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HEFPEBORETHLDOD, HAVIREKBREOHRELTALL
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IDRWHEEN s FETLERAFICHLTOER - BERT TS
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SbODOHMER A v FVREER XD TREERB LR E LT T
BIZFOFATARES S, BEGEDOBREEET OFENTIEE 2
o, FORR, XFTELMETFHAREEREORBERERET
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TICEh, BEEMRBICBIIZORBRELRET (BEET)
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+1 MRMELA/ TEER = 21 — O RBORRREF
Vg KRR (B *OMIMNo {ETE WIRF W=TFEY
Horeditary ALS
Dominant ALS 1 105400 21qg22.1 SOD1 SOD1
ALS 3 606640 18g21
ALS 4 602433 9q34 SETX Senataxin
ALS 6 608030 16q12.1-16q12.2
ALS 7 608031 20p13
ALS 8 608627 20qi13.3 VAPB #VAPB
ALS—-ANG 105850 14q11 ANG Angiogenin
ALS-FTD 105550 9qg21—q22
ALS—FTD 2 9p13.2-p21.3
ALS-FTD 3 609512 2p11.2 CHMP2B #CHMP2B
ALS-FTDP/DDPAC 600274 17qg21 MAPT #Tau
Recessive ALS 2 205100 2q33 ALS2 #ALS2 (alsin)
ALS 5 602099 15q15.1—q21.1
X—linked ALS X Xp11—q12
Others Neurofilament, Heavy 162230 22q12.2 NEFH #NF-H
subunit
Peripherin 170710 12q12—-q13 PRPH # Peripherin
Bulbar syndrome
Kennedy's Syndrome 313200 Xqi12 AR Androgen receptor
(SBMA)
Spinal muscular atrophy (SMA) :
Recessive SMA SMA1 253300 5q12.2-q13.3 SMN1/SMN #SMN1/SMN2
SMA2 253550
Lower motor neuron 1p36
syndrome
X-linked SMA  X-linked Infant SMA & 301830 Xp11
Arthrogryposis
Dominant, Congenital with leg 600175 1223
Proximal SMA  weakness
HMSN-P 604484 3q13
(Okinawa type)
Distal SMA HMN 1, Distal
HMN 2 158590 12q24 HSPB8 HSPB8 (HSP22)
HMN 5 600794 7p15 GARS glycyl—tRNA
synthetase
HMN 58 606158 11q13 BSCL2 Seipin
HMN 7 (Vocal cord) 158580 2qi14
HMN-Vocal cord 2 607641 2pi13 DCTN1 # Dynactin 1
HMN J 605726 9p21.1—p12
HMN-Upper motor 608465 9q34 SETX Senataxin
neuron
Diaphragm—Neonatal 604320 11q13 IGHMBP2 IGHMBP2
(SMARD1)
Distal SMA 4 607088 11q13—q21
Distal SMA, X-linked 300489 Xqi3
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Por ] &B% (BiD) *OMIMNo B{x¥E WEF RIZFED
Distal HMN 608634 7q11 HSPB1 HSPB1 (HSP 27)
Famillial Spastic Paraplegia (SPG)
Dominant SPG3A 182600 14q11-q21 SPG3A # Atlastin
SPG4 182601 2p22 SPG4 # Spastin
SPG6 600363 15q11.1 NIPA1 NIPA1
SPG8 603563 8g23~q24
SPGO 601162 10g23.3—q24.1
SPG10 604187 12q13 KIF5A # Kinesin Family
Member 5A
SPG12 604805 19913
SPG13 605280 2q33.1 HSPD1 Heart—Shock
60—Kd Protein 1
SPG17 270685 11q13 BScCLz Seipin
SPG18
SPG19 607152 9q33—q34
SPG29 609727 1p31.1—p21.1
SPG31 610250 2p12 REEP1 REEP1
SPG33 610244 10g24.2 ZFYVE27 #ZFYVE27
SPG12q 12q
Recessive SPG5A 270800 8q11.1—q21.2
SPG5B 600146
SPG7 (5C) 602783 16q24.3 SPG7 Paraplegin
SPG11 604360 15q13-q15
SPG14 605229 3qg27—q28
SPG15 270700 14g22—q24
SPG20 275900 13q12.3 SPG20 # Spartin
(Troyer syndrome)
SPG21 248900 15922.31 ACP33 # Maspardin
(Mast syndrome)
SPG23 270750 1q24-q32
SPG24 607584 13q14
SPG25 608220 6G23.3-g24.1
SPG26 609195 12p11.1—q14
SPG27 609041 10q22.1—q24
SPG28 609340 14q21.3—q22.3
SPG30 2937.3
IAHSP 607225 2q33 ALS2 #ALS2 (alsin)
X~linked SPG1 303350 Xq28 L1CAM L1CAM
SPG2 312920 Xq22 PLP1 Proteolipid protein
SPG16 300266 Xqi11.2

