and organelles are engulfed within double-membrane vesicles, termed
autophagosomes, for the turnover and recycling of these cellular
constituents. The yeast Atg8 and its human orthologs, such as LC3 and
GABARAP, have a unique feature as they conjugate covalently to
phospholipids, differing from ubiquitin and other ubiquitin-like modifiers
that attach only to protein substrates. The lipidated Atg8 and LC3 localize
to autophagosomal membranes and play indispensable roles for
maturation of autophagosomes. Upon completion of autophagosome
formation, some populations of lipidated Atg8 and LC3 are delipidated
for recycling. Atg4b, a specific protease for LC3 and GABARAP, catalyzes
the processing reaction of LC3 and GABARAP precursors to mature forms
and de-conjugating reaction of the modifiers from phospholipids. Atg4b is
a unique enzyme whose primary structure differs from that of any other
proteases that function as processing and/or de-conjugating enzymes of
ubiquitin and ubiquitin-like modifiers. However, the tertiary structures of
the substrates considerably resemble that of ubiquitin except for the
N-terminal additional domain. Here we determined the crystal structure of
human Atgdb by X-ray crystallography at 2.0 A resolution, and show that
Atgdb is a cysteine protease whose active catalytic triad site consists of
Cys74, His280 and Asp278. The structure is comprised of a left lobe and a
small right lobe, designated the “protease domain” and the “auxiliary
domain”, respectively. Whereas the protease domain structure of Atgdb
matches that of papain superfamily cysteine proteinases, the auxiliary
domain contains a unique structure with yet-unknown function. We
propose that the R229 and W142 residues in Atg4b are specifically essential
for recognition of substrates and catalysis of both precursor processing and
de-conjugation of phospholipids.

© 2005 Elsevier Ltd. All rights reserved.

Keywords: Atgdb; autophagy; ubiquitin-like modifier; cysteine protease;
tertiary structure

There is growing evidence regarding the import-  (Ubls) as landmark molecules of new type post-
ance of ubiquitin (Ub) and ubiquitin-like proteins  translational protein-modifying systems respon-

sible for diverse cellular activities, such as

Abbreviations used: Ub, ubiquitin; Ubl, ubiquitin-like

intracellular protein proteolysis and other non-
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protein; GABARAF, gamma-aminobutyric-acid type-A proteolytic roles in eukaryotic cells.”™ Ub and

receptor-associated protein; PE, phosphatidylethanol- Ubls are covalently attached to c.he.nt molecgles.by

amine. an elaborate cascade system consisting of activating
E-mail addresses of the corresponding authors: (E1), conjugating (E2), and/or ligating (E3)

tanakak@rinshoken.orjp; yamane@nubio.nagoya-u.ac.jp enzymes. Intriguingly, Ub is encoded by two types
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of unique genes; a poly(Ub) gene, which encodes a
tandemly repeated Ub (so-called “heat-shock
gene”), and an Ub-fused gene with certain ribo-
somal proteins of unknown biological significance.*”
In addition, some Ubl modifiers (if not all) are also
synthesized in precursor forms with extension
adducts (consisting of several amino acid residues)
in the COOH-termini. The Ub-fused proteins and
the extra adducts of Ubls must be cleaved prior to
their conjugation to target molecules. It is note-
worthy that most of these Ub and Ubl-modifying
reactions are reversible; i.e. Ub/Ubl-conjugates are
de-conjugated from the substrates to abolish the
effects of modifications, and then the Ub/Ubl
modifiers are re-ut111zed for other cycles of respec-
tive modifications.® For these events, various
enzymes catalyze the maturation of precursor
modifiers (i.e. reactions that produce functional
Ub or Ubl moieties from their precursor forms) and
de-conjugation of Ub or Ubl-ligated molecules in
eukaryotic cells. These enzymes belong to a large
protein family of cysteine proteases, with the
exception of certain de- ub1qu1tmat1ng enzymes
that are metalloproteases.”

Human Atgdb, the yeast Atg4d homologue essen-
tial for autophagy, cleaves the COOH-terminal
adducts of microtubule-associated protein 1 light
chain 3 (LC3) and gamma-aminobutyric-acid type-
A receptor- assoc1ated protein (GABARAP), a
human Atg8 ortholog.®® Among the Ubl modifiers,
the yeast Atg8 and its human orthologs have a
unique feature in that they conjugate covalently to
phospholipids such as phosphatidylethanolamine
(PE), thus differing from any other ubiquitin-like
modlflers that conjugate only to protein sub-
strates.”'%In this regard, the Atg8/LC3 conjugation
system to phospholipids is essential for autophagy,
a membrane trafficking mechanism that delivers
cytoplasmic constituents into the lysosome/vacuole
for bulk protein degradation. 112 The initial step of
autophagy is elongation of the isolation membrane.
The isolation membrane enwraps cytoplasmic
components including organelles, and then its
edges fuse with each other forming a double
membrane structure called autophagosome. Finally,
the outer membrane of the autophagosome fuses to
the lysosome/vacuole and the sequestered cyto-
plasmic constituents are degraded by the lyso-
somal/vacuolar hydrolases, together w1th the inner
membrane of the autophagosomes.’® In this pro-
cess, the processing of LC3 by Atgdb is essential for
LC3-lipidation during autophagosome formation.
Lipidated LC3 localizes to autophagosomes and
some populations are delipidated by At%4b after
autophagosome maturation for recycling.”** Con-
sidering the specific function of Atg8/LC3 family
proteins, it is necessary to determine the structure of
this processing/de-conjugating enzyme, Atgdb.
Here we report for the first time the tertiary
structure and the substrate recognition mechanism
of Atgdb and compare these properties to those of
other de-ubiquitylating enzymes and structurally
similar proteases.

