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Figure 2–1. AE/TMET/8F!01!EG8!H/8U20TF4L!/8H0/E8K!+-!K2I8/F!TF8K!E0!10/I!V.E8/"F04T'48!
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Scheme 2–1. Synthesis of Py3CD. 
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Scheme 3–3. The mechanism of O2–bound Glu-hemoCD1.!
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Scheme 3–4. The mechanism of CO–bound Glu-hemoCD1.!
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Scheme 4–2. The mechanism of O2–bound )*",692!P!,/$=01.!
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Figure 4–21. Structures of synthetic myogobin models that work in organic solvents 

and their abbreviations.!
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Scheme 4–3. The mechanism of CO–bound )*",69TP,/$=01!%<. and CO–bound )*"
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Figure 4–23. (a) I7U6'*"I7U6'*! 7KD*9<CD76K! 6K! D4*!O2–bound )*",692P,/$=01! .! %H.!

,6E7D7S* polar effects on CO–bound )*",692P,/$=01G!

!

 

F"# !

!

%)*",692. %,/$=01. %)*"

,692P,/$=01.

)*",692

%,/$=01.

%)*",69TP,/$=01. )*",692P,/$=01 )*",69TP,/$=01

6R/;)*",692P,/$=01 %)#<":". c!4

=";)*",69TP,/$=01 %)#<":". $B!4 6R/;4*5601$

%)#<":"! i! B>! 4.

FeIITPPS ,/$=01

)*",692P,/$=01

)*",692P,/$=01 *#<":"

0= ="P0= +

$T> )*,69P01 ="

="

0= )*"

,69TP,/$=01! 4*5601$ )*",692P,/$=01 '2=:"(&;:

dipole-dipole interaction

FeII

O O(H)

O

O δ–

FeII

O

C

O

N

O(H)

positive polar effect

N

(a) (b)

CO–Fe-Por1/Py3OCDoxy–Fe-Por1/Py3OCD



! "!2T:!"!

'299:" %??. =" ;

0= '299;:

0=;)*",692P,/$=01! ?@ 0;=

0=;)*",692P,/$=01 0= %ν;%:. 4*5601

)*%??. 0= =

4*5601

="

2!3!2

 

!

."# #

#

2.! ^7D<87E47W! \GZ!Q<6W! YGZ! ^7D<5(9<W! LGZ! ^7D<W! +GW! \*5601! <E! <! D6D<''/! E/KD4*D7C!

<9D7F7C7<'!6R/8*K!C<997*93!75U96S*5*KDE!7K!D4*!E/KD4*E7E!<KI!="P0=!I7EC9757K<D76KG!

,-)./0&"-1234G!$E!MW!56W!$cT;$A>G!

T.! -(87/<E(W!^GZ!=87W!-GZ!+<_*(C47W!QGW!-D9<UU*I!U69U4/97K"H<E*I!U6'/5*97C!E/ED*5EG!

*789#0&:0!$E!FW!5;W!bc:;bA2G! ! !

$.! 06''5<KW! XG! ,GZ![6('<D6SW!@GZ! -(KI*9'<KIW!0G! XGZ! )(W!MGW! )(KCD76K<'! <K<'68(*E! 6F!

C/D6C4965*!<!6R7I<E*W!5/68'6H7KW!<KI!4*568'6H7KG!=>?#0&@?A0!$EEFW!6B5W!Bb2;

BAAG!

:.! [67D9*'W! [GZ! M*!&<CW! -GW! -D<H7'7]<D76K! 6F! E/KD4*D7C! 4*5*"E(U*96R6! C65U'*R*E! H/!

4/I968*K!H6KI7K83!<!ED7''!6K"867K8!`(*EDG!C?D0&:0&=>?#0!$E!NW!5EW!cB2b"cBT2G!

B.! Q65*KD*<(W!QGZ!@**IW!0G!dGW! -/KD4*D7C! 4*5*!I76R/8*K! C65U'*R*EG!=>?#0&@?AG!

!OOFW!F5W!bB#;b#AG!

b.! Q65*KD*<(W! QGZ! M<S<'*DD*W! 1GW! ^7K*D7C! *S7I*KC*! F69! I76R/8*K! ED<H7'7]<D76K! 7K!

6R/8*K<D*I!796K%??."U69U4/97KE!H/!I7ED<'!U6'<9!7KD*9<CD76KEG!:0&=>?#0&G7<0H&=>?#0&

=7##I30!!ON$W!$:2;$:$G!

c.! Q7EU*'D*9W! XGZ! Q65*KD*<(W! QGZ! M<S<'*DD*W! 1GZ! M46ED*W! XG"QGW! \/I968*K"H6KI!

ED<H7'7]<D76K!6F!6R/8*K!7K!4*56U96D*7K!56I*'E!:0&,#0&=>?#0&G7<0!!ON&W!6BJW!B2bB;

B2bbG!

A.! k(*KEC4*''W! &G! NGZ! +sD9*<(W! 0GZ! M<S<'*DD*W! 1GZ! @**IW! 0G! dGW! \"[6KI*I!



! "!2TB!"!

6R/4*568'6H7K! 56I*'E! J7D4! E(HED7D(D*I! U7C_*D"F*KC*! U69U4/97KE3! D4*! 56I*'!

C65U6(KI!*`(7S<'*KD!6F!E7D*"I79*CD*I!5(D<8*K*E7EG!:0&,#0&=>?#0&G7<0!!OO$W!665W!

$$:b;$$BBG!

#.! +<K7W!)GZ!Q<DE("(9<W!QGZ!d97/<5<W!^GZ!-*D6/<5<W!+GZ!-475<I<W!+GZ!^6H</<E47W!-GZ!

\</<E47W!+GZ!Q<DE(6W!+GZ!\7E<*I<W!jGZ!L<9(D<W!jGW!?96K!DJ7K"C696K*D!U69U4/97KE!<E!

56I*'E! 6F! 5/68'6H7K! <KI! 4*568'6H7K3! <5U47H76(E! *'*CD96ED<D7C! *FF*CDE! 6F!

6S*94<K87K8!4/I96R/'!896(UE!F69!E(CC*EEF('!0=P="!I7EC9757K<D76KG!=>?#0&KI-0&:0!

$EE&W!FW!AbT;Ac>G!

2>.!Q<DE("9<W! QGZ! +<K7W! )GZ! L<9(D<W! jGW! )695<D76K! <KI! C4<9<CD*97]<D76K! 6F! C<9H6K!

56K6R7I*!<II(CDE!6F!796K!t+J7K!0696K*Du!U69U4/97KEG!NRD9*5*'/!'6J!0=!<FF7K7D/!

<KI!<!ED96K8!K*8<D7S*!U6'<9!*FF*CD!6K!H6(KI!0=G!:0&,#0&=>?#0&G7<0!$EE$W!6E5W!2#:2;

2#B>G!

22.!@(]7sW! 0GZ! NS*KW! ,GZ! @7C<9IW!1GZ! @67EK*'W!+GZ! [67D9*'W! [GW! ="! <KI!0=! H7KI7K8! D6!

D*D9<<]<"D97U6I<'"C<UU*I!796K%??.!U69U4/97KEG!L37-10&=>?#0!$EEPW!5JW!2$$A 2$:AG!

2T.!04<K8W! 0G! ^GZ! M7<K8W! jGZ! dS7'*EW! &GZ! ,*K8W! -G"QGW! 06KF695<D76K<'! C6KD96'! 6F!

7KD9<56'*C('<9!4/I968*K!H6KI7K8!7K!4*5*!56I*'E3!5<R75<'!06!!;="!H7KI7K8!7K!<!

C"C'<5U!U69U4/97KG!:0&,#0&=>?#0&G7<0!!OO.W!66MW!:2#2;:2#TG!

2$.![<'7*(W! -GZ!\7V<]7W! ?GZ!Q6D9*FFW!LGZ!M<C4<(IW!)GZ!NS*K"\*9K<KI*]W! ,GZ![67D9*'W![GW!

-D*97C! I*C65U9*EE76K! 6F! U7C_*D"ED9<UU*I! U69U4/97KE! F69! D4*! E/KD4*E7E! 6F! E7I*"

I7FF*9*KD7<D*I!C4*'<D*EG!"-10&N?))0!$E!EW!6EW!A;22G!

2:.!\7V<]7W!?GZ!@67EK*'W!+GZ!)6(9578(sW!QGZ!k*7EEW!XGZ![67D9*'W![GW!0669I7K<D76K!ED(I7*E!

6F!H7E"ED9<UU*I"4<K87K8"C<9H6R/'<D*!U69U4/97KEG!O"9</!C4<9<CD*97]<D76K!6F!<!F7S*"

C669I7K<D*!796K%??.!C65U'*R!J7D4!<!H(7'D"7K!<R7<'!H<E*G!L37-10&=>?#0!$E!EW!5FW!$>#A;

$2>>G!

2B.!\7V<]7W!?GZ!@67EK*'W!+GZ!NS*K"\*9K<KI*]W!,GZ!)(9*DW!NGZ!\<'*DW!XG")GZ!0<I69W!=GZ![67D9*'W!

[GW! 04<9<CD*97]<D76K! 6F! <! E7R"C669I7K<D*! F*996(E! 4784"EU7K! 4*5*! J7D4! H6D4!

7KD9<56'*C('<9!<R7<'!C<9H6R/'7C!<C7I!<KI!U/97I7K*G!:0&,#0&=>?#0&G7<0!$E!EW!6OEW!

2>bBT 2>bB$G!

2b.![<9<_<DW!kGZ!\7V<]7W!?GZ!@67EK*'W!+GZ!169C*DW!+GZ![67D9*'W![GZ!M*!&<CW!-GW!dI<UD<H'*!

6S*94<K87K8! C<9H6R/'7C! <C7I! U69U4/97KE3! D6J<9IE! 56'*C('<9! <EE*5H'7*E! D496(84!

(K(E(<'!C669I7K<D76K!56I*EG!KI-0&:0&L37-10&=>?#0!$E!OW!$>>B;$>2:G!

2c.![67D9*'W![GZ!\7V<]7W!?GZ!@67EK*'W!+GZ!=6469<W!̂ GZ!\</<E47W!+GW!?96K"ED9<UU*I!U69U4/97KE!

J7D4!C<9H6R/'7C!<C7I!896(UE!4<K87K8!6S*9!D4*!C669I7K<D76K!-7D*3!E/KD4*E7EW!Ov9</!



! "!2Tb!"!

C4<9<CD*97]<D76KW!<KI!I76R/8*K!H7KI7K8G!L37-10&=>?#0!$E!MW!J;W!c$c$;c$A$G!

2A.!Q<6W!YGZ!^7D<87E47W!\GW!=UD757]*I!E/KD4*E7E!6F!<!U*9"""5*D4/'<D*I!β"C/C'6I*RD97K!

I75*9!'7K_*I!<D!D4*!E*C6KI<9/!F<C*!H/!<!U/97I7K*!'78<KIG!:0&L3<80&*>?37#0&+2<-7<9<80&

=>?#0!$E!OW!FOW!bc;cbG!

2#.!^<K6W!^GZ!L7E47/<H(W!@GZ!dE<I<W!+GZ!^(96I<W!jGW!-D<D7C!<KI!I/K<57C!H*4<S769!6F!T32!

7KC'(E76K!C65U'*R*E!6F!C/C'6I*RD97KE!<KI!C4<98*I!U69U4/97KE!7K!<`(*6(E!698<K7C!

5*I7<G!:0&,#0&=>?#0&G7<0!$EE$W!6E5W!##$c;##::G!

T>.!\<K<K<W!QGZ!d9C6ED<K]6W!\GZ!1<EW!,G!̂ GZ![6(8*DW!QGZ!M*w&<CW!-GZ!=_(K6W!\GZ!069K(DW!

@GZ!X6(EE*'5*W![GZ!169C*DW!eGZ![67D9*'W![GZ!0<5U7I*''7W!-GW!-/K*987C!*FF*CD!6K!6R/8*K!

9*I(CD76K! 9*<CD76K! 6F! ED9<UU*I! 796K! U69U4/97KE! U6'/5*97]*I! <96(KI! C<9H6K!

K<K6D(H*EG!C?D0&:0&=>?#0&$E!N/!5EW!2#c:#"2#cB:G!

T2.!^<K6W! ^GZ! ^7D<87E47W! \GZ! ^6I*9<W!QGZ! \796D<W! -GW! 176R/8*K! H7KI7K8! D6! <! E75U'*!

5/68'6H7K!56I*'!7K!<`(*6(E!E6'(D76KG!,31?D0&=>?#0&L3)0&K!0!$EE.W!55W!:$B;:$AG!

TT.!^<K6W!̂ GZ!̂ 7D<87E47W!\GZ!+<5<9<W!-GZ!j<5<I<W!dGW!dK76K!H7KI7K8!D6!<!F*997C!U69U4/97K!

C65U'*R*I!J7D4!U*9"""5*D4/'<D*I!x"C/C'6I*RD97K!7K!<`(*6(E!E6'(D76KG&:0&,#0&=>?#0&

G7<0!$EEFW!6E;W!2BT>T;2BT2>G!

T$.!^<K6W!̂ GZ!+<K<_<W!LGZ!Q7K<57]6K6W!\GZ!̂ <J<_7D<W!jGW!+*D9<<9/'U69U4/97KE!<E!U96H*E!

F69!ED(I/7K8!5*C4<K7E5!6F!7KC'(E76K"C65U'*R!F695<D76K!6F!C/C'6I*RD97KEG!NFF*CD!6F!

57C96EC6U7C!*KS796K5*KD!6K!7KC'(E76K!6F!76K7C!8(*EDEG!=>?#0&N?))G!!OOPW!EJW!#TB;

#TbG!

T:.!^<K6W!̂ GZ!̂ 7D<87E47W!\GZ!1<8<''7*9W!0GZ!̂ 6I*9<W!QGZ!Q<DE(6W!+GZ!\</<E47W!+GZ!\7E<*I<W!

jGZ!\796D<W!-GW!?96K!U69U4/97K"C/C'6I*RD97K!E(U9<56'*C('<9!C65U'*R!<E!<!F(KCD76K<'!

56I*'!6F!5/68'6H7K!7K!<`(*6(E!E6'(D76KG!L37-10&=>?#0!$EEPW!5JW!:::A;::b>G!

TB.!06''5<KW!XG!,GZ![9<(5<KW!XG!?GZ!?S*9E6KW![G!MGZ!-*EE'*9W!XG!MGZ!Q6997EW!@G!QGZ!&7HE6KW!

YG!\GW!176R/8*K!<KI!C<9H6K/'!H7KI7K8!D6!796K%??.!U69U4/97KE3!<!C65U<97E6K!6F!D4*!

yU7C_*D!F*KC*y!<KI!yU6C_*Dy!U69U4/97KEG!:0&,#0&=>?#0&G7<0!!ON&W!6BJW!$>BT;$>BbG!

Tb.!06''5<KW!XG!,GZ![9<(5<KW!XG!?GZ!06''7KEW!+G!XGZ!?S*9E6KW![GZ!-*EE'*9W!XG!MGZ!Q6997EW!@G!

QGZ!&7HE6KW!YG!\GW!+4*!zU6C_*D{U69U4/97KE3!4*56U96D*7K!56I*'E!J7D4!'6J*9*I!0=!

<FF7K7D7*EG!L37-10&=>.#0&,<)20!!ON&W!MFW!2>2;2>TG!

Tc.!+*D9*<(W! 0GZ! M<S<'*DD*W! 1GZ! Q65*KD*<(W! QGZ! )7EC4*9W! XGZ! k*7EEW! @GW! -D9(CD(9*! "

9*<CD7S7D/! 9*'<D76KE47U! 7K!6R/8*K!<KI!C<9H6K!56K6R7I*!H7KI7K8!J7D4! E65*!4*5*!

56I*'EG!:0&,#0&=>?#0&G7<0&!OOFW!66;W!22A:>;22A:AG!

TA.!k<D<K<H*W!^GZ!^7D<87E47W!\GZ!^<K6W!^GW!-(U9<56'*C('<9!796K!U69U4/97KPC/C'6I*RD97K!



! "!2Tc!"!

I75*9! C65U'*R! D4<D! 5757CE! D4*! F(KCD76KE! 6F! 4*568'6H7K! <KI! 5*D4*568'6H7KG&

,31?D0&=>?#0&L3)0&K!0!$E!&W!BTW!bA#:;bA#cG!

T#.!^(KI(W! -GZ!+9*KDW! XG!+GW! ???Z! \<9896S*W!QG! -GW! ,'<KDEW! 4(5<KE! <KI! 4*568'6H7KEG!

P-?3!4&*823)&G<.0!$EE&W!QW!$Ac"$#$G!

$>.!0<9S*9W!+G!NGZ![9<KD'*/W!@G!NGW!X9GZ!-7K8'*D6KW!NG!kGZ!d9I(7K7W!@G!QGZ!Y(7''7KW!QG!MGZ!

,47''7UEW!&G!LGW!X9GZ!='E6KW!XG!-GW!d!K6S*'!E7D*"I79*CD*I!5(D<KD!6F!5/68'6H7K!J7D4!<K!

(K(E(<''/!4784!="!<FF7K7D/!<KI!'6J!<(D66R7I<D76K!9<D*G!:0&R.780&=>?#0!!OO$W!E;MW!

2:::$ 2::B>G!

$2.!L7E475(9<W! @GZ!Q<DE(56D6W! 1GZ! -47H<D<W!+GZ!j<K<87E<J<W! -GZ! =8(9<W!+GZ!+<7W! \GZ!

Q<DE(6W!+GZ!\796D<W!-GZ!L*/<W!-GZ!-(](_7W!dGZ!j<5<56D6W!jGW!N'*CD96K7C!C6KD96'!6F!

'78<KI"H7KI7K8!U9*F*9*KC*!6F!<!5/68'6H7K!5(D<KDG!L37-10&=>?#0!$E!FW!JOW!#2Bb

#2bBG!

$T.!k<D<K<H*W!QGZ!^<K<7W!jGZ!L<_<5(9<W!-GZ!L7E475(9<W!@GZ!-47H<D<W!+GZ!Q656D<_*W!-GZ!

=8(9<W!+GZ!Q<DE(6W!+GZ!\796D<W!-GZ!L*/<W!-GZ!-(](_7W!dGZ!j<5<56D6W!jGW!-/K*987ED7C!

*FF*CD!6F!I7ED<'!U6'<9!7KD*9<CD76KE!7K!5/68'6H7K!<KI!D4*79!ED9(CD(9<'!06KE*`(*KC*EG!

L37-10&=>?#0!$E!NW!JMW!2:Tb# 2:Tc#G!

$$.!M7W!+GZ!Y(7''7KW!QG!MGZ!,47''7UEW!X9W!&G!LGZ!='E6KW!XG!-GW!-D9(CD(9<'!I*D*957K<KDE!6F!D4*!

ED9*DC47K8! F9*`(*KC/!6F!0=!H6(KI! D6!5/68'6H7KG!R.7<>?#.4)-9G!!OOFW!OOW!2:$$

2::bG!

$:.!L7E475(9<W!@GZ!-47H<D<W!+GZ!+<7W!\GZ!?E478<57W!?GZ!=8(9<W!+GZ!L<8<6W!-GZ!Q<DE(6W!+GZ!

\796D<W!-GZ!?5<7W!^GZ!L*/<W!-GZ!-(](_7W!dGZ!j<5<56D6W!jGW!@*'<D76KE47U!H*DJ**K!D4*!

*'*CD96K!I*KE7D/!6F! D4*!4*5*!)*!<D65!<KI! D4*!S7H9<D76K<'! F9*`(*KC7*E!6F! D4*!)*"

H6(KI!C<9H6K!56K6R7I*!7K!5/68'6H7KG!L37-10&=>?#0!$E!&W!JEW!$$:# $$BBG!





! "!#$%!"!

! "#

!

!"# #

&'()

'( !"#$ '(

%"&$ &(!) &*() &+#,) &-(,)

&(#') &.(+)

&+#(#) &!(#)

'( '(

&//) (')$ '( &//)

'( &01**)

'( +"!,$ '( (#

'( 01**

&+2) &32) ! &'!()

!!'

!%$ '( '( CO

CO–Hb !"!&"!($ '(4+2!

#5!6 '( '(4+2 $5475!6

75

'( '(4

+2 85!6 '(

!-"!.$ !

