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The Crystal Structure of Human Atg4b, a Processing
and De-conjugating Enzyme for Autophagosome-
forming Modifiers

Taichi Kumanomidou’, Tsunehiro Mizushima'2, Masaaki Komatsu?®*
Atsuo Suzuki', Isei Tanida®*, Yu-shin Sou*, Takashi Ueno*
Eiki Kominami*, Keiji Tanaka®* and Takashi Yamane'*

'Department of Biotechnology Autophagy is an evolutionarily conserved pathway in which the cytoplasm
Graduate School of Engineering  and organelles are engulfed within double-membrane vesicles, termed
Nagoya University, Chikusa-ku  autophagosomes, for the turnover and recycling of these cellular
Nugoya 464-8603, Japan constituents. The yeast Atg8 and its human orthologs, such as LC3 and
2 . GABARAP, have a unique feature as they conjugate covalently to
TIZ 551 ‘?)Z;O’ {ZpiZcSClz(iaaZ‘ihi phospholipids, differing from ubiquitin and other ubiquitin-like modi};iers
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Tokyo Metropolitan Institute of ~ formation, some populations of lipidated Atg8 and LC3 are delipidated
Medical Science, Bunkyo-ku for recycling. Atg4b, a specific protease for LC3 and GABARATF, catalyzes
Tokyo 113-8613, Japan 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
Atgidb 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.
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ance of ubiquitin (Ub) and ubiquitin-like proteins  translational protein-modifying systems respon-
sible for diverse cellular activities, such as
intracellular protein proteolysis and other non-
proteolytic roles in eukaryotic cells.” Ub and
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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-utilized 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-ubiquitinating enzymes
that are metalloproteases.”

Human Atg4b, the yeast Atg4 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-associated 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
modifiers that conjugate only to protein sub-
strates.>In this regard, the Atg8/L.C3 conjugation
system to phospholipids is essential for autophagy,
a membrane trafficking mechanism that delivers
cytoplasmic constituents into the lysosome/vacuole
for bulk protein degradation."'* 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 with the inner
membrane of the autophagosomes.'® In this pro-
cess, the processing of LC3 by Atg4b 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 Atg4b

The structure determination process is summa-
rized in Table 1. Atgdb adapts an o/ B structure with
overall dimensions of 60 A X55 AX50 A consisting
of 13 B-strands designated B1-B13, eight a-helices
(a1-08) and three 3,y helices. The 3,51 helix is
located at the N-terminal region, 310-2 is in the loop
between P10 and B11, and 3,5~3 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 becduse 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 Atgdb 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 (811, 89, B8, B7, B12 and B6) and
helix a2 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 B-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 Atg4b was compared with those
of other proteins in the PDB database using the
DALI server.” Atgdb is structurally similar to a
cysteine protease, IdeS (PDB ID code 1y08),'¢ with a
r.m.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 Atgdb 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 residues are well conserved in all
known Atg4 sequences.'” The active site of Atgdb is
located at the N-terminal region of helix ¢2 and the
loop connecting strands p9 and B10. The active site
of Atgdb fits the corresponding residues 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 (CH3COO), (CH5COO), IrCls KLPtClg
A. Data collection
Space group P2; P2, - - - - -
Resolution (A) 2.0 2.0 24 3.3 24 2.6 2.8
Observations 180,458 114,063 122,583 40,417 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)
Redundanc 3.7(3.3) 29(2.4) 4.4 (4.1) 3.7 (3.8) 3.6 (3.3) 3.7 (3.8) 2.5(2.5)
Reym (%) (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)
I/o 23.8 19.5 16.6 12.2 17.8 18.2 12.6
B. MIRAS phasing
Resolution (A) - - 24 3.3 24 2.6 2.8
Riso 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)
Runis {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/ Reree (%) 22.0/28.3 - - - - ~ -

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

Bond length (A) 0.011 - - - - - —
Bond angle (deg.) 1.42 - - - - - —
Ramachandran plot

