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2E

EERY O F X L — LA EREBICAbYE T, FOBEENT
TS A LA R LT b, RS ORFEB BV T, <
Wt F 20— LINAT B IENIER f LR & 700 & % D VRIS OREBEE & 11
W, FEIZEZOSNEFEE 2~ BB 5720100 IS 5,
FLT, SHICERFEALEGRTY, LT 5 LIEENH - Th /BRI
WA L, Bbo TEMRIZES T ABFEEARLV A F 0V — LANIZER LA

BLHDH, COLI BRNA XLy — L ORIR R IR I, #IR%RO
NUAFTY =LY NN TEREY AN F T LN EEERINRL D LN
BWTHDH, FITERMERLTIE, NFXF V=05 30 Bk s+
AHZALEVIRED L, NNV FF Y — LOEERMHI OV THERET 5
SRR R D 7,

WIETIE, RVFF V=LY 237 HOD AtPex14p % KH L 72854,
N AFL YLD PTS AT 7 237 Bk AT L. #0700t 2
V- LR ol ped2 BREERSDDELT, YR Y2 AF I8y
TSR ORB 21T 5 720 AtPexldp LAHZRN A F LV —2~D % 230
kil b ANFE LT, PTSI LTy =& PTS2 L7y — & LTHREET
AT HEPEATRIE 2TV 2 APexSp & AtPexTp @ cDNA B4 04 XF X+ C
BESATEY, ThodbFOTHRRERREE L 720

NR)FF =LY Ny HEEFERRIIBT ARG S T A



. AtPex14p, AtPexSp. AtPex7p. PTS1 #i & L /37 8 PTS2 Bi% /37 G
ORI DWW TN 2T o728 25, LT OISR, (1) APexldp
I3 APex5p L BT HHY, APexTp BL U PTS1I Bi % 37, PTS2 Hi % > /%
7 EAIHEBER A L2V (2) AtPexSp 13 PTSI Bl Y U X0 B AT S, (3)
AtPex7p i PTS2 B % L X0 E L 4G T B, (4) APexSp |d APexTp LG 5,
(5) FNFROFEEFBIIEVIZERE L T, LLEOFNR L, FliZ
HElEa NS PTSI By 237 BB XU PTS2 Wy 237 BN E A A e $
% AtPexSp-APexTp L 7% —#AHII L o T S N7 5IT. APexSp o 4
LTARLAF 7 — AR ED APexldp 24iH L. BRGNS ESA T
WThEEZLNE, 25IZ, APexTp A* APex5p ¥ 1L T ArPex14p LG T
LI LG, YO RXRFAFIIBWT PTS2 B % 237 EOW%ED APexSp 12
KA TH Y, I LREBTHL Z LPREN/,

T/, DUARFATOMALREZEIIBITL, TH 3 DOEXNETOR
WhAL 770y MZEXOBTL7EZ A, APex1dp & APexSp 23 & A ED
WETHRHEINAZDIZH LT, PTS2 LE T ¥ =D APexTp IR ONLET
DA SNz, ZOFEIE, PTS2 B & 232 EOB LR i E H etk
FoTWwadIEaMLTEY, THLDEHESMP <N F 2 v — L O
TALE XA THhDLA RN EZRERL Ty D,

FTW2ETIE, NI ITAZ N LR LB THXINTVWAE I &
AR IN TV LRV G F v - AFEEMI S 27 HEORAILEREIZ DT
T 247272, ZOBITIIEA A F 2 — LIZEAT 5 31 kDa JRE MR 5 >

WO HTHLTAINEEERLAFLF X (pAPX) TH W TiTo> 72,




PAPX DMMARAL T ¥ a HEARRCEIZL VT L2 L 25, pAPX
FARAF L - AEG DR ST, ARAESICO IS, L LS
S, XA L7 MBI AR ORRY L, PR LS pAPX AL
AR S 2R TE SN, TRUADM L PORFRIREST L 2 &
Db oz, pAPX AED X REMLEW IR L Ty 4 2 & R E TR
BIEZ L DM L7 A pAPX BRIV F LV — ABIZIRAET A L EBIC,
KA OBHEEY ORI SN, TORE pAPX O RAEILICKEIE DR
HEAB G T 5 L ETRBL Twh, A $3 Y —ABHMR Y ¥ /87 K
DR D L ) REER & AL THR E N TV S & v alfgtkid, ~u
FF LV — LRI BT B BRI E OBEE E T 5 FTHEERE

ARFRIZE D, WSV A E L LD N T RS IR
EE 7 ooy MR O - mSH S NIk oo, SRS ORISR
BOARL LT, INFTAWPTH 72N AF LV —L V)T NIRRT DOHE
R B A xSRI L THIEMEE5 256D EFEZ T

o




Fﬁf’;l{ﬁ ...................

=i

i

FBIEE XU AFII—L7 b 7AYo 87 EOWwEH

MEb L il e o e
e

B2
et

MEPE M o e

BUHISCHE -« - = v v e e e e e

%T ﬁf ...................

ol 8
e
ZEHLHH

BHHL

=

NV E S = LIRS 2 50

.................

............. 15

............. 25

............. 53

T AINE SRRV F LY —-EOFRE

...... 64

............. 73

............. 87

............. 117



3-AT
BPB
BSA
CAT
cDNA
24-D
2,4-DB
DNA
DW
EDTA
EST
GFP
HEPES
HPR
ICL
[gG
kDa
mRNA
MS
PBS

PCR

: 3-amino triazole

: bromo phenol blue

: bovine serum albumin

: catalase

: complementary DNA

: 2,4-dichlorophenoxyacetic acid

: 2,4-dichlorophenoxybutyric acid
: deoxyribonucleic acid

: distilled water

: ethylenediaminetetraacetic acid

: expressed sequence tag

: green fluorescent protein

: N-2-hydroxyethylpiperazine-N -2-ethanesulfonic acid
: hydroxypyruvate reductase

: 1socitrate lyase

: immumoglobulin G

- kilo dalton

: messenger RNA

: Murashige and Skoog medium

: phosphate buffered saline

: polymerase chain reaction




ped

Pmp

PMSF
poly(A)" RNA
PTS

PVDF

RNA

SDS
SDS-PAGE
TBS

Tris

: peroxisome defective

: peroxisome membrane protein

: phenylmethanesulfornyl fluoride

: polyadenylated RNA

: peroxisomal targeting signal

: polyvinylidene difluoride

: ribonucleic acid

: sodium dodecy! sulfate

: SDS-polyacrylamide gel electrophoresis
: tris buffered saline

: tris (hydroxymethyl) aminomethane

FOfh, MEE. T /RO E LT UEREEH W,




Fr Bl

PRI TIE, Aka 2UBHRRE AT RIEL L » TIRME S s v A A 5 (IEPY
DEFE) VI ET S MEDINET B 1T, MO LT AT BEAORES R L D0,
AR S EARBERTRKTH L, ZRHDF T F T3 LT 2 RED £ £ 4
HANIAAE L T A O TIE % (O RO A bic v Ak, 23, k2 4 Lo T
BRZINELZS S, LT, FHEMIME L 72BN S % 250t clix, B4
A L7 IR T 2 A VA A T BT A b L. F R FAUERAL U 7B 24
BhETwD, FhsRAUE. ZhEF VT 4 5 OBEES L = Z A MR O £ 84l % 1]
MEIZLTWwDEVA D, TOYFEL, BRI HE 4 B A BILR 2 M0 L T LT,
ANHAT LNV TOBFTATEETHLE I EERLTWE,

B A S S B I ET DAL T AT DD =D THB RN+ F 27— LT,
1950 #UICER S TEBRE VR, BEL L LI AT+ #EISNTEL, L
L2 b, SFEMPo At o — L WREREHIES T2 L v ) ikloth sS4, Bl
FOBRDNTIZL > TIOREVEI RSB OV A X — L2k {L3 D 2 LT,
HHENG AT AT LR D20H 5, AEHZLTIE, SO F 27— 4O
MBLUGICDA D Z X L%, RVF XD ) — L5 37 FEEBEMEO REE & w5 s

ST Z, BT 54,

BEHBON~MLA XTI I— A

FEAFRRIR O~V 2 — LB FNFROBREIC L b 2 G 3 N, AL
TR EIHEINLG ) A F 2V -4, BERGEIIANT AEBE~NAF L )~ 1
W EOHEIZALNDIFRIL L TR b 3 F 3 — LTH#I5 £ 415 (Beevers. 1979),
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BSHOREL B REIIBVT, THLEDIVFF DY — 2 FRFROMRH AL EL
PR BRI LT, U4 F 20— L3RMHETORFERIZ BT 25
RFED L) REIEGE P ELEE OMIISHFTE L T A (Nishimura et al., 1996)e 2D 7
DA XL V-G AL V) A F U VBRBOBER LA LT Y. B,
Y ARANOERBRICB TR LW RHZH> Twd, @FYORFERREIZENT
ErUF Ry — LIEM acyl-CoA BLBENFERMT LI 50, RITFROIZ L A B

TIVAXT VI~ LATHBEINT D I EHIRIE STV B (Beevers, 1982)e AFERMNIZ, #&
RN FFL Y — LIREEBEOHBIIL AL TS, CORERVFF T/ — L4

||

Fai

I ODDORRADEENEENTEY | BEANLF 27— L R,
¥ P THEIZB T ARG X o TR AR % AL $ T b (Tolbert, 1982) RLZL
EDMDBBEIEHLL Ty ZhwnwRN A &2y — L 9EFE L T 5 H3(Nishimura et al.,

1996), £ DREFEIIKRIIAHTH b,

MY~ A X ) — b ORREEIR

TI)AFL ) =L, FEANTFR V=4 FRAEL TRV F F 27— 413
RO U TEFORELMONINVA F 2V — LIl s 2 2 PN TW A
(Nishimura et al., 1996), 72 % 2 i3, ®AL-FED 7Y F F 20 — LTGHEHI L ) FHEA%x
L Tvs GBRET, BMBHEIE AN A & 2V — L~ L B1L¥ A (Nishimura et al., 1986; Titus and
Becker, 1985)e Z DMFEIZBWTA V7 L UE) 7 —+ (ICL: isocitrate lyase) %°') » THE
£ EEFE (malate synthase) D LD 27 ) A F 3V — ABRIIEFMMIIOH I, /Y 2
— VEERE{LBE % (glycolate oxidase) & F T ¥ 2 YL ¥ U EEEICHEF (HPR: hydroxypyruvate
reductase) 7% EDFREEAIF X L — ABEXEPFRIZGHE R, TROPNVTF LV —

LIZEHESNAZ LIZED, N FF SV — L SEERVEF LV — LDl



#2 = A (Hayashi et al., 1996b; Tsugeki et al., 1993), {2, %’f-z}%ﬂff—ﬁ@ﬁ’:fki}"&f\”)lﬂf F— A
ETFROEOBREIZBNT, FFUOZ7) 4 F v —La~E81Ld % (De Bellis et al., 1991;
Nishimura et al., 1993)o 2 & % 5 /87 RG24 ) @SSO~ v+ %2 v
— L OFRBERIRIS I E TIPS L D TR ST w5 & F 2 5 A (Nishimura et al., 1996),

L Lo, BIEOE A ZOMEEHIH T 456 4 4 4 = L2030 & 2T v

NN A F - LA 1950 EACRIEE, <7 ADOBFHIB O T T IEMETEC L D R s
NIZANT AT THY, BEFWNZMREDSH MM~ A 70K 1 LIER Tz, LD
WRZEIs L O a0 Ahe 63 WYy, REL, FARY. SHEMAEY L & THR s,
P BMIIHET 22 2o Twb, 72, SbFRW A5, 2o
ANH AT HO, TS 5 OB R L e LT A MEVPRAT 52 &
PGP R D, WETIEIARNFF L =L EMEND L H—fm e Do 4, M
Py A L — LI E DI R EERET & 2 WRNiRE 2 LR 00T 2R 0 SO B - B n T,
ZED HO, ¥R & LTAKT 5, 59 F T %< HO, 13% < DA KRR % e REIT 12
RREL . M4 OBRLRE (Bl 20703700, N4 %Y — 413 HO, #BE
o0 LERALRIREE 2 S B 3 2 8 A M 2 T b0 S ORI I b BB L TV b
EZZOLNTVDEDEAY 74 (CAT: catalase) ThHb, # ¥ T —FiEn+F2 -4
DEGRBER L LTHZEIZIN VSR LD, "V X2 v — aDREBLIKTTH AL
FUVLT RN AL THAELTWABETHL, LrLENS, TRETOM
Moy 7 —EId H0, 120683 % K, A% < (Huang et al., 1983), {Gif4HE D HLO, D
B S W EPPLPIIENTWE, SOOI AL DY T —BTIEHIT X A ity

D HO,DFHHREH o THBEEEZ SN TSNP —EMIZRG KT 27 ALY L

m




f~V 4 F 2 ¥ —+ (APX: ascorbate peroxidase) T 5D, FAINLCIL 4 Filio APX ¥
CXTEPTAE L ERERH A ORIBHBA T RT LD Ao Twb, 2 b APX

DY LD N DPRNAF L) — LBUIRET 5 pAPX ThhH, THETIIALFF 2
LIBRD pAPX (A K F v, 204 X+ F, MFE. Farm), R Ly sy TR
Wy, ALY T L 0 e 24Ty A (Corpas and Trelease, 1998; Ishikawa et al., 1998:

Yamaguchi et al., 1995a),

AV A AT N ATAVE & A )

NAF - ARFIIMRE CHER SN DL, LT, Bl L A F2 =4
NERE SN T LD THRET 2, (ZEAEORP AL 2V — AWMFEIFOT 3 JEER
FIDHNZI AN F F L7 = LDk S 75 b (PTSs: peroxisome targeting signals) & L T [fi
SN2 DDORHN ORI %A LTy A (Hayashi et al., 2000b), 1 213 PTSI T
D & 7 EOCANGIZEEM S 3 7 3 MBIV & L TR 4 (Hayashi et al., 1996a:
Trelease et al., 1996), FE¥IZFH T PTS1 LGS N5 T 2/ BEOHA S H2IL(C/A/S/P)-
(K/R)-(1/L/M) T % (Hayashi ct al., 1997y & | DOUR: L 7 F i, N AL 5N
K%iﬂfw%@mnna1%@0_®N1”WEMW IR SIS T I BERTTIE(R)-
(L/IQ/D-X5-(HLY T ©) PTS2 LI Tyvr 5 (Kato et al., 1996a; Kato et al., 1998), Z 415 O
Ny HIE N RIIEEASNAE o 7w e T i bRk 7 o B E LTaW S D, =
DN KIERRYZ S oo F Y37 id A F o — 2l shaBrors o o
St BARY DX EE LD, PTSI 203 PTS2 b o7t ¥ 7 — L% i3y
LA CERITML 2D F TN F 2V — L~k ik X415 (Flynn et al., 1998:

Kato et al., 1999; Lee et al., 1997),




RNV XI I — LY N EHRE TN

—HTRNFF L =LY Y3V EOHBEBREIIOWTIRIZ LALLM ISR
TVWEWVONHIRTH B, HHF, BRHEOSRLA XL V=L 5 7 BiI2BWT, iy
ISTBEDEHEY TV (mPTS) ORI AEA TV LD, RLMEOH#KATVEDIE C
boidinii ¥ Pmp47 (Pmp: peroxisome membrane protein) T % (Dyer et al., 1996), Pmp47 i&
6IEML TWAIRES X/ BT NFKImE~ M 7 AN Twb, 2O mPTS 34 %
e s HFBOBBEEEBICHRENBAMOHILT, ~VFFLv—L< M) 2 ANIZNL
—THEE L oTVD 20 TI/BIREINRTWS, BEEIZ, BT o045
(peroxin) EBFHIEN L HT-D ) HDO—E (Pex3p, Pex22p) 7° mPTS %3 LTWna &M
WS A D B (Koller et al., 1999; Wiemer et al., 1996), Pex3p, Pex22p 3 Wi — @ EHEI 0
BRs NI BETHBN, D mPTS IV AF LV —L7 )7 MWD 30~40 7 3 /B
FEDOFIRE LTRESR TS, TRHORYRTF R mPTS & L TR SN 74
BMIEHWEZERTEL T, ikl VL L LTEHEF— 7GRS O A TRV, 72
ZZ.mPTS VIV SO DR T I/ BESE L » 1o R TF O EENH S Z L mPTS
PREMHEBTERC AV A F V-7 )V ARIHE L - L TWwb, Lo T,

mPTS S8AY 7L e L THBES 545, BOKTEO R WIE AN & 0 flie S 1 5 #%

1L

FIEBEIREILOTELOPEZEZLRTEY, THREBIRBIIARLF FL 0 — La~E
BEINDEVH)ETIVELFEL RV, $/2. CROLOBEE@AEY Y87 BiZidw by o
AZ T EDE )% PTSL, PTS2 SRB /2650 bhs, [EEER Y » 32 B L~ b
V2R g BRI R ARG 5 S E A E R SRT VB, ., Nt E
YD BO | D Pexl9p BHIESRTVBIEEALDNLAFL V- LY v 87 FS
AT S B & il SN 7z(Sacksteder et al., 2000), S OMEIZL O Pex19p TL o+ F

VI LRE NP E DRI L EEZ LN, FORY X FMD Pex19p &




DFEEWIUIBEIZHE STz mPTS &3 % 33K Tdh - 72(Snyder et al., 2000), %
ommxPqu@ﬁyyhﬁ%«@%%ﬁ%%ﬂ%bé%@&@#@%ﬁxmf&b\

TROBIPRIZNTHD,

AVAFL V= AHREATF - RN F Y
1990 FfC H4aE - 2B F ALL L L72RIEENBT 2L, AVt F o v — LD

BAEFF D SN FHOFEFFINICED SN TS, BRI AMILRE L F1 Y

ZDHRF LTV %o Saccharomyces cerevisiae 7o & ONFIIREEALIERERE, 4 L 4 2
AE—ORFFE LTHEBFELELE, AT EL 7 —LDRE SR, FOBALFTETH
A PEREEE p BRI B A BERAFEE XN D, Pichia pastoris. Candida boidinii 75 & ) A
57— WEALMEER T, A9 ) — N EHR—OREFRL L TEF XYL E, TLa—- VR
EEEERH Y T—Ch LR A F L Vv —2FMIZHEEIN, R4 FL Y — L350
MIZEHOLBEORGI 8% 2 BT TRELEET L, A5/ —VEILHENTS
4 Pichia pastoris, Candida boidinii DNV G ¥ 2 V) —LIZT DX ) A8/ — VR ART
TiER <, BB s IR TH o T B, T LA YL &g % el L
LTHEEFTEI LN TE S, 2510 Candida boidinii (3, D-7 5 =2 b RFEHE L TER
TE,D-7TI/EBEEIEBEZTL OV F L ) —L5FE84 L, TOLHI 2~ FH Y
— L AEFF D T EATE R WEERFZEIRNASEARIL, Pichia pastoris Tld 2 DO RIFEREIC,
Candida boidinii T\E 3 DDA F T ) — LB ERFEIAEEFETE 2 WVEREO T 545
CHERNA, AT F L LEFHNL. AORBRE LTS T D RO R RO %
BIZEFTEHE V) 28 ) — VEIHBEOEFIE L, AT REEZ IR L T
AX LV — AR RKEHERKOIED OO A7 -2 v T EEEH LI L L o7,

— . MABEHNRE Lt F o LEREETFOWEIZ. e LA x



—LADOERETIEPEE 2 BITHETIARI T LA RIRELTEY, ESWLSE LT
o CHAEZRIZHEA TS, B MV F FT Y — A0OEHENIBIC L 2 28T 4 DOE
DAEIRIZ T F S . ENEN Zeliweger FEfERE (ZS: Zellweger syndrome) . 34 Ui #1515
H A b B 7 14— (NALD: neonatal adrenoleukodystrophy) . $LUE%I Refsum %5 (IRD: infantile
Refsum disease) . HEIREKE A 4AE 115 (RCDP: rhizomelic chondrodysplasia punctata)
EHHEIN TS, THOOBEMIE. FHEZNEIC ZS, NALD, IRD & 75 o> Twab A5, W
THOBMEEE S 2EH L WRISEORE . THEOK F, ES L T O,
B2 EofmFl etk e R L, R E L THRINIICE S, ZS, NALD, IRD OIS
BUAHERGHRIET7 1 ¥ Y REBRMEESEREL, T—F LY VEEO 175X
VU= T Y DHREGHEIAT DL Lo TwD, TREDBE TGS AHIEFN L THITHEC
HY.10FETTHESOPBLIMREMIZD T, E SHTvAh, RCDP (L PTS2 By /87
DEHEDAPHE SHIAEREIZMATHY . #0728 ZS, NALD, IRD & 9 1 bk
MBEVCEER TS D705, SEFEBE, TEEMH. AR, BmEIRIL. flbiss SRS,
RCDP DEZEBDEMIIEIKED 7 1 ¥ YEEPERL 7T A0 -4 2 4L LT 575,
HEBIEERIAE R TH D 2 L hH P H - T 5 (Subramani, 1998),

DED &9 B EHE WSRO G F 2y — AR IER S22 ko
AT O R FF 2 — ARIHERR IS 2 TR E S Rrc, BERE Saccharomyces
cerevisiae L Pichia pastoris 7 & 1$ PAS s#{%+(Erdmann and Kunau, 1992; Gould et al., 1992;
Kunau et al., 1993), Candida boidinii 7 % (& PMP #{Z-(Sakai et al., 1995), Yerrowia lipolytica
751X PAY HRT-(Nuttley et al., 1993), Hansenula polymorpha 7* & 13 PER i&{%T-(Veenhuis et
al., 1992)7°[f] 5 S 41, WiFLEL Homo sapiens & Mus musculus 7 5 |3 PAF & {2 T~(Tsukamoto et
al., 1994; Tsukamoto et al., 199025 S N7z, DL ) IZHi% AW EDLLE O~ F

FV - LAEMICEDL L HFEEPFE SN, YHE —0EEY LT Th- TH A

10



WHZ L > TR L ->TEB), LELIERAZRBEE L > T, #2T 1996 4
NNWAF L= AR I A Y L BT O Il o T E—T A
el R ERFEANFF L Y (peroxin), I KL TWAMIEF% PEX it
(B &M Z & & 2o 72(Distel et al., 1996), & L THAEE Ciifb R, WiFlE 4 50T 23

EHILORLAF L U PFEINRTWS

WAV AF S V- A BERETRK

SR TR (2 347 2 0 ok & 2 — L BERENIRN L B U 7ol f % [

THI, RFF L — AR LSRR B L T s, Tk ) ek
RAROBPUE, 70 A F L — LD IR E RHH L 720 O 4 R X F YRR
N 24- 7007 1/ FUREEE (2,4-DB: 2 4-dichlorophenoxybutyric acid) (2%f L Tl %
Y 2 & ZRIR L TIT - 72 (Hayashi et al., 1998b), 2,4-3 7007 =/ F 3 WEEEORKEESHIL
AFLIIEELT, 704 % 2V — LaDORHRE R BLRCEGEE D UM S B, FO,
AELT, FANMYATIIRHIFTHS 24-Y 7007 2/ % VHERE (24-D: 24-
dichlorophenoxyacetic acid) (ZZIRT 5, L2 LA | S8R NHMETIRIRIIE 5 ML RS
TRL TWA 0 ZORMA b T, #fe L TLNERIEETRS , Z Ok s
£ 0 BFSEE TIE 3 DO L A fm PRI I S D 4 D R R NR O L L)
L. €Tz pedl. ped2. ped3 ZFEMRE #1372 (ped: peroxisome defective) s 4L 5
DRIRAFEKL 7 ) F X 2 — L DIaWEE g BEALROEHAMA L TH Y, TS

NN oL a iz g 2 2 EFBTFoND o0, EHBEOREICY alitdElE+




D DEEBAARDND | D ped2 ZEFARD LRI % FEAN AT L 72653, LUFo
Z &S 5 A & 7% o 7z (Hayashi et al., 1998b),
(1) ped2 ZEFARIZ BT 5 PTST K1 & 2 /3 o B OFNL M 1%

ped2 ZFARIZBITAH PTSI B Y o8 7 HOHMINERE I Z DWW THT 5 720, #Ein
W 37 E (GFP) & PTSI By vy e o 5 232 ¥ (GFP-PTSI) (Mano et al.,
199N % ped2 ZERMANTHRMT ZEIIR L O 4 X+ X F %13 L 72, GFP-PTS! D&kt
T ped2 EEAHMIAOUMILE & S~V AF 20— L OWMBHIZHE SN, T oY
GFP-PTS1 O —ffA b & 3 — LZHii SN FICHIREICH EF - T 2 2L T
Whe T, —EIEARLAF V- LTSRN EN S| ped2 VAN T—
#H) GFP-PTS1 280 L CRERE S AL, A F oy — Akl s /il L dmant, o
DFERD S| ped2 BYAPITIE PTSL B % 287 B OB AR RE T AMETF L Twv 5 &4t
i L 720
(2) ped2 ZEEMERIZ BT 5 PTS2 HI & 2 /8 2 oo Sl 1 i 324

ped2 LEEARIZBIT S PTS2 M4 /87 OMMINEZEIZ oW TINTT 5728, PTS?
By Ry HTHLT A7 Yo AL 7Ty NI OB L, 2O, ped2 A5
BAZIEZ 2 DY A 70T 7 —EHFU S N7z, | DIF 45kDa D 5 > 7% 7 & TN
FAZ=BIIHIELTWE0T, b9 | DI3E YV KELRG I (48kDa) D ¥ 287 E T
D72 TR o8y FHIZLIRIOMN 5 . MIE I HE L 2T A T - B o kR
FoNTHTHDL I EDVEIH STV A (Kato et al., 1996b), PTS2 #l ¥ o /87 B~ )L+
FLVANTORTOLL P FENDLDOTIOT — 513, ped? 25K TIE PTS2
§ o3 FOMPNE R T LINT L TEN, 207 o EHENPHA L HEIZE T
TR T ARG R E RN A F L AN T AR LR LT WA &2

XA AN

12




(3} ped2 % FARHINL O TLRE T 1Y AT
ped2 RO A LW+ F 3 — L% RIEFHEF MBI L VR L 7,
AR L7 & 912, @AMz 3 MO~V FF LV —4, ZUFAFL V=L, B
FFLV L BHRIEL TV RWARLAF L V- AT L, FERM 24 X2+ X+ T
BEDRVAX LV~ LA THEFE0S1.0 um ZEDME T /I EMATRORE & L Tl
éh%oﬁ%%uwmﬁﬁ%%@ﬁUﬁ#&V—AdOEhfiwtiﬁtﬁ%%Lf
72o [THRDIERESEMN %2 FHIZ, ped2 BENRDERIERV A F 27— 4 BEHLL T E
WANFF L ATHHESIN, ThODT =725, ped2 ZRMAKICHIT BT 3
BT XTONNAF LV — LB ERITL, SERE L TRERBELZRLTWD L

;ﬁ Lf:o

Pl (1) ~ (3) \ZRL72& 912, ped2 BERMKITAN A F 2 — LA~ DR %
PERT L2720l %2 v — AHEAREETIERI L TCwD LN SN, #2T7
TAYTyEYIE D PED2 BIEFREOEERLT o720 FOKH, PED2 METHA 5
FROARDOPI 70-2D MQB2 IXEFTNTWDZ EHMS A% -7 (Figure 2A), Pl
7H—O MQB2 L 16 MO ETEZTFPEEIND EFMEIR T2
(http:/fwww kazusa.or.jpkaos/) o ZH 5 16 WOHEERIEFETE T — ¥ N— 2250 H[F
HREEAT 272 ZA, ANFF L DI BD 1 D Pexldp LMD S 2 EIETH 1 2
2. ZORICEEN TV, I OHEEHZT I MQB2 @ 7734bp @ Xhol DNA W)Y P42
fFEL7: (Figure 2B), ¥F4ERI S 10 4 X+ XF (Landsberg erecta) & ped2 2EMRZESRIC B
WT IO DNA WA IZHS ¢ HIGHRF 2B L2 2 A, BARMTIE 760 HFHBD Y b2
YTHBEZDLD ped2 ERARTIIF IV ELDF 22 ABNDIRT - Tz, IO

AL, 7734bp O Xhol DNA Wi N2 PEDZ SR T-HEATEES A5 2 & 256 CHF L Tuvrs,

13




ZHEDHK

NNFF LV — LG NG EEERT O E L F O LB IZBIF L 5Tk
LT HILE, NVAF DY - AORGEMEEHBMT L LTRTRLMNETH L, I
MU L) ICHHRRE TRV AF LV — LD 7 A5 8 7 EHEBEDILTF L7
120, NV XL V- LABERRE Lo IS N D ped2 TSRO IABEII L) LT
Who EITETAME | HTIE ped2 KRAKOTRNIME 5 BRI OELBIB O MY %+
A &2 PED2 RH{EFFEAT 7734bp @ Xhol DNA BIH PIZIEAET 2 = & # HIBEEERIC L b
b %o KIZ PED2 SBALTF ORREHOMMABELET L, ~AVFF v —ny o8
7EEEBEICB AR EWLDIIT ., INOOENS, XUV F XLV —L Y L
SHEBREDOTF AN XLV THT 5, E2ETIE, 1 BETOT I 2 A5 28
7 REERIE L IR LBy ¥ X EOEEBE IOV THRRT A DI, ~AF F
— LS NI HOND | DTHBETATINE YEBEALF XL Y~ (pAPX) 120w T

R NcZ ., FORELEEIC > VWTEET 5,
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H1E RVFFVV-ATIM) AT N7 HEOWMERKE

RWFF L) — LD PTS IKFEMN S 237 gk RTF L7272l vt F 0
— LBEA A S T o 7z ped2 BREE RPN E LT, =M 7R o3y gt e
BT 2, #0002, v EY IO, SFEE S PED2 MR Z AR EERIZT
HERR L 720 Hiv T PED2 SBILTEY (APexl14p) OHIRARBTTE T O Lz & 512,
PTSI L& 79 —BLUPTS2 Lt 7% — & LTHRESN T A APexSp & APexTp % 7
O—= 27 ULEBIICZ 7. # LT, APexldp, AfPexSp. AtPexTp @ 3 Hf-AUL F F
U ANNDY N BRI BWTEDL ) pEgHEHT LTwWaA D, ¥ 37 HIEH

HAEHZ b EIZERL /2,

FHEL L 5Bk

Likksesd
T3 A4 A F A+ (Arabidopsis thaliana (landsberg erecta and Columbia)) Fi-f-% 70% .1 %
/= EHE (2% NaClO, 0.02% Triton X-100) TERNZHI 5 43 HEH L7z, BHEAKRTS
Bl e L7 fiF% b v 77 A (0.4% INA agar (Ina shokuhin, Nagano, Japan)) & 12 GM
(germination medium: 2.3 g/l MS salt (Wako, Osaka, Japan) 2% sucrose, 100 pg/ml myo-inositol,
1 pug/ml thiamine-HCI, 0.5 pg/ml pyridoxine, 0.5 pg/ml nicotinic acid, 0.5 mg/ml MES-KOH (pH
5.7), 0.8% INA agar (Ina shokuhin, Nagano, Japan)} FEFRF:Hh 12 v 7z, MiFORERFTH O
720l 2 HIMOMIRLE % L2k, 2COA X F2x—F —NTHEHT L L CIIEEH

TTRFAET SE, EBHEIIGDY, 38F 7 HH 248 L iR MEON» o0
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W=3IFa2T74 b 8= F4 e 11 | TRAELZTICHIMKE, 22°C, 100 uE/m’s T 16
FEIBIET, 8 MRS TAT S 272,

71 R F v HiT (Cucurbita sp. Kurokawa Amakuri) (3 T 2372 F $, #OKT 12
MR L2tk o8RRI v 2 7 —)b (Nitto Boseki, Chiba, Japan) FiZ#&ME L. BT
BSTIEBWTEHRFAEF S/, /2, %IFH S BMBI AT S B EL THE

B L, 25CTHIZETIELLO v EL & L,

AVAY & &% Ak}

BREKBICHVE 7 o7 BREHE, M B ZILEIC e b, RS RP TR L
7oo ZAUZEVENERE (2% SDS, 50 mM Tris-HCI (pH 6.8), 5% 2-mercaptoethanol, 0.1% BPB,
10% glycerol) (ZHAZ THEIZEEREL, 95T TS5 5 MZMMBE L7z, 2D 15000Xg T 5

oL, EiEER Y o3 2 B E L,

cDNAZQ—= 2 7

W FC7 HMBHAEHF S0 AFXFFIEF S, 3 MEET XS/ AE R

5. RNeasy Plant Mini Kit (QIAGEN, Hilden, Germany) % Hj\»T& RNA 2t L7z, 2O
4= RNA % 12 Preamplification System (Invitrogen, Tokyo, Japan) % Hjv» Cifin G e %
TV first strand ¢DNA % &0 L 72, ArPex14p. AtPex5p. AtPex7p @ ORF % & & {25 14
HOAFF=2 02 H50L00 5Kl 7o/ ~—%, Abv7arkrzgb Lz 3K
Wil 77 A4 ~— %5 L. DNA &8 (Model 394, Applied Biosystems Inc., Foster City, CA)
EHOTEEAR L7, AL T I 7 —23BOH 77920 7 O7DIE L %
BEFH A P EEE L TWAE, INHDT 74 v — & firststrand cDNA % ] T PCR %#47\>,

B OGN 1472, T4 5472 cDNA BT % T--X 7 ¥ — ; pBluescript IT SK+ (Stratagene,
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La Jolla, CA) (Z7 1 —=> 7 L, $HMERCHI A #ERE L 7o, TH2EAI%IE BigDye primer Cycle
Sequence Kit (Applied Biosystems Inc.) Zffi}fj L T, DNA ¥ — 7 I 4 — (Model 377, Applied
Biosystems Inc.) IZX Ot L7z, RIRBEE Ty -V UAMR 28 0 i L, %98k

B gbe/TIAI PRy -7 ru—= 7 L1,

) A o -

SDS-PAGE |3 Laemmli (1970) ®7J5i%iZ, 74 T & (GVHP membrane, Millipore)
~OFLE L Towbin et al. (1979) OF AL T o720 ¥ /2 BB AN/ F 4 1T
BE 3% (wiv) A% L0307 % &8 TBS-T (50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.05%
(w/v) Tween20) T | B§fl 70 v ¥ 0 VLA L7z, 208, 1,000-10,000 {5/ L 72 %540
i % & ¢ TBS-T T | ¥§fk & 9 L7z A 8% TBS-T T 1540 1 [Al, 5452 ki
L. KiZ5,000-10,000 f5& R L 2L o F 2 7 — AT FH Y 4 F 1gG HA (Amersham
Japan, Tokyo, Japan) % &% TBS-T T | Beil{kE 9 L7-f%i2, A 2% TBS-T T 15

S VLS o 4 [ L7z BPUiig & BUetkand 5 7 > 737 B{1E ECL kit (Amersham Japan,

Tokyo, Japan) % BV THRH L 72,

T TICHBE S L7 APex14p. APexSp. AtPex7p Z4LFN D cDNA % #5112 L T PCR
FAZ X D0 APex14p-('"M-'"P), APex5p-(*'K-*D). APexTp-(M-""S)IHI4 TS cDNA K
RERELz, 45172 cDNAKT R\ o /2 A T-X 7 ¥ — | pBluescript 11 SK+ (Stratagene,
La Jolla, CA) (27 T0—Z 2 L, BOLEH % MERE L 7o #ALEMND cDNA Wi L
I IREEZE T cDNA BWih 2 W oL, 4L F& 3 » (Trx: thioredoxin) & E% /52

BlIIMAZCAFI 0 %2 (6xHis) DG L8 o/ 2 HAHET L7200 KB IEHI~
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2 4% —pET32a (Novagen, USA) (24 > 7 L — A Tl L7z, KB BL21 (DE3) (23
AL RKIBGEZHIBE 200 mM (%A X ) AR ) Y227 LB AR TR
B, ODyy=0.6~07 12% A5 FET3TCTIRE YRR LU, FFEITBIE I mM 2R b L9
IPTG #HA. S5 3MMERE DORE L, HEEOXEE © 3,000Xg T 5 43 B0
(& DL | BA4G%R# 1 (50 mM sodium phosphate (pH 7.5), 50 mM imidazole, 0.5 M NaCl)
WER L7, AE Y UV EEMIL T A0, BEEERE  (Model 450D, Branson) %
FV T, Output 2~3, 50% duty, 5 5D SMAT 3 @, KA TRE UKIEHE 2 8 L 72,
WA % 10,000X g T 10 40 U, TR 5 & AN P42 708 U 7z AfPex14p-
(M-"P) I3 C DM CHEE S C i S Rz, TRERBIZH W, APex5p-(YK-
D) & APexTp-(M-SHITTE L E NG Do 72728, (EEICBAGARBIRIZ 8 M urea & 2
7oRRERTHRRE L, 10,000X g T 10 40 Mm0 Uy BRFEVT IS 23 & A5 i 12 L
720 AtPexSp-(P'K-¥'D) & APexTp-(‘M-"USY I IR ETEMEM 4 S S L7z, FRFE
fLLZ@E sy oy He G OMBEE., = v r V2 #4E 847 HiTrap Chelating 77 7 4
(Amersham Japan, Tokyo, Japan) i L, FHZH % WHEL S & 70800 okl L 2.
AZLIRELTVLRE Y v /387 B2 R E (50 mM sodium phosphate (pH 7.5), | M
imidazole, 0.5 M NaCl) T#HFHAFR L, Pl & L TR,
FRMEY /3705 mg &G | ml OFERIZ, %80 Freund's complete adjuvant
(DIFCO Laboratories, USA) Mz & @b, v HEEIMICEFEFLE 1L RIHO
ERAES L7z, 4 A%, REOREY C 2 E%E8 | ml OBEIRIZ, S IX%HD
Freund's incomplete adjuvant N2 & < FLE L3, ThE2E 2 [WHORBEEE L TK
TES LAz, D%, 1 BRGICHE S MH E TOBMBRERIT - 72 % 1 BHORERED
BT AR URGIMGS & L7ze 85 2 MELIBBORIEEEAS 3 A% HEOBIR L b #in

ATV, PUME 2R L TR ERICH W7,
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HIEE E N7 APex14p. APexSp, 1 V7 L UERD) T —EFNFRD cDNA %
BT LT PCREEIC L D) | AtPex14p-("M-'"P), AfPex5p-('M-"L)3 & IF PTS1 ¥ 7'+ L (SRM)
YDAV IV T —ED CERE 10 7 3 /BICHINMNT S cDNA BiH 2 BE L7, 15
HAt7z cDNA B DIRIERH 2R L7200, W L /2 HIREEE T cDNA Wi %24 0 i
L72o 2O DNAWH zF AL FX¥L» (Trx: thioredoxin) b LIIZ Ly F42 8§ +5
¥ A7 17—+ (GST: glutathione S-transferase) & EIN Y 0 E, X5 AFI 0¥
7 {6xHis) WRE L7y 2 A MET L2700 KRBERBI~<y ¥ —pET32a b L < ik
pET41a (Novagen, USA) {24 > 7 L — 4 Tiligh L 72, KBB4 BL21 (DE3) (238 A L7,
RIBEWZHRIE200mM AR Y F/21330mM # -~ A 2 v &N A7 LB i RE
THET S/, BREICAT o 728 23y MO SEUAE S X ORI HLARM: L X [T CTH 2,
10 ug O 2 HEOMESY 237 HE S OF VY F4 177 a—2 4B (glutathione
Sepharose 4B, Amersham Japan, Tokyo, Japan} & 1.5ml F 2 — 7N TRA L /2. &K
WE 100 WS —T 5 & 9 # 5 #R 0K (50 mM Tris-HCI (pH 7.5), 5 mM MgCl,, 100 mM NaCl,
10% glycerol, 0.5 mg/ml BSA, 5 mM 2-mercaptoethanol) %Mz 72, Zi % 4CT 1 B, 11
=T =7 —IITRMLULEEERICEAT o721, 4C. 10000Xg T 10 BHHEL L FESET
2o RBIZ 200 pl DFSERAE N . B CEEEL 22, TTUT4T, 10000X g T 10 £
WO L LR Y Rz, o 4 [ DR L7z, SHiREOLEIC 25 w ol
% (50 mM Tris-HCl (pH 7.5), 5 mM MgCl,, 100 mM NaCl, 10% glycerol, 5 mM 2-
mercaptoethanol, 10 mM glutathione) Z A, B4 L L 2 A5 20 40 MK B2 X464
N7 HEHR L7z, 4T, 10,000X g T O RMELL L% &0, S ostelamin (2%

SDS, 50 mM Tris-HCI (pH 6.8), 5% 2-mercaptoethanol, 0.1% BPB, 10% glycerol) %z ., 95C
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STMEBMB L7z, £OBA L 70y MITRIGSY v /30 EE AT L7,

SRF Tk B Y
VERL L 72 APexSp-("K-"D). AtPex7p-('M-TIS) I B HUIMGT £ ¥ MabTrap Kit
(Amersham Japan, Tokyo, Japan) %M\ T, 1gG %% 1572, PUAMERICH 2l & >
I35 B & SEFATAE Y HiTrap NHS-activated HP /7 7 4 (Amersham Japan, Tokyo, Japan) 2]
AL L7ze 1gG Mo % & &% (20 mM sodium phosphate buffer (pH7.0)) T&EHT L. 1
FRBEAL 720 7 LZFNRFRI L2 BT L0856 L 72 PURER L 72 106G %28 (0.1 M
glycine-HCI (pH 2.7)) Tt L22 500 ul 72401 L, & W4 40 pl PRIET (1 M Tris-HCI
(pH 9.0)) THHIL7Z. TO X ) ITHFAERIE L 72 1gG % HiTrap NHS-activated HP # 5 4
(Amersham Japan, Tokyo, Japan) Z[H5Efb L. AtPexSp-(*'K-*'D), AtPex7p-('M-VS)Fih
FROPEA T L E LTz,

BHF 4 HADOY O A XX F oW TRELZU DI . KA (50 mM sodium
phosphate buffer (pH7.5), 100 mM NaCl) &ALIZFLBRTHE# L /2, ZTit% 15000Xg TS5 4
Bl L, Ly o7 Bk e Lics 88 w87 BECH 2k 7 4120 L 22 6
10 ml DIMEFRHE R THRE L 720 BB 500 wl 2 8im o & LT, & v 287 ButE 4 sl
L720 T LIZKEE L2823 BIEEE (0.1 M glycine-HCI (pH 2.7)) T L. %#iJ> 40
ul FHEW (1 M Tris-HCI (pH 9.0)) THRIL /o THEEIEGE LTS o387 BEE
EWBLLI, ENEFNRDOWT % APexSp, AtPexTp (it T AihE w2 A 4/ 70y b

KO AT L 72,

BE B two-hybrid system

% EE two-hybrid system 12 £ 5 f#T X Fields and Song (1989) ? iz U T - 72,

20



KERIZH &85 113 Galdp DNA #5 A48 (BD: DNA-binding domain) ¥ 7213 Galdp iH 1%
fLati (AD: activation domain) LREE ¥ v /7 HARBE A L9 5 L. two-hybrid X 7
7 — @ pGBD-C1 % 721% pGAD-Cl(James et al., 1996){Z# 7 7 0 — > & L7z, &BIET-O
BT REMVBEEIT T PCR LY, ¢cDNA OWRIIIEE DO FIRBES A % 11
M5 X HIE L IRERHI 2R L 72512 two-hybrid N7 # — 27y o—=2 ¥ L7,
AtPex5p O 8 & H @ WXXXF ftFl % AT #9125l 3¢ % #1J:1d Nakajima and Yaoita (1997)

WHE L TIT 5 /20 APex1dp & AfPexSp 123 L TiT 727 3/ BRIE 13 QuikChange Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, CA) % MW T4T - 72,

ZENEND two-hybrid N7 ¥ — A G DE, Gietz 5DFi: (1995) 12fEv, 158
IRPK PI69-4A(James et at., 1996) (T3 A U7z K L 7B IHIZ L 5240 & RO (2% glucose,
0.67% yeast nitrogen base without amino acids, DIFCO) 26 MU 7R 77>, O4 2 0 %K
WK B ((WL) Tk L7z, ¥ o8y MIHMEARAIE, 85108 XFV 0 R e
BES0mM 2% b L9 3-7 3/ M) 7V — )b (3-amino triazole) % M2 728 | (-WLH+AT)

TOEFBLU -T2 oy —¥EHOEEMWECLOVRE L, 3—FHF72 L2 ¥

—EISEDERX Miller (1972) OF -7z, TRSHOMEIT 3 DM L 7B
O H v Tl L, 39 (unit/mg protein) % 50110 L 72,
WAL 11 B B AN o) g

