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SUMMARY 

Cytochrome c has been e x t r a c t e d and p u r i f i e d f r o m t h r e e 

s p e c i e s o f a l g a e , Enteromorpha i n t e s t . l n a l i s , Rhodymenia palmata 

and Porphyra u m b i l i c a l i s , and f r o m two f u n g i , mushroom ( P s a l l i o t a 

c a m p e s t r i s ) and S a p r o l e g n i a sp. The complete amino a c i d 

sequence of t h e cytochrome c f r o m Enteromorpha and p a r t i a l 

sequences o f t h e cytochromes c f r o m Rhodymenia and Porphyra 

have been d e t e r m i n e d . P r e l i m i n a r y sequence i n v e s t i g a t i o n s 

were c a r r i e d o u t on t h e cytochromes c f r o m mushroom and 

S a p r o l e g n i a . The sequence d a t a o b t a i n e d i n t h i s i n v e s t i g a t i o n 

showed t h a t t h e cytochromes c f r o m a l g a e are c l e a r l y homologous 

w i t h o t h e r e u k a r y o t i c m i t o c h o n d r i a l cytochromes c. Sequence 

comparisons were used t o examine t h e t i m e s o f d i v e r g e n c e o f 

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

r e l a t i o n s h i p s o f t h e C h l o r o p h y t a and Rhodophyta. P h y l o g e n e t i c 

t r e e s were c o n s t r u c t e d b y t h e a n c e s t r a l sequence method and 

an o v e r a l l minimum t r e e r e l a t i n g t h i r t y e i g h t s p e c i e s was 

o b t a i n e d . 

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

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

Rhodophyta r e p r e s e n t a more r e m o t e l y d i v e r g i n g group on t h e 

same l i n e o f d e s c e n t . 

Comparisons o f t h e a l g a l sequences w i t h t h e e s t a b l i s h e d 

sequences o f Euglena and C r i t h i d i a cytochromes c p l a c e d t h e 



Euglenophyta as b e i n g more c l o s e l y r e l a t e d t o t h e Protozoa 

t h a n t o t h e C h l o r o p h y t a , and t h i s i s h e l d t o s u p p o r t t h e 

d i v i s i o n o f l i v i n g organisms i n t o f i v e kingdoms o f equ a l 

taxonomic s t a t u s . 

When t h e a n c e s t r a l sequence method was a p p l i e d t o t h e 

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

became a p p a r e n t . Neurospora and Humicola were j o i n e d t o 

one bra n c h node and Candida and Debarvomyces t o a n o t h e r . 

Saccharomyces and U s t i l a g o were p l a c e d on t h e i r own r e s p e c t i v e 

branches. The minimum t o p o l o g y o b t a i n e d was n o t i n 

accordance w i t h c u r r e n t f u n g a l taxonomy. 
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INTRODUCTION 

Common t o a l l o f Man's a c t i v i t i e s i s a d e s i r e and need 

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

a t t e n t i o n has been g i v e n t o t h e ways i n w h i c h systems o f 

c l a s s i f i c a t i o n are d e v i s e d . From a p r a c t i c a l standpoint-

b i o l o g i s t s must have a u n i v e r s a l code by w h i c h t h e y r e c o g n i s e 

organisms by name. However, t h e r e i s no m a j o r measure o f 

agreement among t a x o n o m i s t s as t o whether t h e main aim o f a 

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

r e l a t i o n s h i p s o f t h e organisms ( p h y l e t i c c l a s s i f i c a t i o n ) , 

o r t o g i v e g r o u p i n g s o f organisms w h i c h g i v e t h e maximum 

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

( p h e n e t i c c l a s s i f i c a t i o n ) (see Davis and Heywood, 1963) . 

C r o n q u i s t (1968) f o r example, i s s t r o n g l y i n f a v o u r o f t h e 

f o r m e r v i e w , Sokal ( S o k a l and Sneath, 1963) t h e l a t t e r . 

Whichever v i e w i s t a k e n t h e c l a s s i f i c a t i o n o f a g i v e n o r g a n i s i 

depends on t h e amount and q u a l i t y o f i n f o r m a t i o n w i t h r e s p e c t 

t o t h a t organism, t h a t i s a v a i l a b l e t o t h e t a x o n o m i s t . 

T u r r i i l ( 1 9 3 8 ) r e g a r d e d t h e development o f taxonomy as a 

g r a d i e n t l e a d i n g f r o m 'alpha' t o 'omega', t h e 'alpha taxonomy 

b e i n g based on morphology, and t h e 'omega' u s i n g a much 

g r e a t e r d i v e r s i t y o f c h a r a c t e r s (see a l s o t h e p i o n e e r and 

e n c y c l o p a e d i c taxonomies o f D a v i s and Heywood (1963) ) . 

•iUL A l l * 
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W i t h r e g a r d t o t h e a l g a e , Dixon (1970) i n a r e c e n t 

r e v i e w , r e g a r d s t h e p r e s e n t taxonomy as b e i n g v e r y much i n 

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

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

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

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

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

r e l a t i o n s h i p s w i t h i n a group, i s a s t u d y o f an adequate 

f o s s i l r e c o r d . T h i s approach has been e x t e n s i v e l y used f o r 

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

f o r w h i c h many l i n e s o f descent and d i v e r g e n c e a r e now w e l l 

documented (see C o l b e r t , 1969)'. 

The f o s s i l r e c o r d f o r a l g a e extends back i n t o t h e Pre-

Cambrian e r a , a l t h o u g h t h e g r e a t e s t number o f r e c o r d s i s 

fr o m t h e Cretaceous t o t h e p r e s e n t t i m e ( T i l d e n , 1935? 

Round, 1965). T i l d e n (1935) suggested t h a t t h e f o s s i l a l g a e 

can be grouped i n t o f i v e ' A l g a l P e r i o d s ' w h i c h r e f l e c t e d 

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

t i m e , i . e . t h e groups a r e based on t h e e v o l u t i o n o f d i f f e r e n t 

pigment systems. However, l i t t l e e v i d e n c e i s a v a i l a b l e 

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

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

f o s s i l a l g a e a r e u n c e r t a i n . I n the absence o f a f o s s i l 

r e c o r d f o r a l g a e t h e manner i n which, t h e v a r i o u s c l a s s e s 
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e v o l v e d must be c o n j e c t u r e d on t h e b a s i s o f c o m p a r a t i v e 

s t u d i e s o f e x t a n t s p e c i e s . A t one t i m e t h e organisms 

r e f e r r e d t o as 'algae' were grouped i n one c a t e g o r y . W i t h 

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

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

g r o u p 'algae' i s e x t r e m e l y a r t i f i c i a l . The a l g a e a r e 

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

e v o l u t i o n t h a t a r e o n l y d i s t a n t l y r e l a t e d . P a r a l l e l 

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

s e v e r a l c l a s s e s o f algae, and i n s e v e r a l d i v i s i o n s v a r i a t i o n s 

seem t o have o c c u r r e d i n d e p e n d e n t l y i n c l u d i n g r h i z o p o d i a l , 

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

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

w i t h r e s p e c t t o t h e Chlorophyceae, Xanthophyceae and 

Chrysophyceae ( S m i t h , 1950; P o t t , 1959; Rhodes and S t e f a n , 

1 9 6 7 ) . Because o f t h e h i g h degree o f p a r a l l e l i s m and 

convergence i n t h e groups o f e x t a n t a l g a e , a c l a s s i f i c a t i o n 

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

and i n many groups taxonomic s t u d y i s becoming more and 

more a c o m p a r a t i v e s t u d y o f l i f e h i s t o r i e s ( B l i d i n g , 1963; 

Van den Hoek, 1 9 6 4 ) . T h i s i s an a p p l i c a t i o n o f t h e 

o n t o g e n i c approach as d e f i n e d by D a v i s and Heywood ( 1 9 6 3 ) . 

The c u r r e n t c o n s e r v a t i v e concept o f t h e groups o f 

organisms w h i c h c o n s t i t u t e t h e 'algae' r e c o g n i s e s t h e 
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r o l l owing n i n e p h y l a : - (1) C h l o r o p h y t a ; (2) Cyanophyta; 

(3) C h rysophyta; (4) Eu g l e n o p h y t a ; (5) P y r r o p h y t a ; 

(6) Rhodophyta? (7) Phaeophytar (8) C r y p t o p h y t a ; 

(9) Chloromonadophyta ( P r e s c o t t , 1 9 6 4 ) , T h i s sytem i s based 

on t h e d e l i n e a t i o n s o f Pascher (1931) who, however, p l a c e d 

t h e Cyanophyta o u t s i d e t h e g e n e r a l t e r m ' a l g a ' . The 

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

by Van Oye ( 1 9 6 1 ) . Scagel e t a l e (1965) f o l l o w t h e same 

g e n e r a l p a t t e r n as P r e s c o t t (1964) b u t p l a c e t h e C r y p t o p h y t a 

as a c l a s s 'Cryptophyceae 1 i n t h e P y r r o p h y t a and p l a c e t h e 

Chloromonadophyta as t h e c l a s s ' Chloromonadophyceae 1 i n t h e 

phylum X a n t h o p h y t a . The p o s s i b l e i n t e r r e l a t i o n s h i p s and 

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

t o Scagel et _ a l . (1965) a r e shown i n App. 2 (see a l s o 

Appendix 1 ) . A b r o a d e r approach i s t a k e n by C h r i s t e n s e n 

(1966) whereby t h e e u k a r y o t i c algeie a r e d i v i d e d i n t o two 

grou p s , t h e Aconta (Rhodophyta o n l y ) and t h e Contophora, 

w h i c h comprises a l l t h e o t h e r g r o u p s . 

T r a d i t i o n a l l y l i v i n g organisms have been d i v i d e d i n t o 

two kingdoms - P l a n t s and A n i m a l s , b u t many s i n g l e - c e l l e d 

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

scheme. T a k i n g t h i s i n t o c o n s i d e r a t i o n , Copeland (1938, 

1947, 1956) i n v o k e d a f o u r - k i n g d o m system (App. S ) „ 

However, t h e l i m i t a t i o n s o f t h i s scheme were r e a l i s e d by 
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W h i t t a k e r ( 1 9 6 9 ) , who r e v i s e d Copeland's f o u r kingdoms i n t o 

a f i v e - k i n g d o m system (Appendix 5 ) . W h i t t a k e r based h i s 

d i v i s i o n s on, (a) c e l l t y p e , and (h) mode o f n u t r i t i o n . 

For t h e a l g a e , t h i s scheme i s i n good agreement w i t h t h a t 

o f Scagel et al. (1965) (Appendix 2 ) , b u t , i n a d d i t i o n , a t t e m p t s 

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

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

i s a g e n e r a l agreement t h a t t h e b l u e - g r e e n a l g a e and t h e 

r e d a l g a e r e p r e s e n t t h e e a r l i e r e v o l v e d forms (see a l s o 

S k u j a , 1938; T i l d e n , 1935; A l l s o p , 1 9 6 9 ) . F r i t s c h ( 1 9 4 5 ) , 

Chapman (1962) and Boney (1966) a r e dubious o f t h e s t r e n g t h 

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

had been proposed as e a r l y as 1867 (Cohn, 1867), a l t h o u g h 

t h e r e i s g e n e r a l acceptance t h a t such a r e l a t i o n s h i p e x i s t s 

( T i l d e n , 1935; K y l i n , 1943; Papenfuss, 1955; Chadefaud, 

1960; C h r i s t e n s e n , 1962,.1964, 1 9 6 6 ) . 

The c o n t r o v e r s y and u n c e r t a i n t i e s t h a t e x i s t i n 

c o n s i d e r i n g t h e c l a s s i f i c a t i o n o f t h e algae have been under­

l i n e d by P r e s c o t t ( 1 9 6 4 ) , whose vi e w i s t h a t because o f t h e 

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

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

and i n t h e l i g h t o f modern taxonomic d a t a w i l l . c h a n g e . 

Steps t o w a r d s t h e 'omega' c l a s s i f i c a t i o n c o n d i t i o n f o r a l g a e 

are b e i n g t a k e n and t h e r e l e v a n t r e s e a r c h a c t i v i t i e s have 



been grouped i n t o n i n e areas by P r e s c o t t ( 1 9 6 4 ) . These 

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

w h i c h i n t h e l a s t few y e a r s more s p e c i a l i s t a d d i t i o n s can be 

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

a l g a e i n d e p e n d e n t l y o f f o s s i l e v i d e n c e , have more r e c e n t l y 

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

I f C r c n q u i s t ' s v i e w t h a t a c l a s s i f i c a t i o n scheme s h o u l d be 

p h y l e t i c i s t a k e n , t h e n t h e taxonomy o f t h e a l g a e must r e l y 

on s o p h i s t i c a t e d c o n s i d e r a t i o n s such as t h e above. These 

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

based on c r i t e r i a ^uch as pigment c o m p o s i t i o n , s t r u c t u r e o f 

t h e c e l l w a l l , t h e t y p e o f s t o r a g e p r o d u c t and t h e number and 

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

c y c l e . These c h a r a c t e r s a r e summarised i n Appendix 1 

w h i c h r e p r e s e n t s t h e scheme on w h i c h Scagel e t _ a l . (1965) 

have based t h e i r p h ylogeny (Appendix 2 ) , 

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

p h y l o g e n e t i c scheme, ca r e must be t a k e n t o s e l e c t s u i t a b l e 

i n f o r m a t i o n . T h i s i s i n o r d e r t h a t t h e taxonomy aimed a t 

does n o t have t h e same l i m i t a t i o n s as schemes based on 

m o r p h o l o g i c a l d a t a . Thus, as i n c l a s s i c a l m o r p h o l o g i c a l 

t axonomy,biochemical c h a r a c t e r s can be c o n s i d e r e d as e i t h e r 

h a v i n g weak taxonomic s i g n i f i c a n c e , o r s t r o n g taxonomic 

s i g n i f i c a n c e (see Davis and Heywood, !.963) . Z u c k e r k a n d l 
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and P a u l i n g (1965) d i s t i n g u i s h e d between t h e semantides, 

DNA, RNA and p r o t e i n s , and t h e e p i s e m a n t i d e s , i n t e r m e d i a t e 

compounds o f m e t a b o l i s m p roduced by the a c t i v i t y o f t h e f o r m e r , 

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

o f each o f f e r e d . A g r e a t d e a l o f t h e b i o c h e m i c a l i n f o r m a t i o n 

a v a i l a b l e b e l o n g s t o t h e l a t t e r g roup o f compounds and i s 

c o n s i d e r e d t o be o f weaker taxonomic s i g n i f i c a n c e t h a n 

i n f o r m a t i o n d e r i v e d f r o m t h e semantides. 

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

o r i g i n . T h a t i s t o say t h a t t h e y a r e formed by b i o c h e m i c a l 

pathways t h a t a r e c o n t r o l l e d by many enzymes. T h i s can 

a l l o w v a r y i n g degrees o f convergence o f s t r u c t u r e and 

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

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

p h y logeny. A t t e m p t s t o use e p i s e m a n t i d e s i n taxonomy are 

a l s o c o m p l i c a t e d by t h e f a c t t h a t t h e r e may be more t h a n 

one b i o c h e m i c a l pathway l e a d i n g t o t h e f o r m a t i o n o f t h e p a r t i ­

c u l a r m e t a b o l i t e , as i s t h e case w i t h c e r t a i n amino a c i d s , 

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

m e t a b o l i c pathways t o produce a common end p r o d u c t , and t h e 

common p o s s e s s i o n o f , f o r example, l y s i n e need n o t n e c e s s a r i l y 

i m p l y a p h y l e t i c r e l a t i o n s h i p between two organisms (see 

B a r t n i c k i - G a r c i a , 1970) 

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



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

m e t a b o l i s m ( N i c h o l s , 1 9 7 0 ) . T h i s scheme c o n s i d e r s t h e 

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

a l s o be s y n t h e s i z e d by a t l e a s t two b i o c h e m i c a l r o u t e s . A 

c l o s e r e l a t i o n s h i p between t h e Euglenophyta and C h l o r o p h y t a 

i s s uggested and t h e Rhodophyta a r e p l a c e d as t h e a n c e s t o r s 

o f t h e Phaeophyta, B a c i l l a r i o p h y t a and X a n t h o p h y t a (see 

Appendix 3 ) . However, i t i s s t r e s s e d t h a t t h i s scheme i s 

more a c l a s s i f i c a t i o n o f a l g a e based on t h e l i p i d c o m p o s i t i o n 

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

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

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

Cyanophyta t o t h e Rhodophyta t o t h e C h l o r o p h y t a i s s u g g e s t e d 

by F r e d e r i c k ( 1 9 6 8 ) . 

The o c c u r r e n c e o f p h y c o b i l i n pigments i n t h e Cyanophyta 

and Rhodophyta and p r o t o p l a s m i c c o n n e c t i o n s between c e l l s 

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

o f t h e s e two groups. A l s o , t h e s i m p l i c i t y o f t h e c h l o r o p l a s t 

s t r u c t u r e i n t h e Rhodophyta may be s i g n i f i c a n t i n showing 

t h e i r c l o s e r e l a t i o n s h i p s t o t h e Cyanophyta (Gibbs, 1970; 

K l e i n , 1 9 7 0 ) . However, o t h e r c y t o l o g i c a l and m o r p h o l o g i c a l 

d e t a i l s g i v e t h e two groups an e x t r e m e l y d i v e r g e n t e v o l u t i o n 

(Chapman, 1962). The presence o f p h y c o b i l i n s i s a l s o 

a p p a r e n t i n Cryptophyceae and may a l s o i n d i c a t e r e l a t i o n s h i p s 
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o f t h e P y r r o p h y t a w i t h t h e Cyanophyta and Rhodophyta.. 

However, i t appears t h a t p h y c o b i l i n pigments may have 

dev e l o p e d i n d e p e n d e n t l y i n t h e Cryptop'hyceae, s i n c e t h e 

l a t t e r , u n l i k e t h e f o r m e r two gro u p s , do n o t have p h y c o b i l i s o m e s 

( S t a n i e r , 1 9 7 4 ) . A l s o , many o f t h i s g r o u p possess f l a g e l l a 

w h i c h a r e l a c k i n g i n t h e Cyanophyta and Rhodophyta (Scagel 

_et a i l . , 1 9 6 5 ) . The Cryptophyceae c o n t a i n c h l o r o p h y l l c 

i n a d d i t i o n t o c h l o r o p h y l l a and t h e p h y c c b i l i n s . For­

t h i s reason t h e y may have e v o l v e d from a f o r m t h a t a l s o gave 

r i s e t o a n o t h e r l i n e r e p r e s e n t e d by t h e more t y p i c a l Pyrrophyi-a, 

t h e Dinophyceae ( d i n o f l a g e l l a t e s ) . T h i s l a t t e r c l a s s w h i c h 

l a c k s p h y c o b i l i n s , has an abundance o f c a r o t e n o i d pigments 

as w e l l as c h l o r o p h y l l c, w h i c h a l s o o c c u r s i n t h e Phaeophyta 

and some members o f t h e Chrysophyta, p a r t i c u l a r l y t h e 

diatoms ( B a c i l l a r i o p h y c e a e ) . A l s o , i n t h e s e two c l a s s e s t h e 

c a r o t e n o i d f u c o x a n t h i n i s abundant, & t h e s t o r a g e product-

i s l a m i n a r i n o r t h e c l o s e l y r e l a t e d c h r y s o l a m i n a r i n . These 

d i f f e r f r o m t h e s t a r c h - l i k e c a r b o h y d r a t e s o f t h e Rhodophyta, 

Cyanophyta and P y r r o p h y t a i n h a v i n g £ 1-3, 1-6 l i n k a g e s 

between t h e g l u c o s e m o l e c u l e s i n s t e a d o f t h e a 1-4, 1-6 

l i n k a g e s o f t h e l a t t e r groups ( P a r k e r , 1970) .. 

A n o t h e r s i m i l a r i t y o f t h e Phaeophyta and Chrysophyta 

i s seen i n t h e common o c c u r r e n c e o f one w h i p l a s h f l a g e l l u m 

and one t i n s e l f l a g e l l u m (Bouck, 1969) . Whether a l l o f 
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th e s e forms have evolved from a common ancestor i s h i g h l y 

debatable,- although a t l e a s t two groupings e x i s t . 

The algae t h a t l a c k masking pigments are a l s o morpho­

l o g i c a l l y d i v e r s e , although p o s s i b l y not as much as those 

c l a s s e s considered p r e v i o u s l y . C h l o r o p h y l l a i s common to 

a l l p hotosynthetic algae, and some only possess t h i s one 

ubiquitous pigment (Xanthophyta). I n a d d i t i o n , the 

Euglenophyta and Chlorophyta have c h l o r o p h y l l b, ( c f . 

C h r i s t e n s e n , 1962). These algae may have had a common 

an c e s t r y from which t h r e e d i s t i n c t l i n e s have r e s u l t e d . 

The Xanthophyceae s t o r e c h r y s o l a m i n a r i n ai*d p o s s i b l y diverged 

from the Chrysophyta-Phaeophyta l i n e f a i r l y e a r l y . The 

Euglenophyta have the same carbohydrate s p l i t t i n g enzymes 

as the Phaeophyta and the main storage product of the 

Euglenophyta i s s t a r c h - l i k e . C e r t a i n modern genera i n the 

Chlorophyceae i l l u s t r a t e f e a t u r e s to support the hy p o t h e s i s 

t h a t a l l green p l a n t s ( v a s c u l a r and non-vascular) evolved 

from some green a l g a l or green a l g a l - l i k e p r e c u r s o r . For 

t h i s reason i t has been suggested t h a t the Chlorophyta 

should be extended t o i n c l u d e a l l green p l a n t s as one 

d i v i s i o n which i s then h e l d to i n c l u d e the v a r i o u s c l a s s e s 

o f both green algae and telom p l a n t s ( F o t t , 1965). The 

Charophyceae r e p r e s e n t a div e r g i n g e v o l u t i o n a r y l i n e from 

Chlorpphycean a n c e s t r y and are co n s i d e r e d by some to 



r e p r e s e n t the an c e s t o r s of the Bryophytes (see Scagel jet 

j a l . , 1965)- although t h e i r e v o l u t i o n a r y p o s i t i o n i s u n c e r t a i n 

(see F o t t , 1965). Vflhilst i t can be c o n f i d e n t l y a s s e r t e d 

t h a t we know l i t t l e of the a f f i n i t i e s of the main a l g a l 

groups, most b o t a n i s t s regard the Chlorophyta as the group 

from which higher p l a n t s have most l i k e l y o r i g i n a t e d (see 

K l e i n and Cronquist, 1967; Whittaker, 1969; K l e i n , 1970). 

However, r e c e n t u l t r a s t r u c t u r a l c o n s i d e r a t i o n s p l a c e the 

Charophyceae on the l i n e of descent of the Bryophyt.es and 

higher p l a n t s , and suggest t h a t the Chlorophyceae are a more 

divergent group (Pickett-Heaps and Marchant, 1972). 

I t i s thus evident t h a t the biochemical data a v a i l a b l e 

from s t u d i e s of episemantides, provides as much c o n f l i c t i n g 

taxonomic information as does the data d e r i v e d from morpho­

l o g i c a l and c y t o l o g i c a l data. T h i s may be due to the f a c t 

t h a t g e n e r a l l y biochemical c h a r a c t e r s have been co n s i d e r e d 

i n i s o l a t i o n and t h a t a more d e t a i l e d numerical a n a l y s i s of 

c h a r a c t e r s i s r e q u i r e d to c l a r i f y the s i t u a t i o n . Numerical 

a n a l y s i s of a l a r g e s e t of c h a r a c t e r s has been a p p l i e d to 

members of the Chlorophyte genus Chiorococcum (McGuire, 1969), 

but d i f f i c u l t y s t i l l a r i s e s i n the d e f i n i t i o n of t y p i c a l 

operational taxonomic u n i t s ( s p e c i e s ) due to the weighting 

of c h a r a c t e r s . Such an a n a l y s i s s t i l l does not i n f e r 

p h y l e t i c r e l a t i o n s h i p s between the members of a group. 

http://Bryophyt.es
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The semantici.es provide the primary g e n e t i c l i n k between 

s u c c e s s i v e generations, and i t i s , t h e r e f o r e , w i t h i n these 

molecules t h a t the biochemical b a s i s of e v o l u t i o n i s 

documented. A d i s t i n c t i o n can be made between primary 

semantides - the DNA (and i n some c a s e s , RNA), t h a t forms the 

primary b l u e - p r i n t f o r the c e l l , the secondary semantides -

mostly messenger and t r a n s f e r RNAs, t h a t are formed according 

to the DNA master template, and the t e r t i a r y semantides -

the p r o t e i n s which are formed as a r e s u l t of base sequences 

i n the messenger RNAs. The d e t a i l e d chemical a n a l y s i s and 

c h a r a c t e r i z a t i o n of primary and secondary ser-.antides s t i l l 

remains a d i f f i c u l t t a s k , although the base sequences of a 

l i m i t e d number of r e l a t i v e l y s m a l l tRNA molecules are known 

(see Dayhoff, 1972). DNA h y b r i d i z a t i o n techniques have 

been a p p l i e d to examine r e l a t i o n s h i p s between groups of 

organisms (Kohne, 1968), but d i f f i c u l t i e s a r i s e both i n the 

technique and i n t e r p r e t a t i o n of t h i s method. Of p a r t i c u l a r 

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

t r a n s l o c a t i o n s and r e p e t i t i o n s of DNA base sequences have 

occurred and these may make the r e s u l t s obtained from 

h y b r i d i z a t i o n techniques d i f f i c u l t to i n t e r p r e t . 

The i m p l i c a t i o n of t e r t i a r y semantides, p r o t e i n s , i n 

taxonomic s t u d i e s has f a l l e n i n t o t h r e e main areas of 

r e s e a r c h . These are serology, comparative b i o c h e m i s t r y and 

http://semantici.es


a n a l y t i c a l s t r u c t u r a l studj.es. 

S e r o l o g i c a l methods are comparatively r a p i d and may be 

s y s t e m a t i c a l l y v a l u a b l e . The main advantage of the s e r o l o g i c a l 

method i s i t s a b i l i t y t o d i s t i n g u i s h a n t i g e n i c substances 

which are i n d i s t i n g u i s h a b l e by other chemical means. The 

founder of serology as a t o o l i n p l a n t taxonomy, i s h e l d to 

be Mez, who pioneered work i n t h i s f i e l d i n the 1920's (see 

Chester, 1937; Vaughan, 1968a). The a p p l i c a t i o n of modern 

s e r o l o g i c a l techniques to c e r t a i n taxonomic problems has 

proved s u c c e s s f u l (Vaughan, 1968a and b ) . However, the 

method does i n v o l v e c e r t a i n problems which, could cause 

anomalies i n r e s u l t s . Rabbits are commonly used to prepares 

antiserum and t h e i r a b i l i t y to r e a c t t o antigens t o produce 

ant i b o d i e s v a r i e s w i t h t h e i r p h y s i o l o g i c a l c o n d i t i o n . Also, 

t h e r e may e x i s t more than one a n t i g e n i c s i t e on a given 

p r o t e i n molecule, thus producing an antiserum of mixed 

a n t i b o d i e s . However, these problems are l a r g e l y t e c h n i c a l 

and the r e s u l t s of s e r o l o g i c a l i n v e s t i g a t i o n s t e s t i f y to the 

technique as y i e l d i n g much taxonomic: information. For 

the higher p l a n t s Vaughan showed t h a t s e r o l o g i c a l methods 

gave r e s u l t s i n accordance with c l a s s i c a l l y e s t a b l i s h e d 

taxonomies f o r Solanum and B r a s s i c a s p e c i e s (Vaughan, 1968a) 

and B r a s s i c a and S i n a p i s s p e c i e s (Vaughan, 1968b)«. With 

r e s p e c t t o the algae, Bennett and Bogorad (1971) have 

http://studj.es
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shown a s e r o l o g i c a l r e l a t i o n s h i p between the b i l i p r o t e i n s 

of the Rhodophyta and Cyanophyta, but t h i s i s too l i m i t e d 

t o permit the a n a l y s i s of e v o l u t i o n a r y r e l a t i o n s h i p s ( G l a z e r 

e t a l . , 1971). Otherwise, i t appears t h a t there i s v e r y 

l i t t l e evidence t h a t serology has been a p p l i e d i n a s i m i l a r 

way to other a l g a l groups. 

Comparative biochemical s t u d i e s of enzymes and 

j u n c t i o n a l p r o t e i n s provide another approach to taxonomic 

problems. I t i s advantageous i n such s t u d i e s t h a t the 

t e s t systems be those which are l i k e l y to have changed l i t t l e 

during e v o l u t i o n , and consequently have r e t a i n e d the p r o p e r t i e s 

of these systems i n a n c e s t r a l organisms. I n a d d i t i o n , i t i s 

p r e f e r a b l e t h a t the components i n v o l v e d i n such systems 

should occur w i d e l y throughout the p l a n t , animal, fungal 

and b a c t e r i a l kingdoms. A l l aerobic organisms possess an 

o x i d a t i v e e l e c t r o n t r a n s p o r t system i n v o l v i n g cytochromes. 

Cytochromes are a l s o p r e s e n t i n many anaerobic microorganisms. 

I n e i t h e r case cytochromes f u n c t i o n as fundamental components 

i n energy conversion mechanisms. Among the cytochromes, 

most a t t e n t i o n has been p a i d t o cytochrome. _c. T h i s has 

the advantage of being r e l a t i v e l y easy to p u r i f y , s i n c e i t 

i s a small molecule of molecular weight about 13,000, i s 

h i g h l y b a s i c , r e l a t i v e l y s t a b l e , and i s a coloured p r o t e i n . 

Comparative s t u d i e s using cytochrome c have i n v o l v e d two 
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tnajor approaches. The f i r s t i n v o l v e s a comparison of the 

r e l a t i v e r e a c t i v i t i e s of the p r o t e i n from d i f f e r e n t sources 

w i t h cytochrome oxidases, and the second i n v o l v e s comparisons 

of the f i n e - s t r t i c t u r e of the molecule, a l s o from d i f f e r e n t 

s p e c i e s . Yamanaka and h i s co-workers have e s t a b l i s h e d 

e v o l u t i o n a r y r e l a t i o n s h i p s of many organisms, based on the 

r e l a t i v e r e a c t i v i t y of t h e i r cytochrome c w i t h Pseudomonas 

and cow cytochrome oxidase (see Yamanaka, 1966) . The 

advantage of t h i s method i s t h a t i t i s a p p l i c a b l e t o v e r y 

small amounts of cytochrome c and, t h e r e f o r e , can be used 

i n c a s e s where other s t u d i e s i n v o l v i n g l a r g e r q u a n t i t i e s of 

p r o t e i n are p r a c t i c a l l y d i f f i c u l t or i m p o s s i b l e . There i s 

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

c with cytochrome oxidase (Yamanaka and Okunuki, 1963)* 

and t h i s s p e c i f i c i t y can be used to d e t e c t d i f f e r e n c e s between 

cytochrome c molecules. These d i f f e r e n c e s , manifest as 

d i f f e r e n t r a t e s of r e a c t i o n , form the b a s i s on which 

Yamanaka (1966) e s t a b l i s h e d h i s r e l a t i o n s h i p s . 

I n the l a s t t e n y e a r s , i t has become p o s s i b l e t o e s t a b l i s h 

the primary s t r u c t u r e of many p r o t e i n s . The " A t l a s of 

P r o t e i n Sequence and S t r u c t u r e " f o r 1966 (Dayhoff and Eck, 

1966) l i s t e d 184 complete sequences of p r o t e i n s and r e l a t e d 

macromolecules. The same p u b l i c a t i o n f o r 1972 (Dayhoff, 

1972)- l i s t s 355 sequences, to which have been added some 
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150 more i n a supplement f o r 1973 (Dayhoff, 1973). 

P r o t e i n sequence information can be u t i l i s e d i n 

s e v e r a l ways. From the p h y l o g e n i s t 1 s viewpoint, the 

e l u c i d a t i o n of the primary s t r u c t u r e of the same p r o t e i n 

from d i f f e r e n t organisms can g i v e information as to the 

h i s t o r y of the gene s p e c i f y i n g t h a t p r o t e i n . I f a 

v i r t u a l l y ubiquitous p r o t e i n such as cytochrome c i s 

considered, then a d e t a i l e d study of the primary s t r u c t u r e s 

of cytochromes c frov-i apparently d i s t a n t l y r e l a t e d e xtant 

s p e c i e s may g i v e some i n d i c a t i o n of how the s p e c i e s have 

diverged during e v o l u t i o n . When the amino a c i d sequences 

of cytochromes c from d i f f e r e n t s p e c i e s are compared t h e r e 

i s an apparent s i m i l a r i t y of s t r u c t u r e i n the same molecule 

from d i f f e r e n t sources (see Appendix 8; Dayhoff, 1972). 

I n attempting to e s t a b l i s h phylogeny i t i s the d i f f e r e n c e s 

i n the molecules t h a t are of g r e a t e r i n t e r e s t , as these 

r e p r e s e n t the degree to which the gene s p e c i f y i n g the p r o t e i n 

has changed during e v o l u t i o n . 

The sequence of cytochrome c has been e s t a b l i s h e d f o r 

many animal, higher p l a n t , b a c t e r i a l and fungal s p e c i e s 

(see f o r example- Dayhoff, 1972), and to the l i s t has 
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r e c e n t l y been added two Protozoan s p e c i e s (Pettigrew, 

1972 and 1973). Despite the number of cytochrome sequences 

now known f o r many f a m i l i e s of organisms, t h e r e are c e r t a i n 

groups t h a t have been l a r g e l y n e g l e c t e d i n terms of sequence 

data. These are p a r t i c u l a r l y the 'lower' groups of organisms 

i n c l u d i n g the molluscs and i n v e r t e b r a t e s other than i n s e c t s , 

protozoa, algae and the lower groups of p l a n t s such as 

Bryophytes and Pteridophytes. At the s t a r t of the pre s e n t 

i n v e s t i g a t i o n no cytochrome c sequence from algae had been 

reported, although the sequence of f e r r e d o x i n from the 

green a l g a Scenedesmus, had been e s t a b l i s h e d {Sugeno and 

Matsubara, 1968). The Scenedesmus sequence r e p r e s e n t e d 

the only p r o t e i n sequence then known f o r algae, t o which has 

r e c e n t l y been added the sequence of C h l o r e l l a f u s c a 

p l a s t o c y a n i n ( K e l l y and Ambler, 1973). 