Overall structure of Atgdb

The structure determination process is summa-
rized in Table 1. Atgdb adapts an a/B structure with
overall dimensions of 60 AX55 AX50 A consisting
of 13 B-strands designated B1-B13, eight a-helices
(a1-a8) and three 345 helices. The 3;0-1 helix is
located at the N-terminal region, 31o-2 is in the loop
between B10 and B11, and 3;4-3 is in between P11
and B12. Atgdb is composed of a left lobe and a
small right lobe, designated the “protease domain”
and the “auxiliary domain”, respectively
(Figure 1(a)). The structure from residues 191 to
215, which links the auxiliary domain and protease
domain, could not be constructed because of the
weak electron density. Despite the lack of obvious
sequence homology to papain, the protease domain
of Atgdb matches that of papain superfamily
cysteine proteases. Superposition of Atg4b with
papain on the 119 C* atoms of the optimal Atg4b-
papain overlap resulted in a root-mean-square
deviation (rm.s.d.) of 2.1 A (Figure 1(b)). The
secondary structure elements of the central anti-
parallel B-sheet (B11, B9, B8, B7, B12 and B6) and
helix o2 are structurally equivalent to those of
papain-like proteases (Figure 1(c)). The protease
domain of Atgdb is divided into two distinct sub-
domains and the active site of Atg4b is located
between the two sub-domains (Figure 1(a) and (c)).
On the other hand, the auxiliary domain contains
two PB-strands and two o-helices, in which the
papain superfamily does not hold (Figure 1(b)). The
auxiliary domain may provide additional functions,
such as substrate recognition.

The structure of Atgdb was compared with those
of other protems in the PDB database using the
DALI server.'® Atgdb is structurally smrular to a
cysteine protease, IdeS (PDB ID code 1y08),'° with a
rm.s.d. value of 3.8 A. IdeS is also an endopeptidase
with uniquely high specificity. This protease recog-
nizes the L-L-G-G motif in IgG. Comparison of the
primary structures of Atg4b and IdeS showed an
homology of approximately 20%.

Mechanism of catalysis

A decrease in enzymatic activity after mutation of
residues H280 and D278 indicates that these amino
acid residues form a catalytic triad (data not
shown). The active site cysteine, C74, histidine
and aspartate re51dues are well conserved in all
known Atg4 sequences.'” The active site of Atgdb is
located at the N-terminal region of helix a2 and the
loop connecting strands B9 and B10. The active site
of Atg4b fits the correspondmg re51dues in UCH-
L3,'® papain,'® cathepsin B,”° and HAUSP?
(Figure 2(a)). The hydrogen bond network between
Atgdb and others is essentially the same. However,
the orientation of the imidazole ring of H280 of
Atgdb is clearly different from those of other
cysteine proteases. The C* position of H280 in
Atgdb is located on the opposite side of the active
site H159 in papain.'® The structural similarity at
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Table 1. Data collection, phasing and refinement statistics

Hg Pb

Native 1 Native 2 Thimerosal (CH5COO0), (CH5COO0), rCly K,PtCly
A. Data collection
Space group P2, P2; - - - - -
Resolution (A) 2.0 2.0 2.4 33 2.4 2.6 2.8
Observations 180,458 114,063 122,583 40417 86,164 76,675 40,579
Unique reflections 48,166 39,483 27,747 10,816 24,628 20,857 16,168
Completeness (%) 98.7 (99.1) 81.5 (73.2) 98.5 (98.6) 99.8 (100.0) 88.6 (81.6) 95.0 (100.0) 92.4 (96.1)
(last shell)
Redundancy 3.7 (3.3) 2.9 (2.4) 4.4 (41) 3.7 (3.8) 3.6 (3.3) 3.7 (3.8) 2.5(2.5)
Rgym (%) (last shell) 3.0 (16.3) 3.7 30.7) 5.6 (19.3) 7.0 (27.6) 3.9 (28.6) 3.9 (19.9) 5.8 (28.0)
/o 23.8 195 16.6 122 17.8 18.2 12.6
B. MIRAS phgsing
Resolution (A) - - 24 33 2.4 2.6 2.8
Riqo versus Native 2 - - 0.199 0.195 0.155 0.106 0.108
Heavy atom sites - - 9 3 4 4 3
Phasing power - - 1.486 (1.055)  0.016 (0.008)  0.062 (0.032)  0.079 (0.035)  0.022 (0.009)
(anomalous)
Reunis {anomalous) - - 0.608 (0.803)  0.835(0.912)  0.699 (0.959)  0.603 (0.945)  0.867 (1.000)
C. Refinement statistics
Resolution range (A) 45.0-2.00 - - - - - -
Reflections 45,690 - - - - - -
Protein atoms 5386 - - - - - -
Solvent 337 - - - - - -
Reryst/ Rezee (%) 22.0/28.3 - - - - - -

D. r.m.s.d. from ideal values

Bond length (A) 0.011 - - - - - -
Bond angle (deg.) 142 - - - - - -
Ramachandran plot

Most favored (%) 87.6 - - - - - -
Additionally 10.3 - - - - - -
allowed (%)

Generously allowed 21 - - - - - —
(%)

