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Foreword

Keiko Abe

Project Leader

Professor, Graduate School of Agricultural and Life Sciences, The University of Tokyo

Effect of salts on various enzymes existing in foods has been studied by many researchers and the
studies have had financial aids of The Salt Science Research Foundation. However, enzymes that determine
food processing and cooking among those directly undergoing salt effects have scarcely been aided
financially.

Against this backdrop, a project research launched which aims at analyzing how directly some salt ions,
including Na", are involved in regulation of activities of enzymes important for food production and cooking,
food processing, and the growth of plants for food uses. The following three cases were studied in the
project.

(1) Polyphenol-mediated browning reaction in apples offers a good example. However, details of
salt-caused polyphenol oxidase have remained unknown and are not well-documented. Dr. Etsuro
Yoshimura, Graduate School of Agricultural and Life Sciences, The University of Tokyo, challenged to solve
this problem and clarified an oxidation-controlling kinetics.

(2) There is a calcium-activated enzyme, calpain, as one of muscle proteases which are involved in
tenderization to produce peptides and amino acids with desirable flavors. Dr. Tatsuya Maeda, Institute of
Molecular and Cellular Biosciences, The University of Tokyo, looked at mammalian calpain 7 (prototype)
and found that Rim13 as an yeast ortholog of this enzyme cleaved transcription factor Rim101 and was
activated, and consequently became salt-alkali resistant. Thus, he revealed a Rim13’s Rim101 (substrate)
recognition site and confirmed the controlling mechanism.

(3) All organisms have a series of signal peptide peptidases (SPPs) which are acidic proteases.
Among those, plant SPP (AtSPP) is involved in cell division and proliferation at germination and
reproduction stages and is recognized as significant for food plant production. Dr. Tomiko Asakura,
Graduate School of Agricultural and Life Sciences, The University of Tokyo, used AtSPP knockdown cell
line or its excess-expression cell line and elucidated the intercellular function important for the growth and
development of mitotic tissues. The AtSPP activities in these phases were not degraded enzymatically so
that this finding will contribute to the potential of salt-soil agricultural production in the future.

The project with these three researchers continued for three years. At the same time, the three

sub-themes were invited: 1) protease, 2) lipoxygenase, and 3) polyphenol oxidase, although sub-theme 2) was



left out. The importance of studying the three themes in the project research are emphasized in that the
three researchers revealed how efficiently the desirable effects of NaCl are enzymatically utilized and also
how skillfully its undesirable effects are removed. The scientific evidence provided by the project will
serve as a basis for international development of “salt-enzyme” studies.

Finally, I would like to express my sincere thanks to The Salt Science Research Foundation and all the

persons in charge of cooperation of this project in the food science area.
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B B T INNRTFRRTFE—E(SPP) 1L, TIWINA~—IF{DRK 72T InART FRET vt 745
BERORERT LU TR LI, SPP IXZARRAEMITAAEL , AEMBIG ORI RO D FURE LS5, i) Thim
ARF X FRAATIFENBDO I, L OMAETIILL T, FRHTIE TRIDE VD ZENHOENER>TWD, FT-,
B L OVETEHAD 2K TE S ZHHARIC B W TR I E W2 &5, #lFR OB DA E A RIS TUVVA, SPP i
AN T T A RTX T 07 7 —BIZ G FESILDM, B2 1345 £ TIZ ASPP 2O EWFEREL, /NaRO R 7312
FAETHEELIIL TV,

AMFFETIL, RS ST 07 7 — B OVEVERIEE AL Z O E A RRTHIEN0HEL TR LB T
OFIHDORTREMN AR T D40, BRIEZ S ORI DR E~DOE B OV THRFTT D LAt EE LTz,

T WA D SPP DIE DIRFREA TR D EL T SPP DI BA IS X 120 i A XF XS A RAR LB E PR B2 S
BB RREERIL | AR T-HIRDOZE b E DNA ~A 2707 LAEIC I T LTZ, ZOfE %, AtSPP /w7 & 7 HRIC
FBUNTIE GO term 7°5 AtSPP 23 AR AR Z HUUI RIS & I B 5 TN D & o7 o T, E7-. AtSPP A i
RSB RIRTIE, BED EFTDBE 7O FIZ GO term MEA AL ~DIREIZBIS response to iron THY | X2
XA LARL ZREIC B H LB 2 BTz, AtSPP X ER JEIC/AAET 228035, ER D32 T AR RIZIRE T ARG
B2 ATREMED BB,

RIT AtSPP A ZT ANRTGH BT 0T 7 — B LU COTEMEEFF > TODMNE DGR~ T, FE) DR R OAIfLES
(21X AtSPP A8 BLS W 7= FERE D 518 73 A UG LIBE R RS A AT o 75 5 . humanSPP OFEE S L THIHN TS 7L 71T
IF DU T FIVERFN DA RREEE DY 23T, O SE SPP R EANC LV LESNDZ LMD AtSPP
X7 ARG T a7 7 —BEL TOIEMEE R > TWDIEMHLNE/ R 5T, ASPP [ IIENT ARTX g7 a7 7 —
B THHD THIKLEREE ChHABENIZEB W TR fEEITIZENTES,

RO TIRELEBRIC B W CHIA T2 aTREE 2 a5 e, T/ AK/KILE OWERE THD5 200 mM £T
DN L DEEFRTE MO FEBA T T, 75K, BRSO 200 mM NaCl 2z ThiEE A EBERTEIEIZ RN 72
WIZERBALIE TR ST, EBHIT, LEDDDOMEHEFEIZIT N 2.5M NaCl & KCl OB IOV THI SR, IM NaCl £ T
EBERTEPEICIZE A ERBSNRN, 2.5M NaCl TIEEERTEMEZ THEL TWHEB X BTz, KCl O%ETE, 100 mM
THIERIEIE DN D5 RN D EVIE R IR o7,

ARSI 2L BARPED R WY AR DI WIRO R TS O CHEZ 5 A TO DR A~OFH O AT REMED 7
TED,

1. AEOESLEEN 2720 FRNTDMEA TUWD, Bl ZIR, SR HIK, v %
BRI OANVHT RT3, LS THENR TS, IT b "R —E— R T IrE TS, RO A VI F
RIS DA 2 T RE A F B2 ARGy JITREIC L > TERRNAL OB B N 5 S D, R
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oy E A I | A FEO AL PIE Y E OB

EHOTWD, 2025, HEBEE B O 7 7 —8IL,

LT FIARES DO T a7 BRI B
IS B> T,

LT FNARTFRARTFH—F (SPP) 1%, T/ NA~
—I/ICBlb 7T T —EThHir L= DREnS
LLTHERENEY, x Ty nAXF XF b SPP
(AtSPP) Z . HHL . AtSPP 7% ER JEIZJHETHILEAS
MIZLTZ?, F72, AtSPP [IAEM ORI HZ A
HEN TS, SPP 1L, ER IENIZIETEHLE72 5200
Asp ZHL, ENTHREZIKHET2 (B 1), 5FETIC
HLEM Sk D SPP (CBIL CIIBERTRMEA RSN T
WD, DD AEY) TIIFERS LTV, ERNEN)
B PEBRBE CIH M E D I RFHI N DD T BLBRZE
BGCThHDH, AT TIX, EAMBLRITEVEDIEZS D
ks AR a7 7 — B OIEMEHI S A R L2 D FE
YRR T HIEEIMELL | TN DREL TR TSy
B COF A W REMAIZR T 5512 ASPP ORIEA S
DI B L DTEE~ DB OW TG 22 8%
WFFERRREE LT,

2. i AE
EFFEY L LT, XF R F st G T 5, o
oA XA 1 FEED SPP (AtSPP) & SPP AEALS%

F§25-20 SPP-like 43 1 NFAEL . EAVEFVRIENJRITE.

MR Bl S 2 RERICARITL . BEICERE L T\ D2,

AtSPP DFELAINHIL AR ZEH L CRBV A2
FTHEEBIZ, DNA ~A7u7 L A% AW TRENE(LT
LR O AT o7, A X XS Tld, T-DNA
EIANLIZEBARNE T T TAT TV —ICEEINT
VD, AtSPP AR 112 T-DNA 236 A ST As B4 AR
HICEIRVFEL RN ZED A STV TP ASPP. D7
EFRAERDELNRNZEND, RNAT HHNET T &
VA RNA % HWT AtSPP O /w7 X REAEH LT, &
BT, AtSPP OIERIFHEBUALAEH L Z OB F-FHH T 1
T AT DEFREREICIAD LA HAYE L CDNA <

ribosome
(annn N
cleavage I
SPP| wm) »
_{__EE '

SPase =
VOB UL A

X 1 SPP OIENIHTARER

AT VAW THEBANEL T HBE O 21T
o7,

F7o, ASPP BARM T ARTX U7 a7 7 —E Ll
TOIEMZ R TNDDNE D DM O N8 53 7% B L
N7z, UL, BERL7ZE912 SPP-like 43 b [RIFFICAFAE
THIEDNLEERHT AtSPP 2R BLSH DI LIZLNSBITE
DIEPEIZ DU TEERIC IR~ T2,

2.1 ASPP /IR kD 1EH
2. 1.1 AtSPPRNAI /O3 kD {EE L RT-PCR
2k DFIBMHE DR

RNAi %8l AN 7 MERLA Gateway™ 31 F)—
5 —"T b5 pBl-sense, anti sense-GW |2, AtSPP D 6
T EE AR CATAE T DTG MR YD 25 de 5 fHI 600
bp Zff ALz AT 71 pBl-s-as-GW-FiN1 Z/E#LL7-,
F7-. pBl-sense, anti sense-GW [ZHIFLD YD L35I
AtSPP D5 7 W EEFEIIAFAE T DIEPEHAL GxGD %
e 3°fHIK 400 bp ZHFALT=2 ANT 7] pBl-s-as-GW
-FrCl ZERL7- (]’ 2), ZOH/A AT TN E AN
Tl FEFOBHIMARRA A /T T A ) _R—= a3 XD
T uAXF AT IEEHZ FE T —E 2% VW, Col-0 #£
\ZEAL, T1 #2157,

Tl 72 &7 +5% A Na 250 mg/l, 1F~A2 2 50
mg/l, 7 H—20.8%0 1/2 MS K51l (¥1) (Z#F& ., 24 FER]
ACTHERCAIRZI TR LT, 58 30 56 4 BEXR b0
Zry 7 —/L BIZEk BIFL, 22°C. 16 FREfEIBAH] —8 IefH
IR T CHEREL., ABFHOEDO—HEAHRILED
(CHRARZE B TOKRE LT t4 . R BAREE L 7= SR RLeA A
TIRRZEF P TIDIELT-, Total RNA % RNeasy Plant
mini Kit (QIAGEN) % i\ CHili 1 L 7=, SuperScript™



First-Strand Synthesis System for RT-PCR (invitrogen) % {i
HL. Oligo(dT)5_15 7" 74~ —IZ&Y Ist-strand cDNA &5
L7z, 2h &R L T ASPP (AR2g03120) &
Arabidopsis thaliana actin 7 (Act 7: At5g09810) (22U T
PCR ZAT\), AtSPP DFEBIEZMERLIZ, TDOBRIZH W
127 IA~—%2 L FITRT,

AtSPP D7 T A~—
Sense  5'- TTATTTCAAGTCTTTGGAGGTAGAG-3'
Antisense 5'- ACCGTTCCAAATGCAGTGAGAAG-3'
R 1,425 bp OOH FREREIL 518-1,067, 550 bp
ACTT DT FA~—
Sense 5'- TGCTGACCGTATGAGCAAAG -3'
Antisense  5'- ATCCTCCGATCCAGACACTG -3'
25 1,700bp DOH | HIEFEE  1,105-1,208, 104bp

PCR (%, T EEMA 94°C, 1 min 87272 DH | #4
2514 (94°C, 30sec) , 7=—V>7 (62°C, 30sec) . i<
Ji& (72°C, 30sec) Db 23 B A7 DKL, 5|
72°C. 5 min % 4°C THAILT=,

PCR EW%, =F VU L7 a~vAREE AT 1%7 in
— AT AN CERIKEN LT,

-
—

1/2MS £z
myo--./>b—/L 100 mg/l

£&1035b
/GPOB bp

pBl-sense,
anti sense-GW

pBl-s-as-GW-FIN |

FT7 10 mg/l
EURFH—LUU 2 10 mg/l
=aF 7R 1 mgl
Aa—2A 0.5%

pH 5.7

2. 1. 2 Col-0 #ké& AISPP RNAI /Y95 D IER
[2HFTBI1707 LA T

Col-0 HRERIAR D AtSPP RNAL /7 57 #k% 22°C, 16
RPfEIEA — 8 WFRATISRIE T my 20 —L ECHRRLIZ,
R 36 H HOBIEE RO DIEHDOIEFHE Total
RNA ZHiH L7z, £5IZ GeneChip® 3' IVT Express Kit
(AFFYMETRIX) % HV»T Arabidopsis Genome ATHI
Array C~ A7 VAR AAT T2, FBLET — 2 OfiE
Frooi=sb . Affymetrix GCOS V7 b7 =7 % FAV T EHHIFE
BATa— T HAITHE LUT- CEL 77 A/WICE#AL -, R
TDFW %, RMA #%., qFARMS JEIC X0 IEHEZ1T 57,
pvelust function 2KV, 7T AZ—ftfr ATV, ~A( 707
VAT —XIZEIIERLIEERHALEZ, £0 %,
Rankproducts #&HEIZLD ., Col-0 Bk& /w72 7 REDF B
% [EfE L, FDR (false discovery rate) 23 0.01 X0# /NS0
EiZFEMHELE, D%, DAVID Bioinformatics
Resources 6.7 % HWNT, LB E 738 D GO term
WCEKBRESN TV E T~ Sbicitishie GO
term DA% Quick GO THREALLT-,

