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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 f i v e 

s p e c i e s o f i n v e r t e b r a t e s , L o c u s t a g r e g a r i a , Macrohrachmm 

m a l c o m s o n i i , E i s e n i a f o e t i ^ a , A s t e r i a s r u b e r s and L o l i g o 

opa] escens, and p i l o t e x t r a c t i o n s were c a r r i e d o u t u s i n g S o l a s t e r 

papposus and A p h r o d i t e aculeate*. The complete amino a c i d 

sequences o f L o c u s t a , Ma c r obr a ch lum, E i s e m a and A s t e r i a s have 

been d e t e r m i n e d , and a 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 was 

c a r r i e d o u t on t h e cytochrome c f r o m A r e n i c o l a m a n n a . The 

amino a c i d c o m p o s i t i o n s v e r e d e t e r m i n e d Eor A r e n i c o l a , Here3 s 

v i r e n s and L o l i g o . The sequence d a t a o b t a i n e d i n t h i s s t u d y 

showed t h a t the cytochromes c f r o m i n v e r t e b r a t e s a r e c l e a r l y 

homologous W L 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. 

A comparison o f t h e sequences o f i n v e r t e b r a t e cytochrome c w i t h 

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

w h i c h t h e t h r e e - d i m e n s i o n a l s t r u c t u r e has been d e t e r m i n e d , 

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

ammo a c i d changes and i n d i c a t e d t h a t t h e t e r t i a r y s t r u c t u r e s 

were e s s e n t i a l l y s i m i l a r . I n v e r t e b r a t e cytochromes c showed 

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

t h e m o l e c u l e , and these d i f f e r e d f r o m t h e r e g i o n s o f h i g h 

v a r i a b i l i t y c h a r a c t e r i s t i c f o r t h e v e r t e b r a t e s and t h o s e 

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

Sequence comparisons o f f o r t y s p e c i e s , i n c l u d i n g t e n 
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i n v e r t e b r a t e s , were used to estimate the times o£ di/crqence 

of the major i n v e r t e b r a t e phyla from the v e r t e b r a t e l i n e of 

descent. Molecular phylogenies were co n s t r u c t e d by the 

a p p l i c a t i o n of an a n c e s t r a l sequence method and a numerical 

matrix method using the i n v e r t e b r a t e sequence data. S e l e c t e d 

f u n g a l , a l g a l and ]over v e r t e b r a t e sequences were used to fax 

the i n v e r t e b r a t e s i n the phylogenies with regard to the major 

kingdoms of organisms. The molecular phylogenj.es constructed 

u s i n g the a n c e s t r a l sequence method agreed, w i t h i n tho 

estimated l i m i t s of e r r o r , w i t h the broad view ot c l a s s i c a l 

phylogeny. However, they l a c k e d the r e s o l u t i o n r e q u i r e d Lo 

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

of the major i n v e r t e b r a t e p h y l a . The numerical matrix 

method c o n s t r u c t e d phylogeni.es l e s s i n agreement with the 

c l a s s i c a l view. I t was concluded t h a t the s m a l l s i z e of the 

data s e t was r e s p o n s i b l e f o r the estimated e r r o r s i n the 

phylogenies, the poor r e s o l u t i o n m c e r t a i n areas of p a r t i f u L a r 

phylogenies and the problems encountered w i t h the computation 

of sequences of unequal l e n g t h . 

http://phylogenj.es
http://phylogeni.es


U n ) 

ACKNOWLEDGEMENTS 

I w i s h t o t h a n k my s u p e r v i s o r . P r o f e s s o r D. B o u l t e r , 

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

work, and f o r Irhe use o f t h e f a c i l i t i e s o f t h e Botany 

Department i n t h e U n i v e r s i t y o f Durham. 

My tha n k s a r e due t o D r s . J . A. M. Ramshaw and M. 

Ric h a r d s o n , f o r much h e l p f u l a d v i c e , and t o Dr. D. Peacock 

f o r h i s a s s i s t a n c e w i t h t h e computer work. 

I w i s h t o t h a n k Mr. G. B a m b n d g e and Mr. J . G i l r o y 

f o r t e c h n i c a l a s s i s t a n c e , and MJDS M. Berryman f o r t y p i n g 

t h i s t h e s i s . 

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

r e c e i v e d f r o m t h e Science Research C o u n c i l . 



( i v ) 

ABBREVIATIONS 

The a b b r e v i a t i o n s used i n t h i s t h e s i s a r e as recommended 

i n " I n s t r u c t i o n s t o A u t h o r s " , B i o c h e m i c a l J. 131, 1 ( 1 9 7 3 ) , 

w i t h t h e f o l l o w i n g a d d i t i o n s : -

CySO^ : C y s t e i c a c i d . 
MeS : M e t h i o n i n e sulphone. 
C3!- : Cytochrome _c ( o x i d i s e d ) . 
C2H : Cytochrome c (reduced) . 

Amino a c i d s are r e f e r r e d t o u s i n g t he recommended 

a b b r e v i a t i o n s , and t h e s i n g l e l e t t e r code shovn • ""ow:-

Amino A c i d . A b b r e v i a t i o n s . Code L e t t e r . 
A l a n i n e A l a A 
A r g i n i n e A r g R 
Aspa r a g i n e Asp D 
A s p a r t i c a c i d Asn N 
C y s t e i n e Cys C 
Gl u t a m i c a c i d Glu E 
Glutamine Gin Q 
G l y c i n e G l y G 
H i s t i d m e H i s H 
T s o l e u c m e l i e I 
L e u c i n e Leu L 
L y s i n e Lys K 
1-N-1 r i m e t h y 1 l y s i n e Me.jLys J 
M e t h i o n i n e Met M 
P h e n y l a l a n i n e Phe F 
P r o l i n e Pro P 
S e r i n e Ser S 
T h r e o n i n e Thr T 
T r y p t o p h a n T r p W 
T y r o s i n e T y r Y 
V a l i n e V a l V 



INTRODUCTION 

Systems, o f c l a s s i f i c a t i o n have been d e v i s e d i n a number 

o f ways, b u t t a x o n o m i s t s have never agreed as t o whether t h e 

mam t a c k o f a c l a s s i f i c a t o r y scheme i s t o group organisms 

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

o r t o e r e c t a scheme t h a t r e f l e c t s 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 s o f t h e organisms. The q u a l i t i e s o f t h e s e p h e n e t i c and 

p h y l e t i c c l a s s i f i c a t i o n s have been w i d e l y d i s c a s s e d (see 

S o kal & Sneath, 1963; C r o n q u i s t , 1 9 6 8), b u t w h i c h e v e r 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 organism must depend 

on t h e q u a n t i t y and q u a l i t y o f t h e i n f o r m a t i o n a v a i l a b l e t o 

t h e t a x o n o m i s t . 

A t p r e s e n t , 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 a v e i l -

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

organisms, i s t h e s t u d y o f an adequate f o s s i ] r e c o r d . T h i s 

approach has been e x t e n s i v e l y a p p l i e d t o t h e sub-phylum 

V e r t e b r a t a o f t h e a n i m a l kingdom, f o r w h i c h l i n e s o f descent 

and d i v e r g e n c e have been d e t e r m i n e d (Romer, 1966; C o l b e r t , 

1 9 6 9 ) . The d i v e r g e n c e o f t h e major i n v e r t e b r a t e p h y l a d a t e s 

f r o m a t i m e f o r w h i c h an adequate f o s s i l r e c o r d i s a b s e n t , 

i n t h e Cambrian p e r i o d and e a r l i e r . Thus, c u r r e n t v i e w s on 

i n v e r t e b r a t e phylogeny depend as much on t h e morphology' and 

embryology o f e x t a n t s p e c i e s as on p a l a e o n t o l o g i c a l e v i d e n c e . 

A s i m i l a r p roblem e x i s t s w i t h t h e f l o w e r i n g p l a n t s because by 

t h e t i m e t h e f l o w e r i n g p l a n t f o s s i l s become abundant m t h e 
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Upper Cretaceous, many o f t h e p r e s e n t - d a y o r d e r s were a l r e a d y 
r e p r e s e n t e d ( W a l t o n , 1953) . 

B i o c h e m i c a l i n f o r m a t i o n may be used f o r 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 schemes, b u t c a 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 i n o r d e r t h a t any d e r i v e d taxonomy doeF 

n o t have s i m i l a r l i m i t a t i o n s t o schemes based on m o r p h o l o g i c a l 

d a t a , where d i s t o r t i o n s due t o convergence and v a r i a b l e r a t e s 

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

o f organisms were c o n s t r u c t e d u s i n g presence or absence data 

f o r p a r t i c u l a r m i c r o m o l e c u l e s , b u t more r e c e n t l y vpacromolecales 

have been w i d e l y i n v e s t i g a t e d t o p r o v i d e i n f o r m a t i o n on, what 

may be b r o a d l y termed, c o m p a r a t i v e b i o c h e m i s t r y and p h y s i o l o g / . 

When DNA was shown t o be t h e g e n e t i c m a t e r i a l i t was 

c l e a r t h a t p a r t i c u l a r base p a i r sequences i n DNA d e t e r m i n e d , 

t h r o u g h t h e p r o d u c t i o n o f s p e c i f i c messenger RNA, t h e amino 

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

sequences c o n t a i n e d w i t h i n t h e i r s t r u c t u r e s a r e c o r d o f t h e 

e v o l u t i o n a r y h i s t o r y o f t h e organism concerned. Z u c k e r k a n d l 

& P a u l i n g (1965) r e c o g n i s e d t h a t t h e t o t a l c h e m i c a l c o n t e n t 

o f any s p e c i e s was a document o f i t s e v o l u t i o n a r y h i s t o r y , 

and t h e y c l a s s i f i e d m o l e c u l e s on t h e r e l a t i v e amounts o f 

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

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

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

n u c l e i c a c i d s or p r o t e i n s . The second c l a s s a r e t h e 
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e p i s e m a n t j c moJecules, w h i c h a r c s y n t h e s i z e d under t h e c o n t r o l 

o f s e mantides, and t h e t h i r d c l a s s are t h e asemantides whose 

m o l e c u l e s a r e n o t produced by t h e organism and do n o t , except 

b y presence o r absence, express any i n f o r m a t i o n about t h e 

organ i s m . Z u c k e r k a n d l & P a u l i n g (1965) i n f e r r e d t h a t t h e 

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

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

and t h e s m a l l e r t h e p a r t s o f t h e molecuLe t h a t have \.o be 

a f f e c t e d t o b r i n g about a s i g n i f i c a n t change. Thus t h e 

l a r g e s t i n f o r m a t i o n c o n t e n t l i e s w i t h i n t h e semantides and 

t h e s e may be d i v i d e d i n t o t h e p r i m a r y semantides, w h i c h are 

t h e genes o f an organism, t h e secondary semantides, compris n i g 

messenger and t r a n s f e r RNAs, and t h e t c t i a r y semantides 

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

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

b i o c h e m i c a l c h a r a c t e r s towards t h e e s t a b l i s h m e n t o f 3 

p h y l o g e n y can have weak o r s t r o n g taxonomic s i g n i f i c a n c e (see 

Davis & Heywood, 1963). Many e p i s e m a n t i c m o l e c u l e s a r e 

for m e d by multi-enzyme c o n t r o l l e d pathways, p r o v i d i n g t h e 

p o t e n t i a l f o r a 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 

may i m p l y f a l s e p h y l o g e n e t i c r e l a t i o n s . S i m i l a r l y , more 

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

m e t a b o l i t e , b u t t h e p o s s e s s i o n o f t h a t m e t a b o l i t e need n o t 

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 organisms (see B a r t n i c k i -

G a r c i a , 1970). I n t h e p l a n t s , many e p i s e m a n t i d e s have been 
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used xn taxonomic s t u d i e s (see Swain, 1963) and i n t h e a l g a e , 

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

have been used 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 ( N i c h o l s , 1970; 

S t a n i e r , 1 9 7 4 ) . Among t h e i n v e r t e b r a t e s , s t u d i e s on t h e 

d i s t r i b u t i o n o f s t e r o l s and phosphagens have been r e p o r t e d , 

b u t t h e r e s u l t s a r e r a t h e r i n c o n c l u s i v e (see K e r k u t , 1 9 6 0 ) . 

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

c o n f l i c t i n g i n f o r m a t i o n as more c l a s s i c a l i n v e s t i g a t i o n s o f 

morphology, p a l a e o n t o l o g y , p h y s i o l o g y and embryology. 

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

g e n e r a t i o n s , t h e semantides must c o n t a i n w i t h i n t h e i r 

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

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

p r i m a r y and secondary semantides i s becoming l e s s o f a 

t e c h n i c a l p r o b l e m (see D a y h o f f , 1972; DayhoEf, 1973; Wu 

J i t - i L k * ' 1 9 7 4 ) , b u t t h e main s t u m b l i n g b l o c k t o p h y l o g e n e t j c 

s t u d i e s remains i n t h e p r e p a r a t i o n o f homologous p o r t i o n s o f 

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

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

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

m o l e c u l e (see Kohne, 1968; G i l l e s p i e , 1968; B0vre & 

S z y b a l s k i , 1971), b u t t h e methods have p r a c t i c a l d i f f i c u l t i e s , 

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

o c c u r r e n c e o f 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 o f 

DNA base sequences d u r i n g e v o l u t i o n . 



l n v e s t i g a t t o n e i n t o t h e t e r t i a r y semantides, or p r o t e i n s , 

appear t o o f f e r t h e b e s t approach f o r t h e p h y l o g e n e t i c s t u d y 

o f macromolecules a t p r e s e n t . The use o f s e r o l o g y , c o m p a r a t i v e 

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

c h r o m a t o g r a p h i c c h a r a c t e r i s t i c s , have a l l been used f o r such 

comparisons (Bryson & V o g e l , 1965; B o u l t e r et j a l . , 19G6; 

Hawkes, 1968; Nolan & M a r g o l i a s h , 1968; Vaughan, 1968a and 

b ) . S e r o l o g i c a l methods are r a p i d , s y s t e m a t i c a l l y v a l u a b l e , 

and can d i s t i n g u i s h between a n t i g e n i c substances m d u s t m g u i . s h a b l 

b y o t h e r c h e m i c a l means. S e r o l o g y i n p l a n t taxonomy was 

p i o n e e r e d by Mez i n t h e 1920s (see C h e s t e i , 1937^, and t h e 

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

taxonomic problems has p r o v e d s u c c e s s f u l (Vaughan, 1968a and b ) . 

I n t h e v e r t e b r a t e s , w i d e s p r e a d work has been done, i n c l u d i n g 

p h y l o g e n e t i c s t u d i e s on immunoglobulins ( H i l l e t a l _ . , 1966), 

and l e n s e x t r a c t s i n f i s h (Manski e t j a l _ . , 1 967), b u t m t h e 

i n v e r t e b r a t e s t h e work i s l i m i t e d , a l t h o u g h some work has 

been r e p o r t e d on t h e phylogeny o f immune r e s p o n s i v e n e s s 

(Hildeman, 1 9 7 4 ) . 

Comparative b i o c h e m i c a l s t u d i e s on enzymes and f u n c t i o n a l 

p r o t e i n s p r o v i d e a f u r t h e r approach t o taxonomic problems, 

and have t h e advantage t h a t t e s t systems a r e l i k e l y t o have 

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

t h e p r o p e r t i e s o f t h e systems i n a n c e s t r a l organisms. C l e a r l y 

i t i s p r e f e r a b l e f o r t h e components o f such t e s t systems t o 
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occur w i d e l y i n l i v i n g o r ganisms, and t o t h i s end Lhe 

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 mechanism o f a e r o b i c organisms 

has r e c e i v e d much a t t e n t i o n , p a r t i c u l a r l y cytochrome c, an 

e l e c t r o n c a r r i e r i n such a system- Yamanaka and co-workers 

(Yamanaka, 1966) e s t a b l i s h e d 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 on 

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

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

cytochrome o x i d a s e s . They assumed t h a t t h e c l o s e r an 

organism was, i n e v o l u t i o n a r y t e r m s , t o t h e o x i d a s e source 

organism, t h e n t h e more r e a c t i v e i t s cytochrome _c would be m 

a t e s t system (Yamanaka & Okunuki, 1963). The method r e q u i r e s 

o n l y s m a l l q u a n t i t i e s o f cytochrome c and Yamanaka's work i s o f 

i n t e r e s t because o f t h e use o f i n v e r t e b r a t e m a t e r j a l and t h e 

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

f r o m these animals (Yamanaka ej: a ] . . , 1963; Yamanaka ert a l . , 

1964a and b ) . 

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

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

n a t i o n s o f t e r t i a r y s emantides, b u t two p o i n t s a r i s e f r o m 

t h i s approach. The g e n e t i c code i s degenerate i n t h e r e s p e c t 

t h a t changes i n base sequences o f a l l e l i c s t r e t c h e s o f a gene 

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

p o l y p e p t i d e , and a l s o many r e g i o n s o f t h e DNA f o r a 

p a r t i c u l a r organism are n o t e x p r e s s e d m terms o f p o l y p e p t i d e 

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

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

The ' A t l a s o f P r o t e i n Sequence and S t r u c t u r e ' f o r 1966 

(D a y h o f f & Eck, 1966) l i s t e d 184 complete sequences o f p r o t e i n s 

and r e l a t e d macromolecules, and t h e same p u b l i c a t i o n f o r 1972 

( D a y h o f f , 1972) l i s t s 356 sequences, t o w h i c h have been added 

150 more i n a supplement f o r 19 73 ( D a y h o f f , 1973) . Thus, 

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

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

t o overcome t h e m a j o r i t y o f p r a c t i c a l problems (see Needleman, 

1970). The d e t e r m i n a t i o n o f t h e p r i m a r y s t r u c t u r e o f t h e 

same p r o t e i n f r o m a v a r i e t y o f organism 1:, can p r o v i d e 

i n f o r m a t i o n on t h e h i s t o r y o f che gene s p e c i f y i n g t h a t p r o t e i n , 

and a ph y l o g e n y r e l a t i n g t n o s e s p e c i e s can be c o n s t r u c t e d 

( F i t c h & M a r g o l i a s h , 1967a and b; McL a u g h l i n & D a y h o f f , 1973), 

as has been done f o r c e r t a i n f e r r e d o x i n s , f j b r i n o p e p t i d e s , 

m y o g l o b i n s , haemoglobins and cytochromes c (see D a y h o f f , 

1 9 7 2 ) . The v a s t m a j o r i t y o f p r o t e i n s examined have been 

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

have n o t l e d t o any g r e a t e v o l u t i o n a r y i n s i g h t s , t h e agreement 

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

p a l a e o n t o l o g i c a l e v i d e n c e (Romer, 1966; C o l b e r t , 1969) has 

de m o n s t r a t e d t h e v a l u e o f t h e method. 

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

i m p o r t a n t . I t s h o u l d have a m o l e c u l a r w e i g h t o f l e s s t h a n 
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20,000, m o r d e r t o s i m p l i f y t h e sequence d e t e r m i n a t i o n , and 

p r o p e r t x e s o f t h e r m a l and pH s t a b i l i t y , good s o l u b i l i t y and 

ease o f assay a r e a l l advantageous t o t h e p u r i f i c a t i o n . The 

p r o t e i n must be e v e n l y d i s t r i b u t e d t h r o u g h o u t t h e range o f 

s p e c i e s under s t u d y , p e r f o r m i n g an i d e n t i c a l f u n c t i o n i n each 

case, and must be a c c e p t i n g m u t a t i o n s a t a r a t e w h i c h p r o v i d e s 

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

c has p r o v e d t o be a good c h o i c e f o r s t u d i e s i n t h e v e r t e b r a t e s , 

h i g h e r p l a n t s and f u n g i ( D a y h o f f , 1972), and t h e aim of: t h i s 

work was t o p u r i f y and sequence cytochrome c from i n v e r t e b r a t e 

s o u r c e s . 

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

m o l e c u l a r w e i g h t 13,000 w i t h a c o v a l e n t l y bound haem g r o u p , 

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

e u k a r y o t e s f u n c t i o n i n g as an e l e c t r o n e a r n e r w i t h i n t h e 

t e r m i n a l o x i d a t i o n c h a i n (Bachmann e t a l . , 1 960). The p r o t e i n 

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

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

o f t h e e a r l y work on cytochrome c, has been r e v i e w e d ( K e i l i n , 

1966; Lemberg & B a r r e t t , 1 9 7 3 ) . The a v a i l a b x l x t y o f p u r e 

p r e p a r a t x o n s has e n a b l e d t h e p h y s x e a l and chemxeal c h a r a c t e r x -

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

p r o t o z o a n and f u n g a l sources ( M a r g o l i a s h & S c h e j t e r , 1966; 

Lemberg & B a r r e t t , 1973), and a l a r g e number o f cytochromes c 

have been sequenced ( D a y h o f f , 1972; 1 9 7 3 ) . 
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A major use o f p r o t e i n taxonomy has been t h e a p p l i c a t i o n 
o f t h e method t o a s t u d y o f t h e p l a n t kingdom where no 
c o n t i n u o u s f o s s i l r e c o r d e x i s t s comparable t o t h a t f o r t h e 
v e r t e b r a t e s . B o u l t e r and co-workers ( B o u l t e r et al., 1972; 
B o u l t e r , 1973) have c o n s t r u c t e d a p h y l o g e n e t i c t r e e r e l a t i n g 
p l a n t s p e c i e s on t h e b a s i s o f t h e computer a n a l y s i s o f t h e i r 
cytochrome _c amino a c i d sequences. 

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

r e c o r d , b u t t h e ma]or p h y l a were e s t a b l i s h e d b e f o r e t he end 

o f t h e Cambrian p e r i o d so t h a t o n l y r a d i a t i o n w i t h i n t h e 

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

proposed 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 w i t h i n t h e i n v e r t e b r a t e s 

has come f r o m t h e morphology and embryology o f e x t a n t s p e c i e s 

as w e l l as p a l a e o n t o l o g y , and a number o f p h y l o g e n e t i c schemes 

have been proposed t o account f o r t h e ev i d e n c e (see Hym=inf 

1950; H a d z i , 1953; 1963; Marcus, 1958; Hanson, 1961; 

Appendices I V - X I I ) . For example, doubts e x i s t over t h e 

r e l a t i o n s h i p s w i t h i n t h e lowe r metazoa, t h e mono- o r m u l t i -

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

c h o r d a t e s . The o b j e c t o f t h i s s t u d y was t o p u r i f y and 

sequence t h e cytochromes c f r o m r e p r e s e n t a t i v e s p e c i e s o f 

i n v e r t e b r a t e s and t o use t h e sequence d a t a t o c o n s t r u c t a 

phy l o g e n y r e l a t i n g t h e i n v e r t e b r a t e s , t h u s adding t o t h e 

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

h i g h e r p l a n t s , f u n g i and m i c r o - o r g a n i s m s ( D a y h o f f , 1972; 
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McLaughlm & Dayhoff, 1973). F i g u r e 1 demonstrates how 

the m a j o r i t y of cytochrome c sequencer, determined to date 

have been taken from v e r t e b r a t e and higher p l a n t s o u r c e s . 

Thus, 75% of the p u b l i s h e d data has been obtained from groups 

t h a t , m terms of numbers of s p e c i e s f r e p r e s e n t l e s s than 

35% of the known s p e c i e s of l i v i n g organisms„ 

A r e p i e s e n t o t i v e sample of i n v e r t e b r a t e cytochrome c 

sequences, a f t e r compucer a n a l y s i s , would provide a molecular 

phylogeny r e l a t i n g the s p e c i e s from which an estimate c o u l d 

be made of the times of divergence of the major groups w i t h i n 

the sample. However, the choice of s t a r t i n g m a t e r i a l could 

not be made e n t i r e l y on the b a s i s of e v o l u t i o n a r y i n t e r e s t 

because, assuming a minimum of 1-2 umol of p r o t e i n f o r a 

sequence determination, the m a j o r i t y of i n v e r t e b r a t e s would 

be expected to give such low cytochrome c: yneld^. that only 

l a r g e - s c a l e e x t r a c t i o n s c o u l d p o s s i b l y provide s u f t i c Lent pure 

p r o t e i n f o r sequence a n a l y s i s . The cytochrome c content 

of an organism i s r e l a t e d to the amount of a c t i v e muscle 

t i s s u e i t p o s s e s s e s , so t h a t only the f l y i n g i n s e c t s and 

c e r t a i n c r u s t a c e a n s could be expected to match the y i e l d s 

of cytochrome c r e p o r t e d f o r v e r t e b r a t e h e a r t muscle (see 

f o r example, Margoliash et a l . , 1962; Chan _et . a l . , 1967; 

Augusteyn jet a l . f 1973). I n a d d i t i o n , the nature of the 

organisms under study made n e c e s s a r y the e x t r a c t i o n of the t o t a l 

organism r a t h e r than a s e l e c t e d t i s s a e , such as h e a r t muscle 
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from which the m a j o r i t y of v e r t e b r a t e cytochromes c have been 

p u r i f i e d (Leinberg & B a r r e t t , 1973) a T h i s approach l e d to 

the r e l e a s e of gut proteases i n t o the i n i t i a l p u r i f i c a t i o n 

stages and was thought to account, m p a r t , f o r the low y i e l d s 

of cytochrome c recorded during the experiments with echmoderm, 

mollusc and a n n e l i d m a t e r i a l s . 

A l a r g e - s c a l e approach to the p u r i f i c a t i o n was adopted 

using s i m i l a r s t r a t e g i e s to the methods developed f o r cytochrome 

c p u r i f i c a t i o n from higher p l a n t s (Richardson e t _ a l . , 1970; 

1971a). T h i s enabled the p u r i f i c a t i o n of cytochrome c from 

the echmoderm, A s t e n a s rubens ; the c r u s t a c e a n , Marrobvachiuta 

malcolmsonn? the a n n e l i d , E i s e n i a f o e t i a a ; and the insect:, 

L ocusta m i g r a t o r i a , i n s u f f i c i e n t q u a n t i t i e s to allow the 

determination of the amino a c i d sequences. P i l o t e x t r a c t i o n 

experiments u s i n g the echmoderms, HoLohharia l o r s k ^ l i and 

S o l a s t e r papposus, the a n n e l i d s N e r e i s v i r e n s , A r e n i c o l a iticu":>ma 

and Aphrodite a c u l e a t a , and the mollusc M y t i l u s e d u l i s , 

demonstrated t h a t the 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 r e q u i r e d 

and the time f a c t o r s involved would preclude the use of these 

s p e c i e s i n the i n v e s t i g a t i o n . 
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MATERIALS AND METHODS 

I . GENERAL 

• B i o l o g i c a l m a t e r i a l s 

E i s e n i a f o c t i d a (Sa^igny) (common braudling worm) was 

obtained from the Worm Farm, B u i w e l l , Nottingham. 

A s t e r l a s ruhens L. (common s t a r f i s h ) was c o l l e c t e d 

from the e s t u a r y a t Burnham-on-Crouch. 

