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Figure 1-1. Structure of heme.
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Figure 1-2. (a) Crystal structure of sperm whale oxy—myoglobin was quoted from PDB
ID: 1A6M). (b) Oxygen—binding site of myoglobin. (c) A schematic representation of the

dioxygen binding site. (d) a schematic representation of the carbon monoxide binding site.
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Figure 1-3. (a) A plausible mechanism for oxidation of iron(Il) porphyrin to iron(III)
porphyrin (n-oxo-dimer) induced by dioxygen. (b) Mechanism for autoxidation of O>
adduct Mb.
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Figure 1-4. Manganese porphyrin-B-CD conjugate that mimics oxo-transfer reaction

of cytochrome P450.
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Figure 1-5. (a) A shematic representation for the 1:2 complexation of water-soluble
porphyrin with TMe—B—CD. (b) Anion binding to Fe"TPPS-TMe-B-CD complex in

aqueous solution.
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Figure 1-6. Structures of the previously reported CD dimers used to form water-soluble

heme protein model complexes (hemoCD1, hemoCD2 and hemoCD3).
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Figure 1-7. (a) Structures of Glu-FeTPPS and Glu-hemoCD. (b,c) Schematic
representation for the O, or CO adducts Glu-hemoCD (Chapter 3).
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Figure 1-8. (a) Structures of FePorl and FePorl / Py30OCD. (b,c) Schematic
representation for mechanism of the O> or CO adducts FePorl / Py3OCD (Chapter 4).
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< 7257273, CO-Fe-Porl / Py30CD @ IR HIEE&1TH Z L2 X » T C-0 FEAD
HHEIREI DO 2L 2B L= & Z A, CO-Fe-Porl / Py30CD @ CO fHi#E#RE(vc_o)
DJEREIE hemoCD & AT, HFLCAIZT T FLIZZ ERH LN ST,
Z3E Fe(IIZHES L= CO @ O JR 1Dt < \ZIEDOBMERh R N# < A TH D &
Z %2 7= (Figure 1-8¢), HBIUE TII/KFIZB W THEE AN T AR hemoCD %
WTRRIAZT o BLUOANEZ7 0O O @AM L, FHIZHoONT
L LT

FHETIX, BT ~LZ X EETVTH S hemoCD1 OIS TICE
W TCHBRD Ty CO BLFIME(Figure 1-9a) 2 7~ R 2 157> L. hemoCD1 DWRIY A
N7 MvEHWTAEKRRNIZE T 517 CO OE&LE%Z A% L7z (Figure 1-9b),
et L= EBIEE VT, 7 v MZ CO T AZWA LT-FEOKFREN O CO BD
TR 218 HF L7, CO WALV, IfLH CO-Hb %I X EARAIIZHE 2 TV < 23,
RN D CO BN DD & ZATRMT 5 Z ENBIHI SNz, ZO/RRIL, Hb 2
AARIN T O 28R+ 2 % E 2 H > TV A 72T Tliknl . EXNicBirsE
72 % CO T Z /37 BT 0 | AHANIZIEE 72 CO DEFEA B <% R
LTS ZENRBINT, KEZIZ, CO FHEDOBRICHKIT HEREHA L L To
hemoCD1 DEFAIZ DWW THII L 72, EEFRHL & hemoCD1 D i 55§ 14 (oxy—
hemoCD1)DFAG DO TIX, HERDOIGRIE TH HEEFEIK LD & DRI
MRIZERE LT CO 2RI~ LBV 2 E 3 5y & 72 5 72, hemoCD1 (% CO
FRERFCB W CHBNICERE SN CO Z2RETH-OICERIL TLHEZ 50
TIERWNEEZ LD,
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Figure 1-9. (a) High affinity CO receptor, hemoCDI. (b) HemoCD1 used for CO

detection and removal in vivo after inhalation of CO gas to rats (Chapter 5).
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Figure 2-1. Structures of the previously reported CD dimers used to form water-soluble

heme protein model complexes (hemoCDs).

Scheme 2-1. Synthesis of Py3CD.
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DR%EFEE S, Fe'TPPS & /X—0-AF Uk B-v 7 a7 ¥ A K U > (Per-O-Me-
B-CD) B U P TORWEYZ7uaTXA M) > T EBED 11 AEERTH D
hemoCD (Figure 2-1) 3 AEFRSA4: F THEFE(02)F L O — (LR FE(CO) % Al
Wiz L, Mb ET /L& L TOMIEZED TE 7= 17, hemoCDl O 7 BT %
AN T EIKTHD PY3CD 1T CD D 3 2 FAT—TIERE G EY Vv
U2 —THfELTWD, ZAUTE HRAKBEERO 1 SlIZ=RF ez aT
% O- A F At B—CD (mono-2,3-epoxy-per-O-Me-B-CD)~D 3,5-3 A )L J1 7 s A F
IWE U VAT KB REEBONT KX > TEMR S 72 (Scheme 2-1) 14, L7273 > T,
Py3CD TiE, U DUVBRICEA L TWDH I Lat T ) —ABRABR)D 2L E 3T
1%, Walden SHIZ X » TRKEZE LD 19, hemoCDI1 [FAHSA: F CLE R EF A
IMAZIERL L, & 51T Hb @ T ARAE & W EREH M & A BAVIC R & 72— bR
FBUFEZ R LT D (Table 2-1) 2 & 75, Kano 5 (% hemoCD1 % WV TARN

Table 2—1. The O,—adducts and O, and CO binding affinities (P12L, L= 0, or CO,
Torr) , the O2/CO selectivity (M) , and half-lives (#50) for the autoxidation of Hb, Mb and
hemoCDs at 25°C.

P12 92/ Torr Pij 0/ Torr M (= Pyjp 02/ Pij ) fso/ h
hemoCD1 * 10 1.5 x 10° 1100000 30
hemoCD2" 176 1.6 x 102 11000 —
hemoCD3 ¢ 18 5.6x 10 80358 50
Hb (R-state) 0.22 1.4 x 10 150 13
Hb (T-state) ° 12-140 0.3 40 — 460 —
Mb 0.69 1.4x 102-25x 10?2 20 — 40 6 ~138

aRef (15), PRef (16) , “Ref (17), “Ref (25) , °Ref (26, 27), /Ref (28).

THEBET D A\ LEEREMRR L O b RB P BRI s L CoOmMELITR->
TW5 92 hemoCD2 D> 7 a7 XA MU v " &K TH 5 Py2CD IL CD ® 2 {if
ET—TgEGEELE Y V) o —THEfE L, Py3CD LR D A BROIIK
WG E O F FMERF 3TV 5 (Scheme 2-2)19),
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Scheme 2-2. Synthesis of Py2CD.
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Scheme 2-3. Synthesis of Py30CD (1).
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T&X 5 EHE SN TS, hemoCD3 I3 hemoCDI1 & [FIFEE OFERBFMEZ FF D |

MR SR DL M 15 Em < 7> TWWAH Z & D (Table 2-1). hemoCD3 3
ANLBZERAE L CEXVARHTHL Z L &2 /R L TV D, Kitagishi & [
hemoCD3 DTN (Or-hemoCD3) % ~ v AZJEH 5325 & WNIKME CO %
F Z2. RIS (LR FE IR (CO-hemoCD3) & L CHEHH &N 2 Z & 2R L=
24, & 512, Kano 5% hemoCD3 @ HULERIN @ met-hemoCD3 % 7 v HiE
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2 F VX BRUKER autoflex speed 2 WV CHIE L, a-> 7 /-4-& R ¥ 71 &
e~ hY v 7 AL LT, 23,6- NV-0O-AF/-B-v7 a7 F A K > ([M+Na]',
m/z=1451.68), Py3CD ([M+Na]",m/z=295931)DE /7 A Y v 7 EE%

THEREZIT o7, SN A X7k /L(UV-vis A7 k)3 B ERT
B LA YRR UV-2100, UV-2450 35 X NS EERUWERTIL Y + M ¥ A A — K7 L
A 53 IEEEERE MultiSpec-1500 Z2 W THIE L7c, WX AT RV ORIEITEE L

Tl BERERE AR L RY Y 2 F—TCC-260 Bz X v iR EEHIGE L. &
FENZELTHND S 3HBRICHE Lz, KB O pH I35 RERT pH A — & —
M-12 B LY F-52 ZHWTHIE L7z, —BR{bik3E O ERME T KOFLOC %
GM-4B T ARGIEEZ T T oo, 7V A7 v~ ~ 77 7 ¢ —|% Superdex™
75 10/300 GL column (1 x 30 cm)Z H Y £f1F 72 GE ~/V A & 7 #1:8L AKTA purifier
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FPLC (GE Healthcare)iZ X W 1772~ 7=,

2-2. REBLUVAEK

Fe'TPPS?),  3,5-bis(bromomethyl)pyridine  hydrobromide'® 3 X O 3,5-
bis(chloromethyl)pyridine hydrobromide!® |3 SCHRECEK D /FiEICHE> THK L 7z, &
% L7 Ab A2 2V T 'H NMR, DART-MS 35 £ O MALDI-TOF MS A< k
NEIZ XY Z OIS Z R Lo, Z 0oL JOBEEIEHRO b 0% %
DOFEFEFHEH L7z, WEIZHZ/KIL Yamato Auto Still Glass Model WG 250 [Z & ¥
7K 1% . Simplicity Water Purification System (Z TR L7z b O &2 W\, B3R
(99.999%). % F(99.999%). —W2{k kR AT A (1000 ppm)FS X N—F2{b Rk 3 T A
(99.999%) I IESKALKA SN DA LT b D22 O MM LT,

2-2-1. 2,6-di-O-methyl-B-CD DAFL 3V

Scheme 2—4. Synthesis of 2,6-di-O-methyl--CD.

HO HsCO
CH,OH (HO); (OH); 1) NaOH / dry DMF (H3CO)7 _(OCHg);
OH = ; >
0~-5°C,3h ~(OH)7
on 7 3 3
(OH); (OH),

TN FERKAT, e — MY T 72 200 mL KISHFERIZB-CD 6.0 g
(5 mmol) Z N1 %MK DMF 50 mL (2582 L2, WIZ, Kb+ U o A
4.0 g (100 mmol) & USRI 2 T2, D%, Rt as% —5°C OXKIITH L,
30 43 LLNICHERR 2 A F /1 9.5 mL (100 mmol) & /K DMF 20 mL %3 F 2 — k2
MMz OGRS 33 TR L, 3 R ZIRE 2, RO TR, RO
1225 %7 =7 /K 10 mL &Nz, 2 FE»EEE, BRERY A F L& K0 &8
7oo T, SOSTHRIZ S0mL 78 /K Z Mz, 3ike— hZHVT, 100mL &
vrauaAZ TS5 AL, AHEEZ 200 mL OZRKT 2 BgEE L, B
P 2 BOKNEE T B U w7 A THlK L7212 WIERE LT, RS Zi/NMRO 7 1o
RIVEZEN L, YU AN T hra~ N7 57 40—, Zaakibh/
T M ARG/, VI KD | BRI E G T B AT, WA R A L
HED AR DG HILT2(6.6 g, 94%), HII DAL RKIE MALDI-TOF MS 35 LW
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'HNMR A7 h Uz L0 R LT,

'"H NMR (500 MHz, CDCl3) 6 5.07 (s, 5H), 4.98 (d, 5H), 3.94 (m, 5H), 3.86-3.53 (m,
31H), 3.53-340 (m, 31H), 3.28 (dd, 7H); MS (MALDI-TOF, «a-cyano-4-
hydroxycinnamic acid, positive mode) m/z [M+Na]": 1353, found 1353, [M+CH2+Na]":
1367, found 1367, [M+2CH,+Na]": 1381, found 1381, [M+3CH,+Na]": 1395, found
1395.

2-2-2. Py3OCDOH D& (FBILATDFHEE) 17

Scheme 2-5. Synthesis of Py30CD%H (.

(H3CO)14 (OH),

(HsCO); 2 (OCHg);
(H3CO);
(OH)g
HBr
(OCHs);
NaH , dry THF / dry DMF

3 (OH), 85°C, overnight \ O 3
Py30CDOH (19H)

TNTEAKT, EBRGAEAR L e — A2 RY AT 72 300 mL SOSHES
12 2,6-di-O-methyl-B-CD 5.0 g (3.75 mmol) %1 Z /K THF 32 mL (2582 ITIAED
L7z WIT, 18-7 7726 0.5 g (1.89 mmol) & ST Z T2, VT~
XYV TTh T —va v L BEERESE T KHET FY U A NaH0.35g(14.5
mmol) Z ISR AT, ROSEZRD D OVADFEAENIE - 7215, KB
Z 85°C OMIIZHE L, 1 Rffin#E L7z, KIZ. 3,5-bis(bromomethyl)pyridine
hydrobromide 0.20 g (0.58 mmol) % 20 mL DO ME/K DMF (2L C. 1 FEfif] &2 2>
TCRIERIZP S DT L, 18 REEINBGERE L7z, RISHE T, BISTERO
WO NHZDETAZ ) —/VEMZ, NaH & K&iESE, BREEZBEZE L,
D, AR LB E fafiiREEAKSE T N U w7 AOKEAR 60 mL (IZEN LT, 7
7 =L A(100 mL x 6 [B) THiH U A& S 2 oKIEE T N U o A TR L721%,
PR 2 Lf:o BEEER/NREO 7 aa RV NEN L, Y BTNV T A aw
N T 74—, Zaa RV A/TE //rnn/ﬁ’:?{ﬁz(l/l VIV TR 2 5 H
%, ZuraiRLAIAE ) — RETEIRAS5/1, vIVIZ H 0% % & te 4y ) & 15
Too WWIEZWIEREE L, ﬁé@@ﬁk%#%%hk(l.z g, 72%)0 H B9 o ARk
MALDI-TOF MS (2 X 0 78 L 7=,
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MS (MALDI-TOF, a-cyano-4-hydroxycinnamic acid) m/z [M+Na]": 2787, found 2787,
[M+CH3+Na]": 2801, found 2801, [M+2CH3+Na]": 2815, found 2815, [M+3CH3s+Na]*:
2829, found 2829.

2-2-3. Py30CD DERL (BB LaTDHIE) 17

Scheme 2-6. Synthesis of Py30CD .

HsCO OCH3 (HgCO OCH3

_ NaH,CHyl
dry THF / dry DMF
overnight
PysoCDOH (10H) PySOCD (1)
or 20H
(H3CO)14 OCH3 @
2

TN FEBKAT, M Fe— FEID T 7 200 mL OGZEZRIC, 10H (20H)
1.21 g (0.44 mmol), /K DMF 55 mL 3 X OME/K THF 25 mL #lx 7=, KIC
XY UTCT AT a L, BEERERESETAKFE(ET FY U A 0.89 g (0.04
mol) Z 1z, 3 R X IR 72, MK DMF 15 mL (285 L7z 3 71{k X 5L CH;l
1.14g(8.0mmol)Z W - < Vi F L. ZD% 18 KN EIRE -, USKTZ., X
SRR DY 872 D ETAZ ) —NZ A, NaH ZKiE S8, RISREE
W E LT, £ LT, AR LB A fEfREEKSE T MY 7 LKERIZED L
7‘:?& 7 a7V 60 mL x 6 BE)THIMH L, S BICHEETST Y U AZIZTK

(B B2tz BIERE L, MAEEKRE S, ES 2 R/RO 7 1ok
/VA&CY%F#L\ SUBTNTT AT KT T T 4 —IZTF, 7 aaRb b A
B ) —RETEEE (40/1, viv) 1280 ERk#)ToH % Py3OCD (1) or (2)% & iesy
B 217, WA RERE AL, HOEREZ S, SO YA S HICHAR
AT T3EAERL 1.C9201 U A 2 /L43HEU HPLC & A7 A(41 7 A : JAIGEL GS310,
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JEBHVRIE : A % 7 — /W X VBT 2 Z L THARDOFERE LTH0.7 g, 53%).
HHW) DA% IL MALDI-TOFMS. 'HNMR A7 kL, BCNMR A7 KL
LR LT,

"H NMR (500 MHz, CDCl3) §3.12-3.24 (m, 14H), 3.24-3.74 (m, 162H), 3.74-3.91 (m,
28H), 4.01 (d, 2H), 4.15 (d, 2H), 4.61 (d,2H), 5.09-5.20 (m, 14H), 7.6 (s,1H), 8.53 (s,
2H); 3C NMR (125 MHz, CDCls) & 58.45, 58.51, 58.66, 58.73, 58.88, 59.06, 61.44,
61.58, 69.46, 70.67, 70.74, 70.88, 71.05, 71.54, 80.12, 80.26, 80.46, 80.53, 81.81, 81.93,
82.11, 82.19, 99.05, 135.17, 148.24; MS (MALDI-TOF, a-cyano-4-hydroxycinnamic
acid, positive mode) m/z [M+Na]*: 2955.4, found 2955.1, [M+K]": 2971.4, found 2971.
1. Elemental analysis (%) calcd. For Ci31H225NO70-6H20: C, 51.72; H, 7.85; N, 0.46.
Found: C, 51.92; H, 7.74; N, 0.36.

2-2-4. Py30CDOH (19D AR (FReidfb Lz F5#E) 17
Scheme 2-7. Synthesis of Py30OCD%H .

3CO CH3
(H3CO)7 C

(OH)g
HCI
(OCHg)7
NaH , dry THF

3 (OH), 65°C, overnight

PySOCDOH (10H)

T T UEMKT ., Bim AR A I 72 100 mL ROSEERIZ 2,6-di-O-
methyl-B-CD 2.0 g (1.5 mmol) % 1% #&/K THF 40 mL (Z5E4ITEN LT, KIZ,
ANXYUTT AT —ar L, BEGEBREIETZKENT Y 7 A NaH 0.28 ¢
(11.6 mmol) % SSEARIZ T, SIS w1 H DI DOFEENIE > T-t%, RS
Kas% 65 °C OB L. 3 <IZ. 3,5-bis(chloromethyl)pyridine hydrobromide
0.08 g (0.38 mmol) % 3 [El53 T TGRS A T, Z D% —BUNEGER L=, X
JSHE T %, BUSRIROE D 3E 2D FETAX J —/VENZ, NaH %05 S+,
I A2 BERE £ LTz, 0% AR Lo BEUR Z fafn iRk FE T R U o LKEHR 40

LIZIE LT, 7 rak/bAG0mLx6 B THiH L, AHE 2 KRS K
U AT LT, WIEREE LT, RS2 R/NREO 7 o a kv AZENL, v
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HITNAT L7~ NTTT 44—, Z7aaR)VATE //rbm/ﬁ{fﬁz(l/l
VIWIZTIREEEHE, 7 aak/L b/ A X ) — VIRARK(5/1, vIv)IZ H
WM & T ey 2 45 72(0.45 g, 43 %), IR JERE = L., E’é@éﬁk%ﬁﬁ% ﬁm
7=o BB DA MALDI-TOF MS (2 X 0 #EiR L7z,

MS (MALDI-TOF, a-cyano-4-hydroxycinnamic acid) m/z [M+Na]": 2787, found 2787,
[M—CH3+Na]*: 2773, found 2773, [M+CH3+Na]*: 2801, found 2801, [M+2CHs+Na]":
2815, found 2815.

2-2-5. Py30CD ()P &R (&b L7z HE)

Scheme 2-8. Synthesis of Py30CD .

HSCO OCH3)7 (H300)7 2 ( OCH3
NaH, CH3
dry THF, overnight
PysoCDOH(1OW PyBOCD(1)

TNATFERKT, W Fe— &Y AT 72 50 mL RUGEZRIC, 190 0.20 ¢
(0.07 mmol), /K THF20mL Z#ANx 72, RIZ, ~FH o TTF T —va L,
BLZeH I S KFE(LTF B Y 7 A 0.25 g (10.4 mol) ZANZ, 3 X IEE -,
K THF 7 mL (222 L7723 b A F /L 031 g2 mmol) 2w ->< Vi FL., %
D% —BNZIRAE T, BOSKE TH . ISR OB Y 372 IRHETAL ) — V%
Iz, NaH Z K& S, OSERABIERE LT, £ LT, AR LcEER L
FREEKFET N U 7 DKEERICIED LTtk 7 1 a7/ (40 mL x 6 [B]) THiH
L. SHICHEET MU U AEINAZ TKEZRICEY BRW%, BIEEE L, HE
[ {4 % ?7‘_0 S ER/AEOZ vaa RV AN L, VY BTV H T AT aw bk
JT 74—\ ZINTF, 7 aaRV A/ AR ) — ) RATEEE (40/1,viv) 12X, B
WMTH5 Py30CD(1)%aU§7\u%ﬁ%7‘:o I A2 BERE £ U R AEERZ ST,
Z 3% JAIGLE-GS310 GPC 1 7 A Z WUV fF1F 72 47 B HPLC 2EE (2T, A%/
—/Z XD L, RIS E Lic, WK ZRERE E L, BAEERZ1572(0.12
g, 56%), HMOERIZ MALDI-TOF MS, 'H NMR A7 kL, BC NMR %
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N7 P KD HERR LT,

'"H NMR (500 MHz, CDCl3) §3.12-3.26 (m, 14H), 3.26-3.72 (m, 162H), 3.72-3.91 (m,
28H), 4.01 (d, 2H), 4.78 (d,2H), 5.13 (m, 14H), 7.86 (s,1H), 8.59 (s, 2H); 3*C NMR (125
MHz, CDCL) 6 59, 71, 72, 73, 80, 81, 82, 99, 134; MS (MALDI-TOF, a-cyano-4-
hydroxycinnamic acid, positive mode) m/z [M+Na]": 2955.4, found 2955.1, [M+K]":
2971.4, found 2971.1.

3. BRBLUEE

3-1. Py30CD &R D& #E1b.

2013 A2 Kano HliEv 7 a7y ¥ A MY v &K THSH Py30CD (1) (LLF
Py30CD % 1 LT 2)NE2 AT v 7 OEmNRTERTH I N TE L WAL
TW2 ', Py30CD (1) (ZHFEM TH 5 2,6-di-O-methyl-B-CD & U > B —43 1D
SN2 BUSIZ &5 Z Bk £ b Py3OCDOH 3 A S 4L, & BT Py3OCDOH o 3 AL
FOOe Nax iz A TFIUULHIZINZ D Z T O-ATFUETHZ LItk E
f% & 4172 23(Scheme 2-9), A= TiL 1 % Scheme 2-9 (ZHE-> THKL L D &
L7eh, 1 oDVt ERU S FREREZFORIERDELT ZORIERDZ 2 &
T5) MELEFLN TV, hemoCD3 # A T.LtE7 ¥ —& LTSS 57
DIZIFa A ME2ZE L, BEMENE S KEGHTE 5 HIEZ¥ LT idk
B2, AT, BATOA RSB W TE A S 5TV 2 O4 FifiE
ZHAFENMR ZFHWCTIRE LT, 2 DFERA =X LT, 2 DEREMZ TR
MO ZEWRT DRMEFTICER LT,
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Scheme 2-9. Synthesis of Py30CD (1).!”

(H3CO

(HsCO); ol Nl (OCHg);
|
/\(Nj/\
(OCHy); > (OCH3

3 (OH), NaH , dry THF / dry DMF
85°C, overnight

2,6-di-O-methyl-p-CD PySOCDOH
(H3CO)7 2_(OCHg),
NaH, CHl
(OCHs)e
dry THF / dry DMF N
overnight 3% /\l 0’3

Py30CD (1) or 2

F£7°. hemoCD3 ZZAMi 72 i O REIZEKT 5720 1 28K T 5729
DJFENTH % 2,6-di-O-methyl-B-CD D E k& 7k A 7=, B—CD D200, 6 fLEB L3
MOt Fa s EORSHEG6 (7 >2 2 >3 M) LV | 6 A1k KO 2 (LN eIk le
CAFNID AFEIND EBZBND 303D, MALDI-TOF MS A7 kLD
ARG R (Figure 2-2a) K 0 | ARILISN O ©— 27 3BLiL, 23T 3 LD—EDS A
FIESNTZ b DIZHEKTH AR v EEZ NS, 7o, Hllih(Nacalai
Tesque)® 2,6-di-O-methyl-B-CD % F{ T, MALDI-TOF MS (Figure 2-2b)}¥ L O}
'H NMR A7 /L (Figure 2-3b) DI E 4T > 72, B THBK LT 2,6-di-O-
methyl-B-CD (Figure 2-3a) & (b 3% &, ZOHERRN I BT 52 L0 b,
2,6-di-O-methyl-B-CD DN TE T LIz B2 b,
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M+CH,+Na]*
[ 13672 ] [M+CH2+Na]+

1367
[M+Nal*
1353
~ [M+NaJ*
1353
[M+2CH»+Na]*
1381
[M+2CH,+Nal*
/ 1381
[M+3CH,+NaJ*
1395
,,,,, M'L .Lb,
1300 1400 1500 1300 1400 1500
m/z m/z

Figure 2-2. (a) MALDI-TOF MS spectrum of 2,6-di-O-methyl-B-CD synthesized in
scheme 2-4 with a subsequent addition of o-cyano-4-hydroxycinnamic acid matrix
(positive mode). (b) MALDI-TOF MS spectrum of 2,6-di-O-methyl-B-CD (nacalai

tesque) with a subsequent addition of a-cyano-4-hydroxycinnamic acid matrix (positive

mode).
(a) 2,6-di-O-methyl-p-CD (b)
2-OCHg,Hg,Hs
2-OCHg,Hg,Hs -
—
3-OCHjg
3-OCHjg D 6-OCHg,H,
6-OCHg,Hy
* — OHH
OH 1 H
5.2 5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 o 5.‘2 l 5.‘0 I 4.‘8 I 4i6 I 4:4 I 4i2 I 4‘.0 I 3‘.8 ‘ 3‘.6 ‘ :;.4‘ :;.2

&/ ppm &/ ppm

Figure 2-3. (a) '"H NMR spectrum of 2,6-di-O-methyl-B-CD synthesized in scheme 2—
4 in CDCIls (500 MHz, standard: TMS). (b) '"H NMR spectrum of 2,6-di-O-methyl-B-CD
(nacalai tesque) in CDCls (500 MHz, standard: TMS).
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;IZ (YGRS THAE LT D 108 O A& A% 5 1%(Scheme 2-9) it » T
/El\ﬁjz%_)'fTO 710 FORI R % 6] B35 728, 18-crown-6 Z FHEI @i &~ L CHW
72 18-crown-6 (FHMEETHHKF T Y UL NaH) DT NI U A A %
A F BT AEAEERIC L U BRREEDONIBICAET S22 LT, B KU R4 4
YHYDSMEE BT SN2 BUSE R AW LS E D L 2R L7232, 2 ORE R,
HE DOULFEIN 36 %005 12% &M E Lz, D%, 3 7{bATFLID 305K
Do Faxi ks A F b L=, GPC B4 1T~ 721% D MALDI-TOF MS *
~Z FU(Figure 2-4)72 6 1 EF8Y4 5 B — 7 (m/z [M+Na]'": 2955, [M+K]": 2971)
DB SN2 &b, v 7aTxA M) v RO B LT, i ThE
L7y 77 A2 M) v EEAE VT, Fe'TPPS & ORIz E) 2 3]~ 7z,
LU 32 TRl 35 KO Z DAL 1 TiER< 2 THDH Z & D3&RITHI
L7,

N
(H,CO), IM+Na]*  [M+K]*

CH3 2955 2971
.(OCHs)e @

Py30CD (1)
or unknown byproduct (2)
Exact Mass : 2932.41

Mol.wt : 2934.18
[M+Na]* : 2954.72

N %

1000 1500 2000 2500 3000

Figure 2-4. MALDI-TOF MS spectrum of the CD dimer 2 with a subsequent

addition of a-cyano-4-hydroxycinnamic acid matrix (positive mode).
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322. 7 uFXR MY U EE2 & Fe'TPPS & DEEFAL

AR LY Z7aT %A MU v TBIKR Fe"TPPS & O WA Z KT 5 D
NZOWNWTHRFZ21T - 72, AL O Fe'TPPS (5.0 x 10° M)%& — T2 %
H, 2DEEZILEET25°CICBWTRIRARY MLEZRIE L, ZORO
WY A7 N VRIS X OBLAI S 407 Fe"TPPS DM G 8 b & 2 DYRFEIZRT L
T7 vy bk LlEB % Figure 2-5 127”79, Fe'lTPPS Opu-AF V ¥ A ~—|Z
Ji B S A% 408 nm OWIN N EWI R ZEY 7235 415 nm ~& v 7 FL, D
V=L —ED AT "NVEAGIZ FITPPS 12X L TH X 9 & 1 YEDERK LI-Y
77X AN v DR EMA TR R TR U, E AR IX[Fe"TPPS] : [2] =
11 DL ZATHEZRZMENRBD B, 727 X2 8 o &K Fe"TPPS
EIEWITLE 11 OTUHESERETERT A Z RN o7, LML, Bk
ICH MR CTH A L TV D FER L 0. Py3OCD (1)/ Fe'"TPPS £l £ 8 (K (met—
hemoCD3)? ¥ — L —H D hmax 1L pH 7.0 (2T 399 nm (TR 531D Z &3 0h
STEY ., UVvis A7 FVORERER LD A BRIO@BEGERITIBEICERE S
TUV5 met-hemoCD3 & I3 HE 725 Z LN o7,

415 nm
408 nm '
0.18
0.7 l 422 nm
0.12 ° P B e Qg
0.6 2 0.6 >
o =
5 O 7 -1
0.5 § '. K>10'M
2. . :
<006 i
§ 0.4 -0.12] RS 392 nm
3 -0.18 : et
6 0.3 0 2 4 6 8 10
1]
2 [2] / [Fe""TPPS]
< 0.2},
0.1
0

300 350 400 450 500 550 600 650 700
Wavelength / nm

Figure 2-5. UV-vis spectral changes of Fe""TPPS (5.0 x 10 M) in 0.05 M phosphate
buffer at pH 7.0 and 25 °C upon addition of 2 and plots of the changes in absorbances at
392 and 422 nm versus 2.
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FRROFREOIRRZF D 72012, SIS L 2 / Fe"TPPS ClHESHALLT
2 LT )DT 7 T BN T OERFRBEE B E B (pKa) & M~ T, JIEIL Fe'TPPS &
12 MED 2 #2377 S W72 0.1 M NaClOs KA 23 L Cilbd 2 Fe KA % I %
TpH % 11.0 205 0.5 £ TEMEMIZ FIF Tholz b EOWILARY MLVELZ#]
M7=, #5H% Figure 2-6a |2~ d, 7AW VS TIZBIT S Y — L —iF0DM
K FRNE 415 nm TH O . ZOEIXELAUD R/ 7 1 U > O FuLEkIZ OH 3L
A L7=F /& Fax V{R([Fe"TPPS(OH)][* )& L THE SN TWAHE ) v —D R
XY W (hmax = 415 nm) & —F L7=, F72 pH OEALIZHES T, WILA~RY kv
DY —L—HmiEE/ E FeXx VY IKEZRT 45 mm 67 7 TR
([Fe""TPPS(H20)2]*)Z 7~ 397 nm ~ L @K EMIZT 7 F L1z, Z2IbORbH K&
Do 72 396 nm [ZBITHWOLEZELE pH IZxf LTy L1z, TOMER%E
Figure 2-6b (27797, £72 396 nm ([CB W T b E(LDKE o7 pH 3.5 005 8.5
[ZFUN T, Al A pH,

(a) (b)
0.7 396 an ;3.0
0.65 | T15 o
06 pH 11.0 (ceoose 00 =, o
0.5 | o :;_1 s Y pK,=58
o pH 0.5 € 050 } e
e < -3.0
3 0.4 © ® 3 5 7 9
2 - 3 pH
o i
@ © I
2 0.3 2 0.45 °
G
0.2 K] hd
g 8 0.35 | °
0.1 g ®000e ¢ oo
0 1 1 L N A ——— - 0'25 i i i i i i i i i i i
300 400 500 600 700 0 2 4 6 8 10 12
Wavelength / nm pH

Figure 2-6. UV-vis spectral changes of 2 / Fe'"TPPS (3.9 uM) in aqueous solution
(0.1M NaClOg) as a function of pH: pH change from 11.0 to 0.5 (a). Absorbance change
at 395 nm of 2 / Fe""TPPS (3.9 mM) in aqueous solution (0.1M NaClQOs) as a function
of pH (pH change from 11.0 to 0.5). Inset: Plot of log{ (A-A.)(Ab-A)'} at 395 nm versus
pH for determining pK, (b).

fitHh Z log(A-Ao)(A—A) ' & L, 7'm v |k L7zb D% Figure 2-6b (TR $, 2D
2y b OEEIERRD O T 7 7 WAL FEEARBET R E B (pK)IT 5.8 & 72072, T
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1% met-hemoCD3 D pK, 8.0 £V HK 2.0 /NS, ZDOZ LS 2I2BIT5EY
Vv ORI AR D met-hemoCD3 L0 HE LS HHL 2> TWBHREMEN & D,
SOICHYMREICBIT D ZNETOMENS, B ¥ ORI 725 HULERIZ
FAr 3 2356, TREAPESRM ISR W CTERNLFE G 7 e b Ak X » THEREES 2 °F
2 A STV B (Scheme 2-10) 1), met—hemoCD3 (2 3\ Tl ARERM: 5412
THEEY TV ADTa RALREZ Y, FLEE Y Ur L OREAREIN&
NnNo, TR L, 2IZBWTEpHZ 05U T E L THEED L I 72 AT ML
BCIIBI SN2 oT-, LER->T 2ICBWTIEZE b2 b B 20 OBz
IR Z > TWARWAREMEN BV, B0 Z &G, 2 (X Fe'TPPS & Al
SERZ IR LTI S I3 Bt E nd Z e E o,

Scheme 2-10. Equilibria for the hemoCD system in aqueous solution.

OH H-0 (HO),
: 1] L : 1l H+
C Fe ) S ( F:e Felll )
N N\ N
oI oL @
high " low
pH

hemoCD DOFFE & L C/KH T O, Z AIHEIITWNAE L, ZiE 7L O S5 A2 TR T
HTENFETFOND 1D, Kano B3 oxy-hemoCD1 D :Jdi#fi(#12)i% 30 h, oxy—
hemoCD3 D (112)1L 50h Th % Lty LT 5 41517 Figure 2-6 @ pK, M
EAER LY . 208K KD met-hemoCD3 OHHEINL T Th D B U ¥ OBRMLEREL &
FER2 D Z EDRPA LN o7z, KIT, 2128 WT O, BLWCO RN ZNE
MIERATHEDN & 2 M E et LT, 2°1Z ﬁ' D NaxS$:04 Nz %5 Z &1 K - T, Fell
AT HHTHIRETH D deoxy B(Amax : 430 nm, Q 4F: 530 nm)~& AHL L 7=
ﬁym}ﬂ‘Mﬁﬁﬁhﬂ7®*@W¢T%ﬁﬂﬁﬁ@ﬁﬁﬂ?%é:kﬂ%

v 202 NaxS:04 M2 5 Z 12X » T deoxy RN AERL L7z &ECHIBT L7=, KIZ
% D deoxy KDL % Sephadex G-25 B 77 7 L& AW TR 5 Z & TilElo
Nax$:04 2 Y Fr&E | AP ORI SED Z EIZ K- T, Hric Wiy
(Amax 1 420 nm, Q 7i7: 545 nm) Z £F (L AFE 2 4572 (Figure 2-7), & HITE ORI
CO % 1 3TV v 7H%IT UVavis A7 RVERE LTI EZ A, YV —L—HF
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DFRFEIIRE 2D | hmax 1% 421 nm [ ZEIH S 2172 (Figure 2-7), CO 1% Fel' 78 /v~7
4 VNCOREIN L, FOY — L —HEDORIUIIFEFII Y —TTHDHLENH Z
ENHBNTND W, 2D CO ZN\T Y7352 LickosTHELAL
FREIL, oxy IROBEF 13— LR FE D FICEEHD 72 CORD LD TH D
ZEDTRE STz,

0.7

0.6

0.5

0.4

0.3

Absorbance

0.2

300 400 500 600 700
Wavelength / nm

Figure 2-7. UV-vis spectra of 2’ as met—form, deoxy—form, oxy—form and CO—form in
0.05 M phosphate buffer at pH 7.0 and 25 °C.

WIZ, RRERBHEBREIRT 2008 9 D EFTARD DI, 25°C 2BV
T pH 7.0 T 2°D oxy KD HERLEHEERIE 21T - 7= (Figure 2-8), RFfH D#RHEIZ
EBR o TANT MVFERIN R ZBY 2N 62 L, Y — L —H D hmax 1E 420
nm 75 415 nm ~E B Uiz, KD AL BT 22D met (KD 227 Lk
FFE—E L2 e n, B Sz AT FVELIX Fel'O, 52> & Fe'-OH-
PHR~DOHENRIC LD b DO THD EEZXBND, 433 nm (ZBIT HWOLEZAL
WZxF Ly, — RO U EERUNZFED M AT o TodbE Ry Z O 112 (t12=1n2
[ kops)lE 1.5 h & 72572, AED hemoCD3 DEEESEIA D I 11,13 50 h (25 °C)
EHMESNTED, 08 RIZB VW TH 272 hemoCD3 & &< B2 p Z ERHS
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Mo Te, PRKP TCREERBBEEREZEKL L TNDHZ ML, 1O Y Y
) =3 Fel' ~OEALNIEFIZIHN B D UVIIENL L TV W ATREMEN
EZEZ2 515,

0.7
oxy - 3.0
<
06 | < 20
< - .
I * 10 kops = 0.46 h
0.5 met % P (t2=1.5h)
‘ e O-’
8 04} ‘; 0 100 200 300
% t/ min
2
8 03¢
Q0
<
0.2
01 r
O 1 1 ——
300 400 500 600 700

Wavelength / nm

Figure 2—8. Time-course spectral change of the 2’ complex under aerobic conditions in
0.05 M phosphate buffer at pH 7.0 and 25 °C. The spectra were recorded at 5 min intervals.

