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2E

ARF ¥l EORRIMERFIZB N T, BIFELEED» Y OXEHREEFLLVEETER,
HIEADO Yy FRFAIZEZONGBIENEZHIEX 2 Liti-TAERDEDOT
FNF—RORFERE LTWD, ZOEBREMETILON~A 7 0RF 4 ICHFETHHE
MR AEILRE TV AR VNABYA I NVOERRTHD, REEDICEWT, Z0 BBk
FEEFE D 5 B acyl-CoA oxidase 1T ES, T8, SHOHEHRMEORLD IMEAOT A ¥
YA hEFOLEBRBEEINATVS, L L, ThETORSFRIECENLRETORTH
V., SFREEPBLMIEN TV o7, WE, acyl-CoA oxidase DU iEIX L ER
TV, Tv FFO acyl-CoA oxidase [Z[F—# 7 Hi 2R L HFEBUAOMEh TE
Li2fimoY7a2=y M XV BREATWVDS,

S harvFITeEvA 7 uRT L IZBWTIEGE BN TTOh 2B L IRy, &
EHHOBE., I bar FITICET D ARLTEERERICES . IR 8 BLOTFEIC
REFEROAMIIS S, TOLD, BERYTIREIISA 7R T 4 TIEIEREZ B L
TWBEEZLNRTEY, w7087 4 OB A7 LAIHFKCEETHS, <
A4 7 aRT « OIEIEE B BR{EROMBERD D b, EFFHRMEDH D acyl-CoA oxidase i% 8
RLRD AL TNMIAB O DYEMETHD, REX T, R BLRLBRT S
thOBER ICOWTOEMAITZH B3, acyl-CoA oxidase |28 L TIZF ORRITHHEA T2,
F 2T, %EIX acyl-CoA oxidase D5y FHIREEZHALDIZTHO DNAZ B—= 7%
Az,

FIETHFRF YD DNA FA7 7Y — L0 BEEBTHD T acyl-CoA oxidase D ¢cDNA
% N, RE L7 (J.Biol.Chem., 273: 8301-8307, 1998), £ DT DOFER, ZDF 12 H
e A2 aBFT 4 ~ODE—FF 4 PPN LTNEKIBICEERY Z Lo 2 L A3
L7z, Ei¥® acyl-CoA oxidase IZE£ T C KM F—F T 4 TV T T NELOETEMRS
NBDOT, HEEDR—2 acyl-CoA oxidase 3% & B Ic B\ TiRE S 7 F L2 RIZT S
TEMNHB L, £, BHRAFY— AL B EMERBER O thiolase L RFROEH T
XY BERILROFEBENRFILEBE THEEh TW SRR, E, Z0



acyl-CoA oxidase DEEHFREEZFUTLIZ L ZARH, FHOT VL CoA 1B RAY R EH
¥ 2 # acyl-CoA oxidase T D Z LA LM ERoT,

wizFE 2 ETIE, BEHLR TV 45T/ 60,000-70,000 @ acyl-CoA oxidase & ¥V #H5 4%
FRAS/NE N 47,000 D acyl-CoA oxidase EHER| S5 F AT HIZOWTEITEITo 12,
NE20TANABERVRATLAFEALT, X R FERB ST THRUZIT- 1,
WM E AT EORITNG, CSLULTOEMET VA CoA IC EEFEMEZ L, MEREA
BT THFHEEISRE S5 ESR R acyl-CoA oxidase THD Z L BN LI
(J.Biol.Chem., 274: 12715-12721, 1999) , BY) Ci3E#HT7T -V CoA X b2 FU T2l
EEhTRBENS =D, SHFRD acyl-CoA oxidase IZTFE L2V, ZOZ LiX, EHH
BEOTUNMCoABI harsFUTICBEEIh ATPARICFIASh 58Mtae B2y,
S TIIEN B ~ A 7 o R T A A TERICOMBENTTEF IV CoA TR Y, HEH
AOEBRLELTRAENRTHWD I LERLTND,

“hbEH, EH acyl-CoA oxidase DARTIZ L D, MEAEMITEIT D acyl-CoA oxidase @
RRHRBERERF A2 HBFIHETEZLOTHY . ASEHO~A 2 0 RTF 1 g8
fERiciz, R, SHOEHERIEDORLE S 2 MO acyl-CoA oxidase BFEL TV Z
LHBBALMIRoTe, TOZEILEY, w70l T  ATIEVBREESELEHE TR
IR ENTVEHZEBFF LA THNDTHLNIZE T,



B 5

AcNPV
cDNA
CoA
c.p.m.
BSA
dATP
dCTP
DNA
DIT
dNTPs
EDTA
EST
FAD
FBS
FMN

FPCoA
GM

GUS

HEPES
IgG

kDa
mRNA
M.O.L
MOPS
MS

PBS
PCR
PFU
PMSF
poly(A)*RNA
PPAR
PPRE
PTS
PVDF
RNA
SDS
SDS-PAGE
519 cell
TCA
TNM-FH
Tris

:Autographa californica Nuclear Polyhedrosis virus
:complementary DNA

:coenzyme A

:counts per minute

:bovine serum albumin

:deoxyadenosine 5'-triphosphate
:deoxycytidine 5'-triphosphate
:deoxyribonucleic acid

:dithiothreitol

:deoxynucleoside 5'-triphosphates
:ethylenediaminetetraacetic acid
:expressed sequence tag

:flavin adenine dinucleotide

:fetal bovine serum

:flavin mononucleotide
:B-(2-furyl)propionyl-CoA

:germination medium

:B-glucuronidase
:N-2-hydroxyethylpiperazine- N '-2-ethanesulfonic acid
:immunoglobulin G

:kilodalton

:messenger RNA

:multiplicity of infection
:3-(N-morpholino)propanesulfonic acid
:Murashige and Skoog medium
:phosphate buffered saline

:polymerase chain reaction

:plaque forming unit
:phenylmethanesulfornyl fluoride
:polyadenylated RNA

:peroxisome proliferator-activator receptor
:peroxisome proliferator-receptor element
:peroxisomal targeting signal
:polyvinylidene difluoride

:ribonucleic acid

:sodium dodecyl sulfate
:5DS-polyacrylamide gel electrophoresis
:Spodoptera frugiperda 9 insect cell
:tricarboxylic acid

:Trichoplusia ni Medium-Formulation Hink
:tris(hydoxymethyl)aminomethane

EOfh, ERE. TI/BOBELLTIXFREIXFRTLE AWV,
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RS RARIZ LV = RAVF— 2 BIMIXREHTHS, L L, BT
MEFETIEMTIIAEGEEITO ZEXNTERY, T0ED, HEHHRITE
R A CTHIRMNICEEMEEZASZ LItL > T, XARETOENIE
BENDETIHERTILF—FHERELTWD, IRTF v i EOEH%E
izl T, BFLEENYOXGREZFLZR2WVE/LFEIL MlaRo
VEy FRF 4 ILEX NI LI ERT A LIt Lo TERDE
HOTRNF—RURERE LTWS, BHE, FEAVEMRLTRERN%E
ZHETs L. BRETFEIREGHRIZLIVERICLERI AN —LHWET
Broiches, ZOXIIE, HIEBTFCTRELETENRILL, XERELHE
B A, TRAX—REEFITRD»OREREDICOVELS, Z0
TR NE-ROERITMIENICLRKELREEE2 5, RSHDMIEIL,
NAFT OBRERERTAZLIZEIY ZOERIZHELTWD, =FFF7F
A MMIKERETOERELZY, 2 barFITIRENFRIZBETS 7 &
YOBEETI L DICRB, w4 2 ulTF 1 REFHFOKEIENOLS#N» b
YRR~ 512 % ORE X ZE ¥ 5 (Titus and Becker 1985, Nishimura et al.

1986).

1) =4 2afrT 1 Lid
=4 7 8RT 4 FEEHIRICA < AT 5 EEE 0.1-2.0um OFRKL2 WV LIE

Ao —EEOMBMN/NEE (AT RF) THD, Rhodin bid~ U 2 EiERE
HE RO ETEEERE L VNERRKo< Y F 2EFOH LA
NWHFSEBEL, WIEEHEFHE LT<A 2 285 4 (microbody) & s L
7= (Rhodin 1954), L?*L, Z@D=A 7 07 4 i1RIET MR UHBREIC X
DL AT SH D, deDuve i, 7 v MFHRE ROV HR T PiCi@RE



ERBOEMZ N O BILBER L ZORFRLBRLKELHBET S catalase &
RIBL, BEMAFE LT ARV —L LR L#EE L, HETH
ZOAFHMRIE S V5TV S (de Duve and Baudhuin 1966), #% R % Cit,
RERFHEREF DR FFRHCFRICEBW T BEILRERT 2~ ZufF 1121k
VAFINABYA IAVBRFEETHI DL, ZOBBRE<A 70 RiF 111
UFdF v V—0hL&FFT B (Breidenbach and Beevers 1967),

2) v TaRT 4 F—F TR W T TN

vAZ78RTARI PR IT, BRELRRVENEHFODNAZA L
TRLT, v 27T 4 F N2 RBES /) biZa—FERTWS, 20D
e, A 70T 4 F AR A P A BwA 7 alT 4 ~BITT
BIeHOL TN ERFELTEY, 4 M/ AVOHEMERY V—ATESHKRE
hick, v/ 707 ~@Xashs, IE, BRETTEOFEZAVTSY
—FT 4 TS FAOERENEICEYERMRE RV TROBMIZTThRE,
EORER, BT 7 PNRBA—F XY — b —FT 4 770
(Peroxisomal Targeting Signal : PTS) & FEiIh, BEZ TIZKEL ST T I HEHE
(PTS1, PTS2, mPTS) D<A Z BT A BTV 7 T ABREEN TS, PTS
EERED LB, PR E TE{RESATVWAR, T07 I/ BERME
A E D ERELTWAD Z LA LT > T 5 (Subramani 1993, Hayashi

et al. 1996, Kato et al. 1996),

3) =4 2 ofRF s DL
FREAE LSz, HEFEIIBW T/ 270EF 013, BELRLFY
FHF B I E b2 AFLV—AE LT, IS0



HEBEREZLTOVD, BEUMEREFOREFELSEEIIZL LT 58,
<A 7R T 4 (IEEE BB R L VY VA X BT A I ANEFETSSY
Y — AN RESA—FR Y — A EOBEEKEERT S, <A
JuRT A ROBEHL~A 7387 4 OBEICER TS X 5 iCKIBIcER
T3, ZD& %, malate synthase, isocitrate lyase |35 RS END, FL
T, BRE S —FF YV — LABFE TH D glycolate oxidase, hydroxypyruvate
reductase BEF L QR EN T~/ 2 o RF it s hd, £, FHEOE
{ERFIZIIBE S —FF oV — A3V H o — A EHR IR S (Nishimura

et al. 1986).

4) <A 7 aRT 1 OIENEE B BILFR

EREE B B{EROBEIE, A R o REET7 2=V E TN LIIENEE
5%, TOREBITLI-L A, BEREOREVEELE AL EICITEIC
7 x = VEFED, AERRESATHER, BICREFRIBEShzZ L
LY., NERAEA C2fiL e CRMPIAREOBRILMVIBIC IV AMENnD T
& (BBR(E) AmahicZ LICthED, YA, BoFMlaizs T, IEES
BABIZI Far FITORTITbRTWA LEZ b Tz, fEEER
BV AERSNEZTEFLVCOAIXTCAYA 7 NDERICRBZE, R
RS DB bR Y CEMEICRTHZ L6, 2 bar MU 7 CHEWEER
B{EThh oL EZLZLHEGHENTH-, LL, BEEBICB T,
TVAX NS INANBFETLIS VARV —LICTORELRETE
F-CoAZLAaT HAENEE B BRIL R RET 2 Z L B 62242 o 2 (Cooper
and Beevers 1969),

TV FHY—hBRRIEADIHERIL, BIHRLEBRILREI P2 FUTEL
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AOFNHARFICHTFETHILERLTWS, £, A—0FAHERFIC
JERNER B BRIER L 7 U AR B A JANIEET D Z Lid, BEHEIZL -
THEBR, TOHK, Ty MfMRBEED~ A 7 oRF ¢ bIEHEE B B
B ol LdRahik., Fy VAR TR ABIERARARELESN 2 XD
R=FH TV — LHRRIOBREIZLY, w4 7 0BT ORS00/ U LT
5 Z L AR ENT (Lazarow and de Duve 1976), ¥£7=, BERFTIXT A Hh v
FIREFL LTRBEEEDI L~/ 70 F o BEL WML, 5B 8 BR1L
FRFEINDLZ LALLM 5T (Osumiet al. 1975), —D L DIz, L4,
74 7 aRT 1" BiT SRENIEE B B RITHED LBV TRITLTRR &M
B, TO%, nTFRIEFHFETORINES 2R, BIEFRBOIFIER
HAOMIiTbh Ty 2 EMEIZ BV TIENHES 8 B RO ERER ORI

ATV 5 (Picataggio et al. 1991, van den Bosch et al. 1992),

5) HEWiBk g AL (Fig.1)

BARRICHAT 2EVEBROL  IMEBEEOCRRR T2 FoESIEETH
5OTHMILOBRVELICIY BMEMITIZTEF N CoAlZMEhs, £k,
afiElim, aFHEBEORRRTEZSUEWE, SEESR»LELS S
A =/ CoA RS HARNIRRIZ, BRMLITMZ TER TN ABRE
RT, BMEMIZIZTEFIVCoA & BB ENh S,

v A 7 aRT 4 O L E{LFREEHE ITacyl-CoA oxidase, 2-enoyl-CoA hydratase
U 3-hydroxyacyl-CoA dehydrogenase DG % H 9 5 LEAEREHR. 3-ketoacyl-
CoA thiolase (LLF thiolase & FES) (L V#iiEh b, 2 bar FY 7 o5l
i B E{LRIT acyl-CoA dehydrogenase, 2-enoyl-CoA hydratase, 3-hydroxyacyl-

CoA dehydrogenase. 3-ketoacyl-CoA thiolase IZ X W Eh T3, ¥EbHD

.



FROEE T HAEHEE 57 A% acyl-CoA synthetase |Z L A AgAFEE DEMLIZ L - T
fEiEn 5,

Acyl-CoA synthetase

Acyl-CoA synthetase iZ, ATP # AMP & Vo ) VEEICIIKSAET A RLF

—%FHLTHERBOANERZF I AEE CoA DMIcFAz AT %M
B, TORIGIE, IBIFBROANLERF LRI AMPRESTARGE., £RL
T-RERABEE-AMP 5 CoA IZEMT A RIGOD 2B LI NIz,

Acyl-CoA oxidase, Ac;i—CoA dehydrogenase (Fig.2)
s ik A B L OB OEIGIE, 7 /b CoA @ 2.3 fif @ B3R E FMIZ trans D
THRESERALZ /AN CAILTHIRRTH S, ZONGIRRELENTLH

BAEHO I b3 FU 7 Tik acyl-CoA dehydrogenase, BEEEH D<A 7 o R
7 4 T acyl-CoA oxidase IZ & W fTn 5, MBERILLE L LY FAD iR
ELTHIAT S, LAL., acyl-CoA dehydrogenase BT RA ML LTETE
EZ7TEVEUNIHEETRICE B EEREZAA L TERSH LR LT
ATP £ RRIZB 5T 2 DITH L. acyl-CoA oxidase {357 FHREER B TR EKL
LTHAW, £ ULkBE{LARES catalase TIHEL TWAEARRR-TNS,

2-enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydrogenase, Thiolase

x. J A Jv CoA IX, 2-enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydrogenase
B U thiolase (2 X 0 RFEHH 2 DT LV CoA LT EF L CoA 2R EN

Do



Microbody Mammalian Mitochondrion
R-CH:CH:COOH

* Acyl-CoA synthelase
/r R-CH2CH:CO~ SCoA

Acyl-CoA oxidase Acyl-CoA dehydrogenase
R-CHCHCO~ SCoA

Enoyl-CoA hydratase
Bifunctional enzyme

R-CHOHCH:zCO~—~SCoA a
4 ° SR CER IS Hydroxyacyl-CoA

‘ Hydroxyacyl-CoA dehydrogenase dehydrogenase
R-COCH:CO~SCoA
Thiolase
R-CO~SCoA CH3:CO~SCoA Acetyl-CoA

|
I Glyoxylate cycle
|

Sucrose

Fig.1 Fatty acid B-oxidation



acyl-CoA == — = enoyl-CoA
acyl-CoA oxidase / \ acyl-CoA dehydrogenase

FAD FADH,
O
H2Q2 ET|:|.|2¥/ET E
catalase \ electron transport chain
KCN inhibition
Microbodies Mitochondria

Fig. 2 Comparison of peroxisomal and mitochondrial B-oxidation.
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LAL. Afafislhfe % 5 # 3 2% &1L, enoyl-CoA isomerase, hydroxyacyl-
CoA epimerase R EBME L END, THODOBEREMEHII22FEFRIT3I>OFE
HERNT-SHEREL OB THLFET S,

6) A 70 T BRRIEFRELI ba FI 7 pEE{kR

BT~ 7 aRT 4 LI hay RY TiChElhde s BML R R FET 3,
EiT, BEVBRABET > TWEOIXATP AR L £BE LTSI ha KU 7
T, 2A 2708 F 1113 bar F) 7 CRAS Shic < WIEESUEN R
OB/, RCEHBREHKET 5 (Furutaet al. 1981, Shultz 1991), Z DAL
HEZ7 0 pELORL D A,

a) v 7 BRT 4 BIZIZREREH acyl-CoA synthetase & &8 acyl-CoA
synthetase BFET D, EH. REFHEH 22 DLk (C22) DiEMIRE: B RES1E
Pl s, £ FOBEBERTHLI A A—F XY —LFHTEBT 2IEBORKR
FEERITEIC C22, C4, C26 THD, Zhizxl, I bar FYTHBLHzIE
E 8 acyl-CoA synthetase DA BFET D, LnL, AFE, HEEH acyl-CoA
dehydrogenase BFHERENFEZ L M6 bay FI FIZbiERH acyl-CoA
synthetase BTFET D Z L BRBEN TS (Tzai et al. 1992),

b) =A27oRFAI121EI bar F) 7HBUZEFET S camitine palmitoyl-
transferase, camnitine/acylcamitine translocase 0 X 9 72 E 87 /1 CoA Bt

FEETE L7z,

) I harFUT7OIENESBERIIFREIEZELTWBIOTLT T
FAEENSMN, = 70 RT « OIEVEE S BLRIZL 7T THREENR,
{B L. catalase AMAF T TIBRLAKELERT 5.

11



d) EHO acyl-CoA oxidase IZIREEHE CRHRIEZ R &, BESHILPHE
TETHAMT S (B, BFHEDICIERRERREELHD) . T havF
U 7 @ acyl-CoA dehydrogenase IZfREHEIC L 2 LEEREZTRT T A VA
LRAiL &b 5FER -S> TS (Ikedaet al. 1983, Izai etal. 1992), (HBE
%7 1Y acyl-CoA dehydrogenase, %R acyl-CoA dehydrogenase, &%
BHY acyl-CoA dehydrogenase, 5H8H%FRH) acyl-CoA dehydrogenase, &5
FHY acyl-CoA dehydrogenase)

7) WEHOIENIEE B BM{LR

¥ OREEBIEIXI Fa L FIT v JaRT 1 ORFOFNLH 2
TTHELTWS, B ~A 7 o RT ¢ TIXIEERIRFHE O R IT P
(C8) ETLThh T, CBUTDT LV CoAlES hay FI FickiXkih
THB#EN D (Schulz 1991), ZhizH LT, MEMHTII~A 70874 D
fEhfidk g BRI RITIEVIBZ REPCEHE TER2ICKBT2EABH Y, J5
5k B B RICB W T HIRBERE TH D acyl-CoA oxidase 13, REHRIZLHE
HHERMZFLT 2V CoA DERFEHE MR 5 (Gerhardt 1992, Kirsh et
al.1986), LL, T o OMRBIEEDRBITOLTHY . HFL<AT
OfETIEERTWizyy, £, I ba FY 7zt 516058 g B8 LABIXE
oI bar FY 7O BEESHLEBLTELIEL, 2 havF
U7 OIS B RRIEROFEICIIE R ORMD H D (Gerhardt 1992),
IOE S ICHBO~A 7 aRT 1 JEEE B B IdIEN BB EE A SR %
RLTWS, LL, ITOEATHWI8HHOI baryFI7T, w470
K7 4 OB B BHb & i LT, MSEBHOIENEp BkicMTsMRAIX
RohTWd, REETIZ, ZEIEEEFK. thiolase [T 2\ TITBERTENE.
¢cDNA 7 o—=" 7 OHMARBFESN TV A, BEHH O acyl-CoA oxidase

12



[ cDNA 7 o —= IR EERER IR TR o, WSS O acyl-CoA
oxidase 3B D~ 7 0 RT 4 SRR E DK ERIVERTH D ETIE R
DHHBEFETH Y, acyl-CoA oxidase D cDNA % [FE LAIT T2 Z L iIXWm%SH
I B\ TRERIEL B B L DA BN R ZALHIZT DI LEETH S,

BIEIIBWT, PRFAEETFREOT IV AXL VY —LEEEF 0 H
DN KT 2 /BB £ EIZE D cDNA 2 n—= 72470, EILEIS % R
ELTEDRITEIToT, EOFKR, Z0OF 237 FIXEP D acyl-CoA
oxidase & IZR72 D PTS Z > REFFRA acyl-CoA oxidase THDHZ LBHAL
iz o7,

2R TiE, 77 £ F7 L RAEHRFRA) acyl-CoA oxidase DFIEZ /3% = &2
TANARBEIAT A EAVTITV., TOBEREL BT L, S8HFRY
acyl-CoA oxidase IIBEBOH R H DM, B TR I EREFN L, BEH
EHRTHND THEERS O TH S, i, BEOESHRA acyl-CoA
oxidase X = F TIE 6 TV = acyl-CoA oxidase & Al L—k &% 7R LT
WBDIIZH L, TFE FF ADOESEFFRA acyl-CoA oxidase 13— il E
acyl-CoA dehydrogenase & W EELIME % R4 2 =— 7 72 acyl-CoA oxidase TH
DI EBRRALMITRoT,

13
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1
HRF ¥ FEED KD 7Y Fx T —AEREE S RS
B D cDNA 7 u—=1 7 L Z DT

ME RO &
KB

ERAE L LT RF ¥ OFF ( Cucurbita sp. Kurokawa Amakuri) Z v 7=, #
FIRIREEZSTEE, Fikic 2KMRLEE, Bo¥itkoy 2 v— (BK
W) LICHERL, AT 25CIchWTRE, AF &, £z, 83FE s A
AT EEEREFERAZABKTIZEL, 25SCTAFTEEELOEREIEEZ

P o o

RBHEDRF ¥ FREDNA T4 77 ) —D{ER
AT T4 BMIRFE, TS HLTFENS, SDS/7 = / —/Vik (Ausubel et al.,
198D ICL D2 RNAZHIH L, ZOERNAZA N T WD) Ero—2A BT LI

<% b 75 7 4 — (Aviv and Leder, 1972) {28 L, poly(A)* RNA 2R L 7=, cDNA
synthesis system plus (Amersham Pharmacia, Japan), Agt 11 cDNA library synthesis kit

(Amersham Pharmacia, Japan) % V> T, poly(A)'RNA 7» & Agt 11 phage library % 4t

L=,

15



Y AF—¥F x=— B (PCR, Saiki et al., 1985)

BLRSHENE, 1M primer, 160uM dNTPs, 1.5mM MgClz, 1 x PCR #2##7#%. 2units Taq
DNA polymerase (Promega, US.A) &7, €@ % 250 & L, FL—FrEhB 17
T— 0 kBRI T LRV —NESy P TRWGERY, S0ul OREKICEER LT,

ZOHHO2ul EWESISEPICMA T, W@, 94°C 2 M oOpiLBo#E, 94

Cl4M, 55C1 oM., RC2oMoH%A 70 Z30EEVIELEE,. E6I272C

10 3 DO BB 2T oo, FRIGHE Spl 7 1 %7 A o— A EXKEIZi L TERH D

KESEMBL:, 77— 2u—rDODNAA P — FOREEZRBT HDIC

X, Agt11 DY 1R—RFF A ¥— (5-TTGACACCAGACCAACTGGTAATG-3) & 7 4

7— F7 74— (5-GGTGGCGACGACTCCTGGAGCCCG-3') # A\ T PCR %#1T»

e
e

RS DY E

Zy7—¥ 7 a—rH0 cDNA A »¥— MMIFIERBER EcoRI TEI Y H L=,
Bluescript I 777 A I K</ #— (Stratagene, US.A) ICMFE L, T4V —var”
o — > OYEMIZ I Kirosequence deletion kit (Takara, Japan) Z {8 L7-, HEEF| D[R
TEX ABIPRISM %A I N — T iy %y MO LB YT 2% 1 (Sangeret al.

1977) # A iz,

S TR NG L L
A V== 7IZ XY fFohiz cDNA 2R E <27 7 — pET32b (Novagen, U.S.A) {Z

WEELEETTAI FEERL, KIBEICEA L TESF R acyl-CoA oxidase &

16



6xhistidine (= & S @& ¥ > 7327 H (LACOX-6xhis) # KIBE N TARE Lz, BEHFNE
I &0 KR 2R L, 3,000xg DEFLIC L0 ATEEE B4y & FEE ST A & B,
FDOFREEMEE 5y % oM IRFETLE L | 3,000xg DELEITV, FOMRFE AR
Eou b P oAT AL DR LT, 0.5mg @ LACOX-6xhistidine & & 732
HEET | ml OBEKIZ, % #D Freund's complete adjuvant (Difco Laboratories, U.S.A.)
EMATRCAALE., vHXFFERICETEN L THE 1 BAEOREREL Lz, 48
%, FROMEZ 37 2SSt ImOBEEKIZ% & O incomplete adjuvant %M % T
FiEL, W2EEOREBIFEL L THETEN & L, D&, 1 BREICE S BEE Tk
HRAEEIT o7, B 1 EHOREBEOEFOREL L, AThiFL Lz, B2E
HUREOAEEBRIEN G 1 BHEICHOBR L D il 247V il 23R8 L TR L

12

ARF ¥ B TS E DA PO 3 B EAEE L

%k 4 BRAOAFRF v WLTFHE. 15g% 10ml OEHE (150mM Tricine-KOH, pH
7.5, ImM EDTA, 0.5M - 2 ¥¥, 1% BSA) £ & biIZK EDPUVMATHI Y I ALK
D# S rMREREL, ThE4RBOT—ETH{ K- THBLEE, ¥ FF7RFFE
B 728 JA-20 7 > 7 v —# — (Beckman, U.S.A.) T 1,500xg, 10 43 H& .0 L7z,
Li# 2ml & 16ml @3 = §55 E AECEIE (30 %-60 % (w/w), ImM EDTA] iZ R L T,
SW 28.1 AA ' o —4#— (Beckman, US.A)) T, 21,000 rpm . 3 BRSO L7, &
LT #, B HIZ fractionator (model 185: ISCO, U.S.A.) T 0.5ml iyl L, #h %

NOEZICEWTIREREOFBRMENEZ1To. T3 TOEBEIT4C TiTo T,

HRF ¥ FHEFENSDEE S ) xSV —bDBH
FFESBEOIRF ¥y HETHE, 100g % 200ml OFEEE [ 20mM o U F
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kU oA, pH7.5, IMMEDTA, 03M > = h—/) & & HIZHEREL, “hE 4 B0
H—ETHBL, B{fiole, ZORFEHEERVELZE, ZhbotEzs
b¥T 1,500xg T15 2MEL L, B, 772F FERZRE, S 512 L% 10,000xg
T 20 M@0 Lz, ZOHLEE 200ml OFBHEE 1 ICHE L7-%. 1,500xg DOED,
HEVIT 10,000xg DR LEBRVIE LT, ZZTHON-ILRERE 10-20ml OEEHE 1
(10mM HEPES-KOH, pH 7.2, ImM EDTA, 03 M = > = b—1) [CB L, 0550
4ml % 30ml D/5— 23— /LEEHE [28% (w/w) 23— =2 — /L (Amersham Pharmacia, Japan),
10mM HEPES-KOH,pH 7.2, ImM EDTA, 03M 5 7 4 / — A LR L7=, 40,000xg T
30 Sy O, ELUOBEOERIZ AN FRIZEE 2 /) A F o Y —LEEAE Ry
FTERLE, BonfZVFdF Y —LAR3 s EFROEFHEIZME T A—a—1%
FIR L, 4,800xg, 10 47MhELL Tl s LTRIR L /=,

V) FF T —LEREES 37 HORE

S AMEACHEELEIRTF yORETFREIVEES ) AX Y — L2 BHEELE,
Zh# 5000xg, 10 4RO, LE&%E 200ul O H#E (10mM HEPES-KOH, pH7.2)
CHEE L72. 100,000xg, 30 SyMLELE, £0 LR S ) A% Y — AREEES &
L7z, TEEE 200p) O CHRE®, 0.2M NaCO: 2F RN 2 THERE L /-,

100,000xg, 30 S ELEfTV, B2 7V XL V—LEREY 7 HEDL L
12 TRTOEERTAC TiTo T,

NERT I / BREANDORE
-8 H5 A9 acyl-CoA oxidase @ N Kig 7 I ./ BEBZFI1T Matsudaira (1987) D EIZHE
STHRE L. 7V FAF Y —LABERESF 2737 HiBi%r % SDS-PAGE TorlfE, 4ua
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L7=#. PVDF & (Perkin-Elmer, Japan) {Z#&5 L7z, #) T3kD IZHY T2 /3 F&H)Y
HLT . B87 I BEFIRELER (model 473A, Perkin-Elmer, Japan) (2 & U 7347 L 7=,

cDNA Hi E-E2 5 D AR
cDNA HEEFIOITICIZa Ba—F% Y7 F U =7, GeneWorks (IntelliGenetics,

Inc., US.A) #ERH L, 7=/ BEHNOR —%E2H <5 7HIZ BLAST e-mail server
(Altschul et al., 1990) % #H L T cDNA (GenBank) R U F RV HF—F~—2
(Gepept, Swissprot) {IZF7 7R Liz, 7 2/ BRESI ORI B USR8 OFERIZIT

CLUSTAL W Z'a 2 Z A (Higgins et al., 1992) ZfEH L 7=,

RHERNT VNV COAFF L HF—HE DNADARS V—= 7
TS5 —=IA T Y FAEA I a3 iX Sambrook et al. (1989) O FEIZE -7, Tr—
TV T v ¥ T T A < — (Feinberg and Vogelstein, 1984) Z A T [ «-32P] dATP

(Amersham Pharmacia, Japan) CHH 8% L 7=

Tx=E7ra—AbBFLhIue N T T 4—
5 AR FCEE, £FLEIFTF vy Oi{EFES 3 ZRW/V)DRBHETTE A

(150mM Tris-HCI, pH7.8, 10mM KCI, ImM DDT, 10uM FAD, 0.1mM PMSF, 10%

glycerol) THEBL, TOFEI XA FE15,000xg. 4°C, 207MEL LIz, £OLH
% { OFEETHE C [S0mM sodium phosphate, pH 7.0, 3.4 M (NH4)2804] # Mz T7 ==
V¥ 7 7 v—A#H T I (Amersham Pharmacia, Japan) {22} 7=, #RTHE D [SOmM
sodium phosphate, pH 7.0, 1.7M (NH4)2S04] T¥EM#, &M B (50mM sodium

phosphate, pH 7.0, 60% ethyleneglycol) iZ & ¥ ¥ B 2K % A1) THalH L=,
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ST oy RN
2 RNAEARF ¥ FEAEZ LY RNA/DNA fitH* » b+ ISOGEN (Nippon gene, Japan)

PEALTHMM L, 10ug @4 RNA % 0.66M /LT 2 F & 10mM MOPS, pH 7.5
PELT Ao -2 NVCEIKE L, kBE, FAPORNARTFAa AT L
 (Hybond N*, Amersham Pharmacia, Japan) IZ85 L 7=, 50ml @ 2xSSC (SSC: 150mM

NaCl, 15mM sodium citrate, pH 7.0) CEE, &# LT, LTV FASES a2,
NATVEFAL AL a i AT VFAEA 3 P [0.12M NaPO4, pH 7.2,
0.25M NaCl, ImM EDTA, 7% (w/w) SDS, 50% (w/v) K/ LT I F],42C TiTof. 7

o — 7 (3 R B AY acyl-CoA oxidase @ cDNA % iV /=, Megaprime DNA labeling kit
(Amersham Pharmacia, Japan) % i\ T [ o -*?P] dATP THUARM L. BUORTEHES 1x108

cpm/mliZEBEBIINA TV FALEA a3 ViRITMA T, AT FALEA
aviCI1saM. MTVFAES a3 2C 18T, "M T VF
AEA ¥ a vk, %Pl 1xSSC/0.1% SDS T 15 2, 0.1xSSC/0.1% SDST15%3 MIAT
of, HHER, RORKSERONTHI T vy I THY, BBEEAVT 80CTF

TX#MT4NbEarsFr bLE,

A b7y MRS

ERBEBICBWTER LN A F v F313. MR (100mM Tris-HCI, pH
8.0, ImM EDTA, ImM PMSF, 1% SDS) & & HIZEERL, MilHEEZE 0%, %%
SDS-PAGE T47H L7=, SDS-PAGE i¥Laemmli (1970) DT, T4 0 VR~DEE

IZTowbin et al. (1979) D FEIZTE- T2,
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BEREEEORE
Acyl-CoA oxidase D IEHEHI 1T Gerhardt (1987) O HiEIZE~> 7=, FIREEE (acyl-CoA

oxidase, 200mM Tris-HCI, pH8.5, ImM 4-aminoantyphyrine, 100mM p-
hydroxyaminobenzonic acid, 20uM FAD, 1mM NaN3, 4U horse-radish peroxidase) 1 ml {2
SOUM b L i 25uM DT /b CoA ZREH L L TMA L, AAHRT7 OBREERT

& 5 catalase 13 Aebi (1965) @ J57 1T, cytochrome c oxidase iZ Hodges and Loenald (1974)

DHFEIZHE> TRE L.