KREOEECRT S EL72010, SHWHEEKIIT LT (50 uE/mYs) ok
FEZRRALIKFESMET (1000 Pa CO,) DA v FaX—5 —T 4 AMBHFEFIE-, h
& ORI R KA EHT (36 PaCO,) THET (450 pnE/mYs) 1288 L . 0, 30, 60, 120,
240 G B\ T2 BRI 3R T L 2 RIE E R EFNIEE T2 30 5 IHE L 72 (dark adapt) o

RENAIG & & RO 3D LE & ), Mini-PAM (H. Walz, Effeltrich, Germany) % JiJv
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T80 7 4 VENTNEL, Fv/Fm (variable fluorescence/maximum fluorescence) 7 14 H

L7z,

ARF T EPOOEBANT XLV —2OHE

3 S HHD A FF v #ALF4 100 g 12 200 ml DA R A (20 mM pyrophosphate-HCl
(pH 7.5), | nM EDTA, 0.3 M mannitol) Mz, 77— > 7 7L v % —T38MH 2 DIREREL .,
INRTAFOT—ETHBL, WMo 72, FEIEIZ 200 ml OBHTL A ZME, THE 3 B
B 2 B, AL 72, 2 MOMERE AhET, 1,500Xg T 20 SBELL, %, 7
FAFFEZRE SIS 1LHEE 10000Xg T20 FRHEL L. 2 2T O AR S 5 ml
D&% B (10 mM HEPES-KOH (pH 7.2), | mM EDTA, 0.3 M mannitol) T35 L . 30 ml
O Percoll {# i (28% (w/w) Percoll (Amersham Pharmacia Biotech), 10 mM HEPES-KOH (pH 7.2),
I mM EDTA, 0.3 M raffinose) (2 1\ L 725 40,000X g T 30 750wt s L 7= 78, 3R O55 OIS
AN FRIZET o R0 V=L % BEAY Xy FTRIILL 72, EULL 72200 o % 3
V- LI 4 B EORE B A T Percoll AL, 5,000X g T 10 5.0 LTk
BIZ U720 TRBRIC L ml OFRTEN A 2 MAFE L. B L+ + 2V — 4 L L7 (Yamaguchi

et al., 1995b),

NNVAFII—LEY R BORB

HEERR L7 L % 2 ) - L% 5000Xg TI05RIOM0 0 & 0 i 54 715,

flaki (10 mM HEPES-KOH (pH 7.2)) %X %&, MR X3¢/, THE 100,000X g T 30
PO L, LiEETERE S & L, g.c?)_f(ﬁ’f’hﬂllﬁ}t I~ rD 2 A8 237D
AN, BRICITEHETR (10 mM HEPES-KOH (pH 7.2), 200 mM KCI) % 02 T Fis5

f% 100,000X g T 30 rMmL L. LiF & BT S m S & Uy SRS 121 4 > &
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EETY IS LAy DR s Ee il § A2 D TE L, S5 10HEIZIZTLHY
i if (100 mM Na,CO,) A CTHME ., 100,000X g T30 0.0 L7z, #0104 % 1M
HClL THRIL 725 D% 7 v ) i & Uz 70 # i mi s 1 I3 pnin e v o
N7 BUNOEICHCHI A Loy Yo B AR D, TR ) EETH L L A

IR BAIER T I, TS IABENB S E L, SRETOMREL LRIV F L

— LDREGREL Y X 7 BTN A ) ARERW A SN B LA b TWnE,

Yuf 2+ X+ gER

5 TR MQB2 (ZHFHET A 7734bp O Xhol DNA Wil XD /5 A 1 — N2 & —
TH%H Ti-77 A I F pBlI21A35S @ Xhol SVl HiE L7z, SO Ti-7I A3 FELL 2
FORL =28 XEIZEDT 71387 51 7 4 (Agrobacterium tumetaciens) C58CIRifR #

CEALT COREWIRT SOy 7T ARVl 04 X F XS ped? HEIMEOK
PUFAR5UE Bechtold et al. (1993) D PHIHE U THT - 72, W I HIEIR & 4T - 7- Kt 1
W TORY & L7z, TOMM A TLRTZ0ILL, 15mg/l OHF~ 4 & Gi GM B
o L CHREEREDEIL AT o7 DT~ A T ittEE B o7 T KiEIES S T2 Fi
THMLL ., SR D I <1 2 PG5 BEL D 5 . R BRI RIK AT - 720 £
SR FEREY L0 LT #9E 0.2 pg/ml D 24-DB &L GM B 3 3 #A‘-é%lﬁfﬁb;

7: GM iM% Hl W TR B 2 47 5 72,

W 3 1 J‘\
BFEIHHIZESHEDOAFF v LD EFEE 5 g W OELD . 10 ml O
it (10 mM Tricine-HCI (pH 7.5), | mM EDTA, 12% (w/w) sucrose) & & &Ik LA~ k)

Mo D 2~3 mm MIBZARDFCTHI V) A HOTHEL, Ailgs 3
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BWH—ETHB L7, M 1ml % 16ml D a FEELREE (30% ~60% (w/w), | mM
EDTA) LB LT, SW 28.1 A1 » 7 2—% — (Beckman, USA) T 85,000X g, 2.5 K[}
Bl L7z LT 4. B 51T fractionator (model 185; ISCO, USA) T 0.5 ml § 2471 L,

TNTHNDEISI B TEERZONMNES L UKL 244 7 70y MEdrz

To720

ZoMDHE

77 A 3 F DNA OFE, HREEZIC L 5 DNA OYHT, DNA O 7 H 11— 24 VA

KBNS O JEAREREIL Sambrook & D (2001) (THELD 72,
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S

~ - “

RNV F L= HI3, HEEIZE > TOR LS 2 DOWE L AN %2 % H A
BHho FIIIIEENBEXIPRATH L, ped2 BERETIE, ~AFF 2V —LORGHEMN
ATEAMETT LTV % & A9 TIZBH S A2 S Tv B (Hayashi et al., 2000a). Tlk. ped?
KEREIZBNT, AVAF V-0 1 DOBETH L LR RILE ) o TnE0
TdHH I H T HEEDKRARMNT (36 PaCO,) T ped2 ZEREK % T K€ 72356 B AER (Figure
1A, WT/air) (ZIENTHEAFOORE L L 2B O KR % 7R$ (Figure 1A, ped2fair) o ped?
REEKEERED ALK LSBT (1000 Pa CO,) THEHFSE-HE, THoOERK
(SEFAERINE R L 72 (Figure 1A, ped2/CO,) o IMAED B GILINTU R & K L 72 328k 20 1
R THE STV 5 (Somerville and Ogren, 1982), MR A IZ[H4 5 W\ { DO %1 PTSI
By R ETHY), BEAANAX LV —LIIRET S, & oT, ped? ZRARTIL LI
WGt T L2270 I IF S N BEH B L RE L2 CORBATHET 2720,
L 1 ORRETARE WE Lz, BILER 1 RS T ICIERIEL L7 oo 7
TVESN (Fv) EK7 007 0 VESE (Fm) OFE (FFm) S OHET 52 EHTA
% (Franklin et al., 1992; Krause, 1988; Ouist et al., 1992), ped? AL ¥FEM L 0 4 X+ X
FIMA, 3T 2 FUTREORIFREELD | DTHEEY)y— Ty AL Faoxd
A F 7 — - (serine transhydroxymethylase) % KIE L 72 stm %5 S5 (Somerville and Ogren, 1981)
7 FviFm Zahll LR L 72,

KM & B3 A BT 470012, MK L SlE o TRILERESMET (1000
Pa CO,) BLUFIET (50 pE/mYs) T3 BEEF €72, TD XS 2 4tE F Tl ped2 %
TR, BB 04 25X, smEREIIEFE 24T 4R L, FFmfizuw3nd o8
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o

maximal PSIl quantum vyield (Fv/Fm)

Figure 1. Reduced Activity of
Photorespiration in ped2 Mutant.

(A) Effect of CO2 on the growth of ped2
mutant. Wild-type Arabidopsis (WT/air)
and ped2 mutant (ped2/air) were grown for 8
weeks in a normal atmosphere (36 Pa CO2)
under constant illumination (100 uE m™
sec’'). The ped2 Mutant was also grown for
8 weeks in an atmosphere containing 1000 Pa
CO2 (ped2/CO2) under constant illumination
(50 LE m™ sec™).

(B) Effect of strong irradiation on maximal
quantum yield of photosystem II (Fv/Fm).
Wild-type Arabidopsis (M), ped2 mutant (O),
and stm mutant (A) were grown for 3 weeks
in an atmosphere containing 1000 Pa CO2
under low light (50 uE m™sec™). These
plants were illuminated with strong light (450
UE m? sec™') in a normal atmosphere (36 Pa
CO2). Maximum quantum yield of
photosystem II (Fv/Fm) of the leaves at each
defined time was measured after these plants
were kept for 30 min in the darkness. Each
point represents the average Fv/Fm measured
in six leaves of independent plants.

Standard error of each point is less than 0.01.



AL LEHAl & 72 (Figure 1B, 0 min)o Fv/Fmitiid, HMHEZF T T WEET 0.8~0.83
(BVDEREDLZEDNNLENT VA, LoT, TOEGTTHE T2 FRORYEMK
EHHEL ST L el Lz, Zho otk @E oA EET (36 Pa CO,)
WEL, L (450 uE/mYs) EERGHL -, 20X 9 24T T3 RuBisCO (ribulose
bisphosphate carboxylasefoxygenase) (3JEAWIZ BT 5 AL RZLIMGIZLEL IV Ex S
b=barIellma, #F 7542 a vIRIBEIT) &% b, AF V72— 3>
BUCDEIEY Tdh % R Ak 7] 23— )VEE (phosphoglycolate) (&I RBESEE 12 & - THE
HEN, BRI ANE Y - RV L 7~ ERREN S, BIZ, KPR AHIG IS
WEET 2HAER L O A X+ X+ D FvFm BIX, sREE L LHEIBES ALV
HEALA 2 vy (Figure 1B, filled squares) o T BRAGIZ ped2 TR Y stm BRI BIT S Fv/Fm
EiX, FIRRDEHTIZE L, #4 L7 (Figure 1B, open circles and filled triangles) , =
NOHDERETIE, KR RIIKEPHDORAKRS ) 2 — VA RBTETF0HE
ELT, BMESEHTTEANE Y - X H A 2D 5D TE v, AL
Uy e N A 7V OEIC TN EBROWI RG2S 8D T 3L F— i 47 X
CZ L, AT TERMEDENE LS, 2F Y, HRIEEANVE Y - XV o4 )L
B OAER A FiFm OB T 2T 02 EE 2 b, MBI 120 5#. ped? R
BO FyFm B3 EFHIEL72A (FvFm = 0.64), stm BRI AD % 8ET72, choo
MR, ped2 BN O KIPRIEVEIZETMIIHE SN TV B A, sim ERANOERE L
DS EZRIRL T b, ORI, ped2 EREHPEAONV A F Ly —2 5

N7 HEERED IR DNTESL T, SRS IR T HEEFIFL E v,

5 H Ytk MQB2 IZE4ET A 7734bp @ Xhol DNA B} (Figure 2A and B) %% PED2
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Figure 2. Positional Cloning of the PED2

A Gene.
(A) High-resolution mapping of PED2 on
Chromosome 5. Names and positions of the
molecular markers used in this study are
indicated on the top of the illustration.
Hatched bars represent the regions covered
by the P1 clones. We analyzed 310 F2
progenies (620 chromosomes) having
homozygous ped2 alleles. The numbers of
recombinations that occurred between the
PED?2 locus and the molecular markers are
indicated at the bottom of the illustration.
Mapping results with a series of molecular
C markers between LFY3 and MHJ24-4 are

WT pedz ped2(PED?2) summarized schematically and indicate that
the PED2 locus may be located within a
single P1 clone, MQB?2.
(B) Schematic diagram of a 7734-bp Xho I-
fragment that is involved in the P1 clone,
MQB2. The twelve black bars represent
protein coding regions determined from the
c¢DNA sequence. The triangle on the sixth
black bar indicates the position of a nonsense
mutation that occurs in the ped2 mutant.
Nucleotide residue 1 corresponds to an
adenine of the first methionine codon.
(C) Effects of 2,4-DB on the growth of
transgenic ped2 seedlings (ped2(PED?2))
harboring the 7734 bp Xho I-fragment shown
in (B). Wild-type Arabidopsis (WT), ped2
mutant (ped2), and ped2(PED2) were grown
for 10 days on growth medium containing 0.2
ng/ml of 2,4-DB under constant illumination. Photographs were taken after the seedlings were
removed from the media and rearranged on agar plates.
(D) Effects of sucrose on the growth of ped2(PED2) seedlings. Wild-type Arabidopsis (WT), ped2
mutant (ped2), and ped2(PED2) were grown for 10 days on growth medium without sucrose under
constant illumination. Photographs were taken after the seedlings were removed from the media
and rearranged on agar plates.

D wr ped2  ped2(PED2)
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WMIRTHETHE I EFTEMTH702, 20 DNA Wil 2 D /S 4 F1) —~X2 % —Tdh
% pBII2IAISS IZH 7 70— U L7tH, TN s 7Y Lk f L7 E s
(Bechtold et al., 1993)i2 X ) ped2 ZFANEA L7z, A+~ 3 Vit & 7% - 72 T2 #48D
il & DT OF D S AGRIET IOV TREE R o RHKE L 720, KA O *
L. AT <A D VDB R M L 720 T3 WAL TAREMAEDITE S R RKIZOW
T, 24-DB iffE & EH BRI L a2 BRKT B0 2w L7z ped? AL 24-DB 12
tET L. $5 0 BRI a4 %5KY % (Figure 2C and D, ped2) (Hayashi et al.,
2000a), FHEAILZ 7734bp @ Xhol DNA Wil %3 A L 72 ped2 ZEYUA T 2,4-DB &Sk &
B IR a R Bk L& (% o 70 (Figure 2C and D, ped2(PED2)), 2D & 9

LRBBIHAR L O X P& —3T5H (Figure 2Cand D, WT), & % |2 Figure | THT

o ZEBE CORRIRERIZ b7 22 2 A BEOKEENTF (36 Pa CO,) THFH X
WG ETORER & FE AL, BAEUHICY - T FyFm HOBE LT 25 s

e r o 72 (data not shown), 45 DFUIIARB I L o THsg X7 7 LE Y

{DDBJ/EMBL/GenBank: AB037538) 7% PED2 B Th A L 4 LTw 5

PED2 B+ @ cDNA (F¥FER 2 0 o X+ X5 5 5% L 72 43 RNA % IV T RT-PCR
LI IO — 2 T E o7, 5T T4 Y —% SUTR WD A > 7L — L TOhHAH A
by T3 ROLERISEEI L7 THICED DNAD 77— Z b AFF 20 gl L7,
PED2 8 fz-7-0 cDNA O FERLY % #%€ L (DDBJ/EMBL/GenBank: AB037539) . 4" / 2 DNA
DIFFEMGI L B L7728 25 PED2 BZTIE 12 D0 7 5 HATWBZENIE S A s
%272 (Figure 2B}, F72, BT EM»OHEINDE ¥ 287 KX 507 BT 2 /8

S S Twv7z (Figure 3), ped2 BRAKTIE 254 FEHD 7L % 2 2 (CAA) 51 15k
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AtPex14p THAETEP 40
AEQ Q GS

HsPex1dp 20
RnPex14p 20
HpPex14p 9
ScPexi4p 8
AtPex14p DPPTSVFK IDG SHP VIH 80
HsPex14p RE[4S ATU QN S[J GLAT 51
RnPex1dp PL A TEY QNS GLAT 51
HpPex14p AELVSSEIVE LDQS[ADLAKKVE a6
ScPex14p LHKALFOSEIVS|ZAKDES IKDA[LLKKIE 35
AtPex14p RKQRUPDPPPSSQTTVTSQ QQAv 120
HsPex14p A AMEP - - - 7
RnPex14p f‘*fAS EP--- 7
HpPex14p 3 ----Y6TVQA--- B2
ScPex14p DGIVADEVS &5

QAAFL THAILAVY] 160
TSPAGH
TSPGG
PLF‘ERD---
TLPHRD---K----DY 98

AtPex1dp T Q VAAZA PV T
HsPex14p SLG[g- PYQLL”H[WE5q
AnPex14p PG TP PVagPHIYSQ

HpPex1dp [PSEGSVVPERPPVEDTTFSA
ScPex14p KKIGSTENRASGDMYLTEAMP

AtPex14p  [WRASGEBTAVFIXRSLIPRF(ESWIHARIMMEEETRIPLIEAKA 200
HsPextdp AT IMENB----HarGrHuaL v[IxviLPLIMGGREMRKGLE 146
RnPextap A[EN11LINS----HaFGrHuaL v[IkvLLPLIMGGREMRKGLE 146
HpPextdp IMEYTATINS----fsvGvyarvIrvgvrkiMP--PSKTQLE 129
ScPextap [MBTATENd----CLvGavevTRRYGIPNIMP--EAKSALE 132
AtPex1dp  DAEPSMEa@RAvAA mnsmmsmv SERAMMERIKNEERK 240
HsPextdp RMEAGsECscsvatvraLatTLRYsY-CIEALLIG---6aa 182
RnPexi4p RMAASMSELSGSY awmuarn ALLRG---qac 182

HpPextdp Qb AAIDHEFGRVESLLEKFEAEQKEFYKGEAKSKKIDE 169
ScPex14p 4D[IKEIDDAFSKIDTVLNEIEAEQRE FREKESERLKALSD 172

AtPex14p YFED GVGVGEH SLSANIEAKMAGHSNIEIPKOY SAL 280

HsPexidp KIGEN E----AM\ ATTSTNWI[RASH--BINELKS-- 214

RnPex14p KUGE E(M----AAAJATTSTNWI S--LMNELKS-- 214

HpPex14p TLQREVDEIIN---KTNEKNLQINEE T(AKYLKLEMENEKT~- 204

ScPex1d4p  TIAE@MKQAMYQTTRSREKIEDEFQ@IVKLEVVMANTID-- 210
]

AtPex14p EVYNGSVTTARKPYTIGSNVRYDTRSA ADS a20
HsPexidp ------ EINSLKGLLLY-=-===-==---= RQF P --- 233

AnPex14p ~EINSLKGLLLQ---- RO Flg --- 2m
HpPex14p ~TLLKTLD---§---- uKmTLNA ————— 21%
ScPex1d4p ------ KFYSDND-—~~==————==-- GMAELNN-~--~ 224
AtPex14p  FEYIPHEINS Y MEIIMEIM IGRGEKEIN LRE IOGIPPNPNQELE 360
HsPex1dp [YXgK IGSWaIPvK----- Ps[EsPaavlHRSSSDIs[gul 268
RnPex14p lGcI[gswarpvel----- psi@seraavilHHSsSSDIS[EVE 268
HpPex1dp ELSAME[FQLGEHKF----- DIKTSGIAVAPQLS--~T[@PB 251
ScPex1dp  ----1GQMEMESLKE----------- LMNQIRGJESG--NARD 247

HsPex14p NE--S5STSHEIS[YGKEIH S[Y- |
RnPaex14p NE--SﬁS S[EGRDIGH 5[4
HpPex14 ES--TSRAS[g-AAEAK[Y
ScPex14p NR--LFS135[g---NGijg---------~-------"-—-----~- 258

AlPex14p DPRU\[}K HDY QAQDESSNEGHHQQKNPRSTDFGYE 400

AtPex14p RARSWEEPAPPPEAKALR 440
HsPex14p EEGEGHVDVKGGEMRGFY 313
RnPexidp EEGEGIMLVKGRREY 313
HpPexi4p ---PTTSIESLR-DWLSRE 287
ScPex1dp ———=-—m-mmmmmmeee— oo GIDTI[SASEILAKMG 275
AtPex14p  AVEAIRRPKPQA AAAS s VEL LGKITKFEEB 180
Mspextdp  QGEEEKR---EDIEMEE0 Lz DO VRHNDERDCLGVAREDR 380
RnPex14p EDEEGEQEDE - D HDE DVLGYGREDR 349
HpPex1ip KDKDVNS****DSﬂﬁ[ﬂTEGRTANEKDERS'IPAHQL BAR 322
ScPexldp MO@ESDK---EKENGSDANKDQONAVPAWKKAREQTIDHNA 312
AtPex14p GEHETEFGHI SFAGN - 507
HsPex14p RRP-[ACASNES[IRD - 377
RnPex1dp [Fal- RF-I3GCASNES|IRD - 76
HpPex1dp N[E4SSTTSEVAGDRGKAPKRGIPAWEALNA~ a5
ScPex14p STPEWQK-NTAAN SVPDWENGAVEDSIP 341

Figure 3. Alignment of Amino Acid Sequences for the PEDZ Gene Product with
Mammalian and Yeast Pex14p.

Deduced amino acid sequence of the PEDZ gene product (AfPex 14p) was compared
with Pex14p identified from human (HsPex14p), rat (RnPex14p), H. polymorpha
(HpPex14p) and §. cerevisiae (ScPex14p). Identical amino acid residues between
ArfPex14p and other Pex14p are highlighted. Amino acid sequence of AfPex14p is
29.6 % identical with that of human Pex14p. The asterisk on ***Gln represents the
position of a nonsense mutation (CAA to TAA) in the ped2 gene. Two putative
membrane spanning domatins are indicated by line. The dashed line represent a
putative coiled-coil region.
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ERIZE D, #iET N2 (TAA) 2ZEb o Tz (Figure 3, asterisk) o = D E{LF WD
TI/BEHEE FRACIIBOTANAF L ) — Ly oy Bt SEIC ST 2 L8
HEINT WD Pexl4p L BHFE 2 FIMEHF20 & N 7z(Albertini et al., 1997; Brocard et al., 1997;
Komori et al., 1997; Shimizu et al., 1999; Will et al., 1999), R HHEUM OB Dz F D
Pexldp TdH -7z (Figure 3)o LAEOREENPS, Ky 280 B% APexldp L% L7,

AtPex14p 134 % C L b 2 DOBUKMEFEIL L coiled-coil FHIK% b > Tv>7z (Figure 3), L&
LA OBERE Pex1dp THRE SN TWVA LI L SHID Y H Y FEL B classlI T & H 2
BLHIiL & > T 5 ' (Albertini et al., 1997), A T APexl4p |E PTS D X 5 LB & hre L

FFR T —LANDEHEL TV 2T RWI Edbhs 7,

VA
AtPex14p DHIMNIGE %= BT T 5 728, APex14p DFERFEACYI N E# 100 7 3 /K
('M-"P) #KIGERESY > /X7 B LTHBEL, SRICHTHAEERL:, Zo
WL FER 04 X F 2+ OFELFFIIBVT 75kDa DH—/3> K28 L 7275 (Figure
4, WT), ped2 BEAETIIZ DL ) LNy Fid &h s -7 (Figure 4, ped2), Z#15
DT —F L. APexl4p 7375 kDa & ¥ 37 HTHAHI LRI/ LR LTV B, APexldp DT
I/ BENOHTEENSFTFRIT 5SS kDa THY, 0TS TREERIISI L/ 70

v M ETRINS NI T2 L OEPMIIERT 25 0MMI5DEZARETSH 5,

AtfPex14p QDB AR
HHIREA D Pexldp DHIBHMRAEZHET 2720, 2 EF v HLTEL D PR L -
FEY b= by a EREAREOECLVHBSE L2 20E5IILTELRE

Bi5% A L/ 78y bk (Figure SA) & B EHENSE (Figure SB) (2 & 9 AT L 72, APex14p
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AtPex14p>» .

Figure 4. Immunodetection of AfPex14p in Etiolated Cotyledons of Wild-Type
Arabidopsis and ped2 Mutant.

Extracts were prepared from 5-day-old etiolated cotyledons of wild-type Arabidopsis
(WT), and ped2 mutant (ped2). For each sample, 10 pg of total protein was subjected
to SDS-PAGE. Immunoblot analysis was performed using the antibody raised against
AfPex14p. Markers are shown on the right with molecular masses in kDa.
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Figure 5. Subcellular Localization of
Pex14p in Pumpkin Etiolated Cotyledons.
(A) Subcellular fractionation of etiolated
pumpkin cotyledons was performed by 30-
60 % sucrose density gradient centrifugation.
Fraction number 1 represents the top fraction
of the gradient. Pex14p and isocitrate lyase
in each fraction were detected by immunoblot
analyses using antibody raised against
ArPex14p (AfPex14p) and isocitrate lyase
(ICL).

(B) Sucrose concentration (O), activities of
catalase (®) and cytochrome ¢ oxidase
(COX; A) in the same fractions used in (A)
were also measured.

(C) Intact glyoxysomes were resuspended in
either low salt buffer (L), high salt buffer (H)
or alkaline solution (A). Each buffer
consists of 10 mM HEPES-KOH (pH 7.2),
500mM KCI with 10 mM HEPES-KOH (pH
7.2), and 0.1 M Na2CO3, respectively.

These samples were then centrifuged, and
separated into soluble (S) and insoluble (P)
fractions. T represents total proteins of the
intact glyoxysomes. Pex14p (ArPex14p),
peroxisomal ascorbate peroxidase (pAPX)
and isocitrate lyase (ICL) were detected by
immunoblot analysis.

(D) The intact glyoxysomes were treated with
various concentrations of proteinase K in the
absence (-) or presence (+) of Triton X-100.
Concentration of proteinase K is indicated in
wg/ml on the top of each lane. Pex14p
(AfPex 14p) and isocitrate lyase (ICL) were
detected by immunoblot analysis.
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FER 1.25g/em® 1L, 23~25 HH OGS, ThoDWME ) 4 %2 v —
LD ETH LAV L B 7T—+ (ICL) £ H 57—+ (catalase) & b HATY
f2AS, R AV R TOEBBEETHLFF/OLCA XY Y —+E (cytochrome ¢ oxidase)
DEMITEA T o 72 (Figure 5A and B)o T DFFHIL, Pexldp VT £ 27 — L
REDY Y0 ETHHI L AR LT
KWZARF X FEIDPEBEL 7)) A F 2 — L h A R TOE T2 2 4124
0. Pexldp DEFEEHEZ LI THZ & A7z, Pexldp & NN F F 2y — L5 :N
By IV EDOTAIVE ZEENVM XL ¥ =+ (pAPX: peroxisomal ascorbate peroxidase)
(Nito et al., 2001; Yamaguchi et al., 1995a){33LIZ7 VA ViEHRIZ L 2B IZBV TS ZHFR
EHEE I S (Figure 5C)o LA LB, V4 F v —207 ) 7 A%
THoHAY 7T B) 7 -t (ICL) B@BiEiie 707 )@ L 2B By Tsia
WCHREE R IR S s, TORBIZ X 5T, Pexldp ST ATNE VR F L
B EEFHEIIL D ED S, Pexldp DR A F L — LAJEHE Y LS B TH B
CEPHLNIIR o,
SHII, NG F Y- LY N Pexldp DEREEW ST, FOF
L BHCERE T o7 SHIFES 7 FF 2 v -2 LT 77 7—-¥KT
MRS 52 &2k, MIREMIZEGTT LY N7 HIEGHEINLD, v b)) s A5 >
WIEBTOT T —EnoREINDS FBHLEV) ZEFAL T b, sTHRIERK &
LT M P ABEDA V7 )7 —Ex i, St ¥y — LAl ABINICHK
Wy 4 7:912 Triton X-100 Z 72, 2O, Pex14p {3 Triton X-100 DEA - IEAFEAE T
Wb O3S 7z (Figure 5D) o XTBIWIZA YV 7 T2 ) 7 — L Triton X-100 @
HETTOAGHENT, LLLOMIT 6, Pexldp ERLAF LV — LS v 80 T

HY A LbHR)RTF FO—7 2 MRAMIZHEL L Thb 2 el ons kot
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+ —N X

CNETD ped2 BERAKOEBBIEN 5, APexldp DI T A XAFXFDANF F 3

V=L F Ny AR I A o TV B T E AR 6 A I R o Ty 4 (Hayashi et al., 2000a),

APex4p LIFMZ AR F 32 7 —L~D & 223 7 ik Wb A KT & L

T. Brickner et al.

(1998) Schumann et al. (1999) 12X 0, APexSp & AtPexTp A MELERLHFLIA RN 4 & 3

Dy 1A X+ XF orthologue & L THRE SALT VD, BERFRBFLATO PexSp & Pex7p i3

NI F L LAND Y N BRI BT, FRLFER PTSE LT Y — & PTS?

L7 — & LTHRETAZEPNNINRTOERT-THL, WM B T,

Brickner & Schumann & 14 APexSp. AtPex7p ) ¢DNA OIEEEN DO A F i ¢ 4128 B F
D, FNH L7y — ORI T 5 KB IS TH - /2y £ 2T APex5p &

AtPexTp DFFBATIT %47 ) 72012 £ 47, AtPexSp. AfPex7p (24P 3 L 5P MU 2 20 L 72,

FLTINLOHMRIZIMAZ, APexldp HELZ GO T U A XF AT IIBTLEBIZO

TA L/ 70y MEATL DT & 97 72,
AfPexSp PUAB L T APexTp iR 2 O A XF X+ OREY £ 3 — MIXFLERFRN

99 kDa & 43 kDa OFpRM 482 FefH L7 (Figure 6, arrowhead), PEDANT BLAST
g

Network Service (hup:/fpedant.gsfde/) XMW T>oOA X+ XI5/ LF— 5 X— A%k

et 54
EE

L7zeZA, a4 X+AX+7 /7 4102 APex14p X APexSp. APexTp (ZHMIfED & 5

fEfidfiZid e w2 edbh ol MIZINOEDORVA X2 — L5 237 Tk KT 1

POAXFAFE LRI NI —THELTWD I EAT 27,

NNVFF =B 8y BEa T SR S D APex14p. AtPexSp. APexTp O
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AtPex5p
{

AtPex7p

Figure 6. Organ-Specific Expression of AfPex 14p, AfPex5p and ArPex7p.
Immunoblot analysis of homogenates from various organs was carried out using antibodies

—120
—110
=100

— 60

40

against AfPex14p, AfPex5p and AfPex7p. Crude extracts prepared from the flower, silique,

cauline leaf, stem, rosette leaf and root, respectively. Equal amounts of total protein, 10
lg for AfPex14p and ArPex5p and 50 pg for AfPex7p, were loaded in each lane. Markers

are shown on the right with molecular masses in kDa.
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RN — BT 5720, 04 A FXFOMALRBE LT oA — PR L,
AtPex14p, AtPex5p. APexTp (IX T HHET VT A 4L/ 792y MIX )BT L7 (Figure
6)o AtPex14p (JME. B A OXy FERBEIIBWTHWERPRRD 5 4L72, APexSp
bIZEALDHEEIIBWTERSHEOLN, F0O3F — U Id APexldp D ENE L (AT
Vi 7z, AfPex1dp X AtPex5p IEHE TRBIL S dh o2, B EERT A2 L
I2& DD ED APexldp & APexSp AR 8 7: (data not shown), Z L6 DFER & (IATHR
B APexTp DFEIR/VY — 13 APexidp X° APexSp DEFMNEITE L (ko Tniz,
AtPexTp O 43 kDa /¥ FIZ$§, EAFE, oo FETEHELIEHRL Tz, fE, %,
RHEBETREI ARSI DT,

EaR L2k 91T, ped2 BRABDINTH S AtPexl4p i PTSI, PTS2 KFEMW R 5 82
H#ik |[ZUIHTH 5 2 & AR E T S (Hayashi et al., 2000a), PTS1 Lt 7 % — 0 AtPex5p
S APexldp LI L ALBOEWNNY - V2R L2 EIIMA, XV FF LY —L 8~
NWIBEELTRIEINTD DD, Z A PTSI "EES VI L xbDZ &h 6, PTSI

R EFEMB AN XL~ L7 8 ERAREE LTI BRE L T s 2 s

TEIhD,

HEFEMP ORI A F L) — AIEEROPR IS, EofEELKE (BTS¢ 5,
FRIZBEE A, IRIHMERE F A BEFr CRF S5, BIIrCB L THME L T <
BEIZBVWTEILZI)AF OV —LADOHEEAN AL V- LA~NDHEEERIRTH S
(Nishimura et al., 1986; Sautter, 1986; Titus and Becker, 1985), #RfLERBEOF-HETIE, ~b+
FII—LDTI) I AT N EEIA VI VB T B IIRESNE ) XL v —

LEEFIIEBREMSBE T, E FOF UL VBB TET IR IR AEENL A+
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V—LNEESHD S (Figure 7, ICL and HPR), SO & ) RAEHI N~V A F 2 v — A DBk
WROMBE TNV A F LV =85 N7 BRSO AtPex1dp, APexSp, AtPex7p 75 &
DEHLEEETHON, UL X FAFOEEE VTR L7 (Figure 7)o
M2 CRHFAET SH1EE, APexldp I RFOFVEASRIL T,
TLT, BILFETI s AHE TER LRSI L7 WBEMIZ 4 A E $ THRC
HEIEEHHEIBLEE. APexldp ORIBBIETEICBVLTIIIZ—ESIZGEN
720 AtPexSp DFEBUE APex14p IR THTLIGEN LAY, BHHB L #3~5 AR
KIEL, 20HEOLITEA L7z, 4 OH T OB CAE 27BN B L 21584,
AtPexS5p DEIL APexldp LRI —FICMEFES Nz, LRSS, St F v —
L5 T Bk 10 APexldp & AtPexSp DFEHERBYIZ BT 24 BII T TFEEIZ BT
AV BT —EDX I LT ) F 2y - LR BLFE I8 A FOF L ¥
VECBRBIURFED L) B ENN A XL V- ABEOERE T2 H L e %
2720 o T, AfPexldp & APex5p I 2 MOV A F L V-3 bbbyt xsy
— L EFRENRVAF LY - AANDF N EHE B LT s, $2, O
NEDA L7y N OIS, APexldp, APexSp DFRBLINIL L F 2 — L EAIK
BIRIZBTLIRNF XL VL5 R EOBEFEEREC EamT~v—h =50
B Lbdprorze WHENI APexTp ORIIFALTEIIB VT S HEISIAISEL 725, 2k
I L7ze To, BEEWIAMTIBT & APexTp DL APex1dp % APexSp L 1
B L~V THAE Lttt 72 THIZ, PTS2 B 082 BORBIE AL T34 Cld i
VAT, ERMEF R T A R WS L R ER LT b, ERE. CRETCIIRESAT
W PTS2 RIS YRV HDERTH TN AXL I —LBEETHH, FEALAF L — 2
B8BTS PTS2 BIS UV BIIRPZFEFEIN TR, O ALY TROEEAL +

FUVLIIBITALEPTS2H Y Vs BRI A WEEZ LND,
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Figure 7. Developmental Changes in the Levels of AfPex14p, AfPex5p and ArPex7p
during Germination.

Arabidopsis seeds were grown in continuous darkness for 9 days or in darkness for 4 days
then under continuous illumination for 5 days. Immunoblot analysis of homogenates
prepared from cotyledons at various stages was carried out using antibodies against

AtPex 14p, AfPex5p, AfPexTp, isocitrate lyase (ICL), and hydroxypyruvate reductase (HPR).
Equal amounts of total protein, 10 pg for AfPex14p, AfPex5p, ICL and HPR and 50 pg for
AfPex7p, were loaded in each lane. Number of days after germination is shown at the
bottom of each lane.
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AtPex14p {E AfPex5p L EET 2

Hil L7 & 900, APexldp IRV AF LV —Ly L2 ETHD, Ll b+
D= ZABEMIZEN L Tw2 2 £S5 22LTw s (Figure 5)0 —7. PexSp (%
FoNTEMBE LI SHIEIZRE L, PTSI By Do a4+ 2 PTS1 L+
78— & LTRE STV A (Kragler et al., 1998; Wimmer et al., 1998), % =T, ~L# %
Y=L G 8y RGBS BT S APex14p, AtPexSp. PTSI M1 & L8y BB O
PERHI D THEEE two-hybrid system 12 & 5 AT 24T - 770

ENEND Y 737 H% Gald activation domain (AD). ¥ L < {% Gal4 DNA binding
domain (BD) L @& % /87 B & LTHBT B L ) %5 L. tester strain @ PJ69-4A (James et

o V9OYNTRB 72, & 28y BRIV OR AR ARE R Chistidine + 3-
ATSOmM) & B~ HF 7 b ¥ —EOFEFHHMEIZ L Y #H L 72 f2 1 two-hybrid system
WL BT ORI, APex14p 1 APexSp LA AT B AN PTSI Bl 7 2 /30 B &R &
LawZ EAVRENT (Figure 8A), T 72, APexSp X PTSI Bl % L /s B riba L, o
NODMEMINIEEREROBE Y V87 8% AD b L i BD & AR Z 78412 4 M
SN/ (data not shown), E72, FNEFND S VXY B r HACR S 58, ¥
N ERMBAER 2R LR — 8 —BETOESIERE 2553, 2070061t
AFVWARETCTERETES, p—FI73 7 b o ¥ —PEHLBE I N e hor, 7275,
AfPex5Sp % BD L DilE Y /8y B LTHBM S ENL . LR — % —l{E 1D auto-
activation A5 2 o 72728 APexSp 1L AD L DREE ¥ 230 O Ik B THIE A B o
L Rl A

FEEE two-hybrid system (2 & 2 #4: % in vitro binding experiment 4 & V385t U7z, £41

ENDGT N ExRF AL FF L 2 (Trx: thioredoxin) F 7037 V8 F4+2 S F5 27
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A

E B-gal activity
BD AD -His (U/mg protein)
AtPex14p| AtPex5p 93.7
AtPex14p| PTS1 1.4
PTS1 | AtPex5p 475.3
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- AtPex5p 1.7
- PTS1 1.9
B
1 2 3
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Trx s
anti-AtPex5p

Figure 8. Detection of Interaction among AfPex14p, AfPex5p and PTS1-Containing
Protein.

(A) Two-hybrid analysis of AfPex14p, AfPex5p and PTS1-containing protein. Proteins
were fused to Gal4 BD or AD as indicated. Transformants were tested for growth on
synthetic medium without histidine (-His) and assayed for quantitative 3-galactosidase
activity.

(B) and (C) In vitro binding experiments of between AfPex14p and ArPex5p, AfPex5p and
PTS1-containing protein. Shown are immunoblots (antibodies are indicated) of proteins
recovered in the glutathione Sepharose 4B. The fusion proteins added in each experiment
were as indicated.
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x 7 -+t (GST: glutathione S-transferase) & DY /32 F L L CABR I AIZTE
BRI/ RS E 2MBEORE Y > /S0 EL 7V 5 F4 &7 70— A 4B (glutathione
Sepharose 4B) T RA L, NI FF L7 70— R 4B IS LY o0 EHh A L)
Ty MITHIT L7, ZO8KE, GST I/ Tx EORG Y X7 B LTRB S 47
AfPex5p (3455 g 2D RGNS Trx- AtPex |4p(Figure 8B; lane 1) & GST-PTS| (Figure 8C; lane
4) IZEE L7, 720 Trx ® GST HAD A IR S DG EBIR SN o/, &
NODOFRIT, APexSp BEII PTS1 L7 2 — L LTORELZHLTWAIL%7LT
Vo EHID AfPexldp L APexSp EOWIZHFEWSH o/l b s, RVFF LY —

LIE LT APex14p HHIBBERBTED APexSp 12T AL 7% — b L THEREL TWD L&

L7,

AtPex1dp @ APex5p X T AIEE N AL Y RRET A0, BA LR IOHSE
AfPex14p K') X7 F N % Gald BD L3+, TEE APexSp & DRESIEEIZ W TR
#r L 72 (Figure 9) o AtPexldp % O C K#MMA 6 K% L T &, APexldp D N il 100
73I/8 ('M-'"P) ZRBlSUIEERMEE L F— ¥ — B G T oSEEL 2R L7,

N K 50 7 2 /@ (M-YS) 2584 -mFREHE L 1 — ¥ —HET s gL & 3
HIENTELMoT, —F, APexldp & FD N REMASKREL T L, APexldp
D C Khw 482 7 2 /[ (PA-YN) ZFBSE/EEREHIL F— ¥ —BETO6EEEH
fE@RL7A, C &N 432 7 3 /7 (PIN) # 8BS E TR L £— ¥ —HET
DEEEELE T B I ENTE LD olz, 25610, MEHED Pexl4p M THEMEDZV
IR ArPex14p-(¥R-'"P) (Figure 9 and Figure 10, top column) ¥ AtPexSp & D& &t %

LTz, BlEd S, APexdp O N KRN D “R-P 75 APexSp & OFESENEH b
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Figure 9. AfPex14p-(**'R-'"P) Interacts with AfPex5p.

94.4|
2.6}

336.0)

Various truncated AfPex 14p were fused to the Gal4p DNA-binding domain and tested for
binding activity to AfPex5p. Hatched boxes indicate the putative transmembrane domains.

Left numbers indicate each length of amino acid sequence.

Transformants were tested for

growth on synthetic medium without histidine (-His) and assayed for quantitative p-

galactosidase activity.



At 54 BEDQIQNBIKEMSHPRVRGSEVIHRRSAMERFOAMAKEEBOEBFRRVP 100
Hs 25 @EPLIATHVKEMANSRVRASELATRRAGAKKHEMEO EEHOMAFQQSE 71
Mm 25 QEPLIATHVKEMANSRVRASELATRRAGAKKEEMEOEEAOLAFQRSE 71
Hp 10 AELVSSEHVEAMLDAQSIADSELAKKVEAMESEEMEQQENEEBLQKAR 56
Sc 9 @KALFDSHVSEMKDESIKDAGBLLKKIEGMKSHEMUEKERE IAMKEPK 55
R54A AAAA-=== s c s crcrr s r s s e s e s e e s e s s s s s s == === = ===~

p-gal 2906 4.0 3.4 270 1767 2520 38 48 33 35 4.1 3387

Figure 10. Determination of Binding Domain in AfPex14p by Introducing Amino Acid
Substitution within **R-'"P.

Top column; Alignment of AfPex14p with Pex14ps identified from various species. Ar,
Arabidopsis thaliana, Hs,; Homo sapiens, Mim; Mus muscuris, Hp; Hansenula polymorpha,
Sc; Saccharomyces cerevisiae. Conserved amino acids are highlighted.

Middle column; Amino acid sequences of mutated AfPex 14ps fused to the Gal4p DNA-
binding domain. Amino acid substitutions introduced into the fusion proteins are
indicated on the right. Name of each fusion protein is indicated on the left.

