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A b s t r a c t 

I n t e r e s t r e m a i n s v e r y h i g h i n t h e c l a s s o f t h i o l a t e - b o u n d 

h e m e - c o n t a i n i n g m o n o o x y g e n a s e enzymes c a l l e d t h e c y t o c h r o m e s 

P 4 50. T h e s e enzymes g e n e r a l l y a c t i v a t e m o l e c u l a r d i o x y g e n f o r 

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

h y d r o c a r b o n s ( R H ) , i n a c c o r d a n c e w i t h R e a c t i o n ( 1 ) . 

RH + 0 2 + 2e" + 2 H + - ROH + H 2 0 (1) 

D e v e l o p m e n t o f p r o t e i n - f r e e m o d e l c a t a l y s t s t h a t m i m i c 

P450 r e a c t i v i t y a r e o f g r e a t i n d u s t r i a l i m p o r t a n c e a nd r e q u i r e , 

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

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

(CO) and d i o x y g e n ( 0 2 ) . 

The w o r k i n t h i s t h e s i s d e s c r i b e s t h e r e a c t i o n o f c a r b o n 

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

p r o t o h e m i n - r e c o n s t i t u t e d Pseudomonas putida c y t o c h r o m e P450cam 

( R e a c t i o n ( 2 ) ) . 
k 

Fe ( I I ) P 4 5 0 c a m + CO Fe ( I I ) P4 50cam-CO, Kco = o n (2) 
k o f f k o f f 

A m e thod i s d e s c r i b e d f o r t h e g r o w t h o f P. putida, s t r a i n 

PpG 7 8 6 , and t h e s u b s e q u e n t i s o l a t i o n a n d p u r i f i c a t i o n o f n a t i v e 

c y t o c h r o m e P450cam and a s s o c i a t e d e l e c t r o n t r a n s p o r t p r o t e i n s , 

p u t i d a r e d o x i n a nd p u t i d a r e d o x i n r e d u c t a s e ; o n l y p u r i f i e d 

c y t o c h r o m e P450cam and p u t i d a r e d o x i n w e r e s u c c e s s f u l l y o b t a i n e d 

by t h i s m e t h o d . The n a t i v e enzyme h a s b e e n r e c o n s t i t u t e d w i t h 

p r o t o h e m i n by a method g e n e r a l f o r t h e i n s e r t i o n o f h e m i n s 

m o d i f i e d i n t h e 2- a n d 4- p o s i t i o n s . Meso-, d e u t e r o - , 

d i a c e t y l d e u t e r o - , and d i b r o m o d e u t e r o h e m i n s w e r e s y n t h e s i z e d 



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

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

t h e n a t i v e c y t o c h r o m e and r e l a t e d e l e c t r o n t r a n s p o r t p r o t e i n s 

and t h e p r o t o h e m i n - r e c o n s t i t u t e d enzyme; t h e d a t a a g r e e d 

w e l l w i t h l i t e r a t u r e v a l u e s . 

K i n e t i c c o n s t a n t s f o r t h e f o r w a r d C O - a s s o c i a t i o n and 

r e v e r s e d i s s o c i a t i o n r e a c t i o n s (k a n d k c x z , r e s p e c t i v e l y ; 
o n o f f * 1 

s e e R e a c t i o n ( 2 ) ) w e r e d e t e r m i n e d by f l a s h p h o t o l y s i s ; 

e x p e r i m e n t s w e r e r u n u n d e r c o n d i t i o n s i n w h i c h t h e CO l i g a n d 

was i n s u b s t a n t i a l e x c e s s and a l l s y s t e m s showed p s e u d o f i r s t -

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

p h o t o l y s i s u n i t d e s c r i b e d b e l o w was t e s t e d and d e v e l o p e d w i t h 

t h e m y o g l o b i n - C O s y s t e m a n d t h e n u s e d t o s t u d y t h e s u b s t r a t e -

bound n a t i v e a n d p r o t o h e m i n - r e c o n s t i t u t e d P450cam-CO s y s t e m s . 

The s e c o n d - o r d e r r a t e c o n s t a n t s f o r C O - b i n d i n g t o f e r r o u s 

m y o g l o b i n and n a t i v e s u b s t r a t e - b o u n d P450cam w e r e i n e x c e l l e n t 

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

n a t i v e P4 50cam enzyme h a d l i t t l e e f f e c t on t h e k v a l u e f o r 
o n 

C O - b i n d i n g . The 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 t h e C0-

d i s s o c i a t i o n r e a c t i o n w e r e d e t e r m i n e d a l s o f r o m t h e f l a s h 

p h o t o l y s i s s t u d i e s b u t w e r e c o n s i d e r e d u n r e l i a b l e when c o m p a r e d 
w i t h p u b l i s h e d l i t e r a t u r e d a t a . A k v a l u e f o r t h e n a t i v e c o f f 
P450cam s y s t e m , i n g o o d a g r e e m e n t w i t h t h e l i t e r a t u r e , was 

c a l c u l a t e d f r o m t h e e q u i l i b r i u m c o n s t a n t , K c o , d e r i v e d by 

s p e c t r o p h o t o m e t r i c a n a l y s i s o f R e a c t i o n ( 2 ) ; Kco v a l u e s i n 

r e a s o n a b l e a g r e e m e n t w i t h l i t e r a t u r e d a t a w e r e o b t a i n e d b u t 

i n d i c a t e d an i n t e r e s t i n g d e p e n d e n c e on t h e c o n c e n t r a t i o n o f 
i i i 



the d i t h i o n i t e r e d u c i n g agent. T h i s t h e s i s b e g i n s w i t h an 

e x t e n s i v e l i t e r a t u r e r e v i e w on the s u b j e c t and ends w i t h 

some g e n e r a l c o n c l u s i o n s on t h i s work and some recommendations 

f o r f u t u r e work. 
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CHAPTER I 

INTRODUCTION 
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I_ I n t r o d u c t i o n 

T h r o u g h o u t t h e e v o l u t i o n o f l i v i n g o r g a n i s m s N a t u r e h a s 

d e v i s e d c o m p l e x a nd i n t r i c a t e p h y s i o l o g i c a l s y s t e m s c a p a b l e 

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

q u e n t l y c o n t r o l l e d b y e n z y m e s , w h i c h a r e h i g h l y s p e c i a l i z e d 

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

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

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

s y s t e m s r e q u i r e s o n l y t h e i r t h r e e d i m e n s i o n a l s t r u c t u r e as 

p r o t e i n s f o r e n z y m a t i c a c t i v i t y ; h o w e v e r , o t h e r s u t i l i z e , 

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

T h e s e c o f a c t o r s , w h i c h a r e known a s c o e n z y m e s , o f t e n t a k e 

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

s o m e t i m e s b o t h a r e r e q u i r e d . S c i e n t i s t s f r o m a l l d i s c i p l i n e s 

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

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

t h e i r man-made c o u n t e r p a r t s i n r e a c t i o n s p e c i f i c i t y , 

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

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

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

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

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

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

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

i n g l y i n t e n s i v e i n v e s t i g a t i o n f o r t h e p a s t two d e c a d e s i s 
1-5 

t h e c y t o c h r o m e s P450 ( P 4 5 0 ) . The a c t i v e s i t e o f t h i s 



3 
g r o u p o f enzymes i s an i r o n a t o m c e n t e r e d a t t h e c o r e o f t h e 

c o m p l e x o r g a n i c p r o t o p o r p h y r i n I X n u c l e u s ( F i g u r e 1 . 1 ) . T h i s 

n o n - p r o t e i n m o i e t y , known a s t h e heme u n i t , i s u t i l i z e d 

e x t e n s i v e l y i n N a t u r e w h e r e s m a l l c h a n g e s i n t h e heme 

e n v i r o n m e n t , a s p r o v i d e d b y t h e p r o t e i n , c a n d r a m a t i c a l l y 
6 

a l t e r t h e c a t a l y t i c p r o c e s s t h a t o c c u r s a t t h e i r o n c e n t e r . 

One p a r t i c u l a r r e a c t i o n c a t a l y s e d b y t h e c y t o c h r o m e s P4 50 

c a n be g e n e r a l i z e d i n R e a c t i o n 1.1, w h e r e R i s a s a t u r a t e d 

h y d r o c a r b o n m o l e c u l e . 

RH + 0 2 + NADH + H + *• ROH + H 2 0 + NAD + (1.1) 

The u n i q u e e n v i r o n m e n t o f t h e heme u n i t i n t h e s e enzyme 

s y s t e m s a l l o w s f o r d i r e c t m e t a l - m e d i a t e d a c t i v a t i o n o f 

m o l e c u l a r d i o x y g e n ( 0 2 ) f o r t h e s e l e c t i v e i n s e r t i o n o f one 

o x y g e n a t o m i n t o s u b s t r a t e s . A s shown i n R e a c t i o n 1.1, t h e 

a c t i v e o x i d i z i n g a g e n t i s t y p i c a l l y c a p a b l e o f o x i d i z i n g 

u n a c t i v a t e d C-H b o n d s t o t h e c o r r e s p o n d i n g a l c o h o l s . F o r 

t h i s p a r t i c u l a r f u n c t i o n t h e c y t o c h r o m e s P450 a r e c o l l e c t i v e l y 

known a s o x y g e n a s e s , w h i c h a r e a c l a s s o f b i o c a t a l y s t s t h a t 

i n c o r p o r a t e one o r two atoms f r o m 0 2 i n t o a s u b s t r a t e ; t h e 

P450 c y t o c h r o m e s a r e t h e r e f o r e m o n o o x y g e n a s e s . D i o x y g e n i s 

a l s o a c t i v a t e d b y h e m e - c o n t a i n i n g o x i d a s e s whose c a t a l y t i c 

f u n c t i o n c l o s e l y r e s e m b l e s t h a t o f t h e o x y g e n a s e s b u t b o t h 

atoms o f 0 2 a r e c o n v e r t e d t o w a t e r o r h y d r o g e n p e r o x i d e ( H 2 0 2 ) 

via w h a t a r e f r e q u e n t l y d e h y d r o g e n a t i o n r e a c t i o n s . 



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

f o r t h e o x i d a t i o n o f o r g a n i c compounds i s o f g r e a t i n d u s t r i a l 
7 

i m p o r t a n c e a nd i s u s e d e x t e n s i v e l y t o d a y . The b e s t known 

e x a m p l e o f a m e t a l - m e d i a t e d t r a n s f e r o f a n o x y g e n atom t o an 

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

o x i d a t i o n o f e t h y l e n e t o e t h y l e n e o x i d e u s i n g a s i l v e r 

c a t a l y s t ( R e a c t i o n 1.2),. 

A g / O 

CH2 = CH2 + 02 ^ A ' 2 ^ 3 • CH2 —CH2 <i.2) 
250°C 

As w e l l , t h e o x i d a t i o n o f o r g a n i c s u b s t r a t e s by t r a n s i t i o n -

m e t a l s a l t s h a s b e e n u s e d w i d e l y i n t h e p e t r o c h e m i c a l i n d u s t r y 
7 

f o r many y e a r s . A s u b s t a n t i a l d r a w b a c k t o many o f t h e m e t a l -

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

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

p a t h w a y s t h a t a r e o f t e n i n i t i a t e d by t h e m e t a l i o n . T h a t i s , 

t h e c h e m i c a l f a t e o f 0^, a c t i v a t e d t h r o u g h m e t a l - c o o r d i n a t i o n 

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

v a r i e t y o f p a t h w a y s o p e n f o r r e a c t i o n s a f t e r a c t i v a t i o n 

( F i g u r e 1 . 2 ) . T h e r e f o r e , t h e s e a r c h f o r m e t a l c a t a l y s t s t o 

p r o m o t e more s e l e c t i v e o x i d a t i o n s , e s p e c i a l l y u s i n g , i s a 

p r i m e g o a l t h a t h a s immense p o t e n t i a l o n a n i n d u s t r i a l s c a l e 
8 

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

w o u l d be t o m i m i c t h e C ^ - a c t i v a t i o n a b i l i t y o f t h e c y t o c h r o m e s 

P 4 5 0 . 
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The u s e o f m e t a l l o p o r p h y r i n s a s c a t a l y s t s f o r s e l e c t i v e 

a c t i v a t i o n i s an a t t r a c t i v e i d e a b e c a u s e o f t h e i r u s e a s 

s e l e c t i v e c a t a l y t i c c e n t e r s i n many b i o l o g i c a l s y s t e m s . 

C o m p a r i s o n o f t h e c y t o c h r o m e P4 50 m o n o o x y g e n a s e s w i t h v a r i o u s 

o t h e r h e m e - c o n t a i n i n g p r o t e i n s s u c h a s m y o g l o b i n (Mb) and 

h e m o g l o b i n (Hb) ( r e v e r s i b l e 0^ b i n d i n g ) , c y t o c h r o m e c o x i d a s e 

( t h e t e r m i n a l enzyme i n t h e r e s p i r a t o r y r e d o x c h a i n t h a t 

r e d u c e s 0^ t o H 2 0 ) , and t h e enzymes c a t a l a s e ( C a t ) and 

h o r s e r a d i s h p e r o x i d a s e (HRP) ( c a t a l y t i c d e c o m p o s i t i o n o f 
H 2 ^ 2 ^ i n d i c a t e s t h e d i v e r s i t y o f s e l e c t i v e C ^ - r e l a t e d 

c h e m i s t r y t h a t c a n t a k e p l a c e a t t h e ( i r o n ) m e t a l l o p o r p h y r i n 

c e n t e r . 6 P e o p l e h a v e l o n g s o u g h t f o r s i m p l e r p r o t e i n - f r e e 

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

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

e x a m p l e , i n t e r m s o f C ^ - c a r r y i n g a b i l i t y a n d f o r a c t i v a t i o n 

o f f o r s u b s e q u e n t r e a c t i v i t y a s i n t h e o x y g e n a s e s a n d 

o x i d a s e s . W i t h r e g a r d t o m o d e l c a t a l y s t s m i m i c k i n g c y t o 

chrome P4 50 o x y g e n a t i o n s , s i m p l e m e t a l l o p o r p h y r i n s h a v e b e e n 

shown t o c a t a l y z e t h e a u t o x i d a t i o n ( w h i c h r e f e r s t o o x i d a t i o n 

w i t h d i o x y g e n ) o f o l e f i n s s u c h as c y c l o h e x e n e . 9 The c a t a l y s e s 

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

t h a n a c t i v a t i o n . F u r t h e r m o r e , s i n c e no r e p o r t s h a v e a p p e a r e d 

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

u n d e r c o n d i t i o n s a t w h i c h d i o x y g e n c o m p l e x e s a r e known t o e x i s t , 

s u b s t r a t e r a t h e r t h a n 0 2 a c t i v a t i o n i s t h o u g h t t o be a common 

f e a t u r e o f t h e s e r e a c t i o n s . I t i s e v i d e n t , t h e r e f o r e , t h a t 
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a l t h o u g h m e t a l l o p o r p h y r i n s r e m a i n a s a t t r a c t i v e c a t a l y s t s 

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

a b i l i t y f o r a c t i v a t i o n . 9 The a p p a r e n t d i f f e r e n c e s i n 

c a t a l y t i c f u n c t i o n o f t h e n a t u r a l P4 50 s y s t e m s a n d t h e 

m o d e l c a t a l y s t s a r e d i f f i c u l t t o a s s e s s and a r e t h e s u b j e c t 

o f e x t e n s i v e r e v i e w s . 7 ' 8 C l e a r l y , a more t h o r o u g h u n d e r 

s t a n d i n g o f t h e f a c t o r s a f f e c t i n g t h e i n t e r a c t i o n o f 0 2 

w i t h t h e n a t u r a l enzymes as w e l l as t h e m o d e l s y s t e m s i s 

r e q u i r e d f o r a b e t t e r a p p r e c i a t i o n o f t h e n a t u r e o f t h e 

m e t a l - G ^ i n t e r a c t i o n and t h e r o l e o f t h e p r o t e i n . T h e s e 

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

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

m o n o o x y g e n a s e a c t i v i t y . 

R e c e n t l y , r e d u c e d b a c t e r i a l c y t o c h r o m e P 4 5 0 , c o n t a i n i n g 

p r o t o - , meso-, d e u t e r o - , d i b r o m o d e u t e r o - , and d i a c e t y l d e u t e r o -

p o r p h y r i n a t o i r o n ( I I ) (heme) c e n t e r s , ( F i g u r e 1.3) h a s b e e n 

Shown t o b i n d 0 2 r e v e r s i b l y a s w e l l a s c a r b o n m o n o x i d e ( C O ) . 1 0 

The r e c o n s t i t u t e d s y s t e m s , w h i c h w e r e a l l shown t o c a t a l y z e 

R e a c t i o n 1.1, p r o v i d e an e x c e l l e n t o p p o r t u n i t y t o f u r t h e r 

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

m e t a l l o p o r p h y r i n s t h a t a c t i v a t e 0 2 . K i n e t i c and t h e r m o d y n a m i c 

s t u d i e s o n t h e r e a c t i o n o f s m a l l g a s m o l e c u l e s ( i . e . 0 2 and 

CO) w i t h t h e s e n a t u r a l p r o t e i n s y s t e m s , a l t h o u g h r e l a t i v e l y 

c o m p l e x , 8 may p r o v i d e some c o n c l u s i o n s r e g a r d i n g t h e n a t u r e 

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

i n c y t o c h r o m e P 4 5 0 - m e d i a t e d o x i d a t i o n s . T h i s w i l l , i n t u r n , 
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Mesoporphyrinatoiron (ill) 

Deuteroporphyrinatoiron (ill) 

Diacetyldeuteroporphyrinatoiron (ill) 

Dibromodeuteroporphyrinatoiron (ill) 
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F i g u r e 1.3 V a r i o u s s u b s t i t u t e d h e m i n s . 
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p r o v i d e a b e t t e r u n d e r s t a n d i n g o f t h e s t r u c t u r e - f u n c t i o n 

r e l a t i o n s h i p s r e q u i r e d f o r more s e l e c t i v e O ^ - a c t i v a t i o n 

by s i m p l e ( p r o t e i n - f r e e ) m e t a l l o p o r p h y r i n c a t a l y s t s . 

The m a i n o b j e c t o f t h e w o r k d e s c r i b e d i n t h i s t h e s i s 

was t h e r e f o r e , t o s e t up a f l a s h p h o t o l y s i s a p p a r a t u s f o r 

t h e s y s t e m a t i c k i n e t i c a n a l y s i s o f c o n v e r s i o n s s u c h as 

1 *• 2 a n d 1 3 f o r n a t i v e and t h e h e m e - r e c o n s t i t u t e d 

Pseudomonas putida P450cam (P450cam) s y s t e m s (Scheme 1 . 1 ) . 

P450 

Scheme 1.1 
O n l y t h e c o n v e r s i o n o f 1 ^ 3 ( i . e . t h e c a r b o n y l a t i o n 

r e a c t i o n s ) i s c o n s i d e r e d h e r e . S y n t h e s i s a n d p u r i f i c a t i o n 

o f t h e meso-, d e u t e r o - , d i a c e t y l d e u t e r o - , a n d d i b r o m o d e u t e r o -

p o r p h y r i n a t o i r o n ( I I I ) (hemin) m a c r o c y c l e s a r e o u t l i n e d . 

P r o c e d u r e s f o r g r o w t h o f P. putida and i s o l a t i o n a n d p u r i f i c a t i o n 

o f c y t o c h r o m e P450c'am a r e d e t a i l e d a l o n g w i t h a g e n e r a l method 

f o r r e c o n s t i t u t i o n o f n a t i v e P4 50cam w i t h m o d i f i e d h e m i n 

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

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

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



o f m y o g l o b i n , a nd n a t i v e a n d p r o t o h e m i n - r e c o n s t i t u t e d 

c y t o c h r o m e P450cam. The e q u i l i b r i u m b i n d i n g c o n s t a n t 

f o r t h e c a r b o n y l a t i o n o f n a t i v e P450cam, Kco ( i . e . f o r 

c o n v e r s i o n 1 3 ) , i s d e t e r m i n e d a nd t h e r e s u l t s d i s c u s s e d . 

The t h e s i s b e g i n s w i t h a l i t e r a t u r e r e v i e w e x a m i n i n g a r e a s 

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

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

on t h e i n t e r a c t i o n o f CO w i t h a l l c l a s s e s o f c y t o c h r o m e s 

P 4 5 0 . T h i s t h e s i s f i n i s h e s w i t h some g e n e r a l c o n c l u s i o n s 

r e g a r d i n g t h i s w o r k and r e c o m m e n d a t i o n s f o r f u t u r e s t u d i e s . 
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I I . 1 H i s t o r i c a l O v e r v i e w 

400 440 

Wavelength (nrn) 

F i g u r e I I . 1 The f i r s t r e p o r t o n t h e s p e c t r a l p r o p e r t i e s 
o f t h e c a r b o n m o n o x i d e c o m p l e x o f r e d u c e d 
l i v e r m i c r o s o m a l c y t o c h r o m e P 4 5 0 . The j . 
s o l i d l i n e c u r v e r e p r e s e n t s t h e d i f f e r e n c e 
s p e c t r u m o b s e r v e d a f t e r s o d i u m d i t h i o n i t e 
r e d u c t i o n i n t h e p r e s e n c e o f CO ; R e f . 1 1 . 

The p r e s e n c e o f a c a r b o n m o n o x i d e - b i n d i n g p i g m e n t i n 

l i v e r m i c r o s o m e s was o r i g i n a l l y r e p o r t e d by K l i n g e n b e r g 1 1 

i n 19 58, a l t h o u g h t h i s o b s e r v a t i o n was made e a r l i e r by 

G. R. W i l l i a m s . 1 2 I n t h e s e e x p e r i m e n t s a p r o m i n e n t 

a b s o r b a n c e b a n d maximum n e a r 450nm i n t h e d i f f e r e n c e 

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

m i c r o s o m e s was r e d u c e d w i t h s o d i u m d i t h i o n i t e (^2820^) 

i n t h e p r e s e n c e o f c a r b o n m o n o x i d e ( F i g u r e I I . 1 ) . 
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S i n c e t h e CO c o m p l e x e s o f t h e h e m o p r o t e i n s known a t t h a t 

t i m e h a d S o r e t maxima a t c o n s i d e r a b l y s h o r t e r w a v e l e n g t h s 

(~420nm), a nd s i n c e t h e CO d i f f e r e n c e s p e c t r u m o f t h e 

r e d u c e d l i v e r m i c r o s o m e s showed o n l y t h e pe a k a t 4 50nm, 

t h e r e was no i m m e d i a t e c l u e a s t o t h e c h e m i c a l n a t u r e o f 

t h i s n e w l y d i s c o v e r e d p i g m e n t . I n 1964, Omura a nd S a t o 1 3 / 1 4 

e s t a b l i s h e d t h e h e m o p r o t e i n n a t u r e o f t h e C O - b i n d i n g p i g m e n t . 

C h a r a c t e r i z a t i o n a s a h e m o p r o t e i n was a c t u a l l y d e t e r m i n e d 

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

C O - a b s o r p t i o n p e a k a t 420nm. Omura and S a t o t e r m e d t h e 

C O - b i n d i n g p i g m e n t s as c y t o c h r o m e s P450 and P420 a c c o r d i n g 

t o t h e p o s i t i o n o f t h e S o r e t a b s o r p t i o n maximum o f t h e 

r e d u c e d - C O c o m p l e x e s . 

C o n c u r r e n t w i t h t h e s e s p e c t r o s c o p i c e x p e r i m e n t s , 

e v i d e n c e was a c c u m u l a t i n g 1 5 f o r t h e p r e s e n c e i n l i v e r 

m i c r o s o m e s o f an enzyme s y s t e m t h a t c a t a l y s e d t h e g e n e r a l 

R e a c t i o n I I . 1 . 

NADPH + H + + 1 8 0 2 + RH NADP + + H 2
1 8 0 + R 1 8 O H ( I I . 1 ) 

T h i s t y p e o f r e a c t i o n w a s ; d e s i g n a t e d a m i x e d f u n c t i o n 

o x i d a t i o n by M a s o n , 1 6 a m o n o x y g e n a t i o n b y H a y a i s h i , 1 7 a n d 

a h y d r o x y l a t i o n by M a s s a r t a n d V e r c a u t e r e n . 1 7 a The r o l e 

o f c y t o c h r o m e P4 50 i n t h e g e n e r a l R e a c t i o n I I . 1 was f i r s t 

shown w i t h a d r e n a l c o r t e x m i c r o s o m e s i n 1963 by u t i l i z i n g 

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

c a t a l y s e t h e C 2 1 - h y d r o x y l a t i o n o f s t e r o i d s was i n h i b i t e d 
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by c a r b o n m o n o x i d e . 1 8 T a k i n g a d v a n t a g e o f t h e o b s e r v e d 

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

c o m p l e x ( a t 450nm) and u s i n g a W a r b u r g a p p a r a t u s , 1 9 E s t a b r o o k 

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

s p e c t r u m o f t h e a c t i v e m o n o x y g e n a s e enzyme p r e s e n t i n a d r e n a l 

c o r t e x m i c r o s o m e s 2 0 ( F i g u r e I I . 2 ) . S i n c e t h e p h o t o c h e m i c a l 

a c t i o n s p e c t r u m showed t h e same i n t e n s e a b s o r p t i o n peak a t 

450nm as i n d i c a t e d i n t h e r e d u c e d -CO d i f f e r e n c e s p e c t r u m 

o f t h e l i v e r m i c r o s o m e s , c y t o c h r o m e P450 was p r o v e n t o be 

t.<H 

4) 
O 
C 
(0 
a k. 
o 
(0 

JQ 
< 

0.75^ 

Q25H 

I • 1 • -r- • 1 1 1— 
400 420 440 460 480 900 

Wavelength (nmj 

F i g u r e i i . 2 P h o t o c h e m i c a l a c t i o n 
l i g h t r e v e r s a l o f t h e 
h y d r o x y l a t i o n o f 17<*-
R e f . 2 0 . 

s p e c t r u m f o r t h e 
C O - i n h i b i t e d C-21 

h y d r o x y - p r o g e s t e r o n e ; 



t h e t e r m i n a l o x y g e n a s e f u n c t i o n i n g i n t h e C 2 1 - h y d r o x y l a t i o n 

o f a 1 7 a - h y d r o x y p r o g e s t e r o n e ( R e a c t i o n I I . 2 ) . 

CH CH.-OH 

I 
c=o 
Jk:OH 

C = 0 

O ( I I . 2 ) 

NADP*+ H20 
17- hydroxy-Progesterone Cortexolone 

T o d a y , c y t o c h r o m e P4 50 i s e s t a b l i s h e d t o be t h e t e r m i n a l 

o x y g e n a s e i n v o l v e d i n t h e m o n o o x y g e n a t i o n o f a g r e a t 

v a r i e t y o f f o r e i g n , as w e l l a s e n d o g e n o u s , l i p i d s o l u b l e 

c o m p o u n d s . 2 1 / 3 6 

D u r i n g t h e m i d 1 9 6 0 ' s , f o l l o w i n g r e c o g n i t i o n t h a t 

c y t o c h r o m e P450 f u n c t i o n e d i n a v a r i e t y o f h y d r o x y l a t i o n 

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

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

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

w e r e p e r f o r m e d by N a r a s i m h u l u et al . 2 2 who r e p o r t e d a 

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

1 7 - h y d r o x y p r o g e s t e r o n e was add e d t o a s u s p e n s i o n o f 

a d r e n a l c o r t e x m i c r o s o m e s c o n t a i n i n g c y t o c h r o m e P450 

( F i g u r e I I . 3 ) . S u b s e q u e n t t o t h i s o b s e r v a t i o n a w i d e 

v a r i e t y o f e x o g e n o u s and e n d o g e n o u s s u b s t r a t e s w e r e 

e x a m i n e d a n d t h e s p e c t r a l c h a n g e s c h a r a c t e r i z e d . 2 3 
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380 400 420 440 460 

Wavelength (nm) 

F i g u r e I I . 3 The f i r s t s u b s t r a t e - i n d u c e d d i f f e r e n c e 
s p e c t r u m r e s u l t i n g f r o m t h e a d d i t i o n o f 
i n c r e a s i n g amounts o f 1 7 - h y d r o x y -
p r o g e s t e r o n e (up t o lOmM) t o a d r e n a l 
c o r t e x m i c r o s o m e s i n t h e a b s e n c e o f 
r e d u c i n g a g e n t s . The s p e c t r u m i n d i c a t e s 
t h e m a g n i t u d e o f t h e s p e c t r a l c h a n g e a t 
420nm ( t r a c e 7 r e p r e s e n t s t h e maximum 
d e p t h o f t h e t r o u g h ) a n d 388nm ( t r a c e 7 
r e p r e s e n t s t h e maximum h e i g h t o f t h e p e a k ) 
w i t h i n c r e a s i n g s t e r o i d c o n c e n t r a t i o n ; R e f . 2 2 

The s p e c t r a l c h a n g e s w e r e i n t e r p r e t e d a s r e p r e s e n t i n g t h e 

f o r m a t i o n o f a h i g h - s p i n c o m p l e x b e t w e e n t h e s u b s t r a t e and 

t h e f e r r i c s t a t e o f t h e e n z y m e . 2 3 A l o n g w i t h t h e s e s t u d i e s , 

enzyme i n d u c t i o n e x p e r i m e n t s i n d i c a t e d a c o m p l e x in vivo 

b e h a v i o r o f t h e d r u g - m e t a b o l i z i n g c y t o c h r o m e P450 enzymes 

i n l i v e r m i c r o s o m e s . 2 h I t was p o s t u l a t e d t h a t a d m i n i s t r a t i o n 

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

t h e e n z y m e , 2 4 b u t a l s o i n d u c e d s p e c i f i c f o r m s o f t h e enzyme 

d e p e n d i n g on t h e p a r t i c u l a r s u b s t r a t e . 2 5 W i t h i m p r o v e d 

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

o f d i s t i n c t s p e c i e s o f c y t o c h r o m e P 4 5 0 2 6 h a s s u p p o r t e d t h e 

h y p o t h e s i s t h a t d i f f e r e n t c l a s s e s o f i n d u c i n g a g e n t s s t i m u l a t e 
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t h e s y n t h e s i s o f d i s t i n c t f o r m s o f t h i s heme p r o t e i n . 2 7 

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

in v i t r o c h a r a c t e r i z a t i o n h a s b e e n hampered b e c a u s e o f 

t h e d i f f i c u l t y i n o b t a i n i n g p u r i f i e d , e n z y m a t i c a l l y a c t i v e 

c y t o c h r o m e P4 50 s a m p l e s f r o m mammalian t i s s u e s . , A t t e m p t s 

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

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

a s c y t o c h r o m e P 4 2 0 . 1 3 ' 1 4 The mammalian s o u r c e s o f t h e 

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

l i p i d m e m b r a n e , 2 8 and d e g r a d a t i o n r e a d i l y o c c u r r e d u p o n 

i s o l a t i o n . A m a j o r b r e a k t h r o u g h by G u n s a l u s a n d c o - w o r k e r s 2 9 

o c c u r r e d i n 1968 d u r i n g a n i n t e n s i v e s e a r c h f o r t h e g e n e t i c 

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

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

P450 m o n o o x y g e n a s e enzyme was i s o l a t e d f r o m Pseudomonas putida 

s t r a i n PpG 1, known t o be i n v o l v e d i n t h e s t e r e o s p e c i f i c 

o x i d a t i o n o f t h e b i c y c l i c m o n o t e r p e n e , 2 - b o r n a n o n e ( D - ( + ) -

camphor) ( R e a c t i o n I I . 3 ) . 3 0 

2-Bornanone 5-exo- hydroxy -2-Bornanone 
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U n l i k e i t s mammalian c o u n t e r p a r t s , t h e enzyme was 

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

t r a n s f e r p r o t e i n s r e q u i r e d f o r camphor m o n o o x y g e n a s e a c t i v i t y ; 

a f l a v o p r o t e i n d e s i g n a t e d a N A D H - p u t i d a r e d o x i n r e d u c t a s e a n d 

an i r o n - s u l p h u r p r o t e i n , p u t i d a r e d o x i n . 3 1 The m o n o o x y g e n a s e 

component was t e r m e d c y t o c h r o m e P450cam ( P 4 5 0 c a m ) 2 9 s i n c e i t 

was i s o l a t e d f r o m b a c t e r i a u t i l i z i n g camphor as t h e s o l e 

c a r b o n a n d e n e r g y s o u r c e . 

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

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

c y t o c h r o m e P450 c a t a l y t i c a c t i o n , a s w e l l a s t h e b i o l o g i c a l 

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

o f a n o x y g e n a t e d f o r m o f c y t o c h r o m e P450cam by I s h i m u r a , 3 2 

t h e c h e m i c a l , p h y s i c a l , and b i o l o g i c a l p r o p e r t i e s o f t h e 

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

i n d e t a i l by G u n s a l u s 3 0 a n d P e t e r s o n . 3 3 The r e s u l t s f r o m 

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

et a 1. 3 4 c o n c e r n i n g t h e c a t a l y t i c c y c l e o f m i c r o s o m a l 

c y t o c h r o m e P 4 5 0 . T o d a y , t h e p u r i f i e d b a c t e r i a l enzyme i s 

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

r e p r e s e n t i n g t h e e n t i r e c l a s s o f P450 c y t o c h r o m e s . F u r t h e r 

r e f i n e m e n t s o f e a r l i e r p r o c e d u r e s 3 3 ^ / 3 5 / 3 6 f o r l a r g e s c a l e 

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

Pseudomonas putida, s t r a i n PpG 7 8 6 , and i m p r o v e d p u r i f i c a t i o n 

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

o f t h e b a c t e r i a l e n z y m e . 3 7 D e t a i l e d s t u d i e s o f t h e c r y s t a l l i n e 

c y t o c h r o m e P450cam h a v e p r o d u c e d u n a m b i g u o u s a s s i g n m e n t o f 
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much o f t h e s t r u c t u r a l a nd s p e c t r o s c o p i c p r o p e r t i e s o f t h e 

heme a c t i v e s i t e t h r o u g h o u t t h e c a t a l y t i c c y c l e , as w e l l 

a s p r o v i d e d a homogenous s o u r c e o f t h e p r o t e i n f o r s e q u e n c e 

and X - r a y d i f f r a c t i o n a n a l y s i s . 3 8 T h e s e r e s u l t s h a v e b e e n 

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

c a t a l y t i c a l l y a c t i v e l i v e r m i c r o s o m a l c y t o c h r o m e P 4 5 0 . 3 9 ' 1* 0 

R e c e n t l y , w i t h t h e i s o l a t i o n a n d c h a r a c t e r i z a t i o n o f a 

s y n t h e t i c c o m p l e x i n 1981 by G r o v e s et at.1*1 a n a l o g o u s t o 

t h e i l l u s i v e " a c t i v a t e d o x y g e n c o m p l e x " p r o d u c e d by t h e P4 50 

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

h a v e b e e n a n s w e r e d . T h u s , t h e c o m b i n e d e f f o r t s o f r e s e a r c h 

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

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

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

p o s s i b l e . 4 2 T o d a y , 4 3 m a j o r r e s e a r c h e f f o r t s a r e d i r e c t e d 

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

P450 c y t o c h r o m e s and r e l a t e d r e d o x c o u p l i n g p r o t e i n s , t h e 

in vivo i n d u c t i o n c h a r a c t e r i s t i c s o f t h e enzyme i n mammalian 

t i s s u e s , t h e i n v o l v e m e n t o f mammalian P4 50 c y t o c h r o m e s i n 

c h e m i c a l c a r c i n o g e n e s i s , and m o d e l l i n g P450 o x i d a t i o n s 9 

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

e f f i c i e n t and s e l e c t i v e s y n t h e t i c c a t a l y s t s . C o m p l e t i o n o f 

a t h r e e - d i m e n s i o n a l m o d e l o f t h e b a c t e r i a l enzyme w i l l v e r i f y , 

a s w e l l a s c o m p l e m e n t , much o f t h e p r e s e n t k n o w l e d g e o f t h e 

e n t i r e c l a s s o f P450 c y t o c h r o m e s , and w i l l d i r e c t r e s e a r c h 

e f f o r t s i n t h e f u t u r e . 
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II.2 B i o l o g i c a l Importance of the P450 Cytochromes 

The role of cytochrome P450 in b i o l o g i c a l systems i s 

the a c t i v a t i o n of molecular dioxygen for the oxidative 

biotransformation of substrates. Each of these enzymes i s 

associated with an electron transport system as the terminal 

electron acceptor which catalyses the reductive cleavage of 

molecular dioxygen (0 2) with the concomitant transfer of 

one oxygen atom to the substrate; the other oxygen atom 

i s reduced to water. This s p e c i f i c r e a c t i v i t y has l a b e l l e d 

the P450 cytochromes as mixed function oxidase, 1 6 mono

oxygenase, 1 7 or hydroxylase 1 7 enzyme systems. 

The number of substrates that are modified by the 

cytochrome P450 monooxygenases include a d i v e r s i f i e d and 

ever-expanding number of compounds. 4 4> 4 5 These encompass 

such materials as steroids, 1* 6 b i l e acids, 1* 7 f a t t y acids, 1* 8 

approximately 200 d i f f e r e n t drugs, 2 5 c y c l i c and s t r a i g h t -

chain hydrocarbons (from saturated to acetylenic species), 

terpenes, amines, alcohols, phenols, thiophenes, pesticides, 

food preservatives and additives, and carcinogens. 4 3 - 1* 5/ 1* 9 

Although the primary reaction involves incorporation of one 

oxygen atom into these substrates, the observable consequences 

of the oxygen atom transfer depends on the precise nature of 

the substrate. In g e n e r a l , 5 0 / 5 1 the established intermediate 

outcome of the catalysed oxygen atom transfer i s : (a) form

ation of a hydroxylated derivative by i n s e r t i o n into the 

bond between a hydrogen and a carbon atom; (b) formation 
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o f an e p o x i d e by a d d i t i o n a c r o s s a c a r b o n - c a r b o n d o u b l e b o n d ; 

o r (c) f o r m a t i o n o f a d i p o l a r o x i d e by c o m b i n a t i o n w i t h t h e 

f r e e e l e c t r o n p a i r o f t h e h e t e r o a t o m . T h e s e p r i m a r y r e a c t i o n s 

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

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

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

a r e g i v e n i n F i g u r e I I . 4 . O b s e r v a t i o n s h a v e a l s o i n d i c a t e d 

t h a t t h e same s u b s t r a t e may f u r t h e r u n d e r g o s e v e r a l o f t h e 

same t r a n s f o r m a t i o n s , o r be s u b j e c t e d t o a c r o s s s e c t i o n o f 

t h e p o s s i b l e r e a c t i o n s . 4 7 / 5 2 The p r o p o r t i o n b e t w e e n t h e 

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

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

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

m e t a b o l i t e t h a t c a n be e f f i c i e n t l y u t i l i z e d by t h e c e l l . 

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

a r e s u s c e p t i b l e t o d e g r a d a t i v e enzymes f o r r a p i d a c c e s s 

t o c a r b o n and e n e r g y , 3 0 w h i l e i n mammalian c e l l s t h e b y 

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

p a t h w a y s o r s o l u b i l i z e d a nd e x c r e t e d . 5 2 

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

m o n o o x y g e n a t i o n r e a c t i o n s t o l i v i n g o r g a n i s m s i s e x e m p l i f i e d 

by t h e e x i s t e n c e o f P4 50 c y t o c h r o m e s i n m o s t l i v i n g o r g a n 

i s m s . T h e s e m o n o o x y g e n a s e s h a v e b e e n o b s e r v e d i n s u c h 

d i v e r s e s o u r c e s a s i n s e c t s , 5 6 b a c t e r i a 5 7 / 5 8 g r e e n p l a n t s , 5 9 

f u n g i , 6 0 y e a s t s , 6 1 f i s h , b i r d s , a m p h i b i a n s , and m a m m a l s . 6 2 

W i t h i n t h e mammalian s y s t e m s c y t o c h r o m e P450 i s l o c a l i z e d 



Aliphatic Oxidations8} (hydroxylation reactions) 
i) n-Hexane — - n-Hexanol + H tO 

ii) C H K C H ^ C ^ 

Laurie Acid 

iii) 

CH,0 ' OH 
Codeine 

C.H, 
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"hydroxy-Laurie Acid 
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C.H, 

f ^ N - N - C H , + J + 

NH, CH, H N MiO 

N- methyl-4-Aminoantipyrine 4-Aminoantipyrine 

Olefin Oxidations b ) (epoxidation reactions) 
CMf-CH-COOH CH(-CH-COOH 

NH, f<f\ " H , 

— kX 
"H 

i) r I - — l ^ ' + H'° 

[4-'hJ- Phenylalanine [ 3 -*h ]-T y r 0 8 i n e 

ii) fKCHO, OH OH CH-fCH.1 
C H , = C H - C H , - C H - C O N H , C H r C H - C H , - C H - C O N H , 

2-isopropyl-4-pentenamide 2-isopropyl-4,5-Dihydropentanamide 

Heteroatom OxidationsC) (dipolar oxide formation) 

8 

i) + H,0 

CH, 

4-methyl-Thioanisole 4-methyl-Thioanisole-S-oxide 

g u r e I I . 4 Some r e a c t i o n p a t h w a y s c a t a l y s e d b y 
c y t o c h r o m e P450 i n t h e p r e s e n c e o f NADH, 
0 2 a n d H + i o n s . N o t e (a) R e f . 53; ( b ) , 
i ) R e f . 7 a n d i i ) R e f . 5 4 ; a n d ( c ) , R e f . 5 5 . 



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

l u n g s , l i v e r , i n t e s t i n a l m u c o s a , k i d n e y , p i t u i t a r y g l a n d s 

a n d t h e s t e r o i d o g e n i c o r g a n s ; a d r e n a l c o r t e x , t e s t e s , 

p l a c e n t a , a n d t h e o v a r i e s . 6 2 As w e l l , t h e r e a r e t h r e e 

g e n e r a l c l a s s e s o f t h e P450 c y t o c h r o m e s r e c o g n i z e d t o 

c a t a l y s e t h e d i o x y g e n c l e a v a g e r e a c t i o n . 5 3 T h e s e s y s t e m s 

a r e c h a r a c t e r i z e d a c c o r d i n g t o s o u r c e o f t h e enzyme, t h e 

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

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

c a t a l y t i c a c t i v i t y ( F i g u r e I I . 5) a n d a c c o r d i n g t o t h e 

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

I. Uvst Microsomes 

12 membrane-bound FV50 

3 membrane - bound bs 

1 membrane - bound flavoprotein 

II. Adrenal Mitochondria 

1 membrane-bound Paso 

1 soluble iron-sulphur protein 

? soluble flavoprotein 

III. Bacterial System 

1 soluble Ptso 
1 soluble iron-sulphur protein 

? soluble flavoprotein 

F i g u r e I I . 5 
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The f i r s t c l a s s o f enzyme s y s t e m s ( t h e " l i v e r 

m i c r o s o m a l t y p e " ) i s c h a r a c t e r i z e d by c y t o c h r o m e P450 

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

The c y t o c h r o m e P450 m o n o o x y g e n a s e s i n t h i s c l a s s e x i s t 

i n a n o n - e q u i v a l e n t r e l a t i o n s h i p w i t h a s e c o n d h e m o p r o t e i n , 

c y t o c h r o m e b ^ , and a t l e a s t one f l a v o p r o t e i n d e h y d r o g e n a s e 

( e i t h e r NADPH c y t o c h r o m e c r e d u c t a s e o r NADH c y t o c h r o m e 

bj. r e d u c t a s e ) . 6 3 The r e a c t i v i t y o f t h i s s y s t e m i s 

i n t r i c a t e l y i n v o l v e d w i t h t h e membrane t o w h i c h i t i s 

bound b u t t h e f u n c t i o n o f t h e membrane i n d i r e c t i n g t h e 

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

c o m p o n e n t s i s , a s y e t , unknown. A p h o s p h o l i p i d c omponent 

( p h o s p h o l i d y l c h o l i n e ) i s a l s o r e q u i r e d f o r e n z y m a t i c 

a c t i v i t y 6 4 and a p p e a r s t o p l a y some r o l e i n m e d i a t i n g t h e 

f l o w o f e l e c t r o n s t o c y t o c h r o m e P4 50 f r o m t h e f l a v o p r o t e i n s . 

The l i v e r m i c r o s o m a l c y t o c h r o m e P4 50 m o n o o x y g e n a s e s 

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

l i p o p h i l i c s u b s t a n c e s . 4 3 - 4 5 / 4 9 C h a r a c t e r i s t i c o f t h i s 

enzyme s y s t e m , a n d d i s t i n g u i s h i n g i t f r o m t h o s e o f t h e 

s t e r o i d o g e n i c a n i m a l t i s s u e s a n d o f m i c r o o r g a n i s m s t o be 

d e s c r i b e d b e l o w , i s i t s v i r t u a l l a c k o f s u b s t r a t e s p e c i f i c i t y ; 2 5 

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

as s u b s t r a t e s f o r t h e l i v e r m o n o o x y g e n a s e s y s t e m . The a b i l i t y 

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

t h e e x i s t e n c e o f s e v e r a l d i f f e r e n t f o r m s o f t h e enzyme i n 

h e p a t i c t i s s u e s , 2 6 e a c h e x h i b i t i n g s l i g h t l y d i f f e r e n t b u t 



o v e r l a p p i n g s u b s t r a t e s e l e c t i v i t i e s . T h e s e c y t o c h r o m e P450 

i s o e n z y m e s a r e c h a r a c t e r i z e d by s m a l l b u t s i g n i f i c a n t c h a n g e s 

i n t h e S o r e t maximum o f t h e r e d u c e d CO c o m p l e x e s , d i s t i n c t 

m o l e c u l a r w e i g h t s , a n d v a r y i n g c a t a l y t i c a c t i v i t i e s . 2 7 / 6 5 

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

f u n c t i o n a l c y t o c h r o m e P 4 5 0 , w h i c h e x h i b i t somewhat d i f f e r e n t 

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

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

compounds t o w h i c h t h e s e t i s s u e s a r e e x p o s e d . R a t i o n a l e 

f o r a m e t a b o l i c s y s t e m c o n t a i n i n g s e v e r a l i s o e n z y m e s w i t h 

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

u n s p e c i f i c enzyme i s s p e c u l a t i v e ; 6 6 h o w e v e r , w i t h i n c r e a s i n g 

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

a l s o i n c r e a s e s a n d h i g h a f f i n i t y w o u l d be r e q u i r e d t o 

e f f i c i e n t l y remove l o w l e v e l s o f t o x i c compounds f r o m t h e 

b o d y . T h e s e p r o p e r t i e s o f l i v e r m i c r o s o m a l c y t o c h r o m e P450 

s e r v e a s a f o c a l p o i n t f o r p r e s e n t d a y i n v e s t i g a t i o n s . 4 3 

A n o t h e r i m p o r t a n t c h a r a c t e r i s t i c o f t h e l i v e r m i c r o s o m a l 

P450 c y t o c h r o m e s c o n c e r n s t h e r e g u l a t i o n o f t h e i s o e n z y m e s 

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

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

P450 i s o e n z y m e s by s p e c i f i c s u b s t r a t e s . 2 5 / 6 7 T h a t i s , 

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

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

s u b s t r a t e s . As w e l l , t h e p a r t i c u l a r i s o e n z y m e c a n be i n d u c e d 

t o r e p r e s e n t a s much a s 15- 2 0 % o f t h e t o t a l membrane-bound 
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p r o t e i n i n t h e s e t i s s u e s . 5 3 T h e r e f o r e , t h i s m e t a b o l i c 

a p p a r a t u s n o t o n l y u t i l i z e s s e v e r a l d i f f e r e n t P450 cy t o - r 

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

m o b i l i z e d d e p e n d i n g on t h e s u b s t r a t e . I n t h i s way, i t 

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

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

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

c o n t i n u o u s l y s y n t h e s i z e l a r g e amounts o f a l e s s e f f i c i e n t 

enzyme. The v e r s a t i l i t y o f t h i s enzyme s y s t e m i n d i c a t e s 

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

R e c e n t l y , N u b e r t 6 8 h a s s u g g e s t e d t h a t t h i s m e t a b o l i c 

a p p a r a t u s may i n f a c t be a n a l o g o u s t o a mammalian immune 

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

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

c y t o c h r o m e P4 50 s e r v e a g a i n a s a f o c a l p o i n t o f r e s e a r c h 

t o d a y . 4 3 

The s e c o n d c l a s s o f t h e P450 c y t o c h r o m e s i s c h a r a c t e r 

i z e d by a membrane-bound a s s o c i a t i o n w i t h t h e m i t o c h o n d r i a l 

f r a c t i o n s o f t h e s t e r o i d o g e n i c t i s s u e s 8 2 ( s e e F i g u r e I I . 5 ) . 

I t i s d i s t i n g u i s h a b l e f r o m t h e f i r s t c l a s s , by t h e p r e s e n c e 

o f a n F e 2 S 2 C y S 4 i r o n - s u l p h u r p r o t e i n ( a d r e n o d o x i n ) i n s t e a d 

o f c y t o c h r o m e b,. o r t h e p h o s p h o l i p i d , a s t h e m e d i a t o r o f 

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

( N A D P H - a d r e n o d o x i n r e d u c t a s e ) , and c y t o c h r o m e P 4 5 0 . 6 9 

G e n e r a l l y , t h e c y t o c h r o m e e x i s t s i n a 1:1 s t o i c h i o m e t r i c 

r e l a t i o n s h i p w i t h t h e i r o n - s u l p h u r p r o t e i n . 7 0 I n t h e 



28 

s t e r o i d o g e n i c o r g a n s , c y t o c h r o m e P450 i s s p e c i f i c a l l y i n v o l v e d 

i n t h e b i o s y n t h e s i s o f m e s s e n g e r a n d r e g u l a t o r y h o r m o n e s , 4 6 

t h e d e g r a d a t i o n o f f a t t y a c i d s , 4 ' 7 a n d t h e b i o s y n t h e s i s a n d 

m e t a b o l i s m o f b i l e a c i d s . 4 8 A l t h o u g h t h i s enzyme s y s t e m 

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

t y p e , i t i s known t o e x i s t i n s m a l l e r c o n c e n t r a t i o n s w i t h i n 

t h e s t e r o i d o g e n i c o r g a n s ( c o m p a r e d w i t h h e p a t i c s y s t e m s ) 

and e x h i b i t v e r y h i g h s u b s t r a t e s p e c i f i c i t y . 4 9 R e c e n t l y , 

m u l t i p l e f o r m s o f c y t o c h r o m e P 4 5 0 - d e p e n d e n t m i x e d f u n c t i o n 

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

m i c r o s o m e s , 7 1 w h i c h s u g g e s t s t h e same k i n d o f enzyme r e g u l a t i o n 

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

m i c r o s o m e s . I n t h e s t e r o i d o g e n i c o r g a n s , h i g h s u b s t r a t e 

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

p a t h w a y s f o u n d i n t h e s e t i s s u e s . 

The f i n a l c l a s s o f c y t o c h r o m e P4 50 m o n o o x y g e n a s e s 

o r i g i n a t e s a s a b a c t e r i a l s o u r c e f r o m Pseudomonas putida , 2 9 

a l t h o u g h t h e enzyme s y s t e m h a s b e e n i s o l a t e d f r o m o t h e r 

s p e c i e s o f b a c t e r i a 3 0 ' 5 7 ' 5 8 ( s e e F i g u r e I I . 5 ) . L i k e t h e 

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

c y t o c h r o m e P450 e x i s t s i n a 1:1 s t o i c h i o m e t r i c r e l a t i o n s h i p 

w i t h a n F e 2 S 2 C y s ^ i r o n - s u l p h u r p r o t e i n ( p u t i d a r e d o x i n ) . T h i s 

s y s t e m a l s o u t i l i z e s a f l a v o p r o t e i n w h i c h c a n e i t h e r be o f 

t h e NADH o r NADPH m e d i a t e d t y p e ( p u t i d a r e d o x i n r e d u c t a s e ) . 2 1 

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

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

I n t h e m i c r o b e , h i g h t u r n o v e r r a t e s w i t h r a p i d a c c e s s t o 

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

c o m p e t i t i v e a d v a n t a g e s . 3 0 

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

t h e s e t h r e e c l a s s e s o f P450 c y t o c h r o m e s i n d i c a t e s t h a t 

t h e s e enzymes a r e a b a s i c m e t a b o l i c t o o l r e q u i r e d by m o s t 

o r g a n i s m s f o r s u r v i v a l . R e c e n t l y , h o w e v e r , i t h a s become 

e v i d e n t t h a t t h e a c t i o n o f t h e P450 c y t o c h r o m e s on a number 

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

t h a t e x h i b i t f a t a l e f f e c t s on t h e c e l l . 4 3 Two s p e c i f i c g r o u p s 

o f s u b s t r a t e s t h a t h a v e u n d e r g o n e e x t e n s i v e i n v e s t i g a t i o n 

l a t e l y a r e t h e p o l y c y c l i c a r o m a t i c h y d r o c a r b o n s 7 2 a n d t h e 

i n s e c t i c i d e s . 7 3 E a c h o f t h e s e g r o u p s o f s u b s t r a t e s m a n i f e s t 

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

s e r v e a s e x a m p l e s o f how t h e a c t i o n o f t h e P450 c y t o c h r o m e s 

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

F i g u r e I I . 6 shows t h e c y t o c h r o m e P 4 5 0 - m e d i a t e d m e t a b o l i c 

a c t i v a t i o n o f p h e n a n t h r e n e . 7 2 I n i t i a l a c t i o n o f t h e c y t o c h r o m e 

on t h e s u b s t r a t e p r o d u c e s an a r e n e o x i d e by a d d i t i o n o f an 

o x y g e n atom t o a c a r b o n - c a r b o n d o u b l e b a n d . O p e n i n g o f 

t h e e p o x i d e f u n c t i o n a l i t y i s c a t a l y s e d by a s p e c i f i c e p o x i d e 

h y d r a s e enzyme g i v i n g t h e c o r r e s p o n d i n g d i h y d r o d i o l . A t 

t h i s p o i n t t h e m e t a b o l i t e , w h i c h may n o t be p o l a r e n o u g h 

t o be e f f i c i e n t l y r e m o v e d f r o m t h e c e l l , i s f u r t h e r e p o x i d a t e d 

by c y t o c h r o m e P4 50 a t t h e n o n - a r o m a t i c d o u b l e b o n d f o r m i n g 

t h e d i o l e p o x i d e . S u b s e q u e n t c o v a l e n t i n t e r a c t i o n o f t h e 
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Phenanthrene O 
Phenanthrene Oxide 

Epoxide 
Hydrase 

Phenanthrene Phenanthrene 
Diolepoxide Dihydrodiol , 

Figure I I . 6 The cytochrome P450 - mediated.activation 
of phenanthrene ; Ref.72. 

highly reactive e l e c t r o p h i l i c d i o l epoxide with c r i t i c a l 

targets i n DNA i s assumed to be an esse n t i a l event i n the 

i n i t i a t i o n of carcinogenesis. 7 4 Therefore, the inte r a c t i o n 

of the P450 cytochromes with i n i t i a l l y unactivated molecules 

(phenanthrene) can produce highly reactive metabolites 

(diol epoxides) which can be detrimental to c e l l s u r v i v a l . 

The i n s e c t i c i d e s on the other hand, exhibit t h e i r toxic 

effects by d i r e c t i n t e r a c t i o n of the cytochrome P450-

activated substrate with the prosthetic heme moiety of the 

enzyme. 7 3 During the c a t a l y t i c transfer of activated 

oxygen to the monosubstituted acetylene f u n c t i o n a l i t y , 

which characterize some classes of i n s e c t i c i d e substrates, 

cytochrome P4 50 i s destroyed by a l k y l a t i o n of the heme 
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g r o u p . In vivo i n a c t i v a t i o n o f t h e enzyme i n h e p a t i c 

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

" g r e e n p i g m e n t " . 7 5 I s o l a t i o n and p u r i f i c a t i o n o f t h i s g r e e n 

p i g m e n t f r o m a n i m a l s t r e a t e d w i t h t h i r t e e n d i f f e r e n t 

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

i n e a c h c a s e a 1:1 c o v a l e n t N - a l k y l a t i o n o f t h e p r o t o 

p o r p h y r i n I X s k e l e t o n o f p r o s t h e t i c heme l e a d s t o i n a c t i 

v a t i o n o f t h e enzyme and f o r m a t i o n o f t h e a b n o r m a l h e p a t i c 

p i g m e n t . 7 3 W i t h t h e r e c e n t i s o l a t i o n a n d i d e n t i f i c a t i o n o f 

f o u r i s o m e r i c N - ( 2 - o x o e t h y l ) p r o t o p o r p h y r i n I X N - d e r i v a t i v e s 

( F i g u r e I I . 7 ) f r o m r a t s t r e a t e d w i t h a c e t y l e n e g a s , t h e 

F i g u r e I I . 7 S t r u c t u r e o f one o f t h e f o u r p o s s i b l e 
i s o m e r s o f N - ( 2 - o x o e t h y l ) p r o t o p o r p h y r i n 
I X i s o l a t e d f r o m a c e t y l e n e - t r e a t e d l i v e r 
m i c r o s o m e s ; R e f . 7 6 . 
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m e c h a n i s m o f t h e c y t o c h r o m e P4 50 s e l f - d e a c t i v a t i o n h a s 

b e e n s p e c u l a t e d u p o n 7 6 ( F i g u r e I I . 8 ) . C a t a l y t i c o x y g e n 

t r a n s f e r t o t h e a c e t y l e n e ir-bond p r o d u c e s a t r a n s i e n t 

s p e c i e s w h i c h c a n p a r t i t i o n i n t o two p a t h w a y s , one l e a d i n g 

t o N - a l k y l a t i o n o f t h e p r o s t h e t i c heme m o i e t y a n d t h e o t h e r 

t o f o r m a t i o n o f a c e t y l e n i c g r o u p m e t a b o l i t e s . 7 7 C o m p a r i s o n 

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

p r e p a r e d s y n t h e t i c a l l y 7 8 ' 7 9 n o t o n l y v e r i f i e d t h a t t h e 

p r o s t h e t i c heme o f t h e c y t o c h r o m e P4 50 was e x c l u s i v e l y 

N - a l k y l a t e d b u t h a s p e r m i t t e d t h e a s s i g n m e n t o f t h e p r e f e r r e d 

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

i m p o r t a n t p o i n t , h o w e v e r , i s t h a t N - a l k y l a t i o n o f t h e 

p r o s t h e t i c heme r e n d e r s t h e enzyme i n a c t i v e t o f u r t h e r 

e n z y m a t i c c y c l e s . T h i s , i n t u r n , c a u s e s t h e a c c u m u l a t i o n 

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

m e t a b o l i t e s a n d e v e n t u a l n e c r o s i s o f t h e c e l l . T h u s , t h e 

P450 c y t o c h r o m e s c a n p a r t i c i p a t e i n t h e i r own s e l f -

i n a c t i v a t i o n and a g a i n c r e a t e c o n d i t i o n s w h i c h a r e h a z a r d o u s 

t o c e l l s u r v i v a l . The s e l f i n a c t i v a t i o n o f c y t o c h r o m e P450 

i s a l s o known t o be m e d i a t e d by s e v e r a l o t h e r g r o u p s o f 

s u b s t r a t e s w h i c h a r e a l l c h a r a c t e r i z e d by u n s a t u r a t e d c a r b o n -

c a r b o n b o n d s . 8 0 

I n summary, f o l l o w i n g t h i s e x a m i n a t i o n o f t h e c o m p l e x 

b i o l o g i c a l f e a t u r e s e x h i b i t e d by t h e P450 c y t o c h r o m e s , t h e 

r o l e t h e y p l a y seems t o be t w o - f o l d . F i r s t l y , t h e s e enzymes 

a r e e x t r e m e l y i m p o r t a n t i n t h e o x i d a t i v e b i o s y n t h e s i s a n d 
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N-Alkylated Heme 

F i g u r e I I . 8 
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m e t a b o l i s m o f a l a r g e number o f e n d o g e n o u s a n d e x o g e n o u s 

s u b s t r a t e s . T h e r e f o r e , t h e y a r e c o n c e r n e d , n o t o n l y w i t h 

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

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

v a r i o u s d e t o x i f i c a t i o n r e a c t i o n s . I n t h i s s e n s e , c y t o c h r o m e 

P450 i s an e s s e n t i a l c e l l u l a r c omponent. I n c o n t r a s t , 

h o w e v e r , c y t o c h r o m e P4 50 c a n be t h e c a u s i t i v e a g e n t i n 

c e l l u l a r t r a n s f o r m a t i o n s , c a u s i n g m a l i g n a n c i e s and 

e v e n t u a l d e a t h t o t h e h o s t . I n t h i s s e n s e , c y t o c h r o m e 

P450 e x i s t s a s a d e s t r u c t i v e f o r c e w i t h i n t h e c e l l . 
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I I . 3 S t r u c t u r e 

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

t h e P4 50 c y t o c h r o m e s has b e e n d e t e r m i n e d f r o m t h e s o l u t i o n 

and c r y s t a l l i n e s t a t e s o f b a c t e r i a l c y t o c h r o m e P450cam. 

The w a t e r - s o l u b l e and m e m b r a n e - f r e e c h a r a c t e r i s t i c s o f 

t h i s enzyme s y s t e m a l l o w f o r c h e m i c a l and p h y s i c a l c h a r 

a c t e r i z a t i o n much more r e a d i l y t h a n w i t h t h e membrane bound 

s p e c i e s . The f e a t u r e s o f c y t o c h r o m e P4 50cam h a v e b e e n 

i n v e s t i g a t e d a n d r e v i e w e d e x t e n s i v e l y 3 3 # / 3 8 / 8 1 / 8 2 and a r e 

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

The s t r u c t u r a l p r o p e r t i e s t o be d e s c r i b e d a r e a p p l i c a b l e 

t o a l l c l a s s e s o f P450 c y t o c h r o m e s . 

The P4 50 c y t o c h r o m e s a r e h e m o p r o t e i n s composed o f 

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

p r o t o p o r p h y r i n I X a s t h e p r o s t h e t i c g r o u p 1 3 ' 1 4 ( F i g u r e 1 . 1 ) . 

B e c a u s e o f t h e i n t r a c e l l u l a r l o c a l i z a t i o n and t h e i r f u n c t i o n 

i n o x i d a t i o n - r e d u c t i o n r e a c t i o n s , t h e g e n e r a l name " c y t o c h r o m e " 

h a s b e e n g i v e n t o t h e s e e n z y m e s . 8 3 The s u f f i x P 4 5 0 , a s 

m e n t i o n e d e a r l i e r , was d e r i v e d f r o m t h e u n u s u a l S o r e t 

a b s o r p t i o n p e a k a t 450nm o f t h e c a r b o n m o n o x i d e d e r i v a t i v e 

o f t h e r e d u c e d ( i . e . F e ( T I ) ) h e m o p r o t e i n . 1 3 ' 1 4 S i n c e t h e 

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

t o t h e p r o t e i n v i a a c i d l a b i l e n o n - c o v a l e n t l i n k a g e s , t h e s e 

enzymes a r e c o n s i d e r e d a member o f t h e c y t o c h r o m e b g r o u p . 

R e c e n t l y t h e p r i m a r y s t r u c t u r e o f c y t o c h r o m e P4 50cam h a s 

b e e n d e d u c e d f r o m t h e s e q u e n c e o f p r o t e o l y t i c 8 4 a n d C N B r 8 5 



p e p t i d e f r a g m e n t s . The p e p t i d e c h a i n c o n t a i n s 412 a m ino 

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

The r e m a i n i n g p o l a r g r o u p s a r e d i v i d e d e q u a l l y b e t w e e n 

i o n i z e d and n e u t r a l f u n c t i o n s ; e i g h t c y s t e i n e r e s i d u e s 8 5 

and r e l a t i v e l y few a r o m a t i c a m i n o a c i d s w e r e o b s e r v e d 

(i.i.-e =10 t y r o s i n e ; =4 t r y p t o p h a n ) . 8 6 T h i s i s n o t s u r p r i s i n g 

s i n c e a r o m a t i c m o l e c u l e s a r e r e a d i l y o x i d i z e d by t h e P450 

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

t h e o r i g i n a l a m i n o a c i d a n a l y s i s r e p o r t e d by Dus et at.87 

S e q u e n c i n g o f t h e a m ino and c a r b o x y t e r m i n a l p e p t i d e s 8 8 

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

t h e i n t e r i o r o f t h e p o l y p e p t i d e c h a i n . S p e c i f i c a l l y i n 

t h e c y t o c h r o m e P4 50cam p o l y p e p t i d e , t h e r e a r e no c y s t e i n e 

r e s i d u e s a t l e a s t 40 r e s i d u e s i n f r o m t h e N R ^ - t e r m i n a l 

e n d , a n d no c y s t e i n e r e s i d u e s a t l e a s t 38 r e s i d u e s i n f r o m 

t h e C O O H - t e r m i n a l p o r t i o n . T h i s h a s s i n c e b e e n c o n f i r m e d 

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

c y t o c h r o m e P450cam' v. 8 5 The N E ^ - t e r m i n a l a m i n o a c i d s e q u e n c e 

o f r a b b i t l i v e r c y t o c h r o m e P450 a l s o i n d i c a t e s t h a t t h e 

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

o f t h e p e p t i d e . 8 9 The p o s s i b l e r e a s o n s f o r t h e a p p a r e n t 

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

M o l e c u l a r w e i g h t s o f t h e enzymes r a n g e f r o m 47,000 D a l t o n s i n 

t h e b a c t e r i a l s t r a i n 8 8 t o 55,000 D a l t o n s i n membrane bound 

i s o l a t i o n s . 2 6 P r e d i c t i o n s o f s e c o n d a r y s t r u c t u r e f o r t h e 

c y t o c h r o m e P450cam s y s t e m 3 8 ' 8 5 i n d i c a t e s l i g h t l y l e s s t h a n 



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

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

a r e d i v i d e d b e t w e e n 3 - p l e a t e d , 3 - t u r n , a n d r a n d o m c o i l 

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

b a c t e r i a l enzyme h a s b e e n d e s c r i b e d a s a " d o n u t w i t h a 

t a i l " . 9 0 

I n o r d e r t o u n d e r s t a n d t h e u n i q u e c a t a l y t i c p r o p e r t i e s 

o f t h e P450 c y t o c h r o m e s , t h e i m m e d i a t e e n v i r o n m e n t o f t h e 

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

r e a c t i o n c y c l e . M ore s p e c i f i c a l l y , t h e a x i a l l i g a n d s 

p r o v i d e d by t h e p o l y p e p t i d e w h i c h a l l o w f o r t h e p a r t i c u l a r 

r e a c t i v i t y o f t h e enzyme m u s t be d e t e r m i n e d . The q u e s t i o n 

o f a x i a l l i g a n d s o f c y t o c h r o m e P450 h a s r e c e i v e d c o n s i d e r a b l e 

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

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

enzyme w i t h c a r b o n m o n o x i d e . I n f o r m a t i o n g a t h e r e d t o d a t e 

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

a n i o n (RS7) a s t h e a x i a l l i g a n d ( o f t h e h e m e - i r o n ) i n t h e 

P450 c y t o c h r o m e s t h a t i s c o n t r i b u t e d v i a one o f t h e c y s t e i n e 

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

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

r e s o n a n c e (EPR) e x p e r i m e n t s . I n 1968 M i y a k e et aV.91 demon

s t r a t e d t h a t t h e n a t i v e " f e r r i c r e s t i n g enzyme" was predom

i n a n t l y a l o w - s p i n (S=%) h e m o p r o t e i n , w h i l e J e f c o a t e and 

G a y l o r / 9 2 a n d B l u m b e r g and P e i s c h 9 3 s u b s e q u e n t l y showed t h a t 

t h e EPR s p e c t r a o f l o w - s p i n c y t o c h r o m e P 4 5 0 w e r e s i m i l a r t o 
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t h o s e o b t a i n e d f r o m t h e a d d i t i o n o f m e r c a p t o e t h a n o l o r o t h e r 

a l k y l m e r c a p t i d e s t o f e r r i c h e m o g l o b i n o r f e r r i c m y o g l o b i n . 

F o l l o w i n g t h e s e i n i t i a l e x p e r i m e n t s , t h e a b s o r p t i o n s p e c t r u m 

o f t h e u n u s u a l r e d - s h i f t e d S o r e t b a n d o f t h e c a r b o n y l a t e d 

c y t o c h r o m e P450 s p e c i e s was d u p l i c a t e d w i t h s i m p l e i r o n ( I I ) 

p o r p h y r i n s h a v i n g a m e r c a p t i d e i o n l i g a t e d trans t o t h e C O . 9 4 - 9 6 

The m o d e l s t u d i e s o f Chang a n d D o l p h i n 9 4 w e r e n o t o n l y a b l e 

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

s t a t e s o f t h e enzyme b u t w e r e a l s o a b l e t o r e p r o d u c e t h e 

l o w e n e r g y S o r e t b a n d a t -4 5 0nm o f t h e r e d u c e d -CO c o m p l e x . 

I n a d d i t i o n , t h e s e m o d e l c o m p l e x e s showed a s e c o n d h i g h 

e n e r g y b a n d a t ^360nm, t h o u g h t o r i g i n a l l y t o be i n d i c a t i v e 

o f t h e d i t h i o n i t e r e d u c i n g a g e n t . T h i s h i g h e n e r g y band 

was s u b s e q u e n t l y o b s e r v e d i n t h e enzyme i t s e l f . 9 7 As w e l l , 

t h e s p e c t r a l p r o p e r t i e s o f t h e f e r r i c , f e r r o u s , and f e r r o u s -

O^ P450 c o m p l e x e s w e r e m o d e l l e d b u t w e r e s u b s e q u e n t l y shown 

t o be d e r i v e d f r o m a b i s t h i o l a t e i r o n ( I I I ) s p e c i e s w h i c h had 

n o t b e e n d e t e c t e d i n t h e p r e v i o u s P4 50 m o d e l s t u d i e s . 9 8 

S p e c t r a w h i c h e x h i b i t s u c h s p l i t - S o r e t b a n d s a r e now known a s 

" h y p e r - s p e c t r a " and a r e c h a r a c t e r i s t i c o f i r o n p o r p h y r i n s 

c o o r d i n a t e d by l i g a n d s o f h i g h e l e c t r o n d e n s i t y . 9 7 D i r e c t 

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

b e e n e l u c i d a t e d f r o m r e s o n a n c e Raman (RR) s p e c t r o s c o p y o f t h e 

f e r r i c enzyme s u b s t r a t e c o m p l e x l a b e l l e d w i t h h e a v y and 

l i g h t i s o t o p e s o f i r o n and s u l p h u r . 3 8 F u r t h e r m o r e , m e a s u r e m e n t 

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



d i o x y g e n , c a r b o n m o n o x i d e , a nd f o r t h e e x c h a n g e o f d i o x y g e n 

by c a r b o n m o n o x i d e a t f e r r o u s c y t o c h r o m e P 4 5 0 c a m , " h a v e 

i n d i c a t e d t h a t t h e h e m e - i r o n m e r c a p t i d e l i n k a g e i s r e t a i n e d 

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

a x i a l m e r c a p t i d e l i g a n d i s m a n i f e s t e d i n e x t r e m e l y l o w 

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

(-270mV) a n d s u b s t r a t e - b o u n d (-170mV) c y t o c h r o m e P450cam. 3° 

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

d e n s i t y o n t o t h e . i r o n a t om t o p r o d u c e a n e a s i l y o x i d i z a b l e 

m e t a l c e n t e r . C o m p a r i s o n w i t h o t h e r h e m e - p r o t e i n s y s t e m s 

e x e m p l i f i e s t h i s p o i n t . Some f e r r i d o x i n s , w h i c h c o n t a i n 

d i r e c t i r o n - s u l p h u r l i n k a g e s , a r e c h a r a c t e r i z e d b y e x t r e m e l y 

l o w r e d u c t i o n p o t e n t i a l s (-400mV), w h i l e h i g h e r p o t e n t i a l s 

a r e f o u n d f o r t h e p e r o x i d a s e s (-.13 OmV). a n d more c o n v i n c i n g l y 

f o r t h e m y o g l o b i n s y s t e m (+46mV). . 1 0 - B o t h o f t h e s e s p e c i e s 

a r e known t o c o n t a i n a n i t r o g e n b o u n d h i s t i d i n e r e s i d u e a s 

an a x i a l l i g a n d . 

E v e n t h o u g h t h e a b o v e e v i d e n c e h a s s e e m i n g l y a s s i g n e d 

a m e r c a p t i d e i o n a s t h e a x i a l l i g a n d i n t h e P4 50 c y t o c h r o m e s 

t h i s s u g g e s t i o n h a s b e e n c h a l l e n g e d by i n f o r m a t i o n o b t a i n e d 

f r o m a n o t h e r h e m e - p r o t e i n s y s t e m , C h l o r o p e r o x i d a s e , w h i c h 

e x h i b i t s many o f t h e u n i q u e s p e c t r a l c h a r a c t e r i s t i c s o f 

b a c t e r i a l a n d m i c r o s o m a l P450 c y t o c h r o m e s . 1 0 1 

C h l o r o p e r o x i d a s e i s a g l y c d h e m o p r o t e i n o f M.W. 42,000 

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

medium o f t h e m o u l d CaIderiomyces fumago.102 The r e a c t i o n 
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c a t a l y s e d by t h i s p r o t e i n i s t h e a c t i v a t i o n o f h a l o g e n i o n s 

f o r i n s e r t i o n i n t o a l k y l r e s i d u e s ( R e a c t i o n I I . 4 ) . 