I f a study of p r o t e i n sequence data can i n f a c t be 

used to determine the a n c e s t r y of the cytochrome c gene, 

then i t i s p e r t i n e n t to examine groups which are considered 

to have a longer a n c e s t r y . These are the groups which 

c l a s s i c a l taxonomists would c o n s i d e r to have diverged 

e a r l i e r i n time, and a r e l a r g e l y r e p r e s e n t e d by those groups 

f o r which p r o t e i n sequence data i s l a c k i n g . 

Dayhoff and Eck (1966) have demonstrated the use of 

computer a n a l y s i s of homologous p r o t e i n sequences as an 
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important i n d i c a t o r of taxonomic r e l a t i o n s h i p s i n the 

animal kingdom. T h i s approach was developed by B o u l t e r 

e t a l . (1972) f o r the known cytochrome _c sequences from 

hi g h e r p l a n t s and c e r t a i n of the f u n g i . The p r e s e n t work 

demonstrates the a p p l i c a t i o n of the s e methods to the algae. 

The aim of the i n v e s t i g a t i o n was to i s o l a t e and determine 

the amino a c i d sequence of cytochrome c from a l g a l sources 

i n order to provide data from a wider range of the p l a n t 

kingdom, on which to base a biochemical phylogeny. 

Although the cytochrome o sequence data f o r algae i s non­

e x i s t e n t , cytochrome _c sequences f o r several, members of the 

fungal kingdom are now known (see Dayhoff 19 72, 1973) „ 

However, w i t h i n the fungi sequence data i s l a c k i n g f o r the 

Basidiomycetes. A p r e l i m i n a r y i n v e s t i g a t i o n of the 

cytochrome c: from a member of t h i s group, and a l s o from the 

Phycomycete fungus, S a p r o l e a n i a , was a l s o undertaken. 
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MATBRIALS AND METHODS 

I . GENERAL 

1. B i o l o g i c a l M a t e r i a l s 

Enteromorpha i n t e s t i n a l i s (L.) was c o l l e c t e d from a 

freshwater stream a t Eyemouth Harbour, B e r w i c k s h i r e . 

Porphyra u m b i l i c a l i s ( J . E . Agardh) t h a l l i were c o l l e c t e d 

a t low t i d e from pure stands of the a l g a on rocks a t S t . Abbs 

Head, B e r w i c k s h i r e . 

Rhodymenia palmata (Grev.) was c o l l e c t e d f i r s t l y from S t . 

Abbs and, subsequently, from Souter Point, Co. Durham; t h a l l i 

having e p i p h y t i c Bryozoans were r e j e c t e d . 

N i t e l l a sp. was c o l l e c t e d from Lake Grasmere u s i n g a 

grapple from a boat as recommended by G. J . Thompson, Freshwater 

B i o l o g i c a l A s s o c i a t i o n , F e r r y House, Ambleside. 

Fucus s e r r a t u s and Lam i n a r i a spp. were c o l l e c t e d from 

Souter P o i n t , Co. Durham. 

Mushrooms ( P s a l l i o t a c a m p e s t r i s ) , i n the 'cup stage', were 

obtained from Messrs. Crawfords L t d . , Durham C i t y . 

S a prolegnia sp. slope c u l t u r e s were a k i n d g i f t from Dr. 

Hudson of U n i v e r s i t y of Cambridge. The fungal mycelium was 

mass c u l t u r e d i n medical f l a t s i n the dark a t 20 C. The 

mycelium was h a r v e s t e d a f t e r 70 h growth on two t h i c k n e s s e s 

of Whatman 3 MM f i l t e r paper on a Buchner funnel and sucked 

dry under m i l d vacuum. The m y c e l i a l cake was washed t h r e e 
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times w i t h d i s t i l l e d water and s t o r e d a t -20°C. 

2. Chemicals and Reagents 

With the exceptions l i s t e d below, a l l chemicals were 

obtained from B r i t i s h Drug Houses (BDH) L t d . , Poole, Dorset, 

and were of a n a l y t i c a l reagent grade when a v a i l a b l e . 

a Chymotrypsin, E.C.3.4.4.5. (three times r e c r y s t a l l i z e d ) 

T r y p s i n , E . C 3 . 4 . 4 . 4 . ( t w i c e r e c r y s t a l l i z e d , 
s a l t f r e e ) 

were obtained from the Worthington Biochemical Corp., Freehold, 

N.J., U.S.A. 

Carboxypeptidase-A, E.C.3.4.2.1. (di-isop-'opyl--

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

suspension i n water) 

was obtained from the Sigma Chemical Co., S t . L o u i s , Mo.- U.S.A. 

Sephadex G-10 

Sephadex G-25 

Sephadex G-50 

CM-Sephadex C-50 

DEAE Sephadex A-50 

Blue Dextran 2000 

were obtained from Pharmacia L t d . , Uppsala, Sweden. 

Bi o g e l P-30 

was obtained from Bio-Rad L a b o r a t o r i e s L t d . , London. 



CM-Cellulose (CM-52) 

was obtained from W. and R. B a l s t o n (Modified C e l l u l o s e ) L t d . , 

Maidstone, Kent. (Whatman). 

Amber l i t e CG-50 (100--200 mesh, type 1) 

(Rohn and Haaw Co., P h i l a d e l p h i a , U.S.A.) was obtained through 

BDH Chemicals L t d . 

E.D.T.A. (Free a c i d ) 

Horse Heart Cytochrome c (Type V I ) 

were obtained from Sigma Chemical Co. L t d . , London. 

Hydrazine sulphate 

T r i s 

were obtained from Hopkin and Wi l l i a m s L t d . , Chadwell Heath, 

E s s e x . 

Hydrazine (95%+) 

was obtained from Eastman Chemicals L t d . 

Methyl O x i t o l 

was obtained from S h e l l Chemicals U.K. L t d . 

T h i o d i g l y c o l 

was obtained from Koch-Light L a b o r a t o r i e s L t d . , Colnbrook. 

A s c o r b i c a c i d 

was obtained from Roche Products (U.K.) L t d . , Manchester S t . , 

London. 

A l l chemicals were used as sup p l i e d , except f o r phenyl-
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i s o t h i o c y a n a t e , which was vacuum d i s t i l l e d once before use. 

3. Other M a t e r i a l s 

Polyamide sheets were obtained from the Cheng Chin 

Trading Co. L t d . , T a i p e i , Taiwan. 

V i s k i n g tubing was obtained from the S c i e n t i f i c Instrument 

Centre L t d . , Leeke S t . , London, W.C.I. 

4. Prep a r a t i o n of S o l u t i o n s 

A. B u f f e r s o l u t i o n s : 

( i ) 0.05 M-Sodium phosphate, pH 8.0 f o r d i a l y s i s 

7.80 g NaH2P04.2H20 

6.00 g NaH 2P0^ anhydrous per l i t r e was 

ad j u s t e d to pH 8.0 w i t h 2 M-NaOH s o l u t i o n . 

( i i ) 300 mM-sodium phosphate, pH 7.2 f o r g r a d i e n t 

e l u t i o n 

Na oHP0,.12H o0 38.70 g 2 4 2 ^ 
NaH 2P0 42H 20 6.55 g 

Water made t o 500 ml. 

( i i i ) 10 mM-sodium phosphate, pH 7.2 f o r g r a d i e n t 

e l u t i o n . 

300 mM-sodium phosphate, pH 7.2, b u f f e r was 

d i l u t e d 3 0 - f o l d and the pH checked. 

( i v ) 0.2 M-sodium c i t r a t e , pH 3.0 

0.2 M - c i t r i c a c i d ( c i t r i c ac.id.H 20, 42.0 g / l i t r e ) 

16.4 ml 



0.2 M~Na3 c i t r a t e (Na.̂  c i t r a t e . 2H 20, 

58„8 g / l i t r e ) 3.6 ml 

B. Chromatographic l o c a t i o n r e a g e n t s ^ 

( i ) Cadium - n i n h y d r i n reagent (Heilman e t _a l . , 1957) 

S o l u t i o n A. 100 mg cadmium a c e t a t e 

10 ml water 

5 ml a c e t i c a c i d 

100 ml acetone 

S o l u t i o n A was used to prepare f r e s h 1% (w/v) n i n h y d r i n 

s o l u t i o n through which the paper was passed. A f t e r a i r - d r y i n g 

the paper was heated a t 60-80°C f o r 10 min. Coloured spots 

on a white background showed p o s i t i v e r e a c t i o n . These were 

marked and the paper heated f u r t h e r to l o c a t e more s l o w l y 

developing spots. 

( i i ) E h r l i c h reagent: 

S o l u t i o n A: 2% (w/v) p-dimethylaminobenzaldehyde 

i n 20% (v/v) HC1 i n acetone f r e s h l y prepared. 

The paper was passed through S o l u t i o n A. A p o s i t i v e 

r e a c t i o n , given by tryptophan, showed as a purple c o l o u r . 

Greater s e n s i t i v i t y was obtained when t h i s t e s t followed n i n ­

h y d r i n s t a i n i n g ( E a s l e y , 1965). The pink n i n h y d r i n spots 

turned c o l o u r l e s s and a p o s i t i v e r e a c t i o n purple colour 

appeared. 

( i i i ) P l a t i n i c Iodide reagent: 
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S o l u t i o n A: 0.002 M - p l a t i n o c h l o r i c a c i d (H 2Pt 
C1 6.6H 20 1 rag/ml i n H 2 0 ) . 

S o l u t i o n B: 1.0 M-KI f r e s h l y made. 

S o l u t i o n C: 2 M-HC1. 

The reagents were mixed j u s t before use i n . t h e f o l l o w i n g 

order and proportions: 4 ml of S o l u t i o n A, 0.25 ml of 

S o l u t i o n B, 0.4 ml of S o l u t i o n C and 76 ml of acetone. The 

paper was dipped and a i r - d r i e d . A p o s i t i v e r e a c t i o n , given 

by reducing sulphur compounds, showed as bleached a r e a s on a 

purple background. 

( i v ) Sakaguchi reagent: 

S o l u t i o n A: 0.2% 8-hydroxyquinoline i n 

absolute ethanol. 

S o l u t i o n B: 0.02 ml bromine was added to 20 ml 

5% (w/v) KOH (aqueous) j u s t before u s i n g . 

The paper was sprayed w e l l with S o l u t i o n A s e v e r a l times 

without soaking, and allowed to dry. I t was then sprayed 

w i t h S o l u t i o n B. A p o s i t i v e r e a c t i o n , given by a r g i n i n e , 

showed as a t r a n s i e n t pink c o l o u r . 

C. E l e c t r o p h o r e s i s marker s o l u t i o n : 

A 0.1 M s o l u t i o n of a r g i n y l a r g i n i n e i n 1.0 

M-NaHC03 was t r e a t e d with an equal volume of 0.2 M-

dansyl c h l o r i d e i n acetone.. A f t e r 1 h a t 37°, the 

mixture was d i l u t e d 1000-fold and e t h a n o l i c dansyl 

a r g i n i n e added to a c o n c e n t r a t i o n of 0.1 mM. 
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D. Amino a c i d a utoanalyser s o l u t i o n s : 

( i ) 0.05 M sodium c i t r a t e b u f f e r , pH 2.875 

Tri-sodium c i t r a t e . 2H ?0 220.6 g 

2.0 M-NaOH 375.0 mi 

T h i o d i g l y c o l 75.0 ml 

B r i j 35 s o l u t i o n 150.0 ml 

Water 13,600.0 ml 

Adjusted to pH 2.875 with HCl, made up to 15 l i t r e s w i th 

d e i o n i s e d water, and s t o r e d at 2°C. 

( i i ) 0.05 M sodium c i t r a t e b u f f e r , pH 2.875 
wi t h 10% (v/v) methanol 

0.05 M sodium c i t r a t e buffei' 9 p a r t s 

Methanol 1 p a r t 

( i i i ) 0.05 M sodium c i t r a t e b u f f e r , pH 3.8 
(Hamilton, 1962) 

Tri-sodium c i t r a t e 21-I2O 117.7 g 

2.0 M-NaOH 200.0 ml 

T h i o d i g l y c o l 40.0 ml 

B r i j 35 s o l u t i o n 80.0 ml 

Water 7,200.0 ml 

Adjusted t o pH 3.8 w i t h HCl, made up t o 8 l i t r e s w i t h 

d e i o n i s e d water, and s t o r e d a t 2°C. 

(i v ) 0.8 M sodium c i t r a t e / c h l o r i d e b u f f e r , 
pH 5.0 (Hamilton, 1962) 

Tri-sodium c i t r a t e . 2H 20 220.6 g 

NaCl 526.0 g 



2.0 M-NaO'H 375.0 ml 

B r i j 35 s o l u t i o n 150.0 ml 

Water 13,500.0 ml 

Adjusted to pl-l 5.0 with HCl, made up to 15 l i t r e s w i t h 

d e i c n i s e d water, and s t o r e d a t 2°C. 

(v) B r i j 35 s o l u t i o n 

B r i j 35 (melted) 40.0 ml 

Water 120.0 ml 

( v i ) 4.0 M-sodium a c e t a t e b u f f e r , pH 5.5 
(Technicon, 1963) 

Sodium a c e t a t e (anhydrous 328.1 g 

A c e t i c a c i d 120.0 ml 

Water made to 1,200.0 ml 

( v i i ) Ninhydrin (Technicon, 1968) 

Ninhydrin 80.0 g 

Methyl o x i t o l 6,000.0 ml 

A c e t i c a c i d 340.0 ml 

4 M-Sodium a c e t a t e b u f f e r , 

pH 5.5 1,200.0 ml 

Water made to 12,000.0 ml 

Prepared a t l e a s t one day before use, and s t o r e d i n a 

dark b o t t l e under n i t r o g e n . A c e t i c a c i d or NaOH used to a d j u s t 

t o pH 5.45-5.50o 

( v i i i ) Hydrazine sulphate s o l u t i o n (Technicon, 1968) 

Hydrazine sulphate 3.12 g 
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Water 12,000 ml 

Su l p h u r i c a c i d t r a c e (approx. 10 drops) 

Stored i n b o r o s i l i c a t e b o t t l e under n i t r o g e n . 

E. Polyamide sheet chromatography s o l v e n t s : 

Solvent 1A - 1.5% (v/v) formic a c i d 
(Woods and Wang, 1967) 

Solvent 2A - Benzene-acetic a c i d (9:1, v/v) 
(Woods and Wang, 1967) 

Solvent 2B - T o l u e n e - a c e t i c a c i d (9:1, v/v) 

Solvent 3A - E t h y l a c e t a t e - m e t h a n o l - a c e t i c 
a c i d (20:1:1, by vol. ) (Crowshaw 
et a l . , 1967) 

Solvent 3B - B u t y l acetate-methanol-acefcic 
a c i d (20:1:1, by v o l . ; 

Solvent 3C - B u t y l a c e t a t e - m e t h a n o l - a c e t i c 
a c i d (30:20:1, by vol.) 

Solvent 3D - Ethanol-M-ammonia (1:1, by v o l . ) 

F. Chromatography marker s o l u t i o n : 

D a n s y l - a r g i n i n e , dansyl-glutamic a c i d , 

d a n s y l - g l y c i n e , d a n s y l - i s o l e u c i n e , d a n s y l -

phenylalanine, d a n s y l - p r o l i n e and d a n s y l -

s e r i n e , a l l 0.1 mg/ml i n 95% (v/v) e t h a n o l . 

G. C u l t u r e medium f o r Saprolegnia: 

Glucose 20 g 

Yeast e x t r a c t 'Difco' 4 g 

K 2HP0 4 1 g 

NgSO^.H^O 0.5 g 

Water made up to 1 l i t r e . 
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H. E x t r a c t i o n medium fo r Saprolegnia cytochrome _c 

( i ) iSolution A •- 0.05 M-Sodium phosphate 
b u f f e r , pH 7.2 

Na 2HP0 4.12H 20 50.0 g 

NaH 2P0 4.2I-l 20 9.4 g 

Water t o 4,000 ml 

( i i ) E x t r a c t i o n medium 

S o l u t i o n A 1,000 ml 

N a d 60 g 

E t h y l a c e t a t e 100 ml 

I I . PROTEIN PURIFICATION METHODS 

1. Assay of Cytochrome c 

(a) Q u a l i t a t i v e l y 

The presence of cytochrome c i n a s o l u t i o n was 

detected a f t e r reduction by a t r a c e of a s c o r b i c a c i d , by 

observation of the a band absorption a t 550 nm with a low 

d i s p e r s i o n d i r e c t v i s i o n hand spectroscope (R. and J . Beck 

L t d . , London). 

(b) Q u a n t i t a t i v e l y 

The q u a n t i t y of cytochrome c was estimated 

s p e c t r o p h o t o m e t r i c a l l y using s i l i c a c e l l s of 1 cm l i g h t path 

on e i t h e r a H i l g e r & Watts U l t r a s c a n , or a P e r k i n Elmer Model 

402 rec o r d i n g spectrophotometer. Cytochrome c content was 

estimated from the a-absorption band by using the mammalian 
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cytochrome c e x t i n c t i o n c o e f f i c i e n t of 2 7.7 mM cm"1, assuming 

a molecular weight of 13,000 (Margoliash and F r o h w i r t , 1959). 

2. C r i t e r i a of P u r i t y of Cytochrome c 

The p u r i t y of cytochrome c preparations was estimated 

s p e c t r o p h o t o m e t r i c a l l y from the r a t i o s of the 280 nm, Soret 

(tf) and a-band absorptions of the p r o t e i n i n the o x i d i s e d and 

reduced s t a t e s . These r a t i o s were compared with those of 

cytochromes of known s t r u c t u r e and p u r i t y (see K e i l i n , 1966; 

Margoliash and S c h e j t e r , 1966) . 

3. D i a l y s i s 

Unless otherwise s t a t e d , s o l u t i o n s oL- cytochrome c 

were d i a l y s e d a g a i n s t 10-20 v o l . 0.05 M-sodium phosphate 

b u f f e r , pH 8.0 f o r 16-40 h a t 2-4°C. 

4. E x t r a c t i o n of cytochrome c from p l a n t m a t e r i a l 

(a) A l g a l t h a l l i 

Washed t h a l l i were e x t r a c t e d i n separate batches 

of 50-70 kg f r e s h weight. Each batch was blended i n approximately 

2-3 kg q u a n t i t i e s i n a Waring blender fo r 3 min wi t h 1 l i t r e 

of p r e - c h i l l e d d i s t i l l e d water (2-4°C), 20 g a s c o r b i c a c i d 

and 1 g EDTA. The pH of the t o t a l homogenate was a d j u s t e d to 

pH 8.0 w i t h 1 M - t r i s . The homogenate (60-100 1.) was then 

f i l t e r e d a t 2-4°C through Terylene bags (Type 1481, Samuel 

H i l l L t d . , Rochdale, L a n e s . ) , i n a 21" p e r f o r a t e d basket 

c e n t r i f u g e (Type 86, Thos. Broadbent and Sons L t d . , H u d d e r s f i e l d ) . 
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A l t e r n a t i v e l y , f i l t r a t i o n was achieved on 2 7 cm Buchner 

fu n n e l s , using a m i l d vacuum (400 mm Hg) through Whatman No. 

6 paper. I n each case dry f i l t e r cakes were s t i r r e d w ith 

s u f f i c i e n t d i s t i l l e d water to produce a s t i f f s l u r r y which 

was then r e - f i l t e r e d . 

(b) E x t r a c t i o n of Saprolegnia cytochrome c 

Approximately 100 g frozen weight of mycelium 

were minced i n a k i t c h e n mincer. The mycelium was then 

blended with s u f f i c i e n t e x t r a c t i o n medium to give a f i n a l 

volume of approximately 350 ml. The homogenate was then 

s t i r r e d overnight at 2-4°C wi t h a top d r i v e vnscerator (Townr.on 

and Mercer L t d . , Croydon, England). The macerate was then 

f i l t e r e d on a Buchner funnel through Whatman No. 6 f i l t e r paper 

and the cake was washed with 1 M-NaCl i n 0.05 M-phosphate 

b u f f e r pH 7.2. The f i l t r a t e was allowed to s e t t l e and the 

e t h y l a c e t a t e l a y e r removed i n a s e p a r a t i n g f u n n e l . A t r a c e 

of a s c o r b i c a c i d was added to the aqueous e x t r a c t and the 

presence of cytochrome c determined by 550 nra absorption i n 

the d i r e c t v i s i o n hand spectroscope. 

The d i l u t e cytochrome _c s o l u t i o n was then d i a l y s e d 

a g a i n s t 0.05 M-sodium phosphate b u f f e r pH 8.0, for chromato­

graphy on CM-Sephadex. 

(c) E x t r a c t i o n of Cytochrome c from Mushroom 

The procedure for preparing cytochrome from 

a l g a l sources was used (see para. 4 a ) , with the f o l l o w i n g 



m o d i f i c a t i o n s : 

The f r e s h m a t e r i a l (40 l b batches) was deep frozen a t 

-20° and blended dry i n a Hobart Blender (Type VCM 15-3, 

Hobart Manufacturing, London, England). The dry powder thus 

obtained was then blended with water, a s c o r b i c a c i d and EDTA 

and a d j u s t e d to pH 8 p r i o r to f i l t e r i n g i n the Broadbent 

c e n t r i f u g e . Subsequent steps were as i n F i g . 1. 

5. Ion Exchange Chromatography on Amberlite 
CG-50 r e s i n 

(a) Preparation of r e s i n i n the ammonium form 

R e s i n was converted to the K + form by s t i r r i n g 

i n 3-4 v o l . 2 M-KOH a t 80°C f o r 3-4 h. The r e s i n was washed 

w i t h 10-15 v o l . d i s t i l l e d water on a s i n t e r e d funnel, and then 

resuspended i n 3-4 v o l . d i s t i l l e d water and taken to pK 1 w i t h 

cone. H 2S0 4. A f t e r 1-2 h s t i r r i n g , the r e s i n was washed on 

a s i n t e r e d funnel with 10-15 v o l . d i s t i l l e d water, r e -

suspended i n 3-4 v o l . d i s t i l l e d water and a d j u s t e d to pH 10 

w i t h cone, ammonia s o l u t i o n . A f t e r 1 h s t i r r i n g a t constant 

pH, the r e s i n was washed with 10-15 v o l . d i s t i l l e d water and 

resuspended as a s l u r r y ready f o r use. 

(b) Adsorption 

( i ) Column: F i l t r a t e a t pH 8.0 was passed 

through columns (6.5 cm x 25 cm) of Amberlite CG-50, a t a 

flow r a t e of 300-400 ml/h. Approximately 15-20 1. of 

f i l t r a t e was passed through each i n d i v i d u a l column. The 



adsorption was c a r r i e d out at 2-4 C. 

( i i ) J3atchwi.se: Amberlite CG-50 r e s i n was 

added to the f i l t r a t e a t pl-l 3.0 (approx. 50 g wet r e s i n / 1 . ) 

and s t i r r e d a t 2-4°C for 15-20 h. 

(c) E l u t i o n 

T h i s was achieved by the batch method. The 

r e s i n was removed from the column and washed with d i s t i l l e d 

water by s t i r r i n g and decantation u n t i l the supernatant was 

c o l o u r l e s s . Resin used as i n b ( i i ) was s i m i l a r l y t r e a t e d , 

the f i l t r a t e having f i r s t been decanted. I t was then s t i r r e r 

w i t h approximately an equal volume of 0-. 5 M-Na<:l and 2 M-NaOH 

added to maintain the pH a t 8.0. A f t e r s t i r r i n g f o r 1 h a t 

room temperature the suspended r e s i n was poured back i n t o the 

columns and the e f f l u e n t c o l l e c t e d . The r e s i n was wachcju. 

through w i t h 0.5 M-NaCl u n t i l the washings showed no f u r t h e r 

absorption at 550 nm when reduced w i t h a t r a c e of a s c o r b i c 

a c i d ; absorption was determined w i t h a d i r e c t v i s i o n low 

d i s p e r s i o n hand spectroscope. 

6 . Chromatography on CM—Sephadex. 

Following d i a l y s i s the cytochrome c s o l u t i o n was 

passed through a column (6.5 cm x 20 cm) of CM-50 Sephadex 

e q u i l i b r a t e d with 0.05 M-sodium phosphate b u f f e r , p'H 8.0 a t 

a flow r a t e of 150-250 ml/h. The column was then washed 

wi t h 1-2 1. of 0-O5 M-sodium phosphate b u f f e r , pH 8.0, 

http://J3atchwi.se


containing 0.1 g/1. a s c o r b i c a c i d . The red cytochrome band 

was e l u t e d with 0.5 M-Nacl and c o l l e c t e d as a s i n g l e f r a c t i o n 

(200 m l ) . Following d i a l y s i s of the e l u a t e , chromatography 

was repeated using a 3 cm x 12 cm column of CM-50 Sephadex. 

The cytochrome c was e l u t e d as a s i n g l e f r a c t i o n i n approximately 

30 ml 0.5 M-NaCl. 

7. Ammonium Sulphate F r a c t i o n a t i o n 

The cytochrome c was kept reduced by a d d i t i o n s of a 

t r a c e of a s c o r b i c a c i d and the s o l u t i o n maintained at pH 8.0 

w i t h d i l u t e ammonia s o l u t i o n . S o l i d ammonium sulphate was 

added slowly to give approximately 10% (w/v) i n c r e a s e s i n 

s a t u r a t i o n . The degree of s a t u r a t i o n was determined u s i n g 

the nomogram of Dixon (1953) ; the e f f e c t of any s a l t 

o r i g i n a l l y present i n the s o l u t i o n , on the degree of s a t u r a t i o n , 

was ignored. Any p r e c i p i t a t e which was formed between a d d i t i o n s 

of ammonium sulphate was removed by c e n t r i f u g i n g a t 10,000 x 

3 f o r 10 min (M.S.E. High-Speed 18 C e n t r i f u g e ) . The p e l l e t 

was resuspended i n a minimum volume of water and examined 

f o r the presence of cytochrome c with the hand spectroscope; 

i f cytochrome c was absent, i t was d i s c a r d e d . A l l p e l l e t s 

containing cytochrome c were kept and d i s s o l v e d i n a minimum 

q u a n t i t y of d i s t i l l e d water. The s a t u r a t i o n of the s o l u t i o n 

was i n c r e a s e d u n t i l a l l the cytochrome c had been p r e c i p i t a t e d . 
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8. Gel f i l t r a t i o n 

The column was prepared by pouring a s l u r r y of e i t h e r 

B i o g e l P-30 or Sephadex G-50 i n t o the column and packing under 

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

20-50 cm. 

9. Chromatography on CM-52 C e l l u l o s e 

The column was packed by pouring a s l u r r y of r e s i n , 

e q u i l i b r a t e d i n 10 mM-sodium phosphate b u f f e r , pH 7.2, i n t o 

the column and packing by pumping through s t a r t i n g b u f f e r , 

10 mM-sodium phosphate, pH 7.2 (DCL Micro Pump, F. A. Hughes 

and Co. L t d . , Epsom) . The cytochrome _c sample s o l u t i o n , 

e i t h e r s a l t - f r e e or d i a l y s e d a g a i n s t the s t a r t i n g b u f f e r , was 

then pumped onto the column followed by 2-5 ml of 1 mM-KgFe 

(CN)g i n s t a r t i n g b u f f e r . The column was washed by pumping 

through 25-50 ml b u f f e r and then developed w i t h a l i n e a r 

g r a d i e n t from 10 mM-300 mM-sodium phosphate, pH 7.2, formed 

by using the apparatus d e s c r i b e d by Bock and L i n g (1954). 

10. D e s a l t i n g by G e l - f i l t r a t i o n 

Pure cytochrome c pre p a r a t i o n s were concentrated on 

a r o t a r y evaporator and d e s a l t e d by passage through a 1 cm x 

10 cm column of e i t h e r Sephadex G-25 or G-10. The 

cytochrome c s o l u t i o n was then l y o p h i l i z e d and s t o r e d a t -20°C. 

A summary of the e x t r a c t i o n and p u r i f i c a t i o n procedure 

used f o r the p r e p a r a t i o n of a l g a l cytochrome c i s given i n F i g . 



FIGURE 1. 

Ge n e r a l i z e d scheme f o r the pre p a r a t i o n of 
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I I I . PROTEIN SEQUENCE DETERMINATION . METHODS 

1. Denaturation of Cytochrome c 

Cytochrome c was denatured with ethanol, based on 

the method of Margoliash et a l . (1962) . Cytochrome was 

d i s s o l v e d i n water (10 mg/ml) and o x i d i s e d by the a d d i t i o n of 

1 u.1 s a t u r a t e d KgFe(CN)g s o l u t i o n . The s o l u t i o n was made to 

80% (v/v) ethanol by the a d d i t i o n of absolute ethanol, and 

l e f t a t room temperature overnight. The denatured p r o t e i n 

p r e c i p i t a t e was removed by c e n t r i f u g a t i o n , washed three times 

by suspending i t i n absolute ethanol and r e - c e n t r i f u g i n g , and 

d r i e d jLn vacuo. 

2. P r o t e o l y t i c D i g e s t i o n of Cytochrome c by 
Chymotrypsin or T r y p s i n 

Denatured cytochrome _c was resuspended i n water and 

a d j u s t e d to pH 8.0 w i t h 25 mM-NaOH on a Radio meter TTTIC 

a u t o t i t r a t o r f i t t e d w i t h a temperature compensator. 

For chymotryptic d i g e s t i o n , a chymotrypsin was d i s s o l v e d 

i n water; and for t r y p t i c d i g e s t i o n , t r y p s i n was d i s s o l v e d i n 

1 mM-HCl,immediately p r i o r to t h e i r a d d i t i o n . D i g e s t i o n was 

c a r r i e d out at 37°C, the r a t e recorded by the t i t r a t o r 

(Radiometer SBR2c), and d i g e s t i o n terminated by a d j u s t i n g to 

pH 4*5 with a c e t i c a c i d and f r e e z i n g a t -20°C. 

3• Cyanogen bromide Cleavage of Cytochrome c 

F r e e z e - d r i e d cytochrome c was taken up i n 70% (v/v) 

formic a c i d (5 mg/uil) . An approximately 5 0 - f o l d excess (w/w) 
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of c r y s t a l l i n e cyanogen bromide (Eastman Organic 

Chemicals) was added, the r e a c t i o n v e s s e l s e a l e d and the 

r e a c t i o n allowed to proceed f o r 16 h i n the dark. A f t e r 

cyanogen bromide cleavage, the r e a c t i o n mixture was d i l u t e d 

approximately 1 0 - f o l d w i t h d i s t i l l e d water, s h e l l f rozen and 

l y o p h i l i z e d to complete dryness. 

4. Peptide P u r i f i c a t i o n Methods 

(a) E l e c t r o p h o r e t i c s e p a r a t i o n 

Peptides were separated by high-voltage paper 

e l e c t r o p h o r e s i s a t pH 6.5 ( p y r i d i n e - a c e t i c acid-water, 25:1:225 

by v o l . ) on Whatman 3 MM paper (15 cm) i n a flo.t p l a t e 

apparatus (.107 cm x 15 cm, The L o c a r t e Co,, London SE3, U.K.) 

a t 90 V/cm f o r 120-150 min. Peptides r e q u i r i n g f u r t h e r 

s e p a r a t i o n were p u r i f i e d by e l e c t r o p h o r e s i s a t pH 1.9 ( a c e t i c 

a c i d - f o r m i c acid-water, 4:1:45 by v o l . ) . 

(b) L o c a t i o n of peptides on paper electrophoretograms 

Guide s t r i p s cut from papers were t r e a t e d with 

the d e t e c t i o n reagents i n the order and combinations recommended 

by E a s l e y (1965) . 

(c) E l e c t r o p h o r e t i c m o b i l i t i e s of peptides 

At pH 6.5 peptide m o b i l i t i e s were measured from 

d a n s y l - a r g i n i n e r e l a t i v e to d a n s y l - a r g i n y l a r g i n i n e , and a t 

pH 1.9 from l-dimethyiaminophthalene-5-sulphonic a c i d r e l a t i v e 

to d a n s y l - a r g i n i n e . 
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(d) E l u t i o n of peptides 

Peptides were e l u t e d with water i n t o Pyrex 

screw-cap tubes (10 inm x 50 rnrn) and f r e e z e - d r i e d . 

(e) Separation of haem peptides 

The m a j o r i t y of the haem peptide was not e l u t e d 

by water from the electrophoretograms, but was e l u t e d w i t h 

20% (v/v) p y r i d i n e from the d r i e d , water-washed paper. 

(f) Column chromatography of peptides 

( i ) Sephadex G-50 chromatography: Sephadex 

G-50 r e s i n was prepared by s t i r r i n g i n 70% (v/v) formic a c i d . 

The column was prepared by pouring a s l u r r y of r e s i n i n t o the 

column and packing under a h y d r o s t a t i c head of approximately 

30 cm. 

( i i ) Sephadex G-10 chromatography: Sephadex 

G-10 r e s i n was prepared by s t i r r i n g i n 10% (v/v) a c e t i c a c i d . 

The column was prepared by pouring a s l u r r y of r e s i n i n t o the 

column and packing under a h y d r o s t a t i c p r e s s u r e of approximately 

30 cm. 

5. Q u a n t i t a t i v e Amino A c i d Composition of P r o t e i n s 

Q u a n t i t a t i v e amino a c i d a n a l y s e s of p r o t e i n s were 

made using a Technicon automatic amino a c i d a n a l y s e r , w i t h a 

133 cm column of Chromobead type A r e s i n . The nine chamber 

Autograd 18L e l u t i o n system was used and the recorder had a 

s c a l e expander f i t t e d . P r o t e i n (0-2-1.0 mg) was hydrolysad 



a t 110°C i n evacuated tubes with constant b o i l i n g 5.7 M-HCl 

(Moore and S t e i n , 1963). 

6. S e m i - q u a n t i t a t i v e Amino A c i d Composition 
of Peptides 

An a l i q u o t of peptide, 1-10 nmol, was d r i e d _in vacuo 

i n an acid-washed Durham tube (30 x 6 mm, A. Gallen'kamp L t d . , 

London, EC2) . 50 \xl of constant b o i l i n g 5.7 M-HCl was 

added and the tube s e a l e d and heated at 105°C f o r 20 h. 

