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Fig. 6 Western blot analysis of cytochrome crelease. (a) Time course
of mitochondrial cytochrome ¢ release into the cytosol. (b) Densito-
metric analysis of cylochrome c release expressed as a ratio to COX.
The celis with Mito-G93A and Mito-G85R exhibited significantly more
cytochrome ¢ release than those with Cyto-G93A and Cyto-G85R.
Dorfin significantly reduced the amount of mitochondrial cytochrome ¢
released into the cytosol induced by Cyto-G93A and Cyto-G85R,
whereas it did not affect that induced by Mito-SOD1. Values are
mean = SD (n = 4). *p < 0.05 (two-way anova with Tukey—Kramer
post-hoc test).

the activation of caspase-9 and caspase-3 induced by Cyto-
G93A and Cyto-G85R (Figs 7 and 8). However, Dorfin did
not reduce the activation of caspase-9 and caspase-3 induced
by Mito-G93A and Mito-G85R (Figs 7 and 8), as it did not
reduce the release of cytochrome ¢ induced by Mito-G93A
and Mito-G85R (Fig. 6). These findings combined with the
aforementioned observations suggest that the reduction in the
amount of mitochondrial mutant SOD1 due to Dorfin results
in attenuated activation of the mitochondrial PCD pathway
and prevents eventual cell death.

Discussion

In the present study, we first demonstrated that Dorfin, an E3
for mutant SOD1s, attenuated the activation of the mitoch-
ondrial PCD pathway and prevented eventual cell death in a
neuronal cell model of FALS by reducing the amount of
mutant SOD1 in the mitochondria. Dorfin reduced the levels
of both cytosolic and mitochondrial mutant SOD1-EGFP
fusion proteins that were expressed by Cyto-G93A and Cyto-
G85R without organelle-oriented signals, whereas Dorfin did
not affect the level of mutant SOD1-EGFP fusion protein that
was expressed by Mito-G93A and Mito-G85R with mitoch-
ondrial localizing signals. The reduction in the level of
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Fig. 7 Western blot analysis of caspase-9 activation. (a) Time course
of the activation of caspase-9. (b) Densitometric analysis of caspase-9
activation. The cells with Mito-G93A and Mito-G85R exhibited signifi-
cantly more activation of caspase-9 than those with Cyto-G93A and
Cyto-G85R. Dorfin significantly reduced the activation of caspase-9
induced by Cyto-G93A and Cyto-G85R, whereas it did not reduce that
induced by Mito-SOD1. Values are mean = SD (n=4). *p < 0.05
(two-way AaNova with Tukey~Kramer post-hoc test).
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Fig. 8 Western blot analysis of caspase-3 activation. (a) Time course
of activation of caspase-3. (b) Densitometric analysis of caspase-3
activation. The cells with Mito-G93A and Mito-G85R exhibited signifi-
cantly more activation of caspase-3 than those with Cyto-G93A and
Cyto-G85R. Dorfin significantly reduced the activation of caspase-3
induced by Cyto-G93A and Cyto-G85R, whereas it did not reduce that
induced by Mito-SOD1. Values are mean + SD (n=4). *p < 0.05
(two-way anova with Tukey—Kramer post-hoc test).
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mitochondrial SOD1-EGFP was observed earlier than that of
total or cytosolic SOD1-EGFP. Moreover, Dorfin was present
in the cytosol, not in.the mitochondria. These findings
indicated that the mitochondrial mutant SODI1 without
organelle-oriented signals (Cyto-G93A and Cyto-G85R)
might be translocated from the cytosol, and we suggest that
Dorfin reduces the mitochondrial accumulation of mutant
SOD1 by enhancing the degradation of mutant SODI1 in the
cytosol through the ubiquitin—proteasomal pathway, thereby
reducing the uptake of mutant SOD1 into the mitochondria.

Many reports have documented mitochondrial involve-
ment in ALS and FALS. Mitochondrial degeneration with
vacuolization or membrane disintegration in motor neurons
is one of the earliest pathological findings in FALS Tg mice
(Dal Canto and Gurney 1994; Wong et al. 1995; Hirano
1996; Kong and Xu 1998; Jaarsma et al. 2000; Higgins et al.
2003). Moreover, mitochondrial dysfunction such as altered
calcium homeostasis (Carri er al. 1997, Menzies et al.
2002b), decreased respiratory chain complex activity (Matt-
iazzi et al. 2002; Menzies et al. 2002a), alteration of
mitochondria-related gene expression (Yoshihara et al.
2002) and an increase in reactive oxygen species (Beretta
et al. 2003) have been reported in in vifro and in vivo models
of FALS. Several studies' have documented that SODI,
which has been considered a cytosolic enzyme, also exists in
the mitochondrial intermembrane space (Okado-Matsumoto
and Fridovich 2001; Sturtz e al. 2001; Higgins et al. 2002)
and that the mitochondrial vacuoles are lined with mutant
SOD1 in a FALS Tg mice model (Jaarsma et al. 2001;
Higgins et al. 2003). Although the mitochondria-oriented
vector we used here is designed to localize proteins to the
mitochondrial matrix, we predict that SOD1-EGFP also
exists in the mitochondrial intermembrane space through the
process of its uptake into the mitochondrial matrix in our
model, although were not able to confirm this. Recent studies
also revealed that SOD1 in the mitochondria originates from
the uptake of SODI in the cytosol (Sturtz ef al. 2001;
Okado-Matsumoto and Fridovich 2002; Field er al. 2003).
At least our result provided enough evidence that Dorfin
interacts with mutant SOD1 in the cytosol, not in the
mitochondria. Thus we suggest that Dorfin indirectly reduces
the mitochondrial accumulation of mutant SOD1 by reducing
the uptake of mutant SOD1 into the mitochondria,