Most favored (%) 87.6 - - - - - _
Additionally 10.3 - - - - - -
allowed (%) :
Generously allowed 2.1 - - - - - —
(%)

The full-length human Atgdb 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-#-p-thiogalactoside.
After further growth for 4 h, the bacteria were pelleted, resuspended in 20 mM Tris-HCl (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-HCl (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 p=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(CH3COO), (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/ wARPZ Atgdb crystals
showed low isomorphism between different native crystals. The final Atg4b 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 Atgdb in the native electron density at a
resolution of 2.0 A. The remaining parts of the structure were built manually using the program XtaiVIew.”® The model was refined at
2.0 A resolution using the program REFMAC5.% 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 domaln Auxiliary domain

Figure 1. (a) Schematic drawing of Atg4b. 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 Atg4db (blue) and papain (red). (For 119
aligned C* atoms, rm.s.d.=2.1 A.) (c) A topology diagram of Atg4b. The a-helices appear as cyan-colored cylinders and
are labeled al-a8. The B-strands appear as magenta-colored arrows and are labeled B1-B13. The 34 helices appear as
gray-colored cylinders and are labeled 3,5-1-31-3. Red circles indicate the positions of the active site residues.
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(a)

Papain

Q89/Q119/Q23/N218

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 ID code 1stf)*® 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 1id 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 Atg4db 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 Atg4b. 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 Atg4b released the
Myc-tag, resulting in LC3 and GABARAP products,
respectively, that migrated firstly in SDS-PAGE. For
each mutant of Atg4b, 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 Atg4b complex manually to predict
key residues of Atgdb for substrate recognition. The
interactions between the Ubl modifier, NEDD8 and
its specific cysteine protease, NEDP1 also provided
useful information.”* Thus, W142 of Atgdb was

predicted to form a 7-stacking with F119 of LC3 and
Y115 of 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 Atgd4b 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
(Y5, L 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 Atg4b 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 2D1I).
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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 Azg7, 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 Afg7-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 autophagic 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 assembly,
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 B-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 (A#g) 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 Afg genes that regulate autophagy, Atg7, 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-II (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-], and LC3-1 is sub-
sequently conjugated with phosphatidylethanolamine to form LC3-II
during autophagy. LC3-1I is then recruited to autophagosomal mem-
branes (21, 28), and the autophagosomal LC3-11is 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 LC3-1accumulates 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
(2w DEHP + 1 w). Untreated and treated mice were dissected, and liver homogenates were fractionated into MLP, microsomal (Ms), and cytosolic (Cyt) fractions. The protein amount
in each fraction was measured. Data are mean * S.D. values of five mice in each group; *, p < 0.02 and ***, p < 0.001. 8, wild-type mice were treated as described in A. The vehicle
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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 Atg7"*:Mx1 and Atg77'%:
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 3-sub-
unit of ATP synthase (33) were prepared as described previously. The
antibodies against tubulin and BiP were pdrchased 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-

Selective Degradation of Excess Peroxisomes

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 mm 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 tm?/100 um? 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. 14). 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, B and 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, Atg77":Mxl (mutant mice), and their
littermates, Azg7"*: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
postnuciear supernatant fractions were subjected to immunoblotting with anti-PT, 8F, B-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 of immunoblotting 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 (2w DEHP) and then chased for 1 week (2w 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, B-subunit ATP synthase, Mn?*-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/tubuiin, and Mn?*-superoxide dismutase/tubulin ratios were plotted; * p < 0.02, **, p < 0.01, NS; not significant.

