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EEMBOWRIL, EOCHSR, NHEDOEMN MBEARLSOSMRE, &
WE R ARCEERBRY R BROEHE VST 2 OBWERET. Z ol
EOREROIZD, MYICE2MEOBIR (# 0/37 IR & 2 /AR iE)
PIEFELENETNICHRMLBES TEENEV ST b h T 5.

7oy JBER (VPE) Be~ORBFE#S 2 BORBEEE K
BMYUICERTIEEL LTRERESN:. ZOBRIZ, FRO AT TaT
T—ET, TARIXVRUOTANAT X BREXHEMICEEL COWT5
T RRTFH—HTHDIILEPBTENTWS., TOH, fix DY LY VPE
OFER FPEENSIZoN T, VPEICIIATRARGY L REARRIC s T 6
NAEZEBRRENR-T. EBIZ, B b, =R VOB L Y VPED
FEO/PEMEN, BRToEI U TORNEFET DAREMENT®R X h
TS, £IT, AT, Iridss L CREEROVPEOEREN S FIiiE
BL, €07 uti r7EHENEATILLbEA4sDROBRT o
FRESFLATHLMITAZEFEEBELE.

BrEALRR O VPEDER 5 CTH LT ¥ 32 HiTHM A o/ Madk©
AR EN, EEHH300nm OEX/NEITHIPACMIZE THRIZBE I 5.
PAC/NROMALAR 5 ThH DB L E100kDadD ¥ 237 W TH HPVI00DDNA 7
B—= 7 LOPVIOII AT A BHFEHICARBE N TV ACoxCEF—7
40FOCysiAlR, MAEDOT I/ MTHATAX =Y, IAFIY, IAF
I UBICEUREREE, MY 7R THAEY ) UEENOHRENT
WABZLEBBALNIRoTE. £, TuTAVRTLICEENDF U HED
MTIC LY, PVIOOD TN EROFEIFHIREIZ0kDaD E Y L 5-10kDad
CysHHlE R URESIRH R D/PERATF FIZVPEIL L Y ok v /E8h3 D
EDBB LMo, CysEHBARDCAIRZ MY 7oA e VX —FHERR
biedd, C2ORBEETHIPVIOIZIZ Y oA reEF—FHENRR LA



ol ORI T ERITHILILLoTCQOBERRERT S
ZEERLTEY, VPEEAFTOHKRS v BEoBERRZFEAH LTS -
LEPNHTTITHOThHoT.

FEMEIZBITAVPEOEMN S FIRRIhECICHLMIZEA TR, F
T, TerT—EEEomVEEEAROBERICBIT S v HolR T o
T VRICVPER EORRIZBME L TWALERMLE. Yo/ XFXT2H
WTEDEEFLEICLDVPEOMRNARMZ 5 Z LR ER TR, #For
NIZBELAATHEREEBOVPERAMICHMT 5 Z LALLMk,
fo, ¥OARXRFTAFTOWPELBERICREI VL Z A, FEAEDOVPE L Ak
T ANRSHX BRI FRTFF—ETHHI MR ERE. U4
DI LB ATA L TaTT—ETHhET IF=U L OCKRIIT ANT
XUoRETToy 7 ah, BEETIILBMOERATVS. ERA LR
THHENTLAVOASRTZXTORDIAL T 7 F =V O—KRT I/ BEF|
DOHEBIZLY, RDAABT AN XF U REODEATTo v vy TEhb i
bhv. FERIZ, RRIAFZ A7 HOEMRVEOEIHF-~TERLTLAHZ
&, YWPEDRKRA FLCATHEREINTL 3 L0 b, yVPERRD2IAY 7ok
o LEHETAIEREB AL, TuT T —E¥REoRWERMER O
KBWTHVPER T n v FiClboTWa Z LR Eh,

VPEILiRRIOBRE S > 7 HORMEIZME L, W Tk okERR
5. FIT, VEORRAMEMEZRT T 5 LICLV ZhETHLMNC
o TR EROBEEBREZALNITIZENTELLELL. iy
DOERGEERLIZLZA, ERBEEFEELZU L E, yWPEORENE LT 12K MH#%
MOFERINDZ ENHALNIRY, HRAERICEBNTWDZ LEATREIN
fo. i, EEEZIELECHFEEINS 0T T—ES eIy —RY RS
SR EOERY AT AR VY AT URBICI VBRI EBAL
NTWAHN, WPERY ¥ AE/BRICKIG LEh o, O LiX, EFICLD
TR MEFREOREITOATVWAZ LERBRL T,



LlEd XSz, R TIIVPERfL O F 37 HOBEME~DERIZH
BETHDHILBRALII o, ¥, BFICBIT3WPEORBR IO 7
FNACEORITICH T 2AREMA S b0 L HiIFEN S,
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ABRC

BAPA

BSA
CBB
cDNA
CMTI
DW
EDTA
EST
GST
kDa

mRNA

PAC
PAGE
PBP
PBS
PCR
PI
PMSF
PR

s 5

: Arabidopsis Biological Research Center
: &t-N-benzoyl-DL-arginine-p-nitroanilide HCI
: base pair(s)

: bovine serum albumin

: Coomassie brilliant blue

: complementary DNA

: Cucurbita maxima trypsin inhibitor

: distilled water

: ethylenediamine tetraacetic acid

: expression sequence tag

: glutathion S-transferase

: kilodalton

: messenger RNA

: 2-(N-morpholino) ethanesulfonic acid
: minute(s)

: precursor-accumulating

: polyacrylamide gel electrophoresis

: pumpkin basic peptide

: phosphate-buffered saline

: polymerase chain reaction

: proteinase inhibitor

: phenylmethylsulfonylfluoride

: pathogenesis related



PV : PAC vesicle

RACE : rapid amplification of cDNA ends

rbeS : ribulose bisphosphate carboxylasefoxygenase small subunit
RD : response to dehydration

SAG : senescence associated gene

SAR : systemic acquired resistance

SDS : sodium dodecyl sulfate

TBS : Tris-buffered saline

Tris : tris (hydroxymethyl) aminomethane

VPE : vacuolar processing enzyme

V5P : vegetative storage protein

ETOMERE, 7/ BOBS L LT XFREBLVZXFRELZAVE.



Fr
R 7Rk ¥ e A ANE
WS OBRIE, BABMTEHIhAILIZSTHY, B0 Y Y—
Aizxtind 5. Lo L, REEBORRIEBHSCEFOBRICIZR VSN
5.

iR L P2 T OREHH, MRATECEFAEDE Z HR
SHCHHE T, ERAICENT . MR L v EELERLSHII LS
FA-S b FUARAT2T—BIL LW I NEF AR MER, ERED 7S
FAFE T (Luetal, 199 L D iEaRIZEERNEIZ R D A £ D (Martinoia et
al., 1993). 7z, BRANCERLEATEDHSCTEDEOSRICMEb S SR
DOEFEOHET LEDBh-2H 5.

HEEBWIL, AP LHEZTIEML LTRERZ LTS, #PiITRk
BRELS TRV, BOBLLHORAFIIN -84, HEJHRIZHE
HDZ A7 HEERL, ThULEEEZIEVBRIENR LRV I ITH
R S © By % <F 2 8848 % {ilf 2. T\ 5 (Kauffmann et al., 1987, Kombrink et al.,
1988, Graham et al., 1985a). € @IEHiCh, FEPITH & b MR EY DT,
BFICIIRFOMICRFORICLELRY V) BEAMTAER, HMifoms
Be LT, FFIFES 30 HHB PSR LTV 3 (Shewry et al., 1995).

FE % DR O EE

BERCEM O (Y Y Y — 2 I ERSRERELDF 200 T, FoMl
REZ bEMTHLEELDND. L L, MBI OMEIITEICET- L 5o
OWREE b o TS, HMPBOHEIRIZIXL) ¥ 2 BIFHAHEE, 2) S5k
D_-ODFWEHH Y, HEPOERIFOBHL LHBIEZ ThThoELTV S,




F oAy A RE, roroFS BT infkEERB X1,
OO O/NEETHD. ¥ 237 TATRAHERIZ122S albumin, 118
globulin, 7S globulinS DT Z V2K, 74 FrBOE5R) L BEE
EULHBIEHPEMT S, £/, Chitinase, Protease inhibitorZs D77 -0 H
FIZHT20HOBRBERET I 2B LVERTS. XoT, BFoF 1
7R TY, BFERORAX—RELIPEETETIERHE, T
EPRAESPLTFIRMEHmA TS, —F, SRRBAIE, FICFEMEHEIC
H oD, FRRAMERIE, Central Vacuole® & 5 IO RE L iz K& e
EEMOB0-90%% EHD L ITRDE, TOF R HEFRE, £F %7
BO10%IZT &2, i, RKEHRLZ A7 HOGRRAOBRICELZD
(Nishimura and Beevers, 1979, Boller et al., 1979), Bfi&# /32 HoH A b/ ud
G VIALERER S ZSRTIRAEREZL TS, ToEMcbiks 2R
WMENTCAHEDELEMT 2120, MPHOLEFLREBECENOBBICERR
R R LTV D (Wink, 1993).

F Ay TR Y, RTHARR RA0e KT ¥ XA ThHDHaTIP
(TIP; Tonoplast intrinsic protein)%3# &3 (Johnson et al., 1989, 1990), 4y AR
I F SR AR RV KT v 7/ T % HYTIP (Hofte et al., 1992, Maeshima et al.,
1992)RTFMET 5. 4, TOZOOTIPEv—h—IZ LT LD, SEEE
T HIRMOMIIT b & /37 BT & S MREROBENFET 5 2
& e X TV % (Paris et al., 1996).

FRIBRIZL Z A7 HBERTH AR S 5. ¥ Xt T, %
#5015 L EOHERLIT Vegetative storage protein (VSP) & FRIEN D # 3 2 B E
M5 LBAMOR TV D (Staswick, 1994). VSPIZIE, VARFHF—Ei ¥
3E £ D D% (Transbarger et al., 1991, Bell and Mullet, 1991), HE D iz b &Iz



EHT H7-OBRL LTORFILNCEREROFEOEH bR LTWE LY
ZzbhTwWa. ¥f, b= hzbkB0T, EEFFMEMOToF7T—¥L e
F—tb, EOBRICEEICERNTS 2 LRHE XT3 (Graham et al., 1985a,
1985b). ®ift, ThEDF 37 HeEWMTHBIBSTIPEZ{aEhdZ &
PREH, SRR LIIZEDORLESZ EARENT (Javhet al., 1998). Z @
WAL 7 N4 BEERA L AT B, BHEY 2 HESRENRO T e T T
—EROFLHDII T ANTRTTHL LEDbRD.

BAxORAPLRAZBILIBERY v R7HOERF N
B BRFEIC BT L & &, M e U s i3 5 ElE
FEbL2TWEEE, —HOEHEGY X8 Z Zh(Yang et al.,, 1997, Shah,
1997), HERUZHERIMEDZ A2 HE2EMT 5. ZoERS 2 SEEERH
(SAR; Systemic acquired resistance) & RPTMHHEIIE (LAR; Localized acquired
resistance)D 22T D, B RSERME &1L, EAEE LEEMIcET
HEMM T, M EEMIZIEA T < BEUEHIFFE (HR; Hypersensitive
reaction) & L THE Eh 5. /o @mded b3 BT L # I 2 SPR
(Pathogenesis related) ¥ » 73 7 B HERICER T 2. Zhbo¥ 2 HiCi,
EOHREE SBTLLEZBRTWD, ¥FF+—¥, B-13-FAbF—¥i
EPEEN D (Kauffmann et al., 1987, Kombrink et al., 1988). HEEBILRFDSAR %
BHTLIHEL LT, V) FABRBRESEN TS (Klessig and Malamy, 1994,

Delaney, 1997, Gaffney et.al., 1993, Delaney et al., 1994). L 0 A XF X+ Th4H#E

HRRBOVPERY U FARIZL VR L Xy, BRRCLVBEHRSHh

LEHBHENEICMOLOEREEZ TS L Bbhb.
HHEROEFICIVEEZRIT L L EREFICHT HSARBEZD. b



I (Lycopersicon peruvianum YD 70 77 —¥ A e ¥ —TH D (PII, PLIDIZ
BEIC L Y EN SN 5 (Graham et al., 19853, 1985b). F7=, A A A (Hordeum
vulgare )23 0 A X+ X} (Arabidopsis thaliana ) C 351 @ 7& 1k % #-> Thionin
(Bohlman, 1994)%°Defensin (Epple et al., 197)3EFIC LV FHINRS. Zhbo
BEEHFEED S 7 HREEZTEBALET T £FMICB RS h Tk
HEWETHLEZLND (Koiwaetal., 1997). EFICEBIT2SAREFEN T 58
WLELT, V¥ AEVE, =FLy, TTVPBREOFLVE-BEELT
WAHBZEBRBALENIR-2TWDS, oA XX HeH A X (Glycine max Y2 b~

b (Lycopersicon esclentum WoBWT, BEFEFRIT L LICE VP A VBB
FUVTF L OGHEAHFREEND T & (Creelman et al., 1992, O'Donnell et al.,
1996, McConn et al., 1997), BECHERINTL BF LV EB VY AE BT
LIFEEINTLAZ EBRFRENTULYS (Bell and Mullet, 1991, Pena-Cortes et al.,
1993, Benedetti et al., 1995). %7, 1A X3 X (Arabidopsis thaliana )% k=
b (Lycopersicon esclentum YD ¥ A £ BR G SN2 WEREREKTILREF
It SRS E > TWD Z ERTREN TS (Howe et al., 1996, McConn
et al., 1997).

T7 vV /BESRTE R\ b b (Lycopersicon peruvianum ) D22 3R % R
ATREECHENSNEZ T 7T —E/ e EF—ORBARHR LNV E
(Herde et al., 1996, Pena-Cortes et al., 1996), b+ = bk (Lycopersicon esculentum )23
¥ H A € (Solanum tuberosum YD EFH HEORETFRT 7V BRICTILET S
Z & (Pena-Cortes et al., 1989, Birkenmeier and Ryan, 1998, Dammann et al., 1997)7>
LEFRORGTFRRIIBIAT VO VBOMENFRENLTVWS. HHFIC
BUAT IO rBOV T TNEIC Y ARV BOV T TAERXRRSTHWA T
LR ERTYVA D (Lee et al., 1996, Dammann et al., 1997), A L =558



Zu. FOIEMIL, b MIBWTESFOLTF FTH 5Systemin,
8], REAOEEIPHFIIHNTIEHM0LPHIORBRITEAS LTS I LAR
X TH Y (Bishop et al., 1984, Pearce et al., 1991, McGurl et al., 1992, Wildon et
al., 1992), Sysitemin®CEWRICKE ST IREEORITPED LTS,

FEHBERICEOENT L FICHASGEE { ELERAEEMIZEH L5
Abhd., £, WRIESLEWELZEREALTL o/ XX T+OMlE
FOFIzE, HERBOKF ¥ /4T 5 yTIP (Yamaguchi-Shinozaki et al., 1992)%°
HRCEEEZhDEF2ONL 70T 7T—¥REET S (Koizumi et al., 1993).
7, HA FPLRICXVBEHEEND ¥ 233 (Nicotiana tabacum YD 3 A € F - Fk
%2232, NP2AIIPRH 32 HO—2ThBHPR-5OFER VT (Zhuet al.,
1993), ERRICEWT 2L BN TS,

R~ NI7BOoWMELTow LT
EMOFRFMB T, BHTERLFERICIEE AL OHRS V32 JiTH
Rk ETakah, BEEASOnmBEOEE/NRIZEY IAVEERBLEE
ICHERISEEN S L ZBAONTWS. EEE, ThoOilErd /I akEons
TFHEBLROP>TETWD. —F, YO TFOBRRFFIIEFIKSY 3
sHEPZHE/RELETCERIZEREND. £ORYD, ER~OBXELELRL
STV, =y Fu<AOMTFOFRMOITEY v 7 ROBXIZITREME
ICRbND27 TR plEBEEES, EEOmBEOBFEEORV/IEIZ
LD #HEE TS (Hohletal, 1996). AR F+ TRETFOBRBMIZELIZK
EEE0mIEE OB FEEOMV/RBEESY 2O F 32 ol
EICEELTWS., ORI 7 HOnBREZSRICS D
PAC(Precursor-accumulating)/d & 44 17 & 72 (Hara-Nishimura et al., 1998). i




FORBEIZZZROBRS A2 BB FHRS 2 BE LTAREND
f=d, EiESEL LTARERPACNEMBELTVWS LEXLNRD. ¥,
PAC/MRIZEEZFNA ¥ A7 HO o BEER IV EOREZRET S
FryrOEBEZTIRVIE, Fuo8y BRERERIZ/ME B EOBipH
EWMLTVWDLZLLEY, BRMOIFEY 37 TV DEEER LW TH
By A HITEEENRD L E X BTV S (Hayashi et al., 1988, Hara-
Nishimura et al., 1998).

£ OIS v A T aRTF FEF- EAREER TER & hiRXiE
BRTHEELX AT, BRIZEEL T oX7F FORECHFVEE L RRT
DI ENMLNTWS. BERE (Saccharomyces cerevisiae YDWERATIX, 7 AT F
VBT KT F F—¥ Th DHProteinase ABHERAOHL DF 2 DT o
T ICME LTV A (Ammerer et al., 1986, Jones et al., 1982, Wooldford et al.,
1986). BEFEDProteinase A (PrA)DIEMED F HILI2V \pepd ZE R ClIfb OiEfa D
717 7 —+¥ T HProteinase B (PrB)F L 1}, Proteinase C (CPY), Alkaline
phosophatase (ALP)¥ X L b & 4Bk & L3 HORBR B ~OERPEZ &/
v, —F, EBOBRTRVATA vy FRTFF X —EThiliRTn ks
v 7BER(VPE, i) CTANTX /By FTFF—ERBflsDF 37
BoTokerr7ZitlllE LTS,

—OOR Y AV HILSEO T o o VEEESEDY, SBEICT D
kL TENBIELHD. BETHE) Vxy FRIFF—ETHSD, PiB
OEMENR I L2V prb] BBWT, CPYIRRBR LI L LKEWSFR TR
BEh, CPYORERRAN~OERIZIPBOMEBLETHLILERL
TUY35 (Mechler et al., 1987, Hirsch et al., 1992). L#*L, PrAlZ X 5CPYDER4TH
Rt TTCHLCPYDFEHREAT S, 7, & F(Homo sapience )DPrA



A 1 & T B Cathepsin DiXCathepsin BO B R F o 0 ZEID14T 2
J EBREFAICHNT 54, 4 CiCathepsin BIZIZ 7 0 7 7 — ¥ EMENEET
BHE DTS (Takioetal. 1983). ZHHOZ Lidbiad L L RKOLELERE
TH oV IBRLEE I EER o v TRROZERANFET S
ZEERLTHS.

HEHOHERO 7o T T —Y ¥R S VDO Tl Y A2 BEOZBE Tt
b FRERS. EBE FA X (Glhcinemax B F DT uT T—EThHS
P34 (Kalinski et al., 1992), # VT X% (Vigna mungo YD EAIZBRT S 0T
7 —¥ Td 5 SH-EP (Yamauchi et al., 1992) DIRBA ~DF ot o 0 VX L BRE
BT, #Oor0PHERFET I LEBNFEATND,

7ot JBE%&(Vacuolar processing enzyme)
EHoBERO 7oty JBREIRE TS V2 HOBRRBLENRET S
BRTHLMMI R, BFORBRBICIIESY 37 HRBAMICERER,
F Ry BirHABRA~LEALND. ZhbDF 8 L7 o BIRIERE &
LTEEESh, @igicEiThcRicRBICZRshD. Y8~ ORTERY
oS HICH LTHIOBERENE< L E AL bh, < ORicin (Harley and Load,

1985), #1 7R F + D118 globulin (Hara-Nishimura et al., 1987), & 4 X (Glycine max )
D Glycinin (Scott et al., 1992)72 K ORI Fo v V45 7 o3 7 BRI 4
TR &SN T& . Lo L, E<DlISglobulink 7ot ¥ 74 BRI
S 3y HORIRE SRR TR 5 Z & IR & (Hara-Nishimura et

al., 1991), —EEOBERFEHOITKS I HET 0w 7T5Z LHEH
binkirol. YY), ZOBRITAAIXFUVEI o7 T7—EThHDEERZD
niehd, BRItV LONEBRIIVATS »7aTT7—¥Thh, &

10



fa> vt i J'BESR (VPE; Vacuolar processing enzyme) & 4 i Ghviz. = OBk
Fix e MMEMWE R (Schistosoma mansoni YDV AT A 70T 7 —+F (Sm32)
(Klinkert et al., 1989) L HREMER R L, <O TWASS L BD AT A
y7uTT—¥LR2B577 IV —%FHL TS (Hara-Nishimura et al.,
1993b). Z D, HF A/ x KU (Viciasativa) (Becker etal., 1997)F8 L U'F F
"} & = A (Canavalia ensiformis ) (Abe et al., 1993) X ¥ RIHORBER MBS h, 7
ANRGRERTANG X /BEFROCREL B = FIF¥—¥EThH
DI B EMREINE. HEIZRY & b (Homo sapience), = 7 A (Mus
musculus )IZ b VPEDHE 0 I RFEET D Z & HHERR 1 (Chen et al., 1997,
1998), VPEIZ LD T ot VOEBRILESFELTWVAZ LB RBREINS.
¥ L Y RAEENTWAVPERE o 70— g CRETORREXOK
BE Y, VPEILREEMA L TR aEEhD Z LALLM,
ERE, oA XFXF (Arabidopsis thaliana )X ¥, SEEARGTY & By ik AREL 5 5
DARET FODNAB I o —=r T ER, VPEREFATR T 320 Il L
SyRRRLERE TR T BT D 2 &R E N (Kinoshita et al., 1995a, 1995b).
VPERE 0 7 ORHFIEOMITHETIZ 20, HEROBEIEROIZELT S
IEBRBENE. I, Yudg X T XFOREMET OYWPERoVPEDRKE
i, BELEETENINTSBIE, Ry T4V P (Citus sinensis )0
FKEMBETVPE (Citvao) = F L THEB SN T A EBHALMICRY
(Alonso and Granell, 1995), Zh X Titfbh T vitho {EESLELIZBITS
BROBEEBRPEZ > THWH I EETELTNS.
AHRATRE—ETHIRT Yy OB TFOFRMIZBITSVPEOB E 2 HH L
ROEFU2NIRGFORTEOVBOMNIC L., F, 2%, =TI o
AR F AT OFREEBREBATIHRSE L BEORRNAY — T oty

11



TDAN =K LR Lic. KRN L, BROBEEROWIHERIZTT S
SFEBFHORT 7o —FIZHLVAREMADLZ LB TCELLEZTVS.

12



FIE o7 IFEAEBRBICBIT2ER ot
v IO

TR Y o7 KTl o/ RECAERENh, PAC/MIEE T
ICEX AN D, AETIE, PACMNIOERARS THLPVICOOMERITH &
UPVIOOH DT F FOBITL Y, (1)PVIN R T A ik, REMREE,
) AR LR ENTWA Z L, (2)PVIOD D & B 0 iE S F 13
VPEDQ 7ot LI NETHI L, 3) VAT A VEEBAROLTF Fidal
BEPVIOOIZ IRV R Y F oA Y EE Y —EtEE T T2 EBIT @M
EX—OEH{EICVPERL LA 7o v VRS LTWAZ L 2HREIC L.
LLEDOFRERIX, VPEREFOMKREESY 7 HOBEERREZHME LTS Z
LERLTWD.

Moet & 5Ok

EBME

H R F 4 HHERE, (Cucurbita maxima cv. Kurokawa amakuri nankin) % £ b
B LTRW:. IRF Yy OBRTEL, EHRETE TLELEFTREOIR
FrREIVERLE.

d v R T 0 B
PAC/hJa L & 232 BRI O — 2o Th a7 a T A YT 4 QBB

Shimada © (1994, 1997)3 & UF Hara-Nishimura & (1993a)D 5zt~ 7. M
Liz7FasA yRF o hbo< b ) 2 AES OEHBET Inove & (19953, 1995b)D



HILH#E- T

REETFTHEMERE
#Fl O {EM T Hara-Nishimura® (1993a)D > TiTof. ARF v @

BECTEE L Y B L fPAC/ME % BEHE (4% paraformaldehyde, 1%

glutaraldehyde, 0.05 M sodium-cacodylate, pH 7.4, 0.06 M sucrose)iZi2 L, =R TI1
REMIEE Lz, FHEAKOBSIT, BEERPEBETD X D M2 15
BMERENE L #IC I mmALTICMEIL, HLVOEERTS b Iz2kr ML
Liz. EiEOMERE THS LIEE, PAFARALT I FREGERINICLY -
20 CTHAK L7z, BEHILR-White#{fi§ (London Resin)iC S L, FRAREELE
& (Dohan EM)% I\ THEHG XH®7-. I 7o k— A (Reichrt Ultramicrotome) T8 #f
R ML, =y AT Yy Fizeo bl HIRETa X7 (1%
BSA in PRS) CEIR CIRMME L%, 7o vF ViR TI00EFHR LA
HL4CT—BRIES ¥z, PBSTHIRE, AT 0y X JiEC0/EFIRNL
o7 a7 A A& 4 FiX (Amersham Pharmacia Biotech) T2l T304 M 4LER
Liz. EINIIDW TR L, 4%V S & 7 B cia L. B8
%8 F 2 BB RY AT FMES (1200EX, JEOL) % [ L TBOKV TIT o 7.

EDY-PAGE ¥ O 2 R 8 gy gy

SDS-PAGElZLaemmli (1970)D HEIZHE L TiT o/, # 237 HEEHIR
EHARRWE (2% SDS, 50 mM Tris-HCl, pH 6.8, 5% 2-mercaptethanol, 0.1% BPB, 10%
glycero) i ME L, 95 CTInMRMLIE L. £0&, 77 IATIFFrice
— KL%, kg, S0y 2 izF A g B (GVHP membrane,
Millipore)lZ EEANZEEE Lz, 7V E2 RS AHE (100 mM Tris-glycine, pH 6.8,

14



20% (v/v) methanoltZi@ L1045 HIBE L 7%, RUBECLB LA o e
AHEOBNHEATIL. TAPOZ 37 ikt FZ A4 70 v Z—3%{& (Bio Craft)
ROV T2mA/m?OR4GTEINICT A 0 VBIZET L.

R EABEEIN T A v B, 3%AF A7 2ETTBS-T (50
mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.05% (w/v) Tween20) T1EFj 7 o » ¥ 7
MEE L. ZO#%, 1/100012#H R LIZPVIOOHiE L 3% (WAF LI VT %
BLTBS-TT—HERE 5 L, TBS-TTSH4EBER Liz. £O%1200012%H8K Lk
ThHNT+ART7 7 EZ—EREY XYY XIgGHE (Cappel) & &1 TBS-TT1
RPN L1z, F o UERSso2mgkd Ui, BB ETE (50 mM Tris-HCI,
pH 9.5, 100 mM NaCl, 5 mM MgCl) T5432ElHR L 5 L. TR D 7+ AT 7 &
—¥ @ EH T & 5 BCIP (5-bromo-4-chloro-3-indolylphosphate) (50 pg/ml) & NBT
(nitroblue tetrazorium) (150 pg/mh) % & LR EAEFIRP THA o VBERE 5 L,
FIGT a7 "7 Emti L.

NEKMET = /BN
PAC/MEDPVIONE, ToT A »RF 4 OVicllin®D 7 2 J BEVIZ RET

Aoz, BRELZPAC/MBE 7T A RT 4 D~ b Y 7 AB%r%SDS-
PAGEIZDT, #r0HETA 0 /I ESMICEET L. 0%, Ky
CBB#: L, PVIOOE L UViciliniZ AN +57F F&tIvHLk. GIVHLE
WXy 78— % —(Model 492, Applied Biosystems)% i\ > TEdmanikic
LV EIIERBHT L.

£7-, PVIOODT I /BERFIZRET D=0z, £F, PAC/IEESDS-
PAGEIZ 4}, CBBRADEI00kDaD~7F FEEIDHLE. G LAY
237 K i Cleveland 5(1977)D F iz LIz 230>, V8 protease (Sigma)% A\ Til{k
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L, SDS-PAGED#, FAu Bz s @ xESL, T/ Br—rr =2
2{T-o7=.

cDNADHEE »y—7r A
PVIOOD T 2/ BEHIE b L[4 BoA) I 7 vAFF
IF (5-GG(A/C/G/T)GC(A/C/G/T)GG(A/C/G/T)GT(A/C/G/T)GA(C/T)CA-3"),
2F (5-CA(C/T)GA(C/T)GG(A/C/G/T)TG(C/T)GT(A/C/G/T)-3"),
3R (5-GG(A/G/T)AT(A/C/GIT)GTCAT(A/C/G/T)AC(A/G)TC-3),
4R (5'-TA(G/A)TC(T/C)TT(G/A)TC(T/C)TT(G/A)AA(T/C)TC(A/C/GIT)CC-3Y

27 %A L, DNAGEEE (Model 394, Applied Biosystems) % FVT{LHERE L
fo. ¥F, AIXRFYOBRBFEIVERENTZTFAI FDNATATF Y —
B L LTIFLARE AIVWPCREITo 2. % 71454 bp®DNAKT /- 2 G5!
& LT2FE3RTPCRETTYY, 1340 bpODNAKTH #4572, 1340 bp®DNAKT T %
T-~<% # —; pBluescript-SK+ (Stratagene)l= 7 n—=2 7", WEEF|ZHREL~.
HIRBERE EcoRUHindII T n—=27 LEBRZ80DHHL, L0755 (4~<
—EREOVTA Y =TT LT e—T L LTERLE. Elic
MegaPrime (Amersham Pharmacia Biotech)% iV, [a-32P] dCTPTiTo7=. B bh
TeRIT 4 77— EEEITE T 22T 25, ATHIZRM
i & Bbh 5258 (DNAERFIALE R XIS LTV, Fh, Bt KT
&H D ATGHPVI00D = — FEIKO5 KigfllicF xh TWizdolc. £IZT, 5-
RACE-Kit (Takara) % {# ] L5'RACE (Rapid amplification of cDNA ends) #{T\», 4
REFIAZ®E LIz, r—4 1 AXDye Primer Cycle Sequence Kit (Applied
Biosystems) % {# i L TDNA —4 4 — (Model 377, Applied Biosystems)# >
THREMT L 7=,
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T TFA VAT AREERDZIRTF Ko KB
RWULETaTAvRTF 4w ) 2 AESEVEB I o257 4—iC

XD 10KkDaLL FONRTF FEGHELT.. o774 R 7 4= Y 7 Z@E4IZ30

FfAFNNZ 72 D & 5 iZammonium sulfate® A2, 200,000 x g TEL L=, £O% E

iz 100%EaF0iz 72 5 £ 5 IZammonium sulfate® 0%, 200,000 x g T#L» L7z,
TLR% %25 mM sodium acetate, pH 5.5FE#T#% - %M L, AKTA (Amersham Pharmacia
Biotech)35 X T'SMART (Amersham Pharmacia Biotech) % AWV CTESF D_TF ¥
R4yM L7z, 55 AIZPRPC C2/C18 ST 4.6/100 (Amersham Pharmacia Biotech)
(AKTA)F £ UFuRPC C2/C18 PC3.2/3 (Amersham Pharmacia Biotech) (SMART) % Hi
Wiz, #RMTHEA (0.065% triflucroacetic acid in DW) Th 7 L 2 L L, RE#H
L 7= % (- 4R H7HEB (0.05% trifluoroacetic acid in acetonitrile) D E E M EEQEC L b
_RF7F FEEH L. Hi#ER2000/min (SMART)$ X 1Uf500ul/min (AKTA) TfT -
i

BEBAXI2 b0 57 4 —
TaTAURT A< M) 7 ABEGHLEN Liz~7F FOERLZERZ B
BT 5, ¥R/ b T 74 —CHMELE_TF FOBRER~Y ba Y

77 4 — BT E{To 7. #BIZILAPI 300 Triple Quadrupole Mass Spectrometer (PE

SCIEX)% Al B A 2 & #tr Lz, 3¥HL0.1% formic acid, 50% acetonitrile (= 7]

k&4, 3ulminTHH L7z, Sprayerit4.5 kV, Orifice potential 1225 ViZ 38 L,
w St O VA= & o el

P4 ryree s —FHofllE
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Tarf yRF 4= b 2 RAES P LEMLIZC2RTF FE L TUPAC/H
Bk v ERLPVIOOE AV, b+ YT A vk EF —TEME# Cechova (1976)D
FiEicgEORME L. b Y 7 B IXBAPA (o-N-Benzoyl-DL-arginine-p-
nitroanilide) & i\ 7. C28 X U'PVI00% 10 ug® Trypsin® & A 72 676 pld>0.1 M
Tris-HC, pH 8.0, 25 mM CaClz & 3LIZZIR T30 A v Fa<— L. £0OH%,
333 WIODW Tl mg/mUZFHIR LIZBAPAZ N X, EHIZ305MBE TS »F =2
— b L7=#1Z, 100 pl®acetic acid % M X Trypsin® [Z i % 1k 405 nm D W S B %
RE L. C2OEABEIT280nmERAEL, —KEFH R LT VR
A EIZREL. PVIOODENBEILY A7 HOBREX VRE L.