£F1035b

_— 400 bp

5'

pBl-sense,
anti sense-GW

pBI-s-as-GW-FrC

2 AtSPP RNAi 74— DHES



2. 2 AtSPP BZIFRBMHROEL
2. 2. 1 AtSPP BRIFERHDIER L RT-PCR [2& 5@
FIHBEDOHER

T aAXF AT Col-0 ¥k 22°C, 16 KEEIBAH —8 K
RIS T, vy — L ECHERLZ, Etk, 2~3 H
(C— RO ATV RS TRRBIZ L T2,

—F. (B 3) DI T FTAIRE/EH L, R LT7-7T 2
BRI TFUT LDAL YT U NV BRI, 7/ a
NITIVTLEVT 7Y 100 wml, ~NAT v T
20 g/ml @ LB 54l 5 ml (2 30°C24 B D SETRiTES %
L. RO D LB £ 500ml T 24 FRAR# LT,
4,000 rpm, 15 min TiE/LL, RIEEEET, XLy MRE
W D) TR LT SHICRU DT I )TV a ks
10,000g/1, Tween80 Z &L 0.02%Z722 590Nz 7=, k=
SO IRE Z ORI . T r—2IZ AT 5
SRS L T, Il TIRb LIcFy F o — N — &
WNZINT THZ 0Ty 7 TE B HBRVERW, #15D0
FENTEDLETKRRONE 122 FIBIR-TZITEDOEEM
O, fli A 257, RIS EEHA D — B KZ1T > T2,
70%=% /—/v 2 min, 5%~V —F 15min CEEHHELZL
7249 1,000 RiDOFE 1%, =7 443 2 Na 500 mg/l, /A
<AL 20 mg/l, THE—Z0.8%D 1/2MS B (+2)
IZHEFEL . 24 W] 4C TR ZATWVAEFTSE T, £
D%, 53, B4 ENHLOE BT, 25, &
HIZRBBIO S BEOMERZT -T2, TR DK 30
Wiz A7 a~A3 2 20 mg/l, 7HE—2A 0.8%D 1/2MS
BEHl (42) IZ[RIRRD AL PR L | EAF BOE=3:1 IZ%
BEL7=T 10 % 10 Rk EF L. TN 2157, T
TERDIRBIDT=DIET A %) 30 kit oA <A
220 mg/l, TAE—A 0.8%7D 1/2MS K5HE (*2) (Z[AlEk
DB IEREL 77 B =31 [ZoBE 2 TN
PERE) T ToARERIRDOFE 21572,

*1 R
MS salts 1/2xstrength, A771—2A 5%, MES 0.5g/L,
pH5.7 (KOH Tifi#%) . 121°C 20 min T4 —h/L—7
*2 1/2MS &
myo-A /> F—/L 100mg/l, 773 10mg/l, EVRFH
AUV ER 10mgll, =ST TR Imgll, A7E—A
0.5%. pH5.7

pZH2B / 35SNos

P-CaMV35S | mHPT T-NDSH P-CaMV35S AtSPP cDNA | T-Nos Pi

X 3 AtSPP i@ FIFEHLD 2% D7 H— DS

T aA X} AT Col-0 #kE AtSPP i@FIFBIEE 22°C, 16
PR A — 8 IFRIME ISR T, my 2y —L ETHAL
7o BB FOED—HERIRLUEHICRIREFE TKEEL
Tt LB LT FAR LA 2 -l iR IR R P T30
{# L7z, Total RNA % RNeasy Plant mini Kit (QIAGEN) %
FAVNTHl L 7=, SuperScript™ First-Strand Synthesis
System for RT-PCR (invitrogen) Zf L . Oligo(dT);» 15
7T A~—IZXY 1st-strand cDNA Z 5Tz, 2 A
EL T ALSPP & Actin 2 {29V T PCR Z247-o7-, ZDORRIC
W=7 T A4 ~—IRnR L7z AtSPP O T A~—& Actin
2207 TA~—% W FEIGHT PCR 217720, PCR PE
WA EKIUKEILTZ,
2. 2. 2 Col-0 #& AtSPP BEIRIBHRDIEFIZHITS
AT LA

Col-0 ¥k& AtSPP 1T BItkA 5| SheE RIS C/AE
BL. &M% 47 B B OB [FERIC Total RNA Z-4iliH
L7, &5 IZ GeneChip® 3' IVT Express Kit
(AFFYMETRIX) % f T Arabidopsis Genome ATH1
Array T~ A7 VAR &AT T2, FBLET — 2 O
Hroot=s ., Affymetrix AGCC V7 b7 =7 % VT EH-HIFE
BAE7a—7 LA LT CEL 7 7 A /VICE#LT-, R
TDFW %, RMA %, qFARMS JEIC I IEHU L EFT -7,
pvelust function (280, 7T AZ— T Z21T\ N, IEFALIE
EIRTE LT, D%, Rankproducts BEHEIZdY, Col-0 #E&
S B AROFEBL R L, FDR 750.01 X0H/haSu
Bz FEEH L7, £72. DAVID Bioinformatics
Resources 6.7 Z#H W\ C, L& E D Gene
Ontology (GO) term |ZIEAMHES AL TWDDZ A, SHITHH
& 7= GO term D30 % Quick GO THHALLT-,
2. 3 AtSPP MEEREMEDRE
2. 3. 1 BILIEES DFRE

A XS R F OIRAAE H R D REFR AL Tdh D Deep’
Cell & 22°C, Bf FC—HMEFEL . #0508 (10,000xg,
15 min) IZ&VHfEZLED 7% H buffer (*3) 127077 —



BAL v —H277 /v (Roche 1) N MG LT, 7L
F 7L AT (1,000 psi) L. 1055 B (3,000xg, 10
min) (X072 E RO LS BE (100,000xg, 1
h) I TILE =157, L% 2% DDM (n-dodecyl-B-D
-maltoside) $25VME 1% CHAPS (3- (3-cholamidepropyl)
dimethylammonio-1-propanesulphonate) &4 H buffer T
VAL . 60 min oK |2 X FF OV 0 (100,000%g, 1 h)
ZATV, RIEZ AT i oy L LTz,

*3 H buffer
HEPES 50 mM
AJa—A 250 mM
EDTA 5mM
pH 7.0

2. 3. 2 AERRTFREEZER Iz in vitro assay
AtSPP OIEEFHMIL, R SPP TREICHESH TS Y
B IEE c-Myc-Prl-PP-Flag (X 4) %38 & L CUIWTET A
ZAHELDMEIDTHIWIL T2, & EE c-Myc-Prl-PP-Flag
I% BEX Co.Ltd {ZHMELARLTz, BEFRBUSIE, 0.0625
~025% @ DDM ., CHAPS . X X CHAPSO (3-[(3
—Cholamidopropyl)dimethylammonio]-2-hydroxypropanes
ulfonate) & H buffer (7 u7 77— A X —h 77V
4 %) . 1 uM Myc-Prl-PP-Flag . 0.1% L-a
—phosphatidylcholine (Avanti) . &l 53578 T 100 pl
ELL 3T C TGS W7o, BT o R RS R LS
SDS PAGE sample buffer (*4) Z i1z 15%hA—RJ2 >
/'8 M Urea 7 /WVIZTEKIKEIZIT\V, T Myc Hiik
(SIGMA) Z— R FURIC W T =R Z T ay Ml &

C-Myc-Prl-PP-Flag

1To7z, 7Ok HiX ECL Prime (GE Healthcare) %
A, Gl fFoarro— el CTHEMLE
c-Myc-Prl-PP-23 |3 HURUR SRS s F ARl B I
BEL TR,

*4 SDS PAGE sample buffer
Tris-HCI 62.5mM
glycerol 10%
2-mercaptoethanol 5%
sodium dodecyl sulfate 2.5%
0.05%

bromophenol blue

pH 6.8

2. 3. 3 ERIZ&D AISPP OHEIRLEM
AtSPP Dt %1% pRS426-GAL1-GFP 7% —|Z k&
I TTAIN Ve (K 5) U IERERE 2777 BRIC R B
SHT7=, ASPPELAINIE, LT IA4~—Z W TPCR%*
ITUVHEIRSE T,

forward primer
(5’-accceggattctagaactagtggatcceccatgaagaattgtgagagatttge-3°),
reverse primer

(5’-aaattgaccttgaaaatataaattttccecttcatcatgagetttattaacctc-3’)

F7°. pRS426-GALI1-GFP ~7 & — %l [Rf#3% Smal BT
\ZEW) =7 —|ZL7=#, PCR IZX> CTHAIESH7- AtSPP
DT & & 1Z homologous recombination (2 &V EREZ T
BT, TR BRI TR R BRI L (— 7 T2 L)
Z W GRIRU T, SPP-GFP OREREN OIS B I FE 28

2324

EQKLISEEDLMDSKGSSQKGSRLLLLLVVSNLLCQGPPSDYKDDDK

| C-Myc |

Prl-pp

Flag

C-Myc-Prl-PP23

23

EQKLISEEDLMDSKGSSQKGSRLLLLLVVSNLL

C-Myc Prl-pp

B4 ARALE



&5 (FV10i-LIV, Olympus Tokyo Japan) % FV N THIEIZ
FOMEREAT o7, BRI A SR BRERL . B — X vay i —
WCCTHEEEL 72, D1, A XX OB TiT-
T2 LRICFIRIC KO B 5 2 S Uiz, 22 7D ER
VkE% GFP O % LAS-4000mini % W CTRHILT-,
FIT TR AHTIE ASPP O C K%z 78k HHiik%
AW TITo72,

5 _Forward recombination sequence

-

S

B4

Foa

2. 4 AtSPP MIBHEIZLHEERTEMEAD
2. 4.1 £BBIEKIEEDIEEREICLSASPPERE
HEADFE
WIHERNT ZRFX U7 0T 7 —E ThD AtSPP 2K
REOHEIZEIVIEEICEERH LN EINEKIERIZ
NaClZ Mz HZ LTI, AEOERIKLTIZHR
THLAEFRE KT 0.9%THY, ZiE 150 mM @D NaCl

- Hg
-7

SPP

ma

ACCCCGGATTCTAGAACTAGTGGATCCCCCCCC, GEGGAAAATTTATATTTTCAAGGTCAATTT

TGGGGCCTAAGATCTTGATCACCTAGGGG GGG Gl CCCCTTTTAAATATAAAAGTTCCAGTTAAA

B
Forward primer

—G—

—
Reverse primer

GFP-fusion protein—expression

(PRS426 GAL1-GFF)

Fy .

3"-Reverse recombination sequence

l Amplify SPP gene

vector

URA3

Amp'

PCR fragmentwith vector
transformed in yeast by
homologous
recombination

nd SPP

YEGFP { 8His

SPP-GFP-fusion protein—expression

vector

(PRS426 GAL 1-SPP-GFP)

(.

URA3

Amp*

5 AtSPP-GFP fily 2o 7SS~ B —DRESE

-10 -



(AR 32, HEKITHE Y 3.4%D9 5 77.9%53 NaCl Thb,
B DO DR ZE 25 ETHOHITHITICFEL, %<
DEMIEFENDTEND | HIREICI DB DHZ
EM—FBEETHLHEZ 2N, HIREIT, KIREN
150 mM LDV 200 mM £T0, 5, 10, 50, 100, 200 mM
LM AR TINA T, W GO T IEIT2. 3. 21
SRUTZ@ICA T 8277,
2.4.2 BRENSVEMEAFEREDIRREIZLD
AtSPP DEHRFEMEANDEE
AARDLIOPDAEFERD 8§ Fa EHHZVBELEID |
IR E A 16%E S TND, 2L 2.7 M @ NaCl
(A D, Z2C, ZOMHREITTVVEIRE S 25 M £
T 0, 100, 500, 1,000, 2,500 mM 5% R->Thix
AtSPP DIEMEZFH~T=,

3. ARHER
3. 1 AtSPPRNAI /995 ) kDSl

pBl-s-as-GW-FrN1 TiZ% 9 ki, pBl-s-as-GW-FrC1 T
1% 45 TRI(18 7L —h) OFEEFEFEL | pBl-s-as-GW
-FIN1 C 5 £k, pBl-s-as-GW-FrC1 T 18 k3 AEE LI, &
BRI RNA L~ THRIIHI STV ZRIL pBl-s-as
-GW-FIN1 C 2 ¥k, pBI-s-as-GW-FrC1 T 5 #k CTho7-, =
NEDOREMIRD AtSPP mRNA %8 Hi% RT-PCR 1512 CHiE
Fri7e(® 6). ZAHDEED F1725 RNAIALSPPN2,
RNAIiAtSPPC3, RNAiAtSPPC4 %~A70a7 LA fRNTIZH
Wz,
3. 2 Col-0 #k& AtSPPRNAI /9589 DIEFIZE

(574907 LA

3. 2.1 HBREFHRALREBRLEHERFOHE

DFW %, RMA 1%, qFARMS VD3 DD T VYR LT
EHALLI=T 0 —T 2y O 2 D7V EE W T
M T AR 7 AT o1, EOTETH Col-0 BERED
RN VI AL TWDIENREN, 2 BEFTRARD
U5 AH =TGR TNz, =T LT X AO Tl
BV DFW 528 L. DFW ECTIER{EL=> 7 v
fELZ%F L T Rank Products 1£% FHV T 2 BEfR LbG 21T o 77,
ZDFEF, Col-0FkE AtSPP /7 X0 RRIXRI &2 DI T A
H— |25 FES = () 7) . FDR (false discovery rate) <0.01
e n—7 vy Mt T 58, Sy 7 AT URRTH
BiAs BEA-UTZ 106 BIsFEFBLNBA LT 143 B F03

= 8 A o

= 2 o o g g &

§§ §§6¢ ¢

£33 LIFIFTE 2F

S & & sS&&g&gg §&
asrr CHEEEE R
act7r T e

6 AtSPP RNAi /7 X7 RRIZE1T 5 AtSPP D3 Bl &
Control 1% % 4 £k ( Col-0 ) . RNAiAtSPPN1-2 and
RNAIAtSPPCI1-5 [ZRNAi 7% —, (ZIE 4 N-terminal
& C-terminal) ([ XV TEE L 72 B ERHA IR, ACT7 1%
actin 7 Z#2—R A5 T,

}

RNAIAtSPPC3
RNAIAtSPPC4

Col-0-1
Col-0-3

]

RNAIAtSPPC2—

X 7 AtSPP /o X T RREBAERRIC IS DIBE T
DI T AH — Fafi kst

sz,
3. 2. 2 Gene annotation enrichment analysis [Z&%
RIME IEILF DHERER RO BT

I E D RRTHRBLA B LR LT 106 B s &3
LTz 143 B 2R OKRENFRIEET D720,
Biological Process (22T DAVID % V72 Gene
annotation enrichment analysis #1757, SHIZED GO
term N ESIRMES NI Z T~ Quick GO ZMHW\ T Go
term OBV EZBRALL, SHIZENENORK TIED
GO term [ZATE T DB n T2 LTz, INHIFICIHIZDE
BN Z > TUNZ8, ARL RS FIS (GO term 73
response to stress) (2P DB FOFBLHE ML 7B
F-OFTHRLIBRHESIN TV, “&FH 2 response to
stimulus T& o7, response to stress /X response to
stimulus DE F D GO term THY, response to stimulus %
i FJED GO term ThD, AtSPP 28 AR ASRE A HULNT
FINUSZ BRI Z B o> TWNDZEN 3Tz,

-11 -



response to stress D & term &L TS 4172 GO term
I% response to oxidative stress (Bt AR RIREE) |
response to cold (3€Ji4%) | response to water deprivation
(KT RZISE) .

response to hypoxia (K22 )52) | response to osmotic

response to wounding (55 2) |

stress (3R L5 | regulation of response to stress (AR
AN | defense response (BHfEI L) ThH-o7,

response to stress [ZATIE 9% 38 In1-H 16 (42.1%) 23R
B Cholz, FDR<0.01 THRIUEMLIZEET 106
FOEER 113 21 (19.8%) THHIENG, AlEffitish
722 DELGIK -7 response to stress (ZEEAHSIL TV N2,

