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2 putative substrates for Parkin’s E3 ligase activity

substrate . biological function

CDCrel-1 septin family protein with unknown function
O-glycosylated a-synuclein  isoform of e-synuclein with unknown function
misfolded Pael-R orphan G-protein coupled receptor

P38 subunit of aminoacyl-
tRNA synthetase

synaptotagmin XTI

expanded polyQ proteins

a/f3 -tubulins

synphilin-1

cyclin E

role in protein biosynthesis

regulétes exocytosis of neurotransmitters
aberrant proteins responsible for polyQ diseases
microtubule proteins

a-synuclein-binding protein

cell cycle regulation of mitotic cells

unknown function in neurons .

SEPT5-v2/CDCrel-2
misfolded DAT

homologous with CDCrel-1
12-TM protein, regulates uptake of DA
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PD*° DR EBET OB 5, PD QML A 5 = X 5 OIEFK & ¢ AhDD
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a~-Y R VA VEY T TARKBICBEICHFEET 5 1407 3/ BB O£ R
Dy NI ETHB. 19974, PARKL & IHEN 5B Y MBI R EEPD S a-¥ X
TUVAVDIAEVABRBIII o THELAZEIREN, DO Ta-VX I L, %
EOHRBHRERO—TFEYE, HLVEZEETLERE EEFELLTEERLE
NIEFD 1L 24 M o THPDICR B Edbdolz. FO—FKT, LY
—IMEDEEBSD -V X7 VA Y THBIEDNDDLY, IAT+— IV FLL7 a-
VA VAV OBEEFPDREEORRC LB LI EINEN ko7 LbL, b
E—/MEFHIRZ BT HFCE T 55089 St L ClEiisd s, LE—/A
OB ETEDTRICL B E T 7Ly — 2% L B2 72 i E ASE
LTWa I EAEHENTHY, A7 & bR SIS B AT R 258
ZiHo T A bOLBbNA. L LV E—/MEICHEL L CHREZRIICER & 1
HLVE—=a2—54 1 (Lewy neurite) (ZHEZEEPIOY E %% FHE T 5 Wik
WY, BHREET B FRICEGTWE S LAEW. a-Y X7 LA ¥ OB
BLTRLDENZOE, BEEDOL C—/MRITERENE BB TTE H4 Y I —,
THNT 4 TN EORBEEEEE b DL VIELTHE (M2)Y). 22—7
R#ZE LT, in vitro DEWWERENERICE ST, ANV T LAZETREDE
BELIDWIROTO 74 TINDETELELBEICHELTREDITLEVIT IO
A4 FRT7EPFEZON, WHEINTWS, 2721, 20X BROTO b 747
VOVOETER in vivo CIRIEEBE S LT W v, S MR EMRC X B IESE, SO
FT7 V= LAHEGEN R EPBEINTVS, -V X7 LA VI L BEEEREE
in vivo CHRINB72012 a-¥ X 7 U A VBRI X 58 E 7V OFERP A S
NTWwWh, g-YXZ7 VAV S VATV zzy 7 (Tg) <A TEIERMEMESE XFE
TERE, EEEREREE IR 725, F—3 YHIRBIER O, LY F T4 IVR
I kB BHRBECEMBEATES 525, LY —/MEGBK ST, PD#HHTE
2EEZBRE TRV, SRICHL, a-VY X7 LA ¥ Tgyayya v LT,
- X7 VA VB YEORKEMES AATER & BRFIED F—33 VHITBFEAEZ 5.
Z DHANEFEIE Hsp70 DBRIFEH, F 7213 Hsp70 DI & Tl % JEHNC X o TR
ENDLZEIRENTBY, ¢~V X7 VA4 VDIAT 4 — )V FLPgREEEICO %
WEHIEPRRREINT NS,

2 ) Parkin
Parkin iZ PARK2, Tzl EHBHELEEEL/ S—F Y =X (autosomal
recessive juvenile parkinsonism : AR-JP) OFREREFELHRABIEF T2 T —
EThHb, 2CFF VYN EOREILEF XV -TUT TV — 5T VNI EG
BR*CBWTC, 7UF 7Y AR ENLE DO EFF MDY~y bER
P gLyl THANEWRPD (MTOC) (CEBIEh, B 74—V REC NV BEOBMEHLADS
ZRTA—NERERIBON@BIBESh BEFETE. ChE7 7LV -4 HREENCHEE N $DEBEShTVS.

