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Adrenoleukodystrophy (ALD) is an inherited disorder characterized by progressive demyelination of the central
nervous system and adrenal dysfunction. The biochemical characterization is based on the accumulation of pathgno-
monic amounts of saturated very long-chain fatty acid (VLCFA; C>>22) in all tissues, including the brain white matter,
adrenal glands, and skin fibroblasts, of the patients. The accumulation of VLCFA in ALD is linked to a mutation in the
ALD (ABCDI) gene, an ABC subfamily D member. The ALD gene product, so-called ALDP (ABCD1), is thought to
be involved in the transport of VLCFA or VLCFA-CoA into the peroxisomes. ALDP is a half-sized peroxisomal ABC
protein and it has 745 amino acids in humans. ALDP is thought to be synthesized on free polysomes, posttranslationally
transported to peroxisomes, and inserted into the membranes. During this process, ALDP interacts with Pex19p, a
chaperone-like protein for intracellular trafficking of peroxisomal membrane protein (PMP), the complex targets Pex3p
on the peroxisomal membranes, and ALDP is inserted into the membranes. After integration into the membranes,
ALDP is thought to form mainly homodimers. Here, we chose nine arbitrary mutations of human ALDP with naturally
occurring missense mutations and examined the intracellular behavior of their ALDPs. We found that mutant ALDP
(S606L, R617H, and H667D) was degraded together with wild-type ALDP by proteasomes. These results suggest that
the complex of mutant and wild-type ALDP is recognized as misfolded proteins and degraded by the protein quality con-
trol system associated with proteasomes. Further, we found fragmentation of mutant ALDP (R104C) on peroxisomes
and it was not inhibited by proteasomes inhibitors, suggesting that an additional protease (s) is also involved in the qual-
ity control of mutant ALDP. In addition, mutation of ALDP (Y174C) suggests that a loop between transmembrane
domains 2 and 3 is important for the targeting of ALDP to peroxisomes.
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> — A ABC ¥ > )\ 77 & 70 kDa peroxisomal
membrane protein (PMP70) & AH[E 1 @ & W,
ABCH >N BEZI—RLTWE. S HSICK
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Fig. 1. A Putative Secondary Structure of ALDP and the Lo-
cation of Naturally Occurring Missense Mutations

Six transmembrane domains (TMDs) are located in the NH,-terminal
half of the protein, and Walker A, B and ABC signature sequence (C se-
quence) are located in COOH-terminal half of the protein. The nine amino
acids substitutions in the X-ALD patient are indicated. Mutation of R104C
and G116R is located in loop 1 between TMDI and 2. Y174 is in loop 2 be-
tween TMD?2 and 3. S342P and Q544R are located in TMD6 and helical
region between Walker A and B, respectively. S606P and S606L are in ABC
signature motif. R617H and H667D are located in Walker B region and in
COOH-terminal region, respectively.
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Fig. 2. Targeting and Insertion of PMP into Peroxisomal
Membrane

Peroxisomal membrane proteins (PMP) including ALDP and PMP70
are though to be synthesized on free polysomes and posttranslationally trans-
ported to peroxisomes, and inserted into the membranes. During this
process, PMP interacts with Pex19p, a chaperone-like protein for intracellu-
lar trafficking of PMP and the complex is targeted to Pex3p on the perox-
isomal membranes and then PMP seems to be inserted into the membranes
through contact with a putative receptor protein. After integration into the
membranes, ALDP is thought to form mainly homodimer.
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RIS NDDNIEAHTH 5.