Inset shows the first-order plot of the autoxidation reaction of the oxy—2’ complex to

determine the rate constant (k).
obs

3-3.2 BX U1 ® NMR 27 MVAIBIZIIT 5 1#EE DR

MALDI-TOF MS (Figure 2-4) & » 4 B4 L 7= Py3OCD (2)iZ 2 E TOD
Py30CD () ERIU A TFETHA Z ENHERTE N, 2131 & B ol
BRBi % FeTPPS |[ZHRft4 2 Z L RN BN E e oTe, Lo T, RO AT
IS CTER LT 2 LIBEICHRESNTOD 1 TIED FBENRRR D Z LS
B D, THIUTZEBLPUSIZE W TR D DRSS E Z Y | HEEN R 2
WERLIZEEZEZOND, 'H BLOBC NMR AX7 FLTiE1 & 2DARY
RADEEIL, SERICKHITE DIFMBG DR W EERFIED 2-2-5 1ZHE
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STEHEMLIZ1 ZHEFENMR 2 VT, 1 OffEZFEL UeJd L7, wic, 4
BONT-EIERY 2 OS2SR NMR 2 0T 1 Ly 52 LT, ik
TE & R T,
Ring A Ring B-G
OCHj OCHj

D10 mmn

OMe

C6,.Cs

9 8 7 6 5 4 3 é 1 0 1é0 I 14’10 ‘ 120 100 80 60 40 20 0
d/ppm &/ppm

Figure 2-9. 'H NMR spectrum of Py30CD (1) in CDCIs at 25 °C (a). '*C NMR
spectrum of Py3OCD (1) in CDCls at 25 °C (b).

#2711 AL A (CDCL)H o Py30CD (1) 'H NMR 5 L T8 3C NMR 222 |
V% Figure2-9 (-9, BV VU U A —BEATHCD DO/ Vae T ) —ABg
ZARE L, TOMDOEL B-GERET D, LATH 1 O THNMR A7 RV H
HEINTEBY D BoESLIMEE 7 b 10V o h—8oThbE Y Y
VERD 2ALD H (a)FB L V4 LD H (b)iE 8.59 ppm 35 L Y 7.86 ppm D E— 7 |Z
ZFENIRE L= (Figure 2-9a), ' U ¥ BRD 4 7.0 BC (b)lL BCNMR A27 |
JV(Figure 2-9b) 123 T 134 ppm (ZBLUHI S iz, RIS, %37 T ziE LSRR
T 57292, Py30CD (1) 'H-'H COSY L HMQC A2 ML ZHIE LT,
'H-'"H COSY % Figure 2-10(a, ¢)., HMQC % Figure 2-10(b, d)IZ/~7,
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Figure 2-10. 'H-'H COSY NMR spectrum of 1 in CDCls at 25 °C (a, ¢). HMQC
NMR spectrum of Py30OCD (1) in CDCl;s at 25 °C (b, d).

'H-'"H COSY A~XZ k/L(Figure 2-10c)I25BWV\CThH, 1 OB Y DU B 2 i 'H

(@& 4420 H (b) Mice 7 Lo YoMENMER SNz, BV YV UED 'H &
BC oY 7O %E HMQC A7 Rz L0 B L7z & Z A(Figure 2-10d).,
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1O Y YU 20D H (a)-2C(a)F L V4 70D H (b)-BCOIWTFHRE N B 5 7=,
v/uTXAN) Y AAMOT e hHy, Ha)ZBH STV 5 5.13 ppm D 7
F/VIZ(Figure 2-9a), 3C A7 kLT 99 ppm ([TAHEIN AL G2 TED X 9 I
JitJE L 7= (Figure 2-10b), 1AL 7 F L6, 'H-H COSY (Figure 2—-10a)35 LY
HMQC A7 kJU(Figure 2-10b)iIZ k> T, ¥ 70T XA KN DKL T F LD
R EIT o7 Vo —0 CHy BRIV T AT LA MY v 7 RBREEICH H T2,
AFLr7u N ATENEN 4.78 ppm 3 L O 5.13 ppm (ZELH] S 417 (Figure 2
10b), 7235, 5.13ppm D> 7 F /UL IO 7 F L EHig > T D, BEICHE
X TVW5D Py30CD @ 'HNMR A7 kL ME — L, SEBllsn-Fh=
O T FNLOFT 7 MIRSETH D,

Wiz, Vo —8H50 CH EICER LTz, U —@ CH, %% 3C DEPTI35
NMR (2 K W BRI L= & Z A(Figure 11), U > —50 D CHy £51% 2 #ikFETH
DIz, FREDY 7 F(73.0ppm) & L CHER S L7z, S 512, HMQC A7
I~ JV(Figure 2-10b)IZ8WV T 6, H (CHz)-PC(CHUZFEBAN L B 7z, Fev T 1 D
Vo H—0 CH N O-AFMEB-v 7 aT XA NI D7 Vae T ) — X AR
DL EHEFE L CWDMERET H720IC, 'HE BC tovr 7L yhyr
U > 7% HMBC A7 kb L7 (Figure 2-12), & DFER. U > —i5y
O CHy F.D 'H > 7 F 3 e ) ¥ B BC (135.0 ppm & 148.0 ppm) & 58 < FHR
THEELEBIZ, ZarT ) —A ABROD 3O B3C (Cas, 81.0 ppm) & FRVFERI E°
— 7 &R LTz, ZTRHDOFERENDL, Py30CD (MIZBWTIEZY v —Rm—T L
MEEENLTCD D3I THEHE LTSI ERHLNE ST,

1 (3,3'-dimer)
W
| | J.
), S _/“4“ A " | v— //
N
linkerCH, '
73ppm :L Cg 71.5ppm
100 a0 80 70 60 50
o/ ppm

Figure 2-11. 3C DEPT135 NMR spectrum of Py30CD (1) in CDCl; at 25 °C.
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Figure 2-12. HMBC spectrum of Py30CD (1) in CDCls at 25 °C.

WIZ, 20 Y VUBRIZ 1 OJF)E &R U FIAT 'H-'H COSY NMR, HMQC A
~Z7 MV XV IFE L7z (Figure 2-13), 1 LT 5 &, 2 OB U D UVBROLFEY
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7 KX 'H (a) : 8.50 ppm, 'H (b) : 7.59 ppm [ZHELHI & AL 7=(Figure 2—13c¢), FEMER
FOEY T r®OH B LUBC NMR OSCHE 17 ('H (a) : 8.59 ppm, 'H (b) : 7.62
ppm. C(a): 149 ppm, C(b): 135ppm)&L V. AEIEH Sz ZEnD > 7 )
TV VUK TH D EEZBILDH, HMQC A7 kL(Figure 2-13d)IC & ¥ &
U UBR2ALD H (a)-3C(a)ds LTV 4 LD TH (b)-BCONTHEEN R 67,

HCO,  OCHgHsCO ~ OCH,

QA 4 III[OIII 1

6 6
a O HsCO
N=
J/ .
b \ 2 (6,6'-dimer)
(a)
3
(o3
——
c
E4 LS oy,
o E
s -
i3
5 ﬁ -
5
&/ ppm &/ ppm
(c) J (d)
H(a) H(b
L Y —
F 120
5 s e ‘
i i ‘ !
5 i 130 | i
; i £ L TSR C(b)
£ .
g, - 8 140 A
2 : @ Ed i © i :
I 1 H(b) 150 | 0-onnn s  C(a)
- e " H(a)
o 160
° 8 7 9 8 7
&/ ppm 8/ ppm

Figure 2-13. 'H-'"H COSY NMR spectrum of 2 in CDCls at 25 °C (a, b). HMQC
NMR spectrum of 2 in CDCls at 25 °C (c, d).
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WAV > —HER45y 0D CHy A% 3C DEPT135 38 X O"HMQC A% b /L(Figure
2-13)%& VTR B 217 - 7=, Figure2-14 (Z 3C DEPT135NMR A-X7 kL Djk
H%779, 1D 3C DEPTI35NMR A2 k/L(Figure2-11) & te#k4 % &, R
O —INLEICH BN LN A 7z, Figure 2-11 ([ZBWTIXY o —F
3D CH2 (73.0ppm)B LY, 7 a5 KA VU 2 A-G B 6 (Li%(71.5 ppm)2S F A
DT FNE L THER S NTZ05, 2 DRERE R T, 69.8, 70.5 33 LU 71.5 ppm
T33O0 FaE 7 FREll Sz,

2 (6,6'-dimer)

l

Rk
Cs-g)s 71.5ppm ] ’;CA(S 69.8ppm

linker CH, 70.5ppm

100 90 80 70 60 50
o/ ppm

Figure 2—-14. '*C DEPT135 NMR spectrum of 2 in CDCl; at 25 °C.

INHLOE—=rRnvruaTX AN ZEEO EOEHSHRD CHy K7D )%
PRET D722, HMQC (Figure 2-13)35 L O HMBC(Figure 2-15) A7 kL2 &
D J% 8 1T > 72, Figure 2-13 IZBWTIFE I N72 2 DD CH, EiFENEN 4.1
BELO4.6ppm D7 v k& HMQC IZBWTHBE L TEBY ., X512 4.6 ppm D
V7 FIVEHMBC IZBWCTE Y DUBREFMBE LTS Z LD, 4.6 ppm O 'H
VTN EY =D CHL ETHD ERE LT, it T2 DY ol —E00 O-
AFIALB- 7 BF XA RN O Lat T ) —A A BOMAL LR LTS
MERET D722, HMBC A7 MV &Il % & (Figure 2-15), U > 1 —H 0 D
CHy D H ¥ 7 /WE Cag E RV Y — 7 2ok LT, —HFTU A —E455 D
CHy 25 TH > 7 /Vid Cas & OFEBENBIHI SN o722 Enn, 2138 D
V> A1—% CD D3 TIER 6L THELTWDLZ ERHLMN ST,
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Figure 2—15. HMBC NMR spectrum of 2 in CDCl; at 25 °C.

INODORREEZE L, 2 DERA B =X LIZOWTH 2= (Figure 2-16), it
kDA% S 1 (Scheme 2-3) Tld, 2,6-di-O-methyl-B-CD % /K THF / DMF JE& A
BRI LTt BEZ8ilip 72 NaH (4 Y82z, KIGESRE 80 °COHIB
B L. 1 R L7c, Z0%, Vo h—%29o< Vi FLThbH, 80°C
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@) (OCHy); oY el

6 NaH N in DMF (HsCO), ©cH),  Heo OCH,
in THF 85 °C, overnight
reflux, 1 h

(HO)7 (OCHy);

2,6-DMe-p-CD

(OCHa)e (OCHy)

oy g T omy (HiCO)y © . (OCHy),
_ NarOHy
(HsCO); 6 N_ 6 (OCHz); (HgCO); N (OCHg),

- o
6,6'-linked CD dimer 2 (6,6"-dimer)
b
(b) (OCHg); HCO)
N
Nar 3,3-linked CD dimer _NaH, CHyl (HsCO)e
in THF 50 ~ 65 °C, (OCHy)s
(HO) (0CH,) rt., <5min overnight N
7 3)7 3 g
2,6-DMe-p-CD

Py30CD (1)

Figure 2-16. A reaction mechanism for the formation of the 6,6’-dimer (2) (a) and the
optimized synthesis of the 3,3’-dimer (1) (b).

T—WEIIEEDE L 7o, A2, Py30CDO @ — & b iE NaH L U 2,6-di-O-methyl-
B-CD D3Ok Fax o7 a g7 vafsy RRERL, £
WY I —=DT TNV ENREREZITO SN2 JUETH D, L LA S, NaH
ZANZ T 80 CCOMIFT 1 FfEIINEGET L TV 5 [#. 2,6-di-O-methyl-B-CD @ 3
NLCTHER LT v a3 v R 2,6-di-O-methyl-B-CD [7] £ D4y EGZ L 0 6 iF
DAFIVICREH BT 5 Z LT, AFNVEZHBEIEHEITL TND Z E0NE
ZoND, ZORIZY U I—%2HFLTWDDT, B-CD OINIREER KO L
PEIZ XD . 2,6-di-O-methyl-B-CD @D 6 (LD T /L% KRNI b — & 81k
&L, 6,6°-dimer S EAEP E LTHLND Z EBFEZBND, T D 6,6’ -dimer
DOREIEIL 2 D NMR A7 FLPIRTHRERE LKAHELTND, ZTOA T =X L
BREDND D T2 DIT, 2,6-di-O-methyl-B-CD % /K THF / DMF JR-SVEEE A LT
%, B2 SE72 NaH 202, PO R 2 80°COMIRICHE L, 1 KEEINEGE
LTz, ZDOERPD 'HNMR A7 hLiER % Figure 2-17 (2783, Figure 2—
17a $8EAD A7 FVIFNIRGER LI A ORER R TH Y | BAD AT |
JWEBOSETD 2,6-di-O-methyl-B-CD ORIER R TH S, Figure 2-17b (% 2,3,6-tri-
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O-methyl-B-CD @ 'H NMR A7 kU272 > TWvd, 3.63 35100 3.40 ppm CTHl
M = 4172 2,6-di-O-methyl-B-CD D 2 (B8 L N6 LD A FVFD T 7L, NaH
& DRUSZIZELIZ, 2T, T v F Lle A F VR OE N 0N E 213501
Tl Z ~ 7272 &% 2 535 (Figure 2—-17¢), ®1Z. 2,3,6-tri-O-methyl-B-CD @
'HNMR A7 hLE T 5 &0 3.63 ppm CTHELH S 172 2,6-di-O-methyl-B-CD
D2PLAFNIED T T F N353 ppm (277 R T5 2 Eonn, AT /VIRHRAL K
JGINZ DX D 72 RERAT MAVDRELZFIEEZTZENEZOND,

a)
2-OCHj c)
2,6-di-O-methyl-3-CD 6-OCHj3 OCH,
2,6-di-O-methyl-p-CD
after the reaction with NaH at 80°C o
OCHjg
‘ OCHj,4
N
} / o
o Jl\a.,“krg WM. |1 0
e ¢ et doh
b) &/ ppm 3-OCHj3 2-OCHj4
6-OCH
2,3,6-tri-O-methyl-p-CD ®
\
| |
|
I I
;\‘; Il "
o R Sl

8/ ppm

Figure 2-17. Overlaid '"H NMR spectrum of 2,6-di-O-methyl-B-CD in CDCI; before
(black) and after the reaction with NaH (purple) (a). "H NMR spectrum of 2,3,6-tri-O-
methyl-B-CD in CDCIs (b). Schematic representation for the random transmethylation
reaction occurred in 2,6-di-O-methyl-3-CD in the presence of NaH over 80 °C (c).

INHD I END, GEROARRITIEIZB VT 2,6-di-O-methyl-B-CD [Fl £ £ F /L

FEAMSSERZ L. TR L 72> T Py30CD (D 2MERR L7 2 & ARIE
ST,
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PLEORFHZ LY, 213 6,6'-dimer TH D L5 2, UV-vis A7 hVHIE D
REFEZLT 5, Figure 2-5 128 L72 UV-vis i€ L V. 2 13 Fe"'TPPS & 1:1
A Z R ATRE CH o7z, LILARRS, 220 pK, 1E 5.8 THV ., Tt
met-hemoCD3 @ pK, 8.0 XV H 20 /NN b, 2ITBITHE U U2 Ol
M8 S L <ITHLERIZEUNL L TORWATREMEN & 5, IRIZ, A XPEpRZ 1
~ 8777 4 —(SEC)% T, 2 (X Fe"TPPS & Xk 9 72 alBasliik 2k L
TWDEMMWE I DERRT-, O % Figure 2-18 (2777, 21X met-hemoCD3

Fe''TPPSA
complex
b)
Fe''TPPS/2
complex
|
I
/|
l\
/
% Y\
T e ""*4"‘4\'\-J“M-"m‘“a—ﬂ\wf" NS e
0 5 10 15

elution viome / mL

Figure 2—18. Size exclusion chromatograms of the inclusion complexes of Fe"TPPS/1
and Fe"TPPS/2. A Superdex 200 10/300GL column was used and elution was performed
at a flow rate of 0.5 mL/min with phosphate buffer at pH 7.0 and 4 °C. Elution was

monitored by measuring the absorbance at 280 nm.

FORLSEHT DT ENnDhrolz, ZaE2 7 F'TPPS & 4 U 2~ —8K %)
FRLTWAZEARLTEBY, 51 20BHE— 27 BHIZY v —7Th
52 &6, 21X Fe"TPPS & 2:2 WS R (Figure 2-19) 2 TEAL T2 Z & S /RIEE S
Nice D7D, 2 O VURHFLERITENL L TWRWZ LD LER 02
RPN CE ot EZLND,
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(OCHy)g (OCHy)g

(HsCO)7

(HsCO), 6 N 6
0.
6,6’-dimer (2)

Fe''TPPS /2 (2))

Figure 2-19. Structures of the Fe"TPPS/2 (2").

3—4. Py30CDCH (198D & Rk St DT

FROMmF LD EE LI RWAERY 2 DIERIT 6,6°-dimer Th D Z &My
Mo 7=, Figure 2—16 (Z7s L7 R A B = A LM IE LT Ui, 2,6-di-O-methyl-B-CD
IZ NaH ZMZToH U o —% 4% £ TORISRE &R OHIFEHS 6,6
dimer DAERAZMZ DX DHEZEZX NS, £ 2T, 6,6°-dimer DERLA
%2 T Py30CD DOULRZH EESE L1010, LLTOMEE{To72, SERALZE
S £ & DT Table 2-2 1279, £, H THAk L7 2,6-di-O-methyl-B-CD
MRETHD02E ) NEFRDL720, Tl E AW TIERO AT IEIC LTon
S>THMEIT > T (entry 1), £ DGR, 15 OV AR & Fe'TPPS O alHEHAD
V= L= D hmax 23 415 nm (2 FL 5 40, & OB SR O il A7 288 2 fH < 7o A L
pKaE(6.0) e 72 o722 D, N4 2 LRIL 6,6°-dimer THDH Z &
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MEZDND, ZDZEND 222 DAMTIETHW A LI TH S 2,6-
di-O-methyl-B-CD N UGTITHBEN 2N LB 2 Hivd, RIT, 100 25T 5 5%
DEOSIRE 2 IR E T NF 7D (entry 2) 1 F & A EX A ~—{LITHETT Lo T,
entry2 706, FiR CTIZ ZELISDETT LW &3 bhoTo, 100 25T 5
BRIC, Vo B —%FLTWDHEOMBIREZ 85°CIZ L, ZDHINREZ =
BE TR THD B Ui Rentry 3), oLl 2 LRI 6,6-
dimer T 5 Z & % Fe"'TPPS & O EIFESHAD pK, fE(6.0) L 0 ¥ L7, SOSIREE
% 40 °CIZ L7=FF D SUGHE T # D MALDI-TOF MS A7 R VEESRCIL, 2712 fF
I CD XA ~—IZFY T 50— BRI MBI Sz, 100D KU v A
A F AR D 53+ 813 2787 ThH Y . ARG S /- B — 7 1I3EED 2,6-di-O-
methyl-B-CD 7% NaH X WA FNL% A ~— (L LA THL LEEZBND
(entryd), 7=, YUV ATN AT A a~w  NTT77 4 —IZL0ER L%, 55
TR IT 10% KV, b0 2 Enn, IMBRERMEWEE . B-CD Al Lo
AFIVIERZBEOEN EIZE T L TV D EB X LND, S DI Ot Z KR
L7, BUGYREE % K THF / DMF IR SR/ S K THE OAICT 5 2 &
T, MMBGEWIEEZ 65°CE L, SHI1CV v —%2Mzxd %A 27 % NaH %I
2T BT <IZ Liz(entry 5), & DFER. 24% T Py30CD 23 G b iz, EFEDSk
T a7 Py30OCD I3, 3 (Z[A L CTHEfE SN TW\WDH Z & A& NMR A7 |
JVRIEIC LD R LT, entry 5 DFEBREIEICHONTIE, 224 ITF L@ LT,

Table 2-2. Synthesis of Py30CD®H (10H)

entry  DMe-p-CD NaH Solutions Temperature pK, Result
1 1.0g 3eq dry THF / dry DMF 85°C 6.0 6,6’-dimer
2 1.0g 3eq dry THF / dry DMF room temperature — X
3 1.0g 3eq dry THF / dry DMF 85°C-room temperature 6.0 6,6’-dimer
4 1.0g 6 eq dry THF 40°C — X
5 1.0g 6 eq dry THF 65°C 8.0 O

F 72, Fe'TPPS & OWHEEEHAIZ I 1T D pH i iE (Figure 2-20) Tld, M EITH#E &
AU72 met-hemoCD3 O % D & L < —EH T 5 AT FVZE LI L O pKa fiE(8.0) 235
BTz, TIUDDFUSEIEN S 100 2 AT 5B, THF i 41(66 °C)D AT 60 ~
70°Cld i 2 MR IR ERE CTH D E2x b D, LLEOKRFHI LD, 6,6-
dimer D4R Z I 2 T, IEL < Py3OCD Z A CTE D&M Z2 ML L, Tiuddimss
ZHE ST kA E — BT oA R T Z L AR Lo, IRITIE, A6
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AU7= Py30OCD % fV 7= hemoCD3 @ O, CO 3 L O 7 AW A A > OGS Z )
IZOWTHETZIT> 72D T, ZORERIZHOWTHRET D,

(a) (b)
0.6
0.45
05 15 i
041} =, /
04 =8 o o o
8 e pK,=8.0 o®
% c e *
2 © 037} T 7 8 8 10 1
s 03 < pH
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Ke) ©
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Figure 2-20. UV-vis absorption spectral changes of Fe'TPPS complexed with
Py30OCD as a function of pH in aqueous 0.1 M NaClOys solution at 25 °C. The pH values
were adjusted by NaOH and HC1Os. Inset: Plot of log{ (A-Aa)(Ay-A)"'} at 416 nm versus
pH for determining pKa.

3-5. hemoCD3 O 7 Ak A . 0. B L CO S ZE)

Kano 513 met-hemoCD3 [F/EBESMFE T CN RS BfL T 5 Z & 2 LT
W5 1D, 2-2-5 OFERFIETERK L7z Py30CD % W T, met-hemoCD3 (Z4k %
RIEEO YT AT B Y 7 ANaCN) & M 2 72 REO UL A7 VA L& JIE L
720 DRGSR % Figure 2-21 (2779, met-hemoCD3 @ 399 nm D WU /3 WL A
Z0 72785 419nm ~& 27 b L, met-hemoCD3 DOWHEEZE{K(AA) % NaCN &
FEVZXE U CHRRIT 2 AT 72 o T2 & T A B HIRR T 1:1 OSBRI IS < BREmih#E &
B —#T2% Z &b - 7= (Figure 2-21 fiAK), FEEEE K 13 3.0 x 106 M
ERF o7, ZHITIBEITHE TV D met-hemoCD3 DOfER L B —#%79 5%
ZEnbhrol,
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Figure 2-21. UV-vis absorption spectral changes of met-hemoCD3 (4.5 x 10°® M)
upon addition of various amounts of NaCN in phosphate buffer (pH 7.0, 5.0 x 102 M) at
37 °C. Inset: Plots of absorbance changes at 396 and 421 nm. The black solid lines
represent the best fit of data to the theoretical equation for 1:1 complexation, which

determined the Kass.

WIZ, 2-2-5 DEBRITIETER L7z Py30CD % W TH% L 72 hemoCD3 @ O
BRI LY CO BAMEIZOWTOMGT 21T 72, 02 85K3F LY CO SR A&
Az BT B R IRz L o TEE SN D,

L
Pipp 2-1)

hemoCD3 + L ~——————— L-hemoCD3

[hemoCD3] PL
[L-hemoCD3] (2-2)

L_
Pip-=
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ZIZTPYUIRD O BELNCO 73, Pint 13 50 % hemoCD3 12 O, 3 X TF CO
DENLT D & ED 0, BELVCO 4 EZE KT, JIiE L hemoCD3 ¥ X U L-hemoCD3
NI Ze R TIRIT 217 5 729, ERRIZBI S D —ERE TOWOLE(4)
IFRATEREIND,
A =g [hemoCD3]+¢[L-hemoCD3] (2-3)
Z DIERIZEV T, hemoCD3 D2 hemoCD3] XKD X 9 IZFK S D,
[hemoCD3]; =[hemoCD3] + [L-hemoCD3] 24
Q24 HNTHR3)FRDO LoD,

A=g[hemoCD3];+ A¢gL-hemoCD3] (2-5)

I TAs=5- THD, 1> T, SEEMKIZIIT DWW EZLADIFIRD X
INZERIND,

AA=AgL-hemoCD3] (2-6)

K(2-2). C4HBLVQ6)1DAL & Pin? B LD PinC ORETRSZLENT
ERAR

Ae [hemoCD3], PL
AA=

PL+ P, 2-7)

BRx 72 00 BLNCO BEICEBWTRINA~Z MV ZRIE L, 155G
ZA(AA) E O B L OVCO BJEPO? BLOPOYZKI LTy F LTz, 5607z
HIERN D Pin@ &2 AL D Z EMNTE B, Pin@ 2RO LHERICHONTIIH%RIRT 5,
pH 7.0 U VEEFBEEANL T 25 °C & 37 °CD 2 D DIRE THi 4 OFEE S EICI T
WU AT RV EHIE LTRSS % Figure 2-22 (s L, E DWW AT R V2L,
% 4% Figure 2-22 D(a) & (DITRT, WILEEZEA (A Aszz) % O i3 EIZK LT R
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kN L7fE %4 Figure 2-22 D(c) & (IR T, (¢) & (d)DEERBRE I LA &7
T Lo TQROHYRICEASL =T T4 v T 4 T HITHZ LTI,
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Figure 2-22. UV-vis spectral changes of hemoCD3 as a function of the O partial
pressure (P°?) in N2 in 0.05 M phosphate buffer at pH 7.0, 25 °C (a) and pH 7.0, 37 °C

(b). Changes in absorbance at 433 nm as a fuction of P°2. The solid line indicates the

theoretical curve to determine P1,2°? (c) and (d).

P12 DEZERE LT, ZDOkEH., hemoCD3 DB FIM: P1o0% 1%, 25 °ClZEHB W
T 16.1torr, 37°CIZEWT P1p®?=43.65torr THDHZ LN noT=, TDIZ L
5. BEICHE SN TS hemoCD3 D PIn2 NEHBTHZENTETZ, ~ES
2B O TIRRETIX, 25 °CIlTiF % P120% 126 torr TH Y, 37 °CiZHiT 5 Pip®?
1L 40torr Toh 5 Z EIIBEIZ 302> T 33, L7235 T hemoCD3 D4 5 i1
PEIZ, ~EZ B E O TARRED P1p®? LIEVWMEZ R Z & 237D > 72, hemoCD3
X, EENOBFERKE LTERTHD Z LB LN ST,

F 7= CO BAMEDR TR R % Figure 2-23 1R L, T OWIL ALY ~ VI L%
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Figure 2-23 M (a)lZ7:9", hemoCD3 ® oxy KIZHI KT HWUL AT viE CO 4y
JED RS THERIUS B Y 720835 CO KOAERKEZ RT AT hL~ L2
fELTWo Tz, BAEZEIL(AAm)Z CO 7Lk LT e v k L7zkE R % Figure
2-23 OOIITRT, (D)DK DEEE P1L™° OfEE RS 5 2 L1 TE R0,
P1ot° DEFIT deoxy A & CO KRR EFET HBED COpETHDH, LS
[BIOHIE TlX CO TR D HAMENIEF IS E N T=DIT, oxy KB CO (R~DZ
fEZBRIL, P2 DEEHWD Z 22X D, P Dz E Lz, £ OHE N
WA T,

o Py ,0? [CO-Fe!'lPor] PO2
P,CO  [OyFellPor] pco (2-8)

MAEIX Oy / COBIRMEDTEEETH VU . Pip®? DIE L P10 D% W T EFED X
INZEKEIND, RQ2-8)% PP aRkDHXUICEET B L. WANENND,

[FellPor] PCO P92
p, . CO = -
12 [CO-Fel'Por] M (2-9)

1.0 108 PPOin O, / torr
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Figure 2-23. UV-vis spectral changes of hemoCD3 as a function of the CO partial
pressure (P°°) in Nz in 0.05 M phosphate buffer at pH 7.0, 25 °C (a). Changes in
absorbance at 421 nm as a fuction of P¢©. The solid line indicates the theoretical curve to

determine P;,°© (b).
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Z 2 CAEIO CO BFIEDMIEX oxy K75 CO RO L Z BRI L7271,
Figure 2-23 O b)D#h#R L » KQ-7)ZH TSRO BN D Pt OffilL, oxy A&
CO RNFEFAET HHED CO EL 2D, £FT 2D CO HIELEZEDFRED 0,57
JED MiEZRQ-8) LV, KB LNTEDH, MIEIL 80400 L RKFE-7-, 72
B, KSRIZBWTEANIT 0, BELCO HA T ENTWAHTDIZ, 2D
KF D Op 3 JEITAEEREN D CO ELZGIWeb D LB R T-, £ (2-6)I2 M H
BLORDTZ P2 OfEREZRATDHZLIZLY PrfofERat L=, 25°C
IZBUWT P1pf0=2.0 x 10*torr & 7E L7=,

0.6

ko =0.014h"
5 tyo = 50 h at 25°C
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t/'h

o tp=10h37°C
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Figure 2—-24. UV-vis spectral changes in autoxidation of the Oz adduct of hemoCD3
in 0.05 M phosphate buffer at pH 7.0 and 25 °C Inset: first-order plot based on the
absorbance changes at 433 nm. Scans were made at 2 h intervals (a). UV—vis spectral
changes in autoxidation of the O> adduct of hemoCD3 in 0.05 M phosphate buffer at
pH 7.0 and 37 °C. Inset: first-order plot based on the absorbance changes at 433 nm. Scans

were made at 50 minute intervals (b).

RIZ oxy-hemoCD3 O HEEE(LEUS DEIE 21772 > 72, oxy—hemoCD3 DWLIL
A7 MVEEAGZ pH 7.0 U U EEREETER T, 25 )CB LT 37 ]COZNEN DS
HFTRIZBWTRIEEZITo7c, EDOWINANT FVEA % Figure 2-24 12”7, I
FOREIZ & B> TANT MVITFERIN S ZE@Y B8 L, VY —L—#
D hmax 1L 420 nm 75 398 nm ~ & 2B b L7z, HED AT K /LiX met-hemoCD3
DAXRY ML ERIFEF—H L2 b, BlHlS Tz AT FVE{RI Fel'-0, §
K35 Fel"H,0 S5 ~DOHBE(LIZ L 5D THDH LB X HiLDH, hemoCD3 12
DUWTIE 433 nm ITB T DWICEEZEITT L, — RO R LU D THET
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LTV, ZORER. oxy-hemoCD3 ® H BRI ISIT D 1 YHFETEEL kobs I
140 x 102 h!' TH Y . ZOHWH 112 (112=1In 2/ koos)lZ 50 h TH D Z & D300
72(pH 7.0, 25 °C), * DfE#THEF % Figure 2-24a Off AXIZ779, hemoCDI1 D
B.25°CH pHT.0 UV EERFRMERIE PIZRIT D t1, DEIZ 30h EHESNTEY
NEZBE D 4T 600 ThHD Z LA STV 5, — hemoCD3 D4,
25°C, pH7.0 U U BEARMEIAIFIZEH VT 41, DfEIL S0 h & 72572 . hemoCD &
9% & oxy—hemoCD3 @ t;2 1% oxy—hemoCD1 @ ¢, LV & 1.5 5\ &
TROOLMBBMANIVLELTCND I ENDhoT=, 37 CHE L RIBEORIE
BLOWHT 21T > 725 R, oxy-hemoCD3 @ HENER(LSIZEIT D 1 WA EEL
kobs 13691 x 102 W' TH Y . Z DM 112 (t12=1n 2 / kaps)lF 10 h TH D Z &3
Binolo, TIVDDOFERND, BEIZHE STV D hemoCD3 ORERE % F B
T 52 EMNTE, FULERADD oxy-hemoCD3 IF4EMARND N TFEFE, —M{LIRE L
T — HULERII) O met-hemoCD3 [ TAEKAND T T LT 42— LTHHA
ThHZ BN T,

=
B
il

INETHYMRETIE, KFPTTHEETL2IA 7o 27 b E L THEA
v ma T XA RNY B L AKEMEERAD ARV T 4 U 2 (Fe'TPPS) D al #2585 1K
(hemoCD)%Z #%5 L C & 7= 17, hemoCD % AW CAKNTHET A AT L
A —ZONWTOMEEED TE e, I BICYUMREEIZEIT D ZVE TOHE AN
5. hemoCD3 % hemoCD D C—figfbikF I L N7 v DFRIRHEREAl & LTH
HEThorHrEBEZXOLND, LaL, HHFE=ETIT 2013 FlZHEINLTWD
hemoCD3 #k3 +THDHT 7 BT XA M o T HEIKPy3OCD)D A K FE DI
P THML L D & LD e AEmd) T o % Py30CD DULEEAMEKVY & Py30CD
DRIV IZ Py30CD & [F Uy FEmZFF ORI 2 DNE A 15 50 TV -ED
FT oD, AETIE Py30CD OEGEEZRE L, G EZ ET 5 2
EHRHEME Lz, £9°. Scheme2-9 |ZHE > T Py30CD %Ak L 72, MALDI-TOF
MS X0 A ORI TE 72, LAxL, Fe'TPPS & Ol EEA 2125511 % pKa
EG.8)FB LN O FEAZFETIX, 2 TBEITHE Zhiz Py30CD & D4y 153 [FA]
CTHHD, DI EERRESERDZENRHLNIR-T2, DN T 2 BX
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U Py30CD D45l NMR A~2 hVAER R 2 HWT, 2 OfEEZRE LT, 2
FEY PN —T A E N LT CD O 6 AL TiERE LTV 5 6,6>-dimer TH 5
ZEBPAOENNT ol LERET LR RN D 2 PERT DA N =X L EBE
Lce BRLIEAD=AL LD 2,6-di-O-methyl-B-CD (Z NaH Z 12 TH6H U >~
A —%ZMA % ETORISRE & R OFIFEAS 6,6-dimer DA AZINZ D A FIZ
725 L FE 2 B, 6,6°-dimer DR E B 2 T Py30CD O Z 1] E X 5729012,
Py30CDM D S FAFIZOWNTRET 21T/ o 7o, £ ORER., ROMRERL LV
N—%IERIZAND ZA I TRROCRICKE S EET LT LR LMNTR
ST WESL U7T=BUGSRMETA AL L 7= Py30CD (X MALDI-TOF MS, NMR A~X7
MVE XL UV-vis A7 ML LY HERTE, WEICHE LT\ % Py30CD DXL
BRI & K< —E L7, %I AL L7= Py30CD DORERE % fER8 4 5 72 hemoCD3
DT v, 0B LOCOFEEEENZ SOV TREA1T -7, met—hemoCD3 |4 H
T T ON L3 AEA L, hemoCD3 N ERBEFRIEREZIKT D Z & NI
T5HZ EMNTE T, VRl Kano 61X, 7 v FOEWNIZE S L 72 met-hemoCD 75—
EROERUN B ERADITIE T A, CO-hemoCD & L CTHEHT2 Z EMME LTV D
39, CO T, HON N TR & 72 5 4 A higmn kS 2 TR T RK O —
DL 75T D 39, met-hemoCD3 2MEANIZ G35 &, CO-hemoCD3 & CN—
hemoCD3 & L CIRHICHEHI EN D Z BB 2 55, > T, hemoCD3 7% CO
EVT VU ORIFEEAE LTRATE S EEZ 20D, AETHLILHEET
1%, hemoCD3 OFEFLICON D EEZBND,
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FZF BUAIICALRFOEZEALEZBAFALZVNIEE
TILD Oz2/ CO ER 45T
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ANEZ B EVHD)B LRI A7 v B Mb)IFERNICBWTERE NS
OERIS LT A H O ~LZ NI HE L THMBATWND 1, Z 5N ofon
DB R BEOERER I~ LERY DT a2 bR ST
Do NUEURIEE O EFEAT DI TIEAR L. NIRMED —FR{LRFE(CO) &
—BILEFENONZHIES L. 2 b0/ ORI, Ak, fimy, iR
ETNREDIEIERTFIEICL TSN TE I 9, O, Lftho/hy7 &
OFFINE, ELITFET DT X/ BRERICIVHIE I WD Z LRI LM
7257z, Mb DI AL F-~ORBFRIT TN~ LERAD) OIS EHERCAL U 72 A Ber
- & FRIEIL D His93 36 X VL ERIZIEHETBLAL L2 Wi B+ & BRI S

(@) =

(b) His64
(distal His)

His 64
(distal His)

His 93
(proximal His)

(proximal His)

Figure 3-1. (a) Oxygen-binding site of myoglobin (the crystal structure of sperm whale
oxy-myoglobin was quoted from PDB ID: 1A6M). (b) a schematic representation of the

dioxygen binding site.