DD ik

75 A3 FDNA O, HIREERICL S DNA QYT DNADOT Ho—2A ¥ L8

FrkBhE DR AREEIX Sambrook 5D ik (1989) IZHE 17,
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i

1) R85 M acyl-CoA oxidase @ cDNA 7 o —=1 7" L W SELF| Dk E

BEM N TV S acyl-CoA oxidase 12777 &A% 60,000-80,000 ThoHZ L LD,
53T &A% 75,000 @ acyl-CoA oxidase DFRIEMDH D 7Y FF 2V — ABEZE AR 7 o
NIBORBET T, ARF ¥ OMTFEMHTS HMAE SH L FEERE
LT, ZVAFyY—L@EHERM L, 20X ) A% Y —AESFHHEITE
{EBLTZUAF Y —L&WHELE, 100,000xg, 4C, 30 SHEL LIz, Z0
C¥#%Z 0.IM Na2CO3 TR E L, A, BEL Lz, ZOLEERESRY "7/
B4y & Lic, ZOBE4r% SDS-PAGE iZV), i, Wufa L7 (Fig.3), 7, #iE
DR L TRV 73KDa I Y3530 FONEKRT 2/ BEFIOREEZRA
& Z A, A-A-G-K-A-K-A-K-I-E-V-D-M-G-S-L-8-L-Y-M-R-G-K-H-R-E-I-Q-E-R-V-F-E-Y-
F-N &WH 7 2/ BENBELNE (Figd). 207 I /BRINET—F~—2ALL
DIRHET D L BB D acyl-CoA oxidase (Z[A—EDH D Z L BWALNIZR -T2, £ T,
IRV FAHRL Y —LBEERF I He=3—F725 cDNA ZH/%DeH, LLTOD
LRI V== T 2T T,

BONIENEKRT I/ EBEFZEILTT s V=R A T T A = — (primer 1,
[5-GC(A/T/C/G) GG(A/T/C/G) (A/C)A(A/G) GC(A/T/C/G) AA(A/G) GC-3]; primer 2 [5'-
AT(A/C/T) GA(A/G) GT(A/T/C/G) GA(C/T) ATG GG-3'1) #{ERL L (Fig4dA), A FF ¥~
FAIFDNAZAZTZU— (TTQ) #HB & LT PCR T2 7. BN T3 primer-
primer 1, T7 primer-primer 1 D #1724 HH T PCR 2T =%, T7 primer-primer 1 @
EHEDETHIE LA A EDNT, = OHIENTH 2§75 & LT T7 primer-primer
2 DA EHETPCR 2TV, # 1.6kbp OIERTH 28/ 7=, Z OHERH O o
BERAPRELEZEZA, RICRELENKET £/ BESL 2— FT5HEEA
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ICLMS CAT THI MIT]H

ey
PPt ) i
w PR
sln /El? 4[:3 kD

CAMDAGRAQ A RARKIEYDMGSLSLYMRGRINK/RIEIQIEIRYFE(QIYFN

Fig. 3 N-terminal amino acid sequence of alkali-soluble glyoxysomal

membrane binding protein.

The abbreviations used are: ppt, precipitate fraction; sup, supernatant fraction in
0.1 M Na2COs3 treatment; ICL, isocitrate lyase; MS, malate synthase; CAT,
catalase; THI, thiolase; MDH, malate dehydrogenase.
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A.
AAG KAEKI E?D@SLSLYMHGKHREIOERVFEYFN

primer 1 primer 2

primer 1 [5'-GC(A/T/C/G) GG(A/T/C/G) (A/C)A(A/G) GC(A/T/CIG) AA(A/G) GC-3]
primer 2 [5-AT(A/C/T) GA(A/G) GT(A/T/C/G) GA(C/T) ATG GG-37)

B.

IEVDMGSLSLYMRGKHREIQERVFEYFN----
e -
primer 3 primer 4
primer 3 [5'-CACAGGGAGATTCAAGA-3']
primer 4 [5'-TCGGATCGAATGTAGCT-31

Fig. 4 A. Design of the degenerate primers based on 72kD glyoxysomal
membrane binding protein in pumpkin etiolated cotyledons that were used
for PCR as a template of pumpkin plasmid ¢cDNA library.

B. Design of the primers for PCR, in which PCR product was used as a
probe for screening of pumpkin phage cDNA library.



FIZFFo T LAV LT,
ZHIZEZERD DNA 2185720, BoNT-PCRITH OEERIZEIZLTSS1

< —%{ERL L (Fig. 4B, primer 3, [5'-CACAGGGAGATTCAAGA-3"); primer 4, [5"-
TCGGATCGAATGTAGCT-37). PCR IZ & D Bl & ¥ 7243 400bp DM 2 A2 U —=
Y/ZRFe—FLLTHEALE, ARFX¥T77—T DNATFATFV—(Agtl) &
AWTRZ ) —=r TR R, % 24kbp OA 4 — b EFL cDNA 7 22—
. ZODNAZo—rDeAFIa—=1 T4 FhOHIBEEFR EcoRl YA
TN, pBluescript iCH 77 u—=1 2 L, 2EERFIZRE LE, ZORE,
Figure 5 |Z7R &5 cDNA OB EEFIZRE Lz, A ¥ —FO2KEIT 2313bp TH
H, 2073bp DA—F LV —=F 4 ¥ 7b—b%kbb, 6907 I /EEREEZa—FL
TVWABZ BB, ZODNAILa— RFERTWAY V7 HEOHESTF
/1377319 1045, L L, DNARI—KT37 I/ BESHO NFKKE V467 2
JEEREBA LY, BICREShE NEKET 2 / BEIINFELE (Fig.3, RUFig.5.
T##H). ZDZ Lid, Figure 5 D_BETHFEHBIEREFITHL I LRL TS,
EREFIEZRYBROWERBES 7 B ORS T RIZ 72414 L7220 | RES
B 5 /37 H 5y D SDS-PAGE IZ L HHEE Sy F & 73,000 & iZER Ly FRE 2o
2o ZORBMES A 7EOHRSFRIIECERENEX 27 ) ORMEHFRY

acyl-CoA oxidase D43 F#k 72,000 & (ZiX[E L H @ TH 5 (Kirsch et al., 1986),

2) —WHEEAET

GenBank 77— #~<—2 X ¥, §oh 7 cDNA LR —HEDH D b DA LR,
aFarF b EEEERh T acyl-CoA oxidase "1 /& L THE XN TV S cDNA
ETIJEBLSAIBWT 76% Rl—Tdh D Z & 24702272 (Do and Huang 1997), £

7z, BEM LN TV S acyl-CoA oxidase & 7 I /B L~V THEE{ToER, 2K
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ctotactggtttgogattgacgyg
ATGGCATCACCGGEAGAACCARATCGEAC GECGEAGGATGAATC TCARGCAGCCGOCCGECAAATOGAACGECTGTCTTTACACCTGACT 113
LA s F 6 B E KR T AEDE S QAR A R R I ER LS LA LI
TP 4w

COGATTCOCCTTGATGAT TOGEAGGEGET GEGAGA T GEAAMC G TGO GO GGLGEEGMAAGT GARGEC GARMAT CGAMGTGGATAT GEGEAGT 203

A A G E A K A K I E ¥ D MW G § &0
TTATCACTGTATATGAGGGEGARACACAGGGAGAT TCAAGAGCGAGTGT TIGAGTACTTCAATTCGAGGCCTRAATTGCAGACGCCGGTG 293
L &8 L ¥ M R G K H R E I Q0 E R VvV F E ¥ F W 8 R P E L Q T P V¥V 30
GGGATCTCCATGGCCGATCATCGGEAGC TC T TAT GAAGCAATTGATAGGTCTGETCAGGGAAGCCORA T TAGGCCGTTTAGGTTTGTT 383
G I &8 M A D H R ELCMKMUEKGQULWVGIL ¥V R EAMAMGTI HRPT FWURTYVY 120
AATGAAGATCC TGO TRAGTAT TTCGC TAT TATGGAGGC TGT TGRAAGTGTGGAT GTC TCTC TCGCCAT TRARAAT GGGCGTCCAGT TCAGT 473
M E D F AK ¥ F A I M EMANLVYVY G B VDV 8 L AI KMWKNGUWVYOGOQTFEF B8 150
CTATGEEETGFCTCTGTCATCAAT TTAGGAAC CAARAARGCACAGAGACAGATTCTTTGATGGTATTGACAATGTGGATTATCCTGGCTGE 563
LW @ ¢ 5§ v I H L 6T XK KB R D R F r b6 I DR YD Y P G C 180
TTTGCTATGAC TGARCT TCAT CATGEGE TCARACGT TCAGGG T TCCARAC ARACAGCTACATTCGATCCGATCACGGACGART TCATTATC 653
r A M T E L H B G 8 " v ¢ 6 L g T TAMTUDPFrOUGDU&P I T™DETTITI 210
RATACACCAAATGACGEAGCCAT CARATGETGGAT TGECART GCTGCAGT TCACGECAAGTTTGCCACGGTTTTCGCTAAGC TCGTGITG 743
N T P W D G A I E W W I G ¥ A A Vv H G EF ATV F A EKEUILWYL 240
CCAACTCATGAT TCTAGAARGRAC TGC TEATATGEECGT CCATGCT TTCAT TG T TCCARTAA GAGAT CTCAAGTCTCATARRR CACTTCCA 833
P T H D 8 R K T A DM G Y H A F I Vv P I R DL K S5 HEKETUL P 270
GEAATTGAAATCCATGAT TG T GGCCACAMGGTAGGCCTCAATGEGTGTCGATARTGGAGCGTTGAGATTCCGT TCAGTEAGAATTCCACGR 923
¢ I BE I B D C G H E VY 68 L W G VvV D N & A L RTR S Y RTIUFPHR 300
GATAARTCTCCTCAATCGATTTGRAGAGGTATCCCGLRACGREAAGTATARGAGTAGTCTACCATCTATCAATARAAGATTTGCAGCARCA 1013
b W L L H R F G E V 8 R D 6 K ¥ K 8 B L P § I H ERTFAMAMAMILT 330
TTAGGAGAAC TTGTAGG T GGAAGAG T TGGGCTAGCATAT TCTTCAGCTAGT GTTCTTAAGATTGETTCCACARATTGETATTCGTTATTCG 1103
L G E L VvV 6 66 RV G L A Y 8 8 A 383 V¥V L K I A B8 TTIAMTITUERTYS 360
CTGTTGCGCCAGCAGT TTGGCCCACCAAAGCAGC CTGRAGTCAGTATTT TGGAT TACCAGT CTCAGCAGCACARGCT TATGC CARTGCTG 1193
L L R @ @ F G P P E ¢ FP E ¥V 53 I L D ¥ Q 8 Q Q@ H E L H P H L 380
GCTTCARCTTACGECT TOCAT TTCTCTAC TATGCARC T TETGEAARAAGTAT GCACAGATGAAGARGAC TCATGATGARGARC TAGTTGGEN 1283
A 8 T Y A F H F 5§55 T M Q L VY EEK Y A Q HEKEEKETHTUDTETELUWYSG 420
GATGTGCACGCGTTAT GG CAGGOC TCAAGGC T TACGT TACTTCTTACACGGOGAAATCCTTGAGTACCTGOAGGEAAGCCTGTGROGEE 1373
D ¥y 2 AL 8 A G L EKEATY VT S8 Y T AUES LSBT OCHREAC G & _ 450
CATGGATAC GO TGTCGTCART CECTTCGETACTCTTAGGAACGATCACGACATT TTCCAGACTTTTGAAGGAGACAATACTGTTCTICTA 1463
_E_G_ ¥ A Y ¥V N R ¥ G T LR NDHEDIV¥ QTTFEZGEDHNTTVL L 480
CARCAGETTGOAGCCTACCTC T TRAAGCAATACCAGGAGAAA T TTCAAGG TGERACACTTGCAGT TACATGGARC TACCTGC GAGAGTCE 1353
2 @ VA AYLLESGQTYQQETZEKTPFGQQOGG T L AV T WNDYILRES 510
ATGARTACATATCTGTCTCARCCGAAT CCCATCACGGCACGETGGGARAGTGCAGACCATCTCCGAGATCCTARGTTTCAGT TAGATGCC 1643
M "R T ¥ L 8 Q P HN P VT ARWEUGSGDMMDHETL&ERTUDUPET F QLD A 540
TTCCAATATCGARCGT CTCGAT TAC T T CAAAGT G TAGC TR T TCSTCTCCGGAMACATACTAMMARCCTTERARGCTT TGGTGCATGGAAT 1733
F g ¥R TS R L L QS5 VAV RLUEREIEKUSETIREKHW®N LG STFGAMWDHN 570
AGAT GO T RAATCACCTCTTGACTC T TGO AGAATCCCACATTGRATCTGTARTCCTC GO TCAGTTTATCGAATOTGTACARAGATGTCCC 14823
R ¢ L ¥ H L L T L A E E R I E 3 ¥ I L A Q@ F I E 5§58 V ¢ R C P 600
AATGCARAATACACAGGCTACT CTGARAC TCGTATGCGACCTTTACGCCT TGEGATCGAATC TERAATGACATCGGAACATACCGARATGTC 1913
¥ A T g AT L EULUVYOEZDPRPILY AKLDBRTIW®WNDTIUGEGT Y RNUVW &30
GACTACGTAGCTCOCARCARAGEAARGEE TATCCACARGCTCACTGAATATCTATGTTTT CAAGTGAGARACATCGCACARGAACTGETC 2003
D Y V¥V A P N K A K A I R E L T™ E Y L € F Q ¥V R NI AMOGgUELV BED
GATGCATTCGATCTTCCAGAT CATGTAAE TCGEGCACCCATCGCARTGARGTCGAAT GO T TACTCCCAGTACACGCAGTACATCGEATTC 2093
D A F DL P DR VT RMAMMDPI AMEKTSNHNALUTSE QY TOGQTYTIGT T &30
TGAtagooasccagtacassattgoattoaaacttggaccactgytgagtggttagotaccaaascotoatakoagtattgtgateactg 2183

ataasaactattggetgtgtoaattoctataccaattgtoatgbtgtotttgttotittotickotatgtattggaanagategagacaas 2273
tanattgtoaataataagttatatggatgticacaggang (poly =) 2313

Fig. 5 Nucleotide and deduced amino acid sequences of the pumpkin acyl-CoA oxidase cDNA.
The amino-terminal amino acid sequence of the mature protein, as determined by Edman degradation, is
single-underlined; the putative presequence is double-underlined; the dotted line marks the putative FMN

binding motif. The amino acid residue of the processing site is marked with an open box.
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& LTEM® acyl-CoA oxidase & iZR— A Eo7z, BLE—E1XEHENT v @
pristanoyl-CoA oxidase {Z%f L T 30% ®OE—t#THY ., R TF v b D
trihydroxycoprostanoyl-CoA & 1% 29%., —fER972 acyl-CoA oxidase THDHF v b D
palmitoyl-CoA oxidase {Z%f L T 28% @[] —t T - /= (Osumi and Hashimoto 1978, Van
Veldhoven et al. 1992, Van Veldhoven et al. 1994),

ARF ¥, a3F a 77 D acyl-CoA oxidase & 1F pristanoyl-CoA oxidase & DT I /
BEECH| DB % Figure 6 IR LT3, 8O A—FF 2 YV —AICRETS
pristanoyl-CoA oxidase 3 A F /AL = MIBIEEE D CoA = AT L % BT 5 acyl-
CoA oxidase TS D 72 W EFIERIEE CoA =27 L b E{kT 5 (Van veldhoven et al.
1994), Z @ 3 D acyl-CoA oxidase D2 FIZHI=5H T I / BEFIC KT 5 R—Hix
BE<RAD, LLRBL, BomicE R —ME2 R8N EET 5 (Figs, T
). ZOEEIXZ v b @ trihydroxycoprostanoyl-CoA, palmitoyl-CoA oxidase |23 T
bEETS, £, ZOEBIITIELE ) X2 LAF FEAYA PEHEEENRS
A2 & ATV D (Fig.s. SAHRE Dubourdieu et al. 1977), B0 b= FU T D8
Ml (b B¥3E T acyl-CoA oxidase & [AERDIEHE % 7= 7 acyl-CoA dehydrogenase (= 3L
LTHET S & STV 3 protein signature 1 (PS1: [GAC]-[LIVM]-[ST]-E-x(2)-[GSAN]-
G-S-D-x(2)-[GSAL], Bairoch et al. 1995) iX 9 7 I / BFR &P 7 7% & protein signature 2
(PS2:[QE]-x(2)-G-[GS]-x-G-[LIVMFY]-x(2)-[DEN]-x(4)-[KR]-x(3)-[DE], Bairoch et al.
1995) 12 8 7 I / BEFEE T 6 RED IR F ¥ acyl-CoA oxidase IZB W T HIREFEENT
WA Z EMBHERINE (Fig. 6. TATVAZ), ZhLOEKIIFADPCEH TCHLT
¥V CoA DFEEFMLIZ IR > TWD AIEMENR TR S 5,

W DD NFF Y — L F 237 ] (malate dehydrogenase, thiolase, citrate synthase)
RS FROMEELE LTEREND I LBBMEN TV S (Kato et al.1995, 1996a,
1998), Zi 5 OHIERER Z o0 B2 7 32 O N RS A EET & ko iz
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PUMPEIN
PHALAENOPSIS
RAT PRISCOX

PUMPKIN
PHALAENOPSIS
RAT PRISCOX

PUMPKIN
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PUMPKIN
PHALAENOPSI1S
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PUMPKIN
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FUMPKIN
PHALAENOPSIS
RAT PRISCOX

FUMPKIN
PHALAENQPSIS
RAT PRISCOX

PUMPEIN
PHALAENOPSIS
RAT PRISCOX

FUMPKIN
PHALAENOPSIS
RAT PRISCOX

PUMPKIN
FHALAENORSIS
RAT PRISCOX

PUMPEIN
PHALAENOPSIS
RAT PRISCOX

PUMPKIN
PHALAENOPSIS
RAT PRISCOX
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Fig. 6 Alignment of amino acid sequences of pumpkin acyl-CoA oxidase (pumpkin), Phalaenopsis
acyl-CoA oxidase (Phalaenopsis), and rat Pristanoyl-CoA oxidase (rat PRISCOX). The region of high
homology is underlined, asterisks mark amino acids common to the two protein signatures of acyl-CoA

dehydrogenase (protein signature 1 and protein signature 2, respectively).
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Fig. 7 Alignment of the amino-terminal presequence of pumpkin acyl-CoA oxidase with other

presequences of microbody proteins that are synthesized as larger precursors: pumACOX,
pumpkin acyl-CoA oxidase; phaACOX, Phalaenopsis acyl-CoA oxidase (Do, Y.Y. et al., 1997);
pumMDH, pumpkin glyoxysomal malate dehydrogenase (Kato, A. et al., 1997); pumCS, pumpkin

glyoxysomal citrate synthase (Kato, A. et al., 1995); pumTHI, pumpkin glyoxysomal 3-keto-acyl-

CoA thiolase (Kato, A. et al., 1996a). Conserved amino acids are shown in bold. Processing sites of

presequences, determined by sequencing of the amino-terminal amino acids of mature proteins, are

shown by arrowheads.
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5, YRFELXEZOEEOMRA LY, MREFARTERENIMBO~A 7 2 KT 4
FoR7EDONEKBREREFIZIVAT A VBRED C KB TOEN 3 Z LT T
IHABMNZR2TWD, Fh, = 70RF 4 Z 37 HO N RKIRERERSIS ¥ —
T 4777 @PTS2) L LTHK Z & b#iE STV 5 (Subramani 1993, Kato
etal. 1996b), FEIZHE SNz N KT I/ BEFI L Y (Fig.3, Fig.5 F#Em), &
F ¥ acyl-CoA oxidase I3 45 BEH D AT A O ANFF VA TEIRF S h, Rk
By R EICRDZ ERENT, Figure 7IZARF ¥, aF a7 O acyl-CoA
oxidase, RURIHMETERENDIIRF ¥~ 27 0RT 4 ¥ /37 WO N KRER
%7 L7z (Kato et al.1995, 1996a, 1998, Do and Huang 1997), = F 3 ¥ 5 »DHE,
cDNA P HEBEZNTWARETROT, Z0OUEEMEIEELZbDERLTWVS, Z
NoDF 37 HOT L KImFURIZIE, SEHEHOPTS2 & LTRESH TWHEC
Fl| (R-[ILQ)-x5-H-L) BHFEL TS, ZOIZ L XV, HFEF+ acyl-CoA oxidase T

PTS2 # A T DE—FF 4 T T FNEHFTHEZ LWEREBENS,

3) HRF ¥ ELTHED acyl-CoA oxidase FE

B Hh iz cDNA 23, FPEIT acyl-CoA oxidase TH A NE R/ LD TOERE
iTofe, RFES AWM CEFT S AR F v OHELTFEEBERL, 15,000xg, 4
C. 20 50EL#E. FOLEE 72T 7o —R AT AT, EFOT7FI
3 > @ acyl-CoA oxidase iEME % W7z (Fig.8A), ZDHR., REFHEHRMEORLS
3 D acyl-CoA oxidase {EHEA R & iz, 1 SIXESHEDOT v CoA THE~FH
J A IV CoA (C6) =8 a9 72 5 81FF RAY acyl-CoA oxidase & Bbh B3 EMEEZRLTW
B, D223 WEBELTHY, E#HED/ LI b A CoA(Cl6) & RFIEDTH /
A /b CoA (C10) IZxT HTEME R L TS, ZOIZ LIZEPHICFF RN acyl-CoA
oxidase WFEET DI L EZR LT D, KIBHEICEE SEZ A F ¥ acyl-CoA oxidase
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Fig. 8 A. Separation of acyl-CoA oxidase isoenzymes by hydrophobic
interaction chromatography. A crude extract from 5-day dark-grown pumpkin
cotyledons was loaded onto a Phenyl Sepharose High Performance HiTrap column
(1 ml) and proteins were eluted by increasing the concentration of buffer B (50 mM
sodium phosphate, pH 7.0, containing 60 % ethylene glycol) from 0 to 100 %.
Protein (—, A2s0) and acyl-CoA oxidase activities with different substrates
(hexanoyl-CoA, @, decanoyl-CoA, A; palmitoyl-CoA, W) were determined. The
dotted line represents the concentration (%) of Buffer B.

B. Immunodetection of acyl-CoA oxidase in fractions from the hydrophobic
interaction chromatography. 25 pl of the fractions indicated were subjected to

SDS-PAGE (10 % acrylamide) and immunoblotted.
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IR AR 7o —F AR ERLT 7 2= 770 —RA 0T LDETFT I
avitHL, A5/ 70y VRN EITo., TORKE, EPH acyl-CoA oxidase DIF
R T T v a OB T R’E 73,000 D32 FRKHE (Fig. 8B). =
NWE TOEZRIBITIC X 0 U @ acyl-CoA oxidase (1M & h - B R acyl-
CoA oxidase 2343 F & 72,000 TH YV, P HFrEM acyl-CoA oxidase 734 T 62,000 T
BH5DHIZLHHEENTVA (Kirsch et al. 1986, Hooks etal. 1996), BAEDZ L kb, =

DA R F % acyl-CoA oxidase I F81%7 A acyl-CoA oxidase TH D L FE L 1=,

4) HFRF ¥ BETFEICBIT D EH5 R acyl-CoA oxidase D RBEME

AZ Y ==y ZIZE VBB cDNA 82— K4 % acyl-CoA oxidase DA RTE
HEWHRLDIZ, alEEYREMIEIVANT R T 2HEE, AL Ty
MR R UBERTEMOREEIT- 7= (Fig9). BFH 4 PHHEACABT LERLTE
EHIYYAEACTHEEEEPTENL, 2hi 4oy —¥ Tk,
% 1,500xg OFELIZHTTHE, 77 2AF FEERELEZ, Z0LFE 30-60% (w/v)
D 3 EFEE AR THE LT, catalase 27 ) A ¥V — ADIEERIC,
cytochrome coxidase & X =3 FU 7 DEEFEER L L TEMEZBIE L7z, Acyl-CoA
oxidase f&E X catalase & FIERIC LR R U7 U A F ¥V —AlcH &Iz (Fig9A), %
fo. B2 L BELREEED thiolase 27 ) A X LV — LADEEREL L TEESOA
L) 7oy BT EIT o TR, Acyl-CoA oxidase | thiolase & Rz ki & 7/ ) 4
FY—AiICBRHENT (Fig9B), ZV X /—Ad—ERTCHEh AL HRT
THoH, FEFIZEENDLT, 20OH, EHCRHENWEEERTSY o8
JHITREE NV AF - L LR bDLEZX GRS, £, T b=
Y FUTICbbThREREESBEHENZS, FIFHY—LORAICED L

DTV LEHALTHD, LEOER LY, acyl-CoA oxidase 127 U FF - /—
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Fig. 9 Subcellular localization of acyl-CoA oxidase in etiolated pumpkin
cotyledons. An extract from S-day-old etiolated cotyledons was fractionated by
sucrose density gradient centrifugation. A. Enzyme activities: Cytochrome ¢
oxidase (@), catalase (M), and acyl-CoA oxidase (A). Sucrose concentration w/iw
(—). B. Immunological detection of pumpkin acyl-CoA oxidase. 5 pl from each
odd-numbered fraction was subjected to SDS-PAGE (10 % acrylamide) and

immunoblotied.
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LIZREL, NRREREFNZFET D PTS2 X F—F T4 77 F & LTHRE
THI LRSI,

5) FFB/ERIZEITD mRNA RUZ 37 HO %S

MR T OB TER KB L VRIET ], ~A 2 0 RTF s NOBERHEL
KESE®T S, NGB B BRIERBENRE TH D acyl-CoA oxidase bETFOREFBERICEH
WTKELETE2b0EBbND, TORD, FEHEHED acyl-CoA oxidase DERH %
AT T CTAT SRS, RUXEN LR S ETZHEIC mRNA RTZ 37 HD
FHWh A #RIT Lz (Fig.10,11), /—WF 78 o MEITFIZ X Y acyl-CoA oxidase @ mRNA
BB 2 BT L7 b O % Figure 10A 12K LTWA, BB RA acyl-CoA oxidase @
mRNA [IRF 0 X 0 Qo EH /SR L, R3FE, AT BB AEICE
L7k, BEIED LTWS, 7o, WFTC4AMERE, ERHETIIBLTEFL
Fikb TR FOEEEM F TAET I FELX LB L7ZHSIL mRNA ORHR
BiCEEBRR O ol U BREARBER THD thiolase ICBWVTH, OIS
EBB/BoNTVD, EL. BHERA acyl-CoA oxidase {X, £ mRNA OB EH
thiolase & HLEE L TIEWH D & 425 TV 5 (Fig.10B),

A b7y MEIIZEDZ 7 BRODES % Figure 10 IR LTW5, B
RBY acyl-CoA oxidase D ¥ 37 WOFMEIL, BF&. WHEF 5 B BlTRXKITR
>THY mRNA ORBE—7 LV RoTW5, Fi, TOEPBRELEHRES
FTTmRNA DL 5 ICRFEICHPTEOTIRARL 2IHL LTV (Figl1A), 0
mRNA & & /387 OB Z — - OEWL, thiolase IZB W T b RO RIEE
Eh 5 (Fig.11B), ZhbDOfRER LD, REFEM acyl-CoA oxidase IE mRNA OFsE
LRATIRETZZ T T AEDNY TR, FU87AVAALTHHREIZZIT TS
ZEMWRLTWVWS, LipL, RBHIZE 0L THIC2 D & REFFRM acyl-CoA
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oxidase, thiolase & HIZRFEIZEATH, T O LRI LY EHHRM acyl-
CoA oxidase, thiolase DB FHENTWHZ EEFLTINS,
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Fig. 10 Developmental changes in the level of mRNASs for pumpkin acyl-CoA
oxidase (A) and thiolase (B).

Top panels, Northern blots of total RNA from one cotyledons of dark-grown seedlings.
RNA was blotted on a nylon membrane and then the membrane was allowed to
hybridize with specific probes. Middle panels, Northern blots of RNA of seedlings after
being transferred to continuous illumination 5 days after the onset of germination.
Bottom panels, quantification of spot intensives of dark-grown ( @) and light-grown (O)

seedlings.
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Fig. 11 Developmental changes in the level of proteins for pumpkin acyl-CoA
oxidase (A) and thiolase (B).

Top panels, Western blots of 0.05 % of total homogenate from ten cotyledons of
dark-grown seedlings. Total homogenate was blotted on a nylon membrane and
then the n}em_t':-hrane was allowed to hybridize with specific probes. Middle panels,
Western blots of total homogenate of seedlings after being transferred to
continuous illumination 5 days after the onset of germination. Bottom panels,

quantification of spot intensives of dark-grown ( @) and light-grown (O) seedlings.
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5

SEORITICE Y, YRF X REFTFETRANBHEND S A5 Y — LR
BRE T HD DNA ZFE, BT EITofR. ZOF 7 HIZ690 7/
MEENORIABEL LTEREN., v 7 0RkT 4 F—F T4 77T
(PTS2) L 2B EREFIENEKRICE2ZEBBALNIR-T, £, HT7 AHZERK
CANTXR T HEORER. ZOF A7 HPRBHFERE acyl-CoA oxidase THY, +
A7 ORTAICRETLHZEBALN LR,

idase DFEH/IF — Az DOV T

R @55 527D acyl-CoA oxidase mRNA IZHFEHEN T OFMELED b, BE
BFIARORLTRETREROEMBRL 2D, TO®, SERBLVAEBIIHMAILTTA
BLIRE, JEHICH T2/ mRNA BT—EIZR25, BRTS AMAEBTSEFEEL %
KBHT CAEBSEES. R RM acyl-CoA oxidase mRNA OFERMBEITEOE F
R T CTABTSERLOLIZLALEDLRY, ZOZ &iX, MTFRFEENLE
Hi8F £ A9 acyl-CoA oxidase mRNA [IHH =L, FTOREFMH bEFBRONIZD BN
RRIICHRED Z L AR LTS, AL BE{LROBERETH S thiolase mRNA XRS5
FH acyl-CoA oxidase & FERDZFEB AR L TWDHH, KEHIZL VB EEBE,
FTOEE[HA T TAET S EEFEO mRNA B L EB L THARRKEW, Z0
Z &b, thiolase TIXRIL L BBEEMHBTORTWHZERFTERENS, Zhik
TN FFNEEYA I NVOBERTH D HRF ¥ citrate synthase D mRNA ORH] /R H
—r L E<ETV 3 (Katoetal. 1995), AHRF ¥ D L 5 2 BRERE T O RIFRITIL,
R D IEREE  BMER THM S, ELSTEF L CoA TS ) AF I NEiA
INMCRV AT THEFEORER LD, Z0ZLd b, i pEBRILROBEE L
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TV A XN 7 VOBEFIIR CHEERIZ LY bae—ash TS
HARTHREN TV S (Kato et al. 1996a), L2 L. E## R acyl-CoA oxidase mRNA
IR L DEEHESHCTOWRVWESICBBEND, Fiid, XRHELEIO
mRNA OB HBE L, KBFICLIRBERBTCE 2ot bEALLNS,
B 8445 A acyl-CoA oxidase D F /37 BT mRNA X D b2 VB BEFTAEF 5
BEICZORAEIZZY, S BRUE, kel LT, BbrRizRb LESH
R HY acyl-CoA oxidase D ¥ A7 HEBIIZEIZHAL LTV, ZnX iz, E#iKF
RH#) acyl-CoA oxidase D ¥ 737 HIImRNA L B2 0, XL 2R ENIT-&E D &
WRETE, XBHICLDZF RS I7HBROEDIEIT VAZ AT A 7 LOFERER
ICBWTHHR SN TS, iz, ERHIFT 27 thiolase b RS RA acyl-CoA
oxidase & REROZEBEZRL, XMFN T TF 7 HENRMEL LT3, HLFHEH
BlbTatvA270BRT 4013, FVAFL Y —LbEEA—FF YV —LTHBE
AT, ZOXMBEIZ XD acyl-CoA oxidase, thiolase DEWL, 7'V AF iV —
LOMBEEXFE XD I GIERE S B RER P FRRMICOMENTNS Z L 2TT,
ZOJENIRE B B{LRRER A ARRIL, KR T TFALE LTS EEDND,

Acyl-CoA oxidase IZ DU T

w SR DORERGEE B BAL L BV DRI B BILIZARE EREREVEH D, &
ERPITT ALY —LAPICBNTRHEMNRESTLIITEF N CAITHET S
AEN &> TV D (Gerhardt 1992), ZHuizsxf L. By lENRE p BMEIZI b= FY
T EN—FF v V= bOREEHIZRSTNS, N—F %Y —LDIEHRE B B
RITEHOT Vv CoA ZBILTHENEZALTELT, E#HT NV CoAlXI b
FU 7icEk Eh T Eh D (Schulz 1991),
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ZHETIZHEEMB O acyl-CoA oxidase (22 Tik, A(LEH 2 BRAT G O L8
STV iz (Kirsh et al. 1986, Hooks etal. 1996), ZHh HLDHR LY, ZhETic 378
D acyl-CoA oxidase 7 ¥ DEERFEMIC L VM h, E# ¢, E#Ho7rin
CoAtZF5 RAY72 acyl-CoA oxidase BFET D Z L BB LN -2TWVD, 1 2l Fa
7 U b FHE L 0 R X7z acyl-CoA oxidase TH 5, ZhiZESPEHD T /L CoA
IZTEME & o RS REY acyl-CoA oxidase T, ¥ 7 == hyFRA 72,000, BIHE
ERHRET hTe—DF NI HTHD, MO 253 FvERa L VEHBEENT
B0, PR acyl-CoA oxidase I3E / = —"T 62,000 D FRA L, HHKER
i) acyl-CoA oxidase [T M OERTH D4 15000 DY Fa2=y by FREZF-
KRET FIFv—F /I ATHEZLBREENTVWS, IRF Y HILFEDF
NRIEHHE:R 7 = =47 70 —AA T AICE D SELIZHR. ESHESEED acyl-
CoA oxidase FEHE & PEHRFRAY acyl-CoA oxidase IFER TR - TWh, BREMLNT
VW5 RBHRERAY acyl-CoA oxidase, PHIFFRM acyl-CoA oxidase D4y FR LY, ZOM
TEME (2B 858 BAY acyl-CoA oxidase Db D LR L7, LavL, 8RN acyl-CoA
oxidase TEMES OIS L7z & VA2 BT ML H Y, % & bIz4(¥
BRBIT 2T O LERS S, BEFHELIGD UK, EBIZHWT acyl-CoA
oxidase & 2— K95 cDNA HEBENTELT, FO—-hMERFATH-T, —
5. B D acyl-CoA oxidase IXAE(LFRIRITOHIL 6T, HF LA TOR AT
b, TO—FBELHALNICR 2T, 7 v ML YW E N7 palmitoyl-CoA
oxidase 1347 F & 72,000 ¥ 7 2= v FBEGHRENTZE, S—FF LV — LANTH
EOEALH OB 220 THF R 51,000, 21,000 47 =2=v FREL, 4F& 72,000,
51,000, 21,000 D#F 2=y b 5:1:1 OFSTHES LIzmkiEs L 52 L rdy
EN TV 5 (Osumi et al. 1980, Miyazawaetal. 1987), D X 512, WMEhliH L BT

IE acyl-CoA oxidase TR 5 Mkl 2 L > TEY, To—dilE LicBWTHRE—
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HEREVWLDEEZI BN,