* : Online Mendelian Tnheritance in Man / NCBI (http://www.ncbi.nlmnih.gov/)
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BERILTHAE. BE, BEOHAEPSHALIICE-TELZI LI,
MBNOSTETRAINVTET - FF VAT LAVMRERERICIBY
THREEAELTWEEWVWIZETHE. FIZE, RES VAV EDOE
BRI DBIEXF -TUTT V- LROERL S TIT/Nak
AMVAR, IbIVFYTHREREELOFICERILZ P LR, MRERE
B, B FFEI 749X TR, A b7 V-RRBEL
EBADRIIBIABENBESN TS, ¥, HHHEOMNKENS
KBTIV Y I VBIBEARTICLZ2AEHAEHMOEES L
Twh, Z2LC, 20X L/MBNGT - ANVT 2 TREBOREICX
D, TRV RABHIVIZZFOMOMBUEEZ L OTFTF V7V ER
AL, BRAYICARAINIIEY - RBICEL LEZONTV S,

INoOHT, MIBAD T 74 v 3 7REICELTIE, Eid
LHME=2L—-0747 2 FOZRIFENRBBEER - FHEICS
WTHEIh w2 edsH, BRERDOA A X AL L TOMMA
ERESh T BANSTREMEOERICI Y, WHEENKED
HTLRLBEMNE WV AD, PD AL 6T, %D MND BLW
FHHBEBIZBWTH, AN 74 v 2 FROBREVERD
BTRIZHDEONEANIER SN TE . REUBRTR, OTERS
NoDH5MNFT 74 v & FRELMEENRBE OMMIZHE
HELTS.
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BE LTWwab. Stamer HIZ5 U % 37 O BF BB A FhREEE 2
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AL, EHITETIOA FAEMA S >/ 2 H (APP) OfikE
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senilin 1 (PS1) I2BF2BEFEERNI R ¥ VKA EmFEHLEE
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59, 85612, #HfEHE MND BEICBVWTHITHE-Y—0FTh b
YA = HAROBEETF dynactin DEEFERMRBREH, T
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—OrEEE LTI EMEF IS,
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BT EHMET S, REREZFRICHFET S CAG #0ELEH D
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BB - IRE IR 4 RERRAE - DRPLA, FR/MRERIE 1R
SCAL, 6 28 :SCA2, IA3R :SCA3/ =Y+ - Va7,
6 8) 1 SCA6, [ 7R :SCA7, [ 17 & [ SCA17), Zho%HBHL
TRYITNY IVIRERATVS, AF, SFTSELHEILRY Y
NI VRIIBVTHHBA N T 74 v F V FREIREORIKICDH
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THIELEHELPIIL, TRONREY NN IEDF— P77 V12
FAMHEEHDETICERTSZZEEZ/RLEY. LzdoT, £
VI vREKOMBO—EBIX, YA EKERF—PT TV —
A-YYV—AHBDOIFI 740 F VAL VHBENTVEIDLHE
EEN5.