AtSPP [ FHR G K FZ AL T, AR RSB > T
LHEHERTED,

3. 3 AtSPP BF|FIEF#RD RT-PCR IZXHBEIFEIRD

=5
aits

TEE R D — R Z1TO & K 3,000 FlE-H1 26 £
BNAT O~ A i E R U, SHIRERESTZHO
DIRMT, AtSPP DI BN EH L TV DH D% fER LT
(K 8), ZNbE~A7aT LAFFENTOFBHI =,

3. 4 Col-0 #k& AtSPP BEIFKIRMDIEFIZHTEH5<A
JATF7LA RN
3. 4.1 REEFHHRAERARLEEEFOHMH

DFW £, RMA 7%, gFARMS {ED 35D T VAV A LT
ERUELI= T m—T vy b &2 D7 F M EE T
Mg T AR 7 54T (K 9), EOTFETE Col-0
BRBEDSIEEI WA L QDI EM ARSI, 2 BT
FI0HITAZ—H TR T, =T VT X LD H
Tieh Col-0 Fk& AtSPP i FIFEBIRR L DT 25— 73T

(257 HBEL T % DFW E4 L, DFW £ TIESUkLTZ
U IVARIZ S T Rank Products #57% FV N C 2 BERE b

%1772, FDR<0.01 Ziii/=4 7 n—7tvhafitt 5L,

WRIFE B CHBUDS - L7 196 AR T-EF B L
7= N2 8R0S, SHIZED GO term ITHRAFS
NI ERR i FIEO GO term IZFTE 585 74 F
Lz (R1EFR2),
3. 4. 2 Gene annotation enrichment analysis [Z&k%
RI|EIEGTF DHEBERTHE DT
IRFEIR THRADPAEICLF L 196 Bin T L
ML 112 B s T 2RO ER D70
Biological Process (221 T DAVID % F\ /= Gene

1-2

OXAtspp 1-7.1
OXatspp,.
Xatsppr. .,
OX4 1SPpo_4. :
OXAtspp 1-1.3
Col-0-1

Col-. 2

Col-0. 3

AtSPP ( {ERUE )

AtSPP ( BRUE )

Actin2

4 8 AtSPP i@ R|IFEHICI DB EW DO FEH
semi-quantitative RT-PCR %1772\ > AtSPP & Actin2 D#ir
GREM DI Bl A REE LT,

annotation enrichment analysis Z1T>7-, FEH (ZIAEHHIZ
DIV EERNBEZ > TNDBIEN DD,

Gene annotation enrichment analysis C, IR EET
FEPABIC EFLTWEEFREDO T TS FDR=
5.50E-05 Lfeh fEBRRAME >72D1E GO term A3EEAA
VDI RE1% response to iron ion Th-72 (K 3),
ZZITEENDDIL Ferritin gene family T2 ATFERI,
ATFER3 & copper/zinc superoxide dismutase @ CSD1 &
CSD2 Toh%, ATFER (38kA A DUFEEBRIL AR R

\ZB80%, CSD (IAHA 2R L) D TN DT HH
{ K@?%T“&b@\ 1EMEALIZ CCS (Cu chaperone for SOD) 23
BH4>% CCS-dependent £ & CCS IZEBTIEMELSND
CCS-independent % % 23 {7 1E 3 %, CSD1 L CCS
-dependent #%# & CCS-independent #2350 [ J7 12 BE40
CSD2 DIHFMEALIFTERIC CCS IKAFLTD, —FH T
CSD3 & CCS-independent #%# D A2 LOIEHEALEIL O,
Fio, AEIO~A7aT VAT TIIZ ORI~ UTH
B2 E 2 LR o7z (FDR=0.996) . 20D &b
AtSPP [ X CCS-dependent #&#& 280> TWD ATREMEN S
AbIIZ, ATFER & CSD b BRILIETTIUGIZEE D5+
THY, EFRIZ oxidation-reduction process b FJE D
GO-term ELCHIHEAL, LEEOD 4 3 FHEA TN, X
%1, Gene annotation enrichment analysis T, 1#¥|FEE]
BRCHRBLA B L T 72T FDR=4.40E-10
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Height

Height
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0004 0005 0006 0007

0.003
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Oe+00

Cluster dendrogram with AU/BP values (%)
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= 2 5 T
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| & ’_ELEB_‘
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< < Ry
[¢] = =
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3 5
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]
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7]
% >
o *
] ’—Eiﬂaltsﬂ_zu_‘ &
&?' I=1
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o o i ’_ELEE_‘
o
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o Y a
@ g
3 :
FARMS Distance: correlation
q Cluster method: average
Cluster dendrogram with AU/BP values (%)
au hr\
BB 2d
5 lon a
| o] e 3 ’—%_EB?E_LM_‘
“f o - o g g 5 o
& a ha iy 3 2 2
- - - o =3
4 & & T 1] 38
% [ @ )
© % 3 =
o o o

DFW Distance: correlation
Cluster method: averace

9 3ODTNIVRLTEIL LIS 7 FIEIZ L AR 52
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# 1 GO term OAHEAT v —F GBI BIECTRE LS

binlogical process

growth
_dewEr:mental growth

= Lnidimensional cell growth
cell morpho genesis

cell growth

metabolic process
carbohydrate metabolic process
carbohylrate catabolic process
polysaccharide catabolic pocess
glucan catabolic process

oxidation—reduction process
lipid metabolic process
lipid catabolic process
. cellulsr lipd metakolic process
isoprenaid metakolic process
[ terpenaid metabolic process

r_,:impremid biosynthetic process

terpere metabolic process
lipid bosynthetic process

secondary metabolic process
phe nylpropanoid metabolic process
flavonoid metabolic process
i=ﬂawno'lﬂ biosynthetic process

— phenylpropanoid biosynthetic process
aromatic compound biosynthetic process

— e gative regulation of catalvtic activity
negative regulation of molecular function
superoxide metabolic process

[ response to reactive oxygen species
cellular responsd to reactive oxygen species
M response t0 superoxicde
response to oxygen radical
cellular response to oxidative stress
I response to oxidative stress
response to chemical stimulus
response to organic substance
| ———o——rasponse to hormone stimulus
response o auxin stimulus

response to iron ion
response to CopRer in

response to endogenous stimulus
tropism
response to radiation
response to light stimulus

-14 -

develbpmantal growth imohked in morphogenesis

.—'_mr:enuid biosynthetic process

—terpzne biosynthetic process

proanthocyanidin biosynthatic process
cellular madified amino acid metabolic process

cellular modified amino acid biosynthetic process

————— removal of superoxide radicals

auxin mediated signaling pathway

Count

== O

- —
- D) Q) e o~ O 4 b f A SH AR R A A G R O WW D DN <O S0

23

-
W W W W

P=\alue
460E-02
5.30E-02
350E-02
350E-02
B40E-02
2 80E-02
T80E-02
1.00E-02
TE0E-03
2 40E-02
4. 20E-02
210E-02
3.40E-03
TI0E-02
4 40E-02
6.10E-C3
5.20E-02
280E-02
280E-03
1 80E-02
3.80E-02
S40E-02

2.60E-04
1.20E-02
1.10E-03
8.40E-04
350E-02
210E-02
290E-02
T80E-02
TA0E-02
1.70E-02
200E-02
1.80E-04
330E-03
1.20E-03
430E-02
480E-03
480E-03
440E-02
340E-02
6.00E-02
880E-02
J00E-02
160E-02
680E-02
550E-0%
480E-03
240E-02
G.50E-02
4.20E-02
350E-02



# 2 GO term OFARETF v —h (@ FIFEIR THRIULT)

hiological process

amine metabolic process

organic acid metakbolic process

cellular ketone metabolic process

cell-cell signaling
ion transport

rulti—organism process
I_resp:nse to other organism
I response to fungus
I response to hiotic stimulus
response to stimulus
response to chemical stimulus
response to organic substance
response to inorganic substance

response to zinc ion

cation transport
retal ion transport

amine hiosynthetic process
=== nicotianamine biosynthetic process
I nicotianamine metalolic process
I cellular biogenic amine metabolic process
cellular amine metakolic process
I—l_cellular amino acid metakbolic process

I carboxylic acid metabalic process
——0xoacid metabolic process

carbohydrate hiosynthetic process

I,=cellular carbobydrate hiosynthetic process
cellular carbohydrate metakolic process
cellular component morpho genesis

transition metal ion transport
zinc ion transport

g

[ I O I Y B I e M e N o S RO - o o o w I ' Y e T L R )

~pa
[T o R 1

response to iron ion

2017308t AT3GRE0AD
264508 at - AT1GOBEI0

2061608t AT2G28150

P108 at  ATHGOTG00  ATFER!: ferric iran binding / iran ion binding
ATFERS (Ferritin 3): binding / ferric iron binding /
oxidoreductase/ transition metal ion binding
CSOM (COPPER/ZING SUPEROXIDE CISMUTASE1);
superoxide dismutase
0502 (COPPER/ZING SUPEROXIDE DISMUTASE 2);
supemxide dismutase

-15-

Count P—*5lue

§.40E-02
§.40E-02
250E-02
250E-02
250E-02
J.G0E-02
1.80E-02
§.00E-02
§.00E-02
§.00E-02
§.50E-02
280E-02
5.G60E-02
23.30E-02
3.50E-02
§.30E-03
2.00E-02
5.70E-03
8.10E-04
§.60E-07
4 40E-10

4 50E-04
4.20E-03
5. 40E-02
7.60E-03
TA10E-0Z
1.10E-02
3.1 0E-02
3.70E-0Z
3.60E-04



ERBERFENED 072 GO term SHRERTHEIZEIHD
zinc ion transport T>->72 (K 4), A RI7T>D ZIP 773V
— (Zrt-, Irt-like protein, SLC39A 773U —) A& T
2o ZIP 773V — (T 2Alli &R A A 2 BRAY I SAT R NS
Wik L, AE RO T IERE, B MBS b ZEAFEL T
WD, Arabidopsis thaliana {Z1% ZIP1~12 & IRT1~3 @
15 EfFAEL TUD, B2 I ZIP4 & ZIPY [XHiEh D3 +431C
HOERE T TIEHEVFBIL TR, HigR R Z IR
IR BLD LR AR N ~OHER O AT, Fiz,
=aF T FIVDOEEKIZE D% nicotianamine
biosynthetic process HA EIZHADL Tz, =aF 7
ANFEROFL—F—T, HEPICTH ST
WNTEIK ZEM 5375 TND, T I Ta R It - DO
EIAA L DIEREIZT T T &g - L — M A RO
THIThiLd, vrAXFTAFTiE YSL 773V —73 il
e =aF 7 IV EEERERET LD TIF VL E
ZHITVND, NAS (ZI=aF T FIVAMERETHY,
Arabidopsis thaliana \Z1Z NAS1~4 D 4 STFAEL TS,

mMRNA OFHL L WEFBHL TNDHENDZ ST, fTH0)
DO CTEHRENHIHSN TWDHEEZLND, KBl D
Tt —F—OEE RS S AEIZDO2-20 Go term
IZEF4 TS NAS2, NAS4, IRT3, AtZIP12(ZIP12),
ZIP1, ZIP3, ZIP4, ZIP5, ZIP9 X9 _T, AL A b
ZDRE (RTGTCGACAY) #Fi D E7- 13RS LHEHI S 7z,
ZDRE (JIFHEE A+ bZIP19 & bZIP23 34EE L. ZIPI,
ZIP3, ZIP4, ZIP5, ZIP9, NAS2, NAS4 ® mRNA (%
bZIP19 & bZIP23 DX T IV I I T IMED~A 7T LA
fRFT CH L X a2l — RSN EBNRESNTND 7,
Z DI AL AR ZDRE Z 5> C% ZIP 773 —
ENAS ELTZIP10 & NAS3 2326 B, ZIP10 I3 &
7RI LU o723, NAS3 X FDR=0.014 A E L
2D VTR LTV, #I2, ZDRE Z£F72720
ZIP 136 2L FEAREBMN RO -7z, (ZIPS 1
GeneChip® Arabidopsis ATHI Genome Array (Z#5#SH
TVWRWE{EFTho7z, ) — 5 NASL & ZDRE %FF/-
72U FDR=0.024 CTHEIZHEIUR FLTWALEE R T,

74

response to zinc ion

243048 at  ATEGEE080
syhthase

257TME at  ATIGIZ2750

AT4E33020

25341 38t

MAS2 (NICOTIANAMINE SYNTHASE 2); nicotianamine

ZIP1 (ZINC TRANSPORTER 1 PRECURSORY: zing ian
transmembrane transporter

ZIP3: cation transmembrane transporter/ metal ion
transmembrane transporter

zinc ion transport

2087238t AT1GE0360
247456 at  ATEGEZ160
257158t AT3IGEIZ750
266336 at  ATZG32270
260482 at  AT1GE10870
264574 at  AT1G0300
2034138t AT4G33020

IRT3: cation transmembrane transporter’ metal ion
transmembrane transporter

AZIP1 2 (ZING TRANSPORTER 12 PRECURSORY:
cation transmembrane transporter’ metal ion
transmembrane transporer

ZIP1 (ZINC TRANSPORTER 1 PRECURSOR); zing ion
transmembrane transporer

FIP3; zinc ion transmembrane transporter

ZIP4 (ZINC TRANSPORTER 4 PRECURSOR); cation
transmembrane transporters copper ion
transmembrane transporter

ZIPS: cation transmembrane transporter metal ion
transmembrane transporter

ZIPS: cation transmembrane transporters metal ion
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ZNBHDIENS SPP X bZIP19 <2 bZIP23 (25~ T o
ZEDBRSRIBE I, AtSPP 3 bZIP19 X° bZIP23 A4
T D AMREMEAVREITZAY, bZIP19 § bZIP23 5 & i fH
A R T RAME S L R ThHZEND, RE BT
77— ThD SPP DEHEDZ—7 v elTE 2TV,
F7- bZIP19 & bZIP23 FKIIAH B EI R b0
720 UL EDZEDS AtSPP 1 X bZIP19 & bZIP23 A [E DX
—7yheT DD TR ZHD 5 FZHlH T 55511
TERL T B EHERIS LT,
3. 5 AtSPP OEEZRFEM
3. 5. 1 {EMHROIRE S DRELEREN

