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(2012 7¥ 29Y W3, 2012 8¢ 16% FHEFTSTGE whe, 20124 89 17 AAIEHY)

o] ATolxe de]sutE so|2e] FlEd, 3, NaM[Fe(CN)q] - H0 “EV]"} EF(M=Co, Ni) 5] #AF YAEZE e
A=Y WA 25 A8 S8k HRP*— BoF ARRE o XX BES E3g(soft x-ray absorption spectroscopy: XAS)
I A xA 2] PG o)X (soft x-ray magnetic circular dichroism: XMCD) £33 288 31513t} o] JT=2HE g
g e AES AL T Fe o5 BT A I (Fe)o] At Aol slom, ZAjE B v YAE Y]
Fe o] 252 Fe'-Fee] Eapt deel Adthke s & 4= AUt =8 slgd Ho] Fe* ol25e 3 7/ didAds 7t
A =4 FEE 7, Fe o259 1P71‘j“* Ex &7 3 ko R AYHo] vke ARS st eja ZAe &

F e RE9] Fe o]0 T4 A% F2 (CN) =] Age) Jale] ARhPtie AL Bgstaoz & 4 Ut
FH0] A XA FE 2, A xA A %ﬂ”’ olalAg, wEjel, QT B,
.M = (a)

Protein

S FERE(T)E 2 A= AAAe] 2As) Q=8 Shell
2713 5454 tg A= AP 171E, BA7] 54 689 Clgre
Tro] Zmo)| Xl ot AdEe|E Boke] 7|12 makAel =
THME B S v ok, Ake] 298 7o s

lj

She A7l mjA|e] EEskE fsiMe A1aate] 4%
sho} tieAlo|zo] AZE Lie AdaAe] 7o) vl ¢ ©Co ©Fe . K
A A 71ee] shelt. ofefdt Alme] dRO® =2l g 1 (Color onling) (8) Schematic sketch of the crystal structure of
ER SRRl AHd Holady BAlEe] AR 2y Ferritin. (b) Crystal structure of the KCo[F&(CN)g] - H,O Prussian
BAAAL 2], 3 vld Ad &l 95 A A Blue Analogue.

o A olgse] =0 U= A Tx}[:s, 4], fec 729

AM[M(CN)g]m - Ho02] Lt 3}8F218 71R|a1 Q= iAot chld AAe 24709 Z2]HE]= (polypeptide) 71 T
—grﬁl(Prussan Blue) AP |RF AA)] Sl tigk A7t & (subunit)2 0] Aok o] HFs=o "

|

HISIT}H5, 6]. Ho|F<: o]25S it EAAMIANM = & heavy(heart type, H)<} light(liver type, L) 5 71
g A EEE @4 T w2 Hﬂl"‘% 2712 E3E0] & 712 73 @915 7T, Heb L) Ae] FAE HIE of
2 v} Qa1[l, 2], ZHAIQF BRA BExrmE AAE o] 21kDa, LO] °F 19kDeelt}. #|2’le Fe? o]&-S ARIAA
EAS kL e Holgd 94 TR AlEe A7) Fe* 2ksl= 34 (ferric oxide core)® &2 ®IgHAl 3= WHAlo
o wet 23 o] & 5 o= 7K 449 WsE Holm 2 3ol FeE ASHA HaL, F Ae H2Re] o=
2 ozt A9 U e vk E T84S Adoh oF 45007l A&o] Fe* ol2E50] 5ol 4= UTH3 4. ]

53] He AAlo] A E4E F83h A7 tiideloh 9 ZF, deauty dol2e] 72" (Helicobacter pylori
AAEA =49 A ]E]ﬂ(ferntm) < 2= AY #7713 el ferritin: Hpf)&  Apo(¢}X), low-Fe-bound, intermediate,
dsdl, 74 v, E7, 25 5ol Bol SAg. g high-Fe-bound el & =LA 4 72 &R/EH. Apo= &
W7ol ¢ gnmelar £)7e] of 12nm3] T+ Ede] FEiE WA FAAE] Fert A9 {le Aol low-Febound
7 E A7 Gl (iron storage protein)E 34 (core)2t & sate= F 1007 A=, intermediate= F 10007H, high-Fe-
WA A (protein shel)Z ©]F14 A o™ (Fig. 1(a) T=x), bound state= °F 40007 AHEe] Fes W ZAA o X

