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B1E Fa

11 IICBHIZ

B (Fe) 1T X T—ER~NAF I H—F, v horu—LA, FeliithZ /0B &
TARERRCMERIC B D 2 BE R X VNV EEERT 208 TH V| EEWY) O VIECHE
Th b, Fe ITHEROHE RIZZ < EENDILHED—DTH DA, FiHEHL & DOfE{bAY
IREBRBECITR BRI S 72 Fe D 9 B < MAKICHEEE M7 Fe(OH)s £ 7213 Fex0s 72 &
DIRRETHAE L TV D, T D7, @i O 13 pH 2B W T Fe(lINEIE & A E/KICHESFE
w7, BEF ORI Fe OREIINMD EFICEBTT HIIEIAR+oTHD, £ T,
BRI 3R D Fe DRI T 5 72 D Fe B 2 R ESEC& T, 2D
Fe JE15HEAME 213 Fe(lll) L — % — (Ferric Iron Chelator, FIC) 28 K& <Bd5H LT3,
Fio, EEFDENICENT Fe ITEF B LOEE 28 U TIHXE I TWD A, BEN
2l 79 HAE WL O pH 1% 5.5~6.0 DFSIRME, BRE PN 2Nl 72 I ERE O pH 1% 8.0 D85 T
AHUETHY ., ZNB0 pHIZEIT D Fe(lI)DIEMREITIET IRV, £ 2T, mikhl
WRINIZE T D Fe(N) DIEREVEZ 7] E X572, Fe(ll) Dtz b FIC 23> T
HEZBEZBND,

ZOXIIT, REMEMICBIT S Fe ORFBAFITIZIFIC AKRELELELTEY, Fe i
5% < OAFRIIEREZ R 51213 FIC 2 LS00 % Bl s AR T K
Thb, LU, ERD FIC SHHEIITEEDOIKRE R FIC OF T 25 F L — MMERERRE
(ZZTIEFe(li)F L — MAEE T %) 1TxFT DR OBIRM: O K an7p £ OB SR 8 -
oo RETIE, AFEOEFE U TESMEMIZ LD Fe(lll)ESHECHENR D FIC 434k
[ZOWTHEIRL L. ABFZED B ZFE LT,

B, RSB ONFITE THLRBRICB W T T2 RO E TH 5,



1.2 BEEMIZBIT5 Fe DRI & ik

TP ORGSR, EHR, VU U EOMEITCRITLEERY ORI SIS =,
B 2@ U CH B~ S 415, Fe lddi (Cu) o~ (Mn), €Y 77~ (Mo)
LA A TSR O 4 F W E DB RO D TH Y | Fe(I)IXE T DS, Fe(Il)iX
BFOZEEITO Z & THEERNIZB T DBELIRETTSOEDHENF L 72> TV D, E I
Y O EE (B, ) ICEENLERETITON DD, A RKOIAEFSOS Tl
VhIu— AR Fe il Y VR EIRE Fe kB DX NI EPNEL D, £z
HAROFETHDL 7 ma 7 A VOAERKIZE Fe BDUETH LT, mEMY O EE

TR D Fe B LT 5, Fe lIHBRIZEHEND LHEDOHP TAERHIIZ VW ILETH
LD, THEPOIZEAED Fe 13KIZERR 7 Fe(OH)s 7213 Fe03 DI TIEET H 2 &
P IEE O THE pH IZB W CKICEM L T 5 Fe OIREIIMEM O TR 2 EFDT-H

IR+ Ths,

YT TR O Fe 2 20RANTRINT 572012 2 D0 Fe B A ZEIET
72, —oOHIZ. A REHEW R Strategy-1 TH D (Fig. 1-1A) . FEA FEHED 1TAR
M5 Fe(ll) ¥ L — 4 — (Ferric Iron Chelator, FIC) ®—>T®H 5 7 = / — /LD R % 53k
L 3R O EEANE Fe(I) % AR 9% (Rémheld and Marschner, 1983), Z D7 = / —/L
MOfRE LTI 7T e MIT 70N 7 oA W72 ER STV 5 (Yoshinoetal., 1998,
Jinetal., 2007, Ishimaru etal., 2011) , RI¥&{k L 7= Fe(1l)-FIC $&{(Ka 5 H @ Fe(ll)iE Fe(lll)
PERIE TR IZ L o T Fe(I) T S iz, Fe(I) A A R T AR —F —% 18 U TR
N~V IAEN S (Fig 1-1A), Fe(lN$ERE TR B F L LTI v XF X

(Arabidopsisthaliana) &> K7~ A (Pisumsativum) 7> AtFRO1 & PsFRO2 73 % 41
ZIIRE 4TV % (Robinson et al., 1999, Waters et al., 2002), Fe(ll)-f 4> k7 > AR
— X —BE T L LTIy rA XFXF 05 AIRTL 23 [EE 4T 5 (Eideetal., 1996)

—7J7 Strategy-ll % Ff>A X BHEMIL, Fe RZIZEEL TIRM S FIC D—D2>ThDHAF
R (MAS) %43 /bbfi%%tlﬂ@%@(@éFe(lll)é‘:i(@{b#é (Fig. 1-1B) , A% B3
IFIELZ BT I VB THY | 1976 124 1 (Oriza sativa L.) B LU= /N7

(Avenasativa L.) OARVEFIRFIZIFAET D Fe Al bWE & L C Takagi (2L 0 BRI
7= (Takagi, 1976), BIfEE TICA X R L L CAX KRR, 2°-T 4 F ¥ AX 1 [E (DMA,
Fig.1-2B), 3-t Ra ¥ v AX g, 7_X=UfE, 3-=tt Fadx v AFXRER Sikx /e
W DY ELEE - [ € STV 5 (Nomoto et al., 1981, Takemoto et al., 1978, Nomoto et al., 1979,



Fushiya et al., 1981, Iwashita etal., 1981), F7z, 3-t REF-2-F 4 F T AF K[, 2'-
bR 7 R VBRI I > THITRICRE SN A R TH S (Uenoetal.,
2007) , AFRBEFEADORMN O D53 v T LV AR—4 — & LTHA LT D HVTOML A3 [FA
EINTWD (Nozoeetal,,2011), Z D KT 2V AR—F — %R TR O3 S LT L X
FEAFE AR O HERE Fe(ll) & Fe(lI)-MAs $5(KZ 25k L. Fe(lll)-MAs $&{&1% Fe(ll)-
MAs kT VAR —F =L > TEN~IYIAENS (Fig.1-1B), Fe(ll)-MAs k7 A
RN—F—Ea & LT hUyEray (Zeamays), A %, 44 L% (Hordeumvulgare L.)
B ZEIEI ZmYSL, OsYSL15, HvYSL2 23 [F]E S 41TV % (Curieetal., 2001, Inoue et al.,
2009, Lee et al., 2009, Murata et al., 2006), = 51T, ITHA X DIRH) 5 OsIRTL, OsIRT2,
OsNRAMP1 72 E'® Fe(ll) b 7 v AR — & —B{F 23 FE 40T Y (Ishimaru et al., 2006,
2012, Takahashi etal., 2011) , + X BHEP T > TH A F D L 5 ITIE TR BREE & 47T fi
DGEIZIX, Fe 2 Fe(I) D THENGWIL L TWD Z EBNA LN > T 5,
LLE®D X9 7 Fe MESHEREIZ K o TR DRI S 4L 72 Fe 13, T OKEE 218 U CTHll |
(K ICHE SV RET OB WIESLCREANIHER L@ L CTHitsnD (Fig.
1-3), HAEWRIL pH 5.5 A OFEMEZ R L, EiEHRIL pH 8.0 A DS 7 L7 U P2 7R
T, 2D D pHIZEBIT D Fe(IN) DML ITIEF IR T2 O FEIARNIZ I T Fe(lll)
[T 50D FIC LEE LTZREETHE SN TWAIboLEXLND, A HICEDL ETHE
BWRPOFER FIC 17 =B THDLEBZEZ LN TE, ZiUk Fe XZFTh< b
(Solanum lycopersicum Mill.) . %4 X (Glycine max Merr.), Y 7~ * (ViciafabalL.) 72
EOEERT Oy = U FRIRIEN ERF 5728 Th D (Pich et al., 1994, Brown and Tiffin,
1965, Nikolic and Romheld, 1999), FEAEIT 72 o THEERIZ Fe KZIRRED b~ MEFED B
Fe(ll)s—Citz #5A 2 A E STV 5 (Rellan-Alvarezetal., 2010), £72. A X B 0 EE
PO FIC & LTI DMA PNEER@E 2R L T0D EHISTWS, 21 x
(Oriza sativa L.) H& K5 DMA 23 S 72 2 &£ X (Kakei et al., 2009) . A DR
MHRI S L7z Fe(ll)-DMA N EERIZHL EEI~ERBITTHZ DRI NTWHTED T
&% (Ishimaru etal., 2006), fEET O FIC & LCid=aF 753> (2(S),3°(S),37(S)-
N-[N-(3-amino-3-carboxypropyl)-3-amino-3-carboxypropyl]-azetidine-2-carboxylic acid, NA,
Fig. 1-22A) NEFEREEZH S TNDH LEEZEZ BTN D, NA XL X R EEO RIS
ThHO ., A 3F - A xR E DT R TOREWHMNERKT S FIC THSH (Scholzet
al., 1992), NA |ZA X R & ZR 2 VRO HITDW IS, EWIAENIZE T 5 Fe(ll)
BLOFe()DOEIEICB N TR E &ZEZ R LT0D EF 2 5TV 5 (Schuleretal.,



2012),

LLED XS5 AR5 D Fe OWITZ T T < AEMIRNIZ IS % Fe OEkiZ $ FIC 1%
KRESHEEG LTS, EEMEDICET 5 Fe OXBATE MY 5 CHEOME K
D Fe DL REZ FERICHNT 5 Z LIZMERAI R THDHN, ZIHIZDOWNTIEAR
EARBERELZ L BFUTHL N> TWRY, 2 E TOMIET, RO Rellan-
Alvarez et al. (2010) 12X~ T b~ MEEERH O Fe(lll)-Cit S5 [FE S L7 fth, Kriiger
etal. (2002) (12X > Tt~ (RicinuscommunisL.) &+ T Fe(ll) &FEA LTV 5 Iron
Transport Protein (ITP) 73[F % &1, Nishiyama et al. (2012) (2 X » CTA REFEHE T D
Fe(Ill)-DMA 23 [FIE S A7 3 B R H CEBRIC Fe & 8EAZ A L T 5 FIC
NRIESINTZDIZZDOIBDOHATH S,



(A) Strategy-I

Plasma
membrane

Rhizosphere soil

(pH 5-7)

Root apoplasm

Cytoplasm

Fe(Il)

Fe(I)
Ly Fe(IIT)-FIC ~
Insolubilized < (I) AtIRT]
Fe(III) _
S
FIC <+—
~— ATP
H « /—\\(
HATP4dse
(B) Strategy-I1 -
membrane
Rmz(gilf}?lfj soil Root apoplasm Cytoplasm
Fe(IT)
Fe(III)-MAs
Insolubilized
Fe(III)
MAs

Figurel-1. Models of Fe acquisition from soil in (A) non-graminaceous (Strategy-I) and (B)

graminaceous (Strategy-I1) plans.

[Modified from Rémheld, (1994)]



COOH COOQOH COOH

CN/\/J\NH/\/\NHZ

(A) Nicotianamine (NA)

COOH COOH COOH

<>N/\/\NH/\/\OH

(B) Deoxymugineic acid (DMA)

Figurel-2. Structures of nicotianamine (NA) and 2’-deoxy mugineic acid (DMA).

Figurel-3. Model of long-distance transport of water and nutrient in higher plants via xylem and phloem.

Red allow indicates flow path of phloem and blue allow indicates flow path of xylem sap.



1.3 Fe(ll)F L—& —4HriE

EFTELREE TP A ZPBREERIA 7 v~ ~ 7 F 7+ — (SE-HPLC) &R+
Wt HTiE (GFAAS) ZAlAEHE T, A RFHEM I L OIEA FBHEWEE KT D Fe
DALFIERED I3 W 21T - 7= (B35 30k, Arigaetal., 2014) ., ZiUiE SE-HPLC T4yl L7=
7T varvkE—EoRL, %7772 a o Fe %A GFAAS CTHIE L T Fe DR
M7 77 arkfET NI HIETHoT, ZOHIETEERT D Fe-FIC $5KD

SEEL M LT Fe RN A — AT O 2 LN TERD T2, OTEDEMEC
D ONTICE T DRI R, BIEOBRF CTERETO Fe ICL 23 Z Ix—Ta Pk

SRV <EEICRAMEZ ET 5, LW oA RNH o7,

HPLC |2 X %47 & UV-Vis fRIHHERIC X DM 2 #6072 HPLC R A3y
Bt - M2 —BEICAT O 2T &N TE DEMWITHMERIETH 2, BE D X 5 I2&EFEEY
HeRDORERZR FIC & LTEZ =V o Jlk/e & Oy T AR L R ERFEN
FFoND, Z09 LIRS FAMERDOSHTIZIE, BT LEHIERO 210 nm TR0 %
W 2 3 2 R EN AV ST % (Gomis et al., 1988, Marcé et al., 1990,
Yang et al., 2000, Nour et al., 2010), 210 nm {Z81F W HIT D VR £V EED n- 7 B
ICEDbDTHLIZDINRX LNV AT HIEEW THT—HITHRE L TLE W,
Fe(l)F L — FREDIRWVHE THoTHMHL TLE D LW ORMERRH -T2, SHIC
— MR 2 U T LA H VA TR R EE M &0 O RES S 5, Nour et al.

(2010) 1T & - CREZE SN EHMRHED 7 = o HBRA X 210 pmol TH - 7=,
7 T U E AR RERRERER XL — 4 —ThH=F L Y7 I UK (EDTA)
1% 258 nm (28T DI 2 ET A EHER TE TR ST Y (Loyaux-Lawniczak
etal, 1999) . Z ®HEOKHRIE 1.71 pmol ThH - 7=,

HPLC [E Rk HiE DR R DR S 28T 572912, HPLC 7L 7 AdhE iR bik
EMREND FIEN BNV DN S, HPLC 7' 7 7 AFFER LI Tl csrHT
FHENRARIEZ IR L, JRE R EDEFHFERE LD N T L THEEL ., FHEIK
DR RFRI RO HE N AN T 5 FETH D, ZO HPLC 7' L 7 AikiER kL%
FAWTAR F AR D HTIER ZHE TITW LS OB SN TN D, 2D DHETIE
B FHEBEOF T 5 VR F LN 7 =F 2L (Mentasti et al., 1985, Caccamo et al.,
1986) , 2-7+ 7 # /L (Cooper etal., 1974) , p-= k 2>/ (Grushkaetal., 1975, Badoud
et al., 1986) 72 & OFFEMLEAIEL MW TEM Shv, FERORTR R 2R OB



DR END, ZRODOHHHED S B, Grushka & (1975) & X - THA%E S 7= ik
DORHRA T~ 17 RN 15 pmol Toh->7-, HPLC 7' L 7 AFFEMR LIEI T — R E B
RS X0 B R 1R B2 b 0o BUEHTIEHEZR FINED & 72 2 AR 2 N 2 5 2028
N0 | RHED D VREE ST T D GAICITEE~ Y 7 2 L O T TR EER D
Z 2 HIWEREEIOSHTIITI AN E Th o7z,

FIC O TH AF RO GHTITIINER, HPLC 7' L 1 7 AiFER(LIE E 7213 HPLC
RA AT DIERHANONTE T, HPLC R A b1 T LIEIE N 7 L TlB & 4vBE L 7%
IZARA N T DERIR E OGS, x5 & 2k E it T 2 FETH D, 77 LICK
DB E R A N T MRIRE IS S DT @~ N U 7 2 L O EAERO
WREEETDHNENIRL T2 HPLC 17 L& AW T35 E O o BE L Hgsic L 5
SR E DR RN Z —EORHTTIT ) 2N TE LMERFIETH D, £o,
HIZH I HPLC Fl D UV-Vis i Hgs-odOe B Has AL F MG 2 WD 2L TE 5,
KB REE LB L LR, AFIBIIE —RBLIOE R I EE2AL, 2
O OERERLITLAXREED HPLC 7' L b 7 AFFER{bIE, 721X HPLC AR B
LIEZBWTEMOIERN L RN TH D, 7 2= A VY TFATT X — eV A¥F
ARFEFAD HPLC 7' L 1 7 LFFEMRMBIE TR, DX RBHOA T 57 X/ ERFFER L E
. FHERORTRRN LR ORISR S S (Howe etal, 1999), £7-, 0-7 4
LTIV B K& W= HPLC AR A k7 A5 (Mori etal., 1987, Neumann et al., 1999) <°
9-TNF L=/ AF N7 uuknv— &Mz HPLC 7' L 7 A58 kTE (Wheal
etal, 2002) TH7 I/ ERFHFEM S, FEEDNRTREA AR SN D,
I ORERIEORHIBIIL A REE, 2-T AV AF R, -2 Rr U AR,
NA 2REE4, 370, 70pmol (Whealetal.,2002) 35 X T 100, 50 pmol (Neumannetal.,
1999) Th -7,

LLED X 512 R DR T A HEEES L X R BT I VAR T VST X K
IR T D FIETH 72720, Fe(ll)E DF L— MEDERWMEAEH TH - TH —
BICHRHLTLE S | B—DOoIETIHR D FAKIR L LA X1 WE — o5 2 &
NTEIRN, R EOMBESN D -T2, Fo, RHBE L+ L5 22T,



1.4 AHFFROER

1.2 THRARTZ L D TR D D Fe OWRIPHEMIANIZ 31T 5 Fe OikiZiX FIC A K&
<HEELTEBY, SESMEYO Fe /M 2 HE+ 5 £ T FIC 2@ RN m g 1T
HT 25 FERMBERAI R TH D, 0 & 5 o FRENBZ S, 3B
<EIZUMNGFAELZRW FIC THoTHEW Fe(ll)F L— FEZA L TWIUEERE
IR T2 2 ENTE DL 512725720 AEFEEHHICAFIET 2 FIC OFRED M 125
H U 7o HERER 22 AT 23 PTRE & 72 D,

Z 2T AR TIIRERED L DI NVR NIRRT 2 ) F7p EREE O F S
KAE LT 21T 5 O Tk <, FIC OHREOEIZEH L Fe(ll) L DX L— MEZH T
LAY & MEFERNCHT CTE 2 0 HTNEORFEZ B & Uiz, ABFE T, sUBHIHEMEZR
ATALEE 22 N 2 2 WBEDN 72 < R B IEF Il 72, HPLC AR A MU 7 AiEAISH LT FIC
Z B RS 2 MR 72 T IR OBR 21T o 72, 5 2 T, @t &2 vz FIC
SINTIE A BT LTz, 5 3 B CIL I B E e i OB 2 B LT, —MRICHEObM
F U b EEE R TR & Sl TV L FIeR % e FIC SHTiEOR% %
1ToTc. 55 4 BCIEH 3 B TS LM 7e FIC s Z s L CThE A HEREL L
T BRI D FIC 38T 247V, BT O Fe DAL TERE DR 2 37 72,

>
—

[



%o
WHIEIZ X B Fe(llD)¥ L —# —» HPLC i DB %
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21 1IC®IT

ARFETIL, Fe(lll) & D L — FEEIZHE - T FIC Z R EMITH T 5 FIC o4TiEOBI%
ZHEE LTz, ROWEIT S E DL E 216> T Fe(lll)¥ L—% — (FIC) & 53#r
TOMERIEL T —MEBT DO TH D,

HHADEOHFIITHFEDOBIBA A LG L COHAETHIMEEZFF>LORH D, D
HC, Fe(lll) & EE LIHET D MEE Z R >a0 W E OTE 3 L OWE 0 BI5 %2 HPLC
RA N HT LG L FIC HTEEBITE L X 5 &5 270, ROHTiED I R E O K X
% Fig. 2-1 (2397, AR A M AT AERIEICIE Fe(lll) & SR 2 2Rk LG L 7=t e 2
25 s SINTFREHR D FIC 25 T A CTHBELTZIZAR A M T MIEIR & BOG S, Fe(lll)-
W EEEAR T O Fe(lll) & FIC LA SE 5 Z L THEME 2l S B 25, OO
HETELZHEERIET 5 Z LICE > TFIC 2T %, ASHHEIZ LR F 2Lk
RT IV FEEVSTEREOERELZA L2 TH Fe(ll)F L— MEZ R TWE THIL
IR T2 Z LR FRETH 0 | R E O FHEE Tl /e < 2 DL FERIeREICE B L
TFIC 0T 2HHOFETH L,
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l g ety ~ iy
S EH S
Quenching Dequenching

Fig. 2-1. Schematic diagram of detection mechanism of present method.

F: fluorescent substance.

J vt A 7 —[CB, 8-[N,N-Bis (carboxymethyl) aminomethyl]-4-methylumbelliferone.
Fig. 2-2A) 1% pH 4.0~11.0 IZHV T A em= 440 nm DRV N2 BT HENEWETHY |
FATHIFEIZ BT CB & Fe(IN23 & LIHYET 2 Z & 23R STV % (Noiré and Duréault,
1995), 1-F 7 h—/L-2-Z /L7 U (1-NOH-2-S. Fig.2-2B) % CB & [RIEIC Fe(lll) & #&
AL THET 2EOME TH D0 KADOEIEPED G &V D RS0, HOBIRE 78 FLi iy
51 < Fe(lI)~DFEE OBIME S i & o TR A R L C 2K o Fe(1) O &k
Eona—A s a st (FIA) IR ENTW5S (Sayour et al., 2011), 1-t K
2% -2-F7 7 b= (1-H-2-NA, Fig.2-2C) X 2-t K ¥ -1-F7 7 h g (2-H-1-NA,
Fig. 2-2D) 72D F 7 X2 L FEE Y Fe(l) EFEA LIEET A Z Enmbn TR Y

(Rodriguez-Céceres et al., 2005) ., 7 % L' (Fig. 2-2E) & [&A 4 FimiEHA| o dqF
TTFR(IIZEVIEART D ENFBN TS (Vargas et al., 2005)

ARETILIANH CB, 1-NOH-2-S, 1-H-2-NA, 2-H-1-NA, 7 X L > %\ /= FIC 4y
HrLEDBAZE FTRENEIC OV T ENENMES L @R 722 FIC STk OBi%E 2 BHE L Totr
SO RGEAC 21T o 72, FIC O47EER KL ORI, BER S ED DR R E D43 &
Bt a B2 T) 2 LN ABE/R HPLC R A N 7 AiEE B LT,

11



/
OH
o (o] OH O\\ _OH
S
o] A\
HOj’H OH
o}
(A) Calcein Blue (CB) (B) 1-Naphthol-2-sulfonic acid

(1-NOH-2-S)

OH (0] O\ OH
°“ o
(C) 1-Hydroxy-2-naphthoic (D) 2-Hydroxy-1-naphthoic
acid (1-H-2-NA) acid (2-H-1-NA)

(E) Naphthalene

Fig. 2-2. Structures of fluorescent substance studied in this research; (A) Calcein Blue (CB), (B) 1-naphthol-
2-sulfonic acid (1-NOH-2-S), (C) 1-hydroxy-2-naphthoic acid (1-H-2-NA), (D) 2-hydroxy-1-naphthoic
acid (2-H-1-NA) and (E) naphthalene.
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22 MEBIUHE

22.1 K

1-77 b —=/b-2-Z VAR U (1-NOH-2-S) . 1-t Fr¥i-2-77 bz (1-H-2-NA) .
2-t Fa ¥ -1-+7 hfig (2-H-1-NA) ., 7 = f—/Kfi¥, ~v ik, DL-V > 2k,
o UlE, DLEAEE, L (+) -7 A= /LE g b U oA, DL-FLER. Fiig, 7oA
VR, L-B ATV T RORMEE TR S (KRB, BA) 225, CB [8-[N,N-Bis
(carboxymethyl) aminomethyl]-4-methylumbelliferone ] . 2-morpholinoethanesulfonic acid
monohydrate (MES). 2-[-4-(2-hydroxyethyl)-1-piperzinyl] ethanesulfonic acid (HEPES), —
FL Y7 I U-NNNN-UEEE S R U 7 A8k(1) (Fe()-EDTA) X FEU-ALFBF5ERT

(eA&, BAR) b, 772 L3RRSt OO, BA) oA LEZ, 7
T h=h IV (EERE e~ b7 T7R) A% 7 = (@EEEER 7 v~ N7 T 7).
R UBRITEPFEL RS (HAR) 22DIEA Lz, RIBOBEMCATUTIZI U Q K

(Merckmillipore, Darmstadt, K-f>) Z{#H L7,

CBIXT /v U AR~ DERMEEDS B\ 2 FRf L7z CBIXE 34 &0 1MKOH (2
gL, Z D% pH 6.0 ([ZFH%E L7 50 mM © MES F& % TABR L C 10 uM @ CB & h
Y IR ATE LTce ANy ZEIRIZ L 7 A ZLIZHHE Lz, 1-NOH-2-S [ 3K~ D fi
PEMR B2, FRE L7 1-NOH-2-S #E#3 Y Q [T L T 1 mM @ 1-NOH-
2-S A v VIR ETEE LT, 1-H-2-NA, 2-H-1-NA B X OV 7 % L v b [ARRIC K~ DR
FRIEDMEN =D, ZER—EA X ) — VRS EE%IY Q THIRLT1ImM O
1-H-2-NA 2 b v 7 &k, 1mM2-H-1-NA 2 b v 7B LN 10mM OF 7 Z L v & b
> 7 RIR & TR Lz,

22.2 HHARY bADB LT Fe(lINDEINIZ X B {EEDOHIE
2221 CB ODENARZ MVHIE
10 uM CB A b v 7 ¥k % pH 6.0 IZFH%E L 7= 50 mM & MES/NaOH #E ik CABR L .

FEIREE 200 nM D CB /KRR & i3 L1z, =@ CB KIBHDHN AT NV &8
7k (FP-6500, H A kkatt, Hat, BAR) CHRIE L7z, R Lo (X 330nm (2
FE L, IR Lem = 350~600 nm (2T DHEHME A RE L=, £7-. Fe(ll)DUs
Iz & % CB DWHILARIET 272012, #&IREE 0~200 nM @ Fe(lll) & K& £ 100 nM
CB % pH3.0, 4.0, 6.0, 7.0 [ZFR#E L7z pH #EZEW T TIRA L. L exd 2 em=330/440 nm |Z

13



B B IR 2B Y EEE R CHIE L7z, pH 3.0 33 X 0V 4.0 © pH #EfZ & LT 50 mM
7 v o FEREEEETR. pH 6.0 © pH FEER & L C 50 mM MES/NaOH #&f#iZ. pH 7.0 ® pH
FEMET K & L C 50 mM HEPES/NaOH #% ik 2 v /o, F72. pH 6.0 12317 5 CB DiHL
IZOWTHEIZFEL S FARD 72DIT, FKIRE 0~400 nM @ Fe(lll) & #2200 nM @ CB
% 50 mM ¢ MES/NaOH /X 7 7— (pH 6.0) & 20%7 & b=k U /LHFTRAL, Lol
Xem = 330/440 nm (2351 D HOBTREE A d LR CHIE Lz, 15 b llEE & otic
CB & Fe(l)DfEGER A KD, EOREE EE A tiZ Origin8.1 (OriginLab, MA, 7 2
UhERE) 2RO TIERIER/D ZRIEIZI D Fe(ll)IZ X 5 CB DI MiFR A2 7ERL L
2o S BIZ, Fe(ll)-CB KIEMRIC 7 = U B a IS 58y FEERAITV, EEEIZ CB O
IE T K B E S ERE N B SN D A esd Lz, F&IREE 200nM @ Fe(ll)-CB & #& i
J¥ 0~2500 nM @ 7 = % 50 mM ¢ MES/NaOH /X~ 7 7 — (pH 6.0) & 20%7 &
= U AHFTRE L, Lol Aem=330/440 nm (ZF3 1) 5 HOEHRE 2 806 FCHRIE LT,

2.2.2.2 1-NOH-2-S DEIE AT FVEIE

1mM @ 1-NOH-2-S % kv 7 Ik Z 50 mM @ MES/NaOH #%f&ik (pH 6.0) THAR L.
HEPRIE 20 pM D 1-NOH-2-S /KIRIE ZHHE L=, Z @ 1-NOH-2-S /KIFIR D AT K
IV SN CHIE Lz, Bl &3 283 nm 125k L7z, £7=. Fe(llhDEFIc X 5
1-NOH-2-S DYt MIE T D721, &I 0~200 pM @ Fe(ll1) & 20 pM @ 1-NOH-2-
S % pH 6.0 |27 L 72 50 mM MES FZ A TIHRA L. Aex=283nmM, A enm=350 nm F
7213 450 nm (2 331F 2 G IREE A SO R EE R CHIE Lz,

2.2.23 1-H-2-NA B LT 2-H-1-NA D&} A7 FVEIE

1 mM @ 1-H-2-NA £ L U 2-H-1-NA D 2 | v 7 IFiE % Z 24 50 mM @ MES/NaOH
KRR (pH 6.0) TAR L. I 20 uM @ 1-H-2-NA 35 L O 2-H-1-NA /KIAHK % i3
L7z, 2D DKEEHR DM IEAR T MV A a O EERECTHIE L7z, bR 1 1-H-2-NA
23 340 nm, 2-H-1-NA 73 290 nm {[ZF%E L7z, F7=. Fe(l)DOIEMZ X 5 1-H-2-NA 5 &
O 2-H-1-NA DN ZRIES 27212, #IRE 0~400 uM @ Fe(lll) & 20 uM @D 1-H-2-
NA 3 X O 2-H-1-NA % 50 mM @ MES/NaOH &R CTIRE L, 1-H-2-NA 1T 2 e/ A em
=340/415 nm, 2-H-1-NA [E 1 e/ A em = 290/409 nm (2 I3 1F 2 88 630 & 900 e B 3 CllE
L7,
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2224 FT7FLDOENART PIVEIE

FTH VL DENANRT MVERIET D20, F7X LD 10 MM A by IRRE
10 mM @ SDS % & ¢ 50 mM @ MES/NaOH #&f&iZ (pH 6.0) THAM L. HEIRE 100 uM
DF 7 X L2 KRR & B LT, SDS IRk ~DF 7 # L > OFEfRM % & 2 72 Vargas
5 (2005) DFEESEBIZL TR LT, B E 275 nm (21 57 7 % L 2 IKIEK
DEIANRT MV ENIEEFCTHIE Lz, £72. Fe(lINOWIMZ L H5F7 X% L2 DiE
WZWET DD, FKIREE 0~2000 uM @ Fe(lll) & 100 uM DF 7 % L > % 50 mM O
MES/NaOH #%fEii% (pH6.0) FCTIRA L. Led Lem = 275/335 nm (233 1) 5 HE eI %t
SESEEFHCRIE LTz,

2.2.3 HPLC ¥tk

i L7 HPLC A7 A% Pump1 (PU2080) & Pump2 (PU-980). 54 ~ ¥ — (DG
2080-53) . A— hH# > 7T — (AS-950-10), 1 7 LA —T7 > (CO-965) , #e i Hizs (FP-
2025) MHIERR S TWD (Fig. 2-3), Wiivh BAEHRASH (AAR) ObDaf
L7, BT 231 A8k 7 A (8.0mmx50mm, RSpak KC-811, HFFnE THEXS
e BA) 12— FAH 7L (8.0mmx50mm, RSpak KC-LG, WAFIE TN S4h) A H
DT TR LIz, BT 54 —T X 50CICRE L, BT L ERKIGEANEILT,
FIC O3 BEZIIBEIE E LT LImMMHCIOZ W T A V7 77 14 v 7 EITo 72,
BEEIZIU Q ZHWTHHTH Z L ITHZICHEL, +olik L Tl Lz, &
A O BRI 1 Pump 1 & A WFGEIE 1 mL/min IZ3RE LTz, Sofralehiid— ry o7
T—=T20u o4 V=7 FLTz, SWRBHIE £ 5 FIC 2 7 L ToHlfE LT,
A AT DR O Fe(IN)-#CESEA L SORaA VATRIGSE 2, WA Z
LR Pump 2 & W CHEE ImL/min TEIE L2, RNA BT AEHIE 50 mM
MES/NaOH FE i & 20%7 & b=k U LB 0 | Fe(ll) & &AM E & ETe, K2 A
JVEPEEK F2—7 (E& 1mx WNE0.25mm) THERR S, BUGaA VOIREILS Z
LA —T T EOCIZ R 7o, HOGMHER TIE A exf A em = 330/440 nm (2351 2 5O GREE
ZWE L7z, HPLC ®EMRINERIC L2 0 T DRI O > 7 F VIIE IR HRER 0.5 F0 4
W7o 7,
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Sample

Pump 1 l co
v RC FP

M A O — | wee

AS 1

Pump 2 1 mL/min

PC solution

1 mL/min

Fig. 2-3. Schematic diagram of HPLC detection system. M: mobile phase (1 mM HCIO4); PC solution:
post-column solution containing CB: Fe(l1l), MES pH buffer and acetonitrile; Pumpl: PU-2080 (Jasco);
Pump2: PU-980 (Jasco); AS: automatic sampler (AS-950-10, Jasco); C: an ion exclusion column (8.0 mm
x 300 mm, RSpak KC-811, Shodex); G: a guard column (8.0 mm x 50 mm, RSpak KC-LG, Shodex); V:
three-way vulve; RC: reaction coil [PEEK tubing (3 m long x 0.25 mm i.d.)]; CO1: column oven (CO-965,
Jasco) containing the column and reaction coil; UV: UV detector (UV-Vis, Jasco); FP: fluorescence detector
(FP-2025, jasco, Aex/Aem = 330/440 nm).