AtSPP DEEFIEM:AFH~<5 HIJ T, Arabidopsis DR H
SR DGR DI 53 2 R LT, IR 53 I CAFET D
AtSPP DX /3 7'E 1% SDS-PAGE X IKEN ., L AtSPP
PUEZ WD 2 AX D — RO RERHL
72 (B 10A) , ¥RIZ myc #7'& Flag %7 B NE N K
& C R SEAE LT & 5~ 7"F K myc-Prl-pp-Flag % 3£ &
(K 10B) (2L CZ 0 AtSPP MF(ET HZ LAt L7 M
A EER IR L U CRE R RS EA TR o T, B 53 % HAS:
T A AL T DA< DD detergent % VM=,
FH\u 7= Digitonin, CHAPS, CHAPSO, NP-40, DDM 9%
T detergent |20 P LSV /3 135 A E A1)
WrUBERTIE A L Qv Lol SPP FREAIFHEAIC
& 5 (Z-LL)y-ketone (2 XV EERTEPEN L FINTZDIX
DDM AL 5y D - T o7z,

Z 2T, LIBOREEF YN FZERIZIT DDM Al LI 55
ERAWAZLIZLIE,

10C (TR U7z I oD R 43 1 LA A
myc-Prl-pp-Flag Z UJIrL | SPP #¢ R AYFHLEHEHITH D
(Z-LL)y-ketone X°T ANTX U7 a7 7 —EBREATH
% L-685, 458 ([ZXVZDIEMENHES LI ENLNE
pol-,
3. 5. 2 BRBIZkD ASPP—GFP BiA2 /BN

2|

TR SPP ARG 5 Z LM DNEIR S T203
ZOTEMENRAR YT ASPP | ZLAFERIEETHLHZ L2
DD AT, BERFZ AtSPP-GFP A% 7B ELTH
BIECTHEBES>ZIMALBEREEEZREL,
AtSPP-GFP @57 /"B a S BLE W T B RE 2 B B
FCTBIELIZEZA, K1 IZhrIoicarbha—r o~

A
B
| Substrate:myc-Pri-pp-Flag
1 10 20 30
EQKLISEEDL MDSKGS5EKE SRLLLLLVVSNLLLCGGPPSDYKDDDDK
myc Flag
c

10 HEARIL OISR 7y D7 T 7 —BIE M
A: HE ARG 73 DD T 25 5347, FL AtSPP Hifk
A, B: GEEOT I ALY, C: NJA—R T
HERPKENZ L DB RTEME O

1. arbe—/L (BEE 50O 7)

2.4+10 up M (Z-LL)2-ketone

3.+20 u M L-685,458
REMZEIWTFr, T mye FLiRZAE M,

A B c

HsSPP-GFP AtSPP-GFP

Vector

X 11 E£RECLD SPP-GFP BlA 2L /B D3R (0t
R, Co MY = =3
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IH—DIHEALTZH DL GFP OHOGIIMHH TER2ND
(XL C (B 11-A) AtSPP-GFPP [l A% L /" EAFEBIL
TWDEERETIE GFP DEED b7z (B 11-C) , #HA
PAZ T-FEREIZED ASPP-DSFEBLL TSI ED DO HAL
TeDT, BERED DI 53 & B U CRERTE M2 E LT,
FE R 12-B 1RSI LTI 3 | 2 LA R SRTE PR
SPP HBAIFHEHITHDH(Z-LL),-ketone (ZLVEEFRIHME
MELESNZ, LA, AtSPP-GFP @& % /7B DB
EMEITIERICO TN THoT27280, SHIT GFP &Rz
AL AT 7 N AR 53\ C LD SR TE M DI E & AT
72572, B 13-B |Z/RLTZ@Y, SPP FRELAIFHEAICTHD
(Z-LL),ketone (T JJO % S5 TiE M 3 P35 S AUBE B TG M 1T
AtSPP DL D THHIENHLNE ST,
3. 5. 3 ARRTFREE myc-Prl-PP-FLAG DMtk
=

BT FREE myc-Prl-PP-FLAG OYIWET 13k
A—N ERIKEN ATV mye HURIZEDy =22
FRFTICZOR T %, BESIZED ® humanSPP (21 5[
B OYIWWT % MALDI-TOF mass & AV /=55, AT
=2z T 23 FHOuAT L OBATHIMISNDZE
BB 72 > TS, ASPP 12X EIZUIlr4 254
humanSPP D YJHErRALE LD 21N A—R) L AR
ECEORILIZEZ A, K 14 (Z7RL721EY humanSPP @
Gl i LRI CAL B PR B S LTz, 2D 2805, AtSPP
O FE72 YW E L humanSPP E[RIL 23 FHOuA &
24 HHOuAT DM ThHHEHELES -,
3. 5. 4 ML OBERIEME~D
N7 17 7 —BIXBUK 2B Ch DI PNIZ I TN
IR IREATHZENTED, AtSPP IZZDIENT AT
7 aT 7 —E Thd, BEOM TIRELEE BV TH
T 57D ERIC IO BT EERE ThHDH, €2
TET AR DOEIRIE TH2 200 mM E£TOHE
(R DBERTENEA~ DA T ~T, B 15-A 1TRLT2ED
(2. BESERUGIKIT 200 mM NaCl iz ThiFE AL lESE
RIS BN NI e LN/ o T2, SHIZ, LEHW
DOHTHEFEIZUTV 2.5 M NaCl & KCl DB SNV Thil
A7, FERIEE 15-B ITRESN2 81T 1M NaCl £ Tldl%
FIEHITIZEA LIS, 2.5M NaCl TlIEEHR
EVEEBLEL CWDEE 2B, KCl O AT, 100
mM CTHEERTEVEICE BN G D ATREME N H DLV FE L

Membraneg
M5 & T8

Soluble
kDa M1 2 3 4

[

25

In-gel fluerescence

B
1 ) 1 2 1 2
— -

Vector HsSPP.GFP AtSPP-GFP

12 BEREZLD SPP-GFP fiilt e, #0 /~EDFBL
A:RIYEMEE 5y LI 53 O SDS-PAG fifttfT
1.2.3.4&5,6,7, 81F[FIL sample

1 AtSPP 117 pg. 2 AtSPP 340 pg. 3 humanSPP 158 ug. 4
vector 161 pg

B 77 | L DR TE M EORUE

1 ME 53, 2 J5EE 53 +(Z-LL)2-ketone

A

anti-AtSPP

B 1 2

=

13 FERECED ASPP FEHL, #o B DOREFETEIED
A&
AFERECHBLS T2 AtSPP 22 B DRIE

1 74— _ 2 AtSPP, 3 HsSPP
B:EE 3 LD ERTE M

1 WE 53, 2 J5EEI 53 +(Z-LL)2-ketone
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EQHLISEEDLMDSKGSSAQKGSRLLLLLWWSHLL
myc

X 14 myc-Prl-PP-FLAG 7" F R DY) Bz
1: AR~ 7F K Prl-23. 2:HEK293T [} 43 (human SPP), 3:HEK293T 5[} /3+(Z-LL)2-ketone. 4 : f#EEE 4 (human
SPP) | 5: fEAMNE DI 53, 6 : B REIRE] 75 (AtSPP)

IBRE
A
0 5 10 50 100 200 mM
= HE
wor— - v
NaCl mM
B 01 05 1 25 0

& R EE myc-Prl-PP-FLAG-peptide

COMT T

KCl mM
0 01 05 1 25
& FE&E E myc-Pri-PP-FLAG-peptide

LlERT A

B 15 AtSPP DI MEERIE I 53 DR



o7,

4. &% &

BT IUEM) D v XF AT D SPP MR FEA L T,
TN C SPP M E D LH72 FE Z BT L CODDZ D
ZEIC Ko TZ OB ORI LD D EAE AR A HE
BT HIEH BTG E1T - C& T, £771%, RNAI ZH
T ALSPP Dy 7 BT U RREE LT, SEINU TS B
& n OB IEHESALTZ GO term 71 response to stress
WZHTIRL., 2D R%NEER T Thole, ZOTEND
AtSPP | FHE B[R 12l T, AR RS> T
DHEHERITETZ,

SHIZ, AtSPP O EIFEBUAZ AL Z DBEIsFFE 8L
a7y AVD, FEENEEIC LR LW s RO
HCH GO term 238k A A ~DISEIZBI 5 response to
iron ion THY, RITVEBLAN ALEICREHDLEZE 2 B
Nz BENE BT L Q20T GO term 73R
$hiiaslZB87% zine ion transport Toho72, ZIVHDZE B
ROFRHTHNE ASPP DB EFID— DI AR AIGE B 5
T OERBR A DR B AT Ve 5o T CRIETIL TV D ATEE
PR B D,

A[El, AtSPP 3AY I ZERTENEE H T HDNEI DL
VIOBER IR T T —TF AT o7, FEREIC AtSPP A%
BLSHH o RTBEIZE0 G B E A UM 2280 bl
MW CEBBIZT ANRTX T a7 7 —EBLE LU THEREL T
WHZEBRGMN LIRS, SHIT, HFICEYZDIEMEIC
WENHDLNEIDEFNTEZA, Vit IM LR
2.5M L0HD 7R W REED NaCl (12X > Th RSN
EDRHABNET R ST, IENITAFAET DR ThHHI LD,
HORREDOBUKREBRE N CEKIENTHEINS, filx
TVAMEE B L WIIR KGR O CHIEAEZ B A TND
B ~OFH O PRI TE D,

5. S DRE

AT ey =NV, B RS EEEMICE
(T DA HERH S E 0B X A5 TS SPP SV OISR
LS ETHARALN TP ST L, T DOfESHR
WIEMERH D ERHOEN o Tz, ~A7a T LA fRITIC
FOERBRICBITORBUBETOEBERZ, BBLE
AR RSB 5 DA BHDZ LR 00D T3, F

BIZOWTIRIETAETITEESR ) -T2, 5151,
T —ANDHE SN FE & A R L TR SR EAT N,
EERETHILICLVEEEO A HEFHEEZ M T\ eE
2 TG, Fiz, AREERTENEI 2T D0 HAIE NaCl &
KCl OBUDFHRSNIRNST208, Atk ITHEO R,
JREE. pH 72 EFEHITRET T DB HHEE 2 TND,

6. 51Xk

1) Weihofen A., Binns K., Lemgerg MK,, Ashman K nad
Martoglio B (2002). Identification of signal peptide
peptidase, a presenilin-type aspartic protease. Science
296, 2215-2218.

2) Tamura T., Asakura T., Uemura T. Ueda T, terauchi K.,
Misaka T., and Abe K. (2007) Signal peptide peptidase
and its homologs in

Arabidopsis  thaliana-plant

tissue-specific subcellular
localization. FEBS J 275, 34-43.

3) Han S. Green L, and Schnell DJ (2009). The

expression and distinct

signalpeptide pepidase is required for pollen function in
Arabidopsis. Plant Physiol. 149, 1289-1301.

4) Friedmann E, Lemberg MK, Weihofen A, Dev KK,
Dengler U, Rovelli G, MartoglioB(2004).Consensus
analysis of signal peptide peptidase and homologous
human aspartic proteases reveals opposite topology of
catalytic domains compared with presenilins. J Biol
Chem 279(49),50790-50798.

5) Drew D, Newstead S, Sonoda Y, Kim H, von Heijne G,
Iwata S(2008).GFP-based optimization scheme for the
overexpression and purification of eukaryotic
membrane proteins in Saccharomyces cerevisiae. Nat
Protoc 3(5),784-798.

6)Huang, C.H., Kuo, W.Y., Weiss, C., and Jinn, T.L.(2012)
Copper  Chaperone-Dependent and  -Independent
Activation of Three Copper-Zinc Superoxide Dismutase
Homologs Localized in Different Cellular Compartments
in Arabidopsis. Plant Physiology. 158(2),737-746.

7)Assuncdo, A.GL., Herrero, E., Lin, Y.F., Huettel, B.,
Talukdar, S., Smaczniak, C., Immink, R.GH., Van Eldik,
M., Fiers, M., and Schat, H. (2010). Arabidopsis thaliana

transcription factors bZIP19 and bZIP23 regulate the

-20-



adaptation to zinc deficiency. Proceedings of the
National Academy of Sciences 107, 10296-10301.

8) Mergaert P, Nikovics K, Kelemen Z, Maunoury N,
Vaubert D, Kondorosi A, Kondorosi E(2003). A novel
family in Medicago truncatula consisting of more than
300 nodule-specific genes coding for small, secreted
polypeptides with conserved cysteine motifs. Plant

Physiol, 132(1),161-173.

7. MXERBSLUVERHREK

(30

(OMasako Hoshi, Yu Ohki, Keisuke Ito, Taisuke Tomita,
Takeshi Yoshiro Ishimaru, Keiko Abe,
Tomiko Asakura (2013 ) Experimental detection of

Iwatsubo,

proteolytic activity in a signal peptide peptidase of
Arabidopsis thaliana. BMC Biochemistry 14(1):16.

(FRFR)

O2011 £ 3 A BEEbyaks
VOaARXFTRAF T FINRTFRATFHE —F
(AtSPP) DRNAIL/ 7 57 1% T B RefiE

020123 H B bFaRe
[P aAXFXFHE T FNAVRTFRRTTFH—F
(AtSPP) Dl Fll & B ik 2 F N - M R A0 18 s 1 8 B AR
Br 1

02013 3 A EZE{bFaRs
(oA XFRXF T FNVNRTFRIRTFH—F
(AtSPP) DFE B R DAEGE o OB FRVEME D AT |

02014 3 A R b Re,

VA RXFTRFTFINANRTFRIRTFH —F
(AtSPP) D IEEHRFZD L DVR— 2 —T v A 2D
5L

-21 -



No. 11DI1-13D1

Activation of Plant Signal Peptide Peptidase by Saline Solutions
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Summary

Signal peptide peptidase (SPP) is a homologue of presenilin, which is involved in Alzheimer disease.
Presenilin cleaves and releases the amyloid peptide from the plane of the plasma membrane. On the other hand,
SPP cleaves the signal peptide from the ER membrane after shedding by a signal peptidase. SPP and SPP
analogues have been found in various organisms, in some plants as well. The absence of these enzymes causes
serious phenotype. Arabidopsis thaliana SPP (AtSPP) deletion mutant becomes lethal.

To reveal the functions of AtSPP, we produced a plant with knocked down AtSPP by using RNAi method.
Besides, overexpressed AtSPP was produdced using 35S cauliflower mosaic virus promoter by the floral dip
method with Agrobacterium tumefaciens. Comprehensive gene expression of AtSPP KD flower and that in the
wild type were analyzed by DNA microarray analysis. The DNA microarray data were normalized with the
DFW algorithm using the statistical language R and Bioconductor. Differentially expressed genes (DEGs)
between AtSPP KD and the wild type were extracted, and the Gene Ontology Enrichment Analysis was
performed. About the gene expression in the overexpressed AtSPP flower, comprehensive gene expression was
also analyzed in the same method. As a result, we found that the expression of stress-related genes was
significantly increased in the AtSPP KD plant. In addition, 42% of these genes were transcription factors. This
result indicates that AtSPP negatively regulates the expression of stress-related genes regulating transcription
factors. On the other hand, we found that the expression of oxidation-reduction process related genes was
significantly increased in the overexpressed AtSPP plant. These result indicate that AtSPP might be related
oxidation stress.