The a c i d was removed jln vacuo over NaOH and the f r e e peptide 

amino a c i d s l a b e l l e d by the dansyl method (see s e c t i o n 7c) 

but without f i n a l h y d r o l y s i s . The dansyl d e r i v a t i v e s of 

the amino a c i d were i d e n t i f i e d by chromatography on polyamide 

l a y e r s (see F i g s . 2 and 3 ) . 

7. Peptide Sequencing Methods 

(a) N-terminal method 

The dansyl-Edman procedure of Gray and H a r t l e y 

(1963a) was used. Approximately 10% of the peptide m a t e r i a l 

was used to i d e n t i f y the N-terminal amino a c i d a t each step 

of the Edman degradation. 

(b) C-terminal method 

An a l i q u o t of peptide was d i g e s t e d with carboxy-

peptidase-A and the amino a c i d s l i b e r a t e d then i d e n t i f i e d as 

t h e i r dansyl d e r i v a t i v e s . 

(c) The dansyl procedure (Gray and H a r t l e y , 1963b) 

A .1-10 nmol peptide sample was t r a n s f e r r e d to a 



FIGURE 2. 

Chromatography of dansyl-amino a c i d s on polyamide 

t h i n l a y e r s . 

Development was by Solvent 1A i n the f i r s t dimension 

and Solvent 2A i n the second dimension. 
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FIGURE 3. 

Chromatography of dansyl-amino a c i d s on polyamide 

t h i n l a y e r s . 

Development was by Solvent 1A i n the f i r s t dimension 

and Solvent 2A followed by Solvent 3B i n the second 

dimension. 
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c l e a n Durham tube and d r i e d jln vacuo over KaOH and cone. E^SO^. 

(Durham tubes were cleaned p r i o r to use by washing or by baking 

a t 550°C (Gray and Smith, 1970)). The r e s i d u e was d i s s o l v e d 

i n 10 u l of 0.1 M-NaHC03 and d r i e d again, 5 u l of water and 

5 u l of a s o l u t i o n containing 2.5 mg dansyl c h l o r i d e / m l acetone 

were pre-mixed and added, the tube s e a l e d by 'Parafilm' and 

the r e a c t i o n stopped a f t e r 1 h a t 37°C by drying jLn vacuo over 

NaOH and cone. J-^SO^. Then 50 u l of constant b o i l i n g 

5.7 M-HCl was added, the tube s e a l e d and the dansyl peptide 

hydro!ysed a t 3.05°C f o r 5-14 h and the h y d r o l y s a t e d r i e d i n 

vacuo over NaOI-l. 

(d) Chromatography of dansyl d e r i v a t i v e s 

Dansyl d e r i v a t i v e s were i d e n t i f i e d by chromatography 

on polyamide sheets (Woods and Wang, 196 7 ) . The sample was 

d i s s o l v e d f i r s t i n 5 u l 95% (v/v) ethanol, and then i n 5 u l 

M-ammonia s o l u t i o n . The sample (1 u l a l i q u o t s , Drummond 

Microcaps, Shandon S c i e n t i f i c Co. L t d . , Willesden, London) was 

spotted on both s i d e s of the sheet i n a 4:1 r a t i o and d r i e d 

under a hot a i r draught. 1 u l of chromatography marker 

s o l u t i o n was a p p l i e d to the r e v e r s e s i d e of the sheet. Frames 

of the type d e s c r i b e d by Smith (1958) were used to support up 

to f i v e sheets f o r simultaneous chromatography. 

Chromatograms were i n i t i a l l y developed i n two dimensions. 

Solvent Ih was run for 40 min and the (sheets d r i e d for 20-30 

min i n a hot a i r draught. A f t e r c o o l i n g they were run i n 
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e i t h e r s o l v e n t 2A or 2B f o r 40 min. The r e s u l t s of the 

two-dimensional s e p a r a t i o n were then recorded. Poorly r e s o l v e d 

groups of d e r i v a t i v e s were i d e n t i f i e d by chromatography i n a 

t h i r d s o l v e n t e i t h e r 3I\, 3B or 3C, i n the same d i r e c t i o n as 

the second dimension f o r 40 min. The sep a r a t i o n s achieved 

are shown i n F i g s . 2 and 3. The chromatography of samples 

and standards was used to h e l p i n the i d e n t i f i c a t i o n of c l o s e 

p a i r s of d e r i v a t i v e s . 

Chromatograms were run for 15 min i n s o l v e n t 3D to 

r e s o l v e DNS-CyS03 from the DNS-OH. 

Polyamide sheets vare reused a f t e r washing f o r 1 h i n 

acetone-M-ammonia s o l u t i o n (1:1, by v o l . ) . 

(e) The Edman degradation procedure (Edman, 
1956; Blomback e t a l . , 1966) 

The peptide (0.1-0.5 umol) was d i s s o l v e d i n 

150 u l of 5% (v/v) r e d i s t i l l e d p h e n y l i s o t h i o c y a n a t e i n 

p y r i d i n e . The tube was f l u s h e d w i t h oxygen-free nitrogen 

( U s e and Edman, 1963), s e a l e d with 'Parafilm' and heated a t 

45°C f o r 1 h. The excess reagents and v o l a t i l e r e a c t i o n by­

products were then removed by drying _in vacuo over NaOH and 

p2°5 a t 6°° c* When completely dry, 200 u l of anhydrous 

t r i f l u o r o a c e t i c a c i d was added (Elmore and Tcseland, 1956), 

the tube r e s e a l e d with 1 P a r a f i l m ' and heated a t 45°C f o r 

30 min. E x c e s s reagent was removed by drying jln vacuo over 

NaOH at-60°C, The degraded peptide was d i s s o l v e d i n 200 [xl 
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of d i s t i l l e d water and e x t r a c t e d three times w i t h 1.5 ml of 

b u t y l a c e t a t e (Gray, 1967) and f i n a l l y d r i e d _in vacuo over 

cone. H 2 S 0 4 and NaOH. 

(f) P r o t e o l y t i c d i g e s t i o n of peptides 

( i ) Chymotryptic d i g e s t i o n : Peptides were 

d i g e s t e d with 5% (w/w) a-chymotrypsin i n 0.2 M-NH^HCO^ b u f f e r , 

pH 8.4 a t 37°C. Reaction was stopped by f r e e z i n g and f r e e z e -

d r y i n g . 

( i i ) T r y p t i c d i g e s t i o n : Peptides were d i g e s t e d 

w i t h 5% (w/w) t r y p s i n i n 0.2 M-NH4HC03 b u f f e r , pH 8.4 a t 37°C. 

Reaction was stopped by f r e e z i n g and f r e e a e - d r y i n g . 

( i i i ) Carboxypeptidase-A d i g e s t i o n : Peptides 

were d i g e s t e d with 0.2-0.5 mg of carboxypeptidase-A/mol i n 

0.2 M-HH4HC03 b u f f e r , pH 8.4 a t 37°C (Potts e t a l . , 1962). 

Reaction was stopped by drying jLn vacuo. 

(g) Removal of the haem moiety from haem peptides 
f o r sequence a n a l y s i s . 

The d i r e c t performic o x i d a t i o n method of Nolan 

and Margoliash (1966) was used„ 

The haem peptide was taken up i n 200 u l of 90% (v/v) 

formic a c i d , and e i t h e r two or three 5 u l po r t i o n s of 30% 

(w/v) H 20 2 were added at 15 min i n t e r v a l s to performic 

o x i d i s e the t h i o e t h e r l i n k . The r e a c t i o n proceeded a t 

room temperature and was stopped, a f t e r a l l the red colour 

had been discharged, by f r e e z i n g and f r e e z e - d r y i n g . 
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8. Determination of Amide Residues 

Amide r e s i d u e s were determined where p o s s i b l e from 

peptide m o b i l i t i e s a t pl-l 6.5 using the method of Of f o r d (1966) . 

A graph was c o n s t r u c t e d g i v i n g peptide charge from m o b i l i t i e s 

r e l a t i v e to the dansyl markers used ( F i g . 4 ) . 

9. Determination of A c e t y l Group 

N-terminal a c e t y l groups were determined as 1-

a c e t y i - 2 - d a n s y l - h y d r a z i n e d e r i v a t i v e s (Schmer and K r i e l , 1969) . 

The sample was d r i e d i n a Durham tube. 25 u l of 0.1 M-HCl 

were added and d r i e d jLn vacuo over NaOH. 20 u l 95%+ 

hydrazine were added, the tube s e a l e d and then heated, at 

105°C f o r 16 h. The sample was d r i e d in vacuo and d i s s o l v e d 

i n 5 u l 0.2 M-sodium c i t r a t e b u f f e r , pH 3.0. 5 u l of dansyl . 

c h l o r i d e (2.5 mg /ml i n acetone) were added and the tube 

s e a l e d by 'Parafilm' and heated at 35°C fo r 16 h. A f t e r 

drying the l-acetyl-2-dansyl hydrazine d e r i v a t i v e was i d e n t i f i e d 

by chromatography on polyamide s h e e t s . 

10. Nomenclature used to Describe Sequence A n a l y s i s Data 

Peptides are numbered on the b a s i s of t h e i r occurrence 

i n the complete sequence s t a r t i n g at the N-terminus. Peptides 

p r e f i x e d by C r e f e r t o chymotryptic peptides, and those by T 

to t r y p t i c p e ptides. Cyanogen bromide fragments are p r e f i x e d 

CNBr. Peptides d e r i v e d by f u r t h e r cleavage are' given a 

s u b s c r i p t to the parent peptide. A l l r e s i d u e numbering i s 



FIGURE 4. 

The e l e c t r o p h o r e t i c m o b i l i t i e s of peptides 

r e l a t i v e to dansyl-Arg-Arg a t pH 6.5 i s p l o t t e d a g a i n s t 

t h e i r molecular weight and charge (E) a t pH 6.5. 

Peptides c o n t a i n i n g h i s t i d i n e or c y s t e i c a c i d do not 

conform to t h i s diagram. 



F I G . 4 

5-0 
4-0 

3-0 

2-0 

E=+3 CO 
O 1 0 

EM-1 
0-2 V 

200 1000 
M O L E C U L A R 

5000 
W E I G H T 



-43-

given i n the appropriate F i g u r e s . 

Arrows (—?• ) i n d i c a t e p o s i t i o n s confirmed by d a n s y l -

Edman a n a l y s i s ; arrows (—^ ) i n d i c a t e p o s i t i o n s t e n t a t i v e l y 

a s signed by dansyl-Edman a n a l y s i s ; and arrows ( ̂ — ) i n d i c a t e 

p o s i t i o n s confirmed by carboxypeptidase d i g e s t i o n followed 

by d a n s y l a t i o n . A s t e r i s k s (*) i n d i c a t e t h a t no assignment 

could be made f o r the p o s i t i o n during the dansyl-Edman 

a n a l y s i s . 

11. P r o t e i n Sequencer Method 

A Beckman 890c sequencer, using the quadrol f a s t 

p r o t e i n double cleavage program, as recommended i n the Beckman 

(1972) operation manual, was used. PTH-amino a c i d d e r i v a t i v e s 

were i d e n t i f i e d by gas chromatography on 10% SP400 AW 

Chromosorb W 100-120 mesh (Pisano et _ a l . , 1972; see a l s o 

Beckman Manual, 1972), and by t h i n - l a y e r chromatography on 

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

l o c a t e d by t h e i r f l u o r e s c e n t quenching (Jeppsson and 

S j o q u i s t , 1967). A l t e r n a t i v e l y , the h y d r i o d i c a c i d procedure 

of I n g l i s et _ a l . (1971) was used to regenerate the parent 

amino a c i d from the PTH d e r i v a t i v e which was then i d e n t i f i e d 

by conversion t o the dansyl d e r i v a t i v e and subsequent 

chromatography on polyamide s h e e t s . 

IV. CALCULATIONS BASED ON AMINO ACID SEQUENCE DATA 

1• Matrix of D i f f e r e n t C o n s t r u c t i o n 

( a ) Amino a c i d d i f f e r e n c e s 
Sequence alignments were made r e l a t i v e to the 
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two c y s t e i n y l r e s i d u e s , to which the haem group i s attached. 
D i f f e r e n c e s due to d e l e t i o n s were considered as s i n g l e 
changes. 

(b) Minimum mutation d i f f e r e n c e s 

The method of F i t c h and Margoliash (1967a) was 

used. Minimum mutation d i s t a n c e s were c a l c u l a t e d from the 

g e n e t i c code given by Dayhoff (1969) . 

2. Phylogenetic Tree Construction 

Phylogenetic t r e e s were c o n s t r u c t e d by the a n c e s t r a l 

sequence method of Dayhoff and Eck (see Dayhoff and Eck, 

1966? Dayhoff, 1969 and 1972) using a program w r i t t e n by 

A. A. Young, Computing Laboratory, U n i v e r s i t y of Durham, 

i n PL 1. Jobs were executed on the Cambridge IBM 370 

computer system. 



RESULTS 

1. The p u r i f i c a t i o n of Enteromorpha Cytochrome c 

(a) P r e l i m i n a r y I n v e s t i g a t i o n s 

The method used i n i t i a l l y f o r preparing cytochrome 

c from Enteromorpha was modified from t h a t used by Laycock 

(1968) to e x t r a c t cytochrome from mung bean seeds. Subse­

quently, the homogenate was a d j u s t e d d i r e c t l y to pH 8.0 

before f i l t r a t i o n , p r i o r to adsorption on Amberlite r e s i n . 

A f t e r batchwise e l u t i o n from the Amberlite r e s i n and 

d i a l y s i s , the crude cytochrome c was concentrated on CM-

Sephadex and e l u t e d i n 80 ml 0.5 M-NaCl. T h i s was diaiysfcd 

a g a i n s t 10 mm sodium phosphate b u f f e r pH 7.2 f o r chromato­

graphy of CM-52 c e l l u l o s e ( F i g . 5 ) . The cytochrome formed 

a dense r e d band a t the top of the r e s i n preceded by a 

l i g h t e r band and a y e l l o w i s h band. 

F r a c t i o n s which showed an E . 1 ( _ ( o x ) / E (ox) r a t i o 
410 ^oO 

gre a t e r than 3 were pooled. A l l f r a c t i o n s c o n t a i n i n g 

cytochrome c of r a t i o E (ox)/E (ox) .1.5 to 3 were a l s o 

pooled. Other f r a c t i o n s c o n t a i n i n g cytochrome _c were 

pooled and designated ' t a i l s ' . The g e l f i l t r a t i o n method 

of Flatmark (1964) using Sephadex G-50 was then used t o 

improve the p u r i t y r a t i o s ( F i g . 6 ) . However, the h i g h e s t 

[ox)/E^0(ox) r a t i o s obtained were s t i l l only 3, showing 

p u r i f i c a t i o n of the cytochrome to be incomplete. F u r t h e r 



FIGURE 5. 

Chromatography of impure Enteromorpha cytochrome _c on 

CM-52 C e l l u l o s e . 

A 2 cm x 14 cm column was used. The g r a d i e n t was 

formed using 500 ml of each b u f f e r . The flow r a t e was 25 ml/h. 

Absorption a t 410 nm ( E

4 ^ Q ) • 

Absorption a t 280 nm (E ) . 

2o0 

B u f f e r c o n c e n t r a t i o n . 

F r a c t i o n s w i t h e x t i n c t i o n v a l u e s too high to be measured 

d i r e c t l y were d i l u t e d , and v a l u e s assigned pro r a t a . 

FIGURE 6. 

Chromatography of p a r t i a l l y pure Enteromorpha cytochrome 

c on G-50 Sephadex. 

A 2 cm x 95 cm column was used. The r e s i n was e q u i l i ­

b r a t e d and the column washed w i t h 0.1 M-sodium phosphate 

b u f f e r pH 7.2. The v o i d volume (V D ) was 100 ml. Flow r a t e 

was 180 ml/h. 

(See F i g . 5 f o r n o t a t i o n u s e d ) . 
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chromatography on CM-52 c e l l u l o s e gave p u r i t y r a t i o s of 

above 5, and pooled e l u a t e s of t h i s p u r i t y were e x h a u s t i v e l y 

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

(b) Subsequent P u r i f i c a t i o n Procedure 

An a l t e r n a t i v e method using ammonium sulphate 

f r a c t i o n a t i o n was developed. A f t e r c o n c e n t r a t i o n on CM-

Sephadex to give an approximately 0.5 mg/ml cytochrome _c 

s o l u t i o n , ammonium sulphate f r a c t i o n a t i o n was used to f u r t h e r 

concentrate and p u r i f y the cytochrome. Cytochrome c was 

present i n the 65% s a t u r a t i o n p e l l e t and the bulk of the 

cytochrome was p r e c i p i t a t e d a t 75% s a t u r a t i o n . The supernatant 

remained p a l e pink up to 100% s a t u r a t i o n and from t h i s 

s o l u t i o n cytochrome c s l o w l y p r e c i p i t a t e d overnight a t 2-4° C. 

The cytochrome r e s i d u e s were d i s s o l v e d i n a minimum q u a n t i t y 

of water and d e s a l t e d and f u r t h e r p u r i f i e d on a column of 

B i o g e l P-30 (see F i g . 7) . A l l f r a c t i o n s w i t h an E ^ Q ( o x ) / 

E„ (ox) r a t i o of g r e a t e r than 2.5 were pooled and adsorbed 

onto a column of CM-52 c e l l u l o s e . Approximately 2 ml of 

1 mM-K^FetCN)^ was pumped through the column to completely 

o x i d i s e the cytochrome. F r a c t i o n s w i t h an E ^ ^ ^ ( o x ) / 

E (ox) r a t i o g r e a t e r than 5.5 were pooled, the volume 

reduced by r o t a r y evaporation, and the cytochrome d e s a l t e d 

using Sephadex G-25. During d e s a l t i n g the cytochrome 

s o l u t i o n t y p i c a l l y became cloudy and t r a c e s of the p r o t e i n 



FIGURE 7. 

Chromatography of p a r t i a l l y p u r i f i e d Enteromorpha 

cytochrome c on B i o g e l P-30. 

A 3 cm x 95 cm column was used? i t was e q u i l i b r a t e d 

and e l u t e d by water. The flow r a t e was 60 ml/h. 

(See F i g . 5 f o r the n o t a t i o n u s e d ) . 

FIGURE 8. 

Chromatography of p a r t i a l l y p u r i f i e d Enteromorpha 

cytochrome jc on CM-52 c e l l u l o s e . 

A 2 cm x 13 cm column was used. The g r a d i e n t was 

formed using 200 ml of each b u f f e r . The flow r a t e was 30 ml/h. 

(See Fig„ 5 f o r the n o t a t i o n u s e d ) . 
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were l e f t adhering to the s i n t e r . These were d i s s o l v e d 

and e l u t e d with the s a l t band. The E ? 8 Q (ox)/E,_,_ 0 (red) r a t i o 

of the c l e a r cytochrome s o l u t i o n was t y p i c a l l y 1.2. Cyto­

chrome c thus prepared was fr o z e n i n screw-cap tubes and 

l y o p h i l i z e d . A summary of the procedure developed f o r the 

e x t r a c t i o n and p u r i f i c a t i o n of Enteromorpha cytochrome c i s 

given i n F i g . 1 of Methods. T h i s method formed the b a s i s 

of the procedure adopted f o r the p r e p a r a t i o n of cytochrome 

from other a l g a l sources. 

The y i e l d s and p u r i t i e s of Enteromorpha cytochrome _c 

at the v a r i o u s steps i n the procedure are given i n Table 1. 

Impure cytochrome f r a c t i o n s were r o u t i n e l y r e c y c l e d 

through the appropriate stages to i n c r e a s e the p u r i t y . 

2. The p u r i f i c a t i o n of Rhodymenia palmata cytochrome _c 

A f t e r d i a l y s i s of the Amberlite CG50 e l u a t e the cytochrome 

was f u r t h e r concentrated by chromatography on CM-Sephadex. 

The columns were washed w i t h 3 l i t r e s of b u f f e r which caused 

the cytochrome band to move down the column. Before the 

cytochrome was e l u t e d a white f l o c c u l a r p r e c i p i t a t e t h a t 

had formed a t the top of the r e s i n was removed by s t i r r i n g 

and siphoning. Washing of the column w i t h 0.5 M-Nad-

e f f e c t e d p a r t i a l s e p a r a t i o n between the cytochrome band and 

a y e l l o w i s h impurity whichwas e l u t e d s e p a r a t e l y and absorbed 

s t r o n g l y a t 280 nm„ The cytochrome f r a c t i o n (50 ml- 1 mg/ml 



TABLE 1. 

The P u r i f i c a t i o n of Enteromorpha Cytochrome c 

Step 
Y i e l d mq 

cytochrome/150 kg 
Fr e s h weight 

s t a r t i n g m a t e r i a l 

P u r i t y r a t i o 
E 4 1 0 ( o x ) / E 2 8 0 ( o x ) 

Amberlite CG-50 

CM-50 Sephadex 

( N H 4 ) 2 S 0 4 f r a c ­
t i o n a t i o n 

B i o g e l P30 

CM-52 C e l l u l o s e 

D e s a l t i n g 
(G-25 Sephadex) 

45 mg 

Not c a l c u l a t e d 

30 mg 

22.5 mg 

20 mg 

1.0 

1.2-2.0 

Not measured 

3.0-4.0 

5.6-6.1 

5.6-6.1 

Approximately 15 kg dry weight. 



cytochrome) was f r a c t i o n a t e d with ammonium su l p h a t e . A 

copious white p r e c i p i t a t e formed a t 50% s a t u r a t i o n and t r a c e s 

of cytochrome were p r e c i p i t a t e d a t 55% s a t u r a t i o n . The bulk 

of the cytochrome p r e c i p i t a t e d a t 70% s a t u r a t i o n and a 

c l e a r cytochrome-free supernatant was obtained a t 100% 

s a t u r a t i o n . The 70% and 100% r e s i d u e s were pooled i n a 

minimum volume of water and chromatographed on Bio g e l P-30 

( F i g . 9 ) . F r a c t i o n s of r a t i o E... (ox)/E (ox) of g r e a t e r 

than 4.0 were pooled and concentrated on a r o t a r y evaporator 

f o r CM-52 c e l l u l o s e chromatography ( F i g . 1 0 ) . Column 

f r a c t i o n s w i t h E ..„(ox)/E 0 [. r (ox) r a t i o s of g r e a t e r than 4.5 

were pooled and concentrated by l y o p h i l i z a t i o n . . The r e s i d u e 

was r e d i s s o l v e d i n a minimum q u a n t i t y of water and d e s a l t e d 

on G-25 Sephadex. The cytochrome thus prepared had an 

E (ox)/E (red) r a t i o of 1.0 and was f r e e z e - d r i e d i n 280 550 
screw-cap tubes. 

The y i e l d s and p u r i t i e s of Rhodymenia cytochrome c a t 

the v a r i o u s stages are given i n Table 2. The t a b l e a l s o 

shows the seasonal v a r i a t i o n i n the y i e l d of the p r o t e i n . 

3. P u r i f i c a t i o n of Porphyra u m b i l i c a l i s cytochrome c 

On e l u t i o n of the crude cytochrome e x t r a c t from CM-

Sephadex by 0.5 M-NaCl the r e d cytochrome band was preceded 

by a b r i g h t yellow impurity which was e l u t e d from the column 

as a separate f r a c t i o n t o the cytochrome. T h i s f r a c t i o n 

adsorbed s t r o n g l y a t 280 nm. The cytochrome f r a c t i o n 



FIGURE 9. 

Chromatography of p a r t i a l l y p u r i f i e d Rhodymenia 

cytochrome c on B i o g e l P-30 r e s i n . 

A column 2 cm x 93 cm was used; i t was e q u i l i b r a t e d 

and e l u t e d w i t h water. Flow r a t e was 60 ml/h and the 

v o i d volume (V Q) of the r e s i n was 90 ml. 

(See F i g . 5 f o r the n o t a t i o n u s e d ) . 

FIGURE 10. 

Chromatography of p a r t i a l l y p u r i f i e d Rhodymenia 

cytochrome c on CM-52 c e l l u l o s e . 

A column 2 cm x 12 cm was used; the g r a d i e n t was 

formed using 200 ml of each b u f f e r . The flow r a t e was 

45 ml/h. 

(See F i g s 5 f o r the notation u s e d ) . 
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'TABLE 2. 

The P u r i f i c a t i o n of Rhodymenia Cytochrome c 

;tep 
Y i e l d 

mg/10 kg f r e s h 
weight algae* 

P u r i t y 
E 4 1 0 ( o x ) / E 2 8 o ( o x ) 

( H H 4 ) 2 S 0 4 f r a c ­
t i o n a t i o n 

A B 

Amberlite CG50 .16.5 1.2-1.5 

CM-Ssp'hadex 15 1.6-1.8 

B i o g e l P-30 4.0 12.6 3.4-3.6 

CM-52 C e l l u l o s e 10 4.5-5.0 

D e s a l t i n g 
(G-25 Sephadex) 2.4 8 5.0 

A - T h a l l i c o l l e c t e d i n May. 

B - T h a l l i c o l l e c t e d i n September. 

Approximately 1.4 kg dry weight. 
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(approx. 1 mg/ml cytochrome i n 0.5 M-NaCl) was f r a c t i o n a t e d 

w i t h ammonium sulphate. Copious white p r e c i p i t a t e s were 

obtained a t s a t u r a t i o n s of up to 55%. The bulk of the 

cytochrome was p r e c i p i t a t e d a t 70% s a t u r a t i o n . Cytochrome c 

remaining i n s o l u t i o n was p r e c i p i t a t e d by adding ammonium 

sulphate to 100% s a t u r a t i o n and l e a v i n g overnight a t 2-4° C. 

Cytochrome r e s i d u e s were r e d i s s o l v e d i n a minimum q u a n t i t y 

of water and chromatographed on B i o g e l P-30 ( F i g . 11). 

F r a c t i o n s w i t h E28o^ O X^ E410^° X^ r a t :'- 0 3 o f g r e a t e r than 1 

were pooled and the t o t a l volume reduced by l y o p h i l i z a t i o n . 

The impure cytochrome was r e d i s s o l v e d i n a minimum volume of 

10 mM-sodium phosphate b u f f e r pH 7.2 and adsorbed on to a 

CM-52 c e l l u l o s e column ( F i g . 12). F r a c t i o n s w i t h an 

E410^° X^ E280^° X^ r a t^-° °f g r e a t e r than 4.6 were pooled, 

f r o z e n and l y o p h i l i z e d . The r e s i d u e was taken up i n a 

minimum volume of water and d e s a l t e d on G-25 Sephadex. The 

E r t.„(red)/E_ Q_ (ox) r a t i o was 0.93. Cytochrome c of t h i s 5SO ZoO 

p u r i t y was f r e e z e - d r i e d i n screw-cap tubes. 

The y i e l d s and p u r i t i e s a t the v a r i o u s stages i n 

p r e p a r a t i o n a r e given i n Table 3. 

4. E x t r a c t i o n of Cytochrome c from N i t e l l a sp. 

Approximately 60 kg f r e s h weight of washed N i t e l l a were 

blended and f i l t e r e d i n the u s u a l way and the e x t r a c t passed 

through Amberlite CG-50 r e s i n s E l u t i o n of the r e s i n with 



FIGURE 11. 

Chromatography of p a r t i a l l y p u r i f i e d Porphyra 

cytochrome c on B i o g e l P-30. 

A 2 cm x 92 cm column was used; i t was e q u i l i b r a t e d 

and e l u t e d w i t h water. The flow r a t e was 70 ml/h. 

(See F i g . 5 f o r the n o t a t i o n u s e d ) . 

FIGURE 12. 

Chromatography of p a r t i a l l y p u r i f i e d Porphyra 

cytochrome _c on CM-52 c e l l u l o s e . 

A column 2 cm x 12 cm was used. The g r a d i e n t was 

formed using 500 ml of each b u f f e r . The flow r a t e was 

25 ml A-
(See F i g . 5 f o r the n o t a t i o n u s e d ) . 
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TABLE 3. 

The P u r i f i c a t i o n of Porphyra Cytochrome ci 

Step 

Amberlite CG-50 

CM-Sephadex 

( N H 4 ) 2 S 0 4 f r a c ­
t i o n a t i o n 

B i o g e l P-30 

CM-52 C e l l u l o s e 

D e s a l t i n g 
(G-25 Sephadex) 

* 
Approximately 1.5 kg dry weight. 

T o t a l cytochrome e x t r a c t e d from 150 kg f r e s h 
m a t e r i a l was 18 mg. 

Y i e l d 
mg/10 kg f r e s h „ , . , . 

• -u,. -i * E / 1 n O X / E o o n ox 
wexght algae 410 N " zau^ 

P u r i t y 

4.5 0.1 

4.0 0.2-0.75 

2.6-3.3 1.0-2.5 

1.06 4.7 

1.0 4.7 



-SO-

0 o5 M-NaCl gave an e l u a t e which showed no d e t e c t a b l e 550 nm 

absorption i n the d i r e c t v i s i o n spectroscope. F u r t h e r 

c o n c e n t r a t i o n of the s o l u t i o n on CM-Sephadex a l s o gave no 

d e t e c t a b l e cytochrome i n the 0.5 M-NaCl e l u a t e u s i n g the 

d i r e c t v i s i o n spectroscope. 

5. E x t r a c t i o n of Cytochrome c from Brown Algae 

P i l o t e x t r a c t i o n procedures were c a r r i e d out on Fucus 

s e r r a t u s and Laminaria hyperborea t h a l l i . I n each case 

much i n t e r f e r e n c e w i t h slime was encountered and the Amberlite 

e l u a t e s gave no d e t e c t a b l e 550 nm absorption. The Amberlite 

e l u a t e of the Fucus p r e p a r a t i o n was d i a l y s e d and passed 

through a CM-Sephadex column. No 550 nm absorption was 

detected with the d i r e c t v i s i o n spectroscope at the top of 

the r e s i n where t y p i c a l l y the red cytochrome band was 

concentrated. 

6. E x t r a c t i o n and P u r i f i c a t i o n of S a p r o l e - n i a 
Cytochrome c 

P i l o t e x t r a c t i o n s were c a r r i e d out at pH 6.0, pH 7.2 

and pH 8.5, with and without the a d d i t i o n of 10% e t h y l 

a c e t a t e , on f r e s h , f r o z e n and acetone powdered fungal 

mycelium. The y i e l d s obtained from the v a r i o u s e x t r a c t i o n s 

are shown i n Table 4. I n each case the cytochrome p r e p a r a t i o n 

contained an impurity which absorbed s t r o n g l y at 264 nm. 



TABLE 4. 
•it 

Y i e l d s of Saprolegnia Cytochrome c 

PH B u f f e r 
Concen­
t r a t i o n 
of NaCl 

Y i e l d 
per lOOg f r e s h wt. 
+10% E t h y l - E t h y l 
A c e t a t e Acetate 

E 4 1 0 ( o x ) / 
E 2 8 0 ( o x ) 

6.0 0.05 M-
sodium 
phosphate 

1M 0.5 mg t r a c e 

7.2 0.05 M 
T r i s - H C l 

1M 1.2 mg t r a c e 1.0 

7.2 0.05 M 
sodium 
phosphate 

1M 2.5 mg 0.5 mg 1.5 

8.6 0.05 M 1M 0.3 mg t r a c e 
T r i s - H C l 

Minced f r o z e n mycelium. 



FIGURE 13. 

Chromatography of p a r t i a l l y p u r i f i e d Srtprolegnia 

cytochrome c on B i o g e l P-30. 

A 2 cm x 94 cm column was used; i t was eq u i l i b r a f o 

and e l u t e d w i t h water. The flow r a t e was 65 ml/h. 

(See F i g . 5 f o r n o t a t i o n u s e d ) . 
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7. P u r i f i c a t i o n of Mushroom cytochrome c 

The e l u a t e s of the CM-Sephadex columns obtained from 

160 l b . of f r e s h s t a r t i n g m a t e r i a l were pooled and concen­

t r a t e d to give 50 ml of a 0.75 mg/mi cytochrome s o l u t i o n . 

On ammonium sulphate f r a c t i o n a t i o n a r e d d i s h brown p r e c i p i t a t e 

was obtained a t 50% s a t u r a t i o n . T r a c e s of cytochrome were 

detected i n the 55% s a t u r a t i o n r e s i d u e and the bulk of the 

cytochrome was p r e c i p i t a t e d at 65% s a t u r a t i o n . The cytochrome 

remaining i n s o l u t i o n was p r e c i p i t a t e d by t a k i n g to 100% 

s a t u r a t i o n and l e a v i n g overnight a t 2-4° C. Cytochrome 

r e s i d u e s were taken up i n a minimum volume of d i s t i l l e d 

water (5 m l ) . F u r t h e r p u r i f i c a t i o n was achieved by 

chromatography on B i o g e l P-30 ( F i g . 1 4 ) . Three cytochrome 

peaks were obtained. Peak 1 was f u r t h e r p u r i f i e d on CM-52 

c e l l u l o s e ( F i g . 1 5 ) . F r a c t i o n s w i t h E 4 l Q ( o x ) / E 2 8 Q ( o x ) 

r a t i o s of g r e a t e r than 3.5 were pooled and the cytochrome 

thus obtained s u b j e c t e d to cyanogen bromide--, cleavage. 

8. The Amino A c i d Sequence of Enteromorpha 
Cytochrome c 

The amino a c i d composition of Enteromorpha cytochrome c 

i s given i n Table 5. The v a l u e s obtained were i n reasonable 

agreement with those c a l c u l a t e d from the complete sequence 

given i n F i g . 16, although the v a l u e s f o r a s p a r t i c a c i d 

and a l a n i n e were both low, w h i l e the v a l u e f o r glutamic 



FIGURE 14. 

Chromatography of p a r t i a l l y p u r i f i e d Mushroom 

cytochrome c on B i o g e l P-30. 

A 2 cm x 95 cm column was used; i t was e q u i l i b r a t e d 

and e l u t e d with water. The flow r a t e was 65 ml/h. 

V Q f o r the column was 95 ml. 

(See F i g . 5 f o r no t a t i o n u s e d ) . 

FIGURE 15. 

Chromatography of peak 1 of Mushroom cytochrome _c from 

the B i o g e l P-30 column on CM-52 c e l l u l o s e . A 2 cm x 11 cm 

column was used. The g r a d i e n t was formed u s i n g 200 ml of 

each b u f f e r . The flow r a t e was 25 ml/h. 

(See F i g . 5 f o r no t a t i o n u s e d ) . 
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•TABLE 5. 

