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ABSTRACT

R e a c tio n s  o f  hem in and c o b a l t  c o r r i n o i d s  h a v e  b e e n  s tu d i e d  in  

aq u eo u s s o l u t i o n .  The e q u i l i b r i a  o f  hem in  in  a q u eo u s  a l k a l i n e  

s o l u t i o n ,  i n  th e  a b se n c e  o f  a d d ed  l i g a n d s ,  show ed f i v e  d i s t i n c t  

ty p e s  o f  co m p lex es (m onom ers, d im e rs  and p o ly m e rs)  w hose s p e c t r a  

f e l l  i n t o  two ty p e s .  T hese  e q u i l i b r i a  w ere  in d e p e n d e n t o f  pH 

"but d e p e n d e n t on  th e  hem in  c o n c e n t r  .Irion  and  io n i c  s t r e n g t h .  The 

d im e r i z a t io n  c o n s ta n t  (y  = 0 ,1 )  was fo u n d  to  b e  > 10^ M The 

f o rm a t io n  o f  th e  m onom eric  h e m in - c a f f e i n a  a d d u c t  w as c o n firm e d  and 

th e  com plex  show n to  t o n t a i n  o n e  OH l i g a n d . Some d e t e r g e n t s  w ere  

f o u n d  to  fo rm  a d d u c ts  w i th  Che d im e r , w e l l  b e lo w  th e  c r i t i c a l  

m i c e l l a r  c o n c e n t r a t i o n  (K 10^ M 1 p e r  m ole  d e t e r g e n t  b o u n d ) .

U n s ta b le  m onom eric  and d im e r ic  fo rm s  o f  th e  aquo c om plex  o f  

hem in  in  aq u eo u s a c id  w ere  i-za-j by  d i l u t i o n  f t  ora pH S and

th e  e q u i l ib r iu m  b e tw ee n  t a o s  s tu d i e d  ( t h e  d im e r i z a t io n  c o n s ta n t  

w as 1 ,1 x 1 0 ^  H . C om parison  o f  t h e  s p e c tru m  o f  th e  monomer w i th  

t h a t  o f  hem in  i n  a c i d i c  a q u eo u s  e th a n o l ,  i n d i c a t e s  t h a t  i t  i s  

p ro b a b ly  a s i x - c o o r d i n a t e  h ig h  s p i n  b i s - a q j o  com plex  (Xmax 397 nm; 

e  = 120 ± 3 mM ^ cm ^ ) . S in c e  th e  same s p e c tr u m  w as a l s o  o b se rv e d  

i n  v e ry  d i l u t e  s o l u t i o n s  o f  low  i o n i c  s t r e n g t h  a t  ■v pB 7 th e  pKa 

f o r  th e  c o o r d in a te d  w a te r  i s  5  8 .

The e q u i l i b r i a  b e tw ee n  hem in  and  im id a z o le  a n a lo g u e s  in c lu d e d  

a d d u c t f o rm a tio n  and a g g r e g a t io n ,  i n  a d d i t i o n  t o  t h a t  le a d in g  to  

th e  f o rm a tio n  o f  th e  b i s - l i g a n d  com plex , b u t  no s i g n i f i c a n t  

c o n c e n t r a t i o n  o f  any m onom eric m o n o lig an d  c om plax  w as o b se rv e d . 

Q u a n t i t a t i v e  s t u d i e s  w i th  h i s t i d i n e ,  h is t a m i n e  and p i l o c a r p a t e ,  

shew ed th e  i n i t i a l  f o rm a t io n  o f  an  ad d u ce  w i th  th e  d im e r , w i th  r -.e
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b a s e  bound p a r  d im e r . A t h ig h e r  c o n c e n t r a t i o n s  o f  l i g a n d , th e  

m onom eric M s - l i g a n d  co m p lex es w ere  o b t a in e d .  The v a r i a t i o n  w ith  

pH o f  th e  o v e r a l l  e q u i l i b r i a  fro m  th e  a l k a l i n e  hem in  d im e r  i n d i c a ­

t e d  t h a t  on c o o r d in a t io n ,  th e  pKa o f  Che p e n d a n t -OH o f  p i l o c a r p a t e  

i s  r e d u c e d  fro m  15 to  10 ( w i th  a  c o r r e s p o n d in g  c h a n g e , th o u g h  

s l i g h t ,  i n  t h e  s p e c tru m  above  and be lo w  pH 10) and t h a t  o f  th e  

p e n d a n t  o f  h i s t i d i n e  and h is t a m i n e  from  'V?,5  to  < 8 , w hich

w as a s c r ib e d  t o  r e l a t i v e  s t a b i l i z a t i o n  o f  th e  c o n ju g a te  b a s e  by 

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

T he r e d u c t io n  o f  b o th  and  b i s - h i s t i d i n e  hem in  by

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

T he m arked  d i f f e r e n c e  i n  r a t e s  b e tw e e n  th e  d i t h i o l ,  d i t h i o t h r e i t o l  

and  th e  a o n o t h i o l s ,  a e r c a p to e t h a n o l  and  c y s t e i n e  w h ere  r e d u c t io n  

r a t h e r  t h a n  c o o r d in a t io n  w as r a t e  l i m i t i n g  , t o g e t h e r  w ith  th e  

r e q u ir e m e n t  o f  a se co n d  t h i o l  f o r  th e  r e d u c t io n  o f  by  c y s t e i n e ,

was a s c r ib e d  to  a  o n e  e l e c t r o n  r e d u c t i o n  o f  t h e  m e t a l , a s s i s t e d  b y  

th e  se co n d  t h i o l  to  g iv e  th e  d i s u l p h id e  r a d i c a l  a n io n  o r  i t s  

c o n ju g a te  a c id .

I n  th e  o x id a t io n  o f  t h i o l s  by C>2 c a t a ly s e d  by  c o b a l t  

c o r r in o id s  and  b i s - h i s t i d i n e  hem in  i t  w as shown, t h a t  r e d u c t io n  

o f  th e  m e ta l  was r a t e  d e te r m in in g ,  th e  r a t e  o f  0 2 u p ta k e  was 

f a s t e r  th a n  th e  r a t e  o f  r e d u c t io n  o f  B^2a a n d  b i s - h i s t i d i n e  hem in 

by th e  t h i o l  u n d e r  Hg, and t h a t  th e  d i s u l p h id e  r a d i c a l  a n io n  i s  a 

l i k e l y  r e d u c in g  a g e n t i n  t h e  p r e s e n c e  o f  0 2 (w h e re  a d d i t i o n a l  

p a th s  f o r  i t s  f o rm a t io n  a r e  p r e s e n t ) .  The c o b a l t  c o r r in o id s  ; c re  

found  to  m odel th e  s u p p r e s s io n  o f  f o rm a t io n  a s  w e l l  a s  th e

h ig h  tu r n o v e r  num ber c h a r a c t e r i s t i c  o f  cy to ch ro m e  c o x id a s e .



The k i n e t i c s  o f  th e  b i s - h i s t i d i n e  hem in  c a t a ly s e d  r e a c t i o n s  

c om plex .

The r e le v a n c e  o f  t h e s e  r e s u l t s  to  t h e  h e m o p ro te in s  wer 

d is c u s s e d .
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CHAPT ! -  lyTRPPnCTION

Hemin ( t^ ^ -x re  1 .1 )  i s  t h e  m a in , b u t  n o t  o n ly ,  p r o s t h e t i c  g roup  in  

h e raop roC eins^  ^ and  h e n c e , i n  o r d e r  Co u n d e rs ta n d  Che r o l e  o f  th e  

p r o c e in  i n  m o d u la tin g  th e  r e a c t i o n s  o f  th e  i r o n  p o r p h y r i n ,  th e  

r e a c t i o n s  o f  th e  p r o t e i n - f r e e  s p e c i e s  m u s t b e  u n d e rs to o d .

■CH;

CH2CH2COOH CH2CH2COOH

F ig u re  1.1 Hemin c h lo r i d e  ( F e ( I I I ) )  p r o to p h o r y r in  ix  

c h lo r i d e

T he h e m o p ro te in s  a r e  in v o lv e d  i n  a  v a r i e t y  o£ r e a c tio n s* "  ^ . 

M yog lob in  a n d  h e m o g lo b in  r e v e r s i b l y  b in d  0 2 to  s t o r e  o r  t r a n s p o r t  

i t .  The c y to ch ro m e s  t r a n s f e r  e l e c t r o n s .  The te r m in a l  o x id a s e s



such  a s  cy to ch ro m e  c o x id a s e  r e d u c e  0^  t o  H^O. The mono­

o x y g e n a se s ,  su c h  a s  c y to ch ro m e  P -4 5 0 , h y d r o x y la t e  h y d ro c a rb o n s  

( t o  a id  t h e i r  e x c r e t i o n )  by a c t i v a t i n g  0 ^ . T he d io x g e n a se s  a l s o  

do t h i s  b u t  add  two oxygen  a to m s. P e r o x id a s e  and  c a t a l a s e  re d u c e  

and d is p r o p o r t i o n a t e  r e  'e c t i v e l y .  S uch  d i v e r s i t y  and

s p e c i f i c i t y  o f  th e  r e a c t i o n s  c a r r i e d  o u t  by  h e m o p ro te in s , 

e m p h as ize s  th e  im p o r ta n t  r o l e  o f  th e  p r o t e i n  i n  c o n t r o l l i n g  and 

m o d ify in g  th e  r e a c t i o n s .

A x ia l  l i g a n d s  to  th e  i r o n  i n  h e m o p ro te in s  so f a r  e s t a b l i s h e d  

in c lu d e :  two h i s t i d i n e s  (cy to c h ro m e  b g ) \  o n e  h i s t i d i n e  and  one

m e th io n in e  (cy to c h ro m e  c ) ^ ,  one  h i s t i d i n e  and o n e  v a c a n t  s i t e  (o r  

o c c u p ie d  by HjO/OH ) (h e m o g lo b in , m y o g lo b in ,^  cy to ch ro m e  c 

p e ro x id a s e ) 7 . I t  i s  a l s o  g e n e r a l l y  a g re e d  t h a t  c y to ch ro m e  P -4 5 0  

h a s  one  c y s t e i n e  c o o rd in a te d  and p r o b a b ly  one  H^O ( o r  a  v a c a n t  

s i t e )

A lth o u g h  a  p a r t i c u l a r  h e m o p ro te in  may c o n ta in  more th a n  one 

i r o n  p o r p h y r in  ( e . g .  f o u r  i n  h e m o g lo b in , c a t a l a s e )  t h e r e  i s  no 

e v id e n c e  t h a t  th e y  a r e  e v e r  p r e s e n t  e x c e p t  a s  d i s c r e t e  m onom eric 

co m p lex e s.

A lth o u g h  th e  p o r p h y r in  r i n g  i s  a p p a r e n t l y  a lw ay s  h e ld  i n  a 

h y d ro p h o b ic  c l e f t  i n  th e  p r o t e i n 4 7 , a t  l e a s t  t h e  " v a c a n t"  

c o o rd in a t io n  s i t e  ( i . e .  u n o c c u p ie d  by a  p r o t e i n  am ino a c id  r e s i d u e )  

i s  a c c e s s i b l e  to  s o lv e n t  and to  h y d r o p h i l i c  r e a g e n t s ,  i . e .  a t  l e a s t  

th e  i r o n  f u n c t i o n s  i n  a  p r o t i c  e n v iro n m e n t w h i le  th e  p r o t e i n  a s  a 

w h o le  i s  fo u n d  i n  an  a q u eo u s  e n v iro n m e n t (u n le u s  membrane b o u n d ) .

H ence th e  m echanism  : a c t i o n  o f  th e  hem in  and th e  r o l e  o f  

th e  p r o t e i n ,  c an  o n ly  b e  u n d e rs to o d  w i th  r e f e r e n c e  to  th e  c o o rd in a ­

t i o n  c h e m is try  o f  m onom eric  hem in  com plexes w i th  l ig a n d s  su c h  a s



KgO, OH , h i s t i d i n e ,  c y s t e i n e  and  m e th io n in e  i n  an  aq u eo u s o r  

p r o t i c  e n v iro n m e n t.

Y e t i n  s p i t e  o f  t h e  im p o r ta n c e  o f  hem in  a s  a c o - f a c t o r ,  r e l a ­

t i v e l y  l i t t l e  i s  known a b o u t  i t s  s im p le  c o o rd in a t io n  c h e m is try  i n  

aq u eo u s s o l u t i o n ,  i n  c o n t r a s t  to  th e  e x te n s i v e  s tu d y  o f  th e  

c o o rd in a t io n  c h e m is try  o f  v i ta m in  B ^ .  ^

M ost s t u d i e s  w i th  h e m in  h av e  b e e n  do n e  i n  n o n -aq u e o u s  

s o l v e n t s ,  a s  h a v e  many s t u d i e s  on th e  s y n t h e t i c  i r o n  p o r p h y r in s  

su c h  a s  i r o n ,  a ,  Y , 6 - te C ra p h e n y l  p o r p h in  ( F e IP P ) , t o  a v o iJ  

th e  p ro b le m s o f  a g g r e g a t i o n  w h ich  o c c u r  i n  aqueous s o l u t i o n .

The m a jo r  p ro b lem s i n  s tu d y in g  hem in  i n  a q u eo u s  s o lu t io n

1) Hemin w i l l  o n ly  d i s s o l v e  i n  aq u eo u s s o l u t i o n  a t  h ig h  pH.

2) A t pH > S , i t  e x i s t s  m a in ly  a s  a  d in e r  c o r r e s p o n d in g  to  

(FeOH)2 H o w . v ,  :  irov.or.cr: U d u c t  w i th  c a f f e i n e  h a ?

b e e n  r e p o r t e d  b u t  th e  a x i a l  l i g a n d ( s )  n o t  i d e n t i f i e d ,  

and  m onom eric hem in  i n  d e t e r g e n t  m ic e l l e s  h av e  be en  

r e p o r t e d .  ^

3) Hemin form s a g g re g a te s  and  p r e c i p i t a t e s  on r e d u c in g  th e  pH 

be low  8 The n e t  r e s a l e  of this is Chad the c o o r d in a t io n  

c h e m is try  o f  hem in  i s  l im i t e d  to  pHs above  8 . A t h ig h  pH,

OH c om petes  w ith  a d d ed  l ig a n d s  f o r  th e  c o o r d in a t io n  s i t e  

and  th e  d im e r ic  h y d ro x o  com plex  i s  the- p r o d u c t .  F o r

th e  l ig a n d s  s tu d i e d ,  t h i s  l i m i t e d  th e  s tu d y  to  pH {?— 11.

4 )  Hemin r e a d i l y  fo rm s a d d u c ts  th ro u g h  h y d ro g e n  b o n d in g , 

h y d ro p h o b ic  i n t e r a c t i o n s  o r  c h a rg e  t r a n s f e r  i n t e r a c t i o n s ,

so t h a t  o b se rv e d  c h a n g e s  i n  th e  sp e c tru m  on a d d in g  a p o t e n t i a l  

l ig a n d  do n o t  a u to m a t i c a l l y  d e n o te  c o o r d in a t io n  o f  t h a t



re a g e n t: ,  A c l a s s i c  c a s e  o f  C h is i s  p y r i d i n e .  ^

h 2n - o c - c h 2 - c h : Me
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F ig u re  1 ,2  C o b a la m in s : X = H^O a q u o co b a la ro in  ;

X = OH h y d ro x o e o b a la m in ; X = RS th io la C o c o b a la m in ; 

X = CN_ c y a n o c o b a la m in  ( v i ta m in  B ^ )  •



5) T he v i n y l  s i d e  c h a in s  a t e  f a i r l y  r e a d i l y  o x id i s e d  ^  w h ich  

r e s u l t s  i n  c h a n g e s  i n  t h e  a g g r e g a t io n  p r o p e r t i e s  and  h ence  

in  n o n - r e p r o d u c i b i l i t y  o£ r e s u l t s . T h is  c o u ld  b e  overcom e by 

u s in g  f r e s h  s o l u t i o n s  o r  by th e  s t o r i n g  o f  th e  - o l u t io n  a t  

~18°C u n d e r  S ,  ( s e e  c h a p te r  2 ) .

1 .2  Aims

T he b ro a d  a im  o f  t h i s  t h e s i s  i s  t o  in c r e a s e  o u r  know ledge  o f  th e  

c o o rd in a t io n  c h e m is try  o f  m onom eric  hem tn  com plexes i n  aqueous 

s o l u t i o n  w i th  p a r t i c u l a r  e m p h asis  on  th e  co m p lex es c o n ta in i n g  th e  

l i g a n d s  HgO, 80  ; im id a z o le ,  h i s t i d i n e  and  a n a lo g u e s ;  c y s t e i n e  

and o th e r  t h i o l s .  T he s t r u c t u r e s ,  e q u i l i b r i a ,  re d o x  and c a t a l y t i c  

r e a c t i o n s  w i l l  b e  i n v e s t i g a t e d  w i th  th e  a im  o f  p r o v id in g  p o s s i b l e  

a n sw e rs  t o  th e  q u e s t io n s  c o n c e rn in g  th e  r o l e  o f  th e  p r o t e i n  i n  

c o n t r o l l i n g  and m o d ify in g  th e  e q u i l i b r i a  and k i n e t i c  ( e s p e c i a l l y  

c edox ) p r o p e r t i e s  o f  t r .e s e  h e s i n  c o m p lex e s .

Our a p p ro a c h  t o  ove rc o m in g  some o r  th e  above  p ro b lem s a r e  

b a s e d  o n  th r e e  s t r a t e g i e s :

1) to  e s t a b l i s h  t h e  n a tu r e  o f  th e  m onom eric c a f f e i n e  a d d u ce , 

and  th e n  t o  u s e  t h i s  a s  a  " s to c k "  monomer i n  aq u eo u s 

s o l u t i o n ,

2) t o  i n v e s t i g a t e  t h e  r e g io n  b e lo w  pH 8 by  s to p p e d  flo w  

s p e c tr o p h o to m e tr y .

3 )  to  u se  B12a  a s  a  m ode l f o r  t h e  m o n o - h is t i d in e  com plexes 

p r e s e n t  i n  some h e m o p ro te in s  ®.

T he e x i s t e n c e  o f  some i n t e r e s t i n g  p a r a l l e l s  b e tw ee n  th e  i r o n  

and c o b a l t  com p lexes i s  e m phasized  by  th e  f o rm a tio n  o f  a  f u n c t i o n ­

a l l y  a c t i v e  0 , - c a r r y i n g  " c o b o g lo b in "  by s u b s t i t u t i n g  th e  F e ( I I )  

p o r p h y r in  by  th e  C o ( I I )  a n a lo g u e  i n  h em o g lo b in , w h ich  r e t a i n s



t h e  c o o p e r a t i v e  i n t e r a c t i o n  b e tw ee n  th e  f o u r  p o ly p e p t id e  

s u b u n i t s .  I t  i s  known c h a t  th e  C o ( I I )  d e r i v a t i v e  o f  

r e v e r s i b l y  b in d s  0 0 a t  low  te m p e r a tu r e s .  The u s e  o f  and

o t h e r  c o b a l t  c o r r i n o i d s  ^  a l lo w s  th e  r e a c t i o n s  to  b e  s tu d i e d  in  

an  aq u eo u s e n v iro n m e n t from  pH < 0 to  pH > 13 , ^ and may p ro v id e  

u s e f u l  p o i n t e r s  to  r e a c t i o n s  w h ic h  a r e  e x p e r im e n ta l ly  d i f f i c u l t  

o r  im p o s s ib le  to  s tu d y  w i th  th e  p r o t e i n - f r e e  hem in  c o m p lex e s.

The m ore  s p e c i f i c  a im s a r e  th u s  t o  b u i l d  up o u r  know ledge 

o f  t h e  c o o rd in a t io n  c h e m is try  o f  hem in  (an d  to  a l e s s e r  e x t e n t  

t h e  c o b a l t  c o r r i n o i d s )  i n  a q u eo u s  s o l u t i o n  by  s t u d i e s  i n  th e  

fo l lo w in g  f o u r  a r e a s  w h ich  fo rm  a  p r o g r e s s io n  from  e q u i l i b r i a  

th ro u g h  re d o x  r e a c t i o n s  t o  c a t a l y t i c  a c t i v i t y :

1) t h e  s t r u c t u r e s  and  e q u i l i b r i a  show n by hem in  i n  th e  a b s e n c e  

o f  a dded  l i g a n d s ,  w i th  p a r t i c u l a r  e m p h asis  on i d e n t i f y i n g  

m onom eric  co m p lex es w i th  H^O and OH a s  th e  o n ly  a x i a l  

l ig a n d s  ( c h a p te r s  3 a n d  4)-

2 )  t h e  s t r u c t u r e s  a n d  e q u i l i b r i a  shown by  hem in w ith  im id a z o le ,  

h i s t i d i n e  and  a n a lo g u e s  ( c h a p te r  5).

3 ) th e  r e d u c t io n  o f  ( c h a p te r  6) and m onom eric hem in

com plexes ( c h a p te r  7) by thiols.

4) th e  c a t a l y t i c  a c t i v i t y  o f  B^ 2a  a n d  oC iier c o r r in o id s  

( c h a p te r  8) and  o f  th e  b i s - h i s t i d i n e  hem in  com plex 

( c h a p te r  9) i n  th e  r e d u c t io n  o f  0 2 by  t h i o l s .

A l l  s t u d i e s  h av e  b e en  done i n  a q u eo u s  s o lu t i o n  and  m o st h av e  

b e e n  done on  th e  F e ( I I I )  c o m p le x e s . The m a in  te c h n iq u e s  u se d  w ere 

U V -v is ib le  sp e c tr o p h o to m e tr y  ( o r d i n a r y  and s to p p e d  flo w ) and 

k i n e t i c  m e asu re m en ts  on a  C la r k  ty p e  oxygen  e l e c t r o d e .



The r e s u l t s  w i l l  b e  sum m arised  i n  c h a p te r  10 and t h e i r  

r e le v a n c e  t o  th e  e q u i l i b r i a  and r e a c t i o n s  o f  h e m o p ro te in s  

d is c u s s e d ,

1 .3  N om e n cla tu re

Heroin c o n s i s t s  o f  i r o n ( I I I )  c o o r d in a te d  to  t h e  p o r p h y r in  

p r o to p o r p h y r in  L \. 20 The p r o t o - p r e f i x  i n d i c a t e s  t h a t  th e  s id e  

c h a in s  i n  th e  2 ,4  p o s i t i o n s  a r e  v in y l  g ro u p s  ( o th e r  s o - c a l l e d  

n a t u r a l  p o r p h y r in s  h av e  o t h e r  g ro u p s  i n  t h e s e  p o s i t i o n s ) , w h ile  

IX in d i c a t e s  th e  p a r t i c u l a r  s t r u c t u r a l  is o m e r . F ig u re  1 .1  shows 

th e  s t r u c t u r e  o f  heroin o r  i r o n ( I I I )  p r o to p o r p h y r in  IX.

I f  th e  o x id a t io n  s t a t e  o f  th e  i r o n  i s  n o t  s p e c i f i e d ,  i r o n ( I I I )  

i s  im p l ie d .  Heme w i l l  b e  u s e d  to  d e n o te  t h e  f e ( I I )  p r o to p o r p h y r in

L ig a n d s  c an  o n ly  c o o r d in a t e  i n  th e  a x i a l  p o s i t i o n s  and th e  

i r o n  p o r p h y r in  c an  be  f i v e  o r  s i x  c o o r d in a t e .  The name r e f l e c t s  

th e  num ber and  n a tu r e  o f  th e  l i g a n d s  b u t  n o t  th e  p o s i t i o n  a s  th e  

two a r e  n o t  d i s t i n g u i s h a b l e ,  e .g  b i s - im i d a z o le  i r o n ( I I I )  p r o to p o r ­

p h y r in  IX. H ow ever, i f  th e  s o lv e n t  p r o v id e s  th e  l ig a n d ,  th e  l ig a n d  

i s  o f t e n  n o t  in c lu d e d  in  t h e  nam e.

C e r ta in  c o b a l t  c o r r i n o i d s  a r e  u se d  in  t h i s  s tu d y .  The m a jo r  

one u se d  i s  B12a o r  a q u o c y a n o co b a lam in  ( f i g u r e  1 .2 ) ,  A lso  u se d  

i s  d ia q u o c o b in a m id e , C ob inam ides d i f f e r  fro m  th e  c o b a la m in s  in  

t h a t  t h e  b e n z im id a z o le  b a s e  h a s  been  rem oved  by h y d r o ly s i s  o f  th e  

p h o s p h a te  l in k a g e ,  ^

1 .4  L i t e r a t u r e  Su rvey

1 .4 .1  S p in  s t a t e  and  c o o r d in a t io n  num bers

I r o n ( I I I )  h a s  f i v e  d e l e c t r o n s  w h ich  c an  e i t h e r  g iv e  a h ig h  s p in  

com plex  in  w h ic h  c a s e  a l l  f i v e  a r e  u n p a ire d  o r  a  low  s p in  com plex



i n  w h ic h  c a s e  o n ly  one  i s  u n p a i r e d ,  * Many i r o n ( I I I )  c om plexes 

a r e  h ig h  s p in  e x c e p t  th o s e  c o o rd in a te d  t o  s t r o n g  f i e l d  l ig a n d s  

s u c h  a s  CM , 21 H ow ever, che  c o o r d in a t io n  o f  p o r p h y r in  to  

i r o n ( I I I ) , e n a b le s  b o th  h ig h  and  low s p in  co m p lex es Co b e  fo rm ed 1 '  

d e p e n d in g  on th e  a x i a l  l i g a n d s .  L ig a n d s  su c h  a s  p y r i d i n e ,  im id a ­

z o l e  and o f  c o u rs e  c y a n id e ,  g iv e  low  s p in  co m p lex es w h i le  w eaker 

f i e l d  l i g a n d s  su c h  a s  OH , C l g iv e  h ig h  s p in  c o m p lex e s . 1

L 'n c il r e c e n t l y  i t  w as b e l i e v e d  C ha t a l l  Che h ig h  s p in  

c o m p lex es w ere  f i v e  c o o r d in a t e  w i th  th e  i r o n  o u t  o f  t h e  r i n g  p la n e  

w h i le  Che low  s p in  com plexes w are  s i x  c o o r d in a t e  w i th  t h e  i r o n  

i n  th e  r i n g  p l a n e ,  ~ H ow ever, a  c r y s t a l  s t r u c t u r e  o f  a  s i x  c c o r d i  

n - t e  h ig h  s p in  c c a p le x  in  w h ic h  i r o n  i s  i n  th e  r i n g  p la n e  h a s  been  

r e p o r t e d ,  22 w here  t h e  l ig a n d s  a r e  weak f i e l d  o n e s su c h  a s  H^O, 

d i c e th y l s u lp h o x id e  ("DMSO) and DMF. T h is  was a l s o  shown Co b e  th e  

c a s e  by XMR. ^  H ence a l th o u g h  th e  low  s p in  co m p lex es a r e  s ix  

c o o r d in a t e ,  th e  h ig h  s p in  o n e s  c an  be r 'iv e  o r  s i x  c o o r d in a te .

T he c o b a l t  c o r r in o id s  h av e  s i x  d e l e c t r o n s  i n  C o ( I I I )  and 

f i v e  i n  C o ( I I ) , Soch o x id a t io n  s t a t e s  a r e  low spin, ® The 

C o ( I I I )  c o r r i n o i d s  a r e  g e n e r a l l y  s i x  c o o rd in a c e  w h ile  t h e  C o ( I I )  

o n e s a r e  g e n e r a l l y  f i v e  c o o r d in a t e .  ®

1 .4 .2  Aqueous s o l u t i o n  c h e m is try  o f  i r o n  p o r p h y r in s  

As m e n tio n e d  p r e v io u s ly ,  a g g r e g a t io n  i s  a m a jo r  p ro b lem  i n  s tu d y ­

in g  Che aq u eo u s s o l u t i o n  c h e m is try  o f  hem in .

B e fo re  d i s c u s s in g  th e  factors a f f e c t i n g  th e  a g g r e g a t io n  o f  

hem in i n  aq u eo u s s o l u t i o n ,  th e  f o r c e s  h o ld in g  th e  i r o n  p o r p h y r in s  

i n  d im e rs  i n  a g g re g a te s  w i l l  b e  b r i e f l y  d is c u s s e d .

The i n t e r a c t i o n s  r e s p o n s i b l e  c an  b e  b ro k e n  i n t o  two g r o u p s :2^



a )  c o o r d in a t io n  to  th e  i r o n

b )  i n t e r a c t i o n s  b e tw ee n  th e  r i n g s  to  g iv e  r i n g - r i n g  d im e rs .

Two ty p e s  o f  d im e rs  h e ld  to g e th e r  by c o o r d in a t io n  to  th e

i r o n  h a v e  b e e n  p r o p o se d , I t  w as s u g g e s te d  t h a t  one p r o p io n a t e  

s id e  c h a in  o f  one hem in  may c o o r d in a t e  t o  t h e  i r o n  o f  a n o th e r  

b u t  no e v id e n c e  s u p p o r t in g  t h i s  h a s  b e e n  fo u n d ,

The o t h e r  c o o rd in a t io n  d im e r ,  t h e  ii-oxo  d im e r  i n  w h ich  Q2 

b r id g e s  two h ig h  s p in  F a ( I I I )  p o r p h y r i n s ,  r e s u l t i n g  i n  a n t i -  

f e r ro m a g n e t ic  c o u p lin g  h a s  b e e n  v e i l  e s t a b l i s h e d ,  2^ ’ 2 ^ b u t  

U V -v is ib le ,  ^  M oessbauer 2 2 , IR  ^  and  EPR 2^ s p e c t r a  a s  w e l l  a s  

t h e  m a g n e tic  s u s c e p t i b i l i t y  i n d i c a t e  t h a t  he m in  i n  aq u eo u s a l k a l i n e  

s o l u t i o n s  w here  i t  i s  d im e r ic ,  d o e s  n o t  h a v e  a  u -o x o  l in k a g e .

The r i n g - r i n g  d im e rs  may b e  h y d r o p h o b ic a l ly  bonded  2^ o r  may 

fo rm  u - il  d o n o r -a c c e p to r  com p lexes 2®’ 20 and  b o th  may b e  p r e s e n t  

s im u lta n e o u s ly .

H y d rophob ic  b o n d in g  h a s  b e e n  fo u n d  w i th  b o th  th e  2 ,4  

d i s u b s t i t u t e d  d = u te ro h e m in s  and th e  2 , 4 - d i s u b s t i t u t e d  

d e u te r o p o r p h y r in s  i n  aq u eo u s s o l u t i o n .  32 E v id e n c e  f o r  U-H d o n o r -  

a c c e p to r  i n t e r a c t i o n s  be tw ee n  th e  r i n g s  o f  th e  2 ,4  d i s u b s t i t u t e d  

d e u te ro h e m in s  h a s  b e e n  fo und  a t  low te m p e r a tu re s  i n  non -aq u e o u s 

s o lv e n ts  by NMR. 33

V a r io u s  f a c t o r s  a r e  known to  a f f e c t  th e  a g g r e g a t io n  o f  hem in  

in  aq u eo u s s o l u t i o n .  D e c re a s in g  th e  pH to  l e s s  th a n  8 , r e s u l t s  i n  

a g g r e g a t io n .  1 0 >24 H igh c o n c e n t r a t i o n s  o f  e l e c t r o l y t e s  a r e  known 

to  f a v o u r  a g g r e g a t i o n .  34 36 I n  a  1,211 NaCl a l k a l i n e  s o l u t i o n ,  

t h e  a g g re g a te s  a p p a r e n t l y  c o n ta in  an  a v e ra g e  o f  f o r t y - e i g h t  hem in  

u n i t s .  3® A dding e l e c t r o l y t e s  d e c r e a s e d  th e  S o r e t  i n t e n s i t y  34 

(by  l i f t i n g  d e g e n e ra c ie s  o r  p o s s ib l y  b e c a u s e  o f  o p t i c a l



heterogeaeity) and Che magnetic susceptibility 35 (ascribed 

to the formation of "4-oxo linkages),

M ic e l l a r  d e t e r g e n t s  h a v e  b e e n  shown to  d i s s o c i a t e  th e  d im e rs  

o f  n a t u r a l  i r o n  p o r p h y r in s  13 b u t  n o t  th e  s y n t h e t i c  o n e s  ^  

(w h ich  h av e  y -o x o  l i n k a g e s ) .

The d o n o r , c a f f e i n e ,  h a s  b e e n  shown to  s p l i t  th e  d im e r  *2 

and o th e r  d o n o rs  and a c c e p to r s  h av e  b e e n  shown to  i n t e r a c t  w ith  

p o r p h y r in s  37 and  i r o n  p o r p h y r in s

1 .4 .3  Im id a z o le  co m p 'o x es (an d  a n a lo g u e s )  o f  hem in  

H i s t i d i n e  r e s i d u e s ,  w h ic h  c o o r d in a t e  th ro u g h  th e  im id a z o le  r i n g ,  

a r e  fo u n d  c o o rd in a te d  to  hem in  i n  s e v e r a l  h e m o p ro te in s  i s e e

E q u i l i b r iu m  s t u d i e s  h a v e  b e e n  c a r r i e d  o u t  i n  n o n -aq u e o u s  

s o lv e n t s  a s  w e l l  a s  i n  a q u e o u s , m ixed  a q u eo u s  and d e t e r g e n t

s o l u t i o n s ,  m a in ly  u s in g  U V -v is ib le  s p e c t r o p h o to m e tr y ,  b u t  NMR 

h a s  a l s o  be en  u s e d .  43 E x c e p t a t  low l ig a n d  c o n c e n t r a t i o n s  ^  

and  w i th  s t e r i c a l l y  h in d e re d  im i d a z o le s ,  w h ere  c o o r d in a t io n  

h a s  n o t  b e e n  e s t a b l i s h e d ,  th e  b i s - im i d a z o le  com plex  was o b ta in e d  

w i th  no s ig n  o f  th e  n o n o - im id a z o le  com plex  ** ^ , i . e .  th e  b in d in g  

c o n s t a n t  f o r  th e  f i r s t  im id a z o le  (K^) i s  l e s s  th a n  t h a t  f o r  th e  

se co n d  (K g ), b e c a u s e  o f  a  s p in  ch an g e  on  b in d in g  th e  se co n d .

X -ra y  s tu d i e s  p r o v id e  f u r t h e r  e v id e n c e  in  a d d i t i o n  to  t h e  

EPR. 51" and  U V -v is ib le  ^  s p e c t r a  f o r  th e  b is - im i d a z o le

p r o d u c t .  T a i l e d  p o r p h y r i n s ,  i . e .  th o s e  i n  w h ich  im id a z o le  i s  

c o v a l e n t ly  l in k e d  to  t h e  p o r p h y r in  r i n g  v i a  an  o r g a n ic  c h a in  o f  a 

s u i t a b l e  le n g th  to  p e rm i t  c o o rd in a t io n  o f  th e  im id a z o le ,  h a v e  b e e n  

s y n th e s iz e d  to  overcom e t h i s  p ro b le m , b u t  i n  m o st c a s e s  th e r e  

i s  no c l e a r - c u t  e v id e n c e  f o r  th e  im id a z o le  b e in g  c o o rd in a te d  to



F e ( I I I )  i n  th e  a b se n c e  o f  o th e r  l i g a n d s .

H ydrogen  b o n d in g  i s  im p o r ta n t  i n  t h e s e  com plexes b o th  in  

s o l u t i o n  and c^ e go i i d  5 0 )5 5  s l : a te  anj  e v id e n c e  f o r  a

IT com plex  b e tw ee n  im id a z o le  and th e  p o r p h y r in  h a s  be en  

p r e s e n te d .

1 .4 .4  R e d u c t io n  o f  Vtemin and c o b a l t  c o r r i n o i d s  by  t h i o l s  

R e d u c t io n  o f  F e ( I I I )  to  F e ( I l )  o c c u r s  i n  th e  r e a c t i o n  p a thw ay  o f  

many h e m o p ro te in s , i n  p a r t i c u l a r  th e  c y to ch ro m e s  and h e n ce  an  

u n d e rs t a n d in g  o f  th e  r e d u c t io n  o f  hem in  i s  n e c e s s a r y  to  u n d e rs ta n d  

t h e s e  h e m o p ro te in s .

R e d u c t io n  s t u d i e s  h a v e  b e e n  c a r r i e d  o u t  w i th  v a r io u s  r e d u c in g  

a g e n ts  w ith  i r o n  p o r p h y r in s  ^ , b u t  l i t t l e  w ork h a s  b e e n  done w ith  

t h i o l s ,  ^  T h io l s  h av e  b e e n  s tu d i e d  w i th  hem in  b u t  l a r g e ly  i n  

t r y i n g  to  m ode l th e  s p e c t r a  o f  c y to ch ro m e  P450  ^  ^  and  in  

s tu d y in g  th e  h y d r o x y la t io n  o t a n i l i n e  The k i n e t i c s  o f

th e  r e d u c t io n  o f  FeTPPCl i n  to lu e n e  s o l u t i o n  in  th e  p r e s e n c e  o f  

p y r id in e  by a l k y l  t h i o l s  h a s  b e e n  s tu d i e d  and two p a ra m a g n e tic  

in t e r m e d i a t e s  w ere  fo u n d .

A k i n e t i c  s tu d y  o f  th e  r e a c t i o n  b e tw ee n  and c y s t e i n e

i n  aq u eo u s s o l u t i o n  h as b e e n  r e p o r t e d  b u t  w as l a r g e l y  

c o n c e rn e d  w ith  c o o r d in a t io n .  H ow ever, i t  was r e p o r t e d  t h a t  th e  

r e d u c t io n  s t e p  r e q u i r e d  a  se co n d  t h i o l  g ro u p  and t h a t  C o ( I I )  

c o b a la m in  was th e  p r o d u c t .

I n  th e  l i t e r a t u r e  a r e  r e p o r t s  o f  pK as o f  t h i o l s  and i n t e r ­

m e d ia te s  fo u n d  on o x id i s in g  them .

T h io ls  may lo s e  a  p r o to n  w i th  a  pKa o f  ^9  to  g iv e  th e  

t h i o l a t e ,  i . e .

RSH RS~ + H+



T a b le  1 ,1  l i s t s  th e  pK as o f  t h e  t h i o l s  u se d . 

T a b le  1 .1  : pK as o f  th e  t h i o l s  u se d  i n  t h i s  s tu d y

T U .1 . pKa R e fe re n c e S t r u c tu r e

e t h a n e th io l 10 ,6 ch3ch2sr

c y s t e i n e 8 ,5 4 C-SH* 8 ,8 6 ) 65 nh3 ( cooh) chch2sh

m e rc a p to e th a n o l 9 ,4 3 65 hoch2ch2sh

SH

p e n ic i l l a m in e 8 ,1 7 (-NH+ 8 ,6 1 ) 65 ; « 3 ( cooh) chc( ch3 ) 2

OH fQ

d i t h i o t h r e i t o l 9 ,1 2 ; 1 0 .1 5 SHCHjCH CHCH2SH

E° v a lu e s  a r e  im p o r ta n t  t o  r e d u c t io n  and  o x id a t i o n  r e a c t i o n s . 

H ow ever, t h e r e  i s  a  p a u c i ty  o f  in f o r m a t io n  o f  th e  E °  v a lu e s  o f  

t h i o l s ,  T h io l s  i n  any c a s e  te n d  to  u n d e rg o  one  e l e c t r o n  t r a n s f e r s  

to  g iv e  th e  t h i o l  r a d i c a l s , ^  and th e  E° v a lu e  f o r  th e  r e a c t i o n :

w ould b e  o f  g r e a t e r  r e le v a n c e ,

E v id e n c e  h a s  b e e n  p r e s e n te d  show ing  t h a t  th e  t h i o l  r a d i c a l s  

a r e  a c t u a l l y  found  a s  RS-SR w h ic h  h a s  a  t h r e e  e l e c t r o n  two 

c e n t r e d  bond 6 5 ,6 7 ,6 8  ^ e c a u a e  t ^ e r a t e  0 f  r e a c t i o n  RS* + RS'

— ► RS —  SR i s  r a p id  (k  >  10^ M 1 s T h is  i s  a p p a r e n t l y

m ore  s t a b l e  th a n  th e  s im p le  r a d i c a l .

W ith a  d i t h i o l  su c h  a s  d i t h i o t h r e i t o l , t h i s  s p e c i e s  c an  b e  

fo rm ed  i n t r a m o l e c u l a r l y , " n d i t h i o t h r e i t o l  t h i s  w ould r e s u l t

i n  a  s i x  membered r i n g  w h ich  w ould  c o n f e r  a d d i t i o n a l  s t a b i l i t y .

The r a d i c a l  s p e c i e s  a l s o  h a s  a pKa. I t  h a s  be en  r e p o r t e d  a?  b e in g

5 ,5  ^  and r e f e r s  to  th e  r e a c t i o n  ( I  -  1)



T h ese  r a d i c a l  s p e c i e s  h av e  d i f f e r e n t  se co n d  o r d e r  d e ca y  r a t e  

c o n s t a n t s .  F o r  d i t h i o t h r e i t o l  th e  n e u t r a l  r a d i c a l  h a s  a  r a t e  

c o n s t a n t  o f  1 ,7x10®  M 1 s  1 w h ile  t h a t  f o r  th e  a n io n ic  r a d i c a l  i s  

1,7x10®  M ^ s  \  No v a lu e s  h av e  b e e n  r e p o r t e d  f o r  th e  o th e r

1 .4 .5  R e a c t io n s  o f  i r o n  p o r p h y r in s  and c o b a l t  c o r r i n o i d s  w i th  0„ 

H e m o p ro te in s , a s  m e n tio n e d  e a r l i e r ,  a r e  in v o lv e d  i n  a  v a r i e t y  o f  

r e a c t i o n s  w i th  0 0 and i t s  r e a c t i o n s  w i th  th e  p r o s t h e t i c  g ro u p ,

...■•.I.*, and a v d a '.s  i s  o.* i n t e r e s t .

Some s t u d i e s  on th e  o x id a t io n  o f  F e ( I I )  p o r p h y r in s  by  have  

b e e n  r e p o r t e d .  The r e a c t i o n s  a r e  g e n e r a l l y  f i r s t  o r d e r  i n  0^ 

and  a p p a r e n t l y  b o th  i n n e r  and  o u t e r  s p h e re  m echan ism s o c c u r .

S i m i l a r l y ,0 ^  i s  known to  o x id i s e  c o b a l t ( I I )  c o r r i n o i d s .  ® 

R educing  a g e n ts  su c h  a s  q u in o ls  and  t h i o l s  h a v e  b e e n  shown to  

a c c e l e r a t e  t h i s  r e a c t i o n ,  by  f a e i l a t i n g  th e  m ore  f a v o u r a b le  two 

e l e c t r o n  r e d u c t io n  o f  bound 0 ^ . ^

A few  s t u d i e s  h av e  be en  c a r r i e d  o u t  on th e  c a t a ly s e d  a u to x id a -  

t i o n s .  T h e s e  in c lu d e  aquo cy a n o co b in a m id e  w i th  v a r io u s  t h i o l s ,  ^  

a  C o ( I I )  p h th a lo c y a n in e  w i th  c y s t e i n e ,  ''2 and  F e ( H I )  w i th  

c y s t e i n e .  73

M o le c u la r  oxygen  i s  r e d u c e d  to  w a te r  by th e  t r a n s f e r  o f  f o u r  

e l e c t r o n s  F ig u re  1 .3  7^ shows th e  r e d u c t io n  p o t e n t i a l s  f o r  Og 

r e d u c t io n ,  The f o u r  and two e l e c t r o n  t r a n s f e r s  a r e  the rm odynam i-



c a l l y  f a v o u r a b le  b u t  Che one e l e c t r o n  r e d u c t io n  o f  0 2 i s  n o t .

T h is  may no lo n g e r  b e  th e  c a s e  when Che oxygen  s p e c i e s  a r e  bound 

t o  a  i r e c a l ,  ^ b u t  a t  l e a s t  f o r  Che u n c o o rd in a te d  s p e c i e s ,  a 

m echanism  w h ich  in v o lv e s  two e l e c t r o n  t r a n s f e r s  w ould  b e  f a v o u re d  

o v e r  one in v o lv in g  one  e l e c t r o n  t r a n s f e r .

0 , ------------------- 0 ,  -    t t ,0 „    ho '  H„0
" -0 ,4 5 V  ^ +0,98V  i  “I +0 ,38V  + 2 ,33V

+0,27V  * 1 ,3 5 7

F ig u re  1 .3  The r e d u c t io n , p o t e n t i a l s  f o r  t h e  o n e  and tw o e l e c t r o n  

r e d u c t io n s  o f  0 ,  a t  pH 7 . ^

In  a d d i t i o n  to  th e  f r e e  s u p e r o x id e ,  p e ro x id e  and h y d ro x y l 

r a d i c a l s ,  th e  c o o rd in a te d  s p e c i e s  may b e  p r e s e n t  b u t  th e  

c o m p e ti t io n  b e tw ee n  th e  m e ta l  com p lex  and  H may d e s t a b i l i z e  some 

( th e  pKas o f  su p e ro x id e  and  p e ro x id e  a r e  4 ,9  ^  and  11 ,62  

r e s p e c t i v e l y ) .  I r o n  p o r p h y r in  s p e c i e s  fo u n d  in  n o n -aq u so u s  

s o lv e n t s  i n c lu d e  th e  y -p e ro x o  d im e r  77 and  th e  F e (IV )0 ^ ~  

s p e c i e s ,  th e  l a t t e r  b e in g  s t a b i l i s e d  by th e  c o o r d in a t io n  o f  a  b a s e .  

The c o b a l t  c o r r i n o i d s  may fo rm  u -p e ro x o  d im e rs  b u t  s t e r i c  

h in d r a n c e  m akes i t  u n l i k e l y . 6^



CHAPTER 2 -  MATERIALS AND METHODS

2 .1  M a te r ia l s

P ro to h e m in  was s u p p l i e d  by BDH; m esohem in was p r e p a re d  by a l i t e r a ­

t u r e  m e thod2 0 ; cy to ch ro m e  b ^ ,  p r e p a re d  by a  l i t e r a t u r e  m ethod 

w as k in d ly  s u p p l i e d  by Dr D, B a ld w in ; was s u p p l i e d  by

Mr A .P . Domleo o f  G la x o -A lle n b u ry  ( P ty )  L im i te d ;  d ia q u o co b in a ro id e  

was k in d ly  s u p p l i e d  by Mr E . B e t t e r t o n ,

W ater w as p u r i f i e d  by  th e  M i l l i p o r e  M i l l i r o  40 sy s te m .

O th e r  s o lv e n t s  u se d  w ere  96% e th a n o l  ( N a t io n a l  C hem ical P r o d u c t s ) ,  

m e th an o l (M erck AR), DMSO C ievck  AR) (o n ly  from  f r e s h l y  opened  

b o t t l e s ) , fo ra a m id e  (M e rc k ) ,

The f o l lo w in g  AS g ra d e  r e a g e n t s  w ere  u se d : CH^COOll (M erck ) , 

NaHCOj (H opk ins and  W i l l ia m s ) , b o ra x  (M erck ) , g ly c in e  (M e rc k ) , 

p o ta s s iu ia  h y d ro g en  p h t h a l a t a  (M e rc k ) , HM03 ( n i t r i c  a c i d ) ,

NaHjPO^ (M e rc k ) , Na-jHPO^ (M e rc k ) , NaNOj (M e rc k ) , KNO, (M e rc k ) ,

S a C l ( P r o t e a ) , KCN (BDH), L - a r g in in e  (M erck ) , L - ty r o s in e  (M erck ) , 

1 ,1 0  p h e n a n th r o l in e  (M e rc k ) , m e th y l v io lo g e n  (M erck ) , u r e a  (M e rc k ) , 

s u c ro s e  (M e rc k ) , CuSO^ (M e rc k ) , im id a z o le  (BDH), N -m ethy l im id a z o le  

(M erck ), 2 -m e th y l im id a z o le  (M e rc k ) , L - h i s t i d i n e ,  h i s t a m in e  d ih y d r o ­

c h lo r i d e  (BDH), p i l o c a r p in iu m  n i t r a t e  (M erck ) , L - c y s t e in e  h y d ro ­

c h lo r i d e  (BDH), D ( - ) - p e n ic i l l a m in e  ( A l d r i c h ) .

O th e r  r e a g e n t s  u se d  w ere  UaOH ( P r o t e a ,  > 97% ), l i t h iu m  n i t r a t e  

(M erck ) , c e t y l  t r m e t h y l  ammonium b rom ide  (BDH), t r i t o n  X -100 (BDH), 

sod ium  l a u r y l  s u lp h a te  (BDH), c a f f e i n e  (M erck ) , a d e n in e  (M erck ) , 

t h e o p h y l l i n e  (M erck ) , g u a n id in e  h y d r o c h lo r id e  (BDH), sod ium  s i l i c a t e  

(BDH), d i t h i o t h r e i t o l  (BDH, > 98% ), e t h a n e t h i o l  (M e rc k ) , 2 -m e rc a p to -  

e th a n o l  ( S c h u c h a rd t ;  > 95%, r e d i s t i l l e d  u n d e r  vacuum j u s t  p r i o r  to  

u s e ) , sodium  d i t h i o n i t e  (H opk ins and W il l ia m s ) ,  su p e ro x id e  d is m u ta s e



from  b e e f  e ry c h ro c y c e s  ( s u p p l ie d  a s  a  pow der by  M iles  R e se a rch  

L a b o r a to r i e s ) ,  c a t a l a s e  fro m  b o v in e  l i v e r  ( s u p p l ie d  by  M ile s  a s  a 

c r y s t a l l i n e  s u s p e n s io n  i n  a  p h o s p h a te  b u f f e r  a t  pH 5 ,7  c o n ta in in g  

565109 u n i t s  p e r  m i l l i l i t r e  (one  u n i t  o f  a c t i v i t y  i s  t h a t  amount 

o f  enzyme c a t a l y s i n g  th e  d e c o m p o s i t io n  o f  1 p  m ole o f  p e r

m in u te  a t  2 5 °C ) , (L  was d e o x y g e n a te d  by  p a s s in g  i t  th ro u g h  a

2 .2  I n s t r u m e n ta t i o n

U l t r a v i o l e t - v i s i b l e  a b s o r p t io n  s p e c t r a  w ere  r e c o rd e d  on a  J a s c o  

U vid.ec - 1  s p e c t r o p h o to m e te r ,  w h ic h  w as c a l i b r a t e d  w i th  holm ium  

g la s s  a s  a s ta n d a r d .  U n le s s  o th e rw is e  s t a t e d ,  q u a r t z  c e l l s  o f  

p a th le n g c h  10 im  w ere  u se d  and t h e r n o s t a t t e d  a t  25°C (=  0 ,5 ° C ) .

The k i n e t i c s  o f  f a s t e r  r e a c t i o n s  and th e  d e te r m in a t io n  o f  

c e r t a i n  pK as ( s e e  l a t e r )  w ere  s tu d i e d  u s in g  a  D u rru o  D -110 s to p p e d  

f lo w  sy s te m  c o n n e c te d  to  a  D a ta la b  DL 901 T r a n s i e n t  r e c o r d e r  and an 

A pple  m ic ro co m p u te r  w hich  w as program m ed to  a c c e p t  th e  d a t a  p o i n t s ,  

s u b t r a c t  o u t  th e  v a lu e  a t  i n f i n i t e  t im e , p l o t  th e  s e m ilo g  p l o t  and 

c a r r y  o u t  a  l e a s t  s q u a re s  f i t .  I f  r e q u i r e d ,  th e  p ro g ra m  c o n v e r te d  

th e  v o l t a g e  o u tp u t  i n t o  a b s o rb a n c e . The s o l u t i o n s  w ere  th e rm o -  

s t a t t e d  a t  25°C (± 0 , 2 ) .  The r a t e  o f  0^  u p ta k e  was s tu d i e d  u s in g  

a  C la rk  ty p e  oxygen  e l e c t r o d e  made by Rank B ro s , C am bridge,

E ng land  (F ig u r e  2 .1 )  c o n n e c te d  to  a  S e rv o g o r  r e c o r d e r .  The maximum 

r e c o r d e r  d e f l e c t i o n  was s e t  m a n u a lly  u s in g  0^  s a t u r a t e d  o r  a i r  

s a t u r a t e d  w a te r  (w here  a p p l i c a b l e )  a s  s ta n d a r d s .  The z e r o  s e t t i n g  

w as s e t  u s in g  w a te r  d e p le te d  o f  Og by  th e  a d d i t i o n  o f  sod ium  

d i t h i o n i t e .  Sodium  d i t h i o n i t e  was a l s o  u s e d  to  c h ec k  th e  mem brane; 

a  good membrane shows d e p l e t i o n  o f  m o st o f  th e  0^ ( i . e . >  80%) in



r a a g n e t i c  ' f l e a '

f l u i d  j a c k e t s

 r t / u „  h a i r  c e i l
— -A g / . '.S C I  h r . l f  c e l l

= 0 --------------i » k  i



■ F t/C ,, h a i r  cell 
•A g/A ijC l J iR lf  c e l l



s o l u t i o n  w i th in  te n  s e c o n d s  a f t e r  a d d in g  d i t h i o n i d e ,  w h ile  a  le a k y  

one  d o e s n o t  and was d i s c a r d e d .  The 0 ,  c o n te n t  i n  a i r  and  0 2 s a t u r a ­

te d  w a te r  was d e te rm in e d  by t i t r a t i n g  th e  0^  w i th  g lu c o s e  i n  th e  

p r e s e n c e  o f  th e  enzyme g lu c o s e  o x id a s e ,  u s in g  th e  oxygen  e l e c t r o d e .  

The 0 2 s a t u r a t e d  s o l u t i o n  ( o b ta in e d  by  p a s s in g  p u r e  0 2 th ro u g h  th e  

s o l u t i o n  f o r  a t  l e a s t  t e n  m in u te s )  was found  to  h a v e  8 ,7  xlO  S i  0^ 

w h ile  th e  a i r  s a t u r a t e d  s o l u t i o n  was fo u n d  to  h a v r  2 ,2  x  10 S i  0 ^ .

The oxygen  e l e c t r o d e  c o n s i s t s  o f  t h r e e  s e c t i o n s  ( s e e  f i g u r e  

2 . 1 ) ,  th e  t e s t  s o l u t i o n  com partm en t (and  c a p i l l a r y  c a p ) , th e  b a se  

s e c t i o n  c o n ta in i n g  th e  ? t / 0 2 and Ag/AgCl h a l f  c e l l s  c o n n e c te d  by  

a  s a t u r a t e d  KCl s o l u t i o n  and th e  • v. T e r  b a s e .  The d i s s o l v e d  C>2 in  

th e  t e s t  s o l u t i o n  d i f f u s e s  t h r o u j :  .'-ie t e f l o n  f i l m  (500 m ic ro n s  

th i c k )  o n to  th e  p o l a r i s e d  P t  e l e c t r o d e  w here  i t  becom es re d u c e d  

( e q u a t io n s  ( 2 . 1 ) ; ( 2 , 2 ) )  consum ing  f o u r  F a ra d a y s  p e r  m o le  o f  0 . ,

0 2 + 2 e“ + 2H+ — ► H20 2 ( 2 .1 )

H20 2 + 2e~ + 2H+ - 2H20  ( 2 .2 )

The c u r r e n t  p ro d u c e d  c a u s e s  th e  r e c o r d e r  to  d e f l e c t  and i s  

p r o p o r t i o n a l  t o  th e  oxygen  c o n c e n t r a t i o n  i n  th e  s o l u t i o n  (a s  i s  th e  

d e f l e c t i o n ) .

The t e s t  com partm en t was s e a l e d  fro m  th e  a tm o sp h e re  by  th e  

c a p i l l a r y  c ap  w h ic h , h o w ev e r, a l lo w s  i n j e c t i o n  o f  sa m p le s  i n t o  th e  

s y s te m . I t  was s u r ro u n d e d  by  a  w a te r  j a c k e t  th ro u g h  w h ich  w a te r

a t  25°C was pum ped. The s o l u t i o n  was k e p t  w e l l  m ixed  by a  s m a ll

m a g n e tic  s t i r r e r .

In all cases, the reaction was initiated by injecting the thiol 

solution, through the capillary opening in the cap, In some cases 

Che cdbalt corrinoid or iron porphyrin was added before the thiol, 

while in others it uas added after (this enabled the uncatalysed



r a t e  to  b e  d e te r m in e d ) . C are  was ta k e n  to  e x c lu d e  a l l  a i r  b u b b le s  

from  th e  t e s t  com partm en t when th e  cap  was i n s e r t e d  a s  t h e s e  c au se  

e r r a t i c  r e s u l t s  and to  e n s u re  t h a t  th e  c a p i l l a r y  tu b e  was f i l l e d  

w ith  s o l u t i o n  to  a v o id  0^ from  th e  a tm o sp h e re  e n t e r i n g ,  The 

s t i r r i n g  sp e ed  was made s u f f i c i e n t  to  a v o id  p ro b lem s w i th  r a t e  

l i m i t i n g  m ass t r a n s p o r t .  I f  i n j e c t i o n  o f  r e a g e n t s  was done to o  

r a p i d l y  o r  to o  n e a r  th e  b a s e ,  a  su d d e n  d e c r e a s e  i n  t h e  r e a d o u t  

o c c u r re d  due to  a  r a p i d  d e p le t i o n  o f  0 .  a t  th e  b a s e  o f  th e  c e l l  and 

t h i s  c au se d  p ro b lem s i n  m e a su r in g  th e  i n i t i a l  s lo p e .  H ence c a r e  

w as ta k e n  i n  i n j e c t i o n  o f  th e  r e a g e n t s .

The pH o f  s o l u t i o n s  w as m e asu re d  w i th  a M etrohm d i g i t a l  

E 532 pH m e te r  and  a  M etrohm  g l a s s  e l e c t r o d e  o r  f o r  r e c o r d i n g  o f  

s m a ll  s a m p le s ,  a  M etrohm g la s s  m ic r o e l e c t r o d e .  The r e f e r e n c e  

e l e c t r o l y t e  w as 3M p o ta s s iu m  c h l o r i d e .  The pH m e te r  was s ta n d a r d ­

i s e d  u s in g  BDH s ta n d a r d  b u f f e r s  a t  pH 7 ,0  = 0 ,1  (p h o s p h a te )  and 

pH 4 ,0  i 0 ,1  ( j ^ t h a l a t e ) .

2 .3  M ethods

2 .3 ,1  P r e p a r a t i o n  o f  s o lu t io n s

Hemin i n  s o l u t i o n  i s  s lo w ly  a t t a c k e d  by a i r ^ .  To m in im ise  t h i s ,  

hem in  was d i s s o l v e d  i n  a 0,1M  sod ium  h y d r o x id e  s o l u t i o n  w h ic h  had 

b e e n  th o r o u g h ly  f lu s h e d  w i th  and th e  s o l u t i o n  k e p t  u n d e r  Ng.

I t  was found  t h a t  hem in  s to r e d  u n d e r  N,, and k e p t  a t  -18°C  was s t a b l e  

( i . e .  < 3% change  i n  a b s o rb a n c e )  f o r  a t  l e a s t  two w e e k s . The hem in 

s o lu t i o n s  w ere  c a l i b r a t e d  by m e a su r in g  th e  a b s o rb a n c e  a t  385 nm i n

0 , 1M NaOH ( th e  p o s i t i o n  o f  th e  S o r e t  band  o f  th e  d im e r ic  a lk a l i n e  

hem in) and u s in g  th e  e x t i n c t i o n  c o e f f i c i e n t  o f  58 mM * Fe.

B u f f e r s  w ere  p r e p a re d  a c c o rd in g  to  th e  i n s t r u c t i o n s  in  

" B io c h e m is t 's  H andbook".® ^ I n  a l l  c a s e s ,  th e  i o n i c  s t r e n g t h  c o n -



t r i b u t i o n  from  Che b u f f e r  was 0 , 1 .  I n  g e n e r a l  BKO  ̂ + HaNO^ was

u se d  f o r  pHs 1 - 2 ;  g ly c in e  * HNCy f o r  pHs 2 ,2  -  3 ,4 ;  a c e t i c  a c id

+ NaOH f o r  pHs 3 ,6  -  5 ,8 ;  HaB^PO^ + SaOH f o r  pHs 6 ,0  -  7 ,8  and 

NaHC03 * KaOH f o r  pHs 8 ,0  -  1 1 ,0 ;  Na2HP04 + SaOH f o r  pHs 1 1 ,0 - 1 2 ,0 ;  

NaOH f o r  pHs 5 1 2 ,0 .  ^ h a l a t e  b u f f e r s  g av e  u n r e l i a b l e  r e s u l t s  when

u se d  in  Che d e c e rm in a t io n  o f  Che pKas o f  hern ia  a s  th e y  d e c r e a s e d

th e  S o r e t  i n t e n s i t y ,  p s r h a p s  due  to  a g g r e g a t io n  o r  d o n o r -a e c e p to r  

com plex  fo rm a tio n ;  h e n ce  th e y  w ere  a v o id e d .

C a f fe in e  i s  h y d r o ly s e d  i n  b a s i c  s o l u t i o n . 8^ By f o l lo w in g  th e  

d e c r e a s e  i n  th e  band  a t  273 nm, th e  r a t e  o f  d e c o m p o s itio n  c o u ld  be 

f o l lo w e d .  A t pH 13 , 8% o f  t h e  c a f f e i n e  had decom posed a f t e r  two 

h o u rs  w h ile  a t  pH 5 1 2 ,3 ,  l e s s  th a n  1" d e c o m p o s i t io n  had  o c c u r re d  

a f t e r  th r e e  h o u r s .  H ence to  a v o id  p ro b lem s w ith  h y d r o ly s i s ,  o n ly  

f r e s h l y  made up s o l u t i o n s  w i th  pH < 1 2 ,3  w ere  u se d  and u se d  w i th in  

t h r e e  h o u r s .

f a i r l y  h ig h  c o n c e n t r a t i o n s  o f  h i s t i d i n e ,  h is t a m in e  and 

p i l o c a r p a t e  w ere  n e c e s s a r y  f o r  c o m p le te  f o rm a tio n  o f  th e  b i s  l ig a n d  

hem in  c om plex . As th e s e  s p e c i e s  a r e  c h a r g e d ,  th e y  c o n t r i b u t e  to  

th e  i o n i c  s t r e n g t h  ( i t  w as a ssu m ed , h o w ev e r, t h a t  th e  z w i t t e r io n  

d o e s n o t ) , and f o r  t h i s  r e a s o n  th e s e ,  s o l u t i o n s  had  f a i r l y  h ig h  

io n i c  s t r e n g t h s .  F o r  c o n s i s t e n c y ,  th e y  w ere  a l l  made 0 ,5  by 

a d d in g  SaMOg w here  n e c e s s a r y ,

H i s t i d i n e  g o e s y e l lo w  w i th  a g e , p resu m ab ly  u n d e rg o in g  a  p h o to -  

o x id a t ic m  r e a c t i o n . T o  m in im is e  t h i s , s o l u t i o n s  w ere  u se d  w i th in  

two h o u rs  when th e  y e l lo w  c o lo u r  wzs n e g l i g i b l e  o r  w ere  w e l l -  

p r o t e c t e d  fro m  l i g h t ,  T h is  y e l lo w  s p e c i e s  d id  n o t  a f f e c t  th e  

e q u i l ib r iu m  c o n s ta n t  d e te r m in a t io n s  b u t  r e s u l t e d  i n  s c a t t e r e d  

r e d u c t io n  and 0^  u p ta k e  k i n e t i c  r e s u l t s .



The l a c to n e  r i n g  o f  p i l o c a r p i n e  c a n  b e  h y d r o ly s e d  w i th in  a 

few  m in u te s  i n  0,1M  N aO H ,^  The s o l u t i o n s  o f  p i l o c a r p a t e  w ere  

t h e r e f o r e  made up by  d i s s o l v in g  p i l o c a r p i n e  i n  0,1M  NaOH and 

le a v in g  to  s ta n d  f o r  a t  l e a s t  an h o u r  b e f o r e  th e  pH was a d ju s te d  

to  th e  r e q u i r e d  v a l u e .

As t h i o l s  a r e  a i r - s e n s i t i v e ,  th e y  w ere  made up in  s o lu t io n s  

w h ic h  had  b e e n  d e a e r a te d  by  th o ro u g h  f lu s h in g  w i th  and w ere  

k e p t  u n d e r

2 .3 .2  D e te r m in a t io n  o f  e q u i l i b r iu m  c o n s ta n t s

W ith  th e  e x c e p t io n  o f  th e  d e te r m in a t io n  o f  pKas o f  he m in , e q u i l i ­

b riu m  c o n s t a n t s  w ere  d e te rm in e d  by f o l lo w in g  th e  change  i n  a b s o r ­

b a n c e  w ith  a change  in  l ig a n d  c o n c e n t r a t i o n  o r  w ith  a ch an g e  in  th e  

hem in  c o n c e n t r a t i o n  (S hack  and  C la r k  d i l u t i o n  s t u d i e s ) . ^

When a s u f f i c i e n t l y  c o n c e n t r e : : - !  s to c k  s o l u t i o n  o f  l ig a n d  

c o u ld  b e  made u p , t ' - : • .c c r . t r a t i  l ig a n d  -v .s in c r e a s e d  by

a d d in g  a l i q u o t s  o f  th e  s to c k  s o l u t i o n ,  a s  i n  t i t r a t i o n s  w i th  

c a f f e i n e ,  d e t e r g e n t  and  p i l o c a r p a t e .  T h is  m ethod  c o u ld  n o t  b e  u s e d , 

ho w ev e r, i f  s i d e  r e a c t i o n s  o c c u r re d  (a s  w i th  h is t a m in e )  o r  i f  th e  

l ig a n d  had  l im i t e d  s o l u b i l i t y  ( a s  w i th  h i s t i d i n e ) :  in  th e s e  c a s e s ,  . 

e a c h  l ig a n d  s o l u t i o n  r e q u i r e d  w as m ade up  s e p a r a t e l y .

I n  m o st c a s e s  th e  hem in c o n c e n t r a t i o n  was v a r i e d  by a d d in g  

a l i q u o t s  o f  th e  s to c k  hem in  s o l u t i o n  to  th e  l ig a n d  s o l u t i o n ,  ta k in g  

c a r e  n o t  t o  ch an g e  th e  t o t a l  vo lum e and  h e n ce  th e  l ig a n d  c o n c e n t ra ­

t i o n  by m ore  th a n  3%, W ith  h is t a m in e  t h i s  was n o t  p o s s i b l e ,  and 

e a c h  hem in s o l u t i o n  r e q u i r e d  was made up  s e p a r a t e l y .