Bottom column; Result of binding assay for mutated ArPex 14ps and mutated ArPex5p.
Transformants were tested for growth on synthetic medium without histidine (-His) and
assayed for quantitative B-galactosidase activity.
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DL A L 7o BIKER W 212 ped2 ZRINAERKNOBIRED & 7 LE X0 N kK 253 7
/B (MY) BHEGEERZRL ThB I Ebho i,

APex14p-(“R-""P)IN O AfPexSp & DESEIZHE LT I /BRI IET 572012,
COWEBHNOT I /M LT N KL ) 4 7I BT o07 3204 Lizs)
YD WER 1T - 72 (Figure 10, middle column), # LT, 7 3 /JfEBE# %A L /-
AtPex14p-("R-Py T 2R L | SEER APex5p B DR GIETEIC DV TN L7, 08T,
APex14p @ 2 DO, ¥L°L BE U "RIR 127 3 /B2 EA LR w7 ks
AtPexSp & OFFEHET Jc > T 72 (Figure 10, bottom column) , & DFEHA S, APex14p &
AtPexSp D & 237 EMMEERIZIE APex14p 1D 2 DO, *1°L B L F *RR
WLETHLIEDNY LN R ol SO 2 DOHE &L APex14p O N KR % ity
HEMK O Pex14p ¢ N K 53K & J# L7 (Figure 10, top column), APexldp 42tk 7 3
/ BRECHI O MIFIPEILAR Y (to human; 29.6%) (Will et al., 1999)4°, ArPex 14p-(*R-"P) i3 i F
M3k D Pex14p O N A UidBor & MW WHIFEMEZE & > TV 7 (to human; 53.2%) . & -
Ty AtPexldp O N AR ENZINSD 2 DOEBULETOMMIZHED AtPexSp

DIEEEFNAL T THLEHESNS,

g A
KIZ AtPexSp WD APex14p 1T F 456 M 2 4V OMGEE 1T o720 APexSp 121 2
DORMN R ET — TWHFHET 5, 1 DT V30 ED C BB ICRHBESISNE T F 5 b
JaART 54 FYE— b (TPR: fetratricopeptide repeat) T Y, EERE PexSp % IV 72 LLT
DIFFED B PTS1 B Y 2 8 7 DR EHILTH B Z L A% H - T A (Brocard et al., 1994),
b9 1 2ld WXXXFY 0 LEFITH Y, H4 L iBHAD Pexsp (2368 L THAEL T

Vho LA LS, S0 WXXXFY RFIIAEIIC & - T B LI Es s 3
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LTHh b, GBI, BEFE (S cerevisiae) @ PexSp (2 DAY LEFIN -5/ 2R TH 5
xR L. A XX F PexSp i KD I 9 b0 X TV S (Figure 11A),
INBEDL T A X XF PexSp AT A 9 20 WXXXF/Y BiFlid KD N T N # g

B3 ok CRuGHTD 6 DORYIZHINTIFEL T b,

AfPexSp @ APexldp IS THFE N AL Y HRET L0, ek Lk BEIOWIE
AtPex5p R ) NTF M Gald AD EREG S, APex14p-(YR-""P) & DE S EMEIZ W TE
FrL7c (Figure 11A) . ¥&4 1ZHI D S A 72585518 APexSp DN 9 2D WXXXF/Y FLdl % &
& PK-PD A% APex14p L DFEEEMEEZ D2 L, 61220 PKSAYD PIZYIALTHA L
TWh NFRIEEGD 3 2k C KRBT D 6 20 WXXXF/Y B4 % #h#FhE T M3Q,
WE-L ORGSR GTHEEEAA LT A I Eh b WXXXFY BVIAE APex1dp & DF
FITEHL TW A EMATR SNz, 72, TPR 2 & “"H- L {&, BEEE PexSp DG &
IRk PTS1 81 Y O 8y BUHATEMAH L 2 bW SH L% -7 (data not shown) o
AtPex14p & PTS1 BI % 287 WO EFNENOFEGHIRIT APexSp O 7 3/ BEACY) Tt
LTWdrolze TOFFIZ. APexldp & APexSp. PTSI B ¥ U s EAAJLF X3
=L N HER LB THEEE SR LI L TR L iR EE 5,

APexSp-(T'K- D)2 & £ D WXXXF/Y FEH)ATHIC APex1dp D& R AL > Th b
/AN WZHIE N A4 ELTREEL) 24 5IE 9 D0 WXXXF/Y BV ZFHFRIZfliv
TR ERTOLDPIZOWTIRIT L 72, 9 20 WXXXF/Y BVIORIZFRFR 1 295
AXXXA NOT I /AR L DX H W L7 APexSp-(M-""D) & APex14p W D#5 A
HIZDOWTHINTZIT o720 FOEE, BRED o7 AtPexSp-(M-“D)izFnFh, LF—
F—MEFDR—HZ7 P ¥ —EHENDTMIUETLTWAELDOD APexldp & OE
FiifEE /R L7 (data not shown)o Z4L5H DR APexSp-('M-*D)yD ) Bk b HiFHIZ g —

W77 by —YHEUAERT LD 8HFEHD WXXXFEVIAEER L 7-bDTHDY
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AtPex5p
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caso [

231-728

457-728

231-450

1-285 -

336-728

Unit/mg protein

WT 8th

Figure 11. WXXXF/Y Repeats in AfPex5p-
(¥'K-**D) Are Required for Binding to
ArPex14p.

(A) Various truncated AfPex5p were fused to the
Gal4p activation domain and tested for binding
activity to AfPex14p-(**R-'"P). Numbers on
the left indicate length of each amino acid
sequence. Open boxes indicate WXXXF/Y of
the consensus amino acid sequence. Hatched
box indicates amino acid substitution of 8th
WXXXF to AXXXA.

(B) Artificial tandem repeats of 8th WXXXF
sequence were tested for binding activity to
AtPex14p-(*R-'®P). 'WT 8th indicates tandem
repeats linked with eighth WXXXF sequence of
wild-type. MT 8th indicates tandem repeats
linked with AXXXA sequence substituted from
eighth WXXXF sequence. AD indicates
expression of only Gal4 AD in tester strain.

38E 4D indicates **E-*’D including six
WXXXF/Y repeats in AfPex5p. Transformants
were tested for growth on synthetic medium
without histidine (-His) and assayed for
quantitative B-galactosidase activity.
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B 4 B APexSp-('M-"D)y & g L T 51.3%Diiz /s L 72 (Figure 11A, MT 8th), T @ 8 7t
B WXXXF 5D A% KIE L 72 APexSp-(M-PDV O AR EEA L 72 D L FIZF L ~NIL
DFEGTEM 2R L7 (Figure 1 1A, A8th)

KT WXXXF/Y BLHAS APexldp L D ETF — T THAHZ ERAMT L7201
HrH D WXXXF B & F DR S 73/ BREGOLEH 15 7 3/ e HBIOLER S 272
NTF FA, APexldp & OFEEHEMEL o0~ o, MEIZEERX & LT, 8 HH O WXXXF
FVIOHF) TN T F v b T2 NT I b T T IRR S AXXXA % Gk
#il, TOHGHRIIOWTEITL /2, £0&8, 8 FHEH O WXXXF ALy sk £4% 2~
4 IIHZLOIHBIL T, EENEERT -T2 b ¥ — LA L 72 (Figure
[1B; WT 8th), #MAM1912 8 &H D WXXXE 1ZABZNIZ7: AXXXA £, AtPex14p & D&
FIEME TS Ao 72 (Figure 11B; MT 8th) o 2 O#5HIL, WXXXF BlyAY AtPex14p & @
HEIIMOTEELT I /BEWNTHAZLEHULRLTY 5, AT, 6 20D WXXXF/Y
Y ZEL MESD D p—H 77 P F—EiERIE IS O LR TF oA
INBELIIE P22 6 (Figure 11B; E-*'D), WXXXF/Y ELH| D #: bk LI $hs

AtPex14p L DFEERRITEBE L HITL Tw S EfEw L7

Y. $ Dl ey
BERERCHIFLE OMIED S, NV A F L — L7 X7 Bk bh s TR R T &
L T Pexl14p %> Pex5p DASHIZ, PTS2 Lt 7% — & U THEET 2 PexTp YIS N TV B, &
D PexTp 330 A X+ XF+7 /7 L LAZH{746F S (Schumann et al., 1999), % Z T, APex7p.
ArPex14p, AfPex5p, PTS2 B % 7 BRIOMAEAER 22\ T, BEEE two-hybrid system (2
LN T DL Alz, FRFROY 2237 &% Gald activation domain (AD). & L

¢ {Z Gal4 DNA binding domain (BD) &Bl& ¥ > /X0 & LTRHT S L %L, tester
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strain () PJ69-4A(James et al., 1996) N TR S W72, & > /37 BRI EMEB O G 1EME
T 2R (-histidine + 3-AT 50 mM) & 3 —HF 7 F 3 ¥ —EO@EEEERIEC L D
L7

BEEE two-hybrid system |2 & 2 BT DKM, APexTp 1X PTS2 K% L3 B L 454
LW, VR B FDCATF VAR E BT 7 P L5 - EOEEFRMELIC
LY RE N7 (Figure 12A), ZHAZ & D | Schumann & O LTy B APex7p ELIZ PTS?
L7 5 —b LTHREL D 5 T EDTRENTZ, & 512 APexTp I APex5p & (3456 T %75,
AtPexldp LITHEFER G LW I EARENT (Figure 124), FHFRD Y /87 B % M
WMTRBSELGG, & 7 HMMEEN 2R LR — ¥ — S OmEE G LA s
T BEBRRE A FVCEFETTHEETCELWIE, 3—FF7 M ¥— ViR
MENZOZ LR IN TV D, APexTp & APex5p MOFEE1L, RIELMERIZL -
THFFS N7z, APexSp (Figure 12B) & L {1k APex7p (Figure 12C) 2¥t¥ 2ifh%
TIvAy TN THEICE YT AIZEE L, BH 4 HEO L 94 X F X F#{LF-4
SNHBELIRE 2 A— b2 ZOHKD I LI CEEELEY oA AL 7O

DALz, TOEBIZBWT, APexSp, APexTp T ¥ v X7 HITFRFRD
AT LHG, HHEGOARIHI S/ A5 (Figure 12B and C; even lanes) . AfPex5p
& APexTp FHWITHIA LT A T LR S N7, FIHIEERIK L I 7B % B2k L
7297 L b APexSp. APex7p HUTIAH S fudeh o 72 (data not shown) , T T DA
W52 1gG DNy PRI STV A DY, ZHIEEEIL L Ao —S 8o h ikt 727
DEEZOLND, DLLOD 2 DODEERFERD 5. APex5p & APexTp MITHi & iHMEHH 2 =

LAREM S 7z,
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. f-gal activity

BD AD -HiS | (U/mg protein)
AtPex7p 3.7
AtPex7p 2171
AtPex7p 33.4
AtPex7p 2.0
. 1.5

B
1 2 3
— < AtPex5p
-
@ & @
- 4 AiPex7p

Figure 12. ArPex7p Interacts with AfPex5p and PTS2-Containing Protein.

(A) Two-hybrid analysis of AtPex14p, AfPex5p, AtPex7p and PTS2-containing protein.
Proteins were fused to Gal4 BD or AD as indicated. Transformants were tested for
growth on synthetic medium without histidine (-His) and assayed for quantitative -
galactosidase activity.

(B) and (C) Co-immunoprecipitation of AfPex5p and AfPex7p. Antibodies against
AtPex5p (B) and ArPex7p (C) were immobilized on column. After total homogenates
from etiolated cotyledons were passed over, the columns were washed and then eluted.
Wash fraction (odd lanes) and elution fraction (even lanes) were subjected by SDS-PAGE
and immunoblotting using antibodies against AfPex5p (lane 1, 2) and AfPex7p (lane 3, 4).
Arrowheads on the right indicate specific bands.
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1 230 < 266 n7 Pas

AfPexSp 1D APexTp (M T ARG N AL V2 RET LD, HALELOWIE
AtPexSp K1) X7 F F# Gald AD L @5 34, S8R APexTp & DRI D W THEAT
L7: (Figure 13A), #O#E%, B4 IZHI D S AZHSE APexsp DN, N Kl 'M20v
W APexTp EDFHGIILHTH L I EVFHL P ER 572, T APexSp D N KiG#HIK

('M-7V) {3 APex14p D8I ('K-"'D) X PTS1 B % /37 E o e (H-72L)
| DVWTREDERL T Rdhol, —h, APexTp IO APexSp (X T AFEE N AL U %
RET D0, A RKESOWMTE APexTp H) X7 F F% Gald BD L@l 3¢, ek
AtPex5p & DB DWW THHT L7z (Figure 13B), FOiH, #A WD 2 A
& AtPexTp DM, AfPexSp & DFEA N X A 13 APexTp @ C A sl *0Y-3S (ZBRE S 7z,
Z D AfPexTp @ C A Hgiiss (*°Y-S) ik PTS2 B ¥ 30 oG G L L TRIGE

7: WD40 ) € — b (*S-*'D) (Zhang and Lazarow, 1994) & Fi#i L T\ e o 72,
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2171

3122

173.9

457-728 : . 16
231-450 2.8
B AtPex7p B-gal

266-317 151.0

Figure 13. ArPex5p-(‘M-""V) Interacts with AfPex7p-(***Y-*""S).

(A) Various truncated ArPex5p were fused to the Galdp activation domain and tested for
binding activity to AfPex7p. WXXXF/Y indicates 9 repeats of the consensus amino
acid sequence. TPR indicates 4 tetratricopeptide repeats.

(B) Various truncated ArPex7p were fused to the Gal4p DNA binding domain and tested
for binding activity to AfPex5p. WDA40 indicates 4 WD40 repeats. Numbers on the
left indicate length of each amino acid sequence. Transformants were tested for
growth on synthetic medium without histidine (-His) and assayed for quantitative -
galactosidase activity.
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5

YOARFAXFIIBITE PTS WM Y 237 B@EOREE

e, BRCHIFLRZ MBS L5, 20 bRV F &3 0 — A O EHER
IZBDH L RET (PEX) L Z2DFETFHEY (RL4F2 ) 2SFEE S22 5 (Subramani
et al, 2000)e TN LIV F ¥ DA, Pexldp, PexSp (PTSI Lt 7 ¥ =), Pex7p (PTS2
LY 79 =) 2D MEONTFEA, SAFFL Y — Ly 8y BB 2R L T
WD Z L RRMET B R SCASRES S LTV B AT (Alberting et al., 1997; Marzioch et al., 1994: Van
der Leij et al, 1993), RNV A X LV —L 5 N HEGHED G A X LIZRFHWMI RN
T, BEREZ AW/ OV 4 F 20 — ARFFETIE, Pex14p 1d PexSp. Pex7p O J7 (245
AT A0, PexSp & PexTp B &EMEIZR20 5TV v (Albertini et al., 1997), ¥ 7.
Pex5p & L <X Pex7p % WA L BB O RIRERIKIL, FNFN PTSI B Y L 82 B E 72
L PTS2 B o o8 0 7213 A3k & 7z < 73 A (Marzioch et al., 1994; McCollum et al., 1993),
CNOHDHIRNS, BFFIZEWT PTSI By o387 B#kikis & PTS2 Bl % o /3 it
FEHEE VIV L TR e FEZ bR TS, — T, MAKIEHV L4+ v — 24
WD OIS L IR B2HRMIEON TV S, K PexSp D30 FHD T L F= 22+
SR ARENFERINDA Ny T IRIEDB L PTST MY o878 PTS2 Bl % %y

HOMTr & b Mk Sl { %4 % (Braverman et al., 1998), Z4UIZY¥ | Pex5p 45 PTS1 Kl &
NTHIZT TR PIS2 By Uy OIS T LRFBELTWE, & FR
CHO #fifld (Chinese hamster gvary cell) @ PexSp 34N ¥ Z A F 4 TATFAL L 72k
D2DDT A7 4 — LHBEAT B LA SN TB ) (Braverman et al., 1998; Otera et
al, 1998), HADT AV T+ =Ll a3—bT+—LET VYT 4— LD PexSp & T h
TWwh, Kb PexSp @ 390 HHABRA Ly 7a Nl b 2ERHNICT Y 77 4 — 4
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Pex5p wii A3 5 &, PTSI #1& Lo L PIS2 R % L2 G DT ¥ v /X 7 B dinE A5 i
The LLGAE, Y a—F 74— L4 PexSp Hi#A LBEL PTS1 By 28 Hodh
EOANRIET 5, 3512, B UERHMNIC PTSE By 282 B 48 R 247
0774 —L4 PexSp w8 ATAHE PTS2 By X7 HOEEOADEIE L, PTS] £l ¥
YR7BEER ISR LV, THHOYE, B PexSp D2 2DT A VT 4 —LADH, O
YT T A=A PTS2 By RN HOERIZOE T LT DA EEHBIRL TV
(Braverman et al., 1998; Otera et al., 1998), #iZ, ¥ FD PTS2 % o /87 B D¥% (L PTSI
LTS —THbH PexSp IZHITINHAF L T b E vz b, SRIOFEIZBWT, oA
X F X} APexSp & APex14p. AtPex7p DT IZHEAT B2 L, APexldp 13 APexTp &
FRGLEWIENFEH SN, TS 0A X FAFDNNFF2 Y — L5 8o Gk
HFBORERNIL, e O T 4~ LA PexSp DFNRE L PTW D, LHLEAS
A4 /770y MEFT (Figure 6 and 7) 38 & UF RT-PCR (data not shown) OS2 0T
APex5p IFH—D N FELTHIENRTEYN, Y84 X+ XF APexSp AN ¥ 44 7
ATATIAL T HH3T, WHROT AV 7+ — LAWERET A REMEEV, LoToh
OOMHFRERIE, P04 XFXFIZBITD PTS2 B Y 237 HOHEA PTSI L+ 7 ¥ —
TdHH APexSp IZELIHAFNTH D, NI POBE L IR - R THL I %

AL Tvib  (Figure 14),

NNVFXI)—L8ET I PTSL E PTS2 I22WT

FRAGIEIZBWTRIESNARVETFL VLT M) 2 A8 82 DI L A ST,
NUVAF L) — LDk 7 & LT PTSE % PTS2 D &5 540 % 3 o Ty A (Olsen,
1998), AMFZEIL, AfPexldp & APexSp M3 & A EDORIMEHEICBWTRBL WA - &

FHOPIIL. ThE b LI APexSp IHKATT 5 PTSI BEATNRAA XL V=L ~DF &
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Figure 14. A Schematic Model of Peroxisomal Protein Import in Arabidopsis.

Pex5p and Pex7p, PTS1 receptor and PTS2 receptor, which are localized in the cytosol
are bound to PTS1- and PTS2-containing proteins (cargo), respectively. Both protein
complexes bind between 'M-*V of AfPex5p and **Y-"""S of AfPex7p. The receptor-
cargo import complex consisting of Pex5p, Pex7p, PTS1- and PTS2-containing protein
binds then to the peroxisomal membrane via interaction between WXXXF/Y repeats of
AtPex5p and *I-“L and "*R-"'R of AfPex14p. All binding domains do not overlap in
the process of peroxisomal protein import.
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N R L LT HLRICHERE L Ty B EHEMI L 7: (Figure 6), ZO&YLE, © b
Pexl4p & Pex5p MHE L A EDHAKTHIL TWAHEEE DL ~FH L T 5 (Wiemer et al.,
1995; Will et al., 1999), — /7T, PTS2 Lt 7% —Tdh % APexTp H° AtPex5p (ZH~TH S
NZZBHETOAREBRL Tl bhs, PTS2 BEHRANF F LV — L~ DY 82
B E LT R ERTHL LHEPTEL, CORFPFFLVETBLE LT, PTS2
By Ry HOREBEIE PISI By o0 EOFNE AT, L) BESEEISVE L
Zho BT TUIMTENTVA S YA FL Y — LBEF, BERLFF 2V — ALY 5
DIFEAEDRNVEF 2 — LBEHRIL PTSI 23 o Tvb, IS PTS2 2 Mk 7
TUVERAEL T LI EAHLDII o TWLESY O 5 32 i3+ + 7 — ¥(Kato
etal., 1996b), ') ¥ TERIH/KFEE# (Kato et al., 1998), 7 T v EE &R Fi(Kato et al., 1995),
RS T ¥V CoA BE{LEE i (Hayashi et al., 19982)D 4 DDA TH L, THNEDNILF XL
=AY NV HETRIZT)AFO V- LIERLTBY, B R D LTI
Thve PAE T TICHEEMWIZIBWT PIS2 2 b o @RV AF SV —LBED ¥ ¥ 3
HUEFZESN TRV, & IAPKRFROMERE, MESNVF X2V -0k b D%
Yy METIEMMEFEEICHLST PTIS2 LE 7% —Thbd APexTp DRI TH - /2
(Figure 6), PEDANT BLAST Network Service (http://pedant.gst.de/) %\ T a4 X+
XS T LT = R=A%BEL LA, V04X FXF47 L1249 b oEAE
2 PTS2 Bl s Yy BT A L PSR T, ZOTFTEERIE. K% PTS2? K
oM RAFELEFTEL Yy FERETHRIL, HMOHY L+ * 2 v — LoftHghe
HEG L TWABTREMATH W I E 2R TINEEZ TS, 47, PTS 2020 Tl s
28 NI HERLIITA 70T LA L DMWBN LRI TETH Y, OB
RBRHDRNF XL — 05 X EDEDLHR LB RO OMEE 4 5 & W

INb,
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- V. SEY_65T a2 18R _97

BERERC IZALMDM R SIF O N7 Z 12 L IUT, Pexldp VA F 2 v — L |-
WZRTEL., PTS1L 81y DX AR L7 PexSp XM AF LV — LB EIZB| 25450
CHLECE T 5 EFHR TV B(Brocard et al., 1997; Will et al., 1999), & b Pexldp T
&, €D NKIG 78 7 I/ FRA PexSp &L OFEEHITH B 2 & A 2 1L Tu A (Schliebs et
al., 1999)s B A XX F APexldp DT I/ FEECHIIT b Pexldp £ W bE T, 20
72853 14 XF X+ APex14p O N K¥i 100 7 3 /i3 & b Pexldp O N K#s 71 7 3 /1
ALY S 2 AT OMEINE S SR E 7z (Figure 10, top column)s & & ICARFZE I 5
W, AfPexldp O N K3 100 7 2/ BRMNIZAAT % 2 DO, ®1-°L B X F *R-7R 2%
APex5p DFEG N AL » ThD Z EHGEM E /- (Figure 10, bottom column), ¥ ¥ /5% 5%
DT I/ BELTIN S APex14p O 2 KfsE % Fill S 272 & T A (Gamnier et al., 1978). =4t
52 DOWEBUL, BED PHEEIL L o TR SRR LIEZ L o Tw B LTl s
(Figure 15) o COT-HIE. 2 DDOEEAEE R » P2 UL TO L AR R L
T, SORERT v MAETORHRD Pexldp ([ZHHHIZHEFE L, RV F L 7 — A4

BRET PexSp AL T B D0 Ltk

¥ B A X F A F DEIRAIAE ped2 D LRI OFEITH* & | ped2 L FAK T AtPex14p 0 254 |
HFHOINEY I2%a—FT5 CAA IRVHF APy 7Ny TAA WHEEFRE RS L
TWVALIETHERPIZENT WD, FAZORKEREANTIE, PTSI B, PTS2 K4 o
N7 EEIRDIRIIAE R L o TV B T E A A o TV 4 (Hayashi et al., 2000a), AHFZEEL

W, ped2 ERKNIZBIT 2 AtPex14p DHEEIR T ERTNZH LY T 5 M-V 1 APex5p
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Binding pocket NH..
for AtPex5p 508? e %@

% 150

j—— ——fie H*“""-'-"'_p

|
™ domain

: hydrophilicity = 1.3
: hydrophobicity =1.3

Figure 15. Two N-terminal domains, **I-L and "*R-"'R of APex14p might form a
putative binding pocket for AtPex5p.

Deduced secondary structure for the amino acid sequence of ArPex14p according to
Garnier-Robson method (Garnier et al., 1978). Wavy, straight and curved lines
indicate oi-helix, B-structure and 3-turn, respectively. Red circles and Magenta
diamonds represent hydrophilic and hydrophobic regions, respectively. TM domain
indicates a putative transmembrane domain.
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EOREENZRL TWAZ LA R ENT: (Figure 9)o 4 4/ 712y MEFHTIZ, D
AtPex14p D N K# 253 7 3 /B ('M-V) % ped2 ZBRAENIIHE T2 L3 TE 2 h-
727% (data not shown) . C RIGDRINT & 0 ARDLEM K- 125850 APex14p H3b ¥
PIZFELTWATRMES 5, ped2 ENEDOERBBTH 5 PTSI BB L 10 PTS2 M ¥ >
N7 EDOTRITH R RV F F LY — LWADHiikIE, OISR APex14p AI TRk LS %
BLTWAIDEEZLOND, L, 0L LEHTE APex1dp AF ped2 ZERARK THERE
LTWRWeERETAHE, 204 XF X+ T3 APex14p (IIHKIFRI < 4 F — L PO i
EEBPFAEL TOLWRMEASLEL S5, HEF TICINELIFT S L) LiRIE, Ml

D & X DEEEE, WAEEZ VWSS IR TV RV,

Pex5p @ WXXXF/Y BCHI3 W Ic £ VDA ?

AtPexSp B AtPex14p DFEE KA A 12DV T R L 724558, APexldp D54 N

A A 213 AtPexS5p D 9 Db B WXXXF/Y L5 TH b . T D WXXXF/Y eI DEAT APex14p
& AtPexSp MOBFAMELHE L TV 5B 2 LA SN (Figure 11} & D WXXXF/Y At
3Rk A KD PexSp D7 I JEERY FIZH DK LKL HRIELR 2L 00, dE
L TR & i B (Schliebs et al., 1999), Bl iE, 204 X+ X+ & A1 5D PexSp 49
D WXXXF/Y BEF|Z DA, B PTIR 72, TR0 2 2THb, 2D LHIC
WY O WXXXFY RFIOBITMOEYE RS W NI HD, —F T, & % H
WIZIRET DT 6 | Pex5p (3 4 mAFHE XL T B 2 & AR & LTV B (Schliebs et
al., 1999 b L. TG 4 BRAT AtPexSp THIRIKEN TV A% 51E, APexSp D L+
75 —4 6K APex14p DEEG N AL L 2 LT 36 D WXXXF/Y BFIA b2 ik b,
SOHFIL, FENY O PexSp (IMDEWIEHE D Pexsp & ) Pexldp 128t L Ty i

HESL MR LTHOANLA XLV~ L8 v BN 2502 L 2 BIg X3¢ 2,
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RSB LB W TAER I AN F— 2155 ZOICHR TGN & 5+ 2 L%
V@b, SHLIZERDEALZGFMYREMETIL, VA F Dy — LR FEEH 572
DIZTORBE R CERIELTNE LRS00, Z0L ) ZAERO—BEIIBIT D KE
DI EH LRI SFHYEAOBL TH Y. B MWILFI ClIIBE S e v, g
I, EFRHIEER CRREONHMLRZ ANMRAONL L) IZBIL L, FO/RME LTH

WBIERE L o 72 PexSp FAEAIL Lz 2 b L e w

NRNAX =LY N ERERES

Pex5p & Pex7p i3I A F LV — L5 VR TBEkI I BT L EELRHEFE L T4 %
HilZBWTRESRTWAE, ThHoD L7y -3 /BELEhFh pTSI L&
§—BLUPTS2 Lt 7% — L L THEET 4 (Subramani, 1998), AF7EIZEB VT, AtPexSp
& APex7p N AF L — L% 30 Pk 2 T PTSI-PTS2 Lt 7% —Hi &K%
WL TWaH I EERTHRPHONL, INHLE TS —NOREVWOHENAL VIZFR
FH APex5p O N #ifll 'M-2V & | APexTp @ C A¥ifll *Y-7"S Tdh -7z (Figure 13),
INSDFEE AL EIFRHI, FRFAOL LT 7 13 58% PTS1 B % » 87, PTS2
By o7 HeWRTL7-0DHEAG N AL 2B LTV A, PexSp TiE, 5y v 82

HOMG AL 2 ELTT I /BEALHIO C H i TRIE I tetratricopeptide repeat (TPR) E-F
—7 %% o TH Y (Gatto et al., 2000), AtPexSp Tid “H- L 2K T 5, Pex7p TiZ, 2D
£ aFiGE N AA & LT WD40 repeat % & - T3 1) (Shimozawa et al., 1999), ArPex7p T
I USUD ICHNT B, ARIFFEREELRDSS, CNOEERT- O S Xy AN+ A7
DDFHEEGR AL BITLET Y —HOFEGFAL 2, 2512 APexldp EHiGT 5
AfPexSp O KD £ 50T, b 73 JBEV LEREL Twidhat, TS

DERIZMZ T, W{DOHD PTSt T3 PTS2 280U AFL VI — L% 237 FITE
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HBETAH) Iv—%FL, FTOFTITANAFI V-2~ ERiEINTWE I E
RONET AFE RS 5T v A(Kato et al., 1999; Subramani, 1998), ZHLHDFERN S,
NEF L7 Ly o3 BEk R AtPexldp, AtPexSp. AtPexTp (INIA., fifthy v /X7
o PTSI B, PTS2 Bi & U Big~V A F 2 V=0 % /38 7 Elgpaliic By Ik
ERTHY, FRMALFTF L/ LELTINSDY N0 BIEE N ¥ 237 %
BEREER L TVWAZ L2 MEIEE, Z0L ) LERGERESERIAL IR S
TV PIIDV T, (bSW 2 3UER & & % M THA RO HERR T 10 % 2285 L 7o sl
FRIT LR S, BRI L - THAROBE T 2 Fw UL 35 2 L4590
BThb, COERATIIMA-HEEEBHRNF2METL2IL4TETHD, "4 Fx
>7~A&yﬂﬁﬁmﬁﬁméihﬁ%#étbmﬂ??%%o~ﬁf\&w%#yv—
LADY N7 HEREEIII P I P TREFEROFNEIIRE(C LB LbRLT
Who £ O SRR G IIX. PTS SAKE L TWHUTER 9 nm DECK R 4R~
AF VLB LT M) 7 AXEHESINL &V 2L ThHA ) (Walton et al., 1995),
ZOLI RN LAV XL L N HERRIIBIT BRI, BELY VN
Bk KT APex1d4p, AtPexSp. AfPex7p (IHZ ., PTS1 Hiks L TF PTS2 K17 > /37 E s
WA H2E KA EGET I AR LML TBY (Figure 14), 5% 2 OHERD
SIEREBRPT AL, RV FFL Y — Ll IR T Ok R O Bkt % Bl

ﬁ#—é_%_t(ﬁ%?&)%o

NNVAX VLT N HRD

AR BT, XA F V=48 X7 H#ik AT AtPex14p, APexSp, APexTp
BOFREGRAL 325l 1 REERIEHEL T LW LA HEM I L, Ll

EHH . SR ORIEETHOMEH 3 KEL LT L TORVORIERIERY TH 5,

61




G, INOERENFHOE N AL 2 OMAFBEBNEZIT I ET, VFFR V-4
o3y kg I BT AR T ORRMERFEREINDL X)L HTEH ),

AMRERZ I OARFAFUEBTARNAF LY —LAD Y 737 HlikE€
FI R L7z (Figure 14)o ZOEFNVOHBT, kRT3 7 BIZER
EHEREERLTVA, L LRAEG, AN TIT > /2 in vitro binding experiment Tid
3 2L EEORFTHESHEEAESH TN T LI LI L Tk, ZOKIEE
FHINSORERTHOFHSHES RO LEZONSL, — W2, 3 2LED
HT-5lb s 7 vy EMMEAH TR, FREADEENTORT) v 7858 K il
S AT B KBRS R b S s ST D (Drees et al., 2001; Kone, 2000; Kukkonen et
al., 2001; Uetz et al., 2000; Zhang and Yuan, 1998), XN A F L — L & 37 HEpkiZB»
THRBOBERAIUE X TV LITHEM DD % B 2 1L PTS1 Bl & 208 7 B % 332 L 72 APexSp
EHED APexSp 7 APex14p (23t L THAMEDSZILT A2 L WA RN TH Y, 2oL
AN XL TRIERNF T = LADF 28 HERE LB R L D
EoTLED 2T, 32U EORTRIIBWT A AN & 2 BHEEILOMITE |
FDHERENOTH SN HBESERERNTOEERAT L L3, SHOMELR
HThD,

UL, & b PexSp & MW 7ziFEH &, PexSp ZHIBLE T PTS1 Bl 82 H AL
2, iy o eIV F LA R 2 AIZAY, BOHBLEIZ )3 A
Z NNy 7 END E WS T L HFEH X FL72(Dammai and Subramani, 2001), ARFZEE A S
LM SN2 L2, FRFROEHERTIIMOMRRT & O SR 20 s S h
BIETHMY o0 EFRVAF L) —LANEHRLTWAEEZONA, LDL LD
L, COARBIZBWT Pex5p R &EDL 7% — L PTS1 Bl ¥ o B O EFREED 2 H =

ALIERZIZHS P ThRV $72, APex14p. APex5p. APexTp LD RN F F 3 v —
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LG Ry BEERFPAIET AR DD, TR0 EOMAIEMS RO A 1 =
ALzt L Tws0hd Lithvy, 3E, BRECHiFLIOBATY S, Pex13p % Pex17p
ARG XLV LELEOY 2 HERFE LTRESNTWS, Y04 X+ X+D
Pex13p ®° Pex17p (I RZHEEMICETEINTES T, 20 L) Lo XKL D% & |

IHLICE o THR SR EEEERIENY s X v REED L)L THiaHEEE 17 -
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28 RVFIFVV-LEEBEYIIONIE-TRAOANE Y
BRIV —-YORELSE

RVFF - LEFRRB Y o BEOREMEEOBI 217 7212, @il
NFTHTHEITOEAT WAL F F TV — LR VT EDRGETIT, F OFEH
WDOWTIHLPIIT A I &I L7, ZOFE, VI FFT VLR ET S 31 kDa IRE

RIS L ST BEDT ADINE YBEARLF F D ¥ —F (pAPX) DIFEL mmLtocmmwx
DA RO FM 2R B L U, Mg/t F0dr» & pAPX ORFILIZKRAID
BHEEIATI S+ 5 2 kA H VL0 THRET 5,

R L

kL 2]

0 A X+ A+ (Arabidopsis thaliana (landsberg erecta and Columbia)) fEF% 70% T ¥
J =V & RE W (2% NaClO, 0.02% Triton X-100) TEHEH 5 7FMMR L7z, WAKTS
e L7-ff% b v 774 — (0.4% INA agar (Ina shokuhin, Nagano, Japan)) & L2 GM
{germination medium: 2.3 g/l MS salt (Wako, Osaka, Japan) 2% sucrose, 100 pg/ml myo-inositol,
I pg/ml thiamine-HCI, 0.5 pg/ml pyridoxine, 0.5 pg/ml! nicotinic acid, 0.5 mg/ml MES-KOH (pH
5.7), 0.8% INA agar (Ina shokuhin, Nagano, Japan)) JEAREEH (2 £ W7z, FE-T-OKIRFTHED
729122 BRORRMHEE L2k, 2TOM > F 2= —PFTHEFT S L RS

FCEFEFT I, EBEIIGHLE, BF 7 HEZRE L 2 HKON- o2 %
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IWN—3F 254 b1 83=F4 % 1 1 TREGLALICHEAME, 22°C, 100 uE/m’/s T 16
WERTH AT, 8 RERIRGI TR 3872,

#1 HKF v fi-f (Cucurbita sp. Kurokawa Amakuri) [JFERZ 2 D407/ F %, WK T 12 Ky
ez L 7otk o 7zkikg v 7 77— (Nitto Boseki, Chiba, Japan) iZ3ERi L. BEHT T
SCIIBVTEFAEF S, o0 84 H 5 DT T 2720 EEFEE 2 2 HEt

TR L, 5CTUICAET S0 BEEEEL E Lz,

HERF v EFEILCOEBANAF VL DB

S HBEOAFRF v W13 100 g (2 200 ml DFEH i A (20 mM pyrophosphate-HCI
(pH 7.5), | mM EDTA, 0.3 M mannitol) WX, 7— ) > 7 7L ¥ T3 M2 0L,
INZ AROT—ETAHBEL, MK 72 5kl 200 ml OFEMEE A 202, PRIEE 3§
2 Wit L, A L7z 2 ofitid Z ahE T, 1,500Xg T 20 riflEn L., 4, 7
FAFNHEERE, S5 EEFE 10,000X g T2 400 L7z, 2 2T okl % Sml
DOFEHEH B (10 mM HEPES-KOH (pH 7.2), 1 mM EDTA, 0.3 M mannitol} T L. 30 ml
@ Percoll {##{% (28% (w/w) Percoll (Amersham Pharmacia Biotech), 10 mM HEPES-KOH (pH 7.2),
| mM EDTA, 0.3 M raffinose) (2 ER& L 72, 40,000 X g T 30 430 L 7218, & LA ORCHED
WY FIRIZBEL o720 F 0V — LA E Xy PTIL 2z, ORL 2~ + % 3
Vo= LYETEIC 4 5 ORRE R B # A T Percoll AL, 5,000Xg T 10 fmL LTk
Wil L7z TR I ml OFEMHE A ZINAEEH L, WFE~L A F 2 — 4 L L 72(Yamaguchi

et al., 1995b),

NRVAXT LBy 2O

BB L 72~ o F 20— L% 5.000X g T IO D2 & 0 b S 37274,
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fIkEE# (10 mM HEPES-KOH (pH 7.2)) ZMIA &, W 372, T4 % 100,000X g T 30
S L, Bl ETHESRSE L, ZOMERESICIE~ N 2 A oy A
ENb, B SEE (10 mM HEPES-KOH (pH 7.2), 200 mM KCl) %z C 5%
% 100,000X g T 30 &L L, EFEEaEtEm & Uz SEaldthmoriid £ 4 2 %k
B ETHEIHF Ly Y0 HEMBT 5 2EHTE L, SHITHBRIZET VA
Wi (100 mM Na,CO,) Tz THEEBH, 100,000Xg T30 7 MhE0 Lz, #OLE 1M
HCl CTHHIL7-b D% 7H ) ilEtEmis & Uiz, 77 ) Wt 40 1 3R En A & >
WO BLNOBEIH RS L2y 287 Hhp ML S s, TR ) EiE T E Lk
o IR BORERI E MR . T A AEME S E L, TRETOMERLSLF XY

— L OB Y Ny FIET VA ) AR E IR ENS 2 b o T,

AEF Y BUTEIATZ7) —DER

WP C 4 HRREFEF S LA FF v (L34 5. SDS/phenol #:iZ & - T4 RNA
T L7, 204 RNA A4 T dT) tha—2AF7L470~v 797428 DR
L. poly (AYRNA %% L 72(Mori et al., 1991),

77 A I FpTTQI8 (Amersham Japan, Tokyo, Japan) % Pstl ZR{7 CHIWr L T K
L. S0 105EDA ) T (dT) % Kl L7ze SNE S 510 Xbal SR TUINTL 721%,
AVT (dA) BVE—ZAATLZ7OR P TTAIITHEL, Thexsy—-774~
— & LTHW .

| ug DXZ % —79 4 <—pTTQI8 & 10 pg @ poly (AYRNA I 15 unit @ Moloney
murine leukemia virus reverse transcriptase (Amersham Japan, Tokyo, Japan) . l1st-strand [ IG#E
B (50 mM Tris-HCI (pH 8.3 at 37TC), 2 mM dNTPs, 8 mM MgCl,, 30 mM KCI, 10 mM

dithiothreitol) Z Mz T. 37C | KT Ist-strand DNA % &% L 72 2nd-strand DNA 13 2nd-
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strand SUCHRE HE (20 mM Tris-HCI (pH 7.5), 4 mM MgCl,, 100 mM KCl, 50 pg/ml bovine serum
albumin) (2. 20 unit @® DNA polymerase I & 30 unit @ RNase H Z il 2, 16C2 B[ TH K
L72e Bz 65C10 B ORRIZE W2l S 872, cDNA EHiE L7~ s & — 2 Pk

st L7-#, HeEY a8/, Tha KB EBk DHSalZ 8 A L7,

FRF v 31 kDa 85 v 7328 (pAPX) O MY 72 ViEfbB LU, oo T S

FO N Em7 3/ BERCY|OBEFTIZ, Shevchenco et al. (1996) DIt~ TiT» 7, HE
WA xSy —L L WESY 7 Exqhil L SDS-PAGE (2 & » THr# L 72,7 )V % CBB
L, 31 kDa ¥ v /87 D/ FREHIEL, 100 pl OFEZEBiAWR (0.2 M ammonium
bicarbonate (pH 8.0), 50% acetonitrile) T 30 43k & 9 L7z T O ZEE DB L -1,
FEEETI VRSS2, PV E 10 ORI (0.2 M ammonium bicarbonate (pH
8.0)) TSHMBE, 00 gl D02 mgml Db T @ E 20 pl OBEERENZ T, 37
FET—BRROE S7, 71 (10% trifluoric acetate) % 4 pul M2 RIn& S 387/, T
WA (0.1% trifluoric acetate, 60% acetonitrile) % 100 pl Mz 30 70EE 5 L, X7F K
i3, LilERDL, 1B Bl 5T CRERMLZZHDE 022 ym 7 4L % —
(Millipore) TABL., W7 O~ 757 4 TXTFFE WML, #FfHlra~v 75
7 4 1Z1Z. SMART system (Amersham Japan, Tokyo, Japan) %, #7 7 4 {ZpRPC C2/C18 PC3.2/3
W, HXTFNET I /2 — 272 24— (Model 492, Applied Biosystems) % v

T Edman 42 & 0 &V %= 88 L 7=,

Y o2 BEBOER

BRI B 5 250 ERBHE, RBTFEZ ALK L Y RSB TR L
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72o ZHUZEUEHAREK (2% SDS, 50 mM Tris-HCI (pH 6.8), 5% 2-mercaptoethanol, 0.1% BPB,
10% glycerol) (ZHIZ THIZER L, 95CT 5 SR L 72, 0% 15000Xg T 5 75+]i

L, Lifzy o0 EEBE L

MeEy N7 BORY & HAER

(ZHLBE X/ pAPX @ cDNA %882 L T PCR #EiZ L D, pAPX-('M-"L),
pAPX-(""M-*K)IZAH21§ %5 cDNA WrH 2t L7z, f 5772 cDNA Wil % T-X27 % —
pBluescript 11 SK+ (Stratagene, La Jolla, CA) {27 0 —= > 7 L, HIEREH| %652 L 72, #
NEND cDNA Brh il U7z 6 IRBEZE T cDNA TR 2 )0 L, S+ L FEF T (Trx
thioredoxin) & HWZ > N7 FIZIMACAF I > 5 (6xHis) DALz 5 » 32 G %4
BABIODOKEGHEHR Y ¥ —pET32a (Novagen, USA) (24 > 7 L — 4 Tilligs L7214,
KW BL21 (DE3) (EA L, RKIBRZHRE 200 mM (2459 v~x=2) v %
MZ 7z LB AR THHE & ¥, ODg=0.6~07 2% 5 F T 37TCTkd H | Lz, Hil
BHRE I mM 225 L9 IPTG ZHIZ, S5 3RHIRE HRFEL -, FEgoRETH
Z 3,000X g T 547 alaIs & D AL L | B4R (SO mM sodium phosphate (pH 7.5), 50
mM imidazole, 0.5 M NaCl) {283 L7z, @G Y 2 230 Balii§ 4 700, B s

(Model 450D, Branson) % F\»T, Output 2~3, 50% duty, 54;rMDSEPET 3 M, K i
THH U KBE 2B L 72 BRHRE 10,000Xg T 10 R0 L, AT ib 45 & vt
W53 2B L 72 pAPX-('M-"L)&  pAPX-(""M-K)id I O G T A B4 12 hhH 2407
720, IRERBEIINW, TR ERTHEILL 2SS v X B S fiimiligg . =
7V % #5537z HiTrap Chelating 7 7 4 (Amersham Japan, Tokyo, Japan) (2 L. [F#h
E R THF LB, DT LIHELTOAMEY v /37 R BIINEE T (50 mM sodium

phosphate (pH 7.5), 1 M imidazole, 0.5 M NaCl) TiEHE L, PUE & L THW 7,
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MEAE Y 22327805 mg & T 1 ml DEFEIC, 58D Freund’s complete adjuvant
(DIFCO Laboratories, USA) Z A & CFEL@L S 2, 7 HFFRIATEHLEINHD
RIEIEREL L7z, 4 Bk, BEOMEY N7 B2 &0 1 ml OEWIZ, 5SS ED
Freund’s incomplete adjuvant Z A & &3, THZH 2 WP DORERIEL L THE
TES L7, LR, 1 ARECE S BIHF COBMBRELIT- 72 61 MEOREERED
AT A BRI L aiiig & L7z 552 M EH DO RIERMAD S 3 BERICHEOEMR X b 3Rl
ATV, PIMFHF 7 RS L TR O EERITHV 720 pAPX-(M-"Ly% Hi & L TH W HLi
FIEHRF v pAPX IZFFRMICKIL L, ZRF ooy APX 714 VA L 04 25
A+ pAPX W ZIXEIE L &d o7z, — . pAPX-(""M-K) & Hilil & L 7-uiilig (3 A B R
D cAPX i< UL, pAPX (ZE5 S B L72e & » T pAPX-('M-"L) 23§ BTN

(X pAPX %, pAPX-(""M-*K)Ixt 4 B YUY & cAPX T $ 5 72D 12 w7z,

i A o
SDS-PAGE {4 Lacmmli (1970) @52, + 4 @ U (GVHP membrane, Millipore)
NOFELH L Towbin et al. (1979) OHEIZEL Tiro 7z, 7 NV EPIRE SN/ H 4 O
SBEIL 3% (wiv) AF 4L V7 & &t TBS-T (50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.05%
(wfv) Tween20) T 1 Fffil 7oy &> /Ul % Lt; F D, 1,000-10,000 f5AFL 72 %0
& % &€ TBS-T T | Bk E ) L7ze + 4 02 8% TBS-T T 154 1 [l, 5% 2 3t
L. K12 5,000-10,000 AL 2RV A ¥ 3 ¥ — BHEGY FHL 7 4 F [gG Hifk (Amersham
Japan, Tokyo, Japan) % & TBS-T T 1 BffjilkE 9 L7zf&I2, + 1 2 2% TBS-T T 15
115 98 4 A U7z, RPULEE & Ot D H % ¥ > 737 B ¥ ECL kit (Amersham Japan,

Tokyo, Japan) % fvy T L 72,
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g o

