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® 14. Hb M Boston ¥ Hb A o B2 HiTF#@TdaAR, AB o thiRAE A Hb

M Boston <, £MBIo BiRE 2 Hb A, Ax7ovl#E, 6x1077 |

M; 386, 0.1 M ULBESRETAL; W, 20°C. , pHT.92;

e, pHTA3 S ——--, pH7.05; —+—, pH 6.58. |
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20 ] u r

15, HbMBoston x Hb Ag \4\
BRRPAETHME.  py, So% B g, . o
FERAE L vda B G BER
SE(mwmHg)e  n, Hill o 28
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aeL__A____.—A——————ﬁ——'_‘—é_“*

c 2L -
1} —o— o o —0—

O d 1 ] }
6.5 7.0 75 80




100

B8O n
5 s0f .
3
- B a0
» I
T a0t .

0 ) )
“log p .

Bl16. Hb M Boston( ) b &t HbA () 580° Hb M Boston £ & ¥ A& B

B =)o &?_‘i}%ﬁmi. AE7TOEVERE, 6x10°M; EH 0.
MULBEEIT A, pH, 7.92; BA, 20°C, ——, DBEEN 26%
® Hb M Boston ¢t w58 E 2 4¥iz, Hb MBoston t Hb A o ik 5
AR Lk B, ’
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log p

B 17 HbMBoston v Hb A o & %A o BLAFHTBMR, RAk
(mEMREY0EIH) HbMBoston : Hb A 1 (1) #°5(5) s v Wi 12 X e
o0, 11, 2, 3, 1:0.  EBioe RERGAR., RRAR 2 RS

BT W e® rs AN L: difk, Sazrowy #BE, 6x107°

M &, oo MYLaRFETR ;) pH, 192 ; &K, 20°C.
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B 21  Hb M Milwaukee I v

Hb A o B2 298530, o—o
Hb M Milwaukee I ; &—a, Hb.
A} o—o, Hb M Mjiwaukee 1 ¢

BRRTMR LB v30 B y38
X9 E(wnHe  n, Hill 0 24
(L35:448). RR&4: 8

20 ¢ BB, <

S FE R F A

R I



100

80f

i

60

40F

°/, saturation

20F

422. Hb M Milwaukee T(—), Hb A(+) & &8 Hb M M-lwa.ukee I
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B IR hIR 0 BIEBE
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B25. Hb Ao HRARLSIRHET
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wave length

542 429%*

a (mp) 730 680 600 576 564% 409*  371%
Hb concn. (%) : T
1 10.2° 10.1 _
0.2 — 8 — 9.9
0.1 — — 8.4 44 9.6 96
0.05 | 9.2 Q.o
0 8.0 8.0 8.0

R Eﬁ%fﬁéﬁaﬁo BRAE IS RRPE. Ao B So% 408 o BEFAE P{(mmHg).e

Wik o o B4 py L BEE i B LT

MR,
L T:". -

__ £ _ RERAG: AR, 20°C, pH7.0; BHE, 0.1 My EA
B e le AR BLEVCRORAvE TH 79— 0o RBLoBE S ht B

T ,-“.'. E



replacement

location 6f

AL

S A

. . s . . : bnormal -
designation . . - variability oxygen Bohr heme-heme experimental 2 .
f ? . ; - .
?es?gizo acid of residue replacement affinity effect interaction conditions | sample izggi;ggt;n
_ _ 54%(E3) _ . pH:6.0,6.6,7.2,7.5,7.9 -
Shlmonosek; Gln — Arg VP ext _ all normal temp. :20° Hb 13%
68&K(E17) : pPH:6.5,7.0,7.4
Ube II Asn —> Asp v ext _ all normal temp. :20° WH 31%
slp(ES) . pH:6-5'7IO'7-4'7l9
Hikari Lys —> Asn I ext all normal ‘temp. :20° Hb and WH 60%
' B0 B(EF4) _ : pH:6.5,7.4 . .7 :
Gifu Asn —> Lys v ext all normal temp.:20° gb 40%
90 (F6) slightly pH:5.9,6.4,7.0,7.5,7.8 R
Agenogi Glu —> Lys I ext 1ow normal normal temp.:10°,20° Hb and WH 42%
1438(H21) very decreased decreased pH:6.0,6.5,7.0,7.4,7.8 - ' :
Hiroshima His —» Asp I ext high (r=-0.30) (n=2.0~2.6) temp.:10°,20° b and WH  50%
58R(E7) . very very small pH:6.6,7.1,7.4,7.9 : '
M Boston His —» Tyr I heme low (r=-0.14) absent temp.:10°,20° Hb and WH 26%
92P(F8) slightly slightly  decreased pH:6.5,7.0,7.4,7.9
M Hyde Park His —) Tyr I heme high increased (n~2.3)" temp.:20° Hb- and WH 21%
‘ 67R(ELL) - , very increased decreased pH:6.5,7.0,7.4,7.9
M Milwaukee I a7 _, g1y I heme 1oy (r=-0.94) (n=1.4~1.6) temp.:10°,20° Hb and WH 39%

2 ARFRTERSWEEF~AE7050 0 78/ 8 Bi% v B4 5 20T 4 42,
TUMAE LR ! TUBRI N 0 s o AT DY 0 x4h 2
r3pA Rt irr:, Id S Y bR Rl-o KE TEn ST [HE
2 I Unvariant), BRoFREvEnon 159388 8 TV (variable), $eda7s
IR RO RER Vo wir. ERBGo 1R ~s0lF nshAE

. h?me, AIRBTUIMAIBRAS L exl L, Fen ittt i Bohr
MR, AaRBEERE (FXAR), R MITEARLAE
L R 2 B slr Az oy Efio Bl Hbh, & Eh iR ek
SR WH x Lr, : .

B A O SV



pH- 7.9 7.4 7.0 6.5
| n 2.89 2.98 2.91
£, 0.519 0.685 1.62
Hb A £, 15.9 2,24 1.25
£, 370 505 810
n 0.94 0.97 0.95 0.95
b M Boston £, | o0.808 1.06 0.749 . 0.805
n 1.63 1.53 1.50 1.40
Hb M Milwaukee I - : -
£, | 14.8 9.72 - 8.53 |--75.79




Hb A

Hb M Boston

Hb M Milwaukee I

k4 MESFEIERR ¢ RRB s:v Lilow-f4

_ , 1p°C 20°¢ 10°C 20°C 10°C 20°C
_kl(mmHgél)' 0.0528£0.0076 | 0.0236+0.0018 | 0.0481%0.0029 | 0.020940.0013 | 0.0169+0.0010 |0.00819+0.00049
ey " ) 0.0666+0.0252 | 0.016240.0033 | 0.0302+0.0018 | 0.0157+0.0009 | 0.0680£0.,0041 |0.0705 +0.0042
ky( " ) 0.293 £0.155 | 0.0530£0.0149 e — |
1, T 14.9  +8.3 11.9  +3.5 _ — —_— —
| aH, (kcal/mol) - 9.9 2.7 O -10.4#1.4 - a6l
SH, (") =19.9% 7.1 . = 7.5814 4 4.0%1.4
(") -24.9% 9.9 o R—
- VR ) - 0.4£10.4 ™ -
lam ¢ = -13.8+ 4.1 = 9.0£1.0 -24.6%1.0
- Asl(cal/qeg.mol)‘ -15.0+ 9.3 -15.244.8 -1235i4.s
f_qsz( . ) -50,0£24.6 - 7.434.8 -+34;6£4.a
lasgc " ) -64.4$34.2 pp— S—
es, 0 . #30.0£36.0 S —
as, (- " ) -24.9+14.0 . '-11;313;4 Ce o +11.043.4




RS MRS AzroCy o BERME MM
BERfE TARE & NPT 5 B BZ % ¥4 oo
T 7T 1LzZwh ' 2 4 ’Vf. ‘ Bohr Zh R n 48
Hb M Saskatoon: O(T;e(ll) Ozﬁze(m)q—y H(ET) 31 ER PR K3 W 1.2
x 5 Hb M Hyde Park O(Fe(ll) 02 g Fe®-Tyr (O £ > Rk 2.3
o Hb M M“W‘F“keel_ Fe(l) ozﬁ;'e(m) Glu(E) 3 12 14 Cx ,i‘ . LAl
valency hybrid O(zem o,BT—e(m) "0 EE v FH o X 2 v 1.1
. ~ HbMBoston O(Mm) Tyr(en 00 % f@ ¥ Rz AT 1.0
ﬁ ) | Hb M Iwate O(:dm) RA Fem % FF i %o e L ‘\l.o
o Fem-Ha0 @r—;e(n) 0, A A Ly o 3

valency hybrid

[

—~



A5 et BRE~T/0E v XOBEmEEE

7 3 / B & i B % HE & W
A7 o R o j e *4 5
“ " MLED LWRE WES xrue & m | APH BohrmR S¥ . N s

J Toronto o 5 A3 ext V Ala—Asp

J Paris «@ 12 A10 ext V  Ala—Asp

J Oxford @ 15 A13 ext V  Gly —Asp

I « 16 Al4 ext ? Lys »>Glu E E E H | WH 10

J Medellin « 22 B3 ext V  Gly -»Asp

Memphis « 23 B4 ext V  Glu —»Gln

G Audhali @ 23 B4 ext V  Glu—Val

Chad a 23 B4 ext V  Glu-—Lys

G Chinese a 30 B11 a3, I  Glu—Gln

Torino a 43 CD1  heme I  Phe—Val A%z 5. Heinz /) MEE#

L Ferrara a 47 CD5 ext I  Asp—Gly

Hasharon a 47 CD5 ext I  Asp—His NP

J Sardegna @ 50 CD8 ext I  His —Asp

Russ @ 51 CD9 ext I Gly —Arg T W E ¥ | WH 10

Shimonoseki @ 54 E3 ext Vp Gln —Arg E W E % £ % |Hb 11

Mexico o 54 E3 ext Vp Gln—>Glu

Norfelk o 57 E6 ext V Gly —»Asp E W E W E H | Hb 12

M Boston « 58 E7 heme I His >Tyr FEFEES 7= L 1.2 | Hb. o gi3 8 0A. B~ 2 2 13
Lot BEE

Ube II @ 68 E17 ext V  Asn-—>Asp EE E ¥ ©E ¥ | WH 11

G Philadelphia o 68 E17 ext V Asn—Lys E I % E % | Hb 14

Stanleyville 11 o 78 EF7 ext V  Asn—Lys

Ann Arbor « 80 Fi ? ? Leu —»Arg

Etobicoke o 84 F5 gen I Ser —~Arg BEMLRT W

G Norfolk « 85 Fé6 ext Vp Asp-—>Asn

M Iwate « 87 F8 heme I His >Tyr FEEI~ 7 L 1.0 | Hb. o S E. B8~ 2 b ER 15
LT v, BEE.

Broussais @ 90 FG2  ext I Lys—Asn

Chesapeake a 92 FG4 a3, I Arg—Leu [FEHiI&E E W 1.3 | Hb. % fiFE 16

J Cape Town a 92 FG4 aiBy I  Arg—Gln = EH 1.9 | WH. £mfF 17

Manitoba a 102 G9 gen I Ser —Arg

Dakar « 112 G19 ext I His »Gln

Chiapas o 114 GH?2 a By I  Pro —»>Arg Y K VIAREE T I

J Tongariki @ 115 GH3 ext V  Ala—Asp

O Indonesia a 116 GH4 ext Vp Glu—Lys

Bibba @ 136 HI19 heme I Leu—Pro Fgesg. Heinz Ak # 3

Singapore a 141 HC3 ? V  Arg—-Pro ¥ AR RE T I

Koellicker @ 141 HC3 ? V Arg—->xkig

Tokuchi I} 2 NA2 gen V His »Tyr

S B 6 A3 ext V  Glu—Val E W I % I % | Hb. sickling test [54 18

o B 6 A3 ext V Glu-Lys | E % E % F ¥ | Hb kxc=HEAKTHEOMAD 14

Leiden J2] 6or7 A3ord ext V Glu—%ki# WA bk

C Harlem g 72 337 Zz: :; i:; :X:l WTEN? E W E % | Hb. sickling test Wbk 19

Siriraj ] 7 A4 ext V Glu—Lys

G San Jose s 7 A4 ext V  Glu—-Gly

Porto Alegre B 9 A6 ext V  Ser »Cys FEHLXT

Sogn ¢} 14 All gen Vn Leu —Arg BB AEE

J Baltimore ol 16 A13 ext V Gly -Asp

D Bushman ) 16 Al13 ext V  Gly »Arg

G Coushatta B 22 B4 ext V  Glu—Ala

E Saskatoon ] 22 B4 ext V Glu—Lys

Freiburg B 23 B5 gen Vn Val -8 P WB. R 5. @i L. BEEFE 20

Riverdale-Bronx A 24 B6 gen I Gly »Arg &5, EimtEEm

G Taiwan-Ami A 25 B7 ext Vn Gly >Arg

E B 26 B8 By I Glu—Lys | ®®fvw LT % T % |Hb. xxHBAATHELMEE L 14

Genova A 28 B10 gen I Leu—Pro AR5, I8 M & i

Tacoma B 30 Bi12 aif3y I Arg—Ser & oW Rk 58 21

Philly B 35 C1 a8y I Tyr—>Phe Rw. wnttEmn

Hammersmith B 42 CD1 heme I Phe —Ser ® Rz, Heinz MEMEm. Bk 22
LT, EEE

G Galveston I 43 CD2 ext Vp Glu—Ala

Ed £

K Ibadan

G Copenhagen
J Bangkok
Dhofar

Hikari

N Seattle

M Saskatocn

Ziirich

M Milwaukee I
Sydney

J Cambridge
G Korle-Bu
Seattle

J Iran

G Accra
Gifu

D Ibadan
Boras

Santa Ana
Agenogi
Gun Hill

Sabine

M Hyde Park
Oak Ridge
N Baltimore
Koln
Yakima
Kempsey
Kansas
New York
Hijiyama

O Arab

D Punjab
Khartoum
Hofu

Wien

K Woolwich
Hope
Hiroshima
Rainier

F Texas I
F Texas II
F Alexandra
F Hull

A, Sphakia
Ay

A, Flatbush
A, Babinga
H

Bart’s
Lepore

7 3 J #m B % B E B &
dg WU NS MRS snme ® % | WA BohrpR St
) 46 CD5 ext I Gly ->Glu
B 47 CDs ext Vp Asp—Asn
B 56 D7 ext V  Gly »Asp
B 58 E2 ext Vn Pro —Arg EE E W E ¥
g 61 E5 ext 1 Lys—Asn | £ % £ % E %
B 61 1ES ext I Lys—>Glu
A 63 1E7  heme I His >Tyr | EEH ¥k 12