PV100® H B

H BT ¥ OBBFRED S HBE L2 PAC/ %3 mID 1 M NaCl, 10 mM Tris-
HCI, pH 7.5 IZ A L L7z, B LI EE (Model 450D, Branson) % £/ L,
Output 3, 50% Cycle T30FVMIEE T NEE L7z, 21,000 x g T5sL L, TE
MEOREE S B RV, 0%, 520%0 0 3 EESERP TI0000x g, 17
RS L, MEEEENR L. ZoEIZE Y, PVIOOOALEIZER SN 5.

B4 L7-tCB X, SDS-PAGE#CBBH:fAL, PVIOAHMENTWAZ ¢ 55
BLE.

VPE @ %5 &l
b=fFL07a7A "7 % HBEL, Con-A Sepharose (Amersham

Pharmacia Biotech) & Mono S (Amersham Pharmacia Biotech) % {# f L T Hara-

Nishimura 5 (1993b)DHEIZHE> TVPEEX R L 7-.
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VPEIZ X APV100®ijin vitro7 a7

HHEF v X 0 HPE L 72PAC/H % 50 mM sodium acetate pH S.5IZ8# L, b
<HETF L BB LEVPEL 15K, 37CTRIGEH, RUSE® % SDS-PAGEIC
TONEEL. DEELES NI HITA 0 VBICESMICEE L, VicilinlZ
HMYTH7F FEEVH L. 819 H L7 BidPyroglutamyl aminopeptidase
(Boehringer Mannheim) CAALEE L, 7 I /8 —74 4 —(492%!, Applied
Biosystems)% FV\ TEdmani&ic L 0 BEF 2 Agd L 72,
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fh R

PVIOOIEPAC/HR DO E v XIJETH D

WH oWy 87 itim/ b RETERah, iR o EBEEINS.
KBIZERENDFFITRS 37 AOBETERY B L E300 nmDOPAC/HE
M E R ~O@EE /N E & LT o®&E % R34 (Hara-Nishimura et al,, 1998). %
IT, ARFyORBRBATIVPACRZHEML, SEnHFEF 2 2HD
B4 % ARAT L7z

HigE U7-PAC/MIZE SDS-PAGEICHE L, &Fh D ¥ /37 HECBBRAI
& 0 ®ERE L7z (Fig. 1A). Hara-Nishimura® (1993a,1998)3 85 LTWa L 512,
PAC/PRIZ IXFEFHTHE & 732 B TdH 5118 globulin2S albumin® BIER KA
BLTWD., PVIOOIXZAN L OMTFITEES 32 HORIZE WS & LT
EWANS. FIT, PACMIL DR LUAPVIOOE AWVTHERERL, U
TAF TRy T 4 27 EREBEET o, VZRF TRy T 427 XY
{ERL L7 EPPVIOORENTH DL Z AT ahi. B LZPAC/RIZH L
THPVIOOH A E AW TREBEHE T L 25, SR TFO 7 F/IIPAC/)H
Rl —#Eiz38 < & b (Fig. 1B), PVIOOIIPAC/NAD # 2 HTHAHZ LM
B =,

PVIOOH3I D DEBMLI VR TWD

PAC/MRIZE EMAPVIOODDNAR 2 o—= 7+ 57 HIZ, SDS-PAGE
XV L7PVIOOD T F Fatlh L, NERET I/ BU—r A&
EL. &5iZ, PVI00% VS proteaselZ £ W {H{b L, SMREHONFRT I /B
= ARRELRE. TORREEI, AV IS5 v—%{EML, DNA
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kDa

87—
BE—

Fig. 1. PV100 is one of the major proteins in the PAC vesicles from maturing
pumpkin seeds.

(A) Isolated PAC vesicles were subjected to SDS-PAGE and subsequent slaining
with Coomassie blue (lane 1) or immunoblot with anti-PV 100 antibodies (lane 2).
pG and p2S represent proprotein precursors of 118 globulin and 28 albumin,
respectively. The molecular mass of each marker protein is given on the left in
kDa. PAC vesicles were isolated from the cotyledons at the middle stage of seed
maturation of pumpkin.

(B) Immunogold labeling of the isolated PAC vesicles with anti-PV 100 antibodies.
Bar = 500 nm.
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atctegggtoteaaac
AT TG e TAAAG T TARG T CG T TG TG T T T GG e T T TACC ST T T T T TG C TG TTT S TC TE T TGS TTTGCCO TG ATARGGET
H A L 5§ K V KLRUILCECL L AWFTULUPTILA-ABMTIEDLSEWUWVGL
mcammmammmnccnmﬂunhmmmcmmnmum T

C KK &6 C & ¥ N QRG S5 PRAMETYEWCRTLUBRBOILECGWYATER
TGGAGCARCAMCG TARGTG TGAACAGG TCTG TGAGGAGCGGC TGAGGGAGCGACAGC ABGG AAGEEGCEACCATCTTGATGAGGTT
G vEQQREKOCEGVWY ¢ EERILUETEHREUGQGRGSGETDUYTDET
GAACGGAGAGATCC TGAGTGGGAGAG AGREEAGC AR DS TCCORGAGARCA TG A CEGGARGAACE ACG TCG TCG TCARCG TCAGACAGAS
E R R D P EWERTEETGOQHRRERBRTEMHEHRTET ERRIETSRMBTEHBRTETHTRTE
CGTGAGRGGGETAGREGTCGTCGTEATGAGAATGAGAG AGA TCCAAA A OGS TG ARCAAGARGAGAGACAACG TAG AGRGCARAGAGCOACED
R ERGRGHRRDENER DP KREQGQETERUGORIRTEGOGTET RHR
COTAGRGAGCARGAMCAARGRGAGOGAGAADG TAGRGCCCAGAGEEACGAGEAAGATEATG AMAACC AAAG AGACCCAGATTGGOG TGS
R R EQEOQRE®RERTS RGERTDETETDTDTEWSNO GRTDTPTDUWERR
GAGCARGAACGCAGAGAGCARGAGCGCOGOOGCAGAGAGCARGAGCAAGAGCSCAGAGARCGOCAACGCAGACE TCOGAGCCACCATGAR
E G E R REQERBRBRRUERTEUWGQEOQETRT®EREUROSBRDRSGEGSGRTIDODE
GATGAAAMCCAMGAGRCCC AGA TTGG O TAGGGAGCARAAGCGCAGAGAGCAAGAGC ARG AAOGCAGAGARCEOCAACG TAGAGGOGEG
b E N OQRDPDWREREUGIEKTERSREUGOQEUOQQEHRDRTETERTEU RUERTGSGG
AGGGATCATGAAGATCARAACCAGAGAGACCCAGATTRGOG TAGSCAGC ARGACCE TAG AGRGCAAGRAGCOCOGCORCAGAGAGOGAGAS
R bk EDENOQRIDUPUDWHRREUGQET RT®RTEU GOQERTUERERTRERTETERE
CRAGARCGCAGAGAMNCGCGAACATACAGGCGG AAGCEATC TAGAAGATGAAARCCAARG AGACCC AGA TTG GO TASAGAGCARGANCGA
Q ER R EREMHIRG®GRDVVYEUDTEWMNORUDPUDWRUERUETGTER
OCGTCOTAGAGAGGAAGAACAGAGACAACCAGAATGEEAMGACASCATGEGAIMGEOE RO AGARGAGC AGAGAAGCAGCOANGATGAR
R R R E E E Q REREUWET ERTEWHWGERGU RTETEGOG MRS RTETDE
CEGAGACGTCATGAACGACAACA TGEEEG MG MG COGTGTAMA TCARMGTAGC CATTOGACGAACAGAGCANGAACAGAGCAACARCCES
R R R HEROQHOGGRSERV N Q WV A I _R_| R T E"g E Q. & W H P
TACTACTTICAGGARC RGOS TTTTCAR TC ARG G TACAS S TC TG ACGA GGG CCATTERAGGS TOC OO AGAGATICTCCGAGAGGTORGAE
Yy Y F O EQPRVFQSRYRSDEUSGHUMWRYILEURTFSETEBTERSE
tmmmnmnmcAmmmcﬂmmrhctmnmmcﬂmwnmmﬂcmumr
L L K G T KN §GQRILAILTLTEA ARUPHTU FIVPHHAHTILDATETC
GTTCTCTTEGTOGTAMGAGEARGAGCGACGATCACTAC ARG TACTCCAGG AGAAGAGEGAAAC TAEGAARGAG ARG TTAC BACGTTGARTCA

VL L VYR EGERATIT TV VY. Q0 BEEKRETH RTE Ehgiﬂﬂigliﬁaé!!gllﬁﬂE
GGEEGATGTTATGACGATCOCGRCOGGAACAAC TTTATACTTGGC AAACCANGAMAR TGAAGA TCTC CAGA

3 R h E TR TSR T Cola Aol RS A

L &8 A GG E S Q AT Y 8 VF 2 HN DV L B
Mmmnmnmummmmmrmmnmmm
A AL NI PRUDIKTLEUZRTITVFPFEUOGQRURTETRSOGSSGEKTIUVHRASSUG GHE
CAACTAAGAGCGTTGAGCCARCGAGCCACCTCCOTAAG ARRRACG TAGTCGGEEAGTCAGAGC TCCGATC ARG CTOGAAAGCCAGACCOCT
Q L R AL 8 QB ATSE VYR K G S R GV HRATPTIIUE KT LESTIGOQTTFP
GTTTACARCARCCARTACGE TCAAA TG TTTGAGGC TTGCCC TGA TG AGTTC COCCAACT TG GAGARC CEA TG TEEC CACTTC COTOG T
v ¥ N H QY G QM FEAOCVPUDETF?PQ2LRUETDYATS VvV VW
GATATCARAC AAGG TGEAATGATGOTGCCCC A TTC AR C TC AAG AGCGAC ATGES TR TG TTCG T TTC MG ARG AGC TG ATC O TTOGAG
DI K Q@ 6 G M HYVY P HFHN S B ATWWVWVF V 5 E G MG S5 F B
ATGGCCTGCCCTCACATACAGAGCAGCCAGTEGCAGCGAGGMGEAEAG AGGAAGAROG A CATTOCAGARGGGAGCAAGAAGRCGARTEE
H A C P H I Q 5 5858 0 W RGRUERTETETEU RUHUWERMRTETETETETER
GRAGAAAGARGOGGTAGH TTCGARAGAG TGO CGGTOE TC TATC ARG A GGG OGSO G TAC TG T AATTCCRECAGG CCATCC AAT OGO CATE
E ER &8EG R F ERWVAOGURTLSEGOGVV L VIP-AMSGMHT?PTIH AT
ATGGCTTCCOCC TAATGAGAR TC T oG CTTOG TOGG G TTCGEAATC AA TG COG AR AACARCCACAG AMAC TTCCTOGCTCECAGAGAGAAC
M A 5 P N ENLUEREILWW¥Y GV F G T W A ENDN HRMNU FEFILASGT RTEWM
ATAATGRAACGAATTAGACAGACAAGCAARGGAACTTGCCTTCARCGTAGAAGRARAGCAAGC CGATCAGATATTCAS AAGCCAGAGAGAR
I H W E L DR EA K ELAMAXMVFMNVEOGIEKQQATDTETIUFRGSEOQTERE
TCGTTCTTCACAGARGGGCCOGARGG TG TOGGARGRG G TCGRADCEAGAGAAGCCC G TTG TTGTCEATTC TGAAAC T TCS TTACTTC
5 F FPTEBEG P EGGRREDSRSTEHRSVPILTILUSILIETLAGTYTFE
TGRaacagagggaaggsaatggaggagpgogegot bat gaatgantatctatgaaaagaggpgctbttcaacckbtatataatat tat ot
L]

LEELLtELEttitocbobetbitbitotgtogagttitagebtebasagaaggegattgottl cbtcogatgbaaaaatotatasatanak
astaataaatanataaatgtyg

Fig. 2. ¢DNA and deduced amino acid sequences of PV100.

1006

1086
360
1186
190
1176
420
1366
450
1458
480
1546
510
1638
540
1726
570
1B16
il
1906
630
1995
(11
2086
650
2178
720
2266
150
2356
T80
2448
810
2536
810
2626
2647

Isolated cDNA encodes a 97,310-Da protein of 810 amino acids, which consists of

a hydrophobic signal peptide followed by the PV100 sequence. The N-terminal

sequence and two internal sequences of PV 100 that were determined are indicated

by double-underlines. An open triangle indicates a cleavage site of a signal

peptide. A dotted line indicates the N-terminal sequence of the vicilin-like protein

from dry seeds. The nucleotide sequence has been submitted to the DNA Data

Bank of Japan (DDBJ) with the accession number AB0Q19195.
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FAT T )=zt LTPCREITo2 L Z 5, 1340 bp®DNADHIE 1=, BB
L= tE B EF &V HI$E X 7= cDNAIZPVI00E 2 — FT 5 Z L Bibho kDT,
OB ETe—TLLTRZ ) —=v 7 2fTo. TORR, BXE5kbp
DCDNAA »H— b E&FFD70— 2/, TO7 -0, SHRRICATHIC
fitmahfc 65255 DNAECHI R b6, BEATA=VEBROMBRPo
fo. £IZ T, SRACEILX VPVIOODLFRIFIZEBE L.

Bohksuo—OEET I BEFICIIPVIOODT 2/ BEFINEEH
Tz (Fig. 2). ¥z, 7074 VRF 4 OVicilinON KR T 2 ) BBEREMLEE
nTEY, PVIOL, VicilnDRTRETHEZ LBALMITE . NERICIE
BT I JBIZBL Y 7T AEERH Y, von Heijne (1986)I X WIRE ST
WAL 7T AR OT I BRSNS RFEA TV,

PV100i350 kDa®D &' U B OMIZ 1] kDaD & AT A 4Hi, 34 kDa
OREFEH O3 >OEE L W Eh TvWit (Fig. 3). AT A I, —-o0
VATA PIBELLRBERLTVACKXCEF —TIB4OFEL TS, &
ToU—REOHRE, V) OoRERIEDIIEL BFEERTHWAEF S 8
JHTHDIELY (AST7uaT ) NEHANYRDH D Z EHahoTe. £EHO
Bl ORiBEEER LEE DA, T K= 2 (Pisum sativum )@ Vicilin
(Watson et al., 1988), # A X (Glycine max )?B-Conglycinin-B (Harada et al., 1989),
7%= A (Canavalia ensiformis )®Canavalin (Ng et al., 1992) & 30-35% D8R 43
bhote, ZNOLOHEBOEL ) LT T FAGEEOT CHRIZE VY CREER
WE DA, B A A (Theobroma cacao YD Vicilin (McHenry et al., 1992)& 775 > F
U # (Gossypium hirsutim ) a-Globulin-A (Chlan and Fritz, 1987)I21% Y AT A
EENRBY, FhEFN62L4D2DCxxxCEF— 7N E LU L EEEROBNICTHE

LTWie. £/, Y73 (Fagopyrumesculenum)X WRIEEhE b A
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MALSKVELRLCLLAFTLFLACLSVGLG

ERRDPEWEREEQRRREHEREERRRRERERE

Y
RERGEGERDENERDFPEREQEERQRREQERRRREQEQRERERRGERDEEDDENQRDOFPDWRREQ EQEREEREQE

Y
QERRERQRRGGRDDEDENQRDPDWRREQKEREQEQERRERERRGGRDDEDENQRDPDWRREQ ﬁﬂEQERRRﬁRERE

DERREREHRGGRDVEDENQRDPDWRREQERRRREEEQREREWEREHGRRGREEQRSREDERRRHEROHGGRS VN

QVAIRRTEQEQS FQEQRFOSRYRSDEGHWRVL.ERFSERSELLKGIKNORLALLEARPHTF IVEHHLDAEC

VLLVVRGRAT ITTVVQERRETREESYNVESGDVMT I PAGT TLY LANQENEDLOIVELVOFVNNPGEFKDYLSAGG
ESQAYYSVFSNDVLEAALNI PRDELERIFEQRRERGGEIVRASOEQLRALSORATSVREGSRGVRAPIKLESQTP
VYNNQYGOMFEAC PDEFPQLRRTDVATSVVDIROGGMMVPHFNSRATWVVEVSEGAGSFEMAC PHIQSS0WORGR
REEERHWRREEEEEREERSGRFERVAGRLSECGGVLVI PAGHPIAIMASPNENLRLVGFGINAENNHENF LAGREN

IMNELDREAKELAFNVEGKQADEIFRSORESFFTEGPEGGRRRSTERSPLLSILKLAGYF

Fig. 3. A characteristic structure of PV 104,

The PV100 sequence was divided into three domains: an | 1-kDa Cys-rich domain
(indicated by shading) with four CxxxC motifs (enclosed by small boxes), a 34-
kDa Arg/Glu-rich domain (enclosed by a large box), and a 50-kDa vicilin-like
domain (indicated by shading). An open triangle indicales a cleavage site of a
signal peptide. Arrow indicates the determined N-terminal sequences of PV 100-
derived mature proteins that had been digested by pyroglutamate aminopeptidase
(see Figs. 7 and 9), and a dotted line indicates the N-terminal sequence of the
vicilin-like protein from dry seeds. Bold-faced NQ (Asn-Gln) stretches with a
closed triangle represent post-translational processing sites to produce multiple
seed proteins, each with a pyroglutamate at its N-terminus.
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RE1

RE3
RE4

REG

RE3 (mature form)
PBP

Number of amino acids

T_ ""}" e i i
0 —— e 1 ¥ i
o RN :

Y w‘x\Q\

AR

Number of amino acids

g

REDPEWEREEQRRREHEREERR- - RRERERERER- - -GRGRR-DEN
ERDPEREQEERQRREQERRRAE- - QEQRERERRG- - -ERDEEDDEN
ORDPOWRRE-QERREQERRRREQEQERRERDRREG - - ~-GRDDE-DEM
QRDPOWRRE -QKRREQE - —-—-—~ QERRERERRG---GRDDE-DEN
QRDPOWRRE-QERREQERRRREREQERREREHRG -~ - ~-GRDVE-DEN
ORDPDWRRE-QERRRREEEQRER - EWEREHGRRGEEEQRSRE-DER

161
a02
243
277
318
36l

Fig. 4. Homology plot of PV1(M) and an amino acid alignment of the six
homologous repeats in the Arg/Glu-rich domain.

(A} A homology plot is performed by the PAM-250 algorithm with a window of
10 residues. Each pair of windows that exhibits more than 35% identity in amino
acids is indicated by a dot in the matrix. Six homologous repeats were found in

the Arg/Glu-rich domain.

(B) Asn-GlIn/Glu bonds separate the Arg/Glu-rich domain into six repeats (see Fig.
10). The six Arg/Glu-rich repeats that were designated RE| to REG6 in order from
the NH2 terminus were aligned, Numbers on the right side of each sequence refer
to the positions of the amino acids starting from the initiation Met.

(C) The mature RE3 peptide (see Fig. 7B) was aligned with the sequence of

pumpkin basic peptide, where the second and the third possible amino acids are
also shown, as reported by Naisbitt et al. 1988. Both peptides are composed of 36

amino acids, as indicated on the right side of each sequence. Boxes enclose

identical amino acids and shading indicates homologous amino acids.

25



k' F— (BWI-2b)IZ $ 22D CxxxCEF — 7 BIEFEL TV S (Park et al., 1997).
Ld L, CxxxCEF—Z{HETOT I/ BEFIMEFENTELT, 10%LLF
DEFAETH .

REFURIZTENENIT mol% DT A F =2, 27mol%® I NF 2 b
7Y, BAMT I VBIIEDHEEThok. ZOEEID A F ¥ OPVIOD A
IFFEL, thoMBOE ) VA& bhizdho k. AT —F oy
FED, ZOEKII6-DO#H YR LAY REI-OP BRI TVWAZ EMHL
MIZ iz o7 (Figs. 4A, B). Z OEFIE, NaishitH(1988) Iz k> TRIEEhi= b
HRF ¥ (C. maxima cv. Mexican-papitas) D& E 4~ F I (PBP; Pumpkin basic
peptide) & MR H Y, FFICREIIPBPEHIRTH S & E X b hi= (Fig. 4C).

PVI100H KD % 3 7 B O Mifary B

EOFERLD, 70T A4rF T 4 RIZIXPVIOOHEDO L Y U F 37
BOoR_TF PRFETLIZLVFREER:. £ZC, ZhbDF 37 HOM
MARBTESE AR H0i, HPVIOHEZ RO THRF ¥ ORMTIEICH
LTHREBEFAMBERELZT o7 (Fig. 5A). W RF ¥ FHIIE, BFEEDOR
WPAC/MEE, 11Sglobulin 687 Y AFu A FEEoFuT A RF 45

H2bNE. ERFO IR, Ak, PAC/R, FuFA R F 4~k
FALHREBNDS, ZOZELY, PVIOREDZ R 2HBToT A R T 4
WEMT A LB

PV100/: 681 HHahi=# V3V HDRE
FaFA RT A ICEEREPVIOOIIEBN TR I NE LELZ LND.
FIT, IRF¥RTINVOTA BT o 2L, HPVIOOHES> AW T
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kDa
103-
al-

48 - . =V NHg-terminal sequence:
IRRTEQEQSNNPYYFQ

a5-

18-

Fig. 5. PV100-derived proteins are localized in protein-storage vacuoles in
pumpkin seeds.

(A) Immunoelectron micrograph of maturating pumpkin seeds after staining with
anti-PV 100 antibodies. Gold particles were distributed in the PAC vesicles (PV),
the matrix region (VM) of protein-storage vacuoles and ER. VC, vacuolar
crystalloid composed of 118 globulin; Mt, mitochondrion: LB, lipid body: CW,

cell wall. Bar =1 pm.

(B) Isolated protein-storage vacuoles (protein bodies) from dry pumpkin seeds
were subjected to SDS-PAGE and subsequent staining with Coomassie blue (lane
1) or immunoblot with anti-PV 100 antibodies (lane 2). PV 100-derived proteins,
the 50-kDa vicilin-like protein (V) and ~6-kDa C2 peptide (C), were detected on
the blot. The determined N-terminal sequence of the 50-kDa vicilin-like protein is
shown. G represents 118 globulin. The molecular mass of each marker protein is
given on the left in kDa.
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Fig. 6. An HPLC profile of PV1(-derived peptides from the protein-storage
vacuoles.

(A) Soluble fraction of the protein-storage vacuoles that contained the PV 100-
derived peptides was applied to a reverse-phase column. Elution was camied out
with a gradient starting from 0.065% trifluoroacetic acid in distilled water to
0.05% tnfluoroacetic acid in acetonitrile.  Chromatography was monitored in
terms of absorbance at 214 nm.

(B) Immunoblot analysis of each peak fraction with anti-PV 100 antibodies.
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DEAZTauT 4T eiTolcl 25, 50kDa® Vicilinl B L 72 (Fig. 5B).
ZORTFFEUVHIL, T/ BY—F A 2AE{Tol &5, PVIOODHEY
5 OBRFINFE S i (Figs. 2, 3). 7z, kBVEIAEDI0 kDLl FH~F
F FizbFEE L. PVIO0D S AT A 4, REFEHO6-OERY E LEFIZ
IIVPEIZ L W Elf &5 ¢ E 2 b5 Asn-Gln (GlwBCFIABFEEL TE Y (Fig. 3).
TaFA R4 ok 7 ENTPVIOOD S AT A HE, REMEIEH
KDNERRTF FBFEL TV HAREENREX bR, 220, FuFayv
AT 4O= Yo AW EMEREL LT, PVIOOHEDSTF FOERZ K
Z1o (Fig. 6). ¥ kU 7 A4 D30-100%6ELHE 5 2 ER L, WEIo<w b5
Z AL, SEENEATTF FOT I O BEHIERE L. @37, 413
BEED b ) T A B EH— (CMTI) (Wieczorek et al., 1985) Tdh - 7=75, B4y
12, 14, 17, 43, 45ONEKRITT v v 2 STV, £IZ T, Pyroglutamyl
aminopeptidase % {EfAl &%, NEBEOro /vy 3 UREXFEIFLERICT I/
BRECHIZIRE LI L Z A, TREN, BEi5r12, 14, 17HXRE4, RE3, RESIZHHY
L, Wi5r43, 4513C2HIMYETIHILEBH LML R-T, E6IT, ZThbDTS
FFOMELRATIEDI, HEASI b 77 0 —IL LD/ 21To 1
(Fig. 7). £O# %, RE4, RE3, RE5, C2& bLICCRIBILT AT XU MRET
bofc. £, QLOADIDVATA VIZERENT ALV T 4 FESLTWAZ
EBRALRLRofk. ZOZELY, TNEORTFFRARELTYHT
Tt rENTWSEEZ BN, £/, RE3, RE4, RESTF FOHEE
LA (pDIX, THENILI0, 11.54, 10.20& 7 VIR > Tz

PVIOOHEDC2XTF FIZ bV oA e EXZ—FEWRH S
iz, 7054 BT A IZEBHL TV APVIORISED T F FOEENE
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A

Fraction Observed Name of  Sequence NHj; terminus  Mumber of Theoretical
number MAss peptide in (B) disulfide bonds mass
12 3876.5240.71 RE4 d <0 0 3877.00
14 4888.0040.50 RE3 c = 0 4888.03
17 5242.17H).90 RES e =Q 0 5241.34
43 5615.54H0.70 C2 a <Q 2 3615.02
45 5829.90+0.80 C2 b <0Q 2 582023
B ...
Cc2 QRGEPRAEYEVCRLRCOVAERGVEQORKCECVCEERLREREQGRGEDVD 118
o e —— a o
<Q b D

RE3 QRDPDWRREQERREQERRRREQEQERRERQRRGGRDDEDEN 243
<Q [+ —D

REA4 QROPDWRRE mﬁRREquRRERERRGGRDD}:DEH 277
<Q d D

RES QR DPD&-IRREQERREQER RRREREQERREREHRGGRDVEDEN 318
<Q e D

Fig. 7. Molecular structures of PV100-derived peptides from the protein-
storage vacuoles.

(A) Molecular masses of the peptides in each HPLC fraction, as shown in Fig. 6,
were determined by mass spectrometry. Theoretical molecular masses of RE3,
RE4 and RES that had a pyroglutamate (<Q) at their NH2 termini are consistent
with the observed values. The number of disulfide bonds in the C2 peptide was
determined to be 2.

(B) Primary structures of peptide components of fractions 12, 14, 17, 43 and 45
were determined to be sequence d (RE4), sequence ¢ (RE3), sequence e (RES) and
sequences a and b (C2), respectively., The determined N-terminal sequences after
digestion by pyroglutamate aminopeptidase are indicated by arrows below the
respective sequence. Numbers on the right side of each sequence refer to the
positions of the amino acids starting from the initiation Met of PV100. The
disulfide bridges were deduced from the data of buckwheat trypsin inhibitor that
exhibits a similar characteristic to the C2 peptide and has two CxxxC motifs and
two disulfide bridges (Park et al. 1997).
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BLizote. QQATFFLBWHREEHHATF FELT, Y3k KR,
WMEni= ) 7oA e EX—(BWI2b)A R-2oh - 7z (Park et al., 1997).
BWI-2biECxxxCEF—T7 2 "o 2E L £S5kDalE ¥ O_TF FT, 420D R
TAVBENENTANT 4 FEALTEY, #ENICbC2LETHWEEED
N, 2T, QXFFFO I I e EX—FEHERALE. B2
B b7 CLVC2ERBL, HRARZ be/F74—THEO L)Y
T4 e EF—ThDHCMTI (Wieczorek et al., 1985)DIREN o2 L 2R
Lz, ZOBEGEHAWTMI VA ey —EHEPRIELEEZA, #591.2
mol®DC24I10 pg?® bV T A ZAFETHZ LB BN L 257 (Fig. 8).

Wiz, C2T7F FOBERBAEPVIOOD S ot v ZFICBET 5 1R
D7, MBLEPVIOOD MY Frof e B —EEEZRIE L. SO
LV HBELEPVIOOERAWT, M TS ey —fFEERELEZE - 5,
TEHER R D g o7z (Fig. 8).

VPEIZ X W PV10023VicilinicZEfi & h b
PVI00H D~ F FiXAsn-Gln®D i TEIlr 2T\ 5 Z & (Fig4, 7),

PVIOOONFRHFHEIZ b5 RA72 Asn-Gin (Gly)B R27225 Z & (Fig. 3)& Y VPE
BPVIOD T e FIZbEELTWEEEX I, £F2C, <t X
DFER L7-VPER FIVWTPVIOON Tt 7S5 WM ZRE L (Fig. 9).
ARF ¥ DHERFIELY HEELZPACMNIEEENDF 0 HEREH L LT
VPEZ{ER X ¥, TORE, PVIOOHELL, 50kDail#f LWW_7F FAxk
b, R F ¥ ORBREFOVIliniZ 7T S = REO# A L VI5E S (Fig. 2,
3). £I T, VPEIZX o TA LIl VicilinONK & HE Liz. NERKIIT
2y 7 ENTWED, PVIE D ot FER/50kDaD # 37 Bz
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Fig. 8. PVI100-derived C2 peptide functions as a trypsin inhibitor, but the
precursor PV100 does not.

The C2 peptide was highly purified from soluble fraction of the protein-storage
vacuoles of pumpkin seeds by HPLC. The PV10() was purified from the isolated
PAC vesicles by a sucrose density gradient centrifugation . The reaction mixture
contained 0 to 2.4 nmols of either the C2 peptide (closed circles) or the PV 100

(closed squares), 10 pg of trypsin and 333 pg of BAPA in a 0.9-ml solution of 0.1

M Tris-HCI (pH 8.0) and 25 mM CaClz2. The residual enzyme activity was
monitored with absorbance at 405 nm.
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BT A RF AIH BN A Viclin®ONEREEFI L V37 2 BEE LD T X%
SEUBEORIVEEFSTWAZ EBRBALMIIR-T-.
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PV100 -
pGLC _y NHzterminal sequence:
{(<Q)VAIRRTEQEQSNNPY
G
-M

Fig. 9. In vitro processing of PV100 by purified VPE produces the vicilin-like
protein.

PAC vesicles that contained PV 100 were incubated with the purified VPE and then
subjected to SDS-PAGE followed by staining with Coomassic blue. The resultant
band corresponding to 50-kDa vicilin-like protein (V) that had been blotted to a
GVHP membrane was incubated with pyroglutamate aminopeptidase and then was
subjected to automatic Edman degradation.  The determined N-terminal sequence
corresponds to the sequence in PV 100 as indicated by an arrow in Fig. 3. pG and
G represent proglobulin and 118 globulin, respectively.  The <10-kDa band (M)
contained a mixture of the PV 100-derived peptides and 28 albumin subunits that
had been produced from pro2S albumin by VPE in the reaction.
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% £

PV100i3FE % DBEEZ FFOBED F NI HOREETH S

W2 v 37 HidHE M TR S h, SRR cliaiz ML T
WD EBWALNIZR2TWD. BH, BRSF 232 Bl &/ R X
NiERIZELNTL 5. LL, BTrogRMicil, ERof <RI 8 EER
IEHLTL 5, MaEREZZRICERL, FHLEY 7 HIZPAC
A% KRB L TE BRI E% Sh 5 (Hara-Nishimura et al., 1998). PAC/MRIZ
i, IS 82 HOMBEOMIC, WEsmicnElever s —GTPiS
FNTEBTFEL, BEOT-OO/MRTHDZ L BHFETE S (Shimada et al.,

1994, 1997).

PVIOOIZRE FIrE S 232 H TH 5118 globulin, 2S albumin® AIER & D ¥k
IZZVWPACE DR S THA. ZOZ Eh b, PVIOOIXEEICMETA
YARZEEWD LY bEEEPOER Y 7 HORRETHS L Bbhi.
¢cDNAZ B —=ZIZ L Y PVIOOIZHEFRTEE ¥ o 37 B TH % Vicilin D RIEEE T
HoH LR, TuoTT—E¥A e —EEFOC2LREDHEEETL H
5 LB LMZA o, FF <= A (Canavalia ensiformis Y Canavalin (Ng et al.,
1992)% & A X (Glycine max )% B-conglycinin-B (Harada et al., 1989)IZ {2 2 F A
CREEM A BRIV, F A ZXDB-conglycinin-: (Sebastiani et al., 1990)°7 75
v B9 # (Gossypium hirsutum Y?o.-globulin-A (Chlan et al., 1987)7%2 & 12N bl
e JENDBVATA EREF>THWSOT, IV HENIATTF
FiZ7o@Ele LTOMERZIOTRACHERICERLTWAZLMEZLbh
3.

