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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 XP82TQO, have been characterized in detail. XP2RO and
XP&2TO 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 DDB1 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-DDB?2 (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 UbcH5a,
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 ubig-
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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bodies. (B) The DDB2 (K244E) complex was resolved by SDS-PAGE and
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mutation (DDB2-K244E) was comparable with that of wild-type DDB2 in
vitro. The DDB-Cul4A complex containing mutant or wild type DDB2 was
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ubiquitin. Asterisk indicates the ubiquitin-conjugated DDB2.

Interestingly, ectopic over-production of Cullin 4A ac-
celerates the degradation of DDB2, suggesting that CuldA
ubiquitylates DDB?2 [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 CuldA. 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. Invitro 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, DDBI, is a target of ubiquitylation and subsequent

degradation. Zhou’s group reported that overproduction of
Cul4A in cells stimulates the ubiquitylation of DDB1[15]. In
contrast, neither ectopically expressed Cul4 A 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 cell-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
DDB2 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
DDBI 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 cells 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
empbhasize 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, DDB?2 protein is rapidly degraded
after UV-irradiation in vivo [21,22] and we showed here that
the DDB—Cul4 A 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-
ological character of DDB?2 preceding degradation. Because
various non-proteolytic functions of ubiquitylation have been
identified recently [44], it is still conceivable that the ubig-
uvitylation 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.

Acknowledgements

We are grateful to Dr. Yoshihiro Nakatani of Harvard
Medical School for providing HeLa cells expressing epitope-
tagged DDB2 and to Dr. Kaoru Sugasawa of RIKEN for the
critical reading of the manuscript. We also thank all mem-
bers of Prof. K. Tanaka laboratory for the helpful discus-
sions. This work was supported by CREST of Japan Science
and Technology (JST), Takeda Science Foundation (to M.S.)
and Grants-in-Aid from the Ministry of Education, Culture,
Sports, Science and Technology of Japan (to K.T.).

References

[1] R.S. Feldberg, L. Grossman, A DNA binding protein from human
placenta specific for ultraviolet damaged DNA, Biochemistry 15
(1976) 2402-2408.

[2] J. Tang, G. Chu, Xeroderma pigmentosum complementation group
E and UV-damaged DNA-binding protein, DNA Repair 1 (2002)
601-616.

[3] B.B.O. Witischieben, R.D. Wood, DDB complexities, DNA Repair
2 (2003) 1065-1069.

{4] D. Bootsma, K.H. Kreamer, J.E. Cleaver, J.H.J. Hoeijmakers, Nu-
cleotide excision repair syndromes: xeroderma pigmentosum, Cock-
ayne syndrome and trichothiodystrophy, in: B. Vogelstein, K.W. Kin-
zler (Eds.), The Genetic Basis of Human Cancer, McGraw Hill, New
York, 1997, pp. 245-274.

[5] G. Chu, E. Chang, Xeroderma pigmentosurn group E cells lack
a nuclear factor that binds to damaged DNA, Science 242 (1988)
564-567.

- 418 -

[6] B.J. Hwang, S. Toering, U. Francke, G. Chu, p48 activates a UV-
damaged-DNA binding factor and is defective in xeroderma pigmen-
tosum group E cells that lack binding activity, Mol. Cell. Biol. 18
(1998) 4391-4399.

S. Keeney, A.P. Eker, T. Brody, W. Vermeulen, D. Bootsma, J.H.

Hoeijmakers, S. Linn, Correction of the DNA repair defect in xero-

derma pigmentosum group E by injection of a DNA damage-binding

protein, Proc. Natl. Acad. Sci. U.S.A. 91 (1994) 4053-4056.

V. Rapic-Otrin, 1. Kuraoka, T. Nardo, M. McLenigan, A.P. Eker, M.

Stefanini, A.S. Levine, R.D. Wood, Relationship of the xeroderma

pigmentosum group E DNA repair defect to the chromatin and DNA

binding proteins UV-DDB and replication protein A, Mol. Cell. Biol.

18 (1998) 3182-3190.

1Y. Tang, B.J. Hwang, J. M. Ford, P.C. Hanawalt, G. Chu, Xero-

derma pigmentosum p48 gene enhances global genomic repair and

suppresses UV-induced mutagenesis, Mol. Cells 5 (2000) 737-744.

[10] A.F. Nichols, P. Ong, S. Linn, Mutations specific to the xeroderma
pigmentosum group E Ddb-phenotype, J. Biol. Chem. 271 (1996)
24317-24320.

[1t] T. Itoh, S. Linn, T. Ono, M. Yamaizumi, Reinvestigation of the
classification of five cell strains of xeroderma pigmentosum group
E with reclassification of three of them, J. Invest. Dermatol. 114
(2000) 1022-1029.

[12] V. Rapic-Otrin, V. Navazza, T. Nardo, E. Botta, M. McLenigan, D.C.
Bisi, A.S. Levine, M. Stefanini, True XP group E patients have a
defective UV-damaged DNA binding protein complex and mutations
in DDB2 which reveal the functional domains of its p48 product,
Hum. Mol. Genet. 12 (2003) 1507-1522.

[13] P. Shiyanov, A. Nag, P. Raychaudhuri, Cullin 4A associates with the
UV-damaged DNA-binding protein DDB, J. Biol. Chem. 274 (1999)
35309-35312.

[14] N. Zheng, B.A. Schulman, L. Song, J.J. Miller, P.D. Jeffrey, P. Wang,
C. Chu, D.M. Koepp, S.J. Elledge, M. Pagano, R.C. Conaway, J.W.
Conaway, J.W. Harper, N.P. Pavletich, Structure of the Cull-RbxI-
Skp1-F boxSkp2 SCF ubiquitin ligase complex, Nature 416 (2002)
703-709.

[15] X. Chen, Y. Zhang, L. Douglas, P. Zhou, UV-damaged DNA-binding
proteins are targets of CUL-4A-mediated ubiquitination and degra-
dation, J. Biol. Chem. 276 (2001) 48175-48182.

[16] A. Nag, T. Bondar, S. Shiv, P. Raychaudhuri, The xeroderma pig-
mentosum group E gene product DDB2 is a specific target of cullin
4A in mammalian cells, Mol. Cell. Biol. 21 (2001) 6738-6747.

[17] R. Groisman, J. Polanowska, 1. Kuraoka, J. Sawada, M. Saijo, R.
Drapkin, A.F. Kisselev, K. Tanaka, Y. Nakatani, The ubiquitin ligase
activity in the DDB2 and CSA complexes is differentially regulated
by the COP9 signalosome in response to DNA damage, Cell 113
(2003) 357-367.

[18] C. Liu, K:A. Powell, K. Mundt, L. Wu, AM. Carr, T. Caspari,
Cop9/signalosome subunits and Pcud regulate ribonucleotide reduc-
tase by both checkpoint-dependent and -independent mechanisms,
Genes Dev. 17 (2003) 1130-1140.

[19] T. Bondar, A. Ponomarev, P. Raychaudhuri, Ddbl is required for the
proteolysis of the Schizosuccharomyces pombe replication inhibitor
Spdl during S phase and after DNA damage, J. Biol. Chem. 279
(2004) 9937-9943.

{20] LE. Wertz, K.M. O’Rourke, Z. Zhang, D. Doman, D. Arnott, R.J.
Deshaies, V.M. Dixit, Human De-etiolated-1 regulates c-jun by as-
sembling a CUL4A ubiquitin ligase, Science 303 (2004) 1371-
1374.

