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ABSTRACT -- 

The r e a c t i o n  o f  HgC12 w i t h  t h e  u n r e a c t i c e  -SH groups  ok hemoglobin 
a 

was i n v e s t i g a t e d  u s i n g  amperome t r  i c  t e c h n i q u e s  t o  d e t e r m i n e  t h e  r e a c -  

Gion s t o i c h i o m e t r y  and k i n e t i c s .  Mercur ic  t h l o r i d e  was f&nd t o  r e a c t  

w i t h  -SI@112 and -S&104 i n  n e u t r a l  s o l u t i o n  w i t h  a  c o n s t a n t  one t o  
4 L 

one s t o i c h i o m e t r y  r e g a r d l e s s  o f  t h e  ambien t  h a l i d e  s a l t  c o n c e n t r a t i o n .  

As w e l l  a s  r e a c t c n g  w i t h  t h e  t h r e e  p a i r s  o f  s u l p h y d r y l  g roups  

SW93,  S H - ~ 1 1 2 ,  SH-a104, HgC12was weakly bound by HbA a t  a n  
I - , , 

u n i d e n t i f i e d  l o c u s  t o  t,he e x t e n t  o f  2  molar  e q u i v a l e n t s  per  t e tyamer .  

P 
The a p p a r e n t , s e c o n d  o r d e r  r a t e  c o n s t a n t s  f o r  t h e  . r e a c t i o n s  o f  

. i 

-SH3112 and -SHC1104 .were s e n s i t i v e  t o  pH, i o n i c  s t r e n g t h ,  hemoglobin 

i 
c o n c e n t r a t i o n ,  l i g a n d  s t a t e  pf t h e  heme, and t o  t h e  p r e s e n c e  o f  

d i v a l e n t  c a t i o n s .  I t  was o b s e r v e d ,  however, t h a t  t h e  measured 

d i f f u s i o n  c o n s t a n t  f o r  HgC12 i n  hemoglobin s o l u t i o h  was dependen t  
. . 

on hemoglobin c o n c e n t r a t i o n ,  l i g a n d  s t a t e  o f  t h e  heme, t h e  p resence  
-.. 

o f  d i v a l e n t  c a t i o n s ,  and t o  some e x t e n t  on t h e  ambien t  s a l t  concen- 

t r a t i o n .  When t h e  a p p a r e n t  r a t e  c o n s t a n t s  were c o r r e c t e d  f o r  t h i s  

acto; i t  was 'found t h a t  t h e  second o r d e r  r a t e  c o n s t a n t s  were more 
- -5 

a . o r  l e s s  independen t  o f  l i g a n d  s t a t e  and he'moglobin c o n c e n t r a t i o n .  

iii 
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. INTRODUCTION 

-\ 
The r e a c t i o n  o f  p r o t e i n  s< lphy 'd ry l  g r o u p s  w i t h  heavy  m e t a l  

.. 
r e a g e n t s ,  p a r t i c u l a r l y  m e r c u r y  compounds was a n  i m p o r t a n t  a s s a y  . 

4P - 
t e c h n i q u e  s e v e r a l  d e c a d e s  ago .  R e c e n t l y  t h e  r e a c t i o n  h a s  b e e n  

i n c r e a s i n g l y  i n v o l v e d  w i t h  v a r i o u s  p r o b e s  o f  n a t i v e  p r o t e i n  
.. 

s t r u c t u > e - . ( l - 9 ) .  One s u c h  p r o b e  i s  b a s e d - o n  t h e  r a t e  o f  h a l i d e ,  
\ 
\ 

' e x c h a n g e ; o n  a m e r c u r y  a tom which  h a s  been  r e a c t e d  t o -  a  p r o t e i n  *L - = 
/ D .  

s y l p h y d r y l  g r o 6 p  ( 2 ) .    he h a l i d e  exchange  r a t e  measu red  w i t h  a  

, 
N u c l e a r  M a g n e t i c ,  Resonance  s p e c t r o m e t e r  , r e f l e c t s  s t e r i c  c o n d i t i o n s  

i- i n  t h e  l o c a l e  o f  @he s u l p h y d r y f  groups. .  

I t  was i n  c o n n e ~ t i o n ~ w i t h  t h e  p a r t i c u l a r  p r o b e  d e s c r i b e d  a b o v e ,  

s .  

t h a t  I began  a n  i n v e s t i g a t i o a  o f  t h e  s t o i c h i o m e ' t r y  o f  t h e  r e a c t i o n  'of  --+ 
m e r c u r i c  c h l o r i d e  wfSh -human hemoglobin .  The c o n c l u s ~ o n s  o & t h i s  - - 
i n v e s t i g a t i o n  were  t h a t  n o t  o n l y  d o e s  t h e  c y s t e i n e  group; a t  p o s i t i o n  

3 

L 

593 r e a c t - w i t h  m e r c u r i c  i o n  a s  h a s  p r e v i o u s l y  been  e s t a b l i s h e d  ( 1 0 , l l ) ;  

b u t  f u r t h e r ,  t h e  two r e m a i n i n g  c y s t e i n e  g r o u p s  a t  a 1 0 4  & ~ 1 1 2  a l s o  

r e a c t  a t  f i n i t e  r a t e s  i n  n e u t r a l  s o l u t i o n q .  The l a t t e r  o b s e r v a t + o n  

had .been r e p o r t e d  ( 1 2 )  but .  t h e  c o n d i t i b n s  u n d e r  w h i c h  t h e .  r e a c t i o n  

t o o k  p l a c e  had - n e v e r  been  c l a r i f i e d .  

The s u l p h y d r y l  g r o u p s  a t  a 1 0 4  hnd 8112 a r e  l o c a t e d ' i n  t h e  i n t e r -  
, 

d 
- 

f a c e  be tween  t h e  a ,  and  3 s u b b n i t s  o f  t h e  hemoglobin  t e t r a m e r .  I 

h y p o t h e s i z e d  t h a t  i f  t h e  l i g a n d  r e l a t e d  - a l l o s t e r i c  i n t e r a c t i o n s  i n  

t h e  hemoglobin  t e t r a m e r  me t r a ~ s m i t t e d  t h r o u g h  t h e  a lp l  i n t e r f a c e ,  

t h e n  t h e  r e a c t i o n  r a t e s  o f  -S&104,and - ~ H p l 1 2  m i g h t  be s e n s i t i v e  



t o  t h e s e  i n t e r a c t i o n s . .  S i n c e  a l l o s t e r i c  i n t e r a c t i o n s  i n  hemag lob in  

. a r e  c u r r e n t l y  

u s e f u l .  , 

- 
1 .  

R e a c t  i o n  

i n v e s t i g a t e d .  

7 

howeve:r a f t e r  

o f  c o n s i d e r a b l e  i n t e r e s t ,  s u c h  a  p robe  c b u l d  b e  q u i t e  , 

k i n e t i c s ,  l i g a n d  e f f e c t s ,  e t c .  , were  thorou>hly 
I . 

Ligand  r e l a t e d  r a t e  d i f f e r e n c e s  were  o b s e r v e d ;  
. - 

c l a r i f i c a t i o n  o f  t h e  c o n d i t i o n s  g o v e r n i n g  t h e  r e a c t i o n  

E a t e s  i t  was found  t h a t  t h e  a p p a r e n t  r e l a t i o n s h i p  be tween  r e a c t i o n  

r a t e s  and a l l o s t e r i c  i n t e r a c t i o n s  was i l l u s o r y .  The r a t e  o f  

t 2  r e a c t i o n s  o f  Hg 
#with t he  

-SH g r o u p s  a t  p112 and a 1 0 4  a p p e a r s  t o  

b e  domina t ed  by t h e  d i f f u s i o n  c o e f f i c i e n t  o f  HgC12 i n - t h e  r e a c t i n g  

s o l u t i o n .  

The p f i m a r y  c o n c l u s i o n  o f  t h e  r e s e a r c h  r e p o r t e d  h e r e  i s  

n e g a t i v e ,  a n  a l a o s t e r i c  p r o b e  was n o t  r e a l i z e d .  On t h e  o t h e r  hand ,  

i n  t h e  c p u r s e  o f  t h e  i n v e s t i g a t i o n  a  g r e a t ' d e a l  o f  e m p i r i c a l  i n fo rma-  

b 

t i o n  was a c c u m u l a t e d  w i t h  r e s p e c t  t o  t h e  n a t u r e  of  t h e  r e a c t i o n  o f  

HgC12 w i t h  t h e  p112 and  a 1 0 4  -SH g r o u p s  o f  human hemoglobin .  
* .  I 

F u r t h e r ,  c l a s s i c a l  a m p e r o m e t r i c  t e c h n i q u e s  f o r  p r o t e i n  s u l p h y d r y l  

t i t r a t i o n  were  u p d a t e d  a n d  s t r e a m l i n e d  8s w e l l  a s  b e i n g  s t r i p p e d  o f f  



a 
METHODS 

Hemoglobin P r e p a r a t i o n  

A l l  hemoglobin  u s e d  i n  e x p e r i m e n t a l  s t u d i e s  was p u r i f i e d  f rom 
-a /,----', . - 

\ - -A 

f r e s h . w h o 1 e  b l o o d  and  us&d w i t h i n  s e y e n  days .  A l t h o u g h  c a r e  was 
A 3  

'J ,  

t a k e n  t o  u s e  f r e s h  Hb i n  a l l  c r u c i a l  e x p e r i m e n t s ,  no  a l t e r a t i o n  i n  

&- 

t h e  r e a c t i v e  p r o p e r t i e s  o f  a  g i v e n  Hb sample  was o b s e r v e d  e v e n  a f t e r  

s e v e r a l  months  s t o r a g e  a t  4OC. 

P u r t f i c a t i o n  o f  Hb f r o m  whole  b l o o d  was a c c o m p l i s h e d  by  a  

method a d a p t e d  f rom P e r u t z  ( 1 3 )  a n d  McConnell  ( 1 4 ) .  The r e d  b l o o d  
.% 

  ells were  f i r s t  s e p a r a t e d  f rom t h e  plasma by c e n t r i f u g a t i o n  a t  

. - 
1 0 , 0 0 0 x g  f o r  8 - 1 0  m i n u t e s ,  t h e n  washed 3  o r  4  t i m e s  by  r e s u s p e n d i n g  

C 

t h e  p e l l e t  i n  0 .92  XaC1. u \ 

A f t e r  t h e  f i n a l  wash t h e  r q d  b l o o d  c e l l s  we re  s u s p e n d e d  i n  1 

J 
volume o f  d i s t i l l e d  w a t e r  qgd 0 . 4  volumFs o f  t o l u e n e ,  s h a k e n  

& -  
v i g o r o u s l y  f o r  5 m i n u t e s  and  c e n t r i f u g e d  a t  10,OQOxg f o r  20  m i n u t e s .  

A t  t h e  end  o f  t h i s  p r o c e d u r e  t he tHb  l a y e r  wag s i p h o n e d  o u t  o f  t h e  
9 .  

c s n t r i f u g e  t u b e .  S a t u r a t e d  Q C 1  s o l u t i o n .  was a d d e d  t o  b r i n g  t h e  

t o t a  1 

f uged 

:;aC1 c o n c e n t r a t i o n  up t o  2%; t h e  s o l u t i o n  was t h e n  c e n t r i -  
9- 

a t  4 0 , 0 0 0 x g  f o r  1 h o u r .  The d e c a n t e d  hemoglobin  s o l u t i o n  was 

n o r m a l l y  8- 12&1. heme i n  c o n c e n t r a t i o n .  A l l  p r o c e d u r e s  were  

c a r r i e d  o u t  a t  4OC. 

S e v e r a l  e x p e r i ~ e 2 t s  i n v o l v e d  t h e  u s e  o f  hemoglobin  s t r i p p e d  o f  

2,3-DPG. The method o f  Benesh ,  Benesh  & Yu ( 1 5 )  was u s e d  w i t h o u t  

~ o d i f i c a t i o n ;  b a t c h e s  o f  25ml Hb were  r u n  t h r o u g h  a  4cm x 30cm 



col;nm of  Sephadex G25 e q u i l i b r a t e d  wi.th 0 , l  M NaC1. 
d 

H e m o g l o b i n ' c o n c e n t r a t i o n  was a s s a y e d  by t h e  " ~ y a n o m e t "  . 
+ B 

t e c h n i q u e  o f  Wootton & B l e v i n  (16)  i n  which Hb i s  c o n v e r t e d  t o  .. 

me themoglobin  and a s s a y e d  s p e c t r o p h o t o m e t r  i c a l l y .  
b 

A 

An a l i q u o t  o f  Hb ( u s u a i l y  200 o f  8mM Hb) was mixed w i t h  8ml o f  
;zs\ 

s o l u t i o n  A c o n s i s t i n g  o f  200mg K3Fe(.CN)6, 140mg KH2P04, 50mg KCN , 

per l i t e r  o f  H2O. A f t e r  15 m i n u t e s  2 . 5 ~ 1 1  o f  0. lM Na2B407. 10H20 was 
- 

? 

and t h e  t o c a l  volume made u p  t o  25ml w i t h  s o l u t i o n  A. Heme* a 

c o n c e n t r a t i o n  was d e t e r m i n e d  from t h e , a b s o r b a n c e  measured a t  540nm 

i n  a  Cary Model 14  s p e c t r o p h o t o m e t e r  u s i n g  a n  a b s o r p t i v i t y  .of 11 x 10 3  

4 

- l i t e r  mole-'  cm-I ( 1 6 , 1 7 ) .  
A 

-9 
m b , 

h p e r o m e  t r y  ... 
-- 

A m e r c u r i m e t r i c  a p p a r a t u s  f o r  t h e  t i k r a t i o n  o f  p r o t e i n  s u l p h y d r y l  

q o u p s  was o r i g i n a l l y  d e s c r i b e d  by S t r i c k s ,  K o l t h o f f  & Morren ( 1 8 ) ;  

- t h e  amperometr ic  d e t e c t i o n  o f  Mercury (11) i s  reviewed by S tock  (19) .  

The t e c h n i q u e s  were used  a s  e s t a b l i s h e d  w i t h  a  few e x c e p t i o n s .  

a )  The e l e c t r o d e  v o l t a g e  was s e t  between 0 .00 v o l t s  and -0 .10 - 
) v o l t s  ( p l a t i n u m  e l e c t r o q e  w.ith r e s p e c t  20 s t a n d a i d  Calomel E lec t r .ode)  

i n  o r d e r  t h a t  mercury c o u l d  be  d e t e c t e d  i n  t h e  p resence  o f  oxygen. 

I t  can be s e e n  from t h e  p o l a r o g r a p h i c  waves &&.lustrated i n  F i g .  1 

t h a t  t h i s  c a n  be done w i t h o u t  a  s u b s t a n t i a l  l o s s  F n . s e n s i t i v i t y .  

- 
- b )  The i o n i c  s t r e n g t h  o f  t h e  t i t r a t i o n  medium was u s u a l l y  much 

lower than  t h e  recommended 0.5M KCL. Th i s  m o d i f i c a t i o n  w i l l  be 

d i s c u s s e d  i n  d e t a i l .  .. 