2.24 ST ERMHEOEK#EL

SBECAET 2 T HDRR A M T DAL R E DTSR O RGE IZIE FIC &
LT100uM D7 = fh Wiz, RA MBI T AEROMKIZE > Tra~ F 77 LD
JARDKREESHELIIEM L I2720, Falifbis /) A AORE SITKHTHE—7 EED
FA (SIN ) OHERIZE > TiToTe, /A AOKE SRR 3.0~4.0 3280 5
SO FVIRE ORERERE L L CER Lm, ZOWRHEERNICIZ Yy = UBIRAH LN 2 &
ZHEZR LTV D,

2.25 FIC{EEME DT L CRHRFRDORE

FIC ODIEMEME & U CHIERN O 7 =, v avlfg, ~u g, Vo dm, LR,
WAk, Big, 72AaLverigad, 7 BhHIIe AF VU VAT A U EEIRL
B L7 FIC oiriEz N Coath 21T o 7o, TNEND A b v 7 %k Z 1mM ¢ HCIO,
KRR Tl EAR L. 045-um OimbAi~7 4 /v ¥ —=2=v  (Ultrafree-MC, Merck
Millipore, Darmstadt, K-{ ) TAEL T HH 7 A2 20uL A ¥ =27 b Lz, KRIZ,
A FRETH S/ FICICE L T, ZOMmERAZ KDz, 72U, Y2 Uik, v&1
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VR U TAlE, e, EAEE. T AN UBRKEKEENER 20uL A P =7 b
L.Z8a~ 7 A ECBNEE—2 OEmS 2RO, REREZVER LT, BHRAE SIN
=3 L LCEMAE L7z, F£72. 4 FIC O HIEEE (Sensitivity) % Hikd 2 BRI IZM &R D
fiE (e~ 75O = @ESARE (VIM)] 2Rk, T mHEEEEREL
THHEE L7z,

2.2.6 1M DFEL

WIBARTE L T 244 2% (Hordeum vulgare L. cv Ehimehadaka No.1) DFff-% 1%
W R T N Y 7 AT 30 wEE Lct#, 77 A F v 7 #BofEIZ#E, pH 5.5 IZH#
HE U T AR KT CRETC 7 A EE S 72, BB LT 0% O T, B
ANTRGBIZB W TEME =25200C D&M TITo 7o, BHE LIS O N b RE I NY
R DE 24 KL, 20 L OKBHEA BT T AT v 7 8a T F~BE LTz, K
HRRIZ R K 1 2.0 mM Ca(NOs)2. 0.7 mM K,SO4, 0.5 mM MgSO.. 0.1 mM KH2PO.,
0.1mMKCI, 100 uM Fe(lII)-EDTA. 10 pM HzBOs, 10 uM MnSQa, 0.5uM ZnSO,, 0.2 uM
CuSOs, 0.01 pM (NH4)sM07024 Z ELe/KIEIK T D, ABHED pH 1TAR HCl £721%
NaOH % T 5.5 [ZF%E L7z, /KPHROKER 21X 7 BB XITITV, pH OFFFEIX 3 BB
T o T, AKBHRITF IZ=T L—a L,

227 A A LXEEWRDOEE

H OB N TR G2 C 28 H B 24T o 7RO B S AR OB H 225 B 2em
Dy E ATV ADH Y U F) (B-43-1SW, HEWER S, BA) TUIlr L., YW
BB 5EE 2 v~y h~ > (Eppendorf, Hamburg, N ) TEHEL7=, Gl
BEAND 5 ENCBH LI HERIL, BRI i barIx—varnrlsh
TeleOF LT A7 (AAR”IM Y Vo T RS, JU, BA) TRV BEE L=, &
L7288 1.5 mL O~ A 7 aFa—7 (WATSON, i, HA) ([ZA, oz
119 £ T-80°COMMHETHRE L7,
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23 KR

2.3.1 Fe(lINA F i & B BOERIE DM
2311 AINnEA U TN— (CB) OHENANRZ i d Fe(lI)DEFIT X 5 HEH

pH 6.0 DEHETITIIT 2 200 nM CB DAY kL% Fig. 2-4A (2R L7z, CB X
A exd A em=330/440 nm [Z I\ THINFREE D e KIZ 72 > 7, pH3.0~7.0 D5 ThE 4 72
FED Fe(lll)& CBIZIRM LIEAN A ON D0 &89 5 &, pH 3.0, 4.0, 6.0, 7.0 D4
TO pH IZB W T BIE Sz (Fig. 2-5), pH 6.0 I2381F 5 CB OEEIC DWW TH
[ZEERIZRR 2728, 200 nM @ CB IZH&IREE 0~400 nM @ Fe(I)Z WAL A exd X em =
330/440 nm (ZH 1 D EHRE ZHE L7z (Fig. 2-6 OEIL), WM L7Z Fe(l)DOEE R
200 nM LA F Ol CB O IR TN L= Fe(I) DI FEIZHE » TERRANIAD L=
23, 200 nM LL 272D EENLL BB b Uisor o7z, ZOFEFIE, CB 28 Fe(lll) & 1:1
BEIRZ TR D Z L2 K-> T % &9 Yoshida 5 (1993) O & —EH L T\ 5,
CB % Fe(IIELFMZ % Cu(ll). Mn, Ni, Co(ll), Pd. Fe(IN% Lk5A LTHIET 5 Z &N
FHILTWA D (Wilkins et al., 1960, Huitink et al., 1974, Noiré and Duréault, 1995) . ASHf
72D Fig. 2-4 3 L OVFig. 2-5 OFEFR2> 5, pH 3.0~7.0 1BV T CB I Fe(ll) & HFEA L
MHET DN RENT, £72Fig.2-4B 2R Lz X 912, CB Tk LT Fe(ll) ANz
fFIET DEMICBWT 7 U —0 CB O 18% DR DN ElE sz, 7 U —d CB
1E A em = 440 N 2B W TR Z RT3 (Fig. 2-4A) . Fe(IDFEE A 400 nM O EFIE A em =
415nm (2B W THiRK 277 LT e (Fig. 2-4B) . Z OHOEMK I E D > 7 b iX Fe(ll)-CB
BEAR B RS A exd A em=330/415 nm IZB W THWE N EZ R LTEB Y, Fe(ll)IRE L 400 nM
VL EDORFOH T 7 YV —D CBIZL Db D Tix7Ze< Fe(ll)-CB DT HHETHDHZ &
LTV 5D,

WU, FEIEEE 200 nM @ CB {2 0~400 nM @ Fe(111) & FIN L 72 T84 8 OO 58 2 1
ELT T 72 L7eb D) Fig. 2-6 DEATH D, IBEWT O Fe(lll) DIRIRE % [Felota
CB D#RIREE Z[CBlow. 7 Y —? CB DIREA[Fe]. 7V —dD CB DR % [CB]. Fe(lll)-
CB S8R DR E % [FeCB] & 35 &

[Felwa = [Fe] + [FeCB] e (D

[CB]totaI = [CB] + [FeCB] )
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ORPELT %, Fiz, REHKT O CB & Fe()DMIZIE FRE@ DA TRIALF T A
AZLTEY . ZOVHEREZOQOXTRT L IICK &T 5,

Cd + Fe(lll) 2 Fe(IlI)-CB NG,
K = [FeCB]
"~ [CB]|Fe]

T, BAEROENMEDOEAMEZ y, 7V —0D CB DHIEHMELZRTET D TEEE o,
Fe(I)-CB A D E IR E 2R ET 2 ERE B &35 L3t RME y 1%

y= afL]+ B[Fel] s ®
TRTZENTED, O, Q. @D, @DHND, [Feloaw (FLLFOXTET Z &N TE D,
[Fe]total = [L]total ( o — B )/K(y - .8 [I—]total) - Ay -1/K+A« [L]total

ZoORE, IBAEMEF D[Felow & [Llow 36 & OVEFEERNE y O b IERE IR/ ik %
FWVTFe(ll) & CB @ L1 $ERDFESTEE K 2RD D & Kreqiyes = 5.2 x 10° Mt OfE A
BFoilc, ZORAEERZ AW CB OHEHI#IE Fig. 2-6 DFEM TR I, BITHR
L3O FERME & B2 —E%E 7R L=, Fe(lll) & ORZEEEHIT 7 = ) 11.2,
EDTA 7% 25.1(Martell and Smith, 1977) , &5 X REEFHD 1 D Th 57 A F 2 L F 1 (DMA)
73 18.4 (Murakamietal., 1989) T& ¥ CB & Fe(ll)DFEAEEIZREm D FIC LY &4y
AR Z & 72 Fe(l)-CB $8AIZ 7 = VA N % DNy FHERZIT 9 & FEERIZ CB 2%
BIEE L7z Z &2 (Fig. 2-7) . CB O{EG & BiiE A4 HPLC AR A R 7 MEISHT
D & TR FIC pHTiE B T 2 & 272,
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Fig. 2-4. Fluorescence spectra of (A) 200 nM CB and (B) 200 nM CB added 400 nM Fe(l1). Each sample
contains 200 nM CB, (A) 0 nM or (B) 400 nM Fe(l1l), 50 mM MES/NaOH buffer (pH6.0) and 20%
acetonitrile at final concentration. Fluorescence spectra was measured at Aex = 330 nm using the

fluorescence spectrophotometer. Scan speed was 5000 nm/min and slit of emission wavelength was 5 nm.
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Fig. 2-5. Quenching of CB by Fe(lll) ion. FeClz in 1 mM HCI were added to 100 nM CB in pH 3.0 (open
triangle), pH 4.0 (closed square and dashed line), pH 6.0 (closed circle), or pH 7.0 (open circle and dashed
line). Each reaction mixture contains 100 nM CB, 1-200 nM Fe(l11), and 50 mM monochloroacetic acid
buffer (pH 3.0 or 4.0), 50 mM MES/NaOH buffer (pH 6.0), or 50 mM HEPES/NaOH buffer (pH 7.0).
Fluorescence intensity of each reaction mixture was measured at Aex/Aem = 330/440 nm using the
fluorescence spectrophotometer. The fluorescent intensities were plotted against added concentration of

Fe(ll1).

20



250

5
& 200
2
£
g 150
£
3]
2 100
Q
?
1]
= 50
5 [
[T
O T T T
0 100 200 300 400

Added concentration of Fe(lll) (nM)

Fig. 2-6. The quenching curve of CB by Fe(l11) ion. FeCls in 1 mM HCI were added to 200 nM CB in 50
mM MES/NaOH buffer and 20% acetonitrile. Each reaction mixture contains 200 nM CB, 0-400 nM Fe(l11),
50 mM MES/NaOH buffer (pH6.0), and 20% acetonitrile at final concentration. Fluorescence intensity of
each reaction mixtures was measured at Aex/Aem = 330/440 nm using the fluorescence spectrophotometer.

The fluorescent intensities of each reaction mixture were plotted against added concentration of Fe(ll1).
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Fig. 2-7. Fluorescence dequenching Fe(I11)-CB by citric acid. Citric acid were added to 100 nM Fe(III)—
CB. Each reaction mixture contains 100 nM CB—Fe(III), 0-2500 nM citric acid, 50 mM MES/NaOH buffer
(pH6.0), and 20% acetonitrile at final concentration. Fluorescence intensity of each reaction mixtures was
measured at dex/Aem = 330/440 nm using the fluorescence spectrophotometer. The fluorescent intensities of

each reaction mixture were plotted against added concentration of citric acid.
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2312 1-F77 h—n-2-Z LK B (1-NOH-2-S) DNt

pH 6.0 IZH1F % 20 uM 1-NOH-2-S D A7 R /LIL Fig.2-8 DFEMA TH Y . Lol
X em = 283/350 NM 3 L TN A exf A em = 283/450 nm Tt AR E N e K& 7R U720 A em = 350
nm L 1-NOH-2-SIZ X5 HDTHY | Lem =450 nm |% 1-NOH-2-S 76 IKEA A > Hifif
BEL7- 1-NO -2SI2X2bDTH D EHER TS (Abdel-Shafi, 2001), 20 uM @ 1-
NOH-2-S {2 200 uM @ Fe(lI)Z Mz % & Lem =350 nm 35 K TN 450 nm & & [Zag L D
WA R ST, SEARITITESE L2y 7= (Fig. 2-8B), Fe(lINIZ £ % 1-NOH-2-S D
FAZ DN T E BIZFEMICTAR D 7212, pH6.0 ® 50 mM MES/NaOH #& & -H ¢ 20 pM
?® 1-NOH-2-S & 0~200 uM @ Fe(ll) Z A L7z 1-NOH-2-S Ot s D24k % Ht
FHFEFFTHIE L7 E Z A, Led Lem=283/350 nm 35 KON L ew 4 em = 283/450 nm X5 C
WG XD LT (Fig. 2-9), DLED Z & 225 1-NOH-2-S, 1-NO -2-S K J5 & % Fe(lll)
ESERETRR LT 5 2 & VR E A3, 1-NOH-2-S |d CB & Lhi L CHrtssfE 355
<, BBIOEEED F(INZRM L THERITEL Lo Z b, RA NI
LEEIGH L2 FIC WHEICHWTZSE O FIC OBRHBEEIZRGF TIERVWEEZ DR
Too DT, RA NI T MEIERT 2406 E LTCBOEIREIVEL TS L
by L 7=,
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Fig. 2-8. Fluorescence spectra of (A) 20 uM 1-NOH-2-S and (B) 20 uM 1-NOH-2-S added 200 puM Fe(l11)
in 50 mM MES/NaOH buffer (pH 6.0). Each sample contains 20 uM 1-NOH-2-S, (A) 0 uM or (B) 20 uM
Fe(l11), and 50 mM MES/NaOH buffer (pH6.0) at final concentration. Fluorescence spectra was measured
at hex = 283 nm using the fluorescence spectrophotometer. Scan speed was 5000 nm/min and slit of emission

wavelength was 5 nm.
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Fig. 2-9. Quenching of 1-NOH-2-S by Fe(lll) ion. FeClz in 1 mM HCI were added to 20 uM 1-NOH-2-S
in 50 mM MES/NaOH buffer (pH 6.0). Each reaction mixture contains 20 pM 1-NOH-2-S, 0-200 uM
Fe(ll1), and 50 mM MES/NaOH buffer (pH6.0) at final concentration. Fluorescence intensity of each
reaction mixtures was measured at Aex/Aem = 283/350 nm (closed circle) or 283/450 nm (open circle) using
the fluorescence spectrophotometer. The fluorescent intensities were plotted against added concentration
of Fe(ll1).
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2313 1-BE FeFi-2-77 b (1-H-2-NA) BE R 2-k FrFv-2-F77 b (2-
H-1-NA) DiH*x

pH6.0 123517 % 20 uM 1-H-2-NA & 20 uM 2-H-1-NA DHOE A7 R UiZZ 1 Eh Fig.
2-10, 2-12 DEMRTRLIZAD K D170 | 1-H-2-NA IE A o A em=340/415nm T, 2-H-
1-NA X L ex/ 2 em = 290/409 nm CHEOHRE 1T HRKIZ /2 o7, 20 uM 1-H-2-NA B LT 20
uM 2-H-1-NA [ZZ 3740 400 pM @ Fe(ll) &2 N2 % & i & & a5 138 LA

(Fig. 2-10B, 2-12B)., Z&&CITIELAd o7z,

Fe(lINIZ X % 1-H-2-NA 35 LT 2-H-1-NA OHATHON T E BIZEEICIR 5 72012,
pH 6.0 ® 50 mM MES/NaOH FZ &% 1 ¢ 20 uM 1-H-2-NA % 7213 20 uM 2-H-1-NA & 0~
400 uM @ Fe(ll) & ZNZFURA LR O R E O Z b2 S O EHTHIE L= & =
7. Fe(I)DEEFE S 0~400 uM DOHEIFHIZ I\ THOLIREE AN L= (Fig. 2-11, 2-13),
IO END,1-H-2-NA & 2-H-1-NA & H(Z Fe(lll) & $EAZ R LIHET 5 2 E VRS
T2, 1-H-2-NA B KOV 2-H-1-NA (T § e CB & b d 5 L a3 85 < | il
D Fe(l)Z M2 THREEBICIFEH LT b, WA NI T AEEZRH W
Fe(I1)-FIC M WD EEREK E L TIECB DN L Vi LT D &I LT,
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Fig. 2-10. Fluorescence spectra of (A) 20 uM 1-H-2-NA and (B) 20 uM 1-H-2-NA added 400 uM Fe(l11)
in 50 mM MES/NaOH buffer (pH 6.0). Each sample contains 20 uM 1-H-2-NA, (A) 0 uM or (B) 400 uM
Fe(l11), and 50 mM MES/NaOH buffer (pH6.0) at final concentration. Fluorescence spectra was measured
at dex = 340 nm using the fluorescence spectrophotometer. Scan speed was 5000 nm/min and slit of emission

wavelength was 5 nm.
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Fig. 2-11. Quenching of 1-H-2-NA by Fe(l1l) ion. FeClz in 1 mM HCI were added to 20 puM 1-H-2-NA in
50 mM MES/NaOH buffer (pH 6.0). Each reaction mixture contains 20 pM 1-H-2-NA, 0-400 uM Fe(l1l),
and 50 mM MES/NaOH buffer (pH 6.0) at final concentration. Fluorescence intensities of each reaction
mixtures were measured at dex/Aem = 340/415 nm using the fluorescence spectrophotometer. The fluorescent

intensities were plotted against added concentration of Fe(lll).

25



400

300 A

200 -

Fluorescence intensity (a.u.)

350 400 450 500 550
Emission wavelength (nm)

Fig. 2-12. Fluorescence spectra of (A) 20 uM 2-H-1-NA and (B) 20 uM 2-H-1-NA added 400 pM Fe(lll)
in 50 mM MES/NaOH buffer (pH 6.0). Each sample contains 20 uM 2-H-1-NA, (A) 0 uM or (B) 400 uM
Fe(l11), and 50 mM MES/NaOH buffer (pH6.0) at final concentration. Fluorescence spectra was measured
at ex = 290 nm using the fluorescence spectrophotometer. Scan speed was 5000 nm/min and slit of emission

wavelength was 5 nm.
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Fig. 2-13. Quenching of 2-H-1-NA by Fe(l1) ion. FeClz in 1 mM HCI were added to 20 pM 2-H-1-NA in
50 mM MES/NaOH buffer (pH 6.0). Each reaction mixture contains 20 uM 2-H-1-NA, 0-400 uM Fe(l1l),
and 50 mM MES/NaOH buffer (pH 6.0) at final concentration. Fluorescence intensities of each reaction
mixtures were measured at dex/Aem = 290/409 nm using the fluorescence spectrophotometer. The fluorescent

intensities were plotted against added concentration of Fe(lll).
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2314 FT7FLUDOWEN

pH 6.0 IZH1F % 100 pM 7 Z L > D A~L7 kL% Fig. 2-14A 1R, H0G5REE
1L A exd A em = 2751325 nm 33 TN 335 nm THeKIZ72 > 72, 2000 uM @ Fe(llNZ x5 &
Aem=325Nm FB L U335 nm & b IZHESEBRE OBUL S A S22 (Fig. 2-14B), 52421C
EIEE Lo Tz, Fe(lINIC L DT 7 2 L DI HOWNT & BIZFEEMICTHIR D 7-DI,
pH6.0 ® 50 mM MES/NaOH #&f&# - ¢ 100 uM D F 7 & L > & 0~2000 uM @ Fe(ll1) %
IBRET DL Led Xem=275/325nm |Z331F 2 w0 138 L7z (Fig.2-15), 7% L v
IX CB &Il d™ 2 LA TS < . @I O Fe(ll) 2 M2 T H 58 2ITITNE Lied»
722D RA NI T AEE W Fe(l)-FIC 3 WD a0 ti3 & LCTIX CB @
FBNE0ELTWD LHIE Lz,
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Fig. 2-14. Fluorescence spectra of (A) 100 uM naphthalene and (B) 100 uM naphthalene added 2000 uM
Fe(111) in 50 mM MES/NaOH buffer (pH 6.0). Each sample contains 100 uM naphthalene, (A) 0 uM or (B)
100 uM Fe(11), and 50 mM MES/NaOH buffer (pH6.0) at final concentration. Fluorescence spectra was
measured at Aex = 275 nm using the fluorescence spectrophotometer. Scan speed was 5000 nm/min and slit

of emission wavelength was 5 nm.
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Fig. 2-15. Quenching of naphthalene by Fe(l11) ion. FeCls in 1 mM HCI were added to 100 pM naphthalene
in 50 mM MES/NaOH buffer (pH 6.0). Each reaction mixture contains 100 pM naphthalene, 0-2000 uM
Fe(l11), and 50 mM MES/NaOH buffer (pH 6.0) at final concentration. Fluorescence intensities of each
reaction mixtures were measured at Aex/Aem = 272/335 nm using the fluorescence spectrophotometer. The

fluorescent intensities were plotted against added concentration of Fe(l11).
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2.3.2 &0k
FIC ORiHIEEIZ BRI 0T L0R A b T LDEIROMAL R & D5
DB L RELZTHI-D, FOEwElbziTr-7-,

2321 FEMHTIHT LOER

ROWEDBFEIZ S T- > T FIC OGBECERT 20 7 4 & LT AHEBEOSHEEZI
HansA 4 87 v~ 8777 4 —MHB 7 . RSpak KC-811 D, {K4{LAH
DB SN D7 v~ N7 5 7 ¢+ —MH 7 Z A TSKgel ODS-80mm (Y —ik2
fhe BAR) ERE L7,

FTHIDIZ, ODS-80mm ZfEH LT 1mM 7 = U fik% /3B L7-1%., 10nM ® CB I3 LY
Fe(lll) & pH R D> B2 DR A N A1 T AERIR & S 2 A VN TROG S 72, ODS-80mwm
ZRWIZ3EETIE, 5% A %/ —LEETe 0.1%0 TFA KR (AR) & 40% A X J —)b
ZETe 0.1%0 TFA KFIK (BiR) MW=/ o vy MaAHE T2, 77V b
WH O, 0~5.0 71238V T A K 100%, 5.0~20.0 231238 T B i 0~50%, 20.0
~25.0 FIZHB VT B 50~0%D ) =7 77 x> k 250~30.0 /3 H T Ak 100%
Td D, Fig.2-16A~D IZZ N pH3.0, 4.0, 50, 6.0 DIRA bI T AR ZFAWT 1
mM 27 =gzt L7-BEo 7 n~ b 7T A%&R LT, pH 3.0 BX 1N 4.0 ® pH $EEik
& LTIE50 mM £/ 7 v o BEREREENR,. pH 5.0 OFEMEHKR & L Cik 50 mM EEREFEMEL
pH 6.0 DFEFEE & L CTix 50mM & MES &k 2 v 72, pH6.0 DR A 1 T AERIK %
FRHLEGAICE =233 LTV 7 L, $ZNUIfFE-TR—R T4 U HREL
FHLTW5 (Fig.2-16D), 210nm (2B H2WNEAZRE LT/ v~ 7T A TIEHE—
I DT =NV ITRN—=ATA D EFITR NN Z s (F—FITRET),
INHDBGIIRA NI T ARIGICERK LTS EE 2 bb, £z, Fig. 2-16A~D %
BDERA NI T DEED pH B ERDIZONTT =) U TRoR—R T A D EHMN K
DL o TNWDZ NG, RA NI T LEED pH 23 ERBIT2O30TH 7 AR
ERA NI T DREOIBATR T TO Fe(l)DIEEMENME T 52 N Z DB E D — K
TlXenr el sng, —FH. A4 PR 7 . RSpak KC-811 Z HWT 1 mM @~
TR EEL 7%, 10nM ® CB X Fe(lll) & pH 6.0 IZFHE L7- 50 mM @
MES/NaOH #EE#K (pH6.0) 7572 DR A BT AEHR & SO =2 A VN TR S 72 1
D2 v~ k7T A% Fig. 2-16E (277 L7z, RSpak KC-811 1% 100%/K % DR EhHH {73
AIRECH Y, BEFEE LT 1ImM O HCIO s KB Z M LTz, 7 = VB B — 27 |ZI3H
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TOTFT—UIRALNEZLDOD, ODS-80m A L7=HAaD 7 a~ 7T AL Ll
LCEDOREITERSRXR—ZAT7 A4 O LA LA N2> Tz, ZOHEBE LT, BEHE &
L T 100%KADIEER ZEH L TV D 1= OTEHIRIZEIT 5 Fe(I) DM Z m <> Z

ENTE Fe(I)DILENHEL Z VI o Tafzd L HERI S 5, = Z TLIFIX RSpak KC-
811 Z i f] L Tttt 21795 Z LT Lz,
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Fig. 2-16. Chromatograms of 20 pL-spikes of 1 mM citric acid which were separated using (A)-(D) ODS
807m column (E) or RSpak KC-811 column. Each column eluate was reacted with PC solution which
contains 10 nM CB, 10 nM Fe(l11) and 50 mM monochloroacetic acid buffer at (A) pH 3.0 or (B) pH 4.0,
(C) 50 mM acetate buffer at pH 5.0, or (D, E) 50 mM MES buffer at 6.0. With ODS 80+wm column, gradient
elution was operated using solution A: 20% methanol in 0.1% TFA solution and solution B: 40% methanol
in 0.1% TFA. The time course of this gradient elution is as follows; 0-5.0 min: 100% solution A, 5.0-20
min: 0-50% solution B, 20-25 min: 50-0% solution B, 25-30 min: 100% solution A. With RSpak KC-811
column, isocratic elution was operated using 1 mM HCIO, solution. Arrow heads indicate 20-pL spike of 1

mM citric acid.
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2322 RRABNIT LEBERA~DT & b= F Y ADOEM

KIZ, 20nM @ CB & 10nM @ Fe(lll) % & T 50mM MES/NaOH #E##Z (pH6.0) 725
IRBIRA N T BIEIEE V., 3EEC I RSpak KC-811 A/ LT 100 uM 7 = i %
ST B & Fig 2-17TA IR T L ICE = NT— U v 7 LE—7 @S bk 228, &R
AT AERIZTE = NI VERNTHE =0T =) U TIFMELE—7 &S
HREICE K L7z (Fig.2-17C, D), 7 b= R U /L% 20%E 7213 40%ETe R A N Z
LR ZERWT 100 uM 7 = U T L2 7 v~ 77 A bigd 5 &, #iH T
=7 FRIRIC R & 2T 2 o7 (Fig. 2-17C, D), 7 b= b UL L [REBEICA R
BECTHD A K )=V 20%FN LT HAIiT e —27 77— U > 73R Lie > 7= (Fig.
2-17B), T Z T, RA MU T MBEKIZIZE =2 T — 1 » ZIZBHIED 72012 20%D T & k
=RMIAZERNTLHZEE L, 72 =R VORINZ LY 7 = g v — 7 TEIR DS
WELE—I7EIbELS RO, RA NI T LEEET O CB O M B L7272
HEZEZLND,
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Fig. 2-17. Chromatogram of a 20-pL spike of 100 uM citric acid using PC solutions containing 20 nM CB
and 10 nM Fe(l11) in 50 mM MES/NaOH buffer at pH 6.0 added (A) no organic solvent, (B) 20% methanol,
(C) 20% acetonitrile or (D) 40% acetonitrile.
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2323 AR BMITLEBEFD CB & Fe(ll)EBEDOEKHEL

RA NI T LR O CB & Fe(l)DIREEIL, FIC O IR & &9 2 H 2 7 HK
272D, BIRESHIEORRZ B L CliEi{b 24795 2 i Lz, £ Fdic, &
A N7 KR O CB REIZOWTHRETT 572912, CB & Fe(li)25E&T S5 TR
A N1 T KR A AT 100 uM 7 = g% 43 HT L2, CB REERS O Fe(IN)EEEDS 10
NM LLFORE, 100 yM D7 = fRERIHT 2 Z LR TERipoTz, — T, CBIRER
KOV Fe()REZ 40 nM LLEICERTET D E 7 a0~ N T LD ) A ARBFITKE LA
ST Z &S (F—XIIRET), RA NI T AT O CB I 20 nM IZERET 5
Z izl

WIT, WA NI T DR O Fe(IN)RIE 2 Kb T 2720, Fe(lN)RE DR 5 R A
1T AR Z VT 100 uM 7 = U FRE AT LTZBRD 7 v~ b 7T A b E— T @S,
A ARESIBLUSIN A Red bl L7z, Fig. 2-18A (2R L7z & 512 Fe(ll)2s 3 nM
DFEEBRDVTRA BT LEERT O Fe()EREMEWEE -7 B SITEm< R0, /A
AOKE ZT Fe(lI)2Y 7 nM DA Z RO T Fe(INEBEMEWEE R E < R DA A H -
7= (Fig. 2-18B), Z#UE. ANA BT AR & 7 DEHIED LLIREHE T O Fe(lll)iE
EAMRNZE  IRBIRFO 7 U —D CBIRENSHIML ANy 7 7T 0 ROE IR D
MT27bEEZLNS, 22T, ETRDCB & Fe(l)DFEETE (Kreqiyes = 5.2
x 108 M 1) Z T, 10 nM CB & & TIR AR ANV R a0 IR EE IR AP D Fe(IN)iR £
DA RDTZH DAY Fig. 2-19 TH D, AOWETIIR A M T DR E 71T DR
WO LLRARFPCTHRA NI T LRGN Z > TW\WA 729, Fig. 2-19 (£20nM @ CB %
GLeRA N BT DERE RN TN EITST2BD HPLC 7 u~ T LDy 7 75
Uy RENREEZ T I 2L — M LEbDTHD, 2OV Ialb—ra UERNL, K
o Fe(IMEAD+ 512> T7 U —0 CB ML CB DR /Ny 7 757 Kl
FEEDENT 5 Z &R SivTc, Z ORBRO — IR RIL OAEHEIX FIC Z 2547 L72BR D
7 M7 AEDFICOE—7 @I KT 2BETHLN, ZOBEERA N T
LIEET O Fe(INBEOMGRE 77 712 L= DN Fig. 2-19 45 ELDOEAKTH 5,
Fe(IIREEDMERNE & OfEeHEII R E < 72> TEY . T Fig. 2-18A IZHB W\ T
TUROE—7 @S Fe(N)BEMEWERELS o2t &L TWD,

Fig. 2-18C (21X 100 uM 7 = U fED7RT SIN kDB L Z R LTz, RA BB T AT
D Fe(IN)DILEEDS 3~20 nM DFF SIN EIT K& S ZAL L 2RDr o Tohd, RA M T LRI
o Fe(N)BEN100M LV b/hs< b b s~ NI AORRIZER A BT,
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T7eb b, Fig. 2-20A D7 1~ [ 75 MERA N BT HEEETO Fe(I)EEEEH 7 nM O
RED b DERTN, XR—RA T4 UBRZICEF LARLEICR>TND, 2D X5 7285
X Fe(IN)REEA 3 nM BL N5 nM DIFICH RIERICBIEZE STz, —HTHRA NI T L%
D Fe(lIREED 10nM DORFR—2 T A NF%E L, B — 27 IR b IEH TH - 7= (Fig.
2-20B), LA EOFERERE 2T, RA NI T KDERICIRINT 2 5 o Fe(N)HEE L LT
1310 nM Z IR L7,
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Fig. 2-18. Effect of added concentration of Fe(l1l) in PC solution on the (A) peak height, (B) noise level,
and (C) S/N ratio. Each parameter was obtained from chromatograms of a 20-uL spike of 100 uM citric
acid which were monitored by HPLC fluorescence detector at Aex/Aem = 330/440 nm after the post-column
reaction with PC solutions of various Fe(l11) concentration. Each PC solution contains 20 nM CB, 3-20 nM