[21] V. Rapic-Otrin, M.P. McLenigan, D.C. Bisi, M. Gonzalez, A.S.
Levine, Sequential binding of UV DNA damage binding factor and
degradation of the p48 subunit as early events after UV irradiation,
Nucleic Acids Res. 30 (2002) 2588-2598.

[22] M.E. Fitch, L.V. Cross, S.J. Turner, S. Adimoolam, C.X. Lin, K.G.
Williams, J.M. Ford, The DDB2 nucleotide excision repair gene
product p48 enhances global genomic repair in p53 deficient human
fibroblasts, DNA Repair 2 (2003) 819-826.

7

—

{8

[9

—



N. Matsudu et al. / DNA Repair 4 (2005) 537-545 545

[23] T. Natsume, Y. Yamauchi, H. Nakayama, T. Shinkawa, M. Yanagida,
N. Takahashi, T. Isobe, A direct nanoflow liquid chromatography-
tandem mass spectrometry system for interaction proteomics, Anal.
Chem. 74 (2002) 4725-4733.

[24] M. Komatsu, T. Chiba, K. Tatsumi, S.-I. lemura, I. Tanida, N.
QOkazaki, T. Ueno, E. Kominami, T. Natsume, K. Tanaka, A novel
protein-conjugating system for Ufml, a ubiquitin-fold modifier,
EMBO J. 23 (2004) 1977-1986.

[25] S. Handeli, H. Weintraub, The ts4l mutation in Chinese hamster
cells leads to successive S phases in the absence of intervening G2,
M, and G1, Cell 71 (1992) 599-611.

[26] N. Matsuda, T. Suzuki, K. Tanaka, A. Nakano, Rmal, a novel
type of RING finger protein conserved from Arabidopsis to hu-
man, is a membrane-bound ubiquitin ligase, J. Cell Sci. 114 (2001)
1949-1957.

{271 N. Imai, N. Matsuda, K. Tanaka, A. Nakano, S. Matsumoto, W.
Kang, Ubiquitin ligase activities of Bombyx mori nucleopolyhe-
drovirus RING finger proteins, J. Virol. 77 (2003) 923-930.

[28] L.C. Chen, S. Manjeshwar, Y. Lu, D. Moore, B.M. Ljung, W.L.
Kuo, S.H. Dairkee, M. Wernick, C. Collins, H.S. Smith, The human
homologue for the Caenorhabditis elegans cul-4 gene is amplified
and overexpressed in primary breast cancers, Cancer Res. 58 (1998)
3677-3683.

[29] P. Shiyanov, S.A. Hayes, M. Donepudi, A.F. Nichols, S. Linn, B.L.
Slagle, P. Raychaudhuri, The naturally occurring mutants of DDB
are impaired in stimulating nuclear import of the pl125 subunit and
E2F1-activated transcription, Mol. Cell. Biol. 19 (1999) 4935-4943.

[30] V. Rapic-Otrin, M. McLenigan, M. Takao, A.S. Levine, M. Protic,
Translocation of a UV-damaged DNA binding protein into a tight
association with chromatin after treatment of mammalian cells with
UV light, J. Cell Sci. 110 (1997) 1159-1168.

[31] W. Liu, A.F. Nichols, J.A. Graham, R. Dualan, A. Abbas, S. Linn,
Nuclear transport of human DDB protein induced by ultraviolet light,
J. Biol. Chem. 275 (2000) 21429-21434.

{32] B.J. Hwang, J.M. Ford, P.C. Hanawalt, G. Chu, Expression of the
p48 xeroderma pigmentosum gene is p53-dependent and is involved
in global genomic repair, Proc. Natl. Acad. Sci. U.S.A. 96 (1999)
424-428.

{33] T. Itoh, C. O’Shea, S. Linn, Impaired regulation of tumor suppressor
p53 caused by mutations in the xeroderma pigmentosum DDB2 gene:
mutual regulatory interactions between p48(DDB2) and p53, Mol
Cell. Biol. 23 (2003) 7540-7553.

[34] S. Keeney, H. Wein, S. Linn, Biochemical heterogeneity in xero-
derma pigmentosumn complementation group E, Mutat. Res. 273
(1992) 49-56.

[35] M. Araki, C. Masutani, T. Maekawa, Y. Watanabe, A. Yamada, R.
Kusumoto, D. Sakai, K. Sugasawa, Y. Ohkuma, F. Hanaoka, Recon-
stitution of damage DNA excision reaction from SV40 minichromo-
somes with purified nucleotide excision repair proteins, Mutat. Res.
459 (2000) 147-160.

[36] S.J. Araujo, F. Tirode, F. Coin, H. Pospiech, J.E. Syvaoja, M. Stucki,
U. Hubscher, J.M. Egly, R.D. Wood, Nucleotide excision repair of
DNA with recombinant human proteins: definition of the minimal set
of factors, active forms of TFIIH, and modulation by CAK, Genes
Dev. 14 (2000) 349-359.

[37] D. Mu, C.H. Park, T. Matsunaga, D.S. Hsu, J.T. Reardon, A. Sancar,
Reconstitution of human DNA repair excision nuclease in a highly
defined system, J. Biol. Chem. 270 (1995) 2415-2418.

[38] A. Aboussekhra, M. Biggerstaff, M.K. Shivji, J.A. Vilpo, V. Mon-
collin, V.N. Podust, M. Protic, U. Hubscher, J.M. Egly, R.D. Wood,
Mammalian DNA nucleotide excision repair reconstituted with pu-
rified protein components, Cell 80 (1995) 859-868.

[39] M. Wakasugi, M. Shimizu, H. Morioka, S. Linn, O. Nikaido, T. Mat-
sunaga, Damaged DNA-binding protein DDB stimulates the excision
of cyclobutane pyrimidine dimers in vitro in concert with XPA and
replication protein A, J. Biol. Chem. 276 (2001) 15434-15440.

[40] M. Wakasugi, A. Kawashima, H. Morioka, S. Linn, A. Sancar,
T. Mori, O. Nikaido, T. Matsunaga, DDB accumulates at DNA
damage sites immediately after UV irradiation and directly stim-
ulates nucleotide excision repair, J. Biol. Chem. 277 (2002) 1637-
1640.

[41] Y. Yanagawa, J.A. Sullivan, S. Komatsu, G. Gusmaroli, G. Suzuki,
J. Yin, T. Ishibashi, Y. Saijo, V. Rubio, S. Kimura, J. Wang, X.W.
Deng, Arabidopsis COP10 forms a complex with DDB1 and DET1
in vivo and enhances the activity of ubiquitin conjugating enzymes,
Genes Dev. 18 (2004) 2172-2181.

[42] L.A. Higa, 1.S. Mihaylov, D.P. Banks, J. Zheng, H. Zhang, Radiation-
mediated proteolysis of CDT1 by CUL4-ROC! and CSN complexes
constitutes a new checkpoint, Nat. Cell Biol. 5 (2003) 1008-1015.

[43] J. Hu, C.M. McCall, T. Ohta, Y. Xiong, Targeted ubiquitination of
CDT1 by the DDB1-CUL4A-ROCI ligase in response to DNA dam-
age, Nat. Cell Biol. 6 (2004) 1003-1009.

[44] 1.D. Schnell, L. Hicke, Non-traditional functions of ubiquitin and
ubiquitin-binding proteins, J. Biol. Chem. 278 (2003) 35857-35860.