The full-length human Atg4b was cloned into pGEX-6P (Amersham Biosciences). For overexpression in E. coli, the recombinant plasmid
was transformed into BL21 (RIL) (Novagen). Protein expression was induced at 35.5 °C with 0.1 mM isopropyl-B-p-thiogalactoside.
After further growth for 4 h, the bacteria were pelleted, resuspended in 20 mM Tris-HCI (pH 7.4) and 150 mM NaCl, and lysed by
sonication. The resulting soluble fraction was purified using glutathione Sepharose 4B and anion exchange chromatography. The GST
moiety was proteolytically removed by PreScission protease. Crystals of Atgdb were obtained at 15°C by the hanging-drop vapor-
diffusion method, with a mixture of 2.0 pl of protein (6.8 mg/ml) in buffer containing 25 mM Tris-HCIl (pH 7.5), 1 mM dithiothreitol
(DTT), and the same volume of reservoir solution (0.65-0.70 M sodium citrate (pH 6.5)). The crystals belong to the space group P2,, with
a=51.28 A, b=161.32 A, c=51.27 A, and B=119.6°. There are two molecules per asymmetric unit. The crystals were equilibrated in a
cryo-protectant buffer containing reservoir buffer plus 10%(v/v) glycerol and then frozen in a cold nitrogen stream at 100 K. Heavy-
atom soaks were performed in crystallization buffer with 0.01 mM thimerosal (22 h), 0.01 mM Hg(CH3;COO); (7 min), Pb(CH;COO),
(22 h), IrCl, (18 h) and K PtClg (22 h). All data sets were collected on beamline BL44XU at Spring-8, and processed using the software
Denzo and Scalepack and programs from CCP4 package. The structure of Atgdb was determined using Native 2 dataset by the multiple
isomorphous replacement anomalous scattering (MIRAS) method. Atomic positions for heavy-atoms in the asymmetric unit were
determined by using SHELXD? and refined by using SHARP. Initial MIRAS phases were extended to 2.0 A and improved with solvent
flattening and histogram matching using DM. The initial model was constructed with the program ARP/ wARP? Atgdb crystals
showed low isomorphism between different native crystals. The final Atgdb structure was determined using Native 2 dataset with high
completeness by the molecular replacement technique. As the search model, the initial model was applied. The warpNtrace mode of
ARP/wARP then built a model automatically, which had 570 of the 786 amino acid residues of Atg4b in the native electron density at a
resolution of 2.0 A. The remaining parts of the structure were built manually using the program XtalView.?® The model was refined at
2.0 A resolution using the program REFMACS5.% The final refined model contained two molecules. Both models contained residues
10-190 and 216-373. The Table lists the methods used for data collection and phasing and refinement statistics. Data for the outer shell
are in parentheses.

the active sites suggests that the catalytic mecha-
nism of Atg4b is similar to that of papain. In Atg4b,
C74 and H280 form a thiolate imidazolium ion pair,
and D278 functions to orient the active site residues
correctly and stabilizes the protonated form of
H280, while Y54 plays a role in the oxyanion hole.
Comparison of the surface representations of both
enzymes revealed that both active site clefts are
formed between two distinct sub-domains
(Figure 2(b)). While the active site cleft of papain
is open and allows accessing the substrate, the
corresponding active site cleft of Atg4b is closed by

lid loop of the enzyme. The lid loop (residues
258-263, especially N261) connecting B7 and (B8
covers the active site C74 though it is flexible
because of the residues’ high temperature factors
(Figure 3(a) and (b)). Indeed, the hydrogen bond
network between N261 and the active site residue is
observed via a water molecule (Figure 3(b)). The
scheme of the hydrogen bonds is N261---Wat49,
Wat49---C74 and Wat49:--Y54. Notably, the space for
substrate binding is very small in the active site,
suggesting a closed structure, corresponding to a self-
inhibited state. This conformation is not likely to be
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Protease domain Auxiliary domain

Figure 1. (a) Schematic drawing of Atgdb. The color codes for the secondary structure elements are: a-helix, cyan;
B-strands, magenta; loops, salmon. The active site residues Y54, C74, W142, R229, D278 and H280 are shown in ball-and-
stick representation. (b) Stereo diagram showing the superposition of C* of Atg4b (blue) and papain (red). (For 119
aligned C” atoms, r.m.s.d.=2.1 A.) () A topology diagram of Atg4b. The a-helices appear as cyan-colored cylinders and
are labeled a1-¢8. The B-strands appear as magenta-colored arrows and are labeled p1-B13. The 34 helices appear as
gray-colored cylinders and are labeled 315-1-310-3. Red circles indicate the positions of the active site residues.
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H169/H159/

Pagain

Atg4b

Figure 2. Comparison of the active sites among Atg4b and papain-like proteases. Active site residues of Atgdb, Y54,
C74, D278 and H280 are shown as yellow stick models. Those of four papain-like cysteine proteases appear in cyan
(UCH-L3: PDB ID code 1xd3), magenta (papain: PDB ID code 1pop), gold (cathepsin B: PDB ID code lito) and salmon
(UBP: PDB ID code 1nbf). The Figure was prepared by superposition of UCH-L3, papain, cathepsin B and UBP on Atg4b.
(b) Surface representation of papain complex with the N-terminal region of stefin B (PDB 1D code 1sth)® and Atgdb.
Protein surfaces are colored gray. The wavy line surrounds active site clefts. Bound stefin B is in red. The active site

residues are in magenta.

a consequence of crystal packing. Itis conceivable that
the lid loop undergoes conformational change to an
open form upon substrate binding.