Kitagishi, H.; Mao, Q.; Kitamura, N.; Kita, T., HemoCD as a Totally Synthetic Artificial
Oxygen Carrier: Improvements in the Synthesis and O>/CO Discrimination. Artif. Organs.
2017, 41, 372-380.
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His64 £ V174 Cu> 5 (Figure 3—1a), -~ LSRN EBEENL L 72 AL BCAL
His93 134 X4V — AL OEFOMUH LICE VD 0 ~O#idE -t 5k
RO, ZIUZ XY Or-Fe(IDfE & &L iE{L LT, His6d 1L, Fe(I)IZHEA L
72 Oy EARFREGZIE L, € DOREEIRIEE 2 EAL S % (Figure 3—-1b) 1, —J5,
OO CO TR DHMAMMEIL O BIFAPEL D K 2 <1045 m < 72 D05, ~ A
WRIKR T o B 2RI EIZBOITWD Z EICL DK 200 fFf Sz,
bbb, FaerH NI IEANLD CO BFEE 17100 F TR ST,
Collman & 1% Mb DE(ZEAL T His64 73 CO-Fe(I) DT < \AF(ET D720, ik
FEEIZLD COBMMEZIR T ST Z L ZBEL TN 19,
IINBDNEE R EOMEE N THIZHBRT 5720, ZOIEEFLOJE
MR 2T 5 2 EMIEFICHEN e FE LB X b, AL W TIEEK
2 DETANRERE SN, B RPN T Oy Z AT HE S LI2 &R D
Mb &7 /ALAEWIE, 1973 12 Collman H3BAFE L7 v h 7 = VARV T o
U »(Figure 32a)™ T H005 17, BRADKR/L T 4 U NSSARBIZ I S BN
LT REEEATDHZ LT, O THOERICLDu-AF Y A ~—D4k
A PR U, BOKEREEEET . 25 °C IZBWTEEN D A[WIZ 0 ZWiis 3
5HZ LB L9, Mb DAY A hOBEEZEMT 572012, By F 7=
VARNT 4 ) B H LTV T 0 U NS < i S 7= (Figure 3—
PN Ay b T = ARV T 4 U DA SEARAIIC X L B (Figure
3-2b)% L <IiEH A 7 7 LBR(Figure 3-2¢) 28 AT 5 Z & T, CO FFIMEZ #H]5
HZEWHII LT, Flo, ATV v RARVT ¢ U (Figure 3-2d)2 38 T
X, BALY A FOT VT IVEBNEWIEE, BT VRO CO BFITEN KL 72 D15
MBI SN 7- 29, 26 OfEFIE, Collman 2MER L CWAIENN YA FDILK
EFEIC LD COBMMEAIN T ST AWHAEFFLTWD, — T, wi¥A ho
FRPEZHRIZ O W T O S WV < DO DOIFFEIZ OV TS & Tunsd 22, Reed
HIXE Ty 7= ARNVT 4 U ORI ARME RS 25 A L 72 (Figure 3-3a, 3b)
LA, WL OB AED [ BB S 7z 2, Naruta B, A7 1 U~
OBMANY A FPREFEZ ST, Wl ReX K28 A LY A2
2Ry ARV T 4 U (TCPs) &% 5T L7 (Figure 3-3¢, 3d)**?), D%, b K
FUHOTH D0 EAKRFRE LT D Z & TOr-Fe()fi 5 2 L EL S
72o £72, B Ru X VEOBEFE T CO Ixt L TAOMMESENME = Lick
D . CO-Fe(IDFE A & RLE(LSH, COBRMENE LB Li-, Naruta B, Z
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DRI Lz CO BFMEIX, ALY A hok Fu ko Eofmitzhfmdk T

%5&%%Lhﬁﬁﬂm:h%@%?»ﬁ%i%ﬂ%#f@#%m?é%@f
KHIZ B W TIIIR S F 03553 T DIRR IR DO R R ICE 2 5720 2

ﬁ%%@iﬁﬁﬁﬁéﬂTW@“ FIRANDH X7 E T, POBRICH A

b)
o
0o HN- 0
HN
/N|'I \
Picket-fence porphyrin (1,2-Me,Im) Pocket porphyrin
in toluene, 25°C in toluene, 25°C
P129% = 38 Torr P, ,202 0.067 Torr
P;,,°° =8.9 x 108 Torr P, 0 =280 Torr
M = 4280 M=12.6
d
°) ) CHy);
:( \)j: 0= =0
NH HN
0]
HN
\
R = (CH,),, m =6-10

Cyclam-Capped porphyrin Hybrid porphyrin

in toluene, 25°C in toluene, 20°C

PygOc = 22 Tort P42 = 15-7500 Torr

P15~ > 3500 Torr P;,,°° = 0.5 —0.02 Torr

M < 0.006 M=5.4-872

Figure 3-2. Structures of synthetic myoglobin models in organic solvents that
synthesized by Collman et. al.
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P12%% = 1.3 Torr P112%2 = 9.4 Torr
P12%% = 1.1 x 10 Torr P50 =1.7 x 102 Torr
M=1180 M = 550

Twin-coronet Porphyrin-IM Twin-coronet Porphyrin-PY

Figure 3-3. Structures of synthetic myoglobin models in organic solvents. (a, b)

synthesized by Reed et. al. (c, d) synthesized by Naruta et. al.

T2/ T DR CROEBEZET LMLERHY | KIZKENLHZ I E
THEREEZRIZTZ ENRTTIORINTND 2629,

IKESHE I B W TRER OB REd L ODUS 2Bl T 5 72012, bFM ST
WHYATLADLIDELT, Ar7 4V —v 7 a7 %A KU v (FePor / CD)#
TSR HID 303D, B-v 7 u T A U (B-CD)YDBRAKPEZER N T =
FMEDT T TV NNFRNT 4 U ERVHAEER L P, FICETOKREE
O-AFME LT -7 r T %2 b U (TMe-B-CD) 23 7 =4 L PR AL~
4 U ThD 510,1520-F 8T F A@-AVFRF T = =/)RLT ¢ U )
SER(Fe"TPPS) & /K H CHltsD TLEME 72 2:1 EHESEARZ AL L., R 7 4 U B
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KB 7R BB #4539, X512, Kano HIE Fe"TPPS O HIIZ U 4 > R
MFEEBAL, KPP THETI~LZ L RNIEET LV TH 5 hemoCD ZAIH L
7= 337, hemoCD1 (Figure 34X &) VUl %2 U > h— L L THT 5 /3—-0-
A F AL B-CD &K TH 5 Py3CD LKEMEFR LT 4V ThH D 510,1520-7
T X RG-ANVERT N7 2 =)WV RV T 4 U CBEER(FITPPS)D 1 ¢ 1 clEESHR
THO, KF - BB TORHHZ 0, BL N CO MIEAHE I TND *DX5
(2. hemoCDI1 [FAEFSA: T TLIE 22 W FATINAR(O2-hemoCD1, #12= 30 h)Z Ak
95 Z L5, FePor/CD #5185 RIZKHF TN Z X7 B OIALE LN
A RO CE DM~ NTALEM TH D EE X HiLDH, Kano ©1E hemoCD1
DRI IR (O2-hemoCD1) 36 L O —F2 b & FE AT IR (CO-hemoCD1)IZ-D VN TRE
LM 247> 72& 2 A, hemoCDI (X CO (X9 DHMMMENIEF 2@ 2 &M
5T D | 02/ CO DEIEZ RIETH DL MIEIZTZHETHESNL TV D
EFETNAOFTHERGREREDQRIx10)E o7 P, ZORRZBIELIZE Z
5. hemoCDI1 (ZEF IRV CO MBEHRE AR T Z N L —HF =TT v a7 x
NU S RAREIZ I DA L7239, Kano H1d, BKHKZR 7+ ThD CO L, K
DET IV TH D hemoCD1 IZHBWTIEL O-AF/MEB-v 7 aTFFA MY k-
THEIND I 7 e RBUKIGICEEA D L L, 7 KEA~EHLIZS W E i
A 72 39,

OCH, HaCO,
HQ%OS OCH; HsCO OMECOHG
00 Ochocm Ricd  \PCHs Il
HCQ Bacg 2 HaCOZ/ " ocH, o Fe''TPPS
OCH,
Hy,cOZ0 " 2 Hsc0”( 00 Glu-Fe(Il)TPPS
o HyCO

H,CO. )\ OCHs o3 N 37V0 Q¢ocH: . .
3 o ocH,  HiCO in ageous solution
z(jocm OCH

Q

0 ochHCO

o ﬁaco .
HicOA0 0.0 ° : m
Ry Hﬁ%ﬁ?ﬁ”a stable 1:1 complexation

HCO S o)
HaCO> "OCHj

Py3CD
hemoCD1 Glu-hemoCD1
Fe''TPPS G|U-F6(”)TPPS
R=-S0y R=-H
D =-H O =N "coon
O

Figure 3-4. Structures of Py3CD, hemoCD1and Glu-hemoCD1.
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AFETIE.CD IZ X VLI NICBOKIGIC VAR At & L TaHA
L 724 (Figure 3-4), hemoCD1 @ O, 38 L N CO ~DFEEHESI N ED L H I2&4k
T2 ERAT, AREEEPIZIBNT, @A MCARF U EZEA LT
T IALEIET T DO EFIN & 5 (Figure 3-5),

a)

oa-OCAPFe op-OCAPFe

Figure 3-5. Structures of synthetic myoglobin models in organic solvents. (a)

synthesized by Chang et. al. (b) synthesized by Boitrel et. al.

Chang H X7 v 7AW THIVRFVEEZE MY A ho 7o b ofitERE L
TikE L. C-clamp /L7 4 U v (Figure 3-5a)z &k L7z, ZDOvV—ADET
JVEERIZIKIE T L2 O EFEA L7 <  E7213Z 0 O fHIRIIAREZ E TH 5 03,
WALDAFIVERAT VIR VIRICETTH LI L - T, $8KD 0, BlFn
PEIZ 105 LA LA B U722 & 23iE L7 3%, 2010 4512, Boitrel O X7 AC A
NARXVEEEEANLIZARNT v 7RIV T ¢ U L (OCAPFe) (Figure 3-5b)% Ak L
723940, ZORER, HARF N Fe IZHEA L2 0 EKFEA E BT
HZET, @Y O BRMEZ R L2 e otz, ZRHOMREERE 2 T,
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ARETIE, KEBEMESERLTZ 4 VD7 2= )VEOH IV MLICT 2 RS Tk
L 72O RIS A VR % V32 A LT Glu-FeTPPS # &k L. Py3CD & @
1: 1 AR TH % Glu-hemoCD ZH#E4E L 7=, Glu-hemoCD @ 02/ CO & HES)
(COWTERA AR A~ R b FRIARIRLAR) AT PV B L L —P—T Z
vy a7 4 bV AREE AW TRIET - 20 T2 OREMARRERIC OV Tt
EREAR

2. EE&
2-1. HIFEH S

BERESRIEIHG(NMR) A7 kUL H ARFE T INM-ECAS00 7 — U = Z8#apZ e < It
NSAEE (500 MHz) W CTHIE L, CDCls 3 & U DMSO-ds ' TOHIEIZ IV TIL,
T AFINT T (TMS) & NI HEHE - L CHW =, EEE & HT(DART)IEIC
HEARY F Ui AMRIRAESE DART-SVP Z# fiWCHIE L7z, ~ b U v 7 R
XF L — WA A AETRA TR AV &3 BT (MALDI-TOF)VEIC X 58 & A
27 kL% BRUKER autoflex speed Z W THIE L, a-v 7 /-4-B RaXx 7 A fZ
e~ hY w7 AL LT, 23,6- EV-0-AF)L-B-v 7 75 F A kI > ([M+Na]',
m/z =1451.68)3 L 11 5,10,1520-7 b 7 F A(4-A)ViEF F 7 == L)yKL T 4 U >
(IM-H],, m/z=933.07)DE /T4 Y "y 7 E&EEZHVCHEERIEZIT> T2, 8
AT RV EEBEFT R RF-5300PC % W CHIE L7z, ARAMEIL(IR) A2
7 NT R ERT R 7 — U B HORA S EOEEERE IR Prestige-21 2 W THIE
L7, BT AEHIEEPR)ARY hLiL RCM AU o A7 0 —R Y 5 A4 42
% b CT-470-ESR Z 0t 0 £ 7= B A8 ESR 77 )t#% JET-TE200(X-band) &
WTHRIEZAT o 1o FANARILA RS V(U V-vis A7 kL) e R T
HFL LR UV-2100, UV-2450 35 X OV HERUERRIL 7 + N ¥ A A — FT7 L A
S tE EEEE MultiSpec-1500 2 W THIE Lz, WA~ RVORIEIZEE L T
%, BEEUERTE AR LR Y Y 9 7 —TCC-260 FIC L W IREEHIE L, EE
WEELTHD 5 %ITHNE LT, KO pH 1T RUERT R pH X — % —M-
12 B LOVF-52 Z W THNE L7z, —BER{biRE D4 EFMEIT KOFLOC +E4d GM-

1=
7 b
X
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4B T ARBGEEZ NN T o7, L= =TT v a74 b U AHAEITKRK
Ry LHWgERl Ak @ ZdRA o OICKIA el #EEERO ZEEIC X
» Q-switched Nd: YAG L —¥ —(Surelite I, Continuum)% H V>, Unisoku %1 —
V=TT vaTZtr N VAV AT AE AW CTHIEEZITo 72,

2-2. REBLIVER

Py3CD*» ¥ X T 5-(4-aminophenyl)-10,15,20-tris(4-sulfonatophenyl)porphyrin
tris(tetrabutylammonium) salt (NH-TPPS + TBA) 393 SCHRECEL D /7K 1€ > TH K
L7zo Gl L72AE B2 Tl 'THNMR, DART-MS 45 X UY MALDI-TOF MS %
N7 MAREIZE Y ZOEEZHR LT, SUICHWREKIETRLZZEDF
FEH L BERABEN LB RIGE L FVE e > TS, A LI b o &l
HL7-, HIEIZHWTZ7KIE Yamato Auto Still Glass Model WG 250 12 X V) 758814 .
Simplicity Water Purification System (Z TR L 72 & O Z W 7o, B235(99.999%).
223(99.999%), —ER{LRFEH A (1000 ppm)IS L VAL IR 3 A 2 (99.999%) 131
KRS DA LT b 0220 E M LT,

2-2-1. Glu-TPPS D& pL 24

Scheme 3-1. Synthesis of Glu-TPPS.

BMAHEE ARV ATF72100mL F A7 T 232, P7aa A% 20ml %
4. % ZIZ o-monoaminoTPPS TBA salt (0.075 g, 0.068 mmol), 2 /L% /LEEHEK
¥(0.22 g, 2.0 mmol) & M %, Bt %% 40°C 1T, 15 BRI &R 72, 15 KEfi]
%, KOCREZFEIRIZE L, BEEE L, PEDOAZ ) =LV THEESE, v=F
N =T R LB S, BREAEKROERM Z1GT-, D%, D EOZKEK
RS, A Ay v~ ~ 7T 7 ¢ —(DOWEX MARATHON 51 4 %8
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BAE Na JB) BBIVEEL « ZEA0IC XY, BT 5 2 &L CRABEROARY %
(I E 25 mg, IR 74 %),

"H NMR (400 MHz, DMSO-ds) 68.91 (bs, 1H, amidoNH), 8.84 (bs, 4H, B-pyrrole), 8.79
(d, J=4.6 Hz, 2H, B-pyrrole), 8.73 (d, J = 4.6 Hz, 2H, B-pyrrole), 8.16 (m, 6H, phenyl),
8.13 (d, J = 7.6 Hz, 1H, phenyl), 8.07-8.03 (m, 6H, phenyl), 8.01 (d, /= 7.6 Hz, 1H,
phenyl), 7.80 (t, J = 7.7 Hz, 1H, phenyl), 7.56 (t, J= 7.7 Hz, 1H, phenyl), 1.43 (m, 2H,
CHy), 1.31 (m, 2H), 1.08-1.04 (m, 2H, CH>), —2.87 (bs, 2H, inner NH); MS (MALDI-
TOF, a-cyano-4-hydroxycinnamic acid, negative mode) m/z [M+Na]": 982.1, found [M—
3Na+2H]": 982.1. Elemental analysis (%) calcd. For C40H44NsNa3017S3¢5H,0: C, 51.62;
H, 3.89; N, 6.14 %; found: C, 51.71; H, 4.28; N, 6.03 %.

2-2-2. Glu-Fe(II) TPPS DA ER 24

Scheme 3-2. Synthesis of Glu-Fe(lll)TPPS.

1) FeCl, - 4H,0 / DMF

2) ion exchange (Na form)

EMEHEIE AT AT 72100 mL A7 5 222, DMF 20 mL # /%, %
Z\Z Glu-TPPS Na salt (25.5 mg, 0.024 mmol)Z N %, MR Z2 FiRIZRH. 30 7
W RET, TD%, BMUGHR%Z 110 °C 12D, FeCl« 4H,0 ARV 7 4 U v
[Zxt L 30 HEM A, 1 ERERINBGER Lz, MINRERO—HE]Y, A%/ —)L
THWRL, HAART MAZRTEL, 7 U ==KV T 4 U o HROEIEHH
WL Z e 2B Lic, TO%., BWIEZBIERE L, D EOZRE KRS,
A A v~ 7T 7 4 —(DOWEX MARATHON 51 7 > 2 fufstfi§ Na
TB) (EBREEEE « AT LY | T 5 Z & CaERoERDE ST, =D
B E D BEORA LY ) —/VTERIE, 7 M A K BB S E, BaEk s
B7-(I&E 26 mg, UL 69 %),
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MS (MALDI-TOF, a-cyano-4-hydroxycinnamic acid, negative mode) m/z 1057.0 (calcd
for [M—CI-2Na] : 1057.1). UV-vis (pH 3.0) Amax 395 nm (Soret), 527 nm (Q-band).

2-3. RGBSR L OB

2-3-1. O, BiFniE 3 L O CO B iR &

Glu-hemoCD DEEFE IR (0,~Glu-hemoCD) % LA F D X S IZFHHRL L7z, bk
(IIN)® Glu-Fe(II)TPPS (2%} L C Py3CD % 1.2 Y% &I %, met-Glu-hemoCD A |k v
7 R 2 i U 7=, met-Glu-hemoCD AR IZIEFIED /A Fat L7 7 A M) b
U 7 A(NaxS:00)Z M %, Fbgkzd i~ L8 L7z, % D NaxS:04 38 L NE D
53 iR % Sephadex G-25 Z S L7 7 VAl 7 MM X > TV RE, 2 b0
AHREPEICHND A Ny ZIRIRE Uiz, 728, 2 O #OB/EIXFIREILERK
TIZEWTITo 72, BREZEOBKRIZERF ORI LA LTz 0-Glu-
hemoCD TH -7z, O HAMERIE DS, —EDHTIRG L7z 02 & No DIRE
A ZENEE 1 ecm O T AV HIZAILTZ 3 mL PBS E#K(pH 7.4)~ 10 43
A7V 7 L, &2~ 0Glu-hemoCD Z Mz, S 521 RGN AZ T
Uo7 LTt WINARY MVERIE LTz, CO BUFMERIEDHA, —EDKT
BALIZCO & O DIRAT A% Oy DA L RO FETHIE EIT- 72,

2-32. L—WY—TUFvvar7x b TRAE

0>—Glu-hemoCD #&FIKIZ 02 1 L < (£ CO /X7 U 7 L, 0>~Glu-hemoCD 5 L OY
Glu-hemoCD @ CO A (CO-Glu-hemoCD) % 157=, JeE lem OB/ Z
72 2.5 mL @ 0,-Glu-hemoCD 35 & 18 CO-Glu-hemoCD ¢ PBS V&% (pH 7.4)IZ5%F L
TL—H%—(532nm, »/LA1E Sns)% 4%, 0,-Glu-hemoCD Tl 525 nm, CO-
Glu-hemoCD Tl 422 nm OW S EE ORI AZB BRI L=, L—PF—I2L 5 0B
F Y CO R DS G RFRIZ BT 2 WL E ORI kI L, —IRDBUGH
ERIZWED B —T 7 4 T 4 T EBATV, R EE kovs™ 2 FLH LT
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3. BRBLUER
3-1. Glu-Fe(ILI)TPPS DA AL

W ENTHRE SN AT IZB T WL DO EITHE L U . =AY A B
ICHNAXREEEA LI LICX D, T AEEEROBEFZRIEN W ESH7-
4D Do T IV X PO OMBIEIL & UTHREET 2 Z LRI STz,
AFZETIE, IR HEA LRV T 0 U v a5 TiE L, Ak sl
T B0, BT LV DAY T 2=V O/ MICT I RiEE Tl
L7 DRI VAR A A LT, 43 73 Y 7 F SCIGRESSIZ XL 1 |
Glu-Fe(II)TPPS D €7 /L & #SE L 7= (Figure 3-6), Glu-Fe(III)TPPS |23V C
RSO IR F VR H D O L7 bHLE~DIEEEL 8.704 A TH Y |
HLDERADICKS A L7 02 B L<IL CO ~HRIZHAEH TE 2 CH L &5
2 HiD,

(a) Interatomic distance of O-Fe
8.704 A

Figure 3—-6. (a) The 3D model structure of Glu-FeTPPS was obtained using
CONFLEX/MM3 (extensive search) calculations in the Scigress version 2.2.1 software
program (Fujitsu, Japan). (b) Structures of Glu-hemoCD.

Scheme 3-1 IZfE» T, Y7 mrBu A X P TTIELEEKYIL o
monoaminoTPPS D7 X / FD KRB BT LV BB L. Glu-TPPS DH R A 1T
ST, BEEIRTH D Glu-Fe(III)TPPS |Z Glu-TPPS & FeCl, * 4H,0 % DMF H T
JESHD T EIZ K V1572 (Scheme 3-2), HERUIGA A RMah T L ma~w N T T
T4 =XV T T,
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3-2. Glu-Fe(III)TPPS & Py3CD & DEEEZE)

Glu-Fe(IITPPS 23> 7 17 % A h U o “BIKTH 5 Py3CD & D85 A (met—
Glu-hemoCD) Z KT 5 DN DV THEFT 21T © 7o, B /LN O Glu-Fe(IIN) TPPS &
JE(6.4x10°M) % —EIZLR D, Py3CD D JE % 28 L ST 25°C (28 W TR A
A7 VERE LTz, BIEREF % Figure 3-7 1281, Y — L —F 0 hmax I 408 nm
N5 418 nm ~, Q X 568 nm, 610 nm 7>5 571 nm -~ & IV (413 nm) % i@
NI HT 7 MLz, ZNHDARY MVEAGIL pH 8.0 DU U BAKREAIR .
25 °C |Z81F 5 Fe(IlI)TPPS & Py3CD & O al#EEE{A(met-hemoCD1)D A7 kL
TAbE L —F L= ™, F-Z0AT MAVERITEEARLT U T LT
Py3CD Z#%SFE/NEMNX TR L, ZOREBILIIR N -T2, T &
725 Glu-Fe(IINTPPS 1% Py3CD & FEH IZLER 1:1 O A (met-Glu-hemoCD)
BT HZENHLNERY . AT PALORIRE L —HLTnWHZ &
5. O met-hemoCD & HELIT 5 Z & 3RIZ ST,

418 nm
408 nm
08 !
'\ 0.3
I €
o [ ) [ ] [ [ ]
06 §o2 o
©
3 2 ’
% P 0.1 °
2 5
3 04 | 1:1 molar ratio
O i
< 0.5 1.0 1.5 2.0
[Py3CD] / [Glu-Fe(lll) TPPS]
0.2
0 .
300 400 500 600 700

Wavelength / nm

Figure 3-7. UV-vis spectral changes of Glu-Fe(III)TPPS (6.4 x 10° M) upon addition
of Py3CD in PBS at pH 7.4 and 25 °C. The inset shows a plot of the changes in absorbance
of Glu-Fe(IITI)TPPS at 425 nm versus [Py3CD].
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3-3. Glu-Fe(II)TPPS / Py3CD ‘S#EFE K (met—Glu-hemoCD) D #hE (7 258}

pH #Zb S ER N ORI AT b a8+ 52 212K > T, Glu-
Fe(IIT)TPPS / Py3CD ‘& #5& (A (met—Glu-hemoCD) D #HELNAL ZEEN 12 DUV THE 21T
> 72, HIE T Glu-Fe(IIHTPPS & % ™ 1.2 5§D Py3CD % A7 72 0.1 M NaClO4
KR KT U CGRIERFKAR 2 M AT pH % 12 205 2 £ TEBMIC FIFTwn
Sl & EOWINAT ML Z B L 7, #5HR % Figure 3-8a [Z/” 7§, pH D%
BT T BRI A T R VTSR IR (412 nm) Z 38 Y 72 53 5 HULERIZ OH 723
MEL7ZE/ B Radk JKZR9 419 nm 72257 7 7K %Z759 400 nm ~& 27 k
L7z, ZbDiH KE D o7 400 nm (28T WO EZ L Z pHIZH LT 1 v
U7z, ZOfE R % Figure 3-8b (27”7, £72 400 nm (ZHBW Thie b LD K E )
ST pH4 B 7TITHBWT, fEEh% pH, #tfl 2 log(A-Ao)(A—A) 1 & L, 7y
N L72H D% Figure 3-9a 2”7, ZOROT 7y MIEMR LR, HE 3@
FRBEEENICB B3 2 7' e b AR IR, E o BB E(pKa) DB log(A-
Ao)(Au—A)=0 DIFDO pHAE & L TRO7=, ZDfER, met-Glu-hemoCD (3 Figure
39a MO T 7 TEANLFD pKa 1 5.5 ERMH L, ZHUTHRE SN TV D met-
hemoCD D& H(pKa=5.5) EFENIT & A ERR T2, A RIER = -2k,
met-Glu-hemoCD D # /LR ¥ T ED pK, TlE72 <, Glu-Fe(IIHTPPS OE / & R
13X VRIS T 7 TIRA~DZEA & B % i D (Figure 3-9b),

(@) 400 nm (b)
419 nm
H12.0 0.7
0.6 P l : E L.o“o.
8 06 L
3 pH 2.1 = °
S 04 ® .
o) Q 0.5 ®
o © [ ]
0 Ke)
: 5 .
0.2 § 0.4 ...
Sogg000 sname ¢ a0t
0.3 A A . A )
0 B . 2 4 6 8 10 12
300 400 500 600 700 pH

Wavelength / nm

Figure 3-8. UV-vis spectral changes of met—Glu-hemoCD (3.8 uM) in aqueous
solution (0.1M NaClO4) as a function of pH: pH change from 12.0to 2.1 (a). Absorbance
change at 400 nm of met—Glu-hemoCD (3.8 uM) in aqueous solution (0.1M NaClO4)
as a function of pH (pH change from 12.0 to 2.1) (b).
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(@) (b)

1.5
T 1.0
< (HQ_o 0,0
< 0% o pK, 5.5 :
= [ Fell ] [ Fg'” ]
10 s (™ s N,
: L1 s L
S 05 high low

-1.0 PH

-1.5

4 5 6 7

Figure 3-9. Plot of log{ (A—Ao)(A~—A)'} at 400 nm versus pH for determining pK (a).

Equilibria for the met—Glu-hemoCD in aqueous solution (b).

3-4. Glu-Fe(III)TPPS / Py3CD H#8E & (met—-Glu-hemoCD) @ EPR BIEIZ L 5
BUALIR BB DFER

Boitrel DIFENMANZ I VR XL EZEANLTLA N T v TRLT 4V ThD
aa-OCAPFe (Figure 3-5)Tld, A T v FBRLIRTH L7, FVRF T HNH
DERIZEAL LTV D Z &2 X FMEEMIT L VI B E e o 7249, S 512, Fe(ll)
TIE, INIECAL 738 KOV VAR 2 A Fe(IDIZEINL L. 6 BN A B 85T
HHZ L NMR A7 FBLO X BAEEMENT L0 R L7, met-Glu-
hemoCD HLMROE FIRIEZ R T 272012, B A B ILIEEPR)MIE 21T -
72 FIE 1L pH 7.4 {280 T met-Glu-hemoCD 35 X OV R ZEER & L C met-hemoCD
DIRBEIRRERIC L D ERE S, 7T7TKICT T 72, £ OFER % Figure 3-10 (2
759, met-hemoCD & bG35 &, AT MARIEFICLLS —FEHLTWwWasZ &n
S HFULERITERAI) B A B RBE(g = 6.11, 2.02) 2 L > TWDH Z LIRS N7
(Figure 3—-10b), L 72735 T pH 7.4 T met-Glu-hemoCD (% met-hemoCD & [A] U <
OH BN L TWD 5 Bfim A E U RATH D & FE 2 bivsd, EPR BL U LR
D pKa JIEDFERDS met-hemoCD & B —FH L TWEZ &b, FHEFEETIE
MIBHICEA LTI NVARF T — FREAIIEA L CWAH Z L1372 E3Z% 9 TH
Do
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g=6.07 | (@) pH 7.4 met-hemoCD1

g=2.01 SULLS
g=6.11"
(b) pH 7.4 met—Glu-hemoCD
(HQ_o
OH
™
pp— g=2.02 N
I R, STTVIR —————— SU_LS
0 250 500

Magnetic field / mT

Figure 3-10. EPR spectra of (a) met-hemoCD and (b) met—-Glu-hemoCD. Solvent and
temperature: 0.05 M phosphate buffer saline at pH 7.4 and 77 K. [Fe(IlI)TPPS] = 0.47
uM, [Py3CD] = 0.58 uM, [Glu-Fe(III)TPPS] = 0.29 uM, [Py3CD] = 0.4 uM.

3-5. Glu-hemoCD ® 0, B X CO #EE 28

0, BLWCO A S H 572912 met—-Glu-hemoCD (ZxF L TiIe K| TH 5
A Raet Ty A4 5 U T ANaS:04) % M2 THOLEZ =i 6 Zfli~ & &
Jt. Sephadex G-25 D7 IV A H T LT L > THE L, 0,8 XN CO AN ZEN
FIIERLFTREDN & 2 hE gt L=, ZE58aFfn@ pH 7.4, PBS 3 mL C#k _fliIZiE
It L. K% D Glu-hemoCD D A b v 7 IRiR 7R L. 25°C DRIV TR
WA PVEREST DL, YV — =8 Ohmax 14 422 nm, Q Hr DKL 543 nm
(2 Z 7= (Figure 3—11a), JIER D22 EAFIOVEHRIZ 5 /7 EFRN) W A &8
TV T L, Y= hmax X 421 nm, Q O RIL 525 nm ~E 2L LT-, &
SIZE TR~ 5 530 CO HAZENT Y U TRITRIL AR ML ERIE LT &
ZAH Vb mOMEFIRELSRY | Anax 1T 422 nm IZBHI ST, T HD
ARYT BV Dhmax BERY — L —HOEIT, TAETICHESNATWNDS
hemoCD1 ® pH 7.0 U »FAREREAK FIZI 1T D O (A (O2-hemoCD1, Amax =423
nm)F £ TN CO MR (CO-hemoCD1, Amax = 422 nm)D A7 fL & KL< —FH LT

-74 -



2, AR T 4 U DY Py3CD (2 HE S 72K BE(deoxy—hemoCD1, Amax =
434 nm)D AT R UIZBWTIE Y — L —#OWRINBRKEENRKE S B o7z

(Figure 3—-11b),

(a) (b)

Cco
Amax = 422 nm

Absorbance
Absorbance

CO
deoxy 539 nm
525 nm

0,
543 nm

0
300 400 500 600 700 300 400 500 600 700
Wavelength / nm

Wavelength / nm

Figure 3—11. (a) UV-vis spectra of Glu-hemoCD ([Glu-Fe(II)TPPS] = 5.5 x 107° mM,
[Py3CD] = 6.6 x 10> mM) under air (red), N2 (blue), and CO (black) atmospheres in PBS
at pH 7.4 and 25 °C. (b) UV-vis spectra of hemoCD1 under air (red), N2 (blue), and CO

(black) atmospheres in PBS at pH 7.4 and 25 °C.

(HQ_o
1.0 Amax = 421 nm OH
deoxy—Glu-hemoCD with Na,S,04 E F m E
e
0.8 N
S ]A5
8 F
0.6
3 reduced by excess
é Na28204
204
0.2
0
300 400 500 600 700

Wavelength / nm

Figure 3—12. UV-vis spectra of Glu-hemoCD with excess Na2S>04in PBS at pH 7.4 and
25 °C.([Py3CD] = 6.0 x 10° mM, [Glu-Fe(III)TPPS] = 4.9 x 10~ mM)
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No HAZNT Y T LT DRINA 7 R VL deoxy R E 9 a5 7=
DIZ, NaxS:04 fF7E P2 W T, HULEk Al ® deoxy—Glu-hemoCD MWL A~
KL ZHIE L7z (Figure 3-12), NaxS,04 FIAFE F TP Glu-hemoCD D A7 K
T Ny X7 Y U TH%DED ERIERIC I T2, (2T, N X7 U 7% D Glu-
hemoCD DA77 FUE deoxy K THDH EZZHNDHD, Y — L —H D hmax 1
deoxy-hemoCD1 &ITHERDHZ ENHALMNERST, ZOZ LT TOLHICH
oD, RV 7 4 ) OREHITEAN LT VAR ¥ 27— MMEATER L7z f#Edhr
ZRENOFER S FOERAIIZ T EE L 220D, FLERADICITEEZ MIF L TR
D deoxy KD AT RS O I TH D Z E MBIV RF T T — bR
HLODERADIZ KT L CTEAAL L CORELIRRE & 72 > TV 5D JREME DN S 2 B 41 5 (Figure
3-12), IS5 B VAR 5 U F R HULERAINIZ TR 2 L 720 A3 Glu-hemoCD O 1RIEH
DFHRTH DT, deoxy IRIZHBWTIFHLERAN EAHANEHT S Z LR S
Nz, ZOMEZFENT 5722 deoxy-hemoCD1 (Zxf L CH/VR AN Z .
HI VIR EEDS LR ADIZENL T 2 DN O WTHET 21T > 72, ' /LIC pH
7.4 O PBS 2.5 mL & AL, # 21T NaxS:04 1 K V&L L, 18 L7 hemoCD1 2
FE0.84 x 10° M)Z —EIZR b, e U BOBEEZE(L ST 5T 15 43
No X7V 7L, +3CiligE 24T >7- ET 25 °C IZBWTHIRARY R L&
H7E L 7= (Figure 3—13),

433 nm E Fe' E
S N\ S
C,HsCOOH deoxy—hemoCD1
© 200 eq O
e \
C
E | G
S \
8 | 1000 eq
< ‘: o)
NG
‘528 nm
0 —— s M s
300 400 500 600 700 \L)\/

Wavelength / nm

Figure 3—13. UV-vis spectra of deoxy—hemoCD1 (0.84 uM) upon addition of propionic
acid in PBS at pH 7.4 and 25 °C.

-76 -



deoxy—hemoCD Dhmax TH D 433nm D E— 7 N7 v B4 Va2 582 ki
WCHEBERERI~Y 7 b L, &K 42 nm ~E (L Lz, ZOBED Q #oH i
528nm TH Y . HE STV D deoxy-hemoCD13¥ & —E LT\ 5H 728, Z Dk
ROOMZ =27 v B©F WO VERF T Z— b hemoCD O HULERINIZ % LT
Bz L CWDH EEBZxBND, ZDZ L6, Figure 3-1la (T3 LT\ 5D Np N7

Y > 7% D Glu-hemoCD (2B W THIBED B VAR %2 T — kSO LA BT L,
6L THDHZ RN E ST,

KIZ, Glu-hemoCD @ O, BIFIMET L OV CO BIFIEIZ OV T ORI E1T > 72,
REFAMED B L 722 P12, P1o®0 1% 50 % Glu-hemoCD 73 12 02 % L < I
CO MBNLT 5 & D3 EPO?, POY%EERT, pH 7.4, 25°C O PBS 1T, £kx 7
0, BL T CO EIZFNTHLEED i DOHRAE T Glu-hemoCD DWIL AT |
NERE L, BONTEWRIEEEL(AA)E 08 L OV CO /3 E (PP 38 L T PO X
LT my b, BONTHEND P2 2 /B HZ N TEDS, P %
KD BRI HONWTITEBIRT 5,

O BRI E X — DT 02 & No BIRE Lo A% 10 43[R & IA A Chafn
XH72pH 7.4 ® PBS HTC NaxS:04 I L V&L L, FAAHEH T AL 0 ERIL
72 Glu-hemoCD DA kv 7Rk &R LT-1%., L E2EE LRINAY L
HE LTz, ZOWIN AT hVE{L% Figure 3-14a (2779, hemoCD1 D4 &
F72 0 | deoxy K& Oy fHIMARD Y — L — 8 Dhmax DZALDI/ NS W02, 21k
DRKEN Q HDANRT ML ZBIIILT-, Glu-hemoCD @ deoxy ARIZH KT
LWL AT RViL Oy BIED BRI > THEWRIN A Z @Y 72535 0,-Glu-
hemoCD DAl % 779 AT R L~ L2 L LT o 72, OB (AA) 2 VLT
FHE L 72857 1 {[02—~Glu-hemoCD] / [deoxy—Glu-hemoCD] +[O>~Glu-hemoCD]}
Z Oy EICKT LTy b Lizb DO(FEEMEEIh#R)%Z Figure 3-14c (77,
Figure 3—14¢ 7> 5 Glu-hemoCD @ pH 7.4 @ PBS H, 25°C (28T 5 P12 OfElE
11 £2 Torr & 72> 7=(Table 3-1),

CO BFMERIE DT OIZ—E DT 0, & CO ZIRE LT A% 10 /7R & A
AT X 72 pH 7.4 @ PBS HC Glu-hemoCD D A b v 7 &K & F R L7114
TN EEE LRI AY "V ERIE LT, EOWIN AT sV L% Figure 3—
14b 12789, 0-Glu-hemoCD DWUL AT kLl CO 3 ED EFHAZ - TEK
WRZEY 7236 CO MIMMEDERKREZRT AT F~EZ{L LT oTz, &
HEEI(AA)Z CO 3 EIZR LT v v b L7zkE R % Figure 3-14d (277,
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0.04
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o 0.03 q .
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< <= M=P /P =2250
002 ¢ Py292 =11 + 2 Torr | 4 12 12
L
001 {] 001 P20 = (4.9 +1.0) x 103 Torr
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P2 [ torr P20 / torr

Figure 3-14. (a) UV-vis spectaral changes of Glu-hemoCD ([Glu-Fe(II)TPPS 1= 1.2 x
10 M, [Py3CD] = 1.8 x 10 M) as a function of the O, partial pressure (P°?) in N in
PBS at pH 7.4 and 25 °C. (c) Changes in absorbance at 525 nm as a fuction of P°2. The
solid line indicates the theoretical curve to determine P12°2. (b) UV-vis spectaral changes
of Glu-hemoCD ([Glu-Fe(II)TPPS ] =4.7 x 10> M, [Py3CD] = 5.6 x 10> M) as a function
of the CO partial pressure (P°) in O2 in PBS at pH 7.4 and 25 °C. (d) Changes in

absorbance at 422 nm as a fuction of P<©. The solid line indicates the theoretical curve to

determine P1,C.