The r e s u l t s  w ere  a n a ly s e d  u s in g  th e  e q u a t io n s  d e r iv e d  in  

a p p e n d ix  1.

The t i t r a t i o n  a t  low l ig a n d  c o n c e n t r a t i o n s  (w here  th e  l ig a n d s



w ere  h i s t i d i n e ,  h is t a m i n e  and p i l o c a r p a t e )  w ere  c a r r i e d  o u t  a t  

590 run ( t h e  p o s i t i o n  o f  an  i s o s b e s t i c  p o in t  b e tw ee n  th e  i n te r m e d i ­

a t e  and b i s - l i g a n d  com plex) by  a d d in g  a l i q u o t s  o f  th e  s to c k  l ig a n d  

s o l u t i o n  ( i n  t h i s  c a s e  th e  i n t e r m e d i a t e  h e m in -h is ta m in e  com plex 

i s  s t a b l e )  , F a i r l y  h ig h  h e -iin  c o n c e n t r a t i o n s  (M x lO ~ S o  w ere  used  

to  g iv e  s u f f i c i e n t l y  l a r g e  a b s o rb a n c e  c h a n g e s .

2 .3 .3  D e te r m in a t io n  o f  th e  pKas o f  hem in  and  h e m in - c a f f e in e  by 

s to p p e d - f lo w  C V - v is ib l e  sp e c tr o p h o to m e tr y  

Hemin and  th e  h o m in - c a f fe in e  a d d u ce  a g g re g a te  r a p i d l y  on  a c i d i f i c a ­

t i o n  and s to p p e d  f lo w  C V - v is ib l e  sp e c tr o p h o to m e tr y  w as u s e d  to  

d e te rm in e  th e  a b so rb a n c e  a t  a  p a r t i c u l a r  pH a f t e r  a c i d i f i c a t i o n  

(p ro to n  t r a n s f e r s  a r e  r a p id )  b u t  b e f o r e  a g g r e g a t io n .

One b a r r e l  o f  th e  s to p p e d  f lo w  c o n ta in e d  a p p ro x im a te ly  

5x10 he m in  ( p lu s  c a f f e i n e  w h e re  r e l e v a n t )  ( u n b u f f e r e d ,  pH was 

“’-9) w h ile  th e  o th e r  c o n ta in e d  b u f f e r  su c h  t h a t  when i t  was d i l u t e d  

tw o f o ld , i t  g av e  th e  r e q u i r e d  pH and io n i c  s t r e n g t h  ( 0 ,1 )  ( i . e .  

u se d  d o u b le  c o n c e n t r a t i o n s  o f  t h e  b u f f e r  c o m p o n e n ts ) .

A g g re g a t io n  w as e v id e n t  by  a  d e c r e a s e  i n  t h e  S o r e t  band  ( a l l  

ru n s  w ere  do n e  a t  o r  n e a r  th e  S o r e t  maximum) a n d  th e  a b s o rb a n c e  was 

ta k e n  p r i o r  t o  th e  d e c r e a s e .  O n ly  i n  s l i g h t l y  a c id  s o l u t i o n s  d id  

th e  d e c r e a s e  s t a r t  s h o r t l y  a f t e r  th e  m ix in g  tim e  (1 m s ) . (A t o th e r  

pHs th e  d e c r e a s e ,  w here  i t  o c c u r r e d ,  o c c u r re d  m ore s lo w ly .)

In  th e  a b se n c e  o f  c a f f e i n e ,  hem in  te n d e d  to  a d so rb  o n to  th e  

s y r in g e  s u r f a c e s .  C e r t a in  r u n s  w ere  r e p e a te d  th r o u g h o u t  th e  e x p e r i ­

m ent to  e n a b le  th e  c o r r e c t i o n  o f  a b s o rb a n c e s  f o r  th e  ch an g e  in  

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

A b so rb an c es  w ere  d e te rm in e d  a t  a  f i x e d  w a v e le n g th  (402 nm in  

th e  p r e s e n c e  o f  c a f f e i n e ;  397 nm in  th e  a b s e n t*  o f  c a f f e in e )  a t

*



v a ry in g  pHs and th e  r e s u l t s  t r e a t e d  u s in g  th e  e q u a t io n s  d e r iv e d  in  

a p p e n d ix  1 t o  g iv e  th e  pK as.

The s p e c tru m  o f  th e  t r a n s i e n t  in t e r m e d i a t e s  was b u i l t  up 

by  d e te r m in in g  th e  a b s o rb a n c e  by  s to p p e d  f lo w  s p e c tro p h o to m e try  

a t  v a r io u s  w a v e le n g th s  ( r e - z e r o in g  a t  e ac h )  i n  t h e  S o r e t  r e g io n .



CHAPTER 3 -  STUDIES OF HEMIN IN AQUEOUS ALKALINE SOLUTION

3 .1  I n t r o d u c t io n

As h e m o p ro te in s  o p e r a te  i n  aq u eo u s s o l u t i o n  i t  w ould  b e  u s e f u l  to  

s tu d y  th e  p r o s t h e t i c  g ro u p , h e rn ia , i n  a q u eo u s  s o l u t i o n ,  p a r t i c u ­

l a r l y  a s  pH e f f e c t s  f o r  in s t a n c e  a r e  o n ly  m e a n in g fu l  i n  aqueous

M ost a q u eo u s  s o l u t i o n  s tu d i e s  o f  hem in  h av e  be en  done a t  

pH > 8  b e c a u s e  o f  a g g r e g a t io n  and p r e c i p i t a t i o n  b e lo w  t h i s  pH.

I t  i s  g e n e r a l l y  a g re e d  t h a t  th e  m ain  s p e c i e s  i n  aq u eo u s a l k a l i  i s  

a  d im e r ic  s p e c i e s  i n  w h ic h  a l l  th e  p r o p io n ic  a c id  s id e  c h a in s  a r e  

io n i s e d  and  i n  w h ich  e a c h  i r o n  h a s  one  OH ( o r  i t s  e q u iv a le n t )  

c o o rd in a te d .

T here  i s  e v id e n c e  f o r  th e  f o rm a tio n  o f  h ig h  m o le c u la r  w e ig h t 

a g g re g a te s  a t  h ig h  hem in  c o n c e n t r a t i o n s  1 0 ’ 36and in  s o lu t io n s  o f  

h ig h  i o n i c  s t r e n g t h . ^  B la u e r  and Z v i l i c h o v s k y ^  found  t h a t  

4 x  10 S i  hem in in  1 ,2  M sodium  c h lo r i d e  a t  pH 1 1 -1 2 , a g g re g a te s  

and  th e  s p e c i e s  fo rm ed  c o n ta in e d  a s  many o f  f i f t y  hem in u n i t s .  

H ow ever, i n  th e  a b s e n c e  o f  S a C l ,  hem in d id  n o t  se d im e n t i n  th e  

u l t r a  c e n t r i f u g e 3® and  h ence  i t  w i l l  b e  a ssum ed t h a t  a t  f a i r l y  

low  c o n c e n t r a t i o n s  o f  hemxn and in  s o l u t i o n s  o f  m o d e ra te  io n i c  

s t r e n g t h ,  hem in i s  d im e r ic .  C e r t a in l y  i t  b e h a v e s  a s  a  d im e r .10

I t  i s  w e l l  known t h a t  aq u eo u s a l k a l i n e  s o l u t i o n s  o f  hem in 

may show s u r p r i s i n g  v a r i a t i o n s  i n  th e  U V -v is ib le  s p e c t r a  and 

m a g n e tic  s u s c e p t i b i l i t i e s ,  and  m o n o m e rs ,^ ’ 1"* ^ d im e r s  a n d 1-0 

p o ly m e rs* 0 , 3 ^ have  a l l  been  i d e n t i f i e d .

H ow ever, th e r e  a r e  g a p s  i n  o u r  kn o w le d g e. C a f fe in e  i s  known 

to  s p l i t  th e  a l k a l i n e  hem in d im e r  to  g iv e  th e  m onomer*-  b u t  th e  

pH d e p en d e n ce  h a s  n o t  be en  s tu d i e d  and  h e n ce  th e  p r o d u c t  h a s  r . r t



b e en  f u l l y  i d e n t i f i e d .

S u c ro se  i s  known to  a f f e c t  th e  m a g n e tic  s u s c e p t ib i l i t y ® ^  b u t 

th e  e f f e c t  o f  s u c ro s e  on  th e  s p e c tru m  h a s  n o t  be en  s tu d i e d .

I t  i s  known t h a t  s a l t s  a f f e c t  th e  a g g r e g a t i o n  o f  hem in  34 

b u t  t h e  e f f e c t i v e n e s s  o f  d i f f e r e n t  a n io n s  and  c a t i o n s  com pared 

t o  t h e i r  a b i l i t y  t o  o r d e r  w a te r  i s  n o t  know n.

I h e  a im s o f  t h i s  c h a p te r  a r e  to  im prove  o u r  u n d e rs t a n d in g  o f  

t h e  n a tu r e  o f  th e  com plexes and  e q u i l i b r i a  o b s e rv e d  i n  aqueous 

a l k a l i  a s  w e l l  a s  t o  i n v e s t i g a t e  th e  c o n d i t i o n s  r e q u i r e d  f o r  

monomer f o r m a tio n  in  a q u eo u s  a l k a l i n e  s o l u t i o n ,  i n  o r d e r  to  m odel 

h e m o o re te in s  w h ic h  u s u a l ly  c o n t a in  i s o l a t e d  h em in . To t h i s  end 

q u a n t i t a t i v e  s t u d i e s  on c a f f e i n e  and d e t e r g e n t s  a s  w e l l  a s  

q u a l i t a t i v e  s t u d i e s  on s a l t s ,  s u c ro s e  and d o n o r s /a c c e p to r s  have  

b e en  c a r r i e d  o u t .

S tu d ie s  i n  aq u eo u s a c id  w i l l  be r e p o r t e d  i n  C h a p te r  4 .

The f o l lo w in g  a b b r e v ia t i o n s  w i l l  b e  u se d  in  t h i s  c h a p te r :

M f o r  monomer 

D f o r  d im er 

P f o r  p o lym er

E ach  o f  th e s e  may h av e  a s u b s c r i p t  A o r  B. T h ese  r e f e r  to  

s p e c t r a l  ty p e s ,  th e  A ty p e  s p e c tru m  b e in g  th e  t y p i c a l  h ig h  s p in  

s p e c tr a ® '' w h ile  th e  B ty p e  b e in g  a n a lo g o u s  to  th e  y -o x o  s p e c tr u m .2® 

3 -2  R e s u l t s

3 .2 .1  B eet's law  p l o t  o f  hem in

The S o t e t  ban d  f o r  hem in  i n  0 ,1 H  SaOK i s  a t  385 nm. H ence  t h i s  

w a v e le n g th  was c h o sen  to  s e e  i f  any  d e v ia t i o n s  from  B e ers  law  

a t  low  hem in c o n c e n t r a t i o n s  o c c u r ,  a s  t h i s  w ould  i n d i c a t e  th e  

f o rm a tio n  o f  th e  monomer.



A p l o t  o f  a b so rb a tic  ■ v e r s u s  here in  c o n c e n t r a t i o n  ( i n  0 S1M 

NaOH to  e l im in a t e  any  i o n i s a t i o n s  o f  g ro u p s  on th e  heroin) was 

l i n e a r  down, t o  1 x  10 hero in  (on  a p ‘=r m o le  i r o n  b a s i s )  

( t i g u r e  3 .1 )

106 > a i«T , M

F i g u r e  3 .1  B ee?s la w  p l o t  o f  h e n in  i n  0 , 1M NaOH; £ = 10 cm ,25°C 

The s lo p e  was 5 ,8  x lO^M \  As th e  p a th le n g c h  was 10 cm, Che 

e x t i n c t i o n  c o e f f i c i e n t  was 58 x  10^ cm 1 ( p e r  m ole  F e ) . T h is

i s  i n  a g re em e n t w i th  e a r l i e r  r e s u l t s  (62  x 10^ M 1 cm 1 a t

385 nm) a t  low  i o n i c  s t r e n g t h .

T he l i n e a r i t y  o f  t h e  p l o t  i n d i c a t e s  t h a t  m o n o m e riz a tio n  i s  n o t

o c c u r r in g  to  a n y  e x t e n t  down to  a t  l e a s t  1 x  10 A t 1 ,2  x 10 7

M hem in  th e  a b so rb a n c e  a t  385 nm was 0 ,0 6 9  £ 0 ,0 0 3 .  T ak in g  t h i s

e r r o r  i n t o  a c c o u n t ,  th e  monomer c o n c e n t r a t i o n  i s  < 7 x 10 ® M.



H ence che e q u i l i b r iu m  c o n s t a n t  f o r  th e  e q u a t io n  (3  -  1 ) ,

2M a— *  D ( 3 - 1 )

Up, i s  ? 1 x  109 M 1 . I t  m u s t b e  p o in te d  o u t  t h a t  w i l l  v a ry  

w ith  io n i c  s t r e n g th .

I .  . ■ d i f f i c u l t  t o  com pare  t h i s  v a lu e  w ith  t h a t  p r e v io u s ly  

•'• p o r te d  ( 4 , 5 ) 91"a a s  th e  l a t t e r  e q u i l ib r iu m  in v o lv e d  th e  lo s s  o f  a 

p r o to n  on d im e r iz a t io n .

Howe- 's in g  th e  v a lu e  r e p o r t e d  f o r  t h e  pK o f  th e  d im er 

( 7 ,5 )  ,3 !a  Kq i s  c a l c u l a t e d  t o  b e  1 ,4  x  108 M 1 . The d is c r e p a n c y  

b e tw een  th e s e  v a lu e s  may b e  a c o n se q u e n c e  o f  t h i s  l a t t e r  s tu d y  

b e in g  l a r g e l y  c a r r i e d  o u t  a t  j.Hs n e a r  che  p r e c i p i t a t i o n  p o in t  

w here  h ig h e r  a g g re g a te s  a r e  p r o b a b ly  p r e s e n t , 34 and h e n ce  may be 

th e  e q u i l i b r iu m  c o n s t a n t  f o r  p o ly m e r iz a t io n .

T hese  v a lu e s  a r e  g r e a t e r  th a n  t h a t  o f  3 ,1  x  106 M 1 r e p o r t e d  

f o r  p r o to p o r p h y r in , J -  show ing  t h a t  th e  p r e s e n c e  o f  F e ( I I I )  i n  th e  

r i n g  e n h a n c e s  d im e r i z a t io n .

3 .2 .2  E f f e c t  o f  s a l t s  and s u c ro s e

I t  h as  been  r e p o r te d  t h a t  th e  a d d i t i o n  o f  e l e c t r o l y t e s  to  hem in 

r e s u l t s  in  a d e c r e a s e  i n  th e  S o r e t  band  a s  w e l l  a s  th e  develo p m e n t 

o f  a  band a ro u n d  530 n m .34 T hese  c h a n g e s  have  b e e n  c o r r e l a t e d  

w ith  a g g r e g a t io n  o f  h e m in 3® and a r e  pH in d e p e n d e n t  b e tw een  pH 9

F ig u re  3 .2  shows th e  ch an g e  in  s p e c tru m  q u i t e  c l e a r l y  

( i . e .  th e  A. ty p e  s p e c tru m  i s  c o n v e r te d  to  a  B ty p e )  and c o n f irm s  

che e f f e c t  o f  i o n i c  s t r e n g t h ,  i n  c a u s in g  th e s e  c h a n g e s .



,8
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320 550

X / n m

F ig u re  3 .2  E f f e c t  o f  Che io n i c  s t r e n g t h  on th e  s p e c tru m  o f  

hem in  a t  pH12; 2 ,2 6  x  10 ^ M h e n in ;  25°C; ft = 1

The f o rm a t io n  o f  t h e  580 nm band  in c r e a s e s  w i th  hem in  

c o n c e n t r a t i o n  ( f i g u r e  3 .3 )  w h ic h  s u p p o r ts  th e  p r o p o s a l  t h a t  

a g g r e g a t io n  o c c u r s .



'  (nn)

F ig u re  3 .3  E f f e c t  o f  r.hs hem in  c o n c c n tra c io r .  on t h j  

s p e c tru m  ac  pH12; 0,511 NaSO^; 25°C ; =

   2 2 ,6  uM hem in (2  x  s c a l e ) ;  90 ,-

(0 ,5  x  s c a l e ) ;  ------- 181 yM hem in ( 0 ,2 5  x

I yM hem in

D i f f e r e n t  s a l t s  a f f e c t  th e  s p e c tru m  to  d i f f e r e n t  e x t e n t s .  

T h is  i s  shown in  f i g u r e  2 ,1 ,



F i g u r e  3 .4  E f f e c t  o f  d i f f e r e n t  c a t i o n s  on th e  s p e c tru m  o f  fceoiia 

a t  pH12; 2 ,2 6  x  l e f 5 M hem iti; 25°C ; 1 -  1 cm.

L i  i s  m ore e f f e c t i v e  th a n  K+ in  d e c r e a s in g  th e  S o r e t  and 

v i s i b l e  r e g io n .

T a b le  3 .1  show s th e  e f f e c t  o f  d i f f e r e n t  s a l t s  and  d i f f e r e n t  

i o n i c  s t r e n g t h s  on th e  S o r e t  i n t e n s i t y .



T a b le  3 .1  : E f f e c t  o f  d i f f e r e n t  s a l t s  on th e  S o r e t  band  o f

hem in  in  a l k a l i n e a q u eo u s  so

System  S o re t >max/nm (£/(m M Fe)"1cm~1)

10~4 M NaOH ( 6 1 ,3 )

I d ” 2 M NaOH ( 5 8 ,6 )

10- 1  M  RaOH ( 5 8 ,0 )

0,5M  LiN 03 ; l o " ^  NaOH ( 5 2 ,1 )

0,5M  NaN03 ; 10_2M NaOH ( 5 6 ,8 )

0.5M  KN03 ; 10-2 M NaOH ( 5 7 ,4 )

2M NaS03 ; 1 0 "2M NaOH (4 5 ,0 )

0 , 5M NaCl ( 5 6 .2 )

I n  a g re em e n t w ith  f i g u r e  3.2, th e  d e c r e a s e  i n  th e  S o re t 

i n t e n s i t y  ( b u t  n o t  p o s i t i o n )  i n c r e a s e s  w i th  i o n i c  s t r e n g th .

T h e re  i s  a  s h i f t  in  th e  S o r e t  p o s i t i o n  a t  v e ry  low  io n i c  s t r e n g t h  

w h ic h  i s  r e p r o d u c i b l e  and  may b e  th e  c o n se q u e n c e  o f  a c h an g e  i n  th e  

d im e r  s t r u c t u r e  b e c a u se  t h e  c a r b o .x y la t e s  a r e  no lo n g e r  s h ie ld e d  

fro m  e a c h  o t h e r .  I t  c an  a l s o  b e  se en  t h a t  th e  o r d e r  o f  

e f f e c t i v e n e s s  o f  io n s  i n  d e c r e a s in g  th e  S o r e t  i s  L i*  >  Na+ > K* 

and  KOg > C l . T h is  is a l s o  t h e  o r d e r  o f  th e  a b i l i t i e s  o f  th e s e  

io n s  t o  in c r e a s e  th e  s t r u c t u r e  o f  w a t e r ^  and h e n c e  th e  o r d e r  o f  

in c r e a s in g  h y d ro p h o b ic  b o n d in g  to  m in im ise  t h e  u n f a v o u r a b le  

e n t ro p y  o f  s o lv a t io n .  T h is  s u g g e s ts  t h a t  th e  f u r t h e r  a g g re g a t io n  

shown e a r l i e r r e s u l t s  a t  l e a s t  i n  p a r t ,  from  h y d ro p h o b ic  

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

S u c ro se  h a s  b e e n  shown to  i n c r e a s e  Che m a g n e tic  moment o f  

h ig h  c o n c e n t r a t i o n s  o f  heroin in a l k a l i n e  solution from 3,6 to



5 ,6  B M,8^ b v t  i t s  e f f e c t  on th e  s p e c tru m  h a s  n o t  be en  r e p o r t e d .

I t  « a 9  found  t h a t  30% s u c ro s e  a dded  to  heroin i n  2M NaNOg a t  pH12, 

c o n v e r te d  th e  B ty p e  s p e c tru m  t o  a n  A ty p e ,  i . e .  a  y -o x o  ty p e  

to  a  t y p i c a l  h ig h  s p in  ty p e .  H ence s u c ro s e  c o u n te r a c t s  th e  

e l e c t r o l y t e s  and  d i s p l a c e s  th e  e q u i l i b r iu m  i n  f a v o u r  o f  th e  d im er 

( e q u a t io n  3 - 2 )

T h is  s h i f t  i n  e q u i l ib r iu m  e x p la in s  th e  e f f e c t  o f  s u c ro s e  on 

m a g n e tic  s u s c e p t i b i l i t y  p a r t i c u l a r l y  a s  A ty p e  s p e c i e s  have  h ig h  

m a g n e tic  moments w h ile  B ty p e  s p e c i e s  h av e  low  m a g n e tic  m om enta. 

(S ee  l a t e r . )

The e f f e c t  o f  e l e c t r o l y t e s  i n  p ro m o tin g  a g g r e g a t io n  can  be 

a t t r i b u t e d  t o  t h e i r  s h i e ld in g  l i k e  c h a r g e s  from  e a c h  o th e r  in  

t h e  f o rm a t io n  o f  th e  a g g r e g a te .  The e f f e c t  o f  s u c ro s e  may r e v e r s e  

t h e  f o rm a tio n  o f  th e  a g g re g a te  by  d i s r u p t i n g  th e  s t r u c t u r e  o f  

w a te r  and  th u s  d is f a v o u r in g  h y d ro p h o b ic  i n t e r a c t i o n s .

3 .2 .3  E f f e c t  o f  c a f f e in e

C a f f e in e  i s  th e  h e t e r o c y c l i c  compound shown i n  f i g u r e  3 .5 .  I t  

h a s  no  pK^s in  th e  a l k a l i n e  r e g io n , ( i t  h a s  o n e  o f  <1 ) . ^

e l e c t r o l y t e s
( 3 - 2 )

s u c ro s e

F ig u re  3 .5  C a f fe in e



F ig u re  3 .6  show s th e  s p e c t r a l  c h a n g e s  o c c u r r i n g  on a d d in g  c a f f e in e  

t o  hem in  a t  pH 12,3 .

0 .6

,3

320 360 400 440 4(30 520

,05

530

> (nm) '.(nm)

F ig u ru  3 .6  S p e c t r a l  c h a n g e s  o c c u r r in g  on t i t r a t i n g  hem in w ith  

c a f f e i n e ;  6 ,2 8  x 1 0 " 6 M hem in ; p H 12 ,3 ; 25°C.

The m a jo r  c h a n g e s  a r e  s h i f t s  i n  th e  S o r e t  band  to  402 nm and 

th e  v i s i b l e  band to  606 nm, w i th  i s o s b e s t i c  p o in t s  a t  392 nm and 

642 nm. w h ic h  in d i c a t e s  an  e q u i l i b r iu m  be tw ee n  two s p e c i e s .

B oth  i n i t i a l  and f i n a l  s p e c t r a  a r e  A ty p e s .  The same s p e c t r a l  

c h an g e s  w ere  o b se rv e d  by G a l la g h e r  and  E l l i o t t .



3 . 2 . 3 . 1  Q u a n t i t a t i v e  s tu d i e s

T he q u a n t i t a t i v e  s t u d i e s  w ere  l im i t e d  t o  pHs b e tw ee n  8 and  1 2 ,3 . 

Below  pH8, heroin a g g r e g a te s ,  w h ile  above  1 2 ,3  c a f f e i n e  i s  h y d ro ­

ly s e d  ( s e e  C h a p te r  2 ) .  C hanges i n  th e  a b s o rb a n c e  a t  400  nm w ere 

m o n ito re d  when th e  c a f f e i n e  c o n c e n t r a t i o n  and hem in c o n c e n t r a t i o n  

w ere  in d e p e n d e n t ly  c h a n g e d . A l l  e x p e r im e n ts  w ere  c a r r i e d  o u t  a t  

25°C .

E x p e r im e n ts  i n  w h ic h  th e  c a f f e i n e  c o n c e n t r a t i o n  w as v a r i e d  

( a t  a  c o n s ta n t  hem in c o n c e n t r a t io n ) ,  w ere  p e rfo rm ed  a t  pH 8 ,5 0  

and  pH 1 2 ,0 0 . G a l l a '1* i d  E l l i o t t^ " "  showed t h a t  r e a c t i o n  

(3 -  3 ) was o c c u n

D + 2 co , - , 4 = ^  2 M -ca £ fe in e  (K^) (3  -  3)

I t  c an  be shown ( s e e  a p p e n d ix  1) t h a t  i f  t h i s  r e a c t i o n  i s  

o c c u r r in g  th e n  a  p l o t  o f

t A -  2 JV "  TOT

v e r s u s  lo g  [ c a f f e i n e ] f r e e  s h o u ld  be  l i n e a r  w i th  a  s lo p e  o f  two 

(A, A , Am  a r e  a b s o rb a n c e s  a t  a  p a r t i c u l a r  c a f f e i n e  c o n c e n t r a t i o n ;  

i n  th e  a b se n c e  o f  c a f f e i n e ;  f o r  th e  f u l l y  fo rm ed  h e m in - c a f f e in e  

a d d u c t  r e s p e c t i v e l y ;  iF e3T0T i s  th e  t o t a l  hem in c o n c e n t r a t i o n  

(on  a  p e r  m ole  i r u n  b a s i s ) ) .

T h is  was fo und  to  b e  th e  c a s e  a t  b o th  p>ls ( s e e  f i g u r e s  3 .7 a  

and  b ; t a b l e s  l a ,  b i n  a p p e n d ix  2 ) .
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F i g u r e  3.

- 2 ,5  -3  - 3 ,5  -k

iog  [ c a f f e i n e ]  f r e e

A n a ly s is  o f  th e  t i c r a t i o n  o f  hern ia  w i th  c a f f e in e  

r e s u l t s  a t  pH 8 ,5 0  and 1 2 ,0 ;  1 x  10 5 M hem in;



'o g  [ c a f f e i n e ]  f r e e  

F i g u r e  3 .7 b  A n a ly s is  o f  ehe  C iC ra t io n  o f  hem in w i th  c a f f e i n e  

r e s u l t s  a t  pH 8 ,5 0  and 1 2 ,0 ;  1 x  10 ^ M hem in ;

V = 0 ,1 ;  25°C.

The e q u i l i b r iu m  c o n s ta n t ,  Kc , f o r  t h i s  r e a c t i o n  was fo u n d  to  be

5 ,4  M 1 and 6 ,1  M ^ a t p H  8 ,5 0  and  pH 1 2 ,0 0  r e s p e c t i v e l y .

E x p e r im e n ts  i n  w h ic h  th e  hem in c o n c e n t r a t i o n  was v a r i e d  ( a t  a 

c o n s t a n t  c a f f e i n e  c o n c e n t r a t i o n )  w ere  c a r r i e d  o u t  a t  pH 8 ,5 0 ; 

pH 1 0 ,0 0  and  pH 1 2 ,0 0 . I f  r e a c t i o n  (3 -  3 ) i s  o c c u r r in g  th e n  a 

p l o t  o f  lo g  a  p e ] ^  v e r s u s  lo g  (1 -  a )  [ F e ] ^  sh o u ld  b e  l i n e a r  

w i th  a  s lo p e  o f  0 ,5  ( s e e  d e r i v a t i o n  i n  a p p e n d ix  1) (whexe a  i s  

th e  f r a c t i o n  o f  t i . . hem in  w h ich  h a s  r e a c t e d ;  {FeJT0T i s  th e  t o t a l



hernia c o n c e n t r a t i o n  (on  a p e r  m ole  i r o n  b a s i s ) ) . T h is  was i n  f a c t  

t r u e  f o r  a l l  pHs a s  lo n g  a s  th e  hern ia  c o n c e n t r a t i o n  d id  n o t  e x ce ed  

2 x  10 5 M. (S e e  t a b l e  2 a , b ,  c  i n  a p p e n d ix  2 ; F ig u re s  3 ,8  a ,  b ,  

c . )  The e q u i l ib r iu m  c o n s t a n t  f o r  t h i s  r e a c t i o n ,  Kc , w as fo und  to  be

5 ,1  M"1 ; 5 ,8  M™1 ; 5 ,7  H- 1  a t  pH 8 ,5 0 ;  pH 1 0 ,0 0 ;  pH 1 2 ,3 0  

r e s p e c t i v e l y .

'o g t F e . ^ a

,7x10  M c a f f e i i

•4:,8 •5 ,6 •6 ,0 •6 ,4- 5 ,2

, 7x I O H c a f f e i i



:)20mM NsOH

F ig u re  3 .8  A n a ly s is  o f  d a t a  o b ta in e d  by  v a ry in g  th e  hem in

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

a t  pH 8 ,5 0 ;  1 0 ,0 0  and  1 2 ,3 0 ;  y = 0 ,1 ;  25°C.

I t  c an  b e  s e e n  t h a t  th e  e q u i l i b r iu m  c o n s ta n t ,  Kj,, c a l c u l a t e d  from

e x p e r im e n ts  w here  th e  c a f f e i n e  c o n c e n t r a t i o n  and hem in co n ce n ­

t r a t i o n  a r e  v a r i e d , a r e  th e  same w i th in  e x p e r im e n ta l  e r r o r .

More i n t e r e s t i n g ,  th e  e q u i l i b r iu m  c o n s t a n t  d o e s n 't  v a r y  w i th  

pH b e tw ee n  pH 8 ,5  and  1 2 ,3 .  As th e  s t a r t i n g  s p e c i e s  c o n ta in e d  

one OH - - r  i r o n , th e  f i n a l  m onom eric  h e m in - c a f f e in e  adduce  m ust



G a l la g h e r  and E l l i o t t  a s c r ib e d  th e  r e l a t i v e l y  low  &G and h ig h  

AS th e y  found  f o r  t h e  d i s s o c i a t i o n  o f  th e  h e m in - c a f f e in e  a d d u e t to  

h y d ro p h o b ic  b o n d in g  be tw ee n  th e  hem in  and  c a f f e i n e . 12 As c a f f e i n e  

h a s  been  shown to  f o r a  a  d o n o r - a c c e p to r  com p lex  w i th  hem in  in  

C D C lj,^*  i t  i s  p r o b a b ly  f a i r  t o  assum e t h a t  t h i s  ty p e  o f  i n t e r ­

a c t io n  o c c u r s  i n  a q u eo u s  s o l u t i o n  a s  w e l l .

The a v e ra g e  v a lu e  o f  th e  e q u i l i b r iu m  c o n s t a n t  i n  r e a c t i o n  

(3  -  3 )  i s  5 ,6  M 1 (25°G ) w h ich  c o m p ares v e i l  w i th  t h a t  fo u n d  a t  

28° ( 6 ,2 5  M"1) by  G a l la g h e r  and  E l l i o t t . 12

R e a c t io n  (3  -  ? )  c an  be  f o r m a l ly  s e p a r a t e d  i n t o  tw o s t e p s ,  

s p l i t t i n g  th e  monomer (3  -  4 ) and  b in d in g  c a f f e i n e  ( 3 - 5 ) .

D 2M K p"1 (3  -  4)

M * c a f f e i n e  < '  M - c a f f e in e  Kc a f £  (3  -  5)

' -  -  V '

U sin g  th e  v a lu e s  o f  5 , 6 m  1 f o r  Kc  a n d  > 10^ M 1 f o r  

K_ ( 3 . 2 . 1 ) ,  Ke a f f  was fo und  to  be > 7 ,5  x 104 M-*1 . T h is  v a lu e  

i s  a t  l e a s t  f o r t y  t im e s  g r e a t e r  th a n  t h a t  found  f o r  t h e  r e a c t i o n  

b e tw een  c a f f e in e  and m onom eric h e m a to p o rp h y r in .^ ® T h is  d i f f e r e n c e  

i s  s im i l a r  to  t h a t  fo u n d  f o r  ( r e a c t i o n  3 - 6 )  f o r  p r o to -  and 

hem atohem in .

2M --------► D + H* ( 3 - 6 )

K y 's  w ere  found  t o  b e  4 ,5 ^ 1 4 and 1 ,0  x  10 '  ^1£r e s p e c t i v e l y  a t  

a b o u t pH 7 . T h is  s u g g e s ts  t h a t  s i m i l a r  ty p e s  o f  i n t e r a c t i o n s  

o c c u r  i n  b o th  th e  d im er and  th e  c a f f e i n e  a d d u c ts .  As d is c u s s e d  

above  th e s e  a r e  l i k e l y  t o  i n c lu d e  h y d ro p h o b ic  a s  w e l l  a s  J!-H 

in t e r a c t i o n s ,  Th* -tore e x te n d e d  H sy s te m  a s  w e l l  a s  th e  g r e a t e r



h y d r o p h o b ic i ty  o f  v in y l  i n  p ro to h e m in  com parer, w i th  h y d ro x y ec h y l 

in  h e m a to p o rp h y r ia  w ould th e n  be r e s p o n s i b l e  f o r  th e  g r e a t e r  

b in d in g  c o n s t a n t  o f  c a f f e i n e  to  hem in . H ydrogen  b o n d in g  can  be 

e x c lu d e d  a s  a  m a jo r  i n t e r a c t i o n  a s  t h i s  w ould  b e  g r e a t e r  w i th  

h e m a to p o rp h y r in  - h a n  w i th  h e m in .

3 . 2 . 3 . 2  A n alogous sy s te m s  to  c a f f e in e

W ith in  e x p e r im e n ta l  e r r o r ,  t h e r e  w as no ch an g e  in  th e  s p e c tru m  o f  

b is -c y a n o h e m in  on a d d in g  c a f f e i n e ,  show ing  t h a t  i f  c a f f e in e  d o e s 

b in d ,  th e  s p e c t r a l  c h an g e s  o b se rv e d  i n  f i g u r e  3 .6  l a r g e l y  a r i s e  

fro m  s p l i t t i n g  th e  d im e r  (b is -c y a n o h e m in  i s  m o n o m e r i c ^ .

O nly  s l i g h t  c h an g e s  i n  th e  i n t e n s i t i e s ,  b u t  n o t  p o s i t i o n s  o f  

t h e  U V -v is ib le  ba n d s , o b se rv e d  on a d d in g  c a f f e i n e  t o  m onom eric 

hem in  in  e th a n o l ,  fo ra a m id e  and  DMSO, a l s o  show t h a t  t h e  m a jo r  

s p e c t r a l  ch an g e  r e s u l t s  fro m  s p l i t t i n g  th e  d im e r .

S i m i la r  s p e c t r a l  c h a n g e s  t o  th o s e  o b s e rv e d  w i th  hem in 

( f i g u r e  3 .6 )  w ere  found  on t i t r a t i n g  m esohem in w i th  c a f f e i n e ,  

u n d e r  a n a lo g o u s  c o n d i t i o n s .  H ence, th e  v in y l  g ro u p  i s  n o t  

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

M ost d o n o r s /a c c e p to r s  a dded  to  hem in  d e c r e a s e d  and s h i f t e d  

th e  S o r e t  to  th e  r e d .  T h ese  i n c lu d e  a d e n in e  O tnax . 400 nm ), 

o - p h e n a n th r o l in e  (Xmax. 406 n m ), m e th y l v io lo g e n ,  a r g in i n e  a t  

pH 8 ,b  (Xmax. 390 n m ), t h e o p h y l l i n e  (Xmax. 408 nm ). T y r o s in e  

( a t  pH 8 ,5 )  h o w ev e r, s h i f t e d  th e  S o r e t  t o  374 nm and  in c re a s e d  

i t s  i n t e n s i t y  s l i g h t l y  w h ile  g u a n id in e  s p l i t  th e  S o r e t  i n t o  two 

b ands o f  ro u g h ly  e q u a l  i n t e n s i t y  a t  356 nm and  394 nm, and 

d e c r e a s e d  i t s  i n t e n s i t y .

W ith  t h e  e x c e p t io n  o f  p h e n a n th r o l in e  and  m e th y l v io lo g e n  w h ich  

gave B ty p e  s p e c t r a ,  t h e r e  was l i t t l e  ch an g e  i n  th e  v i s i b l e  r e g io n



on a d d in g  th e  a b o v e  s p e c i e s .

T hese  e f f e c t s  a r e  v a r i e d  and  c o u ld  b e  r e f l e c t i n g  th e  r e l a t i v e  

c o n t r i b u t i o n s  o f  h y d ro p h o b ic , d o n o r - a c c e p to r  and  p o s s ib l y  hyd rt-gen  

b o n d in g  i n t e r a c t i o n s ,  ‘fh e  e f f e c t s  o f  p h e n a n th r o l in e  and  in  th e  

v i s i b l e  r e g io n ,  m e th y l  v io lo g e n  (w h ich  a b s o rb s  i n  th e  S o r e t  

r e g io n )  a r e  s i m i l a r  t o  th o s e  o b s e rv e d  u i t h  p y r id in iu m  s a l t s .

I t  m u s t b e  p o in t e d  o u t  t h a t  a r g in i n e  and  ty r o s i n e  do n o t  b in d  a t  

pH 13 b u t  do a t  pH 8 ,5  w h ic h  i s  be lo w  th e  pKQ o f  t h e  am ino g roup  

T h is  c o u ld  i n d i c a t e  a  c o u lo m b ic  e f f e c t  a s  found  b y  Mohr and 

S c h e l e r 8® and  a t t r i b u t e d  to  an  i n t e r a c t i o n  b e tw ee n  th e  c a t i o n  and 

th e  p r o p io n a t e s .

The e f f e c t s  o f  c a f f e i n e ,  a d e n in e  a n d  th e o p h y l l i n e  a r e  

c o n t r a r y  to  th e  r e p o r t  t h a t  t h e s e  h av e  no  e f f e c t  on hern ia .

3 . 2 . 3 . 3  E f f e c t  o f  th e  hem in c o n c e n t r a t i o n  on th e  h e m in - c a f f e in e

T t w as o b se rv e d  t h a t  th e  r e a c t i o n  (3 -  3) c o u ld  n o t  e x p la in  th e  

r e s u l t s  i f  t h e  hem in  c o n c e n t r a t i o n  e x ce ed e d  2 x 10 ^ >1. and 

c a l c u l a t i n g  th e  e x t i n c t i o n  c o e f f i c i e n t  a t  402 nm from  G a l la g h e r  

and  E l l i o t t ’ s  '-“r a ^ ,  g a v e  v a lu e s  b e tw ee n  74 and  80 x  10^ M  ̂

cm \  w i th  t h e  . ae  d e c r e a s in g  w i th  hen,in  c o n c e n t r a t i o n .  H ence , 

th e  s p e c t r a  o f  hem in  in  an  e x c e s s  o f  c a f f e i n e ,  w i th  in c r e a s in g  

c o n c e n t r a t i o n s  o f  h e r,; '!  w ere  d e te rm in e d  ( s e e  f i g u r e  3 .9 ) .
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F ig u re  3 .9  V a r i a t i o n  in  th e  sp e c tru m  o f  heroin in  0 ,1  M c a f f e in e  

w i th  heroin c o n c e n t r a t i o n ;  pH 1 0 ,0 ;  p  »  0 ,1 ;  25°C .

M,



'.'he c h a n g e s  i n  Che v i s i b l e  r e g io n  a r e  m ost m arked  w i th  th e  

a p p e a ra n c e  o f  Che band  a t  575 nm w h ic h  becom es r e l a t i v e l y  more 

in t e n s e  a s  th e  hem in  c o n c e n t r a t i o n  i n c r e a s e s .  At h ig h  c o n c e n t r a ­

t i o n s  o f  hem in  th e r e  a r e  b a n d s  a t  575 nm, 600 nm and  s h o u ld e r s  aC 

^560  nm and 620 nm. T hese  a r e  l i k e l y  to  be v i b r a t i o n a l  o v e r to n e s .® ^  

T h e re  i s  no  c h an g e  i n  sh a p e  o i  p o s i t i o n  o f  t h e  S o r e t  a l th o u g h  th e  

e x t i n c t i o n  c o e f f i c i e n t  d o e s d e c r e a s e .

B e e A  law  a t  402 nm was n o t  ob e y ed  above 1 ,5  t  10 ^ M hem in  

( f i g u r e  3 .1 0 ) .

F ig u re  3 .1 0  A B e e rs  law  p lo C  o f  h e m in - c a f f e i n e  at: 402 nm;

0 ,1  M c a f f e i n e ;  pH 1 2 ,0 ;  25°C ; U = 0 ,1 .

To a v o id  t h i s  f u r t h e r  r e a c t i o n ,  (w h ich  i s  some k in d  o f  a g g re g a t io n  

o r  d im e r i z a t io n  o f  che m onom eric  h e m iu - c a f f e in e  a d d u c e , a s  i t  

d ep en d s on th e  hem in  c o n c e n t r a t i o n )  e x p e r im e n ts  w ere g e n e r a l l y  

done w i th  < 1 ,5  x  10 ^ M hem in . A t low  hem in c o n c e n t r a t io n s  

e 402 was f ° und Co be 8 1 ,1  x  10^ M ^ cm ^ f o r  hem in  c a f f e i n e .

The B eer^  law  p l o t  a t  575 nm show ed a p o s i t i v e  d e v ia t i o n  

w h ile  t h a t  a t  600 nm showed a  n e g a t iv e  d e v ia t i o n  above



1 ,5  x  10 4 M hem in . The r e s p e c t iv e  e x t i n c t i o n  c o e f f i c i e n t s  a t  low  

liem in c o n c e n t r a t i o n s  a r e  6 ,0  x  10^ M 1 cm 1 and  6 ,8  x  10^ M 1 cm 3‘.

U n f o r tu n a t e ly ,  a  s t a g e  i s  n o t  r e a c h e d  w here  th e  e x t i n c t i o n  

c o e f f i c i e n t s  become c o n s ta n t  a t  h ig h  hem in c o n c e n t r a t i o n s ,  so 

t h i s  e q u i l i b r iu m  c a n n o t b e  q u a n t i t a t i v e l y  s tu d i e d .

3 .2 .4  E f f e c t  o f  d e te r g e n t s

3 . 2 . 4 . 1  Q u a l i t a t i v e  s tu d i e s

S im p l ic io  and  c o -w o rk e rs  show ed, u s in g  e q u i l i b r iu m  and k i n e t i c  

s t u d i e s ,  t h a t  m i c e l l a r  d e t e r g e n t s  s p l i t  th e  d im e r  t o  g iv e  monomers 

i n t e r c a l a t e d  w i th in  t h e  d e t e r g e n t  m ic e l l e  V ’ "̂‘i h e y  show ed t h a t  a s  

th e  d e t e r g e n t  c o n c e n t r a t i o n  w as in c r e a s e d ,  th e  a b s o rb a n c e  o f  th e  

d e t e r g e n t  monomer S o r e t  i n c r e a s e d  u n t i l  a  l i m i t i n g  v a lu e  was 

re a c h e d .  T h is  was found  to  b e  r e p r o d u c i b l e  u s in g  th e  d e t e r g e n t  

c e t y l t e t r a m e t h y l  ammonium b rom ide  (CfMAB) in  0 ,1  M NaOH a t  400  nm. 

H ow ever, f o l lo w in g  th e  a l k a l i n e  hem in d im e r  S o r e t  (385 nm) a 

d e c r e a s e  in  th e  a b so rb a n c e  f o l lo w e d  by  an  in c r e a s e  w as o b s e rv e d , 

w i th  s ig n s  o f  a  l i m i t i n g  v a lu e  b e in g  a p p ro a c h e d . (S e e  F ig u re  3 .1 1 . )

The minimum in  a b s o rb a n c e  o c c u r re d  a t  a b o u t  1 x  10 4 M 

CTMAB. By c o m p a r iso n , th e  c r i t i c a l  m i c e l l a r  c o n c e n t r a t i o n  

(cm c) o f  CTMAB in  w a te r  i s  1 x  10 3 M.®°The f a i r l y  s im i l a r  

v a lu e s  s u g g e s t  t h a t  th e  i n c r e a s e  o c c u r s  b e c a u se  o f  i n c o r p o r a t io n  

o f  t h e  hem in  monomer i n t o  th e  m i c e l l e ,  b e a r in g  in  m ind t h a t  

s a l t s  g e n e r a l l y  d e c r e a s e  th e  cmc and  t h a t  m ic e l l e s  a r e  found  

be low  th e  cmc w h ich  i s  an a v e ra g e  v a lu e .  The d e c r e a s e  s u g g e s ts  

a  d i f f e r e n t  k in d  o f  i n t e r a c t i o n  w i th  th e  d e t e r g e n t  and  h a s  be en  

s tu d i e d  q u a n t i t a t i v e l y .  (S=e l a t e r . )
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F ig u re  3 .1 1  Change in  th e  >max o f  Che a l k a l i n e  hern ia  d im er 

w i th  d e t e r g e n t  c o n c e n t r a t i o n .

I t  was found  t h a t  a t  low  d e t e r g e n t  c o n c e n t r a t i o n s  a l i m i t i n g  

s p e c tru m  was fo u n d , and t h i s  e n a b le d  th e  q u a n t i t a t i v e  s tu d y  to  b e  

c a r r i e d  o u t .  The l i m i t i n g  s p e c t r a  i n  low  and  h ig h  c o n c e n t r a t io n s  

o f  CTMAB a r e  shown in  F i g u r e  3 .1 2 a .

B oth  low  and h ig h  c o n c e n t r a t i o n s  g a v e  B ty p e  s p e c t r a  w ith  

t h e  m a jo r  d i f f e r e n c e s  b e in g  i n  t h e  S o r e t  r e g io n .
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F ig u re  1 3 .2 a  S p e c tra  o f  hem in  in  low  and h ig h  c o n c e n t r a t i o n s  

o f  CTMABj 0 ,1  M NaOH; 25°C ; 8 ,6 5  x  l o " 5 M ' - , .n

  OH CTMABj ------- 3 x  l o " 5 M CTMABj

• • • •  3% (0 ,0 8 2  M) CTMAB.

The U V -v is ib le  b a n d s  o b ta in e d  a t  h ig h  and  low  CTMAB co n ce n ­

t r a t i o n s  a r e  r e p o r t e d  i n  t a b l e  3 .2  to g e th e r  w i th  c h ose  o f  th e  

y -o x o  d im e r  i n  b e n ze n e  f o r  c o m p a riso n .



T a b le  3 .2  E x t in c t io n  c o e f f i c i e n t s  f o r  th e E JV -v isib le  b a nds

o f  hem in i n  a) 30 X 10” 6 M CTMAB ; b) 4% CTMAB ( 0 ,1 1  M)

c )  U -oxo d im er

Band 30 x 10_6M CTMAB 4% CTMAB (= 0 ,1 1  M) y -o x o  d im er

Xmax (emM Xmax) Xmax (emMXmax) Xmax (EtnM Xmax)

S o r e t  390 n a  ( 4 9 ,8 ) 399 nm ( 66) 397 run (58)

8 568 nm ( 6 , 8 ) 573 nm ( 8 ,4 ) 573 nm ( 7 ,0 )

u  600 nm ( 5 ,9 ) 597 run ( 8 ,5 ) 599 run ( 6 ,9 )

* e x p re s s e d  on  a  p e r  m o le  1t o n  b a s i s .

T h ere  a r e  s i m i l a r i t i e s  i n t h e s e  s p e c t r a . , The low  d e te r g e n t

s p e c i e s  c o u ld  b e  a  u -o x o  d im e r  b u t  r.oE th e  h ig h  d e t e r g e n t  

s p e c i e s  a s  t h i s  i s  m onom eric .

S i m i la r  s p e c t r a l  c h a n g e s  w ere  o b se rv e d  f o r  t r i t o n  X -100 (TX) 

b u t  n o t  sod ium  l a u r y l  s u lp h a t e  (SLS) ( s e c  ." igu re  3 .1 2 b ) .

.  H ence SLS g iv e s  an  A ty p e  s p e c tru m  w h ile  CTMAB and IX  b o th  

g iv e  a B ty p e  sp e c tru m  a t  b o th  low  and  h ig h  c o n c e n t r a t i o n s .

A t h ig h  d e t e r g e n t  c o n c e n t r a t io n s ,  th e  a b s o rb a n c e  o f  th e  

S o r e t  band o f  th e  d e t e r g e n t  monomer d e c r e a s  i w i th  tim e . T h is  

w as found  to  some e x t e n t  a t  a l l  pHs w i th  SL1- S , IX

Tween 8 0 , l a u r y l  p y r id in iu m  c h lo r i d e  s  ' IX and

m esohem in . I t  c o u ld  n o t  b e  r e v e r s e d  by  t i o n  o f  KCN w hich

in d i c a t e s  d e c o m p o s i tio n  r a t h e r  th a n  d im e r i z a t io n .  Ways in  w hich  

t h i s  e f f e c t  c o u ld  b e  m in im ise d  w ere  by w o rk in g  a t  low d e t e r g e n t  

c o n c e n t r a t i o n s ,  h ig h  hernia c o n c e n t r a t i o n s  w here  th e  r e l a t i v e
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F ig u re  3 .1 2 b  S p e c t ra  o f  hern ia  i n  low  and  h ig h  c o n c e n t r a t i o n s  o f  

SLS; 0 ,1  M NaOH; 25°C ; 8 ,6 5  x 10~5 M hem in .

  CM SLS; 1 ,2  x  10' 4 M SLS; 4% (0 ,1 4  M) oLS



change  in  a b so rb a n c e  was s m a ll o r  ru n n in g  s p e c c ra  a s  soon  a s  

p o s s i b l e  a f t e r  m ix in g .

3 . 2 . 4 . 2 .  Q u a n t i t a t i v e  s tu d i e s

The t i t r a t i o n  o f  hem in  w i th  CTMAB, TX and  ^LS t o  g iv e  th e  low  

d e t e r g e n t  s p e c i e s ,  show ed i s o s b e s t i c  p o i n t s  ( f i g u r e  3 .1 3 ) .

15-
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F ig u re  3 .1 3  S p e c t r a l  c h an g e s  on t i t r a t i n g  '. . . t in  w i th  low 

c o n c e n t r a t i o n s  o f  CTMAB; 6 .* 9  >. 13 ® M hem in; 

0 ,1  M NaOH; 25°C.

 0  M CTMAB; • • •  1 ,8  and  6 , ' i  • ; : ~ 6 M CTMAB;

  21 x 10- 6  M CTMAB.

The t i t r a t i o n  d a t a  i n  t . ’.ch c a s e  were shown to  t i t  r e a c t i o n  

(3  -  7) b u t  n o t  r e a c t i o r  (3  -  8 ) .

D + n L W  DLn  (3  -  7)

D + 2nL <=* 2ML (3  -  8 )



A -  A.
I f  r e a c t i o n  (3  -  7) i s  o c c u r r in g  th e n  a  p l o t  o f  lo g  ^ — 3- ^  

a g a i n s t  lo g  f d e te r g e n r )  s h o u ld  b e  l i n e a r  w i th  a s lo p e  o f  n .  In  

a d d i t i o n  a  p l o t  o f  lo g  tF e } T 0I a  v e r s u s  lo g  (1 -  a )  ^F5 T0T s h o u ld  

b e  l i n e a r  w i th  a s lo p e  o f  o n e . (S e e  a p p e n d ix  1 ) .

W ith CTMAB, f i g u r e  3 .1 4  a )  shows t h a t  th e  fo rm e r  i s  t r u e ,  w i th  

a  s lo p e  o f  tw o ,w h ile  f i g u r e  3 .1 4  b )  show s t h a t  th e  l a t t e r  i s  a l s o  

t r u e .  (D a ta  t a b l e s  i n  a p p e n d ix  2 , t a b l e s  5 a , i ,  i i ,  i i i . )

•6 •7•5

log  fCTMAB) f r e e  
F i g u r e  3 .1 4 a  A n a ly s is  o f  th e  d a t a  f o r  t h e  t i t r a t i o n  o f  hemin

by  CTMAB.

The lo g  K v a lu e s  w ere  a s  f o l lo w s :

At pH 8 ,5  : 1 0 ,6  ± 0 ,3  ( v a r y in g  CTMAB) (M 2)

I n  0 , 1M NaOH : 1 0 ,5 6  ± 0 ,0 3  ( v a r y in g  CTMAB) (M~2)

1 0 ,7  ± 0 ,3  ( v a r y in g  hem in ) (M 2)



- 5 ,0
-5 ,4 •5,6 -5 ,8

1 o g ( l -2 )  fF^J-jQ-r

F ig u re  3 ,1 4 b  A n a ly s is  o f  th e  d a t a  f o r  th e  t i t r a t i o n  o f  

hernia by  CTMAB; 0,1M  NaOH; 1 ,5 x 1 0 " 5M 

CTMAB; 25°C



H ence t h i s  r e a c t i o n  i s  pH in d e p e n d e n t b e tw ee n  pH 8 ,5  and  13 , w hich  

im p l ie s  t h a t  e a c h  i r o n  s t i l l  h a s  OH o r  i t s  e q u iv a l e n t  c o o rd in a te d .

K i th  SLS, o n ly  one d e t e r g e n t  i s  bound and lo g  K a t  pH 13 was 

fo u n d  to  b e  5 ,3  ± 0 ,2  (M H  ( s e e  f i g u r e  3 .1 5 ) .

log  fSLS] f r e e

F ig u re  3 .1 5  A n a ly s is  o f  th e  d a t a  f o r  th e  t i t r a t i o n  o f  hem in  by 

SLS i n  0 ,1  M HaOH; 25°C ; 1 ,1 2  x l o ' 5 M hem in .

The t i t r a t i o n  w i th  TX showed a  c u rv e d  p l o t  w h ic h  c o u ld  be 

r e s o l v e d  i n t o  t h e  b in d in g  o f  one  d e t e r g e n t  a t  low  c o n c e n t r a t io n s  

a n d  two d e t e r g e n t s  a t  h ig h e r  c o n c e n t r a t i o n s  ( s e e  f i g u r e  3 .1 6 a ) .

The lo g  o f  t h e  b in d in g  c o n s t a n t  f o r  one  d e t e r g e n t  was 

4 ,8  ± 0 ,2  (M 1) w h i le  t h a t  f o r  two was 9 ,5  ± 0 ,1  (M "~). TX th u s  has 

a  lo w e r  a f f i n i t y  f o r  hem in th a n  do CTMAS and  SLS.

T hese  r e s u l t s  may b e  a  c o n seq u e n ce  o f  d i f f e r i n g  h y d ro -  

p h o b iy t i e s  a s  w e l l  a s  c o u lo m b ic  i n t e r a c t i o n s  w i th  th e  p o r p h y r in  

c o re  (w h ich  h a s  a  +1 c h a r g e )  and  th e  p r o p io n a t e  s id e  c h a in s  w ith  

t h e  d i f f e r e n t  d e t e r g e n t s .



F ig u re  3 .1 6 a )  A n a ly s is  o f  t h e  d a t a  f o r  th e  t i t r a t i o n  o f  hem in 

by IX  i n  0 ,1  M MaOH; 1 0 ,0  x  10~6 M hem in ; 25^0;

x -----x  s o lv e d  a ssu m in g  one  d e t e r g e n t  bou:i-i

8 -----0 s o lv e d  a ssu m in g  tw o d e t e r g e n t s  bound

I n  sp it->  v ;  th e  two o v e r la p p in g  e q u i l i b r i a  w i th  IX  ( f i g u r e  

3 .1 6  b ) , i s o s b e s t i c  p o in t s  w ere  s t i l l  p r e s e n t ,  i n d i c a t i n g  t h a t  

th e  f i r s t  d e t e r g e n t  b in d in g  c a u s e s  th e  m a jo r  s p e c t r a l  c h a n g e s .



0 ,4 .
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F ig u re  3 .1 6  b) C o r re sp o n d in g  s p a c . t i a l  c h a n g e s  ( c o n d i t io n s  

a s  in  f i g u r e  3 .1 6 a ) .

U V -v is ib le  s p e c t r a  h av e  be en  r e c o rd e d  u n d e r  v a r io u s  c o n d i t i o n s .  

T a b le  3 .3  l i s t s  th e  p o s i t i o n s  and i n t e n s i t i e s  o f  th e  S o r e t  

and  v i s i b l e  b a n d s  o£ hem in  i n  v a r io u s  a l k a l i n e  s o l u t i o n s .

T h ere  i s  a  r e a s o n a b le  c o m p ariso n  b e tw ee n  th e  r e s u l t s  o f  th i  

s tu d y  end th o s e  o f  o th e r  w o rk e rs ,  p a r t i c u l a r l y  a s  many o f  th e  

q u o te d  f i g u r e s  f o r  th e  l a t t e r  h av e  be en  r e a d  o f f  from  r e p o r te d  

s p e c t r a .





0 ,6 ,

F ig u re  3 .1 7  T ypes o f  hem in s p e c t r a  i n  a l k a l i n e  s o lu t io n

  (A ): 6 ,5 5 x 1 0  5M hem in  in  44% a q u eo u s  e th a n o l

c o n ta in i n g  20mM NaOH

  ( B ) : 6 ,5 5 x 10~5M hem in in  3% (0.082M ) CTMAB

c o n ta in i n g  0 , 1M NaOH.



( a )  V i s ib l e  r e g io n

T h e re  a r e  q u i t e  d i s t i n c t l y  tw o ty p e s  o f  v i s i b l e  b a n d s  a s  r e p r e s e n ­

te d  i n  f i g u r e  3 .1 7 .  The A ty p e  s p e c tru m  i s  a t y p i c a l  h ig h  s p i n *57 

s p e c tru m  w h ile  th e  B ty p e  s p e c tru m  i s  a n a lo g o u s  to  t h a t  o f  th e  

M-oxo d i m e r . ^  (A ' i s  s t i l l  an  A ty p e  w ith  th e  bandy s h i f t e d

s l i g h t l y  to  th e  r e d . )  C u r io u s l y ,  t h e s e  c h a n g e s  i n  th e  v i s i b l e  

r e g io n  a r e  n o t  p a r a l l e l e d  i n  t h e  S o r e t  r e g io n .

The B ty p e  s p e c t r a  may i n  many c a s e s  b e  due  to  a  y -o x o  d im er 

( e . g .  a t  low  ( d e t e r g e n t ) ,  h ig h  (hem in) in  c a f f e i n e )  w here  d im e rs  

h a v e  be en  e s t a b l i s h e d  o r  seem l i k e l y ,  o r  may be  due  to  y -oxo  

l in k a g e s  p r e s e n t  in  an  a g g r e g a te  (h ig h  i o n i c  s t r e n g t h s ) . T h ere  

a r e  c a s e s ,  h o w ev e r, w here  th e  hem in i s  m onom eric b u t  s t i l l  h a s  a 

B -cy p e  s p e c tru m  ( e . g .  m i c e l l a r  CTMAB and  TX ). T h is  s u g g e s ts  t h a t  

t h e r e  i s  seme common f e a t u r e .

I t  h a s  be en  p ro p o sed  t h a t  a l th o u g h  th e  b a n d s  i n  th e  UV- 

v i s i b l e  s p e c tru m  o f  h e a in  a r e  l a r g e l y  due  to  H H t r a n s i t i o n s ,  

v a ry in g  am oun ts o f  m ix in g  c an  o c c u r  w i th  H d c h a rg e  t r a n s f e r  

t r a n s i t i o n s ,  p a r t i c u l a r l y  i n  h ig h  s p in  c o m p lex e s . I f  th e r e  i s  

l i t t l e  m ix in g  o f  th e  low e n e rg y  II *  H t r a n s i t i o n  w ith  th e  h ig h  

e n e rg y  c h a rg e  t r a n s f e r  t r a n s i t i o n s ,  th e n  a r e l a t i v e l y  w eak band 

a t  *’ 476 om and  a  band a t  ^588  nm (EmlMO) ( w i th  v i b r a t i o n a l  

p r o g r e s s io n s )  w ould be e x p e c te d .  A c h a r a c t e r i s t i c  o f  th e  B ty p e  

s p e c tru m  i s  a  band  a t  ■vSBO nm (etnM 5 -7 )  w i th  a  n e a rb y  band  a t  

'thOO nm. T h e re  i s  a l s o  a s l i g h t  s h o u ld e r  a t  <476 mu i n  a l l  th e  

B ty p e  s p e c t r a ,  in c lu d in g  th e  y -o x o  d im e r  ( s e e  f o r  exam ple  

f i g u r e s  13a and  1 6 b ) .

Hence th e  p r im a ry  d i f f e r e n c e  b e tw ee n  A and  B ty p e  s p e c ie s  

c o u ld  depend  on w h e th e r  t h e r e  i s  m ix in g  o f  th e  lo w  e n e rg y  IT ■* H



t r a n s i t i o n  w ith  th e  h ig h  e n e rg y  IT -*■ d c h a rg e  t r a n s f e r  t r a n s i t i o n

(b ) S o r e t  band

The c h an g e s  i n  th e  S o r e t  band  do  n o t  p a r a l l e l  th o s e  fo u n d  i n  th e  

v i s i b l e  r e g io n ,  w h ic h  i n d i c a t e s  t h a t  d i f f e r e n t  f a c t o r s  d e te rm in e  

th e  p o s i t i o n s  and  i n t e n s i t i e s  o f  th e  b a n d s  i n  th e s e  two r e g io n s .

The S o r e t  i n t e n s i t y  d e c r e a s e s  a s  th e  d e g re e  o f  a g g re g a t io n  

i n c r e a s e s  i . e .  th e  e x t i n c t i o n  c o e f f i c i e n t  d e c r e a s e s  i n  th e  o r d e r  

M > D > P . The monomers te n d  to  h av e  t h e i r  Xmax a t  'v4D0 nm w h ile  

t h e  d im e rs  and  h ig h e r  a g g re g a te s  te n d  to  h a v e  t h e i r  Xmax a t  

385 -  390 nm. The e x c e p t io n  to  t h i s  a r e  th e  p -o x o  d im e rs  w hich  

h a v e  t h e i r  max a t  397 nm. T hese  c h a n g e s  on d im e r i z a t io n  and 

a g g r e g a t io n  m u st r e s u l t  from  i n t e r a c t i o n s  be tw een  th e  hemin. u n i t s .  

The h -o x o  d im e r  may d i f f e r  p e rh a p s  b e c a u s e  o f  a d i f f e r e n t  ty p e  o f  

i n t e r a c t i o n  o r  a  la c k  o f  7  -  H i n t e r a c t i o n .

3 .3  D is c u s s io n

On th e  b a s i s  t h a t  th e  hem in  s p e c ie s  i n  a l k a l i n e  s o lu t io n  o f  

m o d e ra te  i o n i c  s t r e n g th  i s  d im e r ic ,  t h e  e x i s t e n c e  o f  e q u i l i b r i a  

be tw ee n  m onom ers, d im e rs  and  h ig h e r  p o ly m e r ic  fo rm s h av e  been  

fo u n d  in  aq u eo u s a l k a l i n e  s o l u t i o n .  T h ese  e q u i l i b r i a  a r e  pH 

in d e p e n d e n t  (pH > 8 ) .

The v i s i b l e  s p e c t r a  o f  th e  s p e c i e s  s tu d i e d  h e re  a s  w e l l  a s  

o th e r s  i n  a l k a l i n e  n o n -aq u e o u s  and m ixed  a q u eo u s  o r g a n ic  s o lv e n ts  

show C hat th e y  a l l  f a l l  i n t o  two s e r i e s  c h a r a c t e r i s e d  a s  f o l lo w s :

A s e r i e s  w ith  b ands a t  a b o u t  610 nm and  b e tw ee n  480 and 500 nm a s  

e x p e c te d  f o r  h ig h  s p in  P e ( I I l ) .

S  s e r i e s  w ith  b a n d s  a t  570 -  600 nm (m o st l i k e l y  b e in g  v i b r a t i o n a l  

o v e r to n e s )  w ith  no o b v io u s  b ands a t  a b o u t  500 nm. T h ese  a r e  n o t



q u i t e  th o s e  e x p e c te d  f o r  a  low  s p in  F e ( I I I )  w h ic h  h av e  b a n d s  be tw een  

530  and 580 nm. 8 7 ’ 93

The c h a n g e s  i n  th e  S o r e t  r e g io n  showed no c o r r e l a t i o n  w ith  

t h o s e  i n  th e  ct0 r e g io n .

A ty p e  s p e c t r a  h a v e  be en  found  f o r  monomers and d im e rs  (hence  

l a b e l l e d  and  D .) w h ile  B ty p e  s p e c t r a  h av e  b e en  fo u n d  f o r  

m onom ers, d im e rs  and  p o ly m e rs  (h en c e  l a b e l l e d  D^, F g ) •

H ence th e  f o l lo w in g  e q u i l i b r i a  e x i s t  b e tw een  th e  f i v e  ty p e s  

o f  hem in  fo u n d  in  aq u eo u s a l k a l i n e  s o lu t io n ;

monomers d im e rs  p o ly m e rs

The e q u i l i b r i a  a r e  a l l  p H -in d e p e n d e n t b u t  o b v io u s ly  de p en d  on 

th e  herein c c n c e n t r a t i o n  and  th e  d i f f e r e n t  fo rm s a r e  s t a b i l i z e d  by 

c o n d i t i o n s  a s  f o l l o w s :

Ma  : o b se rv e d  i n  a q u eo u s  a lc o h o l s  and  i n  aq u eo u s s o lu t io n  i n  th e  

p r e s e n c e  o f  c a f f e i n e  and m i c e l l a r  S L S .^

Xg : o b se rv e d  in  TX, CTMAB d e t e r g e n t  m ic e l l e s  i n  a q u eo u s  s o lu -

: o b se rv e d  in  a q u eo u s  s o l u t i o n ,  w here  i t  i s  s t a b i l i z e d  by

s u c ro s e  and a t  low  c o n c e n t r a t i o n s  o f  SLS.

Dg : o b se rv e d  in  DMSO,® 2 in  a q u eo u s  s o l u t i o n  a t  l o v  c o n c e n t ra ­

t i o n s  o f  TX an d  CTMAB, w i th  p y r id in e  and  p y r id in iu m  s a lts® ^

and w i th  c a f f e i n e .

PB : o b se rv e d  i n  aq u eo u s s o lu t io n  c o n ta in i n g  h ig h  c o n c e n t r a t io n s  

o f  e l e c t r o l y t e s . 3^



C o r r e l a t i o n s  b e tw een  th e  s p e c t r a l  ty p e s  and  m a g n e tic  s u s c e p t i ­

b i l i t y  e x i s t .  The s p e c i e s  g iv in g  A ty p e  s p e c t r a  have  m a g n e tic  

s u s c e p t i b i l i t i e s  o f  a ro u n d  5 ,9  BM w h ic h  i s  w h at i s  e x p e c te d  f o r  

t h e  h ig h  s p in  s p e c i e s  w hich  w ould have  f i v e  u n p a ire d  e l e c t r o n s .