Macrobraclnnm malccmsonn (h. M. Edwards) (freshwater 

prawn) o r i g i n a t e d from the C a l c u t t a region, and was obtained 

through a London fisnmonger. 

Locus t a m j grabona L. (common l o c u s t ) was obl-ajned 

from the B r i t i s h Museum (Natural H i s t o r y ) . 

L o l i g o opalescens ( B e r r y 1911) (common squid) o r i g n u r c d 

from Monterey i n C a l i f o r n i a , and was obtained through a London 

fishmonger. 

Sol a s t e r papposus L. (common s u n s t a r ) was c o l l e c t e d 

from the e s t u a r y a t Burnham-on-Crouch. 

Aphrodite a c u l e a t a L. (sea mouse) was c o l l e c t e d from 

the e s t u a r y a t Burnham-on-Crouch. 

The i n v e r t e b r a t e m a t e r i a l was s u p p l i e d through the B r i t i s h 

Museum (Natural H i s t o r y ) by Dr. R. P. S. J e f f e r i e s . 

Pseudomonas f l u o r e s c e n s was obtained as a l y o p h i l i s e d 

sample from C y c l o Chemicals, Los Angeles, through Cambrian 

Chemicals, Croydon, England. 

Ox h e a r t s were obtained from a l o c a l slaughterhouse. 



-13-

2 o Chemic~»]_s and Reagents 

With the exception of those l i s t e d below f a l l chemicals 

and reagents were obtained from B r j c i s h Drug Houses L t d , , Poole, 

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

H e l I X a s p e r s a (Mailer) (garden s n a i l ) cytochrome c was 

a g i f t from Dr. R. H. Brown. 

A r e n i c o l a marina L. (lugworm; and Nereis vxren^ L. (king 

ragworm) cytochromes c were the g i f t of Dr. M. Ricbaxdt.on t 

Bovine cytochrome c was prepared by the method de&cufoed 

i n S e c t i o n I T . 

T r y p s i n E.G.3.4.4.4 (twice r e c r y s t a l l i z e d , s a l t f r e e ) 

a-Chymotrypsin E.C.3.4..4.5 (t h r e e times r e c r y c t a l ( i z e d ) 

were obtained from the Worthmgton Biochemical Corporation, 

Freehold, New J e r s e y , U.S.A. 

Carboxypepti dase-A, E.C.3.4.2.1 (d L-isoptopylphosphoro-

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. L t d . , S t . L o u i s , Mo., U.S.A. 

Amberlite C.G.50 (100-200 mesh Type 1) 

Amberlite M.B.I 

was obtained from Rohn and Haas Co., P h i l a d e l p h i a , U.S.A. 

Sephadex G-10 

Sephadex G-15 

Sephadex G-75 

Sephadex G-200 
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CM-Sephadex C-50 
Blue Dextran 2000 

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

Whatman CM-52 C e l l u l o s e 

was obtained from W. and R. Bal ston (Modified C e l l u l o s e Ltd.), 

Maidstone, Kent. 

B i o g e l P-2 

B i o g e l P-30 

were obtained from BioRad L a b o r a t o r i e s L t d . , London. 

Horse-hearc cytochrome c (Type V I ) 

Standard ammo a c i d mixture 

EDTA ( f r e e a c i d ) 

p-Dimethylammobenzaldehyde 

Protamine sulphate 

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

Hydrazine sulphate 

T r i s - (hydroxymethyl) -methylamme 

were obtained from Hopkm & Willi a m s L t d . , Chadwell Heath, E s s e x . 

Hydrazine ( 9 5 % + ) 

was obtained from Eastman Chemicals L t d . 

A r g m y l a r g m i n e 

L - P y r r o l i d o n e c a r b o x y l y l - L - a l a n m e 

was obtained from Cyclo Chemical Corp., Los Angeles, C a l . , U.S.A. 
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9,10-Phenan-Lhtaquinone 

T h i o d a y l y c o l (TDG) 

2-Pyrrolidone 

was obtained from Koch L i g h t Labs. L t d . , Colnbrook, Bucks. 

Methyl o x i t o l 

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

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

was obtained from Roche Product? (U.K.) L t d . , London. 

T n e t h y l a m m e 
was obtained from P i e r c e Chemical Co., U^okfc: d, H l i n o i h , U.S.A. 

Sequencer k i t s , comprising Anhydrous n - h e p t a f l u o r o b u t y r i c 
a c i d 

Quadrol-TFA b u f f e r 

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

1-Chlorobutane 

Benzene 

5% (v/v) P h e n y l i s o t h i o c y a n a t e i n heptane 

were obtained as sequencer grade reagents from P i e r c e Chemical 

Co., Rockfoid, I l l i n o i s , U.S.A. 

P y r i d i n e (no-ninhydnn grade) 

was obtained from Rathburn Chemicals, Walkerburn, P e e b l e s h i r e . 

A l l chemicals were used as s u p p l i e d except f o r phenylISO-

t h i o c y a n a t c , which was vacuum d i s t i l l e d once before use. 



I 
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3. Other M a t e r i a ] s 

Polyamide sheets were obtained from the Cheng Chin 

Trading Co, L t d . , Tapei, Taiwan, through BDII Chemicals L t d . 

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

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

20 cm x 20 cm K i e s e l g e l 60T254 (D.C. A l u f o l i e n ) TLC 

p l a t e s were obtained from Merck/Darnstadt. 

4. P r e p a r a t j o n of SoLuLions 

(a) BufJ:er_ s o l u t i o n s 

( l ) 10 mM-aluminium sulphate, pH 4.5 f o r the e x t r a c t i o n 

of cytochrome c. 

5.0 g A l (SO.)- . 12H 0 per l i t r e was ad j u s t e d to Z 4 j 2 
pH 4.5 w i t h 2 M-H 2S0 4 s o l u t i o n . 

( n ) 50 mM-sodium phosphate, pH 8.0 f o r d i a l y s i s and 

CM-50 Sephadex chromatography. 

7.80 g NaH 2P0 4. 2H 20 per l i t r e was a d j u s t e d to 

pH 8.0 wi t h 2 M-NaOH s o l u t i o n . 

( i n ) 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 

during CM-52 c e l l u l o s e chromatography. 

Na 2HP0 4.12H 20 77.40 g 

NaH 2P0 4.2H 20 13.10 g 

Water made to 1000 ml 

( i v ) 200 mM-sodium phosphate, pH 7.2 f o r the phenyl-

ac «*taldehyde reagent and e l u t i o n of CM-52 c e l l u l o s e . 
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300 TtiM-sodiuTH phosphate, pH 7,2, b u f f e r was d i l u t e d 

1 . 5 - f o l d and the pH a d j u s t e d as ne c e s s a r y . 

(v) 10 mM-sodium phosphate, pH 7.2 f o r gr a d i e n t e l u t i o n 

during CM-52 c e l l u l o s e chromatography, g e l f i l t r a t i o n w i t h 

Eiog«l P-30 and general d i a l y s i s . 

300 mjA-sodium phosphate, pH 7.2, b u f f e r was d i l u t e d 

30-Cold and the pH a d j u s t e d as n e c e s s a r y e 

( v i ) 10 mM-sodium phosphate, pH 11.5 f o r grad i e n t elutaon 

during CM-52 c e l l u l o s e chromatography. 

4.40 g Na P O^.IOE^O per l i t r e v Tas a d j u s t e d t o 

pH 11.5 w i t h 6 M-NnOH s o l u t i o n . 

( v n ) 75 mM--Tris-KCL, pH 7.5 f o r molcculai e:iclns Lon 

chromatography on Sephadex G-75. 

Potassium c h l o r i d e 7.^6 g 

T r i s (hydroxymethyl) methylamme 6.06 g 

Water made to 1000 ml and 

ad j u s t e d t o pH 7.5 with 6 M-HCl. 

( v i n ) 200 mM-sodium c i t r a t e , pH 3.0 f o r a c e t y l group 

determination. 

C i t r i c acid.H 20 3.44 g 

Tri-sodium c i t r a t e . 2 H 2 0 1.06 g 

Water made to 100 ml 
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( i x ) 50 mM-sodium pnosphate, pH 7.3 f o r the e x t r a c t i o n 

of L - p y r r o l i d o n e c a r b o x y l y l peptidase from rseadomonas 

f l u o r e s c e n t and molecular e x c l u s i o n chromatography on Sephadex 

G-200. 

10 mM-2-mercaptoethanol 1.56 g (1.40 ml) 

1 mM-EDTA 0.74 g 

100 mM-2-pyrrolidone 17.20 g (15.30 mL) 

50 mM-sodium phosphate, pH 7.3 made to 2000 ml 

and the pH a d j u s t e d as ne c e s s a r y . 

The 50 mM-sodium phosphate was prepared from 12.9 g 

Na HPO . 12H_0 and 2.18 g NaH PO .2l-Io0 made to 1000 ml \/Lth 

d i s t i l l e d water. 

(x) 50 mM-sodium phosphate, pll 7.3 f o r d i a l y s i s of L-

p y r r o ] i d o n e c a r b o x y l y l peptidase p r e p a r a t i o n s p r i o r to enzyme 

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

The b u f f e r was prepared as in (IX) withoat the 

0.1 M-2-pyrro]idone. 

( x i ) 200 mM-N-ethyl morpholine, pH 8.5 f o r p r o t e o l y t i c 

d i g e s t i o n s of peptides and p r o t e i n s . 

N-ethyl morpholine 25 ml 

A c e t i c a c i d 1 ml 

Water made t o 1000 ml 

and the pH a d j u s t e d as n e c e s s a r y . 
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( x n ) 200 mM-ammonium hydrogen carbonate, pH 8.5 f o r 

p r o t e o l y t i c d i g e s t i o n s of peptides and p r o t e i n s . 

17.0 g NH 4HC0 3 was d i s s o l v e d m 1000 ml of d i s t i l l l e d 

water, and the pl-l a d j u s t e d as ne c e s s a r y . 

( x i n ) 200 mM-citratc b u f f e r , pH 5.5 f o r the n m h y d n n 

a n a l y s i s of ammo a c i d s and p r o t e i n s . 

C i t r i c acid.H 20 21.0 g 

NaOH 8.0 g 

SnCl 2.H 20 0.8 g 

Water made to 500 ml 

The s o l u t i o n was mixed w i t h one conr-cu ning 20 g U L n b / d r i u i n 

500 ml methyl c e l l o s o l v e immediately before use. 

(b) E l e c t r o p h o r e s i s S o l u t i o n s 

( l ) pH 6.5 

P y r i d i n e 250 ml 

A c e t i c a c i d 10 ml 

Water 2250 ml 

The pH was a d j u s t e d as necessary before use. 

( n ) pH 1.9 

G l a c i a l a c e t i c a c i d 200 ml 

Formic a c i d (98-100%) 50 ml 

Water 2250 ml 

The pH was a d j u s t e d as nec e s s a r y before use. 

A 



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

ArgmyJ argnnine was d i s s o l v e d Ln ] M-sodi.um 

hydrogen carbonate to gave a 0 t l II s o l u t i o n and t h i s was 

t r e a t e d w i t h an equal volume of 0.2 M-dansyl c h l o r L d e i n 

acetone. A f t e r incubating a t 37°C f o r 1 h, the s o l u t i o n was 

d i l u t e d 1000-fold and e t h a n o l i c dansyl-ai g i n m e added t o gave 

a c o n c e n t r a t i o n of 0.1 mM. 

(c) Paper chromatography s o l u t i o n s 

( l ) BAVJP s o l v e n t 

B u t a n - l - o l 150 ml 

A c e t i c a c i d 30 mi 

P y r i d i n e 100 ml 

Water 120 ml 

The s o l v e n t was f r e s h l y prepared f o r each experiment. 

(11) Chromatography marker s o l u t i o n 

A 0.1 mM-solution of d a n s y l - a r g i n m e ethanol 

was used. 

(d) Polyamide sheet chromatography s o l u t i o n s 

( l ) Solvent I : 1.5% (v/v) formic a c i d (Woods & Wang, 

1967) 

(11) Solvent I I : Toluene-acetate a c i d (9:1 by volume) 

( i n ) Solvent I I I : 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 
(90:60:1 by volume) 

( i v ) Dansyl-standard s o l u t i o n s 

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



-21-

g l y c m e , d a n s y l - i s o l e u c i r i e , dansyl-phenylalanme, d a n s y l -

p r o l m e and d a n s y l - s e r i n e were d i s s o l v e d m 95% (v/v) ethanol 

a t a c o n c e n t r a t i o n of 0.1 rag/ml. 

(e) T h m - l a y e r chromatography s o l u t i o n s 

( l ) Solvent I : N-heptane-prop^ionic acid-1,2-
dichloroethane (58:17:25 by volume) 

( n ) Solvent I T : N-heptane-butanol-formic a c i d 
(50:30:9 by volume) 

( f ) E l e c t r o p h o r e t i c and chromatographic .location reagents 

Guide s t r i p s were c u t i n the d i r e c t i o n of the 

s e p a r a t i o n on the electrophoretogram or chroniatoqram, represen

t i n g about 5-10% of the width, i . e . about 5 to 10% of the 

m a t e r i a l on the paper was used f o r l o c a t i o n purposes. 

( i ) Cadmium-ninhydrin reagent (Heilmann et al., 1957) 
A s o l u t i o n of Cadmium a c e t a t e 100 mg 

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

water 10 ml 

Acetone 100 ml 

was used to prepare a 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 drying i n a draught at room 

temperature the paper was heated under o b s e r v a t i o n a t 80°C. 

P o s i t i v e r e a c t i o n s were shown as c h a r a c t e r i s t i c a l l y c o l oured 

regions a g a i n s t a white background; some regions developing 

colour more s l o w l y than o t h e r s . 



( J I ) Phenanthraquxnone reagent (Yamada & I t a n o . 1966) 

Solutxon A : 5 mg, 9,10-phenanthraquxnone xn 
25 ml 95% (v/v) ethanol 

Solutxon B : 2.5 g sodium hydroxxde d i s s o l v e d 

xn 70% (v/v) ethanol 

The s o l u t i o n ^ A and B were mixed xmmedxatel y before use. 

Guxde s t r i p s were dxpped through the mixture and drxed xn a 

draught at room temperature. PosLtxve r e a c t i o n s were observed 

as f l u o r e s c e n t regions ander u.v. l i g h t (350 nm), i n d i c a t i n g 

the presence of a r g i n m e . 

( i n ) Phenanthraquinone-ninhydrin reagent 

A solutxon of Cadmium a c e t a t e 100 mg 

Acetxc a c i d 20 ml 

Water 5 ml 

Acetone 80 ml 

was used to prepare a f r e s h 1% (w/v) nxnhydrxn s o l u t i o n through 

which the paper was passed. Development and the rec o r d i n g of 

p o s i t i v e r e a c t i o n s was as i n ( l ) . 

( I V ) E h r l i c h reagent 

A s o l u t i o n of 2% (v/v) HCl i n acetone was used to 

prepare a f r e s h 2% (w/v) s o l u t i o n of p-dimethylaminobenzaldehyde 

through whxch the paper was passed. The paper was drxed xn a 

draught at room temperature and posxtxve r e a c t i o n s , xndxeating 

the presence of tryptophan, showed as t r a n s x e n t purple regxons 

a g a i n s t a whxte background. 



(v) Pauly reagent 

The f o l l o w i n g s o l u t i o n s were f r e s h l y prepared and 

c h i l l e d s e p a r a t e l y i n an i c e bath. 

S o l u t i o n A : 1 g s u l p h a n i l i c a c i d d i s s o l v e d i n 

100 ml of 10% (v/v) h y d r o c h l o r i c a c i d 

S o l u t i o n B : 100 ml of 5% (w/v) sodium n i t r i t e 

S o l u t i o n C : 100 ml of 10% (w/v) sodium carbonate 

Equal volumes of A and B were mixed and l i g h t l y sprayed 

onto the paper. The paper was then l i g h t l y sprayed w i t h 

s o l u t i o n C u n t i l the c o l o u r s formed. Hi s t i d m e - c o n t a i nir>g 

peptides were p o s i t i v e l y i d e n t i f i e d as orange-red zones on a 

y e l l o w background. 

( v i ) Phenylacetaldehyde reagent 

S o l u t i o n A : Phenylacetaldehyde 0.18 g 

Ninhydrin 0.0S g 

95% (v/v) ethanol made to 100 ml 

S o l u t i o n B . 0.2 M sodium phosphate, pH 7.2 

The paper was sprayed w i t h s o l u t i o n A and d r i e d i n a 

draught a t room temperature. The paper was then sprayed 

w i t h s o l u t i o n B and heated at 60°C f o r 15 minutes. P o s i t i v e 

r e a c t i o n s were observed on the paper under u.v. l i g h t (350 nm) 

as b r i g h t l y f l u o r e s c e n t r e g i o n s . 

The reagents were used i n the order and combinations 

recommended by E a s l e y ( 1 9 t E ) . I n a d d i t i o n , i t was found t h a t 

reagents ( i i ) , ( i n ) and ( i v ) could be used m order and 



reagent, (vx) was s u i t a b l e f o r experiments r e q u i r i n g i n c r e a s e d 

s e n s i t i v i t y . 

(g) Amino a c i d autoanalyser s o l u t i o n s 

(1 ) 4 M-sodiam a c e t a t e b u f f e r , pH "3.5 

Anhydrous sodium a c e t a t e 655.85 g 

A c e t i c a c i d 200 ml 

Deionised water (50°C) made to 2000 ml 

The pH of the s o l u t i o n was a d j u s t e d as n e c e s s a r y . 

( n ) Ninhydrin s o l u t i o n 

Methyl c e l l o s o l v e 3125 ml 

Sodium a c e t a t e b u f f e r 1250 ml 

Deionised water 625 ml 

The s o l u t i o n was deoxygenated by babbling through oxygen-

f r e e n i t r o g e n before adding 60 g n i n h y d r i n and s t i r r i n g f o r 

2 hours under n i t r o g e n . 1.667 g of stannous chloi'jdo was then 

d i s s o l v e d i n the s o l u t i o n , which was s t o r e d i n the dark under 

n i t r o g e n . 

( i n ) B R I J 35 s o l u t i o n 

50 g B R I J was d i s s o l v e d i n 150 ml d e i o n i s e d 

water (50°C). 

( i v ) pH 2.2 b u f f e r 

C i t r i c a c i d 21.0 g 

Sodium hydroxide 8.4 g 

Cone, h y d r o c h l o r i c a c i d 16 ml 

T h i o d i g l y c o l 5 ml 



•2S-

Sodium octanoctte 

Water 

0.1 g 

made t o 1000 ml 

(v) pH 3.25 b u f f e r 

C i t r i c a c i d 

Sodium hydi.oxide 

Cone, h y d r o c h l o r i c a c i d 

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

BRIJ 35 

Sodium o c t a n o r f t e 

Water 

105.0 g 

41.25 g 

53.25 ml 

2.5 ml 

13.5 ml 

0.5 g 

made t o 5000 ml 

The pH was a d j u s t e d t o pH 3.25 w i t h cenc. h y d r o c h l o r i c a c i d . 

( v i ) pH 4.25 b u f f e r 

C i t r i c a c i d 

Sodium h y d r o x i d e 

Cone, h y d r o c h l o r i c a c i d 

BRIJ 35 

Sodium o c t a n o a t e 

Water 

42.0 g 

] 6 . 5 g 

9.4 g 

5.4 ml 

0.2 ml 

made t o 2000 ml 

( v n ) pH 6.65 b u f f e r 

Sodium c i t r a t e 

Cone, h y d r o c h l o r i c a c i d 

BRIJ 35 

Sodium o c t a n o a t e 

Water 

490.0 g 

7.2 m l 

13.5 ml 

0.5 g 

made t o 5000 ml 

r 
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( v i n ) pH 3.2 l o a d i n g b u f f e x 

p l l 3.2 b u f f e r 70 ml 

Methanol 30 ml 

( i x ) S t a n d a r d amino a c i d m i x t u r e 

S t a n d a r d amino a c t d m i x t u r e 
(2.5 umole/ml) 100 u l 

N o r - l e u c i n e (2.5 |jmo2e/ml) 100 u l 

C y & t e j c a c i d (2.5 umole/ml) 100 p i 

pH 2.2 b u f f e r made t o 5 ml 

5• P r e p a r a t i o n L - p y r r o l i d o n e c a r b o x y l y l p e p t i d a s e 

The method was based on a s m a l l s c a l e v e r s i o n o f 

D o o l l t t l e & A r m e n t r o u t ( ] 9 6 8 ) and Armentzout & D o o l i t t l e ( 1 9 6 9 ) . 

(a) P r e p a r a t i o n 

1 g o f l y o p h i l i z e d Pseudomonas f l u o r e s c e n s c e l l s were 

s o n i f i e d i n 4 ml o f 50 mM-sodium phosphate b u f f e r , pH 7.3 

c o n t a i n i n g 10 mM-2-mercaptoethanol, 1 mM-EDTA and 100 mM-2-

p y r r o l i d o n e u s i n g a Dawe Soniprobe (Type 1130A, Dawe I n s t r u m e n t s , 

London) e q u i p p e d w i t h an i c e j a c k e t . The homogenate was 

c e n t r i f u g e d a t 30,000 3 f o r 30 mm a t 2°C, t h e s u p e r n a t a n t was 

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

was added t o g i v e a 0.14% s o l u t i o n (w/v) w h i c h was s t i r r e d on 

i c e f o r 30 mm and t h e n c e n t r i f u g e d a t 15,000 _g f o r 30 mm a t 

2°C. The s u p e r n a t a n t was s l o w l y t a k e n t o 42% s a t u r a t i o n 

w i t h ammonium s u l p h a t e , u s i n g t h e nomogram o f D i x o n ( 1 9 5 3 ) , 

and s t i r r e d f o r 1 h on i c e b e f o r e c e n t r i f u g a t i o n a t 39,000 cj 
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f o r 30 mm a t 2°C. The p e l l e t was resuspended i n 0.5 m] o f 

t h e 50 mM-phosphate b u f f e r a t pPI 7.3 and l o a d t d on t o a G--200 

Sephadex column ( 1 cm x 30 cm), f r e s h l y packed and e q u i l i b r a t e d 

i n t h e phosphate b u f f e r . The column was d e v e l o p e d a t a f l o w 

r a t e o f 40 ml/h and t h e e l u a t e m o n i t o r e d , u s i n g an I s c o Model 

222 r e c o r d i n g u l t r a v i o l e t a n a l y s e r s e t f o r 280 rim. The 

'crude enzyme' peak e l u t e d b e h i n d t h e l a r g e r 2 8 0 - a b s o r p t i o n o f 

t h e majn p r o t e i n peak and w e l l i n f r o n t o f t h e ammonium s a l t 

peak. The enzyme peak was i s o l a t e d by i n c u b a t i n g samples o f 

t h e e l u a c e w i t h L - p y r r o l i d o n e . c a r b o x y l y l - l - a l a m n e ( p y r - - c l i ) 

and a n a l y s i s by t h e d a n s y l c h l o r i d e o r n i n h y d r m methods 

(see assay d e t a i l s ) . 

Tne G-200 enzyme peaK was s u i t a b l e Eor use i n sequence 

a n a l y s i s and was p r e c i p i t a t e d u s i n g a 60% s a t u r a t i o n o f 

ammonium s u l p h a t e , C e n t i l f u g a t i o n a t 39,000 q f o r 30 rum 

gave a s l u r r y t h a t c o u l d be s t o r e d a t -20°C f o r up t o 3 months. 

(b) Enzyme assays 

The enzyme s l u r r y was d i s s o l v e d i n about 1 ml o f 50 mM-

sodium phosphate b u f f e r , pH 7.3, c o n t a i n i n g 10 mM-2-

m e r c a p t o e t h a n o l and 1 mM-EDTA, and d i a l y s e d a g a i n s t 5 l i t r e s 

o f t h e same b u f f e r f o r 3 h a t 2°C. 50 u l o f t h e enzyme 

p r e p a r a t i o n , o n 50 u l t a k e n f r o m t h e G-200 e l u a t e f r a c t i o n s , 

was mixed w i t h 25 u l o f 0.5% (w/v) p y r - a l a i n a s t o p p e r e d 

g l a s s c e n t r i f u g e t u b e . I n c u b a t i o n was f o r 1 h a t 37°C and 
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t e r m m a t e d by t h e a d d i t i o n o f 2 ml 9l>% ( v / v ) e L h a n o l . A f t e r 
s t a n d i n g f o r 30 'an t h e sample was c e n t n f u g c d a t 1000 g f o r 
10 rain and t h e s u p e r n a t a n t r e t a i n e d . 

Free a l a n i n e v?s estim-itred s e m i - q u a n t i t a t l ^ e i y u s i n g 

50 u l aliquo-cs o f t h e s u p e r n a t a n t us uig t h e d a n s y l c h l o r i d e 

method o f Gray & H a r t l e y (1963a) (see M a t e r i a l s and Methods 

1 1 1 . 7 ( a ) ) . S u b s t r a t e and enzyme c o n t r o l e x p e r i m e n t s were 

conducted and t h e d a n G y l de] a v a t w e s i d e n t i f i e d u s i n g polyamide 

sheet chromatography (see M a t e r i a l s and Methods 1 1 1 . 7 ( b ) ) . 

Free a l a n i n e wao e s t i m a t e d q u a n t i t a t i v e ] / u n m g a modi!Led 

method o f H i r s (1956) and enzyme a c t i v i t y was e s t i m a t e d f i c m 

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

u n i t o f enzyme a c t i v i t y was d e f i n e d as t h a t amount o f enzyme 

p r o d u c i n g 1 umole o f f r e e a l a n i n e p er m i n u t e . R e l a t i v e 

p r o t e i n c o n c e n t r a t i o n was measured as t h e o p t i c a l d e n s i t y o f 

280 nm and t h e s p e c i f i c a c t i v i t y o f t h e enzyme was expre s s e d 

as 1000 t i m e s t h e amount o f a l a n i n e produced per m i n u t e (nmol) 

under t h e assay c o n d i t i o n s d i v i d e d by t h e 0 . D c „ o _ o f t h e 

enzyme s o l u t i o n ( A r m e n t r o u t & D o o l i t t l e , 1 9 6 9 ) . 

V 



I I . CYTOCHROME c PURIFICATION METHODS 

A g e n e r a l i s e d p u r i f i c a t i o n scheme i s shown i n F i g u r e 2. 

1 . Cytochrome c assay 

Cytochrome c was assayed q u a l i t a t i v e l y i n s o l u t i o n 

by Lhe a d d i t i o n o f a t r a c e o f a s c o r b i c a c i d and t h e o b s e r v a t i o n 

o f t h e oc-band a b s o r p t i o n a t 550 ran u s i n g a low d i s p e r s i o n , 

d i x e c t v i s i o n hand s p e c t r o s c o p e (R. & J. Beck L t d . , London). 