Substrate recognition

Next, we conducted site-directed mutagenesis to
change key residues assumed to participate in

catalysis and substrate recognition of Atgdb. To
investigate the processing activation of Atgdb
against two Atg4b substrates, LC3 and GABARAP,
in vitro, recombinant Atgdb proteins expressed in
Escherichia coli were purified to homogeneity. As
substrates, the C-terminal Myc-tagged LC3 (LC3-
Myc) and GABARAP (GABARAP-Myc) were
expressed in E. coli and purified to homogeneity.
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(a)

Figure 3. (a) Surface representation of Atgdb. The active
site and the proposed substrate recognizing residues are
individually labeled. (b) Clipping of the active site, Y54,
C74, W142, D278 and H280, is shown in ball-and-stick
representation. The red sphere is a water molecule. The
lid loop (residues 258-263) covers the active site.

Incubation of each substrate with Atgdb released the
Myc-tag, resulting in LC3 and GABARAP products,
respectively, that migrated firstly in SDS-PAGE. For
each mutant of Atgdb, the extent of the cleavage was
determined by scanning Coomassie blue-stain
(Supplementary Data, Figure Sla). Wild-type Atgdb
cleaved both substrates. As expected, mutation of
cysteine-74, one of the residues that comprises the
catalytic triad was associated with a complete
disappearance of the processing activity. Mutation
of other residues comprising the catalytic triad also
resulted in the loss of activity (data not shown). Since
the crystal structures of LC3 and GABARAP were
determined,*** we built the model of the LC3 or
GABARAP and Atgdb complex manually to predict
key residues of Atg4b for substrate recognition. The
interactions between the Ubl modifier, NEDDS and
its specific cysteine protease, NEDP1 also provided
useful information.”* Thus, W142 of Atgdb was

predicted to form a m-stacking with F119 of LC3 and
Y115 0f GABARAP, which immediately precedes Gly.
In addition, R229 of Atgdb was predicted to form a
hydrogen bond with Q116 of LC3 and a salt-bridge
with E112 of GABARAP. These appear to be key
interactions, as neither the W142A nor R229A
versions of Atgdb showed severe reduction of the
protease activity.

While the assay employed the measures
described above the processing activity of Atgdb
in vitro it was also important to assay the de-
conjugating activity of the protease. Using our
recently developed in vitro reconstitution systems
(YS., 1. T, MK, TU. & EXK., unpublished results),
we generated PE-conjugating LC3 and GABARAP
(Supplementary Data, Figure S1b). The modified
substrates migrated first compared with the un-
modified substrates. Incubation of each substrate
with Atgdb released PE, resulting in LC3 and
GABARAP products, respectively, which migrated
slowly in SDS-PAGE. For each mutant, the extent of
cleavage was determined by immunoblotting
with anti-LC3 and anti-GABARAP, respectively
(Supplementary Data, Figure S1b). When the wild-
type Atgdb was mixed with the substrates, both
modified substrates were completely delipidated.
Mutants with reduced activity, as demonstrated in
the processing assay, were also defective in the de-
conjugating assay. These results indicate that W142
and R229 residues in Atgdb are essential for
recognition of both lipidated and native substrates.

In conclusion, we have demonstrated here that
Atgdb is an endopeptidase with a unique high
specificity toward Atg8 homologues, such as LC3
and GABARAP. Analysis of the crystal structure of
the human Atgdb showed a catalytic mechanism
similar to the papain superfamily cysteine protein-
ases. The mode of interaction between Atgdb and
Atg8 homologues may be determined in the future
by their co-crystallization.

Protein Data Bank accession code

The coordinates and structure factors have been
deposited in the RCSB PDB (accession code 2D11).
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Peroxisomes are degraded by autophagic machinery termed
“pexophagy” in yeast; however, whether this is essential for peroxi-
some degradation in mammals remains unknown. Here we have
shown that Afg7, an essential gene for autophagy, plays a pivotal role
in the degradation of excess peroxisomes in mammals. Following
induction of peroxisomes by a 2-week treatment with phthalate
esters in control and Atg7-deficient livers, peroxisomal degradation
was monitored within 1 week after discontinuation of phthalate
esters. Although most of the excess peroxisomes in the control liver
were selectively degraded within 1 week, this rapid removal was
exclusively impaired in the mutant liver. Furthermore, morpholog-
ical analysis revealed that surplus peroxisomes, but not mutant
hepatocytes, were surrounded by autophagosomes in the control.
Our results indicated that the antophagic machinery is essential for
the selective clearance of excess peroxisomes in mammals. This is
the first direct evidence for the contribution of autophagic machin-
ery in peroxisomal degradation in mammals.

Reorganization of organelles constitutively or suddenly occurs in
eukaryotic cells as an adaptation to environmental changes accompa-
nying the cell cycle, development, and differentiation (1). Such alter-
ations are stringently regulated by biogenesis and/or degradation. In the
last decade, much attention was paid to the study of organelle assemnbly,
an interest linked with the translocation of proteins into the organelles
(2). One focus of that work was peroxisomes. Peroxisomes are single
membrane-bound organelles that contribute to an array of metabolic
pathways and are specifically and markedly induced by a group of non-
genotoxic carcinogens and endogenous steroids in rodents (3-6).
Indeed, peroxisome proliferators increase the size, number, and
enzymes involved in fatty acid metabolism: e.g. peroxisomal thiolase
(PT),? peroxisomal bifunctional protein (BF), and fatty acid 8-oxidation
of peroxisomes (7, 8). However, the mechanistic basis of peroxisome
turnover remains poorly understood (8, 9).