Previous studies demonstrated that the mitochondrial PCD
pathway, cytochrome ¢ release and subsequent caspase
activation, might contribute to the motor neuron cell death
in FALS (Durham et al. 1997; Martin 1999; Li et al. 2000;
Pasinelli et al. 2000; Guégan et al. 2001; Kriz ef al. 2002;
Zh et al. 2002). Thus, inhibiting the activation of the
mitochondrial PCD pathway is potentially useful .in the
treatment of FALS. Methods for this include inhibition
of cytochrome ¢ release by minocycline (Zhu et al. 2002;
Kriz et al. 2002), co-expression of bel-2 (Lee et al. 2001)
or X-chromosome-linked inhibitor of apoptosis protein

(Ishigaki et al. 2002), and treatment with a broad caspase
inhibitor zZVAD-fmk (Pasinelli et al. 2000; Takeuchi et al.
2002a) or a caspase-9 specific inhibitor zZLEHD-fmk (Takeu-
chi ef al. 2002a). In this study, we demonstrated that Dorfin
reduces the amount of mitochondrial mutant SOD1, attenu-
ates the activation of the mitochondrial PCD pathway and
prevents eventual neuronal cell death. It is therefore possible
that reducing the amount of mutant SOD1 in the mitochon-
dria may be adopted as a new therapeutic strategy for mutant

‘SOD1-associated FALS.

Recent studies have suggested that some E3s, including
Dorfin, act in a quality-control system to degrade cytosolic or
transmembranous unfolded abnormal proteins (Moynihan
et al. 1999; Fang et al. 2001; Meacham et al. 2001; Murata
et al. 2001; Yoshida et al. 2002). The mitochondria also
have a quality-control system that depends on mitochondria-
specific molecular chaperones and ATPases associated with
diverse cellular activities (AAA) proteases such as chapero-
nin 60 (Gottesman ef al. 1997), mitochondrial heat-shock
protein 70 (Savel’ev et al. 1998), and homologs of Lon,
Ymelp, ClpP and ClpX (Wang et al. 1993; Suzuki ef al.
1997; Langer 2000; Shah et al. 2000; Kang et al. 2002;
Rottgers et al. 2003). A recent study documented that the
accumulation of unfolded abnormal proteins in the mito-
chondria itself up-regulated the nuclear gene expression
encoding mitochondrial-specific molecular chaperones (Zhao
et al. 2002). Even though the mitochondria are able to
dispose of abnormal proteins, they appear to have limited
capacity to do this. They also seem to release death signals
when abnormal proteins overflow their disposing capacity.
Combination therapy such as Dorfin and mitochondria-
specific molecular chaperones or AAA proteases thus seems
more effective. Further investigations are needed to develop
this therapeutic avenue.

There remains the problem of how the mutant SODI
induces the mitochondrial PCD pathway. One of our
previous studies revealed that bcl-2 family pro-apoptotic
proteins, such as Bax, Bak, Bid, Bad and Bim, and other
mitochondrial death signals such as apoptosis-inducing
factor (AIF) and second mitochondria-derived activator of
caspase (Smac) were not involved in the neuronal cell death
in our model (Takeuchi et al. 2002a). Other studies have
reported that translocation of Bax and cleavage of Bid were
associated with neuronal cell death in the FALS Tg mouse
model (Guégan et al. 2001; 2002), but there is a possibility
that the surrounding environment of motor neurons such as
astrocytes, microglia or dying neurons might have been
affected in these models. Moreover, we have indicated that a
non-apoptotic form of PCD might contribute to neuronal cell
death through the mitochondrial PCD pathway in our model
(Takeuchi et al. 2002a). Another report also mentioned that a
non-apoptotic type of PCD acting through the mitochondrial
PCD pathway might underlie mutant SOD1-related neuro-
toxicity (Guégan and Przedborski 2003). Further in vivo
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investigations are needed to shed light on the mechanism of
mutant SOD1-mediated neuronal cell death.

In this study we demonstrated that Dorfin, an E3 for
mutant SOD1s, significantly reduced the level of mutant
SOD1 in the mitochondria, attenuated the subsequent
activation of the mitochondrial PCD: pathway and prevented
eventual neuronal cell death in a neuronal cell model of
FALS. Reducing the accumulation of mutant SOD1 in the
mitochondria may have an important place in the therapeutic
strategy for mutant SOD1-associated FALS, and Dorfin may
play a key role in this.
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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 DDB1 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 DDB2 in the cells. However, as biochemical analysis using pure Cul4A-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

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
DDB1 subunit and 48 kDa DDB?2 subunit. The binding activ-

* Corresponding author. Tel.: +81 3 3823 2237, fax: +81 3 3823 2237.
E-mail uddress: 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

ity of damaged DNA is thought to reside in this heterodimeric
complex (for reviews, see {2,3]).

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
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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 DDB1I 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 E1,
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 a rigid 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 Cul4A-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

previously {23,24]. The peptide mixture was applied to a
Mightysil-PR-18 (1 pm particle, Kanto Chemicals, Tokyo,
Japan) frit-less column (45 mm x 0.150mm 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 48 h 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 5min. 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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DDBI and Flag-DDB2 were used to simultaneously infect
High-Five cells, as well as viruses for CullindA-HA and T7-
Rbx1. Insect cells were incubated for 48 h 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~HCl, pH 7.5, 0.5% Nonidet P-40, 150 mM NaCl,
100 pM 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, 1 mM
dithiothreitol (DTT) and 2 mM ATP for 22 h at 25,000 rpm
ultracentrifugation. Fractions of 1 m! 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-DDB1, Flag-DDB2 (K244E), Cullin
4A-HA and T7-Rbx! 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 buffer C [20mM Tris-HCI, pH 7.5, 150 mM
NaCl, 100 uM ZnSOy4, 1 mM DTT, 4.5% glycerol and pro-
tease inhibitor mixture without EDTA (Roche)], and eluted
with a 0.15-0.75 M 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-HCl, pH 8.0, 20 mM NaCl, 100 uM ZnSOg4, 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, Hel.a cells stably expressing N-
terminally FLAG-HA-tagged DDB2 were used. The genuine
DDB-Cul4A 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. Invitro ubiquitylation assay

The ubiquitylation assay was essentially performed as de-
scribed previously [26,27]. Briefly, the purified DDB-Cul4 A

complex was incubated in 25 mM Tris-HCI, pH 7.5, I mM
DTT, 25 uM MG132 (Peptide Inc., Osaka, Japan), 5mM
MgClp, 100 uM ZnSO4, 2mM ATP, 50 pg of ubiqui-
tin (Sigma)/ml, 2 ug of El/ml and 70 ug of various E2-
expressing Escherichia coli lysate/ml 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 Cul4A 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 spectra obtained from four
nano-LC-MS/MS analyses for the Flag-Cul4A-associated
complexes and DDB! was identified as one of the Cul4A-
interacting proteins.