B, BE—F -G NUESL &> T (aggresome) EFER. y Fa—TU ki
BNEDT A FRBICAD - THTFIR SR BT IAL MEHBETIHEBERL, 3
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EEETBHETHD
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B4 ZESODI NI AV 1w v RICH T BER SOD1 OB ISR I BETRE
‘ERGOSAZER SODT bSUAVIZWITORIEES 9 H B CBEREERELTH
2BEETECL, EPDALS DEVWEFIVICHD. TOXHIADEE, A, /B, &
#HfT SODY OO IR T0Ow bEfT3 &, BIERT (2 H8) IFTRTOEBTE M
ESOD1 ODHEEFDIHINRHENDD, FEL (9HB) FEHEBTOHE MR
SOD1 OEAFEIL USSR (KIE) DERH5ENS. 8 155 5 QIBEICTTRIELS
NEEOHEZRY. hSOD1 & mSODT [FZ2NZNE FETHRAD SOD T AEET S,
EERMH | SEHERTAE (EiEe - Bty —)

EUEHTAERSODI 2 BRRERT LIS VAV Lo v v Y AOEHTIR
SODIEMEIFEEIC R 5285, M ALS & X BB B o o — 0 VBRI T
BoH Y, SODIERIC L 57 FE DM S- (gain of toxic function) HEMEDE
RThHodIEPHEEILoM. BESUOHEL LTEIEDZOF, TESODL
BIATA=WFI R E > TRRIEL, BETZZEREEL T ELT
HY, EBRIZERESODI PG VAV 22y vy A TR O AMEIC S Y2 Y
—YVERT LD, FHTOA, FBELL, BELESODI S V7 EREHSR
5 (F4). KBENCTLERESODINTITA F74 7Y NERELY 25 & 45
LR TEY, ABRa- VX7 b4 Ve BOBMEET 22 ERNERINT
V5. FERCOLEESODI DI R T+ — IV FLASEATT 2 EEIE L < bho Tl
BB, ANV AEBI AMPA TR EEE) = o — 1 o IR 7 R R
WD THWATWRMEDNH B, T/, EFVI YR e o7 EH»5ERSODL %
BE)= 2 — 10 YV TRBEEE2 2T CRMEEEIGES 5F, oM ToERERE
FORRADN, EEIRIZ2-0CUETHSET2EMPBEEE (non-cell
autonomous) * FAMRIE SN, MREHOMAICTEREAE 2 He LTEE SR
T3,
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Human
NAIP  crrmmemsrsr={Ess 1,403

CAP? CrommmmrmosmIIT [ 618

XIAP
MLAAP = Apat-1
ILP2 /{ caspase—g
Apollon EriEmEEEmETE

== 4 .
Survivin =mEER 142 .
caspase-7

=B BIRFXAY
RING XA~

X5 IAP LU ZDOHERT
EICE D SEBEDIAP YN0 EZRY . #3170 7= /B0 Baculovirus IAP repeat
(BIR) RAAVHEELOEBMTHD.- [ICFP R b= AORNRMEREERY. AP G
OV RUFPHSY O ¢ (Cyt.c) BRHEENTLEEM LTSNS caspase-9,
caspase-3, caspase-7 ZfEETD. —h, Y hyOLcEEBICE DY FUTEE
A=A SRS Smac & HrA2/0mi (& 1AP OfEERELT, 7R h—YAD
ETEAL—XTEH TS5 LWL