were recently established by our group (20). Autophagy is impaired membrane-bound form of LC3) and accumulation of LC3-1 (a cytosolic
following pIpC injection in Azg7""“:Mx1 mouse livers. Indeed, we veri-  form of LC3) in the liver. It is generally accepted that LC3-11 is a marker
fied that Atg7 protein deletion in Afg7"":Mx1 but not Azg7"":Mx1  protein of autophagosomal membranes (21). Although both forms were
livers was plpC injection-dependent (Fig. 2A). Furthermore, we also  detected in the control liver, only LC3-1accumulated in the mutant liver
tested the loss of Atg7 activity by investigating the lack of LC3-1l (a  (Fig. 24), indicating impairment of autophagy in mutant Azg7""":Mx1
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FIGURE 3. Accumulation of excess peroxisomes in Atg7-deficient liver. Immunofiuo-
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. Atg77/*:Mx1 and Atg7"/F:Mx1 mice
were treated with DERP for 2 weeks {(Band £, 2w DEHP) and then chased for 1 week (C and
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-II 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. 2A), 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 Azg7"/*:Mx1 livers (Fig. 2, A4 and B). Although
this increase was also detected in mutant Afg7':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 (8-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 Azg7""*:Mx]1 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 Atg77":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

FEBRUARY 17, 2006 -VOLUME 281 -NUMBER 7 B
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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 (Band £, 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 Atg77*:Mx1 hepatocytes (C and F). Bars, 1 wm. 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 Atg77/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 peroxi are surr phage 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 um.

lysosomal cysteine proteinase inhibitor, into a 2-week DEHP-treated
control Azg7"'*: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 peroxisomes 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 ATG7 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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Abstract

Xeroderma pigmentosum (XP) is a genetic disease characterized by hypersensitivity to UV irradiation and high incidence of skin cancer
caused by inherited defects in DNA repair. Mutational malfunction of damaged-DNA binding protein 2 (DDB2) causes the XP complementation
group E (XP-E). DDB2 together with DDB! comprises a heterodimer called DDB complex, which is involved in damaged-DNA binding
and nucleotide excision repair. Interestingly, by screening for a cellular protein(s) that interacts with Cullin 4A (Cul4A), a key component
of the ubiquitin ligase complex, we identified DDB1. Immunoprecipitation confirmed that Cul4A interacts with DDB1 and also associates
with DDB2. To date, it has been reported that DDB2 is rapidly degraded after UV irradiation and that overproduction of Cul4A stimulates
the ubiquitylation of DDB?2 in the cells. However, as biochemical analysis using pure CuldA-containing E3 is missing, it is still unknown
whether the Cul4A complex directly ubiquitylates DDB2 or not. We thus purified the Cul4A-containing E3 complex to near homogeneity
and attempted to ubiquitylate DDB2 in vitro. The ubiquitylation of DDB2 was reconstituted using this pure E3 complex, indicating that
DDB-Cul4A E3 complex in itself can ubiquitylate DDB2 directly. We also showed that an amino acid substitution, K244E, in DDB2 derived
from a XP-E patient did not affect its ubiquitylation.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Nucleotide excision repair; E3; Ubiquitin; DDB1; DDB2; Cullin 4A

1. Introduction ity of damaged DNA is thought to reside in this heterodimeric

complex (for reviews, see {2,3]).

Several proteins that bind specifically to ultraviolet (UV)
irradiation damaged-DNA have been discovered by elec-
trophoretic mobility shift assay or filter-binding assay since
1970s {1]. Previous studies that have characterized the
damaged-DNA binding (DDB) protein indicated that the min-
imal DDB complex is a heterodimer comprised of a 127 kDa
DDBI subunit and 48 kDa DDB2 subunit. The binding activ-

* Corresponding author. Tel.: +81 3 3823 2237; fax: +81 3 3823 2237,
E-mail address: tanakak @rinshoken.or.jp (K. Tanaka).