Fe(l11), 50 mM MES buffer of pH6.0 and 20% acetonitrile.
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Fig. 2-19. The background fluorescence intensity of 10 nM CB was calculated from the determined

conditional association constant. The insert shows the first derivative of the fluorescence intensity.
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Fig. 2-20. Chromatograms of 20-uL spike of 100 uM citric acid. Fluorescence signals were monitored by
HPLC fluorescence detector at Aex/Aem = 330/440 nm after the post-column reaction with PC solution which
contained 20 nM CB and (A) 7 nM or (B) 10 nM Fe(l11) in 50 mM MES buffer (pH 6.0) and 20% acetonitrile.
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2324 TR NI T LUK pH OEEAL

WIZARA N7 BEIRO pH % FaiE{k L7z, 20 nM @ CB & 10 nM @ Fe(lll), 20% 7
T = bV LEEGLHRA NS T LRED pH % 5.0~75 £ TELSH, 100 yM D~
TURE 0L FA LVl FLEBOEY—ES, A AKX S, SINEZNERE
i L7=, pH5.0~6.5 DR A kI T L¥EHKIL pH FEE R & LT 50 mM MES/NaOH 2 EiE
ZEMAL, pH 7.0~75 DR A b T AFEHRIL 50 mM @O HEPES/NaOH &k 2/ L
7oo Fig. 2-221A IR T L S IZAR A NI 7 AR D pH 73 5.0~6.5 DR, B*— 7 & S 13~
[N L7z, E72, pH6.5~7.0 DERIIE & A A LT, pHT7.5 2B W CRIMIZHED L
72o A RAOKE SILFig. 2-21B 127 T & 912 pH 5.0~6.0 (2B TELEA/ N S VA3,
pH 6.5~7.5 [ZBWTHIM L 72, SIN iZ Fig. 2-21C (/R T KL 912 pH 6.0 ICBW Tk &
Rolle®, WA NI T LR ORI pH 13 6.0 L RE -7,
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Fig. 2-21. Effect of pH of PC solution on the (A) peak height, (B) noise level, and (C) S/N ratio. Each
parameter was obtained from chromatograms of a 20-pL spike of 100 uM citric acid which were monitored
by HPLC fluorescence detector at Aex/Aem = 330/440 nm after the post-column reaction with PC solutions
of various pH. Each PC solution contains 20 nM CB, 10 nM Fe(l11), 50 mM pH buffer (pH5.0, 5.5, 6.0, 6.5,
7.0 was MES/NaOH buffer and pH7.5 was HEPES/NaOH buffer) and 20% acetonitrile.
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2325 WA NI T LEE~OFEEHEF OHEM

Al(M)IZ E > THET 2HEEZFSEARE m- I AR T 2= T Fm

(MCPF) % H\W=AFZEI2 3T, Hoshino et al. (2011) 1 Al(ll) & MCPF DR ARIZ
0.1%® PVP £7-1Z 1mM @ Zp & 0.1% Brij3s Z& b THRM LA, Al L 5
MCPF D DRRENWT O FETEMER M W GE LD b RELS R DL Z L &R
L. ZHUTIRAET CIADREHREND Z LI2L > T MCPF O EL72Z
EVNHHTHD EBLZLTWDH, 2D L2 MCPF & [FERIZAK~OEEEE DMK CB
DEFAEITH AR A b T DEER TGS 2 RN L T2 OEfigtt% BiF 2 2 & ¢, FIC
DORHIEEZ 1 ETE 20 TIERWINEE X T, £ 2 TAETIE ERRO et T e % 5
BIZL T, KA NI T DRIRICHEA A AR ETEEAIO—2>TéHh D PVP & HALCIRIN
L7za, £138A A REEWAITH 87 4 T 30 (Zp) EIEA A MR mEmEE
HITH 5 Brij3s #iEA LTI L7258 IBEE O LR RS E e Lz,

FFHIDOI G2 TNy FHEERZAT o 1o, FUmiE A 2T & 012 720 200
nM CB K¥i#%. 0.1%M PVP £721% 1mM @ Zp 35 L 11 0.1% Brij35 2% L 7= 100 nM
? CB KK DHNIRE (Fo &%) ZMIE LTz, WIZZENZEI1L0 200nM CB KIFEIKIZ
100 nM @ Fe(I1) Z RN L 7= RO F 2 HIE L AF (Fo-F) Z3KD7=, AF OEAE A
REVWEE, HPLC AR A 4 T ZEIZIGH LIZRRIC @O R E DS IRF T X 5, 2 DOFE R,
Fig. 2-22 (/8§ X 9 IZ PVP 2RI L7354 AF I3k b KEL 2o Tz,
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Fig. 2-22. Effect of addition of surface-active agent on AF of CB. 0.1% PVP or 1 mM zephiramine (Zp)
and 0.1% Brij35 was added to 200 nM CB with or without 100 nM Fe(l11) in 50 mM MES/NaOH (pH 6.0)
and 20% acetonitrile. The AF is fluorescence intensity quenching value, which was calculated as difference
between fluorescence intensity of 200 nM CB (Fo) and 200 nM CB with 100 nM Fe(l11) (F). Fluorescence

intensity was measured at Aex/Aem = 330/440 nm using fluorescence spectrophotometer.

LIEDOFERNS, RA NI T LIRS PVP 2N L2 5A SRR E o A HiFE
TX5EBEZDLNT-, £Z CTRSpakKC-811 7 7 A% MW T1mM ® 7 =k, 500 uM
O~ 1 mM oY TR 10 mM OFLERZ Syl L7z, 0.1% PVP Z RN L 727K
A N T BRI & SO ST TR DD FIC ORI (W/uM) 23R, T %
LT LT, WA NI T AW 0.1% PVP Off1iC 20 nM CB, 10 nM Fe(lll), 50 mM
MES/NaOH #Ef#ifZ (pH6.0), 20% 7 & b=k U V& Eie, PVP OUIIETIZ T HEEE
X7 = UEES 21.6 uW/pM, ~ 1 RS 3.63 pV/ipM, U > RS 0.888 pV/uM, FLEEA
0.0754 pV/uM TH > 7= DIZ%F L, PVP OWRINZITIE 7 = VFEDS 13.9 pV/uM, ~ 1 g
25 2.37 pVipM, U > FEEAS 0.797 pV/iuM, FLEEZS 0.0461 pV/uM Th o7z, LLED X9
[Z PVP 2T 5 Z LIC K » TRERTHGEE L 722 TO FIC IZBW TR E MK T
LTWeZ &b R b T DR~ FUETIE R O WA AT IE O R IR D A
RIS HATE N2 ERRE T,
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2326 RABI T AEBERA~D Fe(l)DFHENLFDERMN

CB % JH\ /= FIC O HTICR W TIE, MHHIZHR A b7 T LEEH O Fe(lll)-CB & ¥
T VRO FIC ORI TORNL BB Z VTN DA, Z OFMLFEIRRS 2BV T
Fe(II)-CB 7> & Fe(I)-FIC 223 D ER. SUSHRIA L LT Fe(HI)ZK Sy F A3 L 7=
T TEENGET D EBEZ DD, Bk 4 (CHCOO ) ICRE XD IR Uk
A AN 2 HOBREF T 2 DOEBA A TENL L TERN G Z RO LR %
7 — MNEBHEEREERT AN S D, A% VA AU IEOEREA A THES L, B

A9 BJEA A A% CHCOO S “HIZEEME L 7= 3 B85 1A Ma(us—0)(u-CHsCOO)s i
DEEZFOME (Fig. 2-23) X3 Mi0EEA A TR ML TNDD, 0 348
RIZBWTEAEENL 71X b T 2 AL & D M OFL 1 OB 1B HLOE 2 GRS 5,
ZOZENS KIGHRIEE LTT 7 TEMEOIELZ BLD X 0 VR ¥ T — N AUGEs,
K% H 5 )57 05 Fe(lI)-CB 72>5 Fe(lI)-FIC ~DEMNL - BEHS TR Z 0 09 < 7
D, FEROICRSIEORBEE LM ET 25 B2 55, £ 2 TRIFETIE, AR b
71T DEHRIZ S 57> U8 CHCOONa N L, FIC Ofi R 230 B3 2 2 & gt L
72 CHsCOO DAtz bl & LT HILR A 42 LSO Fe(INEAL T T %
FA T UEEA A (SCNY) U Lbbig L7z,

Fig. 2-23. Structure of carboxylate bridged complex; M: metal(l11) ion; L: ligand.
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FETHIOIZ, FHIEFZ W2y FHEBREIT > 72, 50 mM MES/NaOH #% &k (pH
6.0) (Z¥afE <72 100nM @ CB /KEEIKIT, F&IRET 1, 10, 100 uM ¥ X T 200 mM @
CHsCOONa, F721% 1uM ® NaSCN Z RN L7z, IBAUWKD A ex A em = 330/440 nm (23317
BRI Fo 240 ERHCHIE L. & 512 50 nM @ Fe(IH) & 7N L 7= IF 8 G5
FEHE L, ZROHOREMDZE (FoF) % CB OO 2 /R 95l AF & L,
CHsCOO F7-1% SCN MO A ML Z DYRE Z L IZ i %417 - 7= (Fig. 2-24A. B). AF
MREVIEE Fe(INTSIMZ L % CB DIEEOBENRKE N L &R L, HPLC R A b
T LEIZSH LT2BRIZ FIC ORHEREE S 7 B35 2 & 2R3, ZORE. SCN 2N
L7eho 72356120 AF 1% 67.3 TholoDlixt L, IRINL 736121 AF 1% 503 & 72
0. WINLRWIEA &l U CIEEORE /NS 7Z2o7- (Fig.2-24B), ZDOEHR L L
T, SCN XA VAR A A v TR TZDITH VR I VT — NEBHEIROEKIC
RO B HS S OIEHEAL N Z B 7eho 7= 2 LT A, UGS T SCN- & Fe(lINA 7
7T EER LV b RERBHEETER T 5 72912 Fe(I)-SCN & CB O] THINL & H#A )&
DEZVIZ K RRoTcled & PRI D, RIZ CHCOO RN L 7=, CHCOO ™
UMPREE A 200mM DA Z RN TWTRORETH AFITKRE ooz (Fig. 2-24A) ,
ZOEEE LT, BEWEFT D Fe(lll)1f 4> & CHCOO |, Ko T-DTHNLRFTT—
N EAESEIR M3(us-O)(u-CH3COO)s 28K S AL, B TS G DIEPELIZ E > T2 o
HIVIRF S T — NERESER TP DKy T L CB & O TR B SN = 0 < 7
5 &, Fe(ll)-CB OFERMMEME ST CB OWHEMEEL-72d Lt EZ2bND, F
72, 200 MM D X 9 72 IR EE Tl Fe(lll) & CHCOO DfifBfENE X 12< < 720 | il
Fe(II-CB SR DIERMNILE SN B2 D, L EDSy FEEROFERN G, HPLC
Z W2 FIC 3 ATICEB W TR A M T AEIRIZ CHsCOO™ Z Bl 72 i BE CHN+ 5 2 &

12 & o TR A3 B4 5 ATREME ANV R & vz,
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Fig. 2-24. Effect of addition of CH3COO" or SCN"ion on AF. CH3COO" or SCN- of each final concentration
was added to 100 nM CB with or without 50 nM Fe(lll) in 50 mM MES/NaOH at pH 6.0 and 20%
acetonitrile. The AF is fluorescence intensity quenching value and calculated as difference between
fluorescence intensity of 100 nM CB (Fo) and 100 nM CB with 50 nM Fe(l11) (F). Fluorescence intensity

was measured at Aex/Aem = 330/440 nm using fluorescence spectrophotometer.

Z ZTCRIT, WA BT LAEHIZ CH:COONa % 0, 0.2, 2. 20 uM %A1 L 100 pM D
7 PR L 500 uM O~ 1 R E T L CENENOREEE (nV/ipM) 2RO L
720 100 uM @D 7 = g & 500 uM D~ 1 U EEITZE N4 20 ul 97> RSpak KC-811 7 &
PZA V2l b, KSTANVHNTHRA T DRREG ST T2, WA MBI T L%
%1% 20nM @ CB, 10nM @ Fe(lll), % E D CH;COO 5 L N pH 6.0 [ZFH%EE L 7= 50 mM
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MES/NaOH &k & & te, & DOFEHED Fig. 2-25 TP 5, CHCOO ZIFId 5 Z LiC X
ST U, ~a UEEE BITHRHEE XA EL, T8 CHCOO RN 2 uM D
RS TR K & 7o T, ZORE 7 = U FR O U 1 CHsCOO # AT 19.8 pV/uM
25 36.2uV/IuM ~F9 2 51 m B L, ~ 1 U EEOM LT 6.88 pV/uM 2> 5 9.34 uV/uM
~LAfFICm E Lz, BLEDZ 205, RA I T AEIRIZTI Fe(l) DENL T H
% CH3COO % U) 7R I TR 5 Z &1 L » TEBRZ HPLC R A b4 7 kIR
% FIC OFHEEN M L35 Z LRSI T,

40
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Fig. 2-25. Effect of addition of CHsCOO" ion into PC solution on sensitivity of 20-puL spike of 100 uM
citric acid (closed circle) and 500 uM malonic acid (closed circle). Each FIC was separated by RSpak KC-
811 and reacted with PC solution which contains 20 nM CB, 10 nM Fe(lll), CH3COO- of each final
concentration, 50 mM MES/NaOH buffer (pH 6.0) and 20% acetonitrile. Value of sensitivity was calculated
as peak hight (uV)/concentration of each FIC (uM).
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PLEDFERMNERO HNTZRA NI T LRI OB 72/ & Table 2-1.127~ L7z,

Table 2-1

Optimized post-column (PC) solution composition for the detection of FICs.

Parameter Condition

pH 6.0 (50 mM MES/NaOH buffer)
Fe(l1l) concentration 10 nM

Calcein Blue concentration 20 nM

Acetonitrile 20%

2.3.3. FIC {Z¥EME DT

Table 2-1 |27 L7z fci 22 fHEL D AR A b 1 7 DEEIR & AW T, B O AR~ 5T
FIC HEYEME Dt 21T > 72, IRAY > 7 21E 100 pM 7 = >, 500 pM ~ 1 > Fig,
1mM U > SE, 10 uM 7 AL E R 10 mM HLERNE £, T4 6.91, 7.41,
7.81, 8.31, 9.8 IZIRH L7= (Fig.2-26), SIN LbD 3 #MHRA L LT/ =k, ~
Bl o vEg U AR, T A VE R, LR, IATRORHIR A KD Table
2-2 1R LT, 7 AIVE VEEOBRERANSTFEZFICEONOIXT A2/ EUBRIC L > TR
A NT T LEEF O Fe(l)DS Fe(INITEIL I L, FERE LTEHRRA NI T AR F O
Fe(Ill)-CB $&{(ADFEA NN 220 . CB OB EIMERE SN D 72D Tl e
Ezohb, TUVHLOFICDY L, 72U, ~ayik, Y avig, TAILVEVERIC
BLTIEBRERDOZ AT v 7 Loy L HIEEOEESREZ RO (Table 2-2),
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E citric acid
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c malonic acid
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Fig. 2-26. Chromatogram of organic acid mixture which contained 100 uM citric acid, 500 uM malonic
acid, 1 mM malic acid, 10 uM ascorbic acid, and 10 mM lactic acid respectively. Fluorescence signal was
monitored at Aex/Aem = 330/440 nm by HPLC fluorescence detector after post-column reaction with PC
solution of optimized composition shown in table 2-1. Twenty microliters of organic acid mixture was

injected into the column.
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Table 2-2. Relationship between log Km. and detection limit of each FIC.

Substance log KL Detection limit Linear range R? C.V.
(M) (%)

Tartaric acid 6.49 233.0 nmol

Malic acid 7.1 12.0 nmol

Lactic acid 7.1 56.6 nmol

Oxalic acid 7.53 849.7 pmol 100-1000 0.99 6.26

Malonic acid 7.52 2.4 nmol 100-1000 0.99 0.17

Citric acid 11.5 79.2 pmol 30-150 0.99 2.75

Ascorbic acid -- 3.3 pmol 5-40 0.99 2.19

AOHTEDRE 2 7785l & L T4 FIC IZOWTHREROEHE (E—Z & &/FIC ©
) AR, Fe(lll) & OFEEERE ORREZ 7 F 712 LT (Fig.2-27) fiedhi 2L 2
&V BRI A B OXHE L o7, & FIC ORRE LS A B O I LB 72 B
BRR SN, EAERCY A, ILER7e & D X 512 Fe(lll) & DFEA EEH 1075 LA F D
FIC IR E MK, BEfE, B Vi, e ATF VU YATA U REDI DI
Fe(lll) & DG EED 104 LR O FIC 1ZIREZ 10 mM £ T EiF T H A HrE Tt
LD EIETE R o7z, — 77, Fe(lll) & DREE ELD L) S 7 T R E B AT 7R &
s L,
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Fig. 2-27. Relationship between log Km. values and peak height/concentration of various Fe(l1l) chelators.
Peak heights were calculated from HPLC chromatograms which were obtained when 20 puL of Fe(IIl)
chelators were injected. The value of peak height/concentrations were calculated from the peak height of
1, 5, 10 mM tartaric acid, 1 mM malic acid, 1 mM lactic acid, 100 and 500 uM malonic acid, 0.2, 0.5 and
1 mM oxalic acid, and 50 uM citric acid. Peak height/concentration of each Fe(l1l) chelator was plotted

against log Km value.

VL EDFEFR S | ARGHEIZ FIC @ Fe(lll) & D L— RREIZIG U2 FRETH 5
T LEDREN, WERIETIZREETH o 7= Fe(ll) & D F L— FEEITIS U 7= k58 D3R
H7e RS P RE T d o 7,

234 FALXEERPO FIC 4T

Table 2-1 |2/~ L7c il 70 fR DR A b 1 T DR % T A L FEE WK &2 04T L
7o ks R % Fig. 2-28 D A IR LTz, TEHEREHE 5.0~17.0 0 DIV DD B — 7 3Bl
7o, BFEEEWER RO — 27 Th L ARt 2 dbrT 27292 CB & Fe(lll) &2 5 £ 72
WARA N1 T AR A RO CRIBRIZEE R A 98T L7 (Fig. 2-28B) ., Fig. 2-28B |ZIXiA
HiEER] 5.84,8.40,12.5 /012 3 DD K& A B — 27 BB TW D 28, 2L L el 4 em=330/440
nMIZBWTENEHTHAZENWEEROE -7 THDH EEZ LD, Fig. XXA O
7~ N7 AZBWCHFEENAMELSN O — 7 2 BI TR Lo, WHIFRHE 6.93,
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784, 981D NHDOE—ZIIFICHEOEY — 27 ThbirEEZLND, 693D —
T3 T UBORHERFR E —B LB, 7o UBEkomEEZOND,
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Fig. 2-28. Chromatograms of xylem sap from hydroponically cultured Fe-sufficient barley (Hordeum
vulgare cv Ehimehadaka No.1). Fluorescent signals were monitored by HPLC fluorescence detector at
Aex/Aem = 330/440 nm after the post-column reaction with PC solution containing 20 nM CB (A) or
containing none of CB (B). Chemical compositions of A and B were the same as optimized composition
(table.) except with or without CB. Unidentified peaks of Fe(l11) chelator marked by close circle appeared
at 6.93, 7.84, 9.81 and 16.1 min. Common peaks which appeared in chromatogram A and B at 5.84, 8.41

and 12.5 min were assumed to result from unidentified substances which show intrinsic fluorescence.
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24 HBE

FIC O@ERESHTEZBISET D200, BA NI T ARISICHAW S8 E 05
LT, OFXEFICERECKRBECO FoRELREL T L, ORKEBED
Fe(lll) & HFEE LIHIET 5 2 &0 @ARSHETIE 100%KF%DBEFHZ HWTWD 728
K~OERERFNZ & RERDHDH, RETITINLEAL 70— (CB) LM,
Fe(lIN &AL THEAET D EVOIMEDOH D 1-F7 7 F—/1-2-ZA L7k ik (1-NOH-2-S)
R 1-E Re¥i2-77 hxfg (1-H-2-NA), 2-t Re¥xi-1-77 h=fE (2-H-1-NA) .
T 7 Z L AZDWT Fe(lll) & OFEGFEBRAAITV, ZHE 4 pHB.0 IZFBWT Fe(lll) & A
LiEtT25 2 &R L7= (Fig. 2-8, 2-10, 2-12, 2-14), %§IZ 1-NOH-2-S {22\ Tk
ITFFEICB W T TREPEKF O ppm UL TO Fe ORIHICHVWEATND Z 05
(Sayour et al., 2011) 44 FIC D &L ~D IS H O IREMES I S iz 23, CB &
Lol 5 LR E L <ARWZ E R BT o 72 (Fig. 2-8A) . £72. 1-H-2-NA,

2-H-1-NA, F 7 & L AR E MR & ST Z KA~ DEFEDNME D 5 T2 Z 2 |
WS ARSHTETHAT a0 E LTIl LT n & fsafhir 7z, —J. CB
IRV R IR Z R L RIS T 29O R 2 A 72 200 CIEARIR EE (200 nM)
THIEFITRODVESEREEZ R L TEBY  (Fig. 2-4A). pH 6.0 DR TEIE D Fe(lll)
IZ X D) 20% DA IR TN T D Z EdREhiz, b CB oA T 5O LR T
WEROFE S, @QFe(ll) L DFEGDO LTS (HIEO LT ) REDWELEHEE X D &

FIC D REEESHIECIZICB DR Th b LB X bz, F£iz, AR DO@K~DEEMNE
D SAZDOWTIX, CBIE T VA U HERIRICITIE T 0T W b O O P~ AR I I3
FIZ< W EWIHEE Z RO, AOPHE TN HRO DB A A bR 7 5 Th D
RSpak KC-811 % fAWVTEK Y . BIFARNMEO - DIZIIBEME & L CRIEARZHE AT 5
VERSH D, £lo. RA ST T LERED pH X 70 U EIC32 25 &7 = U ORTE—
S IEE LSIN B KITEIZAR T L7228 (Fig. 2-21A, C). Z#uid pH 28@EW & Fe(ll)-
CB L rakElh o FIC & O TN FEBMSUSHE Z IS K RDTeDEBEZIBND,
U bEOBEBENSBEECRA NI T AEEROpH Z T A VHEICRET S22 k- T
CB O¥fthzm LS EL Z LITRHETH o 7/cd, RA NI T D EKRIZTE F=K
JVERINL CB Otz EF X5 EikAT-, TORE, Fig.2-17 IR T X 9 IZAR A b
HTLREZT 2 b= U VERINTSZLI2L->T100 uMZ =D B — 7 & S
KIFIZHEIML, =2 7=V U7 HifE Lz, E—7@m30omEBLOE—rT7—1 v
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T OMEIETE R= MU LORDVIZAY 7 —VERM LG AEITIER LN o7z

(Fig.2-17B), Z DR L LT, 7 F= MU LVOBRINZ L > THRA M T D~
CB DIEMENR E D Z L Dftliz, KBXOAZ /=L CT 2 =K U LD K
F—%# (DN) BLOT 7 &7 % —4 (AN) 27 & 5 FEEA IR L TV 2 D Tl
mOMEEZBND, N8 EIXEES OB GEEZ R TRETHY . Z OE
R EVREBA A NENLT DA 2R, T2, 77 v 7 ¥ — BB OB R
PEZRTEETH Y | ZOBERKEWERA A OB 7 03 EE S 7 IZBUAT L o9 <
725 (Gutmann, 1978), £ ¥, DN < AN 28 K& W \E EVARE T O ALl 1 1&
BEOSE SN S £ 525, /Ki% DN A% 18.0, AN A354.8, A% /—/Li% DN 78 19,
AN 28413 THLHDIZx L, 7 Fh=FU/LEDN 2 141, AN 3193 TH Y (L#{E
EILERUGT 5 i, B AL F SR, 2004) . W OHE L KB LA X 7 — /L K DK
W LEDZEMNS, T R= R U MEAKROA X — & AT Fe(l)S° CB T L
WS VHEE AR, RA NI T AERIZT ' =N U VREEND & Fe(lll)-CB &5 D
FERRMERE S LD O TIER W EHERI S D, £72. FIC & Fe(I)-CB 5K D[] CTORE
N BSOS BIEE SN D72, FIC ORI E L7 TRV EEZ BND,
E—2 7 —U T OHEIZONT S, 77 h= KU IJLORINZ X > T CB OFEFEMED ]
b U7z & R B B S AN CNC T D L 9 10 o 72 2 & SRR 72 & f e
L7,

£/, 2221 TRARZZM, WA T L ODS80m 2 W T/ = VB Z i+ 5 &, pH
6.0 DARA NI T MRIRE R WTZGEICT =) v 7 e HRIER—2 T 4 D ERBEES
7z (Fig.2-16D), RSpak KC-811 Z H\W\/= Bk DA & #1720 ODS80rm & VN /=5y
BELZIIBEIHIC A Z 7 — A REENTE D CB ORMEMIZERME W2 ERTHEIND
72, ZDOBSRIE CB DK~DOIRMNEDIL X A RN T 72 < Fe(l) DIAfRIE DR S 73—
EEZDND, GBI O Fe(I)DEARMEIEL 100%7K 5% OB ENH A VTR & ELiik
LTIRTFT 272D, A% ) = VinGENLBEHZHW5EIX FIC & Fe(ll)-CB &1k
DT OBRNFBEHSUEDNELONTH Z B 72 b LIS D,

PEF D FIC 3BTt G E DAL FREEIZIE > THOTEIT O DO TH D | Fe(lll) & D
FL— MEZFHIiT 2 2 LixTERnolz, L L, AOPHEIESHRED Fe(lll) & O
F L — MBS U CTREME 2T 5 2 & 2 AHEIC Lz, @V Fe(lll) ¥ L— hEZ R
L. Fe RFBAMICB W THERKE Z R L TOHILEWE 2 BRI RT 5 2 &
ZARBIC L7 Ty AOHHEIXEEIN 20 FETH 5, MA T, ROMEITEME A
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PR A LB L LW EN BT FIRIZHEAM CTH D | 2B ERE O LK~ Y 7 R &
FHERARIEOM TCOMAEEALBET 2HLEN R, £, @il b M L
VNI E S RSHTEIL Fe(I) & O L— MNEE A T 2 AERGUEHH O FTHL FIC DORESHR
REICH RVICEBRT D ATREEOH 2 0WETH D L 52D,
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BIE
b3 Z AWz Fe(l1) % L— & — @ HPLC HAriE D B3

Journal of Chromatography B (¥F)

3.1 ZC®»IZ

B TITHOEWE CB &2 W2 FIC 9HTEDBIE L. FIC O Fe(ll)F L — MaEZ R
L LIe kO 217 o 72, ARE T, FIC 5HTOE 7 5 mkEb A B8 LTk
FIEE T2 FIC HTEOBRR 21T o712, {bF5% (CL) SRR LV AT
T TR ORI =2 FT HGEICEOT VT —%2) L L TR T 5815 %
5 9. ZOBRIFIZ L OGEF RN E DIRLIIGIZ > TR E 5720, otz
Hea B L LI, Z DD a M &3 DMk L R TRHER DSy 7 7T
VRIARBELSINA DT ENTE, —RITHEAMRE LY b EEERBRER TS D,
F 7o ALFFR Tl EAR O EAREIE b A < RHd O R E S iy 7 R T
HoHI, ZRETICHL HPLC R 7 0 —A P =7 a3 Uo7 (FIC) IZHRIAL VS
NTET, £ I TARIIZE TR, (RN E W HPLC R A M1 T MEZRISH LT
FIC OB E D ATIE OB % HiE LT,

ABFIE TR T 2RI L LRI S TnD LI ) —b
(5-amino-2,3-dihydro-phthalazine-1,4-dione; Fig. 3-1A) & o-7 =7} > k& U > (Fig. 3-1B)
R L7, VX 2 — T v U S CRREANT K o TEBL S AR 425 nm 1Z3E
WISV FERIEEZE L D, 0-7 =F 2 bu U U B EERIZT L U S Clafb S 41, 445
~450 nm O RIALFRIEAE L D, 2 OLFERIEWE OFRRC ST LA BL A
DILTE T TR Z 525, BR{LMBIEI & LT Fe(ll), Fe(lll), 4/ (Cu(1)), = 31 bk [Co(Il)),
Mn(ll), 7 KX A [CA(Il)) 72 EOEBEREA 4 BLRZEDOEEERNZET 65, Fe
{LEEFRSESTE DAL AI L L CTHRET 2 E WO MEZFIH LT L/ — LT FIA IS
£ DU D Fe O @& HTICHIH &4 TP (Obata et al., 1997, De Jong et al., 1998,
Borman et al., 2009), o-7 =7} Fr U 4 FIADMIZF ¥ B 7 U —EXIKENZ W -
Fe(111)=° Fe(1) D = E 3 AT IR 4T % (Nogami et al., 2009, #3105, 2006), A<
WFZED T FZRIZIB N T Fe(I)-FIC 5K b LI /) — LB X Wo-7=F o hr U ik
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RN SO DOFRACAEH & L CTHEET D Z & 2R L= 720, AHFSE Tl b2 R e
LTS ) —EiTo-7 =S bl BBEAE LR {bAkE (H0) %
T, WMEDOE RIS EFIAT 5 Z & TFIC OEEESHTEDBEE T 1=,

NH, © NZ~
N
" g
NH e
(0]
(A) Luminol (B) o-phenanthroline

Fig. 3-1. Structures of luminol and o-phenanthroline.

Z T, Fig.3-212/vX /) — /v & HO, DIkt a o~ Lic, TAH Y RIEFTAI )
—/ (HoLum &3°2) i7" e hoAb &, v ) —vE® /7 =42 (HLum ) 4R
T 5, T I Fe(lll)7e & OFRALABFI A IEAFT 5 & HLum 1T 1 E b v/ —
70 (HLume) 2ERKT 5, HLumel IR Y b E2 R L, PT7H% ) Ubd
¥ (Lum) BE O HLum 24T 5, £ L7z Lum L, @E{bKkKENLAELTZE KR
A XA A (HOO) & Rs LTk [HLum(OO) ] AT D, ED%
HLum(OO) 2343 i L THIEIREED 3-7 2 /) 7 ZVERA A (AP Y &R L, 2D
(AP EEERIRIEICIER T2 & I3 X — 2 Lk & LT+ 5, Zov
— IV OALFEFE IO BN T HLumeDAERRIZ Fe(1) 72 & OF(LABh Al (—F T ERLA)
DMETH D, F7o. HLlum OALFFERIG IR pH TRV EHET LRV, 24 pH
MEVE HLum(00) D7 1 b+ AP HLum(OOH) 23Rk L. AbLS23 CR 2 15 %
M5 ToHD (Merényi and Lind, 1980),
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NH, O o
NH Q o]
Fe(lll) Fe(ll) 2 NH, O
NH OH- N .
| —_— | M T - 5 N NH
NH NH I+ |
NH N NH
0 o 3 4 I
Luminol HLum- Luminol radical Diazaquinone
(H,Lum) (HLum-+) (Lum)
* _
Q NH, © NH O
n N,
o HOO
o —— —— S — !
o] OH HO ©O—O
AP> (AP HLum(00)

Fig. 3-2. Major pathway of the CL reaction of luminol in alkaline media.