HE, aFa v T BBV TEFOZBLLFICRETIBEFCAZOERA L
AJGERIET (cdr29) 75, acyl-CoA oxidase FE B 7 & LTREEN TV S (Do and
Huang 1997, Grossi et al. 1995), KEOHE TIIBET (cd29) T oEOHATH-T-
A, Heifr, £EERVIREEISRTE, LhL, ZhtoREFiilEFoRRTD
HTHY., [F—MEd 5 acyl-CoA oxidase TdH B A[REMEEZTRHTEOHIZE EEFoTW
5, MORMEMB TIX, Graham DI/ N—FITL VT FE FF LA T2 O cDNA
%% acyl-CoA oxidase (ACX1, GenBank accesion No.AF057044, 431 49 74,000; ACX2,
No.AF057043, 5+ &#7 77,000) & LTE&Zh TS, 4E, AL RF
¥ B %5 69 acyl-CoA oxidase (57 T- 49 77,000) X = F 3 7 F > D acyl-CoA oxidase
FEn Y (G TFRA78,000) LTI /BLRALTT%, TIEFFL R ACK2 L 83%
DORI—ERH Y . ZD 2 2D acyl-CoA oxidase i%F#i5 BAY acyl-CoA oxidase Th 5
AEEENREV,. LIL, TFE FF LR ACX1, KE D acyl-CoA oxidase 7F 1 & (43
F/&#A 72,000) & ERE—ERELS . ERENR 21%, 24% ORI—HEIZTE LR, B
@ acyl-CoA oxidasede TIX[FE—E2 ik b MV 7 v b @ pristanoyl-CoA oxidase THh 5
(Van Veldhoven et al. 1994), Z @ acyl-CoA oxidase IX IS A F L {LIERHEE CoA = A
TNHEUEHEMEHIGVRE CoA = A7V EEBET S, HERLh TW Ao o
acyl-CoA oxidase & L Cid, MAMEARIZEIS T 5T » b trihydroxycoprostanoyl-
CoA T 29% (Van Veldhoyen et al. 1992), Hif#{7)>5PE 7T 2V CoA £ TERLTS
—#EHY7: acyl-CoA oxidase T# % palmitoyl-CoA oxidase & IX 28% DR —#:% 74
(Osumi and Hashimoto 1978), Zi & @R —HEOHEIIRBMEDO T I / BEF | TT-T
Wh, MEREY L BPD acyl-CoA oxidase IZBW THELRMMEER LI L Z 5,
ACX1, KZED acyl-CoA oxidase FE 1 7 [XBI# D acyl-CoA oxidase i= & W\ 2 & 33

TENT (Fig. 12), £/, T7E F7F R ACX1 B X UFKED acyl-CoA oxidase & E
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arabidopsisACX1 ratPALOX

barleyAOX
ratTHCOX

ratPRIOX

pumpkinLOX

phalaenospsisAOX arabidopsisACX2

Fig. 12 Phylogenetic tree of acyl-CoA oxidases. Multiple sequence alignment of the
protein sequences was performed using theCLUSTAL W program,; the phylogenetic tree

was constructed according to NJPLOTprogram. Known acyl-CoA oxidases were aligned:
pumpkin LOX, pumpkin long-chain acyl-CoA oxidase (GenBank accession No. AF002016);
phalaenopsis ACOX,Phalaenopsis putative acyl-CoA oxidase (No. U66299); barley AOX,
barley putative acyl-CoA oxidase (NoAJ001341); arabidopsis ACX1,2 Arabidopsis acyl-
CoA oxidase homolog(No. AF057044 AF057043); rat PRIOX, rat pristanoyl-CoA oxidase
(No. X95188); rat PALOX, rat palmitoy!-CoA oxidase (No. PO7872); rat THCOX, rat
trihydroxycoprostanoyl-CoA oxidase (No. X95189);
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B 71k, RSIRFRM acyl-CoA oxidase &£ ¥ HLEII® acyl-CoA oxidase IZR—1EA3 8 < .
R R R AY acyl-CoA oxidase D FE 1 7 Tl WAEMN TR EN S, B#BERMN
acyl-CoA oxidase (43F1k#) 47,000) HFE2 WICEL THHL 5 FROLL BE
HEFRIHATHDHDT, T7EFFL R ACX], KED acyl-CoA oxidase RE 1 &

1. HEHRFRAY acyl-CoA oxidase TlXZzWvinb 3 Zh 5,

2L 2 aRF 4 B —HFF 4 T T FNzoNT

<A 2 aRT 4 FZ o8 HOBEBBOBRTIIEER, RUE FoORERRICBEN
THRPEAL TS, EOMRIZED L, v 70 RT 1 @EBEEERT Y
RISV AF L (PEX) LFHENS S % 0 Y — ABRICES T35 30
HEIZBRLTWS, PTSI #A 7D~ 7aRF 4 ¥ 20 HIZ PEXS B LS H—
LY, PIS2ZATO~A 70 RTF 4 ¥ 37 HIX PEXT R LS F—L 5, =
DESIZ, PIS1 2FO~vA I nRTFT 4 F L0 HE PTS2 2o~ 7 a T 4 &
YR HATREOEERENERLD,

TALZART A ~DI—=FT 4 TPl LT, CRRICAETS L7
VEEFIE LT PTS1, NRUGIZEERES L LTEREN D 7B L LT PTS2
BRLABNTWD, ZOWMY 7 FARFIIRERETNIBIICEET 5, PTSI i SKL
ERANEF—7 L LTHR SN S (Gould et al. 1987, Miyazawa et al. 1989, Hayashi et
al. 1998), — 5., PTS21X30-50 7 X /B W 25 EERFNLRLY, FOHIZR-
(I/H/L)-x5-H-L OHRTFEFINTFE L TS (Kato et al. 1996b, Subramani 1993, 1996),
B4 D acyl-CoA oxidase IZ2 T PTS1 # 4 7 Th Y . IZ Miyazawa 53T v MF
acyl-CoA oxidase # PTS2 DEFTNHZ N HE LTERET-TWA, i, BER

@ acyl-CoA oxidase @ PTS {ZF B T, acyl-CoA oxidase DINEBIZTEET A L Ebh T
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W5 (Small et al. 1988), FMEMP Tk, WA F v+ EH#HBERD acyl-CoA oxidase B U=
F a3 v F D acyl-CoA oxidase FER Y, FIE R A2 ACX2IZPTS2 # A T D H
—HFF AT TN, BBV L2, AT v BESHERM acyl-CoA
oxidase & Al —H#OEWT 7 B F7 A ACX1 B UFKFE D acyl-CoA oxidase €1 7
IZEH D acyl-CoA oxidase & Rk, =4 7 ufRF 4 #—FF 4 L o7k C K
IZESPTSI ZA 7 THY, £ONRKBEFNEZMBITT DL PTS2IEFELREY, ZD
PTS1 # A 7@ acyl-CoA oxidase {X PTS2 # A 7D R #H¥% RAY acyl-CoA oxidase & iZ[F
—HERENZ & L0, ESiFRA acyl-CoA oxidase T2 7oA YA ATH S
ZEMFERENERN, BRD STkl b I oTFRETE
T35, 1 20OBEDT A I FA DRREoTV T TN ERSTOBHIZRLL, PTS
BREDZLEFMLERBEHDIOIES DM ? PTS1 & PTS2 DXEEOB LY

FEWFITTWEDESEI LD

Acyl-CoA oxidase D7 A Y A 1
R U B EELRB¥EE TH D thiolase X, acyl-CoA oxidase =l <M D — HiE DRTF

ERE, ARFY, F=20U, Ty M. & MiF, SUBEBTIo—= 2 FHRT
I TNB LT thiolase 7 PTS2 2 b2 TAR I TS, —F. BEHESHO
acyl-CoA oxidase 1X (D2 L( T FEFFVATR) HTREROLLEEPTS DR
% 2 T acyl-CoA oxidase BIFET 5, FIFLBR~ L 512, PTS2 # 4 7D acyl-
CoA oxidase 238555 R fYacyl-CoA oxidase THDH Z & LV, PTSI # A 7@ acyl-CoA
oxidase %P H#FF 5L A) acyl-CoA oxidase TiZizW LRl EN 5, L, PTS1 #1
7@ acyl-CoA oxidase iZ P85 A acyl-CoA oxidase Tix72 <. RS R acyl-CoA
oxidase 72D b L2V, TORBIISTFRIZH D, PTS1 ¥ A 7D acyl-CoA



oxidase D43 FBIZA 72,000-74,000 T Z it s F /49 77,000-78,000 O PTS2 # A 7
D $HFF A acyl-CoA oxidase DREBAERI 7R L E b G2y, —J, Hooks b D3
FiZL st bovEoa OPEEFRB acyl-CoA oxidase D47 T BiT#) 62,000 TH 5,
B8 BAY acyl-CoA oxidase Dy FRiIZ F7En a2 F27 ) T72000 THY,
MLV S FROBEDNVEHEVAELAVLDOLEDN S, SFEMLHERTS
& PTS1 # 4 7 & PTS2 # A 7@ acyl-CoA oxidase IX, & bR RA acyl-CoA
oxidase THHAREMNEZL OGNS, ZOEXEH/L2DITIL, PTS1 FA 7 L PTS2
& A 7D acyl-CoA oxidase DT RELXEMICHIT T2 LBUETHY, FO
HIz, B2 EOEHSRM acyl-CoA oxidase DAEIT D L 5 [ZiE1E %2 F - 7212 T cDNA
DaA—FFTBHF A7 HEFREETRREREEZMIT L R2TNER L2,
ZOEDIT, HGFEPKRE R DEHNRA acyl-CoA oxidase DAIZ 57> FRA R
LBREODY—FT 477 FNDR7 57 acyl-CoA oxidase 23S IXFEL
TW3a, BEDLZA, Zhb PTSI ¥4 7 & PTS2 # A 7@ acyl-CoA oxidase 3
HHHEITAHATH S, EFRX IO 2MEOT 1 V¥4 A2 bl4 DABRGEE
ERELTVWAOTRZVHLEEZEZTVD, BLAKBOBREEZEIIANDS L
(Fig.12) . MEHB D PTS1 ¥ A 7@ acyl-CoA oxidase (7 7 ¥ F7 R ACX1, K
# ? acyl-CoA oxidase €1 /) (B D acyl-CoA oxidase IZHH 47 2 acyl-CoA
oxidase TIZRWEA 54, £ LT, PTS2 # A 7@ acyl-CoA oxidase 23 B i iX 220>
BEEDEEOABBEIIHELTWAD TRV LEEZZLTWS, 5%, Z04%
BSOS D Z LIRS N S,
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HoE
FHDOT 7 B RF IR acyl-CoA oxidase DFEHT
ME R O
LB K

FEBEMEE LT R F ¥ OFF (Cucurbita sp. ev. Kurokawa Amakuri) % BV =,
FFIIREE DT EE, ki 2R L&, BoEibiikey 27— (R
BAGE) LICHAL, BATT 25SCICBWUHRF, AF &8k, £, BRFEHSHEM

T CAR SR EEFARFAAETICB L, 25C TEFT S b0 ERIFE

Al o

WA O TE
BRI F|OREL ABIPRISM A 2 Vo —2 20 F%y ML BUF4FY

# (Sanger et al. 1977) & H 7=,

AT
Arabidopsis Expressed Sequence Tag (EST) ¢ ¢cDNA # @ — % Arabidopsis Biological

Resource Center (Ohio State University) & b 7=,

cDNA O ##AT

cDNA HEERFIOBEITICIXa y EPa—% V7 b7 =7, Gene Works (Intelli Genetics
Inc., US.A) 2R L. 73 /EBENODOFR—ME%2 <579 IZ BLAST e-mail server

(Altschul et al. 1990) Z#&H L TH 237 {7 —F ~— R (Gepept, Swissprot) IZ7 7 &
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AL, 72 /BN RS ZEBOEMIZIEZ CLUSTALW 72 5 A

(Higgins et al. 1992) {4/ L=,

R RHEDTRR

Arabidopsis Expressed Sequence Tag (EST) £ ¥ #87= cDNA 7 v — - % i [RE¥3 Kpn 1,
EcoRI THIWH L, F®~<27 ¥ — pET32a (Novagen, US.A) IZA » 7 L—Ahizh b k
IR LI BB~ #F—2/ER L, KBS (BL21DE3) {TH A L THESMN R acyl-
CoA oxidase & 6xhistidine = & B @& ¥ >3 7 H (SACOX-6xhis) Z KIBEAN TAHEL
fo. BEBMBRICL D KBEEZMEL, 3,000xg OB X 0 TR Sy & A
DCHMEEE, TOREEES %, BE 3,000xg OBLETo THHEHZ E2ITH
DERWEE, TEMESE= ALY AT ALK VR L -, 0.5mg® SACOX-
6xhis E ¥ A7 BEET Iml OBEEKIZ, Z /O Freund's complete adjuvant (Difco
Laboratories, U.S.A.) ZMA TR HLE, vV FERMCHTERLTHE I EEOR
BEREL Lz, 4%, RROMESF A 7HEZETL Iml OREKESFED
incomplete adjuvant Z MM THAELL, B2EBOREMIEL LTHETEMNE L, U
%, 1 EMEIZE S EE CRERERTo, B 1 EHEOREREOEAMZ>REMR
L. Bifif & Lic. %82 E B LIEORERENS | BE&ICEOBIRE b i 217
WM 2 WM L TER L,

HERAMNT N CoOAFTF L F—FEDRI ) —= Y
T = nAT ) FALEA 3 id Sambrook et al. (1989) D HEILFE-Tz, Tr—
TV F & L7 T A = —ik (Feinberg and Vogelstein 1984) # T [ «-*2P] dATP

(Amersham Pharmacia, Japan) T8 L 7=,
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ARF x BETERT P FA O 3 P EDEE L
BHEEABBOHIFF + B{EFHE, 15 % 10m] OFRHETE (150mM Tricine-KOH, pH

7.5, ImM EDTA, 0.5M * a §, 1% BSA) £ & bIZK LA MV MATHI Y U AIC &
VEISHMBRL, ChE24FOHN—ETHIBL-TRBLEE, B, 7F2AFF
LEWHRLT-H IA20 T ¥ o —F— (Beckman, US.A) T 1,500xg, 10 538#E0 L
foo L1 2ml & 16ml @ 3 2 P % B DBCTEHE [30%-60% (w/w), | mM EDTA] i ERE L
T. SW28.1 AA »¥ 1 —4#— (Beckman, U.S.A.) T, 21,000 rpm . 3 FFRTE.L L7,
WL T, EHIC fractionator (model 185; ISCO, U.S.A.) T 0.5ml BIZHE L, Fh
FhOBEFICBWTHEEBROBENEZTo . T XTOREIL 4T TiT-12,

T5ERTLRAENFEAREDS RS PO 3 B E SRS L

100mg OFETF (%) 5,000 BL) ZFHPT2C, sHM, BHTEFTEELETFE
R AOENLTFEEZANYIY, 2ml OEEHE (150mM Tricine-KOH, pH 7.5, ImM
EDTA, 0.5M 2 $, 1% BSA) &£ L bIZK EO=RUMATHI VI RIZEVHS &
PR L. T % cell strainer (Becton Dickinson, US.A) & AW T, %, 77 A F FE
B0 600xg, 105 MELLEEALE, Lif2m % 16ml @3 BEEARE
% [30%-60% (w/w), ImM EDTA] {Z L& L T,SW 28.1 A1 »» ¥ 10— #— (Beckman,
U.S.A) T 25,000 rpm, 2.5 BFMEL L7, B0 T 8. E HIC fractionator (model 185;
ISCO, US.A) T 0.5ml @il mEi L, ENETHOEFIZEWV THHEEROERE %

{Tol. TRTORIEILIC TiToT,

#5184 94 4% LAY acy]-CoA oxidase, catalase 0 —H Y|z & 5 & E 7 MBI
TR AOFEFFHEDT I BMBEFRTEE Lz &{bF3% AV T Nishimura et
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al. (1993), Hayashi et al. (1998b) @ FEIZ# > TEE. BAEITV . LR White resin
(London Resin, England) (Ze3# L7z, 8U A R=v 7V vy FLhit=v kL,
FA¥EL FFAT72#s72UNV 7 278 b—.A (Leica, Germany) THRE L, 7o
v ¥ 7 (1% BSA inPBS) TUE L=, AXRF ¥ ¥ F7—FHEICL 205061
FuF A A—& 214 F (Amersham Pharmacia, Japan) IZ & 5 % 7 <L ETITo 1=,
BRORZ 1000 FICAR LR T A F 7 —EHEL M, 4C TS rFas—
FL, $eiEE, 30FICHFRLAER IOmOT T A—&aof Fizkh 304
M, ERTA rFa—FrLk, BEFRNT IV CAFF L F—EREILLSR
EREIUTOL S IiTo7, 1,000 FIHR L IEHERNT 2L CoAFF ¥
—PHk LB 2B, 4C TArFax—bL, HiFEk, 20FcARLER
TH ¥ [gG HROEATF AL 2 KHHET I KE, BRTS rFa—blk, =
NEHESEE, 0FCHFRLEER I5Sm DA ML RTEDy—&anA FiZkD
3057H, |RTA Fa~— Lk, YIHFE A% EFHEHHME (1200EX, JEOL) T#l

gLE.

A LT ey MR

EERBEBIBWTER LR F v FHIL, MHEERK (100mM Tris-HCI, pH
8.0, ImM EDTA, ImM PMSF, 1% SDS) & & bIZERF:L, MlEEzE0%, EiF%x
SDS-PAGE T4y L7z, SDS-PAGE {ILaemmli (1970) ®HiEIZ, T4 v V~DOEE

i Towbin et al. (1979) D HFEIZTE- 7=,
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NRF¥a2BANALAT LI SZEABRNT L CoA T F ¥ —FP ORI R UE

L&
Max Bac 2.0 kit (Invitrogen, U.S.A) Z Ay, £ 71 b a—ilff -7, BEFHEE

LD 7L — R CEE L I EONREIC 5 5 SO B Il E 75em? 75 2 22 20
BLodic, FER7 Vv —AEMIZ L > T kR, BEMOL 1225 X ) icE
5 24 acyl-CoA oxidase ZMLAIAATE/3F 2 0 7 A /LR (AcNPV) 2B X8/, Mk
4 B ICESBMa%E 10% FBS AV TNM-FH THif Lok, BFEL-MRZE<y
TAZICEV 75 AL DHBEL, 600xg DFIMZ L VMEEZED, PBSTHIKA
S n e 5 I, ELETo7%, B 7 ARBHTHE A (S0mM sodium phosphate,

pH 6.7, 10mM NaCl, 100pg/ml PMSF, 10uM FAD, 10% glycerol) Tk, #ELE2To7=,

£ BB 8ml OREEZ AL, KR L, M2 & B e L7
(1min sonication x3, 20min interval on ice), 15,000xg, 4°C, 30 LB L#, o LHE4HA
ftHE L LTH 7 DR 2T oo, HAHIEE 4°C T 18, & 7 L@HHE A FTF
#7 L. HiTrap SP column (Amersham Pharmacia, Japan) 1243} 7=, 10-500mM NaCl O
BERRIZ XY 53E#%, acyl-CoA oxidase T & % 431 % B L T Centricon 30
concentrator (Amicon, US.A)IZ L - T#BEL . 5 5 LEBHTE B (10mM sodium

phosphate,pH 7.2, 250mM NaCl, 100g/ml PMSF, 10uM FAD, 10% glycerol) IZ X ¥ 4§

{k L 7= Superose 12 HR 10/30 column (Amersham Pharmacia, Japan) {Z & ¥ 0.5ml f#iZ 4%y

[ TR 8

BEREEORE
Acyl-CoA oxidase DTEMERIE X Gerhardt (1987) D HiEIZHE -7z, FILEE (acyl-CoA

oxidase, 200mM Tris-HCl, pH8.5, 1mM 4-amincantyphyrine, 100mM p-
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hydroxyaminobenzonic acid, 0.02mM FAD, 1mM NaNs3, 4U horse-radish peroxidase) 1ml H
IZ50uM % L <IiZ 25uM DT 34 CoA #EH & LTM A /=, Acyl-CoA dehydrogenase
DTEMER] X Dommes and Kunau (1976) & UF Furuta et al. (1986) @ FEIZE-~71=, A/

AT OEERFR TH D catalase 13 Aebi (1974) D FIEIZ, cytochrome ¢ oxidase i

Hodges and Loenald (1974) @ 5Lz > TRIE L =,

F 0o F ik

75 A3 FDNAOEEL, HIBBERIZ LS DNA OUlr, DNADTFHo—R 5L E
Sk % o A MRIEIL Sambrook B 5 (1989) (2 Ui,
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S

1) HEEF|ORE
£ 844 A acyl-CoA oxidase # Genebank DNA ¥ — ¥ ~<— 2 L CRE LR, 7

F ¥ F7L A ® acyl-CoA dehydrogenase FE 0 7L L TEEREN TS cDNA 7 o —
» (Grellet F., Gaubier P, Wu H. -J., Laudie M., Berger C., and Delseny M., GenBank
accession No. U72505) L Rl—tEMidb A Z LBAHALE, Z0F o—r LR UEREES
#$F2 cDNA 7 2 — % Arabidopsis Expressed Sequence Tag (EST) database = TH %
L. Arabidopsis Biological Resource Center (Ohio State University) X ¥ &7z, Z® EST
¢DNA 7 o— OEEEFIZHE L T Delseny © @ ¢cDNA 70— &[] CHEEEF %
BoLDOTHDIZ LEHBELI, ZODNAILZ—FENBZF /22 HIT436 T3
JEBERENGRY ., HES TR 47,000 0¥ 2 W a— F+ 5, Delseny HD
¢DNA 7 a—ofHi b RBAIZIX. ¥ D acyl-CoA dehydrogenase & [F—Ed &
e/ TWEZ, LiL, BEET, BEMAWITEHWV T, acyl-CoA dehydrogenase
DFEIIHERBENTE LT, cDNA bHBE I T2V, Acyl-CoA dehydrogenasei
T rarFITICRETIERTHY, ZODNAIKI—FERBFAI7HDH I
ParRIFICRBETALOLEEEZONE, LML, FO—RWEEZMITLEL D
A, BEDI baryRFITEZ "7 HONRKBEREFIZRONDI barFI 7T
B—FF 4TI LTBHERE e~ v 7 ABER RO R0k,
FORDLYVIZ, =4 70 RF 4 F—FT 477NV Td D PTSI (peroxisome
targeting signal) 25F @ C KIBIZHFAET H Z L 2R R L 72 (Gould et al. 1987) (Fig.13
box), ¥4 7 aRF 4 D §EE{EFRITIT acyl-CoA dehydrogenase IIFTER T, acyl-CoA
dehydrogenase M # 7 1r #—s3— k & L T acyl-CoA oxidase 3 € DHF 2R L TS

(Schulz 1991), L L., REETIZA BN TS acyl-CoA oxidase X 7 =2=» h®
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MAVLS SADRASHNEEEKVESSYFDLPPMEMSY 20
AFPOATPASTFPPCTSDYYHFNDLLTPEEQ &0
AIREEVRECMEKEVAF IMTEYWEKAEFPFH 20
ITPELGAMGVAGGSIKGYGCPGLSITANAI 120
ATAEIARVDASCSTFILVHSSLGMLTIALC 150
GSEAQEEEYLPSLAQLNTVACWALTEPDNG 180
SDASGLGTTATEVEGGWEIMGQERWIGHST 210
FADLLITFARNTTTHQINGFIVEEDAPGLE 240
ATEIPHEIGLRMVONGDILLONVEVPDEDR 270
LPGVHSFQDTSEVLAVSRVMVAWQOPIGISM 300
GIYDMCHRYLEERKQFGAPLARFQLNQOKL 330

VOMLGNVOAMELMGWRLCKLYETGOMTRGD 360

ASLGKAWISSKARETASLGRELLGGHNGILA 390
DELVAEAFCDLEPIYTYEGTYDINTLVTIGR 420

EVTGIASFEPATRSAL| 438

Fig. 13 Deduced amino acid sequence of Arabidopsis
short-chain acyl-CoA oxidase.

The peroxisomal targeting signal (PTS1) is marked with an
open box. The GenBank Accession Number for Arabidopsis
short-chain acyl-CoA oxidase is AB017643.
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43D 60,000 725 70,000 THY ., ZDODNAILa— FERAF 232D LS IT
SFE 47,000 £ D LB TV (Hayashietal. 1998a), —@Z &b, =
D DNAIZa—FENDLF N7 HIZSETHMHENTWS acyl-CoA oxidase & 13272

HEEAEE b2 acyl-CoA oxidase T Azv v & HERI L 7=,

2) R¥ap A NVAFRAT AL HER, B RE ORI
ZDDNAIZa— RENBF 737 HH acyl-CoA oxidase DIFEZFFOHEND B
feil, EEEZB O TRAIELILENH o7z, TR, KIBEICL5HH
BRIz, TOFER, DNAICa— FENDL Y A7 EOERITIIRD L, £8
F N HAFEEEZRF LT R o7, £07®, BEF -7 HiThiEoER
OB ER L, WIS, "Fan T VAEBR VAT L2 ANWTIODNADER %
Ao, FBI AT AL Invitrogen D v b (Max Bac 2.0kit) Z A e, ZOF v |
CREFZFUAT7 =<7 F—IZ cDNA Z#l&AAEL, BRI " F 200 AL ADNAL

EHiZ SO RBMEEHHEERT S L, HRMABZIZIY cDNA ZHAGAATES

Fan A NARRBERMRATEGNS, TO®%, HFER VA V2R D, B-

galactosidase IZ LB A F—HE L 73 T, BB Fan o/ LA HEEL
fro HEfESh X200 A LAERHRICL TS VAT 7—_J F—RNIZRESX
774 =1L %5 PCR Z1To7z, Wil SH/-PCRETH L AAIAATE cDNA DR
SORBICEY, BRI VA NADHPHEBEINTHAZ L3R Lz, ML
NTWAZLBRHEEEL = AFaov /L A2ERlacBsd T, VA LRE
g <, mVERRAE (10°PFUmMN) 2o Fan VA VABEERLE, 20/
Nl iFao DA VAEEFERAL T DNARI—FTE7 30 AERBSET,
=9, BEIELF 37 HD acyl-CoA oxidase TEHEZ Lo &2 W~ R
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SEEERMBROFEYRA FEELL, TOLKEEAVWTES (C16). P (C10),
FESH (C6) DT /v CoA ZER L LTHMER WA (F—FIIRER2V) . Z0RE,
Z O EFITEHE (C6) DT SN CoAlZx L TIEHENH S Z Loz, KiT, B
BRI Z U7 AEeRBT 50, BRAZEEERMREZKRIEE L TEOFE
VHA bEEL#E, 4C T1B. b7 LAREGE A P T LB ESEN L%, HiTrap SP
column (Amersham Pharmacia, Japan) {25217, Acyl-CoA oxidase iE#D & 5 43yl Z 7
I L T Centricon 30 concentrator (Amicon, U.S.A.) IZ & - Ti##§#%, Superose 12 HR
10/30 column (Amersham Pharmacia, Japan) iZ & ¥V F§8 L7-, MO #E R Tablel 105
LTW5%, Figure 14 IZ& R MO SDS-PAGE (Fig.14A) R UA A/ T v |
(Fig.14B) D#ERZ/RLTW5A, Figure 14B 121X 5 BRI CABT IR ETSE RS
AR TFEDY 3 HHHEIC L DML/ 7oy MEITLHFETRL TV S,
Figure 14A IZ R L T A RIMEERE D CBB /37 — U LB Z A7 EB T 6O
BMATy72ITIZEICLY, BEICEMENRTWD Z L4555, £/, Figure
4B &V, 77EFF L AOBRETFELAEA L TFROMBIZHEEZ 37 Bk
ENBHZ LI, BMUENTEZ NI EBRTSE R ADSFEN 47,000 D%
NRIBICHYT B LB ENTE,

Figure 15 ICHBFREOMITERZFTL TS, TORFR, Z0F 7KL
butyryl-CoA (C4) %> & octanoyl-CoA (C8) {245 B AYIZFEME % £ -2 acyl-CoA oxidase TH
B EBBHENIRE-TE, Z0 55, hexanoyl-CoA (C6) I8 L THRKOEMEEZTRL,

0 Km fEiL 8.3uM Th oo, £7o, FE# pH 11 859.0 Th -7, ESEHFFliEN

§T v CoA TdH B crotonoyl-CoA (C4:1) BV BN BT 0V CoA THA
glutaryl-CoA (2% L TII{EEEZ R o/, SEESEIBRT ATV THD

isobutyryl-CoA (=% L THHMEWEENH Y (2.5 Umg). £ Km fllix 67uM Tho Tz,

57



Table 1.

Purification of recombinant Arabidopsis short-chain acyl-CoA oxidase expressed
employing the baculovirus expression system

Step Activity Protein Specific activity Yield Purification
(units) (mg) (units/mg) (%) (fold)
15000xg supernatant  23.5 3.3 1.1 100 1.0
HiTrap SP 16.1 0.58 27.8 68.5 3.9
Superose 12 34 0.031 109.8 14.5 15.5

Short-chain acyl-CoA oxidase activities were tested with hexanoyl-CoA as a substrate.
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A. CBB staining B. Immunoblot
1 2 3 4 1 2 3 4 5

g —

i

Fig. 14 SDS-PAGE and immunoblot analysis of samples taken at various
steps during the purification of Arabidopsis short-chain acyl-CoA oxidase
produced in the baculovirus expression system.

A. SDS-polyacrylamide gel stained with Coomassie Brilliant Blue dye.

B. Immunoblot analysis of polyclonal antibodies raised against recombinant
Arabidopsis short-chain acyl-CoA oxidase. The arrowheads indicate the bands
corresponding to the Arabidopsis short-chain acyl-CoA oxidase.

Lane 1. Homogenate (15,000xg supernatant) from insect cells infected with the
wild-type baculovirus.

Lane 2. Homogenate (15,000xg supernatant) from insect cells infected with the
recombinant baculovirus (harboring the Arabidopsis short-chain acyl-CoA
oxidase cDNA),

Lane 3. HiTrap SP column fraction showing short-chain acyl-CoA oxidase
activity.

Lane 4. Gel filtration fraction showing short-chain acyl-CoA oxidase activity.
Lane 5. Homogenate (15,000xg supernatant) from 5-day-old dark-grown

Arabidopsis etiolated cotyledons.
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Fig. 15 Substrate specificity of Arabidopsis short-
chain acyl-CoA oxidase produced in a baculovirus

expression system.
The activity was monitored employing various acyl-

CoAs as substrates at a concentration of 25 pM.
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Table 2.

Properties of Arabidopsis Short-chain Acyl-CoA oxidase

subunit molecular mass 47 kDa
native molecular mass 180 kDa
pl 9.5
K, 8.3 uM
optimal pH 8.5-9.0
isobutyryl-CoA active
crotonoyl-CoA inactive
(unsaturated carboxylic ester)

glutaryl-CoA inactive
(dicarboxylic ester)

acyl-CoA dehydrogenase activity none
Subcellular localization peroxisomes

K., and optimal pH values were determined employing
hexanoyl-CoA as a substrate. acyl-CoA dehydrogenase
activity was tested with hexanoyl-CoA, decanoyl-CoA and
palmitoyl-CoA as subsirates.
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e, ZOF 2 EE—F LTV cDNA IZ, acyl-CoA dehydrogenase € o &/
& LTHEEEEN TS O T acyl-CoA dehydrogenase T FFoF[iEE L H 5. FZ T,
hexanoyl-CoA (C6), decanoyl-CoA (C10), palmitoyl-CoA (C16) % ZHIZ L T acyl-CoA
dehydrogenase TEHEZBE L7z & ZAFEEE R E 2T, ZhbDZ L LY, ZO
DNA IZa— FERTWA ¥ 37 HHPEEFFRY acyl-CoA oxidase TH D Z & ¥
Bl L7, Z OE8H A acyl-CoA oxidase i3 Superose 12 (2 LB 7L BB L 0, &
T 180,000 DA FRTHLHZLBHALMIIR-F, T 2=y FFRH 47,000
THhdH b, ZOHESFERRM acyl-CoA oxidase I IHRET FFv—THDH I LT
aEhi, Zhb6OEERRR acyl-CoA oxidase DEFERFHEIX Table2 IZR L TV 3B,
BEE TICH BN TV 5 acyl-CoA oxidase D457 & i3 60,000 7»5 70,000, acyl-CoA
dehydrogenase @43 T i 40,000 7> 5 50,000 TH 5, AL, BEHERA acyl-CoA
dehydrogenase D& L F D43 FBA3H) 71,000 TH Y flL D acyl-CoA dehydrogenase & 2
o T35, HERFRM acyl-CoA oxidase 1347 F &4 47,000 TH Y, TritonX-100 iZ
#LUTHBEMTH D Z 742 E acyl-CoA oxidase & ¥ acyl-CoA dehydrogenase (23>
HEEE->TVWD, S8R acyl-CoA oxidase |21 0 BF v RSB R acyl-CoA
oxidase (Hayashi et al, 1998a) & [FRIZHEI# D acyl-CoA dehydrogenase THRFZN TS
PS1 & PS2 MfFIET S (Bairochetal, 1997), /18| L V| IR F v BSHFRA acyl-
CoA oxidase [Zprotein signature 1 (PS1: [GAC]-[LIVM]-[ST]-E-x(2)-[GSAN]-G-S-D-x(2)-
[GSA] Bairochetal. 1995) £ 9 7 I /EE# ML 7 7R3k, protein signature 2 (PS2: [QE]-
x(2)-G-[GS]-x-G-[LIVMFY]-x(2)-[DEN]-x(4)-[KR]-x(3)-[DE], Bairoch et al. 1995) i% 8 7
IBMBEPeBENRTFENRTWAZLERREENE (Fig. 6, TATVAZ), L
ML, TIE R AESEFRAY acyl-CoA oxidase iX PS1, PS2 & HIZFERILFETFS
NTW5 (Fig. 16A), E£7=. B D acyl-CoA dehydrogenase {235 W\ TIFMEIZ K & A2
BEEZ2H7NF I VBRELREFEENTVWD (Fig.16A, TAT Y RY)
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A. Protein signatures

Hum VLACDH AAFEMIZP SEHEIIAABIRTSAVPS
Hum LACDH GAINGCRESPGLIRIILGEI KTHAKKD
Hum MACDH CAY[UARIPGIYFRNVAEIKTKAEKK
Hum SACDH GC F[YNEPGRIEIIAGASTTARAE
At sacox ACWLIMASPoMIENIASELGTTATKY
pum LACOX GCFERESLHHEENVAELRTTATFD

P51

Hum VLACDH IFEIMEEVEEMKEPGVERVLRELRIFRIFEGT
Hum LACDH LHEAWERIMWEY P I AMA Y VIJARVAPIYGGET
Hum MACDH ILEENEINTIRY PVE[ALMR AKIYGITGT

Hum SACDH MRy TEMPAERHY RIJARITEIYEGT

At  SACOX LL{EganERyL AF LVA[SAFCHLEPIYTY[SGT

Pum LACOX ACHAHERIAVVNRFGTLRNEHDIFQTFEGD
*

Ps2

= e

B. Phylogenetic tree o

HumACOX

I HumBACOX

———— PumLACOX
L PhahCOX

At SACOX

HumLACDH

HumSBACDH
llr HumSACDH

e HumMACDH
HumVLACDH

Fig. 16 (A) Partial alignment of acyl-CoA oxidases and acyl-
CoA dehydrogenases. (B) Phylogenetic tree of acyl-CoA
oxidases and acyl-CoA dehydrogenases.

White letters indicated to corresponding to PS1 and PS2 amino acids
and underlines indicate the PS1 and PS2 regions. PS1:[GAC]-
[LIVM]-[ST]-E-x(2)-[GSAN]-G-S-D-x(2)-[GSA], PS2:[QE]-x(2)-
G-[GS]-x-G-[LIVMFY]-x(2)-[DEN]-x(4)-[KR]-x(3)-[DE] (Bairoch,
M. et al., 1997).

Multiple sequence alignments of the protein sequences were
performed using the CLUSTAL W program. The phylogenetic tree
was constructed according to the NJPLOT program.