Q u a n t i f i c a t i o n of: cytochrome c was b y a s p e c t i o p h o t o m e f r i c 

method u s i n g s i l i c a c e l l s o f 1 cm l i g h t p a t h on a Unicam 

SP800A o r SP1800, o r a P e r k i n Elmer 402 r e c o r d i n g s p e c t r o 

p h o t o m e t e r . Assuming a m o l e c u l a r w e i q h t o f 13,000 and t h e 
- 1 -1 

mammalian cytochrome c e x t i n c t i o n c o e f f ac i_ent o f 27.7 mM cm , 

cytochrome c c o n c e n t r a t i o n s were e s t i m a t e d f r o m t h e a-

a b s o r p t i o n a t 550 nm ^ a r g o l i a s h & F r o h w i r t , 1 9 5 9 ) . 

The p u r i t y o f samples was e s t i m a t e d spectrophotomf2trically 

f r o m t h e r a t i o s o f t h e 280 nm, S o r e t {?f, 410 nm) and j3-band 

(550 nm) a b s o r p t i o n f o r t h e p r o t e i n i n t h e o x i d i s e d and 

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

a t r a c e o f a s c o r b i c a c i d o r sodium d i t h i o n i t e . The r a t i o s 

were compared w i t h t h o s e o f cytochromes c o f known s t r u c t u r e 

and p u r i t y ( K e i l i n , 1966; M a r g o l i a s h & S c h e j t e r , 1 9 6 6 ) . 

2. Cytochrome c e x t r a c t i o n s 
s 

A l l s t a g e s o f e x t r a c t i o n were c a r r i e d o u t a t 0-4°C. 

Anima l s were e x t r a c t e d i n s e p a r a t e b a t c h e s o f 3-30 k g , 

each b a t c h b e i n g r a p i d l y thawed a t 4°C and c a r e f u l l y washed 



FIGURE 2. 

A g e n e r a l i s e d scheme f o r the p u r i f i c a t i o n of I n v e r t e b r a t e 

cytochrome c . 

Frozen m a t e r i a l r a p i d l y thawed a t 4°C. 

Blended with 10 mM-aluminium sulphate and i c e . 

S t i r r e d a t pH 4.5 f o r 2 h. 

F i l t e r e d through muslin/basket c e n t r i f u g e . 

A d j u s t e d to pH 8.0 - r e - f i l t e r e d as n e c e s s a r y . 

Adsorbed on Amberlite CG-50 r e s i n . 

E l u t e d w i t h 2 M-NaCl. 

D i a l y s e d . 

Concentrated on CM-Sephadex r e s i n . 

E l u t e d w i t h 0.5 M-NaCl. 

Ammonium sulphate f r a c t i o n a t i o n . 

G e l - f l l t r a t i o n on B i o g e l P-30. 

Chromatography on CM-52 c e l l u l o s e . 

D e s a l t e d on G-10 Sephadex/Amberlite MB-1. 

Pure cytochrome l y o p h i l i s e d . 
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w i t h r u n n i n g t a p w a t e r . One volume o f animalc was ble n d e d 

w i t h 2 v o l o f c h i l l e d 10 mM-aLummium s u l p h a t e ( M a x g o l i a b h & 

Walasek, 1967) and 1 vol. o f i c e c r y s t a l s m a 5 l i t r e Waring 

b l e n d o r s e t a t maximum speed f o r 5 mm. The pH o f t h e t o t a l 

homogenate (30-300 l i t r e s ) was a d j u s t e d t o pH 4.5 v i t h 2 M-

s u l p h u r i c a c i d and t h e e x t r a c t l e f t t o s c i r f o r 2 h a t 2-4°C 

b e f o r e b p m g s t i r r e d t h r o u g h two l a y e r s o f mus] m. The 

r e s u l t i n g cake was r e - e x t r a c t e d w h i l s t t h e crude f i L t r a t e was 

passed t h r o u g h a T e r y l e n e bag (Type 1481J?1, Samuel P j l l L t d . , 
ii 

Rochdale, Lanes,) f j t t e c 1 m a ?1 p e r f o r a t e d b a s k e t c e n t r i f u g e 

(Type 86, Thomas Broadbent and Sons L t d . , H u d d e i s f ^ e l d ) . The 

f i l t r a t e was a d j u s t e d t o pH 8.0 w i t h 2 M-Tri'- «nd any fu'. thei. 

p r e c i p i t a t i o n removed by b a s k e t c e n t r i f u g a t i o n o r f i l t r a t i o n 

under vacuum t h r o u g h Whatman No. 6 paper on 27 cm Buchner 

f u n n e l s . 

3. Ion-exchange chromatography on A m b c r l i t e CG-50 r e s i n 

(a) R e g e n e r a t i o n and p r e p a r a t i o n o f r e s i n . 

The r e s j n was p r e p a r e d f o r use i n t h e ammonium f o r m . New 

o r used r e s i n was s t i r r e d o v e r n i g h t m 4-5 v o l o f acetone and 

washed on a s i n t e r e d g l a s s f u n n e l w i t h 20 v o l o f d i s t i l l e d w a t e r , 

b e f o r e c o n v e r s i o n t o t h e sodium f o r m by v i g o r o u s s t i r r i n g i n 

4-5 v o l o f 2 M-NaOH a t 80°C f o r 5-6 h. A f t e i e x t e n s i v e 

washing w i t h 20 v o l o f d i s t i l l e d w a t e r , t h e r e s i n s l u r r y wat 

m a i n t a i n e d a t pH 1.0 f o r 3-4 h w i t h cone. H 2S0 4 b e f o r e washing 

w i t h a f u r t h e r 20 v o l . o f d i s t i l l e d w a t e r . The r e s i n was 
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suspended i n 5 v o l o f d i s t i l l e d w a t e r and s t i r r e d a t p l l 10 

w i t h c o n c e n t r a t e d ammonia s o l u t i o n f o r 2 h b e f o r e a f i n a l 

w ashing w i t h 20 v o l o f d i s t i l l e d w a t e r . The r e g e n e r a t e d r e s i n 

"'as k e p t as a s l u r r y a t ?-4°C. 

(b) A d s o r p t i o n . 

Ion-exchange chromatography was c a r r i e d o u t i n a number 

o f ways i n o r d e r t o cope With t h e v a r i a b l e q u a l i t y o f t h e 

pH 8.0 f i l t r a t e . Clean f i l t r a t e s were e a s i l y h a n d l e d b u t t h o s e 

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

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

s p e e d i l y u s i n g p r e s s u r e methods. 

( l ) F u n n e l method 

An 18 cm x 10 cm s i n t e r e d g l a s s f u n n e l was packed 

w i t h A m b e r l i t e CG-50 and t h e pH 8.0 f i l t r a t e was pumped 

t h r o u g h t h e r e s x n a t f l o w r a t e s o f 15-20 1/h a t 2-4°C. The 

r e s i n c a p a c i t y was j u d g e d t o be 20-30 l i t r e s . 

( n ) Column method 

F i l t r a t e a t pH 8.0 was passed t h r o u g h 6 cm x 15 cm 

columns o f A m b e r ] i t e CG-50 a t 2-4°C a t f l o w r a t e s o f 500 m l -

1500 ml/h. Column a d s o r p t i o n c a p a c i t y was j u d g e d t o be 15-20 

l i t r e s o f f i l t r a t e . 

( i n ) Columns under p r e s s u r e 

These were r u n as i n ( n ) b u t under a n e g a t i v e 

p r e s s u r e o f 5-10 mm Hg. The columns were repacked f r e q u e n t l y 
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t o m a i n t a i n t h e f l o w r a t e s . 

( I V ) B a t c h method 

1 v o l o f A m b e r l n e CG-50 was s t i r r e d w i t h 50 v o l 

o f pl-I 8.0 f i l t r a t e f o r 2 h a t 2-4°C. The r e s i n ™as a l l o w e d 

t o s e t t l e o u t and was r e c l a i m e d by d e c a n t a t i o n , t h e t r e a t i n e n L 

b e i n g r e p e a t e d on t h e supernatant„ I n s i t u a t i o n s where t h e 

r o s i n would n o t s e t t l e o u t , i t wac r e c l a i m e d by t h e passage o f 

t h e suspension t h r o u g h an M.S.E. c o n t i n u o u s a c t i o n r o t o r f i t t e d 

t o an M.S.E. H i g h Speed 18 r e f r i g e r a t e d c e n t r i f u g e o p e r a t i n g 

a t 18,000 g and a f l o w r a t e o f 30 1/h. 

(c) E l u t i o n . 

The r e s i n was e x h a u s t i v e l y washed w i t h d i s t i l l e d w a t e r 

u n t i l t h e washings became c l e a r and t h e n e l u t e d b a t c h w i s e . 

The r e s i n was suspended i n 2 v o l o f 2 M-NaCl and s t i r r e d a t 

0-4°C f o r one hour m a i n t a i n e d a t pl-l 8.0 w i t h 2 M-NaOH. The 

r e s i n was d r a i n e d on a s i n t e r e d g l a s s f u n n e l and washed w i t h 

2 M-NaCl u n t i l t h e washings, a f t e r r e d u c t i o n w i t h a t r a c e o f 

a s c o r b i c a c i d , showed no 550 nm a b s o r p t i o n u s i n g 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 s p e c t r o s c o p e . 

4. Chromatography on CM-Sephadex 

The e l u a t e f r o m (3) (5-15 1) was a d j u s t e d t o pH 8.0 

and d i a l y s e d a g a i n s t r u n n i n g t a p w a t e r f o r 8 h and 60 1 

50 mM-sodium phosphate b u f f e r a t pR 8.0 and 2-4°C f o r a f u r t h e r 

8 h. The d i a l y s i s r e s i d u e was c e n t r i f u g e d as necessary and 
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passed t h r o u g h a 6 cm x LO cm column o l CM-50 Sephadex 
e q u i l i b r a t e d .in 50 mM-sodium pno^phate, pH 8.0 a t 2-4°C, w i t h 
a f l o w r a t e o f 200-400 ml/h. The column was washed w i t h 
1 l i t r e o f d i a l y s i s b u f f e r and t h e cytochrome e l u t e d us a 
s i n g l e f r a c t i o n (100-1000 ml) w i t h 0.5 M-NaCl i n 50 mM-sodium-
phosphate b u f f e r a t p l l 8.0. 

A f t e r a d i a l y s i s s t e p , t h e chromatography s t e p wac 

repeated, u s i n g a 2 cm x 8 cm column o f CM-50 S«pnadex and a 

f l o w r a t e o f 100-200 ml/h. E l u t i o n w i t h 0.5 M-NaCl i n 

50 mM-sodium phosphate, pT-j 8 C 0 , gave a volumn o f 10-40 m l . 

5. Ammonium s u l p h a t e f r a c t i o n a t i o n 

The cytochrome c (10-40 ml) was red-ic^d W L t h a t r a c e 

o f a s c o r b i c a c i d and m a i n t a i n e d a t pH 8.0 ana 2-4°C. F i n e l y 

g r ound ammonium s u l p h a t e was s l o w l y added t o g i v e a 50% 

s a t u r a t e d s o l u t i o n , t h e degree o f s a t u r a t - " o»i b e i n g d e t e r m i n e d 

f r o m t h e nomogram o f Di x o n (1953) i g n o r i n g t h e presence o f 

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

s t i r r e d a t pH 8.0 and 2-4°C f o r 2 h, o r o v e r n i g h t where 

p o s s i b l e , and t h e n c e n t r i f u g e d a t 30,000 g f o i 20 mm. The 

p e l l e t was d i s c a r d e d . The s a l t concentration was s l o w l y i n c r e a s e d 

i n 1 0% s t e p s up t o 80% w i t h t h e a p p r o p r i a t e c e n t r i f u g a t i o n s . 

P e l l e t s were examined f o r p r e c i p i t a t e d cytochrome c and 

washed w i t h a m i n i m a l volume o f d i s t i l l e d w a t e r as ne c e s s a r y . 

The i n c r e a s e s m s a t u r a t i o n were s t o p p e d when p r e c i p i t a t i o n 

ceased and t h e s u p e r n a t a n t c o n t a i n i n g t h e cytochrome c was 
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r e t a m e d . 

6. C o n c e n t r a t i o n s t e p 

The s u p e r n a t a n t was d i l u t e d t w i c e and 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 10 mM-sodium phosphate, pH 7.2, and c o n c e n t r a t e d 

on a 1 cm x 5 cm column o f CM-52 c e l l u l o s e e q u i l i b r a t e d i n 

t h e same b u f f e r . The sample was e l u t e d w i t h 200 mM-sodium 

phosphate, pH 7.2, t o g i v e a volume o f 2-5 m l . 

?• Gel f i l t r a t i o n on B i o g e l P-30 

B i o g e l P-30 r e & m was e q u a l i b r a t e d m 10 mM-sodium 

phosphate b u f f e r , pH 7.2, and 2-4°C and packed i n t o a column 

(3 cm x 90 cm o r 2 cm x 90 cm) w i t h a h y d r o s t a t i c head o f 

about 20 cm. The sample was l o a d e d i n a volume o f 2-5 it i l and 

t h e column d e v e l o p e d a t a f l o w r a t e o f 40-60 ml/h. 

8. CK-52 C e l l u l o s e chromatography 

The column ( 1 cm x 15 cm, 2 cm x 15 cm o r 1 cm x 

30 cm) was packed f r o m a s l u r r y o f CM-52 C e l l u l o s e e q u i l i b r a t e d 

i n 10 mM-sodium phosphate, pH 7.2, by pumping t h r o u g h b u f f e r 

u s i n g an LKB V a r i o p e r s p e x p e r i s t a l t i c pump (12000) a t a f l o w 

r a t e o f 20-40 m l / h . The cytochrome c s o l u t i o n was d i l u t e d 

t o an a p p r o p r i a t e i o n i c s t r e n g t h and pumped on t o t h e column 

f o l l o w e d by 15 ml o f 5 mM-potassium f e r r i c y a n i d e d i s s o l v e d 

i n s t a r t i n g b u f f e r . The l a y e r o f adsorbed cytochrome _c on 

t o p o f t h e column was s t i r r e d c a r e f u l l y t o p r e v e n t "panning" 

and t h e column washed f r e e o f f e r r i c y a n i d e w i t h a f u r t h e r 



20 ml o f 10 itiM-sodium phosphate, plJ 7.2. The column was 

e l u t e d under a l i n e a r i o n i c g r a d i e n t f r o m 10 mM t o 300 mM-

sodium phosphate a t pH 7.2, or under a l i n e a r pH g r a d i e n t 

f r o m pH 7.2 t o pl-l 11.5 u s i n g 10 mM-sodium phosphate b u f f e r s . 

The g r a d i e n t s were c o n s t r u c t e d u s i n g a d e v i c e as d e s c r i b e d 

by Bock & L i n g ( 1 9 5 4 ) . 

9. C o n c e n t r a t i o n s t e p 

The cytochrome c solutLon was a d j u s t e d w i t h r e g a r d 

t o i o n i c s t r e n g t h o r pH and pumped o n t o a 1 cm x 15 cm column 

o f Cn-52 c e l l u l o s e e q u i l i b r a t e d i n 10 mil-sodium phosphate 

b u f f e r , pH 7„2. The sample was e l u t e d w i t h 200 mM-sodiam 

phosphate, pH 7.2, t o g i v e a volume o f 2-5 m l . 

1°• Gel f i l t r a t i o n on Sephadex G-75 

The column (3 cm x 100 cm) was packed u s i n g a s l u r r y 

o f G-75 Sephadex e q u i l i b r a t e d i n 75 mM-Tris-KCl b u f f e r a t 

pH 7.5. The sample was pumped on m a volume o f 2-5 ml and 

t h e column d e v e l o p e d i n an ascending d i r e c t i o n a t a f l o w r a t e 

o f 30 m l / h . 

11. 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 p r e p a r a t i o n s were c o n c e n t r a t e d 

by f r e e z e - d r y i n g o ver NaOH and cone. H^SO^. The l y o p h i l i s e d 

sample was t a k e n up i n a m i n i m a l volume o f d i s t i l l e d w a t e r 

and d e s a l t e d m 1 ml b a t c h e s on a 1 cm x lo cm column o f G-10 

Sephadex o r B i o g e l P-2 e q u i l i b r a t e d i n d i s t i l l e d w a t e r . The 

s a l t - f r e e cytochrome c was l y o p h i l i s e d and s t o r e d a t -20°C. 
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12. D e s a l t i n g by an ion-exchange method 

Pure cytochrome c p r e p a r a t i o n s were c o n c e n t r a t e d 

b y f r e e z e - d r y m g over NaOH and cone. H2SO^. The l y o p h i l i s e d 

sample was t a k e n up m a m i n i m a l volume o f d i s t i l l e d w a t e r and 

d e s a l t e d i n 1 ml b a t c h e s on a 1 cm x 15 cm column o f A m b e r l i t e 

MB-1 r e s i n e q u i l i b r a t e d i n d i s t i l l e d w a t e r . S a l t - f r e e 

cytochrome c samples were l y o p h i l l s e d and s t o r e d a t -20°C. 



I I I . METHODS OF PROTEIN SEQUENCE DETERMINATION 

1 . D e n a t u r a t i o n o f cytochrome c 

The method was based on t h a t o f M a r g o l i a s h e t aJL. 

( 1 9 6 2 ) . The s a l t - f r e e cytochrome c was d i s s o l v e d i n d i s t i l l e d 

w a t e r (5 mg/200 u l ) and o x i d i s e d by t h e a d d i l - i o n o f 1 u l s a t u r a t e d 

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

95% e t h a n o l ( v / v ) by t h e a d d i t i o n o f a b s o l u t e e t h a n o l and l e f t 

t o s t a n d a t room t e m p e r a t u r e f o r 4-5 h, t h e p r e c i p i t a t e b e i n g 

resuspended h o u r l y . The p r e c i p i t a t e was s e p a r a t e d by 

c e n t r i f u g a t i o n , washed t h r e e times m 95% e t h a n o l and a f t e r 

a f i n a l c e n t r i f u g a t i o n d r i e d _in vacuo. 

2. P r o t e o l y t i c d i g e s t i o n 

Denatured cytochrome c (0.5 umol) was suspended i n 

1 m l w a t e r and a d j u s t e d t o pH 8.0 w i t h 50 mM-ammonia s o l u t i o n . 

The p r o t e i n s o l u t i o n (1-2 ml) was e q u i l i b r a t e d a t pH 8.0 and 

37°C on a Radiometer TTTlc A u t o t i t r a t o r f i t t e d w i t h a t e m p e r a t u r e 

compensator. 25 mM-sodium h y d r o x i d e was used t o m a i n t a i n t h e 

pH a t 8.0 and t h e s o l u t i o n was k e p t under a stream o f oxygen-

f r e e n i t r o g e n . 

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

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

added t o t h e e q u i l i b r a t e d cytochrome c s o l u t i o n t o g i v e a 

c o n c e n t r a t i o n o f 2% (w/w) a t zer o t i m e . A f u r t h e r 2% was 

added a t 60-90 min and t h e d i g e s t i o n t e r m i n a t e d a t 60-120 mm 

by a d j u s t i n g t h e pH t o 4.5 w i t h 50-100 u l o f a c e t i c a c i d . 
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The d i g e s t was t h e n f r o z e n and l y o p h i ] l s e d . 

(b) T r y p t x c d i g e s t i o n . 

The d i g e s t c o n d i t i o n s and enzyme c o n c e n t r a t i o n s were as 

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

d i s s o l v e d i n 1 m M - h y d r o c h l o r i c a c i d . 

Rates o f d i g e s t i o n were r e c o r d e d i n b o t h cases on a 

Radiometer £BR2C r e c o r d e r c o n n e c t e d t o the a n t o t L t r a t o r . 

3. Cyanogen bromide c l e a v a g e 

L y o p h i L i s e d cytochrome c was d i s s o l v e d m 200-400 u l 

o f 70% ( v / v ) f o r m i c a c i d . A 150 m olar excess o f cyanogen 

bromide was added i n 200-400 u l o f 70% ( v / v ) f o i m i c acad a r d 

i n c u b a t i o n was f o r 24 h a t 26°C i n t h e dark,, The r e a c t i o n was 

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

passage t h r o u q h a ] cm x 100 cm column o f G-50 Sephadex 

e q u i l i b r a t e d and e l u t e d w i t h 70% ( v / v ) f o r m i c a c i d . 

4. P e p t i d e p u r i f i c a t i o n 

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

P e p t i d e s were s e p a r a t e d by h i g h - v o l t a g e e l e c t r o p h o r e s i s 

a t pH 6.5 on a f l a t - p l a t e a p p a r a t u s (106 cm x 15 cm; t h e L o c a r t e 

Co., London SW3, U.K.) u s i n g a p y r i d i n e - a c e t i c a c i d - w a t e r b u f f e r 

(25:1:225 b y v o l . ) and Whatman 3MM. paper (15 cm). The a p p l i e d . 

v o l t a g e was 9 Kv t o g i v e a c u r r e n t o f 30-50 mA f o r 90-120 min 

a t 7 p . s . i . p r e s s u r e . P e p t i d e s r e q u i r i n g f u r t h e r p u r i f i c a t i o n 

were t r e a t e d t o e l e c t r o p h o r e s i s a t pH 1.9 u s i n g an a c e t i c a c i d -
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f o r m i c a c i d - w a t e r b u f f e r (4:1:45 by v o l . ) . The a p p l i e d 
v o l t a g e was 9 Kv t o g i v e a c u r r e n t o f 50-60 mi\ f o r 60-90 min 
a t 7 p . s . i . p r e s s u r e . 

(b) Paper chromatography. 

P e p t i d e s were s e p a r a t e d on Whatman 3MM chromatography 

paper (55 cm x 46 cm). The m i x t u r e s were l o a d e d a t 8 cm 

s t r e a k s a t t h e o r i g i n and s e p a r a t e d i n a descending manner 

u s i n g t h e BAWP s o l v e n t system ( b u t a n o l - a c e t i c a c i d - w a t e r -

p y n d i n e , 15:3:12:10 by v o l . ) and Gallenkamp chromatography 

frames and bags. The samples were chromatographed f o r 18 h 

a t 24°C, and t h e papers d r i e d a t 45°C. ^ h e r e n e c e s s a r y , d r i e d 

papers were rechromatographed f o r a f u r t h e r ] 8 h. 

( c ) P e p t i d e l o c a t i o n . 

P e p t i d e s were l o c a t e d u s i n g 10% s t r i p s o f t h e e l e c t r o -

p h o r e t o g r a m o r chromatogram. The d e t e c t i o n r e a g e n t s were 

used i n t h e o r d e r s and c o m b i n a t i o n s recommended by E a s l e y 

( 1 9 6 5 ) , e x c e p t i t was f o u n d t h a t t h e phenanthraqumone r e a g e n t 

c o u l d be used b e f o r e t h e m o d i f i e d n i n h y d r i n and E h r l i c h r e a g e n t s . 

The p h e n y l a c e t a l d e h y d e r e a g e n t was used where i n c r e a s e d 

s e n s i t i v i t y was r e q u i r e d . 

(d) P e p t i d e m o b i l i t i e s . 

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

P e p t i d e m o b i l i t i e s a t pH 6.5 were measured i n 

p o s i t i v e and n e g a t i v e d i r e c t i o n s f r o m a t r u e n e u t r a l p o i n t 
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i 
and expressed r e l a t i v e x.o the t r u e n e u t r a l co d a n s y l - a r y m y ] -
a r g i n i n e d i s t a n c e . Zones were measured from t h e i r mid-point. 
The t r u e n e u t r a l p o s i t i o n was a point estimated to be 4/11 of 
the d a n s y l - a r g i n y l a r g i n m e to the l-dimethyl-ammonaphthalene-
5-sulphonic acid, d i s t a n c e measured, from the d a n s y l - a r g m y l -
a r g i n m e . 

At pH 1.9, the m o b i l i t i e s W e r e measured from the 1-

dimethylaminonaphtha] ene-5-sulphonic acid. and. expressed r e l a t i v e 

to the d i s t a n c e of the d a n s y l - a r g i n m e standard. 

( n ) Chromatography 

Peptide m o b i l i t i e s were measured f o r the o r i g i n 

and expressed r e l a t i v e to the d i s t a n c e moved by the da n s y l -

a r g i n i n e standard. 

(e) Peptide c3utions„ 

A f t e r l o c a l i s a t i o n of the peptides as des c r i b e d , the 

chromatograms and electrophoretograms were cut i n t o the 

appropriate s t r i p s and e l u t e d f o r 4 h i n t o Pyrex screw-cap 

tubes (1 cm x 5 cm) using 20% (v/v) p y r i d i n e to give a volume 

of 200-500 u l . The s t r i p s were d r i e d a t room temperature and 

r e - e l u t e d f o r a f u r t h e r 4 h. The e l u t e d samples were 

l y o p h i l i s e d and st o r e d a t -20°C. 

( f ) Heme peptide p u r i f i c a t i o n . 

Heme peptides were t r e a t e d normally. No p r e c i p i t a t i o n 

at pH 4.5 or d i f f e r e n t i a l e l u t i o n w i t h water at 2°C and 20% 
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(v/v) p y r i d i n e a t room temperature, was p o s s i b l e (see Bamshaw, 

19 72). Paper chromatography proved to be the most e f f e c t i v e 

f i n a l p u r i f i c a t i o n s t e p # tendi.ng to minimize the s t r e a k i n g of 

the heme zone. 

5. Q u a n t i t a t i v e amino a c i d composition of 
pr o t e i n s and peptides 

The amino a c i d compositions of p r o t e i n s and peptides 

were determined q u a n t i t a t i v e l y u s i n g a L o c a r t e automacic amino 

a c i d a n a l y s e r . 

P r o t e i n (50-200 ug), or peptide (0.025-0.25 umol), was 

hydr o l y s e d w i t h 0.5 ml constant b o i l i n g 5.7 M-HCl i n evacuated 

Pyrex tubes (Moore & S t e m , 196 3) . P r o t ^ L n samples were* 

hydrolysed f o r 24, 48 and 72 h i n order to obtain zero time 

v a l u e s f o r s e r i n e and threonine and maximum v a l u e s f o r v a l i n e , 

i s o l e u c i n e and l e u c i n e (Moore & S t e m , 1963). Peptide samples 

were hy d r o l y s e d f o r 24 h. No s p e c i a l arrangements were made 

f o r the recovery of tryptophan (see Matsubara & S a s a k i , 1969). 

A f t e r h y d r o l y s i s the ampoules were d r i e d i n vacuo over NaOH to 

remove the HC1 and s t o r e d a t -20°C u n t i l a nalysed. 

6. Se m i - q u a n t i t a t i v e amino a c i d and composition 
of peptides 

A 10-50 nmol peptide a l i q u o t was d r i e d m vacuo over 

NaOH and cone. H 2S0^ i n a Durham tube (30 mm x 4 mm; A. 