To confirm the interaction between Cul4A and DDBI, we
performed immunoprecipitation experiment. Plasmids carry-
ing Flag-tagged cullin family proteins (Cutl, 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 DDB1 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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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 ts41 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—Cul4A 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-DDB?2 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. DDB2 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,
UbcHS5a, UbcH5¢, 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 UbcHS3
family as a source of E2 in the following experiments. Puri-
fied DDB-Cul4A complex was incubated with ATP, ubiqui-
tin, E1 and UbcH5a, 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-Culd4A 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 UbcHS5a, appar-
ent high molecular-mass ladders derived from the ubiquity-

[} (&
X 4 < i ¢}
E ¥ o T T T ™~
¥ 1 (&3 Q Q [3] QO [%}
AN N 2 o O o a9 o
bW WS 3D D55
191
97 s Ub
o S i S oo et St vt | e CUINN 4A
64
(A) (kDa)
L
=
’_
a o
g 3506
o7-] e
L2 4
o4 - 191
97—
51 5 x
ot 28~ i
39 B4 ot 19 o woe =
kD kD ,
(8) kDa) DDB2 kD2 5 lin 4A (kDa) Rbx1

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 DDBI-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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Fig. 4. In vitro ubiquitylation of DDB2 using authentic DDB-Cul4A complex. (A) Purification of the genuine DDB-Cul4A complex. Purified complex was
resolved by SDS-PAGE and visualized by silver staining. (B) In vitro ubiquitylation of DDB2 and auto-ubiquitylation of CuldA. The authentic DDB-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
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GST-ubiquitin conjugation.

lation of DDB2 and Cul4A were again observed (Fig. 4B,
single asterisk). The exclusion of ubiquitin from the-assay
quenched these bands and replacement of native ubiquitin
with GST-ubiquitin retarded their mobility (Fig. 4B, double
asterisks). In contrast, DDB1 was rarely ubiquitylated, al-
though a faint ubiquitylation signal was observed after long
exposure (Fig. 4B, right panel). Because the DDB-Cul4A
complex derived from both insect (Fig. 3) and mammalian
(Fig. 4) cells directly ubiquitylated DDB2, we concluded that
DDB2 was ubiquitylated by genuine DDB—Cul4A complex.

3.4. XP-E mutation does not affect ubiquitylation of
DDB?2 in vitro

Two cell lines established from XP-E patients, XP2RO
and XP82TO, have been characterized in detail. XP2RO and
XP82TO cells harbor naturally occurring single amino acid
substitutions, R273H and K244E, in DDB2 protein, respec-
tively. It has been reported that the XP82TO mutant protein
(DDB2-K244E) interacts normally with DDBI and Cullin
4A. Conversely, XP2RO mutant protein (DDB2-R273H) in-
teracts with neither of them [13,29]. We also confirmed by
immunoprecipitation experiments that DDB2-K244E inter-
acts with DDB1 and Cullin 4A normally, but DDB2-R273H
did not associate with either of them (Fig. 5A). Intriguingly,
Rapic-Otrin et al. [21] reported that UV-induced rapid degra-
dation of DDB2 protein did not occur in XP82TO cell line.
This information prompted ‘us to test whether K244E mu-
tation affects the in vitro ubiquitylation of DDB2. Because
DDB1-DDB2 (K244E)-Cul4A complex did not interact ef-
fectively with DNA cellulose, we were unable to purify it
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compared with the wild-type complex (data not shown). We
thus purified this mutant protein complex by affinity chro-
matography on nickel-chelating column and subsequent hep-
arin column, and the bound DDB2 (K244E) complex was
eluted around 0.5 M NaCl (Fig. 5B). As a control, the wild
type DDB2-containing complex was simultaneously isolated
by the same method. The DDB1-DDB2 (K244E)-Cul4A
complex was incubated with ATP, ubiquitin, E1 and UbcH35a,
and subjected to immunoblotting with the anti-Flag antibody.
The mutant DDB2 protein was ubiquitylated in a manner
equivalent to that of the wild-type control (Fig. 5C), indicat-
ing that XP82TO mutation (K244E) did not affect the ubiq-
uitylation of DDB2 in vitro. This result also suggests that
the mutated site of DDB2 (244th K) per se is not the unique
ubiquitylation site.

4. Discussion

The DDB complex is regulated through several processes
when cells are exposed to UV irradiation, namely very
rapid translocation into the nucleus and binding to chro-
matin [17,29-31], hasty degradation of DDB2 protein [21,22]
and final transcriptional induction of DDB2 mRNA [32,33].
Chemical inhibition of proteasomes prevents rapid degrada-
tion of DDB2 protein, suggesting that this process is mediated
by the ubiquitin/proteasome system. Among these regulation
processes of DDB2, proteolytic degradation is the most in-
triguing because several recent reports [13,15-17] and our
present results have shown a tight relationship between the
DDB complex and proteins involved in ubiquitylation.
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Fig.5. XP82TO mutation (K244E) does not affect the in vitro ubiquitylation
of DDB2. (A) DDB2-K244E interacts with DDB1 and Cul4A, but DDB2-
R273H associates with neither. Flag-DDB2 (WT, K244E or R273H) was co-
transfected with Myc-Cul4 A and HA-DDBI1 into ts41 cells. After immuno-
precipitation (IP) by anti-Flag antibody, the resulting immunoprecipitates
were subjected to immunoblotting using anti-Cul4A and anti-DDBI anti-
bodies. (B) The DDB2 (K244E) complex was resolved by SDS-PAGE and
visualized by silver staining. (C) Ubiquitylation of DDB2 protein with XP-E
mutation (DDB2-K244E) was comparable with that of wild-type DDB2 in
vitro. The DDB-Cul4A complex containing mutant or wild type DDB2 was
subjected to in vitro ubiquitylation in the presence (Ub) or absence (-) of
ubiquitin. Asterisk indicates the ubiquitin-conjugated DDB2.