F o r  exam ple^hem in  in  a q u eo u s  a l k a l i  g iv e s  a  v a lu e  o f  5 ,8  a s  

lo n g  a s  t h e  hem in c o n c e n t r a t i o n  i s  n o t  g r e a t e r  th a n  2 x  10 4 M 

o r  i f  30,1 s u c ro s e  i s  p r e s e n t .® ^

The s p e c i e s  g iv in g  B ty p e  s p e c t r a  w h ich  h a v e  be en  m e asu re d , 

g iv e  v a lu e s  a ro u n d  two BM w h ic h  m..y a r i s e  e i t h e r  fro m  th e  low  s p in  

s p e c i e s  ( w i th  one u n p a i re d  e l e c t r o n )  o r  fro m  a n t i f e r r o m a g n e t ic  

c o u p lin g  o f  two h ig h  F e ( I I I ) s  v i a  an oxo b r id g e .  F o r  exam ple  

h em in  i n  t h e  p r e s e n c e  o f  h ig h  c o n c e n t r a t i o n s  (l‘-2M) o f  e l e c t r o l y t e s  

gav e  v a lu e s  o f  2 , 6 - 2 ,9  BM.35 Hemin in  20% p y r id in e  c o n ta in in g  

Q,2M HaOR g a v e  a  v a lu e  o f  1 ,9 7  and  th e  y - o x o  d im e r  gave  a  v a lu e  

o f  2 ,4  BM a t  room te m p e r a tu re  d e c r e a s in g  w i th  te m p e r a tu re .  

U n f o r tu n a te ly  d e te r m in a t io n s  h av e  n o t  b e e n  c a r r i e d  o u t  on 11̂  and 

Mg so  i t  i s  n o t  c e r t a i n  t h a t  i s  h ig h  s p in  and  Mg i s  low  s p in

a l th o u g h  th e  fo rm e r  i s  p r o b a b ly  t r u e .  I t  i s  n o t  c l e a r  t h a t  th e  B 

ty p e  s p e c ie s  a r e  n e c e s s a r i l y  low  s p in  o r  a n t i f e r r o m a g n e t i c a l l y  

c o u p le d . A h ig h  s p in  s p e c i e s ,  i n  w h ic h  m ix in g  o f  IS -*• IS and c h a rg e  

t r a n s f e r  t r a n s i t i o n s  i s  u n f a v o u r a b le  b e c a u s e  o f  sym m etry o r  e n e rg y  

d i f f e r e n c e s ,  i s  a  p o s s i b i l i t y .  An. e q u i l i b r iu m  h a s  be en  found  

be tw een  h ig h  s p in  and low  s p in  f e r r i h e m o g lo b in  and fe r r im y o g lo b in  

c o n ta in i n g  H^O, HO , N _, im id a z o le ,  RCS a n d  H02 a s  l ig a n d s  

( to g e t h e r  w i th  th e  p r o t e i n  h i s t i d i n e ) . 93 Even c y a n o c a ta la s e  i s  

50% h ig h  s p in .  So a  m ix tu re  o f  h ig h  s p in  and  low  s p in  i s  a l s o  

a p o s s i b i l i t y  f o r  th e  B ty p e  s p e c i e s .  T h ese  e q u i l ib r iu m  m ix tu re s  

d e m o n s tra te  th e  e a s e  o f  h ig h  s p in  to  low  s p in  c o n v e r s io n .



W hether o r  n o t  th e  c o n v e r s io n  o f  an  A s p e c ie s  to  a B s p e c ie s  

i n v o lv e s  a  h ig h  s p i n - l r v  s p in  e q u i l ib r iu m  o r  a  ch an g e  in  m ix in g  of 

t r a n s i t i o n s ,  th e  m eca l l ig a n d  bond  le n g th  a s  w e l l  a s  th e  d i s t a n c e  

o f  th e  m e ta l  from  th e  r i n g  p la n e  a r e  l i k e l y  t o  b e  s i g n i f i c a n t .

I n  c o n s id e r in g  p o s s ib l e  s  u c tu r e s  f o r  th e  s p e c i e s  fo u n d , 

th e  n a tu r e  and num ber o f  l i g a n d s  a s  w e l l  a s  th e  s p in  s t a t e  m u st be 

c o n s id e r e d .  I n  aq u eo u s a l k a l i ,  p o s s ib l e  l ig a n d s  a r e  H^O, OH and 

b r id g in g  02 . The com plexes c o u ld  b e  f i v e  o r  s i x  c o o r d in a te  b u t  

i n  p r a c t i c e  a s  th e  s i x t h  l ig a n d  w ould b e  RgO t h e s e  two c a n n o t b e  

d i s t i n g u i s h e d .  As d is c u s s e d  a b o v e , b o th  h ig h  s p in  and low  s p in  

( o r  iv e n  a  m ix tu re )  a r e  p o s s i b l e .  I n  a d d i t i o n  th e  d im e rs  and 

p o ly m e rs  may b e  h e ld  t o g e th e r  by  a  l - o x o  b r id g e ,  by  c o o r d in a t io n  

o f  c a r b o x y la t e  from  a n o th e r  h e m in , by h y d ro p h o b ic  i n t e r a c t i o n s  o r  

by  d o n o r -a c c e p to r  i n t e r a c t i o n s .  As no e v id e n c e  h a s  be en  found 

f o r  c a r b o x y la t e  d i n e r i z a t i o n , - 4  t h i s  w i l l  b e  ig n o r e d .  H y d rophob ic  

arid d o n o r -a c c e p to r  i n t e r a c t i o n s  g iv e  r i s e  to  i n t e r a c t i o n s  b e tw een  

th e  p o r p h y r in  r i n g s  and  w i l l  r e s u l t  i n  r i n g - r i n g  d im e r s .

As th e  e q u i l i b r i a  w ere  a l l  pH in d e p e n d e n t ,  a l l  th e  s p e c ie s  

hav e  OH o r  i t s  e q u iv a l e n t  c o o r d in a t e d . I n  e a c h  c a s e  H^O may be 

an  a d d i t i o n a l  l ig a n d .

Hence th e  m onom eric s p e c i e s  c an  b e  Fe -  OH and  HjO-Fe-OH.

The d im e r ic  s p e c ie s  may b e  F e -O -F e ; R jO -Fe-O -F e-O H j;

(Fe-O H )2 ; (H^O-Fe-OH)^ ( f o r  t h e  y -o x o  d im e rs  and  r i n g - r i n g  

d im e rs  r e s p e c t i v e l y ) .

C o o r d in a t io n  o f  H^O may a l t e r  th e  m e ta l - l i ^ a n d  bond le n g th  

a s  w e l l  a s  th e  d i s t a n c e  b e tw een  th e  m e ta l  and  r i n g  p la n e  and 

e n a b le  th e  t r a n s i t i o n  b e tw een  A and B to  b e  e f f e c t e d  a t  l e a s t  i n  

th e  c a s e  o f  th e  monomers and th e  r i n g - r i n g  d im e r s . The y -oxo



d im e r  i s  u n l i k e l y  to  ch an g e  i t s  s p in  s t a t e  on c o o rd in a t io n  o f  HjO 

a s  a n t i f e r r o m a g n e t i c  c o u p lin g  g e n e r a l l y  p re d o m in a te s  o v e r  

f e r ro m a g n e t ic  c o u p lin g  in  y -o x o  d im e rs .

H ence i s  l i k e l y  to  b e  Fe-OH w h ile  Mg c o u ld  be H^O-Fe-OH. 

Ba  i s  l i k e l y  to  b e  (Fe-OH) 2 w h ile  D0 c o u ld  b e  F e -O -F e  o r  

(H20 -F e -0 H )2 .  Pg c o u ld  c o n ta in  Dg u n i t s  h e ld  to g e th e r  b y  c a t io n s  

and  p o s s ib l y  in v o lv in g  r i n g - r i n g  i n t e r a c t i o n s  b e tw een  th e s e  u n i t s ,  

b e c a u s e  e v id e n c e  f o r  h y d ro p h o b ic  b o n d in g  was found  fro m  th e  

e f f e c t i v e n e s s  o f  d i f f e r e n t  i o n s .

T he f o rm a t io n  o f  an  ty p e  s p e c i e s  i n  some d e t e r g e n t  

m ic e l l e s  i s  r a t h e r  p u z z l in g ,  a s  A ty p e  s p e c i e s  a r e  found  in  t h e i r  

a b s e n c e .  P o s s ib ly  th e  low  d i e l e c t r i c  c o n s t a n t  i n  th e  m ic e l l e  

i n t e r i o r ,  by  p r e v e n t in g  c h a rg e  d e l o c a l i s a t i o n ,  in d u c e s  a  s h o r t  

Fe-Q  bond w h ic h  e n a b le s  th e  t r a n s i t i o n  to  o c c u r .  SLS may d i f f e r  

p e rh a p s  b e c a u s e  m ore  s o lv e n t  i s  in c lu d e d  in  th e  n i r . : ’. 1o i n t e r i o r .

H ence t h i s  s tu d y  h a s  p r o v id e d  f u r t h e r  i n f o r m a t io n  on th e  

n a t u r e  o f  s p e c i e s  and  t h e  e q u i l i b r i a  e x h ib i t e d  by  hem in  in  

a l k a l i n e  a q u eo u s  s o l u t i o n .  F iv e  d i f f e r e n t  ty p e s  o f  com plexes 

( in c l u d in g  m onom ers, d im e rs  and  p o ly m e rs )  w ere  found  to  be in  pH 

in d e p e n d e n t e q u i l i b r i a .  The s p e c i e s  fo u n d  d e m o n s tr a te  a com plex 

i n t e r p l a y  o f  c o u io m b ic , h y d ro p h o b ic ,  d o n o r -a c e e p to r  and  p o s s ib l y  

h y d ro g en  b o n d in g  i n t e r a c t i o n s .

T h is  p r o v id e s  a  f ram ew ork  f o r  f u r t h e r  s t u d i e s  on th e  n a tu r e  

o f  th e  e q u i l i b r i a  and  p h y s i c a l  p r o p e r t i e s  o f  t h e  in d iv i d u a l  

com p lexes

M onomeric hem in in  a p r e d o m in a n tly  aq u eo u s e n v iro n m e n t a t  

pH > 8  can  b e  o b ta in e d  in  th e  p r e s e n c e  o f  c a f f e i n e  o r  i n  m ic e l la e  

d e t e r g e n t s .  T hese  a r e  s u p e r i o r  to  m ixed  a q u eo u s  s o lv e n t s  a s  pH 

s t i l l  h a s  i t s  norm al m ean ing .



CHAPTER 4 ; HEMIH Q  AQUEOUS ACID SOLUTION

4 .1  la t r o d u c E io p

The p r e v io u s  c h a p te r  d e a l t  w i th  hern ia  i n  aq u eo u s a l k a l i  (ab o v e  Che 

pKas o f  tbs c o o rd in a te d  h y d ro x id e  and p r o p io n ic  a c id  s id e  c h a in s )  

w here  heroin i s  s o lu b l e  and h ence  t r u e  therm odynam ic  e q u i l i b r i a  c an  

be s tu d i e d .  O nly f i v e  ty p e s  o f  c o m p lex e s  w ere  f o u n d [

By c o n t r a s t  th e  a c id  and n e u t r a l  r e g io n  (pH<8) i s  c o m p lic a te d  

n o t o n ly  by  th e s e  pK as b u t a l s o  by th e  i n s o l u b i l i t y  o f  hero in , w ith  

a l l  s o lu t io n s  b e in g  m e ta s ta b l e  ( s e e  l a t e r ) .  _

H ence a  s tu d y  i n  t h i s  r e g io n  p r e s e n t s  t h e  p ro b lem  o f  how to  

g e t  th e  hem in i n to  s o l u t i o n  a s  w e l l  a s  how to  s tu d y  i t .

T h ree  a p p ro a c h e s  c an  b e  u se d  to  g e t  hem in d i s s o l v e d  i n  aq u eo u s 

a c id ,  d i l u t i o n  i n t o  a q u eo u s  a c id  froro  heroin d i s s o l v e d  i n  aq u eo u s 

a l k a l i  o r  o r g a n ic  s o lv e n t s  ( e . g .  fro m  p u re  BMSO to  0,1%  aqueous 

DMS0)^~, and  from  h e m o p ro te in s  ( e . g .  h e m o g lo b in )  d i s s o l v e d  in  

v a t e r ,  c an  a l l  be u se d .

P r e v io u s  w ork on e q u i l i b r i a  i n  a c id  h a s  shown two pK as, one 

a t  a b o u t 29 2 ,9 6  and  th e  o th e r  ac  a b o u t 7 , 5 . m ’ 3 U ’ 3 4 ,9 2 ,9 °

T hese  p r o b a b ly  r e f e r  t o  d im e rs  o r  p o s s ib l y  ev en  h ig h e r  a g g re g a te s  

in  th e  s l i g h t l y  a c id  ■region and th e  num ber o f  p r o to n s  and th e  

n a tu r e  o f  th e  s p e c i e s  h a s  n o t  been  i d e n t i f i e d .

To im prove  th s  c o n d it io n .1- f o r  s tu d y , e i t h e r  th e  r a t e  o f  

a g g re g a t io n  r e a c t i o n s  m u st be slow ed  dow n, a s  r e p o r t e d  e a r l i e r  i n  

th e  p r e s e n c e  o f  s i l i c a t e , * *  o r  e l s e  a  r a p id  m ethod o f  s tu d y  m ust 

be u s e e ,  su c h  a s  s to p p e d  f lo w . When u s in g  s to p p e d  f lo w  pH jum ps 

( i . e .  r a p i d l y  m ix in g  u n b u f fe re d  heroin a t  a b o u t pH9 w i th  a b u f f e r  

o f  th e  r e q u i r e d  pH ), i t  m u st b e  b o rn e  i n  m ind t h a t  any  o b se rv e d  

pKa may n o t  be a  t r u e  e q u i l ib r iu m  be tw een  m e ta s ta b l e  s p e c ie s  b u t



may in c lu d e  th e  pH d e p en d e n ce  o f  an i r r e v e r s i b l e  a g g re g a t io n  

r e a c t i o n .

The a im s o f  t h i s  c h a p te r  a r e  to  im prove  th e  u n d e rs t a n d in g  o f  

t h e  n a tu r e  o f  th e  co m p lex es and  e q u i l i b r i a  o b s e rv e d  i n  n e u t r a l  

and  a c id  a q u eo u s  s o lu t io n  w i th  p a r t i c u l a r  em p h as is  on id e n t i f y i n g  

th e  s im p le  m onom eric aquo  com plex  and d e te r m in in g  a t  l e a s t  an  

a p p ro x im a te  pKa f o r  t h e  c o o rd in a te d  w a te r .

4 .2  R e s u l t s

4 .2 .1  A queous s o l u t i o n  a lo n e

6 .2 . 1 . 1 .  M o d e ra te  i o n i c  s t r e n g t h  (v  = 0 ,1 )

P r e l im i n a r y  e x p e r im e n ts  i n  w h ich  e q u a l  vo lum es o f  hem in  i n  d i l u t e  

(10  ‘‘-1 0  ^M) XaOH and d o u b le  s t r e n g t h  b u f f e r s  w ere  m ixed  to  g iv e  

a  f i n a l  c o n c e n t r a t i o n  o f  'V2x l 0 S i  hem in  g av e  a  f a i r l y  s t a b l e  

s p e c ie s  ( i . e .  < 2% d e c r e a s e  io. t h e  S o r e t  i n t e n s i t y  i n  one  m in u te )  

and  t h i s  e n a b le d  i e  to  b e  s tu d i e d  by o r d in a r y  sp e c tr o p h o to m e tr y .

The c h an g e s  i n  th e  S o r e t  a b so rb a n c e  w ere  r a p i d  i n  th e  pH ran g e  

3 - 6  and h e n c e  t h i s  r e g io n  was s tu d i e d  b y  s to p p e d  flo w  

sp e c tr o p h o to m e tr y .

S p e c t ra  a t  pH l o f  she  S o r e t  r e g io n  (350 nro to  450 nm) w ere  

o b ta in e d  by  a d d in g  t o p i c a l l y  l y i  o f  a  8 ,8  x  10 hem in s to c k  

s o lu t io n  in  0 ,lM  NaOH to  10 ml o f  w a te r  f o llo w e d  by th e  a d d i t i o n  

o f  10 ml d o u b le  s t r e n g t h  pH 1 ,1  b u f f e r  to  g iv e  a f i n a l  hem in 

c o n c e n t r a t i o n  o f  4 ,4  x  10 and  u s in g  a  10 cm p a th l e n g t h  c e l l .  

( A d d i t io n  o f  th e  hem in s to c k  d i r e c t l y  t o  th e  b u f f e r  t e s u l t e d  i n  

p r e c i p i t a t i o n . )  I n  a l l  c a s e s  th e  new s p e c tru m  a p p e a re d  w i th in  

f i v e  se co n d s  and  showed l i t t l e  change  w i th  tim e  (i.e. < 2% d e c r e a s e  

i n  th e  S o r e t  i n t e n s i t y  i n  tw o m in u t e s ) .  The s p e c tru m  showed a 

r e a s o n a b ly  sh a rp  S o r e t  band  and  th e  s p e c i e s  i s  p o s s ib l y  m onom eric.



The Amax was at 397 mn w i th  an  e x t i n c t i o n  c o e f f i c i e n t  o f  120 ± 3, 

t h e  l a t t e r  b e in g  s t r o n g  s u p p o r t  f o r  a m onomer. On s ta n d in g  f o r  f i v e  

h o u r s ,  h o w ev e r, e  d ro p p e d  to  80 .

As th e  hem in c o n c e n t r a t i o n  was in c r e a s e d  above  2 x  10 S t  a 

d e c r e a s e  in  th e  e x t i n c t i o n  c o e f f i c i e n t  was o b se rv e d  a s  w e l l  a s  a  

m ore  r a p id  d e c r e a s e  in  th e  S o r e t  a b so rb a n c e  w i th  tim e  ( a t  2  x  10 5M 

hem in  a  /VL0% d e c r e a s e  o c c u r re d  in  a  m in u t e ) . H ence  a  B e e t 's  law  

s tu d y  was c a r r i e d  o u t  to  i n v e s t i g a t e  t h e s e  d i f f e r e n c e s .  (A t h ig h e r  

hem in c o n c e n t r a t io n s  th e  a b s o rb a n c e  fo u n d  10s a f t e r  m ix in g  was 

u s e d . ) F ig u re  4 .1  show s th e  p l o t  o f  a b so rb a n c e  a t  397 run ( th e  

S o r e t  Amsx) a g a in s t  th e  hem in c o n c e n t r a t i o n .  (T he dataixre . g iv e n  

i n  a p p e n d ix  3 t a b l e  l a . )

,5

5

F ig u re  6 .1  B eer's la w  p l o t  o f  hem in a t  pH 1 ,1 ;  y  = 0 ,1  

1  "  1 cm: 25°C.



T h is  shows a m arked  d e v ia t i o n  from  l i n e a r i t y .  I t  c o u ld  b e  shown 

( a p p e n d ix  3 t a b l e  lb )  L hat t h i s  d e v ia t i o n  was due  to  th e  e q u i l i ­

b r iu m  (4  -  1)

2M D ( 4 - 1 )

and th e  e q u i l ib r iu m  c o n s t a n t  was fo u n d  to  be l . l x l O 5 M I". T h is  i s  

c o n s id e r a b ly  l e s s  th a n  t h a t  fo und  f o r  th e  a l k a l i n e  d im er (K ^IO ® ) 

in d i c a t i n g  a  d i f f e r e n t  ty p e  o f  d im e r ,  w i th  w ea k er i n t e r a c t i o n s .

The s p e c t r a  o f  b o th  t h e  monomer and  d im e r  h av e  th e  S o r e t  m ax i­

mum a t  397 nm b u t  t h e  d im e r  h a s  a  lo w e r  e x t i n c t i o n  c o e f f i c i e n t  a s  

w e l l  a s  a  s h o u ld e r  a t  a b o u t  360 nm. (See  f i g u r e  4 .2  and  t a b l e  4 . 2 . )

[ n m )

F ig u re  4 .2  S p e c t ra  o f  hem in  a t  h '» h  and  low  c o n c e n t r a t io n s  a t  

pH 1 ,1  ( S o r e t  r e g io n )  y  = 0 ,1 ;  25°C

  1 ,4  x  10 hem in; t  = 10 cm

  2 ,2  x  10 hem in ; & = 1 cm



I n  th e  s to p p e d  f lo w  e x p e r im e n ts ,  e q u a l  vo lum es o f  

4 ,3 0  x 10 6 M hem in in  10 S i  KaOH and d o u b le  s t r e n g t h  b u f f e r s  from  

pK 1 ,1  to  1 1 ,0  w ere  m ixed  to  g iv e  a  f i n a l  c o n c e n t r a t i o n  of 

2 ,1 5  x 10 S i  hem in . The ch an g e  in  a b so rb a n c e  (w here  e v id e n t  in  

th e  tim e  s c a l e  u se d ) was m o n ito re d  a t  397 n a .

Qo c h a n g e s  i n  a b s o rb a n c e  w i th  tim e  w ere  o b s e rv e d  b e tw ee n  

pH 7 ,8  and 1 1 ,0 .  Below  pH 3 , th e  t r a c e s  show ed th e  end o f  a 

r a p id  r i s e  i n  a b so rb a n c e  ( e x te n d in g  f o r  a p p ro x im a te ly  1 m s  

( t h e  m ix in g  tim e  of Che in s t ru m e n t  i s  1 m s ) )  w h ich  th e n  rem a in e d  

S te a d y  f o r  a t  l e a s t  100 m s .  The a b so rb a n c e  a t  pH 1 -  2 (0 ,5 1 5 )  

c o r r e s p o n d s  to  an  e x t i n c t i o n  c o e f f i c i e n t  ( a t  397 ms) o f  

120 x 103 M 3 cm 1 (2  = 2 cm) i n  a g re e m e n t w ith  th e  r e s u l t s  o f 

th e  B e e rs  law  p lc c  a t  low  hem in c o n c e n t r a t i o n s .

B ecyean pH 3 c= J '  th e  t r a c e s  showed an i n i t i a l  r a p id  r i s e  

to  a  maximum (w h ich  u s u a l ly  o c c u r re d  a t  a p p ro x im a te ly  2 m s  

a f t e r  m ix in g )  f o l lo w e d  by  a s lo w e r  f a l l .  The maximum v a lu e s  

a r e  r e c o rd e d  in  t a b l e  2 a p p e n d ix  3 to g e th e r  w i th  th e  s te a d y  

v a lu e s  i n  th e  e th e r  pH r e g io n s .  The v a r i a t i o n  o f  t h e s e  i s  

show n i n  f i g u r e  4 .3 a .  T h is  show s th e  o c c u r re n c e  o f  two 

a p p a r e n t  pK as a t  pH 2 ,8  and pH 6 ,4 .  The d a t a  w ere  e v a lu a te d  

in  te rm s o f  v a r io u s  e q u a t io n s  in v o lv in g  i n t e r c o n v e r s i o n s  o f  

monomers and  d im e r s ,  d im e rs  and  d im e rs  and monomers and monomers 

w i th  th e  in v o lv e m e n t o f  one o r  more p r o to n s ,  b u t  u n f o r t u n a t e ly  

t h e  d a t a  w ere  n o t  good enough  to  d i s t i n g u i s h  b e tw een  th e  v a r io u s  

p o s s i b i l i t i e s .  T h is  i s  p r o b a b ly  due  to  a s i g n i f i c a n t  am ount o f 

an a g g re g a te d  s p e c i e s  o r  d im e r  i n  th e  in t e r m e d i a t e  pH r e g io n  

w h ich  w ould i n v a l i d a t e  th e  e q u a t io n s  u se d  to  t r e a t  th e  d a t a .



F ig u re  4 .3  V a r i a t i o n  in  a b s o rb a n c e  o f  th e  S o r e t  w i th  pH in  th e  

a b se n c e  and p r e s e n c e  o f  c a f f e i n e ;  25°C ; y = 0 ,1

b) 
0.05M

 
caffe



H ow ever, f u r t h e r  e x p e r im e n ts  v a ry in g  th e  hem in  c o n c e n t r a t i o n s  a t  

pH 6 ,4  ( s e e  t a b l e  4 ,1 )  showed t h a t  t h e  pKa in  t h i s  r e g io n  a p p a r e n t ­

l y  in v o lv e s  th e  c o n v e r s io n  o f  a  d im e r  a t  h ig h  pH to  a monomer a t  

low  pH.

T a b le  4 .1  : V a r i a t i o n  o f  fh em in ] a t  pH 6 , 4 , (25°G ; V * 0 ,1 )

(Fe) A39 7 (pH 6,4) 

(=  A)

A3 g 7 ( p H l l ,0 )  A 

(= V

3 g 7 (pH 5 ,0 ) 

(5  Aq )

a  - l o g  Kab

16xlO ~6>i 1 ,7 2 0 1 ,5 1 8 3 ,0 7 8 6 ,5 9

8x 10~6M O .B 'J 0 ,7 4 6 1 ,5 1 2 6 .6 9

0 ,4 7 8 0 ,3 8 3 0 ,7 7 4 6 ,5 9

2x 10~6M 0 ,2 6 7 0 ,2 0 3 0 ,3 8 3 6 ,6 9

a  -  c a l c u l a t e d  u s in g (p H 5 ,0 ) = 9 6 x l0 3 M- 1  (on  a p e rm o le  Fe

b a s i s ) ( s e e  l a t e r ) .

A p l o t  o f  lo g  ^  v s  lo g  i^ e l „ ^ „  ( s e e  d e r i v a t i o n  in
(A~Ao )(A ^-A g) T0T

a p p e n d ix  l b )  g av e  = 0 ,9 8 ;  s lo p e  = - 1 ,0 8  (Sd  -  0 ,1 0 )

i n t e r c e p t  = + 6 ,8 9  (Sd  = 0 ,5 1 )  = 4

pKa b = 6 ,6 4  + 0 ,0 5

b Ka r e f e r s  t o  th e  e q u a t io n  2 X - + D +  2H

The s p e c t r a  o f  th e  i n t e r m e d i a t e  a t  pH 5 o v e r  th e  r a n g e  

340 -  450 n m ,d e te rm in e d  by s to p p e d  f lo w  sp e c tr o p h o to m e tr y  a t  

s e v e r a l  w a v e le n g th s , shows a maximum a t  397 nm (e  = 96x10^ U ^ cm 1) 

w i th  a  s h o u ld e r  a t  a b o u t  360 nm. W ith  th e  e x c e p t io n  o f  th e  e x t i n c ­

t i o n  c o e f f i c i e n t  o f  t h e  Amax t h i s  i s  s i m i l a r  to  t h a t  o f  th e  d im er

found  a t  pH 1 ,1  ( f i g u r e  4 .2 b )  and may r e p r e s e n t  a  m ix tu re  o f  a c id



monomer and  a c id  d im e r . The sp e c tru m  o f  th e  pH 1 ,1  s p e c ie s  i s  

i d e n t i c a l  to  t h a t  found  by o r d in a r y  s p e c tr o p h o to m e tr y  a t  lo\» hem in 

c o n c e n t r a t i o n s  (Amax a t  397 nm, * 120 M 1 cm 1) and b e c a u se

o f  th e  f a i r l y  h ig h  e x t i n c t i o n  c o e f f i c i e n t  p r o b a b ly  r e p r e s e n t s  a 

monom er.

The s i m i l a r i t y  in  th e  s p e c t r a  b e tw een  th e  pH 1 d im e r  and th e  

pH 5 s to p p e d  f lo w  s p e c i e s ,  a s  w e l l  a s  be tw ee n  th e  pH 1 monomer and 

th e  pH 5 ,5  -  7 s p e c i e s  a t  v e r y  low  i o n i c  s t r e n g t h  ( s e e  l a t e r )  

s u g g e s ts  t h a t  c h ase  a r e  v a r i a n t s  o f  s i m i l a r  s p e c i e s .  H ence th e  

f i r s t  pKa a t  2 ,8  i s  l i k e l y  to  c o r r e s p o n d  to  th e  d e p r o to n a t io n  o f  

th e  c a r b o x y l i c  a c id s  a s  t h e s e  w ould n o t  b e  e x p e c te d  to  h a v e  a 

m arked e f f e c t  on th e  s p e c t r a  w h ile  t h e  se co n d  a t  6 ,6  c o rr e s p o n d s  

to  th e  d e p r o to n a t io n  o f  c o o rd in a te d  w a te r  w h ich  s h o u ld  have  a 

m arked  e f f e c t  on th e  s p e c t r a .

U n s u c c e s s fu l  a t te m p ts  w ere  a l s o  made to  pH jum p from  th e  

m onom eric fo rm s a t  pH 2 and  in  n e u t r a l  w a te r  ( s e e  low  io n i c  

s t r e n g t h  s t u d i e s )  by  s to p p e d  f lo w . I n  t h e  c a s e  o f  th e  n e u t r a l  

w a te r  t h e  c o n c e n t r a t i o n s  n e c e s s a r y  w ere  to o  low  f o r  m e a n in g fu l 

d i f f e r e n c e s  to  be d e t e c t e d  w h ile  i n  th e  pH2 c a s e ,  th e  s to c k  

s o l u t i o n s  decom posed to o  f a s t  t o  e n a b le  a s u f f i c i e n t  number o f  

q u a n t i t a t i v e  e x p e r im e n ts  to  be m ade.

4 . 2 . 1 . 2 .  Low io n ic  s t r e n g th

S p e c t ra  i n  th e  S o r e t  r e g io n  a t  low c o n c e n t r a t i o n s  o f  hem in 

( 0 ,8  x 10 6 M) in  v e ry  low  io n i c  s t r e n g t h  s o lu t io n s  (p ~  10 a t

pH 7 show  a  s h a rp  ban d  a t  398 w i th  a-n e x t i n c t i o n  c o e f f i c i e n t  o f

(122  t  3 ) x  10"* M ^ cm ^  w h ich  i s  v e ry  s i m i l a r  to  t h a t  found

a t  pH 1 ,1  ( s e c t i o n  4 . 2 . 1 . 1 ) .  T h is  s p e c i e s  o b e y s  B eer's law  up to

4 ,1  x  10 6 H and  shows se co n d  o r d e r  d e c o m p o s i t io n  to  g iv e  a new



s p e c i e s  w i th  Xmax 398 nm (£  = 73 M ^ cm ( i . e .  s i m i l a r  to  th e  

pH 1 ,1  d im e r )? ^  The a d d i t i o n  o f  b u f f e r s  o r  s a l t s  t r a n s fo rm e d  t h i s  

low  i o n i c  s t r e n g t h  s p e c i e s  a t  pH 7 ( b e f o r e  d e c o m p o s i tio n )  i n t o  an 

a g g re g a te  ( b ro a d  f l a t  b a n d s  w ere  found )

I n  t h i s  s tu d y  l u i  o f  a  9 ,1 8  x 10 ^ M hem in s o l u t i o n ,  d is s o l v e d  

in  0 , 1M HaOH, w as added  to  25 ml o f  w a te r  t o  g iv e  a  f i n a l  c o n ce n ­

t r a t i o n  o f  0 ,3 6 7  x 10 6 >1 h em in . The pH was v a r i e d  by  a d d in g  

t r a c e s  o f  HNOg o r  SaOH, and  was m easu red  w ith  a pH m e te r  im m ed ia te ­

ly  a f t e r  r e c o r d in g  th e  a b so rb a n c e  (?, = 10 cm ). B etw een  pH 5 ,5  and 

7 , Eggg was found  to  b e  122 ± 3 , and  th e  a b so rb a n c e  was fo u n d  to  

d e c r e a s e  f a i r l y  s lo w ly  (<4% f a l l  i n  a  m in u te ) .  Above pH 7 , th e  

e x t i n c t i o n  c o e f f i c i e n t  w as lo w e r ,w h i le  a t  pH 10 , th e  a l k a l i n e  

d im e r  was found  (Xmax 387 nm and = 6 1 ,3  x 10^ M 1 cm ^

( th e  s l i g h t  s h i f t  com pared  t o  t h e  s p e c tru m  in  m o d e ra te  io n i c  

s t r e n g t h  a l k a l i n e  p re su m a b ly  r e f l e c t i n g  a  s l i g h t  change  in  

s t r u c t u r e  b e c a u se  o f  p o o r  s h i e ld in g  o f  th e  c a r b o x y la t e s  a t  low  

io n i c  s t r e n g t h ) .  The a p p ro x im a te  pKa i s  Afi. B elow  pH 5 ,5  th e  

a b s o rb a n c e  a t  397 nm r a p i d l y  d e c r e a s e d ,  p r o b a b ly  due  to  th e  

p r o to n a t io n  o f  t h e  c a r b o x y la t e s  w h ic h  w ould  d e c r e a s e  th e  s o lu ­

b i l i t y .  H ence t h i s  s p e c i e s  w i th  a  f a i r l y  sh a rp  S o r e t  c an  o n ly  

b e  o b ta in e d  o v e r  a f a i r l y  n a rro w  ra n g e  o f  pH ( 5 ,5  -  7) a t  low 

io n i c  s t r e n g t h  and  i s  v e ry  l i k e l y  th e  aquohem in  monomer w i th  

d i s s o c i a t e d  c a r b o x y la t e s ,  w h ich  c o n v e r t s  s lo w ly  to  th e  aquohem in

4 .2 .2  Aqueous s o l u t i o n  s t u d i e s  i n  t h e  p r e s e n c e  o f  c a f f e in e  

The a q u eo u s  s o l u t i o n  s tu d y  o f  hem in i n  t h e  p r e s e n c e  o f  c a f f e in e  

c o n s i s t e d  o f  a s to p p e d  f lo w  pH s tu d y ,  a n a lo g o u s  t o  t h a t  c a r r i e d  

o u t  f o r  th e  hem in d im e r , a s  w e l l  a s  a  q u a l i t a t i v e  s tu d y  in  th e



p r e s e n c e  o f  s i l i c a t e  w h ich  s lo w s  down a g g r e g a t i o n .

The s to p p e d  f lo w  pH s tu d y  in  th e  p r e s e n c e  o f  c a f f e i n e  was 

c a r r i e d  o u t  a t  402 nm, th e  S o r e t  maximum o f  th e  a l k a l i n e  m onom eric 

h e m in - c a f f e in e  a d d u c t ( 3 , 2 . 3 )  and th e  f i n a l  , m in c o n c e n t r a t i o n  

was 3 ,0 9  x  10 ® M. The v a r i a t i o n  o f  ^  w ith  pH i s  shown in

f i g u r e  4 .3 b .  (T he e x p e r im e n ta l  d a t a  a r e  p r e s e n te d  in  t a b l e  3 

a p p e n d ix  3 . )
A-A

P l o t s  o f  lo g  £ v e r s u s  pH b e tw ee n  pH 2 ,5  and pH 3 ,8  f o r  th e  

f i r s t  pKa and  b e tw ee n  pH 5 ,2  and  pH 6 ,0  f o r  t h e  second  w ere  l i n e a r  

( f i g u r e  4 .4 )  a s  w ou ld  be e x p e c te d  f o r  a monomer-monomer c o n v e r s io n  

( s e e  d e r i v a t i o n  in  a p p e n d ix  l b ) .  The s lo p e s  and  i n t e r c e p t s  w ere  

a s  f o l lo w s :

1 s t  pKa : s lo p e  = 1 ,0 4  (Sd = 0 ,0 6 )

i n t e r c e p t  = - 3 ,1 3  (Sd = 0 ,1 9 )

(A^ = 0 ,7 0 0 ;  Ao = 0 ,9 1 5 )

2nd pKa : s lo p e  -  1 ,9 0  (Sd = 0 ,0 8 )

in t e r c e p t  = - 1 0 ,6 6  (Sd = 0 ,4 4 )

(A^ “  0 ,5 3 0 ;  Ao = 0 ,7 0 0 )

(C a rb o n a te  b u f f e r s  w ere  found  to  d e c r e a s e  A ^ ,  t>y  4% r e l a t i v e  to  

p h o s p h a te  b u f f e r s  ( s e e  t a b l e  3 a p p e n d ix  3 and  f i g u r e  4 .3 b )  w hich  

may b e  due  to  some s p e c i f i c  i n t e r a c t i o n  o f  th e  c a r b o n a te .  As 

th e  a b s o rb a n c e s  w ere  c o n s t a n t  be tw ee n  pH 7 ,8  and 1 1 ,0  u s in g  

c a r b o n a te  b u f f e r s ,  th e  a b so rb a n c e  a t  pH 7 ,8  i n  a  p h o sp h a te  b u f f e r  

was ta k e n  a s  AM  f o r  th e  se co n d  p K a .)



F ig u re  4 ,4  P l o t  f o r  d e te r m in in g  th e  pK as f o r  h e tn in - c a f f e in e  

3 ,0 9 x 1 0  S i  hem in ; 0 ,05H  c a f f e i n e ;  25°C ; y  = 0 ,1



74.

The f a c t  t h a t  good l i n e a r  p l o t s  w ere  o b ta in e d  i n d i c a t e s  t h a t

u n l ik e  in  th e  a l k a l i n e  d im e r  sy s te m , n e g l i g i b l e  am ounts o f  d im e rs

and  h ig h e r  a g g re g a te s  w ere  p r e s e n t  up to  20 ms and th e  e q u a t io n s  

u se d  w ere  v a l i d .

H ence b o th  pKas c o rre sp o n d e d  to  a moncmer-monomer e q u i l ib r iu m . 

The f i r s t  pKa had  a s lo p e  o f  one  w h ich  i n d i c a t e s  th e  in v o lv e m e n t 

o f  one p r o to n  ( r e a c t i o n  4 - 2 )  w h ile  th e  se co n d  had  a  s lo p e  o f  two 

i n d i c a t i n g  two p r o to n s  ( r e a c t i o n  4 - 3 ) .

M '*• M’ + H+ (Ka1) (4  -  2)

M' -  M "  + 2H+ (Ka2) (4  -  3)

To e n a b le  c o m p ariso n s  t o  b e  made m ore r e a d i l y ,  th e  se co n d  pKa c an  

be f o rm a l ly  s p l i t  i n t o  two r e a c t i o n s  b o th  in v o lv in g  one p r o to n  lo s s  

( r e a c t io n s  4 -  4 a  6 b) and w i th  th e  same pKa (Ka!,)

>1’ -*■ M " 1 + H+ (4 -  4 a )

M1"  -  M "  + H+ (4 -  4b)

I t  c an  b e  seen  t h a t  Ka^ = (K a ^) '

The d e r i v a t i o n  (a p p e n d ix  lb )  shows t h a t  th e  pK as f o r  r e a c ­

t i o n s  (4 -  2) and (4 -  3) a r e  g iv e n  by (-  i n t e r c e p t )  o f  th e  p l o t  o f  
A-A

lo g  v e rs u s  pH. Hence

pKal  »  3 ,1

pKa2 = 1 0 ,7  = 4  pKa2 = 5 ,3

Hence th e  f i r s t  pKa in v o lv e s  d e p ro to n a t io n  o f  one  g roup  w ith  

a  pKa o f  3 ,1  w h ile  th e  se co n d  pKa in v o lv e s  th e  d e p r o to n a t io n  o f  

two g ro u p s  b o th  w ith  pK as o f  5 ,3 .  The a s s ig n m e n t o f  pKas to  

Fe-0H 2*Fe-0H  (o n e )  and -COOH+COO (tw o) c an  b e  made i n  two w ays:

a )  th e  two c a r b o x y la t e s  have  a  pKa o f  5 ,3  w h ile  th e  Fe-OH,, h a s  a 

pKa o f  3 ,1  w h ich  i s  much lo w e r  th a n  p r e v io u s  pKas re p o r te d ^ -0, 

and th e  c o rre s p o n d in g  pKa in  th e  a lk a l i n e  d im e r  ( V )  ( th e



pKas o f  th e  c a r b o x y la t e s  b e in g  n o r m a l ) .

b ) A c o o p e r a t iv e  i n t e r a c t i o n  b e tw een  Fe-OH^ and one c a r b o x y l ic

a c id  w h ic h  r e s u l t s  i n  them  h a v in g  a  common pKa a t  5 ,3  w h ile  th e  

second  c a r b o x y l i c  a c id  h a s  a  pKa a t  3 , 1 .  (O n ly  one pKa ( 7 ,6 )  f o r  

hem in i n  40-80% K1S0 w as fo u n d  and  t h i s  was e x p la in e d  a s  b e in g  

due  to  c o o p e r a t iv e  i n t e r a c t i o n s  b e tw een  th e  i o n i s a b l e  g r o u p s . ) ^ 2

C e r t a in l y  t h e  h y d ro p h o b ic  c h a r a c t e r  o f  c a f f e i n e  w ould f a v o u r  

th e  n e u t r a l  ( ig n o r in g  s id e  c h a in s )  hydroxohem in  o v e r  t h e  aquohem in 

w h ich  h a s  a  +1 c h a rg e  and  h e n ce  may a c c o u n t  f o r  th e  pKa o f  3 ,1 .  

C a f fe in e  c a n n o t be  a c t i n g  a s  a  s t r o n g  d o n o r  ^  a s  t h i s  w ould  te n d  

to  f a v o u r  t h e  aquo  c om plex .

The s p e c t r a  o f  th e  a c id  s p e c i e s  a t  pH 1 and  4 ,6  o v e r  th e  

r a n g e  340 -  450 nm w ere  d e te rm in e d  by s to p p e d  f lo w  s p e c t r o p h o to ­

m e try  a t  s e v e r a l  w a v e le n g th s . B oth  s p e c i e s  h a d  Xmax a t  402 nm 

w h ile  t h e  r e s p e c t iv e  e x t i n c t i o n  c o e f f i c i e n t s  w ere  151 and 

94 x 103 M 1 cm 1 . C om parisons o f  th e  S o r e t  o f  t h e  c o rr e s p o n d in g  

s p e c i e s  in  Che a b se n c e  o f  c a f f e i n e  show  t h a t  c a f f e i n e  i s  bound in  

b o th  c a s e s  (by  a  s h i f t  i n  th e  Xmax and in  th e  c a s e  o f  th e  pH I  

s p e c i e s  by an  in c r e a s e  in  i n t e n s i t y ) .

S i l i c a t e  was a dded  to  h e m in - c a f f e in e  t o  p r e v e n t  i t s  a g g re g a ­

t i o n  in  a c id  s o l u t i o n . ^  F ig u re  4 .5  shows th e  e f f e c t  o f  pH when

0 , 74g/lO O  ml s i l i c a t e  was added  to  h e m in - c a f f e in e  and th e  pH

T hese  c h a n g e s  a r e  r e v e r s i b l e  and  show a p p ro x im a te  i s o s b e s t i c  

p o i n t s .  The pK as w ere  r'-7 and  ~ 3 . The s h a rp n e s s  o f  th e  S o r e t  and 

th e  r e v e r s i b i l i t y  shows t h a t  s i l i c a t e  h a s  i n  f a c t  p r e v e n te d  

a g g r e g a t io n .  T h is  i s  a  k i n e t i c  e f f e c t  a s  s i l i c a t e  d id  n o t  r e v e r s e  

th e  a g g r e g a t io n  i n  a  p a r t i a l l y  a g g re g a te d  h e m in - c a f f e in e  s o l u t i o n .



. . . .  pH ! , 1 

m om  pH 5 ,7

  pH 10, 5

F ig u re  4 .5  S p e c t ra  o f  hern ia  c a f f e i n e  i p Che p r e s e n c e  o f  sodium  s i l i c a t e  a t

v a r io u s  pH s; 7 ,95 x lo ""6M ht... 0,07M  c a f f e i n e ;  0 ,74g /10C  sodium

s i l i c a t e



In  c o n t r a s t ,  s i l i c a t e  d id  n o t  p r e v e n t  th e  a g g r e g a t io n  o f  

hem in  i n  th e  a b s e n c e  o f  c a f f e i n e  on a c i d i f i c a t i o n ,  a s  s e e n  by  th e  

b ro a d  f l a t  S o r e t  band  o b ta in e d .  T h is  c o u ld  b e  b e c a u s e  th e  r a t e  o f  

a g g r e g a t io n  o f  here in  i n  th e  a b se n c e  o f  c a f f e in e  i s  much f a s t e r  th a n  

i n  t h e  p r e s e n c e  o f  c a f f e i n e  and  h e n c e  th e  v i s c o s i t y  o f  s i l i c a t e  i s  

l e s s  e f f e c t i v e  i n  th e  fo rm e r  c a s e .  T h is  t i e s  i n  w e l l  w i th  th e  

s to p p e d  f lo w  s t u d i e s  w here  f u r t h e r  r e a c t i o n s  a f t e r  th e  pH jump o f  

t h e  a l k a l i n e  d im e rs  p r e v e n te d  pK as fro m  b e in g  c a l c u l a t e d .

The Amax and  e f o r  th e  S o r e t  i n  th e  p r e s e n c e  o f  c a f f e i n e  w ith  

and  w ith o u t  s i l i c a t e  a r e  s i m i l a r  a t  pH ^5  b u t  n o t  a t  pH 1 . i 'n : - 

l a t t e r  d i s c r e p a n c y  may r e s u l t  from  i n t e r a c t i o n s  b e tw een  th e  c h a rg e d  

heatin  s p e c ie s  a t  pH 1 and  th e  s i l i c a t e / s i l i c i c  a c id  ( a  weak a c i d ) .

4 . 2 . 3  C om parison  w i th  o th e r  p u b l i s h e d  s p e c t r a  

A num ber o f  o th e r  s p e c t r a  i n  n e u t r a l  and  a c id  a q u eo u s  s o lu t i o n s  

w h ic h  a re  s i m i l a r  t o  th o s e  found  above  h av e  be en  r e p o r te d  and  a re  

c o l l e c t e d  in  t a b l e  4 .2 ,

C o n d i t io n s X %  R e f e r e n c e

a )  Monomers

p H l ,1 -2 ;< 2 x 1 0  M h e m in ;u = 0 ,l  (s to p p e d  397 120 t h i s  s tu d y

f lo w  and o r d in a r y  s p e c tr o p h o to m e tr y )

p H 5 ,5 - 7 ; 0 ,4 x l0 '6H h e m in ;p M 0 ~ 5 398 122±3 t h i s  s tu d y

p H 6 ,8 ;< lx l0  S i  hem in (o b ey s  B e eA  398 122±3 97

la w  up to  4 ,1 x 1 0  ®M) |A 10

p H 6 ,8 ; 1 ,2 3 x 1 0  S t  he m in , w a te r  398 M 2 0  95



/1 0 3M 1 

c m '1

R e fe re n c e

Heroin p lu s  a lb u m in , p e ro x id a s e , 130

hem og lob in ., m y o g lo b in , c a C a la s e ;

pH

H em og lob in ; 3x10 S i  p lu s  0,02M  HC1; 398

pH 2,06

50% a q u eo u s  e th a n o l  pH 1 398

0.05M  c a f f e i n e ,  pH 1 ,1 402 t h i s  s tu d y

d i t t o  p lu s  0 ,7 4 g /1 0 0 ia l X a s i l ie a C e 399 t h i s  s tu d y

0 ,05M  c a f f e i n e  pH 1 ,6 402 t h i s  s tu d y

d i t t o  p lu s  0 ,7 4 g /1 0 0 m l I T a s i l i c a t e 402 t h i s  s tu d y

(pH 5 ,7 )

b )  D im ers

pH l , l ; ) l , 5 x l 0  h e m in ;v i= 0 ,l t h i s  s tu d y

p H 5 ;u = 0 , l ; 2 ,15x10 5M h e m in (s to p p e d 397 t h i s  s tu d y

f lo w )( p r o b a b ly  a t  l e a s t  p a r t l y

d im e r ic )

pH 6,8;uflj.O  1x10 S i  hem in  on s ta n d - ~398

in g ( s e c o n d  o r d e r  f o rm a tio n )

H e m o g lo b in (3 x l0  ^M) a t  pH 2,06 on ~393 S80

s ta n d in g ( s e c o n d  o r d e r  f o rm a tio n )



c m d l U . . AoV1
cm -1 

( p e r  Fe)

R e fe re n c e

H em in; p H ~ l

Hem in in  0,01%  DMSO c o n ta in in g nSO

0 , 5M H ,S04 ;^ 7 x 1 0 '6M

Hemin ($10  7M> a t  p H 6 ,9 8 ;p = 0 ,1 >65

I n  th e  a b se n c e  o f  c a f f e i n e ,  th e  monomers o b ta in e d  u n d e r  

v a r io u s  c o n d i t i o n s  a r e  r e m a rk a b ly  s i m i l a r ,  a s  a r e  m o st o f  th e  

d im e r s .  C a f f e in e  s h i f t s  t h e  S o r e t  s l i g h t l y  t o  th e  r e d  and a t  

pH 1 ,1  i n c r e a s e s  i t s  i n t e n s i t y .  The p r e s e n c e  o f  sod ium  s i l i c a t e  

h a s  no  e f f e c t  on th e  s p e c tru m  o f  h e a in - c a f f e in e  a t  pH 'l-5 b u t  d o e s

6 .3  D is c u s s io n

6 .3 .1  I n  th e  a b se n c e  o f  c a f f e i n e

T a b le  6 .2  show s t h a t  th e  same s p e c tru m  w i th  ,\max 397 nm 

( e  = 120x10^ M ^  cm c an  be o b se rv e d  u n d e r  a v a r i e t y  o f  c o n d i­

t i o n s  from  pH 1 -  7 . The f a i r l y  s h a rp  S o r e t  and  r e l a t i v e l y  h ig h  

e x t i n c t i o n  c o e f f i c i e n t  ( f i g u r e  6 .2 )  s u p p o r t  th e  p r o p o s a l  t h a t  

t h e s e  s p e c ie s  a r e  m onom eric.

T h is  c a b le  a l s o  show s t h a t  a  se co n d  ty p e  o f  s p e c tru m , a t t r i ­

b u te d  to  th e  d im e r , w i th  Xmax 397 nm (c  = 8 0 x l0 3 M 1 cm ^  c an  a l s o  

b e  o b se rv e d  from  pH 1 -  7 . T h is  s tu d y  h a s  shown t h a t  th e s e  two 

s p e c i e s  a r e  r e l a t e d  by  a  s im p le  m onom er-d im er e q u i l i b r iu m  a t  pH 1.



We c o n c lu d e  t h a t ,  t h e  monomer i s  th e  m onom eric aquo com plex 

and th e  d im e r  i s  th e  d im e r ic  aquo  com plex  b e c a u s e  o f  th e  d i f f e r e n c e  

fro m  th e  a l k a l i n e  h y d ro x y  d im e r .  O th e r  s p e c i e s  w i th  b ro ad  S o r e t  

b a n d s  a t  a b o u t  365 nm r e p o r t e d  in  th e  r e g io n  pH 2 -  8^9 2 ,9 6  

m ust b e  h ig h e r  a g g r e g a te s .

The i o n i s a t i o n  o f  t h e  c a r b o x y l i c  a c id  g r o u p s , w h ich  n o r m a l ly  

hav e  a pKa o f  a b o u t 5^®has no s i g n i f i c a n t  e f f e c t  on th e  s p e c t r a  

o f  e i t h e r  com p lex , a t  l e a s t  i n  th e  S o r e t  r e g io n ,  w h ich  i s  c o n s i s ­

t e n t  w i th  th e  n e g l i g i b l e  e f f e c t  on th e  specL rum  o f  e s t e r i f i c a t i o n . 24 

T h e i r  pKa i s  a b o u t  3 . ( P r e v io u s  v a lu e s  r e p o r t e d  a t  '■'-1,5 

p r o b a b ly  in v o lv e  d im e rs  and p o ly m e r s . )  T h is  lo w e r in g  o f  t h e  pKa 

may n o t  b e  g e n u in e  b e c a u se  o f  th e  p r o b a b le  s i g n i f i c a n t  c o n c e n t r a ­

t i o n  o f  th e  a c id  d im e r  i n  th e  i n t e r m e d i a t e  pH r a n g e ,  b u t  i f  i t  i s  

g e n u in e  t h i s  may r e f l e c t  s p e c i f i c  h y d ro g en  b o n d in g  o f  w a te r  t o  th e  

c a r b o x y la t e s ,  a s  found  in  th e  c r y s t a l  s t r u c t u r e , 50 w h ic h  w ould 

s t a b i l i z e  th e  c a r b o x y la t e s  r e l a t i v e  t o  th e  c a r b o x y l ic  a c id  g ro u p s .

I t  i s  p o s s ib l e  t h a t  o n ly  one c a r b o x y la t e  i s  i o n i s e d  a t  t h i s  pKa, 

a l th o u g h  th e  r e s u l t s  do s u g g e s t  t h a t  two a r e  in v o lv e d .

A lth o u g h  i o n i s a t i o n  o f  t h e  c a r b o x y l ic  a c id  g ro u p s  d o e s  n o t  

a f f e c t  th e  s p e c tru m  s i g n i f i c a n t l y ,  q u a l i t a t i v e  o b s e r v a t io n s  i n d i ­

c a t e  t h a t  i t  d o e s have  a  m arked  e f f e c t  on th e  r a t e  o f  a g g re g a t io n  

w h ich  i s  g r e a t e s t  i n  th e  r e g io n  pH 3 -  7 ( s e e  s to p p e d  f lo w  r e s u l t s ) .  

One w ould e x p e c t  a g g r e g a t io n  t o  o c c u r  m ost r e a d i l y  w i th  th e  un­

c h a rg e d  com plex  ( e . g .  Fe-OH^ w i th  one c a r b o x y l ic  a c id  io n is e d )  

w hose c o n c e n t r a t i o n  w ould p r o b a b ly  b e  a t  a  maximum a t  ■v pH 5 . I t  

i s  i n t e r e s t i n g  to  n o te  t h a t  s i m i l a r  d im e r  s p e c t r a  a r e  found  a t  pHl 

(U = 0,1) and pH7 (y  10 ^) w here  t h e  c a r b o x y la t e s  a r e  p r o to n a t e d  

and io n i s e d  r e s p e c t i v e l y .  T h is  s u g g e s ts  s i m i l a r  d im e r  s p e c i e s  a t



t h e s e  tw o pHs w h ic h  may, o f  c o u r s e ,  b e  a c o n se q u e n c e  o f  t h e  io n i c  

s t r e n g t h  a s  w e l l  a s  i o n i s a t i o n .  (A t low  io n i c  s t r e n g t h ,  th e  r e p u l ­

s io n  o f  t h e  c a r b o x y la t e s  m ust b e  m in im ise d  by p l a c in g  them  a s  f a r  

f ro m  e a c h  o th e r  a s  p o s s i b l e . )

The pKa f o r  th e  c o o r d in a te d  w a te r  in v o lv e s  a  m onom er-dim er 

e q u i l i b r iu m  a t  U  (w h ich  c o r r e c t e d  f o r  th e  a l k a l i n e  m onom er-dim er 

e q u i l i b r iu m  i s  t-g) a t  m o d e ra te  io n i c  s t r e n g t h ,  b u t  'VS ( u n c o r re c t e d )  

a t  low  io n i c  s t r e n g t h .  By c o m p a riso n  th e  pKa o f  hem in  in  442 

a q u eo u s  e th a n o l  (w h ich  i s  a  monomer-monomer e q u i l i b r iu m  in v o lv in g  

one p r o to n )  i s  6 ,5  -  S .d t 6 O th e r  pKas r e p o r t e d  a t  V? p r o b a b ly  

in v o lv e  a c id  d im e rs  and p o ly m e rs .

The m onom eric s p e c i e s  i n  502 a q u eo u s  e th a n o l  i s  h ig h  s p in  

(p  = 5 ,4 1  BM) ^  and  b e c a u s e  o f  th e  s i m i l a r  s p e c t r a l  c h a r a c t e r i s ­

t i c s ,  th e  m onom eric species in th e  a b s e n c e  o f  e th a n o l  p r o b a b ly  i s  

a s  w e l l  a .id may b e  th e  same s p e c i e s  a s  R ,0  i s  a  b e t t e r  l ig a n d  

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

s ix - c o o r d in a t e  (a  h ig h  s p in  b i s  aquo  i r o n  p o r p h y r in  (TeTPP) h a s

b e e n  r e p o r te d )  b u t  a s  f i v e  c o o r d in a t e  s p e c i e s  a p p e a r  to  h a v e  a

b r o a d e r  and l e s s  in t e n s e  S o r e t  th a n  th e  s i x  c o o r d in a te  s p e c i e s ,  

we may t e n t a t i v e l y  c o n c lu d e  t h i s  i s  th e  h ig h  s p in  b is - a q u o  com plex .

I t  i s  c u r io u s ,  t h a t  i n  b o th  th e  s to p p e d  f lo w  s t u d i e s  and  a t  

low  i o n i c  s t r e n g t h ,  a  d im e r  i n i t i a l l y  s p l i t s  t o  g iv e  monomers, 

w h ic h  th e n  fo rm  new d im e rs . The d i f f e r e n t  d im e r i z a t io n  constants 

o f  t h e  a c id  and  a l k a l i n e  d im e rs  i n d i c a t e s  t h a t  th e y  h av e  d i f f e r e n t  

s t r u c t u r e s .  P re su m a b ly  f o rm a tio n  o f  one  ty p e  from  th e  o th e r  

p r o c e e d s  m ost r e a d i l y  v i a  th e  m onomer.

4 .3 .2  I n  th e  p r e s e n c e  o f  c a f f e in e

I t  h a s  b e en  shown t h a t  c a f f e i n e  fo rm s an  a d d u c t  w ith  t h e  aquo and



h y d rnxo  he m in , b o th  o f  w h ich  a r e  m onom eric . H e m in -c a i fe in e  shows 

two pK as b o th  in v o lv in g  monomer-monomer c o n v e r s io n s .  The o n e  o f

3 ,1  in v o lv e s  one  p r o to n  w h ile  th e  o th e r  r?t 5 ,3  in v o lv e s  tw o, th u s  

a c c o u n tin g  f o r  a l l  t h r e e  p r o to n s  r e q u i r e d .  T h ere  i s  a  p ro b lem  in  

a s s ig n in g  th e s e  pK as to  p a r t i c u l a r  g r o u p s . The pKa o f  c o o rd in a te d  

w a te r  may be lo w e re d  t o  3 ,1  (com pared  w i th  t h a t  i n  44% aq u eo u s 

e th a n o l  w h ic h  i s  6 , 5 - 6 ,6 )  by  th e  h y d r o p h o b ic i ty  o f  th e  c a f f e in e  

w h ic h  w ould f a v o u r  t h e  hyd roxo  s p e c i e s .  The two c a r b o x y l ic  a c id s  

w ould  th e n  h a v e  n o rm al pK as. The o th e r  p o s s i b i l i t y  r e q u i r e s  

c o o p e r a t iv e  i n t e r a c t i o n s  b e tw een  th e  c o o r d in a te d  a q u o /h y d ro x o  

and  one c a r b o x y l ic  a c id / c a r b o x y la t e  f o r  t h e s e  g ro u p s  to  h av e  th e  

sam e pKa o f  5 ,3  ( t h i s  tr u s t  be  th e  c a s e  i n  60% DMSO w here  o n ly  one 

pKa w as f o u n d ? ^ a s  w e l l  a s  a  d e c r e a s e  i n  th e  pKa o f  one  c a r b o x y la t e  

t o  3 ,1 ,  w h ic h  w as a l s o  v o q u ir z d  in  th e  .-tbsenca c f  c a f f e in e  and 

o u l d  r e s u l t  £*•-- '•■ •cc ifi,: : r - ' • : -vn bvr.u i.:.: i n t e n c t i o n s  c£ - ;n te r  

be tw ee n  th e  c a r b c x y l i c  a c id / c a r b o x y la t e  g r o u p s . """

In  th e  a b se n c e  Ol c a f f e i n e ,  i o n i s a t i o n  o f  th e  c a r b c x y la te s  

d id  n o t  h av e  a  m arked  e f f e c t  on th e  s p e c t r a ,  b u t  i n  th e  p r e s e n c e  

o f  c a f f e i n e  th e y  d o , w h a te v e r  a s s ig n m e n t i s  c h o se n . P o s s ib ly  

c a f f e i n e  c o u ld  hy d ro g en  bond t o  th e  c a r b o x y l ic  a c i d s ,  ^  ( b u t  n o t  

c a r b c x y la t e s  o f  c o u rs e )  i n  su c h  a  way a s  t o  a f f e c t  th e  s t e r i c  

p r o p e r t i e s  o f  th e  p o r p h y r in  r i n g  and h e n ce  i t s  e l e c t r o n i c  p r o p e r ­

t i e s ,  f o r  exam p le  by a f f e c t i n g  th e  d e g re e  o f  dom ing o r  c o re  

e x p a n s io n . 3-00

The f a i r l y  sh a rp  S o r e t  ban d  a t  pH 1 ,1  may, a s  i n  th e  a b se n c e  

o f  c a f f e i n e ,  i n d i c a t e  th e  b is - a q u o  hem in .

The p r e s e n c e  o f  s i l i c a t e  p r e v e n te d  th e  a g g r e g a t io n  o f  th e  

h e m in - c a f f e in e  a d d u c t  i n  a c id  a q u eo u s  s o lu t io n  b u t  n o t  th e



hem in  d im e r  i n  Che a b se n c e  o f  c a f f e i n e .  R e v e r s ib l e  c h an g e s  and 

i s o s b e s C ic  po in C s w ere  fo u n d . A p p ro x im ate  pK as w ere  V) and  M , 

n o t  to o  d i f f e r e n t  from  th o s e  i n  t h e  a b se n c e  o f  s i l i c a t e .  The 

s p e c t r a  a l l  showed b a n d s  a t  >610 nm w h ic h  in d i c a t e d  h ig h  s p in  

F e ( I I I ) .  The S o r e t  s p e c t r a  w ere  n o t  a f f e c t e d  by th e  p r e s e n c e  o f  

s i l i c a t e  e x c e p t  a t  pH 1 , w here  t h e  c h a rg e d  aquo  hem in  may b e  

i n t e r a c t i n g  w i th  th e  s i l i c i c  a c id .



CHAPTER 5 -  KEMIN COMPLEXES WITH IMIDAZOLE AND AMALOGCES

5 .1  I n t r o d u c t io n

The a q u eo u s  s o l u t i o n  c h e m is try  o f  th e  i m i d a z o l e / h i s t i d i n e  m onom eric 

com p lexes o f  hern ia  i s  o f  i n t e r e s t  b e c a u s e  t h e s e  co m p lex es a r e  

m o d e ls  f o r  h em o g lo b in , m y o g lo b in  and p e ro x id a s e  ( i f  one h i s t i ­

d in e  i s  c o o rd in a te d )  and cy to ch ro m e  b^ ( i f  two h i s t i d i n e s  a re  

c o o r d in a t e d ) .

A l o t  o f  w ork lia s  be en  done on im id a z o le  and  a n a lo g u e s  i n  

n o n -a q u e o u s  s o l v e n t s t - ’ ’ ^ w h e r e  th e  i r o n  p o r p h y r in s  a r e  monome­

r i c .  T hese  s t u d i e s  show t h a t  ( i . e .  th e  e q u i l i b r iu m  c o n s ta n t  

f o r  b in d in g  th e  f i r s t  l ig a n d )  i s  l e s s  th a n  ( f o r  th e  b in d in g  o f  

th e  se co n d  l ig a n d )  and  h ence  th e  m o n o - im id a z o le  com plex i s  n o t 

n o rm a l ly  o b s e rv e d . B ecause  o f  th e  i n s o l u b i l i t y  o f  h i s t i d i n e  i n  

n o n -a q u e o u s  s o l v e n t s ,  no w ork h a s  be en  done on i t ,  b u t  h is ta m in e  

h a s  be en  s tu d i e d .  42

Some w ork on im id a z o le  and  a n a lo g u e s  w i th  hem in  i n  aqueous 

s o lu t io n  h a s  be en  d o n e .* ^ ’ 4^ T h is  in c lu d e s  a  q u a n t i t a t i v e  s tu d y  

on th e  b in d in g  o f  M -m ethyl and  N -e th y l  im i d a z o le ,443 w h ich  i s  

r e p o r t e d ly  s im p le ,  i . e .  i s o s b e s t i c  p o in t s  w ere  fo u n d  and  th e  

m onom eric b is - im i d a z o le  com plex  w h ich  a b s o rb s  a t  412 run was th e  

p r o d u c t ,  b u t  a s  w i l l  be s e e n  be lo w , t h i s  i s  n o t  th e  w hole  s to r y .  

I m id a z o le  a l s o  g iv e s  an a n a lo g o u s  com plex  w h ic h  a b s o rb s  a t  412 nm, 

b u t  t h i s  decom poses t o  g iv e  a se co n d  p r o d u c t  w h ich  h a s  i t s  S o r e t  

a t  435 tun, ^  beyond t h a t  o f  o th e r  i e ( I I I )  co m p lex es ( e x c e p t  th o s e  

w i th  two S o r e t  b a n d s ) T h e  n a tu r e  o f  t h i s  com plex i s  s t i l l  i n  

d o u b t .  H i s t i d in e  g iv e s  th e  412 nm s p e c i e s  b u t  n o t  th e  435 nm 

s p e c i e s .  ^ The e q u i l ib r iu m  c o n s t a n t  h a s  n o t , how ever, been  

q u a n t i t a t i v e l y  d e te r m in e d , a l th o u g h  some d e te r m in a t io n s  o f  th e



l ig a n d  c o n c e n t r a t i o n  r e q u i r e d  t o  h a l f  s a t u r a t e  th e  hem in  have 

b e e n  m ade.

We have  th e r e f o r e  u n d e r ta k e n  a m ore  d e t a i l e d  s tu d y  o f  th e  

c o o r d in a t io n  o f  some o f  i t s  d e r iv a t i v e s ,  i n  p a r t i c u l a r  h i s t i d i n e ,  

i n  a q u eo u s  s o l u t i o n .

I t  so o n  becam e a p p a r e n t  t h a t  s e v e r a l  a d d i t i o n a l  m ino r 

e q u i l i b r i a ,  n o t  p r e v io u s ly  r e p o r t e d ,  a r e  e v id e n t .  T hese  may be 

due  to  hy d ro g en  b o n d in g  o r  d o n o r -a c c e p to r  i n t e r a c t i o n s .  A lso  

c o o r d in a t io n  h as i n t e r e s t i n g  e f f e c t s  on th e  pK as o f  th e  s id e  

c h a in s  and t h i s  c an  b e  u se d  to  m odel n e ig h b o u r in g  a c id  g ro u p s  i n  

h e m o p ro te in s .  The s tu d y  was t h e r e f o r e  e x te n d e d  t o  h is t a m in e  and 

p i l o c a r p a t e  ( f i g u r e  5 .1 ) .