z—H VZQ‘IQL;E%M“CZB%ﬁ*%&ﬁ%%ﬁ’fﬁrxm@ifﬁ RETHERFLLTHAES N
7z neuronal apoptosis inhibitory protein (NAIP) T& 4. NAIPIZT7 R F—Y A
Er 308 (IAP) 773V —0O—fETdH 5. IAP X Baculovirus IAP repeat
(BIR) & MEEI 5 Zine Finger BF — 712872 F AL Y% FT5H 2 & E L ORH
THY, T0EL FAEED 7 Z78—¥ (caspase) HEET L LTOWEZE bo?,
NAIP % 3D®DBIR FAA4 %% L, caspase-3, caspase-7 DREE/EH % b DO.
NAIP DZEBRTEH =2 — 0 Y EEFEET L b, TR MY AFERICHE
By pZ epmigsnsg., Ya P a v TIRIAPARIET S & BERHICE
DTRMN—=YATEILLRY, 7ﬁh~vx®wmmwml?abf%bbfﬁ%
R EFRTRERTREY, PLE TRV ORDIAPD) v 2 79 MYy ATHHE
% BRBHEIRONT, FOEEWNERI I CbhoTwiwy, 1272IAP DRt %
EFTLHLYa Y aunNLDSF (Reaper, Hid, Grim) OFEQFIH 25 2 T
@J}? (Smac & HtrA2/0mi) 25HHAIECTHEET L I v b, WMAETHEER
BEZHEoTWAHY, IAPAHL PCRSEEDL LI I F Yy vy — (LEK)
D7z, WRREOFERIN L2 L2 DZENTELRVWZTEOPS Lk (K5
& UPTO DATE ME v 7 220 B88).
MREUANOT R~V ZAOHE RS EAWNT, b POREZBEIERT SR
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FRESLUVNBENFBIOGHETERE STV 7 TEELRYER AT SMN EHHEINTVWA,
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ERONBME—DFWETF NV THAMBROERSODL M v AV x oy 7 ALST
AETNVEACIERNPE b, %< Dcaspase DEEIRBSNT VS,
IAP DEPRICE L TIL, caspase-3, caspase-7, caspase-9 ZIFEMITAET S L
KIAP BLUBEWAZN—LYHEDARY 5 L% KHT 57, caspase-9 ixfAE L7
VT TH 2 p35 & Bl D ALSETF N~ 7 2 ZBRHAEH ST, WRER~OE
e HBEBDTON. COKER, XIAPIZALS T Y AR RELTH ORTT 5%
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Y MIRBIERREL TN, FESODIHI Fa v F) 7IEREL, Bel-2
(CIEBR) ITHETHILVIHEL OB LTHE Y, IAP OBETILE
FIIAREDIAP 2 BMEEBHT K b — ¥ RIGEDE L TEEEEA B 3 .
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REBDWEIERBEOPHILIAE o 72134 ) Th 525, WBEHE LR 2 BRET
by, BESS VS BROBEESZT TR, FABBEE D BIHC A N B A T4
TN DS RPSLEL Bbh 5.
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Formation of misfolded protein aggregates is a re-
markable hallmark of various neurodegenerative dis-
eases including Alzheimer disease, Parkinson disease,
Huntington disease, prion encephalopathies, and amyo-
trophic lateral sclerosis (ALS). Superoxide dismutase 1
(SOD1) immunoreactive inclusions have been found in
the spinal cord of ALS animal models and patients, im-
plicating the close involvement of SOD1 aggregates in
ALS pathogenesis. Here we examined the molecular
mechanism of aggregate formation of ALS-related SOD1
mutants in vitro. We found that long-chain unsaturated
fatty acids (FFAs) promoted aggregate formation of SOD1
mutants in both dose- and time-dependent manners.
Metal-deficient SOD1s, wild-type, and mutants were
highly oligomerized compared with holo-SOD1s by incu-
bation in the presence of unsaturated FAs. Oligomeriza-
tion of SOD1 is closely associated with its structural
instability. Heat-itreated holo-SOD1 mutants were
readily oligomerized by the addition of unsaturated
FAs, whereas wild-type SOD1 was not. The monounsat-
urated FA, oleic acid, directly bound to SOD1 and was
characterized by a solid-phase FA binding assay using
oleate-Sepharose. The FA binding characteristics were
closely correlated with the oligomerization propensity
of SOD1 proteins, which indicates that FA binding may
change SOD1 conformation in a way that favors the
formation of aggregates. High molecular mass aggre-
gates of SOD1 induced by FAs have a granular morphol-
ogy and show significant eytotoxicity. These findings
suggest that SOD1 mutants gain FA binding abilities
based on their structural instability and form cytotoxic
granular aggregates.