Interestingly, ectopic over-production of Cullin 4A ac-
celerates the degradation of DDB2, suggesting that Cul4A
ubiquitylates DDB2 [15,16]. However, no reconstitution ex-
periments were performed and thus this information did not
exclude the possible involvement of other E3(s) downstream
of Cul4A in the ubiquitylation of DDB2, rather than directly
by Cul4A. This situation prompted us to reconstitute the in
vitro ubiquitylation of DDB2 and we presented in this study
biochemical evidence for the ubiquitylation of DDB2 directly
by the DDB~Cullin 4A complex.

4.1. In vitro ubiquitylation of each subunit of the DDB
complex :

It is well established that a significant fraction of DDB2 is
degraded promptly after UV irradiation [21,22] and is also de-
graded in a cell cycle-dependent manner [16]. Conversely, it
is still controversial whether another component of the DDB
complex, DDB1, is a target of ubiquityiation and subsequent

degradation. Zhou’s group reported that overproduction of
Cul4A in cells stimulates the ubiquitylation of DDB1 [15]. In
contrast, neither ectopically expressed Cul4A nor UV irradi-
ation accelerates degradation of DDB1 was reported by other
groups [12,16]. In our reconstitution experiment, DDB1 was
very weakly ubiquitylated in the DDB—Cul4 A complex from
insect cells (Fig. 3B) and seldom ubiquitylated in the complex
from HeLa cells (Fig. 4B). Because the HeLa celi-derived
complex is purer and was considered to be isolated under
more physiological conditions, this result supports the notion
that DDBI1 is not ubiquitylated by the Cul4A E3 complex.
Even though DDB1 was faintly ubiquitylated, such mono-
or di-ubiquitylation is insufficient for the proteasomal degra-
dation. Therefore, we favor the scenario that not DDB1 but
DDB?2 is the target of ubiquitylation by Cul4A E3 complex
in vivo [12,16].

4.2. XP-E mutation did not affect the ubiquitylation of
p48 in vitro

Rapic-Otrin et al. [21] reported that UV-induced rapid
degradation of DDB2 did not occur in the XP-E cell line
(XP82TO) whose DDB2 harbors a K244E mutation. Be-
cause this mutant protein (DDB2-K244E) can interact with
DDBI1 and Cullin 4A (Fig. SA [13]) but not with damaged
DNA [8,12,34], this result suggests that the binding activity
to damaged-DNA is necessary for the degradation of DDB2.
Another possibility is that the mutated site of DDB2 (244th
K) per se is the main ubiquitylation site, as suggested previ-
ously [21]. However, the latter is unlikely because we showed
that this mutant protein was still ubiquitylated in a manner
similar to the wild-type DDB2 protein in vitro (Fig. 5C).
Perhaps binding to damaged-DNA renders the conforma-
tion of DDB complex more acquiescent for ubiquitylation
and/or UV recruits DDB to some specialized chromatin place
where the other ubiquitylation machinery is easy to access
in vivo.

4.3. Biochemical role of DDB in nucleotide excision
repair

In XP-E celis lacking the DDB activity, the nucleotide ex-
cision repair (NER) of cyclobutane pyrimidine dimer (CPD)
is significantly impaired [32], suggesting the importance of
DDB complex in NER in vivo. However, this DDB complex
is not essential for the reconstitution of the cell-free NER in
vitro. The NER reaction was successfully reconstituted in the
absence of DDB [35-37], although it may exhibit some stim-
ulatory or inhibitory effects under certain conditions [38-40].
One interpretation of these results is that some partner pro-
tein(s) of DDB complex may be missing in such NER assay in
vitro. Recent studies [13,15-20,41-43] and the present work
emphasize the role of the DDB1 complex in the ubiquitin lig-
ation. We can thus speculate that the effect and requirement
of DDB could change if other ubiquitylation machinery was
added to the in vitro NER assay.
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4.4. Biological function of DDB2 ubiquitylation

As mentioned above, DDB2 protein is rapidly degraded
after UV-irradiation in vivo [21,22] and we showed here that
the DDB-Cul4A complex could directly ubiquitylate DDB2.
What is the function of DDB2 ubiquitylation and subse-
quent degradation? After damaged-DNA recognition, DDB
is thought to hand over the DNA lesion to the following NER
component(s) including XPC [2]. An appealing hypothesis
is that clearance of DDB2 by ubiquitylation and succeeding
degradation facilitates accession of the following NER fac-
tor(s) to the DNA lesion. However, it is not clear at present
whether the ubiquitylation of DDB2 is only required for its
UV-induced degradation, or is essential to change some bi-
ologicat character of DDB2 preceding degradation. Because
various non-proteolytic functions of ubiquitylation have been
identified recently [44], it is still conceivable that the ubig-
vitylation of DDB2 might have an additional role besides
degradation. Moreover, we still do not know whether DDB2
ubiquitylation is a pertinent event for DDB function in DNA
repair, or is the only side effect accompanied by ubiquityla-
tion of authentic, relevant substrate. To define the precise role
of DDB—Cullin 4A complex-mediated ubiquitylation, further
studies are obviously required; especially the identification of
the physiological substrate. Such experiments are currently
underway in our laboratories.
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Glycoprotein-specific ubiquitin ligases recognize
N-glycans in unfolded substrates
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Misfolded or unassembled polypeptides in the endoplasmic
reticulum (ER) are retro-translocated into the cytosol and
degraded by the ubiquitin-proteasome system., We reported
previously that the SCF™s'.2 ubiquitin-ligase complexes that
contribute to ubiquitination of glycoproteins are involved in the
ER-associated degradation pathway. Here we investigated how
the SCFFbs1.2 complexes interact with unfolded glycoproteins. The
SCFFs! complex was associated with p97/VCP AAA ATPase and
bound to integrin-B1, one of the SCFs! substrates, in the cytosol
in a manner dependent on p97 ATPase activity. Both Fbs1 and
Fbs2 proteins interacted with denatured glycoproteins, which
were modified with not only high-mannose but also complex-type
oligosaccharides, more efficiently than native proteins. Given
that Fbs proteins interact with innermost chitobiose in N-glycans,
we propose that Fbs proteins distinguish native from unfolded
glycoproteins by sensing the exposed chitobiose structure.
Keywords: ubiquitin ligase; glycoprotein; unfold; N-glycan