4. IRECREEEFD ALDP OiRAENRE
—AMRR(C L D8N
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B D B R ALTE P S IE 7 SR 2R i & He X TH 50
—T0%FEERAD L TS, & TEAR KU LA
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RINFL., —F, IEEOI AL AL H ALDP
Z FEBL U 7 AR HMESE M i T R SE R I B e (L TE
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7z,
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7z ALD B F M LF ez Bl L, A H A ALDP
D ¥ & % immunoblotting 12 X 0 & &k LT L
7= (Table 1). 723 ALDP ORH&IX, )L+ F
V= LADIEEBRETH D NY T OHRBHETH
IEL7. ZOfEE, Z2%A ALDP (R104C, G116R,
Y174C, S342P, Q544R, S606P) |3, BRI L IFIFE
FEEORBEEEZ R LEZ., —F, ZARA ALDP
(S606L, R617H, H667D) TIIFEH &N EF AT DT
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Table 1. Expression and Localization of Missense ALDPs

Transient Stable
Mutant
Expression Localization S-Oxidation Expression Localization
Wild H Px + H Px
R104C, G116R
S342P, Q544R + Px - + Px
S606P
Y174C + mis - + mis
S606L + Px - - -
R617H + - - na na
H667D + — — - —

Wild and Mutant His-ALDPs or ALDP-GFPs were transiently expressed in X-ALD fibroblasts and stably expressed in CHO
cells, respectively. Wild type and each mutant ALDP were analyzed by immunoblotting and the amount of mutant ALDP was
quantified by LAS 1000 plus (Fuji Film). The data were expressed as relative ratio of mutant ALDP to that of wild ALDP (4 >
+ > +> —). Distribution of mutant ALDPs was detected by immunofluorescence using anti-ALDP monoclonal antibody and
Fluorolink Cy3 labeled anti-mouse IgG. VLCFA B-oxidation was analyzed using [1-14C] lignoceric acid as substrate. X-ALD
fibroblasts expressing wild His-ALDP (+) showed the restoration of the $-oxidation activity but did not show any restorations
when expressing mutant His-ALDPs (—). Px : peroxisomal localization, mis : mislocalization, (—) : not detectable, na : not

analyzed.

BEEIRTRS0OBRBERADL Tz b, &
ALDP R T« 7 OMAIIR 0% EETHD, &
HlafE T ORBMNRITHBRETRD SNLEN -5
2. TOZEMNS, ALDP OFEBENHADL TH
723 DD ALDP [ZMileN TOREENEK T L
TWa EHRINZ, E2EBEREN Z &1T S606P
& S606L XM UMM OERICH RO ST, #EHflL
27 2 BRICK > TREREICIIENED 5Nz,
DINT, ZEM His-ALDP Ol N R 1E % Ot
PUAECHERE L 7=. £ 5% ALDP (R104C, G116R,
S342P, Q544R, S606P, S606L) Tix ALDP 3%
TJ—YORIEE B LI ENS, EFIINILAF
Y= ANFELTWS Z ERMRI N —7,
2558 ALDP (Y174C, H667D) TI3REMN—H
§, ALDP A3t Ol el N/ gR B A& S Tl S
NTwasEEZS5NE. AT ALDP (R617H)
TIX ALDP ORBBENED o Niaho k. 22 RA
ALDP (R104C, G116R, S342P, Q544R, S606P) T
WSEAERMCFIIFRBEEDY DNV ENRFEHL, b
FTF Y —LNDOFREDHASNIZDT, ZhHD
AEA ALDP I35 R I N/ZDBIZEFEIINILAF
V= AITEIIN DD, NIVAF U —LABEIZBWN
Tz DR (ATP f5G - Ikt L <I3HEHim
£ ICREZFD I ENHERI N, KFIT R104C,
G116R, S342P |3 TMD IZfF#£9 5 Z & /M5 ALDP
DOIERERENEL L TWB EEZEND. —,
NBD IZ/(F T % Q544R, S606P 13 ATP #54& + Kk
DRI EEBEZTWSHRENEZ NS, £