EHIHEHI/ZBISHHDARF X L OTEFELZ 5 gWOHLD . 10 ml O AL
#% (10 mM Tricine-HCI (pH 7.5), | mM EDTA, 12% (w/w) sucrose} & & 12K Lz M)
Mz, 3ED 2~3 mm AR L2 ETHI VI HEZRHCTHERL, It 3
BA-ETHBLI, L 1 ml 2 16ml DY 3 FEREELRER (30%~60% (w/w), | mM
EDTA) (ZERE LT, SW 28.1 24 » 7' 10— % — (Beckman, USA) T 85,000Xg, 2.5 5[
Bl L7zo B T #, 512 fractionator (model 185; ISCO, USA) T 0.5m! 3245 L,
FNEROBIFII BV CIREREEOTENE S L CEEHKIC L 514 47 7uy Mg %

f[:]:O fu:o

RIALTHYT ]

ZHE S HHOHRF v LD RLTHEL 5 g UOELD, 20 ml OMBEREIE (50 mM
HEPES-NaOH (pH 7.0), 10% (w/w) sucrose, 2 mM EDTA or 5 mM MgCl,) & & ik L7z
NPV BBz, FHEA 23 mm BRI LL2ETH IV )BT L. ik
Wz 3R —YTAHAMLA, 10000Xg TI10 3L L, 4. 77 AF FHEOITEL AL
AT eikBhrd Lz L2872, S0 Lg% 32 100000Xg T 1 BE#EOL, w47
O — LM o S 72, (B LRz 05 ml A THEL, 16 ml D =
PR D ENER (15%~45% (w/w), 2 mM EDTA or 5 mM MgCl,) (I LT, SW28.1 &
A 7' a—%— (Beckman, USA) T 110,000Xg, 2.5 Frfil& L7z, WO T, EHIC
fractionator (model 185; ISCO, USA) T 0.5 ml 3247 M L, # N FN DM 572 H V> THL pAPX

AL BIPIAICE B 4/ 70y MR EIT o726

BEER 04 X+ X FOER
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pAPX D4 cDNA % | BREEZE Smal/HindIll TE) ) Hi L. T4 DNA polymerase TFii}
FKimib L7z T DNAWR % Ti- 77 A 2 F pBH2I-Hm @ Smal $f7 125845 L7z, Zhis
£ ¥ cDNA (g cauliflower mosaic virus 358 7O E— ¥ —ZL W FEHREELNE, T Ti-7
FAIFEZLZ PaRL—Y a3 EIZLY Ty 5L (Agrobacterium
tumefaciens) EHALOL ¥RIZEA L2, ZORERMT 7Ny 7) 7 LAz af X
F X+ OREHRIHE 1L Bechtold et al. (1993) D HHEIZHEL TIT - 72, W)\ ST E MR % 4T
S ZHE AT To MW & L7z, TO iAo T FFA2EL, 100 mg) DA F~< 4 2~
&1 GM Bilth F CIEEEIRE DBk 7 5 720 T~ A T Vit & A o 7ok R % Y]
GHFFCRFAT S, 7 HRZEAMEL» S TEL I WY, 127709 b
2T pAPX OFEFEL G NEAEL EIKL 720 pAPX OMEIREHATED S5 M- EBEOED b
I NBOFEEZRHNT, RETETHMERSE T 72,

AT v pAPX TR EBL L - B s 04 X+ X%, WAV TIEAT S 8
H i @ B 7= AR DIRAL T4 % Nishimura et al. (1993) D F I fERIE T HMEERIS %
11 2 720 3B % [ %€ 1 (4% paraformaldehyde, 1% glutaraldehyde, 0.05 M sodium-cacodylate (pH
7.4), 0.06 M sucrose) 12§ RE TR @ ALED L 728200 | mm FLUFIZAIEI L, #r L
g TS oI 2 RELE LEGIL L7z, FIUM@E@ Tk L7z, Y AT UMFRNLLT 3
NiREAIRGRINC & 0 -20C TR L 720 B (LEUEHZ LR-White #1i (London Resin Co. Lid.,
Basingtoke, Hampshire, UK) (2 L, R E S E (Dohan EM) % T, 20T T 24
R E S EH7:, 270 F—4 (Reichrt Ultramicrotome) THEUEIF 28 L, = v 4 0
Ty FiZwo MLz, W E 70y %2 74 (1%BSA in PBS) T 1 Fy[HJALEE L 725,

Ty ¥ THT 200 EHE L 72 pAPX PLILKG & 4T T M RUG &4/, PBS TiLifik.
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YWhz7ay Xy 7T 20 5% L 72 protein A-s2 217 A Fiff (Amersham Pharmacia
Biotech) T, Zifk 30 /bMME L7z, % DW Tk L. 4%MifE Y 7 0 & 7 2V BSR T
ety | 7o, BB 0B £ B @R - BEMEE (1200EX, JEOL Ltd., Tokyo, Japan) # fili

ML T80KV Tir- 720

TomorhE

77 A3 K DNA OB, HIREELIZL D DNA OYRET, DNA Q7 #0— 245 ILEEA

PRENE D ILARHEE 12 Sambrook (2001) DI L 7z,
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SRS

RVFXRII—LBY U RN2EOTY

RVART LIRS P EDOHEAN Z AL BRI T D720, A HhRFx
FVFAFLI—LBIRET B Y Y BORTEZRAT, 53 5 HHOH FEF v #wibT
LY 7)FF2 V- L%HEHL, TVIBREZMA UL F OV - L2 BREICE DR
STz LABE, MEIC@IEdE. 7AA ) I CTRIEL, 7V A )ERTHIEE A LTEL
Lol 0B EXNVA X —LBEAM S o0 Bokdis Uiz, SR LD

Wiy N DM, 31kDa ¥ 7327 % (Figure 16; arrowhead) % LA EHTIZ v 7z,

31kDa ¥ v 237 EHEDCDNA 70 —= 7

31 kDa # > /327 D cDNA Z{457:812, SDS-PAGE (Z X W 5rf L7-K Y v 7 g
APURE UTHBEL 23kl 79 A3 FRZ 7 —pTTQIR ICHEE S/ 4 K F v ii{bT
BEDCDNA 7477 ) —Mori et al, 19NV EZHVTA LS A7)~V FEfTol, 22
THELNROEY DNAKN ZHRIC NV 00—, T ¥F L ¥ - arilkb,
FCZA 770 LTAY ) -2 T efro72, bRV cDNA ¥ FA TV /27 0
YRR, WY IS Lo F5 70 cDNA (245F 1,133bp TE D2 858bp 7> & 74
=T ) =547 7L —L4 (ORF) BATWI, £7/2. Z® ORF @ 5 -5 E
Wiz A 7 V=L TORNEBA My 7T PO EHRL Twd, JHIZI—NF3h?
SN EOWET I/ BEECYIE 286 7 I VBETHIK 2, HESES Fiwid 31,527 Da Td
72 (Figure 17A)e —H T, U4 F VL XV L7z 31 kDa ¥ > X2 & b T

CEDHEIEL, BHh7 2 2OXRTF Fith 26 £ ORNFBELY) & PeiE L7z, 31 kDa
NV EHED 2 2ORTF VRO 7 3 JEBRYIZ, 22— FOEREG SR
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Figure 16. SDS-PAGE of Major Membrane Proteins of Glyoxysomes Isolated from
Germinating Pumpkin Cotyledons.

Total, water-soluble (soluble), salt-soluble (KCl), alkali-soluble (Na,CO,) and alkali-
insoluble (ppt.) fractions of glyoxysomal membrane proteins were prepared as described
in “Materials and Methods” and were subjected to SDS-PAGE. Arrowhead indicates
31-kDa protein localized on glyoxysomal membranes. Markers are shown on the left
with molecular masses in kDa.
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A

MALPVVDTEYLKEIEKARRDLRALIANRNC 30
APIMLRLAWHDAGTYDVSTKTGGPNGSIRN 60
QEEYSHGSNNGLKKAIDFCEEVKSKHPKIT 90
YADLYQLAGVVAVEVTGGPTIDFVSGRKDS 120
RISPREGRLPDAKKGAPHLRDIFYRMGLSD 150
KDIVALSGGHTLGRAHPERSGFDGPWTEDP 180
LEKFDNSYFVELLKGESEGLLELPTDKALLE 210
DPEFRPYVELYAKDEDAFFKDYAESHRKKLS 240
ELGFTPGSARAIANDSTVLAQGAVGVAVAA 270
AVVILSYFYEIRKNLK 286

320
240
160
80
0-
-80—
-160
-240
=320 | 1

1 |
0 100 200 286
Residue number

Figure 17. Amino Acid Sequence Encoded by a cDNA for Pumpkin pAPX.

(A) Deduced amino acid sequence of pumpkin pAPX cDNA

(B) Hydropathy profile of pAPX.

Internal amino acid sequences of pAPX that were determined directly are underlined.
Hydropathy indexes were calculated according to Kyte and Doolittle (1982).




cDNA IZ& T 5 ORF OHET I /ERECYI O —# & —F L 7= (Figure 17A, underline) . %

12, T cDNA Z710—i331kDa ¥ v /787D cDNA # & A TWAD L& LT,

31 kDa ¥ NNV BEARNVFA XV LEREOTRAINE VBN BT

Hd
31 kDa # » /A7 HOHEET I/ BERYIBHNOHPOT A2V E VBV F XL 5
=+ (APX) L@ Z R L7 ze BUDMFER S BN~V A %D — L FER T 598
T APX {iMESB SN A &, FLFOFEMR Y M) 7 ATEA RN AF T/ — A
Bild A Z LAHRE SN T W78 (Yamaguchi et al., 1995a), K% X X7 EHAH HF v~
NAFVV—LBRBENDTAINE VEESLA XL —E (pAPX) THD Lk L7,
pAPX O 7 I JEEIIEELIIHBE SR Tw AN FF v HEDF T a4 FEBAER APX
(tAPX) (Yamaguchi et al., 1996), A b X <FIER! APX (sAPX) (Mano et al., 1997), > O
A X+ X KO E BT APX (cAPX) (Kubo et al., 1992) & F1LEH, 30%. 34%,
53%., OMEME%ER L7: (Figure 18), pAPX {d cAPX LW MIAIMEZ R L7228, Wiicds
G AHE @V T, pAPX @ C KigiZiE cAPX (2lEA 6N 390 7 2 /A6 4 5Lk
FRIDAFAE T A 2 L Th o7z, pAPX DBUKET T v F %17 - 728 Z A (Kyte and Doolittle,
1982), 2O C RimACHNIIEF 1B PEA S (R EBHEB TS 5 2 L7 Fil & 17z (Figure

17B) o LA EOD#RAD 5| pAPX {3 C KEGHRD 2 NN A F 20— LTI O A 72IRIE THF

L Tn5DE I EARE SN,

pAPX DFFEMIIBIT AR LA ZHLMIT A O, 414 /7709y MIL L

WEAT o720 APX D cDNA 70— ZICHGHRIE, R ENMAS (R L L
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PAPX
SAPX
LAPX
cAPX

pAPX
sAPX
1APX
cAPX

pAPX
SAPX
tAPY
cAPX

pAPX
SAPX
tAPX
CAPX

pAPX
SAPX
1APX
CAPX

MALEVVDTEYLKEIEKAFQRDLRAMIANRN 29
MAATALGSVAASSASSTTRFLSTATRATLPFSSRSSSLSSFKFLRSAPLISHLFLNGGRPSSCVSIRRFNAASHEKCLASDPEQLKSABEDIKE@MLKTTF 100
MAATALGSVAASSASSTTRFLSTATRATLPFSSRSSSLSSFKFLRSAPLISHLFLNAQGRPSSCYSIRRFNAASHRKCLASDPEQLKSAQIED IKE@MLKTTF 100

MTKNYETVSEDYKKAVEKCERKLRGEIAEKN 31

I!AHLMADYDVSTKTG----PN@SINQEYSSHNLKKIDFCEEVKSKHPKITYLYGVVﬂV‘EUTTﬂDFVSKESRIS-- 123
EHEEL VIR CAMIYNKNT EEWPARGEANES LEF 0 VL GEMANABL VNBLKLIEPIKKKYSNY T YEEEL F NS A TR 1 EE ARTYEKIAPM K YERIVV VGPEQ 200
EHEEL VEIRG oA YNKNT EEWPGRGEANGS LEF D VAL GEMANABLVNBLK LI EPIKKKYSN YT YEIEL F EINA)S A TR I HE APFIEAPMK YERVEV VGPEQ 200
(A ZEM v A CTE SEXIF D CAS RT G- - —-[P FETMEF D ABQAGMARSMIH IALALLDPIREQGFPT IS FENF HEINDG v VAIVEY TEMECHP F HPEHEEK PRP-~- 125

@ K-~ A P30 1Y R -GN SEX DERIGTINACHNANERA H P EQEIA F 0GP~~~ ~ -~ === - ==~ e 0 PIKEDEE
B EMNIREIG PP S PAATIRAE VERY & -GIFTANR E FRENREAMACRARCTS s P ECEXBWGKP E TK Y TKDGPGAPGS a SEiV QWK
5 ECTEINENRG PP S P A ARTHIE vF ¥ R -GIENGER EEEETERASEIRNA S R P ECEIBWGK P ETKY TKDGPGAPGS @ SRV awlKEND

[AVELLKGE SEGMAKEP 203
@KDIKERROEEMEVEF 299
@AKDIKERROE@EMAVEF 299

-IHKG-—CDDVEAKHMSKDC HKDEBFEGA—-———-====~-----~- {HisNPRIAPCENEIKE L L SGEKEcMBa@yY 208
TIEKEDL EEIEE@R P Y VELEAKEE DETE3K CEEa S K AMIE MAF TPGSARATANDSTVLAQGAVGYAVAAAVV ILSY FYE IRKNLK 286

THARINF EGE SAKV Y ABK{IY EEle FERRKE
TABINF EEE K v Y ABKEY E B ECTEXT

MYAKFDPPEGIVIDDASSKPAGEKFDAAKYSYGKD arz
MMAKFDPPEGIVIDDASSKPAGEKFOAAKYSYGKRELSDSMKGKIRAEYESFGGSPDKPLPT 399

SEKEL DR VIR P LVIKEIA ARE D XA GXIET3 A EMHNEE (KETF A DA 250
286
ar2

NYFLNIILVIAVLAILTSLLGN 421
250

Figure 18. Alignment among APX Isoforms in Higher Plant.

Deduced amino acid sequence of the pumpkin pAPX was compared with APX
isozymes identified from stroma (sAPX) and thylakoid-bound (tAPX) ascorbate
peroxidases of pumpkin, and cytosolic ascorbate peroxidase (CAPX) of Arabidopsis.
Identical amino acid residues among all APX are highlighted. Amino acid sequence of
pAPX is 53% identical with that of Arabidopsis cAPX.
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OO APX T A VHFA LIZSRIEMEZTRT I &AL, DEOMITIZIEZ, RIERESR
L D WL pAPX OEGRATF F sl & U TER L 72 pAPX 5 5RMH A%
BHuwiZz, #FRF v R 20 TRIF S84, pAPX DEIZHF S HE ISk #EL,
FDHARRL I L7 (Figure 19, pAPX) o L L&A5, %83 5 HEH OB T3 %1
SHETIZR L2 A, pAPX ORIZEMIZIND L 2 DFRF v FRNOA V22 V)
F—tER s T BANBELED S ) F XL - ABEORIT S ) A XL U — L HEGE
RN A F T ANDOEROES, FEROLT) /S — > %753 (Kato et al., 1995; Mano et al.,
1996)c xTHIMIIZFRIENNL A F 2V —LABTO L FOX L ENE U EERITER IR T
T EDORBUIBEFE T LA, BMEHTICB T EMIEMUPFLESI AL ZLAHLATY
% (Hayashi et al., 1996b), 1 5 D#ERIL, #HF v pAPX DEAMD 71 4 % LV — LEE

FOEBEFRRIZHIH E N THWE I L 2B L Twv i,

EREORENE SIEARENRBRMT A2 & 1213, FLTHELAZAEEILLT
RV THIET 5, TOELOBEIZBWT, "M F LV —LIEHFS V¥V — LEE
ﬁ%ﬁ@tutb\%kﬂﬁkﬁ@@ﬁﬁ&»i#?v—A#%VUﬁ%?v—A«mﬁ
% 47 5 (De Bellis et al., 1991}, T DE(LEIRFIZET 5 pAPX D ATH% | HMMA L H LY
B L 7o AR TEE A BRI HE L B{E %2 359 % in vitro senescence AL THEN L 72(Gut

and Matile, 1988) 53 20 H H O A7 K F v xR LFFE 2 87 0 B0 BFr o/ L /2 & 2 5 pAPX

O BRIIBWTEE LT F L V- LEEOL FOF L ENL Y VBB TTEL I LT,

WAL, MBI XV ABEDOA S LB T B L CBImL .
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Figure 19. Developmental Changes in the Levels of Peroxisomal Proteins in Pumpkin
Cotyledons during the Peroxisomal Transition from Glyoxysomes to Leaf Peroxisomes.
Pumpkin seeds were grown in continuous darkness for 9 days or in darkness for 5 days
then under continuous illumination for 4 days. Immunoblot analysis of homogenates
prepared from cotyledons at various stages was carried out using antibodies against pAPX,
isocitrate lyase (ICL), and hydroxypyruvate reductase (HPR). Equal amounts of total
protein, 10 pg for pAPX, ICL and HPR, were loaded in each lane. Number of days after
germination is shown at the bottom of each lane.
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pAPX _——

ICL .- -

Days after Treatment

Figure 20. Developmental Changes in the Levels of Peroxisomal Proteins in Pumpkin
Cotyledons after Induction of In Vitro Senescence.

Green cotyledons of pumpkin were harvested and were incubated in continuous
darkness for 0, 2, 4, 6 and 8 days. Immunoblot analysis of homogenates prepared
from cotyledons at various stages was carried out using antibodies against pAPX,
isocitrate lyase (ICL), and hydroxypyruvate reductase (HPR). Equal amounts of total
protein, 10 pg for pAPX, ICL and HPR, were loaded in each lane. Number of days
after treatment is shown at the bottom of each lane.

80



pAPX DMIEIARTE

pAPX DHMIMEMNIBE X T 2 720, KFE S HHO A KT v i (b 7354 o a EHIE
Al IS K DRI L, pAPX & & B IZK TN T AT OEBBEOTHE ENREFND
BRIV A L7 70y MCX O L7 (Figure 21A) . B EOTHAN S,
T)FFTV—LI13E 0 &0 LHIBEE S B X ONMURE G L IR TV, T oaiEE
OO LREs QFHomsg) Riishihys—¥, £V 8T —E, BiP
(binding protein) X4 > VIV BEFIZ Y A -V %52 TCLE o2V T AT L0HBL 2
bDOTHA, pAPX DY — 73447 70y MII OB ENIZ Y FATRT L S0, &
JELROETIZIE C & 3 B 1.25g/em® O 24 T H OMI5Td - 72 (Figure 21A, arrow) o
ORI F XV —LDEBEETHLENI Y T —ERA V7 ) T—-EOE
—7&bF0LD, FIAFLV L ECHETTHLI EAREINTZ, TDE— 7 LA
(2, pAPX 37V F X 2 v — AT &3 R L 2 FEEHRO BT 4 FEH OB LR
i S 7z (Figure 21A, arrowhead) o /MEROEERREFE TH % BiP O —FHIIT#{b L -THllK
HE I ENTWA I L, S50y FTUVHBIY A — S22t M FT 2 T0 5
BL SN h s T—ER AV 72 VB T YR 2HFAOWMGTOMIBE IR EnS,
4~6 FHOMTA/NAKE T TH DI EWREINL, Lo T, 4 FEHOWMIIKIL S
72 pAPX DY — 7 3B RABEHFL TR I ENHL N E L5 7,

TIAFL V- LAOESHIIUNESFEEOIDVPIVEATH L, £ THWIEF
BB BT 2/ REKRT 7 ) A %27 — LW ST D pAPX D5 & BT 4720,
% 3 HEO A KT v i b-F3 2 [FER IS8 LT L 72 (Figure 21B) . £ 00, 1l
F-DRFMIIIBVTHAIAN LT pAPX DN, /NEREI AT 5 pAPX DEIE A5,
REHRY (BFSHE) OFNIIERTEWI EDELIE L o7z, TOFEIE, 5312

L TpAPX AV ZFERL T A F LV — L EWE SN LN 2RIEL T 5,
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Figure 21. Subcellular Distribution of pAPX in Pumpkin Etiolated Cotyledons.
Subcellular fractionation of etiolated pumpkin cotyledons was performed by 30-60 %
sucrose density gradient centrifugation.

(A) Homogenate from 5-day-old pumpkin cotyledons

(B) Homogenate from 3-day-old pumpkin cotyledons

Fractions were numbered from the top of the gradient. pAPX, catalase (CAT) and
isocitrate lyase (ICL) in each fraction were detected by immunoblot analyses using
antibody raised against pAPX, cAPX, CAT, ICL and BiP. Arrows indicate the peak of
the peroxisome. Arrowheads indicate the peak of the ER.
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/I z i\

ARSI L T b pAPX PEIVAREIIBEL TV A0 2HLMIIT S
720, AXRFYETEINA 70V —LABRERBL, <7227 W5 FE - AT
BT a BEHEIRLEEIZK YW L7, 2L T, Wit A4/ 70y MEIZK
DA L72 (Figure 22) o X774 27 LIEFEAE T (-Mg*; +2 mM EDTA) (2B THH L 7:
Wie. pAPX DI LA ENY aBEE 35% (wiw) OB S t/z, F—O0isrAIC
BITA BP DG AR/ T A, BiP I3 pAPX L BB X ZF0H—0 L a BEHEOM 52
HMENZZ, T2 LFRLT (#Mg*; 5 mM MgCl,) TRIEED ¥ = 5L BTl L
72E A pAPX DE— 713X DRV Y affiBEOW T (29%) ~F#)L 72, IEIYIZ BiP
DE— 7L D@y aERIEOE S 42%) ~BE) L7z, ~ 7R Yy MK B B
DEALISHEANREOREO—2>TH S, M/ PRE EIHFETE Y R/ —nid<w s 4
Y LIERI AN S A L Twd, #0707 3% LEE F IO/ E L
THEDHG VBT IZSBESNDLD, w70 T LAIFET TR R — A0 REE LR &
L CHE/DaE L FSG OB DKV E 525 E S b, pAPX (X~ 7> 7 LTFFE - FETF

FETIZBWT BIP EDBEA I L eh o7, & o T, pAPX (HEVNNEELIA DA & A

DIERIZIBIES 5 T L SRS iz,

pAPX ED X 5 LIEHGEMIZBEL Twadh k. Rl IAMGHIRE %+ fv /25
HHEBEIOCBITT AL 2EZ T, VIARXRFAFOFEY 25— MWL THEF v
pAPX FLiKEHWTA L/ 70y F2ifo72 86, U4 XF+XF pAPX (23 L CTHFRF
Y pAPX LRI RIE L %2> 72 (data not shown), T/ 04 X FXFBIUPIFFvd

FEEMNOTREEFEBEBE 2T 2560 ¥ 230 HO R LR &b F 3450
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Figure 22. Mg**-Induced Shift Analysis of Microsomal Fraction from Pumpkin
Etiolated Cotyledons.

Microsomal membrane fractions were prepared under 2 mM EDTA (-Mg*) or 5 mM
MgCl, (+Mg*) conditions. ~Fractions were numbered from the top of the gradient.
Each fraction of the gradient was subjected to SDS-PAGE followed by immunoblotting
using antibodies against pAPX and BiP.
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W % RIAE % 7R 8 % 2o 72 (data not shown)o #UIC. RIEL-FIBEHBIE 17 72012
71 ERF v pAPX FMEIEH X EEHR L o4 AFXF AL, Tt B/, BHE
B s O 4 X+ X F il &M TR AT, 8 HREZ L 00fRir bRy
TREL. #FRFx pAPX HkZ &R TG 3L 0z TRIERBEZIT 2
(Figure 23), RIS O 4 X F A FORALF I BT L7247 K F v pAPX (I
WAF TV —LABLIZRET S E S (Figure 23A) . RAONHEEY Ficb i s ns:
(Figure 23B), L L, MANEEKR I b2 > FU T, EEAL OO AL 74 7120
W AN e otz, ZORETFHEBEBEEOE YL, Figure 21 and 22 TR UZHiIR %
L, pAPX RNV A ¥ 2V — LARD AL &4, HL/NIARLOK RO B 25

ELTWLE I ERRIEL Tnb,
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Figure 23. Immunocytochemical Localization of pAPX in Transgenic Arabidopsis
That Expressed Pumpkin pAPX.

Ultra-thin sections of cotyledons of Arabidopsis were immunogold labeled with an
antibody against pAPX.

(A) and (B) Arrowheads indicate gold particles on peroxisomal membranes.

(B) Arrows indicate gold particles localized on the unknown membranous structure.
C, chloroplast; E, rough ER; M, mitochondrion; N, nucleus; P, peroxisome; V, vacuole.
Bars represent 1 pm.
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LR

NV AR LB NI E

WV F DV —LF—EBREIC L > TR RN (v )7 R) TRRO
PR L EOTELRBET o TV b, TV — L~ ) 7 22 #lllE
ERTAHEFERRICHHEY Y2 EE2 L - THY, IS EH L THEOWE LSBT IT-
T, RNV AF L V2D INF TOWRIZ, FiIZ7 M) 7 ABFEOBNIZZDIE
HEBPH, FOBY 7 BRSEVHE SN TELTHEMEEA TV P27, I o
T RWVAFLY—LEY RV EORIEE FORBHETHLMIT A LI, <}
NI AT NP EEN ARV FF Y = AR EBE o8 s, LA XD v —

BRESML L EBTE 20D EHFSIN D,

NNAXL)—AIBT5 H,0 HEER
REBRBORHUEFIIBWT, ZU4F L /=L dlrRBE2 oML > atsz i
B4 ABRETEEREHLH-TWE, 0L ) RHWOREEKIIBVWT, A1V Ty
) 7 =R L IMERBELEOL IR T FF L V- ABEOEE= 3 AL, YA
FOU—LRAICERTL, T LTINLOBEROBSIZL ), FEMBANIIZ) Ey FF
FADETHRAZHOR LT irEailiz s s finsafs i, S TEYH/O )
LIZVEY FRFAEHET 5, FO AT, COXI BT )AFL V- LNTOZRL
PR BHRARICB VT, MSEEND S HO, PWKEICEEL Twb, 77, bR
WYHENICRE SN ARE NI F LV —LIIBWTh, FOTLAHRATDH B KIPE
ADEEET AR THERIZ HO, PEE L Tnd, TOLIINLFF L V- L FOH
A RCTARTIE, MRENELZ LD HO, PWREAETAHEMIZH D, FO12HIIRV T F
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V= LTI N RS T AL b 2 TV B, HO, IO L B E AL 72
TON, ZETONFF L) —LIZBOY M) ABEELTHEATLAA Y 7 —ETH
Bo hy T —YIIFIIRFREOFEMPIZERMIIBBEINLE I L0, WFEIEND
HEGREE CaAd 45 HO, #RmMIZHE L TwaA EEZ LN TnAE, L2 Ledb, 2
DHY T —HIZLaND L, FRIEH Y T —EDO H0, T H K AlIAE 720 (K= 1
M) (ZIGEE D HO, #iliET A2 & ICE X %2 & TH A (Huang et al., 1983),

APX DHIINT H,0, 2T 5 Z L ICWb 2 HBEILEEE TH 1, MNIZRILOH
BT A WA LE L THEAEA LTV B (Shigeoka et al., 1998), APX (I bAl & LT
HBEMNCBEICHFEFLTWAETAIVE Y BEHWT, HO, #RILLFDOHRE L TE
ST RFOTRAINE S EKREEL L, ZOMD APX ORFRFNERII 7T ATV~
B lo BB L, BILM 7Ly F4 >, F b 7134 ¢, NADPH B L UgIHRE & i OG
LAwZ e, 7AINY IR FCIERICALETH ) . BRI ERAER (SAPX B &
U tAPX) DYHFOLWINE T A IV E Y EIFFE T ICBWTHR I TaH L 2 &AL N
TWh, BIZEELMEIZ, APX O K flidh 7 7 —E L) $E < (K,=30~80uM) (Chen
and Asada, 1989; Koshiba, 1993), {GERED H,O, DHEIIMVTWAE W TH L, AWEICE
W, pAPX IFBIUKEO WV C A E NV A X2 — AEICH S ZRETHAAEL Ty
B2 MWLM o (Figure 17)o T72. L DME A F 2 — L& JH720F%E
5 pAPX OB EA AL AN EIL L Tw a2 & 257 S AT v B (Yamaguchi et al.,
1995a) WA EDHEEDP L AV A F T — LNTHRE L HO,DIELALIE T Y T+

X hFESNREDY, Thrdkih/c HO, SV d F 2y — AfEEEN L CGRVB-&

(2. pAPX 2 HEL AN A F 2V — A ETHO, 2L L TnbeEZ LN 5,
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pAPX (IR % 2D E L TARTEANLAFF IV —LIZBVTL, BwlL N
THIELHHT S (Figure 19), T/, SHILAKEE L L TOREFZORH E# EL
THBEIRICB VTS, pAPX i3V LAV THEFE L T /2 (Figure 20) . & DHGIET 5 ithAE
2B BHRET pAPX AL TWDERIIZEATH 9 2 ? BILERIEIZH 2 R TIE,
IR F S ) — L7 ) A F D — AAOPBEEIERASE X TE ), _vFF2
— AP UIRERBHC D ARER ISR I T D, THHDMREHITENLL T
HLEE VAL LTHIH L, MOKEHRE (20 7) ICEEL Qi 57208 L
TWwaEEbNTWa, & oT, BILBHEIZBITS pAPX OREfEIX, V — ALE THIC

BhLEBEHEET HO, P oHREL TVwEbDEEZILND,

ANFAXFIV—LBEBREBY N WL T

NRNVFFTI—LIEEHS DNA b2k w7z0, TO/MLHERE I DNA IJIKFL
HHSNTwE, ThTTOMENPLXVE XL V=45 37 BITHTE DRt K
— L TERE, HEVAF IV —ANEEITIRD, AR | EBIREGELAL 92, £
SODTI) 2 RE Sy EIFANAF LY — Lk Y ¥ F vk LT PTST b L <13 PTS2
hoTBN, TNEFHBTAL LTy —IIL )RV AF Ly —abliiEiIns, Lo
L. pAPX &0/~ A F o v —LARH@E S X7 HIZIZED L) RO dnk >
FFNEb-oTEBLT, M) 7AYo 38 ML 5B THEINATY
BLAIREMEATE Y, R FF 2 — LEEHER Y 2 F O L 7l mPTS 1220w T

B R RFED S SR TVD A, SRETOL S AUE 9 &4+ EF — THS I

2000), # DFEH, AL pAPX @ C KiflliZfFA A% 7 I V8 (W2 BLUTN
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Fz) THRENDL Y 7 A5 — (RKRMK) #47% L L#idE pAPX DO#pRIZLETH
BIENRENT, DY T AT —IIMAE pAPX DIV F 2 v — LIZRE LB~ b
U7 2B L TWaAY, TORMZTTERGTTEL, 077 A5 —fH 6 5Tl
REMIMESMBSTFET A LLTETHL L Ly, BURE VI 12, #i4L pAPX T
BES NS T I /By Ay —ik, ThRETCHE SR TwL L F X2 — LRE
WY R EovETRG < M) 7 AEICIGRICHEL T A 2 Ehh, mPTS & LTH
ﬁEwaéﬁIﬂﬁﬁmvmﬁﬂmJ BWTRE SN HRF v pAPX 123 C il RKNLK
LW T I BEWATEAELTBY ., 2DoFO N K IEB R & e s s
WIS H S (Figure 17) L2 T, TORFDAFF ¥ pAPX IIBWTHERIZEETH

A ] BRI AT E

A~V EY— L BEEET

ARFEH» S HAEF v pAPX PHIA/REIZIIRBEL 2 WS »OBRRIZRBEL
VAHEZENFHLPE LR o7/ (Figure 22), S HIZHEBTMMSEHSICLIZHFERLINE
WL 7: (Figure 23B), #:KF ¥ pAPX 23RET 5 ZOFEMEM I TH L3, 5D
TARMTH LA, —o0ufetkl L CHTH/ReAR S L IR L L 72/ANRR T 5 LI
ML T4, Mullen (1999) D47 o foEHEHIMAEEZ X LM 50 #ifE pAPX £ Y
IRFEMM BY2 PIT, SEREABRRO Ry P72 2R L T 545, DRARDEE
W5 237 EO BiP, calreticutin, calnexin % X & IZRAELIIZ LAV EATRE R, M
HIXHBIL pAPX HREL - Z OfEEW A, Mo 7T K A4 2 ThDH L L pER
(peroxisomal ER) & #2401} Tvr %, Figure 23B TR S /- K A0 RS X, %@ pER
ER—DEY O Lhv, 2L T, TOL) RFEMEwE ML TXVAF D -

INEEFENRTVWAON2D LG v, FRkIZ/AREE AL CEEERT /2858305
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fUHGEHE & 287 AT b 5 S LT B (Baerends et al., 1996; Elgersma et al., 1997),
VA XD = LORERBANA F L) — LOGHRRBRACOBRIZ LD & ) IR R S
BOW, REPBEZIHOLNTORVA, N4 F DY — LA S o237 B O %R
DS NAE I LIZX D, RAROHRL W R/ Mdtms & OEPANOLNIREEERD

o,

""\

KEFBRFENZ L2, W L7z mPTS #2622 8RN TWE LA ¥V — LIE
By 0 BOMN, WO~ M) 7 AY 3B ERBICHIE TR S - mEdE
RVFF = LEANE TN L0, 5D OSERE T 7KL L 7o/NaEEhE s
FRb, NNUFFR) = AANEHEINL ARG IRTWAE, WUNEEEE Y v 37
HTH Y aho L) LTHEREARR 2007 8HIZ20RINZIZED & ) B E#EIF

AT BN, S HONFEBEE - T Wb,
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REE

Al

o

AFRHLTIE, BEHEPIIBILARVEFF LI —LADT YT RY NI HR
DRy X 7 BOEEEEII DOWTER, BT riT-72, £OKE, v~ )7 X5 3y
LWLy vy EOBEBREIIRE (R LRI ENRENT, TRODEENS, N F

F V- LDEGHMAREE SBROEZIZOWTERT L,

WA F Y= AOHEY

IRETOWELSHHHRBT LA TEF S GG, A F 2V —AWIIIE
F)AFL = LBEENEL ML, SOIERVERIERILEZTLLIIIRD L
FI)AFL ) LBEITHIN, SEEEREAVAF LV - LABESEMT L, 20X
YR A XL — ABROBIRITIE, KRG & v o ARSI & 0 R e s
TWALIENREINTVE, T4, ShSORFLANC L 2MEREF & LT, E&IEZTO
RBPEOFEMICLOHASINTHE I L2 RETLMES 7 ) %2 VERY A 7 VEEHK
D) TWERBREEA V7L VBT Bl owTHRESI R TS, 70FE -5 — DR
Bsh, TROOMELY I— FT5BETICERFLEBEORGIIMET S 2 202 AHIMA
Whdh, THHOBRGNITHEB TL CRFESNTVWD Z &AWL 224 o T A (De Bellis
et al., 1997; Graham et al., 1994; Reynolds and Smith, 1995a; Reynolds and Smith, 1995b; Sarah et
al,, 1996) DL A LWL o TANAF LV — LBEFRWFEINL LM TR, K2
hadii T H2HFHLLEL ENLITTTHD . 4DIFEZE L 72 APex14p, AtPex5p. AtPexTp
LRBLTWAMREE L WV, L LA S, ThETHEIANA XL VL% EE
TERFPEDY I FADNEDE ) IRESRTL Z200W LN Th v,

W, SOE) By ST MEEETT bOORKO 1 0k LT, WLEOMES S
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SR EIN/ANAF D — LRGN AL Z K (PPAR: peroxisome proliferator-activated
receptor) AS{EHE 4L Tv A (Issemann and Green, 1990), Ef¥#liliZ 3> Tid, JElhMR - Bt
FATHBN ORERE Tk A4 2 5 2 Z @ L TR 5 2 & MR DI oFAD
GERE LAV AF L — LOBEAFEINDL 2 EHFHESN TS, PPAR E[ETF
SEHZBWTHIERINA 2 &S0t %Ly — ARl LTy -k LTora—= 7
ANAEFTHD, MBEROFEMIE YLt XL ORAEZFLET L EPHLNL T
Bo SHIZFNLIIHTLABK Y H L FELTHEBEO—#THhE2T7T 7+ N8
J,(Forman et al., 1995)%17 4 2 b ') I B,(Devchand et al., 1996)% [6% 2 LT 5, PPAR
DR FEII NG LR AG & OBLEE S BV b, TOFEORREE LV, ZD L)
PPAR (MM OGN E €=y — LT TMIIAVAF LY — LERGKDO L 7 V(R
FELTWAEEEZ LR TV,

SEMPIZ b LA XL - LAEAREHE TS PPAR O X ) LHEFAHFHEL, T
LT AtPexldp. AtPexSp, AtPexTp 2 &EH-~NA F L L ORYHIHE LTWEDTHA
YT AL RFAFDT ) LT N A ERELICH, RIS T L MR DAL
EADEIAERTETOR Y, L2 LaA S, THEMICEE 4 b iRRIRE A (A 5
SHLRAOMIT, HHEIRNMRSECRICNS T AHFE TH D Lauroyl-acyl carrier protein
thioesterase % B ESEH] 2 & -4l A TIL, FkeIZIRINER 5 BRALTBEEK @ acyl-CoA oxidase
DREBAFE I N D 2 & A% 8T v D (Becoleston and Ohlrogge, 1998), & 512 Z D
Rz X +ud. Lauroyl-acyl carrier protein thioesterase O AFHEB AL S TV HIZh e
H o, BRI KERBEPR LN Lo/, TOZ LITWHRMIZEBNTY,
NERhBE s % B LB AR RAEE p b R W THE R 2 3§ 2 B E T 6 2 & %

L TWh, 4, 20X )R~V FF LY — LR EHTTT A ORI O 70

Wy TR e T KIA L 72 ped BRU T~ 707 VAL b 2dr) 2 &
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T, ATS P OREIHSIEPTE SN DL EFPFTEL,

NNAEFRL V- LDOEEIZBI

RNAF LY = LPHRAHTED L) XS, #5350V DX
FLoTniz, 1970 FRIIRBI N WLV F 2V - LOEFRET IV,
AME/NBARDFEERAL L 7288382 5 O H3F (budding) 12X 5> TARNMAF OV — LANEKS
NLENILDTHo Tz, ORI ET IV (ER-vesiculation model) DBifEIL, ~
VNAF L V=D M) 7 ARVPIES ¥ 37 BOBIRPIRATHFbILTWE En I b
Thb, MIEPTHRENIZANA XS =Ly 27 HE, BEREEE L 220/
R IZH T Y, FISMHFELERLARVAF T V=2l h 2 EE2 6N T, L
L&A, 1980 I A DB A BREFRERD O, XU FF LV — L5 L7 BTN
HKETHERENLZDOTII L HIREROERER) V—LTHREINLILARENE L,
ANVAF = L EPRBAEO R R NRBERE R e b DS TOVILE R & R
bl hoTwol, ZFZITRIZEE LZET VG, £HINZESELLR/MVAF L v —
LBPRALL 5T 5D &9 £ F IV (growth and division model) TH b, I DEFI|ER
W F =L b3y P TRERKREFFEID, _UFF T =L % 7O
ORI, 2ORSSZERIES . WML L2V F 2 v — L D55
WZE DI B E ) b DT S (Lazarow and Fujiki, 1985)e ZDE T IIX, PTSI BB X
O PTS2 I U IR SN DRV F L V=L DT ) v A5 230 EHHNE T
DFRUFZIZARNF F LV — LN EEEEINE ZEAEHER AL Z LIZIL T, IR —
iz ir AR sz,

EZHMWITCHEDIEDP S, NFF V- LBEHME Y VN HEOGNE TR

LD SRR EFRETNVEZ —EHLE L, ORI A F 27— LOEEIEIZ/N
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WHEGTLLVHHUIFELL20H 5, RN EEZRETVA £V — L EilE
ENLEHMEBEEINZORIARVLAF LY — LAEHMA Y 27 G D ScPex15p TH 5o
ScPex15p DM B FBUI/INERBE DR L HE 4 5, 72, ScPex15p @ 384 7 I / Bk
DN, CAMDS 557 3 JBEERITH L. ScPex15p 3/ A~NEIT, 127 3 /B%
L TBENNF XL — ANEHRE S LA (Elgersma et al., 1997; Subramani, 1996), =
DI IRIC, ScPex15p D/PMEFEANDFETHBIZEHIZ L 588 THDH & O LD
Ht & 172 7%(Hettema et al., 2000). ScPex15p PIAMZ & /N EE L Tk b &) 7]
TEEZ b oo F F o — Ly 3y Bidfi4 L8 4L TV S (Baerends et al., 1996;
Bodnar and Rachubinski, 1991; Mullen et al., 1999; Titorenko et al., 1997; Titorenko and
Rachubinski, 1998), A& 2 FIRL AL D2, MU AF o — MR ¥ > v 0 g
D pAPX L/AA L2 CNOET LS XA L TH%i SN b LEZ Twb, KR
2l STRODOEANRL Y Loy WAVPRA R L TR S 44 L v ) PeE W 4k
B RZ L s Twhvy, UL, By o7 B2 E#EEW & AL THxsha Lvy i
HEMEIE, HO/NREGRARDHFE LSV AF VL L W) F T T ORIBHNEZIZH

KT HLDLONEEET L ETRERBEEY,

U4 X FXFORMFIFL L EEBBBONAN XL

BATTCICEERHIIBOTRESRTWARLF XL Vi3 23 12605, Thb
DANFFL AL, Pl ELTORFORISE ) At F 2V — LIIEAFHE S D
ZEMHHINT WD, LALEDYL, TRITICHREEN TS 23 oM+ FL »
NETOEYREIHBIIREINTVEDITTELEVWE D) THDL (Table 1), YIPex9p.
ScPex15p. Y/Pex20p, ScPex2lp, YPex23p 2D\ Tid, 1 O A TRIEZI R TWAE N

WAXL 2 THY, ThFEFTHOEIAMOERHTIER o Twhvn, ¥/ 4700

95



Table 1. Registered Peroxins from Various Species in NCBI Data Base
PEX1 PEX2 PEX3 PEX4 PEX5 PEX6 PEX7 PEX8 PEX9 PEX10 PEX11 PEXi2’

A. thaliana O O O O & O O O O C

H. sapiens O O O O O O & O O

S. cerevisiae O O C O & O O O O O O

P. pastoris O O O Q [ O O O O O

Y. lipolytica O O 0 O O O

C. elegans C O O

X. laevis O O O O

D. melanogaster @ O
PEX13 PEX14 PEX15 PEX16 PEX17 PEXt8 PEX19 PEX20 PEX21 PEX22 PEX23

A. thaliana O O O C O

H. sapiens O O O O O

S. cerevisiae O O O O O Q O O

P. pastoris Q O O ®; C

Y. lipolytica O O Q O @) O

C. elegans O Q

X. laevis O

D. melanogaster

(Dec. 7. 2001)
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2 RHET L TWLENE S cerevisiae 2 T4 X FXFI2BWTh, Foiixind b5
FO BRI TRV, S HIIE} S. cerevisiae Tl PTS2 B Y o /37 Tkl b
BRI F Lk LT PexTp, Pex18p, Pex2lp OFFAEVHHL M SN TV AD, #HIlL C
elegans D7/ LT — ¥ R ZUE TN HITHIET 5 WF 13774 L e vo 2 DFRHL C. elegans
2 PTS2 By X B a BT AH, fIREIZHT AN A F 27— Aiddins S
NhwnE )R ezl Ehs, BIlL C elegans 1213 PTS2 K- 2 ¥ 2737 H#y
ERBEAT Kb T 5 I &S X172 (Motley et al., 2000y, 2D X ) BJENL
RVFF T = LOEGEOBRRICED L KX, FRENOMIZ L - TE{L T 21 d ik s
N, A THDHIEDRBEINTND,