_ 
F i g .  1. The p o l a r o g r a p h i c  wave f o r  30 $4 HgC12 i n  o x y g e n a t e d  ( a i r  , 

s a t u r a t e d )  a n d  d e o x y g e n a t e d  t i t r a  ti 'on medium c o n s i s t i n g  o f  

100  mM P h o s p h a t e ,  1 0 0  mM K C I ,  pH 7 . 6 .  R o t a t i n g  P t  ' e l e c t r o d e ,  

i n  c o n j u n c t i o n  ,w i th  a  S t a n d a r d  Calomel E l e c t r p d e .  
2 





A l t h o u g h  t h e  e l e c t r o n i c  c o n f i g u r a t i o n  o f  t h e  a m p e r o m e t r i c  

a p p a r a t u s  A i f f e r e d  i n  d e t a i l . f r o m  t h a t  o f  S t r i c k s  e t  a l ,  i t s  

f u n c t i o n s  were i d e n t i c a l .  A s e n s i n g  v o l t a g e  s u p p l y  c o n t r o l l e d  " t h e  

v o l t a g e  a p p e a r i n g  a c r o s s  t h e  P t  - S.C.E. c o u p l e  b e t w e e n  0 . 0 0 6  and  

0.500 t . Q 0 2 + v o l t s  i r r e q c t i v e  o f  c u r r e n t .  A s t r i p  c h a r t  r e c o r d e r  

was u s e d  a s  

I n  i t s  f i n a l  a p p a r a t u s  

a p p e a r e d  a s  i n  F i g s .  2 , 3 .  

R e a c t  i o n  C o n d i t i o n s  

The t i t r a t i o n  o f  Hb w t t h  HgC12 was c a r r i e d  o u t  o v e r  a concen-  
+ 

a' t r a t i o n  r a n g e  f r o m  lObf?.&me t o  300  pM. heme i n  t i t r a t i o n  media  7 

b u f f e r e d  t o  pH 7 .6 .  The m o s t  commonly u s e d  medium was B u f f e r  @ 
! 

'7 

s 

c o n s i s t i n g  o f  l O O m M  NaCl,.  lOmM Na2HP04 a d j u s t e d  t o  pH 7.6.  ~ u f f e r a  

was 2mM CaC12, 2mM MgC12 p l u s  B u f f e r  @ . 
T i t r a t i o n  o f  l i g a n d e d  Hb w i t h  HgC12 was c a r r i e d  o u t  i n  media  

I e q u i l i b r a t e d  w i t h  a i r  o r  p u r e  CO. . For , .deoxy Hb t h e  b u f f e r i n g  

. 
medium was f i r s t  d e o x y g e n a t e d  by  b u b b l i n g  w i t h  High  P u r i t y  N2. 

A f t e r  a d d i t i o n  o f  t h e  Hb a l i q u o t  t h e  s u r f a c e  o f  t h e  s o l u t i o n  was 

s w e p t  w i t h  x2 u n t i l  t h e  Hb was i n  t h e  deoxy form. u s u a l i y  t h i s  would  

r e q u i r e  2 0  min - 3 0  min .  Oxygen p a r t i a l  p r e s s u r e  was m o n i t o r e d  

u s i n g  t h e  a m p e r o m e t r i c  a p p a r a t u s  i t s e l f .  By a d j u s t i n g  t h e  e l e c t r o d e  d 

, *, - -  

v o l t a g e  t o  - 0 . 3 5  v o l t s  P t  w i t h  r e s p e c t  t o  S.C.E. t h e  O2 l e v e l  c o u l d  
. F 

b e  m o n i t o r e d  down t o  -1mm Hg ( 2 0 )  wh ich  i s  s u f f i c i e n t  t o  d e o x y g e n a t e  



F i g .  2 .  G e n e r a l  l a y o u t  o f  t h e  m e r c u r i m e t r i c  a p p a r a t u s  f o r  t h e  
'4 

t i t r a t i o n  o f  hemog lob in  -SH g r o u p s .  





F i g .  3. A d e t a i l  o f  t h e  r e a c t i o n  chamber.  



1: ?C L-AGAR SALT BRIDGE ' 
2. N2 DELIVERY TUBE 
3. ROTATING PLATINUM ELECTRODE 
4. STANDARD CALOMEL ELECTRODE 
5. THERMOMETER 
6. ~ $ 1 ;  DELIVERY TUBE 
7. 30ml FUALGENE BEAKER 
8. SILICONE RUBBER GASKET 
9. 'ACRYLIC BLOCK 



1 
norma l  Hb A ( 2 1 ) .  

a. 

9 ! 

= The HgC12 s o l u t i o n  was n o t  deoxygena ted .  The q u a n t i t y  o f  < 

oxygen i n t r o d u c e d  w i t h  the,HgC12 a l i q u o t  i n  a  50pM,heme s o l u t i o n  

6 C. 
would r a i s e  t h e  02  p a r t i a l  p r e s s u r e  by l e s s  t h a n  lmm Hg. 

Hemoglobin a l i q u o t s  were  d i s p e n s e d  u s i n g  Oxford  m i c r o p i p e t t e s  

w i t h  d i s p o s a b l e  t i p s .  M e r c u r i c  c h l o r i d e  s o l u t i o n  was d e l i v e r e d  t o  

t h e  r e a c t i o n  v e s s e l  by  a  G i lmon t  m i c r o m e t e r - d r i v e n  b u r e t t e  t h r o u g h  
, 

a  0 .020"  I . D .  p l a s t i c  t u b e .  The t u b e  was immersed i n  t h e  Hb s o l u t i o n  

o n l y  d u r i n g  t h e  a c t u a l  d e l i v e r y  o f  HgC12 i n  o r d e r  t o  a v o i d  , 

*' 
i n a c c u r a c i e s  due t o  t h e  d i f f u s i o n  o f  HgC12 f rom t h e  t u b e .  

The t i t r a t i o n  medium was s t i r r e d  by  t h e  r o t a t i n g  p l a t i n u m  

e l e c t r o d e .  M i x i n g  t i m e  f o r  a n  a l i q u o t  o f  HgC12 was 1-2  s e c o n d s .  

The r e s p o n s e  o f  t h e  a m p e r o m e t r i c  a p p a r a t u s  a t  2 0 ' ~  was b i p h a s i c  

r e a c h i n g  80-90% o f  t o t a l  d e f l e c t i o n . w i t h i n  0 . 2 5  s e c o n d s  a n d  t h e n  

d r i f t i n g  toward  a  f i n a l  v a l u e  f o r  10 -15  s e c o n d s .  The t i m e  s c a l e  
5 

f o r  a l l  b u t  a  few t i t r a t i o n s  was s u c h  t h a t  t h e  l a g  d u e  t o  f i n i t e  , 

r e s p o n s e  t ime  was n e g l i g i b l e .  

The t h r e e  d i f f e r e n t  r e a c t i o n s  ( 8 9 3 ,  8 1 1 2 ,  ~ 1 0 4 )  were  s e p a r a t e d  

by c o q t r o l i n g  t h e  q u a n t l t y  o f  HgC12 a d d e d  t,o t h e  t i t r a t i o n  medium. 

The r e a c t i o n  r a t e s  f o r  e a c h  d i f f e r e n t  s i t e  d i f f e r e d  by r o u g h l y  one  

o r d e r  o f  m a g n i t u d e .  Two d i f f e r e n t  p r o c e d u r e s  were  u s e d  w i t h  i d e n t i c a l  

r e s u l t s .  The s o l u t i o n  c o u l d  b e  p r e t r e a t e d  w i t h g t w o  o r  f o u r  

' ~ e m o ~ l o b i n s  r e a c t e d  w i t h  s u l p h y d r y l  r e a g e n t s  a t  t h e  8 9 3  s i t e  show 
a n  i n c r e a s e  i n  oxygen a f f i n i t y  by a  f a c t o r  o f  3  o r  4  (22-2_4$. 
Riggs  ( 2 2 )  i n d i c a t e s  t h a t  Ih r e a c t e d  w i t h  N-Ethyl  ma lae i in ide  o r  
w i t h  i o d o a c e t i m i d e  w i l l  b e  -20% o x y g e n a t e d  a t  PO2 -1mm Hg. 



e q u i v a l e n t s  o f  HgC12 i n  o r d e r  t o  r e a c t  one  o r  two o f  t h e  -SH 

gro;ps w e l l  i n  a d v a n c e  . o f  t h e  r e a c t i o n  o f  i n t e r e s t .  (A t  l e a s t  10  

t i m e s  t h e  r e a c t i o n  h a l f  t i m e  would be  a l l o w e d . )  On t h e  o t h e r  hand 

a l l  s f  t h e  HgC12 c o u l d  b e  added  i n  a  s i n g l e  l a r g e  a l i q u o t ;  t h e  r a t e  

c o n s t a n t  would b e  m e a s u r e d  o n l y  o v e p  t h e  p o r t i o n  o f  t h e  r e a c t i o n  

d u r i n g  which  t h e  g r o u p  o f  i n t e r e s t  was r e a c t i n g .  R e s u l t s  f r o m  

t h e  two d i f f e r e n t  meth0d.s w e r e  i n d i s t i n g u i s h a b l e .  

S e n s i t i v i t y  was measu red  a f t e r  e a c h  r e a c t i o n  ( F i g .  4 )  by a d d i n g  
7-- 

s u c c e s s i v e  s m a l l  a l i q u o t s  o f  HgC12 t o  t h e  s o l u t i o n .  
t 

The t e m p e r a t u r e  o f  t h e  t i t r a t i o n  medium was c o n t r o l l e d  u s i n g  

a  w a t e r  j a c k e t  i n  c o n j u n c t i o n  w i t h  a  t h e r m o s t a t e d  c i r c u l a t i n g  w a t e r  

b a t h ,  and  m o n i t o r e d  w i t h  a  thermometer  w i t h  a n  a c c u r a c y  o f  2. loco 

* .  

Data  A n a l y s i s  

The c o m p u t a t i o n  o f  a p p a r e n t  r e a c t i o n  r a t e  c o n s t a n t s  was 

a c c o m p l i s h e d  by computer  u s i n g  a n  APL program which  f i t t e d  a  s e c o n d  

o r d e r  r a t e  c u r v e  t o  t h e  t i t r a t i o n  d a t a  by a n  i n t e r q t i v e  p r o c e d u r e  

( F i g .  5 ) .  Because  t h e r e  were  a m b i g u i t i e s  a s  t o  t h e  i n i t i a t i o n  t fme  

f o r  t h e  r e a c t i o n  due  t o  f i n i t e  m i x i n g  t i m e  o f  t h e  r e a g e n t s  a n d  a s  

t o  t h e  e n d p o i n t  o f  t h e  r e a c t i o n ;  t h e  program was d e s i g n e d  t o  . t 

o p e r a t e  w i t h o u t  r e f e r e n c e  t o  t h e s e  two p a r a m e t e r s .  3 
1 

A t y p i c a l  c h a r t  r e c o r d  i s  p r e s e n f e d  i n  F i g .  4. Data were  

c o l l e c t e d  a t  a n y  s u i t a b l e  c o n s t a n t  t ime  i n t e r v a l  o v e r  a  s egmen t  

o f  t h e  c u r v e  i s o l a t e d  f rom t h e  ex t r ema  o f  t h e  r e a c t i o n .  Normal ly  



- l l a -  + 

F i g .  4.  T y p i c a l  c h a r t  r e c o r d  f o r  a hemoglobin t . i t r a t i o n .  
* 





F i g .  5 .  APL program V K I N K  u s e d  f o r  s e c o n d  o r d e r  a n a l y s i s  o f  

hemoglobin  t i t r a t i o n  r e s u l t s .  

i 
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t h i s  would be t h e  i n t e r v a l  a f t e r  t h e  f i r s t  1 /2  e q u i v a l e n t  had 

r e a c t e d  and b e f o r e  t h e  l a s t  1 /10  e q u i v a ' l e n t  would r e a c t .  A 

minimum of  twenty  d i s c r e t e  d a t a  p o i n t s  would be  i n s e r t e d  i n t o  

t h e  program a l o n g  w i t h  t h e  b a s e l i n e  and t h e  e n d p o i n t  which was 

e s t i m a t e d  from t h e  measured' s e n s i t i v i t y  and t h e  c a l c u l a t e d  e x c e s s  

HgC12 which shou ld  remain i n  s o l u t i o n .  (Myst exper iments  were 

conducted w i t h  a  1 e q u i v a l e n t  e x c e s s  of  HgC12 i n  s o l u t i o n . )  

The program would then  s e l e c t  s u c c e s s i v e  d a t a  s e t s  s e p a r a t e d  

Ky LO t ime i n t e r v a l s  and f i t  them t o  a n  a n a l y t i c  descr ip t . ion  f o r  

a  second o r d e r  r e a c t i o n  of  t h e  form 

1 b ( a - x )  
k t  = - 1 n  

a -b  a ( b - x )  

where a  a$ b  r e p r e s e n t  t h e  i n i t i a l  c o n c e n t r a t i o n s  o f  t h e  r e a e t a n t s .  

C 

As previkius ly  s t a t e d ,  t h e  s t a r t i n g  t ime t h e  r e a c t i o n  was 

ambiguous s o  t ime ( t )  and i n i t i a l  conce t r a t i o n s  were n o t  known. i. 
However, a - b  would be  e q u i v a l e n ;  t o  tt$5 r e s i d u a l  ( e x c e s s )  i n  t h e  

\ 
r e a c t i o n  and i f  t h e  r e a c t i o n  e n d p o i n t  3 e r e  a l s o  known t h e n  t h e  

r a t e  e q u a t i o n . c o u l d  be r e w r i t t e n  a s :  

where t = t ime i n t e r v a l  between Xo and X1 

Res = r e s i d u a l ;  HgC12-Hb 

Xo,X1 = two s u c c e s s i v e  p o i n t s  a l o n g  the  cu'rve 

e  =, r e a c t i o n  e n d p o i n t  



Given a n  e s t i m a t e d  e n d p o i n t  t h e  program would  cornput& a t  l e a s t  

& 

t e n  s e p a r a t e  k t  v a l u e s .  These  v a l u e s  would t e n d  t o  d i v e r g e  i f  t h e  

v a l u e  o f  e was i n c o r r e c t ,  By a  c o m p l e t e l y  a r b i t r a r y  p r o c e d u r e  t h e  
. 

program would e v a l u a t e  t h e  d i v e r g e n c e  a n d  e s t i m a t e  a - ) b e t t e r  e n d -  

p o i n t .  The. p r o c e d u r e  would b e  r e p e a t e d  u s i n g  t h e  new e u n t i l  t h e  

d i v e r  gen  

s t a n d a r d  

t h e  mean 

c e  o f  t h e  k t  v a l u e s  was n e g l i g i b l e ,  s p e c i f i c a l l y  u n t i l  t h e  

d e v i a t i o n  f o r  t h e .  computed k t  v a l u e s  was l e s s  t h a n  1% o f  

Once t h e  d a t a  h a d ~ b e e n  f i t t e d  t o  a  s econd  o r d e r  d e c a y  c u r v e  t h e  

2 t h e o r e t i c a l l y  e x t r a p o l a t e d  r e a c t i o n  e n d p o i n t  wag .compared w i t h  t h e  

e n d p o i n t  e x p e c t e d  f r o m  t h e  r e s p e c t i v e  c o n c e n t r a t i o n s  o f  - r e a c t a n t s .  