At SACOX, Arabidopsis short-chain acyl-CoA oxidase (GenBank
Accession Number AB017643); Pum LACOX, Pumpkin long-chain
acyl-CoA oxidase (AF002016);Pha ACOX, Phalaenopsis acyl-CoA
oxidase (U66299); Hum ACOX, Human acyl-CoA oxidase (569189),
Hum BACOX, Human branched-chain acyl-CoA oxidase (X95190);
Hum VLACDH, Human very long-chain acyl-CoA dehydrogenase
(D43682); Hum LACDH, Human long-chain acyl-CoA
dehydrogenase (M74096); Hum MACDH, Human medium-chain
acyl-CoA dehydrogenase (M16827); Hum SACDH, Human short-
chain acyl-CoA dehydrogenase (M26393).
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(Bross et al. 1990, Kim et al. 1993, Battaile et al. 1996, Srivastava and Peterson 1998), & b
Iz, E R acyl-CoA oxidase. acyl-CoA dehydrogenase & M40 acyl-CoA oxidase Tiff
ERFEMZEMLRER, 77 F7L 2 G8{FRA) acyl-CoA oxidaseiFacyl-CoA
oxidase TiZ72 <. acyl-CoA dehydrogenase D RHFLHM DT < ICALE &7z (Fig.16B)s =
NoOZ &L, TODNAIZI— FENTWLZ A7 HIZ, TOFlEER
acyl-CoA dehydrogenase & [Fl—1%iX# % #° acyl-CoA dehydrogenase f&tEIX & /=72, 4

817 L CoAIT R RAYZ acyl-CoA oxidase Tdh D Z LA L,

3) MRARTERE

418555 B acyl-CoA oxidase OFIMIN BIEEEZ W25 7200 & 2 FE B GRELIC
LV ANHART EHEE. A LT oy METEUBEREEORE 21T - 72 (Fig.17).
SAM R CTARTSHET IV RV AOEEFELHWTE 1 ELFERICTo k.
TIERFABEFREROSBEIIFRFEON EVEHERLD, 1L 70y MR
WoOBEToR, TORD, AR, BFE4BROIRF ¥ HIEFEERNTS
A R T LEEITV, catalase <A 7 0 RT 1 OFEEEBEFRIZ. cytochrome c oxidase
I barRFIToREEEELLTESRZAELE, TIERTVRLIRF ¥ E
{LFEDSFHE BT, EHFFRA acyl-CoA oxidase, catalase 13 21-23 FHD~4 7
BT 4 Byl ENT, EINES IR & h 7o S8 RAY acyl-CoA oxidase.,
catalase (T FREVFRA FRBEUANAL A X7 pEPICELEBBENTZ~S 70 RT
4 L viBhiif-bo R END, PARFYEETEROSEIZCBW THHAFREY
acyl-CoA oxidase EHEZPIETH L, AL/ 7 ny MHTLRKRICS 72 R T 18
FIZOKRFEENRBHENT, E 612, HEHFRR acyl-CoA oxidase HLIK & catalase il
RO _EREICLIAEBTRAMBERS LRI 3 ANMHTTEST LIRILTEY

HWTIT -7z (Fig.18).



A. Arabidopsis
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Fig. 17 Subcellular localization of short-chain acyl-CoA oxidase in Arabidopsis (A)
and pumpkin (B) etiolated cotyledons.

Both extracts from 5-day-old etiolated cotyledons were fractionated by sucrose density
egradient centrifugzation. The arrowheads indicate the bands corresponding to the short-
chain acyl-CoA oxidase.

A Immunological detection of Arabidopsis short-chain acyl-CoA oxidase and catalase.
B. Immunological detection of pumpkin short-chain acyl-CoA oxidase and enzyme
activities: short-chain acyl-CoA oxidase ( O), catalase (4), and cytochrome ¢ oxidase
(M). Sucrose concentration w/w (—). 20 pl (Arabidopsis short-chain acyl-CoA oxidase)
and 5 pl (pumpkin short-chain acyl-CoA oxidasce and catalase) of samples from each
odd-numbered fraction was subjected to SDS-PAGE (10 % acrylamide) and

immunoblot.
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Fig. 18 Immunoelectron microscope analysis of the localization of Arabidopsis
cotyledons of 3-day-old dark-grown seedlings using polyclonal antibodies against
Arabidopsis short-chain acyl-CoA oxidase and pumpkin catalase.

Mt: mitochondria, G: glyoxysome, L: lipid body, Arrow: short-chain acyl-CoA
oxidase (15-nm gold particles) ~Arrowhead: catalase (10-nm gold particles)

Bar: 1 pm
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S R AY acyl-CoA oxidase fiiE D &BLT (HBE15nm) % KHE], catalase Hifk D &HI
F (EfE10nm) ZRATRLTVD, FHEOSKFLLbvM 7 oRT 4 ICBRES
L, TraFITIRRBESA 2o, LEORRLIY ., BHERFREM acyl-CoA
oxidase [ZvA 7 B AT A ILRET L Z LRI H LT,

4) FEIFBRIZBIT D EHFRM acyl-CoA oxidase ¥ /37 HORE

Figure 19 1%, 72 E F7 L RABEFORFENLHFAZ OBREIZB T LEEHBFRY
acyl-CoA oxidase # ' I HOEEA L/ T oy METIZEVRLELOTH S,
BB RAY acyl-CoA oxidase 12, [Fl U B BRILFRBER @ thiolase & FIERICHEFTAT 5 A
Birb 7 BRICEKRDY »AZEHRBABREHERTZ, THhEOBEROBAITEDSHT,
O RMIMAT T CARLTLLRVDOZ A /7HEREMLTWS, 4 AN, BALER
%, KBEHNTEBLERKETRLEOXEIWFT FCAF S REFELEBRLE
BE., B oA HEREALTES, UL, XEETT3 AM4AERTEZETHR
ftFEPIC LD ThICR RS, Zhicel, VAN I NVLOBERT
3 5 isocitrate lyase |3 B8 BA) acyl-CoA oxidase % thiolase & R 0 & 7 HED
EMIIRFTAE 3 A BEOBRBTRAMEICEL, To#%, B LTHTETI BRI
BBz hiz,

5) SR RA) acyl-CoA oxidase ¥ > /37 H OB RAMREHR

T 7 ¥ FF L 20&5MBICI T 5 ESHHE R acyl-CoA oxidase D L/ 712 v Mg
WORRE%E Figure 20 IR Lz, 5 AR T TAT LIcE{EFRIZBN TR Z &~
N7HEERRE B ERE, 2 B R, BB T HESHBRM acyl-CoA
oxidase (X &hiz, —F, BRELFE (4 BMRFTFTAR®. 3 BRXRYH
TTEE) . o€y FE ETIRRHEAR2-T,
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A. SACOX
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1D 3D 5D 7D 9D
Dark S R —
Light
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castor bean isocitrate lyase (C).

illumination following 4-days in the dark.
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Fig. 19 Developmental changes in the level of short-chain acyl-CoA oxidase,
thiolase and isocitrate lyase in Arabidopsis cotyledons.

D indicates the days of growth in the dark. L indicates the days of continuous

Each lane was loaded with 10 pg (short-chain acyl-CoA oxidase) or 5 pg (thiolase,
isocitrate lyase) of total proteins extracted from Arabidopsis cotyledons.
Elcctrophoresed proteins were blotted on a nylon membrane and then the membrane
was allowed to hybridize with polyclonal antibodies raised against recombinant

Arabidopsis short-chain acyl-CoA oxidase (A), against pumpkin thiolase (B) or against




Thiolase P A/ 71w MMESTOFE R b ES{RERAY acyl-CoA oxidase & R TH 5 A5,
BELTH, o¥y FE ETOZ 7 TRITESIERD acyl-CoA oxidase X ¥
Z{ B &N, Isocitrate lyase (X E L FIROAITRIHEN DS Z L6, isocitrate
lyase XML DFEMETIHTFEL R WD, HDOVIIRHBRUTOF 7 HEETHDZ
LM oT,
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Fig. 20 Short-chain acyl-CoA oxidase, thiolase and isocitrate lyase expression
in various Arabidopsis tissues.

Each lane was loaded with 10 pg total proteins. The tissues indicated were excised
from 5-week-old plants except cotyledons which were excised after 5 or 7 days
from sowing.

SACOX: short-chain acyl-CoA oxidase, thi: thiolase, ICL: isocitrate lyase.

Lane |. Arabidopsiy etiolated cotyledons from plants grown in the dark for 5 days.
Lane 2. Green Arabidopsis cotyledons from plants grown in the dark for 4 days
followed by 3 days in the light.

Lane 3. Rosette leaves.

Lane 4. Flowers.

Lane 5. Roots.

Lane 6. Stems.

Lane 7. Siliques.
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B

(D] 1-CoA oxidase

B ORENEE f BMER i~/ ZaRT s LI bar FITOALFIZBELTWS
T ERAENRARD O L TENFOMTILLREE S TVS, LL, &
SHiHOBRE, 2 Far FY 7 COREEEBRBILEEE~A 27 o RT 112k 58
Uik B B LICH~FERICHTL . LIELIE~A 2 o d7 1 OIEE g L RBEEOIR
AlEabol¥iEsh, TOFEAGPRMB SN TE X (Gerhrtdt 1992), < k=
¥ FU 7 olEhhEs g BB{LRIZE OFIFBEEFRD acyl-CoA dehydrogenase TFER 8 & 3E4%
LTWa, —F, w4 7T 1 OER5ES 8 B{k R I acyl-CoA dehydrogenase Tid 72
< acyl-CoA oxidase 73 & D& #| % - T3 (Schulz 1991), ZMD X 51T, acyl-CoA
dehydrogenase {23 b2 FU FIZR/TE, acyl-CoA oxidase iX~4 7 iR F 4 IZLRET
Ba

B, Be i BF v RERFRA acyl-CoA oxidase DD & L7 T L DF— %
FB 7, GenBank DNA 7F— ¥ ~<— X L THREZTolz, TOR/R, LALicixh
RF v B8 RAY acyl-CoA oxidase & [F-—TEDE L cDNA & L TEMID acyl-CoA
oxidase 75, TF{LIZIX acyl-CoA dehydrogenase & FE X iz, & ® acyl-CoA
dehydrogenase 2= T\ % & 7 F £ K7 A D acyl-CoA dehydrogenase € 1 & &
M TUV 5 cDNA BROM o7z, ZODNA 7 a—rBa— K457 I ) BES %
BT LEERR, S harFIT~OBTICEBERV 7T EL-oTELY, #HiC+
A2 aRF 4 B=FT 4 T T FVTHAPTSIBHFEEL T, MEOIRF %
845 B A9 acyl-CoA oxidase DFRATOFE R, BHE Y & B4 T acyl-CoA oxidase |3
£ BRMEL Lo TRV, To—kilE LB THR—MEMES . HEH
¥ L B Tl acyl-CoA oxidase I —WIEN HF WV IRFS N TV ROV ATEEN R X
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iz, TOF FE FF LA cDNA M acyl-CoA dehydrogenase HE1 & L THRES
NTWSHEHBIZ, B0 acyl-CoA dehydrogenase & D[Fl—E L ¥ acyl-CoA
dehydrogenase TH 3 Ll N TWAEH THB, L LAHis, T barkFI7T
DE—FT A T TR, A7 RT 4 ~OBITL T TiEK-oTw
Bl BB IOF R IlB=A 7 aRT 4 F o8 TRV LHER
Lk, £, a—FEShdF "7 O FREZFHRET S L8 47,000 T, oF&D
60,000 > 5 70,000 @ acyl-CoA oxidase & ¥ 40,000 %> 50,000 @ acyl-CoA
dehydrogenase IZi#T\Y, E b acyl-CoA dehydrogenase & 25% Rilf& DR —#Ed &% 5 DIz
®t L. A FRF v EHFED acyl-CoA oxidase & i 15% ORE—# LAy, Zhbo
Tk Xb, Z?DcDNABRI— KT 5 H 37 HiT acyl-CoA dehydrogenase (= — P

FEITWBEH LW F A 7@ acyl-CoA oxidase Tidigu v L HERI L 7=,

S OBRE., B, BFMFICBOTIRERE BRI VA% Y
—ATITORTWA Z EARE I Tz, JEAER B B{LIZR\V\ T T T LCoAD K
FHE 2 BT 5 acyl-CoA oxidase [Z1%, A{LFEMRMATIC &V ESIRHY acyl-CoA
oxidase, FPEHHFRA) acyl-CoA oxidase, HigRHF M acyl-CoA oxidase D7 A Y HA L
e XN, TV 5 (Kirsch et al. 1986, Hooks et al. 1996), — @5 5, E8#%RAY acyl-CoA
oxidase, EFFRA acyl-CoA oxidase X7 2= v FrFEMBENI T 72,000,
62,000 THDHZ EBHALMITRE>TV D, Hooks HIZLY hvER I L HEES
N R acyl-CoA oxidase 1, £O¥ 7 2=y b3 F&H 15000 DFET b
Sw—ThdLBEIN TS, ZhiEHoRRIZI T acyl-CoA oxidase TE1E %
BELTHEY., BEMRMRATIZRY (Hooks et al. 1996), £ Z T, ZOXRRFERHE
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$45 RAY acyl-CoA oxidase 73, BIfEE TIZHE B TU V21> acyl-CoA oxidase TiI7z
mEHim L. BE{LRBROMTVELTVWIBHOBRE. v 70 RT 1+ OlF
ik B BEEIZ T 2V CoA 2 E T LAY T, R (C8) DT /L CoA LS
raryrR)7iEEEERTI FarFIToMERICEVRER TS
(Lazarow 1978, Osumi and Hashimoto 1978), Z 7%, iD= A 7 07 4 [ZidlE
E#HrOPHETOT 20 CoA 2 BET 2 BIERRMED 2\ acyl-CoA oxidase 23 1F
FETHOHT, H#HT 2V CoA ZEIET D acyl-CoA oxidase IXFFTE L72V, — 7,
B TIX, =4 7 0R7 1« DA TENEBRIEBTOhTHS Z EA@ERIhTY
% (Ueda et al. 1985), {UB3 % HENhEE o ISR 1T C20-C4 L IEHEPA THi% & FERIC
EHRERMDH D acyl-CoA oxidase BFFTEL TV 5, BERED acyl-CoA oxidase 1345y F
£% 70,000-80,000 T Y BERHH T 40-60% DR — 4455, BEMLATHWET A
VHA LD S B, Candida tropicalis? POX4, Yarowitica lysoritica?> ACO3 73 5a#ifs
# acyl-CoA oxidase T#H 5 Z & Pl & TV 5 (Picataggio et al. 1991, Wang et al.
1998), i 5 DEHKERM acyl-CoA oxidase 13477 #A% 70,000 H> 5 80,000 Tfhd
acyl-CoA oxidase L AIL 3 FR/TH Y, 77 E FF I 2 EHFF R acyl-CoA oxidase X
9 72 acyl-CoA dehydrogenase & O —KiE EOF—MHIZR ARV, ZOZ LML b,
75 € F7 L A E#RRE acyl-CoA oxidase [ 122 =—7 72 acyl-CoA oxidase T

HDLEWVZD,

Protein signature =2 T

B4 @ acyl-CoA dehydrogenase {23\ THRFF E T D protein signature 1 (PS1:
[GAC)-[LIVM]-[ST]-E-x(2)-[GSAN]-G-S-D-x(2)-[GSA]) & T protein signature 2 (PS2:

[QE]-x(2)-G-[GS]-x-G-[LIVMFY]-x(2)-[DEN]-x(4)-[KR]-x(3)-[DE], Bairoch et al. 1995) {X
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S R acyl-CoA oxidase IZB WV THERICRF SN TS ZEAHALRIZE-
2o HBRF v K8 RA acyl-CoA oxidase IL PS1 23 9 7 X / B EP7EE, PS2 1
87 I/ EBREPBEVNEFEEINTVS, ZOZ &b, HHEFRD acyl-CoA
oxidase 134y F#ExE b i3 acyl-CoA oxidase & ¥ acyl-CoA dehydrogenase IZHf\V N Z & % 3%
Bt 5, 8180 acyl-CoA dehydrogenase M % RIZ X 2 AEIT R UF X SRISEAEIT OB R,
F 5% BAY acyl-CoA dehydrogenase B UM F1 8445 B #) acyl-CoA dehydrogenase (234 T
Fnd 3 e (P RAY acyl-CoA dehydrogenase: Glu 376, H8H%¥F 2 Aacyl-CoA
dehydrogenase:Glu 368) 7% acyl-CoA dehydrogenase {ETEIZMETHD Z L AHEEh
TUY5 (Bross et al, 1990, Kim et al. 1993, Battaile et al. 1996, Srivastava and Peterson
1998), £I84% R A acyl-CoA oxidase B U 1 R F v R R AY acyl-CoA oxidase 1231
THHYTEHINY I VEBRENREFEENTVS (Figure 16A, TAT Y RZ), Z0
ZEiE, ZOIAF I EEFRILD acyl-CoA dehydrogenase TEHE B IRIC LB DO TR

{ FAD ~OREFEEIIVLEROTRE2VWIEEDbRS,

FIRBR BT, HEFRA acyl-CoA oxidase 117 U B BR{LFREEFE D thiolase &
FkICRTAEE S BELG 7TRBICRRKOZ A7 ARBRIH SN, Thizx L,
7N FEAEYA 7 NVOBEFE TH D isocitrate lyase ITREFTAEF 3 ABICHRKRDF
N BEEVRBREIND, SRR acyl-CoA oxidase, thiolase 139 AMMFTAER LT
& A HROEMBTER SN 58, isocitrate lyase ITBMBE 2\, AIEOFERE,
AR F v BBIERAY acyl-CoA oxidase bR LEB ERTZ LABHALNZR-T, Zh
Oz Ery, BEEREBERFALA =AMLY REAVRFHBEINLTVNHZ LM
THEND, —F. BB ABILICLVELETEFL CARERLTH SV A%
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VBT A I VEERIE, BEMERMRLBMLTREALTVWARY, ZOZ &, B
ERRAOLREBAZMNT LT Figure 20 I2BVWTH RGNS, SR acyl-CoA
oxidase, thiolase (X7E. ., TOFEHBEICBVTHREBL TWAH 2, isocitrate lyase IE
INEDOFFICBVWTIHERE L2V, Z0 kI, BEHAICORNLER isocitrate
lyase LR 72D, BRMEROBRIIFTERHOSE L TWIHRIEFRIIOARE LT
WAHOTILZLS, MOBBPIZLERLTWAZEEFRLTWS, IRF v RS
F A acyl-CoA oxidase IZ DWW T L RBROBITE2iTo, EALERERTSE RS
VAZ N7 RHITH L THREBELS, SETEIREPBOoA TR,

ZDF NI HIE, FLOH A T D acyl-CoA oxidase 2DAy, Thi b4 7o
5 4 I THEET B acyl-CoA dehydrogenase 2D T 5 575, = QMBI+ 570
IZ, ZTOCDNABRA—FTBZ NI BEEEEF R TREASE, TORER.
ZDF 232 HB octanoyl-CoA (C8) LLFD 7 /b CoA I IWHFS RiED b 5 E#ER
i) acyl-CoA oxidase Tdh D Z & PR Eh i, T O KTEHIT hexanoyl-CoA (C6) I

HY, KmfEiz8.3uM Thotc, EHABFRERFKn R by Eoa s h G R

T SR R AY acyl-CoA oxidase & |ZIE[E L Td 5 (Km fE 6.0uM, Hooks et al. 1996),

o, MEkHE, E@EpH b b UE D2 EEERA acyl-CoA oxidase & LB TH -
7=, FEHFFR®) acyl-CoA oxidase X [F—1E® H#E Tl acyl-CoA oxidase X ¥ acyl-CoA
dehydrogenase {2 £ W iEvy, LU, H#% RH acyl-CoA oxidase i3 acyl-CoA
dehydrogenase {EHE2RFF LA WZ E LA EMIZ 0T,

LA L7di 6, Hooks bOMRERLZDI[LHY, FUED I HHERM acyl-
CoA oxidase D ¥ 7 2=y b 4rF&H 15000 THEHDIZK L, 47000 L KE £z
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Tu =, Hooks & D RIZPEHRFRA acyl-CoA oxidase DR BUIALI L 723, EH%
B acyl-CoA oxidase i 7 AR O H S BRETARE CHBEEREPELTEY ., BT
Blizbs TG, 2085 AMHPIZHSMIZSEINEZ R 2 HE, 5
I3 B BAY acyl-CoA oxidase & L TWAD TV LR &5, TR, #5651
FNLRBEToE, CBBRAICLV T o=y My fRERELTHEHE, Z0O
MM TN EROBRA T AT D & KE REREE, REERED T
5, ZhBOZ EH b, Hooks HH3HR L L 7= B SI%F BAY acyl-CoA oxidase 13L&
REFLTVWEE, HoMEZTTWH0 TRyt Bbh3,

T3/ BGH

MMMz BOT, BB B MLV ~4 7 uRT A DHTITOHhTHWHDh,
Fary FYTIRLHFETHIHRREICERSISHEETSHS, LrL, wThic
k=427l F sz, 2 barFU70REEERFERICEN LITFEDR
VW, ZOFEHEOEEHLBZZTERNICITbILSEROSREZII P2 FITT
IfThbh TWiwo Ty tBbhd, BHTIEI b2y FU 7O acyl-CoA
dehydrogenase T % isovaryl-CoA dehydrogenase, short/branched dehydrogenase, glutaryl-
CoA dehydrogenase im0 A 2, S v A YuAf L VIO roRBIZEAELTH
5= EHEE & TV 5 (Ikeda and Tanaka 1983a, Ikeda and Tanaka 1983b, Goodman and
Frerman 1989), @ESHi#icB W TH, B, v/ X ARMRO—FHBI barF
UFIRETAZ 2Rl 58ENZN TV (Anderson et al. 1998), La»L, =
A7afRF shizaL vy, Ry, A e, roOPEREEDBRONAL LD
MRLEHY, EEMEENEZ ELFE A 720 (Gerbling and Gerhardt 1987),

BERIClI~A 7 a7 « OH TIENIEE 8 BHE TR TV 3 (Kawamoto 1978a),
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%=, camitine acetyltransferase B34 7 0RFT 4 L X b FYTICRETHZ LR
HEBALTWAZ b, vA 270 RT 4 TERENTZTEFNVCAXI Fa R
FTILBESN TWAD TRV EZZ N TV S (Kawamoto 1978b, Elegersma et al.
1995), SEBIFFRM acyl-CoA oxidase DBFFFE FrtE 2 ARIT LR R, SHFED acyl-
CoA oxidase |Z ¥ 7F /N CoA IZx%t L THEMR S o2, Thid, BEOHESFREN
acyl-CoA oxidase & [l LR TH D (Wangetal. 1998), Isobutyryl-CoA 1Z/3 Y D
PRIEHTHDZ Lo, EHE R acyl-CoA oxidase X7 2 / BABICHET 57
EMERHZOTRARNWES I, BREEHTL, SE. HHHRA acyl-CoA oxidase
BRIEEN, =47 0RT A NTEEICHEBETEF L CoA IZHEIL TS D
EWRTFENT, £, EBBILEDAA L/ 7oy bMERICED L, 7V FNAE
4 7 LO isocitrate lyase A3 72V EREIZ 30V T b HH#%% R #Yacyl-CoA oxidase>thiolase
3| LT (Fig.20), 2O Z &3, @MEHEY TH camitine acetyltransferase 23 A
saRF 4, T barFYTICEFEEL, BT < BRAMEDO BB{EIZLY

HELETEFLCAZI P FITIREBELTTCAYA Z ML Y EL2IZEE

LTWAZEEZFRBELTWADTIZRWES S B,

SF R, TritonX-100 I X HTEMAEEZZ T 22 &, RS RA acyl-CoA oxidase
& DR —HED 18% LI &, RUPS12 BPR|/IRFEIRTNHIILRE, &
%5 RAY acyl-CoA oxidase i acyl-CoA dehydrogenase & JEHICE—ER W, Fiz,
HEAL R HEH & {E S 5 L acyl-CoA dehydrogenase{fliZ AL S D Z & 525 acyl-CoA
dehydrogenase & IEEDMEEZFF OO TIIRWALERL LN S (Fig.16B), & MFDE
#1%5 B A acyl-CoA dehydrogenase (TS 2 BT R EERFELRWEETREES T
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HREEFE (-0F YV acyl-CoA oxidase IEHEZ FF2) ITET Z LB#ME IR TS (Vanhove

et al. 1993), McFarland 5 DERIZ X D & 7 #JIF acyl-CoA dehydrogenase I3 pseudo

substrate & L T B-(2-furyl)propionyl-CoA (FPCoA) 2 HEIZHW=HBH, < BV ER

i B b KFEERAEZE S Z L, 7 F BT acyl-CoA dehydrogenase & Candida
tropicalis 7 SE${% A acyl-CoA oxidase & FPCoA & G 2V T=BE& ., £ T 5PM
FLIG#1 > charge-transfer complex DAL ERISFEDEVMZ K U ETF L RUGT 505, &
FIREER L BUST ADBRELTWA Z & %7 L7z (McFarland et al. 1982, Rojas et al.
1985), Z i1 6 DH RiTMESIF A acyl-CoA oxidase & acyl-CoA dehydrogenase (%¥iZ
ESHF B acyl-CoA dehydrogenase) 23 3@DM L EFF o2, FhEENESHBEREYD
acyl-CoA oxidase TH DM ETFERLTW5, MY THEFREFFCENRE~A 7
AT A PTREILOBLTRFEOER L L THRAT L HFHEF LERICE TR
£, I by FIY 7OESRRA acyl-CoA dehydrogenase <A 7 B KT 4 |[ZBITL
TEkohblLhiy, £ELT, £TOFR,. I bar FU 7OV BLOMLE
ML lal 20, BB BIEREIL-A /e RT s iItBWNTiIThbhd L 3 ic#ho

EOTRBEOMNEEZLGRD,

SEIOEENTIC L D, EHR R acyl-CoA oxidase i Zh T bR Tnizn£<
L 72 acyl-CoA oxidase TH D Z L DAL o7, Z0ESIRERA acyl-CoA
oxidase BvA 7 0 RT A ILRETHI L LV w4 7 0 RT 1 I JEHBRET EF L
CoA ILRZBILHETIENTED, B0~ A 7 odTF 4 1 3ESREEM acyl-CoA
oxidase FETEAENZ L h b T OEBR R acyl-CoA oxidase ASHE#Kr A O A FRHEAE
ICMELTWAZ LA En S, T OESHRRA acyl-CoA oxidase DI H F RAVFE
BOMITICE W EFRUAOHEEICOLEAVBBRBEINLLZ L b IO LBRERT
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a T

FEFFRTHEHSD T D TIENIRE p B{LR DYIFERFRE TH D acyl-CoA
oxidase DIEHHERIEDRLR D 2EEDT A VA LDV TDNAZ I B—
=7 L, TO—EMBEERITTHL L bIC, =427 08T + BEEHRREC
BII2#EB, RUREBFRRNRRICOVWTRITZITo /2,

INETIZ, 9427 0R7 4 O—BOERPAICIVHEEZT TS Z
ERFBRENTWE, BIEFEICOLZRH T EREICHENT I F Y —
LEEFE TH B citrate synthase, thiolase B K E < H P L, BENS—FF TV —A
BER Td B glycolate oxidase, hydroxypyruvate reductase 73 % L { M I h 5
(Mori and Nishimura 1989, De Bellis and Nishimura 1991, Nishimura et al. 1993), %
7=. citrate synthase, thiolase @ mRNA DG RIIREFTH THAOTLH I L0
LAOETFIZ L HHE S S Tuvd Z LRI e (Kato et al. 1995, Kato et
al. 1996), £z, KLUAOEFIC LML LT, Bz TOREHEIHEIZ L
DITbhTWA Z LEFRBT LMLV AT VBT A 7 /LVEEFR D malate
synthase, isocitrate lyase {(Z- 2\ TH#E S TV %, Malate synthase, isocitrate
lyase @ cis-acting element M BEHT > &, malate synthase, isocitrate lyase (ZIZFE3F &
5D 2 2D R -7z cis-acting element 23& ¥, FlM T Z D 2 -2 cis-acting
element 3 & < LTS Z L A8 55272 - TV D (Graham et al. 1994,
Reynolds and Smith 1995a, 1995b, Sarah et al. 1996, De Bellis et al. 1997), 7z,
malate synthase @ cis-acting element IZFFEELCT EF /L CoA ITHIGETH I L &

T TARENE LN TV S (Graham et al. 1992), SEIOMITIZLE Y, RHRF
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A9 acyl-CoA oxidase, FEBIHFRAY acyl-CoA oxidase IZ 2V T HR U p BE{EFR
BEFE O thiolase. 27V A F L EY A 7 LEEFE D citrate synthase & FERIZIEE
LA DBRORETET TR AV A7 B LSV TORBEZZ T TNE LR
Abhiciesafz, ThbDZ LY, BERBIBNTS ) AFNAE@TA
7 v & B 8 < AERNEE 8 BMLR OBEEHLFE LEFARETHE S T
LeEZBNKE, LML, 778 FFLADOESHERA acyl-CoA oxidase DEE
BNy — % RB LSS RA acyl-CoA oxidase, thiolase & isocilrate lyase 73 5
IRl BE NN — R LTS (Fig.19,20), £/, ZhoDF A ~I7HD
BE % R T isocitrate lyase A L T ROHAITHERMITEE L TV DA,
acyl-CoA oxidase, thiolase {3k % ZRBEICBWVWTREAL TS Z LR SHh
feo ZTNOOFRRIT, BUEESBEROMERL 7V AFABTA 740
BERBEAF UHIESMIC L VRHEZI TV L) RICER R TN 5,
HEhise g B R Tid, BETFORBEMEIECII2{MoRTF (Bl 7
TV CoA) & VIThhTWah, £< AR5 BANIEHBMICL VTP T
WAHFEERZEZ OGNS,

ED1oOFEME LT, 23— % Y — AFERITEHEALR F K (peroxisome
proliferator-activator receptor: PPAR) IZ X 2 EEHMHi# £ A TW5, BT
VX, FFARBRBIAL & AERSEEIREIL, MIREPDIERRDE R A2 & o ZITHE L
THRAMICHERShDZ L, RUMRAOIEEOERS ELERE 2D S—
XY —AOHBENFEREIND Z L LA IR TV 5 (Bell and Elcombe
1993), —® & 5z, IEMEAMOBEIZIZ \—F % > Y — AOMFEN DL
BREBERTELTVWAZEPHRBENTVS (Leeetal. 1995), i, /S—F
¥V — LHBRAOTMIZ LY, S—FF Y — LGN § BLROBEER

OFRERBEHEINS Z LBRALMIZA - TS (Lazarow and de Duve 1976,
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Hashimoto 1982, Latruffe et al. 1993), Z@ X 512, BEMBEPPPARICL Y, 75—
AF Y — LIEHRE B L REERE B EH END Z LEHALNTR2 TS,
RBREVZ &2, T v b, E RO acyl-CoA oxidase Tii/3—A % 2 — AR
A& = L A > b (peroxisome proliferator-receptor element: PPRE) Z3[RIE & T
V% (Isseman and Green 1990, Tugwood et al. 1992, Varanasi et al. 1996), B{E %
T, ®icT v M YOBEET/A—24 %/ — AHRAIIC X b WA EE L
Z b, PPAR XTI E PLICRRITSEA TV S, L L, KIBECER
TN R 2 RBRICT D L~ 7 0T « B ONENIEE B B (L RBER S N
ENRTL A LHPHBEINTVD, BB TIISMILEMREOTnE—5 —fF
WORBRELY ., A LA B (CI18:1) ITIEET HHIEBFRE LTV S (Sloots et
al. 1991, Filipits et al. 1993, Wang et al. 1992), MBHBH T~ 72X T4 D
FEIELBEINTHRY, EF, TENICEELDSIEBRZMEMIC X
DERSEIRLPENTVDSA, PRIEBROSERRIZEEGTOIEETH
% lauroyl-acyl carrier protein thioesterase Z BRIFH X F S, acyl-CoA
oxidase DREEVBFBH I DH Z L HHEH S TS (Eccleston and Ohlrogge
1998), ZOERIZ L, PHIEVRBROSHRROBRERIER LTINS
bbb 6T, IEEMRICKE RERBR O Rb2T, ZTOZ LIL, #
famic—EROPHASHEE EH S 5 LIEEE g Bk = BTl B R 23
fiLTWAZLEFRBELTVS, Z0OX57%k, MHEANOIEEEREZ =
F—3 5L LTPPAR FER BHEELTWRWIEAS i, ThBHDIK
WMARERTHDIZ, 5%, EHFREM acyl-CoA oxidase, FHHHFF R acyl-
CoA oxidase@cis-acting element O f#H7, BT PPAR FEn FOEENTOILS

ZEvHifFEND,

84



Acyl-CoA oxidase D

HIE, T—F_—RA BB IR THDDLD acyl-CoA oxidase b H D & |
HERPITIL5 F & 60,000-70,000 DY —FF 4 T T FNDRIR T2
acyl-CoA oxidase 73 2 Fili$H & 771 ik 47,000 & K& < £/ 5 EH9% RAY acyl-CoA
oxidase BTFEL TV D, A AF v RHHF R acyl-CoA oxidase & D[F—1E &
W7 TERTVR(ACK2), 2F 375 O acyl-CoA oxidase € 12 7 i L
% RA acyl-CoA oxidase TRV L Bbhd, ZO3F 3 v F - acyl-CoA
oxidase (ITEFHF DE(LFFZRH T S8 s+ & L THEE =72 (Do and Huang
1997), iz, UHFRBTITONEERGER LD, BLFESEELET S L
thiolase DREBEN, SV AXFVNABMY A I NVOBRORRLFARCHEEShS
ZEDBHLMNTR TS (Kato et al. 1996), E{LBFICRELHE Y I 5B
AR ERMERIT, fLoOMBICE R T A DICIER 2B L TIEICEATHA
LEZBNRTVWD, =2F 3T T acyl-CoA oxidase BIEFR DO ELIFIZRE T 5
Tl ZoOHREEETHILOTHD, ESHRM acyl-CoA oxidase iZ (b
FEOHLTRZSEDELFIBVTHRRTIZLEFTLTNS,

—Ji, BEF ¥ RHEHHFRH acyl-CoA oxidase & F—HEWV PTS1 #147D
A7 b F acyl-CoA oxidase R E 0 (3@ A P LAICL D EHIFENR IS
(Grossi et al. 1995), /=, EEEZEIZLY acyl-CoA oxidase HFHEh D L D
#Hi L H D (Titarenko et al. 1997), BREARA PLAD L FFAD 12V A€
YBYRHD, Yy ATBOERIZSBIEBESLTWSZ EXD acyl-CoA
oxidase DERNFR NI OTRERWESI N ? £, ZThb PTS1, PTS2
& A 7O acyl-CoA oxidase T ENENV R, BEICHENICREANFTEIN
EOEALSL?ERE L. WHD acyl-CoA oxidase 2385 L #iHAYIZHERE L T
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WAEDTHAS I 5 ?REE TOMRTIE, BMOD acyl-CoA oxidase DFEHR % R,
DR BEDTZORIIFATH S, T TIZPTSI ¥ A4 7D acyl-CoA oxidase @
TIERTLAEST cDNA 7 B —UBEELTEY, 1 EF v RHKERMN
acyl-CoA oxidase & [FIERDOBAT E2ITVREER F L ARE(LRFIZIBV T acyl-CoA
oxidase DEFHEZMITT 5 Z LB MFEh D,

D At e lA

BNl % 7 2V CoA IZRRIET 5 acyl-CoA synthetase 127 A VA LB <L
FEL, REE LAY THLD, REEDTIE, A 7 0 fT7 1 RBER acyl-
CoA synthetase T EERE X T2V, B, TZXIZBWT, B acyl-
CoA synthetase DFRTFIRE L DEBI LI PCR 7 0 —= Ik V) SHRADT
A VA LB a—=rFENT (Fuldaetal. 1997), 2@ 55, 2 EHIZOW
T acyl-CoA synthetase TEHERRER 2 TW5H, YFRBIZBWT, ARF ¥
HLTHD T6kDa D~ A 7 O RT A Y 37 HOBFT L2 T 5, EMEHR
¥ 72K FEEOF Z D acyl-CoA synthetase 1 E 2 27 & [[A—HED N N KT
BRI BLONL, BE, TONKKRT I VBRIV T A VPoF A
FTFAv—%ERL, IRF¥ DNAFATFV—EANWTRZ ) —="
FET-2TW3B,

72, 4B, TFERERPSEBEEEREICOVWTLIRF ¥
¢DNAFA 75V =X DNA%RZn—=0F LT3, TTCILYHIRED
JNEEBIZ X Y thiolase D2 B —= ZZH X TV 5 D THEEE B (LR D2 T
DOFFENR 7 n—= a2l LiCie D (Katoet al. 1996), Z# HRERGER 8 AR
{CRBEEROLTBZ I T Z LItk v, Mk FEDRE, RUE(L
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BRZBWTYA 7 B RT A BEERO S TR OMIICHFET HHEBNG S
o,

SEORE

BERED acyl-CoA oxidase = T-ALEER OREIT OB R, HHRF RAY acyl-CoA
oxidase O B{E-FREEE TILH 8 (FORSRFRM acyl-CoA oxidase {EMED L5
B, Ffo, EHERAY acyl-CoA oxidase DBz T BEE TidfY 20 {F OEHIH
BH acyl-CoA oxidase H1ED L5 3% &7 (Picataggio et al. 1991, Wang et
al. 1998), AL HIXT LV CoA b L < (ZAENEEDFEMIC X Y acyl-CoA oxidase
OFEEBBFAINI-OTER2VHEEZILATWS, £, E FO#RETFE
BOMYT L Y I5MEE, 7 /b CoA, 7TEFN CoA OEMITHMEE L LTI
ZEDBALNIZAE STV S (Schulz 1991), MEHIY., BEE., BI¥D acyl-CoA
oxidase & B ® acyl-CoA dehydrogenase [H] CHEIL R&TH & ERLT 5 L MBHL
¥ D acyl-CoA oxidaseld 3 DD /34 — T4y L7z (Fig.21), E8#HRRAY acyl-
CoA oxidaselZacyl-CoA dehydrogenase, PTS1 # 4 77 ™ acyl-CoA oxidase I X84
@ acyl-CoA oxidase D7 7  FIEB@E iz, F£/, PTS2 FA 7D acyl-CoA
oxidase T2 < MBOFRFHEEZ R LZ., ZOZ L, PTS2 #A 7O acyl-CoA
oxidase 2 MR B O BERICES LTV A L0 EREXFT 5, Z0OX
1z, FEHHO acyl-CoA oxidase 118D, BRI KL AR DATIIHEHETE
ROVBIEZ O ENTFRENS, ZhODMREEL T, acyl-CoA oxidase
OEEXRBKZEL Z LI, 5%, SFEBOIEVIER B BEFR ORRTIZHE
ICERTHDHEEZTVA, YIEETIH., ZHhETICsB{EABMERIZA

% 2,4-dichlorophenoxybutyric acid (2,4-DB) (Z & 58I X 0 g B(LREEFR
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humanMDH

humanSEDH
humanSDH
humanlVDH
humanLDH
humanVLDH

| drabidopsisSOX §
L humanGDH
C.maltosaAQX

S.cerevisiaeADX
ratPRIOX
ratTHCOX

1 ratPALOX
[ frabidopsisACX1E

—

Fig. 21 Phylogenetic tree of acyl-CoA oxidases and acyl-CoA dehydrogenases.