5. TOMBOBEEMERE

BE®HV VY —LERETHL=—< - Ev 7K CE (NPC)
&, MBIV E L THBOER L) MREERRETHY, T FY
—uL-1) VY —LRAEHET THAH NPC1 & 5\ ik NPC2 BIZFDE
BRIz 2L ATFO— VDI FY—LA~DEH, aLAF0
—VEIROEESRBRBEOHERE L 2> T3, —7F, EhEhE
UHBEPTRTEHMBEI Y VI— - =) — - Y— R 2A1 #B
(CMT2A1) i3, ¥2 ¥ 3T %23—F35 KIFIB BEFOERIC
Xy5l&kEsh, /2R 2BHE (CMT2B) Bz FV—»A4-) VY-
AMOBENE NI 74 v X 7OMBHEFCHLEFTEGS V37
H Rab7 DBIZTERICLIOBET A EHFALNTVEY,
AEHTHRY LIl 4 OBREHEETIZILEHF VL IATHRBRLT
Wh, 1Xh»hb6T, BEERBETERIILB IS 74vF 2T (¥
TFWzE) FOAEHLHVIIHEEERE T LMK - THIRE
DORBMBICBEON TR E2ERTREL LV, T -RRTH
ZHBIFHEASShAHER (EK) 1BV TOAALNEHARTHH
A, FLT, ZO5FRFIVELEFAPTDOEITHS.

HREMERBOBEZ Ty hELTDINS 709X T

I XFREEOMBEERT () 7B RMBERERT
GDNF, MHEmMiE%%FHT  BDNF, 4 ¥ 2 ) YHEEHAT-1 :
IGF -1, FFHINMAiAT - HGF, NGF, mEMKEMMEF | VEGF,
ERAMRERZERT | CNTF % &) 25 2 AEMRREERICHE
LT, YOARBEFNVEAWZ S T LT LBARILEITLTVS. 5F
B, 4 YA YBRWERT CH S IGF-1 OFTHEH =2 -1
VREERPEE STV Y., SLONRKRERTYETLEAS
FiEHE, BREERTFREAZNONRRERT IR LEGL:
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th, TO—PILY FF L P—YAENBLIEIZEIYN TV FY—LF
THEITHh, Z20HBIVFY—L4 (VT FV T F—A) #H/L
e VP MEEICL D, B SO HRNEENLIEZ ON 5. E,
ZFDEIBRTATFLAFBEINLILIZEY, MEABRTENSESA
BIERTTICRRAEBYITHS (BEHL. TVINALAT—FH)".
T, BUMNATS 74 v 7 OBECEYRES 2 HOBERIINHE
THIEY, ZOBIZLTTA v X TR LIFAZLIZE DR
WY RV BEDERBIUHEMBIESHRH ShEZ LIRENTY
5 (A2, N—=F YV U LkAoT, ZLOMBEERERD
BE (FICHBRERTHEORE 2HARTHICH-), MlaBNT
DT FY—ABE - BRI 74 v X 72 EWICHBELD,
FLETLTVWZ2OTHNITEFES S I LI, B FERT Y
TrNEE, BELS V7 BER-FRNT A EBET 5 ERIC
BUWTEBHTEETHLEEIONE.
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FRATIKEORG L, fhiEMiniz oMo 7Ta 5 A2
LoTEZDAFESRESNT VL LDEZICETE, ARMEIBAKD
REIZDOWTOARTF o7z, LI Luds, ALS EFLVEWOHEHD
LHWLNITENTVS LI, HEMBORR - £F S 5ICMR%E
i3, fEMRORBICAET A7) THBIZZ>THIALEShTWS
EEZLNTVAEY., Lo T, §HOVNT 74 v R 72T
WMEICO>VTIE, BEMNEFT 74 v F > 72 EBIZL HIBRTOE
BUHA A H = XL DA LLT, HERAFOHUW - BGAAL EFhIZL S
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The ubiquitin-proteasome system (UPS) is involved in the pathoge-
netic mechanisms of neurodegenerative disorders, including amyo-
trophic lateral sclerosis (ALS). Dorfin is a ubiquitin ligase (E3) that
degrades mutant SOD1 proteins, which are responsible for familial
ALS. Although Doerfin has potential as an anti- ALS molecule, its life in
cells is short. To improve its stability and enhance its E3 activity, we
developed chimeric proteins containing the substrate-binding hydro-
phobic portion of Dorfin and the U-box domain of the carboxyl
terminus of Hsc70-interacting protein (CHIP), which has strong E3
activity through the U-box domain. All the Dorfin-CHIP chimeric
proteins were more stable in cells than was wild-type Dorfin
(Dorfin™T). One of the Dorfin-CHIP chimeric proteins, Dorfin-
CHIP", ubiquitylated mutant SOD1 more effectively than did
Dorfin™" and CHIP in vivo, and degraded mutant SODI protein
more rapidly than Dorfin™" does. Furthermore, Dorfin-CHIP"
rescued neuronal cells from mutant SODI-associated toxicity and
reduced the aggresome formation induced by mutant SOD1 more
effectively than did Dorfin™ ",