-419 -



EMBO

reports

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
SCFfbs! complex was associated with p97/VCP AAA ATPase and
bound to integrin-p1, one of the SCF™! 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 (Ellgaard & 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
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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 al, 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, SCFFbs 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 hydrophobic pocket located at the top of the B-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
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Fig 11Fbsl binds to integrin-B1 dependent on p97 ATPase activity. (A) Fbs1 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 ug each) and immunoprecipitates
were analysed by immunoblotting with antibodies against Fbsl, 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) Fbsl binding to integrin-Bl in the cytosol
depends on p97 ATPase activity. 293T cells were transfected with Flag-tagged Fbsl, V5-tagged integrin-Bl 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 (5pg each) and the amount of integrin-B1 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

SCFFbs associates with the p97 complex

We have isolated Fbs1 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)
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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.
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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 Fbsl (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-f1 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, 2937
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-p1 (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-B1 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
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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 (Fbs1W) that fails to interact with the innermost
GleNAc 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 Fbsl1-bound
protein bands in the brain detected by WGA, a lectin specific for
terminal GicNAc 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-B1-4GIcNAc, were different to those detected by GNA.
Both the quantities and species of RCAT20-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.
Furthermore, Fbs1W could hardly bind these glycoproteins. These
results strongly suggest that both Fbs1 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.

SCFFbs1 ybiquitinates denatured glycoproteins

To see whether SCFPs 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 SCFFbs?
(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-, FbsIW- and
Fbs2-immobilized beads. Native and PNGase-treated lysates (15 pig each; lanes 1 and 2) and proteins bound to Fbsi, FbsIW 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 SCFFs'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 GIcNAc 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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molecular-mass ubiquitinated fetuin ((GST-Ub)n-fetuin) was detected by
immunoblotting with anti-fetuin antibody.

innermost GlcNAc 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™ 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.
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METHODS

Transfection, plasmids, antibodies, immunoprecipitation and
immunoblotting. 293T 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-B1 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.
Monocional antibodies to p97 and V5 epitope were purchased
from 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 subcellufar
fractionation of cells and immunoblotting were performed
in TBS-T (1% Triton X-100, 50 mM Tris-HCl pH 7.5, 150 mM
NaCl 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), 10 mg 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 10mg
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 20mM
Tris—=HCI (pH 7.5)/150mM NaCl (TBS) containing 0.5% NP-40
(TBS-N). Each 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-HC| was dissolved
with one-third of the supernatant (protein concentration
5mgml=") 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 0.2 M
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imidazole in TBS-N. Eluted proteins were separated by SDS-
PAGE, and blotted onto a membrane (Immobilon). After the
biotted 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-HCI. 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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A major hallmark of the polyglutamine diseases is the
formation of neuronal intranuclear inclusions of the dis-
ease proteins that are ubiquitinated and often associ-
ated with various chaperones and proteasome compo-
nents. But, how the polyglutamine proteins are
ubiquitinated and degraded by the proteasomes are not
known. Here, we demonstrate that CHIP (C terminus of
Hsp70-interacting protein) co-immunoprecipitates with
the polyglutamine-expanded huntingtin or ataxin-3 and
associates with their aggregates. Transient overexpres-
sion of CHIP increases the ubiquitination and the rate of
degradation of polyglutamine-expanded huntingtin or
ataxin-3. Finally, we show that overexpression of CHIP
suppresses the aggregation and cell death mediated by
expanded polyglutamine proteins and the suppressive
effect is more prominent when CHIP is overexpressed
along with Hsc70,

The pathological expansion of unstable trinucleotide repeats
has been found to cause 15 neurological diseases, 9 of which are
neurodegenerative diseases (also referred to as polyglutamine
diseases) resulting from the expansion of CAG repeats within
the coding region of the responsible genes. Those nine include
Huntington’s disease (HD),! dentatorubral pallidoluysian atro-
phy, X-linked spinal bulbar muscular atrophy (SBMA), and
several spinocerebellar ataxias (SCA1, SCA2, SCA3, SCAS6,
SCA7, and SCA17). All nine disorders are progressive, domi-
nantly inherited (except spinal bulbar muscular atrophy), typ-
ically begin in midlife, and result in severe neuronal dysfunc-
tion and neuronal cell death. Increasing length of glutamine
repeats in the affected individual strongly correlates with ear-
lier age of onset and disease severity (1).

Evidence suggests a toxic gain-of-function effect of the poly-
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glutamine expansion on the protein, and this novel neurotoxic
property most likely involves an increased propensity for the
disease protein to aggregate (2). In human disease tissue,
transgenic animal models, and transfected cells expanded poly-
glutamine proteins have been shown to undergo intracellular
aggregation, in most cases forming neuronal intranuclear in-
clusions (3). However, the discovery of ubiquitinated aggre-
gates or the neuronal intranuclear inclusions and the associa-
tion of various chaperones and proteasome components with
the aggregates suggest that the cells recognize the aggregated
disease protein as abnormal and may represent an appropriate
cellular response to refold or degrade aggregated mutant pro-
tein (4-9). Consistent with this idea, it has been experimen-
tally demonstrated that overexpression of selective chaperones
in the mammalian cell culture suppresses the aggregate for-
mation and cell death (4, 6, 7, 9) and that the proteasome
system is indeed involved in the degradation of polyglutamine
proteins (5, 10, 11). However, very little is known about the
delivery of the expanded-polyglutamine proteins to the ubiq-
uitin proteasome pathway (UPP) for degradation.

In the present investigation, we studied the detail mecha-
nism of ubiquitination of the expanded polyglutamine proteins
using polyglutamine-expanded truncated N-terminal hunting-
tin (tNhtt) as well as truncated ataxin-3 as models. We found
that CHIP, an ubiquitin ligase, associates with the expanded
polyglutamine proteins and is responsible for their ubiquitina-
tion and degradation by proteasomes.

EXPERIMENTAL PROCEDURES

Materials—Lactacystin, 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphe-
nyltetrazolium bromide (MTT), dbcAMP, and all cell culture reagents
were obtained from Sigma. Lipofectamine 2000, Zeocin, G418, ponas-
terone A, and mouse monoclonal anti-v5 were purchased from Invitro-
gen. Rabbit polyclonal anti-ubiquitin was from Dako, and mouse mono-
clonal anti-GFP was from Roche Applied Science. Goat anti-mouse
I1gG-Cy3 was purchased from Molecular Probes and horseradish perox-
idase-conjugated anti-mouse and anti-rabbit IgG were from Amersham
Biosciences.

Expression Plasmids and Stable Cell Lines—The enhanced green
fluorescence protein (EGFP) and tNhtt expression constructs, pIND-
tNhtt-EGFP-16Q, pIND-tNhtt-150Q, and the generation of the stable
cell lines of these constructs have been described previously (12). The
construction of plasmids, pEGFP-N1-MJD(f)-20CAG and pEGFP-N1-
MJD(f)-130CAG, pEGFP-N1-MJD(t)-20CAG, and pEGFP-N1-MJD(t}-
80CAG were described elsewhere (13). The full-length CHIP ¢cDNA was
isolated from the total RNA extracted from Hela cells by reverse
transeription-PCR. Construction of full-length and the U-box-deleted
CHIP in pcDNA vector with v5 tag were made using PCR.