Multiple sequence alignment of the protein sequences was performed using the CLUSTAL W
program,; the phylogenetic tree was constructed according to NJPLOT program. Known acyl-CoA
oxidases and acyl-CoA dehydrogenases were aligned: pumpkin LOX, pumpkin long-chain acyl-
CoA oxidase (GenBank accession No. AF002016); arabidopsis SOX, Arabidopsis short-chain
acyl-CoA oxidase (AB017643); phalaenopsis ACOX, Phalaenopsis putative acyl-CoA oxidase
(U66299); barley AOX, barley putative acyl-CoA oxidase (AJO01341); arabidopsis ACX 1, 2,
Arabidopsis acyl-CoA oxidase homolog (AF057044, AF057043); rat PRIOX, rat pristanoyl-CoA
oxidase (X95188); rat PALOX, rat palmitoyl-CoA oxidase (P07872); rat THCOX, rat
trihydroxycoprostanoyl-CoA oxidase (X95189); 5. cerevisiae AOX,Saccharomyces cerevisiae
acyl-CoA oxidase (P13711); C. maltosa AOX,Candida maltosa acyl-CoA oxidase (P05335);
Human VLDH, Human very long-chain acyl-CoA dehydrogenase (D43682); Human LDH, Human
long-chain acyl-CoA dehydrogenase (M74096); Human MDH, Human medium-chain acyl-CoA
dehydrogenase (M16827); Human SDH, Human short-chain acyl-CoA dehydrogenase (M26393);
Human SBDH, Human short/branched-chain acyl-CoA dehydrogenase (U12778); human GDH,
human glutaryl-CoA dehydrogenase (U69141); human IVDH, human isovaleryl-CoA
dehydrogenase (M34192).

The proteins from higher plants are indicated background of shadowing.
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thiolase Rl7 FEFF L ADA S J—= VT Zh LTV 5 (Hayashi et
al.1998), Z O thiolase KB Tlx~A 7 o RF 4 RICBTEEOEVHHD
HHPBRBEINTVWD, ZhiZEVERBB{IEOPHAMED TIX2VhiE
ZbhTWa, ALAZ V—=r/0hEEAVvTEH., S#HFEM acyl
CoA oxidase Bz TF acyl CoA synthetase RIiBRO A7 V—= T RUGZ T 54
Ik 2 B RBEROERERKDRAZ YV —= 0 VL RAD I LERMLT
W3, £, EHERM acyl-CoA oxidase, SHEHHF A acyl-CoA oxidase @ in
vivo TORIT 21T 5 7e®iz, T7EFTYRACBNWTT »FE U ABHEER
M EENPTHD, BE REFREONBERTHL N, HFESOMH
NTWHE, FPOFMTOHEIPERCLRVWERRONS, BHFFRA acyl-
CoA oxidase, FHEHFFRM) acyl-CoA oxidase DRHIP X 2 o FERHIEHR
EREONHE, BPOEOMOMMP CORBEEREZ DT 5 FET
b5, o, BEORETHEEEO L 512, acyl-CoA oxidase TEHERE{L L T
WRWHRI TS Z L 2EHBEIL TS,

Zhb Ok~ 2T EE L TR BRN, IEIE 8 BLROBSHYICE
i1 5 A EOBRRUHELFEORE. BERO=A 2 afT 1+ OBEEROD
FFEEORAICRRT 5 L2 MFL TV D,
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PHEF

AMEERITT DY, BIETHERE TR V& E LA RER
IR Bz LET, Eio, RSN R TE, THNONEE E LIGKED
FILEL BB W LET, EBGER, WABFKICIAEEE, NKET I /B
TR LW E, BEWELET, AATRSHEEOTEEL T ES
BELTWeEEE LEmmMt, 72, £FEERRO THEERTEH acyl-CoA
oxidase DA T A53#7 % L TV =72V 7z Luigi De Bellis i HIZ@@W = LET, £k,
AE. CHEEZVEREEELEAH W ZHERE, BHRAEBFEXILOHRED
e, FHoLIEFILBHELET., BIFKORMAETH S ILBEREERLICT
DFNCE VA RHERICDSTFES o Z LIRS BEH N ZLET,

BEIC, BIZHORE»bXEZTTEofE, RBICLhbBH=LET,
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A c¢DNA clone for pumpkin acyl-CoA oxidase (EC
1.3.3.6; ACOX) was isolated from a Agtll eDNA library
constructed from poly(A)" RNA extracted from eticlated
cotyledons. The inserted ¢cDNA clone contains 2313 nu-
cleotides and encodes a polypeptide of 690 amino acids.
Analysis of the amino-terminal sequence of the protein
indicates that the pumpkin acyl-CoA oxidase protein is
synthesized as a larger precursor containing a cleavable
amino-terminal presequence of 46 amino acids. This pre-
sequence shows high similarity to the typical peroxiso-
mal targeting signal (PTS52). Western blot analysis fol-
lowing cell fractionation in a sucrose gradient revealed
that ACOX is localized in glyoxysomes. A partial purifi-
cation of ACOX from etiolated pumpkin cotyledons in-
dicated that the ACOX ¢DNA codes for a long chain
acyl-CoA oxidase. The amount of ACOX increased and
reached to the maximum activity by day 5 of germina-
tion but decreased ahout 4-fold on the following days
during the subsequent microbody transition from
glvoxysomes to leaf peroxisomes. By contrast, the
amount of mRNA was already high at day 1L of germina-
tion, increased by about 30% at day 3, and faded com-
pletely by day 7. These data indicated that the expres-
sion pattern of ACOX was very similar to that of the
glyoxysomal enzyme 3-ketoacyl-CoA thiclase, another
marker enzyme of the f-oxidation spiral, during germi-
nation and suggested that the expression of each en-
zyme of f-oxidation is coordinately regulated.

There are at least three types of microbodies in higher plants
{glyoxysomes, leaf peroxisomes, and unspecialized microbod-
ies) that are distinguishable by their enzyme complements {1,
2), During the postgerminative growth of pumpkin seedlings
and upon exposure to light, etiolated cotyledons turn green; at
the same time, a functional transition from glyoxysomes to leaf
peroxisomes occurs (3, 4), In fat-storing seeds of plants such as
pumpkin, lipid bedies are present in seed cells that store tri-
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acylglyeerols, which are subsequently converted to fatty acids
by lipase. Fatty acids represent the main energy and carbon
spurees for germinating seedlings. In glyoxysomes, fatty acids
are degraded to acetyl-CoA via the fB-oxidation pathway, and
acetyl-CoA is metabolized by the glyoxylate eyecle bypassing the
decarboxylating steps of the Krebs eycle. We have shown pre-
viously that the expression of glyoxysomal enzymes and leaf
peroxisomal enzymes are regulated not only at the transcrip-
tional level but also at the posttranseriptional level during the
microbody transition (5, 6). The gene expressions of the en-
zymes of the B-oxidation and glyoxylate cycles seem to be
coordinately regulated. In a recent paper, we reported the
nucleotide and deduced amino acid sequences of the ¢cDNA for
3-ketoacyl-CoA thiolase (7). The time eourse for thiolase mRENA
and thiclase levels during germination and postgerminative
growth implied that the regulation of expression of this enzyme
is similar to that of glyoxylate cyele enzymes, eg. malate sym-
thase (8) and citrate synthase (9. The glyoxysomal f-oxidation
gpiral consiztz of three different proteins: acyl-CodA oxidase
(ACOX)' enoyl-CoA hydratase/3-hydroxy acyl-CoA dehydro-
genase (bifunctional protein), and 3-ketoacyl-CoA thiclase
(thiolase). ACOX converts acyl-CoA into trans-2-enoyl-Cod in
the first step of the S-oxidation spiral and corresponds to the
acyl-CoA dehydrogenase present in mitochondria of mamma-
lian eells. Both enzymes are flavoproteins, Some plant ACOXs
have been purified and characterized (10, 11) and have been
shown to have different substrate specificities (for long, me-
dium, and short chain acyl-CoAs, respectively). To further in-
vestigate the f-oxidation enzymes at the molecular level, we
cloned a cDNA coding for a long chain ACOX, which is loecalized
in glyoxysomes, Here, we report the nucleotide and deduced
amino acid sequences of the cDNA. Developmental changes in
the level of mENA and protein were also determined in pump-
kin cotyledons during seed germination and subsequent post-
germinative growth.

EXPERIMENTAL PROCEDURES

Plant Materials—Pumpkin {(Cucurbita sp. Kurokawa Amakuri)
seeds were purchased from Aisan Seed Co. (Aichi, Japan). Seeds were
soaked in running tap water overnight and germinated in Rock-Fiber
soil (G6R, Nitto Boseki, Chiba, Japan) at 25 °C in darkness. Some
seedlings were transferred to light after 5 days.

Construction of the Agtll eDNA Library—Total RNA was extracted
from eticlated cotyledons of 4-day-cld dark-grown seedlings by the
SDS-phenol method, PolyA)* RMA was prepared by column chroma-
tography on oligaldT) cellulose (Becton Dickinson). cDMNA transcribed

! The sbbreviations used are; ACOX, acyl-CoA oxidase; PTS, peroxi-
gomal targeting signal; thiolase, 3-ketoacyl-CoA thiolase;, PRISCOX,
pristanoyl-CoA oxidase; MOPS, 3-{N-morpholinolpropanesulfonic acid;
PAGE, polyacrylamide gel electrophoresis,
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from the paly(A)” RNA was constructed wsing the Agtll system
(Amersham, Tokyo, Japan).

Amino Acid Sequence Analysis—Determination of the amino-termi-
nal sequence of glyoxysomal acyl-CoA oxidase was performed essen-
tinlly s deseribed by Matsudaira (12). Isolated glyoxysomes were sub-
jected to SDS-PAGE and proteins were transferred to a polyvinylidens
difluoride membrane (Problot, Applied Biosystems, Chiba, Japan). The
membrane was stained with Coomassie Blue, and the band correspond-
ing to acyl-CodA oxidase wag cut out with a vazor blade. Protein sequenc-
ing was performed by automated Edman degradation in a protein
sequencer (model 4734, Applied Biogystems).

Sereening and Sequencing of ¢DNA—A full sequence of pumpkin
acyl-Cod oxidase was obtained hy polymerase chain reaction employing
5.CACACGGAGATTCAAGA-Y and 5-TCGGATCGAATGTAGCT-3
ag tho sense and antisense primers, respectively. The amplified DNA
fragment was used as probe for the following experiment, Serecning
and plaque hybridization were performed by the standard technigues,
The ingert of the isolated phage clone was subcloned into the plasmid
vector Bluescript 11 SK(-) {Stratagene). A series of umdirectional de-
letion clones was constructed with a deletion kit (Takara Shuzo, Kyote,
Japan), and DNA sequencing was performed by the method of Sanger
et al. (13). DNA sequences were analyzed with GeneWorks Release 2.2
computer software {IntelliGenetics, Mountain View, CA). The BLAST
gerver was utilized for the analysis of hemologies among proteins
Alignment of severa] acyl-CoA oxidases was performed using Clustal W
software {141,

Preparation of a Specific Antiserum—The pumphkin acyl-CoA oxidase
¢DNA was inserted into pET32b vector (Novagen, Madisen, WIIL. A
fusion protein between acyl-CoA oxidase and a histidine tag was syn-
thesized in Escherichia coli cells and purified by column chromatogra-
phy on Ni* “-pesin, The purified protein in 1 mi of sterilized water was
emulaified with an equal velume of Freund's complete adjuvant
(DIFCO, Detroit, M1). The emulsion was injected subcutanesusly on the
back of a rabbit. Four weeks later, a booster injection (about 0.25 myg of
protein) was similarly given to the first injection. Blood was taken from
a vein in the ear 7 days after the second booster injection. The serum
was used for immunoblotting.

Hydrophobic Interaction Chromatography—Five-day-old etiolated
pumpkin cotyledons were homogenized at 4 °C with 3 volumes of 150
mM Tris-HCI, pH 7.5, 10 ma KCI, 1 mu dithiothreitol, 10 um FAD, 0.1
mn: phenylmethylsulfonyl flueride, and 10% glyceral. The homogenate
was centrifuged at 15,000 x g for 20 min. To the resulting supernatant,
an equal volume of 50 my sodium phosphate, pH 7.0, containing 3.4 «
{NH,1,80, was added and loaded onto a 1-ml Pharmacia (Uppsala,
Bweden) phenyl-Sepharose high performance HiTrap eolumn. The col-
umn was washed with 50 my sodium phosphate, pH 7.0, containing 1.7
e (NH,),50,. Bound proteins were eluted by increasing the concentra-
tion of 50 mM sodium phosphate, pH 7.0, containing 0% ethylene

lycol.

¥ Subcellular Fractionation—Four-day-old etiolated cotyledons were
hemogenized in & Petri dish by chopping with a razor blade for 5 min in
10 ml of a medium that contained 150 my Tricine-KOH, pH 7.5, 1 mm
EDTA, and 0.5 s suerase, The homogenate was passed through four
layers of cheesecloth. 3 ml of the filtrate was layered onto a sucrose
gradient that consisted of a 1-m cushion of 60% (w/w) sucrose and 11 ml
of a linear sucrose gradient from 60 to 30% without buffer. The gradient
was centrifuged at 25,000 x g for 3 h in an SW 28-2 rotor in an
ultracentrifuge (X1-90; Beckman, Fullerton, CA). After centrifugation,
fractions (0.5 ml each) were collected with an automatic liquid fraction-
ation (ALC-2L: Advantee, Tokyol. All procedures were carried out at
4°C,

Enzyme Assay—Enzyme activities were measured at 25 °C in a 1-ml
reaction mixture and monitored with a Hitachi (Tokyoe) U-2000 spec-
trophotemeter as follows: scyl-CoA oxidase (EC 1.3.3.8) according to
Gerhardt (15}, with the concentration of acyl-CoA substrates reduced to
25 pu; catalase (EC 1.11.1.6) according to Aebi (16); cytochrome ¢
oxidase (EC 1.9.3,1) according to Hodges and Leonard (17).

Northern Blot Hybridization—10 pg of tota]l RNA was extracted fraom
ctiolated pumpkin cotyledens and subjected to electrophoresis on an
agarose gel that contained 0.66 M formaldehyde and 10 mm MOFPS (pH
7.5), RMNA was transferred onto a Hybond N' membrane (Amersham,
Tokye) in 50 mm NaOH and cross-linked by exposure to UV light
{Funa-UV-Linker, FE.800; Funakoshi, Tokyo). The ACOX insert was
excised by digestion with Kpnl and labeled with |o-"PCTP (Amer-
sham) uging a Megaprime DNA labeling kit (Amersham). The mem-
brana was hybridized in 0.5 M sodinm phosphate (pH 7.2}, 1 ma EDTA,
7% SDS, and 1% bovine serum albumin with 1.0 % 10° cpm ml™" of
radiolabeled DNA for 18 h at 42 *C. The membrane was washed in S50
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buiferi. 1% SD3 for 15 min, in 0.1x 88C/0,1% SDS for 15 min, and in
S5C buffer at 60 *C twice for 15 min each. X-ray film was exposed to the
wished membrane, and radioactivity was measured on the imaging
plate of a Biolmaging analyzer (FUJIX BAS 2000; Fuji Photo Film,
Tokyo) alter an 18-h exposure.

Western Blet Hybridization—Pumpkin cotyledons were homogenized
in extraction buffar (01 & Tris-HC1, pH 8.0, 1 my EDTA, 1 my phen-
ylmethylsulfonyl fluoride, 0.1% 5081, the homogenate was centrifuged
at 15,000 = g for 20 min, and the supernatant was subjected to SDS-
PAGE. Then, an immunoblot analysis was performed by the method of
Tuwhin et al. (18). Immunologic reactions were detected by monitoring
by activity of horgeradish peroxidase (ECL system; Amersham) or of
alkaline phosphatase (Organon Teknika, West Chester, PA). The inten-
sity of the signal was quantitated with a densitometer. The antizserum
against thiolase was prepared a3 described previously (5). Protein was
quantitated with a protein assay kit (Mippon Bio-Rad Laboratories,
Tukjﬂ]].

RESULTS

Cloning and Charactevization of a ¢DNA for acyl-CoA Oxi.
dase—Initinlly, we isolated glyoxysomal membranes from
pumpkin cotyledons from seedlings grown in the dark for 5
days. The membranes were treated with 0.1 M NaCO;. The
soluble proteins were separated by SDS-PAGE and blotted
electrophoretically onto a polyvinylidene difluoride membrane.
Polypeptides were stained with Coomassie Brilliant Blue, and
a protein band of approximately 73 kDa was cut out and sub-
jected to protein sequencing by automated Edman degradation.
The amino-terminal amino acid sequence (AAGKAKAKIEVD-
MGSLSLYMRGKHREIQERVFEYFN) was used to design de-
generate primers; a 1.6-kilobase pair DNA fragment was ob-
tained by polvmeraze chain reaction using a ¢cDNA library
produced from 5-day-old etiolated pumpkin cotyledons as a
template. The DNA fragment showed a high similarity with
ACOX from animals. Then, the fragment was used as a probe to
screen a Agtll cDMA library from 4-day-old etiolated pumpkin
cotyvledons, Several positive recombinant phages were recov-
ered, including one containing the longest insert of approxi-
mately 2.4 kilobase pairs.

The nucleotide sequence for the putative pumpkin ACOX
cDNA is presented in Fig. 1. The total length 1s 2313 base pairs,
with an open reading frame of 2073 base pairs encoding a
polypeptide of 630 amino acids and with a deduced molecular
mass of 77,319 Da. Amino-terminal sequencing indicated that
the molecular mass of the mature protein is 72,414 Da (Fig. 1),
In the figure, the presequence is double underlined. Moreover,
a putative flavin mononucleotide binding motif seems to be
prezent from amine acid 447 to 462 (dotted line in Fig, 1) (19
and a putative cAMP/eGMP-dependent protein kinase phos-
phorylation zite at amino acids 512-515 (20). The calculated
amino acid composition of the mature protein is similar to that
reported for the purified cucumber acyl-CoA oxidase (100 except
for a few amino acids (data not shown).

Comparison of Pumpkin ACOX with Related Proteins—The
polypeptide encoded by the pumpkin ACOX ¢cDNA shows the
highest sequence identity (T6%), with a putative Phalaenopsis
ACOX. The cDNA clone of Phalaenopsis was isolated as one of
senescence-related genes in Phaloenopsis petals (21) and was
not characterized in detail. The identity with ACOXs from
animal sources is ahout 30%, eg. 30% with rat pristanoyl-Co&
oxidase, 29% with rat trihydroxycoprostanoyl-CoA oxidase, and
28% with rat palmitoyl-CoA oxidase. This led Do and Huang
(21) to postulate that the Phaloenopsis cDNA codes for an
ACOX.,

The sequences of pumpkin ACOX, Phalaenopsis ACOX, and
rat pristanoyl-CoA oxidase (PRISCOX) are aligned for compar-
ison in Fig. 2, PRISCOX is a peroxizsomal protein that oxidizes
the CoA-esters of 2-methyl-branched fatty acids, e.g. pristanie
acid, and straight long chain acyl-CoAs (22). Pumpkin ACOX
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ckockactggttEgegattgacay
ATGGCATCACCOOOACARCCARARTCOGACGGCOAAGEATIAATCTCARGEAGCCECCCGACEAATCGAACGECTATCTTTACACCTGACT 11]
% A 8 FP @ E P N R T AL E O B A AL A R R I E R L 5 L KL T 1a
COGATTCCCCTTZATEAT TCGC AGCGGGTGGAGAT GOAANCCTEC GCOCCOGGOAMGTIARGECCARARTCOAAGTGEGATATCOGEAGT 103
P B L D .1 v A A G K A E A K I E ¥ OO H G 5 L]
TTATCACTETATATEACOGOGARACAC AGGGAGAT TCAAGAGCOAGTAT T IGAGTACTTCAATTCOAGGCCTOGRATTGCAGACGCCRETS 2573
L & L Y M R & XK H R E T 9 £ A ¥V F E Y F H 8 R P EL Q TPV a
GeEATCTCCAT GGCCOATCATCGEGAGC TCTaTAT GARG AT TGO TACGTCT GO TCAGGGANGCCOGAATTAGRCCOTTTAGSTTTSTT 383
4 I 8 R A DA R B L C X K ¢ L Vv 0L V¥ R EAGE@aTITRUPTFTSRUPEFYV 120
AATGAAGATCCTGC T AAGTATTTCGC TATTATORAGOCTOT TOGANGTCTRAATGTCTCTCTCOCCATTAAMATGGGCOGTCOAGTTCAGT 47
N E D P A K YT F A I HE AV @ 8 VvV DV 8 L AMTITUZEMXKGVY QQ F 8 150
CTATGEGETGCTCTGTCATC AT TTAGIAACCAAAMAGCACATATACAGATTCTTTOATGATATTCACAATGTGOATTATCCTGEETGE 563
L W ¢ 8 8 VI N L 4 T K XK R R DRTFTPFDGQTIODNKWVYD Y P G C 180
TTTGCTATGACTGAACTTCAT AT GO TCARACGTTCAGGATCTCCARACARCAGCTACATTCOATCCGATCACGOACOAATTCATTATC 653
F A M T E L R R ¢ 8 W YV ¢ @ L g T T A T F O F I ¥ 0D EVF I I 210
AATACACCAANTCACGHAGCCATCARA TGO THEATTGGC AATGCTGCAGTTCACGEC ANGT TTGOCACGETTTTOOC TAMGCTCOTOTTS 743
R T P W D @ A I E W W I @ B M A VvV AR @ K F ATV F A E L ¥V L 40
COARCTCATOATTC T AGAAAGAC T ECTEATATGAGCOTCCATGCTTICATTET TCCAATAAGAGATC TCARGTCTCATAARACACTTCCA 833
P T H D 8 R KT A P MG VY E A F I ¥ P I R DL K B8 HETUZL P 270
GOAATT GAAATCCATGAT TGTHGETACARGOTAGGCCTCAAT GG TCTCGATAATROAICOTTEAGATTCCGTTCAGTAAGANTTCOCACGA 923
% I E I ¥ p ¢ ¢ HW X v ¢ L H 4 ¥ D W ¢ A L R F R &8 ¥V R I F R 00
GATAATCTCCTCAATCOATT TOOAJAGGTATCCCGERGACGHEARGTATARGAG TAGTCTACCATCTATCARATARARGATTTGCAGOARCK 1013
P W L L H R F @ BE ¥ 8 R D @ K Y K & 8 L P 8 I ¥ KERUPFLAULKT 30
TTAGGAGAACTTGTAGGTGEARAGAGTTCOCTAGCATATTCT TCAGC TASTFT T TTARGATTOC TTCCACATTGCTATTCOTTATTCS 1103
L @ E L VvV & @8 A ¥ § L ALY 38 B A B VvV L E I A 8T I AIBRY 8 30
CTGTTOCOCCACCASTTTEECCCACCAARGCAGCCTGAA ST AGTATTT TGEATT ACCAGTCTOAGCAGCRC AMAGCTTATGCCAATGETS 1193
L L R @ @ F @ P P K g P E ¥V 5§ I L D Y Q 858 Q9 0 H E L M P M L 3%
BT TCAACT TAC OO T T CATTTCTC T A T AT G AR C T T O T CEAARAGTATECACAGATGARGAAGACTCATCATOAMGARCTACTTGGA 1283
A B T Y A F Hr 8 TH gLV EE Y A Q NEKUZETHRTDLDETETLYV G 420
GATGTGC ACGCOTTAT OGO A OO TC ARG TTACOTTAC T TC TTACACGRO GAMM TCCTTAAGTACCTGOAGGOARGECTOTGAOGGE 1371
D ¥y AR AL #&# A G L K A ¥ ¥V T 8 ¥ T A KGEILS T OCREATCEC G G 450
CATGGAT ACGC TG TG T e AATC GO T TC B TACTC T TAGEAACBATCACGACATTT TCCAGACTT TTOARGCAGACAATACTGTTCTTOTA 1463
_H_4G_Y A ¥ ¥ W R ¥ ¢ T L R N P DI F QTUPFEGDNWTV L L 480
CARCAGGTTGCAGCCTACCTCTTGAAGCAATACCAGGAGAM TTTC AAGITRIGACACTTECAGT TACATSGAMCTACCTGOOAIAGTCO 1553
¢ 4 ¥ A A YT L L X Q Y g E E F g @ @ T L A ¥ T W K YL RE § 510
ATOAATACATATCTGTCTCANCCGAAT COCOTCAC RO ACGETHGG AANITGCAGAC CATCTCCOMGATCCTAMITTTCASTTAGATICS 1643
H M T Y L §8 @ P W FP ¥V T A R WES A D EBELRDP KEPF gL B K 540
TTCCANTATCOARCITCTCGATTACTTCARN TG T AGCTOTTCOTC TCC SOAMAC AT ACTARARAC CTTGGARGCT TTGOTGCATOOANT 1733
¥ 2 YR T B R L L O 8 ¥ A Y R L R EKEZXTEKUDNILUGSPF G A W R 570
AGATGC CTGAA T AT T T GACTCT T G AG AT CCCACATTGAATCTG T AR T C TCGC TCAGTT TATCOAATC TETACARAGATGTCCC 1023
R £ L ¥ R L L T L A E 8 H I E 8 ¥ I L A @Q F I B &8 ¥V 0 R &€ F 00
AATGCAANTACACAGGCTACTCTGAACTCGTATGCOACCTTTACGCCTTRRATCOMTCTCAAATGACATC GOAACATACCGARATATS 1913
N A W T Q AT L EKEULVV € DL Y ALDRTIWMNDTOGTTRMNV 0
GACTACOTAGC TCCC AR ARAGCARAGGCTATCCACAR GCTC A TEARTATCTATSTTTTCAAGTGAGRARCATCOCACRACARC TROTC 2003
O ¥Y vV A P N K A K A I KR X L TE Y L € F @Q v R NI A Q E L ¥V &80
GATGCATTCOATC TTCCAOATCA TG TAMS TC R GCACCCATC GOANTGARGTCOATGCTTACTC OO AGTACACSCAGTACATCOOATTS 2093
0D AF DL FPDHEH Y TRLALPTIAMNDEKSZEMNATYSS QYT Q ¥ I @ F &0
TGAtagocAAcCCAgtACARRALEgoattCcaaactggaccactgutgagbggttagotaccasaacctocatatcagtabtbgtgatcacky 2183

e

atassAAcEAREgCEgtgtcaatictataccaattgboatgtighobtbgtbctttbottototatgtattgganaagatogagacans 1173

dolla

tasatbgbcaataataagttatatggatgtttacaggaag(poly a)
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Fiz. 1. Nucleotide and deduced amino acid sequences of the pumpkin ACOX cDNA. The amino-terminal amino acid sequence of the
mature protein, as determined by Edman degradation, is single underlined, the putative presequence is double underlined, and the dotted line
marks the putative flavin mononucleotide binding motif, The amine acid residue of the proceszing site is marked with an open box.

and Phalaenopsis ACOX are represented in their mature forms
{putative for Phalaenopsis ACOX). The overall identity of the
amino acid sequences looks low, but it is possible to recognize a
streteh of identical amino acids from amine acids 444 to 488,
This portion alse shows high identity with the amino acid
sequences of rat trihydroxycoprostanoyl-CoA oxidase, rat
palmitoyl-CoA oxidase, and Caenorhabditis elegans acyl-CoA
oxidase (data not shown). In addition, this region includes the
putative flavin monenucleotide binding site (19} and six of the
eight amino acids that represent the acyl-CoA dehydrogenase
protein signature 2 (P52: [QE]-x(2)-G-[GS]-x-G-[LIVMFY]-
2(2)-[DEN]-x{4)-[KR]-x(3)-[DE]) (20). In respect to the acyl-CoA
dehydrogenase protein signature 1 (PS1: [GAC)-ILIVMI-[STI-
E-xi2)-[GSAN]-G-5-D-x(2)-[GSA]) (20), it is possible to find
seven of the nine amino acids in all three sequences of Fig, 2.
This confirms the low homalogy between acyl-CoA oxidases and
acyl-CoA dehydrogenases and suggests that the two protein
stretches are involved in the FAD binding andfor in the binding
with substrate.

Pumpkin ACOX [s Synthesized as a Larger Precursor—Some
peroxisomal proteins are synthesized as larger precursors such
as malate dehydrogenase (23, 24), thiolase (7, 25), and citrate
synthase (9). These precursors are cleaved at a site near the

amino-terminal end of the protein. An amino-terminal se-
quence comparison of the precursor protein with the mature
protein, determined by protein sequencing following SDS-
PAGE, indicates that pumpkin ACOX precursor protein is
cleaved at the carboxyl side of amino acid 45 to give into the
mature protein size. In recent studies, it was shown that the
amino-terminal presequences of peroxisomal proteins also aet.
as peroxisnmal targeting signals (PT32) (26, 27). Fig. 3 shows
the alignment of the amino-terminal regions of pumpkin
glyoxysomal ACOX, Phalaenopsis ACOX, and pumpkin glyoxy-
somal proteins that are synthesized as precursors of higher
molecular mass (malate dehydrogenase (23, 24), citrate syn-
thase (9), and thiclase (7, 25)). However, the cleavage site for
the Phalaenopsiz ACOX has not yvet been confirmed. The tar-
geting eonsensus sequence, R-[UL/GL-x5-H-L, is highly con-
served. Thus, it is suggested that pumpkin ACOX and, by
analogy, Phalaenopsis ACOX contain a PTS2-type targeting
signal.

Activity of ACOX in Etiolated Pumpkin Cotyledons—To con-
firm that the ACOX cDNA actually codes for an ACOX, a crude
extract from 5-day-old etiolated pumpkin cotyledons was sub-
jected to hydrophobic interaction chromatography on a phenyl-
Sepharose column (Fig. 4). Three peaks of ACOX activity were
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Fic. 2. Alignment of amino acid sequences of pumpkin ACOX (pumpkin), Phalaenopsis ACOX (Phaleenopsis), and rat pristanoyl-
CoA oxidase (eat PRISCOX). The region of high homology is wederlined, and asferighs mark amino acids common to the two protein signatures
of acyl-CoA dehydrogenase (protein signature 1 and protein signature 2, respectively).
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Fii. 3. Alignment of the amino-terminal presequence of pump-
kin ACOX with other presequences of microbody proteins that
are synthesized as larger precursors, pumACOX, pumpkin ACOX;
phaACOX, Phalaenopsis ACOX (21); pumMDH, pumpkin glyoxysomal
malate dehydrogenase (241, pumCS, pumpkin glyoxysomal citrate syn-
thase (9); pumTHI, pumpkin glyoxysomal 3-keto-acyl-CoA thiolase (7).
Conserved amino acids are shown in bold. Processing sites of prese-
quences, determined by sequencing of the amino-terminal amino acids
of mature proteins, are shown by arrowheads.

detected. The first peak {circles) was obtained using hexanoyl-
CoA (06} as a substrate and thus indicates the presence of a
short chain ACOX. Two overlapping peaks were obtained with
palmitoyl-CoA (C16) (squares) and decanoyl-Cod (C10) (trian-
gles) as substrates and thus indicate a long/medium chain
ACOX, Western blotting with polyclonal antizerum raised
against the pumpkin ACOX expressed in E. coli (Fig. 4B) shows
clearly that the antiserum recognizes a protein of approxi-
mately 73 kDa only in fractions showing longfmedium chain
ACOX activity. Because it was reported that plant long chain

ACOX has a subunit molecular mazs of approximately 72 kDa
(10}, and the medivm chain ACOX has a subunit molecular
mass of 62 kDa (11), we conclude that the isolated pumpkin
cDNA encedes for a long chain ACOX.