Gallenkamp L t d . , London E.C.2), p r e v i o u s l y c l e a n e d by a c i d 

washing or baking a t 550°C f o r 12 h (Gray & Smith, 1970). 
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50 | i l of constant b o i l i.ng 5.7 M-HCl was added to the sample 

and the tube s e a l e d under a p a r t i a l vacuum. The tubes were 

heated f o r 18 h a t 110°C and the a c i d was removed by drying 

i n vacuo over NaOH at 60°C The f r e e ammo acid?, were l a b e l l e d 

by the dansyl method of Gray & H a r t l e y (1963a), omittixg the 

f i n a l h y d r o l y s i s s t e p and the dansyl amino a c i d s were i d c n t i t i e d 

by chromatography on polyamide sheets ( s e c M a t e r i a l s and 

Method's I I I . 7(a) , (b) ) . 

7. Peptide sequencing methods 

Peptides were ^equuiic«d by the N-terunual dans> 1-

Edman procedure of Gray & H a r t l e y (1963b) using 5-20% of the 

peptid„e s t a r t i n g m a t e r i a l (20-500 nrnol) to i d e n t i f y the N-

termmal amino a c i d a t each seep of the Edman degradation. 

C-termma3 sequences were determined from the r e s u l t s of 

v a r i o u s l y timed d i g e s t i o n s w i t h carboxypeptidase-A. Amino 

a c i d s thus l i b e r a t e d were 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 

u s i n g the dansyl procedure (Gray & H a r t l e y , 1963a) without 

a c i d h y d r o l y s i s . S i m i l a r l y , the f r e e amino a c i d encouncered 

f o l l o w i n g the f i n a l Edman degradation f o r a p a r t i c u l a r peptide, 

C-1 and those amino a c i d s " c a r r i e d over" from previous Edman 

degradation s t e p s , were 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 , 

employing the dansyl procedure without the f i n a l h y d r o l y s i s 

s t e p . 

(a) The d a nsyl method (Gray & H a r t l e y , 1963a). 

5-100 nmol of peptide cample was d r i e d _in vacuo over 
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NaOH and cone. R^SO^ m a cLcan Durham tube (tubes were 

s i l y l i s e d by steeping them m 5% (v/v) d i m e t h y l d i c h l o r o s i l a n e 

i n toluene f o r one hour followed by e x t e n s i v e washing 311 dry 

methanol). The peptide r e s i d u e was d i s s o l v e d i n 10 u l of 

0.2 M-sodium bicarbonate and d r i e d over NaOH and cone. r I 2 S 0 ^ . 

Equal volumes of water and a s o l u t i o n c o n t a i n i n g 5 mg dansyl 

c h l o r i d e per ml acetone were mixed and 10 u l of the s o l u t i o n 

was added to the dry sample. The tube was s e a l e d w i t h 

P a r a f i l m and incubated a t 45°C f o r 1 h, the r e a c t i o n being 

terminated by drying j L n vacuo over NaOH and cone. H9S0,,„ 

A l t e r n a t i v e l y , the peptide sample was d r i e d down i n a Durham 

tube and mixed w i t h 10 | i l of a 1.1 mixture of a s o l u t i o n 

c o n t a i n i n g 5 mg d a n s y l - c h l o r i d e per ml acetone and a s o l u t i o n 

of 0.1 M-N-ethylamme. The inc u b a t i o n and te r m i n a t i o n of the 

r e a c t i o n was then c a r r i e d out as above. A f t e r the d a n s y l a t i o 

step, 50 u l of constant b o i l i n g 5.7 M-rfCl was added to the 

r e s i d u e i n the Durham tube and s e a l e d under a p a r t i a l vacuum. 

The tube was hydro]ysed at 105-110°C f o r 4-3 8 h and the 

hy d r o l y s a t e d r i e d i n vacuo over NaOH at 60°C. 

(b) Chromatography of dansy] d e r i v a t i v e s . 

The chromatography of dansyl d e r i v a t i v e s was c a r r i e d out 

on two d i f f e r e n t s i z e s of polyamide sheets (Woods & Wang, 

1967). 15 cm x 15 cm sheets were supported during chroma

tography i n frames of the type d e s c r i b e d by Smith (1958), 

w h i l s t the 5 cm x 5 cm sheets were supported i n s p e c i a l l y 
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designed 12-seat r a c k s ( F i g u r e 3 ) . The da n s y l a t e d sample 

was d i s s o l v e d m 5 ml of 50% (v/v) p y r i d i n e and spotted onto an 

o r i g i n , common to both s i d e s of the sheet, i n a 4:1 r a t i o w i t h 

the m a j o r i t y of the sample on the fron-c. A 0.2-1 u l a l i q u o t 

of the dansyl-ammo a c i d standard s o l u t i o n (see M a t e r i a l s and 

Methods 11.4(d)) was spotted onto the back of the sheet. 

Spotting was b e s t c a r r i e d out beneath a u.v. lamp and a hot 

draught, using an Eppendorf m i c r o - p i p e t t e . When dry, the 

l a r g e r chromatograms were developed i n two dimensions using 

f i r s t the s o l v e n t I f o r 50 nun and secondly s o l v e n t IT f o r 

45 mm, the sheets being d r i e d m a hot draught a f t e r each run. 

The r e s u l t s of the two dimensional s e p a r a t i o n were recorded by 

i l l u m i n a t i n g the polyamide sheets under a u.v. lamp (350 nm) 

before the sheets were run i n s o l v e n t I I I f o r 45 mm i n the 

second dimension. A f t e r drying i n a hot draught, the sheets 

were examined f o r any f u r t h e r r e s o l u t i o n of the dansyL spots 

(see F i g u r e s 4 and 5 ) . The sm a l l sheets (5 cm x 5 cm) were 

chromatographed i n a s i m i l a r f a s h i o n f o r 10 mm i n each 

dimension, and i t was found t h a t r e p e a t i n g the run with s o l v e n t 

I I before the use of s o l v e n t I I I improved the r e s o l u t i o n of 

d a n s y l - d e r i v a t i v e s . Co-chromatography of the samples on 

the f r o n t of the sheet and the standard mixture p l u s the 

sample t r a c e on the back was ased to i d e n t i f y the d a n s y l -

d e r i v a t i v e s . Polyamide sheets were washed a f t e r each 

experiment i n an acetone-1 M-ammonia s o l u t i o n (1:1, by v o l . ) 
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f o r 1 h. The she e t s could be re-used up to f i f t y times. 

(c) The Edman degradation method. 

150 | J i 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 was 

added t o 0.1-0.5 nmol of peptide d i s s o l v e d i n 150 n l of 20% 

(v/v) p y r i d i n e i n an Edman tube (1 cm x 5 cm). The tube was 

f l u s h e d f o r 15 sec with oxygen-free n i t r o g e n (llt,e & Edman, 

1963), capped and incubated a t 45°C f o r 1 n before excess 

reagent and v o l a t i l e r e a c c i o n by-products were removed by i n 

vacuo drying over NaOH and P2°s a t 60°C. When the sample 

was completely dry, the tube was f l u s h e d again witn n i t r o g e n 

(Percy & Buchwald, 1972) and 200 \xl of anhydrous t r i f l u c r o -

a c e t i c a c i d was added (Elmore & Toseland, 1956)„ The tube 

was s e a l e d w i t h P a r a f i l m and incubated a t 45°C f o r 30 mm 

before excess reagent was removed by drying _in vacuo over NaOH 

at 60°C. The degraded peptide was d i s s o l v e d m 200 u l of 

d i s t i l l e d water and e x t r a c t e d once w i t h 3 ml of b u t y l a c e t a t e 

(Gray, 1967) and a f t e r decantation of the organic phase, 

the aqueous phase was d r i e d m vacuo over NaOH and cone. 

H^SO^ a t 60°C. The degraded peptide was d i s s o l v e d i n 150 | i l 

20% p y r i d i n e f o r f u r t h e r manipulation. 

(d) P r o t e o l y t i c d i g e s t i o n . 

( i ) Chymotrypsin and t r y p s i n 

Peptides were d i g e s t e d w i t h 5% (w/w) a-

chymotrypsin and 5% (w/w) t r y p s i n d i s s o l v e d i n 0.2 M-NH^HCO^ 

b u f f e r a t pH 8.5 and 37°C f o r 30-60 min. The r e a c t i o n was 
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terminated by f r e e z i n g and l y o p h i l i s a t i o n . 

A l t e r n a t i v e l y , the d i g e s t i o n s were c a r r i e d out i n 0.2 M-

N-ethyl morpholme-acetic a c i d b u f f e r nt pH 8.5. 

(11) Carboxypeptidase-A 

Peptide samples were d i g e s t e d i n Durham tubes 

w i t h 0.2-0.5 mg carboxypeptidase-A/mol i n 0.2 M-NH^HCO^ bu f f e r 

a t pH 8.4 and 37°C f o r times designed to maximize information. 

The r e a c L i o n was terminated by drying i j i vacuo over NaOH. 

A l t e r n a t i v e l y , 5 u l of a carboxypeptidase-A suspension (80-120 ug) 

was washed th r e e times i n d i s t i l l e d water, suspended i n 150 u l 

0.2 M-NaHC03 and d i s s o l v e d using 100-150 u l 0.1 H-NaOH, the 

s o l u t i o n being made n e u t r a l w i t h 100-150 u l 0.1 M-riCl. The 

s o l u t i o n was made up to 1.5 ml wi t h 0.2 M-N-ethylmorpholme-

a c e t i c a c i d b u f f e r a t pH 8.5 and 20 u l a l i q u o t s were used f o r 

each d i g e s t i o n . 

( i n ) P y r r o l i d o n e c a r b o x y l y l peptidase 

The G-200 enzyme 60% ammonia sulphate p e l l e t 

was d i s s o l v e d i n 1 ml of 50 mM-sodium phosphate b u f f e r , pH 7.3 

cont a i n i n g 10 mM-2-mercaptoethanol and 1 mM-EDTA and d i a l y s e d 

a g a i n s t the same b u f f e r (5 1) f o r 3 h a t 2-4°C. The enzyme 

fo r a p a r t i c u l a r p r e p a r a t i o n (see M a t e r i a l s and Methods 1 . 5 ( a ) , 

(b)) had a s p e c i f i c a c t i v i t y of 300-600 and an O.D.280 of about 

2.0. D i g e s t i o n was with 5 u n i t s of enzyme on 0.1-0.5umol 

of peptide a t 37°C f o r 3 h i n a t o t a l volume of 500 u l 50 mM-

sodium phosphate a t pH 7.3. The r e a c t i o n was terminated by 
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the a d d i t i o n of 2 ml of absolute ethanol and a f t e r standing 

a t room temperature f o r 30 mm, the p r o t e i n p r e c i p i t a t e was 

c e n t r i f u g e d a t 1000 cj f o r 10 mm. The supernatant was 

r e t a i n e d and d r i e d m vacuo over NaOH. The degraded peptide 

was then s u b j e c t e d to dansyl-Edman -analysts. 

(e) Removal of heme moiety from heme peptides 
p r i o r to sequence a n a l y s i s . 

( l ) Performic o x i d a t i o n method (Nolan & Margoliaoh, 
1966) 

The heme peptide (0.1-0.5 u.mol) was d i s s o l v e d an 

200 u.1 of 90% (v/v) formic a c i d a t 0°C and 5 u.1 p o r t i o n s of 

30% (w/v) hydrogen peroxide were added at hourly 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 continued 

a t 0°C u n t i l the r e d colour i n the s o l u t i o n had been discharged. 

The r e a c t i o n was terminated by f r e e z i n g a f t e r d i l u t i o n , and 

drying m vacuo over NaOH. 

(11) Mercuric c h l o r i d e method (Ambler, 1963) 

The heme peptide (0.1-0.5 u.mol) wa<> d i s s o l v e d i n 

500 u.1 5% (v/v) formic a c i d and 5 mg of mercuric c h l o r i d e was 

added. The suspension was s t i r r e d a t 37°C f o r 6 h before the 

r e a c t i o n was terminated by the a d d i t i o n of 500 pi acetone. 

The s o l u t i o n was e x t i a c t e d f i v e times with 2 ml po r t i o n s of 

et h e r , made p e r o x i d e - f r e e by shaking w i t h a 5% (w/v) s o l u t i o n 

of f e r r o u s s u l p h a t e . The aqueous phase was d r i e d m vacuo 

and d i s s o l v e d i n 50 u.1 of 98-100% (v/v) formic a c i d to which 

was added 100 u.1 i c e - c o l d performic a c i d preformed i n the 
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manner of Hxrs (1956) (0.5 ml 30% (v/v) I-I 20 2 + 4.5 ml 88% (v/v) 
formic acid, a t 50°C f o r 3 rain) . The ox i d a t i o n was continued, 
f o r 1 h a t 0°C before the s o l u t i o n was frozen a f t e r d i l u t i o n 
and d r i e d _in vacuo over NaOII. The r e s i d u e was e x t r a c t e d 
w i t h 500 u l of 0.1 M-amnionia s o l u t i o n and the e x t r a c t d r i e d 
i n vacuo before being d i s s o l v e d i n 150 u l of 20% (v/v) 
p y r i d i n e f o r sequence a n a l y s i s . 

8• P r o t e i n sequencing methods 

(a) Manual sequencing methods. 

( l ) N-terminal a n a l y s i s 

P r o t e i n s were a n a l y s e d by a modified method of 

Gray (1972). 25-100 umol of p r o t e i n was d r i e d j_n vacuo over 

NaOII i n a g l a s s c e n t r i f u g e tube and to t h i s was added 50 u l 

of 1% (w/v) SDS s o l u t i o n . The tube was stoppered and p l a c e d 

i n a heating block a t 100°C f o r 5 mm. When c o o l , 50 | i l 

of N-ethyl morpholme was added, together w i t h 75 u l of a 

s o l u t i o n of dansyl c h l o r i d e i n anhydrous dimethyl-formamide (25 

mg/uil) . The tube was stoppered and incubated a t 45°C f o r 1 h 

before the l a b e l l e d p r o t e i n was p r e c i p i t a t e d by standing with 

500 u l acetone f o r 40 win. The sample was c e n t r i f u g e d a t 

1000 g f o r 10 nun and the p e l l e t washed t h r e e times w i t h 

80% (v/v) acetone. A f t e r drying _in vacuo over NaOH, the 

sample was hydrolysed f o r 18 h a t 105-110°C w i t h 5.7 M 

constant b o i l i n g HCl and the dansyl d e r i v a t i v e s i d e n t i f i e d 

by polyamide bheet chromatography (see M a t e r i a l s and Methods 
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I I I . 7 ( b ) ) . 

A l t e r n a t i v e l y , 25-100 ratio] of p r o t e i n was denatured by 

standing m 50 u l of 90% (v/v) ethanol f o r 4 h and then 

l a b e l l e d , using the normal dansyl method (see M a t e r i a l s and 

Methods 1 1 1 . 7 ( a ) ) . A f t e r the h y d r o l y s j s step, the sample was 

d r i e d _in vacuo over NaOH at 60°C and t r a n s f e r r e d to an Edman 

tube (Pyrex screw-cap 1 cm x 5 cm) with 1 ml of d i l u t e HCl 

at pH 3.5. The s o l u t i o n was e x t r a c t e d w ith 3 x 250 u l 

a l i q u o t s of d i e t h y l e t her and the ether e x t r a c t , c o n t a i n i n g 

the N-teriTimal dansyl-ammo a c i d , was d r i e d down and i d e / i t i f j e d 

by polyamide sheet chromatography. The N-termmal a n a l y s i s 

of p r o t e i n s was a l s o c a r r i e d out using a modified method of 

Gros & Labouesse (1969) . 10-100 nmol of p r o t e i n was d i s s o l v e d 

i n 200 | i l of water to which was added 250 mg of ammonia-free 

urea and the volume was made up t o 500 u l wi t h water„ 150 u l 

of 400 mM-sodium phosphate b u f f e r a t pH 8.2, 250 u l of 

dimethyl formamide and 100 u l of 0.2 M-dansyl c h l o r i d e i n 

a c e t o n i t n l e were added and the s o l u t i o n incubated at 20°C 

f o r 60 min. The l a b e l l e d p r o t e i n was p r e c i p i t a t e d by the 

a d d i t i o n of c h i l l e d 10% (v/v) t r i c h l o r o a c e t i c a c i d , f o l l owed 

by c e n t r i f u g a t i o n at 1200 g f o r 15 min. The p r e c i p i t a t e 

was washed w i t h 2M-hydrochloric a c i d and hydrolysed f o r 

4-16 h a t 110°C i n 500 u l of 5.7 M constant b o i l i n g HCl. 

Dansyl d e r i v a t i v e s were i d e n t i f i e d by polyamide sheet 

chromatography (see M a t e r i a l s and Methods 1 1 1 . 7 ( b ) ) . 
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( n ) C-terminal a n a l y s i s 

25-100 nmol of protean was denatured by heating 

a t 100°C f o r 5 ram i n 50 u l of 1% (w/v) SDS s o l u t i o n . The 

p r o t e i n was p r e c i p i t a t e d m 500 u l of acetone, washed t h r e e 

times w i t h 80% (v/v) acetone, and d r i e d i n vacuo over NaOH. 

C-termmal sequences were determined from d i g e s t i o n s w i t h 

carboxypeptidase-A using the p e p t L d c method (see M a t e r i a l s 

and Methods 111.7(d) ( n ) ) . 

( i n ) Edman degradation 

50-150 nniol of p r o t e i n was degraded s e q u e n t i a l l y 

by the Edman procedure (Gray & H a r t l e y , 1903b) f o l l o w i n g 

denaturation by the method of Gray (1972) . Ammo a c i d s were 

i d e n t i f i e d as t h e i r dansyl-amino a c i d s using polyamide sheet 

chromatography. 

A l t e r n a t i v e l y , a modified method of Werner e t a l . (1972) 

was a p p l i e d . 50 nmol of cytochrome c was d i s s o l v e d i n 200 u l 

of 0.5 M-NaHC03 and a d j u s t e d to pH 9.8 w i t h 2 M-NaOH. 75 u l 

of 10% (w/v) SDS was added, together w i t h 10 u l of 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 . The s o l u t i o n was incubated a t 45°C 

f o r 1 h under n i t r o g e n w i t h mixing a t 15 mm i n t e r v a l s . 2.5 ml 

of acetone was added and the p r e c i p i t a t e c e n t r i f u g e d a t 

1000 £ f o r 10 mm and washed with a f u r t h e r 2 ml of acetone. 

The p r o t e i n p r e c i p i t a t e d was spread around the w a l l of the 

r e a c t i o n tube and d r i e d _in vacuo over NaOH a t 60°C. 200 u l 

of anhydrous t n f l u o r o a c e t i c a c i d was added and the sample was 
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mcubated under n i t r o g e n f o r 30 ram. The t r i f l u o r o a c e t i c 

a c i d was then removed by jm vacuo drying over NaOII a t 60°C. 

The r e s i d u e was r e d i s s o l v e d i n the coupLing b u f f e r , together 

w i t h 75 u l of 10% (w/v) SDS a t 50°C. A 10% a l i q u o t was taken 

for d a n s y ] - a n a l y s i s and the c y c l e was then repeated. H a l f a 

volume of a 5 mg/ml s o l u t i o n of d a n s y l - c h l o r i d e i n acetone 

was added to the 10% a l i q u o t i n a Durham tube and the s o l u t i o n 

was incubated a t 45°C f o r 30 mm. P r e c i p i t a t i o n and h y d r o l y s i s 

of the l a b e l l e d p r o t e i n was by the method of Gros & Labouesse 

(197?) (see M a t e r i a l s and Methods I I I . 8 ( a ) ( I ) ) . Dansyl-

d e r i v a t i v e s were i d e n t i f i e d by polyamide sheet chromatography, 

(b) Automatic sequencing methods. 

A Beckman 890c sequencer operating on a quadrol f a s t 

p r o t e i n double cleavage program was used as recommended i n 

the Beckman (1972) operation manual. The ammo a c i d r e l e a s e d 

at each degradation s t e p was c o l l e c t e d as the p h e n y l t h i a z o l m o n e 

d e r i v a t i v e m a r e f r i g e r a t e d f r a c t i o n c o l l e c t o r , and blown to 

dryness under a stream of n i t r o g e n . T h i s was converted to 

the more s t a b l e phenylthiohydantoin (PTH) d e r i v a t i v e by r e a c t i n g 

the d r i e d f r a c t i o n w i t h 0.2 ml of 1 M-hydrochlorme a c i d 

c o n t a i n i n g e t h a n e t h i o l (1 u.l/ml) f ° r 10 m i n at 80°C under 

n i t r o g e n . The PTH d e r i v a t i v e s were then e x t r a c t e d t w i c e using 

0.7 ml p o r t i o n s of p e r o x i d e - f r e e e t h y l a c e t a t e . Both the 

organic phase, which would c o n t a i n the m a j o r i t y of the PTH-

amino a c i d s , and the aqueous phase, which would c o n t a i n the 
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PTH-derivatives of a r g m i n e , h i s t i d i n e and c y s t e i c a c i d , 

were d r i e d down and r e t a i n e d . 

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 (100-200 mesh) 

using a V a r i a n Aerograph 1400 gas chromatograph (Beckman 

Manual, 1972; Pisano et _ a l . , 1972). They were a l s o i d e n t i f i e d 

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 
ii 

quenching under 260 nra l i g h t (Jeppsson & S j o q u i s t , 196 7 ) . 

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 ] -

(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 

sheets (see M a t e r i a l s and Methods I I I . 7 ( a ) , ( b ) ) . 

9. A c e t y l group determination 

A c e t y l groups were determined as t h e i r 1 - a c e t y l -

2-dansyl hydrazine d e r i v a t i v e s (Schmer & K r e i l , 1969). The 

peptide sample (50-150 nmol) was d r i e d JLH vacuo m a Durham 

tube before 2b u l of 0.1 M-HCl was added and r e d r i e d _in vacuo 

over HaOH a t 60°C. 20 u l 95% + (v/v) hydrazine was added and 

the tube s e a l e d to gi v e a p a r t i a l vacuum before heating a t 

105°C f o r 18 h. The sample was d r i e d in vacuo over NaOH a t 

60°C before being d i s s o l v e d i n 0.2 M-sodium c i t i a t e b u f f e r 

a t pH 3.0. 5 u l of a s o l u t i o n c o n t a i n i n g 5 mg d a n s y l - c h l o r i d e 

per ml acetone was added, the tube capped w i t h P a r a f i l m and 
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mcubated a t 45 C f o r 18 h. The sample was d r i e d and. compared 

during chromatography on polyamide sheets w i t h standard 1 - a c e t y l -

2-dansyl hydrazine d e r i v a t i v e s . 

10. Amide determinations 

Amide r e s i d u e s were determined from sequence data 

and pH 6.5 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 using the method of 

Offord (1966). A graph was c o n s t r u c t e d from peptide data 

g i v i n g peptide charges from m o b i l i t i e s expressed r e l a t i v e to 

the dansyl markers used (see F i g u r e s 6 and 7 ) . 

A l t e r n a t i v e l y , amide r e s i d u e s were determined from the 

pH 6.5 m o b i l i t i e s of the i n t a c t peptide and of samples of the 

peptide taken a t the appropriate stages of degradation. I n 

t h i s c a s e , allowances were made for the p a r t i a l or complete 

blockage of the £-amino f u n c t i o n s of l y s i n e by phenylthiocarbamyl 

groups due to exposure to PITC during the Edman degradation 

s t e p s . 

11. Nomenclature used to d e s c r i b e 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 a t the N-terminus of the 

p r o t e i n . Peptides p r e f i x e d by C r e f e r to the chymotryptic 

peptides and those by T t o the t r y p t i c p e p t i d e s . Peptides 

r e s u l t i n g from p a r t i a l cleavage w i t h i n a major peptide are given 

a l e t t e r s u b s c r i p t to the major peptide. Peptides derived by 

f u r t h e r cleavage are given a s u b s c r i p t t o the parent peptide 
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w i t h r e g a r d to the nature of the cleavage, as above, and t h e i r 

order i n the parent peptide. A l l r e s i d u e numbering i s given 

i n the appropriate f i g u r e s . Arrows ( — r ) i n d i c a t e p o s i t i o n s 

confirmed by dansyl-L'dman a n a l y s i s , and arrows ( T ) i n d i c a t e 

p o s i t i o n s conf nmed by carboxypeptjdaso-A d i g e s t i o n followed 

by d a n s y l - a n a l y s i ? . Res idues mid^rlxned (X) are those 

confirmecl as peptide C-terminals by dar-'by 1 a t i en v;ithout 

h y d r o l y s i s f o l lowing the. f i n a l Eanuuj degradation s t e p . 

Residues shown an b r a c k e t s are pieced ftoin evidence other 

than dansyl-Edmon onalysj~» 



I V . CALCULATIONS BASED ON AMINO ACJD SEQUENCE DATA 

1. Ammo a c i d difi'prence matrix c o n s t r u c t i o n 

Sequence alignments were made r e l a t i v e to the 

c y s t e m y l r e s i d u e s to which the hei^e group i s a t t a c h e d . 

Dif-f erencec due to d e l e t i o n s and blanks due to non~determmal ion 

were normally c o n s i d e r e d as s i n g l e changes. 

2. P h y l o q e n e t 3 C t r e e c o n s t r u c t i o n ; a n c e s t r a l 
sequence method 

Phylogenetic t r e e s were c o n s t r u c t e d by an ancestral, 

sequence method based on t h a t of Dayhoff & Eck (1966) and 

Dayhoff (1969; 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 PL1„ Jobs 

were executed on the Cambridge IBM 370 computer system. 

The computing s t r a t e g y was d i v i d e d i n t o three main 

procedures ( B o u l t e r et _ a l . , 1972; DayhoEI, 1972). The 

c o n s t r u c t i o n commences with any three sequences which can only 

be r e l a t e d by a s i n g l e t r e e . A f o u r t h sequence was then added 

to the t r e e a t a l l p o s s i b l e p o i n t s , and the b e s t topology was 

s e l e c t e d 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 

were added s u c c e s s i v e l y to the b e s t t r e e obtained a t the 

previous step, u n t i l a f i n a l t r e e as obtained. 