© 2006 Elsevier Inc. All rights reserved.
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Amyotrophic lateral sclerosis (ALS), one of the most common
neurodegenerative disorders, is characterized by selective motor
neuron degeneration in the spinal cord, brainstem, and cortex. About
10% of ALS cases are familial; of these, 10%—-20% are caused by
Cu/Zn superoxide dismutase (SOD1) gene mutations (Rosen et al.,
1993; Cudkowicz etal.. 1997). However, the precise mechanism that
causes motor neuron death in ALS is still unknown, although many
have been proposed: oxidative toxicity, glutamate receptor abnorm-
ality, ubiquitin proteasome dysfunction, inflammatory and cytokine
activation, neurotrophic factor deficiency, mitochondrial damage,
cytoskeletal abnormalities, and activation of the apoptosis pathway
(Julien, 2001; Rowland and Shneider, 2001).

Misfolded protein accumulation, one probable cause of neuro-
degenerative disorders, including ALS, can cause the deterioration
of various cellular functions, leading to neuronal cell death (Julicn,
2001; Ciechanover and Brundin, 2003). Recent findings indicate
that the ubiquitin—proteasome system (UPS), a cellular function that
recognizes and catalyzes misfolded or impaired cellular proteins
(Jungmann et al., 1993; Lee et al., 1996; Bercovich et al., 1997), is
involved in the pathogenesis of various neurodegenerative diseases,
among them ALS, Parkinson’s disease (PD), Alzheimer’s disease,
polyglutamine disease, and prion disease (Alves-Rodrigues et al.,
1998; Sherman and Goldberg, 2001; Ciechanover and Brundin,
2003). The ubiquitin ligase (E3), a key molecule for the UPS, can
specifically recognize misfolded substrates and convey them to
proteasomal degradation (Scheffner et al., 1995; Glickman and
Ciechanover, 2002; Tanaka et al., 2004).

Dorfin, an E3 protein, contains an in-between-ring-finger
(RING-IBR) domain at its N-terminus. The C-terminus of Dorfin
can recognize mutant SOD1 proteins, which cause familial ALS
(Niwa et al., 2001; Ishigaki et al., 2002b; Niwa et al., 2002). In
cultured cells, Dorfin colocalized with aggresomes and ubiquitin-
positive inclusions, which are pathological hallmarks of neurode-
generative diseases (Hishikawa et al., 2003; Ito et al., 2003). Dorfin
also interacted with VCP/p97 in ubiquitin-positive inclusions in
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ALS and PD (Ishigaki et al.. 2004). Moreover, formation of this
complex was found to be necessary for the E3 activity of Dorfin
against mutant SODI. These findings suggest that Dorfin is
involved in the quality-control system for the abnormal proteins
that accumulate in the affected neurons in neurodegenerative
disorders.

Dorfin degrades mutant SOD1s and attenuates mutant SOD1-
associated toxicity in cultured cells (Niwa et al., 2002). However,
in Dorfin/mutant SOD1 double transgenic mice, we found only a
modest beneficial effect on mutant SODI-induced survival and
motor dysfunction (unpublished data). These findings, combined
with the short half-life of Dorfin protein, led us to hypothesize that
the limiting effect of the Dorfin transgene may be a consequence of
autodegradation of Dorfin, since Dorfin can execute autoubiqui-
tilation in vivo (Niwa et al.. 2001).

Carboxyl terminus of Hsc70-interacting protein (CHIP) is also an
E3 protein; it has a TPR domain in the N terminus and a U-box
domain in the C terminus. The U-box domain of CHIP is responsible
for its strong E3 activity, whereas the TPR domain recruits heat
shock proteins harboring misfolded client proteins such as cystic
fibrosis transmembrane conductance regulator (CFTR), denatured
luciferase, and tau (Meacham et al.. 2001 ; Murata et al.. 2001. 2003;
Hatakeyama ct al.. 2004; Shimura et al., 2004).