1568-7864/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.dnarep.2004.12.012

Xeroderma pigmentosum (XP) is a rare genetic disease
characterized by clinical and cellular hypersensitivity to UV
radiation and high incidence of skin cancer [4]. Cells from XP
patients show defective repair of DNA damage that had been
induced by UV or chemical agents, and tendency for skin
carcinogenesis. In 1988, Chu and Chang [5] reported that
cells from XP complementation group E (XP-E) individu-
als (GM02415/XP2RO) lacked this damaged-DNA binding
activity, suggesting that DDB is functionally involved in the
XP-E disease. This is also true for some other alleles of XP-E

411 -



538 N. Matsuda et al. / DNA Repuir 4 (2005) 537-545

patients [6]. Further evidence for the involvement came from
microinjection experiments indicating that the purified DDB
complex complements the XP-E cells’ defect [7,8]. Other
studies demonstrated that ectopic expression of human DDB2
enhanced DNA repair in Chinese hamster V79 cells, which
rarely express endogenous rodent DDB2 [9]. Soon after the
identification of DDBI and DDB2 genes, Nichols et al. [10]
revealed that DDB2 was in fact mutated in XP-E cells lack-
ing DDB activity. However, the molecular basis of the XP-E
phenotype was ambiguous, because several groups found that
cells from other patients with XP-E had normal levels of DDB
activity (DDB+) and possessed no mutation in DDB2 gene
(reviewed in [2,3]). This discrepancy was puzzling until re-
cently. Based on a thorough analysis, however, it was found
that some DDB+ cell lines were mistakenly assigned to XP-
E, and now it appears that all known authentic cases of XP-E
are caused by DDB2 mutations [11,12].

In eukaryotic cells, selective protein degradation is largely
mediated by the ubiquitin/proteasome system. When ubiqui-
tin is attached to the target protein by the ubiquitylation ma-
chineries, the proteasome recognizes the poly-ubiquitylated
substrate to be degraded. This ubiquitin conjugating system
requires the cascade reaction of three enzymes, namely El,
a ubiquitin-activating enzyme, E2, a ubiquitin-conjugating
enzyme, and E3, a ubiquitin ligase. In 1999, Shiyanov et
al. [13] reported that Cullin 4A (Cul4A) associates with the
DDB complex. The cullin family of proteins compose a mul-
timeric E3 complex. Cullin 1, which is the most well charac-
terized cullin, serves as arigid scaffold of its E3 complex and
catalyses ubiquitylation through appropriate positioning of
E2 and the substrate [ 14]. Other cullin family proteins includ-
ing Cul4A are believed to function as well. The interaction
between Cul4A and DDB1 was also demonstrated by several
other groups recently ([15-20] and this work). These results,
together with the rapid degradation of DDB2 after UV irradia-
tion [21,22], suggest the involvement of Cullin 4A in DDB2
ubiquitylation and degradation. Strikingly, over-production
of Cul4A stimulates the ubiquitylation of DDB2 [15,16].
However, since the latter studies did not show biochemical ev-
idence of Cul4A involvement in the ubiquitylation of DDB2,
it is still unknown whether the CuldA-containing E3 com-
plex in itself directly ubiquitylates DDB2 or not. To further
investigate the mode of this ubiquitylation, an in vitro re-
constitution by biochemical approach is obviously required.
Here, we show that DDB2 can be ubiquitylated directly by
the purified DDB-Cul4A E3 complex in a reconstitution in
vitro experiment.

2. Materials and methods
2.1. Protein identification by LC-MS/MS analysis
The Cullin 4A-associated complexes were digested with

Achromobacter protease-1 and the resulting peptides were an-
alyzed using a nanoscale LC-MS/MS system as described
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previously [23,24]. The peptide mixture was applied to a
Mightysil-PR-18 (1 wm particle, Kanto Chemicals, Tokyo,
Japan) frit-less column (45 mm x 0.150 mm i.d.) and sepa-
rated using a 0-40% gradient of acetonitrile containing 0.1%
formic acid over 30 min at a flow rate of 50 nl/min. Eluted
peptides were sprayed directly into a quadruple time-of-
flight hybrid mass spectrometer (Q-T of Ultima, Micromass,
Manchester, UK). MS and MS/MS spectra were obtained in
data-dependent mode. Up to four precursor ions above an
intensity threshold of 10 counts/s were selected for MSMS
analyses from each survey scan. All MS/MS spectra were
searched for protein sequences of Swiss Prot and RefSeq
(NCBI) using batch processes of Mascot software package
(Matrix Science, London, UK).