Amyotrophic lateral sclerosis (ALS)! is a progressive and
fatal neurodegenerative disorder that mainly affects motor
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Science Institute and a grant-in-aid from the Ministry of Education,
Culture, Sports, and Technology of Japan. The costs of publication of
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neurons in the brain stem and spinal cord. Approximately 10%
of ALS patients are familial cases, with autosomal dominant
inheritance. More than 90 different mutations in the gene
coding for superoxide dismutase 1 (SOD1) have been identified
in about 20% of familial ALS (FALS) families (1, 2). Although
the molecular mechanisms of selective motor neuron degener-
ation by SOD1 mutants in FALS remain largely unknown,
common pathological features of conformational diseases, as
evidenced by SOD1 immunoreactive inclusions, are found in
the spinal cord of ALS patients and in the SOD1 mutant FALS
mouse mode] (3—8). The characteristics of FALS resemble those
of many other neurodegenerative diseases in which a causative
protein undergoes a conformational rearrangemeitt, which en-
dows it with a tendency to aggregate and form deposits within
affected tissues.

SOD1 is a 32-kDa homodimeric enzyme that decreases the
intracellular concentration of superoxide radicals by catalyzing
their dismutation to O, and H,0,. ALS-linked mutations of
SOD1 are distributed throughout the primary and tertiary
structures, and most mutations appear unrelated to the dis-
mutase activity. Many biochemical and biophysical studies
have reported that SOD1 mutants are structurally unstable
compared with wild-type forms (10-13). These observations
suggest that the mutations primarily affect the structural sta-
bility of SOD1 rather than the enzyme activity.

The halflife of SOD1 mutants is shorter than that of wild-
type forms in cultured cells (14). SOD1 mutants form a complex
with Hsp70 and CHIP, which promotes degradation of SOD1
through the ubiquitin-proteasome system (15). Hsp70 directly
binds metal-deficient wild-type SOD1 as well as SOD1 mu-
tants, suggesting that destabilized SOD1 is targeted by the
molecular chaperone system (15, 16). These observations imply
that structural stability of SOD1 may also be strongly involved
in refolding by the chaperone or in degradation of SOD1 by the
ubiquitin-proteasome system. On the other hand, aggregates of
mutant SOD1 are observed to have aggresome-like morphology
when cells are treated with a proteasome inhibitor (14). This
aggresome-like morphology resembles pathological inclusions
of neurodegenerative diseases in affected tissues. These find-
ings suggest that in disease states, misfolded proteins over-
whelm the protein handling systems, including chaperones
and proteasomes. Therefore, the formation of cellular inclu-
sions may be required for other factors to act as modulators to
promote protein aggregates. In fact, lipid molecules, includ-
ing unsaturated fatty acids (FAs), phosphatidylserine, and
phosphatidylinositol, promote amyloidogenesis of amyloid
B-peptides, tau (17), and a-synuclein (18, 19) in vitro. These
molecules are biologically significant as mediators for signal-
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ing and inflammation during disease progression of
neurodegeneration,

Here we investigated in vitro SOD1 aggregation affected by
FAs to create an aggregation model system for FALS. We
demonstrated that unsaturated FAs promote self-assembly
and cytotoxic aggregate formation of SOD1. Aggregation by
FAs is strongly correlated with structural instability and FA
binding activity of SOD1, which may have significant implica-
tions in FALS, :