To prolong the protein lifetime of Dorfin and thereby obtain
more potent ubiquitylation and degradation activity against mutant
SOD1s than is provided by Dorfin or CHIP alone, we generated
chimeric proteins containing the substrate-binding domain of
Dorfin and the UPR domain of CHIP substitute for RING/IBR of
Dorfin. We developed 12 candidate constructs that encode Dorfin-
CHIP chimeric proteins and analyzed them for their E3 activities
and degradation abilities against mutant SOD1 protein in cultured
cells.

Experimental procedures
Plasmids and antibodies

We designed constructs expressing Dorfin-CHIP chimeric
protein. In these constructs, different-length fragments of the C-
terminus portion of Dorfin, including the hydrophobic substrate-
binding domain (amino acids 333-838, 333-700, and 333-454)
and the C-terminus UPR domain of CHIP with amino acids 128—
303 or without amino acids 201-303, a charged region was fused
in various combinations as shown in Fig. 2C. Briefly, Dorfin-
CHIP* B © G M and ' had the C-terminus portion of Dorfin in
their N-terminus and the U-box of CHIP in their C-terminus;
Dorfin-CHIP® * * » ¥ and " had the U-box of CHIP in their N-
terminus and the C-terminus portion of Dorfin in their C-terminus.

We prepared a pCMV2/FLAG-Dorfin-CHIP chimeric vector
(Dorfin-CHIP) by polymerase chain reaction (PCR) using the
appropriate design of PCR primers with restriction sites (Clal,
Kpnl, and XBal or EcoRIl, Clal, and Kpnl). The PCR products
were digested and inserted into the Clal-Kpnl site in pCMV2
vector (Sigma, St. Louis, MO). These vectors have been
described previously: pFLAG-Dorfin™" (Dorfin™'), FLAG-
Dorfine 13251358 (DorfinCI328/CIsS) - by AG.CHIP (CHIP),
pFLAG-Mock (Mock), pcDNA3.1/Myc-SODI™T (SODIWT),
pcDNA3.1/Myc-SOD19%** (SOD19"**), pcDNA3.1/Myc-
SOD19%® (SOD19%°®) pcDNA3.1/Myc-SOD 1R (SOD1146R),
pcDNA3.1/Myc-SOD19*™® (SOD1%*"®), pEGFP/SODIW!
(SOD1Y'-GFP), and pEGFP/SOD1**® (SOD1°***.GFP) (Ishi-

gaki et al.. 2004). We used monoclonal anti-FLAG antibody (M2;
Sigma), monoclonal anti-Myc antibody (9E10; Santa Cruz
Biotechnology, Santa Cruz, CA), monoclonal anti-HA antibody
(12CAS5; Roche, Basel, Switzerland), and polyclonal anti-SOD]1
(SOD-100; Stressgen, San Diego, CA).

Cell culture and transfection

We grew HEK293 cells and neuro2a (N2a) cells in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal calf
serum (FCS), 5 U/ml penicillin, and 50 pg/ml streptomycin. At
subconfluence, we transfected these cells with the indicated
plasmids. using Effectene reagent (Qiagen, Valencia, CA) for
HEK293 cells and Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
for N2a cells. After overnight posttransfection, we treated the cells
with 1 pM MG132 (Z-Leu-Leu-Leu-al; Sigma) for 16 h to inhibit
cellular proteasome activity. We analyzed the cells 2448 h after
transfection. To differentiate N2a cells, cells were treated for 48 h
with 15 uM of retinoic acid in 2% serum medium.

Immunological analysis

At 24-48 h after transfection, we lysed cells (4 x 10° in 6-cm
dishes) with 500 pl of lysis buffer consisting of 50 mM Tris—HCl,
150 mM NaCl, 1% Nonidet P-40, and 1 mM ethylenediaminete-
traacetic acid (EDTA), as well as a protease inhibitor cocktail
(Complete Mini, Roche). The lysate was then centrifuged at
10,000% g for 10 min at 4°C to remove debris. We used a 10%
volume of the supernatants as the lysate for SDS-PAGE. When
immunoprecipitated, the supernatants were precleared with protein
A/G agarose (Santa-Cruz). A specific antibody, either anti-FLAG
(M2) or anti-Myc (9E10), was then added. We incubated the
immune complexes, first at 4°C with rotation and with protein A/G
agarose (Roche) for 3 h, after which they were collected by
centrifugation and washed four times with the lysis buffer. For
protein analysis, immune complexes were dissociated by heating in
SDS-PAGE sample buffer and loaded onto SDS-PAGE. We
separated the samples by SDS-PAGE (15% gel or 5%-20% gradient
gel) and transferred them onto polyvinylidene difluoride mem-
branes. We then immunoblotted samples with specific antibodies.