Figure 3-14d DU O EHE P10 OEZ RFESH 2 Z LI TERV, Pt OFE
#1% deoxy—Glu-hemoCD & CO-Glu-hemoCD 3 [FRIEAFLET HEED CO 3 ETH
%, L2ALAEIOHEETIX CO X 2BMENIFFITH WO, 0-Glu-
hemoCD 7>% CO-Glu-hemoCD ~DZAbLZBHI L, Pi1p*? DEZHWS Z &2 X
D . P10 DIE% MAEWP1LC? | PinfO)B L O P12 W TR L=, AlEld CO
BUFPE O E 13 0>—-Glu-hemoCD 7> 5 CO-Glu-hemoCD D 28L& BLHI L 7272912,
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Figure 3-14d OHifR LV RD SN7= M EIX, 0>-Glu-hemoCD & & CO-Glu-
hemoCD M [REFIET HBED CO L 70, £ 20D CO BELZDIED O,
“Fﬂ%Mﬁ%D%k*@tﬂﬁbEﬁﬁ_kwT?wWim%iUCOﬁ
AT SN TNDTDIT, ZORED O 3 EITAEAEREN D CO EEF W
bDEFEXT, Fi-, Mf BEOP,02 (11 Torr) DGR % VLT, PI,ZCO(Pl/zoz/M)
ZRE L, TR, Glu-hemoCD @ pH7.4 @ PBS H1, 25°C (28T % P °
DAEI(4.9 £ 1) x 103 Torr & 72> 7= (Table 3-1),

Glu-hemoCD @ P1,0%C0 M EORIERF I L O 40TV % hemoCD1 @
P1p0%%C0 MAE 3% Table3—-1 IZF & DD, Pi1p%? Tlid, BENMNANZ LR FED
BAZLIT - T2BRIZEB VT hemoCD1 & X T Glu-hemoCD (22U Tl P1»°% D
DRERBRECITIAR N o7z, LU, BAANZ VR HEOBEAEITH Z
E TP DMEITHKIB00FE T L7 Z E XD P ONME T L2 &k,
Fie FEBIRM: & 2o M E(P12°% / P10 D KIE 22380 S S ut=, CO BFntE
FZLUE T LD BIFENR L7k ~D VR T — N OFEIIK D L H#E
HEL05, FH#HIT GlushemoCD @ 0, B LT CO fEEHEE & & BT 3-1-6 HIZ
TELRT D,

Table 3—1. The O, and CO binding affinities (P12L, L= O or CO, Torr) and the O»/CO
selectivity (M) of Glu-hemoCD and hemoCD1 at 25°C.

P 1,,%2/Torr P 1,0 Torr M conditions
Glu-hemoCD 11 +2 (4.9+1)x 103 2250 phosphate buffer saline (pH 7.4), 25°C.
hemoCD1 10+£2 1.5 % 1075 6.7 x 1075  phosphate buffer (pH 7.0), 25°C.

RIZ O2-Glu-hemoCD @ HENRLE S DORIE 21772 - 72, 02-Glu-hemoCD D W
LAY R VAL %A pH 7.4 D PBS H1, 25°COKM FIZBWCHIE 21To7-, &

DRI AT s VAL % Figure 3—15 (2~ d, B OF@IZ E 7> TARY |
JVIFHEWIRZ Y 2362 b L, Y — b —H Dhmax I£ 423 nm 225 420 nm ~

BV LTy & DAY K LT met-hemoCD1 D A7 RV HIFIE—E L7=2
M B ST AT FVELLIE Fe'“O1 851K 5 Fel"OH $H{AR~ 0 H #hjig
BIZEDHDTHD EEZBILD, Glu-hemoCD (22Tl 423 nm (281 5%
FeEEZAvIZx L, IRAUTTR TR O Sl = _%ob\fﬁﬁﬁ%fﬁof:o
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kobs

0,—Glu-hemoCD —— met-Glu-hemoCD (3-1)

In {(A, - A.) / (Ag- A.)} = - kops t (3-2)

Z 2T Ao IXHIEBHIARE, Awld met-Glu-hemoCD, A, IXFEH ¢ 12351F % 422 nm
DYWL % 7R Uy kobs 12 HBRILSUGICIB T D REEEHK TH 5, X(B-2)IC
PEVN, In {(Ar-Ax)/ (Ao- Ax)} = - kovst ZIRF[H] £ IZXF LT b L7cH D% Figure
3-15 OFAKNIR T, ZOIEEFROM X 12 KV 1G 6 N 7 BE—UORE ER) H K
DT At = In 2/ kovs)lE 124 h TH D Z EWBo3hr-7=(pH 7.4, 25 °C), O
hemoCDI1 (#;> = 30 h, in phosphate buffer at pH 7 and 25°C)3Y & b9 2% & | ALl
(ZANRFVERELEAN L2 & THBIB AU T 2N 2 fFLL EREL<
RORERE oo Tz, VAR D IITMMEE REX TR T L OBIFIERE L, v
BT XA NY AL o TR SN D BUKG R ICFET 5 L Bbh b 7291,
KOBADBEGZIY | BRERP AN LE SN ENBLA LD,

0.7
423nm 30
0.6 <
<20
= 4
0.5 < .
10
F o2 kox = 0.056 h""
8 | ! .. t1/2=12.4h
c 04 ¢
g | 0
5 0 10 20 30 40 50
8 t/ min
<

O = =
300 400 500 600 700
Wavelength / nm

Figure 3—-15. UV-vis spectral changes in autoxidation of the O, adduct of Glu-hemoCD
in PBS at pH 7.0 and 25 °C Inset: first-order plot based on the absorbance changes at 423

nm. Scans were made at 144 min intervals.
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3-6. Glu-hemoCD ® O, B L WX CO FEEHBE

met-Glu-hemoCD &K I Z 18 Fl 5 0D NaxS204 Z i % 08k A i~ & 3EIe LT,
T D NaxS204 33 & ONE D43 fif¥n % Sephadex G-25 % FIH L7277 )V Ai 1 F MIC
Lo THYBRE, ZOAEEZHEIZHND A Ny Z7IEKRE LTz, 7ok, 20—
ORI FIRFIE FIZB W T To 2720, g OEIRITER T OmE L e
L 72 0>-Glu-hemoCD ThH -7z, DK 91235472 0>-Glu-hemoCD D A |
IR EFRMLCL—F—=T7F v a7 M ZAEICHV, pH 74 @ PBS
1. 25°C DFMHFIZBWTHIEZIT 72, 023 KT CO DFEA (kon) 33 K OMEfEE
FEEB ko) 2 R TE LT, L —F—MRCI T 5 O I L OV CO MR D K
SRR TR TR I NS,

L-Glu-hemoCD —% Glu-hemoCD + L (3-3)
k()nL

Glu-hemoCD + L === L-Glu-hemoCD (3 _4)
ko

ZZTLIXY Ay RO £721X CO)EZE T, Glu-hemoCD DIRFEIZKR LT U
RORFEDEE & 72 5504 C, Lb—V—BEZICEAI EN 5 Glu-hemoCD D
KEORFEIE b ZFidk L, ZiUCk L CT—WRD IS ERUZIE D BT 217 -
77e TDEE DO URIEEEE kobst 1E kon B X W kose 2 W THRATER NS,

kobsL: konL [L] + koffL (3—5)

02-Glu-hemoCD 33 &2 Y CO-Glu-hemoCD % & ¢¢ pH 7.4 @ PBS {FHRIZxf L, 532
nm O L ——2% M5 L72KE 525 3 KOV 422 nm OWSEE OV % Figure
3-16a ¥ LU 3-16b (12~ T, L— P —HURTEOWEEE OFRFMZLIZ% L T—&kD
FOGERERICE S MR/ DN A RIEIC LD —T 7 4T 0 7LD,V
Ty ROFEGITHRT D — VR E I kovs™ KD T2, K((B-5) L0 | IEED O
EZEASETENLETND O IREIZHBIT D kovs®?? ZRIE L. kovs®? X[02]7 1 &
R (Figure 3—-17)231F 2B IR DB E 206 kon®? ZRTE L7T2, kottO? 1TIRADN D
BH LT,
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K= (CLIDI/ZL)_l = konL/ koﬁL (3_6)

ZZTKYEY Y RO Glu-hemoCD ~DEMLIZI 1T DFEAES., CHix) H v
R 25°CIZE 1T B KIZH T DML (02 DA, C0?=1.67x10°M Torr ) T
%o LLEDOIHTORER, kan®? 3 X W ot 1XZNZ I 2.3 x 10°M s I LT 42.1
s LIRE LTz, CO DFENTIZIHBWTIE KO NIEFIZRE W=D, GBI
T kobs®© = konO[COV LT 2 Z ENTE D, 15T, ko 1X CO DAIFIIRIK
([COT=9.6 x 10* MNZHIT D kobs©® ZIRTE L, ZNE[COITHIAD Z LIZL-»TH
H U720 ko @ XD HHEH L72(CP=1.26 X 10° M Tort™), kops"© *[CO] 7" &2
> I % Figure 3-17 1Z/RF, 2O DFHTORTER. kan© B XD kot 1 X ENZE I
15x10°M ' s TR X093 x104s! LIE LT,

(a) (b)
2.0
O, CO
O Hhmiviy
o 10 422 nm
o -5.0
% °?
x o
g 10 % -100
& E
3 o5 § -15.0
525 nm
% -20.0
0
-25.0
-30.0
-04 041 0.6 11 1.6 21 2.6 3.1 3.6 10 O 10 20 30 40 50 60 70 80 90
Time (ms)

Time (ms)

Figure 3-16. (a) The time courses for O, association with Glu-hemoCD generated by
laser flash photolysis of O>—Glu-hemoCD in PBS at pH 7.4 and 25 °C. (b) The time
courses for CO association with Glu-hemoCD generated by laser flash photolysis of CO—
Glu-hemoCD in PBS at pH 7.4 and 25 °C. The reaction were carried out by using a laser
flash photolysis system with Nd : YAG laser (532 nm).
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Figure 3-17. (a) Plot of the observed rate constant, kobns"2, for dioxygen association with
Glu-hemoCD versus [O:]. Each rate was followed after O>—Glu-hemoCD was dissociated
by laser flash photolysis. (b) Plot of the observed rate constant, kons"°, for dioxygen
association with Glu-hemoCD versus [CO]. Each rate was followed after CO-Glu-
hemoCD was dissociated by laser flash photolysis.

Table 3-2. Kinetic and thermodynamic parameters for Oz binding of Glu-hemoCD and
hemoCD1 at 25°C.

kon 22/ M1s™1 koitO2 1 871 Koo ! M1 P 4,,°%Torr
Glu-hemoCD 2.3 x 108 42.1 5.46 x 10 11£2
hemoCD1 4.7 x 107 1.3x 103 3.62x 10* 10+2

Scheme 3-3. The mechanism of O,—bound Glu-hemoCD1.

0 0]
& C—O(H) 5 3-
(W .
FTGII _ an
N koff02 :

[ N

Z \JT\)\/
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hemoCD1 OfER & H#ET 5 &, 02 DA, Glu-hemoCD @ kon©? (2.3 x 10 M
s % hemoCD1 D (4.7 x 107 M1 s D 20 43D 1 FEEEIZAL T L 7= (Table 3-2), =
AU B A L7 B VR 5 VB Fe(IDITEANT L TV B 7210, BRFE DENLN
L 7o 122 ENE 2 B A5 (Scheme 3-3), O2-Glu-hemoCD 7> & O fREIEH 5 (for®> =
42.15)1% hemoCDI1 (1.3 x 10°s ") & lb_RTE L <K F LT\ % (Table 3-2), ZAuiEH L
FRAD~FEA LTV DEEEE L IBHD I LR 5 2k & O BT/ PR~ F EAEH X
0 EFE 2 LEAL ST 2 &3 X B D (Scheme 3-3), O fifi &35 & OV B 5 1
FMERER T LIZZ 20, fERE LT hemoCD1 & Glu-hemoCD (XH FE Y
Or BIFIMPEIZE W22 < 7o o TN D,

CO DEFAEITEBNTH BVRF ENFL Fe(IDIZENL L TV D 7212, kon™©
(1.5 x 10° M s71)iZ hemoCD1 (1.3 x 10’ M s ) X ¥ &, 100 fFFE{K T L 7=(Table 3—
3) (Scheme 3—4), CO-Glu-hemoCD 7> & DR FE (koit© = 9.3 x 10*s71){% hemoCD
(25x104s XD D ULEIML TS, ZORER.COMAHEENELIKT L,
CO fREBEREN FH- L7-Z 12X Y  hemoCD1 (Z kX T Glu-hemoCD @ CO #ifi
PEIZEZE LIE T LTV D,

Table 3-3. Kinetic and thermodynamic parameters for CO binding of Glu-hemoCD and
hemoCD1 at 25°C.

konC I M5 kot®© 1 571 Kco! M~ P 4,2°CrTorr
Glu-hemoCD 1.5 % 105 9.3x 1074 1.61x 108 (49+1)x 1073
hemoCD1 1.3 x 107 25x10™4 5.20 x 1010 1.5% 1075

Scheme 3—4. The mechanism of CO-bound Glu-hemoCD]1.

0 O\\ _ \Q
C- 0] o+
OH
( g( ) k. CO (5 ul
: .
Flell F,e”
N, K, CO N,
S ° oV

CO 1B LTI Glu-hemoCD 071 /LR ¥ L Hm “HHEA D O JF -3 IINT
BAAL COD O JHFDOR TEFRFENEL D Z L3E X LIS (Scheme 3-4),
Naruta HIE. R 7 4 U Oiiflict Ra$ v EarBA LY A raaxy k
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RV U (TCPs) (Figure 3-3¢) &k al L7z 242, 613V A v avxy MRV
T4V ISy N T2 ARV T 4 ) e HET D & 0,/CO DOBIRMEE K E
SMELFEZEERE L, AAT7 4V OmANCEAL-E Faxi o~
2R 0y EARE/BEEIKT D Z & T 0r-Fe()iE A %222 B/l & 7= (Scheme
3-5a), £, T~ AN MLVORPEFRER LD | 550 CO-Fe(IDfE &3 L UNE
HANZ CO DOMfEREINBII Sz 229, fEoide Mo X U RoOER 036
DHNLE A3 & CO D O JRF DM TEFIENE L, CO IZxF L TADMmMENR
MEI Z 22X, ZORIEITLEN, CO D OJRF-NE AL, CHRTNETFE
JEIRAEIZ 720 . LG OWE 5N E D, CO-Fe(ID)fi & 2 RN E S
. COBMMENE LB L= Z & 2522 L 7-(Scheme 3-5b),

Scheme 3-5. Negative polar effect and hydrogen bonding in CO and O, adducts TCP-
IM and TCP-PY synthesized by Naruta et al. 2425

(@)

o, °
_F.e"_ > —Fe”—
L L
deoxy O, adduct
(b)
O oy
O o-H o ) Negative polar effect
e “?' Qo+
Cco ¢ 5
_F.e"_ [ _F'e"__
L L
)
deoxy CO adduct

IKHTIE I V7R B D IR E A (pKa) DAEITAY 5.0 TH D72, SED
FERTIL pH 7.4 ® PBS Z 5 Z & T, Glu-hemoCD IS D 77 /L 7R 2 o FL 3R
BELCTWA EHERIE NS, LvL, DAARFIENEHEL TWABE, IALRF
T — b A (-COONE 02 D O Ji L EFEEB DAL DT80, O Ofif B
kot ONTFL 725 Z EMEZ BN D, Z UL 00-Glu-hemoCD 0 kops©? JHI 1 i 5 &
FJET %, Glu-hemoCD DRI FTHK TH D7D, B /LR 51 Fe(I)IZRELL
LTWAZENFIRD 3-1-5IEHTHL o7z, ZDOZ G, HIVRF VA
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v/ a7 %A MY v ZRBIRPY3CD)IC X 0 S S L7 BUKES O TR E A7
ETHEEZOND, - T, BVERF U EIT Py3CD I L - TER S ui- Bk
PER A L0 R#ESNT-7- 012, FEMRBER CIEET 2 2 L HE &N 5, I,
FRAMRILSY FEHER)E £ D . CO-Glu-hemoCD 0 CO MFHEBI (ve.0) & FH~7=,

3-7. CO-Glu-hemoCD @ IR BB IZI1T B BIERN R OBt

met-Glu-hemoCD % Nax$:04 TiEJL L, Z DEHKRIZ CO H A% 5 4N T Y
74 % Z & T CO-Glu-hemoCD &K & 15372, Z DR & IR KE /v &2 W T
ZTOFEFE IRMEEIT- T, WEIZIBNTIE 25 °C. PBS KT TV, ANy 7
770y FllEE LTPBS Z Wiz, D%, A by ZEREAN, 7L
BEZEIT -T2, EDOR5EHR% Figure 3—18a 2R T,

(a) (b) CO—hemoCD1

?

C

CO \

F:e“ = Fle“

N, N,
CO-Glu-hemoCD | Z \/E)\/

1991 cm!
(c) CO-Glu-hemoCD
CO-hemoCD1

1985 cm’ 0 b o
C- 0 o+

O(H) I

'_5 1l co .9“6

r:e r:e

N, N,
1900 1925 1950 1975 2000 2025 2050 \J\)\/ \J\)\/

Wavenumber / cm™?

Figure 3-18. (a) IR spectra of CO-hemoCD1 and CO-Glu-hemoCD (liquid cell). (b, ¢)
Negative polar effects on the back-donation from Fe(Il) to CO of the CO-bound
hemoCD1 and Glu-hemoCD.

72, il LT CO-hemoCD1 M A7 kL [RARICHIE L=, CO-hemoCDI
D CO ORFEIRENCIRE S5 /30 RIiZ 1985 em™ (2, e —27 & L CRLHIS
Ao, ST < o & T SCRRE & B —2(1985 em ™) &R L7, — . CO-Glu-
hemoCD DA 1991 cm™ |2 F 7 v — b LTI = #17- (Figure 3-18a), CO-
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Glu-hemoCD @ CO OiffEiEEN2Y CO-hemoCD1 X Y & @ik Mlicy 7 L= 2
D VR E T EIL CO 1Tk L CTRDBIESEAME < Z & 23 h - 7= (Figure
3-18¢), Naruta 5 23BH%E L7= TCP-IM @ CO O#EIREN (veo = 1994 cm ) FENT
MNP & FE - 72 W e B 7 = > ARV T ¢ U 2 (FeTPivP(1-Melm), ve.o =
1969 cm™) X 0 KIEIZE R EENZ > 7 F L7229, CO-Glu-hemoCD X Naruta &
F AL I —HLTWDLER, EHDORELK L THZORITHE Y KEL
RN EEZLND, LLRNL, 20 CO-Glu-hemoCD (28T 5 &Eiisky 7 b
X, COBFMEDIR T EFBELRZWFERTHY, WS BDOFLHIZHL LD L
N5, LT=dio> T @A 1 VR % o FRER -~ CO 43 DET % i
SNDLZEBHLNEI ST,

=
i
il

ARETEHI A7 v v OEMHOMKEEEZ hemoCD (215 L, ARAES TH
LIFT v UETVEBEL, EORE/ —BLIRBR/REEH BN L2 &
NHETH -T2, T2 CTEAANT A VAR F 2 HEE A L7z Glu-Fe(ll)TPPS D&
% %17 > 7=, I Glu-Fe(IITPPS & Py3CD & D@k A (met—-Glu-hemoCD) D
FREEENZ DUV T UV-vis A7 MUWREN D RFT %217 572, Glu-Fe(IIHTPPS %
Fe(IINTPPS & [AIAEIZ Py3CD & 1 : 1 O@BEEAREZER T 5 Z ENHBL N E 725
720 WIZ Glu-Fe(IIN)TPPS D Hlvgk A i~ & i=oe U, Bt/ — (bR FEihE & 258
D@L Z UV-vis A7 RVRITEIZ L VAT, oxy 1K, CO {RIZ- DTl hemoCD1
L RBERFE R A1 BT, deoxy IRICOW TR AR DFER L otz Y —L—
15 D Amax 7% hemoCD1 Tl 434 nm ThH 5 Z &%t L, Glu-hemoCD TlE 421 nm
Lol n, Q HOANEEI TH 72729, deoxy RIFTERL S LTV D08, fHIEH
DANVR X IEOBENRE S Tz, FTBK LTmBEEBROLZEMHIZONT
0>—Glu-hemoCD @ H#ER(L i % UV-vis A7 kL ORREFZEAL SR L7z,
hemoCD1 DERFEEERDFHF (12 =30.1 h) & L5 & | Glu-hemoCD DEEFEEK
OFFMIL 14 FEHRE L 720 | AEERINTEZ ERTRE SN, KRIZ Glu-
hemoCD DEEFEHFPE, —BR LR BB FERE %217 > 72, Glu-hemoCD @ P2
I% hemoCD1 & [AEDFRER & 72 572 h3, Pin®© 13 hemoCD1 & 9% &, 300 £%
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FEER L, ZOZEMND, hemoCDI {AIBHICEA L- WMt ERER CTH S IV
R HENBEBAEITEEZITEAEEX R0, —BILRBEBIEICT
RESEEBEZRIETZERHALMNE o7, WRICEEFE/—BRLIRFRES . fREER
FERIEIZFU N T hemoCD1 & bhi#g 5 & Glu-hemoCD D, — ML IR FE DfE
AIEEITE IR T U, BRR OMEEEE IR T L7ehy, —BR b ARS8 O MRS 1 X
KT L7, 26D Lnn  MIEITE A LT VAR 5 3 A bk (Fe(ID)) I Bl
ML TWNWDTeDICEHRL L O BLRBOREHEITIRT L, Eo@E oM
BRI VAR E MBS T VRKBR-EET HILICLVIRT L, —EbR
ROMHERIE I N R TV EOBENFIZ LY BR LI Z RS, &
#1Z CO-Glu-hemoCD DFRIMERN R DFRFHZ DV T CO-Glu-hemoCD @ IR HIE %
1792 &Ik »T CO D=HEHiH DOMiEiRE D22 Bl L7-, CO-hemoCDI
DO H (1985 cm™) & [L#E 9% & . CO-Glu-hemoCD D #51% 1991 em™ 720 | &
WEAMZ> 7 F LTz, £72 CO-hemoCD DALY hLEIy ¥ —T 72— Th
57273, CO-Glu-hemoCD DY — 7 Tl + 5 &, 7 u— R —27IZhholz,
2D END CO-Glu-hemoCD D HULEED & — (LR B R 7 ~D i E ik 523
FHESTZENHALMNE ST,
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FTUE KEAERX Sy TRILT ) UEADEEAKR/ 2O TEX MY
VIEBRIZEBBRFALRUNIEETILDIEE

1. #&

il

BT, MEIC AR R EEZFET HKEESEAR LT U 2 (Glu-
FelTPPS)Z &L, 77X A MYV ZEKTH S Py3CD &K T 1:1 alHE
$51K(Glu-hemoCD) (Figure 4-1a)Z JZ Rk L. FEFE(02)F L O —W{L [R5 (CO) & "]
HICHEAT D22 &2 onT LY, 5612, Glu-hemoCD @D 0, B LN CO & D
WAEZEEBAMA L2 E Z A, Glu-hemoCD @ Oy £ 1A (0—-Glu-hemoCD) I
hemoCD & [AI% D Oy BiFMEZ 7R L, — 77T CO BLFMEIE hemoCD L ¥ & £ 300
RN 2 & 52> & 72 5 72, Glu-hemoCD @ CO {1 1{A(CO-Glu-hemoCD)? CO
OMFERE 2 IR JIE L VBRI L= & Z A, CO-hemoCD Dz #(1985 cm™) & kb
AT, CO-Glu-hemoCD DOFHEIE 1991 em™ & 720 . @B AEEICY 7 b L
77 ZTDZ MDD Glu-hemoCD (ZAFAET D amNA D 77 7L 7R 5 3 He )3 i A

(a)

Figure 4-1. (a) Structures of Glu-hemoCD]1. (b) The 3D model structure of Glu-
FeTPPS was obtained using CONFLEX/MM3 (extensive search) calculations in the

Scigress version 2.2.1 software program (Fujitsu, Japan).

Mao, Q.; Boitrel, B.; Hijazi, I.; Le Gac, S.; Oohora, K.; Hayashi, T.; Kitagishi,H. Iron-
strapped porphyrin with an overhanging carboxylic acid/cyclodextrin supramolecular

complex as an artificial heme protein. B&fE HEfif
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& LT & . CO-Glu-hemoCD D HLLERD & —FE(l R B -~ D i #5255
EoHEDHT LD CO BFAMEKTORKTH S Z LIRE ST, UL@%E
DFERI D, hemoCD DBENAANZ A NVARF T EEAZEANTHZ LT, FLgE~D
CO DFEEZHIEITE 2 Z Lo iro 7, Glu-Fe"'TPPS D /L7 % 2 SLI3HIEH D
KA TED . HHEEEN TX 5 (Figure 4-1b)72 8, ALEGIIEH L <, 4
FRRGHIIISEOR MR o7, o, H B TELLILELIIT, DIRFE
DERA L CHBETHEEZHO 0 E 20O TIE, foRE LTSS
ICHRETT A ER D o Te, T TARETIIFRNT 4 U OFFLITK LTV
R VA FENEICE TS D720, BANO I LRF LV HE X N T v T
BICEVEELEF LWA ST v TRV T 4 U U ORETEIT> T2,
ARNTTHENVT 4 U F, A NT v TENLIN A Y T = =)V EL o [aldis E E)
DEESITWDTIZD, FrA 72 —IRoeHE % & 5 (Figure 4-2b) 2, A N7 v 7
SYCHEREMEEREIE AP 5 UE, WAL 7 4 Vo F LA RT v Ik - TEAK
SNTZZERINE, ~DZ X EOIEEF L EFEL LTS O & 72 D (Figure 4-2a),
ZORA NI EEEEFIH L, R ETIEAL Y Uo7 OG0 E AR L
TEARNT TRV T 4 VB IS,
(a)

D
0,

A Fell_
proximal site

distal pocket

Functionalizatio

Cavity for ligand- n on the strap

binding reaction

2D to 3D

é Fixed rotation

Q L Defined
coordination

direction

Figure 4-2. (a) Diagrammatic sketch of a heme enzyme, which has served as a model

for designing an artificial enzyme. (b) Designing a three-dimensional (3D) strapped
porphyrin from a two-dimensional (2D) porphyrin molecule. The concept conveys the

unique structural features exhibited by the porphyrin molecule.
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WSOMDARNT TRV T 4 UL, IS4 7 EMb)DEAME ATV
OHERE A HLBLT 2 7o D12 ~ A BRICENL L TV D 00 ~D K FERE G L5 (H-bond
RJ—)& L TE&EF STV b (Figure 4-3a) ¥, Momenteau S, 7 = =/LFD
AVALNZT I REEEEAL, TAFNAVEHTHEBLIEA NI v TR LT 4 )
Z ek L7 (Figure 4-3b), ZDANTZ v 7RV T 4 V2 TlE, 7==/LHEDAY
NMNDOT 2 RiEEEZ—T MERIZ LA N T v 7RV~ 4 U v (Figure 4-3¢) X ¥
Ox BFIMED) 10 51 L L7z, Z 0@ O BRI 2 & EMLY A - O W
FHAEERIZE DD THHZEZRL TS YD, o, B FexiEdH o0
L7 X 7 % H-bond FFT—& L THIHT M BT E 72, Reed HILE T v
FNARNLT 4 U & FEMBIZL T, Hbond R —OfEIZOWTHREF AT o172
(Figure 4-3d-f)®, Ph-UreaFe(DmIm) (Figure 4-3d)33 &2 UF 3-PhOHFe(DmIm) (Figure
43)NBVWTIEE Yy RARLT 4 U ® O BURMEZ 10 fi5A EX w7203, 2-
PhOHFe(DmIm) (Figure 4-30)TlX, exo I 7+ A— a Y OEENICELY, ©
Ty RT7 2 ARNT 4 U EIRIERBRRFE RIS ST, 2D 3 ODFT ML,
H-bond NI —ZE AT HALEZ EMEICTES D Z & T, O BtEIC R E g
G252 LERLT,

(a) (o) N © N

|
t/ O: l N P o N/
[o) [0}
/NH ; HN\ / \

R = CO(CH,)mCO, m = 8,10 R = (CHa)1o

Relocating the H-bond donor. Basket-handle porphyrins Basket-handle porphyrins

Ph-UreaFe(Dmim) 3-phenol 3-PhOHFe(DmIm) 2-phenol 2-PhOHFe(Dmim)

Figure 4-3. Structures of synthetic myoglobin models in organic solvents. (a)
Relocating the H-bond donor. These models were synthesized by Momenteau et al. (b—c)
5D and by Reed et al. (d-1)¥
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Naruta 5%, W{liZ H-bond K7 —&¢ LTk FeX A2 EA LY A anx
v FARIVT 4 U (TCP) (Figure 44a)Z il L 72 210, ZOFEHR, & ¥ &
7a N0y EARFREE BT D Z & T Or-Fe(I)iE & & L E/b S ¥ 7= (Figure
4-4b), 7, b FrF U REOMmER T2 CO IZxt L TADMMRN R #H < Z &
2L CO-Fe(I)fE & % NEEA = W (Figure 4-4b), CO FFIMEDZE L < L
77

@ (®) , ,
O’H O\H Hydrogen bond

0%~

\ X/ W, > i
\ — el Fel

7\ \ H i

STy HC >\ L L

) ( OPiv
/
o} <N 7

iFE". W deoxy O, adduct
PivO ) / T /\/‘\
Y O o-H g ) Negative polar effect
e +
I oo
Cco
_Fell_ - _FeII6
Twin-coronet Porphyrin-IM : ;
(TCP-1M) L L
deoxy CO adduct

Figure 4-4. (a) Structures of Twin-coronet porphyrin-IM synthesized by Naruta et al.
%10) (b) Hydroxy group as a H-bond donor in O, adducts of TCP-IM and a negative polar
effect in CO adducts of TCP-IM.

Boitrel HIXANLVT 4 U OIS v v 720 T2 Loy TRV T
74 U > & Uz (Figure 4-5)', H-bond N7 —& UCH k7 I U HERE2EAL
7z (Figure 4-5a)f B, Bi/K ML= o HIEFIZE Oy BAMEEZ RO Z &3 bho
7. L, fl#Hic=br 7=/ —/LE%E A L7 4C:NOPhOHFe(2-Melm)
(Figure 4-5¢) TlX, €D 0, B XV CO BFMEDOE LWVME T OB Sz, #56
X, 7=/ =Lk FexvEorae honiEEdT 52 & T B Re U Eom
FIRFNAORRMED R L LTH 2 12X V. 0rFe(I)F LT CO-Fe(I)fE & %
REEILS T2 L&, F£72. 3C.NOPhOHFe(2-Melm) (Figure 4-5e)
I% 3CoFe(2-Melm) (Figure 4-5d) & 1ZIEXF U Oy A RS Z L, BALTZ
7 )= VHERERICEAL L TVND O LIEWIEIZH D, HE D REL G220
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LG LT, ZNHDORENS S, H-bond T — & HULERDAEBIFRIZ LY |
O, BL U COBFMEICREREBEN G OND 2 ENDND,

(\N/_r}N
o

/NH \

(o]

4C,Fe(2-Melm)

_R (0}
LA Rt

R = CHyp, COCH,CH,
4C,NO,PhOHFe(2-Melm)

(e) iy NO,

el of ”:(H\" W

R

NH N !
N AcHN_ / HN
p !

e HN_

3C,Fe(2-Melm) 3C,NO,PhOHFe(2-Melm)

Tren-capped iron porphyrins

Figure 4-5. Structures of Tren-capped iron porphyrins synthesized by Boitrel et al. 'V

Chang 5137 > 7% W T C-clamp RV 7 4 U U &2iREH L. BALKE G EALO
H-bond FF—& LTHAARAEEZRY T A& ICFF > T & 72 (Figure 4-6a)'?,
512, Boitrel 5%, H/VR U BEOBEIEICEREZY T, 22500 ) —XDE AR
~Z v 7RV T 4 U L (OCAPFe) % %t L 7= (Figure 4-6b), X ik sl S fEAT O Rk
BTN H IR NSO TESAEORLEIZI Y . B LR B H-bond R
— L LTI 2 LA KR LT, F7n. AR UEEMRERADICENT LTz 00 & Ak
FEAET 22 b, ®m O BAMEDRERIT L o THEATT b 3717,
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a)

b)

ao~-OCAPFe ap-OCAPFe

Figure 4-6. (a) Structures of C-clamp porphyrins synthesized by Chang et al.'? (b)

Structures of OCAPFe porphyrins synthesized by Boitrel et al.!>!?

ULDEFRDO XA RA LT v THRVT 4 U AZXD Mb T /VRDHE
e AR ENTEE, LOLINLIFETEKRETORFNTHY, AT v
RVT 4 VAT D Mb BT MEZEIKRTEM L72FIT 2 E TITRY, RE
TlE, A N7 v 7HEEIC L 0 EAANC H-bond R — 258425 Z LICEA%2Y
T, RV T 4 U DERFLIIK L THONRF VA BENEICEELZA T
v TIRNT 4 U (Fe-Por)ZHWT, 7 a5 XA NI v " &{EKPy30CD) & O
B {K(Fe-Porl / Py3OCD) (Figure 4-7) &5 L7z, 7 a7 ¥ A MU v &K
EIEMA T v AN X o TR S T2 BOK B BE COZEH U= DL R g DR
BEIC DWW TERSN ARG Z 27 b L, RAANRIN(IR) A2 R LB L L —H—7
Ty vaZx b TRREEZEZHWT, 0/CO FERIZET DMt 21T o7 DT, %
DFEMAE TN OWNTHRET 5,
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HsCO
0 0CH, HycO™ K OCHs

ocl
0 ool-ijo\ﬁoc'*3 Ricd  )\PCHs
Haccy cho OCH;3 2 o,

+ HcoZo

OCH o
HsCO OWO ’ 0Z0CH
H300 OCHj N'hyco 3
Y OCH3 HCO

0 HoCo_ FOCH,
QCHy H,COA=0
0 0 OCH, oG 0700k,

HaCO
HsCO™ "OCHj

Fe-Por1 Py30CD

in ageous solution
stable 1:1 complexation

Fe-Por1 / Py3OCD

Figure 4-7. Structure of Fe-Porl, Py3OCD, and the supramolecular complex Fe-
Por1/Py30CD.