retar ATH7).
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ot EF AN B vl$- Soldt dAke dlo fiag
Z~¥ Zlo](photo-induced spin transition) E42F low-spin
(LS) AEle] Fe?-Co*llA high-spin(HS) AFEle] Fe**-Co?
2 A2 g 23 o] Moyt dojdtial Bae vl gl
ow[5], FCe} ZFC Ap718t Fdolxe 2] =S A
o] AHHATH6]. ACo[Fe(CN)g - H,0A Z#AJet B
PRl ARFEE Fg. UbellA Bel a1 Stk o] 18
oA =z AFAe] 2k = ZHt Coot Fe 0]LES
FAIBI, W7be] & Fe K olES HARE 18ar
(CN) ZHA=9} H0 ¥AES Ao 752 Yehlid
SHA Z3RRAI9E APIAE o8-8 E3= (nano-composite)
PAFEC gk AelA v JAEY] B, A7), Alx =
A 58 AT =M Eghle gAY oy 7] =213 A
158 283 4 o] HA=EAET[8, 9], oleft TS
3 vie o] A e sAl el o)
4] R} 2 £ USS Rt

d o]2& et EAINE AA|, BAEAL, Z2 Holw
EARAPA SollA TEE AWSdE A1H B4 9
< TEE] A AMIA e YAES s Q)
Hdolgss o]9] A7 (valence state), =i E i, o
PR A P20 At Wi Fasht 2y A
AEAfe} A EE AGAEL] Alge] A7)l e 24 W
sle] Q1 oy o5 A} Fxol| Tk AAXR] AE
ATE oFF wFE Aot} 3l Ui Alo|=ollre] )
T29} B (bulk) “dEe] HAF 30 ZjolHel| Tt AT=
o712 Harg uf gltk. vie AIA] YAFES] AR}
2AFERE AW ARES o8]t B4 A7 2
FAolty, 53] A x4 A7) d¥F o] (soft x-ray
magnetic circular dichroism: XMCD)® &1 xA #&5 &
' (soft x-ray absorption spectroscopy: XAS) 94 5
o] (dlement-specific) =43 A 72 9L 23 F2E AFH
3 5 Qe vilg- F2 AF WHelt10-13].

o] AFoME XMCDSF XAS E3HS 0|83l Fe o]
S 7o 2 k= Hpf #Hlgdd 3 AAEAET Fe Co
258 ¥35F NaM[Fe(CN)g - H,O(M=Co, Ni)&<] =7
ot
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B AYA B9 A the QbEe) W T2 %

o] ATl AMEE Hpf AR5 =5 2 (powden)IHZ
ISk Hpf 2788 10mM Fe? SRy gollo =
ol Hpf ZAo] S uli=d]. o]AS Ho| thilldo 9
& Ak3lEl= AL YeERdT Apo(elE), low-Fe-bound,

217183 2] A|22HA 45, 2012\ 8Y

intermediate, high-Fe-bound el 2204 thg3} o]
THIE AT Fstet Hpf 2785 =H(0.13M Hepes, pH
75, 0.26M sodium citrate, 20% isopropanol)ll =o]H
low-Fe-bound JEliz} 3t} low-Fe 1S 10mM olgeit]
oA HAEARE 10mM HEIRARFEFC] X o] e
Rolo] 05h ¥RSA171H Apo AENZF HTh low-Fe AEIS
Z}7} 01~03mMT} 1~10mM Fe®* SR Ea 2mM of
e}k s E3kshs 2l 0.5~2h ¥H-A1A intermediate
9} high-Febound “FEje] Hpf AIEE FHISHGUH7.
NaCo[Fe(CN)g] - H,08 9] ZHAIF &7 W=A=9] Al
Z B g3y 2ok 4 00799 Ki[Fe(CN)g& 3ml
o] formamideol] 3]AAZ1 E(&H A), o7 0.07g<]
Co(NO3), - 6H,02F 2mle] formamide(8<} B)YS 713+ %
Z 2o] FA}. oleiet BHL Aeolr AL}, o]et
WS AR EEL AL Ao R WHeh=t o] &3
S 9 2R AR ¢ 5] FUh they AR AR
Y715 ARgslY] IAPAES FEAR] & B2 3/ Ao
a1 & doH14]. FAEe] Axge FaFd[15el] 7]
=% = A 2ok