EHRICERT 27 7 HEPEK, BEROKBSELSDIRETIE, &
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K, MEROMB{LBRDEND EEDNRD. BEEDF IR —FEOE
VRIFFED T T ENDPVIONRE, SROMBE{EOFDS L,
b = (Ricinus communis 7228 albumin®®, # /2 (Nicotiana alata D7 277 —+
AVEEF—b—FOR)ATF FhbRILEEZESERO I 7B
ot ERD. EvD2S albumintt-— > OFTEREN b oM & o3
ZHEBERT D (Irwinet al, 1990). £/, #aoFar7—¥A e ¥y —
BISE(RIZ6 D DTEMRA b B ¥ —z 7 a¥ I ¥ & 5 (Atkinson et al., 1993).

PVI100H D~ 7 F F oA TR RE
PVI00L V42D _7F F, Cl1, RE2, RE3, RESHEREERE. ZOfT

CUIV RO RNV TV A Y EEZ—E18%E VW EVERECHLEL LT
(Park etal., 1997), FU 7L A e EF—EERBH L. Y3k 0 BHEE
MBEhi VT e EZ—BWI2IE Z2OCxxxCEF—7 2B L £S5
kDalZ¥DF LRI H T, ZOCxxxCEF—T7HAMEFToTYVANLT 4 FEES
ERHL, ~TEAELL-TWA, R FovicatT MM ESML Th
BT A= BRERZSOCxxxCEF—7DMIZABRE, C2RTFFOI A
TAUNITANT 4 FREESELTWVWAZE, CxuaCEF—70MICTAHF =
PR (288 B, Fig. B &AENAZ L LY, REOMER - THELTWS
LBbhD. ¥4 AOP-conglycinin-o, 777 > KU ¥ Do-globulin-A, 47 4 3
(Theobroma cacao )™ Vicilin (McHenry et al,, 1992), b 7€ & =3/ (Zar mays )®
Globulin-1 (Belanger and Kriz, 1991), E“—7F ) (Arachis hypogaea )™ Vicilin
(Burks et al., 1995)DONE IR O 2 27 A AEEIEI VY A0 R) g e EH
— &Y LHEESERVOT, BV HEREXTTF FBSA e 2 —FEER-
TWAAEEREL BN D.
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BAICERTSCQAEMEYDI» LB B ET5-DIC@VTn5LEE
Abhd, AFRFrEFIREALR M T A EEF— (CMTDRERL T
WA M (Wieczorek et al., 1985), C2<7F FO 7 I / BEEESMOBEREMEIIA LN
V. AEF A FIICMTIE C2N 7 F FiZ L VRIE< HEBEERAET 5 L &
Abha. £, YO MV T A e EF—RHRE L TOEMEIEN T
LRPEINTEY (Parketal, 1997), ¥—F o YO TFTLAF L LTREX
NI Z PRI HIB VAT A FAAL &> VicilinTdh - = (Burks et al.,
1995). Q2RFFFRIL M) Fv oA e EF—FEEET TR, WAFIT L
NE—ZBIEEL, ThUEAFEZZT2VEDIZ@BTHWAEZELELLN
5. BE, BHEHEC® Z o 2 HIFEETHDLHY, BFEIERLTWD
DT, BRVWZAIEOEEPTERND, BT/ ey —FEEEo
B o EBPERL VB LEZLHhS.

RE~NTF FHLC2A7F FRIBRICEEERIZEH< L Bbhd. LL, %
KBTI TICHHLAEZNRbDOXTF FEEX THHOREICEIZ:
Mof. ARF v L YVPBPZEIE L Naisbit 5(1988)1t, —O~_FF MR vr =
HRMRICARETHD LHELTVEY, BRUER TEEIRLSZ L bHEL
TW5. XoT, PBPIZEIMTIIEH,T, holRTLGMERTHZLICLY
MEEEE BT 5L Ebh s,

¥z, REXTF FRBAKET I/ BICBATHS. EHOBEFORME
Wz iE—RE O F KM DLEA (Late embryogenesis abundant) & 2% 7 A&+ 5
(Straub et al., 1994, Bakeret al., 1988). Zib® & /37 HIZREEA L L ARC
LEBRTLILEBMONTED, ERUEEZHGTIEDILETHLILER
BILTWNAS. BAMRESTF FhARICEEBRMHEZMET S -DILETHD
EHBbhs.
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Fig. 10. Hydropathy profile of PV100 and a hypothetical mechanism for the
VPE-mediated cleavage at Asn-Gln bonds to produce multiple seed proteins.

The mean hydrophobicity index was computed according to the algorithm of Kyte
and Doolittle with a window of 10 residues. VPE is responsible for maturation of
multiple seed proteins by cleaving Asn-Gln bonds that are found in the hydrophilic
region of the PV100. Gln at the new NH2 termini of the mature proteins might be
spontancously converted into pyroglutamaie (<Q) under the acidic condition in the
vacuoles. The cysteine-rich C2 peptide, the Arg/Glu-rich RE3, RE4 and RES
peptides and the vicilin-like protein are produced.  SP represents a signal peptide.

argf-:;lu -tich dumx Vicilin-like domain , i




i &2 7B L LTOE LY A DiER
BTriISict->-THEHEREERETHDS. TodH, DhEEBELIZLS
PR 3 WA TICEM LAF B & % S 55F > TV 5 (Huynh et al.,
1992, Vigers et al., 1991). 7=, BT Y 7 HBEBRZRNLX—HL LT
ORFILETEEETFHIHREOMELZ b2 TWHZELEALND. EFE,
W HH A 2 D28 albuminlZ I FUETEED H Y (Terras et al,, 1992). %V~ A %

(Ipomoea batatas IR DTS > 737 W THh B SporaminiZ b Y oA L EES
—EERHDH Z EBRENTY S (Yehetal. 1997),

W, BV VI bEOMRRERS ThLIXF meEElH D Z LR
AR T3 (Salesetal, 1996). B ) o OHEEEIIRERTW WA, AR
F ¥ OVicilin®d b U 7oA L E EF—THDHC2LTF FLMlaFENEL FORE
AFFREEBIZERENDSZEDE, BHELHHERODGIZM F r37
BHThirZLbrmahd.

PVIQOOVPEIZ LB a7 L EE RN
INETOFFRIZL Y, VPE11S globulin®°2S albumin D RilBE{& D 7 0 =

Y ZICBE LTS ZEBHLNICR>TWD. VPERRT AT X OCK
e A E0MT HEEFE & L CHIBE St (Abeetal., 1993, Hara-Nishimura et al.,
1993b), PVI00® 7 o A& V& LEAOEMIIVPEIL L VRBREh D L
BbhATANTXUERERLLND. A Fuiy—F57 X0 Z OB
BAKMTHDHT0 (Fig. 10), VPETT oty Eh s EERE L.
EREIZ, v IO LUABERERANVT, PVIOO T ot IR ED,
inviro? B L FIZ X BE UVl T AT X - BREOE AT a kv
»ZENRTWAZ &, C2, RE3, RE4, RESHLRRICNKIRIZT 237 ¥ 7R E
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DEATHBENTWAHZ E LY, VPERZhbDATF FAanF ki
ICHEESLTWD LEDIhD. CRBIT AN U BREOHA TS LY
YZINTWD., AFR/ PO LN VPERT ANRTX L BOHES
UMD Z EBALDIZE STV D (Beckeretal., 1995). ¥/, UFHR=ET
bLETOVPETT ANT X UVBREOEA RN T5Z LBEKREL T 5.
IOZEEY, CRBROT oL S LVPERME LTS EEbh 5,

A OVicilinBFI3Z T 7 = BREOEAL D LIEE> TS, HRF v
FEVEONET ARG XU BT uFT—FR 70T vRFLICBELTY
HIENRENTEY, FF LX (Hordeum vulgare YT 6 & b7 285
Xo@7uT 7 —VRBRICEBKEDT I ) BORTEEZ 5 L TWa (Hiraiwa et
al., 1997a, Sharkkinen et al., 1992)D T, T AN X M7 usr7—Hicky x5
iZErEhTw5 L Ebh b,

F) T A e B —DRIBETHHDPVIOOIZIE, 1 v Ey—EH
BHenT, Tok s TERIIOAEERLONRS I &, RERCKIROT 0
VS TEOHEETHEIZEROT VA VM~ 7 FHREZ Y, Naisbitt b
(1988) 3 G L TWAHPBPOSE L — BT 5 L iX, “hboO<7F Fitif
Wi, Totd o ERTTHD TEBORESEIND I LERLTY
. Qb7 I VESERRET I LR TERET A LN
BETHAEEZLNRD. ZOLHIE, BERRIZT ok I BUERIES
FOARTF K& LTA o4 o< A (Phaseolus vulgaris YDo-7 2 7—¥ A b &
F—THDHaAIBHMLNTWVS. oAl RENO T o BRIEREE L LTEREh,
EHORBICR T oBEROBRERLETSH S (Pueyo et al., 1993).

&[E], BUIXNTPVIOOREDOATF KON, REEShEOIRC2EREL,
3, SOZHTHolk. ThEDF AT EHONRRIING I VBRELVIE-
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TWBHDT, FU2HONKREBEREr LY Ikt 5. NEREXET /L
FINMELIEZ R 2R, T/ R_TFF LR EOEEBERICL 50N
MzbhadtEZLNS. Y DOCI, REl, RE4IT invivo 71 T4y
MLTLE-TAMEMNEZOND. /o, CHIRVPETRBZhA L5427
ANRNTHXEBREBRZLNRD. —2OFREMEE LT, CIRVPEIZL VS Eh D
TEBEZILRD.
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EBOE _SBABAKBICB T KR  u w2 v
7 % O R

A X+ XS IERTRAR R VPE & 12 R 5 A AT O VPERH BT 5%
FETD. REBESLCHRSEIZLY, ZOVPE (yWPE)Y /737 HA
ICEETA D LEHALMICTHLE L b, WPERT ARG X URESREMNLR S
nF7—PiEEESOI LERLE. ZOKRELY, YPER, REEBOSR
RPN T o o IBELLTHVTWAE LEZ 6N, SAEEERIZE
Fa 7oty 7EERATHEDIC, WPELREOBETREA Y —VER
FTLUATFA T aTF T —ETHHRD2AICER L, RD2ZIAMYVPED HLE #5 £iE
KB o7okL vy 2R3 EB26NAI D, ZTRBYWPEOEKE S
RN EE DR RE L.

MoB & F Ok

E B M E
EEHEE LTy aA XX, 2o 7 458 (Ambidopsis thaliana

ecotype Columbia)Z AV =, oA RFAFix, WFE/S—IFaTF4 b3
—F4 M 1OFRICIRE Lo LICHRAL L 1685 RS, sRFMINGEY, 22°CT
AT EEI.

ERITITEBEOICMSEHIC AT Sk E Bz, 0.5% Gellan Gum,
2.5 mM MES-KOH#% & A FEMSHE LT,  #ifi % 2% antiformin, 0.5% Triton X-100
THE Ly oA X XFTOMFE2EEIem®D > v — L iehifs e, BFO
KR A FTRET A1-0IC4AM, 4CTA Fa~<—F Lk, 22C, #EFEEEHT
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TIEMER S ElBHEANTEROLE LT 7.

JiyVPE, #iRD2IA Ko ER
YVPER L URD2IARF RO L KIBEIC BB 284 2B 2RV
TIEM L. BRAO~Z Z—IZiXpET32a (Novagen) ® FHL /. cDNARH| &

FVIAXIVvFFF

YVPE-exp-F (5-CCGGATCCAGAAGCGGTCCTGATGATGT-3"),

YVPE-exp-R (5-CCCCCGGGTCTATGCACTGAATCCACGG-3Y),

RD21A-F (5-CCGGATCCTACGACGAGAAACATGGCGT-3"),

RD21A-W (5-CCAAGCTTTTAGGCAATGTTCTTTCTGCC-3")

#FH 1 o LDNAS L (Model 394, Applied Biosystems) % AV TIEE &R L,
TF7A4w—& LTHWE: ABRC L WELY FFE/ZESTY n—_1 (RD2IA;
103115T7, YVPE; 2HITN)Z &% & L THV, PCRIZL Y yVPEE L URD2IAD =
— FEUIRAHEE L, HIFRBESR HindlI/Bam HITYIB L%, R X 5 icHlrL
TepET327 #—|Z 7 /87 M DR NS 5 X 5 Ic272 &, KBBHEBL21 (DE3)
WA L7, B, MmN 2mMIZAE D X D IZIPTG# BN L7 LBE i ©37
C, 8-12K§EE%ET 5 Z LIC Ko TiTok. KABE % 50 mM sodium phosphate,
pH 7.5, 50 mM imidazole, 0.3 M NaCl, 0.1 mM PMSFIZ#&8 L, B8 E B LR
(Model 450D, Branson) % {# L, Output7, 50% Cycle Tk k7547 3@ % ik
HBLUBEELBPEL, 10000x gTELLE. ZO&RKFT, BRF A7 HITE
fb&hied-7=0T, LEIZ0.1 M sodium phosphate, pH 7.5, 8 M ureak Ml 2 8 F
BALEEDH10,000 x g T00L LHEALREZ G, Mtz =y /rrefaast
7= HiTrap Chelating# 7 A (Amersham Pharmacia Biotech)iZifi L0.1 M sodium
phosphate, pH 7.5, 8 M urea T L7z, W7 AICEAELTWAHREERSF 30
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® # 0.1 M sodium phosphate, pH 7.5, 8 M urea, 500 mM imidazol C¥EH L, B &
LTHW:. ZORBET, YVPERMSRB Tho O TE HIZSDS-PAGEIC &
DNERIAEGEL, THVEIVRLSTE_7FFEEIVHL, PBSTH H{L
Licgim e LTHVE.

3 L 7= Hi i3 Freund's adjuvant ©, =<2 a oAb SR oY Fiok
TS Lz, 38ME, sEMBIC KR, ZEBoRHE2{Ty, ZEROEH
> 138 P % (- B & ATV i & 1R

AR TR T g P PN o
SDS-PAGEL VT AF o TuuwT 4T3 —-FrBELE, F0LEY LS

aA X} XFHEEY F 32 E % 0.1% SDS, 10 mM Tris-HCI, pH 7.5 ChlitH L,
21,000 x g Tl L=, "EMEsE2RE E L. —iitEiL, HyvPERE
1217100, FIRD2IAFMIZ /10000 THEM L. 723, HyVPEHLMIKIZ—HE
FURTHMLEZbOEERLE.

JWrTayF 4 FIEHCEI A2 VEE % RV T Sambrook B (1989)
DIFECHE L.

HREAEE LicaA X+ X )% L Y £RNAZISOGEN (Nippon Gene)iZ &
Db L7z, i L7ZRNARLICIT— BB L2 8@ICEM Lz, 20 ig@ERNA
PEUE TEM S, formaldehyde® &1r1% agarcse 7 /VIZ L 0 5B L 7=,
RNABZFER T 5 DICEBrikEY L. ERKEIDE, RNAIXT A o /K
(Hybond N¥, Amersham Pharmacia BiotechiZ ¥ ¥ £*'5 V —#kic L WRE L .

ABRC X WE b #FE/ESTZ v —1 (RD21A; 103115T7, YVPE; 2HIT7,
SAG2; 111J23T7, Rubisco small subunit; 204L8T7, Btubulin; ATTS3206) X ¥ 187
Wrh%7a—7L LTRW: ~NA7)Ff¥—a - O%&HEiIKinoshitab
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(1995a, 1995b)D Iz~ 1.

REBTHEMEE S
REOERIZT—RIZE L. BFE2IBEOY0A XFAXTOREES
mmAREICHE L, [EEH (4 % paraformaldehyde, 1 % glutaraldehyde, 0.05 M

sodium-cacodylate, pH 7.4, 0.06 M sucrose)iZi# L, EEBRMABLLBETH LI
< MEEEAE Lok, R TIFRMHEE L. SEHILR-Whitel# 5 (London
Resin W28 L, BEUOKFEZER L=V 7y Fizwo b L. S %
70 y% /i (1%BSA in PBS) CEIR TIMEME LI#, “oyx JHBT
1/5001= 7540 L 7= HUyVPERE L 4 C T— BB L A#7-. PBS Tk, oo
Y TBTIRUNIFRLET 07 A A4 =2 0 A Fik (Amersham Pharmacia
Biotech) CEIR T30/ LB L. 0%, 4 %EREY 7L 7 = BRI TRE
L. @8EREE 1 AMSE (1200EX, JEOL) % {#H L T8OKV T{Tie o /-,

BY2MBADL DX a2t 75 A O EE

BY2#fa LV ilax M+ 5 Z L LWL E A Ot T, FiCiila%:
B, BERMOFAVTRTORERLIRZWT 0 b TFAM(AFanTFAR)
% Sonobe & (1990, 1994)D 5 ¥ THEE L 7-.

LW HUCHE 2 RV S H6R BOBY2MleEk I 770 A EicEIR L, ##
%P (25 mM Tris-MES, pH 5.5, 0.45 M mannitol) T L7z, #HIRRIIBESRIE (1 %

cellulase onozuka-RS (Yaklut), 0.1 % pectlyase (Seishin) in buffer P) C30°C, 2FF[E]4L
B, MlgErsmLl-. BHLTEE- 0 b XSRMEIF 70 ATHRIBL,
Wi %700 x g TH#0 Lie. PREIIEMIEV (25 mM Tris-MES, pH 7.0, 20 mM

MgClz2, 0.45 mM mannitol)iZ®¥# L, KR LR URHETELL, HFLE-. TR
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%, 30 % PercollZ & TefRHHEV ICIEIR L, BMETRE LR X4, 10,000 x g TIFF
&0 Lic. B % Percoll® BAREEARIC L VL EICEL LF L, i
BEF e b FFRA M (I =70 bR ML RS TRICAE L.

EREI310 % i—a— A2 EUEFERVICER L, SfRvy LR, 700
x g CH.L LAF 2475 A ZEEEVPIZEIR L. FTRIXESHEVTE-
.

VPEDEERICKIT 5 B
BEBE (Saccharomyces cerevisiae )1 317 HyVPEDFERIZIL, 8L L TYWs-

1B (MATa leu2 ura3-52 trp2 )i ¥ D pepdbk T 5STY1 (MATa leu2 ura3-52
TRP2::pepd )% Wiz, ¥z, BREAO~SIF—L LT, BABIUKBEDO Y
¥ bR B —ThHHpdl5, pdl6% i iz, yWPEDCDNARRFIM LAY F% 2
LAFF

¥VPE-ye-F (5'-CCGGATCCATGACACGTGTCTCCGTCGG-3),

YVPE-exp-R (5-CCCCCGGGTCTATGCACTGAATCCACGG-3),

7 WA > LDNASG K (Model 394, Applied Biosystems)% A\ T{LESHR L7
F4w—&L LTHWE:. , ABRCE Y ELY #¥72yVPEDESTZ B — (2HIT7)
Mo— FEEAPCRICE VG L, pd1SOGal7TunE—F Flz2/4 &, STY1IZ
MALT., MVT 77 oHEREC R HER LT REL,
Hiraiwa & (1997b) D HIEIZ - THHMOBMRE N T 7 F—RIZEZXHZ L2 LY
FoRyRERBIER. FUoA0 ERR LcBRITEMI IV ERL, 7
T A E— X% F\ThblH FRESEE (50 mM sodium acetate, pH 5.5) & & HIZEREL
oL, EWEZ ST HERELE LE
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VPE{E#% © fi| i

BRI R & ¥ 72yVPES L U'BY2#IM @ VPETEYE % Hara-Nishimura &
(1993b)DHFEI - TRELE. IRFYOEERTHRY V7 HTHS
118 globulin® 7 2 & > VL% 57 I /B 10 E (SESENGLGGT)h b 72

BEHATF F(NGI0)ZEH & LTHWE. 20 mM sodium acetate, pH 5.5, 0.1
MDTT, 0.1 MEDTAN 62573y 7 7 —HPIC4.5 nmol DEK &L itk &z, 37
CT3REMRIG &4/, VPERINGIOE Z2D~FF F, Pl; SESEN & P2;
GLGGTIZ 4T 5. o= HEH L HREDIL, ¥+ V7 Y —BKKE 30°C,
20 kV,10 mM sodium borate, pH 82)IZ X V 43 BEL, 200 mOEETTF F&FH
ELE. B, 1B tmolOP2 - HiM T 2BERY 1=y B E LTES
s,
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KXEMBOVPEOEHF VN7 H Ok

BE, REMBOVPEORK L LTREEShTWEZ U7 HIZR>Ho
T, FIT, ETERABOERIZFET2LEA LR, TAATFX
BEOCKIBN TN ShE ¥ o S BERE L. TORER, #a

(Nicotiana alata YO b U 7’1 224 »» & ¥ ¥ — T B Na-TI-II (Atkinson et al., 1993),

k= b (Lycopersicon peruvianum )@ + V) 7 s A o & 4 —T & HPI-1 (Graham
et al., 1985a), # 32 (Nicotiana tabacum YD EME*FF—¥ Th 5CBP20
(Ponstein et al., 1994), 234 B 2F 4 v FuFF—RitBRT 5% 04
(Actinidia chinesis )9 Actinidin (Carne and Moore, 1978, Praekelt et al., 1988)7% -2
ofc. YA XFAFTIEBHAIN6DF NI BEORER S 2T —F~A—2R
IVRELELZS, TuFT—¥A ¥ —DhTulZROoMLAEM-
feds, ActinidinlZfBREDH D ¥ X7 HLY ) D= o AR b o
TWAHLOLEDTHUFEL T, " L ABDL AT TaTT—E0
1EE A SIRCERMOILERTZ -/ A%, Actinidin, -1 5 (Oryza sativa )@
Oryzain-¢t & Oryzain-p (Watanabe et al., 1991), b= b (Lycopersicon esclentum )@
C14 (Schaffer et al., 1998), = Fw < A (Pisum sativum ) TPP (Granell et al.,
1992), <A < (Pseudotsuga menziesii ) Pseudotzain (Tranbarger and Misra, 1996)
IRCRIBMICBREICUB AN D & Bbn 3 EREF % F > T (Fig. 11A).
A ZFEAHCHCRIBRICE RS FOUBRERUDO L AT A T aT
T —¥ (RD21A)D3 & ¥ (Koizumi et al., 1993), MEEFRFIOWHEEVICET AT F
EENRA BRI (Fig. 11B). £Z T, RD2IADESTY n— % ABRCH» b AF
LAE¥MMOVPEOLE TH LR Z B L7z,

438



sP NTPP Active enzyme domain CTPP

| | | ]

(actinidin)

(papain)

B

RD21A 375
Oryzain-o 367
Pm Cys-F 371
Actinidin 165
Papain 345
SAGl2 346
SAGZ 358
EDZ1A 425
Oryzain-o 417
Pm Cys-P 421
Actinidin 180
ED21A A 462
Oryzain-o KEKSSA* 458
Pm Cys-FP 454

Fig. 11. RD21A is a cysteine proteinase of papain family and the precursor
has a C-terminal propeptide .

(A) Two types of cysteine proteinases in papain family. All members of the
family have an N-terminal propeptide (NTPP) to be cleaved post-translationally.
Some members such as kiwi actinidin have a C-terminal propeptide (CTPP) the
others such as papain do not have it.

(B) An alignment around the C-terminal regions of RD2 1A (GenBank accession
No. D13043), oryzain-a (D90406), cysteine proteinase from douglas fir (Pm Cys-
P, U41902), actinidin (X16466), papain (M15203), SAGI12 (U37336) and SAG2
(PIR accession No. PQ0O650). The identical amino acids to RD21A are shaded.
A closed triangle indicates the cleavage site of the C-terminal propeptide of
actinidin. Possible asparagine residues to be recognized by VPE are underlined.
The arrI:inn acid numbers starting from the initiation methionine are indicated on
the right.
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RD21 w‘!!!

T e e

WPE

SAG2 | % e e

RBCS

15 20

Fig. 12. Both YWPE and RD21IA mRNAs

L

25 30 35
Days

are accumulated in the rosetie leaves

of Arabidopsis in association with senescence.

Total RNA was extracted from the primary and secondary roselte leaves of 15-,
20-, 25-, 30- and 35-day-old Arabidapsis plants. A Northemn blot was performed

with either probe RD2/A or WPE. It has been shown that senescence associated
gene 2 (SAG2) 1s up-regulated and Rubisco small subunit gene (RBCS) is down-

regulated during senescence. The probe of Ptubulin (S7TUB)was used as internal

control on the blot.



%7, YVPEIZaVPEL Y bREBERNS L, FEERI BV TEELHE %
LTWBEEZLNEOT, yWPEEHWTERE{T-T-.

YVPELRD2IABEDEKLHER P L X TH N X
nT<Lb

YPEIZ E(LDOHEITL L HIIHERENTLD. £2C, ETMEOREBA
B B—HT AL ERRTHIOIIRDAABEICHENHEE SN 5 85
Liz. BFE, 150035800 X+ +0F1, 28X VRNAZHL, /
Yor7avT 47 2iTo7 (Fig. 12). BFEORMBBLE L bICKEERED
TEMETHDhSOERBBBITHI L, EBIZLVFERE 5 554620
ERERYPER TSI LLY, BOEBLEBRKEATHNOZ LEZFLTVS.
RIAOFHERBIHETLLLENENLS, Elke L biZ LR LyVPEDH
Belie X o lpg—rzmrRLl.

RD2IADFEHBITABA, NaCl, FBLBETHEI TSI LMAHALMLER

TV % (Koizumi et al., 1993, Weaver et al., 1998). % ZC, YVPEDFRIZ A3
RD2ZIADHEBICRFET 20T Lo, BIFEEIMEME B OB IKICABA, NaCl,
BEPRALER 24T\, RUEO L O EYWPEORE R L BB L (Fig. 13). TOHE,
FRTROLBIZBWTYPERBEREZhTL 52 LRGN LR, Z0OZ
E XY, YWPELRD2IADRBEANIILME> THWB Z EBRRENT.
YPELRD2IADEB /N F —BE RNV L~ATHETHWDEE 5 H
BE L. KIBEICER X E7yWPELRD2IAY V282 Bz x L CER Li-Hitk
PAWTHETBLIUVEOHHE IR LTy R FZ T o yT 4 M eiTol
A, ThEThEEAL7F FIARR I (Fig. 14A). FyVPERKIZB &
Z43kDaD 7 F F, HiRD2IAFEIIIZL A3 kDaD AT F FEBEE L. F i,

51



Fig. 13. Both WPE and RD21A mRNAs are expressed in response to ABA,
NaCl and dehydration.

Total RNA was extracted from the all aerial parts of Arabidopsis plants treated
with ABA, NaCl and dehydration. A Northern blot was performed with either

probe RD21A or WPE. The probe of Btubulin (STUB)was used as internal control
on the blot.
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kDa anti-VPE anti-RD21A
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B
anti-RD21A
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Fig. 14. The YWPE and RD21A proteins are specifically accomulated in
vegetative tissues during senescence.

(A) Proteins were extracted from primary and secondary rosette leaves of 35-day-
old Arabidopsis plants (lanes | and 3), and from the dry ﬁqutls (lanes 2 aqd 4]_.
The extracts were subjected to SDS-PAGE, subsequently immunoblot with either

anti-yVPE antibodies (lanes | and 2) or anti-RD21 A antibodies (lanes 3 and 4).
(B) Proteins were extracted from the primary and secondary rosette leaves of 15-,
20-, 25-, 30- and 35-day-old Arabidopsis plants. An immunoblot was performed

with either anti-yVPE antibodies or anti-RD21A antibodies.
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B L bRMMBED S A7 HOHERBL, HITYVPERGEMARDO Z 1y
HERWM L2 o0,

ZOHREEANT, ERLERIZSHBISADOE, 28X F 0 HE
L, vx=RFTouT 2T EITo% (Fig. 14B). TORE, WFHL b
YT ayT 4 27X VRONTRRRAKIE, HRCBNTOROS -
SHOEMBBDON, TOREOELLELIZHML, 22K LALT
LRE Y —UBR—E LTk,

YVPERBRIZCFELTWV S

in vivolZ BV TRDZIABYPED RH TH D 01212, MHFDOREEN —
LTwiidhiEe by, 27T, ThEhofifAzAnTtind X+X+0
EioH L TREEREIT 72 (Fig. 15A, B). TO&ER, hiywPERICEIET 5
GRIF OV 7 FRBEROZICHRIH SN, £, HIRDAARKICEIET 54
BIF DT 7 F A byPEE RERICIIIAICA DR, RENMONLFEE RV E
iz bilRRICREBEO Y FAdkgiah. ZoZ LY, yWPEILERA
CHEET D2 LR AINED, RDAAOHKRANBEEIMETE RhoT.

X Bz, WRANICVPERFET A Z LHETALDIZBY ML W B
o hFFALERERESO AR 2 AT IA Ml LBEREEE VI =T 0 |
77 A PESICTBEL (Fig. 15C), ThEhOBS LV & 237 HEMH LVPE
OFEEEARELE. TORR, 7o b7 5 A FTH359 mUmgs /32 8, /<
¥aA7TAFTCHRILSmUmgF 237 H, I=Fu b7FF R FTHR17.8
mU/mg# X2 THhoTz. EREEH/ 3 Fa2477 A POBESIZIIVPEDTE
ENRTe F7FFA PERBLT2SFICRES L TV, BREIELALSE
RWi=7o b TR FNCRVPEOEMN 7o F X7 R e HATE L £¥9
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Fig. 15. The YWPE protein is localized in the vacuole of the vegetative tissues,

(A) An ultrathin section of one of the Sth leaves of a 21-day-old plant of
Arabidopsis was incubated with anti-yVPE antibodies and then protein A-gold.
Ch, chloroplast; CW, cell wall; Mt, mitochondrion; V, vacuole. Bar = | pm.

(B) Vacuoplasts (upper) and mini lasts (lower) were separated from the
tobacco BY2 cells. PP_:EM I'raclml::? \Eg'e stained with neulmlpa::d and were

subjected to phase-contrast microscopy.



(o - T,

BEREBICREBRI¥EYVPERTANS X U GO LEHNH 2
&7

WIZ R EARRE OYVPEDHEH A AL T 5728, YVPEL B pepdikiz
RMELT, BERIIH T b—ABHEO~I F—RFERL. 57 b—
AN OGO A HEMH L, yWPEORER L EMEENE LT (Fig.
16). TORRE, VxRFTuyT 4y EVHT 2 b—AFEEI0KMN A I
ZuBIFBREORBRBEREINLS, VPEREERAGhE 2. £0%K, 7
nBATREEORIIML L, RDVIZEBEL BN 5B X243 kDaD_TF F
B bbh, VPEOFREOLERL:—FH L vxRF - TaoyT o780,

BLF510kDaDEZAIZHT I b —AFENEIC LR THNERAATF FHE
ML, FORIIEBASY AT HE, RES R HEORBRIVBALN
iz& o, YVPEDRBIL, b~ VPEOEE & HE L TEMEORINSHHIZE
BT B (Hiraiwa et al,, 1997b), ZHRBRLIEZ 7 ABIRK GBI 5T
BTHhAHEEDRD.
FrARGEOVPETH D b v VPERTEHER D ¥ L3 7 e L THRHZRERE
5 &, Carboxypeptidase Y2774 2 Z &ML TS (Hiraiwa et
al. 1997b). £ Z T, HCPYRMAEAWTOZR I TuuT 4 T &2iTolk
=5, WPEDEHO LR L L HIZCPYDORBE ~DE Bl A bRz, ZOZE
LV, EMEOYPERETFOVPERRICEER DOProteinase AR Y L7225 2
LR ENT. £, invioTCORDAADKBAU~OEBREZBET H720DIZ,
RD2ZIARBERNIZRBEIEH I L 2R ALY, RASFIZLEATE Mo
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Fig. 16. The inactive YVIPE precursor is self-catalytically converted into the
mature active enzyme in the transformant cells of pepd strain of
Saccharomyces cerevisiae.

(A) The yVPE gene flanked with the GALJ promoter was introduced into the yeast
pepd strain.  Total proteins from the transformant cells were subjected to SDS-

PAGE and then to immunoblot with anti-yVPE antibodies. The YVPE precursor

(proVPE) was converted into the mature YVPE (mVPE) during incubation with
galactose.