Immunohistochemistry

We fixed differentiated N2a cells grown in plastic dishes in 4%
paraformaldehyde in PBS for 15 min. The cells were then blocked
for 30 min with 5% (vol/vol) normal goat serum in PBS, incubated
overnight at 4°C with anti-FLAG antibody (M2), washed with
PBS, and incubated for 30 min with Alexa 496 nm anti-mouse
antibodies (Molecular Probes, Eugene, OR). We mounted the cells
on slides and obtained images using a fluorescence microscope
(IX71; Olympus, Tokyo, Japan) equipped with a cooled charge-
coupled device camera (DP70; Olympus). Photographs were taken
using DP Controller software (Olympus).

Analvsis of protein stability

We assayed the stability of proteins by pulse-chase analysis
using [*S] followed by immunoprecipitation. Metabolic labeling
was performed as described previously (Yoshida et al.. 2003).
Briefly, in the pulse-chase analysis of Dorfin proteins, HEK293
cells in 6-cm dishes were transiently transfected with 1 pg of
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Fig. 1. Pulse-chase analysis of Dorfin™" and Dorfin®' 3¢5 (A)
Dorfin™" or Dorfin®"?#¥“1**% was overexpressed in HEK293 cells. After
overnight incubation, ["5SJ-labeled Met/Cys pulse-chase analysis was
performed. Cells were harvested and analyzed at 0, 1, or 3 h after labeling
and immunoprecipitation by anti-FLAG antibody (upper panels). To
determine serial changes in the amount of Dorfin™ " or Dorfin®'*%€!35
four independent experiments were performed and the amounts of Dorfin™"
and Dorfin”'32¥C135%  yere plotted. The differences between the amounts of
Dorfin™T and Dorfin®'32%C1358 were significant at 1 h (p<0.01)and 3 h
after labeling (p<0.001) (lower panels). Values are the means=SE, n—4.
Statistics were done using an unpaired r-test. (B) Cells overexpressing
Dorfin™" or Dortin®'32135% were treated with different concentrations of
MG132 for 3 h after labeling.

FLAG-Dorfin™" or FLAG-Dorfin®"**¥“'**5 In pulse-chase ex-
periments using SOD1**®  N2a cells in 6-cm dishes were tran-
siently transfected with 1 pg of SOD19¥**-Myc or SOD1"**-Myc
and FLAG-Mock, FLAG-Dorfin, or FLAG-Dorfin-CHIP". FLAG-
Mock was used as a negative control. After starving the cells for
60 min in methionine- and cysteine-free DMEM with 10% FCS, we
labeled them for 60 min with 150 pCi/ml of Pro-Mix L-[**S] in vitro
cell-labeling mix (Amersham Biosciences). Cells were chased for
different lengths of time at 37°C. In experiments with proteasomal
inhibition, we added different amounts of MGI132 in medium
during the chase period. We performed immunoprecipitation using
protein A/G agarose, mouse monoclonal anti-FLAG (M2), and anti-
Myc (9E10). The intensity of the bands was quantified by
ImageGauge software (Fuji Film, Tokyo, Japan).

MTS assay

We transfected N2a cells (5000 cells per well) in 96-well
collagen-coated plates with 0.15 pg of SODI“**®.GFP and
0.05 pg of Dorfin, CHIP, Dorfin-CHIPY, or pCMV?2 vector (Mock)
using Effecten reagent (Qiagen). Then we performed 3-(4.5-
dimethylthiazol-2-y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophe-
nyl)-2H-tetrazolium inner salt (MTS) assays using Cell Titer 96

(Promega) at 48 h after incubation. This procedure has previously
been described (Ishigaki et al.. 2002a).