Any ma j ok  d i s c r e p a n c i e s  r e s u l t e d  i n  t h e  r ' e j e c t i o n  o f  t h e  d a t a .  , 



I. STOICHIOMETRY OF THE Hb + H~~~ REACTION 

INTRODUCTION 
- 

Amino a c i d  sequer lce  a n a l y s i s  o f  human hemoglobin  (11 )  h a s  s 
4' 

\ 
3' t h a t  t h e r e  a r e  2  c y s t e i n e  g r o u p s  i n  e a c h  8 c h a i n  a n d  one  i n  e a c h  a 

c h a i n  making  up  a  t o t a l  o f  s i x  p e r  t e t r a m e r .  The 8 9 3  c y s t e i n e  h a s  

been  i d e n t i f j e d  a s  t h e  " r e a c t i v e "  g r o u p  (10 . ,22 ,25)  i n  t h a t  i t  r e a c t s  

w i t h i n  m i l l i s e c o n d s  w i t h  s u l p h y d r y l  ' r e a g e n t s  s u c h  a s  heavy  m e t a l  

a a i o n s ,  pheny lmercu ry  compounds e t c .  ~ h e ' . - f o u r  r e m a i n i n g  - SH g r o u p s  a t  
C 

a 1 0 4 ,  8 1 1 2 ,  t r a d i t i o n a l l y  t h e  "masked" o r  " u n r e a c t i v e "  -SH g r o u p s  

w e r e  l o n g  c o n s i d e r e d  t o  b e  u n r e a c t i v e  w i t h  -SH r e a g e n t  e x c e f i  unde r  

d e n a t u r i n g  c o n d i t i o n s  ( 1 2 , 2 4 ) .  I n  r e c e n t  y e a r s  (1967-74)  t h e r e  have  

been  a n  i n c r e a s i n g  number o f  r e p o r t s  o n  t h e  s l o w  r e a c t i o n  ( a  t i m e  

s c a l e  o f  h o u r s  o r  d a y s )  o f  t h e s e  g r o u p s  w i t h  p h e n y l m e r c u r y  compounds 

u n d e r  n e u t r a l  c o n d i t i o n s  (26 -29 ) .  
* - 

~ a r l ;  work on t h e  t i t r a t i o n  o f  t h e  -SH g r o u p s  o f  hemoglobin  

( 3 0 - 3 3 )  i n d i c a t e d  t h a t  be tween  2  a n d  4 -SH g r o u p s  o f  Hb A  a n d  Hb E  

were  r e a d i l y  r e a c t i v e  and  t h a t  a n o t h e r  f o u r  would r e a c t  on  d e n a t u r a -  
< 

t i o n  o f  t h e  p r o t e i n .  

By 1962 t h e  -SH t i t r e  o f  Hb A had b e e n  s e t t l e d  a t  6  -SH p e r  Hb 
3 

t e t r a m e r  w i t h  t h e  f i r s t  2 . 2  m o l a r  e q u i v a l e n t s  b e i n g  c h a r a c t e r i z e d  a s  

" r e a c t t v e l '  a n d  t h e  r e m a i n i n g  3.8 e q u i v a l e n t s  a s  " u n r e a c t i v e "  ( 3 4 , 3 5 ) .  

A comprehens ive  r e v i e w  was p u b l i s h e d  by  R. C e c i l  ( 1 2 )  i n  1963;  t h e  

g e n e r a l  c o n c l u s i o n s  wh ich  he f o r m u l a t e d  a t  t h a t  t i m e  r e m a i n  t h e  

mos t  r e c e n t  p u b l i s h e d  s t a t e m e n t  w i t h  r e s p e c t  t o  t h e  m e r c u r i m e t r i c  



t i t r a t i o n  h e m o g l d b i n - S H  4 g r o u p s  .L H i s  d o n c l u s  i o n s  were :  

a d d i t i o n  t o  r e a c t i n g  w i t h  t h e  " r e a c t i v e "  SH g r o u p s ,  

F 
r e a g e n t s  s u c h  a s  m e r c u r i c  c h l o r i d e  a n d  ' 

p h e n y l m e r c u r i c  h y d r o x i d e  would r e a c t  w i th '  t h e  " u n r e a c t i v e "  

-SH g r o u p s  i n  s l i g h t l y  d e n a t u r i n g  c o n d i t i o n s .  

i i )  One p a i r  o f  t h e  f o u r  " u n r e a c t i v e "  g r o u p s  was more 
Q 

r e a c t i v e  t h a n  t h e  o t h e r  p a i r .  

i i i )  The r e a c t i o n  o f  t h e  u n r e a c t i v e  g r o u p s  was s e n s i t i v e  t o  

t h e  l i g a n d  s t a t e  o f  t h e  Hb m o l e c u l e .  

Though C e c i l  p u b l i s h e d  two f u r t h e r  p a p e r s  ( 3 6 , 3 7 )  o n  t h e  

p o s s i b l e  f u n c t i o n  o f  t h e  u n r e a c t i v e  -SH g roups  o f  Hb A ,  t h e  

a p p a r e n t  u s e f u l n e s s  o f  -SH t i t r a t i o n  was e c l i p s e d  by amino a c i d  

s e q u e n c e  a n a l y s i s  a n d  X-ray  d i f f r a c t i o n  t e c h n i q u e s .  The r e a c t i o ' n  

o f  t h e  masked -SH g r o u p s  oE.Hb A w i t h  PMB r e s u r f a c e d  i n  1967 as a  

! t e c h n i q u e  f o r  s e p a r a t i n g  hemoglobin  s u b u n i t s  ( 2 9 ) .  S i n c e  t h a t  t i m e  

t h e  k i n e t i c s  o f  t h e  Hb cum PMB. r e a c t i o n  h a v e - r e c e i v e d  some 

a t t e n t i o n  (26 ,38) .  K i n e t i c  i n v e s t i g a t i o n s  w i l l  b e  d i s c u s s e d  i n  

d e t a i l  i n  t h e  n e x t  s e c t i o n ;  t h e r e  a r e  4 f u r t h e r  p u b l i c a t i o n s  

wh ich  have  some i n d i r e c t  b e a r i n g  o n  t h e  s t o i c h i o m e t r y  o f  t h e  Hb -SH 

r e a g e n t  r e a c t i o n .  

Enoki  6 Tomita (39) r e a c t e d  v a r i o u s  hemoglobin  t y p e s  w i t h  

HgC12 i n  n e u t r a l  s o l w t i o n  f o r  4 h o u r s  a t  O•‹C and  w e r e  a b l e  to 

d e m o n s t r a t e  t h e  f o r m a t i o n  o f  h y b r i d s ,  i n d i c a t i n g  r e v e r s i b l e  monomer 

f o r m a t i o n .  F i v e  e q u i v a l e n t s  o r  mo;e o f  H~~~ p e r  t e t r a m e r  had  t o  



be r e a c t e d  i n  o r d e r  t o  produce monomers. 

Bucci  (27)  showed t h a t  PMB r e a c t s  e v e n t u a l l y  w i t h  a l l  s i x  -SH 

groups  o f  nativ.e Hb A i n  n e u t r a l  s o l u t i o n .  ~ o s e m e ~ e r  6 Huehns (29)  

found t h a t  t h e  r e a c t i o n  o f  FMl3 w i t h  t h e  -SH groups  o f  Hb A was 

7 
s a l t ,  dependen t ,  r e a c h i n g  a  maximum a t  .1 - . 2M NaCl a t  pH 6. F e t a l  

hemoglobin (Hb F)  which does  n o t  have a  c y s t e i n e  r e s i d u e  a t  p o s i t i o n  

8112 d i d  n o t  r e a c t  beyond t h e  B93-SH group and d i d  n o t  d i s s d c i a t e .  . 

compie te  d i s s o c i a t i o n  was found o n l y  w i t h  Hbls  hav ing  two -SH 

groups  o n . t h e  f3 c h a i n .  They concluded t h a t  - S w 1 1 2  r e a c t s  

r e l a t i v e l y  r a p i d l y  i n  c o m p e t i t i o n  w i t h  -SH@93; t h a t  -SHal04 i s  

t h e  l a s t  t o  r e a c t  and would n o t  r e a c t  a t  a l l  i n  t h e  absence  of  - 
a  p r e v i o u s l y  r e a c t e d  8112 group.  

/ 

This  l a s t  f i n d i n g  was r e f u t e d  by,  Ioppo lo  (40)  i n  1969. He 

found t h a t  Hb F would r e a c t  w i t h  PMB and s u b s e q u e n t l y  d i s s o c i a t e  

b u t  t h e  t ime c o u r s e ,  o p t i m a l  pH and i o n i c  s t r e n g t h  f o r  t h e  

r e a c t i o n  d i f f e r e d  from Hb A. 1 
\ ' & H i n d s i g h t  i s  o f  g r e a t  advan tage  i n  i n t e r p r e t i n g  e x p e r i m e n t a l  

l i t e r a t u r e ;  i n i t i a l l y  i t  was n o t  a t  a l l  c l e a r  whether  2 , 6  o r  more 

e q u i v a l e n t s  o f  H~~~ would r e a c t  w i t h  Hb A. The s t a t e  o f  t h e  a r t  

a t  t h e  i n i t i a t i o n  o f  t h i s  s t u d y  was ep i tomized  by t h e  f o l l o w i n g .  

, 
s t a t e m e n t  from C e c i l  ( 1 2 ) .  

"Although t h e  u n r e a c t i v e  -SH groups can  be t i t r a t e d  
? 

a f t e r  t h e  hemoglobins have been dena' tured,  
t h e y  w i l l  ' r e a c t  s l o w l y  w i t h  heavy m e t a l  r e a g e n t s  
i n  t h e  absence  'of d e n a t u r i n g  a g e n t s .  " 



e v i d e n t  t h a t  a l l  o f  t h e  " u n r e a c t i v e "  -SH g r o u p s  weke r e a c t i n g  wi fh  

HgC12 b u t  u n d e r  some c i r c u m s t a n c e s  a t  r a t e s  t o o  l o w . t o  b e  o b s e r v e d  

w i t h  t h e  a p p a r a t u s  b e i n g  u s e d .  I t  became a p p a r e n t  why S t r i c k s  a n d  

K o l t h o f f  ( 1 8 )  a n d  Benesch  e t  a 1  ( 3 1 )  had b e e n  u n a b l e  t o  o b k e r v e  

t i t r a t i o n  e n d p o i n t s  i n  low i o n i c  s t r e n g t h  media ;  s u c h  a  t i t r a t i o n  

i l l u s t r a t e d  i n  F i g .  8 i s  a p p a r e n t l y  w i t h o u t  a  w e l l  d e f i n e d  e n d p o i n t .  - - 
T h i s  b e h a v i o u r  had been  i n t e r p r e t e d  a s  i n d i c a t i n g  a n  i n d e f i n i t e  

. ? 

s t o i c h i o m e t r y  f o r  t h e  FIgC2 -Hb r e a c t i o n  i n  low s i l t  m e d i a ,  w h e r e a s  

a p p a r e n t l y  i t  r e s u l t s  f r o m  t h e  r e a c t i o n  o f  t h e  " u n r e a c t i v e "  -SH 

g r o u p s .  

RESULTS AND DISCUSSION 

The " ~ n r e a c t i v e "  -SH Groups 

T i t r a t i o n s  o f  Hb A (Human hemog lob in )  w i t h  HgC12 l l n d e r  c o n d i t i o n s  

s p e c i f i e d  by  o t h e r  i n v e s t i g a t o r s  ( 1 8 )  i n d i c a t e d  t h a t  a t  l e a s t  2  

e q u i v a l e n t s  o f  H ~ ' ~  p e r  Hb t e t r a m e r  were  r e a c t i n g .  The t i t r a t i o n  

e n d p o i n t  was p o o r l y  d e f i n e d  due t o  a  s l o w  b u t  s t e a d y  downward 

d r i f t  o f  t h e  c u r r e n t  beyond t h e  2  e q u i v a l e n t  p o i n t  (B  i n  F i g .  6 ) .  

I f  t h e  c u r r e n t  r e a d i n g  was n o t  t a k e n  u n t i l  t h e ' o b s e c v e d  d r i f t  

became n e g l i g i b l e ,  i . e .  no o b s e r v a b l e  d e f l e c t i o n  o f  t h e  g a l v a n o m e t e r  

o v e r  a  20 t o  30  s e c o n d  p e r i o d ,  t h e  r e a c t i o n  m d p o i n t  r e s o l v e d  i t s e l f  

a t  4 e q u i v a l e n t s  ( C  i n  F i g .  6 ) & ~ h i s  was a  p a r t i c u l a r l y  s i g n i f i c a n t  

r e s u l t  i n  t h a t  i t  i n d i c a t e d  t h a t  a t  l e a s t  one  o f  t h e  " u n r e a c t i v e "  -SH 
P 

t g r o u p s  was r e a c t i n g  a t  a  f i n i t e  r a t e .  

{. * When t h e  e f f e c t s  o f  v a r i o u s  c o n c e n t r a t i o n s  o f  h a l i d e  s a l t s  i n  

t h e  t i t r a t i o n  medium were  i n v e s t i g a t e d  ( F i g s .  7 , 8 ) ,  i t  became 



F i g .  6 .  T y p i c a l  m e r c u r i m e t r i c  t i t r a t i o n  c u r v e s  f o r  hemoglobin  a t  
I 

50 $I. heme i n  500mM K C 1 ,  lOOmM P h o s p h a t e ,  pH 7:6. Curve 
-.f 

A was o b t a i n e d  i n  t h e  a b s e n c e  o f  Hb. Curve B i s  a  r a p i d  

t i t r a t i o n  o f  Hb w i t h  HgC12.with 2 0  s e c o n d  

i n t e r v a l s  be tween  s u c c e s s i v e  mercu ry  a l i q u o t s .  Curve C 

r e p r e s e n t s  a  s l o w  t i t r a t i o n  w i t h  2 min. i n t e r v a l s .  be tween  

s u c c e s s i v e  a  l i q u o t s  . The a r r o w s  i n d i c a t e  a  p e r c e p t i b l e  

d i m i n u t i o n  o f  th; c u r r e n t  d u r i n g  t h e  2  min .  i n t e r v a l .  





F i g .  7 .  M e r c u r i m e t r i c  t i t r  t i o n s  o f  HbA a t  50 pM. heme i n  loo&: f 
L 

pn%ha te ,  pH 7 . 6  p l u s  v a r i o u s  c o n c e n t r a t i o n s  o f  N a B r .  

7 

The t i m e  i n t e r v a l  b e t w e e n  s u c c e s s i v e  a l i q u o t s  o f  m e r c u r y  

was 2 min. - .  





P 
t -  

F i g .  8. M e r c u r i m e t r i c  t l t q a t i o n  o f  Hb A a t  50 $4. heme i n  1 0 0  mM 

p h o s p h a t e ,  pH 7 . 6  p l u s  'l60mM NaC1. Time i n t e r v a l  be tween ,  

a l i q u o t s :  1 rnin. The re  i s  no w e l l  d e f i n e d  r e a c t i o n  

e n d p o i n t .  