Cell Culture, Transfection, Cell Viability Assay, and Counting of
Aggregates—The wild type mouse neuro2a cells were cultured in Dul-
becco’s modified Eagle’s medium supplemented with 10% heat-inacti-
vated fetal bovine serum and the antibiotics penicillin/streptomyein.
The stable cell lines (HD 16Q and HD 150Q) were maintained in the

11635

-426 -



11636
A B

o
S
5
&
£
=
]
<

=g
&
&
~
=
&
=]
omsd
o]
8
<

Ataxin-3(t)-20Q
Ataxin-3(t)-80Q

tNhtt-150Q
tNhtt-150Q

2
5
z

tNhit-16Q

Ub*
conj

Fic. 1. Ubiquitination of expanded polyglutamine proteins.
The HD 16Q and HD 150Q cell lines were induced with 1 uM ponaster-
one A, or the truncated ataxin-3-EGFP fusion constructs with 20Q and
80Q were transiently transfected (1 pg of each/well of 6-well tissue-
cultured plate) to the neuro2a cells. Twenty-four hours after induction
or transfection, cell lysate were made and subjected to immunoprecipi-
tation as described under “Experimental Procedures.” Blots were
probed sequentially with ubiquitin antibody (A) and GFP antibody (B).
Ub * conj, ubiquitin conjugates.

same medium containing 0.4 mg/ml Zeocin and 0.4 mg/ml G418. One
day prior to transfection, cells were plated into 6-well tissue-cultured
plates at a subconfluent density. Cells were transiently transfected
with expression vectors using Lipofectamine 2000 reagent according to
the manufacturer’s instruction. Transfection efficiency was ~80-90%.
After 24 or 48 h of transfection, cells were used for immunofluorescence
staining, co-immunoprecipitation, and immunoblotting. For cell viabil-
ity assay, cells were first transfected with different expression plas-
mids. Twelve hours later, cells were harvested and replated into 96-well
plates (5 x 10® cells/well). The cells were then differentiated with 5 mm
dbcAMP and induced with 1 uM ponasterone A for 3 days. Cell viability
was measured by MTT assay as described previously (12). Statistical
analysis was performed using Student’s ¢ test, and p < 0.05 was con-
sidered to indicate statistical significance. Aggregate formation was
manually counted under a fluorescence microscope (~500 transfected
cells in each case), and the cells containing more than one aggregate
were considered to have a single aggregate.

Co-immunoprecipitation and Immunoblotting Experiment—After 24
or 48 h of transfection, cells were washed with cold phosphate-buffered
saline, scraped, pelleted by centrifugation, and lysed on ice for 30 min
with radioimmune precipitation assay buffer (10 mm Hepes (pH 7.4),
150 mM NaCl, 10 mM EDTA, 2.5 mM EGTA, 1% Triton X-100, 0.1% SDS,
1% sodium deoxycholate, 10 mM NaF, 5 mM Na,P,0,, 0.1 mM Na,VO;,
1 mM phenylmethylsulfonyl fluoride, 0.1 mg/ml Aprotinin). Cell lysates
were briefly sonicated, centrifuged for 10 min at 15,000 X g at 4 °C, and
the supernatants (total soluble extract) were used for immunoprecipi-
tation as described earlier (9). For each immunoprecipitation experi-
ment, 200 ug of protein in 0.2 ml of radioimmune precipitation assay
buffer was incubated either with 5 ul (2 pg) of GFP antibody or 4 ul (2
pg) of normal mouse IgG. Bound proteins were eluted from the beads
with SDS (1X) sample buffer, vortexed, boiled for 5 min, and analyzed
by immunoblotting according to the procedure described earlier (9). Blot
detection was carried out with enhanced chemiluminescence reagent.
All primary antibodies were used in 1:1000 dilutions for
immunoblotting.

Immunofluorescence Techniques—Cells grown in chamber slides or
in 6-well tissue cultured plates were transiently transfected with dif-
ferent constructs. Forty-eight hours after transfection, cells were
washed twice with phosphate-buffered saline, fixed with 4% paraform-
aldehyde in phosphate-buffered saline for 20 min, permeabilized with
0.5% Triton X-100 in phosphate-buffered saline for 5 min, washed
extensively, then blocked with 5% nonfat dried milk in TBST (60 mm
Tris, pH 7.5, 0.15 M NaCl, 0.05% Tween) for 1 h. Primary antibody
(anti-v5, 1:5000 dilutions) incubation was carried out overnight at 4 °C.
After several washings with TBST, cells were incubated with Cy3-
conjugated secondary antibody (1:500 dilutions) for 1 h, washed several
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Fic. 2. Interaction of CHIP with the expanded polyglutamine

proteins. A and B, the HD 16Q and HD 150Q cell lines were tran-
siently transfected with CHIP (2 pg/well of 6-well tissue-cultured
plate), and 12 h after transfection, media were changed, and the cells
were induced with 1 uM ponasterone A. Twenty-four hours after indue-
tion, cells were collected and processed for immunoprecipitation (IP) by
anti-GFP. Blots were sequentially probed with anti-v6 (A) and anti-
GFP (B). C and D, neuro2a cells were first transfected with CHIP (2
ug/well of 6-well tissue-cultured plate). Twelve hours after first trans-
fection, the medium was changed, and the cells were transfected again
with the truncated ataxin-3-EGFP fusion constructs (1 ug of each/well)
containing 20Q and 80Q. Twenty-four hours after the transfection of
ataxin-3 constructs, cell lysates were made and subjected to immuno-
precipitation as described in A and B. The blots were sequentially
probed with anti-v5 (C) and anti-GFP (D).

times, and mounted in antifade solution. Samples were observed using
a confocal microscope (Fluoview, Olympus), and digital images were
assembled using Adobe Photoshop.

Degradation Assay—Neuro2a cells were plated in a 6-well tissue-
cultured plate, and on the following day, cells were transiently trans-
fected with full-length ataxin-3 with 20Q and 130Q with or without
CHIP. Twenty-four hours post-transfection, cells were chased with 10
ug/ml of cycloheximide for different time periods. Cells collected at each
time point were then processed for immunoblotting by anti-GFP.

RESULTS

Misfolded Truncated N-terminal Huntingtin or Ataxin-3 Are
Ubiquitinated—We developed several stable neuro2a cell lines
in an inducible system, that express tNhtt with normal (16Q)
and expanded polyglutamine (150Q) (12). These cell lines were
named HD 16Q and HD 150Q, and their corresponding ex-
pressed proteins were named tNhtt-16Q and tNhtt-150Q. The
cell lines were induced for 1 day with ponasterone A (1 uM) and
then processed for immunoprecipitation by anti-GFP. In an-
other experiment, we transfected the truncated ataxin-3 con-
structs to the neuro2a cell, and after 1 day, cells were collected
and processed for immunoprecipitation by GFP antibody. Blots
were sequentially probed with anti-ubiquitin and anti-GFP. As
shown in Fig. 14, truncated huntingtin with 150Q proteins or
the truncated ataxin-3 with 80Q proteins were ubiquitinated,
whereas those truncated proteins with normal glutamine re-
peats were not ubiquitinated. Fig. 1B showed the same blot as
those in A-after probing with GFP antibody. The tNhtt-150Q
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FiG. 3. Recruitment of CHIP to the mutant huntingtin aggregates. The HD 16Q (A-C) and HD 150Q (D-F) cells were transiently
transfected with CHIP and induced in the similar way as described in the Fig. 2. Cells were then subjected to immunofluorescence staining with
anti-v5. Cy3-conjugated secondary antibody was used to stain the CHIP. Arrows indicate the recruitment of CHIP to the huntingtin aggregates.
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F1G. 4. CHIP associates with the ataxin-3 aggregates. The neuro2a cells were sequentially transfected with CHIP and truncated ataxin-
3-EGFP fusion constructs containing 20Q (A-C) and 80Q (D-F). Forty-eight hours later, cells were processed for immunofluorescence staining
using v5 antibody. Cy3-conjugated secondary antibody was used to stain the CHIP. Arrows indicate the recruitment of CHIP to the ataxin-3

aggregates.

appeared as multiple bands because of the instability of the
CAG repeats.