EMBO reports (2005) 6, 239-244. doi:10.1038/sj.embor.7400351

INTRODUCTION

Most secretory and membrane proteins are co-translationally
translocated into the lumen of the endoplasmic reticulum (ER). In
the ER, these proteins are modified by N-linked oligosaccharides
and subjected to ‘quality control’ in which aberrant proteins are
distinguished from properly folded proteins (Eligaard & Helenius,
2003). When the improperly folded or incompletely assembled
proteins fail to restore their functional states, they are degraded by
the ER-associated degradation (ERAD) system, which involves
retrograde transfer of proteins from the ER to the cytosol followed
by degradation by the proteasome. p97/VCP, a cytosolic ATPase
member of the AAA ATPase family, may have several roles in the

"Tokyo Metropolitan Institute of Medical Science, 3-18-22, Hon-komagome,
Bunkyo-ku, Tokyo 113-8613, Japan

2CREST, Japan Science and Technology Corporation (JST), Saitama 332-0012, Japan
3Department of Molecular Cell Biology, Graduate School of Medicine,

Osaka City University, Osaka 545-8585, Japan

*Corresponding author, Tel: + 81 3 3823 2105; Fax: 81 3 3823 2965;

E-mail: yyosida@rinshoken.or.jp

Received 16 August 2004; revised 11 January 2005; accepted 13 january 2005;
published online 18 February 2005

©2005 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

ERAD pathway. It has been suggested that the p97-Ufd1-Npl4
complex is required for the extraction of misfolded proteins from
the ER into the cytosol (Tsai et al, 2002). Such a retro-translocation
step would most probably be mediated by dual recognition of the
substrates by p97, with the complex binding both the nonubiqui-
tinated segment of a substrate and the attached polyubiquitin
chain (Ye et al, 2003). The p97 complex, which associates
with the ER membrane proteins VIMP and Derlin-1 through the
amino-terminal domain of p97, is thought to be required for the
extraction of misfolded proteins from the ER (Lilley & Ploegh,
2004; Ye et al, 2004). However, p97 has also been proposed to be
important for the release of ERAD substrates after their export from
the ER, and thereby for their accessibility to the proteasome
(Elkabetz et al, 2004). The role of each of these functions remains
to be established.

In the ubiquitin system, the ubiquitin ligase ‘E3’ has an
important role in the selection of target proteins for ubiquitination.
At present, several E3s have been identified in the ERAD pathway,
such as Hrd1 (Bays et al, 2001) and Doa10 (Swanson et al, 2001)
in yeast, and gp78 (Fang et al, 2001), CHIP (Meacham et a/, 2001)
and Parkin (Imai et al, 2001) in mammals. In addition, we have
recently identified a new member of the ERAD-linked E3 family,
SCF™s, which participates in ERAD for selective elimination of
glycoproteins (Yoshida et al, 2002, 2003). Whereas Hrd1, Doal0
and gp78 are localized in the ER, SCF™s complexes are localized
in the cytosol similar to CHIP and Parkin.

The SCF is composed of Cullin1/Cdc53, Skp1, Roc1/Rbx1, and
one member of the large family of F-box proteins, which are
involved in trapping target proteins (Deshaies, 1999). Fbs1 and
Fbs2 (F-box protein that recognizes sugar chains) interact with
glycoproteins containing high-mannose oligosaccharides, protein
modification of which occurs in the ER. Our recent X-ray
crystallographic and nuclear magnetic resonance (NMR) studies
of the substrate-binding domain of Fbs1 have shown that Fbs1
recognizes the inner chitobiose of high-mannose oligosaccharides
by a small hydrophabic pocket located at the top of the p-barrel
(Mizushima et al, 2004).

In this study, we examined whether Fbs proteins discriminate
between folded and unfolded glycoproteins because ERAD
substrates are thought to be unfolded. Both Fbs1 and Fbs2
preferably bind to denatured proteins that contain not only

EMBO reports VOL 6| NO 3| 2005 239
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Fig 1| Fbsl binds to integrin-P1 dependent on p97 ATPase activity. (A) Fbsl associates with p97 in microsomal fraction. Endogenous Fbsl was
immunoprecipitated from 100,000g supernatant (S) and precipitate (P) fractions of brains of adult mice. Lysate (15 jtg each) and immunoprecipitates
were analysed by immunoblotting with antibodies against Fbs1, p97, calreticulin and GRP78. (B) Interaction of Fbs proteins with p97. Lysates of 293T
cells transiently expressing Flag-tagged F-box proteins (—, empty vector) and HA-tagged p97 were subjected to immunoprecipitation, and the resulting
precipitates were analysed by immunoblotting. The asterisk shows immunoglobulin heavy chains. (C) Fbs! binding to integrin-B1 in the cytosol
depends on p97 ATPase activity. 293T cells were transfected with Flag-tagged Fbsl, V5-tagged integrin-B1 and HA-tagged p97 (—, empty vector;

W, wild-type p97; M, mutant p97 (K524A)). Fbsl was immunoprecipitated from supernatant (S) and precipitate (P) fractions. Expressions of p97, Fbsl
and integrin-B1 in fractionated lysates (5 g each) and the amount of integrin-p1 associated with Fbsl were analysed by immunoblotting using anti-V5
antibody. The membranous fraction (Mem.) was prepared from 24,000g precipitate. Asterisks show immunoglobulin heavy and light chains.

high-mannose but also complex-type oligosaccharides over
native counterparts. The results showed that these F-box
proteins probably interact with the innermost chitobiose in
N-glycans in only unfolded glycoprotein in the ERAD pathway,
considering that chitobiose moieties are usually masked by the
folded polypeptide.