Amino A c i d A n a l y s i s of Enteromorpha Cytochrome c 

„ . , . , Ammo Ac i d A n a l y s i s Sequence Amino A c i d . ^ •, „ , * 
( I n t e g r a l Values) Value 

Asp 11 14 
Thr 8 8 
Ser 4 4 
Glu 5 4 
Pro 6 7 
Gly 12 11 
A l a 14 18 
V a l 2 2 
Cy s t e i n e 2 2 
Met 1 1 
l i e 3 3 
Leu 7 7 
Tyr 4 4 
Phe 6 6 
Me-jLys 1 1 
Lys 11 12 
His 2 2 
Arg 2 2 
Trp * 1 

The amino a c i d a n a l y s i s was based on one 20 h 
h y d r o l y s i s . The i n t e g r a l v a l u e s were c a l c u l a t e d 
u s i n g the v a l u e f o r l e u c i n e as a standard. 

* 
Tryptophan was not determined; the be s t s p e c t r a l 

r a t i o s obtained during the p r e p a r a t i o n i n d i c a t e 
one r e s i d u e i s p r e s e n t . 
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a c i d i s h i g h . 

The p r o t e i n was r e a d i l y denatured by e t h a n o l . For 

chymotryptic d i g e s t approximately 6 mg of denatured cytochrome 

was e q u i l i b r a t e d a t 40° C; 2% (w/w) enzyme was added a t zero 

time, an a d d i t i o n a l 1% (w/w) a f t e r 60 min. and the d i g e s t i o n 

terminated a f t e r 120 min. For t r y p t i c d i g e s t i o n 5.0 mg 

denatured cytochrome was equiLibrated a t 37° C. 2% (w/w) 

enzyme was added a t zero time, an a d d i t i o n a l 1% a f t e r 90 min., 

and the d i g e s t i o n terminated a f t e r 150 mins. 

The r e s u l t of the sequence a n a l y s i s on chymotryptic 

peptides are shown i n Table 6, and those of t r y p t i c peptides 

i n Table 7. 

Peptide C l (Acetyl-Ser-Thr-Phe) 

T h i s peptide was ninhydrin negative and was detected by 

the s t a r c h iodide method between peptides 11(a) and 1 1 ( b ) . 

I t was p u r i f i e d as the only n e u t r a l peptide a t pH 1.9, 

suggesting t h a t the N-terminal amino group was blocked. T o t a l 

h y d r o l y s i s and subsequent d a n s y l a t i o n gave the composition 

(Ser, Thr, Phe). Carboxypeptidase-A d i g e s t i o n r e l e a s e d 

phenylalanine a f t e r 2 h and phenylalanine and threonine a f t e r 

overnight d i g e s t i o n . 

Peptide C2 (Ala-Asp-Ala-Pro-Pro-Gly-Asp-Pro-Ala(Lys,Gly, 
A l a , L y s , I l e , P h e ) 

T h i s peptide was recovered only i n s m a l l y i e l d , probably 

due to incomplete cleavage at p h e n y l a l a n i n e - 3 . The 



TABLE 6. 

Chymotryptic peptides of Enteromorpha Cytochrome c 

Peptide M o b i l i t y a t 
pH 6.5 pH 1.9 

CI -1.50 0 

C2 0 -
C3 0 -
C4 0.80 0.75 
C5 0 0.60 
C6 1.5 . -

C7 0 0.65 

C8 0 0.7 

C9 0 0.45 

CIO -1.2 0.28 
C l l a -1.65 0.46 

CI l b -1.4 0.43 

C l l c 1.68 

CI 2 1.1 0.61 
CI 3 0 0.70 
CI 4 0 0.68 

CI 5 0.7 1.00 

C16 0 0.58 
C17a 0 0.82 
CI 7b 0 0.45 

Dansyl-Edman R e s u l t s 

Does not r e a c t . 
Ala-Asx-Ala-Pro-Pro-Gly-Asx-Pr o-

A l a (see t e x t ) 
Haem peptide (see t e x t ) 
Lys-Glx-Gly-Pro-Asx-Leu-Asx 
Gly-Ala-Phe 

•y r f 

Gly-Arg-Thr-S e r - G.ly-Thr-Ala-Ala-
Gly-Phe 

Ser-Tyr 

Ser-Ala-Ala-Asx-Lys-Asn 

Lys-Thr-Ala-7Asx-Trp 

A sx-Glx- A sx- Th x'-L eu-Ty r 
Asp-Tyr 

Asp-Tyr-Leu 

Leu-Asx-Pro-Me -^Lys-Lys-Tvr 
Ile-Pro-Gly-Thr-Lys-Met 
Val-Phe 
Ala-Gly-Leu 

Lys-Lys-Pro-Glx-Asx-Arc^-Ala-Asip-
Leu 

I l e - A l a - P h e 
Leu-Lys-Asp-Ala-Thr-Ala 

r 1 * r -V > I * — — V 

Ile-Ala-Phe-Leu-Lys-Asp-Ala-Thr-
Ala 



TABLE 7. 

T r y p t i c peptides of Enteromorpha Cytochrome c 

Peptide 

T l 

T1C1 

T1C2 

T2 

T3 

T4 

T5 

T6 

T7 

T8 

T9 

T.10 

T i l 

T12 

T13 

M o b i l i t y a t 
pH 6.5 pH 1.9 

-1.30 

Dansyl-Edman R e s u l t s 

2.2 

1.57 

2.50 

0 

0.22 

0 

0 

1.01 

0.70 

0.70 

0 

-1.7 

0.40 

1.03 

0.15 

0.75 

0.68 

1.15 

0.55 

Does not r e a c t , 
chymotrypsin. 

See t e x t . 

Digested with 

Ala-Asx-A1a-Pro-Pro-Gly-Asx-Pro-
Ala-Lys 

Gly-Ala-Lys 

I l e - P h e - L y s 

Ala-Lys 

CySO-a-Ala-Glx-CySOo-His-Thr-Val-
Asx-Al a-Gl y- A l a - Gl y - H i s - L y s 

See t e x t . 

See t e x t . 

See t e x t . 

T y r - I l e - P r o - G l y - T h r - L y s 

Met-Val-Phe-Ala-Gly-Leu-Lys 

Lys-Pro-Glx-Asx-Arg 

Ala-Asx-Leu-Ile-Ala-Phe-Leu-Lys 

Asx-Ala-Thr-Ala 



p o s i t i o n s i n b r a c k e t s were p l a c e d on the r e s u l t s of t o t a l 

h y d r o l y s i s , but were confirmed by t h e i r t r y p t i c c o u n t e r p a r t s . 

Peptide C3 {Lys-Ala-Lys-CyS0 3-Ala-Glx-CyS0 3-His-Thr-Val-
Asx(Ala,Gly,A.la)Gly-His) 

T h i s was obtained by e l u t i o n from the elec'trophoretogram 

by 20% (v/v) p y r i d i n e . The haem p r o s t h e t i c group was 

removed by performic o x i d a t i o n . T o t a l h y d r o l y s i s f o r semi­

q u a n t i t a t i v e composition a n a l y s i s and N-terminal determination 

were c a r r i e d out before dehaeming. Carboxypeptidase-A 

y i e l d e d h i s t i d i n e on s h o r t d i g e s t i o n and h i s t i d i n e w ith 

g l y c i n e on longer digest i o n . The g l y c i n e and a l a n i n e detected 

by t o t a l h y d r o l y s i s were pl a c e d by homology i n the b r a c k e t s 

as shown. D i g e s t i o n of chymotryptic haem peptides with 

chymotrypsin a f t e r dehaeming and subsequent e l e c t r o p h o r e s i s 

a t pH 1.9 gave only weak peptide zones which gave i n c o n c l u s i v e 

dansyl-Edman r e s u l t s . E l e c t r o p h o r e t i c m o b i l i t y could not 

be used d i r e c t l y to give information on amide content because 

of the h i s t i d i n e and c y s t e i c a c i d r e s i d u e s p r e s e n t . 

Peptide C4 (Lys-Glx-Gly-Pro-Asx-Leu-Asx) 

The e l e c t r o p h o r e t i c m o b i l i t y a t pH 6.5 i n d i c a t e d t h a t 

p o s i t i o n s 36, 39 and 4.1 were a l l amides. 

Peptide C5 (Gly-Ala-Phe) 

T h i s peptide gave a yellow colour w i t h aadmium-ninhydrin 

reagent, suggesting the K--te.m.i.nal,. g l y c i n e . 



Peptide C6 (Gly-Arg-Tlir-Ser-Gly-Thr-Ala-Ala-GIy-Phe.) 

T h i s peptide was p u r i f i e d from a s e p a r a t e d i g e s t and was 

p u r i f i e d from peptides Cll(c.) and C1Z, w i t h which i t was 

u s u a l l y found contaminated. I t gave a y e l l o w colour with 

cadmium-ninhydrin reagent and was Sakaguchi p o s i t i v e . 

Peptide C7 (Ser-Tyr) 

T h i s peptide was recovered i n high y i e l d s from a l l 

chymotryptic d i g e s t s . 

Peptide C8 (Ser-Ala-Ala-Asx-Lys-Asn) 

The m o b i l i t y of t h i s peptide i n d i c a t e d t h a t p o s i t i o n 60 

was a s p a r t i c a c i d , assuming chymotryptic s p e c i f i c i t y f o r 

cleavage a t asparagine, p o s i t i o n 62. 

Peptide C9 (Lys-Thr-Ala-Asp-Trp) 

T h i s was n e u t r a l a t pH 6.5 i n d i c a t i n g a s p a r t i c a c i d 

i n p o s i t i o n 66. The peptide was Ehr.lich p o s i t i v e and 

carboxypeptidase-A d i g e s t i o n r e v e a l e d tryptophan as the 

C-terminus. 

Peptide CIO (Asx-Glx-Asx-Thr-Leu-Tyr) 

The m o b i l i t y of t h i s peptide at pH 6.5 i n d i c a t e s a 

charge of -1 which i n d i c a t e d t h a t two of p o s i t i o n s 68, 69 

and 70 were amides. 

Peptide C l l 

T h i s peptide had the N-terminus a s p a r t i c a c i d as 

determined by the m o b i l i t i e s of peptides 1.1(a) and 1 1 ( b ) . 
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Asparagine i n p o s i t i o n 78 i s i n d i c a t e d by the m o b i l i t y of 

peptides 1 1 ( a ) , 11(b) and 1 1 ( c ) . 

Peptide C l l ( a ) and 11(b) (Asp-Tyr-Leu) and (Asp-Tyr) 

The m o b i l i t i e s of both peptides 11(a) and 11(b) i n d i c a t e d 

t h a t p o s i t i o n 74 was a s p a r t i c a c i d . 

Peptide C i l ( c ) (Leu-Asn-Pro-Me^Lys-Lys-Tyr) 

The m o b i l i t y of t h i s peptide a t pH 6.5 i n d i c a t e d t h a t 

p o s i t i o n 78 was asparagine. The presence of £-N-trimethy1-

l y s i n e was observed i n both t o t a l h y d r o l y s i s of the peptide 

and during dansyl-Edraan a n a l y s i s J 

Peptide C12 (Ile-Pro-Gly-Thr-Lys-Met) 

T h i s p l a t i n i c i o dide p o s i t i v e peptide occurred i n high 

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

Peptide C13 (Val-Phe) 

Peptide C14 (Ala-Gly-Leu) 

Peptide C15 (Lys-Lys-Pro-Glx-Asx-Arg-Ala-Asp-Leu) 

T h i s peptide was Sakaguchi p o s i t i v e . The m o b i l i t y a t 

pH 6.5 i n d i c a t e d a charge of +1, showing t h a t two of p o s i t i o n s 

97, 98 and 101 were a c i d i c . 

Peptide C16 ( I l e - A l a - P h e ) 

Peptides 017(a) and 17(b) (Leu-Lys-Asp-Ala-Thr-Ala) 

As both peptide C l 7 ( a ) and Cl7(b) were n e u t r a l a t pH 6.5 

p o s i t i o n 108 was a s p a r t i c a c i d . The observed C-terminal 



amino a c i d , a l a n i n e , confirmed by d a n s y l a t i o n without 

subsequent h y d r o l y s i s a t Edman p o s i t i o n -5 f o r peptide 11(a) 

and -4 f o r peptide 1 1 ( b ) , i s not normally s u s c e p t i b l e to 

chymotryptic cleavage, i n d i c a t i n g t h a t t h i s was the C-

te r m i n a l peptide f o r the p r o t e i n . 

Peptide T l 

T h i s ninhydrin p o s i t i v e peptide gave no N-terminus by 

the dansyl method. I t was d i g e s t e d with chymotrypsin and 

the two fragments T l C l and T1C2 separated at pH 1.9. 

Peptide T l C l 

E l u t i o n of the n e u t r a l zone gave t h i s peptide which 

was n i n h y d r i n negative. No N-terminus was given by the 

dansyl method but t o t a l h y d r o l y s i s r e v e a l e d threonine, s e r i n e 

and phenylalanine. Carboxypeptidase-A d i g e s t i o n y i e l d e d 

phenylalanine on s h o r t d i g e s t i o n , and p h e n y l a l a n i n e with 

threonine on longer d i g e s t i o n . H y d r a z i n o l y s i s and subsequent 

i d e n t i f i c a t i o n of the d a n s y l - a c e t y l - h y d r a z i d e confirmed the 

N-terminal b l o c k i n g group as acetyl., 

Peptide T1C2 

The m o b i l i t y a t pH 1.9 and of the parent peptide a t 

pH 6.5 i n d i c a t e d t h a t p o s i t i o n s 5 and 10 were both a s p a r t i c 

a c i d . 



Peptide T2 (Gly-Ala-Lys) 

T h i s peptide gave a yellow colour w i t h cadmium--ninhydrin 

reagent. 

Peptide T3 ( I l e - P h e - L y s ) 

Peptide T4 (Ala-Lys) 

Peptide T5 (CyS0 3-Ala-Glx-CyS0 3-His-Thr-Val-Asx-Ala-Gly-
A l a - G l y - H i s - L y s ) 

The haem peptide was recovered i n low y i e l d a f t e r performi 

o x i d a t i o n to remove the haem p r o s t h e t i c group. The amino 

a c i d composition was determined before dehaeming. The amide 

content could not be determined by the e l e c t r o p h o r e t i c m o b i l i t y 

because of the c y s t e i c a c i d and h i s t i d i n e content. 

Peptide T6 (Glx-Gly-A:o:-Leu-Asx-Gly-Ala-Phe-Gly~Arg) 

T h i s peptide gave the N-terminus as glutamyl and an 

a l i q u o t taken f o r Edman degradation r e v e a l e d g l y c i n e as the 

second r e s i d u e . D i g e s t i o n of the peptide w i t h chymotrypsin 

gave daughter peptides which were recovered i n very low 

y i e l d s and gave i n c o n c l u s i v e dansyl-Edman r e s u l t s . The 

sequence was based on the amino a c i d composition as determined 

by t o t a l h y d r o l y s i s and d a n s y l a t i o n , and comparison w i t h 

the r e l e v a n t chymotryptic p e p t i d e s . The p o s i t i o n s 36, 39 and 

41 were a l l amides. 

Peptide T7 (Thr-Ser-Gly-Thr-Ala-Ala-Gly-Phe-Ser-Tyr-Ser-
A 1 a-A1 a-A s n - Ly s -- A s p- Ly s) 

T h i s peptide was obtained i n low y i e l d and was incomplete! 



p u r i f i e d a t pH 1.9. Dansyl-Edman a n a l y s i s gave the f i r s t 

two amino a c i d s as threonine and s e r i n e but f u r t h e r a n a l y s i s 

gave ve r y weak f l u o r e s c e n t spots on chromatograms. No 

information was obtained from chymotryptic d i g e s t of t h i s 

peptide and the sequence was g iven by evidence from the 

corresponding chymotryptic peptides of the whole p r o t e i n . 

Peptide T8 (Thr-Ala-Asx-Trp-Asx-Glx-Thr-Leu-Tyr-Asp-Tyr-
Leu-Leu-Asx-Pro-Me^Lys-Lys) 

A f l u o r e s c e n t E h r l i c h p o s i t i v e zone was l o c a t e d i n the 

n e u t r a l region a t pH 6.5. On subsequent e l e c t r o p h o r e s i s at 

pH 1.9, no E h r l i c h p o s i t i v e zone was observed. Dansyl-

Edman a n a l y s i s gave the sequence Thr-Ala-Asx- and £-K-

t r i m e t h y l l y s i n e was p r e s e n t i n the t o t a l h y d r o l y s i s . The 

sequence was a s s i g n e d by the evidence from chymotryptic 

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

t h r e e of p o s i t i o n s 66, 68, 69, 70, 74 and 78 were amides. 

Peptide T9 ( T y r - I l e - P r o - G l y - T h r - L y s ) 

Peptide TIP (Met-Vai-Phe-Ala-Gly-Leu-Lys) 

T h i s peptide was p l a t i n i c i o d i d e p o s i t i v e and gave the 

N-terminus, methionine. 

Peptide T i l (Lys-Pro-Glx-Asx-Arg) 

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

t h a t e i t h e r p o s i t i o n 97 or 98 was an amide. 



Peptide T.12 (Ala-Asx-Leu~lie-Ala-Phe-Leu-Lys) 

T h i s peptide was n e u t r a l at pH 6.5, thus i n d i c a t i n g t h a t 

p o s i t i o n 101 was a s p a r t i c a c i d . 

Peptide T13 (Asx-Ala-Thr-Ala) 

T h i s peptide was a c i d i c , the m o b i l i t y i n d i c a t i n g a s p a r t i c 

a c i d i n p o s i t i o n 108. No € - d a n s y l - l y s i n e was observed during 

dansyl a n a l y s i s and d a n s y l a t i o n without h y d r o l y s i s w i t h 

subsequent chromatography a f t e r t h ree Edman degradations r e v e a l e d 

a l a n i n e as the C-terminus. 

The overlapping chymotryptic and t r y p L i c peptides g i v e 

the sequence of Enteromorpha cytochrome c shown i n F i g - 16. 

A l l r e s i d u e s were i d e n t i f i e d during the sequence a n a l y s i s 

except f o r c y s t e i c a c i d i n p o s i t i o n s 22 and 25, which were 

i d e n t i f i e d by peptide compositions and p l a c e d by homology 

with other p l a n t and animal cytochromes c (Dayhoff, 1969). 

Determination of amide p o s i t i o n s 

Where p o s s i b l e the amide content was determined by the 

e l e c t r o p h o r e t i c m o b i l i t i e s of the peptides at pH 6.5, u s i n g 

t h e method of Offord (1966) . The presence of nine amide 

r e s i d u e s i s i n d i c a t e d i n the sequence. Of these, four can 

be p l a c e d d i r e c t l y ; these are asparagine i n p o s i t i o n s 39, 41 

and 78, and glutamine i n p o s i t i o n 36. 

The n e u t r a l chymotryptic haem peptide (C3) i n d i c a t e d one 

amide and one a c i d i c r e s i d u e i n p o s i t i o n s 24 and 29. Lederer 

e t a l . (1972) has suggested t h a t the glutamyl r e s i d u e i n 



FIGURE 16. The amino a c i d sequence 

Enteromorpha cytochrome c„ 



FIGURE 16. 

The Amino A c i d Sequence of Enteromorpha 
Cytochrome c 

I c l 1 C2 
1 " 10 

Acetyl-Ser-Thr-Phe-Ala-Asx-Ala-Pro-Pro-Gly-Asx-Pro-
I T l 

20 
Ala-Lys-Gly-Ala-Lys-Ile-Phe-Lys-Ala-Lys-Cys-Ala-Glx-Cys-His--

1 T2 1—T3 |-T4 1 

. 1 C4 
30 40 

Thr-Val-Asx-Ala-Gly-Ala-Gly-His-Lys-Gln-Gly-Pro-Asn-Leu-Asn-
T5 1 T6 — 

C5- C6 I — C 7 1 
50 

Gly-Ala-Phe-Gly-Arg-Thr-Ser-Gly-Thr-Ala-Ala-Gly-Phe-Ser-Tyr-
1 T7 

•C8- - I - C9 •I-
60 

CIO 
70 

Ser-Ala-Ala-Asp-Lys-Asn-Lys-Thr-Ala-Asp-Trp-Asx-Glx-Asx-Thr-
: T8 -

1 C l l 1 C12-
80 

Leu-Tyr-Asp-Tyr-Leu-Leu-Asn-Pro-Me3Lys-Lys-Tyr-Ile-Pro-Gly-
I T9 

• I C13 1 C14' 
90 100 

Thr-Lys-Met-Val-Phe-Ala-Gly-Leu-Lys-Lys-Pro-Glx-Asx-Arg-Ala-
1 T10 1 T i l 1 

[ c l 5 1 C16 1 
110 

Asp-Leu™Ile-Ala-Phe-Leu-Lys-Asp-Ala-Thr-Ala-COOH 
T 1 2 !: T13 1 
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p o s i t i o n 24 i s an i n v a r i a n t glutamine, thus i n d i c a t i n g 

t h a t p o s i t i o n 29 i s a s p a r t i c a c i d . Comparison of the 

m o b i l i t y of t h i s peptide w i t h the b a s i c chymotryptic haem peptide 

of horse h e a r t cytochrome c (Margoliash et . a l . , 1961), of 

which the amide content has been determined, gives f u r t h e r 

evidence f o r the s u b s t i t u t i o n of a l a n i n e f o r l y s i n e i n 

p o s i t i o n 39 as i s a l s o the case i n wheat and some animal 

cytochromes c (see Dayhoff, 1969). 

Peptide C8 i n d i c a t e d t h a t e i t h e r p o s i t i o n 60 or 62 i s 

an amide and t h i s may r e p r e s e n t deamidation of one of these 

r e s i d u e s as reported by Margoliash and S c h e j t e r (1966). 

Two amides i n p o s i t i o n s 68, 69 and 70 are i n d i c a t e d by 

t h e m o b i l i t y of peptide CIO. T h i s peptide gave a yellow-

brown colour with cadmium-ninhydrin reagent suggesting 

an asparagine N-terminus i n p o s i t i o n 68. An asparagine 

N~terminus may a l s o enhance the m o b i l i t y of a peptide by 

approximately 10% (Offord, 1966) and t h i s i s i n agreement 

w i t h the observed m o b i l i t y compared to the c a l c u l a t e d 

m o b i l i t y of 1.0 assuming a charge of -1 f o r a peptide of 

t h i s molecular weight. An asparagine r e s i d u e i n p o s i t i o n 

78 and an a s p a r t i c a c i d r e s i d u e i n p o s i t i o n 74 account f o r 

the m o b i l i t i e s of peptides C l l , C l l ( a ) , C l l ( b ) and C l l ( c ) . 

One amide i n p o s i t i o n 97 or 98 i s i n d i c a t e d by the m o b i l i t i e s 

of peptides T i l and T15. The observed m o b i l i t y of peptide 

C2 was not i n agreement w i t h the proposed sequence and would 



be expected to have been n e u t r a l a t pH 6.5 i f p o s i t i o n s 4 

and 10 were both a s p a r t i c add. The sequence L y s - G l y - A l a -

L y s - I l e - P h e - L y s ( p o s i t i o n s 13-19) i s i n d i c a t e d by peptides 

T2 and T3. Peptide C2 d i d not t h e r e f o r e give information 

which could be used to a s s i g n amide p o s i t i o n s . 

I n c e r t a i n pH 6.5 electrophoretograms a g r e a t d e a l of 

s t r e a k i n g of the peptide zones was observed, p o s s i b l y due to 

the presence of t r a c e s of b u f f e r s a l t i n the d i g e s t , and 

t h i s may have caused the apparent anomalies i n c e r t a i n of 

the m o b i l i t i e s . 

9. The Amino A c i d Sequence of Rhpdj^enia Cytochrome c 

The amino a c i d composition of Rhodymenia cytochrome c 

i s given i n Table 8. The values obtained are compared w i t h 

those c a l c u l a t e d from the known firagments of the sequence. 

For both t r y p t i c and chymotryptic d i g e s t s 7 mg p r o t e i n 

was used i n each c a s e . A f t e r denaturing, the samples were 

t r a n s f e r r e d to the d i g e s t v e s s e l and e q u i l i b r a t e d a t 36° 

a t pH 8.0. 2% (w/w) enzyme was added a t zero time and 

another 1% a f t e r 90 min. D i g e s t s were terminated a f t e r 

120 min by the a d d i t i o n of 5% (v/v) a c e t i c a c i d t o b r i n g 

the pl-l to 4.0. The r e s u l t s of the sequence a n a l y s i s on 

chymotryptic peptides are shown i n Table 9 and those of 

the a n a l y s i s of t r y p t i c : peptides i n Table 10. 



TABLE 8. 

The Amino A c i d Composition of Rhodymenia 
Cytochrome c 

, r * , i i -—• 

Mean v a l u e s 
20 h 

h y d r o l y s i s 

Mean values 
70 h 

h y d r o l y s i s 

Amino a c i d 
a n a l y s i s 
( i n t e g r a l 
v a l u e s ) 

Sequence 
v a l u e s 

Asp 12.5 9.4 11 8 
Thr 9.3 4.6 7 7 
Ser 3.5 3.1 3 2 
Glu 6.1 5.8 6 5 
Pro 8.0 8.6 8 9 
Gly 9.4 11.4 10 10 
A l a 17.3 11.8 15 14 
V a l 4.6 4.2 4 3 
C y s t e i n e 1.5 2.2 2 (2) 
Met 2.8 1.2 2 1 
l i e 7.4 4.0 5 5 
Leu 8.7 5.3 6 6 
Tyr 5.4 4.2 5 4 
Phe 5.0 6.5 6 6 
Me^Lys - - -
Lys 14.0 11.0 12 12 
H i s 0.8 0.7 1 1 
Arg 2.3 2.7 . 2 2 
Trp* - - - (2) 

The 'mean v a l u e s ' were obtained from a n a l y s i s of two 
samples of 0.1 mg cytochrome a t each h y d r o l y s i s time. 
The i n t e g r a l v a l u e s are obtained as an average of the 
four determinations. The 'sequence v a l u e s ' r e f e r only 
t o amino a c i d s d e f i n i t e l y a ssigned to the sequence and 
do not in c l u d e the p r o j e c t e d sequence of the haem r e g i o n . 

Trp was not determined. The b e s t s p e c t r a l r a t i o s 
of the cytochrome i n d i c a t e two r e s i d u e s a r e p r e s e n t . 



TABLE 9. 

Chymotryptic Peptides of Rhodymenia Cytochrome c 

M o b i l i t y M o b i l i t y 
Peptide a t a t Dansyl-Edman R e s u l t s 

pH 6.5 pH 1.9 

CI 0 0.45 Ala-Pro-Ala-Ala-Ala-Tyr 
r T • r •* .* 

C2 0 0.73 Ala-Asx-Leu-Lys-Gly-Asx-Pro-
T h r - L y s - G l y - A l a 

C3 b a s i c 0.3 Lys-Glx-Gly-Pro-Asx-Val(Trp) 

C4 0.7 - Gly-Ar^-Thr-Ser-Gly-Thr-Val-
Pro-Gly-Phe 
• 1 -*r r 

C5 0 0.65 A l a - T y r 

C6 0.75 Lys-Ala-Gly-Pro-Trp 

•** • / s y 1 j «* * 

C7 0.92 Thr-Glx-Ser-Asx-Leu-Phe 
C8 -1.4 Asp-Tyr-Leu 

ly A--, ^ 

C9 1.66 Leu-Asn-Pro-Lys-Lys-Tyr 

CIO 0.94 0.65 I l e - P r o - G l y - T h r - L y s - M e t - V a l -
s -f y r — * — r f • Phe 

— » » 

C l l 0 0.70 Val-Phe 

C12 Not detected - i d e n t i f i e d 
from cyanogen bromide fragment, 

C13 0 0.73 l i e - L y s - A l a - A s x - T h r - T h r - G l u 



TABLE 10. 

T r y p t i c Peptides of Rhodyroenia Cytochrome c 

Peptide 

T l 

T2 

T3 

T4 

T5 

T6 

T6C1 

T6C2 

T6C3 

T7(a) 

T7(b) 

T8 

T9 

T10 

TlO(c) 

T i l 

M o b i l i t y M o b i l i t y 
a t a t 

pH 6.5 pH 1.9 

0 0.61 

1.35 

1.83 

1.75 

0.51 

1.6 

0.96 

0.75 

1.00 

•1.02 

•1.03 

0.95 

1.27 

0.47 

0.47 

0.5 

0.35 

0.8 

1.15 

0.70 

Dansyl-Edman R e s u l t s 

Ala-Pro-Ala-Ala-Ala-Tyr-Ala-
7 r 7 • 7 •' 7 7 

Asx-Leu-Lys 

Gly-Asx-Pro-Thr-Lys 
7" 7 7 -r — ' L - y 

Gly-Ala-Lys 7 —^ — 

l i e - P h e - L y s 

Glx-Gly-Pro-Asx-Val-(*) -Glv-
* • y 7 -r 7 

Leu-Phe-Gly-Arq 

Ala--Gl^-Pro •- d i g e s t e d w i t h 
chymotryps i n 

A1a-Gly-Pro-Trp 

Thr-Glx-Ser-A sx-Leu-Phe 
7 7 J * 7 7 V 

Asx-Tyr-Leu-Leu-Asx-Pro-Lys 
T J—7 7- T 7 7 J 7 

Lys-Tyr-Ile-Pro-Gly^-Thr-Lys 

0.79 T y r - I l e - P r o - G l ^ - T h r - L y s 

Met-Val-Phe-Ala-Gly-Leu-Ile-
7 • 7 y • 1 7 v 7- s 

Lys-Pro-Glx-Arq 
•* .» 7 7 y 

A1a-Asx-Leu-11 e- Al a- Phe-A 1 a-
Lys 

(Ala-Asx-Leu-Ile-Ala-Phe) 
7 7 7 7 7 7 

Ala-Asx-Thr-Thr-Glx 
_, y. S ~ 7-



TABLE 11. 

Cyanogen Bromide Fragments of Rhodymenia 
Cytochrome c 

Fragment G--50 
E l u t i o n vol, Dansyl-Edman R e s u l t s 

60 ml A l a - (Digested w i t h t r y p s i n ) 

73 ml V a l - P h e - A l a - G l v - I l e - L y s - L y s -
Pro-Glx-Glx-A < c|-Ala 
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Cyanogen bromide, cleavage of Rhodymenia cytochrome c, 

6 mg pr o t e i n were used f o r cleavage. The f r e e z e - d r i e d 

r e s i d u e was taken up i n 1 ml 70% (v/v) formic a c i d and 

chromatographed on a 1 cm x 110 cm B i o g e l G-50 column. The 

flow r a t e was 8 ml/h and f r a c t i o n s of volume 3 ml were 

c o l l e c t e d . 50 ml a l i q u o t s were taken f o r N-terminal amino 

a c i d a n a l y s i s by d a n s y l a t i o n . Two major fragments were 

i d e n t i f i e d (Table 1 1 ) , one w i t h the N~terminus a l a n i n e , a t 

e l u t i o n volume = 60 ml and one w i t h N-terminus v a l i n e , 

e l u t i n g a f t e r 78 ml. 

The second fragment was s u b j e c t e d d i r e c t l y t o d a n s y l -

Edman a n a l y s i s and gave the sequence V a l - P h e - A l a - G l y - I l e - L y s -

Lys-Pro-Gly-Glx-Arg-( - ) , p l a c i n g i t as p o s i t i o n 27 e t seq. 

of fragment I I I of the sequence ( F i g . 1 7 ) . 

The f i r s t fragment (N-terminus a l a n i n e ) was d i g e s t e d 

w i t h 5% (w/w) t r y p s i n . R e s u l t i n g t r y p t i c fragments were 

separated by paper chromatography. 

Weakly cadmium-ninhydrin p o s i t i v e zones were e l u t e d 

but these gave no c l e a r sequence data on dansyl-Edman 

a n a l y s i s . 

S u f f i c i e n t information was obtained from overlapping 

chymotryptic, t r y p t i c and cyanogen bromide peptides t o give 

t h r e e major fragments r e p r e s e n t i n g approximately 90% of 

the t o t a l sequence. These are shown i n F i g . 17„ 

The N-terminal region up t o p o s i t i o n 21 of Fragment 

I was confirmed by data obtained from a Beckman 

Automatic Sequencer, and t h i s a l s o gave p o s i t i o n 



FIGURE 17. 

The p a r t i a l amino a c i d sequence of Rhodymenia 

cytochrome _c. 



FIGURE 17. 

The Amino A c i d Sequence of Three Fragments 
of Rhodymenia Cytochrome _c 

Fragment I 
CI- •I- -C2-

1 10 
Ala-Pro-Ala-Ala-Ala-Tyr-Ala-Asp-Leu-Lys-Gly-Asn-Pro-Thr-
I T l 1 T2 

20 22 
L y s - G l y - A l a - L y s - l l e - P h e - L y s - T h r -

1 T3 1 T4 1 

Fragment I I 
I C3 : 1 I 
1 10 

Lys-Gln-Gly-Pro-Asn-Val-(Trp)-Gly-Leu-Phe-Gly-Arg-Thr-Ser-
I T5 1 
C4 1—C5 1 

20 
Gly-Thr-Val-Pro-Gly-Phe-Ala-Tyr 

Fragment I I I 
I C6 1 C7 1 C8 1 
1 10 

Lys-Ala-Gly-Pro-Trp-Thr-Glu-Ser-Asp-Leu-Phe-Asp-Tyr-Leu-
| : T6 

I c 9 1 CIO 1 — C l l 1 
20 

Leu-Asn-Pro-Lys-Lys-Tyr-Ile-Pro-Gly-Thr-Lys-Met-Val-Phe-

30 40 
Ala - G l y - I l e - L y s - L y s - P r o - G l n - G l n - A r g - A l a - A s p - L e u - I l e - A l a -
T8 1 T9 1 • T10 

| C I 3 1 
50 

Phe-Ile-Lys-Ala-Asp-Thr-Thr-Glu-COOH 
1 T i l 1 

The alignment of these Fragments by homology with 
other cytochromes c i s shown i n Appendix 8. 
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22 as threonine. 