In yeast species, such as Pichia pastoris, Hansenula polymorpha, Can-
dida boidinii, and Saccharomyces cerevisiae, proliferating peroxisomes
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are degenerated by an autophagy-related process named pexophagy
during glucose or ethanol adaptation (10-14). Yeast genetics of
pexophagy revealed that most autophagy-related (Aig) genes play indis-
pensable roles in this selective degradation of peroxisomes as well as
autophagy (8, 9, 13, 15, 16). In mammals, however, whether or not the
autophagic machinery is involved in the degradation of excess peroxi-
somes biosynthesized in response to drug cues remains a mystery. In
particular, there is no direct evidence for the degradation of disused
peroxisomes by the autophagic machinery, and it is not clear whether
such a degradation process, if any, is selective or non-selective. It has
also been reported that selective degradation of mitochondria may
occur via autophagy-related mechanism in yeast (17, 18). Therefore,
selectivity in the organelle turnover via autophagy is an important issue.

Among the many Atg genes that regulate autophagy, Azg7, which
encodes a ubiquitin-activating enzyme (E1)-like enzyme common to
two ubiquitylation-like conjugations, the LC3 (A#g8 in yeast) and Atgl2
conjugation systems, is a critical gene for autophagosome formation in
yeast and mammalian cells (19-26). It has been reported that in yeast,
Atg7/Apg7/Gsa7 is essential for pexophagy in addition to autophagy
(19, 22, 24). During mammalian autophagy, LC3-1 (a cytosolic form of
LC3) is lipidated to LC3-IL (its autophagosomal membrane-bound
form) by Atg7 (an E1-like enzyme) and Atg3 (a ubiquitin carrier protein
(E2)-like enzyme) (21, 27). Recently, we have established conditional
knock-out-mice of Atg7 and have shown that Atg7 is indispensable for
mammalian autophagy and that the autophagy deficiency in liver leads
to marked accumulation of cytoplasmic proteins (20). In the normal
liver, LC3 is continuously synthesized to form LC3-1, and LC3-I is sub-
sequently conjugated with phosphatidylethanolamine to form LC3-I1
during autophagy. LC3-II is then recruited to autophagosomal mem-
branes (21, 28), and the autophagosomal LC3-11 is rapidly degraded after
fusion of autophagosome with lysosome (29). This dynamic flow of LC3
is completely inhibited in Atg7-deficient liver and, as a consequence,
more LC3-I accumulates in the mutant liver (20). Considering that dele-
tion of yeast Atg7/Gsa7 gene results in a defect of pexophagy in P. pas-
toris (24), the liver-specific Atg7-conditional knock-out mice will be an
advantageous tool in investigating the degradation of peroxisomes in
mammals.

In this study, we analyzed the clearance of surplus peroxisomes using
the conditional-knock-out mice of Atg7 (20). The results indicated that
autophagy is essential for the degradation of accumulated peroxisomes
in the mouse liver.

EXPERIMENTAL PROCEDURES

Reagents—Phthalate esters (diethylhexyl phthalate (DEHP)), corn oil,
and leupeptin were purchased from Sigma.
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FIGURE 1. The recovery process of excess peroxisomes induced by DEHP treatment. A, wild-type mice were treated with DEHP for 2 weeks (2 w DEHP) and then chased for 1 week
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Animals and Treatment Regimen—C57B6] mice were used as wild-
type mice. Male mice received DEHP (1,150 mg/kg/day) or vehicle (corn
oil, 5 ml/kg/day) via sonde daily for 2 weeks, and the mice were subse-
quently fed on a normal diet for 1 week to investigate the changes in
proliferated peroxisomes during the recovery process according to the
protocol reported previously (7). For detection of autophagosomes by
electron microscopy, mice were injected with leupeptin (2 mg/100 g of
body weight) after administration of DEHP. All animals were sacrificed
by deep anesthesia.

Deletion of Atg7 in Mouse Liver—Atg7 conditional knock-out mice
and the heterozygotes were prepared as described previously (20).
Briefly, creatine expression in the liver was induced by intraperitoneal
injection of polyinosinic acid-polycytidylic acid (pIpC). pIpC was
injected three times at a 48-h interval.

Preparation of the Fractions—Livers from Atg77*:Mx1 and Atg7':
Mx1 mice were treated with DEHP or corn oil for 2 weeks, and at 1 week
after treatment, they were dissected. Subfractionation of the livers was
accomplished by differential centrifugation according to the method of
de Duve et al. (30). Briefly, 20% homogenates were prepared in 0.25 M
sucrose, 10 mM HEPES-NaOH, pH 7.4 (homogenizing buffer). The
homogenate of the liver was centrifuged at 650 X g for 5 min to remove
nuclei and unbroken cells. The pellets were resuspended in the same
volume of homogenizing buffer and were then recentrifuged. The
supernatants from these two centrifugations were combined and used
as postnuclear supernatant fractions. Postnuclear supernatant fractions
were centrifuged at 10,000 X g for 20 min, and pellets were used as the
mitochondrial/lysosomal/peroxisomal (MLP) fractions. The post-MLP
supernatants were further centrifuged at 105,000 X g for 60 min to
precipitate microsomal fractions in pellet form. All procedures were
performed at 4 °C.

Immunoblot Analysis—Immunoblotting was performed as described
previously (19). The antibody against Mn>*-superoxide dismutase was
kindly provided by Prof. Naoyuki Taniguchi (Osaka University, Japan).
The antibodies for Atg7 (19), LC3 (20), BF (31), PT (32), and the B-sub-
unit of ATP synthase (33) were prepared as described previously. The
antibodies against tubulin and BiP were purchased from Chemicon
International, Inc. (Temecula, CA) and Affinity BioReagents, Inc.
(Golden, CO), respectively.