EXPERIMENTAL PROCEDURES

Expression, Purification, and Characterization of Recombinant
SOD1 Proteins—pcDNAS-SOD1 (20) was digested with EcoRV and
Xhol and subcloned into blunted Neol and Xhol sites of pET-15(b)
(Novagen) to construct the expression plasmid. Expression of recombi-
nant SOD1 proteins was induced in BL21(DE3)pLysS by adding 1 mm
isopropyl 1-thio-B-D-galactopyranoside, 0.1 mm CuCl,, and 0.1 mM
ZnCl, until cells were grown to 0.6 absorbance unit at 600 nm, and then
bacterial cells were further cultured at 23 °C for 6 h. Cells were pelleted
and resuspended in TNE buffer (50 mm Tris-HCl, pH 8.0, 150 mm NaCl,
and 0.1 mm EDTA) supplemented with protease inhibitor mixture
(Roche Applied Science). Cells were then disrupted by sonication. In-
soluble materials were removed by centrifugation at 10,000 X g for 30
min, Supernatant was collected for further purification. Purification
was performed according to Hayward et al. (11), with minor modifica-
tions. Briefly, ammonium sulfate powder was added to the supernatant
to 65% saturation with gentle stirring on ice. The supernatant; after
centrifugation at 10,000 X g for 30 min, was directly loaded for phenyl-
Sepharose (Amersham Biosciences) column chromatography. The col-
umn was thoroughly washed with TNE buffer containing 2 M ammo-
nium sulfate. Proteins were eluted using a linearly decreasing salt
gradient. SOD1 activity measurement using a xanthine/xanthine oxi-
dase-based method (21) identified fractions containing SOD1. Activity
fractions were desalted by ultrafiltration using a centricon filter (Mil-
lipore). SOD1 was re-metallated as described previously (22). The pro-
teins were then loaded onto a Q-Sepharose (Amersham Biosciences)
anion exchange column and eluted using a linearly increasing salt
gradient toward a buffer containing 200 mM NaCl and 10 mum Tris-HC,
pH 8.0. Fractions containing SOD1 were pooled and concentrated. Ho-
mogeneity of SOD1 was >95%, as verified by SDS-PAGE with Coomas-
sie Brilliant Blue staining. Specific activity of the purified enzymes was
assayed and calculated by bovine SOD1 (Cayman) or human SOD1
purified from erythrocytes (Sigma-Aldrich) as standards. Fully metal-
lated SOD1 was delipidated using hydroxyalkoxypropyl dextran type
I1I (Sigma-Aldrich) as described previously (19) before de-metallation.
Metal-deficient apo-enzymes were prepared as described previously
(23), and loss of enzyme activity was confirmed after de-metallation.
The metal content of purified enzymes was estimated as described
previously (22).

Oligomerization of SODI—A stock solution of 25 mm FAs was pre-
pared in 0.01 M NaOH containing 25 uM butylated hydroxytoluene.
SOD1 proteins were filtered through Microcon YM-100 (100-kDa cutoff)
filters (Millipore) to remove high molecular mass SOD1 before oli-
gomerization. FAs were added directly to preincubated SOD1 at 37 °C
in 50 mM phosphate buffer, pH 7.2, containing 150 mM NaCl and 0.1 mM
EDTA and further incubated at the same temperature.

SDS-PAGE and Western Blotting—For detection of SOD1 oligomers,
SDS-PAGE was performed under non-reducing conditions using 12.5%
polyacrylamide gels. After oligomerization of SODI, protein samples
were prepared in SDS-PAGE loading buffer (62.5 mm Tris-HCl, pH 6.8,
1% SDS, 5% glycerol, and 0.007% bromphenol blue) in the'absence of
B-mercaptoethanol and then boiled at 95 °C for 3 min before loading.
Western blotting was performed as described previously (24). Briefly,
proteins were transferred to Hybond ECL nitrocellulose membranes
(Amersham Biosciences), followed by UV cross-linking, boiling mem-
branes in 2% SDS and 50 mM Tris, pH 7.6, for 10 min, and extensive
washing in Tris-buffered saline. For detection of SOD1, rabbit anti-
SOD1 antibody (Stressgen) was used.

Glycerol Density Gradient Centrifugation and Densitometric Analy-
sis—A glycerol linear gradient of 10-40% was prepared in a centrifuge
tube. Formation of the SOD1 oligomer was performed as described
above. Approximately 200 ul of incubated SOD1 was layered onto a
glycerol cushion and separated by centrifugation with a SW41Ti rotor
(Beckman) at 35,000 rpm for 15 h. In a parallel experiment, protein
standards (Amersham Biosciences) were separated simultaneously in
order to calibrate fractions. Fractions were subjected to SDS-PAGE
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under non-reducing conditions, and then Western blotting was per-
formed. Western blot images were analyzed using image analysis soft-
ware (Scion Image Beta 4.02; Scion Corp.).