2. EE&R

2-1. HIFEM S

EERSRIEIBE(NMR) A7 UL HARE F INM-ECAS00 7 — U =28 izttt
2L (500 MHZz) W THIE L, CDCls 36 K T DMSO-ds H1 CORIEIZ BV T
T T AF LT A(TMS) 2 NERFEHE & L TRV =, pﬁf’%fi/\i‘ﬁ(DART)/f
L 5EEA FViE AMRIRHSEL DART-SVP Z W CHIE LTz, ~ b U v 7 A
XV — YA A AERATIR I AYVE &3 HT(MALDI-TOF)YEIC K 5B & A
2 F V1% BRUKER autoflex speed 2 WV CHIE L, a-> 7 /-4-& R ¥ 71 &
i~ Ry 7 2L LT, 23,6-bV-O-AFN-B-v 717 F A KU L (M+Na]',
m/z =1451.68)3 L 11 5,10,1520-7 b 7 F A(4-A)VEF F 7 == L)yKL 7 4 U >
(IM-H],, m/z=933.0)DE /)T A Y "y 7 EE&EEHVTEERIEZI T2, &
WAL hVIT B RERT L RF-5300PC % FWCHIE L7z, ARIMZIN(IR) A S
7 FVIT B ERT I 7 — U 2R HORAN 3 O R IR Prestige-21 & W THIE
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L7z, ZEAP AT A 27 R JL(UV-vis A7 b L) 3 sl yERT 8 B 5o 6oL
A1 UV-2100, UV-2450 36 X ONESEHRYERTRIY + b 2 A A — F7 LA 300!
MultiSpec-1500 % H N THIE L7z, WIN AT MV ORGEIZER LTI, BHEEE
AT B LR UL 3 7 —TCC-260 U K O IRERIE L, BENZE LT
DD 5 RICIIE LT, KK O pH IS RUEFT R pH A —# —M-12 B LW
F-52 Z W CHIE Lo, —RR{biR3E D43 EFR L KOFLOC #18¢ GM-4B 7 AR
BEEEZHW T, L= —T7F v a7 U T RHEIL Q-switched Nd:
YAG L —#—(Surelite I, Continuum)% A\, Unisoku ft#lL —H—7F v 27
+ F) VAV AT AERHWCHIEEIT- T2,

2-2. BRERB LA

ARNT v TERARNT 4 U (Fe-Por)L 7 7 2 AL X 1 KD Boitrel 4%
DMFREETERINTZ b D&M LT, Py3OCD®B XN FH U MET N F T 0
XILEARL 7 4 U o FePC3Py (Fe-Por2) I3 SCHRFCHE D ST iR ICHE » THK L 72,
Ak L7TAbEIZ OV T '"H NMR, DART-MS 3 L O MALDI-TOF MS A7
FVRIEIZ LV Z OS2 Med Lz, B U AW oaKidmiliken &2 2 ok £
AU, EREEENS VB 72 G A X E RIS > TR R%, BB LT-b0E AL
770 HIEIZHWZ/KIE Yamato Auto Still Glass Model WG 250 (Z K V) 7K.
Simplicity Water Purification System (Z TR L 72 & O Z W 7o, B235(99.999%).
2£35(99.999%), —R{LIRFE A A (1000 ppm)F L O R ER T A A(99.999%) %1
JORAER RSN OEA LT b 02 ZF D £ £ LT,

2-3. BIEFER L ORE R
2-3-1. O Btk L O Cco BRI &

BB ARDOIERMINAZ LLT O L O I LT, Ok OEFEAR L7 ¢
U 2%t LT Py30CD % 1.2 Y&z, HFL.OB8IDD met KD A k> 7 TR % i
L7z, met (RICIWMBEIED A Fad L7 74 U 7 ANaS:00) %, H

D8k A A~ EEIT Lz, @8I NaxS:04 3 L OV D43 fif#) % Sephadex G-25 %
FELITNVAEH T LI L > TRV RE, 26D AREREICHND A B
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Y IR E LTz, 2B, ZO—HOBEXFEEFERK FICBW T T2 72728,

K% ORI ZER T OBRE LG LT O K THhH o712, O BUFMERIE DA,
—TEDWTIRALEZ CO & O, DIRETAZNKEE 1 cm OF 7 AAFE/LHIZ
AX7z 3 mL VU UERREMER (pH 7.0)~ 10 DN T U 7 L, I~ O K&
Z. SIBIZ 1 DERAEHTAZNT V7 Lizth, WA~ MVvERIE LT,

Fe-Porl / Py3OCD @ CO BAMERIEIL, —EDTRSG L7z CO & No DIRE T
A% R Lem OH 7 AL ALFIZANT 3mL U U EERERER (pH 7.0)~ 10
FRINT Y 7L, & 2~ NaxS:04 TiEot L7 deoxy K2 N4, S BHI2 1 57 IE
BHALNT Y 7 LTt WILART SV ERIE Uiz, O BUAERNE D54

—TEDLTRALE CO & O, DIRAEH A% 0, DEE L [AEED TIETHIE 21T

>77,

232, L—V—TFvva7x+ b TRAIE

O>-Fe-Porl / Py3OCD ¥E#KIZ 02 & L <L CO "7V 27 L, OyFe-Porl /
Py30CD 35 X OY Fe-Porl / Py30CD @ CO f/{&(CO-Fe-Porl / Py30CD) % #47=,
HER 1 ecm OE/VITZ T2 2.5 mL @ Ox-Fe-Porl / Py30CD # & U8 CO-Fe-Porl
/ Py30CD @ U etk fE#R (pH 7.0)(2%f L C L —H%—(532 nm, /L ABE 5 ns)%&
M2 . Ox—Fe-Porl / Py30CD 35 & U8 CO-Fe-Porl / Py30CD @ 435 nm DW R
ORI ZBR LTz, L—Y—I2L D 0, 8 L CO fiFHEk O Ffs A lRIc ks
TR DRI L, —IROISHERICWES V=TT 4 v T 4 7
ATV, B —UOHBE E L kovs™ 2R L 72,

2-3-3. RN IEAR)EE

met—Fe-Porl / Py30CD &2 5 72358 Ju Al NazS204 TiE G L7212, 572 A b v
7 HRIZ CO A% 5 437 ) 79 % Z & T CO-Fe-Porl / Py30OCD &K %
B T OWIR % RIS £ /V(PIKE Technologies) % AW TZE D £ % IR HIE %
1To7, PEIZBWTIX25°C, 0.05M U VEEFEENKR (pH 7.0)F TITV, N 7
770y FAEE LT0.05M U CEEREERR (pH 7.00& H\W o, £D%, A by
7R NI, T AVREEITo T,
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3. BMRBIVEE

3—1.a-5,15-bis-({{2,2-(3,3-[2-(monocarboxylate)|-dibenzoyl-amido]|-diphenyl)-
10,20-bis-(4-{3-pyridiniumbromidepropoxyphenyl})-Fe(IIl)porphyrin (Fe-Porl) ®
Bk

=

Scheme 4-1. Synthesis of Fe-Por1.

Bi(NOg)3.5H,0

in DCM/MeOH
RT, 12h

10
N\,
C o ¥O
o, rO i Che~o i HN
1,3-dibromopropane  Br.~"© /Bi\HN pyridine Br Q /’\ R\ O
B N — Al NS
AT/ S reflux, 8h WHN N _
KoCO; °Q?H:r %N N AN N
in DMF, RT, 36h O =0 o 0 o

HBr FeBr,

THF/MeOH, RT, 12 h THF/MeOH, RT, 24 h

Fe-Porl |X Scheme 4-1 (29> CTHEEIT> 72, (L&Y 113 Boitrel 512X > T
VIRNCRGT B L OGRS 29, {LEW 1 OV AV R AR DMF H1ConEk
(ZE D BRBRSOS N Z U AbB W 2 21572, RIZ, A~ A Z B S, R
Z13-v7rETu sl T ek, £0®%RE Y V=0 MuEITo T, itk
(o BALKFEMIC LV BSET D52 LT, 7 U —_X—=2KD Porl 21572, Bik
BRIC L0 SRA BN S, B AER Fe-Porl 215372,
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(a) (b)

f f‘vca ‘A\u
v '\.f A_,.\ﬁ
Ao ¢
P T
S\ _J —

Figure 4—-8. X-ray structure of complex 2 (a) and complex 3 (b).

Figure 4-8 |Z/LA# 2 15 K OMLAW 3 D X Kk s fiiT OfE R 2R3, L& 2
(Figure 4-8a)lC LV, AT v FIZ 1 DDHNARFINIEDBNFETHZ L&
fiei8 L7z, Figure 4-8a CTIXARNLT 4 U FHDOZVDEHLRRLANT v 7 DAL
RGN, ZHUTEBORNICEY  EDa T A—a B LT,
LAY 218 A~ A ZEAL LT-ALEW 3 (Figure 4-8b)IZHB W TIE A kT » 73R
N7 4V I EEICIVIEZHERF L TS ERR Lz, SHICERD
B E D, AN T v T Dary 7 A— a3 ) Wshape V& & D 5RO LT
ANKRFTEZANT v AKXV SN EZRNICER ST 28T, v
REVENSRBIHAEH CE LA ET 5 2 e LN E o7,

3-2. Fe-Porl & Py30CD & DR AR

Fe-Porl N7 a7 XA KU > &K TH 25 Py30OCD & O wZEE A (met-Fe-
Porl/Py30CD)Z JERL T % DN DWW TR 24T 2 72, B /LN D Fe-Porl 2 2£(0.05
mM) % —EIZR D, Py30CD DO JE A 2k S8 T 25°C IZHB W TN AT f L
ZRE LTz, BIERS R % Figure 4-9a ITR” T, Y — L —H Ohmax 1X 418 nm 225
422 nm ~, Q HHIFHWISRZHEY 72735 526 nm, 575 nm 75 676 nm -~ & 7
FL7z, DAY hVZEA{RIE Fe-Por (2%t L T Py30OCD % 2&€ L BN % 7-KFiZ
fafn L., ZOBELITR SN/ - 7, F72 Figure4-9a |28 LTV % 526 nm (Z
B DHWEHRNS, EEEHITK=135x 10 M LIEFITRKENZ ENHL
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mEileoiz, DI EMD Fe-Porl IE Py30CD & FEFICZEER 1:1 OELEEHHA
(met-Fe-Porl/Py30OCD) &2 AT 5 Z L BB E 72 o7,

X 5|2, Fe-Porl & Py30CD (2 X% 1:1 AESHADI & ESI-MS A7 kL
HEIC X 0 #EF8 L7z, Fe-Porl (2% LT 1 24 & Py30CD % Iz 7= /K&K D ESI-
MS A7 R VHIE OfE S % Figure 4-9b (27" 7, B w7 faf H(m/z) 2098.2 (58U
VI ABNBR SN, ZOVTFME 2 DN T A A ITHYETLLOTH
Sz, FNAEARE = BRI Z — DI 2 b —a URERE L —F L
72e TOFEFRDI B E Fe-Porl & Py30CD 2 KIFIEHFIZHB W TCIEFICEER 1:1 2
FEOE IR (met-Fe-Porl/Py30OCD) 2 TERL T 5 Z & 2RI A5 R & 72 o7,

(a) 0.9 ¢ (b) 2098.2

422 nm 0012r
0.8}
4000

07T 418 nm

9

2 i

e} H

S oo06r : 1000 2000 3000
; m/z

0.6 |

0.04 i1 :1 molar ratio
; [Fe-Por1/Py30CD]?+

| 0.02} obsd  2097.78 500820

05}

04 L L T L L L L )
0 2 4 6 8 10 12 14 16
[Py30CD]/ x105 M

Absorbance

03¢

2096 2100 2104

0.2
676 nm

caled

0.1}

ol TS 1l
300 400 500 600 700 800 2096 2100 2104
Wavelength / nm

Figure 4-9. (a) UV-vis spectral changes of Fe-Porl (0.05 mM) upon addition of
Py30CD in H>O at 25 °C. The inset shows a plot of the changes in absorbance of Fe-Porl
at 526 nm versus [Py3OCD]. (b) ESI-MS spectrum (positive mode) of met—Fe-
Por1/Py30CD in water and 25 °C.

3-3. Fe-Por1/Py30CD 3 X T Fe-Por2/Py30CD ® 0, 8 X O} CO #E& 248
Fe-Por1/Py30CD D #k(II1)? met {A&(Figure 4-10a, black line)lZxf L TiEILAHI TH
% NaS$:04 Z M2 THULEE 2 =Afi2~ B i~ &3&E e L7z, T DEFD deoxy RO

AR B LY — L= D hmax 1X 435 nm, Q Fr DR 1T 529 nm [ZHUH S 7z
(Figure 4-10a, purple line), % @ deoxy KDL % Sephadex G-25 Bidi 1 7 2% H
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WL 2 Z & CilH| D NaxS:04 ZHL D frE, 2850 O IZfinn S5 2 &
2K o T H72 2R (Amax © 422 nm, Q #7: 543 nm) % £ b5l % 457~ (Figure
4-10b, red line), & BIZ[R UIEIE~ CO % 1 3TV o ZHRITIL AR T kL
ZHRE LI Y — L —OMEIIRE 2D | hnax 13 4220m, Q H DR 1T 530
nm (2B = 4172 (Figure 4-10b, blue line), CO % Fe' ARV 7 ¢ U NZDAEL L |

ZDY =L —HORIIIEFIC S v —TTHDHEWVH Z LN TND 2D,

L7ZMo T, COENRTY U TTHZ LIZL>THELNTALFREIL, oxy (KD O,
D COIEZHb -T2 COKDHLDTH D Z &D/RE Tz, Fe-Por2/Py30CD (Z
BWTHRBEREREZITV, ZD AT BV Dhipay BE N — L —H DR IBIL,
I ETICHE STV % hemoCD3 @ pH 7.0 U U EREEETAIZTIZEH T D oxy
K. deoxy 1535 L OV CO A D 227 kL & id L < —8 L TV 5 (Figure 4-11),

0.4

(a) (b) 10
0.6 '
435
deoxy with Na;S,0,4
0.5 0.8
0.4 g
g o g 06
s 3
5 0.3 8
8 <
<

0.2 x5
| 522
529 0.2
o 7%
: 672
0 . 0
300 400 500 600 700 800 400 500 600 700
Wavelength / nm Wavelength / nm

Figure 4-10. (a) UV-vis spectra of the Fe'-Por1/Py30CD complex in the met (black)
and deoxy (purple) forms in 0.05 M phosphate buffer at pH 7.0 and 25 °C. (b) UV-vis

spectra of the Fe!l-Por1/Py30CD complex in the deoxy (purple), oxy (red) and CO (blue)
forms in 0.05 M phosphate buffer at pH 7.0 and 25 °C.
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Absorbance

535 540

529

300 400 500 600 700
Wavelength / nm

Figure 4—11. UV-vis spectra of the Fe''-Por2 / Py30CD complex in the deoxy (purple),
oxy (red) and CO (blue) forms in 0.05 M phosphate buffer at pH 7.0 and 25 °C.

WIZ. Fe-Porl / Py30CD 35 X O Fe-Por2 / Py30CD 732 7€ 7R R FE$H IR & Ak 4
HNE I MEFHRD T2, 25 °C IZBWT pH 7.0 TENLEILD oxy KD HE)
Pt BEIIE 217 > 72 (Figure 4-12), KFEOFIEIZ & & 72> TART M LITEN
IS ZBY RN B2 L, V=L =8 Ohna 1E 422 nm 705 418 nm ~& Z{k L
7o 422 nm (2R WML L, — RO GHERIZIE S T 21T -
7o fE . oxy—Fe-Porl / Py30CD 038 11/ (t12=1n 2 / kobs)l& 7 h. oxy—Fe-Por2 /
Py30CD O:Jli% 35 h ERD7=, ZO—HOEIET, Py3OCD DEY UM

FDERIZENL L. PSRRI S NS Z 27K, 00 BX CO T iz isES
TEDH I ENRBREINT,

- 106 -



(b)

0.6 0.8
422 . 422 16
L T« Kobs =35 h
0.5 €12 Kps=7h J12 F;zbi 0.998
|
418 < 0.6 Los
o 04 3 ° 3 e
g $ g Tos)
] T ] = y
2 0 2 4 6 8 10 12 14 2 Y-
§ 0.3 Time / h 3 04 0 10 20 30 40 50 60
g g Time /h
0.2
0.2
~ _
3 g\ |
O 0 ‘\,
300 400 500 600 700 300 400 500 600 700

Wavelength / nm Wavelength / nm

Figure 4—12. (a) UV-vis spectral changes in autoxidation of the oxy-Fe!l-Por1/Py30CD
complex in 0.05 M phosphate buffer at pH 7.0 and 25 °C. Scans were made at 30min
intervals. The first-order plot for the absorbance change at 422 nm. (b) UV-vis spectral
changes in autoxidation of the oxy—Fe!l-Por2/Py30OCD complex in 0.05 M phosphate
buffer at pH 7.0 and 25 °C. Scans were made at 60min intervals. The first-order plot for

the absorbance change at 422 nm.

oxy-hemoCD3 [T/KIEIE F CIEF L E MR GEIREZ T L TV A (2 = 50 h,
25 °C, in pH 7.0 U U FEfEME#L, 55 _FIZS M), Kano HliX, & TOKEEZ O-
AFME LTz B-v 7 T F A KU (TMe—B-CDYR T =AU PEgRAR L7 4 U
T D FeTPPS & /KH CTHish TLE 7 2:1 WHESEIRNER L, FeTPPS Aliis D A
JVIRT M SO EELRFE 2RI L TCWAZ E2HRE L 2, S5l v
s T XA N T ®BIKTHD Py3CD & Fe'TPPS O 1 : 1 AR D 4y F-HEiE
AT LT= & Z A(Figure 4-13), hemoCD DiEM:H.L T 2 8L ED IR A F L
fbr 707X AR VKo TEDILTW DO OK EDOEMNZE L 1
FTHONTWDEZ ENRbnoTz M, LIz oT, KRy rZuasr®Ax ) iz
L VBEINT-BKR T v FNIZREALIZL <, BEFLRFIEW &S 2
IZ72 > 7=, L2 L. oxy—Fe-Por2/Py30CD I oxy-hemoCD3 X YV I RZLETH -
72o hemoCD3 DA TIL, O-AFNMALB- 7 0T ¥ X U > OBKMEZERIX
Fe'TPPS @ SOs % Fili L CWHET 5720, BAKIETH D SO3 M O- A FALB-~
7T XA CORBEEIMZ DA Ny R—L 7o TEORBEZBEICRS,
LB R AR D TLIERBUKSG 25T 5 2, —J5. Fe-Por2 DD T /L%

- 107 -



eV =T NE O-AFMEB-v 7 a7 A U U OBKPEZE R 2 Bl LT
L, 7V VEHIE SOy DA b v /XN—HEREDS T & 72\ 728 oxy—Fe-Por2/Py30CD
DEIKAR 7 > N OIS 725 2 L 3F 2 545, oxy-Fe-Porl/Py30CD Tl
KIGDOT NF LY =17 AL Fe-Porl LA T v 1L 0 BUKKT > K
DRI AN oxy—hemoCD LV & A< 72 5 AIREMED & 5, FEFRE Fe-Porl/Py30CD D
ExZ MM3 BHRICE o THERI L 72 & 2 A, LA T v Ik 0 | BfiKAR ST > b
DREDBILE YD . KOG FNODORBHEZZITLT<RoTND Z EDPREES
AU7= (Figure 4-13 3 X U Figure 4-14), £ 72, Fe-Porl/Py30CD DKM A1 /L 7R ¥
VHH KD T a2 SN BEHLERADICH EFE, £D T ETH oxy KO HH)
b2t d 252 L 1 E X 55, oxy—Fe-Porl/Py30CD (%, =LA hT >~ 7D
IRV O AL Y < BB LS ND Z I LTz, L L2RR G,
KT D 028 LT CO fABFMELIET D7 DITIT o eFEmEaT 2,

Figure 4-13. Energy-minimized structure of met-hemoCDI1 obteined from MM3
calculation using a SCIGRESS 2.2.
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Top view

(a) side view (b) top view

hydrophobic pocket

Figure 4-14. The 3D model structure of CO—FePorl/Py30CD was obtained using
CONFLEX/MM3 (extensive search) calculations in the Scigress version 2.2.1 software

program (Fujitsu, Japan).

(a) (b)
0.5 : 0.8
|
I
0.4 i 430
: deoxy with NayS,04 0.6} deoxy
@ 1422 . 2
Q : \ Q
£ ; 8 430
el 8 N, bubbling
5 2 0.4
& [}
2 8
<
02} x 5530 543
529
A 0
350 450 550 650 350 450 550 650

Wavelength / nm Wavelength / nm

Figure 4-15. (a) UV-vis spectra of the hemoCD3 complex in the deoxy with Na,S>0s4,
oxy forms and the oxy—hemoCD3 change to the line of N> bubbling after bubbling N> gas
into the oxy-form solution in 0.05 M phosphate buffer at pH 7.0 and 25 °C. (b) UV-vis
spectra of the Fe!'-Por1/Py30CD complex in the deoxy (purple), oxy (red) forms and the
oxy—Fe!l-Por1/Py30CD (red) change to the pink line after bubbling N» gas into the oxy-
form solution in 0.05 M phosphate buffer at pH 7.0 and 25 °C.
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F7-. HAZHDFERIZFE T hemoCD3 DRI AL b jLiE, Ny H AT
Uo7 Lictk, 00T deoxy R (Amax =430 nm)IZ &l L 7= (Figure 4-15a), L »»
L oxy-Fe-Porl/Py30CD D6, Na HANT U L ZIZ X o THUKAR T » Rk
O, 52 EbRET 5 2 L 23T X 720 - 7= (Figure 4-15b), oxy—Fe-Porl/Py30CD ™
WHRIZ N, T ATV 745 & oxy RO 422nm TOWIARK T 430nm ~ &
ZAb U7, ZAUE, mEI 72 NaxS:04 2 5 10 deoxy 1A & 1372 5K TH > 72 (Amax
= 435 nm) (Figure 4-15b), F.OERANZHEML L7 O2 1%, BRKAR 7 > FNOBEML L
7o Oy ~DKRFEREA D L <IFBMHEHAEFEFIC L > T O BEAR T v FRIZ R
Yy TEINTNWDHEEZOLND, ZOEWL, %iR7T % oxy-Fe-Porl/Py30CD DK
UOESRIRBIER BT kot & —F L T D

co
a b
(@) 0.8¢ ! P /Torr x 10 )
3.0
6.0 0.4
o 06} 435 |12 '
8 deoxy |23 0.3t
= ‘ 48 N
S 89.4 <
3 04| 160 <02
< P1/2CO (2.1 +08)X102T0rr
0.1
0.2} b
0& . . 4 . : g
0 0.1 0.2 0.3
0 PCOin N, / torr
350 450 550 650

Wavelength / nm

Figure 4-16. (a) UV-vis spectral changes of deoxy—Fe!'-Por1/Py30OCD as a function of
the CO partial pressure (P°°) in N, with an excess amount of Na»S:04 in 0.05 M
phosphate buffer at pH 7.0 and 25 °C. (b) the equilibrium curves for CO binding to deoxy—
Fe!l-Por1/Py30CD.

Fe-Por1/Py30CD @ CO HHFIMEP1, )T, EITHITH D NaxS:04 777E FlZ B
THIE L7=(Figure 4-16a), —EDHLTCO & Ny ZRA L= A% E A LTI
SH7 pH 7.0 @ 005 M U > EfEE#E 1 NaxS:04 Tt L 72 deoxy—Fe-
Porl/Py30CD Z i L. Wth & 512 3 HERAT AZREIAALTEHZIZELVE
HE L TR A~ FVERIE LTz, CO mED BRI > THPIN R 2@ Y 72
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235 deoxy IR Y — L —F (hmax =435 1m) 7> 5 CO KD ¥V — L —7F (hmax = 422 nm)
~& 24k L 7=(Figure 4-16a), fli~ O CO s3EIZIBWTHRIL AT MV Z2HIE L.
B oINS EEEIL(AA) E W CEHERE L7288 R 2 CO BRI LT 1 v
kL7 % D% Figure 4-16b (2759, Figure 4-16b (2B W TH B 172 CO O E Hh
NS, PinPaRD-T-E A, Pipfo=2.1+08)x 102 Torr & 72 »>7-, MAE
BLOBMEBFE (P1O)E—EDET CO & O ZIRA LT AZEAL TH
IS pH 7.0 D 0.05M VU > FEFRENTK T NaxS:04 I K VIEIL L, FIVAEA 7
LT X 0 K5 L 7= Fe-Porl/Py30CD D A b v 7 IR #F R L2, & 51T 3 45 [H
RATAZEREAATERICE NV EBE L CTRIARY S VERIE LT, CO T
D EFAZE S TERUSZE Y 72035 oxy (KD Y — L —H (hmax = 422 nm) 5
CO KD Y — L —HF(hmax = 422 nm)~ & 24l L 7= (Figure 4-17a), i~ O CO 57/E
IZBWTHIR AT MAZHEL, &6l EE A EHNTEHRLE
PEIERCRZ CO R LT 7 ey F L7cb D% Figure 4-17b (TR T,

(a) (b)
422
0.8 co PCOin O, / torr
760 0.3r o
0.51
© 06 0.26
S 0.16 N 0.2+
g 8089 ﬁ" | M= P1/202 / P1/2CO =205
304 A 0.1}
< ‘ Px°2=6.2+1.1 Torr
04 : : : :
02 0 02 04 06 08
PCCin O, / torr
0
300 400 500 600 700

Figure 4-17. (a) UV-vis spectral changes of oxy—Fe!'-Por1/Py30CD as a function of
the CO partial pressure (P°©) in in O2—Na. (b) the equilibrium curves for CO binding to
oxy-Fe!l-Por1/Py30CD.
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02/CO DFEREHFNPE(P12°% P1,0) 2 2T MABIZ, RO X 512 Pip® & PO
LELNT METERIND,

P1,°? = {[deoxy-form] P°?}/[oxy-form] (4-1)
P1,°° = {[deoxy-form] P°C}/[CO-form] (4-2)
M = P12%% P1,%° = {[CO-form] P 9%}/{[oxy-form] PO} (4-3)

P1of° DEFIL deoxy 1K & CO RNFRIEFET HEED CO B ETH S, LinLE
[l DI E TIE CO VKT D ERMENE WO, oxy K225 CO R~DZEA(L %
BHL, PRODEZHNDZEIZED, PRO2OEEZRE LT, ZZTHRBIO
O HAMEDRE T oxy K75 CO RDZEAZ B L7272 DIZ, Figure 4-17 D(b)
DR E D RE-DZ AN TRO BN D P12 OfElX,  oxy K& CO (KN [RIETT
HET DD CONEE D, T 2D CONELZDED Oy 53 END M %A
NE4-3)EV, KDDL ENTED, MEIZ295 ERFE o7z, 2B, BUSKRIZE
WTEANIF O BLUCO HATHIZINTNDTDIT, T OO 0243 FE1E
FEHES LN D CO EZEZ Wb D EE 2 T2, FT2N(E-3)IZ MEB LUK 7=
PipC DFEREZMRATDHZ LD, PR ofER2EE Lz, 25°ClcBW\WT
P1n%%2=63+1.1torr ERE L7z, Fe-Por2/Py30CD D15 L OVl fx #Hfn
PERIE 1326 5 34 THT{T o 7= EBR L AR FIECHIE 21T - 72, k% 72 O,
BLOCO HEIZEB DTN AR MVERIE L, 1557z E A b(AA) %
O, BILOCOBEP?BLIO PO LTT ey b LT, pH7.0 U U BEEIEME A
R 25 °CTHEA D 02 B L TN CO 3 EITB W THIL AT R L ZHIE U745
% Figure 4-18 |2/~ 7, & DifEF., Fe-Por2 / Py30CD DFFBIFINE P1,%2 %2 7.9 +
2.3 torr, Pip®° A(3.8+£1.2) x 10*torr EIRE L7, #5472 Fe-Porl / Py30CD
$ L OV Fe-Por2 / Py30CD @ P10, P1x%? 3 L O M % Table 4-1 127”7,
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Table 4—1. The O, and CO binding affinities (P12L, L= 0O, or CO, Torr) and the

0,/CO selectivity (M) of Fe-Por / CD complexes at 25 °C.

Py2%2 P40 M
Torr Torr
FeP-1/Py30CD™* 6.3+ 1.1 (2.1 £0.8) x 102 300
FeP-2/Py30CD™*  7.9x23 (388+1.2)x10% 20700
hemoCD3 ** 18 5.6 x 10~ 32100
Glu-hemoCD ** 122 (49+1.0)x10° 2300

phosphate buffer (pH 7.0), 25 °C, ’phosphate buffer saline (pH 7.4), 25 °C, ‘this work,

Ref (29), “Ref (1)
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Figure 4-18. (a) UV-vis spectral changes of deoxy—Fe''-Por2/Py30CD as a function

of the CO partial pressure (P¢°) in N> with an excess amount of Na>S>Os (a) and of oxy-

Fell-Por1/Py30OCD as a function of the CO partial pressure (P¢°) in O>—N3 (b) in 0.05

M phosphate buffer at pH 7.0 and 25 °C and the equilibrium curves for CO binding to
deoxy-Fe!'-Por1/Py30CD (c) and for CO binding to oxy—Fe"-Por1/Py30CD (d).
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Fe-Porl/Py30CD O P02 Dfii% 6.3 Torr TH Y . LA kT v T D7y
hemoCD3 33 J UY Fe-Por2/Py30CD L ¥ &, O BIFPED VY, LLRTOMFIEIZ &
D, INVEFVEERFOANT T HRENLT 4 U ThD ap-OCAPFe /LR
fe ¥ TF )L AT L (aB-OCAEPFe)lZ b L7 2 A, D O BIFIMEITH
100 K F L= 2 L3 RiE S 72 1, Boitrel 51, 40 W THLR RN
IZEAL LTV D O EARFREAETELT HZ & T\ O BRIk 2 Rd & Fik
LTWb 1, LaL., #51X OCAPFe @ CO BRI 2 Mgt 24772 b /s
x> 7z, —J7. Fe-Porl /Py30CD O P1p0 1%, 4 £ T L7= Fe-Por/CD #44y
FEHAR LY RIS 2> TW D, ELA b T v T D720 Fe-Por2 / Py30CD
EHEET DL, PO RKIS0fEE I oTz, TODORERIZKT HEBLRIE. KRIE
2351 D Fe-Por2/Py30CD @ O, 33 &2 U CO i & (kon) 5 I OV BIEH £ 78 2 (ko) T
EORER L ZFDBELEE I 33 HITTHERD,

3—4. Fe-Por1/Py30CD, Fe-Por2/Py30CD 3 X Ut hemoCD3 ® 0, ¥ LT CO fE&
R

Fe-Por1/Py30CD, Fe-Por2/Py30CD ¥ X O hemoCD3 @ 02 35 X T* CO #5A (kon)
BXOMEERE EB (ko) L —V—T7 T v a7 b VU AEIZL>TREL
7o EERTFIAF X OFRHT 513 H =5 3-1-4 TH TR L7 FEBR L FIRRIC T - 72,
CO-Fe-Por1/Py30CD 5 L TF oxy—Fe-Porl / Py30CD % & te pH 7.0 DV Bk
IZXF L, 532nm @ L —W—Z B U 72KF0D 435 nm O W OREEIZ (b % Figure
4-19a 1 KTV 4-19b (TR T,
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Figure 4—19. (a) The time courses for CO association with Fe-Por1 / Py3OCD generated
by laser flash photolysis of CO—Fe-Porl / Py3OCD in 0.05 M phosphate buffer at pH 7.0
and 25 °C. (b) The time courses for Oz association with Fe-Porl / Py3OCD generated by
laser flash photolysis of O>—Fe-Porl / Py3OCD in 0.05 M phosphate buffer at pH 7.0 and

25 °C. The reaction were carried out by using a laser flash photolysis system with Nd :
YAG laser (532 nm).

L— P — MU % O SEEE ORI Z I3 L C— kO S E RIS < FERRIE
BANBRIBEZE DI —T 74T 072K, VA ROMEITRT o8 —
U B kops™ 2R T2, I EOXGBAH) LY, RO COH LT O BEE
AL SHTENZEND CO B L<IL O IREIZIIT D kovs” ZUVTE L kobs¥? XI[CO]
71 v b (Figure 4-20a) 23T DT EIHIAROBE X 205 kon®© ZRE L, kor®© 130
B35 BHH Uz, [FEEID kovs®? KI[02]7° 7 » K (Figure 4-20b) (235 1T 2 I L Hh R
DIEE DD kon®? Z TE U kP2 1E A (B-5) L W 2> BRI LTz, LA DN O#k 5
konP? B £ W hot®? 1IZZNEI 11 x 10 M s TB IO 115 x 102 s ERETDHZ &
MWTET, F70, ka0 B L P hor®ITENEIL 42 x 106 Mg T B L N0.11 571 &
RETDHZENTET,
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Figure 4-20. (a) Plot of the observed rate constant, kobs“°, for dioxygen association with
Fe-Por1/Py30CD versus [CO]. Each rate was followed after CO—Fe-Porl/ Py30OCD was
dissociated by laser flash photolysis. (b) Plot of the observed rate constant, kobs®2, for
dioxygen association with Fe-Porl/Py3OCD versus [Oz]. Each rate was followed after
oxy—Fe-Porl / Py3OCD was dissociated by laser flash photolysis.

Fe-Por2/Py30CD ¥ X hemoCD3 (2RI L ThH . [FEARZRHIEZITV, T 21T >
7% %% Table 4-2 (2579, Fe-Porl / Py30CD @ ko®% © DfEIL, EMA KT v
T D72\ Fe-Por/CD KV H/NEVME L 72572, ZHud, A N7 v 7T ONAKREE N
JRINTH L AIREMER B 2 B 5, Collman HIXE 7 v F 7 = ARV T 4 U D
AN NARENC AR B U BREBA LAy bRV T 4 U B IO YA
MINREEFEE LTI ARV A NI v T2 EALIENAT Yy RARLVT 4V
VD kP20 ZNE LTFER. Ry vV 7 4 Vo BIONA, T Y v RARLT
AV D ka2l P72 ZARAL T 4 VU EVIR T L2 Lotz
2500 B TV NEETH A AN F OFEAIH L CIREEZ R Z L0 b,
SEIDOZENNA 8T v T A FANAREE L R T Z EN+HIZEZ BN D,

- 116 -



Table 4-2. Kinetic and thermodynamic parameters for Oz and CO bindings of Fe-Por /
CD complexes at 25 °C.

kon02 koﬁOZ K02 P1 /202 konco koﬂCO KCO P1 IZCO

(M1 (s (M) (Torr) (M) (s (M) Torr
FeP-1/PySOCDa’b 1.4 x 107 115 96x105 6.3+1.1 4.2 x108 0.1 3.8 x 107 (2.1+0.8) x 1072
FeP-2/PySOCDa’b 9.8 x 107 13x10% 7.5x10% 79+23 3.4 x107 0.016 2.1x10° (8.8+1.2) x 10
hemoCD3 &P 20x108 53x10% 3.8x10% 18 2.6 x 107 0.018 1.4x10° 56 x 10

phosphate buffer (pH 7.0), 25 °C, “this work, ‘Ref (29).

F 72 Fe-Porl/Py30CD T® Oy DFEHEEE (ko) LIEN A N T > T DI2UN Fe-
Por/CD L HERTELLK T L2, KK Mb DAL, mAL e AT ¥ (His6d) &
R FRE AT I (mutant HAL)IZEH 25 & O OFRBER L E X (ko) 7Y 100 1
UUEREL DT ENDE, RIUD/INS TR kon®? 1TEAL HisET 12X D 02 ~D K
FAREAICEKT 5 H 0 & & % 535 (Table 4-3)°0,

Table 4-3. Kinetic and thermodynamic parameters for O, and CO bindings of

hemoproteins and model compounds.

02 02 CO CO
kon koff k koff

Ms) () (l?/?"s") ) conditions
Mb (sperm whale) 1.4 %107 12 51 x 10° 0.019 gggsophate buffer (pH 7.0),
mutant H64L 228 x 108 3.2 x 103 3.0 x 107 0.061 PBS (pH 7.4), 25 °C
mutant L29F 26 x107 1.5 23 x10° 0.016 PBS (pH 7.4), 25 °C
1a 3.0 x 108 4.0 x 10 6.8 x 107 0.069 toluene, 25 °C
1b 3.6 x 108 5.0 x 10° 3.5 x 107 0.03 toluene, 25 °C
aa-OCAPFe 9.0 x 10° <1x 102 benzene, 25 °C
ap-OCAPFe >1.0x 108 >1.3 benzene, 25 °C
TCP-IM 4.0 x 107 20x103 21 %107 0.23 toluene, 25 °C
TCP-PY 2.7 x 107 2.5x% 103 1.6 x 107 3.2 toluene, 25 °C
hemoCD1 4.7 x 107 800 1.3 x 107 2.5 x 107 gggscphate buffer (pH 7.0),
FeP-1/Py30CD 1.1 x 107 115 4.2 % 108 0.11 gggsophate buffer (pH 7.0),
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W DODDTNV—T N~y a g7 T7OIF T 0@ AT 29
(Lew29)N 7 = =/L7 7 = (Phe)llEE X NI A/ mE D L29F £ Ik
(mutant L29F)IZ- DWW THFE 24T o T2 3 FODERAD~FE A L T 523 1E HisE7
& DKRFBHREEITINZ T, Phe D OFFEM BRI Lo TLREMIND Z & %2
5AMZ L7 (Table 433133, F72, BRETFVICBNT S, FULEEA)~ES LT
WABRFIZXT DN A BT v 7FNO H-bond KT —DNrE F 72 13T AARA-/
KARAFE HAEH DRI SV TEA L7z, Momenteau DI, /XA 7 v ko Kb
$k-RL7 4 U (Figure 4-21a, b)IZOW T, ENMMMEHAIERAICL D 0, DFEA
fRBERE 2 b L7z 0D, A NT v 7B 7 I R EEEE. 7 /VEEADb)
(Figure 4-21b)D kost®? N — T VA THFE LT A N7 v 7RV 7 1 VU 2 (1a)
(Figure 4-21a)?® 1/10 TH D Z L Zm L, £ D O BLAEIX 18 Torr (12)7> 5 2 Torr
(Ab)y~E 59 10 fFm E L7z &34 L Cuy5(Table 4-3) ), Reed HiXE v b7 =
VARNT 4 VIS 1 OOE sy MZH-bond R —%2EAL7—EHDOE 7 v
N7 = ARNT ) o (Figure 4-3d-NDE &R L7 ¥, 4% 513 H-bond K F—Dfr
BE L DEOMNBIZY 7 R L2 22X 0. O BN KX < 72 A @A
A&7z, £7-. Boitrel HEE L7 2 2OV —ZADEARARNT v T HRIVT 4
U »(OCAPFe) (Figure 4-21¢,d) TlE, 0TI ILAR RSO TERALEIZR; - T
X 72(ap-OCAPFe) = & T, O AT 9.3 Torr (aa-OCAPFe)7> 5 1072 Torr (af -
OCAPFe)~[f] b &7 &L 45 L7=(Table 4-3)"*17, Fe-Porl M7 J —~_—2D X
AL SR AEAT (Figure 4-8a)IC L0 . A N T v 2RV LTV D BILR RN ARV
74V EEOTESMMEICSH D Z ENRE SNz, §72 5, Fe-Porl/Py30CD

SYFINTIVR RN L A L TWHERHE I LT, AEMAHGIAL
L"Cﬁﬂ%ﬁbj—émﬁb‘ﬁﬁ)&)éo AIE T, FOERICHE A LT Ol N X7 Y 7T
(TREBE LIS W EBRT, 2O/ S kon®? 23, Fe(IDIZHEE L 72 02 DOfEHEEN I
L7 B TH 5 AIREMENE 2 H 1L 5H(Scheme 4-2), 24U 6 DFERIT, #iE
L7c Oy EZAL VIR RO BNKBREEDIER SN D RN H D 2 & ZoRig
LTWb, BMALKRAARITZ, AT v T7OEYO7aTHA ) v T &IK
(Py30OCD)Z & » TIERR S 7= BUKMEAR 7~ b X0 R Szl FEREER
THIETDHHREMENE X DD,
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Scheme 4-2. The mechanism of O,—bound Fe-Porl / Py30CD.