!

39:;! <=>! ?9@9ABCDE;!F=! G=>! 3EH:29I9;! ,=>! 3:II1JKELE;! -=>! 0:J1MIE;! -=>! ?EI9AEMDE;! +=;!

,1LMEIEN1!OB9LIEPEC9IE:L!:P! C9J2:L!Q:L:RES1! &'()! "#$ %"%&$ J1N19KM! 9! TJ:I1CIEN1! J:K1! :P!

CEJCBK9IELA!D1Q:AK:2EL!EL!'(!ELI:REC9IE:L=!'&(()#*$+"&,*;!EL!TJ1MM=!



! "!#$U!"!

#UVW '(4+2 '( X:KS29BQ

(0EABJ1!W4#)!)$ #!&YRT=!#) #8!6!

'( #W!QEL

'(4+2!6 V56 $!&YRT=!$)

'( &-Z') '(4

+2!6 [5!6 #55!6 !)$

# $ '(4+2

'(

+2 '(

'( '(

'(

!

 

Figure 5–1. FLEQ9K!1RT1JEQ1LIM!:L!'(!ELI:REC9IE:L!J1T:JI1S!EL!#UVW=/!)$!

!

'(

'(4+2

&X') !&"!+'#!$ '(

X' \J1Q9L X'

'( (Table 5–1)!+$ !

!

CO gas inhalation

dog

Exp. 1

All dead in 15 min
(CO–Hb levels : 70%)

CO gasdog

Exp. 2

All survived 
(CO–Hb levels : 60%)



! "!#85!"!

Table 5–1.!'(!C:LC1LIJ9IE:L!&TQ:K]QA!0:JQBK9! 1̂EADI)!EL!IEMMB1M!PJ:Q!9SBKI!C:LIJ:K!

J9IM!9LS!QEC1=!+$!

!

\J1Q9L ':2BJL X' '(

#,"#!$ X' '(

'(

'(

'D9LA '( &'(_"#)

'( &0EABJ1!W4

$)/##$ ##'%,$ '(

'(

%!'%%$

'(

'( '( !

!

!

 

 

 

 

 

 

 

Figure 5–2. '(_"#;!9!J19CIE:L"29M1S!PKB:J1MC1LI!'(!TJ:21=/##$#

!

!

!

!

Condition CO concentration (pmol/mg Formula Weight)

Native

Rat (n = 3)

Mouse (n = 5)

VeCO (µL/h/kg)

12.5 ± 0.3

33.4 ± 1.5

Blood Muscle Kidney Heart Spleen Liver Intestine Lung Testes Brain

47 ± 10

45 ± 5

4 ± 4

10 ± 1

5 ± 2

7 ± 2

6 ± 3

6 ± 1

11 ± 3

6 ± 1

4 ± 1

5 ± 1

2 ± 1

4 ± 2

2 ± 1

3 ± 1

1 ± 1

2 ± 1

2 ± 1

2 ± 0

N N
B

F F

N

Pd

Cl

Cl
Pd

NN
B

FF

N

COP-1

2CO

N N
B

F F

N
OH

O

2



! "!#8#!"!

$557 ?9L: (# 32

D1Q:'`# %&$ D1Q:'`# W;#5;#W;$5" &7"

) &//) &01**G__,) - β−

&_a8'`) #b# ! !

!

!

Figure 5–3. +1Q:'`#;!9!'(!S1I1CIELA!9A1LI=!&9)!+1Q:'`#!EM!C:QT:M1S!:P!W;#5;#W;$5"

I1IJ9cEM&7"MBKP:L9I:TD1LaK)T:JTDEL9I:EJ:L&//)! &01**G__,)! 9LS! 9! T1J"-"Q1IDaK"β"

CaCK:S1RIJEL!SEQ1J!D9NELA!9!TaJESEL1!KELc1J!&_a8'`)=!GD1!MIJBCIBJ1!:P!S1:Ra"D1Q:'`#!

9LS!'("D1Q:'`#!C:QTK1R1M!EM!MD:@L=!

!

&0EABJ1!W48)/%&$ D1Q:'`# +2 G &+2"G) &.!0#1#!d!#5!G:JJ;!

/2!d!#V!µ3!EL!TD:MTD9I1!2BPP1J!9I!T+!V!9LS!$W!e') '(!

N

–O3S

N

N

N

N
–O3S SO3

–

SO3
–

Fe

S S

deoxy-hemoCD1

CO

Kd ~ 10–11 M
N

–O3S

N

N

N

N
–O3S SO3

–

SO3
–

Fe

S S

CO-hemoCD1

C
O

O
O

H3CO OCH3

OCH3

O

O

HO
H3CO

O

O OCH3

OCH3H3CO

O

O
OCH3

H3CO

OCH3

O

O
H3CO

H3CO

OCH3

O

O

H3CO

H3CO

OCH3

O
O
OCH3

OCH3

H3CO

O
O

OCH3
H3CO

H3CO

O

O

OH
OCH3

O

OH3CO

H3CO OCH3

O

O
H3CO

OCH3

H3CO

O

O
OCH3

OCH3

H3CO

O

O

OCH3

OCH3

H3CO

O
O

H3CO

H3CO

OCH3

N

SS

Py3CD

3 3

N

N N

N
FeII

SO3
–

SO3
–

SO3
–

–O3S

FeIITPPS

+

in aqeous solution

stable 1:1 complexation
N

–O3S

N

N

N

N
–O3S SO3

–

SO3
–

Fe

S S

hemoCD1

3 3



! "!#8$!"!

&.!0#31!d!#=W!f!#5'(!G:JJ;!/2!d!#U=$!T3!EL!TD:MTD9I1!2BPP1J!9I!T+!V!9LS!$W!e')

(Figure 5–3) %&"%($ '(! - +2! &+2"-) #55

'(!

%("%-$ ?9L: D1Q:'`# &:Ra4D1Q:'`#)

:Ra4D1Q:'`#

# '( &'(4D1Q:'`#)

%.$ ?EI9AEMDE D1Q:'`# '(

%.'&,$ $5#V :Ra4D1Q:'`#

'( &0EABJ1!W47)&!$

&0EABJ1!W472;!MT1CIJBQ!9) '( &0EABJ1!W472;!MT1CIJBQ!2)

&*9#,#(&)! &0EABJ1!W472;! MT1CIJBQ!C)

7$$LQ :Ra4 S1:Ra4 '(4 Q1I4D1Q:'`# 7$$LQ

'(

&0EABJ1!W47C) D1Q:'`#

'( !

!

Figure 5–4" `1I1CIE:L! 9LS! OB9LIEPEC9IE:L! :P! '(! EL! ID1! 2E:K:AEC9K! M9QTK1M! 2a! :Ra"

D1Q:'`#=! &9)!F!TJ:C1SBJ1! P:J!'(!S1I1CIE:L! EL! CBKIBJ1S!C1KKM=! &2)!-9@!MT1CIJ9!:P! ID1!

PEKIJ9I1!M:KBIE:L!:P!ID1!C1KKM!IJ19I1S!@EID!:Ra"D1Q:'`#!21P:J1!9LS!9PI1J!ID1!9SSEIE:LM!:P!

'(! 9LS!*9#,#(&! I:! S1I1JQEL1! ID1! 9Q:BLI! :P! '(! EL! ID1! M:KBIE:L=! &C)!GD1! 9Q:BLI! :P!

1LS:A1L:BM!'(!EL!ID1!N9JE:BM!IaT1M!:P!ID1!C1KKM=!

!

1 x 106 cells 
adhered on the dish

removal of medium

oxy-hemoCD

collection of the cells

cell suspension

1) cell count
2) sonication
3) filtration

filtrate in cuvatte

350 450 550 650
Wavelength / nm

A
b

s
o

rb
a

n
c
e

spectrum a (filtrate)

spectrum b (a + CO)

spectrum c (b + Na2S2O4)

HepG2 HeLa RAW264 NIH3T3 CHO SH-SY5Y

M
C

O
 /
 p

m
o

l 
p

e
r 

1
0

6
 c

e
lls 300

100

0

200

* *

cancer cells normal cells

(a)

(b) (c)



! "!#88!"!

$5#V :Ra4D1Q:'`#

'( &D1Q:'`! )/ &!$

D1Q:'`! &

) '( 755!TTQ '(

W #5 $5 %5 '("+2

'(

D1Q:'`# '(

(# '( D1Q:'`!

'( D1Q:'`#

!

!

!

!

#

#

$"# #

!

$%!"# #

!

&g\"NEM )

g\"$#55 g\"$7W5 /QTK1L *9L:_D:I:Q1I1J4!'75

G''"$[5 W

T+ T+ 3"#$ 0"W$ 3GG!

GD1JQ:!0EMD1J!,CE1LIEPEC U[!@1KK!g\ 3BKIEMc9Lh!

0'!3ECJ:TK9I1!_D:I:Q1I1J

X'"$5#7 '("+2! 6

-9SE:Q1I1J!':=!iIS= FZi%$W !

!

!

!

#



! "!#87!"!

$%$"# #

!

01***G__,&#$ _a8'`%&$

*('W! &#"DaSJ:Ra"$":R:"8"&8"9QEL:TJ:TaK)"8"EM:TJ:TaK"#"IJE9H1L1)

5=#!3!*9(+ *('

& ) $75!LQ

&ε#&,!d!8U=7!3'!CQ'!)

j9Q9I:!FBI:!,IEKK!XK9MM!3:S1K!

^X!$W5 ,EQTKECEIa!̂ 9I1J!_BJEPEC9IE:L!,aMI1Q

!

!

$%$%!" &'()*+! !

!

'( D1Q:'`#

01***G__,!&#=#5!QA;!#=5 µQ:K) _a8'`!&8=W8!QA;!#=$!µQ:K)

_Z,!&T+!V=7;!#Qi) &///) Q1I"D1Q:'`#!&#!Q3) Q1I"

D1Q:'`#!&#4W!µi) _Z, '( Q1I"

D1Q:'`#!&$4#5!µ3;!5=W!Qi) &//) S1:Ra"D1Q:'`#

&*9#,#(&)!&!0*$#4$!QA) Q1I"D1Q:'`# $4#5k3;!5=W!Qi

 

D1Q:'`# 01***G__,!&[=[5!

QA;!1.0 µmol) _a8'`!&$#=#W!QA;!V=$!µQ:K) _Z,!&T+!V=7;!$Qi)

Q1I"D1Q:'`#! &8!Q3) 01***G__, (66.0 mg, 60.0 µmol)

_a8'`!&$##=#W!QA;!V$=5!µQ:K) _Z,!&T+!V=7;!#5Qi) Q1I"D1Q:'`#!&[!

Q3) Q1I"D1Q:'`# *9#,#(&!&!0*$#54$5!QA)

,1TD9S1R!X$W &,1TD9S1R!

X$W;!+EGJ9T56!`1M9KIELA!W!Qi;!XY!+19KIDC9J1!iEP1!,CE1LC1M)

*9#,#(& :Ra"D1Q:'`# 7$$!LQ

&ε&##789!d!#=[7!f!#5(!3'!!CQ'!) !

 

#

#



! "!#8W!"!

$%,"  

!

i1@EM ,TJ9AB1"`9@K1a &W )

!

86

&-:S1LI!\1LIEK9I:J;!gA:!Z9MEK1) & ! WW]QEL ! #W!Qi]cA)

8!Qi]D

&3Y`/"GD1JQ!//;!X9aQ1J!/LSBMIJE1M!/LC=)

8[=W!l!5=W!e'

$!6

&_Z)!& ) W '(

!

$%-" *.%/0#1

&5=#!Qi) &i\ -\)

FZi%$W

!

$%2"

!

& )

#[!X

&W5!Qi)

#W5!Qi & !

5=$W!Qi]M)

4%5!e' !

 

 



! "!#8[!"!

$%3" &'()*+! *.  

 

&W4$5!QA) _Z,!5=W!Qi

_:@1J!39MD1J//!&LETTE) *9#,#(&!&!0*!#4$!QA) S1:Ra"

D1Q:'`#!&$4#5!µ3) 

&<,(*/'F) #7555!X #W 

&`/,3/'! #8'_;! 5=7W µQ! T:J1; 

ADVANTEC) *9#,#(&!&!0*!#4$!QA)

D1Q:'`# &'!7:;<) S1:Ra"D1Q:'`# '("

D1Q:'`# 7$V!LQ &ε4#.!d!#=UW!f!#5(!3'!CQ'!)

&W4#)  

 

Α&#./=>!d!ε&#./m!':7:;<!m$,!                                                &W4#) 

/

, #! CQ *9#,#(&

D1Q:'`# '("D1Q:'`#!&'?7) S1:Ra"D1Q:'`#!&'2@789) !

/

':7:;</d$'?7!n!'2@789! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! &W4$)!

!

D1Q:'`# '("D1Q:'`# &131) &W48)

!

!

1"#$2$'%&!]!'!&!'(! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! &W48)!

!

7$$!LQ 787!LQ &W47) &W4W)

!

!

Α&##$2$ε2@789&##$3$'2@789$4ε?7&##/3$'?7! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! &W47)!

Α&%&$2$ε2@789&%&$3$'2@789$4ε?7&%&/3$'?7! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! &W4W)!

!

5&##!]$5&%& &W4[) !

!



! "!#8V!"!

! ! !

&W4[)!

!

&W4$) &W4[) 131 &W4V) !

!

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! &W4V)!

!

7$$!LQ 787!LQ '(4D1Q:'`# S1:Ra4D1Q:'`#

&ε?7&##!d!8=V#!f!#5(!3'!CQ'!;!ε?7&%&!d![=VW!f!#5&/3'!CQ'!;!ε2@789&##!d!#=W$!f!#5(/3'!CQ'

! ! ε2@789&%&!d!$=#8!f!#5(!3'!CQ'!) 131 !

'(4D1Q:'`# &631) 131 ':7:;< 7! &#!f!

#5'%!i) &W4%) !

!

631!&Q:K)!d!131!m!':7:;<!m!7! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! &W4%)!

!

&W4V) 131 Α&##!]$Α&%& Α&##!]$Α&%&

5=% &131!d!5=5WW) 8=5!&131!d!5=V78) 131

'(

D1Q:'`#

Α&##!]$Α&%& 5=% 8=5 7$$!LQ

787!LQ '(4D1Q:'`# S1:Ra4D1Q:'`# &ε?7&##;!

ε?7&%&;!ε2@789&## ! ε2@789&%&) G92K1!W4$ !

!

Table 5–2.!3:K9J!92M:JTIE:L!C:1PPECE1LIM!&ε!]!3'!!CQ'!)!:P!D1Q:'`#!BM1S!EL!IDEM!MIBSa=!

! ! ! ! ! ! ! ! ! 7$$!LQ! ! 7$V!LQ! ! 787!LQ!

`1:Ra4D1Q:'`#! ! ! ! ! ! ! ! #W$!555)! ! #UW!555)! ! $#8!555'!

'(4D1Q:'`#! ! ! ! ! ! ! ! 8V#!555'! ! #UW!555)! ! [V!W55)!

'-1P!&7#)=!)GDEM!@:Jc=!

!

!

RCO =

εdeoxy
422 – A422 / A434 · εdeoxy

434

A422 / A434 (εco
434 –  εdeoxy

434) – εco
422 + εdeoxy

422

A422 / A434
εdeoxy

434 · Cdeoxy +  εco
434 · Cco

εdeoxy
422 · Cdeoxy +  εco

422 · Cco

=



! "!#8%!"!

$%4" 5!"#$%$&) *.

!

& V!QQ ) W!Qi!

$W!X $W!X

'( &UU=UUU6)!&7Qi)

8 ! '(

7! e' # #

'( D1Q:'`# !

!

!

$%6" *. !"#$%&'!

!

#55!QA _Z,!5=8!Qi _:@1J!39MD1J//!&LETTE)

&<,(*/'F)

&  W!QQ) # 85!6 &,,F) 8

#!Qi

W5!µi 85 

5=W!Qi GC

G'` ,+/*'F-Z(*!G

75!e' #$5!e'

W5!Qi!]!QEL

'(

'(  

!

!

!

!

$$=7 &i]Q:K #!Q:K )!  

5 &QA)!

!

肝臓CO量 (mol / mg) =
COのピーク面積 × CH4 量 (μL)

CH4のピーク面積 × 22.4 × A



! "!#8U!"!

$%7" *. #

!

"#$ %"%& '( 0EABJ1!W4W

755!TTQ '( & ! #!i]QEL;!G(3(Y!,+(?F/!':=;!iG`=)

&W!QEL;!#5!QEL;!$5!QEL) '(

'( &'(,3(,!o'$$55)

'( &'(,3(,!o'$$55) '(4

+2!6 &-\ i\

5=#!Qi) FZi%$W W #5 $5 U5

$4W

4%5! e'

!

!

$%!8" *. #

#

$4U &0EABJ1!W4W)

755!

TTQ '( & ! #!i]QEL;!G(3(Y!,+(?F/!':=;!iG`=) W

(# &UU=UUU6;!G(3(Y!,+(?F/!':=;!iG`)

-\ i\ &5=#!Qi) '(4+2!6!

&#5!QEL;!85!QEL;![5!QEL) $4W

4%5!e'



! "!#75!"!

Figure 5–5. ,CD1Q9IEC!J1TJ1M1LI9IE:L!:P!ID1!1RT1JEQ1LI9K!M1IBT!P:J!'(!A9M!ELD9K9IE:L!

EL!J9IM=!GD1!9TT9J9IBM!9KK:@1S!9!J9TES!M@EICD!PJ:Q!ELD9K1S!'(!A9M!&755!TTQ)!I:!9EJ!:J!(#!

2a!D9LSKELA!ID1!IDJ11"@9a!MI:T!C:Cc=!GD1!J9I1!:P!ELD9K9IE:L!@9M!C:LIJ:KK1S!2a!ID1!J:S1LI!

N1LIEK9I:J=!GD1!1RD9K1S!A9M!@9M!QER1S!@EID!9EJ!21P:J1!1REIELA=!0:J!M9P1Ia!J19M:LM;!9!'(!

S1I1CI:J!@9M!BM1S!P:J!Q:LEI:JELA!ID1!9IQ:MTD1JEC!C:LC1LIJ9IE:LM!:P!'(=

$%!!" *. )9:%&'()*+! !

#

:Ra4D1Q:'`# :Ra4D1Q:'`#

&#=748=5!Q3!EL!_Z,;!$=W!Qi) :Ra4D1Q:'`# &#=748=5!Q3!

EL!_Z,;!$=W!Qi)

!

'!&0EABJ1!W4[9) 755!TTQ! '( W

CO 400 ppm in air
TOMOE SHOKAI Co., LTD.

INOUT

air

30 mL/min

CO detector
COSMOS 
XC2200

wall suction

10–15 L/min

Rat
5 weeks

OFF

Rodent Ventilator

ugo basile

exhaust

air or pure O2



! "!#7#!"!

#Qi!:Ra4D1Q:'`#

:Ra4D1Q:'`# &#=W!Qi) 7=W!Qi!]!D

& b!85!QEL) 85

5 W #W 8W [W &(( () (!) (%) (*)) -\ i\

&5=#!Qi) _Z,!

! $4W

4%5!e' !

''#&0EABJ1!W4[9) 755!TTQ! '( W

(# #Qi!:Ra4D1Q:'`#

:Ra4D1Q:'`# &#=W!Qi) U=5!Qi!]!D

& b!#W!QEL) (# 7W

' -\ i\

#

'''#&0EABJ1!W4[9) 755!TTQ! '( W

(# 85 (# 85

#Qi!:Ra4D1Q:'`# :Ra4D1Q:'`#

&#=W!Qi) U=5!Qi!]!D & b!#W!QEL)

(# #W '

-\ i\ !

') )#&0EABJ1!W4[2) 755!TTQ! '(

%5 (# ') ) 8=5!

Q3!:Ra4D1Q:'`# &$=W!Qi) !

'' ''' !

!

!

!

!

!

!

#



! "!#7$!"!

#

Figure 5–6. FL1MID1IEH1S!J9IM!@1J1!1RT:M1S!I:!'(!ELD9K9IE:L!&755!TTQ)!P:J!W!QEL!&9)!

9LS! %5! QEL! &2)! P:KK:@1S! 2a! 1EID1J! 9EJ! :J! TBJ1! (#! N1LIEK9IE:L! EL! C:Q2EL9IE:L! @EID!