CHIP Interacts with the Polyglutamine-expanded Truncated
N-terminal Huntingtin or Ataxin-3—Because misfolding pro-
motes the ubiquitination of the expanded polyglutamine pro-
teins, we next wanted to know the identity of the ubiquitin
ligase that is responsible for the misfolding-dependent ubig-
uitination. We first tested the possibility of CHIP ubiquitin
ligase, because recently, CHIP has been shown to be responsi-
ble for the ubiquitination and degradation of the misfolded
proteins. CHIP was transiently transfected into HD 16Q and
HD 150Q cells, the cells were induced with ponasterone A for 1

day, and then the cell lysates were processed for immunopre-
cipitation by anti-GFP. In a similar experiment, CHIP was
co-transfected along with a different truncated ataxin-3 con-
struct, and then the cell lysates were processed for immuno-
precipitation. In both experiments, blots were detected with
anti-v5 antibody. As shown in Fig. 2, A and C, CHIP was
immunoprecipitated with the truncated N-terminal huntingtin
with 150Q and truncated ataxin-3 with 80Q but not the trun-
cated N-terminal huntingtin with 16Q or truncated ataxin-3
with 20Q. Fig. 2, B and D showed the same blot as in Fig. 2, A
and C, respectively, after detection with anti-GFP.
Association of CHIP with Polyglutamine Aggregates—Next
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F1G. 5. Involvement of CHIP in the ubiquitination of expanded
polyglutamine proteins. A, the HD 150Q cells were transiently trans-
fected with full-length CHIP, U-box-deleted CHIP or the empty vectors (2
ug of each/well of 6-well tissue-cultured plate) and induced and processed
for immunoprecipitation (IP) in the similar way as described in the Fig. 2.
Blots were sequentially probed with anti-ubiquitin (fop blot) and anti-
GFP (bottom blot). In total lysate lanes, induced HD 150Q cells were left
untreated or treated with 10 uM lactacystin for 8 h, and then the cell
iysate were made and subjected to immunoblotting. B, neuro2a cells were
first transfected with full-length CHIP, U-box-deleted CHIP, and empty
vector {(same amounts as used in A), and after 12 h, the cells were
transfected again with truncated ataxin-3 constructs with 20Q and 80Q in
the similar way as described in Fig. 2. The cell lysate were then processed
for immunoprecipitation by anti-GFP followed by sequential immunoblot-
ting with anti-ubiquitin (top blot) anti-GFP (bottom blot). Ub* conj, ubig-
uitin conjugates.

EGFP

Fi1G. 6. Association of U-box-deleted
CHIP with the huntingtin aggre-
gates. The HD 16Q and HD 150Q cells
were transiently transfected with U-box-
deleted CHIP and induced in a similar
way as described in the Fig. 2. Cells were
then subjected to immunofluorescence
staining with anti-v5. Cy3-conjugated
secondary antibody was used to stain the
CHIP. Arrows indicate the recruitment of
U-box deleted CHIP to the huntingtin
aggregates.

CHIP Promotes Degradation of Polyglutamine Protein

we checked the normal distribution and recruitment of CHIP to
the polyglutamine aggregates. First we transiently transfected
the CHIP into the HD 16Q and HD 150Q cells, and then the cells
were induced to express the truncated huntingtin proteins. After
1 day of induction, cells were processed for immunofluorescence
experiments using anti-v5 antibody. CHIP was normally local-
ized into the cytosolic compartment in the wild type neuro2a cells
or in the uninduced HD 16Q and HD 150Q cells (Fig. 3). Induc-
tion of the expression of the tNhtt-16Q protein did not alter the
localization pattern of CHIP in the HD 16Q cell; however, the
induction of tNhtt-150Q protein in the HD 150Q cell caused
the recruitment of CHIP to the aggregates (Fig. 3). Next, we
tested the similar redistribution of CHIP in the ataxin-3 aggre-
gates. CHIP was co-transfected along with truncated ataxin-3
constructs and after 2 days of transfection, cells were processed
for immunofluorescence experiments. As expected, CHIP was
also recruited to truncated ataxin-3 aggregates (Fig. 4).

CHIP Enhances the Ubiquitination of Polyglutamine-ex-
panded Truncated N-terminal Huntingtin or Ataxin-3—DBe-
cause CHIP co-immunoprecipitates with expanded polyglu-
tamine proteins and recruits the polyglutamine aggregates, we
further tested its possible involvement in the ubiquitination of
the expanded polyglutamine proteins. To test this hypothesis,
we transfected CHIP (both full-length and U-box-deleted) to
the HD 150Q cells, or co-transfected CHIP along with trun-
cated ataxin-3 constructs. The cell lysate were then made and
processed for immunoprecipitation by anti-GFP. Fig. 5 showed
that CHIP enhanced the rate of ubiquitination of both trun-
cated N-terminal huntingtin containing 150Q (Fig. 5A, top blot)
as well as truncated ataxin-3 with 80Q (Fig. 5B, top blot). This
enhanced rate of ubiquitination was prevented by the deletion
of U-box of CHIP. The bottom blots of both Fig. 5, A and B are
the same blots as the top blots, respectively, but probed with
anti-GFP. Anti-GFP also detected smears of ubiquitinated de-
rivatives of expanded polyglutamine proteins in the only CHIP-
transfected cell lysate. The lactacystin-treated cell lysate was
used as positive control to compare the CHIP-induced ubiquiti-
nation profile (Fig. 54, first two lanes). Because the deletion of
U-box of CHIP reduced the rate of ubiquitination, we further
tested whether the U-box-deleted CHIP still associates with
the polyglutamine aggregates. As shown in Fig. 6, U-box de-
leted CHIP also recruits to the huntingtin aggregates. We have
also observed the association of U-box-deleted CHIP with the

AU CHIP

Overlay
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Fic. 7. CHIP promotes degradation of polyglutamine-ex-
panded proteins. A, mouse neuro?2a cells were transiently transfected
with full-length ataxin-3 constructs (20Q and 130Q) either alone or
along with CHIP. Twenty-four hours later, cells were chased in the
presence of 10 pg/ml cycloheximide for different time periods as indi-
cated in the figure. Cells were then collected and processed for immu-
noblotting using anti-GFP. B, quantitation of the band intensities of the
blots collected from three independent experiments were performed
using NIH Image analysis software. Values are means * S.D. C, cells
were transfected as described in A. Cells were collected and subjected to
immunoprecipitation using anti-GFP. Blot was detected with anti-ubig-
uitin. Ub* conj, ubiquitin conjugates.

ataxin-3 aggregates (data not shown). Result strongly indicates
that the CHIP associates with the expanded polyglutamine
protein through its interaction with Hsc70.