RESULTS

SCFFs associates with the p97 complex

We have isolated Fbst from mouse brain cytosol as a novel sugar-
binding protein that functions as a substrate-binding subunit in
SCF-type E3 for ERAD (Yoshida et al, 2002), but the ubiquitination
machinery for ERAD is probably associated with the ER
membrane. To test the localization of Fbs1 proteins in mouse
brain, we prepared anti-Fbs1 polyclonal antibodies. Lysates from
adult mouse brain were fractionated into 100,000g supernatant (S)

240 EMBO reports VOL 6] NO 3| 2005

and precipitate (P) fractions excluding 24,000g precipitate, and
the presence of Fbs1 was analysed by immunoblotting (Fig 1A).
Fbs1 was detected in the P as well as the S fractions, suggesting
that Fbs1 interacts with proteins that associate with the ER
membrane. As p97/VCP is thought to be involved in the retro-
transport of ERAD substrates (Tsai et al, 2002), we examined
the interaction of Fbs1 with p97. As shown in Fig 1A, Fbs1 was
co-immunoprecipitated with p97 from the P but not from the
S fraction. To determine whether other F-box proteins interact
with p97, the Flag-tagged F-box proteins were expressed, together
with haemagglutinin (HA)-tagged p97, in 293T cells, immuno-
precipitated and analysed by immunoblotting (Fig 1B). Both Fbs1
and Fbs2 but not BTrCP1, an F-box protein with WD repeats for
substrate recognition, were co-immunoprecipitated with p97.
These results suggest that a part of Fbs proteins binds specifically
to the p97-containing complex at the ER.

©2005 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION
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Fig 2| Pull-down analysis of the interactions of Fbsl, Fbs1W and Fbs2
with native and denatured N-glycoproteins. Extracts of cells expressing
Flag-tagged Fbsl, the W280A mutant of Fbsi (Fbs1W) and Fbs2 were
incubated with native or guanidine-HCl-treated (denatured)
glycoproteins (lanes 1-5) or deglycosylated fetuin (lane 6)-immobilized
beads. The beads were washed and then boiled with sample buffer.
Lysates (7.5 ug) and bound proteins were analysed by immunoblotting
using anti-Flag antibody (top) and the structures of N-glycans in the
glycoproteins tested are shown at the bottom.

Fbs1 binds to integrin-§1 dependent on p97 activity

We identified pre-integrin-B1, which was modified with high-
mannose oligosaccharides, as one of the Fbs1 substrates (Yoshida
et al, 2002). As the Fbs1—pre-integrin-B1 interaction occurs in the
cytosol, retro-translocation of integrin-p1 from the ER into the
cytosol is required for Fbs1 binding. To analyse the involvement of
p97 in the interaction between Fbs1 and pre-integrin-B1, 293T
cells were transfected with expression plasmids encoding Flag-
tagged Fbs1, V5-tagged integrin-p1 together with HA-tagged p97
or its mutant, and treated with the proteasome inhibitor MG132
for 1.5 h before collecting cells. Immunoprecipitates with anti-Flag
antibody of S and P fractions of transfected 2937 cells were
immunoblotted with anti-V5 antibody to detect co-immunopreci-
pitated integrin-B1 (Fig 1C). Most of pre-integrin-p1 was localized
in the P fractions, and the expression of the ATPase-defective p97
mutant (K524A) increased the amount of total pre-integrin-p1 in
the P fraction (lanes 4-6). The amount of pre-integrin-p1
associated with Fbs1 was greater in wild-type p97-expressing
cells than in mutant p97-expressing cells in both S and P fractions
(lanes 7-12). These results suggest that Fbs proteins recognize
and ubiquitinate pre-integrin-p1 retro-translocated by p97, and
this modification may facilitate pre-intergrin-p1 binding to the
p97-Ufd1-Npl4 complex, as well as its extraction from the ER.

Fbs interacts with denatured N-glycoproteins

Glycoproteins retro-translocated from the ER are not native
proteins. Therefore, to examine whether Fbs proteins recognize

©2005 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

denatured glycoproteins better than native proteins, first we
carried out a pull-down assay using several N-glycoproteins
{Fig 2). We have reported that both Fbs1 and Fbs2 recognize the
innermost chitobiose structure in high-mannose oligosaccharides
(Yoshida et al, 2003). Although both ovalbumin and ribonuclease
B (RNaseB) contain high-mannose oligosaccharides, Fbs1 effec-
tively bound to RNaseB alone (see Discussion). Fbs1 could bind to
asialofetuin and ovomucoid, but could hardly bind to fetuin and
ovalbumin. The ability of Fbs2 to bind to asialofetuin, fetuin and
ovomucoid was weaker than that to proteins attached to the high-
mannose oligosaccharides. Interestingly, both Fbs proteins could
bind to all the denatured N-glycoproteins tested but not to
denatured deglycosylated proteins (lane 6), whereas the W280A
mutant of Fbs1 (FbsTW) that fails to interact with the innermost
GlcNAc moiety in N-glycan (Mizushima et al, 2004) could not
bind to any native or denatured glycoproteins, suggesting that the
denaturation of glycoproteins increases the accessibility to the
innermost chitobiose of N-glycans by Fbs proteins.