Subeellular Localization of ACOX in Etiolated Pumpkin Cot-
yledons—To investigate the subeellular localization of the
ACOX protein, enzyme activity and immunoblotting analyses
woere performed after fractionation by sucrose density gradient
centrifugation of a pumpkin organelle homogenate (Fig. 5).
Catalase and thiolase were used as glyoxysomal markers, and
eytochrome ¢ oxidase was used as a mitochondrial marker.
ACOX activities were present in the supernatant and the
glvoxysomal fractions, A small peak of activity was also de-
tected in the mitochondrial fractions (namely fraction 11) but
did net overlap with the activity of cytochrome ¢ oxidase. As a
small eatalase activity was present in the fraction, these activ-
ities might be due to the contamination of glyoxysomes. The
immunoblotting analysis confirmed that a protein of 73 kDa,
corresponding to ACOX, is mainly present in the supernatant
and in the glyvoxysomal fractions (Fig. 5B). Interestingly, a
similar pattern was also obtained for thiolase, another B-oxi-
dation enzyme.

Time Course of mRNA and Protein Levels during Germina-
tion in Pumpkin Cotyledons—During greening of pumpkin cot-
yledons, the compaosition of matrix enzymes in microbodies
changes dramatically, glyoxysomal enzymes decrease, and leaf
peroxisomal enzymes are synthesized. Like thiolase, ACOX iz a
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part of the fatty acid f-oxidation spiral. Therefore, we followed
the changes in the level of ACOX and thiolase mRNA and
protein during the postgerminative growth of seedlingz (Figs. 6
and 7). The relative levels of ACOX mBENA in dark-grown
seedlings during the 9-day period after germination are indi-
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Fia. 4. A, separation of ACOX iseenzymes by hydrophobic interaction
chromatography. A crude extract from 5-day-old dark-grown pumpkin
cotyledons was leaded onto a phenyl-Sepharose high performance Hi-
Trap column {1 ml}, and proteins were eluted by increasing the concen-
tration of buffer B (50 ma sodium phosphate, pH 7.0, containing 60%
ethylene glycol) from 0 to 100%. Protein (solid line, Agg,) and ACOX
activities with different substrates thexanoyl-CoA, @; decanayl-CoA, &,
palmitoyl-CoA, W) were determined. The deshed line represants the con-
centration (%) of buffer B. 8, immunodetection of ACCK in fractions from
the hydrophobic interaction chromatography, 25 pl of the fractions indi-
cated were subjected to SDE-PAGE (10°% acrylamide) and immunaoblotted.

A s —

Fic. 5. Subcellular localization of
ACOX in etiolated pumpkin cotyle-
dons. An extract from S-day-old etiolated
cotyledons was fractionated by sucrose
density pradient centrifugation. A, en-
zyme activities {cytochrome ¢ oxidase, ®;
catolase, W, and ACOX, &), Dashed line,
sucrose concentration (wiwl. B, immuno-
logical detection of pumpkin ACOX. 5 ul
from each edd-numbered fraction was B
subjected to SDS-PAGE (10% acrylamide)
and immunoblotted.
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cated by Northern blot in Fig. 64 (fop panell and are quantified
by densitometry (hottom panel). ACOX mRNA levels reached a
maximum after 3 days and thereafter gradually disappeared.
When some of the seedlings were transferred to light after 5
days (middle panel), the pattern did not change. Similar results
were obtained for thinlase mENA (Fig. 6B). Notably, the total
amount of ACOX mRNA was much lower than that of thiolase
mBNA, The ACOX protein levels are shown in Fig. TA, in which
the three panels correspond to the three mRNA panels in Fig,
BA. The curve for the dark-grown scedlings (closed circles,
hottom panel) shows that the peak in the ACOX protein was
delayed with respect to the mRNA peak, reaching a maximum
level at day 5 after germination and subsequently decreasing.
Similar results were obtained for thiolase (Fig. 7). Moreover,
following illumination (open circles, bottom panels), ACOX dis-
appeared more rapidly than thiclase. In general, however, the
two patterns seem to be very similar.

DISCUSSION

In the present study, we report the ¢cDNA sequence of a
pumpkin glvoxysomal long chain ACOX in addition to the
cDNA sequence of a previously reported Phaleenopsis ACOX
i21).

The present results clearly show that the protein encoded by
thiz gene is a plant long chain ACOX. The deduced amino acid
sequences of pumpkin and Phalaenopsis cDNA sequences have
an identity of T68%, indicating that the Phalaenopsis cDNA also
codes for a long chain ACOX, Comparing other ACOXsz, the best
identity (30%) is obtained for the rat pristanoyl-CoA oxidase,
which acts on 2-methyl-branched CoA-esters and straight long
chain acyl-CoAs (22), Mammalian peroxisomes contain three
ACOX izozymes that are not capable of oxidizing acyl-chain
CoA esters of less than 8 carbons. In mammalian cells, the
A-oxidation of short chain fatty acids is accomplished in mito-
chondria, in which aeyl-CoA dehydrogenases act instead of
ACOXs. Three peroxisomal mammalian ACOXs have been
identified; PRISCOX (30% identity), palmitovl-CoA oxidase
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Fiiz. 6. Developmental changes in the level of mRNAs for
pumpkin ACOX (4} and thiolase (B). Top panels, Northern blots of
total RNA from one cotyledon of dark-grown seedlings, RNA was blotted
on a nylon membrane, and then the membrane was allowed to hybridize
with specific probes. Middle panels, Morthern blats of RNA of seedlings
after being transferred to continuous illumination 5 days after the onaet
of germination. Botftom panels, quantification of spot intensites of dark-
grown (@) and light-grown (C) seedlings

{28% identity), which reacts with CoA esters of very long, long,
and medium chain fatty acids (28), and trihydroxycoprostan-
oyl-CoA oxidasze (29% identity), which oxidizes the CoA esters
of the bile acid intermediates dihydroxycoprostanic acid and
trihydroxycoprostanic acid (29). On the contrary, plant peroxi-
somes seem to contain ACOXs that are active on short, me-
dium, and long chain acyl-CoAs (11) and are able to perform a
complete B-oxidation of fatty acids to acetyl-CoA (2). Three
plant ACOX isozymes have previously been purified and char-
acterized. One is from cucumber cotyledons that is active on
long and medium chain acyl-Cofs and that is a homodimer
with subunits of 72 kDa {10). The other two are from maize and
are active on medium and short chain acyl-CoAs, respectively
{11). The former iz a monomeric enzyme of 62 kDa, and the
latter is a homotetrameric enzyme of 15 kDa. Three different
genes seem to code for the three ACOX isoforms, as they have
different subunit molecular weights (11). The report by Hooks
et al. (11) was the first to imply the presence of a short chain
ACOX in eukaryotic cells. Mammalian ACOX isoforms, never-
theless, show slightly different substrate preferences and seem
to have very similar subunit molecular weights of about 75
kDa. Therefore, only the plant long chain ACOX should share

Long Chain Acyl-CoA Oxidase of Pumpkin
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Fiz. 7. Developmental changes in the level of proteins for
pumpkin ACOX (A) and thiolase (B). Top panels, Weatern blots of
0.05% of total homogenate from 10 cotyledons of dark-grown seedlings.
Taotal homogenate was blotted on a nylon membrane, and then the
membrane was allowed to hybridize with specific probes. Middle pan-
els, Western blots of total homogenate of seedlings after being trans-
ferred Lo continuons iNlumination 5 days after the onset of germination.,
Bottom panels, guantification of spot intensites of dark-grown (@) and
light-grown (2} seedlings

common ancestral genes with the mammalian ACOXs,

In the present study, we were able to correlate the sequence
of the isolated ACOX clone with a long chain specific ACOX by
applying an antiserum against the expressed ACON/ histidine-
tagged fusion protein. This antiserum recognized only long
chain and medium chain ACOX activity and not short chain
ACOX activity when pumpkin enzymes were separated by hy-
drophobic interaction chromatography (Fig. 4). The immunore-
active band corresponded to a molecular mass of 73 kDa in
accordance with the calculated molecular mass of mature
pumpkin long chain ACOX (72,414 Da) and with the previous
report of 72 kDa for the cucumber long chain ACOX (10).

The levels of ACOX mBENA do not seem to be greatly con-
trolled by light. The ACOX protein that built up during the
initial 5 days of germination disappeared during the transition
from glyoxysomes to leaf peroxisomes upon exposure of the
seedlings to light. Similar patterns have previously been ob-
served for malate synthase (8) and citrate synthase (9). The
appearance and disappearance of the mRMNAs preceded the
change in the ACOX protein during the microbody transition,
Thus, the ACOX levels seem to be determined at both the
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translational and posttranslational levels.

It is worth noting that pumpkin glyoxysomal long chain
ACOX proteins are synthesized as larger precursors eontaining
a cleavable amino-terminal presequence, namely PTS2 (27,
30), as in the case for some other plant peroxisomal proteins,
such as malate dehydrogenase (23, 24), citrate synthase (9,
and thiolase (7, 25). In all cloned mammalian ACOXs, a car-
boxyl-terminal signal (PTS1} is present, but there is no PTS2
signal (31). This indicates that the plant ACOX import mech-
anism differs from the mammalian one. It has been sugpested
that ACOX is a key enzyme of B-oxidation because it can
control and regulate the flux of acyl-CoAs at the first step of the
f-oxidation spiral (32). Particularly, the long chain aeyl-CoA
oxidase may represent a regulatory peoint considering the fact
that most fatty acids of plant storage lipids are long chain
maolecules. In conclusion, this type of control mechanism could
tightly regulate the long chain ACOX (as the first step of the
B-oxidation cascade), or it could be involved in a coordinate or
differential regulation of the expression of the three ACOX
enzymes in plant tissues (11). To verify such a hypothesis, the
cloning and an expression analysis of the two other ACOXs will
be necessary.

Acknowledgments—We thank Prof. Dr. Claus Schnarrenberger
{Free University of Berlin) for stimulating discussions and helpful
comments on the manuscript.
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Short-chain acyl-CoA oxidases are f-oxidation en-
zymes that are active on short-chain acyl-CoAs and that
appear to be present in higher plant peroxisomes and
absent in mammalian peroxisomes. Therefore, plant
peroxisomes are capable of performing complete f-oxi-
dation of acyl-CoA chains, whereas mammalian peroxi-
somes can perform f-oxidation of only those acyl-CoA
chains that are larger than octanoyl-CoA (Cg). In this
report, we have shown that a novel acyl-CoA oxidase can
oxidize short-chain acyl-CoA in plant peroxisomes. A
peroxisomal short-chain acyl-CoA oxidase from Arabi-
dopsis was purified following the expression of the Ara-
bidopsis ¢DNA in a baculovirus expression system. The
purified enzyme was active on butyryl-CoA (C,), hexa-
noyl-CoA (Cy), and octanoyl-CoA (Cg). Cell fractionation
and immunocytochemical analysis revealed that the
short-chain acyl-CoA oxidase is localized in peroxi-
somes. The expression pattern of the short-chain acyl-
CoA oxidase was similar to that of peroxisomal 3-keto-
acyl-CoA thiolase, a marker enzyme of fatty acid
f-oxidation, during post-germinative growth. Although
the molecular structure and amino acid sequence of the
enzyme are similar to those of mammalian mitochon-
drial acyl-CoA dehydrogenase, the purified enzyme has
no activity as acyl-CoA dehydrogenase. These results
indicate that the short-chain acyl-CoA oxidases function
in fatty acid f-oxidation in plant peroxisomes, and that
by the cooperative action of long- and short-chain acyl-
CoA oxidases, plant peroxisomes are capable of perform-
ing the complete B-oxidation of acyl-CoA.

Dilseed plants convert reserve oil to sucrose after germina-
tion. This unique type of gluconeogenesis oceurs in the storage
tissues of oilseeds, such as endosperms or cotyledons (1). The
metabolic pathway involves many enzymes in several subcel-
lular compartments, including lipid bodies, glyoxysomes (a spe-
cialized peroxisome), mitochendria, and the eytosel. Within the
entire gluconeogenic pathway, the conversion of a fatty acid to
succinate takes place within the glyoxysomes, which contain
enzymes for fatty acid B-oxidation and the glyoxylate cycle.
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Glyoxysomes and leaf peroxisomes are members of a group of
organelles called peroxisomes (21, In glyoxysomes, fatty acids
are first activated to fatty acyl-CoA by fatty acyl-CoA synthe-
tase (3). Fatty acyl-CoA is the substrate for fatty acid S-oxida-
tion, which consists of four enzymatic reactions (4). The first
reaction is catalyzed by acyl-CoA oxidase. The second and third
enzymatic reactions are catalyzed by a single enzyme that
possesses enoyl-CoA hydratase and g-hydroxyacyl-CoA dehy-
drogenase activities (5). The fourth reaction is catalyzed by
3-ketoacyl-CoA thiolase (referred to as thiolase below) (6L
Acetyl-Cod, an end product of fatty acid g-oxidation, is metab-
olized further to produce succinate by the glyoxylate cycle.

In mammalian cells, both peroxisomes and mitochondria
contain a functional fatty acid f-oxidation system. In peroxi-
gomes, the first enzyme of fatty acid B-oxidation, acyl-CoA
oxidase, donates electrons to molecular oxygen, producing hy-
drogen peroxide (7). Mammalian peroxisomes oxidize long-
chain fatty acids, but are inactive with fatty acids shorter than
octanoic acid (Cg). This is mainly the consequence of the exclu-
sive presence of long-chain acyl-CoA oxidases and the absence
of acyl-CoA oxidases that are active on short-chain aeyl-CoAs.
In contrast, mammalian mitochondria are capable of complete
oxidization of fatty acids to acetyl-CoA (8); the first step of fatty
acid g-oxidation iz accomplished by long-, medium-, and short-
chain acyl-CoA dehydrogenases, and electrons generated by
the dehydrogenases are transferred to the mitochondrial res-
piratory chain. By analogy, Thomas and co-workers (9-11)
have postulated the existence of plant mitochondrial B-oxida-
tion, but the presence of acyl-CoA dehydrogenase was not in-
vestigated or not detected (12). In contrast, data reported by
Gerhardt and co-workers (13-15) have suggested that glyoxy-
somes in plants can completely metabolize fatty acids to
acetyl-CoA.

We have previously reported the existence of an acyl-CoA
oxidase that is active on long-chain acyl-CoA in glyoxysomes
(16). In the present study, we report evidence that glyoxysomes
contain another acyl-CoA oxidase that can metabolize short-
chain acyl-CoA. We also discuss the unigque features of fatty
acid B-oxidation accomplished by these aeyl-CoA oxidases in
plant cells.

EXPERIMENTAL PROCEDURES

Plant  Matericls—Pumpkin  seeds  (Cucurbita sp.  Kurokawa
Amakuri} were purchased from Aisan Seed Co. (Aichi, Japan), Pumpkin
seeds were soaked in running tap water overnight and germinated in
Rock-Fiber soil (66K, Mitto Boseki, Chiba, Japan) at 25 *C in darkneas,
Arabidopsis thalinna ecotype Landsberg erecta seeds were surface-
sterilized in 2% NaClO and 0.02% Triton X-100 and grown on growth
medium (2.3 mpg'm] Murashige-Skoog salts (Wako, Osaka, Japan), 1%
sucrese, 100 pgm] myoinositol, 1 pgfml thiamine HCL, 0.5 pgfml pyri-
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doxine, 0.5 pg'ml nicotinic acid, 0.5 mg/ml Mes"-KOH, pH 5.7, and 0.2%
Gellan gum (Wakel) in Petri dishes. Arabidopsis seeds were soaked in
growth medium and germinated at 22 °C under continuous illumina-
tion or under darkness, and some of Arabidopsis seedlings were trans-
ferred to light alter 4 days of growing in the dark. Some seedlings that
were grown under continuous illumination for 2 weeks on growth me-
dium were transferred to a 1:1 mixture of perlite and vermiculite.
Plants were grown under continuous illumination at 22 *C.

Plasmids—The cONA clone (GenBank™' accession number T46525)
was obtained from the Arabidopsis Biological Resource Center {Ohio
State University, Columbus, OH) DNA sequencing was performed by
the method of Sanger ef al, (17). DNA sequences were analyzed with
GeneWorks Releage 25 computer software (IntelliGenetics, Mountain
View, CA). The BLAST server was utilized for the analysis of homolo-
gies among proteing, Alignment of several acyl-Cod oxidases and acyl-
CoA dehydrogenases was performed uging CLUSTAL W software (18).

Preparation of a Specific Antiserum—The Arabidopsis ¢DNA was
inserted into pET32h vector (Movagen, Madison, WT), A fusion protein
between short-chain acyl-CoA oxidase and a histidine tag was synthe-
gized in Escherichia coli cells and purified by column chromatography
on Ni** resin. The purified protein (~0.5 mg of protein) in 1 ml of
sterilized water was emulsified with an equal volume of Freund's com-
plete adjuvant (Difeo). The emulsion wag injected subcutanecusly into
the back of a rabhit. Four weeks later, a booster injection (~0.25 mg of
pratein} was given similarly to the first injection, Blood was taken from
a vein in the ear 7 days after the second booster injection. The serum
was used for immunoblotting.

Expression of Recombinant Short-chain Acyl-CoA Oxidase from In-
sect Cells—Short-chain acyl-CoA oxidase was produced employing the
baculovirus expression system from Invitrogen (San Diego, CA) follow-
ing the manufacturer's protocols. The system includes Spodoptera fru-
giperda (Sf9) as the insect cell line, pBlueBac 4.5 (19) as a transfer
vector, and engineered baculoviral Aufographe californica multiple
polyhedrosia virus {Bac-N-Blue DNA} az an expression vector. In hrief,
the short-chain acyl-CoA exidase cDINA was inserted into the pBlueBac
4.5 transfer vector and cotransfected together with linearized baculo-
viral Bac-N-Blue DNA in insect cells. Hecombinant viruses were puri-
fied from the transfection supernatant by plague assay on medium
containing S-bromo-4-chlore-3-indelyl f-n-galactopyranoside, and re-
combinant plagues were verified by polymerase chain reaction. After-
ward, a high-titer recombinant viral stock was generated, and following
a time course of expression experiment, the optimal expression time
was determined. The recombinant protein expression levels were opti-
mized, and a large-scale expression of recombinant protein was
performed.

Purification of Recombinant Short-chain Acyl-CoA Oxidase from In-
sect Cells—Log-phase growing 59 cells in 20 75-em® flasks were in-
fected with recombinant viral stock at a multiplicity of infection of 10.
Four days after infection, the cellz were dislodged from the flask walls
and centrifuged at 500 x g for 5 min at 4 °C. The cell pellets were
washed with phosphate-bulfered saline, gently suspended in buffer A
(50 mi sodium phosphate, pH 6.7, 10 ma NaCl, 100 ug'mg phenyl-
methylsulfonyl fluoride, 10 pv FAD, and 10% glycerol), and lysed by
three bursts of senication (3 % 1 min at 30-min intervals on ice). After
centrifugation of the sample at 15,000 = g for 30 min, the supernatant
wis dialyzed against buffer A and loaded on a HiTrap 5P column
{Amersham Pharmacia Biotech, Tokyo, Japan). Proteing were eluted
with a gradient of 10-500 my NaCl in buffer A, and fractions of 0.5 m]
were ¢eollected. Fractions with high short-chain acyl-CoA oxidase activ-
ities were pooled and concentrated using Centricon 30 concentrators
tAmicon Ine., Beverly, MA) and then loaded on a Superosze 12 HR 10430
eolumn (Amersham Pharmacia Biotech) equilibrated with buffer B (10
mm sodium phosphate, pH 7.2, 250 mu NaCl, 10 pM FAD, and 10%
glycerol). Proteins were eluted with buffer B, and fractions of 0.5 ml
were collected and analyzed for the presence of acyl-CoA oxidase
activity.

Subcellular Fractionation—Four-day-old pumpkin eticlated cotyle-
daons (15 g, fresh weight) were homagenized in a Petri dish by chopping
with a razor blade for 5 min in 10 ml of 2 medium that contained 150
m# Tricine-KOH, pH 7.5, 1 mp EDTA, and 0.5 & sucrese. The homo-
genate was passed through four layers of cheesecloth, Three ml of the
filtrate was layered onto a suercse gradient that consisted of a 1-ml
cushion of 60% (w'w) sucrose and 11 ml of a linear sucrose gradient

! The abbreviations used are: Mes, 4-morpholineethanesulfonic acid,;
Tricine, V-[2-hydroxy-1,1-bisthydroxymethyllethyllglycine; PTS, perox-
isomal targeting signal; P3, protein signature.
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from &0 to 30% without buffer. The gradient was centrifuged at 21,000
rpm for 3 h in a Beckman 3W 28.1 rotor in a Beckman Model XL-20
ultracentrifuge. After centrilfugation, fractions of 0.5 ml were collected
with a gradient fractionator (Model 185, Isco Inc., Lincoln, NE) All
procedures were carvied out at 4 *C. Subeellular fractionation of Ara-
hidopsiz etiolated cotyledons was performed as follows. One-hundred
mg of seeds ( ~5000 seeds) was grown on growth medium for 5 days in
darkness at 22 *C. Etiolated cotyledons were harvested and chopped
with a razor blade in o Petri dish with 2 ml of chopping buffer (150 mu
Tricine-KOH, pH 7.5, 1 ma EDTA, 0.5 M sucrose, and 1% bovine serum
albumin), The extroct was then fltered with a cell strainer (Becton
Dickinson Labware, Franklin Lakes, NJ). Two ml of the homogenate
was layered direetly on top of a 16-ml linear sucrose density gradient
(30 -60%, wiw] that contained 1 my EDTA. Centrifugation was per-
formed in the 5W 28.1 rotor at 25,000 rpm for 2.5 h at 4 °C. Fractions
of 0.5 m] were collected with the gradient fractionator.

Immunocieetron Microscopy—Arabidopsis etiolated cotyledons were
harveated after 3 days in darkness, The samples were fixed, dehy-
drated, and embedded in LR white resin (London Resin, Basingstoke,
United Kingdom) as described previously (20, 21). Ultrathin sections
were cut on a Reichert ultramicrotome (Leica, Heidelberg, Germany}
with a diamond knife and mounted on uncoated nickel grids. The
protein A-gold labeling procedure was essentially the same as that
deseribed (20, 21). Ttrathin sections were incubated at 4 *C overnight
with a solution of catalase antiserum (diluted 1:1000) and then with a
30-fold diluted suspension of protein A-gold (10 nm for catalase; Amer-
sham Pharmacia Biotech} at room temperature for 30 min. A solution of
short-chain acyl-CoA oxidaze antiserum (diluted 1:1000) was added to a
200-fold diluted biotinylated species-specific whole antibody and incu-
bated at room temperature for 1 b and then with a 20-fold diluted
suspension of streptavidin-gold (15 nm for gshort-chain acyl-CoA oxi-
dase; Amersham Pharmacia Biotech) at room temperature for 30 min.
The sections were examined with a tranamission electron microscope
(1Z200EX, Joel, Tokya) at B0 kV.

Ernzyme Assay and Iscelectric Forusing—Enzyme activities were
measured at 25 °C in 1 m] of reaction mixture and monitored with a
Becikman DUL-TS00 spectrophotometer. Acyl-CoA oxidase (EC 1.3.3.6)
was assayed according to the method of Gerhardt (22}, with the con-
centration of acyl-CoA substrates reduced to 25 M, Acyl-CoA dehydro-
genase ([EC 1.3.99.3) was assayed according to Dommes and Kunau (23)
and Furuta ef al. (24), Catalase (EC 1.11.1.6) was assayed according to
Aebi (25). Cytochrome ¢ oxidase (EC 1.9.3.1) was assayed according to
Hodges and Leonard (26), Isoelectric focusing was performed at 15 *C
uging & Multiphor IT electrophoresis system and Immobiline Dry Strip
gels (Amersham Pharmacia Biotech) according to the manufacturer's
inatructions,

Western Blot Hybridization—Arabidopsis and pumpkin cotyledons
were homopgenized in extraction buffer (0.1 M Tris-HC], pH 8.0, 1 mu
EDTA, 1 mum phenylmethylsulfonyl fluoride, and 0.1% 5D5); the homo-
genate waz centrifuged at 15,000 x g for 20 min; and the supernatant
was subjected to SDS-polyacrylamide gel electrophoresis. Immunoblot
analysis was then performed essentially following the method of Tow-
bin et al. (27). Immunologic reactions were detected by monitoring
horseradish peroxidase activity (ECL system, Amersham Pharmacia
Biotech). Thiolase (28), castor bean isocitrate lyase (29), and pumpkin
catalase (30) antisera were prepared as deseribed previously. Protein
was quantitated with a protein assay kit (Nippon Bio-Rad Laboratories,
Tokyol.

RESULTS

Identification of a Short-chain Acyl-CoA Oxidase cDINA—As
result of a similarity search with a long-chain acyl-CoA exidase
(16} in a DNA data base, we found a putative Arabidopsis
acyl-CoA dehydrogenase eDNA® and the availability of another
homologous cDNA clone (EBUGenBank™ accession number
T46325, AB0O1T643) in the Arabidopsis Expressed Sequence
Tag data base. We received the latter from the Arabidopsis
Biological Resource Center and fully sequenced it. The ex-
pressed sequence tag clone contained an insert of 1.6 kilobazes.
The open reading frame encodes a polypeptide of 436 amino
acids, which corresponds to a molecular mass of ~47 kDa (Fig.
1). Because mammalian acyl-CoA dehydrogenase is a mito-

? Grellet, F., Gaubier, P., Wu, H.-J., Laudie, M., Berger, C., and
Dielseny, M. (1996) EBRIGenBank™ accession number UT2505.
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MAVLSSADRASNEKKVESSYFDLPFMEMSY 30
AFPQATPASTFPPCTSDYYHFNDLLTPEEQ &0
AIREEVRECHEKEVAPIMTEYWEKAEFPFH 30

ITPELGAMGVAGGESIRKGYGCPGLSITANAL 120

ATAEIARVDASCSTFILVHSSLGMLTIALC 150

GSEAQEEKYLPSLAQLNTVACWALTEFDNG 180

SDASGLGTTATEVEGGWEINGQERWIGHNST 210

FADLLIIFARNTTTHQINGFIVEKDAFPGLE 240

ATKIPNKIGLRMVONGDILLOQNVEVPDEDR 270

LPGVHSFQDTSEVLAVSAVMVAWQPIGISM 300

GIYDMCHRYLEEREQFGAPLAAFQLNQOEL 330

VOMLGNVOAMFLHGWRALCELYETGUMTPGE 360

ASLGEAWISSEARETASLGRELLGGNGILA 330

DFLVAKAFCDLEPIYTYEGTYDINTLVIGR 420

EVTGIASFKPATHSRL] 436

Fic. 1. Deduced amino acid sequence of Arabidopsis short-
chain acyl-CoA oxidase, The peroxisomal targeting signal (PTS1) iz
bozed. The GenBank™ accession number for Arabidopsis short-chain
acyl-CoA oxidase is ABD1TE43,

chondrial enzyme, this putative acyl-CoA dehydrogenase was
thought to be localized in plant mitochondria, However, we
failed to find a mitochondrial targeting signal in the amino acid
sequence. Instead, a typical peroxisomal targeting signal
{PT31) was present at the carboxyl terminus (SRL) (Fig. 1,
boxed) (31). Therefore, we postulated that this eDNA encodes a
second acyl-CoA oxidase with a substrate specificity that is
different from that of a known plant acyl-CoA oxidase (16).

Expression, Purification, and Characterization of a Short-
chain Acyl-CoA Oxidase—To confirm that the Arabidopsis
cDNA actually encodes an acyl-Cod oxidase, we expressed the
protein from the ¢DNA employing a baculovirus expression
system. To ascertain whether this expression protein has short-
chain acyl-CoA oxidase activity or not, we found that crude
homogenates obtained from infected insect cells showed acyl-
CoA oxidase activity on hexanoyl-CoA (Cg) (Table I). To purify
the protein expressed by the ¢cDINA, the crude homogenates
were subjected to cation-exchange chromatography on a Hi-
Trap 8P column. Fractions containing high acyl-CoA oxidase
activity were concentrated by ultrafiltration. The sample was
then loaded on a Superose 12 column. The results of the puri-
fication are summarized in Table . Analysis by SDS-polyacryl-
amide gel electrophoresis showed that the protein expressed in
the insect cells and isolated by this purification schemse was
pure (Fig. 24). Fig. 2B shows an immunocblot analysis of the
fractions from each purification step and of an extract prepared
from Arabidopsis etiolated cotyledons using antibedies raised
against this acyl-CoA oxidase. The immunoblot analysis re-
vealed that the molecular mass (47 kDa; arrowheads) of the
purified protein coincided with that of the immunoreactive
protein in Arabidopsis etiolated cotyledons.

As shown in Fig. 3, the purified protein showed oxidase
activity toward acyl-CoAs from butyryl-CoA (C,) to octaneyl-
CoA (Cg). The maximum activity was observed when hexanoyl-

TanLe [
Purification of recombinant Arabidopsis short-chain acyl-Cod oxidase
expressed emploving the baculovirus expression system
Short-chain acyl-CoA oxidase activities were tested with hexanoyl-
CoA as a substrate.

Step Activity  Pratein gfm':; Yield Purification
T uwnits mg unitafmg % ~fold
15,000 * g supernatant  23.5 33 71 100 1.0
Hi Trap 3P 161 0.58 278 B85 a8
Superoze 12 34 0031 1088 145 15.5

A CBB staining B immuneblat
1 2 3 4 1 2 3 4 5

L J
s il
1
|
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Fic. 2. SDS-polyacrylamide gel electrophoresis and immuno-
blot analysis of samples taken at various steps during the puri-
fication of Arabidopsis short-chain acyl-CoA oxidase produced
in the baculovirus expression system. A, SD3-polyacrylamide gel
stained with Coomassie Brilliant Blue dye; B, immunoblot analysis of
polyclonal antibodies raized againat recombinant Arabidopsis short-
chain acyl-CoA oxidase. The arrowheads indicate the bands correspond-
ing to the Arabidopsis short-chain acyl-CoA oxidase. Lane I, homoge-
nate (15,000 * g supernatant) from insect cells infected with the wild-
type baculovirus; lane 2, homogenate (15,000 X g supernatant) from
insact cells infected with the recombinant baculovirus (harboring the
Arebidopsis short-chain acyl-CoA oxidase cDNAY, lane 3, HiTrap SP
column fraction showing short-chain acyl-Col oxidase activity; lane 4,
gel-filtration fraction showing shert-chain acyl-CoA exidase activity;
lare 5, homogenate {15,000 x g supernatant} from 5-day-old dark-
grown Arabidopsis etiolated cotyledons,

25

Activity (unit mg-)
g @ 8

&

n-

2 46 8101214161820 22
Number of C atoms

Fiz. 3. Substrate specificity of Arabidopsis short-chain aecyl-
CoA oxidase produced in a baculovirus expression system. The
activity was monitored employing various acyl-CoAs as substrates at a
concentration of 25 gl

CoA (Cg) was used for the substrate. The K, value for hexano-
¥l-CoA was estimated at 8.3 ps (Table II). No activity was
observed employing crotonoyl-CoA (C,,, an unsaturated car-
boxylic ester) or glutaryl-CoA (a dicarboxylic ester). The en-
zyme was active on isobutyryl-CoA at a concentration of 67 pm
(2.5 unitz/mg). Furthermore, we detected no acyl-CoA dehydro-
genase activity when hexanoyl-CoA (Cg), decanoyl-CoA (Cyg),
and palmitoyl-CoA (C,;) were used as substrates. Theze data
indicated that this Arabidopsis ¢DNA encodes a short-chain
acyl-CoA oxidase.

Gel-filtration chromatography of the short-chain acyl-CoA
oxidase on a Superose 12 HR 10/30 column indicated a native
molecular mass of ~180 kDa (Table II). Because the subunit
molecular mass of the short-chain acyl-CoA oxidase is 47 kDa,
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Tante II
Properties of Arabidopsis short-chain acyl-CoA oxidase
K, and optimal pH values were determined employing hexanoyl-CoA
as a substrate. Acyl-CoA dehydrogenase activily was tested with hex-
anoyl-CoA, decanoyl-CoA, and palmitoyl-CoA as substrates.

Subunit molecular mass 47 kDa
Mative molecular mass 180 kDa
pl 9.5
K. 8.3 ps
Optimal pH 8.5-9.0
Acyl-Cod dehydrogenaze activity Mone

Subcellular localizalion

Peroxisomes

the purified enzyme must be a homotetramer. The highest
activity was observed between pH 8.5 and 9.0. Table II sum-
marizes the characteristics of the short-chain aeyl-CoA
oxidase.

Interestingly, the alipnment of the conserved regions of acyl-
CoA oxidases and acyl-CoA dehydrogenases revealed that the
short- and long-chain acyl-CoA oxidases have conserved signa-
tures for mammalian acyl-CoA dehydrogenase (P51, (G/ASC)-
(LIVAMESTIE GSAMNGEDX,GAA); and P52, (QVE)
X GIGSEG LINVMEN X DENX KRIXGDE) (Fig. 4)
(323, It is possible that these regions are important for the
interaction with the substrates. X-ray cryvstallography and mu-
tational analyses indicated that the glutamic acid residues of
mammalian medium-chain (Glu-376) and short-chain (Glu-
368) acyl-CoA dehydrogenases serve as the a-proton-abstract-
ing base (33-26). Both the Arabidopsis short-chain and pump-
kin long-chain acyl-CoA oxidases contain a glutamic acid
residue in a correspending position (Fig. 44, asterisk). To ana-
Iyze the similarity between acyl-CoA oxidases and acyl-CoA
dehydrogenases, we compared amino acid sequences of plant
acyl-CoA oxidases with human acyl-CoA oxidases and acyl-CoA
dehydrogenases. A phylogenetic tree indicates that the plant
short-chain acyl-CoA oxidase is clustered together with mito-
chondrial acyl-CoA dehydrogenases, whereas it is relatively far
from other peroxisomal acyl-CoA oxidases (Fig. 48).

Subcellular Localization of Short-chain Acyl-CoA Oxi-
dase—To investigate the subcellular lecalization of the short-
chain acyl-CoA oxidase, homogenates from 5-day-old Arebidop-
sis etiolated cotyledons were subjected to sucrose density
gradient centrifugation. Fractions thus cbtained were analyzed
using an immunoblot technique with antibodies raized against
the short-chain acyl-CoA oxidase and catalase. Catalase was
used as a glyoxysomal marker enzyme. As shown in Fig. 5A,
short-chain acyl-CoA oxidase and catalase were present to-
gether in fractions 21-23,

Although these enzymes were detected in the first few frac-
tions (top of the gradient}), this may be due to disruption of the
glyoxysomes during homogenization and subsequent cell frac-
tionation. We confirmed this result using 5-day-old pumpkin
etiolated cotyledons. As is the case with Arabidopsis, a short-
chain acyl-CoA oxidase was detected in fractions 21-23 by the
immunablot technique (Fig. 58). These fractions had short-
chain acyl-CoA oxidase as well as catalase activities. In con-
trast, no short-chain acyl-CoA oxidase activity was detected in
fractions 8-13, which correspond to the activity of a mitochon-
drial marker enzyme, cytochrome ¢ oxidase.