< f
F ig u re  5 .1  I m id a z o le  and  a n a lo g u e s :  R = R im id a z o le ;

f 2  _
R ^CHg-CHCOO h i s t i d i n e ;  R “ -CHj-CHjdRU h is t a m in e ;

ch2° h

The a im s o f  t h i s  c h a p te r  a r e :

1. To d e te r m in e  th e  b in d in g  c o n s t a n t s  f o r  h i s t i d i n e ,  h is t a m in e  

and p i l o c a r p a t e  and to  e s t a b l i s h  th e  s t r u c t u r e  o f  th e s e  

com plexes from  th e  s to i c h io m e tr y .

2 .  To s tu d y  th e  e f f e c t  o f  c o o rd in a t io n  on th e  pKas o f  n e ig h -



b o u r in g  p e ndanc  f u n c t i o n a l  g ro u p s ,

3 . To g a th e r  f u r t h e r  in f o r m a t io n  on th e  p e c u l i a r  435 nm com plex  

o f  th e  p a r e n t  im id a z o le .

4 . To e l u c i d a t e  th e  n a tu r e  o f  th e  m in o r  e q u i l i b r i a .

5 .  To t e s t  f o r  th e  o c c u r re n c e  o f  m o n o -im id az o le  hem in  i n  aq u eo u s 

s o l u t i o n ,  s t a r t i n g  w i th  m onom eric  h e m in - c a f f e i n e ,

6 .  To com pare th e  s p e c t r a  o f  cy to ch ro m e  bg and th e  b is - im i d a z o le  

com plexes i n  o r d e r  to  s e e  th e  s i m i l a r i t y  i n  e l e c t r o n i c  

s t r u c t u r e  b e tw ee n  th e  h e m o p ro te in  and m odel c o m p lex e s .

5 .2  R e s u l t s

5 .2 .1  P r e l im in a ry  e x p e r im e n ts

M ost e x p e r im e n ts  w ere  done above ptiS , to  a v o id  a g g re g a t io n  w hich  

o c c u r s  b e lo w  t h i s  pH (C h a p te r  4 ) .  M ost o f  th e  q u a n t i t a t i v e  

s t u d i e s  w ere  do n e  up to  pH L l, b e c a u s e  o l  th e  h ig h  c o n c e n t r a t i o n s  

o f  l ig a n d  (and  h ence  a h ig h  io n ic  s t r e n g t h ,  w h ich  f a v o u r s  a g g re ­

g a t io n  (C h a p te r  3 ) ) , r e q u i r e d  to  overcom e th e  c o m p e t i t io n  from  

h y d ro x id e .

The a d d i t i o n  o f  im id a z o le  to  hem in  r e s u l t e d  i n  th e  f o rm a tio n  

o f  th e  435 nm s p e c i e s  ( f i g u r e  5 .2 )  v i a  th e  412 nm s p e c i e s  w i th  an 

i s o s b e s t i c  p o in t  f o r  th e  412 nm to  435 nm c o n v e r s io n  a t  430 mn.

The f o rm a tio n  o f  t h i s  s p e c i e s  i s  r e l a t i v e l y  s lo w  ( a t  8 s  10 ® M 

i n  th e  p r e s e n c e  o f  111 im id a z o le  i t  to o k  a b o u t an  h o u r f o r  th e  

e q u i l ib r iu m  to  b e  e s t a b l i s h e d ) .  H igh  hem in  c o n c e n t r a t i o n s  

and  low im id a z o le  c o n c e n t r a t i o n s ,  s h i f t e d  th e  e q u i l ib r iu m  

to w a rd s  th e  435 run s p e c ie s

D ?==& 412 nm s  s  435 nm.

The 435 nm s p e c i e s  shows v i b r a t i o n a l  o v e r to n e s  a t  356 nm and
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F ig u re  5 .2  SpecCrum o f  che 435 nm s p e c i e s ;  7 ,1 2  x 10 5 M hem in ; 

1M im id a z o le ;  pH12; 25°C ; t = 0 ,1  cm.

G a l la g h e r  and E l l i o t t ' ' ’ r e p o r t e d  t h a t  " g r a p h ic a l  a n a ly s i s  

o f  th e  d a t a  ( f o r  th e  a l k a l i n e  d im e r  to  435 nm s p e c i e s  c o n v e r s io n )  

g av e  a  s te e p  t i t r a t i o n  c u rv e  t h a t  a p p ro x im a te d  t o  th e  i d e a l  c u rv e  

f o r  a  r e a c t i o n  in  w h ich  f o u r  m o le c u le s  o f  l ig a n d  r e a c t  w i th  t h e



d im e r ic  h e r .a t in  w idhouc s p l i c c i n g  th e  d im e r" .

The a f f e c t  o f  th e  fremiti c c n c e n t r a t i o n  s u p p o r ts  th e  p r o p o s a l  

t h a t  t h i s  43S nm s p e c ie s  i s  d im e r ic .  The r e v e r s i b l e  f o r a a c io n  of 

th e  412 nm s p e c ie s  on a d d in g  more im id a z o le ,  s u p p o r ts  a  d im e r  

r a t h e r  th a n  an  a g g re g a te  a s  t h e  f o rm a t io n  o f  th e  l a t t e r  te n d s  t o  

b e  i r r e v e r s i b l e .  H ow ever, th e  s h i f t  i n  e q u i l i b r iu m  to w a rd s  th e  

n o rm al 412 nm s p e c i e s  by an in c r e a s e  i n  im id a z o le  c o n c e n t r a t i o n  

s u g g e s ts  t h a t  th e  d im e r  c o n ta in s  l e s s  th a n  f o u r  l i g a n d s .

The a u d i t i o n  o f  low  c o n c e n t r a t i o n s  o f  d e t e r g e n t  (MG CTMAB)

re v e r s e d  th e  f o rm a tio n  o f  t h i s  im id a z o le  d im e r  to  g iv e  t h e  412 nm 

s p e c i e s .  T h is  s u g g e s ts  h y d ro p h o b ic  i n t e r a c t i o n s  a r e  in v o lv e d  in  

h . I d in g  t h i s  d im e r  t o g e th e r ,  f o r  d e t e r g e n t  t o  have  had any  e f f e c t .

Low c o n c e n t id c io n s  o f  S -m echy l im id a z o le  showed s m a ll c h an g e s  

w ith  i s o s b e s t i c  p o in t s  a ': 520  nm and  580 nm, w h ile  a t  h ig h e r  

c o n c e n t r a t i o n s ,  th e  412  nm s p e c i e s  w as f o r a e d  w i th  i s o s b e s t i c  

p o in t s  a t  507 and 588 nm ( f i g u r e  5 . 3 ) ,

The 412 nm s p e c i e s ,  w h ic h  h a s  been  shown to  b e  th e  m onom eric

b is -M -m e th y l im id a z o le  he rn ia , l*l>a s lo w ly  c o n v e r te d  t o  th e  435 nm

s p e c i e s  a t  >  2 x  10 ^ >1 hero in  w i th  a n  i s o s b e s t i c  p o in t  a t  384 nm,

b u t  a s  found  w i th  im id a z o le ,  c o u ld  be s u p p r e s s e d  by an e x c e s s

o f  l ig a n d .  I t  i s  p o s s ib l e  t h a t  t h i s  c o n v e r s io n  i s  f a v o u r e d  by 

io n i c  s t r e n g t h  and  t h i s  may b e  th e  r e a s o n  why Mohr and S c h e le r  

who w ere  w o rk in g  in  v e r y  low  io n i c  s t r e n g t h  s o l u t i o n s  a p p a r e n t l y  

d id  n o t  o b s e rv e  i t .  The e q u i l i b r i a  o b se rv e d  w ith  N -m e th y l-  

im id a z o le  a r e :

D 5?=^ a d d u c t 412 nm (m onom eric b i s  im id a z o le  hemin)

•It-

435 tun ( d im e r ic  im id a z o le  hem in)



F ig u re  5 .3  C hanges i n  t h e  s p e c tru m  o f  heroin on a d d in g  S -m e th y l 

im id a z o le  a t  p H ll ;  5 ,6  x  10 S i  h e m in ; 25°C;

[i -  0 ,0 1 ;  Z - 10 cm.

  D M ; ___  0 ,0 2 5 m ; 0 .038M ; -------  0,063M ;

0,10M ; 0,14% ;   0 ,19M  N -m e th y l - im id a z o le .

2 -m e d h y l - im id a z o le  d e s t a b i l i z e s  th e  412 ran s p e c i e s  a s  shown 

by i t s  in c o m p le te  f o rm a tio n  ev en  a t  c o n c e n t r a t i o n s  a p p ro a c h in g  

s a t u r a t i o n ,  b u t  fo rm s an  a d d u c t  a t  lo w e r  c o n c e n t r a t i o n s .  F ig u re

5 .4  shows th e  e f f e c t  on th e  s p e c tru m  in  th e  S o r e t  r e g io n  a t  low er 

c o n c e n t r a t i o n s .  L i t t l e  ch an g e  o c c u r re d  i n  th e  v i s i b l e  r e g io n .



F ig u re  5 .4  C hanges i n  t h e  s p e c tru m  o f  hem in  on a d d in g

2 - m e th y l - im id a z o le ;  4 ,5  x  10 ^ M hem in; pH12



The s p e c t r a l  c h an g e s  a r e  s i m i l a r  Co th o s e  o b se rv e d  on a d d in g  

a d e n in e  and g u a n id in e  (C h a p te r  3 ) ,  w h ich  s u g g e s ts  a  d o n o r - a c c e p to r ,  

hy d ro g en  bonded  o r  h y d ro p h o b ic  a d d u c e ) . No 435 nm s p e c ie s  was 

o b s e rv e d . S t e r i c  h in d ra n c e  to  c o o rd in a t io n  c an  a c c o u n t  f o r  th e  

d e s t a b i l i z a t i o n  o f  th e  412 ran s p e c i e s  and p e rh a p s  a l s o  t h e  435 no  

s p e c i e s .

H i s t i d i n e ,  h is t a m in e  and  p i l o c a r p a t e  a l l  show s m a ll c h an g e s  

i n  th e  s p e c t r a  a t  low  c o n c e n t r a t i o n s ,  a n a lo g o u s  to  th o s e  o b se rv e d  

a t  low  X -m ethy l i a i d a z o l e  c o n c e n t r a t i o n s  and a t  low 2 -m e th y l 

im id a z o le  c o n c e n t r a t i o n s .  The i s o s b a s t i c  p o in t s  w ere  a t  

(400 nm; 610 nm ); (401 n o ; 502 n n ; 614 n o ) ;  (392 nm; 493 nm and 

590  nm) r e s p e c t i v e l y .

A t h ig h  l ig a n d  c o n c e n t r a t io n s ,  th e  412 nm s p e c i e s  was form ed 

w i th  i s o s b e s t i c  p o i n t s  a t  (392 nm; 500 n o ; 585 n o ) ;  (394 nm;

502 n n ; 582 nm) a n d  (392 nm; 498 nm and 590 nm) r e s p e c t i v e l y .

The Xmaxand ep .m ax) a r e  t a b u la t e d  i n  h aM e 5 .1 .  H is ta m in e  shows 

f u r t h e r  c h a n g e s  c h a r a c t e r i s e d  by an  i n i t i a l  i n c r e a s e  up t o  10 

m in u te s  (^2% in c r e a s e  i n  1 m in u te )  f o llo w e d  by a  s lo w  f a l l

(M 6Z  d e c r e a s e  in  te n  h o u rs )  i n  th e  S o r e t  i n t e n s i t y .  No 435 me

s p e c i e s  was o b se rv e d  w i th  t h e s e  l i g a n d s ,  p re su m a b ly  b e c a u s e  o f  

s t e r i c  h in d r a n c e .

Im id a z o le  and h i s t i d i n e  w ere  b o th  added  to  h e m in - c a f f e in e  

( i n  a l k a l i n e  s o l u t i o n ) .  F ig u re  5 .5  shows th e  s p e c t r a l  c h an g e s  

o b se rv e d  a t  low  l ig a n d  c o n c e n t r a t i o n s  i n  th e  v i s i b l e  r e g io n .

T he a b s o rb a n c e  a t  612 nm d e c r e a s e d  w h ile  t h a t  a t  ~570 nm

in c r e a s e d .  I n  th e  S o r e t  r e g io n  th e  a b s o rb a n c e  a t  402 nm d e c r e a s e d .

T hese  c h an g e s  a r e  s i m i l a r  to  th o s e  o b se rv e d  on fo rm in g  th e  he m in - 

c a f f e i n e  d im e r  ( C h a p te r  3 ) .  F o r  some r e a s o n  im id a z o le  and



0 ,4

F ig u re  5 .5  C hanges i n  Che s p e c tru m  o f  h e m in - c a f f e in e  on a d d in g  

low  c o n c e n t r a t io n s  o f  im id a z o le ;  7 ,3  x  10 6M hem in;

0,05M  c a f f e i n e ;  ----- 0  M; o o e  0,05M ; 0',07M;

  0 , 08M im id a z o le .

h i s t i d i n e  may s t a b i l i z e  t h i s  d im e r . T h e re  i s  no e v id e n c e  f o r  

s i g n i f i c a n t  c o n c e n t r a t io n s  o f  th e  m o n o -lig a n d  a d d u c t  b e in g  

p r e s e n t  (Xmax f o r  a q u ohem og lob in  405 nm; 500 mn; 541 n n  ( s h o u ld e r ) ;  

581 nm ( s h o u ld e r ) ;  629 nm 87 ) .
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F ig u re  5 .6  S p e c t ra  o f  7 ,9  jjM m onom eric b i s - h i s t i d i n e  hem in — ) and

cy toch rom e  b 5 (---------7) a t  pH 8 ,5  and pH 7 r e s p e c t i v e l y  (fo rm e r

s o lu t io n  c o n ta in s  0,2M  h i s t i d i n e ) ; 25°C



F ig u re  5 .6  shows Che s p e c t r a  o f  c y to ch ro m e  and th e  m onom eric 

b i s - h i s t i d i n e  hem in  ( s e e  l a t e r ) .  (B o te  t h a t  th e  p r o t e i n  s o lu t io n  

i s  s l i g h t l y  t u r b i d . )  T hey  a r e  s i m i l a r  w h ich  s u p p o r ts  th e  a s s ig n ­

m ent a s  th e  b i s - h i s t i d i n e  com plex  w i th  c o o rd in a t io n  o c c u r r in g  

th ro u g h  th e  im id a z o le  ( as d o e s  th e  n e g l i g i b l e  e f f e c t  o f  g ly c in e  

a n d  a c e t a t e  on th e  s p e c tr u m ) .  T h e re  a r e  s u b t l e  d i f f e r e n c e s  i n  th e  

p o s i t i o n  and  i n t e n s i t y  o f  th e  S o r e t  i n t e n s i t y  w h ich  m ust r e f l e c t  

th e  e f f e c t  o f  s i n .  (T a b le  5 .1  su m m arise s  th e  Araax and

e(Amax) f o r  t .

T a b le  5 .1  : The Am,,.-

s y s te m s .

.id s(Amax) f o r  th e  im id a z o le  and

com plexes■ w i th  hem in  ( th e  412 nm s p e c ie s )

L ig a n d /P r o te in Xmax s  (E (A m ax))^ R e fe re n c e

im id a z o le 412 (112); 530 (11 ) ; 556 ( 9 ) C

N -e th y l  im id a z o le A l l ( 1 2 1 ) ;3 3 3 ( 1 2 ) ;5 6 0 (1 0 )c

h i s t i d i n e 4 1 1 (1 1 0 ) ;5 3 2 (1 0 )  ;557  (8) t h i s  s tu d y

h is t a m in e 409 (113 ) ; 5 3 0 (2 0 ) ;  560 (9 ) t h i s  s tu d y

p i l o c a r p a t e 4 1 1 ( 1 1 1 ) ;5 3 4 (1 0 ,1 ) ;5 6 0 ( 8 ,5 ) t h i s  s tu d y

cy to ch ro m e  b . 4 1 3 (1 0 8 ) ;5 3 2 ( 1 3 ,4 ) ;5 6 0 ( 1 1 ,8 ) t h i s  s tu d y

im id a z o le  m ethem o- 4 1 2 ( 1 0 5 ) ;5 3 5 ( 1 4 ,7 ) ;5 6 2 (1 2 ,5 ) 87

x  10^ M 1 cm ^ C r e a d  o f f  s p e c t r a

A ll  s lo w  s im i l a r  Amax and e x t i n c t i o n  c o e f f i c i e n t s  a s  w ould 

b e  e x p e c te d  f o r  com p lexes w here  th e  i r o n  i s  c o o rd in a te d  to  th e  

same g ro u p .

H ence a l l  t h e s e  b a s e s  show a s i m i 'a r  p a t t e r n  i n  a l k a l i n e



s o l u t i o n ,  v i z :

FeOH -  c a f f e in e
jr

adduce

D «*»* ad d u ce  412 ran s p e c i e s  5=^ 435 ran s p e c ie s

4" (h isC a m in e ) 

a g g r e g a t io n ( ? )

A l l  e q u i l i b r i a  w ere  s e t  up r a p i d l y  e x c e p t  th o s e  b e tw een  th e

412 ran and 435 nm s p e c i e s  and  Che a g g r e g a t io n  w ith  th e  h isC am ine 

s p e c i e s .

No e v id e n c e  was found  f o r  any  s i g n i f i c a n t  c o n c e n t r a t i o n s  

o f  t h e  m o n o -im id az o le  c o m p lex e s.

I t  i s  u s e f u l  to  d iv id e  t h e s e  e q u i l i b r i a  i n t o  m a jo r  (w hich  

in v o lv e  c h a n g e s  i n  th e  c o o r d in a t io n  s p h e re )  and m in o r  o n e s  (w h ich  

may in v o lv e  h yd rogen  b o n d in g , d o n o r -a o c e p to r  o r  h y d ro p h o b ic

The D 5= ^  adduce  and adduce  <=* 412 nm s p e c i e s  w i l l  now

be s tu d i e d  m ore q u a n t i t a t i v e l y  w i th  h i s t i d i n e ,  h is t a m in e  and 

p i l o c a r p a t e  a s  l i g a n d s .  T hese  w ere c h o sen  i n  o r d e r  to  s e e  th e  

e f f e c t s  o f  t h e  s id e  c h a in s  on  th e  e q u i l i b r i a .  (N ote  -  th e  

i n s t a b i l i t y  o f  th e  h is t a m in e  com plex  m akes th e  q u a n t i t a t i v e  

r e s u l t s  u n r e l i a b l e . )

5 . 2 . 2  Q u a n t i t a t i v e  d e t e r m in a t io n s  o f  th e  b in d in g  c o n s ta n t s

5 . 2 . 2 . 1  Low l ig a n d  c o n c e n t r a t i o n s

The D a d d u ce  e q u i l ib r iu m  was s tu d i e d  a t  590 nm, w h ich  i s  t h e

i s o s b e s t i c  p o in t  f o r  th e  n e x t  e q u i l ib r iu m .

The r e s u l t s  a r e  g iv e n  in  f u l l  i n  th e  t a b l e s  i n  a p p en d ix  4A 

and sum m arized  i n  t a b l e  5 .2 ,  The d a t a  f i t t e d  a D <=6 D' e q u i l i ­

b r iu m  b u t  n o t  a  D M e q u i l ib r iu m .  F ig u re  5 .7  shows t y p i c a l



p l o t s  o f  lo g  ^  v e r s u s  l o g  f l i g a n d ] ,  w h ic h  a r e  l i n e a r  a s  i s  

r e q u i r e d  i f  a  D 5=^ D' e q u i l ib r iu m  h o ld s  (a p p e n d ix  1 ) .

lo g  [ l ig a n d ]
A-A

F ig u re  5 .7  P l o t s  o f  lo g  A v e r s u s  lo g  f l ig a n iQ  a t  pH 11 f o r  

h i s t i d i n e ,  h is t a m in e  and  p i l o c a r p a t e  a t  low  [ l i g a n d ] .

I n  a d d i t i o n  th e  s lo p e  g iv e s  th e  num ber o f  l i g a n d s  bound p e r  d im e r . 

I n  a l l  c a s e s  t h e  s lo p e  was o n e , i . e .  th e  e q u i l ib r iu m  was

T a b le  5 .2  : Summary o f  th e  t i t r a t i o n s  o f  hem in w i th  low  jf l l  

25°C ; y  = 0 ,5 .

Q h i s t i d i n e  136 i 
x  h is t a m in e  9 0 ,5  
0 p i l o c a r p a t e  90,

Q h i s t i d i n e  136 yM hem in 
x  h is t a m in e  9 0 ,5  y ii hem in 
0 p i l o c a r p a t e  9 0 ,5  UM hem in

D + L D • • •  1 (K .)

pH [h e m in lT/M

h i s t i d i n e 8 .5 0  6 8 x l0 ~ 6

8 .5 0  1 3 6 x l0 " 6

1 0 .0 0  136xlO - 6

1 1 .0 0  136xlO -6

1 ,0 3

1 ,0 5

2 , 1±0 ,2

1 ,9 ± 0 ,2

1 ,0 2 1 ,9 ± 0 ,2



L ig a n d pH Chem inlT/M i w " lo g

h is t a m in e 8 ,5 0 9 0 ,5 x l 0 '6 0 ,9 1 2 ,6 ± 0 ,1

1 0 ,0 0 9 0 ,5 x 10-(: 1 ,1 6 2 ,7 ± 0 ,1

1 1 ,0 0 9 0 ,5 x l0 - 6 0 ,8 6 2 , 4 i 0 , l

Av: 0 ,9 8 2 ,6 4 0 ,2

p i lo c a r p a n e 8 ,5 0 9 0 ,5 x l0 " 6 1 ,0 4 2 ,2 3 ± 0 ,0 3

10 ,00 9 0 ,5 x 1 0 " ° 0 ,9 4 1 ,8 * 0 ,X

1 1 ,0 0 9 0 ,5 x l0 ~ 6 1 ,0 3 l , 9 i 0 , l

1 ,0 0 2 ,0 i0 ,2

A-A
a s lo p e  o f  p lo i:  ^ ( s e e  a p p en d ix 1 f o r  d e r iv a -

b K, r e f e r s  to th e  e q u a t io n  B + L  s - *  3 ’ - *L ( u n i t s  o f M '1)

W ith in  e x p e r im e n ta l  e r r o r  t h e r e  i s  no e f f e c t  o f  pH w hich

i n d i c a t e s  no l o s s  o f  OH o r  u p ta k e  o f  H . H ence th e

e q u i l ib r iu m  c an  b e  w r i t t e n :

(FeOH) 2 + L ^  (?eOH )2 **«L (K ^

5 .2 .2 .Z  High lig an d  CDnceritracion-a

The t i t r a t i o n  a t  h ig h  l ig a n d  c o n c e n t r a t i o n s  was c a r r i e d  o u t  c lo s e  

t o  che i s o s b e s t i c  p o in t  o f  th e  f i r s t  e q u i l i b r iu m ,  and was done a t

413 nm, 409 nm and 410 nm f o r  h i s t i d i n e ,  h is t a m in e  and  p i l o c a t p a t a  

r e s p e c t i v e l y .

I n  o r d e r  t o  o b t a in  th e  b ig - 1 ig a n d  co m p lex , one  h y d ro x id e  p e r  

i r o n  m u s t b e  l o s t  and h e n ce  th e  e q u i l ib r iu m  w ould  b e  e x p e c te d .

(FeOH) 2 • • • *L + 3L ^  2FeL2 + 20K~ (K^)

The p r e s e n c e  o f  t h i s  e q u i l i b r iu m  c an  b e  t e s t e d  i n  tv o  w ays.



v i z .  by  v a ry in g  th e  l ig a n d  c o n c e n t r a t i o n  and  by v a ry in g  th e  hem in 

c o n c e n t r a t i o n .  The d e r i v a t i o n s  in  a p p e n d ix  1 , show t h a t  a  p l o t  o f  

lo g  ^ " 2 ^  v e r s u s  lo g  {LI s h o u ld  b e  l i n e a r  w i th  a s lo p e  o f  th r e e  

i f  t h i s  e q u i l ib r iu m  h o ld s .  T h is  i s  i n  f a c t  s o , w i th  th e  e x c e p t io n  

o f  h is t a m in e  w h ic h  i s  u n s t a b l e ,  ( T a b le  5 .3  ; f i g u r e  5 .8 ;  T a b le s  

i n  a p p e n d ix  4 B i ) .

T a b le  5 .3  : Summary o f  th e  l ig a n d  t i t r a t i o n  r e s u l t s  w i th  hem in 

a t  h ig h  l ig a n d  c o n c e n t r a t i o n s ;  25°C; u  = 0 ,5

L ig a n d pH s lo p e 3 1=8 K2 b

h i s t i d i n e 9 ,0 3 ,1  ; 3 ,1 - 1 1 ,2  :; - 1 1 ,2  (2:0,1)

h is t a m in e 9 ,0 2 ,3 - 1 2 ,1 (= 0 ,3 )

p i l o c a r p a t e 9 ,3 2 ' 95 -  8 ,4 (= 0 ,3 )

p i l o c a r p a t e 1 0 ,2 3 ,0 -  8 ,3 1 ( tO ,03)

a o f  p l o t  o f  lo g  v e r s u s  l o g  G-I

b r e f e r s  to  th e  e q u i l i b r iu m  (FeOH)2 , i l L  + 3L Z Felg  + 20H

Q p i l o c a r p a t e ;  pH 10.

- 2 ,0- 0 ,5
lo g  {LI

F ig u re  8 P l o t s  o f  Log •■■■p ij — v e r s u s  l_ g  { l ig a n d ]  a t  h ig h  { l ig a n d j  

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



I f  th e  hem in  c o n c e n tra C iu n  i s  v a r i e d ,  th e n  i f  th e  p ro p o se d  

e q u i l ib r iu m  h o ld s ,  a  p lo c  o f  lo g  £S'elT0T a  v e r s u s  le g  iF e J I0T  

(.1- 0 ) (w here  a  i s  th e  d e g re e  o f  t r a n s f o r m a t io n )  s h o u ld  b e  l i n e a r  

w ith  a  s lo p e  o f  0 ,5  ( a p p e n d ix  1 ) .  T h is  i s  t r u e  f o r  a l l  sy s te m s  

e x c e p t  h is t a m in e  w h ich  i s  known to  b e  u n s t a b l e  ( s e e  t a b l e  5 .4 ;  

f i g u r e  5 .9  ; t a b l e s  i n  a p p e n d ix  4 B i i ) ,

F ig u re  5 .9  P l o t  o f  l o g  fE eJ t0 T  ct v e r s u s  l o g  [ F e J ^ d - a )  a t  

h ig h  f l i g a n d )  f o r  h i s t i d i n e



T a b le  5 .4  ; Summary o f  th e  d i l u t i o n  p l . jc  r e s u l t s  w i th  hern ia  a t  

h ig h  l ig a n d  c o n c e n t r a t i o n s ;  25°C ; u  = 0 ,5

pH f lig a n tO  /M s lo p s 3 io g  ir2b

a )  h i s t i d i n e

8 ,5 0 ,0 5 0 ,4 - 1 1 ,6

9 ,0 0 ,0 5 0 ,5 - 1 1 ,1

10.0 0 ,1 0 ,5 ; 0 ,5 - 9 , 4 ; - 9 , 4 5

1 1 ,0 0 ,0 5 0 ,5 - 8 ,8

1 1 ,5 0 ,2 0 0 ,5 - 8 ,6

1 2 ,0 0 ,2 0 0 , 5 5 - 8 ,2

b )  h is t a m in e

8 ,5 0 ,0 5 0 ,2 3 - 1 2 ,7

9 ,0 0 ,0 5 0 ,3 - 1 2 ,2

1 0 ,0 0 ,1 0 0 ,3 ; 0 ,2 5 - 9 , 7 ; - 9 , 7

1 1 ,0 0 ,1 0 0 ,5 - 8 ,1

c )  p i l o c a r p a t e

8 ,5 0 ,0 0 5 O ,4 ;0 ,4 ;0 ,4 - 9 , 5 ; - 9 , 5 ; - 9 , 7

9 ,0 0 ,0 0 5 0 ,5 - 9 ,0

1 0 ,0 0 ,0 2 5 0 ,5 - 8 ,4

1 1 ,0 0 ,0 5 0 , 5 ; 0 , 5 ; 0 , 4 5 - 7 , 4 ; - 7 , 5 ; - 7 , 3

a  Of p l o t  o f  l o g  (F e J T0I,a v e r s u s  lo g  P e J ^ ( l - a )

^  r e f e r s  t o  th e  e q u i l i b r iu m  (FeOH)2 * * *L + 3L 2F eL , + 20H

Log i s  n o t  in d e p e n d e n t o f  pH w h ic h  m eans t h a t  so m e th in g  

i s  h a p p e n in g  to  th e  l i g a n d s .  H ow ever, i f  c o r r e c t i o n s  a r e  made 

f o r  th e  i o n i s a t i o n  o f  th e  -SH2 and  -OH g ro u p s  ( f r e e  and



c o o r d in a te d  r e s p e c t i v e l y ) , t h e  b in d in g  c o n s t a n t  becom es pH in d e p e n ­

d e n t  ( s e e  t a b l e  5 .5 )  ( d e r i v a t i o n s  i n  a p p e n d ix  5 ) .

T a b le  5 .5  : C o r r e c t io n  o f  th e  b in d in g  c o n s t a n t s  f o r  th e  pKas 

o f  th e  l ig a n d s

p i l o c a r p a t e

pH

11,0

1 1 ,5

1 2 ,0

8 .5

9 .0

8 .5

9 .0

1 1 ,0

lo g  lo g  K2 lo g  K1K2 lo g  K3

2 ,7

2 ,4

- 1 1 ,8  

- 1 1 ,2  

-  9 ,4

- 9 ,9

- 9 ,2

- 7 ,5

-6 ,85

- 6 ,9

- 6 ,3

- 6 ,4

- 7 ,2

- 7 ,2

- 6 ,3

-  9 ,7

-  8,1

-  9 ,0

-  8 ,4

A v e r a g e :- 6 ,6 ± 0 ,6  

- 1 0 ,3  - 5 ,2

- 9 , 55 - 6 ,2

- 7 ,1  - 6 ,3

- 5 ,5  - 5 ,4

A v e r a g e :- 5 ,5 ± 0 ,8  

- 7 ,6  - 7 ,6

- 7 , 0  - 7 ,1

- 6 ,4  - 7 ,0

- 5 ,4  - 7 ,5

A v e r a g e :- 7 ,2 ± 0 ,4

K3 r e f e r s  to  th e  e q u i l i b r iu m  (PeOH)^ + 4RX 2Fe(RX )2 + 20H 

w h ere  X ••= f o r  h i s t i d i n e ,  h i s t a m in e ;  X = OH f o r  p i l o c a r p a t e  

pKa o f  -KH^ ( f r e e )  u se d  w as 9 ,3 3  c pKa o f  -NH* ( f r e e )

u se d  w as 9 ,7 6  d pKa o f  -OH ( c o o r d in a te d )  u se d  was 1 0 .



H ence, th e  c o n ju g a te  b a s e  i n  a l l  s y s te m s  i s  s t a b i l i z e d  by th e  

r e s i d u a l  p o s i t i v e  c h a rg e  on th e  i r o n ( I I I ) ,

A s l i g h t  d i f f e r e n c e  i n  th e  s p e c tru m  above and be lo w  th e  pKa 

o f  th e  c o o r d in a te d  p i l o c a r p a t e  w as fo u n d . BeLou th e  pKa a t  

pH 8 ,5  t h e  b a nds w ere  fo u n d  a t  411 tun (111 tnM * cm 1" ) ;  534 nir.

( 1 0 ,1  mM 1 cm**'1") and 560  nm ( 8 ,5  mM * cm 1) w h ile  above  th e  pKa

a t  pH 12 Che b a n d s  w ere  a t  413 nm (113 mM ^ cm ^ ) ;  531 nm 

(1 0 ,7  t t i f 1 cm"1) and 559 nm ( 9 ,0  mM™1 cm- 1 ) .  The l a t t e r  a r e  more

s i m i l a r  t o  cy to ch ro m e  chan  th e  fo rm e r  ( t a b l e  5 . 1 ) .  H ence

n e ig h b o u r in g  g roup  i n t e r a c t i o n s  i n  th e  cy to ch ro m e  b^ c o u ld  a c c o u n t 

f o r  th e  d i f f e r e n c e  o f  t h e  b i s - h i s t i d i n e  com plex  s p e c tru m  from  

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

The d i f f e r e n c e s  i n  th e  b in d in g  c o n s t a n t s  a r e  f a i r l y  sm a ll 

(an d  am ount t o  a  maximum d i f f e r e n c e  o f  1 ,3  k J  m ole  1) and  a re  

p r o b a b ly  due  to  v a ry in g  h y d ro g en  b o n d in g  a ..d  c o u lo m b ic  e f f e c t s .

C oD parisona  o f  five b in d in g  c o n s t a n t s  i n  o th e r  a q u eo u s  o r  

m ixed  a q u eo u s  s o lv e n t s  c a n  b e  made i f  th e  b in d in g  c o n s t a n t  i s  

b ro k e n  i n t o  tw o p a r t s ,  i . e .  m c n o m e r iz a t io n  f o l lo w e d  by l ig a n d  

b in d in g .

(FeOH)-2 7=^ ' 2EeOH K ^ 1

FeOH + 2L F eL , + 0K~

Hence K.K^ = (Kp- 1 ) ^ ) 2

i s  5  1 ,2 ;  1 ,8  and 0 ,9  M 1 f o r  h i s t i d i n e ,  h i s t a m in e  snd  

p i l o c a r p a t e .  T h ese  com pare  w e l l  w i th  th e  v a lu e s  o f  fo und  i n  

44% aq u eo u s e th a n o l  (1  M 1)  and i n  m i c e l l a r  d e t e r g e n t s  

(10~2 to  101 M-1 ) . 48’49



T he q u a n t i t a t i v e  s tu d y  o f  th e  e q u i l i b r iu m  b e tw ee n  d im e r ic  hern ia  and 

h i s t i d i n e ,  h i s t a m in e  and p i l o c a r p a t e  i n  a l k a l i n e  s o l u t i o n  h a s  shown 

t h a t  th e  m a in  p r o d u c t  (412 run) i s  th e  m onom eric  b i s - l i g a n d  h em in .

The pH d e p en d e n ce  o f  th e  e q u i l i b r iu m  c o n s t a n t s  f u r t h e r  i n d i ­

c a t e s  t h a t  th e  pKa o f  th e  o f  h i s t i d i n e  and  h is t a m in e  i s

r e d u c e d  fro m  a b o u t 9 ,5  t o  l e s s  th a n  8 on c o o r d in a t io n  w h ile  th e  

pKa o f  -OH o f  p i l o c a r p a t e  i s  r e d u c e d  from  a b o u t 15 to  1 0 , on 

c o o r d in a t io n .  T h is  can  be  a s c r ib e d  to  tn e  s t a b i l i z a t i o n  o f  th e  

c o n ju g a te  b a s e  by th e  r e s i d u a l  p o s i t i v e  c h a rg e  on th e  i r o n .

We h av e  c o n firm e d  t h a t  im id a z o le  fo rm s  th e  u s u a l  412 nm s p e c i e s  

w h ic h  c o n v e r ts  to  an  u n u s u a l  435 nm fo rm . T h is  e q u i l i b r iu m  h as 

b e e n  shown to  be s h i f t e d  t o  th e  r i g h t  by i n c r e a s in g  hem in co n ce n ­

t r a t i o n  b u t  t o  t h j  l e f t  by i n c r e a s in g  th e  itn id a z o le  c o n c e n t r a t i o n ,  

b u t  l o v  c m c c -n r .- . . .  ;-.s o f  s - ip p v c s s id  i t  w h ic h  may b e  a

tray  u f  s tu d y in g  t'.ic no rm al b i s - i c i i a z o l e  hem in  in  a q u eo u s  s o l u t i o n .  

T h is  e q u i l ib r iu - . -  w as a l s o  o b se rv e d  w i th  M -m ethyl im id a z o le  a n i  was 

a f f e c t e d  i n  th e  same way. H ow ever, i t  was n o t  o b se rv e d  w i th  

2 -m e th y l im id a z o le ,  h i s t i d i n e ,  h i s t a m in e  and p i l o c a r p a t e  s u g g e s t in g  

t h a t  s t e r i c  h in d e ra n c e  p r e v e n ts  i t s  f o r m a t io n .  We c o n c lu d e  t h a t  

th e  435 nm, s p e c ie s  i s  p ro b a b ly  d im e r ic  b u t  h a s  l e s s  th a n  f o u r  

im id a z o le s  p e r  d i n e r .

A dduct f o rm a t io n  o f  th e  l ig a n d  w i th  t h e  d im er h a s  been  

o b se rv e d  i n  th e  sy s te m s  t e s t e d .  Q u a n t i t a t i v e  s t u d i e s  o f  t h i s  

e q u i l i b r iu m  (fro m  the . a l k a l i n e  hem in d im e r)  w ith  h i s t i d i n e ,  

h is t a m in e  j.nd p i l o c a r p a t e  show ed a  p H -in d e p e n d e n t a d d i t i o n  o f  one 

lig a n d  to  th e  d im e r .  B ecause  h y d ro x id e  w as n o t  l o s t ,  i t  was 

c o n c lu d e d  t h a t  th e  l ig a n d  was n o t  c o o rd in a te d  b u t  i s  f a rm in g  a



h y d ro g en  bonded  o r  d o n o r -a c c e p to r  a d d u c e .

The r e a c t i o n  b e tw ee n  th e  m onom eric  h e ra in - c a f f e in e  and  low 

c o n c e n t r a t i o n s  o f  im id a z o le  o r  h i s t i d i n e  shows th e  f o rm a t io n  o f  

a d d i t i o n a l  c o m p lex (e s )  b e fo r e  th e  n o rm al 412 tm  s p e c : a s .  T hese  

in t e r m e d i a t e s  show s p e c t r a  s i m i l a r  t o  t h a t  o f  th e  d im e r ic  he m in - 

c a f f e i n e .  T h e re  a p p e a rs  t o  b e  no s i g n i f i c a n t  am ount o f  th e  mono­

im id a z o le  c o m p lex . H ence  one o f  th e  r o l e s  c f  th e  p r o t e i n  i n  

p e r o x id a s e ,  s o r  ex am p le , i s  t o  s t a b i l i z e  th e  m o n o -im id az o le  fo rm , 

a s  < K2 i n  aq u eo u s s o lu t io n  a s  v e i l  a s  i n  o r g a n ic  s o lv e n t s .

The s p e c t r a  o f  th e  b i s - h i s t i d i n e  and  o th e r  b i s —lig a n d  

co m p lex es ( w i th  a n a lo g u e s )  a r e  v e ry  s i m i l a r  t o  t h a t  o f  cy to ch ro m e  

t y .  The d i f f e r e n c e s  may b e  e x p la in e d  by n e ig h b o u r in g  g roup  

i n t e r a c t i o n s  a s  shown by  th e  s l i g h t  s p e c t r a l  c h a n g e s  above and 

b e lo w  th e  pKa o f  -OH on c o o rd in a te d  p i l o c a r p a t e .



CHAPTER 6 -  STUDY OF THE REDUCTIOK OF B. , .  BY DITHIOTHREITOL

6 .1  I n c r o d u c t io n

B1 2 a  j‘s a  u s e f u i  n o d e l f o r  b e m o p ro c e in s  i n  w h ic h  one  im id a z o le  i s  

c o o r d in a te d .  H ence Che maomeric h '-m ins and  B ^ ,a  w i l l  b e  s tu d i e d  

in  p a r a l l e l .  r e d u c t io n  i s  d is c u s s e d  h e re  w h ile  f i a t  o f  th e

m onom eric  hem ins i s  d is c u s s e d  i n  C h a p te r  7 ( a s  m ore i s  known a b o u t 

B^2a ) A n  u n d e rs t a n d in g  o f  r e d u c t io n  is n e c e s s a r y  to  u n d e rs ta n d  

th e  r a t e  o f  0^  u p ta k e  (C h a p te r s  8 ,  9 ) .

T h io l s  have  be en  u se d  a s  t h e  r e d u c in g  a g e n ts  b e c a u se  th e y  a re  

m ild  and  b e c a u se  th e y  a r e  im p l ic a te d  in  th e  m echanism  o f  c y to ­

chrom e P 4 5 0 . S I t  i s  w e l l  known t h a t  t h i o l s  r e a d i l y  c o o r d in a te  

t o  B p a and t h a t  th e  r a t e  o f  r e d u c t io n  to  C o ( I I )  i n c r e a s e s  w i th  

pH, b u t  no  C o (I)  h a s  e v e r  b e e n  o b s e rv e d . ^ A q u a n t i t a t i v e  

s tu d y  ^  on th e  r e a c t i o n  o f  w i th  c y s t e i n e  h a s  l a r g e l y

fo c u s e d  on c o o r d in a t io n ,  b u t  i t  was n o te d  t h a t  r e d u c t io n  r e q u i r e d  

m o th e r  c y s t e i n e  i n  a d d i t i o n  t o  th e  one  c o o r d in a te d ,  and was o n ly  

o b se rv e d  above  pH 7 ,2 ,

D i t h i o t h r e i t e l  (F ig u r e  6 .1 )  can  r e d u c e  ^  b u t  no

h s c h 2c h c h c h 2 s h

F ig u re  6 .1  D i t h i o t h r e i t o l



q u a n t i t a t i v e  s t u d i e s  h a v e  been, c a r r i e d  o u t  w i th  t h i s  t h i o l  o r  

a p p a r e n t l y  w i th  any o th e r  d i t h i o l .  D i t h i o l s  a r e  o f  i n t e r e s t  a s  i t  

i s  known t h a t  some p r o t e i n s  c o n ta in  two t h i o l  g ro u p s  c lo s e  to  eac h  

o t h e r  w h ich  a p p e a r  t o  a c t  in  c o n c e r t , o n e  o f  th e  f u n c t i o n s  o f  

t h e s e  g ro u p s  b e in g  to  t r a n s f e r  e l e c t r o n s .

I t  was shown t h a t  th e  r e d u c t io n  o f  FeTPP by t h i o l s  i n  t o lu e n e  

r e s u l t s  i n  th e  q-. - i t i t a t i v e  f o rm a t io n  o f  t h e  d i s u l p h id e .

T h is  was a l s o  shown to  be th e  c a s e  i n  th e  o x id a t io n  o f  t h i o l s  by 

0 ,  c a t a ly s e d  by a q u o cynnocob inam ide  i n  aq u eo u s s o lu t io n  71 and

h e n c e  w i l l  b e  assum ed to  be th e  same h e r e .

The a im s o f  t h i s  c n a p te r  a r e  t o  s tu d y  th e  k i n e t i c s  o f  r e d u c ­

t i o n  o f  B p  by d i t h i o t h r e i t o l  q u a n t i t a t i v e l y  and  to  p ro p o se  a

m echanism . By c o m p ariso n  w ith  th e  r e s u l t s  o f  Home and  F e n d le r  on 

c y s te in e ^ " 1 th e  e f f e c t  o f  th e  n e ig h b o u r in g  t h i o l  g ro u p  w i l l  b e  

e x am ined .

I n  c o n s id e r in g  th e  m echanism , i t  m u st be b o rn e  i n  m ind  t h a t  

i t  may be  in n e r  o r  o u t e r  s p h e re  and t h a t  t h e  h o m o ly t ic  f i s s i o n  o f  

t h e  Co-S bond may b e  a s s i s t e d  by  a n o th e r  t h i o l  g roup  to  g iv e  th e  

tw o - c e n t r e  t h r e e - e l e c t r o n  bond s p e c i e s  ( f i g u r e  6 .1 )  o r  may b e  

u n a s s i s t e d  t o  g iv e  th e  t h i o l  r a d i c a l .

6 .2  R e s u l t s

6 .2 .1  Q u a l i t a t i v e  c h an g e s

I n  p r e l i m in a r y  e x p e r im e n ts ,  th e  s p e c t r a l  c h a n g e s  w h ich  o c c u r  on 

a d d in g  d i t h i o t h r e i t o l  to  B^2a u n d e r  w ere  in v e s t i g a t e d  be tw een  

pH 1 and  1 2 . I n  a l l  c a s e s  C o ( l l )  c o r r i n o i d  was o b ta in e d .  B elow  

pH 3 th e  p r o d u c t  b a n d s  w ere  a t  315 nm; 400 nm ( s h o u ld e r ) ; and 

470  nm w hich  a r e  th e  b ands o f  th e  b a s e  o f f  G o (I I )  c o r r in o id  

(315 nm; M 0 5  nm; 470  nm) ® ( i . e .  th e  b e n z im id a z o le  g roup  becom es



p r o to n a c e d  (pKa 2 ,9 )  101 and  d i s s o c i a t e s  from  th e  c o b a l t ) .  Above 

pH 3, th e  p r o d u c t  b a n d s  w ere  a t  312 nm; 405 nn  and  474 nm w h ic h  a re  

t h e  b a s e  on  C o ( I l )  c o r r in o id  b ands (3 1 2 ,5  nm; 405 nm and  473 nm ).*  

The i n t e r m e d i a t e  s p e c t r a  d i f f e r  i n  a c id  (pH <  6) and a l k a l i n e  

(pH >  7) s o l u t i o n .

F ig u re  6 .2  S p e c t r a l  c h a n g e s  o ccv . .g  on a d d i t i o n  d i t h i o t h r e i t o l  to  

BU a  a t  pH 4,0  u n d e r  6 ,5 x lO ~ 5M 1x10~3M d t t ;  25°C ;U =0,1

  B12a’ " * * 3 0 s  and 3 ,5  m in u te s  a f t e r  m ix in g ; ----- f i n a l  p r o d u c t

( a f t e r  40 m in u te s )



F i g u r e  6 .2  show s t y p i c a l  c h a n g e s  o c c u r r in g  i n  a c id  s o l u t i o n ,  

w h ic h  do n o t  show i s o s b e s t i c  p o in t s  e x c e p t  i n  t h e  l a t t e r  p a r t  o f  

th e  r e a c t i o n  a t  332 ran; 392 ran; 498 ran. ( I n i t i a l  b a n d s  w ere  fo und  

a t  350 ran; 410 ran; 500 ran; a n d  526 nm and a r e  th o s e  o f  th e  

a q u o co b a lam in  (351 ran; 411 ran; 500 nm and 527 nm .) I n te r m e d ia t e  

b a n d s  a r e  e v id e n t  a t  370 nm; 532  nm and  552 nm w h ic h  c o rr e s p o n d  

t o  th o s e  o f  th e  t h io l a to c o b a la m in  (370  nm; 532 nm; 552 n m ). ^

0 , 6

,4

F ig u re  6 .3  S p e c t r a l  c h a n g e s  o c c u r r in g  on a d d in g  d i t h i o t h r e i t o l  t o  

B12a aC pH 8’ °  u n d e r  3x10 5M B1 2 a ;2 x lO  S i  d t t ;  25°C ;!I=0 ,1

  - - " 3 , 5  and  10 m in u te s  r e s p e c t i v e l y  a f t e r  m ix in g ;

  f i n a l  p r o d u c t  ( a f t e r  40 m in u te s )



F ig u re  6 .3  shows t y p i c a l  c h a n g e s  o c c u r r i n g  i n  a lk a l i n e ,  s o lu ­

t i o n  w here  i s o s b e s t i c  p o in t s  a r e  found  a t  337 me; 372 nm; 490 nm 

and  568 nm th r o u g h o u t .  So th io l a to c o b a l a m i n  b a n d s  a re  e v id e n t .

T he i n i t i a l  b a n d s  a t  357 am; 420 nm; 514 nm and  536 nm a t  pH > 8 

c o rr e s p o n d  Co th o s e  o f  th e  h y d ro x o co b a lam in  (358 nm; 421 nm; 516 nm 

a n d  537 nm ), 102

6 .2 .2  Q u a n t i t a t i v e  k i n e t i c  s tu d i a s

T he k i n e t i c  s t u d i e s  w ere  c a r r i e d  o u t  u s in g  V V -v is ib le  s p e c t r o ­

p h o to m e try . The a b so rb a n c e  c h an g e s  a t  474 nm ( a  b and ) w ere

f o l lo w e d  a s  a  f u n c t i o n  o f  t im e ,u n d e r  p se u d o  f i r s t  o r d e r  c o n d i t io n s  

i n  B^2r > u n d e r  a n a e ro b ic  c o n d i t i o n s .  A ll  th e  r u n s  gave  p se u d o  f i r s t  

o r d e r  k i n e t i c s .

M ost o f  th e  r u n s  g av e  m o n o p h a s ic  k i n e t i c s  o v e r  f o u r  h a l f  

l i v e s  and  i n  t h e s e  c a s e s  kobg was d e te rm in e d  fro m  a  p l o t  o f  

InXA^-A) vs r  (w here  Am -  a b so rb a n c e  a t  i n f i n i t e  t im e , A = 

a b so rb a n c e  tim e  t ,  t  = tim e )  ( t = - s l o p e ) .  A t pH 4 and 5

th e  r u n s  w ere  b ip . ia s ic  w h ile  a t  h ig h e r  d i* :h i c c h r e i to l  c o n c e n t ra ­

t i o n s  a t  pH 6 ,0  th e y  w ere  t r i p h a s i c  ( lo w e r  d i t h i o t h r e i t o l  co n ce n ­

t r a t i o n s  a t  pH 6 ,0  g a v e  b i p h a s i c  k i n e t - c s ) . By c u rv e  s t r i p p i n g ,  

th e  o b se rv e d  r a t e  c o n s t a n t s  c an  b e  e v r ' - u t e d  f o r  th e  d i f f e r e n t  

p h a s e s .

T h ere  was an  in d u c t io n  p e r i o d ,  L . . r .g th  o f  w h ich  was

d e p e n d e n t on th e  oxygen  c o n c e n t r a t i c ' - t i a  w as m in im ise d  by 

f l u s h in g  th e  s o l u t i o n s  w i th  Ng and  mi U in in g  th e  r e a c t i n g  sy s te m  

u n d e r  and was r e d u c e d  to  < 20% o f  th e  r e a c t i o n  tim e .

The s ta n d a r d  d e v ia t i o n s  w i th in  a  ru n  w ere  w i th in  2% w h ile  th e  

d e v ia t i o n  be tw ee n  d i f f e r e n t  r u n s  was w i th in  6% when t h e r e  was 

m in im al o r  c o n s ta n t  t r a c e  m e ta l  c o n ta m in a t io n .

#



The de p en d e n ce  o f  th e  r a t e  on pH and on th e  d i t h i o t h r e i t o l  

c o n c e n t r a t i o n  was d e te rm in e d  in  t h e s e  s t u d i e s .

The q u a l i t a t i v e  s t u d i e s  i n d i c a t e  a  d i f f e r e n c e  i n  s p e c t r a l  

c h a n g e s  i n  a c id  and  a l k a l i n e  s o l u t i o n .

I n  a c id ,  th e  B ^ ^ - t h i o l a t e  was fo rm ed r a p i d l y  f o llo w e d  by  a 

r e l a t i v e l y  s low  c o n v e r s io n  t o  B^2 r '

I n  a l k a l i n e  s o l u t i o n ,  t h e r e  w ere  i s o s b e s t i c  p o in t s  be tw ee n  

th e  i n i t i a l  and f i n a l  s p e c i e s  w h ic h  im p l ie s  th e  a b se n c e  o f  any  

s i g n i f i c a n t  am ount o f  in t e r m e d i a t e .  The r e d u c t io n  c o u ld  be o u te r  

sp h e re  b u t  i f  i t  i s  i n n e r  s p h e r e ,  a s  a t  low  pH, th e  c o o rd in a t io n  

o f  t h i o l a t e  m ust b e  s lo w  and th e  r e d u c t io n  f a s t .

H ence to  u n d e rs ta n d  t h i s  s y s te m ,b o th  r e g io n s  m ust b e  s tu d i e d .  

H ow ever, th e  r e g io n  be lo w  pH 3 i s  n o t  o f  much i n t e r e s t .  The 

s p e c t r a  i n d i c a t e  t h a t  in  t h i s  r e g io n ,  th e  b a s e  o t f  was th e

p r o d u c t  and  b e c a u se  o f  t h e  s t r o n g  t r a n s  e f f e c t  o f  RS~ * , th e  

B12a- t h i o l a t e  may a l s o  be b a se  o f f .  The p u rp o s e  o f  s tu d y in g  th e  

k i n e t i c s  o f  was to  s im p l i f y  th e  sy s te m  b e c a u se  o f  th e

p r e s e n c e  o f  o n ly  one c o o rd in a t io n  s i t e  and  a t  pH < 3  t h i s  may 

no  lo n g e r  b e  th e  c a s e .

6 - 2 .2 .1  pH p r o f i l e

T a b le  6 .1  and  f i g u r e  6 .4  show th e  v a r i a t i o n  o f  k obg w ith  

p H .



F ig u re  6 .4  E f f e c t  o f  pH on f o r  th e  r e d u c t io n  o f  B^2 a  by

d i t h i o t h r e i t o l ;  6 ,5 x lO ~ 5M B1 2 a 5 l x l o '3M d t t ;  25nC ;y = 0 ,l  

(u n d e r  N . ) ; 6  k  . : x  k  ; A k . .



T a b le  6 .1  : The e f f e c t  o f  pH on Che r a t e  o f  r e d u c t io n  o f  B^2 a  by 

d i t h i o t h r e i t o l ,  £B12a3 = 6 ,5 x 1 0  5>i; p t t j  = 1x10 hi; 

25°G; y  -  0 ,1

PB (R )C R eg ion

1 ,1 0 1 ,9 3 ( 0 ,9 9 8 6 ) '

1 ,1 0 2 ,1 7 (0 ,9 9 8 8 ) A

2 ,0 0 1 ,9 3 (0 ,9 9 8 7 )

3 ,0 4 1 ,3 5 ( 0 ,9 9 8 4 ) '

3 ,3 3 1 ,3 8 (0 ,9 9 3 9 )_ B
4 ,0 0 1 ,9 6  -, 0 ,6 8 ( 0 ,5 5 9 ) b

6 ,0 0 1 4 ,9  ;  1 ,8 9 ( 0 ,9 9 9 ) b

7 ,0 0 9 ,1 0 (0 ,9 9 9 2 )

7 ,0 0 8 ,7 2 (0 ,9 9 9 5 )

8 ,0 0 1 8 ,3 2 (0 ,9 9 9 4 )

8 ,2 5 2 2 ,0 8 (0 ,9 9 8 2 )

8 ,4 0 2 6 ,6 6 (0 ,9 9 9 0 )

8 ,5 0 2 7 ,2 0 ( 0 ,9 9 6 6 )

8 ,5 0 2 8 ,1 2 (0 ,9 9 8 0 ) c
8 ,6 0 2 4 ,7 4 (0 ,9 9 6 4 )

8 ,7 5 2 3 ,1 5 (0 ,9 9 3 3 )

9 ,0 0 17 ,65 (0 ,3 9 9 9 )

1 0 ,0 0 5 ,7 9 (0 ,9 9 8 8 )

1 0 ,52 2 .0 1 (0 ,9 9 3 3 )

1 1 ,0 0 1 .0 3 (0 ,9 9 9 0 )

1 1 ,5 0 0 ,3 5 ( 0 ,9 9 8 4 )  _

1 2 ,0 0 0 ,1 1 (0 ,9 9 8 7 )

12 ,88 0 .1 1 (0 ,9 9 8 6 ) D
1 3 ,7 4 0 ,1 1 (0 ,9 9 9 0 )  .

a  o b ta in e d  from  - s lo p e  o f  s e m ilo g  p l o t  

b  o b ta in e d  fro m  c u rv e  s t r i p p i n g  o f  s e m ilo g  p l o t

c  R i s  t h e  c o r r e i a t io T i  c o e f f i c i e n t



As th e  k i n e t i c s  a r e  com plex  b e tw ee n  pH 4 and  6 , t h e  k i n e t i c  

s tu d y  i n  a c id  w i l l  b e  fo c u s e d  on th e  pH 3 r e g io n  w here  th e  k i n e t i c s  

a r e  m onophasic  ( r e g io n  B ) . The o t h e ' r e g io n  o f  i n t e r e s t  i s  b e tw een  

pH 7 and  pH 12 ( r e g io n  C ) . A t pH )  12 , becom es pH in d e p e n d e n t

6 .2 .2 .2  pH 3 r e g io n  ( r e g io n  3)

A c o m p a riso n  o f  t h e  k _ ^  a t  pH 3 ,0 4  and pH 3 ,3 3  b le  6 .1 )  i n d i ­

c a t e s  t h a t  i n  t h i s  r e g io n ,  k _ ^  i s  in d e p e n d e n t  o f  pH, i . e .  in d e p e n ­

d e n t  o f  b o th  H and  OH c o n c e n t r a t io n s .  T a b le  6 .2  show s t h a t  k  . 

i s  a l s o  in d e p e n d e n t  o f  th e  t h i o l  c o n c e n t r a t i o n .

T a b le  6 .2  t The e f f e c t  o f  th e  

r a t e  o f  r e d u c t io n  

6 ,5  x 10™5M B1 2 a ;

d i t h i o t h r e i t o l  c o n c e n t r a t io n  on th e  

o f  B^2 a  b y  d i t h i o t h r e i t o l  a t  pH 3 ,2 0 : 

U •  0 ,1 ;  25°C .

103 [ d i t h i o t b r e i t o l %  M

1 ,0 1 ,4 7 0 ,9 9 8 9

2 ,5 1 ,4 2 0 ,9 9 9 0

5 ,0 1 ,4 2 0 ,9 9 9 3

1 ,0 0 0 ,9 9 9 6

E ven a t  1x10 CuSO, and  1x10 3M EDTA th e  r a t e  was u n a f f e c te d  

(k ob s  w as 1 ,3 5 x 1 0  2 s * and 1 ,3 9 x 1 0  2 s  1 r e s p e c t i v e l y )  u n l ik e  th e  

e f f e c t  o f  th e  same c o n c e n t r a t i o n s  i n  th e  a l k a l i n e  r e g io n  ( s e e

The k Qbs f o r  th e  r e d u c t io n  o f  by m e rc a p to e th a n o l  a t  pH 5

was fo u n d  to  b e  3x10 3 s  ^ w i th  0,38M  m e rc a p to e th a n o l .  The 

th io l a to c o b a l a m i n  wa= o b se rv e d  w i th in  2 0 s  (b an d s  a t  370 nm; 533 nm



and  553 ran), i n d i c a t i n g  a  s lo w  r e d u c t io n ,  b u t  r e l a t i v e l y  f a s t  

c o o rd in a t io n .

6 .2 .2 .3  pH 7 -  12 r e g io n  ( r e g io n  C) 

a )  E f f e c t  o f  pH

T he pH p r o f i l e  o f  th e  r a t e  o f  r e d u c t io n  o f  t h i s

r e g io n  i s  b e l l - s h a p e d  im p ly in g  tw o o p p o s in g  pH e f f e c t s ,  f o r  exam­

p l e  b e tw een  th e  c o n ju g a te  b a s e  o f  one  r e a g e n t  and  th e  c o n ju g a te  

a c id  o f  th e  o th e r .  B o th  B^ 2 a  and d c t  i o n i s e  i n  t h i s  pH r e g io n  

w i th  pK as 7 ,6  ® and 9 ,1 2 ;  1 0 ,1 5  r e s p e c t i v e l y .  H ence th e  tw o 

p o s s i b i l i t i e s  a r e  Co-H^O + RS o r  Co-OH + RSH. As RS i s  m ore  

e f f e c t i v e  th a n  RSH a s  a  r e d u c in g  a g e n t  and  Co-OH^ m ore  e f f e c t i v e  

th a n  Co-GH a s  an  o x id i s in g  a g e n t ,  th e  f i r s t  a l t e r n a t i v e  w i l l  be  

fo c u s e d  on .

^ o b s  c an  be  c o r r e c t e d  f o r  b o th  th e  f r a c t i o n  o f  a q u o co b a lam in  

and  t h i o l a t e  p r e s e n t  a t  e a c h  pH. F ig u re  6 .5  shows th e  p l o t  o f  

^ o b s  c o r te c t :e d  f o r  che f r a c t i o n  o f  a q u o co b a lam in  p r e s e n t  (k c o r r ) 

a s  a  f u n c t i o n  o f  pH. The m id p o in t  o f  th e  c u rv e  l i e s  a t  pH 1 0 ,1 .

C o r r e c t in g  f o r  th e  p r e s e n c e  o f  t h i o l a t e  p r e s e n t  a t  e a c h  

pH i s  m ore t r i c k y  b e c a u se  o f  th e  two t h i o l  g ro u p s . I t  was fo u n d , 

h o w ev e r, t h a t  d iv id i n g  by e i t h e r  th e  f r a c t i o n  o f  s-R -SH  o r  

S-R -S p r e s e n t  d id  n o t  g iv e  a  c o n s t a n t  v a lu e  a t  a l l  pHs i n  t h i s  

r e g io n ,  b u t  t h a t  d iv id i n g  by ( t h e  f r a c t i o n  o f  S-R-SH + th e  

f r a c t i o n  o f  S-R -S ) d id .  The im p l i c a t i o n  o f  t h i s  i s  t h a t  

d o e s  n o t  d i s c r i m i n a t e  b e tw ee n  S-R-SH  and  S -R -S  i n  t h e  r a t e  

d e te r m in in g  s t e p .  The c o r r e c t e d  f o r  b o th  th e  f r a c t i o n  of

a q u o co b a lam in  p r e s e n t  and  th e  f r a c t i o n  o f  t h i o l a t e  (b o th  ty p e s )  

i s  shown i n  t a b l e  6 .3 .
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F ig u re  6 .5  V a r i a t i o n  o f  k  ( i . e .  k  . c o r r e c t e d  c o r r  obs

assu m in g  o n ly  a q u o co b a lam in  r e a c t s )  w i th  pH



T a b le  6 .3  : C o r r e c t io n  f o r  t h e  f r a c t i o n  o f  a q u o co b a lam in

and  th e n  f o r  th e  f r a c t i o n  o f  t h i o l a t e

7 .0 0  8 ,9 1

8 .0 0  1 8 ,3 2

8 ,2 5  2 2 ,0 8

8 ,4 0  2 6 ,6 6

8 ,5 0  2 7 ,6 6

8 ,6 0  2 4 ,7 4

8 ,7 5  2 3 ,1 5

9 .0 0  1 7 ,65

1 0 .0 0  5 ,7 9

1 0 ,5 2  2 ,0 1

1 1 .0 0  1 ,0 3

1 1 ,5 0  0 ,3 5

1 2 .0 0  0 ,1 1

0 ,1 1 2  14 ,85

0 ,6 4 3  9 ,0 5

1 ,2 1  1 0 ,0

1 ,9 5  1 2 ,0

2 ,4 7  1 2 ,5

2 ,7 2  1 1 ,5

3 ,5 1  1 1 ,4

4 ,6 5  1 0 ,3

1 4 ,4 8  1 5 ,6

1 6 ,7 5  1 7 ,0

2 5 .5  2 5 ,8

2 7 .8  2 7 .8

2 7 .5  27 ,5

[ » h / [ ( « * ) « , ]

d i s s o c i a t i o n  o f  a  p r o to n  f r t

'"RSH-RS '■r s - r s  ** 1 +

f RS-RS“  = f RSH-RS —
( H J

(K^ and  a r e  t h e  f i r s t  and se co n d  a c id  d i s s o c i a t i o n  c o n s t a n t s  f o r

th e  t h i o l s  on d i t h i o t h r e i t o l , pK = 9 ,1 2  ; pK , = 10 ,15



W  E f f e c t  o f  th e  d i t h i o t h r e i t o l  c o n c e n t r a t i o n  o

The e f f e c t  o f  th e  d i t h i o t h r e i t o l  c o n c e n t r a t io n on k Qbg i s  shown in

t a b l e  6 .4

T a b le  6 .4  : The e f f e c t  o f  d i t h i o t h r e i t o l  c o n c e n t r a t i o n  on th e  r a t e

o f  r e d u c t io n  o f  by d i t h i o t h r e i c o l  a t  pH 8 ,6  i n  t h e

p r e s e n c e  o f  EDTA; 6 ,5 x 1 0 2x1 0 "3M EDTA;

U -  0 ,1  ; 25°C

102 f d i t h i o t h r e i t o l J  ;'l ko b s 'S ^ R
0 ,1  0 ,0 1 6 9 0 ,9 9 9 1

1 ,0  0 ,1 0 2 0 ,9 9 9 6

2 ,5  0 ,3 0 5 0 ,9 9 9 6

5 ,0  0 ,5 1 9 0 ,9 9 9 5

7 ,0  0 ,7 0 8 0 ,9 9 9 4

10,0 0 ,9 9 9 3

The p l o t  o f  kQk s  a g a i n s t  d t t  c o n c e n t r a t i o n i s  shown in

f ig u r e  6 .6 .  I t  i s  l i n e a r  w ith  s lo p e  -  1 0 ,5  M 1 s " 1 (Sd  = 0 , 3 ) .

The s lo p e  i s  a  se co n d  o r d e r  r a t e  c o n s ta n t and c an  be

c o r r e c t e d  f o r  th e  f r a c t i o n  o f  a q u o co b a lam in  and  b o th  ty p e s  o f

t h i o l a t e .

kc o r r  <-s l o Pe c o r r e c d e d  f o r  Che f r a c t i o n  o f  a q u o co b a lam in )

= 115 M_1 s _1

k ' o r r  (k c o r r  c o r r e c t e d  f o r  f r a c t i o n  o f  RS -• RSH + RS -  RS )



,k

F ig u re  6 .6  D ependence o f  th e  - a t e  o f  r e d u c t io n  o f  by

d i t h i o t h r e i t o l  on th e  d i t h i o t h r e i t o l  c o n c e n t r a t io n  a t  

pH 8 ,6  ( i n  th e  p r e s e n c e  o f  2x10 ^ M EDTA);

6 ,5 x 1 0  ^  M B^2 a  ; 25°C ; U ■ 0 ,1  (u n d e r  S2 )

The l i n e a r  d e pendence  o f  kobg on th e  d t t  c o n c e n t r a t io n  i s  

c o n s i s t e n t  w i th  b o th  an in n e r  and  o u te r  sp h e re  m echanism . However, 

k c o r r  ^a l3-s  w i th in  th e  ran g e  o f  second  o r d e r  r a t e  c o n s ta n t s  104 

r e p o r te d  f o r  th e  c o o r d in a t io n  o f  v a r io u s  l ig a n d s  (200 -  2000 M  ̂

s  *") even  when h a lv e d  b ecau se  two t h i o l  g ro u p s  a r e  p r e s e n t  and t h i s  

le n d s  s u p p o r t  to  an in n e r  sp h e re  m echanism .



c) E f f e c t  o f  CuSO, a ad  EDTA on Che r a c e

T a b le  6 .5  shows Che e f f e c t  o f  CuSO^ and EDTA on Che r a t e  o f  

r e d u c t io n  at pH 8 ,5 .  I t  c an  b e  se en  t h a t  CuSO^ in c r e a s e s  th e  r a t e  

by  a p p ro x im a te ly  a  f a c t o r  o f  two w h ile  EDTA d e c r e a s e s  i t  by a b o u t 

th e  same am ount. B oth  show a  l i m i t i n g  e f f e c t .