A xX B F5 BB(XAS) APF A xH 2] 99
oA (XMCD) A3 ¥x& 7I1&7] AT (PLS)e] 2A
glolE] HlERlA o]Fo] HT}. &4 He] 71 21
oF 1x10°Torre] 23170 Jeiith. XAS/XMCD
LAFE s AREERem, A3 dHolEle AR
=H3= F A 4= (totd dectron yield: TEY)
olg3le] ATt XMCD 23S 931 Algol| do]
97 7S oF 6000 G(0.6 T)HLE =4 A AlgEe
ew= oF 80K AF(300K)AlA BT HolHES =43}
Atk AR o] AlEEC] BT HAAR] olf=E <lated
80 KAlME AlgE0] charging A4S Uehllo] =4 dlo]g]
E9] o] - Lh} o] =R Husle HoHES 2%
Fol|x A HlolEEoltt. o] =7l AMES XAS %
XMCD HEZE9] ouix] E3le-S A ¥ Ay (hvy}
hv=700eV Z3ollA ¢k 100meVolt}. o] =iol] ARR-3H
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Fig. 2= high-state =" A=, 3 A=, 2 /9
NaM[F&(CN)g] - H;O(M=Co, Ni) 2] Z&A|et EF A|8E
o] Fe 2p3d Zolol| 93+ Fe 2p XAS AFEHS Ho] F
th Fe 2p XAS 2=HEZS F2 Fe 2p WS ollA B0
U= 3d FEIRS Hols WIgEERE 7 AR Fe o004
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Fig. 2. (Color online) (a) Fe 2p XAS spectra of high-state ferritin,
Heme, and NaM[Fe(CN)g] -H,O (M=Co, Ni) Prussan Blue
analogues. (b) Fe 2p XAS spectra of reference Fe oxides, including
trivalent o-Fe,O3, mixed-vaent Fe;0,, and divalent FeO. Also shown
are Fe 2p XAS spectra of Ki[Fe*(CN)g and K [Fe(CN)¢ [17]
cyanide molecules.

3d =90l 2 e} A 2 AeRe] weh 2~HER
Fo] GEHAIEE, Fe o]0 YA & F e & A3
Hiolt, BA7NE e AAEES 748k JE Fe o]
So] o Axprt Aelel] deA] &) Y8ted, Fig. 2(b)elA
3 7HA] thitAl Fe A8k Al =459 Fe 2p XAS &~
HAEHSS B FAh A7Me 4 W8S 2Pt
(nominal vaence)’} Z¥2t 27} (Fe*), I7H(Fe*), Fe*'-Fe*<]
SdUATE E] Fe AskEC] d@dete FeO[16], o-
Fe,04[17], Fes0,(16]2] Fe 2p XAS ~HEHAEF} A%
S 31l A= KFe*(CN)g [18]3 K [Fe?(CN)gl[18] At
32 29 Fe 2p XAS 2 ERIES AElit. o] H]
woll oJahd H2|el} g AlFEQ] Fe 2p XAS ~HEH]
RFo] Fe7t ARl o-Fe0sot T AR Wi FeOS}
FeORhs 433 e 2s & = Uk meEhA o]5eiA
Fe o259 Azt Fe* eiol vwilg- 7Pt 3ts ¢
I Utk