Fig. 6 shows an immuneelectron microscopic observation of
short-chain acyl-CoA oxidase and catalase in cotyledon cells of
Arabidopsis etiolated seedlings. Double staining by polyclonal
antibodies against Arabidopsis short-chain acyl-CoA oxidase
{arrow) and pumpkin catalase (arrowhead) revealed that both
enzymes are co-localized in glyoxysomes. No signal was de-
tected on other organelles. These results clearly indicated that
the short-chain acyl-CoA oxidase is exclusively localized in
glyoxysomes.
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Fic. 4. Partial alignment of acyl-CoA oxidases and acyl-CoA
dehydrogenases (A} and phylogenetic tree of acyl-CoA oxidases
and acyl-CoA dehydrogenases (B), White letfers indicate corre-
spanding PS1 and P52 amino acids. The P31 and P32 regions are
anderlined. P31 has  the [rm (GACHLAVMISTIEN, (GSAS
NIGSDX,(G/S/A), and PS2 has the form (QEX,GGSIXGILANVME
YK VEN A KRIX (IVE) (32). Multiple sequence alignments of the
protein sequences were performed using the CLUSTAL W program.
The phylogenetic tree was constructed according to the NJPLOT pro-
gram. AtSACOX, Arabidopsis short-chain acyl-CoA oxidase (Gen-
Bank™ accession number AB017643) PumLACOX, pumpkin long-
chain acyl-CoA oxidase (accession number AFQ002018); PhaACOX,
Phaleenopsis acyl-CoA oxidase {aceession number USG299); Humad-
COX, human acyl-CoA oxidase (accession number S69188% Hum-
BACOX, human branched-chain acyl-CoA oxidase {accession number
X519 Hum VLACDH, human very long-chain acyl-CoA dehydrogen-
ase (accession number D43682) HumLACDH, human long-chain acyl-
CoA dehydrogenase {accession number M74098);, HumMACDH, human
medium-chain acyl-CoA dehydrogenase {accession number M16BZT);
HumSACDI{, human short-chain acyl-CoA dehydrogenase (accession
number M26393); HumSBACDH, human shorbbranched-chain acyl-
CoA dehydrogenase ‘accession number U12778),

Developmental Changes in the Level of Short-chain Acyl-CoA
Oridase—Fig. 7 shows changes in the levels of short-chain
acyl-CoA oxidase during the post-germinative growth of the
Arabidopsis seedlings. An immunoblot analysis of Arabidopsis
seedlings grown in the dark showed that short-chain acyl-CoA
oxidase ae well as thiolaze, another enzyme for fatty acid fox-
idation, reached a maximum level after 57 days of growth.
These enzymes were still present in the seedlings after 9 days
of growth in the dark. After illumination of the seedlings was,
atarted, the amount of these enzymes decreased, but faint
bands were still detectable after 5 days of illumination (Fig. 7,
AD5L). Instead, isocitrate lyase, an enzyme of the glyoxylate
cyele, reached a maximum level earlier than short-chain acyl-
CoA oxidase (3 days after germination) and completely disap-
peared afler 9 days in the dark.

Presence of Short-chain Acyl-Cod Oxidase in Various Or
gans—Short-chain acyl-CoA oxidase was particularly abun-
dant in 5-day-old Arabidopsis etiolated cotyledons (Fig. 8, up-
per panel, lane 1). This enzyme was also present in flowers,
roots, and siliques (lanes 4, 5, and 7), whereas it was present at
very low levels or not at all in V-day-old green cotyledons,
rosette leaves, and stems (lanes 2, 2, and 6). The expression
pattern of the thiolase was essentially similar to that of short-
chain acyl-CoA oxidase, except that a band was detected at
certain levels in T-day-old green cotyledons, rosette leaves, and
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Fiz, 5. Subeellular localization of short-chain acyl-CoA oxi-
dase in Arabidepsis (A) and pumpkin (B) etiolated cotyledons,
Both extracts from 5-day-old etiolated cotyledons were fractionated by
suerese density gradient centrifugation, The arrwheads indicate the
bands corresponding to the short-chain acyl-CoA cxidase. A, immuno-
logical detection of Arabidopsis short-chain acyl-CoA oxidase (SACOX)
and catalase; B, immunological detection of pumpkin short-chain acyl-
Cod oxidase and enzyme activities. O, short-chain acyl-CoA oxidase; &,
catalaze; W, cytochrome ¢ oxidase; , sucrose concentration (wiw).
Twenty pl (Arabidopsiz short-chain acyl-CoA oxidase) and 5 pl (pump-
kin short-chain acyl-CodA oxidase and catalase) of samples from each
odd-numbered fraction were subjected to SDS-polyacrylamide gel elec-
trophoresis (10% acrylamide) and immunaoblotting.

F1G. 6. Immunoelectron microscopic analysis of the localiza-
tion of Arabidopsis cotyledons of 3-day-old dark-grown seed-
lings using polyclonal antibodies against Arabidopsis short-
chain acyl-CoA oxidase and pumpkin catalase, M, mitochondria;
7, glyoxysome; L, lipid body. The arrow indicates short-chain acyl-Cod
oxidase (15-nm pold particles), and the arrowhend indicates catalase
{10-nm gaold particles). Bar = 1 um.

stems (Fig. 8, centfer panef). In contrast, isocitrate lvase was
detected only in extracts from etiolated cotyledons (Fig. 8,
lower panel).
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Fiz. 7. Developmental changes in the levels of short-chain
acyl-CoA oxidase, thiolase, and isocitrate lyase in Arabidopsis
cotyledons. [ indirates the dayz of growth in the dark. L indicates the
days of continuous illumination following 4 days in the dark, Each lane
wasg loaded with 10 ug (short-chain acyl-CoA oxidase) or 5 pg (thiclase,
isocitrate lyasel of total proteing extracted from Arabidopsiz cotvledons.
Electrophoresed proteins were blotted on a nylon membrane, and then
the membrane was allowed to hybridize with polyclonal antibodies
raised against recombinant Arabidopsis short-chain acyl-CoA oxidase
E?gf%m A), pumpkin thislase (B), and castor bean isocitrate lyase
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Fiz. 8. Short-chain acyl-CoA oxidase, thiolase, and isocitrate
Iyase expression in various Arabidopseis tissues. Each lane was
loaded with 10 pg of total proteins, The tissues indicated below were
excized from S-week-old plants, except cotyledona, which were excised 5
or T days after sowing. SACOX, short-chain acyl-Cof oxidase; thi,
thidlaze; ICL, isocitrate lyase. Lane I, Arabidopsis etiolated cotyledons
from plants grown in the dark for 5 days; lane 2, green Arabidopsis
entyledons from plants grown in the dark for 4 days, followed by 3 days
in the light; lane 3, rosette leaves; lane 4, Mlowers; fane 5, roots; lane 6,
stems; fane 7, siliques,
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DISCUSSION

In higher plants with fatty seeds such as pumpkin, the
triacylglycerols are stored in lipid bodies. During germination,
the fatty acids are liberated by lipase and then degraded by the
f-oxidation system in the glyoxysomes, and the resulting
acetyl-CoA is further metabolized by the glyoxylate cyele. Thus,
fatty acids serve as the main source for energy and carbon
compounds. Therefore, fatty acid f-oxidation plays an impor-
tant role in metabolism until the etiolated cotyledons turn
green during late germination. To use storage lipids efficiently,
fatty acids need to be completely converted from acyl-CoA to
acetyl-CoA by fatty acid p-oxidation, Because most storage
lipids are long-chain molecules (C,,~C,4) in higher plants, the
first step in fatty acid B-oxidation begins with long-chain acyl-
CoA oxidase, and for the shorter acyl-CoAs, short-chain acyl-
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CoA oxidase takes the place of long-chain acyl-CoA oxidase.
Thus, higher plants make efficient use of storage lipids to
produce carbon and energy sources. In this study, we charae-
terized an Arabidopsiz peroxisomal short-chain acyl-CoA oxi-
dase and its cDNA. The presence of a peroxisomal short-chain
acyl-Cod oxidase explains how higher plant peroxisomes are
able to completely oxidize fatty acids by a g-oxidation system.

In mammalian cells, fatty acid f-oxidation is localized both
in peroxizomes and in mitochondria. The presence of a short-
chain acyl-CoA oxidase distinguishes the peroxisomal B-oxida-
tion of higher plants from that of mammals. In fact, mamma-
lian peroxisomes contain three acyl-CoA oxidase isoforms that
act on CoA derivatives of fatty acids with chain lengths from Cy
to C,4 and that are inactive in oxidizing acyl-CoA esters with
carbon chains shorter than 8 carbons. Short-chain fatty acids
{C4~Cg) that could not be oxidized by these peroxisomal acyl-
CoA oxidases are transported to mitochondria (7). The mito-
chondrial B-oxidation system is able to completely degrade
fatty acids from long- to short-chain fatty acids (37).

Common features of the amino acid sequences of the Arabi-
dopsis short-chain acyl-CoA oxidase and the mammalian mito-
chondrial acyl-CoA dehydrogenase are shown in Fig. 4 and can
be summarized as follow: (@) the presence of the two acyl-CoA
dehydrogenase protein signatures (PS1 and PS52) in both en-
zymes; (b} a 35% identity between acyl-Cod oxidase and acyl-
CoA dehydrogenase; and (¢) similar subunit molecular masses.
However, the short-chain acyl-CoA oxidase differs from pump-
kin long-chain acyl-CoA oxidase (16), not considering the sub-
strate specificity, as follows: (a) a subunit molecular mass of 47
versus 77 kDa (precursor subunit), (b) the presence of a C-
terminal peroxisomal targeting signal (PTS1) versus an N-
terminal cleavable targeting signal (PTS2), {c} a total identity
of only ~18%, and (d) a tetrameric structure versus a dimeric
one. A phylogenetic tree (Fig. 4B} including some representa-
tive acyl-CoA dehydrogenases and acyl-CoA oxidases from
mammals and higher plants clearly summarizes the data pre-
sented above: the short-chain acyl-CoA oxidase of Arabidopsis
is relatively unrelated to the other peroxisomal acyl-CoA oxi-
dases, whereas it is clustered together with mitechondrial acyl-
CoA dehydrogenases. The low homology to other acyl-CoA oxi-
dases might suggest that the short-chain acyl-CoA oxidase
shares a common ancestor with acyl-CoA dehydrogenases.
Shert-chain acyl-CoA oxidage could have arizen from a mito-
chondrial acyl-CoA dehydrogenase that acquired the peroxiso-
mal targeting signal and the new intracellular location during
evolution, That allowed plant peroxisomes to host a novel acyl-
CoA oxidase ability that distinguishes plant organelles from
mammalian peroxisomes,

At least five isoforms of acyl-CoA dehydrogenase are present
in mammalian mitochondria: very long-, long-, medium-,
short-, and short/branched-chain acyl-CoA dehydrogenases.
Except for the very long-chain acyl-CoA dehydrogenase, all the
other isoforms are tetrameric enzymes with a subunit of ~45
kDa. Very long-chain acyl-CoA dehydrogenase appears to be a
dimer of ~75 kDa (8). In conclusion, both acyl-CoA dehydroge-
nases and acyl-CoA oxidases are tetramers or dimers of ~45 or
75 hDa. Qur analysis revealed the presence of a short-chain
acyl-CoA oxidase in plant peroxisomes that shares high homol-
ogy with mitochondrial acyl-CoA dehydrogenases in mammals.
The alignment of the conserved regions of acyl-CoA oxidases
and aeyl-CoA dehydrogenases (Fig. 44) revealed that the short-
az well as long-chain acyl-CoA oxidases contain amino acids of
the typical mammalian acyl-CoA dehydrogenase protein signa-
tures (PS1 and PS2). PS1 has the form (GACHLDVMKESS
TIEX(GS/AMNIGEDX,G/S/A), and P52 has the form (Qf
B, GIG/SINGILNVMFENY X (DEMNIX, KRIX,(IVE) (32).

The aming acid sequence of pumpkin long-chain acyl-Cod oxi-
dase also contains 7 of the 9 amino acids of P51 and 6 of the 8
amino acids of PS2 (Fig. 4A). Therefore, PS1 and PS2 might be
unrelated to the functions of the dehydrogenase and the
oxidase.

The purified short-chain acyl-CoA oxidase was active exclu-
sively against short-chain acyl-CoA (C,~Cg) substrates and had
a reduced affinity for cctanoyl-Cod (Cy) and a very low activity
for branched-chain substrates. This substrate specificity re-
sembles the characteristics of the maize short-chain acyl-CoA
oxidase as indicated by Hooks et al. (38). The K, value of 8.3 um
is close to the value reparted for the maize enzyme (6 pbi). The
optimum pH of 8.5-9.0 is similar to that of the maize enzyme
(pH 8.3-8.5). Hooks e el have reported the purification of
medium- and short-chain aeyl-CoA oxidases {rom maize. The
former was a monomeric enzyme of 62 kDa, and the latter was
a homotetrameric enzyme of 15-kDa subunitz. The 15-kDa
subunit has one-third of the subunit mass (47 kDa) of the
Arabidopsis short-chain acyl-CoA oxidase. Since the maize
short-chain acyl-CoA oxidase was not yet cloned, the discrep-
ancy in the subunit molecular mass needs to be further inves-
tigated to determine whether there are different families of
acyl-CoA oxidases.

Regulation of the expression of short-chain acyl-CoA oxidase
geems to be similar to that of other B-oxidation enzymes such
as thiolase (Figs. 7 and 8). A similar regulatory mechanism was
reported fur the expression of pumpkin long-chain acyl-CoA
oxidase (16). On the contrary, isocitrate lvase, a marker en-
zyme of the glyoxylate cycle, is differently regulated. This en-
eyme disappeared very quickly compared with short-chain
acyl-CoA oxidase and thiolaze. Additionally, the organ-specific
expression of short-chain aeyl-CoA oxidase and thiolase does
not appear to be coordinated with the expression of isocitrate
lyaze. These results suggest that f-oxidation enzymes are pres-
ent in a wider range of organs than enzymes of the glyoxylate
cycle such as isocitrate lvase. Particularly, it seems that f-ox-
idation enzymes are present in significant amounts in flowers,
roots, and siliques (Fig. 8, lanes 4, 5, and 7). Our data further
support the hypothesis that the B-oxidation pathway plays an
important role not only during the degradation of stored lipids,
but alse in normal lipid turnover and senescence (28) and in
jasmonic acid synthesis (39). This hypothesis is also supported
by the finding that the eDNA of an acyl-CoA oxidase of Pha-
lnenopsis (which is probably a long-chain acyl-CoA oxidase)
was isolated by a search for flower senescence-related genes
(40). Recent additional evidence has indicated that the expres-
sion of a gene for medium-chain acyl-Cod oxidase was induced
when a lauroylacyl carrier protein thioesterase was overex-
pressed in Brassica (41), indicating that expression of the acyl-
CoA oxidase gene is regulated by fatty acid biosynthesis or by
the amount of fatty acids that are present in the cells. Thus,
acyl-CoA oxidaze isoforms might have a fundamental role in
the control of fatty acid homeostasis in higher plants.
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In germinating fatty seedlings, microbodles are differ-
entiated to leaf peroxisomes from glyoxysomes during
greening, and then transformed to glyoxysomes from leaf
peroxisomes during senescence. These transformations
of microbodies are regulated at various level, such as gene
expression, splicing of the mRNA and degradation of mi-
crobody proteins. In order to clarify the regulatory mecha-
nisms underlying these transformations of microbodies, we
tried to obtain glyoxysome-deficient mutants of Arabidopsis.
We screened 2, 4-dichlorophenoxybutyric acid (2, 4-DB)
mutants of Arabidopsis which have defects in glyoxysomal
fatty acid 3-oxidation. Four mutants can be classified as
carrying alleles at three independent loci, which we
designated pedi, ped2, and ped3, respectively (where ped
stands for peroxisome defective). The characleristics of
these ped mutants are described.

Key words: Arabidopsis — Fatty acid #-oxidation —
Glyoxysomes — Leaf peroxisomes — Mutant — Transfor-
mation of microbodies

Transformation of Microbodies between
Glyoxysomes and Leaf Peroxisomes

Dramatic metabolic changes which underlie the shift from
heterotrophic to autotrophic growth occur in greening of
seed germination. Accompanying these metabolic
changes, many constitutive organelles are also functionally
transformed. For example, etioplasts differentiate into
chloroplasts and mitochondria acquire the ability to oxidize
glycine. Glyoxysomes which are microbodies engaged in
the degradation of reserve oil via f-oxidation and the
glyoxylate cycle, are transformed into leaf peroxisomes that
function in several crucial steps of photorespiration (Mi-
shimura ef al. 1986, Tius and Becker 1985). After the
functional transition of glyoxysomes to leaf peroxisomes
during the greening of pumpkin cotyledons, the reverse
microbody fransition of leaf peroxisomes to glyoxysomes
occurs during senescence (De Bellis and Mishimura 1991, De
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Bellis et af. 1321, Nishimura et al. 1983). Microbody enzymes
function after their transport to microbodies. Since the
enzyme compositions and functions of glyoxysomes and leaf
peroxisomes differ from each other, it was likely that the two
types of microbodies possess differemt machineries for
protein import,

Microbody proteins are synthesized in the cytosol on free
polysomes and are transported post-translationally into
microbodies (Mishimura et al. 1296). Two types of targeting
signals to microbodies have been reported. One type of
targeting signal is part of the mature protein. One such
signal, the tripeptide Ser-Lys-Leu, occurs at the C-teminal
end has been identified as a targeting signal (Gould &t al.
1987). Ser-Lys-Leu and related amino acid sequences
commonly function in mammals, insects, fungi, and plants
(Keller at al, 1991). Glyoxysomal enzymes, such as tetrafun-
ctional enzyme (Praisig-Muller et af. 1294), malate synthase
{Comai et al. 1989, Graham et al. 1989, Mori et al. 199,
Rodriguez et al, 1890, Turley et al, 1390a) and isocitrate lyase
(Besching and Northcole 1987, Mano et al. 1996, Turley et al.
1990b, Zhang et al. 1893), and leaf peroxisomal enzymes,
such as glycolate oxidase (Tsugeki et al. 1993, Volokita and
Somenville 1987) and hydroxypyruvate reductase (Greenler et
al. 1889, Hayashi ef al. 1996b), contain the targeting signal at
their C-terminal ends.

To characterize the targeting signal, we have examined an
ability of 24 carboxy-terminal amino acid sequences to
facilitate the transport of a bacterial protein, #-glucuronidase
(GUS) into microbodies in green cotyledonary cells of trans-
genic Arabidopsis (Hayashi et al. 1996a, Hayashi et al. 1997).
Immunocytochemical analysis of the fransgenic plants
revealed that carboxy-terminal tripeptide sequences of the
form [C/A/S/P]-[K/R]-[I/L/M] function as a microbody-
targeting signal, atthough tripeptides with proline at the first
emino acid position and iscleucine at the carboxyl terminus
show weak targeting efficiencies. Al known microbody
enzymes that are synthesized in a form similar in size to the
mature molecule, except catalase, contain one of these
tripeptide sequences at their carboxyl terminus. These
carboxyl tripeptides function as a targeting signal to the
microbodies, not only to glyoxysomes but also to leaf perosi-
sSomes.

A second type of fargeting signal involved a cleavable M-
terminal sequence. A small group of microbody proteins,
such as 3-ketoacyl-coenzyme A (CoA) thiolase (Kato et al.
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1996h, Preisig-Muller and Kindl 1293), malate dehydrogenase
{Gietl 1990, Kato et al. 1998), glyosysomal citrate synthase
{gCS5) (Kato et al. 1995) are synthesized as precursor proteins
with larger molecular masses than those of the mature
proteins.  Recently, we have found that pumpkin long chain
acyl-CoA oxidase is synthesized as a larger molecular mass
precursor (Hayashi et al. 1998a). Each of these proteins has
a cleavable preseguence at its N-terminal end.  To investi-
gate the role of the presequence in the transport of the
protein to the microbodies, we generated transgenic
Arabidopsis plants that expressed GUS with the N-terminal
presequence of the precursor to gCSs (Kato et al. 1996a),
Immunogeld labeling and cell fractionation studies showed
that the chimeric protein was transported into microbodies
and subsequently was processed. The chimeric protein
was transported to functionally different microbodies, such
as glyoxysomes, leaf peroxisomes and nonspecialized
microbodies. These observations indicated that the trans-
port of gCS is mediated by its amino-terminal presequence
and that the transport system is functional in all plant
microbodies.  Therefore, it is unlikely that glyowysomes and
leaf peroxisomes possess different targeting machineries.

The microbody transition has been shown to be regulated
at varipus levels, such as gene expression and protein
degradation (Mishimura et al. 1996). Recently, we have
shown that two different forms of hydroxypyruvate reductase
which are localized in leaf peroxisomes and in the cytosol,
are produced by alternative splicing (Hayashi et al. 1896b).
The altemnative splicing is regulated by light, suggesting that
the microbody transition is also regulated at the level of
splicing for mRMNA.

Arabidopsis Mutants Have Defects in Glyoxysomal
Fatty Acid 3-Oxidation

A genetic approach may be an effective strategy toward
understanding the regulatory mechanismis) underlying the
microbody transition at the level of gene expression, protein
translocation, and protein degradation. We screened 2, 4-
dichlorophenoxybutyric acid (2, 4-0DB}-resistant mutants that
have defects in glyoxysomal fatty acid §-oxidation (Fig.1)
{Hayashi et al. 1998b). It has been previously demonstrated
that 2, 4-DB is metabolized to produce a herbicide, 2, 4-D,
by the action of fatty acid S-oxidation in higher plants (Wain
and Wightman 1954).  In order to isolate mutants that have
defects in glyoxysomal fatty acid 5-oxidation, mutant lines of
Arabidopsis seedlings were screened for growth in the
presence of toxic levels of 2, 4-DB (Fig. 2A).  We isolated 12
Arabidopsis mutants (LR, LR24, LR27, LR40, LR43, LR47,
LRS3, LR77, LRSI, LRSM, LR92, and LR38: LR; long root in
the presence of 2, 4-DB) that showed resistance specifically
to 2, 4-DB, not ta 2, 4-D (Fig. 2B,

Most of the 2, 4-DB-resistant mutants grew on the growth
medium without sucrose as well as the wild-type plants did.
But four of the mutants, namely LR40, LR43, LR47, and LRS1,
could expand their green cotyledons and leaves only when
sucrose was supplied to the growth medium, suggesting that
these mutants have defects in glyoxysomal fatty acid 8-

CHiCHaCH.COOH 2 4-Dichlorophenoxy
1 butyric acld (2,4DB)

R-CH:CH:COOH

cI *
/' H-C&:CH:CG-ECuh
Hz03 q Acyl CoA oxldase

R-CHCHCO~~S5CoA
Tetratunctional enzyme

Acyl CoA synthetase

R-CHOHCH:CO~SCoA

Tetratunctional enzyme

R-COCH:CO~SCoA

Thiolase
R-CO~SCoA CHiCO~SCoA
o : Glyoxylate
ey Y o
ci sucrose

Fig.1. Schematic representation of fatty acid metabolism
in glycxysomes. In the glyoxysomes, fatty acids (R-
CH:CHCOOH) are first activated to fatty acyl CoA by
fatty acyl CoA synthetasa. Fatty acyl CoA is the
substrate for fatty acid F-oxidation, which consists of
four enzymatic reactions. The first reaction is catal-
yzed by acyl CoA oxidase. The second and third
enzymalic reactions are catalyzed by a single enzyme
so called tetrafunctional enzyme that possesses encyl
CoA hydratase and #-hydroxyacyl Cof dehydrogenase
activities. The fourth reaction is catalyzed by 3-
ketoacyl CoA thiclasa, Acetyl CoA, an end product of
fatty acid #-oxidation, is metabolized further to pro-
duce succinate by the action of glyoxylate cycle.
Succinate is finally converted to sucrose. 2, 4-dich-
lorophenoxybutyric acid is known to produce 2, 4-
dichlerophanoxyacetic acid by the action of fatty acid
A-oxidation.

oxidation, since glyoxysomal fatty acid S-oxidation has an
important role in converting sucrose from storage lipids
during germination, Genetic analysis revealed that LR40,
LR43, and LA47 are nonallelic mutations, whereas LR43 and
LR 81 are allelic. We designated ped? as LR40, ped? as
LR47, ped3-1 as LR43, and ped3-2 as LABL.

To characterize the phenotypes of the mutants, gt-_.a—
oxysomal enzymes in 5-day-old eticlated cotyledons were
analyzed by an immuncblot technique using antibody
against thiolage which Is involved in ghlyoxysomal fatty acid
f-oxidation. Two mutants showed different thiclase pat-
terns from that of the wild-type plant. In the cotyledons of
ped? mutant, no accumulation of thiclase was observed at
any stage of postgerminative growth regardless of the light
conditions. In cotyledons of ped? mutant, two types of
thiolase were detected. One of these had the same malec-
ular mass (45kD)} as that found in the wild-type plant,
whereas the other was an additional protein with a higher
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Fig. 2. Effects of 2, 4-DB and 2, 4-D on the growth of

mutants and wild-type seediings. (A) Phenotypes of
wild-type Arabidopsis (WT) and 2, 4-DB-resistant
mutant [LR40} grown for 7 days on growth medium
[control), growth medium containing 0.2 xg/ml of 2, 4-
DB (2, 4-DB) or 0.05 pg/mL 2, 4-D (2, 4-0) under con-
stant ilumination. Photographs were taken after the
seedlings were removed from the media and rearran-
ged on agar plates. Bar=1cm.
(B) The effect of 2, 4-DB and 2, 4-D on root elonga-
tion is expressed relative to the mean root elongation
of the same genctype on growth medium. Each value
represents the mean of measurements of at least 10
seedlings =5E. Mame of each mutant iz indicated at
the bottom. AUXI-T represents the 2, 4-D-resistant
mutant.

malecular mass (48 kD), a precursor to the protein,

Etiolated cotyledons of both mutants have glyoxysomes
with abnormal morphology.  Glyoxysomes in ped? mutant
were two or three times greater in diameter than those in the
wild-type plant and contained vesicle-like structures. By
contrast, most of the glyoxysomes found in the cells of ped2
mutant were shrunken and not round. Further analysis is
necessary to clarify the formation of these abnormal gly-
OXySOmes.

Comparison of thiolase genes for wild-type plant and ped?
mutant revealed that ATT codon for “lle at 4th exon of wild-
type thiolase gene (accession Mo. ABODEBSS) is changed to
ATGG in thiolase gene of pedi mutant (accession Mo

ABODBBSE). Nucleotide substitution of T to GG causes
frame shift, and produces stop codon within the 4th exon.
Therefore thiolase gene in ped? mutant encodes a smaller
protein composed of 114 amino acids, and first 99 amino
acids of the protein are identical to wild-type thiclase.
ldentification of the genes of other ped mutants are now in
progress.  The functional transformation from glyoxysomes
to leaf peroxisomes is also characterized in these mutants.
These ped mutants provides us useful clues for understand-
ing regulatory mechanisms underlying the reversible transfor-
mation between glyoxysomes and leaf peroxisomes.
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Abstract

Pumpkin (Cucurbita sp.} long-chain acyl-CoA oxidase (EC 1.3.3.6) was purified to
homogeneity by hydrophobic interaction, hydroxyapatite, affinity and anion exchange
chromatographies. The purified isoenzyme is a dimeric protein, consisting of two
apparently identical 72 kDa subunits. The protein is exclusively localized in
glyoxysomes. The enzyme catalyzes selectively the oxidation of CoA esters fatty
acids with 12 to 18 C atoms and exhibits highest activity on C-14 fatty acids but no
activity on isobutyryl-CoA and isovaleryl-CoA (branched chain) or glutaryl-CoA
(dicarboxylic). The enzyme is strongly inhibited by high concentrations of palmitoyl-
CoA and a minor inhibition by high concentration of myristoyl-CoA was observed. It
is also inhibited by Triton X-100 at concentrations above (.02%. The consequences of
the substrate inhibition for the evaluation of long-chain acyl-CoA oxidase activity in

plant tissues are discussed.
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Introduction

Acyl-CoA oxidases (ACOXs, EC 1.3.3.6) are flavoproteins which catalyze the initial
step in each cycle of the peroxisomal [B-oxidation, the conversion of acyl-CoA to

trans-2-enoyl-CoA, transferring electrons to molecular oxygen to produce hydrogen

peroxide.

[n mammalian cells both mitochondria and peroxisomes host the enzymes of the p-

oxidation pathway. In mitochondria the first step of the pathway is catalyzed by acyl-
CoA dehydrogenases which transfer electrons to an electron transfer flavoprotein and
then to the mitochondrial respiratory chain. Four acyl-CoA dehydrogenases which
vary in their specificity for acyl-chain length are present allowing mammalian
mitochondria to perform the (-oxidation of the entire acyl-CoA esters (Eaton et al.
1996). On the contrary, peroxisomal B-oxidation can metabolize long-chain acyl-CoA
esters only partly because the three peroxisomal acyl-CoA oxidases (palmitoyl-CoA
oxidase, pristanoyl-CoA oxidase and trihydroxycoprostanoyl-CoA oxidase) show a
very low affinity to short-chain acyl-CoAs (Van Veldhoven et al. 1992).

In contrast, the affinity of the plant peroxisomal ACOXs to both long- and short-
chain acyl-CoAs (Gerhardt 1985, Hook et al. 1995) permits the plant peroxisomes
other than the mammalian peroxisomes to degrade the fatty acids completely. In

addition, plant peroxisomes are capable of [-oxidizing a variety of substrates: CoA



esters of straight-chainand unsaturated fatty acids, esters of uncommeon fatty acids
such as ricinoleic acid and branched-chain 2-oxo acids (Gerhardt 1992),

Some plant ACOXs were purified to apparent homogeneity: long-chain ACOX from
cucumber cotyledons (Kirsh et al. 1986) and medium- and short-chain ACOX from
maize plantlets (Hook et al. 1996). They are characterized by different molecular
masses (from 15 kDa of short-chain to 72 kDa of long-chain ACOX) of the subunits.
So far, the activity on branched-chain or dicarboxylic acyl-CoAs was not analyzed.
Since similar subunit molecular masses were reported for peroxisomal ACOXs from
mammals (Hashimoto 1996) and both the two published ¢cDNAs that code for
Phalaenopsis (Do and Huang 1997) and pumpkin (Hayashi et al. 1998) ACOX
indicate a molecular mass of 72 kDa for the mature protein subunit we decided to
engage in the purification of all the ACOXs present in pumpkin cotyledons. The aim is
to shed light on the above mentioned apparent discrepancy and to eventually
determine which ACOX isoforms acts on branched-chain 2-oxo acids formed by
transamination of leucine, isoleucine and valine which are catabolized by plant
peroxisomes (Gerbling and Gerhardt 1989).

We report here the purification and the characterization of pumpkin long-chain ACOX

and the comparison with the characteristics of other plant and mammalian ACOXs.

Abbreviations - ACOX, acyl-CoA oxidase; FAD, flavin adenine dinucleotide; NEM,
N-ethylmaleimide; PMSF, phenylmethylsulfonyl fluoride; SHAM,

salicylhydroxamate.



Materials and Methods

Plant material and chemicals

Pumpkin seeds (Cucurbita sp., var. Amakuri Nankin) were soaked overnight and
germinated in the dark in a growth chamber for 5 days at 25°C. The CoA esters of
various fatty acids were purchased from Sigma (St. Louis, Missouri, USA). Econo-Pac
CHT-II Cartridge 5 ml and Econo-Pac 10DG columns were purchased from Bio Rad
Laboratories (Hercules, CA, USA), Phenyl Sepharose High Performance, Hi Trap Blue
1 ml, Mono S HR5/5 and other gels for chromatography were obtained from Pharmacia

(Uppsala, Sweden).

ACOX purification
Five-day-old etiolated pumpkin cotyledons were homogenized in 3 ml of grinding
medium per g fresh weight consisting of 150 mA Tris pH 7.6, 10 mM KCl, 1| mM

EDTA, ImM DTT, 10 uM FAD, 1 mM PMSF, 10% glycerol. The homogenate was

centrifuged for 20 min at 12,000g and 4 °C. The supernatant, deprived of the top layer
of lipids, was mixed with an equal amount of 3.4 M ammonium sulfate in 50 mM K-
phosphate buffer, pH 7.2. It was then applied directly to a column (16 x 150 mm)

with Phenyl Sepharose High Performance equilibrated with buffer A (1.7 M

ammonium sulfate, 20 mM Na-phosphate, 10 pM FAD, 10% glycerol, pH 7.2). The

column was washed with buffer A and eluted with a linear ethylene glycol gradient (0-

60%). Long-chain ACOX and short-chain ACOX were efficiently separated by this
6



chromatographic step. Fractions with higher short-chain ACOX activity were pooled
and desalted using Econo-Pac 10DG columns equilibrated with buffer B (10 mM Na-

phosphate, 10 uA FAD, 10% glycerol, pH 7.2). The sample was loaded on a Econo-

Pac CHT-II Cartridge 5 ml (ceramic hydroxyapatite) equilibrated with buffer B, and
the proteins were eluted by increasing the concentration of Na-phosphate to 0.5 M.
Enzymatically active fractions were dialyzed against buffer B and loaded on a HiTrap
Blue 1 ml column. Proteins were eluted with a linear NaCl gradient (0-3 M) in buffer B.
Finally, enzymatically active fractions were dialyzed against buffer C (50 mM Na-

phosphate, 10 uM FAD, 10% glycerol, pH 6.7) and loaded on a MonoS HR 5/5

column. Proteins were eluted with a linear NaCl gradient (0-0.2 M) in buffer C. Gel
filtration was performed with a Superdex 200 16/60 column (Pharmacia) equilibrated

with a buffer composed of 50 mM Tris, pH 8.0, 150 mM NaCl, 10 uM FAD and 10%

glycerol.

Electrophoresis and western blotting

SDS-PAGE and IEF were performed at 15 °C using a Phast System apparatus with
PhastGel gradient 4-15 or [EF 3-9 gels (Pharmacia). Gels were silver-stained in the
developer unit of the Phast System according to the instructions of the manufacturer.
Western blottings were performed as indicated in Hayashi et al. (1998) employing
ACOX specific antiserum prepared against an ACOX fusion protein synthesized in
Escherichia coli (Hayashi et al. 1998). Subcellular fractionation was performed

following the procedure indicated by Hayashi et al. (1998).



Enzyme assays

ACOX assays were performed by following the H,0, formation coupled with a
peroxidatic reaction (Gerhardt, 1987). The assay mixture consisted of 175 mM Tris pH
8.5, 50 uM FAD, 13 mM p-hydroxybenzoic acid, 1 mM 4-aminoantipyrine, | mM
NaNj, 5 units horseradish peroxidase and 25 puM acyl-CoA substrate. This assay was
also used to determine K, values and inhibition by substrates and by different
chemicals. Bis-tris-propane 175 mM in the range 6.5-9.5 and Tris 175 mAM in the range
7.5-8.8 were used to determine the pH optimum of the purified enzyme. Acyl-CoA
dehydrogenase assays were performed following two slightly different methods

(Dommes and Kunau 1976, Furuta et al. 1981).