S e v e r a l  exper iments  were conducted t o  r u l e  o u t  a n y  o+her . 
-I 

a -  

i n t e r p r e t a t i o n  o f  t h e s e  r e s u l t s .  The consumption o f  m e r c u r i c  i o n  

. 
by the  amperometr ic  a p p a r a t u s  was found t o  be- a n  o r d e r  o f  

magni tude t o o  s m a l l  t o  a c c o u n t  f o r  any o f  t h e  o b s e r v a t i o n s .  The 
i 0 

p o s s i b i l i t y  o f  r e a c t i o n s  w i t h  i m p u r i t i e s  o r  w i t h  d e n a t u r e d  p r o t e i n  

r - was r u l e d  o u t  by t h e  f o l l o w i n g  o b s e r v a t i o n s :  - 

a )  Hb A was h e a t  d e n a t u r e d  a t  450C i n  t h e  p resence  o f  an  

e x c e s s  o f  HgC12 ( i n  l O O m M  Phospha te ,  500mM KCL). Under 

thes'e c i r > u m s t a n c e s  s i x  and o n l y  s i x  e q u i v a l e n t s  o f  

mercury r e a c t e d .  With Equine hemoglobin (Hb E )  an$ w i t h  

"Cord Blood" (60% Hb F + 40% Hb A )  t h e  r e a c t i o n  s t o i c h i o -  

me t ry  s i m i l a r l y  cor responded  t o  t h e  number o f  -SH 'groups 

i n  t h e  p a r t i c u l a r  Hb sample.  

, . 
\ i r  b )  Hb A ,  Hb E and "cord Blood" hemolysate were i n c u b a t e d  w i t h  

\. 

1 

v a r i o u s  amounts o f  HgC12 f o r  48 hours  w h i l e  t a k i n g  i n t e r -  
. * .  

m i t t e n t  r e a d i n g s  o f  H ~ + ~ '  c q n c e n t r a  t i o n  ( F i g .  9 ) .  ' The 
-* 

s . to ich iomet ry  o f  t h e  r e a c t i o n  o f  w i t h  t h e  -SH groups  

+ 2  
was 1: 1 w i t h  no f u r t h e r  s i g n i f i c a n t  b i n d i n g  o f  Hg w i t h  

d e n a t u r e d  p r o t e i n  o r  i m p u r i t i e s .  
. 4  

-A' 
D u r i q  t h e  i n v e s t i g a t i o n  o f  r e a c t i o n b i n e p i c s  ' to  be d e s c r i b e d  i n  

-- 

t h e  nex t  s e c t i o n  t h e  r e a c t i o n  s t o i c h i o m e t r y  was obse rved  t o  be  6  - 
i w ' e q u i v a l e n t s  Hg / H b 4 t 5 X  f o r  s e v e r a l  hundred t i t r a t i o n s  under a  

wide  range  of  c ~ n d i t i o n s .  



F i g .  9 .  The s t o i c h i o ~ e t r y  o f  t h e  r e a c t i o n  o f  HbA, $bE and  "cord  ' 

, 
Blood" h e m o l y s a t e  ( -- 60% HliF + -40% H ~ A ) \ ,  The hemog lob ins  

were i n c u b a t e d  i n  lOOmM P h o s p h a t e ,  pH 7 . 6 ,  500mM K C 1  p l u s  

v a r y i n g  amounts  o f  HgC12 f o r  48 h o u r s  a t  2 0 ' ~ .  The 

u n r e a c t e d  HgCl2 was d e t e r m i n e d  i n t e r m i t t e n t l y  w i t h  t h e  

a n p e r o m e t r i c  a p p a r a t u s .  

- 

I 
- 0 -  HbA, --- HbE, -Cord Blood 





Weak b i n d i n g  o f  H ~ + ~  

I n  a d d i t i o n  t o  t h e  s t r o n g r b i n d i n g  o f  H~~~ a t  t h e  s i x  -SH g r o u p s  

o f  Hb A, two e q u i v a l e n t s  o f  H~~~ we re  o b s e r v e d  t o  be  w e a k l y  bound 

a t  a n  u n i d e n t i f i e d  l o c u s .  

The e x i s t e n c e  o f  t h i s  r e a c t i o n  was i n f e r r e d  f r o m  a  s e n s i t i v i t y  

anomaly  i n  t h e  a m p e r o m e t r i c  a p p a r a t u s .  . A f t e r  t h e  c o m p l e t e  r e a c t i o n  

o f  6 e q u i v a l e n t s  o f  H ~ + ~  w i t h  Hb A, s m a l l  a l i q u o t s  o f  HgC12 were  

added  t o  t h e  t i t r a  t i o n  medium a n d  t h e  r e s p o n s e  o f  t h e  a p p a r a t u s  

r e c o r d e d  f o r  e a c h  i n c r e m e n t  i n  HgC12 c o n c e n t r a t i o n ,  

i 

I t  was e v i d e n t  f rom t h e  p l o t  o f  i n s t a n t a n e o u s  s e n s i t i v i t y ,  

d  I shown i n  F i g .  1 0 ,  t h a t  a  r e v e r s i b l e  o r  c o n c e n t r a t i o n  
d  ( ~ g ' ~ )  

d e p e n d e n t  r e a c t i o n  was t a k i n g  p l a c e .  I f  t h e  i n s t a n t a n e o u s  
' -i 
b.9 

s e n s i t i v i t y  was assumed t o  b e  c o n s t a n t  a t  i t s  l i m i t i n k  v a l u e  t h e n  

t h e  q u a n t i t y  o f  H ~ + ~  b e i n g  s e q u e s t e r e d  and  t h e  c o n c o m i t t a n t  

a s s o c i a t i o n  c o n s t a n t  c o u l d  b e  o b t a i n e d  f rom an ,  i n t e g r a t e d  p l o t  

o f  t h e  t y p e  shown i n  F i g .  11. Assuming a  s i n g l e  r e a c t i o n ,  a n  

a s s o c i a t i o n  c o n s t a n t  K was computed a s  K = 1 .2  x lo4  l i t e r / ~ . h e m e  > ' t 
a s  compared t o  K r loi1 f o r  t h e  b i n d i n g  o f  H ~ * ~  t o  c y s t e i n e  ' ( 12 ) .  

X weak b i n d i n g  s i t e  would  b e  e x p e c t e d  t o  " s a t u r a t e "  a t  a  

h i g h e r  m o l a r ,  e x c e s s  o f  HgC12 p e r  Hb t e t r a m e r  a s  t h e  hemog lob in  

c o n c e n t r a t i o n  was r e d u c e d .  The dashed  l i n e  i n  F i g .  1 0  i n d i c a t e s  

t h i s  e f f e c t .  I - > 

' T h i s  i n t e r p r e t a t i o n  o f  t h e  s e n s i t i v i t y  anomaly  i s  c o r r o b o r a t e d  

b y  t h e  f i n d i n g  t h a t  t h e  a p p a r e n t  s econd  o r d e r  r a t e  c o n s t a n t  f o r  t h e  
64 



--. 
F i g .  10 .  The i n s t a n t a n e o u s  s e n s i t i v i t y  o f  t h e  a m p e r o m e t r i c  a p p a r a t u s  

t o  HgC12 i n ' v a r i o u s  c o n c e n t r a t i o n s  o f  HbA p l u s  lOOmM ~ a ~ l ,  
V 

lOmM P h o s p h a t e ,  pH 7.6. F o r  c l a r i t y  t h e  v e r t i c a l  d i s p i a c e -  

ment  be tween  t h e  t h r e e  c u r v e s  i s  a r b i t r a r y ,  t h e  a c t u a l  

v a l u e  o f  t h e  l i m i t i n g  c u r r e n t  i s  i n d i c a t e d  o n  t h e  F i g u r e .  

- The dashed  l i n e  i n d i c a t e s  t h e  i n c r e a s i n g  s a t u r a t i o n  o f  t h e  

weak b i n d i n g  s i t e  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n .  
4 





F i g .  11. The i n t e g r a l  o f  t h e  i n s t a n t a n e o u s  s e n s i t i v i t y  c u r v e  f o r  

144  p . h e m e  r e p r e s e n t e d  i n  F i g .  9. The s t o i c h i o m e t r y  
/ 

i, 

o f  t h e  r e a c t i o n  was a p p r o x i m a t e d  by e x t r a p o l a t i n g  t h e  

t e r m i n a l  s l o p e  o f  t h e  c u r v e .  The a s s o c i a t i o n  c o n s t a n t  

was computed f rom t h e  d i f f e r e n c e s  i n d i c a t e d  by  t h e  





r e a c t i o n  o f  t h e  u n r e a c t i v e  -SH g r o u p s  w i t h  HgC12 t e n d s  t o  i n c r e a s e  

w i t h  i n c r e a s i n g  HgCl c o n c 6 n t r a t i o n  a s  shown i n  F i g .  12 .  
2 

Chiancone  ( 2 6 )  o b s e r v e d  a  s i m i l a r  e f f e c t  f o r  t h e  r e a c t i o n  o f  PMB 
t 

w i t h  t h e  " u n r e a c t i v e "  -SH g r o u p s  and  s u g g e s t e d  t h p  some a s s o c i a t i o n  

e q u i l i b r i u m  m i g h t  b e  i n v o l v e d .  ' * 

As t h e  r e v e r s i b l y  bound HgC12 amounts  t o  2  e q u i v a l e n t s  p e r  

t e t r a m e r  i t  s h o u l d  be  p o s s i b l e  t o  a s s o c i a t e  i t  w i t h  a  p a r t i c u l a r  

s i t e  o n  t h e  a o r  @ s u b u n i t .  T h e r e  i s  a  m e t h i o n i n e  g r o u p  l o c a t e d .  

a t  a 7 6  i n  t h e  bend  be tweeq  t h e  E and  F  s e g m e n t s ;  p o s s i b l y  t h i s  g r o u p  

i s  t h e  r e a c t i v e  g r o u p  a s  i t  i s  t h e  o n l y  a c c e s s i b l e  Met i n  t h e  

t e t r a m e r .  Met 0 3 2  i s  i n v o l v e d  i n  t h e  heme c o n t a c t  a n d  Met 0 5 5  i n  

t h e  a,@, i n t e r f a c e  (41).  T h e r e f o r e  t h e y  a r e  n o t  l i k e l y  t o  b e  

r e a d i l y  a c c e s s i b l e .  T h i o  e t h e r s  r e a d i l y  u n d e r g o  n u c l e o p h i l i c  

a t t a c k  by mercu ry  s a l t s  ( 1 2 )  and  though  t h i s  r e a c t i o n  h a s  n o t  
/ 

b e e n  o b s e r v e d  t o  o c c u r  w i t h  m e t h i o n i n e ,  t h e  e x i s t e n c e  o f  compounds 

would n o t  b e  u n l i k e . 1 ~ .  The heme i r o n  o f  cy toch rome  C i s  comp.lexed 

t o  a  Met r e s i d u e  i n  e x a c t l y  t h i s  way ( 4 2 ) .  No o t h e r  amino a c i d  

g r o u p s  i n  Hb A seem t o  b e  a s  l i k e l y  c a n d i d a t e s  f o r  t h e  l o c u s  o f  
d 

t h i s  p a r t i c u l a r  r e a c t i o n .  Though s u c h  a  r e a c t i o n  m i g h t  o c c u r  w i t h  

imadazo le  g r o u p s ,  t h e i r  numbers and  l o c a t i o n  o n  t h e  Hb m o l e c u l e  

a r e  i n a p p r o p r i a t e  . 



11. KINETICS OF THE REACTIONS OF HgC12 WITH THE 

UNREACTIVE -SH GROUPS OF HEMOGLOBIN 

S t r u c t u r a l  a n a l y s i s  o f  Hb A (43 -45 )  has  shown t h a t  t h e  893  

c y s t e i n e  i s  l o c a t e d  on  t h e  e x t e r i o r  s u r f a c e  o f  t h e  Hb t e t r a m e r  

n e x t  t o  t h e  "p rox ima l "  h i s t i d i n e  wh ich  i s  t h e  m a j o r  p o i n t  o f  

a t t a c h m e n t  f o r  t h e  heme i r o n .  T h i s  c l o s e  a s s o c i a t i o n  h a s  b e e n  

e x p l o i t e d  i n  s t u d i e s  i n v o l v i n g  i n t e r a c t i o n s  be tween  t h e  l i g a n d  

g r o u p  a n d  t h e  r e a c t i v i t y  o f  - S w 9 3  a n d  v i c e  v e r s a  s t a t e .  o f  t h e  heme 

8112  g r o u p s  a r e  l o c a t e d  i n  t h e  a131 i n t e r f a c e  The a 1 0 4  and  

b? o f  ' t h e  hemoglobin  t e t r a m e r  ( 4 l Y 4 3 , 4 4 , 5 l ) .  As t h i s  i n t e r f a c e  i s  

n o t  n o r m a l l y  egposed  t o  s o l u t i o n  ( 5 1 )  t h e  r e l a t i v e l y  low 

r e a c t i v i t y  o f  t h e s e  -SH g r o u p s  m i g h t  b e  exp la , i ned .  I f  t h e  low 

r e a c t i v i t y  d o e s ,  i n  f a c t ,  r e f l e c t  t h e  s h e l t e r e d  c o n d i t i o n  o f  t h e s e  

c y s t e i n e s  i t  would b e  e x p e c t e d  t h a t  c o n d i t i o n s  which  i n d u c e  

d i m e r i z a t i o n  o r  m o n o m e r i z a t i o n  o f  t h e  hem0 l o b i n  t e t r a m e r  would L" 
a l s o  a f f e c t  t h e  r a t e s  o f  r e a c t i o n  o f  t h e  "rqasked" -SH g r o u p s  

( Z 6 , 3 6 , 3 7 ) .  By e x t e n s i o n ,  s i n c e  t h e  d i m e r - t e t r a m e r  e q u i l i b r i u m  
1 

i s  r e l a t e d  t o  t h e  l i g a n d  s t a t e  o f  t h e  m o l e c u l e  ( 2 1 , 5 2 - 5 4 )  t h e  

r e l a t i v e  r e a c t i o n  r a t e s  m i g h t  a l s o  be  r e l a t e d  t o  t h e  l i g a n d  s t a t e .  
I 

The p o s s i b i l i t y  o f  u s i n g  -SH g r o u p s  i n  t h e  cxlpl i n t e r f a c e  a s  

p r o b e s  o f  s u b u n f t  i n t e r a c t i d n s  has  been  i n v e s t i g a t e d  by s e v e r a l  

worke r  s  . 



C e c 5 1 - &  Snow ( 3 4 , 3 5 )  were  t h e  f i r s t  t o  r e c o g n i z e  t h e  p o s s i b i l i t y  

e v e n  though  a t  t h a t  t i m e ,  1 9 6 2 ,  t h e  s t r u c t u r e  o f  hemoglobin  was 

l a r g e l y  unknown. They d e t e r m i n e d  t h a t  t h e  r e l a t i v e  r e a c t i v i t i e s  o f  

v a r i o u s  hemoglobins  f e l l  i n t o  t h e  o r d e r  Met Hb . deoxy Hb > CO Hb. 

The k i n e t i c s  o f  t h e  s u l p h j r d r y l  r e a c t i o n s  were  t h o u g h t  t o  b e  '. 
r 

i n d e t e r m i n a t e  a s  i t  was b e l i e v e d  t h a t  a  s i n g l e  -SH g r o u p  would 

b i n d  more t h a n  one  H ~ + ~  i o n  o r  pheny lmercu ry  molecule,.  Oxyhemo- 

g l o b i n  c o u l d  n o t  b e  i n v e s t i g a t e d  due  t o  t h e  i n t e r f e r e n c e  o f  oxygen 
* 

w i t h  t h e i r  m e r c u r i m e t r i c  t e c h n i q u e .  k- . 