CHIP Enhances the Degradation of Polyglutamine-expanded
Proteins—Because CHIP enhanced the ubiquitination of poly-
glutamine-expanded proteins; we further checked their rate of
degradation upon CHIP overexpression. For this experiment,
we used full-length ataxin-3 with 20Q and 130Q, because full-
length ataxin-3 with 130Q forms very few aggregates (~5-10%
cells form aggregates) after 48 h of transfection. Neuro2a cells
were transiently transfected with ataxin-3 constructs either
alone or along with CHIP. Twenty-four hours later, cells were
chased with cycloheximide. As shown in Fig. 7, A and B, full-
length ataxin-3 with 20Q is not degraded; however, full-length
ataxin-3 with 130Q is degraded after 1.5, 5, and 10 h of chase.
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Fic. 8. CHIP reduces the aggregate formation (4) and cell
death (B) caused by expanded polyglutamine protein. A, HD
150Q cells were transiently transfected with CHIP and U-box-deleted
(AU) CHIP independently or together with Hsc70 (2 ug of each/well of
6-well tissue-cultured plate). Transfected DNA was equalized by using
empty pcDNA vector. Twelve hours later, the medium was replaced,
and then the cells were induced with 0.5 uM ponasterone A (Pon A).
Aggregate counting was monitored 24 h after ponasterone A treatment
in the fluorescence microscope as described under “Experimental Pro-
cedures.” Lactacystin (Lact.) was used at a dose of 2.5 uM. Results are
means * S.D. of three independent experiments each performed trip-
licate. *, p < 0.05 as compared with control; **, p < 0.01 as compared
with CHIP-transfected experiment; *** p < 0.01 as compared with
CHIP plus Hsc70-transfected experiment. B, HD 150Q cells were tran-
siently transfected with CHIP and U-box deleted CHIP independently
or together with Hsc70 as described under A. Cells were harvested and
replated in the 96-well tissue cultured plate. The cells were then dif-
ferentiated with 5 mM dbcAMP and induced with 1 uM ponasterone A
for 3 days. Cell viability was measured by MTT assay. Values are
means * S.D. of two independent experiments each performed tripli-
cate. *, p < 0.01 as compared with control; **, p < 0.01 as compared
with ponasterone A treated experiments.

Overexpression of CHIP enhanced the degradation of full-
length ataxin-3 with 130Q. Overexpression of CHIP also
slightly enhanced the degradation of ataxin-3 with 20Q (Fig. 7,
A and B). Fig. 7C demonstrated that full-length ataxin-3 with
130Q was ubiquitinated, and CHIP overexpression enhanced
the rate of ubiquitination.

CHIP Decreases the Aggregation and Cell Death Mediated by
the Expanded Polyglutamine Proteins—Because CHIP pro-
motes the ubiquitination of expanded polyglutamine proteins,
we expected that its overexpression would increase the rate of
degradation of expanded polyglutamine proteins by protea-
somes. If so, CHIP should decrease the aggregation of polyglu-
tamine proteins. Therefore, we next checked the effect of CHIP
on the rate of aggregate formation and cell viability in the HD
150Q cells after different days of transfection. As shown in Fig.
8A, overexpression of CHIP reduced the polyglutamine-ex-
panded tNhtt aggregation, and the suppressive effect is more
prominent when the CHIP is overexpressed along with Hsc70.
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The deletion of the U-box of the CHIP abolished the suppres-
sive effect on aggregation. CHIP overexpression also decreased
the aggregation of truncated ataxin-3 with 80Q (data not
shown). This inhibitory effect of CHIP on aggregate formation
was prevented by the proteasome inhibitor lactacystin. CHIP
was also able to protect the polyglutamine protein-induced cell
death, and again, the protective effect was more when the
CHIP was overexpressed along with Hsc70 (Fig. 8B).

DISCUSSION

Ubiquitin is a well known marker of polyglutamine aggre-
gates, but how and when polyglutamine aggregates are ubiq-
uitinated is not yet known. The most likely hypothesis is that
the expanded polyglutamine proteins are misfolded, and fail-
ure to refold might cause their ubiquitination before they are
degraded by proteasome. Here we first demonstrated that the
expanded polyglutamine proteins that are misfolded became
ubiquitinated. Secondly, we identified CHIP ubiquitin ligase
that is responsible for the misfolding-dependent ubiquitination
of the expanded polyglutamine proteins. Finally, we showed
that overexpression of CHIP reduces the aggregate formation
and cell death mediated by expanded polyglutamine proteins.

Ubiquitination begins with the ATP-dependent activation of
ubiquitin by an activating enzyme (E1). The ligation of ubig-
uitin to the substrate is then carried out by a specific complex
composed of an ubiquitin-conjugating enzyme (E2) and ubig-
uitin protein ligase (E3) (14). The question now is how the
misfolded polyglutamine protein is recognized by the ubiquiti-
nation machine and whether chaperones play any role. The
expanded polyglutamine protein has been shown earlier to
specifically interact with Hsc70/Hsp70 chaperones (9), and now
we have shown that CHIP associates and ubiquitinates ex-
panded polyglutamine proteins. Results suggest that the
Hsc70/Hsp70 and CHIP both play a critical role in the process
of ubiquitination of polyglutamine proteins. CHIP was first
identified as an interacting protein with the C terminus of
Hsp70 and shown to negatively regulated Hsp70 chaperone
activity (15). Subsequently, CHIP was demonstrated to be a
ubiquitin ligase of the U-box family (16, 17). Recent reports also
demonstrated that CHIP is responsible for the misfolding-de-
pendent ubiquitination and degradation of cystic fibrosis trans-
membrane regulator (18), glucocorticoid receptor (19), mutant
copper/zinc superoxide dismutase 1 (20, 21), and Tau protein
(22, 23) and therefore could be a general ubiquitin ligase for the
misfolded proteins (24, 25).

We have also observed that the overexpression of CHIP
inhibits polyglutamine protein aggregation and cell death and
that the inhibitory effects are more prominent when CHIP is
expressed along with the Hsc70 chaperone. The results sug-
gests that polyglutamine proteins are degraded by proteasomes
after they are ubiquitinated by CHIP and that the removal of
polyglutamine proteins protects cells from their toxic effect.
Others have reported similar findings (20-23) where they have
shown that overexpression of CHIP reduced the aggregation
and cell death mediated by mutant copper/zinc superoxide dis-

CHIP Promotes Degradation of Polyglutamine Protein

mutase 1 or Tau protein. However, there are reports suggesting
that the expanded polyglutamine proteins are not degraded
efficiently by the proteasome and that also there is proteasomal
malfunction in the expanded polyglutamine protein-expressing
cells (11, 26). In both the cases, there could be an increased
accumulation of ubiquitinated derivatives of expanded polyglu-
tamine proteins. CHIP along with Hsc70 might enhance the
rate of degradation by increasing the ubiquitination rate. Over-
expression of CHIP along with Hsc70 could also conceivably
have recovered proteasomal malfunction by reducing the bur-
den of aggregated polyglutamine proteins as well as other
misfolded proteins. Altogether, our results demonstrate that
the CHIP along with Hsc70 promotes the ubiquitination and
degradation of expanded polyglutamine proteins that ulti-
mately leads to the suppression of aggregation and cell death.
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Summary

The xeroderma pigmentosum group C (XPC) protein
complex plays a key role in recognizing DNA damage
throughout the genome for mammalian nucleotide ex-
cision repair (NER). Ultraviolet light (UV)-damaged
DNA binding protein (UV-DDB) is another complex
that appears to be involved in the recognition of NER-
inducing damage, although the precise role it plays
and its relationship to XPC remain to be elucidated.
Here we show that XPC undergoes reversible ubiqui-
tylation upon UV irradiation of cells and that this de-
pends on the presence of functional UV-DDB activity.
XPC and UV-DDB were demonstrated to interact phys-
ically, and both are polyubiquitylated by the recombi-
nant UV-DDB-ubiquitin ligase complex. The polyubi-
quitylation altered the DNA binding properties of XPC
and UV-DDB and appeared to be required for cell-free
NER of UV-induced (6-4) photoproducts specifically
when UV-DDB was bound to the lesion. Our results
strongly suggest that ubiquitylation plays a critical
role in the transfer of the UV-induced lesion from UV-
DDB to XPC.

*Correspondence: sugasawa@riken.jp
9These authors contributed equally to this work.