2.2. Cell culture condition

High-Five insect cells were maintained as an adherent cul-
ture in Grace insect media (Invitrogen, Carlsbad, CA, USA)
supplemented with 8% fetal bovine serum (Sigma, St. Louis,
MO, USA) and 1% penicillin-streptomycin (Invitrogen). ts41
cells established from Chinese hamster [25] were maintained
in Dulbecco’s modified Eagle’s medium (Sigma) containing
10% fetal bovine serum and 1% penicillin—streptomycin un-
der 5% CO; condition at 34 °C.

2.3. Immunoprecipitation experiment

To express DDB1, DDB2 and cullin family proteins, all
plasmids were constructed from pcDNA3 or pcDNA3.1 plas-
mid (Invitrogen). Additional details of the plasmid construc-
tion processes will be provided upon request. Mammalian
ts41 cells at 48h after DNA transfection were harvested,
washed by phosphate-buffer saline (PBS) and lysed with
buffer A containing 20 mM Tris—HCI, pH 7.5, 150 mM NaCl,
0.5% Nonidet P-40 and 10% glycerol. After removal of the
debris by centrifugation, anti-Flag antibody (M2)-conjugated
agarose (Sigma) was added to the lysate and the mixture was
incubated at 4 °C for 2 h under constant rotation. After exten-
sive washing of immunoprecipitates with buffer A, binding
proteins were eluted with sodium dodecyl sulphate (SDS)-
containing buffer and boiled at 95°C for 5 min. The elu-
ate was subjected to immunoblotting using anti-Flag (M2;
Sigma), anti-Myc (Santa Cruz, Delaware, CA, USA), anti-
Cul4A (our laboratory collection) and anti-DDB1 antibodies
(Zymed, San Francisco, CA, USA).

2.4. Protein purification

To overproduce His-DDB1, Flag-DDB2, Cullin 4A-HA
and T7-Rbx1 proteins in insect cells, the tagged full-length
c¢DNAs were inserted into pFastBac donor plasmid (Invitro-
gen). Additional details of the plasmid construction processes
can be provided upon request. Subsequent production of bac-
ulovirus particles was carried out according to the protocol
provided by the manufacturer. Baculovirus particles for His-
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DDB1 and Flag-DDB2 were used to simultaneously infect
High-Five cells, as well as viruses for Cullin4A-HA and T7-
Rbx1. Insect cells were incubated for 48h after infection,
washed using PBS at 4 °C and then harvested by centrifuga-
tion. The cell extract was collected using buffer B containing
20 mM Tris-HCI, pH 7.5, 0.5% Nonidet P-40, 150 mM NaCl,
100 uM ZnSO4, 10mM 2-mercaptoethanol, 6% glycerol
and a protease inhibitor mixture without ethylenediaminete-
traacetic acid (EDTA) (Roche, Mannheim, Germany). After
centrifugation, the cell lysates were mixed together and in-
cubated at 4 °C for 5h with occasional gentle mixing. For
initial purification, the cell lysate was loaded on a single-
stranded DNA cellulose (Sigma) column equilibrated with
buffer B. The column was then washed with buffer B contain-
ing 0.3 M NaCl followed by elution with buffer B containing
0.7M NaCl. The eluted fraction was subsequently purified
with nickel-chelating agarose (Qiagen, Stanford, CA, USA)
pre-equilibrated with buffer B and eluted by 120 mM imida-
zole. This purified complex was further separated on a glyc-
erol gradient sedimentation, which was carried out through a
10—40% glycerol gradient in 25 mM Tris—HCI, pH 7.5, | mM
dithiothreitol (DTT) and 2 mM ATP for 22 h at 25,000 rpm
ultracentrifugation. Fractions of | ml were collected from the
top of the gradient and subjected to silver staining and im-
munoblotting.