We next examined whether the binding potency and substrate
specificity of Fbs proteins are influenced by denaturation of
cellular glycoproteins. Lysates from the mouse brain or Neuro2a
cells were treated with or without 6 M guanidine-HCl, diluted ten
times with the lysis buffer and incubated with the His-tagged Fbs
proteins produced by Escherichia coli (Fig 3; supplementary
information 1 online). Guanidine-HCI at 0.6 M had no influence
on Fbs binding to glycoproteins (supplementary information 2
online). The glycoproteins bound to Fbs were isolated using
Ni-NTA affinity chromatography and detected by lectin blotting
(Fig 3). Blotting with GNA, a lectin that binds to high-mannose
oligosaccharide, showed that denaturation markedly increased the
number of proteins bound to Fbs. The spectrum of Fbs1-bound
protein bands in the brain detected by WGA, a lectin specific for
terminal GlcNAc or sialic acids, was similar to those detected
by GNA, suggesting that these proteins are modified by both
high-mannose and complex-type oligosaccharides. Conversely,
the proteins detected by RCA120, a lectin that binds to terminal
galactose-B1-4GlcNAc, were different to those detected by GNA.
Both the quantities and species of RCA120-reactive proteins
recognized by Fbsl were also considerably increased by
denaturation. Treatment of denatured proteins with peptide:
N-glycanase (PNGase F) almost diminished their binding to Fbs.
Furthermare, Fbs1W could hardly bind these glycoproteins. These
results strongly suggest that both Fbst and Fbs2 bind to the
innermost GIcNAC moiety irrespective of the terminal sugar
moieties, and that the accessibility of Fbs proteins to the innermost
GlcNAc moiety is enhanced by denaturation of the substrate
glycoproteins. As all N-linked oligosaccharides contain innermost
chitobiose structure, Fbs proteins seem to be capable of binding
most N-glycoproteins when denatured.

SCFFs! ubiquitinates denatured glycoproteins

To see whether SCF™s ubiquitinates denatured glycoproteins more
efficiently than native counterparts, we performed an in vitro
ubiquitination assay using purified components including recom-
binant SCF™s' proteins. Efficient ubiquitination of GlcNAc-
terminated fetuin (GTF), which is an in vitro substrate for SCFF!
(Yoshida et al, 2002), was detected by immunoblotting using
an anti-fetuin antibody. When an excess amount of substrates
existed, denatured asialofetuin was efficiently ubiquitinated,
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Fig 3| Interactions of Fbsl and Fbs2 with cellular glycoproteins containing N-linked oligosaccharides in native and denatured states. Native (N),
denatured (D) or PNGase-treated proteins prepared form mouse brain (A) or Neuro2a cells (B) were incubated with recombinant Fbsl-, Fbs1W- and
Fbs2-immobilized beads. Native and PNGase-treated lysates (15 pg each; lanes 1 and 2) and proteins bound to Fbsl, Fbs1W or Fbs2 were analysed by

lectin blotting using HRP-labelled GNA, WGA and RCA.

whereas ubiquitination of native asialofetuin was marginal (Fig 4;
supplementary information 3 online). No ubiquitination of GTF
or denatured asialofetuin was detected in the absence of E1, E2,
ATP or substrate, and SCFF>'™W (Mizushima et al, 2004) failed
to ubiquitinate these substrates (supplementary information 4
online). These results demonstrate that the higher affinity of Fbs1
for denatured N-glycoproteins results in a more efficient ubiqui-
tination of the denatured substrates than native counterparts.

DISCUSSION

In the early secretory pathway, N-glycosylation facilitates
conformational maturation by promoting the glycoprotein-folding
machinery, and functions as tags for ER retention and targeting to
the ERAD pathway. The calnexin-calreticulin cycle, consisting
of two homologous lectins, calnexin and calreticulin, which
interact with monoglucosylated N-glycans, in concert with UDP-
glucose:glycoprotein glucosyltransferase (GT) and glucosidase I,
has a central role in folding and ER retention. Conversely, it is
shown that a-mannosidase | and EDEM have a pivotal role in
selective disposal of misfolded glycoproteins (Ellgaard & Helenius,
2003; Yoshida, 2003). Among these oligosaccharide-related
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molecules in the ER, only GT has been shown to recognize
incompletely folded proteins (Parodi, 2000). In the cytosol,
the N-glycans in proteins extracted from the ER are removed
before proteolysis by PNGase. In addition, PNGase can discrimi-
nate between non-native and folded glycoproteins, favouring the
former (Hirsch et al, 2004). In this study, we showed that the Fbs
proteins preferentially bind to denatured glycoproteins over
properly folded proteins. As the retro-translocated proteins in the
cytosol from the ER are misfolded, it is conceivable that N-glycan
recognition proteins in the cytosol can sense misfolded states.
Although GT and PNGase can distinguish the folding states of
substrates, the structural elements required for identification of
their targets are not fully understood. In vitro studies have shown
that GT also preferentially re-glucosylates glycoproteins in
partially folded, molten globule conformations (Caramelo et al,
2003), and that an important feature for recognition is the
exposure of hydrophobic clusters and innermost GlcNAc residue
(Sousa & Parodi, 1995). Fbs1 interacts with the inner chitobiose in
N-glycans of glycoproteins by a specific binding surface located
at one tip of the B-sandwich of its substrate-binding domain
(Mizushima et al, 2004). The intramolecular interactions of
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Fig 4| In vitro ubiquitination of native GlcNAc-terminated fetuin (GTF),
asialofetuin (ASF) and denatured ASF by SCF™s! ligase. The high-
molecular-mass ubiquitinated fetuin ((GST-Ub)n-fetuin) was detected by
immunoblotting with anti-fetuin antibody.

innermost GIcNAc residue and the polypeptide moiety generally
hamper the binding of Fbs1 to the chitobiose portions of
glycoproteins as a result of steric hindrance in their native states.
Therefore, Fbs1 recognizes the innermost position of N-glycans as
a signal for unfolded glycoproteins. Conversely, as RNaseB
contains an oligosaccharide that does not contact the polypeptide
chain except at the covalent attachment point (Williams et al,
1987), it is likely that RNaseB interacts with Fbs1 even in the
native form probably due to the exceptional freedom of the
innermost chitobiose portion (Fig 2). The present results confirmed
that Fbs proteins bind to denatured glycoproteins.