ELIJ9N1L:BM!D1Q:'`#!ELPBME:L=!

 

$%!$" #

#

'4) _Z,

*9#,#(&

!

#

$%!," !

!

&+1TX$! ) 8

`"3Y3!&

i" ) XE2C:h

01I9K!Z:NEL1!,1JBQ!&0Z,) ZE:@1MI!&0J9LC1)

WV!e' 85 _,!&

" " Z ) 5=$W!@]N!6

#!QQ:K]i!Y`GF 7*9

+1TX$ `"#5 &`"3Y3!]!#5!6!0Z,!]!#!6!_, )

8V!e' W!6!'(# !

!

!

0 5 65

Time (min)

hemoCD1
Air ventilationCO

O2 ventilationCO

CO

20 35 50

I

II

III

Tissue sampling 
(I, II, III)

t0 t5

Tissue sampling

O2 ventilation

5 min CO exposure

hemoCD1

hemoCD1 0 80 140

Time (min)

95 110 125

IV

V

Tissue sampling 
(IV, V)

t0 t80

80 min CO exposure

Tissue sampling

O2 ventilationCO
hemoCD1

CO O2 ventilation
hemoCD1

(a) (b)



! "!#78!"!

$%!-" &'()*+! *.

+1TX$ &#f#5-) '(-375#"Y &$W!µ3!EL!`"#5) $

$ _Z, :Ra4+2 &#W!µ3!EL!̀ "

#5) # _Z,

*9#,#(&! &!0*! #4$!QA) Q1I4D1Q:'`#! &$!µ3)

&<,(*/'F) #7555!X #5 

*9#,#(&! &!0*! #4$!QA)

!

!

$%!2" ;<< &'()*+! =:,*+

U[!@1KK #5!f!#5&!C1KKM]Qi +1TX$

#55 µi 8V!e' W!6!'(# $7

+1TX$ _Z, #55 µi!

&`"#5) &Q1I"D1Q:'`#/;!_a8'`) 8

_Z, `"#5 U5 µi 3GG

#5 µi 8

&`3,() 3BKIEMc9Lh!0'

&GD1JQ:!0EMD1J!,CE1LIEPEC) &

b 570 nm)

#

#

$%!3"

3 l ,Y l ,`

,IBS1LI 8 9$p!5=5W

!

!

#



! "!#77!"!

,"#

,%!"#&'()*+! *. # !

'( '(4D1Q:'`# S1:Ra4D1Q:'`#

&0EABJ1!W4V) *9#,#(& &///) Q1I4D1Q:'`# &//)

S1:Ra4D1Q:'`#&λ>;8/d!787!LQ) '( '(

&//) CO4hemoCD1 &λ>;8/d!7$$!LQ)

 

Figure 5–7. g\"NEM! MT1CIJ9!:P!D1Q:'`#!MD:@ELA! ID1!,:J1I!29LSM! IaTEC9K!:P!S1:Ra"

D1Q:'`#!&787!LQ)!9LS!'("D1Q:'`#!&7$$!LQ)!EL!_Z,!9I!T+!V=7!9LS!$W!e'=#

#

'( D1Q:'`#

'( S1:Ra4D1Q:'`#

&0EABJ1!W4%9) '( S1:Ra4D1Q:'`#

&7$V!LQ) '(4D1Q:'`#

$4[ 7$$ 787LQ

&Α&##]Α&%&) 7$$! LQ 787! LQ '(4D1Q:'`# S1:Ra4

D1Q:'`# &ε?7&##;!ε?7&%&;!ε2@789&## ! ε2@789&%&)! &G92K1! W4$)

D1Q:'`# '(4D1Q:'`# &131)

!

!

!"# !$# %&# %%# %'# "##350 380 410 440 470 500

deoxy–hemoCD1 
(434 nm)

CO–hemoCD1 
(422 nm)

A
b

s
o

rb
a

n
c
e

Wavelength / nm

N
S S

FeII

CO

N
S S

FeII
CO

CO–hemoCD1deoxy–hemoCD1



! "!#7W!"!

!

!

!

!

&W4U)!

!

D1Q:'`# &'!7:;<) S1:Ra4D1Q:'`# '(4D1Q:'`#

7$V!LQ &ε4#.) &G92K1!W4$) '(!

&631) 131 ':7:;< 7

!

!

$ $ $ $ $ 631!&Q:K)!d!131!m!':7:;<!m!7$ $ $ $ ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! &W4#5)!

!

'( &UU=UUU6) '(

'( D1Q:'`# $4[ 631

&0EABJ1!W4%2;!a!d!5=UUR -#!d!5=UUU) 755!TQ:K '(

0EABJ1!W4%2 #

5 '( &W4V)

!

!

#

Figure 5–8. ,T1CIJ:MC:TEC!OB9LIEPEC9IE:L!:P!'(!EL!9OB1:BM!M:KBIE:L!BMELA!D1Q:'`#=!

&9)!g\"NEM!MT1CIJ9!:P!D1Q:'`#!&[=5!µ3)!9PI1J!1RT:MBJ1!I:!N9JE:BM!9Q:BLIM!:P!'(!EL!

_Z,!&#!Qi)!9I!T+!V=7!9LS!$W!e'=!131!N9KB1M!@1J1!C9KCBK9I1S!BMELA!1O!&W4V)=!&0)!GD1!TK:I!

:P! cL:@L! 9Q:BLIM! :P! '(! SEMM:KN1S! EL! @9I1J! N1JMBM! ID1! OB9LIEPE1S! N9KB1M! :P! '(!

S1I1JQEL1S!2a!ID1!D1Q:'`#!9MM9a=!`9I9!9J1!MD:@L!9M!Q19L!l!,`!&#!d!8)=!

#

RCO =

[CO-hemoCD1]

=

εdeoxy
422 – A422 / A434 · εdeoxy

434

A422 / A434 (εco
434 –  εdeoxy

434) – εco
422 + εdeoxy

422

[deoxy-hemoCD1] + [CO-hemoCD1]

!"!!!

!"#!!

$"!!!

$"#!!

%"!!!

&!! &%! &&! &'! &(! #!!

Wavelength / nm

A
b

s
o

rb
a

n
c
e

400 420 440 460 480 500

422 nm

0
0.128 
0.357
0.683 
1.00

434 nm

0

0.5

1.0

1.5

2.0 RCO =
[CO-hemoCD1]

[deoxy-hemoCD1] + [CO-hemoCD1]

427 nm

(a) (b)

0

500

1000

1500

2000

2500

C
O

 d
e

te
c
te

d
 b

y
 

h
e

m
o

C
D

1
 /
 p

m
o

l

0 500 1000 1500 2000 2500

!CO dissolved in H2O / pmol

y = 0.99x

(R2 = 0.999)
410 410 ± 15

820 782 ± 35

1230 1227 ± 111

1640 1640 ± 163

2270 2257 ± 191

CO dissolved 
in H2O / pmol

CO detected by 
hemoCD1 / pmol



! "!#7[!"!

,%$"# *. &'()*+! #

#

D1Q:'`# $4[ &0EABJ1!W4U9)

'( S1:Ra4D1Q:'`#

&0EABJ1!W4U9 )

5=7W!µQ

&0EABJ1!W4U2) D1Q:'`# '( S1:Ra

S1:Ra4D1Q:'`#

&@]:!D1Q:'`#) &0EABJ1!W4U2) '(

7$$ 787!LQ S1:Ra4D1Q:'`#

&@EID!D1Q:'`#) S1:Ra4D1Q:'`# &@]:!

D1Q:'`#)! &W4V)

131 7$V!LQ '!7:;<

S1:Ra4D1Q:'`#

D1Q:'`#

131 ':7:;< &W4%)

'( &631) !

'( +2

'(4+2

'(

'(4+2

(

liver lung muscle cerebrum cerebellum)

CO 0EABJ1!W4#5

'( #55 $55!Qi

&0EABJ1!W4#59) '(

$55!Qi

'( !

!

#



! "!#7V!"!

 

Figure 5–9.!<B9LIEPEC9IE:L!:P!'(!EL!J9I!IEMMB1M=!&9)!YRT1JEQ1LI9K!TJ:C1SBJ1!S1MCJE2ELA!

ID1!N9JE:BM!MI1TM!:P!ID1!D1Q:'`#!9MM9a!P:J!Q19MBJELA!'(!EL!IEMMB1!M9QTK1M!C:KK1CI1S!

PJ:Q!SEPP1J1LI!J9I!:JA9LM=!&0)!GaTEC9K!J1TJ1M1LI9IEN1!MT1CIJ9!:P!MBT1JL9I9LI!M:KBIE:LM!:P!

KEN1J!M9QTK1!9LS!C:LIJ:K!:2I9EL1S!9I!ID1!1LS!:P!ID1!D1Q:'`#!9MM9a=#

#

Tissue homogenate 
(5-20 mg in 0.5 mL PBS)

deoxy-hemoCD1 (2-10 µM) 
+ Na2S2O4 (1-2 mg) in PBS (0.5 mL)

Sonication
(10s x 2, on ice)

Centrifugation
(14000 G, 15 min)

Syringe filtration
(0.45 µm pore)

Absorbance measurement

1

2

3

4

control 
(w/o hemoCD1)

sample
(with hemoCD1)

Wavelength / nm

400 420 440 460 480 500

A
b

s
o

rb
a

n
c
e

0

0.2

0.4

0.6

0.8

1.0
422 nm

434 nm

control 
(w/o hemoCD1)

sample
 (with hemoCD1)

(a)

(b)



! "!#7%!"!

#

Figure 5–10. <B9LIEPEC9IE:L!:P!1LS:A1L:BM!'(!EL!IEMMB1M=!GD1!9Q:BLIM!:P!'(!C:LI9EL1S!

EL!ID1!KEN1J;!KBLA;!QBMCK1;!C1J12JBQ;!9LS!C1J121KKBQ!@EID:BI!&4)!9LS!@EID!PKBMDELA!&n)!ID1!

:JA9LM!@EID!M9KEL1! &#554$55!Qi)! I:! J1Q:N1!J1MESB9K!2K::S=!GD1!9Q:BLIM!:P!'(!@1J1!

OB9LIEPE1S!2a!ID1!D1Q:'`#!9MM9a=!Y9CD!29J!J1TJ1M1LIM!ID1!Q19LM!l!,Y!&#!d!84[!J9IM!T1J!

AJ:BT)=!*9!p!5=5W!NM!4PKBMDELA;!L:I!MEALEPEC9LI;!#*:*!

#

!

!

!

!

!

!

!

!

!

 

Figure 5–11.!<B9LIEPEC9IE:L!:P!1LS:A1L:BM!'(!&TQ:K]QA;!@1I!@1EADI)!EL!IEMMB1M!BMELA!

ID1!D1Q:'`!9MM9a=!Y9CD!29J!J1TJ1M1LIM!ID1!Q19L!l!,`!&#!d!84[)=!

C
O

 c
o

n
te

n
t 
(p

m
o

l/
m

g
)

– flushing
0

30

60

90

120

150

n. s.

*

+ 100 mL + 200 mL

*

(b) Lung

– flushing + flushing

C
O

 c
o

n
te

n
t 
(p

m
o

l/
m

g
)

0

30

60

90

120

150

(a) Liver (c) Muscle

– flushing + flushing

C
O

 c
o

n
te

n
t 
(p

m
o

l/
m

g
)

0

30

60

90

120

150

0

20

40

60

80

100

(d) Cerebrum

*

0

20

40

60

80

100

*

C
O

 c
o

n
te

n
t 
(p

m
o

l/
m

g
)

C
O

 c
o

n
te

n
t 
(p

m
o

l/
m

g
)

– flushing + flushing
– flushing + flushing

(e) Cerebellum

+ flushing

C
O

 c
o

n
te

n
t 
(p

m
o

l/
m

g
)

0

20

40

60

80

100

liv
er

lung

ce
re

bru
m

ce
re

bellu
m

heart

musc
le

59.5±13.0

66.6±12.0

26.4±6.20 39.7±1.16

46.3±19.6

29.5±11.8



! "!#7U!"!

( liver lung muscle cerebrum

cerebellum) '( D1Q:'`!9MM9a

0EABJ1!W4## '(

&+()

%"&%$

&32)

'( $54$W &&'&.$ !

&+()

!"&"!%$ Z::c1 '(4+26 '(4

+26 '(

&)$ '( 4$!&+(4$)

&+"(,$ '( +2

&32) _7W5!

&"!%"(!$ ':2BJL

32 $ # '(4+2

'( (#'(&$

&$ '(

&$ *9#,#(&

D1Q:'`# '(

'(

&0EABJ1!W4#$) S1:Ra4D1Q:'`# '(

!

#



! "!#W5!"!

#

Figure 5–12.! _K:I! :P! ID1! @1I! @1EADI! :P! IEMMB1M! &KEN1J! &9);! KBLA!@EID! :J! @EID:BI! '(!

ELD9K9IE:L! &2;! C)! 9LS! QBMCK1! &S))! ! N1JMBM! ID1! 9Q:BLI! :P! '(! S1I1CI1S=# GD1! KEL19JEIa!

1LMBJ1M!9CCBJ9Ca!:P!ID1!'(!OB9LIEPEC9IE:L!9MM9a=#

#

D1Q:'` X' $4% !+"%)$

X' '(! X' '(

&0EABJ1!W4#89) D1Q:'`!9MM9a 0EABJ1!W4#82

'(

'( !+'#!".-"..$ 0EABJ1!W4#82

#V=W!l!5=[ #$=#!l!8=#!TQ:K]QA '(

! X' '(

0

300

600

900

1200

C
O

 /
 p

m
o

l

wet weight / mg
0 3 6 9 12 15

R
2 = 0.998

0

300

600

900

1200

C
O

 /
 p

m
o

l

wet weight / mg
0 3 6 9 12 15 18

R
2 = 0.9809

0

300

600

900

1200

C
O

 /
 p

m
o

l

1500

1800

0 3 6 9 12 15 18

R
2 = 0.9983

0

300

600

900

1200

1500

C
O

 /
 p

m
o

l

wet weight / mg
0 3 6 9 12 15

R
2 = 0.9977

wet weight / mg

(a) (b)

(c) (d)

Lung 
(without CO inhalation)

Liver 
(without CO inhalation)

Lung 
(after 400 ppm CO inhalation for 20 min)

Muscle 
(after 400 ppm CO inhalation for 20 min)



! "!#W#!"!

..$ D1Q:'`#

'( &U%=V!l!#V=W WV=%!l!8=5!TQ:K]QA) ! X' '(

'( D1Q:'` X'

'( #

#

#

Figure 5–13.!':QT9JEM:L!21I@11L! ID1!D1Q:'`#!9MM9a!9LS! ID1!A9M!CDJ:Q9I:AJ9TDa!

&X')!Q1ID:S!P:J!'(!OB9LIEPEC9IE:L!EL!IEMMB1M=!&9)!F!IaTEC9K!A9M!CDJ:Q9I:AJ9Q!J1C:JSELA!

ID1!9Q:BLI!:P!'(!PJ:Q!9!KEN1J!M9QTK1=!&2)!GD1!9Q:BLIM!:P!'(!EL!ID1!KEN1J!IEMMB1M!&4!:J!n!

PKBMDELA)!OB9LIEPE1S!2a!ID1!D1Q:'`#!9MM9a!9LS!ID1!X'!Q1ID:S=!Y9CD!29J!J1TJ1M1LIM!Q19L!

l!,Y!&#!d!84[)=#

#

$5#V ?EI9AEMDE D1Q:'` &0EABJ1!W4

7)&!$ :Ra4D1Q:'`# '(

:Ra4D1Q:'`# *9#,#(&

&,1TD9S1R!X$W)

D1Q:'`# &':7:;<)

D1Q:'`# '(4D1Q:'`# '(

D1Q:'`#

D1Q:'` *9#,#(& 7$$ 787!LQ

'( :Ra4D1Q:'`#

! *9#,#(&

C
O

  
(p

m
o

l/
m

g
)

0

30

60

90

120
98.7±17.5

57.8±3.01

17.5±0.60 12.1±3.11

Air
(N2,O2)

CH4 
(int. standard)

CO

GC

hemoCD1

hemoCD1

GC

– flushing + flushing

b)a)



! "!#W$!"!

&0EABJ1!W4U9)

'( Α&##!]!Α&%& Α&#.

':7:;< 131 '(

D1Q:'` "#$%"8;&

'(

&!$ ! D1Q:'`

CO

!

#

,%,"#&'()*+! *. *. #

'( T+

& o1!K9QT) -(, *( +#, &X,+)

'( T+!V=7 _Z,

'( D1Q:'`# T+!74#5

%($ 0EABJ1!W4#79 D1Q:'`#

'( T+ +#(#!&#5!µ3)

*('W!&#5!µ3) *9,+!&#5!µ3) X,+!&#5!µ3) 85

_Z, D1Q:'`!9MM9a '( &0EABJ1!

W4#72) '( D1Q:'`#

'(

o1!

o1! '( &0EABJ1!W4#7C) o1!

'("D1Q:'`# &//)4'( &//)

'(



! "!#W8!"!

Figure 5–14"! T+! &9);! YPP1CIM! :P! 1RI1JL9K! J19CIEN1! MT1CE1M! &2);! 9LS! KEADI! &C)! :L!

OB9LIEPEC9IE:L!:P!1LS:A1L:BM!'(!EL!ID1!KEN1J!9LS!2J9EL!IEMMB1M!2a!D1Q:'`#=!GD1!S9I9!

ELSEC9I1!ID9I!ID1!9MM9a!BMELA!D1Q:'`#!@9M!BL9PP1CI1S!2a!ID1!J19CIEN1!MT1CE1M;!+#(#;!*(;!

+#,!9LS!X,+;!T+!&PJ:Q!7!I:!#5);!9LS!J::Q!KEADI=!GD1!S9I9!EL!C!ELSEC9I1!ID9I!ID1!MIJ:LA!

EJJ9SE9IE:L!2a!o1!K9QT!J1SBC1S!'(!SB1!I:!SEMM:CE9IE:L!:P!ID1!'("01!C:QTK1R=!,I9IEMIEC9K!

MEALEPEC9LC1;!*9!p!5=5W!NM!C:LIJ:K>!L:I!MEALEPEC9LI;!#*:*! !

(a)

Liver or brain tissue
(10-15 mg)

30 min incubation
The hemoCD1 assay
(the same manner as shown in Fig 4a)

livercerebrum

60

40

20

0

60

40

20

0

80

100

pH 7.4 
(control)

pH 10pH 4

C
O

 (
p

m
o

l/
m

g
)

C
O

 (
p

m
o

l/
m

g
)

(b)

Buffer at different pH (4, 7.4, or 10)

pH 10pH 4

Liver or brain tissue
(10-15 mg)

30 min incubation
The hemoCD1 assay
(the same manner as shown in Fig 4a)

livercerebrum

60

40

20

0

60

40

20

0

80

100

room light Xe lampcontrol

C
O

 (
p

m
o

l/
m

g
)

C
O

 (
p

m
o

l/
m

g
)

(c)
PBS (0.5 mL)

room light or Xe lamp (flitered at 400-500 nm)

n.s.

n.s.
n.s.

n.s.

n.s.

*

pH 7.4 
(control)

room light Xe lampcontrol

n.s.

*

Liver or brain tissue
(10-15 mg)

H2O2, NOC, NaSH, or GSH (10µM) 
in 0.5 mL PBS

30 min incubation

PBS wash

The hemoCD1 assay
(the same manner as shown in Fig 4a)

livercerebrum

60

40

20

0

60

40

20

0

80

100

H2O2 NO H2S GSHcont. H2O2 NO H2S GSHcont.

C
O

 (
p

m
o

l/
m

g
)

C
O

 (
p

m
o

l/
m

g
)

n.s.
n.s.



! "!#W7!"!

'(4D1Q:'`# '(4

+2 '(4D1Q:'`# (# &UU=UUU!6;!

) W &0EABJ1!W4

#W9) '(4+2 (# W

'(4+2! +2 (# (#4+2 &0EABJ1! W4#W2)

D1Q:'`# '( (# '( D1Q:'`#

'( +2 &//)

'(! (# !

!

!

Figure 5–15.#,I92EKEIE1M!:P!'(4D1Q:'`#!9LS!'(4+2!BT:L!(#!2B22KELA=#&9;2)!g\"NEM!