Histological Examination—Livers were dissected, fixed in 4%
paraformaldehyde, frozen, embedded, and sectioned. For immunohis-
tochemical analysis, the sections were blocked with 5% normal goat
serum in phosphate-buffered saline containing 0.2% Triton X-100 and
then incubated with anti-PT antibody and Alexa Fluor 488-labeled sec-
ond antibody (Molecular Probes, Eugene, OR). Fluorescence images
were obtained using a fluorescence microscope (Q550FV; Leica, Ger-
many) equipped with cooled charge-coupled device camera (CTR MIC;
Leica). Pictures were taken using Leica Qfluoro software (Leica).

Electron Microscopy—Livers were perfusion-fixed with the fixative
through the portal vein for 10 min. The fixative consisted of 2%
paraformaldehyde, 1% glutaraldehyde, and 0.1 M HEPES-KOH buffer
(pH 7.4). To visualize peroxisomes, some liver slices were incubated in
alkaline 3,3-diaminobendine medium consisting of 2 mg/ml 3,3-diami-
nobendine, 0.02% hydrogen peroxide, and 0.2 M glycine-NaOH buffer
(pH 10.0) for 1 h at room temperature. Then they were postfixed with
1% reduced osmium tetroxide for 1 h. The other tissue slices were post-
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fixed in 1% reduced osmium tetroxide with 3,3-diaminobendine reac-
tion. All tissue slices were then dehydrated in graded series of ethanol
and embedded in Epon. Thin sections were cut with a diamond knife
using an ultramicrotome (Reichert, Vienna, Austria). Sections were
contrasted with 40 mMm lead citrate for 5 min and examined with a
Hitachi H7500 electron microscope (Hitachi, Tokyo, Japan).

Quantitative Analysis of Peroxisomes—For each tissue slice, 20 digital
electron micrographs were acquired at X 5,000 magnification, enlarged
2.7-fold, and printed by a laser printer. Using the printed figure, we
measured the area of peroxisomes and that of the cytoplasmic area of
hepatocytes using a SigmaScan scientific measurement system
equipped with a computer (Jandel Scientific, San Rafael, CA). The rela-
tive total area of peroxisomes was calculated using the following for-
mula: (number of peroxisomes in the average area of peroxisomes/cy-
toplasmic area) and expressed in um?/100 wm? of cytoplasmic area.

Statistical Analysis—The statistical significance of differences
between experimental and control groups was determined by the two-
tailed Student’s ¢ test. A p value of <0.05 was considered statistically
significant.

RESULTS

Selective Degradation of Excess Peroxisomes—Phthalate ester (DEHP)
and its active metabolite mono-ethylhexyl phthalate can cause marked
increases in both the size and the number of peroxisomes and induce
peroxisomal enzymes in the liver (7). Utilizing these phenomena, we
first investigated the specific proliferation of peroxisomes and the rapid
recovery after removal of the drugs in mice. Wild-type mice were
treated with DEHP for 2 weeks and then chased for 1 week as described
under “Experimental Procedures.” The mice were dissected at each
period, and the liver cell lysates were fractionated into MLP, microso-
mal, and cytosolic fractions. DEHP administration for 2 weeks was asso-
ciated with about 2-fold increase in the amount of total protein in MLP,
but not in microsomal or cytosolic fractions, as compared with
untreated mice, and the amount almost returned to the basal level at 1
week after discontinuation of DEHP (Fig. 1A). These changes were not
observed in mice treated with the vehicle (data not shown). Quantitative
densitometric analysis of immunoblotting data revealed that PT and BF,
marker proteins of peroxisomes, increased significantly after adminis-
tration of DEHP but not the vehicle, and both diminished significantly
to basal levels at 1 week after DEHP discontinuation (Fig. 1, Band C). In
comparison, the levels of mitochondrial proteins, the B-subunit of ATP
synthase and manganese superoxide dismutase, and the endoplasmic
reticulum marker, BiP, remained unchanged during the same manipu-
lations {Fig. 1B). Immunofluorescence analysis using anti-PT antibody
revealed that a 2-week administration of DEHP, but not the vehicle,
resulted in the appearance of numerous dots representing peroxisomes,
and most of these dots disappeared at 1 week after discontinuation of
DEHP (Fig. 1D). Considered together, these results indicate that DEHP-
induced peroxisomes are selectively degraded following removal of the
peroxisome proliferator.

Impairment of Degradation of Proliferated Peroxisomes in Autoph-
agy-deficient Liver—Next, to examine the effects of autophagy defi-
ciency on peroxisome degradation, we took advantage of the condi-
tional knock-out mice, Atg7’F:Mx1 (mutant mice), and their
littermates, Atg7"/*:Mx1 mice (control mice), the systems of which

control mice were treated with corn oil for 2 weeks (2 w vehicle). Untreated and treated mice were sacrificed, and the livers were dissected out and homogenized, and then the
postnuclear supernatant fractions were subjected to immunoblotting with anti-PT, BF, 8-subunit ATP synthase, Mn?*-superoxide dismutase (SOD), BiP, and tubulin antibodies.
Tubulin was used as a control. Data shown are representative of three separate experiments. C, quantitative densitometry ofimmunoblotting data in 8 was performed, and the ratios
between each of PT, BF, and ATP synthase and tubulin were plotted; **, p < 0.01, ***, p < 0.001. D, wild-type mice were treated with DEHP as described in A, and the frozen sections

of livers were stained with anti-PT antibody to detect peroxisomes. Magnification, X400.
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FIGURE 2. The recovery process of excess peroxisomes is impaired in Atg7-deficient liver. A, Atg7™* :Mx1 (F/+:Mx1) and Atg77/F:Mx1 (F/F:Mx1) mice were treated with DEHP for
2 weeks (2 w DEHP) and then chased for 1 week (2 w DEHP + 1 w). Both genotype mice were sacrificed at each time point. The liver was dissected out and homogenized, and then the
postnuclear supernatant fractions were subjected to immunoblotting using anti-Atg7, LC3, BF, PT, -subunit ATP synthase, Mn2*-superoxide dismutase (SOD), BiP, and tubulin
antibodies. Tubulin was used as control. Data shown are representative of three separate experiments. B, quantitative densitometry of Western blotting shown in A was performed,
and PT/tubulin, BF/tubulin, B-subunit ATP synthase/tubulin, and Mn?*-superoxide dismutase/tubulin ratios were plotted; *, p < 0.02, **, p < 0.01, N5; not significant.