AL, B —FE LB HPLC R A B 7 MEE AW TS, o EEE% Fig. 3-3
(R LTz, AralBHTIZd 50> b Fe(l) 23N L CREH @ FIC A S, Fe(lll)-
FIC $61K2 71 T L CTHBEL IO G, ALFHME L H0, ZE LR A b1 T MR & X
J& S D, Fe(l)-FIC SR D ILATF N TIRFICME 3 el S VA U7 bRt 2 i3
HZEIZEoT, Fe(l) e DF L— MgAE AT 5 FIC ZRFEMICHRMTT 5, AETIL,
N )= NERIT o-7=F v hu U rE vz FIC SATEOBISE rTREMEIZ DU TR
L. B 72 FIC HTiEBRR & B8 L TS O &b 217 > 72, 72, Faifk L7z
IHTSRAETHE 2 72 Fe(I)-FIC SEREEEME 2 08T L. Z O BRI 2 R THEkiE &
tewgz L7,
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o

FIC

@ E—— (D

Fig. 3-3. Schematic diagram of detection mechanism of present method.

CL: chemiluminescent reagent; CLO: oxidized chemiluminescent reagent.
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3.2 MER LUTHE

321 B3

W= 0-7x=Frhal i HO, IMEHET o E=0 LKEIK (BiEKE
n~ b7 7 7)., Bk, 25%7 =T K, AL U U A 7 = R KR 3G
RS (KPR, BA) 285, EREET =7 4 (LC-MS M) 1% Sigma-Aldrich (MO,
TAVBEERE), =F L7 I U-NNNN-IUFEEEET U 7 28311 (Fe(lll)-
EDTA]., =F L U7 I -NNN N-IUEEEEF ~ U 7 A (Na-EDTA), ¥=F L RV
7 2 V-NNN N’ N- T g (DTPA), O,0’-Bis (2-7 X/ =F)) =F L7 U a—iu
-N,N,N N- DO EERZ  (GEDTA) |, trans-1,2-2 7 X/ 7 v~ 3 2 -N,N,N°,N’- U [ fige

(CyDTA) —/KFndy, 1 XFEMALZEMIZERT (RRA, BAR) 6. HEABER(N)AKF,
VERITEEMAFER S GRR, BAK) b ALL, §ll==F7 7 I

[ 2(S5),3°(S),3”(S)-N-[N-(3-amino-3-carboxypropyl)-3-amino-3-carboxypropyl]-azetidine-2-
carboxylic acid, NA, Fig. XXA) 1IHRBR R KL ZHIZN O THEW 20, 3o
R BRICIE S U Q Ak (Merckmillipore, Darmstadt, K- >) Zf#H L7,

3.2.2 HPLC #rtt

ASHTEDBFIAE ] L7 HPLC & 2T A ORESX % Fig. 3-4 IR LTZ, AV 2T A
IX3HEDRT (Pumpl (PU980), Pump2, 3 (PU2080)., i #ud HA RSt

(s, BA) ), #4145 v 7 5% — (MX-2080-32, HADEHASA) . =FHF
A ¥ — (DG-2080-53, H AR SE) . A— 7T — (AS-950-10, H AL
HASH), 2600 T 54 —7 2 [CO-965 (HADEHA AL 8L UVSSC-2120 (&
vy a—BEREE A, B, BA) ) RO R (CL-2027, H ARt |
UV-Vis s (UV-970, H ARG oS Tnd, STkt gosriEic
I pH5.5 & 8.0 DBEMHA HV /-, pH5.5 DBENE & LT, AREHEZ VT pH % 55
(ZFRFE L7 10 mM FEiE 7 B =0 LK 2 L7z, pH 8.0 OB &EIEL LTk, A
W7 =7 /KTpH % 80 [ZFHIE L7210 mM EREET »F =1 LAKIEIR ZHH Lz,
BEIFEO pH X2 Zhm Sy O8E K (pH 5.5 fiftk) L& (pH 8.0 Aiff:) 126
O CRE L, BEIMIZAON A ZLICiiFE L, KSR L ThoMA Lz, So8ratet
1A 7 4 v Z—=2=v K (Ultrafree MC-HV, Merckmillipore, Darmstadt, K- /)
Z T 12,0009, 4CTAGRRELAB L THOA T AI20uL 21 V=7 R LTz,
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SEEC IR 2 DORED T LA R LTSRS (#Rl) Z L A1 Z 2 (8.0 mm x 300 mm,
Superdex Peptide 10/300 GL, GE ~/V A7 7 kA &tk CT, 7 A U B &%E) = v,
FEEET A Y 7T T 4y ZWEHICE VATV, BT AIREE 39°C, BEFHOWHIT 0.5
mL/min & L7z, 57 A THEES = Fe(Il)-FIC $5(K1XHR 2 51 7 LR A (PCS-A)
ERA N T LR B (PCS-B) @ LLIEAE B HARA M7 LYE#E (PCsolution)
& BOG = A VN TROG S 72, PCS-A 1B TGRS 2 & e 100 MM D7 ¥ #2/NaOH %
K TdH Y, PCS-B Il L /KT KA TH 5, PCS-A & PCS-B IZZ 24 Pump 2,
3ITL - TO5mML/min DIFIETEHK L, FAF v 7 IFV—ICLVIRE LT, RIG=
ANVELTPEEK F2—7 3mx025mmid.) ZfHL, KhaA VORET DT A
F—7 1 (SSC-2120) T—EITHERF L7z, 1T AERHIRD 210 nm OWILEZ £ =5 —
L. ZORIEFRIBELE=F— LTz, TNENOEEREIZ0SHILIZY LT
T LTz,
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Sample

—\/\—— — —> Waste

Pump 1
COl1 co2
v RC
M O
AS
PC solution
0.5 mL/min
DM
0.5mL/min | Pump 2 Pump 3

Fig. 3-4. Schematic diagram of HPLC detection system. M: mobile phase (10 mM ammonium acetate buffer
at pH 5.5); PCS-A: lumino solution containing luminol and pH buffer; PCS-B: H,0O; solution; PC solution:
the 1:1 mixture of PCS-A and PCS-B; pumpl: PU-980 (Jasco); Pump2 and 3: PU-980 (Jasco); AS:
automatic sampler (AS-950-10, Jasco); DM: dynamic mixer (MX-2080-32, Jasco); C: a size exclution
column ( Superdex peptide 10/300 GL, 10 mm x 300 mm); V: three-way vulve; RC: reaction coil [PEEK
tubing (3 m long x 0.25 mm i.d.)]; CO1; column oven containing the column (CO-965, Jasco); COZ2:

column oven containing reaction the coil (SSC-2120, Senshu scientific) UV: UV detector (UV-Vis, Jasco)

PCS-A PCS-B

0.5 mL/min

CL: chemiluminescence detector (CL-2027, Jasco).
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3.2.3  Fe(lIN-FIC S$&AIZ UM B D FR%EE

Fe(IlN-EDTA, 7 = & (Cit), NA, DMA ® 1 mM A b v ZIERIZENEh O
ZV QIILIAMSE T L, 1 mM @ FeCls A kv 7 ¥&RI< 1 mM HCI |2 FeCl; &
AR S B CREFE L7=, Fe(1)-Cit, Fe(ll)-NA. Fe(lll)-DMA @ Fe(l11)-FIC $& A= g
X, 1mM O 7 =, NA, DMA X kv 7 ik A 22 & D 1 mM FeCls KK &
RA L7, HPLC OB EHHE (pH 5.5 OF41E 10 mM Filig 7 > € =7 LKA, pH
8.0 DHEEIZ 10 MM FERIET L E =7 AKEIK) THEMRLES DA W,

324 AR AT MRDORMEL L F DD 53T St D Bk

RA ST DR ORI KO DML 5347 S D Fi bl i Fe(I)-FIC SE{RDIE
YW & LC 10 uM Fe(II)-EDTA & 10puM 7213 100 uM Fe(lID)-Cit ZfEH L, syHEic
X pH 5.5 OBEIFEAE W=, 78~ N7 T7LD 7 £ AORE SIFHWFEMEICL > TK
LB LT SO REbIZZ <~ R 7T LD ) A AOKREX ST 5HE—
7 EOEIS (SIN ) ZHEET 5 2 LIk > T To T, /A AOKE SITIEHKHE 3.0
~40 FIZBT DI v~ NI T AOEFHREOERERAE L L TER LI, I ORI
IZIEWT OGN T DO E— 7 HBINRNT SIXTOERLTH D,

3.2.5 Fe(l1N-FIC SN E DRI R R OWRE

SYBECAE I 2B EIH O pH 28 5.5 38 LU 8.0 TNE N DHAIZ DUV T, 4% Fe(lll)-FIC
PER DRI A Z KD 7=, Fe(lll)-EDTA. Fe(lll)-Cit, Fe(Ill)-NA OFEYEME KIRIK & &
NN 20U BT ABIZA Y27 L, Za~ 7T A RICBNEEY—27 DOEmS &K
D, REMEER LTz, MHBRIXSIN=3 252 5WEEE LA L, £/, &
FIC ORHIUEE (Sensitivity) % FLied DBICIIMEROMEE (7 ua~ T h ko —
7 ESHEE (VIM)) 23R, ZhzmbE & e LTk Liz,
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3.3 MR

33.1 fEAT LFERAMEDOKRES

AROWHEIHER T 2L B O E LT o-7=F v hr e ) — L%
BINRLTE, TOELLRRENEZRGTTT D7D, o-7=F 2 hal U H0, RENI
— /U H20, 5% C Fe(II)-EDTA DR HURE % bbil U 7=, AL MU & O 72 BR O R
FEL T 5 Z Ll LTe, BEHEME OSHTIZIX Fig. 3-4 1278 L7z HPLC & 27 A% H
L8 T JEEY (19, okl A — o 77— B EEHPLC IZA >V = 7
r Lot L7,

33.1.1 o-Z=x=F v bul UIH0 {bERERIEE RV o8

F9. PCSAHDo-7 =) br VY UREES 100 uM IZFEE L, PCS-B 1D H0, i
J£7% 88 mM (0.3%). 882 mM (3%). 2.94 M (10%) & 3 @Y (2 L SH, 10 mM O
Fe(IlI)-EDTA #4547 L7z, £ DfEH. 10 mM Fe(Il)-EDTA OrR$ ' — 2 & & 1% H,0, 2
FEAS 882 MM DHFi K272~ 7= (Fig.3-5), Z DKFD Fe(ll)-EDTA O HIEE % £ — 2
B SRE (/M) £ L TRD D & 88 uViuM TH - 7=,
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Fig. 3-5. Effect of H,O, concentration in PCS-A on peak height of 20 pL-spike of 10 mM Fe(lI1)-EDTA.
Peak height was obtained from chromatograms of 10 mM Fe(l11)-EDTA which were monitored by HPLC
chemiluminescence detector after the post-column reaction with 1:1 mixture of PCS-A (100 uM o-
phenanthroline in 100 mM HsBO4/NaOH buffer at pH 10.5) and PCS-B (0.088, 0.88 or 2.9 M H;0,

solution). Each sample was injected into HPLC system without column.

3.3.1.2 WX 7 —/VIH0 b EFN G & AV T2 04T

[FREIZ LT, b X — U H02 DALFHCRUE & T2 B D Fe(IIT)-EDTA O H L
R, £, PCS-AF DI ) —/VREZ 100 uM IZ[EE L, PCS-B 1D Hy0, i
JE% 1, 10, 100 mM & 3 3@ 0 [2Z5 L &4 10 uM Fe(IID)-EDTA Z43#r L7z, & DhE R,
H02 JREE2S 10 mM DI — 7 @ IR o 72 (Fig. 3-6), Z DD Fe(ll)-EDTA
DIRHRE 2Rk 5 & 10x10°pV/uWM Th o7, LEDZ b, v 2 — L E iz
D> Fe(II)-EDTA ORI X o-7 = F > b U U /H0, Z WL 0§ 4 Mk
<\ VR —IUIH0, DALZER IR 2RI L7205 53 & 0 @ EE 72 Fe(1)-FIC 74Tk %
BHRECTE 5 LRI L7z,
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Fig. 3-6. Effect of H,O, concentration in PCS-A on peak height of 20 pL-spike of 10 uM Fe(l11)-EDTA.
Each peak height was obtained from chromatograms of 10 uM Fe(111)-EDTA which were monitored by
HPLC chemiluminescence detector after the post-column reaction with 1:1 mixture of PCS-A (100 uM
luminol in 100 mM H3;BO4/NaOH buffer at pH 10.5) and PCS-B (1, 10, 100 M H20- solution). Each sample

was injected into HPLC system without column.
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3.3.2 St &MHD&#E{k
3321 AT 2T LB L CEBEHORE
33211 FAHAEEEHBEHEICOVNT

HPLC & W= T LA BT 2 LT T 20 7 A 0OBRPUIIERICEHETH 5,
B HPLC IZ X 2 0B - St o A7 A CTIIRI G E O Bl i b L7271 7 L 23R
THZLENEETH DD, APETIHME PRI L DR A M 7 MEZ M LT
WD T2 BRI 2 BENE LALTEROERH OAREEIZ DWW T H T 2 BE N D D,
DFEY, BT AHZEDFIC OB B THY, 7eBH2>FDOH T M L= BEE &
RA N AT DIREOIREHF TV ) —VIH0, DALFERIEIGDN R R < #7125 &
D IRGNEBIRT D ME R H D, HPLC ZH W Bfcs W T, A oK u~ 7
TI7A4—=RAFT R v~ 87T T 0 —TIE 100%K R OBEFEDZ WS D08, W
Morua~ 777 4— B v~ N7 7 0 —CIIAEEE 2 E0BERI AV S
Do £ZTET. 100%KFDBENE & AR A4 5 Lo ENE 2 FV 72556 Tl Uk
FEIEWRH D0 EHERT HZ LIT LT,

U QITAH J—)V% 50, 75, 90%SHN L7-/KIZK E /=13 ¥ / —/v%& T5%IRINL
7oKV 2 B8k & L TRV, 10 uM @ Fe(II)-EDTA %34 L C SIN thZ i L=,
PCS-A & LT 100 uM /L 2 / —/ L& &de 100 mM 7k 7 [i%/NaOH #% &% (pH 10.5), PCS-
B & LT 10 mM @ H,0, KA % IV =, HPLC 3:(&I2h 7 A&t 3 I oiratkl 2
BEEARKICA >V =7 b LT, TORERE, Fig. 3-TA R T L) IBEMHICA ¥ /) — L %
50%LL E&Te & 10 uM Fe(I)-EDTA R b — 27 & S N KRS+ 5, —FH T, /A
ARESFE—7 @ ERTIE RV OOFEIEOIRINC L > T Liz7=% (Fig. 3-
7msmwiﬁmﬁﬁwbt@@&m)x&/~w®ﬁbbti&/~w%%MLk

G ERZREm S R o 7e (Fig.3-TA~C), 72 b= U AV ZEMLIEEAICEY 7
FTTEI B ENRL R, =7 HEIBILUSIN HIZ 0 IZ7eo7 (F—HITR&E
7). LDz e, AF ) —n, =&/ —, T = NI AREOEKIEELE
LBEEITL X ) —/UH0, DALFFCSORZFIH Lo RIZITAE TH D 2 & 2VR
Sz,
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Fig. 3-7. Effect of percentage of organic solvent in mobile phase on (A) peak height, (B) noise level and
(C) SIN ratio of 20 uL-spike of 10 uM Fe(I11)-EDTA. Each S/N ratio was obtained from chromatograms
of 10 uM Fe(lI1)-EDTA which were monitored by HPLC chemiluminescence detector after the post-
column reaction with 1:1 miture of PCS-A (100 pM luminol in 100 mM H3BO4/NaOH buffer at pH 10.5)

and PCS-B (10 mM H0O; solution). Each sample was injected into HPLC system without column.
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33212 MY BN T LD

K5 T AR L X 172 & FIC OB W TE, RIcOA AR n~ 7
T4 —, QA F KRB~ v 7T 7 40—, QBUKMMHEER <~ N7 7 4 —
(HILIC), @it v~ b 7T 7 4 —, @Y A X7 v~ b7 T 7 ¢ —72 EOLHEE
— FBREHIND, TNENOHEEE— RIZOWTHRFZ1T 72,

O AFVHBRIu~bTT77 41—

AT VPRI v~ NI T T 4 —ITAEBEOSBHICR b R BRSO 0BEE—
ThoH. AT UHRI v~ NI T 7 0 —0 T Kx AW BERCITmBIEOBEFE 2V S
ND, L, /v —IUH0 DALFFECSIEDHEITIZIZ OH A F U 3B TH Y )X
SRR D pH Z 9~11 O T VT U VEIZROUEN B D720, BEOBEFRZ W51 4
b7 v~ 7T 7 4 =T T DFIARGHTIEIZITE L TR0 &l L7z,

@ AF VBRI~ TFT 4—

AT Ry o~ N 7T T 4 — b AEBEOSEHIC R s d, 22T FE
BRiCA A oA~ 7T 7 4 —5 5 5 (TSKgel DEAE-SPW, Y —#kX&4t, H
&) E#HE L7Z HPLC 2 A7 A% HIW T 10 uM @ Fe(ll)-EDTA O3 24T > 72, A 4
VR u~ N7 T T IS X DRSO S BEC T, RIS IR O B OB ENE £
W=7 TV MR ZEIT 9 . ABFZEICEB W T pH 5.5 IZFHFE L 72 10 mM FEfR T >
T LKEK (AR & AJRIZ 300mM @ NaCl 23l L7 Bika W=7 7Yz
MNAHZETT T2, 77 VT2 MAEHIEL, 0~5.0 7128V T AR 100%, 5.0~40.0 /3233
T B R 0~90%, 40.0~45.0 4328\ T B i 90%, 45.0~55.0 43123 T B g 90~
0%, 55.0~60.0 /2T AR 100%D Y =7 7/ F VT MZLVir>7-, PCS-A &
LT 100 uyM /v X/ —/L & T 100 mM 78 7 F2/NaOH #E#iE (pH 10.5), PCS-B & LT
10 mM H.0, KA % iV T2y Z DOFE R, Fig. 3-8A IR L2 L D27 7V MEHD
BROBEHDEIREDEIZER T B2 6N 70~ N TLAR—=AT 4 DR
U7 R A RXDHERPRAONTZ &b ROWTEOBRMRIZITA A 2280 7 A%
AT D &l Lz,
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® _BKMHEER v~ bFF 7 +— (HILIC)

A, FIC OB BKMEMEEN 2 v~ F27 2 7 4 — (Hydrophilic Interaction
Chromatography, HILIC) &< HWHND K H 127> TETW% (Rellan-Alvarez et al.,
2010, Tsedneeetal., 2012 72 &), HILIC IZNEHZ v~ N 75 7 4 —DO—FTH Y | AL
B2 ETBEMZ M L 7 AR X OBENE & okt g oM BEER ZFIH L <
S BERAT S, ARBFFETIX, HILIC # F A D —FE To % ZIC-HILIC, PEEK column
(Merckmillipore) % #%f5¢ L 7= HPLC 3 A7 A % AT 10 uM @ Fe(lI)-EDTA % 2341 L
Too BEDBIZIZ 50% A %/ — V&2 GTe 10mM BT =7 LKIEIK (pH5.5) 28
FEE LTHWY, 74 Y7 77 4 v 7 E o7z, RA AT DR OMAIIREDR D
AT WA T DOBEE LRETH D, Fig. 3-8B [IRT L H /7~ 7T AR
10 uM Fe(II-EDTA @ &— 27 RNEN =28, B— 27 @& SIEHEF IR MHRE X B AR &1
SRR oT, iU, 33211 TRLULZL D ICHEIAEZ G HBEMR A AW 5EA IS
Fe(Ill)-EDTA DRMREENME T T 272D B2 b b,

@ HHHIe~< b FT7T7 41—

W7 u~ 777 —blEEZ u~ NI T =L RERRIC OB n~ N T T 4
—D—2ThH Y WHHH T 2% AT BRI 22 0B I 3E RS2 BB a2 3 5
VENHD, Floo BT DBESDOZHRIGOWAE 285 T2 DIZBEEIZ TFA 72 &80
it % N Z BB 2 BRVEIC T 2 MRS D Z LD WM D 7 A% 7= HPLC /9#7T Tl
Fe(I)-FIC DR DI T A TSI NIz, £ 2T AOHEOSBEITFE T 7 L%
R T D &l LT,

® VAXYBRI v~ b TFT74—HF A

WA XYEpr7 v~ N 7T 7 4 — 3@ F NI BT T R LS T O
HOSHEZHWON D DEEE— R ThHLIN, VA Xbrra~ N7 737 40— 7 2% H
W2 ATBECIE 100%K R OBEHAEH CTE 5 2 L2 b ARBFE TIEAOHT R D 43RS
FNAWT T BD—FETH D Superdex Peptide 10/300 GL 7 7 2D HEMFd 5 Z &
& L7z, Z @ Superdex Peptide 77 7 A Id43 -5 100~7000 D7 F R0Z DM OK Sy
EIRICED O BED T :%%éht%@fkw\mu~mmmpr@ﬁ?Eﬂ@ﬂ
BiEA R CX %, & 2T, Superdex Peptide 77 7 A Z#ii L7 HPLC v A7 A% VT
10 uM Fe(I1)-EDTA D55 24T - 1=, S BEDERITIE 10 mM FElE 7 > € = 7 L (pH
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55) ZBEHE LTHW. 74 Y777 4 v 7 & T o7z, RA NI T LR O
LRI DA AR v~ 777 4 — BT LB L OBKEHEER 7 e~ N7 77
4 =N T LDOEE EFRBETH S, Fig. 3-8C IR T L1270~ F 7T A EIZiE 10 uM
Fe(Ill)-EDTA O & — 2 REBINT= B DA Ao a~ N 7T 74— 7 2B IV
BOKMAREER 7 <~ N9 7 4 —H T L0 —7 LHET S L v — 27 & SNBEEIC
moTz, LLEoZ e Superdex Peptide 1 7 2Tkt % CTH 5 FIC O4rffEd &
MR O CTHRIER 7 7 L Th D &l L, ARZHT1E Tl Superdex Peptide 7 7 A%
T2 & &Lz,
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Fig. 3-8. Chromatograms of 20-mL spike of 10 uM Fe(II)-EDTA which was separated, using (A) DEAE-
5PW (B) ZIC-HILIC and (C) Superdex Peptide column respectively. The gradient elution was performed
with DEAE-5PW column using mobile phase which consisted of 10 mM ammonium acetate (pH 5.5) in
milliQ (buffer A) and 300 mM NaCl in buffer A (buffer B). The isocratic elution was performed with ZIC-
HILIC column, using mobile phase which contained 10 mM ammonium formate (pH 5.5) and 50%
methanol, and with Superdex Peptide column, using mobile phase which consisted of 10 mM ammonium
acetate solution (pH 5.5). The flow rate of mobile phase was 0.5 mL/min with all three columns. CL
intensities of each eluates were monitored after post-column reaction with 1:1 mixture of PCS-A (100 uM
luminol in HsBO4/NaOH buffer at pH 10.5) and PCS-B (10 mM H2O; solution). Twenty microliter spike
of 10 uM Fe(l11)-EDTA is indicated by a black arrow head.
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3.3.21.3 fBEMY HBEMHE DR

eV T, Superdex Peptide 77 7 AT & 543 BEIC ISV THE 3 2 BEIFE ORERKIZ DWW T
MEt 21T o 7o, ABFZE T, BI% Licotrisz IV CEREZ S Fe(ll)-FIC Z8H L
BAEZIZ LC-MS ZHWTIRIET 5 Z L # HiNE L TWaiow, OB A H
WOMEND STz, Fio, AEREEIO R THRICESMY OEFKR (pH5.5 AiR) B X
O (pH 8.0 7iif%) H @ Fe(lI)-FIC AT 2 48E L T\ a7z, BEEIES ~ @ pH
IZAEHE T pHB5 & pH 8.0 2Vt 5 Z L2 Lz, BHRT > =7 LMEREHIEL pH
5.5 Z iR PNIC & TR ME ORI CH S 720, pH5.5 OBEIHEE LT 10mM DOFE
7 ey MEEREHAVD Z &I Lie, £7o, BRET V= MEEIRIL pH 8.0
Z AR NI E e s M OFEEIR Ch 5728, pH 8.0 DFBENFH & LT 10 mM O ER
T =0 MEEKEEZ WD Z &I LT,

3.3.2.2 PCS-A I X PCB-S Ot

PCS-A 53XV PCS-B % L&D & 9 RIBEHETIRAT H0IIISRIZE T D103 ) —
e HO, DIFIEREZRET HERTHLH L0, TORGHEOR#EILEITI Z LI
L7z, PCS-A & PCS-B DIRALZHRIZZDIIE TRIET 5728, PCS-A I LUPCS-B D
TRH % 2L SE 720 10 pM Fe(IIN-EDTA @79 SIN b, BE—27 @&, /A4 AKRE &
Z b U7z, BEFE IS 0.5 mL/min TiE#E L. 10 uM Fe(Ill)-EDTA X7 7 2 O#E L
TWRWHPLC Y AT AICHEPEA VP =7 b LTz, PSC-A 3L TN PCS-B 3% L\ it
TER L, TNETNOFEEZBEMA & [ C 0.5mL/min, 0.75mL/min, 1.0mL/min @ 3 i#
DIZE(L ST, PCS-A L LT100uM /v / — L& & T 100 mM 7R 7 E/NaOH FEFE 17
(pH10.5), PCS-B & LT 10 mM O H,0, K&k AV 7=, Fig.3-8C 12" 9 L 912 1:1:1
DiFH T PCS-A, PCS-B % 48 L 72KFIC SIN Fuidfic KiC 2~ 72, i, PCS-A B X
N PCS-B Dtk EiF D &I T /A AR L, B—7 @SS F+5
72 ThDH (Fig 3-9A, B)., ZAUIRIGIZEAD D /LI 7 —/b & H0, Dkt B3 2 %
Te DA RIBRED NN 7 75 7 R A AP KRT D0 EE 2 55, PCS-AB
L OVPCS-B D REIRIAE A L 72 PU2080 A3 IEffe 72 it i 2 4K C & 2 it iR 1E 0.5 mL/min
UETHLIH, 2L 0/l & i mO EMEN R SR, £, BT A
DES ER E DOFREWTREMOFEZ 0.5 mL/min LV ESEETDHIENTE R
Mool BEFHORE % 0.5 mL/min, PCS-A ¥ X OV PCS-B Ot % 0.5 mL/min (&
WETDHZEE LT,
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Fig. 3-9. Effect of flow rate of PCS-A and PCS-B on (A) peak height, (B) noise level and (C) S/N ratio.
Each peak height and noise level was obtained from chromatograms of 20-pL spike of 10 uM Fe(l11)-EDTA
which were monitored by HPLC chemiluminescence detector after post-column reaction with the 1:1
mixture of PCS-A (100 uM luminol in H3BO4/NaOH buffer at pH 10.5) and PCS-B (10 mM H0- solution)
which were pumped at flow rate of 0.5, 0.75 or 1.0 mL/min. Mobile phase (milliQ) was pumped at 0.5
mL/min and each sample was injected into HPLC system without column for the sake of simplified

comparison.
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3323 WA MW7 LBRDOBEFHIE

AROHHETIEIARA M BT LR E LTPCS-A £ PCS-B @ 2 &% KR LTI T LIEH
WRERIGSHETND, 2D 2ROEWSEE LT, PCS-A &£ PCS-B % 2 5DHR 7T
TNENER L, XA FTIv 7 Ix—2HWTRISELF T 14L&, PCS-A &
PCS-B & FHIRA L THHZDIRAK (KA M T MRIK) 2 1 BOR T T LT
BT DEHEE TGS ED AT TA4 ViR EZ LD, BB DOHETIIRA NI T LIEIR
PICBEICE ENDEBA A LV ) —IUIH0, DS L, AR A b H T LR O FHEE
B EEFEI ARG T D & TR ROMREE MK T4 5 /IetENE 2 bz, £ 2 TH v
FTA X TTA L TPCS-ABLUNPCSB #RA LIZHADOTNZNICONT, 1uM
Fe(IlI)-EDTA % /3#T L SIN b & K72, Fig.3-10 1D SNo & 1R A b T LA % 7R
LT IO &EITo72BED SIN BbZ R L, SN LIXAR A M 7 ARIRZFi# L C
DB B FBE R 2 BT E4T > 72B8 D SIN HZ -9, SN/SNo &1, £t iR 4 %
T SIN LA ERNIZF U Lizds, E2388M L2 OBIE &7, SaERERH 0 K & 1X
PCS-A & PCS-B ZiRG LTI It & To7c8 2R T DT, ZOHE SN & SNy
IZIA—T&H Y SNISNo X 1 £ 72 %, 47T 4> (Fig. 3-10 F DO FH ) (21T Dk e
1 B§f# & 1%, PCS-A & PCS-B #iERA L C 1EMBZIC O 21To 12842 /R L, TOREIC
BHNTZ SN SNoIZ D 2 EIEE 7T 7R Lz, — ). 474> (Fig.3-10 F
L) IRV TROEEEM LR & 1X, A7 T4 L OO 7912 1 [BIH Q43 HT o 1K
FRICH O 21T > 125G 23, BEE & LT 10mM FEEE 7 & = 7 AR (pH
5.5) AV, £7-PCS-A & LT 100 uM /L 3/ —/L%& & T 100 mM 7 7 i2/NaOH #E i
# (pH 10.5), PCS-B & LT 10 mM @ H,0, /KiRiE & 7=, HPLC ¥ AT LTI h 7
D E R TICOTR B 2 BRI A > V=7 b LT, T4 DR TR, Ry
7 TR 5 F T PCS-A & PCS-B IZREFIET /LI /—/L & H0, b L7z 2,
HEREOIZIL 0 FE 2 & 1 IRefiI#2 O SIN ERIZZE T2 2 &P S L7223, Fig. 3-10 % F
HEFUTA U TIX LR E 0 BEf# D SIN LIC KR E RE TR bR -T2, —J7,
F7 T4 TRA LIZHBAIZIE. 10 pM @ Fe(lI)-EDTA D79 SIN Ehid 1 FRRGE #
(213K 70%IC F TR LT e, ZHIESEHIO TARE Y R A F 7 AR OWMESE
AAFETFT T )=k HO, B LTzl-EEZ b5, £ 2T, AOHHET
IZ PCS-A & PCS-B X2 BDR T THIXIZHEKR L, XA T v 7 XV —2HNTH
VIA UTRA LR, KIS A NVNTH T MEHKEKGESED 2 & & LTz,
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Fig. 3-10. The effect of elapsed time from the preparation of post-column solutions on the S/N ratio of 20-
pL spike of 1 uM Fe(I11)-EDTA. The ratio of SN, the S/N ratio which was obtained after each elapsed time,
to SN, the S/N ratio which was obtained without elapsed time. The SN/SNy ratios were shown by closed
circles when PCS-A (100 uM luminol in HsBO4/NaOH buffer at pH 10.5) and PCS-B (10 mM H,0,
solution) were prepared separately and allowed to stand for the indicated time until the analysis. Also the
S/N ratios were shown by open circles when PCS-A and PCS-B were mixed in advance and allowed to
stand for the indicated time. Each sample was injected into HPLC system without column for the sake of

simplified comparison.