MT1CIJ9!:P!'(4D1Q:'`#!&9)!9LS!'(4+2!&2)!EL!_Z,!9I!T+!V=7!9LS!$We'!21P:J1!&2KB1)!

9LS!9PI1J!&J1S)!2B22KELA!(#!ELI:!ID1!M:KBIE:LM!P:J!W!QEL=! !

!

'(4D1Q:'`# '(4+2 *# &UU=UUU!6;!

)!

&0EABJ1!W4#[) '(4D1Q:'`# [5 *#

S1:Ra4D1Q:'`# &0EABJ1!W4#[9)

'(4+2 S1:Ra4+2

&0EABJ1!W4#[2) '(4D1Q:'`# $

&p#5!G:JJ) _Z, '(4

D1Q:'`# &0EABJ1!W4#V9) '(4+2

'(4+2

&0EABJ1!W4#V2) '(4D1Q:'`# '(4+2 +#(#

!

!"#

!"$

!"%

&"'

Wavelength / nm
420 470 520 570 620

A
b

s
o

rb
a

n
c
e

0

0.1

0.2

0.3

0.4

370

CO-Hb

after O2 bubbling

before O2 bubbling

CO-hemoCD1

after O2 bubbling

before O2 bubbling

Wavelength / nm
420 470 520 570 620

A
b

s
o

rb
a

n
c
e

0

0.3

0.6

0.9

1.2

370

a) b)



! "!#WW!"!

&0EABJ1!W4#%) '(4D1Q:'`#

'(4+2

+#(# '(4D1Q:'`# :Ra4D1Q:'`#

S1:Ra4D1Q:'`# $7

0EABJ1!W4#U '(4D1Q:'`#&0EABJ1!W4#U9) S1:Ra4

D1Q:'`#! &0EABJ1! W4#U2) '(4

D1Q:'`#

:Ra4D1Q:'`#!&0EABJ1!W4#UC)

$7 &///) Q1I4D1Q:'`# !

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!



! "!#W[!"!

!

Figure 5–16.!,I92EKEIE1M!:P!'(4D1Q:'`#!9LS!'(4+2!BT:L!*#!2B22KELA=!&9;2)!g\"NEM!

MT1CIJ9K!CD9LA1M!:P!'(4D1Q:'`#!&9)!9LS!'(4+2!&2)!EL!TD:MTD9I1!2BPP1J!M9KEL1!&_Z,)!

9I!T+!V=7!9LS!$We'!9PI1J!*#!2B22KELA=!&C)!GD1!TK:I!:P!ID1!J1MESB9K!'(4C:QTK1R1M!&6)!:P!

+2!9LS!D1Q:'`#!SBJELA!*#!2B22KELA=!&S)!GD1!S9I9!ELSEC9I1!ID9I!'(4+2!@9M!C:LN1JI1S!

I:! EIM! S1:Ra4P:JQ! 2a! J1SBCELA! '(! T9JIE9K! TJ1MMBJ1;! @DEK1! '(4D1Q:'`#!@9M! D9JSKa!

9PP1CI1S!SB1!I:!EIM!DEAD!'(!2ELSELA!9PPELEIa!9LS!MI92EKEIa=!

!

!

!

!

!

!

!

Wavelength / nm

380 410 440 470 500 530 560 590 620 650
0

0.2

0.4

0.6

0.8

A
b

s
o

rb
a

n
c
e

1.0

1.2

0

0.2

0.4

0.6

0.8

A
b

s
o

rb
a

n
c
e

1.0

1.2

Wavelength / nm

380 410 440 470 500 530 560 590 620 650

0

20

40

60

100

80

C
O

-c
o

m
p

le
x
 %

Time / min
0 10 20 30 40 50 60

CO-hemoCD1 + N2

CO-Hb + N2

CO-Hb + N2

CO-hemoCD1 + N2

a) b)

c)

N
S S

FeII

CO

N
S S

FeII
N2 gas

CO–hemoCD1 deoxy–hemoCD1

d)

FeII

CO N2 gas

FeII

CO–Hb deoxy–Hb

slow

fast

CO



! "!#WV!"!

Figure 5–17.!,I92EKEIE1M!:P!'(4D1Q:'`#!9LS!'(4+2!BT:L!N9CBBQELA=#&9;2)!g\"NEM!

MT1CIJ9!:P!'(4D1Q:'`#!&9)!9LS!'(4+2!&2)!21P:J1! &2KB1)!9LS!9PI1J! &J1S)!N9CBBQELA!

BLS1J!#5!G:JJ!P:J!$!D!P:KK:@1S!2a!J1"M:KB2EKEH9IE:L!:P!ID1!J1MESB1M=! !

!

!

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5–18.!,I92EKEIE1M!:P!'(4D1Q:'`#!9LS!'(4+2!9A9ELMI!:RES9IE:L=!&9;2)!g\"NEM!

MT1CIJ9!:P!'(4+2!&9)!9LS!'(4D1Q:'`#!&2)!EL!TD:MTD9I1!2BPP1J!M9KEL1!&_Z,)!9I!T+!V=7!

9LS!$We'!9PI1J!ID1!9SSEIE:L!:P!$5!1O!:P!+#(#!9I!$!QEL!J1C:JSELA!IEQ1!ELI1JN9KM=!&C)!GD1!

TK:I!:P!ID1!CD9LA1M!EL!92M:J29LC1M!9I!λ>;8!:P!'(4+2!&7#%!LQ)!9LS!'(4D1Q:'`#!&7$$!

LQ)=!&S)!GD1!S9I9!ELSEC9I1!ID9I!'(4+2!@9M!AJ9SB9KKa!:RESEH1S!9LS!S1C:QT:M1S!2a!+#(#;!

@DEK1!'(4D1Q:'`#!@9M!J1MEMI9LI!I:!:RES9IE:L!2a!+#(#=!

Wavelength / nm
420 470 520 570 620370

A
b

s
o

rb
a

n
c
e

0

0.4

0.8

1.2

1.6 CO-hemoCD1

after vacuuming

before vacuuming

Wavelength / nm
420 470 520 570 620370

A
b

s
o

rb
a

n
c
e

0

0.2

0.4

0.6

0.8
CO-Hb

after vacuuming

before vacuuming

a) b)

Wavelength / nm

350 400 450 500 550 600 650
0

0.2

0.4

0.6

0.8

A
b

s
o

rb
a

n
c
e

∆
A

0

-0.10

-0.20

-0.30

0.05

-0.05

-0.15

-0.25

0 5 10 15 20 25 30 35
Time / min

CO-hemoCD1 + H2O2

CO-Hb + H2O2

c)

a) b)
CO-Hb + H2O2

d)

N
S S

FeII

CO

H2O2

CO–hemoCD1

FeII

CO

CO–Hb

stable

H2O2

oxidized

Wavelength / nm

350 400 450 500 550 600 650
0

0.3

0.6

0.9

1.2

1.5

A
b

s
o

rb
a

n
c
e

1.8
CO-hemoCD1 + H2O2



! "!#W%!"!

!

Figure 5–19.!,I92EKEIE1M!:P!'(4;!S1:Ra4D1Q:'`#!9LS!:Ra4D1Q:'`#!EL!ID1!M:KBIE:L!

C:LI9ELELA!2E:C:QT:L1LIM! PJ:Q!C1KK! KaM9I1M! &#5-! C1KKM)=!GD1! MT1CIJ9!@1J1!Q19MBJ1S!9I!

$W7'! EQQ1SE9I1Ka! 9PI1J! 9SSELA! ID1! C1KK! KaM9I1! 9LS! 9PI1J! $7! D=! &S)! `1:Ra4! 9LS! '(4

D1Q:'`#!@1J1!OBEI1!MI92K1!:N1J!$7!D!@DEK1!:Ra4D1Q:'`#!@9M!AJ9SB9KKa!9BI:RESEH1S!I:!

P1JJEC!Q1I"P:JQ!EL!ID1!M9Q1!Q9LL1J!9M!EL!ID1!92M1LC1!:P!C1KK!KaM9I1M=!

!

D1Q:'`# '( :Ra4D1Q:'`# '(4+2 '(

:Ra4D1Q:'`# '(4D1Q:'`#

:Ra4+2 '(4+2 <!29LS 0EABJ1!W4$59

D1Q:'`# +2 oxy4+2 575 

nm CO4hemoCD1 oxy4hemoCD1

oxy4+2 _Z,!8!Qi

'(4+2 (($!&5=V$!Q3!EL!_Z,;!$W!e')

#5 µi :Ra4D1Q:'`# &5=VW!

Q3!EL!_Z,;!$W!e') $5 µi :Ra4+2 575 nm

Wavelength / nm
350 400 450 500 550 600 650

Wavelength / nm
350 400 450 500 550 600 650

Wavelength / nm
350 400 450 500 550 600 650

0

0.2

0.4

0.6

0.8

A
b

s
o

rb
a

n
c
e

0

0.2

0.4

0.6

0.8

A
b

s
o

rb
a

n
c
e

0

0.4

0.8

1.2

1.6

A
b

s
o

rb
a

n
c
e

after 24h

after 24h

after 24h

immediately after 
adding the cell lysate

immediately after 
adding the cell lysate

immediately after 
adding the cell lysate

a) CO–hemoCD1 b) deoxy–hemoCD1

c) oxy–hemoCD1

N
S S

FeII

CO

N
S S

FeII

CO–hemoCD1

deoxy–hemoCD1

oxy–hemoCD1

N
S S

FeII

CO

CO–hemoCD1

N
S S

FeII

deoxy–hemoCD1

N
S S

FeII

O2

met–hemoCD1

N
S S

FeII

OH–

after 24 h
with cell lysates

after 24 h
with cell lysates

after 24 h
with cell lysates

d)



! "!#WU!"!

0EABJ1!W4$5&2;! ) 575 nm

#

<7AB 5=5#!MC! &0EABJ1!W4$5C) '(4+2

<7DD31 (-$ D1Q:'`# <7=31! &7=V!f!#5.!3'!M'!) '(4+2

<7DD31 '(4+2! '(

:Ra4+2 '(4D1Q:'`#

&0EABJ1!W4$52;! ) '(4+2 &0EABJ1!W4$52;! ) 575 

nm %($

hemoCD1 Hb CO hemoCD1

CO &0EABJ1!W4$5S)!

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5–20.! ':QT1IEIE:L! 21I@11L! D1Q:'`#! 9LS! +2! P:J! '(! 2ELSELA=! &9)! g\"NEM!

MT1CIJ9!:P!:Ra4;!9LS!'(4D1Q:'`#!&W=5!µ3!19CD);!9LS!:Ra4!&WVW!LQ!92M:J29LC1!T19c)!

9LS! '(4+2! &$=7! µ3! 19CD)=! &2)! GEQ1"C:BJM1! P:J! CD9LA1M! EL! 92M:J29LC1! 9I! WVW! LQ;!

ELSEC9IEN1!:P!P:JQ9IE:L!:P!(#4+2;!9PI1J!QERELA!MI:Cc!M:KBIE:LM!:P!:Ra4D1Q:'`#!&5=VW!

Q3;!$5!µi!EL!9EJ"M9IBJ9I1S!_Z,)!9LS!'(4+2!&5=V$!Q3;!#5!µi!EL!'("M9IBJ9I1S!_Z,)!EL!

9EJ"M9IBJ9I1S!_Z,!&8!Qi)!9I!T+!V=7!9LS!$W!e'=!':LIJ:KM!9J1!J1TJ1M1LI1S!2a!M:KBIE:LM!:P!

'(4+2!@EID:BI!&@]:)!:Ra4D1Q:'`#;!9LS!:Ra4+2!QER1S!@EID!'(4D1Q:'`#=!&C)!0EJMI"

:JS1J! J9I1! TK:I! P:J! CD9LA1M! EL! 92M:J29LC1! 9I! WVW! LQ!:N1J! IEQ1=!GD1! KEL19J! J1AJ1MME:L!

9L9KaMEM!A9N1!9!J9I1!C:LMI9LI!:P!<!d!5=5#!M'!=!

500 530 560 590 620 650

Wavelength / nm

0

0.02

0.04

0.06

0.08

0.10

A
b

s
o

rb
a

n
c
e oxy-hemoCD1

CO-Hb

CO-hemoCD1

oxy-Hb
575 nm

(a) (b)

Time / s

0 50 100 150 200 250 300 350 400

0

0.002

0.004

0.006

0.008

∆
A

 a
t 

5
7

5
 n

m

Time / s

0 50 100 150 200
0

0.5

1.0

1.5

2.0

2.5

k = 0.01 s–1

(R2 = 0.98)

–
ln

{(
A

–
A
∞
)/

(A
0
–

A
∞
)–

1
}

CO-Hb + oxy-hemoCD1

CO-Hb (w/o oxy-hemoCD1)

oxy-Hb + CO-hemoCD1

(c) (d)

FeII

CO

CO–Hb

N
S S

FeII

oxy–hemoCD1

O2

FeII

O2

O2–Hb

N
S S

FeII

CO–hemoCD1

CO



! "!#[5!"!

'(4+2 :Ra4D1Q:'`# &3^'(=! 85!

c`9;!FQEC:L!gKIJ9) 85!c`9 +2!&3@=![7;555) 85!

c`9 D1Q:'`# &0EABJ1!W4$#) +2

D1Q:'`# &0EABJ1!W4$#)

+2 '( '(4+2

'(4+2 :Ra4D1Q:'`# '( :Ra4

+2 D1Q:'`# '(4D1Q:'`#

:Ra4D1Q:'`# '(4+2 '( '(4D1Q:'`#

!

 

Figure 5–21.!FL!1RT1JEQ1LI!P:J!KEA9LS!1RCD9LA1!:P!'(4+2!9LS!:Ra4D1Q:'`#!BMELA!

9L!BKIJ9PEKI1J!BLEI=!G@:!M:KBIE:LM!C:LI9EL1S!'(4+2!&5=V$!Q3!EL!'("M9IBJ9I1S!2BPP1J)!9LS!

:Ra4D1Q:'`#! &5=VW! Q3! EL! 9EJ"M9IBJ9I1S! 2BPP1J)! @1J1! QER1S! ID1L! PEKI1J1S! BMELA! 9L!

BKIJ9PEKI1J! @EID!Q:K1CBK9J! @1EADI! CBI! :PP! d! 85! 555!`9! &FQEC:L!gKIJ9)=! GD1! J1MBKIELA!

J1MESB1!9LS!PEKIJ9I1!@1J1!9TTJ:TJE9I1Ka!SEKBI1S!@EID!_Z,!P:J!g\"NEM!Q19MBJ1Q1LI=!'(!A9M!

@9M!2B22K1S!I:!19CD!M:KBIE:L!9PI1J!ID1!Q19MBJ1Q1LI=! !

CO-Hb
(0.72 mM in CO-
saturated buffer)

oxy-hemoCD1
(0.75 mM in air-saturated 

buffer)

10 µL 20 µL

mixed solution

ultrafiltration 
(MWCO = 30 000 Da)

residue filtrate

650550450350
0

0.4

0.8

1.2

650550450350
0

0.4

0.8

1.2

Wavelength / nmWavelength / nm

A
b

s
o

rb
a

n
c
e

Hb 
before CO bubbling
after CO bubbling

hemoCD1 
before CO bubbling
after CO bubbling



! "!#[#!"!

*( +#,

*( *( +2 *(4+2

+2 &///) Q1I4+2 (."()$

'(4+2 '(4D1Q:'`# *( T+!V=7

_Z, '(4+2 '("D1Q:'`# *(

*('W! &#"DaSJ:Ra"$":R:"8"&8"9QEL:TJ:TaK)"8"EM:TJ:TaK"#"IJE9H1L1;! `:qEL! 'D1QEC9KM)

$=W &0EABJ1!W4$$) !

!

 

Figure 5–22.!,I92EKEIE1M!:P!ID1!'(4C:QTK1R1M!:P!+2!9LS!D1Q:'`#!9A9ELMI!*(=!&9;2)!

g\"NEM!MT1CIJ9!:P!'(4+2!&9)!9LS!'("D1Q:'`#!&2)!9PI1J!9SSEIE:L!:P!*(!&$=W!1O)=!*(!

@9M!9SS1S!9M!*('!&#"DaSJ:Ra"$":R:"8"&8"9QEL:TJ:TaK)"8"EM:TJ:TaK"#"IJE9H1L1);!9!*(!

S:L:J!TBJCD9M1S!PJ:Q!`:qEL!'D1QEC9KM=!&C)!GD1!TK:I!:P!ID1!J1MESB9K!'(4C:QTK1R1M!&6)!

:P!+2!9LS!D1Q:'`#!SBJELA!ID1!J19CIE:L!@EID!*(=!

!

!

350 400 450 500 550 600 650
Wavelength / nm

0

0.3

0.6

0.9

1.2

1.5

A
b

s
o

rb
a

n
c
e

422

b)

350 400 450 500 550 600 650
0

0.2

0.4

0.6

0.8

1.0

1.2

A
b

s
o

rb
a

n
c
e

418

405

Wavelength / nm

a)

0

20

40

60

100

80

C
O

-c
o

m
p

le
x
 (

%
)

Time / min
0 3 6 9 12 15 18

CO-hemoCD1 + NO

CO-Hb + NO

c)

CO-Hb + NO CO-hemoCD1 + NO

d)

N
S S

FeII

CO
NO

CO–hemoCD1

FeII

CO

CO–Hb

stable

NO

oxidized



! "!#[$!"!

'(4D1Q:'`# '(4

+2 7#%!LQ Q1I4+2 75W!

LQ &0EABJ1!W4$$) 7$$!LQ 7#%!LQ

&0EABJ1! W4$$C) '(4

D1Q:'`# *( '(4+2 #W Q1I4+2

D1Q:'`# +2

*( %)$ D1Q:'`# '(

*( +#, ?9L:

D1Q:'`# &///) +#, '(

,+' '( (+$ ?EI9AEMDE

D1Q:'`# &!$ D1Q:'`#

+1TX$ Q1I4D1Q:'`#

_a8'` 8

3GG!9MM9a &0EABJ1!W4$8) _a8'`

_a8'`

_a8'` $W5!µ3 $5!6

Q1I4D1Q:'`# $W5!µ3

U5!6 _a8'` β"'`

-,$

'` D1Q:'`# 01***G__,

!

!

 

 

!

!

!

!

!

!

 



! "!#[8!"!

 

 

 

 

 

 

 

 

 

 

 

Figure 5–23. YPP1CI! :P! _a8'`! 9LS! D1Q:'`#! :L! C1KK! NE92EKEIa=! +1T9I:CaI1M! @1J1!

ELCB29I1S!@EID!SEPP1J1LI!C:LC1LIJ9IE:LM!:P!_a8'`!:J!Q1I"D1Q:'`#!P:J!8!D=!'1KK!NE92EKEIa!

@9M!Q19MBJ1S!BMELA!9L!3GG!9MM9a=!Y9CD!29J!J1TJ1M1LIM!ID1!Q19L!l!,Y!&#!d![)=!

!

'(4D1Q:'`# '(4+2

D1Q:'`# (# *(

+#, '( D1Q:'`#

%."-!$ D1Q:'`# 01G__,

-#"-%$ D1Q:'`#

:Ra4D1Q:'`# '( '(4

D1Q:'`# %.$ :Ra4D1Q:'`# '(4+2 '(

D1Q:'`# +2 32 '!(

'(

&G92K1!W48) D1Q:'`# '(

'( G92K1!W48

&*A2) *_F,$ '::F -C:3

'( '( D1Q:'`# '(

'( #

D1Q:'`# <7DD31! &$=W #5'&! M'!)

%
 c

e
ll 

v
ia

b
ili

ty

0

20

40

60

80

100

120

20 µM 50 µM 100 µM 150 µM 250 µM

Py3CD

hemoCD1

control



! "!#[7!"!

%($ &///) D1Q:'`

-&'--$ D1Q:'`#

'( '(

!

!

Table 5–3.!?EL1IEC!9LS!ID1JQ:SaL9QEC!T9J9Q1I1JM!P:J!(#!9LS!'(!2ELSELAM!:P!D1Q:'`#!

9LS!J1K9I1S!D1Q:TJ:I1ELM!9LS!Q:S1K!C:QT:BLSM='!