|
B 63 E7 heme I His —Arg FEN
B 67 [E1l  heme I Val>Glu PEHicfe ¥k ~L5
B 67 E11 heme I Val -Ala
B 69 :,E13 ext V  Gly —»Asp
B 73 E17 ext V  Asp—Asn
B 76 E20 ? V  Ala—->Glu ’®
B3 77 ‘EF1 ext Vp His —Asp
K] 79 _‘EF3 ext I Asp —>Asn
B 80 EF4 ext V  Asn-—Lys E B E ¥ FE ¥
s 87 F3 ext V Thr—Llys
B 88 F4 heme I Leu—Arg
B 88 F4 heme I Leu—Pro
B 90 F6 ext I Glu->Lys | & v & % & %
B OFDHLTFCHETCHOTHEED > b, SEERBREFIES & L & L
B 91 F7 ? ? Leu —Pro
] 92 F8 heme I His —»Tyr F=R ITIEER  ~2.3
8 94 FG1 ext ?  Asp—Asn
B 95 FG2 ext V Lys »Glu
B 98 FG5 heme I Val -Met |EHIZE
B 99 G1 1B, I  Asp—His [FEEicEe ¥ B 1.0
B 99 G1 a;B; 1 Asp—Asn FEEIE FETSZ L1
8 102 G4 {*;fl‘gze} I AsnoThr [E¥icfv fET2 1.3
B8 113 G15 a8, 1 Val >Glu
B 120 GH3 ext Vp Lys—>Glu
B 121 GH4 ext V Glu—Lys
I 121 GH4 ext V  Glu—->Gln PXH E W OE K
8 124 H2 a1 2 Pro—Arg
B 126 H4 ext Vn Val ->Glu
B 130 H8 gen Vn Tyr—Asp
B 132 H10 B1Bs I Lys —»Glu
B 136 H14 gen I Gly —Asp
B 143 H21 ext ? His »Asp [FEFEIZEWV X 2.0~2.€
B 145 HC2 gen I Tyr—His 5 v E H 1.2
T 5 A2 ext V  Glu—Lys
T 6 A3 ext V Glu—-Lys
T 12 A9 ext V  Thr—Lys
T 121 GH4 ext V  Glu—-Lys
0 2 NA2 ext V His —Arg
J 16 K13 ext V  Gly »Arg
g 22 B4 ext V  Ala -»Glu
B 136 Hi4 ext 1 Gly »Asp
B #EOWERE (By) EFEIZE L 1.0
T HOWER (ry) EEICEY & L 1.0
By 0 FHofE (ax(0—F)2) v W OE W

*1

*2

TIJBBEHRDBIANBES~20FAMTH 2H A
heme, ¥ 72 =, t 24 72=, } LOBERECH Y
B aify, aifs, Bife 1Y, * O FREE /23K
ORI L b » THTHEEVBERT 2L 5356
13 gen (general), S FOEEIIH » THH X OHEI
ext (external) B ¥ KL TH 5.
LABERH NI NI D~E 7o YD «a
PR B WAL E L &, fiEELoR
RE—O7 2 JEBETED b0 % 60 % I (invariant),
BEDT I JEETHD bR TWiWiLE %L V(variable),
variable %3S TOMIED 7 I JBICHE Hh AR

Hb
Hb

Hb. B U MALAL. %
Rz

WB. B 1k LS. B Lo W
Hb. B gt gL B. %85

Rge . v b A L. Bl LR F

RLE. WhtkEm

Hb

R A m. BLLed v
B#Eino~sankin. FnEEn
Hb
B#ine~onRm. FLEE. &
&

R, wmtkEim

Hb. S iel. $#FE. L%

WB. R%5%E. BmEEm

Hb. %

WH. %

Hb. R&wE. Bt LHv. BEE

Hb

AEE. WAL

Hb. % i £
WB. ZmiE. 7407 )k

Hb. %5
Hb
Hb

23
11

24

25
26

27

11

11
28

29

22
30
31
32

18

33
34

35
36
37

Vp, FEMEO 7 3 JERICAF SN 2E1E Vo g LT

MLTh3.

3 EFLRBEAO~e7ory (HbA) ¥ kigoxtge LT
W, BlAndk Pt 25 LR 254 “IEFIT &
WO HERAVWTH IR, BENTHS. S FHid~a
MHMEEROMR S T, s Hill oK n T

RLTHD.

*4 EFRAESREEHE LR 2mofsdie WB, £
WoHEi: WH, Hixni- Hb o4z Hb »

LTH 3.

5 EEAESECET B I E B BT .



P~ 7=yt

&K= 7719 |
5009
QO O N
=T E S AR CE BRI EEE
T Tal el ol 2=l ol ala] ol ol 2] o7 o BN EEIEE EE
) s Rl P E=t A e = P e P I
Val |NA2 ~ o o
Leu |NA3 s n
Ser | AL Lot 1\ Tyr A= 3 =2 =
Az =) < 5 Ser \\ Ser m < < < 2 =
= <<5 Ala Ala sl al=|a|al 3l gl= » ] =
\2 \ Q|2 K| SlS Sl EL2 £
%\?@ngcﬁmdﬁ%hwﬁkjm@%: His \ Gln €0<’”§5‘<”£i;1°<3§<<3ooo<%ﬁo§
3§£§3z2¢$3§565265 Val Leu
Ala \ Glu
Ala Pro Pro ~
_ Glu H1| Thr Thr | anm
A& Ala GHS ihe 7% ihe %§§§3’§2§§ >
B10| Leu sp A sp << (&) [ ~2
olal=lalz|sl=] 52l </
& A\ EZ |2 S5|< |85 |5 Glu % Asp Lys <
{J{? \)6‘3 Arg Pro I~ Gly Gly
Va] Asp Met Leu |[GHT N GH1| Phe Lys
Ala Phe / Phe G1o His S\ [ His E10 Lys
Asp His < B Leu Val >N Arg - Val
Ala gl Pro C%\ 16 Gly Ala Ala e Leu
Leu - e & Leu Val His
Thr Q&A?g ‘g,z%'%e Thr Val - Q&E’E =°¢’*0'%@ Fe Ser
F g IT] -3
Leu K e Ser Leu SlEo= e Phe
Ala ; Leu Ala Gly
Val Leu Leu Glu
E20} Gly Cys Val Gly
EF1| His \ G10| His f———————- Asn |G10 Val
EZO
1eu \ oS Ser Gly Epl His
?@:Q o (e {460 \)e‘) S ¢ 75
e:oiﬁskgzh%:.zgﬂm:sbo—-ao-—<a.®r‘ o/l ol el 3| o|laiglalzleleelal2lal sl zl2is1 8 2> 2] 2] 5i2\C
VA E R E E R E R E EE R R R S E S VGBI RSB E R SR E R EE R EEE E E RN
[oe] - w0 — o0
[ & IS oo o
= [ [ = \ < = es [y £5 =)
\
oo}
L‘-q — fo23
m B fx \
_ St 32|l = Sl @ j 'g_v‘ b= b —:: = ‘ﬂ w =l = ﬂ — % =] ﬁ 5 &o
233G IEIE|<|<|3[8|5| Sx|5|2)3 8|24 |a <i%‘@>
/4 — \/\},“
b %)
Iz \
Eod o Gy
Val Asn |G10
Gly vl BRI
Glu Leu
Gly Ala vt xv~r7ov ol REELSTHE
A
Phe Leu -
22|51l COBHOERCY 3 LEOF 7225 b (@) BT
Ser Fe \G |< |OIE|&/ 0 Val . ., L
o - NG s Val b5, ATONELZE L TEBLTHB. <77 Kl
is - ~f 2T, S - a B LRBED AL B bb L, SIABEES 5 LT,
Leu o er [ Vo Ala KOS ¥ AR, MHMITE S ASEOBS &
Val |7 -~ Phe Val Arg BekT 5. MER~2Ths. BELEBEIE~L2E
Lys [E10 Gly Leu His |G19 T RERISTARE (AXBR) b5 5b7. %k
Lys Asp Leu Phe [GH1 JeEE D, BARBEOBETHS. IR LAIENT,
oY Ley Arg Gly a; » HC2 (Tyr) & By » C2(Pro) X 1* C3 (’Ifry)
‘8‘5 Gly Lys DB EBNFET S, o1 & oa B By
Nao|l=lo|o| e =l — a. C} o, A B2 DHNITZ L O OBRUEREENTFETZL F X
VIS EEEEE SRR I/j” P;p 05 BATOBE, BbnaTidilt., Ll ~tsatynl
2 e |G KEEIV =+ ~ET O Y DENLRRREBE, HF
ma Glu Thr_[H1 PIEEEICBRT 2 X S nEEAEES B L LA T X
Gly Pro V. ZORIEXEN1~3) BT LTEEINERLAD
Gly Glu DTHB.
C‘%/ Leu
~£:p2‘,33m££—z£:>nm.—<:£g/ Gln
SR e E N EE R E R R E R P FA Ala
— [se]
T =3 E] N Ser
zZ Z < << Tyr
Gln
A<J’@
alslelal=]zlz| 5|5 2e|a\2
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I. AN IMPROVED METHOD FOR AUTOMATIC MEASUI\EML\’I OF THE
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Laboralory of IYiophysics, Facully of Eugincering ‘\t:‘mcc, Osaka L'nwrr.ulv

(Japan) and *Departinent oj ]’Ixystcoc/u'mzml Physiology, OSalm Umvarszty Mmlzcal School, Osaka
(fapan)

{Reccived November 3rd, 1969)

I, HIROSHI WATARI*, WAKA

SUMMARY

1 ' An apparatus with which the mntnmom oxygen equmbuum curve of hemo-
- globin can be recorded autematically was constructed and its performance was

examined. The oxygen pressure in the hemoglobin solution and the degree of satu~
ration of the hemoglobin with oxygen are determined by means of a Clark’s oxygen

electrade and by spectrophotometry, respectively. The deoxygenation of oxyhemo-~
‘globin is attained by introducing nitrogen gas into the reaction cell after about
g0 min and the reoxygenation of deoxyhemoglobin by introducing air. The deoxy-
genation curve coincided well with the successive oxygenation curve of the same
. sample. The curves measured using monochromatic lights of various wavelengths in .
the visible range coincided well with each other, in so far as the measurements were

done under the same cond]tmns This method is applicabie to hemoglobin solutions -

of concentrations of 0.01~2%. The curve is reproduced very well if the experiments

~are carried out under the same conditions and within several days. This reproduci-
bility, however, becomes worse when the experiments are carried out over a longer
pericd. The standard error of the fractional saturation for the curves which have
'@ maximum, about 2%, near the point of half saturation. This apparatus can furnish ‘
. us with easy, speedy and accurate means to measure the oxygen equilibrium curve
‘and can facilitate the obscrvation of fine structures of the curve. This mcthod is
) suitable for studics on the function of anbormal hemog 1r)bms.

'~\O Present address:

Department oi \[otabohsm Institute fm‘ Pmtcm Rcsmrch, Osa.m
KK~ ”mw' sity, Osaka, Japan.

Japan

: * The wavolcngths with astorisks Wore “wlected by the nmng of certain mterfcrcncc fil
v - \Qvhich were used in_order to climinate stra,y hght. '
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been measured over the past one year depends on the position on the curve aad is -
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3 2 A A T8

H
¢
~
R4 L%
-
s i
¥
¥ k3
"\} L
Ly
X
iy 3
£
{2
i
€
o
Lo %
P ¥
g %
T z
P ¢
5
Ldmn 3
4
4
;
P
5 4 :
LY
L H
-y 4
s i
"
{ip }
A {
S
{ <4
s
A
:
H

P
ry Axorren R

“;3 ,»m. t«. t/a. s[} .3

[ S R D A




INTRODUCTION

The comparative studics of the properties ol many kinds of hemaglobins

C © o {chemically modified hemoglobins, abnormial hemoglobins, hemoglobins from varioss
: kinds of animals, o) afford very important and conercte information about the
‘ ) relationship between the structure and function of bemoglobin, Recontly over one

. hundred kinds of abnormal hemoplobins have been discovered? ;:.n(l extensive sereen-
ing progranunes of human hemoglobin all over the \vln.ﬁ will afford new variants at
: an increasing rate, In order to study the functions U Sumber of abnormal hemo- -

globins, we require an casy and speedy method for measurcment of the oxygen

cquilibrium curve of hemoglobin. Recently we have constructed an apparatus suited

to such a measurement and {he result is reported in this paper. This apparatus has

already been applied to studies of several kinds of abnormal hemoglobins. Sone of

the data have aircady been published?? and tIu, remaining data will be reported in

the succceding paper?..

\
i
I
i

APPARATUS AND IT$ OPERATION

'\ Apparatus

The principle of our apparatus and the detailed structure of tlm reaction cell
are shown in Ifig. 1 and Iig. 2, respectively. The percentage saturation of hemoglabin ,
with oxygen is deter mlmd from the change in absorbance of monochromatic light of o e
_ a certain wavelength and the oxygen partial pressure is determined by means of a "

' , . Clark’s oxygen electrode (30005 polarographic oxygen sensor, Beckman) directly

.  soaked in the hemoglobin solution. The light path of the cell is 28 mm. The proper

o volume of the sample is 6 ml. The temperature of the sample is measured by the
.  thermister and can. be controlled at a desired temperature from o to 40° by thermo- |
o modules. It can be maintained within the variation of 4 0.1° during measurements. °
The: spectrophotometer used is 139 UV-VIS spectrophotometex thacln——l’cr.\mf .

' g L . P .

‘ISQZHb

L 0e® 0ee e ©

Ja 7 Tigo . The rln ram showing the principle of antomatic measurcment of ¢ oxygen cquilibrium curve ¢ o DI ,
of hemoglobin, 1, reaction coll 2, hemoglobin solution; 3, window through which the light passes; .. Sl S
<-4, inlet of nitrogen or air; 5, outlet of gas; 6, stirrer rod; 7, light source and monochromater; 8, )
t o monochromntlc light; 9, photomultiplier; ro, amplifier for pl\otomultxphcr output; 11, oxygen - 0 °
‘ clectrode; 12, d.c. powcr»aupply. 13, amphﬁu for oxygcn cmctrodc current; :4, X-Y ru:ordcr.‘ i S
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Fig. 2. The structure of the reaction cell assembly, The left and the right arve the sectional -side———e=

view and the front view partially in section, respectively. 1, reaction cell; 2, lid; 3, nut w fix the
lid to the cell; 4, rubber O-ring to ke ep the inside of the qu air-tight; 5, quartz plates; 6, oxygen
clectrodee; 7, thermister probe: 8, shringe necdies through which gas draws into or out of the “cell:
9, rubber packings; 1o, rubber tnbes to lead gas; 31, hemoglobin solution; 12, monochromatic’
light; ¥ 3, window through which the light penetrates; 14, dry compartment; 15, block of acrylic
plastic; 16, silica gel grain; 17, pores connecting the silica gel rooms to the dry compartinents;
18, rubber cap of silica gel room: 19, thermomodule; 20, water jacket to cool the thermomodule;
21, rubber tube to lead the water; 22, frame to hold the wholy assembly. The shaded areas
represent the parts made of stainless steeh The light path through the cell is 28 mm. The capacity
of the cell isabout 20 ml. The proper volume of the sample is 6 ml. The dry compartments prevent.
surface of the windows of water drop formation when the tunpcmtum of" tlu, sample is below dew
point.