S606P, S606L (325 5 /3 [E] UH AL T b MG IT L E
A 725 TW/z. Roerig 5 13 S606L D Z5 F#
ALDP %, ATP L OFMEMEFL TW5E—HT
ATP K RIIIEFITITHON TWS & L T
5.9 ZMOIZ &iZ ALDP & ATP O# %5 ALDP
DREMICHEEZ LT L TS AFEEZRL TY
%. S606L & S606P M7 iE 1 D i W\ & HEHE D B %
|3 ALDP O#fEZ A2 ETHHKRENWSETH O,
SHISITMHAEITORLENDH D, —F, YI74C
DZEFEM ALDP IZIEH ICHBE T2 HBRD 5T,
RIVFF 2 — LNRIEE T MOMEAN/NEE NS
A —=ry T4 Lk ZRETIRIVAFT
V= LNDHET T FIVE R RV AF 2 — A
s N7 81E, IERFRMIZI ha > R Y /M a
KIZHEITT DI ENMSNTNDS 3030 L5 T,
ALDP ® TMD2—3 O D )L — 7%, )+ F
V= LNDFEICEE %R 2R - L TS afhE
PEMHEER I N 5. Pex19p FEEAL T D in vitro 7 >
N7 ERIIRRICBWT, ALDP (Y174C) 1Z Pex-
19p ICHEBTE 5D T, ALDP @ N Kt 67—164
WHEETZRIVAF 2V —LBTIHRD % EE N
ALDP Ol 5 DOEEEITK>TIY AV ENS
DInd LN,

5. IZEREEEZRFHD ALDP Ofifa AENRE
—REBFRFMIAZE AR
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168

Vol. 127 (2007)

ALDP [ZDWTIZ ALDP @ C K ¥##iZ GFP (green
fluorescent protein) %G X /=L ALDP-GFP
ERIIESEEBIC, BAERE N ALDP 2 CHO
Mific kg H T~ (CHO Mgz ®d NIEMSE D
ALDP I EH L TS, REBRICHWEHUEN
RELRWEZD, b~ ALDP 2% X&/). GFP
LAY IS EIRNEED Y >IN 8 EDRPINE
HTHBHT L, WEFRBMBEOBMGENEZITTES
ZEREDHEND D, ZOEBRTIE, IIVAFT
V= LITIER I S NS A A ALDP (R104C,
G116R, S606P), ~X)LAF ) —LITRIELIBRWE
FA ALDP (Y174C), FEBEMNMETL TWAHZ R
I ALDP (H667D) Z;EAZ. T 5REEFEFE
B 31 5 ALDP-GFP Ol S 2 A& %
&, FOHAMIE—#@EFE S ¥/ His-ALDP & [F
HThor-.
BONZRERBMIE O AV 35 55 # % 7
B, P alEEAREOCBECROET I
3 I 7=dD5, SDS-PAGE J% X immunoblot-
ting IC L DA ALDP O RFEIZDWTHENTZ1To
7= (Fig.3). RVFFV—Lv—H—LL TR
WAF T — LY NI ETH S PMPT0 & X)L
FTFIV—LDEERIRNI I AZT NI ETH
LN T —FEMAWE. B4R ALDP % %€ #E
FRELTWAHIIICBWT, hy 5 —ViEEEOIC
PMPIONEELTTI IV a3 kU 4ITHFEET
52&EL0D, ZOHEIZRIIVFFTY —ADEILS
Nz ENRBI N, £728 110kDa O 53 14

R104C

1 X % ¥ D ALDP-GFP ilfi (X iZ 83 kDa O %y 4 7
ALDP (%, NV AFV—LAX—h—LFFTFAT
SERL TWEZ ENSRIVAF Y —LITHIE
LTWBZENRBEINE., £ZERA ALDP-
GFP (G116R, S606P) ®[RIED iz R L 7.
—7%, 2887 ALDP-GFP (H667D) 7% %7 @
FHL TWAHMDE A1, ALDP-GFP O\ R
R Enano (Fig. 3). EHBEENWZ &2,
PMP70 i3t S Nz ny, HREB SIS BER
ALDP ON > RbiiInmmno/z. A RA
ALDP (S606L) IZDOWTHREETH>=. INH
D s R, ZHEM ALDP (H667D, S606L) 1%
PMP70 & Tid7a<, 4% ALDP E#E &K E B
L, MENDRINSA[EHEZRELTNVS,
ABC % N7 E DIEHEHRBIICEHETH 5 TMD %
NBD LIS D C KB TOERMNY 2N E D%
EMEICHEERZMITT 2 EIFEKRZEN,. ALDP © C
K RAL T d % 600—700 7 2 /B TOEEN X-
ALD 5[ SR ITHENEWI &5, ALDP O
C RIGEALIZ S >IN0 G D& M BB s e 2 0
S TWBHuEEMNH 5. Liu 513 ALDP O % 1
X —(biZiE C KunihL (AA.631—745) MEET
HDEHEL TS, 13 H667D % S606L D &L 5 72
BRIZ, ThEHEHSWIH4ER ALDP &I 27
=V RUIEFA =&ML, REYNNIHEE
LTE#EINRIND EEZ NS, —FH, AR
1 ALDP-GFP (R104C) 13XR)VFF Y — LG H
WERENZDHDD, 7537 A MELTWBHZ &

