
MECHANISMS AND S T E R E O C H E M I S T R Y O F 

BIOSYNTHESIS O F H A E M P R E C U R S O R S 

by 

ZAHUR Z A M A N 

D e p a r t m e n t of P h y s i o l o g y and B i o c h e m i s t r y 

A T h e s i s s u b m i t t e d to t h e 

U n i v e r s i t y of S o u t h a m p t o n 

f o r the d e g r e e of 

D O C T O R O F P H I L O S O P H Y 

S e p t e m b e r 1972 



A C K N O W L E D G E M E N T S 

I s h o u l d l i k e t o e x p r e s s m y i n d e b t e d n e s s to t h e 

S c i e n c e R e s e a r c h Counc i l f o r a r e s e a r c h g r a n t and 

P r o f e s s o r K . A . Munday f o r p r o v i d i n g e x c e l l e n t f a c i l i t i e s 

f o r r e s e a r c h . 

I a l s o w i s h to o f f e r p r o f o u n d t h a n k s t o 

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

p a p e r s , M r s . H . C h e s t e r s f o r c o m p e t e n t l y t yp ing , and 

M i s s M . Y . G e d d e s f o r p a t i e n t l y r e a d i n g t h r o u g h t h e 

m a n u s c r i p t . 

T h e t e c h n i c a l a s s i s t a n c e of M i s s O . B a l d e r s t o n e 

and M r s . P . L e w i s i s g r a t e f u l l y a c k n o w l e d g e d . 

W o r d s a r e a p o o r s u b s t i t u t e to e x p r e s s m y d e b t 

of g r a t i t u d e to P r o f e s s o r M . A k h t a r f o r h i s v a l u e d f r i e n d s h i p , 

i n s p i r a t i o n , e n c o u r a g e m e n t a n d g u i d a n c e in m a t t e r s both 

s c i e n t i f i c and t e m p o r a l . 



T o t h e s n o w - c a p p e d m o u n t a i n s of K a s h m i r 

t h e g u a r d i a n s of m y p r o u d h e r i t a g e . 

11 



L i f e i s s h o r t , and the a r t of ' s c i e n c e ' i s long; t h e 

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

d i f f i c u l t . 

H i p p o c r a t e s 
4 6 0 ? - 3 5 7 ? B . C . 

I l l 



A B S T R A C T 

F A C U L T Y OF S C I E N C E 

PHYSIOLOGY AND BIOCHEMISTRY 

D o c t o r of P h i l o s o p h y 

MECHANISMS AND S T E R E O C H E M I S T R Y O F BIOSYNTHESIS 

O F H A E M P R E C U R S O R S 

by Z a h u r Z a m a n 

I n c u b a t i o n s of c r u d e and s e m i p u r i f i e d p r e p a r a t i o n s of 5 - a m i n o -

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

w i t h (3, S - t r i t i a t e d 5 - a m i n o l a e v u l i n i c a c i d r e v e a l e d the p r e s e n c e 

of a c o n t a m i n a n t a c t i v i t y w h i c h c a t a l y s e s the e x c h a n g e of 

h y d r o g e n a t o m ( s ) l o c a t e d a t t h e 5 - c a r b o n a t o m of 5 - a m i n o -

l a e v u l i n i c a c i d . T h i s c o n t a m i n a n t e x c h a n g e a c t i v i t y w a s c o m -

p l e t e l y a b s e n t in 5 8 9 - f o l d p u r i f i e d e n z y m e p r e p a r a t i o n w h i c h 

w h e n u s e d to b i o s y n t h e s i s e 5 - a m i n o l a e v u l i n i c a c i d f r o m s t e r e o -

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

5 - a m i n o l a e v u l i n i c a c i d i n v o l v e s t h e r e m o v a l of the R h y d r o g e n 

a t o m of g lyc ine p r i o r to the c o n d e n s a t i o n of the l a t t e r wi th 

s u c c i n y l CoA, T h e u s e of p, ^ - t r i t i a t e d 5 - a m i n o l a e v u l i n i c 

a c i d a l s o i n d i c a t e d t h a t our 13 - fo ld p u r i f i e d L - a l a n i n e - 4 , 5 - d i o x o -

v a l e r a t e t r a n s a m i n a s e does not c a t a l y s e s t e r e o s p e c i f i c e x c h a n g e 

of t h e h - h y d r o g e n a t o m of 5 - a m i n o l a e v u l i n i c a c i d . 

S t e r e o s p e c i f i c a l l y t r i t i a t e d s a m p l e s of 2 - o x o g l u t a r a t e w e r e 

p r e p a r e d by an e x c h a n g e r e a c t i o n invo lv ing N A D P H - d e p e n d e n t i s o -

c i t r a t e d e h y d r o g e n a s e . S u b s e q u e n t d e c a r b o x y l a t i o n of t h e 2 - o x o -

g l u t a r a t e by h y d r o g e n p e r o x i d e gave s u c c i n a t e . T h e u s e of t h e s e 
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compounds in. the b i o s y n t h e s i s of h a e m by the h a e m o l y s e d p r e p -

arat ions of phenyl h y d r a z i n e - t r i t i a t e d chick blood e s t a b l i s h e d 

that the v iny l groups of h a e m are f o r m e d through the l o s s of 

S h y d r o g e n a t o m s l o c a t e d a t t he j3 -pos i t ions of the p r o p i o n i c 

a c i d s ide c h a i n s . The h y d r o g e n a t o m s l o c a t e d at the o ' -pos i t ions 

of t h e s i d e c h a i n s a r e no t i nvo lved in the b i o s y n t h e s i s of h a e m , 

A m e c h a n i s m f o r the r e a c t i o n h a s been p r o p o s e d . 
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LIST OF ABBREVIATIONS 

The fo l lowing abbrev iat ions might occur in this t h e s i s : 

A D P : adenos ine diphosphate 

A M P : adenos ine monophosphate 

A T P : a d e n o s i n e t r iphosphate 

A L A : 5 - a m i n o i a e v u l i n i c a c i d , 

o r ^ - a m i n o l a e v u l i n i c a c i d 

CoASH : c o e n z y m e A 

E D T A : e t h y l e n e d i a m i n e t e t r a - a c e t i c a c i d 

F A D : f l a v i n - a d e n i n e d i n u c l e o t i d e 

GSH : g l u t a t h i o n e , r e d u c e d 

GSSG : g l u t a t h i o n e , o x i d i s e d 

NAD : n i c o t i n a m i d e - a d e n i n e d i n u c l e o t i d e 

NADH : r e d u c e d NAD 

N A D P : n i c o t i n a m i d e - a d e n i n e d i n u c l e o t i d e p h o s p h a t e 

N A D P H : r e d u c e d N A D P 

P i & P P i ; o r t h o p h o s p h a t e and p y r o p h o s p h a t e r e s p e c t i v e l y 

t r i s ; 2 - a m i n o - 2 h y d r o x y m e t h y l p r o p a n e - 1 , 3 - d i o l , 
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Of the n u m e r o u s p igments in the l iv ing m a t t e r on the earth , 

t h i s c h a p t e r wi l l d e a l m a i n l y wi th t h e b i o s y n t h e s i s and c o n t r o l of 

haem., and a l s o give a b r i e f s u r v e y of the e v i d e n c e f o r a c o m m o n 

b i o s y n t h e t i c p a t h w a y f o r h a e m , c h l o r o p h y l l and the v i t a m i n B^^ 

group of compounds ca l l ed c o b a l a m i n s . The f i r s t indicat ion 

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

1880 by H o p p e - S e y l e r who showed that by d r a s t i c t rea tment of 

c h l o r o p h y l l w i th a l k a l i i t could be c o n v e r t e d to the r e d p i g m e n t . 

A t r e m e n d o u s amount of c h e m i c a l work during the 1920's and 

1930's e s t a b l i s h e d that h a e m and chlorophyl l w e r e both t e t r a -

p y r r o l e s . H i s t o r i c a l l y , c o b a l a m i n s e n t e r e d the p i c t u r e m u c h l a t e r . 

H o w e v e r , soon a f t e r the i s o l a t i o n of v i t a m i n B in 1948, it w a s 

shown to be t e t r a p y r r o l e . With t he e s t a b l i s h m e n t of s i m i l a r i t y 

in s t ruc ture of h a e m , chlorophyl l and c o b a l a m i n s , it b e c a m e 

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

c o m p o u n d s m i g h t e x i s t . 

O u r p r e s e n t k n o w l e d g e of t h e p o r p h y r i n b i o s y n t h e t i c p a t h w a y , 

l a r g e l y due to t h e w o r k s of S h e m i n et a l and N e u b e r g e r e t a l i s 

s u m m a r i s e d in f i g , 1 , 1 , 

B i o s y n t h e s i s of C o m m o n P r e c u r s o r s 

In a s e r i e s of now c l a s s i c p a p e r s , S h e m i n and h i s c o -

15 
w o r k e r s s h o w e d t h a t N - g l y c i n e f e d to a h u m a n w a s i n c o r p o r a t e d 

in to t h e h a e m of n e w l y b i o s y n t h e s i s e d e r y t h r o c y t e s (1, 2) . Whi l e 

15 
N f r o m o t h e r a m i n o a c i d s a p p e a r e d to be i n c o r p o r a t e d a f t e r 
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1 K 
dilut ion by the total body n i trogen , ""N f r o m glyc ine w a s shown 

to be incorpora ted m o r e d irec t ly b e c a u s e there w a s m i n i m a l 

di lut ion of the l abe l l ed n i trogen . E x p e r i m e n t s with [2-^'^C]glycine 

showed that four carbon a t o m s at the a - p o s i t i o n of each p y r r o l e 

and four m e t h y l e n e b r i d g e carbon a t o m s a r i s e f r o m the a c a r b o n 

a tom of g lyc ine (3, 4, 5, 6). Further e x p e r i m e n t s with 

14 14 

CH^COOH and COOK r e v e a l e d t h a t b e f o r e condens ing w i th 

g lyc ine , ace ta te was f i r s t conver ted v ia the t r i c a r b o x y l i c ac id 

c y c l e to an a s y m m e t r i c four carbon compound which w a s probably 

a der iva t ive of s u c c i n i c acid (7). Shemin et al (8) and N e u b e r g e r 

et al (9) l a t e r showed that succ iny l CoA w a s the a s y m m e t r i c 

i n t e r m e d i a t e of h a e m . F r o m t h i s k n o w l e d g e , the c o n d e n s a t i o n 

p r o d u c t of s u c c i n y l CoA and g lyc ine w a s p o s t u l a t e d by S h e m i n and 

R u s s e l l (10) to f o r m a - a m i n o - p - k e t o a d i p i c a c i d . T h i s c o m p o u n d 

be ing a p -ke to a c i d d e c a r b o x y l a t e s s p o n t a n e o u s l y to f o r m A L A (11) . 

A L A , w h e n s u p p l i e d to a duck e r y t h r o c y t e s y s t e m and c e l l - f r e e 

e x t r a c t s of R h o d o p s e u d o m o n a s s p h e r o i d e s , w a s shown to be 

incorpora ted into h a e m m o r e read i ly than s u c c i n a t e or g lyc ine 

(10, 11, 12). T h u s i t w a s e s t a b l i s h e d t h a t A L A i s the f i r s t 

d i r e c t p r e c u r s o r of p o r p h y r i n s . 

B i o s y n t h e s i s of S - a m i n o l a e v u l i n i c a c i d (ALA) 

The b i o s y n t h e s i s of ALA i s c a t a l y s e d by the e n z y m e ALA 

s y n t h e t a s e f r o m g lyc ine and s u c c i n y l CoASH (equa t ion 1): 

NH — C H . — COOH + H O O C — CH^ CH^ CoSCoA 

^ ^ 2 — ^ ^ 2 — — (^^2^ COOH + Co^ + CoASH 

A L A ( E q . 1) 



It has long been known thai nutri t ional d e f i c i e n c y in 

v i t a m i n B . and./or pantothenate l ead to a n a e m i a which i s c a u s e d 
6 

by d r a s t i c d e c r e a s e in porphyrin b i o s y n t h e s i s . T h e s e o b s e r -

v a t i o n s w e r e a c c o u n t e d f o r when N e u b e r g e f , L a v e r and 

UHtdenfriend (13) f i r s t d e m o n s t r a t e d the n e t s y n t h e s i s of ALA 

f r o m g lyc ine and s u c c i n a t e o r o^-ke tog lu ta ra te by h a e m o l y s e d 

p r e p a r a t i o n s of a n a e m i c c h i c k e n r e t i c u l o c y t e s . The s y n t h e s i s 

of A L A w a s s t imula ted by the addition of CoASH and pyr idoxa l 

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

p r e p a r a t i o n , CoASH and s u c c i n a t e cou ld be r e p l a c e d by the 

a d d i t i o n of c h e m i c a l l y s y n t h e s i s e d s u c c i n y l CoASH. T h e s e r e s u l t s 

w e r e q u i c k l y c o n f i r m e d by w o r k w i th a v i a n e r y t h r o c y t e s (14) and 

c e l l - f r e e e x t r a c t s of R . s p h e r o i d e s (15, 16). H o w e v e r , w i th in a 

c e l l , t h e b i o s y n t h e s i s of A L A d e p e n d s on t h e i n t e g r i t y of the t r i -

c a r b o x y l i c a c i d cyc l e and the e l e c t r o n t r a n s p o r t c h a i n a s shown 

by s t u d i e s w i th [ l , 4 - ^ ^ C ] s u c c i n a t e and [2, 3 - ^ ^ C ] s u c c i n a t e (17) 

and a l s o by i nh ib i t i on s t u d i e s w i th m a l o n a t e , t r a n s a c o n i t a t e , 

f l u o r o a c e t a t e (18) a n a e r o b i o s i s and d i n i t r o p h e n o l (13) . In a d d i t i o n 

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

w h i c h c a n y ie ld s u c c i n y l CoA. T h e e n z y m e s u c c i n y l CoA 

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

and A T P (equa t ion 2) (19) . It i s e s t i m a t e d t h a t t h i s r e a c t i o n 

H O O C — C H — CH^ COOH + CoASH + A T P ^ 

H O O C — C H CH^— COSCoA + A D P + P i 

(Eq. 2) 



accounts for 50'^ of the succ iny l CoA for ALA s y n t h e s i s in 

ch icken e r y t h r o c y t e s . (The hear t m u s c l e s u c c i n y l CoA synthetase 

r e q u i r e s G T P or I T P , but not A T P , (20, 21)), . A c e t o a c e t y l CoA 

t r a n s f e r a s e and m e t h y l m a l o n y l CoA t r a n s f e r a s e c a t a l y s e the 

t r a n s f e r of CoA f r o m a c e t o a c e t y l CoA and m e t h y l m a l o n y l CoA 

to s u c c i n a t e in r e v e r s i b l e r eac t ions (22) . 

Owing to g r e a t e r a c t i v i t y of A L A s y n t h e t a s e in t h e b a c t e r -

ia l e x t r a c t s t h a n in a v i a n e r y t h r o c y t e s , c e l l - f r e e e x t r a c t s of 

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

d e t a i l e d s t u d i e s of the A L A s y n t h e t a s e . A n y a t t e m p t in the p a s t , 

t o p u r i f y the e n z y m e a l w a y s m e t with f a i l u r e , l a r g e l y due to t h e 

i n s t a b i l i t y of the e n z y m e . T h i s d i f f i c u l t y h a s now b e e n o v e r c o m e 

and the s o l u t i o n h a s i nvo lved the r e c o g n i t i o n of two i m p o r t a n t 

f a c t s . F i r s t l y the dua l r o l e of s u l p h y d r y l c o m p o u n d s w h i c h on 

t h e one hand a r e n e c e s s a r y f o r the s t a b i l i z a t i o n of t h e e n z y m i c 

p r o t e i n and on the o t h e r hand i nh ib i t the e n z y m e a c t i v i t y . 

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

in t h e b a c t e r i a l e x t r a c t s . T h e r e f o r e c a r e h a s to be t a k e n to 

r e m o v e t h e s e i n h i b i t o r s . T h e s i g n i f i c a n c e of t h e l a t t e r w i l l be 

d i s c u s s e d u n d e r t h e s e c t i o n on c o n t r o l of h a e m b i o s y n t h e s i s . 

T h e A L A s y n t h e t a s e h a s been h i g h l y p u r i f i e d f r o m 

R , s p h e r o i d e s ( 2 3 - 2 6 ) , r a b b i t r e t i c u l o c y t e s (27) and p a r t i a l l y 

p u r i f i e d f r o m s o y b e a n c a l l u s (28) . S t u d i e s on the p u r i f i e d 

e n z y m e h a v e r e v e a l e d t h a t i t i s s t r o n g l y i n h i b i t e d by th io l g r o u p 

a t t a c k i n g r e a g e n t s ; e . g , p . c h l o r o m e r c u r i b e n z o a t e (9, 13, 25); 

Hg Cl^ (25); N - e t h y l m a l e i m i d e (27); and h e a v y m e t a l i o n s , 



e . g . Cu^' , and (25, 27) . The 

inhibit ion due to both the thiol r eagent s and the h e a v y m e t a l ions 

i s e a s i l y r e v e r s e d by p - m e r c a p t o e t h a n o l which i t s e l f l ike CoASH, 

c y s t e i n e and GSH i s inhibi tory (9, 25, 27) . The ev idence f o r 

the apparent s t i m u l a t o r y e f f ec t of thiol compounds (24) and 

EDTA (9, 25), in m y opinion, m a y be expla ined by the fact that 

t h e s e c o m p o u n d s m i g h t be i nvo lved in ' e f f e c t i v e r e m o v a l ' of 

the endogenous inhibi tory h e a v y m e t a l i o n s . F u r t h e r m o r e , t h e r e 

i s e v i d e n c e that the ALA synthe tase i s i n h i b i t e d by natural and 

u n n a t u r a l h a e m i n s . The s i g n i f i c a n c e of th i s w i l l be d i s c u s s e d 

u n d e r the s e c t i o n on c o n t r o l of h a e m b i o s y n t h e s i s . 

Whi l e t h e e n z y m e p r o t e i n f r o m R . s p h e r o i d e s h a s b e e n 

found to h a v e (i) m o l e c u l a r w e i g h t of 6 0 , 0 0 0 - 8 0 , 0 0 0 (23, 24, 25) 

and (ii) K f o r g l y c i n e , s u c c i n y l Co A and p y r i d o x a l p h o s p h a t e 

of 5 - 1 0 m M , 5 - 2 5 and 6 |j.M r e s p e c t i v e l y , the r a b b i t r e t i c u -

l o c y t e A L A s y n t h e t a s e (27), w h i c h i s a h o m o g e n o u s p r o t e i n and 

d i f f e r s f r o m the b a c t e r i a l e n z y m e in t h a t it r e t a i n s 60% of i t s 

a c t i v i t y in t h e a b s e n c e of added p y r i d o x a l p h o s p h a t e and h a s 

m o l e c u l a r w e i g h t of 2 0 0 , 0 0 0 , h a s K f o r g lyc ine and s u c c i n y l 

CoA of 10 m M , and 60 fxM r e s p e c t i v e l y . 

T h e m e c h a n i s m of a c t i o n of t h e A L A s y n t h e t a s e w i l l be 

g iven in a n o t h e r c h a p t e r . 

B i o s y n t h e s i s of P o r p h o b i l i n o g e n (PBG) 

T h e e n z y m e A L A d e h y d r a t a s e c a t a l y s e s the K n o r r - t y p e 

c o n d e n s a t i o n of two m o l e c u l e s of A L A to f o r m p o r p h o b i l i n o g e n , 
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w h i c h w a s f i r s t i s o l a t e d by Westal l (29) f r o m t h e u r i n e of 

p o r p h y r i a p a t i e n t s and i t s s t r u c t u r e w a s e s t a b l i s h e d by Bdra ington 

and Cookson (30) . 

T h e A L A d e h y d r a t a s e i s w i d e s p r e a d in n a t u r e and h a s b e e n 

p a r t i a l l y p u r i f i e d f r o m R , s p h e r o i d e s (19), ox l i v e r (31, 32), 

e r y t h r o c y t e s (33, 34), m o u s e l i v e r and s p l e e n (35), r a t 

H a r d e r i a n g l a n d s (36), y e a s t (37), w h e a t l e a v e s (38) and s o y b e a n 

c a l l u s (39) . T h e s t u d i e s of t h e p r o p e r t i e s of the e n z y m e f r o m 

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

s u s c e p t i b l e to i n a c t i v a t i o n in the a b s e n c e of t h io l c o m p o u n d s and 

t h a t i t i s s t r o n g l y i nh ib i t ed by t h i o l a t t a c k i n g r e a g e n t s l i k e 

p - c h l o r o m e r c u r i b e n z o a t e and i o d o a c e t a m i d e . T h i s i n h i b i t i o n c a n 

be r e v e r s e d o r p r e v e n t e d by t h i o l s , e . g . p - m e r c a p t o e t h a n o l , 

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

g r o u p ( s ) on t h e e n z y m e i s e s s e n t i a l f o r the a c t i v i t y . 

In 1968, N a h d i and S h e m i n et a l p r o d u c e d a s e r i e s of 

e x c e l l e n t p a p e r s on A L A d e h y d r a t a s e f r o m R . s p h e r o i d e s 

(40, 41 , 42 ) . U s i n g h igh ly p u r i f i e d (4p) e n z y m e , t h e y s h o w e d 

t h a t t he A.LA d e h y d r a t a s e i s an a l l o s t e r i c e n z y m e w h o s e p o s i t i v e 

e f f e c t o r s a r e K and to a m u c h l e s s e r e x t e n t A L A (41), t h e 
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e n z y m e could be i n a c t i v a t e d by s o d i m n borohydr ide in the 

p r e s e n c e of t h e s u b s t r a t e , and t h a t if t he s u b s t r a t e w a s l a b e l l e d 

14 

w i t h . C, t h e r a d i o a c t i v i t y cou ld be i n c o r p o r a t e d i n to t h e i n -

a c t i v a t e d e n z y m e p r o t e i n . F r o m t h i s i t w a s d e d u c e d t h a t a 

Sch i f f b a s e i s f o r m e d b e t w e e n t h e e n z y m e a n d the s u b s t r a t e (42) . 

In a d d i t i o n t o t h i s i t w a s d i s c o v e r e d t h a t t h e A L A d e h y d r a t a s e 

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

bu t a l s o m a k e m i x e d p y r r o l e s by t h e i r c o n d e n s a t i o n w i th A L A . 

F o r m a t i o n of s u c h m i x e d p y r r o l e s c o u l d on ly o c c u r if t h e 

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

w i t h t h e c a r b o n y l g r o u p of A L A ( s e e s t r u c t u r e I) . If t h e c o n -

d e n s a t i o n w e r e to o c c u r b e t w e e n t h e {3 -me thy lene c a r b o n a t o m 

A 

COOH 

B 

COOH 

a C H , 

a C H , P CH, 

COOH 

I 
CH_ 

B 

COOH 

CH. 

P C H ^ -

E —N=: C , 

/ ^ 
CH^ 

CO 

I 
CH^ 

CH" 

E - N = C 

I 
CH, 

CH. 

I ^ 
CO 

I 
CH, 

E=enzyme 

-NH, 

II 

of A L A a n d c a r b o n y l g r o u p of l a e v u l i n i c a c i d o r i t s e s t e r , no 

p y r r o l e r i n g w o u l d r e s u l t ( s e e I I ) . F r o m t h i s i t f o l l o w s t h e r e -

f o r e t h a t i n P E G , the a c e t i c a c i d r e s i d u e - c a r r y i n g ha l f of t h e 

m o l e c u l e i s d e r i v e d f r o m t h a t A L A m o l e c u l e w h i c h f o r m s t h e 

Sch i f f b a s e w i t h e n z y m e ( s i d e A a b o v e ) , 



iO 

On the b a s i s of t h e s e and the ir p r e v i o u s f indings that a 

carbonyl group to a f r e e carboxy l i c group i s n e c e s s a r y for 

binding with e n z y m e (38), Shemin et al p r o p o s e d the fo l lowing 

m e c h a n i s m f o r P E G f ormat ion ( F i g . 1 , 2 ) . 

R e c e n t s tud ies on the s t ruc ture of the bac ter ia l e n z y m e by 

S h e m i n (43) and the m o u s e l i v e r e n z y m e by Doyle (44) showed 

t h a t t he A L A dehydratase f r o m the m o u s e l i v e r i s s i m i l a r in 

subunit s t ruc ture to the R. s p h e r o i d e s ' e n z y m e . Both e n z y m e s , 

in t h e n a t i v e s t a t e , h a v e m o l e c u l a r w e i g h t of 2 4 0 , 0 0 0 - 2 5 0 , 0 0 0 

and c a n be d i s s o c i a t e d wi th s o d i u m d o d e s y l s u l p h a t e o r 6M 

guanid ine c h l o r i d e in to ident ica l p o l y p e p t i d e c h a i n s of 3 9 , 0 0 0 -

40, 000 m o l e c u l a r w e i g h t , s u g g e s t i n g t h a t t he e n z y m e s a r e 

h e x a m e r s . The b ind ing of 6 m o l e s of A L A p e r 2 5 0 , 0 0 0 g m of 

t h e e n z y m e p r o t e i n by Schiff b a s e l i n k a g e , l i ke t h a t in t h e 

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

t h e m a m m a l i a n e n z y m e . The l a t t e r , h o w e v e r , d i f f e r s f r o m 

t h e b a c t e r i a l e n z y m e in t h a t i t s h o w s no a l l o s t e r i c p r o p e r t i e s . 

T h e b a c t e r i a l e n z y m e on t h e o t h e r h a n d , i s an a l l o s t e r i c p r o t e i n 
+ + + + 

w h i c h h a s K (L i , R b . o r NH^ ) i o n s a s i t s p o s i t i v e e f f e c t o r s 

( 4 0 - 4 3 ) . In the a b s e n c e of i o n s the b a c t e r i a l A L A d e h y -

d r a t a s e e x i s t s in t h e f o r m of m o n o m e r i c s u b u n i t s w h i c h a s s o c i a t e 
+ 

in the p r e s e n c e of K i o n s , t o f o r m h e x a m e r s ( o l i g o m e r s ) , d i - , 

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

t r a t i o n of the e n z y m e p r o t e i n in t h e s o l u t i o n . 
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B i o s y n t h e s i s of U r o p o r p h y r i n o g e n - I I I 

It has been known s ince 1953 that PEG i s an i n t e r m e d i a t e 

ill t h e b i o s y n t h e s i s of porphyrins (45, 46) and a good d e a l of 

i n f o r m a t i o n i s a v a i l a b l e on t h e e n z y m e s y s t e m - uroporphyrin -

o g e n - I synthe tase and uroporphyrinogen-III c o s y n t h e t a s e - which 

c a t a l y s e s the p o l y m e r i z a t i o n of PEG to uroporphyrinogen-III 

( s t r u c t u r e III) . T h e e n z y m e 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 

w h e a t g e r m s (47, 48) , R . s p h e r o i d e s (49), r a b b i t and avian 

e r y t h r o c y t e s (33, 50), m o u s e s p l e e n (51, 52, 53), cow l i v e r 

(54) and s o y b e a n c a l l u s (55) . It i s g e n e r a l l y a g r e e d f r o m a l l 

t h e s e s t u d i e s t h a t both u r o p o r p h y r i n o g e n - I s y n t h e t a s e and 

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

g roup ( s ) f o r o p t i m a l ac t iv i ty and i t h a s a l s o been d i s c o v e r e d 

t h a t t h e p r e s e n c e o r the a b s e n c e of a i r d o e s no t a f f e c t t h e 

p o r p h y r i n p r o d u c t i o n f r o m P B G (56, 47 , 50, 54) . H o w e v e r , 

B a t l l e e t a l (55) h a v e d e m o n s t r a t e d t h a t s o y b e a n c a l l u s e n z y m e 

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

c o n d i t i o n s , s u g g e s t i n g tha t a i r o x i d i s e s s o m e i n t e r m e d i a t e ( s ) 

of t h e u r o p o r p h y r i n o g e n s . 

U r o p o r p h y r i n o g e n - I s y n t h e t a s e and u r o p o r p h y r i n o g e n - I I I 

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

t i b i l i t y of the u r o p o r p h y r i n o g e n - H I c o s y n t h e t a s e to h e a t i n a c t i -

v a t i o n . T h e u r o p o r p h y r i n o g e n - I s y n t h e t a s e (or P B G d e a m i n a s e ) 

w h i c h i s q u i t e h e a t s t a b l e (46) c a t a l y s e s the r e m o v a l of the 

a m i n o g r o u p f r o m P B G and h e a d - t o - t a i l c o n d e n s a t i o n of f o u r 

P B G m o l e c u l e s to f o r m u r o p o r p h y r i n o g e n - I ( s t r u c t u r e IV) . The 
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e n z y m e f r o m s p i n a c h l e a v e s and avian, e r y t h r o c y t e s i s c o m -

p e t i t i v e l y inhib i ted by o p s o p y r r o l e d i c a r b o x y l i c ac id ( s t r u c t u r e V) 

and i s o p o r p h o b i l i n o g e n ( s t r u c t u r e VI) (57) . H y d r o x y l a m i n e and 

•f 

high c o n c e n t r a t i o n s of NH^ ions a r e i n h i b i t o r s of a s p e c i a l 

c l a s s . T h e y do n o t a f f e c t the r a t e of P B G c o n s u m p t i o n , but 

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

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

p r o l o n g e d incubat ions (58) . B o g o r a d h a s i s o l a t e d t%'o s u c h i n t e r -

m e d i a t e s w h i c h a r e (i) a d i p y r r y l m e t h a n e (PA.PA^^) of s t r u c t u r e 

VII (59) and (i i) a p r o p o s e d t e t r a p y r r y l m e t h a n e ( P A . P A . P A . PA) 

(60) . T h e l a t t e r c a n be c o n v e r t e d a p p a r e n t l y on ly n o n - e n z y -

m i c a l l y to u r o p o r p h y r i n o g e n - I . On t h e o t h e r hand, the d i p y r r y l -

m e t h a n e (VII) i s a s u b s t r a t e f o r t h e u r o p o r p h y r i n o g e n - I s y n -

t h e t a s e o n l y i n t h e p r e s e n c e of P B G . 

The s e c o n d e n z y m e , u r o p o r p h y r i n o g e n - I I I c o s y n t h e t a s e , i s 

h e a t l a b i l e , be ing rap id ly i n a c t i v a t e d at 6 0 ° . But addi t ion of 

P B G or NH i o n s a f f o r d p r o t e c t i o n a g a i n s t hea t i n a c t i v a t i o n 
+ 

s u g g e s t i n g that - N H group of PBG binds wi th the c o s y n t h e t a s e . 

T h e l a t t e r , i n t h e a b s e n c e of u r o p o r p h y r i n o g e n - I s y n t h e t a s e , 

d o e s n o t r e a c t w i t h P B G . It h a s a l s o b e e n s h o w n t h a t t h e 

u r o p o r p h y r i n o g e n - I I I c o s y n t h e t a s e a l o n e o r in the p r e s e n c e of 

u r o p o r p h y r i n o g e n - I s y n t h e t a s e d o e s not c o n v e r t u r o p o r p h y r i n o -

g e n - I (47, 6 l ) or B o g o r a d ' s p y r r y l m e t h a n e s (59, 60) to u r o p o r -

p h y r i n o g e n - I I I . S i n c e i t i s k n o w n t h a t t h e r a t e of 

+ U s i n g A a s a s y m b o l of a c e t y l s i d e cha in and P f o r the 

p r o p i o n y l s i d e c h a i n , the p o r p h y r i n s of I s e r i e s can be d e s c r i b e d 

a s ( A P . A P . A P . A P ) , w h e r e a s t h o s e of the III s e r i e s would be 

( A P . A P . A P . P A ) . 
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e n z y m i c consumpt ion of PBG i s increa^jed when uroporpl iyr in-

ogen-IH c o s y n t h e t a s e i s added, it w a s a s s u m e d that the subs tra te 

for this e n z y m e i s a p o l y p y r r o l e . This a s s u m p t i o n was g iven 

c r e d i b i l i t y by Bat l l e et al (62, 63), who d e m o n s t r a t e d that during 

t h e f i r s t t h r e e h o u r s of i n c u b a t i o n of soybean c a l l u s uroporphyr in -

o g e n - ! synthe tase - uroporphyrinogen-III c o s y n t h e t a s e s y s t e m w i th 

P B G f o r m s , ye t unident i f ied , p o l y p y r r o l i c i n t e r m e d i a t e ( s ) . T h e 

l a t t e r , a lone o r in the p r e s e n c e of P B G , could be c o n v e r t e d (i) by 

the uroporphyrinogen-III c o s y n t h e t a s e e x c l u s i v e l y to uroporphyr in -

o g e n - I I I , and (ii) by u r o p o r p h y r i n o g e n - I s y n t h e t a s e to uroporphy-

r inogen-III (80%) and uroporphyr inogen-I (20%) . S i m i l a r l y w h e n 

P B G w a s i n c u b a t e d with uroporphyr inogen -I s y n t h e t a s e a l o n e , t he 

r e s u l t i n g i n t e r m e d i a t e s cou ld be c o n v e r t e d , in the p r e s e n c e of 

P B G , by u r o p o r p h y r i n o g e n - I I I c o s y n t h e t a s e p r e d o m i n a n t l y to u r o -

p o r p h y r i n o g e n - ! and to s o m e ex t en t to uroporphyr inogen- ! ! ! ( 30%) . 

Though t h e d e t e c t i o n of t h e s e s e p a r a t e i n t e r m e d i a t e s f o r t h e 

b i o s y n t h e s i s of u r o p o r p h y r i n o g e n - ! and u r o p o r p h y r i n o g e n - I I I 

m a y p r o v e to be a s i g n i f i c a n t s t e p t o w a r d s d i s c o v e r i n g the 

m e c h a n i s m of uroporphyr inogen-II ! f o r m a t i o n , t he c o n c l u s i o n s 

d r a w n by B a t l l e e t a l (55) a r e c o m p l e t e l y m i s l e a d i n g in v i e w of 

t h e f i n d i n g of F r y d m a n et a l (64) . T h e s e w o r k e r s h a v e r e p o r t e d 

t h a t a d i p y r r y l m e t h a n e ( P A . A P ) of the s t r u c t u r e VIII (cf VII) i s 

e x c l u s i v e l y c o n v e r t e d to uroporphyrinogen-III s u g g e s t i n g t h a t the 

b i o s y n t h e s i s of u r o p o r p h y r i n o g e n - ! and uroporphyr inogen- ! ! ! f r o m 

p o r p h o b i l i n o g e n s t a r t s a long d i f f e r e n t p a t h w a y s f r o m the b e g i n n i n g . 