The s e p a r a t i o n  o f  hemog lgb in  s u b u n i t s  by c o m p l e t e  r e a c t i o n  
i 

w i t h  PMB was i n i t i a t e d  by B u c c i  e t  a 1  ( 2 7 , 2 8 ) .  Though t h e y  were  n o t  
zA 

= .  4 

i n t e r e s t e d  i n  l i g a n d  e f f e c t s  p e r  s e ,  t h e y  were  aware  t h a t  t h e  y i e l d  

o f  s e p a r a t e d  Q & B c h a i n s  was s e n s i t i v e .  t o  t h e  l i g a n d  s t a t e  o f  t h e  

Rosemeyer & Huehns ( 2 9 )  e x p l o r e d  t h e  p a r a m e t e r s  c o n t r o l l i n g  t h e  

>-" 
r e a c t i o n  o f  PMB w i t h  t h e  u n r e a c t i v e  -SH g r o u p s  i n  o r d e r ,  t o  o p t i m i z e  

t h e  y i e l d  o f  s e p a r a t e d  c h a i n s .  Though r e a c g o n  r g t e s  were  o n l y  

i n f e r r e d  f rom e l e c t r o p h o r e t i c  y i e l d  t h e y  r e a c h e d  t h e  f o l l o w i n g  

' c o n c l u s i o n s :  

9 
a )  The r e i c t i o n  o f  02Hb w i t h  e x c e s s  PCMB i n c r e a s e s  w i t h  t h e  

NaCl c o n c e n t r a t i o n  r e a c h i n g  a maximum a t  a b o u t  0 . m  NaCl , '  

b )  S u l p f i y d r y l  g roups  $93 ,  5112 r e a c t  r a p i d l y  w h e r e a s  - S W 1 0 4  

i s  s l o w  t o  r e a c t .  

F i n a l l y  i n  1970 Chiancone  e t  a 1  ( 2 6 )  p u b l i s h e d  a s t u d y  o n L ' t h e  



k i n e t i c s  o f  t h e  r e a c t i o n  b e t w e e n  PMB a n d  t h e  -SH g r o u p s  o f  Hb A. 

R e a c t i o n  r a t e s  w e r e  measu red  u s i n g  t h e  s p e c t r o p h o t o m e t r i c  t e c h n i q u e  

o f = ~ o ~ e r  ( 5 5 ) .  The e f f e c t s  o f  pH, i o n i c  s t r e n g t h  a n d  p r o t e i n  

c o n c e n t r a t i o n  were o b s e r v e d  f o r  COHb, & 02Hb. 

a )  R e a c t i o n  r a t e s  t e n d e d  t o  i n c r e a s e  w i t h  d e c r e a s i n g  pH 
-, 

and were  s e n s i t i v e  t o  t h e  n a t u r e  o f  t h e  b u f - f e r  s y s t e m .  

b )  The r e a c t i o n  r a t e  r e a c h e d  a  maximum a t  0.1M NaCl 

d r o p p i n g  o n l y  s l i g h t l y  o v e r  t h e  r a n g e  f rom 0 . 1  - 1 . O M  NaC1. 

c )  The a p p a r e n t  r a t e  d e c r e a s e d  w i t h  i n c r e a s i n g  hemog lob in  

c o n c e n t r a t i o n  a n d  i n c r e a s e d  w i t h  i n c r e a s i n g  PMB 

c o n c e n t r a t i o n .  

They t e n t a . t i v e l y  s u g g e s t e d  t h e  r e a c t i o n  scheme i l l u s t r ' a t e d  

be low:  

(CE)7no r e a c t i o n  

f a s t  r e a c t i o n  

The e x i s t e n c e  o f  a  r e c e n t  p u b l i c a t i o n  on  t h e  r e a c t i v i t y  o f  -SH 

g r o u p s  o f  c h i c k e n  Hb s h o u l d  b e  m e n t i o n e d .  C i r o t t i  & G e r a c i  (38 )  

7 

found  t h a t  Hbl w i t h  e i g h t  - S H  g r o u p s  bound s i x  e q u i v a l e n t s  o f  PCMB 

i n  t h e  oxy fo rm a n d 2 0 n l y  f o u r  e q u i v a l e n t s  i n  t h e  deoxy f o r m ;  Hb2; 

m 
w i t h  10  -SH g r o u p s  bound e i g h t  e q u i v a l e n t s  o f  PCMB r e g a r d l e s s  o f  

l i g a n d  s t a t e .  



J A s  d e m o n s t r a t e d  i n  P a r t  

---. 
A , E , F ,  a r e  a l l  r e a c t i v e ' w i t h  

I t h e  u n r e a c t i v e  -SH g r o u p s  o f  Hb 

HgC12 on-me s c a l e  campa t i b l e  

w i t h  t h e  r e s p o n s e  t i m e  o f  t h e  a m p e r o m e t r i c  a p p a r a t u s  d e s c r i b e d  i n  

Methods .  I n  o r d e r  t o  a s c e ? t a i n  t h e  f e a s i b i l i t y  o f  a  p r o b e  f o r  - 
s u b u n i t  i n t e r a c t i o n s  a  number o f  e x p e r i m e n t s  was 

t 
c o n d u c t e d  i n  o r d e r  t o  d e f e r m i n e  th'e r e a c t i o n s  

\ 4 b e i n g  o b s e r v e d  were  s e n s i t i v e  t o  he l i  and  s t a t e  o f  Hb. The 

r e s u l t s  were  encouragin/. Wi th  Hb , R a t e  1 1 ~  was more  o r  l e s s  

- 't 
i n d e p e n d e n t  o f  l i g a n d  s r a t e  ( F i g .  On t h e  o t h e r  hand  R a t e  

2 .  111 was a p p r e c i a b l y  a f f e c - t e d  by t h e  l i g a n d  s t a t e  o f  Hb A  ( F i g .  21) .  

t 

On t h e  b a s i s  o f  t h i s  o b s e r v a t i o n  m ~ s t  o f  t h e  e n s u i n g  e x p e r i m e n t a l  - 
work was  done i n  r e s p e c t  t o   ate I11 o f  Hb A ,  t h o u g h  R a t e  I1 was 

4. 

/----L/.. 
c h a r a c t e r i z e d  t o  some e x t e  t .  R a t e  111 was c o n v e n i e n t  f o r  e x p e r i -  

* 

t 3 m e n t a l  p u r p o s e s  i n  t h a t  t h  r e a c t i o n  went  t o  c o m p l e t i o n  o n  a  t i m e -  

C 
s c a l e  o f  m i n u t e s  i n  a  t i t r a t i o n  medium s u c h  a s  B u f f e r  @ . 

THEORETICAL . . 
I n  f o r m u l a t i n g  a  comprehens ive  t h e o r e t i c a l  r a t e  e x p r e s s i o n  f o r  

t h e  r e a c t i o n  o f  HgC12 w i t h  hemoglobin  i n  a  t i t r a t i o n  med'ium 

c o n t a i n i n g  C1- i o n s  t h r e e  f a c t o r s  had t o  be  t a k e n  i n t o  a c c o u n t .  

i )  Which s p e c i e s  o f  Hb i s  r e a c t i v e :  monomer, d i m e r  o r  

t e  t f a m e r ?  , 

i i j  The d i s s o c i a t i o n  c o n s t a n t  f o r  HgC12 i n  d i s t i l l e d  w a t e r  i s  

r a t h e r  low; i n  aqueous  s o l u t i o n  w i t h  a n y  a p p r e c i a b l e  

c o n c e n t r a t i c c  o f  C 1 -  t h e  m e r c u r i c  i o n  w i l l  a p p e a r  
> 



\ .- 

p r i m a r i l y  i d  t h e  fo rms  ~ ~ ~ 1 4  , H ~ c ~ ~ -  and  HgC12 ( 5 6 , 5 7 ) .  

The two f o r m e r  s p e c i e s ,  t hough  more a b u n d a n t  t h a n  HgC12, 

a r e  n o t  a s  l i k e l y  t o  b e  r e a c t i v e  w i t h  R-SH o r  R-S- b e c a u s e  

o f  t h e i r  n e t  n e g a t i v e  c h a r g e .  Whatever  t h e  c a s e ,  a  

d e t e r m i n a t i o n  o f  a n  a p p a r e n t  r a t e  c o n s t a n t  would have  t o  
A 

a c c o u n t  f o r  t h e  a c t u a l  c o n c e n t r a t i o n  o f  t h e  , r e a c t i v e  

s p e c i e s  o f  mercu ry :  

i i i )  The weak b i n d i n g  o f  2 e q u i v a l e n t s  o f  HgC12 a t  a  non  -SH 

l o c u s  mus t  be  a c c o u n t e d  f o r  i n  a n y  k i n e t i c  a n a l y s i s .  

i 
The f i r s t  two c o n s i d e r a t i o n s  can  b e  d e a l t  w i t h  r a t h e r  s i m p l y  

a s  t h e  f a c t o r  i n  q u e s t i o n  becomes a  c o n s t a n t  wh ich  c a n  b e  removed 

f r o m  t h e  i n t e g r a l .  F o r  t h e  h y p o t h e t i c a l  c a s e  where  d imer  i s  t h e  

r e a c t i v e  s p e c i e s  o f  Hb i n  t h e  s o l u t i o n ,  t h e  r a t e  e q u a t i o n  c a n  b e  

w r i t t e n  i n  s t a n d a r d  fo rm a s  

Assuming t h a t  t h e  d imer  - t e t r a m e r  e q u i l i b r i u m  r e m a i n s  u n a f f e c t e d  

by t h e  r e a c t i o n  o f  d imer  wit.h Hgt2 and  a l s o  t h a t  t h e  d i m e r  - * 

t e t r a m e r  t u r n o v e r  r a t e  i s  r a p i d  by compar i son  w i t h  t h e  r a t e  of t h e  
b 

r e a c t i o n ;  t h e  v a l u e  o f  y w i l l  t h e n  be  p r q p o r t i o n a l  t o  t h e  v a l u e  

The f i r s t  a s s u m p t i o n  i s  p r o b a b l y  n o t  v a l i d  f o r  t h e  r e a c t i o n  

s y s t e m  b e i n g  s t u d i e d  b u t  i s  a  u s e f u l  a p p r o x i m a t i o n .  The s e c o n d  

a s s u m p t i o n  i s  j u s t i f i e d ;  U z g i r i s  a n d  G o l i v e r s u c h  ( 5 8 )  have  



r e c e n t l y  measu red  t e t r a m e r - d i m e r  d i s s o c i a t i o n  c o n s t a n t s  f o r  HbA. 

Kf t h e  d i s s o c i a t i o n  r a t e  c o n s t a n t ,  was e v a l u a t e d  a s  K f  = 938 s e c - I  n 
f o r  HbA i n  0.1M NaCl. 

S u b s t i t b t i n g  ( 2 )  i n t o  ( 1 )  
. / L 

D 3 = K(HGT-X) ( D - x  -) 
d t  HBT 

m u l t i p l y i n g  t h e  e n t i r e  e x p r e s s i o n  by 

one  o b t a i n s  ' 

t h e  i n t e g r a t e d  r a t e  e q u a t i o n  w i l l  b e  t h e  f a m i l i a r  2nd o r d e r  

e x p r e s s i o n  w i t h  a n  a d d e d  c o n s t a n t :  

. +  l n  HBT(HGT-X) (5)  K r -  
t HGT-HBT HGT(HBT-X) ' 

Thus ,  i n  t h e  c a s e  t h a t  e i t h e r  monomeric o r  d i m e r i c  Hb i s  t h e  

f l  r e a c t i v c  s p e c i e s  t h e  a p p a r e n t  r a t e  c o n s t a n t  w i I l  b e  s e e n  t o  . v a r y  

a s  4 i . e . ,  a s  e i t h e r  

HB T  ' HBT - o r  a s ?  
D M 

k 

The q u e s t i o n  o f  i d e n t i f y i n g  t h e  r e a c t i n g  s p e c i e s  o f  HgC1, c a n  

be  h a n d l e d  i n  a n  i d e n t i c a l  f a s h i o n .  The exchange  r a t e  f o r  c h l o r i d e  

on  Hg i s  i n  t h e  o r d e r  o f  - 1 0 - l o  s e c o n d s  ( 7 3 , 7 4 1  s o  t h e  

a s s u m p t i o n s  made i n  r e s p e c t  t o  Hb d imer  - t e t r a m e t  t u r n o v e r  a r e  
4 

: > -: -. 
v a l i d  f o r  t h e  v a r i o u s  s p e c i e s  o f  'HgCl,. The a p p a r e n t  r a t e  c o n s t a n t  

C 

w i l l  be  s e e n  t o  v a r y  a s  where  



+ = Hg T o t a l  
. HgC1, 

To a c c o u n t  f o r  t h e  weak b i n d i n g  o f  'Hgc12 
L 

HgHb K - 
f - (Hg)(Hb) 

4 I .  But Hb c a n  b e  e x p r e s s e d  a s  Hb = HBT - HgHb; s u b s t i t u t e  t h l s  

e x p r e s s i o n  i n t o  ( 7 )  a n d  s o l v e  f o r  HgHb 
1 

HgHb = K ( H d ( H b )  
f l + K f  Hg 1 (8)  

Z 

The i n s t a n t a n e o u s  Hg c o n c e n t r a t i o n  i n  a  s o l k i o n  i n  w h i c h  -SH 

g r o u p s  a r e  r e a c t i n g  w i l l  t h e n  be :  

Hg = HGT - x - HgHb 

and  t h e  r a t e  e q u a t i o n  w i l l  be  

d= 
d t  

s u b s t i t u t i n g  ( 8 )  & ( 9 )  i n t , o  ( 1  

B y  t h e  b  inomia 1 e x p a h s  i o n  

(I + K H g j - l  h i l l  become C 

- 
l a k i n g  t h e  f i r s t  two t e r m s  of ( 1 2 )  a s  a  f i r s t  a p p r o x i m a t i o n  and  

s z b s t i t u t i n g  i n t o  ( 1 1 ) :  

d Hg - - - k ( 3 g )  ( a  + Hg ( 1  + K HBT - K HBT Hg)) ( 1 3 )  
d t  . r t 

- 
; q u a t i o n  (13) can  b e  x r i t t e n  i n  t h e  fo rm 



d x  2  - =. k ( x )  (a + b x  t c x  ) 
d t  

where  . x = H g  

a  = (HBT - HGT) 

b  = (K HBT + 1 )  
5 

c  = ( -  K  HBT) 
I 

and i n t e g r a t e d  t o  g i v e  a .  I 

where  

2 - t a n -  2cx  + b 

fi. 6 
where  ' , 

RESULTS AND DISCUSSION 

R e a c t i o n  Order  

A p r i m a r y  c o n s i d e r a  t i o n  i n  t h e  i n t e r p r e t a t i o n  o f  r e a c t i o n  d a t a  

was t h e  a s s i g n m e n t  o f  r e a c t i o n  o r d e r .  Though i t  was n o t  e s s e n t i a l  t o  

d i s t i n g u i s h  be tween  a  f i r s t  o r d e r  o r  s e c o n d  o r d e r  r e a c t i o n  i n  o r d e r  

t o  c o r r e c t l y  i n t e r p r e t  Ligand e f f e c t s  o r  t e m p e r a t u r e  e f f e c t s  o n  t h e  

a p p a r e n t  r a t e  c o n s t a n t  ( F i g .  2 1 ,  F i g .  2 2 ) ,  t h e  e f f e c t  o f  v a r y i n g  

t n e  Hb c o n c e n t r a t i o n  c a n  o n l y  b e  i n t e r p r e t e d  i f  a  u n i q u e  r e a c t i o n  



o r d e r  i s  a s s i g n e d .  T h i s  p o i n t  i s  b e s t  i l l u s t r a t e d  by t h e  ( a p p a r e n t  

i n  F i g .  24; a  K p r o p o r t i o n a l  t o  
aPP 

one  would e x p e c t  t o  o b s e r v e  i f  

a  f i r s t  o r d e r  r e a c t i o n  were  b e i n g  i n c o r r e c t l y  a n a l y s e d  a s  s e c o n d  

o r d e r  r e a c t i o n .  