<« ALDP-GFP
D « aLoe
[ - < pPMP70
1 5 10

Fraction number

Fig. 3. Subcellular Localization of Wild Type and Mutant ALDP-GFP in CHO

ML fraction (mitochondria and light mitochondrial fraction) from CHO cells expressing wild type ALDP and each mutant ALDP-GFP (R104C, G116R,
H667D) were fractionated by equilibrium density centrifugation on sucrose. Distribution of peroxisomes was determined by catalase activity. An aliquot of each
fraction from top (1) to the bottom (10) of the sucrose gradient was removed for immunoblotting analysis. Anti-human ALDP monoclonal antibody and anti-
PMP70 polyclonal antibody against C-terminal 14 amino acids were used for immunoblotting. Dots in the electrophoretogram in R104C shows the band cor-

responding to ALDP-GFP fragments.
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MHS Mo/, IN6D 757 A2 ME, 0.1
M sodium carbonate YL IZ k> THiH I AW &
KO, NNFFTYV—LRIHFASNZEETHS
ZENMREENTz. AR ALDP (Y174C) D
&, NFFY — LG EIZEIE /72 ALDP-
GFP 3V ETHo .

6. ZTEAE ALDP O 5 RBIEDRIT

HEY N ENELWT +—)VT 1 27 %2
HZ 8, 2O NI EDIEEISEREAEB DD
WCHETH D, BRTERBRENFIETDE, 72
INIBEMIAT+—=NT 1T 3INb. ZDIXT
A=)V RE X7 ISR~ Sz 0, Mian
WERBLEZDTSEAKRICE S THD THEICRS
D, ZOXSRY NN TaTTY =4, UV
V—LFIZE o TREIIHMENS. BIaAI, 3
flel M A e E DR R & > /N 7 & CFTR i i1
CFXRIVELTHERET S ABCH VNIV ETH B
Y, AR CFTRIZ/MIEENS 70577 Y — LI
Ul —hr3INgMINdZENWEINTN
5.2 Lalhans, BHER ALDP 20 & L
T, RIFFI—LIESY N7 EIZDNT DR
BiEEAEfTDR TN,

ZRHLR ALDP O — i PE 5B & %2 7 it ) 8 B 52 5k
£, ALDP(S606L, R617H, H667D, R104C) 3,
TO77 —PIZKOpRINTNWD EHEEIN.
% Z T, ALDP-GFP (H667D) ZHH L TwWw3
CHO fifldic& 7y 057 —YHEAZLEL, @
WiZEfTok. TO/ME, 7a77yY—LAHEFTH
% lactacystin Z LB U 7= fillid Tld ALDP-GFP KT}
ALDP O /N> RSB U 7z (Fig. 4). — 7%,
leupeptin, AEBSF, E64d IZ13# N /aho 7z, £
et T 0T 7Y — LAEEFEAITH 5 MG132 HER)
Tholz. IviIc7ar7 YV —LHEFNTKD i
Wk =2 1A ALDP-GFP (H667D) Ol ;N &)
EERHPURIETEE TS L, VA FT V-4
RELTWS ZENMERI N, —FH, BRAY
ALDP (R104C) ® 7 57 A > MEZ kg 7o7 7 —
TUETIIHES NN D 7=,