- Elmer. The amplifier for the oxygen eledmdc current is l\\Izooz niicro voltmctu

Okura Electric Co.

Calibration of oxygen clectrode

The oxygen electrode used for the appamtus was calibrated by measuring the..~

oxygen partial pressure of gas equilibrated with the solution by means of a Haldane's
gas analyzer. The output of the microvoltmeter attached to the oxygen electrode
depended linearly on the oxygen partial pressure, as shown in Fig. 3. Usually the
sensitivity of the microvoltimeter is adjusted regarding the solution equlhbmted with

. air as the standard. In this case the O\yg.,en partial pressure in the air is assumed to
be (760 — ¢)-0.209 mm Hg where eq is the saturated vapor plcsxure of water at the

ambient temperature.

The sclection of monochronmttc light for determination of />c'1'¢c ntage mlum{wn of herio-

lobin with oxygen

We measured oxygen C(]lu])bl i curvesof hemoglobin using various  wave- -
Jlengths: 730, 680, 600, 576, 564", 542, 429", 406", and 371" mu. The oxygen affinity
‘became slightly higher as the hemoglobin concentration decreased, but the oxygen

equilibrium curve for-a certain wavelength coincided well with that for another

~ wavelength when they were measured under the same cxpu‘imental conditions {see -
Table I). Ihcrcfmc we can «clect a suuable wavelcnf'th in acwrdanco with- the -

355143
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. a')a" : : v . *
TABRLE | d ) L

INVARIANCE OF OXYGEN EQUILIBRIUM CHRVE TO WAVELENGTH OF MONOCHROMATIC LIGHT USED
FOR MEASUREMINT K :
The vidues in the table are pyin mm gy, the oxvgen pressure at hall saturation of hewogiobin .
with oxyzen. Temp, 2070 pll 7.00in 0.8 M phosphate buffer. The wavelengths wich asterisk were
chusen by ditting to those of the fillers instead of the characteristic wave lengths of oxy- or Geoxy: *
. h(‘m(»u.nhm such s 560, 430, 415 and 375 mu (confer the footnote). The other parts of the curves
than that at half satueation coincided also with cach ()Lm ras well as pi. At 730 myge the curve can
be mcasured for he n.o;;lobm up to a concentration of 2 ,n.

Py
Hb conen. (%) A (m/:} 730 680 600 57u s(‘; 542 4 qo9° 371"
t v ‘ 102 10— — " - )
0.2 I s — 9.9 — e — -
0.1 — — 9.4 0.4 9.6 9.6 - — — ' .
0.05 L A 0.0 S
0.01 — — — - - — 5.0, S.0 S.0 o

extent of absorbance change induced by oxygenation, which depends on the hemo-
globin concentration. Our apparatus can work adequately for hemoglobin of concen-
trations of 0.01-29%,. It must be mentioned here that for the abnormal Hb M Hyde

. Park a discrepancy among the oxygen cquilibrimm curvesdetermined at various wave-

g kzng,t}}s was observed? and that it would be possible that similar cases may be found
in othu hemoglobms than the normal hemoglobm : -

cooL | ) o B K /
. ,\ .

3 F ‘ / . :
2 : . .
2anor / Do ’
bS] . : 2
.0 . ) .
u . '
“ bo
[ ' 7
. .0 3 / . | - S . ’ e B
‘ . K ’ N .
Il 8 L ' S . o R
(o] 50 100 190 ' i -3 A 1 T L Lo L . N o Lo
Oxygen pressure (mm Hg) ‘ o 60 tirn e.z?min) 780 240 o o .
1 . . : s

N . Tig. 3. The calibration curve of the oxygen clectrode. Ordinate, (he lcrulin;; of the microvolumetgr -

. : j
-whiclh amplifies the oxygen clectrode current; nbscnsa OXYECD pressure de werimined with Haldane's
PR ;.:ns analyzer.

s I ig. 4. The rate of change of Lho oxygen pressure during deoxygenation and successive oxygena-
‘ : tion of hemogiobin. Ordinate, log(p/pe) where pg and p are Lhu axygen partial pressure at start |
(cqunh to that in atmosphere) and at every moment, respoctively. Concentration of hemoglobin,
0.1%; temp., 20° and pH 7.0 in 0.1 M phosphate buffer, ————, dcoxy'ronatmn was done as .
. quickly as possible) 4 — —, deoxygenation was done purposefully stowly in order to make the » L
vy oxygen cleetrode desaet the oxygen pressure change. In both cases the 1.*0\ygcn'xtmn rate was 0 T 0 0 iy

. .decreased intentionallyy, but it can be mcrmsul if necessary, to thc same ratc as in dooxvgmmtum
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Deoxveenalion «.,nl axygenadion procednre

hn order to deoxygenate the oxygenated hemoglobin solution, we substituted
the wir of the gas phase in H\(‘ cell by nitrogen gas, with gentle stirring of the heimo-
clohin solution by a magnetico stirrer, Similarly, we substituted the nitvogen gas by
i al an appropriate rate in m(lu to reoxygenate the deoxygenated hemeoglobin, Tt .
takes about an hour to deoxygenate thie oxyhemoglobin solution, but this is too fast
for accurate detevmination of oxygen equilibrium curve compared with the slow
response of the oxygen clectrode. T such a case, if one measured a deoxygenation
curve and the succeeding reoxygenation curve for an identical \nmp;c, the Intter was
usuaily shifted to the felt of the former alomg the abscissa by about 10%, of cach vaiue
of oxygen pressure in the whole curve. In order to obtain an accurate (xe‘)\'\'"(-xmtion )
curve, we sct a flask of Too mil filled with air before the gas inlet of the reaction cell
and imtroduced the nitrogen gas at the rate of about 10 ml/mm in order to decrease
the deoxygenation vate. It thien takes about 9o min to attain deoxygenation but the
successive oxygenation curve coincides well with the deoxygenation curve. In Fig. 4
examples for deoxygenation and successive oxygenation vate are shown {or both the
_cases where the deoxygenation and suecessive oxygenation curves coincided and did
not coincide with cach other. It is undoubted that the system in the liquid phascis - ° ‘
at equilibrium at all times because of the high reaction rate of hemoglobin with dis- ' '
solved oxygen and rapid stirring of the solution. The determination speed is limited
by the low diffusion rate of gas between the gas and liquid phases at the end of the "~ 7.
curve and by the slow responsce of the oxygen electrode. . '

a

: o MATERIALS ' o - o .
. . . . . : \

The blood of one of the authors, who is a non-smoker, collected in acid-citrate—~
dextrose solution was washed 5 times with 0.85% NaCl and the ved cells were hemo--
tyzed by addition of 1.5 vol, of de-ionized water and 0.5 vol. of toluene, followed by -+
centrifugation. 2,3-Diphosplioglycerate-firee hemoglobin was prepared according to P
the method of BENESCH ef al.b mentioned previously. Myoglobm was extracted from - ’
sperm whale muscle and purified according to the method of KENDREW AND PARRISHS.
" A red cell suspension was obtained by diluting fresh hunan.blood with 150 vol. of
isotonic buffer (0.15 M Na,HPO, -+ 0.15 M KH,PO,). The protein concentration of - - -
‘ - thesample was dotermmed by spectrophotometxy afu,r conver sion to pyx idine hemo- '
. oL chromogen’, !

RESULTS . - !

L Reproducibilily of oxygen equilibrivan curve and reliability of the apparalus
‘ ' The curve recorded on the X-Y recorder chart had no significant noise and an
, , " example is shown in Fig. 5. The curve was reproduced very well if the experiment
« . was caried out in the same conditions and within several days. But it is usual that -

. oo . the reproducibility becomes worse when the experiment continues to be carried on _
<o or lenger period. In 1ig. 6, the reproducibility of all the oxygen equilibrium curves . - S
v of hemoglobin which have been measured over the past one year in certain conditions

* is shown with respect to the fractional saturation. The standard error of the determin- = = -/
ed tmctxonal saturation was maxmmm, about z%, 11eax' the 1nlf «'xtnr.mon but :
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Fig. 5. Oxygen equilibrium curve of the hemoglobin drawn on the recorder chart. Hemoglobin
concentration, 0.1% in 0.1 M phosphate: pH 6.8; temp., 20% The curve was drawn from the right-
nand to the lefthand, An arrow at the end of the curve represents the extrapolation of the curve
to the origin, Ordinate is the transmittance change, to which the output of the spectrophotometer
is proportional. “The absorbance change and subscquently the percentage saturation are caleulated
from the transmittance change. The numbers added to the curve represent the oxygen pressurein
mm kg ) ’

Fig. 0. Reproducibility of the oxygen equilibrinm curve of hemoglobin. The curves measured over
about one year were used for the estimation of reproducibility. Experimental condition: hemo-
zlobin eoncentration, 0.1%; in 0.1 M phosphate buller; temp., 20° O, pH 7.4; A, pll 7.0; %,

Pl b.5. Thie nunibers of curves used are 8, 8 and 7 for pil 7.4, 7.0 and 6.5, respectivelv.la) Kelative -
standard arror of oxygen pressure, S,/p, against fractional saturation, y. 8§y is defined by S =

VST < P8 [ = 1) where pi is the oxygen pressure at a certain value of y on the i-th carve
and p; is the average of u values of py and n is the number of the curves; the summation is per-

formed in terms of 7 from 1 to ».{l) Standard error of fractional saturation, S,, against y. Sy is

defined by S, = VYIET — 709/(# = 1) where g4 is the {ractional saturation at p; ot thé i-th -

curve and §; is the average of # values of y; and the other matters follow (a).
g . > ¢
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Fig. 7. The oxygen equilibrium curves of human hemoglobin, ied celi suspension and sperm whale

myoglobin. Abscissa, log p where p is oxygen pressure in mm Hg. —, hemoglobin, concentra-
tion, 0.1% (60 sM by heme); in 0.1 M phosphate bufler; ......, red cell suspension, in isotonic
buffer {pH 7.4) of 150 times volume of blood ;. — — —, myoglobin, concentration 0.1%, in 0.1 M
phosphate buffer (pH 8.3). Each curve was mcasurcd at 20° using 564-mu light.

Fig. 8. The oxygen cquilibrium curves of human hemoglobin with 2,3-diphosphoglycerate added
successivly.(1) 2,3-diphosphoglycerite-free;(2) 0.5 mole of 2,3-diphosphoglycerate per 1.0 mole of
Hb by teiramer(3) 1.0 mole per 1.0 mole;(4) 10.0 mole per 1.0 mole: Concentration of hemoglobin,
0.1% (15 #M by tetramer); in 0.0t M Tris-=HCl bufier; pH 7.4: temperature, 20°; wavclength of
monochromatic light, 564 mu. : Cp el e '-
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became smaller as the extent of saturation becomie inercased or decreased, The
reltive standard ervar of the determined oxygen pressure was about 3% as o wini-

mum. The methemogiobin formation during the micasurement was checke } rom the
uptw'll speetrin curves of the sample before and after measurement. At higher pli,

the formation was negligible but became larger at lower pli. For the normal hemo- .
plobin it was always below 390 of the total hemaoglobin when examined uader the ‘
wllowing conditions: hemoglobin concentration, 0.1%,; in 0.1 M phosphate bulfer

(pH 0-8; tewp. 207). The formation rate inereased as the hemoglobin concentration
decreased bat it was always below 5%, even for the concentration of 0.019%,.

”

Some data obleined by this apparatus ' ‘ .
In Fig. 7 Lypicad results measured by this apparatus for human hemoglobin

sperm whale myoglobin and red cell suspension are shown. Previously BeNescH of al. 5

have shown that organic phosphate has a profound cffect on the oxygen equilibrium -

curve of hemoglobin and the hemoglobin solution with 2,3-diphosphoglycerate added

in_jnsufiicient_quantity to sgfuack the hemoglobin fully, gives a biphasic oxygen
sﬁ,‘t,‘-‘,»‘)fgé - vqu.hlm"um curve. \We nlso c.\'amincd‘thc eficct using 0.01 M Tris-IICl buffer and
: “the results are shown in g, 8. In this result one of the distinct {eatures of this:

apparatus is scen clearly in the fact that the fine structure of oxygen cquilibrium

curve is clearly obscrved by continuous recording. L , e

DISCUSSION , L cwred of

. . e . .