HO kon©? ™o 07 0H)
O2 c:)2 kofr
Fie” - F;e” ' Fell + 05
4 =

AT CO DFFBEERE (kott O35 H 9% & . CO-Fe-Porl / Py30CD 7> & O fif i
HE T (hoiC=0.11 sHX, A FT v 7 D7\ Fe-Por / CD & H_ T (ko= 0.16
—0.18s)F L < K& 2o T 5, Fe-Por/CD 1T RKF L R BB L OEHET
ED HRKEW ko 27~ LTV 5 (Table 4-3), Olson HIIfEAX DI A7 D
Ra—# 2 P HOWT kot 3 L Wveo ZHNE L., log(kost©) & veo & DFIZIED
ERRBIER AN T H Z EZ R LTV D 39, 513 C-O fEANTRVIZE . veo
EhofOMREL D L AHE LTz, Naruta 23RV 7 ¢ U U OfAlICE Fr
FURONZEHEALLY A aaRry RARLT 4 U (TCPs)iE, K N>z
FCEV CO BAMEZ /RTZ L2 ME Lz, CO-TCP (X7~ A7 hLZ X
S THIE SNTZFER, KV Wreco EmWWeo AR LT ENbhoTe, 6
X, AT 4 U A EmIZIEY U7z OH 258 CO iEfFicd 5 2 & T, OH D
F L7723 negative polar effect & L TIEMHT 2728012, Fe-CO i & &b S ¥ 5 Z
LICE - T CO B EARLZESE LML T 5 (Figure 44)%19C0O-
hemoCD1 37K TEEF AR Weeco & RV Wveo JETR (1987 cm™ ) Z 7R L %
WZH 00 53, CO-hemoCD1 @ ko© fEIL Table 4-1 TH/NTH D, Kano H
%, BUK2 37+ CTHDH COICE-T, L7 KEDV b7 uasrd A ) v &
RIZ K VRS NTZBK 2R 7y FR XD IREZRREZREL WD L%
BE LT, 15T, hemoCD OH.LERD HEEEL 72 CO 1% O-A FALB-> 2
BT XARN) Lo TIERENDIBKERICEEA S LT D72D, LK
FATRO T LI WO TIZR W EEZ BRLD,

- 119 -



o} (o] NH HN

w, W,

NH Fe

aa-OCAPFe ofp-OCAPFe

Twin-coronet Porphyrin-IM Twin-coronet Porphyrin-PY

Figure 4-21. Structures of synthetic myogobin models that work in organic solvents

and their abbreviations.
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CO-Fe-Por1/Py30CD @ CO {H#fgtREN(ve o) % ARFMLIN A3 FIEAR) L 0 JIE L7
(Figure 4-22, green line), Ftit & L T CO-Fe-Por2/Py30CD (Figure 4-22, red line)¥3
XL OV CO-hemoCD3 (Figure 4-22, purple line) D #E & [AARIZIT > 7=, CO-Fe-
Por1/Py30CD Dvc o 1E 1971 em™ TBUAI =41, Z#id CO-Fe-Por2/Py30CD (vco
= 1981 cm )F & T CO-hemoCD3 (vco = 1985 cm ) L ¥ H K< 7> T 5, CO-
Fe-Por1/Py30CD @ CO DOf#iffEiEEN 2% CO-hemoCD3 L ¥ HAKREAANIZ 7 R L
T2 b WAL VAR ERDS Fe(I)IZHE A L72 CO @ O JR 7Dt < ICIEDFRE
T b (positive polar effect) Z #3252 & 23”2 S 4172 (Scheme 4-3),
Suzuki HXI AT B ELVDOANLTHDL T FRALT 4 U U IX ZHEFENLICEZ
5HZ LT, Fe T DETERE (pre) LS, FeJ{liT-OETERE L CO ik
B OBIR A M L7239, 1% H1E. veo AN pre DI & & HITHEMNT 52 &
ZRH L7, fit-> T, CO-Fe-Por2 / Py30CD & CO-hemoCD3 Dvc o JE 4k D&
WE, T=F MR T 4 Ve TF A MR T 4 U D FeJfi O
(or) N BRI DT THDHEEBEZOLND,

Fe-2/Py30CD
1981 cm!

hemoCD3

1985 cm? Fe-1/PySOCD

1971 cm’™
2010 1990 1970 1950 1930
Wavenumber / cm™
Figure 4-22. (a) IR spectra of CO-Fe-Porl/Py30CD (green line), CO-Fe-
Por2/Py30CD (red line), CO-hemoCD3 (purple line) in 0.05 M phosphate buffer at pH
7.0 and 25 °C.
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Scheme 4-3. The mechanism of CO-bound Fe-Por2/Py30OCD (a) and CO-bound Fe-
Porl / Py30CD (b).

(a) CO—Fe-Por2/Py30CD

konCO
co c0o kott™©
— Fell— > — Fel— - — Fe!l— + CO
N N N
S S Ao
(b) CO—Fe-Por1/Py30CD
o k,,CO O 0OH) O™ O(H)
(H)O on >~<
co co off©
F:e” - Fe! »> L poll— + CO
N, N 5

Fe-Porl1/Py30CD @ kon®* © DfEN G EA N T v T ONAREFIZL Y T A
DINEAKRTZ v MZADIZK K RoTWH I EREZHND, CO-Fe-
Por1/Py30CD @ CO fi# Bl FE (kotr ©)1E Fe-Por2/Py30CD 35 & T8 hemoCD3 X ¥ ¢
WL o TWBHZ ENL, EBNMNABNT v 7DV hemoCD [ZE-XT, Fe-
Por1/Py30CD @ CO BLFEIZE L <AKF L7z, —F T, Fe-Porl/Py30CD O koi©?
DN Tpo7eZ LIT X V| Fe-Porl/Py30OCD @ Oy BIFNMEIZEENTE DS, N4 5
ZENBIH ST, £ RATEDFERIZE Y | Fe(I)IZHEE L7= CO @ O i+
D AT < AT IE DAL B (positive polar effect) & #2432 Z & 23/~ S U7 (Figure
4-23b), Z OIEDOMERNIRIT, MR OMBEEE N ELS RLBEKTHH EFEZ B
% (Figure 4-23a), ZDZ MDA T v ARV H L TWD IR F L
ElIv 7T x 2 MY T EBIKPYy30CD)IC Lo TR S -BikER 7 v b &
D OREE S AL, FEREBESL(-COOH) TAAAET 2 Z E W HERI SN S, Lo L, EHEIC
HNVR X LVIEOIRBEZ BT X T Teh, S BICFHD D FZBRIV 22 ek
MULETHD,
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(@) dipole-dipole interaction (b) positive polar effect

oxy—Fe-Por1/Py30CD CO-Fe-Por1/Py30CD

Figure 4-23. (a) dipole-dipole interaction on the O,~bound Fe-Porl/Py30CD . (b)
Positive polar effects on CO-bound Fe-Por1/Py30CD.

=
i
il

ARBIZBWTIE, BN IR AN EEZ ARy AIZEVEEL, AL
AV OBPDIZKH L THNAR RV EERBEMEICHEELIZANT v T HRLT
4V > (Fe-Por)Z VT, v 7 5 %A F U o " BIKPy30CD) & D@4k (Fe-
Porl/Py3OCD)Z 4L L7c, K THEET A I A7 nE ET7 /0 E L TOMMRF
x24T o7, HEEFERRE LT, Fe-Porl LRIL KU E Y V= AEFTDHH
FHMERLT 4V ERKL, Y7 uaT XA N v T E&IKPy30CD) & Ol
PR (Fe-Por2/Py30CD) & H 4L L 7=, Fe-Por1/Py30CD 35 X TF Fe-Por2/Py30CD D
TR D22 EMZ 5l L 7= & Z A, oxy-Fe-Porl/Py30CD O -8 (11.°%) 1% 7 h,
0,-Fe-Por2/Py30CD O -3 (1.°%)1% 35h LR 7=, AHKD oxy-hemoCD3 D=
W (0207 =50 h LV ITELS o, ZHIET=F AL T7 4V ThD
Fe'TPPS ® A /L7~ h 32 X - T Py30OCD Oaligay ME IR > Z ENEETH
% LR STz, RIZ Fe-Porl/Py30CD DEEFEHFIME, — (bR B & %
{T> 72, Fe-Porl/Py30CD @ P12 | ZMEMNTZMMEEMNT 2 2 E MBIl S iz, —F
T, COZHRFT DHAMMEFRIBITILT Lz, ZOFER, 0./CO EIRM:Z2 77 M E
1%320 &7 o7, THUTA E THE S/ FePor/CD LV & &V O B A 7R
LTWa, ZOBRIIELTL—HF =TT v a7+ M) T REICED OB &
O CO FEABICHBIT HHERMMGHT 21T o7, BEMARNT v 7D Fe-
Por2/Py30CD # &2 T hemoCD3 & kb-<T, Fe-Porl/Py30CD @ kou®% €O DAE T
TLTHEY, ZHTEMA T v TONEFEENRKF THL B2 N5, £z,
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kotP? REL 7o T JRIR & LT, FLLERADIZHE S LTz O 13)E V) O BB BUAR--
FHEERICE Db DEBZ BILD, —F . CO DFFBEEE kn™© P RE R0 Te,
CO-Fe-Porl/Py30CD @ IR JIEZE1TH = 1T X » T C-O MRS 0 2k 2 B
L7z, CO-Fe-Porl/Py30CD ® CO H#EHREN(ve-0)D JEFE£LIE hemoCD & H~_T,
ALY 7 R LTz, L7ed-> 7T, Fe(IDIZHEE L7z CO @ O i1 Dir < |2 IE DRk
HRDME Z BRI E NI, RETKFIZE N TEEZR AN TEMY hemoCD
ZRAWTRARIAZT o BIUOANEZ 0 B0 O @R 2K L2, & 51,
KIGICE Y V=0 A2 BT LRV A RO TF AL MER LT 0 ) iEv 7 m
TXAN) VD EERELRERBRIEERZIERT D206, 20 X5 RAIHE
WARLTZ 4 VAT 7 aF 22 b v T BIRE KT 1 AR A TR T S
&N D BLBRIRWVE el BB G A B LT,
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—FRLIRFB(CONE, RERRBEIZ L > TERSNDIBEBT AL LTHLN
THEH, COPFIIMEFMETHEDR L WRER L > TND D, CO I, &)
WK L THROWEMEZ R TIC S 0b b, RN TIEFICHMERN B AEE IR
TV 5 39, [2#(0,), —E{LZEFR(NO), ifk/KFEHS), 6 L OTEMEEFETE(ROS)
EMFEN D A—/R—=FF T K(O0r)., & Raxi /LT U h /L (-0H). \iE{t/K$#E
(H202), —EHIHFEHR(02)72 E /Ny 1%, FEFITRUGCTEDR & < RN T L8k
EO&BMEESR, X7 E, IBE., BIXOEME VoA RS Io LT E
SEROCEERT, — . COITEANR WS 2R L, BN T COo I
EBAE., EIT~LBAD~DOFREA OB BRI STV D 59, CO (T8I~
OBFERE <, WE UG EFEEN D CO L #kA A4 v (Fe Yo #a M+ AAEH
(2R D LZER COFEREIET % %10, HR 72 CO HAZWRATDHE, 02D
PHOIZ, COMBNLH LRI EOHFLF I FEETHZEICEY, ~Eo 1
L (Hb), S A7 B EUMDb), ¥ b a—LAhcdFH—E(CcO)E Vo T~
BN EOBENIESN, EEDLTOOT RN —NEETE R /D -
1B), ZEN CO FERDARIT CO PTHOFK L 25, ERERRLEICHBWT, CO T
XM H CO-Hb L~ EESW Tzl s M4, @i Cidimd CO-Hb 1%
10 % ARG TH D, CO HADWANIZ LY ImH CO-Hb 73 2040 %ITET H &, O
F, R K OMEE SRR EOGERDBENIRD, 40% 2L BT L FEED Y R
IMIEFICELS DI ENMBNTWD, —F, 2k CO FHEOEEIXMm+ Co-
Hb LU 30 %Al Th > Th, CO FEIZ K DT F 7o piE R % B E ) 7%
D ENRHE SN TND 1617,

Mao, Q.; Kawaguchi, A. T.; Mizobata, S.; Motterlini, R.; Foresti, R.; Kitagishi, H.,
Sensitive quantification of carbon monoxide (CO) in vivo reveals a protective role of

circulating hemoglobin in CO intoxication. Commun. Biol., in press.
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1975 -2 CO-Hb 73 CO HE DK N E 9 EF 57912, Goldbaum (%
K2 T TG R 28R % 17 72 - 7= (Figure 5-1)'9, FZB% 1 (Exp. 1) TlX., KRiZ 13% D
COHAZMASHEL L, TXTOHIE 15min LNIZHET LTz, ZORFOIMH
CO-Hb %3 V-4 710% Th - 7o, *ERAYIC, 528 2 (Exp.2) Tik, Ei4& iim <&
7o, CO CTHIfn W72 R MERRBC) &Ml L 7=, Z DFER, T X TOEWIX CO-
Hb %73 60 %l ZiE LTZIZ b 0300 b3 BOAFRIT100% TH 72 1B, FER
1 BLOER 2 OFERNS, fF o CO-Hb LIV E U L ) ICEFEEE /R LT

HIZH b b, CO ZHEL LIEREOENTEHEENKE SRR D Z L3R
STz, ZHAUTHLIZHEA L7z CO IFHmMA R I 2N —1 T, lHaroraklZ m e
PLELT72 CO HAMBWEEE R T Z L 2R L TWVWD, LIEdi> T, CO F ik
FH DO ENTEIT O CO REBMINTWANEFND Z &1F, FEFIC
HETHD,

Exp. 1
CO gas inhalation
All dead in 15 min
dog ) (CO-Hb levels : 70%)
Exp. 2
dog :> All survived
= COogas (CO—Hb levels : 60%)

Figure 5-1. Animal experiments on CO intoxication reported in 1975.'®

THNE CICAEKHEBNICEBIT D CO Dt & ERFIEDORBENEAIITDOR
T& 7, ImH CO-Hb L~ LE, EIZAF I A—F—BIWRNHTA7a~v N7 T77

4 —(GONEIZ LV HIE ST WD 492D iggiofifk D CO mDOMMFIEE L
T, GCENEITF B 5, Vreman 51X GCEEZHWT, ~7ABXOYT v Foif
K L O E#R D CO &% JIE L 7= (Table 5-1)',
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Table 5-1. CO concentration (pmol/mg Formula Weight) in tissues from adult control
rats and mice.!”

Condition CO concentration (pmol/mg Formula Weight)
VeCO (uL/h/kg)  Blood Muscle Kidney Heart Spleen Liver Intestine Lung Testes Brain
Native
Rat (n = 3) 125+0.3 47 +10 44 5+2 6+3 11+3 41 21 21 1x1 2+1
Mouse (n=5) 33415 45+5 10 1 7+2 6+1 6+1 5+1 4+£2 31 2+1 2+0

S BT, Vreman 5 & Coburn 5% GC EZ W Tk FOKEAFICHIT 5 CO &%
JIE L7z 202D, GC YIRS 2 WIFFED CO LA Lic~2EmibANC LY
FE{b LT, KAHIZIHERE L 72 CO Dt 21T 9 HiETh 5, ILHMED & < JA < FIH
SHTWDN, JAHICHEREL 72 CO ZEHIT 272D+ ERMENH 51 E
D IR TH %, Chang 512 L - THIFE S 47z CO il 7 v — 7 (COP-1) Tl

ARNICEBIT S CO DA A — > 7B 2283 FE i & 7= (Figure 5—

), ZOXH 7T a—7 30T L #OBIZ L0 Mlad L ONEERN O CO oAh &

M TE 50, EEMICCO BEZFHMET 5 Z &IFE LW B2 65, flllz, L

— = HIEC I PE RN T HRE SIRME STV DA, Wb frik ek

£
BT 7 =y 7 NERSND, LTeBno T, BgN CO a2 gD 72121, i
T OmEEIC CO ZRtd % COERIENLETH T,

®
2CO

Figure 5-2. COP-1, a reaction-based fluorescent CO probe. 2
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2004 12 Kano D IFAFSEM T T O Z AIHICRINAE T 5 MbET L Th 5
hemoCD1 % % L7z 3%, hemoCD1 1% 5,10,1520-7 F 7 ¥ A(4- ALK T h 7 ==
NIV T 4 U EBRADEEIR(F'TPPS) & /X—0- A F /AL B-> 7 BT F A M &
B ToWEv T xR Y v T EIRPY3CD)D 1:1 WA TH D

OCHs HsCO,_ OCH,

o hoc”b ocH
H,CO 0" ocH 3 Hco/Poon 0 d 3
ocH, €O 0
H,c070 o) Q Haco K OCHs
g HOTY s~ ~eg)-OCHs o +
2 HaCO 3W3 OH oZocH
H,CO_ )\ OCHa o Q) s
o H,CO_ FOCH o, Qs O
3 3 H;CO
hed, ocH y oSl edeq_o. [ ook,
OCH H -
HeCO> OCH, 3 HsCO HC;C OCHs SOy
Fe'lTPPS
Py3CD

in ageous solution

Y

stable 1:1 complexation

S04~

deoxy-hemoCD1 CO-hemoCD1

Figure 5-3. HemoCD1, a CO detecting agent. (a) HemoCD1 is composed of 5,10,15,20-
tetrakis(4-sulfonatophenyl)porphinatoiron(Il) (Fe'TPPS) and a per-O-methyl-B-
cyclodextrin dimer having a pyridine linker (Py3CD). The structure of deoxy-hemoCD1

and CO-hemoCD1 complexes is shown.

(Figure 5-3)3%, hemoCD1 |3 Hb @ T IKAE(HD-T) & 3T\ SE BN (P 202 = 10 Torr,
Kq= 17 uM in phosphate buffer at pH 7 and 25 °C)Z /R L, & HIZIEFITHE WV CO Bl
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FOPE(P12%° = 1.5 x 1073 Torr, K¢ = 19.2 pM in phosphate buffer at pH 7 and 25 °C) % 7~
9 (Figure 5-3) 33, Z DD TEWV CO FHFPEIX R IRFED Hb (Hb-R)?D 100 %
2o THEY, IS ETHE SN TWVDREANLZ AR ZE LD HEV CO
B Z 7R LT 5 3339, Kano B 13 hemoCD1 DRI IN{A (oxy—hemoCD1) % &)
WIZHIRR G Lo & 2 A, BICEER 2R S 9, &5 S 472 oxy—hemoCD1 @
IE & AT T BFRILANIZ CO AIA(CO-hemoCD1) & L CTIRHICHEIE S iz 2 &
2 L CWnd 3, X512, Kitagishi 1% hemoCDI1 % VT, WIEME CO D4
FIREREIC DWW TR 2 8 L C & 7= 3740, 2017 1T oxy-hemoCD1 % H\CHlifd
WO E7: CO ZET D Z &I L 7= (Figure 5-4)*), MBI IZ15 5Tz AR
(Figure 5-4b, spectrum a){Z CO 4 A (Figure 5—4b, spectrum b33 K ONE LA TH 25 i
CF AT R U T A(NaxS:0s4) (Figure 5-4b, spectrum c)& sl L. ZEiEiLD
422nm TOWIEE & oxy—, deoxy—, CO—, 3 LT met-hemoCD1 @ 422nm (23317
5N A HWT, SFEMEONKME CO #EET DI LIS L
(Figure 5-4c¢), Z L5 DFEFRD 5 hemoCD1 [ TAFESA: T CTHEE T A IEF 12BN
72 COmHBIUVREATH D Z LRSI NT,

I

)\\\ oxy-hemoCD

1) cell'cou.nt

—
2) sonication
removal of medium -, collection of the cells 3) filtration
e
T— ==

1 x 108 cells
adhered on the dish cell suspension

(@)

filtrate in cuvatte

(b) (©
£ 300

[}

o

3 spectrum c (b + Na;S;0,) k)
£ T 200 4
-g spectrum b (a + CO) 3 i

2 °
g § 1001
I | spectrum a (filtrate) > 1

s}
T )

e HepG2 Hela RAW264 NIH3T3 SH-SY5Y

350 450 550 650
Wavelength / nm

cancer cells normal cells

Figure 5—4. Detection and quantification of CO in the biological samples by oxy-
hemoCDI. (a) A procedure for CO detection in cultured cells. (b) Raw spectra of the
filtrate solution of the cells treated with oxy-hemoCD1 before and after the additions of
CO and Na»S»04 to determine the amount of CO in the solution. (¢) The amount of

endogenous CO in the various types of the cells.
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ABETIE, L EOFRAZIEN LT, £7 2017 IZ82 L2 oxy-hemoCD1 % H]
W2 CO E&EVE(hemoCD 7 v A)4% L0 HERBECERIZERTE S X
INZFE LT-, #MESL L72 hemoCD 7 vt A & HWTT v MR, FFl&, O
fige, KM, /IIKES L OVERSER) ONIEME CO Z#E& LTz, KIZ 400 ppm @ CO 7J
A% T v MZZENEIS, 10, 20, BEL V80 05| 7%, MH CO-Hb X
B IOEMEMED CO &N ED I HITEALT D02 ENEME T ARE S &
O hemoCD1l Z HHWTCERE L, BB LT, CO HAZ T v My W71k, 22
KB LD O HRUT L FHfkD CO ENRED L DIV T 502 % hemoCD 7
A EHWTER L, &K&IZ, CO TEfEHEAl & L TD hemoCD1 D #5-%h
RIZOWTEHMIZ L7z, 26 OFERIZOWTHET 5,

2. EE&R

2-1. HIEM S

RN ATHRIRIN A~ R JL(UV-vis A7 N W)E R ERTRL A fo 0 et
UV-2100, UV-2450 35 L O Implen %0 NanoPhotometer® C40 % FCTHlllE L
Too WX A7 FOVOREIZER L Tl BEREFrE - mEA v R v g 7 —
TCC-260 BZ X DIREEHIE L, WENLZE L TD 5 2RICHIE LTz, KBk
O pH XIS BUEFTHRL pH A — ¥ —M-12 B L OVF-52 Z W CHIE L7, MTT 7
v A X, Thermo Fisher Scientific % 96 well UV %fji»~7 L — k% Multiskan™
FC Microplate Photometer (&> F L TAT/e oo, HAZ v~ 87T 7 0 —HIE
E. BERER GC-2014 ZH W T TR o7z, 7 v FOILH CO-Hb %%
Radiometer Co. Ltd. #:5 ABL825 % FH\CHlIE 24772 - 7=,
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2-2. HIK

Fe"TPPS* 45 L O} Py3CD33 SCHRECE D ST ik IC it o TR L 72, —FR{L & K F
A NOC5 (1-hydroxy-2-o0xo0-3-(3-aminopropyl)-3-isopropyl-1-triazene) | % [Fl{~{t. %
MFFERT & W IEA L. 0.1 M NaOH KISHICEEfE L. 2z NOC DA kv 27 ¥R
& LR L 72, mE b K FE(E L7 A L AREREER S )X 240 nm 12
BT 2B SAEE (240=394M Tem ) HIREA TN LT, Z Do ILH
Db DEZDEEMA Lz, MEIZHWZKIE Yamato Auto Still Glass Model
WG 250 (2 LV 7& B4 1% . Simplicity Water Purification System |Z TR L7 D % H
Wz,

2-2-1. hemoCD1 &K D AR

FAfk D CO A ER L72BRIZM M L7z hemoCD1 A R v 7 ERIZLA T O X
DN L 7=, Fe"'TPPS (1.10 mg, 1.0 umol)3s & ¥ Py3CD (3.53 mg, 1.2 umol)%
PBS (pH 7.4, ImL){Z¥& 7> L THULER(IIN) @ met-hemoCD1 (1 mM) % % L 72, met-
hemoCDI1 (1-5 uL)D A kv 7 A&k & PBS Tl # R L, filfik > CO & & H met-
hemoCD1 (2-10 uM, 0.5 mL)&#E &2 fiH L7z, #k(11)D deoxy-hemoCD1 1%, & D
UF AT A F(NaxS:04) (ca. 1-2 mg) % met-hemoCD1 ¥F#E (2-10uM, 0.5 mL) 2/
2HZETRHRLNI,

H4 FEER I L 72 hemoCD1 #HRIZLL T O X 5 IZFAE L7z, Fe"TPPS (6.60
mg, 1.0 umol)¥ X X Py3CD (21.15 mg, 7.2 pmol)% PBS (pH 7.4, 2mL)IZ¥ 2> L T
met-hemoCD1 (3 mM) % FH%L L7z, F7=. Fe"TPPS (66.0 mg, 60.0 pmol)F L
Py3CD (211.15 mg, 72.0 umol)% PBS (pH 7.4, 10mL){Z¥& 7> L C met-hemoCD1 (6
mM)Z 8 L 72, met-hemoCDI1 #&E#&1Z Na2S:04 (ca. 10-20 mg)Z Nz THLEEE
SAHE S A ~E T L7=% . Sephadex G25 & FEiE L 7= 7V A 41 7 2 (Sephadex
G25, HiTrap™ Desalting 5 mL, GE Healthcare Life Sciences)|Zif 3" Z & T, i@ 72
% NaxS:04 25 L2, 5 54172 oxy-hemoCD1 &K DI FEE X 422 nm (Z81F 5 W
FEF X OVE VAR SR (6422 = 1.64 x 10° M em™ )2 HIRTE L7,
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2-3. BB O HElE

TR TOEMERITERFOMBEAFEEZ BB LORGEHREDED D
W) EERBLE & mBHLE 285 L T o 7o, EREMIZ. AARTF v — 2 -1
NSt X VA L7z Lewis 35 & OF Sprague-Dawley 7~ (5 Hfin) 2/ L
72

3%DERTINT U TT Yy NEMBE LT, TO%, ROFHFE L, ALPERIE

(Rodent Ventilator, Ugo Basile)lZ & #5GHEE 55/min, Jit&E 15 mL/kg)Z1T72 >
2o RBEIRICAFIRIE KA 3 mL/h OB E CHES, T =2— LB LR
TEHWTHEE LT, REIZER 7 72— 7 (MEDI-Therm II, Gaymer Industries Inc.)
TE=F—L, Ur—F—T Ty FT365+05°C ITHERF L7z, SIUANRHIRE
THZBWE, ERT7VT rORbGREEZ 2 %25 L, ~» hure s —
(PB) (IEIENI5)TT v MR LT, 5 3tk B R 70T VRRERE 1L, CO 7T

AW K L8 FEBROYENR A 7E T LT,

2-4. A CO-Hb %EIE

7 v b QBRI K OFIRILY > 7 1(0.1 mL)i%, 24/ DDL=DLV B L RV)
MOEEE LT, M 7 uid, i 7 A AT dEE ABL825 & W THE B /HT
L7,

2-5. MRRY I DY

NG 2 BT BRI, g, B, RBM. /N, OO 38 K OVE & OO e Rk
RELE LT, IR 6 MK ZBRET S 72012, LN O X 5 ISk 2 BRI 500
ICABRBEKTT T v v TEMERITIR T2, 16 G 7 /VEESEHCALE I
AL, MIETEER & B /K (50 mL) CHIEhIRICHER 21770 o 72, RIZ, XU A
AT 4w 7R T RN THEDY O 150 mL ARSI K ZHEI THEA LTGHEE
025 mL/s), 77 v ¥ a SHTca Rl +ICREKRERTHRE LIz, 20
%. —80 °C THHRL L7z,
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2-6. hemoCD1 (Z X 2BV DR D CO EE

7 v N Oliges i HEE L7 R 7 (520 mg) & FE & L. PBS 0.5 mL %/
Z_. Power Masherll (nippi) CHRE T A X L7z, NaxS:04 (ca. 1-2 mg) % 1 ¢ deoxy-
hemoCD1 (2-10 uM) Z ARk ORI L=, S HI2, KO ETHEEEAE
A P —(QSONICA)NT & 0ttt U 7, Wik DY > 7 L% 14000 G T 15 43
DELDEEEITo -, L% 7 4% — (DISMIC 13CP, 0.45 pm pore;
ADVANTEC) Aifd L 72, AT NaxS:04 (ca. 1-2mg) & I 2 7=, WL AT kL
ZHE LT, AIROTXTD hemoCDI JEE(Cowm)lE, deoxy-hemoCD1 & CO-
hemoCD1 D&MW AL 427 nm (ZF31F D WA (607 = 1.95 x 10° M lem ) %
T, Lo (G-I :ﬁéofa‘z&bfzo

A4270m = €27 Cootal = [ (5-1)

[ I3HEE 1em 720, BEILHITH D NaxS:04 NFETH I E T, HHNLE
hemoCD1 A& (213, CO-hemoCD1 (Ceo) & deoxy-hemoCD1 (Caeoxy) 235 £ TUN 5,

Ciotal= Ceo + Cdeoxy (5_2)

AHED T TP hemoCD1 IZ%F 3 5 CO-hemoCD1 DEIE (Reo)lFR(5-3)D X 9 I
BHTE D,

Rco= Ceo/ Crotal (5_3)

422 nm B LV 434 nm (BT DWHEITLL T OR(54) EX(5-5THRTZENT
x5,

Agn = 5deoxy422 * Cdeoxy +&:0*?? Ceo (5-4)

Aszs = 5deoxy434 : Cdeoxy +5c0434 * Ceo (5—5)

TES T, Aan/ Aaza IZLL FDOR(5-6)TERT Z ENTE D,
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422 . 422 .
Edeoxy Cdeoxy T & Cco

Agp/ Agzg =
434 . 5-6
&deoxy Cdeoxy + ‘900434 " Ceo ( )

XG5 HH(5-6)2 HW T, ReolZLL FTOXG-NTERT I ENTX S,

422 . 434
&deoxy _A422/A434 Edeoxy

Reo =
434 434 422 422
A422/A434 (gco — &deoxy ) — Eeo + &deoxy (5_7)

422 nm 3 X T 434 nm (28T 5 CO-hemoCD1 & deoxy—hemoCD1 D€ /LW AR
(0™ =3.71 x10° M lem ™!, &34 =6.75 x 10*M'em™!, Gieoxy*?? = 1.52 x 10° M 'em™
PE I Seoy™* =2.13 x 10 Mlem ™) Z IV T Reo ZFH L 72,

AU E4 D CO-hemoCD1 #(Mco)lZ. Rco. Crota 3 X NAIRDIRFE V (1 %
1073 L) 2 X (GS-8)ITRATHZ & TR LT,

Mco (mol) = Rco * Crotat - V (5-3)

72720, (G-T7D Reo & Asxn | Asza DERITIERIE TH DT80, Asn | Agza
0.8 K:Jii(Rco = 0.055)F 721% 3.0 (Rco = 0.743) 2 2. D856, Reo DFHUMEITL <
BRHZLWEZBND, LIei-> T, Eff7e CO EREZAT O oI, ko H
TVOTE S & YN TR, £ 721X hemoCD1 DFIMIRE 2 B S5 Z 21T X Y|
Asy | AszafiBE% 0.8 705 3.0 DRFIC2 5 X O ITFHEE L7z, FHEICHWT 422 0mm B
XN 434 nm 128175 CO-hemoCD1 & deoxy—hemoCD1 D& /W AR (g0,
Ee0™*, Edeoxy? B I Egeoxy™*) & Table 5-2 1T F & DTz,

Table 5-2. Molar absorption coefficients (¢/ M~ cm™') of hemoCD1 used in this study.

422 nm 427 nm 434 nm
Deoxy—hemoCD1 152 000° 195 000° 213 0004
CO-hemoCD1 371 000¢ 195 000° 67 500°

“Ref (41). *This work.
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2-17. EAKS (ex vivo) TOREREY > T v~D CO & E-

MR TNV X Ay v SRR A, Tmm RABRE ) TEE L7z SmL
D25GTNEVY VAN, B F LF v v T 25 G T IVETREZ R
AL, VU PHNOZELSZ BN LTz, U PNIZ CO H A(99.999%) (4mL) %
VU CVRICBA LT, ZO8EE 3 EETo7,  WIT, MY T AR CO IR
AT T4°C T1KHA v FaX—FL7, 1 K#HE, v rohbtorrn
ZHED H L, CO &% hemoCD1 (2 X > THIE LT,

28 HRZu~< 57 40—k 3B CO £HE %33

&Y > 7 v % 100 mg #£ & L, PBS 0.3 mL %/l 2., Power Masherll (nippi)
THREDTA X LTz, 62, KO ETHEEKR AT T AP —(QSONICA)IZ LY
L7z, H 7 AEK(ERE 5 mm)%Z 1 fH, 30 %Y VU F LR A F/L(SSA) % 3 i
A, T TV = AL, EHENOESEZ BV LT, EFESRE ST,
HHE 2 7% AR MIFAEE TRWEE, 770Uy —2 ML TRa8T
R[lLTe, HAZA RV PERANWTANY VAT AZAT L—HL D 1 mL R
L.V U PHIWALTE, ZLTCvA 7y ) o VEHWTCAX T AE RS
L—H &0 50uL FRER L., U U PHNIC AL T30 DiRE L7z, HAZA b
VY TUTUVY U VHORME 0.5 mL SEEL, GC EENICIEA Lz, Mt
IX TCD, %77 A1X SHINCARBONT, F % U7 HARIFIANV U AT AZHNie, &
LTH T LREE 40°C, KULZEIREL X ORMHAIREZ 120°C, ¥ U T TR
JiE % 50 mL/ min [ZF%E L Tt &1t o 70, £, WY E L LTAX v
HAZRNZ, BNz A0~ 7T A50D CO BEOAX O — 7 Hfk
OIS o T RICE £ D CO T AEA RN LT,

COD E— 7 [fit& x CH, & (uL)
CH,OE— 7 [HE x 224 x A

JFiCOE: (mol / mg) =

22.4 1 FE/VAFE(L/mol. 1 molDJF 2N FEAEIRAE T 5 b 2 IKFH)
A T FE & (mg)
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2-9.CO HADFK NEE

in vivo TD CO AW NEERDE v N T v 7% Figure 5-5 [T~ 3, X2 hVL

EX—VTTy MBS Eo %, BROFE L, A TSRS L0 2250 Tl &
7= 400 ppm @ CO H A(Fi & 1 L/min, TOMOE SHOKAI Co., LTD.) % 7 v ~ 24
RER(5 min, 10 min, 20 min)iIZWA 72, 7 v MW ASHE72 CO T AR,
CO HitH#3(COSMOS XC2200) CE =X — L7z, X BT, AMRIZENZ2WE HIC
PER AT AT 2B TAIR S 4, CO R HE#(COSMOS XC2200) CE =4 — L7z, CO-
Hb %3, ALER XL OVELED L ENENERIN & BJRILERY & LV, ZhEh
0.1mL)Z £ L, EHIZ ABL825 Z W T/ L=, 547, 1045, 2045, 90 %y
%2, 2507 T v v TERAEEATV, llge T O MK 2 vEn i L, A lidss 2 BRI
LT b3 SITIRIRER THRE Lo, SR L 7ok~ 7 0 2-80 °C Tk
L7,

2-10. CO H ADJBAHELDLEREZITERIC X 2K FER

29 LRIERIZFEBR O~ b T v 7 (Figure 5-5)% 1T > 7=, X h L EH —)L T
Ty MM S %, BRAFEE L, AN LFERERIZ L0 25 TFElr S 7z 400
ppm @ CO # A(fi & 1 L/min, TOMOE SHOKAI Co., LTD.)% 7 » MZ 5 43 W% A
STtk WAH A& ZER F 7213 02 H A(99.999%, TOMOE SHOKAI Co., LTD)(Z
BV Z 7=, RVEB XLV OMEY > 7 /(0.1 mL) &2 T ZEE L, CO-Hb %
ZOMT LTz, ABEASAEIC(10 min, 30 min, 60 min), 2-5 D7 7 v ¥ 2 JEEELT
U, g o O MR 2 Be i L B ldgs 2 BB L T b SITHRIR 2 568 Tl L7z,
B L 72 kAR Y > 77V 280 °C THERERTT L 7=,
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CO 400 ppm in air
TOMOE SHOKAI Co., LTD.

Rodent Ventilator
ugo basile

air or pure O,

0) ==

= O

Y

exhaust
—_—
wall suction
¢=—
10-15 L/min
air _)
CO detector ﬂ ouT IN
COSMOS
XC2200 \/
k/ 30 mL/min
Rat
5 weeks

Figure 5-5. Schematic representation of the experimental setup for CO gas inhalation
in rats. The apparatus allowed a rapid switch from inhaled CO gas (400 ppm) to air or O>
by handling the three-way stop cock. The rate of inhalation was controlled by the rodent
ventilator. The exhaled gas was mixed with air before exiting. For safety reasons, a CO

detector was used for monitoring the atmospheric concentrations of CO.