The method o f  c u r v e  f i t t i n g  was u n a ; a t i s f a c t o r y .  A m b i g u i t i e s  

a s  t o  t h e  c o m p l e t i o n  o f  t h e  r e a c t i o n  were  s m a l l  b u t  s u f f i c i e n t  t o  

p r e c l u d e  p o s i t i v e  i d e n t i f i c a t i o n  o f  t h e  r e a c t i o n  a s  s e c o n d  o r d e r .  

The o v e r a l l  r e a c t i o n  was d e t e r m i n e d  t o  b e  s e c o n d  o r d e r  by 

i n v e s t i g a t i n g  t h e  m e r c u r y  c o n c e n t r a t i o n  dependence  o f  t h e  a p p a r e n t  

s econd  o r d e r  r a t e  c o n s t a n t  ( F i g .  12 ) .  The r a t e  c o n s t a n t  i s  a l m o s t  . *. --, 

i n d e p e n d e n t  o f  HgC12 c o n c e n t r a t i o n  i n c r e a s i n g  o n l y  s l i g h t l y  due  

t o  p r o g r e s s i v e  s a t u r a t i o n  o f  t h e  weak b i n d i n g  s i t e .  A c o n s i d e r a t i o n  

,' 
o f  t h e  Hb c o n c e n t r a t i o n  dependence  ( F i g .  26 )  would  n o t  l e a d  t o  t h e  

IS' 
' P  \ c p n c l u s i o n  t h a t  t h e  o v e r a l l  r e a c t i o n  i s  second  o r d e r .  T h i s  
C 

d i s c r e p a n c y  w i l l  b e  c o n s i d e r e d  i n  l a t e r  d i s c u s s i o n .  

Chiancone  e t  a 1  ( 2 6 ) ,  w o r k i n g  w i t h  t h e  r e a c t i o n  o f  PMB w i t h  t h e  

u n r e a c t i v e  - S H  g r o u p s  d f  Hb A ,  s u c c e s s f u l l y  t r e a t e d  t h e  ensemble  

a s  a  s i n g l e  pseudo f i r s t  o r d e r  r e a c t i o n .  As e a r l y ' a s  1963 C e c i l  ( 1 2 )  

had i n d i c a t e d  t h a t  one  o f  t h e  two " u n r e a c t i v e "  p a i r s  was more * 
r e a c t i v e  t h a n  t h e  o t h e r .  Rosemeyer and  Huehns ( 2 9 )  a l s o  r e a c h e d  

t h i s  c o n c l u s i o n .  

The e x p l a n a t i o n  f o r  t h i s  d i s c r e p a n c y  seems t o  l i e  i n  t h e  

d i f f e r e n c q  be tween t h e  r e a c t i o n s  o f  PMB a n d  HgC12 w i t h  Hb - SH 

g r o u p s .  A l t h o u g h  I o p p o l o  e t  a 1  (40)  d i d  show t h a t  -SlQl04 g r o u p s  



F i g .  12. V a r i a t i o n  o f  t h e  a p p a r e n t  s e c o n d  o r d e r  r a t e  c o n s t a n t  f o r  

R a t e  111 a s  a  f u n c t i o n  o f  H g C 1 2  e x c e s s  i n  65 pN.heme, 

l O O m M  NaCl-, l O m M  P h o s p h a t e ,  pH 7.6. 





would r e a c t  w i t h  PMB i n  t h e  a b s e n c e  o f  a n  -SHp112, t h e  o b s e r v e d  

r e a c t i o n  h a l f  t i m e  was v e r y  l o n g  by compar i son  w i t h  - S m l 0 4  

r e a c t i n g  i n  s e q u e n c e  w i t h  a  -SH@l12 g r o u p  ( 2 6 , 2 9 ) .  T h i s  s u g g e s t s ,  
& 

a s  c o n c l u d e d  by Rosemeyer a n d  Huehns ( 2 9 )  t h a t  t h e  r e a c t i o n  of 

-SH@112 w i t h  PMB f a c i l i t a t e s  t h e  r e a c t i o n  o f  - ~ & l ' 0 4  w i t h  PMB t o  

t h e  e x t e n t  t h a t  t h e s e  r e a c t i o n s  c a n  b e  c o n s i d e r e d  t o  p r o c e e d  i n  

s e r i e s  r a t h e r  t h a n  i n  p a r a l l e l .  E l e c t r o p h o r e t i c  p a t t e r n s  o f  

Chiancone  ( 2 3 )  show t h a t  Hb A s u b u n i t s  a r e  p roduced  a f t e r  t h e  

r e a c t i o n  o f  o n l y  3  e q u i v a l e n t s  o f  PMB, s u p p o r t i n g  t h i s  c o n c l u s i o n .  

I n  s u c h  a  s i t u a t i o n  t h e  e a r l i e r  p h a s e s  o f  t h e  r e a c t i o n  w i l l  b e  

p seudo  f i r s t  o r d e r .  I n  t h e  e x p e r i m e n t s  i n  wh ich  Chiancone  ( 2 6 )  

d e t e r m i n e d  r e a c t i o n  o r d e r ,  - h i s  r e a c t i o n s  were f a r  f r o m  c o m p l e t i o n ,  , 

due  t o  t h e  e x t r e m e l y  s l o w  r e a c t i o n  r a t e  o f  PMB a t  low m o l a r  

e x c e s s e s .  

/' 
T h i s  e x p l a n a t i o n  i s  f u r t h e r  c o r r o b o r a t e d  by  c h i a n c o n e ' s  (26 )  

f i n d d i n g  t h a t  t h e  a c t i v a t i o n  e n e r g y  f o r  h i s  r e a c t i o n  was 1 0 3  2  ~ c a l /  

mo le .  T h i s  c o r r e s p o n d s  c l o s e l y  t o  t h e  Ea r e p o r t e d  h e r e  f o r  R a t e  

11, t h e  r e a c t i o n  o f  - S w 1 1 2  o f  Hb A (wh ich  would c o n t r o l  t h e  PMB 

r e a c t i o n  r a t e ) .  

Fo r  t h e  r e a c t i o n  o f  HgC12 w i t h  Kb A t h e  f a c i l i t a t i o n  o f  t h e  

r e a c t i o n  o f  Sm104 d o e s  n o t  a p p e a r  t o  o c c u r ,  a t  l e a s t '  t o  t h e  same 

e x t e n t .  T h i s  i s ' a m p l y  c l e a r  f rom t h e  t i t r a t i o n  r e s u l t s  F i g .  7 

i n  wh ich  e n d p o i n t s  a t  4 e q u i v a l e n t s  a r e  c l e - a r  c u t  unde r  c e r t a i n  

c o n d i t i o n s .  
* ,  

E x c e p t i n g  where  i n d i c a t e d ,  a l l  o f  t h e  appa;en t  r a t e  c o n s t a n t s  

, 



have b e e n  computed u s i n g  a  s t a n d a r d  second  o r d e r  r a t e  e x p r e s s i o n .  

E q u a t i o n  (15 )  wh ich  i n t r o d u c e s  a  c o r r e c t i o n  f o r  t h e  weak b i n d i n g  

g r o u p  was a p p l i e d  t o  k i n e t i c  d a t a  r andomly  s e l e c t e d  f rom t h e  

e x g e r  i m e n t a l  r e s u l t s .  S i n c e  t h e  r e s u l t i n g  c o r r e c t i o n  f a c t o r  amounted 
1 

t o  o n l y  - + L O % ,  w h i c h  i s  much l e s s  t h a n  t h e ,  s c a t t e r  ( + 5 0 % ) ,  t h e  
-a 
c o r r e c t i o n  was c o n s i d e r e d  t o  b e  n e g l i g i b l e  a n d  was n o t  a p p l i e d .  

I 

SALT EFFECTS 

The r e l a t i o n s h i p  be tween  s a l t  c o n c e n t r a t i o n  and  a p p a r e n t  

r e a c t i o n  r a t e  was i n v e s t i g a t e d .  AL 

F i g u r e  1 3  i l l u s t r a t e s  t h e  e f f e c t  o f  KC1 c o n c e n t r a t i o n  o n  

r e a c t i o n  h a l f - t i m e s .  A t e n f o l d  i n c r e a s e  i n  K C 1  c o n c e n t r a t i o n  

r e s u l t s  i n  a  d e c r e a s e  i n  h a l f - t i m e s  by  a  f a c t o r  o f  36.   his' 

r e s u l t  i s  a l m o s t  i d e n t f i c a l  t o  t h e  e f f e c t  o f  NaCl c o n c e n t r a t i o n  . 
( F i g .  1 4 )  which  shows a  32 f o l d  d e c r e a s e  i n  t h e  a p p a r e n t  r a t e  

c o n s t a n t  f o r  % t h e  same c o n c e n t r a t i o n  change .  

A s  p r e v i o u s l y  i n d i c a t e d  m e r c u r i c  i o n  w i l l  e x i s t  p r i m a r i l y  a s  . 

- - 
HgC14- and  HgC13 i n  s o l u t i o n .  The c o n c e n t r a t i o n s  o f  v a r i o u s  

s p e c i e s  o f  HgC1, a s  a  f u n c t i o n  o f  Cl- c o n c e n t r a t i o n  have  been  

computed u s i n g  d i s s o c i a t i o n  c o n s t a n t s  f rom M a r t e l l  ( 32 ) .  As . 

sesn  i n  F i g .  15  t h e  r a t i o  o f  HgC12 t o  Hg t o t a l  d r o p s  b y  r o u g h l y  

30 f o l d  a s  C 1 -  goes  f r o m  O,lM t o  1 . O M .  None o f  t h e  o ~ h e r  s p e c i e s  

o f  HgC1, come c l o s e  t o  m a t c h i n g  t h e  r e l a t i o n s h i p  o b s e r v e d  i n  F i g s .  

1 3 ,  14.  

I t  was assumed t h a t  HgC12 i s  ~ h e  r e a c t i v e  s p e c i e s  o f  m g r c u r y  



F i g .  13. R e a c t i o n  h a l f - t i m e  f o r  R a t e  111 a s  a  f u n c t i o n  
1 

c o n c e n t r a t i o n  i n  t h e  . t i t r a  t i o n  medium: 50 p.M. heme, 

G 
/' 

l O O m M  P h o s p h a t e ,  pH 7 .6 .  





F i g .  '14.  The e f f e c t  o f  NaCl 2 o n c e n t r a t i o n  on the. a p p a r e n t  r a t e  

c o n s t a n t  and  on  t h e  Hb c o n c e n t r a t i o n  dependence  o f  \ 

R a t e  111 i n  lOmM P h o s p h a t e ,  pH 7.6 a t  2 1 ' ~ .  





Fig .  15. The c a l c u l a t e d  c o n c e n t r a t i o n  b f  v a r i o u s  HgC!, s p e c i e s  a s  a  - 
f u n c t i o n  o f  NaCl c o n c e n t r a t i o n .  Cons tan t s  used were: 

loglOKq = 0 . 6 9  f r HgC13-, and  logloK4K3 = 1.68 f o r  HgC12 . @ 
a p p l i e d  a s  i n d i c a t e d  by M a r t e l l  (32) .  





and the  v a l u e  o f  d i s c u s s i o n )  was c a l c u l a t e d  

u s i n g  a s  t h e  K4K3 = 3.68 (57): . The 

a p p a r e n t  r a t e s  a s  shown i n  F i g .  14 were then  c 'o r rec ted  f o r  " t r u e "  

HgC12 c o n c e n t r a t i o n .  The r e  l a  t i o n s h i p  be tween a p p a r e n t  r a t e  and 

./ c h l o r i d e  c o n c e n t r a t i o n  then  appeared  .as  i n  F i g .  '16. 

The r e l a t i o n s h i p  between t h e  c o r r e c t e d  K a p p a r e n t  and NaCl 

c o n c e n t r a t i o n  c o i n c i d e s  c l o s e l y  t o  t h e  r e l a t i o n s h i p  which Chiancone 

(26)  found f o r ' t h e  c o r r e s p o n d i n g  FMB r e a c t i o n .  

The 8112 Cys te ine  Group ' .  

Hb E has  o n l y  one " u n r e a c t i v e "  c y s t e i n e  r e s i d u e .  l o c a t e d  a t  B112. 

The r e a c t i o n  of  HgC12 w i t h  t h i s  group was i n s e n s i t i v e  t o  l i g a n d  

(oxy,  deoxy,  CO) ( F i g .  17) .  A c t i v a t i o n  energy  f o r  t h e  r e a c t i o d  
Q 

was r o u g h l y  8   call mole a t  60 a. Heme a s  computed from F i g .  16. 
a 

Rate I1 c o r r e s p o n d i n g  t o  t h e  r e a c t i o n  of  t h e  f i r s t  p a i r  o f  the  

u n r e a c t i v e  -SH groups  o f  Hb A i s  a p p a r e n t l y  u n a f f e c f e d  by t h e  l i g a n d  

s t a t e  of t h e  heme ( F i g .  1 8 ) .  The a c t i v a t i o n  e n e r g y  f o r  t h e  r e a c t i o n  
d T1 

v a r i e s  somewhat w i t h  hemoglobin c o n c e n t r a t i o n  ( F i g .  19) ;  a t  
-l 

60 d . h e m e  i t  i s  10.5  ~ c a l / m o l e .  The e f f e c t  o f  v a r y i n g  NaCl 

c o n c e n t r a t i o n  (Fig . .  20)  i s  s m a l l ,  a f t e r  c o r r e c t i o n s  f o r  a c t u a l  

H ~ c ~ ~  c o n c e n t r a t i  

T* a p p a r e n t  o f  l i g a n d  s e n s i t i v i t y  and a c t i v a t i o n  
4 

e n e r g y  f o r  t h e  r e a c t i o n  o f  - S w l 1 2  o f  HbE and Rate  I1 o f  Hb A would 

8 

a p p e a r  t o  j u s t i f y  the  c o n c l u s i o n  t h a t  Rate I1 o f  HbA i n  f a c t  , 

c o r r e s p o n d s  t o  t h e  r e a c t i o n  o f  t h e  5112 c y s t e i n e  group.  T h i s  
> a  



F i g .  16 .  Dependence  o f  t h e  a p p a r e n t  r a t e  c o n s t a n t  f o r  R a t e  I11 o n  

t h e  NaCl c o n c e n t r a t i o n  i n  lOmM P h o s p h a t e ,  pH 7 . 6  a f t e r  

c o r r e c t  i o n  f o r  " r e a  1" HgCl2 c o n c e n t r a t i o n .  