To purify DDB2 (K244E)-containing complex, cell
lysates containing His-DDB 1, Flag-DDB2 (K244E), Cullin
4A-HA and T7-Rbx1 proteins in buffer B were collected
as mentioned above. The DDB2 (K244E) complex was
roughly purified with nickel-chelating agarose (Qiagen) pre-
equilibrated with buffer B and eluted by 100 mM imidazole.
Obtained fractions were then loaded onto HiTrap Heparin
HP column (Amersham Biosciences, Piscataway, NJ, USA),
washed with bufter C [20mM Tris—HCI, pH 7.5, 150 mM
NaCl, 100 uM ZnSQy4, 1 mM DTT, 4.5% glycerol and pro-
tease inhibitor mixture without EDTA (Roche)], and eluted
with a 0.15-0.75M NaCl gradient in buffer C. The DDB2
(K244E)-containing complex was eluted around 0.5 M NaCl
and was subjected to dialysis with buffer D containing 20 mM
Tris-HCI, pH 8.0, 20 mM NaCl, 100 uM ZnSOy4, and 1 mM
DTT. A protein complex containing wild-type DDB2 was
simultaneously isolated by the same method and used as a
control.

To collect the authentic DDB~Cul4A complex from
mammalian cells, HeLa cells stably expressing N-
terminally FLAG-HA-tagged DDB2 were used. The genuine
DDB-CuldA complex was immunoprecipitated with anti-
FLAG antibody followed by anti-HA antibody as described
previously [17]. The eluates were further purified by Mini Q
(Amersham Biosciences) column chromatography instead of
glycerol density gradient centrifugation.

2.5. In vitro ubiquitylation assay

The ubiquitylation assay was essentially performed as de-
scribed previously [26,27]. Briefly, the purified DDB-Cul4A

complex was incubated in 25 mM Tris—HC], pH 7.5, 1 mM
DTT, 25 uM MG132 (Peptide Inc., Osaka, Japan), 5 mM
MgCly, 100 M ZnSO4, 2mM ATP, 50 pg of ubiqui-
tin (Sigma)/ml, 2 pg of El/ml and 70 pg of various E2-
expressing Escherichia coli lysate/m! at 32 °C for 2h and
subjected to immunoblotting with anti-His (penta-His anti-
body; Qiagen, Stanford, CA, USA), anti-HA (HA.11, Berke-
ley Antibody Company, Berkeley, CA, USA), anti-Flag (M2;
Sigma) and anti-T7 (Novagen, Madison, W1, USA) antibod-
ies. In some cases, GST-ubiquitin was used instead of native
ubiquitin.

3. Results
3.1. DDB complex physically interacts with Cullin 4A

To explore the molecular function of Cullin 4A, we ex-
amined the cellular partner(s) that interact with Cul4A in
cells. A thorough analysis of human EST and genome se-
quences showed that the registered human Cul4A sequence
(659 amino acid protein {28]) lacks its N-terminal 100 amino
acid residues and thus the full-length Cul4 A was obtained by
PCR-assisted cDNA cloning and used hereafter. The com-
plete nucleotide sequence of full-length Cul4A has been reg-
istered under accession number AB178950.

Flag-tagged Cul4A was expressed in HEK293 cells fol-
lowed by immunoprecipitation by anti-Flag antibody. The
immunoprecipitates were eluted with a Flag peptide and
then digested with Lys-C endopeptides (A. protease I) and
the cleaved fragments were directly analyzed using a highly
sensitive “direct nano-flow LC-MS/MS” system (for detail,
see Section 2). Following database search, a dozen of pep-
tides were assigned to MS/MS specira obtained from four
nano-LC-MS/MS analyses for the Flag-Cul4A-associated
complexes and DDB1 was identified as one of the Cul4A-
interacting proteins.