Of the e x i s t i n g p o s t u l a t e d m e c h a n i s m s ( fo r t h e b i o s y n t h e s i s 

of uroporphyr inogen- ! ! ! ) two s e e m p a r t i c u l a r l y p l a u s i b l e f o r not 
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only have they not yet been e x p e i i m e n t a l l y ruled out but a l s o 

t h e y incorpora te the fo l lowing known fac t s about the react ion: 

(i) o p s o p y r r o l i c d i carboxy l i c ac id i s ne i ther a co fac tor nor a 

product of the r e a c t i o n , (65); (ii) f r e e f o r m a l d e h y d e i s no t 

i n v o l v e d in the react ion , (50, 66); and (iii) t he s t o i c h i o m e t r y 

of P B G to u r o p o r p h y r i n o g e n - I I I r e a c t i o n i s 4 :1 (33, 50, 67) . 

One of t h e s e m e c h a n i s m s , f i r s t p o s t u l a t e d by R o b i n s o n (69) 

i n v o l v e s m i g r a t i o n of a m i n o m e t h y l ( - C H ^ . N H ) g r o u p f r o m one 

a p o s i t i o n to the o t h e r a p o s i t i o n of the s a m e p y r r o l e ( i n t r a -

m o l e c u l a r m i g r a t i o n ) o r a n o t h e r p y r r o l e ( i n t e r m o l e c u l a r 

m i g r a t i o n ) . W h e t h e r the m i g r a t i o n of the a m i n o m e t h y l g r o u p 

i s i n t r a m o l e c u l a r (a) or i n t e r m o l e c u l a r (b), t he r e s u l t i n g i n t e r -

m e d i a t e i s c h e m i c a l l y the s a m e ( i . e . P A . A P ) a s shown b e l o w . 

A 

A A 

H 

P + A 

.NH. 

X N 

H 

H 
\ N / 

NH, 

T h i s i n t e r m e d i a t e t h e n c o n d e n s e s in s t e p w i s e m a n n e r w i th 

t w o m o r e m o l e c u l e s of p o r p h o b i l i n o g e n to y i e ld uroporphyrinogen-

III ( s e e f i g . 1 . 3 ) . It i s of i n t e r e s t t o no t e h e r e t h a t t h e 

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

s t i l l y i e ld u r o p o r p h y r i n o g e n - I I I . 

T h e s e c o n d m e c h a n i s m f o r u r o p o r p h y r i n o g e n - H I b i o -

s y n t h e s i s w a s p o s t u l a t e d by M a t h e w s on and C o r w i n (70) . One 

of the m o s t a t trac t ive f e a t u r e s of th i s m e c h a n i s m i s that a 
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m i n o r m o d i f i c a t i o n in it can expla in the format ion of the co^-iii 

r ing of coba lamins (v i tamin B ) without postu lat ing uroporphy-

r inogen-III as an i n t e r m e d i a t e ( f ig . 1 . 4 ) . The key i n t e r m e d i a t e 

of the m e c h a n i s m i s the c y c l i c t e t r a p y r r y l m e t h a n e in which the 

a*-position of one of the p y r r o l e s i s s t i l l f r e e . This c y c l i c 

i n t e r m e d i a t e r e o p e n s , and the p y r r o l e with the f r e e ar pos i t i on 

ro ta te s such that the r e c l o s u r e of the ring at the f r e e ey 

p o s i t i o n y i e l d s uroporphyrinogen-III (or co^in ring of v i t a m i n 

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

B i o s y n t h e s i s of C o p r o p o r p h y r i n o g e n - I I I 

T h e c o n v e r s i o n of uroporphyrinogen-III to c o p r o p o r p h y -

r i n o g e n - I I I ( s t r u c t u r e DC) i s c a t a l y s e d , o p t i m a l l y u n d e r 

a n a e r o b i o s i s , by the e n z y m e u r o p o r p h y r i n o g e n d e c a r b o x y l a s e . 

T h e r e a c t i o n i n v o l v e s decarboxy la t ion of the f o u r a c e t i c a c i d 

s i d e c h a i n s (49, 71, 72) ( s e e b e l o w ) . 

4C0, 
Uroporphyrinogen ^ 
-III — / — 

2 P 

M = - CHg 

P = -CH^.CH^.COOH 

D NH HN B 
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Since the uroporphyrin-III w a s bhe f i r s t v i s ib l e conden-

sat ion product of P B G , it was a s s u m e d that the f o r m e r was 

an in termedia te of h a e m b i o s y n t h e s i s . It w as not until 1955 

that Bogorad (73) demonstrated porphyrinog'ens to be the real 

i n t e r m e d i a t e s in the b iosynthes i s of h a e m . This work has 

s ince been supported by the ev idence of enzymic decarboxylat ion 

of uroporphyrinogen-I and uroporphyrinogen-III by c r u d e p r e p -

arat ions of Chlore l la (67, 73), R . sphero ides (59) and avian 

e r y t h r o c y t e s (74, 75). The bio synthet ic products o b s e r v e d in 

t h e s e w o r k s w e r e u r o p o r p h y r i n o g e n s with 7 c a r b o x y l i c g r o u p s 

(7 -COOH u r o p o r p h y r i n o g e n - i n ) , c o p r o p o r p h y r i n o g e n - I I I and 

s m a l l a m o u n t s of 6 - C O O H - and 5 - C O O H - u r o p o r p h y r i n o g e n s . 

F r o m th i s it w a s d e d u c e d tha t t he d e c a r b o x y l a t i o n of the a c e t i c 

a c i d s ide c h a i n s of uroporphyrinogen-III p r o c e e d s in a s t e p w i s e 

m a n n e r ( s e e be low) . More r e c e n t l y G r i n s t e i n et a l , in add i t ion 

U r o p o r p h y r i n o g e n - I I I —X ^ 7 -COOH uroporphyrinogen-III 

COg CO^ 

y 6 -COOH u r o p o r p h y r i n o g e n - I I I • — ^ ^ 5 -COOH-

u r o p o r p h y r i n o g e n - H I —Z. C o p r o p o r p h y r i n o g e n - I I I 

to c o n f i r m i n g t h i s s e q u e n c e of r e a c t i o n by b i o s y n t h e s i s i n g h a e m 

f r o m e x t r a n e o u s l y added 7 - C O O H - , 6-COOH-, and 5 -COOH-

u r o p o r p h y r i n o g e n - I I I (76, 77), have shown that the f i r s t d e c a r -

boxy la t ion s t e p w a s m u c h f a s t e r t han the s u b s e q u e n t d e c a r b o x y -

l a t i o n s (78). T h i s s u g g e s t e d tha t p r o b a b l y m o r e t han one e n z y m e 



WciS liivolvGcl in tiie dcCci cuOxylatiDii of U3*oporpIiyriiiogeri"III, 

H o w e v e r , s ince the pur i f i ed e n z y m e f r o m the avian e r y t h r o c y t e s 

(78) i s a homogenous prote in , it i s p o s s i b l e that rather than the 

i n v o l v e m e n t of two or m o r e e n z y m e s , the decarboxy la t ion o c c u r s 

through part ic ipat ion of m o r e than one ac t ivc s i te in one e n z y m e . 

The uroporphyr inogen d e c a r b o x y l a s e f r o m R. s p h e r o i d e s (49) 

and avian e r y t h r o c y t e s (79) unl ike the e n z y m e f r o m human 

er^rthrocytes (80) s e e m to have a c o - f a c t o r r e q u i r e m e n t . A 

p o s s i b l e m e c h a n i s m for decarboxy la t ion of the a c e t i c ac id r e s i d u e s 

i s shown below: 

C 

H K CH 

T h e r o u t e ab e x p l a i n s t h e c o - f a c t o r ( e . g . NADH) r e q u i r e m e n t . 

B i o s y n t h e s i s of P r o t o p o r p h y r i n - I X 

The c o n v e r s i o n of coproporphyrinogen-III to protoporphyr in-IX 

o c c u r s in two s t eps ; f i r s t l y the s t e p w i s e decarboxy la t ion (81) of 

two propionate r e s i d u e s at pos i t i ons 2 and 4 to g ive p r o t o p o r -

phyrinogen-DC ( s tructure X), and second ly , the oxidat ive r e m o v a l 

of s i x hydrogen a t o m s f r o m protoporphyrinogen-EK to y ie ld 

protoporphyrin-DC ( s tructure XI) as shown below: 
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A l t h o u g h t h e p o s s i b i l i t y of s p o n t a n e o u s ox ida t ion of p r o t o p o r -

phyrinogen-DC to protoporphyrin-DC can not as yet be ruled out, 

the e x p e r i m e n t s of Sano and Granick (81) indicate that the 

r e a c t i o n i s e n z y m e c a t a l y s e d . On the other hand it i s f a i r l y 

c e r t a i n that the oxidat ive decarboxy la t ion of both propionate 

r e s i d u e s i s the p r o p e r t y of a s ing le e n z y m e ca l l ed coproporphy-

r i n o g e n o x i d a s e (82, 83) . T h i s e n z y m e , w h i c h i s a s s o c i a t e d wi th 

m i t o c h o n d r i a and can be s o l u b i l i s e d t h e r e f r o m by th iog lyco l la te 

(81), h a s b e e n d e m o n s t r a t e d in E u g l e n a g r a c i l i s , a v i a n e r y t h r o -

c y t e s (74), a w ide v a r i e t y of m a m m a l i a n t i s s u e s (81, 84), 

c h r o m a t i u m s tra in D (85) and 60 - fo ld pur i f i ed f r o m rat l i v e r mito-

chondria (82) . The e n z y m e f r o m a l l t h e s e s o u r c e s w a s h ighly 
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s p e c i f i c for coproporphyrinogen-III , explaining the i n e x i s t e n c e 

of the s e r i e s I porphyr ins in l iv ing m a t t e r , and had a react ion 

r e q u i r e m e n t for i ron which accounts for accumula t ion of c o p r o -

porphyr in in R . s p h e r o i d e s under i r o n - d e f i c i e n t condi t ions . 

Apart f r o m a report of anaerobic ac t iv i ty in e x t r a c t s of a 

s p e c i e s of P s e u d o m o n a s (86), the coproporphyr inogen ox idase 

ac t iv i ty d e t e c t e d in a l l o t h e r c e l l s , even in pho to s y n t h e t i c a n a e -

robe Chromat ium s tra in D (85), had an abso lute r e q u i r e m e n t for 

m o l e c u l a r oxygen . H o w e v e r , Tait (83) r e c e n t l y repor ted the 

e x i s t e n c e of a e r o b i c and anaerobic coproporphyr inogen ox idase 

ac t iv i ty in R . s p h e r o i d e s and only anaerobic ac t iv i ty in Chrom-

a t i u m s t r a i n D (cf (85) a b o v e ) . T h e a e r o b i c a c t i v i t y f r o m R . 

s p h e r o i d e s , l i ke t h a t f r o m other c e l l s , had no co - f a c t o r requ ire -

m e n t , but d i f f e r e d f r o m others in that it w a s not inhibited by 

c h e l a t i n g a g e n t s s u c h a s 1, 1 0 - p h e n a n t h r o l i n e and of, c? ' -d ipy r idy l . 

On t h e o t h e r hand the a n a e r o b i c a c t i v i t y f r o m R . s p h e r o i d e s 

2 

r e q u i r e d A T P , Mg and S - a d e n o s y l m e t h i o n i n e in a d d i t i o n to 

F e , NADH, N A D P and s u g g e s t e d that p o s s i b l y adenine or f lav ine 

( o r both) d i n u c l e o t i d e s a r e a c t i n g a s h y d r o g e n a c c e p t o r s . 

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

r e s i d u e s i s d i s c u s s e d in a n o t h e r c h a p t e r . 

B i o s y n t h e s i s of P r o t o - h a e m (Haem) 

The f ina l s tep in the b i o s y n t h e s i s of p r o t o - h a e m ( s tructure XII) 

i s the i n s e r t i o n of Fe^^ into the m o l e c u l e of protoporphyr in-IX 

a s shown b e l o w . Such an i n c o r p o r a t i o n of F e ^ ^ can o c c u r no t 

only e n z y m i c a l l y but a l s o n o n - e n z y m i c a l l y u n d e r a n a e r o b i c and 
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s e m i - p h y s i o l o g i c a l condit ions ( i . e . r o o m t e m p e r a t u r e and neutra l 

pH) prov ided the aggregat ion of protoporphyrin-DC i s prevented by 

addit ion of so lub i l i s ing agent s , e . g . d e t e r g e n t s . Sano and 

Tokunaga (87) have shown that s o d i u m dithionite (Na^S^O ) con-

s i d e r a b l y e n h a n c e s the n o n - e n z y m i c i n c o r p o r a t i o n of i r o n , not by 

act ing a s a reducing agent ( i . e . by prevent ing F e r r o u s to f e r r i c 

change) but by prov id ing an "act ive iron" compound (probably FeS) . 

It i s d o u b t f u l whether the n o n - e n z y m i c p r o t o - h a e m f o r m a t i o n has 

any p h y s i o l o g i c a l s i g n i f i c a n c e . 

The e n z y m i c reac t ion i s c a t a l y s e d by the e n z y m e f e r r o -

c h e l a t a s e which has been d e m o n s t r a t e d in rat l i v e r (88 -90 ) , pig 

l i v e r (91, 92), duck e r y t h r o c y t e s (93) and R . s p h e r o i d e s (94) which 

a p p e a r s to contain two e n z y m e s , a so luble and an inso lub le one . 

The e n z y m e f r o m al l t h e s e s o u r c e s s e e m s to have c e r t a i n con-

stant f e a t u r e s . F i r s t l y , it i s inhibited by a e r o b i o s i s but th is can 

be prevented by addition of reducing agent s such a s GSH, ascorb.-

ate or f lush ing with N sugges t ing that probably a i r o x i d i s e s 
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f e r r o u s ion to f e r r i c f o r m . Secondly , th io l a t tacking compounds , 

e . g . p - c h l o r o m e r c u r i b e n z o a t e inhibit the e n z y m e ind icat ing that the 

i n t e g r i t y of th io l groups i s e s s e n t i a l f or a c t i v i t y . Third ly , the 

e n z y m e s h o w s no s p e c i f i c i t y t o w a r d s p r o t o p o r p h y r i n - I X . In 

fac t the o r d e r of e n z y m i c a f f in i ty f o r the p o r p h y r i n s i s d e u t e r o -

m e s o - , p r o t o - , 2, 4 - d i b r o m o d e u t e r o - , a n d h a e m a t o - p o r p h y r i n 

(89) . F o u r t h l y , i r o n i s no t i n c o r p o r a t e d i n to p o r p h y r i n o g e n s 

(89, 91) . F i n a l l y , a l t h o u g h n u t r i t i o n a l r e q u i r e m e n t s f o r c e r t a i n 

m i c r o o r g a n i s m s s u g g e s t that s i d e r a m i n e s m a y be invo lved as 

i r o n c a r r y i n g a g e n t s (95, 96), t h e r e i s no d i r e c t e v i d e n c e of a 

C O - e n z y m e r e q u i r e m e n t for the c h e l a t a s e r e a c t i o n . Thi s d i s -

c r e p a n c y m a y be exp la ined a f t er s t u d i e s have been done with 

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

D e m o n s t r a t i o n of a C o m m o n P a t h w a y 

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

c o m m o n b io synthe t i c pathway, Granick ( 9 7 - 1 0 1 ) p r e p a r e d Chlore l la 

v u l g a r i s mutant s by x - i r r a d i a t i o n . The d i f f e r e n t mutant s that 

w e r e unable to b i o s y n t h e s i s e ch lorophy l l a c c u m u l a t e d (i) p r o t o -

p o r p h y r i n - I X (97, 100); (ii) M g - p r o t o p o r p h y r i n - I X (98): ( i i i) M g -

2 - v i n y l - p h e o p o r p h y r i n Cl^ (99); and (iv) p r o t o p o r p h y r i n - I X m o n o -

m e t h y l e s t e r and Mg-protopo-rphyrin-DC m o n o m e t h y l e s t e r (100) . The 

a c c u m u l a t i o n of p r o t o p o r p h y r i n - I X a n d i t s d e r i v a t i v e s in t h e s e 

m u t a n t s showed that pro toporphyr in - IX i s a c o m m o n p r e c u r s o r 

f o r both ch lorophy l l and h a e m . H o w e v e r , a c c u m u l a t i o n of a 
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compound by a mutant o r g a n i s m iw no proof that the compound i s 

a b iosynthet ic p r e c u r s o r of an end product w h o s e b i o s y n t h e s i s i s 

b locked. An example of this w a s prov ided again by the work of 

Granick (102) who showed that haematoporphyr in ( s t ruc ture LXIII ) 

which a c c u m u l a t e s in a Chlore l la mutant i s a m e t a b o l i c ar te fac t 

(81) w h o s e s i g n i f i c a n c e i s not u n d e r s t o o d y e t . 

i . x m 
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T h e e v i d e n c e t h a t c o b a l a m i n s a l s o s h a r e a c o m m o n bio -

synthet ic pathway with h a e m and chlorophyl l has again c o m e f r o m 

e x p e r i m e n t a l m i c r o - o r g a n i s m s . U s i n g [4-^^C]ALA (103) and 

14 
C - P B G (104) as s u b s t r a t e s it has been shown that v i tamin B -

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

c o b i n a m i d e s and t h a t in the l a t t e r t he p a t t e r n of C d i s t r i b u t i o n 

14 

f r o m [4- C]ALA i s ident ica l to that in porphyr ins (103) . More 

r e c e n t l y P o r r a (105) h a s shown t h a t when c e l l - f r e e e x t r a c t s of 

C l o s t r i d i u m te tanomorphum a r e incubated a n a e r o b i c a l l y in the 

p r e s e n c e of A L A , only uroporphyrinogen-III i s de tec ted under the 

i n c u o a t i o n condi t ions . T h e d e t e c t i o n of uroporphyrinogen-III and 
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not of c o p r o p o r p h y r i n o g e n - m or protoporphyr inogen muggests that 

the pathway for porphyr in and v i t a m i n B d i v e r g e a f t er u r o p o r -

p h y r i n o g e n . I l l but p r i o r to the coproporphyr inogen-III s t a g e . 

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

porphyr ins a r e (i) that 6 - m e t h y l e n e br idge of the m a c r o ring 

i s m i s s i n g and (ii) that there a r e s u p e r n u m e r a r y m e t h y l groups . 

A c c o r d i n g to Shemin et al (106) the s ix m e t h y l groups marked 

(o) or ig inate f r o m meth ion ine ( S - a d e n o s y l m e t h i o n i n e i s the actual 

i n t e r m e d i a t e invo lved in the reac t ion ) . The m e t h y l group m a r k e d 

(#) d o e s not a r i s e f r o m the carbon a tom of A L A ( lOoa). At 

p r e s e n t there i s no d i r e c t ev idence a v a i l a b l e a s to w h e n the 

m e t h y l groups a r e incorpora ted during the p r o c e s s of b i o s y n t h e s i s . 

R , R 

C H 

= -CH^.CONH 

R^ = -CH^.CH^.CONH 

'2 C 

1 -X IV 

Budk in et a l (107) a c t u a l l y c o n s i d e r t h a t the m a c r o r i n g of 

v i t a m i n B^^ i s not f o r m e d f r o m ALA but f r o m methy la ted A L A . 

T h e i r c o n c l u s i o n i s b a s e d on the f o l l owing o b s e r v a t i o n on P r o p i o n i -
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b a c t e r i u m s h e r m a n i c . (i) Toxopyridine (XV) does not inhibit 

v i t a m i n B f o r m a t i o n but does inhibit porphyrin b i o s y n t h e s i s 

^ CH^OH 

1JCV 

p r e s u m a b l y by inhibit ing pyr idoxa l phosphate -dependent ALA 

synthe tase ; (ii) addition of ALA s t imula ted porphyr in product ion 

but not v i t a m i n B s y n t h e s i s ; (iii) i r o n s a l t s , e . g . F e S 0 ^ 7 H ^ 0 , 

inhibi ted p o r p h y r i n b i o s y n t h e s i s but had no e f f e c t on v i t a m i n B ^ 

b i o s y n t h e s i s ; and (iv) amino p t e r i n , an antagonis t of f o l i c a c id , 

s u p p r e s s e d v i t a m i n b i o s y n t h e s i s 2 0 - 2 5 t i m e s wi thou t 

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

C o n t r o l of t e t r a p y r r o l e b i o s y n t h e s i s 

T h e o v e r p r o d u c t i o n of i n t e r m e d i a t e s of the t e t r a p y r r o l e b i o -

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

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

an ism( , s ) f o r c o n t r o l l i n g the s u p p l y of t h e s e i n t e r m e d i a t e s . In 

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

in b a c t e r i a b e c a u s e of t h e i r f a s t e r g r o w t h r a t e and s p e c i f i e d 

g r o w t h r e q u i r e m e n t s wh ich can be e a s i l y v a r i e d . T h e c o n t r o l of 

t e t r a p y r r o l e b i o s y n t h e s i s h a s b e e n s t u d i e d m o s t of a l l in t h e 

p h o t o s y n t h e t i c b a c t e r i u m R . s p h e r o i d e s . T h e r e f o r e t h e m a j o r 

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

o r g a n i s m . 

It i s w e l l e s t a b l i s h e d that m e t a b o l i c pathways are contro l l ed 
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in g e n e r a l by two m e c h a n i s m s which are negat ive f eedback and. 

r e p r e s s i o n . Both types of control m e c h a n i s m s a r e a f f e c t e d by 

an end product which inhibits e i ther the ac t iv i ty (negat ive f e e d -

back inhibition) or the f o r m a t i o n at gene l e v e l ( r e p r e s s i o n ) of 

an e n z y m e ca ta ly s ing an e a r l y s tep l eading s p e c i f i c a l l y to the end 

product . The negat ive f eedback inhibit ion c o m e s into p lay v e r y 

quickly and e x e r t s a f ine control on the f low of i n t e r m e d i a t e s , 

w h e r e a s the r e p r e s s i o n of an e n z y m e f o r m a t i o n i s a s l ow p r o c e s s 

d e s i g n e d to p r e v e n t w a s t e f u l s y n t h e s i s of u n n e c e s s a r y e n z y m e s . 

Control by negat ive f eedback inhibit ion and r e p r e s s i o n : Ev idence 

f o r nega t ive f eedback inhibit ion in R . s p h e r o i d e s w a s f i r s t p r o v i -

ded by L a s c e l l e s (108) when s h e showed that i r o n - d e f i c i e n t s u s -

p e n s i o n s of the o r g a n i s m under s e m i a n a e r o b i c c o n d i t i o n s 

a c c u m u l a t e d l a r g e q u a n t i t i e s of coproporphyrin-III a t t h e e x p e n s e 

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

i r o n could p r e v e n t the a c c u m u l a t i o n of cop r opo rphy rin - III wi th 

c o n c o m i t t e n t r e s t o r a t i o n of bac ter ioch lorophy l l to n o r m a l . The 

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

of a compound which c o n t r o l l e d an e a r l i e r s t e p in t h e t e t r a p y r r o l e 

b i o s y n t h e s i s by f e e d b a c k i nh ib i t i on , w a s proved c o r r e c t when it 

w a s d e m o n s t r a t e d that A L A synthe tase i s inhibited by h a e m and 

h a e m o p r o t e i n s , e . g . h a e m o g l o b i n and m y o g l o b i n and o ther h a e m o -

p r o t e i n s : ( a c t u a l i nh ib i t i on of A L A s y n t h e t a s e i s p r o d u c e d by c h e -

lat ion of the e n z y m e with h a e m i ron (109) . T h e s e r e s u l t s have 

been c o n f i r m e d by m a n y w o r k e r s with the s o l i t a r y except ion of 
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N e u w i r t e t a l (110) who s u g g e s t that at l e a s t in rabbit r e t i c u l o -

c y t e s h a e m e x e r t s negat ive feedback contro l by prevent ing entry 

of i ron into r e t i c u l o c y t e s . T h e s e w o r k e r s o b s e r v e d no inhibi tory 

e f f e c t of exogenous h a e m on the b i o s y n t h e s i s of h a e m f r o m g lyc ine 

oi" ALA but it i s s t i l l p o s s i b l e that h a e m contro l s the entry of 

i ron into rabbit r e t i c u l o c y t e s in addition to inhibiting ALA synthetase 

T h e r e f o r e one m e c h a n i s m of control over e x c e s s i v e product ion 

of the i n t e r m e d i a t e s of t e t r a p y r r o l e s y n t h e s i s i s through feedback 

inhibit ion of A L A s y n t h e t a s e by h a e m w h o s e f o r m a t i o n i s , in t u r n , 

contro l l ed by the ava i lab i l i ty of i r o n . The fact that i ron i s a l s o 

n e e d e d for the e n z y m i c c o n v e r s i o n of coproporphyrinogen-III to 

protoporphyr in-IX f o r m a t i o n expla ins the accumula t ion of c o p r o -

porphyrin-III ra ther than protoporphyrin-DC under i r o n - d e f i c i e n t 

c o n d i t i o n s . 

A r e g u l a t o r y m e c h a n i s m i nvo lv ing r e p r e s s i o n of A L A 

s y n t h e t a s e f o r m a t i o n was again f i r s t shown by L a s c e l l e s (97) . 

She found t h a t a d d i t i o n of a s l i t t l e a s 10 jj,m of h a e m to c u l t u r e s 

of R . s p h e r o i d e s growing in the p r e s e n c e of g lyc ine and « - k e t o -

g lutarate r e p r e s s e d A L A synthe tase f o r m a t i o n . T h e s e r e s u l t s 

have been c o n f i r m e d and augmented by deta i l ed s tud ies of 

G r a n i c k (111) on t he m e c h a n i s m of i n d u c t i o n of A L A s y n t h e t a s e 

by c h e m i c a l s s u c h a s a l l y l i sopropy l a c e t a m i d e and s t e r o i d s in 

p r i m a r y cu l tures of embryon ic chick l i v e r . The r e s u l t s have 

r e v e a l e d that (a) inducing agent c a u s e d an i n c r e a s e in ALA s y n -

t h e t a s e and t h a t t h i s i n c r e a s e w a s c a u s e d by de novo b i o s y n t h e s i s 

of the e n z y m e ; (b) the act ion of the i n d u c e r s was r e v e r s i b l e , and 

(c) the rate of ALA synthe tase f o r m a t i o n was contro l l ed by h a e m . 



In fact in the p r e s e n c e of h a c m , the amount of porphyr in produced 

a f t e r 18 h r s w a s l e s s than half that o b s e r v e d in the contro l s i n -

cubated with the inducer a lone . B a s e d on t h e s e and other ob-

s e r v a t i o n s , Granick has p r o p o s e d the fo l lowing s c h e m e ( f ig . 1 . 5 ) 

f o r control of porphyr in b i o s y n t h e s i s . In th i s s c h e m e h a e m , 

act ing as c o - r e p r e s s o r , binds with the a p o - r e p r e s s o r and p r e v -

ents ALA synthe tase f o r m a t i o n . hi the p r e s e n c e of an inducer , 

t h e r e i s compet i t i on between h a e m and the inducer m o l e c u l e 

which when bound with the a p o - r e p r e s s o r p e r m i t s A L A synthe tase 

s y n t h e s i s . It i s a l s o p r o p o s e d that depending on the ir c o n c e n t r a -

t ion, the inducer and h a e m can d i s p l a c e each other f r o m the apo-

r e p r e s s o r . 

RG 

mRNA 

A p o r e p r e s s o i 
A L A Synth e t a s 

G l y c i n e 

I n d u c e r 
\ Succ iny l CoASH PEG 

N 

H a e m 

F i g . 1 , 5 : RG i s r e g u l a t o r y gene ; O, operator and 

SG, s t ruc tura l gene . ^ r e p r e s e n t s r e p r e s s i o n and 

^ i n d u c t i o n . 

F r o m the fact that ALA dehydratase i s inhibited by h a e m 

(40 -42 ) , r e p r e s s e d by exogenous h a e m (108) and i s an a l l o s t e r i c 



e n z y m e (40 -42 ) , it has been s u g g e s t e d that this enzyine i s a l s o 

invo lved in the regulat ion of the porphyr in biow^rathesis. How-

e v e r , t h e r e i s no ev idence to support th is h y p o t h e s i s f r o m any 

s o u r c e except N e u r o s p o r a c r a s a in which A L A dehydratase i n -

s t ead of ALA synthe tase has been shown to be the regu la tory 

e n z y m e of the h a e m - b i o synthet ic pathway (112, 113). 

Control by env ironmenta l f a c t o r s : It i s w e l l known that p igment 

s y n t h e s i s in R . s p h e r o i d e s i s i n v e r s e l y proport iona l to the 

concentrat ion of and the in tens i ty of l ight s u g g e s t i n g that the 

u l t i m a t e c o n t r o l l i n g m e c h a n i s m i s the s a m e in each c a s e . Another 

w e l l e s t a b l i s h e d fact i s that when R . s p h e r o i d e s , adapted to s e m i -

anaerob ic photosynthet ic growth, i s oxygenated there i s an i m -

m e d i a t e d e c r e a s e in ALA synthe tase ac t iv i ty and b a c t e r i o c h l o r o -

phyl l b i o s y n t h e s i s . T h i s s i t u a t i o n i s r e a d i l y r e v e r s e d by the 

r e s t o r a t i o n of s e m i - a n a e r o b i c c o n d i t i o n s (108) ( s e e be low) . 
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This phenomenon was e r r o n e o u s l y explained by a s s u m i n g that 
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•A.LA s y n t h e t a s e w a s r a p i d l y d e s t r o y e d a f t e r i t s r e p r e s s i o n by 

high concentra t ions of oxygen , A v e r y p laus ib l e explanat ion 

w a s r e c e n t l y prov ided by the work of N e u b e r g e r et al (114, 

115) who showed that (i) at l e a s t b^ro h e a t - s t a b l e low m o l e c u l a r 

we ight compounds , an ac t iva tor and an inhibi tor , par t i c ipate in 

the control of ALA synthe tase of R . s p h e r o i d e s ; (ii) although 

a c t i v a t i o n w a s d e p e n d e n t on a i r (o r l ight ) it w a s p r e v e n t e d and 

(or) s topped by oxygenat ion, the c e s s a t i o n of ALA synthe tase 

ac t ivat ion being c o m p l e t e 10 m i n a f t er the s tar t of oxygenation; 

and (ii i) t h e A L A s y n t h e t a s e i n a c t i v a t e d by o x y g e n a t i o n could be 

act ivated by e x t r a c t s f r o m non-oxygenated c e l l s . T h e s e r e s u l t s 

indicate that e n z y m e ac t iv i ty i s contro l l ed by the rat io of the 

concentra t ions of the ac t iva tor and inhibi tor and t h e r e f o r e rapid 

i n a c t i v a t i o n of A L A s y n t h e t a s e by o x y g e n a t i o n i s no t due to 

r e p r e s s i o n or proteizi degradat ion but to m o d i f i c a t i o n of the 

e x i s t i n g e n z y m e to give low ac t iv i ty . This v i e w has been r e -

a f f i r m e d by T u b o i et a l (23, 1X6, 117) r e c e n t l y in a s e r i e s of 

p a p e r s on ALA synthe tase (118) of R . s p h e r o i d e s . T h e s e w o r k e r s 

have d e m o n s t r a t e d that (i) R . s p h e r o i d e s contains two types of 

independent ly contro l l ed ALA synthe tase , F r a c t i o n I and F r a c t i o n 

II; (ii) in crude e x t r a c t s the F r a c t i o n I i t s e l f e x i s t s in two 

f o r m s , ac t ive and inact ive and that the l a t t e r , when crude , could 

be conver ted to the a c t i v e f o r m by the addition of rat l i v e r m i t o -

chondria (117) or disulphide compounds such as GSSG, and 

c y s t e i n e (118) but when 100- fo ld pur i f i ed the inact ive f o r m 

r e q u i r e d f o r a c t i v a t i o n not only d isulphide compounds but a l s o 
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a prote in f r a c t i o n of the c e l l - f r e e e x t r a c t s (118) . 

Cumulat ive ly , the r e s u l t s p r e s e n t e d above s u f f i c e to 

e m p h a s i z e the c o m p l e x i t y of control of porphyr in - in p a r t i -

cu lar A L A - b i o s y n t h e s i s which i n v o l v e s (i) r e p r e s s i o n , f e e d -

back inhibit ion of A L A synthe tase , (ii) contro l of the rat io of 

the concentrat ion of natura l ly o c c u r r i n g ac t iva tor and inhibi tor , 

and (ii i) the c o n v e r s i o n of F r a c t i o n I A l A synthe tase f r o m the 

inac t ive to the a c t i v e f o r m (and probably r e v e r s e ) . A l l t h e s e 

f a c t o r s a r e s c h e m a t i c a l l y p r e s e n t e d be low. 
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C H A P T E R 2 

MECHANISM O F A C T I O N O F 

A L A S Y N T H E T A S E 
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INTRODUCTION 

It has a l r e a d y been ment ioned in Chapter 1 ( p a g e 4 j 

that ALA synthe tase c a t a l y s e s the condensat ion of g lyc ine with 

s u c c i n y l CoA to give A L A ( s t r u c t u r e 2.1) a c c o r d i n g to the 

fo l lowing equation: 

COOH COOH 

I I 
(Succinyl CoA) CH CH 

i ' . I ' 
<r«z GHz 

2 
Co AS C = O C = O + CoASH + CO 

-f ^ 1 
COOH-CH CH^ 

I 2 I 2 

NH^ NH^ 

Glyc ine (2.1) 

Th i s reac t ion r e q u i r e s pyr idoxal phosphate ( s tructure 2.11) which 

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

c o m p l e x . By a n a l o g y with other p y r i d o x a l phosphate d e p e n d e n t 

e n z y m e r e a c t i o n s (119), a t leasts two b r o a d m e c h a n i s m s m a y be 

c o n s i d e r e d f o r the s y n t h e s i s of A L A . 