$

'GD1M1!T9J9Q1I1JM!@1J1!S1I1JQEL1S!EL!9OB1:BM!M:KBIE:LM!9I!9Q2E1LI!I1QT1J9IBJ1M!&$54

$We');!1RC1TI!P:J!01_EN%W'EQ;!@DECD!T9J9Q1I1JM!@1J1!S1I1JQEL1S!EL!92M:KBI1!I:KB1L1=$

)-1P!&=>)=!%-1P!&>?)=!*-1P!&>@)=!+-1P!&>A)=!,-1P!&?B)=!--1P!&?C)=!.-1P!&?D)=!/-1P!&>E);!@D1J1!

ID1!'("2ELSELA!MEI1!EL!'::F!EM!2K:Cc1S!2a!9!SEMI9K!TJ:KEL1!J1MESB1!EL!ID1!L9IEN1!P:JQ!&["

C::JSEL1I1S!D1Q1);!IDBM!ID1!9CIB9K!'("2ELSELA!9PPELEIa!:P!'::F!EM!MQ9KK1J!&/231!r!#5'-/

3)=! 0-1P!&?E)=!1-1P!&>?F?=);!@D1J1!01_EN%W'EQ!EM!9!TECc1I"P1LC1!T:JTDaJEL!@D:M1!EJ:L!

C1LI1J!EM!ELIJ9Q:K1CBK9JKa!C::JSEL9I1S!2a!9L!EQES9H:K1=!

!

! !!"#$%

"#&'$&'%!

!!((#$!

"$&'%!

")#$!

"#%!

!!"$*%

"#&'$&'%%

!!(($*%

"$&'%%

")$*!

"#%!

")$*&")#$#

$%#&'#

'()*!"#$ "+,-)-,.%!/!

0.+!

".,1)0,1%!/!

0.&*!

"0,2)+,0%!/!

0.&,!

"3,3)4,.%!

/!0.-!

04)55! "3,.)-,2%!/!

0.&-!

04.6+..!

'()7!! 8,3!/!0..! 1,.!/!0.&*! 0,0!/!0.&+! +,4!/!0.+! 0,1!/!0./! +,5!/!0.&.! 38.!

#(%! 4,0!/!0.0! 0,1!/!0.&*! 3,2!/!0.&1! 0,2!/!0.-! 04! 8,8!/!0.&-! 54!

9(:&! "2,.)05%!/!

0..!

5,5!/!0.&*! "0,8)3,0%!/!

0.&-% %

"0,.)-,.%!

/!0.1!

0.! "0,2)0.%!/!

0.&1!

.,0!6!.,-!

9;<!=+4.233'! 5,5/!0..! .,04! 2,.!/!0.&-! 4,3!/!0.+! 05.! 5,3!/!0.&0! 33!

>=?@5!"=?@?!

ABCDEF%(!

3,2!/!0.0! .,32).,2+! "0)5%!/!0.&+! )! )! )! )!

G>H()! -,4!/!0.-! 0,+!/!0.&*! 5,5!/!0.&'4! 5,4!/!0.1! .,8! 3,5!/!0.&,! 04!

9BB?0356787*! 3,5!/!0.-! .,.5! -,3!/!0.&'4! )! )! )! )!

*IB#)5+! J!0..! K!0.&+! K!0.&'4! )! )! )! )!

#(9+.:%! 4,8!/!0.+! 3,8!/!0.&*! -,-!/!0.&,! 0,+!/!0.1! 0,-!/!0./! 0,0!/!0.&0! 0,3!/!0./!

#(9+.;%% 5,-!/!0.-! 5,+!/!0.&*! 1,0!/!0.&'4! 1,8!/!0.-! +,0!/!0./! +,3!/!0.&0! +,8!/!0..%

LM=EN/49OC,! 3,-!/!0.-! 2,8!/!0.&/! 5,5!/!0.&'4! +,3!/!0.1! 5,1!/!0./! -,2!/!0.&+! 5,2!/!0..!

G>H(9+.<5###)! 0,-!/!0.1! +,5!/!0.&.! 5,-!/!0.&'*! 2,5!/!0.1! 08! 5,4!/!0.&1! 1,2!/!0./!

GMCB9P0! 0,3!/!0.-! 5,4!/!0.&.! 0,1!/!0.&''! +,2!/!0.-! 8..! 0,2!/!0.&0! 8,1!/!0.0!

!



! "!#[W!"!

,%-"#*. 5-88#>>(? *.

!

!

'( &755!TTQ) W #5 #W $5

'( &0EABJ1!W4$79)

'("+2 FZi%$W --$

0EABJ1!W4$72 & )

'( D1Q:'`!9MM9a 0EABJ1!W4$7C '(

$5 '("+2 &i\)! 7=#

#W=8 &-\)! #=U #$=# &0EABJ1!

W4$72) '( '( W

'( #5 $5 '(

&0EABJ1!W4$7C) +2 '(

'( '(

'( W $5

'( #

'( D1Q:'` &0EABJ1!W4$W9) 0EABJ1!W4$W2

'( '(

'( +2

'( +2

'( '(

'( +2

'( '("+2 '(

'( +2 & ) !

!

!

!

!

!

!



! "!#[[!"!

!

Figure 5–24.#?EL1IEC!MIBSE1M!:P!'(!K1N1KM!EL!2K::S!9LS!IEMMB1M!9PI1J!1RT:MBJ1!I:!'(!EL!

J9IM=! &9)! FL1MID1IEH1S! J9IM! @1J1! 1RT:M1S! I:! '(! ELD9K9IE:L! &755! TTQ)! 9LS! M9QTK1M!

C:KK1CI1S!9I!SEPP1J1LI!IEQ1M!9M!MD:@L=!&0)!'D9LA1M!EL!'("+2!&6)!EL!ID1!N1L:BM!2K::S!9M!

9!PBLCIE:L!:P!IEQ1=!&@)!GEMMB1!'(!C:LI1LIM!9M!9!PBLCIE:L!:P!IEQ1=!Y9CD!TK:I!J1TJ1M1LIM!ID1!

Q19L!l!,`!&#!d!84%)=!,I9IEMIEC9K!MEALEPEC9LC1;!*9!p!5=5W;!**9!p!5=5#$N1JMBM!8!d!5=! $

$

$

$

$

$

$

$

!

 

 

 

 

0

40

80

160

120

0 10 20 0 10 20 0 10 20 0 10 20 0 10 20 0 10 20

* *
***

**
* *

liver

lung

cerebrum cerebellum heart muscle

Time / min

 C
O

  
(p

m
o

l/
m

g
)

400 ppm CO

0 5 10 15 20 Time / min

Sample collection

** ** **

**

**
**

**

**

0

3

6

9

12

15

0 5 10 2015
Time / min

C
O

-H
b

 %

CO exposure

(a) (b)

(c)

200

n = 6

p = 0.0337

p = 0.0261

p = 0.0026

p = 0.0065

p = 0.0063

p = 0.005

p = 0.0132

p = 0.0039

** p =  0.0026
p = 0.0274

p = 0.0088

p = 0.0155
p = 0.0007

p = 0.0185
p = 0.007

p = 0.0384

p = 0.0001

n = 8

n = 4

n = 5

n = 15

n = 15

n = 8

n = 9

n = 6

n = 4 n = 3

n = 6
n = 6

n = 4

n = 4 n = 4

n = 5 n = 3

n = 3

n = 5

n = 4

n = 4

n = 4

n = 6

n = 5

n = 5

n = 4



! "!#[V!"!

Figure 5–25.#FQ:BLI!:P!'(!EL!QBMCK1!9LS!C1J12JBQ!21P:J1!9LS!9PI1J!TBJAELA!'(!A9M!

GH$%"%&=!,9QTK1M!C:KK1CI1S!9I!W!:J!$5!QEL!@1J1!TK9C1S!BLS1J!'(!9IQ:MTD1J1!P:J!#!D!9LS!

ID1L!9MM9a1S!P:J!'(!C:LI1LI=!Y9CD!29J!J1TJ1M1LIM!ID1!Q19L!l!,`!&#!d!84[)=!,I9IEMIEC9K!

MEALEPEC9LC1; *9!p!5=5W;!**9!p!5=5#>!L:I!MEALEPEC9LI;!#*:*!

!

+2 '(

'( '(-3"75#Y! .)$ +1TX$ &#!f!#5-!

C1KK) '(-3"75#Y!&$W!µ3) $ _Z,

:Ra4+2!&#W!µ3) #

_Z, D1Q:'`!9MM9a '(

&,CD1Q1!W4#) 0EABJ1!W4$[ !

!

Scheme 5–1. _J:I:C:K!:P!"#$%"8;&!1RT1JEQ1LIM!I:!S1Q:LMIJ9I1!'(!IJ9LMP1J!PJ:Q!IEMMB1M!

I:!+2=!

!

!

!

HepG2 cells 

(106 cells)

CO
(CORM-401E,  25 µM)

culture medium without and with oxy-Hb (15 µM)

2 h incubation

PBS wash

1 h incubation

PBS wash PBS wash

CO quantification 
using hemoCD1

cerebrum, muscle
CO exposure (5 min or 20 min)

deaeration
pure CO gas

CO quantification 
using hemoCD1

4˚C, incubation

(a)

(b)

40

80

160

120

n.s.

 C
O

  
(p

m
o

l/m
g

)

0

+ CO 
(ex vivo)

+ CO 
(ex vivo)

cerebrum

*

**

p = 0.0496

p = 0.0002

n = 4

n = 3

n = 3

n = 4

muscle

+ CO 
(ex vivo)

+ CO 
(ex vivo)

40

80

160

120

 C
O

  
(p

m
o

l/m
g

)
0

n.s.

* **200
p = 0.0286 p = 0.002

n = 5

n = 3

n = 3

n = 5



! "!#[%!"!

!

Figure 5–26.#I#$%"8;&!1RT1JEQ1LIM!I:!S1Q:LMIJ9I1!'(!IJ9LMP1J!PJ:Q!IEMMB1M!I:!+2=!GD1!

9Q:BLIM!:P!'(!EL!C1KKM!S1I1JQEL1S!2a!ID1!9MM9a!BMELA!D1Q:'`#!9I!19CD!MI1T=!GD1!J1MBKIM!

MD:@!ID9I!C1KKM!ELCB29I1S!@EID!'(-375#"Y!MI:J1S!'(!ELMES1;!@DECD!@9M!ID1L!IJ9LMP1JJ1S!

@D1L! ELCB29I1S! @EID! :Ra4+2=! Y9CD! 29J! J1TJ1M1LIM! Q19L! l! ,Y! &#! d! 8)=! ,I9IEMIEC9K!

MEALEPEC9LC1;!*9!p!5=5W>!L:I!MEALEPEC9LI;!#*:=!N1JMBM!C:LIJ:K=!

!

'(-3"75#Y +1TX$ '(

'(-375#"Y $

:Ra4+2 '(

&0EABJ1!W4$[) '(-375#"Y

'( ! +2

'( :Ra4+2

:Ra4+2 +1TX$ &#!f!#5-!C1KK)

'(-3"75#Y! &$W!µ3) $ _Z,

:Ra4+2!&5=#!:J!#=5!µ3) #

:Ra4+2 *9#,#(&

&0EABJ1!W4$V9) 0EABJ1!W4$V !

Hb

control CORM-401E

*

C
O

 (
p

m
o

l 
/ 
1

0
6
 c

e
lls

)

0

200

400

600

800

1000

1200

CO quantification using hemoCD1

n.s.

CORM-401E
+ oxy-Hb

Hb

Hb

Hb

CO Hb

HbHbHbHbHbHbHbHbHbHbHb

PBS washHb



! "!#[U!"!

!

Figure 5–27.#I#$%"8;&!1RT1JEQ1LIM!I:!Q:LEI:J!'(!IJ9LMP1J!PJ:Q!C1KKM!I:!+2!EL!Q1SEBQ=!

&9)!GD1! TJ:I:C:K! :P! "#$ %"8;&! 1RT1JEQ1LIM! I:!Q:LEI:J! '(! IJ9LMP1J! PJ:Q! C1KKM! I:! +2! EL!

Q1SEBQ=!&2;C)!GD1!g\"NEM!MT1CIJ9!:P!ID1!CBKIBJ1!Q1SEBQ!C:LI9ELELA!+2!@D1J1!*9#,#(&!

@9M!9SS1S!21P:J1!ID1!Q19MBJ1Q1LIM=!&S)!GD1!MI9LS9JS!MT1CIJ9!:P!'(4!9LS!S1:Ra4+2!&#!

µ3!19CD)=!

!

!

!

Wavelength / nm
420 440 460 480 500

A
b

s
o

rb
a

n
c
e

0

0.04

0.08

0.12

400

Wavelength / nm
420 440 460 480 500400

A
b

s
o

rb
a

n
c
e

0

0.05

0.1

0.15

0.2

0.25

Wavelength / nm
420 440 460 480 500400

A
b

s
o

rb
a

n
c
e

0

0.03

0.06

0.09

0.12

0.15

0.18

CO-Hb (420 nm)

deoxy-Hb (432 nm)

CO-Hb = 176 pmol

420

432

HepG2 cells 

(106 cells)

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

2 h incubation

PBS wash

1 h incubation

PBS wash
Spectroscopic analysis 
of Hb in the culture 
medium

(a)

(b) the medium containing 0.5 µM oxy-Hb

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

(c) the medium containing 1.0 µM oxy-Hb

420 432

CO-Hb = 142 pmol

Na2S2O4

the culture 
medium



! "!#V5!"!

&0EABJ1!W4$V2;!C) 7$5!LQ '(4+2!

'(4+2 S1:Ra4+2 7$5 78$!LQ

'( '(-375#"Y

'( ! :Ra4+2

!

'( &755!TTQ)!W (#

&UU=UUU6;!G(3(Y!,+(?F/!':=;!iG`) [5

'( &0EABJ1!W4$%9) '(4+2!6 0EABJ1!W4$%2

( liver lung muscle cerebrum

cerebellum) '( 0EABJ1!W4$U !

!

 

Figure 5–28.!YPP1CI!:P!L:JQ:29JEC!9EJ](#!N1LIEK9IE:L!:L!'(!K1N1KM!EL!2K::S!9LS!IEMMB1M!

9PI1J!1RT:MBJ1!I:!'(!EL!J9IM=!&9)!FL1MID1IEH1S!J9IM!@1J1!1RT:M1S!I:!'(!ELD9K9IE:L!&755!

TTQ)!P:J!W!QEL!P:KK:@1S!2a!1EID1J!9EJ!:J!(#!N1LIEK9IE:L!9M!ELSEC9I1S=!&2)!'D9LA1M!EL!'("

+2!&6)!EL!ID1!N1L:BM!2K::S!9M!9!PBLCIE:L!:P!IEQ1=!Y9CD!TK:I!J1TJ1M1LIM!Q19L!l!,`!&#!d!

W4WV)=!,I9IEMIEC9K!MEALEPEC9LC1;!s9!p!5=5W;!N1JMBM!9EJ!N1LIEK9IE:L=! !

!

!

!

!

!

!

400 ppm 
CO

0 5 65

Air ventilation

O2 ventilation

0

2

10

C
O

-H
b

 %

6

4

0 10 20 4030

Time / min

50 60

air

O2

CO Air or O2

Time / min
*

(a) (b)

8

p = 0.0319

n = 57

n = 37 n = 10

n = 5

n = 14

n = 7

n = 5



! "!#V#!"!

!

!

Figure 5–29.!FQ:BLIM!:P!'(!Q19MBJ1S!BLS1J!ID1!1RT1JEQ1LI9K!C:LSEIE:LM!S1MCJE21S!EL!

&9)=!GD1!TK:IM!C:LL1CI1S!2a!2K9Cc!9LS!2KB1!KEL1M!J1TJ1M1LI!ID1!S9I9!:2I9EL1S!BLS1J!9EJ!9LS!

(#! N1LIEK9IE:L;! J1MT1CIEN1Ka=! Y9CD! 29J! J1TJ1M1LIM! Q19L! l! ,`! &#! d! 84%)=! ,I9IEMIEC9K!

MEALEPEC9LC1;!*9!p!5=5W;!**9!p!5=5#>!L:I!MEALEPEC9LI;!#*:*$N1JMBM!8!d!5=!

!

! ! &-\) '("+2!6 (#

&0EABJ1!W4$%2) (# #

'( & cerebrum

cerebellum) &0EABJ1!W4$U)

'( '(4+2 '(

!

'( '( '(

'( -Z' +2

'(4+2

&0EABJ1!W4859) '(

UW -Z' +2 !($ -Z' +2

'( &0EABJ1!W4852)

0EABJ1!W4$7 '(

'(4+2 '(

'( &0EABJ1!W4$7) '(4+2!6 '(

0EABJ1!W4$7

'( %5 '(4+26 85!6

'( W '(

C
O

 (
p

m
o

l/
m

g
)

0

40

80

160

120

*

*

*

*

* *

*

0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60

Time / min

liver lung cerebrum cerebellum heart muscle

**

**

** *
*

**** **

200

p = 0.016 p = 0.0092

**
p = 0.031 p = 0.0063

p = 0.0012 p = 0.006
p = 0.0165

**

p = 0.0027
p = 0.0097

p = 0.0008

p = 0.032
p = 0.0219

**
p = 0.0329

p = 0.0091

p = 0.0293

**
p = 0.0092

p = 0.0318

**

p = 0.0337

p = 0.0065

p = 0.0132 p = 0.0274
p = 0.0007

**

n = 6

n = 8
n = 3

n = 3

n = 5
n = 4

n = 5

n = 3

n = 5

n = 5

n = 3
n = 3

n = 3
n = 3

n = 5
n = 4

n = 6

n = 4

n = 3
n = 3

n = 3
n = 3

n = 3
n = 3

n = 6

n = 3
n = 3

n = 3
n = 3

n = 3
n = 3 n = 3

n = 3
n = 4
n = 3

n = 5
n = 3

n = 4
n = 3

n = 3
n = 5

n = 4

n = 3

n = 5
n = 5

n = 5n = 3
n = 5



! "!#V$!"!

&'(4+26!d!#56) &0EABJ1!W48#)

32 '!( '(

+2 '( &G92K1!W48)

'( +2 &0EABJ1!W485C)

0EABJ1!W485 +2 '(

!)$ '(4

+2 '( +2

'( !!"!)".#$ '(

(# (# '(4

+2 '(

D1Q:'`!9MM9a &0EABJ1!W4$U) '(

(# '(4+2

'( &`*,)

!!"!#".+$ '(

!!"!#".+$ '( `*, !!'!%".+'

)#$ '(

!!'!%".+')($ '(

'(

(# '(

!



! "!#V8!"!

!

!

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5–30.# _J:T:M1S! Q1CD9LEMQ! :P! '(! C:QT9JIQ1LI9KEH9IE:L! BLS1J! L:JQ9K!

C:LSEIE:LM! 9LS! SBJELA! '(! ELD9K9IE:L=! &9)! *:JQ9K! C:LSEIE:LM=! YLS:A1L:BM! '(!

C:LIELB:BMKa!TJ:SBC1S! EL!C1KKM! EM! MI:J1S! EL! IEMMB1M;!SEPPBM1M! I:!+2;! 9LS! EM! 1RD9K1S=! &2)!

/LEIE9K!MI9A1!:P!'(!ELD9K9IE:L=!/LD9K1S!'(!P:JQM!'("+2!EL!-Z'!9LS!SEPPBM1S!I:!IEMMB1M=!

&C)!YOBEKE2JEBQ!MI9I1!SBJELA!'(!ELD9K9IE:L=!'(!9CCBQBK9I1S!EL!IEMMB1M!AJ9SB9KKa!IJ9LMP1JM!

I:!+2!EL!-Z'!29M1S!:L!ID1!DEAD1J!'(!9PPELEIa!:P!+2!N1JMBM!ELIJ9C1KKBK9J!'(!I9JA1IM!&M11!

G92K1!#!9LS!I1RI!P:J!S1I9EKM)=!GD1!C:QT9JIQ1LI!Q:S1KM!9J1!29M1S!:L!:BJ!S9I9!9LS!-1PM!

&CJ)!9LS!&DB)=!

!

!

A) Normal conditions

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



! "!#V7!"!

!

Figure 5–31.#?EL1IEC!MIBSE1M!:P!'(!K1N1KM!EL!2K::S!9LS!IEMMB1M!9PI1J!1RT:MBJ1!I:!'(!EL!