(B) Immunoblot of the same extracts as above was performed with anti-
carboxypeptidase Y (CPY) antibodies. The active VPE expressed in the pep4
transformant was responsible for the conversion of proCPY into mCPY, instead of
PEP4 gene product, proteinase A.
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2

KEAMMICIB T D5 VPE D &RE

BTIicBT2VPERPLE LEEES VA RO Tk v DA H=X
LIIE T~ FEREGICH, VPERER BFETLIOT, HRAY
L IRBPFETHEREDRLDY, TOEREKEIFHTHS., oA X X
FEER LM T MR L, BY22EAL-HRSEOMELY, B
RO AR RO VPERFTE L, 2D, VPERRMAGRT 2RS¥ URE
DCHENEMEZINT BN R oz (Fig. 15), & 612, BERHIIYPEZHE &
V7B E, VPERED LR & & b, BEOCPYDORMYE~DERB R LN
(Fig. 16). T @I & I3EEHEBOVPEDL ITHMEEOVPERMRIZ T A7 ¥ R E
BREMRTESEZED, ERAOT oL IBRLELTHS Z EERLTWA.
vaAf AFEXFICBNT, FEEEOVPEIZaVPE LYVPED —FEA KBS h,
FORFARITaVPEL V HYWPED HFAE W, ¥z, YWPERE(LOMMIZREE
BERT DD, aVPEREBE{LORMICERTS. Ko7, REMBETIL, yVPE
Do FRBEELTEERERERLZLTWSZ L, oVPEIIYPEL R
RAHEBERELTWAZLMRM N D,

BEEEDpepdbk IC BB SV IyWPER S FROKE 470 R L LTREL,
REEI OB L L bl TFROD S EBAERIZERL, VPEREMEDS LR L (Fig.
16). ZDIZ &, YWPERARFEHR TER I, HhRzEhEL-&ICE OEHE
T 3EEFRLTVS. FEERI BTS2y 27 oksr 7275k
< @OVPELIEREA TH OEMEET 5 (Hiraiwaet al,, 1997b). 7, BERFOHRRIC
BiFs7utl s YERTHDProteinase A, B0V VY —AlcBit 57 ok
v JBER T D Cathepsin DIZEH CIEMIET 2 Z LB @E SR TV S (van den
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4 )

processing

latent-yVPE — active-yVPE

processing

latent-RD21A —> active-RD21A
ky .

Fig. 17. A schematic model for activation of RD21A by a post-translational
removal of the C-terminal propeptide by the VPE.

The YVPE precursor is synthesized as a latent form on the endoplasmic reticulum
in the cells and then transported to the vacuoles. The inactive precursor is

converted into the mature active YVPE after arrival at the vacuoles. The active

YVPE might be involved in the maturation and activation of vacuolar proteins such
as RD2IA.
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Hazel et al., 1992, Conner and Richo, 1992). & T, YVPERRKR ok v V%
ORLEeY, BOEMEL LI, RD2IAL KOS 237 J % Rk TSN
ftLTw ¢EX b D (Fig. 17).

RD2IAY /32 HOFHBBE(LFFIHML, SR, HA LR, 77
VURRAEIZ X D yWVPEOMRNADER RSN+ 5 Z LdFrahis. ZozZ &
i3, YPEOEBRHPEH L L ORDAAOEBEROBMICIECTHAI D LE2RL
TWa., L, EFLETIIYWPEORERLFE IR 50123 L TRD2IAD 3
BiiAonizho®T, YWPERRDAAKET TLDZ I ROT oty
YR HME L TWAHZ L EFRM L TWD (H3H).

RD2IAKEMBKICBITLIVPEQOAHE L EZ NS
H R F ¥ FTF Cidin vitro TIPS 232 M T %28 albumin, 118 globulin,

Vicillin?3 7 A /35 ¥ iR B2 AR T D VPEIC LV EBRICEREN D,

FEAMB TILF /a3 ONa-TIH, b~ FOPIL, #/3230CBP20, X7 A D

Actinidin® 7 A F ¥ CREOCKIENTT oty 7and Z AR LNER
STWBHDT, VPEQEESTFLEZBNRE. LhL, yudf X+ HLiRs
Rab= MRG0T T —E¥A e V¥ —RHEEET, EEMNEFTFF
—EDCKBDT AT F U BEIMRF 0L T 2VD T (Samac et al., 1990),
A RFIAXFOVPERINGEDF R BOT o ZIZilE LT
Wi Bbhs.

v A X+ ZF D Actinidin’s € 17 7 Th ZRD21AD 7 o R EREDOHEE S
FRIZBLF4BKkDaTH DN, UV AF T o vT 47 L DRD2AN33, 43
kDaD# /8 HTHDHI LEBFREN, RDAAB T FE3NTHAHZ L
Bbhhote. oA XFZXFORD2AIXActinidink [ U<, CHRIBMOIEREF
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ELH, okl Bl B AR T AN X ORENFETS.
Fi, RDAAR T FIN_TF FzHo0T, ERICER T EEDRS. =
NHEDZ L X VRIADHEBA ~DF oL 0 ZICiZyWPENBME LT B L&
Zbhd. ESWERT LY RN ActinidinDCREBILS FREICEHL TWD
Z E MR ERTH (Baker, 1980), RD2JIALZ O L 5 2 MEEZIY, VPERT 7
A LT 2T H EEDND.

B D 33 R R T A T T T —EDOHRE T 7T 5 Cathepsin B,
LONKSHIZE CMFHEE S LTivTsh, 7oRlgiRkicdimtesniashis
b\ (Carmona et al., 1996, Fox et al., 1992). Actinidinh TSR AIBEL L TAR
ENDHH, NARBIEREFIASMMLULE EOActnidink ATHIZFTYFA L, #
NIRRT THL T e T 7 — BB 2R - TWe® T (Paul et al,,
1995), Actinidin®DCHM 7 o ~7F Fx7 o577 —¥ELimb+ 2825
HLEZHND. RD2AADCHKIEHKILOryzain-a & Oryzain-f, Cl14, TPP,
PseudotzainiZ b & b, BRFEIN TS, Actinidin& iXHEEHEIMEV-O T
(Fig. 11), RD2IADCKMEY 7 o7 7 —¥EHOHEICBb> TW A0 EFRHAT
HDH.

O, YATAiiBEATEr S HTRIIBRESRATVAS. IO
ZEED, VATFAUBYANT 4 FREEE LT, FEAOSHELZ LT
HBIEBEZBND., IOVATA VICBEUHEBRICHRAELZ RT3 HE
RELIZLZA, EMRVRAOHERRAFO—DTHLS T7=a—) VBHEL
7= (Bhandari et al., 1992, Bateman and Benelt, 1998). 7 =a—U /i, L%
6kDaD/NET T F FThHDH. ZOXTF FORERITIHEE I TRV,
AT VIZER, FEOLEER L oTWA., ZoZ & LY RD2AHFEDC
KIR_TF FRT e 7%k, SRENTICEIRNIZERL, {51 08E
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ERELTHBZEBEZLAE.

SHRABERIIEBT2ZEROBER T vt 7R
RDAA:RL LI EBIETHEREINTL AN, B 2T AT aFT
—¥E ThDHSAGZLSAGI2IZIICKRRELER TS A LW, CRigD7 o

iR B EBbh 3 (Fig. 11) (Hensel et al. 1993, Lohman et al. 1994).
#7-, RD2IA, SAG2CSAGI2ONKIGRDEREINILT R NTELRBT AR5
XoBREVRO>MDHODT, VPEILE 37 ati 728 F5LBbhsb. Lk
L, chbn7ar7r—EONERE7et R L RmEESRTE
D, BAKMET I JBOoA L oBRERBLGNDOT, BREMENKKEDO ot
VNIRRT ANGX BT T T—EREE LTV AAEERE X RS,

) VT A% (Vignamungo YDV AT A 7 aT 7 —+¥ Ch HSH-EPIZE BRI
Tt/ &5 (Yamauchetal, 1992). ¥, BFEOCPYLERB I n L
v 7R ZTIEM{ET D (Mechler et al., 1987, Hirsch et al,, 1992). Z¥AR#E ke
i, 77 7—YIlBATEANTF T THDOT, RO RN
FETDEEZBND.
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FIE-REMMBKICB T IER ek T B
3% (Vacuolar processing enzyme) ® 3 I 7
i 4% 1

REMBYWPEREFREFRICLVLENICBRABN SIS LEHL
Mz L. ABRTRHIOERZEIC, YWPEORGTRERDOBME X 5105
LSRR Lz, s EEE2ZTLLHs0REFEEREEhDZZ L0, #
FICLORMEFRRAIE VY AT VRO T LUBECHboTWS Z LA
bhTwa., Lhl, BFICLDYWPERETFOREILA Yy AE VP F L
YOMERHEV LT, MOEFEEEEORET LIEIRRAAF—URRLR
ofc. O LIIMEEIC L2 2FHRRIETFOEMELICIIERORERH D =
LERLTWVWS. i, BEICEAWPEORERICIIF IO T 7P UEiEs
THZE b TER., EOER, #F 230 RGOSR
it 7o A FRBERENTLDHI LT LTV S.

MoB & ik

KB B

EBHE L LTHW e, X+ X, 202 7 £ES (Arabidopsis
thaliana ecotype Columbia)®D#V X, F2EIIEL TIT-TW 5.

EEEL L UEMAFNE LBIZITSEEMOIIMSEE AT Sl i
AV f=. 0.5% Gellan Gum, 2.5 mM MES-KOH#* & A 7-MSHEHIIZ, #E#2%
antiformin, 0.5% Triton X-100CHWE Lz oA X+ X+ OMT % EEI cmdD &
¥ —LI6hiFE o, BETFORIREZITRET 2720148, 4CTOELLE,
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2°C, EFABETTEFT S, 2CIEB LLEAMECEDERAVWTE
BOMEZToT.

EERBIVERLE VLA

BEIMFCEIMICEb I LIC L V2l A . o F LR
FAREEMN 10 ppmiZ 2D L HIZIS LOBRIME, o XFXTEEFERT
WAV Yy — LT AREHALE. PYyREVBRIBRARBESOMIZARD LS
iZmethyl jasmonate # 52 72. 77UV UBIIBRKBEMN2LSMIZARS LIS
Ziz. Fi, =FVoRBFEOBEEMHEAR L LT 2,5-norbornadiene & # # B 25
150 pLIZ 2B L IC1SLOFHBIIME, YA XA HE4EFIETWLHY
¥y—LZEANERLE.

L A aEer g e B2 3
YT a T 47 OKE Sambrook B (19892 L TiT-72. &8
WA Lo XFXFHEL Y SRNAZISOGENIZ X VI L, 1%7 Ho—

A NBEREI D%, RNAZ o o (Hybond NY, Amersham Pharmacia
Biotech)ic¥ v EF7 UV —EIC X V@S L.

ABRC L Y H2 0 ¥+ 7-EST clone (YVPE; 2HIT7, 27-kDa Alvsp; ATTS1295
(Berger et al., 1995), GSTI1; 206N21T7, GSTS; 44G9T7, soybean peroxidase
(prxCb) homolog; B25T7 (Jabs et al., 1996), rbcS; 204L8T7, Ptubulin; ATTS3206) &
W2 7Ta—7L LTHW.. "M TV F A ¥~ arrofFir
Kinoshita & (1995a, 1995b)® FiEIZHE - 7-.

GUSa v A T 7 b ER
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70— ¥ GUSOEHIEREE (ENT 572D, WWPED 7 1 £ — 4 il (-
2036 BN T BT T A v —
gVPE-prom-F (5-CCAAGCTTCCGGTTTCATTATGGTTAAG-3),
gVPE-prom-R (5-AACCCGGGAGACGTGTCATCGTTGTGG-3))
Y ) by—rRAERCERL, Y/ A7 o— 28R L LTPCRICE VY
06 L7, W8 LizDNA%Z 2 o—=1 2 <27 ¥ — (pBluescrip)iZ B A L, HEHR
FIARER L, HIIRBEFRHindI/Smal T L&, A F ) —~<2 57—
(pBI121HMRV)iZB-glucuronidaselZ i AFM & 5 L H T2, (ERLEZT S
A FiR7 27,327 ) TEHAIONUZHA Lo, S$lA7TEMDH HVnD
A XFZXTHEBHEIC A AFa—aEc LB x -, BREEEInA/ XS X
FIE3EME ICTIREF 28R L, 100 mg/l Kanamycin, 50 mg/l Hygromycin, 0.5%
Gellan Gum, 2.5 mM MES-KOH (pH 5. & & A EMSBIRES ML, £2 T
Ef-LOERSKICBM L. S LETIHDEIAFZH S ET2MT 2187,
wohiT2HEFEEBRIZHWE.

GUSH

T2fF %0.5% Gellan Gum, 2.5 mM MES-KOH % & A/7< MSH b (< S5 A9 12
LE MG RAE T, 2°CTH T, MMEoBs, Bty bTEHRM
i, 28I TV L. BV o LR EEHIT VRSt
w2y R 7 Fa—TIL AR, BEE500 ul ORAHK (0.5 mg/ml X-glue, 0.1%
(W/V) TritonX-100, 100 mM sodium phosphate, pH 7.4)Z M & 7=, # T3
ERRIBBETDH LI CEBELL HERSLELLRIZIVCT—BA Fa~—}
Lz, #0#%, =& /) — ALV —-XTHEEELY Jooz o2 BEaL, HoH
ExIT-oTc. TRREFIIREMII~T o 2K HTH S0 T, BHEHR LMYE
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LHAROWMBDERSENTVWS, WPERHEKMBILHERT I e bhoaT
WABDT, HAEBERREEND bOFBHEMREL LTEALRELE.
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g R

VPEREEIZLIVFERERINTL D

WPEDRBIIEFIZLY LRLTL B, £2C, BEIZL 5WPEDHEE
FREMAEL Bo TR~ BHEEEMOMDEOSES, 7T T2l
B M —ERMEICSssEE SV T L, ST ay b E{To K (Fig.
18). TR, HHEHLNHENLBELEAOFENNRL LN, T2RFMEET
ER LT, ZoRBOERIELZHILECRTIRARL, E2MfTdo
rrEzbHRBNE., FIT, MDA PLARIVERAWAREBETHRED L
FICRBELTL 20EBELE. TORR, EFICIYRBHATSVSP, GSTI,
GST5, prxCbityVPEL D b B BRI, T/, ThbOBETFOADIZE
AMEBEEZZTEEOL LT, HEEZTRPSEEIIBWTLREED EREH
HoNlh, prCoiIBELZ I ORICHRDO EAPHZLN. KEHK
IS ELBRET THD, RBCSOERITEE T I CoHLr—RMIZHEHA L,
ZLTENIhARIAOERBHIR- S, ZOZ thb, HEIC
L AYWPEOEBRFEIHEZ I LT o MumbIZAbh, TO
BRI~ OMETORBEID LBV EEALMIE T

BEIZBASYVPEDTFH IV Y AT VB, = F L v
(EEHTH D
EEIC L2250 EEFRAOTEHICHDLAPHLE LTV Yy RAECE,

TF Lol b B HEBILTYVS (Zarembinski and Theologis, 1994, Creelman

and Mullet, 1997). ¥ Z T, —BEMIZEI <AL TWVEZF L r iy AE -
BEVBYWPEORHBRIZEEG L TW a2 ERM L, EENICE Ty, XF-XT
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Fig. 18. The pattern of the wound-inducible gene expression of VPE is
different from those of the known wound-responsive genes,

Total RNAs were extracted from the local or systemic 5 to 8th leaves of 3-week-
old Arabidopsis plants at the interval after wounding. A Northern blot was

performed with each probe of WPE, 27-kDa vegetative storage protein of
Arabidopsis (VSP), glutathion S-transferases (GST1 and GSTS), peroxidase Ch
(PRXCh), RD21A and Rubisco small subunit (RBCS). The WPE mRNA was
accumulated in response to wound-treatment in the local and systemic regions of

the plants. The probe of frubulin (STUB)was used as internal control on the blot.
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Fig. 19. Deferential responses of wound-inducible genes in response to
exogenous plant hormones.

Total RNA was extracted from the 5 to 8th leaves of 3-week-old Arabidopsis
plants that had been treated with either methyl jasmonalte (A, final concentration of

40 uM) or ethylene (B, final concentration of 10 ppm). Probes used for Northern
bolt were the same as shown in Fig. 18.
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KPPy RAEVEBBIUZF L U252, WPEOREN EAT 5088 Lk (Fig.
19). TR, YWPEORERRIZ—F L o FMEMSHISIC LR LES, Yy
T UBIITME24RBEIID LER LEORE 5. VSP, GSTSIIY ¥ AE
DX, GSTSIHTF LU OB LD, HINEIFFHEIC T Tl
LR LTV, prxCbiZ ¥ ¥ X VBB LU F L ek M &Iz b i K
Gl ZOZELY, Px ATR, F L UEMICET 5yWPEORR X
DEEZZITEYMICEBRT2REF I BIES, FOZEXPALNELRD,
INEORAVECBEFIIRBT 2yVPEORR BN IO D AIEMEMMEL o 1.
FIT, ZbIRIOZLEFHBTHAEDILZFLUBHIVEYC Y RAEBOY
TFMEERL LN ol CoBRIZEB T 2yPEORIG 2 #E L
(Fig. 20). k= bR, oA XFTZXHZBWT, =FLrOZEOMRERNTH
DINENT P 2EREED LY, BEORERALONRE BT
& M350 BT WO A (Zarembinski and Theologis, 1994, Bleecker and Shaller, 1996). £
IT, INENFV kA e RF XTI TFOEEMT L B,
YWPEOEEROMHIZA RGN oT, Tk, Yy AT UBICEERA BRI
ZePRIERAR, jarl-1 (Staswick et al., 1992)iZ%t L THEHE 52 =L 25, ki
YPEDRHOMF LA bR o T,

VPEDBERIT7T 7V UVBABEELTWVS

EEICLZ3LHFOLBEFRERICES Z7TLE LTSy AEVEE, =F L
YOMIZT TV BBEE L TWAZEBHLENTWA. £EITC, TV
YBOMEERASID, BFEREROMBEICT IO BE S L, YVPE
DREBEZBE L (Fig. 21). TOMR, WPEORBRRRT 7 ¥ A BEmME24
Y[ Bl L7z,
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Fig. 20. Wound-responsive expression of the WPE gene is independent from
induction with jasmonate or ethylene.

(A) Total RNA was extracted from 5 to 8th leaves of 3-week-old plants of
jasmonate-insensitive Arabidopsis mutant jar/-/. A Northern blot was
performed with either probe YWPE or VSP.

(B) Total RNA was extracted from 5 to 8th leaves of 3-week-old Arabidopsis

plants treated with 2,5-norbornadiene, ethylene perception inhibitor. A Northern
blot was performed as descried in materials and methods.
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Fig. 21. The WPE mRNA is expressed in response to abscisic acid (ABA).
Total RNA was extracted from 5 to 8th leaves of 3-week-old Arabidopsis plants

treated with 2.5 mM abscisic acid (ABA). A Northern blot was performed as
descried in materials and methods.
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BEEZZTEHEROEAVICYVPEOERITZ LN S

YWPEDEBREZ MM LN THRET HLHIZ, WPEORETEZ ToE—F—
GUSOEHIRE LA L, GUSOMEREEIT o7 (Fig. 22). TORKR, &
AT AWEETOMERIIRCRE SN, B2 T 8IcEVEENAED
fz. Eiz, S HETRO Ll s 6Iim{ eadh, R TRt
NIEERMPEL b o7,
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Fig. 22. The YWPE mRNA is expressed mainly the veins around the wounding
sites.

(A) A construct of WPE promoter-GUS gene (pVPE::gus gene) that was
introduced into Arabidopsis plants. nos, nopaline synthase promoter; NPT,
neomycin phosphotransierase; Tnos, nopaline synthase terminator; pWPE, WPE

promoter, GUS, -glucuronidase; HPT, hygromycine phosphotransferase; 358,
cauliflower 355 promoter.

(B) Histochemical localization of GUS activity was found on the veins around the
wounding sites of the transgenic plants with the pyVPE::gus The plant that had
been incubated for 2 days after wound treatment was used for the GUS staining.
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% 5

YVPERBEICLIV2LEHIIE RN B

BHT, WPEREBLLEIFEHNEINTLC DI LAFREN, AETH,
EFEICL VYWVPERHTHENS ZEBHLN Lo, AL, BEZTEED
theSORRBITHATHH, —HHTHHZ L, BlicIVFERHEN T 5t
LT ThHBHRD2IA, SAGZOFEBRIZIIE(NR2NT & (Fig18)& b, #HEIC L
HBETOFHL, HAOPCELCLIFERLERL>TWS. HHBELZ
Hh b eBBEBFEShIRETOL YT AVELTREER TS LD L
LT, —HFRLHMONTVIORZF LU LY RAECBTHD. FiHESE
ERIDHE, V¥ AT B FLUoERROBRENERESh, Fhickb
ERENECYRAEVBETF LR T IAOEEDHE LTEEZZIT T
MRVERAICEE L TR EFORERE 5 2t L L, yWPEDRBRI ¥
AECVBOTMZEIVBEEEIRRPoI L, FxF Lo TH¥EIATLE
ORISRV E LY, BEICLDWPEORHEOEEMNLFEHITIZEb o T
RWOTRZVWHrEBZONE. EFEOFET, EFFHEOREFOREIC
REFL Py AT CEBBRLTEH] I LUBETHLZLBERALMIZER
TV % (O'Donnell etal., 1996). FHOLRERTHSH LN F L LIy RAE
BEFIRFIC oA RFAFICE XL ZFfY, RBCSOERMNHE I NS Z &,
ZLTHE SN DSAGIPRUIADEE N FHEEINDL Z L, FOBBEL 25
TEEVERDEIBREEFERILTWILEEX LR, AbbELEY
¥ 525 LICLAEFORBNLRIGE, BFICBT RS YRIEIZRBL
TWRNWEDZOL ) RERBEOIE L Bbhiz.

¥, o4 X+ XFOaVPE, YWPERZEMEHERRILOY A0
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—DTHHY ) FABICERT S Z ERTENTWS. FEEIMEOFRFE I
Pl Ui & i, MBERERERET 20 L CRBEBERRIE2BZ L,
PV FNVBOEEPEZD. V) FAREIYY AEVBOSEBLIV Yy R E
YEEORIGERET S Z LA b TV 5 (Pena-Cortes et al., 1993, Doares et
al.,1995). L LRI "ailbBWTERFEY s THETaTT
—EA e S IEBRRICL RN AR EhA LR EXB LT Y FA
BEOB X IHII y AEVBOY TV EEREFEZHAETTRREVWEEZD
no. FREFENDI A I7HEZFIERET 204 XX+ Ocpr
(Constitutive express PR-proteins)ZZfAE REOFIZ 1L, BEFHMEOF 2 H
EWILRBRL TS LDHH SO T(Clarke et al., 1998), Zi b DERERMED
VPEORBRAF— v wfiTa L1tk Y, BHEICESVPEOREA =X A
ERRLHIEBRTEDSLEDNS.

EETEEINTL B3YVPEDORKRH I "I H

AIEET, #F{LHM TIIRD2IAMYWPEDO R L A2V 5 2 HEMEMATR & h
fo. LisLiads, RDVAIMEECRBE Shhofz, T, BECTHHES
NTL AVSPILIEIIZERT 58, TAASEURET nty v /ahsk
I REALIIR SN blehols. ZhAbOZ LY, BFITEIT BYWPEQKES
FIRABTHS. EEFEMEOThionintI MM CHH EhA2HEMEY 2 80
& LTREENTWSA, #3 AF(Hordeum vulgare )iZ 33V T Thionin @ik fa &Y

DRER ZPFEL TN D Z &R EN TV S (Reimann-Philipp et al., 1989). %
7z, AMLAALFLY EBENTW S ThioninFE R FET ARFX L OBATT
BEYZEND I ERFRENTLAHA (Romeroet al., 1997), %< Ofith®

Thionin T 7 AT X UVBRERRGESNTEL T, BIFEELHICHENEID
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7= 8 (Bohlmann, 1994), VPEQIEH LiXE ziz< . #3a T, #iHoF o
FT—¥A b EF— (NaTHIDAERICERL, TAATE LU REORATT
o ENFERERRTALBAbATWS. £k, HRRTHESEEHh
5 a0 FH—F (CBR20)ICHEIERIC I~ D&k s 7% #
R FuRFF ERHD. ZOFuRTF FITEIRICEE L RIZ T R AT X
CTHWANS. #/3a0ERMRTHDIBY2ILVPERERALhA Z L X
D (B2EEWPEL FE O V—DFNF A ENFEL, BEECHBYICHEN
XN ANaTHIRCBPR20D Tk v FE{ToTna L Bbh3d. ZhbnF v
NIRRTV vy AE B FLoTHEESND. F/5010817 5 VPEOREH
il F LUy AT UBAEELTVWADLERSZ LIZED, VPEAZ R
BOF NI EEToEY L TOALO—20BEMEL 25 LEBbh 5.
FaE—F GUSDT—F LY, YWPEOERIBHFTREOMTICALNSE D
EBRALMC o, MK EEERH L EIEEZTEFOMIZITD
n— AL THAHEROERN AL, HREXE TIRGHREZDS. Eit,
EELZTTEBENOADOEREBRI D0, BROAELAELRLOLE
Zbhd. WPEORRIZIZIOLHIBRBEEERML TS LA/,
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e R

‘D‘i!L

BHRIZB T DSVPE O & &

M ORRITHEF TILy 37 HoEN, ETiITMEAICERL WS ¥
R HOBRLH SRR L OBEE R LTWS. FFIEA OVPERR
ks 7 BO—DTHHPVIOOD T 0k 7icihE, BiEHLroTT
—PA eI — LIRS T HEVWI R DR ERSF N HICER
THEEZLND., ZOIZ LI, VPERHERS 37 HOBWERRIZEDLL R
RO EBEHSTWAZLERLTWS, £, FEMERS O v DVPESR
FFF+E=ADOVPERT AR5 F R % ¥R a3 L (Hara-Nishimura et al.,

1993b, Abe et al., 1993), £ v@OVPERRHRIZT AT X U BERMTDZ L,
PVIOORI T ARG XU BLUOTANRTIXFBET ok v FERTWE I E,
BRI XS oA 2T AT OERBMBEHEOVWPERR TR Y 2 HD
Tut s SR EUNGIOR T AT X CREDRA TN EhE Z L
B, REMEBOT AT LTI o Y ENRDIERSY 732 HAVPE
Ik VR~ h DA A REERS. L L, EvOirEMEEE D
VPEIZHATRIERMAIRR LRV ZEXRICD. 58, HiEEL EEFR
A ERICNET S2LERHD LEDRD.

B hOVPEFRER Z Th DLegumaini 7 R AT X OCKIGM T27F K
REEUWTHZEBTFENTND. e, TUYADVPERER Y THD
Legumainid V) ¥ Y — Az 5 Z LR ENTWS (Chenetal, 1998). U Y/ —
LB 32 T ¥ D Cathepsin B Cathepsin HE 7 ARG X O AL TT oty
YTENDOT, Legumain I b DBMRO T ok V@ TnB EEX
b d.
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i, HURERBHIAZIZB YV Tlegumaind = FH A h— Rz L W ELD
AE NI FR OS2 HIZE S LT3 2 &35 & (Manoury et al.,
1998). BRIV A FYADE AT HEBRNIZ Y FHA b= R X VIR
DAt BRIEH 28> TV 5 (Babaetal, 1994). #i%h LR EOBY 24
EBWTEREANDH S Z LM BN TV S (Moriyasu and Ohsumi, 1996). 53
M@ OYVPE, RD2IAIIERIZLVFEEEINDH, SAG2PLSAGI2S E{LFIZH
HENDHTuTT7—ET, SAGHIT X/ _TF¥—ETH 5 AleurainDHE
7 T& 5 (Rogers etal., 1997). = U (Hemerocallis x hybrida \DFEF DE{L THREL
LTL BSENIR2L Y RT A 7 a5 7—¥ Th 5 (Valpuestaetal., 1995). %7z,
k7 EB 3L (Zermays )DHEROE ) o FRT7F F—FiERECEY
AN TL 5 (Jamesetal, 1996). “H 6D &S E(LRRCITHERSTERICEH X,
T FYA b= AL VBRVAENRTRG B oMERIZL Y EDHICHRES
NOEBIPDBZLD.

iz b, REHMOVPERBEHE THE I, oA XFIXFOEOH KM
IR BB OVPESFRMOICER L T A 2 L, BRBICHEMARR OVPE
BEHLTLLHTE, A LAXOROGIZITEERYOVPEREREEDBRE TR
ML TLAHZ &(Linnestad et al., 1998)& ¥, FhFh oI BW TR HEAE
IV TS Z EEFLTVDS. S8, SLIIVPERORE L 2D F 2K
M, FOMBET, FOLS5EFELTVWAMERTAZ LIk hiEROBED
HETXB LEXLNA.

S 0OBE
S8, uAXFXFT0F ) AERE ELIZHERY A2 EOERBEL
Michd tEZENRD., £, BHRY RVHEOToTFA— AEITBREDITS
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BT OIR T FERHOPETHILEBAETHLEBEDNRS. £,
U ER 3 OREEORICEE RIE T erched] RERMIL, FKEMGEOVPE
DERETHDHZ LBREEN TV S (Linnestad et al., 1998). # >3 kriggHy
DVPERRBET LA A LAXOLOHMBIIERAEORP THREL TV . S,
E#HTHL Y avF OB, DNADK (L2 Y, BT R F— 2 LR
RERT U a—uv 5, WROEREA, E@YL LMk Kozl L o
A ENREE IR TE TW5S (Kosslak et al., 1997, Orzaez and Granell, 1997,
Mittler et al.1997, Ryerson and Heath, 1996, Pennell and Lamb, 1997). Bi#iz51\ T,
TR =AY A PIADTeTF) YR L DT T NEEREETS
ZEBHGMIIENTWSD, BREIZFET S VPEAMRIED > 7V EEs
MboTWaiiRELoIT, MRROBESOHROBETHHN TS LEbh
5. 5, VPEOT »FELVA, BIUERERBEOXRRUEBFT TS Z LIz
LY, HHOEERKICELAVPEORRVBHALMMIENDTHA .

BFRTHEEY w7 HIR E A ERBEIRICENT 572, VPEOF—F v b
ELTHEYTHS. LL, KEHGOBERRSY 2 HIZF0RBRBKEL R
fedh, VPEQZ—4 v bEFZ R ENBHEAZERFEICH LW EEDNS.
MR, AR5 A 7 a7 T —E ThH DHCaspase 30 IH % B3 Dtwo hybrid A 7
V== 7T 5 HENHN SN (Kamada et al,, 1998). ZOHFETHE, BAL
FAEBSMENLZNL I TF TP OEMBMICER* ANRTHS. =
DX >3 RFEFEY TORITICBNTHYEDTHL LEDbRS.
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Precursor-accumulating vesicles mediate transport of
the precursors of seed proteins to protein storage vacu-
oles in maturing pumpkin seeds. We isolated the precur-
sor-accumulating vesicles and characterized a 100-kDa
component (PV100) of the vesicles. Isolated cDNA for
PV1IM encoded a 97,310-Da protein that was composed
of a hydrophobic signal peptide and the following three
domains: an 11-kDa Cys-rich domain with four CXXXC
motifs, a 34-kDa Arg/Glu-rich domain composed of six
homologous repeats, and a 50-kDa vicilin-like domain.
Both immunocytochemistry and immunaoblots with anti-
PV100 antibodies showed that <10-kDa proteins and the
50-kDa wvicilin-like protein were accumulated in the
vacuoles, To identify the mature proteins derived from
PV1M), soluble proteins of the vacuoles were separated,
and their molecular structures were determined. Mass
spectrometry and peptide sequencing showed that two
Cys-rich peptides, three Arg/Glu-rich peptides, and the
vicilin-like protein were produced by cleaving Asn-Gln
bonds of PV100 and that all of these proteins had a
pyroglutamate at their NH; termini. To clarify the cleav-
age mechanism, in vitro processing of PV100 was per-
formed with purified wvacuolar processing enzyme
(VPE). Taken together, these results suggested that VPE
was responsible for cleaving Asn-Gln bonds of a single
precursor, PV100, to produce multiple seed proteins. It
is likely that the Asn-Gln stretches not only provide
cleavage sites for VPE but also produce aminopeptidase-
resistant proteins. We also found that the Cys-rich pep-
tide functions as a trypsin inhibitor. Our findings sug-
gested that PV10) is converted into different functional
proteins, such as a proteinase inhibitor and a storage
protein, in the vacuoles of seed cells.