In m e c h a n i s m I ( f ig . 2 . 1 ^ g l y c i n e - p y r i d o x a l p h o s p h a t e -

e n z y m e c o m p l e x (2. Ill) f i r s t u n d e r g o e s decarboxy la t ion to furn i sh 

the s t a b i l i s e d carbanion (2. IV) which then c o n d e n s e s with s u c c -

inyl CoA to g ive the A L A - p y r i d o x a l p h o s p h a t e - e n z y m e i n t e r m e d i a t e 

( 2 . V ) . The la t t er i n t e r m e d i a t e on h y d r o l y s i s y i e l d s ALA (2 .1) . 

The important a s p e c t of this m e c h a n i s m i s that both a - h y d r o g e n 

a t o m s ( i . e . C - 2 ) of g lyc ine a r e c a r r i e d through u n d i s t u r b e d in to 

A L A ( s e e hydrogen a tom e n c l o s e d by t r i a n g l e s and c i r c l e s in 

f i g . 2 . 1 ) . 

In m e c h a n i s m 2 ( f ig . 2 . 2 ^ an ini t ia l deprotonat ion. 
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C—COOH 

NHc 
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2-11 
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<5̂  

T h r o u g h o u t 
"R^CHgOPO 

%.=OH 
k = C H 3 

H, 

a 

% 
N " 
H 

c - r C x , 
\<r-\ 

ib^-H 

1 SCoA 

C.CHg.CHg.COOH 

( s u c c i n y l CoA) 

2JV 

CoASH 

C——CO.CHg.CHg.COOH 

4 0 
-CO.CHg.CHg.COOH 

NH, 
+ 

2 . I I 

2.V 

F i g . 2 . 1 . M e c h a n i s m 1 
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ra ther than decarboxy la t ion , of g l y c i n e - p y r i d o x a l p h o s p h a t e -

e n z y m e c o m p l e x (2. Ill) g ives a s t a b i l i s e d carbanion (2. VI) 

which a f t er condensat ion with succ iny l CoA y ie lds a - a m i n o - p -

ketoadipic ac id , bound through the Schi f f base l inkage of p y r i -

doxal phosphate , to the e n z y m e (2. VII). This i n t e r m e d i a t e can 

then be c o n v e r t e d to A L A by one of two m e c h a n i s m s . In 

m e c h a n i s m (2a) decarboxy la t ion of a - a m i n o - p - k e t o a d i p i c ac id 

o c c u r s wh i l s t it i s s t i l l bound to the e n z y m e , to g ive A L A -

p y r i d o x a l p h o s p h a t e - e n z y m e c o m p l e x (2. DC) which on h y d r o l y s i s 

f u r n i s h e s A L A . In m e c h a n i s m 2b, on the other hand, (2. VII) 

i s h y d r o l y s e d to l i b e r a t e « -amino- | 3 -ke toad ip i c ac id (2. VIII), 

which being the unstable |3-keto d i carboxy l i c ac id , spontaneous ly 

d e c a r b o x y l a t e s to y i e ld ALA (11) . The s ign i f i cant f ea ture of the 

m e c h a n i s m 2 (in contras t to m e c h a n i s m 1), whether it o p e r a t e s 

v i a 2a o r 2b, i s t h a t only one of t h e or ig ina l two ^ - h y d r o g e n 

a t o m s of g lyc ine i s re ta ined in ALA ( s e e c i r c l e d h y d r o g e n a t o m s 

in f i g . 2 . 2 ) . 

S ince t h e ^ - c a r b o n (C-5) of ALA a r i s e s e x c l u s i v e l y f r o m 

t h e Q ' -carbon (C-2) of g lyc ine , to e l u c i d a t e t h e m e c h a n i s m of 

a c t i o n of ALA s y n t h e t a s e , i t i s t h e r e f o r e n e c e s s a r y to incubate 

[2RS- H Jglycine with t he e n z y m e s y s t e m and t h e n d e t e r m i n e t h e 

extent of t r i t i u m rad ioac t iv i ty re ta ined in the 6 - c a r b o n atom of 

t he b i o s y n t h e s i s e d A L A . H o w e v e r , owing to t h e p r e s e n c e of a 

funct ional carbonyl group at the y - p o s i t i o n (C-4) of A L A , the 

h y d r o g e n a t o m s l o c a t e d a t the p~ (C-3 ) and (C-5) c a r b o n a t o m s 

of ALA would be expec ted to equi l ibrate with the protons of the 
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medium, a c c o r d i n g to the followini^ enol izat io i i react ion: 

( : o o H 

I i 

CH CH^ 

c ^ ^ 
/ * ! +H' ' / -

1 3 — < 3 — l i +1* ( : — I I 
M I 

NH^ NH^ 

T h e r e f o r e any t r i t i u m i n c o r p o r a t e d in to A L A , f r o m 

[2RS- H jg lyc ine , m a y be l o s t e i ther (i) soon a f ter the b iosynth-

e s i s of A L A o r (ii) d u r i n g the i s o l a t i o n of t h e A L A f r o m t h e 

incubat ion m i x t u r e . The f i r s t d i f f i cu l ty ( i . e . (i)) was o v e r c o m e 

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

10 m i n ) , wh i l e the s e c o n d p r o b l e m w a s c i r c u m v e n t e d by s t a b i l -

i z i n g t h e ^ -hydrogen a t o m s of the b i o s y n t h e s i s e d A L A t h r o u g h 

r e d u c t i o n of t h e c a r b o n y l g r o u p wi th s o d i u m b o r o h y d r i d e to 

a lcoho l (120) ( s t ruc ture 2 . X which w i l l be ca l l ed dihydro A L A ) . 

COOH COOH 

I I 
9 ^ 2 % 

CH NaBH^ ^ 
I O I iiiL — I ^ 

CO H — C — OH 

CH^ CH^ 

NH NH 

( 2 . X ) 

In o r d e r to m e a s u r e t h e r a d i o a c t i v i t y i n c o r p o r a t e d in to 

A L A f r o m g lyc ine , the <5-carbon a tom of ALA was o x i d i s e d with 

s o d i u m p e r i o d a t e to f o r m a l d e h y d e w h i c h w a s t h e n i s o l a t e d a s the 
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f o r m a l d e h y d e d imedone der iva t ive as i l l u s t r a t e d in the sequence 

of r e a c t i o n s below: 

CO OH 

I 
aCH^ 

PCHL 
vC = O 

I 
( 5 ) — - NH, 

+ lO 

HOOC. CH^. CH . CHO 

{O, 
C = O 

COOH 

I 
CH_ 

CH, 

, ' : r 
c — o 

9 © O 

>o O" 

F o r m a l d e h y d e d imedone 

It w a s deduced f r o m P . M . Jordan's work (120) that a l l the t r i t i u m 

rad ioac t iv i ty l oca ted at t h e ^ - c a r b o n a tom of ALA i s re ta ined in 

the f o r m a l d e h y d e d imedone d e r i v a t i v e . (This f ea ture i s i l l u s t r a t e d 

by e n c i r c l i n g the or ig ina l hydrogen a t o m s in the above r e a c t i o n s ) . 

In addit ion to t h i s , the study of P . M . Jordan and M. A k h t a f (121) 

u s i n g c e l l - f r e e e x t r a c t s of R , s p h e r o i d e s ( c r u d e e n z y m e ) , s u g -

g e s t e d that during the c o n v e r s i o n of g lyc ine and s u c c i n y l CoA to 

A L A , one of the a - h y d r o g e n a t o m s of g lyc ine i s s t e r e o s p e c i f i c a l l y 

r e m o v e d , thus indicat ing that a m e c h a n i s m of the type 2 ( f ig . 2 . 2 , 

p 4o) i s i n v o l v e d in th i s p r o c e s s . H o w e v e r , th is w o r k i s open to 

a v e r y s e r i o u s c r i t i c i s m which i s that it d o e s not c o n s i d e r the 

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

o c c u r r e d not during the b i o s y n t h e s i s of A L A but in a subsequent 

event in which another contaminant e n z y m e , p r e s e n t in the crude 
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ALA synthe tase preparat ion , part i c ipated in s t e r e o s p e c i f i c ex-

change of one of the 6 - h y d r o g e n a t o m s of the b i o s y n t h e s i s e d 

ALA with the m e d i u m as shown below. 

@ — C — COOH 

I g 

NHg ^ — C — C — — COOH 

O + 

% 
C — (CH ) — COOH 

CoAS 

E n z y m e ' X ' ^ 

T > NH C — C — ( C H J ^ — C 

+ H 

2^2 
^ O H 

Such a p o s s i b i l i t y was e x h a u s t i v e l y inves t iga ted by studying 

the b i o s y n t h e s i s of ALA f r o m [2RS-^H jglycine in p a r a l l e l with 
2 

the study of the exchange of ^ - t r i t i u m a t o m s of ]ALA 

by c r u d e - , p a r t i a l l y p u r i f i e d - , and h ighly p u r i f i e d - A L A 

s y n t h e t a s e . 

R e s u l t s 

—Exchange of t r i t i u m l o c a t e d at the ^ - c a r b o n atom of 

H^]ALA by the c e l l - f r e e e x t r a c t s of R . s p h e r o i d e s . 

In o r d e r to e s t a b l i s h f i r s t of a l l w h e t h e r o r not t h e r e w a s 

an exchange of ^ - h y d r o g e n a tom(s ) of ALA with the protons of the 

m e d i u m under t h e i n c u b a t i o n c o n d i t i o n s e m p l o y e d by J o r d a n et a l 

( I Z I ) , 80 fxg of n e u t r a l [p,5 - H ^ j A L A (13 x 10 c p m / m g , 58% 

of H w a s l oca ted at the ^ - c a r b o n atom) w a s incubated with the 
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c e l l - f r e e e x t r a c t s (crude e n z y m e ) in the p r e s e n c e of the c o m p l e t e 

ALA synthe tase s y s t e m at 37 . The control e x p e r i m e n t s contained 

e i t h e r bo i l ed e x t r a c t s o r none at a l l . A l i q u o t s w e r e r e m o v e d 

f r o m the incubation m i x t u r e s at d i f f erent t i m e i n t e r v a l s and ALA 

w a s degraded to obtain formaldehyde d imedone d e r i v a t i v e s . The 

r e s u l t s , d i sp layed in table 2 . 1 and f i g . 2 . 3 , show that there i s 

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

of [ p , 6 - H^]ALA sugges t ing that the bas i c p r e m i s e of the p r e s e n t 

study, that a contaminant e n z y m e m a y be invo lved in the r e m o v a l 

of one of the or ig ina l a - h y d r o g e n a t o m s of g lyc ine , w a s f e a s i b l e . 

T h e s e r e s u l t s a l s o u n d e r l i n e d the need f o r fur ther p u r i f i c a t i o n 

of A L A s y n t h e t a s e , 

Biosynthet i c and exchange s tudies us ing 3 3 - f o l d pur i f i ed ALA 

s y n t h e t a s e . 

Having e s t a b l i s h e d that the. 6 - h y d r o g e n atom(s) of ALA i s 

e n z y m i c a l l y l a b i l i z e d , i t w a s n e c e s s a r y to p u r i f y the ALA s y n t h -

e t a s e and d e t e r m i n e whether this exchange act iv i ty had any e f f e c t 

on the net l o s s of the cc-hydrogen atom during the c o n v e r s i o n of 

3 
[2RS- PI jg lyc ine into A L A . T h e r e f o r e a s e r i e s of e x p e r i m e n t s 

on the b i o s y n t h e s i s of ALA f r o m [2RS-'^H : 2 -^^C]g lyc ine 

( C = 4 X 10^ cpm) (table 2 . 2 ) w e r e c a r r i e d out in p a r a l l e l 

with the study of the exchange of t h e t r i t i u m l oca ted a t the 

L c a r b o n a tom of [p ,5-^H^]ALA (table 2 . 3 and f i g . 2 . 4 ) . 

The r e s u l t s of the b iosynthet ic e x p e r i m e n t s , p a r t i c u l a r l y 

that of e x p e r i m e n t 4 (table 2 . 2 ) whose c h e m i c a l c o m p o s i t i o n was 

ident ica l to that of the exchange e x p e r i m e n t s in table 2 . 3 , showed 



Tabic 2 . 1 

The exchange of t r i t ium located at the 6 - c a r b o n atoin 

3 

of H lALA by the c e l l - f r e e ex trac t s of 

R . s p h e r o i d e s . 

Each f l a s k contained 80 [jig of neutral [ p , 6 - H ]AliA. 
4 

(13 X 10^ c p m / m g , 58% was loca ted at the 6 - c a r b o n atom); 

g lyc ine , 150 ^ m o l e s ; sod ium succ ina te , 150 jjimoles; MgSO , 

10 n m o l e s ; MnSO^, 0 . 0 2 5 |j.moles; pyr idoxal phosphate , 0 . 2 

p.moles; P - m e r c a p t o e t h a n o l 1 ( imole; c o - e n z y m e A, 1 . 3 jjimole; 

A T P , 7 . 5 p,moles; t r i s - H C l buffer (pH 7 . 5 ) 75 [ imoles; and 

e n z y m e , 0 . 4 1 units ( i . e . c e l l - f r e e ex trac t s ) in a total v o l u m e 

of 1 . 5 m l . Control e x p e r i m e n t s contained the c e l l - f r e e e x t r a c t s 

w h i c h had b e e n bo i l ed f o r 15 m i n . 0 , 3 m l a l i q u o t s w e r e re -

m o v e d at d i f f erent t i m e i n t e r v a l s and ALA was degraded to 

i s o l a t e the formaldehyde d imedone der iva t ive (FDD) as 

d e s c r i b e d in M e t h o d s . 

Control E x p e r i m e n t a l 

T i m e 
(min) 

c p m / 
10 m g FDD % l o s s 

c p m / 
10 m g FDD % l o s s 

0 1 , 4 0 0 0 . 0 1 , 2 8 5 0 . 0 0 

20 1 , 3 9 0 0 . 7 1 1 , 0 7 0 1 6 . 8 

40 1 , 4 0 0 0 . 0 900 3 0 . 0 

60 1 , 4 3 0 - 2 . 1 747 4 2 . 0 

90 1 , 4 0 0 0 . 0 640 5 0 . 0 
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Table 2 . 2 

The b i o s y n t h e s i s of ALA f r o m |2RS-^H : 2-^'^ClRlycine 

by 33 - fo ld purified. ALA s y n t h e t a s e . 

The incubat ion m i x t u r e contained [2RS-^H : 2 -^^C]g lyc ine 

( H : C r a t i o of 4 . 0 2 , C = 4 x 10 c p m ) , 56 j i m o l e s ; 

10 n m o l e s ; MnSO , 0 . 0 2 5 [jimoles; pyr idoxa l phosphate , 

0 . 2 jjLmoles; p - m e r c a p t o e t h a n o l , 1 p,mole; s y n t h e s i s e d succ iny l 

CoA, 2 [jimoles; t r i s - H C l buffer (pH 7 . 5 ) , 75 [jimoles and 

3 3 - f o l d pur i f i ed A L A synthe tase ( 7 . 9 units) in a total v o l u m e 

of 1 . 5 m l . The i n c u b a t i o n s w e r e c a r r i e d out at 3 7 ° f o r 10 m i n 

and t e r m i n a t e d by the addition of 3 ' m g of n o n - r a d i o a c t i v e ALA 

and 6 m g of s o d i u m borohydride at 0 ° . The s a m p l e s w e r e 

then p r o c e s s e d , as d e s c r i b e d in Methods, to m a k e the f o r m a l -

dehyde d i m e d o n e der iva t ive (FDD) , 

I n c u b a t i o n 
c o n d i t i o n s 

r a t i o of 
g lyc ine 

r a t i o of 
FDD 

3 
^ retent ion of H 

N o . 
I n c u b a t i o n 
c o n d i t i o n s 

r a t i o of 
g lyc ine 

r a t i o of 
FDD Found P r e d i c t e d 

1 c o m p l e t e 
s y s t e m 

4 . 0 2 1 . 5 3 38 50 

2 No s u c c i n y l 
CoA 

4 . 0 2 " - -

3 Bo i l ed 
e n z y m e 

4 . 0 2 - -

4 c o m p l e t e 
s y s t e m + 
50 [xg ALA 

4 . 0 2 1 . 5 3 38 50 



The exchange of . ( . t r i t ium a t o m s of H lALA 

by 3 3 - f o l d pur i f ied ALA s y n t h e t a s e . 

4 8 

The incubation m i x t u r e s contained H ] A 1 A 

^ 3 
(13 X 10 cpmy^^58% of the H w a s loca ted at 5 -carbon atom) , 

50 ^ig; g lyc ine , 56 ( imoles; MgSO^, 10 [ imoles; MnSO 

0 . 0 2 5 | j ,mole; pyr idoxa l p h o s p h a t e , 0 . 2 p,mole; p - m e r c a p t o -

e t h a n o l , 1 [xmole; synthe s i s ed s u c c i n y l Co A, 2 |xmoles ; t r i s -

HCl buffer (pH 7 . 5 ) , 75 pumoles and 33 - fo ld pur i f ied ^ALA 

synthe tase ( 7 . 9 units) in a total v o l u m e of 1 . 5 m l . The control 

incubat ions contained the e n z y m e that had been boi led f o r 15 m i n . 

T h e i n c u b a t i o n s w e r e c a r r i e d out at 37 , A l i q u o t s w e r e r e -

m o v e d a t d i f f e r e n t t i m e i n t e r v a l s and A L A w a s d e g r a d e d to 

obtain f o r m a l d e h y d e d imedone der iva t ive (FDD) . 

C o n t r o l E x p e r i m e n t a l 

T i m e 
(min) 

c p m / 
10 m g FDD l o s s c p m / 

10 m g FDD l o s s 

0 1 , 0 0 0 0 . 0 1 , 0 5 0 0 . 0 

10 998 0 . 2 966 8 . 0 

15 990 1 . 0 924 1 2 . 0 

20 1 , 0 1 0 - 1 . 0 882 1 6 . 0 

30 997 0 . 3 835 2 0 . 5 
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that only 38% ( c o m p a r e d with the p r e d i c t e d va lue of 50%) of the 

o r i g i n a l g lyc ine t r i t i u m r a d i o a c t i v i t y w a s re ta ined in the b i o s y n -

t h e s i s e d A L A , w h i l s t under ident i ca l condi t ions 12% of the 5 -

t r i t i u m r a d i o a c t i v i t y f r o m H . ] A L A had e x c h a n g e d with the 

m e d i u m . S ince t h e r e w a s no c h e m i c a l equ i l ibrat ion of the ^ -

h y d r o g e n a t o m s of A L A u n d e r the b i o s y n t h e t i c i n c u b a t i o n c o n d i t i o n s , 

t h e s e r e s u l t s w e r e i n t e r p r e t e d a s be ing ind ica t ive of the fac t that 

3 

a f t e r i t s b i o s y n t h e s i s f r o m [2RS- H ]g lyc ine , A L A e n z y m i c a l l y 

l o s e s (in a p e r i o d of 15 min) 12% of i t s t r i t i u m r a d i o a c t i v i t y 

thus reduc ing 50% re tent ion of the o r i g i n a l g lyc ine t r i t i u m , as 

p r e d i c t e d by the m e c h a n i s m 2 ( p . 4 0 ) , to 38%. 

In th i s e x p e r i m e n t the to ta l i n c o r p o r a t i o n of r a d i o a c t i v i t y 

f r o m [ 2 -^^C]g lyc ine i n to A L A i s o l a t e d a s t he f o r m a l d e h y d e d i m e -

done d e r i v a t i v e of the 5 - c a r b o n a t o m of A L A w a s 3 8 , 4 0 0 c p m , 

r e p r e s e n t i n g a r a d i o c h e m i c a l c o n v e r s i o n of 1 % . In a s i m i l a r n o n -

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

a s s a y i n d i c a t e d 2 . 3 % c o n v e r s i o n of g l y c i n e into A L A . 

B i o s y n t h e t i c and exchange s tud ie s u s i n g 5 8 9 - f o l d p u r i f i e d A L A 

s y n t h e t a s e . 

T h e r e s u l t s shown a b o v e d e m o n s t r a t e d that 3 3 - f o l d p u r i f i e d 

A L A s y n t h e t a s e s t i l l c o n t a i n e d the c o n t a m i n a n t exchange a c t i v i t y . 

T h e r e f o r e t h e e n z y m e w a s f u r t h e r p u r i f i e d to o b t a i n 5 8 9 - f o l d 

p u r i f i e d p r e p a r a t i o n wh ich w a s u s e d to c a r r y out a s e r i e s of 

p a r a l l e l b i o s y n t h e t i c and e x c h a n g e s t u d i e s (26) . 

[2RS- 2-^^c]glycine of ra t io of 4 . 3 (^^C=4x 10̂  

c p m ) w a s i n c u b a t e d with 5 8 9 - f o l d p u r i f i e d ALA s y n t h e t a s e and t h e 



- c a r b o n a t o m of the b iosynr l i c s i sed ALA. was i s o l a t e d as the f o r -

maldehyde d imedone d e r i v a t i v e . The r e s u l t s (d i sp layed in table 

2 . 4 ) showed that an a v e r a g e of 50% of the or ig ina l g lyc ine t r i t i u m 

rad ioac t iv i ty w a s re ta ined in the b i o s y n t h e s i s e d A L A . Under 

ident i ca l condit ions (par t i cu lar ly attention i s drawn to e x p e r i m e n t 

2 in t a b l e 2 . 4 ) when [ p , S - H ]ALA was i n c u b a t e d wi th t h i s h ighly 

pur i f i ed e n z y m e , no exchange of the t r i t i u m loca ted at the 6 -

carbon a tom of ]ALA w a s o b s e r v e d (table 2 . 5 ) s u g g e s t i n g 

that the contaminant e n z y m e had been r e m o v e d during the p u r i -

f i ca t ion of ALA s y n t h e t a s e . 

Cumulat ive ly , the r e s u l t s c o n s i d e r e d above e s t a b l i s h 

c o n c l u s i v e l y that during the b i o s y n t h e s i s of ALA one of the cc-

hydrogen a toms of g lyc ine i s e l iminated as pred ic t ed by the 

m e c h a n i s m 2 ( f ig . 2 . 2 , q40 ) and t h a t a contaminant e n z y m e , in 

the crude prepara t ions of ALA s y n t h e t a s e , can exchange <$-

hydrogen a tom(s ) of ALA with the m e d i u m . 

The total incorporat ion of radioact iv i ty into ALA f r o m [2-^'^C]-

g lyc ine i s o l a t e d as d imedone der iva t ive of the 6 - c a r b o n a tom of 

A L A w a s 9 2 , 0 0 0 c p m . This r e p r e s e n t e d a r a d i o c h e m i c a l c o n -

v e r s i o n of 2 . 3 % . Under p a r a l l e l condit ions n o n - r a d i o a c t i v e incub-

ation on c o l o r i m e t r i c a s s a y indicated 3 .6% c o n v e r s i o n of g lyc ine 

into A L A . 

The s t e r e o c h e m i s t r y of p r o t o n e l iminat ion f r o m g l y c i n e during 

the e n z y m i c s y n t h e s i s of A L A . 

In o r d e r to d e t e r m i n e which of the two a - h y d r o g e n a toms 
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Table 2 . 4 

3 14 

The b i o s y n t h e s i s of ALA f r o m H :2- Clqlycine 

by 589-foLi pu r i f i ed ALA s y nth eta s 

The incubation condit ions w e r e ident ica l to t h o s e of 

3 14 

table 2 . 2 ^ p . 4 7 ) except that [2R.S- H :2- Cjglycine had 

^ H / ^ C r a t i o of 4 , 3 0 (" C = 4 x 10 cpm) and 8 . 2 u n i t s 

of e n z y m e w e r e u s e d . 

Incubation 
c o n d i t i o n s 

rat io of 
glyc ine 

rat io of 
FDD 

3 
% retent ion of H 

No . 
Incubation 
c o n d i t i o n s 

rat io of 
glyc ine 

rat io of 
FDD F o u n d P r e d i c t e d 

1 c o m p l e t e 
s y s t e m 

4-

4 . 30 2 . 0 7 5 2 . 0 0 5 0 . 0 0 

2 
f 

c o m p l e t e 
s y s t e m + 
50 |jLg ALA 

4 . 30 2 . 2 8 4 7 . 0 0 5 0 . 0 0 

In order to e n s u r e that the b i o s y n t h e s i s of l a b e l l e d ALA 

w a s c a r r i e d out under condit ions ident ica l to those u s e d 

f o r a s s e s s i n g the extent of the exchange react ion , non-

r a d i o a c t i v e ALA w a s inc luded . 



Table 2 . 5 

The exchan,^e of a toms of 

H lALA by 589-fol ( i pur i f i ed ALA s y n t h e t a s e . 

The incubation condit ions w e r e the s a m e as t h o s e 

d e s c r i b e d in table 2 . 3 (p .48) e x c e p t that 50 p,g of doubly 

l a b e l l e d ALA ( i . e . :5-^^C]AI_A) with rat io 

of 2 3 . 8 = 2 . 5 X 10^ cpm) and 8 . 2 units of 589-fc)ld 

p u r i f i e d A L A s y n t h e t a s e w e r e u s e d . 

C o n t r o l Expe r imenta l 

T i m e rat io of 
% l o s s 

rat io of 
% l o s s 

(min) ALA ALA 

0 2 3 . 8 0 - 2 3 . 8 0 -

10 2 3 . 8 2 — 2 3 . 8 0 _ 

15 2 3 . 8 0 - 23 . 81 

20 23 . 80 2 3 . 8 0 " 



3 
of g lyc ine was e l iminabed during the b i o s y n t h e s i s of ALA, [2R- Pi]-

3 

glyc ine and [2S- H]g lyc ine ( these w e r e p r e p a r e d by P . M . Jordan) 

w e r e incubated with 5 8 9 - f o l d pur i f i ed ALA s y n t h e t a s e . The ,S-

carbon a tom of the b iosynthet ic A L A was , r ecovered as the f o r m a l -

dehyde d imedone d e r i v a t i v e . The r e s u l t s , d i sp layed in table 2 . 6 , 
3, s howed that A L A s y n t h e s i s e d f r o m [2S- Hjg lyc ine contained 100% 

of the or ig ina l g lyc ine t r i t i u m act iv i ty w h e r e a s that s y n t h e s i s e d 

3 

f r o m [2R- Hjg lyc ine reta ined only 3 .0% of the t r i t i u m radioact iv i ty . 

T h e s e r e s u l t s e s t a b l i s h that the b i o s y n t h e s i s of ALA i s 

a c c o m p l i s h e d by m e a n s of the m e c h a n i s m 2 which w a s favoured 

( f i g . 2 . 2 , P . 4 o ) by p r e v i o u s w o r k e r s . In this m e c h a n i s m , g lyc ine 

bound to pyr idoxa l phosphate through a Schiff base l inkage 

( s t r u c t u r e 2 . Ill) l o s e s the R - h y d r o g e n a tom, a s a p r o t o n , to 

f u r n i s h the s t a b i l i s e d c a r b a n i o n ( 2 . VI) , The c o n d e n s a t i o n of 

s u c c i n y l CoA wi th t h i s c a r b a n i o n y i e l d s the a - a m i n o - p - k e t o a d i p i c 

ac id -pyr idoxa l phosphate schif f b a s e - e n z y m e c o m p l e x ( 2 . VII) . 

D i s c u s s i o n . 

P r e v i o u s s t u d i e s wi th the c r u d e ALA s y n t h e t a s e by J o r d a n 

e t a l ( 1 2 1 ) h a d s u g g e s t e d t h a t in the b i o s y n t h e s i s of A L A , t h e 

Qf-hydrogen a t o m of g lyc ine with R c o n f i g u r a t i o n w a s l o s t . 

Since in th is study the w o r k e r s had not i n v e s t i g a t e d the magnitude 

of e q u i l i b r a t i o n of the $ - h y d r o g e n a t o m of ALA under the incub-

ation condit ion, another explanat ion for the ir r e s u l t s w a s l e f t 

o p e n . T h i s explanat ion i nvo lved the p o s s i b i l i t y of s t e r e o s p e c i f i c 

l o s s of one of the & -hydrogen a t o m s of ALA by a c o n t a m i n a n t 

e n z y m e a f t e r , rather than during, i t s b i o s y n t h e s i s as i l l u s t r a t e d 
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TTciblo 2 . 6 

The s t e r e o c h e m i s t r y of proton e l iminat ion 

from, g lyc ine during the e n z y m i c s y n t h e s i s of A L A . 

The incubat ions w e r e c a r r i e d out a s d e s c r i b e d in 

3 3 
table 2 . 2 (p. 12) except that [2R- Hjg lyc ine and [2S- Hjglyc ine 

6 6 
ind icated below, contained 1 x 10 cpm and 1 . 5 x 10 cpm of 

14 

C r e s p e c t i v e l y and 8 . 2 u n i t s of 5 8 9 - f o l d p u r i f i e d A L A 

s y n t h e t a s e w e r e u s e d . 

S u b s t r a t e 
H: C rat io 
of i n i t i a l 

g lyc ine 

3 14 
H: C r a t i o 

of FDD 

3 
% H reta ined 

in A L A 

[2R-^H:2 .^^C] 1. 55 0 . 0 4 3 . 0 0 
g lyc ine 

[2S-^H:2-^^C] 5 . 8 0 5 . 8 0 1 0 0 . 0 0 
g lyc ine 
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on p a g e 4 3 . 

The inves t iga t ion of this p o s s i b i l i t y w a s p e r m i t t e d by the 

3 

ava i lab i l i ty of - H . j A L A . The incubation of the la t ter v/ith 

the crude ALA synthe tase under the condit ions ident ica l to those 

of Jordan et al (121) r e v e a l e d that during 60 min of incubation, 

t h e r e w a s a l i n e a r exchange of the 6 -hydrogen a tom of ALA 

with the protons of the m e d i u m (f ig . 2 . 3 , table 2 . 1 ) . Although 

t h e s e r e s u l t s did not n e c e s s a r i l y inval idate the conc lus ion of 

Jordan et al (121), they e m p h a s i s e d the need for a new approach 

to the p r o b l e m us ing m o r e puri f ied e n z y m e . 

T h e r e f o r e a new s e r i e s of b iosynthet ic e x p e r i m e n t s , in 

p a r a l l e l with the exchange s t u d i e s , .was p e r f o r m e d us ing ALA 

s y n t h e t a s e at d i f f erent s t a g e s of pur i f i ca t ion , to d e t e r m i n e on 

the one hand the l o s s of hydrogen a tom in c o n v e r s i o n of 
3 

[2RS- H jg lyc ine into ALA and on the other hand, to e s t i m a t e 

t h e exchange of - h y d r o g e n a t o m of ALA with the m e d i u m p r o t o n s . 

3 3 - f o l d pur i f i ca t ion of ALA synthetase fa i l ed to r e m o v e all the 

c o n t a m i n a n t exchange ac t iv i ty a s shown by the approx imate ly 

l i n e a r l o s s of 6 - t r i t i u m f r o m [P,^- H ]ALA during the f i r s t 20 m i n 

of i n c u b a t i o n ( f ig . 2 . 4 ) . In v i e w of the f a c t that there i s no 

c h e m i c a l exchange of the ^ -hydrogen a t o m s of ALA ( t a b l e s 2 . 1 

and 2 . 3 ) u n d e r the incubat ion condi t ions , it was a s s u m e d that t he 

retent ion of 38%, ins tead of 50%, of the or ig inal g lyc ine t r i t ium 

ac t iv i ty w a s due to the exchange of the - t r i t i u m atom(8) of ALA 
3 

a f t e r i t s b i o s y n t h e s i s f r o m [2RS- H jg lyc ine . This a s s u m p t i o n 
w a s b o r n out by the r e s u l t s o b t a i n e d f r o m e x p e r i m e n t s p e r f o r m e d 
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with 589 - fo ld pur i f i ed e n z y m e when it was observed that one a -

hydrogen atom of g lyc ine i s r e m o v e d during the b io synthes i s of 

ALA (table 2 . 4 ) under the condit ions when there w a s no exchange 

of ^ - h y d r o g e n a toms of ALA with the med ium (table 2 . 5 ) . 

The r e s u l t s of the study with 589- fo ld pur i f i ed ALA synthe -

t a s e are v e r y r e m a r k a b l e not only in endors ing the conc lus ions 

of Jordan et al (121) but a l s o for the c l o s e a g r e e m e n t between 

the t h e o r e t i c a l l y p r e d i c t e d l o s s of hydrogen and the va lue e x p e r i -

m e n t a l l y d e t e r m i n e d in the b iosynthet ic e x p e r i m e n t s (table 2 . 4 ) . 

Another reward of us ing the h ighly pur i f i ed e n z y m e was an 

i m p r e s s i v e improvernent over the s t e r e o c h e m i c a l r e s u l t s of 

Akhtar et al (26) . When the b iosynthet ic e x p e r i m e n t s w e r e c a r -

r ied out us ing this preparat ion and s t er ' eospec i f i ca l l y tr i t ia ted 

3 
g lyc ine , it w a s o b s e r v e d that [ 2 R - ' H ] g l y c i n e l o s t 97% of tr i t ium 

3 

and [2S- Hjglyc ine reta ined 98% of i t s t r i t ium during the b iosyn-

t h e s i s of ALA ( t ab le 2 . 6 ) . 

Thus the p r e s e n t work showing the l o s s of the a - h y d r o g e n 

atom with the R conf igurat ion e s t a b l i s h e s c o n c l u s i v e l y the m e c h -

a n i s m 2 (p4o) f or the b i o s y n t h e s i s of A L A , T h i s m e c h a n i s m i n v o l -

v e s deprotonat ion of g l y c i n e - p y r i d o x a l p h o s p h a t e - e n z y m e complex 

(2. Ill) to g ive a s t a b i l i s e d carbanion (2. VI) which a f t e r c o n d e n s a t i o n 

wi th succ iny l CoA y i e l d s c - a m i n o - p - k e t o a d i p i c a c i d , bound t h r o u g h 

the schi f f base l inkage of pyr idoxal phosphate , to the e n z y m e (2. VII), 

The la t t er i n t e r m e d i a t e m a y then produce ALA e i ther v ia ( 2 . V I l ) - > 

( 2 . V I I I ) — » . A L A , or through the sequence (2.VII) —». (2 . IX) —^-ALA. 