Introduction

Nucleotide excision repair (NER) is a versatile DNA re-
pair pathway that eliminates a wide variety of helix-dis-
torting base lesions, including ultraviolet light (UV)-
induced cyclobutane pyrimidine dimers (CPDs) and
pyrimidine-pyrimidone (6-4) photoproducts (6-4PPs),
as well as bulky adducts induced by numerous chemi-
cal compounds. Impaired NER activity is associated
with several rare autosomal recessive disorders in hu-
mans, such as xeroderma pigmentosum (XP) and
Cockayne syndrome (CS) (Friedberg, 2001; Hoeijmak-
ers, 2001). XP patients are clinically characterized by
cutaneous hypersensitivity to sunlight exposure and a
predisposition to skin cancer. Seven NER-deficient ge-
netic complementation groups of XP (XP-A to -G) and
two groups of CS (CS-A and -B) have been identified,
and all of the corresponding genes (XPA~XPG, CSA,
and CSB) have now been cloned (for a review, see
Bootsma et al. [1997]).

Mammalian NER consists of two distinct subpath-
ways: global genome NER (GG-NER), which operates
throughout the genome, and transcription-coupled
NER (TC-NER), which specifically removes lesions on
the transcribed DNA strand of active genes. A major
difference between these two subpathways appears to
be in the strategies they use to detect damaged bases.
In TC-NER, RNA polymerase |l stalis at damage sites
and triggers the repair reaction (Tornaletti and Hana-
walt, 1999). In contrast, in GG-NER, protein factors bind
specifically to damage sites. Accumulating evidence in-
dicates that the XP group C (XPC) protein plays an
essential role in GG-NER-specific damage recognition
(Riedl et al., 2003; Sugasawa et al., 1998; Volker et al.,
2001).

The XPC protein exists in vivo as a heterotrimeric
complex with one of the two mammalian homologs of
S. cerevisiae Rad23p (HR23A or HR23B) and centrin 2
(Araki et al., 2001; Masutani et al.,, 1994; Shivji et al.,
1994). This complex binds to various NER-type lesions
in vitro, including UV-induced 6-4PP (Batty et al., 2000;
Sugasawa et al., 2001). However, biochemical studies
revealed that the XPC complex is a structure-specific
DNA binding factor that appears to recognize a certain
secondary structure of DNA rather than the lesions
themselves (Sugasawa et al., 2002). These biochemical
properties of XPC plausibly explain the detection by
GG-NER of many structurally unrelated lesions.

UV-damaged DNA binding protein (UV-DDB) has
been also implicated in the lesion recognition of GG-
NER. UV-DDB is a heterodimeric complex consisting of
DDB1 (p127) and DDB2 (p48). It has a much higher
binding affinity and specificity for damaged DNA than
XPC (Batty et al,, 2000), particularly with regard to UV-
induced 6-4PP (Fujiwara et al., 1999; Reardon et al.,
1993; Treiber et al., 1992). Mutations in the DDB2 gene
cause the genetic complementation group E of XP, and
the patients belonging to this group lack the damage
binding activity of UV-DDB (Chu and Chang, 1988;

432 -



Cell
388

Hwang et al., 1998; Itoh et al., 2000; Nichols et al., 1996;
Rapic’-Otrin et al., 2003).

Despite its capacity for detecting DNA damage with
extremely high sensitivity, UV-DDB is not required for
all types of GG-NER. For example, the cell-free NER
reaction was successfully reconstituted without UV-DDB
(Aradjo et al., 2000; Mu et al., 1995), although it has
stimulatory effects under certain conditions (Abous-
sekhra et al., 1995; Wakasugi et al., 2001; Wakasugi et
al., 2002). However, in XP-E cells lacking UV-DDB activ-
ity, while GG-NER of 6-4PP is only moderately im-
paired, the removal of CPD from the global genome is
profoundly reduced (Hwang et al., 1999). Furthermore,
ectopic expression of functional human DDB2 in rodent
cells enhances GG-NER of CPD, thereby suppressing
UV-induced mutagenesis (Tang et al., 2000). These find-
ings strongly suggest that UV-DDB plays an important
role in recognizing CPD for GG-NER. Upon local UV ir-
radiation within the nucleus, UV-DDB transiocates into
the damaged area even in the absence of XPC (Waka-
sugi et al., 2002), suggesting that UV-DDB may function
at an earlier step in GG-NER in order to assist XPC to
find damaged sites. However, it remains to be eluci-
dated how XPC and UV-DDB are functionally linked in
terms of damage recognition for GG-NER. The precise
role of the extremely high binding affinity UV-DDB has
for 6-4PP also remains unclear.

Interestingly, UV-DDB has recently been found to be
contained in a large complex with cullin 4A, Roc1, and
COP9 signalosome, which are components of ubiquitin
ligase (E3) (Groisman et al., 2003). Although UV-DDB-
associated E3 appears to be activated upon UV irradia-
tion of cells, the physiological substrates of E3 activity
have not yet been determined. Here we present evi-
dence that the UV-DDB-E3 complex ubiquitylates XPC
in response to UV irradiation of cells. Our findings func-
tionally link the two NER damage recognition factors
and provide novel insights into the molecular mecha-
nisms underlying damage recognition in GG-NER.

Results

UV-Induced Postiranslational Modification
of XPC Protein
To examine the in vivo response of the XPC complex
to UV irradiation, a series of immunoblot analyses was
carried out. The SV40-transformed, normal human fi-
broblast cell line WI38 VA13 was UV or mock irradiated
and then lysed with buffer containing 0.3 M NaCl and
1% Nonidet P40. When the resulting soluble and insolu-
ble fractions were subjected to immunobiotting with
anti-XPGC antibodies (Figure 1A, lanes 1-4), slowly mi-
grating heterogeneous bands (150-300 kDa) appeared
in the soluble fraction from the UV-irradiated cells (lane
2). These bands with lower mobility were detected with
two anti-XPC antibodies of different specificity but did
not appear in similar fractions prepared from the XPC-
deficient cell line XP4PASV (lanes 5-8). These findings
indicate that the XPC protein undergoes posttransla-
tional modification in response to UV irradiation of the
cells.

To investigate the time course of this XPC band shift,
WI38 VA13 cells were UV irradiated and then incubated

for various time periods before cell fractionation. In this
experiment, the cells were cultured in the presence of
cycloheximide to inhibit de novo protein synthesis after
UV irradiation. We confirmed that treatment of the cells
with 0.1 mM cycloheximide inhibited the incorporation
of [*H]leucine almost completely within 1 hr (data not
shown). As shown in Figure 1B, slowly migrating XPC
species appeared as early as 5 min after irradiation,
peaked around 60 min, and declined thereafter. In the
same set of cell exiracts, no detectable band shift was
observed for HR23B, XPA, XPB, or DDB1 (Figure 1B) or
for centrin 2 (data not shown).

The response of XPC in cells treated with various
DNA-damaging agents other than UV was also exam-
ined (see Figure S1 in the Supplemental Data available
with this article online). The shift in molecular weight of
XPC upon treatment with X-rays or chemicals such as
4-nitroquinoline 1-oxide (4-NQO), which is often re-
ferred to as a UV mimetic agent, was either undetecta-
ble or much weaker than that induced by UV. The ob-
served XPC modification thus appeared to be rather
specific for UV irradiation.