T a b le  6 .5  : E f f e c t  o f  Ci'SO^ and EDTA on th e  r a t e  o f  r e d u c t io n  

o f  by d i t h i o t h r e i t o l  a t  pH 6 ,5 0 ;  5x10 3M d t t ;

6 ,5 x 1 0 5 M B1, a ; 25°C ; p  = 0 ,1  (u n d e r  N^)

104 fC uS0,]> M
w 1

io 4 {edtaJ ,  m ■"1
0 0 ,1 3 0 0 ,1 3

1 ,0 0 ,1 7 2 0 ,0 8 8

4 ,0 0 ,2 0 4 0 ,0 6 3

1 0 ,0 6 0 ,0 6 4

AC pH 9 , 6x10 S i  c y s te a m in e  r e d u c e d  (k Qbs 1x10 3 s 1) ,

ev en  i n  th e  p r e s e n c e  o f  5x10 S i  EDTA ( k ^  9x10 4 s i n  c o n f l i c t  

w i th  C a v c d l in i 's  r e s u l t s .  ir>5 As found  above C u ( I I )  in c re a s e d  th e  

r a t e  (kQbs in  th e  p r e s e n c e  o f  5x10 CuSO, was 2x10 3 s  1) . 

S im ila r  r e s u l t s  w ere  found  w i th  c y s t e i n e ,  m e rc a p to e th a n o l and 

p e n ic i l l a m in e .  T hese  r e s u l t s  show c h a t  C race  m r c a ls  such  a s  Cu“+ 

do in c r e a s e  th e  r a t e ,  hue a r e  n o t  e s s e n t i a l  a s  EDTA d id  n o t 

t o t a l l y  i n h i b i t  th e  r e a c t i o n .  H ence th e r e  a re  i n t r i n s i c  r e a c t i o n s  

b e tw een  and t h i o l s .



120.

6 .3  D is c u s s io n

The kinetics of Che reduction of 2^, by dithiochreitol differ in 

acidic and basic solutions.

I n  a c i d i c  s o l u t i o n s ,  s p e c t r a !  s t u d i e s  show a  r a p id  fo rm a tio n  

o f  C o * ^ - th io la C e ,  fo llo w e d  by  a  r e l a t i v e l y  s lo w  f o rm a tio n  o f  Co**. 

T h is  im p l ie s  t h a t  th e  r a t e  o f  c o o r d in a t io n  i s  g r e a t e r  t-.han th e  

r i t e  o f  r e d u c t io n  and t h a t  th e  r e a c t i o n  i s  m o st l i k e l y  in n v  •

In  a l k a l i n e  s o l u t i o n s ,  no Co1 1 ' —- h i o l a t e  i n te r m e d ia te  i s  

e v id e n t  w hich  m eans e i t h e r  t h a t  th e  r a t e  o f  c o o rd in a t io n  i s  s lo w e r  

th a n  th e  r a t e  o f  r e d a c t i o n  n r  e l s e  th e  r e a c t i o n  i s  o u te r  sp h e re .

T:; th e  a c id  r e g io n ,  th v  fo c u s  w i l l  b<- on th e  pH 3 re g io n  

( re g io n  B ) . Above t h i s  pH, th e  k i n e t i c s  become com plex , w h ile  

b e lo u  t h i s  pH, s o r e  th a n  one c o o r d in a t io n  s i t e  c a y  be a v a i l a b l e  

( th e  b.isii o f f  B ,s i s  f o r s c d  .in.i th o  b a se  o f f  CoI I I - t h i c l a t =  may 

be in v o lv e d  b e ca u se  oi" th e  s tr o n g  t r a n e  e f f e c t  o f  t h i o l a t e )

( re g io n  A ).

I n  th e  a l k a l i n e  r e g io n ,  th e  fo c u s  w i l l  b e  on pHs be tw een  7 and 

12 ( re g io n  C ). A t pH > 12 ( re g io n  D ) , th e  r a t e  becom es in d e p e n d e n t

pH 3 r e g io n  ( re g io n  B)

A t pH 3 s p e c t r a l  s t u d i e s  show t h a t  th e  r a t e  d e te rm in in g  s te p  i s  th e  

r e d u c t io n  o f  C o " ^ - d t t  to  Co** a s  th io l a to c o b a la m in  was form ed 

r a p id l y  b u t  c o n v e r te d  to  Co ( I I )  s lo w ly . The r a p id  r a t e  o f 

c o o rd in a t io n  o f  d t t  r e q u i r e s  t h a t  r e a c t  w i th  th e  u n d is s o c ia te d

t h i o l  r a t h e r  th a n  th e  t h i o l a t e  w hose c o n c e n t r a t i o n  i s  v e ry  sm a ll 

a t  pH 3 (b in d in g  o f  t h i o l a t e  w ould r e q u i r e  th e  r a t e  c o n s ta n t  f o r  

b in d in g  to  be >  2 x l0 5 w hich  i s  one hun d red  f o ld  l a r g e r  th a n  o th e r



r e p o r te d  v a lu e s  f o r  c o o r d in a t io n  t o  a q u o c o b a la m in ) . 10<* The 

b in d in g  o f  t h i o l  i s  p r o b a b ly  fo llo w e d  by a r a p id  p r o to n  lo s s  to  

g iv e  th e  c 0I I I - t h i o l a t i - S u p p o r tin g  t h i s  i s  t h e  a p p a r e n t  pH 

in dependenc .1 o f  t h e  B ^ ^ - c y s t e i n e  sp e c tru m . ^

The q u a n t i t a t i v e  s tu d i e s  shu ;d  t h a t  th e  r a t e  was f i r s t  o r d e r  

i n  B^2 q , Z '- o  o r d e r  i n  d t t  and in d e p e n d e n t o f  pH, and  k . ^  =

( 1 ,3 5  ± 0 ,1 )  x  10 '  s  1 . B ecause  o f  th e  r a p id  c o o rd in a t io n  o f

d t t ,  t h e  r a t s  law  c a n  be w r i t t e n  a s :

■ “o b s  rCom - d te 3  

The r a t e  o f  r e d u c t io n  o f  B^2a by m e rc a p to e th a n o l  i s  c o n s id e r a b ly

s l o w r  ( a t  pH 5 was 3x10 ^ s 1 w ith  0,38M  m e rc a p to e th a n o l) .

T h is  im p l ie s  t h a t  thfc second  t h i o l  g roup  (p re su m a b ly  u n d is s o c ia te d )  

m ust be r e s p o n s i b le  f o r  in c r e a s in g  th e  r.'.ce j f  r e d u c t io n .  S u p p o r t­

in g  t h i s  i s  th e  r e p o r t  by None and  F e n d le r " th a t  a  second  t h i o l  

j r o u ?  i s  in w lv t i : :  in  th e  r t id u c t ic n  o f  B, ^ by c y s t e i n e  and a ls o

e v id ^ n c v  Z-V V,S ----- :iV. ; L e a ls  t-.iii.::; sc i’f c i l iz e  th e  r a d i c a l .

(F o r  th e  e q u i l ib r iu m  RS' + RS" RS— SR k f  -  3% 10* M*1 s -1

k r  »  8x10^ a 1 f o r  c y s t e i n e . )

P o s s ib l e  m echanism s a re :

- ro d u c ts



M echanism  c i s  u n l ik e ly  b e c a u se  o f  Che s t r o n g  d o no r e f f e c t  of 

RS on th e  Co and h e n ce  a  h ig h  e l e c t r o n  d e n s i ty  on th e  r i n g .

I n  m echanism s a and b th e  f u r t h e r  r e a c t i o n s  a r e  f a s t  1,06 

(k  f o r  r e a c t i o n  o f  ty o  t h i o l  r a d i c a l s  i s  1,7x10®  M 1 s  ^  65 

p r o to n  t r a n s f e r s  a r e  u s u a l ly  r a p id )  and h e nce  th e  k i n e t i c s  c a n n o t 

d i s t i n g u i s h  b e tw een  them . H ow ever, a s  th e  p r o to n a t e d  d is u lp h id e  

i s  n o t  known, m echanism  a i s  Che p r e f e r r e d  o i e .  (Some o f  th e  

c o m p lic a t io n s  i n  th e  pH 4 -  6 r e g io n  c o u ld  b e  due t o  th e  pKa ( 5 ,5 )  

o f  th e  dec r a d i c a l .  

pH 7 -  12 r e g io n  ( re g io n  C)

I n  t h i s  pH r e g io n ,  s p e c t r a l  s t u d i e s  show ed no in te r m e d i a te  i n  th e  

r e d u c t io n  o f  by d i c h i o t h r e i t o l .  T h is  c o u ld  e i t h e r  b e  due to

an o u te r  s p h e re  m echanism  o r  e l s e  an i n n e r  s p h e re  m echanism  w here  

c o o rd in a t io n  i s  s lo w  w h ile  r e d u c t io n  i s  f a s t .

The pH p r o f i l e  i s  b e l l  sh a p ed  and t h i s  can  be e x p la in e d  by 

th e  m a jo r  r e a c t i o n  b e in g  b e tw een  aqu o co b a lam in  and t h i o l a t e ,  w ith  

a qu o co b a lam in  n o t  d i s t i n g u i s h i n g  b e tw een  S —RSH and S' —RS . 

(The r e a c t i o n  c o u ld  be in n e r  o r  o u te r  s p h e re .)

The r a t e  i s  f i r s t  o r d e r  i n  and  t h i o l  and t h i s  i s  c o n s is ­

t e n t  w ith  e i t h e r  r a t e  d e te rm in in g  c o o r d in a t io n  in  an in n e r  sp h e re  

m echanism  o r  an  o u te r  s p h e re  m echanism . When th e  second  o r d e r  

r a t e  c o n s ta n t  o b ta in e d  i s  c o r r e c t e d  f o r  th e  f r a c t i o n  o f  aquo­

co b ala m in  and t h i o l a t e  a v a lu e  o f  489 M 1 s ^ i s  o b ta in e d .  T h is  

v a lu e  i s  w i th in  th e  ran g e  o f  r a t e  c o n i t a n t s  f o r  c o o rd in a t io n  

(200 -  2000 M ^ s  ^) p r e v io u s ly  r e p o r t e d .  ^  T h is  i s  s u p p o r t  f o r  

th e  in n e r  s p h e re  m echanism  b u t  d o e s n o t  r u l e  o u t th e  o u te r  sp h e re  

m echanism . H ow ever, th e  in n e r  sp h e re  m echanism  i s  p r e f e r r e d  

b e c a u se  t h i s  i s  th e  m echanism  o p e r a t in g  i n  a c id .



The r a t e  o f  r e d u c t io n  ad h ig h  pH i s  c o n s id e r a b ly  f a s t e r  th a n

a t  low pH. T h is  im p l ie s  t h a t  a  second  t h i o l a t e  g ro u p , r a t h e r  th a n

a second  t h i o l  g ro u p , r e s u j e s  i n  a  low er a c t i v a t i o n  e n e rg y  in  th e

r e d u c t io n  s t e p .  I n  th e  a l k a l i n e  r e g io n  a t  p H 's  w here th e  S — RS

c o n c e n t r a t io n  i s  low , c o o r d in a t io n  o f  d t t  c o u ld  w e l l  be  f a llo w e d

by a  r a p id  p r o to n  lo s s  fro m  th e  second  t h i o l  g ro u p , r e s u i t i n g  in  a

r a p id  r e d u c t io n  s t e p .  The r a d i c a l  i n te r m e d i a te  —^ i s  k i n e t i c a l l y

more s t a b l e  th a n  • j J  ( th e  b im o le c u la r  d e c a y  r a t e  c o n s t a n t s  a re  
Hii

l , 7 x l 0 8 M 1 s 1 and 1 ,7x10*  M * s  1 r e s p e c t i v e l y  68 )  and t h i s  

s t a b i l i t y  c o u ld  r e s u l t  i n  a lo w e r  a c t i v a t i o n  e n e rg y  f o r  th e  

f o rm a tio n  r e a c t i o n  o f  th e  fo rz te r .

The e f f e c t  o f  Gu-+  in  t h i s  pH r e g io n  and n o t  in  th e  pH 3 

re g io n  c o u ld  w e l l  be a c o n seq u e n ce  o t  r e l a t i v e l y  s lo w  c o o rd in a t io n  

in  t h i s  pH r e g io n ,  w hich  e n a b le s  th e  Cu -  d t t  com plex  to  red u c e  

-he  B12a  by an  o u te r  sp h e re  m echanism . I n  th e  pH 3 r e g io n ,  th e  

h ig h  e l e c t r o n  d e n s i ty  on th e  c o r r in  r i n g  in  th e  C o ( I I I ) - t h i o l a t e  

com plex  w ould  i n h i b i t  an o u te r - s p h e r e  r e d u c t io n .  

pH 12 -  14 r e g io n  ( re g io n  D)

The r a t e  was pH in d e p e n d e n t i n  t h i s  r e g io n  and no th io la to c o b a la m in  

v a s  o b se rv e d . T h is  i n d i c a t e s  t h a t  d i r e c t  r e a c t i o n  be tw een  h y d ro x o -

cob ala m in  and t h i o l a t e  (m cs t l i k e l y  ^  £  ) e i t h e r  by o u te r  s p h e re

e l e c t r o n  t r a n s f e r  o r  v ia  c o o r d in a t io n ,  a s  a t  o th e r  pHs. How ever, 

th e r e  i s  i n s u f f i c i e n t  e v id e n c e  Co d e c id e .

I t  can  be c o n c lu d e d  t h a t  th e  m ain  red o x  r e a c t i o n  in v o lv e s  

c o o r d in a t io n  o f  t h i o l a t e  to  C o ( I I I ) .  The r e d u c t io n  i s  n o t  s im p ly  

RS~— C o ( I I I )  — - R S ' + C o ( I I )



b u t  a u s t  be a s s i s t e d  by a  second  RSH, o r  b e t t e r  RS to  g iv e  

RS^H R o r  RSTSR.

T h is  e m p h as ises  th e  im p o rta n c e  o f  h a v in g  two n e ig h b o u r in g  

-SH g ro u p s  ( a s  fo u n d  i n  th e  t h i o r e d o x i n s ) , 65

C a ta ly s i s  by c o p p e r ( I I )  was a l s o  found  when th e  r a t e  o f  

c o o r d in a t io n  was s lo w  com pared t o  r e d u c t io n .



CHAPTER 7 -  REDUCTION OF THE HEMIM-CAPFEIME ADDUCT AND THE

BIS-HISTID INS HEHIS C0>gLEX BY THIOLS

7 .1  I n t r o d u c t io n

As hernia i s  th e  a c t u a l  p r o s t h e t i c  g ro u p  o f  h e m o p ro te in s , i t  w ould 

o b v io u s ly  b e  o f  i n t e r e s t  to  s tu d y  i t s  r e d u c t io n  u n d e r  c o n d i t io n s  

w here  i t  i s  m onom eric. I n  c h a p te r  3 ,  i t  was sh o rn  t h a t  th e  

c a f f e in e  adduce  o f  hem in in  a lk a l i n e  s o lu t io n  (h e m in -c a f f e in e )  i s  

m onom eric a s  lo n g  a s  th e  hem in c o n c e n t r a t i o n  does n o t  e xceed  

1 ,5 x 1 0  ^M. In  c h a p te r  5 ,  i t  was shown t h a t  th e  com plex w ith  

h i s t i d i n e  a t  h ig h  h i s t i d i n e  c o n c e n t r a t io n s  was th e  m onom eric b i s -  

h i s t i d i n e  hem in ( r e f e r r e d  to  h e re  a s  h e m in - h i s t i d i n e ) . The r e d u c ­

t i o n  o f  b o th  th e s e  com plexes w i l l  b e  d is c u s s e d .

M ost s tu d i e s  o f  th e  r e a c t i o n s  b e tw een  i r o n  p o r p h y r in s  and 

t h i o l s  have fo c u se d  on m odel s tu d i e s  o f  o x id is e d  cy toch rom e  P -4 5 0 , 

w here c y s t e i n e  c o o r d in a t io n  i n  th e  r e s t i n g  and s u b s tr a te - b o u n d  

o x id is e d  form s can  a c c o u n t f o r  i t s  o b se rv e d  s p e c t r a l  p r o p e r t i e s . 5 9 -®1 

The o th e r  l ig a n d  in  th e  r e s t i n g  s t a t e  c o u ld  b e  HgO o r  h i s t i d i n e ,  

w i th  r e c e n t  m odel s tu d i e s  s u p p o r t in g  th e  f o r m e r . I n  a d d i t i o n  

to  th e s e  m odel s t u d i e s ,  a  s tu d y  o f  th e  r e d u c t io n  o f  FeTPP by t h i o l s  

i n  tc lu e n e  h a s  b e e n  r e p o r t e d ."*8

As was m e n tio n e d  in  c h a p te r  6 , r e d u c t io n  c o u ld  o c cu r  v i a  an 

in n e r  o r  o u te r  s p h e re  m echanism  and i f  th e  fo rm e r , c o u ld  go v i a  

th e  mono a n d /o r  b i s  t h i o l a t e  com p lexes and may o r  may n o t  be 

a s s i s t e d  by th e  se co n d  t h i o l  f u n c t i o n a l  g roup  in  th e  m o le c u le .

In  a d d i t i o n ,  d i t h i o t h r e i t o l  h a s  a  num ber o f  h y d rogen  bonding  s i t e s  

and c o u ld  h yd rogen  bond to  th e  p r o p io n a t e  s id e  c h a in s  o f  th e  

p o r n h y r in  and to  th e  l ig a n d ,  h i s t i d i n e .  H ence d i t h i o t h r e i t o l  c an  • 

a c t  a s  a l ig a n d ,  a s  a  r e d u c in g  a g e n t  and can  h y d rogen  bond.



I t  h a s  been  shown in  o u r  l a b o r a to r y  t h a t  th e  r e d u c t io n  of 

th e  b i s - h i s t i d i n e  hem in com plex by c y c l i c  v o l ta m e tr y  r e q u i r e s  th e  

s im u lta n e o u s  u p ta k e  o f  a  p r o to n  b e tw een  pH 8 and 10 . I t  was shown 

i n  c h a p te r  5 ,  t h a t  on c o o r d in a t io n  o f  h i s t i d i n e  to  hem in , th e  pKa 

o f  th e  -NHj g ro u p s  d ro p s  from  9 ,3  to  l e s s  th a n  8 b e c a u se  o f  th e  

s t a b i l i z a t i o n  o f  th e  c o n ju g a te  b a s e  by  th e  r e s i d u a l  p o s i t i v e  c h a rg e  

on th e  F e ( I I I ) . No r e s i d u a l  c h a rg e  i s  p r e s e n t  on th e  F e ( I I )  and 

h e n ce  th e  pKa sh o u ld  be c lo s e  to  i t s  n o rm a l v a lu e .  T h e r e fo r e  on 

r e d u c t io n  be tw een  pH 8 and  10 , a  p r o to n  m ust be ta k e n  up by  th e  

-N H ,. T h is  sh o u ld  a l s o  b e  th e  c a s e  i f  th e  b i s - h i s t i d i n e  com plex 

i s  red u c ed  by t h i o l s  and t h i s  w i l l  b e  i n v e s t i g a t e d .

Hence th e  a im s o f  t h i s  s tu d y  a r e  to  e l u c i d a t e  th e  m echanism  

o f  r e d u c t io n  b o th  by  q u a n t i t a t i v e  k i n e t i c  m e asu rem en ts  and from  

th e  s p e c t r a l  c h a n g e s . I n  a d d i t i o n  th e  e f f e c t  o f  d i f f e r e n t  t h i o l s  

and th e  p r e s e n c e  o f  c o p p e r ( I I )  on th e  r a t e  o f  r e d u c t io n  w i l l  be  

exam ined  q u a l i t a t i v e l y ,  th e  fo rm er  to  e s t a b l i s h  th e  e f f e c t iv e n e s s  

o f  d i t h i o l s  a s  opposed  t o  m o n o th io ls ,  and th e  l a t t e r  to  se e  w h eth er 

c o p p e r ( I I )  i s  n e c e s s a r y  f o r  th e  r e d u c t io n  o f  h e m in , a s  i t  i s  

in v o lv e d  i n  th e  m echanism  o f  r e a c t i o n  o f  c y toch rom e  c o x id a s e .

7 .2  R e s u l t s

7 .2 .1  H e m in -c a f fe in e

O nly q u a l i t a t i v e  e x p e r im e n ts  w ere  c a r r i e d  o u t  w i th  h e m in - c a f f e in e ,  

a s  p r e l im in a ry  e x p e r im e n ts  showed t h a t  th e  k i n e t i c s  o f  r e d u c t io n  

by d i t h i o t h r e i t o l  w ere  g e n e r a l l y  b ip h a s i c .  C u r io u s ly  th e  pseudo  

f i r s t  o r d e r  r a t e  c o n s t a n t s  in c r e a s e  w ith  hem in c o n c e n t r a t io n ,  

su g g e s t in g  r e d u c t io n  v i a  a d im e r ic  i p e c ie s  w hose r a t e  o f  f o rm a tio n

The a d d i t io n  o f  t h i o l s  su c h  a s  d i t h i o t h r e i t o l  ( d t t ) ,  m e rc a p to -



e th a n o l  and c y s te i n e  t o  h e m in - c a f f e in e ,  r e s u l t e d  i n  a  f i n a l  s p e c ie s  

w ith  b ands a t  396 nm ( s h o u ld e r ) ,  614 mo, 428 nm ( s h o u ld e r ) ,  536 nm 

and 571 nm, w hich  c o rr e s p o n d s  w e l l  t o  th o s e  r e p o r t e d  f o r  hem e- 

c a f f e in e  (416 nm, 434 nm ( s h o u ld e r ) ,  537 nm, 569 n m ) N o  bands 

due to  heme c (412 nm, 542 nm, 560 nm) w ere  e v i d e n t ( H e m e  c 

c o u ld  b e  form ed by a d d i t i o n  o f  th e  t h i o l  a c r o s s  th e  v in y l  g ro u p s  

on th e  p o r p h y r in  r i n g . )  I s o s b e s t i c  p o in t s  w ere  found  a t  412 run,

456 nm, 523 mn, 586 nm, 670 nm, b u t th e  o r i g i n a l  h e m in - c a ff e in e  

sp e c tru m  d id  n o t p a s s  th ro u g h  th e  l a s t  t h r e e  w h ich  i n d i c a t e s  th e  

p re s e n c e  o f  an in t e r m e d i a t e .  B ecause  o f  th e  s h o u ld e r s  o f  th e  

F e ( I I I ) 0 H  c a f f e in e  and th e  i e ( I I )  c a f f e in e  a t  360 nm and 440 no 

r e s p e c t i v e l y ,  th e  in te r m e d i a te  c o u ld  n o t  b e  i d e n t i f i e d  b u t  p r e s u ­

m ably i s  th e  m o n o th io la t e  hyd roxo  com plex ( s e e  l a t e r ) .

I t  was found  t h a t  d i f f e r e n t  t h i o l s  r e d u c e d  h e m in - c a f f e in e  a t  

d i f f e r e n t  r a t e s .  A t pH 1 0 ,0 ; i n  th e  p r e s e n c e  o f  0 ,U I  c a f f e in e  a t  

25°C , th e  a p p ro x im ate  h a l f  l i v e s  f o r  th e  r e d u c t io n  o f  1x10 

hem in by 4x10 S i  t h i o l  (u n d er  N^) w ere  17s ( d i t h i o t h r e i t o l ) ; 

l x l 0 3s ( m e r c a p to e th a n o l) ; 7 x l0 3 s ( c y s t e i n e ) . I t  can  be  s e e n  q u i t e  

c l e a r l y  t h a t  th e  d i t h i o l ,  d i t h i o t h r e i t o l ,  r e d u c e d  h e m in - c a f f e in e  

m a rk e d ly  f a s t e r  th a n  e i t h e r  o f  th e  m o n o th io ls .  T h is  was a l s o  

found  to  be th e  c a s e  f o r  th e  r e d u c t io n  o f  ( c h a p te r  6 ) w here

i t  was a t t r i b u t e d  to  a second  t h i o l  g roup  w h ich  i s  n e a rb y  in  th e  

d i t h i o l s ,  a s s i s t i n g  th e  h o m o ly tic  f i s s i o n  o f  th e  Co-S bond , 

r e s u l t i n g  in  a  f a i r l y  s t a b l e  RS SR r a d i c a l .

The a d d i t i o n  o f  CuSO^ and EDTA had  no e f f e c t  on th e  r a t e  o f  

r e d u c t io n  by d i t h i o t h r e i t o l ,  c y s te i n e  and  m e rc a p to e th a n o l  u nder 

th e  c o n d i t io n s  o u t l i n e d  above ( i . e .  r a t e  v a r i e d  by < 5%). H ow ever, 

no r e d u c t io n  o f  h e m in - c a f f e in e  by 1 , 2x 10 3M p e n ic i l la m in e
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F ig u re  7 .1  : S p e c t r a l  c h an g e s  on a d d in g  p e n ic i l la m in e  to  hem in - 

c a f f e in e  i n  th e  p r e s e n c e  and  a b se n c e  o f  CuSO^. A ll  s o lu t io n s  i n

pH9 b u f f e r  a t  25°C ; y = 0 , l ; ( c a f f e in e ) - 0 ,0 5 M ;  ----- no p e n ic i l la m in e ;

(hem in )= 7 ,6x lO  xxxx p lu s  5x10 p e n ic i l la m in e  5 h o u rs  a f t e r  

a d d i t io n  to  h e m in - c a f f e in e  (no CuSO^ a d d e d ) ; -------  5x10 3M p e n i c i l l ­

am ine + 1x10 S i  CuSO^ be tw een  15s and 3 m in a f t e r  th e  a d d i t i o n  o f  

CuSO^; . . . .  1x10 CuSO^ added  to  1x10 3M p e n ic i l la m in e  be tw een  

15s and 3 min a f t e r  m ix in g  (no hem in)



( (CH^)2C(SH)CHG)H2 ) C02H) was o b se rv e d  up Co an h o u r a fd e r  m ix ing  

i n  th e  a b sen c e  o f  C u ( I I ) .  When 1x10 4M CuSO, was a d d ed , Che h a l f  

cima was l e s s  Chan two m io u c es  f o r  Che f o rm a tio n  o f  th e  bands 

o f  h e m e - c a f fe in e  (537 nm, 569 nm) ( s e e  f i g u r e  7 .1 )  U n fo r tu n a te ly  

th e  C u - p e n ic i l la m in e  com plex ( r e p o r t e d ly  [C u ( l)g C u ( II )g L ^ 2C t | 5 

a b so rb s  i n  Che U V -v is ib le  a t  ^320  nm, 380 no ( s h o u ld e r)  and 510 nm. 

T hese  b ands a r e  e v id e n t  in  Che p r e s e n c e  and a b se n c e  o f  hem in - 

c a f f e in e  when C u ( I I )  i s  p r e s e n t .  T h is  C u - p e n ic i l la m in e  com plex 

c o u ld  be r e d u c in g  h e r i n - c a f f e i n e  by  an  o u te r  m echanism , an  in n e r  

m echanism  b e in g  u n l ik e ly  b e c a u se  o f  s c e r i c  h in d r a n c e .

The b ands o f  h e m e -c a f fe in e  d e c r e a s e  w i th  tim e , and t h i s  c o u ld  

b e  due to  e i t h e r  a g g re g a t io n  a n d /o r  d e c o m p o s itio n  b u t  h a s  n o t  been 

s tu d i e d  f u r t h e r .

7 .2 .2  K e ^ in - h is t i d  ir - ‘

7 . 2 . 2 . ;  .^ 'z i l i c a t ! ' =:- iJ ic s

On a d ilir - j  -IxlO  'X  L:i i o l  ( d i t h i o c h r e i t o l , c y s t e i n e  and m e rc a p to -  

e th a n o l  to  MO 5M hem in a t  pH 10, a  f i n a l  sp e c tru m  w i th  b a n d s  a t  

421 nm, 526 nm and 556 nta ( s e e  f i g u r e s  7 .2 a ,  b ) was fo u n d .

T ab le  7 .1  shows th e  band p o s i t i o n s  o f  Che b i s - h i s t i d i n e ,  

b is -h isC a m in e  and b i s - p i l o c a r p a t e  com p lexes r e d u c e d  by a  few  

g r a in s  o f  d i t h i o n i t e  a t  pH 8 ,5  (0,2M  l ig a n d ;  7 ,3  x  10 ® M h em in ). 

(R e d u c tio n  i s  c o m p le te  w i th in  5 s .  R e o x id a t io n  by  02 i s  r a p id  

(co m p le te  w i th in  1 m inuce on s h a k in g  in  a i r ) . )  The bands o f  

red u c ed  cy toch rom e  b^ a r e  a l s o  in c lu d e d  a s  a r e  th o se  o f  th e  

m ono th iom ate  and b i s - t h i o l a t e  c o m p lexes.



(dftar 
30 

it





fhisL
idi



T a b le  7 ,1  : Baud p o s i t i o n s  o f  s p e c ie s  r e l e v a n t  to  th e  r e d u c t io n  

o f  h e m in - h is t id i n e  by t h i o l s

System  /run R e f.

b i s - h i s t i d i n e  hem in re d u c e d  by 4 2 1 ;5 2 6 ;5 5 6  t h i s  s tu d y

thiols; 'v lx k )  5M h e n in ;  O.iH 
h i s t i d i n e ;  pH 10

b i s - h i s t i d i n e  hem in red u c ed  by 4 2 1 ;5 2 5 ;5 5 6  t h i s  s tu d y

d i t h i o n i t e ;  7 ,3 x 1 0  S i  hem in;

0,2M  h i s t i d i n e ;  pH 8 ,5

b is - h is t a m i n e  hem in re d u c e d  by 4 2 1 ;5 2 6 ;5 5 6  t h i s  s tu d y

d i t h i o n i t e ;  7 ,3 x 1 0  S i  hem in;

0,2M h is t a m in e ;  pH 8 ,5

bis-p ilocarp ate hemin reduced by 4 2 2 ;5 2 9 ;5 5 6  th is  study
d ith io n ite ; 7 ,3 x 1 0  St hemin;
0,2M p i l o c a r p a t e ;  pH 8 ,5

re d u c e d  cy toch rom e  b^ 4 2 2 ,5 ;5 2 5 ;5 5 6  SO

pH 7 ,4 ;  r e d u c e d  by d i th i o n i te .

red u c ed  cy toch rom e  b^ 4 2 3 ;5 2 7 ;5 5 6  t h i s  s tu d y

pH 7 ; r e d u c e d  by  d i t h i o n i t e

im id a z o le - th io l -h e m in  in  CH9C1, ,v-360;428;538;568  59

e th a n o l - th i o l - h e m in  in  'v 3 6 0 (sh ) ;4 1 5 ;5 3 0 ;5 6 1  59

ch 2c i 2 + ch 3ch 2oh

r e s t i n g  in  aqueous 3 6 0 ( s h ) ; 4 1 8 ;5 3 8 ;5 6 8  8

s o lu t io n

b i s - t h i o l  hem in i n  CH2C12 3 7 7 ;4 7 5 ;5 6 5  59

P - 4 5 0 ^  p lu s  1 - o c t a n e t h io l  in  3 7 7 ;4 6 7 ;5 5 0  59

aqueous s o lu t io n



IC w i l l  b e  c l e a r l y  se en  Chat th e  r e d u c e d  b i s - h i s t i d i n e ,  b i s -  

h is ta m in e  and b i s - p i l o c a r p a t e  heroin co m p lex es a l l  have v e ry  s im i l a r  

b ands to  th o s e  o f  r e d u c e d  cy toch rom e  b^ w h ich  i n d i c a t e s  t h a t  th e y  

a r e  F e ( I I ) L 2 . I t  m akes no d i f f e r e n c e  to the f i n a l  s p e c tru m  w h e th e r  

h e m in - h is t id i n e  i s  r e d u c e d  by t h i o l s  o r  d i t h i o n i t e .  C e r ta in l y  

Che final bands a r e  n o t  t h e s e  o f  th e  o x id is e d  hem in w ith  t h i o l  

c o o rd in a te d .  I t  m ust be n o te d  th a t  a t  h ig h  hem in c o n c e n t r a t io n s  

(1x10  3M> in  h i s t i d i n e  ( re d u c e d  by d i t h i o n i t e )  th e  526 nm and 

556 nm b ands a re  o n ly  found  by th e m se lv e s  in  s a tu r a t e d  h i s t i d i n e  

( '10,611) and a s  th e  h i s t i d i n e  c o n c e n t r a t io n  i s  d e c r e a s e d  th e y  

d e c r e a s e  i n  i n t e n s i t y  w h ile  new b ands a t  558 nm and 580 nm a p p e a r .  

T hey a l s o  d e c r e a s e  w ith  tim e  ( 8 % p e r  m in  a t  0,06M ; 43 a t  0,6M) 

a t  a  p a r t i c u l a r  h i s t i d i n e  c o n c e n t r a t io n  w h ile  th e  b a nds a t  558 nm 

and 580 nm in c r e a s e  show ing  t h a t  th e  F e ( I I )  b i s - h i s t i d i n e  com plex 

i s  u n s t a b l e .  A t 0.06M  h i s t i d i n e  o n ly  t h e s e  new bauds a r e  e v id e n t .  

T hese  b ands c o rre sp o n d  w e l l  to  t h a t  r e p o r te d  by Shack  and C la r k 10 

f o r  th e  heme d im er (560 -  580 nm ). H ence F e ( I I ) L 2 te n d s  to  

a g g re g a te .

I n  th e  sp e c tru m  o f  h e m in - h is t id i n e  re d u c e d  by d i t h i o t h r e i t o l ,  

c y s t e i n e ,  e t h a n e th io l  a n d m e rc a p to e th a n o l , th e r e  w ere no b a n d s  due 

to  heme c  b i s - h i s t i d i n e  (w h ich  w ould be  a t  414 nm, 520 nm and

549 nm ). 109

F ig u re s  7 .2 a  and b show th e  s p e c t r a l  ch an g e s o b se rv e d  on 

a d d in g  d i t h i o t h r e i t o l  to  h e m in - h is t id i n e  a t  2°C a t  pH 1 0 ,0  a t  low 

(4x10 4M) and h ig h  (0,111) d i t h i o t h r e i t o l  c o n c e n t r a t i o n s ,  I s o s b e s -  

t i c  p o in t s  w ere  found  b o th  a t  low  d i t h i o t h r e i t o l  c o n c e n t r a t io n s  

( a t  402 nm, 433 nm, 509 nm, 534 nm, 544 nm and  566 nm) and a t  

h ig h  d i t h i o t h r e i t o l  c o n c e n t r a t io n s  ( a t  402 nm, 430 nm, 509 nm,



535 run, 544 nm and 566 mo) w hich  w ere  Che same w i th in  e x p e r im e n ta l  

e r r o r .  The i n i t i a l  sp e c tru m  ( i . e .  b e f o r e  th e  a d d i t i o n  o f  d i t h i o -  

t h r e i t o l  d id  n o t  p a s s  th ro u g h  th e s e  i s o s b e s t i c  p o i n t s ,  w hich  i n d i ­

c a t e s  th e  p r e s e n c e  o f  a  r a p i d l y  form ed in t e r m e d i a t e .  T here  were 

no m a jo r  b ands o f  c o o rd in a te d  t h i o l a t e  s p e c ie s  ( s e e  t a b l e  7 .1 )  b u t 

th e s e  c o u ld  w e l l  be m asked by  th o se  o f  th e  r e d u c e d  s p e c ie s .  

H ow ever, s h o u ld e r s  a t  360 nm and 440 nm a r e  p r e s e n t  and a s  th e s e  

a r e  found  in  th e  m o n o th io la te  com p lexes ( w i th  im id a z o le  o r  e th a n o l  

c o o rd in a te d )  b u t  n o t  th e  i n i t i a l  o r  f i n a l  s p e c i e s ,  t h e s e  a re  

p o s s ib l e  i n te r m e d i a te s  ( i n  t h i s  c a s e  w ith  h i s t i d i n e  o r  H^O/OK 

c o o r d in a te d ) .  T here  i s  no s p e c t r a l  e v id e n c e  f o r  th e  b i s - t h i o l a t e  

c om plex . S im i la r  s h o u ld e r s  a t  '-360 nm. a s  w e l l  a s  i s o s b e s t i c  

p o in t s  be tw een  th e  in te r m e d i a te  and f i n a l  p r o d u c t b u t  n o t  th e  

s t a r t i n g  s p e c ie s  w ere found  a t  room te m p e ra tu re  w i th  4x10 

d i t h i o t h r e i t d  ( a t  h ig h e r  c o n c e n t r a t i o n s ,  th e  r e a c t i o n  was to o  

f a s t  to  fo l lo w  w ith  th e  s p e c t io p h o to n c t e r  a t  25*C ); and 4x10 S i  

m e rc a p to e th a n o l ,  c y s te i n e  and e t h a n e t h i o l .  O nly a  s m a ll am ount o f  

t h e  360 nm band  w as fo und  w ith  c y s t e i n e ,  i n d i c a t in g  a s h i f t  i n  th e  

e q u i l ib r iu m  to w a rd s th e  s t a r t i n g  s p e c i e s .

A-s fo und  w i th  h e m in - c a f f e in e ,  th e  F e (X I) b a n d s  d e c r e a s e d  w ith  

t im e  and c o u ld  be  due to  a g g re g a t io n  a n d /o r  d e c o m p o s i tio n , b u t  h a s  

n o t been  s tu d i e d  f u r t h e r .  I n  l i g h t  o f  th e  s tu d i e s  a t  h ig h  hem in 

c o n c e n t r a t i o n s ,  i s  i s  p r o b a b ly  a g g re g a t io n .  C are  has been ta k e n  

in  th e  q u a n t i t a t i v e  s t u d i e s  to  e n s u re  t h a t  t h i s  su b se q u e n t r e a c ­

t i o n  i s  n e g l i g i b l e  d u r in g  th e  r e d u c t io n  r e a c t i o n .  D i t h i o t h r e i t o l  

was c hosen  b e ca u se  th e  r e d u c t io n  was much f a s t e r  th a n  th e  su b se ­

q u e n t r e a c t i o n .  The o v e r la p  w ith  th e  s u b se q u e n t r e a c t i o n  r u le d  

o u t q u a n t i t a t i v e  s tu d i e s  w i th  th e  m o n o th io ls .



D if f e r e n t  t h i o l s  r e d u c e d  h e m in - h is t id in e  a t  d i f f e r e n t  r a t e s .  

The r e d u c t io n  o f  1x10 hetnin i n  th e  p r e s e n c e  o f  0,4M  h i s t i d i n e

a t  pH 10; 25°C u n d e r  by  4x10 S i  t h i o l  o c c u r re d  v i t h  th e

fo l lo w in g  h a l f  l i v e s :  18s ( d i t h i o t h r e i t o l ) ; Ix lO ^ s  (m ercapdo -

e th a n o l ) ;  2 ,4 x l0 3 ( c y s t e i n e ) .  T hese  r a t e s  a r e  s im i l a r  t o  th o se  

found  w ith  h e m in - c a f f e in e  and a l s o  show  th e  g r e a t e r  e f f i c i e n c y  

o f  th e  d i t h i o l  com pared to  th e  m o n o th io l.

The a d d id io i  o f  CuSO^ and EDTA had no e f f e c t  on th e  r a t e s  o f

r e d u c t io n  a t  pH 10 by t h i o l s ,  in c lu d in g  p e n ic i l l a m in e ,  (R a te  

v a r i e d  by < 5% in th e  p r e s e n c e  o f  1x 10 S t CuSQ^ o r  1x 10 S i EBTA.)

7 .2 .2 .2  Q u a n t i t a t i v e  s tu d i e s  w i th  d i t h i o t h r e i t o l  a s  th e  

r e d u c in g  a g e n t

The k i n e t i c s  w ere  f o llo w e d  by s to p p e d - f lo w  U V -v is ib le  s p e c t r o ­

p h o to m e try . The a b so rb a n c e  ch an g e s w ere  m o n ito re d  a t  556 n s  w hich  

i s  a  p e a k  p o s i t i o n  o f  F e ( I I )  i i i s - h i s t i d i n e  p ro to p o r p h y r in  w here 

th e  a b so rb a n c e  c h an g e s  a r e  f a i r l y  l a r g e  and a r e  m a in ly  due  to  th e  

c o n v e r s io n  from  th e  m c n o c h io la te  com plex  to  t h e  p r o d u c t  (se e  

f i g u r e s  7 .2 a  and b ) .  A ll  r u n s  had an  in d u c t io n  p e r io d ,  th e  le n g th  

c f  w h ic h  depended  on th e  oxygen . T h is  was m in im ise d  to  < 102 o f  

th e  r e a c t i o n  tim e  by th o ro u g h  f lu s h in g  o f  th e  s o lu t io n s  w ith  

b e fo r e  m ix in g  and  m a in ta in in g  them u n d e r  K2 d u r in g  th e  r e a c t i o n .

C o n d i tio n s  w ere  su c h  t h a t  th e  ru n s  w ere p seudo  f i r s t  o r d e r  in  

hem in and in  f a c t  p l o t s  o f  In iA ^-A  ) v e r s u s  tim e  w ere l i n e a r  o v e r 

a t  l e a s t  f o u r  h a l f  l i v e s .  A ll  r e s u l t s  w i l l  be  r e p o r te d  as

w hich  i s  ( - s l o p e )  o f  th e  above p l o t .  R e p ea t r u n s  gave  r e s u l t s

w i th in  82 o f  e a c h  o th e r  ( th e  r e p o r te d  v a lu e s  a r e  t h e  a v e ra g e  o£ 

t h r e e  r e p e a t  ru n s )  w h ile  th e  s ta n d a r d  d e v ia t i o n s  w i th in  a  ru n  w ere 

w i th in  12 and th e  c o r r e l a t i o n  c o e f f i c i e n t s  >, 0 ,9 9 9 .



The dependence  o f  Che r a t e  on th e  hem in , t h i o l  and h i s t i d i n e  

c o n c e n t r a t io n s  a s  w e l l  a s  th e  pH was d e te rm in e d  q u a n t i t a t i v e l y .

kobg a t  5 ,6 x 1 0  6N and  3x10 5M hem in w i th  2x10 d t t ,  i n  th e  

p r e s e n c e  o f  0.4M  h i s t i d i n e  a t  pH 1 0 ,0  was 2 ,1 3 x 1 0  2 s 1 and 

2 ,1 5 x 1 0  “ s 1 r e s p e c t i v e l y .  H ence a s  r e q u i r e d  by pseudo  f i r s t  

o r d e r  k i n e t i c s ,  k Qbs i s  in d e p e n d e n t o f  th e  hernia c o n c e n t r a t io n .

The d e pendence  o f  on th e  d i t h i o t h r e i t o l  c o n c e n t r a t io n

was s tu d i e d  o v e r  a 5 0 0 - fo ld  c o n c e n t r a t io n  ra n g e  b e c a u se  o f  th e  

com plex d e pendence  f o u n d ,a s  shown in  f i g u r e  7 .3  and t a b l e  1 

(ap p e n d ix  6) .

F ig u re  7 ,3  E f f e c t  o f  th e  d i t h i o t h r e i c o l  c o n c e n t r a t io n  on th e  

r e d u c t io n  o f  h e m in - h is t id i n e  by d i t h i o t h r e i t o l ;  

3x10 5M hem in; 0,4M  h i s t i d i n e ;  pH 1 0 ,0 ; V = 0 ,5 ;  

25°C . L in e  i s  t h e o r e t i c a l  c u rv e  c a l c u l a t e d  from  

p ro p o sed  r a t e  law  and c a l c u l a t e d  p a ra m e te r s .



The h i s t i d i n e  c o n c e n t r a t io n  d e pendence  was s tu d i e d  a t  h ig h  

and low  d i t h i o t b r e i t o l  c o n c e n t r a t i o n s .  The e f f e c t  on t h e  c a t e  

c o u ld  o n ly  be s tu d ie d  o v e r  a tw o - fo ld  c o n c e n t r a t i o n  r a n g e .  The 

h i s t i d i n e  c o n c e n t r a t i o n  had  to  be > 0,2M  to  e n s u re  o v e r  98% fo rm a­

t i o n  o f  t h e  m onom eric h e m i n - b i s - h i s t i d i n e  c om plex . T h is  was 

n e c e s s a r y  to  a v o id  c o m p lic a t io n s  fro m  r e a c t i o n s  o f  o th e r  s p e c ie s  

( s e e  c h a p te r  5 ) .  The s o l u b i l i t y  o f  h i s t i d i n e  p re v e n te d  th e  u se  o f  

c o n c e n t r a t io n s  g r e a t e r  th a n  0,4M a t  25°C . T h u s , th e  s tu d y  was 

r e s t r i c t e d  to  c o n c e n t r a t io n s  o£ h i s t i d i n e  b e tw een  0 ,2  and 0,4M .

F ig u re  7 .4 a  show s th e  e f f e c t  on o f  th e  h i s t i d i n e

c o n c e n t r a t i o n  a t  low  d i th i o th . - ,  . ,jl c o n c e n t r a t i o n .  I t  c an  be  

se en  t h a t  i s  i n v e r s e ly  p r o p o r t i o n a l  to  th e  h i s t i d i n e  concen ­

t r a t i o n .  The z e r o  i n t e r c e p t  i n d i c a t e s  t h a t  no r e a c t i o n  o c c u r s  a t  

i n f i n i t e  h i s t i d i n e  c f n c jn c r a t i o t i ,  w h ich  t u ' ^ s  o u t  -ir c v .te t  s p h e re  

r e d u c t io n  o f  th e  b i s - h i s c i d i n e  a s  a  7 r . i b l j  -5C>.-.rL

F ig u re  7 .4 b  show s th e  e f f e c t  on U o f  th e  h i s t i d i n e  

c o n c e n t r a t io n  a t  h ig h  d i c h i o t h r e i t o l  c o n c e n t r a t i o n .  I t  i s  q u i t e  

c l e a r l y  in d e p e n d e n t o f  th e  h i s t i d i n e  c o n c e n t r a t io n .  (D a ta  a t  

b o th  h ig h  and  low  d i t h i o t h r e i t o l  c o n c e n t r a t io n s  a re  g iv e n  in  

t a b l e s  2 a and b , a p p en d ix  6 . )

The e f f e c t  o f  pH a t  low  d i t h i o t h r e i t o l  c o n c e n t r a t i o n s ,  

w here  th e  k i n e t i c s  a r e  s im p le r  ( s e e  l a t e r )  was d e te rm in e d .

T a b le  3 (a p p e n d ix  6)  g iv e s  th e  e x p e r im e n ta l  d a ta  a s  w e ll a s  th e s e  

v a lu e s  c o r r e c te d  f o r  th e  f r a c t i o n  o f  b i s - h i s t i d i n e  p r e s e n t  

i n i t i a l l y .  (As th e  pH i n c r e a s e s ,  OH com petes w i th  h i r t i d i n e  

a s  a l ig a n d  to  F e ( I I l ) ) ,



a )  4x10 :i dcc

b)  0,1M dcc
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F ig u re  7 .4  E ffe c t: o f  th e  h i s t i d i n e  c o n c e n t r a t io n  on th e

r e d u c t io n  o f  h e m in - h is t id i n e  by  d i t h i o t h r e i t o l ;  

3x10 hem in ; pH 1 0 ,0  ; y  m 0 ,5 ;  25°C (xmder



F ig u re  7 .5  shows th e  e f f e c t  o f  pH on th e s e  c o r r e c t e d  v a lu e s .

pH

F ig u re  7 .5  C o r r e c t io n  o f  k Qbg f o r  th e  f r a c t i o n  o f  h e m in - h is t id i r  

p r e s e n t  i n i t i a l l y ;  3x10 hero in ; 0,4M h i s t i d i n e ;  

4x10-4 M d t t j  25°C; jj = 0 ,5

The maximum in  th e  pH p r o f i l e  o c c u r re d  a t  pH 8 ,5  and th e  i n f l e c t i o n  

i n  th e  downward lim b  o c c u r re d  a t  pH 10 . A b e l l  shaped  pH p r o f i l e  

i s  i n d i c a t i v e  o f  two o p p o s in g  pH e f f e c t s ,  and was found  w i th  B-^a. 

w here  aqu o co b a lam in  r e a c t e d  w i th  th e  t h i o l a t e  ( c h a p te r  6) .  I n  

t h i s  sy s te m , how ever, th e  d e c r e a s e  from  pH 8 ,5  to  8 c o u ld  b e  a 

c o n seq u e n ce  o f  some a g g re g a t io n  o f  th e  s t a r t i n g  s p e c ie s .

7 .3  D is c u s s io n

B oth  s p e c t r a l  and k i n e t i c  r e s u l t s  m ust be c o n s id e r e d  in  d e c id in g  

on th e  m echanism . Broad p o s s i b i l i t i e s  a r e  in n e r  o r  o u te r  sp h e re  

r e d u c t io n .  O u te r  sp h e re  r e d u c t io n  o f  th e  b i s - h i s t i d i n e  hem in can 

b e  r u l e d  o u t  b e c a u se  no r e d u c t io n  o c c u rs  a t  i n f i n i t e  h i s t i d i n e



c o n c e n t r a t io n  ( f i g u r e  7 .4 a ) . O u te r  s p h e re  r e d u c t io n  o f  t h i o l a t e  

com plexes i s  n o t  L ik e ly , a s  t h e i r  g r e a t e r  e l e c t r o n  d e n s i ty  com pared 

to  t h a t  o f  th e  b i s - h i s t i d i n e  com plex w ould make r e d u c t io n  more 

d i f f i c u l t .  Hence r e d u c t io n  m ust o c c u r  v i a  an  in n e r  s p h e re  m echa­

n ism . The b i s - t h i o l a t e  com plex h a s  be en  r e p o r t e d  ^  b u t  c an  

b e  r u l e d  o u t  a s  a s i g n i f i c a n t  in te r m e d i a te  i n  t h i s  sy s te m  a s  none 

o f  th e  e x p e c te d  b ands ( s e e  t a b l e  7 .1 )  w ere  o b se rv e d . The i n h i b i ­

t i o n  by d i t h i o t h r e i t o l  a t  h ig h  d i t h i o t h r e i t o l  c o n c e n t r a t i o n s ,  

how ever, r e q u i r e s  ?. s p e c ie s  c o n ta in in g  two th i o l a t e e  w h ich  r e d u c e s  

m ore s lo w ly  th a n  th e  s p e c ie s  c o n ta in in g  one t h i o l a t e .  I f  th e  

second  t h i o l a t e  i s  hy d ro g en  bonded , t h i s  w ould e x p la in  th e  k in e ­

t i c s  and w ould b e  in  a c c o rd  w ith  th e  o b se rv e d  s p e c t r a l  changes 

(hyd rogen  bond ing  w ould n o t  be e x p e c te d  t o  a f f e c t  th e  U Y -v is ib le  

sp e c tru m  s i g n i f i c a n t l y ) .

I n  th e  in n e r  sp h e re  m echanism , e i t h e r  c o o r d in a t io n  o r  r e d u c ­

t i o n  c an  be r a t e  l i m i t i n g .  H ow ever, r a p id  fo rm a tio n  o f  th e  i n t e r ­

m e d ia te  f o llo w e d  by r e l a t i v e l y  s lo w  r e d u c t io n  was o b se rv e d  ( s e e  

f i g u r e s  7 .2 a  and b ) . H ence r e d u c t io n  i s  r a t e  l i m i t i n g ,  w h ich  i s  

c o n s i s t e n t  w ith  th e  m a th e m a tic a l a n a ly s i s  ( s e e  a p p e n d ix  7 ) ,  S in c e  

good f i r s t  o r d e r  k i n e t i c s  w ere fo u n d  ev en  w here a  m ix tu re  o f  

s p e c ie s  m u st be p r e s e n t ,  a r a p id  e q u i l i b r a t i o n  o f  t h e  F e ( I I I )  

s p e c ie s  m ust o c c u r ,  t o g e th e r  w ith  s lo w  r e d u c t io n  s te p s .

I n  d e r iv i n g  a  r a t e  law  th e  f o l lo w in g  a ssu m p tio n s  w ere  made:

1) The r e v e r s e  r e a c t i o n s  o f  th e  r e d u c t io n  s t e p s  a r e  n e g l i g i b l e  

b e c a u se  o f  th e  low  c o n c e n t r a t io n s  o f  r a d i c a l s  e x p e c te d  ( th e  

s econd  o r d e r  r a c e  c o n s ta n t  f o r  th e  d i t h i o t h r e i t o l  r a d i c a l  i s  

1 , 7x 108 M™1 s ' 1) .

2) The l ig a n d  b in d in g  and d i s s o c i a t i o n  r e a c t i o n s  o f  th e  F e ( I I )



com plexes a r e  r a p id  and h e n ce  do n o t  a p p ea r  in  th e  r a t e  law , 

a s  th e y  o c c u r  a f t e r  th e  r a t e  d e te rm in in g  s t e p ( s )  ( th e  f i r s t  

o r d e r  r a t e  c o n s t a n t s  f o r  l ig a n d  d i s s o c i a t i o n  from  F e ( I I )  

p o r p h y r in s  a r e  o f  th e  o rd e '-  o f  102 8 ^

A m echanism  w h ich  c an  a c c o u n t f o r  th e  o b se rv e d  k i n e t i c s  and 

s p e c t r a  i s  g iv e n  in  e q u a t io n s  (7 -  1) -  (7 -  4) ( ig n o r in g  th e  pKas 

o f  th e  d i t h i o t h r e i t o l ) ,  w here d t t 1 i s  th e  o x id is e d  r a d i c a l  fo rm . 

k l
F e ( I I I )  ( h i s ) g  + d t t  F e ( I I I )  ( h i s )  ( d t t )  h i s  (7 -1 )

F e ( I I I )  ( h i s )  ( d t t )  F e ( I I )  ( h i s )  + d t t  ^

k ,
F e ( I I I )  ( h i s )  ( d t t ) + d t t  Fe ( I I I )  ( h i s )  ( d t t )  • • • • ( d t t )  (7 -3 )

F e ( I I I )  ( h i s )  ( d t t )  • • • ( d t t )  F e ( I I )  ( h i s )  • • • d t t + d t / ^ ^  p ro d . (7 -4 )  

(The r e d u c t io n  o f  th e  h yd rogen  bonded a d d u c t  i s  n o t  l i k e l y  to  go 

v i a  an o u te r  s p h e re  m echanism  b e c a u se  o f  th e  h ig h  e l e c t r o n  

d e n s i t y . )

A r a t e  law  was d e r iv e d  ( s e e  a p p e n d ix  7) w h ich  p r e d i c t s  th r e e  

p h a s e s .^  As a l l  th e  k i n e t i c  r u n s  w ere  m o n o p h a sic , two o f  th e s e  

m u st be  r a p id  and th e s e  a re  th e  t h i o l  b in d in g  s t e p s  b e c a u se  th e  

r a p id  f o rm a tio n  o f  an in te r m e d i a te  i s  s e e n . The m onophasic  r a t e  

law  c an  be  shown to  be :

R a te  -  k o bs C h e m in -h is t id in e }  w here

x f d t t j  * y f d t t j 2
o b s  z + v[d tlp  + w fdtt]2

and x  = W k -3  + V

z = (k2 + k_1 ( h i s ) ) ( k _ 3 + k4)

v  - k3k4 + k ^ k g  4 k4 + k_3)

( s e e  a p p en d ix  7)



V alu es  f o r  x ,  y , z ,  v ,  w w ere fo und  u s in g  a  s im p le x  optim i-  

z a c io n  r o u t i n e .  F ig u re  7 .6  shows th e  t h e o r e t i c a l  c u rv e  w here 

x  = 4 3 ,9 ;  y  = 1346; z  -  0 ,2 8 2 ; v  -■ 432 ; w = 57020 . The t h e o r e t i ­

c a l  v a lu e s  la y  w i th in  5% o f  a l l  th e  e x p e r im e n ta l  p o in t s .

V a lu es  o f  th e  m ic ro s c o p ic  r a t e  c o n s ta n t s  can  b e  c a l c u l a t e d  

i f  a p p ro x im a tio n s  a r e  made.

I f  th e  l ig a n d  d i s s o c i a t i o n  s te p s  a r e  r a p id  com pared to  th e  

r e d u c t io n  s t e p s  th e n  (k^  + k _ ^ [h is ) ) % k _ ^ [ h is ] ; (k _3 + k^)% k_3 ; 

t^ 3k 4 + k l ^k2 + k4 + k_3) ] ^ ^ k _ 3 and  th e  v a lu e s  o f  ( -  ;

k 4 °  iT ' ( "  % C h is ])  and Kg = (= w ere  0 ,1 0 2  s 1 ;

2 ,3 6  x 10 2 s  1; 613 and  132 M 1 r e s p e c t i v e l y .  ( I f  l ig a n d  

d i s s o c i a t i o n  i s  s lo w  com pared w ith  r e d u c t io n ,  th e  d e pendence  o f  

th e  r a t e  on th e  h i s t i d i n e  c o n c e n t r a t io n  a t  low  t h i o l  c o n c e n tra ­

t i o n s  c a n n o t be a c c o u n te d  f o r . )

7 :'c .;"  v a lu e s  a r e  r e a s o n a b le .  The b in d in g  c o n s ta n t  f o r  th e  

second  t h i o l .  Kg (132 11 ^ ) , i s  c o m p arab le  w i th  th o s e  found  f o r

th e  h i s t i d i n e  (and  a n a lo g u e s )  adduce  w i th  th e  a l k a l i n e  hem in

d im er ( c h a p te r  5) (79 -  400 M 1) and i s  c o n s i s t e n t  w i th  a weak 

i n t e r a c t i o n  such  a s  h yd rogen  b o n d in g  ( t h e r e  i s  c e r t a i n l y  no 

s h o r ta g e  o f  s u i t a b l e  s i t e s l ) .

The d e pendence  on th e  h i s t i d i n e  c o n c e n t r a t io n  can  a l s o  be 

a c c o u n te d  f o r  w i th  t h i s  r a t e  la w . A t low d i t h i o t h r e i t o l  co n ce n ­

t r a t i o n s ,  th e  f d t t ] 2 te rm s  a r e  u n im p o r ta n t and hence

k e, x C d tt?  -  k ik 2k - 3 C d t t j
obs z + s T d t t J  k _ ^ [ h is jk _ 3+kgk_3 r d t t ]



0 ,2

[h i!

F ig u re  7 .6  P l o t  o f  •— — v e r s u s  h i s t i d i n e  c o n c e n t r a t io n  

3x10 ^>1 hern ia ; 4x10 S i  d t t ;  pH 1 0 ,0 ;  y  = 0 ,4 ;

25°C (u n d e r  Hg)

The p l o t  o f  ^ — v e r s u s  f h i s ]  i s  in  f a c t  l i n e a r  w i th  s lo p e  =

3 7 ,5  >1 s and  i n t e r c e p t  = 7 s * ( f i g u r e  7 .6 ) .  T h is  r e s u l t s  in  

k l  -1^ —  = K1 = 467 and k 2 = 0 ,1 4  s w h ich  i s  i n  f a i r  a g re em e n t w ith  

th e  v a lu e s  found  above (613 and 0 ,1 0  s 1 r e s p e c t i v e l y ) . T h is  

i n v e r s e  d e pendence  o f  th e  r a t e  on th e  h i s t i d i n e  c o n c e n t r a t io n  

show s t h a t  th e  in te r m e d ia te  i s  i n  f a c t  th e  t h i o l a t e - h i s t i d i n e  

hem in com plex  a s  th e  th io la te -a q u q fh y d ro x o  hem in com plex w ould 

n o t  g iv e  t h i s  r e s u l t .

At h ig h  d i t h i o t h r e i t o l  c o n c e n t r a t i o n s ,  th e  z te rm  becomes 

n e g l i g i b l e  and  hence

kIk2k-3rdtt̂  + k̂ k.rdtt]2 
obs * k ^ r d t t j  + k ^ f d tg 2



Habs ^ d e p e rtd e n c  o f  Che h i s c i d i n e  c o n c e n t r a t io n  w h ic h  i s  w hat 

was o b se rv e d . (T he r e s u l t s  a r e  n o t  good enough to  r u l e  o u t  th e  

lo s s  o f  h i s t i d i n e  i n  r e a c t i o n  (7 -  3 ) b u t  th e  s i m i l a r i t y  o f  th e  

i s o s b e s t i c  p o in t s  a t  h ig h  and low  d t t  c o n c e n t r a t io n s  make t h i s  

p o s s i b i l i t y  v e ry  u n l i k e l y . )

Hence th e  p ro p o sed  r a t e  law  c an  a c c o u n t f o r  th e  s p e c t r a l  

ch an g es and f o r  th e  o b se rv e d  d e p en d e n ce s  on th e  d i t h i o t h r e i t o l  

ci n c e n t r a t i o n  and  th e  h i s t i d i n e  c o n c e n t r a t i o n  a s  w e l l  a s  o f  

c o u rs e  th e  ham in c o n c e n t r a t io n .

I  tie e f f e c t  o f  pH on th e  r a t e  i s  to o  com plex  to  a n a ly s e  w hat 

w ith  two p a r a l l e l  r e d u c t io n  s te p s  and pKas o f  t h i o l  and  h i s t i d i n e  

(-N H -) p r o b a b ly  b e in g  s i g n i f i c a n t ,  a s  w e l l  a s  h a v in g  l im i te d  d a t a .

We m e re ly  n o te  t h a t  th e  a p p a r e n t  pKa o f  10 in  t h e  downward lim b  

c o u ld  b e  a s s o c i a t e d  w ith  th e  pKa o f  d i t h i o t h r e i t o l  o r  p o s s ib l y  

an  u p ta k e  o f  a  p r o to n  on r e d u c t io n  a s  fcu n d  by  c y c l i c  v o l t a m e t r y .108

7 .4  C o n c lu s io n s

H e m in -h i s t id in e  l i k e  i s  red u c ed  by t h i o l s  v i a  an  in n e r  s p h e re

m echanism . R e d u c tio n  was fo und  to  b e  r a t e  l i m i t i n g .  The s im p le  

m o n o th io la t e  com plex re d u c e d  w ith  k  = 0 ,1  s  \  com pared w ith  t h a t  

o f  in  a lk a l i n e  s o lu t i o n  V O ,3 s 1 ( c o o r d in a t io n  was r a t e

l i m i t i n g  a t  a l k a l i n e  p H s ) . H ence th e  r a t e  o f  r e d u c t io n  o f  

i s  f a s t e r  th a n  t h a t  o f  h e m in - h i s t i d i n e .

P re su m a b ly  th e  f a s t e r  r e d u c t io n  by  th e  d i t h i o l  com pared to  

t h e  m o n o th io ls ,  r e f l e c t s  th e  h o m o ly t ic  f i s s i o n  o f  F e -S  b e in g  

a s s i s t e d  by a  second  t h i o l  g roup  (w hich  i s  c lo s e  a t  hand in  th e  

d i t h i o l )  a s  found  f o r  th e  B12q r e d u c t io n  by c y s t e i n e .  T h is

s u g g e s ts  a  m ethod o f  p r e v e n t in g  th e  r e d u c t io n  o f  F e ( l I I )  i n  th e  

r e s t i n g  P -450  fo rm , by th e  c o o rd in a te d  c y s t e i n e ,  i . e .  by th e



p r o t e i n  p r e v e n t in g  a  second  t h i o l  a p p ro a c h in g  th e  a c t i v a  s i t e  and 

i n  d o in g  so , o n ly  p e r m i t t in g  th e  a p p a r e n t ly  u n f a v o u r a b le  fo rm a tio n  

o f  th e  RS to  o c c u r ,  w h ich  c a n n o t d i f f u s e  away b e in g  p a r t  o f  th e  

p r o t e i n  and h e n ce  c an  recom bine  w i th  F e ( I I ) .

F e ( I I )  b i s - h i s t i d i n e  h a s  a  v e ry  s im i l a r  sp e c tru m  to  t h a t  o f  

r e d u c e d  c y toch rom e  b .  and  t h e r e f o r e  i s  a  good m odel a s  f a r  a s  th e  

e l e c t r o n i c  s t r u c t u r e  i s  c o n c e rn e d . C u r io u s ly  th e  r e d u c t io n  o f  th e  

b i s - h i s t i d i n e  com plex r e q u i r e s  p r o to n  u p ta k e ,  w hich, fo l lo w s

from  th e  change  in  pKa o f  th e  -XH^ o f  th e  c o o rd in a te d  h i s t i d i n e ,  

w h ile  th e  r e d u c t io n  o f  c y toch rom e  b^ r e q u i r e s  S a  /K  u p ta k e .

But w h e th e r  a  p r o to n  o r  c a t i o n  i s  r e q u i r e d  on r e d u c t io n  o f  a 

h e m o p ro te in  d e p en d s  on th e  pKas o f  th e  n e ig h b o u r in g  g ro u p s  i n  th e  

a c t i v e  s i t e .

A c l e a r c u t  exam ple o f  c a t a l y s i s  by c o p p e r ( I I )  i n  th e  r e d u c ­

t i o n  o f  F e O H -c a ffe in e  by p e n ic i l la m in e  v a s  fo u n d . Soxe c a t a l y s i s  

by C u ( I I )  was found  in  th e  r e d u c t io n  o f  b u t  th e  e f f e c t  in

th e  fo rm e r  c a s e  i s  more d r a m a tic  b e c a u se  no r e d u c t io n  o c c u r s  in  

th e  a b se n c e  o f  C u ( I I ) .