RH + C l " + H 2 0 2 »• RC1 + H 2 0 + OH~ ( I I . 4) 

E x t e n s i v e p r o b i n g o f t h e a c t i v e s i t e o f c h l o r o p e r o x i d a s e h a s 

shown t h a t t h i s enzyme e x h i b i t s many s i m i l a r p h y s i o c h e m i c a l 

p r o p e r t i e s o f t h e P450 c y t o c h r o m e s . 3 3 The i n t e r e s t i n g 

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

s t a t e s t h e p o l y p e p t i d e c o n t a i n s no f r e e s u l p h y d r y l g r o u p s ; 

y e t t h e r e d u c e d c a r b o n m o n o x i d e d e r i v a t i v e e x h i b i t s t h e 

same h y p e r s p e c t r a w i t h a l o w e n e r g y S o r e t a b s o r p t i o n a t 

4 4 3 n m . 1 0 3 T h e s e f a c t s h a v e p r o d u c e d s k e p t i c i s m a b o u t t h e 

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

o f t h e h e m e - i r o n i n t h e P450 c y t o c h r o m e s . 

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

f e r r i c s t a t e o f t h e enzyme h a s a l s o b e e n e x t e n s i v e l y i n v e s 

t i g a t e d a n d , a s y e t , r e m a i n s a m b i g u o u s . 8 2 S i n c e t h e s u b s t r a t e -

f r e e r e s t i n g enzyme h a s a l o w - s p i n c o n f i g u r a t i o n , c o m p a r i s o n 

w i t h o t h e r l o w - s p i n h e m o p r o t e i n s s u p p o r t s t h e a s s i g n m e n t o f 

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

r e m a i n s o b s c u r e , n i t r o g e n , s u l p h u r , and o x y g e n b a s e d l i g a n d s , 

i n c l u d i n g w a t e r a n d h y d r o x i d e h a v e e a c h b e e n c o n s i d e r e d ; 8 2 

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

e f f e c t o f f e r r i c heme on t h e n u c l e a r m a g n e t i c r e s o n a n c e (NMR) 

r e l a x a t i o n r a t e o f H 20 p r o t o n s , and t h e o b s e r v e d e x c h a n g e o f 

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



c a t i o n and t h e b u l k s o l u t i o n . A p r o t o n e x c h a n g e m e c h a n i s m 

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

and s u b s e q u e n t l y c o n f i r m e d by a n e l e c t r o n n u c l e a r d o u b l e 

r e s o n a n c e (ENDOR) i n v e s t i g a t i o n . 8 2 The l o s s o f t h e o b s e r v e d 

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

s u g g e s t s t h a t t h e n a t i v e s u b s t r a t e - f r e e , l o w - s p i n f e r r i c 

enzyme h a s a r a p i d l y e x c h a n g i n g w a t e r m o l e c u l e a s t h e s i x t h 

a x i a l l i g a n d . A s i d e f r o m I^O, t h e a l c o h o l s o f t y r o s i n e ( T y r ) , 

s e r i n e ( S e r ) , o r t h r e o n i n e ( T h r ) , t h e d i s t a l a m i no o f l y s i n e 

( L y s ) , t h e t h i o l o f c y s t e i n (Cys) and t h e t e r m i n a l a m i d e s 

o f g l u t a m i n e ( G i n ) a n d a s p a r a g i n e (Asn) h a v e b e e n c o n s i d e r e d 

a s p o t e n t i a l c a n d i d a t e s . 8 2 M e a s u r e m e n t s a r e n o t c o n s i s t e n t 

w i t h t h e N - l p r o t o n o f h i s t i d i n e ( H i s ) . The d e o x y - f e r r o u s 

s u b s t r a t e - f r e e a n d s u b s t r a t e - b o u n d enzyme s t a t e s c o n t a i n no 

s i x t h a x i a l l i g a n d . 3 8 

The s t r u c t u r a l p r o p e r t i e s o f t h e heme p o c k e t a r e a l s o o f 

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

c y t o c h r o m e P4 50 i s c a p a b l e o f o x i d i z i n g a n y o f t h e known amino 

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

p u b l i s h e d by Dus et at.87 shows t h a t 37% o f t h e p o l y p e p t i d e i s 

made up o f r e s i d u e s c o n t a i n i n g c o m p l e t e l y u n a c t i v a t e d a l k y l 

s i d e c h a i n s ( i . e . a l a n i n e , v a l i n e , l e u c i n e , i s o l e u c i n e , p r o l i n e 

and g l y c i n e ) , w h i l e 19% o f t h e p o l y p e p t i d e c o n t a i n s r e s i d u e s 

t h a t a r e more s u s c e p t i b l e t o o x i d a t i o n ( i . e . T y r , p h e n y l a l a n i n e 

H i s , t r y p t o p h a n e ) . S i n c e t h e enzyme p r o d u c e s an e x t r e m e l y 

p o w e r f u l o x i d i z i n g a g e n t i t w o u l d be l o g i c a l t o assume 



t h e n , t h a t t h e heme p o c k e t must be composed o f l a r g e l y 

t h o s e a m ino a c i d s m o s t r e s i s t a n t t o o x i d a t i o n , s u c h as 

t h e a l i p h a t i c s p e c i e s m e n t i o n e d a b o v e . A l s o , i t w o u l d be 

p l a u s i b l e t o s u g g e s t t h a t o f t h e s e r e s i s t a n t a m ino a c i d s , 

t h o s e w i t h t h e l e a s t b u l k y s i d e c h a i n s s h o u l d be u t i l i z e d 

i n t h e heme p o c k e t . I n t h i s way, any p o t e n t i a l l y h a r m f u l 

i n t e r a c t i o n s b e t w e e n t h e amino a c i d s and t h e a c t i v e 

o x i d i z i n g s p e c i e s w o u l d be m i n i m i z e d . A heme p o c k e t 

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

i s c o n s i s t e n t w i t h t h e k i n e t i c d a t a f o r s u b s t r a t e b i n d i n g 

i n c y t o c h r o m e P 4 5 0 . 1 0 0 T h i s i n f o r m a t i o n i n d i c a t e s a s t r o n g 

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

A t 4°C, t h e f o r w a r d r a t e c o n s t a n t f o r camphor b i n d i n g i n 

c y t o c h r o m e P450cam i s 4.1 x 1 0 ^ M ^ S w h i l e t h e r e v e r s e 

r a t e c o n s t a n t i s 6.0 S . The heme p o c k e t d e s c r i b e d a b o v e 

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

e n v i r o n m e n t s o f t h e p e r o x i d a s e , m y o g l o b i n , and h e m o g l o b i n 

s y s t e m s ;('Figure I I . 9 ) . 

I t i s o f i n t e r e s t t o n o t e t h a t t h e g - c h a i n o f t h e 

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

t o t h e a x i a l l y c o - o r d i n a t e d h i s t i d i n e m o i e t y w h i c h r e a d i l y 

b i n d s t o t h e i r o n atom on m i l d d e n a t u r i n g o f t h e p r o t e i n . 1 0 4 

T h i s t h e n , may p r o v i d e a p o s s i b l e p h y l o g e n e t i c l i n k b e t w e e n 

t h e s e e n z y m e s . 

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

u n t i l t h e c r y s t a l l o g r a p h i c s t r u c t u r e o f c y t o c h r o m e P450 i s 



F i g u r e I I . 9 Heme e n v i r o n m e n t s o f m y o g l o b i n ( A ) , 
h e m o g l o b i n ( B ) , and p e r o x i d a s e ( G ) ; ' R e f . 1 0 4 . 
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c o m p l e t e , i t c a n be s a i d t h a t t h e heme p o c k e t m u s t be 

m a n i p u l a t e d i n t h e enzyme t o p r o v i d e a n e n v i r o n m e n t i n 

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

s u g g e s t i o n s p u t f o r t h 1 0 4 i n c l u d e t h e f o r m a t i o n o f a 

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

t h e a m i n o a c i d s i n t h e heme p o c k e t i s u n l i k e l y , a n d , 

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

r e a c t i v e o x i d i z i n g u n i t a l l o w i n g o n l y r e a c t i o n w i t h t h e 

s u b s t r a t e t o t a k e p l a c e . The a c t u a l mode o f i n t e r a c t i o n , 

h o w e v e r , c a n o n l y be e l u c i d a t e d by e x t e n s i v e s t u d y i n t h e 

f u t u r e . 



I I . 4 M e c h a n i s m o f A c t i o n 

L i m i t i n g t h e d i s c u s s i o n t o t h e m e c h a n i s m o f o x i d a t i o n 

o f u n a c t i v a t e d C-H b o n d s , t h e o v e r a l l r e a c t i o n c a t a l y s e d 

by c y t o c h r o m e P450 c a n be g e n e r a l i z e d by R e a c t i o n 1.1. The 

p o s t u l a t e d c a t a l y t i c s e q u e n c e i s a s i x s t e p p r o c e s s i n v o l v i n g 

t h e t r a n s f e r o f h i g h e n e r g y e l e c t r o n s f r o m NADH/NADPH t o 

c y t o c h r o m e P450 w i t h t h e c o n c o m i t a n t two e l e c t r o n r e d u c t i o n 

o f m o l e c u l a r o x y g e n t o y i e l d t h e o x i d i z e d s u b s t r a t e a n d 

w a t e r ( F i g u r e 1 1 . 1 0 ) . The m e c h a n i s m by w h i c h t h i s p r o c e s s 

t a k e s p l a c e h a s b e e n an i n t r i g u i n g p r o b l e m a n d a l t h o u g h a 

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

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

r e m a i n s o b s c u r e . The c a t a l y t i c c y c l e t o be d e s c r i b e d was 

o r i g i n a l l y p r o p o s e d by E s t a b r o o k 3 4 and . i s v a l i d f o r a l l 

c l a s s e s o f c y t o c h r o m e P 4 5 0 . 

Many s p e c t r o s c o p i c t e c h n i q u e s , i n c l u d i n g e l e c t r o n i c 

a b s o r p t i o n , EPR, M o s s b a u e r , RR, NMR, m a g n e t i c c i r c u l a r 

d i c h r o i s m ( M C D ) , a n d ENDOR, h a v e b e e n u t i l i z e d t o p r o b e t h e 

a c t i v e s i t e a t e a c h s t e p i n t h e c a t a l y t i c s e q u e n c e . 3 3 a , 3 8 , 8 1 , 

O n l y b r i e f r e f e r e n c e t o a few o f t h e s e t e c h n i q u e s w i l l be 

g i v e n h e r e . 

The f i r s t s t e p i n t h e c a t a l y t i c p a t h w a y ( F i g u r e 1 1.10; 

c o n v e r s i o n 1 2) i s t h e r e v e r s i b l e b i n d i n g o f s u b s t r a t e 

by t h e l o w - s p i n f e r r i c c y t o c h r o m e P450 ( r e s t i n g enzyme) 

w h i c h p r o d u c e s a h i g h - s p i n s u b s t r a t e c o m p l e x . 1 0 5 F o r m a t i o n 

o f t h e s e s u b s t r a t e c o m p l e x e s i s g e n e r a l l y m a n i f e s t e d i n 
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( 1 ) 

^Product) ROH ( , o w - s P ' n ""©sting enzyme) 

(6) Fe3+0] • RH 
H 2 0 

2 H +  

(5) [FeOj-RH 

Rate limiting 

e -

R '0 2 H 
or 

Fe2+0,« RH 

(4) 

RH (substrate) 

Fe3+* RH (high-spin) (2) 

Fe2+» RH (high-spin) (3) 

F i g u r e 11.10 P r o p o s e d r e a c t i o n c y c l e o f c y t o c h r o m e P450 



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

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

t h e S o r e t r e g i o n o f P. puti'da c y t o c h r o m e P450cam h a s a n 

i n t e n s e b a n d a t 418nm f o r t h e s u b s t r a t e - f r e e c o m p l e x w h i c h 

s h i f t s t o 391nm on t h e a d d i t i o n o f camphor ( F i g u r e 1 1 . 1 1 ) . 

D i s t i n c t s p e c t r a l c h a n g e s a r e a l s o o b s e r v e d i n t h e 500-

600nm r e g i o n . The s p e c t r a l c h a n g e s o b s e r v e d d u r i n g b i n d i n g 

o f s u b s t r a t e t o t h e P4 50 c y t o c h r o m e s a r e p a r a l l e l e d by 

s p i n c h a n g e s a t t h e p a r a m a g n e t i c i r o n c e n t e r . EPR and 

M o s s b a u e r s i g n a l s c h a r a c t e r i s t i c o f a l o w - s p i n i r o n heme 

(S=h) a r e o b s e r v e d i n t h e s u b s t r a t e - f r e e c o m p l e x , w h i l e 

s i g n a l s i n d i c a t i n g a h i g h - s p i n i r o n s p e c i e s (S=5/2) a r e 

o b s e r v e d on t h e b i n d i n g o f s u b s t r a t e . 3 8 O t h e r c h a n g e s 

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

e n z y m e 1 0 0 f r o m -270 t o -170mV, a s w e l l a s an i n c r e a s e i n 

t h e i s o e l e c t r i c p o i n t ( p i ) o f t h e enzyme (4.55 t o 4 . 6 7 ) . 8 7 

P r o t o n NMR a n d ENDOR s t u d i e s s u g g e s t t h e l o s s o f a n a x i a l l y 

c o o r d i n a t e d o x y g e n o r n i t r o g e n b a s e d l i g a n d (most l i k e l y 

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

t h e s o l v e n t p r o t o n s and t h e p a r a m a g n e t i c i r o n c e n t r e . 8 2 

From t h e s e d a t a , t h e i n t e r a c t i o n o f t h e r e s t i n g enzyme 

w i t h t h e s u b s t r a t e f o r b a c t e r i a l P450cam h a s b e e n s p e c u l a t e d 

u p o n . 1 0 7 I n i t i a l l y , t h e t h i o l a t e and w a t e r - b o u n d i r o n a t o m 

i s f o u n d i n t h e p l a n e of. t h e p o r p h y r i n a s t h e l o w - s p i n 

s p e c i e s . The p r o s t h e t i c g r o u p i s s u r r o u n d e d by t h e heme 

p o c k e t e x i s t i n g a s a r a t h e r e x p o s e d h y d r o p h o b i c a r e a o f t h e 
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I -11-

Wavelength (hrrij 

F i g u r e 11.11 



enzyme. R e m o v a l o f t h e h y d r o p h o b i c h y d r o c a r b o n camphor 

s u b s t r a t e f r o m t h e a q u e o u s e n v i r o n m e n t i n t o t h e o p e n n o n -

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

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

i n v o l v i n g t h e p o l y p e p t i d e . The i r o n atom i s , i n t u r n , 

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

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

P 4 5 0 . The heme p o c k e t s u b s e q u e n t l y c o n s t r i c t s a r o u n d t h e 

s u b s t r a t e a n d r e d u c e s e x p o s u r e t o t h e b u l k s o l v e n t . 

H y d r o g e n b o n d i n g , 1 0 4 s t e r i c c o m p r e s s i o n 1 0 4 and more r e c e n t l y , 

t h i o h e m i k e t a l b o n d f o r m a t i o n 1 0 8 h a v e b e e n t h o u g h t t o c o n s t r a i n 

t h e s u b s t r a t e m o l e c u l e i n c l o s e p r o x i m i t y t o t h e a c t i v e s i t e . 

S u b s t r a t e b i n d i n g i s a r e v e r s i b l e p r o c e s s and i s n o t t h e 

r a t e - l i m i t i n g s t e p i n t h e c a t a l y t i c p a t h w a y . 

The c h a n g e i n r e d o x p o t e n t i a l on s u b s t r a t e b i n d i n g 

( i . e . -27 0 t o -17 0mV) a l l o w s f o r t h e s e c o n d s t e p o f t h e 

c y c l e t o p r o c e e d ( F i g u r e 11.10; c o n v e r s i o n 2 »-3) . 

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

an i r o n - s u l p h u r p r o t e i n (-240mV) t o t h e h i g h - s p i n f e r r o u s 

s t a t e , (S=2) . R e d u c t i o n o f t h e f e r r i c c o m p l e x i s a g a i n 

m a n i f e s t e d i n m a r k e d c h a n g e s i n b o t h t h e S o r e t and v i s i b l e 

r e g i o n s o f t h e a b s o r p t i o n s p e c t r u m ; r e d u c t i o n o f campho r -

bound c y t o c h r o m e P4 50cam c a u s e s a r e d s h i f t o f t h e S o r e t 

b a n d a t 391nm t o 409nm and f o r m a t i o n o f a d i s t i n c t v i s i b l e 

b a n d a t 540nm ( F i g u r e 1 1 . 1 1 ) . 

The t h i r d s t e p i n t h e m e c h a n i s t i c p a t h w a y ( F i g u r e 11.10; 

c o n v e r s i o n 3 ^ 4 ) i s t h e r e v e r s i b l e b i n d i n g o f d i o x y g e n t o 
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t h e h i g h - s p i n f e r r o u s s u b s t r a t e c o m p l e x w i t h f o r m a t i o n o f a 

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

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

s p e c i e s c h a r a c t e r i z e d by a d i s t i n c t " h y p e r - s p e c t r u m " 

e x h i b i t i n g a S o r e t a b s o r p t i o n a t 418nm and a h i g h e r e n e r g y 

t r a n s i t i o n a t 350nm ( F i g u r e 1 1 . 1 1 ) . S u b s t i t u t i o n o f t h e 

d i o x y g e n m o l e c u l e by c a r b o n m o n o x i d e a t t h i s p o i n t g i v e s 

t h e c h a r a c t e r i s t i c c y t o c h r o m e P450 a b s o r p t i o n s p e c t r u m 

f r o m w h i c h t h e enzyme was named ( F i g u r e 1 1 . 1 1 ) . F i g u r e 11.12 

shows t h e d i s t i n c t " h y p e r - s p e c t r a " o f o x y - a n d c a r b o x y -

P450cam. . .EPR s t u d i e s o f o x y c y t o c h r o m e P450 i n d i c a t e t h a t 

€ mM 
60 

90 

30 

300 400 500 600 

Wavelength (hm) 

F i g u r e 11.12 O p t i c a l s p e c t r a o f c a r b o n y l a t e d ( ) a n d 
o x y g e n a t e d ( ) f e r r o u s c y t o c h r o m e 
P450cam; R e f . 4 2 . 
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t h e c o m p l e x i s a l o w - s p i n s p e c i e s w h i c h i s c o m p a r a b l e w i t h 

d i o x y g e n c o m p l e x e s o f o t h e r h e m o p r o t e i n s 1 0 9 s u c h as m y o g l o b i n 

and h e m o g l o b i n . However, i n c o n t r a s t t o o x y m y o g l o b i n and' 

o x y h e m o g l o b i n , t h e o x y g e n a t e d P450 s p e c i e s a r e c h a r a c t e r i z e d 

by m a r k e d i n s t a b i l i t y a t a m b i e n t t e m p e r a t u r e s ( e . g . a t 

22°C and pH 7.0, t , - l m i n ) . The P 4 5 0 - a u t o o x i d a t i o n p r o c e s s 

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

s u p e r o x i d e a s HC^ w i t h r e g e n e r a t i o n o f t h e c o r r e s p o n d i n g 

f e r r i c ( r e s t i n g ) s t a t e . 1 0 The i n s t a b i l i t y o f o x y c y t o c h r o m e 

P450 i s a t t r i b u t e d t o t h e h i g h e l e c t r o n d e n s i t y o f t h e 

t h i o l a t e l i g a n d b e i n g t r a n s m i t t e d t o t h e c o o r d i n a t e d o x y g e n 

m o l e c u l e . M o s s b a u e r s p e c t r o s c o p y 1 1 0 h a s d e m o n s t r a t e d t h a t 

t h e i r o n o f t h e o v e r a l l d i a m a g n e t i c o x y - P 4 5 0 c o m p l e x c l o s e l y 

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

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

i r o n c h a r g e d i s t r i b u t i o n . O x y c y t o c h r o m e P4 50 c o m p l e x e s 

h a v e b e e n s u b s e q u e n t l y s t a b i l i z e d a t l o w e r t e m p e r a t u r e s a nd 

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

heme d e r i v a t i v e s 1 0 ( e . g . a t 0°c a n d pH-7.0 t h e i r o n ( I I ) 

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

c y t o c h r o m e P450 h a s a h a l f - l i f e o f 450 m i n u t e s ) . G e n e r a l l y 

up t o t h i s s t a g e o f d i o x y g e n a d d i t i o n i n t h e e n z y m a t i c 

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

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

w e l l u n d e r s t o o d . 

The n e x t , and r a t e l i m i t i n g s t e p , i n t h e e n z y m a t i c 

r e a c t i o n ( F i g u r e 1 1 . 1 0 ; c o n v e r s i o n 4 *• 5) i s a f u r t h e r 



o n e - e l e c t r o n r e d u c t i o n o f o x y c y t o c h r o m e P 450. T h i s s t e p 

i n d u c e s t h e c l e a v a g e o f b ound d i o x y g e n t o p r o d u c e an 

" a c t i v a t e d o x y g e n " c o m p l e x t h a t i s t y p i c a l l y c a p a b l e o f 

o x i d i z i n g u n a c t i v a t e d C-H b o n d s . As y e t , l i t t l e i s known 

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

t h e s u b s e q u e n t s t e p s l e a d i n g t o t h e o x y g e n a t i o n o f t h e 

s u b s t r a t e . H owever, f r o m i n f o r m a t i o n a c c u m u l a t e d t o d a t e 

on t h e n a t i v e P450cam s y s t e m , o t h e r h e m o p r o t e i n s , a n d 

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

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

s t e p s o f F i g u r e 11.10. 

The a b i l i t y t o s h u n t t h e e n z y m a t i c c y c l e ( F i g u r e 

1 1.10; c o n v e r s i o n 1 »-5) u s i n g o r g a n i c p e r o x i d e s 1 1 1 

a s w e l l a s h y d r o g e n p e r o x i d e i t s e l f , 1 1 2 and s t i l l o b t a i n 

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

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

o f t h e o x y g e n a t e d enzyme ( F i g u r e 11.10; c o n v e r s i o n 4- +• 5) 

was a h e m e - i r o n c o o r d i n a t e d p e r o x i d e c o m p l e x . S u b s e q u e n t 

m o d e l s t u d i e s 1 1 3 , 1 1 4 showed t h a t t h i s i n t e r m e d i a t e may 
2 

i n f a c t be t h e h i g h - s p i n f e r r i c n_ - p e r o x i d e c o m p l e x (1) 
shown i n Scheme I I . 1 . 

The m o n o n u c l e a r p e r o x o c o m p l e x (1) was p r o d u c e d 

b o t h s y n t h e t i c a l l y 1 1 3 and e l e c t r o c h e m i c a l l y 1 1 4 b u t 

u n f o r t u n a t e l y d i d n o t e x h i b i t any o f t h e o x i d i z i n g p o w e r s 

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

m o d e l s y s t e m s o f t h e a x i a l t h i o l a t e l i g a n d . 1 1 4 O t h e r 



53 

Scheme II.1 

probable s t r u c t u r e s f o r the reduced oxy-P450 complex 

have been proposed a l l of which invoke a s i m i l a r p e r o x i d e 

l i k e i n t e r m e d i a t e . 1 1 5 Although the intermediacy of t h i s 

s p e c i e s i s only s p e c u l a t i v e , the proposed peroxy complex 

r e p r e s e n t s a p l a u s i b l e precusor t h a t has a l l the e l e c t r o n 

e q u i v a l e n t s needed f o r methylene carbon h y d r o x y l a t i o n , 

water p r o d u c t i o n , and r e g e n e r a t i o n of the f e r r i c P450 

r e s t i n g enzyme. 

Assuming then t h a t the peroxy complex (1) r e p r e s e n t s 

the e l e c t r o n i c c o n f i g u r a t i o n a t the heme c e n t r e immediately 

a f t e r the r e d u c t i o n of oxycytochrome P450, p r o d u c t i o n o f 

the " a c t i v a t e d oxygen complex" (Figure 11.10; c o n v e r s i o n 5 —-6) 

i s s p e c u l a t e d to occur via cleavage of the peroxy 0-0 bond. 

P r e s e n t l y , the evidence i s i n favour of h e t e r o l y t i c 0-0 bond 

cleavage b e f o r e s u b s t r a t e o x i d a t i o n . The mechanism of the 

h e t e r o l y t i c cleavage r e a c t i o n as d e p i c t e d i n Scheme II.2 i s 
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Scheme II.2 
t h o u g h t t o p r o c e e d e i t h e r by d o u b l e p r o t o n a t i o n w i t h l o s s 

o f w a t e r , o r by n u c l e o p h i l i c a t t a c k o f t h e bound p e r o x i d e 

a t a c a r b o x y l a t e r e s i d u e o f a n a mino a c i d s i d e c h a i n 

( p r o d u c i n g a t r a n s i e n t a c y l p e r o x i d e ) f o l l o w e d b y 0-0 

bond c l e a v a g e and e l i m i n a t i o n o f c a r b o x y l a t e . 1 1 5 

I r r e g a r d l e s s o f t h e p r e c i s e m e c h a n i s m o f 0-0 bond c l e a v a g e , 

one o f t h e o x y g e n atoms l e a v e s a t t h e o x i d a t i o n l e v e l o f 

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

t h e h e m e - i r o n . T h i s s p e c i e s , f o r m a l l y a f e r r i c o x e n e ( o x y g e n 

atom) c o m p l e x ( 2 ) , i s s p e c u l a t e d a s t h e p o w e r f u l o x i d i z i n g 

a g e n t u t i l i z e d by t h e P450 c y t o c h r o m e s . S u p p o r t f o r s u c h 

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

i o d o s y l b e n z e n e (3) , a s i n g l e o x y g e n a tom d o n o r , c a n be 

u s e d t o e f f e c t t h e o x y g e n a tom t r a n s f e r i n a manner 

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

( F i g u r e 1 1.10; c o n v e r s i o n 1 » - 6 ) . 1 1 6 P e r a c i d s h a v e b e e n 
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u s e d a s w e l l t o p r o d u c e t h e same r e s u l t s w i t h t h e n a t i v e 

e n z y m e . 1 1 1 The a b i l i t y o f i o d o s y l b e n z e n e t o r e p l a c e b o t h 

NADPH and d i o x y g e n i n t h e e n z y m a t i c c y c l e o f l i v e r m i c r o 

s o m a l P450 was f i r s t o b s e r v e d b y U l l r i c h et at..117 and 

ha s s u b s e q u e n t l y b e e n m o d e l l e d b y G r o v e s et at. 4 1 , 1 1 8 

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

More r e c e n t l y , G r o v e s et at.1'1 h a v e f o l l o w e d up t h e s e 

f i n d i n g s s h o w i n g t h a t f e r r i c t e t r a - m e s i t y l p o r p h y r i n (4)# 

when t r e a t e d w i t h a p e r a c i d , y i e l d s a m o n o x y - i r o n p o r p h y r i n 

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



by t h e n a t i v e P450 enzymes. A m o n o x y - r u t h e n i u m a n a l o g h a s 

b e e n r e c e n t l y p r o d u c e d a l s o . 1 1 9 S u p p o r t f o r t h e monoxy-

g e n a t e d o x i d i z i n g a g e n t o f t h e P450 c y t o c h r o m e s i s f u r t h e r 

s u b s t a n t i a t e d by c o m p a r i n g t h i s " a c t i v a t e d o x y g e n " s p e c i e s 

w i t h t h e enzymes c a t a l a s e ( C a t ) and h o r s e r a d i s h p e r o x i d a s e 

(HRP) i n t h e i r h i g h e s t , e n z y m a t i c a l l y a c t i v e , o x i d a t i o n 

s t a t e s known as compounds I . 1 2 0 Compounds I o f b o t h c a t a l a s e 

( C a t I ) and h o r s e r a d i s h p e r o x i d a s e (HRP I ) a r e g e n e r a t e d when 

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

h y d r o g e n p e r o x i d e - m e d i a t e d , o x i d a t i o n . T h e s e enzyme 

s y s t e m s a l o n g w i t h t h e P4 50 c y t o c h r o m e s a r e t h o u g h t t o 

i n v o k e t h e same m o n o o x y - i r o n i n t e r m e d i a t e i n t h e i r r e s p e c t i v e 

e n z y m a t i c c y c l e s . L a b e l l e d o x y g e n 1 2 1 and more r e c e n t l y 

E N D O R 1 2 2 s t u d i e s o f HRPI h a v e shown t h a t t h e c o m p l e x c o n t a i n s 

an o x o l i g a n d b o und t o t h e h e m e - i r o n , w h i c h i s a n a l o g o u s t o 

t h e f e r r i c o x e n e c o m p l e x p o s t u l a t e d a s t h e a c t i v e o x i d i z i n g 

a g e n t o f t h e P450 c y t o c h r o m e s . 

A l t h o u g h f o r m u l a t e d a s a f e r r i c - o x e n e s p e c i e s , t h e 

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

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

c o u l d be e x p e c t e d t o p a r a l l e l t h a t o f t h e a n a l o g o u s c a r b e n e 

s p e c i e s . 1 2 3 T h a t i s , t h e oxygen-atom s h o u l d i n s e r t d i r e c t l y 

i n t o C-H b o n d s and a c r o s s o l e f i n i c d o u b l e b o n d s w i t h o u t l o s s 

o f s t e r e o c h e m i s t r y . I t h a s b e e n d e t e r m i n e d , h o w e v e r , t h a t 

c y t o c h r o m e P 4 5 0 - m e d i a t e d o x i d a t i o n s do n o t f u n c t i o n via s u c h 

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



n o t c o r r e c t . 1 1 0 

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

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

shown i n Scheme I I . 3 . 

:0: :0: 'O* '9' 
I I I » " n 

Fe(Hl)P— Fe(iv)P— Fe(iv)P+* — Fe(iv)P+* — Fe (V) P 
Ferric Oxene'" * Porphyrin - n - cation Radicals" 

P= protoporphyrin ix 

Scheme II.3 
E x t e n s i v e c h a r a c t e r i z a t i o n o f t h e o x o - i r o n t e t r a -

m e s i t y l p o r p h y r i n c o m p l e x i s o l a t e d by G r o v e s et al,1*1 h a s 

shown t h a t t h e m o s t l i k e l y s t r u c t u r e f o r t h e " a c t i v a t e d 

o x y g e n " c o m p l e x i s t h e o x o - i r o n ( I V ) - p o r p h y r i n i r - c a t i o n 

r a d i c a l (Scheme I I . 3 ) ; h o w e v e r , d e p e n d i n g on t h e a x i a l l i g a n d 

t h e i n t e r m e d i a t e c a n a l s o e x i s t a s t h e F e ( V ) c o m p l e x . The 

r e c e n t c h a r a c t e r i z a t i o n o f an o x o p o r p h i n a t o c h r o m i u m (V) 

c o m p l e x 1 2 4 p r o v i d e s i n d i r e c t e v i d e n c e t h a t an o x o - i r o n (V) 

i n t e r m e d i a t e may be i n v o l v e d i n t h e P450 e n z y m a t i c c y c l e , 

w h i l e U l l r i c h et al.125 h a v e s u g g e s t e d t h e F e I V - 6- s t r u c t u r e 

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

o x y g e n " c o m p l e x i s p r o b a b l y a r e s o n a n c e m i x t u r e o f t h e 
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s t r u c t u r e s l i s t e d i n Scheme I I . 3, s u p p o r t f o r t h e F e ( I V ) -

p o r p h y r i n i r - c a t i o n r a d i c a l i n t e r m e d i a t e i s p r o v i d e d by 

e x t e n s i v e i n v e s t i g a t i o n s o f t h e a c t i v e e n z y m a t i c i n t e r 

m e d i a t e s o f HRPI and C a t I . 1 2 0 / I 2 6 As w e l l , c a t a l a s e c a n 

c a t a l y s e t h e N - d e m e t h y l a t i o n o f s m a l l s u b s t r a t e s , 1 2 7 a 

r e a c t i o n c h a r a c t e r i s t i c o f t h e P450 c y t o c h r o m e s , t h u s 

s u g g e s t i n g t h e e x i s t e n c e o f a common i r o n - o x o n - c a t i o n 

r a d i c a l i n t e r m e d i a t e w i t h i n t h e s e enzyme s y s t e m s . The 

r e a s o n t h a t C a t and HRP do n o t a c t i v e l y c a t a l y s e P 4 5 0 -

l i k e o x i d a t i o n s i s t h o u g h t t o be due t o t h e e x t r e m e l y 

s m a l l h e m e - p o c k e t s u r r o u n d i n g t h e heme g r o u p i n t h e s e 

e nzymes. 

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

4 — ^ 6 ( F i g u r e 11.10) o f t h e c a t a l y t i c c y c l e i s a l s o u n c l e a r 

and s p e c u l a t i v e a t b e s t . I t h a s b e e n s u g g e s t e d t h a t t h e 

t h i o l a t e a i d s i n s p l i t t i n g t h e p e r o x i d e bond by w e a k e n i n g 

t h e 0-0 bond t h r o u g h c h a r g e r e p u l s i o n i n t h e n e i g h b o u r h o o d 

o f t h e e l e c t r o n - r i c h i r o n a t o m . 1 0 6 C o m p a r i s o n o f t h e a u t o -

o x i d a t i o n r a t e s o f oxy-P4 50 1°with oxy-Mb s u g g e s t s t h a t t h e 

i n c r e a s e i n e l e c t r o n d e n s i t y p r o v i d e d by t h e t h i o l a t e l i g a n d 

v e r s u s i m i d a z o l e may e n h a n c e t h e f a c i l i t y o f t h e 0-0 bond 

c l e a v a g e r e a c t i o n . 1 0 / 1 0 9 U l l r i c h et al.125 on t h e o t h e r 

h a n d , s u g g e s t s t h a t t h e t h i o l a t e l i g a n d i s o n l y r e q u i r e d 

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

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

o f t h e " a c t i v a t e d o x y g e n " c o m p l e x . I t may be n o t e d h e r e 



t h a t t h i o l a t e i s n o t a r e q u i r e d l i g a n d f o r t h e C a t I and 

HRP I s y s t e m s w h i c h i n v o l v e a x i a l p h e n o x i d e and i m i d a z o l e , 

r e s p e c t i v e l y . 1 2 0 S i n c e l i t t l e d e f i n i t i v e i n f o r m a t i o n i s 

known, t h e t h i o l a t e i s g e n e r a l l y t h o u g h t o f as p r o v i d i n g 

an e x t r e m e l y e l e c t r o n r i c h i o n atom w h i c h b o t h d e s t a b i l i z e s 

t h e p e r o x y i n t e r m e d i a t e and s t a b i l i z e s t h e e l e c t r o p h i l i c 

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

o f t h e t h i o l a t e a w a i t s f u r t h e r s t u d y . 

The f i n a l s t e p i n t h e c a t a l y t i c c y c l e ( F i g u r e 11.10; 

c o n v e r s i o n 6 — * - l ) i s t h e o x i d a t i o n o f t h e o r g a n i c 

s u b s t r a t e by t h e a c t i v e " o x e n o i d " o x i d i z i n g a g e n t . S t u d i e s 

w i t h b o t h c y t o c h r o m e s P450 and m o d e l s y s t e m s s u g g e s t t h a t 

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

a s u b s t r a t e r a d i c a l ; 4 2 / 1 1 1 ' 1 1 8 a r 1 2 8 t h e i s o t o p e e f f e c t s 

and r e g i o - a n d s t e r e o s e l e c t i v i t y o f P450 o x i d a t i o n s a l l 

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

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

a r g u e f o r a n u n c h a r g e d ( r a d i c a l ) s u b s t r a t e i n t e r m e d i a t e 4 2 ' 1 0 6 

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

t h e i n s e c t i c i d e D i e l d r i n . 1 2 9 The f o r m a t i o n and h y d r o x y l a t i o n 

o f s u c h a s u b s t r a t e f r e e r a d i c a l i s t h o u g h t t o o c c u r a s 

o u t l i n e d i n Scheme I I . 4. A b s t r a c t i o n o f a h y d r o g e n a tom 

f r o m s u b s t r a t e (R-H) by t h e a c t i v e o x i d i z i n g a g e n t o f P450 

p r o d u c e s t h e s u b s t r a t e r a d i c a l and an i r o n ( I V ) p o r p h y r i n 

c o m p l e x e d by h y d r o x i d e . S u b s e q u e n t t r a n s f e r o f a n i r o n -

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

t h e o x i d i z e d s u b s t r a t e and t h e r e s t i n g enzyme ( F e ( I I I ) ) 
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Scheme II.4 

r e a d y f o r a n o t h e r c a t a l y t i c c y c l e . E l i m i n a t i o n o f t h e p o l a r 

m e t a b o l i t e f r o m t h e n o n - p o l a r heme p o c k e t p r o v i d e s t h e 

d r i v i n g f o r c e f o r t h e r e l e a s e o f t h e o x i d i z e d s u b s t r a t e . 

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

o x i d a t i v e s t e p i n t h e c a t a l y t i c c y c l e o f t h e P4 50 c y t o c h r o m e s 

r e q u i r e more e x p e r i m e n t a l s u p p o r t . 

I t i s i n t e r e s t i n g t o n o t e t h a t i n many a r e a s o f o x y g e n 

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

s t o r a g e , and u t i l i z a t i o n o f d i o x y g e n a n d i t s r e d u c e d 

d e r i v a t i v e s . 4 2 / 1 0 6 I n f a c t , t h e i n t e r m e d i a c y o f b o t h t h e 

oxe n e a n d h y d r o x y l r a d i c a l i n t h e c a t a l y t i c c y c l e o f P450 

o x i d a t i o n s , w h i c h a r e s t a b i l i z e d by c o o r d i n a t i o n t o an 

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

c h e m i s t r y o u t l i n e d i n F i g u r e 1.2. E a c h o f t h e p o s s i b l e o x y g e n 



i n t e r m e d i a t e s shown t h e r e h a s b e e n u t i l i z e d by N a t u r e a n d 

i s s t a b i l i z e d i n e a c h c a s e by t h e u s e o f a heme p r o t e i n . 1 0 

T h e r e f o r e , i n summary, c y t o c h r o m e P450 has b e e n c o n s i d e r e d 

as N a t u r e ' s e q u i v a l e n t t o F e n t o n ' s r e a g e n t 1 0 6 w h e r e t h e 

h i g h l y r e a c t i v e h y d r o x y l r a d i c a l s and o x e n e s a r e c o n t r o l l e 

b y t h e i r i n t e r a c t i o n w i t h t h e h e m o p r o t e i n . 



I I . 5 The I n t e r a c t i o n o f C a r b o n M o n o x i d e w i t h C y t o c h r o m e P4 50 

The i n t e r a c t i o n o f s m a l l g as m o l e c u l e s , s u c h a s CO and 

0 2 , w i t h m e t a l l o p o r p h y r i n s p e c i e s h a s i n t r i g u e d s c i e n t i s t s 

o f a l l d i s c i p l i n e s e v e r s i n c e s u c h s p e c i e s w e r e r e c o g n i z e d 

as b e i n g t h e c a t a l y t i c c e n t e r s i n numerous n a t u r a l l y 

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

m e t a l l o p o r p h y r i n c o n t a i n i n g p r o t e i n s a r e t h e 0^ c a r r i e r s , 

m y o g l o b i n a n d h e m o g l o b i n , 1 0 9 a l t h o u g h v a r i o u s o x i d a s e s 

( i . e . c y t o c h r o m e o x i d a s e ) 1 3 0 and o x y g e n a s e s ( i . e . P450 

c y t o c h r o m e s ) 3 3 a h a v e a l s o b e e n s t u d i e d e x t e n s i v e l y . A l l 

o f t h e s e b i o s y s t e m s u t i l i z e t h e f e r r i c - i r o n p o r p h y r i n 

m o i e t y ( t h e heme u n i t ) a s t h e i r p r o s t h e t i c g r o u p w h i c h 

i n t h e f e r r o u s s t a t e c h a r a c t e r i s t i c a l l y b i n d s 0 2 and 

f o r m s s t a b l e c o m p l e x e s w i t h CO; i n e a c h c a s e t h e 0 2 o r CO 

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

heme m o i e t y . An i m p o r t a n t p r o p e r t y o f t h e o x y - ( 0 2 c o m p l e x ) 

and t h e c a r b o n monoxy-(CO c o m p l e x ) i r o n b o n d s i s t h a t t h e y 

c a n be b r o k e n by i r r a d i a t i o n w i t h v i s i b l e l i g h t . The 

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

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

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

o f o x y and c a r b o n monoxy Hb ( H a l d a n e and S m i t h , 18 96) showed 

t h a t e x p o s u r e t o s o l a r l i g h t o f a m i x t u r e o f o x y - and c a r b o n 

m o n o x y - c o m p l e x e s p r o d u c e d a m a r k e d d e c r e a s e i n t h e amount 

o f t h e CO- d e r i v a t i v e a n d an i n c r e a s e i n t h e 0 2 f o r m . 1 3 1 

As w e l l , t h e a b i l i t y o f w h i t e l i g h t t o r e v e r s e t h e c a r b o n 
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m o n o x i d e i n h i b i t i o n o f t h e s t e r o i d C21 h y d r o x y l a t i o n o f 

1 7 - h y d r o x y p r o g e s t e r o n e l e d t o t h e i n i t i a l d i s c o v e r y o f 

t h e f u n c t i o n o f t h e P4 50 c y t o c h r o m e s i n mammalian s y s t e m s 

( S e c t i o n I I . l ) . . 2 1 a To d a t e , p h o t o d i s s o c i a t i o n w i t h a h i g h 

q u antum y i e l d h a s b e e n shown t o be a g e n e r a l c h a r a c t e r i s t i c 

o f a l l c a r b o n m o n o x y - h e m o p r o t e i n c o m p l e x e s and t h a t t h e 

p r o t e i n - f r e e CO-heme c o m p l e x i t s e l f i s p h o t o d i s s o c i a t e d 

w i t h a q uantum y i e l d o f o n e . 1 0 9 The o x y - d e r i v a t i v e s o f 

t h e s e h e m o p r o t e i n s a r e a l s o p h o t o d i s s o c i a b l e ; 1 0 9 h o w e v e r , 

t h e q uantum y i e l d i s much l o w e r by a f a c t o r o f -3 0 t h a n 

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

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

t h e CO c o m p l e x e s , i s o f g r e a t p r a c t i c a l i m p o r t a n c e b e c a u s e 

i t r e p r e s e n t s t h e b a s i s f o r k i n e t i c m e a s u r e m e n t s by t h e 

f l a s h p h o t o l y s i s m e t h o d . I n d e e d , t h e f i r s t s p e c i a l method 

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

was i n t r o d u c e d by G i b s o n 1 3 2 i n t h e m i d 1 9 5 0 ' s f o r t h e 

s t u d y o f m y o g l o b i n and h e m o g l o b i n w i t h CO. I n f o r m a t i o n 

g a t h e r e d f r o m k i n e t i c e x p e r i m e n t s s u c h a s t h e s e , t o g e t h e r 

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

d i f f i c u l t t o i n t e r p r e t , c a n be u s e d t o d r a w c o n c l u s i o n s on 

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

a s w e l l as on t h e m e c h a n i s m o f t h e i n t e r a c t i o n o f g a s s e s 

s u c h a s CO w i t h t h e v a r i o u s h e m o p r o t e i n s . 1 0 9 T h i s s e c t i o n 

w i l l be c o n c e r n e d , t h e r e f o r e , w i t h t h e method o f f l a s h 

p h o t o l y s i s a s a p p l i e d t o t h e i n t e r a c t i o n o f t h e P450 

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



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

be g i v e n f o l l o w e d b y a c o m p i l a t i o n o f k i n e t i c i n f o r m a t i o n 

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

( e . g . s t o p p e d f l o w ) . Some c o n c l u s i o n s a r e d r a w n . E q u i l i b r i u m 

b i n d i n g s t u d i e s w i l l be i n c l u d e d w h e r e n e c e s s a r y , a n d 

i n f o r m a t i o n g a t h e r e d o n t h e P450 s y s t e m w i l l be c o m p a r e d 

w i t h r e l e v a n t d a t a f r o m t h e Mb and Hb s y s t e m s , a s w e l l a s 

f r o m m o d e l s f o r c y t o c h r o m e P 4 5 0 . 

The i n t e r a c t i o n o f p r o t e i n s c o n t a i n i n g a s i n g l e heme 

p e r m o l e c u l e , s u c h a s t h e P450 o r Mb s y s t e m s , w i t h CO c a n 

be r e p r e s e n t e d by R e a c t i o n I I . 5 . Where F e ( I I ) i s t h e f e r r o u s 

k k 
Fe(II) + CO 0rV F e ( I I ) - C O , K co = J^_\ 

"k 
(II.5) 

o f f o f f 

h e m o p r o t e i n , K c o i s t h e e q u i l i b r i u m c o n s t a n t , k Q n i s t h e 

a s s o c i a t i o n r a t e c o n s t a n t , and k ^ i s t h e d i s s o c i a t i o n 

r a t e c o n s t a n t . F o r t h e s e s i m p l e p r o t e i n s y s t e m s , t h e 

f o r m a t i o n o f t h e C O - c o m p l e x e s c o r r e s p o n d s t o a s e c o n d -

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

l i g a n d - b o u n d c o m p l e x t o a f i r s t - o r d e r p r o c e s s . 3 0 / 1 0 9 S i n c e 

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

w h e r e t h e CO l i g a n d i s i n g r e a t e x c e s s , i . e . p s e u d o 

f i r s t - o r d e r i n h e m o p r o t e i n , t h e c o m b i n a t i o n o f CO and 

h e m o p r o t e i n c a n be e x p r e s s e d by r a t e e q u a t i o n I I . 6 

( s e e A p p e n d i x I I ) . 
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o n 

k. u = k- [CO] + k _ (II.6) o b s on o r r 

The u s e o f d i f f e r e n t CO c o n c e n t r a t i o n s a l l o w s f o r t h e 

d i r e c t m e a s u r e m e n t o f t h e a s s o c i a t i o n r a t e c o n s t a n t , k 

and t h e d i s s o c i a t i o n r a t e c o n s t a n t , k f ̂ . H owever, i n 

p r a c t i c e , t h e v a l u e o f k f f d e r i v e d by e x t r a p o l a t i o n , 

i s s u b j e c t t o g r e a t e r e r r o r t h a n t h e v a l u e o f k Q n , and 

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

s t a t i c e q u i l i b r i u m m e a s u r e m e n t o f Kco = k /k c c l o r ^ o n o r r 
o b t a i n e d d i r e c t l y via a d i f f e r e n t k i n e t i c m ethod s u c h 

a s s t o p p e d - f l o w . The k i n e t i c s o f t h e r e a c t i o n o f CO w i t h 

h e m o g l o b i n , w h i c h c o n t a i n s f o u r heme u n i t s p e r m o l e c u l e , 

a r e much more c o m p l e x . 1 0 9 

The r e a c t i o n o f t h e s i m p l e h e m o p r o t e i n s ( e . g . P450 

and Mb) w i t h CO a r e "rapid".: w i t h h a l f - l i v e s o f <1 s e c o n d 

a t " o r d i n a r y " t e m p e r a t u r e s and c o n c e n t r a t i o n s , and 

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

s p e c i a l t e c h n i q u e s 1 0 9 i n c l u d e f l o w methods ( c o n t i n u o u s -

o r s t o p p e d - f l o w ) , r e l a x a t i o n m ethods ( p a r t i c u l a r l y 

t e m p e r a t u r e - j u m p ) , o r f l a s h p h o t o l y s i s m e t h o d s . A l t h o u g h 

o n l y t h e f l a s h p h o t o l y s i s method w i l l be d e s c r i b e d h e r e , 

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

f o r t h e Mb-CO s y s t e m ; o n l y t h e f l a s h and s t o p p e d - f l o w 

m ethods h a v e b e e n u s e d f o r t h e c y t o c h r o m e P450-CO s y s t e m 
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F l a s h p h o t o l y s i s c a n be c o n s i d e r e d an e x t r e m e r e l a x a t i o n 

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

m i x e d s y s t e m i n e q u i l i b r i u m . The p e r t u r b a t i o n i s " v i o l e n t " 

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

w i t h o t h e r r e l a x a t i o n m e t h o d s s u c h a s t e m p e r a t u r e - j u m p 1 0 9 

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

s m a l l amount. The e x t r e m e d i s t u r b a n c e u t i l i z e d i n t h e 

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

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

Up t o 10"* j o u l e s o f e n e r g y may be a b s o r b e d i n a few h u n d r e d 

m i c r o s e c o n d s o r more t y p i c a l l y s e v e r a l h u n d r e d j o u l e s i n 

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

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

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

s p e c i e s . T h i s makes i t p o s s i b l e t o i d e n t i f y and s t u d y 

t h e s e i n t e r m e d i a t e s by m e a s u r i n g t h e i r c h a r a c t e r i s t i c 

a b s o r p t i o n s p e c t r a a nd by f o l l o w i n g t h e k i n e t i c s o f t h e 

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

m e t hod c a n be a p p l i e d e q u a l l y w e l l i n t h e g a s p h a s e o r i n 

s o l u t i o n . 

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

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

I I . 5 h a s become r o u t i n e s i n c e t h e p i o n e e r i n g w o r k o f G i b s o n . 1 3 2 

I n p a r t i c u l a r , t h e r e a c t i o n o f t h e P4 50 c y t o c h r o m e 1 0 ' 1 3 i 2 l a > 30> 

3 3 c , 9*+e, 133 a n ( j {.̂ g m y o g l o b i n s y s t e m 1 0 9 ' 1 3 2 w i t h CO h a s r e c e i v e d 

much a t t e n t i o n . When t h e s e l i g a n d - b o u n d h e m o p r o t e i n s o l u t i o n s 

a r e e x p o s e d t o a n i n t e n s e l i g h t p u l s e o f a n e l e c t r o n i c f l a s h , 
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d i s s o c i a t i o n o f t h e l i g a n d o c c u r s ( t h e r e v e r s e o f R e a c t i o n 

I I . 5 ) : F e ( I I ) - C O ^ F e ( I I ) + CO. A t t h e end o f t h e f l a s h , 

t h e s y s t e m r e t u r n s t o e q u i l i b r i u m i n t h e d a r k , and t h e 
k 

r e c o m b i n a t i o n r e a c t i o n F e ( I I ) + CO - ^ U Fe ( I I ) - C O c a n be 

f o l l o w e d ( t h e f o r w a r d o f R e a c t i o n I I . 5 ) . As m e n t i o n e d 

p r e v i o u s l y , t h i s a l l o w s f o r t h e m e a s u r e m e n t o f t h e r a t e 

c o n s t a n t s i n d i c a t e d i n R e a c t i o n I I . 5 . The p h o t o d i s s o c i a t i o n 

and s u b s e q u e n t r e b i n d i n g c a n be o b s e r v e d o p t i c a l l y s i n c e t h e 

S o r e t a b s o r p t i o n maxima o f t h e CO-bound a n d f r e e f e r r o u s 

h e m o p r o t e i n s a r e e a s i l y d i s t i n g u i s h a b l e : P450-CO, 445 nm; 

P 4 5 0 , 408 nm ( s e e F i g u r e 1 1 . 1 1 ) ; Mb-CO, 423 nm; Mb, 434 nm 

( s e e F i g u r e I I I . 2 0 a ) . T h e r e f o r e , u p o n p h o t o d i s s o c i a t i o n t h e 

a b s o r p t i o n c h a n g e s t o t h a t o f t h e C O - f r e e p r o t e i n , and a s 

t h e CO r e b i n d s t h e a b s o r p t i o n r e t u r n s t o t h e o r i g i n a l v a l u e 

(CO-bound) w i t h a t i m e d e p e n d e n c e t h a t p r o v i d e s i n f o r m a t i o n 

a b o u t t h e b i n d i n g k i n e t i c s . The a b s o r p t i o n c a n be m o n i t o r e d 

w i t h a l i g h t beam c e n t e r e d a t t h e S o r e t p e a k o f e i t h e r t h e 

CO- o r C O - f r e e c o m p l e x , and t h u s , c h a n g e s i n c o n c e n t r a t i o n s 

c a n be m o n i t o r e d s p e c t r o p h o t o m e t r i c a l l y . Low l e v e l s o f 

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

k i n e t i c s . I t s h o u l d be n o t e d t h a t i n t h e s e s t u d i e s t h e o n l y 

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

t h e l i g a n d , w i t h no o t h e r d i r e c t o r i n d i r e c t p h o t o c h e m i c a l 

e f f e c t s . T h a t i s , t h e a x i a l l i n k a g e t o t h e heme m o i e t y , 

via t h e t h i o l a t e l i g a n d i n t h e P4 50 c y t o c h r o m e and t h e 

i m i d a z o l e i n t h e m y o g l o b i n s y s t e m , i s u n a f f e c t e d by t h e 
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f l a s h . U s i n g a f l a s h p h o t o l y s i s s e t - u p c a p a b l e o f p r e c i s e l y 

m o n i t o r i n g t h e a b s o r b a n c e c h a n g e o f t h e heme s o l u t i o n a t t h e 

v e r y moment when t h e CO i s f l a s h e d o f f , P450 m o d e l s t u d i e s 9 4 * 3 

h a v e shown t h a t t h e C O - d i s s o c i a t e d s p e c t r u m i s i d e n t i c a l t o 

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

t h a t t h e C O - d i s s o c i a t e d c o m p l e x o f t h e m o d e l and t h e P450 

enzyme s y s t e m s i s i n d e e d p e n t a c o o r d i n a t e . As o r i g i n a l l y 

d e d u c e d , 1 3 2 t h e k i n e t i c s o f t h e r e a c t i o n o f h e m o p r o t e i n s 

w i t h CO a r e i n d e p e n d e n t o f t h e amount o f l i g h t e n e r g y a n d 

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

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

t h e CO r e a c t i o n s f o l l o w t h e g e n e r a l f e a t u r e s o f t h a t 

d e s c r i b e d by G i b s o n 1 3 2 a n d P o r t e r 1 3 4 and a r e i l l u s t r a t e d 

i n F i g u r e 1 1 . 1 3 . The s o l u t i o n t o be e x a m i n e d i s p l a c e d 

F i g u r e 11.13 
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i n c e l l (C) t h r o u g h w h i c h t h e m o n o c h r o m a t i c o b s e r v a t i o n 

l i g h t beam i s p a s s e d f r o m l i g h t s o u r c e (L) o n i t s way t o 

t h e p h o t o m u l t i p l i e r ( P ) . T h i s m o n i t o r i n g l i g h t i s r e n d e r e d 

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

c h r o m a t o r (M), and a n a r r o w - l i n e i n t e r f e r e n c e f i l t e r a t ( F ^ ) . 

The o u t p u t o f t h e p h o t o m u l t i p l i e r i s r e c o r d e d w i t h 

o s c i l l o s c o p e ( 0 ) . The p h o t o d e c o m p o s i t i o n o f t h e compound 

i n t h e c e l l i s i n i t i a t e d by a b r i e f b u t b r i l l i a n t f l a s h 

o f l i g h t p r o d u c e d by t h e f l a s h t u b e ( F T ) , a t r i g h t a n g l e s 

t o t h e m o n i t o r i n g beam. The f l a s h l i g h t i s a p p r o p r i a t e l y 

f i l t e r e d a s w e l l , {F^), t o i n s u r e t h a t i t d o e s n o t i n t e r f e r e 

w i t h t h e m o n i t o r i n g beam. The " d e a d t i m e " o f t h e f l a s h 

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

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

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

t h e e f f i c i e n c y o f s c r e e n i n g o f t h e s t r a y l i g h t f r o m t h e 

f l a s h . O v e r a l l d e a d t i m e s f r o m a few m i l l i s e c o n d s t o 

f r a c t i o n s o f m i l l i s e c o n d s c a n be o b t a i n e d . H i g h e n e r g y 

f l a s h e s h a v e b e e n u s e d ; b u t - t h e h i g h . q u a n t u m y i e l d f o r t h e 

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

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

l a m p s u s e d f o r p h o t o g r a p h y c a n be s u c c e s s f u l l y e m p l o y e d . 1 0 9 

F o r t h e homogeneous Pseudomonas putida c y t o c h r o m e 

P450cam enzyme, t h e e x p e r i m e n t a l f i n d i n g s i n d i c a t e t h a t 

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

a c c o r d i n g t o R e a c t i o n I I . 5. The i n t e r a c t i o n o f CO w i t h 

t h e m i c r o s o m a l P4 50 s p e c i e s , on t h e o t h e r h a n d , a p p e a r s 
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t o p r e s e n t a much more c o m p l e x s i t u a t i o n . T a b l e s I I . 1 a n d 

I I . 2 r e p r e s e n t t h e c o m p l e t e c o l l e c t i o n o f p u b l i s h e d 

e q u i l i b r i u m a n d k i n e t i c d a t a f o r t h e b i n d i n g o f CO t o t h e 

P450 c y t o c h r o m e s . D a t a a r e c o m p i l e d f o r t h e b a c t e r i a l 

P450cam s y s t e m ( b o t h s u b s t r a t e - f r e e and b o u n d ) , t h e 

m i c r o s o m a l P450 e n z y m e s , some P450 m o d e l c o m p l e x e s , a n d 

f o r t h e m y o g l o b i n s y s t e m . T h e s e d a t a w i l l be a n a l y s e d and 

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

k i n e t i c b e h a v i o r o f t h e P4 5 0 c y t o c h r o m e s i n t h e i r r e a c t i o n 

w i t h CO; no d e t a i l e d i n t e r p r e t a t i o n o f t h e d a t a i n t e r m s 

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

w h e n e v e r p o s s i b l e , c o r r e l a t i o n o f e q u i l i b r i u m a n d k i n e t i c 

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

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

s h i p s c a n be f o u n d e l s e w h e r e . 8 / 1 0 9 / 1 3 5 

C o m p a r i s o n o f t h e e q u i l i b r i u m c o n s t a n t s (Kco) f o r 

C O - b i n d i n g t o c y t o c h r o m e P450 shows t h a t w i t h i n t h e 

e x p e r i m e n t a l l i m i t s o f pH (7.0-7.5) and t e m p e r a t u r e (4-24°C) 
5 -1 

t h e v a l u e s a r e v e r y c o n s i s t e n t ; t h e y r a n g e f r o m 1.3x10 M 

a t 24°C f o r s u b s t r a t e - b o u n d P 4 5 0 c a m 9 9 t o 2 2 x l 0 5 M _ 1 a t 4°C 

f o r s u b s t r a t e - f r e e P 4 5 0 c a m , 3 3 c w i t h t h e m i c r o s o m a l s p e c i e s 

b e i n g o f i n t e r m e d i a t e v a l u e . 1 3 3 ^ A n a l y s i s o f t h e K c o v a l u e s 

f o r t h e P4 50cam enzymes i n d i c a t e s t h a t t h e i n t e r a c t i o n w i t h 

CO i s a f f e c t e d b y t h e camphor s u b s t r a t e . P e t e r s o n and 

G r i f f i n 3 3 5 r e p o r t an a l m o s t 1 0 - f o l d i n c r e a s e i n t h e e q u i l i b r i u m 

b i n d i n g c o n s t a n t a t 4°C i n t h e a b s e n c e o f t h e s u b s t r a t e 
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T a b l e I I . 1 

E q u i l i b r i u m D a t a f o r R e v e r s i b l e C O - b i n d i n g t o C y t o c h r o m e P4 50 

S o u r c e pH T(°C) K c o ( M _ 1 ) 
AH° 

( K c a l 
m o l ^) 

AS° , 
( c a l m o l -1 

d e g ) 
R e f . 

P450cam 7.4 4 2 . 2 x l 0 6 33c 
( s u b s t r a t e - c 

f r e e ) 7.0 24 1.7x10 10 

P450cam 7.4 4 2 . 6 x l 0 5 33c 
( s u b s t r a t e -

bound) 7.5 12 2.6x10 -12 -17 10 

7.0 20 6 . 6 x l 0 5 133a 

7.0 24 1 . 3 x l 0 5 99 

L i v e r M i c r o - 7-7.5 4 3 - 7 x l 0 5 0 1 3 , 
. s o m a l P4 5 0 133b,c 

7.4-7.5 20 0.7-1x10 0 133,b,d 

P450 m o d e l s 23 l . l x l O 4 -16 -35 94c 

M b ( a ) 7.0 20 2 . 9 x l 0 7 -12 .6 -7.4 109 

a) E n t h a l p y a nd e n t r o p y v a l u e s q u o t e d f o r m y o g l o b i n w e r e c a l c u l a t e d 

f r o m a c t i v a t i o n p a r a m e t e r s (AH* and AS*) f o r CO-on and o f f 

r e a c t i o n s a s i n R e f . 10. 
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K i n e t i c D a t a f o r R e v e r s i b l e C O - B i n d i n g t o C y t o c h r o m e P450 

S o u r c e M ethod pH T°C 
k 
on 

( M _ 1 S _ 1 ) 

k o f f E a ( o n ) 

( K c a l m o l \ R e f . 

P450cam SF 7.4 4 5 . 1 x l 0 6 2i3 (b) 33c 
( s u b s t r a t e -

f r e e ) FP 5 2.7x10 1.2(b) 8.9 30 
15 4 . 7 x l 0 6 AH* = 8 . 3 
25 8 . 4 x l 0 6 AS* = 1.9 

P450cam SF 7.4 4 3 . 8 x l 0 4 33c 
( s u b s t r a t e -

33c 
bound) SF 7.0 20 3.6x10 2.8 133a 

SF 7.0 24 2 . 2 x l 0 5 1.7 10 
FP 5 8 x l 0 4 8.9 30 

15 i : ; 3x10 5 AH* = 8 . 3 
25 2 . 3 x l 0 5 AS* =-6.0 

FP 7.3 12 3 . 5 x l 0 4 8.0 ±0.4 133e 
AH* = 7 . 4 
AS* = -11 

Mb 7.0 20 5 x l 0 5 0.02 7.1 109 
i H * = 6.5 
*S* = -10 156 

7.0 25 3 . 8 x l 0 5 4.7 
^H* = 4.1 
\S* =-19.4 

P4 50 M o d e l 23 l . l x l O 5 18 94c 
. M i c r o s o m a l FP 7.4 4 3 . 4 x l 0 5 0'. 068 133h ' P450 133h 

SF 7.5 4 4.5x10 0.63 8.3 133b 
AH* = 7 . 8 
AS* =-4.2 

a) SF and FP r e f e r t o t h e k i n e t i c m e t h o d s o f s t o p p e d - f l o w 

a n d f l a s h p h o t o l y s i s r e s p e c t i v e l y . 
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N o t e s f o r T a b l e I I . 2 c o n t i n u e d 

b) C a l c u l a t e d v a l u e s o f k - _ f r o m t h e e x p r e s s i o n Kco = T-— 
o f ± * o f f 

( s e e R e a c t i o n I I . 5 ) . 

c) Ea (on) r e f e r s t o t h e a c t i v a t i o n e n e r g y m e a s u r e d f o r 

b i n d i n g o f CO t o t h e v a r i o u s h e m o p r o t e i n s y s t e m s . 

A c t i v a t i o n p a r a m e t e r s (AH* and AS*) f o r t h e "on" 

r e a c t i o n a r e shown i n b r a c k e t s u n d e r n e a t h t h e E a (on) 

v a l u e s . E n t h a l p y and e n t r o p y o f a c t i v a t i o n was 
K T ,._AE£ AS 

c a l c u l a t e d f r o m AH*(on) = E a ( o n ) - RT and k = — - e RT e R 
o n h 

r e s p e c t i v e l y . AH* v a l u e s h a v e u n i t s o f K c a l m o l - 1 w h i l e 

AS* v a l u e s a r e . i n c a l m o l - 1 d e g " 1 ; R e f . 1 6 7 . 
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(22x10 M us. 2.6x10 M ) . H o w e v e r , D o l p h i n and James et al.10 

r e p o r t t h a t a t h i g h e r t e m p e r a t u r e s (24°C) t h e b i n d i n g c o n s t a n t 
5 -1 

f o r s u b s t r a t e - f r e e P450cam (1.7x10 M ) a p p r o a c h e s t h o s e f o r 

t h e s u b s t r a t e - b o u n d enzyme (Kco = 1.3-6.6xlO^M -*-) . 1 0 , 9 9 , l 3 3a 

S i n c e o n l y two Kco v a l u e s f o r s u b s t r a t e - f r e e P4 50cam h a v e b e e n 

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

l o w e r a f f i n i t y o f s u b s t r a t e - b o u n d P450cam f o r CO h a s b e e n 

r a t i o n a l i z e d i n t e r m s o f s t e r i c e f f e c t s o f t h e camphor 

m o l e c u l e i n t h e v i c i n i t y o f t h e heme m o i e t y ; 3 3 o b i n d i n g 

o f t h e camphor c l o s e t o t h e heme g r o u p i s c o n s i d e r e d t o 

r e s t r i c t a c c e s s o f t h e CO m o l e c u l e t o t h e h e m e - i r o n and 

h a v e a d e s t a b i l i z i n g e f f e c t on t h e heme-CO c o m p l e x . The 

e f f e c t o f t h e camphor s u b s t r a t e on t h e r a t e c o n s t a n t s , 

t o be d i s c u s s e d s h o r t l y , s u b s t a n t i a t e s t h i s r a t i o n a l i z a t i o n . 

A n a l y s i s o f t h e e q u i l i b r i u m b i n d i n g c o n s t a n t s f o r m i c r o s o m a l 

c y t o c h r o m e P450 shows a s l i g h t i n c r e a s e i n CO a f f i n i t y a s 

c o m p a r e d t o t h e s u b s t r a t e - b o u n d b a c t e r i a l enzyme; t h e s e 

v a l u e s a p p r o a c h t h o s e o f s u b s t r a t e - f r e e P450cam ( K c o ( m i c r o s o m a l 

P450) - 1 0 6 M _ 1 ; K c o ( s u b s t r a t e - f r e e P450cam) = 2 . 2 x l 0 6 M _ 1 ) ) , 

b u t W h e t h e r o r n o t t h e i n c r e a s e d C O - a f f i n i t y i s due t o a 

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

known. The o b s e r v e d d i f f e r e n c e s i n C O - a f f i n i t y b e t w e e n t h e 

m i c r o s o m a l a n d b a c t e r i a l P450 enzymes h a v e n o t b e e n i n t e r p r e t e d 

b e c a u s e o f t h e c o m p l e x make-up o f t h e m i c r o s o m a l s y s t e m s ( s e e 

S e c t i o n I I . 2 ) . K i n e t i c s t u d i e s on t h e r e a c t i o n o f CO w i t h 



the microsomal enzyme exemplify these complex c h a r a c t e r i s t i c s , 

and this information w i l l be discussed shortly. 

Comparison of the P4 50 cytochromes with mercaptide-

heme model complexes 9 h ,° and the myoglobin system 1 0 9 indicates 

the C O - a f f i n i t i e s of the cytochromes are intermediate between 

the model complexes and that of myoglobin. In the case of 

the protein-free P450 models, CO i s bound 10-100 times 

weaker than i n the enzyme, whereas for myoglobin, carbon 

monoxide i s bound up to 220 times tighter than i n cytochrome 

P450 (see Table II.1). Lower CO-affinity for the P450 model 

complexes compared to the enzyme has been attributed to 

loss of s t a b i l i t y provided by inte r a c t i o n of the CO-heme 

complex with the protein, 9 h , a for example, via hydrogen 

bonding with protein residues. These interactions are 

ca l l e d c i s - e f f e c t s 1 0 9 and are used to assess the e f f e c t 

of the protein on ligand binding. The higher a f f i n i t y 

for CO observed for the Mb system i s thought to indicate 

the differences i n proximal-ligand coordination i n the two 

hemoproteins; imidazole i n Mb, and thi o l a t e i n P4 50 cytochromes. 

The axial(RS ) th i o l a t e anion, coordinated to the heme 

moiety i n the P450 systems, i s thought to produce an electron-

r i c h i r o n atom which i n turn produces a general lowering of 

ligand a f f i n i t y through a - r e p u l s i o n s . 1 3 3 a Since imidazole 

coordination i n the Mb system does not deloc a l i z e electron 

density onto the iron atom of the heme group so e f f e c t i v e l y , 

the same lowering of ligand a f f i n i t i e s i s not observed. The 
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e f f e c t s o f a x i a l c o o r d i n a t i o n on t h e r e a c t i v i t y o f hemo

p r o t e i n s w i t h l i g a n d s a r e c a l l e d t r a n s e f f e c t s , 1 0 9 a n d 

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

l i g a n d b i n d i n g . 

M e a s u r e m e n t o f t h e e q u i l i b r i u m C O - b i n d i n g c o n s t a n t s 

f o r t h e P450 c y t o c h r o m e s a s a f u n c t i o n o f t e m p e r a t u r e h a s 

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

f o r s u b s t r a t e - b o u n d P450cam s y s t e m and no v a l u e s f o r t h e 

c o r r e s p o n d i n g s u b s t r a t e - f r e e enzyme. V e r y l i m i t e d d a t a 1 3 3 ^ 

h a v e b e e n c i t e d a l s o f o r t h e m i c r o s o m a l P450 s y s t e m s . C l e a r l y , 

more t h e r m o d y n a m i c d a t a ' a r e n e e d e d t o f u r t h e r u n d e r s t a n d t h e 

r e a c t i o n o f t h e P450 c y t o c h r o m e s w i t h CO, a s w e l l a s f o r 

c o m p a r i s o n w i t h o t h e r h e m o p r o t e i n a nd P4 50 m o d e l s y s t e m s . 

A n a l y s i s o f t h e t h e r m o d y n a m i c d a t a o u t l i n e d i n T a b l e I I . 1 

shows t h a t t h e e n t h a l p y c h a n g e o f C O - b i n d i n g f o r t h e s u b s t r a t e -

b o u n d P450cam s y s t e m 1 ° ( A H ° = -12.0 K c a l m o l i s c o m p a r a b l e 

t o t h a t o f t h e m y o g l o b i n s y s t e m 1 0 (AH° = -12.6 K c a l m o l 

and somewhat l o w e r t h a n t h a t o f t h e p r o t e i n - f r e e P4 50 m o d e l 

c o m p l e x 9 L F C ( A H ° = -16 K c a l m o l . The s m a l l e r e n t h a l p y 

c h a n g e s f o r t h e p r o t e i n c o m p l e x e s i s t h o u g h t t o be due t o 

a w e a k l y c o o r d i n a t e d ligand 9^° f r o m t h e b u l k s o l v e n t o r t h e 

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

C o m p a r i s o n o f t h e s e AH° v a l u e s w i t h t h e l i t e r a t u r e r e p o r t 

t h a t no e n t h a l p y c h a n g e was o b s e r v e d f o r t h e l i v e r m i c r o s o m a l 

P45Q13 3& s y s t e m i s t h e r e f o r e s u r p r i s i n g , and i m p l i e s t h a t 

i n t h e m i c r o s o m a l enzymes a n e n d o g e n o u s o r e x o g e n o u s l i g a n d 
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c o u l d be s t r o n g l y c o o r d i n a t e d a t t h e s i x t h s i t e o f t h e 

r e d u c e d P4 50 w h i c h c o m p e n s a t e s f u l l y f o r t h e h e a t o f 

r e a c t i o n . 

L i m i t e d e n t r o p y d a t a f o r C O - b i n d i n g ( T a b l e I I . 1 ) 

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

AS° v a l u e s a r e a t t r i b u t e d m a i n l y t o l o s s o f t r a n s l a t i o n a l 

a n d r o t a t i o n a l f r e e d o m o f t h e CO m o l e c u l e on c o o r d i n a t i o n . 8 

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

C O - a f f i n i t y a s d e t e r m i n e d b y Kco v a l u e s ( i . e . Mb>P450cam 

>P450 m o d e l s ) r e s u l t t o a c o n s i d e r a b l e e x t e n t f r o m i n c r e a ^ -

s i n g l y l e s s f a v o u r a b l e e n t r o p y t e r m s . E x p l a n a t i o n s 8 ' 1 0 ' 1 0 9 

b a s e d on c i s and t r a n s e f f e c t s o f t h e p r o t e i n , a s w e l l a s 

s t e r i c e f f e c t s due t o t h e p r e s e n c e o f camphor i n t h e P450 

s y s t e m , h a v e b e e n u s e d t o a s s e s s t h e d i f f e r e n t C O - a f f i n i t i e s ; 

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

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

t r e n d i n e n t r o p y c h a n g e s ( s e e b e l o w ) . E n t r o p y d a t a f o r 

m i c r o s o m a l P4 50 a r e n e e d e d f o r c o m p a r i s o n w i t h t h e 

b a c t e r i a l enzyme a s w e l l a s m y o g l o b i n and P450>.model c o m p l e x e s . 

A n a l y s i s o f t h e k i n e t i c d a t a l i s t e d i n T a b l e I I . 2 shows 

t h a t much a t t e n t i o n h a s b e e n d i r e c t e d t o t h e d e t e r m i n a t i o n 

o f t h e C O - a s s o c i a t i o n r a t e c o n s t a n t , k..... a s d e f i n e d i n 
' on' 

R e a c t i o n I I . 5 . The d e t e r m i n a t i o n o f t h e C O - d i s s o c i a t i o n 

r a t e c o n s t a n t , k •' ' , h a s r e c e i v e d l e s s e f f o r t . The 
o r r 

e x p e r i m e n t a l c o n d i t i o n s ( i . e . pH and t e m p e r a t u r e r a n g e s ) 

u t i l i z e d a r e a l m o s t i d e n t i c a l t o t h o s e q u o t e d f o r Kco 
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e v a l u a t i o n s , and r a t e c o n s t a n t d e t e r m i n a t i o n s w e r e o b t a i n e d 

via b o t h f l a s h p h o t o l y s i s and s t o p p e d - f l o w t e c h n i q u e s . 