EEMWIIBN TN XLV — AOREMEFRFIZEDL I EPHH IR TW L RV
T ¥ L L, SO OMEE R E 59 T Pexldp,PexSp.Pex7p.Pex16p D 4 T & 5 H3(Hayashi
et al., 2000a; Lin et al., 1999), Z 415 LLYHZ NCBI 77— # N — R | 121X, Pexlp. Pex2p. Pex3p.
Pex4p, Pex6ép. Pex10p, Pexllp, Pex12p. Pex13p, Pex17p, Pex19p MO fiat 11 O~ A &
P yREQIDIFEDST WS TS (Table 1) (Mullen et al., 2001), ZHRHD TSR
o odizid, AREFETRIGE L7 APex14p. AfPexSp, APex7p &[EERICSNL A F v
— LY R EERIIEDLESNEATOEINT VS, TALOHBERF»ED L)
LEERE R H L TV a0, APexldp, APex5p. AtPexTp & ED X HIZbY RN F ¥ v
S LAND Y Y BHEE RS TV AL, IEFICHIREVWITH L, 5, Zh50D
BRI DNV F L REOTPANGFF - LOEFKIIEDLNTTCHL I L%,
RNAi %15 L <3 T-DNA #7594 » i biaFRIPET LAY 04 X F X+ % AT
LZORBEB D AW 2TV 72w TR HILE SRSz~ %2 L2 2
NEDOERTMTHRENL Y /7 ERMEEHPRE SR THEOT, 204 XFZX+D

NNFFL IS ERED Y 8 BRMHEEHARON S MG T5 2 bR THE &
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Bhitd, =T, ped BREZEHIERT A2 T, LA %2 XOFGEZH’
WAHEIESTETHL, HHB LX) ICHEER OV AF 2y — Ao 4k & It
NTHMA 2 EDE (BRI NTYWA D, SEMBEAE O+ X P AT 5T

il EZ Tnsh,

U F— b 0BG

AFH L | T|IZB W T, APexldp, AtPexSp 23 04 2+ X F DRV A F L0 — Lo
DY IR ECBATHULWICETET 2 2 2L, I D 2 20 % 737 B
EHFDPHEBH L TCWAHGETIERN A F L V= LADF 3 HiEASRATHA I & T
EEEL T, SO LR EANLT, 204X FATOMA RIEIIBITAREMR Y — %
RE$ &, 6, 5, FHAEFE, oy M RGE B X Unbrd:, BIbFEToHI
(RN AFT )= LDY VR BB DEATH D ENDr b, SSRGS ) 4
FUU L, BRESLVAF UL SR EL TR0 XD — A0 3 FIEIAAFALE
FTAHD, BRI ETORNLF LY — AIIREPAW 8L T vb + % o
VLRI TEY, ThIETOLE IANMALMABRBIRVWE IR Tnivy,

T, YOG RREL D2 A ML AL - THEEBELINLHMELE S
ThHI Y AT VBOSRRIIANTF 0 — ORI BILRDECES L TnSZ
M SNz, T U AE VERE O R TIRMIEE p BRALR R S I T Al
4 R##% OPR3 (12-oxophytodienoate reductase) (OPDA (12-oxophytodienoic acid) %% OPC
8: 0 (3-oxo0-2-(2’-Z-pentenyl)-cyclopentane-l-octanoic acid) % EWT %) TFDT I / Bl
I C FigiZ PTS1 5 ->TH ), OPR3 dRILAF T Vv — ARGEDWHENEA RIS N T
V2 A (Stintzi and Browse, 2000), KEFRBKEVWI L2, SO OPRI ZRIEALZIO( X F X

2R delayed dehiscencel TIXFHD MBI AER O ILTEN, 5 E LU THEARED
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KBEBMERTH, VYR VBORINCE Y BARANEOHET L2 EPRESR TV
(Sanders et al., 2000), T DL RV FF LV — ANDRMIN G 5 2N HERE EIRT
AfPex14p, APex5p DIELFEIZHBITH BB, EFHFEMEANTORLVA XL vV —LDOR
oA ERT L LTHEEICERLMRA TS 5,

—J7. BBEIIBITLALVF XL Y — LOBEEZRTHELES T VL TRV,
ME—< X FHES ORI O AV F F 2 — L2 ) =+ (uricase) PEHEL TW5AH T
& A5 T v B (Kaneko and Newcomb, 1987; Kaneko and Newcomb, 1990), 7 ') 71— i3
RECHBRORBEBERZOND—2TH Y, KEE+0+2H,0—> IR FE+H,0,+4C0O, O UL % fili i
T2, TOLILFENS, BHOAN A F LV — AFEFREINHE I EATRE SR
TWwad, MU ORIZE LA F L —LIIFAETEH, F) 4 F L 0 — L0 EN
XL — LOFREE o ARBEREIH L AII SR TRy,

Figure 7 {2779 X 9 12 APexTp i3 2 v P ERFEAEIEITFFIZHROV ISR S iz,
SRR INOGDEEIIBVT PTS2 BlY 0 EORBENS (. FOEEEEAWE W
ExRL TS, FO—FTHRBYELMEOFETIE APexTp DH3BIIH T VHH TR AL
(Figure 6), PTS2 IZMAF L7 /v 7 HaEipt I T SHERE L Tvals v O & AR
I, THFTRICLAERMEICFET LA F L — 4L, TXTHREEAIL A
FIV =L LIIPPRIFRAIZEDZ DL LT —-HENTEL, L L, BEHRED
5., TROBFEAN A XLV —LEARE (O y FPIRERELT OEFFEALEFL V— 4
TIX PTS2 8% Y7 HOAMMAIL | RO X ) IZE—DFxESNFF L/ —b b L
THETHIENTS RV REEARBIN/C, 72, pAPX DFu~N A F 37 — L
NP EOFRTEEDPWTEH, ThFETIEELD LIS ot F v — 4122
WTODABIAINTEYD, [ERPBBE TR EAAREOAN YT VLY /37

BliowTHELFo0TOREL - Twd, SHIZEE, MV FF IV — LOH
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AT HEDEOMK B L RITL /20 (Lin et al,, 1999), fEFOEIZRE 4
U X454 % & (Richmond and Bleecker, 1999), T E TIZHIGN TV LRIV G F 2 — Lk
BED IO O L VWHEPRE SN TWE, SRS OHBIIESY O~V T FL Y
W RHOEIBENTET AL 2 TKEEL, LEDOZ s, WMBOEKRLE
BT ARNFF L LB E FOEBBEXPIRY L LT, FRhEFhOL
FFIV—APEDE ) LT RN E TR IR TSP EHLMITH I EFEELR
HThb, ThEBRTLIFERELTEZONIZDONFEERL A XL V- L& T 0
TA LB TH b, 5%, SHEPLBBERVAXLV—L2HWE L, TOHKY >3
JHEZRETAI LT, FRAHL LIRSV A F 2V — LOFERPT S 2 E N

HZ t ’&I{ﬁ%tf'ﬂ%o

SEROBRE

AR LTI ped? EREZHELE LTV F TV — L4y 287 Wimpkiodul
B 5 APexldp B3 LU PTSI, PTS2 Lt 7% —& L THEET 2 APexSp. AtPexTp %
FE L7ze LALAAL, XUFEFT V) —L0ADF 237 kBRI B VT APex14p
PRPHBETEIT->Twb LIEFEZIZL., APexldp ZHIMT 2 L) O R T O
PTMEINE, T2TIDL) LHHBRNFE2EETE27:00—20FHE LT, BEE two-
hybrid system Z V7254 75 ) — A7 )~V IPHERTHD LEZTWA, APexldp
)5 N7 EIL L TIREHAER T 5 RF MR85 & v ) ERIIELZET R T
HH, INFTTEL220RYTA770—-02{HTWAE, D2 2ORFTOMND 1 i,
YOAXFRAFOY ) LT X=Z LTS ) LR TH DLW REMAT V. K
AL TIIEFICR N e o 7245, BERE Pexldp 374 L A VL E TRV F 2 v — LK

AL -G YR E NS L v T EMHE IR Ty A (Komori et al., 1999), 4.
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A= Il o TIHONAERT 2SS TAZ 212X 0, APexldp D) VB
EARVF XL )=~ DT X EHREIIBWTED L ) LB ERY S D O]

TEALLDERFEL TV 5,
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We previously isolated an Arabidopsis peroxisome-
deficient ped2 mutant by its resistance to 2,4-dichloro-
phenoxybutyric acid. Here, we describe the isolation
of a gene responsible for this deficiency, called the
PED2 gene, by positional cloning and confirmed its
identity by complementation analysis. The amino acid
sequence of the predicted protein product is similar to
that of human Pex14p, which is a key component of
the peroxisomal protein import machinery. Therefore,
we decided to call it AtPex14p. Analyses of the ped2
mutant revealed that ArPex14p controls intracellular
transport of both peroxisome targeting signal (PTS)1-
and PTS2-containing proteins into three different
types of peroxisomes, namely glyoxysomes, leaf per-
oxisomes and unspecialized peroxisomes. Mutation in
the FED2 gene results in reduction of enzymes in all
of these functionally differentiated peroxisomes. The
reduction in these enzymes induces pleiotropic defects,
such as fatty acid degradation, photorespiration and
the morphology of peroxisomes. These data suggest
that the AfPex14p has a common role in maintaining
physiological functions of each of these three kinds
of plant peroxisomes by determining peroxisomal
protein targeting.

Keywords: B-oxidation/peroxisome/pex]4/
photorespiration/protein targeting

Introduction

Peroxisomes in higher plant cells are known to differen-
tiate into at least three different classes, namely glyoxy-
somes, leaf peroxisomes and unspecialized peroxisomes
(Beevers, 1979). Each organelle contains a unique set of
enzymes that provides special functions in various organs
in higher plants. Glyoxysomes are present in cells of
storage organs, such as endosperms and cotyledons during
post-germinative growth of oil-seed plants, as well as in
senescent organs (Nishimura et al., 1996). They contain
enzymes for fatty acid B-oxidation and the glyoxylate
cycle, and play a pivotal role in the conversion of lipid
into sucrose, It has been suggested that fatty acids are
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exclusively degraded in glyoxysomes (i.c. not in mito-
chondria) during ~ germination and post-germinative
growth (Beevers, 1982). In contrast, leaf peroxisomes
are found widely in cells of photosynthetic organs. It has
been shown that some of the enzymes responsible for
photorespiration are localized in leaf peroxisomes even
though the entire photorespiratory process involves a
combination of enzymic reactions that occur in chloro-
plasts, leaf peroxisomes and mitochondria (Tolbert, 1982).
Other organs, such as roots and stems, contain unspecial-
ized peroxisomes whose function is still obscure
(Nishimura et al., 1996).

Glyoxysomes, leaf peroxisomes and unspecialized
peroxisomes are known to be converted into one another
under certain conditions (Nishimura er al., 1996). For
example, glyoxysomes in etiolated cotyledons are trans-
formed directly into leaf peroxisomes during the greening
of cotyledons (Titus and Becker, 1985; Nishimura et al.,
1986). During this process, glyoxysomal enzymes, such as
malate synthase, are specifically degraded (Meri and
Nishimura, 1989), and leaf peroxisomal enzymes, such as
glycolate oxidase and hydroxypyruvate reductase, are
newly synthesized and transported into the organelle as it
is being transformed from a glyoxysome to a leaf
peroxisome (Tsugeki er al., 1993; Hayashi ez al., 1996b).
Leaf peroxisomes in green cotyledons are subsequently
converted to glyoxysomes when the cotyledons undergo
senescence (De Bellis and Nishimura, 1991; Nishimura
et al., 1993). It has been suggested that the functional
transformation of plant peroxisomes is controlled by gene
expression, protein translocation and protein degradation,
although the detailed mechanisms underlying these pro-
cesses still need to be clarified (Nishimura et al., 1996).

To identify the genes responsible for regulation of
peroxisomal function in plant cells, we isolated mutants
with defective peroxisomes. To screen such mutants, we
used 2.4-dichlorophenoxybutyric acid (2,4-DB) as a
compound for detecting Arabidopsis mutants with defects
in glyoxysomal fatty acid P-oxidation (Hayashi er al.,
1998). We expected that two methylene groups of the
butyric side chain in 2,4-DB would be removed by the
action of glyoxysomal fatty acid B-oxidation to produce
a herbicide, 2,4-dichlorophenoxyacetic acid (2,4-D), in
wild-type plants, whereas the mutants no longer produce a
toxic level of 2,4-D from 2,4-DB because of the defect in
fatty acid B-oxidation. We succeeded in identifying four
mutants that were classified as carrying alleles at three
independent loci. We designated these loci as ped!, ped?
and ped3, respectively, where ped stands for peroxisome
defective, These mutants required sucrose for post-
germinative growth, because the reduced activity of
glyoxysomal fatty acid B-oxidation prevented the produc-
tion of sucrose from the lipid reserves in seeds. One of
these mutants, ped2, has been demonstrated previously to
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have a defect in the intracellular transport of 3-ketoacyl
CoA thiolase, an enzyme participating in fatty acid
B-oxidation, from the cytosol to glyoxysomes (Hayashi
et al., 1998).

Peroxisomal enzymes are synthesized in the cytosol,
and function after their post-translational transport into
peroxisomes. Most of the plant peroxisomal enzymes have
been shown to contain one of two peroxisome targeting
signals (PTSs) within their amino acid sequences
(Hayashi, 2000). One type of targeting signal (PTSI) is a
unique tripeptide sequence found in the C-terminus of the
proteins (Hayashi ef al.. 1996a; Trelease et al.. 1996). The
permissible combinations of tripeptide sequence for plant
PTS1 are (C/A/S/P)-(K/R)-(I/L/M) (Hayashi et al., 1997).
Another type of targeting signal is involved in a
cleavable N-terminal presequence (Gietl er al.. 1994).
The N-terminal presequences contain a consensus se-
quence (R)-(L/Q/T)-X5-(H)-(L) (X stands for any amino
acid) called PTS2 (Kato er al., 1996a, 1998). These
proteins are synthesized as precursor proteins, which show
a higher molecular mass due to the N-terminal pre-
sequence. The N-terminal presequence is processed to
form the mature protein after its transport into peroxi-
somes. These peroxisomal proteins with PTST or PTS2 are
imported into peroxisomes with oligomeric forms (Lee
et al., 1997; Flynn et al.. 1998: Kato er al.. 1999).

Here we report the identification and analysis of the
PED?2 gene, and present evidence that the gene product of
PED?2 is a component of the protein targeting machinery
involved in each of the three kinds of plant peroxisome.
We discuss the pleiotropic defects in the ped2 mutant
based upon the predicted function of the PED2 gene
product.

Results

High-resolution mapping of the PEDZ2 locus
The Arabidopsis ped2 mutant, which has a Landsberg
erecta ecotype background, was identified by its resistance

Fig. 1. Positional cloning of the PED2 gene. (A) High-resolution
mapping of PED2 on chromosome 5. Names and positions of the
molecular markers used in this study are indicated on the top of the
illustration. Hatched bars represent the regions covered by the Pl
clones. We analyzed 310 Fa progeny (620 chromosomes) having
homozygous ped?2 alleles. The numbers of recombinations that occurred
between the PED2 locus and the molecular markers are indicated at the
bottom of the illustration. Mapping results with a series of molecular
markers between LEY3 and MHI24-4 are summarized schematically
and indicate that the PED2 locus may be located within a single Pl
clone, MQB2. (B) Schematic diagram of a 7734 bp Xhol fragment that
is involved in the PI clone, MQB2. The 12 black bars represent protein
coding regions determined from the ¢DNA sequence. The wriangle on
the sixth black bar indicates the position of a nonsense mutation that
oceurs in the ped2 mutant. Nucleotide residue | corresponds to an
adenine of the first methionine codon. (C) Effects of 2.4-DB on the
growth of transgenic ped?2 seedlings [ped2(PED2)] harboring the

7734 bp Xhol fragment shown in (B). Wild-type Arabidopsis (WT).
ped2 mutant (ped?) and ped2(PED2) were grown for 10 days on
growth medium containing 0.2 pg/ml 2,4-DB under constant
illumination. Photographs were taken after the seedlings were

removed tom the media and rearranged on agar plates. (D) Effects

of sucrose on the growth of ped2(PED2) seedlings. Wild-type
Arabidopsis (WT), ped2 mutant (ped2) and ped2(PED2) were

arown for 10 days on growth medium without sucrose under

constant illumination. Photographs were taken after the seedlings

were removed from the media and rearranged on agar plates,
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to the presence of 2.4-DB. This mutant requires sucrose for
post-germinative growth. because of its reduced activity
for fatty acid B-oxidation. Our initial mapping of PED?2
located it to the lower arm of chromosome 5. between two
molecular markers, LFY3 and g2368 (Hayashi er al..
1998). We outcrossed the ped2 mutant (which has a
Landsberg erecta ecotype background) to wild-type
Arabidopsis. which has a Columbia ecotype background,
and identified 310 F> progenies that have homozygous
ped?2 alleles for high-resolution mapping. These progenies
were subsequently scored according to their genetic
background at a series of molecular markers using the
cleaved amplified polymorphic sequence (CAPS) mapping
procedure described by Konieczny and Ausubel (1993)
(Figure 1A). The number of chromosomes that showed a
Columbia background represents the number of recombin-
ations that occurred between the PED2 locus and the
position of each molecular marker, since the genomic
DNA of the ped2 mutant has a Landsberg erecta

A
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LFY3 mMaB2-1

name of
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background. To identify the genetic background of
chromosome 5 between LFY3 and g2368, we generated
four molecular markers, MRG21-3, MQB2-1, M(}B2-4,
MHI24-4, based on the nucleotide sequences of P1 contigs
that have been reported by the Kazusa DNA Institute,
Chiba, Japan (http://www kazusa.orjp/kaos/). As sum-
marized in Figure 1A, high-resolution mapping revealed
that the PED2 locus is located between MRG21-3 and
MQB2-4. The closest molecular marker to the PED2 locus
is MQB2-1. This result strongly suggests that the PED2
gene is contained within a single P1 clone, MQB2.

Identification of the PED2 gene

MQB?2 is reported to contain 16 predicted genes (http://
www.kazusa.or.jp/kaos/). Based on the nucleotide sequen-
ces, we designed a set of oligonucleotide primers that
could amplify one of the predicted genes by using the
PCR. This gene is located within the 7734 bp Xhol
fragment contained in MQB2 (Figure 1B). DNA fragments
were amplified from genomic DNAs of wild-type
Arabidopsis (ecotype Landsberg erecta) and the ped?2
mutant, using this primer set, and were fully sequenced.
The nucleotide sequences of the two fragments are
identical except for one nucleotide substitution, from C
in the wild-type plant to T in the ped2 mutant (Figure 1B,
arrowhead). This result strongly indicated that the 7734 bp
Xhol fragment contained the PED?2 gene.

To confirm this result, the 7734 bp Xhol fragment
isolated from the MQB2 clone was inserted into a plant
binary vector, pBI121A35S, and then transformed into the
ped2 mutant by Agrobacterium-mediated transformation
(Bechtold et al., 1993). Seeds from individual kanamycin-
resistant T, progenies were scored for kanamycin resist-
ance to identify the lines that are homozygous for the
transgene. The homozygous T; lines were assayed for
2,4-DB resistance and a sucrose requirement during post-
germinative growth. As we have previously reported, the
ped2 mutant was resistant to a toxic level of 2,4-DB, while
it was sensitive to the absence of sucrose in the growth
medium (Figure 1C and D, ped2). In contrast, the ped?
mutant transformed with the 7734 bp Xhol fragment
became sensitive to a toxic level of 2,4-DB, whereas it
was resistant to the absence of sucrose in the growth

medium {Figure '1C and D, ped2(PED2)]. These pheno--

types are identical to wild-type plants (Figure 1C and D,
WT). These data indicated that the genomic sequence
determined in this study corresponds to the PED2 gene.
The nucleotide sequence data of PED2 are available in the
DDBJEMBL/GenBank nuclectide sequence databases
(AB037538).

PED2 encodes a protein similar to Pex14p

A cDNA clone of the PED2 gene was generated using
RT-PCR with total RNA isolated from wild-type plants.
The first methionine that appeared in this cDNA represents
the start of the open reading frame, since the 5’ primer used
for the PCR was designed to hybridize with the 5’
untranslated region including an in-frame stop codon. We
determined the nucleotide sequence of the cDNA (DDBJ/
EMBL/GenBank accession No. AB037539). Comparison
of the cDNA and genomic DNA sequences showed that
the PED2? gene contains 12 exons (Figure 1B). The
deduced amino acid sequence of the gene product is
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AtPex14p T HQ TIP DFPALADENSQI[E EA K VQGATIAQ 40
HsPax14p SSEMAEQ------- G----§ ao
AnPex14p SSE AEG N——— -2- SSS 20

HpPex14p -Ms@a
ScPex14p

AtPaxtdp I sm’ﬁz VIH@S 80
HsPex14p ATv QNS QRIgLATHA 5t
RnPex14p ATV QNS L A TLEA 51
HpPexidp ------—--——— AELVSSUE LDGSTADELJL AKKVE 36
ScPex1dp ------------ KALFDSEIVSIHAKDES IKDALLKKIE 35
AtPex14p R RRVPDPPPSSQTTUTSG aQAv 120
HsPex1dp KK| MER3QQ S EP--- 77
RAnPexi4p K --AS EP--- 17
HpPex14p S E --UGTVaA--- 62
ScPex14p KS EK[RSE ILMKEPK~K-~-————-— DGIV.DEVS 65
AtPex1dp Si & VAAAP QRAFL YHAILAV 160
HsPexidp BSLG[E- PValgP H[Y SQYSPAG R----DY[9 110
RnPex14p HPHG -—TPV P\IQPH SQTSPGG R-=-=-DY[] 110
HpPaxidp HPSEHG S\NPIRPPVDYYPSAPLPERD—*-— K====DY[d 95
ScPex14p KKIGSTENRASQOMYLYEAMPTLPHRD===[K----bY[d 98
AtPaxi4p

HsPaxidp  AIREI] [ mEYEl-——— AFEFHGLVK\‘LLPLIGGRE RKGLE 146

RnPexidp AT ILEYS----MAFGFHRLYQIYLLPLIBGGREBRKALE 146
HpPexidp IMUITATEYR-——-HSYGUVYQFVIRYJQIVPKI[WP--PSKTQRLE 129
ScPextdp [EMEITATEI----LLYGAYEVTRRYGIFPNINP~--EAKSELE 132

AtPexidp AVAAR KAAS AAS V MMIEIK NBERK 240
HsPexidp LSGSVE QTVT Lar 5 -FL LG ---aad 182
RHAAS

ASGTAVFEKRSLIPRFSHE‘IR]HEEET MPLEKA 200

RnPex14p LSGSVE] QTVTGVHTTL -FlALLRA~-~-QQG 182
HpPexidp QD[N AAIDH.FGRVESLLEKFEA.QKE YRKGEAKSKKIDE 169
ScPex14p GD[IKEIDDRFSKIDTVLNRIEAEQQE FRKKESEDLKALSD 172

AtPexidp  YFED[ GVEVDEM SLSNIBK PKﬂYSAb 280
HsPex14p KIQE[W M----AAA[JATTSTNWI K§~-=- 214
RnPex14 KVAE( -—-—AAA JATTSTNWI NELKS-— 214
HpPex14p LQEVDEIIN——-KTNEKNLEmEET KYLKLE ENOKT-- 204

ScPex14p  TIAE[MKQARBVQATTRSREKIEDEFEIVKLEVVIMANTID-- 210
AtPexidp  QEVYNGSVTTARKPYTQGSNVDYDTRSAQSASERAARADS 320
- EINSLKGLLL irG FLdd S

HsPexldp -ig--- 2

RnPex14p 222
HpPexi1dp 219
ScPexidp - 224
AtPex14p S\‘H-H MIQRGEKINI RE IQDEIPPNPNQRLE 360
HaPex14p SWRIPVKE----- S FISPAAVEIHHSSSDI S[gvE] 268
RnPex1dp HQIPV ----- FISPAAVIIHHS SSDIS[gVE 268
HpPeaxi1dp L AHE ————— D]KTSGIAVAPGLS—--T PH 251
ScPextdp ----1Q EHESLKE ----------- LMNREJESG--NAGD 247

AtPex1dp DPRIARKE
HsPax1dp NE--~57SHS

[a]
7(

RnPex1dp  NE--S[ISHSKG

HpPex14 ES--TSR&S, AEAK

ScPexidp NR--LFSIS NGl

AtPexidp TAARFTANGNETSTHEAAFRGRSH PaPPPRAZAE 440
HsPex1dp S WVTYRLLG---------[4-~~ EEGEG VDVKGRMRRIEY 312
RnPex1dp SATYRLLG ------------ EEGEG MbVKGRMRIEY 313
HpPex1dp ---KINLNI---------[§---== PTTSIESLA-DYLSRA 287
ScPex1dp  -------eeee— oo GIOTIWSASEILAKMG 275
AtPex14p  AV[AAIRRPKPQA A AA 50 SD LAKITKFEHER 480
HsPexidp QGEEKR---ED E[HE] DEEO HDE OCLGVGREDR 350
AnPex14p QG[JEEKR ‘EDEEGE DE- D DVLGVQREDR 349
HpPex14p KDKDVNS----DSH AEYEQRTANEKDERS IPAWGLE krrd
ScPex1dp  MGAESDK---EKENGSDANKDENAVPAWKKAREAQTIDH NA n2
AtPexidp - SG-MIK T AGKIQEE T[HaH I SAI§GN- 507
HsPexldp R @I-NEQVEKLRRP-[§GASNES[JRO - 377
AnPexidp R QI -NEQVEKLRRP-[AGASNES[§RD - 376
HpPex14p NASSSTTSMVAGDRAKAPKRGIPAWRLNA - 51
ScPex1dp SIPEWGK-NTAANIHSVPDOWENGGVEDSIP DY

Fig. 2. Alignment of amino acid sequences for the PED?2 gene product
with mammalian and yeast Pex14p. Deduced amino acid sequence of
the PED2 gene product (AtPex14p) was compared with Pex14p
identified from human (HsPex14p), rat (RnPex14p), H.polymorpha
(HpPex14p) and Saccharomyces cerevisiae (ScPex14p). 1dentical
amino acid residues between AtPex14p and other Pex 14p are
highlighted. Amino acid sequence of AtPex14p is 29.6% identical

to that of human Pex14p. The asterisk on GIn254 represents the
position of a nonsense mutation (CAA to TAA) in the ped2 gene.
Two putative membrane spanning domains are indicated by a line,

A dashed line represents a putative coiled-coil region.

composed of 507 amino acid residues (Figure 2). A
nucleotide substitution occurred in the ped2 mutant,
converting a CAA codon encoding GIn254 of the gene
product to a stop codon (TAA) (Figure 2, asterisk). The
amino acid sequence of the gene product shows significant
similarity to mammalian and fungal Pex14p, one of the
peroxisomal membrane proteins involved in the perox-
isomal protein targeting machinery (Albertini et al., 1997;
Brocard et al., 1997, Komori et al., 1997; Shimizu er al.,
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Fig. 3. Immunodetection of ArPex14p in etiolated cotyledons of
wild-type Arabidopsis and ped2 mutant. Extracts were prepared

from 5-day-old etiolated cotyledons of wild-type Arabidopsis (WT)
and ped2 mutant (ped2). For each sample, 10 pg of total protein were
subjected to SDS-PAGE. Immunoblot analysis was performed using
the antibody raised against ArPex 14p. Markers are shown on the right
with molecular masses in kDa.

1999; Will er al., 1999), and is most similar to that of
human Pex 14p (Figure 2). Therefore we decided to call it
AtPex14p. ArPex14p contains at lease two hydrophobic
segments and a coiled-coil region (Figure 2). Although
two yeast Pex14p are known to contain the class Il SH3
ligand consensus sequence (Albertini er al.. 1997),
ArPex14p does not contain such a motif. In addition,
there is no obvious PTS.

Subcellular localization of AtPex14p

To analyze the subcellular localization of ArPex14p, we
prepared an antiserum raised against a fusion protein
containing a partial amino acid sequence of ArPexl4p
(Met1-Pro100). This antiserum recognized a 75 kDa
protein in wild-type plant (Figure 3. WT), while no
cross-reactive band was detected in the ped2 mutant
(Figure 3, ped2). These data indicate that ArPex14p is the
75 kDa protein.

To investigate the subcellular localization of Pex14p in
plant cells, homogenates prepared from pumpkin etiolated
cotyledons were subjected to sucrose density gradient
centrifugation. Fractions thus obtained were analyzed
using an immunoblotting technique with the antibody
raised against ArPex14p (Figure 4A). The 75 kDa protein
was detected in fractions 23-25, whose densities were
1.25 g/em?. These fractions also contained other glyoxy-
somal marker enzymes, such as isocitrate lyase and
catalase, while they did not contain a mitochondrial
marker enzyme (cytochrome ¢ oxidase) activity (Figure 4A
and B).

Figure 4C represents the result of the extensive
subfractionation studies performed by the treatment of
intact glyoxysomes with various solutions. Pex14p and
ascorbate peroxidase, a marker enzyme for peroxisomal
membranes (Yamaguchi er al., 1995), were found in the
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Fig. 4. Subcellular localization of Pex14p in pumpkin etiolated
cotyledons. (A) Subcellular fractionation of etiolated pumpkin
cotyledons was performed by 30-60% sucrose density gradient
centrifugation. Fraction number | represents the top fraction of the
gradient. Pex 14p and isocitrate lyase in each fraction were detected
by immunoblot analyses using antibody raised against ArPex14p
(AtPex 14p) and isocitrate lyase (ICL). (B) Sucrose concentration (open
circles), activities of catalase (filled circles) and cytochrome ¢ oxidase
(COX: filled triangles) in the same [ractions as used in (A) were also
measured. (C) Intact glyoxysomes were resuspended in either low salt
buffer (L), high salt buffer (H) or alkaline solution (A). Each buffer
consists of 10 mM HEPES-KOH pH 7.2, 500 mM KCI with 10 mM
HEPES-KOH pH 7.2 and 0.1 M Na,COs, respectively. These samples
were then centrifuged and separated into soluble (S) and insoluble (P)
fractions. T represents total proteins of the intact glyoxysomes. Pex14p
(AtPex14p), peroxisomal ascorbate peroxidase (pAPX) and isocitrate
lyase (ICL) were detected by immunoblot analysis. (D) The intact
glyoxysomes were treated with various concentrations of proteinase K
in the absence (—) or presence (+) of Triton X-100. The concentration
of proteinase K is indicated in pg/ml on the top of each lane. Pex14p
(AtPex14p) and isocitrate lyase (ICL) were detected by immunoblot
analysis.



insoluble fraction even after treatment with alkaline
solution. However, isocitrate lyase, a marker enzyme for
the glyoxysomal matrix. was dissolved completely both in
high-salt buffer and alkaline solution. In addition. Pex14p
in intact glyoxysomes was sensitive to the digestion of
proteinase K both in the absence and presence of Triton
X-100, whereas isocitrate lyase was degraded only in the
presence of Triton X-100 (Figure 4D). Overall results
suggest that the 75 kDa protein is a peroxisomal mem-
brane-associated protein, and that at least a part of the
polypeptide is located in the cytosol.

Intracellular transport of PTS1-containing proteins
in the ped2 mutant

To analyze the intracellular transport of PTS1-containing
proteins in the ped2 mutant, we generated plants express-
ing a jellyfish green fluorescent protein (GFP)-PTSI
fusion protein (GFP-PTS1) in a ped2 background, as
described previously (Mano er al.. 1999). GFP-PTSI
consisted of GFP fused to a dodecapeptide containing
serine-lysine-leucine at the C-terminal end. These plants
were created by outcrossing the ped2 mutant with trans-
genic  Arabidopsis expressing GFP-PTS1. Additional
control plants were created by outcrossing the ped2
mutant with transgenic Arabidopsis expressing only
GFP. When GFP-PTSI is expressed in cells of the F;
progeny that are homozygous for the ped2 allele. green
fluorescence was observed both in the periphery of the
cells (Figure 5A, arrow) and in small spots distributed
diffusely throughout the periphery (Figure 5A. arrow-
head). The fluorescence detected in the periphery indicated
that a part of the GFP-PTSI remains in the cytosol, since
GFP without PTS1 showed a similar fluorescent pattern in
the ped2 mutant (Figure 5B, arrow) and in wild-type plants
(data not shown). In Figure SA and B, the dark space
surrounded by the cytosol corresponds to a central
vacuole. The fluorescent spots distributed in the cytosol
indicate that a significant amount of GFP-PTSI was
recognized correctly and transported into the peroxisomes
in the cells of the ped2 mutant. In contrast, only punctate
fluorescence was observed when GFP-PTS1 was expres-
sed in wild-type plants (Figure 5C). These data indicate
that the ability for intracellular transport of PTSI-
containing proteins is reduced in the ped2 mutant.

Intracellular transport of PTS2-containing proteins
in the ped2 mutant

To analyze intracellular transport of PTS2-containing
proteins in the ped2 mutant, two PTS2-containing
proteins, 3-ketoacyl CoA thiolase (Figure 6A. ped2) and
malate dehydrogenase (Figure 6B, ped2), were analyzed in
3- and 5-day-old etiolated cotyledons and 7-day-old green
cotyledons by using an immunoblotting technique. As
shown in Figure 6A, 3-day-old etiolated cotyledons
contained two types of 3-ketoacyl CoA thiolase. One of
these corresponds to the mature form of 3-ketoacyl CoA
thiolase (45 kDa) (Figure 6A, arrowhead), whereas the
other was an additional protein with a higher molecular
mass (48 kDa) (Figure 6A, arrow). We have demonstrated
previously that the larger protein corresponded to the
precursor form of 3-ketoacyl CoA thiolase that accumu-
lated in the cytosol (Kato et al., 1996a; Hayashi er al.,
1998). In addition, 3-day-old etiolated cotyledons con-
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Fig. 5. Subcellular localization of GFP-PTSI fusion protein in ped2
mutant. Seedlings were grown under continuous illumination for

10 days. Images of the green fluorescence derived from GFP in root
cells were taken by a confocal laser microscope as single optical
sections. (A) Subcellular localization of GFP-PTS] expressed in the
cells of a ped2 mutant, (B) Subeellular localization of GFP expressed
in the cells of a ped2 mutant, (C) Subcellular localization of
GFP-PTS| expressed in the cells of a wild-type plant. (D) No
Auorescence was observed in non-transtormed cell of a ped2 mutant,
Arrowheads indicate fluorescence detected in peroxisomes, whereas the
arrows indicate fluorescence detected in the cytosol. Bar in (1), 20 pm.
Magnifications of (A)—(D) are the same.

tained the mature form of malate dehydrogenase (33 kDa)
(Figure 6B, arrowhead) and the precursor form of the
enzyme (37 kDa) (Figure 6B, arrow). In contrast. the wild-
type plants did not contain detectable amounts of the
precursor proteins during any stages of post-germinative
growth (Figure 6A and B, WT). The precursor proteins
detected in 3-day-old etiolated cotyledons of the ped2
mutant rapidly disappeared, whereas the amounts of the
mature proteins remained at similar levels during sub-
sequent seedling growth. 3-Ketoacyl CoA thiolase and
malate dehydrogenase are known to be actively synthe-
sized in cells of etiolated cotyledons but not in the green
cotyledons (Kato er al., 1996a, 1998). Accumulation of
the precursors for PTS2-containing proteins in the ped?
mutant occurred only during the period of active protein
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Fig. 6. Immunodetection of thiolase and malate dehydrogenase in
cotyledonary cells of ped2 mutants. Seedlings of the ped2 mutant
(ped2) and wild-type plant (WT) were grown in continuous darkness
for 3 days (3D), 5 days (5D) or under continuous illumination for

7 days (7L). Ten micrograms of total protein prepared from the
cotyledons were subjected to immunoblotting using an antibody raised
against 3-ketoacyl CoA thiolase (A) and malate dehydrogenase (B).
Arrowheads indicate the positions of the mature proteins, whereas

the arrows indicate the positions of the precursors.

synthesis. These data indicate that the ped? mutant has
reduced activity for the intracellular transport of PTS2-
containing proteins, and is not able to import all of the
PTS2-containing proteins when these proteins are actively
synthesized.

Morphology of glyoxysomes, leaf peroxisomes

and unspecialized peroxisomes in the ped2 mutant
Figure 7 shows an immunoelectron microscopic analysis
of various peroxisomes in wild-type plants and the ped2
mutant. As mentioned above, there are three types of plant
peroxisomes: glyoxysomes, leaf peroxisomes and non-
specialized peroxisomes. In wild-type plants, these per-
oxisomes have similar morphologies (Nishimura et al.,
1996). As shown in Figure 7A, glyoxysomes found in the
5-day-old etiolated cotyledons of wild-type plants are
~0.5 um in diameter and have a round or oval shape
containing a uniform matrix. The glyoxysomes contain
enzymes for fatty acid B-oxidation. When cells were
immunogold labeled using antibodies raised against one
of these enzymes, 3-ketoacyl CoA thiolase, the gold
particles were exclusively localized on the glyoxysomes
(Figure 7A). In contrast, the peroxisomes in the ped2
mutant showed an abnormal morphology (Figure 7B-E).
Glyoxysomes found in the etiolated cotyledons of the ped2
mutant were shrunken and not round (Figure 7B).
Therefore, they looked very different from the glyoxy-
somes of wild-type plants. A small but significant number
of gold particles were detected when the glyoxysomes of
the ped? mutant were stained with antibodies raised
against 3-ketoacyl CoA thiolase. In contrast, the number of
gold particles detected in the cytosol was not significant, in
spite of the fact that the precursor of 3-ketoacyl CoA
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Fig. 7. Electron microscopic analysis of peroxisomes in the cells of
the ped2 mutant. (A) Etiolated cotyledon of wild-type Arabidopsis.
grown for 5 days in darkness, was stained with 3-ketoacyl CoA
thiolase-specific antibody. (B) Etiolated cotyledon of ped2? mutant.
grown for 5 days in darkness, was stained with 3-ketoacyl CoA
thiolase-specific antibody. (C) Green cotyledon of ped2 mutant. grown
for 7 days under continuous illumination, was stained with hydroxy-
pyruvate reductase-specific antibody. (D) Leaf of ped2 mutant, grown
for 14 days under continuous illumination. was stained with hydroxy-
pyruvate reductase-specific antibody. (E) Root of ped2 mutant, grown
for 14 days under continuous illumination, was stained with catalase-
specific antibody. Arrowhead, peroxisome; m. mitochondrion: 1. lipid
body; p. plastid: ch, chloroplast; v. vacuole. Bar in (E), 1 um.
Magnification of (A)~(E) is the same.

thiolase is accumulated in the cytosol. This may be
because the concentration of the precursor that accumul-
ated in the cytosol was not sufficient to be clearly detected.
A similar abnormal morphology was detected in leaf
peroxisomes found in cells of green cotyledons (Figure 7C)
and leaves (Figure 7D), as well as in unspecialized
peroxisomes found in cells of root (Figure 7E). Since the
leaf peroxisomes contain photorespiration enzymes, such
as hydroxypyruvate reductase, the leaf peroxisomes were



stained using antibodies raised against hydroxypyruvate
reductase (Figure 7C and D). However, fewer gold
particles were detected in the leaf peroxisomes of the
ped2 mutant than in those of the wild-type plant (data not
shown). A similar phenomenon was observed when
unspecialized peroxisomes in root cells were stained
with antibodies raised against catalase (Figure 7E). These
data indicate that all three kinds of peroxisome in the ped?2
mutant have abnormal morphologies., and contain fewer
enzymes than do the peroxisomes of wild-type plants.

Reduced activity of photorespiration in ped2
mutant

When ped? mutants were grown in a normal atmosphere
(36 Pa CO,), they always had yellow-green leaves and
showed a dwarf phenotype (Figure 8A, ped2/air) com-
pared with wild-type plants (Figure 8A, WT/air). No such
phenotypes were observed in transgenic ped2 mutants
transformed with the wild-type PED2 gene (data not
shown). These phenotypes were recovered when the ped?2
mutant was grown under high CO, conditions (1000 Pa
CO,) (Figure 8A, ped2/CO,). A similar phenomenon was
observed in mutants with alterations in the photorespira-
tory pathway (Somerville and Ogren, 1982). Since some
enzymes involved in the photorespiratory pathway are
PTS1-containing proteins that are located in leaf peroxi-
somes, we assumed that these effects are induced by the
reduced activity of photorespiration in the ped2 mutant.
We tested this hypothesis by measuring the maximal
quantum yield of photosystem II, which can be estimated
from the ratio of the variable fluorescence of dark-adapted
chlorophyll a to the maximum fluorescence (F,/F,)
(Krause, 1988 Franklin er al., 1992; équist et al., 1992).
We compared the F,/F,, of dark-adapted leaves of the
ped? mutant with that of wild-type plants. We also
compared it with the F,/F,,, of the stm mutant, which lacks
one of the enzymes for photorespiration, a mitochondrial
serine transhydroxymethylase (Somerville and Ogren,
1981).

To reduce the effect of photoinhibition, plants were
grown for 3 weeks in an atmosphere containing high CO,
(1000 Pa) under low light (50 LE/m?s). Under these
conditions, the ped2 mutant, the wild-type plant and the
stm mutant showed normal growth, and had similar F/F,
values of ~0.8 (Figure 8B, 0 min). These plants were then
transferred to a normal atmosphere (36 Pa CO,), where
they were illuminated with a strong light (450 uE/m?/s).

Fig. 8. Reduced activity of photorespiration in ped2 mutant. (A) Effect
of CO» on the growth of ped2 mutant, Wild-type Arabidopsis (WT/air)
and ped?2 mutant (ped2/air) were grown for 8 weeks in a normal
atmosphere (36 Pa CO,) under constant illumination (100 pE/m?/s).
The ped2 mutant was also grown for 8 weeks in an atmosphere
containing 1000 Pa CO; (ped2/CO,) under constant illumination

(50 uE/m?/s). (B) Effect of strong irradiation on maximal quantum
vield of photosystem I (F/F,). Wild-type Arabidopsis (filled squares),
ped2 mutant (open circles) and the stm mutant (filled triangles) were
grown for 3 weeks in an atmosphere containing 1000 Pa CO, under
low light (50 uE/m?#/s). These plants were illuminated with strong

light (450 pE/m?*/s) in a normal atmosphere (36 Pa CO;). Maximum
quantum yield of photosystem 11 (F./F,) of the leaves at each defined
time was measured after these plants were kept for 30 min in darkness,
Each point represents the average F./F,, measured in six leaves of
independent plants, The standard error of each point is <0.01.

Peroxisomal protein targeting in plant cell

Under these conditions, ribulose bisphosphate carboxyl-
ase/oxygenase (RuBisCO) has an oxygenase activity in
addition to its carboxylase activity. which is necessary for
CO- fixation in photosynthesis. Phosphoglycolate, a
byproduct of the oxygenase reaction, is metabolized by
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the photorespiration enzymes, and finally retumed to the
Calvin—Benson cycle. Therefore, the F./F,, of the wild-
type plants would not be expected to change after the
strong iltumination, since photorespiration operates prop-
erly and photoinhibition is not induced under such
conditions. This is what was observed (Figure 8B, filled
squares). In contrast, the F./F,, ratios of the ped2 and stm
mutants decreased after the transfer to the same conditions
(Figure 8B, open circles and filled triangles). These
mutants were unable to maintain sufficient activity of the
Calvin-Benson cycle under these conditions, because they
could not metabolize phosphoglycolate due to the defect in
photorespiration. The reduced activity of the Calvin-
Benson cycle induced an excessive supply of energy from
the light reaction of photosynthesis, and caused photo-
inhibition under high light irradiation. The imbalance
between the light reaction and the Calvin-Benson cycle
might have been responsible for the observed reduction of
Fu/Fy,. After 120 min of illumination, F,/Fy, of the ped?
mutant reached a plateau (F,/F,,, = 0.64), while that of the
stm mutant kept decreasing. These results suggest that the
activity for photorespiration in the ped2 mutant is partially
inhibited, but is stronger than that in the stm mutant.

Discussion

The chemically induced ped? strain is one of a series of
Arabidopsis thaliana mutants that has defects in glyoxy-
somal fatty acid B-oxidation. Positional cloning and
subsequent analyses revealed that the PED?2 gene encodes
ArPex14p, a 75 kDa peroxisomal membrane protein,
whose amino acid sequence is most similar to human
Pex14p. At present, there is no other gene that encodes a
protein similar to ArPexl4p in Arabidopsis genome
database. Recently, Lopez-Huertas et al. (1999)
reported that antibody raised against human Pex14p
recognizes a 66 kDa protein in the sunflower glyoxysomal
membrane.