Separation of peptides on B i o g e l G-10 

A 1 cm x 110 cm column of B i o g e l G-10 was used to 

separate the peptides of a chymotryptic d i g e s t , The flow 

r a t e was 8 ml/h and f r a c t i o n s were t e s t e d f o r peptide m a t e r i a l 

by removing samples f o r N-terminal amino a c i d a n a l y s i s by 

the dansyl method. These r e s u l t s were used to pool the 

f r a c t i o n s to give two samples which were then s u b j e c t e d t o 

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

Peptide CI (Ala-Pro-Ala-Ala-Ala-Tyr) 

T h i s n e u t r a l peptide was recovered i n hi.jh y i e l d s from 

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

Peptide C2 (Ala-Asx-Leu-Lys-Gly-Asx-Pro-Thr-Lys-Gly-Ala 
( L y s - l l e - P h e ) ) 

T h i s peptide was recovered from the n e u t r a l zone and was 

p u r i f i e d a t pl-l 1.9. 

Peptide C3 (Lys-Glx-Gly-Pro-Asx-Val(Trp) 

T h i s weakly E h r l i c h p o s i t i v e peptide was recovered i n 

low y i e l d from the zone of m o b i l i t y 0.6-0.75 at pH 6.5, 

t h i s m o b i l i t y i n d i c a t i n g t h a t p o s i t i o n s 2 and 4 of Fragment 

I I are both amides. 

Peptide C4 (Gly-Arg-Tlir-Ser-Gly-Thr-Val-Pro-Gly-Phe) 

T h i s peptide was Sakaguchi p o s i t i v e . 

Peptide C5 (Ala-Tyr) 
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Peptide C6 (Iiys-.Ma-Gly-Pro-Trp) 
p o s i t i v e 

T h i s E h r l i c h / p e p t i d e was p u r i f i e d a t pH 6 C5. Carboxy-

peptidase-A d i g e s t i o n y i e l d e d tryptophan on s h o r t d i g e s t i o n 

and tryptophan w i t h a t r a c e of p r o l i n e on prolonged (over­

night) d i g e s t i o n . Dansyl-Edman a n a l y s i s gave the r e s t of 

the sequence. 

Peptide C7 (Thr-Glx-Ser-Asx-Leu-Phe) 

The m o b i l i t y of t h i s peptide i n d i c a t e d t h a t one of 

p o s i t i o n s 7 and 9 of Fragment I I I was an amide. 

Peptide C8, (Asp-Tyr-Tjeu) 

The m o b i l i t y of t h i s peptide i n d i c a t e d t h a t p o s i t i o n 12 

of Fragment I I I was a s p a r t i c a c i d . 

Peptide C9 (Leu-Asn-Pro-Lys-Lys-Tyr) 

The m o b i l i t y of t h i s peptide i n d i c a t e d t h a t p o s i t i o n 

16 of Fragment I I I was an amide. 

Peptide CIO (Ile-Pro-Gly-Thr-Lys-Met) 

T h i s p l a t i n i c iodide p o s i t i v e peptide was obtained, i n 

high y i e l d s from a l l chymotryptic d i g e s t s . 

Peptide C l l (Val-Phe) 

Peptide C12 

Only t e n t a t i v e evidence of t h i s peptide was obtained. 

The sequence was determined by tho corresponding t r y p t i c 

peptides and cyanogen bromide Fragment I I . 



Peptide C13 

T h i s peptide was p u r i f i e d a t pH 1.9. D a n s y l a t i o n 
w i t h o u t subsequent h y d r o l y s i s a f t e r s i x Edman degradation 
steps y i e l d e d glutamic a c i d , showing t h i s to be the C-terminal 
peptide of the p r o t e i n . The m o b i l i t y thus p l a c e d p o s i t i o n 
47 of Fragment I I I as asparagine. 

Peptide T l (Ala-Pro-Ala-Ala-Ala-Tyr-Ala-Asp-Leu-Lys) 

T h i s n e u t r a l peptide was p u r i f i e d a t pH 1.9. 

Peptide T2 (Gly-Asx-Pro-Thr-Lys) 

The m o b i l i t y of t h i s peptide a t pH 6.5 i n d i c a t e d t h a t 

p o s i t i o n 12 of Fragment I was an amide. 

Peptide T3 (Gly-Ala-Lys) 

Peptide T4 ( I l e - P h e - L y s ) 

Peptide T5 (Glx-Gly-Pro-Asx-Val-(Trp)-Gly-Leu-Phe-Gly-Arg) 

T h i s peptide was E h r l i c h p o s i t i v e and a tryptophan 

r e s i d u e was t e n t a t i v e l y a ssigned as shown. The m o b i l i t y of 

t h i s peptide i n d i c a t e d t h a t both p o s i t i o n s 2 and 6 of Fragment 

I I were amides. 

Peptide T6 ( A l a - G l y - P r o - ( T r p ) ) 

T h i s E h r l i c h p o s i t i v e peptide was d i g e s t e d with a-

chymotrypsin. Three peptides were separated at pH 1.9:-

T6C1 ( A l a - G l y - P r o - T r p ) . T h i s was weakly E h r l i c h 
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p o s i t i v e . Carboxypeptidase-A r e l e a s e d tryptophan and the 

r e s t of the sequence was determined i n the u s u a l way. 

T6C2 (Thr-Glx-Ser-Asx-Leu-Phe). 

T6C3 (Asx-Tyr-Leu-Leu-Asx-Pro-Lys). 

Peptide T7(a) and 7(b) 

Dansyl-Edman a n a l y s i s gave the two sequences. 

Peptide T8 

T h i s p l a t i n i c i o d ide p o s i t i v e peptide was p u r i f i e d a t 

pH 6.5. 

Peptide T9 (Lys-Pro-Glx-Glx-Arg) 

The m o b i l i t y of t h i s peptide i n d i c a t e d t h a t one of 

the two glutamyl r e s i d u e s was an amide. 

Peptide TIP (Ala-Asx-Leu-11 e-Ala-Phe-1le-I.ys) 

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

r e s i d u e i n p o s i t i o n 39 of Fragment I I I was a s p a r t i c a c i d . 

Peptide TlO(c) (Ala-Asx-Leu-Ile-Ala-Phe) . 

T h i s peptide r e p r e s e n t e d the only d e t e c t a b l e t r a c e of 

chymotryptic a c t i v i t y i n the t r y p t i c d i g e s t s . 

Peptide T i l (Ala-Asx-Thr-Thr-Glu) 

The only remaining amino a c i d a f t e r four Edman degradation 

s t e p s was found to be glutamic a c i d , i n d i c a t i n g t h a t t h i s was 

the C-terminal peptide. The m o b i l i t y thus p l a c e d p o s i t i o n 

47 of Fragment I I I as asparagine. 
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A d d i t i o n a l Peptides. (a) (Gl y - L e u - I l e - A s x - A l a - T y r ) 

(b) ( G l y - L e u - I l e - A s x ) 

These two peptides were detected and c h a r a c t e r i z e d i n 

s e v e r a l chymotryptic d i g e s t s . They were n e u t r a l a t pH 6.5, 

i n d i c a t i n g t h a t the a s p a r t y l r e s i d u e was asparagine, a l s o 

shown by chymotryptic s p e c i f i c i t y , and had the m o b i l i t y a t 

pH 1.9 of 0.45 and 0.50 r e s p e c t i v e l y . No corresponding 

overlapping t r y p t i c peptides were detected and i t was not 

p o s s i b l e to a s s i g n t h e s e peptides to the Rhodymenia sequence. 

The Haem Region 

Despite the s e v e r a l methods employed to ob t a i n and 

p u r i f y peptides no c l e a r information was obtained about the 

haem region. Both t r y p t i c and' chymotryptic haem r e s i d u e s 

were n e u t r a l a t pH 6.5 as determined by t h e i r p o s i t i o n s on 

electrophoretograms. T o t a l h y d r o l y s i s and subsequent 

d a n s y l a t i o n of chymotryptic haem zones gave the composition 

(Pro, L y s , H i s , A l a , G l y , G l u , T h r , S e r , C y s ) . A f t e r dehaeming 

i n the u s u a l way dansyl-Edman a n a l y s i s gave no d e f i n i t i v e 

r e s u l t s . N-terminus a n a l y s i s of t r y p t i c haem r e s i d u e s 

showed a l a n i n e to be the N-terminal amino a c i d of the haem 

peptide. R e s u l t s obtained from the sequenator , i n d i c a t e 

t h a t threonine ( p o s i t i o n 22) would be expected as a t r y p t i c 

N-terminus. 



-68-

The sequenator data a l s o gave no information as t o the 

sequence of the haem r e g i o n . 

10. The p a r t i a l sequence of Porphyra cytochrome c 

The r e s u l t s of the amino a c i d a n a l y s i s of Porphyra 

cytochrome c are given i n Table 12. 

P r e l i m i n a r y chymotryptic and t r y p t i c d i g e s t s were used 

to determine approximately 50% of the t o t a l sequence. 

The r e s u l t s of the dansyl-Edman a n a l y s i s of chymotryptic 

fragments are given i n Table 13, and those of t r y p t i c 

fragments i n Table 14. 

Where p o s s i b l e the sequence was determined by the 

overlapping chymotryptic and t r y p t i c fragments, otherwise 

homology with other cytochromes c was used t o determine the 

p o s i t i o n of the fragments i n the sequence, shown i n F i g . 18. 

The alignment of the known sequence w i t h other 

cytochromes c i s shown i n App. 8. N-terminus determination 

of the n a t i v e p r o t e i n i n d i c a t e d the presence of a l a n i n e , 

the p r o t e i n t h e r e f o r e not p o s s e s s i n g an N-terminal b l o c k i n g 

group. 

An a c i d i c chymotryptic peptide, m o b i l i t y -0.79 a t pH 6.5, 

gave a strong a l a n i n e N-terminus and on f u r t h e r p u r i f i c a t i o n 

a t pH 1.9 m o b i l i t y 0.34, gave the sequence Ala-Asx-(Pro)Asx-

but was recovered i n i n s u f f i c i e n t y i e l d to o b t a i n f u r t h e r 

d a t a . 



TABLE 12. 

Amino A c i d A n a l y s i s of Porphyra 
Cytochrome c 

_ . _ ., I n t e g r a l Ammo Ac i d T. , Value 

Asp 11 
Thr 7 
Ser 6 
Glu 8 
Pro 6 
Gly 10 
A l a 12 
V a l 3 
Cys 1.5 
Met 2.5 
l i e 8 
Leu 8 
Tyr 5 
Phe 5 
Me 3Lys -
Lys 12 
Hi s 1.5 
Arg 3 

* Trp 2 

Trp was not determined; the b e s t s p e c t r a l r a t i o s 
i n d i c a t e 2 r e s i d u e s p r e s e n t . The a n a l y s i s was 
based on one 20 h. h y d r o l y s i s and the i n t e g r a l v a l u e s 
obtained using the l e u c i n e v a l u e as a standard. 



TABLE 13 -

Chymotryptic Fragments of Porphyra Cytochrome c; 

M o b i l i t y M o b i l i t y 
Peptide a t a t Dansyl-Edman R e s u l t s 

pH 6.5 pH 1.9 

C l 0 0.73 Gly-Leu-Phe 

C2 0.3-0.63 0.85 Gly-Arg - T h r - S e r - ^ l y - S e r - V a l 
-7 7 7 ASX —7 

7 

C3 0 0.67 Ser-Tyr 

C4 0 0.63 Lys-Ala-Gly-Glx-Trp 
r T r y. 

C5 -2.22 Gly-Glx-Asx-'.hr-Leu-Gly-Glx-Tyr 

C6 1.8 Leu-Leu-Asx-Pro(Lys)-(Lys)-Tyr 
7 7 7 r -7 -7 7» 

C7 1.06 0.79 Ile-Pro-Gly-Thr-Lys-Met 
/ r • 7 r 7 r 

C8 1.06 0.82 Val-Phe-Pro-Gly-Leu 

r r •
 1
 / 7 7 

C9 0 0.50 I l e - A l a - P h e 

CIO(a) 1.06 0.85 Leu-Lys-Gly-Ala-Thr-Ala 
7 T 7 7 7 7 

ClO(b) 1.49 Lys-Gly-Ala-Thr-Ala 



TABLE 14. 

T r y p t i c Fragments of Porphyra Cytochrome c 

M o b i l i t y M o b i l i t y 
Peptide a t a t Dansyl-Edman R e s u l t s 

pH 6.5 pH 1.9 

T l 1.02 T y r - I l e - P r o - G l y - T h r - L y s 

T2 0.95 Lys-Pro-Glx-Asx-Arg 

T3 0 0.45 Ala-Asx-Leu-Ile-Ala-Phe-Leu-
/ - • y j» 1 r ' • f 7 * 

Lys 
r 

T4 0 0.65 Gly-A].a-Thr-Ala 



FIGURE 18. 

The p a r t i a l amino a c i d sequence of Porphyra 

cytochrome c. 



FIGURE 18. 

The P a r t i a l Sequence of Porphyra Cytochrome c 

Fragment I 
I CI 1 C2 

Glv Gly-Leu-Phe-Gly-Arg-Thr-Ser- -Ser-Val-Asn 

Fragment I I 
I C4 - C5 •I-
1 10 

Lys-Ala-Gly-Glu-Trp-Gly-Glu-Asp-Thr-Leu-Gly-Glu-Tyr-Leu-

C6. •I- C7- C8-
20 

Asn-Pro-Lys-Lys-Tyr-Ile-Pro-Gly-Thr-Lys-Met-Val-Phe-Pro-
I T l 1 

1 h 
30 40 

Gly-Leu-(Lys)-Lys-Pro-Gln-Asn-Arg-Ala-Asp-Leu-Ile-Ala-Phe-
T2 | T3 

C10 

Leu-Lys-Gly-Ala-Thr-Ala-COOH 
1 T4 — I 

(Peptide C3 (Ser-Tyr) could a l s o be a s s i g n e d t o 
the sequence by homology w i t h other cytochromes 
(Dayhoff, 1972) ) 
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Haem Peptides 

The chyniotryptic haem zone was v i s i b l e on the pH 6 C5 

electrophoretograra and had a m o b i l i t y of 0.30. T o t a l 

h y d r o l y s i s r e v e a l e d c y s t e i c a c i d and h i s t i d i n e to the 

present but no sequence information was obtained. 

The t r y p t i c haem was n e u t r a l a t pH 6.5. E l u t i o n of 

the electrophoretogram w i t h 20% (v/v) p y r i d i n e gave a r e d 

s o l u t i o n which on dansyl a n a l y s i s gave an N-terminus, g l y c i n e . 

T o t a l h y d r o l y s i s composition a n a l y s i s showed the presence 

of c y s t e i c a c i d and h i s t i d i n e but no f u r t h e r sequence 

information was obtained. 

Chymotryptic fragments (Table 13) 

Peptide C l (Gly-Leu-Phe) 

T h i s n e u t r a l peptide was p u r i f i e d at pH 1.9. 

Peptide C2 (Gly-Arg-Thr-Ser-Gly-Ser-Val-( - )) 

T h i s b a s i c peptide was p u r i f i e d i n low y i e l d a t pH 1.9. 

T o t a l h y d r o l y s i s a n a l y s i s i n d i c a t e d t h a t the C-terminus was 

phe n y l a l a n i n e . At the fo u r t h Edman p o s i t i o n no d i s t i n c t i o n 

could be made between g l y c i n e and a s p a r t y l . The m o b i l i t y 

suggested t h a t the l a t t e r would be an amide. The peptide 

was recovered i n i n s u f f i c i e n t y i e l d to o b t a i n the complete 

sequence. 

Peptide C3 (Ser-Tyr) 



Peptide C4 (Lys-Ala-Gly-Glx-Trp) 

T h i s E h r l i c h p o s i t i v e peptide was p u r i f i e d a t pH 1.9. 

Carboxypeptidase-A r e l e a s e d tryptophan on s h o r t d i g e s t i o n 

and tryptophan with glutamic a c i d on more prolonged d i g e s t i o n . 

The m o b i l i t y a l s o p l a c e d the glutamyl r e s i d u e as a c i d i c . 

Peptide C5 (Gly-Glx-Asx-Thr-Leu-Gly-Glx-Tyr) 

The m o b i l i t y of t h i s a c i d i c peptide i n d i c a t e d t h a t both 

the glutamyl r e s i d u e s and the a s p a r t y l r e s i d u e were a c i d i c . 

Peptide C6 (Leu-Leu-Asx-Pro-Lys-Lys-Tyr) 

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

r e s i d u e was an amide. 

Peptide C7 (Ile-Pro-Gly-Thr-Lys-Met) 

T h i s p l a t i n i c iodide p o s i t i v e peptide was recovered i n 

high y i e l d and p u r i f i e d a t pH 1.9. 

Peptide C8 (Val-Phe-Pro-Gly-Leu) 

T h i s peptide -jave an unambiguous sequence on d a n s y l -

Edman a n a l y s i s but no explanation c o u l d be given f o r i t s 

observed m o b i l i t y which i n d i c a t e d t h s presence of one b a s i c 

amino a c i d . 

Peptide C9 ( I l e - A l a - P h e ) 

Peptide ClO(a) and 10(b) 

These peptides were recovered and p u r i f i e d i n good y i e l d . 

D a n s y i a t i o n without subsequent h y d r o l y s i s a t the -5 Edman 



-71-

p o s i t i o n f o r peptide 10(a) and the -4 Edrnan p o s i t i o n f o r 

peptide 10(b) showed the C-terminus to be a l a n i n e , thus 

p l a c i n g these peptides a t the C-terminus of the p r o t e i n . 

T r y p t i c Fragments (Table 14) 

Peptide T l ( T y r - I l e - P r o - G l y - T h r - L y s ) 

T h i s peptide was p u r i f i e d a t pH 6.5. 

Peptide T2 (Lys-Pro-Glx-Asx-Arg) 

The m o b i l i t y of t h i s peptide i n d i c a t e d t h a t e i t h e r of 

the glutamyl or asparty.I r e s i d u e s was an amide. 

Peptide T3 (Ala-As^x-Leu-Ile-Ala-Phe-Leu-Lys) 

The m o b i l i t y of t h i s peptide i n d i c a t e d that the a s p a r t y l 

r e s i d u e was a c i d i c . 

Peptide T4 (Gly-Ala-Thr-Ala) 

T h i s n e u t r a l peptide was p u r i f i e d a t pH 1.9. No 6-

d a n s y l - l y s i n e was observed during sequence a n a l y s i s and. 

d a n s y l a t i o n without subsequent h y d r o l y s i s a f t e r t h ree Edman 

degradation steps p l a c e d t h i s as the C-terminal peptide of 

the p r o t e i n w i t h the C-terminal amino a c i d a l a n i n e . 

11. P r e l i m i n a r y Sequence i n v e s t i g a t i o n s of Sap r o l e q n i a 
cytochrome c 

The pooled f r a c t i o n s of the P-30 column w i t h the 

h i g h e s t p u r i t y r a t i o s were l y o p h i l i z e d , taken up i n a 

minimum q u a n t i t y of water and denatured with e t h a n o l . The 



p r o t e i n was not as r e a d i l y denatured as the cytochrome c 

s t u d i e d from algae, and was l e f t overnight a t 2-4°C before 

c e n t r i f u g i n g and washing. 

The p e l l e t d i s s o l v e d r e a d i l y i n water and was t r a n s f e r r 

to the d i g e s t v e s s e l . On the a d d i t i o n of 5% (w/w) chymo-

t r y p s i n the a u t o t i t r a t o r showed only a s l i g h t r i s e i n the 

base l i n e , suggesting l i t t l e or no d i g e s t i o n to be o c c u r r i n g 

A f t e r 100 min a f u r t h e r 2.5% (w/w) chymotrypsin was added 

but no change i n the base l i n e was detected. The d i g e s t 

v e s s e l was then removed from the t i t r a t o r and l e f t over­

nig h t a t room temperature. Overnight the pH of the d i g e s t 

f e l l to 7.0 and a f t e r readjustment to pH 3 a f u r t h e r 2.5% (w/ 

chymotrypsin produced no response on the t i t r a t o r . An 

a l i q u o t taken f o r dansyl a n a l y s i s r e v e a l e d the presence of 

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

l y s i n e , a l a n i n e and g l y c i n e i n high q u a n t i t y w i t h glutamic 

acid, a s p a r t i c a c i d , threonine and s e r i n e i n l e s s e r amounts, 

as N-terminal amino a c i d s . The presence of t r i m e t h y l -

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

The d i g e s t was s u b j e c t e d t o pH 6.5 e l e c t r o p h o r e s i s . 

The m o b i l i t i e s and N-terminal amino a c i d s of the cadmium-

ninhydrin p o s i t i v e zones are shown, i n Table 15. The zone 

a t m o b i l i t y 2.4, was s t r o n g l y E h r l i c h p o s i t i v e . D i g e s t i o n 

w i t h carboxypeptidase-A gave only t e n t a t i v e evidence of a 



TABLE 15„ 

M o b i l i t i e s and N-terminal Amino Acids of 
Saprolegnia Chyinotryptic Peptides 

M o b i l i t y M o b i l i t y 
Peptide a t a t 

pH 6.5 pH 1.9 
N-terminal amino a c i d s 
and dansyl-Edman a n a l y s i s 

C l -1.60 Glu 
• r 

C2 -1.00 Asx-Glx-Asx-Pro-

C3 0 0 Lys-Ala-Asx-
7 T » 

C4 0 0.65 Leu-Tyr 

C5 0 0.79 Val-Asx-Ala-

r r r 

C6 1.10 1.13 Lys-Pro-Glx 
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C-terminal tryptophan. T o t a l h y d r o l y s i s a n a l y s i s showed 

only l y s i n e and a r g i n i n e to be p r e s e n t . 

The haem zone was neutral and was e l u t e d i n the u s u a l 

way. Dansyl a n a l y s i s i n d i c a t e d the N-terminus of the 

chymotryptic haem peptide to be a l a n i n e . S e m i - q u a n t i t a t i v e 

composition a n a l y s i s showed the presence of p r o l i n e , l y s i n e , 

h i s t i d i n e , a l a n i n e , g l y c i n e , threonine, s e r i n e and c y s t e i c 

a c i d , w i t h glutamic a c i d and a s p a r t i c a c i d i n lower amounts. 

N-terminal a n a l y s i s of the t o t a l p r o t e i n i n d i c a t e d t h a t 

there was no b l o c k i n g group and t h a t the N-t erminal amino 

a c i d was a l a n i n e . 

Many f r e e amino a c i d s were c h a r a c t e r i s e d on e l e c t r o -

phoretograms, p o s s i b l y r e s u l t i n g from the prolonged 

d i g e s t i o n . 

12. Cyanogen bromide cleavage of Mushroom cytochrome c 

The m a t e r i a l of E _ Q _ ( e x ) / E (ex) r a t i o s of g r e a t e r 

than 3.5 was s u b j e c t e d to cleavage by cyanogen bromide. 

The r e a c t i o n mixture was chromatographed on a column 

of G-50 Sephadex. The e l u a t e was monitored by an I s c o 

model 222 u.v. spectrophotometer, and two peptide fragments, 

one r e d and one c o l o u r l e s s , were i d e n t i f i e d . 

The non-haem fragment was shown to have the N-terminus, 

v a l i n e , thus i n d i c a t i n g a Met-Val sequence c h a r a c t e r i s t i c 

of other cytochromes c (Dayhoff, 1969). 



FIGURE 19. 

The o v e r a l l phylogenetic t r e e r e l a t i n g t h i r t y - e i g h t 

s p e c i e s . The branch lengths are expressed i n 'Accepted 

Point Mutations' (PAMs) (see Dayhoff, 1972). 

F i g u r e s i n b r a c k e t s r e f e r to PAM v a l u e s c a l c u l a t e d where 

blanks occur i n a n c e s t r a l node sequences (see t e x t ) . 
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FIGURE 20 (A-D). 

The t r e e s obtained using the a v a i l a b l e sequence data 

f o r the r e d algae. 

F i g . 20A. The t r e e obtained when Rhodymenia was 

added as a s i n g l e sequence. 

F i g . 20B and C. The t r e e s obtained when Porphyra 

was added as a s i n g l e sequence. 

F i g . 20D. The t r e e obtained when Porphyra was 

added to the t r e e as shown i n F i g . 20A. 
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FIGURE 21 ( a , b, c ) . 

The a l t e r n a t i v e o r d i n a t i o n s of the t r e e kingdoms 

when the sequence data i s considered as four groups. The 

C r i t h i d i a , Euglena and Rhodospirilium sequences comprise 

the 'lower' group. 

The mutation v a l u e s given a r e the s c o r e s obtained when 

the t h r e e a l t e r n a t i v e t r e e s were e v a l u a t e d using the 

a n c e s t r a l sequence method. 



Lower Plants Fungi Animals 

533 

L o w e r Fungi Plants A n i m a l s 

534 

L o w e r Animals Plants Fungi 

537 



FIGURE 2 2 ( a - o ) . 

The a l t e r n a t i v e o r d i n a t i o n of the t r e e kingdoms 

when the sequence data i s d i v i d e d i n t o groups according 

t o the Whittaker system (see Appendix 4 ) . The mutation 

v a l u e s given are the s c o r e s obtained when the f i f t e e n 

t r e e s were evalu a t e d by the a n c e s t r a l sequence method. 

A Animals 
P P l a n t s 

U 
F Fungi 

P r o t i s t a ( U n i c e l l s ) 

M Monera. 
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FIGURE 23. 
Relations between amino acid differences .(A) and 

minimum mutation distances (B) of cytochrome c from d i f f e r e n t 
classes and phyla of organisms t o elapsed time since 
divergence of the l i n e s of descent. 

The s t r a i g h t l i n e s were calculated on the basis of a 

value of 230 m i l l i o n years since the time of divergence 

of the mammalian and avian l i n e s of descent. The curved 

l i n e s show the r e l a t i o n corrected f o r multiple changes 

according to the formula r = n ln(n/n-X ) ( T e l l e r , 1950). 

The Rhodymenia data was calculated on the assumption that 

the average number of changes i n the undetermined part of 

the sequence i s the same as that i n the known fragments. 

The major group divergences indicated are:-

Bnteromorpha - Spermatophyta 

B Rhodymenia - Spermatophyta 

C Animals - Plants 

D Animals - Fungi 

E Plants - Fungi 

F Pr o t i s t a - Spermatophyta 
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DISCUSSION 

The D i s t r i b u t i o n and Characterization of 
.g-type Algal Cytochromes 

K e i l i n (1925; 1927) showed that cytochrome c occurred 

not only i n members of the animal kingdom, as had been 

demonstrated previously by McMunn (1884? 1886; 1887), but 

that i t was also present i n plants. Since Ke i l i n ' s early 

work, the preparation and characterization of cytochrome c 

from a v a r i e t y of higher plant sources has been accomplished 

(see Richardson et .al., 1970) „ 

In 1935 Yakushiji described a .c-type cytochrome s c l u b i l i s 

from a red alga, Porphyra tenera (Yakushiji, 1935) and l a t e r 

Katoh (1959) investigated the physical and chemical properties 

of several algal cytochromes. C r y s t a l l i z a t i o n of al g a l 

cytochrome was f i r s t reported from Porphyra by Katoh (1960) 

and Yakushiji et a l . (1960). Katoh (1959) found that t h i s 

cytochrome was localised i n the chloroplast, had a high redox 

p o t e n t i a l similar to that of cytochrome f , and, therefore, 

concluded that i t belonged to the photosynthetic system. 

Nishimura (1959) reported a sim i l a r cytochrome from Euglena 

g r a c i l i s , which was only detectable i n autotrophically-grown 

cel3.s. 

Sugimura et a l . (1968) characterized jc-type cytochromes 

from a v a r i e t y of red, brown and green algae (see also Kamen 

et a l . , 1971). However, these cytochromes have t h e i r a band 
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absorption maxima at 553 run, are acidic proteins w i t h no 

appreciable oxidation by mammalian cytochrome oxidase (Yamanaka 

and Okunuki, 1963), and hence do not p a r t i c i p a t e i n c e l l 

r e s p i r a t i o n . Holton and Myers (1967a and b) demonstrated 

the presence of c:-type cytochromes i n the blue-green alga, 

Anacystis nidulans, and characterized two acidic c-types and 

p a r t i a l l y characterized a basic form which was obtained i n 

much lower y i e l d s . This l a t t e r cytochrome i s presumably 

homologous with the basic eukaryotic cytochromes c;. Many 

other c:-type cytochromes of uncertain a f f i n i t i e s are also 

reported from bacteria, fungi and yeasts (soe Kamen c t a l . , 

1971) . 

Table 17 gives a summary of the occurrence and properties 

of some of the presently recognised groups of .c-type 

cytochromes, i . e . those characterized by the possession of 

the covalently bound haem c prosthetic group (see K e i l i n , 

1966) ; however, variations i n structure are found w i t h i n the 

various groups shown i n Table 17. Many of the photosynthetic 

b a c t e r i a l ,£2-type cytochromes have been shown t o have more 

than one haem group molecule (Dus and Kamen, 1963; Kamen 

et a l . , 1971). Also, subtle differences i n the haem environment 

as we l l as a s l i g h t l y higher content of alpha h e l i x i n 

cytochrome £2 lead to the observed variations i n the a band 

absorption peaks. I n the case of the protozoan C r i t h i d i a , 

which has the a band absorption at 557 nm, sequence determination 
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has shown that only one cysteine residue i s involved i n the 

binding of the haem (Pettigrew, 1972.},. . 

However, comparatively few of the b a c t e r i a l c-type 

cytochromes have been f u l l y characterized and few sequences 

are at present known (see Table 17). The cytochromes 

investigated i n t h i s study are of the mitochondrial type and 

were shown to be homologous with other eukaryotic mitochondrial 

cytochromes c from higher plants (Boulter, 1970) and animals 

(Margoliash and Smith, 1965; Margoliash and Sehejter, 1966? 

see also Dayhoff, 1972). 

Technical Problems i n the P u r i f i c a t i o n and 
Sequencing of Algal Cytochrome c 

I n i t i a l experiments w i t h Enteromorpha t h a l l i indicated 

t h a t the major problem would be the low y i e l d of cytochrome 

c, as compared with animal sources and those obtained from 

germinating seeds (Richardson et j a l . , 1970). The yields 

obtained from Enter omorpha were of the same :jrder as the 

above authors reported f o r cytochrome extracted from green 

tissues of higher plants (Richardson est a l . , 1970). A 

comparison of the yields obtained from other sources i s 

given i n Table IB. 

Whereas the material of Rhodymenia and Porphyra represented 
the 

single species ,/Enteromorpha source probably represented a 

mixture of several closely r e l a t e d species including E. l i n z a , 

E. flexuosa and E. i n t e s t i n a l i s (P. R. Edwards, personal 
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communication). Species of t h i s genus are notoriously 

d i f f i c u l t t o i d e n t i f y except by d e t a i l s of t h e i r l i f e cycles 

(Bl i d i n g , 1963; Cook and Hoffman, 1971); however, a unique 

sequence was obtained i n d i c a t i n g t h a t predominantly only one 

species was present, or, a l t e r n a t i v e l y , t h a t the several species 

of the genus have i d e n t i c a l cytochromes c as has been reported 

fo r Brassica spp. (Richardson et al., 1971 ; Thompson et a l . , 

1971c). 

Because of the large mass of s t a r t i n g material required 

to compensate for the low y i e l d s , the i n i t i a l problems 

encountered during the extraction were l a r g e l y technological. 

Speed of handling i n the i n i t i a l e xtraction stages of 

cytochrome c_ i s reported to mitigate against losses i n y i e l d 

(Margoliash and Walasek, 1967), which often r e s u l t from 

the action of degradative enzymes. The use of the Broadbent 

centrifuge proved p a r t i c u l a r l y useful i n t h i s respect f o r 

the bulk f i l t r a t i o n of crude homogenates, rather than Buchner 

f i l t e r s . The Terylene bag material chosen represented the 

most e f f i c i e n t f i l t e r i n g agent, giving the best rate of 

separation. 

Various methods have been employed by Japanese workers 

to prepare photosynthetic cytochromes c from algae (see 

Sugimura et .al., 1968) and of these homogenization procedures 

have l e d to problems with slimy substances. No problems 



-78-

were encountered i n t h i s respect with either Enteromorpha 

or Porphyra; homogenization of Rhodymenia t h a l l i gave an 

o i l y s l u r r y which f i l t e r e d s a t i s f a c t o r i l y i n the Broadbent 

centrifuge. Homogenization of Fucus and Laminaria gave very 

slimy extracts, which f i l t e r e d very slowly, and necessitated 

frequent removal of the f i l t e r cake. 

I t has been shown that many of the polysaccharides 

extracted from algae have sulphonated side-chains (Drum, 1969; 

Percival, 1968) and the cationic binding properties of poly­

saccharides from Rhodophycean and Phaeophycean sources has 

also been reported (Springer and Abdelmessih, .1969). I t i s 

suggested th a t the zero yields of cytochrome obtained from 

the species r i c h i n these substances are a t t r i b u t a b l e t o these 

processes. Microscopic i n v e s t i g a t i o n of .Enteromorpha 

homogenates revealed a very low percentage (estimated <5%) 

of c e l l breakage, but i n spite of t h i s , extraction methods 

involving mere soaking of t h a l l i i n the extraction medium 

proved i n e f f e c t u a l . I t i s s i g n i f i c a n t to note th a t i n the 

case of N i t e l l a where ""100% c e l l breakage could be guaranteed, 

no detectable cytochrome was extracted; also, Lonsdale 

(personal communication) f a i l e d to extract RNA from the same 

material. 

Previous investigations of cytochromes c have often 

involved rather drastic methods f o r the i n i t i a l e x t raction of 
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the p r o t e i n . These include treatments with organic solvents 

(Goddard, 1944; Hagihara .et a l . , 1958, 1959; Wasserman et a l . 

1963; Fridman et a l . , 1968) or with hot acid (Goddard, 1944). 

Inhomogeneities of most preparations have been shown t o r e s u l t 

from such treatments (Margoliash, 1954. ; Yamanaka et a l . , 

1959) . The use of organic solvents can cause denaturation 

(Kaminsky and Davison, 1969), while extremes of pH or high 

temperature may lead to denaturation, deamidation or polymer 

formation (see Margoliash and Schejter, 1966). 

The blending of plant material i n d i l u t e phosphate 

buffer was shown to give an e f f i c i e n t extraction of cytochrome 

c (Morita and Ida, 1968; Ida and Morita, 1969). A s i m i l a r l y 

m i ld technique was developed by Richardson et al. (1970) to 

extract cytochrome c from germinating seedlings. The 

method used to prepare algal cytochromes was a modification 

of t h i s technique. Algal t h a l l i were extracted at pH 

4.5-4.6 i n the presence of ascorbic acid and EDTA t o reduce 

oxidative destruction of the cytochrome by compounds produced 

i n the browning reaction (Wasserman ^ t a l . , .1963). 