C o m p a r i s o n o f t h e s u b s t r a t e - f r e e and s u b s t r a t e - b o u n d 

P450cam s y s t e m s shows t h a t t h e i n t e r a c t i o n o f CO i s 

a f f e c t e d by t h e s u b s t r a t e c a m p h o r . P e t e r s o n and G r i f f i n 3 3 c 

r e p o r t s e c o n d - o r d e r r e a c t i o n r a t e c o n s t a n t s f o r t h e 

r e a c t i o n o f t h e c a m p h o r - f r e e and camphor f e r r o u s c y t o c h r o m e , 

o f 5.1 x 1 0 6 M "*"S a n d 3.8 x 1 0 4 M "*"S 1 r e s p e c t i v e l y . C o m p a r i s o n 

o f t h e k v a l u e s f o r P450cam i n t h e a b s e n c e a n d t h e p r e s e n c e on 
o f s u b s t r a t e o v e r t h e q u o t e d e x p e r i m e n t a l c o n d i t i o n s i n d i c a t e s 

a g e n e r a l r a t e e n h a n c e m e n t f o r t h e s u b s t r a t e - f r e e c o m p l e x : 

k ( s u b s t r a t e - f r e e ) - 2.0-9.0 x 10^M "*"S ^; k ( s u b s t r a t e -on o n 
4 -1 -1 

bound)'- 3.0-36 x 10 M S . The d a t a a r e r e f l e c t e d xn t h e 

h i g h e r Kco v a l u e s f o r t h e s u b s t r a t e - f r e e s y s t e m s a n d 

camphor b i n d i n g by t h e f e r r o u s c y t o c h r o m e i s t h o u g h t : t o 

r e d u c e t h e a c c e s s i b i l i t y o f t h e h e m e - i r o n t o t h e C O . 1 0 ' 3 3 c 

F o r t h e s u b s t r a t e - f r e e c o m p l e x , b o t h f l a s h p h o t o l y s i s 3 0 

and s t o p p e d - f l o w 3 3 c t e c h n i q u e s g a v e c o n s i s t e n t k Q n v a l u e s 

and m e a s u r e m e n t o f k w i t h t e m p e r a t u r e 3 0 y i e l d e d a n 
o n 

a c t i v a t i o n e n e r g y , E a , o f 8.9 K c a l m o l ^. V a l u e s o f ^-Qff 

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

a l t h o u g h P e t e r s o n and G r i f f i n , 3 3 c f o r e x a m p l e , h a v e r e p o r t e d 
— i 6 — 

a c a l c u l a t e d v a l u e o f 2.3 S . U s i n g t h e Kco v a l u e (2.2 x 10 M' 

a t 4°C f o r t h e s u b s t r a t e - f r e e c o m p l e x 3 3 c and t h e k Q n v a l u e 

(2.7 x 1 0 6 M _ 1 S - 1 ) o b t a i n e d by G u n s a l u s et al.30 by f l a s h 

p h o t o l y s i s a t 5°C, a k v a l u e o f 1.2 S _ 1 was c a l c u l a t e d . The 
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two v a l u e s o f s u c h c a l c u l a t e d k 0 £ f d a t a a r e r e a s o n a b l y 

c o n s i s t e n t ( T a b l e I I . 2 ) ; h o w e v e r , d i r e c t m e a s u r e m e n t 

o f k v a l u e s f o r s u b s t r a t e - f r e e P450cam a r e n e e d e d f o r o f f 
c o m p a r i s o n a s w e l l a s a c t i v a t i o n p a r a m e t e r s . 

• The k i n e t i c d a t a f o r t h e s u b s t r a t e - b o u n d P450cam, 

a l t h o u g h q u i t e e x t e n s i v e , a r e n o t a s c o n s i s t e n t a s f o r 

t h e s u b s t r a t e - f r e e enzyme. U n d e r t h e e x p e r i m e n t a l c o n d i t i o n s 

u t i l i z e d ( i . e . pH and t e m p e r a t u r e ) , t h e k Q n v a l u e s r a n g e 
4 - 1 - 1 

f r o m 3.5-36 x 10 M S w i t h t h e f a s t e r r a t e s o c c u r r i n g 

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

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

P e t e r s o n a n d G r i f f i n 3 3 e a t 4°C (k = 3.8 x 1 0 4 M _ 1 S _ 1 ) 
on 

w i t h f l a s h p h o t o l y s i s m e a s u r e m e n t a t 5^C by G u n s a l u s 

et al.30 (k = 8 x 1 0 4 M S "*") . - . A l s o , c o m p a r i s o n o f t h e 

f l a s h p h o t o l y s i s m e a s u r e m e n t s by B o n f i l s et al.l33e a t 
12°C (k = 3.5 x 1 0 4 M _ 1 S _ 1 ) and G u n s a l u s et al.'i0 a t 15°C o n 4 -1 -1 (k = 13 x 10 M S ) show a f a c t o r o f 4 d i f f e r e n c e b e t w e e n on 
t h e two v a l u e s . T h e s e i n c o n s i s t e n c i e s , a l o n g w i t h a 1 0 - f o l d 

c h a n g e i n t h e C O - a s s o c i a t i o n r a t e c o n s t a n t o v e r t h e q u o t e d 

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

f r e e e n z y m e ) , i n d i c a t e t h a t f u r t h e r m e a s u r e m e n t o f k 
on 

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

a c t i v a t i o n e n e r g y f o r t h e a s s o c i a t i o n o f CO w i t h s u b s t r a t e -

b o u nd P450cam h a s b e e n m e a s u r e d i n t h e f l a s h p h o t o l y s i s 

e x p e r i m e n t s o f G u n s a l u s et al.30 (Ea = 8.9 K c a l m o l "*") and 

B o n f i l s et al.133e (Ea = 8.0 + 0.4 K c a l m o l 1 ) . T h e s e a c t i v a t i o n 
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e n e r g i e s a g r e e w e l l w i t h t h a t o b t a i n e d by G u n s a l u s et at.30 

(Ea = 8.9 K c a l m o l 1 ) f o r t h e s u b s t r a t e - f r e e enzyme. C o m p a r i s o n 

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

r e a c t i o n ( s e e T a b l e I I . 2) i n d i c a t e t h a t C O - b i n d i n g t o t h e 

s u b s t r a t e - f r e e enzyme i s a c c o m p a n i e d by a more f a v o u r a b l e 

e n t r o p y t e r m (AS* = 1.9 c a l m o l d e g "*") w h e r e a s C O - b i n d i n g 

i n t h e p r e s e n c e o f s u b s t r a t e i s l e s s f a v o u r e d (AS* = -6 -

-11 c a l i n t h e s m a l l e r k v a l u e s w h i c h , i n t u r n , h a v e b e e n 
on 

a t t r i b u t e d t o t h e r e s t r i c t e d a c c e s s t o t h e C O - b i n d i n g s i t e 

i n t h e enzyme i n t h e p r e s e n c e o f s u b s t r a t e . 3 3 c The m e a s u r e d 

k r - j - v a l u e s f o r t h e d i s s o c i a t i o n o f CO f r o m s u b s t r a t e - b o u n d o f f 
P450cam (2.8 and 1.7 s - 1 ) 1 0 ' 1 3 3 a a r e s i m i l a r t o t h o s e c a l c u l a t e d 

f o r t h e s u b s t r a t e - f r e e enzyme and i m p l y t h a t t h e o v e r a l l 

a f f i n i t y o f t h e P450cam s y s t e m s f o r C0> ( i . e . Kco) i s g o v e r n e d 

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

p r e s e n c e o f t h e camphor s u b s t r a t e . The m e a s u r e d k Q f f v a l u e s 

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

e x p r e s s x o n , K c o = r — ( s e e R e a c t i o n I I . 5 ) . The v a l u e o f 

-TV (- f-

k Q £ £ = 1 . 7 S m e a s u r e d by s t o p p e d - f l o w t e c h n i q u e s , 1 0 a l o n g 
5 — 1 

w i t h t h e Kco = 1.3 x 10 M r e p o r t e d f r o m t h e same l a b o r a t o r y , 1 3 3 a 

p r o v i d e s a c a l c u l a t e d k = 2.2 x 1 0 5 M 1 S 1 a t 24°C, w h i c h i s 
on ' 

c o n s i s t e n t w i t h t h e C O - a s s o c i a t i o n r a t e s r e p o r t e d a t h i g h e r 

t e r m e r a t u r e s by G u n s a l u s et al.30 The a c t i v a t i o n e n e r g y f o r t h e 

d i s s o c i a t i o n o f CO f r o m s u b s t r a t e - b o u n d P450cam h a s n o t b e e n 

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

f r o m t h e r a t i o o f t h e "on" and " o f f " k i n e t i c c o n s t a n t s ( s e e 
13 3a R e a c t i o n I I . 5) i s a f f o r d e d by o n l y a s i n g l e s e t o f d a t a . 

U s i n g t h e k (3.6 x 1 0 5 M _ 1 S _ 1 ) and k ^ v a l u e s (2.8 S - 1 ) ^ o n o f f 
v a l u e s a t 2 0 ° C , 1 3 3 a t h e c a l c u l a t e d v a l u e o f Kco = 1.3 x 10 M 1 

may be c o m p a r e d w i t h t h e m e a s u r e d v a l u e o f 6.6 x 10^ M "*-.i33« 

To d e t e r m i n e more d e f i n i t i v e l y t h e l e v e l o f a g r e e m e n t b e t w e e n 

Kco v a l u e s m e a s u r e d i n s t a t i c e x p e r i m e n t s , and t h o s e c a l c u l a t e d 

f r o m t h e r a t i o o f k and k v a l u e s f o r t h e P450cam s y s t e m , 
on o f f 

r e q u i r e s f u r t h e r s t u d y . 

The k i n e t i c s o f CO b i n d i n g t o m i c r o s o m a l c y t o c h r o m e 

P450 a p p a r e n t l y c a n n o t be d e s c r i b e d a c c u r a t e l y by R e a c t i o n I I . 5 . 

K i n e t i c d a t a h a v e b e e n r e p o r t e d i n s e v e r a l s h o r t p a p e r s 1 3 3 ^ < ° if'9 

a n d i n g e n e r a l t h e r a t e c o n s t a n t s do n o t a g r e e . The d i s c r e p a n c y 

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

e x p e r i m e n t s and t h e d i f f e r e n t a n i m a l s p e c i e s f r o m w h i c h t h e 

m i c r o s o m e s w e r e i s o l a t e d . H o w e v e r , w i t h t h e e x c e p t i o n o f 

t h e f l a s h p h o t o l y s i s s t u d y o f Debey et al.,l33a t h e t i m e c o u r s e 

o f C O - b i n d i n g was r e p o r t e d t o c o n s i s t o f a s i n g l e k i n e t i c 

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

k i n e t i c c o n s t a n t s l i s t e d i n T a b l e I I . 2 f o r t h e m i c r o s o m a l 

P 4 5 0 , o b t a i n e d f r o m e a r l y e x p e r i m e n t s , l33b,h a r e c o m p a r a b l e 

t o t h o s e o f t h e P450cam s y s t e m s , w h i c h i s s u r p r i s i n g i n v i e w 

o f t h e h e t e r o g e n e i t y o f m i c r o s o m a l P450 ( s e e S e c t i o n I I . 2) . 

More r e c e n t l y , l i v e r m i c r o s o m a l P450 h a s b e e n shown t o r e a c t 

h e t e r o g e n o u s l y w i t h CO, e x h i b i t i n g a t l e a s t t h r e e s p e c i e s 

d i s t i n g u i s h e d by t h e i r s e c o n d - o r d e r r a t e c o n s t a n t s i f o r CO-
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b i n d i n g . 1 3 3 ^ T h i s k i n e t i c h e t e r o g e n e i t y o f m i c r o s o m a l 

P450 i s t h o u g h t t o l i e e i t h e r i n t h e m o l e c u l a r s t r u c t u r e 

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

p l a c e m e n t o f t h e c y t o c h r o m e s w i t h i n t h e m e m b r a n e s . 1 3 3 ^ 

The a c t i v a t i o n e n e r g y f o r t h e "on" r e a c t i o n h a s b e e n 

m e a s u r e d by Debey et a Z - . 1 3 3 ^ f o r m i c r o s o m a l P450 (Ea = 

8.3 K c a l m o l a n d , a l o n g w i t h t h e c a l c u l a t e d a c t i v a t i o n 

p a r a m e t e r s , a p p e a r s t o be s i m i l a r t o t h a t f o r t h e b a c t e r i a l 

enzyme i n t h e p r e s e n c e o f s u b s t r a t e . 

C o m p a r i s o n o f t h e P450cam s y s t e m s w i t h t h e c o r r e s p o n d i n g 

k i n e t i c d a t a f o r C O - b i n d i n g t o m y o g l o b i n and t h e P450 

m o d e l c o m p l e x e s ( s e e T a b l e I I . 2) i n d i c a t e s t h a t t h e m a j o r 

d i f f e r e n c e s l i e i n t h e CO o f f - r a t e s . The CO o n - r a t e s f o r 

m y o g l o b i n (5.0 x 1 0 5 M _ 1 S _ 1 a t 2 0 ° C , 1 0 9 and 3.8 x 1 0 5 M - 1 S _ 1 ) 

a t 2 5 ° C 1 5 6 a r e i n t e r m e d i a t e b e t w e e n t h e k v a l u e s f o r P450cam 
on 

i n t h e p r e s e n c e and a b s e n c e o f s u b s t r a t e , w h i l e t h e CO o n - r a t e 

f o r t h e P450 m o d e l c o m p l e x e s - ( k o n = i . i x 1 0 5 M _ 1 S - 1 a t 23°C) 
5 - 1 - 1 

c o m p a r e s w e l l w i t h k Q n = 1 . 3 x 10 M S r e p o r t e d by G u n s a l u s 

et al.30 a t 15°C f o r t h e c a m p h o r - b o u n d s y s t e m . I n c o n t r a s t , 

t h e CO o f f - r a t e c o n s t a n t f o r m y o g l o b i n i s up t o 140 t i m e s 

s m a l l e r t h a n t h e k £ _ v a l u e s f o r t h e P4 50cam s y s t e m and i s 

a p p r o x i m a t e l y 900 t i m e s s m a l l e r t h a n t h a t f o r t h e c o r r e s p o n d i n g 

P450 m o d e l c o m p l e x ; t h e o v e r a l l a f f i n i t y f o r CO i s g o v e r n e d 

by t h e CO o f f - r a t e s . The d i f f e r e n c e s i n t h e CO o f f - r a t e s 

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

heme, p r o v i d e d by t h e p r o x i m a l t h i o l a t e l i g a n d i n b o t h t h e 



83 

P450cam and P4 50 m o d e l s y s t e m s ( T r a n s E f f e c t s ) . 1 3 3 a I n c r e a s e d 

a - d e n s i t y due t o t h e t r a n s t h i o l a t e l i g a n d i s t h o u g h t t o 

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

t h e CO m o l e c u l e b e i n g u n a b l e t o a c c e p t t h i s e x c e s s e l e c t r o n 

d e n s i t y . 8 The m a j o r d i f f e r e n c e b e t w e e n t h e P450cam s y s t e m s 

and t h e m o d e l s y s t e m a g a i n l i e s i n t h e CO o f f - r a t e . The 

s m a l l e r k o f CO-P450cam i s a t t r i b u t e d t o t h e p r o t e i n , o f f 

w h i c h i m p a r t s some s t a b i l i z i n g e f f e c t u p o n t h e CO-complex. 9 h >° 

The a c t i v a t i o n e n e r g y f o r b i n d i n g CO t o m y o g l o b i n (Ea = 

4.7-7.1 K c a l m o l 1 ) i s somewhat l o w e r t h a n t h e e n e r g y b a r r i e r 

s u r m o u n t e d by t h e CO m o l e c u l e t o b i n d t o P450cam (Ea =8.5 K c a l 

m o l "*") b u t a n a l y s i s o f t h e a c t i v a t i o n p a r a m e t e r s f o r m y o g l o b i n 
and s u b s t r a t e - b o u n d P450cam shows t h a t , a l t h o u g h t h e AH* v a l u e s 

a r e more f a v o u r a b l e f o r m y o g l o b i n / t h e AS* v a l u e s i n d i c a t e 

C O - b i n d i n g i s l e s s f a v o u r a b l e a nd t h a t t h e o v e r a l l t r a n s i t i o n 

s t a t e i s p r o b a b l y v e r y s i m i l a r i n b o t h p r o t e i n s . T h i s i s 

r e f l e c t e d i n t h e r e a s o n a b l y s i m i l a r k v a l u e s f o r C O - b i n d i n g 
on 

t o b o t h Mb and P4 50cam.- A c t i v a t i o n p a r a m e t e r s f o r s u b s t r a t e -

f r e e P4 50cam i n d i c a t e more f a v o u r a b l e C O - b i n d i n g t h a n i n 

m y o g l o b i n due p r i m a r i l y t o a more f a v o u r a b l e AS* t e r m ; t h i s 
i s a g a i n r e f l e c t e d i n t h e k v a l u e s . ^ on 

The i n t e r p r e t a t i o n o f s t r u c t u r e - f u n c t i o n r e l a t i o n s h i p s , 

b a s e d on e q u i l i b r i u m a n d k i n e t i c d a t a s u c h a s d e s c r i b e d a b o v e 

f o r t h e i n t e r a c t i o n o f CO w i t h c y t o c h r o m e P 4 5 0 , i s d i f f i c u l t 

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

i n t e r a c t i o n . 8 ' 1 0 9 A s m e n t i o n e d e a r l i e r , one s t r u c t u r a l f a c t o r , 
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w h i c h i n f l u e n c e s t h e i n t e r a c t i o n o f CO w i t h b o t h t h e P450 

enzymes a n d t h e m y o g l o b i n s , i s p r o x i m a l l i g a t i o n p r o v i d e d 

by t h e p r o t e i n ( T r a n s E f f e c t s ) . The i m p o r t a n t g r o u p s a r e 

t h e i r o n - b i n d i n g t h i o l a t e l i g a n d i n t h e P450 s y s t e m s and 

t h e more f a m i l i a r i m i d a z o l e l i g a n d i n t h e g l o b i n s . K i n e t i c 

and e q u i l i b r i u m d a t a f o r t h e s e h e m o p r o t e i n s do p r o v i d e , 

h o w e v e r , i n f o r m a t i o n a b o u t t h e s t r e n g t h o f C O - h e m o p r o t e i n 

i n t e r a c t i o n w h i c h d e p e n d s , i n t u r n , o n t h e n a t u r e and on • 

t h e b o nd s t r e n g t h o f t h i s p r o x i m a l l i g a t i o n . The n a t u r e 

o f t h e h e m e - i r o n - CO b o nd i n t h e s e c o m p l e x e s h a s b e e n 

d e s c r i b e d i n d e t a i l 8 a s a c o m b i n a t i o n o f a d o n a t i o n f r o m 

t h e CO m o l e c u l e and d - i T b a c k b o n d i n g f r o m t h e h e m e - i r o n 

t o t h e CO. The e f f e c t s o f t h e t h i o l a t e l i g a n d on s p e c t r a l 

as w e l l a s k i n e t i c a nd e q u i l i b r i u m b e h a v i o r o f t h e P450cam 

s y s t e m , b a s e d on t h e s e a a n d IT e f f e c t s , h a v e b e e n o u t l i n e d 

p r e v i o u s l y and r e p o r t e d i n t h e l i t e r a t u r e . 1 3 3 1 2 The e f f e c t 

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

CO w i t h h e m o p r o t e i n s c a n be i n v e s t i g a t e d u s i n g h e m o p r o t e i n s 

r e c o n s t i t u t e d w i t h hemes d i f f e r i n g i n t h e s i d e c h a i n s i n 

p o s i t i o n s 2 a n d 4 ( i . e . meso-, d e u t e r o - , p r o t o - , d i a c e t y l -

d e u t e r o - , a n d d i b r o m o d e u t e r o p o r p h y r i n a t o i r o n s p e c i e s ; 

( s e e F i g u r e 1 . 3 ) . C h a nges i n a - e l e c t r o n d e n s i t y a t t h e 

i r o n c e n t e r a r e r e f l e c t e d i n t h e b a s i c i t y o f t h e s e heme 

g r o u p s , a s m e a s u r e d by p K ^ ; 8 s t r o n g l y b a s i c p o r p h y r i n s 

( l a r g e pK^ v a l u e s ) i n c r e a s e a - d e n s i t y a t t h e i r o n c e n t e r . 

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

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

f r o m c h a n g e s i n e l e c t r o n i c s t r u c t u r e o f t h e heme g r o u p and 

p r o x i m a l l i g a t i o n t o t h e i r o n . The n e t e f f e c t i n t h e hemo6: 

p r o t e i n w i l l d e p e n d on t h e b a l a n c e b e t w e e n t h e s e f a c t o r s , 

a s w e l l a s on t h e c o n t r o l t h a t t h e p r o t e i n e x e r t s on t h e 

p o r p h y r i n t h r o u g h i n t e r a c t i o n w i t h t h e p r o x i m a l l i n k a g e . 

The e f f e c t on o - e l e c t r o n d e n s i t y on t h e i n t e r a c t i o n o f 

CO, a s w e l l a s , w i t h c y t o c h r o m e P450 h a s b e e n i n v e s t i g a t e d 

r e c e n t l y u s i n g h e m e - s u b s t i t u t e d P4 50cam s y s t e m s . 1 0 N a t i v e 

P450cam was r e c o n s t i t u t e d w i t h meso-, d e u t e r o - , p r o t o - , 

d i a c e t y l d e u t e r o - and d i b r o m o d e u - t e r o p o r p h y r i r i a t o i r o n 

s p e c i e s and t h e e q u i l i b r i u m b i n d i n g c o n s t a n t s f o r t h e 

r e a c t i o n w i t h CO a n d w e r e m e a s u r e d . T a b l e I I . 3 l i s t s 
CO 

pK^ v a l u e s f o r e a c h p o r p h y r i n as w e l l as P^ and c o r r e s p o n d i n g 

Kco v a l u e s f o r e a c h o f t h e r e c o n s t i t u t e d P450cam s y s t e m s . 

C o r r e s p o n d i n g d a t a f o r m y o g l o b i n h a v e n o t b e e n r e p o r t e d . 

P^ z and KQ2 v a l u e s f o r r e c o n s t i t u t e d P450cam and m y o g l o b i n 

s y s t e m s a r e a l s o i n c l u d e d f o r c o m p a r i s o n . E q u i l i b r i u m 

b i n d i n g d a t a f o r t h e P450cam s y s t e m s a r e f o r t h e s u b s t r a t e -

bound enzymes o n l y . 

A n a l y s i s o f t h e d a t a p r e s e n t e d i n T a b l e I I . 3 i n d i c a t e s 

t h a t b i n d i n g o f CO t o s u b s t r a t e - b o u n d P4 50cam i s e n h a n c e d w i t h 

more b a s i c p o r p h y r i n s ( i . e . meso ~ d e u t e r o > p r o t o > d i a c e t y l 

d e u t e r o > d i b r o m o d e u t e r o ) . 1 0 T h a t i s , t h e h i g h e r pk^ v a l u e s 

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

a t o m w h i c h i n t u r n s t r e n g t h e n s t h e C O - h e m o p r o t e i n i n t e r a c t i o n . 8 

S u c h c o r r e l a t i o n s a r e i n d i c a t e d f o r some c o b a l t and manganese 
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T a b l e I I . 3 

D a t a ( a ) f o r B i n d i n g o f CO a n d 0 2 t o t h e F e r r o u s S t a t e s 

o f S u b s t r a t e - b o u n d P 4 5 0 c a m 1 0 and M y o g l o b i n 1 0 9 

P o r p h y r i n 
S y s t e m 

P K 3 

Kco (P450cam) 

( M _ 1 ) 
Ko 2 (P4 5 0cam) 

( M _ 1 ) 

K o 2 (Mb) 

( M _ 1 ) 

Meso 5.8 1 . 7 x l 0 5 (4.3) 1 . 5 x l 0 6 ( 0 . 

D e u t e r o 5.5 1 . 8 x l 0 5 (4.0) 2 . 7 x l 0 5 (2) 2 . 6 x l 0 6 ( 0 . 

P r o t o 4.8 1 . 3 x l 0 5 (5.5) 2 . 2 x l 0 5 (2.5) l . l x l O 6 ( 0 . 

D i a c e t y l -
d e u t e r o 3.3 5 . 3 x l 0 4 ( 1 3 . 8 ) 2 . 4 

7x10 (20) 5 . 5 x l 0 5 ( 1 . 

Di.bromo-
d e u t e r o 3.0 4 . 6 x l 0 4 ( 1 6 . 1 ) 2 . 4 

5x10 (22) 5 . 0 x l 0 5 ( 1 . 

a) Ph (mm Hg) v a l u e s a r e i n b r a c k e t s , 
-6, Kco v a l u e s c a l c u l a t e d a s s u m i n g 1 mm CO = 1.36x10 M; 

— 6 
K Q 2 v a l u e s c a l c u l a t e d a s s u m i n g 1mm 0 2 = 1.82x10 ; R e f . 1 0 9 
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p o r p h y r i n s y s t e m s , b u t t h e e f f e c t s a r e s m a l l and t h e i n t e r 

p l a y o f a and IT e f f e c t i s s u b t l e . 8 C o m p a r i s o n w i t h t h e 

c o r r e s p o n d i n g C ^ - b i n d i n g d a t a f o r s u b s t r a t e - b o u n d P450 

s y s t e m s and m y o g l o b i n shows t h e same c o r r e l a t i o n o f s t r o n g e r 

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

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

CO- a n d 0^- b i n d i n g . 1 0 I t i s w o r t h n o t i n g t h a t t h e m o s t 

b a s i c meso s y s t e m s b i n d s CO somewhat l e s s s t r o n g l y t h a n t h e 

d e u t e r o s y s t e m and t h i s t r e n d i s a l s o f o u n d w i t h 0 2 ~ b i n d i n g 

t o r e c o n s t i t u t e d P450cam and m y o g l o b i n s y s t e m s . A g a i n 

e x p l a n a t i o n s b a s e d on 0 a n d IT e f f e c t s a t t h e heme c e n t e r 

h a v e b e e n o f f e r e d b u t t h e t r e n d i s p o o r l y u n d e r s t o o d . 8 

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

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

and e n t r o p y c o n t r i b u t i o n s b y s t u d i e s a t d i f f e r e n t t e m p e r a t u r e s . 

T h e s e d a t a , a l o n g w i t h a c o m p l e t e s e t o f k i n e t i c c o n s t a n t s 

and a c t i v a t i o n e n e r g i e s f o r t h e r e a c t i o n o f CO w i t h t h e 

r e c o n s t i t u t e d P450cam s y s t e m i n t h e p r e s e n c e and a b s e n c e o f 

t h e camphor s u b s t r a t e , a r e n e e d e d t o f u r t h e r e v a l u a t e t h e 

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

P 4 5 0 . I n s h o r t , s i n c e no k i n e t i c d a t a h a v e b e e n p u b l i s h e d 

o n t h e s e r e c o n s t i t u t e d P450cam s y s t e m s t o d a t e , a n e x c e l l e n t 

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

o f c a r b o n m o n o x i d e w i t h t h i s enzyme s y s t e m . 
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I I I . l S y n t h e s i s o f S u b s t i t u t e d Hemins D e r i v e d f r o m 
P r o t o h e m i n C h l o r i d e [ ( c h l o r o ) p r o t o p o r p h y r i n a t o i r o n ( I I I ) ] 

I I I . 1 . 1 G e n e r a l I n f o r m a t i o n 

(1) 

P r o t o h e m i n (1) i s t h e p r o s t h e t i c g r o u p o f h e m o g l o b i n , 

m y o g l o b i n , many p e r o x i d a s e s , c a t a l a s e , c y t o c h r o m e P450 a n d 

many o t h e r p r o t e i n s . I t i s t h u s t h e m o s t w i d e l y o c c u r r i n g 

p o r p h y r i n d e r i v a t i v e f o u n d i n N a t u r e . S y n t h e s e s o f p o r p h y r i n s 

and h e m i n s d e r i v e d f r o m t h o s e f o u n d i n a n i m a l m a t e r i a l 

i n v a r i a b l y i n v o l v e p r o t o h e m i n a s t h e s t a r t i n g m a t e r i a l . 

I n d e e d , t h e s y n t h e s e s o f d e u t e r o - , meso-, d i a c e t y l d e u t e r o - , 

and d i b r o m o d e u t e r o h e m i n ( s e e F i g u r e 1.3) t o be d e s c r i b e d 

p r e s e n t l y i n v o l v e p r o t o h e m i n a s t h e s t a r t i n g m a t e r i a l . I n 

e a c h c a s e , t h e c o r r e s p o n d i n g h e m i n d e r i v a t i v e i s o b t a i n e d 

t h r o u g h m o d i f i c a t i o n o f t h e v i n y l g r o u p s i n t h e 2 and 4 
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p o s i t i o n s o f t h e p o r p h y r i n p e r i p h e r y o f p r o t o h e m i n (1) : 

f o r d e u t e r o h e m i n t h e v i n y l g r o u p s a r e r e p l a c e d by h y d r o g e n ; 

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

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

e x c h a n g e d f o r a c e t y l g r o u p s ; and f o r d i b r o m o d e u t e r h e m i n t h e 

v i n y l g r o u p s a r e r e p l a c e d by b r o m o g r o u p s ( - B r ) . The p r e p a r a t i o n 

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

o f t h e v i n y l g r o u p s o r r e p l a c e m e n t o f them by d i r e c t 

s u b s t i t u t i o n on t h e p o r p h y r i n r i n g . The s y n t h e t i c m e t h o d s 

t o be d e s c r i b e d h a v e b e e n u s e d f o r many y e a r s a s s t a n d a r d 

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

t h e 2 and 4 p o s i t i o n s o f p r o t o h e m i n . As w e l l , e a c h o f t h e 

s u b s t i t u t e d h e m i n s h a v e b e e n f u l l y c h a r a c t e r i z e d 1 3 6 i n 

t e r m s o f t h e i r p h y s i c a l p r o p e r t i e s . T h e r e f o r e , a l t h o u g h 

t h e same s t a n d a r d p r e p a r a t i v e m e t h o d s a r e u s e d t o s y n t h e s i z e 

t h e f o u r m o d i f i e d h e m i n s , c h a r a c t e r i z a t i o n was l i m i t e d t o 

s p e c t r o p h o t o m e t r i c a n a l y s i s i n t h e v i s i b l e r e g i o n (400-700nm) 

o f t h e p y r i d i n e hemochrome c o m p l e x o f e a c h h e m i n ( s e e S e c t i o n 

I I I . 1 . 3 ) . A b s o l u t e a b s o r p t i o n p e a k maxima (X ) and m i l l i -
^ c max 

m o l a r e x t i n c t i o n c o e f f i c i e n t ( £
m M ) d a t a o b t a i n e d e x p e r i m e n t a l l y 

w e r e c o m p a r e d w i t h d a t a r e p o r t e d i n t h e l i t e r a t u r e . T h ese 

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

h e m i n . I n a l l c a s e s , X and e v a l u e s o b t a i n e d 
max mM 

e x p e r i m e n t a l l y w e r e i n e x c e l l e n t a g r e e m e n t w i t h t h e l i t e r a t u r e . 

T h i n l a y e r c h r o m a t o g r a p h y . . (TLC) on s i l i c a g e l a n d p o l y a m i d e was 

a l s o u s e d t o a s s e s s t h e p . u r i t y o f e a c h h e m i n . 
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I I I . 1 . 2 M a t e r i a l s 

R e a g e n t s w e r e o b t a i n e d a s f o l l o w s : f r o m A l l i e d 

C h e m i c a l C a n a d a L t d . , g l a c i a l a c e t i c a c i d : f r o m A m e r i c a n 

S c i e n t i f i c a n d C h e m i c a l C o ., c o n c e n t r a t e d ammonium h y d r o x i d e 

(NH^OH), f e r r o u s c h l o r i d e , f e r r o u s s u l p h a t e , c o n c e n t r a t e d 

h y d r o c h l o r i c a c i d ( H C 1 ) , p o t a s s i u m h y d r o x i d e (KOH), p y r i d i n e , 

a n d s o d i u m h y d r o x i d e (NaOH); f r o m C a l e d o n L a b o r a t o r i e s L t d . , 

b e n z e n e ; f r o m E a s t m a n Kodak Co., a c e t o n e , c h l o r o f o r m , 

N , N 1 - d i m e t h y l f o r m a m i d e (DMF), m e t h a n o l , a n d p r o p i o n i c a c i d ; 

f r o m F i s h e r S c i e n t i f i c Co., a c e t i c a n h y d r i d e , b r o m i n e , h y d r o -

b r o m i c a c i d ( 4 8 % ) , r e s o r c i n o l , s o d i u m d i t h i o n i t e ( N a 2 S 2 0 ^ ) 

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

( S n C l ^ ) ; f r o m M a l l i n c k r o d t , a n h y d r o u s d i e t h y l - e t h e r , a n d 

s o d i u m t a r t r a t e AR; f r o m MCB, ammonium a c e t a t e , f o r m i c 

a c i d (88%) a n d p a l l a d i u m o x i d e (PdO x H 2 0 ) ; a n d f r o m 

S i g m a C h e m i c a l Co., p r o t o p o r p h y r i n a t o i r o n ( I I I ) ( p r o t o h e m i n ) . 

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

H y d r o g e n g a s ( H 2 ) a n d g a s e o u s h y d r o c h l o r i c a c i d w e r e 

o b t a i n e d f r o m M a t h e s o n o f Canada L t d . a nd w e r e u s e d w i t h o u t 

f u r t h e r p u r i f i c a t i o n . 

P u r i f i e d a r g o n , o b t a i n e d f r o m C a n a d i a n L i q u i d A i r L t d . , 

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

( F i s h e r ) h e a t e d t o 50°C t o remove t r a c e o x y g e n a n d t h e n 

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

p e n t o x i d e (M.C.B.), a nd s o d i u m h y d r o x i d e p e l l e t s w i t h 

I n d i c a t i n g D r i e r i t e ( F i s h e r ) . 
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A n a l y t i c a l t h i n l a y e r c h r o m a t o g r a p h y (TLC) was p e r f o r m e d 

on s i l i c a g e l ( P r e c o a t e d E a s t m a n C h r o m a t o g r a m s h e e t s ) and 

p o l y a m i d e ( P o l y g r a m P o l y a m i d e - 6 , 0.1 mm) a v a i l a b l e f r o m 

t h e E a s t m a n Kodak Co., and B r i n k m a n , r e s p e c t i v e l y . 
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I I I . 1 . 3 S p e c t r o p h o t o m e t r i e A n a l y s i s o f P y r i d i n e Hemochromes 

U l t r a v i o l e t and v i s i b l e a b s o r p t i o n s p e c t r a w e r e r e c o r d e d 

on a C a r y 17D s p e c t r o p h o t o m e t e r a t room t e m p e r a t u r e (23±2°C). 

Q u a r t z c e l l s ( H e l l m a ) o f p a t h l e n g t h 0.1 and 1 cm w e r e u s e d . 

As m e n t i o n e d i n S e c t i o n I I I . 1.1, t h e s u b s t i t u t e d h e m i n 

d e r i v a t i v e s w e r e c h a r a c t e r i z e d a s t h e p y r i d i n e hemochrome 

s p e c i e s . 1 3 1 a The hemochromes a r e c o m p l e x e s f o r m e d b y t h e 

c o o r d i n a t i o n o f two m o l e c u l e s o f a b a s e t o a f e r r o u s 

p o r p h y r i n (heme); t h e heme m o l e c u l e i s c o o r d i n a t e d by 

two p y r i d i n e m o l e c u l e s i n t h e p y r i d i n e hemochrome c o m p l e x e s . 

The hemochromes p r o d u c e s h a r p a n d c h a r a c t e r i s t i c t h r e e -

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

S o r e t a b s o r p t i o n p e a k a t =400nm and two w e a k e r a b s o r p t i o n 

maxima ( i . e . t h e a and 3 b a n d s ) b e t w e e n 500 and 600nm. 

The p o s i t i o n and i n t e n s i t y o f t h e s e b a n d s a r e e x t r e m e l y 

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

p e r i p h e r a l m o d i f i c a t i o n s a t t h e 2 - , 4 - v i n y l g r o u p s o f p r o t o 

h e m i n , a s w e l l a s t o t h e p u r i t y o f t h e h e m i n s a m p l e . 

T h e r e f o r e , t h e s a m p l e s o f d e u t e r o - , meso-, d i a c e t y l d e u t e r o - , 

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

i d e n t i f i e d r e a d i l y b y t h i s m e t h o d . 

I n p r a c t i c e , t h e p y r i d i n e hemochrome s p e c t r a w e r e 

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

r e d u c t i o n w i t h s o l i d s o d i u m d i t h i o n i t e (l&a,^^^), a c c o r d i n g 

t o t h e m e t h o d o f P a u l et a Z . 1 3 8 The hemochrome was p r e p a r e d 

by m i x i n g 2.OmL o f 0.ImM NaOH, 0.5mL p y r i d i n e a n d 2 5yL o f a 



p y r i d i n e - h e m e s o l u t i o n made up by d i s s o l v i n g - lmg o f 

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

i n t h e r e a c t i o n m i x t u r e s w e r e - 1 x 10 ~*M, w h e r e a s t h e 

f i n a l c o n c e n t r a t i o n s o f NaOH a n d p y r i d i n e w e r e 0.079 N 

and 2.2M r e s p e c t i v e l y ; s u c h c o n d i t i o n s h a v e b e e n f o u n d 

s a t i s f a c t o r y f o r t h e p r o d u c t i o n o f t h e p y r i d i n e hemochrome 

s p e c i e s . 1 3 l a The r e a c t i o n c o m p o n e n t s w e r e t r a n s f e r r e d t o 

a 1cm q u a r t z c e l l (maximum v o l u m e , 3mL), d e g a s s e d by 

p u r g i n g t h e s o l u t i o n s w i t h a r g o n , and f i n a l l y , r e d u c e d by 

t h e a d d i t i o n o f ? lmg o f Na2S20^. Hemochrome f o r m a t i o n 

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

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

f r o m brown t o r e d . The c e l l was i m m e d i a t e l y s t o p p e r e d and 

t h e v i s i b l e a b s o r p t i o n s p e c t r u m o b t a i n e d . A l l hemochrome 

s p e c t r a w e r e r u n a g a i n s t a m a t c h e d 1cm q u a r t z r e f e r e n c e 

c e l l c o n t a i n i n g t h e p y r i d i n e - N a O H s o l v e n t a n d ^ 2 8 2 0 ^ . 

C e l l s c o n t a i n i n g o n l y t h e p y r i d i n e - N a O H s o l v e n t s y s t e m a n d 

Na2S20^ w e r e u s e d t o d e t e r m i n e t h e b a s e l i n e a b s o r p t i o n b e f o r e 

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

c o n c e n t r a t e d s o l u t i o n o f t h e hemochrome was p r e p a r e d , 0.1cm 

q u a r t z c e l l s w e r e u s e d t o m e a s u r e t h e s t r o n g S o r e t a b s o r p t i o n 

maxima. The m i l l i m o l a r e x t i n c t i o n c o e f f i c i e n t s w e r e d e t e r m i n e d 

by d i r e c t s p e c t r o s c o p i c m e a s u r e m e n t and c o m p a r e d t o l i t e r a t u r e 

d a t a . 
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I I I . 1 . 4 D e u t e r o h e m i n (2) 

(CH 2) 2COOH H (CH 2) 2COOH 

H 

(2) 

C r u d e d e u t e r o h e m i n was p r e p a r e d f r o m p r o t o h e m i n by t h e 

r e s o r c i n o l m e l t p r o c e d u r e d e s c r i b e d by D i n e l l o and C h a n g . 1 3 6 a 

F i v e grams o f p r o t o h e m i n ( d a r k b l u e c r y s t a l s ) and f i f t e e n grams 

o f r e s o r c i n o l ( f l a k y w h i t e s o l i d ) w e r e m i x e d t o g e t h e r and p l a c e d 

i n a 250mL r o u n d - b o t t o m f l a s k . The f l a s k was k e p t u n d e r an a i r 

c o n d e n s e r i n a n o i l - b a t h a t 140° - 150°C. The m i x t u r e 

becomes l i q u i d a t =110°C ( i . e . t h e m e l t i n g p o i n t o f r e s o r c i n o l ) 

b u t t h e s o l u t i o n d o e s n o t r e f l u x a s a l i q u i d . I n s t e a d , t h e 

r e s o r c i n o l c r y s t a l l i z e s on t h e w a l l s o f t h e f l a s k and e v e n t u a l l y , 

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

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

w i t h d r a w i n g an a l i q u o t o f t h e r e a c t i o n m i x t u r e and p r e p a r i n g 

t h e p y r i d i n e hemochrome s p e c i e s ( s e e S e c t i o n I I I . 1 . 3 ) . The 



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

t h e p r o t o h e m i n p y r i d i n e hemochrome ( T a b l e I I I . l ) . C o m p l e t i o n 

o f t h e r e a c t i o n was d e t e r m i n e d by t h e d i s a p p e a r a n c e o f t h e 

p r o t o h e m i n p y r i d i n e hemochrome s p e c t r u m . The r e a c t i o n was 

c o m p l e t e a f t e r 45 m i n . A f t e r c o o l i n g t o room t e m p e r a t u r e , 

t h e b l a c k t a r - l i k e mass was t r i t u r a t e d w i t h d i e t h y l - e t h e r 

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

s i n t e r e d - g l a s s f u n n e l . The s o l i d was washed f u r t h e r w i t h 

d i e t h y l - e t h e r u n t i l t h e f i l t r a t e was c l e a r , a nd t h e n a i r 

d r i e d . The y i e l d o f t h e c r u d e brown d e u t e r o h e m i n was 

q u a n t i t a t i v e . P r i o r t o f u r t h e r u s e i n t h e p r e p a r a t i o n o f 

d i a c e t y l d e u t e r o - ( S e c t i o n I I I . 1 . 6 ) and d i b r o m o d e u t e r o h e m i n s 

( s e e S e c t i o n I I I . 1 . 7 ) , t h e c r u d e d e u t e r o h e m i n was s t o r e d 

i n t h e d a r k a t -0°C. P u r i f i e d d e u t e r o h e m i n , o n t h e o t h e r 

h a n d , was o b t a i n e d i n h i g h y i e l d s f o l l o w i n g t h e m e t h o d 

d e v e l o p e d by D i n e l l o a nd C h a n g . 1 3 6 a 

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

d i s s o l v e d i n m i n i m a l p y r i d i n e (- 2mL) a n d a p p l i e d t o a 

s i l i c a - g e l t h i c k l a y e r p l a t e ( A n a l t e c h I n c . 2mm t h i c k ) . 

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

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

a n d t h o r o u g h l y p o w d e r e d . M e a n w h i l e , 90g o f p o l y a m i d e powder 

( M a c h e r y a n d N a g e l , 0.07mm a v a i l a b l e f r o m B r i n k m a n ) was 

s l u r r i e d i n b e n z e n e - m e t h a n o l - f o r m i c a c i d (BMF) 110:30:1 ( v / v / v ) 

and p o u r e d i n t o a c o l u m n 2.5cm i n d i a m e t e r and 9 0cm h i g h . 

The c o l u m n was p a c k e d and e q u i l i b r a t e d w i t h a t l e a s t 500mL 
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s o l v e n t a t a f l o w - r a t e o f 6-9mL/min u s i n g N 2 p r e s s u r e . 

H i g h e r t h a n n o r m a l f l o w - r a t e s o f a b o u t l m L / m i n r e d u c e s 

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

t a k e p l a c e due t o t h e p r e s e n c e o f m e t h a n o l and a n a c i d 

c a t a l y s t ( i . e . f o r m i c a c i d ) . 1 5 3 a A l a y e r o f s o l v e n t 5-10cm 

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

l o a d e d w i t h c r u d e d e u t e r o h e m i n was p o u r e d d i r e c t l y on t o p 

o f t h e c o l u m n u s i n g a powder f u n n e l (100mm d i a m e t e r ) 

e q u i p p e d w i t h an e x t e n d e d s h a f t (- 20cm). I f t h e s h a f t 

o f t h e f u n n e l was h e l d j u s t a b o v e t h e u p p e r s o l v e n t l e v e l 

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

(- 10cm) was l e f t o v e r t h e c o l u m n b e d , t h e t o p o f t h e 

p o l y a m i d e b e d was u n d i s t u r b e d and t h e l o a d e d s i l i c a g e l 

s e t t l e d e v e n l y . The f u n n e l was r i n s e d t h o r o u g h l y w i t h 

e l u t i n g s o l v e n t . The l i q u i d l e v e l was b r o u g h t t o t h e 

t o p o f t h e c o l u m n and t h e c o l u m n was e l u t e d a t 6-9mL/min 

w i t h BMF (110:30:1) . 

The c r u d e d e u t e r o h e m i n s e p a r a t e d i n t o two b a n d s . The 

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

was p r e s e n t a s a s m a l l p i n k b a n d t h a t was c o l l e c t e d and 

d i s c a r d e d . The s e c o n d b a n d , w h i c h c o n t a i n e d d e u t e r o h e m i n , 

e l u t e d more s l o w l y a s a m a j o r d a r k brown b a n d . 

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

a b o v e c o l u m n c h r o m a t o g r a p h y w e r e t a k e n t o d r y n e s s and 

d i s s o l v e d i n 1.5mL p y r i d i n e . C h l o r o f o r m (3mL) was a d d e d 

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

g l a s s w o o l i n t o a 50mL r o u n d - b o t t o m f l a s k . The g l a s s w o o l 



98 

was washed w i t h two 1.35mL p o r t i o n s o f p y r i d i n e - c h l o r o f o r m 

3 5 :100. The p y r i d i n e - c h l o r o f o r m s o l u t i o n o f d e u t e r o h e m i n 

was t h e n h e a t e d t o b o i l i n g a n d 35mL b o i l i n g a c e t i c a c i d w e r e 

a d d e d . C o n c e n t r a t e d HC1 (0.3 5mL) was a d d e d a n d t h e s o l u t i o n 

a g a i n h e a t e d t o b o i l i n g . D e u t e r o h e m i n c h l o r i d e ( ( c h l o r o ) 

d e u t e r o p o r p h y r i n a t o i r o n ( I I I ) ) was r e c o v e r e d by s u c t i o n 

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

The y i e l d o f c r y s t a l l i n e d e u t e r o h e m i n ( d a r k b l u e c r y s t a l s ) 

f r o m 600mg o f c r u d e m a t e r i a l was 250mg o r 4 2 % f r o m p r o t o h e m i n . 

The c r y s t a l l i n e h e m i n showed a s i n g l e s p o t on TLC on s i l i c a 

g e l (BMF 110:30:1) a n d p o l y a m i d e (BMF 110:30:1 a n d m e t h a n o l -

a c e t i c a c i d 1 0 0 : 2 ) . T a b l e I I I . l l i s t s a b s o r b a n c e d a t a f o r 

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

h e m i n , w h i l e F i g u r e I I I . l shows t h e a b s o l u t e a b s o r p t i o n 

s p e c t r u m of t h e d e u t e r o h e m i n p y r i d i n e hemochrome. 
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T a b l e I I I . l 

A b s o r b a n c e D a t a f o r t h e P y r i d i n e Hemochromes D e r i v e d 

f r o m P r o t o - a n d D e u t e r o h e m i n . 

Heme max(nm) 
emM 

S o r e t 
Band 

3 
max 

a 
max 

P r o t o - ( a ) A 418 .5 526 557 

e 191.4 17.5 34 .4 

D e u t e r o - ^ A 405.5 514 544 

£ 134 .6 18 .3 26.4 

D e u t e r o - A 406 514 544 

e 135 18 .8 25 

a) P u b l i s h e d A and e v a l u e s f o r t h e p r o t o - a n d 
max mM c 

d e u t e r o h e m i n p y r i d i n e hemochromes; R e f . l 3 6 a . 

b) E x p e r i m e n t a l l y d e t e r m i n e d A and e v a l u e s f o r t h e ' r j. m a x mM 
d e u t e r o h e m i n p y r i d i n e hemochrome. 



F i g u r e I I I . l A b s o r p t i o n s p e c t r u m o f t h e d e u t e r o h e m i n 
p y r i d i n e hemochrome. 

H 
o o 
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I I I .1.5 M e s o h e m i n (• 3 ) 

C r u d e mesohemin was p r e p a r e d by m e t a l i a t i o n o f meso-

p o r p h y r i n f r e e a c i d by t h e method o f A d l e r et a Z . 1 3 9 

M e s o p o r p h y r i n f r e e a c i d was s y n t h e s i z e d f r o m p r o t o h e m i n by 

t h e m e thod d e s c r i b e d by Caughey et a Z - . 1 3 6 f e The method 

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

t o e t h y l g r o u p s w i t h h y d r o g e n g a s ( I ^ ) / a nd r e m o v a l o f i r o n 

t h r o u g h t h e a c t i o n o f f o r m i c a c i d . P a l l a d i u m o x i d e (PdO) 

was u s e d a s t h e r e d u c i n g c a t a l y s t . F e r r o u s p r o t o h e m i n was 

i n i t i a l l y f o r m e d by t h e r e d u c t i o n o f F e ( I I I ) t o F e ( I I ) . 
o 

S i n c e F e ( I I ) h a s a l a r g e r i o n i c r a d i u s , 0.74A, c o m p a r e d 
o 

w i t h t h a t o f F e ( I I I ) , 0 . 6 4 A , £e(II) was more r e a d i l y 

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

p o r p h y r i n I X was o b t a i n e d i n i t i a l l y . The f i n a l m e s o p o r p h y r i n I X 
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was o b t a i n e d by c a t a l y t i c h y d r o g e n a t i o n o f t h e v i n y l g r o u p s 

o f p r o t o p o r p h y r i n IX. 

P r o t o h e m i n (2.0g) was s u s p e n d e d i n f o r m i c a c i d ( 9 0 % ; 

165mL) c o n t a i n i n g p a l l a d i u m o x i d e (500mg) i n a 250mL two-

n e c k e d r o u n d - b o t t o m f l a s k f i t t e d w i t h a r e f l u x c o n d e n s e r a n d 

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

The m i x t u r e was m a i n t a i n e d a t 94-98°C f o r l h w h i l e t h e H 2 

g a s was p a s s e d t h r o u g h t h e m i x t u r e . The p r o g r e s s o f t h e 

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

w i t h d r a w i n g a n a l i q u o t o f t h e r e a c t i o n m i x t u r e and t h e n 

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

was t h e n c o m p a r e d w i t h t h a t o f p r o t o p o r p h y r i n IX ( F i g u r e s 

I I I . 2 and I I I . 3 ) . C o m p l e t i o n o f t h e r e a c t i o n was d e t e r m i n e d 

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

p a l l a d i u m o x i d e was f i l t e r e d o f f u s i n g a s i n t e r e d g l a s s 

f u n n e l o f f i n e p o r o s i t y , and was w a s h ed w i t h f o r m i c a c i d . 

The f i l t r a t e was t h e n p o u r e d i n t o 3 0% ammonium a c e t a t e 

s o l u t i o n (600mL) w i t h e f f i c i e n t s t i r r i n g . A f t e r b e i n g a l l o w e d 

t o s t a n d f o r 4 5 m i n , t h e p r e c i p i t a t e was c o l l e c t e d by c e n t r i -

f u g a t i o n a t 10,000rpm u s i n g a S e r v a l l RC2 r e f r i g e r a t e d 

c e n t r i f u g e e q u i p p e d w i t h an SS-34 r o t o r h e a d and w a s h ed 

r e p e a t e d l y w i t h d e i o n i z e d w a t e r . The p r e c i p i t a t e was t a k e n 

up i n 2% a q u e o u s ammonia s o l u t i o n (14 0mL) t o g i v e a b rown 

s o l u t i o n . The d i s o d i u m s a l t o f mesohemin was " s a l t e d o u t " 

w i t h 30% s o d i u m t a r t r a t e s o l u t i o n (20mL). The p r e c i p i t a t e 

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

r e m a i n e d b r o w n , t h e a b o v e p r o c e d u r e was r e p e a t e d . 



Figure III.2 Absorption spectrum of protoporphryin IX 
i n formic a c i d . 

548 

Figure III.3 Absorption spectrum of mesoporphyrin IX 
i n formic a c i d . o 
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The s o d i u m s a l t was c o n v e r t e d t o m esohemin d i h y d r o -

c h l o r i d e a s d e s c r i b e d by C o r w i n et al.lkQ by t h e a d d i t i o n 

o f b o i l i n g 25% h y d r o c h l o r i c a c i d (120mL) t o t h e p r e c i p i t a t e 

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

c r y s t a l s o f t h e d i h y d r o c h l o r i d e f o r m e d a l m o s t i m m e d i a t e l y . 

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

by f i l t r a t i o n , w a s h e d w i t h a l i t t l e 2.5% h y d r o c h l o r i c a c i d 

s o l u t i o n , and d r i e d i n a i r . The b r o w n s o l i d was s t o r e d a t 

-0°C. The y i e l d o f c r u d e m e s o p o r p h y r i n d i h y d r o c h l o r i d e was 

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

e x h i b i t e d p e a k s o f 400, 496, 530, 566 and 620nm ( L i t e r a t u r e 

v a l u e s : 4 0 0 , 4 9 9 , 5 3 3 , 567 and 621nm; R e f . 1 3 6 a ) . 

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

c a r r i e d o u t i n r e f l u x i n g N , N ' - d i m e t h y l f o r m a m i d e (DMF) i n 

t h e p r e s e n c e o f f e r r o u s c h l o r i d e . 1 3 9 R e a g e n t g r a d e DMF 

(200mL) was b r o u g h t t o r e f l u x i n a 500mL r o u n d - b o t t o m f l a s k 

e q u i p p e d w i t h a r e f l u x c o n d e n s e r . The s o l v e n t was h e a t e d 

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

p r e p a r e d by t h e a b o v e p r o c e d u r e was a d d e d and t h e m i x t u r e 

a l l o w e d t o s t i r f o r 5 m i n f o r c o m p l e t e s o l u t i o n o f t h e 

p o r p h y r i n . Two m o l e e q u i v a l e n t s o f f e r r o u s c h l o r i d e (760mg) 

w e r e p o w d e r e d and t h e n a d d e d t o t h e s o l u t i o n . A f t e r a few 

m i n u t e s , c o m p l e t i o n o f t h e r e a c t i o n was c h e c k e d by t h e l o s s 

o f t h e f r e e p o r p h y r i n ' s r e d f l u o r e s c e n c e u n d e r l o n g wave 

u l t r a v i o l e t l i g h t , and s p e c t r o p h o t o m e t r i c a l l y by w i t h d r a w i n g 

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

hemochrome. The m e t a l a t i o n r e a c t i o n was c o m p l e t e i n 5 m i n . 
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The r e a c t i o n v e s s e l was r e m o v e d f r o m t h e h o t p l a t e a n d c o o l e d 

t o room t e m p e r a t u r e . Once c o o l e d , t h e r e a c t i o n m i x t u r e was 

a d d e d t o a n i c e w a t e r b a t h (500mL) w i t h s t i r r i n g a n d t h e 

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

f i l t r a t e was c l e a r . The f i l t e r e d m a t e r i a l was w a s h e d w i t h 

w a t e r a nd a i r d r i e d . The y i e l d o f c r u d e mesohemin was 

q u a n t i t a t i v e . 

C r u d e mesohemin (600mg) was p u r i f i e d by c h r o m a t o g r a p h y 

o n p o l y a m i d e a s d e s c r i b e d f o r d e u t e r o h e m i n i n S e c t i o n I I I . 1.4 

e x c e p t t h a t t h e s o l v e n t s y s t e m u s e d was BMF 1 1 0 : 1 5 : 1 . T h r e e 

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

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

m e sohemin, a p p e a r e d a s a f a s t r u n n i n g r e d and a s l o w e r r u n n i n g 

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

The t h i r d i m p u r i t y , a l i g h t b r own b a n d , e l u t e d f r o m t h e c o l u m n 

a f t e r t h e d a r k b r o w n mesohemin b a n d . The i m p u r i t y was d i s 

c a r d e d . The m a i n p r o d u c t f r a c t i o n s w e r e c o l l e c t e d , t a k e n 

t o d r y n e s s , and c r y s t a l l i z e d a s d e s c r i b e d f o r d e u t e r h e m i n 

(s e e S e c t i o n I I I . 1 . 4 ) . The y i e l d o f mesohemin c h l o r i d e 

( c h l o r o ) m e s o p o r p h y r i n a t o i r o n ( I I I ) was 330mg o r 55% f r o m 

p r o t o h e m i n . TLC o n s i l i c a g e l (BMF 110:30:1) showed a s i n g l e 

s p o t as d i d p o l y a m i d e TLC (BMF 110:30:1 and m e t h a n o l - a c e t i c 

a c i d 1 0 0 : 2 ) . T a b l e I I I . 2 l i s t s a b s o r b a n c e d a t a f o r t h e p y r i d i n e 

hemochrome o f mesohemin w h i l e F i g u r e I I I . 4 shows t h e a b s o l u t e 

a b s o r p t i o n s p e c t r u m o f t h e mesohemin p y r i d i n e hemochrome. 
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T a b l e I I I . 2 

A b s o r b a n c e d a t a f o r t h e P y r i d i n e Hemochrome D e r i v e d f r o m 

M e s o h e m i n . 

Heme 
X 

max 
£mM 

(nm)' S o r e t Band 3 
max 

a 
max 

M e s o - a X 408 516 546 

e 139.5 20.9 35.8 

b 

Meso- X 408 516 546 

£ 140 21 34 

a) P u b l i s h e d X and e v a l u e s f o r t h e mesohemin 
max mM 

p y r i d i n e hemochrome; R e f . 1 3 6 a . 

b) E x p e r i m e n t a l l y d e t e r m i n e d A and e v a l u e s f o r 
u max mM 

t h e mesohemin p y r i d i n e hemochrome. 
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I I I . 1. 6 D i a c e t y l d e u t e r o h e m i n (4) 

M 
C r u d e d i a c e t y d e u t e r o h e m i n was p r e p a r e d f r o m c r u d e 

d e u t e r o h e m i n ( s e e S e c t i o n I I I . 1 . 4 ) u s i n g t h e o r i g i n a l m ethod 

o f F i s c h e r , 1 4 1 a s m o d i f i e d b y D i n e l l o a n d C h a n g . 1 3 6 a One 

gram c r u d e d e u t e r o h e m i n was d i s s o l v e d i n 200mL a c e t i c a n h y d r i d e 

i n a 5 00mL r o u n d - b o t t o m f l a s k f i t t e d w i t h a d r y i n g t u b e a n d 

e q u i p p e d w i t h a m a g n e t i c s t i r r i n g b a r . The f l a s k was p l a c e d 

i n an i c e w a t e r b a t h a n d t h e t e m p e r a t u r e b r o u g h t t o 0°C w i t h 

s t i r r i n g . F o u r t e e n m i l l i l i t r e s o f a n h y d r o u s S n C l ^ w e r e t h e n 

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

s t i r i n t h e i c e w a t e r b a t h f o r 7 m i n . L o n g e r r e a c t i o n t i m e s 

r e s u l t ' i n s u b s t a n t i a l d e c o m p o s i t i o n and s h o r t e r t i m e s g i v e 

s u b s t a n t i a l amounts o f t h e m o n o - a c e t y l a t e d p r o d u c t . 1 3 6 a The 

r e a c t i o n m i x t u r e was t h e n c a r e f u l l y p o u r e d i n t o 4 00mL o f a 

m i x t u r e o f i c e a n d 1M HC1. The r e s u l t a n t m i x t u r e was a l l o w e d 
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t o s t i r f o r 2h t o d e s t r o y e x c e s s a c e t i c a n h y d r i d e . The 

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

w ashed w i t h w a t e r , and a i r d r i e d . The y i e l d was q u a n t i t a t i v e . 

C r u d e d i a c e t y l d e u t e r o h e m i n (400mg) was p u r i f i e d by p o l y -

a m i de c h r o m a t o g r a p h y a s d e s c r i b e d f o r d e u t e r o h e m i n ( s e e 

S e c t i o n I I I . 1.4) e x c e p t t h a t m e t h a n o l - a c e t i c a c i d 100:2 was 

u s e d a s t h e s o l v e n t s y s t e m . F i v e b a n d s w e r e d e t e c t e d o n t h e 

c o l u m n . D i a c e t y l d e u t e r o h e m i n was t h e l e a s t m o b i l e compound. 

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

e v a p o r a t e d t o a v o l u m e o f lOmL, a n d p r e c i p i t a t e d w i t h w a t e r . 

The h e m i n was f i l t e r e d a n d a i r d r i e d f o r 3 0 m i n , t h e n w a s h ed 

w i t h e t h e r and vacuum d r i e d o v e r n i g h t . The y i e l d was 12 0mg 

o r 30% f r o m p r o t o h e m i n . 

D i a c e t y l d e u t e r o h e m i n i s t o o s o l u b l e t o c r y s t a l l i z e u s i n g 

t h e p r o c e d u r e w i t h p y r i d i n e , c h l o r o f o r m , a c e t i c a c i d , a n d HC1, 

as d e s c r i b e d f o r c r y s t a l l i z a t i o n o f d e u t e r o h e m i n ( s e e S e c t i o n 

I I I . 1 . 4 ) . S u b s t i t u t i o n o f p r o p i o n i c a c i d f o r a c e t i c a c i d 

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

t h e p u r e m a t e r i a l r e m a i n e d i n s o l u t i o n . A t t e m p t s t o w o r k 

up t h e m o t h e r l i q u o r r e s u l t e d i n s u b s t a n t i a l d e c o m p o s i t i o n . 

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

TLC o n s i l i c a g e l (BMF 110:30:1) a n d p o l y a m i d e (BMF 110:30:1 

and m e t h a n o l - a c e t i c a c i d 1 0 0 : 2 ) . T a b l e I I I . 3 l i s t s a b s o r b a n c e 

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

F i g u r e I I I . 5 shows t h e a b s o l u t e a b s o r p t i o n s p e c t r u m o f t h e 

d i a c e t y l d e u t e r o h e m i n p y r i d i n e hemochrome. 
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T a b l e I I I . 3 

A b s o r b a n c e D a t a f o r t h e P y r i d i n e Hemochrome D e r i v e d 

f r o m D i a c e t y l d e u t e r o h e m i n 

Heme max(nm) 
emM 

S o r e t 
Band 

0 
max 

a 
max 

D i a c e t y l ^ A 439 540 574 
d e u t e r o (a) 

e 115 12.6 13 .8 

D i a c e t y l -
d e u t e r o (b) A 439 537 573 

e 110 13.8 16.5 

a) P u b l i s h e d A and e v a l u e s f o r t h e d i a c e t y l d e u t e r o -
max mM J 

h e m i n p y r i d i n e hemochrome; R e f . 1 3 6 a . 

b) E x p e r i m e n t a l l y d e t e r m i n e d A a n d e ... v a l u e s f o r t h e 1 * J max :.mM 
d i a c e t y l d e u t e r o h e m i n p y r i d i n e hemochrome. 



300 400 500 600 700 

Wavelength (nm) 
F i g u r e I I I . 5 A b s o r p t i o n s p e c t r u m o f t h e d i a c e t y l d e u t e r o 

h e m i n p y r i d i n e hemochrome. 
H 



I l l . 1 . 7 D i b r o m o d e u t e r o h e m i n (5) 
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(5) 

D i b r o m o d e u t e r o h e m i n was p r e p a r e d f r o m c r u d e d e u t e r o h e m i n 

(s e e S e c t i o n I I I . 1 . 4 ) u s i n g a f o u r s t e p p r o c e d u r e . D e u t e r o -

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

c a t i o n o f c r u d e d e u t e r o h e m i n , was b r o m i n a t e d and t h e n p u r i f i e d . 

The h e m i n was t h e n p r e p a r e d by i n s e r t i o n o f i r o n i n t o t h e 

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

h y d r o l y s i s o f t h e e s t e r g r o u p s . 

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

d e u t e r o h e m i n by t h e method o f Caughey et al.13&^ w h i c h i n v o l v e d 

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

One gram o f c r u d e d e u t e r o h e m i n was s u s p e n d e d i n a m i x t u r e o f 

p y r i d i n e (2.5mL) a n d c h l o r o f o r m (lOmL) i n a 250mL t w o - n e c k e d 

r o u n d - b o t t o m f l a s k f i t t e d w i t h a b u b b l e r and a f i n e g l a s s f r i t 

f o r p u r g i n g t h e s o l u t i o n w i t h HC1 g a s . T h i s brown m i x t u r e was 
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s t i r r e d a t room t e m p e r a t u r e f o r 3 0 m i n t o a l l o w f o r c o m p l e t e 

s o l u t i o n o f t h e h e m i n . 

C h l o r o f o r m (4 0mL), 8gm o f f i n e l y p o w d e r e d a n h y d r o u s 

f e r r o u s s u l p h a t e , and 55mL o f m e t h a n o l w e r e t h e n a d d e d , and 

H C l g a s was r a p i d l y p a s s e d t h r o u g h t h e v i g o r o u s l y s t i r r e d 

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

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

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

d i l u t i n g w i t h p y r i d i n e . C o m p l e t e i r o n r e m o v a l was d e t e r m i n e d 

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

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

p e a k s a t 400, 4 9 6 , 528, 5 6 5 , and 619nm ( l i t e r a t u r e v a l u e s : 

4 0 0, 4 9 7 , 529, 566 a n d 620nm; R e f . 1 3 6 a ) . A d i s t i n c t c o l o r 

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

a s s o c i a t e d w i t h p r o d u c t i o n o f d e u t e r o p o r p h y r i n . D e u t e r o 

p o r p h y r i n f r e e a c i d and t h e d i m e t h y l e s t e r were, d i s t i n g u i s h e d 

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

w i t h c h l o r o f o r m . D e u t e r o p o r p h y r i n d i m e t h y l e s t e r e x h i b i t e d R^ 

v a l u e s o f -0.5 w h e r e a s t h e f r e e a c i d c o m p o n e n t s r e m a i n e d 

n e a r t h e o r i g i n o f t h e c h r o m a t o g r a m . E s t e r i f i c a t i o n was 

c o m p l e t e when no m a t e r i a l r e m a i n e d a t t h e o r i g i n o f t h e 

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

c o m p l e t e i n l h . The r e a c t i o n m i x t u r e was e x t r a c t e d w i t h w a t e r 

(200mL, t h r e e t i m e s ) , w i t h 10% a q u e o u s ammonia (200mL, t w i c e ) 

and a g a i n w i t h w a t e r (200mL, t w i c e ) . The washed c h l o r o f o r m 

s o l u t i o n was d r i e d o v e r a n h y d r o u s s o d i u m s u l p h a t e (40gm) and 

t a k e n t o d r y n e s s . 
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The c r u d e d e u t e r o p o r p h y r i n d i m e t h y l e s t e r was b r o m i n a t e d 

a c c o r d i n g t o t h e method o f Caughey et a 1.3
 1 3 6 ^ u s i n g p y r i d i n i u m 

h y d r o b r o m i d e p e r b r o m i d e p r e p a r e d b y t h e p r o c e d u r e d e s c r i b e d by 

F i e s e r . 1 4 2 T h r e e m i l l i l i t r e s o f p y r i d i n e was a d d e d s l o w l y t o 

6mL o f 48% h y d r o b r o m i c a c i d a n d t h e s o l u t i o n a l l o w e d t o c o o l 

t o room t e m p e r a t u r e . To t h i s s o l u t i o n was a d d e d g r a d u a l l y 5g 

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

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

t h o r o u g h l y w i t h a c e t i c a c i d . The w e t s o l i d was t h e n a d d e d 

t o 20mL o f a c e t i c a c i d a n d l e f t o v e r n i g h t t o c r y s t a l l i z e . 

The y i e l d o f o r a n g e n e e d l e s was 6g. 

P y r i d i n i u m h y d r o b r o m i d e p e r b r o m i d e (2g) was a d d e d o v e r 

a 5 m i n p e r i o d t o t h e c r u d e d e u t e r o p o r p h y r i n d i m e t h y l e s t e r 

p r e p a r e d a b o v e s u s p e n d e d i n c h l o r o f o r m (lOOmL) i n a 250mL 

r o u n d b o t t o m f l a s k . A f t e r 5 m i n a c e t o n e (35mL) was a d d e d , 

f o l l o w e d 5 m i n l a t e r b y t h e a d d i t i o n o f c o l d w a t e r (lOOmL). 

Up t o and d u r i n g t h e a d d i t i o n o f w a t e r , t h e r e a c t i o n was 

v i g o r o u s l y s t i r r e d a n d c o o l e d t o 0°C i n a n i c e w a t e r b a t h . 

The c h l o r o f o r m l a y e r was washed w i t h w a t e r , d r i e d o v e r 

a n h y d r o u s s o d i u m s u l p h a t e (50g) and t a k e n t o d r y n e s s . The 

p o r p h y r i n e s t e r was c h r o m a t o g r a p h e d on a s i l i c a g e l (Woelm, 

70-150 mesh, a v a i l a b l e f r o m ICN) c o l u m n (lOOg) and e l u t e d 

w i t h c h l o r o f o r m c o n t a i n i n g 1.5% m e t h a n o l by v o l u m e . The 

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

f r o m c h l o r o f o r m : m e t h a n o l ( 1 : 1 , by v o l u m e ) . A n a l y t i c a l t h i n 

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

r e v e a l e d a s i n g l e c o m p o nent and t h e v i s i b l e a b s o r p t i o n s p e c t r u m 
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i n c h l o r o f o r m e x h i b i t e d peaks a t 499, 533, 568, and 623nm 

( l i t e r a t u r e v a l u e s : 500, 534, 569, and 523nm; Ref. 136c). 

Dibromodeuterohemin was prepared by i n s e r t i o n of i r o n 

i n t o the p u r i f i e d dibromodeuteroporphyrin dimethyl e s t e r , 

a c c o r d i n g to the procedure o u t l i n e d f o r the i n s t a l l a t i o n of 

mesoporphyrin d i h y d r o c h l o r i d e (see S e c t i o n I I I . 1 . 5 ) . The 

e s t e r groups were hyd r o l y z e d i n a l c o h o l i c KOH as d e s c r i b e d 

by Smith et al.i37^ Deuterohemin dimethyl e s t e r was 

d i s s o l v e d i n lOOmL o f methanol c o n t a i n i n g 1% KOH by weight, 

the s o l u t i o n r e f l u x e d f o r 2h, and c o o l e d to room temperature. 

The hemin f r e e a c i d was p r e c i p i t a t e d i n an ice-water bath 

c o n t a i n i n g 1M HC1 s o l u t i o n (500mL), s u c t i o n f i l t e r e d , washed 

thoroughly with c o l d water, and a i r d r i e d . The dibromodeutero

hemin was then p u r i f i e d by column chromatography as d e s c r i b e d 

f o r d i a c e t y l d e u t e r o h e m i n (see S e c t i o n I I I . 1 . 6 ) . Two bands 

were d e t e c t e d on the column. Dibromodeuterohemin was the 

l e a s t mobile compound. The f r a c t i o n s c orresponding to 

dibromodeuterohemin were c o l l e c t e d , evaporated to a volume of 

lOmL, and p r e c i p i t a t e d with water. The hemin was f i l t e r e d , 

washed thoroughly w i t h water, and a i r d r i e d . The y i e l d of 

dibromodeuterohemin was 145mg or 15% from protohemin. TLC 

on s i l i c a g e l (BMF 110:30:1) showed as s i n g l e spot as d i d 

polyamide TLC (BMF 110:30:1 and methanol : a c e t i c a c i d 100:2). 

Table I I I . 4 l i s t s absorbance data f o r the p y r i d i n e hemochrome 

of dibromodeuterohemin, w h i l e F i g u r e I I I . 6 shows the a b s o l u t e 

a b s o r p t i o n spectrum of the dibromodeuterohemin p y r i d i n e 

hemochrome. 



T a b l e I I I . 4 

A b s o r b a n c e D a t a f o r t h e P y r i d i n e Hemochrome D e r i v e d 

f r o m D i b r o m o d e u t e r o h e m i n . 