The second computer procedure e v a l u a t e d the topologies 

obtained during the b u i l d i n g and s h u f f l i n g procedures. The 

" a n c e s t r a l sequence" was i n f e r r e d f o r each node and each 

p o s i t i o n along the sequences was considered i n t u r n , t h r e e 
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l i s t s being made of the r e s i d u e s found i n the p o s i t i o n along 

the t h r e e branches a s s o c i a t e d w i t h that node. I f , f o r a given 

node and a given p o s i t i o n , only one re s i d u e was found o c c u r r i n g 

on more branch l i s t s than any other, then i t was s e l e c t e d as 

the nodal amino a c i d . L e s s c l e a r - c u t nodal p o s i t i o n s were 

l e f t blank. When a l l the nodes were assigned an ammo a c i d 

or a blank f o r every p o s i t i o n m the sequence, the s i t u a t i o n s 

a t the blank p o s i t i o n s were r e a s s e s s e d . Thus, i f a blank had 

at l e a s t two of i t s t h r e e ad j a c e n t neighbours ( e i t h e r node or 

-sequence) the same, then t h i s was assigned to th a t nodal 

p o s i t i o n . T h i s process was repeated u n t i l no f u r t h e r addai-ions 

c o u l d be made, whereupon the nodal sequences were checked 

so t h a t an amino a c i d a t the node not i d e n t i c a l to a t l e a s t 

two of i t s a d jacent neighbours, was changed to a blank. T h i s 

process gave a d e f i n i t e assignment of the a n c e s t r a l sequence 

r e s i d u e s whenever one choice was c l e a r l y p r e f e r a b l e , but l e f t 

b l a n k s where reasonable doubt e x i s t e d . The t r e e was then 

e v a l u a t e d by counting the number of amino a c i d changes along 

every branch of the t r e e a t each p o s i t i o n i n the sequences to 

giv e a t o t a l r e l a t i n g the whole t r e e . I n terms of the o v e r a l l 

e v a l u a t i o n , the choice of amino a c i d f o r a p o s i t i o n l e f t 

b l ank i n the assignment of a n c e s t r a l sequences was immaterial 

because, u n l e s s two p a r a l l e l changes e x i s t e d a t adja c e n t nodes, 

the t o t a l number of changes r e l a t i n g the f i n a l phylogeny 

remained c o n s t a n t . When the branch-lengths were e v a l u a t e d 



f o r the f i n a l t r e e , the mjnmium number of changes counted 

around a blank, or a s e r i e s of blanks, was d i v i d e d equalJy 

among a l l the independent branches. 

The t h i r d procedure e v a l u a t e d the branches i n a l t e r n a t i v e 

p o s i t i o n s , branch by branch. T h i s was necessary, because 

once f i x e d to a t r e e during the buiLdmg s t r a t e g y , a sequence 

would not change i t s r e l a t i v e p o s i t i o n . No account was made 

of the remaining sequences s t i l l to be added, when each new 

sequence was f i x e d during b u i l d i n g , so t h a t the f i n a l t r e e 

may have been only a c l o s e approximation to the "best" p o s s i b l e 

t r e e r e l a t i n g the data. The procedure e v a l u a t e d the p o s i t i o n 

of a l l the branches s e l e c t i n g b e t t e r a l t e r n a t i v e s as they 

arose. 

3. Phyloqenetic t r e e c o nstruct!on; numerical 
matrix method 

Phylogenetic t r e e s were c o n s t r u c t e d using a numerical 

matrix method of F i t c h & Margoliash (1967a) modified by the 

" a d d i t i v e h y p o t h e s i s " of Moore et a l . (1973). 
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RESULTS 

1. The P u r i f i c a t i o n of Locusta cytochrome c 

3 kg of frozen l o c u s t s were homogenised with i c e i n 10 mM-

aluminium sulphate s o l u t i o n and s t i r r e d f o r 2 h a-c pH 4.5 and 

4°C. The homogenate f i l t e r e d e a s i l y using a 21" basket 

c e n t r i f u g e and no s i g n i f i c a n t p r e c x p i b a t L o n was observed a f t e r 

r a i s i n g the pH to 8.0 using 2 M-Tris„ The 40 1 of f i l t i a t e 

was passed through a s i n t e r e d g l a s s funnel (18 cm x 10 cm) 

f i l l e d w i t h Amberlite CG-50 r e s i n regenerated m the NH form. 

A p p l i c a r i o n of a reduced p r e s s u r e , using a water-pump, gave 

a flow r a t e of 15 1/h. The r e s i n c a p a c i t y was juuged to 

be 20 1. The f i l t r a t e from t h i s s t e p was then passed over

night through 6 cm x 10 cm columns of Amberlite CG-50 r e s i n 

before being d i s c a r d e d . Both batches of r e s i n were washed 

wi t h da s t i l l e d water and e l u t e d batchwisc w i t h 2 M-NaCi 

maintained a t pH 8.0 wi t h 2 M~NaOH. Cytochrome c was 

assayed f o r i n the e l u a t e using a d i r e c t v i s i o n hand s p e c t r o 

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

A sm a l l q u a n t i t y of cytochrome c was observed i n the column 

e l u a t e and was combined w i t h the main f r a c t i o n to gi v e a 

t o t a l volume of 8 1 of p a r t i a l l y p u r i f i e d cytochrome c. 

T h i s was d i a l y s e d a g a i n s t running tap water f o r 8 h and then 

a g a i n s t 60 1 of 50 mM-sodium phosphate b u f f e r a t pH 8.0 and 

4°C f o r a f u r t h e r 8 h. No f i l t r a t a o n s t e p was r e q u i r e d 

before the c o n c e n t r a t i o n of the cytochrome on a 6 cm x 10 cm 
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column of CM-50 Sephadex e q u i l i b r a t e d i n 50 mM-sodium phosphate 

b u f f e r a t pH 8.0. A f t e r loading, the column was washed with 

a l i t r e of b u f f e r before e l u t i o n of the cytochrome c using 

500 mM-NaCl i n 50 mM-sodium phosphate b u f f e r a t pH 8,0. 

500 ml of e l u a t c was d i a l y s e d f o i 8 h a g a i n s t 60 1 of 50 mM-

sodium phosphate b u f f e r a t pH 8.0 before f u i t h e r c o n c e n t r a t i o n 

u s i n g a 2 cm x 5 cm column of CM-50 Sephadex. The p r o t e i n 

was e l u t e d as before and represented a 50-fold c o n c e n t r a t i o n 

of the p a r t i a l l y p u r i f i e d cytochrome c. The ammonium 

sulphate f r a c t i o n a t i o n was c a r r i e d oat at pll 8.0 and 4°C. 

No p r e c i p i t a t i o n of the cytochrome c was observed at satur-atn-Ons 

up to 80%, at which point the f r a c t i o n a t i o n v/as terminated, 

but q u a n t i t i e s of a white p r e c i p i t a t e were d i s c a r d e d f o l l o w i n g 

c e n t r i f u g a t i o n . The cytochrome c i n 80 m3 of 80% s a t u r a t e d 

ammonium sulphate was d i l u t e d twi.ce and 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 changes of 10 mM-sodium phosphate b u f f e r a t pH 7.2 

before c o n c e n t r a t i o n on a 1 cm x 5 cm column of CM-52 c e l l u l o s e 

and e l u t i o n i n a volume of 4 ml using 200 mM-sodium phosphate 
G3+ C3-!" 

b u f f e r a t pH 7.2. The cytochrome c, which had a E42 ,o / / E280 
s p e c t r a l r a t i o of 2.6, was chromatogra^phed on B i o g e l P.30 

C3+ C3+ 

( F i g u r e 8) and f r a c t i o n s having E 4 ^ 0
/ / E 2 8 0 v a ^ - u e s 9 r e a t e r than 

3.0 were pooled. The e l u a t e was pumped through a 1 cm x 10 cm 

column of CM-52 c e l l u l o s e e q u i l i b r a t e d i n 10 mM-sodium 

phosphate b u f f e r a t pH 7.2. The cytochrome c adsorbed to 

the top of the r e s i n bed and was e l a t e d u s i n g a l i n e a r i o n i c 

http://twi.ce
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g r a d i e n t ( F i g u r e 9 ) . The e l a a t e was s p l j t i n t o p a r t s A and B. 
C3+ C3+ 

Pool A had a E.. /E " value of 3.4 and was presumed to c o n t a i n 
4J.0 ZoU 

deamidated f r a c t i o n s together w i t h a c e r t a i n amount of n a t i v e 

cytochrome c as a r e s u l t of "column overload". The pool was 

d i l u t e d a p p r o p r i a t e l y and re - r u n u s i n g a 1 cm x 30 cm column 

of CM-52 c e l l u l o s e and an i d e n t i c a l loading and e l u t i o n scheme 
C3"l~ C3^ 

to t h a t o u t l i n e d above ( F i g u r e 1 0 ) . Pool B had an E
4] O

/ /- E20O 

v a l u e of 4.0 and was considered to be pure. Samples of 

Lor-usta cytochrome c were d e s a l t e d by passage through a 

1 cm x 15 cm column of Amberlite MB-1 r e s i n e q u i l i b r a t e d and 
e l u t e d i n d i s t i l l e d water. D e s a l t e d saimples were lyo p h i l i & e d o C3H- C3+ and s t o r e d a t -20 C. D e t a i l s of the y i e l d s and E /E 410 /oO 

p u r i t y r a t i o s of the cytochrome c during the v a r i o u s stages 

of p u r i f i c a t i o n are shown i n Table 1 and the f i n a l s p e c t r a l 

r a t i o s of the pure cytochrome c are qiven i n Table 2, The 

e l u t i o n p r o f i l e s of the chromatograpnic f r a c t i o n p t i o n s are 

shown i n F i g u r e s 8-10. 

2. P u r i f i c a t i o n of Macrobrachlum cytochrome c 

The cytochrome c from Macrobrachium was p u r i f i e d fiom two 

batches of s t a r t i n g m a t e r i a l . 

Batch I 

13 kg of f r o z e n abdomens of Macrobrachium were r a p i d l y 

thawed a t 4°C and homogenated w i t h i c e i n 10 mM-aluminium 

s u l p h a t e . The homogenate was a d j u s t e d to pH 4.5 and s t i r r e d 

f o r 2 h a t 4°C. F i l t r a t i o n using a 21" basket c e n t r i f u g e 



TABLE 1. 

The P u r i f i c a t i o n of Locus t a Cytochrome c 

Step 

Y i e l d 
mg cytochrome/ 
kg 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 
C3+. C3+ 

E 4 1 0 / E 2 8 0 

Amberlite CG-50 

CM-50 Sephadex 

Ammonium sulphate 
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 . I o n i c 
G r a dient 

A m b erlite MB-1 

41 

36 

26 

20 

20 

0.6 

1.2 

2.6 

3.7 

4.0 

4.0 



TABLE 2. 

The S p e c t r a l R a t i o s of P u r i f i e d L o c u s t a 
Cytochrome c 

R a t i o 

_C2+ C3+ n _ 
E 5 5 0 / E 2 8 0 °* 9 

C3+ C3+ 
E 4 1 0 / E 2 8 0 3 ' 9 

C2+ / T nC3+ . _ 
E 4 1 8 / E 4 1 0 1 ' 2 

C2+, C2+ _ . 
E 4 1 8 / E 5 5 0 5 - 3 

The f i n a l mass was 60.5 mg s a l t -
f r e e 
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was slow because of the s l i m y nature of the e x t r a c t , but the 

pl-l 4.5 f i l t r a t e was v e r y c l e a r . R a i s i n g the pH t o 8.0 WLth 

2 M-Tris caused the formation of a white p r e c i p i t a t e which 
i i 

c o u l d only be p a r t i a l l y removed by f i l t r a t i o n on Buchner 

funnels using Whatman 54 f i l t e r paper. 40 1 of f i l t r a t e was 

passed through a s i n t e r e d g l a s s funnel (18 cm x 10 cm) 

co n t a i n i n g Amberlite CG-50 r e s i n regenerated i n the NH^+ form. 

The flow r a t e was 3 5 1/h and the r e s i n c a p a c i t y was f i x e d a t 

20 1. The f i l t r a t e from t h i s s t e p was then passed overnight 

through 6 cm x 10 cm Amber]ite CG-50 columns before being 

d i s c a r d e d . Both batches of r e s i n were washed and e l u t e d by 

the method d e s c r i b e d for the Locusta p r e p a r a t i o n . Cytochrome 

c was assayed f o r i n the e l u a t e using a d i r e c t v i s i o n hand 

spectroscope f o l l o w i n g r e d u c t i o n w i t h a t r a c e amount of 

a s c o r b i c a c i d . S i g n i f i c a n t amounts were observed i n the 

funnel e l u a t e , but none i n t h a t from the columns, and t h i s 

was d i s c a r d e d . S i x l i t r e s of e l u a t e was d i a l y s e d under the 

c o n d i t i o n s d e s c r i b e d f o r the Locusta p r e p a r a t i o n . The 

lowering of the i o n i c c o n c e n t r a t i o n as a r e s u l t of d i a l y s i s 

caused the formation of a heavy white p r e c i p i t a t e , and t h i s 

was removed by c e n t r i f u g a t i o n a t 1500 c[ f o r 30 mm. The 

supernatant was concentrated on a 6 cm x 10 cm column of 

CM-50 Sephadex e q u i l i b r a t e d i n 50 mM-sodium phosphate b u f f e r 

a t pH 8.0. A white p r e c i p i t a t e c o l l e c t e d on the top of the 

r e s i n bed and i n t e r f e r e d w i t h the e l u t i o n s t e p . The volume 
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of e l u a t e was 650 ml and. t h i s v/as concentrated u s i n g a D i a f l o 

u l t r a - f i l t r a t i o n u n i t equipped w i t h a UM-10 membrane operating 

a t 70 p . s . i . and a flow r a t e of 30 ml/h a t 4°C. The concen

t r a t e d cytochrome c i n 20 ml of s o l u t i o n was taken i n 10% 

stages to 8o% s a t u r a t i o n with ammonium sulphate a t pH 8.0 and 

4°C, but no p r e c i p i t a t i o n of cytochrome was observed, although 

l a r g e q u a n t i t i e s of a copious white p r e c i p i t a t e were removed 

by c e n t r i f u g a t i o n a t s a t u r a t i o n s g r e a t e r than 40%, and these 

were d i s c a r d e d . The cytochrome c i n 70 ml of 80% s a t u r a t e d 

ammonium sulphate was d i l u t e d twj.ce and 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 changes of 10 mM-sodium phosphate b u f f e r a t pH 7.2. 

200 ml of d i a l y s i s r e s i d u e was concentrated on a sh o r t coluiun 

of CM-52 c e l l u l o s e as d e s c r i b e d f o r the Lo c u s t a p r e p a r a t i o n 

and f u r t h e r p u r i f i e d by chromatography on Bi o g e l P-30 

(F i g u r e 1 1 ) . P a r t i a l s e p a r a t i o n i n t o o x i d i s e d and reduced 

forms was observed and a yellow band was seen t r a i l i n g the 

cytochrome bands, but t h i s was not d i s t i n g u i s h e d on 

spectrophotomctric a n a l y s i s of the e l u t e d f r a c t i o n s . Those 
C3+ C3+ 

f r a c t i o n s having an E 4 i 0 / E 2 8 o s P e c t r a l P u n t y r a t i o of 

g r e a t e r than 1.4 were pooled and the cytochrome c adsorbed 

to the top of a 1 cm x 10 cm column of CM-52 c e l l u l o s e 

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. The 

sample was e l u t e d using a l i n e a r i o n i c g r a d i e n t ( F i g u r e 12) 

and t h i s s t e p l e d to the c o l l e c t i o n of 15 mg of cytochrome c 
C3+ C3+ 

wi t h an E . n V E „ „ ^ va l u e of 4.1. Samples of cytochrome c were 410 280 — 

http://twj.ce
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concentrated on a 1 cm x 2 cm column of CM-52 c e l l u l o s e 

e q u x l i b r a t e d xn 10 mM-sodium phosphate and e l u t e d with 200 mM-

sodium phosphate at pll 7.2. Samples were d e s a l t e d on a 

1 cm x 10 cm column of Sephadex G-10, f r e e z e - d r i e d and s t o r e d 

a t -20°C. D e t a i l s of the y i e l d s and E 4 i 0
/ / E 2 8 0 ^ u r i t y r a t i o s 

of Macrobrachi.um cytochrome c during the v a r i o u s stages of 

the p u r i f i c a t i o n of Batch I are shown i n Table 3, and the f i n a l 

s p e c t r a l r a t i o s obtained f o r the pure p r o t e i n are given i n 

Table 4. The e l u t i o n p r o f i l e s of the chromatographic 

f r a c c i o n a t i o n steps are shown m Fi g u r e c 11 and 12. 

Batch I I 

The second e x t r a c t i o n was from 26 kg of f r o r e n Macrobrachium 

abdomens, and t h i s gave 120 1 of homogenate which was t r e a t e d 

i n a s i m i l a r manner to Batch I . At the Amberlite stage, the 

pr e s s u r e e l u a l e contained cytochrome c but none was seen i n 

the column e l u a t e , and t h i s was d i s c a r d e d . Concentration a f t e r 

d i a l y s i s was on CM-50 Sephadex, the d i l u t i o n of which was compli

c a t e d by a t h i c k white p r e c i p i t a t e on the r e s i n bed. The 

300 ml of e l u a t e was concentrated, a f t e r a d i a l y s i s step, on 

a 2 cm x 6 cm column of CM-52 c e l l u l o s e e q u i l i b r a t e d i n 10 mM-

sodium phosphate, pH 7.2, and e l u t e d m a volume of 15 ml 

wit h 200 mM-sodium phosphate b u f f e r . Large q u a n t i t i e s of a 

t h i c k white p r e c i p i t a t e were removed by the ammonium sulphate 

f r a c t i o n a t i o n , but p r e c i p i t a t i o n of cytochrome c was not 

observed a t s a t u r a t i o n s up to 80%. The d i a l y s i s and g e l 



TABLE 3. 

The P u r i f i c a t i o n of Macrobrechium 
Cytochrome c (Batch I ) 

Step 

Y i e l d 
mg cytochrome/ 
kg 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 

C3+ C3+ 
E 4 1 0 / E 2 8 0 

Amb e r l i t e CG-50 

CM-50 Sephadex 

Ammonium Sulphate 
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 , 
I o n i c Gradient 

G-10 Sephadex 

1.9-2.1 

1.8 

1.6 

1.1 

1.0 

0.4 

0.6 

2.6 

4.1 

4.1 



TABLE 4. 

The S p e c t r a l Ratxos of P u r i f i e d Macrobrachium 
Cytochrome c (Batch I ) 

R a t i o 

C2+ /T,C3+ , ^ 
E 5 5 0 / E 2 8 0 1 ' ° 

C3+. C3+ 
E 4 1 0 / E 2 8 0 4 ' 1 

C2+ /T,C3+ . _ 
E416/ E410 1 ' 2 

C2+. C2+ . r 
E 4 1 6 / E 5 5 0 4 ' 6 

The mass was 13.5 mg s a l t - f r e e . 
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f i l t r a t i o n steps were c a r r i e d out as d e s c r i b e d f o r the 
C3+ C3+ 

Locus t a p r e p a r a t i o n to give pooled f r a c t i o n s w i t h an E4^o / / E280 

r a t i o of 2.6 ( F i g u r e 1 3 ) . Ion-exchange chromatography on 

CM-52 c e l l u l o s e , u s i n g a 3 menr i o m c gra d i e n t from 10 mM-

to 300 mM-phosphate at pll 7.2 on a 1 cm x 10 cm column only 

improved t h i s p u n t y r a t i o to 3.6 (Fi g u r e 1 4 ) , and a g e l 

f i l t r a t i o n s t e p using Sephadex G-75 was employed to f u r t h e r 

p u r i f y the p r o t e i n , h 3 cm x 100 cm column of Sephadex G-75 

e q u i l i b r a t e d and e l u t e d i n 75 mM-Tris-KC] b u f f e r a t pH 7.5 

waa used. The. flo™ r a t e was 30 ml/h i n an upward d i r e c t i o n 
and the pool of f r a c t i o n s s e l e c t e d from the eHution p i o f l i e 

C3+ C3+ 
gave an E /E„ value of 4.3. Samples were d e s a l t e d using 410 2o0 

a 1 cm x 10 cm of Sephadex G-10, f r e e z e - d r i e d and s t o r e d at 

-20°C. 
C3+ C3+ 

D e t a i l s of the y i e l d s and E4]_ o/ E280 P u r i t v r a t ~ o s °f 

Macrobrachium cytochrome _c during the v a r i o u s stages of 

p u r i f i c a t i o n of Batch I I are shown i n Table 5 and the f i n a l 

s p e c t r a l r a t i o s obtained f o r the pure p r o t e i n are given i n 

Table 6. The e l u t i o n p r o f i l e s of the chromatographic 

f r a c t i o n a t i o n steps are shown i n F i g u r e s 13 and 14. 
3. P u r i f i c a t i o n of E i s e n i a cytochrome c 

The cytochrome c from E i s e n i a was p u r i f i e d from t h r e e 

batches of s t a r t i n g m a t e r i a l . 



TABLE 5. 

The P u r i f i c a t i o n of Macrobrachmm 
Cytochrome c (Batch I I ) 

Step 

Y i e l d 
mg cytochrome/ 
kg 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 

C3+ C3+ 
E 4 1 0 / E 2 8 0 

Amberlite CG-50 

CM-50 SephddfcJX 

Ammonium Sulphate 
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 , 
I o n i c G r a d i e n t 

G-75 Sephadex 

G-10 Sephadex 

2.7 

2.2 

2.0 

1.2 

0.8 

0.6 

0.5 

0.8 

1.1 

] .6 

2.6 

3.6 

4.3 

4.1 



TABLE 6. 

S p e c t r a l R a t i o s of P u r i f i e d Macrobrachium 
Cytochrome c (Batch I T ) 

R a t i o 

C2+,C3+ . ^ 
E 5 5 0 / E 2 8 0 1 ' ° 

C3+ C3+ 
E 4 1 0 / E 2 8 0 4 , 1 

C2+ /T,C3+ . . 
E 4 1 6 / E 4 1 0 U 1 

C2+. C2+ . 0 
E 4 1 6 / E 5 5 0 4 - 9 

The mass was 13.1 mg s a l t - f r e e . 
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B r i t C h J 

27 kg of l i v e worms were separated from Sphagnum moss by 

l i g h t avoidance and washed w i t h tap water before homogenisation 

with i c e i n 10 mM-aluminium sulphate s o l u t i o n . The 90 1 of 

homogenate woo a d j u s t e d to pH 4.5 w i t h 2 M-H SO and s t i r r e d 

a t 4°C f o r 2 h„ C e n t r i f u g a t i o n using a 21" basket c e n t r i f u g e 

was slow due to the s l i m y nature of the e x t r a c t . The besc 

r e s u l t s were obtained using a 30 mm run followed by the 

replacement of the c e n t r i f u g e bag, and t h i s was repeated u n t i l 

the f i l t r a t e ran c l e a n . The r e s i d u e s c o l l e c t e d I n t h j _ s way 

were r e - e x t r a c t e d as a p r e c a u t i o n w i t h -10 1, of 10 mM-rJlum > nvum 

sulp h a t e . F u r t h e r p u r i f i c a t i o n of the r e - e x t r a c t e d f i l t r a t e 

y i e l d e d only a small q u a n t i t y of cytochrome c and thus was 

d i s c a r d e d . 

The f i l t r a t e obtained from the f i r s t c e n t r i f u g a t n on was 

taken to pll 8.0 wi t h 2 M-Tris and c e n t r j f u g e d to rornove f r e s h 

p r e c i p i t a t i o n . E i g h t y l i t r e s of f i l t r a t e was then passed 

through an 18 cm x 10 cm s i n t e r e d g l a s s funnel packed w i t h 

Amberlite CG-50 r e s i n regenerated i n the NH^+ form. The 

flow r a t e was 15 1/h and the r e s i n c a p a c i t y judged to be 

20 1. The f i l t r a t e from t h i s s t e p was then passed overnight 

through 10 cm x 56 cm columns of Amberlite CG-50, before 

being d i s c a r d e d . Both batches of r e s i n were washed w e l l 

w i t h d i s t i l l e d water, and e l u t e d by the method d e s c r i b e d f o r 

the L o c u s t a p r e p a r a t i o n . The e l u a t e s from both Amberlite 
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adsorption procedures were found to c o n t a i n cytochrome c 

and were combined t o gi v e a t o t a l volume of 10 1. D i a l y s i s 

and c o n c e n t r a t i o n on CM-50 Sephadex were c a r r i e d out as 

de s c r i b e d f o r the Locusta p r e p a r a t i o n . A t h i c k p r e c i p i t a t e 

i n t e r f e r e d w i t h the Sephadex e l u t i o n which gave a volume of 

800 ml. T h i s was concentrated usang a D i a f l o u l t r a f i l t r a t i o n 

u n i t equipped with a UM-2 membrane under a pr e s s u r e of 75 p . s . i , 

m a i n t a i n i n g a flow r a t e of 40 ml/h. The r e s i d u e from t h i s 

s t e p was taken by 10% i n c r e a s e s to 80% s a t u r a t i o n w i t h 

ammonium sulphate a t pH 8.0. No cytochrome c p r e c i p i t a t i o n 

was observed, although l a r g e q u a n t i t i e s of a creamy-white 

p r e c i p i t a t e were removed by c e n t r i f u g a t i o n . The sample i n 

80% s a t u r a t e d ammonium sulphate was d i a l y s e d and concentrated 

on a s h o r t column of CM-52 c e l l u l o s e as d e s c r i b e d f o r the 

Locusta p r e p a r a t i o n The p a r t i a l l y p u r i f i e d cytochrome c 

was passed through a 2 cm x 90 cm column of Bi o g e l P-30 

e q u i l i b r a t e d i n 10 mM-sodium phosphate at pH 7.2 ( F i g u r e 15) 
C3+ C3+ 

and the pooled f r a c t i o n s from t h i s s t e p had an E 4 ^ 0
/ / E 2 8 0 

p u r i t y r a t i o of l e s s than 0.5. The cytochrome was then 

adsorbed onto a 1 cm x 15 cm column of CM-52 c e l l u l o s e 

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

and e l u t e d using a l i n e a r i o n i c g r a d i e n t ( F i g u r e 1 6 ) . The 
C3+ C3+ 

pooled f r a c t i o n s from t h i s s t e p gave an E4^ 0
/ /' E280 v a-'- u e °^ 

2.1. A f t e r an app r o p r i a t e d i l u t i o n , the cytochrome c was 

adosrbed onto another 1 cm x 15 cm column of CM-52 c e l l u l o s e 



e q u i l i b r a t e d i n 10 mM-sodiuiu phosphate b u f f e r a t pH 7.2 and 

o x i d i s e d and washed as befo r e . The sample was e l u t e d using 

a l i n e a r pH gr a d i e n t ( F i g u r e 17) and f r a c t i o n s were c o l l e c t e d 

i n t o tubes c o n t a i n i n g 0.5 ml of 50 mM-sodium phosphate b u f f e r 

a t pH 7.2 i n order to minimize the tame of exposure to pH 

va l u e s g r e a t e r than pH 10.0. The f r a c t i o n s s e l e c t e d from 
C3+ C3+ 

t h i s p u r i f i c a t i o n s t e p had a pooled E4]_ 0/ E280 P u r i t v r a t l ° o f 

4.0 and these samples were d e s a l t e d on a 1 cm x 15 cm column 
of Sephadex G-10, f r e e z e - d r i e d and s t o r e d a t -20°C. 

C3+ C3+ 

D e t a i l s of the y i e l d s and E /F _ n / . p u r i t y r a t i o s of 

E i s e n i a cytochrome c during the v a r j o u s stages of the p u r i f i 

c a t i o n of Batch I are shown i n Table 7 and the f i n a l s p e c t r a l 

r a t i o s obtained from the pure p r o t e i n are given i n Table 8. 

The e l u t i o n p r o f i l e s of the chromatographic f r a c t i o n a t i o n 

s t eps are shown i n F i g u r e s 15, 16 and 17. 