Next, we examined whether AtSPP exhibit the proteolytic activity or not. An n-dodecyl-f#-maltoside
(DDM)-solubilized membrane fraction from Arabidopsis cells digested the myc-Prolactin-PP-Flag peptide, a
human SPP substrate, and this activity was inhibited by (Z-LL),-ketone, an SPP-specific inhibitor. The
proteolytic activities from the membrane fractions solubilized by other detergents were not inhibited by
(Z-LL),-ketone. To confirm the proteolytic activity of AtSPP, the protein was expressed as either a GFP fusion
protein or solely AtSPP in yeast. SDS-PAGE analysis showed that migration of the fragments that were
cleaved by AtSPP were identical in size to the fragment produced by human SPP using the same substrate.
These membrane-expressed proteins digested the substrate in a manner similar to that in Arabidopsis cells. We
concluded that plant SPP possesses proteolytic activity and may be involved in RIP. Subsequently, application

of AtSPP to food processing was examined. Salts are often used during food processing. There were no effect
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to activity of protease until 200mM NaCl in reaction buffer. It is known that concentration of salt are 2.7M in soy
sause. So we tested about more than 1.0 M of NaCl and KCIl. The protease activity was detected at 1M NaCl,
but not 2.5M NaCl. From the result of testing about KCI, enzyme activity were inhibited with100mM KCI.
After considering these results, we specluated that AtSPP can be used for food processing with high content

phosphatides (e.g. egg, soy bean) and under high concentration of salt.
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Bhpk&E S 11D2-13D2

FaNEATTIB 23,2 DI IV I F L O SZANE D REAT

AT Rk

SRR TN R AT

B E (HIREM] I3y MG kSN S 7 a7 7 — B LU CRES AV, SRR 74 @ AR St
BB CThD, EERNTIIIN T T LT FV 7 O—F AN T4 OHIFEEEEIZ B> TWAZ LB S-S D
BHDHM AT BARDORMIEEL T 7 EAGIEL ., i ROEILIB LT FROT I Bere & BRI E Ol
\CEHBEREFHERTZLTWDZENHSI TS,

WA T OF el iE, BRREREICE TRO AR FESIVC AN S DT N AT ThHEZ Z B
5, EREA VY ar Ths Riml3 13 TV YA R TRE L TEMELS I, IR HE ChHOERER 1 Rim101 ZE)Hr
UIEMEAL 95281280 BERF O - 7V BRI T 5L C0d, DT BRA T RIS DI B0

R T DINE A RRTTT D720 D in vitro 1EHEIEIEOMEL % B F5 U= SS9 21T o7,
[(BAZEAER] Riml3 (255 Rim101 YIKT 5%, Lys 533 —Ser 534 O_XTFREETHHERELIZ,

Rim101 AV a7 CHIE RUE DB Z LLiR L= 22 A P1 LRI EA E OREIZIBUNT Lys £7203 Arg, P2 H I3
ARIZETORIZEBOT Gln, P5 EALIE Ser b LLIE Gly Th-o7=, BIHT .0 C RSN I m O ECSIREM TR Hize
3Tz, PRAFHED EO P1ERALO Lys & P2 LD Gln %, ZVENERMET /R Asp & Ala [ZEHRL7-E2 4, B3
Zo7p7eoT, C Kbl 3 FREAZEIL Ala IZEHRL CHUIBNI BT ) T2,

Rim101 GIWr @B AR 9~ 7 158 LT ST SETAR AR 5 2 LA AR LT, BEICEN-HUADRMEIEL T
V%5 PGAMS O YLD 7 X/ IEELS % Rim101 OAH B EALICBAEL 72 & 24 IEH A Rim101 (SR D72 G738l
gB2INTz,

[BEESHDEE] ARSI, TabZATRI N THDIN A T v ad QAR YIS,
DLEMFEZ B CHIO TRIESI, 72, Rim13 OIEEFRFRIC P1, P2 FNLOKRENEE CTHLHIE, C Rkl
BN EE TR EARRENTZ,

AHFGE2TCIZ Rim13 EAIV/SAL T D invitro T BARERESLL . TV DO DI B &2 DRSS ) Bk
ZIAGNILTZ, AN AT 7 — (3@ U7l 23 iR TE U, 2R E ORERGRIVIC O 8 TE T’
WO ITED L BTN L L IR ShD,

L/\

1. AEDEREEM
HNISAAATTIN T MZEOTEHE LSS T e T 7 —
PELCRESN, BRI 28 R iREITERESE T D D,
RN TIIAN Y L7 F I T O—F A Flfasy
S D - A SE (7R N — R) 72 8 O AR 22 e
FERBIZ B> CWVAZERHILNIIILODH DM, )7,
B OBRICERL TR Z o 2B AL, 75 R O#kAL

(fiFAR) BEORT FROT W70 & SERMEY)E OB
WCHER T 52 RTLTWAZENEDNLHLILTND
2)

WSS /AT 14 FEEO DN S Ra—RENT
VB D HFTHRRRE RIS HL QO =
INTHDINIRA L 1 ETIN IR 2 TN TSI
TeHED LIV, T MMSELTIEMAL D 4y 7 Hask
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DS, SRR IZ BT DM BA SO THLMIZEN TS >
D, BT, LTI DS AR AL L B RESH Tl N A
DOHTY I, o, — UG BIIh o DA R A %
Bz 0SS TO S FRETH O, Db s  ACK0iE
{LENDZEDIREN, AL 77— BT DT
FER RNy DSEEER L TWDATREMED B 2
BIND. SOITEIT. I3 3 I LT
FRIT BAF AT THIEHALSN DT LD HLNE
Uy IINISA U PIIN BEME DM K> THEME TR
PR 232 QD ATREMEL O B> TE D,

HNISA LTIV — D5y FREITEE B TR HES N,

I CHLIEILEED LA T DAYl E, BERERRE I
FOREIAIRIEENT= N ASA L DT O NS ThbHE
EZoND Y, BERA V0 ThD Riml3 (3 7L
AR ATRE L TR ES L, AR EE ThH R G IR 1
Rim101 Z I LI 3-AZ &2k BEREOME i 7
AV G LTS P (Fig. 1), LL, FERIL7=A

I eH

Z 1\
el

Rim13

JLs3A Riml3 &, WA VYl Tho AN T
by ZIVET in vitro TIIEBIEE X VB2 5
7T AV AR O HIZR I TRy, ZD7
INSTaRNEA TR N DT DRGSR
DISEMEL AL TIE R,

INST ORI A TR, DI T WRRYENT T
T RISEMEE R D LI B MO SR S 2 B
ONNZT DI EE R BEL T, T aha A7 B
INALD in vitro TEMEREEZTENLT DT D HAENFSE
AToT2, ZAVET invitro TIEM AR THZ LTI
TWZRWERER LU T IEME AR o TR BB CORESE O fF Y
ERFESL S CURWZ ST, TETERE S 03 e
LS TR | TEPEDO IR B EE AYE L RN &3
Bz b, ZDTH, EOYIRHIZ X > THICAELD
N Kb LI C Kz =t h—7"9BH0k% | YIEmE
WO EIEE R TR T 22 a8 AE LT,

8 AT P b e e by

R0 Zn— T+ o — 82 EEF

EHhpH 35 B5 756
2 ERm 01 L R

JOEAERmMI0 » ——

Fig. 1. BRIV A Rim13 137 LV HUAR A ZRE L CHRE R - Rim101 Z YK 3%
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2. IRAE
2. 1 Rim101 YIMT YR L RE B OEE

FE Rim101 @ in vivo [ZBTHEIW S Z LI T DIz
WEL (Fig. 2) POz h—727L1L T,
Rim101 @ C ¥l TAP #2 —3xHA #7 —6xHis %7 %
ZoT NTEFE LT OFE A LT, F2, @mAEBOT-O
\Z 7T —H—HAKKD RIMI0] 7 0F—H —5HiR )7
TEF 7'aE—4—|Z@EM|T 5L, G K T Thd
Rim101 % &5 EBLT 52 LI M A [EEE 5720
Zn 74 H—Z%E A7 Rim101 O N ARSI GEdRE (73 /1%
F%F51—296) % EGFP L&l 7=, F7-, Rim101 FFELD
T2ODINHDWZEITINZ, J1V734> Riml3 HME Y
ISP SN D ZEZBEIC AL TG vps24 28 5L 0%
ALT-MRZERLL . Rim101 @ C ARSI A o5 5L
Ve,

2. 2 Rim101 LIEREY C RimfAlEn r DIEH

PLHA PUiR%E AWy 22 ARIZED | 2.1 TIERIL 72
Rim101 GIWrEY) KR BRI CEIBTEE D C Rmiil
W S K BICEEL QWD e & eRB LT=%% (Fig. 2) ., LA
TOINCZDOW T O EIT-T-, ZOK%E YPD Hith
TR L% | [N U2 IR 2 A L B BTS2 it 22
TR LT C R 2 it U7, DRBRA KRB 1R | VA i
L7-#%. DEAE ©7 71— FE(GE ~LAZ7)IZTC R
U A MU LU 7=, S512, TAP ZZ7%F| L C 1gG
t 77 —AL— X (GE ~LVAST) THHRIL /-4 . 6xHis
27 ZFALT Ni-NTA E—X (F74°) THRIL, C K
ST &1z, f57- C Rl % SDS-PAGE (2
FOIKEIL . CBB Yz 0NNV RERRH L%, 7 a7 A
=l — (477A/120A, 77 TARNAF L AT LK)
ZRHWEZR< I ARICHEL N RSO 2 R EL
7

i.-'p PEST-like

Zn—finger
Rirn101 ) l]] 2 f ]
i 525
FPrnsror -ﬁ':p
earp-rim101DNG-208) [ EGre ) 3| [N
= |
Pree TAP GHis
3HA
e
A
o %ﬂfﬂ?
vos2d ot AN
AR A
B ’\%\Q’m ¢
SIS
II
Plﬁﬁ‘h"%ﬁm%i#

FiHA

!* ZEHRRim101

< Rim101 CHRIRETA

Fig. 2. Rim101 ST pEY RS S % RERR O RS L BT REA D 1R
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2.3 7rERON)TLU7HO—RIZ&S Rim101 LI#;
EYDEEREER

Rim101 GIEEY DSH N Kl o> C Kibiudd Lys
533 ThHZEEMERT DT, C RN Lys 7213 Arg
I THDHL L RIGRoNTFRICH LFERIESR M T C
BFPEZ R 7 e Ra R 7' (anhydrotrypsin) 74 &
— 2% IR ERRZ LU T O LT o7 1Y,

Rim101 RIEZ BRI, N K6l 6xHis+HA #27 Z
A LB R Rim101 2FHL 357 TAINGEA LT, B
B Z R L, HIRZE O CRIN L%, IER Y
77— (100 mM Na-phosphate, 8 M urea, 300 mM NaCl,
0.1 % NP-40, 1 mM phenylmethylsulfonyl fluoride, pH8.0)
[, 0.5 mm ROV L a=TE— X< /L FE—Rg
71— (L) 2 O TR AR Z A LT, 3320 C B
Z[EIXL7=# . Ni-NTA 7 Ha—AE —X (F7472) %
Z. Rim101 Zo\VEAEBEIN LT, B —RAZEHE Y7 7
— . YEi /N7 7— 1(50 mM Na-phosphate, 6M urea,
200 mM NaCl, 0.1 % NP-40, pH8.0) , ¥/ 77— 2
(50 mM Na-phosphate, 2M urea, 200 mM NaCl, 0.1 %
NP-40, pH8.0) CNEIZ P LT-% . BINS =08
#3277 — (50 mM Na-Acetate, 100 mM NaCl, 300
mM imidazole, pH5.0) TIEH L7z, ZOWHIRA | 11 5%
DOEEWE 17 13y 77— (100 mM Na-Acetate, 20
mM CaCl,) THIRLIZ#%., 7o eRah) 7y o7 hHa—A
=X (X BT A) A, 4CT 1 FFiA S FaX—]
L7ctk, B —R&HEE - VD LSy 77— Tl LTz,
B —X% SDS BT NNy T 7 —TA L FaX—hL, &
HEN T2 T EbT HA BiiRE -0 2 AZ LT
ERT LT,

2. 4 Rim101 UIBREMIZEREAZAL N RinflLIE
EY C RinTZE DT

HETE ST YW 80D N AR5 L Lys 533 % Ala [Z/&
LT 28 SR (KS33A) . C ARSI 5L Ser 534 A& (EaR
B T2 SR (S534stop) . E D ST A E L 728
FLIR (K533A S534stop) & N KU 6xHis+HA %7 % fil
A LSRR Rim101 FEEL7 T AIRZRHRIZ, SO
HIZ8 G AR IO 72, Rim101 REBZEKIZZH
HOFB T TAINETEERML | 2.3 OFETT v ERER
VF LT Ha— A% T IEE ER &1 T 7,

2. 5 YIEDAFEIZTI=VEREE TS Rm101 &

EROUIMEHERTE

[FE L= G s DRI 3 73/ FEF% ik Asn 531, Gln 532,
Lys 533, Ser 534, Cys 535, Thr 536 # =TT 7=
PRI CERL7-—HE0 Rim101 ZE5AK (N531A, Q532A,
K533A, S534A, C535A, T536A) #R BT 57 TAIR%
N K2 HA 27 @& L7847 Rim101 R3] 7T A3
RZRHARIZ, SO0 Rr AR BOE A VEIZIOIERIL 72, & 4
D7 FAIRZ Rim101 KEZE BRITE AU E iR AZ
iz, SREEBEDY T U LAF M/ TitEE
0.3 M LiCl Z# 5 ¢ YPD B COEB ZFRIEICRHlL 72,
DT, FEBROT )V HVAN AMEAFH 728 W O 4 1
LR OIDNTHFIL, IR ER#AZ pH 4.0 OEHIT
e %, 2 DI/, A Z 24 pH 4.0 & pH 8.0 (2
AL T 30°CC 20 4y fHIEE#E LTz, A% O CRIRL
FfAh I o> Rim101 R4 2 <78 %  HT HA $i
K% W= = AZ AR TR LT,
2. 6 Rim101 LIERIZEH1+5 P1 B O EEED#&ET

Lys 533 % Asp (Z{EHAL 7228 J /A (K533D) %2, N Rl
HA %7 %A LT3 AR Rim 101 BT T AIR 2R,
B R LA B VEIC I ERIL 72, Rim101 RAEZE
FLERICEF AR Rim101 & KS533D A RIRDIE T T AIR
ZE AL, 2.5 LFRBRD JFIET, IEESHRDY T AA T
VRS i E AT AL 42 Riml01 ZE RO T
JVAIY AR KA BN DA 2 = 25 AR KD IR
L7,
2. 7 UIR C RInHFEMAORE LI