F i g .  17.  The t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  K f o r  t h e  r e a c t i o m  of  
a  PP , 

-SHBl-12 i n  t h e  Hb E w i t h  HgCl2. Hemoglobin c o n c e n t r a t i o n :  

60 uM. heme i n  1 0 0 ~  XaC1, lOmM P h o s p h a t e ,  pH 7 .6 .  Data 

f o r  o x y ,  deoxy a n d  CO Hb i s  r e p r e s e n t e d .  

r 
Q ,  

8 





F i g .  18. The t e m p e r a t u r e  dependence  o f  K f o r  R a t e  I1 (HbA) .  
aPP 

Hb c o n c e n t r a t i o n :  60 $I. heme i n  lOOmM NaC1, lOmM 

p h o s p h a t e ,  pH 7 .6 .  Oxy Hb, deoxy Hb and  CO Hb a r e  

r e p r e s e n t e d .  
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F i g .  19 .  The Hb c o n c e n t r a t i o n  dependence  o f  K f o r  R a t e  I1 
aPP 

i n  lOOmM NaCl, lOmM P h o s p h a t e ,  pH 7.6.  





F i g .  20 .  The NaCl c o n c e n t r a t i o n  dependence  o f  K f o r  R a t e  I1 a  PP 
/ 

a f t e r  c o r r e c t i o n  f o r  " r ea  1" HgC12 c o n c e n t r a t i o c ~ b  
l 

c o n c e n i r a  t i o n  o f  60 J-f. heme i n  lOmM ~ h o s ~ h a  t e  7 . 6  ' , 

a t  21•‹C. E r r o r . b a r s  r e p r e s e n t s  t h e  s t a n d a r d  d d v i a t i o n  
d 

on e i g h t  measu remen t s .  





, . 
w 6 

- c o n c l u s i o n  i s  s u p p o r t e d  b y  t h e  p r e v i o u s l y  q u o t e d  r e s u l t s  o f  

Rosemeyer a n d  Huehns (29 )  a n d  o t h e r s  ( 3 6 , 3 7 ) .  

The a 1 0 4  C y s t e i n e  Group 1 

e 

P r e l i m i n a r y  r e s u l t s  ( F i g .  2 1 )  i n d i c a t e d  t h a t  R a t e  111 was 

i n s e n s i t i v e  t o  t h e  l i g a n d  s t a t e  o f  t h e  heme. I f  t h e s e  r a t e  d i f f e r e n c e s  - I 

w e r e ,  i n  f a c t ,  a  r e f l e c t i o n  o f  a l l o s t e r i c  i n t e r a c t i o n s  t a k i n g  p l a c e  

be tween  t h e  a and  9 s u b u n i t s ,  t h e n  t h e  mos t  u s e f u l  i n f o r m a t i o n  would 

be  o b t a i n e d  f rom t h e  a p p a r e n t  c h a n g e s  i n  t h e  a c t i v a t i o n  e n e r g y  ( E  ) 
- .  a  

o f  t h e  r e a c t i o n .  ,, The t e m p e r a t u r e  dependence  o f  K was d e t e r m i n e d  
a  PP 

f o r  deoxy Hb and  oxy Hb ( ~ i &  2 2 )  a t  a n  Hb c o n c e n t r a t i o n  o f  

65 $4. heme. 

I -.. The r e s u l t s  we re  e q u i v o c a l .  The s c a t t e r  i n  a n y  g i v e n  d a t a  s e t  
- 

l e a d  t o  a n  u n c e r t a i n t y  i n  Ea i n  t h e  o r d e r  o f  f. 30%. A p r o c e d u r e  

was e v o l v e d  i n  wh ich  R a t e  111 was m e a s u r e 9  a t  two f i x e d  t e m p e r a t u r e s  

o v e r  a  w ide  r a n g e  o f  Hb c o n c e n t r a t i o n s  ( F i g s .  2 3 ,  2 4 ,  25) .  By 

m e a s u r i n g  t h e  d i s t a n c e  be tween  t h e  two c u r v e s  a t  a  g i v e n  c o n c e n t r a -  

t i o n ' t h e  E, cou ld .  be  f i x e d  w i t h i n  +, 5%. 

T a b l e  I i s  a  c o m p i l a t i o n  o f  Ea '  s measu red  i n  t h i s  way. 



1 

F i g .  21. The l i g a n d  s t a t e  dependence  o f  R a t e  111. . T h i s  f i g u r e  

s h o w s , a  1 s t  o r d e r  r a t e  p l o t  o f  r e a c t i o n  da t a - fo r  50 

$4. heme i n  lOOmM NaC1, l O m M  P h o s p h a t e ,  pH 7 . 6  a t  2 0 ' ~ .  
1 & 



TIME MINUTES 



F i g .  22 .  Tempera tu re  dependence  o f  K f o r  R a t e  111; i n  '100mM NaC1, . 
* a  PP 

lOmM Phosphake ,  
a 

L 

K a p p e a r s  t o  
a  PP 

o r d e r .  The two 
% 

pH 7 . 6 .  The t e m p e r a t u r e  dependence  f o r  

be  u n a f f e c t e d  by  t h e  c h o i c e  o f  r e a c t i o n  

c u r v e s  r e p r e s e n t  i n d e p e n d e n t  d a t a  s e t s ,  t h e  

lower  curv.e  b e i n g  a  f i r s t  o r d e r  a n a l y s i s  o f  Ra te  I11 i n  I 

o r d e r  a n a l y s i s  o f  55 ILM. heme and  t h e  u p p e r  c u r v e  a  s econd  

R a t e  I11 i n  65 ,dl. heme. L igand  

a b l e  f rom t h e  s c a t t e r .  - 

i n d i s  t i n g u i s h -  . a r e  



w w w  
Z Z Z  



F i g .  2 3 .  The Hb c o n c e n t r a t i o n  d e p  e o f  K f o r  R a t e  I11 i n  
a PP 

500mM NaC1, lOmM P h o s p h a t e ,  pH 7 .6 .  Note t h a t  t h e  Ea 

f o r  t h e  r e a c t i o n  wh ich  i s  p r o p o r t i o n a l  t o  t h e  d i s t a n c e  

be tween t h e  two c u r v e s ,  i s  c o n c e n t r a t i o n  d e p e n d e n t .  





Fig. 24 .  The Hb c o n c e n t r a t i o n  dependence  o f  K f o r  R a t e  111 i n  
a PP 

lOOmM NaC l ,  l m f  P h o s p h a t e  pH 7 . 6  2mM CaC12 p l u s  2mM 

NgC12. The s l o p e  o f  t h e  c u r v e s  i s  -1. 





Fig. 25. The Hb c o n c e n t r a t i o n  dependence  o f  K a p p  f o r  R a t e  111 i n  
* 

l O O m M  XaCl,  lorn41 P h o s p h a t e ,  pH 7 . 6 .  
a .  





TABLE I 

ACTIVATION ENERGIES FOR 65 pM. heme be  tween 20•‹c and  loOc, R a t e *  111. 

L I GAND SALT BUFFER SYSTEM 

02 0.5M S a c 1  lOmM P h o s p h a t e  pH 7 .6  1 8 . 0  ~ c a l / m o l e  

An i m p o r t a n t  o b s e r v a t i o n , w i t h  r e s p e c t  t o  t h e  E o f  t h i s  r e a c t i o n  
a  

was t h e  f a c t  t h a t  above  25  - 3 0 ' ~  t h e  r e a c t i o n  h a s  no a p p a r e n t  

t e m p e r a t u r e  c o e f f i c i e n t .  T h i s  c a n  b e  s e e n  i n  F i g .  22.  

The dependence  o f  t h e .  a p p a r e n t  r a t e  c o n s t a n t  on hemoglobin  

c o n c e n t r a t i o n  i.s s u m r i z e d  i n  F i g .  26. I n  t h e  r e g i o n  be tween  

1 0  2 1 .  heme and  100 2 1 .  heme t h e  s l o p e s  o f  mos t  o f  t h e  c u r v e s  a r e  

c l o s e  t o  - 1 / 2 .  Beyond 100 Ji.herne t h e  s l o p e s  a p p r o a c h  - -1 i . e .  

L 
K D C -  

a p p  Hb' 
A p p a r e n t  r a t e s  f o r  deoxy Hb o n l y  d i v e r g e  f rom oxy Hb 

a t  r e l a t i v e l y  l a w  Eb c o n c e n t r a t i o n s ,  50 d . h e m e  ( F i g s .  2 4 ,  2 5 ) .  

The a d d i t i o r :  o f  d i - i a J e n t  c a t i o n s  t o  t h e  t i t r a t i o n  medium had a  . . 

r a t h e r  s c r ' r k i ~ ~  , e f f e c t  or; t h e  r e 1 S t i o n s h i p  .between K a n d  Hb 
a  PP 

C - o c c e n t r a t i o n  ( F i g .  2 3 ) .  As w e l l  a s  . a l t e r i n g  t h e  c o n c e n t r a t t o n  

c e p e ~ > 2 e n c e ,  t h e  prese ;c r  o f  ~ a  ' 2 ,  ?;g't2 i n  m i l  l i m o l a r  amounts  f e n d e d  



F i g .  2 6 .  The Hb c o n c e n t r a t i o n  dependence of  K a p p  f o r  Rate  I11 i n  

l O m M  Phosphate ,  pH 7 . 6  a t  v a r i o u s  s a l t  c o n c e n t r a t i o n s .  -., 
A l l  d a t a  c o r r e c t e d  t o  20•‹c,  c o r r e c t e d  f o r  " r e a l "  HgC12 

c o n c e n t r a t i o n s .  



0 0.IMNaCL oxyHb 
0.1 M NaCL deoxy Hb 

r 1.0 M NaCL oxy Hb 
0.2M NaCL oxyHb 

v 0.6 KCL oxy Hb 
0.5M NaCLoxy Hb  

< 

0 

i) 



t o  r e d u c e  a n y  r a t e  d i f f e r e n c e s  be tween  oxy Hb a n d  deoxy Hb ( F i g .  2 4 ) .  

The e f f e c t s  o f  2,3-DPG o n  R a t e  I11 were  e x p l o r e d .  No ' 

d i f f e r e n c e s  were  s e e n  be tween  Hb s t r i p p e d  o f  2,3-DPG, u n s t r i p p e d  Hb 

and  s t r i p p e d  Hb w i t h  a  2 . 5  m o l a r  e q u i v a l e n t ' s  o f  2,3-DPG added  

( b o t h  oxy Hb and  deoxy  Hb r e a c t e d  i n  B u f f e r  @ ). The r e a c t i o n  

r a t e  i s  s t r o n g l y  d e p e n d e n t  on  pH and on t h e  n a t u r e  o f  t h e  b u f f e r  

s y s t e m .  The o b s e r v a t i o n s  a r e  summarized i n  F i g .  2 7 .  

The f a i l u r e  t o  f i n d  a n y  a p p r e c i a b l e  r e f l e c t i o n  o f  l i g a n d  e f f e c t s  

i n  t h e  Ea o f  t h e  r e a c t i o n  i n d i c a t e d  t h a t  a  p robe  o f  a l l o s t e r i c  

s u b u n i t . i n t e r a c t i o n s  b a s e d  on  Ea d i f f e r e n c e s  would n o t  b e  f e a s i b l e  

f 
u n l e s s  t h e r e  were  t o  b e  a  t e n f o l d  i n c r e a s e  i n  e x p e r i m e n t a l  

r e s o l u t i o n .  T h i s  d i d  n o t  , a p p e a r  t o ' b e  p o s s i b l e  w i t h  t h e  a p p a r a t u s  

b e i n g  u s e d .  The f a c t  r e m a i n e d ,  however ,  t h a t  t h e r e  was a  d e f i n i t e  

d i f f e r e n c e  i n  t h e  r e a c t i o n  r a t e s  o f  oxy Hb and  deoxy  Hb ( F i g .  2 5 ) .  

I n  t h e  a b s e n c e  o f  d e t e c t a b l e  Ea d i f f e r e n c e s ,  t h e s e  r a t e  d i f f e r e n c e s  

c o u l d  n o t  be r e f l e c t i n g  s u b u n i t  i n t e r a c t i o n s ,  b u t  t h e y  may have  

r e s u l t e d  from changes  i n  , t h e  s o l u t i o n  a t t r i b u t a b l e  i n d i r ' e c t l y  t o  
G 

t h e  a b s e n c e  o r  p r e s e n c e  o f  a  l i g a n d  on t h e  Hb m o l e c u l e .  The re  

w i l l  be  d i s c u s s i o n  of t h i s  ' p o i n t  i n  t h e  n e x t  s  w ion.  
One p o s s i b i l i t y  which  i m m e d i a t e l y  s u g g e s t e d  i t s e l f  was t h a t  

o n l y  t h e  monomeric o r  d i m e r i c  form o f  Hb'wa's r e a c t i v e  w i t h  HgC12. 

I n  s u c h  a  c a s e  t h e  hemoglobin  c o n c e n t r a t i o n  dependence  f o r  t h e  
T 

a p p a r e n t  r a - t e  c o n s t a n t  o u g h t  t o  r e f l e c t  t h e  r a t i o  o f  d imer  o r  

monomer t o  t o t a l  Hb, 0 , a s  d i s c u s s e d  i n  t h e  T h e o r e t i c a l  s e c t i o n .  

' A l t h o u g h  t h e r e  i s  ample l i t e r a t u r e  on  t h e  e f f e c t s  o f  pH, 



F i g .  2 7 .  The e f f e c t s  o f  pH a n d  o f  t h e  n a t u r e  o f  t h e  b u f f e r  s y s t e m  

o n  Ra te  I11 r e a c t i o n  h a l f  t i m e .  Hb c o n c e n t r a t i o n  

60 @.heme i n  lOOmM SaC1,  p l u s  1 0 0 w f f e r .  



IOC 



s a l t s ,  and  l i g a n d  on t h e  a s s o c i a t i o n  c o n s t a n t s  f o r  Hb (48 ,59:66) ,  

t d r e  i s  no i $ a r m a t i o n  p e r t i n e n t  t o  t h e  s i t u a t i o n  i n  w h i c h  t h e  

-SH@93 d f  ~b A hs been  r e a c t e d  w i t h  HgCl I t  i s G  p o s s i b l e  t o  
2'  

, , 
f i t  s&e o f  t h e  da t ,a  i n  F i g .  25 t o  a  d imer  - t e t r a m e r  e q u i l i b r i u m  

/ - 
g c h e m e  / ,  a n d *  t o  a s s i g n  a n  e q u i l i b r i u m  c o n s t a n t  in r .  r e t r o s p e c t ;  

\ 
however ,  t h e r e '  d i d  nof  a p 6 e a r  , t o  be*any s u b u n i t  e q u i l i b r i u m  scheme 

i 

which  would f i t  more t h a n f a  s egmen t  o f  a n y  o n e  o f  t h e  c o n c e n t r a t i o n  

. dependence  c u k v e s .  To, e n u m e r a t e  o b s e r v a t i o n s  i n  s u p p o r t  o f  a  

I I  d i m e r "  t y p e  h y p o t h e s i s :  

1) A p p a r e n t  r e a c t i o n  r a t e s  d e c r e a s e d  wiLth  i n c r e a s i n g  Hb 
n i 

/L 
c o n c e n t r a t i o n . .  T h i s  o u l d  c o r r e s $ o n d  tg t h e  d e c r e a s i n g  

D 
v a l u e  o f  HBT a s  Hb i n c r e a s e d .  . 