Batch I I 

22 kg of l i v e worms i n a r a t h e r poor c o n d i t i o n were 

s e p a i a t e d from Sphagnum moss by l i g h t avoidance and washed m 

tap water. The treatment was i d e n t i c a l to Batch I except f o r 

a number of p o i n t s : -

(1) The co n c e n t r a t i o n s t e p f o l l o w i n g the CM-50 Sephadex 

chromatography was by means of a 2 cm x 5 cm column of CM-50 

Sephadex e q u i l i b r a t e d i n 50 mM-sodium phosphate a t pH 8.0 and 

e l u t e d w i t h 500 laM-NaCl i n 50 mM-sodium phosphate a t pH 8.0. 

(2) The pH gradi e n t on CM-52 c e l l u l o s e was ap p l i e d before 



TABLE 7. 

The P u r i f i c a t i o n of E i s e n i a Cytochrome c 
(Batch I ) 

Step 

Y i e l d 
mg cytochrome/ 
kg 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 

_C3+ ,„C3+ 
E 4 1 0 / E 2 8 0 

Amb e r l i t e CG-50 

CM-50 Sephadex 

Ammonium Sulphate 
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 , 
I o n i c G r adient 

CM-52 C e l l u l o s e , 
pH Gradient 

G-10 Sephadex 

1.0 

0.6 

0.4 

0.3 

0.3 

0.2 

0.5 

2.1 

3.9 

4.0 



TABLE 8. 

The S p e c t r a l R a t i o s of P u r i f i e d E i s e n i a 
Cytochrome c (Batch I ) 

R a t i o 

C2+.C3+ _ . 
E 5 5 0 / E 2 8 0 1 ' 1 

C3+ C3+ 
E 4 1 0 / E 2 8 0 4 * ° 

„C2+ ,„C3+ . _ 
E 4 1 6 / E 4 1 0 l ' 2 

C2+,C2+ . _ 
E 4 1 6 / E 5 5 0 4 - 6 

The mass was 6.3 mg s a l t - f r e e . 
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uli<-_ L o n i c g radient m order to a v o i d Lhe a d j u s t i n g of i o n i c 

s t r e n g t h s between s t e p s . 

Pure samples were d e s a l t e d on a 1 cm x 10 cm column o f 

Sephadex G-10, f r e e z e - d r i e d and s t o r e d at -20°C. 
C3+ C3+ D e t a i l s o f the y i e l d s and E , _/E_„„ p u r i t y r a t i o s durjng J 4 K r /"80 * * * 

the v a r i o u s stages of the p u r i f i c a t i o n o f Batch I I are shown 

i n Table 9 and the f i n a l s p e c t r a l r a t L O S obtained from the 

pure p r o t e i n are given i n Table 10. The e l u t i o n p r o f i l e s o f 

the chromatographic f r a c t i o n a t i o n s t eps are shown i n F i g u r e s 

18, 19 and 20. 

Batch I I I 

22 kg of l i v e worms i n good c o n d i t i o n wero separated 

from Sphagnum moss by l i g h t avoidance and washed i n tap water. 

E x t r a c t i o n was by the normal procedure. F i l t r a t i o n ubing the 

basket c e n t r i f u g e was very slow and gave a poor f i l t r a t e bur: 

because o f the time f a c t o r the e x t r a c t was not f i l t e r e d again 

a t pH 8.0. 400 g o f Amberlite CG-50 r e s i n regenerated i n 
+ 

the NH^ form, was s t i r r e d w i t h the e x t r a c t (50 1) f o r 2 h a t 

4°C, allowed to s e t t l e out by standing, and r e c l a i m e d by 

d e c a n t a t i o n . The s l i m y supernatant was then p a s s e d through 

a s i n t e r e d g l a s s funnel (18 cm x 10 cm) packed with Amberlite 

CG-50. The flow r a t e was 5 1/h and the r e s i n c a p a c i t y was 

f i x e d a t 10 1. A f t e r e x t e n s i v e washing w i t h d i s t i l l e d water, 

the t o t a l Amberlite was e l u t e d batchwi&e, using the method 



T A B L E 9. 

The P u r i f i c a t i o n of E i s e n i a Cytochrome c 
(Batch I I ) 

Step 

Y i e l d 
mg cytochrome/ 
kg 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 

C3+ C3+ 
E 4 1 0 / E 2 8 0 

Amberlite CG-50 

CM-50 Sephadex 

Ammonium Sulphate 
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 , 
pH Gradient 

CM-52 C e l l u l o s e , 
I o n i c Gradient 

G-10 Sephadex 

2.0 

1.5 

1.0 

0.8 

0.6 

0.6 

0.8 

1.0 

1.4 

2.6 

4.0 

4.0 



TABLE 10. 

The S p e c t r a l R a t i o s of P u r i f i e d E i s e n i a 
Cytochrome jc (Batch I I ) 

C2+, C3+ 
E 5 5 0 / E 2 8 0 

C3+, C3+ 
E 4 1 0 / E 2 8 0 

C2+ C3+ 
E 4 1 6 / E 4 1 0 

_C2+ /1:1C2+ 
E 4 1 6 / E 5 5 0 

R a t i o 

1.1 

4.0 

1.2 

4.2 

The mass was 13 mg s a l t - f r e e . 
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d e s c r i b e d f o r the Lo c u s t a p r e p a r a t i o n . S i x l i t r e s of e l u a t e 

was d i a l y s e d and concentrated on CM-50 Sephadex as desc r i b e d 

f o r the Locusta p r e p a r a t i o n , to give a volume of 10 ml. 

The p a r t i a l l y p u r i f i e d cytochrome c was taken by 10% 

stage? to 80% s a t u r a t i o n with ammonium sulphate. Large amounts 

of a white p r e c i p i t a t e were di s c a r d e d a f t e r c e n t r i f u g a t i o n but 

no p r e c i p i t a t i o n of the cytochrome was observed. The s o l u t i o n 

was d i a l y s e d and conc e n t i a t e d on a short column of CM-52 

c e l l u l o s e as de s c r i b e d f o r the Locusta p r e p a r a t i o n . 

P gel f i l t r a t i o n s t e p using B i o g e l P-30 (Fig u r e 21) was 

followed by co n c e n t r a t i o n of the cytochrome c on a 1 cm x 15 cm 

column of CM-52 c e l l u l o s e e q u i l i b r a t e d i n 10 uiM-sodium 

phosphate at pH 7.2. A f t e r o x i d a t i o n and washing, the column 

was e l u t e d using a l i n e a r i o n i c g r a d i e n t of 10 mM to 300 mM-
C3+ C3+ 

sodium phosphate a t pH 7.2 (F i g u r e 2 2 ) . The best E ^ . / E , ^ 

p u r i t y r a t i o s f o r t h i s s t e p were l e s s than 2.5 and a f t e r an 

appropriate d i l u t i o n the chromatography was repeated using 

a 1 cm x 30 cm column of CM-52 c e l l u l o s e . T h i s gave a pool 

of 8 mg of p a r t i a l l y p u r i f i e d cytochrome c wi t h a p u r i t y r a t i o 

of 3.6. I n view of the expected l o s s e s from a f u r t h e r 

p u r i f i c a t i o n step, the cytochrome c was d e s a l t e d on a 1 cm x 

10 cm column of Amberlite MB-1 e q u i l i b r a t e d i n d i s t i l l e d 

water, f r e e z e - d r i e d and stor e d a t -20°C. 
C3+ C3+ 

D e t a i l s of the y i e l d s and E . . _ / E _ Q _ p u r i t y r a t i o s during 

the v a r i o u s p u r i f i c a t i o n stages of Batch I I I are shown i n 
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Table 11, and the f i n a l s p e c t r a l r a t i o s obtained f o r the 

p r o t e i n are given i n Table 12. The e l u t i o n p r o f i l e s of the 

chromatographic f r a c t i o n a t i o n s t eps are shown i n F i g u r e s 21, 

22 and 23. 

4. P u r i f i c a t i o n of A s t e r i a s cytochrome c 

The p u r i f i c a t i o n of A s t o n a s cytochrome c was c a r r i e d out 

m th r e e batches. 

Batch I 

20 kg of fr o z e n s t a r f i s h were r a p i d l y thawed a t 4°C and 

homogenised as whole animals with i c e m 10 mM-n]umnium 

sulphate using a Waring blender. The homogenate was s t a r r e d 

f o r 2 h a t pH 6.5 and 4°C before f i l t r a t i o n through two l a y e r s 

of muslin to give 150 1 of crude f i l t r a t e . The l a r g e amount 

of r e s i d u e was d i s c a r d e d on the evidence of a t e s t run, where 

r e - e x t r a c t i o n at t h i s stage was shown to produce n e g l i g i b l e 

q u a n t i t i e s of cytochrome c. The f i l t r a t e was a d j u s t e d to 

pH 8.0 wi t h 2 M-Tris and f i l t e r e d using a 21" basket c e n t r i f u g e 

f i t t e d w i t h a Terylene bag. F i l t r a t i o n was very slow, 

d e s p i t e frequent changes of the c e n t r i f u g e bag, and the 

pr o c e s s i n g of the t o t a l e x t r a c t took 48 h. The f i l t r a t e was 

passed through 6 cm x 30 cm columns of Amberlite CG-50, 

regenerated i n the NH^+ form. Constant repacking of the 

columns, together w i t h the a p p l i c a t i o n of a p a r t i a l vacuum, 

gave a flow r a t e of 2 1/h. The r e s i n was w e l l vashed with 



TABLE 11. 

The P u r i f i c a t i o n of E i s e n i a cytochrome c 
(Batch I I I ) 

Step 

Y i e l d 
mg cytochrome / 
kg 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 

C3+ C3+ 
E 4 1 0 / E 2 8 0 

Amb e r l i t e CG-50 

CM-50 Sephadex 

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

B l o g e l P-30 

CM-52 C e l l u l o s e , 
Short Column 

CM-52 C e l l u l o s e , 
Long Column 

Amberlite MB-1 

1.0 

0.8 

0.5 

0.4 

0.3 

0.5 

1.0 

2.0 

3.6 

3.5 



TABLE 12. 

The S p e c t r a l R a t i o s of P u r i f i e d E i s e n i a 
Cytochrome c (Batch I I I ) 

R a t i o 

C2+ . C3+ 
E 5 5 0 / E 2 8 0 ° ' 5 

C3+ C3+ 
t'4l0 / i'280 

C2+ . C3+ 

C2+.C2+ c 
E 4 1 6 / E 5 5 0 5 ' 1 

The mass was 6.4 mg s a l t - f r e e . 
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d i s t i l l e d water and e l u t e d batchwise using the method d e s c r i b e d 

for the Locusta p r e p a r a t i o n . Seven l i t r e s of e l u a t e were 

d i a l y s e d a g a i n s t 120 1 of 10 mM-sodium phosphate a t pH 8.0 fox 

8 h and a g a i n s t 50 mM-sodium phosphate b u f f e r at pH 8.0 f o r a 

f u r t h e r 8 h. A f t e r c e n t r i f u g a t i o n a t 2000 £ f o r 30 mm to 

remove a white p r e c i p i t a t e , the cytochrome c was concentrated 

by passage through a 6 cm x 15 cm column of CM-50 Sephadex 

e q u i l i b r a t e d i n 50 mM-sodium phosphate a t pH 8.0. E l u t i o n 

of the mam f r a c t i o n was with 0.5 M-NaCl m 50 mM-sodium 

phosphate b u f f e r a t pH 8.0, but exammataon of the column 

usang a d i r e c t - v i s i o n , hand spectroscope, r e v e a l e d t h a t a 

s u b s t a n t i a l amount of cytochrome c remained bound to a white 

f a t - l i k e deposLt t h a t had c o l l e c t e d on the top of the r e s i n . 

The cytochrome was found to d i s s o c i a t e and e l u a t e using 

1 M-NaCl. Two l i t r e s of e l u a t e were d i a l y s e d and concen

t r a t e d on a short column of CM-50 Sephadex, as d e s c r i b e d f o r 

the Locusta p r e p a r a t i o n , to gi v e a volume of 40 ml. T h i s 

s o l u t i o n was taken i n 10% stages to 80% s a t u r a t i o n w i t h 

ammonium sulphate a t pH 8.0. Large amounts of a grey-white 

p r e c i p i t a t e were removed by c e n t r i f u g a t i o n but no p r e c i p i t a t i o n 

of cytochrome c was observed. The s o l u t i o n was d i a l y s e d 

and concentrated on a sh o r t column of CM-52 c e l l u l o s e , as 

de s c r i b e d f o r the Locusta p r e p a r a t i o n , g i v i n g a volume of 5 ml. 

A g e l f i l t r a t i o n s t e p w i t h B i o g e l P-30 ( F i g u r e 24) was 

followed by the adsorption of the cytochrome c to a 1 cm x 10 cm 
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co] umn of CM-52 c e l l u l o s e , e q u i l i b r a t e d i n 10 mM-sodium 

phosphate b u f f e r at pH 7.2. The sample was e l u t e d using a 

l i n e a r pH gradi e n t between pH 7.2 and 11.5 (F i g u r e 2 5 ) . 

F r a c t i o n s were c o l l e c t e d i n t e s t - t u b e s c o n t a i n i n g 0.5 ml of 

10 mM-sodium phosphate b u f f e r a t pl-l 7.2. The s e l e c t e d e l u t i o n 
C3+ C3^ 

pool had a E /E p u r i t y r a t i o of 2.1. A f t e r an appropriate 

pH adjustment, the sample was adsorbed onto a f u r t h e r 

1 cm x 10 cm column of CM-52 c e l l u l o s e and e l u t e d using a 

l i n e a r i o n i c g r a d i e n t ( F i g u r e 2 6 ) . The s e l e c t e d e l u t i o n pool 
C3+ C3+ contained 11 mg of cytochrome c with an E a . / E , . n puraty r a t L O ~~ 410 «io0 

of 3.8. The sample was d e s a l t e d u s i n g a 1 cm x 10 cm column 

of Sephadex G-10 e q u i l i b r a t e d i n d i s t i l l e d water, f r e e z e -

d r i e d and s t o r e d a t -20°C. 
C3+ C31-D e t a i l s of the y i e l d s and E.-./E,, p u r i t y r a t i o s a t the 410 /• oO 

v a r i o u s p u r i f i c a t i o n stages are shown i n Table 13, and the 

f i n a l s p e c t r a l r a t i o s obtained f o r the protean are given i n 

Table 14. The e l u t i o n p r o f i l e s of the chromatographic 

f r a c t i o n a t i o n steps are shown i n F i g u r e s 24, 25 and 26. 

Batch TI 

27 kg of fr o z e n s t a r f i s h were r a p i d l y thawed a t 4°C and 

homogenated i n an i d e n t i c a l manner to Batch I to give a volume 

of 150 1. F i l t r a t i o n was by two l a y e r s of muslin a t pH 6.5 

and the 21" basket c e n t r i f u g e a t pH 8.0. The f i l t r a t e was 

passed through a s i n t e r e d g l a s s funnel (18 cm x 10 cm) packed 

with Amberlite CG-50 regenerated i n the NH 4
+ form. The flow 



TABLE 13. 

The P u r i f i c a t i o n of A&teilas Cytochrome c 
(Batch I ) 

Step 

Y i e l d 
mg cytochrome/ 
kg 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 

C3+ /T,C3+ 
E 4 1 0 / E 2 8 0 

Amberlite CG-50 

CM-50 Sephadex 

Ammonium Sulphate 
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 , 
pH Gradient 

CM-52 C e l l u l o s e , 
I o n i c Gradient 

2.0 

1.8 

1.1 

0.8 

0.6 

0.5 

0.7 

0.9 

2.1 

3.8 

G-10 Sephadex 0.5 3.8 



TABLE 3 4. 

The S p e c t r a l R a t i o s of P u r i f i e d A s t e r i a s 
Cytochrome c (Batch T) 

_C2+ ,„C3+ 
E 5 5 0 / E 2 8 0 

C3+, C3+ 
*410 / £*280 

C2+ ,„C3+ 
E 4 1 6 / E 410 

C2+ C2+ 
E 4 1 6 / E 5 5 0 

R a t i o 

1.1 

3.8 

1.2 

4.6 

The mass was 8.4 mg s a l t - f r e e . 
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r a t c was 15 ]/h and the ret>in c a p a c i t y was f i x e d a t 20 1. 

T h e e f l l u e n t from t h i s s t e p was then passed through t h r e e 

6 cm x 30 cm columns of Amberlite CG-50 r e s i n . A p p l i c a t i o n 

of a p a r t i a l vacuum gave a flow r a t e of 5 1/h. The columns 

were repacked every 2 h to maintain t h i s r a t e . The Amberlite 

r e s i n was washed and e l u t e d and the e l u a t e was d i a l y s e d and 

concentrated on CM-50 Sephadex as d e s c r i b e d f o r the Lo c u s t a 

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

E x t e n s i v e p r e c i p i t a t i o n of i m p u r i t i e s was observed during 

the ammonium sulphate f r a c t i o n a t i o n , but no p r e c i p i t a t i o n of 

cytochrome c occurred up to 80% s a t u r a t i o n . The p a r t i a l l y 

p u r i f i e d cytochrome c i n 80% s a t u r a t e d ammonium so]phate was 

d i a l y s e d e x h a u s t i v e l y , and concentrated on a sh o r t column of 

CM-52 c e l l u l o s e as d e s c r i b e d f o r the Locusta p r e p a r a t i o n . 

G e l - f i l t r a t i o n u sing a 2 cm x 100 cm column of Biogel P-30 
C3+ C3+ 

was found to only m a r g i n a l l y i n c r e a s e the E4^Q/ E2QO P u r i t ^ 

r a t i o of the sample to 0.6, but an i o n i c gradient a p p l i e d t o 

CM-52 c e l l u l o s e s e r v e d to i n c r e a s e the r a t i o seven-fold-

The sample was adsorbed to the top of a ] cm x 30 cm column 

of CM-52 c e l l u l o s e and was e l u t e d using a l i n e a r i o n i c 

g r a d i e n t ( F i g u r e 2 7 ) . The s e l e c t e d e l u t i o n pool contained 
C3+ C3+ 

24 mg of cytochrome c w i t h an E4-LQ/ E280 P U R X T V r a t l ° °f 4.1. 

The sample was d e s a l t e d using a 1 cm x 10 cm column of G-10 
Sephadex, f r e e z e - d r i e d and s t o r e d a t -20°C. 

C3+ C3H~ D e t a i l s of the y i e l d s and E /E_ Q <_ p u r i t y r a t i o s at 410 ioO 
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the v a r i o u s p u r i f i c a t i o n stages are shown i n Table 15 and the 

f i n a l s p e c t r a l r a t i o s obtained f o r the p r o t e i n are given i n 

Table 16. The e l u t i o n p r o f i l e of the f r a c t i o n a t L o n u sing 

CM-52 c e l l u l o s e w ith an i o n i c g r a d i e n t i s shown i n F i g u r e 21. 

Batch I I I 

20 kg of f r o z e n s t a r f i s h were thawed r a p i d l y a t 4°C. 

The homogenisation and f i l t r a t i o n procedures were i d e n t i c a l 

t o Batch I . One hundred l i t r e s of f i l t r a t e a t pH 8.0 were 

passed through an 3 8 cm x 10 cm s i n t e r e d g l a s s funnel packed 

with Amberlite CG-50 r e s i n i n the NH.+ form. The flow r a t e 
4 

was 15 1/h and the t e s i n c a p a c i t y vras f i x e d a t 20 1. The 

e f f l u e n t from t h i s step was dripped through 6 cm x 15 cm colamns 

of Amberlite CG-50 a t 2 1/h. The r e s i n was e l u t e d as before 

to give a volume of 6 1 which was d i a l y s e d agaunst running 

tap water f o r 8 h and a g a i n s t 60 1 of 50 mM-sodium phosphate 

a t pH 8.0 for a f u r t h e r 8 h. A t h i c k white p r e c i p i t a t e was 

removed from the d i a l y s i s r e s i d u e by c e n t r i f u g a t i o n a t 

2000 £ f o r 30 mm and the supernatant was concentrated on 

CM-50 Sephadex as d e s c r i b e d f o r the Locusta p r e p a r a t i o n . 

The ammonium sulphate f r a c t i o n a t i o n removed l a r g e q u a n t i t i e s 

of a white p r e c i p i t a t e but no cytochrome c was p r e c i p i t a t e d 

a t s a t u r a t i o n s up t o 80%. 

The f i n a l p u r i f i c a t i o n s t e p i n v o l v e d the use of a 

1 cm x 15 cm column of CM-52 c e l l u l o s e . The adsorption and 

e l u t i o n procedures were as d e s c r i b e d f o r the Locusta p r e p a r a t i o n 



TABLE 15. 

The P u r i f i c a t i o n of A s t e r i a s Cytochrome _c 
(Batch I I ) 

Y i e l d P u r i t y R a t i o 

Step mg cytochrome 
kg s t a r t i n g 
m a t e r i a l 

C3+ /T?C3+ 
E 4 1 0 / E 2 8 0 

Amberlite CG-50 

CM-50 Sephadex 

Ammonium Sulphate 
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 , 
I o n i c Gradient 

G-10 Sephadex 

2.0 

1.0 

0.8 

0.6 

0.4 

0.6 

4.1 

3.8 



TABLE 16. 

The S p e c t r a l R a t i o s of P u r x f l e d A s t e n a s 
Cytochrome c (Batch I I ) 

C2+ C3+ 
E 5 5 0 / E 2 8 0 

_C3+ ,„C3+ 
E 4 1 0 / E 2 8 0 

C2+ ,„C3+ 
E 4 1 6 / E 4 1 0 

C2+ C2+ 
416' 550 

R a t i o 

0.8 

3.8 

1.1 

5.6 

The mass was 24 mg s a l t - f r e e . 
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and the pooled e l u a t e had an E 410' 280 
C3+ ,_C3+ /E p u r i t y r a t i o of 3.8. 

The sample was d e s a l t e d using a 1 cm x 15 cm column of 

Amberlite MB-1 r e s i n , f r e e z e - d r i e d and st o r e d a t -20 C. 

D e t a i l s of the y i e l d s and E C3+ ,_C3+ /E 410' 280 p u r i t y r a t i o s a t 

the v a r i o u s p u r i f i c a t i o n stages are shown i n Table 17 and the 

f i n a l s p e c t r a l r a t i o s obtained f o r the p r o t e i n are given i n 

Table 18. The e l u t i o n p r o f i l e s of the chromatographic 

f r a c t i o n a t i o n s t eps are shown i n F i g u r e s 28 and 29. 

5. F a l s i f i c a t i o n of L o l i g o Cytocnrome c 

11 kg of fr o z e n squid were r a p i d l y thawed a t 4°C and 

washed i n tap water. The animals were homogenised i n a Waring 

blender with 10 mM-aluminium sulphate and i c e to give a t o t a l 

volume of 35 1 which was s t i r r e d a t pH 4.5 and 4°C f o r 2 h. 

The f i l t r a t i o n flow r a t e was only 2 1/h using the 21" basket 

c e n t r i f u g e , d e s p i t e h o u r l y changes of the c e n t r i f u g e bag. 

The f i l t r a t e a t pH 8.0 was passed through a s i n t e r e d g l a s s 

funnel packed w i t h Amberlite CG-50 regenerated i n the NH4+ 

form. The flow r a t e was 15 1/h and the r e s i n c a p a c i t y was 

f i x e d a t 20 1. 

The e f f l u e n t from t h i s step was l e c y c l e d and then d i s c a r d e d . 

The Amberlite r e s i n was e x t e n s i v e l y washed w i t h d i s t i l l e d water 

and e l u t e d batchwise w i t h 2 M-NaCl maintained a t pH 8.0 wit h 

2 M-NaOH. 

The 4 1 of e l u a t e was daalysed a g a i n s t running tap water 



TABLE 17. 

The P u r i f i c a t x o n of A s t e n a s Cytochrome c 
(Batch i n ) 

Step 

Y i e l d 
mg cytochrome/ 
kg 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 

C3+ C3+ 
E 4 1 0 / E 2 8 0 

Amb e r l i t e CG-50 

CM-50 Sephadex 

Ammonium Sulphate 
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 , 
I o n i c G r a dient 

Amberlite MB-1 

1.0 

0.5 

0.3 

0.2 

0.2 

0.4 

3.8 

4.0 



TABLE 3 8. 

The S p e c t r a l R a t i o s of P u r i f i e d A s t e r i a s 
Cytochrome c (Batch I I I ) 

_C2+ ,-03+ 
E 5 5 0 / E 2 8 0 

C3+ / 1 ?C3+ 
E 4 1 0 / E 2 8 0 

C2+ C3+ 
E 4 1 6 / E 4 1 0 

C2+ C2+ 
E 4 1 6 / E 5 5 0 

R a t i o 

0.8 

4.0 

1.2 

6.0 

The mass was 3.8 mg s a l t - f r e e . 
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f o r 8 h and ag a i n s t 60 1 of 50 mM-sodiuin phosphate b u f f e r a t 

pH 8.0 plus 4°C f o r a f u r t h e r 8 h. A white p r e c i p i t a t e was 

p a r t i a l l y removed from the d i a l y s i s r e s i d u e by c e n t r i f u g a t i o n 

a t 2000 2. f ° r 30 mm, and the cytochrome c was concentrated on 

CM-50 Sephadex as d e s c r i b e d f o r the Locus t a p r e p a r a t i o n . 

20 ml of p a r t i a l l y p u r i f i e d cytochrome c was taken by 10% 

stages to 60% s a t u r a t i o n with ammonium sulphate a t pH 8.0. 

No p r e c i p i t a t i o n of cytochrome c was observed but q u a n t i t i e s 

of a white p r e c i p i t a t e were removed by c e n t r i f u g a t i o n . At 

s a t u r a t i o n s above 60% p r e c i p i t a t i o n of cytochrome c occurred, 

but a t 80% s a t u r a t i o n a good deal of cytochrome c was s t i l l i n 

s o l u t i o n d e s p i t e overnight s t i r r i n g a t 4°C and prolonged 

c e n t r i f u g a t i o n . The sample was d i l u t e d twice t o r e d i s s o l v e the 

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

of 10 mM-sodium phosphate b u f f e r a t pll 7.2. 300 ml of d i a l y s i s 

r e s i d u e was then pumped through a 1 cm x 30 cm of CM-52 

c e l l u l o s e e q u i l i b r a t e d i n 10 mM-sodium phosphate b u f f e r a t 

pH 7.2. The cytochrome c adsorbed t o the column and was 

e l u t e d using a l i n e a r i o n i c g r a d i e n t ( F i g u r e 3 0 ) . 
C3+ C3+ 

The b e s t E 4 i 0
/ / ' E 2 8 0 P u r i t v r a t l o s from the e l u t e d f r a c t i o n s 

had v a l u e s of 3.7 to 4.2 and thes e were taken f o r d e s a l t i n g 

u s i n g a 1 cm x 10 cm column of Amberlite MB-1 r e s i n e q u i l i b r a t e d 

and e l u a t e d with d i s t i l l e d water. S a l t - f r e e samples were 

f r c e z e - d r i e d and stored a t -20°C. 
C3+ C3+ D e t a i l s of the y i e l d s and E.-./E p u r i t y r a t i o s a t 
4J.O ^oO 



the v a r i o u s stages of p u r i f j c a t i o n are shown i n Table 19 

and the f i n a l s p e c t r a l r a t i o s obtained fo r the p r o t e i n are 

given i n Table 20. The e l u t i o n p r o f i l e of the CM-52 c e l l u l o s e 

s t e p i s shown i n F i g u r e 30. 