BIWHZZ-THTIZAELD C KUY T 5T FR
EFSLNQK Z &AL, ZivE N Kufflio L izve 71—
AL THFx YT 22378 KLH (keyhole limpet
hemocyanin) {ZfE & L72b D& HURIC T X2 LTz,
PURAT T K& HV = ELISA fi#T I L0 i H o Hrisq
O _FRAPHEGRTEIZOT, £EMAEITV, JLlLIEZ R
L7z, PLiEE PR T TR AT I TRRL, ST
R REHURE ST,

PURD S BAEZ LT D 2 SO IEICLVEHEL
=, 1) PURRTFREH- ELISA %, 2) Ui 1)
72 B AR Rim101 &, G Rim101 28 524K (K533 D 9<
T a R 2R AT LTI, Olkra 7
Rim101 (2T 54 RUEERBLT D) It THY =
AZ A
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2. 8 YA C RinfllE251Z& PGAMS 1L LLIE7=AAK
BAUVNVEDEFIEE#LT- Rm101 ZEED
UITEMEARE

Rim101 GJWr 50D C Kol 4 7 /FEF% L (Ser 534, Cys

535, Thr 536, Asn 537) . HL<I% 3 7 /ERFEFL (Ser 534,

Cys 535, Thr 536) %, PGAMS E73I0AR 4L /G D

ZNENDOYIWIZ IS THHUZAELSD N Kt h—7

WA Y 9572 /lElC 51 (Ala-Val-Ala-Val, Ala-Val-Ala,

Asp-Ala-Glu-Phe, Asp-Ala-Glu) |Z & #t L 7= — # O

Rim101 72 B K (S534A C535V T536A N537V : AVAV,

S534A €535V T536A : AVA, S534D C535A T536E

N537F : DAEF, S534D C535A T536E:DAE) #8457

FAIN% N KiulZ HA #27 Z A L7 B A Rim101 58

BT T AIRZREHARIT | ERALAr FEAY 28 B AR KD 1R

L7z, %% DT TAIR%E Riml01 KIBZEFRRITE AL,

2.5 LIRIERD FIET, IWEEHARDY T U LA A sz M

SRR DL, Rim101 ZZ 8RO 7L B ARL

ANEAFHI72 BT O ez = A2 AKIZ KO RRF LT,

3. HEHBER
3.1 AL/ 2 Rim13 12&% Rim101 YEF S DRE

6 L DREEND, HfHINZIZRI 100 ng (2 pmol) DR
C Kl i 23554072, FERIZIITDICRITN 2 %
AL LT,

TaT A= —I2 KD N R DO AR E
L7=&Z A, SCTNDIIMSKLA &3t C& 7=, Zhixk
Rim101 DT /FERIFI D | FRIEF 5 534 D05 545 &—FL
7o LT2A3>C, Riml3 (2X% Riml101 O AIE, Lys

533 & Ser 534 DO T FRfEE ThHEHEE SIS (Fig.

3), iz, ZOEATNE N KR MIK T OESKE Lo
B S BAAR D ZE B2 ENBIEREIE R L TR B ED
2P RIEIUTUNE, 7RI Leu 530 & Gln 531 D ED
- 7= (Fig. 3)'2,

3. 2 HJLNA2 Rim13 [2&% Rim101 LNl S DRESE

Rim13 (Z&% Rim101 OUIErAIZ, Lys 533 & Ser 534
DOEDORTFRFES THLEHEES T, ZOUIH AT
RIPICEEREL TMe C ARSEIT T O N ARIHELS) Bk
ELTZLDOTHLN, 20O N KA EEEO YN a4 B 1
IRL72b D THDHZ LT T LB FEDTIEZR W, B2 I,
B ST OB RO N BAIIE H CLEMED RV N
Kz F5 5 TODH DD IEIRAYITTE > TOTZ AT REMERR
Rim13 (ZXHEIW D%, N KD 7/ B FER = %
RIFHE =R TR, ZHUTL> TRESNIZS
DDHPEREL TN ATREME T PEBR T& 720, 22T, 2
ARG R CThHDHZ 2R T 5728, Rim101 1)
WrEEM DS H N Rl o> C K Lys 533 THHZ
L% 7 eRrRN) 7> (anhydrotrypsin) 7 4 v — 2% f]
UWVTHRREL 72,

TreRBRIT L, R Y A R R B AT
&5 phenylmethylsulfonyl fluoride (PMSF) TIEfifi% ., 5@
WL TS 5281280 FEMEFLTHD Ser 195 785
% dehydroalanine (ZEHLL 71D THD, N7 ELT
DFRIETE 2 oo TR, N7 oo O B R %
JCBLC, C AN Lys £7213F Arg FE R Cho 2L I8
RANRTF RIS L gttt T TRl Z <9 (Fig. 4).
ZOZEERMALT, 774 =T 4 —HIKTHLT Tr—A
WZ7 eRue N7 oo REELIZE — XX, oo
RANTFROIBEWND C Kbl Lys £7213 Arg 7%
Frob O& R AT 5 B HOSR TS 1,

S ERELT YRR
520 3 550

TSLKPMWERSL MGk SOTNDIMSKLAIEEYD
T

BEE DTS T =,

Fig. 3. REL7= Rim101 YIMRANLEZ DITEEO TR
Fid ]

P |

) —

FoernrFLy |

T —

Fig. 4. N2 28 Lys F7213 Arg B AL D C Rl CH L R B2 YW 5DI1Zx L, 7 ER R 72 3 C RKids Lys
FIE Arg BRI TH L G RORT TR LB A 7~
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Rim101 YIMrEED %5 A7 AR D 5 Rim101 @
NR AL 722 7 2R L TET Rim101 25 e[ 4y
ZRERILT-, ZoRY RO T eRe N ST i —

IZHEA T DM, Riml01 Gl EM N & £NH0 S

D3ET TR AR IR LI EZ A N ARSI 53 e

DICEFENTNDIEZHER LT (Fig. 5), ZAUTKL T,
Ui & 5217 CovenaEA Riml01 (35 0o
7= (Fig. 5), ZOZ k1%, BIERSIZ N Kl v o7 &
rah) 7o o7 Ha—A~OREE B3R THAZ LR
L5,

DI, FREMEIZRT L TIRET A N2 D72 . T RIEITED
NI ZE B A8 A LT- Rim101 Z8 BARZERLL . 7 eR b
VT o T Ha—A~OfEGE R LT, £ DR R, Lys
533 % Ala [CEH#LL7- Rim101 Z8 544K (K533A) 14, BF4=
A Rim101 L[FEBRICHIIA ST 500D, 7o eRuh >
DT H A= ASDOFEEITRD B o7 (Fig. 5).o

TS, BIWTEER) N RGN T D> C RimikIk o 725
(ZEEDBDTHLZ AR T 2720, THIshDd N K
iR Fr &R — D12 A T 58I Rim101 28 8k %
TERIL , R DFRMT AT 72, Ser 534 ZA&IEaR &
#L7- Rim101 Z5 54K (S534stop) 1%, B4 Rim101 )

WIEE DT RIS D N Rl i &/ — D&z A 45,

Lys 533 % Ala |ZE #5231 Ser 534 24K (L&

input

WT '

K533A '

K533A S534stop

S534stop

[\

Full-length

L 7= Rim101 %8 B4k (K533A S534stop) I% Rim101
K533A Z BARGIMFEM O T IS LD N RS A &
— DGR TS, ZNHDOT L eRa F LT Ha—
ANDFEE ZBFTLIZEZ A, Rim101 S534stop 28 FAKIT
FEALIZOIZRL, Rim101 K533A S534stop 28 BARDRE
BIERDBNZeh -7 (Fig. 5),

PLEOFERIE, Rim101 BIWTEER) D N Riufflg o> C
KU Lys 533 THHIEAERL TS, C Kdmfdll i o
N KIiEAS Ser 534 THHIEEPFE T, Riml3 (LD
Rim101 O £L1T Lys 533 & Ser 534 D DT7F Rk
ETHHI LD MRS,

3. 3 Ui RDEFEICTS=VERERT S Rim101 &
EROUIBEHRTE

[FE LU L D% 3 73R A ThEnT 7=
CFEILICEHLL -0 Rim101 Z5 244K (N531A, Q532A,
K533A, S534A, C535A, T536A) % Rim101 KR BARERE
ML CTRILIZEZA, Q532A ZRILLIZMILD 22 H3
Rim101 KIEZE ML RIREDV T 7 AAF &S E 7R
L. Q532A ZEHARDRHBEREZ Ko CWVAZEN RS,
Rim101 [ZUIWE 2 5 & IR LSS T8, 2Dk
1% Q532A = BARN I 221 F 72 D& AR L CUND, T
AUTKL T 5 DDOZE FBARZAE AL T-fifal L, 1EH 7R
Rim101 238 AU ARRR & [FERD U T IA T i A 7=

Anhydrotrypsin-

bound

. FSLNQK SCTNDI
FSLNQA SCTNDI

FSLNQA 3%

‘ FSLNQK *

Processed

Fig. 5. Rim101 GIKED N K RIE A 137 ER N 72 ASREA L, TOFEEIE Lys 533 I[E1FT 5,
AII34S Rim101 Z2 84K T GIErEs AL i o7 X By &~ LTz,
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L. EWAHEEEZ L COAZE, T2 L IEF ISk
LT HTEDRES LI (Fig. 6) . SHIZ, in vivo (281
% Rim101 ZEEARD UMD F 2T = A ARIZ I F2ER
WAL T2 &2 A, Q532A 1T S FRD BALZen > 7= DI
R, o> 5 SO FRITIEF Riml01 RO T L
TPV AR AMEAFHY e B 23 8l a2 S 7= (Fig. 6) .
3. 4 Rim101 #A/)LyaS(ZEI1+5 L S EDES DR
Ak

Rim13-Rim101 FREITEE IR RAESIL TN D, i~
DOEFRE R IRE O Rim101 A/LY 82T, Rim101 GJH7 S
DJEDEFNNE DRRERFIINLTODERETLIZ, 17
FEOEEREE 2 O SKIRE THE L 72225, YIS ON K
Sl OFREL (P1 E#BAL) 1% 15 FEC Lys, 3 fiC Arg, 1 fT
Ser Td-7= (Fig. 7)., £z, IR D N Riffjod 2 AL
H (P2 ¥00) 1%, & COFEIZEBWT GIn TH-7= (Fig. 7).
SHIZ, YR O N ARG 5 7% B (PS D) 1%, 16 FET
Ser, 3 fli T Gly Th o7z, ZAUZKL T, BIWrRD C R
MNZIEE O ES IR EIIRR D B D72 (Fig. 7).
3. 5 Rim101 tI#FIZH1+5 P1 LD EE M

3. BITBIT AN, P1 1A Ala (ZEHL CTHEF
A Rim101 S[RIERICEIBIS LD 22 BBINIZL TVD,

LL7Z2i36, 3. 4 THBENCLIZESIZ, Riml01 A/vym
7 D% T HEIUTINT, P EALIXIEE A& A AL
TBRFRIE T Tz, T, PLERLO Lys &, BAMET R
JEETHD Asp (TEHLL THIWNZ KIT T EZ G,
Lys 533 % Asp (Z{EH#AL 7= Rim101 ZE 5K (K533D) @ in
vivo \ZRITHUIW O WA T A ARV R LIS
ZA, IR LT (Fig. 8), o, 2Dz L
E—HL T, Rim101 K533D & # /K% Rim101 KA HLB%
B CTREL Th, Rim101 KIEZE B L FEREOYF
U IAA RN R R L, K533D 28 BAR D REA k> T
WHZED RS- (Fig. 8),
3. 6 UIETIRFRIA DR CETE
GIBFC L > THITZICELD C RUMTHRY 357 FR
EFSLNQK ZHiJfUZ7 VX250 L, b= HlimiEzht
JRARTFRAZ ML TRER T 52 L TOIN R R AHT
&G, LUt X7 FRiFE%Z AV vz ELISA 12
BT S A~DOFRERAEE A DRI NI Do
9, Wi &2 1 7= B AR Rim101, & L<IZWIH7R Rim101
BRIRE PR T D7 = AX AL TIRYIW e & 784
HZEINTEIR ST (T —ZIFRL TR,

L

2 2

P3 P2 P

P Pzt PY

FSLNQK SCTNDI
138 8381

Es#

y

A

‘-“
-

pH

AAA AAA

LifF it FTOEE

A NN

4 5 4 8 4 8 4 B

Rim101 I

Fig. 6. BIWT RO I = @& #i2 A 5% Rim101 ZE2AEOGIETEM, F:EFA Riml01 & Rim101 28 2R 2ROk
O Li & AREHICRITA4ESE, T pH4.0 & pHS.0 [ZBITHIEH A Rim101 & Rim101 Z8 B RO KT,
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LIl =

S cerevisiae PNWEFSLNQK SCTNDI IMSK
Y. lipolitica ROMSVGVTQR AARTTNVEES
A nidulans RRYTGGTLQR ARPASRAASE
N crassa RRLSGGVLQS ARRAADEADR
C. lusitaniae NFGGVSNSQK SGQKLETEDT
D. haansenii EFGGVSNFQK SAKPLEEASS
L. elongisporus EYNGVSVYQK SGQKLDDVEP
C. parapsilosis EFNGVSVYQK AGQKLDDEDE
C. tropicalis EFNGISTYQK SAQPDSSDDE
C. albicans EFGGVSTYQK SAQSYEEDSS
C. glabrata TYDTFSTNQK SCADEEEETY
K lactis YSNNYSLHQR TALLDAEANE
S bayanus PNWEFSLNQK SCTNDIIMSK
S. mikatae PNWEFSLNQK SCTNDIILSK
S paradoxus PNWEFSLNQK SCTNDI IMNK
S castelli NMAGFSTIQK NNGSVEEAMN
A gossypii ARNSYSLNQK ASLNEELCEN
K waltii RTNAFSLHQK NSGSLQEDQN
S kluyveri GGHMFSVHQK NNGTAAASTE

Fig. 7. T4 OEFEIZHITS Rim101 /v 1 O s E D FEA O b

1E

s

h

3

Rim1014]

LFETOER

Fig. 8. Rim13 |Z&% Rim101 YIWHZI517 % P1 FAZO BN, | :pH 4.0 & pH8.0 (Z351T 5 EF 4R Rim101 & Rim101
K533D ZZBAKOYIWT, T : B4 Rim101 & Rim101 K533D £ B{K%FF ok Li G ARHICBIT 245,
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3.7 UIim C KRGBIESIZERM D U2 /XU ED
FRLERFHI EEHRL - Rim101 ZEAD YIWEMER
iE