X 51T ALD B H Rl o N IKPE 28 % ALDP
DR ETOT T — LG RFR DB 5T DWW THER
T B8, ZAEM ALDP (R617H) #FDOHEEFH
SARMESERINE 2 F N T H 2N T Sr R D ML EF R %7
ST, FTDOFEER, lactacystin & MG132 YLEEIZ XD,

kDa
100 — +<—ALDP-GFP
75— / «ALDP

70 *ﬁ 2. PMP70

Fig. 4. Effect of Protease Inhibitors on the Stability of
ALDP-GFP (H667D) and Wild Type ALDP in CHO Cells
CHO cells co-expressing wild type ALDP and ALDP-GFP (H667D)
were cultured with each protease inhibitors. After 20 h, the cell homogenates
(100 ug of protein) were prepared and subjected to immunoblotting. Pro-
tease inhibitors used were leuteptin (50 um), AEBSF (300 um), E64-d (10
um) and lactacystin (10 um) .

ALDP O\ ROHBI U2, LEO#REKD, X
WFAF IV —LBEEIZIZI AT+ —IVRLESY N
DB TR T DEMANEEL, TOTTY — LK
O 70577 —E 2N LU THRL TNWD Z &R
XNz

—7, IWHSIX ALD EBFHRMEFM 2 [PS] A F
FZOTNNAF A RTHI LTk, BRA
ALDP (G512S, R660W) D /3 fi# 7/ E-64 & leupepu-
tin ICLOMHINDZEEZHREL TND. WS
DOEBETIITOT 7Y —LAHEANDONWTIZERL
TWRWDT, 7077V —LDEGIIAHTH S
M, EHRM ALDP O3 fRI21E, #EOT70T T —
TG L TWDIRENEN S 5.

7. &HYIC

ALD X, R)VFF — A EIZHFEET 5 ABC
HUNNTED1DTH D ALDP DHEREAR 2T K
T HHEBT, PRI BT 2 T & BB AR
4, B MR BT 2 MR SHNE Nk O FRE 2 Rt
9%, ALDP I3EBERIAR Y Y — A THEAKR I N,
Pex19p &fEA L, RNV AF oV —LNERTI
L, ¥4 —%&kL THEIEL TWdEE25NT
W3 (Fig. 2). AWFFETIZ ALD HRETHDOMS T
W3I At AZLHE ALDP O R DAL E &N
AL EME e OFEAERR T £ D &K S 7 B A
HEMEMRTT B0, ALD BETHESI N TW
IRt AZLEE, ALDP #/RiEL T3 ALD
BB F S I S O CHO ML 5630 L gt 247 -
7z,
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TORRID, I 2L ALHE ALDP I3 I
R XD IC4FBHEOMNENEZFFD Z EAVRE N
7z (Fig. 5). 1) BAEMEEKICIIAF Y —L4
WRIET 20T OHENHEINTVSLIER
(R104C, G116R, S342P, Q544R, S606P), 2) X)L
FF YV = LANDRIEGICEEN B SHEH (Y1740),
3) BRIZKOY NIV EOREEMETLTOT
T —LNTONREZT DN, —i It F v —
MZRET HZEH (S606L), 4) ZRITEI D& N
DEOREEIMETRL 7O 7Y — A TR
Rz, MIANTIEEAEHBBETERNER
(R617H, H667D) @ 4 FEIED/INY — > Th %.

FHESRELDEFEBRERTIE, ABC% 2N
DB ELTOMKREICEEREEGEL TWDHEEER A1 >
DEENE > TWDd EHRIND., ZOHT
G116R, S342P [Z TMD IZf &L TH D, HHDOR
R EIEICEEND H SR IND. o Q544R,
S606P 13 ATP & D& « MK MRITE 5T %
NBD IZfiEL T3, ZDOXD7ZERIZ, ALDP
D ABCH >N EEL TOBREZMRITT 572012
AEEALNS.