Heme max(nm) 
emM 

S o r e t Band e 
max 

a 
max 

D i b r o m o - X 409 513 548 
d e u t e r o ( a ) d e u t e r o ( a ) 

£ 117 16 26 

D i b r o m o - X 408 517 548 
d e u t e r o (b) d e u t e r o (b) 

£ 116 15 24 

a) P u b l i s h e d ^ m a x and v a l u e s f o r t h e d i b r o m o d e u t e r o 

h e m i n p y r i d i n e hemochrome; ( R e f . 1 4 3 ) . 

b) E x p e r i m e n t a l l y d e t e r m i n e d X and e v a l u e s f o r c max mM 
t h e d i b r o m o d e u t e r o h e m i n p y r i d i n e hemochrome. 
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I I I . 2 G r o w t h o f Pseudomonas -putida s t r a i n PpG 786 

I I I . 2 .1 G e n e r a l I n f o r m a t i o n 

P. putida,, s t r a i n PpG 786 , ( s e e S e c t i o n I I I . 2 . 3 ) was 

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

G u n s a l u s a n d W a g n e r 3 7 and P e t e r s o n . 3 3 ^ S t e r i l e t r a n s f e r s 

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

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

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

camphor and l i q u i d medium. The g r o w t h s e q u e n c e ( S e c t i o n 

I I I . 2.5) o r i g i n a t e d w i t h a s t a r t e r c u l t u r e , p r o g r e s s e d 

t h r o u g h two s e t s o f 500mL s h a k e - f l a s k c u l t u r e s , and c o n c l u d e d 

w i t h a 14L f e r m e n t o r c u l t u r e . E x c l u d i n g t h e 14L f e r m e n t o r s , 

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

c l e a n a-ir s t a t i o n . A l l s h a k e - f l a s k c u l t u r e s w e r e i n c u b a t e d 

a t 35±1°C i n a t h e r m o s t a t e d p l a t f o r m s h a k e r ( t h r o w 1 7 / 8 i n c h e s ) 

a t a r o t a r y s p e e d o f 200rpm. B o t h t h e l a m i n a r - f l o w u n i t and 

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

t h e C h e m i s t r y D e p a r t m e n t , U.B.C. The 14L c u l t u r e s w e r e grown 

t h r e e a t a t i m e i n s t i r r e d - t a n k f e r m e n t o r s ( L a b r o f e r m : New 

B r u n s w i c k S c i e n t i f i c ) . W i t h i n e a c h t a n k t h e t e m p e r a t u r e was 

m a i n t a i n e d a t 30°C, t h e a g i t a t i o n r a t e a t 320rpm and t h e 

a e r a t i o n r a t e a d j u s t e d t o 4 . 0 L / m i n . G r o w t h i n l i q u i d medium 

was m e a s u r e d t u r b i d o m e t r i c a l l y on a B a u s c h and Lomb S p e c t r o n i c 

20 c o l o r i m e t e r a t 660nm (OD660nm) u s i n g a c u v e t t e o f 1.0cm 

p a t h l e n g t h . C h a nges i n pH o f t h e medium d u r i n g b a c t e r i a l 

g r o w t h w e r e m o n i t o r e d w i t h a n I n s t r u m e n t a t i o n L a b o r a t o r i e s I n c . 

M o d e l 265 pH m e t e r e q u i p p e d w i t h a g l a s s pH e l e c t r o d e ( F i s h e r ) . 



F o r i n d i v i d u a l s h a k e - f l a s k s t a g e s , r e p r e s e n t a t i v e g r o w t h 

i n f o r m a t i o n was o b t a i n e d ( i . e . OD660nm and pH d a t a ) f r o m 

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

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

c o n t r o l f l a s k c o n t a i n i n g u n i n o c u l a t e d medium. I n a d d i t i o n , 

r e p r e s e n t a t i v e g r o w t h d a t a w e r e o b t a i n e d f r o m one o f t h e 

14L f e r m e n t o r c u l t u r e s b u t c o n t r o l medium was n o t u t i l i z e d 

t h i s s t a g e . The t u r b i d i t y d a t a a nd pH p r o f i l e s o b t a i n e d 

w e r e p l o t t e d f o r e a c h s t a g e ( s e e S e c t i o n I I I . 2 . 5 ) . The 

b a c t e r i a w e r e h a r v e s t e d u s i n g a w a t e r - c o o l e d , h i g h - s p e e d 

c o n t i n u o u s c e n t r i f u g e ( M o d e l L E , C a r l P a d b e r g , S c h n e l l -

Z e n t r i f u g e , L a h r / R a d e n ) o p e r a t e d a t 37,000rpm. Y i e l d s 

w e r e e x p r e s s e d a s w e t w e i g h t s o f c e l l s o b t a i n e d . 
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I I I . 2 . 2 M a t e r i a l s 

A l l r e a g e n t s u t i l i z e d d u r i n g t h e g r o w t h o f P. Putida 

s t r a i n PpG 7 8 6 , h a v e b e e n l i s t e d p r e v i o u s l y w i t h t h e f o l l o w i n g 

e x c e p t i o n s : f r o m A m e r i c a n S c i e n t i f i c and C h e m i c a l Co., 

ammonium c h l o r i d e , ammonium s u l p h a t e , c a l c i u m c h l o r i d e , 

m agnesium s u l p h a t e , manganese s u l p h a t e , m o n o b a s i c and d i b a s i c 

p o t a s s i u m p h o s p h a t e (KH^PO^ a n d K-^HPO^ r e s p e c t i v e l y ) , a n d 

s o d i u m c h l o r i d e ; f r o m D i f c o L a b o r a t o r i e s , B a c t o t r y p t o n e , 

B a c t o y e a s t e x t r a c t , a n d B a c t o a g a r ; f r o m Dow C o r n i n g , 

a n t i f o r m FG-10 e m u l s i o n ; and f r o m t h e Si g m a C h e m i c a l Co., 

L - ( + ) - a s c o r b i c a c i d , D - ( + ) - c a m p h o r , D - g l u c o s e , and L - g l u t a m i c 

a c i d . 

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

i n t h e t e x t . 
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III.2.3 Organism 

Pseudomonas putida, s t r a i n PpG 786 (ATCC 29607), 

obtained from Dr. I. C. Gunsalus, was the source of cytochrome 

P450 and r e l a t e d b a c t e r i a l monooxygenase components (see 

S e c t i o n I I . 2) i n t h i s study. This s p e c i e s of bacterium was 

d e r i v e d from the parent Pseudomonad, PpGl (ATCC 17453), 

i s o l a t e d from s o i l by enrichment on D-(+)-camphor. 1 4 4 

Stock c u l t u r e s were maintained a t 30°C on minimal agar 

(see S e c t i o n III.2.4.1) u s i n g D-(+)-camphor as the s o l e 

carbon and energy source, and were s u b c u l t u r e d every two 

weeks. 



122 

I I I .2.4 Media 

The media f o r a l l growth stages was prepared a c c o r d i n g 

to Gunsalus and Wagner 3 7 u s i n g s i n g l y d i s t i l l e d water. A l l 

s o l u t i o n s were s t e r i l i z e d a t 121°C i n an a u t o c l a v e (American 

S t e r i l i z e r Co. Model AS-DIT616GE). The time r e q u i r e d to 

s t e r i l i z e the medium v a r i e d a c c o r d i n g to the t o t a l volume 

of s o l u t i o n per f l a s k . For volumes of l e s s than 200mL, 

s t e r i l i z a t i o n was assured a f t e r 15 minutes, while volumes 

of 12L r e q u i r e d a s t e r i l i z a t i o n time of 4 5 minutes. 

I l l . 2 . 4 . 1 Minimal Agar 

For the maintenance of the bacterium, a minimal agar 

c o n t a i n i n g m i n e r a l s and a s i n g l e carbon source was u t i l i z e d . 

The medium r e q u i r e d the f o l l o w i n g i n g r e d i e n t s : 

K 2 H P 0 4 7.0g 

K H 2 P 0 4 2.0g 

N a C l 0.12g 

M g S 0 4 - 7 H 2 0 O . l g 

( N H 4 ) 2 S 0 4 l . O g 

Camphor _ _ _ _ _ _ _ _ 1.3g 

B a c t o a g a r 15g 

W a t e r _ 1.0L 
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I n d i v i d u a l s o l u t i o n s c o n t a i n i n g t h e m i n e r a l s , t h e 

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

500mL E r l e n m e y e r f l a s k s t o a c o l l e c t i v e v o l u m e o f 500mL. 

P o u r e d a n d s o l i d i f i e d medium was w r a p p e d t i g h t l y i n S a r a n 

Wrap and s t o r e d a t 5°C. A s i n g l e b a t c h o f m i n i m a l a g a r 

p l a t e s (20-30) was consumed e v e r y 3-4 months and c o n t a m i n a t i o n 

d u r i n g t h e s t o r a g e p e r i o d was n e v e r o b s e r v e d . 

I I I . 2 . 4 . 2 S t a r t e r M e d i a 

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

w e r e d e s i r e d , a r i c h u n d e f i n e d medium o f L - b r o t h 1 4 5 was u s e d . 

The L - b r o t h c o n t a i n e d t h e f o l l o w i n g i n g r e d i e n t s : 

B a c t o t r y p t o n e l O g 

B a c t o Y e a s t E x t r a c t _ _ 5.Og 

N a C l 5.0g 

G l u c o s e l . O g 

W a t e r 1.0L 

The pH r e q u i r e d adjustment to 7.0 wit h 1M NaOH. E i g h t y 

m i l l i l i t r e s of L-broth was d i v i d e d between four 50mL Erlenmeyer 

f l a s k s (see S e c t i o n I I I . 2 . 5 ) . 

I l l . 2 . 4 . 3 Large S c a l e Media 

For the l a r g e s c a l e p r o d u c t i o n of the bacterium, a 

mi n e r a l s a l t s medium was employed. The b a s a l medium was 

prepared from a d e f i n e d phosphate-ammonium (PA) s o l u t i o n 

c o n t a i n i n g the f o l l o w i n g i n g r e d i e n t s : 
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K 2 H P 0 4 10.7g 

K H 2 P 0 4 3.1g 

NH 4C1 4.0g 

W a t e r 1.0L 

E s s e n t i a l m i n e r a l s a l t s w e r e a d d e d a s a 1 0 0 - f o l d 

c o n c e n t r a t e d s t o c k s o l u t i o n (100 x S a l t s ) c o n t a i n i n g t h e 

f o l l o w i n g i n g r e d i e n t s : 

M g S 0 4 - 7 H 2 0 19. 5g 

M n S 0 4 - H 2 0 5.0g 

F e S 0 4 - 7 H 2 0 5.0g 

C a C l 2 - 2 H 2 0 0.3g 

A s c o r b i c a c i d _ _ _ _ 1.Og 

W a t e r 1.0L 

The b a s a l medium was s u p p l e m e n t e d w i t h v a r i o u s c a r b o n 

s o u r c e s , a n t i f o a m i n g a g e n t , a nd B a c t o y e a s t e x t r a c t , when 

a p p l i c a b l e , d u r i n g t h e g r o w t h s e q u e n c e ( s e e S e c t i o n I I I . 2 . 5 ) . 

Camphor, t h e m a j o r c a r b o n a nd e n e r g y s o u r c e , was a d d e d as a 

f i n e l y g r o u n d s o l i d o r a l i q u i d s t o c k s o l u t i o n o f 3M/D- ( + ) -

camphor i n DMF. The v a r i o u s s u p p l e m e n t s w e r e a d d e d t o t h e 

b a s a l PA s o l u t i o n b e f o r e u n d e r g o i n g s t e r i l i z a t i o n i n t h e 

a u t o c l a v e . 

The pH o f t h e f r e s h l y p r e p a r e d medium r a n g e d f r o m 7.0-7.2 
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I I I . 2 . 5 G r o w t h P r o c e d u r e 

The s t a r t e r c u l t u r e was p r e p a r e d f r o m 60mL ( d i v i d e d 

b e t w e e n t h r e e 50mL E r l e n m e y e r f l a s k s ) o f L - b r o t h medium 

i n o c u l a t e d w i t h P. Putida a n d i n c u b a t e d f o r a l O h p e r i o d 

w i t h s h a k i n g . G r o w t h i n t h e s t a r t e r medium was c h e c k e d 

a g a i n s t 20mL o f u n i n o c u l a t e d L - b r o t h . OD660nm and pH 

p r o f i l e s f o r t h e L - b r o t h c u l t u r e s a r e shown i n F i g u r e 

I I I . 7 . The b a c t e r i a w e r e v i s i b l e a s s m a l l b i l l o w y c l o u d s 

i n t h e m e d i a u pon g e n t l e s w i r l i n g o f t h e f l a s k s . S u b s e q u e n t 

t o t h e l O h i n c u b a t i o n p e r i o d , t h e r e s u l t i n g l a t e - l o g a r i t h m i c 

g r o w t h p h a s e c u l t u r e (OD660nm = 1.5±0.2) p r o v i d e d i n o c u l a 

f o r t h e f i r s t s e t o f f i v e 500mL s h a k e - f l a s k s . F o u r o f t h e 

f i v e 500mL E r l e n m e y e r f l a s k s , c o n t a i n i n g 200mL o f PA s o l u t i o n , 

2mL o f 100 x S a l t s s o l u t i o n and lOmM g l u t a m i c a c i d ( t h e c a r b o n 

s o u r c e ) , w e r e i n o c u l a t e d w i t h 5.OmL o f L - b r o t h c u l t u r e and 

i n c u b a t e d w i t h c o n t i n u o u s s h a k i n g . I n i t i a l g r o w t h r e a c h e d 

m i d - l o g a r i t h m i c g r o w t h p h a s e i n 2.Oh (OD660nm = 0.4±0.1; 

se e F i g u r e I I I . 8 ) . I n d u c t i o n o f c y t o c h r o m e P450cam and 

r e l a t e d b a c t e r i a l m o n o o x y g e n a s e c o m p o n e n t s was i n i t i a t e d 

a t t h i s p o i n t by t h e a d d i t i o n o f 3M camphor i n DMF t o e a c h 

f l a s k . The f i n a l camphor c o n c e n t r a t i o n was a d j u s t e d t o 5mM. 

A f t e r a n OD660nm = 0.7±0.1 (=4h) was o b t a i n e d , s t o c k camphor 

s o l u t i o n was a g a i n a d d e d t o a f i n a l c o n c e n t r a t i o n o f 5mM. 

The i n i t i a l g r o w t h p h a s e r e a c h e d a maximum i n -6h (OD660nm = 

1.0±0.1) an d was f o l l o w e d by a p e r i o d o f r a p i d l y d e c l i n i n g 

o p t i c a l d e n s i t y o f t h e medium ( s e e F i g u r e I I I . 8 ) . The 
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c u l t u r e s w e r e m a i n t a i n e d t h r o u g h t h i s l a g p e r i o d (=6-12h) 

i n t o a s e c o n d a r y g r o w t h p h a s e i n w h i c h camphor was a c t i v e l y 

m e t a b o l i z e d . G r o w t h was t h e n c o n t i n u e d u n t i l l a t e -

l o g a r i t h m i c g r o w t h p h a s e was r e a c h e d (~25h). A lOmL a l i q u o t 

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

i n o c u l u m f o r t h e s e c o n d s e t o f f i v e 500mL s h a k e - f l a s k s . 

The f l a s k s c o n t a i n e d t h e same b a s a l medium u t i l i z e d i n t h e 

p r e v i o u s s h a k e - f l a s k s b u t s o l i d camphor was a d d e d as t h e 

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

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

o f =8mM. G r o w t h c h a r a c t e r i s t i c s f o r t h i s s t a g e a r e 

r e p r e s e n t e d i n F i g u r e I I I . 9. A t l a t e - l o g a r i t h m i c g r o w t h 

p h a s e (~15h, OD660nm = 0.8+0.2) t h e s h a k e - f l a s k c o n t e n t s 

w e r e a d d e d t o t h e 14L f e r m e n t o r j a r s c o n t a i n i n g 12L o f 

PA s o l u t i o n , 120mL o f 100 x S a l t s s o l u t i o n , 30mL o f 10% (w/v) 

B a c t o y e a s t e x t r a c t , 2mL o f a n t i f o a m and 15g o f s o l i d camphor 

(=8mM). Once m i d - l o g a r i t h m i c g r o w t h p h a s e was a t t a i n e d i n 

t h e 14L f e r m e n t o r s (=7.Oh, OD660nm = 0.4±0.1) t h e medium was 

k e p t s a t u r a t e d w i t h c amphor. F i g u r e I I I . 1 0 r e p r e s e n t s g r o w t h 

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

camphor c a r b o n s o u r c e was a d d e d i n b o t h l i q u i d (3M camphor i n 

DMF) and s o l i d f o r m a t a r a t e o f 5g/h and i n c u b a t i o n was 

m a i n t a i n e d w i t h v i g o u r o u s a e r a t i o n and a g i t a t i o n ( s e e S e c t i o n 

I I I . 2 . 1 ) . The t o t a l q u a n t i t y o f c e l l s a c c u m u l a t e d i n t h e 

medium was e s t i m a t e d f r o m t h e w e i g h t o f b a c t e r i a c o l l e c t e d 

i n 40mL o f c u l t u r e u s i n g a S o r v a l l RC-2 r e f r i g e r a t e d c e n t r i f u g e 

e q u i p p e d w i t h a n SS-34 r o t o r h e a d . A t l a t e - l o g a r i t h m i c g r o w t h 
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p h a s e (~25±2h, OD660nm = 1.2±0.1) t h e m a x i m a l q u a n t i t y o f 

b a c t e r i a i n s o l u t i o n was 150g p e r 36L o f c u l t u r e . A p p r o x 

i m a t e l y 80% o f t h e c e l l s w e r e r e m o v e d b y c o n t i n u o u s 

c e n t r i f u g a t i o n a t a f l o w - r a t e o f l L / m i n . The medium was 

r e c y c l e d w i t h t h e a d d i t i o n o f e x c e s s camphor t o pH 6.0, 

b e l o w w h i c h no v i a b l e b a c t e r i a w e r e o b t a i n e d . B a c t e r i a 

c o u l d be grown i n t h e same medium f o r 7 2h and c o u l d be 

h a r v e s t e d 3-4 t i m e s w i t h o u t p r o b l e m s o f c o n t a m i n a t i o n . 

T h i s g r o w t h p r o c e d u r e y i e l d e d a p p r o x i m a t e l y 11Og o f b a c t e r i a 

p e r 10L o f medium a n d an o v e r a l l y i e l d o f 400g p e r g r o w t h 

c y c l e . A p p r o x i m a t e l y 1.7g o f camphor was consumed p e r 

gram o f b a c t e r i a o b t a i n e d . The p i n k c e l l p a s t e s w e r e 

s t o r e d i n d r y i c e (-78°C). 

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

d e c r e a s e d d u r i n g a c t i v e camphor m e t a b o l i s m b u t i n c r e a s e d 

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

g l u c o s e a n d g l u t a m i c a c i d ( s e e F i g u r e s I I I . 7 - I I I . 1 0 ) . 
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F i g u r e i n . 7 OD660nm and pH p r o f i l e s f o r b a c t e r i a l 
g r o w t h i n t h e L - b r o t h medium. 
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F i g u r e I I I . 8 



13 0 

7.3n 

PH 

-r 1 1 • 1 — — , 1 
0 10 20 30 40 50 

Time (h) 

F i g u r e I I I . 9 



1.31 

7.3n 

"T 1 - i r 
15 30 45 60 

Time (h) 

F i g u r e I I I . 1 0 OD660nm and pH p r o f i l e s f o r b a c t e r i a l 
g r o w t h i n t h e 14L f e r m e n t o r m e d i a . 
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I I I . 3 I s o l a t i o n a n d P u r i f i c a t i o n o f C y t o c h r o m e P450cam  
and R e l a t e d B a c t e r i a l M o n o o x y g e n a s e Components 

I I I . 3 .1 G e n e r a l I n f o r m a t i o n 

C y t o c h r o m e P4 50cam and r e l a t e d b a c t e r i a l m o n o o x y g e n a s e 

c o m p o n e n t s ( p u t i d a r e d o x i n a n d p u t i d a r e d o x i n r e d u c t a s e ; s e e 

S e c t i o n I I . 2) w e r e e x t r a c t e d and p u r i f i e d f r o m c e l l s o f 

P. P u t i d a , s t r a i n PpG 786, by t h e m e t h o d s o f G u n s a l u s and 

W a g n e r , 3 7 and P e t e r s o n 3 3 ^ w i t h s l i g h t m o d i f i c a t i o n s . An 

a d a p t e d p r o c e d u r e was d e v e l o p e d t o m a x i m i z e t h e p u r i t y and 

n o t t h e y i e l d o f e a c h p r o t e i n c o m p o n e n t . A f l o w c h a r t o f 

t h e e x p e r i m e n t a l d e s i g n b a s e d o n 400g o f b a c t e r i a l c e l l 

p a s t e a s o b t a i n e d a b o v e i s p r e s e n t e d i n F i g u r e I I I . 1 1 . 

I l l . 3 . 1 . 1 M a t e r i a l s 

R e a g e n t s w e r e o b t a i n e d as f o l l o w s : f r o m A m e r i c a n 

S c i e n t i f i c and C h e m i c a l Co., g l y c e r o l a nd p o t a s s i u m c h l o r i d e 

( K C 1 ) , f r o m t h e S h w a r t z - M a n n C h e m i c a l Co., enzyme g r a d e 

ammonium s u l p h a t e ( ( N H ^ ^ S O ^ ) ; and f r o m t h e S i g m a C h e m i c a l 

Co., 3 - m e r c a p t o e t h a n o l (3ME) , d e o x y r i b o n u c l e a s e I (DNase) 

i s o l a t e d f r o m b o v i n e p a n c r e a s , d i t h i o t h r i e t o l (DTT), 

r i b o n u c l e a s e - A (RNase) i s o l a t e d f r o m b o v i n e p a n c r e a s and 

t r i s ( h y d r o x y m e t h y l ) a m i n o m e t h a n e f r e e b a s e ( T r i z m a B a s e ) . 

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

C.P. g r a d e c a r b o n m o n o x i d e (CO) was o b t a i n e d f r o m t h e 

M a t h e s o n Gas Co. T r a c e o x y g e n was r e m o v e d a s i n d i c a t e d 

p r e v i o u s l y f o r a r g o n ( s e e S e c t i o n I I I . 1.2) f o l l o w e d b y d r y i n g 

t h r o u g h p h o s p h o r u s p e n t o x i d e and I n d i c a t i n g D r i e r i t e . C a r b o n 

d i o x i d e was r e m o v e d w i t h s o d a l i m e ( F i s h e r ) . C o m p l e t e r e m o v a l 



P. putida 7B6 (wog) 
MomL buffer T 
DNaae.RNaae 
ao h 

autorysed cell suspension 
I l.sh 9000 rpm 

cell-lree extract 
| CotumnA DE-52 (»>15 cm] buffarT 

T-BOO isomL/mln toh 

Putidaredoxin 

| 0-S5R (Nrt̂ SO, M m l n o-c goocrpm 

cell debris (discard) 

|CotumnB OE-52 ( « x 3 0 c m ) bufferT-30 
T-100 tBOmL/mln l.5h 
linear gradient T-100 to T-600 
isomL/mln 3.oh 

precipitate supernatant (discard) 

P-100 » 3 m L 10 mM DTT Kmln 

Cohimnl * v h « l M Q-100 (u.socm) buffarT 10my DTT 
C ° " " n n 2 S # p h 8 d " O ' 0 0 ( l „ 5 o c m ) l H l f h , p . 1 O 0 . , _ « _ * _ 

Dlalyaia P-loo nmal SUE 

Putidaredoxin (purified) 

Cytochrome Pasocam 

|o-3«%(NH4) 2S0 4 aonrln o°c 
eooorptn 

supernatant 

M-«0%(NH4 ) ,S0 4 aonrln o°c 

9000 rpm 

precipitate (discard) 

supernatant precipitate 

(discard) p . 1 o 0 ~ 3 m L iomM DTT 30 mm 

Columnt Sephadax G-100 (1.3k50cm) buffarT nmM DTT 

Column 2 Sephadax G-100 (1.3,50cm) buffer P-100 8mM camphor 

Putidaredoxin reductase 
lo-ro %(NH 4) 2S0 4 aonUn 0°c, gooorpm 

I ' 1 , . 
precipitate supernatant (discard) 

p 100 = 3 mL 

Column 1 Sephadax G-100 (1.3x50cm) buffarT nmM DTT 

Column 2 Sephadax Q-100 (i.3»50cm) buffer P-100 a mM camphor 

Dlalyaia P-100 5% glycerol 

Putidaredoxin reductase 

Cytochrome Pasocam (purified) 

F i g u r e i n . 1 1 F l o w c h a r t f o r t h e i s o l a t i o n a n d p u r i f a c a t i 
o f c y t o c h r o m e P450cam and r e l a t e d b a c t e r i a l 
m o n ooxygenase c o m p o n e n t s f r o m P putida, 
s t r a i n PpG786. C o n s u l t t e x t f o r d e t a i l s . 



134 

o f t r a c e i m p u r i t i e s was c h e c k e d w i t h mass s p e c t r o m e t r y by 

D r . G. E i g e n d o r f o f t h e C h e m i s t r y D e p a r t m e n t , U.B.C. 

S e a m l e s s c e l l u l o s e d i a l y s i s t u b i n g w i t h a 12,000 m o l e c u l a r 

w e i g h t c u t - o f f was o b t a i n e d f r o m F i s h e r S c i e n t i f i c Co. 

P l a s t i p a k d i s p o s a b l e s y r i n g e s ( f r o m 1.0 - 50mL s i z e s ) w e r e 

o b t a i n e d f r o m B e c t o n , D i c k i n s o n a n d Co. 

I I I . 3 . 1 . 2 B u f f e r s 

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

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

w a t e r , p r e f i l t e r e d w i t h a Gelman f i l t r a t i o n a p p a r a t u s e q u i p p e d 

w i t h a 45ym M e t r i c e l membrane (Gelman S c i e n c e s I n c . ) and 

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

t e m p e r a t u r e (23±2°C) and u s e d i m m e d i a t e l y . 

T r i s ( h y d r o x y m e t h y l ) a m i n o m e t h a n e ( T r i s ) b u f f e r s w e r e 

p r e p a r e d f r o m a 1.0M s t o c k s o l u t i o n o f t r i s ( h y d r o x y m e t h y l ) -

a m i n o m e t h a n e f r e e b a s e ( T r i z m a B a s e ) , d i l u t e d t o o b t a i n a 

50mM b a s a l s o l u t i o n and c a r e f u l l y a d j u s t e d t o pH 7.3 w i t h 

6M HC1. The f o l l o w i n g T r i s b u f f e r s a n d s i m p l i f i e d nomen

c l a t u r e 3 7 w e r e u s e d d u r i n g t h e i s o l a t i o n and p u r i f i c a t i o n 

p r o c e d u r e s : b u f f e r T = 50mM T r i s b u f f e r , pH 7.3; t h e 

a d d i t i o n o f 5 0 , 100 and 600mM k C l were s p e c i f i e d a s b u f f e r s 

T-50, T-100 and T-600 r e s p e c t i v e l y . A l l T r i s b u f f e r s w e r e 

made lOmM i n gME p r i o r t o u s e u n l e s s n o t e d o t h e r w i s e . O t h e r 

s u p p l e m e n t s i n c l u d e d t h e a d d i t i o n o f lOmM DTT and 5% ( v / v ) 

g l y c e r o l a s r e q u i r e d . 

P o t a s s i u m p h o s p h a t e b u f f e r s w e r e p r e p a r e d b y m i x i n g 

e q u a l v o l u m e s o f 1.0M K„HPO. and 1.0M KH„PO. s t o c k s o l u t i o n s 
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t o o b t a i n a 50mM b a s a l s o l u t i o n o f pH 7.0: b u f f e r P = 50mM k C l 

was s p e c i f i e d a s b u f f e r P-100 i n d i c a t i n g t h e lOOmM p o t a s s i u m 

i o n c o n c e n t r a t i o n . Camphor was a d d e d a s a s o l i d t o a p p r o p r i a t e 

b u f f e r s t o s a t u r a t i o n l e v e l s (~8mM), s t i r r e d o v e r n i g h t a n d 

f i l t e r e d p r i o r t o u s e . O t h e r s u p p l e m e n t s i n c l u d e d t h e 

a d d i t i o n o f lOmM BME a n d 5% ( v / v ) g l y c e r o l a s r e q u i r e d . 

A p p r o x i m a t e v o l u m e s o f b u f f e r s o l u t i o n s u t i l i z e d t h r o u g h 

o u t t h e i s o l a t i o n a n d p u r i f i c a t i o n p r o c e d u r e b a s e d o n 400g 

o f b a c t e r i a l c e l l p a s t e ( as o b t a i n e d a b o v e ) a r e g i v e n i n 

T a b l e I I I . 5 ; t h e a p p r o x i m a t e q u a n t i t i e s o f r e a g e n t s f o l l o w 

i n T a b l e I I I . 6 . 

I l l . 3.1.3 Column C h r o m a t o g r a p h y 

I n o r d e r t o o b t a i n u n c o n t a m i n a t e d and h i g h l y p u r i f i e d 

p r o t e i n c o m p o n e n t s , s t r i c t a d h e r e n c e t o p r e c i s i o n i n t h e 

p r e p a r a t i o n o f c h r o m a t o g r a p h i c r e s i n s and o p e r a t i o n o f 

t h e c h r o m a t o g r a p h y c o l u m n s was e s s e n t i a l . The Whatman 

DE-52 p r e s w o l l e n c e l l u l o s e a n i o n e x c h a n g e (DE-52) a n d 

Se p h a d e x G-100 r e s i n s ( o b t a i n e d d i r e c t l y f r o m N o r t h A m e r i c a n 

S c i e n t i f i c a n d S i g m a C h e m i c a l C o . r e s p e c t i v e l y ) w e r e 

p r e p a r e d a c c o r d i n g t o t h e m a n u f a c t u r e r ' s r e c o m m e n d a t i o n . 

C h r o m a t o g r a p h y c o l u m n s a nd c o l u m n ends f o r DE-52 a n i o n 

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

B i o R a d L a b o r a t o r i e s ( M o d e l B i o - R e x ) . The c o l u m n s f o r 

Sep h a d e x G-100 c h r o m a t o g r a p h y w e r e c o n s t r u c t e d f r o m c a s t 

a c r y l i c ( C a d i l l a c P l a s t i c s ) i n t h e m e c h a n i c a l s h o p o f t h e 

C h e m i s t r y D e p a r t m e n t , U.B.C. ( F i g u r e I I I . 1 2 ) . The 

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



136 

Solvent Port 

Enzyme Solution Port 

Cast Acrylic Column 

(1.3 cm diameter) 

i i 

Si 
". >-
_ l o 

O-Ring 

Column Support 

100 Mesh Nylon Insert 

F i g u r e I I I . 1 2 A s c h e m a t i c d i a g r a m o f t h e S e p h a d e x G-100 
c o l u m n s . 
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T a b l e I I I . 5 

V o l u m e s o f B u f f e r s u t i l i z e d d u r i n g P r o t e i n I s o l a t i o n 
and P u r i f i c a t i o n 

S t e p B u f f e r V o l u m e s 

C e l l - F r e e E x t r a c t 0.6L b u f f e r T 

DE-52 C h r o m a t o g r a p h y 

a) Column A e q u i l i b r a t i o n 4.0L b u f f e r T, lOmM gME 

b) Column B e q u i l i b r a t i o n 4.OL b u f f e r T-50, lOmM gME 

c) S e p a r a t i o n o f p r o t e i n 4.OL b u f f e r T-100, lOmM gME 
c o m p o n e n t s i n c l u d i n g 
l i n e a r s a l t g r a d i e n t 4.OL b u f f e r T-600, lOmM 3ME 

S e p h a d e x G-10 0 C h r o m a t o g r a p h y 

a) Column 1 e q u i l i b r a t i o n 2.0L b u f f e r T-100, lOmM DTT 
and e l u t i o n 

b) Column 2 e q u i l i b r a t i o n 2.OL b u f f e r P-100, 8mM camphor 
a n d e l u t i o n 

D i a l y s i s 

a) p u t i d a r e d o x i n 2.OL b u f f e r P, 5% ( v / v ) g l y c e r o l 
r e d u c t a s e 

b) p u t i d a r e d o x i n 2.0L b u f f e r P, lOmM 3ME 
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T a b l e TIT.6 

Q u a n t i t i e s o f R e a g e n t s f o r P r o t e i n I s o l a t i o n a n d P u r i f i c a t i o n 

R e a g e n t s Q u a n t i t i e s 

T r i z m a B a s e , 1M 850mL 

K H 2 P 0 4 , 1M 60mL 

K 2 H P 0 4 , 1M 60mL 

KC1 250g 

( N H 4 ) 2 S 0 4 450g 

NH 4OH, 14.8M 15mL 

G l y c e r o l 20mL 

3ME 15mL 

DTT 0.4g 

D-(+)-camphor 5.0g 

DNase 1.Omg 

RNase l.Omg 
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p o l y e t h y l e n e a n d 100 mesh n y l o n i n s e r t s w h i l e t h e c o n s t r u c t e d 

c o l u m n s u t i l i z e d o n l y t h e 100 mesh n y l o n i n s e r t s . C o l u m n s 

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

r a t e s a c h i e v e d u s i n g a P o l y s t a l t i c Pump f r o m B i i c h l e r I n s t r u m e n t s 

o r u s i n g g r a v i t y f e e d . S m a l l e r d i a m e t e r T ygon p l a s t i c (1/16 x 

1/8 x 1/32 i n c h e s ) o r I n t r a m e d i c p o l y e t h y l e n e (0.045 x 0.062 

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

C h r o m a t o g r a p h y e l u t i o n p a t t e r n s w e r e m o n i t o r e d v i s u a l l y and 

c o l l e c t e d w i t h a L k B Bromma, 7000 U l t r a r a c F r a c t i o n C o l l e c t o r . 

C o n c e n t r a t i o n a n d c e n t r i f u g a t i o n o f p r o t e i n s o l u t i o n s was 

a c h i e v e d i n a n A m i c o n U l t r a f i l t r a t i o n a p p a r a t u s f i t t e d w i t h 

a YM-10 D i a f l o U l t r a f i l t r a t i o n membrane (>10,000 m o l e c u l a r 

w e i g h t c u t - o f f ) , and i n a S e r v a l l RC-2 r e f r i g e r a t e d c e n t r i f u g e 

e q u i p p e d w i t h a GSA o r SS-34 r o t o r r e s p e c t i v e l y . 

S e p a r a t i o n o f t h e p r o t e i n c o m p o n e n t s on t h e DE-52 

a n i o n e x c h a n g e c o l u m n s ( s e e S e c t i o n I I I . 3.2.2) was e n h a n c e d 

by g r a d u a l l y i n c r e a s i n g t h e k C l c o n c e n t r a t i o n ( i . e . i o n i c 

s t r e n g t h ) o f t h e e l u t i n g b u f f e r f r o m T-100 t o T-600. T h i s 

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

a d d i t i o n o f b u f f e r T-600 t o t h e b u f f e r T-100 r e s e r v o i r w i t h 

v i g o r o u s s t i r r i n g . S i m u l t a n e o u s w i t h t h e a d d i t i o n o f b u f f e r 

T-600 was t h e c o n t i n u o u s r e m o v a l , via two e x i t t u b e s , o f t h e 

b u f f e r T-100 - T-600 m i x t u r e a s b o t h c o l u m n e l u t e n t a n d 

w a s t e b u f f e r . S i n c e t h e r a t e o f r e m o v a l o f t h e b u f f e r 

m i x t u r e was t w i c e t h a t o f t h e a d d i t i o n r a t e o f b u f f e r T-6 00 

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

e n s u r e d . 
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I I I . 3 . 2 I s o l a t i o n o f C y t o c h r o m e P4 50cam and R e l a t e d  
B a c t e r i a l M o n o o x y g e n a s e Components 

111.3.2.1 C e l l - F r e e E x t r a c t 

A s i n g l e b a t c h o f c e l l p a s t e (400g) f r o z e n a t d r y i c e 

t e m p e r a t u r e s f o r a t l e a s t 10 d a y s was t h a w e d , c o m b i n e d w i t h 

280mL o f b u f f e r T,and h o m o g e n i z e d u s i n g a v a r i a b l e s p e e d 

e l e c t r i c m i x e r . The v i s c o u s p i n k s u s p e n s i o n was s t i r r e d 

a t 5°C f o r 8h. One mg e a c h o f DNase and RNase w e r e a d d e d 

t o t h e s o l u t i o n and s t i r r i n g was c o n t i n u e d a t 5°C o v e r n i g h t 

( 1 2 h ) . A f u r t h e r 280mL o f b u f f e r T was t h e n a d d e d and t h e 

s o l u t i o n t h o r o u g h l y m i x e d . The c e l l s u s p e n s i o n was 

c e n t r i f u g e d a t 9,000rpm f o r 10 m i n t o r emove u n l y s e d c e l l s 

and c e l l d e b r i s , and t h e n c e n t r i f u g e d a t t h e same s p e e d f o r 

a n o t h e r 1.5h t o remove t h e c e l l membrane f r a c t i o n . The 

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

t h r e e m o n o o x y g e n a s e c o m p o n e n t s was k e p t on i c e a t a l l t i m e s . 

111.3.2.2 I s o l a t i o n P r o c e d u r e 

A l l p r o c e d u r e s w e r e p e r f o r m e d a t 5°C u n l e s s o t h e r w i s e 

s p e c i f i e d . C o n s t a n t - f l o w r a t e s w e r e m a i n t a i n e d w i t h a 

p e r i s t a l t i c pump ( s e e S e c t i o n I I I . 3 . 1 . 3 ) . 

The c e l l - f r e e e x t r a c t d e r i v e d f r o m 400g o f c e l l p a s t e 

was a p p l i e d a t a f l o w r a t e o f 180mL/h t o DE-52 c e l l u l o s e 

a n i o n e x c h a n g e c o l u m n A ( 1 5 0 g ; 5 x 15cm), p r e v i o u s l y 

e q u i l i b r a t e d w i t h b u f f e r T ( s e e T a b l e I I I . 5 f o r v o l u m e o f 

b u f f e r T r e q u i r e d f o r e q u i l i b r a t i o n o f C olumn A ) . D u r i n g 



a p p l i c a t i o n o f t h e c e l l - f r e e e x t r a c t t h e e f f l u e n t was 

d i s c a r d e d . Column A was washed w i t h b u f f e r T-100 a t 180mL/h 

f o r 1.Oh t o p r o m o t e t h e s e p a r a t i o n o f t h e p r o t e i n c o m p o n e n t s . 

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

e f f l u e n t f r o m Column A was a p p l i e d t o a s e c o n d DE-52 c e l l u l o s e 

a n i o n e x c h a n g e c o l u m n , B, ( 3 0 0 g ; 5 x 30cm) e q u i l i b r a t e d w i t h 

b u f f e r T-50 ( s e e T a b l e I I I . 5 f o r v o l u m e o f b u f f e r T-50 

r e q u i r e d f o r e q u i l i b r a t i o n o f Column B ) . The DE-52 c o l u m n s 

w e r e washed c o n t i n u a l l y w i t h b u f f e r T-100 a t 180mL/min u n t i l 

- t w o - t h i r d s o f t h e r e d c y t o c h r o m e band p a s s e d o n t o Column B 

( = 1 . 5 h ) , l e a v i n g b e h i n d t h e t r a i l i n g y e l l o w p u t i d a r e d o x i n 

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

g r a d i e n t w i t h b u f f e r T-100 t o T-600 ( s e e S e c t i o n I I I . 3 . 1 . 3 ) 

was t h e n e s t a b l i s h e d a t a f l o w r a t e o f 18 0mL/min o v e r a 3.Oh 

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

c y t o c h r o m e P450cam and y e l l o w p u t i d a r e d o x i n r e d u c t a s e on 

C olumn B. Column A, c o n t a i n i n g t h e n a r r o w d a r k brown 

p u t i d a r e d o x i n b a n d , was d i s c o n n e c t e d a t t h i s p o i n t and t h e 

l i n e a r s a l t g r a d i e n t was c o n t i n u e d f o r t h e e l u t i o n o f C olumn B. 

The c y t o c h r o m e P4 50cam a n d p u t i d a r e d o x i n r e d u c t a s e p r o t e i n s 

w e r e e l u t e d o v e r a p e r i o d o f 3.5h a s s e p a r a t e h i g h l y v i s i b l e 

b a n d s . The p u t i d a r e d o x i n p r o t e i n was t h e n e l u t e d f r o m Column A 

w i t h b u f f e r T-600 o v e r a 1.Oh p e r i o d . The p r o t e i n e f f l u e n t 

f r o m e a c h c o l u m n was c o o l e d t h r o u g h 6m o f c o i l e d p o l y e t h y l e n e 

t u b i n g a t 0°C and k e p t on i c e a t a l l t i m e s . S o l u t i o n s o f 

c y t o c h r o m e P4 50cam and p u t i d a r e d o x i n w e r e made lOmM i n 3ME 
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w h i l e s o l u t i o n s o f p u t i d a r e d o x i n r e d u c t a s e w e r e made 5% 

(v/v) g l y c e r o l i m m e d i a t e l y a f t e r c o l l e c t i o n . E a c h p r o t e i n 

f r a c t i o n was p r e c i p i t a t e d and p u r i f i e d d i r e c t l y ( s e e b e l o w ) . 

I l l . 3 . 2 . 3 Ammonium S a l t F r a c t i o n a t i o n 

A l l p r o t e i n c o m p o n e n t s w e r e p r e c i p i t a t e d a t 0°C w i t h 

t h e a d d i t i o n o f enzyme g r a d e ( N H ^ ^ S C ^ a c c o r d i n g t o t h e 

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

p r e c i p i t a t i o n o f e a c h p r o t e i n c omponent a r e p r o v i d e d i n 

T a b l e I I I . 7 . 

C r y s t a l l i n e ammonium s u l p h a t e was a d d e d t o t h e . c o m b i n e d 

f r a c t i o n s o f e a c h p r o t e i n w i t h c o n s t a n t s t i r r i n g o v e r a 30 m i n 

p e r i o d . F o r e a c h 3 0g o f ammonium s u l p h a t e a d d e d , 1=. OmL o f 

14.8M NH^OH was ad d e d f o r n e u t r a l i z a t i o n . The m i x t u r e was 

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

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

y e l l o w f l a v i n , was d i s c a r d e d . The p r o t e i n p e l l e t s w e r e 

r e s u s p e n d e d i n m i n i m a l b u f f e r P-100 (~3mL) and p u r i f i e d 

d i r e c t l y ( s e e b e l o w ) . F o r p r e c i p i t a t i o n o f c y t o c h r o m e P450cam 

an i n i t i a l s t e p was i n v o k e d t o remove a p o - c y t o c h r o m e P450cam 

( s e e T a b l e I I I . 7 ) . The p r o t e i n c o n t a m i n a n t was c o l l e c t e d 

as a w h i t e s o l i d a n d d i s c a r d e d . 



T a b l e I I I . 7 

S a t u r a t i o n L e v e l s and Q u a n t i t i e s o f ( N H ^ ) 2
S 0 4 r e q u i r e d 

f o r t h e P r e c i p i t a t i o n o f C y t o c h r o m e P450cam and R e l a t e d 
P r o t e i n Components 

r, 4. • (NH. ) o S 0 . . ( N H J „ S 0 ; P r o t e i n 4 2 4 4; 2 4 
S a t u r a t i o n L e v e l (g/L) 

P u t i d a r e d o x i n 
r e d u c t a s e 7 0 % 500 

P u t i d a r e d o x i n 8 5 % 560 

A p o - c y t o c h r o m e P450cam 36% 200 

C y t o c h r o m e P450cam 60% 140 
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I I I . 3 . 3 P u r i f i c a t i o n o f C y t o c h r o m e P450cam a nd R e l a t e d  
B a c t e r i a l M o n o o x y g e n a s e Components 

I I I . 3 . 3 . 1 P u r i f i c a t i o n P r o c e d u r e 

A l l p r o c e d u r e s w e r e p e r f o r m e d a t 5°C u n l e s s s p e c i f i e d 

o t h e r w i s e . C o n s t a n t f l o w r a t e s w e r e m a i n t a i n e d by g r a v i t y 

f e e d a t n o t more t h a n 250mm h e a d p r e s s u r e . 

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

f r a c t i o n a t i o n p r o c e d u r e ( s e e S e c t i o n I I I . 3 . 2 . 3 ) w e r e 

c e n t r i f u g e d a t 9,000rpm and c o n c e n t r a t e d t o 1.0-2.0mL by 

u l t r a f i l t r a t i o n . The c o n c e n t r a t e s o f p u t i d a r e d o x i n and 

c y t o c h r o m e P450cam w e r e made 50mM i n DTT and i n c u b a t e d 

a n a e r o b i c a l l y f o r . 3 0 m i n a t room t e m p e r a t u r e (23±2°C) b e f o r e 

p u r i f i c a t i o n . 

P r o t e i n s o l u t i o n s w e r e c h r o m a t o g r a p h e d o n a s e q u e n c e o f 

two S e p h a d e x G-100 c o l u m n s (1.3 x 50cm) e q u i l i b r a t e d w i t h 

b u f f e r T-100 made lOmM i n DTT and P-100 made 8mM i n camphor 

r e s p e c t i v e l y ; t h e s e a r e s p e c i f i e d a s Column 1 a n d Column 2. 

To a v o i d o v e r l o a d i n g o f c o l u m n s a n d t o e n s u r e maximum 

p u r i f i c a t i o n , e a c h p r o t e i n c o n c e n t r a t e was c h r o m a t o g r a p h e d 

i n two p o r t i o n s . F r a c t i o n s w e r e s e l e c t e d a n d p u r i f i e d 

f u r t h e r , on t h e b a s i s o f c o l o r d e n s i t y . A b o u t 7 0% o f 

f r a c t i o n s f r o m Column 1 w e r e p o o l e d , c o n c e n t r a t e d a n d r e -

chroma t o g r a p h e d o n Column 2. I n e a c h c a s e , t h e p u r e s t 

p r o t e i n was c o n f i n e d t o t h e m i d d l e 3 0 - 4 0 % o f t h e f r a c t i o n s 

c o l l e c t e d f r o m Column 2. Th e s e f r a c t i o n s w e r e t h e n p o o l e d 

and c o n c e n t r a t e d t o 1.0-2.0mL a l i q u o t s . P u t i d a r e d o x i n 

r e d u c t a s e a n d p u t i d a r e d o x i n w e r e f u r t h e r d i a l y s e d f o r a n 
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8h p e r i o d a g a i n s t two c h a n g e s o f b u f f e r P (2 x 1.0L) made 

5% ( v / v ) i n g l y c e r o l a n d lOmM i n BME r e s p e c t i v e l y . P u t i d a 

r e d o x i n was d i a l y s e d u n d e r an a r g o n a t m o s p h e r e . A l l p u r i f i e d 

p r o t e i n c o n c e n t r a t e s ( s t o c k s o l u t i o n s ) w e r e s u b j e c t e d t o 

s p e c t r a l a n a l y s i s ( s e e b e l o w ) a nd s t o r e d i n 3.OmL d i s p o s a b l e 

p l a s t i c s y r i n g e s a t -7 8°C. T a b l e I I I . 8 s u m m a r i z e s t h e y i e l d s 

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

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

t h e m i l l i m o l a r c o n c e n t r a t i o n o f e a c h p r o t e i n i n t h e s t o c k 

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

ment ( s e e S e c t i o n I I I . 3.4), a s s u m i n g p r o t e i n m o l e c u l a r w e i g h t s 

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

P450cam o f 4 7 , 0 0 0 , 15,000 and 45,000 r e s p e c t i v e l y . 3 0 ' 3 7 Y i e l d s 

a r e q u o t e d a s mg o f p r o t e i n p e r 400g o f b a c t e r i a l c e l l p a s t e . 
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T a b l e I I I . 8 

Y i e l d s o f C y t o c h r o m e P4 50cam and R e l a t e d P r o t e i n Components 

P r o t e i n Y i e l d 
(mg/400g c e l l p a s t e ) 

P u t i d a r e d o x i n 
r e d u c t a s e none (a) 

P u t i d a r e d o x i n 91 

C y t o c h r o m e P4 50cam 136 

a) See R e s u l t s a n d D i s c u s s i o n , S e c t i o n I V . 2 . 



147 
I I I . 3 . 4 S p e c t r a l A n a l y s i s o f C y t o c h r o m e P450cam a n d  

R e l a t e d B a c t e r i a l M o n o o x y g e n a s e Components 

G e n e r a l l y , a l l l i q u i d s a n d s o l u t i o n s w e r e h a n d l e d u n d e r 

an a r g o n a t m o s p h e r e u s i n g S c h l e n k t e c h n i q u e s . 1 4 6 

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

o f t h e h o l o p r o t e i n was t h e m o s t c o n v e n i e n t m e thod o f d e t e r m i n i n g 

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

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

r e d u c t a s e a nd p u t i d a r e d o x i n i n t h e i r o x i d i z e d and r e d u c e d 

s t a t e s , a n d c y t o c h r o m e P4 50cam ( s u b s t r a t e - b o u n d and s u b s t r a t e -

f r e e , a n d f e r r o u s - C O ) f o r m s w e r e r e c o r d e d a t room t e m p e r a t u r e 

(23±2°C) f r o m 700 t o 250nm on a C a r y s p e c t r o p h o t o m e t e r , 

m o d e l 17D. A l l s p e c t r o s c o p i c measurements' w e r e c a r r i e d o u t 

i n t h e c e l l - t o n o m e t e r shown i n F i g u r e I I I . 13 a g a i n s t a r e f e r e n c e 

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

a c l e a r q u a r t z s q u a r e c e l l (1 x 1 x 5cm), a t t a c h e d t h r o u g h 20cm 

o f g l a s s t u b i n g t o a s i d e a r m r e s e r v o i r f i t t e d w i t h a B-14 

g l a s s j o i n t . A h i g h vacuum O - r i n g j o i n t ( K o n t e s G l a s s Co.) 

w i t h a B-14 s i d e a r m s o c k e t w e r e u t i l i z e d f o r a t t a c h m e n t t o 

t h e vacuum/gas h a n d l i n g l i n e . T o t a l v o l u m e o f t h e a p p a r a t u s 

was 60mL. The r e f e r e n c e c e l l was c o n s t r u c t e d f r o m t h e same 

q u a r t z c e l l b u t was a t t a c h e d t h r o u g h 5cm o f g l a s s t u b i n g t o 

a s i l i c o n r u b b e r s e p t u m f i t t i n g a n d a h i g h vacuum O - r i n g 

j o i n t . The c e l l a r r a n g e m e n t s w e r e made i n t h e g l a s s b l o w i n g 

s h o p o f t h e C h e m i n s t r y D e p a r t m e n t , U.B.C. 



14 8 

B-14 sidearm socket 
/tovacuum̂ as handling' 
line 

Fitted with a high vacuum 
teflon O-ring joint 

Fitted with a 
B-14 cap 

Sidearm 
reservoir 

Quartz cell 

F i g u r e I I I . 1 3 The c e l l - t o n o m e t e r 
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P r e p a r a t i o n o f t h e p r o t e i n s o l u t i o n s f o r s p e c t r a l 

o b s e r v a t i o n s i n v o l v e d 20-100 f o l d d i l u t i o n o f t h e s t o c k 

s a m p l e s i n b u f f e r P-100 ( c o n t a i n i n g -8mM camphor f o r 

c y t o c h r o m e P450cam s o l u t i o n s ) . B u f f e r (=4.8mL) was d i s p e n s e d 

i n t o t h e t o n o m e t e r r e s e r v o i r and d e g a s s e d by r e p e a t e d 

e v a c u a t i o n and f l u s h i n g w i t h a r g o n . A b a s e l i n e s p e c t r u m 

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

d e g a s s e d b u f f e r P-100. S t o c k p r o t e i n s o l u t i o n (~0.2mL) was 

t h e n a d d e d t o a f i n a l v o l u m e o f 5.OmL (-1 x 10 p r o t e i n ; 

s e e S e c t i o n I I I . 5.3.3) and t h e s p e c t r u m o f t h e o x i d i z e d 

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

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

f r o m t h e r e s e r v o i r . R e d u c t i o n o f f e r r i c c y t o c h r o m e P450cam 

t o t h e f e r r o u s s t a t e was a c h i e v e d w i t h s o d i u m d i t h i o n i t e 
-2 

d i s s o l v e d i n d e o x y g e n a t e d b u f f e r P-100 (~4mg/mL, =:1 x 10 M) . 

C y t o c h r o m e s o l u t i o n s w e r e s t o i c h i o m e t r i c a l l y r e d u c e d by 

m o n i t o r i n g t h e d i t h i o n i t e a b s o r p t i o n b a n d a t 314nm. An 

a b s o r p t i o n maximum i n t h e c y t o c h r o m e s p e c t r u m a t t h i s 

w a v e l e n g t h i n d i c a t e d e x c e s s d i t h i o n i t e , a nd h e n c e c o m p l e t i o n 

o f t h e r e d u c t i o n p r o c e s s . The f e r r o u s - C O c o m p l e x o f c y t o c h r o m e 

P450cam was f o r m e d by g e n t l y b u b b l i n g c a r b o n m o n o x i d e t h r o u g h 

t h e r e d u c e d c y t o c h r o m e s a m p l e s . 

I l l . 3 . 4 . 1 C o n c e n t r a t i o n D e t e r m i n a t i o n s 

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

c o m p o n e n t s w e r e d e t e r m i n e d by d i r e c t s p e c t o s c o p i c m e a s u r e 

ment u s i n g p u b l i s h e d m i l l i m o l a r e x t i n c t i o n c o e f f i c i e n t d a t a ; 3 7 / 1 
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f o r o x i d i z e d p u t i d a r e d o x i n r e d u c t a s e , A max 454, e mM = 1 0 . 0 ; 

f o r o x i d i z e d p u t i d a r e d o x i n , A max 4 55nm, e_ M.= 10.4; an d 

f o r t h e f e r r o u s - C O c o m p l e x o f c y t o c h r o m e P450cam, A max 44 6nm, 

emM = 120. 

I l l . 3 . 4 . 2 P u r i t y A s s a y 

The p u r i t y o f t h e t h r e e m o n o x y g e n a s e c o m p o n e n t s was 

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

t o t o t a l p r o t e i n i n t h e o x i d i z e d s t a t e o f e a c h p r o t e i n . T h e s e 

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

t h e l i t e r a t u r e ; f o r n a t i v e p u t i d a r e d o x i n r e d u c t a s e a n A454/A27 5 

a b s o r p t i o n r a t i o o f 0.14 was o b s e r v e d w i t h s a m p l e s e s t i m a t e d by 

s o d i u m d o d e c y l s u l p h a t e (SDS) g e l e l e c t r o p h o r e s i s t o be g r e a t e r 

t h a n 8 0% h o m o g e n e o u s . 1 4 4 S i m i l a r l y , n a t i v e p u t i d a r e d o x i n 

g r e a t e r t h a n 98% homogeneous i n t o t a l p r o t e i n m o b i l i t y e x h i b i t e d 

a n A455/A275 o p t i c a l a b s o r p t i o n r a t i o o f 0 .44 . 3 7 F i n a l l y , 

s u b s t r a t e c y t o c h r o m e P450cam g r e a t e r t h a n 95% homogeneous by 

SDS g e l e l e c t r o p h o r e s i s was c h a r a c t e r i z e d by an A391/A280 

a b s o r p t i o n r a t i o o f 1 . 4 5 . 1 4 4 
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I I I . 4 P r e p a r a t i o n o f R e c o n s t i t u t e d C y t o c h r o m e P450cam 

I I I .4.1 G e n e r a l I n f o r m a t i o n 

The p r e p a r a t i o n o f r e c o n s t i t u t e d c y t o c h r o m e P450cam i n 

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

g r o u p f r o m t h e n a t i v e o r p a r e n t enzyme f o l l o w e d b y a d d i t i o n 

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

enzyme. The m e t h o d t o be d e s c r i b e d c a n be u s e d t o r e c o n 

s t i t u t e n a t i v e c y t o c h r o m e P450cam w i t h a n y o f t h e s u b s t i t u t e d 

h e m i n s s y n t h e s i z e d i n S e c t i o n I I I . l . 

The heme g r o u p was remov e d f r o m n a t i v e c y t o c h r o m e P4 50cam 

i s o l a t e d and p u r i f i e d as i n S e c t i o n I I I . 3 u s i n g a c i d i f i e d , 

a c e t o n e a t -20°C t o g i v e t h e a p o p r o t e i n i n a r e c o n s t i t u t a b l e 

f o r m w i t h t h e p r o c e d u r e o f S t r i t t m a t t e r 1 4 7 a s a d o p t e d by Yu 

and G u n s a l u s . 1 4 8 A p o c y t o c h r o m e P450cam was r e c o n s t i t u t e d 

w i t h p r o t o h e m i n c h l o r i d e a c c o r d i n g t o t h e method o f Yu a n d 

G u n s a l u s . 1 4 8 A l l p r o c e d u r e s w e r e p e r f o r m e d i n an a r g o n 

a t m o s p h e r e . 

I l l . 4 . 1 . 1 M a t e r i a l s 

A l l r e a g e n t s u t i l i z e d d u r i n g t h e r e c o n s t i t u t i o n e x p e r i m e n t s 

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

F i s h e r ? S c i e n t i f i c C o . , 2 - b u t a n o n e , d i s o d i u m e t h y l e n e d i a m i n e t e t r a -

a c e t a t e ( N a 2 ( H ^ E D T A ) ) , e t h a n o l a n d s o d i u m b i c a r b o n a t e ; a n d f r o m 

t h e S i g m a C h e m i c a l C o . , c y s t e i n e ( f r e e b a s e ) and h o r s e h e a r t 

m y o g l o b i n ( s a l t - f r e e l y o p h i l i z e d p o w d e r ) . 

A l l s o l v e n t s w e r e u s e d d i r e c t l y w i t h o u t f u r t h e r 

p u r i f i c a t i o n . 
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111.4 . 2 E x t r a c t i o n o f t h e Heme Group f r o m N a t i v e  
C y t o c h r o m e P4 50cam 

I I I . 4 . 2 . 1 E x t r a c t i o n P r o c e d u r e 

A c e t o n e (2.5mL p e r mg o f enzyme) was a c i d i f i e d by a d d i n g 

0.lmL o f c o n c e n t r a t e d H C l p e r 50mL o f a c e t o n e and t h e m i x t u r e 

c o o l e d t o -20°C i n a d r y i c e - 3 0 % e t h a n o l s l u s h b a t h . The 

s o l u t i o n was a l l o w e d t o e q u i l i b r a t e w i t h s t i r r i n g , and t h e n 

1.0-2.0mL o f enzyme s o l u t i o n ( b u f f e r P-100, 8mM c a m p h o r , 
-3 

=10 M c y t o c h r o m e ) was a d d e d d r o p w i s e w i t h c o n s t a n t s t i r r i n g . 

The s o l u t i o n was s t i r r e d f o r 10 m i n a n d t h e w h i t e p r o t e i n 

p r e c i p i t a t e was c o l l e c t e d a t 9,000rpm i n a r e f r i g e r a t e d 

c e n t r i f u g e e q u i l i b r a t e d t o -2 0°C. The p i n k s u p e r n a t a n t , 

c o n t a i n i n g e x t r a c t e d heme, was r e m o v e d f o r a n a l y s i s ' ( s e e 

S e c t i o n I I I . 4 . 2 . 2 ) and t h e w h i t e p r o t e i n p e l l e t was i m m e d i a t e l y 

d i s s o l v e d i n d e o x y g e n a t e d 0.06M kOH (-2 0mL) made 20% ( v / v ) 

i n g l y c e r o l a n d e q u i l i b r a t e d t o 0°C i n an i c e - w a t e r b a t h . 

The a p o p r o t e i n s o l u t i o n was d i a l y s e d a t 5°C a g a i n s t d e o x y g e n a t e d 

w a t e r (1.0L) f o r 6h and t h e n i n d e o x y g e n a t e d b u f f e r P-100 

f o r 1 2 h . A s t e a d y f l o w o f a r g o n , p a s s e d t h r o u g h a f i n e 

s i n t e r e d g l a s s f r i t , was u s e d t o d i s p l a c e o x y g e n f r o m 

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

t o remove any d e n a t u r e d p r o t e i n t h a t had p r e c i p i t a t e d and 

c o n c e n t r a t e d by u l t r a f i l t r a t i o n t o 1.0-2.0mL. The a p o p r o t e i n 

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

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

o f a p o c y t o c h r o m e P4 50cam was d e t e r m i n e d b a s e d o n i t s a b s o r b a n c e 
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a t 280nm u s i n g m i l l i m o l a r e x t i n c t i o n -• c o e f f i c i e n t d a t a d e t e r m i n e d 

i n t h e p r e s e n t w o r k ; 1 4 9 E
mjy[ = 91.1,- s e e S e c t i o n I V . 2 . 3 . R e s i d u a l 

a b s o r p t i o n i n t h e S o r e t r e g i o n (~400nm) o f t h e a p o p r o t e i n s p e c t r u m , 

i n d i c a t i v e o f i n t a c t c y t o c h r o m e P4 50cam, was removed by r e p e a t i n g 

t h e e x t r a c t i o n p r o c e d u r e . The y i e l d o f a p o c y t o c h r o m e P4 50cam was 

e s t i m a t e d a s up t o 80% f r o m n a t i v e P450cam. 

I l l . 4 . 2 . 2 A n a l y s i s o f t h e Heme P r o s t h e t i c G r o u p 

The p i n k a c i d - a c e t o n e s u p e r n a t a n t s o l u t i o n o b t a i n e d f r o m 

t h e heme e x t r a c t i o n p r o c e d u r e was e v a p o r a t e d u n d e r r e d u c e d 

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

r e s i d u e . The r e s i d u e was d i s s o l v e d i n 1.OmL o f p y r i d i n e a n d 

s u b j e c t e d t o a n a l y s i s b y TLC on s i l i c a g e l and p o l y a m i d e , and 

by s p e c t r a l o b s e r v a t i o n o f t h e p y r i d i n e hemochrome c o m p l e x . 

C h r o m a t o g r a m s w e r e d e v e l o p e d w i t h BMF (110:30:1) a nd m e t h a n o l -

a c e t i c a c i d (100:2) s o l v e n t s y s t e m s and t h e hemochrome c o m p l e x 

was p r e p a r e d a n d a n a l y s e d a s d e s c r i b e d i n S e c t i o n I I I . 1.3. 

TLC o n s i l i c a g e l (BMF 110:30:1) showed a s i n g l e s p o t a s d i d 

p o l y a m i d e TLC (BMF 110:30:1) and m e t h a n o l - a c e t i c a c i d (100:2),. 

T a b l e I I I . 9 l i s t s a b s o r p t i o n d a t a f o r t h e p y r i d i n e hemochrome 

o f t h e e x t r a c t e d heme a l o n g w i t h a n a l o g o u s d a t a o b t a i n e d f r o m 

t h e l i t e r a t u r e . The amount o f heme removed f r o m t h e n a t i v e 

c y t o c h r o m e was d e t e r m i n e d b a s e d o n t h e heme a b s o r b a n c e a t 

557nm (e = 3 4 . 4 ) . 1 3 6 a F o r c o m p a r i s o n , t h i s v a l u e was 

c h e c k e d a g a i n s t t h e c o n c e n t r a t i o n o f s t a r t i n g enzyme. The 

v a l u e s a g r e e d w i t h i n 2 0%. 
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T a b l e I I I . 9 

A b s o r b a n c e D a t a f o r t h e P y r i d i n e Hemochrome D e r i v e d 

f r o m E x t r a c t e d Heme. 

Heme max(nm) 
emM 

S o r e t B 
max 

a 
max 

E x t r a c t e d X 418 524 556 

e 181 20 32 

P r o t o - ^ X 418 524 557 

e 191.4 17.5 34.4 

a) P u b l i s h e d l i t e r a t u r e d a t a ; ( R e f . 1 3 6 a ) . 
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I I I .4.3 R e c o n s t i t u t i o n o f A p o c y t o c h r o m e P450carti 

I I I . 4 . 3 . 1 R e c o n s t i t u t i o n P r o c e d u r e 

The a p o p r o t e i n was c o n v e r t e d t o t h e b i o l o g i c a l l y 

i n a c t i v e P 420 f o r m b y t h e a d d i t i o n o f a s t o c k s o l u t i o n o f p r o t o 

h e m i n c h l o r i d e . T h i s s t o c k s o l u t i o n was made up i n a lOmL 

v o l u m e t r i c f l a s k b y d i s s o l v i n g ~2.0mg o f h e m i n c h l o r i d e i n 

0.5mL o f d e o x y g e n a t e d 0.06M kOH c o n t a i n i n g 4% m e t h a n o l , 

t h e v o l u m e b e i n g b r o u g h t t o lOmL w i t h d e o x y g e n a t e d b u f f e r 

P-100. F r e s h s t o c k h e m i n s o l u t i o n s w e r e p r e p a r e d b e f o r e 

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

a g g r e g a t i o n o f t h e h e m i n on s t a n d i n g . 1 4 8 

U s i n g a 50mL p e a r - s h a p e d f l a s k , t h e h e m i n s o l u t i o n was 

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

t o heme-removed r a t i o o f 1.1; 10% more h e m i n was a d d e d t o 

t h e a p o c y t o c h r o m e t h a n was r e m o v e d f r o m t h e n a t i v e enzyme. 

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

c a l c u l a t e d f r o m b o t h t h e p a r e n t enzyme (s e e S e c t i o n I I I . 3 . 4 . 1 ) 

a n d t h e p y r i d i n e hemochrome s p e c t r u m ( s e e S e c t i o n I I I . 4 . 2 . 2 ) . 

T r e a t m e n t o f t h e r e c o n s t i t u t e d P420 s o l u t i o n w i t h a n e q u a l 

v o l u m e o f b u f f e r P-100 c o n t a i n i n g camphor (8mM), c y s t e i n e 

(lOOmg/mL) and g l y c e r o l ( 4 0 % ( v / v ) ) c o n v e r t e d t h e P420 f o r m s 

t o t h e P4 50 f o r m a s d e t e r m i n e d by S o r e t a b s o r p t i o n maxima o f 

t h e r e d u c e d - C O c o m p l e x . E q u a l v o l u m e s o f t h e b u f f e r P-100 

( c a m p h o r ) - c y s t e i n e s o l u t i o n (=5mL) w e r e a d d e d t w i c e , a t two 

h o u r i n t e r v a l s , d u r i n g t h e 6h i n c u b a t i o n p e r i o d a t room 
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t e m p e r a t u r e (23±2°C). F o l l o w i n g s p e c t r a l a n a l y s i s o f t h e 

c r u d e r e c o n s t i t u t e d enzyme s o l u t i o n ( S e c t i o n I I I . 3 . 4 ) , 

e a c h s a m p l e was c o o l e d t o 0°C i n i c e a n d p u r i f i e d i m m e d i a t e l y . 
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I I I . 4 . 4 P u r i f i c a t i o n o f R e c o n s t i t u t e d C y t o c h r o m e P450cam 

111.4.4.1 DE-52 A n i o n E x c h a n g e C h r o m a t o g r a p h y 

The r e c o n s t i t u t e d c y t o c h r o m e s o l u t i o n ( S e c t i o n I I I . 4 . 3 . 1 ) 

(~15mL) was c e n t r i f u g e d a t 9,000rpm f o r 5 m i n and t h e s u p e r 

n a t a n t s o l u t i o n a b s o r b e d , a t 5°C, o n t o a DE-52 c e l l u l o s e a n i o n 

e x c h a n g e c o l u m n (2 x 8 c m ) , e q u i l i b r a t e d w i t h 3mM p h o s p h a t e 

b u f f e r , pH 7.0, made 8mM i n c amphor. F l o w r a t e s w e r e 

m a i n t a i n e d by g r a v i t y f e e d a n d t h e DE-52 c o l u m n was c o n s t r u c t e d 

f r o m a 50mL P l a s t i p a k d i s p o s a b l e s y r i n g e a s shown i n F i g u r e 

I I I . 1 4 . A f t e r a b s o r p t i o n , t h e c o l u m n was washed w i t h a t l e a s t 

5 b e d v o l u m e s o f e q u i l i b r a t i n g b u f f e r (~250mL) t o remove 

e x c e s s c y s t e i n e r e a g e n t a s w e l l a s g l y c e r o l . The e l u e n t 

was t h e n c h a n g e d t o b u f f e r P-100 made 8mM i n camphor and 

t h e p r o t e i n ( r e d b a n d ) , w h i c h i m m e d i a t e l y moved down t h e 

c o l u m n , was c o l l e c t e d . The enzyme s o l u t i o n was c o n c e n t r a t e d 

by u l t r a f i l t r a t i o n t o 1.0-2.0mL and s u b j e c t e d t o s p e c t r a l 

a n a l y s i s ( s e e S e c t i o n I I I . 3 . 4 ) . S a m p l e s e x h i b i t i n g an a b s o r b 

a n c e a t 420nm i n t h e r e d u c e d - C O s p e c t r u m w e r e s u b j e c t e d t o a 

s e c o n d p r o c e d u r e d e s i g n e d t o remove t h i s i m p u r i t y ( s e e b e l o w ) . 

111.4.4.2 R e m o v a l o f P420 I m p u r i t i e s 

The u s e o f e x c e s s h e m i n c h l o r i d e d u r i n g t h e r e c o n s t i t u t i o n 

p r o c e d u r e p r o m o t e d i m p u r i t y f o r m a t i o n i n t h e f o r m o f "non-

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

was m a n i f e s t e d a s a n a b s o r p t i o n a t 420nm i n t h e r e d u c e d - C O 

s p e c t r u m o f t h e c r u d e r e c o n s t i t u t e d e n z y m e . 1 3 3 < x P u r e s a m p l e s 

o f t h e r e c o n s t i t u t e d c y t o c h r o m e r e q u i r e d f o r s p e c t r o s c o p i c 
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F i g u r e I I I . 1 4 A s c h e m a t i c d r a w i n g o f t h e DE-52 c o l u m n 
c o n s t r u c t e d f r o m a 50mL d i s p o s a b l e s y r i n g e . 



Leaf 159 missed i n numbering. 
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a n d k i n e t i c s t u d i e s w e r e p r e p a r e d by a d d i n g a p o m y o g l o b i n t o 

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

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

P 4 5 0 c a n y 1 5 0 t h e u n r e g e n e r a t e d heme (P420 t y p e ) was e f f i c i e n t l y 

s t r i p p e d f r o m t h e c y t o c h r o m e P450cam s o l u t i o n a n d d i s p o s e d o f 

i n a f o r m ( m y o g l o b i n - b o u n d ) t h a t was e a s i l y r emoved b y 

Se p h a d e x G-100 c h r o m a t o g r a p h y . 

I l l . 4 . 4 . 3 P r o c e d u r e f o r R e m o v a l o f P4 2 0 I m p u r i t i e s 

F r o m t h e s p e c t r u m o f t h e f e r r o u s - C O a d d u c t o f t h e c r u d e 

r e c o n s t i t u t e d c y t o c h r o m e s o l u t i o n s , t h e amount o f u n r e g e n e r a t e d 
4 20 57 

p r o t o h e m e was e s t i m a t e d u s i n g e m M = 1 7 9 . T h e p r e p a r a t i o n o f 

a p o m y o g l o b i n i s d e s c r i b e d i n S e c t i o n I I I . 4 . 4 . 4 . 

Heme t r a n s f e r was a c c o m p l i s h e d by i n c u b a t i n g t h e c r u d e 

r e c o n s t i t u t e d P4 50cam p r e p a r e d a s i n S e c t i o n I I I . 4.3.2 w i t h 

a p o m y g l o b i n i n a 50mL p e a r - s h a p e d f l a s k a t a m o l e r a t i o o f 

h e m e - r e c e p t o r t o P420 o f 1.2. I n c u b a t i o n was done a t room 

t e m p e r a t u r e (23±2°C) u n d e r an a r g o n a t m o s p h e r e f o r 1.0-3.0 m i n . 

The p r o t e i n s w e r e t h e n s e p a r a t e d a t 5°C o n a S e p h a d e x G-100 

c o l u m n (1.3 x 100cm) e q u i l i b r a t e d w i t h b u f f e r P-100 c o n t a i n i n g 

8mM camphor. F l o w r a t e s w e r e m a i n t a i n e d by g r a v i t y f e e d . 

C o lumn c o n s t r u c t i o n was i d e n t i c a l t o t h a t i n F i g u r e I I I . 12. 

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

t h a n 2.OmL v o l u m e s a n d was d e v e l o p e d w i t h t h e same b u f f e r 

s y s t e m a t 2 50mm h e a d p r e s s u r e . The p r o t e i n s e l u t e d a s 

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

m y o g l o b i n e l u t i n g f i r s t . The c y t o c h r o m e P450 b a n d was 



c o l l e c t e d a f t e r 4.0-5.Oh and c o n c e n t r a t e d b y u l t r a f i l t r a t i o n 

t o 1.0-2.0mL. F o l l o w i n g s p e c t r a l a n a l y s i s ( s e e S e c t i o n I I I . 3 . 4 ) 

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

m e n t s . S a m p l e s w e r e s t o r e d u n d e r a r g o n a t -7 8°C i n 3.OmL 

d i s p o s a b l e s y r i n g e s . 