3. 412F1F5 Riml01 ALY aZ O, Rim101
GO N RGBS E LRI RO B0
23l C ARSI SO ES IR IR O Diieh o
7= F7=. 3. 3IZB1F% Rim101 B AL C Kbl 3 73/
RIS LD T 7 =BT, WT b IR A 52 78
Doty ZIHDOZENE, Riml01 SISO C RuMIx
Rim13 (Z XD YW E e LS O HIBRAMEE N AT HEME
NHBZHND, bLEITHHIRD, 2Oy % BEm O Bl
Zo O YSES EERH S D8Ik T, ZnbnX
NS DU R BEUAZ R HL T Rim101 4]
WrPER A A 3 2 8D BRI H CED ATREMED B
% (Fig. 9),

PGAMS (phosphoglycerate mutase 5)1ZINa RUTH
WS JSTET AT O T AL RAT 72— T, Ihar RUT O
EEISE LU TUREBRR A THIWEN D Z LB B
IZENTVD Y, G X THITAEL D N RIES 1%
NH,-AVAVGKPR---CHV, ZD N Kz Fe A iRk
HHENESN TS P (Fig. 9), 7I0AR B XL _0'E

Zn-finger

(A BT IWINA—IFORRIEFE T HE NBEOHERK
f53CL A B RIEERZ 78 (APP) DU &5 52 &
TREAESND, B-E7LH—VICLAUIMTCAELD AB D
N K112 NH,-DAEFRHDSGYEVHHQK---THY . =
D N Kz R ROICRET MR SEO L Tns 1Y
(Fig. 9),

ZZC. Rim101 BIWr D C Rl 4 7/ ek (Ser
534, Cys 535, Thr 536, Asn 537) ., LI 3 7 /iRt
Ser 534, Cys 535, Thr 536) %, ZAUH2FFHD G &%
IEENENOUIMIR C RO Y EH @ L7
—iH Riml101 Z85{K (S534A C535V T536A N537V:
AVAV, S534A C535V T536A:AVA, S534D C535A T536E
N537F:DAEF, S534D C535A T536E:DAE) % Rim101 /X
BERBERMIECRIALIZEZA, VT U LA UM,
['1E# 71 > AVA > AVAV >DAE >DAEF > R 5 | D
NECdH~7= (F—ZIRL TR, BT, in vive 128
1% Rim101 ZEBARDO YN DA A7 = 22 ARIZED IR
T2 A VF T LAF Vil E— R LT BIWi5h =R, &
2B AVA ZEFITIEFANTW I | AVAV 132U
W YW % . DAE 2 BRI 2RO Z 7~ L7 (Fig.
10),

Ui EAUA

PGAM5
FTEAARBAVINVE

: NH,-AVAVGKPR---
: NH,-DAEFRHDSGYEVHHQK---

Fig. 9. GIWr s C RomUBLHIZRE O U 2> /37 B ORI S BLF I LE A4 52 81280 BEFO G RETAZ AL

THIWEM R 95

vec WT AVAV AVAV AVA AVA DAE DAE

pH 4 8 4 8 4 8 4 8 4 8 4 8 4 8 4 8

— — — e

T T ———
Fig. 10. G175 C KIRMIES% PGAMS E7I0AR B 40 /7B OAH 4 Bl 51| & B H#L 7= Rim101 25 B R0 GBS MR i

-33 -



4. & B

BN ED, TabZ AT RN A THDIINN 7 A
> 7,/Riml3 Ay al OAIEYIR RN, 2 TO4E
WFdZ B TR TR ES T,

G L7z G0 s S e 12 F 2 OEE O Rim101 AV
yag LR L2 A P EALITIEEAE OFRIZIBUWNT
RN T sk gL P2 ERAAIT A TOFEIZIBUNT Gln,

P5 $BALIE Ser  L<IE Gly Th-7= (Fig. 7). ZAUTHKL T,

Gl C RIHANZIZm O EANRAFIEIIFR O e
o7 (Fig. 7). 1ZEAEDORIZB W THEENMET I Rk L
Toho7z Pl EALAFRIET I FEFR I ChD Asp IZiEHAL
7o eZA, Ul 2GR b 7257 (Fig. 7), ZOZ&
%P1 AN ENE T U BRIR L CTHDHTED N, HDNIE
DI EHERMET L BRFRFL T/ A3, Riml3 (2X5Y)
WriZBWTEHETHLIZLEZRLTWD, £, UIET RO
N K] 3 7 (P3~P1 #7) & C Al 3 5%HE (P~
P3 ) AR Ala (S B L7228 BAR DY) W2 34T
L7225 P2 BRALO Gin Z{EHRLIZGA IO R YIETH
572720 P2 FNL/N Gin THHZ LA Rim13 12X 5HY)
W Z BB THDHZEMNBAB)NI 272 (Fig. 6) ., ZAUIKL
T, PS5 #EAY Ser HLLIE Gly THHZENEIWHI KIET
WIS DEZARHITHY , 5% BETSNDLE DD
Do

TN o DILE R BN T, P BRI ST
BN ENDME N D HDT LT, AR E R LA

ICBWTHOIESNIZZEnHD D, £, 22 THLM
IZL7ZGln LT —E LW o0 | FERERIEICBITS P2
AL OBEEMELHAESN TS D, UL, /S A4
AT H T A7 A B LT VoS O HE R Bk
B9 2GICEAFERIREITIC L AL ZO/AIT S 9E 2
SN TWRRITIZEEE TRV EbLIESh TRy 19 &5
ICHEERWRF D LETHAD, Riml01 A /vy ar o
Lol BT C ARERRIELAS NI % 3% Rim13 O %RpH
PEIXR<RNZENRIBS T, Fo, RAT6DDTF7=
VEHAAR Rim101 DN, 5O EF Y& 321 Qb
EMB, Riml3 (2855 Rim101 OYIWTIE, P1, P2 #BAraks
W CIREIIET S5 O 7 X RSNkt DA A7 s i<
IF2RNZEL BN 5T, DT 8L, MR AL
NAVDIERFENEDN | RN TNL DD BN I
T, UM RO T RS L0 Te L AT RGEEE DR AA

UAEIEOBLE /2 E TIRESN TN D EV)HEE—EKL T
WD 1 ARRIFZEC RS PL, P2 SIS 3 DU
O EVMELEE, PS SR SR, 1]
A2 7,/ Rim13 AV a 7\ R O Th 5 ATREMED B
ZHN5,

AWFFE I, FEL 72O R o F 4 seic, YIEnicky
BIZAELD C Kk ot h—7" 3 2 YIWmER BTk
ORI T, LNLRNS, Bbnizhiikix, ~7F
RPUEE FAV - ELISA (2B CHIHT S A~ORE RS &
DHERSAIIZITH DD 0BT FE7e 35 Rim101 Bz
Wy T AL AL TIERE T 22 ENTERD o7, Ml
BHPIIFAET DH L DL N Ko7 & F Ak
ﬂkﬁfﬁ%x T TWDDIZHRL, RESGDZ L NIED C K

IIIFEEMOFEZ SN TNDEZZLNHD T, —fi%
(ZH 3 E D C R IHURMEDMERN LW G D30 H D

DBEIRV, WAL T, B COIWNZ M35
FFIEFROMESTIE, 7°m1\5747°ﬁ'17311//<4"/0>73/1/°/r7A
R DI E ARG T D720 IR ZEDTER
WAT > S ThHD T, P72 )7 15 %F%ﬁ%é?‘é s
HICAFZE A D T2,

ERHNH— DD LXK, YOI LS THZIZAELD N
KIGZ T 2DPURE TR T 2L THDHA, @V VR RS
BURMEZAR 2 - O R BTS2 LI TLHEA
S I, 22 H7IEEL T, BEICE - BT
R BHURDEAEL COD U2 7B OB N AL
FllZ Rim101 OFYE AT 52828, ZhbnX
VN DU R R UAZ AL T Riml101 4]
WiPE AR N9 D2 LA LT (Fig. 9), ERio XNz,
Rim13 (Z&% Rim101 OB, BIWT A C Rimflo T/
FAECHNZ k9 DARAFED @I | ORI D 4 73
JEEFRFEEL LT 3 TR PGAMS £ AR B
BUNRTBEDENENOHYEANEERLT-LZA,
PGAMS O 3 73 /BRFk L L B AL 7= 28 FARHSIE 5 A 2
ORI REZ R, PGAMS O 4 73 RS L
BT B RPN ZAUTIRS B2 R LTz 2B D
PR EARZE - O R EIEI A 2 Th D, PGAMS O
IR B AOHTAZ O TR RO A D TD,

AN AT BN DRBUEEL TR Z o G A G
P DAL (FRhE) 38 L AT FROT /[ 7 & Rk
W OB BB e % 55 BT QD2 EN <D A
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HITND Y, LS 2MSIE 14 FEED IV AV hia
—RENTWDR, BROBRIZEID DL A DT
IWTHLHPZHOWTUL, T LHHAL TR, ZhvE
TIHTEELTRIEEDSZ NI, 1 ENIA 21T
DUNTHRAT IS ED HIL TN, B SA T 73 —(T
BT HMD S FREDE GIZHOWNWTHHRFESNLRET
HAHH, KWFFED*RIG:ThhsH Riml3 L2 DOWFFLIAA /LY a
TCHDHNINAY TN DN DT aR AT ELT
YA P D Rl e S T i 15 7 [ P QY N
DHIRFSND, ARFZETHOLMMICLIZARIL, Zhb 7 ahk
BATRITI N3 D in vitro TEVERE LD BRF I EHEC
FEOO R TH D, ML LTI ERIEEE FHWC, 7'm
RNEATIITI V23 L D TII 7 WSRYEN R B B %
RETT LI B E ORISR R A BT T 528
PTEIUR, IS, 7 70— 2l U7 i B
FRBAZDIRINDTIEAD, ZOZETESIT, TR ETRERG
HINZD HENNTEIZBR DAL T 1EL | ESHIZR WS
D, BHONIESHITH LW D ET D720 O FEpE N R a4
I 2L O THLENFIND,

5. SHEOFEE

AWFFE TR LT PGAMS YIKAZ M Rim101 &
PGAMS YIWriihs SEPTIRE 2 V= in vitro TEVERIE
DRI B BN DD, Tz, EHITERE TUIWE MR
32RO B EENDHDO T, YKL ->T
BIAECD N Rk 25U A TR T 22 b 5] &
ETWN AN

R U AR H A2 LN TR e o720, g
FHVNZ Rim13 EHVoSA2 T D in vitro 72 A REHREST
L7200, Riml13 (3RS, ZORHIEA VY s Thd
AANSA T ITHFSEEE RIS, Wbz
DNA Hifiz AV CEA LR 04 7 % L Ol
FTAHZENAEETH D, ZIOD IS, LT RY — A
i B b LITMEE ECisttE T e 7 — B EA KRR
T HIETIEMALINDEE Z BN TNDLD T, HHD
R IR 2 7 B AT 528 T EE
WEIERL TODE Gy D AHEREHA DT EH AT, K7
N LD BAE A AEMIC VLB THA A RENEL B 2 B
07T, FETEMEAIZ TRT 5260, FE T /T2 0%
T DL LT LR, VA AEH DN

ELISA V£41E H L TS e UIWrE 2 m s B L R T
LYo T8 T T AV AD RS SAE O kA A
D, ENERANTINST BN AT TN IRA L DTN
7 LM T DI B MEE B BT LT, 2SO fET
ZIBU T, H&&H72 B B TH OIS B ORISR B O ff
BRIZIED TV,
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No. 11D2-13D2

An Analysis of the Calcium- and Salt-Dependence of Prototypical Calpains

Tatsuya Maeda

Institute of Molecular and Cellular Biosciences, The University of Tokyo

Summary
Calpains are typical metalloenzymes, which are originally identified as calcium-activated neutral proteases.
They are key players of calcium signaling in living organisms, and thus are involved in various basic cellular
functions, such as cell division, cellular movement, and cell death. On the other hand, during the course of meat
aging, they contribute to meat tenderization and release of taste components including peptides and amino acids by
degrading muscle proteins.

The mammalian genome encodes 14 members of calpains. Among which, calpain-7 is thought to be a
prototype, as it is most widely conserved even to yeast and fungi. The yeast ortholog Rim13 contributes to the
salt- and alkaline-tolerance of yeast, by being activated in response to salt and alkaline stresses, and proteolysing
and thereby activating its target substrate, the transcription factor Rim101. The calcium- and salt-responsiveness
of these prototypical calpains are, however, poorly characterized, mainly because only limited biochemical
research tools are available.

In this study, we have identified the Rim101 cleavage site by Rim13 as a peptide bond between Lys 533 and
Ser 534. By comparing the peptide sequences around the cleavage sites of Rim101 orthologs from various fungal
species, we found that the P1 residues are mostly Lys or Arg, the P2 residues are exclusively Gln, and the P5
residues are Ser or Gly. On the other hand, the sequences are poorly conserved at the C-terminal side of the
cleavage site. When the well-conserved P1 residue Lys 533 was mutated to acidic Asp, or the P2 residue Gln 532
to Ala, the cleavage was inhibited. In contrast, when each of the C-terminal three residues was mutated to Ala,
the cleavage was unaffected. Replacing the C-terminal three or four consecutive residues were replaced with
those from PGAMS, whose cleavage is able to be monitored by the cleavage-specific antibody, the cleavage was
almost normal.

From this study, a physiological cleavage site by a calpain-7/Rim13 ortholog was firmly determined for the
first time in any organisms. It was also shown that the identity of the P1 and P2 residues is crucial for the
substrate recognition by Rim13. Methodology to detect the Rim101 proteolytic cleavage by Rim13 with high

sensitivity is being constructed.
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Figure 1. Reaction scheme of polyphenol oxidase.
Oxidation of polyphenol is coupled with reduction of
dioxygen. The quinones formed polymerize each other,

producing dark colored pigments.
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Trebbh, ES T IEEL CQUORWEESREZ Eoo T
L. 20 site A IZHT 23— 3EE LTk B ESo, site A

Activity (pU)

1 —
0o 20 40 60 80 100

Catechol (mM)
Figure 2. Polyphenol oxidase (PPO) activity was plotted as
a function of catechol concentration. The assay was carried
out at pH 5.0 and 30°C. Activity increased with catechol
concentrations up to 1 mM, after which it decreased and
then reached a plateau value of 1.77 pU at 100 mM
catechol. The expanded figure of catechol concentrations
from 0 to 1 mM is displayed in the inset. The curve was

drawn using parameters shown in Table 1.