3.3.24 MHBOEEGRIETF LKL A L DRS
33241 HHEIBOEEIERF

VR —UIH0/MN(I) DAL SOGIZ FN T, FEEsRE b3 L2 4 FORif: CThc
KIZEL, £D%k 10 BEIZ CTHEAT D2 E2VRENTW5S (Burguera and Townshend,
1981), Z DX I = DALFEINBUSITN X 7 —v, BR{ALL EREAIBLAI MR
4% & T ITRRMEISEL, BIOFRHIZOTNITHD LBEX LD, DI
D, V=R H0, ZE TR A BT AR & Fe(N)-FIC Z & Te 1 7 AAHIRDNE
L THDALEREARHBRCE S £ T2 2R & . FIC DR IR 2 P& % 365
WCHERERTHDHEEZOND, €I TAMETIL, S aA An b bRt
ICEDHETORRE, DFVREOR I Z 5T 27912 UV BH#R, CL RHIZROIE
(UV-CL £ 9°%) TR 28R LGS & CLIRIESE, UV RHEDIE (CL-UV &
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T5) THHE LIZSEAFNTNO HPLC ¥ AT 4% VT 10 uM @ Fe(lI)-EDTA %%y
Br L7z, UV-CL DOEHGNAD 5 AMEFR IR I E D £ TORMIZR <2 b . CL-UV
DEFNED 73 < 72 %, BB & L C 10mM FFlE 7 & = 7 LR (pH5.5) . PCS-
A L LT100 pM /L3 —/L & ¢e 100 mM 7 7 [#%/NaOH #&fi (pH 10.5) . PCS-B &
LT 10mM @ H0, AKiEIE & IV T D, HPLC & AT AZIEH 7 K& HmE 32 ohr
AREFE BERKICA ¥ =7 b LT, EORER Fig. 3-11A 1277 & 912 CL, UV DJEIZ
Befor L7, 16RO UV, CL DJEE g5 & B — 7 @ &3 1.3 f5icm B L7223,
—HTI)ARXDKEE LI L6 FICH KL= &5 (Fig 3-11B) . HEREAYIC SIN LI
0.78 f5IZIK F L7z (Fig. 3-11C), Z#UE CL FaHigs% UV Mittas o EIICRET H 2 &
IZE 5T = DHT BALEFIREE DS e KIZ 72 B BRI £ 0 00 T R8O
BRIE AT 2 2 ERAMRE L Ao o 7oA, — 07 T UV Mg BiticEE i SV A5G
0 b HIEONRGESFRY VIRRE T CL MHHEGPIZIRAT 2 2 & &2 #iEn s /A
ADRESPR LT DEEZLND, ZOZ 0L MHEZROREGIEIINERE Y UV
Frtids. CLAHEEDNEE LTz,
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Fig. 3-11. The effect of connection order of HPLC detector on (A) peak height, (B) noise level and (C) S/N
ratio of 20-uL spike of 1 uM Fe(llIl)-EDTA. Each peak height and noise level was obtained from
chromatograms of 20-pL spike of 1 uM Fe(l11)-EDTA which were monitored by HPLC chemiluminescence
detector connected below (UV-CL) or above HPLC UV/Vis detector (CL-UV) after post-column reaction
with the 1:1 mixture of PCS-A (100 uM luminol in H3BO4/NaOH buffer at pH 10.5) and PCS-B (10 mM
H,0O; solution). Each sample was injected into HPLC system without column for the sake of simplified

comparison.
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33242 PFISaANDOES

PR OBERIET T TlEe < FISaA LVDOEE S 7 —/b, H0,, Fe(lll)-FIC 23
BFLCOOMRESICEDL ETORMARET DERO -2 ThD, £/, UL/
DESIIV I =/, H02, Fe(lll)-FIC, AHTIED ORI 2 3 E 3 5 HE R /3 5
Ho—>THdHb, T2 T, 2R 1ImE3moO2FEHEORESOMIGaAVERWT 1
uM @ Fe(ll)-EDTA Z53#1 L. T ZN?D SIN bz il Lz, HPLC ¥ A7 AZiZh 7
D E R TICOR B 2 BRI A V=7 b LT, ZOREE Fig. 3-12 1TRT &
INCHH CRERARIIR D STl D KOWHETHWORIEaA VOESIT1Im &L
77
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Fig. 3-12. The effect of length of reaction coil on S/N ratio. Each S/N ratio was calculated from peak height
and noise level obtained from chromatograms of 20-pL spike of 1 uM Fe(I11)-EDTA which were monitored
by HPLC chemiluminescence detector after post-column reaction with the 1:1 mixture of PCS-A (100 pM
luminol in H3BO4/NaOH buffer at pH 10.5) and PCS-B (10 mM HO; solution) in the reaction coil of 1 m

or 3 m. Each sample was injected into HPLC system without column for the sake of simplified comparison.
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3.3.25 100 mM EEEg % FAV 72 HPLC FiEB D ¥eid

Aok EBRT 5I2H 72> T, 10 uM O Fe(lI)-EDTA Z#:0 I LT L 72354102,
SHAZEDOE =7 @SDELOENKRENWT EBMEIC/ > 72, Fig. 3-13A~C (257
HrHZEDSIN, =7 @S, /A XARESOEE R LI, BEIfHE LT 10 mM
WElE T > F =7 AR (pH5.5), PCS-A & L C pH10.5 ® 100 mM 7 7 fi#/NaOH #%
TRV S 72 100 uM LV X — L/KEEHR. PCS-B & LT 10 mM @ Ho0, KR 2 F
720 HPLC ¥ A7 AZIE T 7 b & 8 3712 Fe(Il)-EDTA Z EHERE~1 Y =7 b L
2o BIO~—D—TRLESHBILATH & LTSN EMEFLZBTH Y, B
D~—J—"TarR L7 BIZETH L LT SIN b @o-> 72 H Th b, TNZEND 5y
Br B ORIZICAT > 7o 8EE 1~5 ORAITTRL TS, LI 12 Kz 725U Q k%
M7z HPLC BlE O Weidr, 2 13FERFH] (2 K§f#]) X U Q /K& v 7z HPLC B D el
3 ITEE OVEF DA EN G, 413 0.1%D TFA 2 & BB 2 V72 6 BEfEIC 72 5 04T,
513EE OO AR E A ~T, SHTORTHIC 12 KX U Q KIZ K 25 21T 57235
A (1) . 0.1%0D TFA 2 &0 E2 AV =001 6 R 21T > 254 (4) 0%
SIN L& L 720, 2 U Q /K TOVRSREM2 2 Bifi] L EREH ThH - 1254 (2) IV
Q K TOWHF LT 0.1%D TFA Z G BEMEZ W oot 21T h o 1o ha (3,
5) O#%IZIEL SIN MK < 72 B Bige 3 @lg2 s vz (Fig. 3-13C), SIN leoftilc b B — 27 &
S, JARARZZNZOWTHEBRD VT 7 BT 5 & E L4 Fig. 3-13A, BD L 9
2720 SINEEMEF L2 H (ARLDO~—"—) IZidE—27 @SN35 & & bz (Fig.
3-13A) /A ARZ SR L Tz (Fig.3-13B), —J7. SIN b @En-7-H (BAo
~— =) [ =7 @ SIENT 5 & L b A ARE S LT, Kok
TIEpHI0 LA EDT VB VDR A NI T MREETR L TR Y . BEIHE LIREH%OREH
D pH b 9.5 Fiitk & T VM EERT 729, HPLC OFLE N TOMTRERIZE £ D
— D Fe(lI)AS FIC 2 HfRBE L, 7 v B U & T TR & 72> T 5 2 LIT &
STLFERICRED NNy 7 7T 0 FRmLeolcbEZXbID, TOREK, B —2 5
ENHEL /A ARE SIFKREL R DTDITHWHRRD SIN EEAME T35 O Tliiaun i
EEZBNT, T2 7T 2% A= Fe(Il)-FIC D4y BEDEFR T—H#50 Fe(11)73 FIC 2>
SREEL D T AR EFMAEER L TH 7 ANICEGFET D aREE b @20 ot &
1T > 7213 100 MM DOFEERKES IR Z B L, Peifii & L TR LT 7 5B L UVHPLC
RELWEHT L2 L Lz, ZOWHEEITO ZLICkoTHT Lo —2r&ms,
JAARESINMBEEZ THIEL D& RN el oz,
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Fig. 3-13. The diurnal variance of (A) peak height, (B) noise level and (C) S/N ratio. Each S/N ratio was
calculated from peak height and noise level obtained from chromatograms of 20-uL spike of 10 pM Fe(I11)-
EDTA which were monitored by HPLC chemiluminescence detector after post-column reaction with the
1:1 mixture of PCS-A (100 uM luminol in H3BO4/NaOH buffer at pH 10.5) and PCS-B (10 mM H20,
solution). Each sample was injected into HPLC system without column for the sake of simplified
comparison. Each number and allow indicates following operation, respectively; 1: 12 hours-long washing
of HPLC flow path by milliQ, 2: 2 hours-long washing of HPLC flow path by milliQ, 3: inexecution of
washing, 4: 6 hours-long HPLC analysis using mobile phase containing 0.1% TFA and 5: inexecution of
washing. Closed circles indicate the analysis date of higher S/N ratio, and open circles indicate the analysis
date of lower S/N ratio.
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3325 WR bI T LARKHEDOBRELL
3.3.25.1 PCS-B 1M H,0, D

PCS-B H1 ™ H,0, % D {247 9 72812, PCS-A OfLZ 100 uM /L 2/ —JL
pH 10.5 @ 100 MM 7 7 #/NaOH #EEHZIZ [ E L, PCS-B H1D Ho0, IR 2 2 S TR
JE DE#EAL 1T > 72, HPLC 2 A7 AIZI% Superdex Peptide 77 7 A &$%%: L. 10 uM @
Fe(Il)-EDTA 5 X 00100 uM @ Fe(lll)Cit &1 > ¥ =7 h L1z, ZOMER, =7 EE
1T Fe(II)-EDTA DBA1T1E Ha0, 273 10mM DR ITELKIZZ2 Y | Fe(l)-Cit DIFAIT
1% 50 MM DRI KIZ 72 > 72 A3 (Fig. 3-14A-1, A-2). H.0:MEER 50 mM 24825 &/
A ADOKRE SHEIHEI L (Fig. 3-14B-1, B-2) S/N tLidiEid L7= (Fig. 3-14C-1, C-
2), SIN i 10 uM @ Fe(I1)-EDTA 35 L 108 100 uM @ Fe(I)-Cit (2330 THZ Ho0, i
FE78 10 mM DI KIZ 72 » 72728 (Fig. 3-14C-1, C-2). #xiEd H.0,1EfE % 10 mM &
L7z,
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Fig. 3-14. The effect of H,0, concentration in PCS-B on (A-1, A-2) peak height, (B-1, B-2) noise level,
and (C-1, C-2) S/N ratio of 20-pL spike of (A-1, B-1, C-1) 10 uM Fe(lll)-EDTA and (A-2, B-2, C-2) 100
1M Fe(111)-Cit. Each sample was injected onto Superdex Peptide column and the eluate was reacted with
the 1:1 mixture of PCS-A (100 uM luminol solution in 100 mM H3zBO4/NaOH buffer at pH 10.5) and PCS-
B of each H,0, concentration. The reaction temperature was set at 50 °C. Lines are only eye guide.
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33252 PCS-AHDNLI ) —NVDORE

PCS-A DV ) — VIREE % it 9~ 5 72912 PCS-B 1D H.0: 2 % 10 mM (Z ]
E L, PCS-AHDNLI ) — /VREZZE(ISE TREOFKELZ{T> 72, HPLC ¥ A7 A
|21 Superdex Peptide 7 7 A% #25¢ L. 10 uM @ Fe(lI)-EDTA & 100 pM @ Fe(111)-Cit
AALY=7 b LT, E—27 & EE Fe(I)-EDTA DA IT1E 100 pM, Fe(I1)-Cit D3
AITIE 250 uM DEFFEKIZ 72 > 7= (Fig. 3-15A-1, A-2), /A ADKE STV ) —/Lik
FEDME N 5 (223 THEIN L Tz (Fig. 3-15B-1, B-2) , SIN i Fe(111)-EDTA & Fe(lll)-
Cit DX IFIZBNW TV ) —)LIBENR 100 uM 2 2 5 L2842 Z 25 (Fig.
3-15C-1, C-2), Hi#D/N I/ — /L% 100 uM & L7z,
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Fig. 3-15. The effect of luminol concentration in PCS-A on (A-1, A-2) peak height, (B-1, B-2) noise level,
and (C-1, C-2) S/N ratio of 20-pL spike of (A-1, B-1, C-1) 10 uM Fe(Il)-EDTA and (A-2, B-2, C-2) 100
uM Fe(IIT)-Cit. Each sample was injected onto Superdex Peptide column and the eluate was reacted with
the 1:1 mixture of PCS-A (luminol of each concentration in 100 mM H3;BO4/NaOH buffer at pH 10.5) and
PCS-B. The reaction temperature was set at 50 °C. Lines are only eye guide.
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33253 PCS-A~DEREEF L —F — DI

PCS-A & LT 100uM /v X / —/L& & T 100 mM 78 7 f#/NaOH #%fEi# (pH 10.5) . PCS-
B & LT 10 mM & H,0, /KA Z FAV T, 100 nM @ Fe(lI)-EDTA & 20 uM @ Fe(lll)-
Cit # 20 uL >, Superdex Peptide 77 LZA > P =2 M LM L=, BEMALE LT 10
mM EEfE T > F = 7 MR (pH5.5) =AW=, Bon/=27 v~ 7 F A% Fig. 3-16A
BILOBITAR LT, Fe(ll)-Cit OFEEEIE Fe(ll)-EDTA XV % 200 ol b L 5
. B — 7 @ S0 Fe(lD)-Cit 23 Fe(II-EDTA O#) 0.8 fi5i12 & £ % » Tz, MiHHRE I
Fe(IlI)-EDTA 7% 36 mV/uM, Fe(l11)-Cit % 0.082 mV/uM T& v Rl 25 3 Hrm < . Fe(lll)—
FIC $EARDFEIEIC & o TR E A R0 5 Z LR S hiz,

UL EDFE RS | Fe(I)-FIC 884 1 5 A THBEL =D 5, &\ Vi R E 2 o=~ B /7
T TRHE LNV ) —IUIH0, RICEAT 5 & T O @B KNS L BB L2, /94T
JFEE % Fig. 3-17 (2R L7z, oHrakkb i & £41 5 Fe(I)-FIC 1% PCS-A HICE £ b4
JBF L—4&— (X) & O TR FEHLISZE Z L, ZOREE Fe(l)i Fe(l)-X 124
ftL FIC 127V —IZ72%, PCS-A ICEENDH/LI /—/b, PCSB IZHEEND HO, 13
Fe(ll)-X OFFE T TR ERL D L, ZORERA Uiz b5 6% Fe(lll)-FIC @
V7 E L THRIET S,

10 10
(A) ®B)
S _
£ 7.5 75
2
g 9 5
2
£
- i 4
° i " WAJ\\.W*'
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Fig. 3-16. Chromatograms of 20-uL spike of (A)100 nM Fe(I11)-EDTA and (B) 20 uM Fe(111)-Cit. Each
Fe(111)-FIC complex was separated by Superdex Peptide column using 10 mM ammonium acetate buffer
(pH 5.5) as mobile phase, and the column eluate was reacted with the 1:1 mixture of PCS-A (luminol of
each concentration in 100 mM H3BO4/NaOH buffer at pH 10.5) and PCS-B. The reaction temperature was
set at 50 °C.

84



) L

Fig. 3-17. Schematic diagram of detection mechanism of present method.

Lum: luminol; X: metal chelator; AP%: aminophthalate.
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Z ZTRIT, PCS-A ICEFEE D4 g L— % —X %1z Fe(ll)-Cit Z 53 L. #iHiE
FENE BT 2D a2 wesR Uiz, il o Fe(ID)-Cit 134 7 A THBES 7= . PCS-A
FlCEENE&EFL—F — LUt L, Fe(ll)-Cit $&5Ah D 7 = U ERIZ B A B F L —
A —IZ Ko THRNL RS ILD, £ ORERA Uz Fe(lll)-4JE F L — & —85 R0 Fe(lll)-
Cit £V & BAFZ2 & 2~ 354G, Fe(I)-Cit O HEE XM E3 5, 100 uM DL
—/L & 100 mM 7~ 7 E&/NaOH #EfEiZ (pH 10.5) 2°572% PCS-A 2, &E¥ L —#—X
& LCEDTA (Fig.3-18A). DTPA (Fig.3-18B). GEDTA (Fig.3-18C). CyDTA (Fig.3-
18D) ZZHZI5uM T OUH L 7=, 10 uM @ Fe(ll1)-Cit 20 uL % Superdex Pepide 1 7
ho~A V=27 b L, PCS-A BXW PCS-B &G aA VATRIGESEZ, Bbniz
Fe(l)-Cito 7 a~ ~7 7 LA EOE =75 SIN, E—27 @S, /A RE RO LT,

EDTA & CyDTA ZRIN L7=HAIC B — 7 @& SIEKEICEI L= (Fig. 3-19A), [AIkE
2/ A4 ADKEEH EDTA & CyDTA OIRMZICHIIN L7=A3, CyDTA ZUM L7854
[ZE VR L7z (Fig.3-19B), £ OfER, SIN LiX EDTA ik L7=5& &k bm L
7= (Fig.3-19C), = Z T, PCS-AIZEDTA ZIRINT5Z & & LT,

COOH
HOOG r HOOC COOH
N
kN/\/ 1 HOOC N~y ~_N._ COOH
HOOC OOH l\COOH
(A) EDTA (B) DTPA
HOOC COOH
N COOH
HOOC\/N\/\O/\/O\/\N/\COOH (:K ~
kCOOH N-">COOH
COOH
(C) GEDTA (D) CyDTA

Fig. 3-18. Structures of synthetic FICs added in PCS-A.

(A) EDTA: Ethylenediamine-N,N,N',N'-tetraacetic acid; (B) DTPA: Diethylenetriamine-N,N,N',N",N"-
pentaacetic acid; (C) GEDTA: 0O,0'-Bis (2-aminoethyl) ethyleneglycol-N,N,N',N'-tetraacetic acid; (D)
CyDTA: trans-1,2-Diaminocyclohexane-N,N,N',N'-tetraacetic acid, monohydrate.
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Fig. 3-19. The effect of type of synthetic Fe(lll) chelators added in PCS-A on (A) peak height, (B) noise
level, and (C) S/N ratio. Twenty microliter of 10 uM Fe(I11)-Cit was injected onto Superdex Peptide column
and chromatogram of the eluate was monitored by HPLC chemiluminescence detector after post-column
reaction with 1:1 mixture of PCS-A (100 uM luminol and each synthetic Fe(lll) chelator of 5 uM in
H3BO./NaOH buffer at pH 10.5) and PCS-B (10 mM H>05). Each peak height and noise level was obtained

from the chromatogram. The reaction temperature was set at 50°C.
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fEV T, PCS-A 10> EDTA DR % feiii{t 9~ 5 72 91 PCS-A H1D EDTA DOEANGE
ZELSH, 10 uM @ Fe(l)-Cit %34T L7z, PCS-A (/L3 / —/ b, 100 mM 7= 7 i
INaOH &k (pH 10.5) 3 L &I E D EDTA & T, PCS-B & L TiE 10 mM H,0; %
F7=, 20 uL @ 10 uM Fe(lI1)-Cit % Superdex Peptide 77 7 AZA =7 b L, N F
L0 EDTA B D PCS-A 3 L UVPCS-B & Kt 2 A VN TRIS S E T2, ENENDEME
ICBWTHELNESINL, BE—2 &S, ) A X&R LTZ7 T 73 Fig. 3-20A~C Th 5,
EDTA DML 72 HI2HE - T Fe(I)-Cit R4 b7— 2 & S 1A #8400 U (Fig.
3-20A), /A ROREIHE—IEmS LRKICHIN L7 (Fig.3-20B), SIN thoZ {4
.2 & EDTAIREES 5 uM (27 5 £ TIEHEI L2 O %13tk % 12384 L7 (Fig. 3-20C) .
LI EDOFERD S PCS-A 10 EDTA OREIEEIZ 5 uM TH D Z LR S Lz,

88



300

(A)

200

100

Peak height (mV)

(B)

1.5

Noise level (mV)

0.5

800

©)

600

400

SIN

200

0 r r r r
0 10 20 30 40 50

EDTA (M)

Fig. 3-20. Effect of the concentration of EDTA in PCS-A on (A) peak height, (B) noise level, and (C) S/N
ratio. Twenty microliter of 10 uM Fe(ll1)-Cit was injected onto Superdex Peptide column and

chromatogram of the eluate was monitored by HPLC chemiluminescence detector after post-column
reaction with 1:1 mixture of PCS-A (100 uM luminol and EDTA of each concentration in 100 mM
H3;BO4/NaOH buffer at pH 10.5) and PCS-B (10 mM H0). Each peak height and noise level was obtained
from the chromatogram. The reaction temperature was set at 50 °C.
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3.3.254 PCS-A ® pH

%2UNT PCS-A @ pH Z b9 % 7= 912, PCS-A @ pH % 9.5~12.0 O#iH T4k &
72, pH9.5~11.5 OFFL pH #EEiK & L T 100 mM 7~ 7 E2/NaOH FEfEik 2. pH12.0 ®
E 1% 12 mM @ NaOH/KCI $EfiE 2 L7, 4 PCS-A 24T 100 uM D/L 3/ —)LE
K OV5 uM EDTA #5119, 10 uM @ Fe(l11)-Cit % Superdex Peptide &7 7 A2 20 uL A >
=7 hL., % pH ® PCS-A £ PCS-B (10 mM H,0;) & )& &EH72, PCS-A @ pH &M
SINLL, BE—7 @&, /A AKREEFFiQ.3-21A~C D X D/ ol=, =7 & SI1E pH
115 28BN THRKRIZ >72 (Fig. 3-21A) . [RIERIZ pH9.5~115 OHFiFH T/ 4 AR EZ &
LI L TWA 728 (Fig.3-21B) . S/N kL pH 10.5 ORRIZE KIZ 72 > 7= (Fig. 3-21C),
% ZC. PCS-A D pH (X105 & L, pH #&fEik & L T pH10.5 ([ZFH% L 7= 100 mM 7~
7 12/NaOH FEMEiE 2 W% Z &1 L7z,
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Fig. 3-21. The effect of the pH of PCS-A on (A) peak height, (B) noise level, and (C) S/N ratio. Twenty
microliter of 10 pM Fe(I11)-Cit was injected onto Superdex Peptide column and chromatogram of the eluate
was monitored by HPLC chemiluminescence detector after post-column reaction with 1:1 mixture of PCS-
A (100 uM luminol and 5 uM EDTA in pH buffer at each pH) and PCS-B (10 mM H,0,). Each peak height
and noise level was obtained from the chromatogram. The reaction temperature was set at 50 °C.



3.3.255 KGNEE

I, W2 =Lt HO, DIUSIRE S FIC OMIREEZRETH2ERNTH D L E X
HNDDT, ILIANENIA LT T LA —7 O EIRE % 40~65°C DH[H T
b SV GIRE % feamfb L7-, PCS-A & LT 100 uM O/L2 / —/LEB XL ON5 uM EDTA
%G T 100 mM 7~ 7 [i2/NaOH #% X (pH 10.5) . PCS-B & L T 10 mM @ H,0, /KA &
A, 10 uM @ Fe(lI)-Cit % Superdex Peptide 7 7 AZA Y =7 b LTz, EHZEHD
FOMREIZBWTHE LN SINK, =7 ®ma, /A4 X%&R L7 T 78 Fig. 3-22A~
CThd, E—7@mSITBCTRRIZRATZN /A AKE S 55CLLEDOGIREIC
BT EA L9 (Fig. 3-22A, B). SIN ik 50°C ORI KIZ72 - 7= (Fig. 3-22C),
Ko Thali OISR E %2 50C & LTz,
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Fig. 3-22. The effect of the reaction temperature on (A) peak height, (B) noise level, and (C) S/N ratio.
Twenty microliter of 10 uM Fe(l11)-Cit was injected onto Superdex Peptice column and chromatogram of
the eluate was monitored by HPLC chemiluminescence detector after post-column reaction with 1:1
mixture of PCS-A (100 uM luminol and 5 uM EDTA in pH buffer at each pH) and PCS-B (10 mM H0y).
Each peak height and noise level was obtained from the chromatogram. The reaction temperature was set
at each temperature.
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PLEDO#ER 2 5828 LTz FIC O i 7¢ 5 M A% Table 3-1 (27~ L7z,

Table 3-1. Optimized conditions for post-column solutions of Fe(I11)-FICs analysis.

Parameter Condition
PCS-A

concentration of luminol 100 uM
concentration of EDTA 5uM

pH 10.5
PCS-B

concentration of H20> 10 mM

94



3.3.3 Fe(l1)-FIC SEEEEIEME D St
3.3.3.1 Fe(ll)-FIC $&4Z#aME » HPLC Z347

Table 3-1 (Z7% L7z FIC Dt 72 /oM §F % -V T Fe(Ill)-FIC OFEHEME % /34T L
72 7 U — Fe(lll)A A TR HIER 0~90 77 ORNZIRH L7202 135 50 U O EsR
L7z,

pH 5.5 OB EFE % LT 100nM @ Fe(II)-EDTA & 20 uM @ Fe(111)-Cit % 43 #7 L 72
D u~ 77 ANFig.3-23D A L B Thd, Fe(ll)-EDTA 1E 33.4 4rfitk. Fe(lll)-Cit
1% 255 DRI LTz, 207 u~ 87T A0 —7 &S Lok OREN S %
Fe(IIN-FIC O HEE (mV/uM) %R, PCS-A 112 EDTA % & £ 72\ 54 (Fig. 3-16)
OFF U & Hei 35 & Fe(IIl)-EDTA D358 138 HUEEE DY 36 mV/uM 225 96 mV/uM
2720 258 kB L7z, Fe(I)-Cit AL 20 X 0 & IS KIE 7 f HUEE o) B3
.5, 0.082 mV/uM 726 20 mV/ipM (272 V) 3 Mt L7z, Ziuid Fe(1)-Cit o Cit
23 PCS-A H1 D EDTA (2 L - CHMZ FEH S 4, K0 BHEE O Fe(ll)-EDTA & L
THRH SN Z LICERT S, UL, PCS-A ~® EDTA Ok o Fe(ll)-EDTA @
&R (96 mV/uM) & Fe(ll)-Cit DR HUEEE (20mV/uM) ZH#T 5 & #%RE& O
HURFE 135K & LTIV, ZHiE. Cit 1 EDTA & Ebi LT Fe(lll) & D EFEEE A/
EW2 (logKreiycit = 11.5, logKreqycic = 25.1) . 5 7 AT & B 0 BEO B3 Hradeldh o
—HRD Fe(ll)-Cit 2MFEEEL . 77 LRI Fe(INBAWE LD EE X LD, KRIZ,
W kED FIC T 5 NA (Fig. 1-2A) & DMA (Fig. 1-2B) Ozt & Fe(lll) & Dk
IRIRAEE 2 FHE L, Table 3-1 O4METHMT L7, pH 5.5 OBEMEZ HWTHHT 2
&L Fe(II)-NA 1% 34.1 43 Ri#12. Fe(Il)-DMA X 32.0 43 Hiif4 2 v — 27 Hin 7= (Fig. 3-
23C. D),
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Fig. 3-23. Chromatograms of 20-uL spike of (A)100 nM Fe(l11)-EDTAand (B) 20 uM Fe(l11)-Cit, (C) 150
uM Fe(lI1)-NA and (D) 10 uM Fe(I1I)-DMA. Each Fe(llI)-FIC complex was separated by Superdex
Peptide column using 10 mM ammonium acetate buffer at pH 5.5 as mobile phase, and each chromatogram

was obtained in the optimal analytical condition shown in Table 3-1.

WIZ pH 8.0 DFEENFHZ AV T 500 nM @ Fe(II)-EDTA 3 LK U850 uM @ Fe(l1)-Cit %
I LT 7 v~ 7T AN Fig.3-24 D AB LB ThH D, Fe(lll)-EDTA 1% 32.1 %5
A2, Fe(I)-Cit 1% 22.4 53 & 24.2 53Hiite D 2 » PRICEEH Lz, Fe(lll)-Cit D &°— 7 A3
2 7 ATICEBNT-D1E, pH 8.0 (2B T Fe(ll)-Cit N2 5 O DA HROSHA (Fes—
Cits, FexCit2 72 &) ZR L THY | TN ENNERDREFIZIHEH LIz b o LS
%o HEMIHRD FIC Th 5D NA O Fe(INEEALEEN E 2 % L o9 5 & 31.3 ZrHiitk
(¥ L7z (Fig. 3-24C),

96



200 50

(A) B)
40 -
< 150
-_E, 30 4
%‘ 100
c 20 4
K]
o
3 50 10 A
(&)
0 . . . 0 4 . . .
10 20 30 40 50 10 20 30 40 50
120
(©)
3
= 80
z
[72]
=
8
£ 40
|
(&)
0 . . .
10 20 30 40 50

Retention time (min)

Fig. 3-24. Chromatograms of 20-uL spike of (A) 500 nM Fe(lI1)-EDTA and (B) 20 uM Fe(111)-Cit and (C)
2.5 uM Fe(l11)-NA. Each Fe(ll1)-FIC complex was separated by Superdex Peptide column using 10 mM
ammonium hydrogen carbonate buffer at pH 8.0 as mobile phase, and each chromatogram was obtained in

the optimal analytical condition shown in Table 3-1.

3.3.3.2 Fe(ll)-FIC S5IZEHEYE DRHIRF OWRE

SIN = 3.0 & L TARGHHEDRHIRR %K, Table 3-2 IZZLZ1dD Fe(ll)-FIC Dk
HIBRA 2R Uiz, T4t Table 3-1 (27~ L7=, Fe(ll)-Cit @ pH 5.5 ([Z81F 2 KHIR
FiZ 2.3pmol TH Y . Zaid Fe(Il)-EDTA ORISR T 5 0.77 pmol DX 3 5 D4 E
ThbH, AL Fe(lll)-EDTA O HEE (96 mV/uM) & bkl LC Fe(1)-Cit DA H &
FE (20 mM/pM) 2MEWZ SR LTS EE X B, £72, pHB.0 IZ81T 25 Fe(lll)-
Clt DREHIRAE 22 3RiIZE OB — 7 & 24 3RitE DO E— 27 OZ LU OV TRERRZ
TERR LR 72, Fe(ll)-Clt O HIRFIT 22 43D E— 27 23 62 pmol, 24 43D — 7 H 36
pmol T& > 7=, Fe(lll)-EDTA ORHIRFUIBEFAD pH 73 5.5 (23T 0.77 pmol TH
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S7=DIZHEL pH 23 8.0 ®FEEIE 0.25 pmol TH V. Fe(Il)-Cit DA & [RIERIC R R I
BEH pH OB %2521 Tz, ZOBHR E LT, EDTA @ Fe(lll)~DBFEI3I& % pH

DL T 578 (von Wirén et al., 1999) . BENHD pH 2MEL 72D &1 T A TDSy
BEDOIEE T EDTA 2260 Fe(I)DfFBENE 0 << b 7ed B2 65, Cit BEIW
EDTA DOHEkiED R IR Cit A3 210 pmol, EDTA 78 1.71pmol Th 5 Z L 2BE 2 5
& AROHE DB R AIFERIEDO KR IR & g L THAEWEETH Y | EofmE
MOFATFTI v L Ub R E#IHCh o7 (Table3-2), KIZ, Fe(lll)-NA Ofi
HIBRR A3k 6> 5 &, Table 3-2 12779 & 912 pH 5.5 OB ENFE % H\7=3541% 25 pmol T
Hol=DIZx L, pH 8.0 OBEMHEZ HW=HAITZN LY 1 KW 1.1 pmol TH-
72o ZHUZ. EDTA DA & FEEIC NA @ Fe(ll)~DH e b IEiE pH DR Z 5211 %
72 (von Wirénetal., 1999) pH 8.0 (2B T Fe(lINIZxf9 2% NA OBFMEREmE Y . &
7 L CTOHBEOBT Fe(lll)2y 5 NA DMl LIC< < b7 B2 bid, Bk
WIZEBIT 5 Fe(lI) D EHEBED 5 5, NAIXEICE &K (pH 8.0 Aiitk) F ootz
HLTW5EEZ LN TWAD (Schmidke and Stephan, 1995, Schuler et al., 2012) . pH 8.0
2B B Fe(ll)-NA DR HURE O S 13 2 OB ZMERE & &P Lew, £7-, K
EO NA ORBHIRAR A 50pmol TH 2 Z L &2EE 25 L (Neumannetal., 1999) . AZ#r
#EDO NA ORHERFIIKIET 1.1 pmol TH Y. ZOEEIZHSEWEETH D &S 2
Do
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Table 3-2. Detection limits of typical Fe(l11)-FICs.

Analyte pH of eluent | Detection limit @ (pmol) | Dynamic range (uM) | R?"
Fe(lll)-EDTA 5.5 0.77 1-15 0.99
8.0 0.25 1-10 0.99
Fe(I11)-Cit 55 2.3 1-20 0.99
8.0 62 (peak of 22 min) 20-150 0.99

36 (peak of 24 min) 50-100 0.99

Fe(I11)-NA 55 25 50-150 0.99
8.0 1.1 1-10 0.99

The analytical conditions were the same as in Table. 1.

Cit: citric acid; NA: nicotianamine.