Recent analyses of yeast mutants allowed the identifi-
cation of >20 PEX genes and their products, peroxins
{Subramani, 1998). Among these peroxins, it has been
suggested that Pex14p forms a protein complex in the
peroxisomal membrane with other peroxins, such -as
Pex13p and Pex17p (Albertini et al., 1997; Huhse et al.,
1998). This protein complex is sometimes called a docking
protein complex, since it may control intracellular trans-
port of both PTS1- and PTS$2-containing proteins
(Subramani, 1998). Pex14p binds directly to both PTS$1
receptor (Pex5p) and PTS2 receptor (Pex7p) (Albertini
et al., 1997). Thus, Pex14p is believed to be a paint of
convergence of the PTS1-dependent and PTS2-dependent
peroxisomal protein import pathway in mammalian and
fungal cells. The present data strongly suggest that the
ArPex14p is a key component of the peroxisomal protein
import machinery that determines the intracellular trans-
port of both PTSl-containing and PTS2-containing
proteins in plant cells. PTS1 receptors have been identified
from several plants (Brickner ef al., 1998; Kragler er al.,
1998; Wimmer et al., 1998), and a PTS2 receptor has been
identified from Arabidopsis (Schumann et al., 1999).
Whether ArPex14p binds directly to both PTS1 and PTS2
. Teceptors remains to be tested.
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In higher plant cells, all enzymes involved in faity acid
B-oxidation and the glyoxylate cycle except cytosolic
aconitase are localized predominantly in glyoxysomes
(Hayashi, 2000). Among these enzymes, short-chain acyl
CoA oxidase, multifunctional enzyme, malate synthase
and isocitrate lyase are PTS1-containing proteins, whereas
long-chain acyl CoA oxidase, 3-ketoacyl CoA thiolase,
malate dehydrogenase and citrate synthase are PTS2-
containing proteins (Hayashi, 2000). The defect in the
PED2 gene resulted in reduced amounts of enzymes in
glyoxysomes, which reduced the ability of glyoxysomes to
carry out fatty acid B-oxidation. The loss of glyoxysomal
matrix proteins also caused a defect in the morphology of
the glyoxysomes. The PEXI4 disruption mutant of
Hansenula polymorpha was also shown to lack intact
peroxisomes but it contained several small membranous
vesicles (Komori et al., 1997).

Fatty acid B-oxidation is an important physiological
function of glyoxysomes during germination and the early
stage of post-germinative growth, since it metabolizes
lipid reserves in the seeds to produce sucrose, which is
necessary for seedling growth (Beevers, 1982). However,
this activity decreases rapidly along with the functional
transformation of glyoxysomes into leaf peroxisomes that
occurs during subsequent seedling growth. Since the ped2
mutant has been identified by its defect in faity acid
B-oxidation, we had assumed that the defect was limited to
glyoxysomes. However, electron microscopic analyses
indicated that the ped2 mutant had morphological defects
not only in glyexysomes but also in leaf peroxisomes and
unspecialized peroxisomes. In addition, we found that the
ped? mutant had defects in the physiological function of
leaf peroxisomes, i.e. in photorespiration. Measurements
of maximal quantum yield of photosystem II suggested
that the activity of photorespiration in the ped? mutant is
lower than that in wild-type plants but higher than that in
the strm mutant. Leafl peroxisomes contain enzymes for
photorespiration such as hydroxypyruvate reductase and
glycolate oxidase (Tolbert, 1982). These enzymes contain
PTS1 at their C-termini (Tsugeki et al., 1993; Hayashi
et al., 1996b; Mano et al., 1997, 1999). Since the ped2
mutant has a weakened ability to import PTS1-containing
proteins, leaf peroxisomes in the mutant contain reduced
amounts of these enzymes. Although photorespiration
consists of many enzymic reactions located not only in leaf
peroxisomes, but also in chloroplasts and mitochondria
(Tolbert, 1982), reduced amounts of leaf peroxisomal
enzymes diminish the overall activity of photorespiration
in the ped2 mutant. The partial inhibition of photorespir-
ation in the ped2 mutant is in good agreement with the
observation that the ped2 mutant has a reduced ability to
import PTS1- and PTS2-containing proteins.

Functional differentiation is a remarkable feature of
peroxisomes in higher plant cells (Nishimura er al., 1996).
In order to perform different physiclogical functions,
glyoxysomes, leaf peroxisomes and unspecialized peroxi-
somes contain different sets of enzymes (Beevers, 1979;
Tolbert, 1982). However, the present data suggest that
each of the plant peroxisomes imports these enzymes
using the same protein import machinery that involves
AtPex14p, and that the pleiotropic phenotype of the ped?
mutant is caused by a defect in a single gene product,
ArPex14p.



Materials and methods

Plant materials and growth conditions

Identification of the ped? mutant of Arabidopsis thaliana has been
described previously (Hayashi er af., 1998). Progenies that had been back-
crossed twice were used in this study. Arabidopsis thaliana ecotype
Landsberg erecia was used as the wild-type plant. Seeds of the stm
mutant were kindiy provided by the Arabidopsis Biological Resource
Center, Ohio State University, Plants were grown under a 16 h light
(100 uE/m*s)/8 h dark cycle at 22°C.

Fine mapping of the PED2 gene

The ped2 mutant was outcrossed to the wild-type plant [ecotype
Columbia {Col-0)]. F; progeny, obtained by self-fentilization of the F,
plams. were germinated on growth medium without sucrose (Hayashi
eral., 1998). Three hundred and ten seedlings that could not expand green
cotyledons and leaves on the growth medium were recovered after
transferring these seedlings to medium containing sucrose. The genomic
DNA of these F, plants was individually isolated. Recombinations that
occuired between the PED2 tocus and the molecular markers were scored
by using the CAPS mapping procedure (Konieczny and Ausubel, 1993),
The molecular marker, LFY 3, has been described previously (Kenieczny
and Ausubel, 1993). The nucleotide sequences of the primers and the
enzymes for cother molecular markers are as follows. MRG21-3:
GAGCATCGAAATGCGTCACG and GTCTTCTTTGATCCGATT-
AGACCG. Rsal: MQB2-1: TGACTTGCTGTCTGAGGTTCC and
TCACTGATTCCACCGATTCC. Rsal; MQB2-4: CGCCTTGATTGT-
TGCTTCTACC and CGTGTCAAGGCCAATAGTCC, Hinfl: MHI24-4:
TGGTCCATATTCCTGAAGACG and CGCTCTTCACAATGATC-
TGC, Neol

DNA sequencing analyses

DNA and RNA extraction, sequence determination and routine molecular
biological techniques were performed by standard 1echniques (Sambrook
ei af., 1989). For identification of the PED2 gene, the DNA fragments
were amplified by the PCR using 100 ng of genomic DNA isolated from
wild-type plants and the ped? mutant as templates, a 5 primer
(CTTCCAAGGTTAGTGAGCTGC) and a 3 primer (GGCTCTTCACT-
CATGCTTCC). A PED2 cDNA clone was generated by RT-PCR with
total RNA isolated from 7-day-old cotyledons of witd-type plants using a
5" primer (CTTCCAAGGTTAGTGAGCTGC) and a 3’ primer (GTT-
TTTAGTTCCCTTCCTGGC). Analysis of the nucleotide sequences of
those DNA fragments was performed according to a previous repott
(Hayashi er al., 1998).

Construction of clone for complementation studies and
plant transformation

The Pl clone, MQB2, which contains the PED2 gene was kindly sent
from the Kazusa DNA Institute, Chiba, Japan. Xhol fragments obtained
after comptete digestion of MQB2 DNA were subcloned into the Xkol site
of Bluescript KS+. The Xhol fragment (7734 bp) that had been inserted
in the vector was recovered, and then ligated to the Xhol site of
pBI121A355. A plant binary vector, pBI121A3SS, was constructed from
pBI121 {Clontech, Palo Alto, CA) by replacing a HindI[I-Sacl fragment
with a polylinker consisting of HindIIl, Xhol, Smal, Spel and Sacl sites.
The vector containing the Xhol fragment was designated as pBI-PED2.
pBI-PED2 was introduced into the ped2 mutant by the vacuum infiltration
method (Bechtold et al., 1993) using Agrobacteriim rmefaciens (strain
CS8CIRifY) harboring pBI-PED2. T, transformants harboring homo-
zygous transgenes were analyzed by plating on either growth medium
centaining 0.2 pg/ml 2,4-DB or growth medium without sucrose.

Immunoblotting

A DNA fragment encoding from Metl to Prol00 of ArPexl4p was
amplified from the PED2 cDNA by PCR using a 5’ primer (GGGAGC-
TCGCTGCTATGGCGACT) and a 3" primer (CCCTCGAGTTAAG-
GAACACGGCGGAAAGCTT). The amplified DNA was inserted into
the pET32 vector (Novagen, Madison, WI). A fusion protein was
synthesized in Escherichia coli cells, and used for the production of rabbit
antibody raised against ArPexldp according to the method reported
previously (Hayashi er al., 1999). We also used antibodies raised against
pumpkin 3-ketoacyl CoA thiclase (Kato et al., 1996b), pumpkin malate
dehydrogenase (Kato ef al., 1998), caster bean isocitrate lyase (Maeshima
et al., 1988) and pumpkin ascorbate peroxidase (Yamaguchi ef al., 1995).
Immunoblot analyses were performed according to protocols described
previously {Hayashi et al., 1998).

Peroxisomal protein targeting in plant cell

Subcellular fractionation of etiolated pumpkin cotyledons
and analyses of the intact glyoxysomes
Subcellular fractionation of 5-day-old pumpkin eticlated cotyledens (2 g,
fresh weight) was performed using 30-60% (w/w) sucrose density
gradient centrifugation accerding 1o the method previcusly reported
(Hayashi er al., 1999). After the cenuifugation, fractions of 0.5 m] were
collected, and used for immuncblot anaiyses and enzyme assays.
Isalation of intact glyoxysomes from S-day-old pumpkin etiolated
cotyledons (100 g. fresh weight) by Percoll density gradient centrifuga-
tion has also been repored previously (Yamaguchi er al., 1995). The
intact glyoxysomes (250 ug total protein) were resuspended in 200 pl of
either low salt buffer, high salt buffer or alkaline solutien, Each solution
consists of 10 mM HEPES-KOH pH 7.2, 500 mM KCl with 10 mM
HEPES-KOH pH 7.2 and 0.1 M NayCO; pH 11, respectively. After
centrifugation at 100 000 g for 30 min, these samples were separated into
supernatant and pellet. The pellets were resuspended in 200 ul of
100 mM HEPES-KOH pH 7.2. In some experiments, the intact
glyoxysomes (250 pg totai protein) were incubated in buffer containing
10 mM HEPES-KOH pH 7.2, 1 mM EDTA and 0.3 M mannitel with an
appropriate concentration of proteinase K for 30 min at 4°C in the
presence or absence of 5% Triton X-100. The reactions were terminated
by the addition of 5 mM phenylmethylsulfonyl fluoride.

Detection of fluorescence in ped? mutants expressing
GFP-PTS1 and GFP .

To produce ped2 mutants expressing GFP-PTS1 and GFP, ped? mutants
were oulcrossed to transgenic Arabidopsis expressing GFP-PTS | or GFP.
Generation of these kanamycin-resistant transgenic plants was reporied
previously (Mano er al., 1999). Homozygous F3 plants (ped2/ped2,
GFP-PTSI/GFP-PTS1 and ped2iped?, GFP/GFP) were identified by
determining the sucrose requirement and the kanamycin resistance during
post-germinative growth, The homozygous Fy plants and transgenic wild-
type plant expressing GFP were grown for 10 days on growth medium
under constant illumination. Roots of these plants were mounted under
coverslips with phosphate-buffered saline. The specimens were examined
using a TCS NT laser-scanning confocal microscope under the same
condition with x40 objective lens and an FITC filter set {Leica Japan,
Tokyo, Japan).

Immunoelectron microscopic analysis

Five-day-old etiolated cotyledons, 7-day-old green cotyledons, 14-day-
old leaves and 14-day-old roots were harvesied from plants that were
grown for the appropriste number of days in darkness or under constant
illumination, Preparation of the ultrathin sections, and the immuno-
electron microscopic analyses were performed according to the protocol
described previously (Havashi et al., 1998).

Measurements of maximum gquantum yield of photosystem il
{F./F)

To reduce the effect of photoinhibition, plants were grown for 3 weeks in
an mmosphere containing 1000 Py CO, under low light (50 puE/m¥s).
These plants were then illuminated with strong light {450 JE/m?s) for 0,
30, 60, 120 and 240 min in a normal atmosphere {36 Pa CO;). After the
end of each illumination period, plants were kept for 30 min in the dark.
The ratio of variable Auorescence 10 maximum fluorescence (F/Fq) was
automatically calculated from the result of the modulated chlorophyl]
fluorescence emission from the upper surface of dark-adapted leaves,
which was measured using a pulse amplitude modulation fuorometer
(Mini-PAM; H.Walz, Effeltrich, Germany),
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Pumpkin Peroxisomal Ascorbate Peroxidase is Localized on Peroxisomal
Membranes and Unknown Membranous Structures

Kazumasa Nito "2, Katsushi Yamaguchi |, Maki Kondo !, Makoto Hayashi ' and Mikio Nishimura %3
" Department of Cell Biology, National Institute for Basic Biology, Okazaki, 444-8585 Japan
* Department of Molecular Biomechanics, School of Life Science, the Graduate University for Advanced Studies, Okazaki, 444-8585 Japan

To investigate the roles of peroxisomal membrane pro-
teins in the reversible conversion of glyoxysomes to leaf
peroxisomes, we characterized several membrane proteins
of glyoxysomes. One of them was identified as an ascorbate
peroxidase (pAPX) that is localized on glyoxysomal mem-
branes. Its cDNA was isolated by immunoscreening. The
deduced amino acid sequence encoded by the cDNA insert
does not have a peroxisomal targeting signal (PTS), sug-
gesting that pAPX is imported by one or more PTS-inde-
pendent pathways, Subcellular fractionation of 3- and 5-d-
old cotyledons of pumpkin revealed that PAPX was local-
ized not only in the glyoxysomal fraction, but alse in the ER
fraction. A magnesium shift experiment showed that the
density of pAPX in the ER fraction did not increase in the
presence of Mg®, indicating that PAPX is not localized in
the rough ER. Immunocytochemical analysis using a trans-
genic Arabidopsis which expressed pumpkin pAPX showed
that pAPX was localized on peroxisomal membranes, and
also on a unknown membranous structure in green cotyle-
dons. The overall results suggested that pAPX is trans-
ported to glyoxysomal membranes via this unknown mem-
branous structure,

Key words: Ascorbate peroxidase — Endoplasmic reticulum
— Hydrogen peroxide — Peroxisome — Protein transport —
Pumpkin.

Abbreviations: cAPX, cytosolic ascorbate peroxidase; pAPX,
peroxisomal ascorbate peroxidase; BiP, binding protein; CAT, cata-
lase; ER, endoplasmic reticulum; HPR, hydroxypyruvate reductase;
ICL, isocitrate lyase; PTS, peroxisome largeting signal.

Introduction

Peroxisomes are organelles about | pm in diameter that
occur m cells of all eukaryotic organisms. Peroxisomes are
bounded by a single membrane and do not have their own
DNA. These characteristics are clearly different from those of
chloroplasts and mitochondria. Therefore, the biogenesis of
peroxisomes is completely regulated by nuclear DNA. In
higher plants, germinating seedlings Tequire sucrose to obtain
energy for seedling growth. In this germinating stage, peroxi-

somes possess enzymes for B-oxidation of fatty acids and the
glyoxylate cycle in storage tissues of oilseeds. These specral-
ized peroxisomes have been called glyoxysomes. After green-
ing, plants do not need to produce sucrose from storage oil as
photosynthesis supplies the energy for growth (Beevers 1979).
These metabolic changes correspond to the functional transi-
tion of glyoxysomes to leaf peroxisomes. Some of the enzymes
in leaf peroxisomes are involved in photorespiration. Glyoxys-
omes have been reported to be directly transformed into leaf
peroxisomes in greening cotyledons (Nishimura et al. 1986,
Sautter 1986, Titus and Becker 1985). The reverse process, the
conversion of leaf peroxisomes to glyoxysomes, has been
observed in senescing cotyledons of the same plants (De Bellis
et al. 1991) and has also been reported to occur directly
(Nishimura et al. 1993).

Peroxisomal matrix proteins have been reported to be
translated on free polysomes in the cytosol and then imported
to peroxisomes (Lazarow and Fujiki 1985). Two types of per-
oxisomal targeting signals (PTSs) of matrix enzymes (PTS!
and PTS2) have been identified. PTSI is found in the C-termi-
nus of proteins, such as isocitrate lyase and malate synthase
(Gould et al. 1990, Hayashi et al. 1996, Hayashi et al. 1997,
Mano et al. 1996, Subramani 1993). PTS2 is located in the N-
terminus of large molecular weight precursors such as the pre-
cursors of thiolase, citrate synithase and malate dehydrogenase
(Gietl 1990, Hayashi et al. 1999, Kato et al. 1996a, Kato et al.
1996b, Kato et al. [999). However, the targeting signal for per-
oxisomal membrane proteins is not known.

Ascorbate peroxidase, which is a peroxisomal membrane
protein (designated pAPX), has been found in pumpkin,
cucumber and spinach, and has been characterized enzymati-
cally and biochemically (Francisco and Richard 1998, Ishikawa
et al. 1998, Yamaguchi et al. 1995b). These studies have sug-
gested that H,0, produced in peroxisomes might be scavenged
by the cooperative efforts of CAT and APX, because the K, of
APX for HyO, (30-80 pM) is much lower than that of CAT
{Chen and Asada 1989, Koshiba 1993).

In this study, we investigated the level of pAPX at vari-
ous growth stages of pumpkin seedlings and its physiological
role on peroxisomal membranes. We report evidence that
PAPX is localized on peroxisomal membranes and also on
unknown membranous structures, suggesting that pAPX is
transiocated to peroxisomes via these membranous structures,

* Corresponding author: E-mail, mikosome@nibb.ac,jp; Fax, +81-564-55-7505.
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Materials and Methods

Plant muterials

Pumpkin (Cucwrbita sp. cv. Kurokawa Amakuri) seeds were
soaked overnight, planted in moist rock fiber (66R; Nitto Bouseki,
Chiba, Japan) and allowed to germinate at 25°C in darkness. Arabi-
dopsis thaliana (ecotype Colombia) seeds were surface sterilized in
2% NaClO, 0.02% Triton X-100, and grown on germination media
(2.3 mg ml™ MS salt (Wako, Osaka, Japan), 1% sucrose, 100 ug ml™
myo-inositel, 1 pgml™  thiamine-HCI, 0.5 pg mI” pyridoxine,
0.5 pg ml™ nicotinic acid, 0.5 mg ml™' MES-KOH (pH 5.7), 0.2% INA
agar (Ina Shokuhin, Nagano, Japan) at 22°C under continuous light.

Preparation of peroxisomes

Pumpkin seedlings were grown for 5 d in darkness to produce
etiolated cotyledons (70 g FW). The etiolated cotyledons were homog-
enized for 3 s twice with 200 ml of grinding medium that contained
20 mM pyrophosphate-HC), pH 7.5, 1 mM EDTA and 0.3 M mannitol
in a chilled Waring blender. The filtrates were combined and centri-
fuged at 1,500xg for 20 min. The pellet was resuspended in 150 ml of
grinding medium, and the differential centrifugation steps were
repeated. The resultant pellet was then resuspended in 5 m] of buffer A
(10 mM HEPES-KOH, pH 7.2, 1 mM EDTA and 0.3 M mannitol) and
was subjected 1o centrifugation in Percoll. A 4- ml aliquot of the sus-
pension was layered directly on top of 30 ml of a 28% (v/v) solution of
Percoll in 10 mM HEPES-KOH (pH 7.2), | mM EDTA and 0.3 M
raffinose and was centrifuged at 40,000xg for 30 min with slow accel-
eration and deceleration, Peroxisomes sedimented near the bottom of
the self-generated gradient and were collected with a Pasteur pipette. To
remove the Percoll, peroxisomes were washed by centrifugation at
5,000xg for 10 min after the addition of 4 volumes of buffer A. The
pellet was suspended carefully in | ml of butfer A and was used as puri-
fied peroxisumes for subsequent analysis { Yamaguchi et al. 1995a).

Characterization of glvoxysomal membrane proteins

Purified peroxisomes were pelleted again by centrifugation at
5,000xg for 10 min and were suspended in 200 pl of 10 mM HEPES-
KOH buffer (pH 7.2). Afler centrifugation at 100,000xg for 30 min,
the supernatant was analyzed as the water-soluble fraction. The pellet
was resuspended in 0.2 M KCJ in 10 mM HEPES-KOH baffer {(pH
7.2, and was centrifuged again at 100,000xg for 30 min to yield a salt-
soluble fraction. The pellet was then extracted with 0.1 M Na,CO, to
remove peripheral membrane proteins (Fujiki et al. 1982). After cen-
trifugation at 100,000xg for 30 min, the supernatant was neutralized
by the addition of 1 M HCI and was analyzed as the aikali-soluble
fraction. The pellet was resuspended in 100 mM HEPES-KOH {pH
7.2), and was used as the alkali-insoluble fraction,

Preparation of toral homogenates from pumpkin cotyledons

Total homogenates of pumpkin cotyledons at various stapes of
growth were prepared as follows. Cotyledons were homogenized with
50 mM Tris-HCl (pH 8.0), 1 mM EDTA, 10% glycero!l and 1% SDS as
a detergent. The homogenates were centrifuged at 12,000xg for 10 min
and the supematants were used for assays and immunoblotting with
anti-pAPX, anti-ICL (Mano et al. 1996) and anti-HPR (Mano et al.
1997a).

Treatment of in vitro senescence

Green colyledons of pumpkin grown in a greenhouse for 20 d
were harvesied and were placed on moistened discs of filter paper in a
plastic petri dishes. Petri dishes were incubated in permanent darkness
at 25°C for 0, 2, 4, 6 and 8 d. Total homogenates from cotyledons were

subjected to SDS-PAGE (10 pg each) and analyzed by immunoblot-
ting.

Expression of fusion proteins and preparation of specific antibadies

Standard procedures for expression of fusion proteins and prepa-
ration of specific antibadies were described previously (Hayashi et al.
1998). The two DNA fragments corresponding to the N-terminal 90-
residue polypeptide and the C-terminal 140-residue polypeptide of
PAPX were produced by PCR. These primers, mAE-1 ({sense, 5'-
GGCCATGGCGTTACCGGTCGTAGACA-3") and mAE-4 (antisense,
5 -CCGAATTCTTAAGTAATCTTCGGATGTTTAG-3") for the N-ter-
minal 90-residue polypeptide, mAE-3 (sense, 5'-GGCCATGGGCCT-
GTCTGACAAGGATATT-3') and mAE-2 (antiscnse, 5-CCGAAT-
TCTTACTTCAAATTTYTGCGAA-3") for the C-terminal [40-residue
polypeptide, were conjugated with the Neol and EcoRI restriction
sites, respectively.

The antiserum against the N-terminal 90-residue polypeptide
showed a specific immunoreactivity to pumpkin pAPX and did not
cross-react with the other APX in pumpkin and pAPX of Arabidopsis.
The antiserum against the C-terminal 140-residue polypeptide reacted
with cAPX in addition to pAPX. Therefore, the antibodies against the
N-terminal and C-terminal domains were used for detection of pAPX
and cAPX, respectively,

Generation of transgenic Arabidapsis planrs .

The Smal-HindIIl full length ¢DNA fragment of pAPX was
blunted by T4 DNA polymerase and subcloned into the Smal site of
Ti-plasmid pBI121-Hm, a derivative of pBI-121. The inserted cDNA
was expressed by the cauliflower moesaic virus 358 promoter. Stand-
ard procedures were used for all these manipulations (Sambrook et al.
1989). The Ti-plasmids were then introduced to Agrobacierium tume-
Jaciens (strain EHA101) by clectroporation (Nagel et al. 1990). Using
this A. tumefaciens, Arabidopsis thaliana (ecotype Colombia) was
transformed by the protocol of Valvekens et al. (1988). Primary trans-
formants were designated TO plants, T1 seeds collected from TO plants
were grown on germination medium that contained 100 mg ml™! kan-
amycin. A cotyledon was removed from a kanamycin-resistant plant
and the amount of the product of pAPX was analyzed by immunoblot-
ting. A 7-d-old cotyledon from transgenic Arabidopsis that accumu-
lated the largest amount of pAPX was used for immunoelectron micro-
SCOpY.

Immunoelectron micrascopy

The green cotyledons of transgenic Arabidopsis and pumpkin,
were harvested and were vacuum-infiltrated for | h with a fixative that
consisted of 4% paraformaldehyde, 1% glutaraldehyde and 0.06 M
sucrose in 0.05 M cacodylate buffer (pH 7.4). The fixed samples were
then cut into slices of less than 1 mM in thickness and treated for
another 2 h with freshly prepared fixative, After washing with the
same buffer, the samples were dehydrated in a graded dimethylforma-
mide series at ~20°C and embedded in LR-White resin {London Resin
Co. Lt Basingstoke, Hampshire, U.K.). Blocks were polymerized
under a UV lamp at —20°C for 24 h. Ultrathin sections were mounted
on uncoated nickel grids. The sections were treated with biocking
solution (1% bovine serum albumin in phosphate-buftered saline) for |
h at reom temperature. Then they were incubated overnight at 4°C in a
solution of pAPX-specific antibodies that had been diluted in 1 : 200
in blocking solution at 4°C. Sections washed with phosphate-buffered
saline, were incubated for 30 min at room temperature in a solution of
protein A-gotd (15 nm; Amersham Japan) that had been diluted 1 : 20
in the blocking solution, The sections were washed with distilled water
and then stained with 4% uranyl acetate and lead citrate, All sections
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Fig. 1 SDS-PAGE of major membrane proteins of glyoxysomes iso-
lated from germinating pumpkin cotyledons. Total, water-soluble (sol-
uble), salt-seluble (KCI), alkali-soluble (Na,CO,) and alkaii-insoluble
(ppt.) fractions of glyoxysomal membrane proteins were prepared as
described in “Materials and Methods” and were subjected to SDS-
PAGE. Arrowhead indicates ascorbate peroxidase localized on glyoxy-
somal membranes.

were stained znd examined under a transmission electron microscope
{1200EX; JEOL, Tckyo, Japan) operated at 80 kV.

Subcellular fractionation of pumpkin cotvledons

Etiolated cotyledons from 3- or 5-d-old pumpkin seedlings (2 g)
were homogenized with 3 ml of chopping buffer [150 mM Tricine-
KOH (pH 7.5}, i mM EDTA and 13% {w/w) sucrose] and filtered
through three layers of cheesecloth. A portien of the filtrate (1 ml} was
layered on a sucrose gradient that consisted of 2 ml 20% sucrose fol-
lowed by a 13-ml linear gradient of 30-60% (w/w) sucrose and centri-
fuged at 110,000xg and 4°C for 2.5 h in a SW28.1 rotor {Beckman,
Palo Alto, CA, U.S.A.). Each fraction (0.5 ml) was collected and used
for immunoblot analysis with anti-pAPX, anti-cAPX, anti-CAT
(Yamaguchi et al. 1984), anti-ICL (Macshima et al, [988) and anti-BiP
(Hatano et al. 1997) antibodies, :

Mg?'-induced shift experiment

Eticlated cotyledons from 5-d-old pumpkin seedlings (5 g) were
homogenized with 20 mi of extraction buffer [50 mM HEPES-NaOH
(pH 7.0}, 10% (w/w) sucrose, 2 mM EDTA or 5 mM MgCl;] and fil-
tered through three layers of cheesecloth. Portions of the filtrates were
centrifuged at 10,000xg and 4°C for 10 min. The supernatants were
centrifuged at 100,000xg and 4°C for 1 h, The precipitates were resus-
pended with 0.5 ml of extraction buffer and then layered onto a linear
gradient of 15-45% (w/w) sucrose that contained 2 mM EDTA or
5 mM MgCl,. The samples were centrifuged at 110,000xg and 4°C for
2.5 h in the SW28.1 rotor, Each fraction (0.5 ml) was coilected and
used for immuneblot analysis with anti-pAPX and anti-BiP antibodies.

Results

Isolation of peroxisomal ascorbate peroxidase
To characterize the functions of the glyoxysomal mem-
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MALPVVDTEYLKEIEKARRDLRALIANRNC 30
APIMLRLAWHDAGTYDVSTRTGGPNGSIRN 60
QEEYSHGSNNGLKKAIDFCEEVKSKHPKIT 90
YADLYQLAGVVAVEVTGGPTIDFVSGRKDS 120
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Fig. 2 Deduced amino acid sequence of pumpkin pAPX cDNA (A)
and hydropathy profile of pAPX (B). Internal amino acid sequences of
pAPX that were determined directly are underlined. Hydropathy
indexes were calculated according to Kyte and Doolittle (1982).

brane proteins in pumpkin, we isolated glyoxysomes from etio-
lated cotyledons. Isolated glyoxysomes were sequentially
extracted with 10 mM HEPES-KOHR (pH 7.2), the same buffer
plus 0.2 M KCl, and 0.1 M Na,CO,. Few proteins were extract-
able from glyoxysomes even afier the treatment with 0.1 M
Na,CO, (Fig. 1; ppt.). suggesting that they are glyoxysomal
membrane-bound proteins. Among these proteins, we charac-
terized a 31-kDa protein in this study (Fig. ; arrowhead). -

A c¢DNA library for poly (A)™-RNA from etiolated cotyle-
dons was constructed by the modified vector-primer method of
Mori et al. (1991), with plasmid pTTQI18. Immunoscreening
was carried out as described previously (Mori et al. 1991). To
isolate cDINA clones with longer inserts of the 31-kDa protein,
the same library was screened by colony hybridization. The
clone containing the longest cDNA insert was selected and
sequenced. This cDNA consisted of 1,133 bp, and contained an
open reading frame of 8§58 bp. The deduced amino acid
sequence consisted of 286 amino acids with a calculated
molecular mass of 31,527 Da (Fig. 2A). There is an in frame
stop codon in the 5' untranslated region. To further character-
ize the 31-kDa protein, we digested it with trypsin and
sequenced the fragments. The amino acid sequences of two
peptides derived from the 31-kDa protein were determined as
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pAPX MALGEVVDTEYLKEIEKARRDLRAMIANRN 29
SAPX MAATALGSVAASSASSTTRFLSTATRATLPFSSRSSSLSSFKFLRSAPLISHLFLNQGRPSSCVSIRRFNAASHEKCLASDPEQLKSAREDIKEBLKTTF 100
tAPX MAATALGSVAASSASSTTRFLSTATRATLPFSSRSSSLSSFKFLRSAPLISHLFLNGGRPSSCVSIRRFNAASHEKCLASDPEQLKSAREDIKEBLKTTF 100
cAPX MTKNYETVSEDYKKAVEKCERKLRGHBIAEKN 31
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SAPX
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BARRMVEEAMEDSEIRIFDCASRTG~~-~@P FETMRAF DAEQARIBANSEIHIMLRLLOPIREQFPT IS FEYIFHEEIG v VAVEY TEEECRPF HPERERK PAP-~ 125
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cAPX  -[@PESIEENATKG - - C DEMERD VFA K QEIEESOIK DI ESOA AR C HK DA FEGA-- -~ - - -~~~ =~ == -~ FRISNPEIEDNENAAKEL L SGEK@GHEGMY 206
pAPX  TRKINEL EREERERP Y VELKIA KBIE DINGEEK DAENE SEKLYBIEMAF TPGSARAIAND STVLAQGAVGYAVAAAVVILSYFYEIRKNLK 286
SAPX  THAMAEF ERKESEKV Y ABKEV ERQ EQERK DAY ACIACIERIN[HEAK FDPPEGIVIDDASSKPAGEKF DAAKYSYGKD 372
tAPX  THA[EF ERIZSEKV Y ABKEV EBIQ £ FEK CRENE AACIESNMAAK FDPPEGIVIDDASSKPAGEKFDAAKYSYGKRELSD SMKQKIRAEYESFGGSPDKPLPT 399
cAPX  SHIKEYEL DYE VERP L VEKEIA ARE DRYEEA RENE A NSRS EHEF A DA 250
PAPX 286
SAPX 372
1APX NYFLNIILVIAVLAILTSLLGN 421
CAPX 250

Fig.3 Alignment of pAPX with stroma (sAPX) and thylakoid-bound (tAPX) ascorbate peroxidases of pumpkin, and cytosolic ascorbate peroxi-

dase (cAPX) of Arabidopsis.

described previously (Yamaguchi et al. 1995b). These
sequences were shown to be identical with parts of the deduced
amino acid sequence encoded in the cDNA clone (underlines in
Fig. 2A). Therefore, we concluded that this cDNA clone con-
tained the cDNA of the 31-kDa protein.

The deduced amino acid sequence of the 31-kDa protein
shows a high similarity to ascorbate peroxidases (APX) of
plants. Since the 31-kDa protein has ascorbate peroxidase
activity (Yamaguchi et al. 1995b), we concluded that the 31-
kDa protein was peroxisomal ascorbate peroxidase (pAPX) in
pumpkin. The amino acid sequence of pAPX had 30% identity
to thylakoid-APX (tAPX) (Yamaguchi et al. 1996), 34% iden-
tity to stromal APX (sAPX) (Mano et al. 1997b) of pumpkin

pAPX
dark o D G e e
light — . -
ICL
dark . aEsii. SENICURD QBT R >
light emee -
HPR
dark e o AR A W ——

light e= aw»ampas

012345¢6172829
Days after Germination

Fig. 4 Developmental changes in the levels of peroxisomal proteins
in pumpkin cotyledons during the peroxisomal transition from glyoxy-
somes to leaf peroxisomes. Immunoblot analysis of homogenates from
cotyledons at various stages was carried out using antibodies against
pAPX, ICL and HPR.

and 53% identity to cytosolic APX (¢cAPX) (Kubo et al. 1992)
of Arabidopsis (Fig. 3). Despite its high similarity to cAPX,
pAPX possesses the extended carboxy-terminus (248-286). A
Kyte-Doolittle hydrophobicity plot of pAPX revealed the pres-
ence of a hydrophobic region located at the carboxy-terminus
(amino acids 254-282) which is a putative transmembrane
domain (Fig. 2B) (Kyte and Doolittle 1982). This suggests that
pAPX is anchored to the peroxisomal membranes with its car-
boxy-terminus.

Developmental changes in the level of pAPX in germination
and senescence

When seedlings were grown in darkness, the levels of
pAPX protein reached a maximum after five days and then
gradually decreased (Fig. 4). However, the amount of pAPX
protein decreased rapidly when 5-d-old seedlings were trans-
ferred to the light. The levels of other glyoxysomal enzymes in

i

pPAPX o

ICL oy QD

1] 2 4 6 8
Days after Treatment

Fig. 5 Developmental changes in the levels of peroxisomal proteins
in pumpkin cotyledons after induction of in vitro senescence. Green
cotyledons of pumpkin were harvested and were incubated in continu-
ous darkness for 0, 2, 4, 6 and 8 d. Total homogenates from senescent
cotyledons were subjected to SDS-PAGE (10 ug each), which were
followed by immunoblotting using antibodies against pAPX, ICL and
HPR.
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Fig. 6 Subcellular distribution of pAPX in pumpkin etiolated cotyle-
dons. Homogenates of cotyledons that were grown in the dark for 5 d
(A) or 3 d (B) were layered on top of a sucrose density gradient (30—
60%, w/w) and centrifuged. Fractions were numbered from the top of
the gradient. Each fraction of the gradient was subjected to SDS-PAGE
followed by immunoblotting using antibodies against pAPX, cAPX,
CAT, ICL and BiP. Arrows indicate the peak of the peroxisome.
Arrowheads indicate the peak of the ER,

pumpkin cotyledons, such as ICL and citrate synthase, undergo
similar developmental changes during the transformation of
glyoxysomes to leaf peroxisomes (Kato et al. 1995, Mano et al.
1996). These results suggest that the amount of pumpkin pAPX
is regulated in the cotyledons, as are the amounts of other gly-
oxysomal matrix enzymes. ‘
After greening, cotyledons gradually undergo senescence.
Gut and Matile (1988) have shown that glyoxysomal enzymes
are detectable in detached senescent leaves. Glyoxysomal
enzymes also appear during the reverse transition of leaf perox-
isomes to glyoxysomes that occurs in senescence (De Bellis et
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Fig. 7 Mg*-induced shift analysis of microsomal fraction from
pumpkin etiolated cotyledons. Microsomal membrane fractions were
prepared under 2 mM EDTA (-Mg?") or 5 mM MgCl, (+Mg?") condi-
tions. Fractions were numbered from the top of the gradient. Each
fraction of the gradient was subjected to SDS-PAGE followed by
immunoblotting using antibodies against pAPX and BiP.

al. 1991). We investigated the changes in the levels of pAPX
protein during senescence in vitro (Fig. 5). After incubation of
20-d-old cotyledons in continuous darkness, the amount of
pAPX protein did not change whereas the leaf peroxisomal
enzyme, HPR decreased slightly. By contrast, ICL, which is a
glyoxysomal enzyme, increased markedly.

Subcellular localization of pAPX in pumpkin etiolated
cotyledons

To analyze the subcellular localization of pAPX, we car-
ried out subcellular fractionation of 5-d-old etiolated cotyle-
dons of pumpkin (Fig. 6A). The distribution of pAPX and vari-
ous marker enzymes on a sucrose density gradient was detected
by an immunoblot analysis with each antibody. From the distri-
bution of marker enzymes, the glyoxysomes were clearly sepa-
rated from the cytosol and ER. The peaks of CAT, ICL and BiP
found in the top fraction of the sucrose gradient were released
from organelles damaged during homogenization of the sam-
ples. As shown by the immunoreactive bands in Fig. 6A, pAPX
peaked in fraction 24 of the gradient (i.e. near the bottom of the
gradient), This peak coincided with those of CAT and ICL,
which are glyoxysomal marker enzymes (arrow), indicating
that these fractions contained glyoxysomes. Another pAPX
peak was found in fraction 4 (arrowhead), which is not a glyox-
ysomal fraction. Although a part of BiP, an ER marker enzyme,
was solubilized and was detected in the cytosolic fraction, frac-
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Fig. 8 Immunocytochemical localization of pAPX in transgenic Ara-
bidopsis that expressed pumpkin pAPX. Ultra-thin sections of cotyle-
dons of Arabidopsis were immunogold labeled with an antibody
against pAPX. Arrowheads indicate gold particles on peroxisomal
membranes (A and B). Arrows indicate gold particles localized on the
unknown membranous structure (B). C, chloroplast; E, rough ER; M,
mitochondrion; N, nucleus; P, peroxisome; V, vacuole. Bars represent
1 pm.

tions 4 to 6 appear to be the ER fractions because marker
enzymes such as CAT and ICL released from damaged
organelles were found only in fraction 2.

Biogenesis of glyoxysomes is more active in the earlier
germinating stages. To compare the distributions of pAPX in
the ER and glyoxysomal fractions of the earlier germinating
stages, 3-d-old etiolated cotyledons of pumpkin were fraction-
ated and analyzed by the same method (Fig. 6B). The immuno-
blotting showed that the ratio of the amount of pAPX in ER to
the amount of pAPX in glyoxysomes is larger in 3-d-old etio-
lated cotyledons than in 5-d-old etiolated cotyledons. These
results suggest that pAPX is transported via the ER to glyoxys-
omes during germination.

PAPX is localized in a unknown membranous structure
To further define the endomembrane localization of pAPX
in the ER fraction, microsomal membranes were fractionated

on sucrose density gradients with a magnesium-induced shift,
and characterized by an immunoblot analysis (Fig. 7). In gradi-
ents without magnesium (i.e. +2 mM EDTA), pAPX was the
most abundant at a sucrose density of 35% (w/w). On the
immunoblot (Fig. 7, upper panels), BiP was localized at
roughly the same density. In gradients with 5 mM MgCl,
(lower panels), the pAPX peak shifted to a lower sucrose den-
sity (29%), whereas the BiP peak shifted to a higher sucrose
density (>42%). A magnesium-dependent density shift is one
of the characteristics of the rough ER and the density of the
rough ER increases in the presence of Mg?". These results indi-
cate that pAPX is localized in membranous structures other
than the rough ER.

In an immunoblot study using the homogenate from Ara-
bidopsis, the antibody against pumpkin pAPX did not crossre-
act with pAPX in Arabidopsis and specific gold particles were
not detected in an immunogold study using pumpkin and Ara-
bidopsis cotyledons (data not shown). Therefore, we per-
formed an immunocytochemical study using a transgenic Ara-
bidopsis overexpressing pAPX of pumpkin. Ultrathin sections
were prepared from the cotyledons of an 8-d-old transgenic
Arabidopsis. Figure 8A shows the localization of pAPX in
transgenic Arabidopsis, as determined by immunogold labe-
ling with pAPX antiserum. Gold particles were localized on
peroxisomal membranes and also on unknown membranous
structures in green cotyledons (Fig. 8B), but were not found in
other organelles including the rough ER, mitochondria and
chloroplasts. These results support the findings of the subcellu-
lar fractionation (Fig. 6, 7) that pAPX is localized not only in
peroxisomes but also in unknown membranous structures other
than the rough ER.

Discussion

Previous studies on plant peroxisomes have mainly
focused on matrix enzymes and so little is known of mem-
brane proteins in these organelles. We have been characteriz-
ing the proteins that are bound to pumpkin glyoxysomal mem-
branes. In this study, we have partially characterized one of
these proteins, pAPX, which is found in pumpkin glyoxysomal
membranes.

In germinating oil seedlings, glyoxysomes play an impor-
tant role in the process of converting storage lipids to sucrose.
In the germinating stage, the expression levels of glyoxylate
cycle enzymes, such as ICL and malate synthetase, are ele-
vated in glyoxysomes. On the other hand, hydrogen peroxide,
which is toxic to the cell, is generated in the glyoxysomes.
Therefore, peroxisomes have a scavenging mechanism for
hydrogen peroxide. The scavenging of hydrogen peroxide in
the glyoxysomes is mainly carried out by CAT, which is highly
expressed in the germination stages. However, CAT is not suit-
able for scavenging low concentrations of hydrogen peroxide
because of its high X, value (Huang et al. 1983).

The K, value of pAPX, approximately 30-80 uM, is
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lower than that of CAT (Chen and Asada 1989, Koshiba 1993).
This means that pAPX is better adapted to scavenging low con-
centrations of hydrogen peroxide. The C-terminus of pAPX
appears to have an extension sequence based on the hydropa-
thy profile of the transmembrane domain that is not present in
cAPX (Fig. 3). Latency experiments using isolated glyoxys-
omes have shown that the catalytic site of pAPX is exposed to
the cytosol (Yamaguchi et al. 1995b). Therefore, these results
suggest that pAPX is present on the outer surface of glyoxys-
omes, and is anchored to the membrane with its C-terminus.
We speculate that one of the functions of pAPX is to be the
scavenging of hydrogen peroxide which escaped from scaveng-
ing by CAT and leaked out to the cytosol.

The transition from glyoxysomes to leaf peroxisomes
occurs in response to irradiation of light. The main function of
peroxisomes changes from fatty acid -oxidation to photorespi-
ration as a result of the transition. In green leaves, the expres-
sion level of pAPX decreased but low levels were maintained
(Fig. 4). As mentioned above, the reverse transition from leaf
peroxisomes to glyoxysomes occurs in senescing cotyledons,
as shown by the accumulation of glyoxysomal enzymes in the
organelles during senescence. This suggests that one of the
functions of glyoxysomes is to translocate the nutrients of
senescing leaves to other vegetative tissues, Though its role in
senescent organs is not well understood. pAPX seems to pro-
tect the enzymes that are involved in this translocation from
hydrogen peroxide.