I l l . 4 . 4 . 4 P r e p a r a t i o n o f A p o m y o g l o b i n  

P r o c e d u r e : 

The p r o c e d u r e was s i m i l a r t o t h a t r e p o r t e d by B r e s l o w . 1 5 1 

A lOOmg s a m p l e o f m y o g l o b i n was d i s s o l v e d i n lOmL o f d e i o n i z e d 

w a t e r ( 1 % s o l u t i o n ) a t 0°C, a n d t h e pH c a r e f u l l y a d j u s t e d t o 

1.5 w i t h 1M HC1. The r e m o v a l o f t h e heme f r o m m y o g l o b i n was 

e n s u r e d i f t h e pH o f t h e i n i t i a l f e r r i m y o g l o b i h s o l u t i o n was 

n e a r 1.5 w h i c h i s a c r i t i c a l v a l u e f o r t h e c l e a v a g e o f t h e 

p r o t e i n - h e m e l i n k . 1 5 1 The s o l u t i o n was t h e n e x t r a c t e d a t 
o 

5 C f x r s t w i t h a n e q u a l v o l u m e o f 2 - b u t a n o n e , t h e n t w i c e more 

w i t h a h a l f - v o l u m e o f 2 - b u t a n o n e t o remove t h e heme. The 

r e s u l t i n g s l i g h t l y s t r a w - c o l o r e d s o l u t i o n was t h e n • i m m e d i a t e l y 

d i a l y s e d a t 5°C a g a i n s t 4 c h a n g e s (4 x 500mL) o f s o d i u m 

b i c a r b o n a t e s o l u t i o n (50mg/mL) a nd t h e n a g a i n s t s e v e r a l c h a n g e s 

(5 x 500mL) o f d e i o n i z e d w a t e r . S o l u t i o n c h a n g e s w e r e made 

e v e r y 6h. The a p o m y o g l o b i n s o l u t i o n was f u r t h e r d i a l y s e d a g a i n s t 

2 c h a n g e s (2 x 500mL) o f 1 x 10~ 4M N a 2 ( H 2 E D T A ) s o l u t i o n , and 

a g a i n s t s e v e r a l c h a n g e s (5 x 500mL) o f d e i o n i z e d H 2 0 . The 

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

p r o t e i n t h a t h a d p r e c i p i t a t e d , a n d t h e n c e n c e n t r a t e d t o =5.OmL 

u s i n g a n A m i c o n UM-2 U l t r a f i l t r a t o r (>1000MWt). F i n a l l y , 



t h e c o n c e n t r a t e d p r o t e i n s o l u t i o n was d i a l y s e d a g a i n s t 4 

c h a n g e s (4 x 250mL) o f b u f f e r P-100 and c o n c e n t r a t e d t o 

2.0 - 3.0mL. The m y o g l o b i n s o l u t i o n was u s e d i m m e d i a t e l y 

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

c y t o c h r o m e P4 50cam. The s o l u t i o n c o u l d be s t o r e d f o r up 

t o 1 month a t 5°C w i t h o u t a p p r e c i a b l e d e n a t u r a t i o n . The 

m i l l i m o l a r c o n c e n t r a t i o n o f a p o m y o g l o b i n was d e t e r m i n e d 

b a s e d o n t h e a b s o r b a n c e a t 280nm (e „ = 1 5 . 5 ) . 1 5 1 

mM 
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I I I . 5 K i n e t i c S t u d y o f t h e R e a c t i o n o f C a r b o n M o n o x i d e w i t h  
t h e F e r r o u s C y t o c h r o m e P4 50cam a n d M y o g l o b i n S y s t e m s  
by F l a s h P h o t o l y s i s 

I I I . 5 . 1 The F l a s h P h o t o l y s i s A p p a r a t u s 

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

e x p e r i m e n t s was d e s i g n e d and c o n s t r u c t e d by C h a n g 1 5 2 a n d 

i n c l u d e d t h e g e n e r a l f e a t u r e s d e s c r i b e d by G i b s o n 1 3 2 and 

P o r t e r . 1 3 4 The a p p a r a t u s c o n s i s t e d o f f o u r s u b u n i t s : 

(1) a m o n o c h r o m a t i c l i g h t s o u r c e ( i . e . a t u n g s t e n lamp and 

m o n o c h r o m a t o r ) , t h e l i g h t f r o m w h i c h was c o l l i m a t e d and p a s s e d 

t h r o u g h t h e r e a c t i o n m i x t u r e t o m o n i t o r t r a n s i e n t i n t e r m e d i a t e s ; 

(2) a t h e r m o s t a t e d r e a c t i o n chamber ( i . e . f l a s h a nd s a m p l e 

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

m o n i t o r i n g and f l a s h i n g w a v e l e n g t h s o f UV-VIS l i g h t : (3) a 

p h o t o l y s i s f l a s h ( i . e . p h o t o g r a p h i c f l a s h g u n ) f o r p r o d u c i n g 

s h o r t p u l s e s o f i n t e n s e l i g h t a l o n g w i t h c h a r g i n g and t r i g g e r i n g 

e q u i p m e n t ; and ( 4 ) , a n e l e c t r o n i c d e t e c t o r and a r a p i d 

r e c o r d e r ( i . e . p h o t o m u l t i p l i e r c e l l and o s c i l l o s c o p e ) f o r 

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

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

d i a g r a m o f F i g u r e I I I . 1 5 . The e s s e n t i a l c h a r a c t e r i s t i c s o f 

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

S i n c e t h e f l a s h p h o t o l y s i s a p p a r a t u s had n o t b e e n 

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

e x a m i n e d t h o r o u g h l y and r e p a i r e d when n e c e s s a r y . The o r i g i n a l 

c i r c u i t r y was a n a l y s e d , c l e a n e d , and r e c a l i b r a t e d a s r e q u i r e d . 

F o r c o n v e n i e n c e , a s m a l l vacuum l i n e f i t t e d w i t h CO g a s 
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i g u r e I I I . 1 5 B l o c k d i a g r a m o f f l a s h p h o t o l y s i s a p p a r a t u s . 
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h a n d l i n g e q u i p m e n t was c o n s t r u c t e d a d j a c e n t t o t h e f l a s h 

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

and m e c h a n i c a l s h o p s o f t h e C h e m i s t r y D e p a r t m e n t , U.B.C. 

The vacuum/CO h a n d i n g l i n e was made i n t h e g l a s s b l o w i n g s h o p , 

a l s o , o f t h e C h e m i s t r y D e p a r t m e n t , U.B.C. 

111.5.1.1 M o n i t o r i n g L i g h t S o u r c e 

The m o n o c h r o m a t o r o f a Beckman DU S p e c t r o p h o t o m e t e r 

( M o d e l 2400) e q u i p p e d w i t h a s t a n d a r d 24 w a t t t u n g s t e n f i l a m e n t 

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

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

p h o t o l y s i s a p p a r a t u s . The lamp was o p e r a t e d f r o m a n e x t e r n a l 

D.C. r e g u l a t e d power s u p p l y (6V., 3.2amps) and was e n c l o s e d 

i n t h e o r i g i n a l lamp c o m p a r t m e n t o f t h e Beckman S p e c t r o p h o t o 

m e t e r . U n d e r t h e s e o p e r a t i n g c o n d i t i o n s , t h e n o i s e l e v e l i n 

t h e m o n i t o r i n g beam was k e p t t o a minimum and t h e lamp was 

a s s u r e d a g r e a t e r l i f e t i m e . 1 3 4 The lamp was t h o r o u g h l y 

c l e a n e d o f a l l d e b r i s b e f o r e and a f t e r e a c h s e t o f f l a s h 

e x p e r i m e n t s . 

111.5.1.2 F l a s h and S a m p l e C o m p a r t m e n t 

The o r i g i n a l s a m p l e h o l d e r o f t h e Beckman S p e c t r o 

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

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

S t r u c t u r a l d e t a i l s o f t h e s u b u n i t a r e p r e s e n t e d i n F i g u r e I I I . 1 6 . 

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

a b r a s s b l u i n g s o l u t i o n . 
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F i g u r e III.16 S t r u c t u r a l d e t a i l s o f t h e f l a s h a n d s a m p l e 
c o m p a r t m e n t o f t h e f l a s h p h o t o l y s i s u n i t . 
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The f l a s h a nd s a m p l e c o m p a r t m e n t , c o n t a i n i n g t h e 

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

c o n v e n i e n t l y h o u s e t h e c e l l - t o n o m e t e r s ( s e e F i g u r e I I I . 13) 

a s w e l l a s e f f e c t i v e l y b l o c k a l l e x t e r n a l l i g h t f r o m t h e 

r e a c t i o n c h a m b e r . T h r e e windows w e r e c u t i n t h e e x t e n s i o n 

t u b e f o r t h e f l a s h i n g and m o n i t o r i n g l i g h t ( s e e F i g u r e I I I . 1 6 ) . 

The p h o t o l y z i n g f l a s h l i g h t was a r r a n g e d a t 90° t o t h e 

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

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

I I I . 5.1.3) was m o u n t e d on a b r a c k e t f i x e d t o t h e e x i t s l i t 

f a c e o f t h e Beckman m o n o c h r o m a t o r . To p r e v e n t " b l i n d i n g " t h e 

p h o t o m u l t i p l i e r d e t e c t o r f r o m t h e b l a s t o f t h e l i g h t p u l s e , 

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

a l l l i g h t f r o m t h e f l a s h was b l o c k e d f r o m e n t e r i n g t h e PMT 

( s e e S e c t i o n I I I . 5 . 3 . 1 ) . I n e x p e n s i v e b r o a d b a n d c u t o f f f i l t e r s 

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

t h e d e s i r e d waveband o u t p u t , w h i l e c o s t l y lOnm b a n d p a s s 

i n t e r f e r e n c e f i l t e r s w e r e p l a c e d b e t w e e n t h e f l a s h i n g chamber 

an d t h e PMT t o p a s s o n l y t h e m o n i t o r i n g w a v e l e n g t h s . F i l t e r s 

w e r e o b t a i n e d f r o m t h e O r i e l G o r p o r a t i o n and E s c o P r o d u c t s , 

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

s y s t e m i s d e s c r i b e d i n S e c t i o n I I I . 5.3.1. B a f f l e s w i t h l o n g 

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

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

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

B e t w e e n t h e i n t e r f e r e n c e f i l t e r a n d t h e PMT t h e l i g h t beam 

was c o l l i m a t e d f u r t h e r by means o f a b l a c k e n e d t u b e (=10cm) 
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c o n t a i n i n g b a f f l e s w i t h s m a l l r e c t a n g u l a r w i n d o w s a t e a c h 

end ( s e e F i g u r e I I I . 1 6 ) . T e m p e r a t u r e c o n t r o l was p r o v i d e d 

by a Haake m o d e l Fk c i r c u l a t i n g t h e r m o s t a t i n g b a t h c a p a b l e 

o f c i r c u l a t i n g t e m p e r a t u r e - e q u i l i b r a t e d m e t h a n o l t h r o u g h 

t h e f l a s h a n d s a m p l e c o m p a r t m e n t a s w e l l a s a n e x t e r n a l 

c y l i n d r i c a l w a t e r - b a t h s i m u l t a n e o u s l y ( F i g u r e I I I . 1 7 ) . Hemo

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

c y l i n d r i c a l w a t e r - b a t h w h i l e a t t a c h e d t o t h e vacuum/CO h a n d l i n g 

l i n e and t h e n p l a c e d i n t h e f l a s h a n d s a m p l e c o m p a r t m e n t t o 

p e r f o r m t h e f l a s h p h o t o l y s i s e x p e r i m e n t ( s e e S e c t i o n I I I . 5 . 2 ) . 

I l l . 5 . 1 . 3 F l a s h i n g L i g h t S o u r c e 

The f l a s h p u l s e was p r o v i d e d b y a B r a u n 2000 m o d e l 

F027 a u t o m a t i c p h o t o g r a p h i c f l a s h g u n o p e r a t e d f r o m an e x t e r n a l 

r e g u l a t e d D.C. power s u p p l y (6V., 2 a m p s ) . The d e s i r e d l i g h t 

p u l s e c h a r a c t e r i s t i c s , s p e c i f i c a l l y i n t e n s e f l a s h e s w i t h 

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

The s i n g l e x e n o n f l a s h lamp d i s s i p a t e d a p p r o x i m a t e l y 40 j o u l e s 

p e r f l a s h 9 4 0 i n a n e f f e c t i v e t i m e o f 250±20 y s e c ( s e e S e c t i o n 

I I I . 5 . 3 . 2 ) and was s u f f i c i e n t l y p o w e r f u l t o p h o t o d i s s o c i a t e 

up t o 30% o f t h e c a r b o n y l a t e d m y o g l o b i n a nd P450cam s y s t e m s 

( s e e S e c t i o n I I I . 5 . 3 . 4 ) . To o b t a i n t h e c o r r e c t p u l s e t i m e , 

t h e f l a s h e r was e q u i p p e d w i t h a f i b r e - o p t i c s f e e d b a c k s y s t e m . 

T h i s s y s t e m u t i l i z e d t h e l i g h t s e n s i n g c i r c u i t o f t h e B r a u n 

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

f l a s h o u t p u t . One end o f t h e f i b r e - o p t i c s t u b e (0.3 x 25cm) 

was f i x e d i m m e d i a t e l y a d j a c e n t t o t h e f l a s h t u b e w h i l e t h e 

o t h e r was a t t a c h e d t o t h e s e n s o r ( s e e F i g u r e I I I . 1 6 ) . F l a s h 
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F i g u r e I I I . 1 7 S c h e m a t i c d i a g r a m o f t h e c y l i n d r i c a l w a t e r 
b a t h u s e d f o r e q u i l i b r a t i o n o f p r o t e i n 
s o l u t i o n s w h i l e a t t a c h e d t o t h e vacuum/ 
C O - h a n d l i n g l i n e . 
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l i g h t was f e d b a c k t o t h e s e n s o r via t h e l i g h t p i p e c u t t i n g 

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

by a d j u s t i n g t h e p o s i t i o n o f t h e t u b e r e l a t i v e t o t h e s e n s o r . 

The c l o s e r t h e o p t i c s t u b e t o t h e s e n s o r , t h e s o o n e r t h e 

f l a s h o u t p u t was c u t o f f . A d j u s t m e n t s o f 1.0-3.0mm i n t h i s 

d i s t a n c e s h i f t e d t h e f l a s h d u r a t i o n f r o m =8msec t o t h e 

d e s i r e d r a n g e ( = 250 p s e c ; s e e S e c t i o n I I I . 5 . 3 . 2 ) . " 

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

( s e e S e c t i o n I I . 5 ) d e p e n d s on t h e c h a r a c t e r i s t i c s o f t h e 

l i g h t p u l s e , t h e s h a r p e r t h e c u t o f f edge o f t h e p u l s e t h e 

l e s s e r t h e "dead t i m e " . The "dead t i m e s " o f =250 p s e c 

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

s t u d y t h e k i n e t i c s o f c a r b o n m o n o x i d e b i n d i n g t o t h e c y t o c h r o m e 

P4 50cam and m y o g l o b i n s y s t e m s . The f l a s h g u n was f i r e d 

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

s c o p e ( s e e S e c t i o n I I I . 5.1.4) t h r o u g h an e x t e r n a l t r i g g e r i n g 

c i r c u i t . 1 3 4 A p p r o x i m a t e l y 15 s e c o n d s w e r e r e q u i r e d f o r r e 

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

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

To o b t a i n p h o t o d i s s o c i a t i o n o f t h e c a r b o n y l a t e d hemo-

p r o t e i n s i t was e s s e n t i a l t o remove t h e p r o t e c t i v e p l a s t i c 

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

c l o s e t o t h e s a m p l e c e l l a s p o s s i b l e . The d i s t a n c e b e t w e e n 

t h e f l a s h t u b e a nd s a m p l e c e l l was =1.0cm. The l i g h t p u l s e 

was c o l l i m a t e d u s i n g b l a c k t a p e t o e n c l o s e a l l b u t t h e f l a s h 

t u b e a n d r e f l e c t i n g s y s t e m . E x t r e m e c a r e was t a k e n when 

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

c l e a n e d a nd s t o r e d a f t e r e a c h u s e . 

I l l . 5 . 1 . 4 D e t e c t o r a nd R e c o r d i n g S y s t e m 

The o r i g i n a l Beckman d e t e c t o r a nd h i g h v o l t a g e power 

s u p p l y c o m p o n e n t s w e r e r e p l a c e d w i t h a 1P28 p h o t o m u l t i p l i e r 

h o u s e d i n a PMT p a c k a g e ( m a n u f a c t u r e d b y P r o d u c t s f o r R e s e a r c h 

I n c . , D a n v e r s , Mass.) a n d r e g u l a t e d D.C. power s u p p l y a d j u s t 

a b l e f r o m 300-500 v o l t s . The t r a n s m i s s i o n o u t p u t f r o m t h e 

PMT was p r o c e s s e d d i r e c t l y t h r o u g h an o n - l i n e e l e c t r o n i c 

a n a l o g " c o m p u t e r " 1 5 3 t o a v o i d t e d i o u s d a t a a c q u i s i t i o n f o r 

a b s o r b a n c e c o n v e r s i o n a nd f i t t i n g o f t h e r a t e c o n s t a n t . 

The A n a l o g R a t e C o n v e r t e r c o n t a i n e d two l o g a m p l i f i e r c i r c u i t s 

w h i c h c o u l d i n d e p e n d e n t l y g i v e b o t h a n e x p o n e n t i a l d e c a y 

c u r v e o f t h e a b s o r b a n c e c h a n g e and a l i n e a r t r a c e whose 

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

c o m p l e t e w o r k i n g c i r c u i t 1 5 2 o f t h e A n a l o g R a t e C o n v e r t e r 

i s shown i n F i g u r e I I I . 1 8. The o u t p u t f r o m t h e A n a l o g R a t e 

C o n v e r t e r was c o n n e c t e d d i r e c t l y t o c h a n n e l 1 o f a d u a l 

t r a c e a m p l i f i e r ( T e k t r o n i x 5A18N) i n a T e k t r o n i x Type R5103N 

s t o r a g e o s c i l l o s c o p e . The sweep t i m e was c o n t r o l l e d w i t h a 

T e k t r o n i x 5B10N t i m e b a s e a m p l i f i e r a n d t h e s i g n a l was 

r e g i s t e r e d a n d s t o r e d w i t h a T e k t r o n i x D - l l s i n g l e beam 

s t o r a g e u n i t . The o s c i l l o s c o p e t r a c e was i n i t i a t e d i n d e p e n d 

e n t l y o f , o r s i m u l t a n e o u s l y w i t h , t h e f l a s h g u n ( s e e S e c t i o n 

I I I . 5 . 1 . 3 ) t h r o u g h an e x t e r n a l t r i g g e r i n g c i r c u i t . 1 3 4 A l l 

e x p o n e n t i a l d e c a y c u r v e s and f i r s t o r d e r r a t e p l o t s w e r e 



i g u r e I I I . 1 8 C o m p l e t e w o r k i n g c i r c u i t o f t h e A n a l o g R a t e 
C o n v e r t e r . 
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p h o t o g r a p h e d w i t h a T e k t r o n i x C-5 o s c i l l o s c o p e c a m e r a l o a d e d 

w i t h P o l a r o i d 3000 L a n d F i l m , Type 107. P h o t o g r a p h s w e r e 

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

d i r e c t i o n s . 

I l l . 5 . 1 . 5 O p e r a t i o n o f t h e F l a s h P h o t o l y s i s A p p a r a t u s 

D e t a i l e d s t e p - b y - s t e p i n s t r u c t i o n s a r e g i v e n i n 

A p p e n d i x I . 
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I I I .5.2 The F l a s h P h o t o l y s i s E x p e r i m e n t 

I I I . 5 . 2 . 1 G e n e r a l I n f o r m a t i o n 

The f l a s h p h o t o l y s i s e x p e r i m e n t s w e r e p e r f o r m e d a t 20°C 

on t h e f e r r o u s - C O c o m p l e x e s o f h o r s e - h e a r t m y o g l o b i n and n a t i v e 

and p r o t o h e m i n - r e c o n s t i t u t e d P. putida c y t o c h r o m e P450cam. 

H e m o p r o t e i n s o l u t i o n s f o r k i n e t i c m e a s u r e m e n t s w e r e p r e p a r e d 

i n t h e c e l l - t o n o m e t e r shown i n F i g u r e I I I . 1 3 b y d i l u t i o n o f 

s t o c k h e m o p r o t e i n s o l u t i o n s i n b u f f e r P-100 (made 8mM i n 

camphor f o r t h e P450cam s y s t e m s ) . The f i n a l v o l u m e o f t h e 

p r o t e i n s o l u t i o n s w e r e 5.OmL and p r o t e i n c o n c e n t r a t i o n s , 

=1 x 10 ^M. S t o c k m y o g l o b i n s o l u t i o n s w e r e p r e p a r e d by 

d i s s o l v i n g -10mg o f m y o g l o b i n i n 2.OmL b u f f e r P—100, w h i l e 

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

a d d i t i o n o f -0.7mL o f t h e s t o c k s o l u t i o n t o ~4.3mL o f d e g a s s e d 

b u f f e r P-100. S t o c k c y t o c h r o m e P450cam s o l u t i o n s , a s p r e p a r e d 

i n S e c t i o n s i n . 3 a nd I I I . 4, w e r e d i l u t e d b y a d d i t i o n o f = 0 . 2mL 

s t o c k t o ~4.8mL d e g a s s e d b u f f e r P-100, 8mM camphor. A l l hemo

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

CO w h i l e a t t a c h e d t o t h e vacuum/CO h a n d l i n g l i n e a d j a c e n t t o 

t h e f l a s h u n i t , a n d a l l b u f f e r s w e r e d e g a s s e d t h r e e t i m e s b y 

e m p l o y i n g a f r e e z e a n d thaw s t a t i c vacuum t e c h n i q u e f o l l o w e d 

by CO s a t u r a t i o n . C o m p l e t e k i n e t i c a n a l y s i s o f e a c h hemo

p r o t e i n r e q u i r e d t h e p r e p a r a t i o n o f d i f f e r e n t p r o t e i n 

s o l u t i o n s f o r e a c h o f t h r e e s e p a r a t e k i n e t i c r u n s ; t h e 

c o n c e n t r a t i o n o f t h e s e p r o t e i n s o l u t i o n s v a r i e d by -5%. 
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A t y p i c a l f l a s h p h o t o l y s i s e x p e r i m e n t i n v o l v e d a n 

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

f e r r o u s and f e r r o u s - C O s t a t e s f o l l o w e d by c o m p i l a t i o n o f 

k i n e t i c d a t a a t s e v e r a l p a r t i a l p r e s s u r e s o f CO f r o m 180 t o 

7 50mm Hg. To a v o i d p r o t e i n d e n a t u r a t i o n , s e p a r a t e h e m o p r o t e i n 

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

a n a l y s e s . R e a c t i o n m i x t u r e s f o r s p e c t r a l a n a l y s i s w e r e 

p r e p a r e d u n d e r a r g o n a s d e s c r i b e d i n S e c t i o n I I I . 3.4, 

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

p r e p a r e d u n d e r CO by a s i m i l a r m e t hod d i f f e r i n g o n l y i n 

t h e b u f f e r - d e g a s s i n g m e c h a n i s m . A p p r o x i m a t e d i l u t i o n s 

r e q u i r e d f o r t h e m y o g l o b i n and P450cam s o l u t i o n s h a v e 

b e e n m e n t i o n e d a b o v e . The UV-VIS s p e c t r a o f t h e hemo

p r o t e i n s w e r e o b t a i n e d a t 20°C o n a C a r y 17D s p e c t r o p h o t o 

m e t e r e q u i p p e d w i t h a t h e r m o s t a t e d c e l l c o m p a r t m e n t . P r o t e i n 

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

e q u i l i b r a t e d f o r 10 m i n ( b e f o r e t h e s p e c t r a w e r e o b t a i n e d ) , i n 

a r e c t a n g u l a r w a t e r - b a t h s e t up a d j a c e n t t o t h e s p e c t r o p h o t o 

m e t e r ( s e e F i g u r e I I I . 1 9 ) . P r o t e i n s o l u t i o n s f o r k i n e t i c 

m e a s u r e m e n t s w e r e p r e p a r e d a t room t e m p e r a t u r e (23±2°C) a n d 

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

a nd t o r e c o r d t h e s p e c t r a . F o r s u b s e q u e n t c h a n g e s i n t h e 

CO p r e s s u r e s a s r e q u i r e d d u r i n g t h e f l a s h p h o t o l y s i s e x p e r i 

m e n t s , t h e h e m o p r o t e i n s o l u t i o n s w e r e e q u i l i b r a t e d f o r 10 m i n 

a t 20°C i n a c y l i n d r i c a l w a t e r - b a t h ( F i g u r e I I I . 1 7 ) w h i l e 

a t t a c h e d t o t h e vacuum/CO h a n d l i n g l i n e . The f i n a l CO 

p r e s s u r e was a d j u s t e d f o l l o w i n g t h i s e q u i l i b r a t i o n p e r i o d . 
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F i g u r e I I I . 19 S c h e m a t i c d i a g r a m o f r e c t a n g u l a r w a t e r - b a t h 
u s e d f o r e q u i l i b r a t i o n o f p r o t e i n s o l u t i o n s 
a t t h e C a r y s p e c t r o p h o t o m e t e r . CTi 
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The s o l u t i o n s w e r e g e n t l y s w i r l e d f o r -1 m i n t o a l l o w f o r g a s 

e q u i l i b r a t i o n a nd i m m e d i a t e l y t r a n s f e r r e d t o t h e f l a s h 

p h o t o l y s i s a p p a r a t u s f o r k i n e t i c m e a s u r e m e n t s . Two Haake 

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

r e q u i r e d d u r i n g t h e f l a s h p h o t o l y s i s e x p e r i m e n t s ; one f o r 

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

e x t e r n a l w a t e r - b a t h a t t h e s p e c t r o p h o t o m e t e r and t h e o t h e r 

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

o f t h e f l a s h u n i t a nd t h e c y l i n d r i c a l w a t e r - b a t h u t i l i z e d 

a t t h e vacuum/CO h a n d l i n g l i n e . The s p e c t r o s c o p i c c e l l s 

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

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

t h e same d i r e c t i o n f o r e v e r y e x p e r i m e n t . 

I n o r d e r t o m o n i t o r t h e c o n c e n t r a t i o n o f e a c h hemo

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

a s w e l l a s i m p u r i t y f o r m a t i o n i n t h e c y t o c h r o m e P4 5 0cam 

s a m p l e s ( i . e . P420 t y p e ) , 1 4 8 t h e s p e c t r u m o f t h e f e r r o u s - C O 

c o m p l e x was t a k e n b e f o r e and a f t e r k i n e t i c d a t a a c q u i s i t i o n 

a t e a c h CO p r e s s u r e . T h e s e s p e c t r a w e r e u s e d t o c a l c u l a t e 

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

e x p e r i m e n t a s w e l l a s c ompare a b s o r p t i o n d a t a ( i . e . A n m 

and v a l u e s ) w i t h t h e i n i t i a l s p e c t r a l a n a l y s i s o f t h e 

h e m o p r o t e i n . C o m p l e t e d a t a w e r e c o l l e c t e d f o r t h r e e d i f f e r 

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

a c q u i s i t i o n s h e e t s shown i n F i g u r e I I I . 20. F o r d a t a a n a l y s i s 

p a r t i a l p r e s s u r e s o f CO w e r e c o n v e r t e d t o g a s c o n c e n t r a t i o n s 

i n s o l u t i o n ; a t 20°C, 1.0mm Hg o f p a r t i a l p r e s s u r e c o r r e s p o n d s 
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t o 1.36 x 10 M f o r C O . 1 0 9 S i n c e t h e p r o t e i n c o n c e n t r a t i o n s 

w e r e v e r y l o w and t h e s o l u b i l i t y o f c a r b o n m o n o x i d e was o f 
-3 . . . 

t h e o r d e r o f 1 x 10 M, t h e g a s c o n c e n t r a t i o n i n s o l u t i o n 

and t h e p a r t i a l p r e s s u r e o f t h e g a s o v e r t h e s o l u t i o n r e m a i n e d 

e s s e n t i a l l y c o n s t a n t t h r o u g h o u t t h e e x p e r i m e n t s . A l l p r e s s u r e s 

w e r e m e a s u r e d w i t h a m e r c u r y manometer and c o r r e c t e d f o r t h e 

v a p o u r p r e s s u r e o f w a t e r . 

The c o n c e n t r a t i o n o f t h e m y o g l o b i n s o l u t i o n s was 

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

c h e c k e d by d i r e c t s p e c t r o s c o p i c m e a s u r e m e n t o f t h e f e r r o u s - C O 

m y o g l o b i n c o m p l e x a t 540nm ( £
m M ~ 1 5 . 4 ) . 1 0 9 

I I I .5.2.2 P r o c e d u r e 

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

a n a l y s i s w e r e r e c o r d e d on d a t a a c q u i s i t i o n s h e e t F i g u r e 

I I I . 2 0 a and u s e d t o c a l c u l a t e p r o t e i n c o n c e n t r a t i o n s , a s 

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

T h e s e s p e c t r a w e re a l s o u s e d t o s e l e c t t h e p r o p e r f l a s h i n g 

and m o n i t o r i n g l i g h t f i l t e r s f o r t h e f l a s h p h o t o l y s i s 

e x p e r i m e n t ( s e e S e c t i o n I I I . 5 . 3 . 1 ) . P r o t e i n s o l u t i o n s 

f o r k i n e t i c m e a s u r e m e n t s w e r e t h e n p r e p a r e d u n d e r CO (1 a t m ) . 

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

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

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

a b a s e l i n e s p e c t r u m . S t o c k p r o t e i n s o l u t i o n was t h e n a d d e d 

and a g a i n t h e s o l u t i o n e q u i l i b r a t e d b e f o r e t h e f e r r i c hemo

p r o t e i n s p e c t r u m o b t a i n e d . S t o i c h i o m e t r i c N a 2 S 2 0 4 ~ r e d u c t i o n 
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o f t h i s s o l u t i o n p r o d u c e d t h e f u l l y c a r b o n y l a t e d h e m o p r o t e i n 

c o m p l e x , w h i c h was e q u i l i b r a t e d b e f o r e t h e s p e c t r u m o b t a i n e d . 

S p e c t r a w e r e r e c o r d e d f r o m 7 00 t o 2 5 0nm. The s a m p l e c e l l 

was t h e n _.emersed i n t h e c y l i n d r i c a l w a t e r b a t h , a t t a c h e d 

t o t h e vacuum/CO h a n d l i n g l i n e and c a r e f u l l y e v a c u a t e d t h r e e 

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

c e l l was t h e n l e f t t o e q u i l i b r a t e f o r a f u r t h e r 10 m i n 

p e r i o d a f t e r w h i c h t h e CO p r e s s u r e was c a r e f u l l y a d j u s t e d 

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

p h o t o l y s i s a p p a r a t u s ( s e e S e c t i o n I I I . 5 . 1 . 5 ) , t h e s a m p l e 

s o l u t i o n was r e m o v e d f r o m t h e vacuum/CO h a n d l i n g l i n e 

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

t o o b t a i n an e x p o n e n t i a l d e c a y c u r v e f o r t h e C O - f e r r o u s -

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

p r e s s u r e . The t r a c e was p h o t o g r a p h e d and a l l p a r a m e t e r s 

r e c o r d e d a s on d a t a a c q u i s i t i o n s h e e t F i g u r e I I I . 2 0 b . The 

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

r a t e p l o t o b t a i n e d . The t r a c e was a g a i n p h o t o g r a p h e d and 

a l l p a r a m e t e r s r e c o r d e d as on F i g u r e I I I . 2 0 c . The s a m p l e 

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

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

CO c o m p l e x . The CO p r e s s u r e was t h e n r e a d j u s t e d o v e r t h e 

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

E x p o n e n t i a l d e c a y c u r v e s and p s e u d o f i r s t - o r d e r r a t e p l o t s 

w e r e o b t a i n e d a t s e v e n d i f f e r e n t p a r t i a l p r e s s u r e s o f CO 

b e t w e e n 18 0 t o 750mm Hg. A p p r o x i m a t e l y 2.0 m i n w e r e 

r e q u i r e d t o p r o d u c e e a c h t r a c e and a n e n t i r e k i n e t i c r u n was 

c o m p l e t e d i n 3-4h. 
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I I I . 5 . 3 P r e l i m i n a r y E x p e r i m e n t s 

I I I . 5 . 3 . 1 S e l e c t i o n o f F i l t e r i n g S y s t e m 

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

and s a m p l e c o m p a r t m e n t o f t h e f l a s h u n i t ( s e e S e c t i o n I I I . 5 . 1 . 

was s e l e c t e d i n c o n j u n c t i o n w i t h t h e UV-VIS s p e c t r a o f t h e 

f e r r o u s a n d f e r r o u s - C O c o m p l e x e s o f m y o g l o b i n and c y t o c h r o m e 

P450cam ( i . e . f r o m t h e i n i t i a l s p e c t r a l a n a l y s i s ) . The 

p h o t o d i s s o c i a t i o n o f c a r b o n m o n o x i d e f r o m t h e f e r r o u s - C O 

s p e c i e s was i n i t i a t e d ( i . e . f l a s h e d ) f r o m e i t h e r t h e V I S 

(450-600nm) o r n e a r - U V (350-380nm) band r e g i o n s , w h i l e 

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

S o r e t a b s o r p t i o n p e a k s (420-450nm) o f t h e f e r r o u s - C O o r 

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

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

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

r e s p e c t i v e l y . F i g u r e I I I . 2 1 shows t h e a b s o r p t i o n s p e c t r a 

o f t h e f e r r o u s and f e r r o u s - C O s t a t e s o f b o t h p r o t e i n s a l o n g 

w i t h t h e b r o a d b a n d c u t o f f and n a r r o w l i n e i n t e r f e r e n c e f i l t e r 

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

s y s t e m s . 

The b r o a d b a n d c u t o f f f i l t e r s w e r e s e l e c t e d t o u t i l i z e 

t h e h i g h e s t e n e r g y r e g i o n s o f t h e f l a s h lamp o u t p u t ( 3 0 0 -

7 0 0 n m ) 1 5 7 and t o f l a s h t h e a b s o r p t i o n p e a k s o f maximum 

i n t e n s i t y w i t h i n t h e V I S (450-600nm) and n e a r - U V (350-380nm) 

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

a l l o f t h e b r o a d b a n d c u t o f f f i l t e r s shown i n F i g u r e I I I . 2 1 ; 
-5 

h o w e v e r , a t p r o t e i n c o n c e n t r a t i o n s o f =1 x 10 M t h e 
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400 500 
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F»(a)P«50cam-C0 
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600 700 

F i g u r e I I I . 2 1 A b s o r p t i o n s p e c t r a o f t h e f e r r o u s and 
f e r r o u s - C O s t a t e s o f m y o g l o b i n a n d 
c y t o c h r o m e P450cam a l o n g w i t h t h e b r o a d 
b a n d c u t o f f a n d n a r r o w l i n e i n t e r f e r e n c e 
f i l t e r s m o s t s u i t e d f o r t h e f l a s h 
p h o t o l y s i s o f t h e s e s y s t e m s ( F i g u r e s I I I . 
21a a n d I I I . 2 1 b r e s p e c t i v e l y ) . 
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p e r t u r b a t i o n s w e r e m o s t n o t e d when t h e m y o g l o b i n s y s t e m was 

f l a s h e d b e l o w 450nm ( c u t o f f f i l t e r #2, F i g u r e I I I . 2 1 a ; 

E s c o #S133870) and t h e c y t o c h r o m e P450cam s y s t e m s i n t h e 

350 t o 380nm r e g i o n ( c u t o f f f i l t e r #1, F i g u r e I I I . 2 1 b ; 

O r i e l M o d e l G - 7 7 4 - 3 5 5 0 ) . 

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

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

c a l i b r a t i o n l i m i t (O.D. ~ 1.0) o f t h e f l a s h p h o t o l y s i s 
-5 

a p p a r a t u s a t p r o t e i n c o n c e n t r a t i o n s o f -1 x 10 M ( s e e 

S e c t i o n I I I . 5 . 3 . 3 ) . F o r t h e m y o g l o b i n s y s t e m , t h e 

i n t e r m e d i a t e f e r r o u s S o r e t p e a k a t 432nm ( i n t e r f e r e n c e 

f i l t e r B, F i g u r e I I I . 2 1 a ; E s c o #S904358) was s e l e c t e d w h i l e 

t h e f e r r o u s - C O p e a k a t 446nm ( i n t e r f e r e n c e f i l t e r B, F i g u r e 

I I I . 2 1 b ; O r i e l M o d e l G-522-4416) was c h o s e n f o r t h e P450cam 

s p e c i e s . The i n t e r f e r e n c e f i l t e r b a n d p a s s maxima p a s s e d 

a s c l o s e t o t h e S o r e t maxima a s p o s s i b l e and m a x i m a l 

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

b a n d p a s s maxima o f b o t h f i l t e r s d i d n o t o v e r l a p ( s e e S e c t i o n 

I I I . 5 . 3 . 2 ) . T a b l e I I I . 1 0 s u m m a r i z e s t h e m o s t e f f e c t i v e 

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

and c y t o c h r o m e P450cam w i t h CO by f l a s h p h o t o l y s i s . 

I I I . 5 . 3 . 2 L i g h t P u l s e C h a r a c t e r i s t i c s 

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

f l a s h p h o t o l y s i s a p p a r a t u s as i n d i c a t e d i n S e c t i o n D o f 

t h e o p e r a t i n g i n s t r u c t i o n s ( s e e S e c t i o n I I I . 5 . 1 . 5 ) . 
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T a b l e I I I . 1 0 

M o s t E f f e c t i v e F i l t e r C o m b i n a t i o n s f o r t h e F l a s h P h o t o l y s i s 

S t u d y o f F e r r o u s M y o g l o b i n and C y t o c h r o m e P450cam w i t h CO 

C u t o f f I n t e r f e r e n c e 
H e m o p r o t e i n S o r e t P e a k F i l t e r F i l t e r 

(nm) (nm) (nm) 

M y o g l o b i n 432 >450 432 
( f e r r o u s s p e c i e s ) 

C y t o c h r o m e P450cam 
( f e r r o u s - C O s p e c i e s ) 

446 350-380 442 
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The t i m e - b a s e d c h a r a c t e r i s t i c s o f t h e l i g h t p u l s e 

( i . e . r i s e t i m e , f l a s h d u r a t i o n , and d a c a y t i m e ) w e r e 

a d j u s t e d w i t h t h e f i b r e - o p t i c s f e e d b a c k s y s t e m d e s c r i b e d 

i n S e c t i o n I I I . 5 . 1 . 3 . W i t h t h e a p p r o p r i a t e b r o a d b a n d 

c u t o f f f i l t e r i n p l a c e ( s e e T a b l e I I I . 1 0 ) , a n e u t r a l 

d e n s i t y f i l t e r (O.D. = 3.0) was i n s e r t e d b e t w e e n t h e f l a s h 

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

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

e x h i b i t i n g a r i s e t i m e o f 30±10 y s e c , . a f l a s h d u r a t i o n t i m e 

o f 140±20 p s e c , and a d e c a y t i m e o f 60±10 y s e c was o b t a i n e d . 

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

t y p i c a l p h o t o g r a p h i c f l a s h g u n 1 5 4 a r e d e s c r i b e d i n F i g u r e I I I . 

w h i l e F i g u r e I I I . 23 shows t h e c h a r a c t e r i s t i c s o f t h e B r a u n 

f l a s h g u n o u t p u t . The p e a k s h a p e o f t h e f l a s h p u l s e was 

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

i n F i g u r e I I I . 2 1 and no d i s t i n c t c h a n g e s i n p e a k s h a p e w e r e 

o b s e r v e d ; t h e f l a s h lamp g a v e a r e p r o d u c i b l e f l a s h o u t p u t 

t h a t was i n d e p e n d e n t o f w a v e l e n g t h o f t h e f l a s h i n g l i g h t . 

To c h e c k t h e e f f i c i e n c y o f t h e c r o s s o v e r f i l t e r i n g 

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

i n t e r f e r e n c e f i l t e r s l i s t e d i n T a b l e I I I . 1 0 . L i g h t l e a k a g e 

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

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

e f f i c i e n c y was i n c r e a s e d ( i . e . s h o r t e r t i m e - b a s e d c h a r a c t e r 

i s t i c s o f t h e f l a s h t r a c e ) a s t h e b a n d p a s s maxima o f t h e 

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

R e m o v a l o f t h e i n t e r f e r e n c e f i l t e r c a u s e d " b l i n d i n g " o f 
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F i g u r e III.22 Time-based c h a r a c t e r i s t i c s of the f l a s h 
output from a t y p i c a l photographic f l a s h 
gun; Ref. 154. 

0.0 0.4 0.8 

TIME (msec) 

F i g u r e III.23 Pulse c h a r a c t e r i s t i c s of the f l a s h output 
from the Braun f l a s h g u n . 
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t h e p h o t o m u l t i p l i e r ( m a n i f e s t e d i n a s q u a r e t r a c e o f 

a m p t i t u d e 8V and d u r a t i o n 2 5 0 u s e c ) i n d i c a t i n g t h a t t h e 

m a j o r i t y o f f l a s h i n g l i g h t was b l o c k e d by t h e i n t e r f e r e n c e 

f i l t e r . 

I l l .5.3.3 C a l i b r a t i o n C h e c k 

U n d e r t h e c a l i b r a t i o n p a r a m e t e r s o f t h e A n a l o g R a t e 

C o n v e r t e r , 1 5 3 t h e p h o t o m u l t i p l i e r t u b e anode c u r r e n t was 

c o n v e r t e d i n t o a v o l t a g e l i n e a r w i t h a b s o r b a n c e , w i t h I V 

e q u a l t o 1 OD u n i t . 

I n o r d e r t o d e t e r m i n e w h e t h e r t h e r e was a d i r e c t 

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

and t h e v o l t a g e s c a l e o f t h e f l a s h p h o t o l y s i s a p p a r a t u s a 

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

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

f e r r o u s - C O c o m p l e x o f c y t o c h r o m e P450cam w e r e p r e p a r e d (=1.2 x 
-4 

10 M; s e e S e c t i o n I I I . 3 . 4 ) and t h e a p p r o p r i a t e f i l t e r s w e r e 

s e l e c t e d f o r t h e f l a s h u n i t ( T a b l e I I I . 1 0 ) . The S o r e t a b s o r b 

a n c e o f e a c h s p e c i e s was o b t a i n e d on t h e C a r y S p e c t r o p h o t o 

m e t e r a t t h e b a n d p a s s maxima o f t h e i n t e r f e r e n c e f i l t e r ( i . e . 

432nm f o r r e d u c e d m y o g l o b i n and 442nm f o r r e d u c e d - C O P450cam 

s p e c i e s ) and t h e n t r a n s f e r r e d t o t h e f l a s h p h o t o l y s i s u n i t , 

w h i c h was c a l i b r a t e d a t t h e same r e s p e c t i v e w a v e l e n g t h s , t o 

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

o f e a c h s o l u t i o n was d i l u t e d by r e m o v i n g one h a l f o f t h e 

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

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

t h e c o r r e s p o n d i n g r e a d i n g s o b t a i n e d . The g r a p h o f OD C a r y 

vs. V F l a s h U n i t ( F i g u r e I I I . 2 4 ) i n d i c a t e d t h a t t h e c a l i b r a t i o n 

l i m i t o f t h e f l a s h a p p a r a t u s i s OD - 1.0 a b o v e w h i c h t h e d i r e c t 

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

s p e c t r a l and k i n e t i c 'measurements w e r e t h e r e f o r e p r e p a r e d . a s 
-5 

=1 x 10 M s o l u t i o n s i n o r d e r t o k e e p t h e S o r e t maxima o f 

t h e f e r r o u s m y o g l o b i n and f e r r o u s - C O P450 c o m p l e x e s a t an 

OD s 1.0. 

I l l . 5 . 3.4 E x t e n t o f P h o t o d e c o m p o s i t i o n 

I n o r d e r t o d e t e r m i n e t h e e x t e n t o f p h o t o d e c o m p o s i t i o n 

o f t h e CO c o m p l e x e s o f f e r r o u s m y o g l o b i n and c y t o c h r o m e 

P450cam by t h e f l a s h i n g l i g h t p u l s e , t h e s p e c t r a o f t h e 

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

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

= 1 x 10 ~*M a s d e s c r i b e d i n S e c t i o n I I I . 3 . 4 and c a r b o n 

m o n o x i d e was a d d e d t o a f i n a l p r e s s u r e o f 1 atm. E l e c t r o n i c 

a b s o r p t i o n s p e c t r a o f t h e f e r r o u s and f e r r o u s - C O c o m p l e x e s 

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

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

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

CO r e c o m b i n a t i o n r e a c t i o n w e r e o b t a i n e d a t s i x d i f f e r e n t 

w a v e l e n g t h s b e t w e e n 400-450nm ( t h e S o r e t r e g i o n o f b o t h 

t h e m y o g l o b i n and c y t o c h r o m e P450cam c o m p l e x e s ) • S e l e c t i o n 

o f t h e p a r t i c u l a r w a v e l e n g t h was done w i t h v a r i o u s n a r r o w 

l i n e i n t e r f e r e n c e f i l t e r s w i t h lOnm b a n d p a s s maxima a t 4 0 0 , 
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F i g u r e I I I . 24 G r a p h o f o p t i c a l d e n s i t y m e a s u r e d o n t h e 1 

C a r y S p e c t r o p h o t o m e t e r vs. V o l t a g e on t h e , 
f l a s h u n i t . \ 

00 
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4 0 5 , 420, 430, 4 3 5 , 4 4 2 , and 450nm ( a v a i l a b l e f r o m O r i e l a nd 

E s c o ) .. B r o a d b a n d c u t o f f f i l t e r s f o r s e l e c t i o n o f f l a s h i n g 

l i g h t w e r e t h o s e l i s t e d i n T a b l e I I I . 1 0 . The i n i t i a l a b s o r b 

a n c e ( a t t i m e = 0 ) o n t h e e x p o n e n t i a l d e c a y t r a c e s was t a k e n 

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

moment t h e CO was f l a s h e d o f f . These a b s o r b a n c e v a l u e s w e r e 

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

a n d f e r r o u s - C O m y o g l o b i n a n d c y t o c h r o m e P4 50cam ( s e e F i g u r e 

I I I . 2 5 a , b ) . F o r b o t h p r o t e i n s t h e r e s u l t i n g s p e c t r a o f t h e 

k i n e t i c i n t e r m e d i a t e s showed -30% p h o t o d e c o m p o s i t i o n , a s 

c a l c u l a t e d b y t h e a b s o r b a n c e c h a n g e o f t h e f e r r o u s - C O S o r e t 

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

t h e s p e c t r o p h o t o m e t r i c i s o s b e s t i c p o i n t s o f t h e f e r r o u s and 

f e r r o u s - C O c o m p l e x e s o f m y o g l o b i n ( a t , 4 0 7 , 427, and 457nm; 

s e e F i g u r e I I I . 2 5 a ) and c y t o c h r o m e P4 50cam ( a t 429 and 465nm; 

s e e F i g u r e I I I . 2 5 b ) , i n d i c a t i n g t h a t d i s s o c i a t i o n o f t h e CO 

w a s - t h e ..only e f f e c t o f t h e p h o t o d e c o m p o s i t i o n p r o c e s s (raw d a t a 

a r e g i v e n i n - A p p e n d i x I I I ) . A l l measurements, w e r e o b t a i n e d a t 20°C. 

I l l . 5 . 3 . 5 K i n e t i c S t u d y o f CO B i n d i n g t h e F e r r o u s M y o g l o b i n 

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

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

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

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

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

I I I . 5.2 w e r e i n e x c e l l e n t a g r e e m e n t w i t h t h o s e r e p o r t e d i n 

t h e l i t e r a t u r e a n d a r e d e s c r i b e d i n d e t a i l l a t e r ( s e e S e c t i o n 

I V . 4.2) . 
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a) 

Fe(n)Mb 
Fe(n)Mb-C0 
Kinetic Intermediate 

500 
Wavelength (nm) 

700 

Fe(ii)P450cam 

Fe(n)P4SOcam-CO 

Kinetic Intermediate 

250 300 400 500 

Wavelength (nm) 
600 700 

F i g u r e I I I . 2 5 S p e c t r a o f t h e k i n e t i c i n t e r m e d i a t e s 
f o r m e d by p h o t o d e c o m p o s i t i o n o f t h e 
f e r r o u s - C O c o m p l e x e s o f m y o g l o b i n (a) 
and c y t o c h r o m e P450cam ( b ) . 
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I I I . 6 S p e c t r o p h o t o m e t r i c D e t e r m i n a t i o n o f t h e E q u i l i b r i u m  

C o n s t a n t f o r t h e R e a c t i o n o f C a r b o n M o n o x i d e  
w i t h F e r r o u s C y t o c h r o m e P4 50cam 

I I I . 6 . 1 G e n e r a l I n f o r m a t i o n 

E q u i l i b r i u m c o n s t a n t (Kco) m e a s u r e m e n t s f o r R e a c t i o n I I . 5 

were made by f o l l o w i n g VIS a n d n e a r UV ( e . g . t h e S o r e t b a n d s ) 

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

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

p e r f o r m e d a t 20°C w i t h t h e n a t i v e r e d u c e d c y t o c h r o m e P450cam 

c o m p l e x u s i n g s t a n d a r d s p e c t r o p h o t o m e t r i c t e c h n i q u e s . 8 

F o l l o w i n g t h e i n i t i a l s p e c t r a l a n a l y s i s o f t h e enzyme, 

s e p a r a t e p r o t e i n s o l u t i o n s w e r e p r e p a r e d u n d e r a r g o n f o r 

t h e e q u i l i b r i u m c o n s t a n t m e a s u r e m e n t s ( s e e S e c t i o n I I I . 3 . 4 ) . 

The e x p e r i m e n t a l f o r m a t , i n c l u d i n g e q u i p m e n t , f o l l o w e d 

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

i n S e c t i o n I I I . 5.2. For d a t a a n a l y s i s , p a r t i a l p r e s s u r e s 

o f CO w e r e c o n v e r t e d t o g a s c o n c e n t r a t i o n s i n s o l u t i o n ( s e e 

S e c t i o n I I I . 5 . 2 . 1 ) . E q u i l i b r i u m d a t a was t a b u l a t e d on d a t a 

a c q u i s i t i o n s h e e t s shown i n F i g u r e s I I I . 26 a a n d b w h i l e 

a b s o r b a n c e d a t a was t a b u l a t e d as i n F i g u r e I I I . 1 8 a . CO 

p r e s s u r e s w e r e m e a s u r e d w i t h a d i - n - b u t y l p h t h a l a t e ( o i l ) 

manometer and c o r r e c t e d f o r t h e v a p o u r p r e s s u r e o f w a t e r . 

P a r t i a l p r e s s u r e s o f CO i n mm o i l w e r e c o n v e r t e d t o mm Hg 
-2 

f o r d a t a a n a l y s i s ( i . e . (mm o i l ) 7.73x10 = mm H g ) . 

I l l .6 .2 M a t e r i a l s 

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

e x c e p t f o r t h e f o l l o w i n g ; f r o m F i s h e r S c i e n t i f i c , d i - n -

b u t y l p h t h a l a t e . 



(a) E q u i l i b r i u m Data 

Sample D e s c r i p t i o n : 

Temperature: 

Vapour Pressure of HjO: 

Data Table 

T h e o r e t i c a l 3 5 5 Experimental 

Species I 
Wanted 

Pco 
mm H g ( o i l ) 

T o t a l 
(mm o i l ) 

Pco 
(nun o i l ) 

(b) 
Data A n a l y s i s 

Wavelength Maxima : 

Absorbance of Pure S p e c i e s : Ao 
A. 

Data Table 

Pco [CO 1x10 
(mm Hg) (M) Log [CO] A-Ao A.-A A-AO 

A.-A log 

F i g u r e I I I . 26 D a t a a q u i s i t i o n s h e e t s u t i l i z e d f o r t h e 
c o l l e c t i o n o f e q u i l i b r i u m d a t a (a) a n d 
d a t a a n a l y s i s (b) . , to 
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I I I . 6 . 3 P r o c e d u r e 

P r i o r t o a d d i t i o n o f s t o c k c y t o c h r o m e s o l u t i o n , b u f f e r s 

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

w i t h a f r e e z e - t h a w s t a t i c vacuum t e c h n i q u e f o l l o w e d by a r g o n 

s a t u r a t i o n . The d e g a s s e d b u f f e r was e q u i l i b r a t e d f o r 10 m i n 

i n t h e r e c t a n g u l a r w a t e r - b a t h a d j a c e n t t o t h e C a r y S p e c t r o 

p h o t o m e t e r ( s e e F i g u r e I I I . 1 9 ) a n d t h e n t r a n s f e r r e d t o t h e 

t h e r m o s t a t e d c e l l c o m p a r t m e n t o f t h e s p e c t r o p h o t o m e t e r t o 

o b t a i n a b a s e l i n e s p e c t r u m . S p e c t r a w e re r e c o r d e d f r o m 500 

t o 250nm. The enzyme s o l u t i o n was t h e n r e d u c e d w i t h t h e 

a d d i t i o n o f N a ^ S , ^ s o l u t i o n ( s e e S e c t i o n I I I . 3 . 4 ) and 

e q u i l i b r a t e d f o r a n o t h e r 10 m i n i n t h e e x t e r n a l w a t e r - b a t h . 

The e q u i l i b r a t e d s o l u t i o n was a g a i n t r a n s f e r r e d t o t h e 

t h e r m o s t a t e d c e l l c o m p a r t m e n t o f t h e s p e c t r o p h o t o m e t e r t o 

o b t a i n t h e i n i t i a l f e r r o u s c y t o c h r o m e P450cam s p e c t r u m . The 

s a m p l e c e l l was t h e n emers.ed. i n t h e c y l i n d r i c a l w a t e r - b a t h 

(se e F i g u r e I I I . 1 7 ) and a t t a c h e d t o t h e vacuum/CO h a n d l i n g 

l i n e . F o l l o w i n g e v a c u a t i o n o f t h e s a m p l e s o l u t i o n , known 

p r e s s u r e s o f c a r b o n m o n o x i d e (2-20 t o r r ) w e r e a d m i t t e d t o 

t h e a r g o n - f r e e s y s t e m . The a r g o n a t m o s p h e r e was r e m o v e d by 

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

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

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

o f t h e a q u e o u s b u f f e r w i t h t h e manometer; a t 2 0°C v a p o u r 

p r e s s u r e o f w a t e r i s 17.5 t o r r (228mm o i l ) . 1 5 5 The s y s t e m was 

e v a c u a t e d up t o t h r e e t i m e s t o o b t a i n a c o n s t a n t w a t e r v a p o u r 
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p r e s s u r e r e a d i n g . Once e v a c u a t e d , t h e s y s t e m was a l l o w e d 

t o e q u i l i b r a t e f o r 10 m i n i n t h e c y l i n d r i c a l w a t e r - b a t h w h i l e 

s t i l l a t t a c h e d t o t h e vacuum/CO h a n d l i n g l i n e . C h a n g e s i n 

i n t e r n a l p r e s s u r e o f t h e s y s t e m (due t o l e a k a g e ) w e r e c l o s e l y 

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

r e a d i n g s r e m a i n e d s t a t i o n a r y t h r o u g h o u t t h i s t i m e CO p r e s s u r e s 

w e r e c a r e f u l l y l e t i n t o t h e s y s t e m . The s o l u t i o n s w e r e g e n t l y 

s w i r l e d f o r =1 m i n t o a l l o w f o r g a s e q u i l i b r a t i o n , t r a n s p o r t e d 

t o t h e w a t e r - b a t h s e t up n e x t t o t h e C a r y s p e c t r o p h o t o m e t e r 

f o r a f u r t h e r 5 m i n e q u i l i b r a t i o n p e r i o d , and t h e n i m m e d i a t e l y 

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

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

was o b t a i n e d t h e c e l l was r e t u r n e d t o t h e vacuum/CO h a n d l i n g 

l i n e , t h e p r e s s u r e o f CO r e a d j u s t e d o v e r t h e s o l u t i o n w i t h 

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

s y s t e m was t a k e n . A p p r o x i m a t e l y n i n e d i f f e r e n t s p e c t r a w e r e 

o b t a i n e d a t CO p r e s s u r e s up t o 4 5 t o r r . The f i n a l s p e c t r u m 

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

1 atm CO p r e s s u r e . D a t a a n a l y s e s f o r t h e e q u i l i b r i u m s t u d i e s 

w e r e r e c o r d e d ^ on t h e d a t a a c q u i s i t i o n s h e e t i n F i g u r e 26a and 

a n a l y s e d a c c o r d i n g t o d a t a a c q u i s i t i o n s h e e t i n F i g u r e 26b. 



CHAPTER I V 

RESULTS AND 
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I V . 1 G r o w t h o f P. putida s t r a i n PpG 786 

P. putida, s t r a i n PpG 7 8 6 , was u t i l i z e d i n t h i s s t u d y 

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

s t r a i n , PpG l . 3 7 T h e s e i n c l u d e s h o r t e r g e n e r a t i o n t i m e s o n 

D - ( + ) - c a m p h o r , . r e s i s t a n c e t o l y s i s by b a c t e r i o p h a g e , a n d 

r e l e a s e o f t h e h y d r o x y l a s e p r o t e i n s b y s i m p l e f r e e z e - t h a w 

a u t o l y s i s . The a d v a n t a g e s o f u s i n g t h e m u t a n t s t r a i n PpG 

786 n o t o n l y a l l o w e d f o r r a p i d a n d - q u a n t i t a t i v e p r o d u c t i o n o f 

t h e b a c t e r i u m - but" a l s o p r o v i d e d e a s y a c c e s s t o • t h e P450cam 

enzyme and r e l a t e d m o nooxygenase c o m p o n e n t s . A l t h o u g h t h e 

g r o w t h s e q u e n c e d e s c r i b e d i n S e c t i o n I I I . 2 p r o v i d e d t h e m o s t 

r e l i a b l e m ethod f o r o b t a i n i n g l a r g e amounts o f t h e b a c t e r i a , 

a n d i n t u r n t h e m o n o o x y g e n ase c o m p o n e n t s , p r o b l e m s w e r e 

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

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

q u a n t i t i e s i n t h e 14L f e r m e n t o r s . T h e s e p r o b l e m s e l u c i d a t e d 

s e v e r a l i m p o r t a n t g r o w t h a s w e l l a s g e n e r a l c h a r a c t e r i s t i c s 

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

E a r l y e x p e r i m e n t s i n v o k e d a s i m i l a r g r o w t h s e q u e n c e t o 

t h a t d e s c r i b e d i n S e c t i o n I I I . 2.5,f e x c e p t t h e b a c t e r i a w e r e 

m a i n t a i n e d o n m i n i m a l a g a r c o n t a i n i n g g l u c o s e , c i t r a t e ( s o d i u m 

s a l t ) , a n d 1 - a s p a r a g i n e a s t h e c a r b o n and e n e r g y s o u r c e s a n d 

i n o c u l a f o r t h e 14L f e r m e n t o r c u l t u r e s w e r e s t a r t e d i n L - b r o t h 

medium and d e v e l o p e d i n a s i n g l e s e t o f 1.0L s h a k e - f l a s k s , . w h i c h 

c o n t a i n e d PA s o l u t i o n (500mL), 100 x s a l t s (5mL) and g l u t a m i c 

a c i d ( l O m L ) . I n d u c t i o n o f t h e camphor monooxygenase c o m p o n e n t s 
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was i n i t i a t e d i n the 1.OL s h a k e - f l a s k s a t m i d - l o g a r i t h m i c growth 

phase by the a d d i t i o n of 3M camphor i n DMF, and the c u l t u r e 

allowed to progress to l a t e - l o g a r i t h m i c growth phase ( = 7h, 

see F i g u r e IV.1). The c u l t u r e , which was assumed to be 

m e t a b o l i z i n g camphor, was then used to i n o c u l a t e the 14L 

fermentor media prepared as i n S e c t i o n I I I . 2 . 5 . Rapid i n i t i a l 

growth i n the 14L fermentors was f o l l o w e d by a p e r i o d of 

r a p i d d e c l i n e i n o p t i c a l d e n s i t y a t 660nm, e i t h e r ending i n 

complete n e c r o s i s of the c u l t u r e or remaining s t a t i o n a r y 

a t an i n t e r m e d i a t e l e v e l ( i . e . a l a g phase, see F i g u r e IV.2). 

This drop i n o p t i c a l d e n s i t y was accompanied by accumulation 

of l a r g e amounts o f c e l l d e b r i s i n d i c a t i v e of c e l l l y s i s and 

death. Growth i n the 14L fermentors was not f o l l o w e d f o r 

more than 25h. S e v e r a l experiments were then performed a t 

the s h a k e - f l a s k stage to determine the growth c h a r a c t e r i s t i c s 

of the bacterium over extended lengths of time. R e s u l t s 

o b t a i n e d from the experiments showed t h a t the l a g phase c o u l d 

l a s t as l ong as 60h before the b a c t e r i a began to a c t i v e l y 

m etabolize the camphor s u b s t r a t e , but more commonly, the 

l a g times ranged from 20-40h (Figure IV.3). A l l growth 

curves obtained were c h a r a c t e r i z e d by the same d i s t i n c t 

p r o f i l e as t h a t i n d i c a t e d i n F i g u r e IV.3; an i n i t i a l r a p i d 

growth phase e v e n t u a l l y gave way to a l a r g e r secondary growth 

phase a t t r i b u t e d to the u t i l i z a t i o n of camphor. A c t i v e 

camphor metabolism was r e c o g n i z e d by a marked i n c r e a s e i n 

o p t i c a l d e n s i t y of the medium f o l l o w i n g the l a g p e r i o d , 

p r o d u c t i o n of a d i s t i n c t odour p e c u l i a r to the camphor-
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F i g u r e I V . 1 

1.0i 

G r o w t h o f P. putida,- s t r a i n PpG786, a t 
t h e 1 OL s h a k e - f l a s k s t a g e d u r i n g e a r l y 
g r o w t h e x p e r i m e n t s . 

Death phase 

F i g u r e I V . 2 
Time (h) 

G r o w t h o f P. putida, s t r a i n PpG786, 
a t t h e 14L f e r m e n t o r s t a g e d u r i n g e a r l y 
g r o w t h e x p e r i m e n t s . 
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F i g u r e IV.3 G r o w t h c h a r a c t e r i s t i c s o f P. putida, s t r a i n PpG786, 
o v e r e x t e n d e d l e n g t h s o f t i m e i n s h a k e - f l a s k m e d i a . 

O 

o 
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m e t a b o l i z i n g b a c t e r i a , and t h e a c c u m u l a t i o n o f p i n k i s h -

c o l o r e d b a c t e r i a (due t o h i g h c y t o c h r o m e P450cam c o n t e n t ) . 3 7 

As w e l l , d i s t i n c t t r e n d s i n pH o f t h e medium w e r e a s c r i b e d t o 

b a c t e r i a l m e t a b o l i s m o f camphor vs. t h e s i m p l e r o r g a n i c s u b s t r a t e s 

s u c h a s g l u c o s e and g l u t a m a t e . G r o w t h on g l u c o s e and g l u t a m i c 

a c i d , s u c h a s a t t h e L - b r o t h s t a g e and i n i t i a l g r o w t h i n t h e 

1.0L s h a k e - f l a s k s ( s e e F i g u r e s I I I . 7 . a nd I V . 1 , r e s p e c t i v e l y ) , 

was a c c o m p a n i e d by an i n c r e a s e i n pH o f t h e medium w h i l e 

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

pH ( F i g u r e I I I . 9 ) . A r a t i o n a l e f o r t h e o b s e r v e d t r e n d s i n 

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

and c h a n g e s i n medium c o m p o s i t i o n ; h o w e v e r , t h e d e c r e a s e i n 

pH o f t h e medium d u r i n g camphor m e t a b o l i s m i s known t o be 

d u e t o t h e a c c u m u l a t i o n o f o r g a n i c a c i d m e t a b o l i t e s o f camphor 

d e g r a d a t i o n by P. putida.158'15^ 

F o l l o w i n g t h e s e e x p e r i m e n t s , t h e g r o w t h s e q u e n c e was 

m o d i f i e d t o t h a t d e s c r i b e d i n S e c t i o n I I I . 2. A c t i v e c a m p h o r -

m e t a b o l i z i n g b a c t e r i a w e r e p l a t e d on m i n i m a l a g a r c o n t a i n i n g 

camphor a s t h e o n l y c a r b o n and e n e r g y s o u r c e ( s e e S e c t i o n 

I I I . 2.4.1) and a s e c o n d s e t o f s h a k e - f l a s k s , c o n t a i n i n g o n l y 

PA s o l u t i o n and camphor ( s e e S e c t i o n I I I . 2 . 5 ) , was i n c l u d e d . 

The s i z e o f t h e s h a k e - f l a s k c o n t a i n e r s and t h e v o l u m e o f m e d i a 

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

S e c t i o n I I I . 2 . 5 ) . T h e s e c h a n g e s e n s u r e d t h a t t h e s h a k e - f l a s k 

i n o c u l u m f o r t h e 14L f e r m e n t o r medium was a c t i v e l y m e t a b o l i z i n g 

c a m p h o r . S u b s e q u e n t r e s u l t s showed g r o w t h i n t h e f i r s t s e t 

o f 500mL s h a k e - f l a s k s f o l l o w e d t h e same b i p h a s i c n a t u r e a s 
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o b s e r v e d p r e v i o u s l y i n t h e 1. OL s h a k e - f l a s k s ( F i g u r e I V . 3), 

e x c e p t t h e l a g t i m e was s h o r t e n e d ( 6 - 1 2 h , s e e F i g u r e I I I . 8 ) . 

I n o c u l u m f o r t h e s e c o n d s e t o f 500mL s h a k e - f l a s k s was o b t a i n e d 

t h e r e f o r e f o l l o w i n g e s t a b l i s h e d g r o w t h on camphor i n t h e f i r s t 

s e t o f s h a k e - f l a s k s (~25h). N e a r l o g a r i t h m i c g r o w t h on camphor 

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

a s w e l l a s i n t h e 14L f e r m e n t o r m e d i a ( F i g u r e s I I I . 9 a n d I I I . 1 0 ) . 

T h e s e e x p e r i m e n t s f o r m e d t h e b a s i s o f t h e b a c t e r i a l g r o w t h 

p r o c e d u r e d e s c r i b e d i n S e c t i o n I I I . 2. 

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

t h e g r o w t h o f P. putida, s t r a i n PpG 786, ( F i g u r e I I I . 8) i s 

c a l l e d d i a u x i e 1 6 0 and i s a common phenomena e x h i b i t e d by 

g r o w i n g b a c t e r i a . Under c e r t a i n c i r c u m s t a n c e s , t h e a d a p t i v e 

r e s p o n s e o f a g r o w i n g c u l t u r e t o a n a d d e d s u b s t r a t e may be 

b l o c k e d by t h e p r e s e n c e o f a more f a v o u r e d s u b s t r a t e , t h a t 

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

economy, was f i r s t d i s c o v e r e d i n 1940 by K l u y v e r 1 6 0 b u t t h e m o s t 

c l a s s i c e x a m p l e was r e p o r t e d i n 1942 by Monod 1 6 0 f o r g r o w t h o f 

Escherichia c o l i o n g l u c o s e and s o r b i t o l . I n t h i s c a s e E. c o l i 

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

r e s u m e d g r o w t h on s o r b i t o l . F u r t h e r a n a l y s i s showed t h a t g l u c o s e 

r e p r e s s e d t h e i n d u c t i o n o f t h e enzymes and membrane t r a n s p o r t 

s y s t e m s r e q u i r e d f o r t h e u t i l i z a t i o n o f s o r b i t o l . T h i s d i a u x i e 

g r o w t h b e h a v i o r e x h i b i t e d by E. c o l i was m a n i f e s t e d i n a b i p h a s i c 

g r o w t h c u r v e s i m i l a r t o t h a t o b s e r v e d f o r g r o w t h o f P. putida, 

s t r a i n PpG 786, i n t h e p r e s e n c e o f g l u t a m i c a c i d a n d camphor 

( F i g u r e I I I . 8 , s e e S e c t i o n I I I . 2 . 5 ) . The i n i t i a l g r o w t h p h a s e 
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o f F i g u r e I I I . 8 c a n be a t t r i b u t e d t o u t i l i z a t i o n o f g l u t a m i c a c i d 

s i n c e t h i s was t h e o n l y c a r b o n s o u r c e p r e s e n t i n - t h e medium p r i o r 

t o i n d u c t i o n " o f t h e camphor monooxygenase c o m p o n e n t s . As w e l l , 

a n a l y s i s o f F i g u r e I I I . 8 and I V . 1 i n d i c a t e s t h a t t h e i n i t i a l 

g r o w t h r a t e ( i . e . i n i t i a l s l o p e o f t h e g r o w t h c u r v e ) was ..., 

u n a f f e c t e d * by t h e a d d i t i o n o f camphor and was much f a s t e r t h a n 

t h e g r o w t h r a t e on-camphor a l o n e ( F i g u r e I I I . 1 . 0 ) . T h i s • b e h a v i o r 

seems r e a s o n a b l e b y a n a l o g y t o t h e E. coH s y s t e m , s i n c e t h e 

s i m p l e c a r b o n s o u r c e , g l u t a m i c a c i d , w o u l d l i k e l y be u t i l i z e d 

b e f o r e t h e c o m p l e x camphor m o l e c u l e a s w e l l a s be f a v o u r a b l e 

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

r e p r e s s e s t h e u t i l i z a t i o n o f camphor w o u l d i n v o l v e a more 

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

P. putida, s t r a i n PpG 786. The o b s e r v e d g r o w t h p r o f i l e i n 

F i g u r e I I I . 8 may be i n f a c t t h e r e s u l t a n t o f two s u p e r i m p o s e d 

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

t h e o t h e r f o r s l o w e r g r o w t h on camphor. I t s h o u l d be n o t e d 

t h a t d i a u x i c g r o w t h c u r v e s s u c h a s t h e s e h a v e b e e n r e p o r t e d 

by G u n s a l u s et al.15^ f o r g r o w t h o f P. putida, s t r a i n PpG 1, 

( p a r e n t s t r a i n ) on camphor and camphor m e t a b o l i t e s ; h o w e v e r , 

t h e m e c h a n i s m o f t h e o b s e r v e d d i a u x i c g r o w t h was n o t p r o b e d . 

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

P. putida, s t r a i n PpG 7 8 6 , i s t h e l a g p e r i o d b e t w e e n t h e i n i t i a l 

g r o w t h p h a s e a n d e s t a b l i s h e d g r o w t h on camphor. L a g p e r i o d s 

o f up t o 60h a r e p r o b a b l y n o t due e n t i r e l y t o t h e p h y s i o l o g i c a l 

c h a n g e s r e q u i r e d f o r camphor m e t a b o l i s m b u t t o t h e s e l e c t i o n 

a n d p r o p a g a t i o n o f t h o s e b a c t e r i a c a p a b l e o f m e t a b o l i z i n g 
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camphor. This f e a t u r e of the growth curves f o r P. putida, 

s t r a i n Ppg 786, on camphor e x e m p l i f i e s some important 

c h a r a c t e r i s t i c s of t h i s microbe. 

The Pseudomonas f a m i l y of b a c t e r i a are known to have 

the a b i l i t y to u t i l i z e an extremely wide v a r i e t y of carbon 

s u b s t r a t e s as t h e i r s o l e energy source. More s p e c i f i c a l l y , 

P. putida, s t r a i n PpG 786, c l a s s i f i e d as Biotype A a c c o r d i n g 

to the n u t r i t i o n a l c h a r a c t e r i s t i c s o u t l i n e d by S t a n i e r et al.3

l<°1 

has the a b i l i t y to metabolize and grow on a complex o r g a n i c 

s u b s t r a t e such as D-(+)-camphor as w e l l as 8 0-100 other 

carbon sources. Much of t h i s observed metabolic d i v e r s i t y 

and a d a p t a b i l i t y has been a t t r i b u t e d to the presence of 

p l a s m i d s , 5 ' 6 which are s m a l l c i r c u l a r molecules of e x t r a 

chromosomal double-stranded DNA found i n the cytoplasm of 

the b a c t e r i a l c e l l . These plasmids, which r e p r e s e n t only 

a s m a l l f r a c t i o n of the c e l l ' s genome (1-3%), code f o r 

important a c c e s s o r y g e n e t i c t r a i t s t h a t are not o r d i n a r i l y 

encoded by the b a c t e r i a l chromosomes. The t r a i t s , which 

are manifested as a c t i v e enzymes s y n t h e s i z e d by the c e l l ' s 

m e t a bolic machinery, are u s u a l l y c r u c i a l f o r the a d a p t a t i o n 

of the bacterium to i t s environment. In P. putida the 

a b i l i t y to adapt to growth on camphor as the s o l e carbon and 

energy source i s mediated by the "CAM-plasmid", which s p e c i f i c a l l y 

codes f o r the p r o d u c t i o n of the cytochrome P450cam monooxygenase 

system as w e l l as s e v e r a l other enzymes i n v o l v e d i n the camphor 

o x i d a t i o n p a t h w a y . 1 6 2 In g e n e r a l , however, the plasmids are 

not e s s e n t i a l to the everyday metabolism of the b a c t e r i a l host 
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and c a n be l o s t o r g a i n e d w i t h o u t harm t o t h e c e l l . F u r t h e r 

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

p l a s m i d g e n e s , i t i s p o s s i b l e t o i s o l a t e a v a r i a n t b a c t e r i u m 

t h a t no l o n g e r h a s t h e p l a s m i d ; o n c e t h e p l a s m i d i s l o s t i t 

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

i n f o r m a t i o n c a n be p a r t i a l l y o r t o t a l l y l o s t f r o m an i s o l a t e d 

b a c t e r i a l p o p u l a t i o n . 1 6 3 P a r t i a l l o s s o f t h e ' t A M - p l a s m i d " 

f r o m P. putida d u r i n g s t o r a g e c o u l d a c c o u n t f o r t h e e x t e n d e d 

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

P r o l o n g e d s t o r a g e on m i n i m a l a g a r c o n t a i n i n g o n l y s i m p l e 

c a r b o n s s o u r c e s s u c h a s g l u c o s e , c i t r a t e , o r £-asparigine, 

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

p l a s m i d " s i n c e t h e p l a s m i d g e n e s w o u l d n o t s p e c i f i c a l l y be 

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

t h e s e l e c t i o n p r o c e s s . S u b s e q u e n t g r o w t h i n m e d i a c o n t a i n i n g 

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

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

t h e a d d i t i o n s o f c a m p h o r . H o w e v e r , o n c e t h e s i m p l e c a r b o n 

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

be e x p e c t e d t o g i v e way t o r a p i d d e c l i n e i n c e l l number and 

d e a t h t o t h e b a c t e r i a w i t h o u t t h e " C A M - p l a s m i d " . The l o n g l a g 

t i m e s o b s e r v e d t h e n c o u l d be a t t r i b u t e d t o t h e s e l e c t i o n and 

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

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

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

i n d i c a t e d t h a t t h e " C A M - p l a s m i d " c o u l d h a v e b e e n a l m o s t e n t i r e l y 

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

c h a r a c t e r i s t i c o f P. putida, s t r a i n PpG 786, i t s e r v e s t o p o i n t 

o u t t h a t t h e b a c t e r i a m ust be m a i n t a i n e d on m i n i m a l a g a r 

c o n t a i n i n g camphor as t h e o n l y c a r b o n s o u r c e . As m i g h t be 

e x p e c t e d , t h e b a c t e r i a do n o t grow q u i t e a s w e l l u n d e r t h e s e 

c o n d i t i o n s ; h o w e v e r , m a i n t a i n e n c e on camphor w i l l a l l o w f o r 

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

c y t o c h r o m e P450 monooxygenase enzyme c o m p o n e n t s . 
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IV.2 P r o p e r t i e s o f C y t o c h r o m e P450cam and R e l a t e d  

M o n o o x y g e n a s e Components 

I V . 2 . 1 P u t i d a r e d o x i n R e d u c t a s e  

I V . 2 . 1 . 1 S p e c t r a l A n a l y s i s 

The a b s o r p t i o n s p e c t r a o f v a r i o u s o x i d a t i o n s t a t e s o f 

p u t i d a r e x o d i n r e d u c t a s e , i s o l a t e d and p u r i f i e d a s i n S e c t i o n 

I I I . 3, a r e g i v e n i n F i g u r e I V . 4. The s p e c t r u m o f t h e o x i d i z e d , 

p r o t e i n e x h i b i t e d a s t r o n g p r o t e i n a b s o r p t i o n a t 272nm t o g e t h e r 

w i t h w e a k e r a b s o r p t i o n s a t 3 7 0 , 4 1 4 , 4 7 0 , 530 and 570nm. 