To confirm the interaction between Cul4A and DDBI1, we
performed immunoprecipitation experiment. Plasmids carry-
ing Flag-tagged cullin family proteins (Cull, 2, 3,4A,4B and
5) and myc-tagged DDB1 were concurrently transfected into
ts41 cells. Extracts of the transfected or mock-transfected
cells were subjected to immunoprecipitation using anti-Flag
antibody followed by immunoblotting with anti-DDB1 an-
tibody. As shown in Fig. 1A, Cul4A significantly interacted
with DDB1. Cull also bound DDB! weakly, whereas the
other Cullins tested did not interact with DDB1. We next ex-
amined whether DDB?2 also associates with Cul4A, because
DDB1 and DDB2 are part of the DDB complex. Plasmids car-
rying 6myc-tagged cullin family proteins were transfected
into ts41 cells along with a plasmid harboring Flag-tagged
DDB2. Each extract was then subjected to immunoprecipita-
tion using anti-Flag antibody and immunoblotting with anti-
myc antibody. Consistent with the above results, DDB?2 also
interacted strongly with Cul4A and weakly with Cull and
Cul4B (Fig. 1B). DDB2 did not bind with other cullin fam-
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IP: Flag
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immunoblotting: anti-DDB1

IP: Flag
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+ A+
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L

(B)

immunoblotting: anti-Myc

Fig. 1. DDB complex interacts with Cullin 4A. (A) Cul4A interacts with DDB1. Flag-tagged cullin family proteins and Myc-tagged DDB1 were simultaneously
transfected into ts4! cells. After immunoprecipitation (IP) by anti-Flag antibody, the resulting immunoprecipitates were subjected to immunoblotting using
anti-DDBI antibody. (B) Cul4A also associates with DDB2. IP was similarly performed using FLAG-tagged DDB2 and Myc-tagged cullin family protein
concurrently transfected into ts41 cells. After IP by anti-FLAG antibody, the resulting immunoprecipitates were analyzed using anti-Myc antibody.

ily proteins (Cul2, 3 and 5) examined. These results showed
that DDB complex preferentially interacts with Cul4A, as
reported previously [16].

3.2. Purification of DDB-Cul4A complex

We next attempted to purify DDB-Cul4 A E3 complex us-
ing baculovirus expression system to perform biochemical
experiments. Flag tag was fused to DDB2 at its N-terminus
to facilitate its detection. This Flag-tagged DDB2 is thought
to be functional because recent studies showed that ectopic
expression of Flag-DDB2 enhanced DNA repair in Chinese
hamster V79 cells [9], and purified Flag-DDB2 protein could
restore damaged-DNA binding activity in extracts of XP-
E patient cells [12]. DDB complex has been purified pre-
viously using DNA affinity column [13] and we also used
DNA cellulose for initial purification of this complex. His6-
tagged DDB1 and Flag-tagged DDB2 were simultaneously
expressed in High-Five insect cells by the baculovirus induc-
tion system. Cul4A-HA and T7-Rbx1 were expressed con-
currently as well. Each cell lysate was mixed and the re-
sulting protein complex was purified by sequential column
chromatography on single-stranded DNA cellulose, nickel-
chelating agarose and subsequent 10-40% glycerol gradient
by ultracentrifugation. The E3 complex comprised of DDB1,
DDB2, Cul4A and Rbx1 was collected to near homogeneity
as a peak fraction of glycerol gradient as shown in Fig. 2.
Note that several other proteins were also detected in the fi-
nal preparation (for example, a typical protein is shown by
an asterisk in Fig. 2). However, since the peak fraction of
such protein was inconsistent with that of the E3 complex in
the glycerol gradient (data not shown), we think the protein
is a contaminant derived from insect cells or a degradation
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product of the expressed protein, rather than a protein phys-
iologically associated with the E3 complex.