I n i t i a l l y the homogenate was f i l t e r e d at t h i s pH but no 

apparent loss of y i e l d or decrease i n p u r i t y was observed 

when the homogenate was adjusted d i r e c t l y t o pH 8 p r i o r t o 

f i l t e r i n g . F i l t e r i n g at the acid pH p r e c i p i t a t e d many of 

the storage proteins found i n the germinating seed (Richardson 
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et aJ.., 1970) and t h i s was considered an unnecessary step 

with algal material, p a r t i c u l a r l y as i t was desirable t o keep 

the time that the protein was under acidic conditions t o a 

minimum to avoid modification. 

The large volumes and low cytochrome content provided 

major problems of concentration i n the i n i t i a l stages. 

Yamanaka et _al. (1964a) showed that the a b i l i t y of cation 

exchangers t o absorb cytochrome c from solution provided an 

e f f i c i e n t method of concentrating very d i l u t e cytochrome 

solutions obtained from poor sources of the protein. 

J. Ramshaw (personal communication) reported that with plant 

material large quantities of material p r e c i p i t a t e d i n and on 

the r e s i n , thus necessitating batchwise e l u t i o n of the column. 

Batchwise e l u t i o n was also found t o represent the best method 

for algal sources, as much debris and extraneous material 

( p a r t i c u l a r l y f o r the red algae studied) accumulated on the 

resi n . The pH was maintained at 8 during e l u t i o n since 

below pH 6 the cytochrome becomes very strongly bound to the 

resin (Boardman and Partridge, 1953; 1954; 1955). 

The batchwise e l u t i o n of the cation exchangers s t i l l 

gave, f a i r l y large volumes of e-.luate, which necessitated a 

further concentration step. CM-Sephadex had proved the most 

useful way of af f e c t i n g t h i s (Richardson et _al., 1970), 

sine;* .impurities which had a higher a f f i n i t y f o r the resin 

than the reduced cytochrome, we-re lis f t adsorbed t o the upper 
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p art of the column a f t e r the cytochrome had migrated down­

wards during the washing procedure, thus giving r i s e t o a 

s i g n i f i c a n t increase i n p u r i t y . Also, the flow rates f o r 

CM-Sephadex were better compared wi t h those f o r CM-cellulose. 

The use of CM-Sephadex s t i l l involved d i a l y s i s of r e l a t i v e l y 

large volumes of eluates. Even a f t e r t h i s concentration 

step, care was s t i l l needed i n order to avoid modifying the 

protein, and for t h i s reason ammonium sulphate was i n i t i a l l y 

avoided since Flatmark (1966) had suggested t h i s l e d t o 

deamidation. P r e c i p i t a t i o n w i t h ammonium sulphate has 

been used as an a l t e r n a t i v e method f o r the i n i t i a l concentrati 

of cytochrome c from spinach leaves (Asada and Takahashi, 

1971) and elder flowers (Brown and Boulter, 1973c). 

Margoliash and Schejter (1966) had suggested that the 

inhomogeneities a t t r i b u t e d t o ammonium sulphate f r a c t i o n a t i o n 

were due to poor pH control during the ammonium sulphate step, 

or t o the dr a s t i c extraction techniques. I t was found 

that c a r e f u l l y c o n t r o l l e d ammonium sulphate f r a c t i o n a t i o n 

of algal cytochrome c d i d not give r i s e to changed forms of 

cytochrome c, possibly due to deamidated forms of the 

prot e i n . The subsequent inclusion of t h i s step gave a 

useful and substantial p u r i f i c a t i o n of the cytochrome 

preparation as judged by the copious p r e c i p i t a t e s of protein 

material obtained during f r a c t i o n a t i o n . Subsequent 

molecular exclusion chromatography using the method of 
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Flatmark (1964) provided further p u r i f i c a t i o n and removed 

the remaining ammonium sulphate from the cytochrome residues. 

At t h i s stage selection of best fra c t i o n s was used; i n a l l 

previous steps the t o t a l preparation was maintained. Final 

p u r i f i c a t i o n was achieved by gradient e l u t i o n from CM-cellulose. 

The s a l t - f r e e preparation a f t e r gel f i l t r a t i o n was applied 

d i r e c t l y t o the resin and was oxidised by potassium f e r r i -

cyanide. Elution was by a l i n e a r l y increasing cation 

concentration (Margoliash, 1962; Margoliash and Lustgarten, 

1962), rather than the a l t e r n a t i v e of constant cation 

concentration and increasing pH (Boardman, ":959; Margoliash, 

1962; Margoliash and Lustgarten, 1962). This technique 

w i l l separate deamidated forms and modified forms which are 

not separated by g e l - f i l t r a t i o n . The r e s u l t s show tha t the 

use of ammonium sulphate p r e c i p i t a t i o n step did not lead to 

any appreciable deamidation and the degree of modification 

generally present was low. The ampholine i s o e l e c t r i c 

focusing method used by Flatmark and Vesterberg (1966) f o r 

beef heart cytochrome c, has been shown to be unsuitable f o r 

the preparation of plant cytochromes c (Richardson et: a i . , 

1970) and was not investigated f o r the a l g a l cytochromes c 

studied. 

Dialysis was avoided where possible f especially i n the 

l a t e r stages of p u r i f i c a t i o n and desalting, as at low s a l t 
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concentrations plant cytochrome c shows a tendency to bind 

to the d i a l y s i s tubing (Laycock, unpublished experiments) . 

Wasserman et j a l . (1963) reported that wheatgerm cytochrome c 

i s unstable at low ionic strength and i t was r o u t i n e l y 

observed that eluates of the desalting column appeared cloudy. 

The c r y s t a l l i z a t i o n of the cytochromes c was not 

attempted, although the c r y s t a l l i z a t i o n of wheat cytochrome c 

(Hagihara et al., 1958) and r i c e cytochrome _c (Morita and 

Ida, 1968; Ida and Morita, 1969) has been reported and t h i s 

appears to be easier than c r y s t a l l i z a t i o n of cytochrome c 

from animals (Ida and Morita, 1969). The c r y s t a l l i z a t i o n 

of acidic .c-type cytochromes from algae i s widely reported 

(see Sugimura et al., 1968), and Mitsui and Tsushima (1968) 

report the c r y s t a l l i z a t i o n of Euglena c,-^ cytochrome. 

With such a v a r i e t y of sources of cytochrome c available 

no single method of preparation i s i d e a l . However, i t i s 

more convenient to establish a basic method which can be 

followed i n p r i n c i p l e and modified to s u i t i n d i v i d u a l 

requirements. 

The cytochromes c from the algal cytochromes used i n 

t h i s study are s p e c t r a l l y r e l a t e d t o other mitochondrial 

cytochromes c, as shown i n Table 18 e The spectral r a t i o 

of E nm(reduced)/E nm(reduced) obtained f o r higher 

plants and algae i s noticeably higher than th a t f o r animal 

cytochromes. 
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Th e Enteromorpha p r e p a r a t i o n was shown to be pure by 

polyacrylamide g e l e l e c t r o p h o r e s i s ( V a l e n t i n e and Roberts, 

1971). The Porphyra p r e p a r a t i o n separated w i t h two cytochrome 

bands of approximately equal d e n s i t y on e l e c t r o p h o r e s i s a t 

both pll 4.3 and 8.3 and the i s o e l e c t r i c p o i n t s f o r each of 

these were c a l c u l a t e d ( V a l e n t i n e and Roberts, 1971). No 

evidence of inhomogeneity during the p r e p a r a t i o n of Porphyra 

cytochrome c was observed and the presence of the two bands 

i s unexplained. The Porphyra p r e p a r a t i o n was shown a l s o to 

contain t r a c e amounts of impurity. The apparent inhomogeneities 

shown during the p r e p a r a t i o n of Enteromorpha cytochrome sftov/n 

i n F i g . 5 were co n s i d e r e d t o be due to s t r e a k i n g of the column, 

due to overloading and not to modified or deamidated forms 

of the p r o t e i n . 

The p u r i f i c a t i o n methods which have been used f o r the 

p r e p a r a t i o n of fungal cytochromes are b a s i c a l l y the same as 

those used f o r animal cytochromes (see Margoliash and 

S c h e j t e r , 1966). The major problems are those a s s o c i a t e d 

w i t h the i n i t i a l e x t r a c t i o n of the p r o t e i n . E a r l y work on 

the fundamental p r o p e r t i e s of cytochromes i n v o l v e d the use 

of d e l f t y e a s t p r e p a r a t i o n s ( H i l l and K e i l i n , 1930; 

K e i l i n , 1930; Dixon e t a l . , 1931). E x t r a c t i o n was by 

b o i l i n g and sodium c h l o r i d e treatmentto plasmolyse the c e l l s 

f o l l o w ed by p r e c i p i t a t i o n by sulphur dioxide to e x t r a c t the 

p r o t e i n . I t was b e l i e v e d t h a t these d r a s t i c procedures 
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d i d not l e a d t o m o d i f i c a t i o n of the p r o t e i n , but t h i s b e l i e f 

was founded on the l a c k of s e n s i t i v e c r i t e r i a of p u r i t y . 

However, because fungal cytochromes are g e n e r a l l y more 

d i f f i c u l t to e x t r a c t , r e c e n t procedures have s t i l l r e q u i r e d 

d r a s t i c treatment, u s u a l l y by organic s o l v e n t a u t o l y s i s 

(Sherman e t a i l . , 1965; S h i r a s a k a et _ a l . # 1968) . A l k a l i n e 

e x t r a c t i o n methods have been s u c c e s s f u l l y used with cytochrome 

c - r i c h s t r a i n s of Neurospora mycelium preceded by v a r i o u s 

f r e e z i n g techniques ( H e l l e r and Smith, 1966a; S c o t t and 

M i t c h e l l , 1969). The method used f o r the p r e p a r a t i o n of 

mushroom cytochrome was b a s i c a l l y the same as t h a t used to 

prepare cytochrome from a l g a l t h a l l i . Mushrooms were obtained 

i n the 'cup' stage, as i t was c o n s i d e r e d t h a t a t t h i s stage, 

metabolic a c t i v i t y would be maximal. F r e e z i n g of the 

mushrooms and g r i n d i n g to a powder i n the Hobart blender 

p r i o r t o e x t r a c t i o n gave a f i n e r s l u r r y than other methods 

t r i e d . Various e x t r a c t i o n procedures were a s s e s s e d f o r the 

e x t r a c t i o n of Saprolegnia cytochrome, i n v o l v i n g l i q u i d 

n i t r o g e n f r e e z i n g and acetone powdering to d i s r u p t the 

mycelium, followed by e x t r a c t i o n w i t h d i f f e r e n t b u f f e r s of 

va r y i n g pH, w i t h and without the a d d i t i o n of e t h y l a c e t a t e 

as used by Sherman a t _ a l . (1965) and Sherman e t al. (.1968) „ 

The method chosen was t h a t which gave the b e s t y i e l d of 

cytochrome (see Table 4 ) . 
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Th e i n i t i a l cytochrome y i e l d s of both mushroom and 

Sap r o l e g n i a were higher than those obtained from a l g a l sources, 

but were c o n s i d e r a b l y lower than those obtained from other 

fungal sources; 100-400 mg/kg f r e s h c e l l s f o r Neurospora 

( H e l l e r and Smith, 1966a), 400 mg/kg wet c e l l s f o r Candida, 

and 100 mg/kg wet c e l l s f or Baker's y e a s t ( S h i r a s a k a _et _ a l . , 

1968). However, i n these c a s e s the s t r a i n of the fungus, 

the growth media and h a r v e s t i n g were a l l s e l e c t e d f o r maximal 

y i e l d of cytochrome. The high y i e l d s obtained allowed d i r e c t 

e l u t i o n from the amberlite which was used t o i n i t i a l l y 

concentrate the e x t r a c t . 

The mushroom pr e p a r a t i o n gave m u l t i p l e bands on g e l 

f i l t r a t i o n . The major band which contained the m a j o r i t y of 

cytochrome e x t r a c t e d was c e r t a i n l y not a normal n a t i v e 

mitochondrial c-type cytochrome as judged by i t s l a c k of 

redu c t i o n by a s c o r b i c a c i d . F u r t h e r p u r i f i c a t i o n of t h i s 

band using g r a d i e n t e l u t i o n gave evidence of more inhomo-

gen e i t y . F u r t h e r p u r i f i c a t i o n of the other bands was not 

attempted, owing to l a c k of m a t e r i a l ; however, the l a s t 

band to be e l u t e d was considered from i t s s p e c t r a l c h a r a c t e r i s ­

t i c s to r e p r e s e n t n a t i v e cytochrome c:. I t i s easy t o 

a s c r i b e t h e s e r e s u l t s to denaturation; however, the e x t r a c t i o n 

method vised was m i l d and caused no apparent inhomogeneities 

i n the cytochromes from algae. A l s o , the Saprolegnia 
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cytochrome which had been s u b j e c t e d to an e t h y l a c e t a t e 

treatment, appeared as an homogeneous p r e p a r a t i o n , as judged 

by i t s g e l f i l t r a t i o n p r o p e r t i e s . An a l t e r n a t i v e explanation 

of the mushroom r e s u l t s i s t h a t the peaks may r e p r e s e n t i s o ­

enzymes. Saccharomyces has been shown to possess two 

d i f f e r e n t cytochromes which e x i s t i n the same c e l l ( S l onimski 

e t jal.# 1965), although only one cytochrome i s re p o r t e d f o r 

Debarvomyces ( N a r i t a and Sugeno, 1968) . The Basidiomycetes 

appear to be a somewhat ne g l e c t e d group i n terms of 

cytochrome s t u d i e s and a t y p i c a l s i t u a t i o n has y e t t o be 

c h a r a c t e r i z e d . Much s e l e c t i o n work on s t r a i n s of y e a s t s 

and a n t i b i o t i c and food y i e l d i n g fungi has been done during 

the p a s t ten y e a r s , and i t i s d i f f i c u l t to a s s e s s the e f f e c t 

t h a t t h i s may have had on the g e n e t i c m a t e r i a l . Amino a c i d 

compositions or peptide maps would i n d i c a t e f a i r l y simply 

i f any d i f f e r e n c e s between the v a r i o u s peaks e x i s t e d but 

would not prove them to be the same p r o t e i n , e.g. the 

cytochromes c from Kloechera and Candida k r u s e i have q u i t e 

d i f f e r e n t p r o p e r t i e s (Yamanaka _et _ a l . , 1964b), presumably 

as a r e s u l t of sequence d i f f e r e n c e s , y e t g i v e the same amino 

acid compositions ( N a r i t a e t a l . , 1964). 

Apparently e q u a l l y pure samples of the same cytochrome 

have been shown t o vary i n t h e i r s p e c t r a l r a t i o (Paleus 

and Neilands, 1950; Paleus, 1960), and t h i s demonstrates 
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t h e inadequacies of using t h i s method alone to a s s e s s p u r i t y . 

The E . . y E n n n r a t i o f o r a l g a l cytochromes as shown i n Table 18 4.L0 280 ^ J 

was g e n e r a l l y s i m i l a r to t h a t quoted f o r higher p l a n t 

cytochromes c (Richardson et j a l . , 1970). The same authors 

a l s o quote v a r y i n g E,_ 5 0 ( r e d ) / E 2 g 0 (ox) r a t i o s f o r samples of 

p l a n t cytochrome shown to be pure by g e l d i s c e l e c t r o p h o r e s i s . 

D i f f e r e n c e s i n amino a c i d composition cause v a r i a t i o n s i n 

the absorbance at 280 nm, and t h i s i s p a r t i c u l a r l y apparent 

with changes i n tryptophan content and a l s o to a l e s s e r extent 

phenylalanine and t y r o s i n e . The absorbance of the soaret 

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

s t r u c t u r e becoming l a r g e r as the p r o t e i n unfolds (Stellwagen, 

1968). Thus, no absolute p u r i t y c r i t e r i a based on s p e c t r a l 

r a t i o s can be e s t a b l i s h e d f o r a l l s p e c i e s . The use of i r o n 

content as an estimate of p u r i t y has a l s o given apparent i n ­

c o n s i s t e n c i e s (Paleus and Neilands, 1950? Bodo, 1955; Paleus 

1960). T h i s method w i l l i n d i c a t e p r o t e i n p u r i t y but cannot 

d i s t i n g u i s h between n a t i v e and modified p r o t e i n . A n a l y t i c a l 

column chromatography on weak c a t i o n exchangers i n c o n j u n c t i o n 

w i t h the i n a b i l i t y of cytochrome c f r a c t i o n s t o bind carbon 

monoxide, i s c o n s i d e r e d a good c r i t e r i a f o r p u r i t y 

(Margoliash, 1962; Margoliash and S c h e j t e r , 1966). Similarly, 

a n a l y t i c a l e l e c t r o p h o r e s i s on media such as s t a r c h g e l or 

polyacrylamide g e l provides a good c r i t e r i o n of p u r i t y . The 
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g r e a t e r range of cytochrome sources now becoming a v a i l a b l e 

i s making apparent a g r e a t e r range of s t r u c t u r e s and p r o p e r t i e s 

w i t h i n the m i t o c h o n d r i a l cytochrome c group, and t h i s means 

t h a t a s i n g l e s e t of p u r i t y c r i t e r i a cannot be d e v i s e d to cover 

a l l of the group. I d e a l l y , any method t h a t does not i n v o l v e 

d i r e c t i r o n content should be used (see K e i l i n and Hartree, 

1939; Van Gelder and S l a t e r , 19S2) . 

Previous sequence detervninations of cytochrome c have 

often i n v o l v e d the use of l a r g e quantitj.es of p r o t e i n , e.g. 

Samia Moth,1.30 g (Chan and Margoliash, 1966); Rabbit, 

1.71 g (Needleman and Margoliash, 1966); iiog, 0*82 g 

(McDowall and Smith, 1965); Wheat, 0.26 g (Stevens e t a i t 

1967). The wheat sequence was determined u s i n g only chymo-

t r y p t i c peptides; thus, i f the same q u a n t i t i e s of a l g a l 

p r o t e i n were to be prepared very c o n s i d e r a b l e q u a n t i t i e s of 

s t a r t i n g m a t e r i a l would be r e q u i r e d . The q u a n t i t i e s of 

cytochrome c a v a i l a b l e from the p r e p a r a t i o n c undertaken 

during t h i s study, <30 mg, r e q u i r e d a micro-method approach 

to sequencing d i f f e r e n t t o the d i r e c t or s u b t r a c t i v e Edman 

methods p r e v i o u s l y used i n cytochrome c sequence i n v e s t i ­

g a t i o n s . A s u i t a b l e method has been used s u c c e s s f u l l y by 

B o u l t e r and h i s co-workers f o r sequence s t u d i e s on higher 

p l a n t cytochrome c where only l i m i t e d amounts of p r o t e i n are 

a v a i l a b l e , e.g. Rape (12 mg) (Richardson e t a l . # 1971 ) , 

http://quantitj.es
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A b u t i l o n and cotton (.12 mg each) (Thompson e t a l . , 1971a), 

and Sesame and Castor (18 mg each) (Thompson e t . a l . , 1970). 

The method used was t h a t d e v i s e d by Gray and H a r t l e y (1963a). 

T h i s i n v o l v e s the s e p a r a t i o n of peptides, d e r i v e d from 

p r o t e o l y t i c enzyme d i g e s t i o n of the p r o t e i n , by high-voltage 

paper e l e c t r o p h o r e s i s and sequence a n a l y s i s by the d a n s y l -

Edman method. I n c o n j u n c t i o n w i t h u s i n g the homology 

between sequences as l i t t l e as 0.5 umol (6 mg) cytochrome 

was used i n the determination of the sequence of Ginkgo 

b i l o b a cytochrome (Ramshaw e t a l . , 1971) and 0.2 umol (2.5 mg) 

f o r the N i g e l l a sequence (Brown and B o u l t e r , I S 7 3 a ) . 

The p r o t e o l y t i c enzymes used i n t h i s i n v e s t i g a t i o n were 

chymotrypsin and t r y p s i n . These are the most s p e c i f i c of 

the enzymes a v a i l a b l e and have been used s u c c e s s f u l l y i n the 

a n a l y s i s of other cytochromes (see f o r example, Chan and 

Margoliash, 1966; Stevens e t . a l . , 1967; B o u l t e r e t a l . , 

1970). The two s e t s of peptides obtained from d i g e s t i o n 

by each of these u s u a l l y give s u f f i c i e n t overlapping peptides 

t o l o g i c a l l y e s t a b l i s h the sequence by i n s p e c t i o n . 

The a l g a l cytochromes c were r e a d i l y d i g e s t e d w i t h e i t h e r 

of these enzymes and w i t h the s p e c i f i c i t i e s g e n e r a l l y expected. 

Chymotrypsin however, o c c a s i o n a l l y showed wider s p e c i f i c i t y 

b reaks, e.g. a t asparagine r e s i d u e s . T h i s was more common 
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i n l a r g e peptides and on more prolonged d i g e s t i o n , i n d i c a t i n g 

t h a t t h i s probably r e p r e s e n t s secondary cleavage s p e c i f i c i t y . 

T r y p s i n showed very few unexpected cleavages; t h a t g i v i n g 

the Rhodymenia peptide TlC(c) being the most obvious. Anomalies 

i n t r y p t i c s p e c i f i c i t y have been a t t r i b u t e d to pseudotrypsin 

i n the enzyme p r e p a r a t i o n s (Keil-Dlouha _et j a l . , 1971). No 

t r y p t i c a c t i v i t y was observed a t £-N-trimethyllysine r e s i d u e s . 

Cyanogen bromide cleavage has been used i n the 

determination of s e v e r a l p r o t e i n sequences (see Kasper, 1970), 

and t h i s method has been a p p l i e d p r e v i o u s l y t o cytochrome c 

( H e l l e r and Smith, 19&6b). The method owes i t s s u c c e s s t o 

i t s s p e c i f i c i t y f o r methionyl r e s i d u e s and to the f a c t t h a t 

methionine i s r e l a t i v e l y r a r e i n p r o t e i n s . T h i s i n c r e a s e s 

the p r o b a b i l i t y of obtaining l a r g e peptide fragments which 

can provide v a l u a b l e information important f o r e i t h e r the 

c o r r e c t p o s i t i o n i n g of peptides d e r i v e d from enzymic d i g e s t s 

or f o r the confirmation of p r e v i o u s l y e s t a b l i s h e d sequences. 
been 

Cleavage of 96% of the s u s c e p t i b l e bonds has/achieved u s i n g 

70% (v/v) formic a c i d as the s o l v e n t ( S t e e r s _et a l . , 1965); 

the method used was t h a t d e s c r i b e d f o r /3-Galactosidase 

( S t e e r s et _ a l . , 1965). 

Cyanogen bromide cleavage of cytochrome _c was used as 

a method of obtaining two fragments of the p r o t e i n which 

coul d then be d i g e s t e d e n z y m i c a l l y , thus making subsequent 



s e p a r a t i o n of the peptid.es e a s i e r ? a l s o , where only s m a l l 

amounts of p r o t e i n were a v a i l a b l e , and. the complete sequence 

could, not be determined, by overlapping peptide data, t h i s 

method would give stronger support to the a s s i g n i n g of 

peptides to the sequence by homology w i t h other cytochromes 

c (see f o r example, Brown and B o u l t e r , 1973a). The cyanogen 

bromide fragments were r e a d i l y separated by g e l f i l t r a t i o n 

but subsequent d i g e s t i o n and paper chromatography gave poor 

y i e l d s of p e p t i d e s . D i r e c t dansyl-Edman a n a l y s i s on the 

s m a l l e r , non-haem fragment gave u s e f u l sequence data. The 

use of t h i s method i s suggested i n cases where only very l i m i t e d 

amounts of cytochrome of u n c e r t a i n p u r i t y are a v a i l a b l e ? 

subsequent sequence a n a l y s i s of the second fragment by 

sequenator methods could then give data on some 20% of the 

sequence which could be used i n comparative s t u d i e s . 

However, l a r g e r q u a n t i t i e s of m a t e r i a l than were used i n t h i s 

i n v e s t i g a t i o n appear to be r e q u i r e d to give f u l l sequence 

information. 

High-voltage paper e l e c t r o p h o r e s i s v/as used t o separate 

peptides as t h i s i s p r e f e r a b l e to column s e p a r a t i o n methods 

when only small q u a n t i t i e s of m a t e r i a l are a v a i l a b l e . 

Paper chromatography proved u n s a t i s f a c t o r y probably due to 

the l a c k of m a t e r i a l and was not r o u t i n e l y used as e l e c t r o p h o r e s i s 

a t pH 6.5 and pH 1.9 gave adequate s e p a r a t i o n of the p e p t i d e s . 

http://peptid.es
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The dansyl-Edman method f o r sequencing peptides i s an 

extremely s e n s i t i v e one and has been used i n a micro-form 

to determine the sequence of as l i t t l e as 10 pmol of peptide 

(Bruton and H a r t l e y , 1970). When the method of Woods and 

Wang (1967) i s used to separate the dansyl d e r i v a t i v e s by 

t h i n - l a y e r chromatography, i t a l s o has the advantage of 

e x c e l l e n t r e s o l u t i o n of a l l normally o c c u r r i n g p r o t e i n amino 

a c i d d e r i v a t i v e s , e s p e c i a l l y l e u c i n e and i s o l e u c i n e . 

R e s o l u t i o n of unusual amino a c i d s such as € - N - t r i m e t h y l l y s i n e , 

and good s e p a r a t i o n of the b a s i c amino a c i d s , can a l s o be 

achieved. The main d i f f i c u l t i e s of t h i s £nd other 'end 

group' techniques are those of i d e n t i f y i n g amino a c i d s 

whose d e r i v a t i v e s are l a b i l e during the a c i d h y d r o l y s i s of 

the l a b e l l e d peptide. Both asparagine and glutamine are 

destroyed t o t h e i r corresponding a c i d s , and i f tryptophan 

has not been p r e v i o u s l y destroyed during Edman degradation 

i t s dansyl d e r i v a t i v e i s t o t a l l y destroyed. B i s - d a n s y l -

h i s t i d i n e i s degraded to a - N - d a n s y l - h i s t i d i n e and a f t e r 

s e v e r a l Edman degradation steps l y s i n e can a l s o be d i f f i c u l t 

to i d e n t i f y . D a n s y l - p r o l i n e i s degraded on prolonged a c i d 

h y d r o l y s i s and when p r o l i n e was expected i n the sequence 

the l a b e l l e d peptide v/as hydrolysed f o r a s h o r t e r time (6 h) . 

The method i s a l s o only q u a l i t a t i v e a t each ste p of the 

Edman degradation, although an i n d i c a t i o n of the peptide 
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composition can be obtained from the i n t e n s i t y of the 

f l u o r e s c e n c e of the spots a f t e r chromatography of a d a n s y l a t e d 

a c i d h y d r o l y s a t e of the peptide. 

Of these d i f f i c u l t i e s the i d e n t i f i c a t i o n of amides 

pr e s e n t s the major problem. The method of Offord (1966) 

using the m o b i l i t y a t pH 6.5 o f t e n s u f f i c e s to a s s i g n most 

amide r e s i d u e s , and t h i s i s an added advantage of t h i s 

s e p a r a t i o n technique. However, c e r t a i n r e s i d u e s canviot be 

p l a c e d as amides by t h i s method and, u n l e s s s u f f i c i e n t 

peptide m a t e r i a l i s a v a i l a b l e t o determine the m o b i l i t i e s of 

degraded peptides a t pH 6.5, amides can only be t e n t a t i v e l y 

assigned by homology w i t h cytochromes where the amide r e s i d u e s 

have been e x p e r i m e n t a l l y determined. 

The d i f f i c u l t i e s encountered w i t h haem pepti d e s , p a r t i ­

c u l a r l y w i t h those of Rhodymenia, l i e i n the f a c t t h a t these 

peptides were r o u t i n e l y recovered i n only low y i e l d . I t 

i s p o s s i b l e t h a t the haem moiety i n t e r f e r e d w i t h nearby 

s u s c e p t i b l e bonds (Margoliash and S c h e j t e r , 1966) and t h a t 

t h i s , coupled w i t h the i n i t i a l l i m i t e d amount of m a t e r i a l 

and the performic o x i d a t i o n of haem peptides, was r e s p o n s i b l e 

f o r the l a c k of information obtained. The t e c h n i c a l problems 

in v o l v e d i n sequence determination and the l i k e l y sources of 

ina c c u r a c y , when using l i m i t e d amounts of p r o t e i n , have been 

d i s c u s s e d by Ambler and Wynn (1973), and these problems were 



l a r g e l y those encountered during t h i s study and which 

n e c e s s i t a t e d the a n a l y s i s , i n most c a s e s , of repeated d i g e s t s 

Sequence Comparisons 

The sequences determined so f a r f o r higher p l a n t s show 

s e v e r a l c h a r a c t e r i s t i c s which can be considered as being 

t y p i c a l of the group,, A l l c o n s i s t of a s i n g l e polypepti.de 

chain of 111-113 r e s i d u e s with a c o v a l e n t l y bound haem group. 

They are longer than any of the other cytochromes c examined, 

the a d d i t i o n a l r e s i d u e s being p r e s e n t as an a c e t y l a t e d N-

te r m i n a l ' t a i l ' . Enterqmorpha cytochrome _c i s thus of the 

'higher p l a n t type', whereas the cytochromes c of Rhodymenia 

and Porphyra do not bear such a s t r i k i n g resemblance to t h i s 

group. Rhodymenia cytochrome c has the l o n g e s t N-terminal 

t a i l y e t found, c o n s i s t i n g of 10 amino a c i d s , the l o n g e s t 

p r e v i o u s l y being the 9 r e s i d u e t a i l of C r i t h i d i a (Pettigrew, 

1972 ) . The Enteromorpha sequence d i f f e r s from higher 

p l a n t sequences i n the p o s s e s s i o n of only a s i n g l e 

t r i m e t h y l l y s i n e r e s i d u e i n p o s i t i o n 80. T h i s probably 

r e p r e s e n t s a secondary m o d i f i c a t i o n of the p r o t e i n a f t e r 

s y n t h e s i s i s complete, as has been shown f o r the s i n g l e 

r e s i d u e of t h i s amino a c i d i n Neurospora cytochrome c ( S c o t t 

and M i t c h e l l , 1969). Enteromorpha d i f f e r s from higher 

p l a n t s i n 12 of the 85 r e s i d u e s t h a t have been shown to be 

i n v a r i a n t i n t h i s group. These are Ser-1, Asp-5, Ala-20, 

http://polypepti.de
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Ala-43, Thr-47, Ala-51, Phe-54, Thr-64, Ala-55, Ala-91, 

Lys-94 and Phe-105. However, a l a n i n e i n p o s i t i o n 51 i s 

a l s o r e p o r t e d f o r N i g e l l a (Brown and B o u l t e r , 1973a) and 

l e e k (Brown and B o u l t e r , 1973b). L y s i n e a t p o s i t i o n 94 i s 

i n c l u d e d i n the l i s t s i n c e t h i s i s G - N - t r i m e t h y l l y s i n e i n 

the higher p l a n t sequences. The number of ' i n v a r i a n t ' 

r e s i d u e s i n a l l the mitochondrial cytochromes so f a r determined 

i s now 28; the value of 34 ( B o u l t e r and Ramshaw, 1972) having 

been p r e v i o u s l y i n c r e a s e d to 29 by the p u b l i c a t i o n of the 

sequences of s n a i l (Brown e t a l . , 1972) and C r i t h i d i a 

(Pettigrew, 1972) cytochromes c. The numbsr of p r o l i n e 

r e s i d u e s i n the Enteromorpha sequence i s s i m i l a r to t h a t i n 

the higher p l a n t sequences. P r o l i n e a l s o occurs more 

f r e q u e n t l y i n both the a l g a l and p l a n t sequences than i n the 

animal sequences. The number of b a s i c amino a c i d s i n both 

the p l a n t and a l g a l sequences i s lower than t h a t f o r the 

animal sequences, and t h i s e x p l a i n s the lower observed p i 

v a l u e s f o r p l a n t cytochromes (Laycock, unpublished experiments; 

V a l e n t i n e and Roberts, 1971). The r a t i o of p h enylalanine to 

t y r o s i n e r e s i d u e s a l s o v a r i e s between d i f f e r e n t taxonomic groups. 

I n the higher p l a n t s the r a t i o i s i n v a r i a b l y 4 Phe-6 Tyr, 

as compared w i t h 6 Phe-4 Tyr f o r Enteromorpha, as is" a l s o 

the case i n Neurospora ( H e l l e r and Smith, 1966b). I n 

Rhodymenia the r a t i o i s apparently 6 Phe-4 T y r . 
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No p o s i t i v e evidence of h e t e r o g e n e i t y i n the a l g a l 

sequences s t u d i e d was obtained. T h i s has not always been 

the case w i t h the other p l a n t cytochromes c and heterogeneity 

was observed i n Cas t o r and Sesame (Thompson e t a l 0 / 1970), 

Pumpkin (Thompson et _ a l . , 1971b) and Rape (Richardson et a l . , 

1971 ) . 

Heterogeneity may be due to any of four d i f f e r e n t 

c a uses:- (1) The gene s p e c i f y i n g the polypeptide may e x i s t 

as a heterozygote a t one or more l o c i ; (2) polymorphism, 

due to i n t e r - c i s t r o n i o d i f f e r e n c e s of the gene s p e c i f y i n g 

the p r o t e i n e i t h e r w i t h i n or between populations; (3) Trans-

l a t i o n a l ambiguity of the messenger RNA template (Carbon 

_ e t _ a l . , 1966; R i f k i n e t a l . , 1966); or (4) as an a r t e f a c t 

caused by m o d i f i c a t i o n of the p r o t e i n during e x t r a c t i o n ^ 

p u r i f i c a t i o n or sequencing. 