Considering that ubiquitination of ERAD substrates is linked to
retro-translocation and rapid degradation, ubiquitin ligases for
ERAD might be associated with the ER membrane. Moreover, as
many glycoproteins are efficiently deglycosylated by PNGase after
retrograde transfer into the cytosol (Blom et al, 2004), the rapid
recognition of substrate by Fbs proteins before deglycosylation is
critical. We found a part of Fbs proteins in association with p97 in
the microsomal fractions, and extraction of the substrate of SCFfbs!
was dependent on the ATPase activity of p97 followed by
association with Fbs1. Thus, SCF™s seems to be positioned in
the ER membrane in such a way that it can ubiquitinate substrates
immediately after retro-translocation to the cytosol.

Fbs proteins can bind not only high-mannose oligosaccharides
but also various types of N-glycans in glycoproteins. These
modified glycoproteins other than the high-mannose oligo-
saccharides are not ERAD substrates. Therefore, our finding
suggests that SCF™s mediates ubiquitination of exogenous or
membrane proteins endocytosed into the cells. This is not unusual,
because it is well known that extracellular proteins incorporated by
phagocytosis into dendritic cells are presented to MHC class |
molecules after proteasomal degradation (Castellino et al, 2000).
Other studies demonstrated the transfer of endocytosed proteins
into the cytosol by unknown mechanisms before their proteasomal
processing and/or destruction (Kovacsovics-Bankowski & Rock,
1995). Further functional analysis of Fbs family proteins can shed
light on the degradation of endocytosed proteins.

©2005 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

METHODS

Transfection, plasmids, antibodies, immunoprecipitation and
immunoblotting. 2937 cells were transfected as described pre-
viously (Yoshida et al, 2002). HA-p97-expressing plasmid was a
kind gift from S. Khochbin (INSERM, France). HA-p97 (K524A)-
expressing plasmid was constructed by site-directed mutagenesis.
Human integrin-p1 complementary DNA was cloned from cDNA
clone (ATCC 988953) in pTracer-EF-V5His vector (Invitrogen,
Carlsbad, CA, USA). The anti-mouse Fbs1 serum was generated
in rabbits by standard procedures using a synthetic peptide
corresponding to residues 1-14 (MDGDGDPFSVSHPE) of the
predicted protein coupled to keyhole limpet haemocyanin.
Monoclonal antibodies to p97 and V5 epitope were purchased
fram Progen (Heidelberg, Germany) and Invitrogen, respectively,
and polyclonal antibodies to calreticulin and GRP78 were from
Affinity Bioreagents (Exeter, Devon, UK). Antibodies to Flag, HA
and fetuin have been described previously (Yoshida et al, 2003).
Immunoprecipitation from whole-cell extracts or subcellular
fractionation of cells and immunoblotting were performed
in TBS-T (1% Triton X-100, 50 mM Tris-HCl pH 7.5, 150mM
NaC! and protease inhibitors) as described previously (Yoshida
et al, 2002).

Pull-down assay. Fetuin, asialofetuin, ovalbumin, RNaseB and
ovomucoid were purchased from Sigma-Aldrich (St Louis, MO,
USA). For preparation of deglycosylated fetuin (DGF), 10mg of
asialofetuin was incubated with 200U of PNGase F {(Roche,
Mannheim, Germany) in 50mM phosphate buffer, pH 7.2, at
37°C for 24h. The enzyme-treated proteins were loaded onto
successive WGA and RCA-lectin agarose columns. The flow-
through fraction from both columns was used as DGF. Each 10 mg
glycoprotein was immobilized to 0.5ml of Affi-gel 10 or 15
(Bio-Rad, Richmond, CA, USA). For preparation of denatured-
glycoprotein-immobilized beads, after each half of glycoprotein-
immobilized beads was incubated in 6 M guanidine-HCI for 2 h,
the beads were washed five times with ten volumes of 20 mM

- Tris=sHCI (pH 7.5)/150mM NaCl (TBS) containing 0.5% NP-40

(TBS-N). Fach cell extract prepared with TBS-N from Flag-tagged
Fbst, Fbs1 W280A mutant or Fbs2-expressing 293T cells (30 ug)
was incubated with 15ul of various glycoprotein-immobilized
beads. Bound proteins were eluted by boiling with SDS sample
buffer and were analysed by immunoblotting.

Binding assay and lectin blotting. The substrate-binding domain
of mouse Fbs1 (117-297) and its W280A mutant were cloned into
pET15b (Mizushima et al, 2004), that of mouse Fbs2 (46-295) was
cloned into pET33b, and expressed in E. coli. The His-tagged Fbs
proteins were bound to Ni-NTA agarose beads (Qiagen, Hilden,
Germany). Mouse brains and Neuro2a cells were homogenized
in TBS-N and protease inhibitors. After centrifugation of the
homogenate at 15,000g for 30 min, guanidine-HCl was dissolved
with one-third of the supernatant (protein concentration
Smgml~") up to 6M. Guanidine-HCl-treated and untreated
lysates were diluted ten times with TBS-N. Another aliquot was
treated with PNGase F subsequent to denaturation by heating for
5min at 100°C in the presence of 1% SDS and was then diluted
ten times with TBS-N. The dilutes and PNGase-treated lysates
were precleared with Ni-NTA agarose and then the flow-through
fractions were incubated with the Fbs-protein-bound beads for
18h at 4°C. The beads were washed with TBS-N containing
20mM imidazole. The adsorbed proteins were eluted by 0.2M
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imidazole in TBS-N. Eluted proteins were separated by SDS-
PAGE, and blotted onto a membrane (Immobilon). After the
blotted membranes were blocked with 3% bovine serum albumin
in PBS, lectin blotting was performed using horseradish peroxi-
dase (HRP)-labelled GNA (EY Laboratories), RCA120 and WGA
(Seikagaku-kogyo, Japan).

In vitro ubiquitination assays. Preparation of GTF and in vitro
ubiquitination assays were performed as described previously
(Yoshida et al, 2002). Denatured asialofetuin was prepared by
200 times dilution of 20mgml~! asialofetuin treated with 6 M
guanidine-HCl. Details of the assay condition are described in
supplementary information 5 online.

Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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