P P
Tkp Takp
Eoo ESo ESS

Figure 3. Reaction scheme for substrate inhibition of
polyphenol oxidase (PPO). EXY denotes a PPO molecule
occupied by X and Y at the first (site A) and the second
(site B) catechol- binding site, respectively, where S

indicates substrate and o represents an unoccupied site.
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(A) 80+ = 0mM NaCl
O 05 mM NaCl
® 5mM NaCl
O 10 mM NaCl

~—
=
o
2
=
5 —8
<

o 1 2 3 4 5 98 100
Catechol (mM)

=

B 0 mM NaBr
O 0.5 mM NaBr
® 5 mM NaBr
© 10 mM NaBr
~
=
o
2
> T
Q
<
0 1 2 3 4 5 98 100
Catechol (mM)
(C) s,
B 0 mM Nal
O 0.5 mM Nal
® 5mM Nal
O 10 mM Nal
£
S
>
b
s
B = A * Le]
<
0 1 2 3 4 5 98 100

Catechol (mM)

Figure 4. Polyphenol oxidase (PPO) activity plotted as a
function of catechol concentration in the presence of NaCl
(A), NaBr (B), or Nal (C). The halide concentrations are 0
(black squares), 0.5 (white squares), 5 (black circles), and
10 mM (white circles). Activity was normalized to the
respective theoretical V., values shown in Table 2. Curves
were drawn using the parameters shown in Table 2.

Table 1. Estimation of polyphenol oxidase (PPO) substrate inhibition parameters determined by enzyme activity as a

function of catechol concentration.”

Vinax (U) K (mM) Ky (mM)

o R™

7.56 +£0.34 0.49 +0.05 5.67+0.75

0.20+0.01

“Figures represent the estimated value + standard error.

PR represents the correlation coefficient between experimentally determined activity and that estimated.
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Figure 5. Scheme of the catechol reaction model and halide
inhibition of polyphenol oxidase (PPO). Nomenclature is
the same as that used in Fig. 3. In this scheme, H denotes
halide. Kj; and Ky, indicate dissociation constants, which
are expressed as K = [Eoo][H]/[EoH] and K, =
[ESo][H)/[ESH]. Sis aratio relative to the turnover number

for the reaction from ESo to Eoo and P.

Table 2. Estimation of the polyphenol oxidase (PPO) parameters for halide and substrate inhibition determined by enzyme

activity as a function of catechol concentration.”

Vinax (LU) K (mM) Ky (mM) o
NaCl 6.07 + 0.20 0.37+0.03 6.20 + 0.87 0.27 +0.01
NaBr 8.48 +0.34 0.43 + 0.04 8.82+1.79 0.24 +0.02
Nal 8.54+0.19 0.43 +0.02 7.42+0.73 0.25+0.01
Ky (mM) Kipy (mM) B R™
NaCl 3.20 +0.46 23.46 + 13.27 0.23+0.21 0.996
NaBr 2344042 440+ 1.14 0.52 +0.03 0.996
Nal 5.34+0.70 1.97+0.14 0.13+0.01 0.999

“Figures represent the estimated value = standard error.

PR represents the correlation coefficient.
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Table 3. Calculation of dissociation constant, Kg,, from the estimated parameters in Table 2.9

Ksh (mM)

NaCl
2.71+1.60

NaBr
0.81+0.27

Nal
0.16 £0.02

Figures represent the estimated value + standard error
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Figure 6. Polyphenol oxidase (PPO) activity plotted as a function of pH in the presence of NaF(a), NaCl(b), NaBr (c), and

Nal (d).

triangles).
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Figure 7. Line-fitting using Origin software. Data from

Figure 1 at catechol concentrations below 1 mM, where
there is no substrate inhibition, was used. The kinetic
parameters were estimated using equation for competitive

inhibition.

300
-Kic
N 200
1004 )

0.02 0.04 0.06 0.08 01

[kojic acid]

Figure 8. Dixon plot for the competitive inhibition of kojic
acid. The x-coordinate where all straight lines converge is

taken as —Kj.. The K. value is estimated at 0.01 mM.

Table 4. Estimation of kinetic parameters for kojic acid inhibition determined from the enzyme activity as a function of

catechol concentration

Vmax, nU

K, mM

0.018 0.26

0.011

- 45 -



A 0.1 5
Oé —V
0.1
8 ]
2 -0.2
S ]
= -0.3 4
-0.4 4
'0-5:””\‘ B R AR LR RS LERRN AR R
-5 0 5 10 15 20 25 30 35 40
Time (min)
B 0
BB BB
1]
=
.2
‘g 4
& 27
£
=]
E 3
Ei
=
4
S5 L

0 02 04 06 08 1

Molar Ratio
Figure 9. Isothermal titration calorimetry measurements at
25°C of 200 puM polyphenol oxidase and kojic acid
interaction. In (a), the heat in pcal/ sec for each injection of
ligand is shown while (b) shows the plot of enthalpy
(kcal/mol) versus the PPO-kojic acid molar ratio. The
values for the binding constant (K), enthalpy (AH), and
entropy (AS) are stated in the inset of (b).
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Figure 10. Isothermal titration calorimetry measurements at
25°C of 200 pM polyphenol oxidase and kojic acid
interaction, in the presence of 10 mM NaCl in the
carried out

macromolecule. The experiment was

following the same procedure for Figure 3.
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VWV ZOVTRIZIERIED NaCl(4 mM) ZhNz 58, g
MBI T, FRRIEIT 12.95Hz E%0 ORI B
M= (e),

ARV TIL, 7oAt A Balo LxJ0E PPO 23
FAET HLIE B OIRRAL I EBIIS Iz, PPO & NaF 237
FET DD F NMR AT MV DR FERIFEDO R E D
5F A4 1L PPO & NMR O timescale ClEVVAZHAAZ LT
WAZENBHBIN 25T, LT=23> T, PPO 1#7E F CTlis
B ECT-DIZ FAAL D H A LU TOHEAm)IE
lpotelzdE 2 HN5, ZZ TS U= #iiE D284k
VLR NSWE D TH 7203, ZIULZ DA A& PPO
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Figure 11. Isothermal titration calorimetry measurements at 25°C of 100 uM polyphenol oxidase in the absence

(left) and the presence of 5 mM ascorbic acid. The titration was undertaken for the solution buffered at pH 5.0 by 20 mM

phosphate-citrate buffer.

3.0 28 26 24 22 2.0

Figure 12. "’F NMR spectra of NaF. The spectra shown
was obtained from a solution containing a, 200 uM NaF; b,
400 pM NaF and 200 uM PPO, and c, 400 uM NaF, 200
uM PPO and 4 mM NacCl.

EOMAAERDNNENZEZREBL THDHDEE X B
Too N AAT D PPO LD FREEER (Ky) 235X
mM LR REIREZRL CNDIEIE, ZOFE 2% X FF
LCW5, F7-, KiFID NaCl 202 CTh ., SREOR 1E
DIRVIRERIRE D TH -T2 D, Cl A4 OFEAIE
F AF ATV D EB 2 LT,
(2) STD-NMR IZ&BHEELE PPO OEEERA

PPO (100 pM) &7 % (10 mM) %58 T %% (100 mM
UL EERE R, pH 7.0, F/KIEHK) @ 1D 'H NMR A7k
V7% Figure 13 (ZRULT, U VO 7 w3, Hyy Hp)
Hy W ZNZ UL 7 8.0, 6.5, 5.1 ppm DALEIZT
— 7l 7 F N ELUTELNTZ, PPO IZLDY 7 viE Ak
270 0.8 05 4 ppm (20N THRIAWS 7TV ELTH
N, 72355, 3205 4.8 ppm [ZHND Y v—T T2 7))L
IR L L CE ENDREIC LD EE 2 Hiiz, PPOIZLD
T FF0.8 ppm DALIEIZAT VT b P —27 L LT
b, Zo7abr 2R UNIc B 452122
(on-resonance ) , X h@ — L L TDHD AT k)L
(off-resonance) I&, PPO 2ME 5% 5-2 72\ -2 ppm DAL E
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Figure 14B (2 1 mM PPO & 20 mM =17 Vg% & iR
D STD-NMR A7 kL% L7 (Figure 14A %
off-resonance A7 kL% ~9), STD-NMR A~_XJKL T
T PBOT RTO H OfFFHBLESNIZIEND
PPO (2o EIEATHIEERLTND, 728, AT
> (H(c)) DA Bid, BRIEIN NS E T2 DICFEART L
DIEMEIZAELN TN, BADOHAIZEILTNDHIE
ISAE SIRE NI PEEOMO H L0H/ NS> TWDh
DEEZBNDHEZ, AT Ly HIZauPBomo H O 2
(EAEAET D780 ARDTRES 2 f5L705Z b B EITA
NHE, ZOAF LT abhy OFEBPEN KENZ LA 7RI
THLOTHY, ATVEED PPO ~DFEAH6 BERDE Sy
FHELTELTWAZEERL TN EE 2L,

Figure 15B (2 1 uM PPO (ZxL T2 g (20 mM) &7
72— L (10 mM) . NaCl (20 mM) % & T IR K O
STD-NMR A ~ 7 k)L % 7x L 7= ( Figure 15A %
off-resonance A7 L% 7x9), STD-NMR AT MUIZ
X PBRDIENNCH T a— DT AL DIE 5 HEL
£251(6.8 75 6.9 ppm) , BT 2— /L LAy PEED I H
mPPO (ZHE AT DI EN RSN, FLIDARTNLDR
H— 1%, NaClFE(FAE F72H NI NaCLIRFEDS 100 mM &
72 THEALDFRO BRI -T2,

S on-resonance
(b)
(a) off-resonance
T T T T T T T
9 7 5 3 1 -1 -2
' Chemical shift (ppm) *

Figure 13. 1D '"HNMR spectra of 0.1 mM PPO and 10
mM kojic acid in pH 7.0 phosphate buffer (0.1 M
phosphate buffer in 100% D,0). The relative degree of
saturation of individual protons of kojic acid is mapped into
the structure. PPO resonances show intensity at around 0.8
ppm. This region was irradiated to take the on-resonance
spectrum. Off-resonance spectrum was recorded by

irradiation at -2.0 ppm.
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Figure 14. Reference "H NMR of 1 pM mPPO with 20 mM
kojic acid (A) and its corresponding STD-NMR spectrum

(B).
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Figure 15. Reference 'H NMR of 1 uM mPPO with 20
mM kojic acid, 10 mM catechol, and 20 mM NaCl (A) and
its corresponding STD-NMR spectra (B). The addition of
chloride did not change the NMR spectrum.
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FANPIEAET HI LDV L Tz, Q& DT (site
A) THY, ©— I FEL (site B) ThHD, ZD72D,
PPO (IhTa— /VIBENE WA ITEERIEMEIC LT
PHERICEI=, ALY Bﬂi%%l%ﬁﬂ“ PPO DiEMEITAN
a7 AEIAF NIV AEC D, ZOE | PPO OFERR
EORENWADTHIEND, /\H&Atﬁi‘%%ﬁ/ D
P, site B ~DO o A4 A4 OfEATELDE
fEamtH DD, BERIEEATRIEE Uz, SR 7 fdT
DI ANBFALIAF D site B ~DFEA 1T, site A
s A PR O IYRRY S s 13 Sihate ae oY gVl

—JF e A AANZED PPO TEMEDOLEIX
1K pH I CBAE IZHLN QW TR O T pH
Il pKa ZFF2>H D EL T His 2301 Hivs, His DAIF
VNV IITHEA LT H'O pKa 1% 6.04 THY, ZOfELD
K pH TlEIAIF Y — VT HYEL QD EB 2 B,

T7ph  PPO DIEMEHNALIZIZ 2 DD Cu A A2k,
ENEN3ED His HEPFEEL TQNDBEEZLILTND,

L7253, pH BT 512660 His 1 HAEL T Cu A
I LDFEE OIS D EHEESILD,

YL bEEEEZ DE AL A 28D PPO 15
DOFREX, Figure 17 DIHIZELDDHIELNTED, 720
B, pH O FIZEENZENL L7257 Cu BOATEISRTL TN
27 AIAT U BREE L BERIEMAPLE T 5B 256
1% (Figure 17(A)) . — 5 WHEH AT a— b2 E78-
7o Cule T BRI THE A L BERTE D EZ1TO DO TH
%% (Figure 17(B), F$#5I3A<EH),

Catechol

(Y
_/

Site B
(Inhibitory site)

PPO

Site A
(Active site)

Figure 16. Illustration of the catechol reaction model and
halide inhibition of polyphenol oxidase (PPO). Catechol
and halides compete with site B, both of which inhibit
oxidase activity of PPO.

. . HisH* )

(A) His His X(site B) His
His — Cu Cu —His =—» His —Cu Cu —His

His His
B)

His. His
His — Cu Cu —His

His IIIII His

Figure 17. Proposed binding of halide and catechol to site B of PPO. Halide binds most effectively under acidic conditions

where a histidine bound to copper at the active site is protonated and detaches (A).

different site proximate to the halide binding site (B).

Catechol also binds to site B but at a
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Summary

Polyphenol oxidase (PPO) is the enzyme that catalyzes the oxidation of polyphenol to quinone. PPO’s
physiological significance has not been yet definite. It produces the coloring that is beneficial for food
products such as coffee and tea. On the other hand, it is also the enzyme that causes the discoloration in
fruits and vegetables when damaged during shipping, storage, as well as other manufacturing processes.
Therefore, the regulation of PPO activity is an important study in the food industry.

In our research using mushroom PPO and catechol as a substrate, the reaction rate was decreased in the
presence of higher levels of substrate. In addition, halides inhibited PPO activity at lower concentration
range of catechol, where substrate inhibition was not perceived, whereas halides inhibited the activity at a
lower level in the presence of higher levels of catechol. These findings lead us to propose the existence of a
second binding site for catechol in addition to the substrate-binding active site (site A). Substrate binding to
this second site (site B) causes the inhibition of the enzyme’s activity. Further, chloride binds to site B and
can also cause enzyme inhibition. Our mathematical model that take into account the binding sites steadily
followed the measured activity, confirming the justification of the model.

Kojic acid, a competitive inhibitor of the enzyme was used to explore the binding of substrate to PPO.
Isothermal titration calorimetry (ITC) and saturation transfer difference (STD) spectrometry were
undertaken to probe the binding mode. These measurements indicated that although kojic acid binds to
PPO, halides did not affect the binding strength of kojic acid.

Active site of PPO is composed by a dicopper site with each copper bound by three His residues.
When we abbreviate the site as [Cu(l);] and [Cu(Il),] depending on the oxidation state of Cu, the enzyme
reaction is proposed to proceed in such a way that [Cu(Il);] oxidize catechol to produce [Cu(I);] and
quinone (step 1), dioxygen oxidize [Cu(I),] to produce [Cu(Il);] and peroxide ions (step2), and then the
peroxide oxidize catechol, leaving [Cu(Il);]. Based on a HSAB principle, which indicates Cu(Il)
preferentially binds to F', while Cu(I) does to I, it is most likely that F~ binds [Cu(II),] and inhibits step 1. T
ion, on the other hand, binds [Cu(I),] and interfere with the process of step 2. The findings that inhibition
PPO activity was most severe for F~ followed by I with similar inhibitory effect of CI" and Br and that ITC
experiment showed I” bind PPO at the reduced form alone support the inhibitory model.
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