3.3. DDB?2 is ubiquitylated by purified Cul4A complex

Using this purified complex, we next tried to reconstitute
the ubiquitylation of DDB2 to check whether DDB-Cul4A
complex per se can ubiquitylate DDB2. Since E3 gener-
ally requires specific E2 to mediate ubiquitylation, we tested
eight different E2 enzymes (E2-20k, E2-25k, Ubc3, Ubc4,
UbcH35a, UbcHSc, Ubc7 and Ubc8). Slower-migrating lad-
ders derived from auto-ubiquitylation of Cul4A (see below)
were observed only from the reaction with Ubc4, UbcH5a
and UbcHS5c, whereas the other E2 enzymes tested did not
support this modification (Fig. 3A). We thus used UbcH5
family as a source of E2 in the following experiments. Puri-
fied DDB-Cul4A complex was incubated with ATP, ubiqui-
tin, E1 and UbcHS5a, and subjected to immunoblotting with
the antibody for each component. As expected, ladders de-
rived from the auto-ubiquitylation of Cul4A were observed
(Fig. 3B, single asterisk in the middle panel). Moreover,
apparent high molecular-mass ladders were evident when
DDB2 was detected using the anti-Flag antibody (Fig. 3B,
single asterisk in the left panel). In order to demonstrate that
this modification was due to ubiquitylation, we repeated the
ubiquitylation assay in the presence or absence of ubiqui-
tin. The slower migrating ladders were not detected without
ubiquitin, and the addition of GST-ubiquitin instead of native
ubiquitin resulted in the appearance of larger molecular-mass
bands (Fig. 3B, double asterisks), indicating that this modifi-
cation indeed is ubiquitylation. In the case of DDB1, a single
high-molecular band also emerged after in vitro ubiquityla-
tion (Fig. 3B, right panel). However, this ubiquitylation sig-
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Fig. 2. Purification of the baculovirus-expressed DDB-Cul4A complex. The DDB-Cul4A complex was purified by sequential column chromatography and
subsequently separated onto a 10-40% glycerol gradient by ultracentrifugation. The peak fraction of DDB-Cul4A complex was resolved by SDS-PAGE and
visualized by silver staining. Asterisk shows the contaminant protein (see Section 3).

nal of DDB1 was fainter than that of Cul4A and DDB2 (see
Section 4).

To further investigate the biochemical characteristics of
DDB-Cul4A complex, we next purified it under more physi-
ological conditions. HeLa cells stably expressing FLAG-HA-
tagged DDB2 [17] were used to collect E3 complex. The
DDB2-containing complex was immunoprecipitated with

anti-FLAG antibody followed by anti-HA antibody as de-
scribed previously [17] and the eluates were further purified
by Mini Q column chromatography. The authentic E3 com-
plex, comprised of DDB1, DDB2, Cul4A and Rbx1, was pu-
rified to almost homogeneity (Fig. 4A). When this complex
was incubated with ATP, ubiquitin, E1 and UbcH5a, appar-
ent high molecular-mass ladders derived from the ubiquity-
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Fig. 3. In vitro reconstitution of DDB2 ubiquitylation. (A) The DDB-Cul4A E3 complex cooperates with Ubc4 and UbcHS5 subfamily of E2 enzymes. Purified
DDB-Cul4A E3 was incubated with the indicated E2 enzymes and subjected to immunoblotting with anti-HA antibody to identify the auto-ubiquitylation.
(B) DDB2 was directly ubiquitylated by the DDB-Cul4A complex. Pure DDB1-DDB2-Cul4A complex was subjected to in vitro ubiquitylation assay in the
absence (no) or presence of ubiquitin (Ub) or GST-ubiquitin (GST-Ub) and analyzed by immunoblotting with each antibody. Single asterisks show the ubiquitin
conjugation and double asterisks indicate GST-ubiquitin conjugation.
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