CHAPTER 8 -  THE CATALYSIS OF THE AUTOXIDATION OF THIOLS BY 

COBALT CORRINOIDS 

8 ' i n tr o d u c t io n

I t  i s  w e l l  known t h a t  c o b a l t  c o r r in o id s  su c h  a s  a r e  good

c a t a l y s t s  f o r  th e  a u to x id a t io n  o f  t h i o l s ,  ^ The o n ly  q u a n t i t a ­

t i v e  k" i c  s tu d i e s  a r e  th o s e  o f  P e e l  who u se d  m a in ly  a q uocyano - 

c o b in a n u -a  ( f a c t o r  B) 71 b u t  u n f o r t u n a t e ly  th e  p r e s e n c e  o f  CM , 

w hich  w i l l  p o iso n  some o f  th e  c o b a l t ,  c o m p lic a te s  th e  i n t e r p r e t a ­

t i o n  o f  th e  r e s u l t s .

The a im s o f  t h i s  s tu d y  a r e  to  e s t a b l i s h  a  g e n e r a l  m e ch 'n ism  

f o r  th e  a u to x id a t io n  o f  t h i o l s  c a t a ly s e d  by c o b a l t  c o r r in o id s  

th ro u g h  a  q u a n t i t a t i v e  s tu d y  o f  ( a s  h a s  e f f e c t i v e l y  o n ly

one p o t e n t i a l  c o r d in a t io n  s i t e )  and a m o n o th io l.  C y s te in e  was 

c h o sen  b e c a u se  th e  r e d u c t io n  o f  B12a  by  c y s t e i n e  has been  

s tu d i e d .  ^  W ith l e s s  d e t a i l e d  s tu d y  th e  e f f e c t  o f  c h an g in g  from  

-  nono to  a  d i t h i o l  ( v iz .  d i t h i o t h r e i i o l )  on th e  r a t e  w i l l  be 

i n v e s t i g a t e d .  (The r e d u c t io n  o f  B12g by d i t h i o t h r e i t o l  was d i s ­

c u s se d  i n  c h a p te r  6 . )  The e f f e c t  o f  r e p l a c i n g  th e  a x i a l  b e n z ia i -  

d a z o le  by H^O w i l l  b e  exam ined  by s tu d y in g  th e  d ia q u o co b in a tn id e  

c a t a ly s e d  a u to x id a t io n s  o f  c y s t e i n e  a s  w e l l  a s  th o s e  o f  m e rc a p to -  

e th a n o l  and e t h a n e t h i o l .  I t  i s  a l s o  o f  i n t e r e s t  to  se e  to  w hat 

e x te n t  c o b a l t  c o r r in o id s  m ig h t s e rv e  a s  m o d e ls  f o r  th e  r e a c t i o n s  

o f  h e m o p ro te in s  w i th  0^ and to  w hat e x te n t  one c an  m odel th e  h ig h  

tu r n o v e r  nur ">er and s u p p r e s s io n  o f  H202 f o rm a tio n  c h a r a c t e r i s t i c  

o f  cy toch rom e  c o x id a s e .

The s to i c h io m e tr y  h a s  been  shown by P e e l  to  be

2RSH + 1 0 , ----- - RSSR + H20

and w i l l  b e  assum ed h e re .  .



8 .2  R e s u l t s

8 .2 .1  E12g p l u s  cy s t e i n e

F ig u re  8 .1  shows a t y p i c a l  p l o t  f o r  th e  r a t e  o f  Og u p ta k e  c a ta ly s e d  

by 5^0 a  i n  th e  p r e s e n c e  o f  c y s t e i n e  i n  an  t>2 s a tu r a t e d  s o lu t io n .

io *  ( o p .

F ig u re  8 .1  & t y p i c a l  e x p e r im e n ta l  p lo t  f o r  0  ̂ u p ta k e  i n  th e

p r e s e n c e  o f  and c y s t e i n e  i n  02 s a tu r a t e d  b u f f e r s ;

pH 10; 2x10 2M c y s t e i n e ;  2 ,5 x 1 0  5M B^2 a ; 25°C.

I t  shows th e  u n c a ta ly s e d  a s  w e l l  a s  th e  c a t a ly s e d  a u to x id a -  

t i o n  o f  c y s t e i n e .  The la g  p e r io d  due to  m ix in g  i s  < 3 s e c o n d s , 

and h e n ce  no b u i ld  up c an  be se en  w i th in  t h i s  p e r io d .  T here  i s  

c l e a r l y  no e f f e c t  o f  t h e  o r d e r  o f  a d d i t i o n  on e i t h e r  th e  i n i t i a l  

r a t e  o r  th e  c o u rs e  o f  t h e  r e a c t i o n .  I n  g e n e r a l ,  th e  i n i t i a l  r a t e s  

w i l l  b e  r e p o r te d .

By c o n t r a s t ,  th e  p l o t s  o f  th e  d ia q u o co b in s m id e  c a t .  sed



r e a c t i o n s  a r e  a u to c a t a l y c i c  ( f i g u r e  8 , 2 ) .

F ig u re  8 .2  A t y p i c a l  e x p e r im e n ta l  p l o t  f o r  0^ u p ta k e  by t h i o l s  

c a t a l y s e s  by d ia q u D co b in a m id e ; pH 9 ,5 ;  2x10 

m e rc s p to e th a n o l ;  1x 10 7>i d ia q u o co b in a m id e ;

02 s a tu r a t e d  b u f f e r ;  25°C

F ig u re  8 .3  shows th e  pH p r o f i l e  in  0 ,̂ s a tu r a t e d  b u f f e r s ,  

w i th o u t  EDI A, b o th  w i th  and w ith o u t  ( d a ta  i n  t a b l e  1 , appen­

d ix  8 ) .  The c a ta ly s e d  r e a c t i o n  h as a  maximum r a t e  a t  pH 10 and 

h e n ce  f u r t h e r  s tu d i e s  w i l l  c o n c e n t r a te  on pH 10. The u n c a ta ly s e d  

r a t e  r e a c h e s  a  p l a t e a u  i n  th e  a l k a l i n e  r e g io n ,  p r o b a b ly  b e ca u se  

o f  co m p le te  f o rm a tio n  o f  th e  t h i o l a t e .



F ig u i . " '.3  The pH p r o f i l e  f o r  th e  a " to x i d a t i o n  o f  c y s te in e

c a ta ly s e d  ' 2xlC  ”M c y s t e i n e ;  1x10 5M B17 ;

T ab le  8 .1  show s th e  d i f f e r e n t  r a t e s  (and o r d e r  in  oxygen) 

i n  a i r  and 0^ s a tu r a t e d  b u f f e r s  a s  w e l l  a s  th e  e f f e c t s  o f  

su p e ro x id e  d is r a u ta s e , C u ( I I ) ,  EDTA on th e  r a t e .



T a b le  8 .1  : E f f e c t s  o f  c o n d i t io n s  on th e  r a t e  o f  C>2 u p ta k e  by 

p lu s  cystsine; pH 1 0 ,0; 2x10 ~H c y s t e i n e ;  2 ,2 x 1 0  

W =C; U -  0 .1

I n i t i a l  ra te /u M O .

A ir  s a t u r a t e d  b u f f e r  0 _ s a tu r a t e d  b u f f e r

2 ,3 2  (n -0  i n i t i a l l y )  3 ,9 5  (n = 0 ,5 )

2x 10 M su p e ro x id e  

d ism u ta se  

1x10“ 3M E0TA 

2x ’.n“ 3M EDTA 

2x10"3M CuSO,

s lv .  a  p lo t  l-ifj r a t i ,  v v r s u s  l o j ( 0 , )

I t  c an  b e  s e e n  t h a t  th e r e  i s  an  a d d i t i o n a l  r e a c t i o n  in  0 ,  

s a tu r a t e d  b u f f e r s  w h ich  i s  su p p re s s e d  by  su p e ro x id e  d is m u ta s e  and 

th u s  in v o lv e s  s u p e ro x id e . Hence a i r  s a tu r a t e d  and n o t  0^ s a tu r a ­

te d  b u f f e r s  w i l l  be u s e d .  EDTA s u p p r e s s e s  Che r e a c t i o n  by about*  

50%, a s  was th e  c a se  i n  th e  r e d u c t io n  o f  B12a by  c y s t e i n e  u n d e r  

Ng ( c h a p te r  6) .  H ence 2x10 3H EDTA w i l l  be u se d  to  su p p re s s  

r e a c t i o n s  c a t a ly s e d  by t r a c e  m e ta l s .  L i t t l e  e f f e c t  o f  C u ( I I )  was 

found  a t  che c o n c e n t r a t io n  u s e d . The h a l f  o r d e r  d e pendence  in  Og 

found  i n  02 s a tu r a t e d  b u f f e r s  i s  s i m i l a r  to  t h a t  r e p o r te d  e a r l i e r  

f o r  th e  r a t e  o f  02 u p ta k e  by C u ( I I )  p lu s  a s c o r b a t e  116 a s  

w e ll a s  F e ( I I I )  p lu s  c y s t e i n e  73 b u t  i t  i s  n o t  p a r t  o f  th e  

i n t r i n s i c  r e a c t i o n  in  t h i s  c a se  a s  i t  was su p p re s s e d  by su p e ro x id e  

d is m u ta s e .



F ig u re  8 .4  (and  t a b l e  2 ,  a p p e n d ix  8) show s th e  e f f e c t  c£ th e  

B^2 a c o n c e n t r a t io n  on  th e  r a t e  and th e  r a t e  i s  q u i t e  c l t a r l y  f i r s t  

o r d e r  i n  w ith  o n ly  s  s m a ll am ount o f  u n c a ta ly s e d  r a t e  (g iv e n

by th e  i n t e r c e p t ) .

i n i t i a l  r a t e ,

F ig u re  8 .4  The r a t e  dependence  on th e  c o n c e n t r a t io n

f o r  th e  a u to x id a t io n  o f  c y s te i n e  c a t a ly s e d  by 

B^2 a in  a i r  s a t u r a t e d  s o lu t io n s  c o n ta in in g  

2x10 EDTA.; 5x10 \\ c y s t e i n e ;  pH 10;

V -  0 ,1 ;  25°C.

F ig u re  8 .5  (and ta b l e  3 , a p p en d ix  8 ) shows th e  e f f e c t  o f  

th e  c y s t e i n e  on b o th  th e  r a t e  o f  02 u p ta k e  a s  w e l l  a s  r e d u c t io n .
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F ig u re  9 .5  The r a t e  de p en d e n ce  on th e  c y s te i n e  c o n c e n t r a t io n  

f o r  b o th  th e  a u to x id a t io n  o f  c y s te i n e  c a ta ly s e d  by 

B12a  a ^r  s a tu r a t e d  s o lu t io n s )  a s  w e l l  a s  f o r  

th e  r e d u c t io n  o f  by c y s t e i n e  ( u n d e r  S j )  i n

s o l u t i o n s  c o n ta in in g  2x10 "*M EDI'A; 1 ,9 4 x 1 0  'M  B ^ a ; 

pH 10; M =• 0 ,1 ;  25°C.

The s lo p e  f o r  t h e  r e d u c t io n  i s  0 ,3 8  M ^ s  ^ com pared w ith  th e  

ta n g e n t  a t  low  c y s t e i n e  c o n c e n t r a t io n s  to  th e  0^ u p ta k e  c u rv e  

w hich  h as a  s lo p e  o f  1 5 ,8  M ^ s  * g iv in g  a r a t i o  o f  42 betw een  

th e  r a t e  o f  0^  u p ta k e  and r e d u c t io n .  The tu r n o v e r  num ber ( i . e .  

e q u iv a l e n t s  I V (M  x  a t  l i m i t i n g  t h i o l



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

Nome and F e n d le r s  r e s u l t s  ^  i n d i c a t e  t h a t  a t  pH 10, 

c o o r d in a t io n  i s  r a t e  l i m i t i n g  b u t r e d u c t io n  in v o lv e s  RS” +

(RS •• C o ( I I I ) ) ,  Even i f  th e  s to i c h io m e tr y  o f  th e  r e a c t i o n  i s  

i g n o r e d ,  th e  r a t e  o f  0^ u p ta k e  i s  f a s t e r  th a n  th e  r a t e  o f  r e d u c ­

t i o n  ( i f  th e  s to i c h io m e tr y  i s  ta k e n  i n to  a c c o u n t th e  a s y m to tic  

r a t e  o f  0^ u p ta k e  in c r e a s e s  by a  f a c t o r  o f  f o u r ) .  Q u ite  c l e a r l y ,  

a  d i f f e r e n t  d e p endence  on t h i o l  c o n c e n t r a t io n  i s  found  f o r  Og 

d u c t io n  w h ich  i s  r a t h e r  s u r p r i s in g ,  

c t r a  o f  th e  s te a d y  s t a t e  a t  h ig h  and low  c y s te i n e  

c o n c e n t r a t io n s  w ere  ru n  15 se co n d s  a f t e r  m ix in g . The sp e c tru m  in  

t h e  S o r e r  : s g io n  c o u ld  be ta k e n  w i th in  a  m in u te  w h ile  th e  co m p le te  

sp e c tru m  to o k  ^2  m in u te s .  At low  t h i o l  c o n c e n t r a t i o n s ,  th e  u p ta k e  

o f  0 ,  u n d e r  t h e  same c o n d i t io n s  was c o m p le te  w i th in  2 ,5  m in u te s  

w h ile  a t  h ig h  t h i o l  c o n c - .n t r a t io n s  i t  was c o m p le te  w i th in  1 ,5  

m in u te s .  I n  b o th  c a s e s ,  th e  S o r e t  baud  was a t  357 nm w h ile  a t  low 

t h i o l  c o n c e n t r a t i o n s ,  th e  c t.S  b ands w ere  a t  420 nm, 516 run and

536 nm. T h ese  c o rr e s p o n d  t o  th e  b a n d s  o f  th e  hyd ro x o co b a lam in  

(358 nm, 421 nm, 516 nm, 537 nm) .l0 2  As hyd ro x o co b a lam in  b u i ld s  

u p , i t  m u st p re c e d e  th e  r a t e  d e te r m in in g  s t e p  w h ich  m ust in v o lv e  

Co-OH o r  Co-OHg (pKa 7 , 6 ) .  ^ T here  w ere no d e t e c t a b l e  b ands due 

to  C o ( I I )  (312 nm, 405 run, 473 n o ) ^ o t  th io l a to c o b a la m in  

(371 nm, 425 nm, 534 nm, 554 nm ). 102 H ow ever, a s  th e  0^ i s  

d e p le te d  C o ( I I )  i s  f o rc e d  (bands a t  312 nm, 470 n m ), b u t  w i th  no  

s ig n  o f  th e  t h io l a to c o b a la m in  b ands w h ich  i s  c o n s i s t e n t  w ith  

e i t h e r  c o o r d in a t io n  b e in g  s lo w e r th a n  r e d u c t io n ,  o r  an  o u te r  s p h e re  

m echanism .

A l l  e x p e r im e n ts  i n  a i r  a re  z e r o  o r d e r  i n  0^ a t  l e a s t  i n i t i a l l y .



AC high c y s t e i n e  c o n c e n t r a t io n s  (>8xlO  ^M) a t  2x10 5M B^2a ’ c h e re  

was a  s l i g h t  la g  p e r io d  w h ich  w as, how ever, w ith in , t h e  m ix in g  tim e  

o f  3 s e c o n d s . T h is  was n o t  o b se rv e d  a t  low er t h i o l  c o n c e n t r a t io n s  

w here a  s m a lle r  volum e o f  t h i o l  was a d d ed . The in d e p en d e n ce  o f  

th e  r a t e  on 0^  a g re e s  w ith  th e  s p e c t r a  w hich  i n d i c a t e  t h a t  th e  

r a t e  d e te r m in in g  s te p  i s  one o f  th e  r e d u c t io n  s te p s .

The e f f e c t  o f  c a t a l a s e  was in v e s t i g a t e d  a t  h ig h  and low  

c y s t e i n e  c o n c e n t r a t io n s  i n  an a i r  s a tu r a t e d  pH 1 0 ,0  b u f f e r  con ­

t a in in g  2x10 EDI A. (1 ,9 x 1 0  5M '  Ac low  c y s te i n e  co n ce n ­

t r a t i o n s  (5x10 3M), th e  r a t e  d e c r e a s e d  from  l,22yM O , s  1 to  

0 ,7 8  ^'10n s 1 ( d u p l i c a t e  e x p e r im e n ts  ru n )  ( i . e .  a  36% d e c r e a s e  

i n  r a t e )  on a d d i t i o n  o f  5700 u n i t s  o f  c a t a l a s e .  A t 0,1M c y s te i n e  

h ow ever, t h .  r a t e  was u n a f f e c te d  by c a t a l a s e  ( 4 ,4 5  pNO^ s * 

w ith o u t  c a t a l a s e ;  4 ,4 7  uMO., s  ^ w i th  c a t a l a s e ) .

I n  n e i t h e r  c a se  was th e  o r d e r  i n  0^ a f f e c t e d .  I t  a p p e a rs  

t h a t  th e  amount o f  ^ ^2  d e c r e a s e s  w i th  t h i o l  c o n c e n t ra ­

t i o n ,  Q u a l i t a t i v e l y  th e  a c t i v i t y  o f  c a t a l a s e  was n o t  a f f e c t e d  

by th e  p r e s e n c e  o f  0 , 1M c y s t e i n e ,  up to  te n  m in u te s .

8 ,2 .2  pI~u s  d i c M o t h r e i t o l

F ig u re  8 .6  ( id  t a b l e  4 ,  a p p en d ix  8) shows th e  pH p r o f i l e  f o r  r a t e  

o f  Og u p ta k e  in  a i r  s a tu r a t e d  b u f f e r s .

I t  shows a  maximum l i k e  t h a t  o b se rv e d  f o r  th e  B ^ ^ - c y s t e i n e  

sy s te m  in  0^ s a tu r a t e d  b u f f e r s  a s  w e l l  a s  f o r  th e  r e d u c t io n  o f  

B^2b by d i t h i o t h r e i t o l  u n d e r  H ow ever, th e  maximum o c c u r s  a t

pH 9 ,2  u n l ik e  th e  B ^ ^ - c y s t e i n e  sy s te m  (pH .10) and th e  r e d u c t io n

sy s te m  (pH 8 ,5 ) .  O th e r  e x p e r im e n ts  w ere  c a r r i e d  o u t a t  pH 10.



p H

F ig u re  3 .6  The pH p r o f i l e  f o r  th e  a u to x id a t io n  o f

d iC h io th r e iC o l  c a t a ly s e d  by B12a i ”  a i r  s a tu r a t e d  

b u f f e r s ;  1 ,9 4 x 1 0  5M 1x10 \  d i t h i o t h r e i t o l ;

U = 0 ,1 ;  25°C .

F ig u re  8 .7  (and t a b l e  5 in  a p p en d ix  8) show s th e  e f f e c t  o f  

th e  d i t h i o t h r e i t o l  c o n c e n t r a t io n  on th e  r a t e .  The same s a t u r a t i n g  

e f f e c t  w hich  was o b se rv e d  w ith  c y s t e i n e  i s  e v id e n t  h e re  b u t  h as 

n o t  be en  ta k e n  f a r  enough  to  l e v e l  o f f ,  b e c a u se  th e  r a t e s  a r e  to o  

g r e a t .  The r a t e  o f  r e d u c t io n  by d : t h i o t h v e i t o l  h a s  be en  

in c lu d e d  and a s  found  f o r  B ^ a p lu s  c y s t e i n e ,  i s  s lo w e r  th e n  th e  

r a t e  o f  C>2 u p ta k e .  I t  h a s  a s lo p e  o f  5 ,2  M-1  s  1 com pared w ith  

t h a t  o f  th e  ta n g e n t  to  th e  o r i g i n  o f  02 u p ta k e  c u rv e  w h ich  i s



L03£ d ith iv > th r i2 iC o y , M

F ig u re  8 .7  The r a c e  de p en d e n ce  on th e  d i t h i o t h r e i t o l  ( d t t )  

c o n c e n t r a t io n  f o r  b o th  th e  a u to x id a t io n  o f  d t t  

c a ta ly s e d  by B^2g f in  a i r  s a tu r a t e d  s o lu t io n s )  

a s  w e l l  a s  f o r  th e  r e d u c t io n  o f  by d t t  (u n d e r

N2 ) ;  l ,9 4 x lO ~ 5M.B1 2 a ; pH 10; y  = 0 ,1 ;  25°C .

66 M 1 s  1 i . e .  a  12 f o ld  d i f f e r e n c e ,  w hich  i s  l e s s  th a n  t h a t  

found  f o r  th e  B ^ - c y s c e i n e  sy s te m  (a  42 f o ld  d i f f e r e n c e )  w hic ' 

i s  l a r g e l y  a  co n seq u e n ce  o f  th e  d i f f e r e n c e  i n  th e  r e d u c t io n  r a t e s  

(14 f o ld )  r a t h e r  th a n  0 2 u p ta k e  r e s u l t s  (4  f o ld )  i n  th e  two 

sy ste m s ( ig n o r in g  th e  f a c t  t h a t  d t t  h a s  two t h i o l  g r o u p s ) .



The tu r n o v e r  num ber i s  > 2 ,2  e q u iv a le n ts / (M  x s )  w hich  i s

l a r g e r  th a n  t h a t  f o r  p lu s  c y s t e i n e  (% 0 ,9  e q u iv a l e n t s /

*  *  » ) ) .

F ig u re s  8 .8 a  and b (and  t a b l e s  6 a  and b in  a p p en d ix  8) 

show t h a t  a t  b o th  h ig h  and low d i t h i o t h r e i t o l  c o n c e n t r a t i o n s ,  th e  

r a t e  i s  f i r s t  o r d e r  i n  3 ^ .

i n i t i a l  r a te .

F ig u re  8 .8 a  The r a t e  d e pendence  on th e  c o n c e n t r a t io n

f o r  th e  = .u to x id a tio n  o r  d t t  c a t a ly s e d  by 

i n  a i r  s a t u r a t e d  s o lu t io n s  a t  a  low  d t t  

c o n c e n t r a t io n  (1x10 ^M) a t  pH 1 0 ,0 ; y  = 0 ,1 ;  

15°C.



I Figure 8.8b The race dependence cn Che concentraCion for

■ Che auCoxidacion of dec caCalysed by in air

 ̂ saturaced solucions ac a high dec conceneration

(2x 10"2M) ac  pH 1 0 ,0 ;  u  = 0 ,1 ;  25°C .

As che d i c h io c h r e i c o l  c o n ce n C rac io n  i n c r e a s e s ,  Che o r d e r  i n  0% 

ch an g es from  0 ,5  Co z e r o .  C o n d ic io n s  a f f e c e i n g  Che r a c e  and 

; o r d e r  a t  low  C h io l c onccnC raC ions w ere su p e ro x id e  d ism u b ase  and

■' c a c a l a s e .  AC 1 m>I d i c h io c h r e i c o l  (1 ,9 4 x 1 0  pH 10; a i r

I saC uraC ed) 2x10 s u p e ro x id e  d ism uC ase  re d u c e d  Che r a c e  from

t  1 ,5 2  uMOjS 1 to  0 ,8 7  (a  42% d e c r e a s e )  and changed  Che

o r d e r  from  0 ,5  Co z e r o  w h ile  5700 u n i t s  o f  c a t a l a s e  r e d u c e d  i t  to



0 ,6 0  1410,8 1 (a  60% d e c r e a s e )  a l s o  c h a n g in g  th e  o r d e r  Co z e r o .

I n  a d d i t i o n  3x10 S i  CuSO^ in c r e a s e d  th e  r a t e  Iro 3 ,3 7  uMO^s 

( i . e .  d o u b lin g  th e  r a t e )  b u t  d id  n o t  a f f e c t  th e  o r d e r .  At 

2x10 “M d i t h i o c h r e i t o l  (3 ,9 x 1 0  2x10 S i  su p e ro x id e  d ism u -

t a s e  and  5700 u n i t s  o f  c a t a l a s e  d e c r e a s e d  th e  r a t e  by l e s s  th a n  

3Z in b o th  c a s e s  w ith o u t  c h an g in g  th e  o r d e t .  The e f f e c t  o f  EDIA 

was n o t  s tu d i e d  •

The s te a d y  s t a t e  s p e c ie s  a t  b o th  h ig h  and low  d i t h i o t b r e i t o l  

c o n c e n t r a t io n s  i s  th e  h y d ro x o cc b a la m in  a s  shown by  b ands a t  

357 tun, 420 ma, 516 ma and 536 nm ( l i t e r a t u r e  358 run, 421 nm,

516 n n , 537 n o ) . ~ Hence th e  r a t e  d e te r m in in g  s te p  in v o lv e s

r e d u c t io n  a s  found  w i th  P*u s  c y s t e i n e .

8 .2 .3  D iaquoeo□iu a m id e  p lu s  m o n o th io ls  

Q u a l i t a t i v e  e x p e r im e n ts  i n d i c a t e d  t h a t  t h i o l s  red u c ed  Che 

d ia q u o co b in a m id e  nu ch  f a s t e r  th a n  3 .. .  a t  pH 9 ,5  a t  l e a s t .  H ence 

a t  l e a s t  one s te p  i n  th e  r e a c t i o n  has be en  speeded  u p . F ig u re

8 .2  shows a  t y p i c a l  a u t o c a t a l y t i c  p l o t  c h a r a c t e r i s t i c  o f  

d ia q u o co b  in am id e  p lu s  t h i o l s .  Tlie a as im u n  r a t e  i s  a lw ays 

1 ,5  -  2 ,5  tim e s  g r e a t e r  th a n  th e  i n i t i a l  s lo p e  ( s e e  t a b l e s  8 and

9 i t i  a p p en d ix  8 ) .  O nly  Che i n i t i a l  s lo p e s  w i l l  b e  u se d  u n le s s  

o th e rw is e  n o te d .

F ig u re  8 .9  and t a b l e  7 i n  a p p en d ix  8 show th e  v a r i a t i o n  i n  

r a t e  w ith  pH in  th e  p r e s e n c e  o f  e t h a n e t h i o l ,  m et c ap  to e th a r .o  1 and 

c y s t e i n e .  E th a n e th io l  r e a c t s  a b o u t t e n  t im e s  f a s t e r  th a n  c y s t e i n e .  

We c a n n o t b e  s u r e  t h a t  p a r t  o f  th e  e f f e c t  i s  n o t  due  to  i m p u r i t i e s  

s u c h  a s  HgS b u t  th e  r e s u l t s  a r e  s t i l l  o f  i n t e r e s t  in  e s t a b l i s h in g  

a n  u p p e r  l i m i t  t o  o x id a s e  a c t i v i t y  o f  c o b a l t  c o r r i n o i d s .  A ll  

t h r s e  o f  th e  t h i o l s  show  a maximum a t  pH 10 (a s  d id  p lu s



c y s te i n e )  in. s p i t e ,  o f  th e  d i f f e r e n t  pK as o f  Che t h i o l  g roup  

( e th a n e t h io l  1 0 ,6 ;  m e rc a p c o e th a n o l 9 ,4 ;  c y s t e i n e  8 ,5 )

pH

F ig u re  8 .9  The pH p r o f i l e  f o r  th e  a u to x id a t io n  o f  e t ’n a n e th io l ,  

B e r c a p to e th a n o l  and c y s t e i n e  c a t a ly s e d  by 

d ia q u c c o b in a m id e  (1x10 ^M); 2x10 ~>I t h i o l ;  0_ 

s a tu r a t e d  b u f f e r s ;  25°C .



F ig u re  8 ,1 0

a r e  a l l  f i r s  

u n c a ta ly s e d

0 ,5  1 ,0  1 ,5  2 ,0  2 ,5
10 fd ia q u o c o b in a m id e j, .'{

The r a c e  de p en d e n ce  on  th e  d ia q u o c o b in a a id e  c o n c e n t ra ­

t i o n  f o r  th e  a u to x id a t i o n  o f  e c h a n e c h io l , m ercafC o­

e th a n o l  and  c y s t e i n e  a t  pH 10; pH 9 ,5  and pH 10 r e s p e c ­

t i v e l y ,  c a t a ly s e d  by d ia q u o c o b in a tn id e ; 2x10 S i  t h i o l ;

0g s a tu r a t e d  b u f f e r s ;  25°C

8 .1 0  and t a b l e  8 i n  a p p e n d ix  8 show t h a t  th e  r e a c t i o n s  

i t  o r d e r  i n  d ia q u o co b in a m id e  and  t h a t  th e r e  i s  some 

r e a c t i o n .



F ig u re  8 .1 1  The r a t e  de p en d e n ce  on th e  t h i o l  c o n c e n t r a t i o n  fo e  th e  

s u to x i d a t i o n  o f  e th a n e th io l  (pH 1 0 ) ,  m e rc a p to e th a n o l  (pH 9 ,5 )  and  

c y s t e i n e  (pH 10) c a t a ly s e d  by d ia q u o co b in a m id e  (1x10 7M) i n  0^ 

s a t u r a t e d  s o lu t io n s  a t  25°C.



F ig u re  S .11 and  t a b l e  9 i n  a p p e n d ix  8 shows th e  e f f e c t  o f  th e  

t h i o l  c o n c e n t r a t io n  on  th e  r a t e .  A l l  show a  s a t u r a t i n g  e f f e c t .

T ab le  8 .2  show s th e  e f f e c t  o f  EDTA, CuSO^ and c s t a l a s e  on th e  

r a t e  o f  0 2 u p ta k e  i n  th e  p r e s e n c e  o f  o a r c a p to e th a n o l .

T a b le  6 ,2  : The e f f e c t  o f  EDTA, CuSO^ and  c a c a la s e  on th e  r a t e  o f  

0 o u p ta k e  i n  th e  p r e s e n c e  o f  m e rc a p to e th a o o l  (2x10 ^M) 

and  1x10 d ia q u o co h in a m id e  a t  25°C; pH 9 ,5

Added r e a g e - t I n i t i a l  r a t e  Maximum r a t e  

/ l i i l t y - 1  ,'hmo2s_1

none 4 ,0 0 1 5 ,7

IzlO""3:-! EDTA 4 ,3 2 1 5 ,2

l z l 0 " 2>i EDTA 4 ,0 0 15 ,7

I x l O '^ i  CuS04 8 ,3 2 1 3 ,7

l::10~aM CuSO. 7 , SO 1 0 .5

1x 10_3M CuS04 7 ,4 0 8 ,6

MCO u n i t s  c a t a l a s s 4 ,0 0 4 ,6

T h ere  was no e f f e c t  o f  EDTA i n d i c a t i n g  a g e n u in e  r e a c t i o n .

Any c a t a l y s i s  by C u ( I I )  was s m a ll  com pared to t h a t  o f  d ia q u o -

c o b in a m id e . I n  th e  p r e s e n c e  o f  c a t a l a s e ,  th e r a t e  was z e ro  o r d e r

i n  (>2 a t  l e a s t  i n i t i a l l y .  T h is  i s  th e  o n ly  e 'i id e n c e  f o r  th e

in d e p en d e n ce  o f  t h e  r a t e  on Og c o n c e n t r a t i o n . H ence i t  i s  p r o b a b le

t h a t  r e d u c t io n  i s  s t i l l  th e slo w  s t e p ,  a s  found  f o r  th e  system s

So s p e c t r a  w ere  r u n  o f  th e  <s te a d y  s t a t e ,  a s  t h e  d ia q u o co b in a m id e

c o n c e n t r a t io n s  u se d  f o r  th e 0 2 u p ta k e  s tu d i e s w ere  to o  low .

8 .3  D is c u s s io n

A l l  r e a c t i o n s  s tu d i e d  s h a re s e v e r a l  f e a t u r e s  jLn common such  a s  th e



sh a rp  pH maximum a t  'VpH 10 a s  w e l l  a s  t h e  s a t u r a t i o n  e f f e c t  c f  th e  

t h i o l ,  w hich  s u g g e s t  a  common b a s i c  m echanism . The pH p r o f i l e  

a p p e a rs  s im i l a r  to  t h a t  o b se rv e d  f o r  r e d u c t io n  b u t  th e  two a re  

p r o b a b ly  o n ly  i n d i r e c t l y  r e l a t e d  ( s e e  b e lo w ) .

A b so lu te  v a lu e s  o f  c a t a l y t i c  a c t i v i t y  o b se rv e d  v a ry  o v e r  th e  

r a n g e  £  0 ,9  e q u iv a le n ts  i V (M  Co x s )  f o r  p lu s  c y s t e i n e  to

920 f o r  d ia q u o co b in a m id e  p lu s  e c h a n e th io l ,

A l l  r e a c t i o n s  a r e  accom pan ied  by  a d d i t i o n a l  r e a c t i o n s  as 

r e v e a le d  by th e  e f f e c t s  o f  su p e ro x id e  d is m u ta s e , EDTA and  a u to -  

c a t a l y s i s .

, . 3 . 1  l y .

E x p er im e n ts  a t  pH 10 (maximum i n  th e  pH p r o f i l e )  show t h a t  th e  

m a in  f e a t u r e s  t o  b e  e x p la in e d  a r e :

1. The r a t e  o f  0% u p ta k e  i n i t i a l l y  i n c r e a s e s  w i th  c y s te i n e  and 

d i t h i o t h r e i t o l  c o n c e n t r a t i o n s , th e n  becom es in d e p e n d e n t 

( f i g u r e  8 .5  and  f i g u r e  8 .7 ) .

2 . F re e  H^Og i s  p ro d u ce d  a t  low  b u t  n o t  a t  h ig h  c y s te i n e  

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

3 . The r a t e  depends l i n e a r l y  on th e  c o b a l t  c o n c e n t r a t i o n ,  and in  

th e  a b se n c e  o f  accom panying  r e a c t i o n s ,  i s  in d e p e n d e n t ( a t  

l e a s t  i n i t i a l l y )  o f  th e  0 2 c o n c e n t r a t i o n ,  w h ile  s p e c t r a  show 

th e  p r e s e n c e  o f  h y d ro x o co b a lam in  d u r in g  th e  s te a d y  s t a t e .

Hence th e  r a t e  d e te rm in in g  s t e p  in v o lv e s  th e  r e d u c t io n  o f

4 . The o b se rv e d  r a t e  o f  0 2 u p ta k e  i s ,  how ever, g r e a t e r  th a n  th e  

o b se rv e d  r a t e  o f  r e d u c t io n  o f  C o ( I I I )  u n d e r  Ng. E ven ig n o r in g  

th e  s to i c h io m e t r i c  r e q u ir e m e n t  f o r  f o u r  t h i o l s  to  r e d u c e  0̂ ,



Che a sym ptoces i n  f i g u r e s  8 ,5  and 8 ,7  i n d i c a t e  Chat Che r a t e s

o f  0 2 u p ta k e  a r e  s t i l l  42 and  12 tim e s  g r e a t e r  th a n  Che r a t e s

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

We th e r e f o r e  s u g g e s t  th e  f o l lo w in g  m echanism : I t  i s  known

t h a t  C o ( I I )  r e v e r s ." - ly  fo rm s  an  adduce  w ith  0^ w h ich  h a s  o n ly  b e en

d e te c te d  a t  low  te m p e r a tu re s  19 ( r e a c t i o n  8 - 1 )

C o ( I I )  + 0., C o ( I I ) 0 2 (8  -  1)

The a u to x id a t io n  o f  C o ( I I )  i s  g r e a t l y  a c c e l : - /a te d  by  re d u c in g  a g e n ts  

s u c h  a s  q u in o l s ,  t h i o l s ,  F e ( I l ) (C N )g  th ro u g h  r e a c t i o n s  su c h  a s  

r e a c t i o n  ( 8 - 2 ) .  70

C o ( I I ) 0 „  + RSH — *• C o ( I I I ) 0 2H~ + RS' (8  -  2)

F u r th e rm o re , t h i y l  r a d i c a l s  a r e  known to  r e a c t  r a p id l y  ^  

a c c o rd in g  to  r e a c t i o n  (8  -  3) ( f o r  c y s te i n e ,  k f  i s  3 , l x l 0 9 M ^ s 

k r  8x10^ s ^ )  w h ile  th e  h y d r o p e ro x id e  com plex  c an  d i s s o c i a t e  

a c c o rd in g  to  r e a c t i o n  (8  -  4) to  g iv e  f r e e  H gO ,, w hich  ( t o g e th e r  

w i th  any s u b se q u e n t HO" ) can  b e  f u r t h e r  r e d u c e d  by  C o ( I I ) , RSH,

RS" + RS" s=A RSliR (8  "  3)

C o ( I I I ) 0 2H~ + H20 — ► C o ( I I I )  + H20 2 (3 -  4)

H ence th e  a n io n  r a d i c a l  RS'SR can  b e  fo rm ed  in  t h r i t u .e d ia te  

v i c i n i t y  o f  th e  c o b a l t .  T h is  i s  e x p e c te d  to  b e  a  much m ore p o w erfu l 

r e d u c in g  a g e n t  th a n  RS and  by a n a lo g y  w ith  th e  e l e c t r o n  t r a n s f e r  

r e a c t i o n s  o b se rv e d  in  Cu c o n ta in in g  e l e c t r o n  t r a n s f e r  p r o t e i n s  w ith  

RSSR on th e  p r o t e i n ,  w i l l  p r o b a b ly  r e d u c e  C o(III)0R ""  o r  more

l i k e l y  C o ( I I I )0 H 2 a c c o rd in g  to  r e a c t i o n  (8 -  5) by an  o u te r  s p h e re  

m echanism  .

RSSR f  C o ( I I I )0 H 2 — » RSSR + Co(11) + g,0 (8  - 5)

I t  can  a l s o  und e rg o  r a p id  d is p r o p o r d o n a t i o n  a c c o rd in g  to  r e a c t i o n



(8  -  6) ^  and c o u ld  p resu m ab ly  re d u c e  o th e r  compounds su c h  a s  

c o ( i i ) o 2 , h2o2 , OH.

2RSSR — >■ RSSR + 2RS~ ( 8 - 6 )

T he r e a c t i o n  (8  •• 7) " does n o t  o c c u r ,  a t  l e a s t  i n  a i r  s a tu r a ­

te d  a s  d i s t i n c t  from  O j s a t u r a t e d  b u f f e r s  a s  shown by th e  la c k  o f  

e f f e c t  o f  su p e ro x id e  d is m u ta s e .

R s l a  + 02 — - RSSR + 02"  (8 -  7)

T h is  schem e im m e d ia te ly  e x p la in s  th e  m a in  e x p e r im e n ta l  

o b s e r v a t io n s :

1 . The m ain  r e d u c t a n t  o f  C o ( I I I )  i s  n o t  RS b u t  m ore p o w e r f u l ,  

f a s t e r  RSSR.

2 , As th e  c y s t e i n e  c o n c e n t r a t i o n  in c r e a s e s  so  w i l l  th e  s te a d y  

s t a t e  c o n c e n t r a t io n s  o f  a l l  th e  a b o v em e n tio n e d  in te r m e d i a te s  

so we may e x p e c t :

( a )  an  in c re a s e d  r a t e  o f  rem o v a l o f  RSSR by r e a c t i o n s  vchcr 

th a n  ( 8 - 5 ) ,  h e n c e  a f a l l - o f f  i n  th e  e f f e c t  o f  th e  t h i o l  

c o n c e n t r a t io n  i s  e x p e c te d ,  a s  o b se rv e d .

(b) a n  in c re a s e d  r a t e  o f  r e d u c t io n  o f  C o ( I I I ) 0 2H (and  

p resu m ab ly  a l s o  f r e e  H202 > by RSH and  RSSR, l e a d in g  to  

th e  s u p p r e s s io n  o f  th e  f o rm a tio n  o f  f r e e  HgOg, a s  

o b se rv e d .

We th e r e f o r e  s u g g e s t  t h a t  th e  o b s e rv  1 r a t e  o f  0 2 u p ta k e  c an  

b e  c o n s id e r e d  to  r e p r e s e n t  th e  sum o f :

A . th e  a b o v em en tioned  r e a c t i o n s  in  w hich  a re

shown i n  f i g u r e  8 ,1 2 .



0 0
(d)

(a )

C o ( I I )

F ig u re  8 .1 2  Scheme o f  r e a c t i o n s  o c c u r r in g  i n  t h e  a u to x id a t io n  

o f  c y s t e i n e  c a t a ly s e d  by  BVJ

B. th e  f u r t h e r  r e a c t i o n s  o f  t o g e th e r  w i th  s m a lle r

c o n t r i b u t io n s  from

C. th e  r e d u c t io n  o f  C o(IX I) by c y s t e i n e  (RS3) i t s e l f

D. th e  u n c a ta ly s e d  r e a c t i o n  o f  0^  w i th  RSR

A ll  f o u r  g ro u p s  o f  r e a c t i o n s  w i j ' .  -d o u b te d ly  i n t e r a c t  

b e c a u se  o f  t h e  e x is te n c e  o f  common in te r m e d i a te s  su c h  a s  H ,0 2 and 

RSSR. I n  p a r t i c u l a r ,  r e a c t i o n  ( c )  i s  r e q u i r e d  n o t  o n ly  t o  s t a r t  

r e a c t i o n  (A) b u t  a l s o ,  s in c e  one c an  n e v e r  e x p e c t  a l l  o f  th e  RSSR 

form ed to  b e  u se d  i n  r e d u c in g  C o ( I I I ) > i t  i s  neea«.d t o  keep  r e a c t i o n  

(A) g o in g , i . e .  th e r e  i s  bound to  b e  an  in t i m a t e  r e l a t i o n s h i p  

b e tw een  r e a c t i o n s  (A) and (C) even  though  th e  bultc o f  th e  " c u n  a n t"  

i s  c a r r i e d  by (A ) . X h is  c o u ld  e x p la in  why b o th  th e  o v e r a l l  o x id a s e

a c t i v i t y  and th e  r a t e  o f  r e d u c t io n  show s i m i l a r  sh a rp  pH maxima

a ro u n d  pH 10,

T hese  rem ark s a p p ly  to  th e  B ^ ^ - d i t h i c t h r e i t o l  sy s te m  a s  w e l l .  

H ow ever, th e  RSSR i s  a c y c l i c  monomer fo rm ed by th e  i n t e r a c t i o n



betoreeo  th e  Cvo -SH g ro u p s  i a  th e  d i t h i o l .  The g r e a t e r  d i f f e r e n c e  

i n  th e  r a t e s  o f  r e d u c t io n  o f  B ^ a by d i t h i o t h r e i t o l  0 1 4 )  com pared 

w i th  th e  r a t e s  o f  0 2 u p ta k e  (rw )  i s  s u p p o r t  f o r  dhti im p o r ta n c e  of 

th e  USSR in  th e  l a t t e r ,  i n  c a r r y i n g  th e  r e a c t i o n ,  a s  t h i s  w ould 

b l u r  th e  d i s t i n c t i o n  be tw ee n  mono and  d i t h i o l s .

8 , 3 , 2 .  D iaquocob inam ide

The much more l im i t e d  d a ta  a g a in  show a  s a t u r a t i o n  e f f e c t  w i th  a l l  

th r e e  t h i o l s  ( s e e  f i g u r e  8 . U ) , a  f i r s t  o r d e r  dependence  on d ia q u o ­

c o b in am id e  ( s e e  f i g u r e  8 .1 0 )  and a t  l e a s t  w ith  h ig h  m e rc a p to e th a n o l  

c o n c e n t r a t i o n s ,  th e  i n i t i a l  r a t e  i s  in d e p e n d e n t c f  t h e  0^ co n ce n ­

t r a t i o n  and d o s s  n o t  p ro d u ce

I t  i s  r e a s o n a b le  to  assum e th e  same b a s i c  m echanism  a s  f o r  

B12a p lu s  ^ 's t e i n e  b u t  i n  t h i s  c a s e  t h e  much h ig h e r  tu r n o v e r  num ber 

(920  e q u iv a le n ts  1 V (M CoxS)) f o r  e t h a n e th io l  f o r  exam ple  c an  b e  

c o r r e l a t e d  w ith  -u much h ig h e r  r a t e  o f  r e d u c t io n  o f  d ia q u o c o b in a ­

m ide  com pared w i t . .  even  by m o n o th io ls .  T h is  tu r n o v e r  number

i s  g r e a t e r  th a n  t h a t  f o r  e l e c t r o n  t r a n s f e r  b e tw een  c y toch rom es a 

and  (750  e q u iv a le n ts  £ V o i  c a t a l y s t  x  s )  m d b e tw ee n  c y to ­

chrom es c and a  (450  e q u iv a le n ts  & ^ /(M  c a t . ,  . q t  x  s ) ) . 1*3 

8 ,4  C o n c lu s io n s

A l l  th e  above  e v id e n c e  i s  c o n s i s t e n t  w i th  • i ; v .m e c h a n i s m  w h ich  

in v o lv e s  th e  c y c le  o f  s t e p s  ( a )  -  (d ) o f  f ; ? :  . . ',1 2  (w h ich  i n  tu r n  

c o n ta in s  two d i f f e r e n t  ty p e s  o f  r e d u c t io n  f  C o ( I I I )  to  C o ( I I )

and o f  C o ( I I ) 0 2 to  C o d lD O ^ H " )  and w i th  r u d l c . i i  a n io n s  (RSSR) 

p la y in g  a  key  r o l e .

I n  t h e  c a s e  o f  and low c y s t e i n e  c o n c e n t r a t i o n s ,  th e

r e a c t i o n  p ro d u ce s  H^O^ b u t  t h i s  f o rm a t io n  o f  a s  " s e e n "  by

c a t a l a s e  can  b e  s u p p r e s s e d  by in c r e a s in g  th e  c y s te in e  c o n c e n t r a t io n ,



p resu m ab ly  m e re ly  by in c r e a s in g  Che r a t e  o f  r e d u c t io n  o f  c o o rd in a ­

te d  Co- 0 2H_ (and  a l s o  p e rh a p s  f r e e  , w ith o u t  any d r a m a tic

i n c r e a s e  i n  th e  tu r n o v e r  num ber.

The tu r n o v e r  number can  b e  d r a m a t i c a l l y  in c r e a s e d  by in c r e a s ­

i n g  th e  r a t e  o f  r e d u c t io n  o f  C o ( I I I )  t o  C o ( I I )  by c h an g in g  from  a 

c o b a la m in  to  a  c o b in am id e . The f o l lo w in g  maximum tu r n o v e r  num bers

B12a + c y s te i n e  : 0 ,9  e q u iv a l e n t s  I ^ ( M  . c a t a l y s t  x a)

B12a + d i t h i o t h r e i t o l  : > 2 ,2  e q u iv a le n ts  I V (M  c a t a l y s t  x  s )  

d ia q u o co b in a m id e  -- c y s t e i n e :  78 e q u iv a le n ts  I 1 /(M  c a t a l y s t  x  s j

( i n i t i a l  r a t e )

d ia q u o co b in a m id e  + e th a n e  t h i o l  : 920 e q u iv a l e n t s  ?. 1/(M  c a t a l y s t  

x  s )  ( i n i t i a l  r a t a )

The r a t e  c o u ld  p o s s ib l y  b e  in c r e a s e d  s t i l l  f u r t h e r  by in c r e a ­

s in g  th e  r a t e  o f  su p p ly  o f  r e d u c in g  e q u iv a le n ts  to  b o th  C o ( I I I )  

and C o ( I I ) 0 2 , f o r  exam p le , by v e ry  e f f i c i e n t  o u te r  s p h e re  e l e c t r o n  

t r a n s f e r  b u t  th e  r a t e  o f  0^  u p ta k e  i n  th e  d ia q u o co b in a m id e  p lu s  

e th a n e th io l  sy s te m  i s  a l r e a d y  g r e a t e r  th a n  t h a t  o f  b o th  e l e c t r o n  

t r a n s f e r  b e tw een  cy to ch ro m e s c and a  (450 ) a s  w e l l  a s  b e tw ee n  c y to ­

chrom es a and  (7 5 0 ) ,  113

T hese  r e s u l t s  p r o v id e  i n t e r e s t i n g  p a r a l l e l s  to  th e  h e m o p ro te in s . 

I t  h as  b e e n  shown t h a t  th e  0g a d d u c t o f  h em og lob in  w h ic h  i s  n o t  an 

a c t i v e  c a t a l y s t ,  r e a c t s  w i th  r e a g e n ts  su c h  a s  q u in o ls  and

p h e n y lh y d ra z in e s  ^  to  g iv e  F e ( n i )  and  H^O, by s te p s  an a lo g o u s  

to  ( c )  and ( d ) , i , e .  t h i s  can  p r o b a b ly  b e  c o n s id e r e d  to  b e  th e  b a s i c  

m echanism  common lo  i r o n  p o r p h y r in s  w h ich  c a n n o t fo rm  d im e rs  (a s  

f o r  exam ple when bound in  a  p r o t e i n )  and  c o b a l t  c o r r in o id s  w hich 

h av e  a  c o o rd in a t io n  s i t e  a v a i l a b l e  f o r  c o o rd in a t in g  0^ t o  th e  M ( I I ) .



T erm ina l o x id a s e s  su c h  a s  c y toch rom e  c o x id a s e  a l s o  c o n ta in  

i r o n  p o r p h y r in s  b u t  d i f f e r  from, h em og lob in  i n  t h e i r  h ig h  c a t a l y t i c  

• c c i v i t y  (maximum r a t e  o f  e l e c t r o n  t r a n s f e r  from  c y toch rom e  a  to  

^  i s  "30 e q u iv a le n ts  I ^ /(m o le  I  1 c a t a l y s t  x  s e c o n d s)  and i n  n o t  

Terming f r e e  H jO jI ^ A lth o u g n  th e  m echanism  o f  r e d u c t io n  o£ 0^ by 

c y .o c h ro o e  is n o t  know n, i t  i s  g e n e r a l l y  a g re e d  t h a t  th e  i n i t i a l  

s te p  in v o lv e s  c o o r d in a t io n  o f  0 ,  to  F e ( I I )  c y toch rom e  a^  and i t  i s  

r e a s o n a b le  a t  l e a s t  to  s t a r t ,  by assum ing  th e  o c c u r re n c e  o f  th e  

b a s ic  s t e p s  (b), ( c ) , ( d ) . Our r e s u l t s  w i th  c o b a l t  c o r r in o id s  

show t h a t  b o th  th e  h ig h  w rn o v e r  number and th e  s u p p r e s s io n  o f  

th e  f o r a a t i o n  o f  can  b e  a c h ie v e d  by m a n ip u la t io n  o f  t h i s

b a s ic  s a c h a n is n ,  I t  i s  p r o b a b le ,  how ever, t h a t  th e  F e ( I I I )0 ^ H  

com plex i s  c o n v e r te d  to  th e  " f e r r y i "  (FeO )^+ com plex , a n a lo g o u s  

to  compound I  o f  c a t a l a s e  and  p e ro x id a s e  b e f o r e  f u r t h e r  r e d u c t io n .



CHAPTER 9 -  TVH CATALYSIS OF THE ACTOXIDATIOSt OF DITHIOTHREXTOL 

BY THE MONOMERIC BIS-HISTIDINE HEMIH COMPLEX

9 .1  I n t r o d n c t io r t

T h is  c h a p te r  w i l l  e x te n d  th e  s tu d y  o f  th e  c a t a l y s i s  o f  th e  

a u to x id a t io n  o f  t h i o l s  by lo o k in g  a t  th e  c a t a l y s i s  by  th e  b i s -  

h i s t i d i n e  hem in  com plex  i n  an  a t te m p t to  e lu c id a t e  th e  m echanism . 

C a ta ly s i s  w i l l  in v o lv e ,  a t  l e a s t  i n i t i a l l y ,  r e d u c t io n  o f  th e  

com plex by d i t h i o t h r e i t o l , th e  k i n e t i c s  o f  w hich  w ere  d is c u s s e d  

in  C h a p te r  7,

9 .2  R e s u l t s

T he a f f e c t  o f  th e  d ’" - h i o t h r e i t o l , 0 ^ ,  hem in and h i s t i d i n e  concen ­

t r a t i o n s  or. th e  r a t e  o f  O0 u p ta k e  w ere  i n v e s t i g a t e d .  As th e  pH 

s tu d i e s  w ere  n o t  in f o r m a t iv e  i n  th e  r e d u c t io n  s t u d i e s , th e y  have  

n o t  be en  done h e re .

r i v ; v e  v . ;  jr .d  ta s l - t  : .-.ppcndix 9 show th e  e f f e c t  o f  th e

r a t e  on th e  d i t h i o t h r a i t o l  c o n c e n t r a t i o n .

T h is  p r o f i l e  i s  s im i l a r  to  t h a t  fo u n d  f o r  th e  r e d u c t io n  o f  

b i s - h i s t i d i . n e  hem in by d i t h i o t h r e i t o l  ( f i g u r e  7 .3 ) .  The 

p a ra m e te r s  u se d  to  f i t  th e  l a t t e r ,  do n o t  f i t  t h e  f o rm e r , b u t  

th e r e  a r e  p a r a l l e l s .  To e n s u re  r e a d i l y  m e a su ra b le  r a t e s ,  th e  

r e d u c t io n  s tu d i e s  w ere  c a r r i e d  o u t  a t  a  Hemin c o n c e n t r a t io n  f i v e  

tim e s  g r e a t e r  th a n  t h a t  u se d  i n  th e  0  ̂ u p ta k e  s t u d i e s .  The 

maximum r a t e  o c c u r s  a t  2 ,4 x 1 0  i n  d i t h i o t h r e i t o l  i n  th e  

r e d u c t io n  and a t  5x10 in  th e  0^  u p ta k e  s t u d i e s ,  i . e .  a  f a c to r  

o f  f i v e  d i f f e r e n t .  I n  a d d i t i o n  th e r e  i s  a p p ro x im a te ly  a two f o ld  

d i f f e r e n c e  i n  b o th  sy s te m s  b e tw een  th e  maximum and l im i t i n g  r a t e .  

H ow ever, th e  i n i t i a l  r a t e s  o f  02 u p ta k e /c o n c e n t r a t io n  o f  b i s -  

h i s t i d i n e  hem in a r e  a l l  l a r g e r  ( 3 - 6  tim e s  la r g e r )  th a n



fo u n d  f o r  th e  r e d u c t io n ,  a s  found  f o r  th e  B ^ ^ - c y s t u n e  sy s te m .

0 ,4

5 10
10 C d i th io th r e i t o l ) ,

F ig u re  9 .1  The r a t e  de p en d e n ce  on th e  d t t  c o n c e n t r a t i o n  f o r  i t s  

a u to x id a t io n  c a t a ly s e d  by b i s - h i s t i d i n e  hem in ,

6x10 hem in ; 0,4M  h i s t i d i n e ;  pH 1 0 ,0 ;  p  = 0 ,5 ;  25°C

B ecause  o f  th e  com plex d e pendence  o f  th e  d i t h i o t h r e i t o l  con­

c e n t r a t i o n s ,  o th e r  e f f e c t s  w ere  s tu d i e d  b o th  a t  h ig h  and low  

d i t h i o t h r e i t o l  c o n c e n t r a t io n .

9 .2 .1  Low d i t h i o t h r e i t o l  c o n c e n t r a t io n s

A t low  d i t h i o t h r e i t o l  c o n c e n t r a t i o n s ,  th e  0^  and d i t h i o t h r e i t o l



c o n c e n t r a t io n s  w ere  v e ry  s im i l a r .  H ence th e  d e pendence  o f  th e  

r a t e  on th e  0^ c o n c e n t r a t io n  c o u ld  n o t  b e  d e te rm in e d .

F ig u re  9 .2  and t a b l e  2a i n  a p p e n d ix  9 show  c h a t a t  3x10 S< 

d i t h i o t h r e i t o l  a t  pH 10 th e  r a t e  i s  f i r s t  o r d e r  i n  hem in.

loHhemih}, M

F ig u re  9 .2  The r a t e  d e pendence  on th e  hem in  c o n c e n t r a t io n  f o r  th e  

a u to x id a t io n  o f  dec c a t a ly s e d  by b i s - h i s t i d i n e  hem in a t  

a  low t h i o l  c o n c e n t r a t i o n  (3x10 St); 0,4M h i s t i d i n e ;  

pH 1 0 ,0 ; ' h  -  0 ,5 ;  25°C.

F ig u re  9 ,3  and ta b l e  3  i n  a p p e n d ix  9 show  t h a t  th e  r a t e  i s  

in d e p e n d e n t o f  th e  h i s t i d i n e  c o n c e n t r a t i o n  a s  i s  th e  u n c a ta ly s e d

I n  0,4M  h i s t i d i n e  a t  pH 10 u s in g  2 6 ,3  yM hem in and 3xlO~*M 

d i t h i o t h r e i t o l ,  5000 u n i t s  o f  c a t a l a s e  r e d u c e d  th e  r a t e  from  

2 ,7 0  yM02 s ^ to  1 ,7 7  ViM09 s  \  i . e .  a  34% d e c r e a s e  i n  r a t e .



0 u , l  0 ,2  0 ,3  0 ,4
[ h i s t i d i n e ] ,  M

F ig u re  9 .3  The r a c e  de p en d e n ce  on Che h i s t i d i n e  c o n c e n t r a t io n

f o r  th e  a u to x id a t i o n  o f  d t t  c a t a ly s e d  by b i s - h i s t i d i n e  

he ra in  a t  a  low  t h i o l  c o n c e n t r a t i o n  (3x10 41I); 2 ,6 x 1 0  

h e ia in ; pH 1 0 ,0 ;  :: = 0 , 5 ;  25°C.

The u n c a c a ly se d  r a t e  i s  o n ly  213 t h a t  - a ly s e d ,  w h ich

s u g g e s ts  t h a t  a t  l e a s t  so n a  o f  th e  hy d ro g en  . . i s  b e in g

g e n e r a te d  by th e  c a ta ly s e d  r e a c t i o n .  U n fo r tu n a te ly  th e  r a n g e  o f  

c o n c e n t r a t io n s  o f  hesiin  w h ich  can  b e  s tu d i e d  i s  l i a i t . - d  by th e  

d i n e r i z a t i o n  o f  b i s - h i s t i d i n e  h e n in  ( c h a p te r  5 ) a s  w e l l  a s  th e  

ra n g e  o f  r a t e s  w hich  c an  b e  s tu d i e d  by t h i s  te c h n iq u e .

T h e-sp e c tru m  o f  1x10 hem in i n  th e  p r e s e n c e  o f  0,4M  h i s t i ­

d in e  and  3x10 d i t h i o t h r e i t o l  i n  a i r  s a tu r a t e d  pH 1 0 ,0  b u f f e r  i n  

th e  s te a d y  s t a t e  ("-I m in u te  a f t e r  m ix in g )  showed s h o u ld e r s  a t  

360 nm and 440 nm c h a r a c t e r i s t i c  o f  th o s e  o f  m o n o th io la tre  hem in 

( s e e  c h a p te r  7 ) in  a d d i t i o n  to  a band  a t  412 nm, c h a r a c t e r i s t i c  o f  

th e  b i s - h i s t i d i n e  he m in . I n  a d d i t i o n ,  r e o x id a t io n  o f  th e  F e ( l l )  

b i s - h i s t i d i n e  com plex was c o m p le te  w i th in  5 s .  H ence r e d u c t io n  i s  

th e  slow  s t e p  and c o o r d in a t io n  o f  RS~ i s  f a s t .

a o n n r ,  «  h io -S i  d ic h io c h T U K i ,  ( -  s a r s m m a H a '

was 2 tim e s  g r e a t e r  f o r  th e  0^ u p ta k e  (0 ,0 8  s *) (fro m  s lo p e  o f



f i g u r e  9 .2 )  com pared w i th  r e d u c t io n  (3 ,4 x 1 0  2 s - i ) w hich  r e q u i r e s  

t h a t  th e  r e d u c t io n  i s  c a r r i e d  o u t  by  a f a s t e r  and p resu m ab ly  more 

p o w erfu l r e d u c in g  a g e n t ,  a s  was th e  c a s e  w i th  th e  c o b a l t  

c o r r in o id  c a ta ly s e d  r e a c t i o n s ,  b u t  th e  d i f f e r e n c e  i s  n o t  a s  m a rk e d .

9 ,2 ,2  H igh  d i t h i o t h r e i t o l  c o n c e n t r a t io n s

T h ree  r e g io n s  a r e  e v id e n t  a t  h ig h  d i t h i o t h r e i t o l  c o n c e n t ra t io n s  

( f i g u r e  9 ,4 )  . i t  low hernia, c o n c e n t r a t i o n s ,  th e  r a t e  i s  h a l f  o r d e r  

i n  oxygen  (fro m  a p l o t  o f  lo g  r a t e  v s  lo g  ( 0 ^ ) ) .

lO ^fhem inJ/M

F ig u re  9 ,4  The r a t e  d e pendence  on th ii  hem in c o n c e n t r a t io n  f o r  th e  

a u to x id a t i o n  o f  d t t  c a t a ly s e d  by b i s - h i s t i d i n e  hem in 

a t  a  h ig h  t h i o l  c o n c e n t r a t i o n  (5x10 ^ 0 ;  0,4%  h i s t i d i n e ;  

pH 1 0 ,0 ;  U = 0 ,5 ;  25°C.

As th e  hem in  c o n c e n t r a t i o n  i s  in c r e a s e d ,  a  a e ro  o r d e r  i n  0 ,  

d e pendence  i s  found  i n i t i a l l y .  The p r o p o r t io n ,  o f  th e  r e a c t i o n  th a t



i s  z e ro  o r d e r  i n c r e a s e s  w i th  heaiin  c o n c e n t r a t i o n .  At h ig h  hetain 

c o n c e n t r a t i o n s ,  th e  r e a c t i o n  i s  a u t o c a t a l y t i c  i n i t i a l l y ,  

becom ing z e ro  o r d e r .

A t th e  hernia c o n c e n t r a t io n s  w here  th e  r a t e  i s  h a l f  o r d e r  i n  

o xygen , th e  r a t e  o f  th e  u n c a ta ly s e d  r e a c t i o n  (w hich  i s  h a l f  o r d e r  

i n  oxygen) i s  s i g n i f i c a n t ,  and th e  h a l f  o r d e r  d e pendence  p r o b a b ly  

d o e s  n o t  r e f l e c t  th e  t r u e  s i t u a t i o n  in  th e  heiain  c a ta ly s e d  

r e a c t i o n .  I t  i s  p o s s ib l e  t h a t  th e  z e ro  o r d e r  d e pendence  on th e  0^ 

c o n c e n t r a t io n  d o e s r e f l e c t  t h e  hern ia  c a t a ly s e d  r e a c t i o n  b u t  too  

l i t t l e  d a ta  i s  a t  hand to  be c e r t a i n .

F ig u re  9 .5  shows t h a t  th e  r a t e  i s  second  o r d e r  i n  hem in 

su g g e s t in g  th e  in v o lv e m e n t c£ a d in e r  ( d a ta  i n  t a b l e  2 b , a p p en d ix

2 m2

F ig u re  9 .5  P l o t  o f  i n i t i a l  r a t e  o f  0^ u p ta k e  ( c o r r e c t e d  f o r  th e  

u n c a ta ly s e d  r e a c t i o n )  v e r s u s  Jiiem inj 2 a t  a  h ig h  t h i o l  

c o n c e n t r a t io n  (5x10 3M) ( c o n d i t io n s  a s  i n  f i g u r e  9 .4 ) ,



B ecause  o f  th e  c o m p le x i ty  o f  th e  k i n e t i c s  u n d e r  th e s e  c o n d i t i o n s ,  

no f u r t h e r  s tu d i e s  w ere  done,

9 .3  D is c u s s io n

A t low  d i t h i o t h r e i t o l  c o n c e n t r a t io n s  r a t e  o. tF e )*  fRSR)’ 1

C h isJ0 . I h e  sp e c tru m  o f  th e  s te a d y  s t a t e  shows th e  p r e s e n c e  o f  th e  

m o n o th io la t e  h e a in  (b an d s a t  360 mn and  440 nm) and r e o x id a t io n  i s  

r a p id ,  i n d i c a t in g  t h a t  r e d u c t io n  i s  th e  s lo w  s t e p  w h ile  th e  

c o o r d in a t io n  o f  RS i s  f a s t ,  ( I n  c o n t r a s t  c o o r d in a t io n  o f  SS to  

B12a s - db - )  The g r e a t e r  r a t e  o f  0 2 u p ta k e  com pared w ith  

r e d u c t io n  (2 f o ld  d i f f e r e n c e )  s u g g e s ts  t h a t  a  s t r o n g  r e d u c in g  

a g e n t  su c h  a s  RS5R i s  l a r g e ly  r e s p o n s i b l e  f o r  r e d u c t io n ,  a s  p r o ­

posed  f o r  th e  - c y s t e i n e  sy s te m , I f  i t  re d u c e s  hem in by  an  

o u te r  s p h e re  m echanism  a s  i t  m u st do w ith  to  overcom e th e

slow  c o o r d in a t io n  s t e p ,  th e  in d e p e n d e n c e  o f  t h e  r a t e  on th e  h i s t i ­

d in e  c o n c e n t r a t i o n ,  s u g g e s ts  C hat RSSR d o c s  n o t  d i s c r im in a te  

b e tw een  th e  b i s - h i s t i d i n e  and  m o n o th io la te  c o m p lex e s , I h e  maximum 

tu r n o v e r  number ( c o r r e c t e d  f o r  t h e  u n c a c a ly s e d  r a t e )  i s  0 ,3  e q u iv a ­

l e n t s  I VCM hem in  x s )  se v en  f o l d  s m a l le r  th a n  w ith  and

d i t h i o t h r e i t o l .

A t h ig h  d i t h i o t h r e i t o l  c o n c e n t r a t io n s  

r a t e  a  p e ) 2 f O ^ 70 [RSiQ0 

T h is  ch an g e  i n  r a t e  la w  may s u g g e s t  e i t h e r  a change  in  th e  r a t e  

d e te rm in in g  s te p  o r  a  change i n  m echanism  b u t  a s  id  was com plex  and  

a  s t r o n g  i n t e r a c t i o n  b e tw ee n  th e  c a t a ly s e d  a n d  u n c a c a ly se d  r e a c t i o n  

a p p ea re d  p r o b a b le ,  no f u r t h e r  s t u d i e s  w ere  m ade. H ow ever, Che 

c o m p le x ity  a s  w e l l  a s  th e  change  in  th e  r a t e  law  shows th e  v a r i e t y  

o f  r e a c t i o n s  w h ich  can  o c c u r  and c o r r e l a t e s  w ith  th e  ra n g e  o f  

r e a c t i o n s  fo u n d  b e tw ee n  0^ and h e m o p ro te in s .