J9IM=! &9)! FL1MID1IEH1S! J9IM! @1J1! 1RT:M1S! I:! '(! ELD9K9IE:L! &755! TTQ)! 9LS! M9QTK1M!

C:KK1CI1S!9I!SEPP1J1LI!IEQ1M!9M!MD:@L=!&2)!'D9LA1M!EL!'("+2!&6)!EL!ID1!N1L:BM!2K::S!9M!

9!PBLCIE:L!:P!IEQ1=!&C)!GEMMB1!'(!C:LI1LIM!9M!9!PBLCIE:L!:P!IEQ1=!Y9CD!TK:I!J1TJ1M1LIM!ID1!

Q19L!l!,Y!&#!d!84%)=!,I9IEMIEC9K!MEALEPEC9LC1;!*9!p!5=5W;!**9!p!5=5#$N1JMBM!8!d!5=! !

!

,%2"#*. &'()*+! !

!

:Ra4D1Q:'`# '( '(

&0EABJ1!W4[) ' '' W '(

&') (# &'') :Ra4D1Q:'`# &E=N=)

''' W '( 85 (# 85

:Ra4D1Q:'`# &0EABJ1!W4889) %."%)$ :Ra4

D1Q:'`# '(4D1Q:'`# &0EABJ1!W48$) !

!

!

!

!

!

!

0

40

80

160

120
*

*

liver

 C
O

  
(p

m
o

l/
m

g
)

**

**
**

**

lung

cerebrum cerebellum

* **

heart

** **

muscle

*

400 ppm CO

0 20 40 60 80 Time / min

(a)

0 15 35 7565
Time / min

venous 
(RV)

CO exposure
(b)

Tissue sampling

t80t5t0 t80t5t0 t80t5t0 t80t5t0 t80t5t0 t80t5t0

(c)

0

6

12

18

24

30

36

C
O

-H
b

 %



! "!#VW!"!

!

!

!

!

!

!

!

 

 

Figure 5–32.!g\"NEM!MT1CIJ9!:P!J9I!BJEL1!C:KK1CI1S!9PI1J!E=N=!ELPBME:L!:P!:Ra4D1Q:'`#!

I:!'("IJ19I1S!J9IM!21P:J1!&2KB1)!9LS!9PI1J!ID1!9SSEIE:L!:P!*9#,#(&!&J1S)=! !

!

!

!

!

!

!

!

!

!

!

!

!

!

 

 

Figure 5–33.#YPP1CI!:P!L:JQ:29JEC!9EJ](#! N1LIEK9IE:L! EL!C:Q2EL9IE:L!@EID!D1Q:'`#!

ELq1CIE:L!:L!'(!K1N1KM!EL!2K::S!9PI1J!1RT:MBJ1!I:!1R:A1L:BM!'(!EL!J9IM=!&9)!GD1!TJ:I:C:K!

:P!9EJ!:J!TBJ1!(#!N1LIEK9IE:L!EL!C:Q2EL9IE:L!@EID!ELIJ9N1L:BM!D1Q:'`#!ELPBME:L!&#=7!l!

5=$!Q3;!$=W!Qi!EL!_Z,)!9PI1J!1RT:MBJ1!I:!1R:A1L:BM!'(!W!QEL=!&0)!GD1!JEADI!T9L1KM!

MD:@!ID1!CD9LA1M!EL!'(4+2!&6)!EL!ID1!N1L:BM!&-\)!2K::S=!Y9CD!TK:I!P:J!'(4+2!&6)!

J1TJ1M1LIM!Q19L!l!,`! &#! d! 84WV)=! ,I9IEMIEC9K! MEALEPEC9LC1;! *9! p! 5=5W;! **9! p! 5=5#>! L:I!

MEALEPEC9LI;!#*:*!N1JMBM!((=!

300 350 400 450 500 550 600

A
b

s
o

rb
a

n
c
e

Wavelength / nm

0 5 65
Time (min)

20 35 50

a)

Tissue sampling (I, II, III)
Ictl, IIctl: Controls without hemoCD1

t0 t5

Tissue sampling

5 min CO exposure

b)

hemoCD1
Air ventilationCO

O2 ventilationCO

CO

I

II

III O2 ventilation

hemoCD1

hemoCD1

0

2

8

C
O

-H
b

 % 6

4

0 10 20 4030
Time / min

50 60

C
O

-H
b

 %

0 10 20 4030
Time / min

50 60

with hemoCD1
with hemoCD1

**
*

hemoCD1
injection

hemoCD1
injection

control (Ictl)
(w/o hemoCD1)

control (IIctl)
(w/o hemoCD1)

10

0

2

8

6

4

10

p = 0.0021

p = 0.018

p = 0.0358

p = 0.0089
n = 57

n = 37

n = 4

n = 4

n = 4

n = 7

n = 14

n = 57

n = 37

n = 3
n = 10

n = 3

n = 5

n = 5

n = 3

*
**

III



! "!#V[!"!

'(4+26 ' '(4+2!6

'!"# :Ra4D1Q:'`# #

&0EABJ1!W4882) (# & ';! ''!"#) D1Q:'`#

'( :Ra4D1Q:'`#

& ') '(

'( &0EABJ1!W487) (# & ''!"#)

'( :Ra4D1Q:'`# (# & '')

! &0EABJ1!W487) 755!TTQ!'( %5

:Ra4D1Q:'`# &0EABJ1!W48W9) %5

'(4+2!6 85 &0EABJ1!W48W2) [5

(# &')!"#!]#)!"#) '( :Ra4D1Q:'`#

&')]# )) &0EABJ1! W48[ cerebrum

cerebellum) $5#[ XK9S@EL +2 D1Q:'`# '(

&*A2"+[7<"''')!&G92K1!W48) '(

%

-+".#$ *A2"+[7<"''' '(

D1Q:'`# *A2"+[7<"''' '( +2

'(](# *A2"+[7<"'''

:Ra4D1Q:'`# (# '(

'( :Ra"D1Q:'`#

&,$ '( D1Q:'`#

'(

'(4D1Q:'`# %+$ +2

'( !

!

!

!

!

!

!

!

!



! "!#VV!"!

!

Figure 5–34.#YPP1CI!:P!L:JQ:29JEC!9EJ](#! N1LIEK9IE:L! EL!C:Q2EL9IE:L!@EID!D1Q:'`#!

ELq1CIE:L!:L!'(!K1N1KM!EL!IEMMB1M!9PI1J!1RT:MBJ1!I:!1R:A1L:BM!'(!EL!J9IM=!FQ:BLIM!:P!'(!

S1I1CI1S! EL! KEN1J;! D19JI;! KBLA;! QBMCK1;! C1J12JBQ! 9LS! C1J121KKBQ! IEMMB1M! C:KK1CI1S! 9M!

ELSEC9I1S!EL!&'*''')=!Y9CD!29J!J1TJ1M1LIM!ID1!Q19L!l!,Y!&#!d!84%)=!,I9IEMIEC9K!MEALEPEC9LC1;!

*9!p!5=5W;!**9!p!5=5#>!L:I!MEALEPEC9LI;!#*:*!N1JMBM!((=!

!

40

120

80

160

Liver

0

C
O

 (
p

m
o

l/
m

g
)

I II IIIIIctlIctlt0 t5

0

20

40

80

60

100

Heart

t0 t5

C
O

 (
p

m
o

l/
m

g
)

* *

n.s.

* n.s.*

I II IIIIIctlIctl

Lung

40

120

80

160

0

C
O

 (
p

m
o

l/
m

g
)

t0 t5

**

*

*

n.s.

*

I II IIIIIctlIctl

40

80

120

Muscle

0

C
O

 (
p

m
o

l/
m

g
)

t0 t5

n.s.

P ~ 0.06

I II IIIIIctlIctl

cerebrum

0

20

40

80

60

100

cerebellum

0

20

40

80

60

100

C
O

 (
p

m
o

l/
m

g
)

C
O

 (
p

m
o

l/
m

g
)

I II IIIIIctlIctl
t0 t5

* *
* n.s

.

*

**

*
n.s.

I II IIIIIctlIctl
t0 t5



! "!#V%!"!

!

 

Figure 5–35.#YPP1CI!:P!L:JQ:29JEC!9EJ](#! N1LIEK9IE:L! EL!C:Q2EL9IE:L!@EID!D1Q:'`#!

ELq1CIE:L!:L!'(!K1N1KM!EL!2K::S!9PI1J!1RT:MBJ1!I:!1R:A1L:BM!'(!EL!J9IM=!&9)!GD1!TJ:I:C:K!

:P!9EJ!:J!TBJ1!(#!N1LIEK9IE:L!EL!C:Q2EL9IE:L!@EID!ELIJ9N1L:BM!D1Q:'`#!ELPBME:L!&8=5!l!

5=$!Q3;!$=W!Qi!EL!_Z,)!9PI1J!1RT:MBJ1!I:!1R:A1L:BM!'(!%5!QEL=!&2)!GD1!JEADI!T9L1KM!

MD:@!ID1!CD9LA1M! EL!'("+2!&6)!EL! ID1!N1L:BM!&-\)!2K::S=!Y9CD!TK:I!P:J!'("+2!&6)!

J1TJ1M1LIM!Q19L!l!,`! &#! d! 84WV)=! ,I9IEMIEC9K! MEALEPEC9LC1;! *9! p! 5=5W;! **9! p! 5=5#>! L:I!

MEALEPEC9LI;!#*:*!N1JMBM!((=!

!

!

!

!

!

!

a)

b)

0 80 140

Time (min)

95 110 125

IV

V

Tissue sampling 
(IV, V)

t0 t80

80 min CO exposure

Tissue sampling

O2 ventilationCO
hemoCD1

CO O2 ventilation
hemoCD1

IV V

0

20

30

C
O

-H
b

 %

10

Time / min

with hemoCD1
with hemoCD1

0 40 80 120

Time / min
0 40 80 120

0

20

30
C

O
-H

b
 %

10

hemoCD1
injection

hemoCD1
injectioncontrol (IVctl)

(w/o hemoCD1)
control (Vctl) 
(w/o hemoCD1)p = 0.0435

n = 57

n = 3

n = 3

n = 16

n = 16

n = 8

n = 8

n = 6

n = 3

n = 3

n = 3
n = 57

n = 3

n = 3

n = 16

n = 16

n = 8

n = 8

n = 6

n = 4

*



! "!#VU!"!

!

 

Figure 5–36.#YPP1CI!:P!L:JQ:29JEC!9EJ](#! N1LIEK9IE:L! EL!C:Q2EL9IE:L!@EID!D1Q:'`#!

ELq1CIE:L!:L!'(!K1N1KM!EL!IEMMB1M!9PI1J!1RT:MBJ1!I:!1R:A1L:BM!'(!EL!J9IM=!FQ:BLIM!:P!'(!

S1I1CI1S! EL! KEN1J;! D19JI;! KBLA;! QBMCK1;! C1J12JBQ! 9LS! C1J121KKBQ! IEMMB1M! C:KK1CI1S! 9M!

ELSEC9I1S!EL!&')*))=!Y9CD!29J!J1TJ1M1LIM!ID1!Q19L!l!,Y!&#!d!84%)=!,I9IEMIEC9K!MEALEPEC9LC1;!

*9!p!5=5W;!**9!p!5=5#>!L:I!MEALEPEC9LI;!#*:*!N1JMBM!((=!

0

20

40

80

60

100

0

20

40

80

60

C
O

 (
p

m
o

l/
m

g
)

C
O

 (
p

m
o

l/
m

g
)

Liver

Heart

n.s.

**

**

IV VIVctlt0 t80

n.s.

(Vctl)

IV VIVctlt0 t80

(Vctl)

0

20

40

80

60

100
C

O
 (

p
m

o
l/
m

g
)

120
**

Lung

IV VIVctlt0 t80

(Vctl)

0

20

40

80

60

100

C
O

 (
p

m
o

l/
m

g
)

120

Muscle

n.s.

*

IV VIVctlt0 t80

(Vctl)

IV VIVctl
t0 t80

0

20

40

80

60

C
O

 (
p

m
o

l/
m

g
)

**

** n.s.

cerebrum

0

20

40

80

60

C
O

 (
p

m
o

l/
m

g
)

cerebellum

**

n.s.
*

(Vctl)

IV VIVctl
t0 t80

(Vctl)

n.s.



! "!#%5!"!

!

-"#

!

$5#V :Ra4D1Q:'`# '( &D1Q:'`!

)/&!$ D1Q:'`#

'(

'( hemoCD

'( '(

'("+2!6 '(

+2

'(

'(

CO

CO hemoCD CO

CO

CO '(

D1Q:'`# hemoCD1

R CO CO–Hb hemoCD1 CO

hemoCD1 CO

hemoCD1

CO

hemoCD1 CO CO

*A2"+[7<"'''!-+".#$ '(

*A2"+[7<"''' .#$

*A2"+[7<"''

#55!6 D1Q:'`#

:Ra4D1Q:'`# %($ :Ra4

D1Q:'`# '( #

'(4D1Q:'`# %."-!$ %.$

-!$ D1Q:'`# '(

!

!

!



! "!#%#!"!

2"# #

!

#)! `aS1c;! G=! 3=;! /LN1MIEA9IELA! C9J2:L! Q:L:RES1! T:EM:LELAM=! /Lb! '9J2:L!3:L:RES1!

_:EM:LELA;!_1LL1a;!`=!X=!YS=;!'-'"G9aK:J!9LS!0J9LCEM!_J1MM;!*j;!$884;!'D9TI1J!#$=!

$)! +9QTM:L;! *=! Z=>! _E9LI9S:ME;! '=! F=>! GD:Q;! ,=! -=>! 1̂9N1J;! i=! ?=;! _J9CIEC1!

J1C:QQ1LS9IE:LM!EL!ID1!SE9AL:MEM;!Q9L9A1Q1LI;!9LS!TJ1N1LIE:L!:P!C9J2:L!Q:L:RES1!

T:EM:LELA=$5(*$K*$1G:9";*$';"8*$'0;G$6GL*!$8!$;!C@>;!#5UW4##5#=!

8)! G1LDBL1L;! -=>!39JN1J;! +=! ,=>! ,CDQES;! -=;!GD1! 1LHaQ9IEC! C:LN1JME:L! :P! D1Q1! I:!

2EKEJB2EL!2a!QECJ:M:Q9K!D1Q1!:RaA1L9M1=!.;&!*$M08,*$5!0L*$N!"*$ON5!!736;!>C;!V7%4

VWW=!

7)! ^B;! i=>! 9̂LA;! -=;! '9J2:L! Q:L:RES1b! 1LS:A1L:BM! TJ:SBCIE:L;! TDaME:K:AEC9K!

PBLCIE:LM;!9LS!TD9JQ9C:K:AEC9K!9TTKEC9IE:LM=!.P0;(0!&,*$1G%*!$882;!=?;!W%W4[85=!

W)! 3:II1JKELE;! -=>! 0:J1MIE;! -=;! ZE:K:AEC9K! MEAL9KELA! 2a! C9J2:L! Q:L:RES1! 9LS! C9J2:L!

Q:L:RES1"J1K19MELA!Q:K1CBK1M=!5(*$K*$.PQ:"&,*$'G,,$.PQ:"&,*!$8!4;!JCD;!'85$4'8#8=

[)! ,DEQEHB;! G=>! +B9LA;! `=>! j9L;! 0=>! ,IJ9L9N9;! 3=>! Z9JI:M:N9;! 3=>! 0:qItc:Nu;! \=>!

39JItLc:Nu;!3=;! X9M1:BM! (#;! *(;! 9LS! '(! EL! MEAL9K! IJ9LMSBCIE:Lb! ,IJBCIBJ1! 9LS!

PBLCIE:L!J1K9IE:LMDETM!:P!D1Q1"29M1S!A9M!M1LM:JM!9LS!D1Q1"J1S:R!M1LM:JM=!'PG(*$1G%*$

$8!2;!CC=;![7U#4[W88=

V)! ,H92:;!'=;!X9M:IJ9LMQEII1JM!EL!C9LC1Jb!PJ:Q!T9IDTDaME:K:Aa!I:!1RT1JEQ1LI9K!ID1J9Ta=!

M08*$1G%*$R;)S$R":!&%G;Q$$8!3;!C=;!#%W4$58=!

%)! 0BcBI:;!v=!3=>!'9JJELAI:L;!,=!v=>!G9LIEKK:;!̀ =!v=>!+9JJEM:L;!v=!X=>!/AL9JJ:;!i=!v=>!0J11Q9L;!

Z=!F=>! 'D1L;!F=>!^ELc;! `=!F=;! ,Q9KK! Q:K1CBK1! MEAL9KELA! 9A1LIMb! GD1! ELI1AJ9I1S!

CD1QEMIJa!9LS!2E:CD1QEMIJa!:P!LEIJ:A1L!:RES1M;!:RES1M!:P!C9J2:L;!SE:RaA1L;!DaSJ:A1L!

MBKPES1;!9LS!ID1EJ!S1JEN1S!MT1CE1M=!'PG(*$1G:*$T&H"!&,*!$8!$;!D=;!V[U4VU8=!

U)! -9a;!X=!Z=>!iE;!o="j=>!/21JM;!v=!F=>!,1MMK1J;!v=!i=>!,TEJ:;!G=!X=;!+:@!P9J!C9L!TJ:I1ELM!

21LS!ID1!01'(!BLEIw!`EMI9K!T:K9J!9LS!MI1JEC!1PP1CIM!EL!D1Q1!TJ:I1ELM!9LS!Q:S1KM=!K*$

5(*$'PG(*$N&!*$!77-F!CC>;!#[$4#V[=!

#5)!39IMB"BJ9;! 3=>! G9LE;! 0=>! *9JBI9;! j=>! 0:JQ9IE:L! 9LS! CD9J9CI1JEH9IE:L! :P! C9J2:L!

Q:L:RES1!9SSBCIM!:P!EJ:L!xI@EL!C:J:L1Iy!T:JTDaJELM=!1RIJ1Q1Ka!K:@!'(!9PPELEIa!9LS!

9!MIJ:LA!L1A9IEN1!T:K9J!1PP1CI!:L!2:BLS!'(=!K*$5(*$'PG(*$N&!*$$88$F!CDE;!#U7#4

#UW5=!

##)!^19N1J;!i=!?=;!'KELEC9K!TJ9CIEC1=!'9J2:L!Q:L:RES1!T:EM:LELA=!M$U#S,$K$6GL*$$887;!

J>B;!#$#V4#$$W=!



! "!#%$!"!

#$)!-:M1;!v=!v=>! 9̂LA;!i=>!oB;!<=>!3CGE1JL9L;!'=!0=>!,DEN9;!,=>!G1q1J:;!v=>!XK9S@EL;!3=!G=;!

'9J2:L!Q:L:RES1! T:EM:LELAb! T9ID:A1L1MEM;!Q9L9A1Q1LI;! 9LS! PBIBJ1! SEJ1CIE:LM! :P!

ID1J9Ta=!5(*$K*$1G:9";*$';"8*$'0;G$6GL*$$8!4F!CA=;!WU[4[5[=!

#8)!g,"Y_F;!_D9JQ9C:cEL1IECM!9LS!31CD9LEMQM!:P!FCIE:L!:P!'9J2:L!3:L:RES1=!/Lb!5";$

V)0,"8Q$';"8G;"0$W&;$'0;X&#$6&#&H"LG;!'D9TI1J!W;!TT=!W"#4W"85!&$555)=!

#7)!^ESS:T;!Z=;!FL9KaMEM!:P!C9J2:L!Q:L:RES1=!5##*$',"#*$+"&!PG(*!$88$;!JA;!8V%48U#=!

#W)!0K9CDM29JI;!_=!X=;!YRT:MBJ1! I:! 9Q2E1LI! 9LS!QECJ:1LNEJ:LQ1LI9K! C:LC1LIJ9IE:LM!:P!

C9J2:L!Q:L:RES1;!/Lb$'0;X&#$6&#&H"LG$.&":&#"#S;!`=!X=!_1LL1a;!YS=;!'-'"G9aK:J!

9LS!0J9LCEM!_J1MM;!*j;!$55V;!'D9TI1J!$=!

#[)!G:Q9MH1@McE;! '=;! xGD1! C9M1! P:J! ID1! BM1! :P! DaT1J29JEC! :RaA1L! ID1J9Ta! EL! C9J2:L!