This f ea ture wi l l be d i s c u s s e d in the next chapter . 
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It s e e m s that the a l ternat ive m e c h a n i s m of the type 1 (p38 ) 

i s a l s o operat ive in the natural s y s t e m s , as shown by W e i s s (122) 

in the f o r m a t i o n of 3 -ke tosphinganine (an i n t e r m e d i a t e in the biosyn-

t h e s i s of sphingol ipid b a s e s ) f r o m pamitoy l CoA and s e r i n e . He 

3 

found that when [2, 3 - H j s e r i n e w a s in jec ted into rats during 

ac t ive mye l inat ion , a l l the t r i t ium located at the C - 2 w a s re ta ined 

in 3 -ke tosph ingan ine . T h e r e f o r e it was p r o p o s e d that in this 

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

u n d e r g o e s decarboxy la t ion , rather than deprotonat ion, be fore c o n -

dens ing with palmitoyl CoA to f o r m a new C - C bond, as i l l u s t r a t e d 

in the s equence below: 

H 
H 

HO — C H - — — - C O O H 
^ I 

HO ^ H 

O 

NH, 

H 

— b o o H 
-bo. 

H O 

HO CH 
R.COSCoA 

^ HO CH 

2'14 

H 

3-ketosphinganine . 
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Another Interes t ing skcreocl ie izi ical d i v e r s i f y to note i s that 

the b i o s y n t h e s i s of ALA f r o m g lyc ine i n v o l v e s the r e m o v a l of the 

R - h y d r o g e n a tom w h e r e a s the b i o s y n t h e s i s of s e r i n e and threonine 

o c c u r s through the l o s s of the S - h y d r o g e n a tom of g lyc ine . 
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r i n i e n t a i . 

b i a t e r i a l s . 

[2- H Iglycine, [2- Cjglycine and tr i t ia ted v/ater w e r e 

Z 

obtained f r o m the R a d i o c h e m i c a l Centre, A m e r s h a m , U . K . 

14 

[5- C]AL,A HCl was purchased f ron NEN C h e m i c a l s , Germany . 

N o n - r a d i o a c t i v e ALA, pyr idoxa l phosphate and A T P w e r e obtained 

f r o m K o c h - L i g h t L a b o r a t o r i e s , Colnbrook, B u c k s . , U . K . Co-

e n z y m e A and T r i z m a b a s e ( tr is ) w e r e p u r c h a s e d f r o m 

S i g m a (London) C h e m i c a l Co. Ltd. , London S . W . 6. , U . K . 

Sephadex G-lOO and D E A E - S e p h a d e x A - 2 5 w e r e p u r c h a s e d f r o m 

P h a r m a c i a C o . , London W . 5 . , U . K . The r e s t of the c h e m i c a l s 

and s o l v e n t s w e r e obtained f r o m the B r i t i s h Drug H o u s e s L t d . , 

P o o l e , D o r s e t , U . K . Rhodopseudomonas s p h e r o i d e s ( N . C . I . B . 

8253) was obtained f r o m T o r r e y R e s e a r c h Station, A b e r d e e n , 

S c o t l a n d . 
3 3 

[2- H]- and [ 2S- H j g l y c i n e s and 589 - fo ld pur i f i ed ALA 
synthe tase w e r e p r e p a r e d by P . M . Jordan. 

M e t h o d s . 

Growth and h a r v e s t i n g of Rhodopseudomonas s p h e r o i d e s . 

T h e o r g a n i s m (N. C. I . B . 8253) w a s mainta ined in s t a b c u l t u r e s 

in m e d i u m containing y e a s t extract (0 .2% w / v ) and agar (1 .5% w / v ) , 

T h e s e c u l t u r e s w e r e s u b c u l t u r e d monthly and i n c u b a t e d f o r 48 h 

in the l igh t a t 3 2 - 3 3 ; the s t a b c u l t u r e s w e r e s t o r e d a t 0 - 4 ° . 

Ce l l s f o r e x p e r i m e n t a l work w e r e grown in Medium MS of 

L a s c e l l e s (123) . The m e d i u m c o n t a i n e d p e r l i t r e f i n a l v o l u m e ; 
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monohydrate sod ium L-gluta.rnate, 1 . 8 g; D L - m a l i c ac id , 2 . 7 g; 

p o t a s s i u m dihydrogeii orkhophosphate, 500 mg; d i p o t a s s i u m hydro-

gen orthophosphate , 500 mg; d i - a m m o n i u m hydrogen orthophos-

phate , 800 mg; MgSO^TH^O, 400 mg; CaCl O, 79 mg; 

M n S 0 ^ 4 H ^ 0 , I . d rng; t h i a m i n e h y d r o c h l o r i d e , .1 m g ; n i c o t i n i c 

a c i d , 1 m g ; D - b i o t i n , 0 , 0 5 m g . T h e pH w a s a d j u s t e d to 6 . 8 

with about 40 m l of 1 M NaOH. The m e d i u m w a s s t e r i l i z e d by 

autoc lav ing for 15 min at about 15 I b / s q . i n . 

100 m l of the MS m e d i u m , supplemented with a y e a s t 

e x t r a c t ( 0 . 2 % w / v ) c o n t a i n e d in a 250 m l f l a s k p l u g g e d wi th 

cotton wool , w a s inoculated f r o m the s tab cu l tures and the 

o r g a n i s m w a s incubated in l ight ( f r o m two 60W bulbs) at 3 0 - 3 3 ° 

for 48 h r s . The r e d - b r o w n s u s p e n s i o n was poured into a 5 1. 

f l a s k c o n t a i n i n g 4 . 5 1. of the m e d i u m MS and i n c u b a t i o n w a s 

continued for 72 h r s at 3 0 - 3 3 under i l luminat ion f r o m two 60W 

bulbs . The cul tured c e l l s w e r e h a r v e s t e d by centr i fugat ion , and 

w a s h e d with 0 . 0 2 M phosphate buffer (pH 7 . 0 ) . The packed c e l l s 

(about 8 g wet w e i g h t / 1 . ) w e r e s t o r e d at - 1 6 to - 1 8 ° until they 

w e r e n e e d e d for the e n z y m e prepara t ion . 

c a t i o n of A L A s y n t h e t a s e : A l l o p e r a t i o n s w e r e c a r r i e d out 

at 0 - 4 ° u n l e s s o t h e r w i s e s ta ted . 

^ " 4 g we t we igh t of R h o d o p s e t i d o m o n a s s p h e r o i d e s 

c e l l s w e r e suspended in 10 m l of 0 , 0 4 M p o t a s s i u m phosphate 

buffer (pH 7 . 0 ) and d i srupted at 0 ° for 10-15 min , u s i n g MSE 

u l t r a s o n i c a t o r . The d i s r u p t e d c e l l s w e r e c e n t r i f u g e d a t 105, OOOg 

f o r 90 m i n . The c l e a r supernatant f r o m the top w a s u s e d in 
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e x p e r i m e n t a l work within 4 l irs a f t er centr i fugat ion . The s p e c i f i c 

ac t iv i ty of the e n z y m e was a lways between 0 . 0 4 - 0 . 0 6 u n i t s / m g . 

33-fold, pur i f i ed e n z y m e (23): yibout 200 g wet \veight of 

Rhodopseudomonas s p h e r o i d e s c e l l s w e r e suspended in 0 . 0 5 M 

T r i s - H C l buffer (pH 7 . 4 ) to give a f inal v o l u m e of 75 m l . The 

"f; o 

suspended c e l l s w e r e disrupted"' at 0 for 2 5 - 3 0 m i n by m e a n s 

of an iCtgE u l t r a s o n i c a t o r . The broken c e l l s w e r e centr i fuged 

at 1 0 0 , 0 0 0 g for 90 m i n and the c l e a r supernatant w a s c o l l e c t e d 

and di luted to 100 m l ( c e l l - f r e e e x t r a c t s ) . 

To the c e l l - f r e e ex trac t ( f rom above) was added p - m e r c a p t o -

ethanol to 0 . 0 1 M which w a s fo l l owed by gradual addition (over 

2 0 - 2 5 m i n per iod) of f i n e l y ground so l id (NH^) SO up to 40% 

saturat ion ( 2 2 . 6 g). The so lut ion was s t i r r e d for 30 min , 

and then cen tr i fuged . The prec ip i ta te obtained was d i s s o l v e d 

in 10 m l of 0 , 0 5 M T r i s - H C l b u f f e r (pH 7 , 4 ) c o n t a i n i n g 0 . 0 1 M 

p - m e r c a p t o e t h a n o l and aga ins t 2 . 5 1. of 0 . 0 5 M p o t a s s i u m 

phosphate buffer (pH 7 . 4 ) containing 0 . 0 1 M mercaptoe thano l 

( a m m o n i u m sulphate f r a c t i o n ) . 

The d i a l y s e d a m m o n i u m sulphate f rac t ion was appl ied onto a 

co lumn of sephadex G - 1 5 0 ( 2 . 5 x 36 cm) which had been equ i l i -

brated with 0 . 0 5 M p o t a s s i u m phosphate buffer (pH 7 . 4 ) conta in-

int 0 . 0 0 5 M |3 -mercaptoe thano l . Elut ion w a s c a r r i e d out with 

the s a m e buffer and 5 m l f rac t ions w e r e c o l l e c t e d . A l l the 

e n z y m e ac t iv i ty w a s conf ined between f r a c t i o n n o s . 4 8 - 5 7 . The 

During son ica t ion the t e m p e r a t u r e w a s mainta ined at 0 ° by 

keep ing the son ica t ion v e s s e l i m m e r s e d in i c e - p o t a s s i u m chlor ide 

m i x t u r e . 
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contents of the tubes containing those f r a c t i o n s w e r e combined 

and concentrated to 5 m l by d ia lys ing aga ins t 30% solut ion of 

po lye thy lene g lyco l ( m . wt 6 ,000) (G-ISO fract ion) in the s a m e 

buff e r . ' 

P u r i f i c a t i o n of ALA Synthe tase , 

F r a c t i o n 
Volume 

(ml) 

Total 
P r o t e i n 

(nig) 

Sp. 
A c t i v i t y 

(uni ts / 
m g ) 

Total 
Units 

Fo ld 
P u r i -

f i ca t ion 

Crude 100 1 , 4 8 0 0 . 0 5 6 8 2 . 0 1 . 0 
Extrac t 

20 550 0 . 3 4 1 8 2 . 0 6. 0 

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

20 540 0 . 5 7 3 0 8 . 0 1 0 . 4 

F r a c t i o n 
a f t e r 
d i a l y s i s 

G - 1 5 0 5 42 1 . 8 6 7 8 . 0 3 3 . 0 
F r a c t i o n 

Unit of the e n z y m e act iv i ty: This i s def ined a s 1 [Jimole of AI^A 

f o r m e d p e r h o u r a t 3 7 ° . 

T h e e n z y m e a s s a y : The a s s a y m i x t u r e c o n t a i n e d g l y c i n e , 

(50 p,moles); pyr idoxa l phosphate , ( 0 . 1 jjimoles); p o t a s s i u m phosphate 

buf fer (pH 6 . 9 ) , (50 p.moles); EDTA, (3 i imoles ) ; p - m e r c a p t o e t h a n o l , 

(3 jjimoles); bovine s e r u m albumin (5%); e n z y m e ( 0 . 1 ml) and 

s u c c i n y l CoA (2 u m o l e s ) in a total v o l u m e of 0 . 3 7 5 m l . A f t e r 

incubat ion for 10 min , the reac t ion was stopped by addition of 



64 

0 . 2 m l of 20% t r i c h l o r o a c e t i c a c i d . The s a m p l e w a s centr i fuged 

and 0 . 5 m l of the c l e a r supernatant a s s a y e d as fo l l ows : 0 . 5 m l 

supernatant f r o m above was m i x e d in a t e s t tube with 0 . 2 m l 

a c e t y l a c e t o n e and 9 . 3 m l of 1 M ace ta te buffer (pH 4 . 6 ) . The 

tube was then heated in a boil ing w a t e r bath for 10 m i n . A f t e r 

coo l ing , 2 m l of this so lut ion w e r e added to 2 m l of m o d i f i e d 

Ehr l i ch reagent and the opt ical d e n s i t y w a s m e a s u r e d at 553 

a f t e r 15 m i n . 

P r e p a r a t i o n of s u c c i n y l CoA: Succ inyl CoA w a s p r e p a r e d by 

s t i r r i n g s u c c i n i c anhydride (1 mg) , sodium bicarbonate ( 4 . 5 mg) 

and c o - e n z y m e A (8 mg) in 1 m l of w a t e r for 30 min at 0 ° . 

The e n z y m i c s y n t h e s i s of AU\ . : The incubation m i x t u r e s cont -

a ined t r i s - H C l buffer (pH 7 . 5 ) , 75 |j.moles; g lyc ine , 56 jjumoles; 

10 jjumoles; MnS0^4H^0, 0 . 0 2 5 p.moles; pyr idoxal 

phosphate , 0 . 2 [jimoles; p - m e r c a p t o e t h a n o l , 2 p,moles; s y n t h e s i s e d 

s u c c i n y l CoA, 2 ^ m o l e s and ALA s y n t h e t a s e ( 0 . 4 1 units of crude , 

7 . 9 units of 3 3 - f o l d pur i f i ed or 8 . 2 units of 5 8 9 - f o l d puri f ied) in 

a t o t a l v o l u m e of 2 . 0 m i s . The incubat ions w e r e s tar ted by the 

addit ion of s u c c i n y l CoA and c a r r i e d out at 37° f o r 15 m i n . The 

contro l incubatiors contained e i ther boi led e n z y m e or no succ iny l 

CoA. Al iquots of the incubation m i x t u r e w e r e taken to a s s a y the 

b i o s y n t h e s i s e d A L A , whi le the r e s t w a s t r e a t e d to obtain the 

f o r m a l d e h y d e d imedone der iva t ive of the 6 - c a r b o n a tom of the 

A L A as d e s c r i b e d be low. 

I so lat ion of 6 - c a r b o n a t o m of b iosynthet ic ALA as formaldehyde 

d imedone der ivat ive : 

Incubation m i x t u r e s or al iquots t h e r e f r o m w e r e t r a n s f e r r e d 

to a 50 m l f l a s k containing 3 m g of n o n - r a d i o a c t i v e ALA and 
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6 m g of sodium borohydride and the r e a c t i o n was allov/ed to 

p r o c e e d in i c e for 30 inin. The contents of the f l a s k w e r e 

then t r a n s f e r r e d to a ccntr i fuge tube and the f l a s k w a s w a s h e d 

with 2 - 3 m l m e t h a n o l . The wash ing w a s added to the c e n t r i -

fuge tube. A f t e r centr i fugat ion, the supernatant w a s evaporated 

to a s m a l l v o l u m e below 4 0 ° . The s a m p l e w a s then spotted 

on a s i l i c a gel t h i c k - l a y e r plate which was deve loped in 

m e t h a n o l - a c e t o n e - a m m o n i a (0 .88 ) (100:50:15 v / v ) to s eparate 

g lyc ine f r o m ^-amino d ihydrolevul in ic ac id . A f t e r drying 

thoroughly in a current of a i r , a s m a l l s t r ip of the plate was 

s p r a y e d with 0 . 5 % ninhydrin in ace tone ( w / v ) . The bands c o r -

responding to g lyc ine (R^ 0 . 2 7 ) a n d j - a m i n o d ihydrolevul in ic 

ac id (R. 0 . 5 9 ) w e r e s c r a p e d and thoroughly e luted with 10% 

NH OH and methano l r e s p e c t i v e l y . The methanol so lut ion of 

^ - a m i n o d ihydrolevul in ic ac id was evaporated to a s m a l l v o l u m e 

below 4 0 ° and r e c h r o m a t o g r a p h e d and e luted with methano l . The 

methano l so lut ion was evaporated to d r y n e s s and t rea ted with 

sa turated sod ium bicarbonate (10 ml ) , sod ium metaper ioda te 

(1 m l f r o m 100 m g / m l solution) and f o r m a l d e h y d e (10 m g , 

0 . 0 2 5 m l f r o m 40% so lut ion of f ormaldehyde) and the f l a s k w a s 

l e f t in c o m p l e t e d a r k n e s s f o r 8 h r s . A f t e r this t i m e the pH of 

the contents of the f l a s k was adjusted to about 6 by dropwise 

addition of 50% a c e t i c ac id (v /v ) , (if a f t er 8 hrs the f l a s k had 

a prec ip i ta te , the contents w e r e f i l t e r e d be fore adjust ing the 

pH), and then 10 m l of d imedone reagent w e r e added. The 

prec ip i ta t ion of the formaldehyde d imedone which appeared 

i m m e d i a t e l y w a s a l lowed to p r o c e e d for 1 hr in i c e . 
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I he prcc ip i ta t e w a s 

w a t e r and c r y s t a l l i s e d s l o w l y f r o m hot methano l . The c r y s t a l s 

w e r e washed, with 100 m l of ch i l l ed w a t e r and dr ied at 100° 

( m . p t . 182). ' 

D i m e d o n e reagent: The reagent w a s m a d e by d i s s o l v i n g , on a 

s t e a m bath, 0 . 7 1 g NaH PO 2H O, 0 . 9 3 g Na HPO and 1 g of 
Z 4 Z Z 4 

dimedone (which had been r e c r y s t a l l i s e d t w i c e f r o m acetone) in 

100 m l of w a t e r . 

P r e p a r a t i o n of lALA: 50 m g of ALA, 0 . 1 5 m l T O 2 

(1 C i / m l ) and 0 . 1 5 m l concentrated HCl w e r e autoc laved in a 

s e a l e d and e v a c u a t e d tube for 1 hr a t 15 l b / s q . i n . A f t e r t h i s 

the contents of the tube w e r e f r e e z e dr i ed . The r e s i d u e w a s 

d i s s o l v e d in 2 m l and r e f r e e z e d r i e d . This w a s repeated 

t w i c e . 58% of the total t r i t ium incorporated into ALA was found 

to be loca ted at the ^ - c a r b o n atom by the fo l lowing method . 

14 

0 , 5 m g of t r i t i a t e d A L A and 1 [aCi of [5- C]ALA w e r e 

d i s s o l v e d in 0 , 3 m l of H O. 0 . 2 5 m l of th is s o lu t i on and 1 - 1 . 5 

m g of ALA w e r e reduced with s o d i u m borohydride (3 mg) at 0 ° 

f o r 30 m i n , 0 . 1 m l of this s o l u t i o n was chromatographed , on ly 

once , to s e p a r a t e ^ - a m i n o d ihydrolevul in ic ac id (as d e s c r i b e d 

a b o v e ) . A n o t h e r 0 . 1 m l of the s o l u t i o n w a s d e g r a d e d to ob ta in 

f o r m a l d e h y d e d i m e d o n e d e r i v a t i v e of the S - c a r b o n a tom (as 

d e s c r i b e d a b o v e ) . T h e amount of t r i t i u m l o c a t e d at t he ^ - c a r b o n 
3 14 

a tom of ALA w a s e s t i m a t e d by compar ing the H: C rat io of 

6 - a m i n o d ihydro levul in ic ac id with t h a t of the f o r m a l d e h y d e 

dimedone d e r i v a t i v e . 
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Since i t i s a s s u m e d that ac id c a t a l y s e d labil ization. of 

hydrogen a toms i s m o r e l ike ly to occur at m e t h y l e n e groups 

adjacent to a carbonyl group, the t r i t i u m radioact iv i ty in e x c e s s 

of 58% would be expected to be loca ted at the p - c a r b o n a tom of 

A L A . H o w e v e r , s i n c e the p r e s e n t b iosynthet ic and exchange 

s tud ies required s p e c i f i c i so la t ion of (^-carbon a tom of ALA, the 

knowledge of t r i t ium located at the other carbon a toms was not 

n e c e s s a r y . 

3 

D e t e r m i n a t i o n of exchange of H located at the 6 - c a r b o n atom 

of l A L A . 
3 

To study the exchange of the H atom loca ted at the 
3 

(^-carbon a tom of H ]ALA, ALA synthe tase ( 0 . 4 1 units of 

crude , 7 . 9 units of 3 3 - f o l d pur i f i ed or 8 . 2 units of 5 8 9 - f o l d 

puri f ied) w e r e incubated at 37 with al l the const i tuents n e c e s s a r y 
3 

for the b i o s y n t h e s i s of ALA in the p r e s e n c e of 80 ng [ p , 6 - H ] 
3 

ALA for table 2 . 1 , f i g . 2 . 3 , 50 ^g of H . ] A L A for table 

2 . 3 and f i g . 2 . 4 and 50 p.g of :5-^^CjALA ( ^ ' C = 2 . 6 x 10^ 

c p m ) f o r t a b l e 2 . 5 . 

Al iquots of the incubation m i x t u r e s w e r e taken at var ious 

t i m e i n t e r v a l s and added into a f l a s k containing 3 m g of non-

rad ioac t ive ALA and 6 m g of sod ium borohydride at 0 . A f t e r 

30 m i n the contents of the f l a s k w e r e ac id i f i ed to pH 6 . 0 with 

50% a c e t i c ac id and t rea ted with a saturated so lut ion of s o d i u m 

bicarbonate (10 ml ) , sod ium m e t a p e r i o d a t e (1 m l f r o m 100 m g / 

m l solut ion) and formaldehyde (10 mg) for 8 h r s in c o m p l e t e 
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d a r k n e s s . The contents of each f l a s k w e r e p r o c e s s e d (as 

d e s c r i b e d above) to m a k e the fcr ina ldahyde d imcdone d e r i v a t i v e s . 

A known weight of each s a m p l e of the d imedonc der iva t ive w a s 

m e a s u r e d for rad ioac t iv i ty . 

The p e r c e n t a g e exchange f o r table 2 . 1 w a s ca lcu la ted f r o m 

the d i f f e r e n c e s in s p e c i f i c a c t i v i t i e s ( c p m / 1 mg) of the d imedone 

d e r i v a t i v e s at z e r o t i m e and at other r e s p e c t i v e t i m e s . F o r 

table 2 . 5 the p e r c e n t a g e exchange was ca lcu la ted f r o m the d i f fer-

3 14 

e n c e s in H: C ra t io s of the d imedone d e r i v a t i v e s at z e r o t i m e 

and at any other t i m e shown in the tab le . 
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C H A P T E R 3 

STUDIES ON 

L ' A L A N I N E . 4 , 5 - D I O X O V A L E R A T E TRA.NSAMINASE 



INTRODUCTION 

Independent work f r o m many laborator ie s (17 and r e f e r e n c e s 

therein) has e s tab l i shed that the of-carbon atom of g lyc ine i s used 

not only for the b iosynthes i s of porphyrins but a l s o for the 

ure ido groups of pur ines , the p - c a r b o n a tom of s e r i n e 

3 

(HO- CH^- CHNH -COOH) and methyl groups of compounds 

such as S - a d e n o s y l meth ionine . The incorporat ion of the 

a - c a r b o n a tom of g lycine into these apparently unrelated 

compounds s u g g e s t s the p o s s i b i l i t y that glycine i s m e t a b o l i s e d 

v ia a pathway in which in termed ia te s are produced which can 

then be ut i l i zed for the b iosynthes i s of these di f ferent compounds . 

The ev idence for such a pathway was provided by Shemin 

et al (17, 124). When they injected [5-^^C]ALA into ducks, 

C - 5 was incorporated into the ureido groups of pur ines in 

the ery throcy te s and was a l s o excre ted as f o r m i c ac id (HCOOH). 

The inject ion into rats of [l:4-^'^C]ALA together with malonate 

l ed to the excre t ion , into the ur ine , of succ inate labe l l ed only 

in carboxyl ic groups . The inject ion of [5-^^C]4, 5 -d ioxova lera te 

(4-ketoglutaraldehyde) in rats led to the excre t ion of 

HCOOH and in p igeons to labe l led ur ic a c i d . 

B a s e d on the ir r e s u l t s , Shemin et al (17, 124) proposed 

a s e r i e s of react ions ca l led the s u c c i n a t e - g l y c i n e cyc le 

( f ig . 3 . 1 ) . In this pathway, it i s postulated that succ iny l CoA 
t o g i v e A I i A ( l l l ) 

(I) condenses with glycine (ll)T^which can be e i ther ut i l i zed for 

porphyrin b iosynthes i s or be deaminated to furnish 4, 5 - d i o x o -

v a l e r a t e (4-ketoglutaraldehyde V). T h i s compound , on l o s ing 
t ermina l -CHO, (originating f r o m C-2 atom of glycine) r e g e n -



7 ]. 

t r i c a r b o x y l i c ac id c y c l e 

H O O C . C H . CH . C O S C o A 
1̂  , 6 2 

U r e i d o g r o u p of 
p u r i n e s , f o r m a t e 
e t c . 

^ c a r b o n 
a t o m to 

Cf p 
H O O C . CH^. CH^. COOH 

V 

S u c c i n a t e - G l y c i n e 
Cyc le 

*< /S If ^ 
H O O C . CH^. CH . CO. CHO 

I V 

NH . CH. COOH 

I I 

H O O C . CH . CH . CO. CH NH 

I I I 

+NH, 

2 - O x o g l u t a r a t e P o r p h y r i n s 

r - i a . 3 . 1 S u c c i n a t e - G l y c i n e C y c l e . 



e r a t e s succ inate (V ) and a l s o y i e lds a o n e - c a r b o n f r a g m e n t 

capable of undergoing further r e a c t i o n s , e . g . u t i l i zat ion in 

the b i o s y n t h e s i s of ure ido groups of p u r i n e s , the p - c a r b o n 

a tom of s e r i n e and methy l groups . S o m e e x p e r i m e n t a l support 

for th is c y c l e has c o m e f r o m the work of N e u b e r g e r ' s group. 

T h e s e v /orkers have i s o l a t e d ( f r o m Rhodopseudomonas s p h e r o i d e s ) 

and e x t e n s i v e l y studied the e n z y m e I_,-alanine-4, 5 - d i o x o v a l e r a t e 

t r a n s a m i n a s e (125, IZSajwhich c a t a l y s e s the t ransaminat ion of 

A L A to y ie ld 4, 5 - d i o x o v a l e r a t e (an i n t e r m e d i a t e in the s u c c i n a t e -

g lyc ine cyc l e ) as shown be low. 

CH CO COOH 

pyruvate 

H — C — N H . 

CH CH COOH 

L - a l a n i n e 

H 

CO 

CH, 

NH^ 

c = o 
I 
c = o 

CH 

CH^ 

COOH 

2 

CH^ 

I ' 
COOH 

A L A 4, 5 - d i o x o v a l e r a t e 

This reac t ion can be d e m o n s t r a t e d in both d i r e c t i o n s , i . e . the 

f o r m a t i o n and d i s a p p e a r a n c e of A L A . 

Like a l l other t r a n s a m i n a s e s , th is e n z y m e r e q u i r e s p y r i -

doxal phosphate (which i s t ight ly bound to the e n z y m e prote in) 

and t h e r e f o r e would be expected to c a t a l y s e the equi l ibrat ion of 

one of the ( -hydrogen a t o m s of ALA with the protons of the 

m e d i u m ( s e e below) and hence a f ford a method for prepar ing 
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B t c r c o s p e c i f i c a l l y l a b e l l e d [5- H]AL,A. T h e l a t t e r m a y t h e n be 

u s e d to s t u d y t h e s t e r e o c h e m i s t r y of the AI^A d e h y d r a t a s e 

r e a c U o n . 

N H - - C H _ 

o 
il 
C — R 

N — C C O — R 

I 
% H 

H 

7' 

T 

NH C CO — C H ^ 

H 

CH^ COOH + 

CO R 

T 
1 

N — 
1 

- C -
1 

- CO - - R 

i 
H 

T = H, R = - CH^ - CH - COOH 
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A P r o p e r t i e s of L-a lanin .e -3 , 4, 5 - d i o x o v a l e r a t e t r a n s a m i n a s e . 

The c o m p a r i s o n of the s p e c i f i c a c t i v i t i e s of our prepara t ion 

of the e n z y m e ( s e e e x p e r i m e n t a l p87) with those obtained by 

N e u b e r g e r et al (125, IZSgjrevea led that our v a l u e s w e r e about 

10 - fo ld h igher than t h o s e of the l a t t e r . The explanat ion of 

th i s d i s c r e p a n c y m a y l i e in the fac t that our 4, 5 - d i o x o v a l e r a t e 

w a s much p u r e r than that of t h e s e w o r k e r s . 

i) Substrate s p e c i f i c i t y : L - a l a n i n e , D - a l a n i n e and g lyc ine w e r e 

t e s t e d a s a m i n o group d o n o r s . T h e r e s u l t s d i sp layed in the 

table 3 . 1 and f i g . 3 . 2 showed that D - a l a n i n e did not s e r v e as 

a subs tra te at a l l . Glyc ine w a s , h o w e v e r , 34% as a c t i v e as 

L - a l a n i n e which, being the natural s u b s t r a t e , proved to be the 

b e s t . 

i i ) Inhibition: P r e v i o u s s tudies (125, 125gjhad r e v e a l e d that thiol 

a t tacking reagent s such as iodoaceta te and p - c h l o r o m e r c u r i -

b e n z o a t e and 2 - o x o a c i d s w e r e i n h i b i t o r s of the e n z y m e a c t i v i t y . 

T h e r e f o r e iodoacetate and g lyoxy l ic ac id (CHO-COOH) w e r e t e s t e d 

f o r the ir e f f e c t on the e n z y m e . The r e s u l t s , d i sp layed in table 

3 . 2 , showed t h a t i o d o a c e t a t e i n h i b i t e d the e n z y m e a c t i o n by 75% 

at 2 m M w h e r e a s at the s a m e concentra t ion g lyoxy l i c ac id p r o -

duced 100% inhibit ion. T h e s e r e s u l t s w e r e in c l o s e a g r e e m e n t 

with t h o s e of N e u b e r g e r et al (125, 125a). 

B Studies on the exchange of the 6 - h y d r o g e n a t o m s of ALA 

with the t r i t i u m of the m e d i u m . 

i) Chemica l exchange: In this s e r i e s of e x p e r i m e n t s it w a s 

intended to eva luate the c h e m i c a l equi l ibrat ion be tween the hydrogen 
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The s u b s t r a t e s p G c i f i c i t y of 

L - a l a n i n e - 4 , 5 - c l i o x o v a l e r a t e t r a n s a m i n a s e . 

The incubat ion m i x t u r e conta ined L - a l a n i n e , (48 i i m o l e s ) ; 

p h o s p h a t e buffer , pH 7 . 0 , (72 n m o l e s ) ; I S - f o l d p u r i f i e d e n z y m e , 

( 0 . 2 4 uni ts ) ; and 4, 5 - d i o x o v a l e r a t e , ( 1 . 6 jjLmoles) in a tota l 

v o l u m e of 1 . 2 m l . R e a c t i o n s w e r e s t a r t e d by the addi t ion of 

4 , 5 - d i o x o v a l e r a t e . Incubat ions w e r e c a r r i e d out at 3 7 ° . 0 . 3 m l 

a l iquot s w e r e r e m o v e d at v a r i o u s t i m e i n t e r v a l s and quenched by 

the addi t ion of 0 . 2 m l of 20% ( w / v ) t r i c h l o r o a c e t i c a c i d and 

0 . 0 8 m l of f r e s h l y m d d e i o d o a c e t i c ac id ( 0 . 0 1 M). 0 . 5 m l of 

the c l e a r supernatant w a s a s s a y e d f o r A L A b i o s y n t h e s i s e d . 

Opt ica l d e n s i t y ( O . D . ) at 553 m|ji i s the m e a s u r e of the amount 

of A L A . 

O D . at 553 m n 

T i m e 
(min) 

L - a l a D - a l a G l y c i n e 

15 0 . 3 4 0 . 0 0 0 . 12 

30 0 . 4 8 0 . 0 0 0 . 2 2 

60 0 . 63 0 . 0 0 0 . 2 4 

90 0 . 7 3 0 . 0 0 0 . 2 7 



0 . 8 

0 . 6 

m 
in 
IS) 
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6 

0 . 4 

0 . 2 

L - a l a 

100 

F i g . 3 . 2 B i o s y n t h e s i s of A L A f r o m 

4 , 5 - d i o x o v a l e r a t e & alanine (or gly), 
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Table 3 . 2 

The inhibitioii s tud ies on 

I j - a l a n i n e - 4 , 5-dioxovaleraLe t r a n s a m i n a s e . 

The 13- fo ld pur i f i ed e n z y m e ( 0 . 2 4 units) was pre incubated , 

f o r 15 m i n at 37° , with inhibi tors ( iodoacetate and g lyoxy l i c acid) 

and then the incubat ion m i x t u r e w a s m a d e up to 0 . 7 5 m l conta in-

ing L - a l a n i n e , (30 [jumoles); phosphate buffer , pH 7 . 0 , (45 p.moles); 

and c r y s t a l l i n e 4, 5 - d i o x o v a l e r a t e , (1 p.mole). Incubations w e r e 

c a r r i e d out f o r 15 m i n at 37° and stopped by the addition of 

0 . 2 5 m l of t r i c h l o r o a c e t i c ac id (20% w / v ) and 0 . 2 m l of i o d o -

a c e t i c ac id ( 0 . 0 1 M). 1 m l of the c l e a r supernatant w a s a s s a y e d 

f o r the b l o s y n t h e s i s e d A L A . 

I n c u b a t i o n condit ions O . D , a t 553 m|jL % Inhibition 

1. c o m p l e t e s y s t e m 0 . 5 0 . 0 

2 . c o m p l e t e s y s t e m + 
0 . 0 0 2 m m o l e s 
i o d o a c e t a t e 

0 . 1 2 5 75 

3. c o m p l e t e s y s t e m + 
0 . 0 0 2 m m o l e s 
g lyoxy l i c ac id 

0 . 0 0 100 
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a t o m s at the^) - carbon atoni of ALu:'̂  and the m e d i u m . Tliis 

invo lved the incubation of ALA. at v a r i o u s pH'w in the p r e s e n c e 

of t r i t ia ted \vater (table 3 . 3 ) . 

S ince eno l i za t ion i s an a c i d / b a s e c a t a l y s e d r e a c t i o n ( s e e 

below) , it w a s not unreasonable to f ind that equi l ibrat ion in the 

a c i d i c m e d i u m was about four t i m e s g r e a t e r than under neutra l 

condit ions (table 3 . 3 ) . 