Solid-phase Oleic Acid Binding—Sodium salt of oleic acid (Sigma-
Aldrich) was coupled to EAH-Sepharose (Amersham Biosciences) by
1-ethyl-3-(8-dimethylaminopropyl)-carbodiimide (Pierce) to prepare
oleate-Sepharose according to Peters et al. (25). Oleic acid coupling was
verified by binding bovine serum albumin and recombinant a-synuclein
protein. Mock-Sepharose was prepared from EAH-Sepharose by block-
ing coupling ligand with 1 M acetic acid. For the binding assay, 200 ng
of Microcon-filtered protein was incubated with oleate-Sepharose or
mock-Sepharose in 400 ul of phosphate-buffered saline containing 0.1
mM EDTA at 37 °C for 30 min with agitation. Protein bound to Sepha-
rose was settled on a spun column and washed extensively with phos-
phate-buffered saline. The bound protein was then eluted with 50%
ethanol. Eluates were subjected to SDS-PAGE and Western blotting.

Transmission Electron Microscopy—SOD1 proteins (40 um) were in-
cubated at 37 °C for 24 h in 50 mm phosphate buffer (pH 7.2) containing
150 mm NaCl and 0.1 mm EDTA supplemented with 100 uM arachidonic
acid. The samples were absorbed to a glow-charged supporting mem-
brane on 400-mesh grids and fixed by floating on 2.5% glutaraldehyde
and 4% paraformaldehyde in 0.1 M phosphate buffer for 5 min. After
three washes with distilled water, samples were negatively stained by
2% sodium phosphotungstic acid and dried. Specimens were observed in
a LEO 912AB electron microscope (LEQ Electron Microscopy), operated
at 100 kV.

Toxicity Assay—Cytotoxicity of protein aggregates was measured as
described previously (26, 27). In brief, neuro2a mouse neuroblastoma
cells were maintained in Dulbeeco’s modified Eagle’s medium with 10%
fetal bovine serum and 2 mm glutamine in 5% CO,, at 37 °C. Cells were
differentiated in serum-free Dulbecco’s modified Eagle’s medium with
0.3 mM dibutylyl cAMP before use. Cells were plated at 30,000 cells/well
in 96-well plates and differentiated overnight. The medium was re-
moved, and prepared SOD1 aggregates were added in new medium
without phenol red. After incubation for 18 h at 37 °C, the cells were
assayed using an MTS reduction assay kit (Promega). Another plate
also treated as described above was stained for 1 min with trypan blue,
and stained cells were counted as dead cells.

RESULTS

Unsaturated Fatty Acids Promote Self-assembly of SODI1s—
We expressed and homogeneously purified recombinant human
SOD1s from the bacterial expression system (Fig. 1A). The
purified wild-type and G93A enzymes showed comparable spe-
cific activity; however, A4V mutant showed ~56% activity com-
pared with that of wild-type enzyme (Fig. 1B). The zinc ion
content of the purified enzymes showed almost full occupancy;
however, copper ion content of A4V was 54.5% of the wild-type
level (Fig. 1C). Specific activity was correlated with copper ion
occupancy of purified enzyme, indicating proper metal loading
in the active site.

We next examined the effect of long-chain FAs on oligomer-
ization of SOD1 proteins. Wild-type and mutant (A4V and
G93A) SOD1 were incubated with various concentrations of
arachidonic acid (AA) as described under “Experimental Pro-
cedures.” After incubation, oligomerized SOD1 was subjected to
SDS-PAGE and then detected by Western blotting. Under re-
ducing conditions, mainly bands of ~16 and 38 kDa, corre-
sponding to monomer and dimmer sizes of SOD1, respectively,
were detected (Fig. 24). In contrast, under non-reducing con-
ditions, smeared patterns of >50 kDa in size were supposed to
be SOD1 oligomers (Fig. 2A4). These observations suggest that
disulfide bonds maintained SOD1 oligomers. Thus, non-reduc-
ing SDS-PAGE was thought to be an efficient method to detect
SOD1 oligomers and aggregates. Among the holo-enzymes,
wild-type and G93A were not oligomerized; instead, they seg-
regated as monomer and dimer size bands (Fig. 2B, top panel).
After incubation with >100 um AA, holo-A4V showed a faint
smear pattern that was seen from 50 kDa to near the stacking
gel range beside monomer- and dimer-size bands (Fig. 2B, top
panel). In contrast, all metal-deficient enzymes, regardless of
mutations, were oligomerized in the presence of >30 um AA