Q:L:RES1!T:EM:LELAy!EL$C9J2:L!Q:L:RES1!T:EM:LELA;!̀ =!X=!_1LL1a;!YS=!&'-'"G9aK:J!

9LS!0J9LCEM!_J1MM;!*j;!$55V);!'D9TI1J!$=!

#V)!+9QTM:L;!*=!Z=>!+9BPP;!*=!3=;!-EMc! P9CI:JM! P:J! MD:JI"I1JQ!Q:JI9KEIa! PJ:Q!C9J2:L!

Q:L:RES1!T:EM:LELA!IJ19I1S!@EID!DaT1J29JEC!:RaA1L=!';"8*$'0;G$6GL*!,3;!$W$84$W$V!

&$55%)=!

#%)!X:KS29BQ;!i=!-=>!-9QEJ1H;!-=!X=>!F2M9K:L;!?=!Z=;!^D9I!EM!ID1!Q1CD9LEMQ!:P!C9J2:L!

Q:L:RES1!I:RECEIaw!5%"08*$N90!G$U#%";&#*$6GL*!!742;!E>;!#$%U4#$U#=!

#U)!\J1Q9L;!+=!v=>! :̂LA;!-=!v=>!?9S:I9LE;!G=>!,I1N1LM:L;!G=!?=;!`1I1JQEL9IE:L!:P!C9J2:L!

Q:L:RES1!&'()!EL!J:S1LI!IEMMB1b!YPP1CI!:P!D1Q1!9SQELEMIJ9IE:L!9LS!1LNEJ:LQ1LI9K!

'(!1RT:MBJ1=!5#0,*$+"&!PG(*!$882;!JEC;!$%54$%U=!

$5)!':2BJL;!-=!0=;!YLS:A1L:BM!C9J2:L!Q:L:RES1!TJ:SBCIE:L!9LS!2:Sa!'(!MI:J1M=!5!80$

6GL*$N!0#L*$N)99,*$!734F!E?D;!$[U4$%$=!

$#)!\J1Q9L;!+=!v=>! :̂LA;!-=!v=>!,I1N1LM:L;!`=!?=>!,QE9K1c;!v=!Y=>!0:@K1J;!`=!-=>!iE;!i=>!

\EA:JEI:;! -=! `=>! zE1Kc1;! +=! -=;! ':LC1LIJ9IE:L! :P! C9J2:L! Q:L:RES1! &'()! EL!

T:MIQ:JI1Q!DBQ9L!IEMMB1Mb!1PP1CI!:P!1LNEJ:LQ1LI9K!'(!1RT:MBJ1=!K*$Y&;G#:"!*$N!"*$

$883;!=C;!##%$4##U5=!

$$)!3ECD1K;!Z=! =̂>!iETT1JI;!F=!-=>!'D9LA;!'=;!F!-19CIE:L"29M1S! PKB:J1MC1LI!TJ:21! P:J!

M1K1CIEN1! EQ9AELA! :P! C9J2:L!Q:L:RES1! EL! KENELA! C1KKM! BMELA! 9! T9KK9SEBQ"Q1SE9I1S!

C9J2:LaK9IE:L=!K*$5(*$'PG(*$N&!*!$8!$;!CJE;!#W[[%4#W[V#=!

$8)! 9̂LA;!v=>!?9JTBM;!v=>!zD9:;!Z=!,=>!iB:;!z=>!'D1L;!_=!-=>!+1;!'=;!F!M1K1CIEN1!PKB:J1MC1LI!

TJ:21!P:J!C9J2:L!Q:L:RES1!EQ9AELA!EL!KENELA!C1KKM=!5#SGZ*$'PG(*$I#8*$UL*!$8!$;!=C;!

U[W$ U[W[=!

$7)!39S19;! `=>! 39JItL1c;! 3=>! 3BCD:Nu;! i=>! \u{9;! v=>! \tI1c;! i=>! ?KuL! _=;! ,IJBCIBJ9K!



! "!#%8!"!

Q:SEPEC9IE:LM!:P!LEK1! J1S!C9J2:L!Q:L:RES1! PKB:J1MC1LI!TJ:21b! M1LMELA!Q1CD9LEMQ!

9LS!9TTKEC9IE:LM=!K*$-;S*$'PG(*!$8$8;!@=;!87V8487%U=!

$W)!X:LA;!,=>!+:LA;!v=>!zD:B;!Y=>!01LA!X=;!F!L19J"ELPJ9J1S!PKB:J1MC1LI!TJ:21!P:J!EQ9AELA!

1LS:A1L:BM!C9J2:L!Q:L:RES1! EL! KENELA! MaMI1QM!@EID!9! K9JA1!,I:c1M! MDEPI=$T0,0#80!

$8!7;!DBC;!7547W=!

$[)!iE;!j=>! 9̂LA;!o=>!j9LA;!v=>!oE1;!o=>!iE;!3=>!*EB;!v=>!G:LA;!i=>!G9LA;!Z=;!0KB:J1MC1LI!

TJ:21!29M1S!:L!9H:21LH1L1"CaCK:T9KK9SEBQ!P:J!ID1!M1K1CIEN1!EQ9AELA!:P!1LS:A1L:BM!

C9J2:L!Q:L:RES1!BLS1J!DaT:RE9!C:LSEIE:LM=!5#0,*$'PG(*!$8!3;!@@;!###W74###WU=!

$V)!3:JMI1EL;! v=>! +|PK1J;! `=>! g1L:;! ?=>! vBJMM;! v^=>!^9KN::JS;! --=>! ZJB1QQ1J;! ?v=>!

-1HABE;! ,_=>! ZJ1@1J;! G0=>! ,9EI:1;!3=>!3ECD1K;! Z^=>! 'D9LA;! '=;! iEA9LS"SEJ1CI1S!

9TTJ:9CD!I:!9CIENEIa"29M1S!M1LMELAb!S1N1K:TELA!T9KK9S9CaCK1!PKB:J1MC1LI!TJ:21M!ID9I!

1L92K1!1LS:A1L:BM!C9J2:L!Q:L:RES1!S1I1CIE:L=!K*$5(*$'PG(*$N&!*!$8$8;!CED;!#WU#V4

#WU85=!

$%)!iEB;!?=>!?:LA;!o=>!39;!j=>!iEL;! =̂;!-9IE:L9K!S1MEAL!:P!9!J:2BMI!PKB:J1MC1LI!TJ:21!P:J!

ID1!S1I1CIE:L!:P!1LS:A1L:BM!C9J2:L!Q:L:RES1!EL!KENELA!H12J9PEMD!1Q2Ja:M!9LS!Q:BM1!

IEMMB1=!5#SGZ*$'PG(*$I#8*$UL*!$8!4;!=>;#87%U4#87U$=!

$U)!G9LA;!z=>!,:LA;!Z=>!iB:;!G=>!jB9L;!v=;!3EI:CD:LSJE9"I9JA1I92K1!J9IE:Q1IJEC!IEQ1"A9I1S!

KBQEL1MC1LC1! TJ:21! P:J! C9J2:L! Q:L:RES1! 29M1S! :L! K9LID9LES1! C:QTK1R1M=! 5#0,*$

'PG(*!$8!7;!AC;!$U8U4$U7[=!

85)!?BQ9J;!*=>!ZD9KK9;!\=>!?BQ9J!3=;!-1C1LI!S1N1K:TQ1LIM!:P!PKB:J1MC1LI!TJ:21M!P:J!ID1!

S1I1CIE:L!:P!A9M:IJ9LMQEII1JM!&*(;!'(!9LS!+#,)=!'&&;L$'PG($1G%*!$8!,;!D=?;!$88W4

$87V=!

8#)!3:JEQ:I:;!j=>!`BJ9LI1;! =̂>!i9LC9MI1J;!`=!X=>!?K9II1LD:PP;!v=>!GEII1K;!0=!?=;!-19K"IEQ1!

Q19MBJ1Q1LIM! :P! 1LS:A1L:BM! '(! TJ:SBCIE:L! PJ:Q! N9MCBK9J! C1KKM! BMELA! 9L!

BKIJ9M1LMEIEN1!K9M1J!M1LM:J=!5(*$K*$.PQ:"&,*[$\G0;8$'";!*$.PQ:"&,*!$88!;!D@B;!+7%8

+7%%=!

8$)!39JcM;! X=! ,=>! \J1Q9L;! +=! v=>! 3Ci9BADKEL;! Z=! Y=>! ZJE1L;! v=! 0=>! *9c9IMB;! ?=;!

319MBJ1Q1LI! :P! 1LS:A1L:BM! C9J2:L! Q:L:RES1! P:JQ9IE:L! EL! 2E:K:AEC9K! MaMI1QM=!

5#8"&H"L*$1GL&H$N"S#0,"#S!$88$;!E;!$V# $VV=!

88)!`1K:9J;!+=!3=>!̂ 9I921;!+=>!*9c9QBJ9;!G=>!*9JEI9;!j=>!j9Q9S1J9;!F=>!0BqE@9J9;!G=>!/I:D;!

3=;! /LI1JL9K! S:M1! 1MIEQ9IE:L! ELCKBSELA! ID1! L9M9K! C9NEIa! 9LS! Q9q:J! 9EJ@9a! P:J!

C:LIELB:BM! ELD9K9IE:L! :P! '!((#;! !((#! 9LS! '!((! BMELA! ID1! ID1JQ:KBQEL1MC1LI!

S:MEQ1I1J!Q1ID:S=!K*$M)!,*$6GL*!!774;!J@;!#[584#[#8=!



! "!#%7!"!

87)!?9L:;! ?=>! ?EI9AEMDE;! +=>! ?:S1J9;! 3=>! +EJ:I9;! ,=;! `E:RaA1L! 2ELSELA! I:! 9! MEQTK1!

Qa:AK:2EL!Q:S1K!EL!9OB1:BM!M:KBIE:L=!5#SGZ*$'PG(*$I#8*$UL*!$882;!EE;!78W478%=!

8W)!?9L:;!?=>!?EI9AEMDE;!+=>!`9A9KKE1J;!'=>!?:S1J9;!3=>!39IMB:;!G=>!+9a9MDE;!G=>!+EM91S9;!

j=>!+EJ:I9;!,=;!/J:L!T:JTDaJEL"CaCK:S1RIJEL!MBTJ9Q:K1CBK9J!C:QTK1R!9M!9!PBLCIE:L9K!

Q:S1K!:P!Qa:AK:2EL!EL!9OB1:BM!M:KBIE:L=!I#&;S*$'PG(*!$883;$E=;!777%477[5=!

8[)!?9L:;! ?=>! (CDE;! G=>! (cBL9c9;! ,=>! (I9;!j=>! ?9J9MBAE;! ?=>! g1S9;! G=>! ?EI9AEMDE;! +=;!

_J1T9J9IE:L!9LS!PBLCIE:L!:P!T:Ka&9CJaKEC!9CES)M!Q:SEPE1S!2a!MBTJ9Q:K1CBK9J!C:QTK1R!

C:QT:M1S!:P!T:JTDEL9I:EJ:L!9LS!9!CaCK:S1RIJEL!SEQ1J!ID9I!2ELS!SE9I:QEC!Q:K1CBK1M!

&(#!9LS!'()!EL!9OB1:BM!M:KBIE:L=!'PG(*$5:"0#*$K*!$8!!;!>;!$U7[4$UWW=!

8V)!?EI9AEMDE;!+=>!*1AE;! ,=>!?EJEa9Q9;!F=>!+:L2:;!F=>! ,BAEBJ9;!j=>!?9@9ABCDE;!F=!G=>!

?9L:;!?=;!F!SE9I:QEC!Q:K1CBK1!J1C1TI:J!ID9I!J1Q:N1M!'(!EL!9!KENELA!:JA9LEMQ=!5#SGZ*$

'PG(*$I#8*$UL*!$8!8;!EA;!#8#$4#8#W=!

8%)!?EI9AEMDE;! +=>! 3EL1AEMDE;! ,=>! jBQBJ9;! F=>! *1AE;! ,=>! G9c1I9LE;! ,=>! FQ9A9M1;! j=>!

3EHBc9@9;!j=>!gJBMDES9LE;!G=>!,BAEBJ9;!j=>!?9L:;!?=;!011S29Cc!J1MT:LM1!I:!M1K1CIEN1!

S1TK1IE:L!:P!1LS:A1L:BM!C9J2:L!Q:L:RES1!EL!ID1!2K::S=!K*$5(*$'PG(*$N&!*$$8!3;!CJ@;!

W7#V4W7$W=!

8U)!?EI9AEMDE;! +=>! 3EL1AEMDE;! ,=;! /J:L&//)T:JTDaJEL4CaCK:S1RIJEL! MBTJ9Q:K1CBK9J!

C:QTK1R!9M!9!C9J2:L!Q:L:RES1"S1TK1IELA!9A1LI!EL!KENELA!:JA9LEMQM=!'PG(*$.P0;(*$

+),,*!$8!4;!>=;!88[4875=!

75)!3EL1AEMDE;! ,=>! ,9A9QE;! /=>! *1AE;! ,=>! ?9L:;! ?=>! ?EI9AEMDE;! +=;! 'EJC9SE9L! CK:Cc!

SEMJBTIE:L!2a!M1K1CIEN1!J1Q:N9K!:P!1LS:A1L:BM!C9J2:L!Q:L:RES1=!N!"*$1G9*!$8!6;!@;!

##UU[=!

7#)!3EL1AEMDE;!,=>!jBQBJ9;!F=>!3Ea:MDE;!+=>!*1AE;!,=>!G9c1I9LE;!,=>!3:II1JKELE;!-=>!0:J1MIE;!

-=>!?9L:;!?=>!?EI9AEMDE;!+=;!`1I1CIE:L!9LS!J1Q:N9K!:P!1LS:A1L:BM!C9J2:L!Q:L:RES1!

2a!M1K1CIEN1!9LS!C1KK"T1JQ192K1!D1Q:TJ:I1EL"Q:S1K!C:QTK1R1M=!K*$5(*$'PG(*$N&!=!

$8!4;!CJA;!WU%74WUU#=!

7$)!0K1EMD1J;!Y=!Z=>!_9KQ1J;!v=!3=>!,JEN9MI9N9;!G=!,=>!'D9II1Jq11;!F=!v=; GD1JQ:Sa9QEC!9LS!

cEL1IEC!TJ:T1JIE1M!:P!9L!EJ:L"T:JTDaJEL!MaMI1Q=!K*$5(*$'PG(*$N&!*!!74!;!AJ;!8#[$4

8#[V=!

78)!G1LDBL1L;! -=>! 39JN1J;! +=! ,=>! ,CDQES;! -=;! 3ECJ:M:Q9K! D1Q1! :RaA1L9M1!

CD9J9CI1JEH9IE:L!:P!ID1!1LHaQ1=!K*$+"&,*$'PG(*$!737;!DEE;![8%%4[8U7=!

77)!Z1Jc;!_=!`=>!ZK9MCDc1;!G=!0=>!,CD9JMCDQESI;!Z=!0=>! 9̂AA:L1J;!v=!X=>!Z1JKEL;!*=!/=;!F!

L1@!9TTJ:9CD!I:!OB9LIEI9IE:L!:P!ID1!N9JE:BM!M:BJC1M!:P!2EKEJB2EL!EL!Q9L=!K*$]0X*$',"#*$



! "!#%W!"!

6GL*!!743;!@?;!V[V4V%5=!

7W)!':2BJL;! -=! 0=>! ZK9c1Q:J1;! =̂! ,=>! 0:JMI1J;! -=! Y=;! YLS:A1L:BM! C9J2:L! Q:L:RES1!

TJ:SBCIE:L!EL!Q9L=!K*$',"#*$I#%G:8*!!73,;!ED;!##V$4##V%=!

7[)!':2BJL;!-=!0=>!^EKKE9QM;! =̂!v=>!0:JMI1J;!-=!Y=;!YPP1CI!:P!1JaIDJ:CaI1!S1MIJBCIE:L!:L!

C9J2:L!Q:L:RES1!TJ:SBCIE:L!EL!Q9L=!K*$',"#*$I#%G:8*!!73-;!EJ;!#5U%4##58=!

7V)!':2BJL;! -=! 0=>! 0:JMI1J;! -=! Y=>! ?9L1;! _=! Z=;! ':LMES1J9IE:LM! :P! ID1! TDaME:K:AEC9K!

N9JE92K1M!ID9I!S1I1JQEL1!ID1!2K::S!C9J2:RaD1Q:AK:2EL!C:LC1LIJ9IE:L!EL!Q9L=!K*$',"#*$

I#%G:8*!#U[W;!77;!#%UU4#U#5=!

7%)!31a1J;!v=>!_JE1L;!G=>!\9L!Fc1L;!+=>!Z:L1;!+="X=>! 9̂BJECc;!-=>!GD1EKQ1E1J;!X=>!Z::c1;!

3=;! FJI1JE:"N1L:BM! C9J2:RaD1Q:AK:2EL! SEPP1J1LC1! MBAA1MIM! C9J2:LQ:L:RES1!

TJ:SBCIE:L!2a!DBQ9L!KBLAM=!+"&!PG(*$+"&9PQ:*$1G:*$'&(()#*!!776;!DEE;!$854$8$=!

7U)!Y@ELA;! v=! 0=>! 39EL1M;! 3=! `=;! /L! MEIB! Da2JESEH9IE:L! 9LS! EQQBL:DEMI:CD1QEC9K!

K:C9KEH9IE:L!:P!D1Q1!:RaA1L9M1"$!Q-*F!9LS!TJ:I1EL!EL!L:JQ9K!J9I!2J9ELb!̀ EPP1J1LIE9K!

SEMIJE2BIE:L!:P!EM:HaQ1!#!9LS!$=!6&,$'G,,$MG);&:!"*!!77$;!JA#WWU4WV5=!

W5)!,C9T9ALELE;!X=>!`}FA9I9;!\=>!'9K92J1M1;!\=>!_9MC9K1;!F=>!':K:Q2JEI9;!'=>!FKc:L;!`=>! !

'9N9KK9J:;!,=;!X1L1!1RTJ1MME:L!TJ:PEK1M!:P!D1Q1!:RaA1L9M1!EM:P:JQM!EL!ID1!J9I!2J9EL=!

+;0"#$1G:=!$88$;$A=E;#W#4WU=!

W#)!_E9LI9S:ME;! '=! F=;! G:RECEIa! :P! C9J2:L! Q:L:RES1b! D1Q:AK:2EL! NM=! DEMI:I:REC!

Q1CD9LEMQM;! /Lb$ '0;X&#$6&#&H"LG;! `=! X=! _1LL1a;! YS=;! '-'"G9aK:J! 9LS! 0J9LCEM!

_J1MM;!*j;!$55V;!'D9TI1J!%=!

W$)!iB:Q9LQ~cE;!?=>!':2BJL;!-=!0=;!YPP1CIM!:P!Q1I92:KEMQ!9LS!SEMIJE2BIE:L!:P!C9J2:L!

Q:L:RES1!:L!2K::S!9LS!2:Sa!MI:J1M=!5(*$K*$.PQ:"&,*!!737;!DC?;!8W748[8=!

W8)!':2BJL;!-=!0=;!319L!Qa:AK:2EL!:RaA1L!I1LME:L!EL!Mc1K1I9K!9LS!C9JSE9C!QBMCK1=!/Lb!

(RaA1L!IJ9LMT:JI!I:!IEMMB1b!ELMIJBQ1LI9IE:L;!Q1ID:SM;!9LS!TDaME:K:Aa=!ZECD1J;!+=!/=>!

ZJBK1a;!`=!0=!YSM=!_K1LBQ!_J1MM;!*j;!!74,;!TT=!WV#4WVV=!

W7)!':2BJL;!-=!0=>!39a1JM;!i=!Z=;!3a:AK:2EL!($!I1LME:L!S1I1JQEL1S!PJ:Q!Q19MBJ1Q1LIM!

:P!C9J2:RaQa:AK:2EL!EL!Mc1K1I9K!QBMCK1=!5(*$K*$.PQ:"&,*!!74!;!DDB;![[4V7=!

WW)!^EKD1KQ;!Y=>!Z9IIEL:;!-=>!^EKC:Cc;!-=!v=;!i:@"TJ1MMBJ1!M:KB2EKEIa!:P!A9M1M!EL!KEOBES!