With the exception of the iso-cytochromes -1 and ~2 

of Baker's y e a s t ( S l o n i m s k i ^ t al., 1965), l i t t l e evidence 

has been found f o r d i f f e r e n t forms of cytochrome c i n an 

i n d i v i d u a l . Mules and h i n n i e s c a r r y 50% horse and 50% 

donkey cytochrome _c, which d i f f e r by a s i n g l e r e s i d u e 

(Walasek and Margoliash, 1969). Matsubara and Smith (1962) 

r e p o r t t h a t u s i n g a mixed population of 70 i n d i v i d u a l s 

l e u c i n e was found to r e p l a c e methionine i n p o s i t i o n 65 i n 

10% of human cytochrome c . Attempts to demonstrate poly-
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morphism i n cytochrome p r e p a r a t i o n from 12 horses and 18 

humans proved u n s u c c e s s f u l (Margoliash, 1969a), and Stewart 

and Margoliash (1965) showed t h a t cytochrome c p r e p a r a t i o n s 

from d i f f e r e n t organs of the same s p e c i e s were i d e n t i c a l . 

The sequencing methods used by Margoliash (1969b) were 

estimated to be able t o d e t e c t 5% h e t e r o g e n e i t y i f i t was 

present as a s i n g l e change. The dansyl-Edman method 

r e q u i r e s a g r e a t e r degree of h e t e r o g e n e i t y than 5% f o r i t 

to be d e t e c t a b l e , e s p e c i a l l y i n c a s e s where the minimum of 

m a t e r i a l i s being used. The Enteromorpha source c e r t a i n l y 

r e p r e s e n t e d a mixture of s p e c i e s y e t the dansyl-Edman method 

gave a unique sequence. 

C e r t a i n s p e c i f i c p o i n t s about the sequence determination 

of the i n d i v i d u a l s p e c i e s s t u d i e d deserve comment. 

Enteromorpha cytochrome c was shown to have an a c e t y l 

b l o c k i n g group a t the N-terminus, i n d i c a t i n g f u r t h e r i t s 

homology with higher p l a n t cytochromes. Rhodymenia 

cytochrome c i s i n t e r e s t i n g i n being the f i r s t p l a n t 

cytochrome to be sequenced without a b l o c k i n g group and 

a l s o i n i t s p o s s e s s i o n of the 10 r e s i d u e N-.terminal t a i l . 

T h i s may be c h a r a c t e r i s t i c of the r e d algae as Porphyra was 

a l s o shown to possess an unblocked N-terminal a l a n i n e . 

Despite the i n v e s t i g a t i o n and p u r i f i c a t i o n of peptides 

from s e v e r a l d i g e s t s , s e v e r a l peptides of Rhodymenia were 



c l e a r l y not detected. I n the Porphyra sequence a 

s u b s t i t u t i o n of g l y c i n e f o r tyx'osine i n p o s i t i o n 73 was 

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

higher p l a n t s and more commonly methionine i n the animals. 

I n Lamprey, the i n s e c t s , s n a i l and Neurospora, p o s i t i o n 73 

i s p henylalanine, and Candida, Saccharomyces and Debaryomyces 

have s e r i n e (see Dayhoff, 1972). 

Strong evidence f o r the presence of two tryptophan 

r e s i d u e s i n the r e d algae was obtained. For both Rhodymenia 

and Porphyra cytochrome the b e s t spectra], r a t i o s of E ( o x ) / 
2t>0 

E r._^(red) were found to be 1.05 and 0,93, although i n the —550 

case of Rhodymenia the p r o t e i n was appa.ren.tly pure as judged 

by polyacrylamide g e l e l e c t r o p h o r e s i s . I n Rhodymenia the 

presence of two tryptophan p o s i t i v e t r y p t i c peptides was 

i n d i c a t e d , although only Trp-5, Fragment I I I c o u l d be p o s i ­

t i v e l y i d e n t i f i e d . The other tryptophan r e s i d u e was p r e s e n t 

i n peptide T5 and has been t e n t a t i v e l y a s s i g n e d t o Fragment 

I I , p o s i t i o n 7. The corresponding chymotryptic zones gave no 

c l e a r evidence f o r t h i s assignment. I n d i r e c t evidence f o r 

the occurrence of tryptophan i n the same p o s i t i o n i n the 

Porphyra sequence i s given by peptide C l (Gly-Leu-Phe). 

T h i s assignment of tryptophan p l a c e s i t as homologous with 

p o s i t i o n 41 of other cytochrome sequences (see Appendix 8 ) , 

i n which p o s i t i o n tryptophan has a l s o been recorded f o r 

http://appa.ren.tly
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Euglena, Bonito, Tuna and Carp cytochromes c. 

Two peptides were characterized i n Rhodymenia chymo-

t r y p t i c digests, which could not be assigned to the sequence 

either by corresponding overlapping t r y p t i c peptides or by 

homology. I t i s possible that these peptides may f i l l the 

'missing l i n k s ' i n the sequence. 

No e.-N-trimethyllysine residues were detected i n the 

Rhodymenia sequence either from amino acid analysis or 

during sequence analysis. Porphyra cytochrome c also appears 

not to contain t h i s amino acid. I f , as has been shown by 

Scott and M i t c h e l l (1969), the methylation of lysine occurs 

a f t e r the i n i t i a l synthesis of the protein, then the absence, 

of £-N-trimethyllysine i n the red algae implies a lack of 

the methylating enzymes, and may imply a fundamental 

biochemical difference between t h i s group and the green 

algae and higher plants. An i n d i c a t i o n of the s p e c i f i c i t y 

of the methylating enzymes of cytochrome c may be obtained 

by a study of the Enteromorpha sequence. The sequence 

around the (Sr-N-trimethyllysine residue i n p o s i t i o n 80 i n 

Enteromorpha i s i d e n t i c a l with t h a t of the higher plants, 

which also have position 80 as t h i s amino acid, i . e . 

- D- Y- L-L- N- P-J- K-Y-1 - P-- G - (see Appendix 7 f o r code) „ For 

positi o n 94, i n which the lysine i s methylated i n higher 

plants., the sequence i s M-V--F-P-G-L-J-K-P-Q-D, but i n 
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Enteromorpha a s u b s t i t u t i o n of alanine f o r proline i n p o s i t i o n 

91 i s accompanied by no methylation of the lysine at p o s i t i o n 

94. Crystallographic studies w i t h animal cytochrome c have 

shown that both of these lysine residues are on the surface 

of the molecule (Dickerson, 1971) and are, therefore, presumably 

susceptible to modification by methylating enzymes i n the 

native p r o t e i n . The three-dimensional shape of plant 

cytochrome c: has been shown to be very s i m i l a r to that of 

the animal protein (Boulter and Ramshaw, 1972). Proline i s 

known to be important i n a f f e c t i n g the t e r t i a r y structure of 

cytochrome c (Dickerson ^ t a l . , 1971) and a proline s u b s t i t u t i o n 

i s l i a b l e t o permit modifications i n the conformation of the 

protein. No animal cytochrome c sequence i s reported t o 

contain €.-N-trimethyllysine and t h i s may be due to e i t h e r t 

(1) absence of cytochrome c:-lysine-methylating enzymes, 

or (2) conformational changes due to amino acid substitutions 

a f f e c t i n g enzyme s p e c i f i c i t y . The l a t t e r cause i s not 

indicated, as Neurospora crassa cytochrome _c has been shown 

to contain £-N-trimethyllysine i n p o s i t i o n 80 and the 

surrounding sequence i s i d e n t i c a l with the animal sequences 

(Delange et j a l . , 1969). I t would therefore appear tha t 

the enzymes responsible f o r the methylation of lysine i n 

plants and fungi are not present i n animals. The case 

f o r the absence of s i m i l a r enzymes i n the red algae i s 

( \ * MOV 1974 



strengthened by the i d e n t i c a l sequences of Rhodymenia, 

Porphyra and higher plant cytochromes _c around Lys-80 with 

no methylation of t h i s residue i n either Rhodymenia or 

Porphyra. Pettigrew (1972 & 1973) has shown that G-N-

tri m e t h y l l y s i n e i s also present i n protozoan cytochromes c, 

at position 80 i n C r i t h i d i a and pos i t i o n 94 i n Euglena, and 

the s i t u a t i o n appears to be more complicated i n these species. 
i n 

Although a Phe-Met sequence/ C r i t h i d i a i s substituted f o r 

a Tyr-Val sequence i n Euglena i n positions 82 and 83 (see 

Appendix 8 ) , the sequences around posi t i o n 94 are i d e n t i c a l , 

yet Lys-80 i n Euglenc. and Lys-94 i n C r i t h i d i a are non-

methylated. The presence of €-N-dimethyllysine has been 

observed i n cytochrome c from the thermophilic fungus, 

Humicola lanuginosa, and t h i s was considered to represent 

incomplete methylation of the lysine residue (Morgan et a l . , 

1972) . However, various G.-N-methyllysines have been 

observed to occur i n other proteins, e.g. histones (Hn i l i c a , 

1967; Paik and Kim, 1967) and f l a g e l l a r proteins (Ambler 

and Rees, 1959), and presumably do not represent incomplete 

methylation i n a l l cases. Scott and M i t c h e l l (1969) 

report no f i n d i n g of mono- or dimethyllysine derivatives 

during the formation of G-N-trimethyllysine i n Neurospora. 

I t i s suggested th a t i n Humicola the G-N-dimethyllysine does 

not represent an intermediate stage i n £-N~trimethyllysine 

synthesis and th a t methylation of lysine does not occur 
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sequentially as t h i s would involve a series of enzymes with 

d i f f e r e n t charge and presumably s t e r i c s p e c i f i c i t i e s towards 

the lysine residues. I t thus appears that the occurrence 

of G-N-trimethyllysine i n cytochrome c i s more widespread 

than only the higher plant and fungal cytochromes, as quoted 

by Lemberg and Barrett (1973). The functional significance 

of the methylation i s , however, as yet unclear, although 

Scott and M i t c h e l l (1969) have suggested t h a t f o r Neurospora 

i t may be involved i n the binding of the protein to the 

mitochondrial matrix. 

The sequences of. the cytochromes from algae showed 

remarkable s i m i l a r i t i e s , both among themselves and w i t h other 

cytochromes jc from eukaryotic mitochondrial sources. The 

mitochondrial cytochromes c are chemically and physically 

a l l very s i m i l a r , functioning as electron c a r r i e r s i n the 

mitochondrial r e s p i r a t o r y electron transport chain (see 

Margoliash and Schejter, 1966; K e i l i n , 1966). This i s 

amplified by the reports that cytochromes c of other species 

can successfully replace the cytochrome c of the same species 

i n i t s intra-mitochondrial reaction with i t s cytochrome 

oxidase (Jacobs and Sanadi, 1960? see also Margoliash est a l . , 

1971). This interchangeability i s however, not unlimited. 

Yamanaka and others (Yamanaka and Kamen, 1965; Yamanaka 

1966, 1967; Yoshioda, 1966; Yamanaka et al. , ' 1969) have 
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attempted to make evolutionary deductions from the r e l a t i v e 

rates of interactions of the cytochromes w i t h mammalian 

cytochrome oxidase (cytochrome aa^) on the one hand, and 

that of Pseudomonas, on the other. The r e s u l t s obtained 

using c-type cytochromes from algae are probably due to the 

use of photosynthetic c-types (c,) and not the homologous 
b 

mitochondrial c:-types as described i n t h i s study. 

As yet l i t t l e i s known of the r e l a t i o n s h i p of the 

mitochondrial cytochromes _c with the cytochromes which 

function i n anaerobic energy-yielding reactions and which 

occur i n chemosynthetic bacteria, nor of thoso which function 

i n the photo-reduction processes of photosynthetic organisms 

(Kamen j | t j a l . , 1971). A l l these contain haem c as the 

prosthetic group (Dickerson, 1971); however, with the 

exceptions of those noted i n Table 17, sequence determinations 

have been confined l a r g e l y t o eukaryotic mitochondrial 

cytochromes c. The data of Dus _et _al. (1962) and pa r t i c u l a r ! 

those of Dus jet _al. (1968) f o r the cytochromes cc' and 

of Chromatium and Rhodospirilium respectively showed strong 

evidence f o r homology. Also, Dickerson (1971) has found 

strong evidence f o r homology of Pseudomonas cytochrome c,.^ 

wit h horse heart cytochrome c i f a deletion of 16 residues 

i n a h a i r p i n loop i s assumed. A phofcosynthetic cytochrome c 

from the algae Monochrysis l u t h e r i has also been shown to 
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have some sequence homology with mitochondrial cytochrome c 

(Laycock, 1972)„ 

Evolutionary Aspects 

S i m i l a r i t i e s between sequences could have arisen, (1) 

by chance ( p a r a l l e l or coincident change); (2) by convergence 

of correlated proteins during evolution, c e r t a i n amino acid 

sequences being more e f f i c i e n t f o r a common b i o l o g i c a l 

function (analogy); (3) by descent from a common ancestor 

(homology). 

The evidence now available points t o there having been a 

common ancestor f o r a l l cytochromes c and thus evidence f o r 

a divergent homologous, rather than a convergent analogous 

evolution having taken place. The major work i n the study 

of the evolution of mitochondrial cytochrome _c has been 

carr i e d out by Margoliash and his co-workers (Margoliash, 

1963; 1964? Margoliash and Smith, 1965; Margoliash and 

Fi t c h , 1968) on animals, and by Boulter and hi s colleagues 

(Boulter, 1972, 1973; Ramshaw et a l . , 1972) on plants. 

The whole f i e l d of the evolutionary aspects of the primary 

structure of proteins has been reviewed by Nolan and 

Margoliash (1968) and more recently by Lemberg and Barrett 

(1973). 

Fi t c h (1970) and others (see F i t c h , 1966a and b; 



Cantor and Jukes, 1966). by using a s t a t i s t i c a l approach, 

showed i t i s possible t o distinguish between the f i r s t 

process quoted above and the other two p o s s i b i l i t i e s . The 

method involves the comparison of the frequency of occurrence 

of the miniinum mutation distances between various peptide 

segments of determined length with those expected from a 

purely random s i t u a t i o n . However, Dickerson (1971) has 

pointed out that the method of evolutionary homology based 

on the 'minimutimutation distance' has an i n b u i l t error when 

used f o r detecting otherwise i n v i s i b l e homologies. This 

i s due to the degeneracy of the genetic code. A change i n 

the t h i r d purine or pyrimidine base seldom changes the amino 

acid coded f o r and a l t e r a t i o n of the f i r s t base usually 

converts one amino acid to another of si m i l a r chemical or 

physical properties, the a l t e r a t i o n of the second base being 

the most i n f l u e n t i a l i n changing the chemical character of 

the amino acid residue (see f o r example, Crick et a l . , 

1961; Crick, 1966) . 

However, even when a departure f::om a random s i t u a t i o n 

has been shown fo r mitochondrial cytochromes c (Margoliash 

est c i l . , 1969), i t i s necessary to distinguish between 

convergence and homology. Fit c h and Margoliash (1967b) have 

presented an approach for use wi t h a set of proteins i n 

which many invariant residues e x i s t . The method i s to 
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s t a t i s t i c a l l y determine the expected number of residues that 

w i l l be found to be inva r i a n t , irrespective of the number of 

sequences determined; two sequences are then held to be 

ancestrally related i f the number of i d e n t i c a l residues 

between the two exceed the s t a t i s t i c a l l y determined value. 

Fit c h and Margoliash (1967D) calculated the expected number 

of invariant residues f o r eukaryotic cytochromes c to be 

27-29; and recent more sophisticated calculations (Fitch 

and Markowitz, 1970) have given a value of 32 in v a r i a n t 

residues. The number of observed invariant residues between 

the eukaryotic cytochromes c i s presently 28 (see Brown 

et a l . , 1973 ) and i t i s thus concluded t h a t they are 

a l l ancestrally r e l a t e d . 

I n the comparison of sequences a fu r t h e r d i f f i c u l t y 

arises i n the cases where additions or deletions of residues 

have occurred. Certain methods t o show departure from 

randomness between sequences show the p r o b a b i l i t y of 

homology or convergence without the need t o consider such 

events (Fit c h , 1969, 1970; Gibbs and Mclntyre, 1970). 

For the mitochondrial cytochromes _c the numbers and sizes 

of these are small and may be r e a d i l y i d e n t i f i e d . For 

example, the additional residues i n the plant sequences are 

c l e a r l y located at the N-terminus when the two cysteine 

residues are aligned (see Dayhoff, 1972). Even i n the 
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protozoan C r i t h i d i a cytochrome c where only one cysteine i s 

involved i n the binding of the haem (Pettigrew.. 19 72) / 

alignment of the Gln-Cys sequence at the haem attachment 

point, which i s now considered invariant (Lederer et a l . , 

1972), also places the extra residues at the N-terminus. 

I n attempting to compare the s i m i l a r i t y of more d i s t a n t l y 

r e l a t e d c-type cytochromes p a r t i c u l a r d i f f i c u l t i e s arise i n 

t h i s correction, and especially when considering those not 

belonging to the same group. The sequences of Pseudomonas 

fluorescens c.cc. (Ambler, 1963) and Rhodospirilium rubrum c 551 2. 

(Dus et al., 1968) have been aligned w i t h the sequences of 

mitochondrial cytochromes c, but the proposed alignments 

disagree w i t h one another (Cantor and Jukes, 1966; Dus _et a l . , 

1968; Needleman and B l a i r , 1969; Dickerson, 1971). Ambler 

and his co-workers have aligned various b a c t e r i a l cytochrome 

sequences and some s i m i l a r i t y i s evident w i t h i n t h i s group 

(see Ambler.et a l . i n Dayhoff (1972); Ambler, 1971; Ambler 

and Wynn, 1973). 

The only certain way to t e s t the v a l i d i t y of such 

comparisons i s by a study of x-ray crystallographic analysis 

of the three-dimensional structure of the protein molecules. 

An experimental approach of t h i s nature o f f e r s a solution to 

the d i f f e r e n t i a t i o n between convergence and homology. I f 

the structure determination shows that the three-dimensional 

structure of the two molecules i s e s s e n t i a l l y the same, t h i s 
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i s much more l i k e l y t o have arisen by homology; however, 

the minimal sequence constraints required by function would, 

not necessarily require the same t e r t i a r y structure over the 

ent i r e protein molecule. 

So far the data obtained f o r cytochromes c indicate 

that they are closely r e l a t e d i n terms of t h e i r t e r t i a r y 

s tructure. Dickerson ^ t j a l . (1971) have determined the 

three-dimensional structures of horse heart and bonito 

cytochrome c and studies are i n progress on the t e r t i a r y 

structures of spinach (Morita et _al., 1973) and r i c e (Morita 

and Ida, 1972) cytochromes c. 

Dickerson (1971) i l l u s t r a t e s the usefulness of t e r t i a r y 

structure determinations i n postulating the loca t i o n of 

deletions i n the sequence of Pseudomonas fluorescens ĉ,.̂ '̂ 

when compared with horse heart cytochrome c.. Despite only 

25% s i m i l a r i t y between the sequences the proposed alignment 

i s f a i r l y clear. The plant and algal cytochrome sequences 

show a clear f i t w i t h the s t r u c t u r a l constraints determined 

f o r the horse heart and bonito proteins; many major points 

of s i m i l a r i t y e x i s t between the sequences which have been 

shown to be basic s t r u c t u r a l or functional requirements i n 

the horse heart cytochrome (Dickerson, 1971). I t i s , therefore, 

concluded that the t e r t i a r y structures of the cytochromes of 

both plants (including the algae) and animals are esse n t i a l l y 
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i d e n t i c a l , i n d i c a t i n g a common ancestry f o r both. 

There are many features of the plant and algal cytochrome 

c sequences which give a great deal of confidence i n t h i s 

conclusion; however, only a complete x-ray i n v e s t i g a t i o n , 

such as that being ca r r i e d out f o r r i c e and spinach, w i l l 

v e r i f y the i d e n t i t i e s i n t e r t i a r y s t r u c t u r e . 

Dickerson est a l . (1971) showed the horse heart 

cytochrome t o be a classic example of the " o i l drop" model 

of a protein with a hydrophobic i n t e r i o r and polar exterior„ 

The polypeptide chain i s wrapped around the heme group i n 

two halves, thus forming a hydrophobic crevice- i n which the 

heme group i s located. Two hydrophobic "channels" f i l l e d 

w i t h hydrophobic side-chains lead r i g h t and l e f t from the 

heme t o the surface of the molecule- where there are 

s p e c i f i c a l l y grouped charged residues. The horse heart, 

bonito, plant and algal proteins show large stretches of 

i d e n t i c a l residues and where differences are found these are 

generally of a chemically conservative nature. The 

essential residues required by the heme group are the two 

cysteine residues which are covalently bound to the porphyrin 

r i n g . The heme i s apparently the p r i n c i p a l f o l d i n g influence 

on the molecule and the configuration i s maintained such 

that histidine-26 and methionine-88 residues provide the 

f i f t h and s i x t h ligands f o r the. i r o n atom. Generally, the 
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sequences of plant and algal cytochromes are i d e n t i c a l t o 
heart 

the horse/sequence i n those regions and certain i s o l a t e d 

amino acids that are held t o be important i n maintaining 

the t e r t i a r y structure. The number of invariant residues 

i n a l l mitochondrial cytochromes c now sequences i s 28 and 

these are the positions that have been c i t e d as being 

important for the maintenance of the three-dimensional 

structure. 

Despite the s t r i k i n g s i m i l a r i t i e s several notable 

differences i n the properties of plant and animal cytochromes 

s t i l l e x i s t . 

The s t a b i l i t y of plant cytochromes during preparation 

i s less than that f o r animal cytochromes; they are more 

re a d i l y denatured by ethanol and digested by p r o t e o l y t i c 

enzymes, although the greater s i m i l a r i t y of Saproleqnia 

cytochrome c to the animal protein i n these respects was 

apparent i n t h i s study. The r a t i o of the absorbanc.es at 

416 nm(red)/550 nm(red) are higher and t h i s possibly 

suggests a more open t e r t i a r y structure (Stellwagen, 1968), 

which may also account f o r the other observations. 

Compared to other cytochromes the plant and algal 

cytochromes are longer and Rhodymenia exhibits the longest 

cytochrome c yet studied. Thus, i t would appear that the 

cytochrome gene has .shortened during evolution (Smith, 

1968). I n animals and fungi there i s strong evidence that 

http://absorbanc.es
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cytochrome c i s synthesized on SOS cytoplasmic ribosomes 

(Scott and M i t c h e l l , 1969; Boulter, 1970), and i t has been 

demonstrated that the mechanism of i n i t i a t i o n of protein 
Met 

synthesis on these p a r t i c l e s involves tRNA^ (Smith and 

Marcker, 1970). This would imply that the N-terminal amino 

acid of cytochrome c i s i n i t i a l l y methionine and that 

subsequently a h y d r o l y t i c enzyme i s responsible f o r the 

cleavage of residues from the N-terminus. The s p e c i f i c i t y 

of the postulated enzyme may thus be responsible f o r the 

variat i o n s i n sequence length at the N-terminus. The 

presence of the acetyl group i n many cytochromes may be 

link e d with t h i s process, and i t would appear that i t s 

presence i s not fo r removing the otherwise free amino group 

from the heme environment (Dickerson at j a l . , 1971), as had 

been previously suggested (Margoliash and Smith, 1965). 

Despite the large amount of evidence, i t i s s t i l l 

necessary to assume homology between plant and algal and 

other eukaryotic cytochromes, since i t i s s t i l l impossible 

to rigorously rule out the p o s s i b i l i t y of convergence having 

occurred. Assuming, however, that homology has been 

s u f f i c i e n t l y demonstrated, i t i s possible t o examine the 

molecular evolution of the cytochrome gene. As the cytochr 

c molecule i s an expression of a small part of the genome 

of the -species from which i t was obtained, then i t follows 
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that relationships between the sequences could r e l a t e 

d i r e c t l y t o the relationships between the species themselves. 

I t i s thus possible to derive the r e l a t i o n s between the 

various kingdoms and also between the i n d i v i d u a l members of 

each kingdom from the relationships which e x i s t between 

t h e i r cytochromes. 

The f i r s t sequenced cytochromes _c were mainly from 

animal species (Dayhoff, 1969) . This data showed that when 

the cytochromes c of members of a taxonomic class are compared 

with each other, the number of amino acid differences between 

them i s less than thr.t found when cytochromes c of members 

of d i f f e r e n t taxonomic classes are compared. The number 

of differences becomes greater the more d i s t a n t l y r e l a t e d 

the organisms. Within a class the number of differences 

between i t s members l i e s w i t h i n a range. This contrasts 

strongly w i t h the more or less constant difference found i n 

each inter c l a s s comparison, irrespective of which members 

from each of the classes are compared. This constancy of 

difference i n interclass comparisons i s inte r p r e t e d to imply 

that elapsed time i s an important parameter i n determining 

the number of mutations which accumulate i n the s t r u c t u r a l 

gene f o r cytochrome c along any l i n e of evolutionary descent 

(Zuckerkandl and Pauling, 1962; Nolan and Margoliash, .1968). 

I t was suggested that over long periods of evolutionary 
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h i s t o r y , perhaps a minimum of 200 m i l l i o n years f o r cytochrome 

c, other factors r e l a t i n g to the rate of f i x a t i o n of amino 

acid, differences have either cancelled or averaged them­

selves out, leaving elapsed time as the variable most c l e a r l y 

related to differences between primary structures. For 

such an empirically derived r e l a t i o n however, i t i s 

unnecessary to assume any of the mechanisms through which 

the differences may have arisen (Margoliash and Schejter, 

1966). Accepting the r e l a t i o n enables a d i r e c t c o r r e l a t i o n 

to be made between time and the rate of change of cytochrome 

c (Margoliash, 1963). 

The times of divergence of many of the major classes 

of animals can be established from the f o s s i l record (see 

for example, Colbert, 1969), and from these i t i s possible 

to derive the time taken, on average, f o r a single 

difference to become established between the sequences of 

d i f f e r e n t l i n e s of descent. This time i s c a l l e d the 

'unit evolutionary period' and refers to a given p r o t e i n 

(Nolan and Margoliash, 1968). 

However, before a set of sequences can be used to derive 

a u n i t evolutionary period, i t i s necessary to demonstrate 

that the proteins belong to an homologous set. 

Fitch and Margoliash (1970) draw a d i s t i n c t i o n between 

"paroldgous" and "orthologous" genes, when establishing gene 
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or species phylogenies. Both classes of genes are 

homologous, but an important difference exists between the 

two. Farologous genes are those which, although o r i g i n a l l y 

i d e n t i c a l , may, af t e r duplication, have subsequently diverged 

t o the extent that they code f o r proteins with d i f f e r e n t 

functions. Orthologous genes, on the other hand, are those 

which have remained i d e n t i c a l i n function throughout. When 

the plant and algal proteins are included along with the 

animal ones and the calculations described by Fitch and 

Margoliash (1967b) applied, they can be shown i n t o t o t o 

constitute an homologous set. Furthermore, apart from iso-

cytochromes c^ and C2 of Baker's Yeast, there, i s no evidence 

f o r gene duplication having occurred with the gene 

responsible f o r specifying mitochondrial cytochrome c. 

Therefore, these cytochromes _c are not only homologous but 

orthologous i n the sense discussed by Fi t c h and Margoliash 

(1970). This means that a l l cytochrome c data used i n 

t h i s study th a t s a t i s f i e d the requirements of Fitch and 

Margoliash (1970), can be used l e g i t i m a t e l y t o calculate 

u n i t evolutionary periods. 

The parologous condition may e x i s t between the mito­

chondrial cytochrome c series and certain of the cytochromes 

_f ( C g ) i n cases where the molecular weight i s known t o be 

a mult i p l e of that of cytochrome c and several heme groups 



p e r m o l e c u l e a r e a p p a r e n t ; b o t h however, share t h e homologous 

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

I n t h i s i n v e s t i g a t i o n ' u n i t e v o l u t i o n a r y p e r i o d s ' have 

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

minimum m u t a t i o n d i s t a n c e s . However, f o r Rhodymenia 

cytochrome c t h e d a t a was c a l c u l a t e d o n l y on t h e amino a c i d 

d i f f e r e n c e s assuming t h a t t h e amino a c i d s u b s t i t u t i o n s i n 

t h e unknown f r a g m e n t s occur a t t h e same f r e q u e n c y as t h o s e 

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

Since t h e t i m e s o f d i v e r g e n c e o f t h e major groups o f 

t h e p l a n t kingdom cannot be e s t a b l i s h e d f r o m f o s s i l e v i d e n c e , 

' u n i t e v o l u t i o n a r y p e r i o d s ' have been c a l c u l a t e d u s i n g 

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

w h i c h has been used t o d e r i v e t h e r e s u l t s g i v e n i n T a b l e l 6 , 

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

and a v i a n l i n e s o f d e s c e n t , w h i c h i s b e l i e v e d t o have 

o c c u r r e d 280 m i l l i o n y e a r s ago. When t h e a v a i l a b l e sequences 

o f members, one f r o m each o f t h e s e g r o u p s , were compared 

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

f o u n d was 9.9 and t h e average minimum m u t a t i o n d i s t a n c e 

was 13.7. These v a l u e s gave 28.3 and 20.5 m i l l i o n y e a r s 

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

cytochrome c. These d a t a have been extended l i n e a r l y t o 

g i v e d i v e r g e n c e t i m e s f o r o t h e r taxonomic groups i n t h e 
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p l a n t and a n i m a l kingdoms (see T a b l e 1 6 ) . However, l i n e a r 

e x t r a p o l a t i o n w i l l always g i v e an u n d e r e s t i m a t e o f t h e 

t i m e v a l u e s s i n c e m u l t i p l e m u t a t i o n s a t a s i n g l e codon, 

p a r a l l e l and back m u t a t i o n s o c c u r . I t i s p o s s i b l e t o 

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

s t a t i s t i c a l method o f F e l l e r (1950) and t h e s e c o r r e c t e d 

v a l u e s a r e a l s o g i v e n i n T a b l e 16 (see a l s o F i g . 2 3 ) . 

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

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

( M a r g o l i a s h j a t _ a l . „ 1 9 6 3 ) , b u t f a i l s t o t a k e account o f 

back m u t a t i o n s o r m u l t i p l i c i t i e s i n pathways which e x i s t . 

F i t c h and M a r g o l i a s h (1969) e s t i m a t e t h a t o f t h e m u t a t i o n s 

w h i c h have o c c u r r e d i n a n i m a l cytochromes 20% a r e p a r a l l e l 

and 1% a r e back mutations. A s t a t i s t i c a l c o r r e c t i o n has 

been a p p l i e d ( M a r g o l i a s h and S m i t h , 1965) b u t assumes t h a t 

a l l t h e v a r i a b l e s i t e s a r e e q u a l l y l i a b l e t o e f f e c t i v e amino 

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

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

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

( F i t c h and M a r g o l i a s h , 1967b). However, t h e s e c o r r e c t i o n s 

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

The j u s t i f i c a t i o n i n a p p l y i n g t h e ' u n i t e v o l u t i o n a r y 

p e r i o d 1 d e r i v e d f r o m c o n s i d e r a t i o n s o f a n i m a l d a t a t o 

c a l c u l a t e d i v e r g e n c e l i n e s f o r t h e p l a n t kingdom, i s l a r g e l y 
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t h e o r e t i c a l . U s i n g t h e ' u n i t e v o l u t i o n a r y p e r i o d ' 

c a l c u l a t e d f r o m t h e bird.-mammal f o s s i l d a t i n g , t h e v a l u e s 

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

any two ani m a l l i n e s a r e a p p r o x i m a t e l y t h e same as t h o s e 

based d i r e c t l y on t h e f o s s i l r e c o r d (Young, 1962? C o l b e r t , 

1 9 6 9 ) . 

T h i s c o r r e l a t i o n p r o v i d e s good s u p p o r t f o r an a p p r o x i ­

m a t e l y c o n s t a n t r a t e o f e v o l u t i o n o f cytochrome c ( l i n e a r i t y ) 

o ver a t l e a s t t h e l a s t 750 m i l l i o n y e a r s , d u r i n g w h i c h 

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

kingdom f r o m i t s a n c e s t r a l s t o c k o c c u r r e d . Since t h e a l g a ] , 

sequences a r e homologous w i t h t h o s e o f h i g h e r p l a n t s f 

a n i m a l s , and f u n g i , i t seems n o t u n r e a s o n a b l e , i n t h e 

absence o f p l a n t f o s s i l d a t i n g s , t o a p p l y t h e ' u n i t 

e v o l u t i o n a r y p e r i o d ' c a l c u l a t e d f r o m t h e bird-mammal f o s s i l 

d a t i n g . However, C r o n q u i s t (1968) has p o i n t e d o u t 

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

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

v e r t e b r a t e s has been towards a d a p t i o n t o a n i c h e , whereas 

i n t h e Angiosperms s i n g l e f a m i l i e s u s u a l l y occupy a v a r i e t y 

o f d i f f e r e n t e c o l o g i c a l n i c h e s . D e s p i t e t h e g r e a t degree 

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

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

t h e i r e v o l u t i o n has been n i c h e - o r i e n t a t e d t o a h i g h e r 
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degree t h a n t h a t o f t h e Angiosperms, The i m p o r t a n c e o f 

t h e s e c o n s i d e r a t i o n s t o t h e p r e s e n t c o n s i d e r a t i o n s cannot 

be assessed, p a r t i c u l a r l y s i n c e t h e mechanism o f s e l e c t i o n 

and f i x a t i o n o f m u t a t i o n s a t t h e b i o c h e m i c a l l e v e l i s 

u n c e r t a i n . 

Assuming t h e a p p l i c a t i o n o f t h e a n i m a l d a t a t o t h e 

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

t h r e e e u k a r y o t i c kingdoms can be e s t i m a t e d a t about 1500 x 

10 y e a r s ago. C o n s i d e r a t i o n s o f cytochrome and tRNA d a t a 

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

and e u k a r y o t i c l i n e s as b e i n g 2.6 t i m e s more vomote t h a n 

t h e d i v e r g e n c e o f t h e e u k a r y o t i c kingdoms (McLaughlin and 

D a y h o f f , 1 9 7 0 ) . A s i m i l a r v a l u e was o b t a i n e d u s i n g o n l y 

tRNA d a t a ( J u k e s , 1 9 6 9 ) . 