In higher plants, proprotein precursors of most seed proteing
are synthesized on the rough endoplasmic reticulum and are
then transported to protein storage vacuoles in maturing seed
cells (1-3). We have shown that the vesicles with a density of
1.24 glem® mediate the delivery of proprotein precursors of seed
proteing to the vacuoles (4-6). We have suceeeded in isolation
of the vesicles from maturing pumpkin seeds and have shown
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that they contained a large amount of precursors of various
geed proteins, including 115 globulin and 25 albumin (7). Thus,
thege vesicles were designated precursor-accumulating (PAC)
vesicles, Hecently, we have found that the PAC vesicles contain
a type 1 integral membrane protein with epidermal growth
factor-like motifs and have shown that the membrane protein
binds to peptides derived from the 28 albumin precursor (8),
The membrane protein of the PAC vesicles might function as a
sorting receptor for seed protein precursors to the vacuoles,
Just after arriving at the vacuoles, the precurser proteins are
converted into their respective mature forms by proteolytic
cleavages (8, 9). The posttranslational cleavages occur at the
carbony] sides of Asn residues in precursors of various seed
proteins of different plants, including storage proteins, lectins,
and toxins, as reviewed by Hara-Nishimura et al. (10). We have
found an enzyme responsible for maturation of these seed
proteing and have designated it vacuolar processing enzyme
(VPE) (11, 12). VPE recognizes exposed Asn residues on the
maolecular surface of the precursor proteins and then cleaves
the peptide bonds at the carbonyl sides of the Asn residues {(6).
The VPE-mediat=d processing system plays a crueial role in
maturation of various seed proteins in protein storage vacuoles.
Chur previous study showed that VPE homologs can be sep-
arated into two subfamilies: one specific to seeds and the other
specific to vegetative organs (13, 14). This is consistent with the
fact that the plant vacuoles are classified into two types, pro-
tein storage vacuoles in seeds and lytic vacuoles in vegetative
organs. A VPE-mediated processing system similar to that in
protein storage vacuoles is involved in maturation of vacuolar
proteing in lytic vacueles (15). Vegetative VPE might be re-
spongible for conversion of inactive precursor into their mature
active proteins, such as proteinase inhibitors and hydrolytic
enzymes (15). Similarly, it is likely that seed VPE also playz a
role in the activation of some functional proteins in seeds,
Each of most precursor proteins is composed of a functional
domain and an NHy- andior COOH-terminal propeptidels), ex-
cept for a precursor protein of proteinase inhibitors of tobacco
that is processed into five homologous inhibitors and an NH,-
terminal propeptide (16). On the other hand, it 15 not known
whether multiple vacuolar proteins with distinet functions are
derived from a single precursor. In this study, we demonstrated
that a 100-kDa component of the PAC wvesicles (FV100) is
converted into multiple proteins with a pyroglutamate at their
NH, termini by cleaving Asn-Gln bonds of PV 100 by the action
of VPE, after arrival at protein storage vacuoles, We show here
a unique mecharism for vacuolar processing at Asn-Gln eas-

' The abhreviations used are: PAC, precursor-accumulating; PV100,
a 100-kDa component of PAC vesicles; VPE, vacuolar processing en-
zyme; BAPA, a-N-benzoyl-DL-arginine-p-nitroanilide HCL; bp, base pair;
PAGE, polvacrylamide gel electrophoresis; HPLC, high pressure liquid
chromatagraphy.
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settes in the precursor sequence to produce aminopeptidase-
resistant proteins in the plant vacuoles.

EXPERIMENTAL PROCEDURES

Plant  Materials—Pumpkin  (Cuecurhite moxime cov. Kurokawa
Amakeri Nankint seeds were purchased [rom Aisan Shubyo Seed Co.
IMagoya, Japan). For isolation of PAC vesicles and immunocytochemi-
cal analyzis, pumpkin seeds were plonted in the farm of Nagoya Uni-
versity during the summer senson, and cotyledons of the maturing
secds, freshly harvested 22-28 days alter pollination, were collected.

{zofation of PAC Vesicles—PAC vesicles were isolated from pumpkin
cotyledons at the middle stage of secd maturation essentially as de-
seribed previowsly (7). The cotyledons (15 gh were homogenized in o
solution {7 mlig lresh weight of cotyledons? of 20 ma sodivm pyrophos-
phate {pH 7.5), 1 mu EINTA, and 0.3 » mannitul with an ice-chitled
mertar and pestle, and the homogenate was filtered through cheese-
cloth. The filtrate was centrifuged at 3000 = g for 15 min and the
supernatant was centrifuged again at 8000 = g for 20 min at 4 °C. The
pellet was suspended in 1 mi of [ my Hepes-KOH (pH T.2), T mn
EOTA, and 0.3 i mannitol. The suspension was layered on a solution of
28% Percoll (Amersham Pharmaeia Biotech) in 10 my Hepes-KOH (pH
7.2, 1 mm EDTA, and 0.3 m mannitel on a ewzhion of 2 ml of 00%
Pereoll. Centrifugation was at 40,000 % g for 30 min at 4 *C. The vesicle
fraction was centrifeged again in a selfgenerated Percoll gradient, The
resulting vesicle fraction was washed in the above-described Hepes-
KOH buffer and used for immuneelectron microscopy and immunoblet
analysis.

Isolation of Protein Storage Vacuoles and Purification of Proteins
Devived from PVI00—FProtein storage vacuoles (protein hodies) were
isolated from dry pumpkin seeds (50 g) by a nonagueous isolation
method, as described previously (17), Izolated protein atorage vacuales
were burst in 100 ml of 10 myx Triz-MES (pH 6.5), 0.1 % sucrose, 1 mu
EDTA; sonicated; and then centrifuged at 100,000 x g for 1 h at 4 *C to
remove ingsoluble proteins and membranes as a pellet, ag deseribed
previously (18), Ammonium salfate was added to the supernatant so-
lution to a coneentration of 3% saturation. The mixture was incubated
for 1 h at 5°C and then centrifuged at 200,000 x g for 15 min. The
ammonium sulfate conceniration of the supernatant was then in-
creased to 100% saturation, and the incubation and centrifugation steps
were repeated. The procipitate was suapended in 4 ml of a selution of 25
mm sodium acetate (pH 6.5} and 5 mym EDTA and then applied to an
Econo-Pacld DG column [Big-Rad) to remove ammonium sulfate. The
proparation was used as the matrix fraction of the protein storage
vacuoles.

The matrix fraction was found to contain a large amount of the
4-6-kDa proteins and the 50-kDa protein that were derived from
FV100 by posttranslational cleavage. To purify the 4 -6-kDa proteins,
the matrix fraction was applied to either a reverse phase column (pRPC
C2ACI8 PC 3.273) on a SMART system {Amersham Pharmacia Biotech)
or a reverse phase column (WRPC C2C18 8T 4671000 on an AKTA
system (Amersham Pharmacia Biotech), Elution was carvied out with a
gradient starting from 0.085% trifluoroacetic acid in distilled water to
0.05% trifleornacetic acid in acetonitrile, at a flow rate of 200 glmin for
SMART and at a rate of 500 ulmin for AKTA. Each fraction was
suhjected to immunoblot analysis, mass spectrometry, and digestion by
pyroglutamate aminopeptidase followed by automatic Edman degrada-
tion, as described below, to determine the molecular structures of these
proteing. We alsn measured trypsin inhibitory activity in the fractions
to demonstrate the function of the PV100-derived small proteins.

Determination of NH terminal and Internal Aming Acid Sequen.
ces—The PAC wesicles and the matrix fraction of the protein storage
vacuoles were subjected to SDS-PAGE, and then the separated proteing
were transforred electrophoretically to an Immobilon-P membrane
(0.22 mm} (Nihon Millipore Lid., Tokyo, Japan). After staining of pro-
teing on the blot with Coomassie Blue, the band corresponding to sither
PV 100 or the 50:-kDa protein was cut out from the blot and subjected to
automatic Edman degradation on a peptide sequencer (model 492,
Applied Bissystems Inc.).

To determine the internal sequence of PV100, the separated proteins
of the PAC vesicles were stained with Coomassie Blue, and the band
correaponding to PVIOD on the 308 gels was cut out from the gel, as
described previously (19) The gel pices was incubated with 5 ug of VB
protease (Sigma? by the method of Cleveland et al. {20). After Tricine-
SD5-PAGE (21}, the separated peptides were transferred to an Immg-
bilon-F membrane and subjected to automatic Edman degradatinn.

Dhgestion with Pyrogiutamate Aminopeptidase Followed by Edman
Degradation—Each 3 pg of the purified 4-6-kDa proteins of the protein
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storage vacioles was digested with 0.3 ug of pyroglutamate aminopep-
tidase (Bochringer Mannheim? in 20 ul of solution of 0.1 M sedium
phosphate tpH 8.00, 5% glycerol, 5 mu dithiothreitol, and 1 my EDTA
for 6 I at 50 *C, The Jigests were directly subjected to automatic Edman
degradation.

Purification of VPE—Protein storage vacuales (protein bodies) were
isolated from castor bean endosperny by 2 nonagquests isolation method,
as described above. VPE was purified from the soluble fraction of the
protein sterage vacuoles by using ammonium sulfite precipitation and
Con-A Scpharese and MonoS column chromatogeaphies, as deseribed
previousky (111

In Vitra Procossing by VPE—The PAC vesicles (80 up of proteins)
were mcubated with the purified VPE in a solution of 50 my sodium
acetate buffar (pH 5.5) and 50 mar dithiothreitol for 15 h at 37 *C. The
reaction was subjectod to SDS-PAGE and the separated proteins on the
gols were tranaferred electrophoretically to a polyvinylidene difluoride
meitibrane (0,22 pmo tMihon Millipore Ltd. ). The band corresponding to
the 50-k[a protein was cul oul from the blot to determine the NH,-
terminal sequence. The membrane piece was incubated with 0.5% poly-
vinylpyrralidane for 30 min at 37 °C, followed by digestion by 2.5 g of
pyroglutamate aminopeptidase 1Bochringer Mannheim) in 40 ul of
solution of 0.1 s godium phosphate (pH 8.0), 5% glyceral, 5 ma dithio-
threitel, and 10 my» EDTA at room temperature for 18 h. After the
removal of o pyroglutamate at the NH; terminus, the 50-kDa protein on
the membrane piece was subjected Lo antomatic Edman degradation on
a peptide sequencer (model 492, Applied Biosyatema Ine.),

Mass Spectrometry—To determine the exacl molecular mazs of the
4=8-kDa proteins of the protein storage vacuocles, each fraction that
was separated on a SMART spstem as described above was applied to
an APT 300 triple quadrupole mags spectrometer (PE SCIEX, Foster
City, CA) in pogitive ion dolection mode, equipped with ion spray
intetface, Samples were dissolved in 0.1% formic acid and 50% aceto-
nitrile and then delivered at 3 pl'min. The sprayer was held at a
potential of 4.5 kY. Orifice potential was maintained at 25 V.

Assay of Trypsin fnhibrory Activiey—Trypsin inhibitory activity was
assayed eszentially as described by Cechova (22), a-N-Benzoyvl-DL-argi-
nine-p-pitroanilide HCL(BAPA) was uged as u substrate of trypsin. One
of the PV100-derived small proteins, C2 peplide, purified by a reverse
phaze chromatography, was dissolved in a solution of 0.1 M Tris-HCL
{pH 8.01 and 25 my CaCly, After preincubation of the G2 peptide (0-2.4
nmol} with 10 pg of trypsin (Sigmal in a 676 gl of 0.1 M Tris-HCI (pH
80 and 25 mu CaC’ly at room temperature for 30 min, 333 ul of a
substrate BAPA sol ation (1 mghml) was added te the mixture to start
the reaction. After ircubation of the mixture at room temperature for 30
min, 100 plof acetic acid was added to stop the reaction, The residual
enzyme activily was measured at 405 nm. The amount of the C2 peptide
wis estimated from the absorbance at 280 nm, and the molar absorp-
tion coefficient at 250 nm of the C2 peptide was computed.

Iselation of eDNA for PVIOQ and Defermination of Nucleotide Se-
guence—A eDNA library in pBluescript 11 8K+ [Stratagens, La Jolla,
CA} was constructed with the poly(A)® RNA from maturing pumpkin
cotyledons, as described previously (23). Four degenerate primers, 1F
5-GOACIGITIGCACIGTIGG A CIGTICTACGTICAICTICATY),
2F 16 CAICTIGAITICCIACIETITGIOMTIGTIAC/GT-3'), 3R (5'-
GGAGTIATIAC/GTICTCATIA/C/GTIACIANGITC-3°), and 4R (5'-
TAIGAITC T TTIGAAATICITCACHETICC-3'), were designed on
the basis of the NH,terminal and internal amino acid sequences of
PVIOD and synthesized on a DNA synthesizer {model 394, Applied
Bingystems Ine., Foster City, CA). Polymerase chain reaction was per-
formed using a set of the 1F and 4K primers and the ¢DNA library as a
template. A 1454-hp DNA was amplified. A second polymerase chain
reaction using a get of 2F and IR primers and the 1454-bp DNA was
performed to amplify a 1340-bp DMA, The 1340-bp DNA was inserted
inte the T-vector to confirm the nucleotide sequence, The 1340-bp DA
was labeled with [v-"P}ACTP and Megaprime DNA labeling systems
tAmersham Pharmacia Bioteeh). The ¢DNA library was acreened by
colony hybridization uging the “P-labeled DN A as a probe. The isolated
c[ONA lacked an initiation codon. Subsequently, we amplified DNAs
covering the 5' region of PVI00 ¢DNA using a 5 Full RACE Core Set
{Takara, Tokyo, Japan). Two identical clones were amplified, and the
nucleotide sequences were overlapped with the isolated cDNA sequence
that lacked an inituition codon.

DMNA sequencing was performed with a DNA sequencer (model 377,
Applied Biosystems Ine.) and =21M13 forward and M12 reverse fluo-
rescent primers in aceordance with the manufacturer’s dircetions. The
nucleotide and the deduced amino acid sequences were analyzed with
DMA analytical salt ware (Gene Works, IntelliGenetics, Mountain View,
CA) The hydrophalieity profile of the amine acid sequences was com-
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puted by application of the algerithm of Eyte and Doalittle (24}, with a
window size of 10 residuss: A homology plot waz computed with the
PAM-250 algorithm (25},

Preporotion of Specific Antisera—The isolated PAC vesicles wors
subjected to SDS-PAGE on a 12.6% polyacrylamide gel with subsequent
staining with Coomassie Blue, The band corresponding to the FV100
protein with & molecular mass of 100 kDa was éut out from the gel and
gently shaken in phosphate-buffered anline for severnl hours. The gel
was emulsifiad with complete Freund's adjovent and injected subouta-
neously into a rabhit, After 3 waeks, two booster injections with incom-
plete adjuvant were given at T-day intervals: One week after the heoster
injections, blood was dreawn, and the antiserom was prepoared

Inununoblot Anolysis—Both the PAC vesicles and protein storage
vacuoles were subjected to SDS-PAGE followsd by either Coomaossis
Blue stpining or immunohlotting, The purified 4-6-kDa proteins of the
protein storage vacuoles were also subjected to immunocblot analysis.
The immunoblot was performed easentially as deacribed previously (18
The separated proteins on gels wers transferred electrophoretically (e a
polyvinylidens difluoride membrane (022 wm) (Nibon Millipore Lid .,
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Fiiz. 1. PY100 is one of the major proteins in the PAC vesicles
from maturing pumpkin seeds. A, isolated PAC vesicles wers sub-
jected to SDS-PAGE and subsequent staining with Coomassie Blue
{lane 1) or immunoblot with anti-PV100 antibodies (lene 21, pG and pIS
represent proprotéin precursors of 115 globulin and 25 albumin, re-
spectively, The moleculsr mass of each marker protein is given on the
feft in kDe. PAC wvesicles weore isolated from the cotyledone at the
middle stage of seed maturation of pumpkin, 8, immunnsgold labeling of
thie izolated PAD vesicles with anti-PV100 antibodies, Bar, 500 nm,
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Tokyo, Japan). The mambrane blot was incubated overnight with anti-
PV100 antibodies that were diluted 2000-fold in 2 solution of 650 ms
Tris-HCL (pH 7.5), 0.156 M NaCl, 0.06% {(w/v) Tween 20, and 3% (wiv)
skim mille Alkaline phosphatase-conjugated antibedies (Cappel, West
Chester, PA) and hovseradizh peroxidiseconjugated antibodies (Amer-
sham Pharmacia Biotech) that were raised in goat against rabbit Ig0
were diluted 2000-fold and used as second untibodies,

Immuncelectron Microscopy—Maturing pumpkin seeds were freshly
harvested, The cotyledons were vacuum-infiltrated for 1 b with a fixa-
tive that conaisted of 4% paraformaldehyde, 1% plularnldehyde, and
0.0 ¥ sucrose in 0,05 M cacodylate buffer (pH 7.41, The tissues wers
then cut into slices of lese than 1 mm in thickness with a razor blade
und treatid for another 2 h with freshly prepared fixative. The isolated
PAC vesicles were fixed in 4% paraformaldehyde, 1% glutaraldehyde,
0.3 M mannitol, 1 my BEDTA, and 10 my Hepas-KOH (pH 7,23 for 1 h at
4°C. The samples were dehydrated in & groded dimethyliormamide
series at —20 °C and embedded in LR white resin {London Resin Ce,
Ltd,, Basingstolte, Hampehire, TK). ITmmunogold labeling procedurea
wizre easentially the same os these deseribed previously (26), except for
the use of the anti-PVI00 antibodies that were diluted 1000-fold in
blocking solution (1% bovine serum albumin in phosphate-buffered
salinel Protein A-gold (15 nm) (Amersham Pharmacis Biotech] was
difuted 40-fold and used. The ultruthin sectiong were examined with a
teansmission microscope (model 1200EX] (JEOL, Tokye, Japan) at 80
kWY,

RESULTS

FVIO0 Is a 100-kDa Protein Component of PAC Vesicles—We
have shown that the PAC vesicles are responsible for the in-
tracellular transport of precursors of major seed proteine, in-
eluding 115 globulin and 28 albumin, to protein storage vacu-
oles in maturing pumpkin seeds (4, 6-B8). The PAC vesicles
were highly purified from cotyledons of maturing pumpkin
seads, Electron microscopy revealed that each PAC vesicle con-
tained an electron-dense core with a diameter of 300-500 nm
and that the isolated vesicles were barely contaminated by
other cellular components (Fig. 1B). Fig. 1A (lane 1) shows the
protein components of the vesicles that were separated on an
SD5-gel with Coomassie Blue staining. Three major proteins
were found in the PAC vesicle fraction. Two of them have bean
shown to correspond to proglobulin, & proprotein precursor of
115 globulin (4}, and to pro25 albumin, a proprotein précursor
of 28 albumin (6), as indicated by pG and p25 in Fig. 14 (lane
11, respectively, The third component of the PAC vesicles, with
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QUAIRRT EORFOSRYRSOEGHWRVLERFSERSELLACIRNORLALLEARPHTFIVEHELOARC 450
VL RGRAT PV KA ETR R ES Y BS O T PAGTTLYLANGENEDLOTVET VORVINPGRFKDYLAAGS 523
QAT Y SVP SOV LEAALN T PAOKLER T FRURHERGOR IVRASCEQLAALSGRATSVENOERGVRARTRLESQTY 600
VNG GOME EAC PDEF BULRRTOVATSVVDIKOSGUMVPHFNERATHYVFVS EGAGIFEMACPHIQSSCWIRGR 675
FEERFHYRAEEEREREERACHF ERVACHLAEGOVLYT PAGHPTATHASPNENLALVGFOINAENNHENFLAGREN 730
IMHELDREARELAFNV EGEQADE  FRECAESFPTECPEGCRRASTERBPLLE ILELAGYF Lo

Fig. 2. Deduced amino acid sequence from a eDNA that encodes PV, [solated cONA encodes 8 97 310-Ta protein of 810 amino acids,
which consists of 8 hydrophobic signsl peptide followad by the PV sequence. The NH,-terminal sequence and two internal sequences of PV 100
that were determined are indicated by double underlining, An open triangle indicates a cleavage gite of n signal peptide. The PV 100 sequance was
divided into three domains: an 11-kDa Cys-rich domain (indicated by derk shading ) with four CEXXXC motife (enclosed in the grmall boxes), a 3d-kDa
ArgiGlu-rich domain (enclosed in the fange fox), and a 50-kDa vicilin-like domain (indicated by light shading), The arrows indicate the determined
NH,-terminal sequences of PV100-dorived matire proteins that had been digested by pyroglutamate aminopeptidase (see Figs. 6 and 8), and a
dotted ling indicates the NH,-terminal sequence of the vicilin-like protein from dry seeds. Boldfoeed NG (Aan-Giin stretches, marked with a closed

triangle, raprasent posttranslational processing sites to produce multiple ssed protains

each with a pyroglutamate at its NH, terminus. The

nucleotide sequence has bean submitted to the DNA Data Bank of Japan and GenBank™ with the sccession number AB019195.
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a molecular mass of 100 kDu, was designoated PV100.

For immunochomica] characterization of PV100, pelyclonal
antibodies were raised agninst the PV100 protein. An immu-
noblot of the PAC vesicles with the anti-PV100 antibodies
showed that the antibodies specifically recognized PVIOQ on
the blot, as shown in Fig. 1A (lane 2). Immuncelectron micros-
copy of the isolated PAC vesicles with the anti-PV100 antibod-
1es shows that gold particles are inside the PAC vesicles (Fig.
18}, These results indicate that PV100 is localized in the PAC
vesicles together with proproteins of the major secd proteins,
1185 globulin and 28 albumin.

PVI00 I's Composed of Three Domains—The next issue to be
solved was the molecular structure of PV100 to clarify the
manner of pesttranslational cleavage, We determined the
amino acid sequences of the NH, terminus and two internal
fragments of PV100 and then isolated n eDNA with a 4.3-kb
insert from the lbrary of maturing pumpkin seeds based on the
amino acid sequences. The ¢cDNA encoded a 97,310-Da protein
of 810 amino acids, as shown in Fig, 2. The determined NH,-
terminal amine acid sequence, DEGESLESSGAGVDHDGCVN-
RCEELEGEXNVDEFAA (X, not determined), and the two inter-
nul sequences, XYNVESGDVMTIPAGTTLYLANQEN and
DLGIVELVGFVNNPGEFKDY, were found in the deduced so-
quence (Fig. 2, double-underiined sequences), indicating that
this clone was a cDNA for PV100. The deduced primary strue-
ture of the PV100 protein was composed of a hydrophobic
signal peptide followed by the PV100 sequenes. The NH,-ter-
minal sequence of PV100 revealed that the signel peptide is
cleaved off co-translationally on the carbonyl side of Gly™, as
indicated in Fig. 2 (open triangle). The clonvage site was con-
sistent with that predicted by application of the rules of Von
Heijne (27),

The PV100 sequence was composed of three domaing: an
11-kDa Cys-rich domain, a 34-kDu Arg/Glu-rich domain, and a
Gli-kDa vicilin-like domain, as shown in Fig, 2. The Cys-rich
domain contained four CXXXC maotifs (Fig. 2, boxes) of two Cys
residues separated by three other amino acids. The 50-kDa
domain (Fig. 2, light shading) exhibited a 30 -35% identity in
umino acids o the vicilin homaolags, pea vicilin (28), soybean
freonglyeinin (28), and jack bean canavilin (30), Precursors of
virilin homologs of pea, soybean, and jack bean are composed of
a signal peptide followed by a vicilin domnin, whereas the
precursors of cacao vicilin (31) and upland cotton a-globulin-A
(32} have six and four CXXXU motifs, respoctively, preceding a
vicilin domain. However, the aminoe acid sequences around the
CXXXC motifs of pumphkin, cacao, and cotton exhibited a very
low similarity to each other.

The Arg/Glu-rich domain of PV100 is composed of 37 maol %
Arg and 27 mol % Glu, as shown in Fig. 2 (large box). It should
be noted that this domain is unique to pumplkin PV100. A
homology plot of PV100 shows that six homologous repeats are
found in the Arg/Glu-rich domain, an shown in Fig. 34, An
wlignment revealed that the six homologous repeats wers sep-
arated by Asn-Gln (Glu) sequences (Fig, 381, The aix repeats
rich in Arg and Glu were designated RE1-RE6 in order from
the NH, terminug. They show a sequence homology to pumpkin
hasic peptide of 36 amino acids that was isolated from pumpkin
(€. maxima cv. Mexican-papitas) seeds (33). In particular, the
d-amino acid form of RE3 that was found in the seeds could be
identical to the pumpkin basic peptide (Fig. 3C, discussed below).

Multiple Seed Proteins That Are Derived from PVIOO Are
Aceumulated in Protein Storage Vacuoles—Our previous works
have shown that both proglobulin and pro2S albumin are
transported from the PAC vesicles to the protein storage vacu-
oles and then are converted into their respective mature forms
{4, 6). This raises the question of whether PV100 is also incor-
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Fiz. 3. Homology plot of PYVIO0 and an amino acid alipnment
of the six hamologous repeats in the Arg/Glu-rich domain. A, a
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with diameters of 300500 nm and protein storage vacuoles
composed of cryatalloids of 115 globulin and the matrix were
observed in the cells, as shown in Fig. 44, Gold particles ean be
seen distributed in the vacuolar matrix region, the PAC vesi-
cles, and the rough endoplasmic reticulum. In contrast, none of
the vacuolar erystalloid, the lipid bodies, the mitochondria, or
the cell wall was labeled with gold particles. These resulis
suggested that PV100, which is synthesized on rough endoplas-
mic reticulum, is tronsporied to PAC vesicles and then to
protein storage vocuoles.

The molecular structure of PV100 implies that multiple seed
proteins are derived from PV100. The next guestion is whether
PV109 iz processed to make such seed proteins in the protein
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o, 4. PY100-derived proteins are localized in protein storage
vacuoles in pumpkin seeds. A, immunoelectron micrograph of mat-
urating pumpkin seeds alter staining with anti-PV 100 antibodies, Gold
porticles were distriboted in the PAC vosicles (PY), the matrix region
(VM) of protein storage vacooles nnd ER. VO, vacuslar ervstalloid
enmposed of 115 globulin M, mitochondrion; LA, lipid body; CW, celd
wall, Bar, 1 um. B, isolated protein storage vacucles (protein bodies)
from dry pumpkin sesds were subjected to SDS-PAGE and subsequent
staining with Coomassie Blue (lane |} or immunoblotl with anti-FV100
sntibodiss (fane 21 PV100-derived proteins, the 50-kDha vicilin-like
protein (V) and a ~6-kDs CZ peptide () ware detocted on the blot. The
determined NH;-terminal sequence of the 50-klha vicilin-like protein is
shown. G represents the 115 globulin. The mobecular mass of each
marker protein is given an the laft tn kDa.

8=

-

1=

—

storage vacuole. To answer this question, the protein storage
vacuoles were igolated from dry pumpkin seeds and subjected
to SDS-PAGE followed by immunablot analysis, as shown in
Fig. 4B. The vacuples contained a large amount of 118 globulin
(Fig. 4B, lane I). On the immunoblot with anti-PV100 antibod-
ieg, two bands, corresponding to a 60-kDa protein and a <10-
kDa small proteinis), were detectad (Fig. 4B, lane 2). The
NH,-termingl sequence of the 50-kDa protein was IRRTE-
QEQSNNPYYFQ, which corresponds to n sequence starting
from the fourth amino acid of the vicilin-like domain, as indi-
cated in Fig. 2, dotted line (discussed below). These results
suggested that the 50-kDa vicilin-like protein and =<10-kDa
small proteinis) were produced from PV100 and were accumu-
lated in the protein storage vacualos,

To identify the <10-kDa small proteinis), soluble proteins of
the protein storage vacuoles were separated by HPLC, as
shown in Fig. 54. Each peak fraction of the HPLC was sub-
jected to both mass spectrometry and sutomatic Edman deg-
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Fuo. 5. An HPLC profile of PVId-derived peptides from the
protein stornge vacuoles, A, soluble fraction of the protein storage
varuiles that contained the PVI00-derived peptides was applied to a
revorse phase column, Elution was carried out with a gradient starting
from 0.065% trifluoroacetic acid in distilled water to 0,05% trifluore-
acetic acid in acetenitrile. Chromatography was monitored in terms of
ghaorbance at 214 nm. B, immunoblot analysis of each peak fraction
with anti-PV 100 antibodies

radation (Fig. 8). Fractions 37 and 41 contained the known €.
maxima trypsin inhibitor (34), which is not related to PV100.
The NHy termini of all proteins of fractions 12, 14, 17, 43, and
45 were blocked. Whon digested by pyroglutamate aminopep-
tidase, each protein gave an NHy-terminal amino acid sequencs
that was consistent with the sequence starting from the second
residues of the respective small protein derived from PV100, as
indicated in Figs. 2 and 68 (arrow). Fractions 12, 14, and 17
corresponded to RE4, RE3, and RES of the ArgfGlu-rich do-
main, respectively, and fractions 43 and 45 corresponded 1o the
latter half (C2) of the Cys-rich domain (Fig. 6). Interestingly,
all of these small proteins had a pyroglutamate at their NH,
termini. It should be noted that an Asn residue always pre-
ceded all Gln residuses to be converied into a pyroglutamate, as
indicated in Fig. 2 (boldfoced NQ in the PVIND sequence)
idiscussed below),

The observed molecular masses of fractions 12, 14, and 17
showed good agreement with the theoretical masses of se-
quence d of RE4, sequence ¢ of RED, and sequence e of RES,
respectively, each of which has s pyroglutamate at the NH;
terminus and an Asp residue at the COOH terminus (Fig. 6.
Thus, two steps of processing might be required to produce the
mature forms of RE peptides from PV100! the first is cleavage at
Aszn-Giln bonds of PV 100, and the second is trimming 2 or 5 amino
acids off at the COOH termini of RE intermediates. All of the
mature peptides of the Arg/Glu-rich RE3, RE4, and RE5 found in
seeds are basic ones with estimated pls of 11.990, 11,54, and 10.20,
respectively. This is in contrast W the neutral pls of RE interme-
diates before trimming their COOH-terminal few amine acds.

The observed moleculur masses of fractions 43 and 45 also
showed good agreement with the theoretical masses of se-
quences a and b of C2 from the Cys-rich domain, respectively,
indicating that each sequence has a pyroglutamate at the NH,
terminus and two intramolecular disulfide bands (Fig. 6). The
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Fig. 6. Molecular struclures of
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PV100-derived peptides from the pro- A
tein storage vacuoles. A, molecuiar . . : o
masses of the peptides in each HPLC frac- Fraction  Observed  Nameof  Seqmence NHjtenninus  Numher of Theoretical
tion, as shown in Fig. §, were determined number miss pephide in {3} disulfide bonds ks
by mass spectrometry. Theoretical molec-
ular maszes of RE3, RE4, and RES that 12 IBT6. 521171 HI4 d <0} n IRT7.00
had a pyroglutamate (<@ at their NH, I+ JARE. D050 RE2 © <f} 1] ERE.NA
termini are consistent with the ohserved 7 5142 [740.90 RIS b <0 o S241 34
values. The number of disulfide bonds in 3 <518 %Y ' ; Sy
the C2 peptide was determined to be 2. B - el i ; " % 200
2 03 - B, 45 ARI0004. "2
primary structures of peptide components i A b <Q 2 5829.23
of fractions 12, 14, 17, 43, and 45 weve
determined to be sequence o (HE4), se- B
quenee ¢ (RE3), sequeace ¢ (RES), and 2o M 1
guences ¢ and b (C2), respectively. The 2 ﬁwhm“ﬁERG\TQﬂRECED‘WEERLREREEGREM i18
determined WNH -terminal sequences af- o) a o
ter digestion by pyroglutamate aminopep- “Q b B
tidase are indicated by arrows below the
respective sequences. Numbers on the RE3 QRUPMRP’EP&RE‘QEHHR'RE‘QEI‘JERRERQRRGGRDDEDE:H 243
vight side of each sequence refer to the <Q c o
positions of the amino acids starting from
the initiation Met of PV100. The disulfide RE4 QROPDWRREQKHREQEQERAERERRGGRODEDEN 277
bridges were deduced rom the data of <Q d - o
buckwheat trypein inhibitor that exhibits
a characteristic similar to the C2 peptide RE5 QROPOWRREQERREQERTRREREQERREREHRGGROVEDER 118
and has two CXXNC motifs and two disul- <0 ¢ ¥y
fide bridges (351,
dizulfide bridges are deduced from the data of buckwheat tryp- 120
sin inhibitor, an allergenic protein, that exhibits a similar
characteristic to the C2 peptide and has two CXXXC motifs and
i % ~ 1oo

two disulfide bridges (35). £

To explore function of the C2 peptide, we examined trypsin =
inhibitory activity of the C2 peptide using BAPA as a substrate = B0
of trypein. The C2 peptide was highly purified. Mass spectrom- =
etry showed that the final preparation of the C2 peptide used 0
for the assay was nol contaminated by €. maxima trypsin
inhibitor. We found that the C2 peptide had an inhibitory H
activity against trypsin, as shown in Fig. 7. Ten pg of trypsin g 40 4
was completely inhibited by 1.2 nmol of C2 peptide. The C2 =
peptide of 49 amino acids exhibits an 18% identity in amino E i
acidz to buckwheat trypsin inhibitor of 51 amino acids. In
contrast to the low identity between the two sequences, they
have a similar characteristic in the presence of two CXXXC o T T ; —
motifs in their sequences. The reactive site of buckwheat tryp- 0.0 0.5 10 15 2.0
sin inhibitor for trypsin was reported to be Arg'®, between the C2 peplide (nmol)

two CXXXC motifs (35). The C2 peptide conserves Arg®', be-
tween the two CXXXC motifs (Fig. 68}, and the residue might
be the reactive site for trypsin (discussed below].

None of RE1, RE2, RES, or the former half (C1) of the
Cys-rich domain was detected in protein storage vacuoles. They
might be degraded in the vacuales during seed maturation
idiscuszed below). These results indicated that ~86-kDa C2,
~5-kDa RE3, ~4-kDa RE4, and ~5-kDa RE5 are accumulated
in the protein storage vacuoles. Fig. 58 shows an immunoblot
of RE3 (fraction 14), RE4 (fraction 12}, RES (fraction 17}, and
02 (fractions 43 and 45) with anti-PV100 antibodies. Surpris-
ingly, the polyclonal antibodies recognized C2 peptide effi-
ciently, but ne RE peptides at all appeared on the blot. These
results suggested that the antigenicity of the Cys-rich peptides
was much higher than that of the extremely hydrophilic Arg/
Glu-rich peptides. On the immunoblot of protein storage vacu-
oles, the signal corresponding to <10 kDa might be caused by
(2 peptide (Fig. 4B). The intensity of the signal was much
higher than that of the 50-kDa vicilin-like protein. It seems
likely that such CXXXC motifs cause allergy to animals as
buckwheat trypsin inhibitor does (35).