2-11. CO H A DA D oxy—-hemoCD1 D5 EBR

oxy—hemoCD1 ® B EE(LE s & kE T 5 72 012 & EBROFITIZ oxy—hemoCD1 &
#%(1.4-3.0 mM in PBS, 2.5 mL) % #7= (ZFH %L L 72, oxy-hemoCD1 &% (1.4-3.0 mM
inPBS,2.5mL)ZFHH L, TEL U UPICAN, TIAEVI VURUTICE Y
N L CEMWI~DOEE % LT,
FZB% I (Figure 5—-6a) ClX. 400 ppm D CO H A% 7 v MIWAZH7= 5 5514,
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Wy AH A & 2285502 0 B 2 7= L 32, ImL oxy—hemoCD1 % EFHRY 591X <
HEA LTz, WIZ, 7Y @ oxy-hemoCD1 ¥&#%(1.5 mL)% 4.5mL/h O TR ER
DHIEN LIz (RIEAREH: 30 min), ZD%, 7 v MIS HIZZ4EA T 30 /A
et 72, 0. 5. 15, 35, BE 65 53 DHFH(f. ts. tis. B35, 165) TRV B L LV
2 BERIM(0.1 mL) L7z, RIREZ, BERED SR ZBIX L, JR% PBS Cild 4T AR L
T WINART MVERE LT, FREATERK TRICT vy 2L, 2-5 D
77w T ERAEEITO, Bhds T O MK 2 BE R L SliEdR A BRI L T3 <
(ZHRARZE 32 Tl L7z, RS L7kt o 771 280 °C TR {r L7,

2%k IT (Figure 5-6a) CTlL, 400 ppm @ CO H A% 7 v MR ASHTZ 5 5514,
W AT A% Oy T AIZE) Y B 2 72 L 361, 1mL oxy-hemoCDI1 % JBF#IRD 5 971%
R FEALTZ, WIZ, 72V O oxy-hemoCDI1 & (1.5 mL)% 9.0mL/h OHEE T2
FR2> HEN LT RIEARE: 15 min), € D%, 7> MII HIZ 0, HAT 455>
MR AT 7o, FZBR T LRI CFINET, RV BLWNLV O 7 Lk
BEL LTz,

FZBR I (Figure 5-6a) Ti%.400ppm @ CO T A% Z v MIWMAIHTZ 5 51k,
WATT X% Oy T AIZENVIE R, 30 47 O2 W AL K DMK AEATIR -T2, 30 5314,
ImL oxy—hemoCD1 Z B ##R2> & TIEL < TEA LTz, &KIZ, 52D O oxy—hemoCDI
BR(1.5 mL) & 9.0 mL / h O EE TREFRD HIEA LG IEARRE]: 15 min), €
D%, 7 v MEEZHIZ 00 HAT 15 K AT T2, FEBRT LR CFIET,
RV B XLV gy > 7 v &z I LT,

FEEBR IV 33 X OV V (Figure 5-6b) TlE, 400 ppm O CO H A% T v MIWASH
72 80 73t WATT A% Oy HAIZEIV X Tee FEBR IV B L VIZEBWTIL, 3.0
mM oxy-hemoCD1 ¥%&#%(2.5 mL)Z §RNIERICHEHA L7z, ZFOHOTFIAIX, %
AVEIVERR I3 L OV & R T - 72,
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(a) 5 min CO exposure (b) 80 min CO exposure

I||co . hemecDt Air ventilation IV‘ ‘ co [nemoCdt] o, ventilation ‘
”‘ ’ co |hemocD1] 0, ventilation ‘ V‘ ‘ co ‘ 0, ventilation lhemocD1| |
H I T T I I
Ill‘ ‘ co’ 0, ventilation |hemoCD1] ‘ 0 80 95 110 125 140
U U Time (min)
I T T T T I fo tso
0 5 20 35 50 65 ) ] Tissue sampling
U U Time (min) Tissue sampling (v, v)
fh 5
%/—/ T I'
Tissue samplin Issue sampling
Ping (1L, 1)

Figure 5—6. Anesthetized rats were exposed to CO inhalation (400 ppm) for 5 min (a)
and 80 min (b) followed by either air or pure O ventilation in combination with

intravenous hemoCD1 infusion.
2-12. v "RV VIV DORINANT FIVEIE

ERIVICBWTEE LRV 7 /L% PBS THEMSIZHRR L T, WIXA~RY
MV ZERIE LTz, HIEHR OB /I FE 72 NaxS:O4 ZUSIN L, E DB AT |~
NVEHIE LT,

2-13. MIRRERICH WM X O3

b MPEMIEHepG2 M) X LT 7 T IEA L, 3 HARLLE
MR L7Zb &M Lz, MOREE I, WRIAEEE LT D-MEM (K27 /v
— A L-INEIv, 7 /)=y R BBV N ULAEA)E Gibco™
X O EEA LIFEA L7z, Fetal Bovine Serum (FBS)!Z Biowest (France) X D liEA L. &
S5 C 57°C, 30 o MMBVLEE 21T > 7= b D& H L=, FLAEWEIL PS (==
VU R T AT ART Y v BEBEIRB L ON025 wiv % b
> 1 mmol/L EDTA4Na {§iE % 8 L7 4 /L ARGt L v A L 7=,
HepG2 #fifidix D-10 £5#1(D-MEM / 10 % FBS /1 % PS & A) & W T L7z, &%
X, 37°C. 5% CO, FHA TIT- 72,
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2-14. hemoCD1 2 & 2 HifaN CO E&E

HepG2 HAE(1x10%(Z CORM401-E (25 uM in D-10)Z 3N L, 2 B A >3 =
— bk U7z, 2 RFf#%., A BrE L, Mila4 PBS THEH L. oxy-Hb (15 uM in D-
10)ZFML, &5 1REA v FaX— kL=, ZO%MIa%s PBS THEE L.
Mz B/ A7 LA S—THRIBEL 72, MBI OMREE T Y L,
Na28:04 (ca. 1-2 mg)F L T met-hemoCD1 (2 uM)Z NNz, & D 14 85 I il i
(QSONICA) % N THIEARARAE 21T o T WA DY 2 77V % 14000 G T 10 43fH]
D1 L BEAE 1T > 7o, EIHIZ NaxS204 (ca. 1-2 mg)E MM A T21%. WU AT F v
ZHE LTz,

2-15. MTT (2 X % hemoCD1 3 X Ot Py3CD Dz MERIE

96 well ¥~ 7 17 L— hZ 10 x 10* cells/mL (ZFH%L L 7= HepG2 #ll il Sk ik %
F AR Y MZDE 100 uL FT°2M %, 37°C, 5% CO, 5/ FC 24 REHEG#E LT,
K248 L 72 HepG2 Mifldn» b E A B 7%, PBS THF . {LEM OB HIERIK 100 uL
(D-10)& NN % 7=, %38 (met-hemoCD1, Py3CD) % 3 FEES 214, K5 HIVAIR & bR 2=
L. PBS T L7z, &% ANR Y b%& D-10 5541 90 uL TEHR L7=% . MTT Ak %
FEARY MZOZ 10Ul TOUIML, S 512 3 FEfMEEE Lo, K%, Kihibs
L. HEaERIE(DMSO) TILEM % 52 2T L7z, Multiskan™ FC v A 7 1
7L — K U —%—(Thermo Fisher Scientific) CR& 724 A4~ b DU EE(hD
1 570 nm) SO A fFR AR H LT,

2-16. FRFHEAT
TRTOTF—Z 3072 &b 3 EOMST L= EBROELE+ SE & 53+ SD

& LTRLTZ, Student D ¢ MiEZITV, p<0.05 THEINCHEREND D L
Wr 7=,
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. BERBIUER
3-1. hemoCD1 Z W= HRE CO EEEDBRR

CO E®mIZHVZ CO-hemoCDI1 3 L O deoxy-hemoCD1 DI AT kL%
(Figure 5-MIZ- 4, 1ZBILAITd D NaxS:04 £V . I D met-hemoCD1 73Ek(11)
?® deoxy—hemoCD1(Amax =434 nm)IZIEITL S 4L, CO HAZNT V755 E . CO
DSHLERADIZENL L, CO-hemoCD1 (Amax =422 nm) 23 ERL 4L, FERICT v — 7
Y —L— B S D,

CO-hemoCD1
(422 nm)
co deoxy—hemoCD1
' ® 434 nm
( Fp” z‘ Co E F,e” E 6&) ( )
S |N* S sﬁs 5
L > 5
deoxy—hemoCD1 CO-hemoCD1 <

350 380 410 440 470 500
Wavelength / nm

Figure 5-7. UV-vis spectra of hemoCD1 showing the Soret bands typical of deoxy-
hemoCD1 (434 nm) and CO-hemoCD1 (422 nm) in PBS at pH 7.4 and 25 °C.

IKERHE PR L 72 CO % hemoCD1 (2 X » CIEREICHRE TE 5089 E
FfL7z, #7202 CO IREICHTE L 72 /KK % deoxy—hemoCD1 L{RG L. £ D%
LAY R~V ZHIE L 7z (Figure 5-8a), CO = DN - T, deoxy—hemoCDI
DYWL AT N ATV R (427 nm) &8 Y 7275 5 CO-hemoCD1 ~& 7 K L
7zo FEBRIED 2-6 WK LIGHRFIEZE VT, 422 38 KON 434nm TOWNE
He(Aa22/ Aaza) I3 TN 422 nm B LY 434 nm (Z81F 5 CO-hemoCD1 & deoxy—
hemoCD1 D E /W IEAREN(£0%2, &eo®?, deoxy™? B LN Edeoxy™*) (Table 5-2)% F
T, T D hemoCDI (2% L T CO-hemoCD1 DOEI A (Reo)Z LA FOR L 0 HH
L7,
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[CO-hemoCD1]

Reo =
[deoxy-hemoCDI1] + [CO-hemoCD1]

422 . 434
Edeoxy —~ — A2/ A434 " Edeoxy

= 5-9)
434 434 422 422 (
A422/ A434 (500 — &deoxy ) — &eo + Edeoxy

W hemoCD1 DFIEE (Coa)lE. deoxy—hemoCD1 & CO-hemoCD1 DZEWLIN
S 427 nm (S BVF DB AR T (6407) B VTR L 72(Table 5-2), &+ @ CO
(Mco)D L, Rco. Ciota B L OAERDOEIE V Z L FORUTRAT S Z & THH
L7,

Mco (mol) = Rco - Cota - V' (5-10)

i L727KIZ CO H A(99.999%) & 1A L TRl L7245 CO JRE/KIFRIZEBIT 5
CO &% L hemoCD1 % FWT 26 TR L3 H FE TR L Moo B E IXE
FRBEIFR S D AU 7- (Figure 5-8b, y = 0.99x, R?=0.999), #x/)»THJ 400 pmol ® CO
BT 52 EMNTE, 512 Figure 5-8b [/R L TW A EMROME X I1X 1 TY)
R0 ThHhdrI b, WRFO CO &EiX, RNGE-NNEHWTHEBERETEDHZ
Lol

(a) (b)

20 422 nm Roo= [CO-hemoCD1] 2500
[deoxy-hemoCD1] + [CO-hemoCDY1] 0.99 i CO dissolved  CO detected by
y = 0.99x ¢
8 -_—
215 434 nm 8 108 32 20001 (2 = 0.999) in H,O / pmol  hemoCD1 / pmol
g 0357 58 410 410 £15
2 0.683 &= 1500 i ol 820 78235
210 1.00 29 .
82 1000 1230 1227 £ 111
Q5 - A 1640 1640 + 163
0.5] O< 500 o
2270 2257 + 191
0 (s

0 500 1000 1500 2000 2500

400 420 440 460 480 500 - ;
CO dissolved in H,O / pmol

Wavelength / nm

Figure 5-8. Spectroscopic quantification of CO in aqueous solution using hemoCDI.
(a) UV-vis spectra of hemoCD1 (6.0 uM) after exposure to various amounts of CO in
PBS (1 mL) at pH 7.4 and 25 °C. Rco values were calculated using eq (5—7). (b) The plot
of known amounts of CO dissolved in water versus the quantified values of CO

determined by the hemoCD1 assay. Data are shown as mean = SD (n = 3).
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3-2. EEHRHERRIZBIT S CO D hemoCD1 IZ L B EE

hemoCD1 % VT, 2-6 HH T/r L 72 R FNE(Figure 5-9a) It > T, 7 v b4
RIS E D NEME CO EZ2ME LTz, #Hi#%IC deoxy-hemoCD1 # /12 T,
B ORI U 7o il 2o iU L 72 % . 1370 B3 Zx(Figure 5-9a B EH)13 5 5 AL,
ZTN%Z 045um 7 4V F —TAHilE LTz, RIZ, FONTAEDOWIL AT LV
H7E L 7= (Figure 5-9b), hemoCD1 @ CO K& deoxy KD Y — L — 3Bl S 4
77o 2 hr—/L & LT, deoxy-hemoCD1 Z U7 1Z[F U FNECTRLEL L 7=
> 7 )W (w/o hemoCD 1) DL A~ 7 kL HIE L 7= (Figure 5-9b), CO EDH HIZ
Nz 422 36 K UM 434 nm (21T WO, deoxy—hemoCD1 Z i L7z ¥~
Jb(with hemoCD1)DWIEED B deoxy-hemoCD1 A s L T2 7 (wlo
hemoCD1) OWNEFE LW E Lz, 256 OWEE 2 G-I L,
Reo ZHH U7=, F 72 WUV A 427 nm (28T DL E N B IRE 072 Crota 1
W T IATHRANTIIN 4172 deoxy-hemoCD1 DIRFE L KL< —F L7z, L7edi-
T, HEWHAE, =008, BEOAIER EOEMEIZ X5 T hemoCDI1 238 L
RipoleZHRm LTS, PLEDOFIEEIY | Reo BEDY Co Z(G-8)IZRA
L. #fCE D CO EMco)ZH M Lz,

CO VLIMIEF D Hb EfERT H Z &b, KMkt 7 AT MR 5 F4 T
WA, T CO-Hb 2> TWAIEEA, < AL 2 AREMER S 5,
o T, M TICEAL TV AMKEICE>TCOEBMNKELEAIND, £
NI E F£D CO-Hb OB %A /NI 5721, AFREKZ AW Tl ik
ERIETHD 7T v v v TR ToTo, 7T vy TRIRISE T B & MR I
liver, fifi lung, ## P muscle, KX cerebrum, 33 OVIM cerebellum) D EH & Z D
CO E&EME R % Figure 5-10 [ZF & o7z, FHHMBMOBEEND MR OREIZ LD %
AR O MK R DOTRER R 7= Z ERBl STz, 7T v 7 Szl
X, M &7z CO &b Mk % & Telas s b~ T L7z, 100 £7213 200 mL
DEHEH K TT 7 v v a LIz (Figure 5-10a), Tl CO T L L7zn-7z
TEMNDL, TN DOERIZE N T 200mL OEFAIEKEANTT Ty T
EiToT-#%, COERTDHZLE LT,
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(a) control sample
(w/o hemoCD1) (with hemoCD1)

® Centrifugation

@ [deoxy-hemoCD1 (2-10 uM)
(14000 G, 15 min)

+ NayS,04 (1-2 mg) in PBS (0.5 mL)

Tissue ho_mogenate . ' 5 Absorbance measurement
(5-20 mg in 0.5 mL PBS) @O soiic: @ W
(10s x 2, on ice) (0.45 um pore)
b
® 1.0
422 nm
08 sample
. (with hemoCD1)
Q 0.6 434 nm
C
[ay)
2
S 0.4
O
<
0.2 control
(w/0 hemoCD1)
0

400 420 440 460 480 500
Wavelength / nm

Figure 5-9. Quantification of CO in rat tissues. (a) Experimental procedure describing
the various steps of the hemoCDI1 assay for measuring CO in tissue samples collected
from different rat organs. (b) Typical representative spectra of supernatant solutions of

liver sample and control obtained at the end of the hemoCD1 assay.
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Figure 5-10. Quantification of endogenous CO in tissues. The amounts of CO contained

in the liver, lung, muscle, cerebrum, and cerebellum without (—) and with flushing (+) the

organs with saline (100200 mL) to remove residual blood. The amounts of CO were

quantified by the hemoCD1 assay. Each bar represents the means + SE (n = 3—6 rats per

group). *p < 0.05 vs —flushing, not significant, 7.s.
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Figure 5-11. Quantification of endogenous CO (pmol/mg, wet weight) in tissues using

the hemoCD assay. Each bar represents the mean + SD (n = 3-6).
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WRIZ, AN liver, fifi lung, #7PY muscle, KM cerebrum, 35 & UV
cerebellum)|Z 3517 % IR CO D E &E % hemoCD assay |2 L > TiTo70, £ Dk
B.7% Figure 5-11 (TR $, WM CO 1T Z LR BEDNLIN, o~y iR
THHNEAF VT —PHO)DIEMIZ L > THfRESNABICEIARY & LT
AR END 3, Z0IFE A CITRIMEROGRIC I W AERESNDE N, 347 nE
YMb), ¥ R b AN FFIH =R L TR EOMDNLE N TE
DRI LV RAET D CO IE, MEDK 2025%% HHTND ¥4, ~LAF
=B HONT £ D~ LRSI IS < AFE L, BRI 32 272 ik
SELTHLNTND A, F7- Booke O IFENIRD CO-Hb% X H LEFIRD CO-
Hb% &LV H &<, T CTIES T CO NI SIBRT 272D Th D s
L7248, N CO X IR~ LA F 7 —F 2 HO2)IZ L W AESND
WSO NEAF VT F—BIZIDAFEINTZCODIZE A EITHb LFEET 503,
ZDIE, IA 7B EMb), V7R AFFUX—E, U N a P40 7l
DAL R FIZHENT D 2 LN TE 5 41350, Coburn B 1%, DMEF L OV
FERRIZAAAET D Mb &, Dl T 2% A0, BHE T 1%A0# O CO-Hb L~ LT
H CO EREHT 22 & ZFERE LT 259, Mg R MER D AEFES T < 722 o 7o R 1
EROMHEZAT O g & LTI O TS Y, 16> T, FIIZIZNENME Co 73% <
FIETDHIENEZLND Y, FIRIZIZIANLDBELIFIET D720, NaxSr04 12 &
BHHVERCIX 02 BRZETE 9, hemoCD1 DAY MV BE 5 2 5720, CO
DEZ IEfEICERTE 2o l, 70, HIE LAk CO &iTfkDEE &
B - 72 AR BEfR (Figure 5-12) % 7~k L, deoxy—hemoCD1 (Z & 5 figigs @ CO & &k
F, mWEBMEE AT D 2 RSN,
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1200 1200
,A
900 ’ 900 ™
/7 L
© ‘ © /‘
£ A £ ’
o ’ o [ ]
5 600 /A — 600} m
o A R?=0.998 S 7 R?=0.9809
, © w’
300 ’ 300} 4
7 d
P /7
/ , /
0 7 . . . 0 . . . . .
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Figure 5-12. Plot of the wet weight of tissues (liver (a), lung with or without CO
inhalation (b, ¢) and muscle (d)) versus the amount of CO detected. The linearity

ensures accuracy of the CO quantification assay.

hemoCD 7 v & A EUERD GC EL T D 72012, 2-8 O FEFRTTE 19392
1> T, GCIEEMWTHFIEN® CO &ZME L7z, GCIEIZEY CO E&EAT
o Tt B (Figure 5-13a)35 L O hemoCD assay & i L7= 2" 7 % Figure 5-13b (Z
R, A LTk A A VAR Y TR TERE L, ~AERITKEAE LTV D CO %
ST D KO AT AR CO & flE L7z 19217677 Figure 5-13b (2R LT
WAHEHIZ17.5+£0.6 BELON12.1 £ 3.1 pmol/mg D CO A3, ABEBHKTT T v
vV TR ORI TR Sz, GC IEIZ X » T TR Sz Co &
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E, DENc#E SN 7T —2 & L<—H LT 7, —J5, hemoCD1 L XV %
<D CO P EHT2(98.7 £ 17.5, 57.8 £ 3.0 pmol/mg), GC IEIZ L% CO Dt
NEHIIE, BE S MRS FEAS L, AARY U FABRIC L » THRHE S22
R CO LD D EEZHILD, hemoCD 7 vt A TIE GC ELY LD
CO Z MMM ORI TE DL Z N LM E R 5T,

a) b)
120 1 hemoCD1
98.7+17.5
Air CH, I
<nzyIL (N,05) (int. standard) S 90
£ hemoCD1
>O 57.8+3.01
E 60 1 1
\\\\\ - co o 1
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Figure 5-13. Comparison between the hemoCD1 assay and the gas chromatography
(GC) method for CO quantification in tissues. (a) A typical gas chromatogram recording
the amount of CO from a liver sample. (b) The amounts of CO in the liver tissues (— or +
flushing) quantified by the hemoCD1 assay and the GC method. Each bar represents mean
+ SE (n = 3-6).

EFEOHFIETIX, 2017 4EIT Kitagishi 5 3% L 72 hemoCD 7 v & A (Figure 5—
4% FREDFIZBW TSR L2, BiD LD X 512 oxy-hemoCD1 % T CO
ERmZIT O %A, oxy-hemoCD1 ZFHH 9 2% LI E 72 NaxS:04 ZBRET D0 #E
NHV ., DD VAT T L(Sephadex G5BT HIMLE ML E RN H D, S5
(ZHLRR 7 B AYEIE L 7= AW D hemoCD1 D IR (Coa) Z IR ET D 72012, T
T hemoCD1 % CO-hemoCD1 (ZEHLL THY , CO HANT Y T #4T> T
We, E7z. lEgoMak A HIE T 25 AITIE. Z X H A ) B hemoCD1 %
EET DD E MR RN A T 4 v —E LT, AFERICBVL T
E L7z hemoCD 7 v &A1 TiE, %72 NaxS:04 DIFLE F TP 422 1 XL 1434 nm
TOWSERE I IS W THERN O CO EZRET 5728, oxy-hemoCD1 #1E5
TEODTNVABAT v T BT HIENTE, 51T NaxS:04 IFHHFk D #
VNI E TR EDERES OWE AR L, RIS AT < Thim ook IC
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2 22 (Figure 5-92) 2135 Z E N TE 1o, - T, IRASIET 4V Z—b b
Bl lpolz, COERITIET A/ Ana BE N Apy OWSELEZH WS 720, — K
DAY S IVHITE T Com B LN Reo ZIRIET H Z LN TE D720 if&i) e CO
NTZYV T ARE Loz, F7o, &R L7 hemoCD 7 v & A 23 invitro TH 4%
AEIZ HEATE D Z & Ml L, IATNcHE LR & A CEONREME COo %
EBETDHIENTEY, Ledo> T, #HziZedt R L7e hemoCD 7 v & A ILIE
eI, Mt L ONESR 72 & OEKREHZZ 1D CO 2 EET H I &
WA THLENTHIETH DL Z LRSI,

3-3. hemoCD1 ® CO BEREKL X O CO BrEA| & L Tl

XFIEREMHFITBNTEMIZCOEZRETE D0 E 9 0 &7l L7, pH,
(PG, Xelamp), ROS, NO., HaS, 7 /VZ F 4 2 (GSH) 7 & DEWFRISS
FEOFAE N TRINE L OWFIEAN O CO &2 MIE L7, pH 7.4 @ PBS TiT/e~o7
CO Emuz =y bu—/LFEE L L=, hemoCD1 L pH 4-10 IZBWTEE L T
% 3=, Figure 5-14a 128 LTV K 91T, hemoCD1 (2 X - TER L7240
kN D CO ®iF pH ZAL D E L Z T IR Z Lo Tz, £72, Ha02 (10 uM),
NOCS5 (10 pM), NaSH (10 uM)33 £ Y GSH (10 uM) THfE 2 30 701 > F 22— |
L 721 .PBS T¥i§ L TH 5 hemoCD assay (2 & » T CO &% JHIE L 7= #% K (Figure
5-14b), = > b — LERR L CO BOAREENBIH 7> 72728, hemoCDI
L > TEEBLEESMBND CO BIX LD X 5 BRI T OB EZ 1T
RN ERbroT, £ BREB IO Xe 7 U CRIBRARFERZ1T - 7273,
Xe 727 W% CO EOWRAD MBI S #u7z(Figure 5-14c), ZiulE, Xe 77
FRAHIZ KD | CO-hemoCD1 DEE(I1)-CO i3 23RV VLT —H BT S 4L, $R(ID 5
CO RSN ENBEZBND,
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@ Buffer at different pH (4, 7.4, or 10)

Liver or brain tissue O — : The hemoCD1 assay
(10-15 mg) (the same manner as shown in Fig 4a)
60 100
g o 80 n.s.
= 40 n.s E n.s
g n.s. S 60
£
o S
Q 20 5’ 40
o
© 20
0 0
pH 4 pH7.4 pH 10 pH 4 pH 7.4 pH 10
(control) (control)
(b)
H,0,, NOC, NaSH, or GSH (10uM)
in 0.5 mL PBS
PBS wash
Liver or brain tissue (30 mnm onT Y The hemoCD1 assay
(10-15 mg) (the same manner as shown in Fig 4a)
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5 E
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. room light or Xe lamp (flitered at 400-500 nm)
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(10-15 mg) (150 min incubalion | (the same manner as shown in Fig 4a)
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g40 ’éa 80 n.s.
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E « E .
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Q20 (@)
O
L0 T —— 0 -
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Figure 5-14. pH (a), Effects of external reactive species (b), and light (c) on
quantification of endogenous CO in the liver and brain tissues by hemoCD1. The data
indicate that the assay using hemoCD1 was unaffected by the reactive species, H>O», NO,
H»S and GSH, pH (from 4 to 10), and room light. The data in ¢ indicate that the strong

irradiation by Xe lamp reduced CO due to dissociation of the CO-Fe complex. Statistical

significance, *p < 0.05 vs control; not significant, n.s.
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CO-hemoCD1 MR % 2R TLIEITHFIET 200 E D D EM D722, CO-
Hb Z W T ERR 217 > 72, CO-hemoCD1 ¥RIKIZ 02 1 A(99.999 %, {FiKs
ekt a 5 2EIAT U 7 LT, WIRARY VAL L7V (Figure 5-
152)Z LZxf L, CO-Hb X, Oa H A% 53N T V7358, ZDOWILAR
7 KViZ CO-Hb 776 Hb @ Op K O-Hb ~ & 24k L 72 (Figure 5-15b),
hemoCD1 @ CO (2% 3 D FPEIX O, LV 1F5 22/ <, CO 2% hemoCD1 D H
DERICENLT 5 & CO IR E L TREICHFAET D, — . Hb OHLLEKIDIC
AL LTV D CO TR0 KV EBREND Z ERbho T,
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Figure 5-15. Stabilities of CO—hemoCD1 and CO-Hb upon O bubbling. (a,b) UV-vis
spectra of CO-hemoCD1 (a) and CO-Hb (b) in PBS at pH 7.4 and 25°C before (blue)

and after (red) bubbling O» into the solutions for 5 min.

KIZ, CO-hemoCD1 I&HZF Y CO-Hb IR IZZE LA Na HA(99.999 %, £
FIEERASth) 2370 7 L, — RO AT R VLA BRI L 72
(Figure 5-16), CO-hemoCD1 OWIL A7 ~ UL 60 77 H No /X7 U 72 8
MO 5T DYWL AT R LiL deoxy—hemoCD1 (2R 5 727> 7= (Figure 5-16a),
ZAUZR LT, CO-Hb DWW AT VTR R A8 0 7273 6 deoxy—Hb ~
R 7= (Figure 5-16b) 2 & 3o 7z, & HIZ, CO-hemoCDI1 %k 2 2 ¢ ] R E
(<10 Torr) S T HJEIZERE L CHOPBS X VA L7 S LR & [FIEED CO-
hemoCD1 @ ¥ — 772 A7 kL% 7R LT=(Figure 5-17a), *HRAJIZ, CO-Hb I&
TRIZHK L CRICFEBREIT o 72 fER. CO-Hb (XTIEEME LR LT Z b o
7z (Figure 5-17b), F7=. CO-hemoCDI &K I L Y CO-Hb &K E iLZE 1T Ho02
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BNz, FOWILAT N VEALZ B L 7= (Figure 5-18), CO-hemoCD1 D WU
ARY MTY v =T IR AT SO FEFICK LT, CO-Hb IEF UEMFETT
H Oz 12 Ko ThfRas e, S 61T, MR IZ CO-hemoCD1, oxy—hemoCD1
B LT deoxy-hemoCD1 % ZAVEAUIN R 24 KF[E % ORI A~ 2~ V2 b % JE
L7z, ZDOhER% Figure 5-19 |Z7~9, CO-hemoCDI(Figure 5-192)3 & TY deoxy—
hemoCD1 (Figure 5-19b) D W UL A X7 KA DNIFIEERL L7 <. ZHix CO-
hemoCD1 23 EARRR T FAE F CHRIFRICODIZ > THIHFFICLZETHDH I & &R
L CTW %, oxy—hemoCD1 (Figure 5-19¢) X REH#RE & & 612 B BER LG 3 A,
24 PR 12138 @ met-hemoCD1 (2L L 7=,
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Figure 5-16. Stabilities of CO—hemoCD1 and CO-Hb upon N> bubbling. (a,b) UV-vis
spectral changes of CO-hemoCD1 (a) and CO-Hb (b) in phosphate buffer saline (PBS)
at pH 7.4 and 25°C after N, bubbling. (c) The plot of the residual CO—complexes (%) of
Hb and hemoCD1 during N> bubbling. (d) The data indicate that CO-Hb was converted
to its deoxy—form by reducing CO partial pressure, while CO—hemoCD1 was hardly
affected due to its high CO binding affinity and stability.
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Figure 5—17. Stabilities of CO-hemoCD1 and CO-Hb upon vacuuming. (a,b) UV-vis
spectra of CO-hemoCD1 (a) and CO-Hb (b) before (blue) and after (red) vacuuming

under 10 Torr for 2 h followed by re-solubilization of the residues.

a) 18 b)
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Figure 5-18. Stabilities of CO-hemoCD1 and CO-Hb against oxidation. (a,b) UV-vis
spectra of CO-Hb (a) and CO-hemoCD1 (b) in phosphate buffer saline (PBS) at pH 7.4
and 25°C after the addition of 20 eq of H>O; at 2 min recording time intervals. (c¢) The
plot of the changes in absorbances at Amax of CO-Hb (418 nm) and CO-hemoCD1 (422
nm). (d) The data indicate that CO—Hb was gradually oxidized and decomposed by H>O»,
while CO-hemoCD1 was resistant to oxidation by H>O».
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Figure 5-19. Stabilities of CO—, deoxy—hemoCD1 and oxy—hemoCD1 in the solution
containing biocomponents from cell lysates (10° cells). The spectra were measured at
25°C immediately after adding the cell lysate and after 24 h. (d) Deoxy— and CO-
hemoCD1 were quite stable over 24 h while oxy—hemoCD1 was gradually autoxidized to

ferric met-form in the same manner as in the absence of cell lysates.

hemoCD1 @ CO BrREHRE ) & MiFET 5 72912, oxy—hemoCD1 7% CO-Hb 7>5 CO
PR T D Z & 2 BT 5 EREIT o7, £7°. oxy-hemoCD1, CO-hemoCD1,
oxy-Hb 3 X' CO-Hb ™% Q band DOWUL ALY kL% Figure 5-20a (Z/R7,
hemoCD1 & Hb OFEEARDWIL AT M IVITIEF I TV D A3, oxy-Hb D 575
nm (231 WU TIEL, CO-hemoCD1 3 L O oxy-hemoCD1 &1F & A EHED Z &
72< . oxy-Hb OWIIZI 1T 2B EZALDRIE TE 5, AFE/LIZ PBS 3 mL
AL, EZIZHBL L 72 CO-Hb DA kv 7 K 5 (0.72 mM in PBS, 25 °C)/ 5
10 uL BV . B/uichnz 7z, Wiz, #8872 oxy—hemoCD1 D A k v 7 ¥&i(0.75
mM in PBS, 25 °C)»>% 20 uL BtV . BTN A 7=, oxy-Hb @ 575 nm DOWILIZ
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BT DV ZRE LT, £ DOfE R % Figure 5-20(b, ¥)IZ/77, 575 nm |Z

BT DWEE I L, — RO ISR ERIZIE SO TIRRIT 21T o 7oA R, 1R
R TEEL kobs 15 0.01 571 T o 7= (Figure 5-20c¢), Z iLITHE TV 5 CO-Hb ®
kot© & < —FH LTS 9, hemoCDIl @ kuC® (4.7 x 107 M's1)iL CO-Hb O
kot'© X K& WD T, CO-Hb 75 D CO DFFEfEAMNHERERE & L CTEIHl ST
5ot SR L LT, oxy-Hb IZ CO-hemoCD1 % /il 2. C. [AAR7R
FZRk %17 o T2 f Fe(Figure 5-20b, #5%)35 & XCO-Hb @ Z(Figure 5-20b, & {4)?D 575
nm OWIIZI1T 5 WAHEEALEZRIE LTz, WREELIZR SN 723), L
72735 T hemoCD1 (X Hb LV & CO BFMED & < . WiFH ZIRET % & hemoCDI
DTN CO BERT D Z L biro7-, (Figure 5-20d)
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Figure 5-20. Competition between hemoCD1 and Hb for CO binding. (a) UV-vis
spectra of oxy—, and CO-hemoCD1 (5.0 uM each), and oxy— (575 nm absorbance peak)
and CO-Hb (2.4 uM each). (b) Time-course for changes in absorbance at 575 nm,
indicative of formation of O>—Hb, after mixing stock solutions of oxy—hemoCD1 (0.75
mM, 20 uL in air-saturated PBS) and CO-Hb (0.72 mM, 10 uL in CO-saturated PBS) in
air-saturated PBS (3 mL) at pH 7.4 and 25 °C. Controls are represented by solutions of
CO-Hb without (w/0) oxy—hemoCD1, and oxy—Hb mixed with CO—hemoCD]. (c) First-
order rate plot for changes in absorbance at 575 nm over time. The linear regression

analysis gave a rate constant of k= 0.01 s~'.
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CO-Hb & oxy-hemoCD1 DIRA IR % 15 L APRI Al 7 1 v Z —(MWCO. 30
kDa, Amicon Ultra)lZ ¥ L. 30 kDa LL_E0> Hb (Mw. 64,000)% & T 78 898K & 30
kDa LL T @ hemoCD1 % & Lok & 77 Bt L 7= (Figure 5-21), 7% L 7= Hb ik
& AW H D hemoCD1 AR D ZNVE VORI AT L ZJIE L 7= (Figure 5-21),
Z D%, TR Lz Hb IR CO H A% NRT Y 7325 L, CO-Hb DU A
7 NVRBINTZZ &5, CO-Hb 2% oxy—hemoCD1 |Z & - T CO 23 i, oxy—
Hb (2R~ 7=Z Enbinoiz, AIEHF D hemoCDI1 ®i#% Tld. CO-hemoCD1 D
LAY RLIRBLIL, oxy—hemoCD1 (L CO-Hb 7>5 CO Z L), CO-hemoCDI
(272> TWD Z ENbiroTe,

CO-Hb oxy-hemoCD1
(0.72 mM in CO- (0.75 mM in air-saturated
saturated buffer) buffer)
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Figure 5-21. An experiment for ligand exchange of CO-Hb and oxy—hemoCD1 using
an ultrafilter unit. Two solutions contained CO—Hb (0.72 mM in CO-saturated buffer) and
oxy—hemoCD1 (0.75 mM in air-saturated buffer) were mixed then filtered using an
ultrafilter with molecular weight cut off = 30 000 Da (Amicon Ultra). The resulting
residue and filtrate were appropriately diluted with PBS for UV-vis measurement. CO gas

was bubbled to each solution after the measurement.
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L. EHIZ Hb Z~LEII)D met-Hb ~F{L 325 L\ o =268 2 oRvd- 5758, 52
BEIZ CO-Hb 33 L ¥ CO-hemoCD1 (Zx7 % NO O EZMFTT 572D, pH 7.4
?® PBS 1T CO-Hb & L < CO-hemoCDI1 (Zxf LT, ZHNZ4 NO HrHizdde
NOCS (1-hydroxy-2-o0x0-3-(3-aminopropyl)-3-isopropyl-1-triazene, Dojin Chemicals)
% 2.5 FHEIRMN LB OWIN AT s DAL ZJIE L 7= (Figure 5-22),
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Figure 5-22. Stabilities of the CO—complexes of Hb and hemoCD1 against NO. (a,b)
UV-vis spectra of CO-Hb (a) and CO-hemoCD1 (b) after addition of NO (2.5 eq). NO
was added as NOC (1-hydroxy-2-o0x0-3-(3-aminopropyl)-3-isopropyl-1-triazene), a NO
donor purchased from Dojin Chemicals. (c) The plot of the residual CO—complexes (%)
of Hb and hemoCD1 during the reaction with NO.
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Z OFEF, CO-hemoCD1 [TWUL AT MR E DAL L7722 & Tkt L, CO-
Hb HI2kD 418 nm (28T WA FWIN R A8 Y 7275 5 met-Hb Z7~7" 405
nm ~& 7 | L7z (Figure 5-22), MKW E TH 5 422 nm 5 L V418 nm |2
BUFDOWNEEbE R LT ey b L& Z A(Figure 5-22¢), CO-
hemoCD1 (X NO ORMNT KV 7pfiE <4vd, —J7 T, CO-Hb 134 15 73 T met-Hb
~EibEND Z EnboTz, IBIOAFZEIZ LV . hemoCDI1 X Hb £ FC
IENO ZHE L2 2 HE LTS 3, ZD7D, hemoCDI (2 X5 CO E
EiX, NOIZXWEES NNV E RSN, HaS IZBI L Tix, BAAT Kano ©
IZ hemoCD1 @ HLLERAINIZ % LT HoS DEMNLNELEIAIZTE L . CO BEFEET D
ESHMRCOILEVAEGITEZ A biLd Z & a2wHE LT 55, £7- Kitagishi
513 hemoCDI1 (THIfREEE M 2/ R S22 & 2 L Tuvd 4D, hemoCDI1 7%
AR Z R T 0 E D D EFIRDT2DIZ, HepG2 HEIZ A% £ D met-hemoCD1
BLOYZ7ueT7$A M) T EIKTHD Py3CD Z#Z UL C 3 FEfE5 %
L7z, ZD% MTT assay % N CHIfE O 73 2 P E L 7= (Figure 5-23), Py3CD
DA MO ELFHIT Py3CD OREOHEME & HI2 Lo A 238
XL, Py3CD O A 250 uM [THEC L72 & 2 A, AfFMIEDY 20 %A% ICE T
B> L7z, ZHx LT, met-hemoCD1 (23U CTid 250 uM T, A2
90 %HI & 7eoTm, 7T XA Y T E{K Py3CD O#FMEIX A F Lk B-CD
ITHIEIE EDOIEE~A 70 RAL U THDHT 7 Moy T T MBI G T 5
BHESRLI VAT — A EG| ST EZFERT L2 NBE L2615 O,
Z @ CD ZE{73 hemoCD1 @ Fe'TPPS (X~ CThHoH B, 1T & A EMinmEts
RSN EDH BN E TR o7,
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Figure 5-23. Effect of Py3CD and hemoCDI1 on cell viability. Hepatocytes were
incubated with different concentrations of Py3CD or met-hemoCD1 for 3 h. Cell viability

was measured using an MTT assay. Each bar represents the mean + SE (n = 6).