@9I1J;!'PG(*$1G%*$!744F$??;!$#U4$[$=!

W[)!'::T1J;!'=!Y=;!*EIJEC!:RES1!9LS!EJ:L!TJ:I1ELM=!+"&!P"(*$+"&9PQ:*$5!80$!777;$CECC;!

$U5485U=!

WV)!?EQ;! +=! _=>! 9̂LA;! o=>! X9K2E9IE;! 0=>! -aMI1J;! ,=! =̂>! 'D:E;! F=! 3=! ?=;! '9N1:K91!

C:QT9JIQ1LI9KEH9IE:L!:P!D1Q1!:RaA1L9M1�#!EL!1LS:ID1KE9K!C1KKM=!Y5NU+$K*!$88-;!C@;!



! "!#%[!"!

#5%54#5%U=!

W%)!jE;!i=>!3:JA9L;!v=!G=>!-9AMS9K1;!,=! =̂;!/S1LIEPEC9IE:L!:P!9!IDE:K]SEMBKPES1!J1S:R!M@EICD!

EL!ID1!DBQ9L!Z?!CD9LL1K!ID9I!C:LIJ:KM!EIM!9PPELEIa!P:J!D1Q1!9LS!'(=!K*$+"&,*$'PG(*!

$8!8;!D@=;!$5##V4$5#$V=

WU)! 9̂I9L921;!?=>!,BHBcE;!G=>!?EI9AEMDE;!+=>!?9L:;!?=;!-19CIE:L!21I@11L!9!D91Q:AK:2EL!

Q:S1K!C:QT:BLS!9LS!DaSJ:MBKTDES1!EL!9OB1:BM!M:KBIE:L=!'PG(*$'&(()#*$$8!2;!=C;!

75WU475[#=! !

[5)!3:I:a9Q9;!?=>!FJEQ9;!+=>!+EJ9a9Q9;!0=>!g1c9Q9;!?=;!/LDE2EI:Ja!1PP1CIM!:P!$;["`E"("

Q1IDaK"8"-"9C1IaK"β"CaCK:S1RIJELM! @EID! N9JE:BM! S1AJ11M! :P! MB2MIEIBIE:L! :P! 9C1IaK!

AJ:BT!:L!Q9CJ:TD9A1!9CIEN9IE:L!9LS!1LS:I:REL!MD:Cc!ELSBC1S!2a!KET:T:KaM9CCD9JES1=!

K*$I#!,*$.PG#&(*$60!;&!Q!,*$'PG(*!$883;!=>;!VW4VU=!

[#)!?9J9MBAE;!?=>!?EI9AEMDE;!+=>!?9L:;!?=;!3:SEPEC9IE:L!:P!9!SE:RaA1L!C9JJE1J;!D1Q:'`;!

@EID! _YXaK9I1S! S1LSJ:LM! P:J! 1RI1LME:L! :P! CEJCBK9IE:L! IEQ1! EL! ID1! 2K::SMIJ19Q=!

+"&!&#^)S08G$'PG(*!$8!$;!DJ;!$8[W4$8V[=!

[$)!3EIJE:L1;!,=!3=>!\EKK9K:L;!_=>!iBII:L;!v=!`=>!i1N1J1;!-=!`=>!F2J9D9Q;!*=!X=;!/LDE2EIE:L!

:P!DBQ9L!9SBKI!9LS!P1I9K!D1Q1!:RaA1L9M1!2a!L1@!MaLID1IEC!D1Q1!9L9K:AB1M=!5(*$K*$

6GL*$N!"*!!766;!DA>;!#%5 #%[=!

[8)!,DEJ9I9cE;!'=>!,D:qE;!(=>!G1J9S9;!3=>!(H9cE;!,="E=>!,BAEQ:I:;!+=>!,DEJ:;!j=>! 9̂I9L921;!

j=;!/LDE2EIE:L!:P!D1Q1!BTI9c1!EL!TM1BS:Q:L9M!91JBAEL:M9!2a!EIM!D1Q:TD:J1!&+9MFE)!

2:BLS!I:!MaLID1IEC!Q1I9K!C:QTK1R1M=!5#SGZ*$'PG(*$I#8*$UL*!$8!-;!=J;!$%[$ $%[[=!

[7)! 9̂I9L921;!?=>!?EI9AEMDE;!+=>!?9L:;!?=;!,BTJ9Q:K1CBK9J!EJ:L!T:JTDaJEL]CaCK:S1RIJEL!

SEQ1J!C:QTK1R!ID9I!QEQECM!ID1!PBLCIE:LM!:P!D1Q:AK:2EL!9LS!Q1ID1Q:AK:2EL=!5#SGZ*$

'PG(*$I#8*$UL*!$8!,;!=D;![%U74[%UV=!

[W)! 9̂I9L921;!?=>!?EI9AEMDE;!+=>!?9L:;!?=;!,BTJ9Q:K1CBK9J!P1JJEC!T:JTDaJELM!9M!Ca9LES1!

J1C1TI:JM!EL!9OB1:BM!M:KBIE:L=!5'N$6GL*$'PG(*$]G88*$$8!!;!D;!U784U7V=!

[[)!?9@9ABCDE;!F=!G=>!,9Ka21c:N;!F=!F=>!j9Q9L:;!3=>!?EI9AEMDE;!+=>!,1cEL1;!?=>!G9Q9cE;!

G=;!_YXaK9I1S!C9J2:RaD1Q:AK:2EL!2:NEL1!&,F*Xg/*FGY)!9Q1KE:J9I1M!Qa:C9JSE9K!

ELP9JCIE:L!EL!9!J9I!Q:S1K=!5;8"W*$-;S0#:!$8!6;!ED;!##V74##%7=!

[V)!':KKQ9L;! v=! _=>! Z:BK9I:N;! -=>! ,BLS1JK9LS;! '=! v=>! 0B;! i=;! 0BLCIE:L9K! 9L9K:AB1M! :P!

CaI:CDJ:Q1!!!:RES9M1;!Qa:AK:2EL;!9LS!D1Q:AK:2EL=!'PG(*$1G%*!$88-;!CBE;!W[#4W%%=!

[%)!,TJELA1J;!Z=!F=>!,KEA9J;!,=!X=>!(KM:L;!v=!,=>!_DEKKETM;!vJ=;!X=!*=;!31CD9LEMQM!:P!KEA9LS!

J1C:ALEIE:L!EL!Qa:AK:2EL=!'PG(*$1G%*!!77-;!AE;![UU4V#7=!

[U)!-:M1;!v=!v=>!Z:CE9L;!?=!F=>!oB;!<=>! 9̂LA;!i=>!`139JIEL:;!F=! =̂>!'D1L;!o=>!':J1a;!'=!



! "!#%V!"!

X=>!XBEQ9J�1M;!`=!F=>!FH9J:N;! /=>!+B9LA;!o=!*=>!G:LA;!<=>!XB:;!i=>!*:BJ9E1;!3=>!

3CGE1JL9L;!'=!0=>!(�`:LL1KK;!'=!_=>!G1q1J:;!v=>!,DEN9;!,=>!XK9S@EL;!3=;!F!L1BJ:AK:2EL"

29M1S! DEAD"9PPELEIa! KEA9LS! IJ9T! J1N1JM1M! C9J2:L! Q:L:RES1"ELSBC1S! QEI:CD:LSJE9K!

T:EM:LELA=$K*$+"&,*$'PG(*!$8$8;!DA=;![8WV4[8V#=!

V5)!GBCc1a;!-=!'=>!?9QEL;!+=;!?EL1IECM!:P!(#!9LS!'(!2ELSELA!I:!9SJ1L9K!CaI:CDJ:Q1!_"

7W5B??=!YPP1CI!:P!CD:K1MI1J:K;!ELI1JQ1SE9I1M;!9LS!TD:MTD9IESaKCD:KEL1!N1MECK1M=!K*$+"&,*$

'PG(*!!76,;!D=@;!7$8$47$8V=!

V#)!`E:BQ;!Y=!3=>!-BII1J;!v=>!GBCc1JQ9L;!v=!-=>!X:LH9K1H;!X=>!XEKK1M"X:LH9K1H;!3="F=>!

3C?LEADI;!,=!i=;!*_F,$b!F!A9M"J1MT:LMEN1!IJ9LMCJETIE:L!P9CI:J=!N!"G#!G!$88,;!DA@;!

$8%W4$8%V=!

V$)!FH9J:N;!/=>! 9̂LA;!i=>!-:M1;!v=!v=>!oB;!<=>!+B9LA;!o=!*=>!Z1K9LA1J;!F=>! 9̂LA;!j=>!XB:;!

i=>!iEB;!'=>!gC1J;!?=!Z=>!3CGE1JL9L;!'=!0=>!(�`:LL1KK;!'=!_=>!,DEN9;!,=>!G1q1J:;!v=>!

?EQ",D9TEJ:;!`=!Z=>!XK9S@EL;!3=!G=;!0EN1"C::JSEL9I1!+[7<!L1BJ:AK:2EL!9M!9!KEA9LS"

IJ9T!9LIES:I1!P:J!C9J2:L!Q:L:RES1!T:EM:LELA=!N!"*$T;0#:,*$6GL*$$8!3;!@;!8[%J9#V8=!

V8)!_BJ9LEc9;!3=>!*E1KM1L9;!,=!Z=>!j:BLS;!+=>!+NEIN1S1;!F=!*=>!Z:BJ9MM99;!v=!i=>!'9M19;!

3=!F=>! G1LAJ:ID9;! '=>! Z9K9cJEMDL9L9;! X=>! GD:JMI1ELMM:LS;! 3=! \=>! XJ:N1M;! v=! G=>!

3Ci1LS:L9;!X=!i=>!-:21JIMS;!X=!_=>!(KM:L;!v=!,=>!,TEJ:;!G=!X=;!`aL9QECM!:P!C9J2:L!

Q:L:RES1!2ELSELA!I:!'::F;!K*$+"&,*$'PG(*#$88-;!D?A;!$#5U[4$##5%=!

V7)!Z:BHDEJ",EQ9;!i=>!3:II1JKELE;!-=>!XJ:MM;!v=>!\:M;!3=!+=>!iE12K;!g=;!gLBMB9K!SaL9QECM!

:P!KEA9LS!2ELSELA!I:!ID1!D1Q1!S:Q9EL!:P!ID1!29CI1JE9K!'(!M1LM:J!TJ:I1EL!-C:3"$=!K*$

.PQ:*$'PG(*$+*!$8!3;!CDB;!#5[%[4#5[U7=!

VW)!':KKQ9L;!v=!_=>!ZJ9BQ9L;!v=!/=>!/N1JM:L;!Z=!i=>!,1MMK1J;!v=!i=>!3:JJEM;!-=!3=>!XE2M:L;!

<=!+=;!`E:RaA1L!9LS!C9J2:LaK!2ELSELA!I:!EJ:L&//)!T:JTDaJELMb!9!C:QT9JEM:L!:P!ID1!

�TECc1I!P1LC1�!9LS!�T:Cc1I�!T:JTDaJELM=!K*$5(*$'PG(*$N&!*!!76,;!CB=;!85W$4$5[7=!

V[)!'J:Lq1;!0=!v=>!'9JJ9@9a;!3=!,=>!0J1E21JA1J;!v=!v=>!,BKEQ9L;!+=!Z=>!_E9LI9S:ME;!'=!F=;!

'9J2:L!Q:L:RES1!9CIB9I1M!(#"KEQEI1S!D1Q1!S1AJ9S9IE:L!EL!ID1!J9I!2J9EL=!Y;GG$10L"!*$

+"&,*$6GL*!$88-;!J?;!#%5$4#%#$=!

VV)!'D9N1M"01JJ1EJ9;! 3=>! FK2BOB1JOB1;! /=! ,=>! 39I9c"\ELc:NEC;! `=>! ':1KD:;! F=! '=>!

'9JN9KD:;!,=!3=>!,9J9EN9;!i=!3=>!-:Q�:;!'=!'=>!Z1JL9JS1M;!X=!v=!i=;!,T:LI9L1:BM!'(!

-1K19M1!PJ:Q!-B**&'()#4_J:I1EL!':QTK1R1M!EL!FOB1:BM!,:KBIE:L;!'1KKM;!9LS!3EC1=!

5#SGZ*$'PG(*$I#8*$UL*!$8!2;$=E;!##V$4##VW=!

V%)!BLTB2KEMD1S!S9I9;!T9I1LI!T1LSELAb!_'G]v_$5$5]55[588=!



! "!#%%!"!

VU)!'D:E;!/,=;!`1K9a1S!L1BJ:K:AEC9K!M1OB1K91!EL!C9J2:L!Q:L:RES1!ELI:REC9IE:L=!5;!P$

MG);&,!!76,;!EB;!788478W=!

%5)!g1QBJ9;!?=>!+9J9S9;!?=>!,9S9QEIMB;!̀ =>!GMBIBJ9;!-=>!G9c9D9MDE;!3=>!FcE;!G=>!j9MBD9J9;!

3=>!391c9@9;!G=>!j:MDES9;!?=;!FT:TI:IEC!9LS!L1CJ:IEC!2J9EL!K1ME:LM!EL!9!P9I9K!C9M1!:P!

C9J2:L!Q:L:RES1!T:EM:LELA=!Y&;G#:"!$N!"$I#8*!$88!;!CC>;!$#84$#U=!

%#)!_E9LI9S:ME;!'=!F=>!zD9LA;!v=>!i1NEL;!Y=!`=>!0:KH;!-=!v=>!,CDQ1CD1K;!`=!Y=;!FT:TI:MEM!

9LS!S1K9a1S!L1BJ:L9K!S9Q9A1!9PI1J!C9J2:L!Q:L:RES1!T:EM:LELA!EL!ID1!J9I=!UH9$MG);&,*!

!774=!CE?=!#584##7=!

%$)!(D! ;!,=>!'D:E;!,="'=;!FCBI1! C9J2:L!Q:L:RES1!T:EM:LELA! 9LS!S1K9a1S!L1BJ:K:AEC9K!

M1OB1K91b!9!T:I1LIE9K!L1BJ:TJ:I1CIE:L!2BLSK1!ID1J9Ta=!MG);0,*$1GSG#*$1G:*!$8!2;!CB;!

8[48%=!

%8)!ZJ:@L;!,=!`=>!_E9LI9S:ME;!'=!F=;!/L!NEN:!2ELSELA!:P!C9J2:L!Q:L:RES1!I:!CaI:CDJ:Q1!

C!:RES9M1!EL!J9I!2J9EL=!K*$599,*$.PQ:"&,*!!762;!>@;![574[#5=!

%7)!zD9LA;!v=>!_E9LI9S:ME;!'=!F=;!3EI:CD:LSJE9K!:RES9IEN1!MIJ1MM!9PI1J!C9J2:L!Q:L:RES1!

DaT:RE9!EL!ID1!J9I!2J9EL=!K*$',"#*$I#%G:8*!!77$;!AB;!##U84##UU=!

%W)!ZJ:@L;!,=!`=>!_E9LI9S:ME;!'=!F=;!-1C:N1Ja!:P!1L1JAa!Q1I92:KEMQ!EL!J9I!2J9EL!9PI1J!

C9J2:L!Q:L:RES1!DaT:RE9=!K*$',"#*$I#%G:8*!!77$;!@A;![[[4[V$=!

!



 - 189 - 

!

 

!"#$%&'()*

1950

Otto Schmitt

translational

!"#$%&'()* +,-% !

β !./#−β−()* !000*

12342312546 !76 * !000*

!"#!!!.$$8* 593

"#!!!.$$8

:#;%()

"# :#;%() !<$*

!(<*

hemoCD !(<*

=

$>?<() hemoCD1

$>?() 4 2013

hemoCD3 hemoCD1 (III)

;#@A:#;%()? !(B%* hemoCD3

$>?<() 2

$>?<() hemoCD

$>?<() $#

$>?<() $>?<()

!2*

52C6DE6!6;#@:>F6β6()



 - 190 - 

:#;%()?

52C6DE6!6;#@:>F6β6() β6()

G7H !2* $>?<()

NMR 2 () C

C2CI6DE;#& C2CI6DE;#&

$>?<() 5?H

$>?<() $>?<()

:#;%()? <$ (< (CN–)

:#;%()?

=

:#;%()3 (Hb) T

(< Hb 100 (Mb)

(Hb) hemoCD1

Mb

Mb

&'(# hemoCD1

Glu-FeTPPS Glu-FeTPPS Py3CD 1 : 1

!JFK6:#;%()* O2/CO

JFK6:#;%() "")$*$ :#;%()3 "")$+* :#;%()3

?44 hemoCD1 <$ (M )

D#%L>AJFK6:#;%() MN6OEP

!00* JFK6:#;%()

#,-.*$'+*

#,//.*$ #,//.+*

CO !B#Q,@EO#=R%F,&=#SS#T@*

"#A(< <$AJFK6:#;%() RU=VW4

!$")$*$.X=35W7= :*

<$A:#;%()3=!$")$*$=X=?4=:*."#



 - 191 - 

!00*

=

(#

!"#6$%&3* "#6$%&3

!$>?<()* !"#6$%&3'$>?<()* "#6$%&3'$>?<() <$

(< "#6$%&3'$>?<() "")$*$

(<

(<'<$ % ?54 "#$%&'()

<$ "#6$%&3'$>?<()= <$ (<

"#6$%&5='=$>?<()=

:#;%()? "#6$%&3'$>?<() #,-*$'.+* #,//*$

!00* <$

A #,//+*

(<A"#6$%&3'$>?<()= 0Y (<

(<A"#6$%&3'$>?<() (< !ν+%**

:#;%() "#!00* (< <

"#6$%&3'$>?<()

!$")$*$* V=: <$A:#;%()? !$")$*$=X=14=:*

FeIITPPS

$>?<()  

:#;%() <$ 

CO

CO



 - 192 - 

JFK6:#;%() "#6$%&3'$>?<() :#;%()?

hemoCD Mb

=

:#;%()3

(< :#;%()3

(< :#;%()3

(<

(< hemoCD

(< (<

(<6UZ= H (<

UZ

(<

(<

CO CO

hemoCD CO

CO

CO (<

:#;%()3 hemoCD1 R

CO CO–Hb hemoCD1 CO

hemoCD1 CO

hemoCD1

CO

hemoCD1 CO CO

 

5441 '



 - 193 - 

:#;%() :#;%()

:#;%() :#;%()

:#;%() hemoCD1

CO CO

CO CO

 

 

3*! +,-%2= +W[= +E@,QEP:E2= UW[= +%D#&,2= /W[= UE&%@,2= 8W= )E%L>Q#-= ZE-DE-Q= @%= ,= PE;RF#=

;>%QF%ZE-=;%D#F=E-=,\K#%KP=P%FK@E%-W=&'()*+,-.)/+,0'$+,12+=!""#2=772=7?1A7?]W=

5*! ,̂@,-,Z#2=+W[=+E@,QEP:E2=UW[=+,-%2=+W=8KR&,;%F#TKF,&=E&%-=R%&R:>&E-'T>TF%D#L@&E-=

DE;#&= T%;RF#L= @:,@= ;E;ETP= @:#= SK-T@E%-P= %S= :#;%QF%ZE-= ,-D= ;#@:#;%QF%ZE-W,

&'()*+,-.)/+,0'$+,12+=!"$%2=152=C]G7AC]GVW

?*! (%FF;,-2= _W= $W[= `%KF,@%O2= YW[= 8K-D#&F,-D2= (W= _W[= "K2= aW= "K-T@E%-,F= ,-,F%QK#P= %S=

T>@%T:&%;#= 3= %LED,P#2= ;>%QF%ZE-2= ,-D= :#;%QF%ZE-W= -.)/+, 4)5+= !""&2= 6782=

1C3A1]]W

7*! `%E@&#F2= `W[= a#= J,T2= 8W= 8@,ZEFEb,@E%-= %S= P>-@:#@ET= :#;#6PKR#&%L%= T%;RF#L#P= Z>=

:>D&%Q#-=Z%-DE-Q9=,=P@EFF=%-6Q%E-Q=\K#P@W=9)*+,:+,-.)/+=!"$'2=8;2=V13C6V153W

 





 

 

  

 

   

 

 

INSERM  Roberto Motterlini Roberta Foresti 

 

 

! "#$%&$'(")*+$#,( (

  

 

 