2 Detection limits of each FICs were calculated from calibration plots using peak height in the concentration
range 0-10 uM Fe(IIT)-EDTA and 0-20 uM Fe(I11)-Cit with S/N ratio of 3.

bR2 represent correlation coefficient between peak height and concentration of Fe(l11)-FIC.
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3.4 EBE

AREETIEALFER IR DRI &2 B & 9 R ICEOER I X 0 b B R A

ARETH 5 MICEH LT, LTI AR L7z HPLC AR MU 7 AiE% FIC 534
(IS Ulze AOHEO A IEBIIC W 2L WE & LT, B ThFZEICBs VT Fe
DOHIZIH SN TET VI ) — vl o-7=F bl rd 2 DI O THRET LT,
FEERIIVI )= EiTo-T =T hrl rE HO 2 ETe R A NI T LK EZ VT
Fe(II-EDTA % 5419 % & R (uV/uM)iZL 2 — & W2 50 4 K@ -7z,
ZOZENBRICHWDILERAEWE L LTV /) — D00 LT 5 &t
. VR = v ERW T aTEE B LT,

PCS-A ~DEREBF L —F —DETINT L 5 Fe(l1N)-FIC DBRHREDHE _EIZ2OWT

VR )= E W OTEDBIFE T Fe(ll)-EDTA O HIEE NBEFIC @V 2 &1
#H LT, PCS-A |Z EDTA Z WA Loy#ralkt o> Fe(lll)-FIC & EDTA O fH] TOREMU
HSS E BHCRIAT 5 Z LIk » T, FIC OBHRELZ M ESE5 Z L ITRI L,
PCS-A I[ZIRINT 2 AR Y L — —OfEB L OZOREZ Rk T5 2 LItk o
T, Fe(l)-Cit O S 1% 347 £ L7z, Fe(Ill)-EDTA O HEENBEIZE - T
Z &1E. Fe(lN-EDTA OELAEIAIE L COFEMOES SICER LTS EEZHND,
b2 ) —VIH0, DALZERE SR B W T, Fe(IlN-EDTA (/v 2 / —/L 7 =4 > (HLum
) MBETEZITEY Fe(I)-EDTA IZE Tt S5 (Fig. 3-25A (Fig.3-2 LRI U)), Fe(ll)-
EDTAIZ7 = F s (LFORIGERD (2)] OIEENRFIEFITE W ERH BTN
% 7= (von Wirén et al., 1999) . E&{bAfiBhAl & LT Fe(ll)-EDTA % Iz 7= 35A 21X F e
@(Dk(2@ﬁm%@@ﬁf_&:;of&mwﬂﬁAﬁﬁﬁiiﬁﬁéh@m&
Exbivs,

Fe(I1)-EDTA + e — Fe(Il)-EDTA (1)
Fe(Il)-EDTA + H,0, — Fe(lll)-EDTA+ OH "~ + *OH (2)

VX ) =V DAL NS DHEITITIZN X 2 —v T 20 (HLumeE 7213 Lums ) D4
FRBRNETH LR, ZOT I HNVOERITITIRE S FIT T2 OORBERIBEINTND
(Merényietal., 1990), £9 1 2HIL, 7TAH VKRBT TELIZNVI ) —)VE /) T =F
> (HLum™) 7% Fe(I)72 & OEEALABIAIFEAE T T HLum=IZZ LT 582K Ch 5 (Fig. 3-
25A (Fig.3-2 L[RIC)), B9 120F, HO & Fe(IhD 7 = P U RUGIC L »TAELE
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FrFi v 2710 («OH) & HLum-23 i LT Lume (IZ8(bT 5% TH 5 (Fig. 3-
25B) , Lume [ IRTFIEENLE LT A—R—FF T K7 =42 (02) &G LT HLUM
(00) & 720 . ZIMfifd 21fe TILFHOLAE L S (Merényietal.,, 1990), Z 2T,
Fe(I1)-EDTA 2\EALABIAI OS5 Fig. 3-25A OREEE TIEF SIS T 720 Tl e
< . Fig. 3-25A DR D#EFT T4 U= Fe(I)-EDTA & H0, DI TO 7 = > b U RSIC &
STOHMBEL S (RIS (2)), Z?D0H & HLum AT 5 2 &2k - T Lume
“HE UL Fig. 3-25B OGRS TH L S ) — )V OALFER NG HEIT L TN D EEZD
ns, LT, kit 2) OIGETAEL Fe(lI)-EDTA 1ZFF O Fig. 3-25A D T2
FICIEDOEIT 2T 5, ZD X 912 Fe-EDTA DA . Fe(ll)-EDTA 2NE+F D%
B FER57200TidAe<, Fe(ID-EDTAN Y = b U Rz CTOH 24+ 5 2 &
IZE > THIVI 7 — )V OALEEFRNIE OHEST 2 Rl IS HiB 35 728, Fe(lll)-Cit &kt
12 LC Fe(Ill)-EDTA ORBRHHEE R KIFICE Role b D EHEE SN D,

F7- EDTARCYDTA D LY F Lo P77 I U EKER B L —%— & Fe(ll)
& DEERIZ, GEDTA R EDOF LU VT I VERER-2VWERET L —2—L Fe(ll)
DR T D &7 = b URISDIFEENE N LV REN TV (Jansenetal., 1989) , Fig.
F17CIZBWT, = F L U7 I B ZFFD EDTA & CyDTA 2R A b T AVEIRIZ
N L 72355121 Fe(I)-Cit D7R3 SIN LEAS HLIRAY E 2> - 72 D12 %F L, GEDTA <° DTPA
UL 7235A021% SIN i3 K- 72, EDTA S CyDTA IZ=F Lo P77 2 Bk A H
LTW5%2 (Fig.3-16A. D). DTPAIZ=F L v U 7 I v OREE%A 4 L GEDTA L= F
Lo 7Y a— oG4435 (Fig.3-16B, C), Z® X 972 EDTA B LU CyDTA &,
GEDTA 1 L U DTPA 23R bt o 2R3 Fig. 3-17C IZ R b7z & 95 7ok Higk
oW A AT LHEHI S5, GEDTA & GEDTA |X EDTA X° CyDTA & biled 5 & 7
= M UROSOIEEMELS . ZOREER (1) BED (2) OIS A 7 3T LIz
= OIZELABIAl & L TOIEENRN b D EEXBND, 7 VP NAIT=TF LY
TR VB ER 0D (Fig. 122A), 7 =2 B UTEMEMEWZ ERHERI S D, 2
AiE. PCS-A IZ EDTA Z¥RINE$1C pH 5.5 OB EFE A AT Fe(ll)-Cit 255495 &
Fe(lll)-Cit O HEEE (0.082mV/uM) i Fe(ll-EDTA (36 mV/uM) X v & KIFIZ K
Sl-Z &L Fo, FEOSEMTIE 100 uM @ Fe(lI)-NA Z 325 Z LN TET (5—
ZIIRET) Fe(l)-NA O HIEEE 1T Fe(lI-Cit & [ABEICIE o722 & &b —& LT
D
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AR IZIT B Fe(ll)-FIC DREHIRE DK TIZ oW T
{E2E3ER & W72 B RS FIC 0T DB RICB W TIE, R A b I T A IRIE ORLAL
B L DM TR G OB T2 7 T A0BENH &L R — I VIH0;, DILEFE
BS % AW R & OFEZ b 5 2 L b EETH-72,3.3.2.1.1 Tilh_7= L H 1T,
BEMHTICAZ ) — LX) — )L, T = MU AREOHBIBENEGEEND &
Fe(Ill)-EDTA @73 SIN FuiX Kzl L7z (Fig. 3-6C), Z DS, AL E L TR
B )= N ) —NVEHEHLTESET SIN K T2 00> 7 v BRI H
INTW=DIZkt L (Fig. 3-6C), 7 =KV LDFET 7T it Sz n
ol (F—=ZIRET), ZORERTORRKRE LT, O7va—aekrlora k
YR E T2 = R U AR EDIET v b MR TIEL X —VIH0, DAL
FOSOMITRIEN BRI D 2 L, @7 Vv a—LinT ¥ 4Pest (radical scavenger) & L
THEET A2 L. OFIZ2 OB S D,

O Fo hoHREELFES T BT DL T ) — AV DILFEFREER T DN T
Fig. 3-25A ° B DfRIE TR L72/b S — L DALSEFR I ROSIE . KT v a— L &
B R AEOEHF TOLDOTH Y, IET 1 b PERBE R CIE R D USRI EIL D, ¥
AFVANVEFY RRTE b= U N EOIET v~ AR Ci, B LA LAl
BEIDFAE L7 < TH T AH U KT HIUTREE P ORFEEHRIC £ o TEFFRERE
23ETe (Fig. 3-25C, White et al., 1964, White and Bursey, 1964), FE7' & k UAPEABE T
W) —UTIOHIZE > To 7 =4y (Lum?) F CELE i, Lum? IR FIRRIC L Y
HIZ b ST Lum AT 5, BEMEICIET 7 F MR CH L7 F= MU R
GENDBE. BILHEIFITH S Fe(I)-FIC REE LR THRA MU T LRIEE P
7 LR HIRORERT CLEREORISHEA T—EHON I ) — LR HEE IND =D,
Fe(ll)-FIC O 7 FANEIBHINBRNSTZOTIIRWMNEZEZBND,

@ Tra—LDT T HNEREITEE

Pascual and Romay (1992) (T4 / —/73k FaXx o Z P H/ («OH) O V1Vl
M e LTEE, v =DM T o 2 L AR LTS, Tha—Lk
OH DS & LTI T DO X 9 RRISH PRI D,
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ROH + «OH — RO+ + H:0
RO« + RO* — ROOR

BEMRIZCEENDITH ) —NRoA X ) —)L7p EDOT )L a— U2 L - TOH Nl S
U ROOR B L OV H,0 28ER T 5 & Fig. 3-25B ORI ITHEIT L B L EZ B D,
AR DO XA S ) —ABLOZZ ) — N E2ELBEMHEERATLZLICE-T
Fe(II)-EDTA @ SIN LA KRIBIZIAD T 203, ZOBRE— 27 @S 7210 TR /4 AR&E
EHWHO L TCND L EBEZDE (Fig. 3-6A~C)  ({LFRNHED Ny 7 7T R
HIEDME T L CWAD & PRSI, Fig 3-25B O OHEITAHE STV 25 ATREMEA &
WeBEZ LD,

*efh

ARFETHIE LTz FIC pHEDRRA 2 KD 5 & EDTA Tidf{&T 0.25 pmol, 7
T UM TIEARIET 2.3 pmol, FEHRORERNR FIC THL=aF7F I Tid 11
pmol Td - 7= (Table3-2), FERIEDHHRSIT EDTA 25 1.71 pmol (Loyaux-Lawniczak
etal., 1999) . 7 — »fi£ 3 210 pmol (Nour et al., 2010) , = = F 7 F X > %% 50 pmol (Neumann
etal,1999) TH2D I LxBER D &, MHRFUIHE KT 2 #Hrm B UAGHE TR —
B ROTETH 5,

AROHTEIZY T zHHN D Fe(ll)E M TA v FaX—hL, o7 HD
FIC &#56 S Fe(lll)-FIC 85 MIINT 2 Z LICXk > T FIC 2T 2 HETHDHZ
EMD | MEME OALFREE ITRITT D 2 &7 ZD Fe(ll) & OF L— MEEIZIS LT
HT 22 ENTED, FLEARDIMETEFICEEETHY | HEHFO T MED FIC T
HoTHHMHARTH D, LD, EFMMO Fe RKEABUZI W THEREE 2 R
B oNLEmO Fe(ll)F L— FEEZ AT HILEM THIT, LY T Az
SEICUDFE LR THEEMITHIT 2 2 L3 TE 2 ) TERIE & 13— 4
THETH D, AOPEZY 7 WACHEHMERATEE 2 N 2 5 4680372 < F7omiiiZeik
FEHMEL LW &b (EIAV Fe(H)-FIC AT AIRER FIETH H L F R D,
WODH 4 B TIIARGHTEZ O TEFMED D HERI L 72355808 o FIC 73 21T - 72,
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Figure3-25. Three pathways for the CL reaction of luminol in (A, B) protonic solvent, and (C) non-protonic solvent. The oxidants of the reaction are (A)

H:03, (B) H20: and dissolved oxygen, and (C) dissolved oxygen only, respectively.



BAE
WYY D Fe(1l)% L— & — 4347

41 1IC®IT

ARFE T, BRI B S H D B A BRI L, 55 3 T CBHFE L7 HPLC AR A k4
T AE CATARSHEE T 2) ZRWTHEEEF O FIC DT &1T 272,

51 W TR S O Fe EAHEMEOEWZE H L, A% TiX Strategy-11 T Fe %
W9 5 A 2B D A A 5% (Hordeum vulgare L. cv Ehimehadaka No.1) & &
(Echinochloa esculenta sp.) . Strategy-1 T Fe #WINT 21 2EHEHOT ~ T 9 A
(Amaranthus hypochondriacus sp.) & 7™ L' > 7 (Spinacia oleracea cv. Hoyo) % #ff%%
KL LTERIR LI, A4 LFITARBHEYMOFTH Fe RZMMHEREmLS, 7B+
BTH BB REBT LR T ZERMONATND, £/o, A LFITRNE D LF X
B Dy LA T D L F X HOTI b oA RBHEY & i L TN 2 &b
(Kawai et al., 1988, Mori et al., 1991) . LV £ D&, £ < OFEFD FIC & LR
IZEATWND EEZFFER SR E L CRIRLZ, RUA 2FHE® O b =i pH 5.5~6.5 O
SRt LA M TR Y TR ) HIRT O BRI RAEB 2R T A A LF & LAFRER
HORERLL OB A BICERN O D& T 2 B TIZE % & LTRR L., 7~
TP ATFETDFe GHEMEAXRD S0 5 %< . pHBS IO T LAY HHETY

BRARETH D, /o, Fe RZOREWIERTHL 7 e A4 EZ Lk A 3
7 J 3 (PyruscommunisL.) 27~ F L ZADERLEO KM A 52 5L 7 an
VARKEELIZEVWOIWRELH D (Sorrenti et al., 2011), HU LY VITEHIZEZL D
Fe &I EDHMBNTWD, £/2, pH 7.0 T TOLHETAEFTAHETH U okl
Wy L el T 5 LaEIs I pH AV, LLEDZ Ens, T T U AR T LY R
Fe(lll)% L — MRED @Ml & O FHL 72 FIC 2 AR L TV D ATREMEN B 2 O Tl /e
MmEEZ WFERRE L TER LT,

AR T, TR CTEE W FIC OER), ERZAERN D 202 % T 57217 Tl
72 < A CHEADRER] C Fe REIRREDEARIT > THEWK T D FIC IZERY, &2
o DA Uz, FHEMTE L b Fe FERIRETHIG AT 9 /v —7 & Fe RZALF %
MR D TN—T"D 2 DZHT T, TENEND T N—T N EER R LT, Fe /2
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T N—TIIEFICERIRIED Fe 2 B Te/KBHKH C 42~63 H#NG Lic, —FH . Fe X
ZHRREINZ D 7 N—T1%, BEO Fe 25 To/KPHKE T 14~49 AL L2, Fe &
BLEERVKBHEF T/ n o o ANBEE I LD F THEF Lic, SMEOK 7 v—7
P B L 72 R & E T NARGHTIE T oot Uiz, ARZE CIRE AR (intact xylem sap)
720 T2 < BRI invitro C FeCls 2 1 2 7= Fe(INN ARG (+Fe treatment xylem sap)
DT HRIFHIIT ) 2 &I Xk o> T, RV EE A Tz, BHFIR TR O E—7
XA 25T Fe EFEE LTV FIC 27 L, Fe(INEIMEREHZ B W TINS5 &
— 73 F D Fe(N)RFET D & ZITHINT 5 Fe(I)-FIC $5AD ¥ — 2 & 757,

106



42 MER LUHE

4.2.1 HEMORE

FA L FIE 216 IZFE LT 7 ik & RER DR THEG 21T o 7o, WA T L T et =,
TITUHAL AT LYY (W BEE) O AF L RO FIETRFESE
Toth. FEELIEHOPNORE INYER S O% 24 K#HI L, 20 L OKBHEZ ZT2 7
TAFy s la T ~B LT, KBHKIL 1/2 Hoagland-Arnon solution (2.0 mM
Ca(NOs)2. 2.0 MM KNOs, 0.5 mM NHsNOs, 0.5 mM MgSOs, 0.25 mM KHzPO4, 40 uM
Fe(Il)-EDTA, 25 uM H3BOs, 2.0 uM MnCl,, 2.0 uM ZnSO,, 0.5 uM CuSOs, 0.075 uM
(NH4)sM07024) % Nz, KBHIR D pH 1 XA HCI F 721X NaOH % T 5.5 IZFR#& L
Tzo KHHROKEZIZ 7T BB &7V, pH OFFIT 3 BB XX 7, ABHRITHIC
T L—varE{ToT,

Fe RZAHEEZMZIpNTNV—T1F, A LX L =085 3#M% 42 A, 7~ 7
Y263 AR AU LY vid 42 A Fe(I)-EDTA Z & Te/KBHE o THE LTz,
Fe RZAHZINZ 5 7 NV—T1%, A4 LFTIIHEFER 14 B, e=ClT28 B, 7
~Z Y RF 49 B, AU LY vid 28 AR Fe(lll)-EDTA % & e /KBHE THbs L7-
#%. Fe(IN)-EDTA &< G ERVIKBHKICBH LT, Z® Fe 28 £ 72V kBHE Z H W
T, AALFIFIC28 HIE, b=, T~TF VA AmY Ly Y 7EHIC 14 A%
ToTce ZOFe ZHmERUVAKBHE CHEE T 52 L & Fe RZWLHL L, LN Z DL %
M= N—T% Fe RZ. MA2WT)NV—T% Fe £ )& L5, Fe RZABII/ v
CANBIEREND ETOMBAT - 72, Fig. 4-1 2% 42 H B O A A 4 X5 X OEHE%
63 HEDOT7 ~ 7 v ADEMEEAR L EDOFTEEZI/R LTz, WO GBS R
REFOE T 2R L, 4 LXD Fe RZ 7 /N—"713 Fe RZMWF % 28 HEl, 7~7 4
AD Fe Rz 7 N—71% Fe RZAF % 14 AFBEICINZ TR Td 5, Fe RZ AL Z N
RIZTN—=TIENTHSENEILT D7 nu Y ADERB R b,
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(A)

Fe sufficient Fe defficient Fe sufficient Fe defficient

(B)

Fe sufficient Fe defficient
Fe sufficient Fe defficient

Fig. 4-1. Fe sufficient or Fe deficient (A) 42 days old barley (Hordeum vulgare L. cv Ehimehadaka No.1)
and (B) 63 days old amaranthus (Amaranthus hypochondriacus sp.). Fe deficient barley has been cultured
in nutrient solution without Fe for 28 days after 14-days cultivation in nutrient solution with Fe, and Fe
deificient amaranthus has been cultured in nutrient solution without Fe for 14 days after 49-days cultivation

in nutrient solution with Fe.
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4.2.2 BEWRDELE

F2ED2LTICRRLEFIELFEFIZLTAHALY, b=, T~vT U PR Ayl vy
UDEFER AR LT, AALXILFe £E, Fe RZWITNb 3 DD 7 —
Tnb, 77 AT Fe RN 3D, Fe REN2ODRRD T N—T N, e
R LY Ui Fe B, Fe RZWTILD 1 DD 7 N—T W bERELTZ,

42.3 pH5.5IZ8i} 5 Fe(ll)-FIC $&AE#ME D43
4.23.1 Fe(ll)-Cit D&
@ FIC #rk% A iz HPLC 4347

Rellan-Alvarezetal. (2010) 1% pH5.5 DIFIET T7 =k & Fe DIRGHLEEZ B
e IRBHRIZE > TFeCit$5IKH D Fe & 7 T UBROFEGHNENT D L ZRL
2o TEESEREMIRNIC I T 5388 2 LT- Fe(lI)OBEICB W T, 7 = BRIZFIC & L
TREREHERLL TV D ETREIND, £ 2 TARIZETIEL, Fe(lll)-Cit S5AKIZDU0
THICFEHIZ N T 272012, Fe(ll) & 7 =Rk % 7elRA R CTIRA LS 3 = CH
J& L7z FIC Z0#riEZ FI T Fe(ll)-Cit Z 047 L. Fe(ll) & 7 = FROIRGHFEZER D
& Fe(I)-Cit OFEE LU HRFE A ED KX OB LT 20 2R T 5 2 &I L7c. 1mM
7 T UFRKIAIR & 1 mM FeCly AKIRIK 2R A LT-1%. pH5.5 (ZFHE L7- 10 mM BEfg 7 >
T = MEER CAIR L OKRIRE T Fe(ll)Z 20 UM, 7 = iR % 20 uM & e 1:1 IRATE.
7 = FE% 100 uM & e L5 IRAHR. 7 = U lk% 200 uM & e 1:10 IRATR &2 T2l
L7z, & Fe(l).CitiRGWZ, VI —NVERHWEFIC oWETHHTL, Z7a<x 7
7 L Bz Fe(IN)-Cit O v — 7 (i & Heif L=,

@ HPLC/=V 7 bR F L —A F AL —FRITRERE RS (ESI-TOF-MS)

OTHN-E—Z7 2T 2 Fe(lI)-Cit D Fe(lll) & 7 = U EEDFES LR A 50T 5
72O =777 arE 0L TCmL Y ba AT b—A 4 b — A TR VS &
5 (ESI-TOF-MS) #47-o7=, BEIfHE LT pH5.5 ICFHFE L7 10mM Eifig 7 > &=
LFRMER 2 AV, Fe(lll) & 7 = Ul 2 #&JR BE C 500 uM T o5 T 101 {RA#K A Superdex
Peptide 77 7 A Tyl L7z, EIOBIZIZAR A NI T AT S, 210 nm (281 5
Wt % UV-Vis f g TR L7e 2 b O TENT- =V ITHY T 57 77 v a a4
Lice WBLIZT7 T 7 v a Ai@Ebm AR L —4 —& AT+ 5 ETEM L, 5uL
D 50% A & —1I50% 10 mM FERE T > = 7 AKEAIK (pH5.5) (ZiAfE S H7-1%, The
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Accu TOF JMS-T100LC (HA®E 1. BHA) % A\ T ESI-TOF-MS 4341 247~ 7=, Fe(lll)-
Cit iZx 7 47— K (ESI-) TH#r L7z, mAralehidyii 0.1 mL/min @ 100% A % /
— M Ko TEBEDIILEITEA LTz, BHEoiEE O =— FVE~EIZ 2000V, Vo7
Uy REHIT 10V, MHas X 2500 V IZRRE LTz, VAR @R 7 & 3k
D Fe(IN)-FIC EEAENFHEL TLEVWESADIE THRINT 2 2 LS TE o 7eed, I
BRI A 250CH 6 80CIZ T, EHIZA Y 7 4 X LiRE% 50°CE T HFIFCHIE%
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4232 Fe(lll)-DMA D447
@ FIC 53#1iE% AWz HPLC 734t

A LA C Fe(lll) & OFEE B TS LD DMA & Fe(ll) Z #&JRE T 10 uM
S Le Fe(lll)-DMA IEYEWE % pH 5.5 OBENHE (10 mM EFfg Y o & =7 LEEIR) %
FHWTHE L=, Fe(lll)-DMA FEHEWE O FHE 7 1EI1T 5 3 D 3.2.3 & [FERIZIT -T2,

@ _HPLC/ESI-TOF-MS

OTHNIZ E— 27 1T T 5 Fe(I)-DMA @ ESI-TOF-MS #7447 9 72812, Fe(lll)
& DMA % &R C 100 uM T o5 T Fe(III) DMA #EHEY)E % Superdex Peptide 77 7 A
THE Lz, ©—27 777 v ara/ll, BLo KL —4—%2 N CigEd 5% T
s LT, BMER D7 T 7 v a 03 5uL D 50% A %/ —/1[50% 10 mM FEliE 7 > & =1
LKVEHE (pH5.5) (ZIAfiE <& CTH 5 The Accu TOF JMS-T100LC % F\>C ESI-TOF-MS
TG E TS T2, A A MIEAR YT 0 77— R (ESI+) TiTo72, £ OMOWESMAHIT L
LD Fe(l)-Cit DA LRI TH D,

424 EHFEWEMEERD D FIC 54T
@ FIC S#rik% AV iz HPLC 4347

B DT OB ITEE R 40 ul & 10 MM ERiE T > &= AFEMEHR (pH5.5) 20 ul
IR LTEb Oz LKT 4 v —=2 = | (Ultrafree MC-HV 0.45 um, Merckmillipore,
RA ) ZHAWT 12,0009, 4°CTA4GRELABELTHL, A 20ul 25 T bAoA
Yz F L HPLC 3#Hricfit L7z, Fe(lI)IRMERED /38T OBRIZIFEE W 40 ul & 10 mM
FElE 7 o & = 7 LEEHE (pH 5.5) 14 ul. 1 mM FeCls KA 6 ul 218G L7= b D % [A
FRICIE LR 7 4V E—2=y R TABLTHhD, AIR20uL T L~V ML
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HPLC Z#ricfit L7,

@ _HPLC/ESI-TOF-MS

WA FIC WL THfr LIcBRicz7 v~ b7 I A RIZBInNcE—2 D7 77 v a v
EORUL.EDT T v a g E£id Fe(lll)-FIC $5A D [EE O 7= 8 ESI-TOF-MS 43
Wr&dT o7, BAEEIThR WEFIRFERE HPLC TRl LIzGa, =2 777 va v
HIZE £ D Fe(ll)-FIC 1ZFEFITIRIRE CTH - 72728 ESI-TOF-MS AT &2 4T 9 Z & 23
T&Rholz, ZZT, AFLXBLOT v 7 o ZAOEERITERE 2T Tb 7T
7 v a VBB L OVESI-TOR-MS #2179 Z & & Lz,

1mL®Fe BEAFLFXFBLUNFe BET ~ 7 U AEERZm LT/ KL —H —TChiz
42 ECHEMEL 40 ul @ 10 mM FEEE 7 > B =7 KRR (pH 5.5) ICIREL Tovb .
LR T 4 F—a2=y FEHWTELAE L, AR20uL 2 H 7 L~Af V=7 b
L7z, Fe BIEAF LAFEEWRIZOWTIE, Z OEFEZ R OMIC, EFEEIIC FeCls
AR T ImMM IS 72 2 X 5 IZIn L7z i#E Fe(HNIRINEREHZ DWW T B RIERIC T 7 7~
a Y RET oI, RA NI T BEIRE T LTIZE LRSI WA & T, IEHFFRNIE
ENEEDLRNWIZ EEH LN UOMR LT8O, EEIROZBOBIZIZRA T A
W S 9%, FIC DHiEE WO v — 7 ISHERICHEY 57773 a3 v % 30
BT o0 Lz, DELET7 77 v a v idmbhm Nk L—2— & AW S8,
Z D% 5ul D 50% A % /7 —/1/50% 10 mM EERE T > =7 LKIER (pH5.5) (2R S
., ¥ 0.1 mL/min @ 100% A % / — /W2 K- T The Accu TOF JMS-T100LC (23 A L
o =277 0732095 FeCit THLZEMNTREINDT TV Va3 HT
47— F (ESI) T, Fe(lll)-DMA THDL Z LN TPREINDIE—T 7T 7 ¥ a3 VER
UF 4 TE—F (ESI+) THWEIT-T-,
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43 HER

43.1 pH5.5IZ8i}5 Fe(ll)-FIC $&AE#ME D 43T

43.1.1 Fe(ll)-Cit D447

@ FIC #riE% A iz HPLC 4347

Fe(lll) & 7 = o 1:1, 1.5, L10RAK A 3 B CTHRAJE L7z FIC otriEz VTt
L7-HER% Fig. 4-2 D A~C IR LTz, LLIREIRTIX 258 S3ZDH E— 7 RELIL T
LR, ZOE—27 (Ps %) 115110 DIRAKICHILE L THATWS, 1518
AL 110 IBATKICITIEE L T 273 0ice—2 Py &$5%) BB TEY, PrOY
— 7 BETIRBGIRT OV 2 ORERELS RDIEERET S ol 110 BAEKIZIT
L2 b B = BN TV (Pa &7 %), LS IRAIRIZIT Pa lZ WA IS/ S
RE—I BB TWEZD, 2O —7 OFRHEF#EIL 323 5 THY Py LV AETE)N-
720 Pas. Pary PalZVEHIT 2 Fe(l)-Cit 8511, Fe(lll) & 7 =V EEOFEEEN TN TN
HBRD8ERTHDL LEEZ BN, Py OFWHFFHN B & C THOTMNIER DL DI,
Fe(IN):Cit DR A HHRIT X - T Po ITIEHT % Fe(I)-Cit SR DL FTEREN T )T A
DO TIL W EHERI S 7=,

WIZ, Fig. 42 D7 v~ 757 EIZHNT- P, P, Pu DZNETNOE—7 5 S8 3
DOE—7 @EOFFHTED DEIGZ RO, IRAWT D Fe(lll):Cit DR & Do REf%
% Fig.4-3 1Tk L7=, BD 32 RO E— 713 Py LA —DE—27 LE LTz, Ps DA
I8 2 EIG1E Fe(I):Cit DIRAHEMET T HIC21UKL 7o TV E | W, Py 72
BT Py D 5 5 EIG 1T E < 722 Tz,

VL EDZ &35 Fe-Cit 85A1% pH 5.5 ICB W TG ERB L O FEDOE L D10 S
DEETLY . Fe(lll), 7 = U ERIEAHT D Fe(lll):Cit L2k > TEOEGIZZELT5 2
EDRH BN T,
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Pys Py Py
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Fig. 4-2. Chromatograms of 20-pL spike of mixture of 20 uM FeCls and (A) 20 uM citric acid (1:1 mixture),
(B) 100 uM citric acid (1:5 mixture), and (C) 200 uM citric acid (1:10 mixture) at final concentration in 10
mM ammonium acetate buffer at pH 5.5. Each sample was separated by Superdex Peptide column using
10 mM ammonium acetate buffer at pH 5.5 as mobile phase, and each chromatogram was obtained in the
optimal analytical condition shown in Table 3-1 with chemiluminescence detector. The temperature of post-

column reaction was set at 50°C.
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Fig. 4-3. Effect of Fe(111):Cit ratio on peak height balance of P25 (closed circle), P27 (open circle) and Ps;
(closed square), respectively. Percentage of each peak height was calculated from chromatogram of Fe(l11)—

Cit standard solution with Fe(l11):Cit ratio of 1:1, 1:10, 1:20 (Fig. 4-1A, B, C), respectively.

@ __HPLC/ESI-TOF-MS 2341

DIZBNWTEHERE— 7 Th o7z Ps T8 LTS Fe(ll)-Cit #5{AD Fe(lll) & 7 =
FEOREA R A BN T 27201, FIREE 500 uM @ Fe(lll) & 7 = D 1:1 IRA 1K
Z HPLC T4y L, IAHFFR] 25.5~26.0 0D 7 T 7 > a BB LT AT 4 7 A 4
{b&— R T ESI-TOF-MS 53T 247572, ZDFER, Ps D7 F 7 2 3 v miz366.46 D
v — 7 ki U7= (Fig. 4-4) ,Fe & 7 = R D 3:348KTdH D [FesCitsH]> D miz 1% 366.40
ERHESND Z LD, Pxld Fe &7 =) 3.3 THREA LTz Fes-Cits $AD B — 2 T
HbHZ EnRENT,

Fig. 4-3 2 /.5 &, Fe(lll) & 7 = U DIRA KT O Fe(lll):Cit LL23EmWMEE Pas DO %
FAITE L o TV D, P’ FesCits $5AD ' — 27 Th o722 L 2 E 20 L IRBW
HH > Fe(1):Cit EE23EWWME E Fe(1)-Cit 1 Fes—Cits SR DERE A EL D >3- < |, Fe(lll):Cit
EEDMEWNZE E Fes-Cits SHALUIANDTEREZ TR Y R0F W 2 L B BT e o T,
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Fig. 4-4. ESI-TOF-MS spectra in negative ionization (-ESI) mode of the 25.5-26.0 min fraction of 20-uL
spike of the mixture of 500 uM FeCl; and 500 uM citric acid, which was fractionated by Superdex Peptide
column, using 10 mM ammonium acetate buffer (pH 5.5) as an eluent. Peak corresponding to m/z 366.46

was assigned to [FesCitsH]>.