COOH COOPI 

CH CH_ 
I acid j 
CH^ ^ ^ CH 

I I 
c = o c - o' 

H - C - H y C - H 
,1-H 

NH^ r m . 

i i ) The e n z y m i c exchange of the 6 - h y d r o g e n atom of ALA with 

the medium: ALA w a s incubated with tr i t ia ted w a t e r in the 

p r e s e n c e of I j - a l a n i n e - 4 , 5-dio%ovalerate t r a n s a m i n a s e under 

v a r i o u s condit ions at 37° for 1 h r . The r e s u l t s (d i sp layed in 

table 3 .4) w e r e equ ivoca l . On the one hand they s u g g e s t e d an 

e n z y m e c a t a l y s e d exchange of hydrogen a t o m s between the 

(^-hydrogen a t o m s of ALA and the m e d i u m , b e c a u s e this e x -

change w a s reduced to only 29% in the p r e s e n c e of g lyoxy l ic 

ac id (4 | imo le s ) which i s a loiown inhibitor of L - a l a n i n e - 4 , 5 -

d ioxova lera te t r a n s a m i n a s e and d i m i n i s h e d to a m e r e 10% in 

the a b s e n c e of the e n z y m e . On the other hand, in the p r e s e n c e 

of the boi led e n z y m e (boiled for 15 min at 100°) this exchange 
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Table 3 . 3 

The e f f e c t of pH on exchange of 

^ - h y d r o g e n a tom of ALA with the m e d i u m tr i t ium. 

The incubation m i x t u r e s contained phosphate buf f er s , 

75 [jumoles; A L A , (6 pumoles); (20 m C i to g ive s p e c i f i c 

ac t iv i ty of 2 2 . 2 x 10^ cpm per ng a tom of hydrogen); in a 

total v o l u m e of 1 . 1 5 m l . The incubat ions w e r e c a r r i e d out 

at 37° for 1 hr and t e r m i n a t e d by the addition of 2 m g of 

n o n - r a d i o a c t i v e ALA and f r e e z e - d r y i n g of the contents . 

F i n a l l y , ALA w a s degraded to obtain f o r m a l d i m e d o n e (FD) 

as d e s c r i b e d in Methods . 

pH 

3 
Total H cpm . 
incorpora t ion 

into ALA 

5 246, 000 

6 2 2 0 , 0 0 0 

7 6 5 , 0 0 0 

7 . 2 4 3 , 6 0 0 

7. 8 5 0 , 8 0 0 



Table 3 . 4 

The exchange of 6 - h y d r o g e n atom of ALA 

with tritium, of the m e d i u m by L,-a lanine-

4. 5 - d i o x o v a l e r a t e t r a n s a m i n a s e . 

Incubation m i x t u r e s contained phosphate buffer , pH 7 . 4 , 

(75 n m o l e s ) ; A L A , (10 jjimoles); T O (20 m C i to g ive a 

s p e c i f i c ac t iv i ty of 2 2 . 2 x 10^ cpm per îg a tom of hydrogen); 

e n z y m e , ( 0 . 7 2 units); in a total v o l u m e of 1 . 1 5 m l . The 

incubat ions w e r e c a r r i e d out at 37 for 1 h r . To m e a s u r e 

t r i t i u m i n c o r p o r a t e d into A L A , the la t ter w a s degraded to 

obtain f o r m a l d i m e d o n e (FD) which was then counted for radio -

a c t i v i t y . 

Incubation condit ions 
3 

Total H cpm 
in FD 

3 
% H incorporat ion 

in ALA 

c o m p l e t e s y s t e m 1, 0 1 6 , 0 0 0 100 

bo i led e n z y m e 7 7 0 , 0 0 0 7 6 . 0 

m i n u s e n z y m e 102 ,400 10. 1 

c o m p l e t e s y s t e m + 
glyoxy la te (4 }j.moles) 

2 9 8 , 0 0 0 2 9 . 3 



w a s as much as 76% in c o m p a r i s o n with the e n z y m i c exchange , 

s u g g e s t i n g that perhaps the exchange w a s not an e n z y m i c but a 

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

This ambigui ty was r e s o l v e d as f o l l o w s . 

ALA w a s incubated with L - a l a n i n e - 4 , 5 - d i o x o v a l e r a t e t r a n s a m i n a s e 

and the l o s s (rather than incorporat ion) of t r i t i u m f r o m the ^ -

3 14 

carbon a tom of AJLA was e s t i m a t e d f r o m the H/ C ra t ios of 

f o r m a l d i m e d o n e at v a r i o u s t i m e i n t e r v a l s . The r e s u l t s (table 3 . 5 

and f i g . 3 . 3 ) r e v e a l e d that though there w a s neg l ig ib l e c h e m i c a l 

equi l ibrat ion , in e n z y m i c incubat ions a f t er about an hour a l m o s t 

a l l the t r i t i u m radioact iv i ty f r o m & - c a r b o n a tom w a s r e m o v e d . 

T h e s e r e s u l t s w e r e unchanged even , when the incubation m i x t u r e s 

contained cata lyt ic amounts of pyruvate (1 n m o l e ) . This s u g g e s t e d 

that no ' CO-factor' other than pyr idoxa l phosphate was n e c e s s a r y 

for the half r e a c t i o n under inves t iga t ion . 

D i s c u s s i o n . 

In the ir study of the p r o p e r t i e s of L , -a lanine-4 , 5 - d i o x o v a l e r a t e 

t r a n s a m i n a s e N e u b e r g e r et al (125, IZSg showed that m o s t natural 

a m i n o ac ids could not r e p l a c e L - a l a n i n e as subs tra te except g ly -

c ine which m a n i f e s t e d about 10% of the L - a l a n i n e ac t iv i ty . In our 

study (table 3 . 1 and f i g . 3 . 2 ) g lyc ine at concentrat ions s i m i l a r to 

t h o s e u t i l i z ed by t h e s e w o r k e r s proved a better s u b s t r a t e . It had 

34% of the JL-alanine ac t iv i ty . Th i s d i s c r e p a n c y m a y be expla ined 

as pointed out e l s e w h e r e , by the fact that our 4, 5 - d i o x o v a l e r a t e 

w a s m u c h p u r e r than that of N e u b e r g e r et a l . Inhibition of the 

e n z y m e (table 3 . 2 ) by g lyoxylate (100% at 2 mM) and by iodoacetate 

(75% at 2 mM) a l s o e s s e n t i a l l y c o n f i r m e d the f indings of the 
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Table 3 . 5 

The e n z y m i c exchange of 6i-tritimzi a toms of 

: 5 - ^ ^ C l A L A . 

3 14 

The incubation m i x t u r e contained [P ,^- H : 5 - C]AIuA, 

( 0 . 8 p,moles, 75% tr i t ium w a s l oca ted at ^ - c a r b o n a tom and 

C = 6 X 10 cpm); phosphate buffer , pH 7 . 0 , (120 p,moles); 

e n z y m e , ( 1 . 2 units) in a tota l v o l u m e of 2 m l . 0 . 5 m l 

a l iquots w e r e r e m o v e d at v a r i o u s t i m e i n t e r v a l s and f o r m a l -

d imedone (FD) p r e p a r e d f r o m the A L A . 

In s o m e incubation m i x t u r e s pyruvate (1 nmole ) was a l s o 

added. 
A c t i v e E n z y m e Boi l ed E n z y m e 

T i m e 
(min) 

rat io of 
FD 

l o s s rat io of 
FD 

l o s s 

0 44 . 99 0 . 0 0 44 . 75 0 . 0 0 

15 2 4 . 5 9 4 5 . 2 44 . 31 1 . 0 0 

30 1 3 . 7 5 7 0 . 0 4 3 . 7 0 2 . 35 

60 4 . 0 0 9 1 . 0 4 2 . 7 1 4 . 5 5 
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F i g , 3. 3 E n z y m i c exchange of 5 - t r i t i u m a t o m s 

of [p, 6 :5-^^C]ALA. 
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p r e v i o u s w o r k e r s (125, 125^ who found that inhibit ion by p -

c h l o r o m e r c u r i b e n z o a t e and iodoaes ta te could be r e v e r s e d by 

reduced glutathione or P - m e r c a p t o ethanol , s u g g e s t i n g that i n -

tac t thiol group(s) in the e n z y m e s are e s s e n t i a l for the ac t iv i ty . 

By analogy with other t r a n s a m i n a s e e n z y m e s L - a l a n i n e -

4, 5 - d i o x o v a l e r a t e t r a n s a m i n a s e w a s expected to c a t a l y s e the 

exchange be tween the m e d i u m protons and the ^ -hydrogen 

a tom(s ) of ALA (as i l l u s t r a t e d on page 73). The inves t iga t ion 

of this p o s s i b i l i t y r e v e a l e d (table 3 . 4 ) that although the e n z y m e 

6 3 

could c a t a l y s e incorporat ion of m o r e than 1 x 10 cpm H / 1 0 

p,moles ALA p e r hour, 76% of this rad ioact iv i ty could be i n c o r -

porated in the p i ' e s ence of boi led e n z y m e . This s u g g e s t e d that 

s o m e funct ional groups, such as - SH, in the denatured prote in 

w e r e capable of ca ta ly s ing n o n s p e c i f i c incorporat ion of the m e d -

ium tr i t ium into A L A . (It w i l l be r e m e m b e r e d that enol izat ion 

i s an a c i d / b a s e c a t a l y s e d reac t ion ( s e e pyg ) and - SH i s the con-

jugate ac id of the base -S ) . 

S ince , in t e r m s of re l iab i l i ty , the work with tr i t ia ted w a t e r 

i s a lways s u s p e c t except in a few w e l l def ined s y s t e m s , new 

e x p e r i m e n t s w e r e des igned , us ing [p,&-^H^:5-^^C]ALA to t e s t 

the p o s s i b i l i t y of n o n s p e c i f i c pro te in c a t a l y s e d equi l ibrat ion of 

the ( - h y d r o g e n a tom(s ) of ALA with the proton of the m e d i u m . 

In t h e s e e x p e r i m e n t s l o s s , rather than incorporat ion , of t r i t ium 

f r o m the ^ - c a r b o n a tom of ALA w a s m e a s u r e d . The r e s u l t s 

(table 3 . 5 and f i g . 3 . 3 ) showed that the boi led e n z y m e did not 
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c a t a l y s e the exchange between the medium, protons and. the 

^ - h y d r o g e n a t o m s of the A L A . On the other hand in the e n z y m i c 

incubat ions a l m o s t al l the t r i t ium radioact iv i ty l oca ted at the 

&-carbon a tom of ALA w a s r e m o v e d (table 3 . 5 and f i g . 3 . 3 ) . 

U n l e s s L - a l a n i n e - 4 , 5 - d i o x o v a l e r a t e t r a n s a m i n a s e i s a 

unique t r a n s a m i n a s e , the exchange of both of the ^ -hydrogen 

a t o m s of ALA cannot be the funct ion of this e n z y m e . It i s 

p o s s i b l e that one 5 - h y d r o g e n a tom of ALA i s r e m o v e d by the 

L - a l a n i n e - 4 , 5 - d i o x o v a l e r a t e t r a n s a m i n a s e whi le the o t h e r 5 - h y -

d r o g e n a tom i s l o s t through the part i c ipat ion of another con-

taminant e n z y m e . 

It has a l r e a d y been d e m o n s t r a t e d that in the c a s e of ALA 

s y n t h e t a s e the contaminant exchange ac t iv i ty can be e l iminated 

by e x t e n s i v e pur i f i ca t ion . T h e r e f o r e it i s p r o p o s e d that the 

u s e of h ighly pur i f i ed L - a l a n i n e - 4 , 5 - d i o x o v a l e r a t e t r a n s a m i n a s e 

m a y yet p r o v e to be a convenient method for prepar ing A L A 

which i s s t e r e o s p e c i f i c a l l y tr i t ia ted at the ^ - c a r b o n a t o m . 
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E x p e r i m e n t a l . 

&4aterials. 

[5- C]AijA PICl was p u r c h a s e d f r o m NEN C h e m i c a l s , 

G e r m a n y . N o n - r a d i o a c t i v e ALA HCl and pyr idoxa l phosphate w e r e 

obtained f r o m K o c h - L i g h t L a b o r a t o r i e s , Colnbrook, B u c k s . , U . K . 

The r e s t of the c h e m i c a l s and s o l v e n t s w e r e bought f r o m the B r i t i s h 

Drug H o u s e s L t d . , P o o l e , D o r s e t , U . K . 

Methods . 

The c h e m i c a l s y n t h e s i s of 4. 5 - d i o x o v a l e r a t e . 

EreBarat ion of 3, 5 - d i b r o m o l a e v u l i n i c acid: 250 m l t w o - n e c k e d 

round bottom qu ick- f i t f l a s k , containing 1 0 . 1 m l (or 1 1 . 5 g) of 

l aevu l in i c ac id ( 0 . 1 m o l e ) and 44 m l of c h l o r o f o r m , was f i t ted 

with a re f lux c o n d e n s e r and a f ine t ipped dropping funnel 

containing 1 0 . 6 m l ( 0 . 2 mo le ) of bromine di luted with an equal 

v o l u m e of c h l o r o f o r m . While the contents of the f l a s k w e r e being 

ont inuously s t i r r e d at r o o m t e m p e r a t u r e , bromine was added 

l o w l y in a d r o p w i s e m a n n e r during 4 0 - 4 5 m i n . (A pa le p r e -

ipitate began t o . a p p e a r be fore al l the bromine had been added). 

A f t e r comple t ing the addition of bromine , m o s t of the c h l o r o f o r m 

w a s evaporated under v a c u u m below 2 0 ° and the r e m a i n d e r was 

r e m o v e d by f i l t e r a t i o n . The f i l t e r e d prec ip i ta te was 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 to obtain f ine white c r y s t a l s , which had m e l t i n g 

point between 111 and 113° (the l i t e r a t u r e va lue 1 1 3 - 1 1 4 ° ) . The 

y i e ld of d i b r o m o l a e v u l i n i c acid was 6 g (52%). 

CH^- CO-^CH^-^CH^ J c O O H Br-^CH -^CO-^CH-^CH -^COOH 
+ ^ I 2 

c 

s 

c 

Br 
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b) The preparat ion oi 4, 5.diojtovalerate(;*^10 g of 3, 5-clibrcw3i()-

l evu l in i c ac id d i s s o l v e d in 600 m l of w a t e r w a s heated on a boi l ing 

w a t e r bath l o r o h r . A f t e r coo l ing , an aliquot of the solut ion was 

t i t ra ted with NaOH to d e t e r m i n e the amount of HBr and then a 

ca l cu la ted amount of AgNO ( 1 2 . 4 g) was added. The A g B r p r e -

c ipi tate w a s f i l t e r e d off and the f i l t ra te was evaporated under 

v a c u u m on a rotatory f i l m evaporator at a t e m p e r a t u r e below 3 5 ° . 

The r e s i d u e , a so l id f i l m , was dr ied overnight over KOH and 

PgOg in an evacuated d e s i c c a t o r . The dr ied m a t e r i a l was d i s -

s o l v e d in the m i n i m u m amount of abso lute ethyl ace ta te and p r e -

c ip i tated by addition of abso lute e t h e r . The p r e c i p i t a t e w a s dr ied 

o v e r KOH and evacuated d e s i c c a t o r . The 3, 5 - d i o x o -

v a l e r a t e (1 g) prepara t ion was a f ine white powder which had 

m e l t i n g point of 120° . 

H O 
B r - C H - C O - C H B r - C H -COOH > O H C - C O - C H _ - C H _ - C O O H +2HGr 

^ ^ 2 2 

The part ia l pur i f i ca t ion of L - a l a n i n e - 4 , 5 - d i o x o v a l e r a t e 

t r a n s a m i n a s e (126) . 

Condit ions for growth and h a r v e s t i n g of Rhodopseudomonas 

s p h e r o i d e s have been given on p.go. 

C r u d e extract : 60 -70 g wet weight of R h o d o p s e u d o m o n a s s p h e r o i d e s 

c e l l s w e r e suspended in 70 m l of 0 . 1 M p o t a s s i u m phosphate 

buffer (pH 7 . 0 ) and d i srupted for 2 0 - 2 5 min by m e a n s of an MSE 

u l t r a s o n i c a t o r . The broken c e l l s w e r e centr i fuged at 1 0 5 , 0 0 0 g 

for 100 m i n . The c l e a r supernatant was pooled, di luted with 

buffer to 100 m l and d i a l y s e d overnight aga ins t a l a r g e v o l u m e 

of 0 . 1 M p o t a s s i u m phosphate buffer containing 0 . 1 m M p - m e r c a p t o -
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Pleat t reatment : To 100 m l of the crude ex trac t w e r e added 5 m l 

of 0 . 2 5 M MgSO , 5 m l of 2 . 5 M sodium pyruvate , and 5 m l of 

2 . 5 mA4 pyr idoxa l phosphate . The m i x t u r e was heated to 50 and 

mainta ined at th is t e m p e r a t u r e for 10 m i n and then rapidly coo l ed . 

The prec ip i ta ted m a t e r i a l w a s d i s c a r d e d a f t er centr i fugat ion . S ince 

pyruvate i s an inhibitor of the e n z y m e , the aliquot of the e n z y m e 

so lut ion re ta ined at th is s tage was d i a l y s e d be fore a s s a y i n g . 

P r o t a m i n e sulphate: To 100 m l of heat t r ea ted supernatant w a s 

added, at 0° , 20 m l of 2% (w/v) pro tamine sulphate with s t i r r i n g 

during 2 5 - 3 0 m i n at 4 ° . The s t i r r i n g was continued for another 

10 m i n . The prec ip i ta t ed m a t e r i a l w a s d i s c a r d e d . 

Frac t ionat ion with To 100 m l of pro tamine su lphate -

t rea ted supernatant at 25 , 1 9 . 3 5 g (30% saturat ion) of (NH ) SO^ 

w a s gradual ly added (during 15 min) with s t i r r i n g . A f t e r e q u i l i -

brat ion f o r 10 m i n at 25° , the prec ip i ta t e w a s d i s c a r d e d . Then 

a further 7 . 3 7 g (40% saturat ion) of (NH^)^SO w a s s l owly added 

at 0 ° during 30 m i n . A f t e r equi l ibrat ion for another 30 min , the 

p r e c i p i t a t e d p r o t e i n w a s reta ined, d i s s o l v e d i n 5 m l o f 0 . 1 M 

p o t a s s i u m phosphate buffer (pH 7 . 0 ) containing 0 . 1 m M p - m e r -

captoethanol and d i a l y s e d against 2 1. of 0 . 0 5 M p o t a s s i u m 

phosphate buffer (pH 7 . 0 ) containing 0 . 1 mM p - m e r c a p t o e t h a n o l . 

A n y p r e c i p i t a t e w a s d i s c a r d e d . T h e e n z y m e s o l u t i o n w a s s t o r e d 

a t - 1 8 ° , 

This preparat ion w a s s table in w a t e r so lut ion containing 

0 . 1 mM p-mercajptoethanol up to four w e e k s . 
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The p a r t i a l pur i f i ca ' Lion of 

L - a l a n i n e - 4 , 5 - d i o x o v a l e r a t e ! t r a n s a m i n a s e 

F r a c t i o n V o l . 
(ml ) 

To ta l 
P r o t e i n 

(mg) 

Sp. ActiviLy 
( u n i t s / m g ) 

P u r i f i c a t i o n 

Crude e x t r a c t 100 500 0 . 0 1 9 7 I 

Heat t reatrnent 100 100 0 . 0 9 4 . 5 

5 50 0 . 2 4 1 2 . 2 

Incubat ion condit ions: : The r e a c t i o n m i x t u r e s conta ined I j -a lanine . 

(30 jjLmoles); p o t a s s i u m phoE iphate buf f er (pH 7 . 0 ) , (45 n m o l e s ) ; 

e n z y m e , ( 0 . 1 ml ) ; and 4 , 5 - d i o x o v a l e r a t e , (1 p,mole) in a tota l 

v o l u m e of 0 . 7 5 m l . The r e a c t i o n s w e r e s t a r t e d by the addit ion 

of 4 , 5 - d i o x o v a l e r a t e and c a r r i e d out f o r 15 m i n at 37 . The 

i n c u b a t i o n s w e r e t e r m i n a t e d by the addit ion of 0 . 2 5 m l of t r i c h l o r o -

a c e t i c a c i d and 0 . 2 m l of f r e s h l y m a d e 0 . 0 1 M i o d o a c e t i c ac id 

(to a l k y l a t e P - m e r c a p t o e t h a n o l w h i c h would i n t e r f e r e wi th the 

c o l o r i m e t r i c a s s a y of the aminolcetone) . The p r e c i p i t a t e d p r o t e i n 

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

The c o l o r i m e t r i c a s s a y for ALA: 1 . 0 m l of the d e p r o t e i n i z e d 

i n c u b a t i o n m i x t u r e w a s added to 1 . 0 m l of 2 M s o d i u m a c e t a t e 

buf fer (pH 4 . 6 ) and h e a t e d wi th 0 . 1 m l of a c e t y l a c e t o n e at 100° 

f o r 10 m i n . A f t e r c o o l i n g to r o o m t e m p e r a t u r e , 2 . 0 m l of 

m o d i f i e d E h r l i c h ' s r e a g e n t (1 g of p - d i m e t h y l a m i n o b e n z a l d e h y d e , 

10 m l of 60% p e r c h l o r i c a c i d and 40 m l of g l a c i a l a c e t i c ac id) 

w a s added . The c o l o u r w a s a l l o w e d t o d e v e l o p f o r 15 m i n and 

then m e a s u r e d a g a i n s t a blank at 553 mp.. 
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Unit: One unit of e n z y m e ac t iv i ty i s def ined as the amount of 

e n z y m e which c a t a l y s e d the s y n t h e s i s of 1 |j.mole of ALA in 

15 rnin at 3 7 ° . 

3 

The incorporat ion of H at the ( - c a r b o n a tom of A L A . 

The r e a c t i o n m i x t u r e contained p o t a s s i u m phosphate buffer , 

(pH 7 . 4 ) , (75 n m o l e s ) ; A L A , (10 p,moles); T ^ (20 m Curie to 

g ive s p e c i f i c ac t iv i ty of 2 2 . 2 x 10^ cpm/p.g a tom of hydrogen); 

a c t i v e e n z y m e or boi led e n z y m e , ( 0 . 7 2 units) in a total v o l u m e 

of 1 . 1 5 m l . The incubation w a s c a r r i e d out for 1 hr at 3 7 ° . 

At the end of incubation per iod the incubation m i x t u r e w a s 

f r e e z e dr ied thoroughly to r e m o v e T O. The r e s i d u e w a s d i s -

s o l v e d in H O and A L A degraded to obtain the formaldehyde 

d imedone der iva t ive ( tables 3 . 3 , 3 . 4 ) as d e s c r i b e d onp64. 

3 

The de terminat ion of exchange of H loca ted at the o - c a r b o n a tom 

of m , ^ - ^ H ^ ] A L A . 
3 1 4 

In th is c a s e the incubation m i x t u r e s contained [p,&- H . : 5 - C]-

A L A , ( 0 . 8 [ imole, 75% t r i t i u m w a s located at the 6 - c a r b o n a tom 

and 0=6 x 10 cpm); p o t a s s i u m phosphate buffer , (pPI 7 . 0 ) , 

(120 jamoles) ; a c t i v e e n z y m e o r boi led e n z y m e ( 1 . 2 units) in a total 

v o l u m e of 2 . 0 m l , (table 3 . 5 ) . The incubation w a s c a r r i e d out at 

3 7 ° and al iquots w e r e r e m o v e d at v a r i o u s t i m e i n t e r v a l s during the 

incubat ion p e r i o d of 1 h r . 

Al iquots f r o m above w e r e added into a 50 m l f l a s k containing 

3 m g of nonradioact ive ALA and 6 m g of sod ium borohydride at 

0 ° . A f t e r 30 m i n the contents of the f l a s k w e r e ac id i f i ed with 



50% a c e t i c 3c id to pH 6 . 0 , t r e a t e d w i th a s a t u r a t e d so lu t i on 

s o d i u m b i c a r b o n a t e (10 m l ) , s o d i u m m e t a p e r i o d a t e (1 m l f r o m 

f r e s h l y m a d e 100 m g / m l so lu t ion) and f o r m a l d e h y d e (10 mg) f o r 

8 h r s in c o m p l e t e d a r k n e s s and f i n a l l y p r o c e s s e d to ob t a in t h e 

f o r m a l d e h y d e d imcdone der iva t ive as d e s c r i b e d on p .64 . 

F o r t a b l e 3 . 5 , t he p e r c e n t a g e e x c h a n g e w a s c a l c u l a t e d f r o m 

3 ] 4 

t h e d i f f e r e n c e s in H: C r a t i o s of the f o r m a l d e h y d e d i m e d o n e 

d e r i v a t i v e s a t z e r o - t i m e and a t o t h e r t i m e s shown in t h e t a b l e . 



C H A P T E R 4 

MECHANISM AND S T E R E O C H E M I S T R Y O F 

VINYL G R O U P F O R M A T I O N IN H A E M BIOSYNTHESIS. 
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In t i -oduct ion . 

P f o t o p o r p h y r i n o g e n - I X i s f o r m e d by the s t e p w i s e oxidat ive 

decarboxy la t ion of coproporphyrinogen-III ( s e e be low) . This 

COOH 

HN B 

Monoviny l -

coproporphyr inogen 
III 

HN B 

COOH 

Coproporphyrinogen-III Protoporphyrinogen-DC 

r e a c t i o n i s c a t a l y s e d by the e n z y m e c o p r o p o r p h y r i n o g e n a s e . 

Only in Rhodopseudomonas s p h e r o i d e s and Chromat ium s tra in 

D does th is e n z y m e not require m o l e c u l a r oxygen (83) for , 

in v i t r o , c o n v e r s i o n of coproporphyrinogen-III to protophyr in-

ogen- IX . In al l other s y s t e m s (aerobic and anaerob ic al ike) 

s tudied so far , this reac t ion r e q u i r e s m o l e c u l a r oxygen for the 

oxidat ive decarboxy la t ion and no hydrogen a c c e p t o r has been 

found capable of rep lac ing oxygen . 

S e v e r a l m e c h a n i s m s have been s u g g e s t e d to explain the 

r e a c t i o n . Granick and SaJio (126) p r o p o s e d that a hydride ion 

i s r e m o v e d f r o m the p - c a r b o n atom of the propionic ac id s ide 

chain with s imul taneous decarboxy la t ion to y i e ld a v inyl group 

( f ig . 4 . 1 ) . 



P y r P y r 

P y r = p y r r o l i c r e s i d u e 

4 . 1 

T h i s m e c h a n i s m m a y be p r e v a l e n t in a n a e r o b i c o r g a n i s m , h o w e v e r 

it f a i l s to account f o r the o x y g e n r e q u i r e m e n t in a e r o b i c s y s t e m s . 

P o r r a et al (84) found that the c o n v e r s i o n of c o p r o p o r p h y r i n o g e n -

III to p r o t o p o r p h y r i n o g e n - I X by ox l i v e r m i t o c h o n d r i a l e x t r a c t s 

w e n t through a p r o t e i n - b o u n d s t a g e i n v o l v i n g a l i n k a g e that w a s 

p r e s u m a b l y of the ( f ioe ther type , f o r it w a s sp l i t by s i l v e r s a l t s 

but not by a c i d t r e a t m e n t . F u r t h e r m o r e , s i n c e p o r p h y r i n s wi th 

v i n y l or h y d r o x y e t h y l groups c o m b i n e r e a d i l y wi th th io l compounds 

(127) s u c h as c y s t e i n e or c y s t e i n e - c o n t a i n i n g p e p t i d e s , the c o p r o -

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

v i a an in i t ia l u n s a t u r a t i o n of 2 - and 4 - p r o p i o n i c a c i d s i d e c h a i n s , 

f o l l o w e d by c o m b i n a t i o n wi th a th io l group of p r o t e i n to f o r m the 

t h i o e t h e r i n t e r m e d i a t e , f r o m w h i c h C0_ could r e a d i l y be l o s t by 
z 

d e c a r b o x y l a t i o n ( f i g . 4 . 2 ) . A g a i n s t th i s p r o p o s e d m e c h a n i s m i s 

the f a c t that 2 , 4 - t r a n s - d i a c r y l i c a c i d d e u t e r o p o r p h y r i n o g e n - I X 

( s t r u c t u r e 4 .1 ) , in v i t r o , i s not c o n v e r t e d to p r o t o p o r p h y r i n o g e n -

IX by beef l i v e r m i t o c h o n d r i a (81) . B a t l l e et al (82) have s u g g e s t e d 

COOH P r _ s n , O j H 

H * p r - s ^ 

P y r P y r P y r 

+ Pr_S'+CC^ " P r o t e i n 

P y r P i g . 4 . 2 
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that the rea l in termedia to might he 2 , 4 - c i 8 - d i a c r y l a t e d e u t e r o -

porphyr inogen- IX . Supporting this v i e w w a s the eA'^idence that male ic 

ac id , but not f u m a r i c ac id , inhibited the coproporphyr inogenase 

CH 

CH 
3 

H 

,COOH 

/ ' 
NH HN 

H 

-CH. 

( 
CHc 

COOH 

4 , 1 

P = -CH . CH^.COOH 

act iv i ty and F r e n c h et al (128) have i s o l a t e d , f r o m calf and 

foa l m e c o n i u m , a porphyrin which has c i s - a c r y l i c ac id at 

pos i t i on 2 , 4 , 6 or 7 (it i s m o s t l i k e l y to be 2 or 4) . H o w e v e r , 

it i s not yet known if this compound i s an i n t e r m e d i a t e in the 

porphyr in b i o s y n t h e s i s . 

Sano (129) has reported that 20-22% of the synthet ic 

2 , 4 - b i s (P-hydroxypropionate) deuteroporphyr inogen-IX ( s tructure 

4 . II) can be t r a n s f o r m e d e n z y m i c a l l y to protoporphyr inogen-IX 

under anaerobic condi t ions . This would s u g g e s t that the h y -

d r o x y compound i s e i ther a d i r e c t i n t e r m e d i a t e (route a—>b, f i g . 

4 . 3 ) or m a y be conver ted into one by one of m a n y routes: it m a y 

go e i ther through c i s - a c r y l i c ac id i n t e r m e d i a t e (route c-^-d—^-b or 

a-i>-e-»f), or v ia a ketonic i n t e r m e d i a t e (a->.g-)'h—>i) to y ie ld 

protoporphyrinogcn-DC. 



C-CH'-COOH 

\ OH 

C-CH^COOH 
H 

P y r 

4 . II 

H H 
- ^ ^ C O O H 

P y r 

Ho H 

COOH d COOH 

P y r 

P = -CH . CH . COOH 

Y 

Pyi 

O 
M ^COOH 

P y r 

HO. 

CH 

P y r 

P y r = P y r r o l i c r e s i d u e 

4 . 3 

F o r our p u r p o s e we s i m p l i f i e d the f i g . 4 . 3 into two broad 

m e c h a n i s m s . In m e c h a n i s m I, the decarboxy la t ion of the 

propionate re s idue i s e n v i s a g e d to be fac i l i ta ted through the 

part ic ipat ion of a ketonic i n t e r m e d i a t e , as shown in the sequence 
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(A)->(B)--*-(C). The s p e c i e s (C) i s then conver ted to a v inyl 

group by a. m u l t i s t e p p r o c e s s . This m e c h a n i s m r e q u i r e s that 

in the c o n v e r s i o n (A)—)-(D), both p - h y d r o g e n a toms of the 

propionic ac id s ide chain a r e r e m o v e d . 

M e c h a n i s m I 

O 

P y r — — COOH P y r — C — CPL — COOH 
^ 2 2 ^ «( 2 

(A) (B) 

O 
I! 

P y r — C — CH. > P y r — CH = CH^ 
^ K 3 Of 2 

(C) (D) 

In the m e c h a n i s m II, the decarboxy la t ion reac t ion i s 

p r o p o s e d to take p l a c e through the l o s s of a P - subs t i tuent 

l eading d i r e c t l y to the format ion of a v iny l group. This 

m e c h a n i s m p r e d i c t s that only one of the two or ig ina l p - h y -

drogen a toms of (A) i s reta ined in the v iny l group. 

M e c h a n i s m II 

H ^ ^ /O — H 
I < - 1 

P y r — CH — CPI. — COOH ) .Pyr — CH —- CH^ — CO 

^ P y r — CH = CH^ 
/3 Of 2 

X = H, OH or a good l eav ing group. 

A care fu l examinat ion of the porphyr in biosynthet ic pathway 

r e v e a l s that the p - c a r b o n a toms of the propionate r e s i d u e s in h a e m 

or ig ina te s f r o m p^carbon atom of ALA (which i t s e l f a r i s e s f r o m the 

p - c a r b o n a tom of 2 -oxog lu tara te ) and that the v inyl groups (r ings A and 

B) and intact propionate r e s i d u e s (r ings C and D) are p r e s e n t within 
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the s a m e m o l e c u l e of haom (f ig . 4 . 4 ) . T h e r e f o r e to study 

the m e c h a n i s m of the v inyl group format ion , we dec ided to 

conver t b i o l o g i c a l l y into h a e m which af ter 

c o n v e r s i o n to protoporphyrinogen-I% fo l l owed by reduct ion to 

m e s o p o r p h y r i n - I X w a s degraded to give e thy lmethyl m a l e i -

m i d e (originat ing f r o m the r ings A and B) and haemat in ic ac id 

(emanat ing f r o m the r ings C and D) ( f ig . 4 . 5 ) . The in t ere s t ing 

14 

f e a t u r e of the d e s i g n of this e x p e r i m e n t i s that C ac t iv i ty i s 

equal ly d i s tr ibuted in e thy lmethyl m a l e i m i d e and haemat in ic ac id 

and ne i ther of t h e s e compounds contains t r i t i u m loca ted at 

carbon a tom of A L A . T h e r e f o r e , any d i f f e r e n c e in the t r i t ium 
3 14 . \ 

contents ( i . e . d i f f e r e n c e in H/ C, rat ios ) of e thy lmethyl m a l e i -

m i d e and h a e m a t i n i c ac id m u s t r e f l e c t changes taking p lace during 

the c o n v e r s i o n of propionate r e s i d u e s to v iny l groups ( a s s u m i n g , 

of c o u r s e , that p - h y d r o g e n a toms of prop ionates do not p a r t i c i -

pate in any other reac t ion ) . 