R e d u c t i o n o f t h e y e l l o w p r o t e i n s o l u t i o n w i t h Na 2S 2C> 4 u n d e r 

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

w i t h a s m a l l a b s o r p t i o n maxima a t 411nm. A d d i t i o n o f c a r b o n 

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

r e s u l t e d i n t h e f o r m a t i o n o f two new p e a k s a t 418 and 4 44nm. 

The a b s o r p t i o n p e a k a t 444nm s u g g e s t e d t h a t t h e p u r i f i e d 

p u t i d a r e d o x i n r e d u c t a s e c o n t a i n e d a c y t o c h r o m e P450cam 

i m p u r i t y . A n a l y s i s o f t h e o x i d i z e d and r e d u c e d s p e c t r a a s 

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

c y t o c h r o m e . F i g u r e I V . 5 shows a r e p o r t e d a b s o r p t i o n s p e c t r u m 

o f p u r i f i e d p u t i d a r e d o x i n r e d u c t a s e and T a b l e I V . 1 g i v e s 

l i t e r a t u r e a b s o r b a n c e d a t a f o r b o t h t h e r e d u c t a s e a n d 

s u b s t r a t e - f r e e c y t o c h r o m e P450cam. A l t h o u g h t h e s t r o n g a b s o r p t i o n 

p e ak a t 272nm as w e l l a s t h e weak a b s o r p t i o n a t 470nm w e r e 

i n d i c a t i v e o f t h e r e d u c t a s e enzyme, t h e o t h e r more c h a r a c t e r i s t i c 

p e a k s ( i . e . 378 and 454nm) w e r e p r e s u m a b l y l o s t u n d e r t h e s t r o n g 

c y t o c h r o m e a b s o r p t i o n s i n t h e s e r e g i o n s . 
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Table IV.1 

Absorbance Data f o r P u t i d a r e d o x i n reductase and Substrate-

f r e e Cytochrome P450cam 

(a) (b) 
F o r _ Cytochrome P4 50cam P u t i d a r e d o x i n 

( s u b s t r a t e - f r e e ) reductase 

a) Ref.37 

b) Ref.30 

nm mM nm mM 

O x i d i z e d 280 68.3 275 72 

360 36.7 378 9.7 

417 ..1.15 454 10.0 

535 11.6 480 8.5 

569 11.9 

Reduced 4 08 7 6.7 

540 15.1 

Reduced-CO 447 121 

550 14.3 
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I n c o r p o r a t i o n of the i m p u r i t y i n the p u t i d a r e d o x i n 

reductase p r e p a r a t i o n s was unexpected s i n c e the f l a v o p r o t e i n 

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

brown p u t i d a r e d o x i n and r e d cytochrome P450cam. As w e l l , a l l 

attempts to i s o l a t e the f l a v o p r o t e i n u s i n g the procedure 

d e s c r i b e d i n S e c t i o n I I I . 3 r e s u l t e d i n the i n c o r p o r a t i o n of 

the same cytochrome P450cam im p u r i t y i n each p u r i f i e d p r o t e i n 

sample. F u r t h e r p u r i f i c a t i o n of the reductase p r o t e i n was 

attempted u s i n g c a r e f u l (NH^^SO^ f r a c t i o n a t i o n and Sephadex 

G-100 chromatography (1.3 x 100cm); however, the s i m i l a r i t y 

i n molecular weights of these two p r o t e i n s ( p u t i d a r e d o x i n 

r e d u c t a s e , 45,000 Daltons; cytochrome P450cam, 47,000 

D a l t o n s 3 7 ) prevented removal of the cytochrome contaminant. 

The i n a b i l i t y to i s o l a t e contaminant-free p u t i d a r e d o x i n 

reductase u s i n g the d e s c r i b e d procedures (Section I I I . 3) 

shows t h a t complete s e p a r a t i o n on the Whatman DE-52 c e l l u l o s e 

anion exchange r e s i n d i d not occur. Even though the p r o t e i n 

appeared to e l u t e as a separate band, r e s i d u a l cytochrome 

P450cam enzyme t r a i l i n g behind the major cytochrome band 

must have been e l u t e d along w i t h the f l a v o p r o t e i n . These 

r e s u l t s emphasize the importance of the p r e c i s e p r e p a r a t i o n 

of the anion exchange r e s i n and b u f f e r s o l u t i o n s f o r the 

i n i t i a l s e p a r a t i o n of the p r o t e i n components. Small i n c o n 

s i s t e n c i e s i n the pH of the b u f f e r s o l u t i o n s , as w e l l as 

improper degassing of the anion exchange r e s i n , promote the 

formation of d i f f u s e p r o t e i n bands r a t h e r than narrow 
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concentrated bands and make i t d i f f i c u l t t o o b t a i n d i s c r e t e 

s e p a r a t i o n of the p r o t e i n components. Complete s e p a r a t i o n 

c o u l d be enhanced presumably with the use of l a r g e r bed-

volumes of the anion•exchange r e s i n ; however, m o d i f i c a t i o n of 

the e l u t i n g b u f f e r systems would probably be more e f f e c t i v e . 

The r a t e of s e p a r a t i o n of the p r o t e i n components, via 

i n c r e a s e d i o n i c s t r e n g t h of the b u f f e r , must be slowed down 

to a l l o w f o r more complete s e p a r a t i o n . Replacement of b u f f e r 

T-100, used to promote the i n i t i a l p r o t e i n s e p a r a t i o n on 

Column A, w i t h b u f f e r T or T-5 0 would p r o v i d e a much smal l e r 

i n c r e a s e i n i o n i c s t r e n g t h and p o s s i b l y a g r e a t e r c o n t r o l of 

the i n i t i a l s e p a r a t i o n of p u t i d a r e d o x i n reductase and 

cytochrome P4 5 0cam. The i s o l a t i o n of pure p u t i d a r e d o x i n 

reductase r e q u i r e s m o d i f i c a t i o n of the present procedure -.and 

may i n v o l v e the development of a completely d i f f e r e n t i s o l a t i o n 

procedure such as t h a t r e p o r t e d by Gunsalus and Wagner. 3 7 
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F i g u r e IV.5 A b s o r p t i o n s p e c t r a of p u r i f i e d p u t i d a r e d o x i n 
reductase; Ref.30. 



I V . 2 . 2 P u t i d a r e d o x i n 

I V . 2 . 2 . 1 S p e c t r a l A n a l y s i s 

The a b s o r p t i o n s p e c t r a o f v a r i o u s o x i d a t i o n s t a t e s o f 

p u t i d a r e d o x i n i s o l a t e d and p u r i f i e d a s d e s c r i b e d i n S e c t i o n 

I I I . 3 a r e g i v e n i n F i g u r e I V . 6 . The s p e c t r u m o f t h e o x i d i z e d 

F e 2 S 2 C y s 4 i r o n - s u l p h u r p r o t e i n ( F e ( I I I ) - F e ( I I I ) ) showed a 

s t r o n g p r o t e i n a b s o r p t i o n a t 276nm f o l l o w e d by t h e c h a r a c t e r 

i s t i c w e a k e r p e a k s o f t h e p r o s t h e t i c g r o u p a t 324, 412 and 

454nm. S o d i u m d i t h i o n i t e r e d u c t i o n o f t h e b rown p r o t e i n 

s o l u t i o n u n d e r a n a e r o b i c c o n d i t i o n s c o n v e r t e d one o f "the i r o n 

atoms t o t h e f e r r o u s s t a t e ( F e ( I I ) - F e ( I I I ) ) w i t h a b l e a c h i n g 

o f t h e a b s o r p t i o n f a i r l y u n i f o r m l y a b o v e 5 0 0 n m . 3 0 F o r m a t i o n 

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

a s w e l l a s t h e f o r m a t i o n o f a r e s i d u a l m a x i m u m a t 550nm. 

F l u s h i n g t h e s o l u t i o n w i t h c a r b o n m o n o x i d e p r o d u c e d no 

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

d e t e r m i n e d a b s o r b a n c e d a t a a r e shown i n T a b l e I V . 2 a l o n g w i t h 

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

v a l u e s a r e i n e x c e l l e n t a g r e e m e n t w i t h t h e l i t e r a t u r e v a l u e s . 

I V . 2.2.2 P u r i t y 

The i r o n - s u l p h u r p r o t e i n was a p p r o x i m a t e l y 95% homogeneous 

(s e e S e c t i o n I I I . 3 . 4 . 2 ) a n d c o n t a i n e d n e g l i g i b l e c o n t a m i n a t i o n 

by t h e c y t o c h r o m e P450cam o r p u t i d a r e d o x i n r e d u c t a s e p r o t e i n s . 

The a b s o r p t i o n r a t i o o f A 4 5 4 / ^ 2 7 6 = 0 , 4 2 ^ s c o m p a r a b l e t o t h e 

homogeneous p r e p a r a t i o n s r e p o r t e d i n t h e l i t e r a t u r e : 0.3 0 , 3 5 

0 . 43 , 3 0 0 . 44 . 3 7 
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T a b l e I V . 2 

A b s o r b a n c e D a t a ( a . f o r P u t i d a r e d o x i n 

F o rm 
(b) (c) (d) 

E x p e r i m e n t a l L i t e r a t u r e L i t e r a t u r e 
P r e p a r a t i o n P r e p a r a t i o n P r e p a r a t i o n 

Xnm emM Anm emM Anm emM 

O x i d i z e d 
( F e 3 + - F e 3 + ) 276 24.6 280 22.5 275 23 .6 

324 15.6 325 15.0 325 15.6 

412 11.0 415 10. 0 415 11.1 

454 10.3 455 9.6 455 10.4 

545 4.0 545 5.0 
R e d u c e d 

2+ „ 3+, (Fe -Fe ) 

a) The e x p e r i m e n t a l a b s o r b a n c e d a t a l i s t e d a b o v e w e r e 
a v e r a g e d o v e r t h r e e s a m p l e s o f p u t i d a r e d o x i n , " ' 
e s t i m a t e d e r r o r 5%.-

b) D e t e r m i n e d i n b u f f e r P-100, pH 7.0, a t room t e m p e r a t u r e 
(23±2°C) u s i n g p u b l i s h e d m i l l i m o l a r e x t i n c t i o n c o e f f i c i e n t 
d a t a f o r o x i d i z e d p u t i d a r e d o x i n a t 455nm, e = 10.4; R e f . 37 

mM 
c) R e f . 30. 

d) R e f . 37. 
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I V . 2 . 2 . 3 S t a b i l i t y 

The p u r i f i e d p r o t e i n was s t a b l e f o r a b o u t 1 m o n t h when 

s t o r e d a t -78°C u n d e r a r g o n a nd i n t h e p r e s e n c e o f lOmM gME. 

The o r i g i n a l d a r k brown p r o t e i n s o l u t i o n g r a d u a l l y t u r n e d 

c o l o r l e s s w i t h no r e t e n t i o n o f c h a r a c t e r i s t i c a b s o r p t i o n 

s p e c t r a . A t 4°C, d e c o m p o s i t i o n o f t h e p r o t e i n o c c u r r e d 

r a p i d l y p r o d u c i n g a c o l o r l e s s s o l u t i o n i n =1 week. 



216 
I V . 2 . 3 C y t o c h r o m e P4 50cam 

I V . 2 . 3 . 1 S p e c t r a l A n a l y s i s o f S u b s t r a t e - B o u n d P450cam 

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

s u b s t r a t e - b o u n d c y t o c h r o m e P450cam, i s o l a t e d and p u r i f i e d 

a s i n S e c t i o n I I I . 3 , a r e shown i n F i g u r e I V . 7 . The s p e c t r u m 

o f t h e o x i d i z e d c y t o c h r o m e e x h i b i t e d a p r o t e i n a b s o r p t i o n 

a t 280nm a n d a b s o r p t i o n s o f t h e h e m e - p r o s t h e t i c g r o u p a t 391 

and 643nm. L e s s w e l l - d e f i n e d a b s o r p t i o n s o f t h e heme-group 

a r e e v i d e n t a t 510 and 540nm. T h i s f e r r i c s u b s t r a t e - b o u n d 

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

o f t h e h e m e - i r o n . 1 0 5 S t o i c h i o m e t r i c d i t h i o n i t e a d d i t i o n t o 

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

i n t h e 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 h e m e - i r o n w i t h c o n c o m i t a n t 

f o r m a t i o n o f a p i n k s o l u t i o n w i t h a b s o r p t i o n maxima a t 408 and 

544nm. The s m a l l a b s o r p t i o n a t 314nm was i n d i c a t i v e o f a 

s l i g h t e x c e s s o f d i t h i o n i t e . P u r g i n g ...Na2S20^-reduced 

s o l u t i o n w i t h CO i n t e n s i f i e d t h e p i n k c o l o r and r e s u l t e d i n 

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

i s t i c S o r e t a b s o r p t i o n maximum a t 445nm. As w e l l , t h e h i g h 

e n e r g y S o r e t maxima i n t h e n e a r - U V r e g i o n and w e a k e r a b s o r p t i o n 

p e a k s i n t h e 500-600nm r e g i o n w e r e l o c a t e d a t 365 and 550nm, 

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

a r e g i v e n i n T a b l e I V . 3 a l o n g w i t h a b s o r b a n c e d a t a r e p o r t e d 

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

t h o s e d e t e r m i n e d e x p e r i m e n t a l l y a r e i n e x c e l l e n t a g r e e m e n t , 

w i t h i n e x p e r i m e n t a l e r r o r , w i t h t h e l i t e r a t u r e v a l u e s . 3 7 ' 3 3 ^ 
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g u r e IV.7 A b s o r p t i o n s p e c t r a o f v a r i o u s s t a t e s o f 
s u b s t r a t e - b o u n d c y t o c h r o m e P450cam 
i s o l a t e d and p u r i f i e d a s i n S e c t i o n I I I . 3 
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T a b l e I V . 3 

A b s o r b a n c e D a t a ' 3 ' f o r S u b s t r a t e - b o u n d C y t o c h r o m e P45Ocam 

Form 

(b) 
E x p e r i m e n t a l 
P r e p a r a t i o n 

(c) 
L i t e r a t u r e 
P r e p a r a t i o n 

(d) 
L i t e r a t u r e 
P r e p a r a t i o n 

A 
nm 

emM X 
nm emM A 

nm 
emM 

O x i d i z e d 280 91.1 280 63 .3 

391 101 391 101 391 102 

510 13.0 510 510 13.0 

540 11.3 540 540 11.2 

643 4.6 645 5.0 645 5.4 

R e d u c e d 408 86.3 408 . 8 3 408 86.5 

544 15.9 542 15 .2 542 16.0 

Reduced-CO 365 56.1 364 60.8 

445 120 446 119 446 120 

550 14.0 550 13 .0 550 14.0 

a) A v e r a g e d o v e r t h r e e s e t s o f d a t a ; e s t i m a t e d e r r o r 5% 

b) D e t e r m i n e d i n b u f f e r P-100 , pH 7. 0, -8mM camphor a t 
room t e m p e r a t u r e (23±2°C). D a t a d e t e r m i n e d u s i n g 
p u b l i s h e d m i l l i m o l a r e x t i n c t i o n c o e f f i c i e n t s a t 446nm 
v ... = 12 0. mM 

c) R e f . 3 3b. 

d) D a t a q u o t e d f o r p r e c r y s t a l l i n e c y t o c h r o m e s a m p l e s , Ref:.r37 
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The m o s t n o t a b l e d i f f e r e n c e s amongst t h e d a t a a r e f o u n d 

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

a t 280nm, t h e 645nm p e a k and t h e n e a r - U V p e a k a t 365nm o f t h e 

f e r r o u s - C O c o m p l e x . D i s c r e p a n c i e s i n emM v a l u e s f o r t h e p r o t e i n 

a b s o r b a n c e a r e due t o t h e p r e s e n c e i n t h e e x p e r i m e n t a l c y t o 

chrome p r e p a r a t i o n s o f r e s i d u a l a p o - c y t o c h r o m e P450cam t h a t 

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

V a l u e s o b t a i n e d f o r p r e c r y s t a l l i n e enzyme s a m p l e s ( T a b l e I V . 3 ) 

e x h i b i t much l o w e r e1 „ v a l u e s f o r t h e p r o t e i n a b s o r b a n c e 
mM c 

280 
(e .,, = 63.3) due t o t o t a l e l i m i n a t i o n o f t h e a p o p r o t e i n mM 
w h i c h r e q u i r e s s u b s e q u e n t g e l f i l t r a t i o n a n d a n i o n e x c h a n g e 

c h r o m a t o g r a p h i c s t e p s , a s o u t l i n e d b y G u n s a l u s and W a g n e r . 3 7 

The m i l l i m o l a r e x t i n c t i o n c o e f f i c i e n t s f o r t h e 645 and 365nm 

p e a k s w e r e f o u n d t o be c o n s i s t e n t l y l o w i n a l l enzyme p r e p a r a t i o n s 

and a g a i n seem t o be a n a r t i f a c t o f t h e i s o l a t i o n a nd p u r i f i c a t i o n 

p r o c e d u r e d e s c r i b e d i n S e c t i o n I I I . 3 . 

I V . 2 . 3 . 2 S p e c t r a l A n a l y s i s o f S u b s t r a t e - F r e e P450cam 

F i g u r e I V . 8 shows t h e u n u s u a l b a t h o c h r o m i c ( r e d ) s h i f t 

o f t h e S o r e t maximum o f s u b s t r a t e - b o u n d c y t o c h r o m e P450cam 

upon r e m o v a l o f t h e c a m p h o r - s u b s t r a t e . Camphor was r e m o v e d 

by c h r o m a t o g r a p h y a t 5°C on a S e p h a d e x G-10 (1x20 cm) c o l u m n 

w i t h b u f f e r P -100, pH 7.0, n o t c o n t a i n i n g c a m p h o r . The S o r e t 

maximum a t 391nm was r e d - s h i f t e d by 25nm t o 416nm u p o n r e m o v a l 

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

enzyme. The r e m o v a l o f s u b s t r a t e was a l s o a c c o m p a n i e d by 

t h e f o r m a t i o n o f d i s t i n c t a and 3 a b s o r p t i o n p e a k s a t 57 0 and 
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F i g u r e IV.8 A b s o r p t i o n s p e c t r a o f t h e f e r r i c s t a t e 
o f s u b s t r a t e - b o u n d ( ) and s u b s t r a t e -
f r e e ( ) c y t o c h r o m e P450cam. 



535nm, r e s p e c t i v e l y . T h e s e s p e c t r a l c h a n g e s a r e a s s o c i a t e d 

w i t h a s p i n - s t a t e c o n v e r s i o n a t t h e h e m e - i r o n c e n t e r 1 0 5 f r o m 
5 

h i g h - s p i n ( s u b s t r a t e - b o u n d , S=. /2) t o l o w - s p i n ( s u b s t r a t e -

f r e e , S=h) A d d i t i o n o f a few c r y s t a l s o f s o l i d camphor 

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

S o r e t maximum a t 3 91nm. 

F i g u r e I V . 9 shows t h e a b s o r p t i o n s p e c t r a o f t h e v a r i o u s 

f o r m s o f s u b s t r a t e - f r e e c y t o c h r o m e P450cam. T h a t o f t h e 

o x i d i z e d c y t o c h r o m e i n t h e a b s e n c e o f camphor has a b s o r p t i o n 

maxima a t 280;,. 416 , 535 and 570nm w h i l e s u b s e q u e n t ^a^S^O^ 

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

f e r r o u s s u b s t r a t e - b o u n d enzyme ( F i g u r e I V . 7 ) , a l t h o u g h t h e 

p e a k a t 408 and 540nm w e r e c h a r a c t e r i z e d by l o w e r i n t e n s i t i e s 

( s e e T a b l e I V . 4 ) . The s p e c t r u m o f t h e c a r b o n m o n o x i d e c o m p l e x 

was - i d e n t i c a l t o t h a t o f t h e r e d u c e d - C Q c o m p l e x o f t h e s u b s t r a t e -

bound enzyme w i t h maxima a t 365', 445 and 550nm. T a b l e I V . 4 

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

v a r i o u s f o r m s o f s u b s t r a t e - f r e e c y t o c h r o m e P450cam a l o n g w i t h 

l i t e r a t u r e d a t a ; 3 3 ^ ' 3 7 a g r e e m e n t i s e x c e l l e n t . I t i s i m p o r t a n t 

t o n o t e a t t h i s p o i n t t h a t t h e r e d u c e d s u b s t r a t e - f r e e enzyme 

b i n d s camphor v e r y s t r o n g l y . 3 3 ^ C a m p h o r - b i n d i n g d u r i n g N a 2 S 2 0 4 -

r e d u c t i o n o f t h e enzyme o f t e n l e d t o e x t i n c t i o n c o e f f i c i e n t s 

a t 4 08nm t h a t w e r e c l o s e r t o t h o s e o f t h e r e d u c e d s u b s t r a t e -

bound enzyme ( s e e T a b l e I V . 3 ) . C a r e was t a k e n t o a v o i d 

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

f r e e enzyme s o l u t i o n ; s i n c e t h e s p e c t r a o f t h e r e d u c e d - C O 

c o m p l e x e s o f b o t h t h e s u b s t r a t e - f r e e and s u b s t r a t e - b o u n d 
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F i g u r e I V . 9 A b s o r p t i o n s p e c t r a o f v a r i o u s s t a t e s o f 
s u b s t r a t e - f r e e c y t o c h r o m e P450cam. 
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T a b l e I V . 4 
(a) 

A b s o r b a n c e D a t a f o r S u b s t r a t e - f r e e C y t o c h r o m e P4 50cam 

(b) (c) 
E x p e r i m e n t a l L i t e r a t u r e L i t e r a t u r e 

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

A 
nm 

emM A 
nm 

emM A 
. .aim 

EmM 

O x i d i z e d 279 96.5 280 68 .3 

360 34 .2 360 36.7 

416 116 418 104 417 115 

535 11.8 535 10.3 535 11.6 

568 11.2 570 10.4 569 11.9 

R e d u c e d 408 76.5 408 69 408 76.7 

542 15.2 540 13.5 540 15.1 

Reduced-CO 365 54.6 

445 119 447 .104 447 120 

550 14 .1 550 12.1 550 14 .3 

a) D e t e r m i n e d i n b u f f e r P-100, pH 7.0, a t room t e m p e r a t u r e 
(23±2°C) u s i n g p u b l i s h e d m i l l i m o l a r e x t i n c t i o n c o e f f i c i e n t 
d a t a f o r f e r r o u s - C O , s u b s t r a t e - f r e e c y t o c h r o m e P450cam a t 
4 4 5 n m ; £ m M = 1 2 0 , 1 R e f - 3 7 * - E s t i m a t e d e r r o r 5%. 

b) R e f . 33b. 

c) R e f . 37. 



2 24 

enzymes w e r e i d e n t i c a l , t h e r e was no way o f d e t e r m i n i n g t h e 

e x t e n t o f s u b s t r a t e b i n d i n g o n c e t h e C O - a d d u c t s w e r e f o r m e d . 

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

o f t h e b a n d s i n t h e 500-600nm r e g i o n f o r t h e o x i d i z e d 

s u b s t r a t e - f r e e c y t o c h r o m e r e v e a l s t h a t t h e a-band s h o u l d 

be s l i g h t l y more i n t e n s e t h a n t h e g - a b s o r p t i o n b a n d . T h i s 

t r e n d , h o w e v e r , was r e v e r s e d f o r a l l e x p e r i m e n t a l p r e p a r a t i o n s 

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

c y t o c h r o m e P450cam a s i s o l a t e d a nd p u r i f i e d a c c o r d i n g t o 

S e c t i o n I I I . 3. 

I V . 2 . 3 . 3 P u r i t y 

S u b s t r a t e - b o u n d c y t o c h r o m e P450cam, i s o l a t e d a nd p u r i f i e d 

a s i n S e c t i o n I I I . 3 , p r o v i d e d t h e m o s t c o n v e n i e n t f o r m o f t h e 

enzyme t o a s s a y t h e p u r i t y o f t h e e x p e r i m e n t a l p r e p a r a t i o n s 

( s e e S e c t i o n I I I . 3 . 4 . 2 ) . The d e e p - r e d enzyme s o l u t i o n was 

a p p r o x i m a t e l y 8 0% homogeneous a n d c o n t a i n e d n e g l i g i b l e 

c o n t a m i n a t i o n by p u t i d a r e d o x i n r e d u c t a s e and p u t i d a r e d o x i n . 

The a b s o r p t i o n r a t i o o f A.391/A280 = 1.13 i s c o m p a r a b l e t o 

t h o s e o f o t h e r c y t o c h r o m e P4 50cam p r e p a r a t i o n s r e p o r t e d i n 

t h e l i t e r a t u r e : 1.0, 3 3i> 1 .37 , 8 7 1 .45 . 3 7 

I V . 2 . 3 . 4 S t a b i l i t y 

The s t a b i l i t y o f t h e p u r i f i e d c y t o c h r o m e P450cam enzymes 

i s d e p e n d e n t on t h e p o t a s s i u m i o n c o n c e n t r a t i o n a n d on t h e 

a b s e n c e o r p r e s e n c e o f c a m p h o r . 4 7 I n t h e p r e s e n c e o f lOOmM 
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K + a n d = 8mM camphor t h e s u b s t r a t e - b o u n d enzyme p r e p a r a t i o n s 

c o u l d be s t o r e d a n a e r o b i c a l l y a t 5°C f o r a t l e a s t s i x m o n t h s 

w i t h no a p p a r e n t l o s s o f t h e o b s e r v e d s p e c t r a l c h a r a c t e r i s t i c s 

( F i g u r e I V . 7 ) . However, a t [ K + ] <100mM and i n t h e a b s e n c e o f 

camphor t h e enzyme d e g r a d e d i n a b o u t one m o n t h a t 5°C t o y i e l d 

l a r g e a m o unts o f c y t o c h r o m e P 4 2 0 , t h e p r o c e s s b e i n g a c c o m p a n i e d 

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

a nd camphor t o t h e s t a b i l i t y o f t h e enzyme was e m p h a s i z e d 

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

c o n t a i n i n g 20-50mM K + a n d no c a m p h o r . F i g u r e I V . 1 0 shows 

t h e s p e c t r a o f t h e v a r i o u s f o r m s o f t h e s u b s t r a t e - f r e e 

c y t o c h r o m e , p u r i f i e d a c c o r d i n g t o S e c t i o n I I I . 3 . 3 . 1 u s i n g 

b u f f e r T c o n t a i n i n g 20mM KC1 and b u f f e r P on C o l u m n 1 and 

Column 2, r e s p e c t i v e l y . The s p e c t r u m o f t h e o x i d i z e d f o r m 

o f t h e enzyme i s n o t m a r k e d l y d i f f e r e n t f r o m t h a t o f t h e 

c a m p h o r - f r e e f o r m i n t h e p r e s e n c e o f lOOmM p o t a s s i u m i o n s 

shown i n F i g u r e I V . 9 ; h o w e v e r , N a 2 S 2 0 ^ - r e d u c t i o n o f t h e 

c y t o c h r o m e P450cam s o l u t i o n i n t h e a b s e n c e o f d i o x y g e n r e s u l t s 

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

s u b s t r a t e - f r e e P450cam shown i n F i g u r e I V . 9 . F i g u r e I V . 1 0 

shows S o r e t maxima o f t h e r e d u c e d c y t o c h r o m e a t 414 and 441nm 

and p r o m i n e n t a and B a b s o r p t i o n maxima a t 565 and 536nm, 

r e s p e c t i v e l y . A d d i n g CO p r o d u c e d t h e e x p e c t e d h y p e r - s p e c t r u m 

w i t h a b s o r b a n c e maxima a t 3 6 5 , and 445nm, and c a u s e d c o a l e s c e n c e 

o f t h e d i s t i n c t a and 8 b a n d s t o y i e l d a maximum a t 548nm. 

T h e r e was a l s o a p r o m i n e n t a b s o r p t i o n maximum a t 4 2 0nm o f t h e 

r e d u c e d - C O c o m p l e x , w h i c h r e p r e s e n t s c y t o c h r o m e P 4 2 0 , a 

d e g r a d e d f o r m o f c y t o c h r o m e P 4 5 0 . The enzyme s a m p l e s i s o l a t e d 
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F i g u r e I V . 1 0 C y t o c h r o m e P450cam p u r i f i e d i n t h e p r e s e n c e 
o f 2 0-50mM p o t a s s i u m i o n s and i n t h e a b s e n c e 
o f s u b s t r a t e . 

K> 
to 



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

g e n e r a l l y t o o u n s t a b l e f o r e x t e n s i v e s p e c t r o s c o p i c o r k i n e t i c 

m e a s u r e m e n t s . The e f f e c t s o f t h e [ K + ] and camphor on t h e 

s t a b i l i t y o f t h e enzyme h a v e b e e n r e p o r t e d by P e t e r s o n et al.33^ 

b u t no e x p l a n a t i o n h a s b e e n g i v e n . The i m p o r t a n t r e s u l t s f r o m 

t h i s i n f o r m a t i o n , h o w e v e r , a r e t h a t m a n i p u l a t i o n s o f t h e enzyme 

m u s t be done i n t h e p r e s e n c e o f lOOmM p o t a s s i u m i o n s , a n d 

s t o r a g e m u s t be i n t h e c a m p h o r - b o u n d f o r m . 

D u r i n g t h e s t o r a g e p e r i o d , t h e P450cam enzyme s o l u t i o n s 

m ust be k e p t s t r i c t l y a n a e r o b i c b e c a u s e t h e enzyme r e a d i l y 

d i m e r i z e s i n t h e p r e s e n c e o f a i r . 1 6 4 F i g u r e I V . 1 1 shows t h e 

a b s o r p t i o n s p e c t r a o f v a r i o u s f o r m s o f s u b s t r a t e - b o u n d 

c y t o c h r o m e P450cam a f t e r p r o l o n g e d e x p o s u r e t o a i r . I n t h e 

o x i d i z e d s t a t e t h e s p e c t r u m e x h i b i t e d a S o r e t p e a k a t 414nm 

w i t h a w e l l - d e f i n e d s h o u l d e r a t 395nm; v i s i b l e b a n d s a p p e a r e d 

a t 5 3 5 , and 565nm w h i l e t h e 645nm p e a k was i n d i c a t i v e o f t h e 

s u b s t r a t e - b o u n d enzyme. I n i t i a l l y , t h i s s p e c t r u m s u g g e s t e d 

t h a t t h e enzyme s o l u t i o n was a m i x t u r e o f s u b s t r a t e - b o u n d a n d 

s u b s t r a t e - f r e e c y t o c h r o m e s p e c i e s ( F i g u r e IV.7 and I V . 9 ) ; 

h o w e v e r , u pon N a 2 S 2 0 ^ - r e d u c t i o n t h e s p e c t r u m was e x c l u s i v e l y 

t h a t o f t h e s u b s t r a t e - b o u n d f e r r o u s c y t o c h r o m e P450 enzyme. 

A b s o r p t i o n maxima w e r e f o u n d a t 408 and 543nm, w i t h emM 

v a l u e s i d e n t i c a l t o t h o s e q u o t e d i n T a b l e I V . 3 f o r t h e 

s u b s t r a t e - b o u n d f e r r o u s enzyme. T r e a t m e n t w i t h c a r b o n m o n o x i d e 

p r o d u c e d t h e f e r r o u s - C O c o m p l e x w i t h a b s o r p t i o n p e a k s a t 3 6 5 , 

445 and 550nm. The m i l l i m o l a r a b s o r p t i v i t i e s w e r e a g a i n 
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F i g u r e I V . 1 1 V a r i o u s s p e c t r a o f p a r t i a l l y d i m e r i z e d 

s u b s t r a t e - b o u n d c y t o c h r o m e P450cam. 



i d e n t i c a l t o t h o s e q u o t e d i n T a b l e I V . 3 f o r t h e s u b s t r a t e -

b ound f e r r o u s - C O c o m p l e x . The l a c k o f a p e a k a t 4 20nm 

s u g g e s t e d a s w e l l t h a t t h e p e a k a t 414nm i n t h e o x i d i z e d 

s t a t e was n o t due t o some f o r m o f d e g r a d e d enzyme. The 

f o r m a t i o n o f t h e d i m e r i c enzyme c o m p l e x h a s b e e n r e p o r t e d 1 6 4 

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

s u l p h y d r y l m o i e t i e s (-SH) t o f o r m a d i s u l p h i d e b r i d g e (-S-S-) 

b e t w e e n t h e m o n o m e r i c c y t o c h r o m e s . 1 6 4 R e v e r s a l o f d i m e r i z a t i o n 

i s a c c o m p l i s h e d i n =30min by a n a e r o b i c i n c u b a t i o n a t room 

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

d i t h i o t h r e i t o l (DTT) l e n d s s u p p o r t t o t h e i d e a o f d i m e r i z a t i o n 

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

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

a n d g i v e r i s e t o t h e e x p e c t e d f e r r o u s and f e r r o u s - C O s p e c t r a 

f o r t h e enzyme s y s t e m . 
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IV.2.4 M y o g l o b i n 

I V . 2 . 4 . 1 S p e c t r a l A n a l y s i s 

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

a r e g i v e n i n F i g u r e I V . 1 2 . The s p e c t r u m o f t h e o x i d i z e d 

( f e r r i c ) s t a t e e x h i b i t e d a n a r o m a t i c p r o t e i n a b s o r p t i o n a t 

27 5nm a n d m a j o r a b s o r p t i o n b a n d s o f t h e heme p r o s t h e t i c g r o u p 

a t 4 08, 5 0 5 , 540 and 630nm. N a ^ ^ O ^ - r e d u c t i o n o f t h e brown 

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

370, 434, and 555nm. G a s s i n g t h e s o l u t i o n w i t h c a r b o n 

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

p i n k - y e l l o w , i n d i c a t i v e o f t h e f e r r o u s - C O m y o g l o b i n c o m p l e x . 

The s p e c t r u m e x h i b i t e d a b s o r p t i o n maxima i n t h e n e a r - u v 

r e g i o n a t 342nm, i n t h e S o r e t r e g i o n a t 423nm and d i s t i n c t 

a and 3 v i s i b l e p e a k s a t 578 and 540nm, r e s p e c t i v e l y . 

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

w e l l w i t h t h e l i t e r a t u r e v a l u e s ( T a b l e I V . 5 ) . 
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T a b l e I V . 5 
(a) A b s o r b a n c e D a t a f o r t h e V a r i o u s Forms o f M y o g l o b i n 

(b) (c) 
F o r m E x p e r i m e n t a l L i t e r a t u r e 

X 
nm emM X 

nm emM 

O x i d i z e d 275 34.6 

408 180 408 188 

505 9. 98 502 10.2 

630 4.00 630 3.9 

R e d u c e d 370 39.7 

434 130 435 131 

554 12.0 560 13 .8 

Reduced-CO 342 30.2 

423 207 424 207 

540 15.7 540 15.4 

578 14.2 579 13.9 

a) A v e r a g e d o v e r t h r e e s e t s o f a b s o r b a n c e d a t a ; e s t i m a t e d 
e r r o r , 5%. 

b) D e t e r m i n e d i n b u f f e r P, pH 7.0, a t room t e m p e r a t u r e 
(23±2°C) by d i l u t i o n o f s t o c k m y o g l o b i n s o l u t i o n o f 
known c o n c e n t r a t i o n ( s e e S e c t i o n I I I . 5 . 2 . 1 ) . 

c ) R e f . 1 0 9 , p . 4 4 . 
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I V . 3 R e c o n s t i t u t i o n o f C y t o c h r o m e P45 0cam w i t h  
Hemin c h l o r i d e 

R e m o v a l a n d r e p l a c e m e n t o f t h e heme g r o u p o f c y t o c h r o m e 

P450cam, i s o l a t e d and p u r i f i e d a s i n S e c t i o n I I I . 3, was 

f o l l o w e d s p e c t r o p h o t o m e t r i c a l l y by r e m o v i n g s m a l l a l i q u o t s 

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

I I I . 3 . 4 ) . S p e c t r o p h o t o m e t r i c m e a s u r e m e n t s p r o v i d e d a r e l i a b l e 

b a s i s f o r q u a l i t a t i v e e x a m i n a t i o n o f r e a c t i o n i n t e r m e d i a t e s 

a t e a c h s t a g e i n t h e r e c o n s t i t u t i o n p r o c e d u r e and f o r 

q u a n t i t a t i v e c a l c u l a t i o n s w h e r e r e q u i r e d . R e s u l t s f r o m a 

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

I V . 3.1 A p o c y t o c h r o m e P450cam 

A p o c y t o c h r o m e P450cam, p r e p a r e d by t h e m e thod d e s c r i b e d 

i n S e c t i o n I I I . 4.2, was c h a r a c t e r i z e d by t h e a b s o r p t i o n 

s p e c t r a g i v e n i n F i g u r e I V . 1 3 . The s p e c t r u m o f t h e o x i d i z e d 

a p o p r o t e i n e x h i b i t e d o n l y t h e p r o t e i n a b s o r p t i o n a t 28 0nm 

and was f r e e o f t h e S o r e t , t h e v i s i b l e and t h e n e a r - I R 

a b s o r p t i o n maxima i n d i c a t i v e o f t h e o x i d i z e d f e r r i c s t a t e 

o f t h e h e m e - p r o s t h e t i c g r o u p ( s e e S e c t i o n I V . 2 . 3 ) . The 

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

Na2S20^, o r by N a 2 S 2 0 ^ - r e d u c t i o n f o l l o w e d by CO a d d i t i o n . 

O c c a s i o n a l l y , h o w e v e r , t h e s p e c t r u m o f a p o c y t o c h r o m e P450cam 

p r e p a r e d by a s i n g l e a c i d i f i e d - a c e t o n e t r e a t m e n t showed a 

s m a l l a b s o r p t i o n b a n d i n t h e S o r e t r e g i o n (=400nm) due t o 

i n c o m p l e t e r e m o v a l o f t h e h e m e - p r o s t h e t i c g r o u p . T h i s 
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F i g u r e I V . 1 3 A b s o r p t i o n s p e c t r a o f a p o c y t o c h r o m e P450cam. 
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c o r r e l a t e d to a 2-3% r e s i d u a l c o n c e n t r a t i o n of the n a t i v e 

enzyme as estimated from the s m a l l a b s o r p t i o n i n c r e a s e a t 

445nm of the CO adduct of the reduced a p o p r o t e i n . A second 

a c i d i f i e d - a c e t o n e treatment p r i o r to d i s s o l u t i o n of the 

p r o t e i n i n d i l u t e a l k a l i n e s o l u t i o n removed these t r a c e s of 

the heme a t the expense of lower o v e r a l l y i e l d s of the 

a p o p r o t e i n . The u l t r a v i o l e t a b s o r p t i o n of the a p o p r o t e i n 

c l o s e l y resembled t h a t of n a t i v e cytochrome P450cam (Figure 

IV.7) and was a t t r i b u t e d to the absorbance of the aromatic 

t y r o s i n e and tryptophan amino a c i d r e s i d u e s of the p r o t e i n 

p o l y p e p t i d e . 1 6 5 Apocytochrome P450cam prepared i n t h i s 

manner was obtained i n h i g h y i e l d s and c o u l d be s a t i s f a c t o r i l y 

r e c o n s t i t u t e d w i t h protohemin c h l o r i d e to g i v e the i d e n t i c a l 

s p e c t r a l p r o p e r t i e s of the parent enzyme. 

Although the procedure d e s c r i b e d i n S e c t i o n I I I . 4.2.1 

produced good y i e l d s of apocytochrome P45Ocam i n a r e c o n s t i t u -

t a b l e form, major d i f f i c u l t i e s were encountered d u r i n g 

d i s s o l u t i o n of the white p r o t e i n p e l l e t c o l l e c t e d from the 

a c i d i f i e d acetone s o l u t i o n . The p e l l e t d i s s o l v e d o n l y 

r e l u c t a n t l y i n the d i l u t e KOH-glycerol s o l v e n t system, and 

r e q u i r e d exhaustive t r i t u r a t i o n and e x c e s s i v e volumes of 

s o l v e n t f o r subsequent d i a l y s i s . D i s s o l u t i o n of the a p o p r o t e i n 

was e s p e c i a l l y d i f f i c u l t f o r parent enzyme s o l u t i o n s of lower 

p u r i t y (<75% homogeneous, A391/A280 <1.0; see S e c t i o n I I I . 3 . 4 . 2 ) . 

A d d i t i o n of up to 40% (v/v) g l y c e r o l i n c r e a s e d the a p o p r o t e i n 

s o l u b i l i t y s l i g h t l y but e x t e n s i v e t r i t u r a t i o n was s t i l l 

r e q u i r e d . 



R e c e n t l y , Wagner et al.1&5 h a v e f o u n d t h e a p o p r o t e i n 

t o be s o l u b l e i n a n a q u e o u s h i s t i d i n e - g l y c e r o l c o - s o l v e n t 

s y s t e m . I n t h e s e e x p e r i m e n t s , heme r e m o v a l was a c c o m p l i s h e d 

via t h e a c i d - b u t a n o n e l i q u i d - p h a s e t e c h n i q u e o f B r e s l o w 1 5 1 

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

w ork ( S e c t i o n I I I . 4 . 4 . 4 ) . A p o c y t o c h r o m e P450cam p r e p a r e d by 

t h i s m e t hod was f o u n d t o h a v e l i m i t e d s o l u b i l i t y i n I^O, 

0.1M s o l u t i o n s o f n e u t r a l p o t a s s i u m p h o s p h a t e , KC1 o r H i s a t 

pH8.0, and 20% ( v / v ) g l y c e r o l . The c o m b i n a t i o n o f 20% g l y c e r o 

and 0.1M H i s a t pH8.0 h o w e v e r , was f o u n d t o f u l l y s o l u b i l i z e 

t h e a p o p r o t e i n . The d i s t i n c t a d v a n t a g e o f t h i s m e t h o d 1 6 5 

was t h a t t h e p r o t e i n i s s o l u b i l i z e d a t a l l t i m e s d u r i n g t h e 

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

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

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

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

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

a w a i t s f u r t h e r i n v e s t i g a t i o n . The a c i d - b u t a n o n e , l i q u i d -

p h a s e method was n o t u t i l i z e d f o r t h e h e m e - r e m o v a l s t e p i n 

t h i s s t u d y b e c a u s e p r e v i o u s r e p o r t s 1 6 6 s u g g e s t e d t h a t g r o s s 

d e n a t u r a t i o n o f t h e a p o c y t o c h r o m e a c c o m p a n i e d t h e heme-

e x t r a c t i o n . D e n a t u r a t i o n was t h o u g h t t o be due p r i n c i p a l l y 

t o t h e l o w pH v a l u e (1.5) n e e d e d f o r h e m e - r e m o v a l f r o m 

c y t o c h r o m e P450cam; h o w e v e r , a d d i t i o n o f h i s t i d i n e •HC1 t o 

t h e a q u e o u s p h a s e a s r e p o r t e d by Wagner e t a Z . 1 6 5 h a s c r e a t e d 

m i l d e r c o n d i t i o n s f o r t h e h e m e - e x t r a c t i o n p r o c e s s (pH2;5) 
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and h a s e n a b l e d t h i s t e c h n i q u e t o y i e l d t h e a p o p r o t e i n i n 

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

I V . 3 . 2 P y r i d i n e Hemochrome o f E x t r a c t e d Heme 

Heme e x t r a c t e d f r o m c y t o c h r o m e P4 50cam was a n a l y s e d by 

s i l i c a g e l and p o l y a m i d e TLC and by p r e p a r a t i o n o f t h e 

p y r i d i n e hemochrome c o m p l e x , and t h e d a t a c o m p a r e d w i t h t h o s e 

r e p o r t e d i n t h e l i t e r a t u r e ( s e e S e c t i o n I I I . 4 . 2 . ' 2 ) . 

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

c o m p l e x o f t h e e x t r a c t e d heme f r o m n a t i v e c y t o c h r o m e P4 5 0cam 

p r o v i d e d t h e m o s t r e l i a b l e m e t hod f o r d e t e r m i n i n g t h e amount 

o f c o m m e r c i a l h e m i n t o be r e i n s e r t e d i n t o t h e a p o p r o t e i n . 

C a l c u l a t i o n s b a s e d on t h e e x t i n c t i o n c o e f f i c i e n t s o f t h e a p o 

p r o t e i n a b s o r b a n c e a t 280nm w e r e g e n e r a l l y f e l t t o be u n r e l i a b l e 

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

p r e p a r e d i n t h i s s t u d y ( s e e S e c t i o n I V . 2 . 3 . 1 ) . G e n e r a l l y , t h e 

amount o f heme remov e d f r o m t h e n a t i v e enzyme, p l u s 10% e x c e s s , 

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

t h e n a t i v e enzyme ( i . e . t h e h e m e - r e p l a c e d t o heme-removed 

r a t i o e q u a l l e d 1.1; s e e S e c t i o n I I I . 4 . 3 . 1 ) . 
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I V . 3 . 3 R e c o n s t i t u t i o n o f C y t o c h r o m e P450cam 

P r o t o h e m i n r e c o m b i n a t i o n w i t h a p o c y t o c h r o m e P4 50cam 

p r o d u c e d i n i t i a l l y a . p r e c u r s o r (s).. t o .the h o l o p r . o t e i n w h i c h was 

c h a r a c t e r i z e d i n t h e f e r r i c , f e r r o u s and f e r r o u s - C O s t a t e s 

by t h e a b s o r p t i o n s p e c t r a shown i n F i g u r e I V . 1 4 . The s p e c t r u m 

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

a b s o r p t i o n a t 275nm f o l l o w e d by a b r o a d maximum a t 365nm. 

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

b a n d ( s l i g h t l y r e d - s h i f t e d ) w i t h d e f i n e d maxima a t 380 and 423nm. 

S p e c t r a l c h a n g e s i n t h e 500-700nm r e g i o n w e r e n o t r e c o r d e d b u t 

h a v e b e e n r e p o r t e d i n t h e l i t e r a t u r e . 1 4 8 T r e a t m e n t o f t h e 

N a 2 S 2 0 ^ - r e d u c e d s o l u t i o n w i t h c a r b o n m o n o x i d e p r o d u c e d t h e 

C O - a d d u c t w i t h a n i n t e n s e S o r e t a b s o r p t i o n maximum a t 420nm 

i n d i c a t i v e o f t h e P420 c y t o c h r o m e s . 1 3 ' 1 4 C o m p a r i s o n o f t h e 

h e m i n - a p o p r o t e i n s p e c t r a ((.Figure I V . 14) w i t h t h o s e o f t h e 

p r o t o h e m i n c o m p l e x e s p r e p a r e d i n a q u e o u s b u f f e r ( F i g u r e ' 

I V .15) i n d i c a t e d t h e s p e c t r a l c h a n g e s t h a t o c c u r r e d u p o n 

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

I n t e r a c t i o n o f t h e h e m i n w i t h t h e a p o p r o t e i n i n t h e o x i d i z e d 

s t a t e ( F i g u r e I V . 1 4 ) p r o d u c e d a s l i g h t b r o a d e n i n g o f t h e 365nm 

b a n d ( F i g u r e I V . 1 5 ) ; i n t h e r e d u c e d s t a t e , t h e d i s t i n c t 

a b s o r p t i o n maxima a t 380 a n d 423nm ( F i g u r e I V . 1 4 ) w e r e 

g e n e r a t e d f r o m a s h o u l d e r r e g i o n a r o u n d 400nm ( F i g u r e I V . 1 5 ) . 

I n t h e r e d u c e d - C O s t a t e t h e S o r e t maximum o f t h e heme ( F i g u r e 

I V . 1 5 ) e x h i b i t e d a 12nm r e d s h i f t (408 t o 420nm) upon a d d i t i o n 

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

F i g u r e I V . 1 4 , t h e i n t e r a c t i o n o f t h e h e m i n w i t h t h e a p o p r o t e i n 
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2.0 -, 

Apocytochrome - Protohemin Solution 

Oxidized (Fe(m)) 
Reduced (Fe(nj) 
Reduced-CO (Fe(ii)-C0) 

Wavelength (nm) 
700 

F i g u r e IV.14 A b s o r p t i o n s p e c t r a o f v a r i o u s s t a t e s o f t h e 
p r o t o h e m m - a p o c y t o c h r o m e s o l u t i o n . 

Protohemin Solution 

Oxidized (Fe(m)) 
Reduced (Fe(ii)) 
Reduced-CO (Fe(n)-C0) 

F i g u r e I V . 1 5 

Wavelength (nm) 

A b s o r p t i o n s p e c t r a o f v a r i o u s s t a t e s o f 
p r o t o h e m i n i n a q u e o u s b u f f e r P a t room 
t e m p e r a t u r e (23±2°c). 
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was a c c o m p a n i e d a l s o by a c o a l e s c e n c e o f t h e d i s t i n c t a and 3 

band s i n t h e 500-600nm r e g i o n o f t h e reduced-CD- h e m i n c o m p l e x 

( F i g u r e I V . 1 5 ) . 1 4 8 C h a n g e s i n t h e a b s o r p t i o n s p e c t r a o f t h e 

r e d u c e d - C O c o m p l e x e s w e r e a t t r i b u t e d t o c h a n g e s i n a x i a l 

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

a p o p r o t e i n , a n d p r o b a b l y r e p r e s e n t s e v e r a l f o r m s o f "non-

s p e c i f i c a l l y " b o und heme. S i n c e t h e S o r e t maximum a t 420nm 

i s a n a l o g o u s t o t h a t o f t h e r e d u c e d - C D c o m p l e x o f m y o g l o b i n , 1 0 9 

t h e P420 p r e c u r s o r s may h a v e i n f a c t c o o r d i n a t e d i m i d a z o l e . 

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

p r e s e n c e o f camphor and h i g h c o n c e n t r a t i o n s o f c y s t e i n e a n d 

g l y c e r o l f o r 6h ( s e e S e c t i o n I I I . 4 . 3 . 1 ) c o n v e r t e d t h e c y t o 

c hrome P420 s p e c i e s i n t o t h e n a t i v e enzyme a s c h a r a c t e r i z e d 

by t h e c y t o c h r o m e P450 o p t i c a l s p e c t r u m , ( F i g u r e I V . 1 6 ) . The 

c r u d e r e c o n s t i t u t e d c y t o c h r o m e P450cam e x h i b i t e d a S o r e t 

maximum o f t h e o x i d i z e d s u b s t r a t e - b o u n d enzyme a t 3 91nm, a 

S o r e t maximum o f t h e N a 2 S 2 0 4 - r e d u c e d c o m p l e x a t 409nm, and 

t h e h y p e r - s p e c t r u m o f t h e r e d u c e d - C O c o m p l e x w i t h S o r e t 

maxima a t 44 5 a n d 37 0nm; t h e l a t t e r was m a n i f e s t e d a s a 

s h o u l d e r a t 370nm and t h e p r o t e i n a b s o r p t i o n a t 280nm.was 

n o t o b s e r v e d b e c a u s e o f t h e s t r o n g a b s o r b a n c e o f t h e e x c e s s 

c y s t e i n e . The a b s o r p t i o n s p e c t r a o f t h e c y s t e i n e - i n c u b a t e d 

h e m i n - a p o p r o t e i n s o l u t i o n a l s o showed, a . r e s i d u a l maximum o f t h e 

r e d u c e d - C O c o m p l e x a t =420nm, i n d i c a t i v e o f " n o n - r e g e n e r a t e d " 

heme. P u r i f i c a t i o n o f t h e c r u d e r e c o n s t i t u t e d enzyme s o l u t i o n 

by a n i o n - e x c h a n g e c h r o m a t o g r a p h y ( s e e S e c t i o n I I I . 4 . 4 . 1 ) 

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



p r o d u c e d a b s o r p t i o n maxima i n t h e o x i d i z e d , r e d u c e d a n d 

r e d u c e d - C O c o m p l e x e s ( F i g u r e I V . 1 7 ) i d e n t i c a l t o t h o s e o b s e r v e d 

i n t h e n a t i v e s u b s t r a t e - b o u n d enzyme ( s e e S e c t i o n I V . 2 . 3 . 1 ) . 

The a b s o r p t i o n a t 314nm was i n d i c a t i v e o f e x c e s s N a 2 S 2 0 ^ 

r e d u c i n g a g e n t . A g a i n t h e s p e c t r u m o f t h e r e d u c e d - C O c o m p l e x 

e x h i b i t e d a r e s i d u a l p e a k a t 420nm, t h a t was u s e d t o c a l c u l a t e 

t h e a p p r o x i m a t e c o n c e n t r a t i o n o f " n o n - r e g e n e r a t e d " heme i n 

t h e r e c o n s t i t u t e d p r o t e i n s o l u t i o n ( s e e S e c t i o n I I I . 4 . 4 . 2 ) . 

F o l l o w i n g i n c u b a t i o n w i t h a p o m y o g l o b i n and S e p h a d e x G-100 

c h r o m a t o g r a p h y ( S e c t i o n I I I . 4 . 4 . 3 ) , t h e f i n a l s p e c t r a o f 

s u b s t r a t e - b o u n d , h e m i n - r e c o n s t i t u t e d c y t o c h r o m e P450cam 

a r e shown i n F i g u r e I V . 1 8 . The s p e c t r u m o f t h e o x i d i z e d 

r e c o n s t i t u t e d enzyme e x h i b i t e d t h e p r o t e i n a b s o r p t i o n a t 28 0nm 

w h i c h c l o s e l y r e s e m b l e d t h a t o f a p o c y t o c h r o m e P4 50cam 

( F i g u r e I V . 1 4 ) , a n d a b s o r p t i o n s o f t h e h e m e - p r o s t h e t i c g r o u p 

a t 391 and 645nm; l e s s w e l l - d e f i n e d a b s o r p t i o n s o f t h e 

heme-group w e r e f o u n d a t -510 and -540nm. S t o i c h i o m e t r i c 

d i t h i o n i t e - r e d u c t i o n o f t h e o x i d i z e d c y t o c h r o m e s o l u t i o n 

p r o d u c e d t h e f e r r o u s c o m p l e x w i t h maxima a t 408 and 544nm. 

E x c e s s d i t h i o n i t e was m a n i f e s t e d i n t h e p e a k a t 314nm. F l u s h i n g 

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

w i t h t h e S o r e t b a n d s a t 445 and 365nm and a p eak a t 550nm. A l l 

t r a c e s o f t h e a b s o r p t i o n a t 420nm i n d i c a t i v e o f t h e P420 c o n t a 

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

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

t o g e t h e r w i t h l i t e r a t u r e d a t a i n T a b l e I V . 6 ; a g r e e m e n t i s 

e x c e l l e n t . A b s o r b a n c e d a t a f o r t h e n a t i v e ( T a b l e I V . 3 ) and 
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o.o I i i 1 I — l 
250 300 400 500 600 700 

Wavelength (nm) 

F i g u r e I V . 1 6 A b s o r p t i o n s p e c t r a o f t h e c y s t e i n e - i n c u b a t e d 
p r o t o h e m i n - a p o p r o t e i n s o l u t i o n . 

1.0 n 

Crude Protohemin-reconstituted 
Cytochrome P4socam 

Wavelength (nm) 

F i g u r e I V . 1 7 A b s o r p t i o n s p e c t r a o f t h e r e c o n s t i t u t e d 
c y t o c h r o m e P4 50cam f o l l o w i n g DE-52 a n i o n 
e x c h a n g e c h r o m a t o g r a p h y . 



1.0 Substrate-bound Protohemin- reconstituted 
Cytochrome P450cam 

F i g u r e IV.18 A b s o r p t i o n s p e c t r a o f v a r i o u s s t a t e s o f t h e 
s u b s t r a t e - b o u n d p r o t o h e m i n - r e c o n s t i t u t e d 
c y t o c h r o m e P450cam. 

00 



T a b l e I V . 6 

A b s o r b a n c e D a t a ^ a , b ^ f o r S u b s t r a t e - b o u n d R e c o n s t i t u t e d 

C y t o c h r o m e P450cam 

(c) (d) 
F o r m E x p e r i m e n t a l L i t e r a t u r e L i t e r a t u r e 

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

X 
nm emM X 

nm £mM X 
nm erriM 

O x i d i z e d 280 91.3 280 65 

391 99.8 391 102 391 99 

417 s h o u l d e r 

510 12.6 510 13.0 510 12.5 

540 11.5 540 11.2 540 10.5 

645 4.2 645 5.4 646 5.0 

R e d u c e d 408 86.5 408 86.5 408 84.0 

544 15.6 542 16.0 542 15 

Reduced-CO 365 56.7 364 60.8 

445 120 446 120 446 120 

550 14.0 550 14 .0 550 13.0 

a) A v e r a g e d o v e r t h r e e s e t s o f d a t a ; e s t i m a t e d e r r o r 5%. 

b) D e t e r m i n e d i n b u f f e r P-100, pH 7.0, ^8mM camphor a t room 
t e m p e r a t u r e (23±2°C) u s i n g p u b l i s h e d e x t i n c t i o n c o e f f i c i e n t 
d a t a o f t h e r e d u c e d - C O c o m p l e x a t 446nm,' £ ^ = 1 2 0 ; R e f . 1 0 . 

c) R e f . 10 

d) R e f . 165. 
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r e c o n s t i t u t e d s u b s t r a t e - b o u n d c y t o c h r o m e s w e r e v e r y s i m i l a r 

e x c e p t f o r a s m a l l s h o u l d e r a t 417nm o n t h e S o r e t maximum o f 

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

was s e e n i n a l l r e c o n s t i t u t e d c y t o c h r o m e p r e p a r a t i o n s ( F e ( I I I ) 

s t a t e ) and was t h o u g h t t o be i n d i c a t i v e o f a s u b s t r a t e - f r e e 

c y t o c h r o m e P450 i m p u r i t y . No a t t e m p t s w e r e made t o remove t h e 

i m p u r i t y . 

The m a j o r d r a w - b a c k t o t h e r e c o n s t i t u t i o n p r o c e d u r e 

d e s c r i b e d i n S e c t i o n I I I . 4 was t h e l o w y i e l d s (=15%) o f 

r e c o n s t i t u t e d c y t o c h r o m e P450cam o b t a i n e d f r o m t h e n a t i v e 

enzyme. A r e a s o f s i g n i f i c a n t p r o t e i n l o s s w e r e i n t h e 

p r o d u c t i o n o f t h e a p o p r o t e i n , w h e r e t r i t u r a t i o n i n t h e KOH-

g l y c e r o l s o l v e n t s y s t e m o f t e n l e d t o i n c o m p l e t e d i s s o l u t i o n 

a nd d e n a t u r a t i o n o f t h e a p o p r o t e i n , and i n t h e c y s t e i n e 

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

a t i o n due t o p o s s i b l e " s a l t i n g - o u t " o f t h e p r o t e i n c o m p o nent 

by e x c e s s c y s t e i n e and h e m i n i n s o l u t i o n . Y i e l d s o f r e c o n 

s t i t u t e d c y t o c h r o m e P450cam r e a c h i n g 30% h a v e b e e n r e p o r t e d 

by Wagner et a Z . 1 6 5 u s i n g t h e a c i d - b u t a n o n e l i q u i d - p h a s e 

t e c h n i q u e w i t h t h e a q u e o u s h i s t i d i n e / g l y c e r o l c o - s o l v e n t 

s y s t e m m e n t i o n e d e a r l i e r ( S e c t i o n I V . 3 . 1 ) , a s w e l l a s l o n g e r 

i n c u b a t i o n p e r i o d s (36-48h) f o r t h e c o n v e r s i o n o f t h e P420 

s p e c i e s t o t h e n a t i v e enzyme. T h i s p r o c e d u r e a p p e a r s t o a v o i d 

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

d u r i n g t h e c y s t e i n e i n c u b a t i o n and g e n e r a l l y seems t o be 

b e t t e r s u i t e d f o r t h e r e c o n s t i t u t i o n e x p e r i m e n t s . I t i s o f 

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



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

two i s o m e r i c P420 s p e c i e s t h a t d i f f e r o n l y by t h e s i d e d n e s s 

o f t h e heme p l a n e i n t h e p r o t e i n p o c k e t (18 0° o f r o t a t i o n 

a b o u t t h e a-y m e s o - c a r b o n a x i s ) ; 1 6 5 f o r m a t i o n o f t h e n a t i v e 

enzyme was t h o u g h t t o o c c u r f r o m o n l y one o f t h e p a r t i c u l a r 

P420 i s o m e r s . The l o n g e r i n c u b a t i o n p e r i o d s i n t h e p r e s e n c e 

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

a p o m y o g l o b i n f o r r e m o v a l o f t h e P4 2 0 c o n t a m i n a n t s f r o m t h e 

r e c o n s t i t u t e d P4 50cam p r e p a r a t i o n s . 

I V . 3 . 4 P u r i t y o f R e c o n s t i t u t e d C y t o c h r o m e P4 5 0cam 

The d e e p - r e d , s u b s t r a t e - b o u n d , r e c o n s t i t u t e d c y t o c h r o m e 

P450cam s o l u t i o n was a p p r o x i m a t e l y 8 0% homogeneous and c o n t a i n e d 

a s l i g h t i m p u r i t y l i k e l y i n t h e f o r m o f s u b s t r a t e - f r e e P450cam. 

The i m p u r i t y was m a n i f e s t e d a s a s h o u l d e r a b s o r p t i o n a t 417nm 

i n t h e s p e c t r a o f t h e o x i d i z e d s u b s t r a t e - b o u n d r e c o n s t i t u t e d 

enzyme ( F i g u r e I V . 1 8 ) . The a b s o r p t i o n r a t i o o f A o n , / A o o n = 1.10 

was c o m p a r a b l e t o t h a t o f t h e p a r e n t enzyme p u r i t y ( s e e S e c t i o n 

I V . 2 . 3 . 3 ) , a s w e l l a s t h a t o f a n o t h e r r e c o n s t i t u t e d c y t o c h r o m e 

P450cam p r e p a r a t i o n r e p o r t e d i n t h e l i t e r a t u r e : 1 . 5 2 . 1 6 5 

I V . 3 . 5 S t a b i l i t y o f R e c o n s t i t u t e d C y t o c h r o m e P450cam 

I n t h e p r e s e n c e o f lOOmM p o t a s s i u m i o n s a n d =8mM camphor 

t h e r e c o n s t i t u t e d enzyme s o l u t i o n s c o u l d be s t o r e d a n a e r o b i c a l l y , 

a t 5°C, f o r a t l e a s t s i x m o n t h s w i t h no a p p a r e n t l o s s o f t h e 

o b s e r v e d s p e c t r a l c h a r a c t e r i s t i c s ( F i g u r e I V . 1 8 ) . 



IV..4 S t u d y o f t h e R e a c t i o n o f CO w i t h t h e F e r r o u s S t a t e o f 
M y o g l o b i n and t h e P4 50cam S y s t e m s by F l a s h P h o t o l y s i s 

I V . 4 . 1 T r e a t m e n t o f D a t a 

The r e a c t i o n o f CO w i t h t h e f e r r o u s s t a t e o f m y o g l o b i n 

and t h e P450cam s y s t e m s , a s d e s c r i b e d by R e a c t i o n I I . 5, was 

s u c c e s s f u l l y s t u d i e d by t h e f l a s h p h o t o l y s i s m e t h o d . S i n c e 

t h e l i g h t - p u l s e e n h a n c e d t h e r e v e r s e o f R e a c t i o n I I . 5 f o r 

b o t h h e m o p r o t e i n s y s t e m s ( i . e . F e ( I I ) - C 0 ^ F e ( I I ) + C 0 ; s e e 

S e c t i o n I I I . 5. 3. 4), i n f o r m a t i o n a b o u t t h e s u b s e q u e n t CO-

b i n d i n g k i n e t i c s was r e a d i l y o b t a i n e d by o b s e r v i n g t h e d e c r e a s e 

i n t h e i n t e n s i t y o f t h e S o r e t b a n d o f t h e i n t e r m e d i a t e C O - f r e e 

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

CO-bound c o m p l e x e s . K i n e t i c a n a l y s i s o f t h e r e c o m b i n a t i o n 

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

e x p e r i m e n t s u n d e r c o n d i t i o n s i n w h i c h t h e CO l i g a n d was i n 

g r e a t e x c e s s . A b s o r b a n c e vs. t i m e d e c a y t r a c e s , o b t a i n e d via 

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

e s t i m a t e t h e r e a c t i o n r a t e d e p e n d e n c e on h e m o p r o t e i n c o n c e n t 

r a t i o n , a nd t h e o b s e r v e d r a t e c o n s t a n t s w e r e d e t e r m i n e d by 

s t a n d a r d r e l a t i o n s h i p I V . 1 d e r i v e d i n A p p e n d i x I I : 

i n * ° " ^ = W ( I V . l ) 
A - Ae 

w h e r e A i s t h e a b s o r b a n c e a t t i m e , t . 

Ae i s t h e a b s o r b a n c e a t e q u i l i b r i u m 

A i s t h e a b s o r b a n c e a t t h e s t a r t o f t h e r e a c t i o n o 
and k , i s t h e o b s e r v e d r a t e c o n s t a n t , o b s 



24 8 

S i n c e t h e o b s e r v e d r e a c t i o n r a t e c o n s t a n t , k . , 
' obs 

c o r r e s p o n d e d t o t h e sum o f t h e f o r w a r d , k Q n , and r e v e r s e , 

k Q £ £ , r a t e c o n s t a n t s a s g i v e n i n e q u a t i o n I V . 2 ( s e e A p p e n d i x 

I I ) , c h a n g i n g t h e CO c o n c e n t r a t i o n a l l o w e d f o r t h e d e t e r m i n a t i o n 
k , = k [CO] + k ( I V . 2,) o b s on o f f v 

o f t h e s e c o n d - o r d e r r a t e c o n s t a n t f o r t h e f o r w a r d o f R e a c t i o n 

I I . 5 , k , and t h e f i r s t - o r d e r r a t e c o n s t a n t f o r t h e r e v e r s e o n 
o f R e a c t i o n I I . 5, k ^ ^ . 
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IV . 4 . 2 S t u d y o f t h e R e a c t i o n o f CO w i t h t h e F e r r o u s  
S t a t e o f M y o g l o b i n by F l a s h P h o t o l y s i s 

A s m e n t i o n e d i n S e c t i o n I I I . 5.3.5, t h e r e a c t i o n o f CO 

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

a p p a r a t u s i n o r d e r t o t e s t and d e v e l o p t h e u n i t . C o m p l e t e 

k i n e t i c r u n s , . i n c l u d i n g c o m p i l a t i o n o f d a t a a t s e v e n 

d i f f e r e n t CO c o n c e n t r a t i o n s , w e r e p e r f o r m e d a t 20°C 

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

t r a t i o n s o f 6.43 x 10~ 6M ± 5%. O n l y " o n e s e t o f d a t a 

( k i n e t i c Run 2) w i l l be a n a l y s e d i n d e t a i l h e r e b u t t h e 

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

k i n e t i c Runs 1 and 3. Raw d a t a f o r k i n e t i c Run 2 ( i . e . 

e x p o n e n t i a l d e c a y c u r v e s , l i n e a r r a t e p l o t s and s p e c t r a l 

d a t a ) c a n be f o u n d i n A p p e n d i x I V a ; t a b u l a t e d d a t a f o r 

k i n e t i c Runs 1 a n d 3 a r e i n c l u d e d i n T a b l e s IV.7 and I V . 8 

o f t h i s s e c t i o n . 

F i g u r e I V . 1 9 shows r e p r e s e n t a t i v e d a t a f r o m k i n e t i c 

Run 2 f o r t h e C O - m y o g l o b i n s y s t e m o b t a i n e d a t a p r o t e i n 

c o n c e n t r a t i o n o f 6.43 x 10 ^M a n d CO c o n c e n t r a t i o n o f 
-4 

8.58 x 10 M; s F i g u r e I V . 1 9 A shows t h e a b s o r b a n c e u s . t i m e 

e x p o n e n t i a l d e c a y p l o t w h i l e F i g u r e I V . 1 9 B shows t h e c o r r e s 

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

t h e r e a c t i o n w i t h CO was m o n i t o r e d b y o b s e r v i n g t h e e x p o n e n t i a l 

d e c r e a s e i n i n t e n s i t y o f t h e S o r e t b a n d o f t h e C O - f r e e i n t e r 

m e d i a t e a t 432nm p r o d u c e d u p on p h o t o d i s s o c i a t i o n o f t h e 

f e r r o u s - C O c o m p l e x ( F i g u r e I V . 1 9 A ) . M o n i t o r i n g o f t h e 



FLASH PHOTOLYSIS EXPERIMENTS 

Sample D e s c r i p t i o n : Myoglobin -CO complex 

Temperature: 20 + 0.2°C 

Monito r i n g Wavelength: 432nm 

Run P l o t 
Form 

Cary 
O.D. 

Data 

F l a s h 
U n i t 
V o l t . 

Table 

P T 
(mm Hg! 

V 
(mm Hg! 

p c o 
(mm Hg 

ICO]xl0 4 

(m/L) 
Half 
L i f e 
(msec) 

2.2 
Exp. 
Decay 0.46 0.50 648 17 .5 631 8 .58 1.6 

> 

z o m 

. ' e r t i c a l Amplitude: 0.05 
( v o l t s / d i v ) 

sweep Time : 
(msec/div) 

4.0 

TIME (msec) 

H a l f L i f e Data 

Half L i f e « V e r t i c a l Drop 
(v o l t s ) 

H o r i z o n t a l 
Sweep (msec) 

0 0.325 0 
1 0.163 1.9 (1.9) 
2 0.081 3.5 (1.6) 
3 0.041 5.3 (1.8) 

4 0.020 6.7 (1.4) 

B] FLASH PHOTOLYSIS EXPERIMENTS 

Sample D e s c r i p t i o n : Myoglobin-CO complex 

Tempera t u r e : 2 0± 0.2°C 

Data Table 

Run P l o t 
Form 

Cary 
O.D. 

F l a s h 
U n i t 
V o l t . 

P T 
(mm Hg) (mm Hg] (mm Hg) 

[COJxlO 4 

(m/L) 
k o b s 

(msec~l) 

2.2 Rate 
P l o t 0.48 0.50 648 17.5 631 8 . 58 4.0X10"1 

> 

V e r t i c a l Amplitude: 0.2 
( v o l t s / d i v ) 

Sweep Time: 0.5 
(msec/div) 

Slope (mean) Slope (max) Slope (min) 
X 

(msec) 
Y 

( v o l t s ) 
X 

(msec) 
Y 

( v o l t s ) 
X 

(msec) 
Y 

( v o l t s ) 

0.5 0.13 0.5 0.10 0.5 0.15 
1.0 0.33 1.0 0.30 1.0 0.33 
1.5 0.53 1.5 0.52 1.5 0.53 

2.0 0.73 2.0 0.73 2.0 0.73 
2.5 0.94 2.5 0.94 2.5 0.92 
3.0 1.13 3.0 1.14 3.0 1.12 

Least Squares 
A n a l y s i s  

m: 4.0x10 msec 
y - i n t e r c e p t : 

- 7 . 8 x l 0 " 2 

«y:1.3xl0 - 2 

F i g u r e IV.19 R e p r e s e n t a t i v e data from k i n e t i c Run 2 f o r 
the r e a c t i o n of CO with the f e r r o u s s t a t e 
of myoglobin; (A) g i v e s absorbance vs. 
time e x p o n e n t i a l decay p l o t and (B) g i v e s 
the c o r r e s p o n d i n g l i n e a r r a t e p l o t . 
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K i n e t i c Data from k i n e t i c Run 2 f o r the Reaction of CO 

with Ferrous Myoglobin a t 20°C. 