CHAPTER 10 -  SUMMARY AND CONCLUSIONS

*;n c h a p te r  3 , hernia was s tu d i e d  i n  aqueous a l k a l i n e  s o l u t i o n .  F iv e  

d i s t i n c t  ty p e s  o f  com plex w ere f o u n d , T hese  w ere  m onom ers, d im e r s , 

and p o lym ers w ith  s p e c t r a  f a l l i n g  i n to  two ty p e s  -  A ( t y p i c a l  h ig h  

s p in )  and B (y -o x o  ty p e )  b u t  th e  l a t t e r  ty p e  was even  g iv e n  by 

m onom eric s p e c i e s .  T hese  s p e c ie s  w ere  r e l a t e d  by e q u i l i b r i a  w hich 

w ere  in d e p e n d e n t o f  pH b u t  w h ic h  depended  on th e  hem in  c o n c e n tra ­

t i o n  and th e  i o n i c  s t r e n g th -  The d im e r iz a t io n  c o n s ta n t  f o r  th e  

u s u a l  d im e r ic  hem in  (>1 = 0 ,1 )  was fo und  to  b e  5 10* >1 ' ' .  I n  

a d d i t i o n ,  th e  f o rm a tio n  o f  t h e  m onom eric h e m in - c a f f e in e  a d d u c t was 

c o n f ir o e d  ant1 t h e  com plex found  to  c o n ta in  one  OH l ig a n d .  I t  was 

a l s o  shown t h a t  some d e c a rg e n t  m o le c u le s  a t  l e a s t ,  can  form  

a d d u c ts  w ith  d im e r ic  a l k a l i n e  h em in , w e l l  be low  th e  c r i t i c a l  

m ic e l l a r  c o n c e n t r a t io n  (K 10^ >1 * p e r  m ole d e t e r g e n t  b o u n d ) .

The la r g e  d i a e r i z a t i o n  c o n s t a n t ,  th e  s t a b i l i z a t i o n  o f  th e  m ononeric  

s p e c ie s  by c a f f e i n e ,  s i c e l l a r  d e t e r g e n t s  15 atid o r g a n ic  

s o lv e n ts  ^  a s  w e l l  a s  a d d u c t f o rm a tio n  w ith  s in g l e  d e te r g e n t  

m o le c u le s  re -e m p h a s iz a s  th e  known f a c t  t h a t  one  o f  th e  r o l e s  o f  th e  

p r o t e i n  i s  t o  s t a b i l i z e  th e  monomer^ and  t h a t  i t  c an  do t h i s  by 

h y d ro p h o b ic  a n d /o r  d o n o r -a c c e p to r  i n t e r a c t i o n s , 11®

C h a p te r  4 d e a l t  w ith  th e  s tu d y  o f  hem in in  aqueous a c id ,  

w here  hem in r a p id l y  a g g re g a te s ,  H ow ever, u n s ta b le  m onom eric and 

d im e r ic  form s o f  th e  a q uo -com plex  a t  pH 1 w ere  form ed by r a p id  

d i l u t i o n  from  pH 8 and th e  e q u i l ib r iu m  b e tw een  them was s tu d i e d  

( th e  d im e r iz a t io n  c o n s ta n t  was 1 ,1  x 10^ H 1) . Com parison  o f  th e  

sp e c tru m  o f  th e  monomer w i th  t h a t  o f  hem in in  a c i d i c  aqueous 

e th a n o l ,  in d i c a t e s  t h a t  i t  i s  p r o b a b ly  a  s i x  c o o r d in a te ,  h ig h  s p in  

b is - a q u o  com plex w ith  th e  S o r e t  maximum a t  397 tun and an e x t i n c t i o n



c o e f f i c i e n t  ( a t  397 run) o r  120 = 3 tnM 1 cm 1 . S in ce  t h e  same sp e c ­

trum  was a l s o  o b se rv e d  in  v e ry  d i l u t e  s o l u t i o n s  a t  low  io n i c  

s t r e n g th  on r a p id  d i l u t i o n  to  '-pH 7 ,^ 7 th e  pKa f o r  t h e  c o o rd in a te d  

H20 i s  > 8  com pared w ith  t h a t  o f  6 ,5  i n  44% aqueous e th a n o l  46 

( o rg a n ic  s o lv e n ts  w ould  b e  e x p e c te d  t o  s t a b i l i z e  TcOH r a t h e r  th a n  

FeOH2 b e c a u se  o f  i t s  low er c h a rg e  ( ig n o r in g  th e  s id e  c h a in s ) ) .

I n  c h a p te r  5 ,  th e  c o o rd in a t io n  o f  im id a z o le  and i t s  a n a lo g u e s  

to  hem in was s tu d i e d .  I n  a d d i t i o n  to  th e  e x p e c te d  e q u i l i b r i a  

le a d in g  to  th e  f o rm a tio n  o f  th e  b i s - l i g a n d  c om plex , a d d i t i o n a l  

e q u i l i b r i a  in v o lv in g  adduce  f o rm a tio n  and a g g re g a r io n  w ere  fo u n d . 

H ow ever, no s i g n i f i c a n t  f o r n a t io n  o /  any  m onom eric m o n o - lig a n d  

com plex was e v id e n t ,  eviin wiian th e  s t a r t i n g  cor.-.plex was th e  

c a f f e in e  a d d u c t o f  hern ia  i n  a lV .a lin a  s o l u t i o n .  T h is  was a l s o  th e  

c a s J  i n  o r g a n ic  svV. "y  4 i s  . l o n s i s t w i t h  th e  b in d in g

i n s t a n t  f o r  " ! i . - -  ' . )  b e i ; : .  Iv.:.; t h a t  to r

ssconci (K2) w hich  h a s  lie cn  a s c r ib e d  to  th e  change  from  h ig h  s p in  

to  low  s p in  i r o n ( n i )  on c o o r d in a t in g  th e  second  l i g a n d . H e n c e  

a  second  r o l e  o f  th e  p r o t e i n  i n  h e m o p ro te in s  su c h  a s  p e ro x id a s e ,  

w h ich  h av e  one  h i s t i d i n e  c o o rd in a te d  to  an  F e ( I I I ) ,  i s  to  s t a b i l i z e  

Che m o n o h is t id in e  com plex .

Q u a n t i t a t i v e  d e te r m in a t io n s  o f  th e  e q u i l i b r i a  in v o lv e d  a s  a 

f u n c t i o n  o f  pH showed th a t

1) d im e r ic  a l k a l i n e  hem in  r e a c t s  w i th  h i s t i d i n e ,  h is t a m in e  and 

p i lo c a r p a t e  to  f i r s t  g iv e  an  a d d u c t ( p o s s i b i l i t y  hyd rogen  

bonded) c o n ta in in g  one b a s e  p e r  d im e r  and th e n  to  g iv e  th e  

m onom eric b i s - l i g a n d  com plexes.

2) on c o o r d in a t io n ,  th e  pKa o f  th e  p e n d a n t -OH o f  p i lo e .a r p a te  

i s  r e d u c e d  from  15 to  10 (and a d i f f e r e n c e  i n  th e  sp e c tru m



n o te d  aoove and below  pH 10 ), and t h a t  o f  th e  p e n d a n t o f

h i s t i d i n e  and h is t a m in e  from  '^9 ,5  to  < 8 , w hich  was a s c r ib e d  

to  th e  s t a b i l i z a t i o n  o f  t- ie  c o n ju g a te  b a s e  a n d /o r  th e  

d e s t a b i l i z a t i o n  o f  th e  c o n ju g a te  a c id  by th e  r e s i d u a l  p o s i ­

t i v e  c h a rg e  on th e  i r o n .

T h is  l a t t e r  f i n d in g  p r o v id e s  a  m echanism  f o r  p r o to n  ~c c a t io n  

u p ta k e  on  r e d u c t io n  o b se rv e d  w ith  some h e m o p ro te in s ,^  r e d u c t io n  o f  

c o u rs e  e l im in a t in g  th e  r e s i d u a l  p o s i t i v e  c h a rg e  and a l lo w in g  th e  

pK as o f  t h e  n e ig h b o u r in g  am ino a c id  r e s i d u e s  to  r e v e r t  to  t h e i r  

n o rm a l v a lu e s .  F o r  exam p le , p r i o r  to  r e d u c t io n ,  th e  p e n d a n t -NH^ 

g roup  o f  h i s t i d i n e  sh o u ld  b e  d e p ro tc n a t e d  in  th e  pH ra n g e  8 -  10, 

b u t  on r e d u c t io n  a t  t h e s e  pHs sh o u ld  become p r o to n a t e d  th u s  

p ic k in g  up a  p r o to n .  T h is  w as i n  f a c t  found  on r e d u c in g  b i s -  

h i s t i d i n e  by  c y c l i c  v o l ta m e c ry  i n  t h i s  pH r a n g e . 108

I n  c h a p te r  6 ,  th e  s tu d y  o f  th e  r a t e  o f  r e d u c t io n  o f  bo

by d i t l . i o t h r e i t o l  o v e r  th e  pH r a n g e  1 -  1 3 , r e v e a le d  an 

i n t e r e s t i n g  i n t e r p l a y  be tw een  th e  r a t e s  o f  c o o rd in a t io n  o f  th e  

t h i o l a t e  to  th e  C o ( I I I )  and r e d u c t io n  to  C o ( I I ) .  S i g n i f i c a n t  

d i f f e r e n c e s  w ere  found  i n  th e  a c id  r e g io n  b e tw ee n  th e  r a t e  o f  

r e d u c t io n  by th e  d i t h i o l s ,  d i t h i o t h r e i t o l  and th e  m o n o th i i ls  

c y s t e i n e  ^  and m c rc a p to e th a n o l .  I t  was c o n c lu d e d  c h a t o v e r  th e  

pH ra n g e  3 -  1 2 , c o o rd in a t io n  a lw ay s  p r e c e d e s  r e d u c t io n  and t h a t  

th e  m echanism  p r o b a b ly  in v o lv e s  a  one  e l e c t r o n  r e d u c t io n  o f  th e  

c o b a l t  by th e  c o o rd in a te d  t h i o l ,  a s s i s t e d  by th e  se co n d  t h i o l  

(w h ich  i s  f a s t e r  i f  d i s s o c i a t e d  ( i . e .  RS- ) th a n  i f  p ro to n a te d

i t s  c o n ju g a te  a c id  (pKa 5 ,5 )  a s  th e  im m ed ia te  p r o d u c t .  No red o x  

p o t e n t i a l s  a r e  known f o r  th e  one e l e c t r o n  o x id a t io n  o f  t h i o l s  bu t

( i . e .  RSH )), to  g iv e  th e  c y c l i c  d i s u l p  Id a  r a d i c a l  a n io n



i c  w ould a p p ea r  t h a t  th e  RS /RS?R c o u p le  i s  a b e t t e r  r e d u c in g  

a g e n t chan  RS /RS . The a b se n c e  o f  a se co n d  n e ig h b o u r in g  c y s t e i n e  

i n  cy toch rom e  P -450  may e x p la in  why th e  F e ( I I I )  i s  n o t  r e d u c e d  by 

th e  c o o rd in a te d  c y s t e i n e ,  a s  o c c u r s  i n  p r o t e i n  f r e e  hem in .

I n  c h a p te r  7 , Che r e d u c t io n  o f  Che m onom eric b i s - h i s t i d i n e  

com plex o f  hem in by  d i t h i o t h r e i t o l  was shown to  p ro c e e d  v i a  th e  

r a p id  f o rm a tio n  o f  an in t e r m e d i a t e ,  i d e n t i f i e d  by s p e c t r a  and 

a n a ly s i s  o f  th e  r a t e  d a t a  a s  th e  h i s t i d i n e  t h i o l a t e  c om plex , w hich  

th e n  un d e rw en t a f i r s t  o r d e r  r e a c t i o n  to  g iv e  F e ( I I ) , i . e .  th e  

m echanism  was in n e r  s p h e re  a n a lo g o u s  Co t h a t  o f  and no d e t e c ­

t a b l e  o u te r  s p h e re  e l e c t r o n  t r a n s f e r  was fo u n d . I n  a d d i t i o n ,  

i n h i b i t i o n  by d i t h i o t h r e i t o l  a t  h ig h  c o n c e n t r a t io n s  was c o n s i s t e n t  

w ith  a second  d i t h i o t h r e i t o l  fo rm in g  an  ad d u ce  ( p o s s ib ly  h yd rogen  

bonded) b u t  n o t c o o rd in a t in g  (a s  U V -v is ib le  bands e x p e c te d  f o r  th e  

b i s - t h i o l a t e  com plex w ere  n o t  e v i d e n t ) 5^ to  g iv e  a  s p e c ie s  w h ich  

red u c ed  m ore s lo w ly  th a n  th e  h i s t i d i n e - t h i o l a t e  com p lex . The much 

s lo w e r  r e a c t i o n  w i th  c y s t e i n e  and m e rc a p to e th a n o l  s u g g e s ts ,  by 

a n a lo g y  w ith  c h a t a  se co n d  t h i o l  g roup  i s  r e q u i r e d .

I n  c h a p te r  8 , th e  d e t a i l e d  s tu d y  a t  pH 10 o f  th e  o x id a t io n  o f  

c y s te i n e  by  0% c a t a ly s e d  by r e v e a le d  t h a t  th e  r a t e  d e t e r ­

m in in g  s te p  i n  th e  c a t a l y t i c  c y c le  was th e  r e d u c t io n  o f  C o ( I I I )  b u t 

t h a t  t h i s  w as f o r t y - tw o  tim e s  g r e a t e r  th a n  th e  r a t e  o f  r e d u c t io n  

b y  c y s te in e '.  I t  was shown t h a t  a l l  th e  r e s u l t s  c o u ld  b e  e x p la in e d  

by a  schem e in v o lv in g  a  r a p i d  r e a c t i o n  o f  th e  t r a n s i e n t  C o (II)C ^  

w i th  th e  t h i o l  (RSH) to  g iv e  C o (III )0 g H  (and  h e n ce  Hj Oj  w h ich  was 

d e te c te d  by c & ta la s e )  and th e  r a d i c a l  RS w hich  r e a c t s  r a p i d l y  w ith  

a  second  t h i o l  to  g iv e  th e  d i s u l p h id e  r a d i c a l  a n io n  (RSSR) w hich 

i s  th e  m ain r e d u c t a n t  o f  C o ( I I I ) , I t  was a l s o  shown t h a t  th e



f o rm a tio n  o f  f r e e  H00 2 c o u ld  b e  s u p p r e s s e d  by in c r e a s in g  th e  t h i o l  

c o n c e n t r a t io n .  The c a ta ly s e d  o x id a t io n  o r  d i t h i o t h r e i t o l  showed 

v e ry  s im i l a r  f e a tu r e s  b u t  was n o t  m a rk e d ly  f a s t e r .  The c o b inam ides 

(w hich  la c k  th e  b e n z im id a z o le  l ig a n d  o f  h av e  a  much g r e a t e r

c a t a l y t i c  a c t i v i t y ,  r e a c t i n g  a b o u t 920 e q u iv a le n ts  I /(M  c a t a l y s t  

x  $,) w h ich  i s  f a s t e r  th a n  cy to ch ro m e  c o x id a s e  due  to  th e  f a s t e r  

r e d u c t io n  r a t e  o f  C o ( I I I ) , 113 H ence Co c o r r in o id s  a r e  a b l e  to  

m odel b o th  th e  s u p p r e s s io n  o f  Ho0 2 f o rm a tio n  and th e  h ig h  tu rn o v e r  

num ber, though  in  c y toch rom e  a ^ .F e d l D O j E  may c o n v e r t  to  [F eoJ3*. 

E v id e n c e  was a l s o  fo u n d  f o r  C u ( I I )  c a t a l y s i s  w h ich  i s  o f  i n t e r e s t  

a s  cy toch rom e  c o x id a s e  c o n ta in s  c o p p e r .

I n  c h a p te r  9 ,  th e  o x id a t io n  o f  d i t h i o t h r e i t o l  c a ta ly s e d  by 

b i s - h i s t i d i n e  h e a in  was s tu d i e d .  The k i n e t i c s  w ere  com plex  w hich 

i s  o f  i n t e r e s t  i n  l i g h t  o f  th e  v a r i e t y  o f  r e a c t i o n s  b e tw een  hemo- 

p r o t e i n s  Jnd  Tf,e r a t e  de p en d e n ce  on th e  t h i o l  c o n c e n t r a t io n

showed s i c i l a r  f e a t u r e s  to  t h a t  found  f o r  th e  r e d u c t io n ,  y e t  once  

a g a in  was f a s t e r .  As a t  low t h i o l  c o n c e n t r a t i o n s ,  s p e c t r a  i n  th e  

s te a d y  s t a t e  showed th e  p r e s e n c e  o f  th e  a io r o t h io l a t e ,  r e d u c t io n  

m ust b e  r a t e  d e te rm in in g  and h e n ce  by a n a lo g y  to  in v o lv e s

r e d u c t io n  by RSSR, B i s - h i s t i d i n e  hem in i s  n o t  a s  good a c a t a l y s t  

a s  d ia q u o co b in a m id e  o r  even  B ^ ,  w h ich  o n ce  a g a in  shows th e  

i n f lu e n c e  o f  th e  p r o te a n  in  c y toch rom e  o x id a s e  i n  in c r e a s in g  th e

I n  t h i s  t h e s i s ,  some o f  th e  s t r u c t u r e s ,  l ig a n d  b in d in g ,, red o x  

and c a t a l y t i c  r e a c t i o n s  o f  hem in , and to  a  l e s s e r  e x te n t  c o b a l t  

c j r r i n o i d s ,  i n  aqueous s o lu t io n  h av e  be en  in v e s t i g a t e d  and some 

p o in t e r s  t o  th e  r o l e  o f  th e  p r o t e i n  i n  m o d u la tin g  th e s e  r e a c t i o n s  

have  been  g - / e n .



APPZ3DIX 1 : DERIVATION OF EQUATIONS TOR THE EQUILIBRIUM

STUDIES (CHAPTERS 3 , 4 ,  3)

required Co analyse the daca for Che binding

o f  l ig a n d s  and th e  l o s s  o f  p r o to n s  (pKa) a r e  d e r iv e d  in  t h i s  

a p p e n d ix  i n  p a re s  (a )  and (b) r e s p e c t i v e l y .  I n  eac h  p a ru , e q u a t io n s  

w i l l  be d e r iv e d  for monomer-monomer, d im e r -d in e r  and monoraer- 

d is ie r  i n t e r c o n v e r s i o n s .

The f o l lo w in g  a b b r e v ia t io n s  h a v e  b e e n  u se d  h e r e :  11 f o r  th e  

hem in  monomer; D f o r  th e  hem in d im e r; L f o r  th e  l ig a n d  o r  a s p e c ie s  

i n t e r a c t i n g  w i th  th e  p o rp h y r in  r i n g ;  n f o r  th e  number o f  " l ig a n d s "  

bound; ( i e ) TQT f o r  th e  hem in c o n c e n t r a t i o n  i n  te rm s o f  th e  co n ce n ­

t r a t i o n  o f  th e  i r o n  p o rp h y r in  u n i t s ;  A f o r  a b so rb a n c e  w i th  A and 

A^ r e f e r r i n g  t o  t h e  a b so rb a n c e  o f  th e  i n i t i a l  and f i n a l  s p e c ie s  

r e s p e c t iv e ly .

a )  ligand b in d in g  e q u a tio n s

E q u a t io n s  r e q u i r e d  to  t r e a t  th e  d a t a  i f  t h e  l ig a n d  c o n c e n t r a t io n ,  

th e  hem in  c o n c e n t r a t io n  o r  th e  pH i s  v a r i e d  w i l l  b e  d e r iv e d .

1) D e r iv a t io n  o f  e q u a t io n s  f o r  b in d in g  n l i g a r d s  to  a  monomer 

M + nL ( I )

K .  . A L
0 0  (L )'

(1)

i )  V ary in g  (L) ( ( F e ) ^  c o n s ta n t )  

 and (F e )T0T = (H) +

(MLn ) = C ') l O T  -

A = eh (M) + EMLn ( ( r e ) t0 T  -  (11))



w  M '

A-E2ILn (F e )T0I 

eM -  s;(Ln 

eM ^ e ^Trvr
TOT. 4=

0 IOT = #  E-.IL = (F e )

‘ . lo g  K = lo g  A—  -  n lo g  (L) (2 )

A -  A.
(3)

lo g  (L) sh o u ld  b e  l i n e a r  w ich 

s lo p e  = n  and i n t e r c e p t  = lo g  K 

i f  OH r e le a s e d  ( r e a c c io n  I I )

M + nL 5=^ MLn  + d OH ( I I )

:hen e q u a t io n  (3) becom es

+ n  lo g (L )  (4 )

i i )  V ary in g  ( F e ) ^  ( ( D  c o n s ta n t )

:t a  b e  che  f r a c t i o n  o f  m e ta l lo p o r p h y r in  com bined w i th  lig a n d

e - °  = f^F e^TOT "  ^  +

(ML ) = a  (Fe)



aCFe)ror

lo g  a  (F e )T0T = lo g  K + n  lo g (L )  + l o g ( l - a )  (Fe) T0T

. ' . A  p l o t  o f  lo g  c i(F e)TQT v e rs u s  l o g ( l - a )  (F e )T0T (5)

s h o u ld  b e  l i - e a r  w i th  s lo p e  = 1 and i n t e r c e p t  = l o g  K + a  lo g (L )

I n  g e n e r a l , f o r  d i lu C io n  e x p e r im e n ts  w here  (L) i s  c o n s ta n t  

che s lo p e  o f  lo g  a ( F e ) T0T v e r s u s  lo g  ( 1 - a ) ( F e ) T0T =

i f  r e a c t i o n  ( I I )  a p p l i e s  th e n  e q u a tio nn o . FeP u n i t s  i n  p rod  
n o . FeP u n i t s  i n  r e a c t  

(5 ) becomes

lo g  u ( F e ) T0T = lo g  K’ + d ( l i - p H )  + n lo g (L )  + Io g (l- ;- .)  (F e )^ OT (6)

2 ) D e r iv a t io n  o f  e q u a t io n s  f o r  b in d in g  n l ig a n d s  to  a  d im er 

- * r.L «  OL. ( I l l )

(D )(1 ) "

(QL.)
- • lo g  K =  lo g  • = n  lo g (L )

i )  V ary in g  (L) ( ( F e ) ^  c o n s ta n t )

A -  V D) + e DLn

-  Z(D) + 2 (0 ^ )

.  • .  A  = CD)(eD -  eDLn) + TnTDLn; DLn
o re)

A  -  E ,
(C) = .  _  ^

cPl.n  2

^ T O T  - 4 ,



1 -
(D) =

. ■ , lo g  K = lo g    n  l o g  (L) (7)

A -  A
. ' ,  lo g  —--------- -  lo g  K + n lo g  (L) (8 )

A -  A0
i . e .  p l o t  o f  lo g  —— 3—7 v s  lo g  (L ) s h o u ld  b e  l i n e a l  w i th  

i n t e r c e p t  = lo g  K

I f  OH i s  in v o lv e d  i n  th e  r e a c t i o n  ( i . e .  r e a c t i o n  (IV ) a p p l ie s )  

D + n l  DLn + d OH-  (IV)

lo g  = lo g  K’ + d(V i-pH ) + n  lo g  (L)

i i )  V ary in g  ( F e ) ^  ((L) c o n s ta n t )

%
(Fa),

. ‘ . (DLn) = a

(Fa),

lo g  J a (F e )

'  '  W i TM  !N m i' - - ^
a (F e )

' '  i " *  *  "  1° :  7 1 ^ ) * . ) ^ ,  -  = k m  ( D

lo g  a  ^ ^ T O T  ”  lo g  K + n  lo g  (L) + l o g ( l - a )  (F e )I 0 I  (10)



A p l o t  o f  lo g  a  (F e )TOT v s  lo g  ( 1 -a )  (F e )T0T w i l l  th e r e f o r e  be 

l i n e a r  w ith  s lo p e  = 1 and

i n t e r c e p t  = lo g  K + n lo g (L )

I f  d  m oles o f  OH r e l e a s e d  th e n  e q u a tio n  (10 ) becom es 

lo g a (F e ) T0T -  ( lo g  K1 + d(14-pH ) + n  lo g (L )  + lo g ( l - a )  (Fe>T0T (14)

3) D e r iv a t io n  o f  e q u a t io n s  f o r  b in d in g  o f  n  l ig a n d s  and s p l i t t i ng 

a  d im er to  g iv e  a  rnonome-.

D + 2nL 2MLn (V)

K =
(DXU*

. ' .  lo g  K = lo g -  2n lo g  (L)

i )  V ary in g  (L) ( ( F e ) ^  c o n s ta n t )

now A -  £d (D) + (MLn)

and (F e )T0T = 2(D) + (MLn)

<«La > -  (E e)T0T -  2(D)

vn ; = (ED -  TMLn) (Fe)

/ . C M

Ao -  A ^ > T 0 I



/A -A  (F e )Tfvr \  2 A - V  ,
■ ’ ■ iDs k = x y x  A ^ - x  "2n logCL)

(A -A )2 2 (F e ) „
= i°s - I —- - x  ̂ z -j -  ~ 2n <16)

(A -A) 2 (F e )T- T 
lo g  - ^ 2%-----  x  ~ T £ -----  ~ lo g  K + 2n lo g  (L)

(i-i*)' 2 (r.)
1 A -A -  X A“ -A = lo g  K + 2n lo g  (L)

(^ -A .)  2 ( F e ) - 0T
. ' .  a  p l o t  o f  lo g  —  x    v e r s u s  lo g  (L)

s h o u ld  b e  l i n e a r  w ic h  s lo p e  = 2n and

i n t e r c e p t  »  lo g  K.

(A-A ) 2 2 ( ie )
A lso  lo g  -k _A ”  lo g  K —  lo g  —A—   + n lo g  (L) (18)

(1 - 1 . ) "
. ' . a  p l o t  o f  lo g  —  v s  lo g  (L) s h o u ld  b e  l i n e a r  w ith

s lo p e  = 2n and
2 (F e )  ™

i n t e r c e p t  = lo g  K -  lo g  A—

i i )  V ary in g  (heroin) ( (L ) c o n s ta n t )

i f  a  i s  th e  f r a c t i o n  o f  m e ta l lo p o r p h y r in  [ (F e ) I0T3  com bined 

w i th  lig a n d

and (F e )T0T = (MLn) + 2(D)

th e n  (MLn) = a ( F e ) ^ ^

and 2(D) = ( F e ) ^  -  a  (F e )T0T



= 2 lo g  a ( F e ) roT -  lo g  K l - s )  (F e )TQT -  2n lo g  (L)

=  2 lo g  a (F e )T0T -  lo g  ( 1 - a ) ( F e ) T0T -  lo g  J -  2n lo g  (L)

( 20)

2 lo g  a (F e ) T(3j  = lo g  K + 2n lo g (L )  + lo g  J + lo g  ( 1 - 0  (F e )T0T

. lo g  c t(F e)T0T -  J ( l o g  K * 2n lo g (L )  + lo g { )+ i  l o g ( l - a )  (F e )T0T

(21)

a  p l o t  o f  lo g  x (F e )T0T a g a in s t  l o g  ( 1 -a )  (F e )T0T 

s h o u ld  g iv e  s lo p e  = ( and

i n t e r c e p t  = < ( lo g  K + 2n lo g  (L) + lo g  | )

i i i )  E f f e c t  o f  pH

i f  th e  r e a c t i o n  in v o lv e s  th e  r e l e a s e  o f  OH ( i . e .  r e a c t i o n  (V I)

D + 2nL ;= ^  2MLn + d 0H~ (VI)

th e n  lo g  K 1 = lo g  —  2n lo g  (L) -  d(14-pH )

and e q u a t io n  (17 ) th e n  becomes

lo g    * " — — —  = lo g  K1 + 2n lo g  (L) * d (14 -pH ) (22)

and  e q u a tio n  (20) becomes

lo g  a (F e ) T0T = K l ° g  K ' + 2n lo g (L )  + la g  |  + d (1 4 -p H ))  +

H l o g ( l - o ) ( r e ) T0T (23)

b )  D e r iv a t io n  o f  pKa e q u a tio n s  

1) P r o to n  lo s s  in v o lv in g  m onom eric s p e c i e s  o n ly

M ^ = -  H 1 4- nH* (IV)



Ka  = 108 Ka = lo e  T H F  + n  lo g  <H+:i

— ^  pKa = - l o g  + n pH

= >  lo g  -  a  pH -  pKa.

Now A = e^CH) + , (H)

(F e )T0T = (M) + (M1) 01 ’ ) = (F e ) I0T  -  01)

A = S i  (M) + ^ 1 ' - (F e ) IOT -  GQ]

A ”  0 0  (ey  -  S i ' )  + S i ’ (F e )I0T

.  f a ' t W r n ,

S ' S i '

i n i t i a l l y  0 0  =■ (F e ) I 0 I

A

\  "  S  ( M m  - *  S ,  -  _ —
6 TOT

f i n a l l y  0 1 ')  = ( F e ) ^

- - ^  "  v  ( " ' m  - »  v  -

1 - 4 .  ™
GO = J - T J ^  X (f ®)T0T

* ' > " ( T " > T O T - 0 0

“  (F e )T o r (1 -  r - r r :  >

* ' )  ^  -  *  *  -  ^  
T R T  -  n -  -

• ' •  lo g  -  n pH -  pKa

A -  A
and pKa = - l o g  j— 3 - 7  » n p H



A -  A
A p l o t  o f  lo g  ^  _  A v e r s u s  pH s h o u ld  b e  l i n e a r  w ith  

s lo p e  = n  and i n t e r c e p t  = -pK a,

2 . P r o to n  lo s s  in v o lv in g  d im e r ic  s p e c ie s  o n ly

A -  e D CD) 4 ed , ( o ')

( f e ) T0T = 2 : ( D )  4 2 ( 0 ')

& . ) _ _ -  2(D)

(D)

i n i t i a l l y  (D) -  4 (Fe),

?)T0T

f i n a l l y  (O ')  = i  (Fe).



■ ' '  lo g  A ' -  A = 11 PH ~ PKa 

A -  A
p lo t  o f  lo g  —— vs  pH s h o u ld  b e  l i n e a r  w ith  

s lo p e  = n and  i n t e r c e p t  = -pK a,

3 )  Pr o to n  lo s s  in v o lv in g  q i a e r i z a t i o r ,

2M D -  nH+ (VI)

4  -  (S ) *  t D (D)

( r « ) I 0 I  -  (SO * 2(D) — » (M) -  (F « )m l  -  2(D)

pH + pKa

A -  f m [ (F e )T0T -  2(D) + Eq (D )j

(D) (Eg -  2Ey) + eM (F e )T0T 

A -  s M CFa)T0T
(B)

i n i t i a l l y  ( F e ) ^
0 0  i n i t :

Ao “ hi (F e )T0T eM

i n i t i a l l y  (D) = ( F e ) ^

X

(D)



(A„ -  A)
A -  A J

pKa -  lo g• '  • lo 8 J A -  A j'" "  ~n  PH

a )  . ' ,  A p l o t  o f  lo g  77 ---7- r — v s  pH s h o u ld  b e  l i n e a r  w ith
2 ( 7 . ) ^ ,

s lo p e  = n and i n t e r c e p t  = +pKa -  lo g  -r------- r—

2 * " ) T 0T= 4  pKa = + lo g  - — — —  + i n t e r c e p t .

The pKa. can  b e  c a l c u l a t e d  a t  eac h  p o in t  u s in g  
(A= -  A J  2 (F e )T0T

pKa -  lo g  f    + 0  pH + lo g  .

b )  I f  th e  pH i s  k e p t  c o n s ta n t  b u t  (F e )T0T v

u . - n *

( L -  :
v e r s u s  le g  (F e )_  sh o u ld  b e  l i n e a r

w ith  s lo p e  » - 1  and i n t e r c e p t  = npH -  ?Ka -  lo g  2.

pKa » npH -  i n t e r c e p t  -  lo g  - (n  d e te rm in e d  in  a) 

pKa *  lo g  T T T -I  X j- + npH +■ lo g  ( ? * ) _ _  +

N ote -  b o th  r e a c t i o n s  (IV ) and (V) h av e  no (F e )T0T te rm  i n  I 

f i n a l  e x p re s s io n  and h ence  lo g  and  lo g  sh o u ld  b e

in v a r i a n t  w ith  ( F e ) ^ .



APPENDIX 2 ; TABLES OF DATA FOR THE STUDY OF HEMIN IN ALKALINE

SOLUTION (ALL EXPERIMENTS DOSE IS  SOLUTIONS 

WITH u °  0 ,1  a t  25°C)

E q u a tio n s  u se d  in  a n a ly s i s  o f  d a t a  v

Hi!  (F e )T0T A 

^ D / 2  _eMLa} (F'# ) TOT

\.o% K = 2 lo g  a  (F e )T0T -  l o g ( l - a )  (F e )T0T -  lo g  J -  2 n lc g (L )  (3)



T a b le  l a  : T i t r a t i o n  o f  hern ia  by c a f f e in e  a t  pH 8 ,5 0 ;  

1 0 , 1x 10 S i  heroin

103 ( c a f f e i n e )  A,0Q 
TOTAL, M

l o g ( c a f f e in e )
1° g lo g  Ka 

( , - 1 )

0 ,1 0 0 ,3 4 4 “ 4 ,0 0 - 7 ,2 9 0 ,7 1
0 ,3 0 0 ,3 6 3 - 3 ,5 2 - 6 ,3 2 0 ,7 2

0 ,5 0 0 ,3 7 9 - 3 ,3 0 - 5 ,9 0 0 ,7 0

0 ,7 9 0 ,4 0 2 - 3 ,1 0 - 5 ,4 2 0 ,7 8

1 ,0 9 0 ,4 2 0 - 2 ,9 6 - 5 ,2 1 0 ,7 1
1 ,5 7 0 ,4 4 4 - 2 ,8 1 - 4 ,9 0 0 ,7 2

2 ,3 * 0 ,4 7 2 - 2 ,6 3 - 4 ,5 5 0 ,7 1

3 ,2 9 0 ,4 9 4 - 2 ,4 8 - 4 .2 4 0 ,7 2

4 ,7 6 0 ,5 1 7 - 2 ,3 2 - 3 ,8 0 0 ,8 4

aq =  0 ,3 3 6 >.x =  0 ,5 3 8 Av: 0 ,7 4  ± 0 ,1

a  c a l c ,  u s;Lug e q u a tio n ( 1) w i th  n => 2 ^ i n t e r c e p t  -  0 ,8 5 (S d = 0 ,0 9 )  

s lo p e  -  2 ,0 4 (S d = 0 ,0 3 )

T a b le  lb  : T i t r a t i o n  o f  hem in  by c a f f  

1 0 , 2x10 hem in

e in e  a t  pH 1 2 ,00 ;

103 ( c a f f e i n e )  A, lo g ( c a f f e in e ) lo g lo g  K3
TOTAL, M

& - 1)

0 ,1 0 0 ,4 6 6 - 4 ,0 0 - 7 .1 3 0 , «
0 ,2 0 0 ,4 8 1 - 3 ,7 0 - 6 ,5 5 0 ,8 5
0 ,3 0 0 ,4 9 2 - 3 ,5 3 - 6 ,2 6 0 ,8 0
0 ,4 0 0 ,5 0 5 - 3 ,4 0 - 6 ,0 0 0 ,8 0
0 ,6 0 0 ,5 2 7 - 3 ,2 2 - 5 ,6 6 0 ,7 8
0 ,8 9 0 .5 3 3 - 3 ,0 5 - 5 ,3 4 0 ,7 6

1 ,1 9 0 ,5 7 6 - 2 ,9 3 - 5 ,1 0 0 ,7 6

1 .6 7 0 .6 0 1 - 2 ,7 6 - 4 .8 6 0 ,7 0

Ao = 0 ,4 5 1  A„ = 0 ,7 2 3  Av: 0 ,7 9  ± 0 ,0 9

a  c a l c ,  u s in g  e q u a t io n  (1) w i th  n = 2 * in te rc e p t= 0 ,4 6 (S d = 0 ,0 7 1

P l o t  o f  lo g   •3CJ _Z J------- v s  lo g  ( c a f f e i n e )  f r e e



T a b le  2 : D i lu t i o n  e x p e r im e n ts  w i th  h e m in - c a f f e in e

a) pB 8 ,5 0 ;  'L ,68x lO ~

106 (F e )T 0 I ,  ;
'l A400

a lo g (F e ) T0T a log(Fe)T0T(l-7) l o g , !  *
M 1

( 2 .1 2 0 ,1 * 7 0 ,7 4 5 - 5 ,8 0 - 6 ,2 7 0 ,5 2 )

4 .2 j 0 ,2 8 7 0 ,7 0 1 - 5 ,5 3 - 5 ,9 0 0 ,6 9

6 ,3 5 0 ,4 1 9 0 ,6 4 7 - 5 ,3 9 - 5 ,6 5 0 ,7 2

0 ,5 4 5 0 ,6 0 3 - 5 ,2 9 - 5 ,4 7 0 ,7 4

1 0 ,55 0 ,6 6 5 0 ,5 6 0 - 5 ,2 2 - 5 ,3 3 0 ,7 4

1 5 ,8 0 0 ,9 6 4 0 ,5 0 0 - 5 ,1 0 - 5 ,1 0 0 ,7 5

2 1 ,0 3 1 ,242 0 ,4 4 3 - 5 ,0 3 - 4 ,9 3 0 ,7 2

Av: 0 ,7 3  ± 0 ,0 4

Plot of log(Fe)T0T a versus log(Fe)T0T(l-3)
intercept = - 2 ,1 9  (Sd = 0 ,1 3 )  

0 ,5 7  (Sd -  0 ,0 2

a Calculated using equation (3 )  ( a  -  : )

b) pH 1 0 ,0 ; :L ,68x10 ’

" » 'C " T 0 T '  :i ‘V400 log(Fc)r0T log(Fe)I0T(l-x) log K 3
M '1

(3 ,7 9 0 ,2 5 3 0 ,7 0 8 - 5 ,5 7 - 5 ,9 6 0 .6 7 )

5 ,6 8 0 ,3 8 4 0 ,6 9 4 - 5 ,4 0 - 5 ,7 6 0 ,8 1

7 ,5 7 0 ,5 0 2 0 ,6 5 6 - 5 ,3 0 0 ,8 3

9 ,4 7 0 ,6 1 4 0 ,6 1 3 - 5 ,2 4 - 5 ,4 4 0 ,8 1

11 ,36 0 ,7 2 1 0 ,5 7 3 - 5 ,1 9 - 5 ,3 1 0 ,7 8

1 5 ,1 4 0 ,922 0 ,4 9 7 - 5 ,1 2 - 5 ,1 2 0 ,7 3

1 8 ,93 1 ,136 0 ,4 7 1 - 5 ,0 5 - 5 ,0 0 0 ,7 5

2 2 ,7 2 1 ,333 0 ,4 3 1 - 5 ,0 1 - 4 ,8 9 0 ,7 2

Av: 0 ,7 8  i  0 ;0 5

P l o t  o f  lo g ( F e ) T0T v e r s u s  lo g ( F e ) I 0I ( l - a )

i n t e r c e p t  a  - 2 ,5 8  (Sd -  0 ,1 6 )  
s lo p e  = 0 ,4 9  (Sd -  0 ,0 3 )

3 C a lc u la t e d  u s in g  e q u a tio n  (3 ) (n  = 2)



c) 20 sCI NaOH; 2 ,3 4 x 1 0  c a f f e in e

A400 a  lo g ( P e ) T0T & lo g ( F e ) T0T ( i - a )  lo g  K 3

a t ' 1)

3 ,9 0 0 ,2 8 1 0 ,8 2 5  - 5 ,4 9 - 6 ,1 7  0 ,7 5

7 ,7 9 0 ,5 3 5 0 ,7 2 6  - 5 ,2 5 - 5 ,6 7  0 ,7 3

11 ,69 0 ,7 8 3 0 ,6 8 8  - 5 ,0 9 - 5 ,4 4  0 ,8 2

19 ,48 1 ,237 0 ,5 7 4  - 4 ,9 5 - 5 ,0 8  0 ,7 4

Av: 0 ,7 6  = 0 ,0 6

P l o t  o f  lo g  (Pe),j,QT 3 v e r s u s  l o g ( F e ) ^  ( l - a )

i n t e r c e p t  = - 2 ,3 7 (Sd -  0 ,1 8 )

s lo p e  = 0 ,5 1 (2d = 0 ,0 3 )

a  C a lc u la t e d  'u s in g  e q u a tio n  (3 ) '  : ■ !)

C a lc u la t io n s in  T ab l 2a ,  b ,  c  c a r r i e d  ou 1t  u s in g

and  equations (2 ) and  (3) (w here  n = 2)



T a b le  3a ) : T i t r a t i o n  o f  hem in  by  c e t y l  c ric ie c h y l ammonium brom ide

i )  0,121 NaOH; 9 , 72xlO ~6l l  hem ic

( d e t e r g e n t ) ^ ,

yx

lo g ( d e t e r g e n t )  

f r e e  a l o s  A ^ i
lo g  K 3

0 ,M 2 - 6 ,9 8 - 1 ,6 9

0 ,9 0 ,5 5 0 - 6 ,2 9 - 1 ,3 8 1 1 ,2 0

1 ,8 0 ,5 4 5 - 6 ,0 4 - 1 ,0 0 1 1 ,0 8

3 ,6 0 ,5 3 5 - 5 ,7 6 - 0 ,6 2 1 0 ,9 0

6 ,0 0 ,5 2 4 - 5 ,5 2 - 0 ,3 6 10 ,68

9 ,3 0 ,5 1 0 - 5 ,3 3 - 0 ,1 0 10 ,56

1 2 ,0 0 ,4 9 5 - 5 ,2 1 0 ,1 7 10 ,59

1 5 ,0 0 ,4 8 4 - 5 ,0 9 0 ,3 8 1 0 ,5 6

1 8 ,0 0 ,4 7 6 - 4 ,9 9 0 .5 7 1 0 ,5 5

2 4 ,0 0 ,4 6 6 - 4 ,3 1 0 ,9 0 1 0 ,54

3 0 ,0 0 ,4 6 1 1 ,1 9 10 ,56

A v: 10 ,56 ± 0 ,0 3

a  n -  2 u s in g  e q u a tio n  ( 1)

^  "  0 ' ^ A.. = 0 ,4 5 5  n = 2 ( d e t )  0 ;
s lo p e  = 1 ,9 4  

i n t e r c e p t  = 1 0 ,2 6
' (Sd -  6 ,0 4 )  

(Sd = 0 ,1 8 )

i i )  pH 8 ,5 0 ( b o ra x ) ;  9 ,64xl0~ ^M  hem in

(d e te r g e n t) ,u M  A450 lo g ( d e t e r g e n t )  

f r e e  a

lo g  Ka ,b

0 ,6 0 ,0 5 7 - 6 ,7 2 - 1 ,3 5 1 2 ,09

1 .5 0 ,0 9 3 - 6 ,3 2 - 0 ,9 2 11 ,72

3 ,0 0 ,1 0 5 - 6 ,1 3 - 0 ,5 1 1 1 ,7 5

6 ,0 0 ,1 1 4 - 5 ,5 5 - 0 ,3 1 1 0 ,7 9

1 2 .0 0 ,1 3 9 - 5 ,2 0 0 ,1 7 10 ,57

1 6 ,0 0 ,1 5 2 - 4 ,9 6 0 ,4 4 1 0 ,36

2 4 ,0 0 ,1 6 5 - 4 ,3 1 0 ,8 3 1 0 ,45

3 0 ,0 0 ,1 7 4 - 4 ,W 1 ,4 8 1 0 ,8 4

a n=2 b c a lc u la t re d  u s in g  e q u a tio n  (1 ) A v: 1 0 ,6 4  i  0 ,3

A -  0,083 A„ = 0 ,2 7 7  a-2 (det) 6,0 * 3 0 ,0
* s lo p e  = 1 ,8 7  (Sd = 0 ,3 4 )

*  A-A0 i n t e r c e p t  -  9 ,9 7  (Sd = 1 ,7 3 )
P l o t  o f  lo g  v e r s u s  lo g  ( d e te r g e n t )  f r e e



i i i )  0,1M  NaOH; 1 ,5 x 1 0  SM CTMAB; 25°C

w 'C f 'T O T ' ^ A450 a lo g ( F e ) T0T a lo g ( F e ) T0T ( l - a ) lo g  K a

4 ,4 4 0 ,0 7 5 0 ,7 8 - 5 ,4 6 - 6 ,0 0 10 ,4 2

6 ,6 6 0 ,1 0 9 0 ,7 3 - 5 ,3 1 - 5 ,7 4 1 0 ,4 2

8 ,8 8 0 ,1 4 8 0 ,7 6 -5 ,1 7 -5 ,6 6 1 0 ,6 6

13 ,29 0 ,2 2 1 0 ,7 5 - 5 ,0 0 -5 ,4 8

Av: 10 ,7  + 0 ,3

a u s in g  e q u a tio n  (3)



T a b le  3b : T i t r a t i o n  o f  hernia w ith  t r i t o n  X -100; 

1 0 ,0x10  6M hem in ; 0 , 1M SaOH

( d e te r g e n t ) A384 lo g  ( d e te r g e n t )  a
A-A*

A^-A

a ,b

2 ,6 7 0 ,5 6 3 - 5 ,9 2 ( -5 ,7 1 ) -0 ,7 6 9 1 1 ,07 ( 4 ,9 4 )

6 ,67 0 ,5 5 8 - 5 ,3 7 ( -5 .2 5 ) - 0 ,5 0 9 10 ,23 ( 4 ,7 . ')

11 ,96 0 ,5 5 3 - 5 ,0 6 ( -4 ,9 9 ) -0 ,3 1 3 9 ,8 1 ( 4 ,5 8 )

1 9 ,9 0 - 4 ,8 1 ( -4 ,7 5 ) - 0 ,0 7 9 9 ,5 4 ( 4 ,6 7 )

3 1 ,75 - 4 ,5 9 ( -4 .5 4 ) 0 ,1 7 6 9 ,3 6 ( 4 ,7 2 )

5 1 ,33 - 4 ,3 6 ( - 4 .3 2 ) 0 ,6 0 2 9 ,3 2 ( 4 ,9 2 )

7 0 ,33 0 ,5 2 0 ( -4 .1 8 ) 1 ,106 9 ,5 3 (5 ,2 9 )

Av: 9 ,4 5 ( 4 ,7 6 )

i = 2  (n = 1) C a lc u la t e d  u s in g  e q u a t io n  (1)

= 0 ,5 7 1  Ag, = 0 ,5 1 6

i = 1 <det> 2 ,6 7  -  3 1 ,75

s lo p e  = ( 0 ,7 9 )  (Sd = 0 ,0 7 )  

i n t e r c e p t  = ( 3 ,7 1 )  (Sd = 0 ,3 8 )

. -  2 ( d e t )  1 9 ,9 0  -  7 0 ,3 3

1 ,9 3  (Sd = 0 ,3 0 )

9 ,1 1  (Sd = 1 ,3 3 )

&-A
* P l o t  o f  lo g  ^  v e r s u s  lo% (d e te T g en i:)  f r e e



T ab le  3c : T i t r a t i o n  o f  hem in w i th  sodium  l a u r y l  s u lp h a te ;  

0,1M NaOH; 1 1 ,1x10  hem in

( d e t e r g e n t ) , |iM lo g  ( d e te r g e n t ) 106 lo g K  8 - b

3 0 ,6 2 9 - 5 ,6 9 - 0 ,6 8 5 ,0 1

6 0 ,6 2 3 - 5 ,4 1 - 0 ,2 1 5 ,2 0

0 ,6 2 1 - 5 ,1 9 - 0 ,0 9 5 ,1 0

0 ,6 1 9 - 5 ,0 4 0 ,0 3 .5 ,0 7

15 0 ,6 1 6 - 4 ,9 4 0 ,2 1 5 ,1 5

0 ,6 1 3 -4 ,8 5 0 ,4 2 5 .2 7

0 ,6 1 0 - 4 ,7 9 0 ,5 0 5 ,2 9

2 3 ,9 0 ,6 1 0 - 4 ,7 1 0 ,6 8 5 ,3 9

2 9 ,9 0 ,609 - 4 ,6 0 0 ,8 0 5 ,4 0

4 1 ,8 0 ,5 0 9 - 4 ,4 3 0 ,6 0

5 3 ,7 0 ,6 0 7 - 4 ,3 1 l . U 5 ,4 4

65 ,5 -4 ,2 2 1 ,45 5 .6 7

Av: (5 ,2 5 )  ± 0 ,2

1 b C a lc u la t e d  u s in g  e q u a tio n ( 1)

Ao = 0 ,6 3 4 A* ”  0 ,6 0 5

n  = 1 (dec ) 3 -  53 ,7

s lo p e  - 1 ,2 7  (Sd = 0 ,0 7 )

in t e r c e p t  - 6 ,5 8  (Sd = 0 ,3 4 )



APPENDIX 3 : TABLES OF DATA TOR IKE STUDY OF HEMIN IN AQUEOUS

ACID (CHAPTER 4)

T ab le  1 : V a r i a t i o n  in  a b so rb a n c e  c t  th e  S o r e t  maximum

( , „ W  . 1; 25°C ; y -  0 ,1

10b (h e m in ) ,
"  4 , 7 a lo e ( F e ) T0T a  lo g ( F e ) TO I(l-o :) lo g  K b

0 ,7 1 0 ,0 8 5

1 ,1 0 0 ,1 3 6

1 ,1 9 0 ,1 4 1

1 ,27 0 ,1 4 8

2 ,0 7 0 ,2 5 2

2 ,4 5 0 ,2 7 0 0 ,7 6 7 - 5 ,7 3 - 6 ,2 4 - 4 ,9 2

2 ,5 0 0 ,2 6 9 0 ,7 0 5 - 5 ,7 5 - 6 ,1 3 - 5 ,0 7

4 ,3 1 0 ,4 4 9 0 ,6 2 3 - 5 ,5 7 - 5 ,7 9 " 5 ,0 5

6 ,5 2 0 ,6 5 9 0 ,5 4 9 - 5 ,4 5 - 5 ,5 3 - 5 ,0 7

7 ,8 4 0 ,7 7 6 0 ,5 0 0 - 5 ,4 1 - 5 ,4 1 - 5 ,1 1

9 ,8 3 0 ,9 6 0 0 ,4 6 8 - 5 ,3 4 - 5 ,2 8 - 5 ,1 0

1 4 ,3 6 1 ,1 3 3

18 ,03 1 ,343

2 1 ,8 0 1 ,677

A v erag e : - 5 ,0 5  ± 0 ,1 3

'  5 , , :  -  " x  103 H™1 cm™1

eM = 120 x 103 t f 1 cm™1 

(from  a s s y m to te s  o f  B e e ts  law  p lo t )

b K r e f e r s  to  th e  r e a c t i o n  D 2M



T a b le  2 : V a r ia t io n  i n  th e  a b so rb a n c e  o f  th e  S o r e t  a s  a f u n c t i o n  

o f  pH f o r  hem in  w ith  and w ith o u t  c a f f e i n e ;  25°C; u = 0 , l

- c a f f e i n e  (397 nm) + c a f f e in e  (402 run)

(2 ,1 5 x 1 0  S i  hem in) (3 ,0 9 x 1 0  hem in;0,05M

1 ,0 0 ,5 1 4 0 ,9 1 5

1 ,5 0 ,5 1 4 0 ,9 1 5

2 ,0 0 ,5 1 4 0 ,9 0 9

2 ,2 0 ,5 1 0 0 ,9 0 5

2 ,4 0 ,4 8 0 -

2 ,5 - 0 ,8 6 5

2 ,6 0 ,4 6 7 -

2 ,8 0 ,4 4 3 0 ,8 3 2

3 ,0 0 ,4 2 7 0 ,8 0 5

3 ,2 0 ,4 0 4 -

3 ,4 - 0 ,7 7 0

3 ,8 0 ,3 8 1 0 ,7 2 5

4 ,0 0 ,3 8 0 0 ,7 1 3

4 ,5 0 ,3 8 0 0 ,6 9 8

5 ,0 0 ,3 8 0 0 ,6 9 8

5 ,2 - 0 ,6 7 3

5 ,4 - 0 ,6 5 0

5 ,6 0 ,3 8 2

-

0 ,3 3 5

6 ,2 0 ,3 1 3 -

6 ,4 0 ,3 0 0 0 ,5 4 0

6 ,6 0 ,2 8 8 -

6 ,8 0 ,2 6 4 -

7 ,0 0 ,2 4 5 0 ,5 3 0

7 ,8  (p h o sp h a te ) 0 ,2 2 2 0 ,5 2 2

7 ,8  ( c a rb o n a te ) 0 ,2 1 6 0 ,511

9 ,0  ( c a rb o n a te ) 0 ,2 1 5

1 1 ,0  (c a rb o n a te ) 0 ,2 1 8



APPENDIX 4 : TABLES OF DATA FOR THE TITRATION OF HEMIN WITH

HISTIDINE, HISTAMINE AND PILOCARPATB 

A l l  c i c r a t i o n s  done a t  25°C w ith  p = 0 ,5  (NaNO^) 

A. T i t r a t i o n s  a t  low  l ig a n d  c o n c e n t r a t io n s

1 . H i s t i d in e

a )  pH 8 ,5 0 ;  (hem in) = 68x10 S i

103 (L )T , m lo g ( L ) b CM) A590 log ^ lo g  K, 3
(M 1)

0 ,8 0 - 3 ,1 0 0 ,277 - 0 ,9 8

1 ,5 9 - 2 ,8 0 0 ,2 7 7 - 0 ,9 8

2 ,3 8 - 2 ,6 2 0 ,2 7 8 - 0 ,7 8

3 ,9 5 - 2 ,4 0 0 ,2 8 0 - 0 ,5 1

7 ,0 5 - 2 ,1 5 0 ,2 8 2 - 0 ,3 0

1 0 ,11 - 2 ,0 0 0 ,2 8 4 - 0 ,1 2

1 3 ,11 - 1 ,8 8 0 ,2 8 5 -0 ,0 4

1 8 ,99 - 1 ,7 2 0 ,2 8 8 0 ,2 1

2 4 ,7 0 - 1 ,6 1 0 ,2 9 1 0 ,5 1

3 5 ,6 0 - 1 ,4 5 0 ,6 3 2 ,0 8

Av: 2 ,0 ± 0 ,2

Aq = 0 ,2 7 5 A „ = 0 ,2 9 6

P iO t o f  lo g
A -  A

A T ^ A  VS lo 8 ( h i s )

S lope = 1 ,0 5  (Sd 0 ,0 8 )

i n t e r c e p t = 2 ,0 4  (Sd 0 ,1 7 )



b) pH 8 ,5 0 ;  (hem in) = 136x10'"

: o 3 ( D t , m l o g t t )  (M) b A590

A—A
lo g  ^ lo g  a

0, 79 - 3 ,1 0 0 ,5 4 7 -0,90 2 ,2 0

2 ,3 7 - 2 ,6 3 0 ,5 5 0 - 0 ,6 2 2 ,0 1

3 ,9 4 - 2 ,4 0 0 ,551 - 0 ,5 4 1 ,8 6

7 ,0 3 - 2 ,1 5 0 ,5 5 7 - 0 ,2 0 1 ,9 5

13 ,08 - 1 ,8 8 0 ,5 6 3 0 ,1 0 1 ,9 8

1 8 ,94 - 1 ,7 2 0 ,5 6 7 0 ,3 0 2 ,0 2

2 4 ,63 - 1 ,6 1 0 ,5 7 1 0 ,5 4 2 ,1 5

30 ,15 - 1 ,5 2 0 ,5 7 3 0 ,7 0 2 ,2 2

0 ,5 4 3  = 0 ,5 7 9

Av: 2 ,1  ± 0,2

i l o g ( h i s ) :

s lo p e  = 1 ,0 3  (Sd = 0 ,0 9 )  

i n t e r c e p t  = 2 ,1 0  (Sd = 0 ,2 1 )



c) pH 10,0 ; (hemiu) = 136x10

10- >M logO O  b (VO A590

A-A

l 0 g ^
lo g  K1 a (M

0 ,7 9 - 3 ,1 0 0 ,5 8 0 - 1 ,2 0

2 , : - 2 ,6 3 0 ,5 8 2 -C .6 7

3 ,M - 2 ,4 0 0 ,5 8 3 - 0 ,5 1

7 ,0 3 - 2 ,1 3 0 ,5 8 5 - 0 ,2 6

1 3 ,0 8 - 1 ,8 8 0 ,5 8 7

1 8 ,9 4 - 1 ,7 2 0 ,5 8 9 1 ,8 7

2 4 ,6 3 - 1 ,6 1 0 ,5 9 0

Av: 1 ,9  ± 0 ,1

^  »  0 ,5 7 9  A -  0 ,5 9 6

A -  An
P l o t  o f  lo g  J— -  ^  v s  l o g ( h is )

s lo p e  = 0 ,9 5  (Sd = 0 ,0 3 )

intercept == 1,78 (Sd = 0,06)



d) pH 11,0 ; (hemin) * 136x10

103 (L)r  M lo g  (L) 
(M)

A590

A-A.

l0 g  V l
'

0 ,7 9 - 3 ,1 0 - 1 ,3 4

2 ,3 7 - 2 ,6 3 0 ,5 8 0 - 0 ,8 2

3 ,M - 2 ,4 0 0 ,5 8 2 - 0 ,5 6

- 2 ,1 5 0 ,5 8 4 - 0 ,3 6

13 ,08 - 1 ,8 8 0 ,5 8 7 - 0 ,1 1

18 ,94 - 1 ,7 2 0 ,5 8 9 0 ,0 4

2 4 ,63 - 1 ,6 1 0 ,5 9 1 0 ,1 9

30 ,15 - 1 ,5 2 0 ,5 9 1 0 ,3 6 1 ,6 8

4 0 ,7 1 -1 ,3 9 0 ,5 9 5 0 ,5 6 1 ,9 5

Av: 1 ,8  ± 0 ,1

Aq -  0 ,5 7 7 = 0 ,6 0 0

P l o t  o f  lo g  ---- lo g ( h i s )

s lo p e  = 1 ,0 6  (Sd  -  0 ,0 4 )

intercept = 1,93 (Sd = 0,08)



2 , H iscain ine

a )  pH 8 ,5 0  ; (hem in) -  9 0 ,5x10

103 (L )T , H lo g (L )  b , (,M) A5gQ lo g  ^  X ogK .tM - 1 ) 3

1 ,0 0 - 3 ,0 0 0 ,4 0 2 -0 ,3 7 2 .* 3

1 ,9 9 - 2 ,7 0 0 ,4 1 0 0 ,0 0 2 ,7 0

2 ,9 3 - 2 ,5 3 0 ,4 1 3 0 ,1 3 2 ,6 6

3 ,9 6 - 2 ,4 0 0 ,415 0 ,2 2 2 ,6 2

5 ,9 1 - 2 ,2 3 0 ,417 0 ,3 2 2 ,5 5

7 ,8 4 - 2 ,1 1 0 ,4 1 9 0 ,4 5 2 ,5 6

1 1 ,6 5 0 ,4 2 2 0 ,6 0 2 ,5 3

1 5 ,3 8 - 1 ,8 1 0 ,4 2 4 0 ,7 5 2 .5 6

2 3 ,6 3 - 1 ,6 5 0 ,4 2 6 0 ,9 5 2 ,6 0

vs loS(l> : 

s lo p e  = 0 ,9 1  (Sd = 0 ,0 4 )

intercept = 2,40 (Sd = 0,08)



b) pH 1 0 ,0  ; (hem in) - 9 0 ,5 x 1 0  6M

io 3 ( l ) t , m lo g C L ^ O l) A590

A-A

l0Sr f lo g  Kr  (M 1)

1 ,0 0 - 3 ,0 0 0 ,4 1 9 - 0 ,3 6 2 ,6 3

1 ,9 9 - 2 ,7 0 0 ,4 2 3 " 0 ,0 3 2 ,6 7

3 ,9 6 - 2 ,4 0 0 ,427 0 ,2 3 2 ,6 3

5 ,9 1 - 2 ,2 3 0 ,4 3 1 0 ,5 4 2 ,7 7

7 ,8 4 - 2 ,1 1 0 ,4 3 2 0 ,6 4 2 .7 5

9 ,7 6 - 2 ,0 1 0 ,4 3 3 0 ,7 6 2 ,7 7

1 1 ,65 -1 ,9 3 0 ,4 3 4 0 ,9 0 2 ,8 3

Aq = 0 ,4 1 0 0 ,4 3 7

Av: 2 ,7  ± 0 ,1

A-A
P l o t  o f  . _ v s  lo g  (L) :

s lo p -1 = 1 ,1 6  (f.U = 0 ,0 5 )

i n t e r c e p t  = 3 ,1 1  (Sd » 0 ,1 1 )



c )  pH 1 1 ,0 ; (hern ia) = 9 0 ,5 x1 0 -6M

i o 3 C l)t , m A590 lo g  K ^M - 1 )

1 ,0 0 - 3 ,0 0 0 ,4 1 6 - 0 ,5 4 2 ,4 6

1 ,9 9 - 2 ,7 0 0 ,4 1 9 - 0 ,3 0 2 ,4 0

3 ,9 6 - 2 ,4 0 0 ,4 2 3 - 0 ,0 3 2 ,4 0

5 ,9 1 - 2 ,2 3 0 ,425 0 ,1 0 2 ,3 3

7 ,8 4 - 2 ,1 1 0 ,427 0 ,2 3 2 ,3 4

11 ,65 - 1 ,9 3 0 ,4 2 9 0 ,3 3 2 ,2 6

1 5 ,38 - 1 ,8 1 0 ,4 3 0 0 ,4 6 2 ,2 7

22 ,64 - 1 ,6 5 0 ,4 3 2 0 ,6 4 2 ,2 9

Av: 2 ,4  ± 0 ,1

Ao = 0 ,4 1 0 A„  = o . 4 3 )

P l o t  o f  lo g
A -  A

A ^ A  V3 l 0S<L> 1
s lo p e  « 0 ,8 6 (Sd -  0 ,0 2 )

i n t e r c e p t - 2 . 0 2 (Sd -  0 ,0 4 )

I



3 . P i lo c a r p a c s

a )  pH 8 ,5 0  ; (hem in) = 9 0 ,5x10

103 (L )t ,  m log(L)CM) b A590

A-A.

108 lo g  ^ ( h ' 1)  a

0 ,5 0 - 3 ,3 0 0 ,4 0 0 - 1 ,1 0 2 ,2 0

1 ,0 0 - 3 ,0 0 0 ,4 0 4 - 0 ,7 6 2 ,2 4

1 ,9 8 - 2 ,7 0 0 ,4 1 0 - 0 ,4 6 2 ,2 4

2 .W - 2 ,5 3 0 ,4 1 4 - 0 ,3 0 2 ,2 3

3 ,9 2 -2 ,4 1 0 ,4 1 8 - 0 ,1 6 2 ,2 5

Av: 2 ,2 3  ± 0 ,0 3

Ao = 0 ,3 9 6 ,450

P l o t  o f  lo g (L) :

= 1 ,0 4 (Sd  = 0 ,0 2 )

i n t e r c e p t -  2 ,3 5 (Sd = 0 ,0 5 )



h )  pH 1 0 ,0  ; (hern ia) = 9 0 ,5x10

103 (L )t , m lo g (L )  (M) b A .go lo g  S^CM L)

0 ,5 0 - 3 ,3 0  0 ,4 1 2 - 1 ,4 6 1 ,8 4

1 ,0 0 - 3 ,0 0  0 ,4 1 4 - 1 ,1 5

1 ,9 8 - 2 ,7 0  0 ,4 1 8 - 0 ,8 1

2 ,6 0 - 2 ,5 6  0 ,4 2 0 - 0 ,7 0

3 ,9 2 - 2 ,4 1  0 ,4 2 3 - 0 ,5 6

5 ,8 3 - 2 ,2 3  0 ,4 2 8 - 0 ,3 7

7 ,6 9 - 2 ,1 1  0 ,4 3 2 - 0 ,2 4

9 ,5 2 - 2 ,0 2  0 ,4 3 4 - 0 ,1 8

13 ,08 - 1 ,8 8  0 ,4 3 8 - 0 ,0 6

16 ,51 - 1 ,7 3  0 ,4 4 0 o
1 9 .8 : - 1 ,7 0  0 ,442 0 ,0 4

2 3 ,0 1 - 1 ,6 4  0 ,4 4 3 0 ,0 9

Av: 1 ,8  i  0 ,1

Ao -  o, no

P l o t  o f  lo g ^  :

s lo p e  -  0 ,9 4  

i n t e r c e p t  -  1 ,6 8

(Sd = 0 ,0 2 )  

(Sd = 0 ,0 5 )



c )  pH 1 1 ,0 (hem in) = 90 5 x l0 16M

i o 3 (l ) t , m lo g (L )  CM) b A59Q lo g  K /M  l) 3

0 ,5 0 - 3 ,3 0 0 ,4 2 8 - 1 ,3 9

1 ,0 0 - 3 ,0 0 0 ,4 3 0 - 1 ,0 7

1 ,9 3 - 2 ,7 0 0 ,4 3 2 - 0 ,8 2

3 / " 2 ,4 1 0 ,4 3 6 - 0 ,5 1

5 - 2 ,2 3 0 ,4 3 9 - 0 ,3 4

7 .6 9 - 2 ,1 1 0 ,4 4 1 - 0 ,2 3

1 1 ,32 -1 ,9 5 0 ,4 4 6 0 ,0 0

1 4 ,81 - 1 ,8 3 0 ,4 4 9 0 ,1 4

18 ,18 - 1 ,7 5 0 ,4 5 1 0 ,2 3 1 ,9 8

1 ,9  ± 0 ,1

Ao = 0 ,4 2 7 A , -  0 465

P lo t: o f  log
A -  A
^  v .  lo ,C L )  , .

s lo p e 1 ,0 3 (Sd -  0 ,0 2 )

in c e r c e p t = 2 ,0 0 (Sd -  0 ,0 6 )

3 K1 r e f e r s Co Che re a c r . 'o n D + xL e = s  n • • • L

b ^  lo g ( L )£ r e e  s th e  fotTTier i s  u se d .