43.1.2 Fe(ll1)-DMA D534
@ FIC S#rik% AV iz HPLC 4347

10 uM @ Fe(111)-DMA SERIEHEYE A 55 3 & CRA%E L 72 FIC HATikx W Toatr L
D7 v~ h 7T A% Fig. 45 12k L7z, Fe(Il)-DMA @ &' — 7 % 32.0 438tz
% 2 TWIT, Fe()-DMASKD E—2 7 5 7 & a > 2 3 B LEREWE L L T ESI-TOF-
MS T &2 1T -7,
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Fig. 4-5. Chromatograms of 20-pL spike of 1 uM Fe(111)-DMA. Fe(111)-DMA complex was separated by
Superdex Peptide column using 10 mM ammonium acetate buffer at pH 5.5 as mobile phase, and a

chromatogram was obtained in the optimal analytical condition shown in Table 3-1.

@ __HPLC/ESI-TOF-MS 2347

FEIEE 100 uM @ Fe(I)-DMA SEIATEAEY)E 4 HPLC T4rE L, ¥ HiRFf#] 32.5~33.0 4>
DT7T77varENRLTCKRST 4 744 AT — T ESI-TOF-MS o7 %47 - 727
F.3825~33.045D7 F 7 2 a b mz305.13 38 & 10 358.04 B — 2 A4 H L 7= (Fig.
4-6A. B), [DMA+H]*I% m/z305.13, [Fe(ll)-2H+DMA]J*I% m/z358.04 LR N5 Z &
N6, B IX[DMA+H]*, % & X[Fe(Il)-2H+DMA]*DO ¥ — 27 Th 5,

116
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(B) 358.04
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Fig. 4-6. ESI-TOF-MS spectra in positive ionization (+ESI) mode of the 32.5-33.0 min fraction of 20-uL

spike of the mixture of 100 uM FeClz; and DMA for m/z from (A) 300 to 310, and (B) 350-360. The mixture

was fractionated by Superdex Peptide column, using 10 mM ammonium acetate buffer (pH 5.5) as an eluent.
Peak corresponding to m/z 305.13 was assigned to [DMA+H]* and m/z 358.04 was assigned to [Fe(lll)—
2H+DMA]".
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432 EFEMEMEERDTD FIC 5T

4321 FFLAXEERFO FIC o

@ FIC #riE% Az HPLC 54T

Fe F /& A4 A4 A FHE W A HPLC /38T L7 % Fig. 4-7 IR L7, ATREEIR, B I3
A invitro T FeCly & 100 uM %0 L 7= Fe(INASINERELD 7 v~ 7T A ThH 5D, 4%
MFTA). 2. G TrLiz—#EDIa~ T AE, TNENERD T NV—T MO
BLUZEERD 7 a~ N7 7 5 THD, Fig. 4-7 3 EHL) OEETE A TIiX 25 45, 30 47,
2 FHIMEICE— 27 BBINT, TNENDOE—T % Py, P, P &9 5, iEH2) & R)D
B A TH(L) & FIERIC Psy P, P 3BLIL TNz, BEHQ@)DEE K A Tl b 3
DOE—ZZINZ T 2T ZRIZICH E—2 (Py &T5) BB TV, Fig. 4-7 50BHL)
D Fe(IFRMFAEL B Tl Pos D B — 7 38ENIAF IZ < o> TE Y iREHR)B L UR)D
Fe(IINTRIMFEL B TH [RIARIZ Pos O B — 7 FREEIFBHZZFIZHM L T\ e, £, QB LW
() Fe(INFSMFEL B TIE 34 ARl D ' — 27 7% A OB & bl L THIIN L Tz,
PLEDZ Lt g7 Fe(ll)% in vitro THINT 5 Z £I2 L > TFIC & Fe(ll) A3 F5&
L. P38 LU Py lCIEHT % Fe-FIC $EKOENHIINT 2 Z & B3 inoiz,

I Fe RZ A A L XEER % HPLC 7987 L 725 5R % Fig.4-8 |27~ L 7=, Fig.4-8 3UEH1)
OFEW A TIE, 25, 27, 30, 32, 34 HiRICE—7 N8z, ThZhov—2 %
Pas. P2z Pao. Paa. P & 9%, REH2) & B)DEE W A THIRARIZ Pas. P2y P, Pa.
Pas ZELIL TV, Fig. 4-8 FEH1) D Fe(I)HINEREL B Tl Fig. 4-7B (27 L7 Fe 2D
Bty L RIS A L IS LT Pos D B — Z BREENBEE 1T & < 72 o TV, RBHR) B
L OR)D Fe(IINEMFREL B T Pos O B — 7 SR IXPAZF ITHIN L Tz,

WIZ, Fe LA A LXEEW (Fig. 4-TA) & Fe RZ2 A4 L XEEW (Fig. 4-8A) %t
B L7, Fe RZAF LFEEI TIE Py N 30D NL—F2TTHNATEY ., Fe £E24
FLXEER L T 5 & Py OB — 7 BREEN AR 72 o TV, E72, Fe g A
FAXEERTITNTEA LR NN ST Pu b Fe RZAA LFEHEW TlLbT )7
DHHN TV,

LD Z &t ABRSEMTIEA A L FEER T O Fe XEIT Ps. Py Pso. P
Pa IZIEH T2 4 DO THET 2 Z &350 0 | FRIZ Fe RZIRREIZHB W T
Pa7.Pap Pas DALZFIEHE R & D Fe DEIGNEINT 2 Z E R LT > 72, Bl D 4.3.1.1
IZB VT, pH 5.5 OBENHZ VT Fe(ll)-Cit AEHEME % 4318 L 72 B8 25 43 ICHh 5 &
— 71X FesCits 858 T 5 & [RE LTz, A4 L FEEWIZ G [ — O HEFRIC B — 7 Py
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CL intensity (V)

N
!

NENTEY, ZhiTFesCidliikor—2r 72L& 2 b=, £7-. pH55 OBEIHEA
T Fe(lll)-DMA % 53li4- 5 & 32 4312 Fe(lll)-DMA $ERBEH L7- (Fig. 4-5), 4
Z A REEE T H R — O HEMICE— 27 P 8B TERY . 2L Fe(lll)-DMA &4
DE—7 2 EHERI S T,

P!S P!U PB: PE-I PZS P!O PB: PN PIS P:? P}D PJZ PS-I
¢ 2 (3)
2 2
A
A A
1 4 1
} B B B
T 0 T 0 T
20 30 40 20 30 40 20 30
Retention time (min) Retention time (min) Retention time (min)

Fig. 4-7. Chromatograms of xylem sap from hydroponically cultured Fe-sufficient barley (Hordeum vulgare
cv. Ehimehadaka No. 1) of three groups [(1), (2), and (3)] are shown. A is the chromatogram of intact xylem
sap, and B is that of +Fe treatment xylem sap. The +Fe treatment xylem sap is intact xylem sap added 100
uM FeCls in vitro. Each sample was separated by Superdex Peptide column using 10 mM ammonium
acetate buffer at pH 5.5 as mobile phase and reacted with post-column solution of optimized condition

shown in Table 3-1.
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CL intensity (V)
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Fig. 4-8. Chromatograms of xylem sap from hydroponically cultured Fe-deficient barley (Hordeum vulgare

cv. Ehimehadaka No. 1) of three groups [(1), (2), and (3)] are shown. A is the chromatogram of intact xylem

sap, and B is that of +Fe treatment xylem sap. The +Fe treatment xylem sap is intact xylem sap added 100

uM FeCls in vitro. Each sample was separated by Superdex Peptide column using 10 mM ammonium

acetate buffer at pH 5.5 as mobile phase and reacted with post-column solution of optimized condition

shown in Table 3-1.
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@ __HPLC/ESI-TOF-MS 2347

FALFEEWR T v~ 7T LD P T T 2D Fe OLFIREEZ I LN T 27201,
Fe Fo /A A4 A XA A 25 (5 ICHAE L Cos B0l LIAHIREE 25.5~26.0 0D 7 7 7 &
2V EGRULIL, EDTZ 7 a B R L TCNOR AT 4 74 F 2 {bE— R TO ESI-
TOF-MS 43#7icfitd2 & . Fe(ll)-Cit $EADIRENEH  $HADTE THHZ1TH Z LN T
ERMPOT(T—FITRET) % 2T 25 [5ICiEME L7 Fe FE& A4 A4 A FEEHKIT Fe(lll)
ZREPRE 1 mM (2725 X 91T in vitro THRINL 72 Fe(IRMEEL 253 L, 24L& 50
L7cBR0> 26.56~26.0 50 D7 T 7 2 a &4y HL, IifE L ESI-TOF-MS 3 #ricfit L7z, £ o
FEH. Fig.4-91 R L2k 91236646 D — 27 i L=, YD Z b A4 aXiHE
Bier o~ K77 LD PsldFe &7 = UM 3.3 THEA LTz Fes-Cits 85D E— 27 TH
DT EMRINT,

4000
] 366.46
3000 ]
=
2
g 2000 -
£
1000
0
T T T T T T T T T T T T T T
360 365 370
m/z

Fig. 4-9. ESI-TOF-MS spectra in negative ionization (-ESI) mode of the 25.5-26.0 min fraction of 20-uL
spike of xylem sap of Fe-sufficient barley (Hordeum vulgare cv. Ehimehadaka No. 1). The intact xylem sap
was 25-fold concentrated and 1 mM FeCls at final concentration was added to it in vitro before the
fractionation by Superdex Peptide column, using 10 mM ammonium acetate buffer (pH 5.5) as an eluent.
Peak corresponding to m/z 366.4 were assigned to [FesCitsH]>.
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FENT, AALFEEK I 0~ b 7T LD Py lCWHT 5 Fe DILFTBRER B H NI T
DTz, Fe JE A A L FEAE I A 25 fEIZHAE L T b oym L, i HRFH] 32.5~33.0 43
D777 varEBRLTEM L, R T4 744 AbE—RIZTZO7 77 vay
?® ESI-TOF-MS 3t & 47 > 72, EO#ER, Fig.4-10 (2R L7z X 912 mz305.13 D &°—7
it L, 7 U —® DMA 23R Sz, Ao 4.3.1.2 128V T, Fe(lll)-DMA G5 1E
YWV % o] L 7= BRF VA HHIER] 325~33.0 /007 F 7 v a3 b miz 30513 BE W
35804 DB — 2 ZfEH L7z (4-6A. B). ZNEEEER D L. Fe FlEAA L FEEHD
325~330 7 77 v arymbBH SN miz 30513 OE— 7134 A ALOEE T
Fe(Il-DMA 7>& Fe(I23MiFEBEd 2 Z & TA U7 Y —D DMA O 6 0O L HER S iz,
Fe(ll1)-DMA g&{& {[Fe(111)-2H+DMA]*, m/z358.04} D &°— 7 MR S 7o 7o B I,
Fe FR&A A4 LXEEKF D Fe(ll)-DMA RENMET E/oH & E 2 biLlz, Ko T
1L Fe(lll)-DMA $5R D TN T 5 Z L IXTE o723, Fe RERB LN Fe RZA A
LAXEEHRD 7 0~ N 7T DI PN TNWEZE (Fig. 47T DA, 48D A), Py ®
777 aiCDMANEENTWEZ LA E2 DL AFLFEFRI n~ N7 T
LD Pap i Fe(Il)-DMA O v — 27 TH 5 L HERI S 7=,
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Fig. 4-10. ESI-TOF-MS spectra in positive ionization (+ESI) mode of the 32.5-33.0 min fraction of 20-uL
spike of xylem sap of 25-fold concentrated Fe-sufficient barley (Hordeum vulgare cv. Ehimehadaka No. 1),
which was fractionated by Superdex Peptide column, using 10 mM ammonium acetate buffer (pH 5.5) as

an eluent. Peak corresponding to m/z 305.1 was assigned to [DMA+H]".
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4322 bxEERTBD FIC 5T

FIC S#7¥E% AV 2 HPLC 47

Fe 6 /& b B % HPLC AT L7-#5 3% Fig. 4-11 \oR Lz, ATEEIR, B 11EE
%1 in vitro T FeCls %z 100 uM %00 L 7= Fe(I)FM#AEID 7 v~ 75 L TH 5, Fig.
4-11A DEFHETIE 25, 27, 30, 34 SHIZICE — 27 BB, ENENDE— 7 & Pos,
P27, P, Pu &%, B D Fe()iFMNERECTIX Ps B LU Py D B — 7 58EN H < 725 T
Wiz, BLEDZ Enn, i@F7Z: Fe(Il)Z in vitro THRINT 5 Z L2k - T FIC & Fe(lll)
DFEG L. PasB L Peo lZIRHT % Fe—FIC 85RO ENHINT 5 Z L B3 yho iz,

WIZ Fe RZ b 8%k & HPLC 24T L 7= fE B % Fig. 4-12 [Z7 L7z, A OB T,
25, 27, 30, 34 SHIMZICE—7 BBz, TNENDOE—T % Ps, Py, Py, Pau &7
% &L B O Fe(I)FNERENCTIX Fig. 4-11 (2R L7z Fe /R DA & FIFEIC, P —7
SREE DN < 7R o TN,

Fe /& b =38R (Fig. 4-11A) & Fe RZ b =EEHHK (Fig. 4-12A) % hig+ 25 & Fe
FR & Fe RZ TIFEFEROE— 7 (L BERE SICRERET ol 4321 TRLE
F A LA TlE, Fe RZEZIRIZHBWT Fe(Ill)-DMA O —27  (Ps) 3EIRKL T
WZ2Y (Fig. 4-8A) . bt miBFIE DAL Fe Folt, Fe RZDWITNDEFKR I/ v~ ~ 7
T LD PolIEN TR o7z,

UEDZ et ARG Tl e ZBEE P D Fe 13321 Ps, Py Pao. P lZEEH
T2 4 SOFRETHET 22 LB LN o7, AIRD 4321 OFERNL A
LREED Py 1X Fes Cits $5ADE—27 ThH DH Z LR ENT, & EEWD Py 1
Fes Cits SER DI HIFI & —F L T\ 5728, Pasld Fes Cits$5AD B — 2 Th % & HEH
Sz,
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Fig. 4-11. Chromatograms of xylem sap from hydroponically cultured Fe-sufficient Japanese barnyard
millet (Echinochloa esculenta sp.) are shown. A is the chromatogram of intact xylem sap, and B is that of
+Fe treatment xylem sap. The +Fe treatment xylem sap is intact xylem sap added 100 uM FeCls in vitro.
Each sample was separated by Superdex Peptide column using 10 mM ammonium acetate buffer at pH 5.5

as mobile phase and reacted with post-column solution of optimized condition shown in Table 3-1.
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Fig. 4-12. Chromatograms of xylem sap from hydroponically cultured Fe-deficient Japanese barnyard
millet (Echinochloa esculenta sp.) are shown. A is the chromatogram of intact xylem sap, and B is that of
+Fe treatment xylem sap. The +Fe treatment xylem sap is intact xylem sap added 100 pM FeCls in vitro.
Each sample was separated by Superdex Peptide column using 10 mM ammonium acetate buffer at pH 5.5

as mobile phase and reacted with post-column solution of optimized condition shown in Table 3-1.
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4323 T=T P REFRTD FIC 4547

@ FIC #riE% Az HPLC 54T

Fe BT ~ 7 ¥ AEE % HPLC 08T L7z G % Fig. 4-13 1Z/R L7, A TTEE R,
B 13RI in vitro C FeCls Z 100 uM #RIN L 7= Fe(l)iRMEEI D 7 v~ s 7T A TH
5, HHFTA). Q). G CTRLE—#HDOIu~ T AL, TNENRERDL T NV—TF
MO LIZEERO 7 a~ N 7T LA Th b, Fig. 4-13 30EHL) OEE W A Tl 25, 30,
34 AEIBICE— 27 BNENTZ, FRFNDE—27 % P, Py, Pu 35 &, #HEHR)E(Q)
DB A TH(L) & [FERIZ Pasy Pso. Paa 3BT, BEHR)DEE K A Tlk, Zh
530D —ZIZIAT2T pRIZIZHL E—2 Py &T2%) BB T\, Fe BT~
T oY RAEERTIL P X EHE R E—7 ThHDHM, UL Fe BEA A LFLFe BEE
T L IR DT H o 72, Fig. 4-13 3EHL) D Fe(IN)IRMNFREL B TlE Pys D B —
JERENHEEIZE L o TR Y #EHR)B L OR)D Fe(INFMFEL B TH[RIEEIZ Ps D
B — 7 SR I SN L T e, BLED Z 2 i@EIZR Fe(lll)Z in vitro THINY
5 ZLIZE 5 TFIC & Fe(lIN23FEE L. Pos (IZIAH T 5 Fe-FIC $EKDBENRIINT 5 Z &
Moo Tz,

RIZ Fe RZ T ~ T W 288 % HPLC 704 L 7&K % Fig. 4-14 (2R L7z, Fig. 4-14
FUEHL) DEERE A TIE, 25, 30, 34 RIS B — 7 MR BLiLTZ, DT INTIEH 208 27 4y
AIICH B — 27 BNENT, TRENDOE—7 % Pas, P, P, Pu b1 2L, REHQR)DEH
B A THIFEEIZ Ps. Pao. Paa SELIL T2, Fig. 4-14 3EHL) D Fe(I)FShEkEL B ©
1L Fig. 4-13127R L 7= Fe & R DA & [AIBEIT Pos D B — 7 BREE NBEZE 1215 < 72 > TV,
AEHR)D Fe(NNEMNGEL B TH Py O B — 7 SREEIXBAZE IZHE I L Tz,

Fe FE)e 7~ 7 ¥ A& (Fig. 4-13A) & Fe RZ 7~ 7 % A8 & (Fig. 4-14A)
T D L Fe RZ T~ 7 2 AEEU TIE Fe B2 & il U TRIEMIZ B — 7 R
DME L VFFIZ Ps 3/ NE L 72 o T2, E 72 Fe B2 Fe RZWTILOEERIZ S Fe(ll)-
DMA Ot —2 Toh % Py 3B TV o7z,

PLEDZ &t AR TIERT ~ 7 o REER P O Fe 1XEIZ P, Py P
P TR T 2 4 DOLEIBRETHAET D 2 E DNy ho Tz, Rk 4.3.1.1 OFERENG |
pH 5.5 OBENFHZ T Fe(lll)-Cit HEEWE 4 5 L72ERIC 25 2l d B —7 1%
FesCits $A L [FIE LTz, 7~ 7 v ZEFHRIT B R — OEHFFHEIZ B — 27 Py 23 ELIL
TEY, ZhiFesCitsdiIc L o b SNz, £Z TRIC, T~ T REE
D Pos \ZVEH T2 Fe DALZEIERER B &2 T 5 72 OICIR KR 25.5~26.0 73D~
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Fig. 4-13. Chromatograms of xylem sap from hydroponically cultured Fe-sufficient amaranthus
(Amaranthus hypochondriacus sp.) of three groups [(1), (2), and (3)] are shown. A is the chromatogram of
intact xylem sap, and B is that of +Fe treatment xylem sap. The +Fe treatment xylem sap is intact xylem
sap added 100 uM FeCls in vitro. Each sample was separated by Superdex Peptide column using 10 mM
ammonium acetate buffer at pH 5.5 as mobile phase and reacted with post-column solution of optimized

condition shown in Table 3-1.
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Fig. 4-14. Chromatograms of xylem sap from hydroponically cultured Fe-defficient amaranthus

(Amaranthus hypochondriacus sp.) of three groups [(1), (2), and (3)] are shown. A is the chromatogram of

intact xylem sap, and B is that of +Fe treatment xylem sap. The +Fe treatment xylem sap is intact xylem

sap added 100 uM FeCls in vitro. Each sample was separated by Superdex Peptide column using 10 mM

ammonium acetate buffer at pH 5.5 as mobile phase and reacted with post-column solution of optimized

condition shown in Table 3-1.
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@ __HPLC/ESI-TOF-MS 5471

T T REER I v~ N T LD Pxs LT D Fe DILFEEZH LT ST

DIZ, Fe I T ~ T o AEAE R A 25 [FIZIRAME L CHx D4y L HRH 25.5~26.0 43

DT7T7IvarkEgBUilc, ZMULIET7 77 arZBMHL T, AT 4 TAF

{tE— KT ESI-TOF-MS #ricfit L7z, ZDfER, miz 366.46 O — 7 S S iz
(Fig. 4-15), LLEDZ EMB T~ T U ZEEUK D Pos IZ1F Fes-—Cits NEH L TV 5 Z

EDRH LMo T,

366.46
1200 -+

1000 —

800 -

Intensity

600 -

400 -

200 A

Fig. 4-15. ESI-TOF-MS spectra in negative ionization (-ESI) mode of the 25.5-26.0 min fraction of 20-pL
spike of xylem sap of Fe-sufficient amaranthus (Amaranthus hypochondriacus sp.). The intact xylem sap
was 25-fold concentrated before the fractionation by Superdex Peptide column, using 10 mM ammonium

acetate buffer (pH 5.5) as an eluent. Peak corresponding to m/z 366.46 were assigned to [FesCitsH]?.
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4324 FU LY VEERPOFIC 5347

FIC S#7¥E% AV 2 HPLC 47

Fe EeA 7 L Y 7 EE K% HPLC 7081 L7z fEF % Fig. 4-16 |28 L7, A TTEE,
B 13RI in vitro C FeCls Z 100 uM #RIN L 7= Fe(l)iRMEEI D 7 v~ s 7T A TH
%o A DEERTIL 255y, 2743, 3043, 34 mEikic e —2 BBz, ThZhor—
7 % P, Py Pao. Pud T %, PuldEEAat' =7 ThHhh, ZORBILFe BT~ T v
P REE LR U TH o7z, Fig. 4-16B @ Fe(IDEIMFREICIX A LT 5 & P D
— 7 BRENIREFICE L Lo TWe Z Enh, IEEIZ Fe(lll)Z in vitro TRINT 5 Z &1
Lo TFIC & Fe(N)3EA L. Pas lZIR T % Fe-FIC $5{AD & EMT 5 Z & 23 3ho
770

WIZ Fe RZA T LY 7BEER A HPLC 74T L7 #E % Fig. 4-17 |27~ L 7=, Fig. 4-17A
DOEEPLTIX, 25, 27, 30, 34 /3RIZICE— 7 BB, TNENDE —2 % Pos, P,
Pso. Pss &%, Fig.4-17B @ Fe(l)FMEELCIE Fig. 4-16 1278 L7z Fe FBE DOHA L [A
FRIZA LT D & Pis DB — 7 JENHEICHE S 72> T,

Fe BRA D LY v#EER (Fig. 4-16A) & Fe RZ A v LY v#EER (Fig. 4-17TA)
BT D L, Fe RZHFU LY BB TIE Py BN/NEL leolo—J7T, Py 3K
LTz, 7z, Fe £&. Fe RZWTHMOEERIZ EH Fe(ll)-DMA D' —2 TéH % Pa
TN TW Ao Tz,

U bEDZ et ABENRFMETIIAY LY TEERT O Fe 1X31T Ps. Pa. Pao.
Py lZWE T2 4 DO(LFRRETIHFAET 2 Z Lo Tz, RIIRD 4.3.1.1 OFERND
pH 5.5 O EhH % FVT Fe(lll)-Cit % /3 L 72F1Z 25 /7128l 5 & — 2 13 Fes-Cits 84
RERE L, AU Ly Y vEERIZHE—ORBIFICE —27 Ps BN ENATEY, =
X FesCits $ERIC KL B b 0 L HERI ST,
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Fig. 4-16. Chromatograms of xylem sap from hydroponically cultured Fe-sufficient spinach (Spinacia
oleracea cv. Hoyo) are shown. A is the chromatogram of intact xylem sap, and B is that of +Fe treatment
xylem sap. The +Fe treatment xylem sap is intact xylem sap added 100 uM FeCls in vitro. Each sample was
separated by Superdex Peptide column using 10 mM ammonium acetate buffer at pH 5.5 as mobile phase

and reacted with post-column solution of optimized condition shown in Table 3-1.
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Fig. 4-17. Chromatograms of xylem sap from hydroponically cultured Fe-defficient spinach (Spinacia
oleracea cv. Hoyo) are shown. A is the chromatogram of intact xylem sap, and B is that of +Fe treatment
xylem sap. The +Fe treatment xylem sap is intact xylem sap added 100 uM FeCls in vitro. Each sample was
separated by Superdex Peptide column using 10 mM ammonium acetate buffer at pH 5.5 as mobile phase

and reacted with post-column solution of optimized condition shown in Table 3-1.
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UbdAALE v, 7T oW R AT LYY TEERD 7 0~ N7 5 A% ICIT P,
P27. P, P, PuZNZENOE—7 @SN ING 5508 —7 B30I ED HEE
ZEEL, MWL, Fe B2, Fe KZ T L1241 T Table 4-1 IR L=, &EIEIL.
Fe 78 /& A4 5% Tl Fig. 4-7 iEHL)~@B)D A, Fe KZ 4 A L ¥ Tl Fig. 4-8 ilBH1)~
(3)D A, Fe Fojt & = TlX Fig.4-11 ® A, Fe XZ t =TI Fig.4-12 D A, Fe BT~ 7
> A TIE Fig. 4-13 3 EHL)~@B)D A, Fe RZ 7~ 7 % A TiX Fig. 4-14 OFEHL)H
FXTQ)D A, Fe £i&H 7 LY v TlXFig. 4-16 ® A, Fe XRZA v LY 7T Fig. 4-
1TTOADIa~ T T ANGHEA LT, £7o, Fes-Cits SEMIEMEME & /38T L 7=BR DO
JEZEOE—7 @S &ITIZ pHE.5 IZK1T D Fes-Cits DR EMAIER L. Z OMER L%
FETE D Pos & — 7 15 & % JLIEAE IR T D Fes-—Cits DIRFE % R T Table 4-1 (2R LT,
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gel

Table 4-1 Peak height balance of Pzs, P27, Pso, P32, P34 in chromatograms of intact xylem saps from hydroponically cultured Fe-sufficient or Fe-defficient graminaceous plants (barley
and Japanese barnyard millet) and non-graminaceous plants (amaranthus and spinach).

Percentage of peak height (%) Concentration of Fes—Cits (uM)
Plant species P2s P27 Pso Total percentage of P32 P34
Fes-Cits" P25, P27 and P3o Fe-DMA*

Barley
(Hordeum vulgare L. cv Ehimehadaka No.1)

Fe sufficient 3.6% 12% 82% 98% 2.6% n.d. 22+07

Fe deficient 1.7% 23% 55% 80% 18% 2.4% 1.8+05
Japanese barnyard millet
(Echinochloa esculenta sp.)

Fe sufficient 3.3% 6.4% 87% 97% n.d. 3.3% 2.8

Fe deficient 6.3% 7.0% 83% 96% n.d. 3.8% 3.7
Amaranthus
(Amaranthus hypochondriacus sp.)

Fe sufficient 55% 0.70% 34% 90% n.d. 10% 129+57

Fe deficient 17% 3.4% 66% 86% n.d. 13% 20+0.6
Spinach
(Spinacia oleracea cv. Hoyo)

Fe sufficient 51% 2.3% 45% 98% n.d. 2.2% 27.0

Fe deficient n.d. 52% 41% 93% n.d. 7.2% n.d.

*Chemical species which were identified in this study.

Percentage of each peak height was calculated from chromatograms of Fig. 4-7A (Fe-sufficient barley), Fig. 4-8A (Fe-deficient barley), Fig. 4-11A (Fe-sufficient Japanese barnyard
millet), Fig. 4-12A (Fe-deficient Japanese barnyard millet), Fig. 4-13A (Fe-sufficient amaranthus), Fig. 4-14A (Fe-deficient amaranthus), Fig. 4-16 A (Fe-sufficient spinach), and Fig. 4-
17A (Fe-deficient spinach), respectively.