Run 
[ C O ] x l 0 4 

CM) (msec): 
(a) 

k , x l O 1 

o b s 
(msec ) 

(a) 

k , x l O 1 

o b s 
(msec ) 

(b) 

S 
(msec) 
(c) 

k . x l O 1 

o b s 
(msec ) 

(c) 

2.1 10.1 1.5 4.6 5.1 1.5 4.6 

2.2 8 .58 1.6 4.3 4.0 1.7 4.1 

2.3 7.21 1.8 3.9 3.6 1.8 4.0 

2.4 5.86 2.1 3.3 3.3 2.2 3.2 

2.5 4 .53 2.6 2.7 2.9 2.6 2.7 

2.6 3.21 3.7 1.9 2.2 3.6 2.1 

2.7 2.68 4.5 1.5 1.6 4.4 1.5 

(a) D i r e c t l y determined e x p e r i m e n t a l l y from the absorbance 
vs. time p l o t s ; ' k ^ v a l u e s determined u s i n g the 
r e l a t i o n s h i p k = l n 2 

(b) Determined e x p e r i m e n t a l l y from the I n (A-Ae) y s . t i m e 
p l o t s via the analog c o n v e r t e r . 

(c) Determined e x p e r i m e n t a l l y over approximately f o u r 
h a l f - l i v e s of the absorbance vs., time p l o t s by 
computer a n a l y s i s ; Ref.168. 
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T a b l e I V .7 

K i n e t i c D a t a f r o m K i n e t i c Run 1 f o r t h e R e a c t i o n o f 

CO w i t h F e r r o u s M y o g l o b i n ' 5 1 ' a t 20°C. 

Run [ C O l x l O 4 

(M) 
V 

(msec) 
(b) 

k , x l O 1 

o b s 
(msec ) 

(to) 

k , x l O 1 

o b s 
(msec ) 

(c) 
(msec) 
(d) 

k , x l O 1 

obs 
(msec "'") 

(d) 

1.1 10.0 1.4 5.0 4.7 1.5 4.6 

1.2 8 .55 1.5 4.6 4.4 1.6 4.3 

1.3 7.20 1.8 3.9 3.5 1.8 3.8 

1.4 5.85 2.2 3.2 3.1 2.1 3.3 

1.5 4 .50 2.5 2.8 2.7 2.5 2.6 

1.6 3.20 3.3 2.1 2.1 3.2 2.0 

1.7 2.60 4.2 1.7 1.7 4.3 1.6 

a) K i n e t i c d a t a w e r e o b t a i n e d a t a p r o t e i n c o n c e n t r a t i o n o f 
6.19x10 M. K i n e t i c c o n s t a n t s a r e t a b u l a t e d i n T a b l e I V . 9 . 

b) D i r e c t l y d e t e r m i n e d e x p e r i m e n t a l l y f r o m t h e a b s o r b a n c e vs. 

t i m e p l o t s ; k ^ g v a l u e s d e t e r m i n e d u s i n g t h e r e l a t i o n s h i p 
k = ln2_ 

c) D e t e r m i n e d e x p e r i m e n t a l l y f r o m t h e I n (A-Ae) vs. t i m e p l o t s 
via t h e a n a l o g c o n v e r t e r . 

d) D e t e r m i n e d e x p e r i m e n t a l l y o v e r a p p r o x i m a t e l y f o u r h a l f - l i v e s 
o f t h e a b s o r b a n c e vs. t i m e p l o t s by c o m p u t e r a n a l y s i s ; R e f . 1 6 8 . 



T a b l e I V . 8 

K i n e t i c D a t a f r o m k i n e t i c Run 3 f o r t h e R e a c t i o n o f CO 

w i t h F e r r o u s M y o g l o b i n ^ a t '20°C. 

Run |[C. O ] x l 0 4 

(M) % 
(msec 1 

l b ) . 

k , x l O 1 

o b s 
(msec ) 

CcT 

k . x l O 1 " o b s 
(msec ) 

(b) 
(msec) 

tb) 

k . x l O 1 

obs 
(msec ) 

Cd) 

Run |[C. O ] x l 0 4 

(M) % 
(msec 1 

l b ) . 

3.1 10.1 1.5 4.6 4.9 1.-.-5 4.6 

3.2 8 .50 1.6 4.3 4.5 1.7 4.1 

3.3 7.23 1.8 3.9 3.7 1.9 3.6 

3.4 5.83 2.1 3.3 3.2 2.0 3.5 

3.5 4 .53 2.8 2.5 2.5 2.8 2.4 

.3.6 3.25 3.4 2.0 2.0 3.5 2.0 

3.7 2.64 4.3 1.6 1.6 4.4 1.6 

a) K i n e t i c d a t a w e r e o b t a i n e d a t a p r o t e i n c o n c e n t r a t i o n o f 
6.62x10 UM. K i n e t i c c o n s t a n t s t a b u l a t e d i n T a b l e I V . 9 . 

b) D i r e c t l y d e t e r m i n e d e x p e r i m e n t a l l y f r o m t h e a b s o r b a n c e vs. 

t i m e p l o t s ; k o ^ s v a l u e s d e t e r m i n e d u s i n g t h e r e l a t i o n s h i p 
k = m 2 

c) D e t e r m i n e d e x p e r i m e n t a l l y f r o m t h e I n (A-Ae) y s . t i m e p l o t s 
via t h e a n a l o g c o n v e r t e r . 

d) D e t e r m i n e d e x p e r i m e n t a l l y o v e r a p p r o x i m a t e l y f o u r h a l f - l i v e s 
o f t h e a b s o r b a n c e vs. t i m e p l o t s b y c o m p u t e r a n a l y s i s ; R e f . 1 6 8 . 



i n t e r m e d i a t e CO-free complex was f e l t e s s e n t i a l s i n c e the 

absorbance of the So r e t band a t p r o t e i n c o n c e n t r a t i o n s of 

=1 x 10~ 5M (0D„_„ =1.0) f e l l w i t h i n the c a l i b r a t i o n l i m i t 4 3 2nm 
of the f l a s h u n i t (see S e c t i o n I I I . 5 . 3 . 3 ) . The d i r e c t 

p r o p o r t i o n a l i t y between o p t i c a l d e n s i t y measured on the 

Cary spectrophotometer and v o l t a g e on the f l a s h u n i t can 

be seen by comparison of the v a l u e s t a b u l a t e d i n the Data 

Table l i s t e d a t the top of F i g u r e IV.19A; the v a l u e s 

r e p r e s e n t the absorbance of the ferrous-CO complex a t 

432nm (see myoglobin s p e c t r a , Appendix IVa). The i n i t i a l 

absorbance on the e x p o n e n t i a l decay p l o t (=0.3 OD u n i t s ) 

r e p r e s e n t s a 30% photodecomposition of the CO-bound complex 

( r e f e r to myoglobin s p e c t r a , Appendix IVa). Based on t, 

h a l f - l i f e data recorded over the e n t i r e e x p o n e n t i a l decay 

curve (up to f o u r h a l f - l i v e s ; H a l f - L i f e Data t a b l e a t 

bottom of F i g u r e IV.19A), the r e a c t i o n showed a pseudo 

f i r s t - o r d e r dependence on hemoprotein c o n c e n t r a t i o n . The t ^ 

values obtained d i r e c t l y from the absorbance vs." time p l o t s and 

from a separate computer a n a l y s i s 1 6 8 of the e x p o n e n t i a l decay 

curves f o r k i n e t i c Run 2 f o r myoglobin are g i v e n i n Table IV.6. 

Tables IV.7 and IV.8 g i v e the corre s p o n d i n g t, data f o r 

k i n e t i c Runs 1 and 3. A l l absorbance vs. time p l o t s i n d i c a t e d 

the same pseudo f i r s t - o r d e r dependence on hemoprotein 

c o n c e n t r a t i o n and over the three k i n e t i c runs the t, v a l u e s 
h 

v a r i e d by about 10%. 

A n a l y s i s of the e x p o n e n t i a l decay data (Figure IV.19A) 

via r e l a t i o n s h i p IV.1 gave the l i n e a r r a t e p l o t shown i n 



F i g u r e I V . 1 9 B . P l o t s o f I n (A-Ae) vs. t i m e o b t a i n e d f r o m t h e 

A n a l o g R a t e C o n v e r t e r o f t h e f l a s h u n i t w e r e l i n e a r o v e r one 

t o two h a l f - l i v e s and o f p o s i t i v e s l o p e ; t h e p o s i t i v e s l o p e 

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

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

m y o g l o b i n s y s t e m . ^ b S
 v a l u e s w e r e o b t a i n e d f r o m a l e a s t 

s q u a r e s f i t 1 6 8 o f d a t a p o i n t s f r o m t h e maximum, minimum and 

mean s l o p e s o f t h e r a t e p l o t s a s t a b u l a t e d a t t h e b o t t o m 

o f F i g u r e I V . 1 9 B . The y - i n t e r c e p t , w h i c h e q u a l l e d — I n ( A ^ - A e ) , 

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

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

n o t a l w a y s a f f o r d a n a n a l y s a b l e r a t e p l o t ( s e e A p p e n d i x I , 

s e c t i o n D ) . F i g u r e I V . 2 0 shows how t h e l i n e a r r a t e p l o t s 

v a r i e d w i t h c h a n g e s i n CO c o n c e n t r a t i o n s f o r k i n e t i c Run 2 

w h i l e t h e c o r r e s p o n d i n g k ^ v a l u e s a r e t a b u l a t e d i n T a b l e I V . 6 

S i n c e a n a l y s i s o f r a t e d a t a via t h e a n a l o g c o n v e r t e r o v e r more 

t h a n two h a l f - l i v e s r e s u l t e d i n n o i s y o r b a d l y s m e a r e d t r a c e s , 

t h e k , v a l u e s w e r e c o m p a r e d w i t h a s e c o n d s e t o f k , v a l u e s o b s c o b s 
o b t a i n e d f r o m a c o m p u t e r a n a l y s i s 1 6 8 o f t h e a b s o r b a n c e vs'. t i m e 

p l o t s o v e r t h r e e t o f o u r h a l f - l i v e s . T h e s e d a t a , t a b u l a t e d i n 

T a b l e I V . 6 . 1 f o r k i n e t i c r u n 2, a g r e e d w i t h i n 10% w i t h t h e 

c o r r e s p o n d i n g k Q b s v a l u e s o b t a i n e d f r o m t h e a n a l o g d e v i c e a s d i d 

t h e t , v a l u e s . As w e l l , t h e k , v a l u e s o b t a i n e d f r o m t h e a n a l o g 
^ OJD S 

c o n v e r t e r w e r e i n e x c e l l e n t a g r e e m e n t ( w i t h i n 10%) w i t h t h o s e 

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

a n c e vs. t i m e p l o t s ( s e e T a b l e I V . 6 . 1 ) . E x c e l l e n t a g r e e m e n t was 

a l s o o b s e r v e d b e t w e e n t h e a n a l o g - d e r i v e d , t h e c a l c u l a t e d and t h e 

c o m p u t e r - d e r i v e d k ^ g v a l u e s f o r k i n e t i c Runs 1 and 3 ( T a b l e s IV.7 



Time (msec) 

F i g u r e IV.2 0 V a r i a t i o n i n t h e s l o p e o f t h e I n (A-Ae)ys. 
t i m e p l o t s w i t h c h a n g e s i n CO c o n c e n t r a t i o n 
f o r k i n e t i c Run 2 o f t h e m y o g l o b i n s y s t e m . 

en 



and I V . 8 / r e s p e c t i v e l y ) . - The a p p r o a c h t o - a f i r s t - o r d e r 

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

e x c e s s o f t h e CO l i g a n d i s e v i d e n t f r o m F i g u r e I V . 2 1 , w h i c h 

shows, "the p l o t s o f t ^ v a l u e s f r o m t h e a b s o r b a n c e vs. t i m e p l o t s 

vs. k , 1 o b t a i n e d f r o m k , v a l u e s m e a s u r e d via t h e a n a l o g o b s o b s ^ 
c o n v e r t e r f o r k i n e t i c Runs 1, 2 and 3; t h e p l o t s r e p r e s e n t 

s t r a i g h t l i n e s o f s l o p e 0.74 ± 0.02, 0.76 ± 0.06 and 0.67 ± 0.2, 

r e s p e c t i v e l y w h i c h a r e c o m p a r a b l e t o t h e e x p e c t e d v a l u e o f l n 2 

f o r a f i r s t - o r d e r r e a c t i o n . P l o t t i n g t h e • k £ s v a l u e s vs. 

c o n c e n t r a t i o n o f CO a s d e s c r i b e d i n e q u a t i o n I V . 2 p r o d u c e d 

s t r a i g h t l i n e s f o r a l l k i n e t i c r u n s a s shown i n F i g u r e I V . 2 2 ; 

h o w e v e r , Run 2 showed a h i g h e r f l u c t u a t i o n i n t h e d a t a p o i n t s 

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

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

c o n c e n t r a t i o n o f t h e CO-bound h e m o p r o t e i n ( F i g u r e I V . 2 3 ) . A 

l e a s t s q u a r e s f i t o f t h e k ^ g vs. CO c o n c e n t r a t i o n d a t a g a v e 

s l o p e , k Q n , and i n t e r c e p t , k f f , f o r t h e r e a c t i o n o f CO w i t h 

f e r r o u s m y o g l o b i n , a n d T a b l e I V . 9 s u m m a r i z e s t h e k i n e t i c 

c o n s t a n t s o b t a i n e d a t 20°C f r o m a l l t h r e e k i n e t i c r u n s f o r 

t h e m y o g l o b i n - C O s y s t e m . C o m p a r i s o n o f t h e d a t a shows a 10% 

v a r i a t i o n i n t h e k i n e t i c c o n s t a n t s d e r i v e d via t h e A n a l o g 

R a t e C o n v e r t e r t h a t i s n o t o b s e r v e d amongst t h e c o m p u t e r -

d e r i v e d c o n s t a n t s ; h o w e v e r , t h e mean k i n e t i c c o n s t a n t s a r e 

v e r y c l o s e f o r t h e two s e t s o f d a t a . A v e r a g i n g t h e d a t a i n 

T a b l e I V . 9 g i v e s a s e c o n d - o r d e r r a t e c o n s t a n t f o r t h e CO-
5 -1 -1 r e c o m b i n a t i o n r e a c t i o n , k , o f 4.1 x 10 M S ± 10% a t ' o n ' 

20°C w h i c h i s i n e x c e l l e n t a g r e e m e n t w i t h p u b l i s h e d l i t e r a t u r e 



5.0 -i 

F i g u r e I V . 2 1 P l o t s o f t ^ vs. k 0 b s d a t a f r o m k i n e t i c 
Runs 1, 2 and 3 f o r t h e m y o g l o b i n - C O s y s t e m . 

to 
Ul 
oo 



F i g u r e IV.22 P l o t o f kobg vs. CO c o n c e n t r a t i o n d a t a f r o m 
k i n e t i c Runs 1, 2 and 3 f o r t h e m y o g l o b i n - C O 
s y s t e m . 

to 



6.75i 

6.00-1 1 1 1 1 1 1 r 
0 1 2 3 4 5 6 7 

Kinetic Run Substeps 

F i g u r e IV.23 F l u c t u a t i o n i n p r o t e i n c o n c e n t r a t i o n d u r i n g 
k i n e t i c Runs 1, 2 and 3 f o r t h e m y o g l o b i n - C O 
s y s t e m . 

as o 
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T a b l e I V . 9 

K i n e t i c C o n s t a n t s o b t a i n e d f o r t h e R e a c t i o n o f CO w i t h 

F e r r o u s M y o g l o b i n a t 20°C. 

K i n e t i c 
Run 

[ P r o t e i n ] 
( M ) 

k (a) on 
( M " 1 S - 1 ) 

k Q f f ( a ) 

( S _ 1 ) 

K c o ( b > 
( M _ 1 ) 

1 6 . 1 9 x l 0 ~ 6 4 .0±0.2xl0 5 80±10 5 . 0 x l 0 3 

4 .l±0.2xl0 5 70±15 5 . 9 x l 0 3 

2 6 . 4 3 x l 0 ~ 6 4 .2±0.3xl0 5 70±30 6 . 0 x l 0 3 

4 .0±0.4xl0 5 75±20 5 . 3 x l 0 3 

3 6 . 6 2 x l 0 ~ 6 4 .5±0.2xl0 5 50±10 9 . 0 x l 0 3 

4 .0±0.3xl0 5 70±20 5 . 7 x l 0 3 

a) The u p p e r k i n e t i c c o n s t a n t s f o r e a c h k i n e t i c r u n was 
o b t a i n e d f r o m a l e a s t s q u a r e s f i t o f t h e a n a l o g c o n v e r t e r -
d e r i v e d k Q k s v a l u e s vs. CO c o n c e n t r a t i o n d a t a ; t h e l o w e r 
k i n e t i c c o n s t a n t f r o m t h e c o m p u t e r - d e r i v e d k k S v a l u e s vs. 

CO c o n c e n t r a t i o n p l o t s . Q u o t e d e r r o r s o b t a i n e d f r o m l e a s t 
s q u a r e s f i t o f k^.g vs. CO c o n c e n t r a t i o n d a t a . 

b) E q u i l i b r i u m c o n s t a n t , K c o , c a l c u l a t e d f r o m t h e e x p r e s s i o n 
Kco = k

0 / k Q f f E s t i m a t e d e r r o r , ± 4 0%. 
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d a t a o b t a i n e d b e t w e e n 4-24°C o f f r o m 3.0-5.0 x 10 M S . 09, 

15 1,13 3/j T h e a v e r a g e k C J Z v a l u e o f 6 9 S _ 1 ± 30% a t 20°C c a n be 
J o f f 

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

0.02S 1 . 1 0 9 The a p p a r e n t l y i n a c c u r a t e k v a l u e l e a d s t o a c a l -
r t r 2 o f f 

3 - 1 
c u l a t e d e q u i l i b r i u m c o n s t a n t , Kco o f 6.2 x 10 M w h i c h i s com-

•7 —1 
p a r a b l e w i t h t h e - p u b l i s h e d v a l u e o f .2.7 x 10 M . . 1 0 9 C l e a r l y t h e 
m e t hod d e s c r i b e d f o r t h e d e t e r m i n a t i o n o f k i s u n r e l i a b l e ; 

o f f 

t h e v a l u e o f k Q f f h a s t o be o b t a i n e d by an i n d e p e n d e n t m ethod 

( i . e . s t o p p e d - f l o w a n a l y s i s ) . The a p p a r e n t e n h a n c e d o f f 

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

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

w i t h h i g h quantum y i e l d ; 1 0 9 t h e m o n i t o r i n g o f t h e r e a c t i o n 

a t t h e 432nm p o s i t i o n c o u l d t h e n i n p r i n c i p l e e n h a n c e t h e 

o f f r a t e . The d e t e r m i n a t i o n o f k Q n f o r t h e C O - m y o g l o b i n 

s y s t e m was a p p a r e n t l y q u i t e a c c u r a t e a n d s e r v e d t o show t h a t 

t h e f l a s h u n i t c o u l d be u t i l i z e d f o r t h e s t u d y o f t h e P450cam-

CO s y s t e m s . 
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IV.4.3 S t u d y o f t h e R e a c t i o n o f CO w i t h t h e F e r r o u s S t a t e  
o f N a t i v e C y t o c h r o m e P450cam by F l a s h P h o t o l y s i s 

K i n e t i c d a t a f o r t h e r e a c t i o n o f CO w i t h t h e f e r r o u s 

s t a t e o f n a t i v e s u b s t r a t e - b o u n d c y t o c h r o m e P450cam w e r e 

c o l l e c t e d a t 20°C i n a f a s h i o n s i m i l a r t o t h a t u s e d f o r t h e 

m y o g l o b i n s y s t e m u s i n g t h r e e d i f f e r e n t enzyme s o l u t i o n s ( s e e 
— 6 

a b o v e ) ; p r o t e i n c o n c e n t r a t i o n s w e r e f i x e d a t 8.59x10 M ± 
-3 

2% a n d CO c o n c e n t r a t i o n s r a n g e d f r o m 0.2-1.0x10 M. The 

r e s u l t s f r o m k i n e t i c Run 3 a r e a n a l y z e d i n d e t a i l b e l o w and 

c o m p a r e d w i t h t h e o t h e r two k i n e t i c r u n s as w e l l a s w i t h t h e 

m y o g l o b i n s y s t e m . Raw d a t a f o r k i n e t i c Run 3 ( i . e . e x p o n e n t i a l 

d e c a y c u r v e s , l i n e a r r a t e p l o t s a n d s p e c t r a l d a t a ) a r e shown 

i n A p p e n d i x IV.b and t a b u l a t e d i n T a b l e IV.10; k i n e t i c d a t a 

f r o m Runs 1 and 2 a r e t a b u l a t e d i n T a b l e s IV.11 and IV.12. 

F i g u r e IV.24 shows a t y p i c a l s e t o f k i n e t i c d a t a f r o m 

k i n e t i c Run 3 f o r t h e n a t i v e P4 50cam-CO s y s t e m o b t a i n e d a t a 
— 6 

p r o t e i n c o n c e n t r a t i o n o f 8.75x10 M and a CO c o n c e n t r a t i o n o f 
-4 

8.60x10 M; F i g u r e IV.24A shows t h e e x p o n e n t i a l d e c a y c u r v e 

f o r t h e r e a c t i o n o f CO w i t h t h e f e r r o u s s t a t e o f n a t i v e P4 50cam 

w h i l e F i g u r e IV.24B g i v e s t h e c o r r e s p o n d i n g l i n e a r r a t e p l o t . 

The i n t e r a c t i o n o f CO w i t h f e r r o u s P450cam was m o n i t o r e d a t 

442nm by o b s e r v i n g t h e i n c r e a s e i n i n t e n s i t y o f t h e edge o f 

t h e 445nm S o r e t b a n d o f t h e f e r r o u s - C O c o m p l e x ; F i g u r e IV.24A 

shows t h e e x p o n e n t i a l d e c a y c u r v e f o r t h e p r o c e s s . The 4-45nm 

pe a k was c h o s e n t o m o n i t o r t h e r e c o m b i n a t i o n r e a c t i o n s i n c e 

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

p r o t e i n c o n c e n t r a t i o n s o f = l x l O _ 5 M ( s e e S e c t i o n I I I . 5 . 3 . 3 ) . 



A ) FLASH PHOTOLYSIS EXPERIMENTS 

Sample D e s c r i p t i o n : N a t i v e P450cam-CO complex 

Temperature: 20±0.2°C 

M o n i t o r i n g Wavelength: 442nm 

Data Table 

Run P l o t 
Form 

Cary 
O.D. 

F l a s h 
U n i t 
V o l t . 

P T 
(mm Hg; 

V 
(nun Hg 

PCO 
(mm Hg 

IC O l x l O 4 

(m/L) 
H a l f 
L i f e 
(msec) 

3.2 Exp. 
Decay 0.975 0.980 650 17.5 633 8.60 9.3 

TIME (msec) 

> • 
8 
•D -0.15 
09 

> 
z o 
m 
-0.3O 

/ * 4 

/ i 

• * 

V e r t i c a l Amplitude: 0.05 
( v o l t s / d i v ) 

Sweep Time: 10 
(msec/div) 

Half L i f e Data 

H a l f L i f e « V e r t i c a l Drop 
( v o l t s ) 

H o r i z o n t a l 
Sweep (msec) 

0 0.32 0 
1 0.16 9 (9) 
2 0.08 18 (9) 
3 0.04 27 (9) 
4 0.02 37 (10) 

J FLASH PHOTOLYSIS EXPERIMENTS 

Sample D e s c r i p t i o n : Native P450cam-CO complex 

Temper a tur e: 2 0 ± 0.2 °C 

Data Table 

Run P l o t 
Form 

Cary 
O.D. 

F l a s h 
U n i t 
V o l t . 

P T 
(mm Hg] (mm Hg] 

PCO 
(mm Hg] 

[COJxlO 4 

(m/L) 
k o b s 

(msec -*) 

3.2 Rate 
P l o t 0.975 0.980 650 17 .5 633 8.60 7 . l x l 0 ~ 2 

TIME (msec) 

4X> 

r 

i 

• 

V e r t i c a l Amplitude: 0.1 
( v o l t s / d i v ) 

Sweep Time: 1.0 
(msec/div) 

Slope (mean) Slope (max) Slope (min) Leas t Squares 
X Y X Y X Y A n a l y s i s 

(msec} (vo l t s ) (msec) ( v o l t s ) (msec) (v o l t s ) 

0 -0.370 0 -0.370 0 -0.360 m:7.1xl0 2msec~ 

1.0 
y - i n t e r c e p t : 

1.0 -0.295 1.0 -0.295 1.0 -0.295 
- 3 . 7 x l 0 _ 1 

2.0 -0.230 2.0 -0.230 2.0 -0.230 
6y: 1.9xl0~ 3 

3.0 -0.155 3.0 -0.150 3.0 -0.160 
6m:7.7xl0 msec 

4.0 -0.085 4.0 -0.075 4.0 -0.090 
5.0 -0.015 5.0 -0.005 5.0 -0.025 

F i g u r e I V . 2 4 T y p i c a l s e t o f k i n e t i c d a t a o b t a i n e d f r o m 
k i n e t i c Run 3 f o r t h e r e a c t i o n o f CO w i t h 
t h e f e r r o u s , s u b s t r a t e - b o u n d s t a t e o f n a t i v e 
c y t o c h r o m e P450cam; (A) shows t h e e x p o n e n t i a l 
d e c a y c u r v e w h i l e (B) g i v e s t h e c o r r e s p o n d i n g 
l i n e a r r a t e p l o t . 
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T a b l e I V . 1 0 

K i n e t i c D a t a f r o m k i n e t i c Run 3 f o r t h e R e a c t i o n o f CO 

w i t h t h e F e r r o u s S t a t e o f N a t i v e S u b s t r a t e - b o u n d , 

C y t o c h r o m e P450cam a t 20°C. 

Run [ C O ] x l 0 4 

(M) S 
(msec) 

(a) 

k . x l O 2 

o b s 
(msec ) 

(a) 

k , x l O 2 

o b s 
(msec ) 
'.(b) 

(msec) 
(c) 

k , x l O 2 

o b s 
(msec ) 

(c) 

3.1 9.96 8.5 8.2 7.1 8.0 8.7 

3.2 8.60 9.3 7.5 7.1 8.9 7.8 

3.3 7 .24 10 - 6.9 5.9 9.9 7.0 

3.4 5.88 12. 5.8 5.3 11 6.3 

3.5 4.52 14 5.0 •4.3 14 4.9 

3.6 3 .16 21 3.3 3.1 21 3.3 

3.7 2 .48 27 2.7 3.0 28 2.5 

a) D e t e r m i n e d d i r e c t l y f r o m t h e a b s o r b a n c e y s . t i m e p l o t s ; 
k o b s v a l u e s d e t e r m i n e d u s i n g t h e r e l a t i o n s h i p k = l n 2 

b) D e t e r m i n e d e x p e r i m e n t a l l y f r o m t h e I n ( A - A e ) vs. t i m e p l o t s 
via t h e a n a l o g c o n v e r t e r . 

c ) D e t e r m i n e d e x p e r i m e n t a l l y o v e r a p p r o x i m a t e l y f o u r h a l f - l i v e s 
o f t h e a b s o r b a n c e vs. t i m e p l o t s b y c o m p u t e r a n a l y s i s ; R e f . 1 6 8 . 
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T a b l e I V . 1 1 

K i n e t i c D a t a ^ a ^ f r o m k i n e t i c Run 1 f o r t h e R e a c t i o n o f CO 

w i t h t h e F e r r o u s S t a t e o f N a t i v e S u b s t r a t e - b o u n d , C y t o c h r o m e 

P450cam a t 20°C. 

Run { C O ] x l 0 4 

CM) 
S 
(msec) 
(b) 

k , x l O 2 

o b s _^ 
(msec ) 

(b) 

k , x l O 2 

o b s _ 1 

(msec ) 
(c) 

% 
(msec) 
(d) 

k , x l O o b s 
(msec ) 

(d) 

1.1 9.96 11 6.3 5.5 10.6 6.5 

1.2 8 .60 12 5.8 5.9 10 6.7 

1.3 7 .24 13 5.3 5.2 13 5.3 

1.4 5.88 14 5.0 4.5 16 4.4 

1.5 4 .52 18 3 .9 3.7 18 3.9 

1.6 3 .16 22 3.2 3.5 21 3.3 

1.7 2.48 30 2.3 2.7 30 2.4 

a) K i n e t i c d a t a o b t a i n e d a t a f i x e d p r o t e i n c o n c e n t r a t i o n o f 
— 6 

8.42x10 M. K i n e t i c c o n s t a n t s a r e t a b u l a t e d i n T a b l e I V . 1 3 . 
b) D e t e r m i n e d d i r e c t l y f r o m t h e a b s o r b a n c e y s . t i m e p l o t s ; k , 

v a l u e s d e t e r m i n e d u s i n g t h e r e l a t i o n s h i p k = l n 2 
H 

c ) D e t e r m i n e d e x p e r i m e n t a l l y f r o m t h e I n .(A-Ae) vs. t i m e p l o t s 
via t h e a n a l o g c o n v e r t e r . 

d) D e t e r m i n e d e x p e r i m e n t a l l y o v e r a p p r o x i m a t e l y f o u r h a l f - l i v e s 
o f t h e a b s o r b a n c e vs. t i m e p l o t s by c o m p u t e r a n a l y s i s ; R e f . 1 6 8 . 
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T a b l e I V . 1 2 

K i n e t i c D a t a ' a ' f r o m k i n e t i c Run 2 f o r t h e R e a c t i o n o f CO 

w i t h t h e F e r r o u s S t a t e o f N a t i v e S u b s t r a t e - b o u n d > C y t o c h r o m e 

P450cam a t 20°C. 

Run [ C O J x l O 4 

(M) % 
(msec) 
(b) 

k , x l O 2 

o b s 

(msec "*") 
(b) 

k , x l O 2 

obs 

(msec "*") 
(c) 

% 
(msec) 
(d) 

k , x l O 2 

o b s 

(msec ) 
; (d) 

2.1 9. 96 10 6.9 6.8 9.2 7.5 

2.2 8.60 9.3 7.5 6.8 9.4 7.4 

2.3 •7 .24 11 6.3 5.9 11 6.5 

2.4 5.88 13 5.3 5.0 12 5.8 

2.5 4 .52 15 4.6 4.1 15 4.7 

2.6 3.16 19 3.7 4.0 19 3.7 

2.7 2.48 28 2.5 2.8 27 2.5 

a) K i n e t i c d a t a o b t a i n e d a t a f i x e d p r o t e i n c o n c e n t r a t i o n 
o f 8 . 4 2 x l O ~ 6 M . K i n e t i c D a t a a r e t a b u l a t e d i n T a b l e I V . 1 3 

b) D e t e r m i n e d d i r e c t l y f r o m t h e a b s o r b a n c e vs. t i m e p l o t s ; 
k o b s v a l u e s d e t e r m i n e d u s i n g t h e r e l a t i o n s h i p k = l n 2 

c) D e t e r m i n e d e x p e r i m e n t a l l y f r o m t h e I n (A-Ae) vs. t i m e p l o t s 
via t h e a n a l o g c o n v e r t e r . 

d) D e t e r m i n e d e x p e r i m e n t a l l y o v e r a p p r o x i m a t e l y f o u r h a l f - l i v e s 
o f t h e a b s o r b a n c e vs. t i m e p l o t s by c o m p u t e r a n a l y s i s ; R e f . 1 6 8 . 
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The v o l t a g e m e a s u r e d on t h e f l a s h u n i t a t 442nm was e q u i v a l e n t 

t o t h e a b s o r b a n c e o f t h e P450cam-CO c o m p l e x a t t h e same wave

l e n g t h ( s e e i n i t i a l P450cam-CO s p e c t r u m , A p p e n d i x I V . 6 ) and 

t h e i n i t i a l a b s o r b a n c e o n t h e a b s o r b a n c e vs. t i m e p l o t o f 

F i g u r e I V . 2 4 A (=-0.3) r e p r e s e n t e d =30% p h o t o d e c o m p o s i t i o n o f 

t h e P450cam-CO c o m p l e x ( s e e S e c t i o n I I I . 5 . 3 . 4 ) . B a s e d on t , 

h a l f - l i f e d a t a o b t a i n e d d i r e c t l y f r o m t h e a b s o r b a n c e vs. t i m e 

c u r v e s , t h e r e a c t i o n o f CO w i t h t h e f e r r o u s s t a t e o f n a t i v e 

P450cam a p p r o x i m a t e d a f i r s t - o r d e r p r o c e s s ( s e e H a l f - L i f e 

D a t a t a b l e F i g u r e I V . 2 4 A ) . C o m p u t e r a n a l y s i s 1 6 8 o f t h e 

e x p o n e n t i a l d e c a y c u r v e s a l s o i n d i c a t e d a p s e u d o f i r s t - o r d e r 

d e p e n d e n c e on h e m o p r o t e i n c o n c e n t r a t i o n and g a v e t , v a l u e s 

i n good a g r e e m e n t ( w i t h i n 10%) o f t h o s e d e r i v e d d i r e c t l y 

f r o m t h e e x p o n e n t i a l d e c a y c u r v e ( s e e T a b l e I V . 1 0 ) ; s i m i l a r 

r e s u l t s w e r e o b s e r v e d f o r k i n e t i c Runs 1 and 2 ( T a b l e s I V . 1 1 

and I V . 1 2 , r e s p e c t i v e l y ) . C o m p a r i s o n o f t h e h a l f - l i f e d a t a 

shows a n =20% v a r i a t i o n i n t h e t , v a l u e s b e t w e e n k i n e t i c r u n s 
h 

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

s y s t e m ( s e e T a b l e I V . 6 . 1 , IV.7 a n d i y . 8 ) i n d i c a t e s a b o u t a 6 - f o l d 

d e c r e a s e i n t h e h a l f - l i f e o f t h e r e a c t i o n o f CO f o r t h e P450cam 

s y s t e m . 

A n a l y s i s o f t h e e x p o n e n t i a l d e c a y d a t a ( F i g u r e IV.24A) via 

r e l a t i o n s h i p I V . 1 g a v e t h e l i n e a r a n a l o g c o n v e r t e r - d e r i v e d 

l n ( A - A e ) vs. t i m e p l o t s shown i n F i g u r e I V . 2 4 B ; t h e v a r i a t i o n 

o f t h e p l o t s w i t h CO c o n c e n t r a t i o n f o r k i n e t i c Run 3 i s shown 

i n F i g u r e I V . 2 5 . The l n ( A - A e ) vs. t i m e p l o t s w e r e l i n e a r f o r 

a l l k i n e t i c r u n s b u t r e p r e s e n t e d o n l y -0.5 h a l f - l i v e s o f t h e 

a b s o r b a n c e vs. t i m e c u r v e s ( s e e F i g u r e IV.24B) due t o l i m i t a t i o n s 



Time (msec) 

F i g u r e I V . 2 5 V a r i a t i o n i n t h e s l o p e o f t h e l n ( A - A e ) vs. 
t i m e p l o t s w i t h c h a n g e s i n CO c o n c e n t r a t i o n 
f o r k i n e t i c Run 3 o f t h e n a t i v e P4 5 0cam-CO 
s y s t e m . 



. 27 0 

o f t h e f l a s h u n i t o s c i l l o s c o p e ; l o n g e r sweep t i m e s r e s u l t e d i n 

n o i s y a n d b a d l y s m e a r e d l n ( A - A e ) vs. t i m e p l o t s . A l e a s t s q u a r e s 

f i t 1 6 8 o f d a t a p o i n t s t a k e n f r o m t h e maximum, minimum and mean 

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

by =25% f r o m b o t h t h e k , v a l u e s c a l c u l a t e d f r o m t h e t , v a l u e s 
J o b s •• % 

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

c o m p u t e r - d e r i v e d k b s v a l u e s ( s e e T a b l e s I V . 1 0 , I V . 1 1 and I V . 1 2 ) ; 

t h e c a l c u l a t e d a n d c o m p u t e r - d e r i v e d v a l u e s o n t h e o t h e r 

h and v a r i e d by o n l y 1 0 % . P l o t s o f t h e t , v a l u e s o b t a i n e d d i r e c t l y 

f r o m t h e a b s o r b a n c e vs. t i m e p l o t s vs. k ^ g 1 d a t a f r o m t h e a n a l o g 

d e v i c e g a v e s t r a i g h t l i n e s o f s l o p e 0.93±0.07, 0.87±0.06 and 

0. 84±0.01 f o r k i n e t i c Runs 1, 2 and 3, r e s p e c t i v e l y ( s e e F i g u r e 

I V . 2 6 ) , w h i l e t h e a n a l o g o u s s t r a i g h t l i n e p l o t s f o r t h e c o m p u t e r -

d e r i v e d k ^ s v a l u e s g a v e s l o p e s t h a t w e r e much c l o s e r t o t h e 

e x p e c t e d v a l u e s o f l n 2 f o r a f i r s t - o r d e r r e a c t i o n ; k i n e t i c Runs 

1, 2 and 3 g a v e s l o p e s o f 0.73±0.01, 0.67±0.02 and 0.70±0.01, 

r e s p e c t i v e l y ( s e e F i g u r e I V . 2 6 ) . I n s p e c t i o n o f t h e t ^ vs. k Q b s
 1 

g r a p h s i n F i g u r e s I V . 2 6 a nd IV.2 7 a l s o showed l e s s d e v i a t i o n i n 

t h e p l o t s b e t w e e n k i n e t i c r u n s f o r t h e c o m p u t e r - d e r i v e d k Q ^ s d a t a . 

S i n c e t h e c o m p u t e r a n a l y s i s o f t h e a b s o r b a n c e vs. t i m e p l o t s 

a p p e a r e d t o g i v e more r e l i a b l e a n a l y s i s o f t h e e x p o n e n t i a l d e c a y 

d a t a , t h e k i n e t i c c o n s t a n t s f o r t h e r e a c t i o n o f CO w i t h f e r r o u s 

P450cam w e r e d e r i v e d f r o m t h e c o m p u t e r - d e r i v e d k , v a l u e s . T hese 
obs 

k o b s v a l u e s v a r i e d by =20% b e t w e e n k i n e t i c r u n s a n d were a g a i n 

a p p r o x i m a t e l y 6 t i m e s s m a l l e r t h a n t h e c o r r e s p o n d i n g k Q ^ g v a l u e s 

f o r t h e m y o g l o b i n - C O s y s t e m ( s e e T a b l e s I V . 6 . 1 , IV.7 a n d . I V . 8 ) . 

S u b s e q u e n t p l o t t i n g o f t h e c o m p u t e r - d e r i v e d k Q b s v a l u e s vs. CO 



10 20 30 

K0bs 1 (msec) 

40 

-1 F i g u r e I V . 2 6 P l o t o f t% vs. a n a l o g - d e r i v e d k b " v a l u e s 
f r o m k i n e t i c Runs 1, 2 a n d 3 f o r t h e n a t i v e 
P450cam-CO s y s t e m . 



10 20 40 

Kobs1 (msec) 

F i g u r e IV.27 P l o t s o f t vs, 
-1 c o m p u t e r - d e r i v e d k 0 k s 

f o r k i n e t i c Runs 1, 2 and 3 f o r t h e n a t i v e 
P450cam-CO s y s t e m . 

v a l u e s to 
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c o n c e n t r a t i o n s ( F i g u r e I V . 2 8 ) g a v e s t r a i g h t l i n e s i n a c c o r d a n c e 
w i t h e q u a t i o n I V . 2 a n d a l l o w e d f o r t h e d e t e r m i n a t i o n o f t h e k i n e t i c 

c o n s t a n t s f o r t h e i n t e r a c t i o n o f CO w i t h t h e f e r r o u s s t a t e o f 

n a t i v e , s u b s t r a t e - b o u n d , c y t o c h r o m e P450cam ( T a b l e I V . 1 3 ) . The 

s m a l l e r f l u c t u a t i o n i n d a t a p o i n t s o f t h e k , u s . CO c o n c e n t r a t i o n 
^ o b s 

p l o t f o r k i n e t i c Run 3 was l i k e l y due t o t h e s t a b i l i t y o f t h e 

p r o t e i n c o n c e n t r a t i o n t h r o u g h o u t t h e r u n as i n d i c a t e d i n F i g u r e 

I V . 2 9 . A n a l y s i s o f t h e d a t a i n T a b l e I V . 1 3 g i v e s a n a v e r a g e 

v a l u e f o r t h e s e c o n d - o r d e r r a t e c o n s t a n t f o r t h e r e c o m b i n a t i o n 
o f CO w i t h f e r r o u s s u b s t r a t e - b o u n d P450cam a t 20°C o f 

4 - 1 - 1 

6.8x10 M S ± 20% w h i c h i s c o m p a r a b l e w i t h p u b l i s h e d l i t e r 

a t u r e v a l u e s o b t a i n e d f o r t h e s u b s t r a t e - b o u n d enzyme via f l a s h 

p h o t o l y s i s ( 3 . 5 x l 0 4 M _ 1 S - 1 a t 1 2 ° C 1 3 3 e a n d 8 . 0 - 2 3 x l 0 4 M ~ 1 S ~ 1 

b e t w e e n 5 and 2 5 ° C 3 0 ) and via s t o p p e d - f l o w a n a l y s i s 

(.3 . 8 x l 0 4 M ~ 1 S ~ 1 a t 4 ° C 3 3 c a n d 2 .2-3 . 6 x l 0 5 M - 1 S - 1 b e t w e e n 20 and 

2 5 ° C 1 0 ' 1 3 3 a ) . C o m p a r i s o n o f t h e k v a l u e s d e t e r m i n e d f o r t h e 
5 -1 -1 

m y o g l o b x n and s u b s t r a t e - b o u n d P450cam (4.1x10 M S u s . 
4 -1 -1 

6.8x10 M S ) i n d i c a t e s t h a t t h e f e r r o u s s t a t e o f m y o g l o b i n 

r e a c t s a p p r o x i m a t e l y 6 t i m e s f a s t e r w i t h CO t h a n d o e s t h e 

P450cam s y s t e m ; t h e camphor s u b s t r a t e i s t h o u g h t o r e s t r i c t 

a c c e s s o f t h e CO m o l e c u l e t o t h e heme m o i e t y i n t h e P450cam 

enzymes ( s e e S e c t i o n I I . 5 ) . The f i r s t - o r d e r r a t e c o n s t a n t f o r 

t h e d i s s o c i a t i o n o f CO f r o m l i g a n d - b o u n d P450cam i n t h e p r e s e n c e 

o f s u b s t r a t e a t 20°C o f 12 ± 20% c a n be c o m p a r e d w i t h t h e 

s t o p p e d f l o w m e a s u r e m e n t s o f 1.7S 1 and 2.8S 1 b e t w e e n 20 and 

2 4 ° C . 1 0 ' 1 3 3 a On a n a l o g y w i t h t h e m y o g l o b i n s y s t e m , w h i c h a l s o 

showed e n h a n c e m e n t o f t h e k^^.^ v a l u e , t h e m o n i t o r i n g l i g h t a t 



F i g u r e I V . 28 P l o t s o f k ^ g vs. CO c o n c e n t r a t i o n s f o r k i n e t i c 
Runs 1, 2 and 3 f o r t h e s u b s t r a t e - b o u n d n a t i v e 
P450cam-CO s y s t e m . 



Kinetic RunSubsteps 

F i g u r e I V . 2 9 F l u c t u a t i o n i n p r o t e i n c o n c e n t r a t i o n t h r o u g h o u t 
k i n e t i c Runs 1, 2 and 3 f o r t h e n a t i v e P450cam 
s y s t e m . 
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44 2nm a p p e a r s t o h a v e e n h a n c e d t h e p h o t o d e c o m p o s i t i o n r a t e o f 

CO-bound h e m o p r o t e i n . The r e s u l t i n g e q u i l i b r i u m c o n s t a n t , K c o , 

a t 20°C o f 6 . 0 x l 0 3 M 1 i s t h u s a p p a r e n t l y l o w when c o m p a r e d 
5 -1 

w i t h t h e l i t e r a t u r e v a l u e o f 1.3x10 M o b t a i n e d a t t h e same 

t e m p e r a t u r e . " 
T a b l e I V . 1 3 

K i n e t i c C o n s t a n t s o b t a i n e d f o r t h e R e a c t i o n o f CO w i t h t h e 

F e r r o u s S t a t e o f N a t i v e S u b s t r a t e - b o u n d C y t o c h r o m e P4 50cam 

a t 20°C. 

K i n e t i c 
Run 

[ P r o t e i n ] 
(M) 

k (c) on 
( M - 1 S _ 1 ) 

k o f f ( c > 
( S _ 1 ) 

Kco'<b>' 

1 8 . 4 2 x l 0 ~ 6 5.7±0.5xl0 4 13±3 4 . 4 x l 0 3 

2 8 . 6 0 x l 0 ~ 6 6 .6±0.7xl0 4 15±4 4 . 4 x l 0 3 

3 8 . 7 5 x l 0 ~ 6 8 .2±0.6xl0 4 9±4 9 . 1 x l 0 3 

a) K i n e t i c c o n s t a n t s o b t a i n e d f r o m t h e c o m p u t e r a n a l y s i s 
o f t h e a b s o r b a n c e vs. t i m e p l o t s . 

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

Kco = k
o n . E s t i m a t e d e r r o r , ± 4 0 % . 

o f f 

c) Q u o t e d 
o f t h e 

s q u a r e s a n a l y s i s 
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IV.4.4 Study of the Reaction of CO wit h the Ferrous S u b s t r a t e -
bound S t a t e of P r o t o h e m i n - r e c o n s t i t u t e d Cytochrome  
P450cam by F l a s h P h o t o l y s i s 

K i n e t i c data f o r the r e a c t i o n of CO w i t h the f e r r o u s 

substrate-bound s t a t e o f p r o t o h e m i n - r e c o n s t i t u t e d cytochrome 

P450cam were c o l l e c t e d a t 20°C on three d i f f e r e n t r e c o n s t i t u t e d 

p r o t e i n samples; p r o t e i n c o n c e n t r a t i o n s were f i x e d a t 7.50x10 
-3 

± 5% and the CO c o n c e n t r a t i o n s v a r i e d from 0.2 - 1.0x10 M. 

T y p i c a l data from k i n e t i c Run 2 f o r the r e c o n s t i t u t e d P450cam 

system are analyzed i n d e t a i l below along w i t h comparison with 

analogous data from k i n e t i c Runs 1 and 3 f o r the r e c o n s t i t u t e d 

enzyme system and the r e s u l t s from the myoglobin and n a t i v e 

substrate-bound P450cam system d e s c r i b e d above (see S e c t i o n s 

IV.4.2 and IV.4.3 r e s p e c t i v e l y ) . Raw data f o r k i n e t i c Run 2 

f o r r e c o n s t i t u t e d P450cam ( i . e . e x p o n e n t i a l decay curves, l i n e a r 

r a t e p l o t s and s p e c t r a l data) are gi v e n i n Appendix IV.c and 

t a b u l a t e d i n Table IV.14; k i n e t i c data f o r k i n e t i c Runs 1 and 

3 are t a b u l a t e d i n Tables IV.15 and IV.16 r e s p e c t i v e l y . 

F i g u r e IV.30 shows a t y p i c a l s e t of k i n e t i c data from 

k i n e t i c Run 2 f o r the r e a c t i o n o f CO w i t h the f e r r o u s - r e c o n s t i t u t e d 
P450cam system a t a f i x e d p r o t e i n c o n c e n t r a t i o n of 7.50x10 M and 

-4 

CO c o n c e n t r a t i o n of 7.24x10 M. The absorbance vs. time t r a c e 

shown i n F i g u r e IV.30A was obtained by f o l l o w i n g the i n c r e a s e 

i n i n t e n s i t y of the ferrous-CO adduct of the r e c o n s t i t u t e d 

enzyme a t 442nm as d e s c r i b e d f o r n a t i v e P450cam (see S e c t i o n 

IV.4.3) and d i r e c t p r o p o r t i o n a l i t y was again observed between 

the s p e c t r a l absorbance and the f l a s h u n i t v o l t a g e of the f e r r o u s -



A ) FLASH PHOTOLYSIS EXPERIMENTS 

Sample D e s c r i p t i o n : P r o t o h e m i n - r e c o n s t i t u t e d P450cam-CO complex 

Temperature: 2 0± 0.2°C 

M o n i t o r i n g Wavelength: 442nm 

Data Table 

Run P l o t 
Form 

Cary 
O.D. 

F l a s h 
U n i t 
V o l t . 

P T 
(mm Hg! 

V 
(nun Hg! 

PCO 
(mm Hg 

[COl x l O 4 

(m/L) 
Ha l f 
L i f e 
(msec) 

2.3 Exp. 
Decay 0.824 0.820 550 17.5 533 7.24 13 

TIME (msec) 
40 

• 

> 
Z 

n 

9 0 V e r t i c a l Amplitude: 0.05 
( v o l t s / d i v ) 

Sweep Time: 10 
(msec/div) 

H a l f L i f e Data 

H a l f L i f e t V e r t i c a l Drop 
( v o l t s ) 

H o r i z o n t a l 
Sweep (msec) 

0 0.300 0 
1 0.150 11.5 (12) 
2 0.075 23 (11) 
3 0.038 36 (13) 
4 0.019 50 (14) 

FLASH PHOTOLYSIS EXPERIMENTS 

Sample D e s c r i p t i o n : P r o t o h e m i n - r e c o n s t i t u t e d P450cam-co complex 

Temperature: 20±0.2°C 

Data Table 

Run P l o t 
Form 

Cary 
O.D. 

F l a s h 
U n i t 
V o l t . 

P T 
(mm Hg! 

V 
(mm Hg) 

PCO 
(mm Hg] 

[COlxlO 4 

(m/L) 
k o b s 

(msec -*) 

2.3 Rate 
P l o t 0.824 0.820 550 17.5 533 7.24 5 . 3 x l 0 " 2 

> 

V e r t i c a l Amplitude: 0.1 
( v o l t s / d i v ) 

Sweep Time: 0.5 
(msec/div) 

Slope (mean) Slope (max) Slope (min) 
X 

(msec) 
Y 

( v o l t s ) 
X 

(msec) 
y 

( v o l t s ) 
X 

(msec) 
Y 

(v o l t s ) 

0 -0.300 0 -0.305 0 -0.280 
0.5 -0.265 0.5 -0.270 0.5 -0.260 
1.0 -0.240 1.0 -0.245 1.0 -0.240 
1.5 -0.210 1.5 -0.210 1.5 -0.210 
2.0 -0.190 2.0 -0.190 2.0 -0.190 
2.5 -0.160 2.5 -0.155 2.5 -0.165 
3.0 -0.130 3.0 -0.130 3.0 -0.140 
3.5 -0.080 3.5 -0.070 3.5 -0.090 
4.0 -0.080 4.0 -0.070 4.0 -0.090 

Least Squares 
A n a l y s i s  

y - i n t e r c e p t : 

6y: 1.9x10 

6m:9.7xl0 msec 

F i g u r e I V . 3 0 T y p i c a l s e t o f k i n e t i c d a t a o b t a i n e d f r o m 
k i n e t i c Run 2 f o r t h e r e a c t i o n o f CO w i t h 
t h e f e r r o u s s u b s t r a t e - b o u n d s t a t e o f p r o t o 
h e m i n - r e c o n s t i t u t e d c y t o c h r o m e P4 50cam; 
(A) shows t h e e x p o n e n t i a l d e c a y c u r v e w h i l e 
(B) i n d i c a t e s t h e l i n e a r r a t e p l o t . 



T a b l e I V . 1 4 
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K i n e t i c D a t a 'from k i n e t i c Run 2 f o r t h e R e a c t i o n o f CO 

w i t h t h e F e r r o u s S u b s t r a t e - b o u n d S t a t e o f P r o t o h e m i n -

r e c o n s t i t u t e d C y t o c h r o m e P450cam a t 20°C. 

Run [ C O ] x l 0 4 

CM) 
(msec) 

(a) 

k , x l O 2 

o b s 

(msec ) 
(a) 

k , x l O 2 

o b s 

(msec ) 
.(b) 

\ 
(msec) 

(c) 

k , x l O 2 

o b s 

(msec ) 
(c) 

2.1 9. 96 10.5 6.6 6.6 10.6 6.7 

2.2 8 .60 11 6.3 6.1 11 6.3 

2.3 7 .24 13 5.3 5.3 13 5.2 

2.4 5.88 15 4.6 4.1 15 4.7 

2.5 4.52 18 3.9 3.5 18 3.9 

2.6 3 .16 25 2.8 2.3 24 2.9 

2.7 2 .48 30 2.3 1.4 30 2.3 

a) D e t e r m i n e d d i r e c t l y f r o m t h e a b s o r b a n c e vs. t i m e p l o t s ; 
k o b s v a l u e s d e t e r m i n e d u s i n g t h e r e l a t i o n s h i p k = l n 2 

b) D e t e r m i n e d e x p e r i m e n t a l l y f r o m t h e l n ( A - A e ) vs. t i m e p l o t s 
via t h e a n a l o g c o n v e r t e r . 

c ) D e t e r m i n e d e x p e r i m e n t a l l y o v e r a p p r o x i m a t e l y f o u r h a l f - l i v e s 
o f t h e a b s o r b a n c e vs. t i m e p l o t s b y c o m p u t e r a n a l y s i s ; R e f . 1 6 8 
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T a b l e I V . 1 5 

K i n e t i c D a t a ^ f r o m k i n e t i c Run 1 f o r t h e R e a c t i o n o f CO w i t h 

t h e F e r r o u s S u b s t r a t e - b o u n d S t a t e o f P r o t o h e m i n - r e c o n s t i t u t e d 

C y t o c h r o m e P4 50cam a t 2 0°C. 

Run [ C O l x l O 4 

(M) (msec) 
(b) 

k . x l O 2 

o b s 
(msec "*") 

(b) 

k' x l O 2 

o b s 
(msec ) 

(c) 
(msec) 
(d) 

k , x l O o b s 
(msec 1 

(d) 

1.1 9.96 10 6.9 7.0 10.5 7.4 

1.2 8 .60 11 6.3 6.1 11 6.6 

1.3 7 .24 12 5.8 5.4 13 5.7 

1.4 5.88 15 4.6 4.0 15 4.8 

1.5 4 .52 18 3.9 3.6 18 3.9 

1.6 3 .16 25 2.8 2.2 25 2.8 

1.7 2 .48 30 2.3 1.6 29 2.2 

2 

a) K i n e t i c D a t a d e t e r m i n e d a t a p r o t e i n c o n c e n t r a t i o n o f 
— 6 

7.80x10 M; k i n e t i c c o n s t a n t s a r e t a b u l a t e d i n T a b l e I V . 1 7 . 
b) D e t e r m i n e d e x p e r i m e n t a l l y f r o m t h e a b s o r b a n c e vs. t i m e p l o t s ; 

^ o b s V a - L u e s d e t e r m i n e d u s i n g t h e r e l a t i o n s h i p k = i n 2 

c) D e t e r m i n e d e x p e r i m e n t a l l y f r o m t h e l n ( A - A e ) vs. t i m e p l o t s 
via t h e a n a l o g c o n v e r t e r . 

d) D e t e r m i n e d o v e r a p p r o x i m a t e l y f o u r h a l f - l i v e s o f t h e 
a b s o r b a n c e vs. t i m e p l o t s b y c o m p u t e r a n a l y s i s ; R e f . 1 6 8 . 
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T a b l e I V . 1 6 

(a) K i n e t i c D a t a f r o m k i n e t i c R u f k 3 f o r t h e R e a c t i o n o f CO 

w i t h t h e F e r r o u s S u b s t r a t e - b o u n d S t a t e o f P r o t o h e m i n - ; _• 

r e c o n s t i t u t e d C y t o c h r o m e P450cam a t 20°C. 

Run [ C O ] x l 0 4 

(M) (msec) 
(b) 

k . x l O 2 

o b s 
(msec ) 

(b) 

k . x l O 2 

o b s 
(msec ) 

(c) 

\ 
(msec) 

(d) 

k , x l O 2 

o b s 
(msec ) 

(d) 

Run [ C O ] x l 0 4 

(M) (msec) 
(b) 

k . x l O 2 

o b s 
(msec ) 

(b) 

k . x l O 2 

o b s 
(msec ) 

(c) 

3.1 9. 96 9.5 7.3 7.1 10 7.0 

3.2 8 .60 10 6.9 6.5 11 6.4 

3.3 7 .24 13 5.3 5.0 12 5.5 

3.4 5.88 14 5.0 4.5 14 4.8 

3.5 4 .52 17 4.1 3.8 18 4.0 

3.6 3.16 24 2.9 2.5 24 2.8 

3.7 2.48 30 2.3 1.3 30 2.3 

a) K i n e t i c d a t a o b t a i n e d a t a p r o t e i n c o n c e n t r a t i o n o f 
— 6 

7-;.2'0xl0 M; k i n e t i c c o n s t a n t s t a b u l a t e d i n T a b l e I V . 17. 

b) D e t e r m i n e d e x p e r i m e n t a l l y f r o m t h e a b s o r b a n c e y s . t i m e p l o t s ; 
k , v a l u e s d e t e r m i n e d u s i n g t h e r e l a t i o n s h i p k = l n 2 o b s ^ c — — 

c) D e t e r m i n e d e x p e r i m e n t a l l y f r o m t h e I n (A-Ae) vs. t i m e p l o t s 
via t h e a n a l o g c o n v e r t e r . 

d) D e t e r m i n e d o v e r a p p r o x i m a t e l y f o u r h a l f - l i v e s o f t h e 
a b s o r b a n c e vs. t i m e p l o t s by c o m p u t e r a n a l y s i s ; R e f . 1 6 8 . 
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CO a d d u c t a t 442nm (s e e D a t a T a b l e F i g u r e I V . 3 0 A ) . A s o b s e r v e d 

w i t h t h e m y o g l o b i n ( F i g u r e I V . 1 9 A ) and n a t i v e P4 50cam ( F i g u r e 

IV.24A) s y s t e m s , t h e i n i t i a l a b s o r b a n c e on t h e a b s o r b a n c e vs. 

t i m e p l o t r e p r e s e n t e d -30% p h o t o d e c o m p o s i t i o n o f t h e CO a d d u c t 

( F i g u r e I V . 3 0 A ) . B a s e d on t , h a l f - l i f e d a t a d e r i v e d d i r e c t l y 

f r o m t h e e x p o n e n t i a l d e c a y p l o t ( s e e H a l f - L i f e D a t a t a b l e 

F i g u r e IV.30A) and f r o m a s e p a r a t e c o m p u t e r a n a l y s i s o f t h e 

c u r v e ( s e e T a b l e I V . 1 4 ) t h e r e a c t i o n o f CO w i t h t h e f e r r o u s , 

s u b s t r a t e - b o u n d s t a t e o f p r o t o h e m i n - r e c o n s t i t u t e d P450cam 

a g a i n a p p r o x i m a t e d a f i r s t - o r d e r p r o c e s s , and t ^ v a l u e s d e r i v e d 

by b o t h m e t h o d s w e r e i n e x c e l l e n t a g r e e m e n t ( s e e T a b l e I V . 1 4 ) ; 

s i m i l a r r e s u l t s w e r e o b s e r v e d f o r k i n e t i c Runs 1 and 3 ( s e e 

T a b l e I V . 1 5 a n d I V . 1 6 r e s p e c t i v e l y ) . C o m p a r i s o n o f t h e h a l f -

l i f e d a t a f o r t h e r e c o n s t i t u t e d P450cam s y s t e m i n d i c a t e d a 

10% v a r i a t i o n i n t h e t , v a l u e s b e t w e e n k i n e t i c r u n s and 
h 

showed good a g r e e m e n t w i t h t , v a l u e s f o r t h e n a t i v e enzyme 

( s e e S e c t i o n I V . 4 . 3 ) ; t h e t , v a l u e s w e r e a g a i n a p p r o x i m a t e l y 

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

s y s t e m ( s e e T a b l e s i v . 6 . 1 , I V . 7 , a n d I V . 8 ) . 

A n a l y s i s o f t h e a b s o r b a n c e vs.time p l o t s via t h e a n a l o g 

c o n v e r t e r o f t h e f l a s h u n i t ( i n a c c o r d a n c e w i t h e q u a t i o n I V . 1 ) 

g a v e l i n e a r p l o t s ( k i n e t i c Run 2 d a t a g i v e n i n F i g u r e IV.30B) 

t h a t v a r i e d w i t h CO c o n c e n t r a t i o n ( F i g u r e I V . 3 1 ) ; h o w e v e r , 

s i n c e t h e p l o t s c o n t a i n e d o n l y up t o 0.5 h a l f - l i v e s o f t h e 

a b s o r b a n c e vs. t i m e p l o t s ( s e e F i g u r e I V . 3 0 B ) , t h e r e s u l t a n t 

k^bs v a l u e s c a l c u l a t e d f r o m t h e l i n e a r r a t e p l o t s w e r e a p p a r e n t l y 

u n r e l i a b l e when c o m p a r e d w i t h e i t h e r t h e k^ K c, v a l u e s c a l c u l a t e d 



Time (msec) 

-0.4-1 

F i g u r e I V . 3 1 V a r i a t i o n o f t h e s l o p e o f t h e l n ( A - A e ) vs. 
t i m e p l o t s w i t h CO c o n c e n t r a t i o n f o r k i n e t i c 
Run 2 o f t h e p r o t o h e m i n - r e c o n s t i t u t e d P450cam-
C0 s y s t e m . • to 

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

c u r v e s o r t h e c o m p u t e r - d e r i v e d k , v a l u e s ( s e e T a b l e I V . 1 4 ) 
oos 

P l o t t i n g t h e t , v a l u e s o b t a i n e d d i r e c t l y f r o m t h e e x p o n e n t i a l 

d e c a y c u r v e s vs. k k g
 1 d a t a f r o m t h e a n a l o g d e v i c e g a v e 

s t r a i g h t l i n e s w i t h s l o p e s t h a t d e v i a t e d by up t o 50% f r o m 

t h e e x p e c t e d v a l u e o f l n 2 f o r a f i r s t - o r d e r r e a c t i o n ; k i n e t i c 

Runs 1, 2 and 3 g a v e s l o p e s o f 0.42 ± 0.03, 0.36 ± 0.04 a n d 

0.33 ± 0.05 r e s p e c t i v e l y f o r k b s v a l u e s o b t a i n e d via t h e 

a n a l o g d e v i c e ( s e e F i g u r e I V . 3 2 ) , w h i l e s l o p e s o f 0.64 ± 0.02, 

0. 70 ± 0.02 a n d 0.69 ± 0.02 f o r t h e r e s p e c t i v e k i n e t i c Runs 

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

k"obs d a t a ( F i g u r e I V . 33) . S u b s e q u e n t d e t e r m i n a t i o n o f t h e 

k i n e t i c c o n s t a n t s f o r t h e r e a c t i o n o f CO w i t h t h e r e c o n s t i t u t e d 

P450cam s y s t e m was done u s i n g t h e c o m p u t e r - d e r i v e d d a t a ; 

t h e s e d a t a v a r i e d b y = 10% b e t w e e n k i n e t i c r u n s , showed good 

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

n a t i v e enzyme s y s t e m ( s e e S e c t i o n I V . 4 . 3 ) , a n d i n d i c a t e d 

a n = 6 - f o l d d e c r e a s e i n t h e o b s e r v e d r a t e o f r e a c t i o n when 

c o m p a r e d w i t h t h e m y o g l o b i n s y s t e m ( s e e S e c t i o n I V . 4 . 2 ) . 

G r a p h i n g o f t h e c o m p u t e r - d e r i v e d k Q ^ s v a l u e s vs. 

CO c o n c e n t r a t i o n a s shown i n F i g u r e IV.34 f o r k i n e t i c Runs 

1, 2 and 3 g a v e s t r a i g h t l i n e s i n a c c o r d a n c e w i t h e q u a t i o n IV.2 

and p r o v i d e d t h e c o r r e s p o n d i n g k Q n and k Q ^ ^ v a l u e s f o r t h e 

r e c o n s t i t u t e d P450cam s y s t e m ( T a b l e I V . 1 7 ) ; t h e c l o s e 

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

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

t h e k i n e t i c r u n s ( F i g u r e I V . 3 5 ) . A n a l y s i s o f t h e d a t a i n 



0.0-1 1 1 - r -i 
0.0 20 40 60 80 

Kobs"1 [msec) 

F i g u r e IV.32 P l o t s o f t ^ vs. a n a l o g - d e r i v e d k Q i d a t a 
f o r k i n e t i c " Runs 1, 2 and 3 f o r t h e p r o t o h e m i n -
r e c o n s t i t u t e d P450cam-CO s y s t e m . 



0.0-" i 1 1 r 0.0 Vo 20 30 40 
Kobs 1 (msec) 

F i g u r e I V . 33 P l o t s o f t j j vs. c o m p u t e r - d e r i v e d k ^ g 1 d a t a 
f o r k i n e t i c Runs 1, 2 and 3 f o r t h e p r o t o h e m i n -
r e c o n s t i t u t e d P450cam-CO s y s t e m . 



0-| 1 1 1 1 — • r - i 
0.0 2.0 4.0 6.0 8.0 10 12 

[C0]x I04 (M) 

F i g u r e IV.34 P l o t o f k o ^ g vs. CO c o n c e n t r a t i o n d a t a f o r 
k i n e t i c Runs 1, 2 and 3 f o r t h e s u b s t r a t e -
bound p r o t o h e m i n - r e c o n s t i t u t e d P450cam-CO 
s y s t e m . 



Kinetic Run Substeps 

1 F i g u r e I V . 3 5 F l u c t u a t i o n i n p r o t e i n c o n c e n t r a t i o n d u r i n g 
; k i n e t i c Runs 1, 2 and 3 f o r t h e s u b s t r a t e -

bound p r o t o h e m i n - r e c o n s t i t u t e d P450cam-CO 
s y s t e m . 



T a b l e IV.17 

289 

K i n e t i c C o n s t a n t s ' ^ o b t a i n e d f o r t h e R e a c t i o n o f CO w i t h t h e 

F e r r o u s S t a t e o f P r o t o h e m i n - R e c o n s t i t u t e d C y t o c h r o m e P4 50cam 

a t 20°C. 

K i n e t i c 
Run 

[ P r o t e i n ] 
(M) 

k 
-on 

( M _ 1 S - 1 ) 

' o f f 
( S _ 1 ) 

K c o ( b ) • 
( M _ 1 ) 

1 7 . 8 x l 0 ~ 6 ,6>9±0.2xl0 4 6:±1 1 . 2 x l 0 4 

2 7 . 5 x l 0 ~ 6 5.9±0.3xl0 4 11±2 5 . 4 x l 0 3 

3 7 . 2 x l 0 ~ 6 6.3±0.3xl0 4 9±2 7 . O x l O 3 

a. K i n e t i c c o n s t a n t s d e r i v e d f r o m p l o t s o f k , v a l u e s f r o m a 
o b s 

c o m p u t e r a n a l y s i s o f t h e a b s o r b a n c e vs. t i m e p l o t s vs. CO 
c o n c e n t r a t i o n s . Q u o t e d e r r o r s o b t a i n e d f r o m l e a s t s q u a r e s 
f i t o f k , vs. CO c o n c e n t r a t i o n d a t a , o b s 

b. E q u i l i b r i u m c o n s t a n t o b t a i n f r o m t h e e x p r e s s i o n K = k Q n . 
E s t i m a t e d e r r o r , ± 3 0 % . k o f f 
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T a b l e I V . 1 7 g i v e s a n a v e r a g e v a l u e o f t h e s e c o n d - o r d e r r a t e 

c o n s t a n t f o r C O - a s s o c i a t i o n w i t h t h e f e r r o u s s u b s t r a t e - b o u n d 

s t a t e o f p r o t o h e m i n - r e c o n s t i t u t e d P450cam a t 20 C o f 6.4x10 M S 

± 10% w h i c h i s i n e x c e l l e n t a g r e e m e n t w i t h t h e k v a l u e d e r i v e d 
3 o n 

f o r t h e n a t i v e enzyme, a s i s t h e a v e r a g e f i r s t - o r d e r r a t e c o n s t a n t 

f o r CO d i s s o c i a t i o n f r o m t h e r e c o n s t i t u t e d enzyme a t 20°C o f 

8.7S 1 ± 20% ( s e e S e c t i o n I V . 4 . 3 ) ; r e c o n s t i t u t i o n o f t h e n a t i v e 

enzyme a p p a r e n t l y h a s l i t t l e e f f e c t on t h e r e a c t i v i t y o f t h e 

enzyme t o w a r d s CO. 
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I V . 5 S p e c t r o p h o t o m e t r i e D e t e r m i n a t i o n o f t h e E q u i l i b r i u m 

C o n s t a n t f o r t h e R e a c t i o n o f CO w i t h t h e F e r r o u s  
S t a t e o f N a t i v e S u b s t r a t e - b o u n d C y t o c h r o m e P450cam. 

I V . 5 . 1 T r e a t m e n t o f D a t a 

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

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

s t a t e o f m y o g l o b i n and t h e P450cam s y s t e m s was a n u n r e l i a b l e 

m e t h od f o r t h e a c c u r a t e d e t e r m i n a t i o n o f t h e C O - d i s s o c i a t i o n 

c o n s t a n t , k c c . More r e l i a b l e k v a l u e s w e r e o b t a i n e d , ' o f f o f f 
h o w e v e r , f r o m t h e e q u i l i b r i u m c o n s t a n t f o r t h e CO r e a c t i o n , 

, a s c a l c u l a t e d i n e x p r e s s i o n I V . 3 . 

E q u i l i b r i u m c o n s t a n t v a l u e s f o r t h e n a t i v e P450cam 

s y s t e m w ere o b t a i n e d by f o l l o w i n g t h e c h a n g e s i n i n t e n s i t y 

o f t h e 408 o r 445nm S o r e t b a n d o f t h e C O - f r e e o r CO-bound 

a d d u c t , r e s p e c t i v e l y , w i t h c h a n g e s i n c o n c e n t r a t i o n o f CO; 

Kco v a l u e s f o r t h e r e c o n s t i t u t e d P450cam s y s t e m w e r e n o t 

o b t a i n e d , and Kco v a l u e s f o r t h e m y o g l o b i n s y s t e m a r e n o t 

r e a d i l y o b t a i n a b l e by t h i s m e t h o d due t o t h e v e r y h i g h CO-

a f f i n i t y o f t h i s h e m o p r o t e i n s y s t e m . 1 0 9 

The f o r m a t i o n o f t h e f e r r o u s P450cam-CO c o m p l e x o b e y s 

t h e r e a c t i o n : 

Kco k ( I V . 3 ) on 

F e ( I I ) P 4 5 0 c a m + CO Kco 
F e ( I I ) P 4 5 0 c a m - C O ( I V . 4 ) 
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The f r a c t i o n , Y, o f F e ( I I ) P 4 5 0 c a m - C O p r e s e n t a t a known 

CO c o n c e n t r a t i o n was c a l c u l a t e d f r o m t h e f o l l o w i n g e x p r e s s i o n : 8 

Y = t~pf ( I V > 5 ) 

where A i s t h e a b s o r b a n c e a t a known f r e e l i g a n d c o n c e n t r a t i o n 

Ao i s t h e a b s o r b a n c e o b s e r v e d when no l i g a n d i s p r e s e n t 

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

The e q u i l i b r i u m c o n s t a n t , K c o , was d e t e r m i n e d f r o m a p l o t 

o f l o g A-Ao us..?., l o g [CO] a s d e r i v e d b e l o w . 
Ao,-A 

Kco = [ F e ( I I ) P 4 5 0 c a m - C O ] = Y A-Ao ( I V . 6 ) 
[Fe ( I I ) P 4 5 0 c a m ] [CO] (1-Y) [CO] (Aco-A) [CO] 

a n d l o g Kco = l o g A-Ao - l o g [ C O ] ( I V . 7 ) 
Aoo-A 

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

F o r s u c h p l o t s o f l o g A-Ao u s . l o g [CO] t h e s l o p e i s 
Aoo-A 

t h e o r e t i c a l l y e q u i v a l e n t t o t h e number o f CO l i g a n d s bound t o 

f e r r o u s enzyme ( i . e . one f o r t h e P450cam-CO s y s t e m ) , a nd t h e 

i n t e r c e p t on t h e a b s c i s s a g i v e s a v a l u e o f - l o g K c o . E x p e r i 

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

and w h e r e p o s s i b l e , t h e r a n g e o f A-Ao v a l u e s u s e d was k e p t f r o m 
c o A m " a 

0.2 t o 4.0 ( s e e b e l o w ) . P, v a l u e s , w h i c h r e p r e s e n t t h e 

p a r t i a l p r e s s u r e o f CO a t w h i c h t h e f e r r o u s - C O a d d u c t i s h a l f 

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

e x p r e s s i o n : 
1 

K C ° = p£° I V . 8 
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IV.5.2 CO-Binding to Native P450cam 

E q u i l i b r i u m c o n s t a n t measurements were obtained on four 

d i f f e r e n t samples of n a t i v e , substrate-bound cytochrome 

P450cam a t p r o t e i n c o n c e n t r a t i o n s of 7.50x10 ±5% and a t 
— 6 

CO c o n c e n t r a t i o n s ranging from =2.0 to 60x10 M ( i . e . from 
=2.0-45mm Hg p a r t i a l p r e s s u r e of CO); absorbance data ( i . e . 

A and emM values) f o r the o x i d i z e d , reduced, and reduced-CO. max ' 
enzyme s p e c i e s showed e x c e l l e n t agreement ( w i t h i n 10%) wit h 

data l i s t e d i n Table IV.3 f o r the n a t i v e substrate-bound 

enzyme and a l l samples were estimated as 8 0% homogeneous by 

the A391/A280 a b s o r p t i o n r a t i o (see S e c t i o n I I I . 3 . 4 . 2 ) . 