Results

A long-chain ACOX was purified about 710-fold from S5-day-old etiolated pumpkin
cotyledons and a specific activity of 13.5 nmol (mg protein)-! min —! (with 25 pM

palmitoyl-CoA as substrate) was obtained. Although the overall yield was rather low,
about 1.8 % of the activity in the crude homogenate, the procedure was reproducible
for the purification. The results of a typical purification experiment are summarized in
Table 1. After homogenization, the ammonium sulfate concentration in the homogenate
was brought to 1.7 M and the solution was loaded onto a Phenyl Sepharose column.
Two peaks of ACOX activity were eluted when the ionic strength of the buffer was
reduced, the first peak identified by the enzymatic assay employing hexanoyl-CoA
(C6) as substrate, the second peak by using decanoyl-CoA (C10) and palmitoyl-CoA
(C16) (data not shown; cf. Hayashi et al., 1998). This indicates a good separation of
short-chain and long-chain ACOX. Fractions of the second peak were collected and
pooled for further purification. After desalting the sample was loaded on a ceramic
hydroxyapatite column and a single peak of acyl-CoA activity (employing esters of
C10 and C16 fatty acids) was eluted after increasing the concentration of Na-
phosphate in the buffer. Mo short-chain ACOX activity (C6 as substrate) was
detected following the hydroxyapatite chromatography. The latter step was still very
effective, yielding an enrichment of  4.5-fold. With subsequent affinity
chromatography and cation exchange chromatography a further relative enrichment of
2.4-fold and 1.9-fold was achieved, respectively, both showing a single peak of

ACOX activity.



When the peak fractions from the varicus purification steps were subjected to SDS-
PAGE, only one single polypeptide band with a molecular mass of approximately 72
kDa was detected in the lanes corresponding to cation exchange chromatography (Fig.
1A). This indicates that the long-chain ACOX had been purified to homogeneity. Also,
the subunit molecular mass is similar to that reported by Kirsh et al. (1986). To
determine the molecular mass of the native protein the purified enzyme was loaded on
a calibrated Superdex 200 16/60 column. The ACOX activity eluted from the column
at a position corresponding to a molecular mass of approximately 140 kDa. This data
together with the results from the SDS-PAGE analysis (Fig. 1) indicate that in
pumpkin cotyledons the long-chain ACOX is a dimenc protein. When purified
preparations of ACOX were subjected to [EF (Fig. 1B) on a PhastGel IEF 3-9 only
one protein band was observed whose pl value was estimated to be 8.6. In the course
of purification the long-chain ACOX proved to be stable when keeping the enzyme in

solution contained 5-10 pM FAD and 10% glycerol. Also, freezing and thawing of the

purified protein caused a minimal loss of activity after several weeks if stored in
presence of FAD and glycerol.
In our study of the specificity for the fatty acid chain length of the purified ACOX we

tested various acyl-CoA esters using the same concentration (25 pM) as Kirsh et al.

(1986) in order to facilitate a comparison with these previous data (Fig. 2). The
purified enzyme showed the highest activity with myristoyl-CoA, a Cl4 fatty acid
chain, and the activity was 20% lower with palmitoyl-CoA as substrate. The enzyme
was active on esters of fatty acids from C8 to C22 and inactive on C4-C6 chains.

These results are summarized in Figure 2A. They illustrate that the pumpkin ACOX

1]



shows activity with a rather broad spectrum of fatty acyl-CoAs. The effect of double
bonds in the acyl moiety of the substrate is demonstrated for C18 fatty acid esters in
Figure 2B: the purified enzyme reveals higher activity on C18 mono- and diunsaturated
fatty acids than on C18 saturated fatty acids.

Figure 3 shows the effects of albumin (0.06% w/v) on enzyme activity with different
concentrations of myristoyl-CoA and palmitoyl-CoA. Without albumin the purified
enzyme displayed a marked substrate inhibition at concentrations of palmitoyl-CoA

above 40 pM while similar concentrations of myristoyl-CoA had no or little inhibitory

effect. With albumin in test solution the enzyme reaches its maximum activity at
concentrations of palmitoyl-CoA that are 3-4 times higher than in the absence of

albumin. Also, the inhibitory effect of high substrate concentrations is less dramatic.

Further biochemical properties of the long-chain ACOX from pumpkin are
summarized in Table II. Optimum activity of the enzyme was observed at pH 8.3-8.5
and activities of over 80% of the maximum were found between 7.8 and 8.8 for both
palmitoyl-CoA and myristoyl-CoA as substrates. The apparent K, values (in absence
of albumin) for C 4;-CoA and C4-CoA were 1.4 and 6.6 pM, respectively. The purified
enzyme exhibited no activity with branched-chain fatty acids (tested with isobutyryl-
CoA and isovaleryl-CoA as substrates) nor with glutaryl-CoA (a dicarboxylic acyl-
CoA) and it was not active as acyl-CoA dehydrogenase. Sucrose density gradient
fractionation confirmed that in etiolated pumpkin cotyledons the long-chain ACOX is

localized in peroxisomes (data not shown; cf. Hayashi et al. 1998).



Furthermore, we have tested the effects of various possible inhibitors on the activity
of long-chain ACOX employing myristoyl-CoA as substrate. Among the compounds
tested EDTA and NaN; (both-at 10 mM) showed no effect whereas PMSF (1 mM)
reduced the enzyme activity by less than 20%, NEM (1 mM) and SHAM (2 mM)
reduced the enzyme activity by 25-30%. Triton X-100 was found to inhibit the
ACOX activity at concentrations above 0.02% with both palmitoyl-CoA and

myristoyl-CoA as substrates as illustrated in Figure 4.
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Discussion

Subunit and native molecular masses
ACOX, the first enzyme in the [-oxidation pathway for fatty acids, is considered to

be peroxisomal enzyme. Recently, for higher plants the existence of three distinct
ACOX wvarieties each specific for short-, medium- or long-chain acyl-CoAs,
respectively, has been demonstrated in higher plants (Hook et al. 1996) and ¢cDNAs
for long-chain ACOX from Phalaenopsis and pumpkin have already been cloned (Do
and Huang 1997, Hayashi et al. 1998). The Hook’s paper indicated three different
subunit molecular masses and multimeric structure for the three plant ACOXs (Hook
et al. 1996) whereas mammalian short-, medium- and long-chain ACOXs have a similar
subunit molecular mass and dimeric structure (Hashimoto 1996). In order to clarify the
protein structure of the plant ACOXs we tried to purify and characterize these
proteins and screen their corresponding ¢cDNAs (Hayashi et al. 1988). In this paper we
present data about the purification and characterization of the corresponding native
enzyme. We assume that the published pumpkin long-chain ACOX ¢cDNA (Hayashi
et al. 1998) encode for the purified pumpkin long-chain ACOX because: 1) the
antibodies raised against the fusion protein expressed in Escherichia coli recognize
exclusively long- / medium-chain ACOX activity when pumpkin ACOX isoforms
were separated by hydrophobic interaction chromatography (Hayashi et al. 1998); 2)
the same antibodies showed high affinity and specificity for the purified enzyme; 3)
western blotting experiments both following preliminary purification attempts not

reported here and following the four chromatography steps indicated in Table I clearly
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revealed a 72 kDa immunoreactive band exclusively in fractions showing long- /
medium-chain ACOX activity (data not shown).
The enzyme was purified to apparent homogeneity and although the protein was

obtained in relatively low yield the specific activity of 13.5 pmol min™ ‘mg’ is within
the range of activity (27 umol min"' 'mg') reported by Kirsh et al. (1986) for the long-

chain ACOX from cucumber. The subunit molecular mass of 72 kDa is identical to that
reported by Kirsh et al. (1986) and matches perfectly the subunit size of the mature
protein deduced from the cDNA (Hayashi et al. 1998). By size exclusion
chromatography the native enzyme was identified as a dimeric protein which also
confirms previous results (Kirsh et al., 1986). Also, its molecular mass (140 kDa) is

similar to that of the native mammalian ACOXs (Hashimoto 1996).

Biochemical properties

Comparison of the biochemical properties of ACOXs from pumpkin and cucumber
(Kirsh et al, 1986) reveals only few differences. The pl of 8.6 for the pumpkin enzyme
is higher than the value of 7.8 reported by Kirsh et al. (1986) but much closer to the
value of 9.1 that had been calculated from the deduced amino acid sequence of the

mature protein (Hayashi et al. 1998). The cucumber enzymes is more active (at a
substrate concentration of 23 uAd) with C16-C18 fatty acid chains as substrates (C14
fatty acid substrate had apparently not been tested) and some residual activity on C6

and C4 substrates had also been found. The enzyme from pumpkin cotyledons

exhibits higher activity with C14 fatty acid as substrate and it is not active with short-



chain fatty acid as substrates. The reported K,, values are 6.6 and 20 uM for the

pumpkin and the cucumber enzyme, respectively. The preference towards unsaturated
C18 fatty acids was also observed in cucumber ACOX (Kirsh et al, 1986). The data
presented in this report as well as in the paper by Kirsh et al. (1986) clearly indicate
the existence of an ACOX isoform specific for esters of long-chain fatty acids. Such
findings and the level of identity (about 30%) of the polypeptide encoded by the
pumpkin ACOX cDNA with rat pristanoyl-CoA oxidase, trihydroxycoprostanoyl-
CoA oxidase and palmitoyl-CoA oxidase (Hayashi et al. 1988) provide good evidence
that the enzymes from both pumpkin and cucumber are the plant counterparts of the
mammalian ACOXs. We propose to use the name of long-chain ACOX for both
enzymes. As suggested by the data of Hook et. al (1996) the other two plant ACOXs
which are specific for short- and medium-chain acyl-CoAs are less related proteins
which is indicated by both the different subunit molecular masses and different
secondary structures.

The high activity of pumpkin ACOX on esters of Cl4 —chain fatty acids is of
particular interest. As mentioned above, Kirsh et al. (1986) did not test myristoyl-
CoA in the course of the characterization of the purified cucumber ACOX. Hook et al.
(1686) reported that the maize long-chain ACOX prefers palmitoyl-CoA. On the
contrary, Gerhardt (1985) analyzing the substrate specificity of peroxisomal ACOX
from spinach leaves and mung bean hypocotyls reported an higher V., and a lower
K with myristoyl-CoA than with palmitoyl-CoA. Olsen and Huang (1988} examined
the ability of glyoxysomes isolated from gemminating seed of elm, rape and maize to

metabolize fatty acids. With the exception of elm, whose seeds contain high levels of

i5



C10-fatty acids, glyoxysomes gbtained from both maize and rape, showed a strong
preference for myristoyl-CoA (higher V). Concluding, in plant tissues the initial

enzymes of the [-oxidation system look to be particularly active on Cl4 chains
nevertheless plant seeds generally contain fatty acids with chain length 2 18C. Of

course, this does not exclude the presence of of other ACOXs active on longer (> 18C)

acyl-CoAs.

Substrate inhibition

The substrate inhibition and the effect of albumin presented in Figure 3 are features
common among rat liver ACOXs (Van Veldoven et al. 1992). In fact, partially purified
rat pristanoyl-CoA oxidase displayed a marked substrate inhibition at concentration
above 50 uM of palmitoyl-CoA or lignoceroyl-CoA in the absence of albumin. The
enzyme activity was stimulated at higher substrate concentrations by the presence of
albumin (0.06% w/v). Albumin was stimulatory, moderately or strongly, for all three
rat ACOXs (Van Veldoven et al. 1992). Furthermore, Hashimoto (1982) reported K,
values of 12 pM and K; values of 20 pM employing palmitoyl-CoA as substrate.
Although for the enzyme from pumpkin the stimulatory effect was very low for the
pumpkin enzyme, albumin at least clearly reduced the negative effect of high
concentrations of palmitoyl-CoA (Fig. 3). As suggested by Van Veldoven et al, (1992)
the effect of albumin could be due to several factors: stabilization or protection from
inactivation, release of substrate inhibition by binding excess of substrate, enhancement

of product dissociation from the enzyme by product binding, or preference by the
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enzyme for the bound over the unbound substrate. A marked substrate inhibition by
palmitoyl-CoA was not observed in crude homogenates or relatively unpurified
ACOX preparations which contain a high concentration of soluble proteins. Therefore,

50 A palmitoyl-CoA could be inhibitory for the assay of purified plant peroxisomes
because of the low protein content, whereas a concentration of 100 pM as recently

employed by Hoppe and Theimer (1997) or Eccleston and Ohlrogge (1998) should
represent a good compromise considering the data shown in Figure 3. Because

palmitoyl-CoA is a standard substrate for the assay of ACOX and [-oxidation

(Gerhardt 1987) further investigations designed to establish the optimum concentration
of palmitoyl-CoA for the assay of ACOX in different preparations such as crude
homogenates or peroxisomal fractions from different plant tissues are needed.
Probably V. values could be the best parameter to compare the activity of ACOX

with long-chain fatty acids as substrates.

Inhibition by chemicals

Other aspects of this study concemn the inhibition by Triton X-100, NEM and
SHAM. As previously indicated by Gerhardt (1987) it was shown that Triton X-100
inhibits the purified enzyme at concentrations higher than 0.02% (Fig. 4). Such
substance should therefore be omitted from the assay mixture. The effect of NEM was
tested because Furuta et al. (1981) suggested the addition of the compound in the
assay for acyl-CoA dehydrogenases to trap free sulfhydryl groups. SHAM, a

respiratory chain inhibitor, was employed in order to discriminate between



mitochondrial and perdxisomal B-oxidation in plants (e.g. Dideuaide et al. 1993).

However, we registered a low inhibitory effect of SHAM on ACOX activity.
Therefore, a careful investigation of the effects of SHAM on short- and medium-chain
ACOX is needed to assess if SHAM is an appropriate inhibitor to study the

subcellular localization of the -oxidation pathway in plants.
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Figure legends:

Figure 1. A, SDS-PAGE analysis of long-chain ACOX on PhastGel gradient 10-15%
during purification. Peak fractions from Phenyl Supherose, Hydroxyapatite, HiTrap
Blue and Mono S (fractions no. 21-23) columns were subjected to SDS-PAGE.
Approximately similar amounts of activity were loaded per lane. Lane M represents
molecular mass markers whose values are indicated on the left. B, Isoelectric focusing
in the range pH 3 to pH 9 of the purified long-chain ACOX. 1 ul from peak fraction
(no. 23) after the Mono S chromatography step was loaded. Lane M represent pl

markers whose pH values are indicated on the left. The gels were silver-stained.

Figure 2. Substrate specificity profiles of purified pumpkin ACOX. A. Selectivity for
the chain length of the fatty acids acyl-CoA as substrate. B. Selectivity for C18 fatty

acids with an increasing number of double bonds. All activities were determined using

25 pM acyl-CoA as substrates. The highest activity between the data of the two

panels was arbitrarily set at 100.

Figure 3. Activity of the purified long-chain ACOX as a function of substrate
concentration in presence or absence of albumin (0.06% w/v). A. Activity measured
with increasing concentration of palmitoyl-CoA with (#) and without (!) albumin. B.
Activity measured at increasing concentration of myristoyl-CoA with (O) or without

(M) of albumin. In each diagram the highest activity was arbitrarily set at 100.
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Figure 4. The effect of increasing concentrations of Triton X-100 on the activity of the

purified pumpkin ACOX. Myristoyl-CoA (25 pM) was used in the standard assay

mix. The activity in absence of Triton X-100 was arbitrarily set at 100.
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Table 1. Purification of long-chain acyl-CoA oxidase from pumpkin cotyledons

Purification step  Total protein Total Recovery  Specific activity  Purificatic
activity

mg umol min' % umol min'' ‘mg?’  -fold
Crude extract 1500 28.4 100 0.019 -
Phenyl Supherose 16.8 11.2 394 0.67 35
Hydroxyapatite 2.1 6.3 222 3.0 158
Hi Trap Blue 0.210 1.5 53 T 374
Mono S 0.037 0.5 1.8 13.5 710
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Table I1. Properties of pumpkin long-chain acyl-CoA oxidase

Native molecular mass

Subunit molecular mass

[soelectric point

Kn (palmitoyl-CoA)

Kmn (myristoyl-CoA)

pH optimum (palmitoyl-CoA)

pH optimum (myristoyl-CoA)
Activity on branched-chain acyl-CoAs (isobutyryl-CoA and isovaleryl-
CoA)

Activity on glutaryl-CoA (dicarboxylic)
Acyl-CoA dehydrogenase activity

Subeellular localization

140 kD

72 kD

8.6

6.6

1.4

8.3-8.5

8.3-8.5

None

MNone

None

Peroxisomes
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ABSTRACT

Peroxisomes in higher plant cells are known to differentiate into at least three
different classes, namely glyoxysomes, leaf peroxisomes and unspecialized
peroxisomes, depending on the cell types. In germinating fatty seedlings, glyoxysomes
that first appear in the etiolated cotyledonary cells are functionally transformed into leaf
peroxisomes during greening. Subsequently, the organelles are transformed back into
glyoxysomes during senescence of the cotyledons. Flexibility of function is a distinct
feature of plant peroxisomes. This review briefly describes recent studies on the

regulatory mechanisms involved in the changes of the function of plant peroxisomes.

Index Entries: Glyoxysomes; leaf peroxisomes; fatty acid B-oxidation;

glyoxylate cycle; photorespiration; Arabidopsis



CLASSIFICATION AND FUNCTION OF PLANT

PEROXISOMES

In higher plants, peroxisomes can be classified into at least three classes in
terms of function, i.e. glyoxysomes, leaf peroxisomes, and unspecialized peroxisomes

(1). Each class of plant peroxisomes contains a special set of enzymes that is related to
a distinct metabolic role, although all plant peroxisomes have common features that are
characteristic of peroxisomes.

Numerous studies on glyoxysomes in storage organs of oil seeds, such as
endosperm and cotyledons, have revealed that glyoxysomes play an important role in
lipid metabolism (2). During the postgerminative growth of the seedlings, the stored
fats are metabolized to produce sucrose. Sucrose is then transferred to the shoot and
root apical meristems, and provides a carbon source that is necessary for division and
growth of the cells before the plants are able to start photosynthesis. This unique type
of gluconeogenesis involves many enzymes localized in several subcellular
compartments, including lipid bodies, glyoxysomes, mitochondria, and the cytosol.
Within this gluconeogenic pathway, the conversion of fatty acids to succinate takes
place only in the glyoxysomes.

In the glyoxysomes, the fatty acids are first activated to fatty acyl coenzyme A
(CoA) by a fatty acyl CoA synthetase (3). Subsequently fatty acyl CoA is the substrate
for fatty acid B-oxidation which consists of four enzymatic reactions (4), the first
reaction being catalyzed by acyl CoA oxidase. Three isozymes of acyl CoA oxidase
each with a distinct substrate specificity for long, medium or short chain acyl CoAs
have been discovered (3, 6). The cooperative action of these isozymes permits
glyoxysomes to completely metabolize fatty acids producing acetyl CoA within the
organelles. From this point of view, glyoxysomes in plant cells are different from
mammalian peroxisomes. Acyl CoA oxidase in mammalian peroxisomes can

metabolize only long and medium chain fatty acids (7), whereas mammalian



mitochondria have four isozymes of an acyl CoA dehydrogenease that are responsible
for complete fatty acid f-oxidation in mammalian cells (8). In this context, it is
noteworthy that plant mitochondria are believed to lack fatty acid B-oxidation (9, /0),
although this is still a matter of controversy (/7). The second and third enzymatic
reactions are catalyzed by a single enzyme, a so-called multifunctional enzyme, that is
comprised of enoyl CoA hydratase and B-hydroxyacyl CoA dehydrogenase activities
(12). The fourth reaction is catalyzed by 3-ketoacyl CoA thiolase (referred to simply as
thiolase in this paper.) (13, 14). Acetyl CoA, an end product of fatty acid B-oxidation,
is metabolized further to produce succinate by the action of five enzymes of the
glyoxylate cycle involving malate synthase (15-19). isocitrate lyase (20-27), malate
dehydrogenase (24, 25), citrate synthase (26) and aconitase (27, 28). Except aconitase
which appears to be cytosolic (29, 30), these enzymes were all shown to be localized in
the glyoxysomes. By the combination of fatty acid B-oxidation and the glyoxylate
cycle, fat-storing plant tissues can efficiently convert lipids into a transportable sugar
(sucrose) that can be transferred through the vascular system.

Leaf peroxisomes are widely found in cells of photosynthetic plant tissues, such
as green cotyledons or leaves (31). In C3 plants, these cells exhibit a light-dependent
O2 uptake and COz2release that is called photorespiration. This physiological
phenomenon is initiated by the oxygenase reaction of ribulose bisphosphate
carboxylase/oxygenase (RuBisCO; the key enzyme for CO2 fixation in photosynthesis)
that depends on the O2 concentration and on light intensity. Two phosphoglycolates,
byproducts of the oxygenase reaction, are converted to produce one phosphoglycerate,
an intermediate of the Calvin-Benson cycle, along with CO2 and ammonia by the
photorespiration. The metabolic pathway involves many enzymatic reactions located in
leaf peroxisomes, chloroplasts and mitochondria. Leaf peroxisomes possess some of
the enzymes, such as glycolate oxidase (32, 33), hydroxypyruvate reductase (34, 35)
and some aminotransferases (31). By a combination of these enzymes, leaf

peroxisomes convert glycolate to glycine, and metabolize serine to glycerate.



Unspecialized peroxisomes are found in other plant organs, such as roots and
stems, that contain neither glyoxysomes nor leaf peroxisomes. However, the main

metabolic function of the unspecialized peroxisomes is not defined.

FUNCTIONAL TRANSFORMATION OF PLANT

PEROXISOMES

Plant peroxisomes are known to interconvert in function between glyoxysomes
and leaf peroxisomes during certain cellular developmental processes, such as greening
and senescence (34). The functional transformation of plant peroxisomes has been
most extensively studied in cotyledonary cells of oil seed plants. When the seeds
germinate, seedlings start mobilizing the seed reserve substances in the etiolated
cotyledons. During subsequent development in the light, the etiolated cotyledons tum
green and begin photosynthesis. In order to support this drastic metabolic changes that
occur as a result of illumination, the glyoxysomes of the cotyledonary cells are
transformed directly into leaf peroxisomes during the greening process (37, 38). Once
the young plants expand their leaves, the green cotyledons undergo senescence. Along
with this process, a reverse transformation of leaf peroxisomes to glyoxysomes has
been demonstrated in cotyledonary cells (39). The glyoxysomes that appear in the
senescent organs seem to be responsible for the recovery of carbon from membrane
lipids before the senescing cells die. Induction of glyoxysomes was also found in cells
of other senescent organs, such as leaves or petals (40). It has been also demonstrated
that peroxisomes in anise (Pimpinella anisum) suspension-cultured cells interconvert
in function between glyoxysomes and unspecialized peroxisomes when the source of
carbon in the growth medium was changed (47).

Since the enzyme composition of glyoxysomes differs from that of leaf
peroxisomes, the functional transformation requires the replacement of distinct sets of

enzymes necessary for either peroxisomal function. .The enzymes localized in plant



peroxisomes can be divided into three categories: One is the glyoxysome-specific
enzymes, such as malate synthase and isocitrate lyase, which are members of the
glyoxylate cycle. The second category consists of leaf peroxisome-specific enzymes
such as hydroxypyruvate reductase and glycolate oxidase, which participate in
photorespiration. The third category contains the enzymes that are mainly present in
glyoxysomes but still remain in leaf peroxisomes, such as catalase, malate
dehydrogenase and the enzymes for fatty acid B-oxidation. Therefore, the
transformation of glyoxysomes to leaf peroxisomes occurring during post-germinative
growth is accompanied by [1] the disappearance of glyoxysome-specific enzymes, [2]
the appearance and accumulation of leaf peroxisome-specific enzymes, and [3] the
decrease of enzymes present in both glyoxysomes and leaf peroxisomes. The reverse
process takes place when leaf peroxisomes are transformed back into glyoxysomes
during senescence. Both the appearance and the disappearance of the peroxisomal

enzymes are regulated at the transcriptional level (36, 42), and by a specific protein

degradation that eliminates the pre-existing enzymes (43).

PROTEIN TARGETING TO PLANT PEROXISOMES

Enzymes localized in plant peroxisomes are synthesized in the cytosol, and
become functional after their post-translational transport into peroxisomes (36, 44).
Two types of targeting signals to plant peroxisomes have been elucidated. One type of
targeting signal is a unique tripeptide sequence found in the carboxyl terminus of the
mature proteins that is similar to animal and yeast PTS1 (PTS stands for peroxisomal
targeting signal) (45, 46). In order to characterize the targeting signal, we have
examined the ability of 24 carboxy-terminal amino acid sequences to facilitate the
transport of a bacterial protein, B-glucuronidase (GUS) into peroxisomes of cells of
transgenic Arabidopsis plants (47, 48). Immunocytochemical analysis of the transgenic

plants revealed that permissible combinations of amino acids for PTS1 in plant cells are



[C/ASS/P]-[K/R]-[I/L/M], although tripeptides with proline at the first amino acid
position and isoleucine at the carboxyl terminus show weak targeting efficiencies (48).
As shown in Table 1, the plant PTSI is similar but not completely identical to animal
and yeast PTS1. At present, a multifunctional enzyme (/2), malate synthase (15-19),
isocitrate lyase (20-23), glycolate oxidase (32, 33), hydroxypyruvate reductase (34,
35), and uricase (49) are known to contain the plant PTS1 at their carboxyl terminus.
In the case of hydroxypyruvate reductase, alternative splicing of mRNA also
participates in determining the localization of leaf peroxisomal and cytosolic
hydroxypyruvate reductase (35). In contrast to our studies, other studies using tobacco
BY-2 suspension-cultured cells suggest that a wider range of amino acid residues may
function as the plant PTS1 (30).

Another type of targeting signal is included in a cleavable amino terminal
presequence. In higher plant cells, long chain acyl CoA oxidase (5), thiolase (13, 14),
malate dehydrogenase (24, 25) and citrate synthase (26) are known to be synthesized as
precursor proteins which shows a higher molecular mass due to the amino-terminal
presequence. The amino terminal presequences of these proteins contain a consensus
sequence [R]-[L/Q/M]-Xs-[H]-[L] (X stands for any amino acid) that is similar to the
animal and veast PTS2 signal (5, 44). We zenerated transgenic Arabidopsis plants that
express fusion proteins containing GUS with the amino terminal presequence of either
citrate synthase or malate dehydrogenase (25, 51). In both cases, the fusion proteins
were correctly transported and the amino terminal presequences were removed to
produce mature proteins within the peroxisomes. When an amino acid substitution was
introduced into the PTS2, the fusion proteins were no longer transported into
peroxisomes. On the other hand, when a cysteine residue at the processing site was
changed to another amino acid, the fusion protein was transported to peroxisomes, but
accumulated in the precursor form with a higher molecular mass. These results indicate
that the plant PT52 functions as a targeting signal for plant peroxisomes, and the

intracellular transport of the PTS2-proteins does not require the processing of the



presequence (52).

Glyoxysomal enzymes have been shown to be transported into both leaf
peroxisomes and unspecialized peroxisomes by an in vitro protein transport
experiments using isolated peroxisomes (43) and by in vivo experiments using
transgenic plants expressing glyoxysomal enzymes in ectopic organs (33, 54). Further
analyses employing transgenic plants revealed that fusion proteins containing either
PTS1 or PTS2 were also incorporated into all types of plant peroxisomes, L.e.
glyoxysomes, leaf peroxisomes, and unspecialized peroxisomes (47, 51). These
results indicate both that all plant peroxisomes have common protein transport

machineries, and that the protein transport machineries are not changed by the

functional transformation of plant peroxisomes.

GENETIC ANALYSIS OF PLANT PEROXISOMES

A genetic approach may be an effective strategy toward understanding the
regulatory mechanism(s) leading to the functional transformation of plant peroxisomes.
In order to identify the genes involved in the regulation of the peroxisomal function, we
used 2,4-dichlorophenoxybutyric acid (2,4-DB) as a compound for the identification of
plant mutants that have defective peroxisomes (55). It has been demonstrated that two
methylene groups of the butyric side chain in 2,4-DB are removed by the action of
peroxisomal fatty acid P-oxidation resulting in the formation of the herbicide, 2 ,4-
dichlorophenoxyacetic acid (2,4-D) (56). Therefore, we expected that 2,4-DB would
inhibit the growth of wild-type plants because of its conversion to 2,4-D (Fig. 1, upper
panel), whereas mutants that have defects in peroxisomal fatty acid B-oxidation would
become resistant to 2,4-DB. On the basis of this hypothesis, we isolated four
Arabidopsis thaliana mutants (obtained from ethyl methanesulfonate-mutagenized M2
seeds) that show specifically resistance to 2,4-DB but not to 2,4-D during the early

stage of post-germinative growth (Fig. 1, upper panel). Genetic analyses revealed that



these mutants can be classified as carrying alleles at three independent loci, which we
designated ped!, ped2, and ped3 (where ped stands for peroxisome defective).

To determine the correct function of the glyoxysomes in these mutants, we first
examined the effect of sucrose on their growth because defects in glyoxysomal fatty
acid B-oxidation may inhibit the conversion of seed storage lipids into sucrose that is
required for the early stages of post-germinative growth. As shown in Fig. 1 (lower
panel), a wild-type plants can grow well and expand green leaves in the absence of
sucrose but the growth of the mutants on sucrose-free growth medium is strongly
inhibited. However, when these mutants were germinated on growth medium supplied
with sucrose, they correctly expanded both green cotyledons and leaves. After onset of
photosynthesis, they no longer require sucrose for growth. The requirement for
sucrose only at the early stage of seedling growth was taken as an indication that the
activity of glyoxysomal fatty acid B-oxidation in these mutants is blocked.

Indeed, immunoblot analyses revealed that the ped/] mutant lacks detectable
amounts of thiolase, an enzyme of the fatty acid B-oxidation complex in the
glyoxysomes (Fig. 2, ped/). Further analyses indicated that the PED/ locus encodes
for thiolase, and that ped! shows a frame-shift mutation at the fourth exon of the gene.
Evidently, the lack of thiolase in the glyoxysomes of the ped/ mutant may be the reason
for the inhibition of fatty acid p-oxidation. This loss of fatty acid J-oxidation activity
then prevents both the production of sucrose from seed storage lipids as well as that of
2.4-D from 2,4-DB. Furthermore, the glyoxysomes in the ped] mutant are two or
three times larger in diameter than those in the wild-type plant and exhibit vesicle-like
structures within the matrix (Fig. 3, B). Since leaf peroxisomes and unspecialized
peroxisomes in the ped! mutant have normal size and structure, such morphological
changes of the glyoxysomes may be due to the accumulation of one or more metabolic
intermediates of the fatty acid (-oxidation.

In contrast, etiolated cotyledons of the ped2 mutant were demonstrated to

contain two types of thiolase (Fig. 2, ped2). One of'them has the mature form of the



thiolase protein (45 kD), whereas the other form obviously is the precursor of the
protein with a somewhat higher molecular mass (48 kD) (/3, /4). Precursors to other
PTS2-containing proteins were also accumulated in the ped2 mutant, indicating that the

ped2 mutant has a defect in the import of PTS2-containing proteins into glyoxysomes.
The missing of these proteins causes a reduction of the glyoxysomal matrix. This is
indicated by the observation that the density of ped2 glyoxysomes in sucrose density
gradients is reduced to 1.19 g/cm’ as opposed to wild-type glyoxysomes (1.25 glem’).
In electron micrographs of etiolated cotyledons of the ped? mutant, the glyoxysomes
appear small and shrunken (Fig. 3, C).

Analyses of yeast mutants in which protein import to peroxisomes or biogenesis
of peroxisomes is defective succeeded in identifying many peroxins (57, 58). Peroxins
are proteins that are involved in peroxisome biogenesis including peroxisomal matrix
protein import, membrane biogenesis, peroxisome proliferation, and peroxisome
inheritance. In addition, these studies cloned and characterized the comresponding PEX
genes. Among these PEX genes, PEX7 has been shown to encode the PTS2 receptor
and peroxisomes in the pex? mutant fail to import thiolase, but can import PTS1-
containing proteins (59, 60). Most of the other PEX mutants, except PEXS, which
encodes the PTS| receptor, are unable to import both PTS1-containing proteins and
PTS2-containing proteins (6/). It was suggested that PEX/3 and PEX 14 encode
peroxisomal membrane proteins that bind to Pex5p and/or Pex7p (62-64). Although
other PEX gene products may riot be involved in the protein transport machinery, the
import of proteins into peroxisomes of these mutants is presumably inhibited by indirect
factors such as peroxisomal membrane biogenesis, peroxisome proliferation, and
peroxisome inheritance. We are now examining whether the ped2 mutant has a defect
in the import of only PTS2-containing proteins or of both PTS1-containing proteins and
PTS2-containing proteins. In the former case, the PTS2 receptor is a candidate for the
protein encoded by the PED2 gene, while in the latter case, the PED2 gene may be

involved in regulating the biogenesis of plant peroxisomes. Identification of the genes

10



encoded by ped2 as well as ped3 are now in progress.

The collecting of the mutants that have a defect in glyoxysomal fatty acid p-
oxidation is also still pursued in this laboratory. Such mutants will give us new
insights into the regulatory mechanisms involved in the correct functioning of plant

peroxisomes.
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FIGURE LEGENDS

Fig. 1. Effect of 2,4-dichlorophenoxybutyric acid (2,4-DB) and sucrose on the growth
of wild-type Arabidopsis and ped mutants. Upper panel, seedlings grown for 7 days
on growth medium containing 0.2 pg/ml of 2,4-DB. Lower panel, seedlings grown
for 7 days on growth medium without sucrose. Photographs were taken after the
seedlings has been removed from the media and rearranged on agar plates. Bar= 1 cm.

WT,; wild type.

Fig. 2. Immunodetection of thiolase in etiolated cotyledons of wild-type Arabidopsis
and ped mutants. Extracts were prepared from 5-day-old etiolated cotyledons of wild-
type Arabidopsis (WT) and ped mutants. For each sample, 5 g of total protein was
subjected to SDS-PAGE and immunoblot analysis was performed using an antibody
raised against thiolase. The arrow indicates the positions of thiolase; arrowhead

indicates the position of the precursor form of thiolase.

Fig. 3. Ultrastructure of peroxisomes in the cells of 5-day-old etiolated cotyledons.
(A) A cotyledonary cell of a wild-type plant. (B) A cotyledonary cell of the ped!
mutant. (C) A cotyledonary cell of the ped2 mutant. Arrowhead; peroxisome, M;

mitochondrion, Ep; etioplast, V; vacuole. Bar= 1 pm.
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Table 1. Sequence specificity of carboxy-terminal tripeptide for PTS1 in plant (48) and other
organisms (63). The sequences shown in this table have been demonstrated to be sufficient
to target reporter proteins to peroxisomes in these cells. Underlined sequences have not yet
found on a peroxisomal protein in that species. Asterisks indicate sequences that have been
found on a peroxisomal protein but whose function has not been directly tested.

Plants Mammals 3. cerevisiae  H. polymorpha Trypanosomes
SRL SRL SRL
SRM
SRI
SKL SKL SKL SKL SKL
SKM
SKI SKI
SKY
SKF T
SHL SHL
SSL
SQL* S-M/N/Q-L
ARL
ARM
AKL AKL
AK1
T ARF
PRL
PRM
CREL
- CKL CKL
NKL* NKL NEKL

G/H/P/T-KL
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