membrane-bound form of LC3) and accumulation of LC3-I (a cytosolic
form of LC3) in the liver. It is generally accepted that LC3-11 is a marker
protein of autophagosomal membranes (21). Although both forms were
detected in the control liver, only LC3-I accumulated in the mutant liver
(Fig. 24), indicating impairment of autophagy in mutant Atg7”/":Mx1

were recently established by our group (20). Autophagy is impaired
following plpC injection in Azg7"F:Mx1 mouse livers. Indeed, we veri-
fied that Atg7 protein deletion in Azg7/“:Mx1 but not Azg7”*:Mxl
livers was plpC injection-dependent (Fig. 24). Furthermore, we also
tested the loss of Atg7 activity by investigating the lack of LC3-1I (a
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FIGURE 3. Accumulation of excess peroxisomes in Atg7-deficient liver. Immunofluo-
rescent detection of peroxisomes with anti-PT antibody in the Atg7™/*:Mx1 (A-C, F/+:
Mx1) and Atg77/F:Mx1 (D-F, F/F:Mx1) liver is shown. Atg7"*:Mx1 and Atg7"/F:Mx1 mice
were treated with DEHP for 2 weeks (B and £, 2w DEHP) and then chased for 1 week (Cand
F, 2w DEHP + 1 w). Untreated (A and D) and treated mice were sacrificed, and the livers
were isolated. The frozen sections of livers were immunostained with anti-PT antibody.
Magnification, X400.

mouse liver (20). In the control livers, although LC3-1I were induced by
the proliferated peroxisomes (Fig. 24, indicated by 2 w DEHP), it was
decreased almost to the basal levels at 1 week after withdrawal of DEHP
(Fig. 24), suggesting that autophagy was induced to remove surplus
peroxisomes. After a 2-week treatment with DEHP, the livers were dis-
sected, and total proteins in the lysates of mutant and control livers were
separated by SDS-PAGE and subjected to immunoblot analyses. Similar
to the results obtained with wild-type mice (Fig. 1), BF and PT increased
profoundly after the treatment as compared with mice prior to DEHP
administration and then decreased almost to the basal levels at 1 week
after discontinuation in Azg77*:Mxl livers (Fig. 2, A and B). Although
this increase was also detected in mutant Atg7"":Mx1 livers, the
increased PT and BT proteins did not return to the basal levels following
the discontinuation of DEHP (Fig. 2, A and B). In contrast to peroxiso-
mal proteins, the levels of mitochondrial (3-subunit of ATP synthase
and Mn”*-superoxide dismutase) and endoplasmic reticulum (BiP)
markers did not change under these conditions (Fig. 2, A and B). These
results indicate selective impairment of degradation of excess peroxiso-
mal proteins in autophagy-deficient Atg7"/F:Mx1 liver.

We further confirmed the impairment of peroxisome degradation in
autophagy-deficient liver by immunofluorescence analysis using
anti-PT antibody (Fig. 3). The PT-positive dots representing peroxi-
somes were markedly increased following a 2-week DEHP treatment in
both genotype livers, as compared with untreated mice (Fig. 3, A and D
versus B and E). Although the dots almost disappeared to the basal levels
at 7 days after discontinuation of DEHP in the control (Fig. 3C), most of
the peroxisome dots remained visible in mutant liver after the same
intervention (Fig. 3F). The data are in agreement with the biochemical
results shown in Fig. 2. Based on these results, we concluded that auto-
phagy is essential for selective degradation of excess peroxisomes.

Engulfment of Excess Peroxisomes by Autophagosomal Membranes in
Control Hepatocytes—Finally, we used electron microscopy to explore
the level of the peroxisomes in Atg7":Mx1 and Atg7"*:Mx1 livers (Fig.
4). Consistent with the results of immunofluorescent analysis, numer-
ous peroxisomes were detected following a 2-week DEHP treatment in
both wild and mutant hepatocytes (Fig. 4, B and E), and most of these
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FIGURE 4. Electron microscopic evaluation of livers of Atg7-deficient mice treated
with DEHP, A-F, electron micrographs of the liver of representative Atg7"/*:Mx1 mice
(F/+:Mx1) and Atg7"/F:Mx1 (F/F:Mx1) mice treated with DEHP for 2 weeks (B and £, 2 w
DEHP) and then fed on normal diet for 1 week (C and F, 2 w DEHP + 1 w). The vehicle
control mice of each genotype were treated with corn oil for 2 weeks (A and D). The
hepatocytes of both genotypes contained a high number of peroxisomes (P) after DEHP
treatment (B and E). Note that induced peroxisomes were retained at 1 week after dis-
continuation of DEHP in Atg77/F:Mx1 hepatocytes, in contrast to the decreased number
in Atg7*/*:Mx1 hepatocytes (C and F). Bars, 1 um. The total area of peroxisomes relative
to the cytoplasmic area was determined in each genotype (n = 10). M, mitochondria; G,
morphometric analysis of peroxisomes in Atg7”*:Mx1 and Atg7"/F:Mx1 mice.

structures disappeared after 1 week of discontinuation of DEHP in the
control, but not mutant, hepatocytes (Fig. 4, C and F). The relative total
area of peroxisomes was determined, and the mean values are shown in
Fig. 4G. Although the relative total area of peroxisomes increased in
both groups after a 2-week DEHP administration, the area decreased to
the basal level in control hepatocytes, but not in mutant hepatocytes, at
1 week after DEHP withdrawal from the diet (Fig. 2G).