2)  The e f f e c t  o f  i n c r e a s i n g  s a l t  c o n c e n t r a t ' i o n s  was t o  

i n c r e a s e  t h e  a p p a r e n t  r e a c t i o n  r a t e  c o n s t a n t  wh ich  would 

. pe ' 
c o r r e s p o n d  t o  i n c r e A s i n g  d i m e r i z i t i o o n  o f  Hb ( 6 3 ) .  

Ttiere a r e  s e v e r a l  o b s e r i a t i o n s  w h i c h  c o u l d  n o t  be  r e c o n c i l e d  
, , : ,  

w i t h  a n y  reac t i !on  scheme wh ich  invoke-d d i f f e r e n t i a l  r e a c t i o n  r a t e s  ., 
f o r  d i f f e r e n t  o r d e r s  o f  s u b u n i t  a s s o c i a t i o n . ,  

. , . k 

1 )  Deoxyhemoglobin shows a  highe; a p p a r e n t  p a t e  c o n s t a n t  t h a n  
* 

d o e s  oxy Hb. Unmodif ied deoxy Hb i s  known t o ' b e  p r i m a r i l y  : , 
, 

I 

t e t r a m e t r i c  ( 6 0 ) .  I f  t h e  t e t r a m e r  o f  Hb were  m o s  r e a c t i v e ,  

f 

, - 

t h e n  t h e  a p p a r e n t  r a t e  c o n s t a n t  s h o u l d  a l s o  i n c r e a s e  w i t h  

i n c r e a s i n g  Hb c q c e n t r a t i o n ,  which i t  d o e s  n o t  d o .  --, - . . 
. 2 )  The Hb c o n c e n t r a t i o n  dependence  o f  t h e  a p p a r e n t  r a t e  

c o n s t a n t  ir,- B u f f e r  



T h i s  r e l a t i o n s h i p  w o u l d  n o t  f i t  any s u b u n i t  . e q u i l i b r i u m  
I 

s i t u a t i o n .  



111. THE DIFFUSION COEFFICIENT FOR MERCURIC 

CHLORIDE I N  HEMOGLOBIN SOLUTIONS 

I n t r o d u c t i o n  
0 

S i n c e  Ra te  111 a p p e a r e d  t o  have no s u b s t a n t i a l  t e m p e r a t u r e  

c o e f f i c i e n t  above  25OC ( F i g .  2 2 ) ,  i t  was p roposed  t h a t  t h e  

r e a c t i o n  of HgC12 w i t h  t h e  u n r e a c t i v e  -SH g roups  migh t  be  

* 
d i f f u s i o n  l i m i t e d .  S i n c e  t h e  d i f f u s i o n  r a t e s  o f  HgC12 m i g h t  

have a  d i r e c t  b e a r i n g  on t h e  o b s e r v e d  c o n c e n t r a t i o n ,  l i g a n d  e t c . ,  . 
e f f e c t s ,  t h e  r e l a t i v e  v a l u e s  f o r  DHg wer6  measured  i n  Hb s o l u t i o n s .  

From S tock  (19)  t h e  amperome t r i c  l i m i t i n g  c u r r e n t  c a n  be 

e x p r e s s e d  a s :  

i - K ~ ~ C D , ~  
l i m  - 

The i n s t a n t a n e o u s  s e n s i t i v i t y  of  t h e  amperometr  i c  a p p a r a t u s  S ,  

d  i 
w i l l  b e  e q u i v a l e n t  t o  l i m  . I f  t h e  i nc re rnen tAin  C i s  s m a l l  t h e n  

d  C 

D w i l l  'be i n d e p e n d e n t  o f  C a n d  

* I n  r e t r o s p e c t ,  i t  would a p p e a r  t h a t  t h e  f a c t s  m i t i g a t e  a g a i n s t  s u c h  
a  c o n c l u s i o n .  The r a t e  c o n s t a n t  f o r  a  d i f f u s i o n  c o n t r o l l e d  r e a c t i o n  
s h o u l d  be i n  t h e  o r d e r  o f  l o 9  M - l . s e c - l  whereas  t h e  r a t e  c o n s t a n t s  
f o r  t h e  r e a c t i o n  i n  q u e s t i o n  a r e  i n  t h e  o r d e r  o f  lo1 M - l . s e c - I  (71 ) .  
N o n e t h e l e s s  t h e  e x p e r i m e n t a l  d a t a  c o l l e c t e d  i n  p u r s u i t  o f  t h i s  
d u b i o u s  h y p o t h e s i s ,  shows a  h i g h  d e g r e e  o f  c o r r e l a t i o n  be tween DHg 
and  Kapp .  E v i d e n t l y  t h e r e  i s  a  s t r o n g  r e l a t i o n s h i p  be tween  a e  
two whlch  b e a r s  f u r t h e r  i n v e s t i g a t i o n .  As t h e  n a t u r e  o f  t h i s  
r e l a t i o n s h i p  i s  f o  t h e  moment u n r e s o l v e d ,  t h e  h i s t o r i c a l  c o n t e x t  
f o r  t h e  expe r imen ta  \ % n f o r m a t i o n  a p p e a r s  t o  be t h e  b e s t  v e h i c l e  
f o r  i t s  p r e s e n t a t i o n .  



D , ~  c a n  t h e n  be  d e t e r m i n e d  f rom measurements  o f  S. The a c t u a l  v a l u e  

o f  t h e  exponen t  i s  n o t  w e l l  known. N i g h t e n g a l e  ( 6 7 )  d e t e r m i n e d  

2  z = - f o r  a  r o t a t i n g  c o a x i a l  P t  e l e c t r o d e  b u t  t h i s  r e l a t i o n s h i p  o n l y  
.3 

h e l d  f o r  c e r t a i n  i o n s .  L e v i c h  ( 6 8 )  d e t e r m i n e d  t h e o r e t i c a l l y  t h a t  

t h e  v a l u e  f o r  a r o t a t i n g  d i s c  e l e c t r o d e ,  w i t h  l a m i n a r  f l o w  a s  i n  t h e  

2 
c o - a x i a l  e l e c t r o d e ,  s h o u l d  be  z= 3. For  a d r o p p i n g  e l e c t r o d e  he 

1 
d e t e r m i n e d  z = - a s  p r e v i o u s l y  d e t e r m i n e d  by I l k o v i c  ( 6 9 ) .  I n  t h e  

2 

c a s e  o f  t h e  D.M.E. t h e  r e d u c e d  v a l u e  o f  z r e s u l t e d  f r o m ' c o n v e c t i o n  

a t  t h e  s u r f a c e  o f  a  t a n g e n t i a l l y  e x p a n d i n g  mercu ry  d r o p l e t .  Fo r  a  

r a d i a l  r o t a t i n g  P t  e l e c t r o d e  t h e r e  has  been  no t h e o r e t i c a l  ' t r e a t m e n t  

b e c a u s e  o f  t h e  d i f f i c u l t y  i n  d e a l i n g  w i t h  . t u r b u l e n c e .  F e r r e t t  and  

1 
P h i l l i p s  (20 )  e x p e r i m e n t a l l y  a p p r o x i m a t e d  t h e  v a l u e  o f  z a t  3 f o r  

a  r o t a t i n g  r a d i a l  e l e c t r o d e  w i t h  t h e  ' t r a i l  i n g  edge  i n s u l a t e d .  
, < 

A t  b e s t  i t  <can  b e  conc luded  t h a t  f o r  t h e  e x p e r i m e n t s  u n d e r  
B 

d i s c u s s i o n  per formed w i t h  a  b a r e ,  r a d i a l  r o t a t i n g  P t  e l e c t r o d e  t h e  

v a l u e  o f  z s h o u l d  f a l l  somewhere i n  t h e  r a n g e  be tween  . 5  and  .3.  

RESULTS AND DISCUSSIOX J 

41 

S e n s i t i v i t y  was d e t e r m i n e d  a s  a  f u n c t i o n  o f  Hb c o n c e n t r a t i o n  i n  

t i t r a t i o n  media B u f f e r  @ and B u f f e r  @ . M e r c u r i c  c h l o r i d e  

c o n c e n t r a t i o n  was 4 mola r  e q u i v a l e n t s  i n  e x c e s s  o f  t h e  s i x  -SH 

g r o u p s  p e r  Hb4 ( i . e . ,  10 e q u i v a l e n t s  o f  HgC12 were  added  t o  e a c h  

hemoglobin s o l u t i o n ) .  I t  c a n  be  s e e n  f rom F i g .  9 t h a t  t h i s  i s  a 

s u f f i c i e n t  e x c e s s  t o  a v o i d  any  n o n - l i n e a r i t y  r e s u l t i n g  f rom t h e  



t2 weak b i n d i n g  o f  Hg . 
The r e s u l t s  were  s i g n i f i c a n t .  The congruency  be tween t h e  S v s  

Hb c u r v e s  i n  F i g .  2 9  and  t h e  K v s  [~b] i n  F i g .  28 i s  n o t  l i k e l y  
a  PP 

t o  be c o i n c i d e n t a l .  

The v a l u e s  o f  D have been  d e t e r m i n e d .  The v a l u e  o f  z 
H g 

- -- 
s u p p o s e d l y  l i e s  be tween 0 . 5  and  0.3.  Ta i n g  a n  i n t e r m e d i a t e  + 
v a l u e  f o r  t h e  exponen t  z a s  z t 0.4 and  d i v i d i n g  a p p a r e n t  r e a c t i o d  

r a t e s  by t h e  computed v a l u e  o f  DHg; t h e  n e t  e f f e c t  i s  t h a t  K c o r r  

becomes more o r  l e s s -  i n d e p e n d e n t  o f  Hb c o n c e n t r a t i o n  a s  shown i n  

F i g .  30. Though t h i s  m a n i p u l a t i o n  would a p p e a r  t o  i n v o l v e  a  

j u d i c i o u s  m a n i p u l a t i o n  o f  " F i n a g l e ' s  c o n s t a n t "  ( i n  t h e  fo rm o f  t h e  

e x p o n e n t  z ) ,  t h e  l i m i t s  on t h e  v a l u e s  which  z c a n  assume a r e  w e l l  

d e f i n e d .  Even i f  e i t h e r  o f  t h e  two ex t r eme  v a l u e s - a r e  u s e d ,  

I 
Kcor, r e m a i n s  a l m o s t  i n d e p e n d e n t  o f  Hb c o n c e n t r a t i o n .  

E u r t h e r ,  t h e r e l a t i o n s h i p s o f ~ ~ a n d K  t o  Hb a r e  i d i o -  
a p e  

s y n c r a t i c  b u t  i d e n t i c a l .  T h i s  i n  i t s e l f  i s  a  s t r o n g  a rgumen t  

t h a t  t h e  a p p a r e n t  r a t e  c o n s t a n t  and  d i f f u s i o n  c o e f f i c i e n t  a r e  

d i r e c t l y  r e l a t e d .  

Appa ren t  r a t e  d i f f e r e n c e s  be tween oxy Hb a n d  deoxy Hb e n t i r e l y  

d i s a p p e a r  when , t h e  d i f f u s i o n  c o e f f i c i e n t  i s  t a k e n  i n t o  a c c b u n t .  

S e n s i t i v i t i e s  measured  i n  deoxy Hb s o l u t i o n s  d i v e r g e  f rom s e n s i t i v i t i e s  

i n  oxy  Hb a t  lower  c o n c e n t r a t i o n s  b y  a C m T u n t  which  e x a c t l y  

e l i m i n a t e s  any  l i g a n d  i n d u c e d  changes  i n  t h e  a p p a r e n t  r a t e  c o n s t a v t  

( a f t e r  c o r r e c t i o b  f o r  D u s i n g  L = 0.4).  The d i v e r g e n c e  i s  s m a l l e r  
H g  

i n  B u f f e r  @ and a t  h i g h  Hb c o n c e n t r a t i o n s .  On t h e  o t h e r  hand 



F i g .  28.  The e f f e c t  o f  d i v a l e n t  c a t i o n s  on  t h e  Hb c o n c e n t r a t i d  

d e p e n d e n c e  o f  K a p p  f o r  R a t e  111. @ i s  t h e  r e a c t i o n  

i n  l O O m M  NaC1, 10ml.i P h o s p h a t e ,  pH 7 . 6 ,  @ i s  t h e  same 

s o l u t i o n  p l u s  2mM CaC12, 2mM MgC12. Temp. = 20•‹c. 





I-- \ F.ig. 29.  S e n s i t i v i t y  o f  t h e  rnercurimettTr$qqaratusras a f u n c t i o  
A. 

of Hi c o n c e n t r a t i o n  a t  2 0 ' ~ .  N o t a t i o n s  @,* @ have 

t h e  same m e a n i n g  a s  i n  F i g .  22. '  





F i g .  30.  The Hb c o n c e n t r a t i o n  dependence of  K f o r  Rate I11 
a  PP 

a f t e r  c o r r e c t i o n  f o r  DHg The r e a c t i o n  c o n d i t i o n s  and 

n o t a t i o n s  a r e  i d e n t i c a l  t o  those  i n  F i g .  2 7 .  





t h e  s e n s i t i v i t y  d o e s  n o t  have a  l a r g e  enough t e m p e r a t u r e  c o e f f i c k n t  

t o  e l i m i n a t e  t h e  a p p a r e n t  a c t i v a t i o n  e n e r g i e s .  S c h a n g e s  by -20% L 

o v e r  t h e  r a n g e  f rom 21•‹C t o  8 ' ~ .  T h i s  would make t h e  l i s t e d  Ea 

v a l u e s  h i g h  by -30%. However t h e  compensa t ion  has  n o t  been  made 

d 

s i n c e  t h i s  a l t e r a t i o n  c o u l d  p o s s i b l y  r e s u l t  f rom t e m p e r a t u r e  depend- 
--. 

e n t  e l e c t r o d e  c h a r a c t e r i s t i c s  r a t h e r  t h a n  changes  i n  D f.k. - 
The e f f e c t  o f  NaCl c o n c e n t r a t i o n  on  S h s s  noe  been  t h o r o u g h l y  

- .  

\ i n v e s t i g a t e d  b u t  f r o m  a v a i l a b l e  d a t a  t h e  r e d u c t i o n  i n  S i n  g o i n g  

I 

f rom 0 . 2 4  -NaC1 - t o  I. OM NaCl amounts  t o  -20%. The r e l a t i o n s h i p  i n  

F i g .  1 6  t h e r e f o r 2  i s  p r o b a b l y  s t i l l  v a l i d .  

A l though  t h e  c o r r e c t i o n  o f  t h e  a p p a r e n t  r a t e  c o n s t a n t s  f o r  DHg 
CC 

would e x p l a i n  t h e  o b s e r v a t i o n s  o f  P a r t  I1 one i s  l e f t  w i t h  t h e  

e q u a l l y  p u z z l i n g  q u e s t i b n  o f  t h e  c a u s e s  f o r  t h e  a p p a r e n t  changes  i n  
- 

D w i t h  l i ga ,nd ,  and  Hb c o n c e n t r a t f o n .  
H g  
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