The b iosynthet ic s y s t e m employed during the p r e s e n t c o u r s e 

of study w a s h a e m o l y s e d preparat ions of avian (duck or phenyl 

h y d r a z i n e - t r e a t e d chick) red blood c e l l s which m a i n l y c o n s i s t 

of i m m a t u r e nuc lea ted red c e l l s , young r e t i c u l o c y t e s and s o m e 

n o n - nuc leated m a t u r e c e l l s (the t r e a t m e n t with phenyl hydraz ine 

or p e r i o d i c b leeding induces a n d / o r i n v i g o r a t e s the product ion of 

nuc l ea ted and r e t i c u l o c y t e type c e l l s ) . The r e a s o n for using a 

s y s t e m r ich in nuc leated red c e l l s and r e t i c u l o c y t e s i s that only 

t h e s e c e l l s have the capac i ty (although r e t i c u l o c y t e s l e s s than 

nuc lea ted c e l l s ) to s y n t h e s i s e pro te in (main ly globin in the c a s e 

of r e t i c u l o c y t e s ) and h a e m and incorpora te it into haemog lob in . 
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4 . 5 D e g r a d a t i o n of h a e m . 
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T h e y a l s o contain, inter a l ia , the c o m p l e t e e n z y m e s y s t e m for 

the t r i c a r b o x y l i c ac id cyc l e which p r o v i d e s succ iny l CoA for 

h a e m b i o s y n t h e s i s . The mature red c e l l s on the other hand 

have l o s t al l the b iosynthet ic capac i ty (table 4. 1). 

Table 4 . 1 

Metabol ic c h a r a c t e r i s t i c s of red c e l l 

at v a r i o u s s t a g e s of i ts d e v e l o p m e n t . 

Nuc lea ted R e t i c u l o - Mature red 
c e l l s cy te s c e l l s 

R e p l i c a t i o n + - " 

DNA s y n t h e s i s + - -

RNA s y n t h e s i s + - — 

RNA p r e s e n t + + 

Lipid s y n t h e s i s + + -

P r o t e i n s y n t h e s i s + + 

H a e m s y n t h e s i s + + « 

4 : T . C . A . c y c l e + + -

Glyco ly t i c pathway + + f 

P e n t o s e phosphate + + + 
pathway 

4̂  T . C . A . = T r i c a r b o x y l i c ac id 
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I t e s u l t s . 

3 

The d is tr ibut ion of H in a m o l e c u l e of tr i t ia ted A L A . 

The evaluat ion of the two p r o p o s e d m e c h a n i s i n s 

requ ired the p r e s e n c e of t r i t i u m only at t)ie |3-carbon atom of 

A L A , it was n e c e s s a r y to show that the tr i t ia ted ALA which w a s 

to be u s e d f o r h a e m b i o s y n t h e s i s had no t r i t i u m at the a carbon 

a t o m . (It w i l l be r e m e m b e r e d that the t r i t i u m at the ^ - c a r b o n 

a tom of ALA i s not c a r r i e d into the degradat ion products of h a e m ) . 

A m i x t u r e of t r i t ia ted A L A , p r e p a r e d by autoc laving ALA 

in the p r e s e n t of T O (Exper imenta l ao-d [^-^'^CjALA with 

3 14 
H/ C rat io of 2 1 . 2 was degraded with p e r i o d i c ac id to s u c c i n i c 

3 14 

acid ( E x p e r i m e n t a l p./^^-) which had H/ C rat io of 1 1 . 9 5 s u g g e s t -

ing that 56 .5% of the total t r i t ium radioact iv i ty in ALA was located 

in the f r a g m e n t c o n s i s t i n g of carbon a toms 1 - 4 (the remain ing 

4 3 . 5 % being at the C - 5 carbon a tom) . 

1COOH 1COOH 

(e) 2Cn3 (a) 2C%3̂  
2 _ ' ' I 2 

(p) 3CH ^°4 (p) 3CH Succ in ic 
' 2 . I 2 ac id 

( /̂) 4CO (y) 4COOH 
I + 

(6) 5CH NH (6) 5 CH O F o r m a l d e h y d e 

ALA 

Cons ider ing the s tructure of ALA it w a s r e a s o n a b l e to 

expec t that only C - 3 and C - 5 , which are adjacent to a carbonyl 

group, would be t r i t i a t ed . Sti l l the p o s s i b i l i t y of s o m e of the 

56 .5% t r i t i u m being located at the C-2 could not be d i scounted . 



In order to inves t iga te th is p o s s i b i l i t y , deuterated AJLA. was 

p r e p a r e d under v a r i o u s condit ions and degraded to s u c c i n i c anhy-

dr ide ( E x p e r i m e n t a l p./4g'), which w a s ana lysed for i t s deuterium, 

c o n t e r ^ ^ . 

The a n a l y s i s of the m a s s s p e c t r u m of succ in i c anhydr ides . 

F r o m the m a s s s p e c t r u m of undeuterated s u c c i n i c anhydride, 

taken under the s a m e e x p e r i m e n t a l condit ions , it v/as found that 

for the m o l e c u l a r f r a g m e n t (CH C 0 ) ^ 0 of m a s s 100, the peak 

height (1^2QQ) the fo l lowing re la t ion to the adjacent peaks: 

==99 " ^ 1 0 0 = 1 ' ° ' ^ 0 1 = ^ 1 0 2 = »• 

^ 1 0 3 = »• ' " . 0 4 = »• 

This d i s tr ibut ion was then u s e d to c o r r e c t e a c h of the 

o b s e r v e d peak he ights (P) of deuterated s u c c i n i c anhydrides f r o m 

m a s s e s 100 to 104 to the c o r r e c t e d height (p) which would have 

been o b s e r v e d without overlapping f r o m other s p e c i e s . The 

c o r r e c t i o n invo lved the so lut ion of t h e s e equations: 

c o r r e c t e d peak height at m a s s 100 (P loo) ^ 1 0 0 

c o r r e c t e d peak height at m a s s 101 ( P i o i ) = I^lOl 0 . (^""^100 

c o r r e c t e d peak height at m a s s 102 (P ioz ) ^ \ o 2 
0 , 077P l01 

c o r r e c t e d peak height at m a s s 103 (P103) ^ 1 0 3 
0 . 077P l02 

c o r r e c t e d peak height at m a s s 104 (^104) " ^ 1 0 4 
0 . 0 7 7 P l 0 3 

A f t e r c o r r e c t i n g the peak he ights ( s e e table below), the r e l a t i v e 

p e r c e n t a g e of the deuterated s p e c i e s (table 4 . 2 ) showed that when 

ALA was autoc laved with D O alone f o r 1 hr , it gave only 

m o n o d e u t e r a t e d (45%) and d ideuterated (39%) s p e c i e s of 
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Pealcs 15 m i n 1 hr auto- 1 hr auto- 2 hr auto-
at autoc lav ing c laving in clavi i ig in c lav in g in 
m a s s e s in 

DCl. ' ' 
O & & DCl D^O 

P P P P p P P P 

100 0 . 0 0 . 00 0 . 0 0 . 0 0 4 . 5 4. 5 1 . 0 1 .00 

101 1 . 5 1. 50 5. 5 5. 50 1 3 . 5 13. 16 1 3 . 0 1 2 . 9 2 

102 1 3 . 5 13. 38 1 2 . 0 1 1 . 7 5 1 2 . 5 1 1 . 4 2 5 . 0 2 4 . 0 0 

103 5 . 5 4 . 4 6 8 . 5 7. 60 . 0 . 9 0 0. 00 3 . 0 1 . 1 5 

104 2 . 5 2. 16 4 . 0 3 . 4 0 0 . 0 0 0 . 0 0 0 . 0 0 . 0 0 

s u c c i n i c anhydride thus indicat ing that hydrogen a t o m s f r o m only 

one of the m e t h y l e n e groups (probably |3 -methylene of the f r a g -

m e n t c o n s i s t i n g of 1 to 4 carbon a t o m s ) of ALA had exchanged 

under t h e s e condit ions of deuterat ion . 

That the a b s e n c e of t r ideuterated and teLradeuterated s p e c i e s 

of s u c c i n i c anhydride was not due to the l o s s of deu ter ium a t o m s 

during the degradat ion of ALA w a s shown by the r e s u l t s (Table 2) of 

e x p e r i m e n t s A and B . In t h e s e e x p e r i m e n t s w h e r e deuterat ion 

w a s c a r r i e d out under much m o r e r i g o r o u s condit ions (D O and 

DCl) , the d e r i v e d s u c c i n i c anhydride contained t r ideutera ted 

(D , 27%) t e t radeutera ted (D^, 12%) as w e l l as monodeutera ted 

(D , 19 .6%) and d ideuterated (D^, 4 1 . 8 % ) s p e c i e s (table 4 . 2 , 

e x p e r i m e n t B). T h e r e f o r e under t h e s e condit ions the hydrogen 

a t o m s f r o m both a - a n d p - m e t h y l e n e groups of ALA m u s t have been 

r e p l a c e d by d e u t e r i u m a t o m s . 

T h e s e r e s u l t s t h e r e f o r e demons tra ted , ind irec t ly , that the 
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Table 4 . 2 

F o r e x p e r i m e n t s A and B, deuterated ALA w a s p r e p a r e d 

by autoc lav ing ALA (100 mg) with 0 . 2 5 m l of ^ 2 ^ ( 9 9 . 8 ^ D) 

and 0 . 2 5 m l of DCl (20% D). F o r experi^nents C and D, 

deuterat ion of ALA w a s p e r f o r m e d b y antoclaving A L A ( 1 0 0 mg) 

with 0 . 5 m l of D O (99 .8% D) . The deuterated ALA w a s 

degraded to s u c c i n i c anhydride (SA) and the p e r c e n t a g e of non-

deuterated (D^), monodeutera ted (D , ) , dideiiuerated (D^), t r i ~ 

deuterated (D ) and t e t radeutera ted (D^) s p e c i e s w e r e found as 

d e s c r i b e d in the t ex t . 

A LA auto -
c laved with 

% SA 
° 0 I0 

SA 
° 1 % SA 

% SA ^ 3 % SA 
° 4 

D O & DCl 0 00 7 00 62 .25 20 75 10 00 

for 15 m i n 
(A) 

D O & DCl 0 00 19 60 41 80 27 55 12 .00 

f o r 1 h r 
(B) 

D^O f o r 15 . 5 0 45 30 39 . 2 0 0 00 0 . 0 0 

1 h r 
(c) 

D O for 2 . 56 31 .00 61 . 5 2 . 95 0 . 00 

2 h r s 
(D) 



1 0 b 

tr i t ia ted ALA p r e p a r e d by aukoclaving ALA with tr i t ia ted water 

for a short per iod would contain tr i t ium a toms only at the p-and 

6 - c a r b o n a t o m s . 

The in v i t r o bios yn thes i s of ha e m by duck and phenyl h y d r a z i n e -

t r e a t e d chick blood. 

The p u r p o s e of t h e s e e x p e r i m e n t s w a s to c o m p a r e the 

h a e m b i o s y n t h e s i s i n g capaci ty of phenyl h y d r a z i n e - t r e a t e d chick 

blood (which wi l l be r e f e r r e d to as anaemic blood) with that of 

duck blood and at the s a m e t i m e e s t a b l i s h the ALA incorporat ion 

into h a e m . 

[4-.^'^C]ALA (2 X 10^ cpm) w a s incubated with equal v o l u m e s 

of h a e m o l y s e d preparat ions of duck and a n a e m i c chick 

blood as d e s c r i b e d in table 4 . 3 . The r e s u l t s show that the 

duck blood i s s l ight ly m o r e e f f i c i en t than the anaemic chick 

>i< 

blood in b i o s y n t h e s i s i n g the h a e m f r o m A L A , (about 10-11% of 

which was incorpora ted into the h a e m during I S h r s ) . 

H o w e v e r , when inject ions of phenyl hydraz ine w e r e cont in-

ued for 12 days* the incorporat ion of ALA in the h a e m w a s 

i n c r e a s e d to 18-22%. 

T h e s e r e s u l t s d e m o n s t r a t e d that e i ther s y s t e m ( i . e . duck 

blood or a n a e m i c chick blood) could be u s e d s u c c e s s f u l l y for 

subsequent e x p e r i m e n t a l w o r k . H o w e v e r , w e dec ided to u s e the 

a n a e m i c chick blood owing to i t s e a s i e r availa.bil ity. 

* The n o r m a l per iod of phenyl hydraz ine in jec t ions w a s 7 days . 
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JL a ble 4 . 3 

The in v i t ro b io synthes i s of h a e m f r o m 

14 -

[4- 'ClALA by h a e m o l y s e d preparat ions of duck blood 

and anaemic chick blood. 

[4-^^C]AljA, (18 [jLmoles containing 2 x 10 cpm); FeSO 7H^O, 

( 0 . 7 2 | j ,mo le s / l m l blood); 0 . 1 5 M KH PO^/Na^HPO^ buffer in 

0 . 4 8 3 M KCl, pH 7 . 4 , ( 5 . 5 ml); p e n i c i l l i n and s t r e p t o m y c i n , 

( 1 . 5 m g of each); and h a e m o l y s e d blood prepara t ion ( f r e s h 

blood, 25 ml) in a total v o l u m e of 38 m l . The incubat ions w e r e 

c a r r i e d out at 37^. A 5 m l aliquot w a s r e m o v e d f r o m each 

incubat ion a f ter 20 m i n . The incubation was t e r m i n a t e d a f t er 

15 hr by the addition of a l a r g e e x c e s s of ace tone (6 x the 

v o l u m e of incubation mix ture ) and then the i s o l a t e d h a e m w a s 

m e a s u r e d for rad ioac t iv i ty as d e s c r i b e d in the e x p e r i m e n t a l 

s e c t i o n . 

h a e m o l y s e d 
duck blood 

h a e m o l y s e d 
phenyl h y d r a z i n e -

t rea ted chick blood 

20 min IS hr 20 m i n 15 hr 

]4 
Total ' C in 
h a e m (cpm). 
% incorporat ion 
of A L A . 

22, 600 

1. 13 

2 1 8 , 0 0 0 

1 0 . 9 

28, 000 

1 . 4 

1 6 5 , 0 0 0 

9 . 4 
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, 14 ^ 

The degradat ion of C-haen i to h a e m a t i n i c ac id and e thy lmethy l 

m a l e i m i d e . 

In order to d e t e r m i n e that the p r o c e d u r e for degradat ion 

of h a e m ( E x p e r i m e n t a l , p.l5o) could give products which could be 
14 

m e a s u r e d s a t i s f a c t o r i l y , 10 m g of C - h a e m p r e p a r e d f r o m 
14 

[4- CjALA ( 5 0 , 0 0 0 cpm) w e r e subjec ted to the r e m o v a l of i ron 

to give pro toporphyr in - IX . A f t e r addition of c a r r i e r p r o t o p o r -

phyr in-IX (50 mg) the la t ter was reduced to m e s o p o r p h y r i n - I X 

which w a s ox id i s ed with c h r o m i u m t r i o x i d e (CrO ). The reac t ion 

m i x t u r e w a s s e p a r a t e d into ac id ic and neutra l f r a c t i o n s and 

s u b l i m e d to obtain haemat in i c ac id and e thy lmethy l m a l e i m i d e . 

The r e s u l t s showed that 28% of the. total h a e m rad ioac t iv i ty w a s 

r e c o v e r a b l e in h a e m a t i n i c ac id and 30-33% in e thy lmethy l m a l e i -

m i d e , thus e s t a b l i s h i n g that if a su f f i c i en t amount of i so top ic 

ac t iv i ty w e r e p r e s e n t in h a e m , workab le quantit ies of it could 

be r e c o v e r e d in the degradat ion p r o d u c t s . 

f 3 

The in v i t r o b i o s y n t h e s i s of h a e m f r o m lALA by 

h a e m o l y s e d p r e p a r a t i o n of a n a e m i c chick blood. 

Having e n s u r e d that our b iosynthet ic s y s t e m and the 
3 

degradat ion p r o c e d u r e w e r e s a t i s f a c t o r y , 30 ^imoles of [ P , 6 - H ]-

A L A ( 2 . 1 7 X 10 cpm/}jLmole) w e r e incubated at 37° for 15 h r s 

with a h a e m o l y s e d preparat ion of a n a e m i c chick blood (25 m l of 

f r e s h blood) . 3 . 3 5 x 10 cpm of t r i t i u m w e r e incorpora ted into 
3 

h a e m . 20 m g of this h a e m (60, 000 c p m of H) w e r e m i x e d 

with another s a m p l e of h a e m b i o s y n t h e s i s e d f r o m [4-^^C]ALA to 
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3 14 

g ive H/ C ratlu of a-boul 1 .0 anu w e r e then conver ted to 

pro toporphyr in - IX . The la t ter , a f ter dilution to 60 m g with 

n o n - r a d i o a c t i v e protoporphyrin-IX w a s degraded to h a e m a t i n i c 

ac id or ig inat ing f r o m the propionate s ide 'chain-containing r ings 

C and D and e thy lmethyl m a l e i m i d e der ived f r o m the v iny l 
3 , 1 4 

group-conta in ing r ings A and B. The H/ C rat ios of h a e m a -

t inic ac id and e thy lmethy l m a l e i m i d e w e r e found to be 1 . 0 and 

0 . 5 8 (table 4 . 4 ) r e s p e c t i v e l y . A f t e r puri fy ing t h e s e compounds 

by g a s - l i q u i d chromatography , t h e s e v a l u e s w e r e changed to 

1 . 0 and 0 . 5 9 r e s p e c t i v e l y , sugges t ing that the pur i f i ca t ion of 

h a e m a t i n i c ac id and e thy lmethy l m a l e i m i d e could not be 

i m p r o v e d by g a s - l i q u i d c h r o m a t o g r a p h y . 

T h e s e r e s u l t s w e r e cons trued to m e a n that during the 

f o r m a t i o n of the vinyl group, 40-42% of the t r i t ium loca ted at 

the p - c a r b o n atom of the propionic ac id re s idue w a s l o s t . Th i s 

va lue i s adequate ly c l o s e to the t h e o r e t i c a l l o s s of 50% if the 

v iny l group f o r m a t i o n o c c u r s through the m e c h a n i s m of the 

type II, wh ich r e q u i r e s the l o s s of only one of the two P 

hydrogen a t o m s of the propionate s ide chain during the v inyl 

group f o r m a t i o n . The m e c h a n i s m I r e q u i r e s that the e thy lmethy l 

m a l e i m i d e should be devoid of the t r i t ium rad ioac t iv i ty . 

3 

The in v i t r o b i o s y n t h e s i s of h a e m f r o m [3- ] 2 -oxog lu tara te . 

The p r e s e n c e of an e n z y m e s y s t e m , in the nuc leated red 

c e l l s and r e t i c u l o c y t e s , for c o n v e r s i o n of 2 - o x o g l u t a r a t e into 

ALA (table 4 . 1 and equation below) s u g g e s t e d an additional app-

roach for studying the m e c h a n i s m of v inyl group f o r m a t i o n . 
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,)Le 

The b i o s y n t h e s i s of h a e m f r o m H lALA 

The incubation m i x t u r e s contained A L A , (30 n m o l e s , 6 5 . 2 x 

10^ cpm ^H); FeSO 7H O, ( 0 . 7 2 ^ m o l e s / m l blood); 0 . 1 5 m 

KH_PO . / N a HPO . buffer in 0 . 4 8 3 M KCl, pH 7 . 4 , ( 5 . 5 ml); 
2 4 2 4 

p e n i c i l l i n and s t r e p t o m y c i n ( 1 . 5 m g of each); and h a e m o l y s e d 

blood prepara t ion ( f r o m 25 m l blood) in a total v o l u m e of 

38 m l . The incubation w a s c a r r i e d out at 37 for 15 hr and 

t e r m i n a t e d by the addition of 230 m l of a c e t o n e . A f t e r i s o l a t i o n 

of h a e m , the la t t er w a s degraded to h a e m a t i n i c ac id (HA) and 

e thy lmethy l m a l e i m i d e (EMM) which w e r e counted for r a d i o -

a c t i v i t y . 

3 14 
H/ C rat io % ^H l o s s 

Found P r e d i c t e d Found P r e d i c t e d 

HA 

EMM 

1 . 0 

0 . 5 8 

1 . 0 

0 . 5 42 50 



I l l 

The at tract ion of this approach lay in the fact that it was thought 

to prov ide not only a method for conf i rming the p r e v i o u s r e s u l t s 

but that it a l s o made avai lable a p o s s i b l e route for e s tab l i sh ing 

the s t e r e o c h e m i s t r y of the v inyl group f o r m a t i o n s i n c e p r o c e d -

u r e s for the s y n t h e s i s of [3B.S- H [3R- Pi]- and [3S- H]-

2 - o x o g l u t a r a t e are we l l documented (Exper imenta l , p./45). 

ICOOH 

I 
{ a ) 2 C H 

I 
( P ) 3 C H 

I 
(\') 4CO 

(&) SCO^H 

2 -oxog lu tara te 

+ COASH 

- C O ^ 

ICOOH 

I 
(«) 2CH_ 

(P) 3 C H _ 

I 
(y) 4COSCoA 

succ iny l CoA 

ICOOH 

(cy) 2CH-

Glyc ine 
^ (P) 3CH 

2 

(y) 4CO 

CH^NH^ 

d e r i v e d f r o m 
g lyc ine 

A L A 

Since 2 - o x o g l u t a r a t e i s a metabo l i t e for the t r i c a r b o x y l i c 

3 

ac id c y c l e , it w a s thought that the t r i t i u m labe l in [3- H ]2-

oxoglutarate might be randomized due to i t s m e t a b o l i s m v ia this 

c y c l e . H o w e v e r , the s t e r e o c h e m i s t r y of the r e a c t i o n involved 

( f ig . 4 . 6 ) r e v e a l e d that a f t er p a s s i n g through the c y c l e once 

both hydrogen a t o m s located at the C - 3 of 2 - o x o g l u t a r a t e w e r e 
3 

l o s t . S ince th is par t i cu lar p r o b l e m w a s ruled out, [3- H ]2-
6 3 

oxoglutarate (210 x 10 cpm H) w a s incubated with h a e m o l y s e d 

prepara t ion of a n a e m i c chick blood in the p r e s e n c e of g lyc ine 

which s e r v e d as the substrate for the equation above, mala te 

to prov ide e n e r g y and malonate to m i n i m i z e the m e t a b o l i s m of 

2 - o x o g l u t a r a t e v ia the t r i c a r b o x y l i c ac id c y c l e . The h a e m (30 m g 
3 14 

containing 3 8 , 0 1 0 cpm H) was m i x e d with 3 7 , 0 0 0 cpm of C-
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X 

H 

COOH 
I 
c = o 
I 

C - T 
I 
C — H 
I 
COOH 

2 -oxog lu tarate 

T 

H 

COSCoA 
I 
C - - T 
I 
C — H 
1 
COOH 

Succ iny l CoA 

COOH 
I 

T — C — T 
i 

T C — T 
I 

COOH 

Succ in ic A c i d 

( : o o H 

T — C 
I! 
C - T 
I 
COOH 

F u m a r i c Acid 

OH 
T 

T 

COOH 

C - A 

C - OH 
I 
COOH 

T 

COOH 
I A 
I ^ 
c = o 

I 
COOH 

CH^. COSCoA 
> 

Mal ic A c i d (Dxalo ace ta te 

T 
I 

^H\— C — COOH 

HO T- C — COOH 

C H - COOH 

Citr ic A c i d 

HO 

T 
I 

£ 
COOH 

COOH 

CH - C O O H 

I s o c i t r i c ^Lcid 

-T 
O C — COOH 

I 
4 i \ — C - - ]H 

CH^- COOH 

2 -oxoglutarake 

F i g . 4 . 6 Randomizat ion of Labe l in 2 -oxogluta i 'a te v ia tht 

t r i c a r b o x y l i c ac id c y c l e . 
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haeni (prepared f r o m [4- CjALA to act am internal r e f e r e n c e ) 

and then degraded , as d e s c r i b e d e a r l i e r , to obtain haemat in i c 

ac id and e thy lmethy l m a l e i m i d e which had ra t ios of 

1 . 0 and 0 . 6 7 r e s p e c t i v e l y (table 4 . 5 ) . The reduct ion of only 33% 

in the t r i t ium radioact iv i ty of e thy lmethyl m a l e i m i d e compared to 

h a e m a t i n i c ac id was disappoint ingly l o w e r than the expec ted value 

of 50% indicated by the r e s u l t s of the b iosynthet ic e x p e r i m e n t s 

p e r f o r m e d with ]ALA. 

A p laus ib l e explanat ion for the l o w e r than the expec ted l o s s 

of t r i t i u m in the v inyl group f o r m a t i o n during the h a e m b i o s y n -
3 

t h e s i s f r o m [3- H^]2-oxog lutarate w a s thought to l i e in the p o s -

s ib i l i t y of an e n z y m e c a t a l y s e d randomizat ion of the carbon 

ske l e ton at the s u c c i n y l CoA s tage as shown in a s e r i e s of 

r e a c t i o n s be low. 
equation 1 

H O O C . C H ^ . C T ^ . C O . COOH ^'HOOC.CH^. CT^.COSCoAfCO 

equation 2 ^ ^ equation 3 
> H O O C . CT^. CT^. COOH ^-HOOC. CT^. CT^. COSCoA 

It was e n v i s a g e d that a f ter i t s f o r m a t i o n f r o m [3- H ] 2 - o x o -

glutar3_te (equation 1), succiiiyl CoA was liydrolysecl to give succinic 

ac id (equation 2) . The la t ter being a s y m m e t r i c m o l e c u l e could 

then be r e c o n v e r t e d to succ iny l CoA through the part ic ipat ion of 

ei ther of i ts carboxyl ic groups (equation 3) thus completely r andom-

i z i ng the 2 - o x o g l u t a r a t e c a r b o n s k e l e t o n . The c o n v e r s i o n of this 

new s p e c i e s of s u c c i n y l CoA H O O C . C T ^ . C T ^ . ( X ) S C o A to h a e m 

fo l l owed by the degradat ion of the 
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Table 4 . 5 

The b i o s y n t h e s i s of haeni f r o m [3 - H l2 -oxcp;lutarate. 

3 
The incubation, m i x t u r e s contained [3- H ]2 -oxog lu tarate , 

6 3 

(34 ^imoles, 210 x 10 cpm H); g lyc ine , ( 1 3 . 4 [ i m o l e s / m l 

blood); n e u t r a l i z e d L - m a l a t e , ( 1 . 1 2 m m o l e s ) ; d i s o d i u m malonate , 

(169 |Jimoles); FeSO 7H O, ( 0 . 7 2 | j imoles /ml blood); penic i l l in , 

and s t r e p t o m y c i n , ( 1 . 5 m g of each); and h a e m o l y s e d blood 

p r e p a r a t i o n ( f r o m 25 m l of blood) in a total v o l u m e of 38 m l . 

The incubations w e r e p e r f o r m e d at 37° for 15 h r s , t e r m i n a t e d 

by the addition of 230 m l of ace tone and then p r o c e s s e d to 
3 

obtain H - h a e m . 
3 14 

30 m g of H - h a e m ( 3 8 , 0 1 0 cpm), 10 m g of C - h a e m 

14 

p r e p a r e d f r o m 4 - C A L A containing 3 7 , 0 5 0 cpm w e r e converted 

to protoporphyrin-DC which, a f t er di lut ion with 20 m g of cold 

protoporphyrin-DC, w a s degraded to haemat in ic ac id (HA) and 

e thy lmethy l m a l e i m i d e (EMM) as d e s c r i b e d in the e x p e r i m e n t a l 

s e c t i o n . 

S u b s t r a t e Wc ratio in % 
rat io in 

PIA 
EMM 

l o s s 

Found P r e d i c t e d Found P r e d i c t e d 

[3-^H ] 2 - 0 x 0 -
glutarate 1 . 0 0 . 67 0 . 5 0 33 50 

[p. - ^ H J A L A 1 . 0 0 . 5 8 0 . 5 0 42 50 
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la t t er would have the fo l lowing dis tr ibut ion of radioact iv i ty in 

e thy lmethy l m a l e i i n i d e (A) and haernatinic ac id (B) ( f ig . 4 . 7 ) . 

This pattern, of c o u r s e , would be expected to be c o m p l e t e l y 

d i f f erent f r o m that when there w a s no randomizat ion of the 2-

oxoglutarate carbon s k e l e t o n ( f ig . 4 . 8 ) . 

COOH 

A 8 

F i g . 4 . 7 

The f ea ture that b e c o m e s apparent f r o m the c o m p a r i s o n between 

3 

f i g . 4 . 7 and f i g . 4 . 8 i s that with [3- H ]2 -oxog lu tara t s as a 

s u b s t r a t e for h a e m b i o s y n t h e s i s , any contribution due to ran-

d o m i z a t i o n would l ead to a l e s s e r t r i t i u m l o s s than when there 

w a s no randomizat ion at a l l . 

COOH 

A B 

F i g . 4 . 



The in v i t r o b i o s y n t h e s i s of haeni f r o m [(3- H^lALA. 

It w a s c o n s i d e r e d that the p r o b l e m of randomizat ion of the 

carbon s k e l e t o n of 2 -oxog lu tara te could be avoided by f i r s t c o n -

v e r t i n g this compound to ALA and then us ing the la t t er as the 

s u b s t r a t e for h a e m . T h e r e f o r e , our co l l eague , M . M . Abboud, 

3 

incubated [3- H ]2 -oxog lutarate with 2 - o x o g l u t a r a t e dehydrogen-

a s e (part ia l ly pur i f i ed f r o m E s c h e r i c h i a col i ) and ALA synthe -

t a s e ( i so la ted f r o m Rhodopseudomonas s p h e r o i d e s ) , in s i tu, to 
3 

obtain supposed ly [p- H ]ALA which w a s then u s e d (without i t s 

i s o l a t i o n f r o m the incubation mix ture ) to b i o s y n t h e s i s e h a e m in 

the usua l way (table 4 . 6 ) . The t r i t ia ted h a e m (20 m g containing 

48 X 10 cpm H) thus obtained, a f t e r mix ing with ^^C-haem 

( 4 0 , 0 0 0 cpm p r e p a r e d f r o m [4-^'^C]ALA) to act as internal 

r e f e r e n c e , was degraded to h a e m a t i n i c ac id and e thy lmethy l 
3 14 

m a l e i m i d e which had H/ C rat ios of 1 . 0 and 0 . 6 9 r e s p e c t i v e l y 

(table 4 . 6 ) . T h e s e r e s u l t s , which w e r e unchanged even a f t er 

pur i f i ca t ion of the s a m p l e s by g a s - l i q u i d chromatography , w e r e 

not d i f f erent f r o m those obtained by d i r e c t incubation of 
3 

[3- H ^ ] 2 - o x o g l u t a r a t e with the a n a e m i c b lood p r e p a r a t i o n s 

(table 4 . 6 ) . It w a s t h e r e f o r e deduced that the p r o b l e m of random-

i z a t i o n of 2 - o x o g l u t a r a t e carbon s k e l e t o n had not been c i r c u m v e n t e d . 

The de terminat ion of magnitude of randomizat ion of 2 -oxog lu tara te 

carbon s k e l e t o n . 

S ince we had apparent ly fa i l ed to obviate the randomizat ion , it 

w a s dec ided to d i m i n i s h and d e t e r m i n e the ex t en t of it by b i o s y n t h e s i s i n g 

ha< ^ r p. 2 ̂  
e m u.rom [b- C]2-oxog lutarate in the p r e s e n c e of e x c e s s non-
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Table 4, 6 

The b i o s y n t h e s i s of h a e m f r o m [8- H_]ALA.. 

3 3 6 
4 | i m o l e s of [3- H^]2-oxog lutarate ( H = 61 x 10 c p m / ^ m o l e ) 

w e r e incubated (by M . M . A b b o u d ) w i t h 2 - o x o g l u t a r a t e dehydrogen-

a s e (part ia l ly pur i f i ed f r o m E s c h e r i c h i a col i ) and ALA synthet -

a s e ( i so la ted f r o m Rhodopscudomonas s p h e r o i d e s ) in s i tu . 

3 

1 | imole of s u p p o s e d l y [p- H^]ALA s ' ^ t h e s i s e d by this s y s t e m 

w a s incubated with a h a e m o l y s e d preparat ion of a n a e m i c chick 

blood ( f r e s h blood 25 ml) as d e s c r i b e d in table 4 . 4 to b i o s y n -
3 3 

t h e s i s e t r i t ia ted h a e m . The H - h a e m (20 m g 48 x 10 cpm) 
14 

w a s m i x e d with C - h a e m (40, 000 ppm) and degraded to 

h a e m a t i n i c ac id (HA) and e thy lmethy l m a l e i m i d e (EMM). 

N o . 3 14 
H/ C % 

rat io in 
HA 

rat io in 
EMM 

l o s s 

Found P r e d i c t e d Found P r e d i c t e d 

1 1 . 0 0 . 6 9 0 . 5 0 31 50 

2 1 . 0 0 . 6 9 0 . 5 0 31 50 



rad ioac t ive s u c c i n a t e . The la t t er was e x p e c t e d to di lute any 

rad ioac t ive s u c c i n i c ac id genera ted through equation 2 (p.l i3) 

and, h e n c e d i m i n i s h i t s contribut ion to the porphyr in bio synthet ic 

pathway. 

The advantage of u s ing [5 -^^C]2-oxog lutarate w a s that in 

the a b s e n c e of randomizat ion of labe l , the degradat ion of the 

h a e m would y ie ld all the rad ioac t iv i ty in haemat in ic ac id and 

none at al l in e thy lmethy l m a l e i m i d e . This point i s fu l ly 

i l l u s t r a t e d in f i g . 4 . 9 . The p r e s e n c e of rad ioact iv i ty (if any) 

in e thy lmethy l m a l e i m i d e could be u s e d , t h e r e f o r e , to e s t i m a t e 

the extent of randomizat ion . 