REBIEFENBELMICEENZRD SN
Y174C 1%, TMD2 & 3 ORDIL—7 2 IZHLEL T
BUO, ZOMEEN ALDP ORI AF Y —LAND

=y T4 TR BETHDHIEEZRLTNDS,
ALDP O —7% v 7 7\ E IR fHIFIL 67—164
FHOY X JBRICHFEET S I ENHEINTW
5.0 2D ENG, YI74C DRI X DG
DD, Z—=T T4 2T TFIVNIAT INT
WaonH LNk, Z0Y 17D EIT ALDP
DRNVFF ) —LNDRIELZEFHND FTEELE
EzoNnb.

ALDP OARTHRHENVWI A ALRTIZZ
D2 < MMFLN THfE%E 21T TWa, R61TH KU
H667D T3 HEBEDEL WK TFTHNED NS, K
ICEEFKI L 7~ CHO Tl immunoblot THH T
’hole. AT 4=V RY NIV EDH RS AT
LD 12270577 =LA K D0 ERNH D,
DL N7 B R, W OB & T3 R EEEE O il
PBREZ M RSB L ZEEEOHRF (AN
g, N EOREERIRE) ICHhARERE %
foio>TWa, UL, Mikz&ZHEL TAKkIND
DWE INTERESY N BITHART, NNk E
TR U 7R WIS > /X 7 8 O VB B A 3 o &
DHESTNTW AW, ALDP IZEBEDORY ) — A
MHEHERIAF Y —AIEIND, O
FTED L DIT R617TH, H667D 75 & D2 A M3 3034
SN, TOTT7 YV —LRDMEN TN SN EBRE N,

wild ALDP

R104C Q544R
G116R S606P
S342P N

mutant ALDP dysfunction
Pex19p ?g:' \
04 e, )
o v Peroxisome
* o®
.’.' ‘ ‘.‘..o
_ L degradation
mislocalization
Proteasome

Fig. 5. Intracellular Fate of Missense ALDPs

ALDP is synthesized on free polysomes and posttranslationally transported to peroxisomes with the help of Pex19p and Pex3p. Some mutant ALDPs (R104C,
G116R, S342P, Q544R and S606P) are normally inserted into the peroxisomal membrane, and others were mislocalized (Y174C) or degraded by proteasome
(S606L, R617H and H667D) .



No. 1

171

TOTFTT7Y =LK nRERNE —H DL R
ALDP 3 XN AF YV —ALIZRHIET 2 algEHENH
5 EMRBINZ. H L ALDP O 2 BN A5 HE
AE R A1 > (NBDs%%) LSNOEALTH 256, R
ERLRENZRET D ZEICE > TY NI E D
REBEIE T 2 [REMENH D0 d Ly, B
HESEDJRIK Y > )X 78 CFTR OZEFAK (A4508) 1
TO7 7 — L RERTHESNIREI NS, &l
4~-7 =)V 7F L —F (4PBA) NAEH CFIR 2%
ELL, TOREZEIET S EWmE I Nk
ZDENFRIT 4PBA INEFRE CFTR O 2 1)L v
RO ELTHEHE, A% CFTR % /)MuikBdE 5 fig
Mo Ri#EL, CFTR Ok z#Bhd 5 Z &Ik
%, AR ALDPIZBWTH, BROMEICEST
v ROEROHREZ R DX Z R 2 &NT
ZHUL ALD JBEICE A Lz,

AWFEM S I A& > A28 ALDP O ABC ¥ >
INVBEELTOBEAZDHAIRET, IAY—7
T TR TAT T —LEN LI ED ALD O
EREEEL TWAS ZEAURBEINZ. 5%, &%
1 7 DR ALDP %l It L, ABC ¥ > /%
B &L TOBAER A > O, RECEERME DR
B, S 5ICAHE ALDP O fEEHEBICOVWTO
iRt 2 B U 72 W,

BE O OAMEICEL, b MEMEFME LD
ALD (35 HRAHEF I 2 5 W 72 2 i B R
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BRI N2 L XY
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