The t i m e o f d i v e r g e n c e o f t h e P r o t i s t a n b r a n c h f r o m 
6 

t h e n a m e u k a r y o t x c l i n e xs e s t i m a t e d a t 2900 x 10 y e a r s 

ago. T h i s e s t i m a t e i s 1000 x 10 y e a r s more recent, t h a n 

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

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

u n l i k e l y t o a m p l i f y o u r knowledge o f t h e s e e v e n t s and such 

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

a r e w e l l known f r o m t h e Cretaceous and T r i a s s i c p e r i o d s , 

and a few q u e s t i o n a b l e forms f r o m t h e O r d o v i c i a n have been 

r e c o r d e d (see Scagel _et _ a L, 1965) . The e s t i m a t e o f 



1760 x 10 y e a r s ago p l a c e s t h e d i v e r g e n c e o f t h e r e d a l g a e 

l o n g b e f o r e t h i s i n t h e m i d d l e Pre-Cambrian.. The p o i n t o f 

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

p l a c e d a t 700-800 x 10 y e a r s ago, and t h i s r e p r e s e n t s a 

much e a r l i e r e s t i m a t e t h a n most a u t h o r s who p l a c e t h e 

o r i g i n o f t h e f l o w e r i n g p l a n t s i n t h e J u r a s s i c . However, 

T a k h t a j a n (1969) has suggested an e a r l i e r o r i g i n . 

The ' u n i t e v o l u t i o n a r y p e r i o d s ' d e r i v e d f o r cytochrome 

c show t h a t i t i s a c c e p t i n g m u t a t i o n s more s l o w l y t h a n 

a l m o s t a l l o t h e r p r o t e i n s so f a r examined (see D a y h o f f , 

1 9 7 2 ) . T h i s w o u l d ^aggest t h a t severe s t r u c t u r a l c o n s t r a i n t s 

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

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

( D i c k e r s o n ot j a l . , 1971) and t h e minimum o f t h r e e i n t e r a c t i n g 

f u n c t i o n s w i t h o x i d a s e , r e d u c t a s e and membrane (see a l s o 

McLaughlin and D a y h o f f , 1973). 

From t h e e v o l u t i o n a r y s t a n d p o i n t , t h e p o t e n t i a l l y most 

u s e f u l c o m p u t a t i o n , based on q u a n t i t a t i v e comparisons o f 

t h e amino a c i d sequences o f s e t s o f homologous p r o t e i n s , i s 

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

The problems i n v o l v e d i n t h e c o n s t r u c t i o n o f such t r e e s 

i s t h e enormous number o f a l t e r n a t i v e t r e e s w h i c h are p o s s i b l e 

and i d e a l l y have t o be e v a l u a t e d . Even w i t h a computer 

t h e assessment o f a l l t r e e s i s an almost i m p o s s i b l e t a s k ; 



s i x t e e n s p e c i e s f o r example, g i v e r i s e t o about 10 

a l t e r n a t i v e s . T h e r e f o r e , methods must be used w h i c h 

d r a s t i c a l l y reduce t h e number o f t r e e s t o be e v a l u a t e d , 

w h i l e s t i l l f i n d i n g t h e optimum s o l u t i o n . 

A s i m p l e r e d u c t i o n can be made i f t h e a v a i l a b l e sequence 

cbta i s s p l i t i n t o kingdoms on t h e b a s i s o f b i o l o g i c a l 

i n f o r m a t i o n . The t r e e f o r each kingdom can t h e n be 

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

t r e e . Even so, f u r t h e r r e d u c t i o n s beyond t h e kingdom l e v e l 

a r e necessary, e.g. t h e sequences may need t o be grouped 

i n t o c l a s s e s w i t h i n t h e kingdoms. 

There a r e b a s i c a l l y two t y p e s o f approach t o t h i s 

p r o b l e m t h a t have been d e s c r i b e d ; t h e s e a r e t h e 'numerical 

m a t r i x ' method (see f o r example, F i t c h and M a r g o l i a s h , 1967a>-

Gibbs and M c l n t y r e , 1 9 7 0 ) , and t h e ' a n c e s t r a l sequence' 

method ( D a y h o f f and Eck, 1966) . 

The method used i n t h i s i n v e s t i g a t i o n was t h e ' a n c e s t r a l 

sequence' method. The b a s i c t r e e used was t h a t as computed 

i n D ayhoff ( 1 9 7 2 ) , and t h i s was updated t o i n c l u d e t h e 

h i g h e r p l a n t t r e e o f B o u l t e r e t _ a l . ( 1 9 7 2 ) , t h e p r o t o z o a n 

sequences ( P e t t i g r e w , 1972 .& 1973), and t h e f u n g i , Humicola 

l a n u g i n o s a (Morgan e£ a l . , 1972) and U s t i l a g o sphaerogena 

( B i t a r ^ t ^ l . , 1 9 7 2 ) . Other f u n g a l sequences were c o r r e c t e d 

on t h e d a t a o f L e d e r e r (1972) and L e d e r e r e t a l . . ( 1 9 7 2 ) . 
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The f o l l o w i n g a c c o u n t r e l i e s h e a v i l y on t h e s i m p l i f i e d 

e x p l a n a t i o n o f t r e e c o n s t r u c t i o n g i v e n i n B o u l t e r et _ a l . ( 1 9 7 2 ) . 

The t r e e c o n s i s t s o f b r a n c h e s , t h e j u n c t i o n s o f w h i c h 

ar e c a l l e d nodes. Each node has t h r e e branches w h i c h e i t h e r 

l e a d t o an a d j a c e n t node o r t o a d e t e r m i n e d sequence. I n 

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

t o r e c o n s t r u c t t h e most p r o b a b l e a n c e s t r a l sequences o f each 

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

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

sequences. The p o i n t o f e a r l i e s t t i m e on t h e t r e e cannot 

be e s t a b l i s h e d f r o m sequence d a t a and must be e s t a b l i s h e d 

by b i o l o g i c a l c o n s i d e r a t i o n s . 

The computing s t r a t e g y employed was based on t h a t 

d e s c r i b e d by Dayhoff (1972) and t h e program used i n c a l c u l a t i n g 

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

c o n s t r u c t i o n s t a r t s w i t h any t h r e e sequences -, o n l y one t r e e 

e x i s t s r e l a t i n g t h e s e . The n e x t sequence i s added t o t h e 

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

i s s e l e c t e d and used f o r f u r t h e r t r e e c o n s t r u c t i o n . 

A d d i t i o n a l sequences ar e added s u c c e s s i v e l y t o t h e b e s t t r e e 

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

A l t e r n a t i v e l y , d i f f e r e n t s p e c i e s can be added s i n g l y t o t h e 

same t r e e t o check t h e e f f e c t o f t h e p o s i t i o n o f one s p e c i e s 

on a n o t h e r . The second computer p r o c e d u r e i s t h e e v a l u a t i o n 
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o f t h e t r e e s . I t s t a r t s by i n f e r r i n g t h e ' a n c e s t r a l 

sequence' a t each o f t h e nodes w h i c h r e l a t e t h e sequences 

t o t h e t r e e . Each p o s i t i o n a l o n g t h e sequences i s c o n s i d e r e d 

i n t u r n . For each node t h r e e l i s t s a r e made which c o n s i s t 

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

branches a t t a c h e d t o t h e node. Thus, a t each n o d a l p o s i t i o n 

a l l t h e sequences i n t h e t r e e a r e c o n s i d e r e d . T h i s i s 

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

I f , f o r a g i v e n node and a t a g i v e n p o s i t i o n i n t h e sequence, 

o n l y one amino a c i d i s f o u n d w h i c h o c c u r s on more b r a n c h -

l i s t s t h a n any o t h e r , t h e n i t i s s e l e c t e d as t h e n o d a l amino 

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

b l a n k . When a l l t h e nodes have been a s s i g n e d an amino a c i d 

o r a b l a n k f o r e v e r y p o s i t i o n i n t h e sequence, t h e s i t u a t i o n 

a t each b l a n k p o s i t i o n i s re - a s s e s s e d . I f a b l a n k p o s i t i o n 

has a t l e a s t two o f i t s t h r e e a d j a c e n t n e i g h b o u r s ( e i t h e r 

node o r sequence) t h e same, t h e n t h i s amino a c i d i s a s s i g n e d 

t o t h e p o s i t i o n . The p r o c e s s i s r e p e a t e d u n t i l no more 

a d d i t i o n s o c c ur a t any o f t h e b l a n k p o s i t i o n s . F i n a l l y , 

t h e n o d a l sequences a r e checked so t h a t i f t h e amino a c i d 

a t t h e node i s n o t t h e same as a t l e a s t two o f i t s a d j a c e n t 

n e i g h b o u r s , i t i s changed t o a b l a n k . T h i s process g i v e s 

a d e f i n i t e assignment o f t h e a n c e s t r a l amino a c i d whenever 

one c h o i c e i s c l e a r l y p r e f e r a b l e , b u t w i l l l e a v e b l a n k s when 
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r e a s o n a b l e doubt e x i s t s . 

When t h e a n c e s t r a l sequences a t a l l t h e nodes have been 

d e t e r m i n e d , t h e t r e e i s e v a l u a t e d as f o l l o w s : t h e numbers 

o f amino a c i d changes a l o n g e v e r y b r a n c h o f t h e t r e e a r e 

co u n t e d b y comparing each sequence w i t h each a d j a c e n t sequence, 

p o s i t i o n by p o s i t i o n . A l l t h e branches are t h e n t o t a l l e d 

t o g i v e t h e e v a l u a t i o n f o r t h e whole t r e e . T h i s c a l c u l a t i o n 

i s , however, c o m p l i c a t e d by t h e e x i s t e n c e o f any b l a n k s i n 

t h e a n c e s t r a l sequences. The b l a n k means t h a t two o r more 

e q u a l l y p r o b a b l e amino a c i d s e x i s t f o r t h a t p o s i t i o n . I n 

such cases i t does n o t m a t t e r f o r t h e o v e r a l l e v a l u a t i o n 

w h i c h amino a c i d i s chosen t o f i l l t h e b l a n k , as t h e number 

o f t o t a l changes on t h e t r e e w i l l be t h e same i f any o f 

t h e a l t e r n a t i v e s i s used, u n l e s s two p a r a l l e l m u t a t i o n s 

e x i s t a t a d j a c e n t nodes. Because a minimum r o u t e i s assumed 

f o r e v o l u t i o n , i n t h i s case t h e same amino a c i d i s chosen 

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

were e v a l u a t e d f o r t h e f i n a l t r e e ( F i g . 1 9 ) t h e minimum 

number o f m u t a t i o n s c o u n t e d around a b l a n k o r s e r i e s o f 

b l a n k s was d i v i d e d e q u a l l y among a l l t h e independent branches 

and t h e v a l u e s t h u s a s s i g n e d shown i n b r a c k e t s . 

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

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

because a sequence, once f i x e d t o t h e t r e e , does n o t change 



-125-

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

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

e v a l u a t i o n r e q u i r e d . Because no account i s made o f t h e 

r e m a i n i n g sequences s t i l l t o be added when each new sequence 

i s f i x e d , t h i s means t h a t , i n r e t r o s p e c t , a wrong d e c i s i o n 

may be made a t any s t e p and t h e f i n a l t r e e may o n l y be a 

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

t h e n , e v a l u a t e s t h e p o s i t i o n i n g o f t h e v a r i o u s branches i n 

a l t e r n a t i v e arrangements t o see i f a b e t t e r t r e e e x i s t s . 

The ' a n c e s t r a l sequence 1 method i n v o l v e s two a ssumptions: 

f i r s t , t h a t e v o l u t i o n has t a k e n p l a c e by t h e minimum number 

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

t r e e a c c e p t e d i s t h a t w h i c h has t h e minimum number o f amino 

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

f i r s t o f t h e s e assumptions, i t i s e v i d e n t t h a t back- and 

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

cytochrome c. B o u l t e r et a l . (1972) d e t e c t e d 27% p a r a l l e l 

and 6% back m u t a t i o n s d u r i n g t h e e v o l u t i o n o f t h e h i g h e r 

p l a n t s , and F i t c h and M a r g o l i a s h (1969) e s t i m a t e d 20% and 

1 % r e s p e c t i v e l y , f o r t h e same processes i n t h e e v o l u t i o n o f 

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

t h e r e i s no c e r t a i n way o f knowing t o what e x t e n t u n d e t e c t e d 

p a r a l l e l and back m u t a t i o n s o c c u r , e s p e c i a l l y when t h e 

number o f sequences i n a g i v e n taxonomic u n i t i s s m a l l . 
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However, t h e l i k e l i h o o d o f r e l a t i n g two sequences whi c h 

are s i m i l a r as a consequence o f p a r a l l e l and/or back m u t a t i o n s , 

r a t h e r t h a n because o f common a n c e s t r y , i s l i m i t e d , s i n c e 

i n each comparison a l l p o s i t i o n s o f t h e sequence a r e 

c o n s i d e r e d . 

W i t h r e g a r d t o t h e second assumption, because o f t h e 

l a r g e number o f p o s s i b l e t r e e s , c l e a r l y i t cannot be c e r t a i n 

t h a t t h e s e l e c t e d t r e e has t h e f e w e s t p o s s i b l e amino a c i d 

s u b s t i t u t i o n s . However, computer p r o c e d u r e t h r e e i s 

s p e c i f i c a l l y d e s i g n e d t o reduce t h e number o f comparisons 

which have t o be made i n o r d e r t o o b t a i n , w i t h r e a s o n a b l e 

c e r t a i n t y , t h e a b s o l u t e minimum t r e e . 

The t r e e shown i n F i g . 19 was t h e b e s t o v e r a l l t r e e 

o b t a i n e d by t h e s e methods. The s p e c i e s used i n t h e c o m p u t a t i o n 

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

f u n g i and 'lower' organisms. The l a t t e r group c o m p r i s e d 

o n l y t h r e e s p e c i e s , Euqlena, C r i t h i d i a and R h o d o s p i r i l i u m . 

The t h r e e p o s s i b l e arrangements o f t h e s e f o u r groups were 

e v a l u a t e d ( F i g . 21) and the. chosen minimum t o p o l o g y i s t h a t 

shown i n F i g . 19. However, t h e degree o f d i f f e r e n c e between 

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

arrangement i s c l e a r l y t h e b e s t o r a b s o l u t e minimum t r e e -

D i v i d i n g t h e known sequences i n t o t h e kingdoms as 

p o s u l a t e d by VThittaker (1969) g i v e s t h e same minimum t o p o l o g y . 
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There a r e f i f t e e n p o s s i b l e c o m b i n a t i o n s o f t r e e s i n v o l v i n g 

f i v e g r o ups, and t h e s e were e v a l u a t e d as shown i n F i g . 22 . 

The minimum t r e e i s i n agreement w i t h t h a t computed by 

M c L a u g h l i n and D a y h o f f ( 1 9 7 3 ) , w h i c h does n o t i n c l u d e t h e 

Euglena and Enteromorpha d a t a . 

The s m a l l degree o f d i f f e r e n c e between t h e t r e e s shown 

i n F i g s . 21a and 21b and t h o s e shown i n F i g s . 22a and 22d, and 

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

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

w i t h i n a r e l a t i v e l y s h o r t space o f t i m e . However, t h e b r a n c h 

l e n g t h s j o i n i n g t h e m ajor nodes o f t h e t r e e a'- c a l c u l a t e d 

by M c L a u g h l i n and Dayhoff ( 1 9 7 3 ) , i n d i c a t e a much r e m o t e r 

a n c e s t r y o f t h e s e groups i f t h e ' u n i t e v o l u t i o n a r y p e r i o d ' i s 

a p p l i e d t o them. These h i g h v a l u e s a r e due t o t h e 

assignment o f v a l u e s t o b l a n k r e s i d u e s i n t h e a n c e s t r a l nodes; 

t h e number o f b l a n k s i n c r e a s e i n number when n o t many 

sequences a r e a v a i l a b l e t o e s t a b l i s h kingdom a n c e s t r a l 

nodes. Where a b l a n k e x i s t s t h e minimum number o f changes 

t h a t must have o c c u r r e d i s averaged o u t a l o n g t h e branches 

concerned. T h i s method p r o b a b l y does n o t g i v e an a c c u r a t e 

assessment o f b l a n k areas and where s e v e r a l b l a n k s e x i s t 

i n one area o f t h e t r e e may c o n s i d e r a b l y o v e r - e s t i m a t e node 

t o node d i s t a n c e s . The v a r i a t i o n i n d i s t a n c e s between t h e s e 

c a l c u l a t e d d u r i n g t h i s i n v e s t i g a t i o n and t h o s e q u o t e d by 
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M c L a u g h l i n and D a y h o f f ( 1 9 7 3 ) , are presumably due t o 

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

b l a n k s i n t h e a n c e s t r a l n o d a l sequences ar e o f t e n due t o 

t h e d e l e t i o n o r a d d i t i o n o f more t h a n one amino a c i d i n 

t h e sequences used t o compute t h e nodes. These a r e 

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

sequence method. However, t h e r e i s no c e r t a i n method o f 

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

e v e n t s a f f e c t i n g a l a r g e r r e g i o n o f t h e cytochrome c gene. 

A l t e r n a t i v e l y , as many b l a n k s e x i s t a t t h e N-terminus o f 

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

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

enzyme r e s p o n s i b l e f o r c l e a v i n g t h e m e t h i o n i n e N - t e r m i n a l 

amino a c i d a f t e r t h e i n i t i a l s y n t h e s i s o f t h e cytochrome c: 

p o l y p e p t i d e c h a i n . These two a l t e r n a t i v e s may be 

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

node d i s t a n c e s between t h e m a j o r kingdoms. For t h i s r e a s o n 

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

e v a l u a t i o n o f b l a n k s i n a n c e s t r a l sequences i n t h i s t h e s i s , 

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

c a l c u l a t e d f r o m d e f i n i t e l y a s s i g n e d amino a c i d s (see F i g . 19 

The o c c u r r e n c e o f b l a n k s a r i s e s l a r g e l y due t o t h e lack, 

o f sequence i n f o r m a t i o n a v a i l a b l e t o compute a n c e s t r a l node 

sequences. The a d d i t i o n o f t h e P r o t o z o a n s p e c i e s t o t h e 
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l i s t o f known sequences has red u c e d t h e number o f b l a n k s 

t h a t have t o be c o n s i d e r e d i n a n c e s t r a l nodes, and i t i s 

p r e d i c t e d t h a t as more sequence i n f o r m a t i o n becomes a v a i l a b l e 

t h e number w i l l be f u r t h e r r e d u c e d . T h i s i s p a r t i c u l a r l y 

n e c e s s a r y i f an a c c u r a t e e v a l u a t i o n o f t h e more remote nodes 

i s t o be made. 

The b r a n c h l e n g t h s i n F i g . 19 a r e ex p r e s s e d i n 

'accepted p o i n t m u t a t i o n s ' o r PAMs. When p a i r s o f sequences 

a r e compared as i n t h e a n c e s t r a l sequence method, t h i s 

approach p r o b a b l y g i v e s a more a c c u r a t e e s t i m a t e o f e v o l u ­

t i o n a r y d i s t a n c e tha;; do m a t r i x methods. PAMs were 

c a l c u l a t e d b y t h e method o f Da y h o f f (1972) . For cytochrome 

c e l a p s e d t i m e can be c a l c u l a t e d f r o m PAMs on t h e b a s i s o f 

3 PAMs : IOC m i l l i o n y e a r s ( D a y h o f f , 1 9 7 2 ) . However, a t 

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

more remote nodes o f t h e t r e e t h e m a t r i x methods a l l o w a 

g r e a t e r number o f comparisons t o be made and p r o b a b l y g i v e 

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

Having e s t a b l i s h e d t h e minimum t r e e as shown i n F i g . 19 

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

r e d a l g a e . The r e d a l g a l sequences were added t o t h e t r e e 

shown i n F i g . 1 9 as s i n g l e s p e c i e s . The t r e e s o b t a i n e d 

(Fig.20 ) show t h a t two e q u a l l y a c c e p t a b l e p o s i t i o n s f o r 

Porphyra were o b t a i n e d ( F i g s . 20b andc ) . T h i s i s al m o s t 



-130-

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

a v a i l a b l e . Rhodymenia showed o n l y one a c c e p t a b l e t o p o l o g y 

( F i g . 20a ) and when Porphyra was added t o t h i s t r e e , o n l y 

one arrangement was f o u n d t o g i v e a minimum s c o r e ( F i g . 2 0 d ) . 

Because i n c o m p l e t e sequence d a t a was a v a i l a b l e t h e computing 

s t r a t e g y employed t o compare t h e known sequence f r a g m e n t s 

w i t h t h e homologous s e c t i o n s o f o t h e r sequences r was as 

f o l l o w s . For e v e r y unknown p o s i t i o n i n t h e P.orphyra and 

Rhodymenia sequences an amino a c i d , w h i c h has never o c c u r r e d 

i n t h o s e p o s i t i o n s , was s u b s t i t u t e d . The amino a c i d chosen 

t h r o u g h o u t f o r convenience f o r €-H-t2:im<=sthyllysine (J) . 

I n t h i s way t h e computer does n o t r e c o g n i s e t h i s amino 

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

p o s i t i o n s and, t h e r e f o r e , makes no comparison w i t h t h e 

c o r r e s p o n d i n g p o s i t i o n s i n o t h e r sequences. Because o n l y 

p a r t i a l sequences f o r t h e r e d a l g a e were used, t h e y have 

n o t been i n c l u d e d i n F i g . 19 as t h e b r a n c h l e n g t h s l e a d i n g 

t o them cannot be a c c u r a t e l y c a l c u l a t e d . However, i t i s 

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

a p p r o x i m a t e l y h a l f - w a y between nodes 40 and 44, and t h a t 

t h e b r a n c h l e n g t h t o Rhodymenia f r o m t h i s p o i n t i s 20 PAMs 

(see D a y h o f f , 1 9 7 2 ) . 

The t r e e i n F i g . 19 i s drawn w i t h o u t r e g a r d f o r e v o l u ­

t i o n a r y t i m e . The branch l e n g t h s and o v e r a l l t o p o l o g y 
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r e m a i n t h e same whatever t i m e c o n s i d e r a t i o n s a r e g i v e n . 

The f u n g a l and ani m a l kingdoms a d j o i n t h e same node w h i c h 

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

b a c t e r i a l kingdoms (see F i g . 22a ) . The p o s i t i o n o f c e r t a i n 

i n d i v i d u a l groups on t h e t r e e i s i n t e r e s t i n g . The gr e e n 

a l g a e , r e p r e s e n t e d by t h e Enteromorpha sequence, a r e p l a c e d 

on t h e d i r e c t l i n e o f descent o f t h e Spemiatophyta, as i s i n 

accordance w i t h g e n e r a l b i o l o g i c a l o p i n i o n . However, t h e 

Eugle n o p h y t a , as r e p r e s e n t e d by t h e one sequence, are g i v e n 

a more remote a n c e s t r y f r o m t h e green a l g a l / h i g h e r p l a n t 

l i n e and a r e grouped on a s e p a r a t e b r a n c h w i t h the? P r o t o z o a n . 

C r i t h i d i a . T h i s r a i s e s two p o i n t s . The f i r s t i s t h a t 

t h e c l o s e r e l a t i o n s h i p o f t h e Euglenophyta w i t h t h e C h l o r o p h y t a 

i s q u e s t i o n e d . T h i s i s p o s t u l a t e d by, aiaong o t h e r s , 

C h r i s t e n s e n (1962, 1 9 6 6 ) ; F o t t ( 1 9 6 5 ) ; Scagel _et a l . ( 1 9 5 5 ) ; 

and N i c h o l s ( 1 9 7 0 ) . The second i s t h a t two l i n e s o f 

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

The r e l a t i o n s h i p o f t h e e u g l e n o i d s w i t h t h e C h l o r o p h y t a 

has been q u e s t i o n e d by Honigberg ^ t j a l . (1964) , and t h e s e 

a u t h o r s p l a c e t h e e u g l e n o i d s as a c l a s s w i t h i n t h e P r o t o z o a . 

The v a r i o u s modes o f n u t r i t i o n o f t h e e u g l e n o i d f l a g e l l a t e s 

have been r e v i e w e d by Lee d a l e ( 1 9 6 7 ) . These i n c l u d e 

o b l i g a t e p h o t o - a u t o t r o p h y , s a p r c t r o p h y and p h a g o t r o p h y . 

W i t h such a v a r i e t y o f n u t r i t i o n a l t y p e s i n v o l v i n g methods 
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other than photosynthesis, the l i n k i n g of the euglenoids 

w i t h the green a l g a l / h i g h e r p l a n t l i n e on the b a s i s of 

c h l o r o p h y l b o c c u r r i n g i n some forms, would appear to be 

l a r g e l y c o n j e c t u r a l . However, a t t h i s stage t h e r e i s 

i n s u f f i c i e n t p r o t e i n sequence data t o i n f e r d e f i n i t e phylo-

g e n e t i c r e l a t i o n s h i p s between the euglenoids and other 

Protozoa, although i t would appear t h a t such a r e l a t i o n s h i p 

may e x i s t . 

With the p l a c i n g of Euglena and C r i t h i d i a on the same 

branch the p o s t u l a t e d ancestor of the e u k a r y o t i c kingdoms 

proposed by McLaughlin and Dayhoff (1973), must now be 

r e v i s e d . T h i s i s h e l d as being non-photosynthetic, 

photosynthesis having evolved along the green p l a n t l i n e 

and a l s o along the p r o k a r y o t i c b a c t e r i a l l i n e . The p r e s e n t 

work suggests t h a t t h i s h y p o t h e t i c a l ancestor may w e l l have 

been photosynthetic and t h a t c e r t a i n l i n e s of descent 

w i t h i n the P r o t i s t a l o s t t h i s f a c u l t y t o a g r e a t e r or l e s s e r 

e x t e n t , providing the range of n u t r i t i o n a l types p r e s e n t l y 

found w i t h i n t h i s group (see f o r example, Leedale, 1967). 

The l i n e s of descent l e a d i n g t o the animals and f u n g i 

can thus be h e l d t o have l o s t the a b i l i t y to photosynthesise 

completely. 

The p o s i t i o n of Euglena on the t r e e can a l s o be 

considered with r e s p e c t to the b e s t topology found f o r the 
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r e d algae. The chosen topology (see Fig„ 20d) p l a c e s the 

r e d algae as a group on the l i n e of descent of the green 

algae and Spermatophyta. Previous phylogenetic s p e c u l a t i o n 

has i n d i c a t e d a more divergent r e l a t i o n s h i p between the 

r e d algae and the green a l g a l l i n e than i s apparent from 

the cytochrome c data (see f o r example, Scagel _et . a l . / 1965; 

N i c h o l s , 1970; C h r i s t e n s e n , 1964, i n Appendices 2, 3 and 6 

r e s p e c t i v e l y ) . The e v o l u t i o n a r y r e l a t i o n s h i p between the r e d 

algae and the Basidiomycetes has been suggested on the b a s i s 

of s i m i l a r i t i e s of l i f e c y c l e s (Gwynne-Vaughan and Barnes, 

1937) , but a direct- r e l a t i o n s h i p i s not supported by the 

p r e s e n t work. 

The a d d i t i o n of the sequences of the fungi Humicola 

(Morgan e t al„ # 1972) and U s t i l a g o ( B i t a r et a l . , 1972) 

has made groupings w i t h i n the fungi apparent. The minimum 

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

g a t i o n , as shown i n F i g . 19, does not agree w i t h t h a t of 

McLaughlin and Dayhoff (1973). These authors found a 

minimum score when U s t i l a g o j o i n e d the main fungal branch 

between the Humicola/Neurospora branch and the Candida/ 

Debaryomyces/Saccharomyces branch; t h i s and the d i f f e r e n c e 

i n s e v e r a l of the branch lengths may be a t t r i b u t a b l e to 

the m o d i f i c a t i o n s in. the method reported by the above 

authors. Within the fungi however, d e f i n i t e groupings are 

becoming apparent, although these do not correspond to the 
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c u r r e n t taxonomy of the s p e c i e s i n v o l v e d . The Basidiomycete, 

U s t i l a g o , appears on i t s own branch, but members of the 

Ascomycetes and Deuteromycetes appear on both of the other 

main branches. The c l a s s i f i c a t i o n of the Deuteromycetes i s 

however, extremely a r t i f i c i a l and the c l a s s l a r g e l y 

r e p r e s e n t s a convenient r e c e p t a c l e f o r grouping the imperfect 

stages of fungi from other c l a s s e s together. As more 

s o p h i s t i c a t e d s t u d i e s are made, i t seems l i k e l y t h a t the 

term 'fungi i m p e r f e c t i ' w i l l become o b s o l e t e . However, 

Scagel e t _ a l . (1965) argue t h a t as the f u n g i are c l a s s i f i e d 

on the b a s i s of t h e i r s exual p r o c e s s e s , then !:he term w i l l 

remain f o r those types which have l e s t the a b i l i t y to 

reproduce s e x u a l l y . I t i s suggested t h a t work on other 

aspects of the b i o l o g y of the group, such as t h a t i n v o l v i n g 

p r o t e i n sequence data, may a s s i s t i n c l a r i f y i n g i t s 

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

The most remote branch on the t r e e i s t h a t of the 

s i n g l e b a c t e r i a l r e p r e s e n t a t i v e of the Moneran kingdom, 

Rhodospirilium. T h i s i s i n accordance with c u r r e n t 

b i o l o g i c a l thought regarding the p r o k a r y o t i c l i n e of descent. 

No blue-green a l g a l cytochrome sequence i s p r e s e n t l y 

a v a i l a b l e , and the a d d i t i o n of such information to the t r e e 

shoiild prove of i n t e r e s t . 

Other i n v e s t i g a t i o n s i n v o l v i n g s i m i l a r treatment of 
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sequence data from other p r o t e i n s are c u r r e n t l y i n progress 
and a s i m i l a r method has been a p p l i e d to t r a n s f e r RNA 
sequence data (see f o r example,. Dayhoff, 1972) . The r e s u l t s 
of these i n v e s t i g a t i o n s may need to be considered together 
w i t h the cytochrome c data, i n order t h a t a g r e a t e r p o r t i o n 
of the genome can be compared i n making phylogenetic 
hypotheses. 

I n view of the problems a s s o c i a t e d w i t h y i e l d s of 

cytochrome c from the algae and the apparent u s e f u l n e s s of 

p r o t e i n sequence data i n determining e v o l u t i o n a r y r e l a t i o n s h i p s , 

i t i s probable t h a t other l i n e s of r e s e a r c h i n v o l v i n g other 

p r o t e i n s may be more a p p l i c a b l e to t h i s group.. I n 

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

process may g i v e more information as the y i e l d of such 

p r o t e i n s i s g e n e r a l l y h i g h e r than t h a t of r e s p i r a t o r y p r o t e i n s 

from green t i s s u e s (see f o r example, f o r algae, Sugimura 

e t a l . , 1968). Of p a r t i c u l a r v a l u e may be the s t u d i e s 

c u r r e n t l y being made on higher p l a n t s u s i n g the copper 

p r o t e i n p l a s t o c y a n i n (Ramshaw e t a l . , 1973). I t i s p o s s i b l e 

t h a t work of t h i s nature could be extended to i n c l u d e a l g a l 

s p e c i e s . 

W h i l s t a t the present time i t cannot be c o n f i d e n t l y 

a s s e r t e d t h a t the a n c e s t r a l sequence method f o r examining 

the primary s t r u c t u r e of p r o t e i n s does g i v e a t r u e i n d i c a t i o n 
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of the phylogenetic r e l a t i o n s h i p s of organisms, the r e s u l t s 

to date suggest t h a t f u r t h e r i n v e s t i g a t i o n s on these l i n e s 

are u r g e n t l y needed. 
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A P P E N D I C E S 



The major c h a r a c t e r i s t i c s of groups of 

Algae ( a f t e r S c a g e l e t EII ., 1 9 6 5 ) . 
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2. The possible i n t e r r e l a t i o n s h i p s and phylo 

genetic arrangement of algal classes 

(Scagel jst a l . , 1965) . 
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phylogenetic scheme f o r algal groups based 

on certain aspects of l i p i d metabolism 

(Nichols, 1970). 
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The Whittaker five-Kingdom system based on three 

levels of organization - prokaryotic, eukaryoti 

u n i c e l l u l a r and eukaryotic m u l t i c e l l u l a r and 

multinucleate. On each l e v e l there i s 

divergence i n r e l a t i o n to three p r i n c i p l e modes 

of n u t r i t i o n - photosynthetic, absorptive and 

ingestive. For c l a r i t y only selected phyla 

have been included (see Whittaker, 1969). 





The Copeland four-Kingdom system, with the r e l a t i o n ­

ships of selected phyla t o kingdoms and levels 

of organisation. A l t e r n a t i v e treatments of the 

Chlorophyta and Charophyta are indicated. These 

are included i n the Metaphyta by Copeland, but 

i n the P r o t i s t a by other authors (see Copeland, 

1956). 



Ho 

h-o u N o 
O LiJ 

\ 

t.3 UJ 
an 

>- o 
o? 

uu 



6. The generalized phylogenetic scheme of Christensen 

(see Christensen, 1962? 1964; 1966). 

Relationships are drawn with regard to c e l l type, 

pigmentation and type of flagellum. 
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7. The single l e t t e r code f o r the nomenclature 

of amino acids, as given i n the t e n t a t i v e 

rules of the IUPAC - IUB Commission on Biochemical 

Nomenclature„ 

J represents €-N-trimethyllysine. 



APPENDIX 7. 

Table of Abbreviations and Symbols 
f o r Amino Acids 

Amino Acid. Abbreviations. Code Lett e r . 

Alanine Ala A 
Arginine Arg R 
Asparagine Asp D 
Aspartic acid Asn N 
Cysteine Cys c 
Glutamic acid Glu E 
Glutamine Gin Q 
Glycine Gly G 
H i s t i d i n e His H 
Isoleucine H e I 
Leucine Leu L 
Lysine Lys K 
G-N-trimethyl-

lysine Me^Lys J 

Methionine Met M 
Phenylalanine Phe F 
Proline Pro P 
Serine Ser S 
Threonine Thr T 
Tryptophan Trp W 
Tyrosine Tyr Y 
Valine Val V 



8. Sequence alignment of cytochromes c. The 
sequences are aligned r e l a t i v e t o the cysteinyl residues 
binding the haem group. 

Sequence information i s as c i t e d i n Dayhoff (1972; 
1973), with the addition of Euglena (Pettigrew, 1973). 

The sequences of c e r t a i n ancestral nodes computed 
during the compilation of the tree shown i n Fig. 19, are 
also given. 

The sequence of Rhodospirilium rubrum cytochrome £2 
has been aligned by assigning deletions or insertions 
so as to obtain maximum homology with other cytochromes c. 
Insertions were not considered i n constructing phylogenetic 
trees. 

(See Appendix 7 f o r s i n g l e - l e t t e r amino acid code)„ 
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Matrix cl'. amino acid difference 
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