After discontinuation of DEHP, we detected only a few autophago-
some-like structures in control hepatocytes, probably due to the rapid
turnover of autophagosomes by lysosome (Fig. 4C). Considering the
selective degradation of peroxisomal marker proteins, PT and BF (Fig.
2), autophagosomes that selectively enwrap peroxisomes could be
observed by electron microscopic analysis when lysosomal proteolysis is
inhibited. Therefore, we examined whether proliferated peroxisomes
enclosed by autophagosomal membranes can be detected under the
condition of inhibited autophagic proteolysis. Injection of leupeptin, a
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FIGURE 5. Excess peroxisomes are surrounded by autophagosome. Atg7”/*:Mx1
mice were treated with DEHP for 2 weeks and then injected with leupeptin as described
under “Experimental Procedures.” The mice were sacrificed, and the livers were dis-
sected out and processed for electron microscopic examination. These images show
representative autophagosomes surrounding peroxisomes. Four typical electron micro-
graphs are represented. Arrowheads indicate the engulfment of peroxisome(s) by iso-
lated membranes. Bars, 1 pm.

lysosomal cysteine proteinase inhibitor, into a 2-week DEHP-treated
control Atg7"*:Mx1 mouse resulted in marked accumulation of auto-
phagosomes, and some peroxisomes were surrounded by a double-
membrane structure, autophagosome, in control hepatocytes (Fig. 5).
No autophagosome was identified in hepatocytes of Atg7”/":Mx1 mice
(data not shown). These lines of evidence indicated that the autophagic
machinery mediated is essential for selective clearance of excess peroxi-
somes, as it is so for starvation-induced autophagy in the mouse liver.

DISCUSSION

Most cellular components, if not all, are regulated quantitatively to
maintain cell homeostasis. For this regulation, there are growing lines of
evidence for the importance of the balance between biosynthesis and
degradation. Peroxisomes, a typical cellular component, are dynamic
organelles induced and degraded in response to extracellular cues (8).
However, little is known about the mechanism for peroxisome degra-
dation in mammals. There are two major concepts for degradation of
peroxisomes, ie. autophagic machinery and autolysis (34, 35). By the
analysis of autophagy-deficient livers, we showed the first direct evi-
dence that peroxisomal breakdown is mainly, if not entirely, dependent
on autophagic machinery. Based on quantitative densitometry with two
peroxisome marker enzymes (Fig. 2, PT and BF) as well as morphometry
of the electron micrographs (Fig. 4), ~70— 80% of percxisomes induced
by DEHP were degraded via autophagy during 1 week after discontinu-
ation of the drug administration.

Considering peroxisome degradation by autophagic machinery in
mammals, it is important to know whether the process occurs via
micropexophagy or macropexophagy. In methylotrophic yeast species,
it is well established that the autophagy-related process, termed
pexophagy, induces a rapid and selective degradation of excess peroxi-
somes (13). In P. pastoris cells, following a shift from methanol to etha-
nol or glucose, unnecessary peroxisomes are degraded by mac-
ropexophagy and micropexophagy, respectively (9). Macropexophagy is
the degradation pathway in which autophagosomes selectively sur-
round excess peroxisomes. On the other hand, in micropexophagy, the
excess peroxisomes are not degraded through autophagosome forma-
tion. The initial step in micropexophagy is invagination and septation of
a vacuole followed by engulfment of the peroxisomes by the vacuole. In
the final stage, the edges of the vacuole fuse with each other followed by
vacuolar degradation of the peroxisomal membrane and its contents.
Because ATG?7 is essential for both macropexophagy and micropexoph-
agy in P. pastoris cells, it is plausible that excess peroxisomes in mam-
malian cells are also degraded by both macroautophagy and
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micropexophagy. Our data using electron microscopy revealed that
autophagosomes preferentially surrounded excess peroxisomes in con-
trol hepatocytes (Fig. 5), suggesting that DEHP-induced peroxisomes
are degraded mainly through the process of macropexophagy. Thus, we
could show the selective role of autophagic machinery in the clearance
of surplus peroxisomes after induction of peroxisomes by phthalate
esters.

Recent studies provided evidence for the involvement of the autoph-
agic machinery in selective sequestration of proteins in the cell. For
example, the precursor form of aminopeptidase I (prApel) is a selective
cargo molecule of autophagy in yeast (36), and cytosolic acetaldehyde
dehydrogenase (Aldép) is preferentially transported to vacuoles via
autophagosomes in yeast (37). Consistently, the autophagic machinery
could also selectively eliminate pathogenic group A Streptococci invad-
ing the cells (38). These reports strongly suggest that autophagosomes
sequester the cytosolic protein(s) and invading pathogens in a highly
selective manner. We recently reported that Atg7-deficient hepatocytes
exhibit impaired constitutive autophagy responsible for selective degra-
dation of ubiquitinated proteins (20). Our previous findings together
with the present results suggest that the autophagic process eliminates
abnormal and/or excess proteins and organelles including peroxisomes
in a selective manner even under normal conditions. How the autoph-
agy machinery recognizes these organelles to degrade them awaits fur-
ther investigation.
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