Oligomerization of SODI Mutanis by Fatty Acids

21517

L 204
T © {"JCu
I g B Zn
T 154
2
3
—T— = 1.04
2
=
o
2 0.5+
]
5
=
T T T 0-0 U U
Wt G93A A4V \ Wt GO3A Adv

Fie. 1. Characterization of purified recombinant SOD1s. A, purified SOD1s were separated using SDS-PAGE and stained with Coomassie
Brilliant Blue. B, dismutase activity of the purified SOD1s was assayed by the xanthine/xanthine oxidase-based method. One unit of the activity
is defined as the amount of enzyme needed to exhibit 50% of dismutation of the superoxide radicals. C, metal content of the purified SOD1s was

measured using 4-pyridylazoresorcinol assay in 6 M guanidine-HCL
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F16. 2. Arachidonic acid promotes SOD1 oligomerization. A, FA-inducing oligomers of SOD1 were separated using SDS-PAGE with or
without -mercaptoethanol. B, apo-enzymes of SOD1 mutants (2.5 uM) were incubated at 37 °C in the presence of 100 uM AA. At each time point,
aliquots were placed on ice to stop the reaction. C, purified holo- or apo-SOD1 proteins (2.5 u) were incubated at 37 °C for 90 min in the presence
of the indicated AA concentration. Incubated proteins were mixed directly with SDS-PAGE treatment buffer without reducing agents and boiled.
SDS-PAGE was performed under non-reducing conditions. Proteins were detected by Western blotting as described under “Experimental

Procedures.” Arrows indicate the position of stacking gels.

(Fig. 2B, bottom panel). Apo-enzymes demonstrated higher oli-
gomerization propensity than holo-enzymes depending on AA
concentration (Fig. 2B). Thus, AA efficiently promoted oli-
gomerization of SOD1s.

Next, we performed a time-course analysis of SOD1 oli-
gomerization in the presence of AA. Metal-deficient G93A and
A4V were oligomerized in a time-dependent manner (Fig. 2C).
Maximum oligomerization was reached within 60 min of incu-
bation in the presence of AA (Fig. 20).

We then examined the effect that various FAs, including
stearic acid, oleic acid, linoleic acid, and AA, have on SOD1
oligomerization. Unsaturated FAs, including oleic acid, linoleic
acid, and AA, promoted SOD1 oligomerization (Fig. 3). How-
ever, saturated FAs and stearic acid had little effect on SOD1
oligomerization (Fig. 3). SOD1 oligomerization induced by FAs
required at least monounsaturated FAs. This result may reflect
the difference of solubility between unsaturated and saturated
FAs in the buffer.

We verified the formation of SOD1 oligomers using a 10—
40% glycerol density gradient centrifugation because presum-
able artifacts after detection of SOD1 oligomers using non-
reducing SDS-PAGE may have remained. After fractionation,
we could not observe high molecular mass SOD1 oligomers

G383A

Fic. 3. Unsaturated fatty acids affect oligomerization of SOD1.
Apo-enzymes of SOD1 mutants were incubated at 37 °C for 90 min in
the presence of FAs at concentrations of 100 um: 18:0, stearic acid; 18:1,
oleic acid; 18:2, linoleic acid; and 20:4, arachidonic acid. Arrows indicate
the position of stacking gels.

from the incubated sample in the absence of AA; fractions were
<67 kDa and potentially represented monomer and dimer
states (Fig. 44, top panel). In contrast, we detected high mo-
lecular mass oligomers in fractions of >440 kDa from the
incubated sample in the presence of AA (Fig. 44, bottom panel).
Under these conditions, SOD1 with molecular mass of <67 kDa
was dramatically decreased compared with the sample incu-
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