6. E x t r a c t i o n of Cytochrome c from S p l a t t e r 

11 kg of S o l a s t e r were r a p i d l y thawed a t 4°C and homo

genised i n the normal manner w i t h i c e and 10 mM-aluminium 

su l p h a t e . The homogenate was s t i r r e d at pH G.5 f o r 2 h and 

f i l t e r e d using a 21" basket c e n t r i f u g e . The f i l t r a t e was 

adj u s t e d bo pll 8.0 wi t h 2 M-Tris without any f u r t h e r preci.pi-

t a t a o n . The f i l t r a t e was passed through an 18 cm x 10 cm 

s i n t e r e d g l a s s funnel packed w i t h Amberlite and the r e s i n was 

washed and e l a t e d batchwise i n the u s u a l way. A f t e r the 

a d d i t i o n of a t r a c e of a s c o r b i c a c i d no cytochrome c coul d be 

seen i n the e l u a t e using the d i r e c t - v i o i o n hand spectroscope. 

The sample was d i a l y s e d a g a i n s t 50 mM-sodium phosphate a t 

pH 8.0 and passed through a CM-50 Sephadex column. Only a 

f a i n t t r a c e of cytochrome c was found to be bound to the top 

of the column and the p u r i f i c a t i o n was terminated a t t h i s 

p o i n t due to the l a c k of m a t e r i a l . 

7. E x t r a c t i o n of Cytochrome c from Aphrodite 

9 kg of Aphrodite were thawed a t 4°C and washed thoroughly 

m tap water. The normal homogenisation procedure was 

http://preci.pi-


TABLE 19. 

The P u r i f i c a t i o n of L o l i g o Cytochrome c 

Y i e l d P u r i t y R a t i o 

Step mg cytochrome/ 
kg s t a r t i n g 
m a t e r i a l 

C3+ C3+ 
E 4 1 0 / E 2 8 0 

Amberlite CG-50 

CM-50 Sephadex 

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

1.5 0.4 

CM-52 C e l l u l o s e , 
I o n i c Gradient 

A mberlite MB-1 

0.4 

0.3 

3.9 

3.8 



I 

TABLE 20. 

The S p e c t r a l R a t i o s of P u r i f i e d L o l i g o 
Cytochrome c 

R a t i o 

C2+ , C3+ ^ n 

E 5 5 0 / E 2 8 0 °* 9 

C3+, C3+ 
E 4 1 0 / E 2 8 0 3 ' 8 

C2+ C3+ 
E 4 1 6 / E 4 1 0 1 - 1 

C2+ /T,C2+ . . 
E 4 1 6 / E 5 5 0 4 ' 5 

The mass was 3.2 mg s a l t - f r e e . 
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followred, although the anima] s proved r e s i s t a n t to blending. 

The e x t r a c t was f i l t e r e d a f t e r s t i r r i n g i n the normal way 

and t r e a t e d to the u ^ u a l Amberlite, d i a l y s i s and CM-50 Sephadex 

p u r i f i c a t i o n s t e p s , but no cytochrome c was observed a t any 

stage. The p u r i f i c a t i o n was terminated at t h L S p oint due 

to the l a c k of m a t e r i a l . 

8. The Ammo Aci d Sequence of Locusta Cytochrome c 

The amino a c i d sequence of Locust a cytochrome c was 

determined from the evidence of t"To c h y u o t r y p t i c digestions,-

one t r y p t i o d i g e s t i o n and data obtained from tho use of a 

Beckman Automatic Sequencer, a s i n g a r o t a l of 3 umol (36 mg) 

of p r o t e i n . The sequence i s shown i n F i g . 31 g i v i n g the 

p o i n t s of enzyme cleavage together w i t h the overlapping peptide 

from which the sequence was deduced. A l i s t of chymotryptic 

peptides together w i t h e l e c t r o p h o r e t i c m o b i l i t y and sequence 

data i s given i n Table 21 and a s i m i l a r l i s t of t r y p t i c 

peptides i s given i n Table 22. The amino a c i d composition 

was obtained from t h r e e d u p l i c a t e 50 ug samples hydrolysed 

f o r 24, 48 and 72 h r e s p e c t i v e l y , and t h i s i s shown i n Table 

23. 

D i g e s t i o n 

The o x i d i s e d p r o t e i n r e a d i l y denatured i n 80% ethanol 

a t room temperature and was adequately d i g e s t e d by both t r y p s i n 

and chymotrypsm. 



FIGURE 31. 

The Ammo A c i d Sequence of Locust a Cytochrome c . 

Residues which were i d e n t i f i e d by dansyl-Edman a n a l y s i s 

a r e i n d i c a t e d by r; those i d e n t i f i e d by other means, 

e.g. by amino a c i d composition data, are i n d i c a t e d by — T ; 

those i d e n t i f i e d by d i g e s t i o n w i t h carboxypeptidase-A are 

i n d i c a t e d by * — ; arrows — y i n d i c a t e t h a t the C-terminal 

r e s i d u e was i d e n t i f i e d as the f r e e amino a c i d . The 

arrows |_ ̂  i n d i c a t e p o i n t s of complete enzymic cleavage, 

upwards f o r t r y p s i n and downwards f o r chymotrypsin; 

^ j i n d i c a t e s p o i n t s of p a r t i a l cleavage, and J , 

i n d i c a t e s p o i n t s of cleavage u s i n g chymotrypsin to d i g e s t 

the heme pe p t i d e s . Residues -4 t o 37, excluding 14 and 

17, were determined using an automatic sequencer. 
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TABLE 21. 

Chymotryptic Peptides from Locu s t a Cytochrome c 

RDNS-
ARG 
BAWP 

Pep t i d e / M M , . / _T c C M A R G Dansyl-Edman R e s u l t s P o s i t i o n (pH 6.5) (pH 1.9) _____ * 

(47-48) 

CI 0.50 0.90 Gly-Val-Pro-Glx-Gly-Asx-Val-
(-4-+10 G l x - L y s - G l y - L y s - L y s - I l e - P h e 

C2 0 0.54 0.16 V a l - (Heme peptide; see t e x t ) 
(11-26) r 

C2CA 0.32 Val-Glx-Arg-CySO^-Ala-Glx-
* R > — — - — - - J / / 

(11-18) c y s o 3-His 

C2CB 0.15 0.85 0.05 Thr-Val-Glx-Ala-Gly-G]y-Lys-
,, „ _ _ , 7 T T 7 •y */ —L—r 
(19-26) H i s 

C3 0.95 0.75 Lys-Thr-G.y-Pro-Asx-Leu-(His, 
(27-36) Gly)-Leu-Phe * 7 r 

C3A 1.48 1.01 Lys-Thr-G. y-Pro-Asy-Leu- His 
(27-33) - J - 7 — 7 - ^ — 7 — ^ — R ^ ? 

C3B 0 0.57 0.92 Gly-Leu-Phe 
(34-36) 

C4 1.21 0.85 Gly-Arg-Lys-Thr-Gly-Glx-Ala-
(37-46) Pro-Gl_/-Phe 7 7 ^ * 

C5 0 0.62 0.58 Ser-Tyr 
"7" * • f 

C6 0.53 0.77 Thr-Asx-Ala-Asx-Lys-Ser-Lys-
(49-59) G l y - I l e - T h r - T r p 7 

01 -1.57 0.40 Asx-Glx-Asx-Thr-Leu-Phe 
(60-65) 7 7 " 7 '*~~r 

C8 0 0.57 0.57 I l e - T y r 
(66-67) 7 

C8A 0.81 0.76 Ile-Tyr-Lou-Glx-Asx-Pro-Lys-
(66-74) L y s - T y r 7 7 7 ? 

C9 0.79 0.93 Leu-Glx-Asx-Pro-Lys-Lys-Tyr 
(68-74) 7 7 7 7 

CIO 0.91 0.81 Ile-Pro-Gly-Thr-Lys-Met 
(75-80) ' 7 7 7 



TABLE 21 (Cont'd.) 

C10A o .82 0 .58 I l e - P i o - G l y - T h r - L y s - M e t - V a l -
(75-82) ^ — 7 - ^ - ~ r - L ? ' — ' - ~ ' 

C l l O 0.62 0.98 Val-Phe 
(81-82) 7 

C12 O 0.57 0.77 Ala-Gly-Leu 
(83-85) 7 = = * 

Lys-Lys-Pro-Glx-Glx-Arcj-Ala-C13 0 0.94 
(86-94) Asx-Leii 

C14 0 0.57 0.94 I l e - A l a - T y r 
(95-97) 7 ~ T = s i = = f 

C15 0.85 1.08 Leu-Lys-Glx-Ser-Thr-Lys 
(98-103) 7 7 7 r 

C15A 0.94 1.08 Lys-Glx-Ser-Thr-Lys 
(99-103) ~ ~ 7 



TABLE 22. 

T r y p t i c Peptides from Loc u s t a Cytochrome c 

Peptide/ M 
P o s i t i o n (pH 6.5) 

T l 

1-4-+5; 

T1A 

(-4-+7) 

T2 

(6-7) 

T3 

(9-12) 

T4 
(14-25) 
T4CA 
(14-18) 
T4CB 
(19-25) 
T5 

(26-27) 

T6 

(28-38) 

T6A 

(28-39) 

T7 

(40-53) 

T8 

(54-55) 

T9 
(56-73) 

T9A 
(56-65) 

-0.67 

1.90 

-0.20 

2.32 

0.84 

1.36 

1.86 

-0.90 

M 

(pH 1.9) 

0.60 

0.69 

1.56 

0.74 

0.36 

0.31 

0.72 

1.76 

0.62 

0.81 

0.42 

1.37 

0.37 

0.27 

RDNS-
ARG 
BAWP 

Dansyl-Edman R e s u l t s 

Gly-Val-Pro-G]x-Gly-Asx-Val 
7 7 

Lys 
7 r 

G l x - L y s 

-Val-Pro-Glx-Gly-Asp-Val-
r ? — -G l x - L y s - G l y - L y s 

4_, Jf J.. , 

G]^-LX| 

13 e-Phe-Vdl-Glx-Ar A r ^ 

(Heme peptide; see t e x t ) 

CyS0 3-Ala-G lx-CyS03-H.J-g> 

Thr-Val-Glx-Ala-Gly-Gly-Lys 

His-Lys^ 

Thr-Gl^-Pro-Asx-Leu-His-Gly-
Leu-Phe-Gly-Arg^ 

Thr-Gly-Pro-Asx-Leu-His-Gly-
(Leu,Phe,Gly,Arg,Lys) 

Thr-Gly-Glx-Ala-Pro-Gly-Phe-
Ser-Tyr-Thr-Asx-Ala-Asx-Lys^ 

S e r - L y s 

G l y - I l e - T h r - ( T r p ) - A s x - G l x - A s x 
Thr-Leu-Phe-Ile-Tyr-Leu-(Glx, 
Asx,Pro,Lys,Lys) 

G l y - I l e - T h r - ( T r p ) - A s x - G l x -
Asx- Thr-Leu~Phe 



TABLE 22 (cont'd.) 

T9B 

(66-72) 

T9C 

(66-73) 

T10 

(74-79) 

T i l 
(80-86) 
T l l A 
(80-82) 
T U B 
(83-86J 
T12 

(87-91) 

T13 
(92-99) 
T13A 
(92-97) 

T13B 
(98-99) 

T14 
(100-103) 

0 0.67 

0.68 0.84 

0.87 0.76 

0.79 0.54 

0 0.55 

1.32 1.02 

0 1.12 

Not i s o l a t e d 

-0.85 0.35 

1.74 1.37 

0.92 

Ile-Tyr-Leu-Glx-Asx-Pro-Lys 
r u. r r T , , r '—7 

Ile-Tyr-Leu-Glx-Asx-Pro-Lys-
7 •L~7 7 T 7 7 J~T 

Lys 

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 
r r 7 7 V ' r 

Met-Val-Phe 

Ala-Gly-Leu-Lys 

Lys-Pro-G1x-G1x-A rg 

Ala-Asx-Leu-Tle-Ala-Tyr 

Leu-Lys 

Glx-Ser-Thr-Lys 
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Th e chymotryptic d i g e s t i o n s were performed on a 10 rag 

and a ] 2 tng sample of o x i d i s e d and denatured cytochrome c 

e q u i l i b r a t e d a t pH 8.0 and 3 7°C, under n i t r o g e n . I n both 

ca s e s 2% (w/w) enzyme was added a t zero time, a f u r t h e r 2% 

a f t e r 60 mm and the d i g e s t i o n was terminated a f t e r 100 nun. 

The t r y p t i c d i g e s t i o n was pprformed on 10 mg of o x i d i s e d and 

denatured p r o t e i n . 2% enzyme (w/w) was added a t zero time, 

a f u r t h e r 2% a f t e r 80 mm and the d i g e s t i o n was terminated 

a f t e r 100 mm. The automatic sequencer data was obtained 

using 4 mg of o x i d i s e d cytochrome c denatured m 70% (v/v) 

formic a c i d . 

Chymotryptic Peptides 

Peptide CI (-4-+10) (Gly-Val-Pre-Gln-Gly-Asp-Val-
G l u - G l y - L y s - L y s - I l e - P h e ) 

D i g e s t i o n w i t h carboxypeptidase-A at 3 7°C and pH 8.0 

f o r 3 h y i e l d e d p h enylalanine as judged by dansyl analysis.. 

S i m i l a r a n a l y s i s a f t e r a 9 h d i g e s t i o n y i e l d e d the dansyl 

d e r i v a t i v e s of i s o l e u c i n e and p h e n y l a l a n i n e . The pH 6.5 

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 the presence of two a c a d i c 

r e s i d u e s , and these were placed at p o s i t i o n s 2 and 4 from 

evidence obtained from the automatic sequencer. 

Peptide C2 (11-26) (Heme peptide) 

V a l i n e was shown to be the N-terminal amino a c i d 

of the heme peptide, which was dehemed i n two ways. The f i r s t 

chymotryptic heme peptide was t r e a t e d a f t e r the manner of 
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Ambler (1963) and the second chymotcyptic heme peptide was 

midly o x i d i s e d usxng performic a c i d as p r e v i o u s l y d e s c r i b e d . 

The product of both methods was d i g e s t e d with 5% chymotrypsm 

a t pH 8.0 and 3 7°C f o r 30 mm to y i e l d peptides C2CA and C2CB 

which were separated on e l e c t r o p h o r e s i s a t pH 1.9. 

Peptide C2CA (11-18) (Val-Gln-Arg-CyS0 3-Ala-Gln-
CyS0 3-His) 

The peptide gave a p o s i t i v e r e a c t i o n w i t h the phenanthra 

qumone reagent and a r g i n m e was p l a c e d at p o s i t i o n - ] 3 from 

the dansyl-Edman a n a l y s i s . D i g e s t i o n w i t h carboxypeptidase-A 

f o r 3 h y i e l d e d b i s - d a n s y l - h i s t i d m e a f t e r dansyl a n a l y s t s , as 

d i d d a n s y l a t i o n without h y d r o l y s i s a f t e : seven Edman 

degradation s t e p s . Residues 12 and 16 were both placed as 

glutamine from the data obtained using the automatic sequencer. 

Residue-12 could a l s o be pl a c e d from the pH 6.5 e l e c t r o p h o r c t i c 

m o b i l i t y of peptide T3, although no such determinations could 

be made using the m o b i l i t y data of C2CA because of the presence 

of h i s t i d i n e and c y s t e i c a c i d . 

Peptide C2CB (19-26) (Thr-Val-Glu-Ala-Gly-Gly-Lys-His) 

D i g e s t i o n with carboxypeptidase-A f o r 3 h y i e l d e d 

b i s - d a n s y l - h i s t i d i n e a f t e r dansyl a n a l y s i s as d i d d a n s y l a t i o n 

without h y d r o l y s i s a f t e r seven Edman degradation s t e p s . A 

sample of the peptide had a m o b i l i t y of 0.15 on pH 6.5 

e l e c t r o p h o r e s i s which i n d i c a t e d t h a t residue-21 was glutamic 

a c i d , assuming t h a t h i s t i d i n e c a r r i e d a charge of l e s s than +1 
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at that pll. Thxs r e s u l t was confirmed by the data obtained 

from the automatic sequencer. 

Peptide C3 (27-36 (Lys-Thr-Gly~Pro-Asn~Leu-His-
Gly-Leu-Phe) 

The dansyl-Edman a n a l y s i s was i n c o n c l u s i v e beyond 

f i v e degradation steps and r e s i d u e s - 3 3 and 34 were p l a c e d from 

the s e m i - q u a n t i t a t i v e amino a c i d composition data of C3 and 

the sequence data of C3A. Residues-35 and 36 were p l a c e d 

from dansyl a n a l y s i s of carboxypeptidase-A d i g e s t i o n s f o r 

3 and 24 h, together w i t h the sequence evidence f o r C3B. A 

s e m i - q u a n t i t a t i v e ammo a c i d composition of C3 a f t e r s i x 

degradation steps contained b i s - d a n s y l - h i s t i d n i e , but t h i s was 

absent i n a s i m i l a r a n a l y s i s a f t e r a f u r t h e r degradation s t e p . 

H i s t i d i n e and g l y c i n e were not i d e n t i f i e d i n the N-terminal 

a n a l y s i s f o l l o w i n g these two degradations. A c o n s i d e r a t i o n 

of the pll 6.5 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 r e s i d u e -

31 was asparagine, assuming t h a t h i s t i d i n e c a r r i e d a charge 

of l e s s than +1 a t t h a t pH. T h i s c o n c l u s i o n was supported 

by the evidence from the automatic sequencer. 

-Peptide C3A (27-33) (Lys-Thr-Gly-Pro-Asn-Leu-His) 

D i g e s t i o n with carboxypeptidase-A for 3 h, followed 

by dansyl a n a l y s i s , y i e l d e d b i s - d a n s y l - h i s t i d i n e , as d i d 

d a n s y l a t i o n without h y d r o l y s i s a f t e r s i x Edman degradation 

s t e p s . The pH 6.5 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 

residue-31 was asparagine, assuming t h a t h i s t i d i n e c a r r i e d a 

charge of l e s s than +1 a t t h a t pH. T h j s c o n c l u s i o n was 
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supported by the evidence of the automatic sequencer data. 

Peptide C3B (34-36) (Gly-Lcu-Phe) 

D a n s y l a t i o n without h y d r o l y s i s a f r e r two Edman degra

dation steps y i e l d e d dansyl—phenylalanine. 

Peptide C4 (3 7-46 (Gly-Arg-Lys-Thr-Gly-Gln-Ala-
Pro-Gly-Phe) 

The peptide gave a p o s i t i v e r e s u l t w ith the phenanthia-

quinone reagent and a r g i m n e was placed a t pos i t i o n - 3 8 from 

the dansyl-Edman a n a l y s i s . D a n s y l a t i o n without h y d r o l y s i s 

a f t e r nine Edman degradation s t e p s y i e l d e d d a n s y l - p h e n y l a l a n j n e . 

The pH 6.5 e l e c t r o p h o r e t i c m o b i l i t y was lower than expected, 

but i n d i c a t e d t h a t r e s i d u e 42 was an amide. 

Peptide C5 (47-48) (Ser-Tyr) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r a s i n g l e Edman 

degradation s t e p y i e l d e d b i s - d a n s y l - t y r o s m e . 

Peptide C6 (49-59) (Thr-A&p-Ala-Asn-Lys-Ser-Lys-
G l y - I l e - T h r - T r p ) 

The peptide gave a p o s i t i v e r e a c t i o n w i t h the E h r l i c h 

reagent and showed a pink c o l o r a t i o n during the t r i f l u o r o a c e t i c 

a c i d stage of the f i r s t Edman degradation, i n d i c a t i n g the 

presence of tryptophan (Uphaus et _ a l . , 1959). D i g e s t i o n , 

w i t h carboxypeptidase-A f o r 3 h followed by dansyl a n a l y s i s , 

y i e l d e d dansyl-tryptophan, and a s i m i l a r a n a l y s i s a f t e r a 

9 h d i g e s t i o n y i e l d e d the dancyl d e r i v a t i v e s of tryptophan and 

thr e o n i n e . The pH 6.5 e l e c t r o p h o r e t i c m o b i l i t y of C6 was 

lower than expected, p o s s i b l y due to the presence of tryptophan. 
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but sti.3 1 i n d i c a t e d the presence of a s i n g l e a c i d i c r e s i d u e . 
A sample of the peptide a f t e r two Edman degradation steps 
gave two nmhydrm p o s i t i v e zones on pH 6.5 e l e c t r o p h o r e s i s 
a t m o b i l i t i e s 0.62 and 1.15. T h i s " a s i n t e r p r e t e d to be due 
to the incomplete b l o c k i n g of the £ - a m m o f u n c t i o n of the two 
l y s i n e r e s i d u e s by phenylthiocarbamyl groups as a r e s u l t of 
t h e i r exposure to PITC. The m o b i l i t y data was c o n s i s t e n t 
w i t h residue-50 being a s p a r t i c a c i d . 

PeptLde C7 (60-65) (Asp-Glu-Asn-Thr-Leu-Phe) 

D i g e s t i o n w i t h caiboxypeptidase-A f o r 3 and 9 h 

y i e l d e d p h e n y l a l a n i n e and phen y l a l a n i n e and l e u c i n e r e s p e c t i v e l y , 

as judged by dansyl a n a l y s i s . 

The pH 6.5 e l e c t r o p h o r e t i c m o b i l i t y of the i n t a c t peptide 

i n d i c a t e d t h a t two a c i d i c r e s i d u e s were present and samples 

taken f o r pH 6.5 e l e c t r o p h o r e s i s a f t e r one and two Edman 

degradation steps gave m o b i l i t i e s of -1.09 and zero 

r e s p e c t i v e l y . T h i s data was c o n s i s t e n t w i t h r e s i d u e s - 6 0 and 

61 being a s p a r t i c a c i d and glutamic a c i d r e s p e c t i v e l y , and 

w i t h residue-62 being asparagine. 

Peptide C8 (66-67) ( I l e - T y r ) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r a s i n g l e Edraan 

degradation s t e p y i e l d e d b i s - d a n s y l - t y r o s m e . 

Peptide 8A (66-74) (Ile-Tyr-Leu-Glu-Asn-Pro-Lys-Lys-Tyr) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r e i g h t Edman 

degradations y i e l d e d b i s - d a n s y l - t y r o s m e . The pH 6.5 
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e l e c t r o p h o r e t L C m o b i l i t y was g r e a t e r than e x p e c t e d but i n d i c a t e d 

t h a t a s i n g l e a c i d i c r e s i d u e was p r e s e n t . T h i s was pla c e d 

from the evidence of C9 at p o s i t i o n - 6 9 . 

Peptide C9 t68-74; ^Leu-Glu-Asn-Lys-Lys-Tyr) 

D a n s y l a t i o n without h y d r o l y s i s f o l l o w i n g s i x Edman 

degradation s t e p s y i e l d e d b i s - d a n s y l - t y r o s i n e . The pH 6.5 

electrophorex.j.c m o b i l i t y of the i n t a c t peptide i n d i c a t e d the 

presence of one a c i d i c r e s i d u e and t h i s was placed from the 

m o b i l i t y evidence of the p a r t i a L l y degraded peptide. A f t e r 

two Edman degradation s t e p s , the peptide gcve t n r e e n i n h y d u n 

p o s i t i v e zones on pH 6.5 e l e c t r o p h o i e s i c o f m o b i T j t i e s zero, 

0.95 and 1.90 and t h i s was i n t e r p r e t e d as ben.g due to the 

incomplete blocking of the £-amino f u n c t i o n of the two l y s i n e 

r e s i d u e s by phenylthiocarbamyl groups due to t h e i r exposure to 

PITC. The evidence was c o n s i s t e n t w i t h resLdues~69 and 70 

being glutamic a c i d and asparagine r e s p e c t i v e l y . 

Peptide C3 0 (75-80) (Ile-Pro-Gly-Thr-Lys-Met) 

The peptide gave a pink c o l o r a t i o n during the 

t r i f l u o r o a c e t i c a c i d stage of the f i r s t Edman degradation 

s t e p , but no other evidence f o r the presence of tryptophan 

c o u l d be found (see Uphaus et j a l . , 1959). 

Peptide C10A (75-82) (Ile-Pro-Gly-Thr-Lys-Met-Val-Phe) 

D i g e s t i o n w i t h carboxypeptidase-A f o r 3 h followed 

by dansyl a n a l y s i s y i e l d e d dansyl-phenylalanme together with 

some d a n s y l - v a l i n c . D a n s y l a t i o n without h y d r o l y s i s a f t e r 



-85-

seven Edman degradation steps y i e l d e d dansyl-phenylalanme. 

Peptide C l l (81-82) (Val-Phe) 

Dansylacion without h y d r o l y s i s afber a s i n g l e Edman 

degradation s t e p yielded, d a n s y I - p h e n y l a l a n i n e . 

Peptide C12 (83-85) (Ala-Gly-Leu) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r a s i n g l e Edman 

degradation s t e p y i e l d e d d a n s y l - l e u c m e . 

Peptide CI3 (86-91) (Lys-Lys-Pro-Glu-Glu-Arg-Ald-Asp-Len) 

The peptide gave a p o s i t i v e r e a c t i o n v/ith the phenan-

thraquinone reagent and a r g i n m e was placed as residue-91 from 

the dansyl-Edinan a n a l y s i s . The pH 6.5 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 r e s i d u e s - 8 9 , 90 and 93 were a l l a c i d i c . 

Peptide C14 (95-97) ( I l e - A l a - T y r ) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r two Edman 

degradation steps y i e l d e d b i s - d a n s y l - t y r o s i n e . 

Peptide C15 (98-103) (Leu-Lys-Glu-Ser-Thr-Lys) 

D a n s y l a t i o n without h y d r o l y s a s a f t e r f i v e Edman 

degradation steps y i e l d e d a-dansyl-£-PTC l y s i n e . The pH 6.5 

e l e c t r o p h o r e t i c m o b i l i t y of C15 i n d i c a t e d t h a t residue-100 

was glutamic a c i d . 

Peptide C15A (99-103) (Lys-Glu-Ser-Thr-Lys) 

The pH 6.5 e l e c t r o p h o r e t i c m o b i l i t y was c o n s i s t e n t 

w i t h residue-100 being glutamic a c i d . 
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T r y p b i c Peptides 

Peptide T l (-4-+5) (Gly-Val-Pro-Gln-Gly-Asp-Val-Glu-Lys) 

The pH 6.5 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 thai-

two a c i d i c r e s i d u e s were present and these were placed, from the 

data obtained from the automatic sequencer, a t p o s i t i o n s 2 and 

4. Glutamine was p o s i t i v e l y i d e n t i f i e d at p o s i t i o n -1 during 

the automabic sequencer a n a l y s i s . 