. . p
b . Up to date oxygen equilibrium g__u_pf {s hemoglobin have usually been measured
by the method of spectrophotometry*=19 or gas analysis’=33, which has been usually ‘
_ . combined with manometric procedures. These methods, howcvcr, give us discrete REEER ' L
< points on the curve and it requires much trouble to determine many points on the ' |
curve in order to obtain an accurate curve. Formerly some attempts to obtain a :
continuous curve were made by some investigators™3%, Their methods are, howaver,
somewhat troublesome and choice of the measurement conditions is limited in a
narrow range, while it is possible in our method to choose a comparatively wide:
variety of conditions such as hemoglobin concentration, environment, cle. -
The oxygen equitibrium curves measured with our apparatus coincide well with
otlier invcst.b. ator’s datal® measured by the spectrophotometrical method under the =+ * ' \
: same conditions. The reproducibility of oxygen equilibrium curve is very good if the . .7+ .~ - o
) | experiments are carried out within a short period. The measurement of oxygen’
equilibrium cugve sof abnormal hemoglobin is such a case and so the discussion on

Ve S"o’,‘p/'"w functional differences between normal and abnormal hcmog.obms becomes rcliable
, -~ to that extent. ,
It is an advantage that we can obtain a continuous curve, as in this way the Lo

fine structure of the curve can be clearly observed. This was shown in the study on . . _
" Hb Hiroshima?3. . A : . oo e e x
' Now we may present the following advantageous features of the apparatus P :

reported here: (1) This apparatus can furnish us.with an casy, speedy and accurate | =~

means for the measurement of the oxygen cquilibrium curve. (2) The experiment can

be casily carried out over a comparatively wide vanety of conmt‘ons (3) The fine
‘ . structure of the curve cah bc. casxly observcd F AR R v _3 T,
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‘(Japan) ; and "’*Fzrst Depammnt of Imemal Medmme"v Universit Medwal"Sch 4, Gcf %
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(Recexved November 3rd 1969)

Oxygen equlhbrlum functlons of abnormal hemoglobms dascovered from
Japanese families were studied. Hb Shimonoseki (E3e, Gln — Arg), Hb Ube I (E17a,

. Asn'— Asp); Hb Hikari (Esf, Lys — Asn) and Hb Gifu (EF48, Asn — Lys) have the"
:+same function as that of Hb-A. These results further confirm the w1dely known fac
; that external residues generally do not have a very. 1mportant role in the functlon

.nisms of oxygén-transport functlon sulted to the phys1olog1cal purposes have been
' studied by many investigators. Recently, on the one hand; detailed information o
“the structure of hemoglobin molecule at the atomic level: has: been obtained?-4 an
‘on the other hand functional abnormalities of many. -variants. of human hemoglobi
‘have been studied, and so it has become posmble that one can offer some explanatlo

studles on the relatlonshlps between structure and functlon of hemoglobm 1t woul,

be very useful to lnvestlgate ‘the function of other kmds of abn"rmal_ hemoglob-t_




equlhbnum curve of hemogloblm can: be recorded automatlcally and apphed it to
studxes of various kinds of abnormal hemoglobms discovered from Japanese famlhes.'
"Some of the data are already pubhshed" 8 a.nd the remammg data are reported in thls

. paper. .
. ‘METHODS AND M‘ATERIALS

Abnormal hemog]obms used for this study, whlch were d1scovered from Japanese‘
.. families, are desinated as Shimonoseki (E3a, Gln — Arg)?, UbeII (Ex7a, Asn -> Asp)19;:
" ‘Hikari (EsB, Lys — Asn)11, Gifu (EF48, Asn — Lys)!? and Agenogi (F68, Glu — Lys)®3.

Abnormal and normal (as control) fractions of hemoglobin were separated from
the same hemolysate of carrier’s blood by starch-block electrophoresis' using. Tris—
"~ EDTA-borate buffer (pH 8.6). The purity of the samples was ascertained by agar-gel :

- electrophoresis (pH 7.6). The protein concentration of the sample was determmed by

" spectrophotometry after ¢onversion to pyridine hemochromogen?®. -~
Oxygen equilibrium’ curves were. measured, by the method reported in the
- preceding paper®. The wavelength: of monochromatic light used for measurement was.
564 mpu. No difference in methemoglobin formatxon rate betwegn abnormal and normalv
hemoglobins, was observed during expenmental p ‘ocedure ’\far as 1t was tested by

! spectroscopy

2 8

8?

% Saturation .

Flg b 8 Oxygen equlhbnum cirves of the separated fractlons of Hb Agen

whole hemolysate containing Hb Agenogi. Hemoglobin concentration, 60

‘buffer of 0.2 ionic strength adjusted by NaCl. p, oxygen pressure in mm Hg; —

o e — Hb A; . 0. (i whole hemolysate conta.mmg Hb Agenogl. From left to nght for the sets
“of curves, pH 7.5,7.0, and 6.4.
' Fig. 2. Bohr effect and heme—heme mteractlon of Hb Agenog1 Expenmental condmons are the
.. sate as described in Fig.’ 1. py, 0xygen pressure in mmni. Hg required:to-attain, the half saturation;
“*n, the constant involved in: the Hill’s. emprncal équation.: (J:a 'Hb‘YAgenogl at % and 10

: ;espectwely, A and A, HBAa¥2 xrespectxvely !
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o ‘RESULTS

. 'The oxygen equilibrium functions of the five abnormal hemoglobms aré summa-
- rized in Table I. Hb Agenogi had a slightly different function from that of Hb

*while the other four hemoglobins had the same function as Hb A: the oxygen equi-
‘librium curves of them' coincided w1th that of Hb A,;wrthm the error which was

estimated from the reproducibility of the curve i in the precedmg paper (see F1g 6 in

L _’the preceding paper).

o Examples of the oxygen equlhbnum curves of. the separated fractlons of Hb
", Agenogi and Hb A and the whole hemolysate containing Hb Agenogi are given in
" Fig. 1. In Fig. 2 the oxygen affinity in terms of ;, oxygen pressure required to attain
~ the half saturation, and Hill’s constant, #, a numerical measure of heme-heme inter-

e action, are plotted against pH. Hb Agenogi had a slightly but obvmusly lower oxygen

- affinity than that of Hb A: p; of the former was about 1.3 times as large as that of

~the latter. This abnormal oxygen affinity of Hb, Agenogi is probably a true property

of this abnormal hemoglobin itself and is not an artificial property introduced by

. separation precedure because the oxygen equilibrium curve of the whole hemolysate

* containing Hb Agenogi is located between those of Hb: Agenog1 and Hb A. The shape

~of the curve of Bohr ‘effect (dependency of log p, on pH) and heme~heme interaction
of Hb Agenogi were, however, normal in comparison with those:of Hb A. The temper-

" ature dependency of the oxygen affinity of Hb Agenog1 was also normal ;5} mcreased

. by about 2.2 times \nhen the temperature mcreased by»Io o :

. DISCUSSION K

Neither clinical nor hematological abnormalities?>11,1% are associated with the
" abnormal hemoglobins studied here except Hb Gifu. This fact is consistent with the
result that these hemoglobins have the same function as or similar one to' that of
- normal hemoglobm The carriers of Hb Gifu are accompanied with. mild polycy—

.~ themial?, But it is uncertain whether or not this a_ne&e is assomated thh the ab

“ ! norinal hemoglobin. L Lo deseaae

S The functional normality of the four abnormal hemoglobms except Hb Agenogl

. is also consistent with the data from the study on the structure of the hemoglobi
“molecule on atomic level by X-ray analysis. In all these hemoglobms the replacement.
of residues occurs at the external site of the molecule?, and so it causes only the change

. of surface charge carried by the molecule and would not give any effect on the sta-

. bility or conformational ‘change of the molecule. The residues at E3a and at E17aq,’

* where the replacements occur for Hb Shimonoseki and Hb Ube 11, respectively, are.

.+ variable among mammalian hemoglobins and are also replaced in other variants
‘Hb Mexico (E3a, Gln ~> Glu)!® and Hb G Philadelphia (E17a, Asn — Lys)!? which’

_give no clinical symptoms. Therefore the change of charge carried by the residue at,
E3a or E17a seems to exert no influence on the function of hemoglobin. The re51due
at Esf is mvar1ant among mammalian’ hemoglobms of -known sequence but its

.replacement in Hb H1kar1 causeés no functional abr ormahty Furthermore no’ chmcal

“ symptom has been reported for the carrier. ‘of Hb' N Seattle“ whlch has the replat:e

- ment; Lys ~» Glu, at the same site, E3f; as ‘Hb Hikari; Fo

° srderatron as for the sxtes E3a and E1ya, seems 0.appl




. globin variants discovered in ‘the world up to date most of those do not have any

" functional abnormality. Some of those, however, show a markedly abnormal function

. In these variants the replacement of the residue is usually located at the boundary of:

- the sub-units or the surroundings of heme. The replacement of the residue either

prevents the molecule from a normal conformation change durmg eoxygnation or

impairs the stability of the molecules. On the contrary variants which. contain the

replacement of external residue, among which most of variants are included, usually
. do not show any abnormalities, as also shown in this study. Our study further confirms

- that external residues generally do not have a very 1mportant role m the functlon o

’ hemoglobm5

. Hb Agenogi has a shghtly, but obvmusly different, functlon from that of Hb A.
“The site, F68, at which the replacement occurred is invariant among the mammalian
hemoglobms of known sequence and so it may have some special role for the function
_of hemoglobin. The residue at F68 is apart from the proximal histidine at F88 by

“two residues and is faced towards the side opposite to the heme plane, and so dlrect

. interaction between the residue and the heme is not probable. :

' According to the mechanism of the Bohr effect recently proposed by PERUTZ
et al.®, the imidazole gyoups of the C-terminal histidines .of the -chains and the
"‘a-amino groups of the a-chains are free in oxyhemoglobin, while in deoxyhemoglobin
the former are bound to the aspartates FGI of the same ﬂ-cham and the latter to
the C-terminal carboxyl groups of its partner chains, resulting in a raise of their pK’;

“values. About three-quarters of the alkaline Bohr effect can be accounted for by this

mechanism. The acid Bohr effect can be derived from the lowering of the pK valuesl
of the carboxylic groups of aspartate (iJi1f8 and arginine HC3a by linkages with their
. partners, histidine HC3ﬂ and valme NAIa, respectlvely, whlch are formed in deoxy'

. hemoglobin. :

‘ In the case of Hb Agenog1 the hnkage between HC3;3 and F GIﬂ may be affecte

. by replacement of F68 Glu by Lys because the site, F68, is four residues, namely

‘* about by a helical turn, apart from FG1f and will point in the same dn‘ectlon as:
FG1f. If the newly introduced residue, Lys, strengthens the linkage between HC3ﬁ.
‘and FG1f in deoxygenated Hb Agenogi, the deoxygenated form will become the mor
.stable and consequently the oxygen affinity of Hb Agenog1 will be lowered.

A It is generally expected that the shape of the curve of Bohr effect w111 b"
affected when the surroundings arround the. oxygen- lmked acid groups,. HC3ﬁ Hi

. are changed. The shape of the curve of the Bohr effect for Hb Agenogl is, however
" almost. identical with that for Hb A as far as the ‘measurement was carried out at
between pH 5.9 and 4.8 (see Flg 2) P:ewously WYMANW,denved_,the ‘followin;
3 equatlon for Bohr effect, . - e s

R YY)
(H* + K,") (H* + K

log P:Ia - Constant + lo

; ‘ 'v‘vhere K, and K,’. and'K and K," are dissociation’ constants of the oxygen—hnked
i amd groups for deoxy- and oxyhemoglobin, respectWely The ~subscripts, 1 and 2
of the constants refer to the groups respon51b1e for the a.lkalme and ac1d Bohr effect




I

2
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leavmg the other constants unchanged then the p* value of the hemoglobm mcreasesz
by about 1.3 tlmes, while the shape of the curve of Bohr effect is little changed -at.
least for pH values between 5.9 and 7.8. This is just the case for Hb Agenogi. The
~ decrease of the pK, value for deoxyhemoglobin suggests altered surroundings around
* FG1f Asp and is consistent with the above mentioned assumption of strengthened
.“linkage between HC3p8 and FG1f in ‘the deoxygenated form. Thus one of the plau51b1e.

the newly introduced residue, Lys, alters the surroundmgs around the oxygen—lmked‘
ac1d groups and affects the linkage between them in the deoxygenated form, resultmg
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Oxygen-equilibrium characteristics of human abnormal hemoglobin (Hb) Hiroshima
.(8 143 His — Asp) were studied. The purification of the abnormal hemoglobin fraction
was attained by starch-block electrophoresis (pH 8.6). Hb Hiroshima has an increased
oxygen affinity, a decreased Bohr effect and a reduced heme-heme interaction (Hill’s
constant, n = 2.0 ~ 2.6), in comparison with those of Hb A. The constant n shows a
tendency to increase with the increase of pH. The oxygen-equilibrium curves of Hb
Hiroshima have a section of singular shape at the upper range of saturation and are not of
simple sigmoid form. The data of hemolysate containing Hb Hiroshima are nearly con-
sistent with the results expected from the data of purified samples, but a slight dis-
crepancy between them is seen in respect of fine structure of the oxygen-equilibrium
curves. The implication of the functional abnormality of Hb Hiroshima is discussed from
the viewpoint of altered relationships between two @-chains caused by the amino acid
substitution and it is pointed out that the amino acid residue of 8 143 plays an important
role to the oxygen-combining behavior of hemoglobin.

It is a problem of much interest to in-
vestigate what role each residue plays in
hemoglobin (Hb) molecule in order to ex-
hibit its excellent physiological function.
The investigation of the function of ab-
normal human hemoglobins with single
amino acid substitution is very profitable
for the clarification of interrelationships
between structure and function of hemo-
globin. )

Recently S. Shibata' et al. (1) have dis-
covered a new variant designated as Hb
Hiroshima in a Japanese family and have
determined the amino acid substitution
of Asp for His in the 143rd amino acid
residue of the g-chain. The oxygen-equi-
librium function of this abnormal hemo-
globin was studied and the results are re-
ported in the present paper.

MATERIALS AND METHODS

The samples used for this study are purified Hb
Hiroshima, purified Hb A (control) and hemolysate

! His address: The Third Department of Internal
Medicine, Yamaguchi University Medical School,
Ube (Japan).
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of patient’s and normal’s blood. Hb Hiroshima and
Hb A were purified from the same hemolysate of pa-
tient’s blood by starch-block electrophoresis (2) us-
ing Tris-EDTA-borate buffer (pH 8.6) and the purity
of the samples was ascertained by agar gel electro-
phoresis (pH 7.0). The content of abnormal hemo-
globin in the hemolysate was determined by scanning
the agar gel plate after electrophoresis (pH 8.6). The
purification procedures were performed by S. Shi-
bata' and the purified samples and hemolysates
were sent to the author. Each sample was dia-
lyzed 24 hours at 4° against 0.1 M phosphate buffer
(Na;HPO, + KH;PO.) and was diluted with the
buffer to adequate concentration before measure-
ment. The protein concentration of the sample was
determined by spectrophotometry after conversion
to pyridine hemochromogen (3).

Oxygen - equilibrium curves (O: - equilibrium
curves) of hemoglobin were measured by the auto-
matic recording method by K. Imai et al. (4). In this
method the oxygen partial pressure in the sample
was measured with Clark’s oxygen electrode and the
percentage saturation of hemoglobin with oxygen
was measured spectrophotometrically using the
monochromatic light of 564 mu. The curves obtained
by this method are continuous and fine structures
of them can be easily observed. Frequently, before
and after measurement of the curves, the optical
spectra of the samples were measured and methemo-
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globin formation in the samples during measurement
was ascertained to be too small to exert a significant
influence on the curves, judging from the change in
the spectra. Preparation and measurement had been
performed within 10 days after the collection of blood.