Peroxisomal matrix enzymes are known to be transported
directly to peroxisomes post-translationally. Two kinds of
amino acid sequences have been shown to act as a peroxisomal
targeting signal (PTS) so far. One is PTS], which has a SKL-
like motif localized in the C-terminus of the protein ([A/C/P/S]
— [K/R] - [I/L/M/] ). Another is PTS2, which is localized in the
N-terminus of proteins as an extension polypeptide (R- [IFL/Q]
-Xs-HL). However, these signals are responsible for the trans-
port of only some of the peroxisomal proteins. For example,
the targeting signal for the peroxisomal membrane has still not
been identified, but it is known that it is not PTSt or PTS2,
PAPX has neither PTS1 nor PTS2 and thus its transport should
be independent of these signals (Fig. 2). Recent studies have
shown that peroxins, which are involved in biogenesis and
maintenance of peroxisomes, are present in yeast and mam-
mals (Subramani 1993). Targeting signals have been identified
in some of the peroxins, such as Pex3p and Pex22p, that are
bound to the peroxisomal membranes of Pichia pastoris
(Kolier et al. 1999, Wiemer et al. 1996). However, these target-
ing signals have no consensus sequences and there is no
homologous sequence in pAPX. Further analysis is necessary
to clarify the targeting signal of pAPX. ’

The subcellular fractionation experiments showed that
pAPX is present in the fractions that contain the ER and perox-
isomes (Fig. 6). This suggests that pAPX is transported via
other membranous structures to the peroxisomes. As shown in
Figure 7, pAPX is not localized in the main fraction associated

with the rough ER. Thus, we performed immunoelectron
microscopy to analyze the localization of pAPX, but it was dif-
ficult to detect the immunogoid particles in pumpkin, because
of the low contents of the protein. Therefore, we generated
transgenic Arabidopsis plants which overexpressed pumpkin
pAPX. The antibody against pumpkin pAPX showed a spe-
cific immunoreactivity to pumpkin pAPX and did not cross-
react with Arabidopsis pAPX on immunoblotting. Specific
gold particles were bound on the peroxisomal membranes,
indicating that expressed pAPX is localized on peroxisomal
membranes {Fig. 8). This demonstrates that pAPX is trans-
ported to peroxisomes in Arabidopsis as in pumpkin. Immuno-
electron microscopy revealed pAPX accumulated on unknown
membranous structures besides the peroxisomal membranes
(Fig. 8B). No immunogold particles were detected on typical
rough ER. It is still not clear whether these unknown membra-
nous structures are present in pumpkin because no immunogold
particles were observed in pumpkin, One possibility is that
these unknown membranous structures are the smooth ER or
are specialized ER domains. Muilen et al. (1999) reported that
PAPX is co-localized in the reticular/circular network and does
not co-localize with the immunofluorescence of BiP, calreticu-
lin or calnexin, all of which are marker proteins of ER. They
suggested that pAPX is transported to peroxisomes via a sub-
domain of the ER. These unknown membranous structures may
be subdomains of the ER. Thus, the present results suggest that
ER or a subdomain of ER is involved in the transport of pAPX
1o the peroxisomal membrane. Further analysis of these
unknown membranous structures will provide valuable infor-
mation on the biogenesis of peroxisomes in higher plants.
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We analyzed the role of Arabidopsis orthologues of
human Pexldp, Pex5p and Pex7p that are central compo-
nents of peroxisomal protein import machinery. Immunob-
lot analysis showed that ArPexldp and ArPexSp were
present in most organs in Arabidopsis, suggesting that these
factors play a role in the main protein import pathways for
plant peroxisomes. Two-hybrid analysis showed that
AtPex14p interacted with ArPex5p, but not with ArPex7p. In
addition, 4tPex7p was bound to ArPex5p, indicating that
the PTS2 pathway depends on the PTS1 pathway in Arabi-
dopsis. Further analysis showed that the nine WXXXF/Y
repeats in the amino acids *'K-*'D) and 'M-***V of 4rPexSp
are bound to two N-terminal domains, amine acids **I-%L
and ®R-"R of ArPex14p and the C-terminal amino acids
296y1"S of AfPexTp, respectively. Since the binding domains
of ArPex5p to AtPexldp and ArPex7p do not overlap,
AfPex14p, AtPex5p and A/Pex7p might form their complex
and function cooperatively in peroxisomal protein import,

Key words: Arabidopsis — Peroxin — Peroxisome — Protein
import — Protein—protein interaction.

Abbreviation: GFP, green fluorescent protein; GST, glutathione
S-transferase; HPR, hydroxypyruvate reductase; ICL, isocitrate lyase;
IgG. immunoglobulin G; PTS, peroxisome targeting signal; TPR,
tetratricopeptide repeat; Trx, thioredoxin.

Intreduction

Peroxisomes, organelles about 1 pum in diameter and
found in cells of all eukaryotic organisms, are enveloped in a
single membrane and do not have their own DNA. These char-
acteristics are clearly different from those of chloroplasts and
mitochondria. Therefore, the biogenesis of peroxisomes is
completely regulated by nuclear DNA. In higher plants, germi-
nating seedlings require sucrose to obtain the energy for seed-
ling growth. In the germinating stage, peroxisomes possess
enzymes for -oxidation of fatty acids and the glyoxylate cycle
in storage tissues of oilseeds. These specialized peroxisomes

have been called glyoxysomes. After greening, plants do not
need to produce sucrose from storage oil as photosynthesis
supplies the energy for growth (Beevers 1979). These meta-
bolic changes correspond to the functional peroxisomal transi-
tion, in which glyoxysomes are transformed into leaf peroxi-
somes that play a role in photorespiration. Glyoxysomes have
been reported to transform directly into leaf peroxisomes in
greening cotyledons (Nishimura et al. 1986, Sautter 1986, Titus
and Becker 1985). The reverse process, the conversion of leaf
peroxisomes to glyoxysomes, has been observed in senescing
cotyledons of the same plants {De Bellis and Nishimura 1991)
and has also been reported to occur directly (Nishimura et al,
1993).

Peroxisomal matrix proteins are translated on free polys-
omes in the cytosol and then imported to peroxisomes
(Lazarow and Fujiki 1985). Two types of peroxisomal target-
ing signals (PTS1 and PTS82) of matrix enzymes have been
identitied. PTS1 is found in the C-terminus of proteins, such as
ICL, HPR, giycolate oxidase, short-chain acyl CoA oxidase
and malate synthase (Hayashi et al. 1999, Hayashi et al. 1996,
Lee et al. 1997, Mano et al. 1996, Mori et al. 1991, Tsugeki et
al. 1993, Volokita 1991). PTS2 is located in the N-terminus of
large molecular weight precursors to thiolase, citrate synthase,
malate dehydrogenase and long-chain acyl CoA oxidase (Gietl
1990, Hayashi et al. 1998, Kato et al. 1996a, Kato et al. 1996b,
Kato et al. 1999).

Recent studies on peroxisomal biogenesis using ped?
mutant analysis revealed that 4rPex14p functions as a key pro-
tein for peroxisomal matrix protein import in higher plants
(Hayashi et al. 2000). Neither PTS1 or PTS2 targeted proteins
could be imported into the peroxisomal matrix in ped? mutant.
These findings indicated that ArPex14p plays important roles
for peroxisomal protein impoit of both PTS1- and PTS2-con-
taining proteins. The PTS1 receptor, PexSp, from tobacco
bound specifically to the peroxisomal targeting signal PTSI
(Kragler et al. 1998) and secmed to serve as a specific recogni-
tion receptor. Among other higher plants, Pex5p has been
reported from watermelon and Arabidopsis (Brickner et al.
1998, Wimmer et al. 1998). Only the cDNA sequence has been
reported for the PTS2 receptor, AfPex7p, in Arabidopsis {Schu-
mann et al. 1999),
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Fig. I Organ specificity of ArPex14p, 4fPexSp and AtPex7p. Immu-
noblot analysis of homogenates from various organs was carried out
using antibodies against ArPexl4p. 4:PexSp and A/Pex7p. Crude
extracts were prepared from the flower, silique, cauline leaf, stem,
rosefte leaf and root, tespectively. Equal amounts of total protein,
10 pg for ArPex14p and ArPexSp and 50 pg for 4rPex7p, were loaded
in each lane. Markers are shown on the right with molecular masses in
kDa,

In this study, we investigated the interactions among the
peroxisomal import factors, AfPex14p, ArPex5p and ArPex7p,
and the PTS1- and PTS2-containing proteins and determined
the binding domains by two-hybrid analysis. On the basis of
these results, we analyzed the mechanism of the peroxisomal
protein import pathways, namely the PTS1 pathway and PTS2
pathway and interaction of the two pathways. Furthermore, we
clarified the expression pattern of peroxisomal import factors,
AtPex14p, AfPex5p and ArPex7p, and characterized the spatial
and developmental expression of the PTS1 and PTS2 pathways.

Results

Peroxisomal import factors AtPexSp and AtPex7p were

detected as a 99 kDa protein and 43 kDa protein, respectively
We have identified from ped? mutant analysis that

ArPex14p functions in the peroxisomal protein import machin-

Peroxisomal protein import factors

ery of Arabidopsis (Hayashi et al. 2000). As peroxisomal
import machinery other than A:Pex14p, ArPex5Sp and ArPex7p
have been reported as Arabidopsis orthologues of yeast and
mammal peroxins (Brickner et al. 1998, Schumann et al. 1999).
Pex5p and Pex7p in yeast and mammals operate as PTS1
receptor and PTS2 receptor in peroxisomal protein import,
respectively. In higher plants, however, Brickner et al. (1998)
and Schumann et al. (1999) reported only the cDNA sequences
of ArPex5p and A4rPex7p, and no experimental evidence has
been reported to confimm their functional roles. We prepared
the specific antibodies against AfPex3p and AtPex7p (see Male-
rials and Methods). To clarify the functional roles of AfPex5p
and APexTp in addition to ArPex14p, we analyzed their
expression pattern by immunoblotting using their antibodics.
The antibodies showed a specific immunoreactivity to the
99kDa and 43kDa monospecific bands, respectively (Fig. 1). A
search of Arabidopsis genome databases with the PEDANT
BLAST Network Service (http://pedant.gsf.de/) revealed no
other homelogous proteins for ArPex14p, APexSp or AfPexTp
in the Arabidopsis genome. Therefore, it was indicated that the
Arabidopsis genome contains a single copy of these peroxiso-
mal import factors.

The peroxisomal import faciors AtPexidp and AtPex3p were
coordinately expressed in various organs but AtPex7p was not

To investigate the expression pattern of the peroxisomal
protein import factors, ArPex14p, ArPexSp and ArPex7p, immu-
noblot analysis of homogenates from various organs of Arabi-
dopsis grown for 4 weeks was carried out using antibodies
against AfPex|4p, AtPex5p and ArPex7p (Fig. 1). As shown in
Fig. 1, flower, silique, cauline leaf, rosette leaf and root exhibits
high expression of AtPex14p. AtPex5p was also detected in most
of organs and the expression pattern of 4/PexSp was similar 1o
that of ArPex14p. These import factors were not detectable in
the stem. However, small amounts of these import factors were
observed in extracts of stem under the prolonged exposure (data
not shown). The expression pattern of A/Pex7p differed from
those of ArPex14p and ArPex5p. The 43 kDa band of AtPex7p
was detected markedly in silique, cauline leaf and rosette leaf,
but was barely detectable in the flower, stem and root.

Studies on the ped2? mutant have shown that 4Pex14p is
essential for both PTS1-dependent and PTS2-dependent protein
import (Hayashi et al. 2000). As shown in Fig. 1, the expres-
sion pattern of A1Pex5Sp, PTS] receptor, is almost the same as
that of ArPex!4p. Most plant peroxisomal proteins identified
contain a PTS1 signal. This suggests that the PTS1-pathway is a
major protein import pathway for plant peroxisomes.

During the transition of plant peroxisomes, the peroxisomal
import  factors AtPex!4p and AtPexSp were markedly
accumulated but AtPex7p was decreased ‘
Peroxisomes change their function accompanying the
devetopment of the plant. Especially, the functional transition
of glyoxysomes to leaf peroxisomes occurs directly in greening
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Fig. 2 Developmental changes in the levels of AtPex14p, ArPexSp
and ArPex7p during germination. Arabidopsis seeds were grown in
continuous darkness for 9 d or in darkness for 4 d then under continu-
ous illumination for 5 d. lmmunoblot analysis of homogenates pre-
pared from cotyledons at various stages was carried out using
antibodies against 41Pex14p, ArPex3p, AtPexTp, ICL, and HPR. Equal
amounts of total protein, 10 pg for A:Pex14p, AtPex5p, ICL and HPR
and 50 pg for 4rPex7p, were loaded in each lane. Number of days after
germination is shown at the bottom of each lane.

cotyledons of fatty seedlings (Nishimura et al. 1986, Sautter
1986, Titus and Becker 1985). In greening cotyledons, matrix
proteins are also replaced from glyoxysomal enzymes, such as
ICL, to leaf peroxisomal enzymes, such as HPR (Fig. 2). We ana-
lyzed the developmental changes in the levels of peroxisomal
protein import factors during the functional transition (Fig. 2).
When seedlings were grown in darkness, AtPex14p was
expressed at the early stage of germination, AtPex14p was
accumulated up to 5 d and then rapidly decreased. By contrast,
when 4-day-old seedlings were transferred to the light, the
amount of 4fPex4p was kept constant in the green cotyledons.
Although expression of 4tPex5p was slightly delayed compared
with that of 4tPex14p, the level of AtPex5p reached a maxi-
mum after 3 to 5d and then gradually decreased in etiolated
cotyledons. When seedlings were illuminated, the amount of

A

. B-gal activity
BD AD -His (UW/mg protein)
AtPex14p| AtPex5p 93.7
AfPex14p| PTS$1 14
PTS1 | APexs5p 475.3
AtPex14p - 1.5
- AtPexSp 1.7
- PTS1 1.9
B
1 2 3
GST-AtPex5p + +
Trx-AtPex14p + +
GST +
Trx *
anti-AtPex14p -
C
4 5 6
GST-PTS1 + +
Trx-AtPexsp + +
GST +
Trx +
anti-AtPex5Sp e

Fig.3 Detection of interaction among ArPex14p, ArPex5p and PTSL-
containing protein. (A) Two-hybrid analysis of ArPex14p, ArPexSp and
PTS1-containmg protein. Proteins were fused to Gal4 BD or AD as
tndicated. Transformants were tested for growth on synthetic medium
without histidine (~His) and assayed for quantitative f}-galactosidase
activity. (B) and (C) In vitro binding experiments of "between
AtPex14p and A1Pex3p, ArPex5p and PTS1-containing protein. Immu-
noblots (antibodies are indicated) of proteins recovered in glutathione
Sepharose 4B are shown. The fusion proteins added in each experi-
ment were as indicated.

AtPex5p was also kept constant like that of AtPex14p. The
developmental changes of these import factors, AtPex14p and
AtPex3p, coincided with the accumulation of glyoxysomal
enzymes and of leaf peroxisomal enzymes, such as ICL in etio-
lated cotyledons, and HPR in greening cotyledons. From the
results of the analysis of the developmental changes, we con-
cluded that 4rPex14p and ArPex5p are responsible for protein
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Various truncated A/Pexldp were fused to the Galdp DNA-binding
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import of two kinds of peroxisomes, glyoxysomes and leaf per-
oxisomes. The overall results of immunoblot analysis suggest
that expression of ArPex14p or AtPexSp is a marker for high
ability of peroxisomal protein import in biogenesis of peroxi-
somes. In contrast, the level of ArPex7p reached a maximum
after 5 d and then rapidly decreased in etiolated cotyledons. The
amount of ArPex7p was kept at a much lower level than that of
AtPex14p and A¢Pex5p, when seedlings were illuminated.

AtPex14p interacts with AtPex3p, but not with PTS1-containing
protein

Previously, we showed that A¢Pex14p is localized on the
peroxisomal membrane and is exposed to the cytosolic surface
(Hayashi et al. 2000). Pex5p from tobacco (Kragler et al. 1998)
is localized in the cytosol and identified with PTS1-receptor of
peroxisomal protein import. To investigate the interactions of
ArPex1dp, ArPex5p and PTSI-containing protein in the proc-
ess of peroxisomal protein import, we carried out yeast two-
hybrid analysis.

Each protein was fused to Gald AD or Gal4 BD and
expressed in a tester strain PJ69—4A (James et al. 1996). The
binding activity of protein—protein interactions was analyzed by
its auxotrophy (-histidine + 3-AT 50 mM) and p-galactosidase
activity. In the yeast two-hybrid analysis, AfPex14p interacted
with 4/Pex5p, and but not directly with the PTS1-containing
protein (Fig. 3A), leading to transcriptional activation of the

Peroxisomal protein import factors

HIS3 and LacZ/(-galactosidase reporter genes in yeast tester
strain, These interactions were shown in interchanges of each
fused protein (data not shown). When each protein alone was
expressed, the tester strain did not activate transcription of the
reporter genes. Since A/PexSp fused to Gal4 DNA-binding
domain auto-activated the reporter genes, these interactions
were only tested with the Gal4 activation domain constructs of
ArPex5p. The supporting evidence was provided by an in vitro
binding assay. Each protein was fused to Trx or GST and was
expressed in the E. coli expression system (Novagen). Two pro-
teins were mixed with ghutathione Sepharose 4B (Amersham),
and the elution protein from glutathione Sepharose 4B was ana-
lyzed by immunoblotting. In this experiment, GST-fused or
Trx-fused 47Pex5p was shown to have a specific and direct
interaction with Trx-fused ArPex14p (Fig. 3B, lane 1) and
PTS1-conjugated GST (Fig. 3C, lane 4). Interactions were not
observed with Trx and GST alone. These results showed that
APex5p really functions as a PTS1 receptor. Since ArPexldp
has binding activity to 4tPex5p, we concluded that 47Pex14p
functions as an ArPex5p receptor for the ArPexSp-PTSI-
containing protein complex on the peroxisomal membrane.

Two domains, *I-"L and "R-"R of AtPexldp interact with
AtPex3p

To determine the binding domain of 4rPex14p to AtPex5p,
we prepared various truncated ArPex14ps-fused Gal4 DNA-
binding domains, and analyzed the binding activities to the full
length of 4rPex5p (Fig. 4). When ArPex14p was truncated from
its C-terminus, the tester strain, which expressed the N-
terminus from amino acids 'M-'"P of 4¢Pex14p, showed tran-
scriptional activation of reporter genes. Truncation of 4tPex14p
carried out from its N-terminus, showed that the C-terminus
from amino acids **A-"'N of 4Pex14p led to the activation of
transcription. Furthermore, amino acids **R-'"P of ArPex14p,
which showed a high homology domain among the Pex]dps
from other species (Fig. 5, top column), also activated tran-
scription of reporter genes. Therefore, it is concluded that
amino acids **R-'"P in the N-terminus of 4/Pex14p has bind-
ing activity to ArPex3p. Interestingly, the amino acids 'M-2v
of 4rPex14p that was the same length of translation product in
the ped2 mutant also has binding activity to 4tPex5p (Fig. 4).

Furthermore, to determine the amino acid residues impor-
tant for binding in amino acids *R-'®P of AtPex14p, amino
acid substitutions were introduced in which four amino acids
were changed to four of alanine or glycine (Fig. 5, middle col-
umn). The mutated amino acids **R-'"P of 4rPexl4p was
tested for binding activity to the full length of ArPex5p. As a
result, peptides mutated in two domains; amino acids *[-*°L or
R-"'R of AtPex14p lost binding activity to APex5p (Fig. 3,
bottom column). Therefore, protein—protein interaction between
AtPex14p and ArPex5p required two domains; namely amino
acids **I-*L and ™R-*R of AiPex14p. N-terminal regions of
Pex14p from various species were compared (Fig. 5, top
column). Although the amino acid sequence of A/Pex14p has
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Fig. 5 Determination of binding domain in AtPex1dp by introducing amino acid substitution within “R.'®p. Top column: alignment of
AtPex14p with Pex |4ps identified from various species. At, Arabidopsis thaliona, Hs, Homo sapiens, Mm, Mus muscuris, Hp, Hansenula poly-
morpha; Sc, Saccharomyces cerevisiae. Conserved amino acids are highlighted. Middle column: amino acid sequences of mutated AiPex14ps
fused to the Galdp DNA-binding domain. Amino acid substitutions introduced into the fusion proteins are indicated on the right. The name of
each fusion protein is indicated on the left. Bottom column: result of binding assay for mutated 4/Pex14ps and mutated ArPex5p. Transfermants
were tested for growth on synthetic medium without histidine (~His) and assayed for quantitative B-galactosidase activity,

low identity to Pex14p from other species (to human; 29.6%)
(Will et al. 1999), amino acids *R-'™P of ArPexl4p has
relatively high identity to N-terminus of Pex14p from other
species {to human; 53.2%). We concluded that these two
domains of A7Pex14p were conserved and were common bind-
ing domains for AtPex5p among all species.

WXXXF motifs in amino acids “'K-*D of AtPexSp are
required for binding to ArPexi4p

We carried out the next experiments to determine the bind-
ing domain of ArPex5p to AfPex14p. AtPexSp has two unique
motifs. One is the TPR motif previously reported as a binding
domain for PTS1-containing protein (Brocard et al. 1994}, The
other is a WXXXF/Y repeat that existed in Pex5p from various
species. This repeat is found in each PexSp, but differs in
number and spacing (Schliebs et al. 1999). For example, Pex5p
of yeast {S. cerevisiae) possesses only two of these repeats
whereas A/Pex5p contains nine in amino acids 'K-*°D, These
nine repeats separately exist as three N-terminal repeats and six
C-terminal repeats in amino acids *'K-*°D of 4¢Pex5p.

To determine the binding domain of 4fPex5p to AfPex14p,
we prepared various truncated ArPexSps-fused Gal4 activation
domains, and analyzed the binding activities to the amino acids
*R-'P of 4rPex14p (Fig. 6A). The amino acids 2'K-**D of
ArPex5p, including the nine WXXXF/Y repeats, had binding
activity to ArPex14p. The amine acids “’H-"L of ArPex5p,
containing the TPR motifs, show binding activity to PTS1-
containing protein (data not shown), Each binding domain for
AtPex14p and PTS!-containing protein did not overlap in the

amino acid region of ArPex5p. This implies that ArPexidp,
AtPex5p and PTS1-containing protein form an import complex
that functions in peroxisomal protein import.

To investigate whether the nine WXXXF/Y repeats were
used properly, we substituted each WXXXF/Y with AXXXA
and analyzed the binding activities to ArPex14p. All mutated
WXXXF/Y showed binding activity to ArPex14p, but tran-
scriptional activation of the LacZ/B-galactosidase reporter gene
decreased slightly (data not shown). The LacZ/f-galactosidase
reporter gene activity was significantly decreased by mutation
of the ecighth WXXXF (Fig. 6A). Deletion of the eighth
WXXXF repeat also exhibited the same level of binding activ-
ity as the mutated repeat.

To demonstrate that WXXXF/Y repeats are the binding
site for ArPex14p, the eighth WXXXF including five amino
acids each before and behind was linked tandem. These two to
four tandem repeats of WXXXF showed a gradual increase of
B-galactosidase activity (Fig. 6B). In addition to this, -
galactosidase activity of amino acids E-*D of A4/Pex5p
including six WXXXF/Y repeats was much higher than those
of the two to four tandem repeats, showing that the number of
repeats is responsible for the efficiency of the binding. The
mutated eighth AXXXA did not show the binding activity,
These findings indicate that WXXXF is required for binding to
ArPex 14p.

AtPex7p interacts with AtPex5p, but not with AtPex14p
In addition to Pex14p and PexSp, Pex7p is known as a
PTS2 receptor in peroxisomal protein import from studies of
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Fig. 6 WXXXF/Y repeats in the amino acids “'K-*D of ArPex5p
are required for binding to ArPex14p. (A) Various truncated 4tPex5p
were fused to the Galdp activation domain and tested for binding
activity to the amino acids *'R-'"P of A7Pex14p. Numbers on the left
indicate length of each amino acid sequence. Open boxes indicate
WXXXF/Y of the consensus amino acid sequence. Hatched box indi-
cates amino acid substitution of 8th WXXXF to AXXXA. (B) Artifi-
cial tandem repeats of 8th WXXXF sequence were tested for binding
activity to AiPex14p-(**R-'P). WT 8th indicates tandem repeats
linked with eighth WXXXF sequence of wild-type. MT 8th indicates
tandem repeats linked with AXXXA sequence substituted from eighth
WXXXF sequence. AD indicates expression of only Gald AD in tester
strain. *E-**°D indicates the amino acids ¥$E-*D of AtPexSp includ-
ing six WXXXF/Y repeats. Transformants were tested for growth on
synthetic medium without histidine (~His) and assayed for quantita-
tive B-galactosidase activity.
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Fig. 7 ArPex7p imeracts with 4rPexSp and PTS2-containing protein.
(A) Two-hybrid analysis of ArPex14p, ArPex3p, ArPex7p and PTS2-
containing protein. Proteins were fused to Gald BD or AD as indicated.
Transformants were tested for growth on synthetic medium without his-
tidine (~His) and assayed for quantitative B-galactosidase activity. (B)
and (C) Co-immunoprecipitation of AtPex5p and AtPex7p. Antibodies
against A/Pex5p (B) and ArPex7p (C) were immobilized on column.
After total homogenates from etiolated cotyledons were passed over,
the columns were washed and then eluted. Wash fraction (odd lanes)
and elution fraction (even lanes) were subjected by SDS-PAGE and
immunoblotting using antibodies against AtPex5p (lane 1, 2) and
AtPex7p (lane 3, 4). Arrowheads on the right indicate specific bands.

yeast and mammals, To investigate the interactions of AtPexTp,
APex14p, AfPex5p and PTS2-containing protein, yeast two-
hybrid analysis was also carried out. The interaction was ana-
lyzed as shown in Fig. 3A.

The results of veast two-hybrid analysis showed that
AtPexTp interacts with PTS2-containing protein, leading to
transcriptional activation of the HIS3 and LacZ/B-galactosidase
reporter genes in yeast tester strain (Fig. 7A). This shows that
the amino acid sequence encoded for cDNA of AiPex7p
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Fig. 8 The amino acids 'M-*'V of ArPexSp interacts with armino
acids *°Y-'"S of ArPex7p. (A) Various truncated 4PexSp were fused
to the Galdp activation domain and tested for binding activity to
AtPexTp. WXXXF/Y indicates nine repeats of the consensus amino
acid sequence. TPR indicates four TPR motifs. {B) Various truncated
AtPex7p were fused to the Galdp DNA binding domain and tested for
binding activity to A/Pex5p. WD40 indicates four WD40 repeats.
Numbers on the left indicate length of each amino acid sequence.
Transformants were tested for growth on synthetic medium without
histidine (-His) and assayed for quantitative B-galactosidase activity.

reported by Schumann et al. (1999) maintains the function of a
PTSZ receptor. Furthermore, Fig, 7A shows that AtPex7p inter-
acts with ArPexSp but not with 4¢Pex14p directly. This was
also supported by a co-immunaprecipitation assay. The anti-
body against either ArPex5p (Fig. 7B) or ArPex7p (Fig. 7C)
was immobilized on the column. Then, total homogenates from
4-day-old Arabidopsis seedlings were passed through, and the
eluted proteins were analyzed by immunoblotting. In this
experiment, both proteins were detected in only elution frac-
tions from both columns (Fig. 7B, C, even lanes), indicating
that ArPex5p and ArPex7p interact with each other. AfPex5p
and AsPex7p were not eluted from column that were immobi-
lized with preimmune serums (data not shown), Since a part of
the immobilized antibodies were eluted, the 1gG bands were
detected in all eluted fractions. We demonstrate that AtPexTp
has binding activity 10 ArPex5p,

The amino acids *°Y-"7S of AtPex7p interacts with the amino
acids ‘"M of AtPex5p

To determine the binding domain of ArPex5p to ArPex7p,
we prepared various truncated AsPex3ps-fused Gal4 activation

domains, and analyzed the binding activities to the full length
of 4rPex7p (Fig. 8A). The results showed that the binding
domain of 4:Pex5p was specific o the N-terminal region,
amine acid 'M-""V of 4tPex3p. This N-terminal region did not
overlap with the binding domain for either 4¢Pex14p (amino
acids *'K-'D) or PTS1-containing protein (amino acids *714-
"SL). To determine the binding domain of 41Pex7p to ArPexSp.
we prepared various truncated ArPex7ps-fused Gald DNA-
binding domains, and analyzed the binding activities to fuil
length 4/Pex5p (Fig. 8B). The results show that the binding
domain of ArPex7p was restricted to the C-terminal region.
especially, amino acid “Y-"S of 41Pex7p. This C-terminal
region does not include with WD40 repeats (amino acids *S-
D) that was identified as the binding domain for PTS2-
containing proteins (Zhang and Lazarow 1994,

Discussion

More than 20 PEX genes and their products, peroxins,
have been identified in veast and mammals (Subramani et al,
2000}. Some of these factors, including Pex14p, PexSp and
Pex7p, contain members of the peroxisomal protein import
apparatus (Albertini ct al. 1997, Marzioch et al. 1994, Van der
Leij et al. 1993), but the details of the protein impont mecha-
nisms are still unclear. Studies in yeast showed that Pex1dp
interacts with both Pex5p and Pex7p (Albertini et al. 1997),
but, there is no binding activity between PexSp and Pex7p.
Yeast mutants defective in abilities of Pex5p and Pex7p lose
PTS1 and PTS2 pathways, respectively (Marzioch et al. 1994,
McCollum et al. 1993). These findings suggested that the PTS|
pathway and PTS2 pathway are independent in veast. By con-
trast, the nonsense mutation R3%0ter of Pex5p in human invites
to defect in both PTS1 and PTS2 pathways (Braverman et al.
1998). This suggested that human Pex5p was involved not only
in PTS| pathway but also in PTS2 pathway. Two isoforms of
human and Chinese hamster ovary cell Pex3p were produced
by alternative splicing (Braverman et al. 1998, Otera et al.
1998). Each of the Pex3p isoforms are called short-form and
long-form of Pex3p. Transtection of mutant cells, R390ter of
Pex5p, with the long-form of Pex5p restores both PTS1 and
PTS2 pathways, however, the short-form of Pex5p restores
only the PTS1 pathway. Furthermore, transfection of mutant
cells, R350ter of PexSp, with the long-form of Pex5p contain-
tng a mutation in the binding domains for PTS1-containing
protein restores the PTS2 pathway but not the PTSI pathway.
These findings suggested that the long-form of PexSp is
responsible for the PTS2 pathway, but the short form of Pex5p
is not (Braverman et al. 1998, Otera et al. 1998). Thercfore, it
18 indicated that the human PTS2 pathway is partially inde-
pendent of the Pex5p, PTS1 receptor. In this report, we demon-
strated by two-hybrid analysis that ArPex5p binds to both
AfPex14p and ArPex7p, but that ArPex14p does not bind to
AtPex7p. This binding pattern in Arabidopsis peroxisomal
import factors is similar o0 that of long-form of Pex3p in
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Fig. 9 A schematic model of peroxisomal protein import in Arabi-
dopsis. Pex5p and Pex7p, PTSI receptor and PTS2 receptor, which are
localized in the cytosol are bound to PTS1- and PTS2-containing pro-
teins (cargo). respectively. Both protein complexes bind between
amino acids 'M-2"V of AtPexSp and amino acids *°Y-""'S of ArPexTp.
The receptor-cargo import complex consisting of PexSp, Pex7p, PTSI1-
and PTS2-containing protein binds then to the peroxisomal membrane
via interaction between WXXXI/Y repeats of AsPex5p and amino
acids M1-L and PR-7R of ArPex14p. All binding domains do not
overlap in the process of peroxisomal protein import.

humans. However, in the immunoblot analysis (Fig. 1, 2) and
RT-PCR (data not shown), 4rPex35p was detected as a mono-
specific band. Therefore, there is little possibility that the mul-
tiple ArPex3p isoforms are produced by alternative splicing in
Arabidopsis. These findings implied that the PTS2 pathway in
Arabidopsis is completely dependent on the A/Pex5p, PTSI
receptor (Fig. 9).

Most peroxisomal matrix proteins possess either PTSI1 or
PTS2 as the targeting signal (PTS) in various species (Olsen
1998). Our results suggest that the PTS1 pathway, dependent
on AtPex3p, is the main import pathway expressed in most
organs from the expression of ArPex5p (Fig. 1). This finding is
in agreement with the fact that human Pex14p and Pex5p are
expressed in most tissues (Wiemer et al. 1995, Will et al.
1999). Since ArPex7p that is the PTS2 receptor is expressed in
limited organs in comparison with that of A/Pex5p. it is specu-
lated that the PTS2-dependent import pathway is an additional
transport pathway for peroxisomes, and that the expression of
the PTS2-containing protein is more specific among the organs

than that of the PTSI-containing protein. At present. most per-
oxisomal matrix proteins including glyoxysomal and leaf per-
oxisomal proteins possess PTS1. In contrast with this, PTS2-
containing proteins in higher plants, namely thiolase (Kato et
al. 1996b). malate dehydrogenase (Kato et al. 1998), citrate
synthase (Kato et al. 1995) and long-chain acyl-CoA oxidase
(Hayashi et al. 1998), are mainly accumulated in glyoxysomes,
but not in leaf peroxisomes. Although leaf peroxisomal
enzymes containing PTS2 have not been identified at present in
higher plants, as Fig. 1 shows, ArPex7p is expressed in cauline
leaves and rosette leaves. A search of Arabidopsis genome
databases with PEDANT BLAST Network Service (http:/
pedant.gsf.de/) revealed that 49 genes of unidentified PTS2-
containing proteins exist in the Arabidopsis genome. This sug-
gests that unidentified PTS2-containing proteins are expressed
in these organs and plays a role in unidentified metabolic path-
ways of plant peroxisomes.

The data obtained with yeast and mammals indicated that
Pex 14p is localized on peroxisomal membrane, and is a central
receptor for Pex5p, which captures the PTS1-containing protein
(Brocard et al. 1997, Will et al. 1999). In human Pex14p it has
been determined that the amino acids 'M-"S is a binding
domain for Pex5p (Schliebs et al. 1999). The amino acid
sequence of ArPex14p is longer than that of human Pex14p.
Sequence homology showed that the amino acids 'M-""P of
AtPex14p correspond with amino acids 'M-"'G of human
Pex14p (Fig. 5. top column). In this study, we found two bind-
ing domains of AtPex14p for Pex5p, *I-°L and ™R-""R in 100
N-terminal amino acids (Fig. 5, bottom column). Secondary
structure prediction (Garnier et al. 1978) for the amino acid
sequence of ArPex14p showed that these two N-terminal
domains might form a binding pocket (data not shown). This
binding pocket of A7Pex14p may hold AfPex5p on its peroxiso-
mal membrane.

Previous studies showed that a nucleotide substitution
occurred in the ped2 mutant, converting a CAA codon encod-
ing *Q of the gene product to a stop codon (TAA), and that
the protein import activities of PTS1- and PTS2-containing pro-
teins partially remained in the ped2 mutant (Hayashi et al.
2000). In this paper, we showed that the amino acids 'M-*"V
of AfPex14p corresponding to deduced polypeptide in ped?
mutant possessed binding activity to APex5Sp. indicating that
the N-terminal region of ArPex14p is essential for import of
PTSI- and PTS2-containing proteins (Fig. 4). Although these
N-terminal amino acids 'M-"3V of ArPex14p could not be
detected by immunoblotting in ped2 mutant (data not shown).
it is likely that the truncated ArPex14p is expressed in small
amounts in ped2 mutant and still partially retains the ability of
translocation of PTS1- and PTS2-containing proteins, If this
polypeptide does not exist in ped2 mutant, small amounts of
PTS1- and PTS2-containing proteins may be imported to per-
oxisomes via another import pathway that is independent of
AtPex14p in Arabidopsis.

We determined the domain binding ArPexl4p and
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AiPex5p. The binding domain of ArPexSp is WXXXF/Y
repeats and the number of WXXXF/Y repeats affects the affin-
ity between ArPex14p and 47Pex5p (Fig. 6). This binding activ-
ity between ArPex14p and ArPex3p increased proportionally
with the number of WXXXF/Y repeats (Fig. 6B). These
repeats are found in the amino acid sequence of Pex5p from
various species as the consensus sequences different in number
and spacing (Schliebs et al. 1999). For example, Pex5p from
Arabidopsis and watermelon possesses nine of these repeats
whereas Pex5Sp from S. cerevisiae contains only two. In this
manner, the number of repeats from higher plants tend to be
more than those of other species. Furthermore, a recent study
showed that human Pex5p forms a tetrameric  structure
(Schliebs et al. 1999). If this is also the case in ArPex5p, the
receptor complex of ArPexSp possesses 36 WXXXF/Y repeals,
which is the binding domain for 4fPex14p, This fact suggests
that Pex5p from higher plants has higher affinity with Pex14dp
than other species. Higher plants need to degrade storage lipid
rapidly, and obtained the energy for growth. Moreover, peroxi-
somes underwent the functional transition and obtain photores-
piratory activity in higher plants. This functional transition of
peroxisomes is observed in plants, but not in yeast or mam-
mals. Therefore, higher plants can adapt to a change a large
quanttty of metabolic enzymes rapidly, and produce Pex5p that
possesses high protein import activity.

Pex5p and Pex7p are localized in the cytosol and have
been identified as the PTS1 receptor and PTS2 receptor, respec-
tively, in various species (Subramani 1998). These receptors
are reported to be important factors for peroxisomal protein
import. In this paper, we suggest that 4/Pex5p and AtPexTp
form a PTSI-PTS2 receptor complex in the peroxisomal pro-
tein import pathway, and that the PTS2 pathway is dependent
on the PTS1 pathway in higher plants. Therefore, the PTS2
pathway may be an additional pathway in peroxisomal protein
import. Furthermore, their binding domains are N-terminal
amino acids 'M-2°V of ArPex5p and C-terminal amino acids
*%Y-2V7S of AtPex7p, respectively (Fig. 8). Fach receptor pos-
sesses binding domains for PTSI- and PTS2-containing pro-
teins that are cargo proteins. In Pex3p, the binding domain is a
TPR motif (Gatto et al. 2000) located in the amino acids *7H-
"SL of APex5p. In Pex7p, the binding domains are WD40
repeats (Shimozawa et al. 1999) located in the amino acids **S-
***D of AtPex7p. These binding domains do not overlap at least
on amino acid sequences, including the binding domain for
ArPex14p (amino acids ®'K-**D of 4/Pex5p). In addition to
these results, some peroxisomal proteins containing PTSI or
PTS2 have been shown to form an oligomer in the cytosol
(Kato et al. 1999, Subramani 1998). These findings suggest
that interaction of peroxisomal import factors, AtPex14p,
ArPexSp and A4¢Pex7p, with cargo protein, PTS1- and PTS2-
containing proteins, is not competitive in peroxisomal protein
import, and imply that these proteins form a huge import com-
plex on the peroxisomal membrane. The protein import system
toward peroxisomes is different from that of mitochondria and

chloroplasts, and possesses the unique ability that even a huge
gold particle containing PTS can be introduced into the peroxi-
somal matrix through the membrane (Walton et al. 1995), The
peroxisomal unique protein import may reflect the introduc-
tion ability of a huge import complex that is formed with three
import factors in addition to PTS1- and PTS2-containing pro-
teins (Fig. 9).

We found that the binding domains among peroxisomal
import factors, APex 14p, ArPex3p and AtPex7p do not over-
lap. It is still unclear whether the binding between AtPexldp,
AtPex5p and A/Pex7p is not redundant in the three-dimen-
sional structure. Further analysis of the three-dimensional
structures of binding sites for these import factors will provide
information on the co-operativity of these import factors in the
process of the import of these proteins. In this paper, we sug-
gest the schematic model of peroxisomal protein import in Ara-
bidopsis (Fig. 9). In this model, import factors and cargo pro-
teins form the huge protein complex. However, we could not
detect the import complex of 4rPex14p, 4rPex5p and ArPexTp
in in vitro binding experiments. As a reason for this failure, it is
likely that binding efficiencies of these factors are probably
low. In fact, we showed the interaction between not only
AtPex14p and ArPex5p but also 4/Pex3p and PTS|-containing
protein in in vitro binding experiments in Fig. 3, however, the
complex of three proteins could not be detected when
AtPex14p, AiPex5p and PTS1-containing protein were mixed at
the same time. It is necessary to clarify in further studies
whether huge protein complex are formed on peroxisomal
membrane and their affinities are changed by interaction
among more than twe factors. Pex35p has been shown 1o be
translocated into the peroxisomal matrix with cargo proteins,
and recycled to the cytosol in the process of protein import
{Dammai and Subramani 2001}, However, the mechanism of
association and dissociation between PTS receptors and cargo
proteins is still unclear with respect to peroxisomal protein
import machinery. It is possible that of other peroxisomal
import factors beside 4rPex14p, 4rPex5p and AtPexTp exist,
and their interaction may regulate the mechanism of associa-
tron and dissociation. [n fact, Pex13p and Pex|7p have been
characterized as protein import factors on peroxisomal mem-
branes from analyses of yeast and mammals. Arabidopsis
Pex13p and Pex!7p have not yet been identified functionally.
Characterization of other import factors such as Pexi3p and
Pex17p, and clarification of the changes in the affinity between
peroxisomal import complexes and cargo proteins remain for
future studies.

Materials and Methods

Plant materials

Arabidopsis thaliana (ecotype Landsberg erecta and Colombia)
seeds were surface sterilized in 2% NaClO, 0.02% Triton X-100, and
were grown on germination media (2.3 mg ml™ Murashige and Skoog
salts (Wako, Osaka, Japan), 1% sucrose, 100 ug mlI™' myo-inositol.



Je4 - Peroxisomal protein import factors

I pg m!™ thiamine-HC, 0.5 ug ml™ pyridoxine, 0.5 pg mi™ nicotinic
acid, 0.5 mg ml™ MES-KOH (pH 5.7), 0.2% INA agar {Ina Shokuhin,
Nagano, Japan)) at 22°C under continuous illumination or darkness.
Seme 7-day-old seedlings were transierred from the mediumtoal:1
mixture of perlite and vermiculite and grown for 4 weeks at 22°C.
Plants were harvested and homogenates prepared from various organs
and germinating seedlings.

Preparation of total homogenates from Arabidopsis

Total homogenates from cotyledons and other various organs of
Arabidopsis were prepared as follows, Cotyledons and various organs
were homogenized with 50 mM Tris-HC), pH 8.0, 1 mM EDTA, (0%
glycerol and 1% SDS as a detergent. The homogenates were centri-
fuged at 12,000xg for 10 min and the supernatants were measured
using the Bio-Rad Protein Assay (Bio-Rad, Hercules, CA, U.S.A.) and
then were subjected to SDS-PAGE and subsequent immunoblotting.

Expression of fusion proteins and preparation of their specific
antibodies

Standard procedures for expression of fusion proteins and prepa-
ration of specific antibodies were described previously (Nito et al.
2001). Two DNA fragments corresponding to the amino acids K-
D of ArPexSp and full-length polypeptide of AfPexTp were pro-
duced by PCR. The DNA fragment obtained after PCR was ligated
into the T-vector and used to transform £. coli. Afler plasmid extrac-
tion, the DNA fragments were digested with the appropriate restric-
tion enzymes and ligated into the multiple cloning site of pET32a vec-
tor (Novagen, Madison, WI, U.S.A.). The fusion proteins, consisting
of Trx and the sequence of each peptide were expressed in £ coli
BL21(DE3) and purified by celumn chromatography on a Ni*-chelat-
ing column (Amersham Pharmacia, Tokyo). The purified fusion pro-
teins in | ml-of sterilized water were emulsified with an equal volume
of Freund’s complete adjuvant (DIFCO, Detroit, MI, US.A) The
emulsion was injected subcutaneously into the back of a rabbit. Four
weeks later, a booster injection (about 0.5 mg of protein with incom-
plete adjuvant) was given in the same way. Blood was taken from a
vein in the ear 3 d after the second booster injection. Since antibodies
prepared with other amino acid regions of A/Pex5p and ArPex7p also
detected immunoreactive bands with the same molecular weight (data
not shown), these antibodies were considered to recognize AtPex5p
and 4rPex7p, respectively.

In vitro binding experiments

The preparation of Trx-fused the amino acids 'M-'"P of
AiPex14p was as described previously (Hayashi et al. 2000). GST-
fused and Trx-fused ArPex5p, and GST-fused PTS|-containing protein
were prepared in this study. The DNA fragment corresponding to the
full length of A:PexSp was amplified by RT-PCR. The PCR product
was subcloned into pET4la vector and pET32a vector {(Novagen,
Madison, WI, U.5.A.). The olige DNAs corresponding to the C-termi-
nal 10 residue (GSVVVARSRM) of ICL, which is a PTS|-containing
prolein, were synthesized and inserted to pGEX vector (Amersham
Pharmacia, Tokyo). The fusion proteins, consisting of GST or Trx
alone, GST- or Trx-fused ArPexSp and GST-fused PTSI1-containing
protein were expressed and purified by the same strategy as described
above. Two of these proteins were mixed with glutathione Sepharose
4B for 1 h and then were centrifuged. Proteins recovered in the precip-
itate were ¢luted with 10 mM glutathione and were subjected 10 immu-
nublot analysis using antibodies against ArPex14p or A/Pex5p.

Co-immunoprecipitation experiments
Fusion proteins used for preparation of antibodies were immobi-
lized on an NHS-activated column (Amersham Pharmacia, Tokyo).