44 EB

RETITH 3 FETHIE L7z FIC 54rikEd VT, S REWEE 1 O FIC 4547 2 i 7%
oo TORER, BHOEY— 7 ZHH L, ESI-TOF-MS St Of RmbZ2D 595 15Th
% PasiE FesCits $5AD E— 27 TH D Z L NN oTe, Flo, A LFITORLE
ET 5 E—7 Pu/nbHITEKD DMA (m/2305.13) %R L7z, Ps X Fe(ll)-DMA O
O EHERI S, Fe RZA A LFEFWRTILE — 7 MEDOB RN ST,

AT % AV T AR B 3 AT R D B PHEIC DV T

AROHTETIIV X —/VIH0; DALFF NS Z Fe(I)-FIC ORHIZRIHL TV 5
N, ZORISOBALABAE & U TB< &R A A2 72134 mEERIE Fe(IIZIRE ST,
Co(ll), Cu(ll), Ni(Il)7e E DEBEBAEA 4 BLOZOEEKLE T D, ARE CTHZE S
ELTBALETALXY, 7T A ALY U ART v OKRBRITERGE &
LT Fe(ll)DAtiz Mn(ll), Cu(ll), Mo(IV)E M EERE LTERT D, TOb, HE
X Fe(I)LAAM I %%@%E&Lfmmncmnquw@ihék%z%né
% 3 T CHHIE L7z FIC pHTEORINFE 2 E 2 5 & EEHKF O Fe(1)-FIC 4347 D
B Mn(I1), Cu(ll), Mo(IV)72 ¥ D% L— h iR Z R LT L E 9 ATtz >\ T
HEE L RTIZR B0,

Mo(IV)IZZ DM OB A A2 L I13#E72 0 TP TE Y 77 VA A (Mo0s2) & LT
T =F O THEET D, v aA X XF (Arabidopsis thaliana) ORLEED & 13 MoO4*>
D KT AR—H—MOTLNFEE S TE Y (Tomatsu etal., 2007) , EE K+ T Mo(1V)
XA F A TiEAR< MoOZE LTHEL TS Z ERHERIEN D, MoO2Z D4y 1Bl
Superdex Peptide 77 7 ADRERFRLU T ThH LI, RETRLIEZ B~ T ADHE
HIFRFRIEE T d 5 20~40 23 ORI IFEEH L7avy, Mn(ID 3L 2 7 —UIH0, D58
FIRZEBNTT P HAHIRA & LCOTEEEZF L TEY . Mn(I)DOIHAFFTLI /) —b
DALFEFEIETRE WD 35 Z E BB MNIZ72 > T5  (Szentmihalyi et al., 2003), Z®
ZEMH L M(I)F L — FERDARGHIE TR SN D ATREtEI RV &2 b D,
Cu(l)ix 7 U —od 2 flid A2 D TIIN I J —IUIH0; DALFER NI B W CTIERIC
SRR EARBIA & L COTEMEA TR A, EDTASR DTPA 22 E D ¥ L — % — L R 2 Tk
L7REETIZZOIEM 25T ) 2 D (Kimetal, 2012) . Cu(l)F L — R E&AMN
AOPETHRE SN D ARELIRWEEZ bND, U EDZ &b EEIRPITHAET
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% Fe UHNDEBB&REB LT OF L —F AN K oHriE TR S TL £ 5 TEetk
FEWEEZ BN D,

A RFHEMEEBER T D FIC 2OV T
O AAsx
AREDFER NS A A LXFEEWRD PslI FesCits DB —27 TH D Z ENH LN 72,
B TOAA LFEEPIZIE LT Fe(IN)FIMFREHI I T P D B — 27 23 KIEIZHE R L
TW/= (Fig. 4-7B. 4-8B), Fig. 4-3 OFERMNG . Fe(lll) & 7 = U DOIEMER ST D
Fe(II):Cit DB K EWIIE Py DEIE N K E < Fe(lll)e-Cits $EEZ R LSO W2 &
DRENT=Z LD, Fe(N)EIEREHZ I T Pys D B — 7 SRR LTV DI in
vitro TO Fe(ll)Z RN L7 2 &2 & 0 EE R O Fe(ll):Cit SR L7728 & HEH =
iz, F72. Pas B Pas~Pyu &IRIZ HD HEIE1E Fe TREB LV Fe RZ OEFHRIZEHB W
THFNT36NE LV LI%TH Y (Tabled-1). Fes-Citz 134 A L X EEIE T D Fe DI
ERMEFIBRETIE R W E R LN R 5T,
F 72, Pos DMIZ & A A A FEAEIRITIT Py 2 Pao VBN TN (Fig. 4-TA, 4-8A), Pyl
Fe RZAF LAFEBERIZB W TERIED 23%% b 5 EEE—27 Th Y (Fig. 4-8A, Table
4-1). Pxld Fe /&, Fe RZIZHBWTENEIL 82%, 55%% (LD FH e —2 Th-o
7o (Fig. 4-7A. 4-8A. Table 4-1), Py lIAEIFFRICH WA A LF, b=, T=T
AR LYY UORTOEER a~ 77 MR L TEETHE—I THY | 2
D=7 N EDDHEETNTNOEFRIZEBNTH 34%~87% & LLEIE N &b
(Table 4-1) . Pao (¥ T % Fe—FIC S5 & FAE HE W T O EH 7 Fe DILFIERET
o5, AWFFEH TIL Py 3B L P lZWE T 5 Fe-FIC SERZRIET 2 Z LIXTE Ao
7eBs, Fe(ll) & 7 = U DOREMEIR G A 3T LTCBRD 7 v~ b 7T WX P B LU Py
IZITWAHHBEIC B — 27 MBI T 2728 (Fig. 4-2 O Pu B XUV Pay) . A4 b FEE K
D Py 35 K O Pao 1213 Fes-Cits LIS DOFEA LLER D Fe-Cit $5ANTEH LT 2 AIREMEN &
U, Py DA T > TS L > TLORIBR LT 5 Z &b~ 7= 2 &2 (Fig.
4-8 DFREHL)D A LBV (3)D A 72 )| Pu IZITHEE DL FIERED Fe-Cit W52 2T
BESNZ2VREETIAH L TV A REME DB 2 bz, 22T, MO pH 2B W T
{71£ LTG5 Fes—Cits LS Fe—Cit $&{A & L C Fe,—Cit, X° Fe—Cit, e E R HN D, il
Fe-City (XM~ IED AN pH (281 % 72 Fe-Cit $5RKDLFEETH V| Fe:Cit
7Y 0.5~0.001 DO JAWEIFHIZIB W TIEENER STV 5 (Gautier-Luneau et al.,2005,
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Andreetal., 2009), ZE#H O MELFREEETICT Y BTV —EBXIKE —EEOorB L O
77774 MARTWSEEEZ AWT Fe REA A LAFHERT O = B X O Fe i
JE & Z N 250 UM, K 25 uM &R 7= (B35 STk, Arigaetal., 2014) . Z DR
DD Fe FEIEA A A B O Fe:Cit JRFEHITH 0.1 LR BN D, Fe KZIRREDE %
FEY) CIREE IR O 7 = VERIRENINT 5 Z LA 5 TEH Y  (Pich et al., 1994,
Lopez-Millan et al., 2000, Nikolic and Rémheld, 1999) ZAUIZfEW Fe:Cit 1Xgb 9%, A4
LXEEW O Fe:Cit Foid Fe R ICHBWTIX 0.1 A, Fe RZIZBWTIZZER L v/
EnWeEBEZ NS, Fe i/, Fe RZ &M 44 A FEEKH T Fe-City 23 EF 72 Fe-
Cit sk & L CHET D AlEEHIEm W &0 D, Fe &, Fe RZDOWTHIZEBWTH E
BB — 27 Th ol Py DY Fe-Cit, Th L [REMEIZ SV, F72, Py DV —27 @I N2k
IZhHOLEEE Fe TR L Fe RZA A LAFEEPW T3 5 & Table4-1 [Z/R"T L H I
12%70°5 23%E THIML TV D, ZDZ LD, Py Fe-Cit DE—2 ThHhD EET
L, ZOE—7 IR 5 Fe-Cit $51K1% Fe,—Cito 851472 & 0 Fe:Cit L MRV VR AR
TR SR F U Fe-Cit 858 CTh 5 EHERI S 72, BEWRD pH IZiEV pH 5.5 (20
T Fe &7 = U OFERERAR T O Fe:Cit L2332 & Fe-City 28N 2 Z & A3
HMIT72>TE Y (Rellan-Alvarez et al., 2010) . Py 2 FeCit, T 2 FIREMEIZE WV & &
b,

P3, 1% ESI-TOF-MS 2347 Dk B2 5 Fe(ll)-DMA DB — 7 Th % Z L AR ST, Pa
I% Fe BEDA A LFEEW TIL 2.6% DK% KD LH/NSR/E—T ThoTloDIZH L, Fe
RZ DA F LAFEERE TIL 18% % 5D TH Y (Table 4-1) . Fe(ll)-DMA (F3IZ Fe Xz
FUHTICBWTAA AXFEERT OFEEER Fe DILFHETH L Z LIVRENTZ, Zh
ETOMET, 4 XY TIE Fe RZITIGE L TAXFRBEOAEAEOMRN DL D
Fe(11)-MAs O UL AMIERE X5 Z & 3 5 72 - TS (reviewed by Kobayashi et al.,
2010) , AMFZEIEL Fe RZINE & L THEERF D Fe(lll)-DMA JRE D 54 [FIRFIZE Z
D, HERTORONT- Fe ZZRINIZAE L LEE L TWAHZ AR LT,

UEDZ LD A XFHEM TH DA A LFEEF RO/ o~ 7T A RICBNZ T
725 DD E—7 Py, Par. Pao. Ps2. Pau® 9 5. Pos, Pary Py lTBI L Tid Fe-Cit $5AThH
52 ENFEEERITHEI S, Zhb 3508 — 7 EA&DAFHE Fe J/& T 98%, Fe
RZT80%E 72 (Tabled-1) . A A AFEEUH CTKRERS D Fe A Fe-Cit $5ADIE THF
BT 22 ENRBEINTz, £o, Fe RZIRRETIL—ED Fe 2% Fe(11)-DMA $5{&DTE T
FELTWNWDZ EBHL N7,
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® eb=x

b TIEEE TIEA A L BB & [FIRE Pas, Par. Paoy Pas DALIEIZ B — 7 2387z (Fig.
4-11A, 4-12A), A LF LFECA XBHED TH L DIZHEED BT Fe fik. Fe Rz D
W FIZH T Py OALEICIEE— 7ﬂﬁﬂﬁﬁotowf®i9¢%zi&m0DMA
DE—27 ThHDHNM, b =OHAITIE Fe RZIRIEIZIB W THEFE T O Fe(lll)-DMA 1%
HEINE-9 DMA X Fe OEICITEE L TWRWZ ERRENT-, A 2FHEM TH - T
H AT LAXITEmNT N Y HEEEZ R T OIKI L, A 2R bR I T s )+
HEMMEME < Fe RZ 2 Z L9 (Morietal., 1991), ZAUEA 29 b 20T
AF RO A G HRECR D D D WREMEN 2D TH Y | FI LA X EHEH TH->TH
HIC Lo TTh U HEEICIZER S D, SEoHrkt g & U CRA TS b = 3l 13
P THY . AFAHE/SR T pH  pH 55~6.5 LEEMER D THDH, Fio. Fe i
G RBHE CA A DX ZHEE L2k, Fe 28 £V KBHRICBME T 2 £ 49 28 Btk T
JuBRVAPBLEIND LI/ DIZR L, =X Fe &8 £ 72 KBHE IR
14 BRI T aa U ARBEINTZZ LD (FT—XITRST), endAFLaXL it
B2 L C Fe REZMMEPMENZ E DRI N, LEDZ &b, BT Fe RZITIGEL
TEEFEWRT O DMA REX ERSEIBNDBAATLFX L0 B, BRELTFe XZ
MHPEAME Y = & Hesdm Sz,

HA XFPHEMEE KT D FIC IZOUVT

O F~FrH=R

AR THDL T~ T P AEERO 7 v~ N7 T LM A A LXK EFERIZ Ps O
B — 7 BHENTEY (Fig. 4-13A, 4-14A) . Z Ui ESI-TOF-MS 70 #r OFfE R 5 Fes—Cits
DE—T ThdIENHLMNIR ST, PsldFe BET v 7 P A EEURIZIUNT 55%
ZHODHEERE—27ThHY (Table 4-1), Fes-CitsI% Fe TET ~ 7 > ¥ RAEE I D
TH72 Fe DILFIBRETH D Z ENHOMNI o7z, —FH, Fe RZ T~ 7 W A EEK
Tl Ps D EHDLBIEGIL 17%E TR T L7 (Table 4-1), ZAUid Fe Rz FCEEWK T D
Fe:Cit DILRMNPWA 5 Z LIZ K-> T Fes Cis $5ADFIER LA T D120 EEZ B
72o Pald—HOEER THhT NBEINTZHDD (Fig. 4-13 R EHI)D A, 4-14 30k
QD A), ZOMOEEWETIHIFEE A EBERINR2D 570, Poldd 4 LX08 = & FER
27~ 7 o RAEEWRIZIB TS Fe 82 T 34%, Fe RZ T 66%% H b TEHE e —7
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Toh ol (Tabled-1), ZAU5 Py, Pao DIFHRFHIIIA A L X EE WD Py, Pa LITELL
TNLZEMmb, ZNHDOE—7 2344 LAFXFOEE L RFEICHNTOOREE LED
Fe-Cit $5(ANAEH L CE TV D b0 LHEll STz, 7T~ T v 2 3IEA X BHE TH 5
72 DMA 1A, P OMEICH B — 7 3B SN2 o7, £72. PuliFe &
B, Fe RZDT ~ T W ZEEW )7 CRE S (Fig. 4-13A, 4-14A), 4 F L ¥t
T2 EDA FEHERITIB O TIT Pau O E— 27 E SO 5 285135014 & HEF I/ &
Mo T-DIZRE LT~ 7 % A Tid Fe F8 /& T 10%, Fe K Z T 13% & = OFEIA 1T IR
otz (Table4-1),

@ FsyLIy

R LYY EERO I a~ N 7T AMIH Py BNEILTEY (Fig. 4-16A, 4-17A), 7~
T U AOEA LRI Fe BREFRICBWT 51%% 55 EEAE—27 Tho Tz
(Table 4-1), AWFFETITA Y LY UEERKD ESI-TOF-MS SATIIATIO 22032 273,
WY LY T Pyl Fes-Cits &Rl — DI TH D Z &5 Fes-Cits SEfkD ' — 2
Thd MRS, Fe REFRY LY vEERH O Fe DL EHEIL Fes—Cits T
o LZEZBNT, E£7o. Pa. P OWHFFRITA A L FEERD Py, P & —H LT
BY., AFLXOEALFEICZNALOE— 27 2TV TRNORA RO Fe-Cit &k
DEHLTETWD LD LRI STz, Fe RZA D LYY TEERTIL Py OFEIEN
5200 Cd V) Fe FEIE & B L CRIEIZE N -T2 2 LD, Prldd 4 AXEHEROLGA &
[FERIZ Fe:Cit LS/ NS WREIZAR LT WV Fe-Cit 85K Th 5 L B X bz,

S

ARFETIIA A XD Fe(I)FRMREIB LT~ F U REERD Pis D7 T 7 3 2 )
5[FesCitsH]> (m/z 366.4) Z i L Pas 1213 FesCits A L TWAH Z EZBH ML
7zo Tabled-1 1T/R L7z X9 ICA A LFEEWRIZB W TIL Fe Eld. Fe RZWTND%E
b Py T EE R E— 7 TR 2 £ D FesCits 1344 LA XFEE T O Fe O1H
RALFTERETIZRWZ ERHI LT o7z, — T, A RBHEM TH LT~ T P A
KRBT LY T, BT Fe BREBEIRICB VT Py NEERE—7 THho7=Z L
5. FesCits VEEWR T DO EE 7 Fe DL FIRRETH D Z L BRI T, o, K
B CITEE T O FesCits DIREZRDTZ L Z A, FRZIHEA FFHEW O Fe 78/ HE R
IZBWTZEDOREILE -7 (Tabled-1), Pz, Pao ® Fe-Cit $5{AD E°— 7 Tiddevin &
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HEJ XU, Pas, Por. Paold 2 THMEFIBREED R/ D Fe-Cit THDH EEX LN, 21D
DE—7IZEHT D Fe ORIGORFZ KD D & 80~98%IZ LV IEFIZEVVETH D Z
Emb, A XF FEA B A DT Fe-Cit S5 EE IR O 72 Fe DILFHRETH 5
ZEDIRB I N, TIVE THEEOITIFRICEBW T, I A RMEYEE R O Fe @
FHERLFERE L LT Fe-Cit 85K R X C& 7228 (Nikolic and Rémheld, 1999,
Lopez-Millan et al., 2000 72 &), RKEOFERIZZNE XFTHHDOTH -7,
DMA (34 X DOEEIRE X O ER OBRE S TEH Y (Mori et al., 1991, Kakei et al.,
2009) . ZEEEIZ Fe-DMA 23 A R E R HFRIE ST % (Nishiyama et al., 2012), =
DX 912, DMA 134 FFHEMIZIIT DR 5D Fe ORI T T < fifi 084 % @
U7 IRNIZIS 1T 5 Fe Olikliitlc b K& <L L TnW5b, RETIL, Fe file4 4
LXEEWD P, D77 7 3 v DMA (mlz 305.1) Z M L. Ps 23 Fe(1l)-DMA
DE—7 ThdILERLIZ, PO — 27 M Fe BEDEFRIZHBNTIIWTNG
INEL FEE—7 TlE o 7o—F T, Fe RZOEFETIT 18%% FoHFE LY —7
Tho72Z b, DMA [TFFIC Fe RZ FCHEWRPOEZEZ FIC & LTHREL TV
5HZENRHALMNTR 5Tz, A4 R DO DMA OB IS4 2 & s+ (OsNASL,
OsNAS2, OsNAAT1, OsDMAS1) <° Fe(lll)-DMA k7 > AR— & —iffr - (OsYSL15,
OsYSL16) . A4 AF DOFFD Fe(lll)-MAs k7 > AR —% —i#{n 7 (HVYS1) DOFBLIL Fe
RZITIELTHE IS (Inoue et al., 2003, Inoue et al., 2008, Bashir et al., 2006, Murata
et al., 2006, Inoue et al., 2009, Ueno et al., 2009), Z L5 DInEIZ L - T Fe RZ F CiEE
KD DMA JREEHEIN L Fe OZERLEENRFREL o> TN D b D EE X b,
/2. B DEERICIE Fe TR, Fe RZDOWFIUTEB N TS P ldEiniero-Z &
5. RUA FEHES TH - THEET T O Fe DLl DMA N H5 L TV D REEIXKR
L HERSTRY, TOENFe RZMMEDOE SICHEEL TWA Z LR SN,
AL TIL P lZWE T2 FIC Z[RIET 5 Z LILTE o 7o M, Pyl 35 FIC 1T
A B A RBHEEE R Im U TR L. RIS X BB O Fe Ol
HICBEHEGE L CWAIMETHD Z RSN, PO E—7 @ ST Fe RZIRIETL Y &
bR o778 (Table 4-1), P lIZIEHT 5 FIC X Fe RZITINE L THEEK
SNOME TH D TREMED F,

REDOFERZ ICIC MRIZIB T D Fe DWRINIS L OMEFRTIZIH T D Fe OkIZH 5
Fe DL FIREZ Fe EAFRE DEW T L ICZMICE & o7 (Fig. 4-18), Strategy-1 T Fe %
WL 5 FEA R RBHEY OB i Tl Fes—Cits Z 466 & L 7= Fe-Cit $5AN L2722 Fe @

141



{LFIEHRE T D, Strategy-1l T Fe 2T 5 A R BHE) OEER H T b [FIERIC Fe-Cit
DEHTR Fe DILFIERETH 508 FFIZ Fe RZIRRBIZIB W TIL—EF D Fe 1% Fe(11)-DMA
& LTHET b,
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(A) Strategy-1
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Fig. 4-18. Uptake and xylem transport of Fe in (A) non-graminaceous (Strategy-1) and (B) graminaceous

plants (Strategy-I1).
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BSE WBOEE

IHTAEFORBBIDO—21%, H LWOHTRE A A L, 2 O0HT RISV OB
ROHTEZBIET 2 2 LIS Lo THESHT. BEE AT, @RI AT, SRl AT % 7]
BEIZT 52 & TH D, HROHHENMIY BTG S D 2 & TEDOS B ORIE S R
ICHERT 2 Z ERRIAEN DD, TOBRREN b T2 6T ERITIEF TR E W, 57
LD 2 BT L WIS W IO GTEAET 5 Z LAk b D
DI BT ® G LT HREB ORISR Z OREHZ OV T ED X 5 RfEHARD ST
B0, PERIE T Z DIEFRD T2 6 SN2 o T DO &V > T BB AIZ DWW T OF
WwbRDEND,

AR D K 512, HER DRy T AR A X R BE S ITEIZ VAT VLT I 7 4
BT A FETHY, Fe(ll)E OF L— MEBDEWMEAH TH > TH —HITH
HLTLE Y, H—OoE TR FAKEE L LA BE —EIZohT 52 LA TE
R, LW o TR B o T, EEREIENIZEB VT Fe ORISR 5 FIC
&L TRG TR A X R BENNREBENTH L8, ITP DX O X I8 Fe O
WL B D> TN D, OO EEMMIENITIFIET 5 FIC Z /A< 08 L Fe e&/AE8
DA Z AT 2 72 DI, FEDbFHEEZ A L T < TH Fe(lll)F L— MEE
A L COIUTHERER 72 30T 23 /T RE 7R FIC SATIER AR TR Th o7z, S HIZ, AR
B o FIC 20473 572012, @EE R FIC HED R biv Tz,
ARFFEDH 2 T CIXEERE CB 28 Fe(ll) A L THET 2 E 2> 2 LI2HKH
L. ZOMEZ HPLC RA M7 MEIGHT 2 Z E TRe() & DF L— FEEIZIS U7
FIC 3 HTIEDBHFIC ) Lo, AR HTik % -V CERBICHER O FIC 778 - #ii 45 &
Fig. 2-27 1" T L 212 Fe(lll) & O F L — FEEIZIS U T FIC Z R AR T 5 2 & 23 H]
RETd o 72 AROIHTIEIIHENRTE L 1T R 72 VAL ARSI b & T R E O Fe(ll)F L —
MEIZISCTRIET 5 Z N TE D720, Fe HEAHICEWCEERERNILEY &
BSEHNCIRIT T& 5 &V ) S CHEEI TH - 7=,

fe< 5 3 ETBRE LIV /) — &AWz FIC ik (LUF, AOfriEs+5%) T
1. VS = & HO, DALZEFE G DS Fe(I)-FIC $8RDIAE FTHITT 5 Z & &k
HIZFIH LT\ %, Fe(ll)-EDTA DR HEEE 23 Mtiod Fe(ll)-FIC $&{& & bt L TEAFE I
Bnolm, 2T, RA AT AEIKIZ EDTA 2 LY 7 dhod Fe(l)-FIC §E{k
® 9 H FIC % EDTA TR F25H#a L Fe(11)-EDTA 2445 Z &1 & - T FIC % E&
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IR L & 9 ElArTz, RA MU T LEHRIZ EDTA Z N L7255, Fe(1)-Cit Dfk
M@EmEMA%%ML&V%%&%@LTB%WLLKO%M%M®&mmﬂc%
RORHRA 2R 5 & Fe(Il)-EDTA Tl 0.25 pmol, Fe(ll1)-Cit TiX 2.3 pmol. ¥
SkDRFEM 2 FIC THD=aF 7+ >0 Fe(ll)sR (Fe(Ill)-NA) Tix 1.1 pmol TH
ST, WERIEORHIRAIEL EDTA 28 1.71 pmol  (Loyaux-Lawniczak et al., 1999), 7 — >
i 7% 210 pmol (Nour etal., 2010), = =57} I > %% 50 pmol (Neumann et al., 1999) T
o LEEXDE IERIEL Y RERR A HERT24Him ESE5 2 L ICEIHILTE
D, R B 7 FIC B OB IR LTz,

FIWETHLELR LI L O, AOWEICB T 2MHERE X ZEo Fe(ll)-FIC &
RO TRIEILEN & Fe(I)-FIC VRt 7 =0 FUEHIC K > TIRETH D EEZ S
N5, Fe(ll)-EDTA $SAR DR TTENMIF+0.12 V & K& < (Smith and Martell, 1989) %7t
ENRTWVWI L ERT, £/, Fe(I)-EDTA ® 7 = > b &ML 0.24 TH Y Fe(ll)-NA
L L CTEWEETH S (von Wirén et al., 1999), Z D X 5 Z2ME 05 Fe(lll)—
EDTA/Fe(I)-EDTA 13V X/ —/LIH0, DALSIRESEROSIZ 31T 2 I b AfiBh Al & L CofE
PENEWNE FARE NS, 3 ETIL, Fe—EDTA OiRd 25 DOVEE % Fe(1I)-FIC $E{k
DI FIH T2 Z LIZ L > T FIC OEHEE DM BIZER > 7z, SHFMEMIANT Fe
IO Fe FL—F — LA LTREETHELTVDHEEZLNDY, H1ETH
RARTZ LI ZOHBO—2 & U TEEMMIENOABN 7 pH (S8EEME~5 T VA )
PE) 12BN T Fe IZVAMRIEDERW 20 F L— & — LR E IR T 5 2 & Tt E <
SN TV eSS Z BB T oD, ZLTH I —D0HH L LT, Fe 2
MALZE SRS Z R 29 2 & TRIGHED FEWT VAR ARR UIICHEE EEE 52 &
ZRI< T, EEMWENTIEFe X7V —0 Fe A 42 X0 & ISHEDK N Fe g5
DIFETHEL T D RSN D Z ERZFITF DD, EEMY B ROREN 2 FIC O—
OTHDHLXZXEE (MA) ° NA @ Fe(ll)-FIC &k DiE TENMITZENFN-0.10V B LW
-0.18VV T&® Y (Sugiura and Nomoto, 1984) & k&g L —% —T& % Fe(lll)-EDTA @
BILENM THD+0.12V LV/hEL< BRI WI LEZRLTNWD, F7o, Fe(ll)-
FIC $fk D7 = > b &ML Fe(III)-EDTA 78 0.24 Tdb % DIZxF LT Fe(Il)-NA i 0.13
Toh Y IEMHEMEV (von Wirén et al., 1999), LU ED Z Lvb | ARHRO FIC IX FFLo
WMDOREIEB LD 7 = v b IGHEEIZL L, MIICHEERT PN ERESN
IS W EHERIZ D,
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Fe(Il)-FIC + e — Fe(Il)-FIC (1)
Fe(I)-FIC + H,0; — Fe(III)-FIC + OH~ + «OH )

FEEE. EDTA ZIIM L TWRWAR A b T A A -V T8 4 % Fig. 4-7TA THfr Lz
H D L [Al— O Fe /e A A L EER A W35 & Fig. 4-TAIZBWTCEE R E—27 T
Bbole Py CITPT DM E— 27 NN, £OE—27 & ST Fig. 47A ©
1/1000 LA FCTH o 1= (F— X I1IR &), T OoiiE R, EERBED FIC 23 EFEo(1),
QDG ERZ LIZK WEWIRIRDBLRE LFFT 5D THDH, NANIT LK
IZ EDTA ZUshi371Z Fe(I)-Cit Z53#73 5 & Z Of g (0.082 mV/uM) X Fe(lll)-
EDTA O HIEE (36 mV/uM) D 1/500 THh o722 &b, EREKD FIC TH D 7
TURRD Fe $EAIZ(D)B L OQDOISEEZ LI W, DEVBTEMNS T =0 b Uik
PR EE X BIVD, FRIERIZAR A NI T LEHRIC EDTA Z 312 Fe(1I)-DMA,
Fe(II)-NA Z 5473 % & 100 uM Th o> THRHT 5 Z LN TERD - (F—F IR
9, Ziud Fe(lll)-DMA DiEILENMN/NEZ N L Fe(I)-NA O 7 = > b UIEHER
BN EICERT 2 B2 HND, AEREERD FIC RAEBRNTRIZITEEEE 25 LR
BT = > b AT ARRN Z &R TR E I, ASRARE KO FIC O43HTIcidn
X —UH0; DALFRNEOGEZFIA LIEMHERIIRETH D & b F 2208, KoHrik
TR ILE NS T = FAEEOEWEREEF L —F —ThH 2 EDTA Z M HITFIH
THZEICE - T, AERENRD FIC OIEFITERE i ZER LT,

FIEARGHE T, FIC ZESEHRET 50 TIEAR< FIC EFEE L Fe(ll) 245
T L CHIBEIC FIC 2 LTV A, 2070, JREIZIE Fe L ofiaERIc k59
DTHNIZFe G Fe & (ER) MELZILS TN TE S, tB, 22Tk
Fe LG T 2B EZROLEME Fe L OREARRXAIRETTIAL FefEAWHE) & &
BT, Fe(ll) & X L— MEREZERT D FIC & Fe fEAWEOHRIZEEND, HIRD
D RERIE & i U CRIE 22 @B EARIC R P LT Z &b D B OB IR L
DFLE L2\ Fe iAW ORI AIBEIC /e o 72, S BT, AR5 Superdex Peptide
717 I DT BER I

1. EOFICEMNONTF R, X o™ B EOEGFALEMIZED £ TREW
ST EOEMIEEMOSEEREMETH 5,
2.1%%&%#0%M@~%7wﬁUﬁpH®%@ﬁ%ﬂﬁﬂﬁfké:&#%\
RN OBREEIC L D ITWSRETHO21TO ZENARETH D,
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3. IITLAHEERIIIEREET e —ABLOTFA NI A FEH L TR BA 4
Y OWENIIE XIS WD, Ny 77—k A G AR ENTH
STHONDBARETH 5,

REOREEETHZEND, AERET O Fe MAEWE O ST EATH ETEMIC A
IDLFIETH D,

BT, B 3 ECOBFE Le@EE R FIC pHrEZISH L TA%BO &0 X 5 72 RBH
REENDINNTONTIRAR D, EFEMICIIT 5 Fe REABUIIRE LT TUTOO
~@ODERENH D TNENIZ Fe fEAWENEE L TW5,

D 5D Fe DWLIL

EAE - i &8 L2 Fe Ok
FEE - MR T Fe OTF4IEL
MR B Fe D4YEL « FR43D

® 0 O

=

D BR25H D Fe DRIX

Strategy-1 fE#)I IR 5 FIC TH D 7 = / — /W PEDEE %, Strategy-1l fEi#)1Z[F U < FIC
Th D LX R E W L HHEFRORIERE Fe #a[ b LTG5, HiER okt
D 5% DAPEICH S W T A ) HETH Y A% TR N D B2 R 5
TeOIWIEZT NV ) R BEIIER T 2 FIEERET H0NEN G 5, RIFE TR LT
FIC Zo#frids & IV TSt OARIR HIRIZ & £ 5 FIC ORI/ W B IZ OV TRERE R
fRNT I HED X, EEROOOHEOMBANET E ff SN D, OWTE, TAHD Y BT
b BIFZAERTT 2700 Y IR ORI S D73 D,

@ EE - fHFEZIE LT Fe Ok

RN DI S L7z Fe 1d, HAESCHE 218 L CHI B OBES T EATEIND,
WRITTIERNE, BB HIETH T A VDT, 25 ORIEF T Fe l3a 5250 FIC &%
B UIRFMEZ HERF LTDIRECTHRIE STV D E B 2 b LD, ARFFECTRA% L7 FIC /34T
% AW CRESEEy) OB 81 B X OEE R T O Fe DILFRRERH LM S ERR@D
HAEOMRAN DX, AR TH L FERESTO Fe OGHELHIFIL ANFIZE - T
1 E LWERBMOEY ORISR L /RN ® 5, FERRIC, RFROFE 4 CIX
% 3 ETHZ L7z FIC triEZ AW CESEE g gk o FIC DT a4TV, A4 A
¥, BLXOT ~ 7 P REEER T D Fes-Cits Z[FE LTz, 72, I D Fes-Cits $5{AITIE
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A FRHEY CTHD T~ T ALK L Y wisEEE O EE A Fe O(LEFRETH 5
ZEEMOLMNC LT, A LAFEERD LI DMA Z[FE L, Fe RZITIHE L TEHER
D Fe(ll)-DMA ENEINT 5 Z L 2/Rx LTz, £/, 20 Fe RZITSE LI E8E KT
? Fe(Il)-DMA OHEINA Fe RZIMMEIZFTFH LTS Z & 2R Lz, 0O X 5 ITARMF
JETIE. EERIC FIC e a W T - 6% 218 L 72 Fe OREHED—HIZ O T
ST D2 EMTE,

@ #E - MM TD Fe DESEL

ZHVE TESEHEIARNIZI T D Fe TEFMEHERHE 158 D Fe OWRINRERE - i 4
U7 AamE AR~ OEEOBLED D EICHEm ST E 72 (Mori, 1999 7 &) . — &
B - MR HE ST Fe 28 Fe SRERIEDZALIZHE - THLOEE - MIkIC okl &
NHMHED Fe HEMHERICRESHFE LTS EE X OND, FlxiE, Fe RZiitE%
FFOoA A LF T Fe RZTTHWE (FALEE) OB/ WE (EZ3E) (T Fe 2 HBAIIZH
BT B AL A A FED (Maruyamaetal., 2005), — & FAZEEIZ /0Bl S Av7- Fe 23 R4yl &
DB Fe OBMEL BT 572001 5D Fe f56WE (Fe iFoBK &9 %)
DD TWD ETRINDIN, REZDOREIZITE > TR, £ 2T, AAF5ETH
J& LTz FIC ik W TA R Z D Fe FBLRFDFIES, Fe KZMMPEREY) & Fe X
ZIEZ MR D Fe TR ELR T OER) - B EROMIAZITH Z LN TEIUL, Al
TR D@ DI DRI A Zr = BRI D FFD Fe KZ ML O MR 2 583 5 I HEMEDS &
va)

T

o

@ FMNIZIIT B Fe D4YRD - F4yED
Fe SRABAFICET 2 MEMP OMIL L~V OBIG & LT, Fe RZIMMARIMIL Fe RZ
IZBE LT Fe ZIERHARDTF 7 2 A REIESEINI O BL UL G R A iR D A A R o
(Mikami etal., 2011), FHAINIZF51T D Fe DArBl0T /0 lic & d 5 L C/RfEdk A fcidi{b
THRES S Fe RZMPEDBEFICHE LTWA Z EAHERIS L. 2 OREITMIERICE
7% Fe iEAWEOEN) - BTSSR EICLVESINI L LHERIESND,
BN/ N B ICAFAE T 5 Fe fE AW E OfFHTIZ, Mila L~ To Fe BABOMIICE
WTIERICEETHD, TRETICH, Fe Tl v XV EEET (72 ) FUVBETO
FER) =°Fe$iik N7 v AR—% —linF (Fe-NA 7 U AR—Z —@zFD YSL) D
B ZMERT D2 & THIRN/NREIZBIT 5 Fe fGME L HERIT 2RI Thh T
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7=bDdD (Petitetal., 2001 72 &), Fe DEFEDFIERESE O RTERAIZ OV TIHIF &
NERR SN T 2ipoTc, ZOHEE LT, MN/NFEIC S RIS LMEE L2
W Fe OB IE R EERIC N 2 FEN o2 Z EN¥ T b5, £-MINT
D Fe DLFIEREIL, K01 Fe fiGWHE LS LT AlETEDORE R, Fe Ik # v /X7 'E

& DR, BRNOBAIE Fe B X NV E, T EZIKITOIZ>TED | FeffBREL W

IO EFSREIZ L SV TN S 2SO T2 FER o122 EBRET S
ns,

ROWHEEIGHT 5 Z LIk 5T, Fe fAHRE L W\ D EEEORED I 7> H AR OO~
@ODOFBEBECBI G T Dkk % 72 Fe fi AW % EMER - MO TE 5 2 LR3I S
M, ZHUT KV HIED D D Fe DW= AR N T D Fe Dk DAL A 78 I FEAR
IZIA BT/ EMIFESND, Fio, s B OO M T D Fe OFAELCMALN D Fe 43
BHERE L VDo - ZNETIEE A EHLNICENT IR > -HEOZEMA A S5
AL B D, D OBEOMIANEDIE, mERY O Fe FBEAFLO X0 HROEH

e, FERIITIER ZIMPED @V OB, OWTIEIARR THEICB T 5 REOR
EALICE T 2 Z L BHIrF S D, ARFTECIEHBLOB HFEERIC E-SW ) CEEEE ) FIC
DORERE. 77205 Fe(lll) L DF L— FE (b L <X Fe fEEHE) 1T 7ot AN AT RE 72
INTERBIR Lz, ZhUc kD, ZHETHFONBNEE L 23k O Fe #EAWE

DHEFER T2 53T 3 FIREIC 72 o 720 ZAUTIAE AR AR CRE ) AL B 0D 43 By OO 4 1 DR ST D
ICHBEDBDRERERTHL EEZTND
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