RESULTS

O;:-Equilibrium curves of purified he-
moglobins. The Os-equilibrium curves of
purified hemoglobins were measured at
five different pH values, and the results
are shown in Figs. 1 and 5 (the curve for
pH 6.0 is omitted in order to avoid com-
plication). The curves of Hb A coincided
well with the curves of dialyzed hemol-
ysate from normal’s blood. Therefore the
process of purification did not affect the
curves at least in the case of normal hemo-
globin. The O:-equilibrium curves of Hb
Hiroshima have a section of singular shape
at the upper range of saturation and are
not of simple sigmoid form. For example,
at pH 6.5 and 7.0, they have a flattened
section between the two points indicated
by the bold arrows in Figs. 1 and 5. This
feature gets less distinct as the pH be-
comes higher and the curve for pH 7.8 is
nearly of simple sigmoid form. These fea-
tures in the O;-equilibrium curves of Hb
Hiroshima can be clearly seen on the
curves in Fig. 2, where dy/d log p is
plotted against log p (y is fractional satu-
ration of hemoglobin with oxygen and p is
oxygen pressure). The differential curves
for Hb A are nearly invariant in shape
with pH and are translated only along the
abscissa. In the case of Hb Hiroshima,
however, this invariance is not realized.
The differential curves for Hb Hiroshima
have a shoulder in accordance with the
flattened section on the O:-equilibrium
curve at the upper range of saturation.
Furthermore the shape of the differential
curves changes with pH; that is, the
shoulder gets less distinct as the pH be-
comes higher and disappears at pH 7.8.
However the differential curve for pH 7.8
is yet considerably asymmetrical unlike
that of Hb A. The O:-equilibrium curve
was measured on the sample of Hb Hiro-
shima which had been used for measure-
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Fig. 1. O,-Equilibrium curves of purified Hb
Hiroshima and purified Hb A (control). Concentra-
tion of Hb, 0.1%; in 0.1 M phosphate buffer; tem-
perature, 20°. , Hb Hiroshima and .. ... , Hb A.
Bold arrows indicate the both ends of the section
where the curve has a singular shape.
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Fic. 2. The differential curve obtained from the
data in Figs. 1 and 5 by plotting d y/d log p against
log p, where y is fractional saturation of hemoglo-
bin with oxygen and p is oxygen pressure in mm
Hg. The curves for pH 7.4 and 6.5 are omitted in
order to avoid complication. ——, Hb Hiroshima
and ----- ,Hb A.

Fic. 3. O:-Equilibrium characteristics of Hb
Hiroshima and Hb A, derived from the data in Figs.
1 and 5. p',, oxygen pressure required to attain the
half saturation of hemoglobin with oxygen; n, the
constant involved in Hill’s equation. O——¢Q, Hb
Hiroshima and A——A, Hb A.
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ment at pH 6.5 and then had been dia-
lyzed once more against alkaline buffer
(pH 7.4). The curve thus obtained lost
such a flattened section as observed at
pH 6.5 and coincided well with the curve
for the sample at pH 7.4 which had not
been subjected to such treatment.

O,-Equilibrium  characteristics.  The
O:-equilibrium  characteristics  derived
from the data in Figs. 1 and 5 are sum-
marized in Fig. 3. The oxygen affinity of
Hb Hiroshima is higher than that of Hb A.
In the condition of pH 6.5 where the differ-
ence in affinity is maximum, pi,: (oxygen
pressure required to attain the half satu-
ration of hemoglobin with oxygen) of Hb
Hiroshima is only one-fifth of pi,> of Hb A.
The Bohr effect (dependence of pi,. on
pH) for Hb Hiroshima is considerably de-
creased in comparison with that for Hb A.
The data in Fig. 1 and Fig. 5 were plotted
according to logarithmic form of Hill’s
equation and Hill’s constants n, a numeri-
cal expression of heme-heme interaction,
were determined. The Hill’s plot for Hb
Hiroshima except at pH 7.8 was biphasic
curve (see Fig. 4) and n was calculated
from the slope of the main linear region.
The values of n for Hb Hiroshima are
2.0 ~ 2.6 and are smaller than 3.0 for
Hb A. But the value of n for Hb Hiroshima
shows a tendency to increase with the in-
crease of pH (see Fig. 3).

O.-Equilibria of hemolysates. The O,-
equilibrium curve of dialyzed hemolysate
of patient’s blood is shown in Fig. 5 with
those of purified Hb Hiroshima and Hb A.
The curve of hemolysate is biphasic and
not of simple sigmoid form. The curve
which was obtained by calculation on the
assumption that the hemolysate is the
mixture of equal amount of the abnormal
and normal hemoglobins® is also shown in
Fig. 5. The calculated curve is also bi-
phasic. These extraordinary features of
the O;-equilibrium curves can be clearly
seen on the curves in Fig. 6, where d y/d

*The content of the abnormal hemoglobin frac-
tion in the hemolysate was about 50% according to
the analysis by scanning the agar gel plate after
electrophoresis (5).
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Fic. 4. Hill’s plots of O.-equilibrium curves. The
data for pH 6.5 in Fig. 1 were plotted according to
the logarithmic form of Hill’s equation; log y/(1 —y)
= n log p + log K where y is fractional saturation
of hemoglobin with oxygen, p is oxygen pressure in
mm Hg, n and K are constants. ——, Hb Hiroshima
and ... , Hh A. The straight lines indicate the
slope used for determination of n value.
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Fic. 5. O:-Equilibrium curves of purified Hb
Hiroshima ( ) purified Hb A (.---. ) and hemoly-
sate containing Hb Hiroshima (-----). Concentration
of Hb, 0.1%; in 0.1 M phosphate buffer (pH 7.0);
temperature 20°. —.—, O:-equilibrium curve cal-
culated on the assumption that the hemolysate
contains Hb Hiroshima by 50%. Bold arrows indi-
cate the both ends of the section where the curve
has a singular shape.

log p is plotted against log p. Both differ-
ential curves of the two Os-equilibrium
curves of hemolysate obtained by calcula-
tion and experiment have double peaks
unlike that of Hb A which has a single
peak. The calculated O.-equilibrium curve
of hemolysate is similar to the experi-
mental one on oxygen affinity measured by
D12 and nearly in shape. This fact indi-
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log p

Fic. 6. The differential curve obtained from the
data in Fig. 5 by plotting d y/d log p against log p.
——, purified Hb Hiroshima; -.... , purified Hb
A; , hemolysate containing Hb Hiroshima and
— .—, obtained from the calculated curve.

cates that the three independent results
for the normal and abnormal hemoglobins
and the hemolysate are nearly consistent
with each other. The experimental O-
equilibrium curve of hemolysate, how-
ever, has less biphasic feature than the
calculated one.

DISCUSSION

It was shown that Hb Hiroshima has a
remarkable functional abnormality. Mild
polycythemia in the carriers of the abnor-
mal hemoglobin (5) seems to be associated
with the increased oxygen affinity of the
abnormal hemoglobin as in the case of Hb
Chesapeake (6).

The influence of purification on the
Oq-equilibrium curve can be neglected for
normal hemoglobin. The influence is prob-
ably small for Hb Hiroshima because the
results of the purified samples are nearly
consistent with the results of the hemol-
ysate. A small but significant discrepancy
in the shapes of curves, however, is seen
between the curve of hemolysate and the
curve calculated from the data of purified
Hb Hiroshima and Hb A, that is, the
former has less biphasic feature than the
latter. Generally it can be expected that
the Os-equilibrium curve for the mixture
of hemoglobins of high and low oxygen
affinity is biphasic, if no interaction be-
tween the molecules of those hemoglobins
occurs. This feature is really observed in
the hemolysate containing Hb Hiroshima,
although less distinctly than expected

IMAI

theoretically. However, the data of hemol-
ysate or blood containing other abnormal
hemoglobins with a marked functional ab-
normality (Hb Chesapeake (6), Hb Kansas
(7) and Hb J-Cape Town (8)) do not show
the feature mentioned above. It seems
that hemolysate suffers from a “‘flattening
effect” which reduces the biphasic feature
in the curves expected theoretically.

The O;-equilibrium curves of Hb Hiro-
shima have a section of singular shape at
the upper range of saturation if pH is not
very high, and the Hill’s plots of them
are biphasic. The heme-heme interaction
in this hemoglobin seems to be reduced so
far as it is estimated by the n value ob-
tained from the slope of the main linear
region of Hill’s plot. But the n value has
no longer an important meaning under
such circumstances-as in Hb Hiroshima
and the reduced heme-heme interaction
in Hb Hiroshima should be understood
with this note. However, in the condition
of high pH as at pH 7.8, the Hill’s plot
for Hb Hiroshima is monotonous sigmoid
curve and the reduced heme-heme inter-
action is probably true. The cause of the
singular shape in O:-equilibrium curves
of Hb Hiroshima mentioned above is not
still unknown. Recently G. Guidotti (9)
proposed a model for the reaction of hemo-
globin with ligands. According to his
model, O;-equilibrium curve and its Hill’s
plot are biphasic (double S-shaped by
his term) when the two a8 dimers in hemo-
globin molecule interact with each other
negatively on oxygen affinity (in the case

139 143 146

146 143 139

Fic. 7. The links between the two B-chains of
hemoglobin molecule near the amino and carboxyl
termini (by Perutz). ——, salt bridges formed by the
a-amino groups and the a-carboxyl groups; ----- s
hydrogen bonds formed by the y-amino groups of
B8 139 Asn and the imidazole rings of 8 143 His and
B8 146 His. The g 143 His is substituted by Asp in
Hb Hiroshima.
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of “negative interaction” by his term). Hb
Hiroshima may be the case where the
negative interaction occurs, but further
studies are required.

According to a tentative atomic model of
horse oxyhemoglobin by Perutz (10), the
two p-chains are linked with each other
near the amino and carboxyl termini in
horse oxyhemoglobin (see Fig. 7). Prob-
ably the same situation applies also to
human oxyhemoglobin. The 8 143 His
residues are not ionized and linked with
B8 139 Asn by the hydrogen bonds formed
between the imidazole rings of the His
and the y-amino groups of the Asn in nor-
mal hemoglobin. The amino acid substitu-
tion of Asp for His in the 143rd residue
of the g-chain in Hb Hiroshima probably
exerts an influence on the linkages be-
tween the two B-chains. Consequently the
two g8-chains of Hb Hiroshima may fail to
maintain a normal relative location be-
tween themselves. According to X-ray
analysis (11), a change of distance be-
tween the two B-chains occurs due to oxy-
genation by 7 A measured at the level of
the hemes. In the case of Hb Hiroshima
the hemoglobin molecule may fail to un-
dergo the normal conformational change
on oxygenation and so the heme-heme in-
teraction becomes reduced. It seems to be
necessary for the normal functional be-
havior of hemoglobin that two g-chains
should maintain normal relative locations
between themselves. Normal hemoglobin
treated with carboxy-peptidase A which
removes the last two residues, His and
Tyr, of the B-chains exhibits increased
oxygen affinity and absence of heme-heme
interactions (12). R. L. Nagel et al. (13)
suggested that the 145th residues of the
B-chains, Tyr, undergo environmental
change during reactions with oxygen. It
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can be said that the carboxyl termini of
the B-chains play an important role for oc-
currence of conformational change in he-
moglobin molecule. The reduced heme-
heme interaction in Hb Hiroshima is very
significant in relation to these facts. It
can be expected according to the data
from X-ray analysis that the 8 143 His res-
idue plays an important role to the oxy-
gen-combining behavior of hemoglobin.
This has been proved by this study.

ACKNOWLEDGMENTS

The author expresses his gratitude to Prof. S.
Shibata and his collaborators for a generous supply
of the samples and for valuable information. The
author also thanks Prof. M. Kotani and Dr. A.
Hayashi for valuable advice on the manuscript.

REFERENCES

1. SHiBATA, S., Mivas, T., OHBa, Y., Yamamoro, K.,
AND Hamivton, H. B., unpublished data.
2. UEDA, S., Japan. J. Clin. Hematol. 3, 26 (1962).
3. PauL, K. G., THEORELL, H., AND ;\KESON, A., Acta
Chem. Scand. 7, 1284 (1953).
4. Imal, K., MormMoTo, H., KoTani, M., WATARL, H.,
HiraTa, W., aND Kuropa, M., to be submitted.
5. SHIBATA, S., AND Mi1vaJi, T., personal communica-
tion.
6. CHARACHE, S., WEATHERALL, D. J., anp CLEGG,
J. B., J. Clin. Invest. 45, 813 (1966).
7. Reissmany, K. R., Ruth, W. E., AND NoMuRra, T,
J. Clin. Invest. 40, 1826 (1961).
8. LinEs, . G., aND McInTosH, R., Nature 215, 297
(1967).
9. Gumwort, G., J. Biol. Chem. 242, 3673, 3685,
3694, 3704 (1967).
10. Perutz, M. F., J. Mol. Biol. 13, 646 (1964).
11. MurHeAD, H., anp Perutz, M. F., Nature 199,
633 (1963).
12. AntonINI, E., Wyman, J., Zito, R., Rossio-Fa-
NELLI, A., AND CaPuToO, A., J. Biol. Chem. 236,
PC 60 (1961).
13. NaceL, R. E., Ranny, H. M., anp Kvucinskis, L. L.,
Biochemistry 5, 1934 (1966).



Reprinted from ARcuIVES OF BlocHEMISTRY aNp Bloprysics, Volume 125, No, 3, June, 1968

Copyright © 1968 by Academic Press Inc.

Printed in U.S.A.

ARCHIVES OF BIOCHEMISTRY AND BIOPHYSICS 125, 895-901 (1968)

Some Observations on the Physicochemical Properties of
Hemoglobin Muyge park

AKIRA HAYASHI, TOMOKAZU SUZUKI, AKXIRA SHIMIZU

The Third Depariment of Internal Medicine, Osaka University Medical School, Osaka, Japan

KIYOHIRO IMAI, HIDEKI MORIMOTO

Department of Physics, Faculty of Engineering Science, Osaka University, Toyonaka, Osaka, Japan

TAKAOKI MIYAJI anp SUSUMU SHIBATA

The Third Department of Internal Medicine, Yamaguchit University Medical School, Ube, Japan

Received November 3, 1967

Hemoglobin Myqe park (Hb Mu) and its modified product (Hb MyX) in oxygen-
ated form were obtained by chromatographic procedures. The patient’s blood con-
taining Hb My revealed EPR spectra with both high and low spin-type signals. In
an O equilibrium study, Hb Ma showed similar functional abnormalities to Hb
Msaskatoon , & somewhat higher O; affinity and a smaller n value than Hb A, and a
Bohr effect that was almost normal. But the n value and the O: affinity of the O,
equilibrium curves varied considerably according to the wavelength used for calcula-
tion, suggesting the conformational change of the abnormal subunit of Hb Mg . The
abnormal subunit of methemoglobin My was able to react with cyanide, and its K’
value was similar to that of Hb Mgoson . Heat-denaturation also disclosed the re-
markable instability of Hb Mg , which was compatible with the results of the in vivo

hematologic study.