B. T i t r a t i o n s  a t  h ig h  l ig a n d  c o n c e n t ra t io n s

i )  V ary in g  th e  l ig a n d  c o n c e n t r a t io n

1 . H i s t i d in e  ; pH 9 ,0  (tw o d u p l i c a t e  e x p e r im e n ts )

a )  (F e )T0T = 7 ,0 3 x 1 0 "* *  b )  ( ? e ) ^  -  6 , 3 4 x l ( f 6H

ttO T , &410 lo g ( L ) T , 106 (D ), 106 (ML2) ,  (tSL2)2
m l0^ r -

lo g  K2

a)  0 ,0 0 1 0 ,2 4 6 3 ,2 9 2 - 1 ,2 2

0 ,0 2 0 ,3 0 2 2 ,963 - 1 ,2 9

0 ,0 3 0 ,369 2 ,570 - 5 ,8 6 - 1 ,3 0

0 ,0 4 0 ,4 5 2 - 1 ,4 0 2 ,083 - 5 ,4 0 - 1 ,2 0

0 ,0 6 0 ,5 9 6 1 ,2 3 8 " 4 ,7 8 - 1 ,1 2

0 ,0 8 0 ,6 6 9 0 ,8 1 0 - 4 ,1 4 - 1 ,1 4

0 ,1 0 0 ,7*-. - 4 ,0 9 -1 ,0 9

0 ,1 5 \ i a : -3 ,6 1 - 1 ,1 5

A = 0 ,2 0 8 A -  0 807 ( P lo t o f  lo g
(ml2 ) 2 

T d) vs lo * ( U

,1 8  ± 0 ,1 2

n -  3 ,1 4 (Sd = 0 ,0 6 )

I  -  - 1 ,0 0  <Sd 0 ,0 8 )

*413

b) 0 ,0 2 0 ,3 b 6 - 1 ,7 0 2 ,667 1 ,006 -6 ,4 2 - 1 ,3 2

0 ,0 4 0 ,409 - 1 ,4 0 1 ,8 0 0 2 ,740 - 5 ,3 8 - 1 ,1 8

0 ,0 6 0 ,5 1 6 - 1 ,2 2 1 ,152 4 ,0 3 7 - 4 ,8 5 - 1 ,1 9

0 ,0 8 0 ,6 0 8 - 1 ,1 0 0,-194 5 ,1 5 2 -4 ,3 5 -1 ,0 5

0 ,1 0 0 ,6 3 4 - 1 ,0 0 0 ,4 3 6 5 ,467 - 4 ,1 6 - 1 ,1 6

0 ,2 0 0 ,6 9 2 - 0 ,7 0 0 ,0 8 5 6 ,170 - 3 ,3 5 - 1 ,2 5

Av: - 1 ,1 8  ± 0 ,1 4



(MW 2
Ao = 0 ,1 8 3  Aro = 0 ,7 0 6  ( P lo t  o f  lo g  —̂ —  v£ lo g (L )  

n  = 3 ,0 9  (Sd = 0 ,1 2 )

I  = - 1 ,0 3  (Sd -  0 ,1 5 )

O v e r a l l  a v e ra g e  o f  b o th  e x p e r im e n ts :  - 1 , 2  ± 0 ,1

2 . H is ta m in e  ; pH 9 ,0  [ ( ? . ) , 7 , 16xlO -6 M|

( D t , m * 4 0 8 ,5nm 106 (D),, M 106ML M (I'IL2) 
2 108 (D)

lo g  K2

(0 ,0 1 0 ,2 5 7 - 2 ,0 0 3 ,399 0 ,3 6 2  - 7 ,4 1 - 1 ,4 1 )

0 ,0 2 0 ,277 - 1 ,7 0 3 ,2 7 4 0 ,6 1 1  - 6 ,9 4 - 1 ,8 4

0 ,0 3 0 ,3 0 1 - 1 ,5 2 3 ,1 2 5 0 ,9 1 1  - 6 ,5 8 - 2 ,0 2

0 ,0 4 0 ,3 3 0 - 1 ,4 0 2 ,9 4 4 1 ,2 7 2  - 6 ,2 6 -2 ,0 6

0 ,0 6 0 ,3 8 2 - 1 ,2 2 2 ,6 2 0 1 ,9 2 1  - 5 ,8 5 -2 ,1 9

0 ,0 8 0 ,4 4 8 - 1 ,1 0 2 ,2 0 8 2 ,7 4 4  - 5 ,4 7 - 2 ,1 7

0 ,1 0 0 ,5 2 6 - 1 ,0 0 1 ,721 3 ,7 1 7  - 5 ,1 0 - 2 ,1 0

0 ,1 5 0 ,5 8 4 - 0 ,8 2 1 ,3 6 0 4 ,4 4 1  - 4 ,8 4 - 2 ,3 8

0 ,2 0 0 ,6 5 1 - 0 ,7 0 0 ,9 4 2 5 ,2 7 6  - 4 ,5 3 - 2 ,4 3

Ao -  0 ,2 2 8 A » = 0 , 802 ( P lo t o f  lo g  

= 2 ,3 2  

= - 2 ,9 3

a w '  
- o f -  "

(Sd -  0 ,0 9 )  

(Sd -  0 ,1 2 )

,11 ± 0 ,3



3-' Pilocarpate ; pH 9,3 = ?,25xio'6Mj

w ' c u . . A410 lo g ( L ) j  

0 0

106 (D) , 10&(ML,)

2 ,4 0 0 ,2 5 8 - 2 ,6 2 3 ,3 5 8 0 ,5 3 4 - 7 ,0 7  0 ,7 9

4 ,7 9 0 ,3 3 * - 2 ,3 2 2 ,896 1 ,457 - 6 ,1 3  0 ,8 3

7 ,17 0,507 - 2 ,1 4 1 ,M 6 3 ,5 5 8 - 5 ,1 6  1 ,2 6

11 ,93 0 ,6 3 2 - 1 ,9 2 1 ,087 5 ,0 7 6 - 4 ,6 3  1 ,1 3

1 6 ,66 0 ,6 9 9 - 1 ,7 8 0 ,6 8 0 5 ,8 9 0 - 4 ,2 9  1 ,0 5

21 ,37 0 ,7 3 4 - 1 ,6 7 0 ,4 8 0 6 ,2 9 1 - 4 ,0 8  0 ,9 3

2 6 ,06 0,7&& - 1 ,5 8 0 ,3 4 6 6 ,558 - 3 ,9 1  ,83

3 0 ,7 2 0 ,7 7 0 - 1 ,3 1 0 ,2 4 9 6 ,7 5 2 - 3 ,7 4  0 ,7 9

3 5 ,3 6 0 ,785 - 1 ,4 5 0 ,1 5 8 6 ,934 - 3 ,5 2  0 ,8 3

Av: 0 ,9 7  ± 0 ,3

Ao = 0 ,2 1 4 A„ =■ 0,,811 ( P lo t  o f  lo g
(h l 2) 2

"  (D) "  VS l= g (L )

n  = 2 ,9 5 (Sd = 0 ,1 6 )



to Pilocarpate ; pH 1 0 ,2 C(F0)IOT “ 7,46x10 Si]

103 (1 ) t , A410 lo g ( L ) r

0 0

10* (D)

M

10*(M Lg). lo g
(M W *

7 ,97 0 ,2 7 2 - 2 ,1 0 3 .4 3 6 0 ,5 8 7 -6

15,94 0 ,3 4 6 - 1 ,8 0 2 ,984 1 ,492 -6

23 ,72 0 ,4 3 2 -1 ,6 2 2 ,4 5 8 2 ,5 4 4 -5 - 0 ,7 2

3 1 ,5 0 0 ,5 1 6 - 1 ,5 0 1 ,944 3 ,5 7 1 -5 - 0 ,6 8

3 9 ,2 2 0 ,577 - 1 ,4 1 1 ,571 4 ,317

46 ,88 0 ,6 2 4 - 1 .3 3 1 ,284 4 ,892 ~4

Av: - 0 ,7 1  ± 0 ,0 3

1  “  0 ,2 2 4  = 0 ,8 3 4

(Jfl. , ) 2
p l o t  o f  lo g  —^ —  v s  lo g  (LI

a  -  2 ,9 8  (Sd = 0 ,0 4 )

I  = - 0 ,7 5  (Sd = 0 .0 7 )



i i .)  V ary ing  th e  hem in c o n c e n t r a t io n  (S hack  and C la rk  d i l u t i o n

1 . H is t i d in e

u se d  Eg L = 2 6 ,4  : = 1 0 ,5  (Ijoch in  snM 1 cm

~T~ * 2
: )  pH 8,5 ; ( h i s t i d i n e ) ^ ,^ , .^  -  0,05M

i p ° ( f e ) total a413 

M

a lo g ( F e ) T 0Ia lo g ( F e ) t0 T ( l - a )

■l,j> 0 ,2 9 0 0 ,8 2 4 - 5 ,6 1 - 6 ,2 8

If: 0 ,5 2 5 0 ,7 1 7 - 5 ,3 7 - 3 ,7 7

S ,91 0 ,7 2 9 0 ,6 4 1 - 5 ,2 4 - 5 ,4 9

i l , 3 7  0 ,914 0 ,5 8 5 - 5 ,1 6 - 5 ,3 1

14 ,81  5 ,030 0 ,5 3 7 - 5 ,1 0 - 5 ,1 6 - 0 ,8 4

I7t7b .,126 0 ,4 9 2 - 5 ,0 6 - 5 ,0 4 - 0 ,8 8

2 0 ,7 '.  1 ,366 0 ,4 5 6 - 5 ,0 2 - 4 ,9 5 - 0 ,8 9

2 3 ,7 0  1,507 0 ,4 3 0 - 4 ,9 ? -4 ,8 7 - 0 ,9 1

A v: - 0 ,8 2  -t 0 ,0 9

m o t  o f  Log (F e )T0T a  v s  lo g  ( F e ) ^ ( l - a )

n  ■ 0 ,W  (Sd = 0 ,0 1 )

T. -  - 2 ,3 4  (Sd -  0 ,0 5 )



b )  pH 9 ,0  ; ( h i s t i d i t i e ) TQT,̂  -  0 ,0 3 ”

A413 1 lo g ( ? e ) T0TALCt l Og ( i e ) T0TA1

( l - o )

lo g  K2

2 ,5 6 0 ,2 3 7 0 ,7 6 5 - 5 ,7 1 - 6 ,2 2 - 1 ,0 0

5 ,1 2 0 .4 2 1 0 .6 W - 5 ,4 8 - 5 ,7 4 ~ 1 ,02

7 ,67 0 ,5 7 5 0 ,5 6 1 - 5 ,3 7 - 5 ,4 7

1 0 ,22 0 ,7 2 5 0 ,5 1 5 - 5 ,2 8 - 5 ,3 0 - 1 ,0 6

1 2 ,76 0 ,8 6 0 0 ,4 7 4 - 5 ,2 2 - 5 ,1 7 - 1 ,0 7

1 5 ,3 0 0 ,9 8 2 0 ,437 - 5 , IS - 5 ,0 6 - 1 ,1 0

20 ,37 1 ,2 0 6 0 ,379 -5 ,1 1 - 4 ,9 0

Av: - 1 ,0 6  = 0 ,0 6

P l o t  o f  lo g  (F e )T0Ti  v s  l o g ( r e ) TOT(l-cO

n  » 0 ,4 6  (Sd = 0 ,0 1 )

I  «= - 2 ,8 7  (Sd -  0 ,0 3 )



c )  pH 1 0 ,0  ; ( h i s t i d i n e ) , ^ ,  = 0 .1  M

10 C?e)roTAL,M A413 lo g tF e ) r 0 I  a l o g ( r e ) T0J. ( l - a ) lo g  Kg

1 ,6 0 0 ,1 6 9 0 ,9 1 6 - 6 ,8 7 - 1 ,4 9

3 ,2 1 0 ,3 2 1 0 ,8 5 1 - 1 ,5 0

4 ,SI 0 ,4 6 7 0 .8 1 7 - 6 ,0 6 - 1 ,4 6

0 ,6 1 2 0 ,8 0 0 " 5 ,3 9 - 1 ,3 9

0 ,7 4 6 0 ,773 - 1 ,3 8

9 ,5 9 0 ,3 7 3 0 ,747 - 1 ,3 6

0 ,7 :9

12 .79 1 ,108 0 ,6 9 7 - 1 ,3 9

14 ,38 1 ,222 0 ,677 -1 ,3 9

15 ,97 1 ,3 3 3 0 ,6 6 0 - 1 ,4 0

0 ,0 5

P l o t  '  '- -> (? e ) r o i  2 vs lo g (F e ) I O I ( l~ ,0

n * 0 ,5 4  (Sd = 0 ,0 1 )

I  *■ - 2 ,1 2  (Sd -  0 ,0 6 )

#



d) pH 10,0 ; (fiiscidine), , «■ o , m

A413 lo g ( F e ) I 0 I s lo B (F e )T0T(l-c i) logK 2

( 1 ,6 0 0 ,959 - 5 ,8 1 - 7 ,3 9 - 1 ,1 3 )

3 ,2 1 0 ,3 7 6 - 5 ,5 5 - 6 ,4 0 - 1 ,4 0

4 ,8 1 - 5 ,4 0 - 6 ,0 6 - 1 ,4 4

6 ,4 0 - 5 ,3 0 - 5 .8 7 - 1 ,4 3

8 ,0 0 - 5 ,7 0 - 1 ,4 4

9 ,5 9 0 .8 4 6 - 5 ,1 6 - 5 ,5 6 - 1 ,4 6

11 ,19 0 ,965 - 5 ,1 1 - 5 ,4 6 - 1 ,4 6

12 ,7 8 1 ,076 0 ,6 6 8 - 5 ,0 7 -5 ,3 7 - 1 ,4 7

1,135 0 ,6 4 7 - 5 ,0 3 - 5 ,3 0 - 1 ,4 6

1 5 ,? : 0 ,6 :9 - 5 ,2 3 - 1 ,4 7

Av: - 1 ,4 5  i 0 ,0 5

P l o t  o f  lo g  ( i e ) Ta  v s  lo g ( F e ) T ( l - a )

ti »  0 ,4 7  (Sd = 0 ,0 0 4 )

I  »  - 2 ,5 3  (Sd -  0 ,0 2 )

Av lo g  Kg £ o r  PH 1 0 ,0  * 1 ,4 3  ± 0 ,0 7



e )  pH 1 1 ,0  ; ( h i s t : i d in e ) T0T.̂  = 0 ,05H

A413 a l o s ( F e ) T 0 I  a lo g ( F e ) T0T( l - a ) lo g  K2

2 ,5 2 0 ,1 0 3 0 ,1 6 7 - 6 ,3 8 - 5 ,6 8 - 2 ,8 8

3 ,7 8 0 ,1 4 9 0 ,1 5 0 - 6 ,2 4 - 5 ,4 9 - 2 ,7 9

5 ,0 3 0 ,2 0 3 0 ,1 6 1 - 6 ,0 9 - 5 ,3 7 - 2 ,6 1

7 ,5 3 0 ,2 3 4 0 ,1 3 1 - 6 ,0 1 - 5 ,1 8 - 2 ,6 4

1 0 ,0 4 0 ,3 6 1 0 ,1 1 0 - 5 ,9 5 - 5 ,0 5 - 2 ,6 5

1 2 ,5 3 0 ,4 3 1 0 ,0 9 1 - 5 ,9 4 - 4 ,9 4 - 2 ,7 4

1 7 ,52 0 ,5 7 8 0 ,0 7 6 -5 ,8 7 - 4 ,7 9 - 2 ,7 4

2 2 ,4 9 0 ,7 1 3 0 ,0 6 4 “ 5 ,8 4 - 4 ,6 8 - 2 ,8 0

2 7 ,4 4 0 ,8 6 1 0 ,0 5 8 - 5 ,8 0 -4 ,5 9 - 2 ,8 1

3 2 ,3 8 1 ,001 0 ,0 5 2 - 5 ,7 7 - 4 ,5 1 - 2 ,8 3

3 7 ,31 1 ,143 0 ,0 4 5 - 5 ,7 4 - 4 ,4 5 - 2 ,8 3

Av: - 2 ,7 5  ± 5 ,1 4

P l o t  o f  lo g  (F e )Ta  v s  lo g  (F e )T ( l - a )

a  = 0 ,4 7  (Sd = 0 ,0 3 )



£) pH 1 1 ,5  ; ( h i s C id in e ) T0T. I  ~  0,2M

106 (F e )TOTAL,M A413 a  lo g ( F e ) r o r a  lo g  K2

2 ,6 6 0 ,179 0 ,4 7 3 - 5 ,8 5 - 3 ,5 5

5 ,3 2 0 ,3 0 7 0 ,3 6 2 - 5 ,4 7 -3 ,5 7

7 .9 7 0 ,4 2 1 0 ,3 0 5 - 5 ,6 1 - 5 ,2 6 - 3 ,5 6

10 ,62 0 ,5 2 2 0 ,2 6 3 - 5 ,5 5 - 5 ,1 1 - 3 ,5 9

13 ,26 0 ,6 2 2 0 ,2 3 7 - 5 ,5 0 - 4 ,9 9 - 3 ,6 1

15 ,9 0 0 ,7 2 2 0 ,2 2 0 - 5 ,4 7 - 4 ,9 1 - 3 ,6 3

18 ,54 0 ,8 1 7 0 ,2 0 4 " 5 ,4 2 - 4 ,8 3 - 3 ,6 1

21 ,17 0 ,9 1 1 0 ,1 9 2 - 5 ,3 9 - 4 ,7 7 - 3 ,6 1

2 3 ,8 0 1 ,015 0 ,1 8 8 - 5 ,3 5 - 4 ,7 1 - 3 ,5 9

2 6 .6 2 1,108 0 ,1 8 0 - 5 ,3 2 - 4 ,6 6 - 3 ,5 8

Av: - 3 ,5 9  ± 0 ,0 4

P l o t  o f  lo g  (P e )Ta  v s  lo g  ( i e ) T ( l - a )

n = 0 ,4 8  (.Sd = 0 ,0 1 )

I  = - 3 ,1 1  (Sd -  0 ,0 4 )



g) pH 12,0 ~ (his£i<iine>T0T'X  - 0.2.M

A413 0 logC F e)T0Tct lo g ( F e ) T0T( l - a ) lo g  %

(1 ,2 4 0 ,0 6 0 0 ,2 5 4 - 6 ,5 0 - 6 ,0 3 - 4 ,5 7 )

2 ,4 7 0 ,1 1 9 0 ,2 5 2 - 6 ,2 1 - 5 ,7 . : - 4 ,2 9

4 ,9 4 0 ,2 1 0 0 ,1 8 6 - 6 ,0 4 - 5 ,4 0 - 4 ,2 8

7 ,4 0 0 ,2 9 5 0 ,1 5 6 - 5 ,9 4 - 5 ,2 0 - 4 ,2 8

9 ,8 6 0 ,3 3 2 0 ,1 4 3 - 5 ,8 5 - 5 ,0 7 - 4 ,1 3

12 ,31 0 ,4 6 5 0 ,1 3 1 - 5 ,7 9 - 4 ,9 7 - 4 ,2 1

1 4 ,76 0 ,5 4 7 0 ,1 2 ., - 4 ,8 9 - 4 ,1 9

1 7 ,21 0 ,6 2 7 0 ,1 1 6 - 5 ,7 0 - 4 ,8 2 - 4 ,1 8

19 ,65 0 ,7 1 0 0 ,1 1 3 - 5 ,6 6 - 4 ,7 6 - 4 ,1 6

22 ,09 0 ,7 3 9 0 ,1 0 8 - 5 ,6 2 - 4 ,7 1 - 4 ,1 3

24 ,52 0 ,8 6 5 0 ,1 0 4 - 5 ,5 9 - 4 ,6 6 - 4 ,1 2

Av: - 4 ,2 0  1 0 ,0 9

P l o t  o f  l o g ( i e ) Ta  v s  l o g ( F e ) . . ( l - a )

0 ,5 8  (Sd = 0 ,0 1 )

-2,88 (Sd = 0,06)



2 . H is ta m in e

u se d  e D (iL  =  3 1 ,9  blM"1 cm"1 ; ^  -  112 kM"1 cm™1

d ) pH 8 ,5  ; (h isK am ir.e )T0TjlJ1 = 0,05M

10 (F e )T0TALJ.:‘ \ 0 8 , 5 a lo g C F e J io itt l o g ( f e ) T0T( l - a ) lo g  K2

1,58 0 ,1 3 5 0 ,6 7 0 - 5 ,9 8 - 6 ,2 8 - 1 ,4 8

3 ,1 6 0 ,2 1 1 0 ,437 - 5 ,8 6 - 5 ,7 5 - 1 .7 7

4 ,7 4 0 ,2 7 7 0 ,3 3 4 - 5 ,8 0 " 5 ,5 0 - 1 ,9 0

6 ,3 1 0 ,3 3 7 0 ,2 7 1 - 5 ,7 7 - 5 ,3 4 - 2 ,0 0

7 ,8 9 0 ,4 0 3 0 ,2 4 2 - 5 ,7 2 - 5 ,2 2 - 2 ,0 2

9 ,4 6 0 ,4 6 1 0 ,2 1 3 - 5 ,7 0 - 5 ,1 3 - 2 ,0 7

1 ,5 8 0 ,1 3 9 - 5 ,9 6 - 6 , 3 : - 1 ,4 0

Av: - 1 ,7 3  ± 0 ,3 4

P l o t  o f  lo g ( F e ) xa  v s  lo g ( F e ) T ( l - , t )

n  = 0 ,2 3  (Sd = 0 ,0 1 )

I = -4,55 (Sd - 0,07)



b) pH 9,0 ; Qustamine).^  ̂  = 0,Q5M

w 'tM T C T U , ■M A4 0 8 ,5 «
lo g ( F e ) T0TC( lo g ( F e ) TOT( l - a ) lo g  K,

2 ,0 3 0 ,1 3 9 0 ,4 5 7 - 6 ,0 3 - 5 ,9 6 - 1 ,9 0

4 ,0 6 0 ,2 2 4 0 ,2 9 1 - 5 ,9 3 - 5 ,5 4 - 2 ,1 2

6 ,0 8 0 ,3 1 0 0 ,2 3 8 - 5 ,3 4 - 5 .3 3 - 2 ,1 5

8 ,1 0 0 ,1 3 3 - 5 ,8 3 - 5 ,1 8 - 2 ,2 8

10 ,12 0 ,4 5 4 0 ,1 6 2 - 5 ,7 9 - 5 ,0 7 - 2 ,3 1

12 ,14 0 , ^ 3 0 ,1 5 0 - 5 ,7 4 - 4 ,9 9 - 2 ,2 9

Av: - 2 ,1 5  = 0 ,2 5

P l o t  o f  lo g lo s ( F e ) ., ( 1 - 1 )

n  = 0 ,2 9  (Sd = 0 ,0 2 )



c )  pH 1 0 ,0  ; ( h i s ta B in e ) T0T^  = 0,1M

10 (F e )T0T, M A4 08 ,5 a lo g ( F e ) T0T3 lo g ( F e ) T0T( l - a ) io g  K2

2 ,0 8 0 ,2 1 8 0 ,9 1 0 - 5 ,7 ? - 6 ,7 3 - 1 ,4 1

4 ,1 5 0 ,4 u 5 0 ,8 3 ) - 5 ,4 7 - 6 ,1 3 - 1 ,5 1

5 ,1 9 0 ,4 6 1 0 ,7 1 1 - 5 ,4 3 - 5 ,8 2 - 1 ,7 4

6 , ^ 0 ,5 4 0 0 ,6 8 4 -5 ,3 7 - 5 ,7 1 - 1 ,7 3

6 ,2 3 0 ,5 2 6 0 ,6 5 6 - 5 ,3 9 - 5 ,6 7 - 1 ,8 1

8 ,2 9 0 ,6 5 1 0 ,5 8 2 - 5 ,3 2 - 5 ,4 6 - 1 ,8 8

9 ,3 9 0 ,7 0 1 0 ,5 3 4 - 5 ,3 0 - 5 ,3 6 - 1 ,9 4

1 2 ,42 0 ,8 4 2 0 ,4 4 8 - 5 ,2 3 - 5 ,1 6 - 2 ,0 4

Av: - 1 ,7 1  ± 0 ,3 3

P l o t  o f  lo g (F<0Ta  vs lo g  (F e .

0 ,2 9  (W  »  0 ,0 1 )

- 3 ,7 3  (Sd «  0 ,1 1 )



d) pH 1 0 ,0  ; (h isC sua ine ) ^ , ^  = 0,111

106 CF«)t o i * 14 A4 03 ,5 “ lo g ( P e ) I0T Ct lo g ( F e ) I 0 T ( l - 0i) lo g  K ,

(1 ,3 7 0 ,1 7 3 0 ,9 7 7 - 5 ,8 1 - 7 .4 5 - 0 ,8 7 )

3 ,1 4 • 0 ,3 1 9 0 ,8 7 0 - 5 ,5 6 - 5 ,4 0 - 1 ,4 2

4 ,7 1 0 .4 4 3 0 ,7 7 6 - 5 ,4 4 - 5 ,9 8 - 1 ,6 0

6 ,2 6 0 ,5 4 7 0 ,6 9 3 - 5 ,3 6 - 5 ,7 2 - 1 ,7 0

7 ,8 3 0 ,6 2 2 0 ,5 9 3 - 5 ,3 3 - 5 ,5 0 - 1 ,8 6

9 ,3 9 0 ,7 1 1 0 ,5 4 7 - 5 ,3 7 - 1 ,9 1

Av: - 1 ,6 6  x 0 ,2 5

; (F e )Ta  v s  lo g  (F e ) T ( l - a )

0 ,2 5  (S:l = 0 ,0 1 )

- 3 ,9 3  ( 6 ;  = 0 ,0 4 )

Av lo g  Kg f o r  pH 1 0 ,0  - - 1 ,6 9  *



a) pH 1 1 ,0  ; ( h ia t a m in e ) T O ^  = 0,1%  ; »  = 0 ,5 0

10 ^ T O T A L '" A4 0 8 ,5 ° lo s ( P e ) TOTa lo g ( F e ) TC|lr( l - a )

1 ,5 8 0 ,1 4 6 0 ,7 5 6 - 5 ,9 2 - 6 ,4 1 - 2 ,1 3

3 ,1 6 0 ,2 7 4 0 ,6 8 5 - 5 ,6 6 - 6 ,0 0 - 2 ,0 2

4 ,7 4 0 ,3 8 0 0 ,6 0 4 - 5 ,5 4 - 5 ,7 3 - 2 ,0 5

6 ,3 1 0 ,4 7 4 0 ,5 4 1 - 5 ,4 7 - 5 ,5 4 - 2 ,1 0

7 ,8 9 0 ,5 6 1 0 ,491 - 5 ,4 1 - 5 ,4 0 - 2 ,1 2

9 ,4 6 0 ,6 2 7 0 ,4 3 1 - 5 ,3 9 - 2 ,2 1

Av: - 2 ,1 0  ± 0 ,1 1

P l o t  o f  lo g  (Fe)p% v s  lo g  (F e )T ( l - a )

n  ■ 0 ,4 7  (Sd = 0 ,0 4 )

t  = - 2 ,8 9  (Sd =* 0 ,2 1 )



a. '.’i l o e a t p a t a

used  eD ^  -  2 9 ,S ®M 1 >-.m ' •. 5 .^  = 1 1 1 ,8  n£4 1 cm

a) pH 8 ,5  ; ( p i l o c a r p a t e )  -  0,005M

W '* ' 'T 0 T .  * A410 a lo g  (F e )T0Tct lo g ( F e ) T0T( l - a ) lo g  K2

a , s 0 ,1 4 7 0 ,7 9 4 - 5 ,9 1 - 6 ,5 0

.VO-! 0 ,2 4 5 0 ,6 0 5 - 5 ,7 3

4 ,6 4 0 ,3 3 0 o ,5 0 6 -5 ,6 3

0 .4 0 9 -5 ,5 6 - 5 ,4 7

_ \4 a z 0 ,4 0 0 -5 ,5 1 - 5 ,3 3

V .W -5 ,4 7 - 5 ,2 3 1 ,4 9

-5 ,4 3 - 5 ,1 5

- 5 ,4 0 - 5 ,0 8

- 5 ,3 8 -5 ,0 1

'i ,8 1 b 0 ,2 8 7 - 5 ,3 5 -4 ,9 5

0 ,2 5 8 - 5 ,3 2 -4 ,8 6

0 .2 3 7 - 5 ,2 9 - 4 ,7 8

Av: 1 ,5 0  ± 0 ,1 0

P lo t  o f  lo g  (Fe)^ci v s  lo g  (F e )T ( l - a )

n = 0 ,3 7  (Sd = 0 ,0 1 )

1 * -3,53 (Sd = 0,04)



b) pH 8,5 ; (pilocarpate) — 0,005M

*410
cc lo g ( F e ) I0T a lo g ( F e ) T0T( l - a ) lo g  K2

1 ,57 0 ,1 3 5 0 ,6 8 4 - 5 ,9 7 - 6 ,3 1 1 ,5 7

3 ,1 4 0 ,2 3 6 0 ,5 5 2 - 5 ,7 6 - 5 ,8 5 1 ,5 3

4 .7 2 0 ,3 2 6 0 ,4 7 3 - 5 ,6 5 - 5 ,6 1 1 ,5 1

6 ,2 9 0 ,4 1 2 0 ,4 3 4 - 5 ,5 6 - 5 ,4 5 1 ,5 3

7 ,8 4 0 ,- , 3 0 ,4 0 2 - 5 ,5 0 - 5 ,3 3 1 ,5 3

9 ,4 1 0 ,5 6 2 0 ,3 6 3 - 5 ,4 7 - 5 ,2 2 1 ,4 8

1 2 ,54 0 ,7 0 1 0 ,3 1 7 - 5 ,4 0 - 5 ,0 7 i , 4 :

1 5 ,66 0 ,827 0 ,2 7 9 - 5 ,3 6 -4 ,9 5 1 ,4 3

13 ,78 0 ,9 4 8 0 ,2 5 0 - 5 ,3 3 - 4 ,8 5 1 ,3 9

2 1 ,59 1 ,067 0 ,2 2 9 - 5 ,3 0 -4 ,7 7

2 4 ,99 1 ,175 0 ,2 0 8 - 5 ,2 8 - 4 ,7 0 1 ,34

Av: 1 ,4 7  i  0 ,1 3

P lo t: o f  lo g  (FeO^a v s  lo g  (F e )T ( l - a )

n  -  0 ,4 3  (Sd = 0 ,0 1 )

I - -3,23 (Sd = 0,06)



c) pH 8,5 ; (pilocarpace) = 0,005.1

lo 6 ( F e ) TOT’ H A410 lo g ( F e ) I0T a lo g ( F e ) ];(yr( l - a ) lo g  K2

1 ,02 0 ,0 8 8 - 6 ,1 5 - 6 ,5 0 1 ,4 0

0 ,1 6 0 - 5 , » - 6 ,1 " 1 ,4 5

3 ,0 5 0 ,2 1 9 0 ,4 9 9 - 5 ,8 2 - 5 ,8 2 1 ,3 8

4 ,0 6 0 ,2 7 2 0 ,4 5 2 - 5 ,7 4 ~ 5 ,65 1 ,3 ?

(6 ,0 8 0 ,3 2 1 0 ,2 7 9 - 5 ,7 7 - 5 ,3 6 1 ,0 2 )

8 ,1 0 0 ,4 6 4 0 ,3 3 4 - 5 ,5 7 - 5 ,2 6

10 ,12 0 ,5 5 3 0 ,3 0 1 - 5 ,5 2 - 5 ,1 5 1 ,3 1

1 2 ,14 0 ,6 3 3 - 5 ,4 8 - 5 ,0 5

15 ,15 0 ,7 5 4 0 ,2 4 2 - 5 ,4 4 - 4 ,9 4 1 ,2 6

18 ,16 0 ,8 6 6 0 ,2 1 6 “ 5 ,4 1 - 4 ,8 5 1 ,2 3

2 1 ,1 6 0 ,9 7 8 0 ,1 9 8 - 5 ,3 8 - 4 ,7 7 1 .2 1

2 4 ,16 1 ,0 8 0 0 ,1 8 0 " 5 ,3 6 - 4 ,7 0 1 ,1 8

2 7 ,14 1 ,1 8 6 0 ,1 6 7 - 5 ,3 4 - 4 ,6 5 1 ,1 7

Av: 1 ,3 1  ± 0 , ] 4

P l o t  o f  lo g  (F e )T«  v s  lo g  (F e )T ( l - a )

n *  0 ,4 3  (Sd = 0 ,0 1 )

I  = - 3 ,3 2  (Sd = 0 ,0 5 )

Av log K 2 for pH 8,5 = ’ 43 ± 0,12



d) pH 9,0 ; (pilocarpate) ■ 0,005m

106 (F e )TOT, M A410 a lo g ( F e ) I 0 I a lo g ( F e ) To:r(:L-a) lo g  K2

1,55 0 ,1 0 3 0 ,4 4 9 - 6 ,1 6 - 6 ,0 7 0,95

3 ,0 9 0 ,1 7 9 0 ,3 4 5 - 5 ,9 7 - 5 ,6 9 0 ,9 5

4 ,5 4 0 ,2 4 7 0 ,2 8 8 - 5 ,8 7 - 5 ,4 8 0 ,9 4

6 ,1 7 0 ,3 1 8 0 ,2 6 8 - 5 ,7 8 - 5 ,3 5 0 ,9 9

7 ,7 2 0 ,3 8 2 0 ,2 4 3 - 5 ,7 3 - 5 ,2 3

9 ,2 5 0 ,4 4 4 0 ,2 2 5 - 5 ,6 8

10 ,79 0 ,5 0 4 0 ,2 0 9 - 5 ,6 5 - 5 ,0 7

12 ,53 0 ,5 6 8 0 ,2 0 1 - 5 ,0 1 0 ,9 9

13 ,87 0 ,6 1 7 0 ,1 8 2 - 5 ,6 0 - 4 ,9 5 0 ,9 5

1 5 ,40 0 ,6 7 5 0 ,1 7 4 - 4 ,9 0 0 ,9 6

18 ,47 0 ,7 9 3 0 ,1 6 3 - 5 ,5 " - 4 ,8 1 0 ,9 7

21 ,53 0 ,9 1 1 0 .1 M - 5 ,4 7 - 4 ,7 4 1 ,0 0

Av: 0 ,9 7  ± 0 ,0 3

P l o t  o f  lo g  (F e )Ta  v s  lo g  (F e )T ( l - a )

(Sd = 0 ,0 1 )



e) pH 10,0 ; (pilocarpate) = 0,025M

L° 6 (F e >T0T’ % A410 a lo g ( F e ) T0Ta lo g ( F e ) I 0 T ( l - a ) lo g  K2

1 ,5 5 0 ,1 3 6 0 ,7 0 8 - 5 ,9 6 - 6 ,3 4 - 0 ,4 7

3 ,0 9 0 ,2 4 3 0 ,5 9 7 - 5 ,7 3 - 5 ,9 0 - 0 ,4 5

4 ,6 4 0 ,3 4 2 0 ,5 3 7 - 5 ,6 0 - 5 ,6 7 - 0 ,4 2

6 ,17 0 ,4 3 4 - 5 ,5 1 - 5 ,5 1 - 0 ,4 0

7 ,7 2 0 ,5 2 0 0 ,4 6 0 - 5 ,4 5 - 5 ,3 8 . - 0 ,4 1

9 ,2 5 0 ,6 0 1 0 ,4 3 1 - 5 ,4 0 - 5 ,2 3 - 0 ,4 1

10 ,79 0 ,677 0 ,4 0 4 - 5 ,3 6 - 5 ,1 9 - 0 ,4 2

1 2 ,33 0 ,7 5 2 0 ,3 3 3 - 5 ,3 3 - 5 ,1 2 - 0 ,4 3

13 ,87 0 ,365 - 5 ,3 0 "5 ,0 6 - 0 ,4 3

1 5 ,4 0 0 ,8 9 3 0 ,3 4 6 - 5 ,2 7 - 5 ,0 0 - 0 ,4 3

18 ,47 0 ,3 2 0 - 5 ,2 3 - 0 .4 5

2 1 ,53 0 ,2 9 3 - 4 ,8 2 - 0 ,4 5

Av: - 0 ,4 3  ± 0 ,0 4

P l o t  o f  lo g  (F e )jQ  v s  lo g  (F e )T ( l - a )

n -  0 ,5 1  (Sd = 0 ,0 1 )



f) pH 11,0 (pilocarpate) ° 0,05M

l o 6 <F e>TOT> % A410 a. lo g (F e ) TOT™ lo sC F e )T0T(1" Cx)

1 ,5 5 0 ,1 3 0 0 ,6 6 1 - 5 ,9 9 - 6 ,2 8 - 1 ,5 0

3 ,0 9 0 ,2 4 2 0 ,5 9 3 - 5 ,7 4 - 5 ,9 0 - 1 ,3 8

4 ,6 4 0 ,3 3 7 0 ,5 2 4 - 5 ,6 1 - 5 ,6 6 - 1 ,3 6

6 ,1 7 0 ,4 2 5 0 ,4 7 9 - 5 ,5 3 -5 ,4 9 - 1 ,3 7

7 ,7 2 0 ,5 0 2 0 ,4 3 2 - 5 ,4 8 - 5 ,3 6 - 1 ,4 0

9 ,2 5 0 ,5 8 1 0 ,4 0 5 - 5 ,4 3 - 5 ,2 6 - 1 ,4 0

10 ,79 0 ,3 7 8 - 5 ,3 9 - 5 ,1 7 - 1 ,4 1

1 2 ,33 0 ,3 5 8 - 5 ,3 6 - 5 ,1 0 - 1 ,4 2

13 ,87 0 ,3 4 1 - 5 ,3 3 - 5 .0 4 - 1 ,4 2

1 5 ,40 0 ,3 2 3 - 5 ,3 0 - 4 ,9 8 - 1 ,4 2

1 8 ,47 0 ,2 9 7 - 5 ,2 6 - 4 ,8 9 - 1 ,4 3

2 1 ,53 1 ,1 1 7 0 ,2 7 2 - 5 ,2 3 - 4 ,8 0 - 1 ,4 6

h :  - l . U ± 0 ,0 9

P l o t  o f  lo g (F e )Ta  vs lo g  ( i e ) T ( l - a )

= 0 , 50 (sd -  0 ,01}



g) pH 11,0 ; (pilocarpate) = 0,05m

10 (F e )T0IJ *  A410 a T0Ta  l°@ 0?e >TOTC l-a ) lo s K2

2 ,7 2 0 ,2 0 7 0 ,5 6 6 - 5 ,8 1 -5 ,9 3 - 1 ,4 9

5 ,4 4 0 ,3 5 0 0 ,4 4 6 - 5 ,6 2 - 5 ,5 2 - 1 ,5 3

8 ,1 6 0 ,4 9 5 0 ,3 7 9 - 5 ,5 1 -5 ,2 9 - 1 ,5 3

10 ,89 0 ,6 2 4 0 ,3 3 8 - 5 ,4 3 -5 ,1 4 - 1 ,5 2

1 3 ,56 0 ,7 4 4 0 ,3 0 8 - 5 ,3 8 -5 ,0 3 - 1 ,5 3

1 6 ,27 0 ,8 6 6 0 ,2 8 8 - 5 ,3 3 -4 ,9 4 - 1 ,5 2

1 8 ,98 0 ,985 0 ,2 7 2 - 5 ,2 9 - 4 ,8 6 - 1 ,5 2

2 1 ,6 8 1,099 0 ,2 5 7 - 5 ,2 5 -4 ,7 9 - 1 .5 1

2 4 ,38 1 ,214 0 ,2 4 7 - 5 ,2 2 - 4 ,7 8 - 1 ,5 0

2 7 ,0 8 1 ,324 0 ,2 3 6 - 5 ,2 0 - 4 ,6 8

AV: - 1 ’ 52 "

P l o t  o f  lo g ( i e ) Ta  vs lo g  (F e )T ( l - a )

-  0 , 50 (Sd -  0 ,0 1 )



h) pH 11,0 ; (pilocarpate) = 0,03'

10 l-F e  ̂TOTAL M A410 a lo g < F e)TOTa lo g ( F e ) TC1T(l-c i) lo g  K2

2 ,7 2 0 ,2 3 4 0 ,687 -5 ,7 3 - 6 ,0 7

5 ,4 4 0 ,4 0 8 0 ,553 - 5 ,5 2 - 5 ,6 1

3 ,1 6 0 ,5 6 9 0 ,489 - 5 ,4 0 - 5 ,3 8

10 ,89 0 ,6 9 7 0 ,4 1 9 - 5 ,3 4 " 5 ,2 0

13 ,56 0 ,8 2 8 0 ,3 8 3 - 5 ,2 8 - 5 ,0 8

16 ,27 0 ,9 5 7 0 ,3 5 6 - 5 ,2 4 " 4 ,9 8 - 1 ,3 0

1 8 ,98 1 ,079 0 ,3 3 2 - 5 ,2 0 - 4 ,9 0 - 1 ,3 0

2 1 ,68 1 ,198 0 ,3 1 3 - 5 ,1 7 - 4 ,8 3

2 4 ,38 1 ,311 - 5 ,1 4 - 4 ,7 6

27 ,08 1 ,421 - 5 ,1 2 - 4 ,7 1

Av: - 1 ,2 7  t 0 ,0 8

P l o t  o f  lo g  (F e )Tci v s  lo g  (F e )T ( l - a )

n = 0 ,4 5  (Sd = 0 ,0 1 )

I  = - 3 ,0 1  (Sd = 0 ,0 3 )

O v e r a l l  Av lo g  f o r  pH 1 1 ,0  = - 1 ,4  ± 0 ,1



1

APPENDIX 5 : CORRECTION OF THE BINDING CONSTANTS OF HISTIDINE,

HISTAMINE AXD PILOCARPATE FOR THE PKAS OF THS FREE 

AND COORDINATED LIGAMDS 

(C h a p te r  5)

I t  i s  known t h a t  c o o r d in a t io n  o f  h is t a m in e  to  r e d u c e d  th e

pKa o f  NH2 from  9 ,7  to  4 ,7  on  c o o r d in a t io n .  I n  t h i s  a n a ly s i s ,  

i t  w i l l  b e  assum ed t h a t  th e  pKa o f  -NH^ in  h is t a m in e  and

h i s t i d i n e  i s  r e d u c e d  to  l e s s  th a n  8 on c o o r d in a t io n ,  w h ile  th e  pKa

o f  -OH in  p i lo c a r p a t e  i s  r e d u c e d  to  a b o u t 10 (fro m  M S ) . ^

I n  a l l  c a s e s ,  th e  o v e r a l l  b in d in g  c o n s ta n t  w i l l  b e  used  

(K^ K0) , w h ich  r e f e r s  to  e q u a t io n  ( 1 ) .

(FeOH),  + it ' 2SeL0 + :0H~ (1)

The c o r r e c te d  b in d in g  c o n s ta n t s  a r e  g iv e n  i n  t a b l e  5 .5 .

a )  H i s t i d i n e ,  h is ta tn in e  

(OH) 2 Fe + AL 2Telz + 2 0 r f  

(FeL2) 2 (O H ')2 

obs • ((0H Fe)2 ) (L )4

• Fe(RNH*)2 s— 5 Fe(RSH2) 2 + 2H+ Ka (Fe' L2)

w here  Fe(RNH*) and Fe(RNH2 ) 2 r e f e r s  to  th e  c o o rd in a te d  l ig a n d s  

w ith  th e  am ine p r o to n a t e d  and  u n p r o to n a te d  r e s p e c t iv e ly

K a(Fe-L)

(EeL2) = (Fe(K IH 2) )  * (Fe(R-N H p2 ) 

PefBSH \ Cl *  _̂___"I



N <Fe<RMH2)_, ) if (H )“ «  Ka(Fe-Lj)

RSH3 ^  RNHj + H+ Ka_

w here  RSH^ and RNH^ r e f e r  Co Che f r e e  l ig a n d s  w ich  th e  am ine 

p ro to n a c e d  and  unproC onaced  r e s p e c t i v e l y ,

fRSH ,)fH +)
Kar *  ^-T-

(tore*)

(L) = (ruh2) + (tore*)

(H+) \

(Fe(to:H_,)2 ) 2 (OH" ) 2

■.(aor0 ) 2 i ( k : h 2 ) 4 <i +

(FeOH ), + 4to;H2 9=6 2Fe(RSH2 ) 2 + 20H-

1 + (H+)/K a ,

lo g  H3 -  to g  Ko])i * 4 lo g  [ 1  *

b) P i lo c a r p a c e

The pKa o f  -OH o f  u n c o o rd in a te d  p i lo c a rp ^ C e  w ould  b e  a b o u t 15 * 

and w i l l  th u s  b e  ig n o re d .

* w h ich  i s  th e  a p p ro x im a te  pKa e x p e c te d  f o r  an  a l c o h o l , ^



(FeOH)2 + 4 L < - a  2FeL2 4- 20H J^ K j =

(FeL2) 2 (OH ")- 

° b s  (tFeOHX ) (L )4 

now Fe(ROH)2 W  Fe(ROH) (RO~) H+ K a(Fe-L)

w here ROH r e f e r s  to  p i lo c a r p a t e  w i th  an  u n d is s o c ia te d  h y d ro x y l

. . .

and  CFeL2) -  (ie (R O H )2 ) + (Fe(ROH) (RO- ))

-  (Fe(ROH)2 ) ( l  »  K a^ e ~L ) )
\  (E+) /

2 / l  + KaFeL)  2 _ 2
(Fe(ROH) 2 ) (  (H*) /  ( ° H 5

((O H Fe)^  ) (L )4

I f  r e f e r s  to  th e  e q u i l ib r iu m

(OHFe)2 + 4L ^  2Fe(ROH>2 + 20H-

' . b .  -  S

. ' . lo s  K j -  lo g  Kobe -  2 lo g

• • K.obs



APPENDIX 6 ; TABLES OF DATA FOR THE KINETIC STUDY OF THE REDUCTION 

OF BIS-HISTIDINE HKMIN BY DITHIOTiiREItOL (C h a p ta r  7> 

T ab le  1 : V ar ia C io n  o f  k  w i th  d i c h i o t h r e i t o l  c o tic e n C ra t io tii  

pH 1 0 ,0  ; 0,4M  h i s t i d i n e ;  30x10 S i  heroin; p  = 0 ,5

<d“ ) , M ( d t t ) ,  M s " 1

2 x l0" '4 2 ,1 9 ;2 ,1 2 6 ,4 x l0 ~ 3 6 ,3 0

3xlO~4 3 ,4 0 ;3 ,4 1 l.O x lO -2 5 ,3 6

s . s x i o " 4 3 ,7 6 2 , 0x l 0*"2 5 ,1 5

4 , 0 x l 0 '4 3 ,8 6 3 ,0 x 1 0  * 3 ,7 7

5 ,4 0 5 ,0 x l0 ~ 2 3 ,2 1

1 . 6x l 0~3 6 ,7 2 7 ,5 x l0 " 2 3 ,0 3

2 ,4 x l0 ~ 3 6 ,7 5 l.O x lO -1 3 ,0 1

3,2xl0™ 3 6 ,7 2 l.O x lO -1 2 ,9 1

T a b le  2 : V a r ia t io r t  o f  k Q̂ s w i th  h i s t i d i n e  c o n c e n t r a t io n ;  

a t  pH 1 0 ,0  ; 30x10 hem in , p = 0 ,5

( h i s t i d i n e ) ,  102 kol)Si s  1

low  ( d ic h i o t h r e i t o l )  h igh  ( d i t h i o t h r e i t o l )

( 3 x l0 'S l )  ( 0 ,1  11)

0 ,2 0 5  7 ,7 0  2 ,6 0

0 ,2 5 0  6 ,7 7  3 ,0 5

0 ,3 0 0  5 ,3 6  2 ,8 5  ;  3 ,0 5

0 ,3 5 0  5 ,3 2  3 ,1 5  ; 2 ,9 6

0 ,3 8 0  4 ,6 0  3 ,0 7  ; 2 ,8 5



T ab le  '1 : V a r ia t io n  o f  kobg w i th  pH; 3x10 5M hem in  ;

0,4%  h i s t i d i n e  ; 4xlO™4M d t t  ; y  -  0 ,5  ; 25°C

pH ^  \ b . -
f  F e ( I I I )  ( h i s t i - a  102 b

8 ,0 6 ,1 4 0 ,9 9 9 6 ,1 5

8 ,5 6 ,9 6 :7 ,2 3 0 ,9 9 4 7 ,0 0 :7 ,2 7

5 ,0 6 ,7 8 0 ,9 9 2 6 ,8 3

9 ,5 6 ,1 9 0 ,9 8 3 6 ,3 0

1 0 ,0 4 ,7 3 0 ,9 7 5 4 ,8 5

a , o 2 ,1 0 0 ,7 2 1 2 ,9 1

- ;re (  t i l l  ( h i s t i d i n e ) ,  i s  t h e  f r a c t i o n  th e  b i i s - h i s t i d i n e  

p r e s e n t  ( c a l c u l a t e d  from  d a t a  i n  c h a p te r  5)

k .b s / f  F e ( l l l )  ( h i s t i d i n e ) 2



APPENDIX 7 : DERIVATION OF THE RATE EQUATION FOR THE REDUCTION 

OF BIS-HISTIDINE HD1XN BY DITKIOTHREITOL 

(DISCUSSED IN CHAPTER 7)

The k i n e t i c  r e s u l t s  f o r  th e  above r e a c t i o n  w ere  f i t t e d  to  a r a t e  

law  d e r iv e d  fay F l e c k 's  m e thod . The d e r iv a t io n  i s  g iv e n  be low ,

a  + b c * d (w here  a  = d t t ;  b = F e111! ^ ;  c  = F e I I I (L)(RS)

c  — p + f  d  = L ; p = F e I I L2 ; f  = d t t

c  + g g = F e m (L) (R S ) - - - - (R S )

A ssum ing t h a t  b o th  (a )  and  (d) a r e  l a r g e  com pared to  (b ) su c h  th a t  

( a )  = (3 ) q and  (d ) = ( d ) o ( ( ) Q = i n i t i a l  c o n c e n t r a t io n s )

i . e .  pseudo  f i r s t  o r d e r  c o n d i t i o n s .  Then

d l  "  k- l  (d > (d )o "  k1 Ca)o b

g |  (c )  = k 1 Ca)o (b ; + k , 3 (g) -  c (k% + k_1 ( d ) o + k3 ( a ) 0 )

• j f  (g ) -  k3 ( c ) ( a ) o -  (g ) (k_3 + k4 )

d f  (P ) “  k g W  * k4 (g)

assum ing t h a t  0>) otT (b> - -mbe_n' C

(c) = - * dT (c) ^ -mr.e" Wt

(g) =  g e -1®6 5 t <g) -  -mge ’nC

Cp 1 = pe-mC - » F t (p) = -mpe_lrl:

Then

-mbe-m t => k _ 1 ( d ) Q ce"*a lt - t l ( ' ) o be
= #  o - + (m-k1C-)0)b

-mce-mC - k1(a)o be"151̂ + k_3 ge mC - ce mC (k2+k_1 (d)o+k3 (a)c)



o -  [m -  (k.2+k- 1 ( d ) o-i-k3 ( a ) Q J  c + k 1 ( a ) Qb + k_ 3 g (2>

- m g e " a t :  = k 3 ( a ) oc:e“nlt: -  (k_3 +kft)  g e ^

— ^  0 = [ m -  (k_3 - ^ ) ] g  + k 3 Ca)oc (3)

- m p e  BlC «■ ^ c e " ®

* = ^  0 = m p  + k2 c (4)

k1Ca>o ta-(k2+k_1Cd)o*k3(a)o k_3

0 k - ( a ) n m -(k_c

- ( k 2+k_1 ( d ) o +k3 ( a ) 0 k_ 3

r ( k _ ,  + k .)  0

. - ( k _ ,  + k ,)  0

(m-k1 (a )^ [m -< k 2*k_1 ( d ) o +k3 ( a ) 0 ]  [ m- (k_3 + k ^ l 0  I

-  (ra-k. ( a )  )  (k _ .)  k ,( a >



[ra-(k2+k_x (d )o +k3 ( a ) J  

- [m -k 1 (a )  J  (k_3) [ ^ ( a ) ^ ! "

= 0

( S o te :  F le c k  d o e s n o t  c a n c e l  t h e s e  r a 's  b u t  i n s t e a d  f i n d s  t h a t  one 

o f  th e  r o o t s  i s  z e r o ;  c a n c e l l i n g  th e  ro 's  g iv e s  th e  same r e s u l t s  

w i th  a l l  r o o t s  n o n - z e ro .)

[B-k1 ( a )  J  [m2- ( k 2+k_ j Cd ) 0+k3 < a )o )m -(k _ 3+k4)m +(k2+k_1 ( d ) o +k3 ( a ) o )

(k _ 3+k 4 ) ]

( -m (k_3) (k 3 ( a ) 0) + k 1 U ) 0 (k_3) k 3 ( a ) 0

<k~ iC d) 0k l< a U  + “  0

- a 3 ~»2 (k 2+ k _ i ( d ) 0*k3 ( a ) Q+k_3+k4)

+tn(k2+k_1 ( d ) o+k3 ( a ) 0) (k_„+kA)

" k L(a )oa2 + m k 1Ca)0 Ck2+k_I Cd)o+k3Ca)o+k_3+k4)

-C k1 ( a ) o ) (k2+ (k _ 1) ( d ) o+k3 ( a ) o) ( k _ , + y

-mCk_3k 3 { a )o+k_1 Cd)ok 1 Ca)o)+ k 1 ( a ) o Ck_3k3 Ca)o+ k„1 Cd) ) (k_3+k4)  “  0

i . e .  c o e f f i c i e n t  o f  m3 = 1

™2 *■ - ^ i < a ) 0+k2+ k_1 ( d ) o+k 3 ( a ) 0+k_3+k4)

;*k- l < d> o t- S * 1- !  <d) ok4*k 3 <*) o*-

*k 3 * t i< »> „k 2 * t l ( , : i=t - l (d:io*t l '

"  ' - A W .

-K - i W . t ,



■ V k- 3 * V  * k- l (d )o (k- 3 , ‘V

-  [t2*t_1(d)c1 [k_3*k^ » ( ,)o [l3k4*k1t 2*lt1k4*k1t_3tk1k3( .)o ]

*  k- i " ) . ki ' : ' ' . k- 3

* t - l ( d ,okl (a>ek4 " ki (* ) 0k2 ( k- 3 * V

" h  l *> 0k- 3 k3 <■> o*k- l (d) okl  (* ) „k- 3 dk- l  td )okl  <») ok4

"kl (*, „k3 ( , ) ok- 3  " kl(* > o k3 ( ‘ ) ok 4

-

Sow i f  Che th r e e  r o o t s  o f  Che c u b ic  e q u a t io n  a r e  m^, vx̂  th e n  

[m -nj] im -m l [m-m^ -  0

[p -m j] |m2-(m 1-hii2)m + » 0

m3 -(mi +m2)ni2 + (m ^ jm  -(m )ia2 + m -  -  0

—^  m3 -  m2 (rao+m1+m2) + = 0

E q u a t in g  c o e f f i c i e n t s  o f  m3 , m2 , , m° =

m0*ml +in2 = kl< a } o4'k 2+k- l Cd)o+k3 Ca)o+k- 3 +k4 

■ o"l»2 -  % < *),, Ck2<k- 3 dk4> * k3 ( , ) ok4J

" o V m0“ 2*“ l" 2  ‘  [k2*k- l ' dV & - 3 kk4]

* <*>„ &3k4dkl k2kkl k4dkl k-3 * kl k3 ^



i f  m2 «  mo , m1 (a s  r e a c t i o n  i s  m o n o p h asic )

( i . e .  m and a r e  a s s o c i a t e d  w i th  r a p id  e q u i l i b r a t i o n )

th e n  i  m « 2 * a, m<;» 1

(end  % k l  ( a ) ot k _ 1 ( d ) o. t 3 ( a ) oe k _ 3 t , * * ,

% k I ( a ) o+ k _ i(d ) o+k3 ( a ) o+k„3  i f  k g , k^ sm a ll)

 ̂ kgial-Jkgik-̂ ) f k3(.)̂ kl__________

z f  v ( a ) o -r w(a)Q~ 

w here  x -  (!<_, •: (6 )

z “  ' k 2+k- l ( d ) o ) (3 )

v  = (k3k A-/K1k 2+ k1k 4+k1 k _ .)  (9 )

w = (10)

E q u a tio n s  (5) -  (10) w ith  sym bols a s  d e f in e d  a t  th e  s t a r t  w i l l  

b e  used  in  th e  t e x t  ( c h a p te r  7 ) .



APPENDIX 8 : TABLES OF DATA FOR THE APTDXIDATIOttS OF THIOLS CATA-

LYSED BY COBALT CORRINOIDS (DISCUSSED IN CHAPTER 8)

A ll  e x p e r im e n ts  c a r r i e d  o u t a t  25°C i n  s o lu t io n s  w i th  an  io n ic

s t r e n g th  o f  0 , 1 .

T a b le  1 : The e f f e c t  o f  pH on  th e  t f i t e  o f  02 u p ta k e  by B1, a  +

c y s t e i n e ;  2x10 ~>l c y s te in t ; ;  1x10 5M B1 7a ;0 2 s a tu r a t e d

b u f f e r s .

pH i n i t i a l r a t e  -  I* 12 . i n U i a l  I f e + B12a
<y>io2 s l ) (umo2 s b

8 .0  0 ,0 3

8 .5  0 ,1 5

9 .0  0 ,1 7

9 .5  0 ,1 4  

1 0 ,0  0 ,1 5

0 ,0 2

0 ,0 7

0 ,1 1

1 .5 2  

1 ,6 1  

1 ,7 3

1 .5 2  

1 ,34

T a b le  2 : E f f e c t  o f  th e  c o n c e n t r a t i o n  on th e  r a t e  o f  0 2 u p ta k e

by B^2 a  + c y s t e i n e  i n  „. i r  s a tu r a t e d  s o lu t i o n s  c o n ta in in g

2x l0 ~ 3>I EDTAj pH 1 0 ,0 ; 5x10 3>1 c y s te i n e

w ' O u . ) .  » r a t e ,  pM02 a™1

0 ,7 8 0 ,737

1 ,9 4 1 ,2 2

3 ,8 8 2 ,2 7

5 ,8 2 3 ,11

7 ,7 6 4 ,0 8



T a b le  3 : E f f e c t  o f  t h e  c y s t e i n e  c o n c e n t r a t i o n  on b o th  th e  r a t e

o f  r e d u c t io n  o f  u n d e r  and cl)e  r a t e  o f  0  ̂ u p ta k e

in  a i r  s a t u r a t e d  s o lu t io n s  a t  pH 1 0 ,0 ;  1 ,9 4 x 1 0  5M B^2 a ; 

25°C ; h  -  0 , 1 ;  2 x lo " &  EDTA

103 ( c y s t e in e ) .
0 ,  u p ta k e , 

PM02 s" 1 Og u p ta k e , s 1 r e d u c t io n ,  s  1"

2 ,5 0 ,6 3 8 0 ,3 5

5 ,0 1 .2 2 0 ,6 3

7 ,5 1 ,6 6 0 ,8 6

1 0 ,0 1 ,9 3 0 ,9 9  0 ,4 8

15 ,0 2 ,3 0 1 ,19

2 0 ,0 2 ,9 1 1 ,5 0

3 0 ,0 3 ,0 7 1 ,5 8

4 0 ,0 3 ,5 5 1 ,8 3

5 0 ,0 3 ,9 0 2 ,0 1  1 ,7

6 0 ,0 4 ,0 5 2 ,0 9

8 0 ,0 4 ,2 2 2 ,1 8  3 ,0

io o . o - 4 ,4 0 2 ,2 7  3 ,6

i n i t i a l  r a t e  o f  0 ,  u p ta k e  

k obs f o r  °2  uP C a k e ---------------( B ^ ) ------------------------

k d e r iv e d  fro m  th e  s lo p e  o f  th e  se m ilo g  p l o t  ( s e e  s h a p te r  6)



1

T a b le  4 : E f f e c t  o f  pH on Che r a c e  o f  0^ u p ta k e  i n  th e  p r e s e n c e  

o f  and d i t h i o t h r e i t o l ;  1 ,9 4 x 1 0  5'1 B1 2 a ; 

lxlO~^M d i t h i o t h r e i t o l

pH i n i t i a l  rate /yM O  s 1

2 ,0 0 ,1 6 1

4 ,0 0 ,2 0 7

6 ,0 0 ,3 6 8

7 ,0 0 ,6 5 3

8 ,0 1 ,1 9

8 ,5 1 ,5 3

9 ,0 ‘ 1 ,6 4

9 ,5 1 ,9 6

1 0 ,0 1 ,5 2

1 1 ,0 1 ,0 4

1 2 ,0 0 ,6 0 3  ; 0 ,575



T a b le  5 : E f f e c t  o f  th e  d i t h i o t h r e i t o l  c o n c e n t r a t io n  on th e  r a t e  

o f  0 2 u p ta k e  in  th e  p r e s e n c e  o f  B12a  and d i t h i o t h r e i t o l ;  

1 ,9 4 x 1 0  SM 3 pH 1 0 ,0 ;  a i r  s a t u r a t e d  s o lu t io n s .

103 ( d i t h i o t h r e i t o l ) , M i n i t i a l  r a t e ,  UV<2 s  1

0 ,5 0 ,6 6 7

1 ,0 1 .2 9

2 ,0 1 ,9 5

4 ,0 3 ,3 5

6 ,0 4 ,3 3

1 0 ,0 6 ,0 3  ; 6 ,2 1

1 5 ,0 8 ,1 5

2 0 ,0 1 0 ,6  ; 1 0 ,7

T a b le  6 : E f f e c t  oi 
u p ta k e  i r

: a . S12a c o n c e n tra t : i on on che  r a t e  o f  02 
p r e s e n c e  o f  and d i t h i o t h r e i t o l

i n  a i r  s a tu r a t e d  s o lu t io n s  a t  pH 1 0 ,0

i n i t i a l  r a t e ,  >M02 5 1

lxlO~^M d i t h i o t h r e i t o l 2x10 2M d i t h i o t h r e i t o l

0 0 ,1 4 3 -

0 ,3 8 8 0 ,4 6 5 4 ,4 2

0 ,776 - 6 ,0 4

1 ,9 4 1 ,5 2 1 0 ,8

2 .9 1 - 1 4 ,3

3 ,8 8 2 ,6 2 1 9 ,0
7 ,7 6 4 ,6 5 -

11 ,6 6 ,7 5 -

1 5 ,5 9 ,0 2



T a b le  7 : The e f f e c t  o f  pH on th e  r a t e  o f  0 2 u p ta k e  by

d ia q u o co b in a m id e  + t h i o l s  i n  0  ̂ s a tu r a t e d  b u f f e r s ;  

1x10 7M d ia q u o c o b in a m id e ; 2x10 t h i o l  ; 25°C

i n i t i a l  ra te /y> 102 a " 1

pH E th a n e th i o l M ercap froethano l C y s te in e

-Co +c ° -Co +Co -Co +c °

4 0 ,5 5 - - 0 ,0 1 0 ,0 2

5 - " 0 ,0 6 0 ,0 3 0 ,0 1 0 ,0 2

6 " - 0 ,1 1 0 ,1 2 0 ,0 2 0 ,0 3

7 1 ,1 6 1 ,8 7 0 ,5 0 1 ,0 9 :1 ,2 1 0 ,0 2 0 ,2 3

8 1 ,6 5 2 ,6 4 0 ,5 5 2 ,3 4 0 ,1 1 0 ,7 4

9 ,0 0 ,6 1 6 ,1 1 0 ,5 5 0 ,3 9 1 ,3 3

9 ,5 1 ,1 0 1 2 ,3 0 ,5 5 4 ,0 0 0 ,1 1 1 ,7 2

1 0 ,0 1 ,3 8 1 4 ,9 O .w 4 ,0 6 0 ,1 7 1 ,9 1

1 0 ,5 1 .4 3 1 2 ,1 0 ,5 5 3 ,9 0 0 ,1 1 1 ,2 5

1 1 ,6 0 ,8 3 6 ,9 0 ,4 4 2 ,3 4 0 ,1 1 0 ,7 8







APPENDIX 9 : TABLES OF DATA FOR THE AUTOXIDATIQN OF

DITHIOTHREITOL CATALYSED BY BIS-HISTIDIKE HZMIS 

(DISCUSSED M  CHAPTER 9)

A l l  e x p e r im e n ts  c a r r i e d  o u t  i n  a i r  s a tu r a t e d  s o lu t io n s  w ith  

U = 0 ,5  a t  250C

T ab le  1 : The e f f e c t  o f  d i t h i o t h r e i t o l  c o n c e n t r a t i o n  on th e  r a t e

o f  C'2 u p ta k e  c a t a ly s e d  by  hem in + h i s t i d i n e ;

6x10 S i  hem in ; 0,4M  h i s t i d i n e ;  pH 1 0 ,0 .

iO 3 ( d i t h i o t h r e i t o l ) ,  r a t e  ( i n i t i a l ) ,

M v HO. s ' 1

0 ,0 5  0 ,4 1 4

0 ,1  0 ,3 7 ?

0 , ^  0 , : ) :

0 ,5  1 ,0 4  ; 1 ,0 1

0 ,7 5  0 ,8 9 ?

1 .0 0  0 ,7 2 2

3 ,0 5  0 ,6 2 1

5 .0 0  0 ,5 4 3

1 0 .0  0 ,5 2 0  j 6 ,552

2 0 .0  0 ,5 2 9



i The e f f e c t  o f  th e  hem in c o n c e n t r a t io n  on th e  r a t e  

o f  u p ta k e  c a ta ly s e d  by hem in + h i s t i d i n e  a t  

pH 1 0 ,0  i n  0,4M h i s t i d i n e

10* (hem in)

i n i t i a l  ra i

low ( d i t h i o t h r e i t o l )  

(3x1 0 '4M)

h ig h  ( d i t h i o t h r e i t o l )  

(5xlO _3M)

0 ,5 6 1 0 ,2 9 9

%.02 -

3 ,0 2 1 ,0 6 "

4 ,0 5 - 0 ,4 0 5

6 ,0 4 1,12 ' -

8,10 " 0 ,6 0 7

1 2 ,1 1 ,6 2 0 ,888

1 6 ,2 - 1 ,1 5

1 8 ,1 2 ,0 9 "

2 0 ,25 - 1 ,5 1

2 0 ,6 6 - 1 ,8 2

2 4 ,1 6 2 ,4 2 -

2 8 ,3 6 - 1 ,9 3  (max 2 ,9 4 )

3 0 ,2 0 3 ,0 6 -

34 ,44 - 1 ,9 6  (max 3 ,4 6 )

4 0 ,52 2 ,1 1  (max 4 ,2 4 )



The e f fe c t  of the h is t id in e  concentration on 

the ra te  of 0 , uptake in  the presence of 

hemin + h is t id in e  at low d ith io th r e ito l  

concentration; (3x10 S i); 2 6 ,3 x 1 0  S i hemin;

i n i t ia l  ra te  (with
hemin),

2 ,1 7

2 ,3 4

0 ,5 1 5

0 ,6 3 9

0 ,4 5 3  ; 0 ,5 6 1
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