The XPC Protein Is Ubiquitylated In Vivo

The observed mobility shift of XPC upon UV irradiation
was large and heterogeneous, with apparent sizes dif-
fering by 20 to more than 100 kDa. This pattern raised
the possibility that ubiquitylation might be involved in
this band shift. To test this possibility, the UV-induced
XPC modification was examined with mouse FM3A
ts85 mutant cells, which have been shown to express
a temperature-sensitive form of the ubiquitin-activating
enzyme E1 (Finley et al., 1984; Matsumoto et al., 1983).
When cultured at nonpermissive temperatures (>39°C),
de novo ubiquitylation is greatly reduced in these cells.
In agreement with this, the levels of monoubiquitylated
histone H2A (uH2A) are severely reduced in ts85 cells
cultured at 39.5°C (Figure 1D, lanes 10-12) but not in
the mutant cells maintained at permissive temperatures
({lanes 7-9) or in the wild-type, parental FM3A cells cul-
tured at either temperature (lanes 1-6). The UV-induced
band shift of XPC was not detected in 1s85 cells cul-
tured at 39.5°C (Figure 1D). Thus, the UV-induced modi-
fication of XPC depends on E1 activity.

To demonstrate the ubiquitylation of XPC more di-
rectly, we first established a stable transformant of the
XPC-deficient cell line XP4PASY that expresses FLAG-
tagged XPC at physiological levels. This FLAG-XPC
protein showed a shift in molecular weight after UV irra-
diation that exactly matched the change in endogenous
XPC in UV-irradiated WI38 VA13 cells (Figure S2A). In
addition, GG-NER of 6-4PP was completely restored in
this transformant (Figure S2B), confirming that the ex-
pressed FLAG-XPC functions normally in vivo. Hemag-
glutinin (HA)-tagged ubiquitin was transiently over-
expressed in this transformant, and FLAG-XPC was
immunoprecipitated. When the precipitated samples
were subjected to immunoblotting with anti-HA anti-
body, ubiquitylated FLAG-XPC was detected, particu-
larly when the transfected cells were UV irradiated be-
fore the extract preparation (Figure 1E, lane 8). A low
level of ubiquitylation may have occurred in the unirra-
diated cells, presumably because of nonspecific ubiq-
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Figure 1. XPC Is Ubiquitylated in Response to UV Irradiation

(A) WI38 VA13 (normal) and XP4PASV (XPC-deficient) celis were UV irradiated at 10 J/m? or mock irradiated. After incubation at 37°C for 1 hr,
soluble (sup) cell extracts, each containing 3 ug protein, as well as the corresponding amounts of the insoluble (ppt) fractions were subjected
to immunoblot analyses using two different anti-XPC antibodies raised against the full-length (FL) protein or against a synthetic peptide
corresponding to the C terminus (CT). The asterisk (also the asterisks in [B] and [E]) indicates nonspecific bands that crossreact with the
anti-XPC (FL) antibody. The arrows (also the arrows in [D] and [E]) indicate the authentic unmodified XPC bands.

(B) Wi38 VA13 cells were UV irradiated at 10 J/m? and incubated at 37°C in the presence of 0.1 mM cycloheximide for various times as
indicated. The soluble cell lysates, each containing 3 j.g protein, were subjected to immunoblot analyses with various antibodies as indicated.
The arrows indicate the authentic bands for each NER protein. The brackets (also those in [D] and {E]) indicate the modified forms of XPC.
(C) The levels of 125 kDa XPC in each lane in (B) were quantified and normalized relative to the amount of hHR23B in the same lane. These
values then were further normalized by the initial amount of the 125 kDa band and plotted as a graph.

(D) FM3A wild-type or ts85 celis were cultured for 16 hr at 33°C or 39.5°C, UV irradiated at the indicated doses, and cultured for another hour
at the same temperature. Cell lysates were subjected to immunoblot analyses using the anti-XPC (CT) antibody. The same lysates were also
immunoblotted for lamin B1 as a loading control and monoubiquitylated histone H2A (UH2A).

(E) The transformed XP4PASYV cell line that stably expressed FLAG-XPGC at physiological levels (XP4PASV/fXPC) was transiently transfected
with an expression vector for HA-ubiquitin. Controls consisted of untransfected parental XP4PASV cells (lanes 1 and 5) and XP4PASV cells
transfected with the vacant pCAGGS vector (lanes 2 and 6). At 7 hr of posttransfection, the cells were UV irradiated at 10 J/m? and incubated
for another hour. Soluble cell extracts were prepared and subjected to immunoprecipitation with anti-FLAG M2 agarose. Aliquots of the
cell extracts (3 pg protein; lanes 1-4) as well as the immunoprecipitates (lanes 5-8) were subjected to immunoblot analyses using the
indicated antibodies.
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Figure 2. UV-induced XPGC Modification Depends on the Presence of Functional UV-DDB

() Cell lines derived from different XP and CS genetic complementation groups were UV irradiated at 10 J/m2 and incubated at 37°C in the
presence of 0.1 mM cycloheximide for various time periods. The soluble cell extracts (3 pg protein) were subjected to immunoblotting with
anti-XPC (FL) antibody. The asterisks indicate nonspecific crossreacting bands that appear more evident in SV40-transformed cell lines than
in the two untransformed cell lines XP82TO and XP2SA. The arrows and brackets (also those in [B] and [C]) indicate unmodified and modified

forms of XPC, respectively.

(B) The Chinese hamster cell lines V79 and CHO-K1 were UV irradiated and cultured as described in (A). Cell lysates were prepared and
subjected to immunoblot analysis using the anti-XPC (CT) antibody.

(C) Stable V79 transformants expressing human DDB2 (either untagged or FLAG-tagged), as well as a control transformant containing the
vacant expression vector, were UV irradiated at the indicated doses and incubated at 37°C for 1 hr. Cell lysates were subjected to immunoblot

analyses as described in (B).

uitylation caused by the overexpression of HA-ubiquitin
(lane 7). From these data, we conclude that UV irradia-
tion induces the ubiquitylation of XPC.

We found that, even when de novo protein synthesis
was inhibited, the total amount of XPC was not signifi-
cantly reduced after UV irradiation (Figure 1B). When
we measured the levels of the authentic 125 kDa band
of XPC, we found its levels dropped upon UV irradiation
and then rose again later on when the shifted bands
disappeared (Figure 1C). Therefore, the ubiquitylation
of XPC appears to be reversible and does not serve as
a signal for degradation.

UV-DDB Is Required for the Modification of XPC

To explore possible relationships between XPC modifi-
cation and the NER process, we examined the UV-
induced shift in molecular weight of XPC in human cell
lines belonging to different genetic complementation
groups of XP and CS. As shown in Figure 2A, most of
the mutant cells exhibited normal band shifting of XPC
upon UV irradiation. Intriguingly, however, the XPC
band shift was not induced in two independent XP-E

cell lines (Figure 2A). Both of these cells have mutations
in the DDB2 gene and lack UV-DDB activity (Nichols et
al., 1996).

To further investigate the invoivement of UV-DDB in
XPC modification, Chinese hamster cell lines were
used. Many established cell lines as well as primary
lymphoid cells derived from Chinese hamsters lack UV-
DDB activity (Hwang et al., 1998; Tang et al., 2000). As
shown in Figure 2B, the two Chinese hamster cell lines
we used, V79 and CHO-K1, were also defective in the
UV-induced shift in molecular weight of XPC. UV-DDB
activity is conferred to V79 cells when human DDB2
gene is stably expressed (Tang et al.,, 2000). Interest-
ingly, when human DDB2 (untagged or FLAG-tagged)
was expressed in V79 cells, the XPC modification upon
UV irradiation was restored (Figure 2C). We also con-
firmed that transient expression of wild-type human
DDB2 but not its two point mutants (K244E and R273H)
identified from XP-E patients complemented the defect
of UV-induced XPC band shift in XP2ROSV celis (data
not shown). These results indicate that UV-DDB activity
is necessary for the UV-induced modification of XPC.
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