Tn 1966 Heller and his eo-workers (1, 2)
discovered a new variant of hemoglobin M
(Hb M) in the United States, named it
hemoglobin Mgydge park (Hb My), and de-
termined its primary structure as wB8;%7v7.
Soon after, Shibata and co-workers (3) dis-
covered Hb M it in Japan and identified
it with Hb My . In Hb My the proximal
histidine of 892 is substituted by tyrosine.
It may be expected that such an abnormality
greatly affects the properties of Hb as in
other Hbs M, and the analysis of the proper-
ties of Hb My gives us valuable information
on the structure and function of Hb.

This paper briefly discusses the physico-
chemical properties of Hb My in comparison
with those of Hb Myqae (Hb My, af7v185),
Hb Mpomon (Hb Mg, @®578,), and
Hb Mgackatoon (Hb Mg, ap8285757).

MATERIALS AND METHODS

Whole blood was obtained from heterozygous
individuals with Hb Migakitay - The red cells were
washed with physiological saline hemolyzed by
adding distilled water without adding toluene, and
centrifuged 1 hour at 10,000 rpm. The resulting
hemolyzate, after being dialyzed against the elu-
tion buffer, was subjected to column chromatog-
raphy.

Isolation of HbM g . Isolation of Hb Mx was per-
formed at 4-6° in oxygenated forms, using Amber-
lite CG-50 and 0.05 M potassium phosphate buffer
(pH 7.0). When a freshly prepared hemolyzate was
applied, four fractions were clearly separated on
the column in order of elution rate: O:Hb A; (see
footnote 1)! (from Hb A and Hb M), O,Hb A,
O,Hb My , and an abnormal fraction (we call this

1 Hb A; corresponds to the fraction that was
termed by Schneck and Schroeder (4).
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Fra. 1. EPR spectrum of patient’s blood containing Hb My .

fraction O.lIb MuX).2 After complete elution of
Hb A; and Hb A from the column, Hb My could
be eluted with 0.07 M potassium phosphate buffer,
and then O:Hb MyuX, which remained on the col-
umn, with 0.5 ¥ NaCl solution. In this separation
procedure, the completely pure Hb Mg fraction
was not obtained. The purity of the separated
Hb My fraction was examined by comparing the
electron paramagnetic resonance (EPR) spectra
of the patient’s blood with the EPR of the sep-
arated Hb My . The results showed that Hb My
employed in this study contained small amounts of
an impurity that occurred during chromatography
that was composed mainly of Hb MgX . Care
must be taken not to use material treated with
toluene or material more than 10 days old, and not
to spend more than 20 hours for the chromato-
graphic procedure. These precautions prevent the
increase of Hb MuX and the appearence of other
minor fractions.

Determination of EPR specira. Electron para-
magnetic resonance spectra were recorded at
liquid nitrogen temperature using 9200 mega-
cycles/second, and the magnetic field was meas-
ured by nuclear magnetic resonance of protons in
water.

Reactivity of Hb My with potassium cyanide.
LEquilibrium analysis of MetHb Mg with cyanide
was performed as previously reported (5).

Ozygen equilibrium of HbMa . Two spectro-
photometric procedures were employed. One is the
automatic recording method of Tmai ef al. (6), and
the determination was performed at 560 mg. The

2 Abbreviations used: O;Hb Mu , oxyhemoglo-
bin Mg (afeaD—0, gledin-sryr): COHb Mg ,
carbon monoxyhemoglobin My (apfe(Ih—Co

BFediD-9Tyr). MetHb Mg, methemoglobin My
(FetID=H,0 g FetllD=92Tyry

other method is the traditional method of Allen
and Wyman (7) with minor modifications as de-
seribed previously (8). The change of absorbancy
accompanying oxygenation was measured over the
range of 450-650 mu with a recording spectropho-
tometer.

Kinelic analysis of heal-denaturation of Hb My .
Heat-denaturation of MetHb My was performed
at 64° as described by Betke and co-workers (9)
with minor modifications. Methemoglobin My was
incubated at 64° after a prior incubation of 2
minutes at 50°, and cooled in ice water; the pre-
cipitate was then centrifuged and the resulting
supernatant fluid was measured at 500 m.

All spectra were measured with a Cary record-
ing spectrophotometer, model 15. Hemoglobin
concentration was determined by the pyridine
hemochromogen method; the e/mM at 556 mu was
assumed to be 34.7 unless designated otherwise.

RESULTS

EPR spectra of blood containing Hb M z and
the isolated Hb M X . As shown in Fig. 1 the
patient’s blood had EPR absorptions be-
tween ¢ = 6.0 and ¢ = 2.0 that exhibited
characteristic splittings near g = 6.0, as ob-
served in other Hbs M (10). The EPR
spectra also exhibited the signal of a low
spin type, which has not been observed in
the blood containing other Hbs M. The
purified O.Hb Mg also showed the EPR
spectra similar to those of the patient’s
blood. Table I compares the results of EPR
measurement, indicated in terms of g values,
with those of other Hbs M. During the
chromatographic procedure, a unique frac-
tion (O.Hb MyX) appeared at the top of
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the column, and was reddish colored, as
0,Hb A, eluted very slowly, and seemed to
be unique to the hemolyzate containing
Hb My. The tryptic peptide mapping was
performed with the g-chain of O;Hb MpX
after aminoethylation. The resulting peptide
map closely resembled that obtained with
Hb Mg . This O.Hb MzX also showed the
EPR absorption with a high spin-type sig-
nal. Figure 2 indicates the signal of high
spin type atg = 6.0, which resembles that of
MetHb A, although the signal width is
slightly broad.

Visible spectra of O:Hb My and O3Hb M X,
Tigure 3 presents the visible spectra of

TABLE 1

g-vaLULs oF EPR SPECTRA FOR
Hbs M anp MetHb A

High spin type® Low spin type
Hemoglobin

g & g1 gla &l

|
MetHb A 6.02 2.0

|

811 &2 &

Hb 1\/Ilwa,te 6 . 2 5 . 8 -
Hb Masoston 6.30 | 5.71 | 2.00
Hb Msaskatoon 6.65 1 5.35 1 2.0
Hb Miyde park | 6.31 | 5.68 | 2.0 [1.90[2.27|2.44

¢ | and| indicate perpendicular and parallel
to the heme normal, respectively. ¢g., and g, are
two principal values of ¢ in the heme plane. The
signals at ¢ = 43 and g = 6.0 for Hb My are
omitted in the table.

9=602

200 GAUSS

5

Fie. 2. EPR spectra around ¢ = 6.0 of O.,Hb
MgX and MetHb A. Upper trace, O:Hb MguX;
lower trace, MetHb A.
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Fic. 3. Visible spectra of O.Hb Mm, O.Hb
MgX , and O,Hb A in 0.1 M potassium phosphate
buffer at pH 7.0. With O.Hb MuX , concentra-
tion was determined by the cyano methemoglobin
method. O:Hb Mg (—); O.Hb MuX (---); O.Hb
A

O.Hb My and O.Hb MyX. The spectrum
of O.Hb Mg showed high absorbancy around
470-520 my and 570-650 mu in comparison
with O.Hb A. The absorbancy of Hb MzX
closely resembled that of O.Hb A, although
the absorption maxima of the a-, 8-, and
vy-bands (the y-band is not ecited in the
figure) were slightly dislocated to shorter
wavelengths (574, 540, and 411 mg, re-
spectively) and were apparently different
from those of Hb My .

Reactivity of Hb My with cyanide. In the
titration of MetHb My with increasing con-
centrations of cyanide, the absorption spec-
tra of MetHb My changed in a complicated
manner. Finally, when the cyanide concen-
tration was increased beyond 1.0M, the
spectrum of MetHb My became indis-
tinguishable from that of the cyanide com-
plex of MetHb A. Figure 4 shows the cyanide
equilibrium curve with MetHb My . This
curve, if assayed at 630 mu, was biphasic as
observed in the case of the other Hbs M (5).
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When assayed at 597 mgy, an isosbestic point
for MetHb A and its eyanide complex, the
curve showed a monophasic character as
seen in Ifig. 4. The K’ value of this curve
was 2.7 X 1072 and was similar to that of
abnormal « subunit of MetHb Mg . The
reactivity of the patient’s hemolyzate to
azide was also examined by using the EPR
technique; in a high concentration of azide
(approximately 2.0 M), the EPR signal
around ¢ = 6.0 of the patient’s hemolyzate
completely disappeared and a typical low

x100
AHE AHoCN
8

A+ A
CNmet Hb(eh)=_HE__~0bs.
2

e T
log KCN concentration (M)

Fic. 4. Equilibrium for reaction of MetHb A
and Met Hb My with cyanide. Hb concentration,
5 X 1075 M as heme, in 0.1 M potassium phosphate
buffer (pH 7.0). Equilibrium was measured at 630
myu for MetHb A (A) and MetHb My (O) and at
597 mu for the heme linked with 8-chain of MetHb
My (®).
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spin-type signal similar to that of MetHb A
azide complex appeared.

Ozygen equilibrium of the hemolyzate con-
tatning Hb My, purified Hb My, and
Hb M zX. Figure 5 shows the results of the
oxygen equilibrium performed with the auto-
matie recording method. There were sig-
nificant differences in oxygen affinity and »
value in Hill’'s equation between hemolyzate
containing Hb My and Hb A; the he-
molyzate exhibited a higher affinity and a
smaller n value than that of Hb A. In the
purified Hb Mg , these behaviors were fur-
ther accentuated, but an almost normal
Bohr effect and an n value of more than 2.0
were present. These results are summarized
in Fig. 6. On the other hand, the curve for
Hb MuzX was remarkably different from
that of the above-mentioned Hbs; it showed
a very high affinity for oxygen (P4 = 0.46
mm Hg) and a hyperbolic character, but an
apparent Bohr effect was not observed. The
change in absorbancy accompanying deoxy-
genation of Hb MgX was quite large (about
2.6 times of the theoretical value calculated
on the assumption that the two hemes in a
Hb molecule are in the ferrous state and are
able to carry oxygen). Figure 7 shows the
results obtained by the traditional method.
In comparison with the results of the auto-
matic recording method under similar con-
ditions, a higher oxygen affinity was ob-
served. Although we cannot give a complete

100

80

60

percent O, saturation

100

oxygen pressure (mmHg)

F1a. 5. Oxygen equilibrium curves of patient’s hemolyzate containing Hb My , purified
Hb My , Hb MgX, and Hb A obtained by the automatic recording method. Hb concentra-
tion, about 6 X 1075 M as heme, in 0.1 M sodium phosphate buffer; temperature, 20°, A =
560 myu. Patient’s hemolyzate (—); Purified Hb My (----); Hb A (...); Hb MgX (-.-.-)

(pH 7.0).
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interpretation of these differences, they will
be partly explained by the facts that the
materials used for each study were not the
same and that the traditional method re-
quired more time than the automatic
recording method. The most striking phe-
nomenon was the transition in shape and
location of the curves with the wavelength

12
10F S
08

aosk

(o]

S 04F

02

7 7.5 8
pH

Fic. 6. Bohr effect and n value of the patient’s
hemolyzate, purified Hb Mg and Hb A. Patient’s
hemolyzate (O); Purified Hb My (O); Hb A (A).
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F1a. 7. Oxygen equilibrium curves of Hb My
and Hb A obtained by the method of Allen et al.
with minor modifications. Hb concentration,
about 1.5 X 107* M for Hb Mg and 3 X 1074 M for
Hb A asheme, in 0.1 M potassium phosphate buffer;
temperature, 21°. Hb Mg : B, pH 7.0, 560 my;
A, pH 7.4, 560 mp; O, pH 7.0, 576 mu; A, pH 74,
576 mp. Hb A: O, pH 6.6, 560 mu; @, pH 7.3, 560
mu.

399

20,

log metHb (%)

S
time

Fic. 8. Heat-denaturation rate of MetHb Mg
and MetHb A. MetHb (final concentration, 6 X
1075 M) in 0.1 M potassium phosphate buffer at pH
6.8 was incubated at 64°. Measurement of the re-
maining MetHb was made at 500 mg. MetHb My ,
O; MetHb A, A.

7 minutes

used for caleulation. As shown in Fig. 7, the
transition of the curves between 560 and
576 mp was considerably large. But in Hb A
such a phenomenon has not been observed.

Rate of the heat-denaturation of Hb My .
As shown in Fig. 8, MetHb My was quite
unstable for the heat treatment, and its
half-time was only 100 seconds.

DISCUSSION

For the isolation of Hb M with a 8-sub-
unit abnormality, an - electrophoretic pro-
cedure in ferric form has been widely used.
As already reported, Hb Mg has been suc-
cessfully separated from Hb A in oxygenated
form by using a chromatographic pro-
cedure (8). In this study, a ehromatographic
technique was also employed for the separa-
tion of Hb My from Hb A in oxygenated
form, and an O, Hb Mg fraction with a small
amount of impurities was obtained. As com-
pared with Hb Mg, the main difficulty in
the separation of b Mg was its instability,
which caused an impurity in the separated
Hb Mg fraction. The chromatographic pro-
cedure revealed the presence of Hb MuX,
which exists in the patient’s blood. But it
seems to be likely that Hb My is partly
modified to Hb MgX in the course of chro-
matography, resulting in the main com-
ponent of the impurity in the separated
Hb My . The structural study disclosed that
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Hb MguX had the same primary structure
as Hb My .

We have reported EPR spectra of blood
with Hbs M (10). These spectra are the
EPR absorptions due to Fe*+ in the hemes of
abnormal subunits. The blood with Hb Mg
also showed EPR absorption that has a
characteristic splitting near ¢ = 6.0 as ob-
served in Hb My, My, and Mg . Further,
the blood has signals of the low spin type,
which have not been observed in the blood
containing other Hbs M. These facts give
us a powerful tool of high diagnostic value.
But the genesis of the low spin-type signals
remains unknown. The separated O,Hb Mg
also showed essentially the same EPR spec-
trum as that of the patient’s blood. Hemo-
globin MyxX behaved strangely in a spec-
troscopic study: the EPR spectrum of
0,Hb MzX exhibited distinet absorption
at ¢ = 6.0 without splitting and rather re-
sembled that of MetHb A. This fact was
considered to be the important evidence
that O.Hb MxX contained ferric heme iron,
while the visible spectrum of this fraction in
oxygenated form closely resembled that of
O.Hb A.