VPE Mediates the Canversion of PVIOD into Multiple Seed
Proteins—We previously showed that VPE is invelved in mat-
uration of various seed proteins in the protein storage vacuoles
by cleaving a peptide bond on the carbonyl side of Asn residues

Fus. 7, PV100-derived C2 peptide functions as a trypsin inhib.
itor, The C2 peptide was highly purified from soluble fraction of the
protein storage vacuoles of pumpkin seeds by HPLC. The reaction
mixture contained 0-2.4 nmol of the C2 peptide, 10 pg of trypsin and
333 g of BAPA in a 0.9-ml solution of 0.1 » Tris-HCI (pH 8.0} and 25
mM CaCl, (see under “Experimental Procedures”). The residual enzyme
nctivity was monitorad with absorbance at 405 nm.

{6, 10, 15). This raised the question of whether VPE mediates
the proteolytic processing of PV100. To answer this question,
we performed an in vitro processing of PV100 by the purified
VPE from castor hean seeds. We wsed proproteins in the iso-
lated PAC vesicles as substrates, including PV100, proglobulin,
and pro28 albumin, as shown in Fig. 1A (lane I}, After incuba-
tion of these proteins with the purified VPE, the amount of
PV100 decreased in association with the increase of the amount
of a 50-kDa protein and <10-kDa proteins, as shown in Fig. 8.
The = 10-kDa proteing contained not only PV100-derived small
proteins but also 22 albumin, composed of 3.8- and 8.0-kDa
subunits, which was produced from pro23 albumin. This indi-
cated that VPE was involved in the conversion of PV100 into
the 50-kDa protein and the <10-kDa proteins,

The 50-kDa protein was subjected to automatic Edman deg-
radation after digestion by pyroglutamate aminopeptidase
‘Fig. 8. The detormined NH,-terminal sequence, <QVAIR-
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RTEQEQSNNPY, was found in the sequence of PV100, as in
Fig. 2 lorrow). The NH,terminal sequence determined after in
vitro processing was consistent with that of the 50-kDa protein
accumulated in maturing sveds (datn not shown), This suggests
that processing similar to the in vitro processing of PV100
oceurs by endogenous VPE during seed maturation. The result
indicated that VPE medinted the production of the 50-kDa
vicilin-like protein by cleaving an Aan”"*-Gln™" bond of PV100.
The cleavage was consistent with the substrate specificity of
VPE toward Asn residues. Further degradotion to remove NH,-
terminal three amino acids must occur at the later stage of seed
maturation and produce n mature H0-kDa vicilin-like protein
with the NH.-terminnl sequence, IRRTEQEQSNNPYYFQ
{Figs. 2 and 4B). We previously reported thut protein storage
vacuoles accumulated not only VPE but alse aspartic protein-
aze (36}, It seems likely that such aspartic proteinass might be
invalved in the proteclytic trimming.

It should be noted that most procesping occurs gl Asn-Gln
bonds in the hydrophilic region of PV100; and all of the mature
proteins, the 50-kDa protoin, and C2 and RE peptides have a

PV100 -

pGL -V NHy-terminal sequence:

(<Q)VAIRRTEQEQSNNPY

= |le
'
—_ =M

Fia. B, In vitre processing of PV100 by purified VPE
the vicilin-like protein. PAC vesicles that contained PV wers
incubated with the purified VPE aml then subjocted to SDS-PAGE
followed by staining with Cootnossie Blue The resultant band corre-
sponding to 50-kDs wirilin.like protein (V) that had been biotted to a
polyvinylidens diffuoride membrane was incubated with pyroglutamate

i i and then wae subjected to sutomatic Edman degrada-
tion. The determined NH,-terminal sequence corresponds o the se-
quénce in PV100, as indicated by an arrow in Fig. 2 pG and G represent
proglobulin and 118 globulin, reapectively, The <10kl band (M)
contained & mixture of the PV100-dirived peptides and 28 albumin
subunits that had been prodused from pro2S albumin by VPE in the
reaction.
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pyroglutamate at theit NH, termini, as shown in Fig. 9. Sim-
ilar VPE-medinted processing of PV100 might secur to produce
the multiple seed proteins (discussed below),

DISCUSSION

PVIOD Is o Unigue Precursor to Multiple Functional Pro-
teins—The present study demonstrutes that PV100 is not only
a precursor of vicilin storage protein but alse & precursor of the
Arg/Glu-rich RE peptides and a precursor of the Cys-rich C2
peptide that acts as a trypsin inhibitor. PV100 is a unique
precursor for multiple seed proteins with different functions,

The C2 peptide was shown Lo have trypsin inhibitory activ-
ity. However, the sequenne of the C2 peptide has no homology
to kmown trypsin inhibitors, including members of squash tryp-
gin inhibitor famdly (34), except for buckwheat teypsin inhibi-
tor, showing a 18% identity to the C2 peptide. Interestingly,
despite such Jow homology in primary structure, the higher
structure of the C2 peptide might be analogous to that of
buckwheat inhibitor, It has boen shown that the buckwheat
trypsin inhibitor forms o hairpin structure, in which two
CXXXC motifs are linked by two disulfide bonds, and that
Arg', between the two CXXNC motifs, is the reactive site for
trypain (35). Similarly, all four Cys residues of the C2Z peptide
formed two disulfide bonds, and Arg™® is found between the two
CXXXC motifs (Fig. 68). The result suggests that both the C2
peptide and buckwheat inhibitor belong to a novel family of
trypsin inhibitors. These inhibitors might play & role in pro-
tecting the seeds from animals.

Among the Arg/Glu-rich RE peptides, the mature RE3 with
the highest pl value (pl 11.90) shows the highest content in
pumpkin seeds. We compared the RE3 composed of 36 amino
acids with the pumpkin basic peptide that has been shown to be
toxie to meouse B-16 calls (33) (Fig. 3C). The cytotoxic basic
peptide was composed of 36 amino acids, and the probably
aming acid sequence of the peptide was reported by Naishitt
al. (33). Both sequences are identical to each other, except for
two residues. It is likely that the mature RE3 accumulated in
the vacuoles of pumpkin seods might be identical to the cyto-
toxie basic peptide that was characterized by Naishitt #f al.
{33), This suggests that the mature RE3 might function as a
toxin to prevent animals from esting the seeds.

Most vacuslar proteins are synthesized as a proprotein: pre-
curzor on the rough endoplasmic reticulum and are then trana-
ported to vacuoles. The vacuolar targeting signals have been
shown to be present in the propeptides of some vacuolar pro-
teins, including barley aleurain (37), barley lectin (38), sweet
potato sporamin (38), and tobacco chitinase (40). It has been
thought that the propeptides are cleaved off and degraded after

Fia. 9. Hydropathy profile of FV100
and a hypothetical mechanism for
the VPE-mediated clenvage at Asn-
Gin bonds to produce multiple seed

The mean hydrophobleity in-
dex was computed aecording to the algo-

e

1 1

rithm of Kyte and Doolittle (24) with o
window of 10 rasiduss. VPE s responsible
for maturation of multiple seed proteins
by cleaving Asn-Uin bonds that wre found
in the hydrophilic region of the PYI00

Gn at the new NH, termini of the matioe
proteins might be spontanecusly con
verted into pyroglutamats [ <Q) under the
acidic condition in the varuoles The cys-
teine-rich C2 peptide. the ArgTHu-nich
REZ, RE4, and RES peptides, and the vi-
cilin-like protein are prodused. SP repre-
sents n siznal peptide.




arrival of the proproteins at the vacuoles. However, the possi-
bility cannot be excluded that the propeptides exhibit some
funections in the vacuoles after being removed from the precur-
sor proteins, as the 4-6-kDa RE and C2 peptides are accumu-
lated to act as functional proteins in the vacuoles,

VPE-mediated Cleavage at Asn-Gin Bonds of FVI00 to Pro-
duce Multiple Seed Proteins with a Pyroglutamate at Their NH,
Termini—Fig. 9 shows the hydrophobicity plot of PV100 and a
hypothetical mechanism for vacuolar processing of PV100 to
produce C2 peptide, RE peptides, and a wvicilin-like protein.
PV100 contains nine Asn-Gln bonds in the sequence. All six
Asn-Gln bonds to be cleaved are located in the hydrophilic
region of the PV100 sequence, whereas the other three non-
cleavable Asn-Gln bonds are found in the hydrophebie region of
the vicilin-like domain. The result is consistent with our pre-
vious data showing that VPE recognizes Asn residues that are
located in the hydrophilic region and are exposed on the surface
of precursor molecules (6).

We previously reported that one subunit of pumpkin 115
globulin has a pyroglutamate at the NH, terminus (41). NH,-
terminal sequencing of the proglobulin in the isolated PAC
vesicles revealed that a cleavage of Asn-Gln bond by VPE
produced a pyroglutamate at the NH, terminus of the 115
globulin subunits (11} VPE cleavage of an Asn-Cln bond gives
a new NHy-terminal Gln residue, which might be spontane-
ously converted into a pyroglutamate under the acidic condi-
tion in the vacuoles. Proteins with an NH, terminus blocked by
pyroglutamate are resistant to aminopeptidases that are local-
ized in the vacucles. These results suggested that the Asn-Gln
sequences not only provide sites that can be cleaved by VPE but
algo produce aminopeptidase-resistant functional proteins in
the vacuoles,

In contrast to the accumulation of RE3, RE4, RES, and C2
peptide in the vacuoles, none of RE1, REZ, REE, or C1 peptides
were detected in the vacuoles (Fig. 6). They might be sensitive
to proteinases in the vacuoles. The C1 peptide has two Asn
residues inside the sequence (Fig. 2) and can be attacked by
VPE to be degraded, It should be noted that the RE3, RE4,
RES5, and C2 peptides have no Asn residue inside their se-
quences, indicating that they are resistant to VPE. They are
alzo resistant to aminopeptidase because of a pyroglutamate at
their NH, termini. However, both RE1 and RE2, with a Glu
residue at each NH, terminus, could be sensitive to aminopep-
tidases, if they were produced by cleaving an Asp!'.Glu'!?
bond and an Asn*®'-Glu'® bond by VPE, respectively,

Further protenlysis for COOH-terminal trimming at the Asp
residues must occur to make the final mature forms of the REZ,
RE4, and BRES peptides (Fig. 6). Recently, we have found that
VPE also cleaves a peptide bond at carbonyl side of Asp, al-
though the activity toward Asp is less than that toward Asn
{data not shown). The finding is consistent with the report that
the VPE homaolog of vetch has a substrate specificity toward
both Asn and Asp residues (42). Therefore, it seems likely that
the COOH-terminal trimming of RE3, RE4, and RE3S peptides
is alzo mediated by VPE,
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Summary

Vacuolar processing enzyme (VPE} has been shown to
be responsible for maturation of various seed proteins in
protein-storage vacuoles. Arabidopsis has three VPE
homologues; BVPE is specific to seeds and oVPE and
YWPE are specific to vegetative organs. To investigate
the activity of the vegetative VPE, we expressed the

/"\IPE in a pepd strain of the yeast Saccharomyces

cerevisiae and found that {WPE has the ability to cleave
the peptide bond at the carbonyl side of asparagine
residues. An immunocytochemical analysis revealed the
specific localization of the YWPE In the Iytic vacuoles of
Arabidopsis leaves that had been treated with
wounding. These findings indicate that YWPE functions in
the Iytic vacuoles as the PVPE does in the protein-
storage vacuoles. The BVPE promoter was found to
dirett the expression of the B-glucuronidase reporter
gene in seeds and the root tip of transgenic Arabidopsis
plants. On the other hand, both the oVPE and WPE
promoters directed the expression In senescent tissues,
but not in young intact tissues. The mANA levels of both
@VPE and VPE were increased in the primary leaves
during senescence in parallel with the increase of the
mRANA level of a senescence-associated gene [(SAGZ.
Treatment with wounding, ethylene and salicylic acid
up-regulated the expression of @VPE and yVPE, while
jasmonate slightly up-regulated the expression of YWPE.
These gene expression patterns of the VPEs were
associated with the accumulation of wacuolar proteins
that are known to respond to these treatments. Taken
together, the results suggest that vegetative VPE might
regulate the activation of some functional proteins in the
Iytic vacuoles.

Recaived 12 January 1959; rovised 16 April 1989; accepted 7 May 1999,
*Far correspondance (fax +81 564 557505; e-mail ihnishi@nibb.ac.jp.

#1999 Blackwell Science Ltd

Berkeley, California 94720.

Introduction

In higher plants, seed proteins are synthesized on the
rough endoplasmic reticulum as proprotein precursors
and then transported to protein-storage vacuoles via
precursor-accumulating (PAC) vesicles [Hara-Mishimura
et al, 1998a). The precursors are proteclytically processed
to make their respective mature forms in the vacuoles. We
have found an enzyme responsible for maturation of
various storage proteins in the protein-storage vacuoles
of maturing seeds and have designated it wvacuolar
processing enzyme (VPE) (Hara-Mishimura et al, 1991;
Hara-Mishimura et al, 1953a). Molecular characterization
of VPE revealad that it has a larger pracursor (proVPE) that
has no activity, and that removal of the propeptides is
necessary for activation (Hara-Nishimura et al, 1993a),
Recently we have shown that proVPE is converted into the
active VPE by self-catalytic proteolysis [Hiraiwa et al,
1897p; Hiraiwa et al, 1998). This indicates that no other
factor is necessary to produce active VPE and that VPE
itself is a key enzyme in determining the final conforma-
tion of the sead proteins.

VPE is a novel cysteine proteinase with a substrate
specificity towards asparagine residues (Hara-Nishimura,
1998). In vitro processing assays with the purified VPE
have demonstrated that VPE is the authentic processing
enzyme mediating maturation of several seed proteins
of pumpkin and castor bean, including 25 albumins,
115 globuling, 75 globulin, ricin and Ricinus communis
agglutinin [Hara-Nishimura and Nishimura, 1987; Hara-
Nishimura ef al, 1991; Hiraiwa et al, 1997a; Shimada
et al, 1954). The detailed mechanism of the vacuolar
processing was investigated for 25 albumin, a8 major
storage protein of pumpkin (Hara-Nishimura at al,
1993k). VPE recognizes two exposed asparagine resi-
dues on the molecular surface of the pro2S5 albumin
and then cleaves the peptide bonds at the carbonyl
sides of the asparagine residuss. Recently, we found
that VPE cleaves Asn-Gln bonds of a single precursor to
produce multiple functional proteins including a trypsin
inhibitor, cytotoxic peptides and a vicilin-like storage
protein {Yamada et al, 1999). Most of the known seed
proteins, including storage proteins, and lecting of
different plants, including both monocots and dicots,
are produced by proteclytic cleavages at the asparagine
residues that are found in a hydrophilic region of the
precursor sequences, as reviewed by Hara-Nishimura
et al. (1995} Therefore, VPE homologues could be

1
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Figurs 1. A phylogenetic tree of VPE homalogues.

VPE homologues of 5 novel family of cysteira proteinases are distnbuted
in higher plenis snd animals. Plaet homologues can e separated into
two types. & s2ed type and » vegetative fype. The computer program
CLUSTAL V (Wiging «f al, 19807 was used 1o caiculate the reiazive

Mﬂmlﬁlmumiﬂl caslor bean
of al, 1953s); soybean (Shimads of al, 1994); pumpkin
datn); jack bean (Takads s al, 19941 vetch (Becker
[Alonsa and Granall, 1995k human (Chen ot &l
mansor (Klinkert o al, Y988} and Sch

number S31908),
-~ m Pzg

distributed in a8 wide range of plant specles to mediate
the maturation of thess sead protains.

Four cDMNAs were Isolated from maturing seeds of castor
¢ al, 1893a), soybean (Shimada

Jhimada et 2f, 1994), pumpkin Junpublished data), and Jack bean

{Takada &t al, 1994) twa cDNAs for VPE homalogues
were isolatad from vegetative organs, such as germinating
cotyledons of vetch (Backer ef al, 1995} and ripening
citrus fruits [Alonso and Granall, 1595). We have isolated
three genomic clones for Arabidopsis VPEs, aVPE, PVPE
and WPE {Kinoshita et al., 1995a; Kinoshita st al,, 1995b].
These homologues belong to a novel family of cystaine
proteinases and tha plant homologues can be separated
inta two subfamilies: ona specific to seads and the other
specific to vegatative organs, as shown in Figure 1, This is
consistent with the fact that the plant vacuoles are
classified into two types, proteln-storage vacuoles and
lytic vacuaoles.

These classifications of bath plant vacuoles and VPEs
imply that oVPE and WPE might play a role in the
maturation of soma protains in the lytic vacuoles of the
vegetative organs of Arabidopsis, whilst fVPE might be
involved in the maturation of the seed proteins in the
protein-storage vacuoles of maturing Arabidopsis seeds.
The VPE-mediated maturation system for seed proteins

has baen well characterized, as described above. A similar

VPE-medisted system could be involved in maturation of
vacuolar protains in the vegetative vacuoles to acquire and
maintain thair active functions of vacuoles. To address this
possibility, it is necessary 1o clarify when and whare tha
vegetative VPEs are expressed in order for them to
function in the lytic vecucles. Here we demonstrate the
enzyma activity and subcellular localization of vegetative
YVPE of Arabidopsis, and show the temparal and spatial
expression of the vegetative VPE genes. We also show that
the expression patterns of the vegetative VPE genes In
senescent tissues are associated with the accumulation of
hydrelytic enzymes to be converted into their mature
forms by VPE.

Results

Vagetative WPE of Arabidopsis has & vacuolar
processing sctivity

Previously wa destectad the vacuolar processing activity
in the vegetative tissuas, including mature leaves, rootls
and hypocotyls of castor bean, pumpkin and mung
bean, aithough the specific activity was much lower
than that of the seeds of these plants (Hirasiwa et al,
1893). To Investigate the processing activity of the
vegetative YWPE of Arabidopsis, we expressed it in a
pep4 strain of the yeast Saccharomyces ceravisiae. The
extract from the tronslormant cells showead an ability to
cleave the peptide bond at the carbonyl side of the
asparagine residues of the synthetic peptide, as shown
in Figure 2{a) (left}. The sequence of the peplide was
derived from the sequenca around the processing site
of proglobulin, the proprotein precursor of 115 giobulin
of pumpkin (Hayashi et al, 1988). The cleavage was
inhibited by the addition of 1mm N-athylmaleimida
{data not shown). This is consistent with the fact that
VPEs are cysteine proteinases (Hara-Nishimura, 1588).
The extract from tha transformant with tha vector alons
showed no activity (Figure 2a, right).

Tha YWPE siso showed the processing sctivity on a
propraotein precursor, yeast carboxypeptidase Y (CPY). It
has been shown that procarboxypeptidase Y (proCPY) is
processed at the peptide bond of the carbonyl side of
ssparagine-111 (Valls er al, 1887) and the maturation of
CPY is depundent on protelnase A, a PEP4 gena product
(Jonas at al, 1982}, Praviously, we found that the seed
VPE recognized the asparagine residue to be cleaved and
mediated the maturation of CPY instead of proteinase A
{Hiraiwa er al, 1997b). Figure 2(b} shows that tha vegala-
tive WPE was also transported into the yeast vacuales and
was involved in the maturation of CPY in the proteinase A-
deficient (pap4l strain. Thesa results indicate that the
vegetative YWPE has a vacuolar processing activity, as do
sead VPES.

£ Blackwel! Science Lid, The Plant Journal, {1399), 18, 1-11
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Figura 1. Immunocytochemical localization of the vegetative WPE in
Armbidoosis leeves
9 10 11 An ubtrathin section of one ol the Sth leaves of a 23-daysoid
min Arabidopsis plant was incubsied with anti-WPE antibodies and then
protein A-gold Ch, chicroplast: CW, call wall; Mi, muochondrion; V.
vacuoia. Bars=1mm,

ﬁ_ cryY the immunoalectron micrographs with either the specific
g antibodies or the pre-immune serum (data not shown).
This result indicates clearly that WPE is localized in the
lytic vacucles of the Arabidopsis leavas.

PEP4

Figure 2. Vacuolar processing enzyme sctivity of the vagetativa (WPE,
(] The processing enryma activity wos sssayed with & synthatic
decapeptide (S} as substrate (sse texi for dotalls). Vegetative WPE was Differential expression of thrae VPE genes in the seeds
axprossed In yesst cells and was ueed for the sssay [lefth. The products and seediings of Arabldopsis
for 0, 0.8 and 3.0h ware analyzed by capillary
st colls trandormed with a Arabidopsis VPEs, aVPE, WWPE and WPE, are divided

h : k y
Vhelow SN Aeg: SRE N TN Sesny AR into two classes on the phylogenetic trea [vegetativa

(B} In wwo pAOCESEING askay OF & proproteln precur performed by
o manitdring the processing of procarbexypeptidase ¥ } into the types and seed types), as are all VPE homologues that
'y @“‘Wf“""‘ m“*sgpr:::“‘"”- ﬁ""‘“’“l'ﬂ*“:o‘;ﬂ*’m“:?' have been registered in the databases (Figure 1). To
; calls were subjected 10 E and pubdagusnd immy lgt snebysis i
V2 it CP¥-aoadic saibodiss, WiGAvpe AEAG cells (lna 1) and the study the temporal and spatial expression of these
proteinase A-deficient (pepdl colln eapressing WPE (lane 21 and the Arabidopsis genas, we constructed thrae chimeric fusion
proteinase A-deficient cells ransformed with & vecior pYESE slons (ane genes composed of the promoter region of esch WVPE

g gene and the coding region of the f-glucuronidase (gus)

gene and then introducad it to Arabidopsis plants.

Figure4 shows histochemical staining of GUS activity
; ; Ty in seeds and_3-6, 9- and 17-days-old pla& the
WPE ity | i : SEE ; : 5
::f:;::i Tihe ;fa:'?::r:: LT;:MM i the {yvie transganie Arabidopsis with each of three fusion genes
P : tha zgus genn, the pPVPE-gus gene and the X
The next issues to be resolved wers whather the pWPE!gus gana,

{\D’fa& vegetative VPEs are synthesized In the vegatative tissues Dry seads of tha transgenic plants with the pAVPE: gus P‘}’F re .

of plants and, If they are, whare is their subcallular gene show a high GUS activity (Figure 4d), while those of g lalden
Iocnl'r:atim;ﬁ? answer thesa questions, we performad the plants with the paVPE:gus gene or the pVPE:gus
an immunofytochemical analysis with spacific antibodies gena show no actvity (Figure 4agl This result s
against YWPE. Wa used the 5th leaves of 21-days-old consistent with the classificstion of three Arabidopsis
Arabidopsis plants that had been incubated for 48h after VPEs in the phylogenetic tree of Figure 1. The pfVPE:gus
wound trestment (see Figure 7a). Immunoalectron micro- gone was axpressed throughout the seeds including both
scopy of the tissues only revealed gold particles in the embryo axis and the cotyledons (Figure 4d). The
electron-dense structuras in the Wtic vacuoles of the axprassion in the seeds (s in good agreement with tha
leaves; as shown in Figure 3. We have statistically analyzed gene axprassion of a storage protein, 25 albumin (Guerche

© Biackwell Science Ltd, The Plant Journal, (1983}, 18, 1-11
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17 days after germination

Figure 4, Differential expression of three VIPE genes in seeds and seedlings of transgenic Arabidopsis plants,

Higtochamical localization of GUS ectivity was examinad with transgenic plants.

{a) A dry seed with the paVPE:gus gens. (b} Thres-, & and §-days-ald seedlings with the paVPE.gus gane. An arrowhead indicates the vascular tissues
stained blua. (c] & 17-days-old plantiat with the palPEgus gene, [d) A dry seed with tha pVPE gus gene. (g] Three-, 6~ and S-days-old seedlings with the
pEVPE:gus gena. (T} A 17-days-old plantlet with the pfVPE gus gena. [g] A dry saed with the pyVPE gus gane. {h} Three-, 8- and S-days-old seodlings with
the gyVPE gus gene. (i} A 17-days-old plantiet with the pWPE-gus gena. ¢, cotyledon; h, hydathode

Fgure 5. Differential expression of the aVPE
pene in the roots of rensgenic Arsbidopsis
planis

Histochemical localization of GUS activity in
sactions of the roots wase axamined with &
DIC or light microscape,

laf A oot with the paVPE:gus gene
Branching points lor lateral root formation
are stained

fb] A DIC micrograph showing one of the
branching points shown in (a), Like the
vagsoular tissus, cortex cells adjacent lo an
emerging lsteral root lindicated by an
#slorisk] are stainad.

fe) A DNC micragraph of a root with tha
paVPE:gus gene. One of the vascular tissue
4 stained. Bars =100 mm.

@ Blackwell Science Ltd, The Plant Journal, (1998), 19, 1-11
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et al, 1990). GUS activity in the cotyledons with the
pfVPE:gus gene was reduced during seedling growth
until no activity was detectable in 17-days-old plants
{Figure de,f).

in contrast to the plants with the pSVYPE:.gus gene, both
the plants with the paVPE:gus gene and those with the
pWPE:gus gene showed GUS activity in the old cotyle-
dons and the rosette leaves of the 17-days-old plants
(Figure 4c,i), but not in the dry seeds or the young
seedlings (Figure 4a,b,g,h). The senescent tissues of 17-
day-old plants, in particular, were strongly stained blue,
although the stainability was much higher in the senescent
cotyledons with the pAPE:gus gene than in those with the
paVPE::gus gene {Figure 4c,il. It should be noted that the
vegetative VPEs are not expressed throughout the vege-
tative organs, but in the tissues in which senescence is
accurring.

W e

The vagefaﬁve@ gene is expressed in root tissues in
. which cell differentiation is occurring

FigureSla—c) shows the histochemical staining of GUS
activity in the roots of the transgenic Arabidopsis with the
paVPE:qus gene. GUS activity was detected at the
branching points of the root of the transgenic plants
(Figure Sa). An enlarged micrograph of one of the
branching points shows that the cortex cells next to an
smerging lateral root lindicated by an asteriskl were
stained as well as the wvascular tissue (Figure S5hi.
Programmed cell death has been detected in the cortex
cells around emerging lateral roots of soybean by TUNEL
staining (Kosslak et al, 1937). It seems likely that oVPE
might function in the lytic vacuoles of the root tissues in
which cell death is occurring. Another case of aVPE gene
expression related to cell death is shown in Figure 5ib,c).
GLIS activity was alzo detected in the developing vascular
tizsue of the roots, as well as the vascular tissue of the
rosette leaves (Figure 4b, indicated by an arrowhead).
Vascular tissues contain tracheary elements composed of
dead cells that are formed via programmed cell death
(Fukuda, 1992}, The GUS staining in the vascular tissue
and the cortex cells adjacent to the emerging lateral roots
was specific to the @¢VWPE gene. Only the aVPE gene was
exprassed in these tissues, in contrast to the expression of
both aVPE and #/PE genes in the senescent leaves.

Vegetative VPE mANAs are accumulated in the leaves in
association with senescence

To examine the expression of the aVPE and APE genes in
senescent tissues in greater detail, we performed a MNorth-
ern blot analysis with the primary and secondary rosatte
leaves that were harvested from 18-, 20-, 25-, 30- and 35-
days-old Arabidopsis plants. Figure6(al shows that the

@ Blackwell Sciance Lid, The Plant Journal, (1899}, 19, 1-11
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lavel of WPE mRNA increased rapidly from 15 to 25days
after germination and that the level of aVPE mRANA
increased at a later stage, from 25 to 35days after
germination. These increases were almost parallel with
the decrease of chlorophyll content of the leaves (Figure
6b} and with the decrease of the content of Rubisco mRMNA
{data not shown), Interestingly, YWPE mRNA was detect-
able in green leaves just before starting senescence and
aVPE mRANA was detectable only in senescent yellow
leavas. This result was consistent with the histochemical
staining of GUS activity in senescent leaves (Hara-
MNishimura et af, 1998h).

We also axamined the developmental change in the
mANA levels of SAGZ (senescence-associated gene;
Hensel et al, 1993) and AD21 (dehydration-responsive
gene; Koizumi et al, 1953). Both the SAG2 and RD21
genes of Arabidopsis encode cysteine proteinases of the
papain family. Figure 6{a} shows that the mRNA level of
PE increased much more dramatically than did the
mAMNA levels of both SAG2 and RD21. The relationship
betwean these inducible proteinases and wegetative
VPEs is discussed below. No SVPE mRMA was detect-
able in the leaves as expected from the result shown in
Figure 4if).

Vagetative VPE mANAs are up-regulated in leaves by
wounding, ethylene and salicylic acid, and sfightly by
jasmonate

Various vacuclar proteins have been shown to be accu-
mulated in the wacuoles in response to wounding,
ethylene, salicylic acid and methyl jasmonate. This raises
the guestion of whether the vegetative VPE genes are
induced by such treatments. To answer the question, we
performed an RNA blot analysis with the leaves of 21-days-
old plants after various treatments. The plants were
aseptically cultured on solid MS medium to avoid
anvironmenta! stimuli, and the 5th and 6th leaves were
used for extraction of total RMA.

To determine the effect of wound treatment on the
expression of the VPE gene, the 5th and Bth leaves were
mechanically wounded and then harvested 0, 6, 12, 24 and
4Bh after wounding. Figure 7{a) shows that the level of
APE mAMA in the leaves increased during the period 12-
4Bh after the wound treatment. This indicates that the
WPE gene is up-regulated in the tissues by wounding. The
increase of #PE mRMNA preceded that of aVPE mANA,
which was first observed 24 h after the wound treatment.
The armaunt of the induced aVPE mRMNA was much lower
than that of APE mAMA. Thus, it seems likely that the
induction of aVPE mANA might be caused by a secondary
effect rather than directly by wounding.

In the next step, we examined the effects of treatment
with ethylene and salicylic acid. Both aVPE and /PE
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Figure 8. Vegetative VPE mANAS are scoumulsled m Ihe rosetta leaves of
Arabwdopsis in associgtion with seascence.

{2} Totsd ANA was extracted from the primary and secondery rosetle
lsaves of 15, 20-, 25, X0 and M5-days-old plants of Arabidopsis. A
MNorthern blot was perfarmed with & single probe that was specific two
aV¥PE, AVPE, WPE, SAG2 and RD2Y.

(5} Developmantal changes in the chiorophyll content in the primary and
secondary rosefe leaves during senassanca ol the Arabidopsis plants,

mANAs sEadimrespange to athylena and salicylic
acld” as shown in Figure 7ib.c). :‘Tﬁwaig_r. salicylic acid
caused a much stronger induction of bnth~-{qﬂN.&s than

ethylene did. The most rapid response of the gVPE gene
occurred Bh after the salicylic acid treatment {Figure 7cl.
Finally, methyl jasmonate showed no effect on the gene
expression of aVPE and a slight induction of yWPE gene, as
shown in Figure Tid).

(a) Wounding
0 6

(b) Ethylene

0 6 12 24 48h

aoVPE

(c) Salicylic acid

Figure 7. Vegetative VPE mANAY sre up-regulated i rosette leaves of
Arabigdopsis by wound treatment, stfyiene snd saticylic ecid. and sightly
by jasmonate.

The Sth and Bth roserrt Toay T
mn.’daepr‘;ﬁ;r 0, 8,374 and 48h of each trestmant. Tatal AN
extrastid from caved for 8 Northern biot with & singla probe specif
ta AVPE and ﬂPE Cr \'
(a} The lsaves ware mochenically wounded with tweazers.

[b) The plants wars trasted with 100 L' ethylens gas. EFTE pvol YF
[a} The plants ware aprayed with 2.6 mas salicylic scid. —_— '.__\‘L —p
Id) The planis ware sprayed with 60um mathy! jasmonats. .__,//

—

Discussion _—

, . -
VEE might function in protein-storage vacuoles, while -
bath aVPE and might function in lytic vacuoies <4

F ?"-i..l:f_.f;
Seed VPEs oM oagtor bea Y ave been shown
to be localized IR -storage wvacuoles (Harg:
Nishimura and Nishimura, 1587; Hara-Nishimura &f al.,

>
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1993a; Hiraiwa et al., 1993) and to function as key enzymes
responsible for maturation of various seed proteins (Hara-
Nishimura and Nishimura, 1987; Hara-Nishimura &t al,
1991; Hara-Nishimura et al, 1995). In castor bean, both the
activity and protein levels of the VPE rapidly dacrease in
the endosperm during seed germination {Hiraiwa et al,
1393}, This result is consistent with the decrease of JVPE
gene expression in the Arabidopsis cotyledons after seed
germination (Figure 4e). These results indicate that
Arabidopsis PVPE is a counterpart of the seed VPE of
castor bean and plays a role in maturation of seed proteins
in protein-storage wvacuoles of maturing Arabidopsis
seads.