Bear ing this in mind, [5-^'^C]2-oxoglutarate (40 x 10 cpm 

contained in 68 }^moles) w e r e incubated with h a e m o l y s e d p r e p -

arat ions of anaemic chick blood in the p r e s e n c e of d i s o d i u m 

succ ina te (310 ^imoles) as d e s c r i b e d in table 4 . 5 . On d e g r a d -

ation of h a e m (25 mg) b i o s y n t h e s i s e d in t h e s e e x p e r i m e n t s , the 

rat io of the s p e c i f i c a c t i v i t i e s of haemat in ic (A) ac id and e thy l -

m e t h y l m a l e i m i d e (B) was found to be 6 .4 :1 ( . — —). The 
^ ^ ' u 4 7 cpm^ 

dis tr ibut ion of rad ioac t iv i ty in (A) and (B) i s shown below . 

_ ^COOH 
6.4 -1 = 5.4 

A 

The conc lus ion w a s drawn, t h e r e f o r e , that the m o l e c u l e s of 

s u c c i n y l - C o A incorporated into h a e m as HOO^^C-CH -CH -COSCoA 
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H O O C . CH . CII^ . CO. COOH 

, 2 -oxogIutarate 

No randomizat ion 
of carbon ske l e ton 

Randomizat ion of 
carbon ske l e ton 

HOOC. CH . CH^.COSCoA 

Succ iny l CoA 

Gly 

HOOC. CH^. C H . COS CoA 

Succ iny l CoA 

V 

+ Gly 

H O O C . CH . CH . CO. CH NH 
C.t ^ ^ 

ALA 

HOOC. CH^ CH^. CH . COOH 

NH 

H O O C . CH^. CH^. COCH^NH^ 

A Iu.A. 

Y 
H O o t . C H ^ CH^.CPI . ^ O O H 

f m 

P E G 

Ha em 

Y 

P E G 

I 
H a e m 

CH. 

\ I 
CH . CH . COOH 

O 

C f D 

O 

CH CH . CH^ 

CH CH^. CH . COOH 

A+B 

CH . CH 

P i g . 4 . 9 L e t t e r s A - D r e f e r to p y r r o l i c r ings in 
h a e m m o l e c u l e . 
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14 14 
and HOO C-CH -CH - COSCoA w e r e in the rat io of 9 . 2 : 1 . 

This would give about 9% randomizat ion of the carbon ske l e ton 

of [ 5 - ^ ^ C ] 2 - o x o g l u t a r a t e ( s e e a b o v e ) . 

3 
When h a e m b i o s y n t h e s i s e d f r o m [3- H ]2 -oxog lutarate under 

14 
t h e s e condit ions of m i n i m a l randomizat ion , w a s m i x e d with C -

h a e m and degraded, h a e m a t i n i c ac id and e thy lmethyl m a l e i m i d e 

3 14 
w e r e found to have H/ C rat ios of 1 . 0 and 0 . 6 1 r e s p e c t i v e l y . 

When one a l lows for 9% contribution m a d e by randomizat ion of 

3 14 

the labe l , the t h e o r e t i c a l H/ C ra t ios of 1 . 0 and 0 . 5 9 , 

( i l lus tra ted in f i g . 4 . 10) pred ic ted by the m e c h a n i s m of the type 

II, f or h a e m a t i n i c ac id and e thy lmethyl m a l e i m i d e w e r e in c l o s e 

a g r e e m e n t with 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 . 

3 3 

The e n z y m i c preparat ion of [3R- H]- and [3S- H l - 2 - o x o g l u t a r a t e . 

In order to d e t e r m i n e which of the two p - h y d r o g e n a toms of 

the propionic ac id s ide chains w a s r e m o v e d during the v inyl group 
3 

f o r m a t i o n in the b i o s y n t h e s i s of h a e m , s a m p l e s of [3R- H]- and 
3 

[3S- H ] - 2 - o x o g l u t a r a t e w e r e p r e p a r e d by m e a n s of an exchange 

reac t ion involv ing NADPH-dependent i s o c i t r a t e d e h y d r o g e n a s e . 

3 
[3R- H]2 -oxog lu tara te w a s p r e p a r e d by incubating randomly 

3 

l a b e l l e d [3- H ]2 -oxog lutarate with i s o c i t r a t e dehydrogenase in the 

p r e s e n c e of N A D P H (table 4 . 7 ) o v e r a long per iod of t i m e . The 

r e s u l t s ( f ig . 4 . 1 1 ) showed that in the p r e s e n c e of comple te s y s t e m 

t h e r e w a s t i m e - d e p e n d e n t t r i t i u m l o s s which c e a s e d a f ter 50% of 
3 

the or ig ina l rad ioac t iv i ty of [3- H ]2 -oxog lutarate had been 

r e l e a s e d into the m e d i u m . Under p a r a l l e l condit ions but in the 

p r e s e n c e of boi led e n z y m e , there w a s l e s s than 5% tr i t ium l o s s 
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COOH 
I 
CH_ 
I 2 
CT 
I 2 
CO 
I 
COOH 

R a n d o m i z a t i o n of 

c a r b o n s k e l e t o n 

COOH 
I 

F ' z 
'CT_ 
I 2 
COSCoA 

2 - O x o g l u t a r a t e S u c c i n y l CoA 

COOH 
I 

CT_ 

CO 

CH^NH 

A L A 

[ H]H a e m 

1 4 
(i) + [ C ] H a e m 

(ii) D e g r a d a t i o n 

917 
T- "-T XOOH 

3 1 . 7 5 = 5 4 . 5 

3 14 

H/ C r a t i o s of HA and EMM a r e 1 . 0 and 0 . 5 8 r e s p e c t i v e l y . 

F i g . 4 . 1 0 In th i s r e p r e s e n t a t i o n it i s a s s u m e d 

that the v i n y l group f o r m a t i o n o c c u r s 

through m e c h a n i s m II (p 9 7 ) . N u m e r i c a l 

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

t h o s e c a r b o n a t o m s . * i n d i c a t e s ^^C 

r a d i o a c t i v i t y o r i g i n a t i n g f r o m [4 -^^C]ALA. 
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Table 4 . 7 

The e n z y m i c preparat ion of [3R- H]2 -oxoglukarate . 

The incubation m i x t u r e s contained [3RS- H^]2-oxog lutarate d i -

s o d i u m sal t , (52 [jimole, 426 x 10 cpm); NADPH, (6 p.mole); 

MgCl^, (6 p-mole); t r i e t h a n o l a m i n e - H C l buffer , pH 7 . 4 , (1 m m o l e ) 

and i s o c i t r a t e dehydrogenase (25 units) in a total v o l u m e of 

10 m l . The contro l incubat ions contained e i ther no NADPH or 

bo i led e n z y m e . The incubations w e r e c a r r i e d out at 3 0 ° . At 

i n t e r v a l s 0 . 1 m l al iquots w e r e r e m o v e d , di luted to 0 . 5 m l with 

H O and appl ied to D o w e x - l - C l co lumn (50 x 6 . 5 m m ) . The 

co lumn w a s w a s h e d with w a t e r (10 m l ) . 0 . 1 m l of the e luent 

waa counted to d e t e r m i n e the f r e e t r i t i u m in the m e d i u m . 

T i m e Minus NADPH Boi led E n z y m e E n z y m e 

h r s 

^H in 
m e d i u m 

% ^H 
in med-
ium 

^H in 
m e d i u m 

% ^H 
lo s s 

H in 
m e d i u m 

% ^H 
l o s s 

Cor -
r e c t -
ed % 
^H 
lo s s 

cpm cpm 

0 . 9 0 x 1 0 ^ 

c p m 
6 

0 . 9 1 3 x 1 0 0 0 . 9 1 x 1 0 ^ 0 . 2 1 

cpm 

0 . 9 0 x 1 0 ^ 0 . 2 1 

c p m 
6 

0 . 9 1 3 x 1 0 0 . 2 1 0 . 0 

1 . 0 - - - 90x10^ 2 1 . 0 20 . 87 

2 . 0 - - - 142x10^ 3 3 . 0 3 2 . 7 9 

3 . 0 - - - — 176x10^ 4 1 . 0 40 . 79 

5 . 0 

6 . 0 

9 . 5 x 1 0 ^ 2 . 2 10x10^ 2 . 3 208x10^ 

214x10^ 

4 8 . 5 

49 . 8 

4 8 . 2 9 

49 . 59 

6. 5 -

2 0 . 5 x 1 0 ^ 

- 216x10^ 5 0 . 3 50. 09 

7.0 20x10^ 4. 7 2 0 . 5 x 1 0 ^ 4. 8 216 . 5x10^ 50 . 35 50. 14 

More e n z y m e and NADPH w e r e added at this s tage to e n s u r e 

3 
that reduct ion in the rate of t r i t ium l o s s f r o m [3- H ] 2 - o x o -

glutarate w a s not due to the lack of t h e s e components , 
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3 
f r o m [3 - H ] 2 - o x o g l u t a r a t e . 

In v i e w of the f ind ings of R o s e (130) ana R o s e (1_)1) khis 

s a m p l e , which, had s p e c i f i c a c t i v i t y of 4 . 1 2 x 10 c p m / p . m o l e 

and w a s used without i t s isolation, from, the incubation m-ixture, 

shou ld conta in m o r e than 95% of the t r i t i u m in 3R c o n f i g u r a t i o n 

and m a y be r e p r e s e n t e d as shown below: 

HOOC_ ^ 
-COOH 

3 

The stereoisomer wi th the opposite configuration (i.e.[3S~ H]-

2 - ox o glut a rate) was m a d e by incubat ing non-radioactive d is od ium 

2 - o x o g l u t a r a t e wi th i s o c i t r a t e d e h y d r o g e n a s e and N A D P H in the 

p r e s e n c e of t r i t i a t e d w a t e r ( table 4 . 8 ) . A f t e r 6 h r s , the i n c u b -

at ion m i x t u r e w a s f r e e z e d r i e d to r e c o v e r T^O and a f t e r d i s s o l -

v i n g the r e s i d u e in w a t e r , it w a s appl i ed to D o w e x - l - C l c o l u m n 

w h i c h w a s w a s h e d f r e e of t r i t i u m wi th w a t e r . The t r i t i a t e d 2 -

o x o g l u t a r a t e w a s e l u t e d wi th 0 . 0 5 N HCl . The s o l i d compound, 

w h i c h had s p e c i f i c a c t i v i t y of 5 . 5 x 10^ c p m p e r p.mole w a s 

obta ined a f t e r e v a p o r a t i n g HCl by f r e e z e d r y i n g . Under i d e n t i c a l 

cond i t ions n o n - e n z y m i c i n c o r p o r a t i o n of t r i t i u m into 2 - o x o g l u t a r a t e 

w a s found to be l e s s than 0 . 5 % . 

The s t e r e o c h e m i s t r y of pro ton e l i m i n a t i o n during the v iny l group 

formation in the h a e m biosynthesis. 

To d e t e r m i n e the s t e r e o c h e m i s t r y of the p r o t o n e l i m i n a t e d 

3 3 3 
dur ing the v iny l group f o r m a t i o n [3R- PI]-, [3S- H ] - and [3RS- H^] 

2 - o x o g l u t a r a t e w e r e c o n v e r t e d to h a e m a s d e s c r i b e d p r e v i o u s l y . 
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Table 4 . 8 

3 
The preparaHon of 135- HlZ-oxoel^^arabe. 

The const i tut ion of the incubation m i x t u r e w a s ident ica l to that 

d e s c r i b e d in table 4 . 7 except that n o n - r a d i o a c t i v e d i sod ium 2 -

oxoglutarate w a s u s e d and the incubation m i x t u r e contained 

10 c u r i e s of t r i t ia ted water ( 6 6 . 6 x 10 cpm/|jLg a tom of h y d r o -

gen) . A f t e r 6 hr the incubation m i x t u r e w a s f r e e z e dr ied and 

the r e s i d u e , a f ter d i s s o l v i n g in 10 m l H O, was appl ied to 

D o w e x - l - C l co lumn (130 x 6 . 5 m m ) and w a s h e d with water 

unti l no s ign i f i cant t r i t ium could be de tec ted in the e luent . 

F i n a l l y the 2 - o x o g l u t a r a t e was e luted with 0 .05N HCl, 0 . 1 m l 

of which w a s counted to d e t e r m i n e incorporat ion of t r i t ium into 

2 - o x o g l u t a r a t e . 

Total 
3 

H cpm/ p,mole 

c o m p l e t e s y s t e m 

minus e n z y m e 

285 X 10^ 

1 . 3 2 X 10^ 

5 . 5 X 10 

2 . 5 X 10^ 



IZb 

14 

A f t e r m i x i n g th i s t r i t ia ted haeni with C - h a e i n , it was degraded 

to haemat in i c ac id and e thy lmethy l n i a l e i m i d e . The r e s u l t s 

(table 4 . 9 ) indicated that haemat in ic ac id and e thy lmethy l m a l e -

imide obtained f r o m h a e m , which was b i o s y n t h e s i s e d f r o m 

[3R-^H]2-oxog lu tarate , had H/^ C rat ios of 1 . 0 and 0 . 9 2 

r e s p e c t i v e l y (table 4 . 9 ) . On the other hand, h a e m b i o s y n t h e s i s e d 
3 

f r o m [3S- H]2 -oxog lu tara te gave haemat in i c ac id and e thylmethyl 
3 14 

m a l e i m i d e which had H/ C rat ios of 1 . 0 and 0 . 6 1 r e s p e c t i v e l y . 

S ince in t h e s e e x p e r i m e n t s one expec tcd a c o m p l e t e l o s s and 

c o m p l e t e retent ion of t r i t ium during the v inyl group format ion , 

the p r e s e n c e of m o r e than 90% t r i t i u m radioact iv i ty in e thyl -
3 

m e t h y l m a l e i m i d e obtained f r o m [3R- H]2 -oxog lu tara te was 

c l e a r l y in a g r e e m e n t with the m e c h a n i s m of the type 11. 

H o w e v e r , in v i e w of the c l o s e s i m i l a r i t y between the 
3 

r e s u l t s obtained f r o m h a e m s b i o s y n t h e s i s e d f r o m [3RS- H ]-
3 

and [3S- H ] - 2 - o x o g l u t a r a t e , it w a s e n v i s a g e d that probably the 
^ 3 

l abe l in the la t t er had r a c e m i z e d to give [3R.S- H^]2-oxog lutarate . 

Th i s p o s s i b i l i t y s e e m e d p a r t i c u l a r l y f e a s i b l e when it w a s cons ider-

3 

ed that the i s o l a t i o n of [3S- H]2 -oxog lu tara te involved prolonged 

t r e a t m e n t with HCl . 
In order to i n v e s t i g a t e this p o s s i b i l i t y of r a c e m i z a t i o n , 

3 

part of the [ 3 S - ' H ] 2 - o x o g l u t a r a t e , u s e d in the b i o s y n t h e s i s of 

h a e m above, w a s incubated with i s o c i t r a t e dehydrogenase and 

N A D P H . If r a c e m i z a t i o n had not o c c u r r e d one would expec t 

a t i m e - d e p e n d e n t l o s s of al l the t r i t i u m f r o m this compound. 

H o w e v e r the r e s u l t s (table 4. 10) indicated that there w a s only 
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The b i o s y n t h e s i s of h a e m f r o m [3R- iHl-, | 3 S - i l l -

nnd [3RS- H l -Z-oxo^lutarate . 

3 6 
[3R- H]2-oxoglu.tarate , ( 1 0 7 . 5 x 10 cpm as made in table 4 . 7 ) ; 

[3S-^H]2-oxog lutarate , ( 1 4 2 . 5 x 10^ cpm, a s made in table 4 . 8 ) ; 

3 6 
and [3RS- H ]2'-oxoglu.tarate, (130 x 10 cpm) w e r e conver ted to 

haern as d e s c r i b e d in table 4 . 5 . 

3 

30, 000 cpm. of each type of H h a e m w e r e degraded to 

h a e m a t i n i c ac id (HA) and e thy lmethy l m a l e i m i d e (EMM) as 

d e s c r i b e d in E x p e r i m e n t a l . 

Substrate 
3 14 
H/ C 
in HA 

C in EMM % ^H retent ion 

Found ^Pred ic ted Found 4:F'redicted 

[ 3 R - ^ H ] 2 - o x o - 1 . 0 0 . 9 2 1 . 0 92 100 

g^utarate 

[ 3 S - ^ H ] 2 - o x o - 1 . 0 0 . 6 2 0 . 1 6 6 2 16 

g^utarate 

[3RS-^H ] 2 - o x o 1 . 0 0 . 6 1 0 . 5 8 6 1 58 

g lutarate 

$ P r e d i c t e d a f ter accounting for 9% randomizat ion of carbon 

s k e l e t o n of 2 - o x o g l u t a r a t e . 
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3 
50% e n z y m e - c a t a l y s e d H l o s s from, this s a m p l e ident ica l to 

3 
the l o s s f r o m an authentic [ 3 R S - ' H ]Z-oxoglutarate ( f ig . 4 . 1 2 ) , 

3 

The r e s u l t s d e m o n s t r a t e d c l e a r l y that the labe l in [3S- H]-

2 - o x o g l u t a r a t e had r a c e m i s e d . , 

3 3 
The in v i t r o b i o s y n t h e s i s of h a e m f r o m r2RS- H [2R- H l -

3 
and 1^28- PI] -succ inic ac id . 

3 

Owing to our inabi l i ty to p r e p a r e [3S- H]2 -oxog lu tara te , 

it w a s fe l t n e c e s s a r y to substant iate p r e v i o u s r e s u l t s by us ing 

s table s t e r e o i s o m e r s . We dec ided to employ s u c c i n i c ac id 

which has the advantage not only of being s table but a l s o of 

having a carbon ske l e ton which, unlike that of 2 - o x o g l u t a r a t e , 

d o e s not undergo randomizat ion . 
The s a m p l e s of s u c c i n i c ac id required for the b iosynthet ic 

3 
work w e r e p r e p a r e d as f o l l o w s . T r e a t m e n t of [3RS- H ] 2 - o x o -

3 
glutarate with hydrogen perox ide gave [2R8- H j succ in i c ac id . 

3 

The incubation of [3RS- H ]2 -oxog lutarate with i s o c i t r a t e dehy-

d r o g e n a s e in the p r e s e n c e of NADPH led to the r e l e a s e of 50% 

of the or ig ina l t r i t ium in the m e d i u m ( p . / 2 3 and table 4 . 7 ) . A f t e r 

t r e a t m e n t of the incubation mix ture with hydrogen p e r o x i d e , 
3 

[2R- Hjsucc in i c ac id was obtained. The r e c o m m e n d e d p r o c e d u r e 
3 

(132) f o r the preparat ion of [2S- H j s u c c i n i c ac id proved u n s a t i s -

f a c t o r y in our hands . T h e r e f o r e th is s t e r e o i s o m e r w a s p r e p a r e d 

by incubating d i sod ium 2 - o x o g l u t a r a t e with i s o c i t r a t e dehydrogen-
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Table ' k l O 

The detribiation of {3RS- H | - and [3S- Plj- Z-oxogiutarate 

by i s o c i t i a t e dehydrogenase 

T r i e t h a n o l a m i n e - H C l buffer , pH 7 . 1 , (100 pinoles) ) MgCl , 

( 0 . 6 ^imole); NADPH, ( 1 . 3 p,mole); i s o c i t r a t e d e h y d r o g e n a s e , 

3 6 
(10 units); and [3RS- II ]2 -oxog lutarate , (7 p,mole, 24 x 10 

3 6 
cpm) or [3S- H]2 -oxog lu tara te , (7 |j,rnole, 5 . 5 x 10 cpm) 

o 3 

w e r e incubated in a total v o l u m e of 1 m l at 30 . The H 

l o s s into the m e d i u m w a s e s t i m a t e d as d e s c r i b e d in 

table 4 . 7 . 

T i m e [3S- ^H]2 -oxog lutarate 
Authentic 

[3RS-' H^]2-oxog lutarate 

Total % of the C o r r e c t - Total^H of the C o r r e c t -
in m e d i - total ed % in m e d i - total ed % % 

u m in m e d -
ium 

(̂ ie % 
-'H l o s s ) 

los s u m in m e d i -
u m 

^ie % 
-"H l o s s ) 

l o s s 

m cpm c p m 

0 . 4 x 1 0 ^ 0 . 0 1 . 8 x 1 0 ^ 3 . 2 9 0 

c p m 

0 . 4 x 1 0 ^ 1 . 7 0 0 . 0 

0 . 50 1 . 8 x 1 0 3 2 . 9 0 29 . 6 8. 6 6x 10 3 6 . 0 5 34. 35 

1 . 5 2 . 4 7 x 1 0 ^ 45. 00 4 2 . 7 10. 84x10^^ 45 . 10 4 3 . 4 

:|:3.5 2 . 7 2 x 1 0 ^ 4 9 . 4 0 46 , 1 1 1 . 8 x 1 0 49 . 30 47 . 6 

6. 5 2 . 8 x 1 0 ^ 5 1 . 0 0 47 . 7 1 2 . 0 5 0 . 0 48 . 3 

2 units of e n z y m e w e r e added. 
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a s e in the p r e s e n c e of T^O and N A D P H f o l l o w e d by t r e a t m e n t 
2 

3 ^ 

with h y d r o g e n p e r o x i d e to [2S- H j s u c c i n i c a c i d . The n o n -

e n z y m i c i n c o r p o r a t i o n of t r i t i u m in s u c c i n i c ac id under t h e s e 

cond i t ions w a s found to be l e s s than 0 . 5 % . 

In o r d e r to f a c i l i t a t e the u n d e r s t a n d i n g of the w o r k 

d e s c r i b e d be low, a t tent ion i s aga in drawn to the f a c t that 

s u c c i n i c ac id i s a s y m m e t r i c a l compound . T h e r e f o r e the l abe l 

i n t r o d u c e d at on ly one of the m e t h y l e n e groups m a y be c o n s i d -

e r e d to be e q u a l l y d i s t r i b u t e d b e t w e e n both m e t h y l e n e g r o u p s . 
3 

C o n s e q u e n t l y [2R- H j s u c c i n i c ac id m a y be r e p r e s e n t e d by the 

structure in fig. 4. 13. For the sake of clarity the path of 

the l a b e l l e d t r i t i u m dur ing the b i o s y n t h e s i s and d e g r a d a t i o n i s 
3 

t r a c e d , in f i g . 4 . 1 3 and f i g . 4 . 1 4 , u s i n g only [2R- H ] s u c c i n i c 
acid. 

In p a r a l l e l incubat ions t h e ^ t h r e e s a m p l e s of t r i t i a t e d 

s u c c i n i c ac id p r e p a r e d above w e r e b i o l o g i c a l l y c o n v e r t e d to 

h a e m w h i c h w a s m i x e d wi th ^ ^ C - h a e m ( p r e p a r e d f r o m [4- C]-

A L A ) to ac t a s i n t e r n a l r e f e r e n c e . T h e d e g r a d a t i o n of h a e m 

3 
b i o s y n t h e s i s e d f r o m [2RS- H j s u c c i n i c ac id gave h a e m a t i n i c 

3 14 

a c i d and e t h y l m e t h y l m a l e i m i d e w h i c h had H/ C r a t i o s of 

1 . 0 0 and 0 . 8 5 r e s p e c t i v e l y (table 4 . 11) . T h e s e v a l u e s w e r e 



132 

3 

ra t iona l i zed by a s s u m i n g that for the s ix H a toms p r e s e n t in 

haemat in i c ac id , e thy lmethy l m a l e i n i i d e contained only f i ve ( f ig . 4.12 ) 

The h a e m b i o s y n t h e s i s e d f r o m [2R-^Pl]succinic acid gave 

rat ios of 1 . 0 and 0 . 9 4 - 0 . 9 6 r e s p e c t i v e l y in h a e m a t i n i c ac id 

and e thy lmethy l m a l e i m i d e , thus allowing that the hydrogen 

a tom with R conf igurat ion was not e l iminated during the v inyl 

group f o r m a t i o n . H o w e v e r , when h a e m s y n t h e s i s e d f r o m [2S- H]-

s u c c i n i c ac id w a s degraded , haemat in i c ac id and e thy lmethyl 

3 14 

m a l e i m i d e had H/ C rat ios of 1 . 0 and 0 . 7 0 r e s p e c t i v e l y , 

thus e s t a b l i s h i n g the l o s s of the S hydrogen atom during the 

v iny l group f o r m a t i o n in h a e m b i o s y n t h e s i s . The r e m a r k a b l e 

f ea ture of the r e s u l t s d e s c r i b e d above w a s the c l o s e a g r e e m e n t 

between the e x p e r i m e n t a l and pred ic t ed v a l u e s (table 4 . 1 1 ) . 

D i s c u s s i o n . 

S ince the m a t u r e m a m m a l i a n e r y t h r o c y t e s lack the prote in 

and h a e m b i o s y n t h e s i s i n g capac i ty (table 4 . 1 ) , in s tud ies of 

h a e m b i o s y n t h e s i s it has a lways been n e c e s s a r y to e m p l o y 

e i ther bone m a r r o w , avian blood or blood f r o m a n a e m i c a n i m a l s . 

A l l t h e s e s y s t e m s contain nuc leated red c e l l s and r e t i c u l o c y t e s 

and t h e r e f o r e p o s s e s s the ful l apparatus for the b i o s y n t h e s i s 

of h a e m . In l a b o r a t o r i e s a n a e m i a i s often induced by por iod ic 

b leeding or by in jec t ions of haemoly t i c agents l ike pheny lhydraz ine . 

Though the m e c h a n i s m of ac t ion of this compound i s s t i l l o b s -

c u r e , it m a y be s u r m i s e d that it can s o m e h o w abo l i sh (or o v e r -

s t imula te ) the ery thropo ie t i c control s y s t e m and thus c a u s e a 
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Table 4 . 1 1 

3 
The b iosynthes i s of haem f r o m [ZRS- H 

3 , 3 
[2R- Hi - and [ZS- H {- su ccinic ac id . 

3 . 6 3 
[2R.S- H j succ in ic acid, (215 x 10 cpm); [ 2 R - ' H ] s u c c i n i c 

acid, (108 x 10 cpm); and [2S- Hjsucc in ic acid, (45 x 10^ 

cpm) all contained in 85 [ inioles, w e r e converted to haem. 

as d e s c r i b e d in table 4. 5 except that no m o r e non-rad ioac t ive 

succ in ic acid was added to the incubation m i x t u r e s . 

3 

10 m g of h a e m (110 ,000 cpm) made f r o m [2RS- H ] -

succ in i c acid, 8 mg of h a e m (24, 000 cpm) s y n t h e s i s e d f r o m 
3 

[2R- Hjsucc in ic acid and 12 m g of h a e m (30 ,000 cpm) p r e -
3 

pared f r o m [2S- H]succ in ic acid w e r e degraded to haemat in ic 

acid (I-IA) and ethylmethyl m a l e i m i d e (EMM). 

Substrate 
ratio in 

HA 

^H/^^C ratio in EMM Substrate 
ratio in 

HA Found JPredicted 

3 
[2RS- H jsucc inic ac id ' 1 .00 0 . 8 5 0 . 8 3 

3 
[2R- Hjsucc in ic acid 1 .00 0 . 9 4 - 0 . 9 6 1 .00 

3 
[2S- H j s u c c i n i c ac id 1 .00 0 . 7 0 0. 67 
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r e l e a s e of i m m a t u r e red c e l l s into the c i rcu la t ion . 

P r e v i o u s w o r k e r s (133-136) had e s t a b l i s h e d that whole 

blood c e l l s w e r e p e r m e a b l e to g lyc ine , succ ina te and ALA but 

not to c i t ra t e , 2 - o x o g l u t a r a t e or any i n t e r m e d i a t e p a s t the A L A 

s tage in the b i o s y n t h e s i s of h a e m and that h a e m o l y s i s did not 

d i m i n i s h the h a e m b i o s y n t h e s i s i n g capac i ty of the blood. We 

found that h a e m o l y s e d prepara t ions of duck blood and pheny l -

h y d r a z i n e - t r e a t e d chick blood incorpora ted about 10% ALA into 

h a e m (table 4 . 3 ) . H o w e v e r , if the in jec t ions of phenylhydraz ine 

w e r e continued beyond the n o r m a l o n e - w e e k per iod , h a e m o l y s e d 

chick blood p r e p a r a t i o n s could produce up to 22% incorporat ion 

of ALA into h a e m . T h e s e r e s u l t s w e r e in a g r e e m e n t with 

t h o s e of Voge l et a l . (137) who found that h a e m b i o s y n t h e s i s 

w a s a p p r o x i m a t e l y proport iona l to the p e r c e n t a g e of r e t i c u l o c y t e s 

in duck blood. 

In c o n t r a s t to e a r l y s t e p s in h a e m b i o s y n t h e s i s , i . e . g lyc ine 

to coproporphyr inogen-III , which a r e anaerobic r e a c t i o n s , c o n -

v e r s i o n of coproporphyr inogen-III to protoporphyrin-DC i s an 

a e r o b i c r e a c t i o n in a l l s y s t e m s s o far studied except Rhodo-

p s e u d o m o n a s s p h e r o i d e s and Chromat ium s tra in D (83) . A 

s i m i l a r oxygen requir ing s y s t e m has been d e m o n s t r a t e d in the 

b i o s y n t h e s i s of long chain fatty ac id b i o s y n t h e s i s . B loch (138) 

showed that the c o - e n z y m e A e s t e r s of long chain fatty ac ids 

w e r e c o n v e r t e d to the c o r r e s p o n d i n g o le f in ic ac ids by a p a r t i -

culate p r e p a r a t i o n f r o m y e a s t only in the p r e s e n c e of oxygen 

and N A D P H . Oxygen appeared to be the p r i m a r y e l e c t r o n 

a c c e p t o r and was not rep laceab le by any other e l e c t r o n a c c e p t o r . 
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S ince the r e a c t i o n exhibi ted l:lie c h a r a c t e r i s t i c dual r e q u i r e m e n t 

of an o x y g e n a s e (hydroxy lase ) , the fatty ac id desa tura t ion w a s 

c o n s i d e r e d to invo lve hydroxylat ion or s o m e other type of o x y -

genat ion of the subs tra te in the p r i m a r y s tep (this w a s in spi te 

of the fact that 9 - or 1 0 - h y d r o x y s t e a r a t e , 9 - k e t o s t e a r a t e , 9 , 1 0 -

c i s - e p o x y s t e a r a t e and 9 ,10 - 'd ihydroxys teara te have proven 

to ta l ly inac t ive a s p r e c u r s o r s of o leate in the y e a s t s y s t e m ) . 

In v i ew of th is ana logy between the fatty ac id and h a e m biosyn-

t h e s i s Sano p r e p a r e d 2 ,4 ' .b i s - . (p -hydroxy propionate) d e u t e r o -

porphyr inogen-IX and showed that it could be converted to 

protoporphyr in-IX under anaerob ic condi t ions . Although t h e s e 

r e s u l t s expla ined the part ic ipat ion of oxygen in the reac t ion , 

they fa i l ed to expla in the m e c h a n i s m of the react ion , b e c a u s e 

the hydroxy i n t e r m e d i a t e could be conver ted to or d e r i v e d f r o m 

a number of i n t e r m e d i a t e s . This point has been s u f f i c i e n t l y 

e m p h a s i s e d in f i g . 4 . 3 . 

In order to e luc idate the m e c h a n i s m of the v inyl group 

f o r m a t i o n we p r o p o s e d two broad m e c h a n i s m s , which not only 

e m b r a c e d a hydroxy in t ermed ia te of the type p r o p o s e d by Sano 

but could a l s o a c c o m m o d a t e other p r o p o s e d m e c h a n i s m s ( s e e 

introduct ion to th i s s e c t i o n ) . In m e c h a n i s m I (p .97 ) , the d e c a r -

boxylat ion of the propionate leading to v inyl group f o r m a t i o n w a s 

v i s u a l i s e d to invo lve the f o r m a t i o n of a ketonic i n t e r m e d i a t e . In 

th is m e c h a n i s m both p - h y d r o g e n a t o m s of the propionic ac id s ide 

chain would be r e m o v e d during this r e a c t i o n . In m e c h a n i s m II 

(P'97 ), the decarboxy la t ion w a s p r o p o s e d to p r o c e e d through the 
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l o s s of a p - subsc i tuent (of propionate) l eading d i r e c t l y to the 

f o r m a t i o n of the v inyl group. This m e c h a n i s m p r e d i c t e d that 

only one of the two or ig inal P - h y d r o g e a a t o m s of the propionate 

r e s i d u e would be l o s t . 

A v a i l a b i l i t y in our l abora tory of ALA tr i t ia ted ab P-

a n d ^ - c a r b o n a t o m s (table 4 . 2 ) enabled us to p e r f o r m e x p e r i -

m e n t s which l ed us to dec ide between t h e s e two m e c h a n i s m s . 

When h a e m b i o s y n t h e s i s e d , by haeimolysed preparat ions of 

3 
p h e n y l h y d r a z i n e - t r e a t e d chick blood, f r o m jALA was 

4 
14 . 14 

m i x e d with C - h a e m (prepared f r o m [4- C]AL,A) to act as 

an internal r e f e r e n c e ) and then degraded to haemat in i c ac id and 

3 14 

e thy lmethy l i n a l e i m i d e , they w e r e found to have H/ C ra t ios 

of 1 . 0 and 0 . 5 8 (table 4 . 4 ) r e s p e c t i v e l y . The l o s s of m o r e than 

40% of the t r i t i u m in e thylmethyl m a l e i m i d e v/as su f f i c i en t ly c l o s e 

to the t h e o r e t i c a l l o s s of 50%, pred ic ted by m e c h a n i s m II, to 

s u g g e s t that the v inyl group f o r m a t i o n o c c u r r e d by a m e c h a n i s m 

of the type II. The m e c h a n i s m I would have required ekhyl-

m e t h y l m a l e i m i d e to be c o m p l e t e l y devoid of t r i t i u m radioact iv i ty . 