Aggregation assay

We transfected N2a cells in 6-cm dishes with 1.0 pg of
SOD1°***.GFP and 1.0 pg of FLAG-Mock, FLAG-Dorfin,
FLAG-CHIP, or FLAG-Dorfin-CHIP". After overnight incubation,
we changed the medium to 2% FCS containing medium with
15 pM retinoic acid (RA) for differentiation. In the MG132 (+)
group, 1 pM of MG132 was added after 24 h of differentiation
stimuli. After 48 h of differentiation stimuli, we examined the cells
in their living condition by fluorescence microscopy. The
transfection ratio was equivalent (75%) among all groups. Visually
observable macro aggregation-harboring cells were counted as
“aggregation positive” cells (Fig. 7C). All cells were counted in
fields selected at random from the four different quadrants of the
culture dish. Counting was done by an investigator who was blind
to the experimental condition.

Results
Dorfin degradation by the UPS in vivo

We analyzed the degradation speed of FLAG-Dorfin by the
pulse-chase method using [*°S] labeling, finding that more than
half of wild-type Dorfin (Dorfin¥") was degraded within 1 h
(Fig. 1A). This degradation was dose-dependently inhibited by
MG132, a proteasome inhibitor (Fig. 1B). On the other hand, the
RING mutant form of Dorfin (Dorfin®*2%¢133%) which lacks E3
activity (Ishigaki et al., 2004), degraded significantly more slowly
than did Dorfin™" (Fig. 1A and Table 1). As shown in Fig. 1A,
Dorfin™" showed two bands, whereas Dorfin®'32%C1358 had a
single band. This was also seen in our previous study (Ishigaki ct
al.. 2004) and may represent posttranslational modification.

Construction of Dorfin-CHIP chimeric proteins

It is known that the C-terminus portion of Dorfin can bind to
substrates such as mutant SOD1 proteins or Synphilin-1 (Niwa et
al.. 2002; Ito et al., 2003). We attempted to identify the domain of
Dorfin that interacts with substrates. Although there was no
obvious known motif in the C-terminus of Dorfin (amino acids
333-83R), its first quarter contained rich hydrophobic amino acids
(amino acids 333-454) (Fig. 2A). Immunoprecipitation analysis
revealed that the hydrophobic region of Dorfin (amino acids
333-454) was able to bind to SOD19**®  indicating that this
hydrophobic region is responsible for recruiting mutant SOD1 in
Dorfin protein (Fig. 2B).

To establish more effective and more stable E3 ubiquitin ligase
molecules that can recognize and degrade mutant SODIs, we

Table 1
Serial changes in the amounts of Dorfin™T, Dorfin®'?28C1358  anq
Dorfin-CHIP"

0h (%) 1h (%) 3h (%)
Dorfin" 100 43.7£7.0 103+4.4
DoifinC1223/C1358 100 739£13.8 43.7£19
Dorfin-CHIP" 100 89.0+5.7 475+53

Values are the mean and SD of four independent experiments.
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Fig. 2. Construction of Dorfin-CHIP chimeric proteins. (A) Dorfin has a RING/IBR domain in its N-terminus and a substrate-binding portion in the C-terminus. CHIP
contains a TPR domain that binds to heat-shock proteins at the N~terminus; its C-terminal U-box domain has strong E3 ubiquitin ligase activity. (B) SOD19**_-Myc
and FLAG-Dorfin derivatives were overexpressed in HEK 293 cells. Cell lysates were immunoprecipitated with anti-myc antibody. Immunoblotting showed that
FLAG-Dorfin derivatives containing Dorfin’>*~*** bound to SOD19***-Myc, indicating that the hydrophobic region of Dorfin (Dorfin®>> ***) is essential for
interaction with mutant SOD1 in vivo. (C) Scheme of engineered Dorfin-CHIP chimeric proteins. Three different lengths of C-terminal Dorfin contaming the
hydrophobic region of Dorfin (Dorfin*** ***) and the U-bex domain of CHIP with or without the charged region were fused. (D) Dorfin-CHIP chimeric proteins were
overexpressed in HEK293 cells. Harvested cells were lysed and analyzed by immunoblotting using anti-FLAG antibody.
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