VI B FEBFES S5 CO-hemoCD1 (X CO-Hb & B/ 0 | £x 72z T
LIEFICRZELTCNWDZ ERHLN 57, £72, hemoCDI |Z 0., NO B X
O'HaS £V & CO fEGBAMEZRT, 512, BIRTOMFIEIZ LY hemoCDI1
7y MIEGT5E 7y hOLHEB IOMEICEELZ 527202 L3
& 376D, hemoCD1 @ FeTPPS 1ZAEMANIZEB W T ALK F & LTk s
RN 6209 hemoCDI (I~ A F v —BizkoTREt s, 7k
DOFFIRIC oxy—hemoCD1 Z #5925 & ARKIME CO Lfsh L THLMNIT CO-
hemoCD1 & U TIRFHUZHRIE S S 37, Z4Uid oxy—hemoCDI1 7> CO-Hb @ CO
BEH L) EERER L X< —FH LTV, hemoCDI %, Hb, Mb, CcO, ¥k
DA ETHE SN TNDANLZ U RTZEH LD BIE 5 DITRONBIFMET CO &fb
A4 D (Table 5-3), L7 - T, AENIZTEWTEH, hemoCDI 1% CO & ERAYIZ
ML, COMAD E FIFICLEI/FET DI ENE X HILD, Table5-3 IR
LTWA L9, ==—nr 7 a2 (Ngb), NPAS2, CooA, LT RcoM 72 ED
CO o ¥—& L "IED COBFMETE < R DM 5 A3, hemoCD1 @ CO
BFEIZZNED CO B —2 7LD b B EZE 1 fiLlEEL RoT
%, ZhUE, DLENCE#E &7 hemoCD1 DOIEF IZEEW kor®© (2.5X 1074 s )23

- 163 -



NTHDEEZBND 3, 728D hemoCD FHERN T T AL fEsEH &
LTHRET 22 L2 E LTS 490, Z b DR %2 B FE 2 T, hemoCDI X
AERWNIZEBIT S CO EERIEB LN CO Ofgials L TSRt L TW\5
ZEDBHIBMNE RS T,

Table 5-3. Kinetic and thermodynamic parameters for O2 and CO bindings of hemoCD1

and related hemoproteins and model compounds.®

konCO koﬁCO KdCO konOZ kof-f02 Kd02 KdOZ/KdCC
(M~'s7) (s (M) (M's7) (s (M) (=M)
Hb-RP 4660)x (0919 x (1.7-41)x (3.350) 1522 (3.0-6.7) x _ 150-400
108 102 10-° x 107 107
Hb-T? 8.3x10° 9.0x102 1.1x10% 45x10° 1.9x10° 42x10* 380
Mb? 51x10° 1.9x102 37x10% 1.7x107 15 8.8x107 25
Cco® (7.0-12)x  22x102  (1.831)x (1.0-6.0) 10 (1.7-10)x  0.1-0.6
104 1077 x 108 108
CytP450../  2.2x10*  0.15 7.0x107 53x106 120 23x10° 33

NPAS2 (PASA 3.7 x 10° 0.37-0.74 (1-2) x 10 - - - -

domain)?

hNgb”" 6.5 x 107 14x102 22x10"0 25x10%8 0.8 32x10° 15
Co0Ascheme' 3.2x107 0.02 6.3x10°10 - - - -
RcoM-2/ > 104 <106 <1010 - - - -
Mbheac? 5.8 x 108 38x102 66x10° 14x10% 16x10° 1.1x10° 1.3x103
Mbpea @ 2.6 x 107 24x102 91x107"° 98x10" 4.1x10° 43x10° 4.8x10*

FePivs5CIm* 3.6 x 107 7.8 x 1073 22x10"0 43x108 29x10% 6.7x10°% 2.7x10*
hNgbhesa-ccc” 1.6 x 108 4.2x10% 26x10"2 72x10% 18 25x10% 9.7x10°
hemoCD1 1.3 x 107 25x 10 1.9x10"  47x10" 800 1.7x10°  8.9x10°

“These parameters were determined in aqueous solutions at ambient temperatures (20—
25°C), except for FePiv35Cim, which parameters were determined in absolute toluene.
PRef (56). ‘Ref (67). ‘Ref (68). °Ref (69)./Ref (70). ERef (71). "Ref (72). 'Ref (64), where
the CO-binding site in CooA is blocked by a distal proline residue in the native form (6-
coordineted heme), thus the actual CO-binding affinity of CooA is smaller (K4“© ~ 10°
M). /Ref (74). *Ref (67,75), where FePiv35Cim is a picket-fence porphyrin whose iron

center is intramolecularly coordinated by an imidazole.
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3-4.CO H A (400 ppm)#F 5.1 L 5 EENOIMAEIS L OKARRIC BT 5 CO RBES
T DRRFEAL

CO 7 A(400 ppm) % 7 » MZEINEIL 5,10, 15 B LN 20 0 A SE 72545
ik X OEEAN O CO &L ED X 5 Ik % 02 /T L 7o (Figure 5-24a),
f.H CO-Hb LU RILiE 4 A S ABL825 Z W THIE 24772 o 72 9, Z Dk
K% Figure 5-24b (279, Klgar(ITieR, Ml KA. /DM, O L OVERE) D
CO &3 hemoCD assay & FH\VN TR L7z, & DOfEHR % Figure 5-24¢ (277, CO
T A AD 20 43I FB VT, Mg H o CO-Hb 1, Z2:.0LE(LV) OERIL T 4.1
25 15.3%  A7DERV) OFFIRILTIX 1.9 25 12.1% I EARAIZHIIN L 7= (Figure
SmmoﬁﬁW@Cngi CO ARG D 5 31\ A BRI B S Tz
23, CO W1 10 47, 20 BEICENTIEL, Flfas D CO EITHIM LW R 5
biv, 77 h—IRRE k_ibt(FlgureS —24c), If.H Hb & [FERIZE#RN CO & A
%%_&%@ofﬁM?é&%ﬁLTmt@f TN DOFER L 25T, ZDJR
RZFHRD720HI12, CO ZAME Dlfigl ZEHER G- L, lfgsN O CO &3 Z LA
L%iéﬁfo# AT, K LOVEHEA D CO Wehl 5 53, 20 5312 DRk
TN CO FEHATIC 1 FEfilA v F =2_X— KL, ZOH%OMEY > 7o
CO &% hemoCD 7 &A1 &V && L7 (Figure 5-25a), Figure 5-25b (2R 9 /B
AT CO ZIREHICERER G T 5 Z LIk, COBOEMMABII S, Lizn

T, lg#R D CO MBI M. Hb 75 FIZd W Tidfafn L, ARSI CTIIfHak
NIZEDZL< D CONRFTE D Z LARBRENTZ, T7bb, Hb MFET D
& HKBERIIZ CO 2R A S BT HMMNIT CO BT DR KEIZE LR o722 &
Do Te, ZHHDREFRIT, AR TEV CO FHAMMEZFFD Hb 1%, Ml
JERSNTZIZEAED CO ZiiE 2, £DFEFE CO-Hb & L THERNZEER L, CO
DFMEN DR OREZ LT O T RN S D Z EAURBE S L7, F o, MR
D CO M Hb IZR A ITBAT LTV D 2 EME X HILD (HBIR),
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CO exposure
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Figure 5-24. Kinetic studies of CO levels in blood and tissues after exposure to CO in

rats. (a) Anesthetized rats were exposed to CO inhalation (400 ppm) and samples

collected

at different times as shown. (b) Changes in CO-Hb (%) in the venous blood as

a function of time. (¢) Tissue CO contents as a function of time. Each plot represents the

mean £ SD (n = 3-8). Statistical significance, *p < 0.05, **p < 0.01 versus ¢ = 0.
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Figure 5-25. Amount of CO in muscle and cerebrum before and after purging CO gas
ex vivo. Samples collected at 5 or 20 min were placed under CO atmosphere for 1 h and
then assayed for CO content. Each bar represents the mean = SD (n = 3-6). Statistical

significance, *p < 0.05, **p < 0.01; not significant, n.s.

Hb Dfifi#sN CO Mz 5 & ) &E 2 EiET H 72012, HFE= THZ Lo
CO /1 T&H 5 CORM-401E 78%)#%\(&%#%4707‘:0 HepG2 #lifiE(1 x 10°
cell)ilZ CORM-401E 25 uM) & $65- L, 2 FREf] A > F = ~_— | uto < DO . PBS
TYesE LT DESHIAZH A2 4TV oxy—HDb (15 uM) Z B IR A LT, 1 B A
¥ a_X— K L72%., PBS TUE# L TH5 hemoCD assay é"ﬂql/\“(ﬂ’iﬂﬂﬂ@@ CO &%
iE & L 72(Scheme 5-1), E &R % Figure 5-26 (27,

Scheme 5-1. Protocol of in vitro experiments to demonstrate CO transfer from tissues

to Hb.

(CORM- 4g1OE o culture medium without and with oxy-Hb (15 uM)

HepG2 cells . . - - CO quantification
(106 cells) 2 h incubation | 1 h incubation | using hemoCD1
PBS wash PBS wash PBS wash
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Figure 5-26. In vitro experiments to demonstrate CO transfer from tissues to Hb. The
amounts of CO in cells determined by the assay using hemoCD1 at each step. The results
show that cells incubated with CORM401-E stored CO inside, which was then transferred
when incubated with oxy—Hb. Each bar represents mean + SE (n = 3). Statistical

significance, *p < 0.05; not significant, n.s. versus control.

CORM-401E 7217 T L 7= HepG2 HERE TiX, AN CO ENEFIKED 2
e — ) VEER & AT AR Sz, —J7 T, CORM401-E T 2 IFf
WA 2 _X— 1 L7k, oxy-Hb i35 Lick v, CO EiFEFIRIEIZ
FE TR ENbho = (Figure 5-26), = DFEHRIL, &I CORM401-E D
Iz &0z 7=HEN CO X . MasA L BINZ 7 Hb ~EBATRIRE CTH D Z &
oRIBELTCWD, £7-. HIlEN CO BT O oxy-Hb ~DBATEE=H —7 %
7212, P D oxy-Hb ORI AT kL ZRIE LTz, HepG2 HfIE(1 x 10° cell)
IZ CORM-401E (25 uM)Z #6565 L, 2 il A > F a2X— K L7z, £D%, PBS T
Vet L T B EFHIAZ 2 21TV, oxy—Hb (0.1 or 1.0 pM) Z E5HIIZIR G L7, 1 K]
A F2_X— | L7k, oxy-Hb Z[HIX L, EILHITH D NaxS:04 I Z T 5
ZDOWUL AT bV HIE Uiz (Figure 5-27a), HIEHREH % Figure 5-27 (2R 7,
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(a) co

(CORM-401E, 25 uM) culture medium (1 mL) containing oxy-Hb (0.5 or 1.0 uM)

HepG2 cells !
(1%5 cells) [ T2 hincubation | 1 h incubation | | >

Spectroscopic analysis
PBS wash PBS wash the culture of Hb in the culture
medium .
Nay,S,0, medium

(b) the medium containing 0.5 uM oxy-Hb (c) the medium containing 1.0 uM oxy-Hb

CO-Hb =176 pmol 0.15 t CO-Hb =142 pmol
420 g
3 L 420 432
2 0.08 ~._432 § 0.12 N
¥el S 0.09 |
2 8
< 0.06 }
< 0.04
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. e 0 U S
400 420 440 460 480 500 400 42 W:\fgeng‘tgg 480 500

Wavelength / nm

(d) the standard samples (CO- and deoxy-Hb)

0.25
CO-Hb (420 nm)
0.2 )

0.15 ¢ deoxy-Hb (432 nm)

Absorbance

01t

0.05

0

1 L " " N N
400 420 440 460 480 500
Wavelength / nm

Figure 5-27. In vitro experiments to monitor CO transfer from cells to Hb in medium.
(a) The protocol of in vitro experiments to monitor CO transfer from cells to Hb in
medium. (b,c) The UV-vis spectra of the culture medium containing Hb where Na>S>04

was added before the measurements. (d) The standard spectra of CO— and deoxy—Hb (1

uM each).
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WL A~ | JV(Figure 5-27b, )22 5, 420 nm (23T CO-Hb HISRDWZIL A
BUHI SN 7=, CO-Hb ¥ L deoxy-Hb 420 35 L 18 432 nm (28T 5 E /LI E4R
BEHNT, 20 CO BEFEH L, 20525, CORMA01-E DRI L
DX AR CO 1L . Ml@A BN Z 7 oxy-Hb ~ERAT LT Z & 2R L
TW5,

RIZ, 7 M CO HA(400 ppm) 5 73HWASET%, ZERETNL O HA
(99.999%, TOMOE SHOKAI Co., LTD) T 60 />[5 L. £ OB O Mg I Ok
F1> CO B2 b & it L 7= (Figure 5-28a), L4 CO-Hb %Z1{t.% Figure 5-28b (Z
L. BRI liver, fifi lung, /PY muscle, KM cerebrum, 35 X UVIVIK
cerebellum)® CO &4 (k% Figure 5-29 127”7,

(a) (b)
10, CO Air or O,
8 H
ZOLNETsT ] Air ventilation X
co f 6
| | o
I T i O 4
0 5 65
Time / min 5
0 :57 :
0 10 20 30 40 50 60
Time / min

Figure 5-28. Effect of normobaric air/O; ventilation on CO levels in blood and tissues
after exposure to CO in rats. (a) Anesthetized rats were exposed to CO inhalation (400
ppm) for 5 min followed by either air or O> ventilation as indicated. (b) Changes in CO-
Hb (%) in the venous blood as a function of time. Each plot represents mean + SD (n =

5-57). Statistical significance, *p < 0.05, versus air ventilation.
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Figure 5-29. Amounts of CO measured under the experimental conditions described in
(a). The plots connected by black and blue lines represent the data obtained under air and
O ventilation, respectively. Each bar represents mean + SD (n = 3-8). Statistical

significance, *p < 0.05, **p < 0.01; not significant, n.s. versus ¢ = 0.

FRIM(RV)D CO-Hb %%, R~ 2D L Cli L~ L £ TRIE L7z, O #i5k

ITETHR LD IR TH D Z & D oh - I=(Figure 5-28b), L22L, O, T 1
FERHAS L7212 TH 0372 0 OED CO 23 < DO FHR . FFIZAM(RAN cerebrum
& 7NN cerebellum) 2% - TN 5 Z & A3BLI S L7 (Figure 5-29),  Z D FI3AH A%
? CO FEDPR XM H CO-Hb LV < . MARICER L7z CO BEMEE R
LTWDZ ENREInT,

LI b CO %5 EBRFERN S, 8 CO W AZW A LT-th, CO T ADHE) X
DAT = XL DNWTHELE LTz, EFIREETIX, ~L DL D AR S N7
PECO X, D5 HLO—EITMEBICIRAFE S, TDITE A LTI RBC O Hb &l
B LT BIRA ICHIREORER ) SR E S D, CO-Hb & LTl &R L, &
HEHIZIE P - < D EMEEFICHE S D Z & 1B 2 B 5 (Figure 5-30a), CO A7
AW AL, FD 95%H RBC O Hb IZ L VHiE 2 B4, RBC @ Hb IZ & - THli
SN0l CO ITERLPITHHFRICILH T 5 &5 2 B 5 (Figure 5-30b), i
- T, Figure 524 OEBRFERITIR L2 X 51T, CO HABEERNICAS &, 1
® CO-Hb I L UHHREN D CO mAMEMT 5 Z LBl sz, S HIZ, Mk
7% CO W A (Figure 5-24)IZ X > T, MfiLH CO-Hb %3 2 il 228, Mk D COo
BIL77 h—REEBIZE L, O F D PHERREEIZ 72 > TV 5 T & 23 Figure 5-24 O
%F%Tbﬁxoto F72.CO % 80 /7 v MTRAZHED &, CO-Hb%IZ 30 %

CETELEZLDDLT, MENICERE SN CO O&EIL 5 43 CO WA
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(CO-Hb% = 10%) & Lb_CTH A BRI & iv7eh> - 7= (Figure 5-31), T4l
IE. FERN TIZ. Mb B X ONCO 72 EDA~LHZ XTI EIE CO EFEATE D08,
Hb IZZNEDANLZ N 7E LY HE CO FEE B (Table 5-3)%2 i -> T\
D12, KNGO CO X Hb IZ LV EBRES LD Z L2335 2 b L5 (Figure 5-30c),
Figure 5-30 [ZIRE L7 A =X LD K 912, Hb 3flfkE CO N LIRET S
TR R L TND ZEPRBRENT, ROWIFE D T/RENATND K512, CO-
Hb B HIZITEWNICEMED 70 < MERIZHER L 72 CO, 7772 H Hb LG LT
720 CO B—BLRFHEFEOERFAR 2O TIH B LD L8, CO
WAZITEIT 22556 L<IE O K FER TIL, O RN ZERHK LD & CO-
Hb 20 S E2DIZHRTHD Z ERNbho Tz, kISR Sz COo 1%
SERITIEBRIT 22N 2 & 2% hemoCD assay & U 727> 7= (Figure 5-29), CO H7 D
FIZBWT, O KUC K AR T CO-Hb JRE N EFEICR > TWe & LT
t, CO FEEIC K B BERMEANREEE(DNS) N EIBIE L L CRIET D7 —ANE N
ILI2T9) KRIZIMN OFERAF CO 1X, T BE OEMEEIZ S DR 5 THRWnnd
B2 DD 2 CO HEEIZ L V% S v DNS OJRIKIZEE T Hikam 1137
DIIEXATONTEY , COILL>THFREIND I b R 7 ORKREREN
R DFIA TiX 72V E FRS N TWS 378 AR CO ERDFMERT
H, Wolo A COMBMKICEIET H &, TNERET 20IIE#EL < | #IET
D Ox R DHAKE D CO ZBBIBRET HITIFI AR+ TH D Z EBREBEI
776
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A) Normal conditions

i ® uptake i CO in the ambient air
{ ™ elimination | 4 s
a [ Alveolar air ] A
Endogenous Plasma )
CO production
CO
Endogenous CO “-CO-Hb )

\_ Extravascular compartment /

B) CO inhalation; initial stage (5 min) C) CO inhalation; a steady state

| ™ uptake i CO in the ambient air i % uptake i CO in the ambient air
! mp elimination ! : mp elimination !

Endogenous
CO production

Endogenous + Endogenous +
exogenous CO / exogenous CO J
\_ Extravascular compartment / \_ Extravascular compartment /

Figure 5-30. Proposed mechanism of CO compartmentalization under normal
conditions and during CO inhalation. (a) Normal conditions. Endogenous CO
continuously produced in cells is stored in tissues, diffuses to Hb, and is exhaled. (b)
Initial stage of CO inhalation. Inhaled CO forms CO-Hb in RBC and diffused to tissues.
(c) Equilibrium state during CO inhalation. CO accumulated in tissues gradually transfers
to Hb in RBC based on the higher CO affinity of Hb versus intracellular CO targets (see
Table 1 and text for details). The compartment models are based on our data and Refs
(13) and (20).
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Figure 5-31. Kinetic studies of CO levels in blood and tissues after exposure to CO in
rats. (a) Anesthetized rats were exposed to CO inhalation (400 ppm) and samples
collected at different times as shown. (b) Changes in CO-Hb (%) in the venous blood as
a function of time. (c) Tissue CO contents as a function of time. Each plot represents the

mean + SE (n = 3-8). Statistical significance, *p < 0.05, **p <0.01 versus = 0.
3-5.CO FHDAFFEHAI L LT hemoCD1 DOHEREFHE

oxy—hemoCD1 728 CO HFEDERIZHAEN CO BrEAE LT 208 9 0 Z
i L7z (Figure 5-6), FEBR I B X O I TlX, 7 v MZ 57O CORAEITSTZ
% ZERDFETIT O R UD & & HIZ, oxy-hemoCD1 % B EIRIZESG.v.) L7,
FEER T TlE. 555D CO W ANEIT- 7%, 30 25D O K 24TV, 30 401k
|2 oxy-hemoCD1 % ¥ L 7= (Figure 5-33a), LARMIZH#E 72 L 912373 oxy—
hemoCD1 |Z CO-hemoCD1 & L TRHIZHEM X 717- (Figure 5-32),
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Figure 5-32. UV-vis spectra of rat urine collected after i.v. infusion of oxy—hemoCD1

to CO-treated rats before (blue) and after the addition of NaS>04 (red).
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Figure 5-33. Effect of normobaric air/O, ventilation in combination with hemoCD1

injection on CO levels in blood after exposure to exogenous CO in rats. (a) The protocol

of air or pure O> ventilation in combination with intravenous hemoCD]1 infusion (1.4 +

0.2 mM, 2.5 mL in PBS) after exposure to exogenous CO 5 min. (b) The right panels
show the changes in CO-Hb (%) in the venous (RV) blood. Each plot for CO-Hb (%)

represents mean £ SD (n = 3-57). Statistical significance, *p < 0.05, **p < 0.01; not

significant, n.s. versus .
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Ifi.F CO-Hb%!IZBH LTI, FEBR I © CO-Hb %N ZEX i 2 b v — L FE R
La £V oxy-hemoCD1 #HHENAEICHA L, 1 KEHZITITEFIRBICRE -T2
(Figure 5-33b), — /. Ox D FEER(FERR I, FBR Iea)lZ 35V Tl hemoCDI1
FAZ X DT IT EBHE TR o 7o, FHREN CO &#iE, oxy-hemoCD1 @
BEER DIZBWT, 2 TOMBICERL TS Co &Nl L, EFIKED
CO EIZRE -T2 Z & MM S 7= (Figure 5-34), HFlZ, O HAAU(EBR I.a) THRIT 722
Mo TN DFEAE CO 1X. oxy—hemoCD1 & O AR DRI B HH(FEBR INIZ XLV
B L, EFEIRREIZE ~ 72 (Figure 5-34), X512, 7 » MZ 400 ppm CO % 80
SR ST 1%, [FIERIC oxy—hemoCD1 D% 5-F28k 21T - 7= (Figure 5-35a), 80
5%, T v FOILH CO-Hb %% 30% 27 L 7= (Figure 5-35b), £7=. 60 43D
O 5V e | Vea) 2\ Z N TR S 72732 O D FREE CO 13, oxy—hemoCDI1
DEFREE G-IV VT L - THEIZHD L7 (Figure 5-36 K4 cerebrum & /)M
cerebellum), 2016 412, Gladwin &% Hb 3 X TN hemoCD1 LY &V CO FEA
Bt EZ R =2 —nu 7 v A RIK(Ngb-H64Q-CCC) (Table 5-3)% VT, CO
HEHRETNOY T ACHIRERN T2 L  8EO~ T AN EXIENT-Z L 2WmE L
7o 0972, Ngb-H64Q-CCC (F{FH AlHE/ ¥ A 7D CO fmAlL LTE L TIRES
#1772, hemoCDI1 |Z Ngb-H64Q-CCC & [b~_T CO #HFPEI IRV DD, Hb 72 &
IV IEHmoicE <, £72 CO/0, BRI Ngb-H64Q-CCC LV H |V, S HIZR
FUZERAIZHEH S5 80, AERFBEMEN R EORSR L H 5, 4Bl ERf
R TIX. oxy-hemoCD1 D{FESH & O KR DA DOE TIL, CO WAZDIKNGE
17 CO E&EFNRMIBRIT 5T —H Z/R LTz, oxy-hemoCDI1 [TANIZEIZET 5 2>
EDINIARATH 52340, N D CO A IMHETF O hemoCD1 & HEECEMrIZ K 0 ik
WD CO ZRNBMNCIHD SHD A D= A NFHFICELZLND, T, HOMIT
CO-hemoCD1 & U TIRAMIHEH &35 392 LIX Hb R EHICEERT 5 Z LIT &
> TR CO DR EZRET D ATREER+2ICB 2 b b,
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Figure 5-34. Effect of normobaric air/O, ventilation in combination with hemoCD1

injection on CO levels in tissues after exposure to exogenous CO in rats. Amounts of CO

detected in liver, heart, lung, muscle, cerebrum and cerebellum tissues collected as

indicated in (I-I1I). Each bar represents the mean & SE (n = 3—8). Statistical significance,

*p <0.05, **p < 0.01; not significant, n.s. versus .
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Figure 5-35. Effect of normobaric air/O, ventilation in combination with hemoCD1

injection on CO levels in blood after exposure to exogenous CO in rats. (a) The protocol

of air or pure O> ventilation in combination with intravenous hemoCD]1 infusion (3.0 +

0.2 mM, 2.5 mL in PBS) after exposure to exogenous CO 80 min. (b) The right panels
show the changes in CO-Hb (%) in the venous (RV) blood. Each plot for CO-Hb (%)

represents mean £ SD (n = 3-57). Statistical significance, *p < 0.05, **p < 0.01; not

significant, n.s. versus .
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Figure 5-36. Eftfect of normobaric air/O, ventilation in combination with hemoCD1
injection on CO levels in tissues after exposure to exogenous CO in rats. Amounts of CO
detected in liver, heart, lung, muscle, cerebrum and cerebellum tissues collected as
indicated in (/V-VF)). Each bar represents the mean = SE (n = 3-8). Statistical significance,

*p <0.05, **p < 0.01; not significant, n.s. versus .
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5 94%DINRTHKT 5D Z STkt L=, WIZ, BIAERM(2)% L O Py30CD @
MG 2 5FE NMR A7 FLZHWT, 2 OfiEIEL CD @ 6 (L Tl LT\ 5D
6,6’-dimer CTHDHZ EHZHLEMNI LTz, S HIT, 6,6°-dimer DER A =X L%
ER L= ET, Py30CD OGS G Lz, TOME, BINEK 23%T
Py3OCD D& A HESL LTz, N LTSS THA R L7 Py30CD % HW T,
hemoCD3 @ Oy, CO, BLOT T M A A (CNDFEGHEEZHELLZ, =
O ORERIZ, hemoCD3 % W THEENTHRE LSO AN LLET X —~D5H
ICEERCE D EBAbND,

B EE T, KON R OB T~ A X LRI BT IV AN
% L7z, hemoCD1 [F/KH T~EZ 1 B2 Hb)D T IRFEIZITVWERRBIFE &2 79
23, COBAPEIZ Hb DF) 100 f5 & 72 %, KFTIA T Mb)RONEZ R E
YHb)DOEREE BT D720, AT E B E XD, LD > T, hemoCDI
D5 EMELEZ BREETICIE, R Mb DALt ATV LR U HZ R
TERELEZ 7T ARN) UHBLWVIIHRLT 0 U IHE L TEATDH L
MLBELEZ D, ARBEHFIZIT 5 Mb T 7 AEERD TR B DI
oL 3VEIEN L, By ~LHZ X TEET IV TH D hemoCD1 DAL
TNV F VI IERL L U TEA L, KEWHEER LT U D7 = =D
FNMMLIZT 2 RFEA CHEMSE LZMEHO RSB LV ARF U EEZEAL L
Glu-FeTPPS % &k L 72, Glu-FeTPPS % Py3CD L/KHTZER 1 : 1 GPashik
(Glu-hemoCD) Z FE ik L. & @ 0,/CO HRMEIZ DWW TR L 7= & 2 A,
Glu-hemoCD @ P;°% % hemoCD1 &A% TH 5D —F . P1r%° 1% hemoCD1 & kb
T2 EHKI300 fFIZEIRT Lz, ZDORER. hemoCD1 @ Oy BERMEM fif) Z M) | &
D2 LI LTz, & 612, deoxy-Glu-hemoCD @ UV-vis A7 kL b4
FHD B VIR IR FULERANICEANL T2 Z & 23D 72, Glu-hemoCD D
— AR DREGHRE T L2 2 A, DR F VEEOEAIZ LY ko 020 28
KT Uikt IR T LT —FH kot CCLIRELS 2B T E Do T2, ZDOJRIEIE,
BN D 7 V7R F 2 FE D8 CO LTk L CHE O 2h B (Negative polar effect) Z 7~ L |
Fe-CO f B2 NLZENLSED Z ENEZ HiLDH, 0:-Glu-hemoCD (X pH 7.0 DV
VAR AR TP W TR AV 22 E TR e R B IR (12,02 = 124 W ETEALT 5 2 & 08
HOEMNERoTe, Loy LEDLEMITHERD 0r-hemoCDI1 (112°% = 30 h) ViZ kb~
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TIRNZ ERGhoTz, THUTHVRF TN KRG T & OBFENREL, v 7
BT XA R AL o TR S LD BRI HCHFIET 272018, KOBRAN
KH2 0 BBEWANARLEL SN ERNBHEEZLND, D —DD
PR & LT, IBHD B VAR IENPLERADIZIT W=, BRREREZ T D
DI IR AR—=ZARFIRTE T, BREEAP AR LZEN LD L b B X B
Do

FIUE T, AEEEPIZBWTHVR S VENRBFE~DOKEBAHGA L
LCOMRET D EEBE LY, WINVAXFUVHEOI L kuEbbEDI LT, &~
N7 4V OFRFNTK L CRENEICONVRS VIEEZEELZA T v 7R
V7 4 U (Fe-Porl) &%t L7z, Fe-Porl ZHW\W T, 7 usrxA Y Bk
(Py30CD) & D@85 K (Fe-Por1/Py30CD) % ##4E L 7=, Fe-Porl/Py30CD @ O, #l
otk CO BFERIE 21T - 7245 5. Fe-Porl/Py30CD O P10 [XE )72 23 HE N3
L ENBENT-, —F . CO ITx¥ 2BUFMEITRIEICIRT L7c, EOREE.
CO/O2 &R Z 7T MBI 320 & 72572, ZHUEA F THiE S 7z FePor/CD X
D HED O IRMEZ 7R LT D, Fe-Porl/Py30CD @ 0, 8 LN CO fEAIZBT
BRI 21T o T2 & 2 A, BALA T 7 D72 Fe-Por2 / Py30OCD £ &
M hemoCD3 & tb_T, Fe-Porl/Py30CD @ kou®> O DAEIFE T L. kost®> HAK T
L2 B ENT-, TORKE LT, FULERADICH G L7z Oy & JH D B ART-
B FFHEERICEZ2bDEBZZOND, —FH, ket FREL 20T,
CO—Fe-Porl/Py30CD @ IR JIFEZETTH Z £12 L - T CO O =EfEA OMfFEIRE
D EAL & B L 72, CO-Fe-Porl/Py30CD @ CO i #2 Bl (ve_o) O J& ¥ £k 1%
hemoCD & b R_RTHIZT 7 b LTz, Lo T, Fe(DZAEA L= CO D O R
DAL N IE DM R ME < = & B/RIB S 72, Fe-Porl/Py30CD R sk D%
EMEZ R TR (0 20)IE Th & 720 (AR D 0,-hemoCD3 O - (11292 = 50 h)
FVELS o, T=FMERLVT 4V THD Fe"TPPS O AL FHIZ &
- T Py30CD O Z MEIZIRDOZ ENEETH H LR STz,
FBoEBILVENECBITOMEND WA N MBS E LT
hemoCD @ O, EIRM A2 M LD Z En¥bhroT-, BB =2 TliL, IgHD LR
X UHEN CO KT HADMEF L L TEI< —J7, FUETIE, A RF i
ZARNT 4 ) OEKPLICX L CREMEIZFF-> T D52 LI LY ., AL
R VHED CO KT HIEDOMMERNR L LT Z EBRHA LIS STz, T,
TV VIO BKR T > SNITEIT D OBREEEREBIZER NS 5 &5 2 T
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W5, L2L, FEmB I OENETIE, BEEMICH LRI U LEOIRMEZE]
PTETWHRWNIED, SOICHEMPOEBRNRMEENLETH D, i,
Glu-hemoCD & Fe-Porl/Py30CD DR EEAR S BN L & FF 72 72 Y hemoCD3
EHRD ERZEI 0T, BMEEZEATLHZLIZLY, v Z7rTF*RANY
NZEVAEE LTBKAR 7 v O T ABNLERALIZAKBRA LT 20 Koy
T DOREHELZZTROTL o TWNH I ENRBENTZ, LT, B
BERAL 2 0] 3 2 72 DI LS~ O RBEFEOHEE IS Z EMBENTH S &
B2 DD, S, hemoCD % N TFEA72 Mb E7 VEEIRZ B G L7-RF, AL
MR 2 AT DB R ~DOKRFER A GRS L TOMEEZEA LD, &
J7BTXARN) AT VEELIZBKRT v NaREE 0BRSS,
FHETIX, BT ~LZ X EETVTH S hemoCD1 OAEFLGE FICE
WTHREO TRV CO BAMEZ R T REZFIH L, hemoCD1 OWIL AT V%
AWTAERNIZB T 5672 CO OEREIEZFF L7-, hemoCDI (F/KIEWKH O
WEe CO ZmRETHMIHT 2 ENTE, DI, ARV a~vw v 7T 7 4 —ik
IV HE< D CO BEMRET DI ENTE D, M L7TZ hemoCD 7 vt A %
WT, 7 v MZCO HAZERALT-REOEMIEAN D CO EDFRRFZEAL 2 BH LTz
&2 A, IfLH CO-Hb %ITEARANIH 2 TV 2, fFRND CO BN H D 25
TR 5 2 B STz, Zo—#HOERERIZ, Hb NERNTORRE S
BT 2 &E 2 Ho TWD 2T TR, £ COMEmALZ NI ETH Y,
RN OIRFEI 72 CO DEREA I SEEI L RIZ L TVWH I L ZRBLTVND, 5
2. CO WAL, TERDIRIEIETH DRI EAT - Itk DAk D CO BEDZE
{b% hemoCD 7 v & A THHlli L7z, ZDOfER, CO BMHMRICERE L., BrESh
LW ENbhoTz, TOFRRIT, CO TFHD A =X LOIEHASCHIEIEDIR
BIKINLDZLNTEHLEZDBND, RIT, COTEDERITIKIT H CO HaEfif
#77 & LT hemoCD1 OZNFAZ DWW TEHIZ L 72, hemoCD1 (F~E 27 12 B D R
WREX v & COo BAMEME < . CO-Hb 75 hemoCDI ~& CO 2N EEMITHEITT
5 EERE LTz, EBEIZ hemoCD1 % CO WA%LD T v MIERK G35 &
M2 L5 & hemoCD1 OFEZEFEIR DAL HOHIT K VD | BBRIA D A TITEREN
HUWIKHRICERE LT CO ZRANEBVWHELZ NP LN E RS T,
hemoCD1 |% CO FIFHERFITIHN T, MfkICEH I NI CO ZrET H70A M2k
RETHDLEEBEZOLND,

2005 ., KPP THETAHERLZ 4V /o7uaF% 2 N Ul FSA
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hemoCD 2Vl AU TLLKE, MUHFFE=E TlX hemoCD D X 5 72 D HERE )0 H
ZHIE L TR EIT - CE o, AREFGEIE. 3 < ORITHEO ML Z1EH L,
hemoCD O FEffE X OGS FIMFZE 2 JEBH U 72, A SCI2 381 D WFFEA R 1T hemoCD
HME LT L KT TRERANLY NI BTV EAID 47250 O RN 72
HMRAZG 27, ZomAIE, FHEETTNLZ NI BEDORIGA T =X LD
EICKESEHIRTE 2 Z2 b5, EHIT, A% I DI RITIESNT,
MEEECE L 7= hemoCD D A T2 E MR ~DILH IR F S 415, £ 72, hemoCD1
D CO EERIK L L TCOFEMAMEEL R Lz, COMERE L THilcER-INTT
CO ZFRETDFEOAREMEZ A L, 4%, CO 1 EORIBIERIK D FEHIZIR
WHEMESND,
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