A t t e m p t s to v e r i f y t h e s e r e s u l t s us ing [S-^H jZ-oxoglutarate 

as d i r e c t subs tra te or a f t er i t s p r i o r c o n v e r s i o n to ALA for 

h a e m b i o s y n t h e s i s at f i r s t w e r e not s u c c e s s f u l (table 4 . 5 and 

table 4 . 6 ) b e c a u s e of the e n z y m e - c a t a l y s e d randomizat ion of the 

l abe l in 2 - o x o g l u t a r a t e at the succ iny l CoA s tage (p.113). However , 
14 

s ing [5- Cj2 -oxog lu tara te , it was shown that in the p r e s e n c e of 
u 

e x c e s s succ ina te this randomizat ion could be m i n i m i s e d to 9% 

(p'116)- T h e r e f o r e , when h a e m b i o s y n t h e s i s e d f r o m [3- H ]2-

oxoglutarate under t h e s e condit ions of m i n i m a l randomizat ion was 
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degraded and a l lowance w a s m a d e for 9% randomizat ion of labe l , 

3 14 ^ 
the H/ C rat io of 1 . 0 for hae inat in ic ac id and 0 . 6 l f or e thy l -

3 14 

m e t h y l m a l a i m i d e ( H/ C rat io for e thy lmethyl m a l e i m i d e 

p r e d i c t e d by m e c h a n i s m II i s 0 . 5 9 ) confir±ned our p r e v i o u s 

f inding that the v inyl group f o r m a t i o n o c c u r s through m e c h a n i s m 

of the type II. 
In o r d e r to study the s t e r e o c h e m i s t r y of the proton 

e l imina t ion during the v iny l group format ion , s a m p l e s of 

3 3 

[3R- H]- and [3S- H ] - 2 - o x o g l u t a r a t e w e r e p r e p a r e d by NADPH-

and i s o c i t r a t e d e h y d r o g e n a s e - d e p e n d e n t dekritiation of [3RS- H ] -

2 - o x o g l u t a r a t e (table 4 . 7 ) and tr i t ia t ion of d i s o d i u m 2 - o x o g l u t -
arate in p r e s e n c e of T O (table 4 . 8 ) r e s p e c t i v e l y . Although W( 

2 3 
fa i l ed to p r e p a r e [3S- H]2-oxoglutarate , the c o n v e r s i o n of [3R- H]-

2 - o x o g l u t a r a t e to h a e m and subsequent degradat ion (a f ter mix ing 

with h a e m made f r o m [4-^'^C}AljA) of the la t t er to haemat in i c 

ac id and e thy lmethy l m a l e i m i d e r e v e a l e d that 92% of the or ig ina l 

t r i t i u m rad ioac t iv i ty was reta ined in e thy lmethy l m a l e i m i d e 

thus showing that p - h y d r o g e n a tom of propionic ac id r e s i d u e 

with R conf igurat ion was reta ined during the v inyl group f o r m -

ation (table 4 . 9 ) . This s t e r e o c h e m i c a l data was fur ther subs tan-

3 3 
t ia ted by b i o s y n t h e s i s i n g h a e m f r o m [2R- H] - , [2S- H]- and 

3 

[2RS-. H j succ inate ( these s t e r e o i s o m e r s w e r e p r e p a r e d by, in 

s i tu, decarboxy la t ion (with the ir 2 - o x o g l u t a r a t e p r e -

c u r s o r s ) . 

To unders tand the r e s u l t s of the e x p e r i m e n t s in which 

succ ina te w a s u s e d for h a e m b i o s y n t h e s i s , it m u s t be apprec ia ted 



139 

that s u c c i n a t e i s a s y m m e t r i c a l m o l e c u l e and t h e r e f o r e l abe l 

i n t r o d u c e d at on ly one of the m e t h y l e n e groups would be equa l ly 

d i s t r i b u t e d b e t w e e n both m e t h y l e n e groups ( s e e f i g . 4 . 13 and 

f i g . 4 , 1 4 ) . 

3 

The d e g r a d a t i o n of h a e m b i o s y n t h e s i s e d f r o m [2RS- H ] -

s u c c i n a t e s h o w e d that 15% (aga ins t 17% p r e d i c t e d by m e c h a n i s m 

II) of the o r i g i n a l t r i t i u m r a d i o a c t i v i t y at the |3 -carbon a t o m of 

the p r o p i o n i c a c i d r e s i d u e w a s l o s t dur ing the v iny l group f o r m -
3 3 

a t i o n . When h a e m b i o s y n t h e s i s e d f r o m [2R- H]- and [2S- H] -

s u c c i n a t e w a s d e g r a d e d , the r e s u l t s r e v e a l e d 4 - 6 % ( c f . zero% 

p r e d i c t e d by m e c h a n i s m II) and 30% (c f . 33% p r e d i c t e d by m e c h -

a n i s m II) l o s s of t r i t i u m r e s p e c t i v e l y (table 4 . 1 1 ) during the 

v i n y l group f o r m a t i o n ( f ig . 4.12^). 

T h e s e and p r e v i o u s r e s u l t s a l l o w e d two m a i n c o n c l u s i o n s 

t o be d r a w n . F i r s t l y , both v i n y l groups in a h a e m m o l e c u l e 

w e r e f o r m e d through the l o s s of p - h y d r o g e n a t o m s of p r o p i o n a t e 

s i d e cha ins wi th S c o n f i g u r a t i o n . F o r if h y d r o g e n a t o m s wi th the 

o p p o s i t e s t e r e o c h e m i s t r y w e r e e l i m i n a t e d dur ing the v iny l group 

f o r m a t i o n , ( i . e . if the f o r m a t i o n of one of the v i n y l groups o c c u r -

r e d through the l o s s of S h y d r o g e n and that of the o ther v i a the 

l o s s of R hydrogen) the r a d i o c h e m i c a l data in tab le 4 . 1 1 would be 

i d e n t i c a l w h e t h e r h a e m had o r i g i n a t e d f r o m 2R or 2S t r i t i a t e d s u c -

c i n a t e . S e c o n d l y , in a l l c a s e s the r e l a t i v e t r i t i u m content s of h a e m -

at in ic a c i d and e t h y l m e t h y l m a l e i m i d e c l e a r l y s h o w e d that h y d r o g e n 

a t o m s at the a c a r b o n a t o m s of the prop ionate r e s i d u e s w e r e not 

d i s t r i b u t e d dur ing the b i o s y n t h e s i s of h a e m . T h i s e l i m i n a t e s the involve-

m e n t of an a c r y l i c ac id ( c i s or t r a n s ) i n t e r m e d i a t e . The n o n -
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invo lvemei i t of a hydrogen atoms of propionate r e s i d u e s in p r o t o -

porphyr in-IX b i o s y n t h e s i s in Euglena (139) has a l ready been 

d e m o n s t r a t e d . 

The accumula t ive ev idence p r e s e n t e d in this chapter e s t a b -

l i s h e s that in a n a e m i c chick blood the f o r m a t i o n of both the v iny l 

groups in h a e m b i o s y n t h e s i s i n v o l v e s the l o s s of the p hydrogen 

a tom with S conf igurat ion , thus sugges t ing the m e c h a n i s t i c 

s e q u e n c e in f i g . 4 . 15, 

He 

/ 
PYr 

-Hg 

-CH^COOH -CH^COOH 

"COr H 

Pyr Pyr 

X :: H, OH or a good l eav ing group 

P y r = P y r r o l i c r e s i d u e 

F i g . 4 . 1 5 

or i t s m e c h a n i s t i c var iant as sHown in f i g . 4 . 1 6 (140), 

CHgCOOH 

•H; 

y i g . 4 . 1 6 
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pcri inei i ta l . 

A d a t e r i a l s . 

. Liquid sc in t i l la t ion counting f lu id NE 250 was purchased 

f r o m N u c l e a r E n t e r p r i s e s , Edinburgh, Scot land. Sodium 2 -

14 f 14 
o x o g l u t a r a t e - 5 - C, &-amino l e v u l i n i c - 4 - C acid hydroch lor ide 

and T O w e r e bought f r o m the R a d i o c h e m i c a l Centre, A m e r s h a m , 

Bucks , U . K . <)-amino l o v u l i n i c - 5 - C ac id hydrochlor ide was 

obtained f r o m NEN C h e m i c a l s , Germany . Haemin , pyr idoxal 

phosphate , pa l lad ium cata lys t (10% on charcoa l ) w e r e p u r c h a s e d 

f r o m K o c h - L i g h t L a b o r a t o r i e s , Colnbrook, Bucks , U . K . P e r s p e x 

chips w e r e obtained f r o m Grif f in and George L t d . , London, U . K . 

A l l other c h e m i c a l s w e r e bought f r o m the Br i t i sh Drug H o u s e s 

L t d . , P o o l e , D o r s e t , U . K . 

Methods . 

The preparat ion of [P, 5 -''H^lALA: The tr i t ia ted ALA w a s p r e -

pared by autoc laving 100 m g ALA with 0 , 1 Curie T O contained 

7 

in 0 . 1 m l H^O ( s p e c i f i c ac t iv i ty 1 1 . 1 x 10 c p m / p g a tom of 

hydrogen) in an evacuated and s e a l e d tube f o r 15 m i n at 15 lb/ 

s q . i n . The tr i t ia ted w a t e r was r e m o v e d f r o m ALA by f r e e z e 

drying the m a t e r i a l at l e a s t three t i m e s . 

The preparat ion of deuterated ALA: 100 m g of ALA w e r e auto-

c laved with 0 . 5 m l of D^O (99 .8% D) or 0 . 2 5 m l ^ 2 ^ 0 . 2 5 m l 

DCl (20% D) for v a r i o u s t i m e in terva l s ( s e e table 4 . 2 ) as 

d e s c r i b e d above . DCl w e r e f ina l ly r e m o v e d by f r e e z e 

drying three t i m e s . 
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3 

The p r e p a r a t i o n of [3- H jZ-oxoc^lutarate (130); T h i s compound w a s 

p r e p a r e d by a i i toc laving in an evacuated and s e a l e d tube 100 m g of 
2 

2 - o x o g l u t a r a t e with 0 . 2 5 m l of t r i l i a t e d w a t e r f o r 15 m i n at 15 lb/In 

The f r e e t r i t i u m w a s r e m o v e d by f r e e z e dry ing the s a m p l e t h r e e 

t i m e s . The amount of t r i t i u m r a d i o a c t i v i t y a t tached t o ^ i . e . f r e e H) 

and i n c o r p o r a t e d into 2 - o x o g l u t a r a t e w a s e s t i m a t e d as f o l l o w s . 

1 m g ( 5 . 2 0 n m o l e ) of t r i t i a t ed 2 - o x o g l u t a r a t e d i s s o l v e d in 0 . 5 m l of 

w a t e r w a s appl ied to a D o w e x - l - C l c o l u m n (50 x 6 . 5 m m ) w h i c h w a s 

f i r s t w a s h e d with 10 m l of v/ater (which w a s re ta ined) and then with 

e x c e s s w a t e r . 2 - o x o g l u t a r a t e w a s e luted f r o m the c o l u m n by 0 . 0 5 N 

HCl (10 m l ) . M e a s u r e m e n t of the r a d i o a c t i v i t y in the w a t e r gave 

the amount of f r e e t r i t i u m at tached to 2 - o x o g l u t a r a t e , w h e r e a s that 

in the HCl r e f l e c t e d the t r i t i u m i n c o r p o r a t e d into 2 - o x o g l u t a r a t e . It 

w a s found that 2 - o x o g l u t a r a t e conta ined 8 . 3 x 10 cpm/}Jimole and 

only 0 . 2 % w a s f r e e t r i t i u m . 

The a n a l y s i s of t r i t i u m labe l in ALA: T h i s a n a l y s i s e s s e n t i a l l y 

i n v o l v e d the d e g r a d a t i o n of ALA to s u c c i n i c ac id which w a s 

c a r r i e d out as f o l l o w s . 

1 m g of t r i t i a t ed A L A and [4- C]ALA ( 1 0 , 0 0 0 cpm) w e r e 

d i s s o l v e d in 0 . 5 m l of H^O. 0 . 2 5 m l of th is so lu t ion and 1 - 2 

m g of n o n - r a d i o a c t i v e A L A w e r e reduced wi th s o d i u m borohydr ide 

(3 mg) at 0 ° f or 30 m i n . 0 . 1 m l of the reduced so lu t ion w a s 

c h r o m a t o g r a p h e d , only once , to i s o l a t e ^ - a m i n o d ihydro l evu l in i c 

ac id ( s e e p . 64 ) . 0 . 2 m l of the or ig ina l so lut ion w a s t r e a t e d 

wi th sa tura ted s o d i u m bicarbonate (10 m l ) , s o d i u m m e t a p e r i o d a t e 

(1 m l , from. 100 m g / m l solut ion) and 50 m g s u c c i n i c ac id and 

the r e a c t i o n m i x t u r e w a s s tood in c o m p l e t e d a r k n e s s f or 8 h r s . 
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At the end of th is per iod , the react ion m i x t u r e w a s f i l t e r e d . 

The f i l t ra te was ac id i f i ed with concentrated HCl to pH 1 - 1 . 5 

and then evaporated to comple te d r y n e s s . Succ in ic ac id was 

e x t r a c t e d f r o m the r e s i d u e with ace tone and pur i f i ed by sub-

l imat ion at 1 0 0 - l l 0 ° / 0 . 0 8 m m . The y i e ld w a s about 30 m g . 

3 14 . 

By compar ing the H / " C rat ios of 6 - a m i n o d ihydro-

l evu l in i c ac id and that of s u c c i n i c ac id , it w a s found that 56 .5% 

of the t r i t i u m radioact iv i ty w a s contained in the succ in i c ac id 

f r a g m e n t of A L A . 

The degradat ion of deuterated ALA to succ in i c anhydride: 100 m^ 

of deuterated A L A , in a 50 or 100 m l f l a sk , was t rea ted with a 

sa turated so lut ion of sod ium bicarbpnate (20 ml) and 2 m l 

(200 mg) of sod ium m e t a p e r i o d a t e and l e f t in the dark for 8 h r s . 

(No c a r r i e r s u c c i n i c ac id was added this t i m e ) . The crude p r o -

duct ex trac ted f r o m the react ion m i x t u r e was sub l imed at 

100-110 / 0 . 0 8 m m to give 4 0 - 4 5 m g of s u c c i n i c ac id which was 

then re f luxed for 2 h r s with f r e s h l y d i s t i l l e d ace ty l ch lor ide 

( 2 . 5 m l ) . A f t e r r e m o v a l of a c e t y l ch lor ide at low p r e s s u r e , the 

r e s i d u e w a s sub l imed during 30 m i n at 5 5 - 6 0 ° / 0 . 0 8 m m . 

Succ in ic anhydride (25 mg) thus obtained w a s r e c r y s t a l l i s e d 

f r o m anhydrous ace tone and e ther and then ana lysed for i t s m a s s 

s p e c t r u m . 
3 

The e n z y m i c s y n t h e s i s of [31^- Hl2-oxoKlutarate (131): 

The reac t ion was c a r r i e d out in a 25 m l con ica l f l a s k at 

3 0 ° . The incubation m i x t u r e s contained [3-'^H^]2-oxoglutarate 
6 

d i s o d i u m sa l t (52 jjimoles, 8 . 2 x 10 cpm/|j .mole); NADPH, 

(6 |j,moles); MgCl , (6 p,moles): t r i e t h a n o l a m i n e - H C l buffer (pH 

7 . 1 ) , (1 i n m o l e ) and p i g - h e a r t i s o c i t r a t e dehydrogenase (25 units) 
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in a total v o l u m e of 10 m l . At i n t e r v a l s 0 . 1 m l al iquots w e r e 

r e m o v e d , di luted v/ith water to about 0 . 5 m l and appl ied to a 

D o w e x - l " C l co lumn (50 x 6 . 5 m m ) . The co lumn w a s w a s h e d 

with water (10 m l ) . 0 . 1 m l of the eluant w a s counted to d e t e r -

m i n e f r e e t r i t ium in the m e d i u m . Thi s de terminat ion of f r e e 

3 

t r i t i u m was continued until 50% of the rad ioact iv i ty in [3- H ] -

2 - o x o g l u t a r a t e w a s r e l e a s e d into the m e d i u m . 
3 

[3R- H]2 -oxog lu tara te thus produced was u s e d in h a e m bio-

s y n t h e s i s (on the s a m e day or f r o z e n at - 1 8 ° and u s e d the 

fo l lowing day) without i so la t ion f r o m the reac t ion m i x t u r e . 
3 

The s y n t h e s i s of |^2R- H l s u c c i n i c ac id (132): The incubation 
3 

condit ions w e r e exac t ly the s a m e as that for [3R- H ] 2 - o x o g l u t -

arate except that the pH of the buffer w a s 7 . 6 . A f t e r 50% of 
3 

the t r i t ium rad ioac t iv i ty in [3- H^]2-oxog lutarate had been 

r e l e a s e d into the m e d i u m , the incubation m i x t u r e w a s t rea ted 

with 6 . 6 m l of 5% hydrogen perox ide ( large e x c e s s ) . A f t e r 45 

m i n at 30° or r o o m t e m p e r a t u r e , the react ion m i x t u r e was 

appl ied to a D o w e x - l - C l co lumn (130 x 6 . 5 m m ) which was 

w a s h e d with a l a r g e e x c e s s of w a t e r (to r e m o v e f r e e t r i t i u m and 

hydrogen perox ide ) and f ina l ly s u c c i n i c ac id w a s e luted with 

0 . 0 5 N HCl (about 20 m l ) . Evaporat ion of the HCl under high 

v a c u u m furn i shed dry s u c c i n i c ac id which contained 2 . 5 2 x 10^ 
3 

c p m of H / | j ,mo le . 
3 

The e n z y m i c s y n t h e s i s of [35- Hl2-oxoRlutarate: The reac t ion 

w a s c a r r i e d out at 30° in a 25 m l conica l f l a s k . The cons t i tu t -

ion of the incubation m i x t u r e w a s ident ica l to that d e s c r i b e d for 

the s y n t h e s i s of [3R-^H]2-oxog lutarate except that n o n - r a d i o a c t i v e 
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d i s o d i u m 2-oxoglutaraLe (52 plus 10 Curies of 

8 

w e r e u s e d (to g ive s p e c i f i c ac t iv i ty of 6 6 . 6 x 10 cpm/p.g 

a tom of hydrogen) . A f t e r 6 hrs the incubation m i x t u r e was 

appl ied to a D o w e x - l - C l chlor ide co lumn (130 x 6 . 5 m m ) and 

the co lumn w a s h e d with water until no s igni f icant amount of 

t r i t i u m could be de tec ted in the e luent . F ina l ly , 2 -oxog lu tara te 

w a s e luted with 0 . 0 5 N HCl (25 -30 m l ) . Solid 2 - o x o g l u t a r a t e 
3 

( s p e c i f i c ac t iv i ty , 5 . 5 cpm of H / n m o l e ) was obtained by 

f r e e z e drying the HCl so lut ion . 
3 

The s y n t h e s i s of [3S- H l s u c c i n i c acid: The reac t ion w a s c a r r i e d 

out in 100 m l round bottom qu ick- f i t f l a s k . The incubation con-
3 

dit ions w e r e the s a m e as d e s c r i b e d for [38- Pl ]2-oxoglutarate 

except that the pH of the buffer w a s 7 . 5 and the incubation m i x -

ture contained only 3 . 3 ^ m o l e s of MgCl^. A f t e r 2 h r s 6 . 6 m l 

of 5% hydrogen p e r o x i d e w e r e added to the reac t ion mix ture 

which was stood at 30° for 30 m i n and then about 20 units of 

c a t a l a s e w e r e added to d e c o m p o s e hydrogen p e r o x i d e . A f t e r 15 

m i n the contents of the f l a s k w e r e f r e e z e dr ied to r e c o v e r T O. 

The r e s i d u e w a s d i s s o l v e d in w a t e r and s u c c i n i c ac id w a s 

i s o l a t e d as d e s c r i b e d above . The s p e c i f i c ac t iv i ty of [2S- H]-

s u c c i n i c ac id was found to be 1 . 0 7 cpm of H/p .mole . 

The decarboxy la t ion of 2-oxoRlutarate by hydrogen perox ide : 
3 

1 m g of [3RS- H ]2 -oxog lutarate was d i s s o l v e d in 0 . 5 rnl of 

100 mM t r i e t h a n o l a m i n e - H C l buffer (pH be lween 7 . 1 and 7 . 6 ) 

which a l s o contained 0 . 3 or 0 . 6 mM MgCl^ (and s o m e t i m e s 
2 m g s e r u m bovine a lbumin to s i m u l a t e the incubation conditi on 



for s y n t h e s i s of and H j - s u c c i n a t e ) and then 

t r e a t e d with 5% hydrogen p e r o x i d e ( 0 . 3 0 m l ) . A f t e r 30 rnin a 

known aliquot of the so lut ion was spotted on a thin l a y e r s i l i c a 

p late which a f t er deve lop ing in bntanol, g lac ia l a c e t i c ac id , 

w a t e r and a m m o n i a 0 . 8 8 (120: 30: 50: 5 v / v ) and drying 

thoroughly w a s , s p r a y e d with 0 . 4 % so lut ion of b r o m o c r e s o l purple 

in 50% ethanol m a d e a lkal ine to pH 10 e x a c t l y . It w a s found 

that 99 .5% of the t r i t ium radioact iv i ty appl ied to the plate could 

be r e c o v e r e d in s u c c i n i c ac id (R̂ ^ 0 . 4 3 ) and l e s s than 0 .05% in 

2 - o x o g l u t a r a t e spot (R^ 0 . 2 5 ) . 

A n a e m i c chick blood: Chicks w e r e made a n a e m i c by s u b -

cutaneous in jec t ions of phenylhydraz ine (5 m g / K g body weight) on 

a l t ernate d a y s . A f t e r one week 2 0 - 2 5 m l of blood w a s withdrawn 

f r o m the wing v e i n and chicks a l lowed to r e c o v e r for a v/eek 

b e f o r e fur ther u s e . Blood was c o l l e c t e d in a beaker containing 

0 . 5 m l h e p a r i n e . 

H a e m o l y s i s of blood (140a): The blood was centr i fuged at about 

2 , 0 0 0 r e v / m i n be tween 0 - 4 ° for 15 m i n . The supernatant and 

the top l a y e r of l e u c o c y t e s was d i s c a r d e d and the red blood c e l l s 

w a s h e d twice in 0 .9% NaCl ( i so ton ic s a l i n e ) . The w a s h e d c e l l s 

w e r e t r a n s f e r r e d to a su i table f l a s k to which w a t e r (at 0°) equal 

in v o l u m e to the or ig ina l blood s a m p l e w a s added during manual 

s t i r r i n g which w a s continued for 5 m i n at 0 - 1 ° . 

The b i o s y n t h e s i s of haem: The incubat ions w e r e c a r r i e d out in 

250 m l con ica l f l a s k s at 37° for 15 h r s . The incubation m i x t u r e 

f o r h a e m b i o s y n t h e s i s f r o m rad ioac t ive ALA contained h a e m o l y s a t e 

(prepared f r o m 25 m l of blood); A L A , (12-30 p.moles); F e r r o u s 
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sulphate . fO.72 n m o l e / l m l blood); 0 . 1 5 M 

buffer (pH 7 . 4 ) in 0 . 4 8 3 M KCl, ( 5 . 5 ml); P e n i c i l l i n , ( 1 . 5 mg); 

s t r e p t o m y c i n , ( 1 . 5 mg) in a total v o l u m e of 38 m l . When h a e m 

w a s b i o s y n t h e s i s e d f r o m radio3.ctive 2 - o x o g l u t a r a t e , A l ^ was 

r e p l a c e d by g lyc ine , ( 1 3 . 4 | i m o l e / m l blood); n e u t r a l i z e d L -

m a l a t e , ( 1 . 1 2 m m o l e ) ; d i s o d i u m malonate (169 nmole ) and 

d i s o d i u m succ ina te , (305 jjimole). H o w e v e r , when rad ioac t ive 

succ ina te w a s subs tra te for h a e m b i o s y n t h e s i s the total s u c c i n -

ate concentrat ion w a s kept down to 85 [Jimoles. 

At the end of the incubation p e r i o d 230 m l of ace tone 

w e r e added to p r e c i p i t a t e al l the prote in which was f i l t e r e d and 

thoroughly w a s h e d with a c e t o n e . H a e m i n w a s ex trac ted f r o m the 

prote in prec ip i ta te as d e s c r i b e d be low. 

I so lat ion of h a e m i n (141) 

A stock so lut ion of 2% s tront ium ch lor ide hexahydrate 

in g lac ia l a c e t i c ac id w a s p r e p a r e d (this required v i g o r o u s 

s t i r r i n g for a long per iod) . An ex trac t ion so lvent c o m p o s e d of 

one part of the s tock so lut ion plus three par t s of ace tone was 

p r e p a r e d i m m e d i a t e l y be fore u s e to avoid c r y s t a l l i z a t i o n of 

s t ront ium c h l o r i d e . The prote in prec ip i ta te (which was t rea ted 

as 25 m l of blood) thoroughly wet ted with w a t e r (10 -15 m l , this 

f a c i l i t a t e s c r y s t a l l i z a t i o n of haemin) w a s added with s t i r r i n g to 

12 v o l u m e s of the ex trac t ion s o l v e n t . The m i x t u r e w a s a l lowed 

to stand for 30 m i n with o c c a s i o n a l s t i r r i n g . Heat ing to boi l ing 

point two or three t i m e s b r i e f l y during this per iod s e e m e d to 

i n c r e a s e pro te in prec ip i ta t ion . The m i x t u r e w a s then f i l t e r e d 

and the re s idue w a s h e d tw ice with one v o l u m e of the ex trac t ion 
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The combined f i l t ra te was heated in a beaker to 1U0° in 

the p r e s e n c e of antibumping granules ( t emperature w a s not a l lowed to 

e x c e e d 102°). C r y s t a l s of haemin began to appear when 60 - 70% of the 

solut ion had evaporated . The c r y s t a l l i z a t i o n was comple ted when the 

solut ion was a l lowed to cool to r o o m t e m p e r a t u r e . The haemin w a s 

centr i fuged and washed twice with 50% ace t i c ac id and water and once 

with elhanol and e ther . Further c r y s t a l l i z a t i o n did not improve the 

impuri ty of this preparat ion . 

Liquid Scint i l lat ion counting of Label led Haemin: Haemin c r y s t a l s 

(1-2 mg) we ighed in a counting v ia l w e r e allov/ed to d i s s o l v e in 2 - 3 

drops of IM hyamins hydroxide in methanol by wv/irling. NE 2 50 

(Nuclear E n t e r p r i s e s 250 , 2ml) was then added fo l lowed by the addition 

of 0. 15 - 0 . 2 m l of 30% hydrogen perox ide at 60 - 70° during continuous 

agitat ion, which w a s susta ined until the intense red co lour of haemin 

had d e c o l o r i s e d to a g r e e n i s h - p a l e hue. Then the vial w a s stood at this 

t e m p e r a t u r e for 20 - 25 min to d e c o m p o s e hydrogen perox ide . After 

this further 12 ml of NE 250 w e r e added into the v ia l fo l lowed by 1 drop 

of g lac ia l ace t i c ac id . The comple ted sample was s tored in the dark at 

0 - 4 ° for 2 - 3 h r s . and then counted in Intertechnique or Ph i l ips 

l iquid sc int i l la t ion counter (it i s n e c e s s a r y to u s e a counter which 

r e f r i g e r a t e s s a m p l e s being counted). 

The degradat ion of h a e m i n to e thylmethyl m a l e i m i d e and haemat in ic 

ac id . 

The degradat ion of h a e m i n to e thylmethyl m a l e i m i d e and 

haemat in ic ac id involved the fo l lowing s t eps . 
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of acc t i c acid was quickly added f i r s t and f l a s k s w i r l e d to m i x 

the pyr id ine solut ion and then the r e s t of the a c e t i c ac id was 

added). O x y g e n - f r e e n i trogen was p a s s e d through the s t i r r e d 

m i x t u r e and then 4 m l of f r e s h l y m a d e near sa turated solut ion 

of FeSO 7H^O in concentrated HCl was added fo l lowed by 3 m l 
4 2 

of concentra ted h y d r o c h l o r i c ac id (total w a t e r including that in 

HCl mus t not e x c e e d 5% v / v ) . While s t i r r i n g the p a s s a g e of 

o x y g e n - f r e e n i t rogen was continued for 30 m i n . A f t e r this 

per iod , n i t rogen was stopped (but not s t i rr ing) and the m i x t u r e 

di luted with e x c e s s of e ther (400 ml) which had been p r e v i o u s l y 

shaken with anhydrous s o d i u m chlor ide ( s o m e t i m e s addition of 

l a r g e e x c e s s of e ther l eads to the appearance of a white p r e c i p -

i tate which can be r e d i s s o l v e d by adding m o r e a c e t i c acid) and 

the pH of the so lut ion brought to about 4 by the gradual addition 

of 40% solut ion of anhydrous sod ium acetate (a white prec ip i ta t e 

appears and then d i s a p p e a r s when the pH has reached about 3). 

The two l a y e r e d so lut ion w a s t r a n s f e r r e d to a 2 1. s eparat ion 

funnel and the aqueous l a y e r r e m o v e d a f ter v i g o r o u s shaking. 

A f t e r c a r e f u l l y neutra l i z ing s o m e of the e x c e s s acid in the e t h e r e a l 

l a y e r with 150 m l of 5% sod ium bicarbonate (anhydrous) , the 

( s t i l l ) ac id ic so lut ion of protoporphyrin-IX w a s w a s h e d three t i m e s 

with 150 m l of water to r e m o v e FeSO , NaHCO and CH COO^Na^ 
4 3 3 

( c o m p l e t e neutra l i za t ion of the e t h e r e a l l a y e r m u s t be avoided 

b e c a u s e protoporphyr in-IX i s inso luble in neutra l e ther ) . B e f o r e 

evaporat ing to d r y n e s s in a 500 m l round bottomed qu ick- f i t f l a sk , 

under low p r e s s u r e and below 30° , a s p e c t r u m of the so lut ion 

w a s taken. 
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he reduct ion of p r o t o D O r p h v r i n - I X to ine soporphvr in - IX (143): 

The rad ioac t ive protoporphyr in-IX w a s a lways di luted to 60 m g 

with n o n - r a d i o a c t i v e protoporphyrin-IX made by ' m a c r o - s c a l e method' 

78 m g of p e r s p e x chips w e r e d i s s o l v e d in 7 . 2 m l of 98-100% 

f o r m i c acid in the f l a s k containing 60 m g of protoporphyr in-IX 

(d i s so lu t ion of p e r s p e x takes at l e a s t 45 m i n under v igourous s t i r -

ring) and a f ter addition of 45 m g of pa l lad ium ca ta ly s t (10% p a l -

lad ium on charcoa l ) the m i x t u r e w a s hydrogenated between 4 8 - 5 1 ° 

whi le s t i r r i n g , for 1 h r . Then 400 m l of e ther ( p r e v i o u s l y shaken 

with anhydrous sod ium chlor ide) w e r e added to prec ip i ta te the 

p e r s p e x and the so lut ion was f i l t e r e d . A f t e r taking the s p e c t r u m , 

the so lut ion w a s evaporated to d r y n e s s in a 50 m l f l a s k . (All the 

e ther was r e m o v e d f i r s t and then the r e s i d u e w a s t r a n s f e r r e d into 

a 50 m l f l a s k ) . The y ie ld w a s m o r e than 90%. 

(c) The oxidation of m e s o p o r p h y r i n (142): 60 m g of m e s o p o r -

porphyr in w e r e suspended in 4 . 8 m l of 20% (w/w) of sulphuric 

ac id and s t i r r e d at r o o m t e m p e r a t u r e . Over a p e r i o d of 30 m i n 

108 m g of CrO d i s s o l v e d in 0 . 5 m l of v/ater w e r e added and the 

m i x t u r e w a s s t i r r e d for another 17 h r s . A f t e r this per iod , the 

g r e e n i s h so lut ion was ex trac ted with e ther in a continuous ex trac tor 

for 2 0 - 2 4 h r s . The f i l t e r e d e ther so lut ion contained e thy lmethy l 

m a l e i m i d e and haemat in i c ac id . 

(i) The s epara t ion of e thy lmethyl m a l e i m i d e and h a e m a t i n i c 

acid: The above e ther so lut ion was reduced in v o l u m e to 4 5 - 5 0 m l 

and ex trac ted once with 2 . 4 m l of 5% sod ium bicarbonate so lut ion 

and then washed tw ice with 2 . 4 m l of H O. The combined 

s o d i u m bicarbonate ex trac t and w a s h i n g s w e r e ex trac ted f i v e t i m e s 
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with an equal v o l u m e of pure cl i loroforrn (which had been 

p r e v i o u s l y w a s h e d and shaken with anhydrous sod ium ch lor ide ) . 

The e ther and c h l o r o f o r m solut ions containing e thy lmethy l 

m a l e i m i d e w e r e combined . The bicarbonate so lut ion containing 

h a e m a t i n i c ac id w a s ac id i f i ed to about pH 2 with 2 N sulphuric 

ac id (1 ml ) i m m e d i a t e l y a f ter the l a s t c h l o r o f o r m ex trac t ion . 

The h a e m a t i n i c ac id once ac id i f i ed could be s tored at 0 - 4 . 

(ii) The i s o l a t i o n of e thy lmethy l m a l e i m i d e : 

The combined e ther and c h l o r o f o r m so lut ion was evaporated 

to d r y n e s s under a t m o s p h e r i c p r e s s u r e and pur i f i ed by subl imat ion 

at 0 . 1 - 0 . 0 5 m m p r e s s u r e , with bath t e m p e r a t u r e between 8 0 - 9 0 ° . 

The pur i f i ed m a t e r i a l w a s d i s s o l v e d in e ther and counted for 

rad ioac t iv i ty . Its concentrat ion w a s e s t i m a t e d by m e a s u r i n g the 

absorpt ion at 290 m ^ ( m o l e c u l a r ext inct ion c o e f f i c i e n t 400, (144) . 

(i i i) The i s o l a t i o n of haemat in i c acid: 

The ac id i f i ed aqueous so lut ion containing h a e m a t i n i c ac id 

w a s ex trac ted f i v e t i m e s with an equal v o l u m e of ethyl a c e t a t e . 

The ethyl a c e t a t e so lut ion was evaporated to d r y n e s s and the 

crude h a e m a t i n i c ac id pur i f i ed by sub l imat ion at 0 . 1 - 0 . 0 5 m m 

p r e s s u r e , with bath t e m p e r a t u r e between 1 4 0 - 1 5 0 ° . The p u r i -

f i e d m a t e r i a l w a s d i s s o l v e d in e ther and counted for rad ioac t iv i ty . 

Its concentrat ion w a s a s c e r t a i n e d by the method d e s c r i b e d for 

e thy lmethy l m a l e i m i d e . 
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