On the other hand, both aVPE and WPE mRNAs are
expressed in the vegetative organs of Arabidopsis. The
vegetative 1WPE with the vacuolar processing activity was
shown to be localized in the Iytic vacuoles of the leaves in
this study (Figures 2 and 3), an indication that the #PE
gene product is the authentic VPE in the lytic vacuoles of
Arabidopsis. This result supports the possibility that a
VPE-mediated system similar to that in seeds might
function in the lytic vacuoles.

Two VPE homologues were purified from germinating
cotyledons of vetch (proteinase B; Becker et al, 1935) and
Vigna mungo (VmPE-1; Okamoto and Minamikawa, 1995).
These enzymes have a substrate specificity towards
asparagine residues. The level of mRNA of proteinase B
in the cotyledons increases during seed germination
{Becker et al., 1995). This is in good agreement with the
gena expression of the aWPE and WPE genes in the
cotyledons (Figure 4c,l. Taken together, these resuits
suggest that VPE systems are widely distributed both in
protein-storage vacuoles and in lytic vacuoles of various
plant tissues.

Senescence-inducible cystelng proteinase as a putative
targat protein of vegetative VPE in senescent tissues

The results mentioned above raise the question of what
are the target proteins of the vegetative VPEs? The
histochemical localization of GUS activity in transgenic
plants and the RNA blot analysis revealed that vegetative
VPE genes are not expressed in healthy leaves, but are
expressed in senescent leaves (Figure 4). This implies that
the target proteins of vegetative VPEs might also be
senescence-inducible hydrolytic enzymes localized in the
vacuoles. Figure 6 indicates that two cysteing proteinases
of Arabidopsis, SAG2 and RD21, are induced during the
sanescence of the leaves in association with induction of
the vegetative VPEs,

FigureBa shows various cysteine proteinases that
appeared in tissues undergoing senescence and degen-
eration of different plants. These include actinidin in
ripening kiwi fruits {Lin ef al, 19831 C14 in ripening

@ Blackwell Science Ltd, The Plant Journal, {1989), 19, 1-11
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e et al, 1996}, Cp in senescent carnaticn
flowers {Jones et al, 1995; Valpuesta at al,
p in senescent pea ovaries (Granell et al,
ryzain o and oryzain [ in degenerating endo-
of rice (Watanabe er al, 1591} and RD21 in
er al,
. These proteinases are members of the papain
ily, We have revealed that vegetative VPE genes
re expressed in the ripening fruit of transgenic
bacco plants, as well as in their senescent tissues
ublished data). The inactive precursor of kiwi fruit
actinidin, ane of the better characterized proteinases,
has been shown to be converted into an active enzyme
by the removal of a C-terminal propeptide at Asn-Gln
(Baker, 1980; Paul et al, 1995). The cleavable asparagine
residue is conserved in a hydrophilic region of the
precursor polypeptides of all the cysteine proteinases
shown in Figure 8(a). It seems likely that the vegetative
VPEs with a substrate specificity towards asparagine
residues might be involved in maturation and activation
of the inducible cysteine proteinases in the lytic
vacuoles of senescing and degenerating tissues. This
is also supported by the evidence that a VPE homo-
logue, YmPE-1, is involved in post-translational proces-
sing of a cysteine endopeptidase SH-EP to activate the
enzyme in germinating cotyledons of Vigna munge
[Okamoto and Minamikawa, 1935).

19392],

A pathogen-related protein, chitinase and wound-
inducible proteinase inhibitors are putative target
proteins of vegetative VPE in damaged tissues

It has been shown that proteinase inhibitors of tomato
leaves (Graham et al, 1985) and tobacco stigmas
(Atkinson ef af, 1993) are induced in the vacuoles by
wound treatment. The inhibitors are synthesized as
proprotein precursors and then converted into the mature
inhibitors by post-translational cleavages at specific aspar-
agine residues (Atkinson et al, 1993; Graham et al., 19851,
as shown in Figure 8(b}. Vegetative VPE mANAs were up-
regulated in response to mechanical wounding (Figure 7al.
The wound-inducible VPEs could mediate the maturation
of the inhibitors by cleaving peptide bonds at the
asparagine residues.

When pathogens attack plants, salicylic acid and ethyl-
ene mediate the accumulation of defensive proteins (PR
proteins) in the vacuoles and the extracellular matrix. A
basic chitinase of tobacco leaves, one of the PR proteins
that accumulates in the vacuoles, has been shown to be
converted from the proprotein precursor by the removal of
a C-terminal propeptide at an asparagine residue (Sticher
et al, 1993}, as shown in Figure 8{bl. Treatment of the
leaves with salicylic acid and ethylene also up-regulated
vegetative VPE mRNAs (Figure 7b.c). The vegetative VPEs
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(a)
Cysteine Proteinases

¥

UL L Al A

Kiwi actinidin =Py PN - N (Y FEFY 551~

Tomato C14 ~PSY PUKTGPN® PFKPAPSPPS -
Carnation Cp ~PSYPVKTSPN® PPNPGPSPES-
Daylily Cp - ASYPIKTSAN* PENSSTRDEL-
Pea Tpp - PSYPIKMNGLN™ PPEPAFSFPS-
Riceoryzain a =PSYPLENGEN PRVDGETFRS -
Riceoryzaln p ~ASYPTHSGAN PPKPSPTPET-
Arahidopsis RD21  -PSYPIKNCEN* PENPGPSPRS-

(b)
Wound-inducible proteins
Tomato proteinase Inhibitor |

iP NTPP

~TELLKEFDEN* LHCEGHIMWE -
Tohaceo proteinase inhibitor

i NN NN N

-VCPRSEEFFN*DRICTHNCOCAG-
=VCPRSEEKKMN* DRICTNOCAG
-ICPLAEEFKN* DRICTHOCAG -
- ICPLEEENN* DRI CTHOCAG=
=ICPLEEERN* DRICTHOC A~
-~ ICPLEEEKKM* DRICTHOCAG-

PR s
-DORICRSFEN*GLLVDTM-000H

Figure 8. Putative target proteins for vegatative VPES in hytic vacuoles.
Tha saquences around proteolytic processing site of pracursors of
putativa target protelns for WPEs. The processing occurs on the C-
tarminal side of an ssparagine residue that is indicatad by an asterisk.
&P, & signal peptide; NTPPF. N-terminal propeptide; CTPP, C-tarminal
propeplide: N, an asparagine residue.

|8] Various cysieine proteinases of the papain famlly are Inducad during
ganescance of fruit (Drake of al, 1996; Lin er al, 1993), flowers (Jones
ot al, 1885 Velpuesta et al, 1995), ovary (Granell et al, 1992],
endosparm (Watanabe et al, 1991} and during drought stress of leaves
{Koizumi et al, 1983} It has been shown that in order 1o activats
actinidin ond oryzain-a, & posi-translational clesvage at an asparagine
residue 15 needed to remove & C-terminal propeptide. Asparagine
residues at the processing site are conserved among these proteinase
prECUrsors,

{b] Proteinase inhibitors of tomato (Graham of al, 1965) and tobacco
{Atkinson ef al, 1893) have hegn shown 1o be induced In the lytic
vacuoles by wound treatment. Tobacco chitinase is a basic PR protein
pecumulated in tha Iytic vacuolas during 8 hypersansitiva reaction of the
tissus, Proprotein precursors of these proteins are post-translationally
procassed al asparagine residues 1o produce the mature inhiditors and a
chitinase.

PR protein
Tobaceo chitinase

up-regulated in response to ethylene could be involved in
the maturation of the chitinase to defand the tissues
against pathogens.

These treatments may have strassed the cells, in which
newly synthesized proteins would have been accumulated
in the vacucles. Ethylene and salicylic acid treatments
have bean shown to induce different defansive proteins,

called pathogenesis-relatad proteins (PR proteins), which
are accumulated in the vacuoles or the extracellular space
to defend the cells against attacks from pathogens (Bol
and Lintharst, 1990}, Taken together, the present results
suggest that the vegsetative VPEs might regulate activation
of such functional proteins to give the lytic vacuolas new
functions, including defense of the calls.

Vagetative VPEs could be useful markers of the
vegatative vacuolas in cells that are actively
differentiating

The lower expression of the vegetative VPE genss in
young leaves revealed that VPE function might not be
associatad with vacuolar enlargement. In contrast, high
expression of these VPE genes was observed in senescent
and stressed tissues, in which the Iytic vacuoles have been
shown to accumulate newly synthesized proteins to be
converted intc mature forms and to degrade disused
celiular components. The high expression of vegetative
VPEs could reflect the active accumulation of functional
proteins in the vacuoles and the rapid degradation of
unnecessary proteins to differentiate the cells. Thus, the
WPEs could be a good marker to identify functionally active
vacuoles to be differentiated in the tissuas.

The GUS staining in the vascular tissus and the cortex
cells adjacent to the emerging lateral roots was specific to
the aV/PE gene (Figure B). Only the aVPE gene was
expressed in these tissues, In cantrast to the expression
of both aVPE and YVPE genes in tha senascent |eaves and
the laaves treated with wounding, ethylene and salicylic
acid. Further analysis of each functional site of aVPE and
#WPE will be required ta clarify the distinct role of each VPE
in tissuss that are undergoing senescence and In those
that are under stress.

Experimental procedures

Growth conditions of Arabidopsis plants

Seads of Arabidopsis thalfans ecotype Columbia w
starilized with a solution of 2% sodium hypochl
Triton X100 and then sown onto 0.5% Gallan [Wako, Tokyo,
Japan] that contained MS medium, 100 mg k) myo-incsitel and
2.5 mm MES-KOH (pH 5.7). Aftar a 2-day incubdtion at 4°C to break
seed darmancy, the sesds were germinated and grown far
5 days at 22°C under continuous light (100 mEs'm™).

The primary and secondary rosette leaves that wera harvested
from the 15-, 20, 25-, 30- and 35-deys-old plants that were
aseptically grown in the plastic pots to eliminate the environ-
mental stimuli were used for extraction of mANAs. For the
experiments to study the responsa to ethylens gas and other
treatments, 21-days-old plants were used. The plants were
transferred to an airtight box contalning 100ml 7! of ethylene
gas or were sprayed with 25mm salicylic acild solution or 60 mm
methyl jasmonate. For wound trestment, the 5th and Gth rosatte
|eaves of each 21-days-old plant were mechanically wounded at
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two sites per leal with tweezers. The wounged leaves were
harvested from the plants that had baen incubaded for 0, 6 12, 24
ar 48h after the treatment.

ANA gel biat analysis and maasurement of chlorophyll
content

Total RANA was extracled from the leaves with a commercial kit
(ISOGEN: Mippon Gene, Tokyo, Japan] and|precipitated with LiCI
for further purification. Total RNA (10§igl denatured with
formamide and formaldehyde was separdted on a 1% agarose
gel containing formaldehyde and stained with ethidium bromide
to ensure that equal amounts of ANA had been applied to the

different lanes in the_gal.- Afteca ophorasis, the ANA was
)mﬂﬁﬁrﬂ—:wton mambrane [Hﬁ;%:[:‘hg{ﬁmarsham Japan,

Tokyol. For probes that were specific to each of the VPE genes, we
used amplified DNAs of about 270 bp that contained either the Gth
exon of the aVPE gene, the Tth exan of the SVPE gene or the Tth
exan of the Y/PE gene. Thesa sequences are located in the most
diverse region among the three VPE genes. The amplified DNA
fragments were labeled with [PICTP by a random priming
method. Pre-hybridization and hybridization were performed as

ited previously (Kinbshita-gf_al., 1995a). We used two EST
clones as DMA probes; SAG2 Hiﬂ'}{ﬂ’ﬂ'r and RD21 (10311577}

““%% fram the Arabidopsis Biological Research Center.

The chloraphyll content was spactrophotometrically measured
as described previously (Arnon, 1348}

Construction of chimeric gene of a VPE promotergus
gene and transformation of Arabidopsis

We used threa genomic clones for @VPE, SVPE and WWFE that had
been previcusly isclated [Kinoshita et ai., 1995a; Kinashita ef al.,
1995b). DMA fragments of the 5-upstream regions from <1651 ta
+5 of the aVPE gene, from =2286 to +11 of the WPE gane and from
-2036 to +11 of the WPE gene were amplified by PCR. The
fallowing primers were synthesized to amplify each promoter
ragion; 5.GGAAGCTTATCCCAACACAAGACATAA-Z and 5'-TAC-
COGGGGTCATTGTTAGGTGGTATTCTC-3 for aVPE, 5-CCAAGC-
TTAAACTCCAGCTTACTTGTAT-3' and §-TACCCGGGAGACTTA-
GCCATGGCAGCGA-Y for SVPE and 5-CCAAGCTTCCGGTTTCAT-
TATGGTTAAG-Y and 5-AACCCOGGACACGTGTCATCGTTGTGG-
3 for WPE. A Hindlll site was incorporated at the distal end of the
sense primers and an Smal site was incorporated at the proximal
and of the sense primers. The amplified fragments were digested
with Hindlll and Smal, and then incorporated into a binary vector,
pBI12THmMRY, to fuse with the P-glucurcnidase (gus) gene
pBI121HmRY, & derivative of pBl21, contains a hygromycin
phosphotransierase gene =t a unigue EcoRl site in the region
downstream of the gus gene in the reverse orientation. Agro-
bacterium tumefaciens EHA101 cells were transformed with thesa
plasmids containing oVPE promoter-gus (paVPEngus), SVPE
promoter-gus (pfVPE:gus) and WFE promater-gus (pVPE:gus),
respectively, by the electroporation method (Nage! et al, 19901
Arabidopsis plants were transformed using a tissue culiure
method (Akama &f al, 1932) and the in planta method (Bechtold
et al, 1993}

Histochemical detection of f-glucuronidase activity

Tissues from the transgenic plants were incubated for 1=-18h in a
substrate selulion containing S-bromo-4-chioro-3-indeiyl f-p-
glucuronide {(X-gluc, a5mgmi™, 0.1% (whl Triton X-100,

© Blackwell Science Lid, The Plant Journal, {19%9), 19, 1-11
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100mM sodium phosphate (pH7.4), as reported (Jeffarson,
1987). To stop the reaction and to remove the chlorophytl, the
tissues were treated with an ethanol serigs. All experiments for
analysis of GUS activity were repeated at least three times using
nine indepandant lines of the transgenic plants with each of the
chimeric genes.

Heterologous expressior ﬁFE“In yeast cells

The entire reading frame of the YWPE cONA insert (1473 bp) was
ligated into an expression vector of pYES2 (Invitrogen, USA} 1o
generate a construct containing the cONA flanked with the yeast
GAL T pramater and CYC1 tarmination sequences of the plasmids,
as described previously (Hirasiwa ef all, 1937b). Yeast pepd strain
1YWT-80; MATa leu? ura3-52 pepd-3) af Saccharomyces cerevi-
sige (donated by Dr ¥. Wada, Osaka University) was used as a
host for transformation, Procedures for trensformation and
growth condition of the trensfarmants were essentially the same
as those described praviously (Hiraiwa el al, 1997b; Incue et al,
1987]. Galfactose-grown transformant cells were collected by
centrifugation, sheared mechanically with glass beads (Sigma,
St. Louis, MO, USA] and lysed in 20mM Tris=HCI [pH7.5] that
contained 1mm phenylmethanesulfonyl flucride |PMSF), as
described previously (Wada ef al., 1990). Whole cell lysates of
the transformants were used for an assay of VPE activity.

Assay for vacuolar processing activity

VPE activity was assayed essentially as described previously
[Hara-Mishimura et al, 1991; Hiraiwa ot al, 1997b). A chemically
gynthesized decapeptide, Ser-Glu-Ser-Glu-Asn-Gly-Leu-Glu-Glu-
Thr, was used as the substrate. The peptide sequence was darived
from the sequence around the processing site of proglobulin, the
proprotein precursor of 115 globulin, a major seed protein of
pumpkin [Hayashi et al, 1988). The reaction mixture contained
anmal of the decapeptide substrate and the lysate of the yeast
transformant cells in 10yl of S0mm sodium acetate (pHS5.5),
80 ms dithiothraitol, The mixture was incubated for 0, 0.5 and
3.0h at 37°C. After the addition of 25ul of distilled water, the
products of the reaction were subjected to analytical capillary
electrophoresis [HP*®, Hewlett-Packard GmbH, Germany) at 25°C
and 30KV in 10 mm sodium borate buffer (pH9.2). Electropharesis
was monitored in terms of absorbance al 200nm. The VPE
cleaves only the peptide bond on the C-terminal side of the
asparagine residue of the substrate decapeptide to generate an N-
terminal pentapeptide P1 and a C-tarminal pentapeptide F2.

In vivo assay of VPE activity was performed by monitoring
maturation of CPY in the transformant cells of proteinase A-
deficient {pepd) strain, as described previously (Hiraiwa et al,
1997b). The transformant was grown in the galactose medium far
15h. The cells coflected were subjected to SDS-PAGE and
subsequent immunoblol analysis with CPY-specific antibodies.

FLE/'//_—M
Preparation of specific antisera against 5
NTE

To prepare spacific antibodies against YWPE, the DNA fragment of
1403bp was inserted inlec an expression wvector pET-32a
{Movagen, Madison, W1, USA). The expressed histidine-tagged
protein was subjected to SDS-PAGE followed by staining with
Coomassie bBlue and the band corresponding to the WPE
fragment was cut out from the gel and injected subcutaneously
inta a rabbit with complete Freund's adjuvant, After 3weeks, two
booster injections with incomplete adjuvant were given at 7 day

STadee s
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intervale. One week after the booster injection, blood was drawn
and the antiserum was prepared. Prepared antibodies against
yWPE were used in an immunocytachemical analysis,

Immunocytochemical analysis

The Sth leaves of the 21-days-old plants that had been incubated
for 48h after the wound treatment were used. Proceduras for
ultragtructural studias and immunaogold labeling were essentially
the same as those described previously (Hara-Nishimura et al.,
1998a) except for the use of the anti-WPE antibodies. The sections
were treated with blocking solution (1% BSA in PBS) for 1h at
room temperature and then incubated overnight with anti-fWPE
antibodies [1:500], in blocking scluticn at 4°C. After washing with
PBS, sections were incubated for 30min et room lemperature
with a solution of pratein A-gald (10nm; Amersham Japan)] that
had been diluted 1:30 in the blocking salution. Far tha control
experiment, incubation of the section with the primary antibodies
was omitted. The sections wera washed with distilled water and
were then stained with 4% uranyl acetate and lead citrate. After
staining, all sections were examined with a transmission electran
microscope (madel 1200EX; JEOL, Tokyo, Japan) at 80 kV.
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Expression of a Vacuolar Protein (VP24) in Anthucyanm-
Producing Cells of Sweet Potato in Suspension Culture'
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VP24, an abundan! protein of 24 kD), was found to accumulate in
the anthocyanin-containing vacuoles of cells of sweet potata (fpo-
moea batalas) in suspension culture. Light-induced expression of
VP24 was analyzed by immunoblotting in three difierent cell lines
that produced anthocyanins at different rates. The expression of
VP24 was closely correlated with the accumulation of anthocyanin
in these cell lines. Immunocytochemical detection of VP24 with
specific antibodies on thin sections showed that VP24 was localized
in the intravacuclar pigmented globules (cyanoplasts) in the
anthocyanin-containing vacuoles and nol in the tonoplast, No VP24
immunaogold labeling was detected in the vacuoles of the cell fine
that does not produce anthocyanin. We suggest that VP24 may be
involved in the formation of the cyanoplast via an interaction with
anthocyanin, and that it may play an important role in the trapping
in vacuoles of large amounts of anthocyanins that have been trans-
ported into these vacuales.

The central vacuole is the main site of accumulation of
many water-soluble secondary metabolites such as antho-
cyanins and other phenolic compounds. 1t is generally
accepted that the biosynthesis of anthocyanins and other
flavonoid glycosides occurs in the cytosal and that these
compounds are then transported to the central vacuole
across the tonoplast (Hrazdina and Wagner, 1985
Hrazdina et al., 1987). The mechanisms for transport to the
vacuoles have not been clearly established. However, it
was reported recently that anthocyanin is conjugated with
glutathione in a reaction that is catalyzed by glutathione
S-transferase (encoded in maize by the Bronze-2 gene) and
that this conjugate is then transported to the vacuoles by
the glutathione pump in the tonoplast (Marrs et al., 1995;
Marrs, 1996).

Martinoia et al. (1993) showed that the uptake of glata-
thione S-conjugates of N-ethylmaleimide and of metola-
chlor into the vacuoles was mediated by a specific ATPase

' This study was carried out under the auspices of the Cooper-
ative Research Program (grant no. 94-103) of the Mational Institule
for Basic Biology, Japan.

? Present address: Department of Molecular Biomechanics,
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fax B1-266-21-3331.
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in the tonoplast, which was not linked to any known
vacuolar proton pump. Furthermore, it has also been re-
ported that naturally eccurring metabolites such as cin-
namic acid and other phenylpropanoid compounds are
conjugated with glutathione in reactions catalyzed by glu-
tathione S-transferase (Dean et al, 1995). An ATP-
dependent glutathione pump in the vacuolar membrane
may be part of the vacuolar membrane system that is
involved in the transport of most phenolic compounds
such as anthocyanins and other flavonoid glycosides.

Once the compounds are transported to the vacuoles,
other mechanisms are necessary for intravacuolar retention
{Guern et al., 1987), Several intravacualar-trapping mech-
anisms, such as glycosylation, ionization, and induction of
a conformational change, may be involved in the vacuolar
accumulation of secondary metabolites (Werner and Ma-
tile, 1985; Matern et al., 1986). However, it remains unclear
how large amounts of anthocyanin are retained in central
vacuoles. Ir. previous reports (Nozue and Yasuda, 1985;
Mozue et al, 1987) we demonstrated that cultured cells of
gweet potato (Ipomees batatas Lam. cv Kintoki) produce
large amounts of anthocyanin and form intensely pig-
mented, anthocyanin-containing globules within vacuoles
during continuous illumination. These pigmented struc-
tures have been called cyanoplasts (Lippmaa, 1926;
Muolisch, 1928; Politis, 1959) and are first detected as small,
red, spherical bodies approximately 3 pm in diameter
at the early stage of pigment accumulation under light
MIcToscopy.

The number of these spherical bodies in the vacuaole
increases with the maximum accumulation of pigment, but
it subsequently decreases to one or a few with an increase
in the size of the pigmented bodies. Fully developed pig-
mented globules reach 10 to 15 pm in diameter. Electron
microscopy has revealed that these intracellular structures
have neither a membrane boundary nor an internal struc-
ture, and that they are found as strongly osmiophilic glob-
ules in vacuoles (Mozue et al., 1993). These observations
indicate that the pigmented structures in anthocyanin-
producing cells are insoluble globules in which anthocya-
nin is highly concentrated. The formation of such pig-
mented structures in anthocyanin-containing cells may

Abbreviation: PAL, Phe ammaonia-lyase.
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represent the trapping of large amounts of anthocyanin in
vacuoles,

Unpigmented spherical bodies were observed in the
vacuoles of dark-grown seedlings of Polygonn cuspidatuni
(Kubo et al, 1995). The unpigmented spherical bodies ac-
curmulated anthocyanin and turned into cyanoplasts when
dark-grown seedlings were irradiated. However, it is un-
known how the cyanoplasts were formed in the vacuoles of
anthocyanin-producing cells.

We recently described a 24-kD protein (VP24) that was
identified as a major protein in vacuoles isolated from
anthocyanin-producing cells of sweet potato in suspension
culture {Nozue et al,, 1995). Expression of VP24 was induced
in cultured cells upon their exposure to light and was closely
correlated with the accumulation of anthocyanin, Although
the biological function of the vacuolar protein VI'24 has not
yet been determined, it seems possible that this protein may
be involved in the intravacuolar accumulation of anthocya-
nins via the formation of cyanoplasts.

The present study was carried out to characterize in
further detail the role of VP24 in the anthocyanin-
containing vacuoles. We studied the expression and intra-
vacuolar localization of this protein using three different
lines of sweet potato cells in suspension culture, which
produced anthocyanin at different rates.

MATERIALS AND METHODS
Cell Cultures

Three lines of sweet potato ([pemoen batalas Lam, cv
Kintoki) cells in culture, ALD, ALND, and N, were used
in the present experiments. ALND and ALD were
anthocyanin-producing cell lines and N was a nonproduc-
ing cell line. Anthocyanin content of this cell line was
around the threshold of detectability. The ALND cell line
produced large amounts of anthocyanin under continuous
illumination but little anthocyanin in darkness. The ALD
cell line produced large amounts of anthocyanin not only
under continuous illumination but also in darkness. More
anthocyanin was synthesized in ALD cells under illumina-
tion than in darkness. The N cell line produced little an-
thocyanin regardless of illumination conditions.

Both the ALND and M cell lines were obtained by clonal
selection from the same callus cultures that had been ini-
tiated from tuberous root tissue of sweet potato (Nozue et
al., 1987}, The ALD cell line was also obtained by several
rounds of clonal selection from the anthocyanin-producing
cells that developed spontaneously in dark-grown cultures
of ALND cells. All cell lines in callus culture were main-
tained in 25 mL of PRL-4C (Gamborg, 1966) agar medium
that contained 3% Suc (w/v}and 0.3 mg L7 2,4-D in Petri
dishes 9.0 cm in diameter in darkness at 25 to 26°C, with
subculture at 2-week intervals. Seven-day-old callus of
each cell line was used for the following experiments.
Other procedures for the culture of these cells have been
described previously (Nozue et al., 1995).
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Induction of ¥P24 Expression and Anthocyanin Synthesis

Expression of VP24 and synthesis of anthocyanin were
induced by exposure of cells to light, as described previ-
ously (Nozue et al, 1993). Callus (approximately 2 g fresh
weight) of each cell line was transferred to a 100-mL Er-
lenmeyer flask that contained 20 mL of PRL-4C liquid
medium without 2,4-D, unless otherwise stated. After pre-
culture on a rotary shaker for 3 d in darkness, the cells were
exposed to continuous illumination and harvested at vari-
ous intervals after the onset of irradiation, and amounts of
VP24 and anthocyanin were determined. To investigate the
expression of VP24, N cells were cultured under identical
conditions as ALND and ALD cells.

Extraction of VP24

Suspension-cultured cells were harvested at various in-
tervals by filtration of the culture through filter paper
(Toyo filter paper no. 1, Advantec, Tokyo, Japan) on a
suction funne! and their fresh weight was determined.
Cells (1 g fresh weight) were homogenized with a mortar
and pestle in 1 mL of extraction buffer {25 mm Tris-Mes,
pH 6.8, containing 0.3 m NaCl, 0.3 m Suc, and 3 mm MgCl,)
with 0.1 g of Polyclar AT and 1 g of quartz sand at 0°C. The
humﬂgenabe was centrifuged at 12,000¢ for 10 min at 4°C,
and the supernatant was stored at —20°C prior to analysis.

Protein was precipitated with sodium deoxycholate and
TCA (Bensadoun and Weinstein, 1976) and dissolved in 1w
NaOH, and concentration was determined by the method
of Lowry et al. (1951). BSA was used as a standard.

Electrophoresis and Immunoblotting

One-dimensional SDS-PAGE was performed as de-
scribed by Laemmli {1970). Samples were heated at 95°C
for 3 min in the presence of 1% 5D5 and 1% 2-
mercaptoethanol, and were then subjected to SD5-PAGE in
a 14% (w/v) polyacrylamide gel for separation and in a
4.5% (w/wv) polyacrylamide gel for concentration. Two-
dimensional gel electrophoresis was carried out as de-
scribed by O Farrell (1975) with IEF (2% Ampholine 3.5-10,
Pharmacia) in the first dimension, and SD5-PAGE (14%
gel) in the second dimension.

For immunoblotting, the proteins were blotted electro-
phoretically orto a PVDF membrane and were detected
with V[P24-specific polyclonal antibodies as the primary
antibody (1:1000 dilution) and goat antibodies conjugated
with alkaline phosphatase against rabbit IgG (Cappel) as
the second antibody. VP24 was quantified densitometri-
cally after immunoblotting. Polyclonal antibodies were
raised in a rabbit against a purified VP24 preparation that
had been extracted from vacuoles isolated from
suspension-cultured ALND cells and purified by prepara-
tive SD5-PAGE.

Quantitation of Anthocyanin

Samples (0.1 g fresh weight) were extracted for 24 h with
5 mL of methanol {(0.5% HCL, v/ v) at 4°C in darkness. After



Expression of a 24-kD Vacuolar Protein | 1067

Table 1. Anthocyanin content of callus-cultured sweet potato celf
cultures

Callus wase cultured on PRL-4C agar medium supplemented with
0.3 mg L~ 24D for 12 d under continuous illumination or in
darkress.

mhuc;nm Content :

Crrhure Confitions

ap ___ MND W
pmoed g " feesh ot
Light 47 79 ND?
Dk 1.2 M ND

4 ND, Below 10 nmaol g~ " frish welght,

removal of insoluble matertals by centrifugation at 1,600g
for 10 min, the Asy, of the clear supernatant was measured
and the anthocyanin concentration was determined using &
= 33,000-l-mol” em ' (Moskowitz and Hrazdina, 1981),

Preparation of Vacuoles

Protoplasts and vacuoles were isolated from 8-d-old
suspension-cultured ALD cells as described previously
(Nozue et al., 1993, 1995).

Immunocytochemical Analysis

Fourteen-day-old suspension-cultured ALD cells that
had been transferred to liquid medium without 2,4-D were
harvested by centrifugation and vacuum infiltrated for 1 h
with a fixation mixture that consisted of 4% paraformalde-
hyde, 1% glutaraldehyde, and 60 mM Suc in 50 mum caco-
dylate buffer, pH 74, Cells were washed with 50 mam
cacodylate buffer, pH 7.4, dehydrated in a graded dimeth-
ylformamide series at —20°C, and embedded in London
Resin White acrylic resin (London Resin Co. Ltd., Basing-
stoke, Hampshire, UK). Blocks were polymerized under a
UV lamp at —20°C for 24 h. Ultrathin sections were pre-
pared on a Reichert ultramicrotome (Leica, Heidelberg,
Germany] and mounted on uncoated Ni** grids. Immuno-
cytochemical labeling with protein A gold particles was
performed as described previously (Nishimura et al., 1993).
Antibodies against VP24 (dilution 1:1000) were used for the
analysis. Thin sections were examined with a transmission
electron microscope (1200 EX, Jeol) operated at 80 kV.

Assay for PAL Activity

Cultured cells (0.5 g fresh weight) were homogenized
with a mortar and pestle in 2 mL of 0.1 M Tris-HCI buffer,
pH 8.0, that contained 20 mg of sodium isoascorbate, 50 mg
of Polyclar AT, and quartz sand at 0°C. The homogenate
was filtered through Miracloth (Calbiochem) and the fil-
trate was centrifuged at 12,000g for 10 min, The superna-
tant was partitioned on a Sephadex G-25 column (Pharma-
cia), and the protein in the eluate was used for assay of
PAL activity as described by Tanaka et al. (1974). A unit of
activity was defined as the amount of enzyme catalyzing
the formation of one nanomole of cinnamic acid per
minute.

RESULTS
Expression of VP24 and Anthocyanin in Three Cell Lines

Marked increases in levels of both VP24 and anthocyanin
were found in vacuoles isolated from ALND cells that had
been cultured under continuous illumination (Nozue et al,
1995). However, neither VP24 nor anthocyanin was de-
tected in dark-grown-cultured cells. To compare the abili-
ties of three cell lines to synthesize VP24, we examined the
expression of VP24 and the formation of anthocyanin in the
ALD, ALND, and N cells. Callus cultures of each cell line
were harvested after 12 d of culture under continuous
illumination or in darkness. The anthocyanin content was
then determined and VI'24 was analyzed by SD5-I'AGE
with subsequent immunoblotting.

Table 1 shows that large amounts of anthocyanin were
produced in both the irradiated and dark-cultured ALD
cells, and that anthocyanin was also produced in the irra-
diated ALND cells. However, little anthocyanin was pro-
duced in the dark-cultured ALND cells. The N cells failed
to produce any anthocyanin in light or in darkness. Figure
1 shows that large amounts of VP24 were expressed in both
ALD and ALND cells, and that a small amount of VP24 was
detected in N cells grown in the light. However, no VP24
was detected in ALND and N cells cultured in darkness.
The dark-cultured ALD cells expressed VP24 and synthe-
sized anthocyanin. Larger amounts of both VP24 and an-
thocyanin were produced in the irradiated ALD cells than
in the dark-cultured ALD cells.