E q u i l i b r i u m data f o r Run 3 are d e t a i l e d below while the 

co r r e s p o n d i n g data f o r the remaining experiments (Runs 1, 2 

and 4) are t a b u l a t e d i n Appendix Va; r e s u l t s from a l l 

e q u i l i b r i u m experiments are d i s c u s s e d below. 

F i g u r e IV.36 shows the s e t of s p e c t r a l changes observed 

f o r E q u i l i b r i u m Run 3 by the a d d i t i o n of CO to f e r r o u s , 

substrate-bound cytochrome P450cam; the p r o t e i n c o n c e n t r a t i o n 
— 6 

was f i x e d a t 7.48x10 M and the CO c o n c e n t r a t i o n v a r i e d from 

==4.0-30x10 M̂ ( i . e . p a r t i a l p r e s s u r e s of CO ranging from 

^3.0-20mm Hg). Spectrum 1, r e p r e s e n t i n g the i n i t i a l CO-free 

P450cam s p e c i e s w i t h a Soret maximum a t 408nm, decreased with 
— 6 

i n c r e a s i n g CO c o n c e n t r a t i o n (=4.0-30x10 M), and gave f i n a l 
spectrum 10 f o r the f u l l y c a r b o n y l a t e d enzyme system 

-3 

(at 1.0x10 M CO) with Soret maxima a t 445 and 365nm. Clean 

i s o s b e s t i c p o i n t s were observed a t 465, 429 and 373nm, although 



2 94 

F i g u r e I V . 3 6 S p e c t r a l c h a n g e s o b s e r v e d f o r E q u i l i b r i u m 
Run 3 by t h e a d d i t i o n o f CO t o t h e f e r r o u s 
s u b s t r a t e - b o u n d s t a t e o f n a t i v e c y t o c h r o m e 
P450cam. 
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t h a t a r o u n d 373nm was o f t e n n o t a s w e l l d e f i n e d b e c a u s e o f 

i n t e r f e r e n c e o f e x c e s s d i t h i o n i t e w h i c h h a s a p e a k a t 314nm; 

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

e x p e r i m e n t s . F i g u r e IV.37 shows t h e s e t o f r a w d a t a o b t a i n e d 

f o r E q u i l i b r i u m Run 3; F i g u r e I V . 3 7 A g i v e s CO p a r t i a l p r e s s u r e 

d a t a a l o n g w i t h t h e c o r r e s p o n d i n g a b s o r b a n c e r e a d i n g s t a k e n 

d i r e c t l y o f f t h e s p e c t r a ( F i g u r e I V . 3 6 ) a t t h e S o r e t maxima 

a t 408 and 445nm w h i l e F i g u r e I V . 3 7 B i n d i c a t e s a t y p i c a l 

a n a l y s i s o f t h e s e d a t a a t t h e 445nm S o r e t b a n d . D a t a a t 

t h e 408nm S o r e t p e a k g a v e e s s e n t i a l l y t h e same a n a l y s i s . 

G r a p h i n g o f t h e l o g A-A6 vs. l o g [CO] d a t a t a b u l a t e d 
Aco-A 

i n F i g u r e I V . 3 7 B f o r E q u i l i b r i u m Run 3, a l o n g w i t h a n a l o g o u s 

d a t a f r o m Runs 1, 2 a n d 4, g a v e t h e p l o t s shown i n F i g u r e I V . 3 8 . 

T h e s e p l o t s showed a d i s t i n c t c u r v e i n t h e d a t a p o i n t s ; f o r \ 

e a c h r u n , w i t h t h e m o s t l i n e a r r e g i o n f o u n d b e t w e e n l o g A-Ao 
A o o _ A 

A—Ao 
v a l u e s o f -0.3 t o 0.6 ( c o r r e s p o n d i n g t o ^ — ^ v a l u e s o f 0.5 t o 
4 . 0 ) ; d a t a p o i n t s o b t a i n e d a t l o w CO c o n c e n t r a t i o n s ( i . e . 

A—Ao 
l o g T- — v a l u e s <-0.3) showed l a r g e d e v i a t i o n s f r o m 

A oo—A 

l i n e a r i t y p a r t i c u l a r l y f o r Runs 3 and 4. A l e a s t s q u a r e s 
A—AO 

f i t o f d a t a p o i n t s i n t h e -0.3 t o 0.6 l o g =r r- v a l u e r a n g e 
I\ co A 

(5-6 p o i n t s o f e a c h r u n ) g a v e s l o p e s o f 1.5 - 1.6 and i n t e r c e p t s 
on t h e a b s c i s s a o f -4.90 - - 4 . 9 6 , c o r r e s p o n d i n g t o an a v e r a g e o 4 - 1 e q u i l i b r i u m c o n s t a n t f o r r e a c t i o n IV.4 a t 20 C o f 8.7x10 M 
±10%; t h e v a l u e may be c o m p a r e d t o t h e t h r e e r e p o r t e d Kco 

v a l u e s f o r s u b s t r a t e - b o u n d b a c t e r i a l c y t o c h r o m e P450cam o f 

2 . 6 x l 0 5 M _ 1 a t 4°C, 3 3c 6 . 6 x l 0 5 M _ 1 a t 2 0 ° C 1 3 3 a and 1 . 3 x l 0 5 M _ 1 



E q u i l i b r i u m Data 

Sample D e s c r i p t i o n : Native P450cam-CO Complex 

Temperature: 20±0.2°C _, _ 
r T h e o r e t i c a l 1 " 

Vapour Pressure of HjO: 

Data Table 

22B mm o i l 
17.5 mm Hg 

Experimental 
229 mm o i l 

17.7 mm Hg 

Species # Wanted 
Pco 

mm H g ( o i l ! 

P T o t a l 
(mm o i l ) 

Pco 
(mm o i l ) A445nm A408nm 

1 0 229 0.237 0.613 

2 3.00 (39) 271 42.0 0.267 0.589 

3 4.00 (52) 279 50.0 0.325 0.550 

4 6.00 (78) 303 73.5 0.475 0.453 

5 8.00(104) 332 103 0.563 0.388 

e 10.0 (130) 360 131 0.641 0.348 

7 12.0 (156) 386 157 0.678 0.316 

8 14.0 (182) 412 184 0.707 0.294 

9 20.0 (260) 489 261 0.751 0.263 

10 " 1 atm 0.898 0.163 

B) 
Data A n a l y s i s 

Wavelength Maxima : 445nm 

Absorbance of Pure S p e c i e s : Ao ^ 0.237 
A- •= 0.898 

Data Table 

Pco 
(mm Hg) 

|CO]xl0 6 

(M) Log [CO] A-Ao A--A A-Ao 
A.-A 

3.25 4.42 -5.35 0.03 0.631 4.75xl0~ 2 -1.32 

3.87 5.26 -5.28 0.088 0.573 1.54X10 - 1 -8.14x10"* 

5.68 7.73 -5.11 0.238 0.423 5 . 6 3 x l 0 _ 1 -2.50X10" 1 

7.96 10.8 -4.96 0.326 0.335 9.73X10" 1 - 1 . 1 8 x l 0 - 2 

10.1 13.8 -4.86 0.404 0.257 1.57 1.96X10 - 1 

12.1 16.5 -4.78 0.441 0.220 2.01 .3.02X10" 1 

14.2 19.3 -4.71 0.470 0.191 2.46 3.91X10" 1 

20.2 
27.4 j -4.56 0.514 0.147 3.50 5.44X10 - 1 

F i g u r e IV.37 Raw d a t a o b t a i n e d f o r E q u i l i b r i u m Run 3; 
(A) g i v e s CO p a r t i a l p r e s s u r e a n d 
a b s o r b a n c e d a t a w h i l e (B) g i v e s t h e 
d a t a a n a l y s i s . 
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F i g u r e I V . 3 8 P l o t s o f l o g A-Ao vs. l o g t C O ] f o r E q u i l i b r i u m 
Runs 1-4. Aoo-A 
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a t 2 4 ° C 9 9 ( s e e T a b l e I I . 1 ) . The Kco v a l u e o b t a i n e d i n t h e 

p r e s e n t w o r k , h o w e v e r , was f e l t t o be somewhat u n r e l i a b l e 

b e c a u s e o f t h e c o n s i s t e n t l y h i g h s l o p e v a l u e s (=1.5) 

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

a c t i o n o f more t h a n one CO m o l e c u l e , and t h e r e p r o d u c i b l e 

c u r v a t u r e i n t h e d a t a p o i n t s f o r e a c h p l o t ( s e e F i g u r e I V . 3 8 ) . 

S i n c e t h e P450cam s a m p l e s u s e d f o r t h e e q u i l i b r i u m e x p e r i m e n t s 

showed i d e n t i c a l p r o p e r t i e s ( i . e . A , e a n d p u r i t y ) t o 
^ r max mM ^ J 

t h o s e o f t h e enzyme p r e p a r a t i o n s u t i l i z e d f o r t h e l i t e r a t u r e 

K co m e a s u r e m e n t s , t h e enzyme s a m p l e s w e r e f e l t n o t t o be 

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

on t h e e q u i l i b r i u m d i d show h o w e v e r , t h a t a t l o w e r c o n c e n 

t r a t i o n s o f t h e d i t h i o n i t e r e d u c i n g a g e n t , a s a s s e s s e d by t h e 

r e s i d u a l 314nm a b s o r p t i o n , t h e e q u i l i b r i u m d a t a (above 
l o g A-Ao v a l u e s o f 0.0 o r = 8mm Hg.CO p a r t i a l p r e s s u r e ) 

Aoc-A 
g a v e l i n e a r p l o t s o f s l o p e c l o s e r t o one (=1.0-1.3) and 

c o r r e s p o n d i n g K c o v a l u e s more c o n s i s t e n t w i t h t h e l i t e r a t u r e 

v a l u e s ; d i t h i o n i t e , i n i t i a l l y p r e s e n t i n l a r g e e x c e s s (=50-

f o l d e x c e s s r e d u c i n g e q u i v a l e n t s ) , was t h o u g h t t o be i n t e r 

f e r i n g w i t h t h e C O - b i n d i n g p r o c e s s d u r i n g t h e i n i t i a l 

e x p e r i m e n t a l r e a d i n g s . S e v e r a l s e m i - q u a n t i t a t i v e e x p e r i m e n t s 

w e r e t h e n p e r f o r m e d t o d e t e r m i n e t h e b e h a v i o r o f d i t h i o n i t e 

i n a q u e o u s b u f f e r P and t h e e f f e c t , i f a n y , o f t h e r e d u c i n g 

a g e n t on t h e i n t e n s i t y o f t h e S o r e t maximum a t 408nm o f t h e 

C O - f r e e f e r r o u s enzyme and a t 445nm o f t h e f u l l y a n d p a r t i a l l y 

c a r b o n y l a t e d enzyme; t h e a p p a r a t u s and t e c h n i q u e s w e re 

t h o s e e m p l o y e d f o r t h e C O - e q u i l i b r i u m m e a s u r e m e n t s ( s e e 



S e c t i o n I I I . 6 ) . D i t h i o n i t e i t s e l f (= 2.OxlCT M̂) was shown 

t o decompose i n p h o s p h a t e b u f f e r , pH 7.0, a t 20°C u n d e r 

1 atm a r g o n l i k e l y i n a c c o r d a n c e w i t h t h e e q u i l i b r i u m : 1 6 9 

2 S 2 0 4 ~ 2 + H 2 0 • S 2 ° 3 2 ~ + 2 H S 0
3

_ 1 

t h e r a t e o f d e c o m p o s i t i o n was i n c r e a s e d by s h a k i n g ( F i g u r e 

I V . 3 9 ) . E s s e n t i a l l y t h e same d a t a w e r e o b t a i n e d f o r t h e 

d e c o m p o s i t i o n u n d e r vacuum o r 1 atm CO. E x c e s s d i t h i o n i t e 
-4 

(=2.0x10 M) had no o b s e r v a b l e e f f e c t on t h e i n t e n s i t y o f 

t h e 408 and 445nm S o r e t maxima o f t h e r e d u c e d and r e d u c e d - C O 

enzyme c o m p l e x e s ( F i g u r e s I V . 4 0 a n d I V . 4 1 , r e s p e c t i v e l y ) , b u t 

i n t h e p r e s e n c e o f t h e r e d u c e d enzyme a l o n e ( u n d e r 1 atm 

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

u n a f f e c t e d by s h a k i n g o f t h e s o l u t i o n ( F i g u r e I V . 4 0 ) ; 

s h a k i n g o f t h e f u l l y c a r b o n y l a t e d s y s t e m ( u n d e r 1 atm C O ) , 

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

I V . 4 1 ) a s w i t h d i t h i o n i t e i t s e l f . The s p e c t r a o f t h e F e ( I I ) 

a n d F e ( I I ) - C O enzymes w e r e u n c h a n g e d up t o 48h a f t e r d i s 

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

( F i g u r e I V . 3 9 - I V . 4 1 ) w e r e p e r f o r m e d a t l e a s t t h r e e t i m e s 

w i t h i d e n t i c a l r e s u l t s . F i g u r e I V . 4 2 shows t h e a b s o r b a n c e 

c h a n g e s o b s e r v e d f o r t h e p a r t i a l l y c a r b o n y l a t e d s y s t e m a t 
— 6 

5.64mm Hg ( i . e . 7.67x10 M CO) w h i l e a l l o w i n g t h e d i t h i o n i t e 

p e a k t o d i s a p p e a r o v e r a 24h p e r i o d . The i n i t i a l s p e c t r u m 

shows an a b s o r b a n c e a t 445nm (=0.425) v e r y s i m i l a r t o t h a t 

o b s e r v e d f o r E q u i l i b r i u m Run 3 ( s e e F i g u r e IV.37A) a s w e l l a s 
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E f f e c t of Na2S204 on S t a n d i n g 

S p e c t r a t Time (min) Comments 

I 1 0 No s h a k i n g 

* 2 5 No shaking 

# 3 10 No shaking 

* 4 15 No shaking 

# 5 20 No s h a k i n g 

# 6 25 No s h a k i n g 

# 7 30 No s h a k i n g 

1 8 35 No shaking 

1 9 40 No shaking 

110 45 No s h a k i n g 

111 50 No s h a k i n g 

#12 55 10S shake 

#13 60 30S shake 

#14 65 1.0 min shake 

250 300 

Wavelength (nm) 
400 

F i g u r e IV.39 
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E f f e c t of N a 2 S 2 ° 4 o n P450cam (Reduced s t a t e ) 

S p e c t r a t Time (min) Comments 

t 1 0 No s h a k i n g 

* 2 5 No shaking 

* 3 10 No shaking 

# 4 15 No s h a k i n g 

* 5 20 No shaking 

# 6 25 No shaking 

I 7 30 No shaking 

# 8 35 No s h a k i n g 

t 9 40 No s h a k i n g 

*10 45 No s h a k i n g 

#11 50 No s h a k i n g 

#12 55 10S shake 

#13 60 30S shake 

#14 65 1 -0 min shake 

250 300 400 

Wavelength (nm) 
500 

F i g u r e I V . 4 0 D e c o m p o s i t i o n o f d i t h i o n i t e i n t h e p r e s e n c e 
o f f e r r o u s c y t o c h r o m e P450cam. I n s e t g i v e s 
a b s o r b a n c e vs. t i m e d a t a . 



i g u r e I V . 4 1 D e c o m p o s i t i o n o f d i t h i o n i t e i n t h e p r e s e n c e 
o f t h e f u l l y c a r b o n y l a t e d enzyme. I n s e t 
g i v e s a b s o r b a n c e vs. t i m e d a t a . 

Co o 
ISO 
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F i g u r e I V . 4 2 A b s o r b a n c e c h a n g e o b s e r v e d a t 445nm o f t h e 
p a r t i a l l y c a r b o n y l a t e d c y t o c h r o m e P450cam 
f o l l o w i n g t h e d i s a p p e a r a n c e o f t h e d i t h i o n i t e 
p e a k . 
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Runs 1, 2 and 4 ( A p p e n d i x V.a) a t t h e same CO c o n c e n t r a t i o n 

and i n d i c a t e d a b o u t 46% f o r m a t i o n o f t h e c a r b o n y l ; t h e f i n a l 

a b s o r b a n c e o f =0.57 a t 445nm i n d i c a t e d t h e CO-bound c o m p l e x 

was a b o u t 6 1 % f o r m e d , more i n a c c o r d a n c e w i t h t h e l i t e r a t u r e 

v a l u e o f P?° = 5.5mm Hg a t 24°C f o r t h e s u b s t r a t e - b o u n d 

P450cam s y s t e m . " T h i s e x p e r i m e n t was r e p e a t e d a t l o w e r CO 

c o n c e n t r a t i o n s w i t h t h e same r e s u l t ; l o s s o f t h e d i t h i o n i t e 

p e a k a t 314nm was a c c o m p a n i e d by an i n c r e a s e i n c o n c e n t r a t i o n 

o f t h e f e r r o u s - C O a d d u c t . Two f u r t h e r e q u i l i b r i u m e x p e r i m e n t s 

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

o f d i t h i o n i t e ( s m a l l 314nm p e a k ) ; t h e s p e c t r a l c h a n g e s a r e 
A—Ao shown i n F i g u r e I V . 4 3 a n d t h e r e s u l t a n t l o g _ vs. l o g [CO] 
AQO A 

d a t a a r e p l o t t e d i n F i g u r e I V . 4 4 , w h i l e r a w d a t a f o r t h e s e 

e x p e r i m e n t s a r e t a b u l a t e d i n A p p e n d i x V.b. The p l o t s a r e 

r e a s o n a b l y l i n e a r w i t h s l o p e 1.3-1.4 and i n t e r c e p t s on 

t h e X - a x i s o f -5.01 a nd - 5 . 1 7 , c o r r e s p o n d i n g t o a n a v e r a g e 

Kc o v a l u e o f 1 . 3 x l 0 5 M - 1 £ 15% and a P^° v a l u e o f 5.6mm Hg 

a t 20°C. A l t h o u g h t h e s e e x p e r i m e n t s g a v e Kco v a l u e s c l o s e r 

t o t h e l i t e r a t u r e v a l u e s m e a s u r e d f o r b a c t e r i a l P 4 5 0 c a m , 3 3 c r " i 1 3 

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

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

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

i n t h e l i t e r a t u r e arid w e r e o b v i o u s l y n o t o b s e r v e d i n t h e 

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

w h e r e NADH was u s e d a s t h e r e d u c t a n t . " i 1 3 3 a D i t h i o n i t e 

was u s e d i n t h e e q u i l i b r i u m m e a s u r e m e n t s o f P e t e r s o n a n d 

G r i f f i n 3 3 e ; h o w e v e r , s i n c e t h e enzyme was " r e d u c e d w i t h a 
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1.0 n 
445 ^7 

o 
O 

c 

o 
JO 
< 

0.5 ̂  

408 -J 

314 

, , ( 
300 400 500 

Wavelength (nm) 

F i g u r e I V . 4 3 S p e c t r a l c h a n g e s o b s e r v e d f o r E q u i l i b r i u m 
Run 5 by CO a d d i t i o n t o t h e f e r r o u s , 
s u b s t r a t e - b o u n d c y t o c h r o m e P450cam i n t h e 
p r e s e n c e o f a s m a l l e x c e s s o f d i t h i o n i t e 
r e d u c i n g a g e n t . 
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-5.40 

log [CO] 

-1.4J 

F i g u r e IV.44 P l o t s o f l o g A-Ao vs. l o g [ C O ] f o r E q u i l i b r i u m 
Aoo-A 

Runs 5 and 6 f o r s p e c t r a l c h a n g e s i n t h e 
p r e s e n c e o f a s m a l l e x c e s s o f d i t h i o n i t e . 
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s l i g h t e x c e s s o f d i t h i o n i t e " t h e a p p a r e n t e f f e c t s o f t h e 

r e d u c i n g a g e n t o b s e r v e d i n t h e p r e s e n t work may n o t h a v e b e e n 

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

s u c h a s t h o s e d e s c r i b e d a b o v e a r e o f m a j o r i n t e r e s t s i n c e 

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

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

r e a c t i v i t y . W h e t h e r t h e o b s e r v e d r e a c t i v i t y o f t h e P450cam 

enzymes i n t h e p r e s e n c e o f e x c e s s d i t h i o n i t e i s u n i q u e t o 

t h e s e h e m o p r o t e i n s a w a i t s f u r t h e r s t u d y ; m e a s u r i n g t h e 

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

o r f o l l o w i n g t h e t o t a l d i s a p p e a r a n c e o f t h e 314nm d i t h i o n i t e 

p e a k w o u l d be o f i m m e d i a t e i n t e r e s t . 

A s s u m i n g t h e n t h a t t h e Kco v a l u e d e t e r m i n e d a b o v e 

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

CO w i t h t h e f e r r o u s s t a t e o f n a t i v e s u b s t r a t e - b o u n d c y t o c h r o m e 

P450cam, t h e C O - d i s s o c i a t i o n r a t e c o n s t a n t , k was ' ' o f f 
c a l c u l a t e d a t 1.8s 1 ± 15% a t 20°C w h i c h i s i n e x c e l l e n t 

a g r e e m e n t w i t h t h e m e a s u r e d v a l u e s o f 1.7s 1 a t 2 4 ° C 1 0 and 

2 . 8 s " 1 a t 20°C. 
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CHAPTER V 

GENERAL CONCLUSIONS AND SOME RECOMMENDATIONS 

FOR FUTURE WORK 
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V G e n e r a l C o n c l u s i o n s and Some R e c o m m e n d a t i o n s 
f o r F u t u r e Work 

The w o r k i n t h i s t h e s i s d e s c r i b e s a r e l i a b l e m e t hod f o r 

t h e i s o l a t i o n a n d p u r i f i c a t i o n o f c y t o c h r o m e P450cam f r o m 

b a c t e r i a l c e l l s o f Pseudomonas putida, s t r a i n PpG7 786,-a 

g e n e r a l p r o c e d u r e f o r t h e heme r e m o v a l and r e p l a c e m e n t i n t h e 

n a t i v e enzyme, and a c o m p l e t e s y s t e m f o r b o t h k i n e t i c and 

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

s t a t e o f n a t i v e and r e c o n s t i t u t e d P450cam enzymes. 

B a c t e r i a , m a i n t a i n e d o n m i n i m a l a g a r c o n t a i n i n g camphor 

a s t h e c a r b o n a n d e n e r g y s o u r c e , w e r e p r o p a g a t e d via a f o u r -

s t a g e g r o w t h s e q u e n c e . L - b r o t h s t a r t e r c u l t u r e s , two s e t s o f 

500 mL s h a k e - f l a s k s , and t h e 14L f e r m e n t o r c u l t u r e s , a l l o w e d 

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

camphor a n d l i q u i d medium. S e v e r a l e x p e r i m e n t s a t t h e s h a k e -

f l a s k s t a g e i n d i c a t e d t h a t t h e b a c t e r i a m u s t be m a i n t a i n e d i n 

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

t h e g r o w t h s e q u e n c e , due p o s s i b l y t o t h e l o s s o f t h e "CAM-

p l a s m i d " s p e c i f i c f o r camphor m e t a b o l i s m . 

I s o l a t i o n and p u r i f i c a t i o n o f n a t i v e P450cam f r o m =400 

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

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

The i s o l a t i o n p r o c e d u r e i n v o k e d p r o d u c t i o n o f a c e l l - f r e e 

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

r e l a t e d m o n o o x y g e n a s e c o m p o n e n t s by DE-52 a n i o n - e x c h a n g e 

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

p e r f o r m e d by S e p h a d e x G-100 c h r o m a t o g r a p h y . The a n i o n - e x c h a n g e 
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c h r o m a t o g r a p h y was s u f f i c i e n t f o r t h e i s o l a t i o n o f c o n t a m i n a n t -

f r e e c y t o c h r o m e P450cam and p u t i d a r e d o x i n b u t t h e f l a v o p r o t e i n , 

p u t i d a r e d o x i n r e d u c t a s e , c o n t a i n e d an a p p a r e n t s u b s t r a t e - f r e e 

c y t o c h r o m e P4 50cam ••• i m p u r i t y w h i c h c o u l d n o t r e a d i l y be r e m o v e d ; 

i s o l a t i o n o f c o n t a m i n a n t - f r e e p u t i d a r e d o x i n r e d u c t a s e w i l l 

r e q u i r e m o d i f i c a t i o n o f t h e p r e s e n t p r o c e d u r e p o s s i b l y i n 
3? 

a c c o r d a n c e w i t h t h e method o f G u n s a l u s and Wagner. P u r i f i e d 

p u t i d a r e d o x i n and p u t i d a r e d o x i n r e d u c t a s e w e r e n o t r e q u i r e d i n 

t h e p r e s e n t w o r k ; h o w e v e r , f u t u r e s t u d i e s s h o u l d e m p l o y an 

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

r e c o n s t i t u t e d P4 50cam d e r i v a t i v e s w h i c h r e q u i r e t h e s e p r o t e i n s . 3 7 

S p e c t r a l d a t a o b t a i n e d f o r p u t i d a r e d o x i n and t h e s u b s t r a t e -

f r e e a n d s u b s t r a t e - b o u n d s t a t e s o f c y t o c h r o m e P4 50 cam w e r e 

c o m p a r a b l e w i t h t h e l i t e r a t u r e v a l v e s . 

The r e c o n s t i t u t i o n p r o c e d u r e d e s c r i b e d i n t h i s w ork was 

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

The r e s u l t a n t r e c o n s t i t u t e d enzyme showed s p e c t r a l c h a r a c t e r i s t i c s 

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

s h o u l d e r i n t h e a b s o r p t i o n s p e c t r u m a t 417nm i n d i c a t i v e o f a 

s u b s t r a t e - f r e e P450cam i m p u r i t y . No a t t e m p t s w e r e ma'de t o 

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

k i n e t i c e x p e r i m e n t s . A l t h o u g h t h i s method was u s e d s u c c e s s f u l l y 

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

m ethod o f Wagner et a Z - . 1 4 9 g i v e s h i g h e r y i e l d s and i s a p p a r e n t l y 

b e t t e r s u i t e d f o r h a n d l i n g t h e P450cam s y s t e m . C l e a r l y , 

r e c o n s t i t u t i o n o f n a t i v e c y t o c h r o m e P 4 5 0 c a m . w i t h • m e s o - , d e u t e r o - , 
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d i a c e t y l d e u t e r o and d i b r o m o d e u t e r o h e m i n s i s o f .major i m p o r t a n c e 

f o r f u t u r e s t u d i e s . 

K i n e t i c s t u d i e s on t h e r e a c t i o n o f CO w i t h t h e f e r r o u s 

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

c y t o c h r o m e P4 50cam showed t h a t t h e r e a c t i o n c o u l d be d e s c r i b e d 

by t h e r e a c t i o n shown b e l o w , 

k o n 
F e ( I I ) P 4 5 0 c a m + CO ^ — - F e ( I I ) P450cam-CO, K c o = o n 

k o f f k o f f 

w h e r e t h e f o r w a r d r e a c t i o n f o r t h e b i n d i n g o f CO t o t h e 

f e r r o u s enzyme was a s e c o n d - o r d e r p r o c e s s , and t h e r e v e r s e 

r e a c t i o n f o r d i s s o c i a t i o n o f CO f r o m t h e l i g a n d - b o u n d a d d u c t 

was a f i r s t - o r d e r p r o c e s s . A l l k i n e t i c e x p e r i m e n t s w e r e 

p e r f o r m e d s u c c e s s f u l l y by t h e f l a s h p h o t o l y s i s method on 

t h e a p p a r a t u s d e s c r i b e d i n S e c t i o n I I I 5, e x c e p t f o r t h e 

a p p a r e n t l i m i t e d s w e e p - t i m e r a n g e (>2.0 m s e c / d i v ) o f t h e 

o s c i l l o s c o p e f o r t h e a n a l o g c o n v e r t e r - d e r i v e d l i n e a r r a t e p l o t s . 
-5 

R e a c t i o n s w e r e f u n a t f i x e d p r o t e i n c o n c e n t r a t i o n s (=1.0X10 M) 

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

a t t h e S o r e t maxima o f t h e C O - f r e e c o m p l e x o r t h e CO-bound 

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

30% p h o t o d e c o m p o s i t i o n o f t h e CO-bound s p e c i e s and showed a 

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

S e c o n d - o r d e r r a t e c o n s t a n t s , k Q n f o r t h e m y o g l o b i n - C O s y s t e m , 

w h i c h was u s e d t o t e s t and d e v e l o p t h e f l a s h u n i t , w e r e 

d e t e r m i n e d a s 4.1X10 5M "̂S + 10% a t 20°C, i n e x c e l l e n t a g r e e 

ment w i t h t h e l i t e r a t u r e v a l u e s . The c o r r e s p o n d i n g k Q n v a l u e 
4 -1 -1 

f o r t h e s u b s t r a t e - b o u n d n a t i v e P450cam o f 6.8X10 M S + 20% 
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a t 20°C was i n good a g r e e m e n t w i t h t h e l i t e r a t u r e , w h i l e t h e 

p r e v i o u s l y u n r e p o r t e d k Q n v a l v e f o r t h e s u b s t r a t e - b o u n d p r o t o ^ 

h e m i n - r e c o n s t i t u t e d enzyme o f 6 . 4 X 1 0 4 M ~ 1 S ~ 1 + 10% a t 20°C 

was i n good agreement' w i t h t h a t o f t h e n a t i v e enzyme. The 

k ^_ v a l v e s o f 69 S - 1 ± 3 0 % , 12 S _ 1 ± 20% a n d 8 . 7 S - 1 ± 20% o f f 
f o r t h e m y o g l o b i n , and t h e n a t i v e a nd r e c o n s t i t u t e d P450cam 

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

e x p e r i m e n t s b u t w e r e f e l t t o be h i g h due t o e n h a n c e m e n t o f t h e 

C O - d i s s o c i a t i o n r e a c t i o n b y t h e m o n i t o r i n g l i g h t beam o f t h e 

f l a s h u n i t . C o m p a r i s o n o f t h e m y o g l o b i n s y s t e m w i t h t h e P450cam 

s y s t e m s showed a b o u t a 6 - f o l d e n h a n c e m e n t o f t h e "on" and " o f f " 

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

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

l i g a t i o n i n t h e P450cam s y s t e m s . A n a l y s i s o f t h e r e a c t i o n o f 

CO w i t h c y t o c h r o m e P450cam r e c o n s t i t u t e d w i t h meso-, d e u t e r o - , 

d i a c e t y l d e u t e r o - , and d i b r o m o d e u t e r o h e m i n , u s i n g t h e f l a s h 

p h o t o l y s i s t e c h n i q u e s d e s c r i b e d i n t h e p r e s e n t w o r k , w o u l d be 

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

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

The e q u i l i b r i u m s t u d i e s o f C O - b i n d i n g t o n a t i v e 

c y t o c h r o m e P450cam w e r e u s e d f o r t h e c a l c u l a t i o n o f t h e k c c  2 o f f 
v a l u e s s i n c e t h o s e o b t a i n e d f r o m t h e k i n e t i c e x p e r i m e n t s w e r e 

c o n s i d e r e d u n r e l i a b l e . A Kco o f 1 . 3 X 1 0 5 M - 1 + 15% a t 20°C 

g a v e a c a l c u l a t e d k c c r v a l u e o f 1.8 S _ 1 + 15% a t 20°C b o t h t h e ^ o f f — 
e q u i l i b r i u m a n d r a t e c o n s t a n t b e i n g i n good a g r e e m e n t w i t h 

l i t e r a t u r e v a l u e s f o r t h e s u b s t r a t e - b o u n d enzyme. E q u i l i b r i u m 
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C O - b i n d i n g was a p p a r e n t l y a f f e c t e d by t h e d i t h i o n i t e r e d u c i n g 

a g e n t and s e v e r a l s e m i - q u a n t i t a t i v e e x p e r i m e n t s showed t h a t 

a t l o w d i t h i o n i t e c o n c e n t r a t i o n more r e l i a b l e e q u i l i b r i u m 

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

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

A l t h o u g h f u r t h e r e x p e r i m e n t a t i o n i s r e q u i r e d on t h i s s y s t e m 

t h e s e r e s u l t s a r e o f i n t e r e s t b e c a u s e o f t h e u b i q u i t o u s u s e o f 

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

t h a t d i t h i o n i t e s ( o r i t s d e c o m p o s i t i o n o r o x i d a t i o n p r o d u c t s ) 

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

c y t o c h r o m e P450cam i s u n i q u e i n t h i s c h a r a c t e r i s t i c i s unknown. 

C l e a r l y , any f u t u r e w o r k on t h e C O - b i n d i n g e q u i l i b r i u m f o r 

b a c t e r i a l c y t o c h r o m e P450cam m u s t i n v o k e a d e t a i l e d a s s e s s m e n t 

o f t h e s e f i n d i n g s p l u s e x t e n s i o n t o t h e s t u d y o f t h e 

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

a s t h e c o r r e s p o n d i n g t h e r m o d y n a m i c p a r a m e t e r s f o r C O - b i n d i n g . 
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F l a s h P h o t o l y s i s U n i t O p e r a t i n g I n s t r u c t i o n s 

A) T u r n - o n P r o c e d u r e s : 

a) T u r n on t h e O s c i l l o s c o p e (20 m i n . t o warm up) 

b) T u r n on t h e H i g h V o l t a g e (HV) s u p p l y f o r t h e PMT. 

(Make s u r e t h e v o l t a g e a d j u s t m e n t k n o b i s f u l l y 

c o u n t e r c l o c k w i s e b e c a u s e f u s e i s s e n s i t i v e t o 

h i g h v o l t a g e surge), . 

c) T u r n on t h e Low V o l t a g e (LV) s u p p l y f o r 

m o n o c h r o m a t i c l i g h t s o u r c e . C l o s e t h e s l i t 

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

T u r n on lamp via s w i t c h a t t h e b a c k o f t h e lamp 

c o m p a r t m e n t . 

d) T u r n o n t h e A n a l o g R a t e C o n v e r t e r . S e t o u t p u t 

a t t r a n s m i t t a n c e (T) and b a l a n c e a t c a l i b r a t e ( C a l ) . 

e) T u r n o n T r i g g e r C o n t r o l . 

f ) T u r n on v o l t a g e s u p p l y f o r f l a s h g u n (make s u r e 

f l a s h g u n i s s w i t c h e d o f f ) . 

B) C a l i b r a t i o n o f O s c i l l o s c o p e : 

a) On t h e d u a l t r a c e v e r t i c a l a m p l i f i e r ( T e k t r o n i x 

5A18N) d e p r e s s d i s p l a y o n and s e t mode and t r i g g e r 

s w i t c h t o C h a n n e l 2 ( C h 2 ) . The Ch2 a m p l i f i e r s h o u l d 

l i g h t u p . Now s e l e c t i n p u t c o u p l i n g t o DC, g r o u n d 

(gnd) t h e i n p u t s and s e t a m p l i t u d e t o 0.1 V / d i v . 

On t h e t i m e b a s e a m p l i f i e r ( T e k t r o n i x 5B10N) s e t 

t i m e b a s e a t 2 m s e c / d i v , s o u r c e o n l i n e , c o u p l i n g 

a t DC, s l o p e a t p o s i t i v e , t , a n d t h e t r i g g e r l e v e l 

a t a b i t p o s i t i v e a b o v e n e u t r a l . 
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Use p o s i t i o n knob on the Ch2 v e r t i c a l a m p l i f i e r 

to z e r o - i n the b a s e l i n e . The b a s e l i n e i s u s u a l l y 

zeroed on the second l i n e from the bottom on the 

scope g r i d . The c e n t r a l 6x8 p o r t i o n of the g i r d 

p r o v i d e s the most ac c u r a t e c a l i b r a t i o n . (When 

ze r o i n g the b a s e l i n e , the focus and i n t e n s i t y 

c o n t r o l s of the D l l storage u n i t should be used 

to g i v e a p r o p e r l y i l l u m i n a t e d l i n e and remember 

th a t h i g h i n t e n s i t i e s focussed on a s m a l l area 

w i l l d e s t r o y the s c r e e n ) . 

b) Turn the amplitude switch a l l the way down to 

2mV/div. The b a s e l i n e o f t e n tends to d e v i a t e from 

zero. Use the Ch2 p o s i t i o n c o n t r o l to b r i n g the 

l i n e back to zero. Switch the amplitude to 0 . l V / d i v . 

and check the b a s e l i n e . I f i t d e v i a t e s from zero 

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

should be a d j u s t e d to zero d u r i n g the experiment 

each time the amplitude s e t t i n g i s changed and should 

be checked r e g u l a r l y throughout an experiment. 

c) Release the gnd button on the v e r t i c a l a m p l i f i e r ; 

the b a s e l i n e should remain a t zero. I f l i n e 

d i sappears from screen, c a r e f u l l y r e p e a t the above 

procedure. A t t h i s p o i n t the s i g n a l i s coming 

d i r e c t l y from the PMT. 

d) C a l i b r a t i o n of the v e r t i c a l a m p l i f i e r , time base 

a m p l i f i e r , and the CRT can e a s i l y be performed by 

c o n s u l t i n g the i n s t r u c t i o n manual f o r the T e k t r o n i x 

R5103N O s c i l l o s c o p e . 



33 

C a l i b r a t i o n o f S p e c t r o p h o t o m e t e r : 

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

beam by d i a l i n g t h e w a v e l e n g t h c o n t r o l knob a t 

t h e l e f t o f t h e Beckman m o n o c h r o m a t o r . C h e c k 

t h e f i l t e r s e l e c t o r p l a t e a t t h e e x i t s l i t o f 

t h e m o n o c h r o m a t o r ; make s u r e i t i s p u s h e d a l l 

t h e way i n (no f i l t e r ) . 

b) I t i s e s s e n t i a l t o p r o p e r l y a l i g n t h e m o n i t o r i n g 

beam t o g i v e maximum i n t e n s i t y a n d p e r f e c t 

c o l l i m a t i o n a t t h e PMT. Open t h e e x i t s l i t o f 

t h e m o n o c h r o m a t o r f u l l y (2.0mm), remove t h e c e l l 

e x t e n s i o n , and p l a c e a p i e c e o f w h i t e p a p e r i n 

t h e c e l l h o l d e r t o i n t e r c e p t t h e beam ( s e e 

F i g u r e I I I . 1 5 ) . The r e c t a n g u l a r ' o u t l i n e o f 

t h e beam s h o u l d a p p e a r on t h e p a p e r . The 

m o n i t o r i n g beam c a n be a l i g n e d w i t h t h e t h r e e 

s c r e w s a t t h e r e a r o f t h e lamp c o m p a r t m e n t . 

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

t h r o u g h o u t t h e v i s i b l e r e g i o n (400-7OOnm). 

A l i g n m e n t a t t h e PMT c a n be c h e c k e d b y r e m o v i n g 

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

i n t h e l i g h t beam ( s e e F i g u r e I I I . 1 5 ) . The 

same i n t e n s e r e c t a n g l e s h o u l d be o b s e r v e d . 

A d j u s t m e n t o f t h e c o l l i m a t i n g t u b e may be n e e d e d 

t o a c h i e v e t h e p r o p e r a l i g n m e n t . Once t h i s i s 

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

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

0 . 2 V / d i v , z e r o t h e b a s e l i n e a n d r e l e a s e t h e 

g n d . T u r n t h e s l i t w i d t h c o n t r o l o f t h e 

Beckman m o n o c h r o m a t o r u n t i l i t g i v e s I V (5 

v e r t i c a l d i v i s i o n s ) o n t h e s c r e e n . C h e c k t h e 

s l i t w i d t h d i a l o f t h e m o n o c h r o m a t o r ; i f i t i s 

n o t i n t h e r a n g e o f b e t w e e n 0.25-0.4mm, u s e t h e 

v o l t a g e a d j u s t m e n t o f HV power s u p p l y t o 

b r i n g i t i n t o t h i s r e g i o n . The HV r e a d i n g 

s h o u l d be =480V. The s l i t w i d t h s h o u l d n e v e r  

be g r e a t e r ^ , t h a n 0.5mm. I f t h e s e p a r a m e t e r s 

c a n n o t be met t h e lamp may n e e d r e p l a c e m e n t . 

The o u t p u t s c r e w o f t h e LV. s u p p l y c a n be 

u s e d f o r m i n o r a d j u s t m e n t s . 

The a b o v e c a l i b r a t i o n i s e a s i l y c h e c k e d by 

s w i t c h i n g t h e o u t p u t o f t h e A n a l o g C o n v e r t e r 

f r o m T t o A; t h e v o l t a g e on t h e s c r e e n s h o u l d 

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

t h a n 20mV, s w i t c h b a c k t o T, d o u b l e c h e c k t o s e e 

i f t h e s c o p e r e a d s I V , and s w i t c h b a c k t o A. 

I f t h e d e v i a t i o n s t i l l e x i s t s , i t g i v e s a s i g n t h 

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

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

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

100% t r a n s m i t t a n c e (T) t h e a b s o r b a n c e (A) e q u a l s 

z e r o . The c a l i b r a t i o n s h o u l d be done i n t h e 

e l e c t r i c a l s h o p o f t h e C h e m i s t r y D e p a r t m e n t , 

U.B.C. The c a l i b r a t i o n s h o u l d be c h e c k e d 
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C a l i b r a t i o n o f t h e F l a s h g u n P u l s e : 

a) S e l e c t t h e p r o p e r b r o a d b a n d p a s s f i l t e r ( s e e 

S e c t i o n I I I . 5 . 3 . 1 ) , p l a c e i n f r o n t o f t h e 

f l a s h g u n ( s e e F i g u r e I I I . 1 5 ) , a n d s e t up t h e 

s c o p e a s f o l l o w s ; v e r t i c a l a m p l i f i e r on 

5 V / d i v (maximum s e t t i n g ) ; t i m e b a s e a m p l i f i e r 

o n l m s e c / d i v , s o u r c e a t e x t e r n a l ( E x t ) , s l o p e 

a t +, s i n g l e sweep p u s h e d i n ( t h e r e a d y l i g h t 

s h o u l d be o n ) ; A n a l o g c o n v e r t e r on T; a n d 

D l l s t o r a g e u n i t on s t o r a g e w i t h e n h a n c e m e n t 

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

c o n t r o l s h o u l d be t u r n e d c l o c k w i s e u n t i l t h e 

beam s p o t i s l o c a t e d . The s p o t s h o u l d a p p e a r 

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

s c r e e n . 

b) C l o s e t h e s l i t on t h e m o n o c h r o m a t o r , make s u r e 

t h e e x i t f i l t e r a r e r e m o v e d ( i . e . no f i l t e r s ) , 

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

a r e a a n d s e t t h e H.V. s u p p l y f o r t h e PMT a t 

450-500V. 

c) T u r n On t h e f l a s h g u n . The c a p a c i t o r w i l l be 

f u l l y c h a r g e d when t h e i n d i c a t o r l i g h t comes 

o n . T h i s w i l l t a k e a b o u t 15 s e c o n d s . 

d) P u s h t h e S c o p e b u t t o n o n t h e T r i g g e r C o n t r o l . 

A b a s e l i n e a t z e r o v o l t s s h o u l d a p p e a r . 
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Q u a l i t y o f t h e l i n e c a n be a d j u s t e d u s i n g 

t h e i n t e n s i t y and f o c u s c o n t r o l s . P u s h R e s e t ; 

t h e R e a d y l i g h t s h o u l d come o n . Now p r e s s M a i n 

on t h e T r i g g e r C o n t r o l ; b o t h t h e f l a s h g u n and 

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

wave s i g n a l o f a m p l i t u d e =15V s h o u l d d e c a y 

e x p o n e n t i a l l y t o t h e b a s e l i n e i n =8msec. The 

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

p o s i t i o n i n g t h e f r e e end o f t h e f i b r e o p t i c s 

t u b e n e x t t o t h e f l a s h g u n s e n s o r ( s e e F i g u r e I I I . 1 5 ) . 

The same s q u a r e t r a c e s h o u l d be o b t a i n e d i n = 2 00ysec. 

e) R e s e t o s c i l l o s c o p e , c h a n g e v e r t i c a l a m p l i t u d e t o 

2OmV/div and sweep t i m e t o 0.1 m s e c / d i v . P l a c e 

3.0 O.D. n e u t r a l d e n s i t y f i l t e r i n t h e U - s h a p e d 

p o c k e t h o l d e r ( s e e F i g u r e I I I . 1 5 ) and o b t a i n a 

t r a c e . The f l a s h t r a c e s h o u l d f a l l b a c k t o t h e 

b a s e l i n e i n 150-250 y s e c and s h o u l d show f i n e 

s t r u c t u r e c h a r a c t e r i s t i c s o f t h e l i g h t p u l s e . 

F i n e - t u n i n g o f t h e l i g h t p i p e p o s i t i o n c a n be made 

now. Remove t h e n e u t r a l d e n s i t y f i l t e r a n d r e p l a c e 

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

( s e e S e c t i o n I I I . 5 . 3 . 1 ) . O b t a i n a t r a c e . I n t h e 

i d e a l c a s e no f l a s h i n g l i g h t s h o u l d r e a c h t h e PMT, 

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

t h e c o m p l e m e n t a r y f i l t e r s , t h e more l i g h t i s l e a k e d 

t o t h e PMT. The t r a c e w i l l p r o b a b l y show i d e n t i c a l 

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

i s p r o p e r l y a d j u s t e d , e r a s e t h e s c o p e and s e t 

b a c k t o c o n t i n u o u s s c a n ( S e c t i o n B ) . 

R a t e M e a s u r e m e n t : 

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

c a l i b r a t e s p e c t r o p h o t o m e t e r ( S e c t i o n C ) . The 

s c o p e s h o u l d r e a d z e r o w i t h t h e A n a l o g C o n v e r t e r 

a t A and b a l a n c e a t C a l . Now p u t t h e s a m p l e c e l l 

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

t o a v o l t a g e c o r r e s p o n d i n g e x a c t l y t o t h e O.D. 

u n i t s o f a b s o r b a n c e m e a s u r e d on t h e C a r y spectro-^-

p h o t o m e t e r . Use b a l a n c e c o n t r o l t o b r i n g t h e 

t r a c e t o z e r o . 

b) S w i t c h t h e v e r t i c a l a m p l i t u d e t o 0 . l V / d i v o r 

5 0 m V / d i v . I f t h e l i n e d e v i a t e s f r o m z e r o r e a d j u s t 

w i t h t h e p o s i t i o n c o n t r o l . Change t h e mode o f 

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

t r i g g e r i n g ( S e c t i o n D ) . S e l e c t a sweep t i m e 

( e . g . 5 m s e c / d i v ) and t r i g g e r t h e s c o p e t o r e g i s t e r 

a b a s e l i n e on t h e s t o r e d s c r e e n . A d j u s t t h e f o c u s 

and i n t e n s i t y c o n t r o l s t o g i v e a c l e a n l i n e o f 

s h a r p c o n t r a s t . ' W i t h b a s e l i n e o b t a i n e d , r e s e t 

t h e s c o p e , and f i r e M a i n on t h e T r i g g e r c o n t r o l . 

The s c o p e s h o u l d show an e x p o n e n t i a l d e c a y c u r v e . 

c ) S e l e c t t h e o p t i m u m v o l t a g e a m p l i t u d e , p o s i t i o n 

and t i m e b a s e s e t t i n g s t o a f f o r d th_e m o s t a p p e a l i n g 
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e x p o n e n t i a l d e c a y d i s p l a y . R e c o r d a l l p a r a m e t e r s 

and t a k e a p i c t u r e . Do n o t e r a s e u n t i l y o u h a v e 

a : : . w e l l - d e v e l o p e d p h o t o g r a p h . 

d) To c o n v e r t t h e e x p o n e n t i a l d e c a y c u r v e i n t o a 

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

on t h e A n a l o g C o n v e r t e r m u s t be p o s i t i o n e d t o 

t h e c o r r e c t d i r e c t i o n (up f o r i n c r e a s i n g d e c a y s 

and down f o r d e c r e a s i n g d e c a y s ) . 

e) The c o n v e r t e r i n t e r n a l l y s u p p l i e s a r e f e r e n c e 

v o l t a g e Aco o f +0.4V w h i c h c a n be i n t e r n a l l y 

a d j u s t e d w i t h t h e t r i m m e r p o t l a b e l l e d R7 ( F i g u r e 

I I I . 1 8 ) . To m e a s u r e t h i s v o l t a g e c l o s e t h e s l i t 

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

t o A-Asp. The r e a d i n g on t h e s c o p e s h o u l d be 

e i t h e r -0.4V ( i f t h e t r a c e s e l e c t o r i s a t d e c r e a s i n g 

d e c a y s ) o r +0.4V ( a t i n c r e a s i n g d e c a y s ) . I n o r d e r 

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

be s u b t r a c t e d f r o m e a c h a b s o r b a n c e v a l u e on t h e 

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

f ) To do t h i s , r e c a l i b r a t e t h e u n i t a s i n S e c t i o n A. 

W i t h t h e A n a l o g c o n v e r t e r a t A t h e c o n t i n u o u s t r a c e 

s h o u l d be a t z e r o b a s e l i n e . Now, u s i n g t h e c o u r s e 

and f i n e b a l a n c e c o n t r o l s add o r s u b t r a c t 0.4V f r o m 

t h i s b a s e l i n e t r a c e . S w i t c h t h e o u t p u t t o A-Aco, 

t h e beam s h o u l d f a l l b a c k t o t h e z e r o b a s e l i n e . The 

s i g n a l i s now n o r m a l i z e d . Change t h e a m p l i t u d e s e t t i n g 

t o O . l V / d i v , u s e t h e p o s i t i o n c o n t r o l t o f i n e t u n e 
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t h e b a s e l i n e , s w i t c h o u t p u t o f t h e A n a l o g C o n v e r t e r 

t o k, s e l e c t a t i m e b a s e s e t t i n g w h i c h i s a b o u t 

2x o r 5x f a s t e r t h a n t h e s e t t i n g u s e d t o o b t a i n 

t h e e x p o n e n t i a l t r a c e , r e s e t t h e s c o p e , f i r e 

t h e s c o p e t r i g g e r t o o b t a i n a b a s e l i n e , r e s e t t h e 

s c o p e , f i r e t h e s c o p e t r i g g e r t o o b t a i n a b a s e l i n e , 

r e s e t t h e s c o p e , and t h e n f i r e t h e M a i n t r i g g e r 

t o o b t a i n a l i n e a r t r a c e . The s l o p e i n v o l t s / S , 

i s t h e r a t e c o n s t a n t i n S 1 o f t h e e x p o n e n t i a l 

d e c a y p r o c e s s u n d e r s t u d y . 

g) I f p a r t o f t h e l i n e a r t r a c e i s d i s l o c a t e d o n t h e 

s c r e e n move t h i s up o r down t o any a r b i t r a r y c o 

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

t h e t h r e e p o s i t i o n c o n t r o l s o f t h e A n a l o g C o n v e r t e r 

( i . e . C o a r s e , F i n e B a l a n c e and I n t e r c e p t ) a r e 

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

c o r r e s p o n d i n g t r a c e s down on t h e s c r e e n . The 

i n t e r c e p t o f t h i s r a t e p l o t on t h e s c o p e e q u a l s 

I n A 0-Aoo o n l y when t h e i n t e r c e p t c o n t r o l i s 

c o m p l e t e l y t u r n e d c l o c k w i s e . 

h) When t h e u p p e r p a r t o f t h e l i n e a r t r a c e a p p e a r s 

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

f a s t e r sweep r a t e i s n e e d e d . S w i t c h i n g t o t h e 

n e x t i n c r e m e n t on t h e t i m e b a s e s e t t i n g u s u a l l y 

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

a l l p a r a m e t e r s a nd t a k e p i c t u r e . Do n o t e r a s e 

t r a c e u n t i l a w e l l d e v e l o p e d p h o t o g r a p h i s o b t a i n e d . 
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F) S h u t d o w n P r o c e d u r e s : 

a) T u r n o f f t h e f l a s h g u n a n d power s u p p l y . 

b) T u r n o f f T r i g g e r c o n t r o l . 

c ) R e t u r n t h e o u t p u t t o T, b a l a n c e t o C a l . , t u r n 

o f t h e A n a l o g R a t e C o n v e r t e r . 

d) S w i t c h o f f t h e lamp and t u r n o f f Low V o l t a g e 

power s u p p l y . 

e) T u r n o f f t h e H i g h V o l t a g e PMT s u p p l y . 

f ) S w i t c h t h e s c o p e t o t h e n o n - s t o r a g e mode. T u r n 

o f f t h e o s c i l l o s c o p e . 

G) T r o u b l e S h o o t i n g : 

a) N o i s e l e v e l t o o h i g h : 

A l w a y s b e a r i n m i n d t h a t t h e h i g h e r l i g h t i n t e n s i t y 

t h e PMT r e c e i v e s , t h e h i g h e r t h e c a t h o d e v o l t a g e 

( l e s s n e g a t i v e h i g h v o l t a g e ) i t r e q u i r e s t o m a i n t a i n 

t h e o u t p u t l e v e l , a n d l e s s n o i s e and d a r k c u r r e n t 

w i l l r e s u l t . H o wever, t h i s l i g h t i n t e n s i t y i s 

l i m i t e d by t h e m o n o c h r o m a t o r s l i t , t h u s , S/N l e v e l 

w i l l t r a d e o f f w i t h t h e s p e c t r o p h o t o m e t e r ' s 

r e s o l u t i o n . Whenever a b n o r m a l l y h i g h n o i s e l e v e l s 

show u p , a l w a y s remove t h e s a m p l e c u v e t t e , s w i t c h 

t h e A n a l o g C o n v e r t e r o u t p u t t o T, B a l a n c e a t C a l . , 

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

S e c t i o n C. 

Then c h e c k : 

1) The l i g h t s y s t e m : e x i t f i l t e r s i n 0 p o s i t i o n ? 

PMT p r o p e r l y a l i g n e d ? C e l l e x t e n t i o n o r a n y t h i n g 

b l o c k i n g t h e l i g h t p a t h ? S l i t w i d t h t o o n a r r o w ? 
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2) The e l e c t r o n i c s y s t e m : t r y t o g r o u n d e v e r y 

i n d i v i d u a l p a r t ; c h e c k c o n n e c t i o n b e t w e e n 

PMT and HV s u p p l y and t h e A n a l o g C o n v e r t e r . 

HV t o o h i g h ? 

Too much f l a s h l i g h t l e a k e d i n t o t h e PMT d e t e c t o r : 

C h e c k t h e f i l t e r s y s t e m . The o n l y way t o r e d u c e 

t h e s e n s i t i v i t y o f t h e PMT d e t e c t o r t o w a r d t h e 

f l a s h l i g h t i s t o r e d u c e HV s u p p l y and i n c r e a s e 

t h e i n t e n s i t y o f t h e m o n i t o r i n g beam ( w i t h l e s s 

r e s o l u t i o n ) . 

T r i g g e r C o n t r o l m a l f u n c t i o n : 

1) I t o n l y t r i g g e r s t h e s c o p e sweep b u t n o t t h e 

f l a s h u n i t : 

a) C h e c k t h e f l a s h g u n t o s e e i f i t i s p r o p e r l y 

c h a r g e d . 

b) C h e c k t h e t r i g g e r c o n n e c t i o n o f t h e f l a s h 

gun . 

c) Have f l a s h g u n c i r c u i t r y c h e c k e d o u t , 

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

2) I f i t d o e s n o t t r i g g e r t h e f l a s h g u n n o r t h e s c o p e 

a) C h e c k b u t t o n s w i t c h e s . 

b) C h e c k t h e t r i g g e r l e v e l on t h e s c o p e , a d j u s t 

i t more +ve (more s e n s i t i v e ) . 

3) I t o n l y t r i g g e r s t h e f l a s h u n i t b u t n o t t h e s c o p e 

a) C h e c k t h e t r i g g e r l e v e l o f t h e s c o p e ; 

i n c r e a s e s e n s i t i v i t y , i f n e c e s s a r y . 
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d) M a l f u n c t i o n o f t h e A n a l o g C o n v e r t e r : 

a) C o n s u l t c o n s t r u c t i o n d e s c r i p t i o n 1 5 2 ' 1 5 3 

a n d c i r c u i t d i a g r a m , ( F i g u r e I I I . 1 8 ) , 

r e c a l i b r a t e i t i f n e e d e d . 

b) I n e m e r g e n c y , t h e w h o l e a n a l o g c o n v e r t e r 

c i r c u i t c a n be d i s p e n s e d by c o n n e c t i n g 

t h e PMT anode o u t p u t d i r e c t l y t o t h e 

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

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



APPENDIX I I 

DERIVATION OF THE RATE LAW FOR THE INTERACTION 
OF CARBON MONOXIDE WITH SIMPLE HEMOPROTEINS 
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D e r i v a t i o n o f t h e R a t e Law f o r t h e I n t e r a c t i o n  
o f C a r b o n M o n o x i d e w i t h S i m p l e H e m o p r o t e i n s 

F o r t h e r e a c t i o n o f h e m o p r o t e i n s c o n t a i n i n g a s i n g l e heme 

u n i t s u c h as m y o g l o b i n and c y t o c h r o m e P4 50cam t h e r e a c t i o n 

w i t h c a r b o n m o n o x i d e c a n be r e p r e s e n t e d by r e a c t i o n scheme ( 1 ) , 
k 

F e ( I I ) + CO F e ( I I ) - C O , (1) 
o f f 

w h e r e F e ( I I ) i s t h e h e m o p r o t e i n , F e ( I I ) - C O i s t h e h e m o p r o t e i n -

CO a d d u c t , k i s t h e a s s o c i a t i o n v e l o c i t y c o n s t a n t and k 
o n o f f 

i s t h e d i s s o c i a t i o n v e l o c i t y c o n s t a n t . Hence t h e e q u i l i b r i u m 

c o n s t a n t , K c o , i s g i v e n by ( 2 ) , 

K c o = ^ = [ F e ( I I ) - C O ] e ( 2 )  
k o f f [ F e ( I I ) ] e [ C 0 ] e ' K £ ) 

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

o f e a c h c o m p o n e n t . 

The r a t e o f t h e p r o c e s s i n d i c a t e d by scheme (1) shown 

a b o v e i s 

d [ F e ( I I ) ] d [ F e ( I I ) - C O ] , , , r> 
d t ~ = d t ~ = k o n [ F e ( I I ) ] t C ° ] - - k o f f [ F e ( I I ) - C O ] ( 3 

S i n c e r e a c t i o n scheme (1) was c a r r i e d o u t u n d e r c o n d i t i o n s 

o f l a r g e e x c e s s o f CO i n c o m p a r i s o n w i t h F e ( I I ) ( i . e . p s e u d o 

f i r s t - o r d e r i n [Fe ( I I ) ] ),the p r o d u c t k Q n [ C O ] = k' i s c o n s t a n t 

and (3) becomes 

_ d [ F e ( I I ) ] = d [ F e U I ) - C O ] = k , [ F e ( I I ) ] _ ^ f [ F e ( n ) - C 0 ] (4) 
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An i n t e g r a t e d f o r m o f (4) c a n be o b t a i n e d by r e w r i t i n g 

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

scheme (1) ( i . e . i n t e r m s o f [ F e ( I I ) - C O ] ) k n o w i n g t h a t 

[ F e ( I I ) ] 0 = [ F e ( I I ) - C O ] + [ F e ( I I ) ] 

w h e r e [ F e ( I I ) ] D i s t h e t o t a l h e m o p r o t e i n c o n c e n t r a t i o n a t 

t i m e z e r o , [ F e ( I I ) - C O ] i s t h e c o n c e n t r a t i o n CO-bound s i t e s 

i n t h e h e m o p r o t e i n a t t i m e t , and [ F e ( I I ) ] i s t h e c o n c e n t r a t i o n 

o f f r e e s i t e s a t t i m e t . R e a r r a n g i n g t h e a b o v e e q u a t i o n t o 

g i v e (5) 

[ F e ( I I ) ] = [ F e ( I I ) ] 0 - [ F e ( I I ) - C O ] (5) 

and s u b s t i t u t i n g (5) i n t o ( 4 ) , e q u a t i o n (6) c a n be o b t a i n e d , 

w h i c h g i v e s t h e r a t e o f t h e p r o c e s s shown i n r e a c t i o n scheme 

(1) i n t e r m s o f p r o d u c t f o r m a t i o n 

d [ F e ( I I ) - C O ] = k . [ F e ( I I ) ] o _ ( k , + k Q f f ) [ F e ( I I ) - C O ] (6) 

E q u a t i o n (6) c a n now be i n t e g r a t e d u s i n g s t a n d a r d 

i n t e g r a l (7) 

dx 1 
a + bx = b l n ( a + b x ) + c ( ?) 

w h e r e a = k ' [ F e ( I I ) ] 0 

b = - ( k - + k Q f f ) 

x = [ F e ( I I ) - C O ] 

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

i n t e g r a t i o n , (6) c a n be r e w r i t t e n i n t e r m s o f (7) t o g i v e (8) 

/ • [ F e C H ) - C O ] r t 
/ d [ F e ( I I ) - C O ] = / dt- m 

y [ F e ( I I ) ] n k 1 [Fe ( I I ) ] Q - (k'+k f f ) [Fe ( I I ) -CO] J ^ K > 
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I n t e g r a t i o n a n d e v a l u a t i o n o f (8) g i v e s ( 9 ) , t h e i n t e g r a t e d 

f o r m o f r a t e e q u a t i o n (6) 

, k , [ F e ( I I ) ] 0 - ( k 1 + k ) [ F e ( I I ) - C O ] 
k ' [ F e ( I I ) ] 0 - ( k 1 + k Q f f ) [ F e ( I I ) ] 0

 ( K + K o f f ; r m 

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

e q u i l i b r i u m c o n c e n t r a t i o n s b y a l l o w i n g r a t e e q u a t i o n (4) 
i A 4-u- v, 4-̂.- d [ F e ( I I ) - C O ] n t o e q u a l 0. F o r t h i s c a s e b y s e t t i n g — ^ = 0 

k ' [ F e ( I I ) ] e = k Q f f [ F e - C O ] e = k , ( [ F e ( I I ) ] 0 - [ F e ( I I ) - G O ] e ) (10) 

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

t h e n k f f + k' 
[ F e ( I I ) ] 0 = [ F e ( I I ) - C O ] e -2—-, (11) 

and (9) c a n t h e n be w r i t t e n 

i n [ F e ( I I ) ] o " [ ^ ( I I ) - C O ] e = ( k , + k Q f f ) t ( 1 2 ) 

[ F e ( I I ) - C O ] - [ F e ( I I ) - C O ] e 

w h e r e [ F e ( I I ) ] 0 , [ F e ( I I ) - C O ] a n d [ F e ( I I ) - C O ] a r e , r e s p e c t i v e l y , 

t h e c o n c e n t r a t i o n o f CO-bound h e m o p r o t e i n s i t e s a t t i m e z e r o , 

a t e q u i l i b r i u m a n d a t t i m e , t . The r e s u l t o f e q u a t i o n (12) i s 

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

t h e o b s e r v e d r a t e c o n s t a n t , k , , t h e sum o f t h e p s e u d o f i r s t -
' o b s c 

o r d e r r a t e c o n s t a n t f o r t h e f o r w a r d a n d t h e f i r s t - o r d e r r a t e 

c o n s t a n t f o r t h e r e v e r s e r e a c t i o n s o f r e a c t i o n scheme ( 1 ) . S i n c e 

k , = ( k 1 + k __) and k' = k [CO] obs o f f o n 1 J 

p l o t s o f k Q k s vs. [CO] g i v e a s t r a i g h t l i n e w i t h s l o p e , 

k a n d i n t e r c e p t , k on ^ ' o f f 
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S i n c e t h e f l a s h p h o t o l y s i s e x p e r i m e n t s i n v o l v e d s p e c t r o 

p h o t o m e t r i c a n a l y s i s o f t h e r e a c t i o n m i x t u r e s , e q u a t i o n (12) 

c a n be r e w r i t t e n i n t e r m s o f a b s o r b a n c e s u s i n g B e e r ' s Law 

(13) a l o n g w i t h e x p r e s s i o n s e q u a t i n g t h e t o t a l a b s o r b a n c e 

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

s p e c i e s a t t i m e z e r o ( 1 4 ) , a t e q u i l i b r i u m (15) and a t t i m e , 

t (16) . 

A = ebc (13) 

[Fe ( I I ) ] Q = A ° (14) 
? F e ( I I ) 

A e = e F e ( I I ) [ F e ( I I ) ] e + e F e ( I I ) - C 0 [ F e " C 0 ] e ( 1 5 ) 

A = e F e : < I I ) [ P e ( I I ) ] + e F e ( I I ) - C O [ F e ( I I ) - C O ] ( 1 6 ) 

S o l v i n g f o r t h e c o n c e n t r a t i o n o f e a c h s p e c i e s i n e q u a t i o n s 

(11) i n t e r m s o f a b s o r b a n c e s d e n o t e d i n e x p r e s s i o n s ( 1 4 ) , (15) 

and (16) g i v e s e q u a t i o n (17) 

I n A o A e »= k , t (17) 
A - A o b s 

e 

w h e r e A i s t h e a b s o r b a n c e o f t h e F e ( I I ) - C O a d d u c t a t .time t 

A e i s t h e a b s o r b a n c e o f t h e F e ( I I ) - C O a d d u c t a t e q u i l i b r i u m 

A Q i s t h e a b s o r b a n c e o f t h e F e ( I I ) - C O a d d u c t a t t h e s t a r t 

o f t h e r e a c t i o n a nd k , i s t h e o b s e r v e d r a t e c o n s t a n t . 
o bs 

D e r i v a t i o n o f e q u a t i o n (17) i n t e r m s o f t h e 5 - c o o r d i n a t e 

u n b o u n d h e m o p r o t e i n w o u l d r e s u l t i n t h e same e x p r e s s i o n 

d i f f e r i n g o n l y i n t h e s i g n o f t h e s l o p e o f t h e k ^ g vs. [CO] 

g r a p h . 



APPENDIX I I I 

RAW DATA FOR THE SPECTRUM OF THE  
KINETIC INTERMEDIATE PRODUCED BY  
THE PHOTODECOMPOSITION OF THE 
CARBON MONOXIDE COMPLEXES OF 

MYOGLOBIN AND CYTOCHROME P4 5 0cam 



Appendix I l i a Saw data for the kinetic intermediate 
of the Hb-CO system. 

TIME (msec) TIME (msec) 

01 



Appendix I l l b Raw data for the kinetic Intermediate 
of the P450can-CO system. 

( m i « ) 

i (m»«c) 



APPENDIX I V 

RAW DATA FOR THE FLASH PHOTOLYSIS  
KI N E T I C STUDIES OF THE Mb-CO, AND 

NATIVE AND PROTOHEMIN-RECONSTITUTED 
P4 50cam-CO SYSTEMS 
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APPENDIX V 

RAW DATA FOR THE SPECTROPHOTOMETRIC  
DETERMINATION OF THE EQUILIBRIUM 

CONSTANT FOR THE REACTION OF CO WITH  
THE FERROUS SUBSTRATE-BOUND STATE 

OF'. NATIVE• CYTOCHROME P450cam 
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Raw data for Equilibrium Run 1 

•qullibrlna Data 
Saiapla Doacrlptioni Matlva P450caa-C0 Ce«pli 
Tanparaturat 20*0.3°C 
Vapour Pxoaanra of B-Oi 

Thaoratical 1 1 

i i u Tabla 

121 Hi Oil 300 MB o i l 
17.S an Bg 19.4 m> Bg 

Pata Anal v i a 

MavalwtgtJv Maxlaa i 44 Sua 

Aboorbanca of Para tpaelast Ao > 
A- -

Data Tabla 

0.222 
D.fllt 

•paclaa 1 Man tod 
Pco 

an Hgloil 
PTotal 

{ao oil) 
Pco 

(•B Oil) *44inn A40Bm 
Pco 

(•tj Bg) |CO)"10* Log (CO] A-Ao A.-A A-Ao 
JCTC 

A-Ao 

200 
(MI 

Log (CO] A-Ao 
JCTC 

A-Ao 

1 0 200 0 0.222 o.saa 

3 3.0 (».0) 239 3».0 0.222 0.592 

3 4.0 {52.0} 256 56.0 0.333 0.523 
4.33 5.19 -5.33 0.101 0.566 0.176 -0.749 

4 6.0 (70.0) 210 •0.0 0.410 0.44) i . l l • -41 -5.0i o . i t a 0.479 0.392 -0.406 

s 0.0 (104) 107 107 0.503 0.390 • .37 11.3 -4-t5 0.2»1 0.316 0.73B -0.131 

6 10 (130) 335 135 0.592 0.337 10.4 14.2 -4.15 0.170 0.297 1.25 0.095 

7 12 (156) 359 159 0.636 0.295 
12.3 16.7 -4.71 0.414 0.253 1.64 0.214 

I 14 (112) 3i7 1(7 0.673 0.281 
14.5 It.7 -4.71 0.451 0.216 2.09 0.320 

9 20 (2C0) 466 266 0.732 0.246 

10 45 (SIS) 7t7 St7 o.aio 0.177 
20.6 21.0 -4.55 0.S10 0.517 3.25 0.512 

11 7(0 0.119 0.134 46.3 62.• -4.30 0.SM 0.079 7.44 0.172 

Raw data for Equilibrium Run 2 
Bgulllbrlna Pat* 

Saapla Daacriptiom Bativa P4S0can-CO Coaplax 
20iO.!°C Thaoratical'**1 Expariaantal 

Vapour Praaaura of BjO: 321 aa o i l 240 m o i l 

Hantad 
Pco 

m Hg(oli: 

Data Tabla  

PTot«l A445ra | A40*im 

•tavalangth N u i a i i 4 

Abaocbanca of Pura Bpaclaai 

6.11 

• .43 

13.1 

20.1 

0.245 
0.911 

PCO (COlxlO [Log (CO) | A-Ao 

0.226 

0.199 

4.67x10 

>. 12x10" 

3.35 

3.27 

.-1 

-1.18 

>.90x10' 

•1.31x10" 

-7.11x10" 

1.75x10' 

2.ltxl0" 

3.71x10' 

5.14x10' 

Raw data for Equilibrium Run 4 

Bquillbriua Data 
Saapla Daacriptiom Bativa >4 50ca»-CO Coaplax 
T-paratu... M*0.2°C Tha.r.t.c. 

Data Tabla 

Mantod 

Expariaantal 
239 Mi o i l 

17.5 as Bg 

•paclaa * 
ao Bgloil 

<*• oil) A445tm A406n» 

Data Analyla 

Mavalaagtb Maxima i 445na 

Abaorbaoc* of Puia Spaeiaa: Ao •» 0.234 
A* - 0.176 

Data Tabla 

Pco 
(am Bg) (COJXIO* Log ICO] A-AO A.-A A-Ao - S t 
3.59 4.at -5.31 0.070 0.573 0.122 •0.912 

..... 
6. It 6.41 -5. 01 0.221 0.414 0.551 -0.2S9 

• .It 11.1 -4.t5 0.339 0.304 1.11 0.046 

10.3 14.0 -4.15 0.392 0.250 1.57 0.1»S 

12.2 16.6 -4.79 0.424 0.311 1.95 0.2lt 

14.3 It.4 -4.71 0.451 0.191 3.36 0.373 

20.2 27.4 -4.56 0.499 0.143 3.49 0.543 
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Raw data for Equilibrium Run 5 Thaoratical 1 

Equilibrium Data 
t o p i * Daacriptioo. Bativa ?450ca»»-CO Co«pl«x 
Taaparatnia> 20±0.2°C 
Vapour Praasura of BJOI 

Data Tab la 

Nantad 

12B an o i l 144 wa o i l 
17.S n i g ' l l . l n l t 

Upacia* I 
. Ba(oll)| Total • oil) 

Data Analyala 

Hatalangth HaxUaa i 44Sna 

Ataoxbanoa of Pnxa Bpaciaai Ao - 0.304 

ft. * 0.191 

Data Tabla 

(•a*Bg> [C0]«10* 
(M) 

Log [CO] A-Ao A_-A A-Ao 
K=JE l o < J ATT 

2.17 2.94 -5. S3 0.013 0.673 1.93xlfl"2 -1.71 

-4.33 S.B9 -S.23 0.217 0.399 7.HX10"1 -0.143 

6.03 • .JO -5.09 0.407 0.279 1.46 0.164 

1.04 10.9 -4.96 0.470 0.216 2. IB 0.339 

10.1 13.7 -4-te 0.407 0.199 2.45 0.309 

20.1 27.1 -4.5* 0.591 0.09S 6.22 0.794 

IS. 2 47.0 -4.32 0.4*0 0.026 25.4 1.40 

4*.7 • 1.5 -4.20 o.tat 0.00 0 1.0 

Raw data for Equilibrium Run 6 Bqulltbrlua Pata 
»npl* Daacrlptlorw » U w *490casr-CO Coaplai 
Ttsparatuxei 20i0.2°C 
Vapour Praaanra of B,Oi 

Tbaoratlcal 1 1 

Pata Tabla 

227 an o i l 
17.9 mm Bq 

Exparl—atal 
229 an o i l 

11.2 an Hg 

A445n* A40Bna 

•avalangtb MBXIBW t 44 Sua 

Abaarbaaca of Para Bpaciaat Ao 
A. 

Pata Tab la 

0.259 
0.912 

10.9 

1.41 

11.0 

13.1 

14.1 

19.2 

0.030 

0.137 

0.2B2 

0.367 

0.419 

0.424 

0.477 

0.536 

0.391 -0.142 

7.09*10* 

0.231 

0.186 