Then, we carried out affinity purification of antibodies against
ArPex5p and ArPex7p using these columns. Purified antibodies were
immabilized en NHS-activated column. The crude homogenate from
etiolated Arabidopsis cotyledons grown for 4d were prepared with
50 mM phosphate buffer (pH 7.5), 100 mM sodium chloride, and then
passed over the columns. The columns were washed with ten column
volumes of the same buffer and fractionated. Bound proteins were
eluted with glycine-HCI (pH 2.0). Washed fractions and elution frac-
tions were analyzed by SDS-PAGE and subsequent immunoblotting
using antibodies against AtPex5p and ArPexTp.

Immunoblotting

Ten to fifty pg of total protein were applied onte lanes of SDS-
polyacrylamide gel. After elecirophoresis, proteins were transferred 10
a PYDF membrane (MILLIPORE, Tokyo, Japan} in a semi-dry elec-
troblotting system. The membrane was blocked with 5% non-fat dry
milk, 3% BSA in Tris-buffered saline, pH 7.4 and immunoblotted with
1:5,000 to 10,000 dilution of antibodies against anti-4rPex14p, anti-
AtPex5p, anti-ArPex7p, anti-ICL (Maeshima et al. 1988, Mano et al.
1996), or anti-HPR (Mano et al. 1997). Bands were visualized with an
ECL Western blotting detection kit (Amersham Japan, Tokyo, Japan)
using a 1:5,000 dilution of peroxidase-conjugated goat antibodies
against rabbit IgG following the instructions of the manufacturer.

Two-hybrid analysis

The two-hybrid system was based on the method of Fields and
Song (Field and Song 1989). The tested genes were fused to the Galdp
DNA-binding domain (BD) or activation domain (AD) in the vectors
pGBD-C1 and pGAD-CI {James e1 al. 1996). To construct various
lengths of DNA fragments encoding the truncated 4rPex14p, DNA
fragments conjugated at the Clal/Safl sites were amplified by PCR. The
artificial tandem repeats of WXXXF were also constructed by PCR
{Nakajima and Yaoita 1997). After PCR, DNA fragments were then
subcloned into a T-vector prepared with Bluescript KS* (Stratagene,
La Jolla, CA, US.A.) as described in a previously (Marchuk et al.
£990). After digestion with individual restriction enzymes, DNA frag-
ments were inserted into a suitable restriction site on pGBD-C1 and
PGAD-CI. In the same way, 4rPex5p DNA fragments of various lengths
conjugated at the BamHI/Sall sites were subcloned into pGAD-CI.
Likewise, AtPex7p DNA fragments of varicus lengths conjugated at
the Sall/Bglll sites were subcloned into pGBD-CI. To generate the
constructs for Gald BD and AD-fused PTSI protein, the plasmid
encoding the GFP conjugated to the PTSI signal {Mano et al. 1999)
was digested by BamHI/Ps, and then the DNA fragment was inserted
in the pGBD-CI and pGAD-C1 vector. All amino acid substitutions in
AtPex14p were performed by PCR-based mutagenesis. The open rtead-

ing frames were sequenced and it was confirmed that no mutations

were introduced other than the desired ones.

The two-hybrid vectors were co-transformed into tester strain
PJ69—4A (James et al, 1996) according to an established protocol
{Gietz et al. 1995). Yeast transformants were selected and grown on
complete synthesized media containing 2% glucose, 0.67% yeast
nitrogen base without amino acid (DEFCO) and amino acids as needed.
Two-hybrid interactions were assayed using hoth the His3 reporter and
LacZ reporter. Quantitative [-galactosidase activity was measured
according 1o an established protocol (Miller 1972). The mean p-galac-
tosidase activity (unit {mg protein)™') measured in the lysate of three
transformants was calculated.
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Glyoxysomes, a group of specialized peroxisomes, are
organelles that degrade fatty acids by the combination of
fatty acid B-oxidation and glyoxylate cycle. However, the
mechanism underlying the transport of the fatty acids
across the peroxisomal membrane is still obscure in higher
plant cells. We identified and analyzed the PED3 gene and
its gene product, Ped3p. The phenotype of the Arabidopsis
ped3 mutant indicated that the mutation in the PED3 gene
inhibits the activity of fatty acid B-oxidation. Ped3p is a
149-kDa protein that exists in peroxisomal membranes. The
amino acid sequence of Ped3p had a typical characteristic
for “full-size” ATP-binding cassette (ABC) transporter con-
sisting of two transmembrane regions and two ATP-binding
regions. This protein was divided inte two parts, that had
32% identical amino acid sequences. Each part showed a
significant sequence similarity with peroxisomal “half”
ABC transporters so far identified in mammals and yeast.
Ped3p may contribute to the transport of fatty acids and
their derivatives across the peroxisomal membrane.

Key words: ABC transporter — Arabidopsis thaliana — Fatty
acid B-oxidation — Glyoxysome — Leaf peroxisome — Per-
oxiscme.

Abbreviations: 2,4-D, 2,4-dichlorophenoxyacetic acid; 2,4-DB,
2 A4-dichlorophenoxybutyric acid.

The nucleotide sequence reported in this paper has been submit-
ted to the DDBJ, EMBL and GenBank under accession numbers
AB070615 (PED3) and ABO70616 (PED3 cDNA).

Introduction

Peroxisomes in higher plant cells are known to differenti-
ate into at least three different classes, namely glyoxysomes,
leaf peroxisomes and unspecialized peroxisomes (Beevers
1982). Each organelle contains a unique set of enzymes that

provides special functions in various organs in higher plants.
Glyoxysomes are present in cells of storage organs, such as
endosperms and cotyledons during post-germinative growth of
oil-seed plants, as well as in senescent organs (Nishimura et al.
1986, Nishimura et al. 1993, Nishimura et al. 1996). They con-
tain enzymes for fatty acid B-oxidation and the glyoxylate
cycle, and play a pivotal role in the conversion of seed-reserved
lipids into sucrose. The seed-reserved lipids are deposited in
lipid bodies as triacylglycerols. In general, these triacylglycer-
ols mainly contain long-chain fatty acids such as palmitic acid,
stearic acid, oleic acid, linoleic acid and linolenic acid (Tre-
lease and Doman 1984). The fatty acids produced from the
seed-reserved lipids are thought to be exclusively degraded in
glyoxysomes (i.e. not in mitochondria) during germination and
post-germinative growth (Beevers 1982). By contrast, leaf per-
oxisomes are widely found in cells of photosynthetic organs.
Some of the enzymes responsible for photorespiration are
localized in leaf peroxisomes even though the entire photores-
piratory process involves a combination of enzymatic reac-
tions that occur in chloroplasts, leaf peroxisomes and mito-
chondria (Tolbert 1982).

To identify the genes regulating the peroxisomal function
in plant cells, we isolated mutants with defective peroxisomes.
To screen such mutants, we used 2,4-dichlorophenoxybutyric
acid (2,4-DB) as a compound for detecting Arabidopsis
mutants with defects in glyoxysomal fatty acid B-oxidation
(Hayashi et al. 1998b). We expected that two methylene groups
of the butyric side chain in 2,4-DB would be removed by the
action of glyoxysomal fatty acid B-oxidation to produce a her-
bicide, 2,4-dichlorophenoxyacetic acid (2,4-D), in wild-type
plants, whereas the mutants no longer produce a toxic level of
2,4-D from 2,4-DB, because of the defect in fatty acid B-oxida-
tion. We succeeded in identifying four mutants that were classi-
fied as carrying alleles at three independent loci. These loci
were designated as ped!, ped2, and ped3, respectively, where
ped stands for peroxisome defective.

Extensive studies of ped? mutant revealed that the PED?
gene encodes Arabidopsis ortholog of PEX/4 (Hayashi et al.

3 Corresponding author: E-mail, makoto@nibb.ac jp; Fax, +81-564-55-7505.
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2000). AfPex14p, a PED2 gene product, is involved in the per-
oxisomal protein import machinery, and maintains peroxiso-
mal functions by determining protein targeting to all kinds of
plant peroxisomes. Therefore, the ped? mutant has deduced
activity of not only glyoxysomal function but also leaf peroxi-
somal function, i.e. photorespiration. By contrast, it has been
known that ped/ mutant has a defect in a gene encoding one of
the enzymes for fatty acid B-oxidation, 3-ketoacyl CoA thiolase
(Hayashi et al. 1998b). The loss of 3-ketoacyl-CoA thiolase in
the ped! mutant has recently been reported to affect the mor-
phology of the glyoxysomes, while leaf peroxisomes and
unspecialized peroxisomes are normal (Hayashi et al. 2001}
-Ultrastructural analyses revealed that glyoxysomes in the pedl
mutant become enlarged organelles, probably because of accu-
mulation of a metabolic intermediate induced by the lack of 3-
ketoacyl-CoA thiolase. Detailed morphological observations
suggested a direct interaction between glyoxysomes and lipid
bodies during the post-germinative growth of the seedlings.
* The direct interaction is implicated in incorporating the fatty
acids produced from the seed-reserved lipids into glyoxysomes.
However, the mechanism underlying the transport of the fatty
acids across the glyoxysomal membrane is still obscure in cells
of higher plants,

In mammalian and yeast cells, it has been speculated that
the peroxisomal half ATP-binding cassette (ABC) transporter
plays an important role for the transport of fatty acids across
peroxisomal membranes (Shani and Valle 1998). The exist-
ence of an ABC transporter in peroxisomal membranes was
first elucidated in mammalian cells. Kamijo et al. (1990)
cloned the rat PMP70 gene, and showed that it encoded a 70-
kDa polypeptide containing one transmembrane region and one
cylosolic ATP binding region, so-called peroxisomal “half”
'ABC transporter. Since then, attention has been paid to the per-
oxisomal ABC transporter, especially in relation to the human
peroxisomal disorder. Mosser et al. (1993) reported a gene
responsible for a human peroxisomal disorder, X-linked adre-
noleukodystrophy. ALDP, a product of the gene, is a second
“half” peroxisomal ABC transporter that has significant simi-
larity to PMP70, more so than any other ABC transporter
known at the time. At present, four peroxisomal ABC trans-
porters have been identified in mammals. They are PMP70,
ALDP and their homologues P70R and ALDR (Lombardplatet
et al. 1996, Shani et al. 1997). In addition to these mammalian
proteins, two orthologs of yeast, Saccharomyqes cerevisiae,
peroxisomal ABC transporters have been identified and charac-
terized. They are called PX4/ and PXA2 (also called PAT? and
PATI, respectively) (Shani et al. 1995, Hettema et al. 1996,
Shani and Valle 1998).

Here we report the identification the PED3 gene. The
PED3 gene encodes a novel type of peroxisomal ABC trans-
porter with a molecular mass of 149 kDa. Ped3p, a PED3 gene
product, exists in the glyoxysomal membrane, and is involved
in the mechanism for transporting fatty acids produced from
the seed-teserved lipids. We also discuss the possibility of a

broad substrate specificity of Ped3p.
Results

Identification and characterization of four ped3 alleles

We previously identified two allelic mutations in PED3
locus that are ped3-7 and ped3-2 on an Arabidopsis thaliana,
ecotype Landsberg erecta background (Hayashi et al. 1998b).
These mutant lines were identified by their resistance to the
presence of the toxic level of 2,4-DB. By employing the same
screening technique, we identified two additional alleles, which
we designated as ped3-3 and ped3-4. These ped? mutants
showed resistance specifically to 2,4-DB (Fig. 1A) but not to
2,4-D (data not shown). By contrast, 2,4-DB inhibits the
growth of wild-type Arabidopsis, because 2.4-DB is metabo-
lized to produce a herbicide, 2,4-D, by the action of peroxiso-
mal fatty acid B-oxidation (Fig. 1A). This suggests that the
mutations in PED3 locus reduce or inhibit the activity of per-
oxisomal fatty acid B-oxidation.

In oil-seed plants, the most important physiological func-
tion of fatty acid B-oxidation is a gluconeogenesis from seed-
reserved lipids during post-germinative growth. To determine
the activity of fatty acid B-oxidation, we examined the effect of
sucrose on growth of these mutant lines (Fig. 1B), because
defects in fatty acid B-oxidation seem to inhibit the conversion
of seed-reserved lipids into sucrose that is required for hetero-
trophic growth. The wild-type Arabidopsis seedlings germi-
nated and grew normally regardless of the presence or absence
of sucrose in the growth medium. None of the ped3 mutants
could expand their green cotyledons and leaves when sucrose
was removed from the growth medium (Fig. 1B). The inhibi-
tory effects on germination and post-germinative growth varied
depending on the mutant. Germination of ped3-/ and ped3-3
embryos was most severely inhibited, and seedlings never
emerged from their seed coats on growth medium without
sucrose. By contrast, ped3-2 and ped3-4 seedlings emerged
from their seed coats but could no longer grow further. Roots of
these mutants did not elongate and their leaves did not develop.

The growth inhibition that occurred in the absence of
sucrose may be due to the suppression of gluconeogenesis from
seed-reserved lipids during post-germinative growth. A mature
seed of Arabidopsis contains approximately 5 pg of triacyl-
glycerol as seed-reserved lipids (Fig. 1C). Seed-reserved lipids
in the wild-type seed were rapidly degraded within 5 d after ger-
mination and used for gluconeogenesis (Fig. 1C). By contrast,
seedlings of all the ped3 mutants grown for 5 d still contained a
significant amount of seed-reserved lipids (Fig. 1C). This sug-
gests that all the ped3 mutants have a defect in degrading the
seed-reserved lipids. These findings indicated that all ped3
mutant lines have a defect in gluconeogenesis from the seed-
reserved lipids that is necessary for the post-germinative growth.

Despite the requirement of sucrose for germination and
post-germinative growth, none of the ped3 mutants required
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Fig. 1 Phenotypes of four ped3 mutant lines. (A) Effects of 2.4-
dichlorophenoxybutyric acid (2,4-DB) on the growth of four ped3
mutant lines. Wild-type Arabidopsis (WT). ped3-1, ped3-2, ped3-3
and ped3-4 were grown for 7 d on growth medium containing 0.25 pg
ml' of 2.4-DB under constant illumination. Photographs were taken
after the seedlings were removed from the medium and rearranged on
agar plates. (B) Effects of sucrose on the growth of four ped3 mutant
lines. Wild-type Arabidopsis (WT), ped3-1. ped3-2, ped3-3 and ped3-
4 were grown for 7 d on growth medium without sucrose under con-
stant illumination. Photographs were taken after the seedlings were
removed from the medium and rearranged on agar plates. (C) Four
ped3 mutant lines have defect in degrading seed-reserved lipids dur-
ing post-germinative growth. The amount of seed-reserved lipids
remaining in a 5-day-old seedling grown under constant illumination
(black bar) is compared with that in a dry seed (white bar). Wild-type
Arabidopsis rapidly degrades seed-reserved lipids. while all ped3
mutants (ped3-1. ped3-2. ped3-3 and ped3-4) still contained larger
amount of seed-reserved lipids 5 d after germination.

sucrose after they expanded green leaves on the growth
medium containing sucrose. Therefore, they could grow and

Fig. 2 Phenotypes of the ped3 mutant and ped!/ped3 double mutant,
(A) Wild-type Arabidopsis (WT/air), and ped3-2 mutant (ped3/air)
were grown for 6 weeks in a normal atmosphere (36 Pa CO,). The
ped3-2 mutant was also grown for 6 weeks in an atmosphere contain-
ing 1,000 Pa CO, (ped3/CO,). Bar = 5 em. (B) Rosette leaves of the
pedl/ped3 double mutant grown for 3 weeks. Bar = | em. (C) ped!/
ped3 double mutant was grown for 6 weeks, Bar = | em.

produce seeds on soil without supplying sucrose (Fig. 2A).
ped3 mutants grew equally under a normal atmosphere and an
atmosphere enriched to 1% CO,. suggesting that the ped3
mutants do not have defects in leaf peroxisomal function (Fig.
2A). By contrast. the ped?2 mutant, that has a defect in the gene
encoding the Arabidopsis ortholog of PEX/4, has reduced
activity of not only glyoxysomal function but also leaf peroxi-
somal function. Because of this defect, the ped2? mutant
showed a growth defect and has yellowish leaves in a normal
atmosphere, but grew normally in a high CO, concentration
(Hayashi et al. 2000).

To investigate the functional relationship between the
PED3 gene and fatty acid -oxidation, we generated a ped!/
ped3 double mutant by outcrossing the ped3-2 mutant to the
ped] mutant that has a defect in 3-ketoacyl CoA thiolase. In the
F3 generation. we identified 11 ped!/ped3 double mutants. All
these mutants showed similar vegetative and reproductive phe-
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notypes. They had wavy leaves with irregular shapes (Fig. 2B).
Influorescence of the double mutants was difficult to develop,
but they occasionally had dwarf inflorescences with abnormal
structure (Fig. 2C). Although the inflorescences had some
flowers, they were sterile. These phenotypes were not found in
their parents.

High-resolution mapping of PED3 locus

We outcrossed the ped3-2 mutant that has a Landsberg
erecta ecotype background to wild-type Arabidopsis, ecotype
Columbia, and identified 133 F2 progenies that have
homozygous ped3-2 alleles for high-resolution mapping. These
progenies were subsequently scored according to their genetic
background with a series of molecular markers (Fig. 3A). The
number of chromosomes that showed a Colombia background
represents the number of recombinations that occurred between
the PED3 locus and the position of each molecular marker,
since the genomic DNA of the ped3 mutant has a Landsberg
erecta background. As summarized in Fig. 3A, high-resolution
mapping revealed that the PED3 locus is located on the right
side of CCR1. The nearest marker to the PED3 locus is DHS]
that is known to centain a BAC clone, T3J17 (accession no.
AL035708). T5J17 represents the terminal end sequence of the
lower arm of chromosome 4 in the Arabidopsis genome
sequencing project (http://www.arabidopsis.org/). We searched
for nucleotide sequences of T5117, as well as TI9P19, F23K16
and T22F8. These BAC clones are known to represent the

Fig. 3 Positional cloning of the PED3 gene. (A) High-resolution
mapping of PED3 on chromosome 4. Names and positions of the
molecular markers used in this study are indicated at the top of the
illustration. Hatched bars represent the regions covered by BAC
clones. We analyzed 133 F, progenies (266 chromosomes) having
homozygous ped3-Z aileles. The numbers of recombinations that
occurred between the PED3 locus and the molecular markers are indi-
cated at the bottom of the illustration. Mapping results with melecular
markers, ngall07, CCR1 and DHSI are summarized schematically
and indicate that the PED3 locus is most likely to be located within a
single BAC clone, T5J17. (B} Schematic diagram of a 7.543-bp
genomic DNA fragment that 1s involved in the BAC clone, T5J17. The
twenty five black bars represent protein coding regions determined
from the cDNA sequence. Four arrowheads on the black bars indicate
single nucleotide substitutions that occur in ped3-I, ped3-2, ped3-3
and ped3-4 alleles. Nucleotide residue | cortesponds to an adenine of
the first methionine coden. {C) Amino acid sequence of Ped3p. Amino
acid sequence of Ped3p deduced from the nucleotide sequence of the
PED3 cDNA is indicated as single letter codes. Underlines indicate
ATP/GTP-binding site motif A (P-loop) {prosite accession no.
PS00017), while two double underlines indicate ABC transporters
family signature (prosite accession no. PS0021%). *%Ser, "™ Trp,
193 Arg and " Trp are substituted to Asn in ped3-4, stop codon (X) in
ped3-3, Trp in ped3-2, and stop codon (X) in ped3-1, respectively. (D)
Alignment of EAA-like motifs found in peroxisomal ABC transport-
ers. Amino acid sequences of Ped3p, S. cerevisiae Pxalp and Pex2p,
human PMP70 and ALDP are shown with the number of amino acid
residues. Similar amino acids are boxed in black, and identical amino
acids are indicated as consensus. '
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genomic sequence for the right side of CCR1 (Fig. 3A). Based
on these nucleotide sequences, we designed a set of oligonucle-
otide primers that could amplify one of the predicted genes by
using the polymerase chain reaction (PCR). This gene is
located within the 7543-bp DNA fragment contained in TSJ17
(Fig. 3B). DNA fragments corresponding to this region were
amplified from genomic DNAs of wild-type Arabidopsis,
ped3-1, ped3-2, ped3-3 and ped3-4 mutants using the same
primer set, and were fully sequenced. The nucleotide sequences
of these DNA fragments are identical except for single nucle-
otide substitutions from “*G in the wild-type plant to A in the
ped3-1 mutant, ®*C to T in ped3-2 mutant, **%G to A in ped3-
3 mutant, G to A in ped3-4 mutant (Fig. 3B, arrowheads).
These results strongly indicated that the 7,543-bp DNA frag-
ment contained the PED3 gene (accession No. ABO70615).

PED3 gene encodes an ABC transporter

To deduce the amino acid sequence of the PED3 gene
product, Ped3p, we searched the Arabidopsis expressed
sequence tag (EST) database (http://www.kazusa.or,jp/) for the
nucleotide sequence of the PED3 gene, and found an EST clone
called-APZ1.37d10 (GenBank accession no. AV523713). This
clone contained a partial cDNA encoding a peptide starting
from Phe* to the carboxy-terminal end. Therefore, we gener-
ated the full-length cDNA using reverse transcriptase-PCR with
total RNA isolated from wild-type plants. We determined the
nucleotide sequence of the cDNA (accession No. ABO070616).
Comparison of the nucleotide sequences for the cDNA and
genomic DNA revealed that the PED3 gene contains at least 25
exons (Fig. 3B). The deduced amino acid sequence of the
Ped3p is composed of 1,337 amino acid résidues with calcu-
lated a molecular mass of 149.4 kDa (Fig. 3C). Two alleles,
ped3-1 and ped3-3, have a nonsense mutation at the codon
encoding "**Trp and "™ Trp, respectively, while other alleles,
ped3-2 and ped3-4, have an amino acid substitution of '“Arg
to Trp, and *"Ser to Asn, respectively (Fig. 3C). It is worth
emphasizing that germination of ped3-/ and ped3-3 embryos,
that have a nonsense mutation in PED23 locus, was the most
severely inhibited, while ped3-2 and ped3-4 seedlings, that
have a missense mutation at the PED3 locus, showed milder
phenotypes on the growth medium without sucrose (Fig. 3C).

Analyses of the amino acid sequence revealed that Ped3p
could be divided into two parts at around **Cys. The amino
acid sequences of these repeat sequences were 32% identical.
In addition, each repeat has significant similarity with peroxi-
somal membrane proteins identified in mammals and yeast,
such as PMP70, ALDF, and Pxalp. The highest similarity was
found in Rat PMP70 (Fig. 4A), Each repeat was further divided
into two regions. One corresponds to the amino-terminal two
thirds of the repeat (Fig. 4B, C; thick bars), while the other cor-
responds 1o the rest (Fig. 4B, C; open boxes). The former
region is highly hydrophobic, and contains approximately six
putative membrane-spanning segments. It also contains an
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Fig. 4 Characterization of amino acid sequence of Ped3p. (A) Graph-
ical comparison between amino acid sequences of Ped3p (vertical line)
and rat PMP70 (horizontal line). A dot represents a stretch of 30 amino
acids that aligned at least 11 similar amino acids. Numbers on each
axis represent numbers of amino acid residues. (B) Hydropathy pro-
file of Ped3p. The spots are generated using the algorithm of Kyte and
Doolittle with a window size of 16 amino acid residues. Thick bars
and open boxes in the panel represent two hydrophobic regions con-
taining putative transmembrane segments, and two hydrophilic regions
containing ATP-binding site, respectively. (C) Prediction of transmem-
brane helices in Ped3p. The spots are generated using the algorithm ‘'of
von Heijne. Thick bars and open boxes in the panel represent two
hydrophobic regions containing putative transmembrane segments,
and two hydrophilic regions containing ATP-binding site, respectively.
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EAA-like motif highty conserved among peroxisomal ABC
transporters (Fig. 4D). EAA-like motif is similar in sequence
and locatien to a motif previously described only in prokaryo-
tic ABC transporters known as the EAA motif (Shani et al.
1996). Two missense and two single codon deletions were
found within the EAA-like motif of ALDP (®'Glu) in four
unrelated X-linked adrenoleukodystrophy patients. It has also
been demonstrated that the yeast possessing missense mutation



Fig. 5. Immunodetection of Ped3p in etiolated cotyledons of wild-
type Arabidopsts and the ped3 mutants. Extracts were prepared from
ettolated cotyledons of ped3-1 (line 1), ped3-2 (lane 2), ped3-3 (lane
3), ped3-4 (lane 4), and wild-type Arabidopsis (lane 5). For each sam-
ple, 10 pg of total protein was subjected to SDS-PAGE. Immunoblot
analysis was performed using an antibody raised against Ped3p. Arrow
indicates the position of Ped3p. Positions of molecular markers are
shown on the right with molecular masses in kDa.

12 3 4 5 6 7 8

Fig. 6 Developmental changes of the Ped3p. The samples contaned
in each lane were prepared from ctiolated cotyledons grown for 1 d in
the dark (lane 1}, 3 d in the dark (lane 2), 5 d in the dark {lane 3), 7d
in the dark (lane 4), 9 d in the dark. Green cotyledons obtained from
the seedlings grown 4 d in the dark followed by | d in the light (Jane
6), 4 d in the dark followed by 3 d in the light {lane 7), 4 d in the dark
followed by 5 d in the light (lane 8) were also analyzed. For each sam-
ple, 10 pg of total protein prepared from cotyledons was subjected to
SDS-PAGE. Immunoblot analyses were performed using the antibod-
ics raised against Ped3p, isocitrate lyase (ICL) and hydroxypyruvate
reductase (HPR). :

in the EAA-like motif of PXA1 (*Glu and **'Gly) could not
grow on medium containing 0.1% oleic acid as a sole carbon
source, and had reduced fatty acid B-oxidation activity. These
results indicated that the EAA-like motif is important for the
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pAPX Ped3p

Fig. 7 Subcellular localization of Ped3p. (A) Subcellular fractiona-
tion of Arabidopsis etiolated cotyledons was performed by 30-60%
sucrose density pradient centrifugation. Fraction number | represents
the top fraction of the gradient. Ped3p and catalase in each fraction
were detecied by immunoblot analyses using antibodies raised against
Ped3p and catalase (CAT). (B) Intact glyoxysomes isolated from
pumpkin etiolated cotyledons were resuspended in either low salt
buffer (L}, high salt buffer (H) or alkaline solution (A). Each buffer
consists of 10 mM HEPES-KOH {(pH 7.2), 500 mM KCl with 10 mM
HEPES-KOH (pH 7.2), and 0.1 M Na,CO,, respectively. These sam-
ples were then centrifuged, and separated into soluble {S) and insolu-
ble (P) fractions. T represents total proteins of the intact glyoxysomes.
Ped3p, peroxisomal ascorbate peroxidase (pAPX) and isocitrate lyase
(ICL) were detected by immunobiot analysis.

function of peroxisomal ABC transporters, although the pre-
cise function of the EAA-iike motif in peroxisomal ABC trans-
porters remains to be determined. From these observation, con-
served amino acid residues in the EAA-like motif of Ped3p,
such as *®Glu, **Glu, *’Gly and **'Gly, scemed to be impor-
tant for its function as a peroxisomal ABC transporter, The lat-
ter region comtains an ATP-binding site (Fig. 3C). It is
hydrophilic, and may exist in cytosolic surface of the peroxiso-
mal membrane (Fig. 4B).
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Ped3p is abundant during post-germinative growth

To analyze Ped3p, a PED3 gene product, we prepared an
antiserum raised against a fusion protein containing a partial
amino acid sequence of Ped3p (**His-"®Ile). This antiserum
recognized an ~149-kD protein in the wild-type plant (Fig. 5;

lane 5), while no cross-reactive band that exhibited the compa-
rable intensity was detected in the ped3 mutants (Fig. 5; lanes
1-4). These data indicate that Ped3p is the 149-kDa protein.
Immunoblot analyses revealed that the amount of Ped3p
in Arabidopsis etiolated cotyledons increased until 5d after
germination, and then declined during seedling growth under
constant darkness (Fig. 6, Ped3p, lanes 1-5). The amount of
Ped3p in the seedlings germinated in the dark decreased rap-
idly by illumination from the 4th day after germination (Fig. 6;
Ped3p, lanes 6-8). The appearance and disappearance of Ped3p
during post-germinative growth of the wild-type plant is simi-
lar to that of other glyoxysomal matrix proteins such as isoci-
trate lyase (Fig. 6; ICL), and different from leaf peroxisomal
enzymes, such as hydroxypyruvate reductase (Fig. 6; HPR).

Ped3p is a glyoxysomal integral membrane protein

To investigate the subcellular localization of the Ped3p in
wild-type plant cells, we subjected homogenates prepared from
etiolated Arabidopsis cotyledons to sucrose density gradient
centrifugation. Fractions thus obtained were analyzed using an
immunoblot technique with an antibody raised against Ped3p.
The 149-kDa protein was detected in fractions 21-23, whose
densities were 1.25 g cm™ (Fig. 7A). These fractions also con-
tained other glyoxysomal marker enzymes, such as catalase
(Fig. 7A) and isocitrate lyase (data not shown).

Fig. 7B represents the result of the extensive subfractiona-
tion studies performed by the treatment of intact glyoxysomes
isolated from etiolated pumpkin cotyledons with various solu-
tions. lsocitrate lyase, a marker enzyme for glyoxysomal
matrix, was completely dissolved both in high-salt buffer and
alkaline solution. By contrast, Ped3p were found only in the
insoluble fraction even after the treatment with alkaline solu-
tion. This suggests the tight integration of Ped3p into the gly-
oxysomal membrane, since ascorbate peroxidase, a marker
enzyme for peroxisomal membranes (Yamaguchi et al. 1995,
Bunkelmann and Trelease 1996, Nito et al. 2001), was detected
both in soluble and insoluble fractions after the treatment with
an alkaline solution.

Morphology of glyoxysomes in the ped3 mutant

Fig. 8 shows an electron microscopic analysis of glyoxys-
omes in wild-type plants and the ped? mutants. As shown in
Fig. 8A, glyoxysomes found in the 5-day-old etiolated cotyle-
dons of wild-type plants are approximately 0.5 pm in diame-

Fig. 8 Electron microscopic analyses of glyoxysomes in the cells of
5-day-old etiolated cotyledons. (A) A cotyledonary cell of wild-type
plant. (B) Immunogold labeting of wild-type plant using an antibody
raised against Ped3p. (C) A cotyledonary cell of ped3-2. (D) Immuno-
geld labeling of ped3-2 using an antibody raised against 3-ketoacyl
CoA thiolase. (E) Immunogold labeling of pedi3-2 using an antibody
raised against isocitrate lyase. Arrowhead, peroxisome; m, mitochon-
drion; I, lipid body. Bar in (D) = | pm., Magnification of (A) to (E) is
the same.
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ter, and have a round or oval shape containing 2 uniform
matrix. When the cells were immunogold-labeled using anti-
bodies raised against Ped3p, the gold particles were mostly
localized on the glyoxysomal membrane {(Fig. 8B, arrowheads).
Glyoxysomes in the ped3 mutant are morphologically normal
{Fig. 8C), while other 2, 4DB-resistant mutants, such as ped/
and ped2 have glyoxysomes with abnormal structures {Hay-
ashi et al. 1998b, Hayashi et al. 2000, Hayashi et al. 2001). The
giyoxysomes in the ped3 mutants contain detectable amounts
of enzymes for fatty acid B-oxidation and glyoxylate cycle,
such as 3-ketoacyl CoA thiolase (Fig. 8D) and isocitrate lyase
(Fig. 8E), respectively.

Discussion

The chemically induced ped? mutant lines belong to a
series of A. thaliana mutants that has defects in peroxisomal
fatty acid B-oxidation. Positional cloning and subsequent anal-
yses revealed that the PED3 gene encodes a 149-kDa glyoxys-
omal membrane protein that possesses a typical characteristic
of ABC transporter. Present data indicated that two ped3 alle-
les, ped3-1 and ped3-3, with nonsense mutations in PED3
locus showed a stronger defect than the rest of two alleles,
ped3-2 and ped3-4, that have missense mutations during post-
germinative growth without supplemental sucrose (Fig. 1B,
3C). In addition, analyses of the Arabidopsis genome sequence
near the end of the lower arm of chromosome 4 revealed that
there are no putative genes encoding a polypeptide that has
similarity to the known enzymes for fatty acid B-oxidation,
such as acyl CoA synthetase, acyl CoA oxidase, the bifunctional
enzyme, 3-ketoacyl CoA thiolase (http://pedant. mips.biochem.
mpg.de/, data not shown). These data strongly support the con-
clusion that the loss of the 149-kDa peroxisomal ABC trans-
porter reduces the activity for fatty acid B-oxidation in the ped3
mutants.

Many ABC transporters have been identified to date, in
taxa ranging from bacteria to higher organisms. These proteins
have been known to transport a variety of substrates across var-
ious membranes by utilizing the energy of ATP hydrolysis, and
are grouped into the ABC superfamily (Higgins 1992). The
designation of ABC transporters recognizes a highly con-
served ATP-binding cassette, which is the most characteristic
feature of this superfamily. The typical transporter consists of
two copies each of two structural units. One of these domains
is highly hydrophobic and each consists of six membrane-
spanning segments. These domains form a pathway through
which the substrate crosses the membrane and are believed to
determine the substrate specificity of the transporter, The other
domains are peripherally located at the cytoplasmic face of the
membrane, bind ATP, and couple ATP hydrolysis to the trans-
port process. The domain organization of ABC transporters is
various. The most frequent arrangement is four domains fused
in a single polypeptide, referred to herein as “full-size” ABC
transporter. However, there are many ABC transporters that are

expressed as separate subunits, which contains a single repeat
sequence or a single domain.

Several peroxisomal ABC transporters in mammalian and
yeast cells have been identified: PMP70, ALDP, P70R, ALDR,
PXAl and PXA42 (Shani and Valle 1998). All these proteins
have a molecular mass near 70 kDa, and contain one trans-
membrane domain and one ATP-binding region. Because of
this unique structure, these proteins are often called peroxiso-
mal “half” ABC transporters. By contrast, analysis of the
amino acid sequence revealed that Ped3p is grouped into the
“full-size™ ABC transporier in spite of the fact that it exists in
peroxisomal membranes. Ped3p is the first “fuli-size” ABC
transporter so far identified in peroxisomal membranes. A
BLAST search failed to reveal an Arabidopsis “half* ABC
transporter that is more similar to rat PMP70 than Ped3p. We
also failed to find a peroxisomal candidate for “full-size” ABC
transporter in other organisms, including the yeast genome,
which has sequence similarity to Ped3p. Therefore, it is possi-
ble that the domain structure of the peroxisomal ABC trans-
porters varies depending on the organisms. Since the ABC
transporters are thought to have a common evolutionary origin
(Ames and Higgins 1983, Ames 1986), the difference of the
domain structure in peroxisomal ABC transporters may reflect
the evolution of peroxisomes. Since peroxisomal ABC trans-
porters have been identified from only a limited number of
orgamisms at present, further identification and detailed struc-
tural comparison of the peroxisomal ABC transporters from
various organisms may help to clarify the evolution of the per-
cxisomes,

A human peroxisomal disorder, X-linked adrenoleukodys-
trophy is known to be induced by a defect in the peroxisomal
half ABC transporter, ALDP. This genetic disease is character-
ized by the accumulation of very tong-chain fatty acids
{VLCFA) in serum due to a decreased peroxisomal VLCFA p-
oxidation capacity. Because of its characteristic of ABC trans-
porter and symptoms of the disease as well as the existence of
VLCFA CoA synthetase activity on the cytoplasmic side of the
peroxisomal membrane, ALDP is anticipated to be involved in
the transport of CoA-esterified VLCFA across the peroxisomal
membrane (Shani and Valle 1998). In yeast, two peroxisomal
ABC transporters, Pxalp and Pxalp, form a heterodimer
(Shant and Valle 1996), and are involved in the transport of
CoA-estetified VLCFA (Hettema et al. 1996, Verleur et al.
1997). By inference, the Ped3p may function as a transporter of
either fatty acids or CoA-esterified fatty acids across the perox-
isomal membrane in higher plants. In the life cycle of the
higher plants, fatty acids are most actively produced from seed-
rescrved lipids deposited in lipid bodies during post-germina-
tive growth of the seedlings, when peroxisomes are function-
ally differentiated into glyoxysomes. These fatty acids or CoA-
esterified fatty acids may be imported into the glyoxysomes by
the action of Ped3p. The loss of Ped3p prevents the import of
fatty acids into glyoxysomes, and subsequent gluconeogenesis
that is necessary for the growth of the seedlings, The observed
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phenotypes in the ped3 mutants support this conclusion.

This assumption is also supported by the morphological
difference of glyoxysomes in the ped3 and ped/ mutants. 1t has
been known that glyoxysomes in the ped/ mutant become
enlarged organelles with abnormal structure (Hayashi et al.
1998b, Hayashi et al. 2001). Although fatty acids are imported
into the glyoxysomes, the loss of 3-ketoacyl-CoA thiolase may
induce the enlargement of the glyoxysomes by the accumula-
tion of a metabolic intermediate for fatty acid B-oxidation. A
similar phenomenon is induced by a deletion of another
enzyme for fatty acid B-oxidation, the multifunctional enzyme,
in yeast Yarrowia lipolytica (Smith et al. 2000). By contrast,
glyoxysomes in ped3 mutants did not show any morphological
defect. One possible interpretation is that import the incompe-
tency of fatty acids prevents subsequent metabolism, but does
not affect the environment inside the glyoxysomes of the ped3
mutant.

The ped3 mutant showed not only a defect in fatty acid B-
oxidation but also resistance to a toxic level of 2,4DB, that pos-
sesses the butyric side chain within the molecule, This result
suggests that Ped3p transports 2,4DB into glyoxysomes, and
may function as a transporter with broad substrate specificity
from lonig-chain fatty acids to short-chain fatty acids, and their
derivatives. The vegetative and reproductive phenotypes
observed only in the ped/!/ped3 double mutant may support this
idea. Future analyses of the substrate specificity may help to
understand the function of Ped3p.

Materials and Methods

Plant materials and growth conditions

Identification of ped? mutant lines of 4. thaliana has been previ-
ously described (Hayashi et al. 1998b). Progenies that had been back-
crossed three times were used in this study. Arabidopsis ecotype Lands-
berg erecta was used as the wild-type plant. All seeds were surface
sterilized in 2% NaClO, 0.02% Triton X-100, and germinated on
growth media (2.3 mg ml™' MS salt (Wako, Osaka, Japan), 1% sucrose,
100 kg ml™ myo-inositol, 1 ug ml™' thiamine-HCL, 0.5 pg ml™ pyri-
doxine, 0.5 pg mI™ nicotinic acid, 0.5 mg ml™' MES-KOH (pH 5.7),
0.8% agar. Seedlings grown for 2 weeks on the growth medium were
transferred into a 1: 1 mixtre of perlite and vermiculite. Plants were
grown under a 16-h-light (100 uE m™ s7')/8-h-dark cycle at 22°C,

Quantitative analyses of toral triacylglycerols

Amount of seed-reserved lipids contained in dry seeds and 5-
day-old etiolated seedlings was measured as the amount of total tria-
cylglycerol by using the assay kit, TRIGRYLCERIDE-TEST (Wako,
Osaka, Japan). Either 10 dry seeds or 10 seedlings were homogenized
in a mortar in 200 pl of water. Homogenates obtained were mixed with
3 ml isopropanol. Free glycerol and other compounds showing a simi-
lar color reaction in the sample was removed by an absorbent accom-
panying with the kit. The amount of triacylglycerols in the sample was
measured according to the manufacturer’s protocol. The amount of
seed-reserved lipids was calculated as the amount of triolein,

Isolation of ped!/ped3 double mutant

The ped3-2 mutant was outcrossed to ped/ mutant. F2 proge-
nies, obtained by self-fertilization of the F1 plants, were germinated on

growth medium without sucrose. Seedlings that could not grow with-
out sucrose were recovered after transferring these seedlings to
medium containing sucrese. The genomic DNA of these F2 plants was
individually isolated. The DNA fragment contained ir. the PEDT locus
was amplified by PCR using the 5’ primer (TGCTCCTGCCTTGA-
GACACC) and the 3" primer (CTGCATATCAGAGGACCTCT). The
polymorphism between PED] and ped! alleles was detected by the
digestion of the DNA fragment with a restriction enzyme, Nialll. We
identified one line that had heterozygous PED] allele (PED1/pedi)
and homozygous PED3 allele (ped3-2iped3-2), and obtained F3 proge-
nies by self-fertilization. We analyzed the allele at the PED! locus of
the F3 progenies by the same procedure, and identified the pedliped3
double mutant (pedl/ped!, ped3-2iped3-2),

High-resolution mapping of PED3 locus

The ped3-2 mutant was outcrossed to the wild-type plant {eco-
type Columbia [Cot-0]). F2 progenies, obtained by self-fenilization of
the F1 plants, were germinated on growth medium without sucrose.
One hundred thirty three seedlings that could not grow without sucrose
recovered growth afier they were transferred to medium containing
sucrose. The genomic DNA of these F2 plants was individually iso-
lated. Recombinations that occurred between the PED3 locus and the
molccular markers were scored by using the cleaved amplified poly-
morphic sequence {(CAPS) mapping procedure {Konicezny and
Ausubel 1993) and simple sequence length polymorphisms (SSLP)
mapping procedure described previously (Bell and Ecker 1994). '

Sequencing analyses

DNA and RNA extraction, sequence determination, and routine
molecular biological techniques were performed by standard tech-
niques (Sambrook et al. 1989). For identification of the PED3 gene,
the DNA fragments were amplified by the polymerase chain reaction
(PCR) using 100 ng of genomic DNAs isolated from wild-type plants,
ped3-1, ped3-2, ped3-3 and ped3-4 as templates, together with a 5
prier (TACTCAATTCCAGGCCATGC), and a 3’ primer (TCACTCT-
GITGTCTGTTCGATCGAACGG). A PED3 ¢DNA clone was gener-
ated by reverse transcriptase-PCR with total RNA isotated from 7-day-
old cotyledons of wild-type plants using the same primer set. The
fiucleotide sequences of those DNA fragments were analyzed as
reported previously (Hayashi et al. 1998b). DNA and amine acid
sequences were analyzed using MacVector and GCG Wisconsin pack-
age (Oxford Molecular Group, Inc., Oxford, U.K).

Immunoblotting

A DNA fragment encoding frem **His 1o ™lle of Ped3p was
amplified from the PED3 cDNA by PCR. The amplificd DNA was
inserted into the pET32 vector (Novagen, Madison, W1, US.A). A
fusion protein was synthesized in Escherichia coli cells, and used for
the production of rabbit antibody raised against Ped3p according to the
method previously reported (Hayashi et al. 1999). We also used anti-
bodies raised against caster bean isocitrate lyase (Maecshima et al.
1988), spinach hydroxypyruvate reductase (Mano et al. 1999), pump-
kin catalase (Yamaguchi and Nishimura 1984), pumpkin ascorbate per-
oxidase (Yamaguchi et al, 1995) and pumpkin 3-ketoacyl CoA thio-
lase (Kato et al. 1996). Immunoblots were analyzed according to
protocols described previously (Hayashi et al, 1998a}.

Subcellular fractionation and analyses of the intact glyoxysomes

One hundred mg of Arabidopsis seeds were grown on growth
medium for 5d in darkness at 22°C, Subcellular fractionation of 5-
day-old eticlated cotyledons was performed using a 30-60% (w/w)
sucrose density gradient centrifugation as previously reported (Hay-
asht et al. [998b). After the centrifugation, 0.5 ml fractions were cal-
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lected, and used for immunoblot analyses.

[solation of intact glyoxysomes from 5-day-old pumpkin etio-
lated cotyledons {100 g FW) by Percoll density gradient centrifuga-
tion has been also reported previously {(Hayashi et al. 2000). The intact
glyoxysomes (250 pug total protein) were resuspended in 200 pl of
either low salt buffer, high salt buffer or alkaline solution. Each solu-
tion consisted of 10 mM HEPES-KOH (pH 7.2), 500 mM KC! with
10 mM HEPES-KOH (pH 7.2), and 0.1 M Na,CO, (pH 11), respec-
tively. After centrifugation at 100,000xg for 30 min, these samples
were separated into the supernatants and the pellets. The pelicts were
resuspended in 200 ) of 100 mM HEPES-KOH (pH 7.2).

Electron microscopic analysis

Etiolated cotyledons were harvested from plants that were grown
for 5 d 1n the dark. The ultrathin sections, the microscopic analysis and
immunogold-labeling technique were prepared according to the proto-
col described previously (Hayashi et al. 1998b).
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Note Added in Proof

During the reviewing process, the same gene was reported by
Zolman et al. (2001) Plant Physioal. 127: 1266-1278. The authors des-
ignated the gene as PXAT.
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