Sk ZeARE 55 AIEES] AEES] Fe 2p XAS 29
Efe] B KFe*(CN)l9t K[Fe*(CN)glol 4% Fel
£ HRIth o] =iolle EFAITIA L3kt Ki[Fe*(CN)g
St K [Fe*(CN)g|o] Z=H|EE] 242 241 2Ate Fe 73
Blo} Fe* JElE tiistiar 7Pgskal, Ky[Fe¥(CN)g<h
KFE?(CN)g|S] XAS 2=HEHES] 715 FH(weighted sum)
= ©l&3t] NaCo[Fe(CN)g -H,09] XAS A~HEZHS
fiting HAET], o fitting 2xjol] 2J3ld Fe YAk= ©
V(Fe) = 245 AATH19]. T8j=g ZAQF B2 A8
9] Fe 0|52 Fe*-Fe’o] T3P} delel Atk= A
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Jeje] AkslEe] ~HER RYah= wije- thE v, B4 4
Bjo] K [Fe*(CN)l(n=3, 4] ZHEY g} w9 fA}
slthe oot o]2fgh xfol> NaM[Fe(CN)g - H,O(M=Co,
Ni) Z2AIRF £79] Fe o]E°] (CN)” 2jd=$} wij-¢- 7k
I ZA3H(covaent bondingys- 3l JATE H,02] O(%kA)
ol w9 ofetAl AgE o] Avk= AMEE WHgeke AoE
Holth Fig. 1(b)2] ACO[Fe(CN)¢ - H,0A Z#Aet EF
sitEe] A% 725 HY, Fe 9xke] 7P 7Pk ol 4
AF=2 (CN)” Zj7d=olH Co 9Ake] 71 77k o2 ¢}
E2 HO #AEYS & 5 Ut} 1Y olust 44 +
Z= ZYARE EFA Fe o] 23 o2 o]2E53e] H¥ o]
K [FE(CN)e] A18talE EAFS0IMe}L ALl = (CN) 2
Aeete] Zgtel| ot AHETHRE Fe 2p XASY| WS
Sgitar Ayzked

Fig. 3(a@= high-state |28l A]52] Fe 2p XMCD 23
EfS Hol Foh Sl side] e uzt Ao ~HEY
o 7z 98 Rl o3 FEAHEHT (o+) o Bl
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Fig. 3. (Color online) (a) Fe 2p XMCD spectra of high-state ferritin.
The top pand shows the two Fe 2p absorption spectra, obtained with
different photon helicities, one with theright circular polarization (p+)
and the other with the left circular polarization (p—). The bottom panel
shows the difference between them (Ap = p*-p~), which corresponds
to the XMCD spectrum. (b) Comparison of the Fe 2p XMCD spectra
of high-state ferritin and y-Fe,0s.




- 128 -

<Hl, Ap7} XMCD &I EH sigsint. dnkz|e
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Soft x-ray Synchrotron Radiation Spectroscopy Sudy of Molecule-based
Nano Bioparticles Containing Fe

Eunsook Lee, D. H. Kim, Jihoon Hwang, Kiho Lee, and J.-S. Kang*
Department of Physics, The Catholic University of Korea, Bucheon 420-743, Korea

(Received 29 July 2012, Received in find form 16 August 2012, Accepted 17 August 2012)

By employing soft x-ray absorption spectroscopy (XAS) and soft x-ray magnetic circular dichroism (XMCD), the eectronic
structures of molecule-based nano bioparticles, such as Helicobacter pylori ferritin (H. pylori ferritin), Heme, NaM[Fe(CN)g] - H,O-
type Prussian Blue (M=Co, Ni) analogue, have been investigated. The measured Fe 2p XAS spectra reved that Fe ions are trivaent
(FE*) in H. pylori ferritins, while they are in the Fe?*-Fe* mixed-valent states in NaM[Fe(CN)g] - H,O Prussian Blue analogues
(M=Co, Ni). According to the Fe 2p XMCD spectrum of high-state H. pylori ferritin, al the Fe** ions have the same local symmetry
and their magnetic moments are digned in the same direction. It is dso found that the Fe 3d orbitals in NaM[Fe(CN)g] - H,O have a
strong covaent bonding to (CN)~ ligands, but with a very weak bonding to the 2p orbitas of O ligands.

Keywords: XAS, XMCD, ferritin, prussian blue analogue, heme
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