The abnormal reactivity of Hb M vari-
ants with various ligands such as cyanide,
azide, and fluoride has been reported by us
(5). With Hb My , Heller and his co-workers
(2) observed that the abnormal subunits of
Hb My are incapable of ligand formation
with cyanide, although there was no state-
ment with the coneentration of cyanide used.
This result was not consistent with our find-
ings; the abnormal subunits of Hb My were
able to react with cyanide and azide as did
those of Hb My, My and Mg, but the
cyanide concentration needed to form a com-
pletely bound complex was lower than that
for Hb My, and was similar to that of
Hb Mg . This fact was further confirmed by
the result of the reactivity of the patient’s
hemolyzate to azide examined with EPR
technique.

We have previously reported the fune-
tional abnormalities of Hb My (11) and
Hb Mg (8). Hemoglobin My also showed
some abnormalities in oxygen equilibrium,
which were alike to those of Hb Mg . It
seems to be more likely that the features of

HAYASHI ET AL.

the functional abnormalities in Hbs M are
mainly due to whether abnormality is in the
a- or B-subunit, and not to whether it is in
proximal or distal histidine. The abnormality
in the B-subunit showed a slightly higher
affinity for oxygen and a normal Bohr effect
(8), while those in the a-subunit showed a
remarkably low oxygen affinity and little
Bohr effect (11, 12). However, heme-heme
interaction given as an n value was not ob-
served in both abnormalities, except that
Hb My showed a larger n value than that
of other Hbs M. Further, there was another
important fact in oxygen equilibrium study
of Hb My ; considerable transitions of oxy-
gen equilibrium curves in accordance with
the wavelength used for calculation were
observed. The interpretation of this result,
which we favor, is that the absorbance of
abnormal subunit, which is incapable of
carrying oxygen, may change during oxy-
genation. This hypothesis is also supported
by the fact that the EPR spectrum of the
abnormal subunit in Hb My is remarkably
changed by oxygenation (13). From these
results it is reasonable to consider that a con-
formational change occurs in the Hb Mg
molecule during oxygenation that affects the
electronic state of ferric irons and also the
hemes in abnormal subunits. Therefore, the
larger n value observed in Hb My may be
false, and the true value may be smaller.
Further work with the gasometric method is
required to elucidate the true function of
Hb My . Although no comparable data
from other abnormal Hbs are available, it
should be emphasized that the spectroscopie
method in the oxygen equilibrium study on
abnormal Hbs has to be considered again
from another point of view.

On the other hand, the oxygen equilibrium
curve of Hb MzX was in remarkable con-
trast to that of Hb Mg and rather resembled
that of myoglobin or Hb H: Hb MyxX had a
high affinity for oxygen, and a diminished
Bohr effect and n value. The above results
would appear to indicate that the conforma-
tional change does not occur during oxygena-
tion of Hb MgX . In the course of the oxygen
equilibrium study of this fraction, however
an interesting finding was observed: a re-
markably large change of absorbance was
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induced by oxygenation, which was more
than twice the value calculated from a theo-
retical base. The significance of this finding
is not yet understood.

Instability is an important property of
Hb Mg . The results of the heat-denatura-
tion study clearly showed that Hb Mg is one
of the most unstable Hbs M, and this find-
ing is compatible with the results of the
hematologic study (3) that demonstrated
the presence of hemolytic anemia in the pa-
tient with Hb My . This property also may
be closely related to the formation of the
above-mentioned Hb MzX. The treatment
of Hb My with organie solvent remarkably
increases the formation of Hb MgX, but
the mechanism whereby Hb Mg is modified
is unclear. Further experimentation is going
on to explain fully these interesting observa-
tions.
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. SUMMARY. . '?, :
L The physmochemlcal propertles of Hb M Mllwaukee-r (a,ﬂ’ “701“) were studxed
- incomparison with other Hb M variants and Hb Sydney (a,8,57412). ‘
- Using the patient’s blood containing Hb M Milwaukee-1, EPR spectra. with
_-high-spin-type signals were revealed which resembled those of Hb M Saskatoon
indicating that the glutamic acid residue at E 11 hasan eﬂ'ect on the heme iron analo-
gous to the tyrosine residue at E 7. SRR
“In an O, equilibrium study, Hb M Milwaukee- showed a diminished heme—
.- heme interaction, I.4-I.6 in terms of » value, and this value seemed to be dependent
“. on pH or temperature. Although the affinity for O, was as low as about 60 mm Hg of
*'Pggat pH 6.5, the Bohr effect was distinctly present in this Hb M, and its magnitude
'{f"vwas larger than that of Hb A. The effect of temperature on the O, affinity, however,
wa.s sxgmﬁcantly smaller in this Hb M than that observed in Hb A LT
- - In contrast to Hb Sydney, Hb M Milwaukee-1 was as stable as Hb Ainan heat '
A f_ 'denaturatmn experiment, reflecting the stabilizing effect of the intramolecular bonding
" between the ferric heme i iron. and the substxtuted glutamlc ac1d resxdue on the whole

R ’INTRODUCTIO\ : '

LS A group of abnormal hemoglobms whlch are now categorxcally known as the 7
‘Hb M (ref. 1), has been found in many parts of the world. Most of them have been {
- identified as one of the following four variants of Hb M; Hb M Iwate (a,87T¥%8,) (ref. 2), :
‘Hb M Hyde Park (a,8,°2Tr) (ref. 3), Hb M Boston (a%T¥18,) (ref. 4) and Hb M Sas- Vo
katoon (a,8,537¥7) (ref. 4). These hemoglobins M have a structural abnormality in the \
proximal or the distal histidine of the a or the f§ subunits of Hb molecule and have the -

same kind of the amino acid substitution, histidine with tyrosine. We have studied.

the physxcochemlcal propertles of these hemoglobms M and have obtamed an im-"

‘B:oclum Btophys Acta 194 (1969) 6—-15
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o portant evidence which suggests the unequwalent nature of the ¢'and § subunits in
" Hb-molecule?.
' A fifth variant of Hb M, Hb M Milwaukee-1, was discovered in-the U.S.6, and
: it was found that in this Hb M the site and the kind of the amino acid substitution was
¢ different from other Hb M variants; valine in 67 § (E 11), a position four residues or
~ one helical turn apart from the distal histidine, was replaced by glutamic acid?.
This report deals with the physicochemical properties of Hb M Milwaukee-1,
- -especially with spectroscopy, O, equilibrium and stabilities, and will discuss the
" significance of the results in companson with other Hb M variants and Hb Sydney

: (“Jz"“‘) (ref. 7)
MATERIALS AND METHODS ' v e

. Whole blood'specimen from an heterozygous ‘patient possessing Hb M Milwau-
. keerT was kindly supplied from Dr. A. V. Pisciotta with the help of Dr. J. Wittenberg
" and Dr. H. M. Ranney.
. .-*- The red cells obtained from them were washed with ‘physiological saline and -
" 'were then hemolyzed by adding distilled water and toluene. Hb M Milwaukee-1 was
- isolated in the oxy form (HbO, M Milwaukee-1 ; a,Fe2+-0,8 Fe3+~Glu) from the hemo-
.- lysate by chromatography on an Amberlite CG-50 column. The chromatography was
. . performed at 4-6° with the use of 0.1 M potassium phosphate buffer (pH 7.0). After
the complete elution of normal Hb A out of the column with the buffer, Hb M Milwau-
 kee-I was eluted with 0.5 M NaClsolution. The resultmg Hb M and Hb A were dxalyzed
R ,aga.mst an appropriate buffer.
EARH ~ Following procedures were employed for the study of the physmochemxcal
propertles of Hb M Milwaukee-1.
¢ w2 Determination of EPR spectra was performed using Japan Electron EPR
st spectrometer Model JES 3 BX. EPR spectra were recorded at a temperature of liquid
~-- mitrogen or liquid hydrogen, and the magnetic field was measured by nuclear magnetic
.z, .resonance of protons in water. Deoxygenation was carried out by repeated evacuation
" .. ~and introduction of nitrogen gas into the EPR sample tube. All visible spectra were
"~ measured with a Cary recording spectrometer, Model 14, at room temperature (23-25°).
- The O, equxhbrmm analysis was performed using the automatic recording method by
Imaz et al® at 20° and at 564 my, unless otherwise designated. Sedimentation velocity
- - measurements were made with Hitachi ultracentrifuge analyzer, Model UCA-IA; and
*all procedures for stability experiments were performed as described prevmusly5 9
Hb concentrations were measured by the pyridine hemoc};:omogen ;nethod“’ assu mmg
1the emu at 556 mp to be 34.7. § , .

‘m-:sm.‘rs

Spactroscoptc features
" EPR spectra of the patzent s blood and the purified H b M Milwaukee-1

.. InFig. 1, the EPR spectrum of the patient’s blood containing Hb M Milwaukee-1
is presented, in companson with that of Hb M Saskatoon and MetHb A. It is due to
‘the ferric heme iron in the abnormal g subunits of Hb M Milwaukee-1. The spectrum
»l,!s essentzally the same as that of the punﬁed Hb M Milw auLee-I The signal shape of

Vet ,f S chhzm Bmphys 4cta, 194 (1969) 6~15
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. L 5
Fig. 1. EPR spectra of the patient’s blood containing Hb M Milwaukee-1 (upper), of the patient’s
“blood containing Hb M Saskatoon (middle) and of the purified MetHb A“(lower). -
. the spectrum is like that of the patient’s blood containing Hb M Saskatoon, except
- for the absorption around g = 4.3 of Hb M Saskatoon. There is a doublet signal around
g = 6.0, which is a characteristic common to the patient’s blood containing each
Hb M11,12. The extent of the g value splitting, however, was found to be the most
prominent among five variants of Hb M (Table I). In the middle of the doublet szgnal
~ there was a small absorption similar to that in Hb M Saskatoon, g value of which is
_ 6.05 and corresponds to that of MetHb A. In the higher magnetlc ﬁelds also a broad
absorption was observed at g = 1.95.
- Effect of the deoxygenation of the normal a subumts on the EPR spectrum,
* which is due to the ferric heme in the abnormal g subunits, was also checked; there

i i._ L occurred no significant change in g values of this spectrum by deoxygenation.

. Vissble spectra of the purified MetHb M Milwaukee-1 (azFe“'—HzOﬂ Fed+—Glu)
Fig. 2 shows the visible spectrum of MetHb M Milwaukee-I, in'comparison with

4 wu.tnzs OF THE EPR SPECTRA FOR THE BLOOD CONTAINING EACH Hb M AND FOR MetH'b A

.-+ 1 and || indicate perpendicular and parallel to the heme normal, respectxvely gu and g4 are )
o twe pnnctpal values of g in the heme plane . . .

'!ismogllabm . tn &  Baa Gil

MetHbA ~ = .. :602 [ 20
“Hb M:Iwate 62 . . 58 Not exa.mmed
Hb M Boston 6.30 . 571 2.0 :
Hb M Hyde Park® 6.31 ) 5.68 2.0

Hb M Saskatoon® - 6.65 6. 5.35 2.0

Hb M Mil{vauk,eed 6.86 . 5.05 1.95

: *The sngna.ls at g = 4 3 ‘for Hb M Saskatoon and at g = I. go g = z 27 and g = 2 44 for §
Hb M Hydc Park are omxtted in the ta.ble

Bzocium Bzophys Acta r7r (1969) 6—15 '
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C Es  Ee w6 e0 5o s s ek 7%
- o M) ‘ AMmu)
Fig. 2. Visible spectra of MetHb M Milwaukee-1, MetHb M Saskatoon and MetHb A in 0.1 M

, MetHb M Milwaukec-x; == —, MetHb M Saska.—_ .

. potassium phosphate buffer (pH 7.0).
T toomp ese e , MetHb A.

Fig. 3. Visible spectra of HbO, M Mxlwaukee-x inoaM potassmm phosphate buffer (pH 6 3)
- under air and under pure O, gas. The 5pectra at pH 7.9 undeér air or pure O, gas were essentially
- the same with the spectra at pH 6.5 under pure O, gas. — — —, HbO, M Milwaukee-t at pH 6.5
" under air; , HbO, M Milwaukee-1 at pH 6.5 under pure O, gas.

[ R

those of MetHb M Saskatoon and MetHb A. It produced a spectrum which obviously
- differed from MetHb M Saskatoon and MetHb A, and its absorption maxima were
. found around 500 and 623 my, in contrast with those around 490 and 598 mu in
. MetHb M Saskatoon. Another absorption maximum around 540 mg observed in
" . ."MetHb M Saskatoon, which seems to correspond to the low-spin ,8 band, was shghtly
- found in MetHb M Milwaukee-1.
“« . As shown in Fig. 3, the spectrum of HbO, M Mllwaukee-r in lower range of pH
was sxgmﬁcantly different in air from that in pure O, gas; the absorption intensity of
- .the aand g bands increased in pure O, gas. In higher range of pH, whereas, the spectral
“change of HbO, M Milwaukee-1 depending on O, pressure was not observed. R

Flg 4. 0, equxhhnum curves of the punﬁed Hb M Mll“ aukee-: and Hb A Hb concn., L6 to--" \I -
as heme, in 0.t M phosphate buffer (pH 7.9, 7.4, 7.0 and 6.5); temp. 20°; 1 = 564 mu. Y
HbO, M Ml.lwaukee~ HEERRE . HbO, A. I, pH 7. 9, II, pH 7-4; III, pH 7.0; IV pH 6.5.

_chlnm Bwphys Acla 194 (1969) 6——: 5
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0, equ:lxbn . co :
As predicted from the result> of the spectral change in low er range of pH (Fig. 3),
purified HbO, M Milwaukee-1 showed very low affinity for O,; the position of the
curves was unusually shifted to the right in all pH ranges, in comparison with that
- of Hb A (Fig. 4). The shape of the curves of Hb M Milwaukee-1 was less sigmoid than
those of Hb A. The value of # in the empirical equation of Hill, a numerical expression
of the heme-heme interaction, were 1.4-1.6 and seemed to be pH dependent.(Fig. 5).
The Bohr effect, i.e. the effect of pH on the O, equilibria, was apparently present in
Hb M Milwaukee-1 as shown in Fig. 5. And the magnitude of this effect in Hb M Mil-
waukee-I, in terms of —Alog P;o/d4pH at pH 7.4 wi as 0.94 and was larger than that,
0.60, of Hb A.
Fig. 6 shows the O, equilibrium curves of Hb A, hemolysate conta.mmg Hb
M Milwaukee-1 and purified Hb M Milwaukee-1 at pH 7.0. From the chromatographic
procedure, the hemolysate was found to be composed of about 60%, of Hb A and 40%,
of Hb M Milwaukee-1. On the assumption that both fractions in hemolysate behave
independently of each other, the curve for hemolysate would correspond to the cal-
- culated one in Fig. 6. The observed curve, however, was apparently different from the
calculated one, showing the presence of some interaction between the molecule of

Hb A and Hb M Mxlwaukee- DLk
8
: 310- 2 .oeor-
ST 3
— : - % 40f
< ok : e ] ~ ERARG R L
' ’_"“—‘.“““'“‘ it ) 107 -

e e e T - Po, tmm Hg) -

ﬂ'_.;Fxg 5. Bohr effect and n values of the punﬁed Hb M Mxlwa.ukee-! the patient’s hemolysate and
- Hb A. @—@, purified Hb M Milwaukee-1; A——A, patient’s hemolysate; O—Q, Hb A.