Light-Induced Expression of VP24 and Anthocyanin

in levels of VP24 in the three different cell lines
after light irradiation were examined by immunoblot anal-
ysis. Suspension-cultured cells of each line were initiated
by transier of callus to 2.4-D-free liquid medium and then
cells were cultured in darkness prior to irradiation, Figure
2 shows the changes in the relative amount of VP24 pro-
duced by the suspension-cultured cells of each line upon
exposure to light. ALD cells expressed a certain level of
VP24 continuously during culture in darkness. A slight

Figure 1. The expression of VP24 in the three cell lines ALD, ALND,
and N of sweet potato callus. VP24 was analyzed by SDS5-PAGE (5 ug
of protein per lane) with subsegquent immunablofting with antibodies
againy VP24 Each callus was cultured on PRL-4C agar medium that
contained 1% Suc and 0.3 mg L' 2,4-D for 12 d under continuous
Tight {L} or in the darkness (D).
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Figure 2, Changes in levels of VP24 in suspension-cultured cells of
three cell lines; Suspensions of cells were (nitiated from the callus of
each cell line, ALD (A), ALND (8), and N (C), by transfer to 2,.4-D-
free liguid medium and then cultured in darkness (@), Cells were
irradigted 3 d after transfer {arrow) and then cultured under contin-
wous illumination () The relativie amounts of VP24 were measurned
by densitometric analysis of the corresponding bands on the immu-
nablots shown in the upper panels of each ligure, and are expressed
a5 a percentage of the value of the 11-d-pld cells under continuous
illumination. Cell extracts (5 ug of protein per lane) were fractionated
by SDS-PAGE, with subsequent immunoblotting analysis with anti-
bodies agzinst VP24, The numbers below the upper panel in 2ach
figure indicate days aiter ransfer. L and D are as in Figure 1.
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increase in the level of VP24 was observed at the late stage
of cultures in darkness, but the level of VP24 was enhanced
by light irradiation (Fig. 2A}. In contrast, litthe VP24 was
detectable in dark-cultured ALND and N cells, but the
level of VP24 in both cell lines increased markedly upon
irradiation (Fig. 2, B and C).

Figure 3 shows the changes in anthocyanin content un-
der the same conditions as those in the experiment for
which results are shown in Figure 2. Light-stimulated or
-induced synthesis of anthocyanin was observed in ALD
and ALND cells (Fig. 3, A and B). The incréase in antho-
cyanin content in both cell lines under comtinuous illumi-
nation occutred more slowly than that of VP24, and more
than 10 d of irradiation were required to reach the maxi-
mum pigment level. Anthocyanin synthesis occurred con-
tinuously in the dark-cultured ALD cells, but was stimu-
lated by irradiation. Little anthocyanin accumulated in

[TH
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0 3 5.9 2 IS
Days after cell transfer

(umol g -1 g w.)

g 3 6 9% 12 15
Days after cell transfer
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Anthocyanin content

0

R I R T S 5
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Figure 3. Changes In the anthocyanin content of suspension-
cultured cells derived from the ALD (A), ALMD (B), and N (C) callus.
Anthocyanin content was measured using the same suspension-
cultured cells as those examined in the experiments for which results
are given in Figure 2. Arrows indicate the start of fight irradiation 3 d
after transier of callus celly to liguid medium, For symbaols, we
legend 1o Figure 2.



Expression ol a J4-KU Vacuolar Froiein - | LR L

PAL activity (unit g protein)

i
g
=
Relative amount of VP24 and
Anthocyanin content (%)

12 15
Days after cell transfer

Figure 4. Changes in the activity of PAL in suspension-cultured
ALND cells, Suspension cultures were initiated from callus, and cells
were cultured under the same experimental conditions as described
in the legends to Figures 2 and 3, The dark-cultured cells were
irradiated 3 d after cell transfer {(arrow) and then cultured under
continuous illumination. PAL activity (@ and the relative amounts of
VP24 [[0) and anthacyanin (A) are shown. The values of YF24 and
anthocyanin are expressed as a percentage of the value of the 11-d-
old cells.

irradiated or dark-cultured N cells (Fig. 3C). These results
indicate that stronger expression of VP24 was accompanied
by greater accumulation of anthocyanin in the cultured
cells of all three cell lines, with the exception of the irradi-
ated N cells.

PAL is a key enzyme in the biosynthesis of phenylpro-
panoids and phenylpropanoid-derived compounds. The
changes in PAL activity in ALND cells were examined
under the same experimental conditions as described
above for a comparison with the changes in levels of VP24,
A transient increase in PAL activity after irradiation of cells
was observed and it was followed by the increase in activ-
ity that is known to be induced by the cell transfer to fresh
medium (Hahlbrock and Schroder, 1975). PAL activity
reached a maximum 2 d after the start of light irradiation
and then decreased rapidly (Fig. 4). The accumulation of
anthocyanin began after the increase in PAL activity and
paralleled that of VP24 Both VP24 and anthocyanin
reached maximum values after the decrease in the activity
of PAL.

Effect of 2,4-D on the Light-Induced Expression of VP24

Flevated concentrations of auxins usually inhibit the
synthesis of anthocyanin and other phenolic compounds in
plant cells in culture (Constabel et al., 1971; Ozeki et al.,
1987), As reported previously (Nozue and Yasuda, 1985),
2,4-D markedly inhibited the synthesis of anthocyanin and
the development of cyanoplasts in cultured cells of sweet
potato. The level of VI'24 in the isolated vacuoles of ALND
cells was reciprocal with increases in the concentration of
2.4-D (Nozue et al., 1995), To study the correlation between
the expression of VP24 and the formation of anthocyanin,
we examined the effects of 2,4-D in three different cell lines.

Callus in each cell line was transferred to liquid medium
that contained 2,4-D at various concentrations, and cells
were cultured under continuous illumination after 3 d of

culture in darkness. Cells were harvested 14 d after the
start of irradiation. Figure 5 shows the effects of 24-D on
the expression of VP24 and the amount of anthocyanin in
the illuminated cells. The level of VP24 in all cell lines was
reduced by the presence of elevated concentrations of
2,4-D, particularly in ALND cells, More than 0.3 mg L™
2,4-D markedly inhibited the light-induced expression of
VP24, and more than 0.1 mg L~ inhibited the synthesis of
anthocyanin. However, both the expression of VP4 and
the synthesis of anthocyanin in ALD cells were inhibited
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Figure 5. Effects of 2,4-D on the accumulation of VP24 and antho-
cyanin in suspension-cultured cells of the three lines, Calli of each
cell line were transferred to liguid medium supplemented with 2, 4-D
at various concentrations, and then cells were cultured under con-
tinuous illumination after keeping in dark for 3 d. Cells were har-
vestod 14 d after the start of irradiation. Cell extracts (5 g of protein
per lane] were separated by SDS-PAGE, followed by immunoblotting
and analysis with antibodies against VP24 [A). Relative amounts of
VP24 (B} were determined by densitometric analysis of the corre-
spanding hands on the immunoblot shown in A and expressed as a
percentage of the value of the cells cultured without 2,.4-D medium
under continuous Hlumination, and anthocyanin (C) was measured
as described in the text. B, ALD; B, ALND; [, M.
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Figure 6. The intravacuolar pigmented siructures (cyanoplasts) in cultured ALD cells (A), protoplasts (8), and vacuoles (C),
as obverved by light microscopy. Protoplasts and vacuoles were isolated from ALD cells that had been cultured for 8 d under
continuous illuminalion. Arrows Indicate cyanoplasts and bars are 20 pm. D, Immunocylochemical delection of VP24 in
ALD cells that had been cultured for 14 d under continuous illumination. Armowheads indicate immunogold particles. Bar

i5 1 pm, CP, Cyanoplast: V, vacuole: C, cymosal

less strongly by 2,4-D. The expression of VP24 in N cells
was not completely inhibited by 2,4-D.

Localization of VP24

The knowledge of a protein’s subcellular localization is
essential for functional studies. VP24 was identified as a
major protein in vacuoles isolated from anthocyanin-
containing cells of sweet potato (Mozue et al., 1995). How-
ever, we have no direct evidence to indicate whether VP24
is a tonoplast-integrated protein or an intravacuolar-
soluble protein, To study the subcellular localization of
VF24 in anthocyanin-containing and anthocyanin-free
cells, we subjected suspension-cultured ALD and N cells to
immunocytochemical analysis of VP24, Both ALD and N
cells expressed VP24 in the light, but production of antho-
cvanin only occurred in ALD cells. Figure 6, A through C,
shows the cyanoplasts in the cultured ALD cells and in
protoplasts and vacuoles isolated from ALD cells that had
been cultured for B d under continuous illumination,

Large numbers of cyanoplasts were found in the vacu-
oles of the sweet potato cells in suspension culture, as
reported previously (Nozue et al, 1993) Immunocyto-
chemical staining and electron microscopy revealed that
VP24 was localized in the cyanoplasts and vacuoles of ALD
cells and not in the lonoplast (Fig. 6D). This suggests an
association of VI"24 with anthocyanin pigments. Neither
the accumulation of anthocyanin nor the occurrence of
cyanoplasts was observed in N cells, but VP24 was found
as a vacuolar protein (Fig. 1), We tried to detect VP24 in the
vacuoles of N cells, However, we were unable to identify
any immunogold-labeled structures in these cells (data not
shown).

DISCUSSION

The synthesis of anthocyanin in cultured plant cells is
generally stimulated or induced by illumination. In the
present study we used three lines of sweet potato cells in
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cultures with different sensitivities to light with respect to
the formation of anthocyanin, These cell lines were estab-
lished by several rounds of clonal selection from the same
callus that had been initiated from sweet potato root. It is
unclear why the ability to produce anthocyanin differed
among the three cell lines. However, the activities of
enzymes involved in general phenylpropanoid metabo-
lism, PAL, 4-coumarate:CoA ligase, and cinnamate 4-
hydroxylase, in N cells were undetectable or very low
under continuous illumination (M. Nozue and 5. Ku-
wazawa, unpublished data; M. Nozue and 5, Katajir, un-
published data).

In contrast, the activities of these enzymes in ALD cells
cultured in darkness were high, and large amounts of
anthocyanin were produced and accumulated. These re-
sults indicate that the expression of VP24 in ALD cells is
correlated with the accumulation of anthocyanin, as is the
case in ALND cells (Nozue et al, 1995). Furthermare, the
inhibitory effects of 2,4-D on the accumulation of VP24 also
showed the same tendencies as the inhibitory effects of
2.4-D on the intravacuolar accumulation of anthocyanin in
these cell lines.

The activities of the enzymes that are related to general
phenylpropanoid metabolism and the biosynthesis of fla-
vonoids usually show a transient increase soon after induc-
tion by various triggers (Lawton et al,, 1983; Chappell and
Hahlbrock, 1984; Ozeki et al., 1990; Peter et al., 1991). A
transient increase in the activity of PAL was also observed
before the level of anthocyanin reached a maximum in
cultured cells of sweet potato. However, the level of VP24
continued to increase, as did the accumulation of anthocy-
anin. It is generally believed that the biosynthesis of an-
thocyanin is a cytosolic event and that anthocyanin is trans-
ported to the vacuole (Hrazdina et al., 1978; Jonsson et al.,
1983; Marrs et al., 1995). Our observations indicate that
VP24 may be involved in the accumulation of anthocyanin
but not in its synthesis.

Electron microscopy after immunostaining of VP24 re-
vealed that it is an intravacuoclar and not a tonoplast-
integrated or a tonoplast-associated protein, and is localized
in the cyanoplasts of anthocyanin-containing vacuoles. Cya-
noplasts were not formed in the cell line that did not pro-
duce anthocyanin in the light (N), but VP24 was detectable
by SDS-FAGE with subsequent immunoblotting. VP24 may
have been localized in the vacuole as a soluble protein, since
neither intravacuolar gsmiophilic globules (cyanoplasts) nor
immunogold-labeled VP24 could be detected in the N cells.
Cyanoplasts were detectable only in cells that accumulated
large amounts of anthocyanin.

The factors affecting the occurrence of cyanoplasts in
cultured sweet potato cells coincided with those that in-
fluenced the expression of VP24 and the accumulation of
anthocyanin. Both the occurrence of cyanoplasts (Nozue
and Yasuda, 1985) and the expression of VP24 in the
cultured cells were strongly inhibited by 2,4-D in the
medium, These results indicate that VP24 may be in-
volved in the formation of cyanoplasts and that this vac-
uolar protein coexists with anthocyanins in the same
vacuoles. As described previously (Nozue et al., 1995),
VP24 was recovered from only the reddish or purplish

pellet after ultracentrifugation of sonicated samples of
isolated vacuoles. [t seems that VP24 combines easily with
anthocyaning in vitro. Two-dimensional gel electrophore-
sis indicated that VP24 was an acidic protein with a pl
below 5.5, and VP24 was barely soluble in the buffered
solutions below pH 5.5 (data not shown). Therefore, VP24
may not be in solution at the vacuolar pH. These obser-
vations suggest that VP24 may play a role in the intra-
vacuolar trapping of anthocyanin pigments via the forma-
tion of cyanoplasts through hydrophobic interaction with
anthocyanin in vivo.

VP24 may have other biclogical roles in addition to its
role in the formation of cyanoplasts, because this protein
also accumulated in the vacuoles of nonproducing N cells,
The present study suggests that the mechanisms that reg-
ulate the expression of YF24 and the formation of antho-
cyanin in sweet potato cells may be similar, but the expres-
sion of VP24 may be independent of the synthesis of
anthocyanin. Although the control of the expression of
VP24 has not yet been characterized at the molecular level,
our preliminary experiments with inhibitors of RNA and
protein synthesis indicate that the light-stimulated or light-
induced expression of VP24 may be regulated at the tran-
scriptional level. When the suspension-cultured ALND
cells were treated with cycloheximide or cordycepin before
and after the start of irradiation of cells, the expression of
VP24 was inhibited by treatment with either inhibitor be-
fore the start of irradiation, but little inhibition was ob-
served in cells that had been treated more than 3 d after the
start of irradiation.

The central vacuole in the mature plant cell is generally
the largest subcellular compartment, and it is the site of
storage of a variety of compounds including proteins. VP24
is distinct from sporamin, a major vacuolar storage protein
of 25 kD in the tuberous roots of sweet potato (Maeshima
et al., 1985). However, no sporamin was detectable in an
extract of cultured sweet potato cells by immunoblotting
{Nozue et al., 1995). It was reported that the pathogenesis-
related proteinase P69 (Vera and Conejero, 1988; Vera et al.,
1989) and a salt-stress protein, osmotin (Singh et al.,, 1987},
were localized as electron-dense inclusion bodies within
the vacuoles of tomato leaf and cultured tobacco cells,
respectively. Considerable amounts of these proteins accu-
mulated in the vacuoles.

Although the function of VP24 is unknown, the proper-
ties of the protein are clearly different from those of P69
and osmotin. Recently, a carboxypeptidase associated with
electron-dense inclusions in the vacuoles (Mehta et al.,
1996) was isolated from tomato fruit and characterized
{Mehta and Mattoo, 1996). P69 and the carboxypeptidase
are cationic proteins, and lmmunncytuc‘hemic‘al staining
and electron microscopy indicated that both proteins are
presumed to be amorphous aggregates, unlike the spheri-
cal cyanoplasts. The aminoterminal sequence of the VP24
polypeptide was determined (data not shown), but the
sequence did not correspond to that of any known protein.
VP24 may be a new, unique vacuolar protein. Further
biochemical and molecular characterization of VP24 will be
necessary to understand the function of this protein in
sweet potato and other plants.



1072 Nozue et al.

ACKNOWLEDCGMENTS

The authors thank Drs. Takashi Hashimoto and Masako
Miyazawa for their helpful advice and assistance in the prepara-
tion of antibodies,

Received June 30, 1997; accepted July 24, 1957,
Copyright Clearance Center: 0032-0089/97 /1151085 /08

LITERATURE CITED

Bensadoun A, Weinstein D (1976) Assay of proteins in the pres-
ence of interfering materials. Anal Biochem 70: 241-250

Chappell |, Hahlbrock K (1984) Transcription of plant defence
genes in response to UV light or fungal elicitor, Nature 311
7678

Constabel F, Shyluk JP, Gamborg OL (1971) The effect of hor-
mones on anthocyanin aceumulation in eell cultures of Haplo-
pappus gracitis, Planta 96: 306-316

Dean JV, Devarenne TP, Lee [-5, Orlofsky LE (1995) Propertics of
a maize glutathione 5-transferase that conjugates coumaric acid
and other phenylpropanoids, Plant Physic! 108: 955-994

Gamborg OL (1966) Aromatic metabolism in plants. [I. Enzymes
of the shikimate pathway in suspension cultures of plant cells.
Can ] Biochem 44: 791-799

Guern [, Renaudin JP, Brown SC (1987) The compartmentation of
secondary metabolites in plant cell cultures. fn F Constabel, 1K
Vasil, eds, Cell Culture and Somatic Cell Genetics of Plants. Vol
4, Cell Culture in Phytochemistry. Academic Press, London, pp
43-7To

Hahlbrock K, Schrider ] (1975) Specific effects on enzyme activ-
ities upon dilution of Petroselinnm hortense cell cultures inko
water. 171: 500-506

Hrazdina G, Wagner GJ (1985) Compartmentation of plant phe-
nolic compounds; sites of synthesis and accumulation. Ann Proc
Phytochem Soc Europe 25: 119-133

Hrazdina G, Wagner GL, Siegelman, HW (1978) Subcellular lo-
calization of enzymes of anthocyanin biosynthesis in proto-
plasts. Phytochemistey 17: 53-56

Hrazdina G, Zobel A M, Hoch H C [1987) Bicchemical, immuno-
logical, and immunocytochemical evidence for the association of
chaleone synthase with endoplasmic reticulum membranes.
Proc Matl Acad Sci USA 84: 8966-8970

Jonsson LMV, Donker-Koopman WE, Uitslager P, Schram AW
(1983} Subcellular localization of anthocyanin methyltransierase
in flowers of Petroein hybrida, Plant Physiol 72: 287-290

Kubo H, Nozue M, Kawasaki K, Yasuda H {1993} Intravacuolar
spherical bodies in Pelygomm cuspidaten. Plant Cell Physiol 36:
1453-1458

Laemmli UK (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4, Nature 227: 680-685

Lawton M A, Dixan R A, Hahlbrock K, Lamb C (1983) Rapid
induction of the synthesis of phenylalanine ammonia-lyase and
of chalcone synthase in elicitor-treated plant cells. Eur | Biochem
129; 393601

Lippmaa T {1926} Die Anthocyanophore der Erythraea-Arten,
Beih Bot Centr 43: 127-132

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951} Protein
measurement with the Folin phenol reagent. | Biol Chem 193:
265-275

Maeshima M, Sasaki T, Asahi T {1985) Characterization of major
proteins in sweet potato tuberous roots. Phytochemistry 24
18691902

Marrs KA (1998) The functions and regulation of glutathione
S-transferases in plants. Anna Rev Plant Physiol Plant Mol Biol
47 127=158

Marrs KA, Alfenito MR, Lloyd AM, Walbot V (1995) A glutathi-
one S-transferase involved in vacuolar transfer encoded by the
maize gene Bronze-2. Nature 375: 397-400

Plant Physiol. Val. 115, 1997

Martinoia E, Grill E, Tommasini R, Kreuz K, Amrhein N {1993)
ATP-dependent glutathione S-conjugate "export” pump in the
vacuolar membrane of plants. Nature 364: 247-249

Matern U, Reichenbach C, Heller W (1986) Efficient uptake of
flavonoids into parsley (Petroselinnn havlense) vacuoles requires
acylated glycosides. Planta 167: 183-189

Mehta RA, Mattoo AK (1995) lsolation and identification of
ripening-related tomato fruit carboxypeptidase. Plant Physiol
110: 873-882

Mehta RA, Warmbardt RD, Mattoo AK (1996) Tomato fruit car-
boxypeptidase. Properties, induction upon wounding, and im-
munocytochemical localization. Plant I‘E:;rsi.m 110: 883-892

Malisch H (1928) Uber einen neuen Fall cines Anthocyanaphors in
der Fruchtoberhaut von Gunnera chilensis. Protoplasma 3
312-316

Moskowitz AH, Hrazdina G (1981} Vacuolar contents of fruit
subcpidermal cells from Vitis species, Plant Phystol 68: 686-692

Nishimura M, Takeuchi ¥, De Bellis L, Hara-Nishimura I {1993)
Leaf peroxisames are directly transformed to glyoxysomes dur-
ing senescence of pumpkin eotyledons. Protoplasma 175
131-137

Nozue M, Kawai |, Yoshitama K (1987) Selection of a high
anthocyanin-producing cell line of sweet potato cell eultures and
identification of pigments. | Plant Physiol 129: 81-838

Nozue M, Kubo H, Nishimura M, Katou A, Hattori C, Usuda N,
Magata T, Yasuda H (1993) Characterization of intravacuolar
pigmented struclures in anthocyanin-containing cells of sweet
potata suspension cultures. Plant Cell Physiol 34: 803-808

Mozue M, Kubo H, Nishimura M, Yasuda H {1995) Detection and
characterization of a vacuolar protein (VP24) in anthocyanin-
producing cells of sweet potato in suspension culture. Plant Cell
Physiol 36: 883-880

Mozue M, Yasuda H (1985} Occurrence of anthocyanoplasts in cell
suspension cultures of sweet potato. Plant Cell Rep 4: 252-255

O'Farrell PH {1973) High resolution two-dimensional electro-
phoresis of proteins. | Biol Chem 250: 4007-4021

Ozeki Y, Komamine A, Noguchi H, Sankawa U (1987) Changes in
activities of enzymes involved in flavonoid metabolism during
the initiation and suppression of anthocyanin synthesis in carrat
suspension cultures regulated by 24-dichlorophenoxyacetic
acid. Physiol Plant 69: 123-128

Ozeki ¥, Komamine A, Tanaka ¥ (1990) Induction and repression
of phenylalanine ammonia-lyase and chalcone synthase enzyme
proteins and mRNAs in carrot cell suspension cultures regu-
lated by 2,4-12, Fhysiol Plant 78: 400-408

Peter H-], Kriger-Alef C, Knogge W, Brinkmann K, Weissen-
biick G (1991) Diurnal periodicity of chalcone-synthase activity
during the development of oat primary leaves. Planta 183:
409-415

Politis ] (1959) Cytological observations on the production of
anthocyaning in certain Solanaceae. Bull Torrey Bot Club Bé:
387-393

Singh NEK, Bracker CA, Hasegawa PM, Handa AK, Buckel 5,
Hermodson MA, Pfankoch E, Regnier FE, Bressan RA (1987)
Characterization of osmotin. A thaumatin-like protein associ-
ated with osmotic adaptation in plant cells. Plant Physiol 85:
529-516

Tanaka Y, Kojima M, Uritani 1 (1974} Properties, development
and cellular-localization of cinnamic acid 4-hydroxylase in cut-
injured swec! potato. Plant Cell Physiol 15: 843-854

Vera P, Conejero V (1988) Pathogenesis-related proteins of to-
mato. P-69 as an alkaline endoproteinase. Plant Physiol 87: 58-63

Vera P, Yago JH, Conejero V (1989) Immunogold [ocalization of
the citrus exocortis viroid-induced pathogenesis-related protein-
ase P69 in tomato leaves. Plant Physiol 91: 119-123

Werner C, Malile P (1985) Accumulation of coumarylglucosides
in vacuoles of barley mesophyll protoplasts. | Plant Physiol 118:
237-249



AT fo A B H OMRA X & AFMEO RIS OB
kv 2* - IBEAIE - BRMIEAD - (L

A A W bR S0P E AR A W FRE R

Vacuolar Sorting Machinery and Processing Mechanism for Storage Proteins

Tkuke HARA-NISHIMURA, Tomoo SHIMADA, Miwa KUROYANAGI and Kenji YAMADA
Department of Cell Biology, National Institute for Basic Biology, Okazaki 444 -8585

ABSTRACT

MNovel vesicles that accumulate large amounts of proprotein precursors of storage proteins were
purified from developing pumpkin seeds and were designated precursor-accumulating (PAC)
vesicles. The PAC vesicles mediate the transport of the precursor of a major storage protein
(pro2S albumin) to protein-storage vacuoles in the developing seeds, We characterized two
homologous proteins from PAC vesicles, a 72-kDa protein (PV72) and an 82-kDa protein
(PV82). PV72 and PVB2 showed an ability to bind to peptides derived from both an internal
propeptide and a C-terminal peptide of pro25 albumin. PV72 was predicted to be a type |
integral membrane protein with epidermal growth factor (EGF)-like motifs, These results
suggest that PV72 and PV82 are potential sorting receptors for 25 albumin to protein-storage
vacuoles. In the next step, we characterized a 100-kDa component (PV100) of the vesicles.
Isolated cDINA for PV100 encoded a 97, 310-Da protein that was composed of a hydrophobic
signal peptide and the following three domains: an 11 -kDa Cys-nich domain with four CxxxC
motifs (C, Cys), a 34-kDa Arg/Glu-rich domain composed of six homologous repeats, and a 50-
kDa vicilin-like domain. Molecular characterization showed that two Cys-rich peptides, three
Arg/Glu-rich peptides and the vicilin-like protein were produced by cleaving Asn-Gln bonds of
PV100 by vacunlar processing enzyme (VPE) and that all these proteins had a pyroglutamate
at their NH; terminus. Our findings suggested that VPE was responsible for cleaving Asn-Gln
bonds of a single precursor, PV100, to produce multiple seed proteins in the vacuoles of seed
cells. Soy Protein Research, fapan 1, 6-12, 1998,

Key words - PAC vesicles, vacuolar sorting receptor, developing seeds, storage protein,
25 albumin, vacuolar processing enzyme
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W, BRAHF - TEODNA S 77—k b PYT2
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PV72/82 DE&EROREY
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FYVEKNS PERIRGT 2
-<—pvr2 PVT2X LFIIS*EI‘IE 0

<« PVA2 D bt
PVB82 RFVVEENSLKVTYPDSIKGVYEXAIGNFGVPEYGGTMT 38
SRRt EE KERE HRhsak B8 SEE 483 REEs

Arabidopsis VST RFYVEKNNLEKVTSPDSIKGIYECXIGNXGVPRYGGTLY

PV100-

Fig | Prolein components of the PAC vesicles. The PAC vesicles (100 ug) were subjected to SDS-PAGE (B%
scrylamide) and then to staining with CBB to detect PV72 and PVEZ Comparison of N-terminal amino acid
sstuences of PVE2 (20 residues) and PV72 (38 residues) with the sequence of an Ambedopsis EST clone
{ EMBL accession number Z38123) . PYV100 indicates an 100-kDa major protein of PAC vesicies. pl represents
proglobilin, & proprotein precursor of 115 glabulin,

Pumpkin PVT2
Arabidopsis

ik

28
%

B2 8¢ &3

- R :
pgmh Lumenal domain oy

Fig 2 Alignment of puropkin PV72 with Arebidopsis homolog (AtELF) and structural characterization of PV72. A

possible site of signal peptide cleavage is indicated by an mmowhead. Three EGF-like motifs are numbered
{starting at positicns 413, 466 and 514). Two posshle glycosylation sites are indicated by asterzsks.

X8~ ABRTE Vol 1(1008)



AT S A TIBORCABRTHELZ L, )0
EAE A e LTEMRRER P2 2k
afrdlEBE AL riighha ok QBEDOFAA
PR LA T A ¥ E RO epidermal growth factor

(EGF) T F— 7030 ELTVE S LTS,

LErodls it o K@ BP-a0 s b A b it
4, BP-80IY, MR- RETSRLAT A ¥ T0
FAr—HEThoTH a— b7 Oy
THELNPREMEHFETEZZ LB CES S TY
AW Fig 3k, NPREMEEGT N a—-L1 207
usFTF (PAP) £ FETETIA=T 4%
F bz pyTzse FRERMCHE L, B s T{ 29
$—YERELTWVE, I kh, PVTER bR
ABEOENRROL LT -Th AR RRS
-

L LA s, PACEIE, SFREBRR-ADED
Lo ORI TR BV, PAC /R, FIRRCHETE
BANHOMESEEEREFMLTEY, CWEE
R~ ST ewmR T o Tk LT, PVT2E2
HohonEM-ABROENREOCHO LT
=k LTl AT el
PV72/82 13 25 P77 E AaiB RO I ONTFF
LHET3
EBTNT IR MEGE7OBTLTIELTE
HOETh ST ARG ABRREEE A~
EEhL, FUBTATICENERER THE
I r CERAEI-ToATF FEE, ChbonT

FFiiEladThEE s TR0 B TAT I E
BEZESgLRTVES HfF el TTI N
ONERTOATEE (5N}, dMFotsFF
{75=1) BLIFCERTFF (25-C) 0 IHMD
MTFFOEA RN FETET 7471034
PV i e T, ToME, S-1
BRIz Es T A EdSd o (Figd),
iz, BT ESB-CO—MokREs ) S rER
LERATF PR FELTT 7474007
b of-db e, 25—10 RRE#CH & 25—C @ NEPL
R PVTEEe Lo sl Th e EFGha .
Ll E i, PVIREE AT, A AR MR~
OlFrARR O R Ebo T E I WG
sl o,

PAC /MEOMR AL S PVI100 DIBERTHT

PAC ABIC &= TH A 2 EF - A B MREDT
THE~HEERAT CheOhABROE L 1
BACBELTVERR SO rREOE & TR
A (- PYIn0 b ik bl T O e
FEREEIC L o THBALC TR A RF A EONE
fFEThofdt, BMREVC IS, PYINER 7o &L E
NECEkL=-T, BB TLAaREsELECE
Mot Fig 512, PVIO0 il L Tvwa.
PV100 i3, NEROD L F a7 F Fails, YA F
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Fig 3. Affimty chromatographic analysis of PV7282 showing binding to a vacuolar targeting
secience of barley aleurain (proaleurain peptide, PAP). CHAFS extract containing the
microsome membrane was applied to the proaleurain column,  After washing with
CHAPS buffer containing 500 mM NaCl, bound proteins were eluted by the addition of
the same peptide in CHAPS buffer, Each of CHAPS extract (T}, unbound fraction (FT}
and wash fraction (W), and each eluted fraction were subjected to SDS-PAGE followed
by CBE staining, M, molecular mass markers. Both PV72 and FVEZ are indicated by an
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Peptide Sequence Binding
25-N YRTTITIVEVEENROGRE -
251 SROVLOMRGIENEWRIEG +
;e ~GGGEG--~ +
23-1/3G —mmemm —GG -
25 KARNLPSMCGIRPQRCDE +
25-C4G  —GGGE——————— -
PAPR S5SSFADSHP TRPVTDRAASTY <

Fig. 4. Essential elements in the 25 albumin propeptides
for PV7T2/82 binding.  An internal propeptide (25-
) and C-termimal pephide (25-C) of pro2S
alhumin can bind to PY72B2, as well as a
propeptide of barley aleurain An NPIR sequence
has been shown to be a vacuolar targeting signal
of aleurain. We substituted the NPWR of the 25-1
peptide with GEGG to produce the 25-140
peptide and prepared a 25-14G affinily column.
Unexpectedly, PV7282 specifically bound to the
mutated peptide.  When the RRE sequence of the
25-1 peptide was substituted with GGG o produce
the 25-13G peptide, PYT2/82 could not bind 1o the
mutated peptide. We also suhatituted the NLPS of
the 25-C peptide with GGGG to produce a 25-
CMG peptide. The NLPS sequence was essential
for PVT2/82 hinding to the 25-C peptide.

FEREFALS YL MTHTHRESICFOEAENRS
ZEHFGd o Figsicit, RBE7ToEs >R
FFoLATEMEIEE, Fhicl-TELSLAHR
FERLTWwS. colidbbgrsEEN, PVID
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OEPELSNEMO Yy 3 T8, MEAOR
HEETTYoyXL 2 I MICRIE+TS. NSy
Oy i BEeEN2BSTFRO-AGRERMIL
BETETI/RTFY—¥L rOREECH LTER
HEHOLD, IMERTETET I LOEEDRS,

EANZRERENTLABRELTEF{ORFIC
AGhLEY, PVIDDO LA SHESREEH L0
IhETRELRTVWEY, PVIND LI E—20R
BELAAKPSNBEORTLAOREE LS
MmOy S ORRILEYCTEEY,
HlRTot REL, BFoFEtAaROR
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ERBEROGRED Y NRERSCRodoTE LS,
ERFECHTLAMEMRRBIZ LY TS, LABRE
HEEELRAO 7oL YR BELTWELE
FE-Y =

-_ 4 ] 14 ]

—"

Fig. 5 A hypothetical mechanism for the VPE-mediated cleavage at Asn-Glin bonds to produce multiple sesd
proteing. PV100 precursor was composed of a hydrophobic signal peptide and the following three domains: an
11-kDa Cys-rich domain with four CxxxC motifs (C, Cys), a 34-kDa Arg/Glu-rich domain composed of six
homologous repeats, and a 50-kDia vicilin-like domain. Two Cys-rich peptides, three ArgiGlu-rich peptides
and the vicilin-like protein were produced by cleaving Asn-Gin bonds of PY100 and that all these proteins
had a pyroglutamate at their NH; terminus.  Vacuolar processing engyme (VPE) is responsible for maturation
of multiple seed proteins by cleaving Asn-Gin bands of the PVIO00L
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