:'».Fxg 6. O, equilibrium curves of the punﬁed Hb M Milwaukee-1, the patient’s hemolysate and

: . Hb A. Hb concn., 6-107%M as heme, in 0.1 M phosphate buffer (pH 7.0); temp., 20°; 2 = 564 mu.
. purified Hb M Milwaukee-1; — — —, patient’s hemolysate; -----, Hb A;
'calculated curve of the pa.txent s hemolysate (refer to text) :

S ;'The eﬁ'ect of temperature on the 0 aﬂimty and n values of the Oz equlhbnum
-curves of Hb A and Hb M Milwaukee-1 are shown in Fig.7.In Hb A, achange of temper-
ature obviously influenced the O, affinity, while » values remained unchanged. In
Hb M Milwaukee-1, however, the effect of temperature on the O, affinity was almost
“one half of that observed in Hb A. These observations suggest that the heat of oxy-
genation is significantly smaller in Hb M Milwaukee-I than in Hb A. Further, it may
be interesting to note that the # value of the curves of Hb M Milwaukee-1 seems to be-
: temperature dependent 1.26 at xo and I 41 at 20 respectwely The theoretxcal .

:chlnm Bzophys Acfa, xg.; (t969) 6—[5
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analyals for these mterestmg phenomena is now in progress from thérmodynamical
~ point of view. / :
Although these results were obtamed at 564 my, there was slight transition in
sha.pe and location of the curves of Hb M Milwaukee-I in accordance with the other
wavelength used for measurements. But the extent of this transition in Hb M Milwau-
_kee-I was not so remarkable as observed in Hb M Hyde Park!2. So the above-mentioned
phenomenon would not affect our explanations of the obtained results.

- ~The ultracentrifuge analysis of Hb M Milwaukee-1 also revealed that there was
no significant change in sedimentation coefficients between oxy and deoxy form of
Hb M Milwaukee-1. The low O, affinity of Hb M Milwaukee-1 seems to involve essen-

" tially different mechanism from Hb Kansas, the O, affinity of which is also very low??,

ce - -

. Fxg 7 ‘I‘he eﬁ'ect of temperature on the O, equilibrium curves of Hb M Milwaukee-1 and Hb A.
" . Hbconcn., 6-10~% M as heme, ino.1 M phosphate buffer (pH 7.0) ;'temp., 10° and 20° } = 564 my.
] , punﬁed Hb M Milwaukee-1; « -+ . Hb A. I, 10°; II, 20°.

Flg 8 Eq\nhbrmm for the reaction of MetHb M Milwaukee-1 and MetHb A with azide. Hb
. comcn., 5105 M as heme, in 0.1 M potassium phosphate buffer (pH 7.0). Equilibrium was
kS ‘measured at 630 my for MetHb A (I), MetHb M Milwaukee-1 (I}, and at 603 my for the ferric

; hemes in the a.bnormal ﬁ subumts of MetHb M Mllwa.ukee-r (III)

.-~ It has been suggested that the mtrarnolecular bondmg of Hb M between the
v fernc heme iron and the substituted tyrosine residue in the abnormal subunits is so
- stable that the ferric heme is difficult to react with reducing agent or with various
" ligands'4.1®, Fig. 8 shows the plot of percent formation of azide complex versus logarithm
- of the azide concentration. If assayed at 630 my, the curve for MetHb M Milwaukee-1
was biphasic, reflecting its heterogenous reactivity to azide, tififst phase for normal
a and the second for abnormal f subunits. When assayed at 603 mu, an isosbestic point
for MetHb A azide complex and MetHb A, the curve for abnormal § subunits was
obtained. The apparent K’ value for thlS curve was I-10~! M and considerably larger
'than that for the abnormal g subunits of Hb M Saskatoon. The apparent equilibrium
constants of the abnormal 8 subunits of ‘Hb M Milwaukee-1 for azide and for cyanide
are compared with those of other hemoglobms M in Tables II and III.

** Theferrichemeironof theabnormal gsubunits of Hb M Milwaukee-1 was reduced
by sodmm dlthlomte under CO gas The rate of the reductxon together w1th those of

chhnm Bzophys Acta, 194 (:969) 6—15
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TABLEIT T e e v:f_.~-"’

APPARENT EQUILIBRIUM CONSTANTS (K’) FOR THE FERRIC HEMES v THE ABNORMAL SUBUNITS OF
Hb M axD For MetHb A TOWARD AZIDE

K’ values were graphically obtained from the plot of the percent formation of Hb\f complct

Hemoglobin _ K'(M)
Hb M Milwaukee-1 1.0:10-1
Hb M Iwate .

Hb M Boston *

Hb M Hyde Park  Not examined
Hb M Saskatoon 2.9-10°%
- . MetHb A 3.3-10°8

- * K’ values for Hb M Iwate and Hb M Boston ‘could not be obtained because the affinity’
of the ferric hemes in the abnormal subumts of these hemoglobins M toward azide was quite
low. . .

TABLEIH ' o L

APPARENT EQUILIBRIUM covsrmrs (K’) FOR THE FERRIC HEMES IN THE ABNORMAL suaum'rs OF
. Hb M AND For MetHb A TOWARD CYANIDE

K’ values were graphically obtained from the plot of the percent formatlon of HbCN comple‘c

| Hemoglobin  K'(M)

HbM Milwaukee-z

7.1-107%
. Hb M Iwate 2.8-10"1
Hb M Boston 3.5 10°%

Hb M Hyde Park 2:7 -10~3
Hb M Saskatoon = 2.9-107¢
~ MetHb A 3.5-1078

:"IABLEIV

lmnvcnon RATE OF HbCO M 10 HbCO M’ BY SODIUM DITHIONITE

-- HbCO M (final concn., 3.25- 104 M as heme) in borate-phosphate buffer was reduced with sodmm
. dithionite (final concn., 1.5-10-2 M) at pH 7.0. The reaction was performed in pure CO gas at
. 25° and measured at 600 mu. HbCO M’ is formed from HbCO M by the action of sodium dithionite _
. under CO gas, and its absorption spectrum is identical thh that of HbCO A. The reaction ma.y

+ be represented by the following formula: . BRI o

HbCO M Mllwaukee-t Dithionite HbCO M’ Mxl“. aukee—
S ggXett-cog pett-cla ., a;e’#«:oﬁ.ré*‘-co .-Glu

Half hme ( sec)

HbCO M Milwaukee-1 2 3

. HbCO M Iwate Not exa.mmed
- HbCO M Boston 260 .
_HbCO M Hyde Park 55 = .
“HbCO M Saskatoon 15

: HbCO A LU

* The reduction rate of MetHb A to HbCO A under above condmon was too rapld t5 be
measuted thh a.ccuracy g B L

: chlmn Biophys Acta, 194 (1969) 6—t 5 o
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TABLE V

* AUTOXIDATION RATE oF HbO, M Axp HbO, A

- Autoxidation of HbO, (final concn., 2.5-10-* M as heme) in 0.04 M potassium phosphate buffer
~. (pH 7.0) was performed in purc O, gas at 37°.

" Hemoglobin - Half time (k)
' HbO, M Milwaukee-1 13
. HbOy M Iwate

. HbO, M Boston

HbO, M Hyde Park
@7 HbO4 M Saskatoon 3
o HbO. I

BOO s WL
QO+ o o

other hemoglobins M, are collected in Table IV. These results indicate that {he intra-
-molecular bonding between abnormal ferric iron and the substituted glutamic acid
- residue of Hb M Milwaukee-1 was less stable than that of the a-chain variants but
. more stablg than that of Hb M Saskatoon. o o 7
i . Stabilities of the ferrous heme irons in the normal a subunits - .
. As previously reportedS, the autoxidation rate of the normal heme iron of
hemoglobins M was very different according to which subunit was abnormal; the
- .. " f-heme iron of Hb M Boston and Hb M Iwate, abnormal in the ¢ subunits, was higher
" inrate of autoxidation than the a-heme iron of Hb M Saskatoonand Hb M Hyde Park,
‘. -abnormal in the f subunits. The a-heme iron of Hb M Milwaukee-1 was oxidized by
-~ molecular Oy in similar rate to Hb A, Hb M Saskatoon and Hb M Hyde Park (Table V),
.- while HbCO M Milwaukee-1 showed considerably highet rate than HbCO A in the
oxidation by potassium ferricyanide.
. Stability of MetHb M Milwaukee-I in heat denaturation experiment
- The denaturation rate of MetHb M Milwaukee-1 was measured at 64°. As shown
in Table VI, Hb M Milwaukee-1 was as stable as Hb A against heat and distinctly
dlﬁ'erent from Hb M Saskatoon and Hb M Hyde Park abnormal in the 43 subumts '

’ 'nmr DENATURATION RATE OF MetHb M AND MetHb A

- MetHb (final concn., 6-10~% M) in o.1 M potassium phosphate buffer (pH 6. 8) was mcuba.ted at
.64°. Measurement ot' the remaining MetHb was made at 500 and 630 my (ref 5)

-Hemoglobm Half time (min)

"MetHb M Milwaukee-1 4.0
MetHb M Boston 14.9
‘MetHb M Hyde Park 1.6 -
‘MetHb M Saskatoon 1.9 :
MetHb A - . = 41 %

DISCUSSION

We have alrea.dy reported that the patxent s blood contammg each Hb M
vexhlbxts EPR ab;orptlons around g= 6 oand 2. -0 (refs 11 and 12) Partxcularly, the
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o ~ absorption near g = 6.0 shows typical splitting which is explained byv the ahisotropy
e of g values in the heme plane!s. All of these hemoglobins M have the same kind of
o -~ “amino acid replacement, histidine with tyrosine, and it has been believed that the

substituted tyrosine residue formed an intramolecular bonding with the ferric heme

T " iron'4, The results in ¥ig. 1 showed that Hb M Milwaukee-1 also have the splitting
H : near g = 6.0 as observed in other hemoglobins M, though its extent is the largest among
i - . Hb M variants (Table I). This seems to indicate that the substituted glutamic acid
' - residue of Hb M Milwaukee-1 has an effect on the heme iron analogous to the tyrosine

- residue in other hemoglobins M. Further, Hb M Milwaukee-1 has a small signal at
g = 6.0 as.observed inHb M Saskatoon. If it is assumed that the ferrous heme iron in
the normal a subunits of Hb M Milwaukee-1 is oxidized to ferric state, then the EPR

- signal will appear at ¢ = 6.0. But this is less likely, because powerful reducing system
is in action in fresh red cell and the autoxidation rate of the ferrous heme iron of
Hb M Milwaukee-1 is as low as coexisting Hb A. Another explanation offered for this
ﬁndmg is that the abnormal 8-heme iron of Hb M Milwaukee-1 or Hb M Saskatoon is
in electromcally heterogenous state; a part of the ferric heme iron in the abnormal
ﬁ subunits shows the signal similar to that of MetHb A.

In hemoglobins M, the heme iron in the abnormal subunits is in ferric state and
cannot combine with O,, whereas the heme iron in normal subunits is in ferrous state
and is able to carry O,. Therefore the obtained results of O, equilibrium of Hb M Mil-

= - waukee-I show the function of the hemes innormal @ subunits. In contrast to thenormal
"t . .. - asubunits of Hb M Saskatoon!® and Hb M Hyde Park!, that of Hb M Milwaukee-1
i - show very low affinity for O,, which is rather like that of Hb M Boston!” and Hb M

Iwate's. But different from these a-chain variants of Hb M, Hb M Milwaukee-I clearly

shows the Bohr effect, characterizing the f-chain variants of Hb M. Its magnitude was

larger than that of Hb A. Further, the heme-heme interaction given as an # value was
- apparently present in Hb M Milwaukee-1 (Fig. 5). These results suggest that a con-~
formatlonal change occurs in Hb M Milwaukee-1 molecule during oxygenation.

There is a discrepancy between the observed curve and the predicted one in
the 0, equilibrium of the hemolysate containing Hb M Milwaukee-1 (Fig. 6); the
predxcted biphasic feature for the curve of the hemolysate was considerably diminished

- - in the observed curve. The similar phenomenon was also indicated in the hemolysate

 containing Hb Hiroshima (refer to “flattening effect” in ref. 19). The discrepancy of -
- the observed curve suggests the existence of some interaction between the molecules
" -, of Hb A and Hb M Milwaukee-1. One of the plausible explanations is the formation of .

" - the hybrid molecule, a;ABABM. It is conceivable that the shape of the obtained curve
" would be determined by the amount and the functional behavior of the hybrid mole-
cule although the presence of such a molecule has not been demonstrated. .

A It was shown that MetHb M Milwaukee-1 molecule was as stable as MetHb A
,m heat denaturation {Table VII). This observation is quite interesting in the light of
the results on the stability of Hb Sydney against heat?. Hb Sydney is known to have
an amino acid substitution, valine with alanine, at E 11 § as Hb M Milwaukee-17.In
_":contrast to Hb M Milwaukee-1, it was reported that Hb Sydney was quite unstable
against heat?. The possible reason for this difference in the heat stability between Hb
‘M Milwaukee-1r and Hb Sydney may reside in the presence or absence of the intra-
“molecular bonding bétween the heme iron and the substituted amino acid residue;
-in Hb M Mxlwa.ukee—rz 1t is suggested that the carboxyl group of the substxtuted f

iy vt s

:
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glixtamic acid residue forms a stable ionic linkage with the ferric heme iron, thereby
stabilizing it in ferric form®”. This hypothesis is also supported by the results of the
reaction of the ferric heme iron with azide, cyanide and the reducing agent (Tables
- II-IV). On the other hand, in Hb Sydney the replacement of E 11 valine by alanine
removes two methyl groups which are normally in contact with the heme group and
causes the weakening of the hemoglobin linkage making the entire molecule unstable??,
-~ Furthermore the results of stability experiments 5 vitro are closely related with

clinical signs of the patients possessing each abnormal hemoglobin; the patients
.. possessing Hb Sydney reveal severe hemolytic anemia®!, while those who have Hb
. M Milwaukee-1 reveal none of the hemolytic signs®. ‘
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