Peptide T1A (-4-+7) (Gly-Val-Pro-Gln-Gly-Asp-Val-Glu-
L y s - G l y - L y s ) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r t e n Edman degra

dation steps y i e l d e d a-dansyl-£-PTC-lysine. The pH 6„5 

e l e c t r o p h o r e t i c m o b i l i t y oE T1A was c o n s i s t e n t w i t h the 

automatic sequence data regarding the presence of two a c i d i c 

r e s i d u e s . 

Peptide T2 (6-7) ( G l y - L y s ) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r a s i n g l e Edman 

degradation s t e p y i e l d e d b i s - d a n s y l - l y s m e . 

Peptide T3 (9-12) (Ile-Phe-Val-Gln-Arg) 

The peptide gave a p o s i t i v e r e s u l t w i t h the phenan-

thraqumone reagent and a r g i n i n e was p l a c e d i n p o s i t i o n 12 

from the r e s u l t s of the dansyl-Edman 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 a f t e r four Edman degradation s t e p s . 

Peptide T4 (14-25) (Heme peptide) 

The heme peptide underwent a m i l d performic o x i d a t i o n 

and was then digested w i t h 5% (w/w) chymotrypsin a t pH 8.0 



and 37 C f o r 30 mm, y i e l d i n g peptides T4CA and T4CB which 

were p u r i f i e d by pll 1.9 e l e c t r o p h o r e s i s . 

Peptide T4CA (14-18) (CyS0 3-Ala-Gln-CyS0 3-His) 

Dansylatxon without h y d r o l y s i s a f t e r four Edman 

degradation steps y i e l d e d b i s - d a n s y l - h i s t i d m e . The presence 

of c y s t e i c a c i d and h i s t i d i n e r e s i d u e s made the p l a c i n g of 

amide r e s i d u e s frooi e] e c t r o p h o r e t i c m o b i l i t y data impossible, 

but residue-16 was f i x e d as glutamine from a p o s i t i v e i d e n t i 

f i c a t i o n during the automatic sequencer a n a l y s i s . 

Peptide T4CB (19-25) (Thr-Val-Glu-Ala-Gly-G]y-Lys) 

The dantyl-Edman a n a l y s i s W d ^ i n c o n c l u s i v e beyond 

f i v e degradation steps but d a n s y l a t i o n without h y d r o l y s i s 

a f t e r the s i x t h degradation gave a-dansyl-£-PTC~lysine d e s p i t e 

the l a c k of a p o s i t i v e r e s u l t from the N-terminal a n a l y s i s at 

t h i s poant. I n s u f f i c i e n t m a t e r i a l made the pH 6.5 e l c c t r o -

p h o r e t i c m o b i ] i t y determination of T4CB impossible so t h a t 

residue-21 was placed as glutamic a c i d from the evidence of 

peptide C2CB and the automatic sequencer data. 

Peptide T5 (26-27) ( H i s - L y s ) 

H i s t i d i n e was i d e n t i f i e d a t residue-26 as i t s a -dansyl-

d e r i v a t i v e on N-termmal a n a l y s i s of the i n t a c t p eptide. The 

s e m i - q u a n t i t a t i v e amino a c i d composition of the i n t a c t peptide 

contained h i s t i d i n e as judged by the dansyl a n a l y s i s of the 

h y d r o l y s a t e , but t h i s was absent i n a s i m i l a r a n a l y s i s 

f o l l o w i n g a s i n g l e Edman degradation s t e p . D a n s y l a t i o n 
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without h y d r o l y s i s a t t h i s p o i n t y i e l d e d b i s - d a n s y l - l y s m e . 

Peptide T6 (28-38) (Thr-Gly-Pro-Asn-Leu-Ris-Gly-
Leu-Phe-Gly-Arg) 

The peptide gave a p o s i t i v e r e a c t i o n w i t h the phenan-

thcaqamone reagent and a r g i n m e was p l a c e d i n p o s i t i o n 38 from 

the dansyl-Edman 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 

a f t e r t e n Edman degradation s t e p s . H i s t i d i n e was i d e n t i f i e d 

as i t s a-dansyl d e r i v a t i v e on N-terminal a n a l y s i s a f t e r the 

f i f t h Edman degradation s t e p . I t was a l s o f i x e d i n p o s i t i o n 

33 by the presence of h i s t i d i n e i n a s e m i - q u a n t i t a t i v e amino 

a c i d composition conducted a f t e r f i v e degradation steps and 

the absence a f t e r s i x Edman degradations. The pH 6„5 

e l e c t r o p h o r e r i c m o b i l i t y was c o n s i s t e n t w i t h the occurrence 

of asparagme i n p o s i t i o n 31, assuming t h a t h i s t i d i n e c a r r i e d 

a charge of l e s s than +1 i n t h a t pH. 

A peptide of i d e n t i c a l sequence was i s o l a t e d w i t h a 

m o b i l i t y of 0.20 on pH 6.5 e l e c t r o p h o r e s i s . I t was assumed 

t h a t t h i s was a deamidated form of T6 r a t h e r than a r e a l 

a l t e r n a t i v e to the sequence. 

Peptide T6A (28-39) (Thr-Gly-Pro-Asn-Leu-His-Gly-
Leu-Phe-Gly-Arg-Lys) 

The dansyl-Edman evidence was i n c o n c l u s i v e beyond 

s i x Edman degradation s t e p s and r e s i d u e s 35-39 were p l a c e d 

from amino a c i d composition data, the pH 1.9 e l e c t r o p h o r e t i c 

m o b i l i t y data which was c o n s i s t e n t w i t h a change of +3 f o r 

T6A a t t h i s pll and the sequence a n a l y s i s of T6. The pll 6.5 
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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 r e s i d a e - 3 1 was 

asparayine assuming t h a t h i & t i d i n e c a r r i e d a charge of l e s s 

than +1 a t t h a t pH. 

Peptide* T7 (40-53) (Thr-Gly-Gln-Ala-Pro-Gly-Phe-
Ser-Tyr-Tiir-Asp-Ala-Asn-Lys) 

DansyLation without h y d r o l y s i s a f t e r t h i r t e e n Edman 

degradation steps y i e l d e d a-dansyl-E-PTC-lysme. The pH 6.5 

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 the presence of one a c i d i c 

r e s i d u e and t h i s was p l a c e d as a s p a r t i c acnd-50 from the 

m o b i l i t y evidence of the i n t a c t and p a r t i a l l y degraded forms 

of peptide C6. Residue-42 was a l s o p l a c e d as glutamme from 

the evidence of peptide C4, 

Peptide T8 (54-55) ( S e r - L y s ) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r a s i n g l e Edman 

degradation step y i e l d e d b i s - d a n s y l - l y s i n e . 

Peptide T9 (56-73) (Gly-Ile-Thr-Trp-Asp-Glu-Asn-Thr-
Leu-Phe-Ilc-Tyr-Leu-Glu-Asn-Pro-
L y s - L y s ) 

The peptide gave a p o s i t i v e r e a c t i o n w i t h the E h r l i c h 

reagent and showed a rose-pink c o l o r a t i o n during the t r i f l u o r o -

a c e t i c a c i d stage of the f i r s t Edman degradation s t e p , 

i n d i c a t i v e of tryptophan (Uphaus et. a i l . , 1959). However, 

tryptophan was not i d e n t i f i e d by N-terminal a n a l y s i s a f t e r 

t h r e e Edman degradation steps due to the a c i d d e s t r u c t i o n of 

the dansyl d e r i v a t i v e s , and i t was t h e r e f o r e p l a c e d from 

peptide C6. The dansyl-Edman a n a l y s i s was i n c o n c l u s i v e 
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beyond t h i r t e e n Edman degradation steps and r e s i d u e s 69-73 
were p l a c e d from the s e m i - q u a n t i t a t i v e amino a c i d composition 
data of T9, and the sequence a n a l y s i s of T9B. Both 
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 were poor, p o s s i b l y due to a 
combination of the presence of tryptophan and the molecular 
weight m excess of 2,000, and t h i s made the f i x i n g of a c i d i c 
r e s i d u e s d i f f i c u l t . P o s i t i o n s 60, 61 and 69 were p l a c e d as 
a c i d i c r e s i d u e s and 62 and 70 as amides from the m o b i l i t y 
evidence of peptides T9A, T9B, C7 and C9. 

Peptide T9A (56-65) (Gly-Tle-Thr-Trp-Asp-Glu-Asn-
Thr-Leu-Phe) 

The peptide gave a p o s i t i v e r e a c t i o n with the E h r l i c h 

reagent and gave a pink c o l o r a L i o n during the t r i f l u o r o a c e t i c 

a c i d stage of the f i r s t Edman degradation step, i n d i c a t i v e of 

tryptophan (Uphaus e t , a l . , 1959), but tryptophan was not 

i d e n t i f i e d on N-termmal a n a l y s i s a f t e r t h r e e degradation 

s t e p s because of the a c i d d e s t r u c t i o n of dansyl-tryptophan. 

D i g e s t i o n with carboxypeptidase-A f o r th r e e hours y i e l d e d 

d a n s y l - p h e n y l a l a n i n e , w h i l s t a s i m i l a r a n a l y s i s a f t e r 9 h 

of d i g e s t i o n y i e l d e d the dansyl d e r i v a t i v e s of phen y l a l a n i n e , 

l e u c i n e and th r e o n i n e . The pH 6.5 m o b i l i t y was l e s s a c i d i c 

than expected, p o s s i b l y due to the presence of tryptophan, 

but i t s t i l l i n d i c a t e d a charge of -2 c o n s i s t e n t w i t h the 

m o b i l i t y evidence of the i n t a c t peptide C7. P o s i t i o n s 60 

and 61 were f i x e d as a s p a r t i c a c i d and glutamic a c i d , and 

p o s i t i o n 62 as asparagine from the m o b i l i t y evidence of 
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p a r t i a l l y degraded samples of C7. 

Peptide T9B (66-72) (Ile-Tyr-Leu-Glu-Asn-Pro-Lys) 

Residues 66 and 70 were p l a c e d as glutamic acud and 

asparagine r e s p e c t i v e l y , fioui the evidence of C9. 

Peptide T9C (66-73) (J]e-Tyr-Leu-Glu-Asn-Pro-Lys-Lys) 

The pH 1.9 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 the 

presence of the two l y s i n e r e s i d u e s and the pPl 6.5 m o b i l i t y 

was c o n s i s t e n t w i t h the p l a c i n g of r e s i d u e s 69 and 70 as 

glutamic a c i d and asparagine as o u t l i n e d i n the evidence f o r C9 

Peptide TIP (74-79) ( T y r - l l e - P r o - G l y - T h r - L y s ) 

Peptide T i l (80-86) (Met-Val-Phc-Ala-G3y~Leu-Lys) 

Peptide T11A (80-82) (Met-Val-Phe) 

D i g e s t i o n w i t h carboxypeptidase-A f o r 3 h y i e l d e d 

the dansyl d e r i v a t i v e of phenylalanine toge-cher w i t h some 

v a l i n e a f t e r dansyl a n a l y s i s , w h i l s t d a n s y l a t i o n without 

h y d r o l y s i s a f t e r two Edman degradation steps y i e l d e d d a n s y l -

p h e n y l a l a n i n e . 

Peptide T U B (83-86) (Ala-Gly-Leu-Lys) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r t h ree Edman 

degradation s t e p s y i e l d e d a - d a n s y l - L - P T C - l y s i n e . 

Peptide T12 (87-91) (Lys-Pro-Glu-Glu-Arg) 

The peptide gave a p o s i t i v e r e a c t i o n w i t h the 

phenanthraqumone reagent and a r g m i n e was f i x e d i n p o s i t i o n 

91 from the dansyl-Edman 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 a f t e r four Edition degradation steps> The pH 6.5 

e l e c t r o p h o r e t i c m o b i l i t y indt.cated t h a t r e s i d u e s 89 and. 90 

were both glutamic a c i d and samples of the peptide a f t e r two 

and three Ediuan degradations had. pH 6.5 m o b i l i t i e s of -1.25 

and zer o . T h i s data was conco ktent w i t h the m o b i l i t y evidence 

from C I 3 . 

Peptide T13 (92-99) 

The expected t r y p t i c peptide T l 3 was not i s o l a t e d . 

Peptide T13A (92-97) (Ala - A s p - L e u - I l e - A l a - T y r ) 

D i g e s t i o n w i t h carboxypeptidase A f o r 2 h y i e l d e d 

b i s - d a n s y l - t y r o s i n e a f t e r dansyl a n a l y s i s as di d d a n s y l a t i o n 

without h y d r o l y s i s a f t e r f i v e Edman degradation s l e p s . The 

pH 6,5 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 residuo-93 

was a s p a r t i c a c i d . 

PeptLde T13B (98-99) (Leu-Lys) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r a s i n g l e Edman 

degradation step y i e l d e d b i s - d a n s y l - l y s m e . 

Peptide T14 (100-103) ( G l u - S e r - T h i - L y s ) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r three Edman 

degradation steps y i e ] d e d a - d a n s y l - l - P T C - l y s m e . The pH 6.5 

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 r e s i d u e —100 was 

glutamic a c i d . 
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Automatic Sequence A n a l y s i s 

-4 1 10 
Gly-Val-Pro-Gln-Gly-Asp-Val-Glu-Lys-Gly-Lys-Lys-Ile-Phe-

20 
Val-Gln-Arg- * -Ala-Gin- * - I I i s - T h r - V a l - G l u - A l a - G l y - G l y -

30 
Lys-His-Lys-Thr-Gly-Pro-Asn-Leu-His-Gly-Lcu-Phe-Gly 

Resxdues -4-+37 were determined using a Beckman 890c 

sequencer operating on the quadrol f a s t p r o t e i n double cleavage 

programme. 

The glutamic a c i d r e s i d u e s a t p o s i t i o n s 4 and 21, the 

glutammes a t -1, 12 and 16, the a s p a r t i c a c i d a t 2 and bhe 

asparagme at p o s i t i o n 31, were i d e n t i f i e d t h e i r PTH-

d e r i v a t i v e s by t h i n - l a y e r chromatography (TLC) and by gas 

chromatography (GLC) a f t e r "on column" t r i m e t h y l s i l y l a t i o n 

u s i n g a 200-270°C, 6° per mm temperature programme. The 

i s o l e u c i n e r e s i d u e a t p o s i t i o n 9 and the l e u c i n e r e s j d u e s a t 

p o s i t i o n s 32 and 34 were i d e n t i f i e d as t h e i r PTH-derivatives 

on TLC, and from GLC of the t r i m e t h y ] s i l y l d e r i v a t i v e s formed 

"on column" using an i s o t h e r m a l development at 200°C. The 

g l y c i n e r e s i d u e s a t p o s i t i o n s 29 and 37 and the p r o l i n e a t 

30 were i d e n t i f i e d as tU«if PTH-derivatives on TLC and d i r e c t 

GLC, together with the dansyl a n a l y s i s of the regenerated 

parent amino a c i d . The l y s i n e r e s i d u e s i n p o s i t i o n s 5, 7, 

8, 25 and 2 7 were i d e n t i f i e d as t h e i r PTH-derivatives on TLC 

and by d a n s y l - a n a l y s i s of the regenerated parent amino acad. 

The P T I I - d e r i v a t i v e s of a r g i n i n e and h i s t i d m e were not s o l u b l e 
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an e t h y l a c e t a t e but remained i n the aqueous l a y e r folJowing 

the a c i d conversion of tne 2 - a n a l i n o - S - t h i a z o l i n o n e d e r i v a t i v e s 

to the PTH-derivatives and t h e i r subsequent e x t r a c t i o n w i t h 

e t h y l a c e t a t e . A r g m m e was f i x e d i n p o s i t i o n 13 from the 

reg e n e r a t i o n of such an aqueous phase followed by dansyl 

a n a l y s i s , together with a spot t e s t using the phenonthraqumone 

reagent. The aqueous phases f o r p o s i t i o n s 18, 26 and 33, 

where h i s t i d i n e was suspected, were s p l i t i n t o two p a r t s . 

The parent amino a c i d was regenerated normally from the f i r s t 

p a r t , w h i l s t the second p a r t was taken to pH 12.5 with ainmcnj a 

before e x t r a c t i o n w i t h e t h y l a c e t a t e . The unproLonated 

h i s t i d i n e was more s o l u b l e under these c o n d i t i o n s , and the 

e t h y l a c e t a t e e x t r a c t could be regenerated i n the normal manner. 

Both methods y i e l d e d b i s - d a n s y l - h i s t i d i n e a f t e r dansyl 

a n a l y s i s . The c y s t e i n e r e s i d u e s a t 14 and 17 were not 

i d e n t i f i e d as such, and were p l a c e d from the manual sequence 

a n a l y s i s . The cytochrome c: was not dehemed before a n a l y s i s , 

so t h a t the c y s t e i n e remained bound c o v a l e n t l y to the heme 

a f t e r the eighteenth degradation, and the two c y s t e i n e r e s i d u e s 

were r e l e a s e d bound to the heme a f t e r the twenty f i r s t 

degradation s t e p . The a n a l y s i s of the eighteenth and twenty 

f i r s t f r a c t i o n s was i n c o n c l u s i v e , but the l a t t e r d i d e x h i b i t 

a pink c o l o r a t i o n due to the presence of the heme-cysteine 

complex. 

The remaining r e s i d u e s f i x e d by the automatic sequencer 

were i d e n t i f i e d as t h e i r PTH d e r i v a t i v e s on TLC, and direct: 
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GLC using a temperature programme of 160-270°C a t 8° per min„ 

Am3.no A c i d Sequence 

The overlapping chymotryptic + t r y p t i c peptides gavo the 

sequence of Locusta cytochrome _c as shown m F i g u r e 31. The 

sequence data agreed with the amino a c i d compo&iLion data 

shown i n Table 23 w i t h a number of e x c e p t i o n s . The v a l u e s 

obtained f o r s e r i n e and l y s i n e were r o u t i n e l y high i n a l l 

determinations, but no evidence f o r an impurity r e s p o n s i b l e 

f o r such d i s c r e p a n c i e s c o u l d be seen i n the sequence a n a l y s i s . 

Tryptophan was not determined as parr of the amino a c i d 

composition, but Lhe b e s t s p e c t r a l r a t i o s of the p u r i f i e d 

L o c u s t a cytochrome _c i n d i c a t e d t h a t one r e s i d u e was p r e s e n t . 

From F i g u r e 31 i t can bp seen that a l l the r e s i d u e s were 

p o s i t i v e l y i d e n t i f i e d i n both chymotryptic and t r y p t i c 

d i g e s t i o n s except f o r those i n p o s i t i o n s 8, 39 and 59. These 

c o u l d be p l a c e d from p o s i t i v e i d e n t i f i c a t i o n s by automatic 

sequence a n a l y s i s f o r p o s i t i o n s 8 and 39, or by the sequence 

a n a l y s i s i n only one of the d i g e s t i o n s , from amino a c i d 

composition data or a combination of these l a s t two. The 

l y s i n e r e s i d u e s at p o s i t i o n s 8 and 39 were not i d e n t i f i e d i n 

the t r y p t i c d i g e s t because of the nature of the enzyme 

cleavage at X-Lys-Lys-X and X-Arg-Lys-X sequences, and 

tryptophan was not i d e n t i f i e d i n the appropriate t r y p t i c 

peptide because of the d e s t r u c t i o n of the dansyl d e r i v a t i v e 

during the a c i d h y d r o l y s i s stage of dansyl a n a l y s i s . 

http://Am3.no
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Residues -4 to +37 were p o s i t i v e l y i d e n t i f i e d , w ith the 

exception of 14 and 17, using the automated sequence data. No 

r e s i d u e s were placed without p o s i t i v e i d e n t i f i c a t i o n from at 

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

A l l p o s i t i v e o v erlaps between chyinotryptrc and t r y p t i c 

peptides were observed except i n the region C14, C15/T13A, 

T13B, where an anomalous t r y p t i c break d u p l i c a t e d the chymo-

t r y p t L C d i g e s t J o n . However, the ordering of peptides i s 

c l e a r from the o v e r l a p s obtained at C13, C14/T13A and C15, 

C15A/T13B, T14. 

A l l the a c i d i c and amide r e s i d u e s i n d i c a c e d i n the 

sequence were placed, with the exception of p o s i t i o n s -1, +2, 

4, 16, 21 and 31, from the pH 6.5 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 i n t a c t or p a r t i a l l y degraded peptides taken from e i t h e r , 

or both, of the chymotryptic and t r y p t i c d i g e s t i o n s . The 

r e s i d u e s m p o s i t i o n s -1, +2, 4, 21 and 31 were p l a c e d from 

a combination of the above, together with determinations 

a s s o c i a t e d with the automatic sequence a n a l y s i s . Glutamme-

16 was p l a c e d from the automatic sequence data alone. 

The observed e l e c t r o p h o r e t i c a l t e r n a t i v e to peptide T6 

was assumed to be due to deamidation during p r e p a r a t i o n r a t h e r 

than to r e p r e s e n t a r e a l a l t e r n a t i v e to the sequence. 

The observed enzyme s p e c i f i c i t i e s were c o n s i s t e n t w i t h 

those expected (Smyth, 1967), except t h a t only p a r t i a l 

chymotryptic cleavage was observed a t t y r o s i n e - 6 7 . I n a d d i t i o n , 



f u l l chymotryptic cleavage v/as observed a t h i s t i d i n e - 2 6 , 

]eucine-85 and l e u c i n e - 9 4 , und p a r t i a l chymotryptic cleavage 

a t h i s t Ldme-33, methionme-80 and l e u c i n e - 9 8 . P a r t i a ] t r y p t i c 

cleavage was observed a t l y s m e - 5 , arginine-38 and l y s i n e - 7 2 , 

together with pJie^«Umne--65 and phenylalanme-82 „ F u l l t r y p t i c 

cleavage was observed a t tyj osme-97. 

9. The Amino Acid Sequence of Macrobrachium 
Cytochrome c: 

The amino a c i d sequence of Macrobrachium cytochrome c 

was determined from the evidence of two chymotryptic d i g e s t i o n s 

and two t r y p t i c d i g e s t i o n s u'jing a t o L a l of 2 |iinol (24 mgs) of 

p r o t e i n . The sequence i s given i n F i g u r e 32 showing the 

p o i n t s of enzyme cleav a g c together w i t h the overlapping 

peptides frcm which i t was deduced. A l a s t of chymotryptic 

peptides, together with m o b i l i t y and sequence data, i s given 

i n Table 24, and a s i m i l a r l i s t of t r y p t i c peptides i s given 

i n Table 25. The ammo a c i d composition of Macrobrachnum 

cytochrome c was obtained from t h r e e d u p l i c a t e 50 >ug samples 

hy d r o l y s e d f o r 24, 48 and 72 hours r e s p e c t i v e l y , and t h i s i s 

given i n Table 26. The amino a c i d composition of c e r t a i n 

peptides i s gaven i n Table 27. 

D i g e s t i o n 

The o x i d i s e d p r o t e i n denatured e a s i l y i n 80% ethanol and 

was adequately d i g e s t e d by both t r y p s i n and chymotrypsin. 



FIGURE 32. 

The Amino Ac i d Sequence of Macrobrachium Cytochrome c. 

Residues which were i d e n t i f i e d by dansyl-Edman a n a l y s i s 

a r e i n d i c a t e d by — r ; those i d e n t i f i e d by other means, 

e.g. by amino a c i d composition data, are i n d i c a t e d by 7 ; 

those i d e n t i f i e d by d i g e s t i o n w i t h carboxypeptidase-A are 

i n d i c a t e d by ; arrows > i n d i c a t e t h a t the C-terminal 

r e s i d u e was i d e n t i f i e d as the f r e e amino a c i d . The 

arrows | i n d i c a t e p o i n t s of complete enzymic cleavage, 

upwards f o r t r y p s i n and downwards f o r chymotrypsin; ̂ j 

i n d i c a t e p o i n t s of p a r t i a l cleavage, and i n d i c a t e s 

p o i n t s of cleavage using chymotrypsin to d i g e s t the heme 

pe p t i d e s . The amino a c i d composition of peptides marked 

* i s given i n Table 27. 
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TABLE 24 

Chymotryptic peptides from Macrobrachium 
cytochrome c 

„ . , , „ w RDNS-
Pe p t i d e / M M ,„ _ „, . / TT c c \ / TT i r>\ A R G Dansyl-Edman R e s u l t s p o s i t i o n (pH 6.5) (pH 1.9) B A W p * 

CI 0 0.80 (X-Gly,Asx,Val,Glx,Lys,Gly, 
(1-10) L y s ) - L y s - l l e - P h e 

C2 0.20 0.39 0.14 V a l - (Heme peptide; see t e x t ) 
(11-26) 7 

C2CA 0.28 Val-Glx-Arq-CySOj-(Ala,Glx, 
(11-18) C y S 0 3 ) - H i s 

C2CB 1.10 1.15 Ser-Ala-Glx-Ala-Asx ( L e u f L y s ) 
(19-26) H i s 7 " T 

C2CC 0 0.46 Ser-Ala-Glx-Ala-A sx-Leu 
(19-24) " ~r r r 

C2CD 1.76 L y s - H i s 
(25-26) = = ? 

0.53 0.39 Lys-Thr-Gly-Pro-Asx-Leu-Asx-C3 0.67 

(27-36) Gly-Leu-Phe 

C3A 
0.95 0.77 Lys-Thr-Gly-Pro>-Asx-Leu (27-32) — ' T r r r r = ? 

C3B 0 0.54 0.11 Asx-Gly-Leu-Phe 
(33-36) 7 7 * r 

C3C 0.88 0.72 Lys-Thr-Gly-Pro-Asx-Leu-Asx-
(27-33) - ^ 7 — 7 — ^ — r — 7 — 7 ( - = = / 

C3D 0 0.55 0.85 Gly-Leu-Phe 
(34-36) 7 * i 

C4 0.65 0.53 0.03 Gly-Arq-Glx-Thr-Gly-Glx-Ala-
(37-46) Ser-Gly-Tyr 7 7 *" 

C4A o 0.47 Gly-Arcj-Glx-Thr-Gly-Glx-Ala-
(37-48) Se r - G l y - T y r - V a l - T y r 7 7 

C5 0 0.59 0.89 V a l - T y r 
(47-48) 7 = ^ 

C6 o.65 0.79 Thr-Asx-Ala-Asx-Lys-Ala-Lys-
(49-59) G l y - T l I e T ^ T h r - T r p 7 



TABLE 24 (cont'd.) 

C7 1.53 0.39 (Glx)-Ala-A sx-Thr-(Leu)-Asx-
(60-67) V a l - T y r ~ y " ' ' 
u , -1.92 0.44 Glx-Ala-Asx-Thr-Leu-Asx-Val-
(60-64) — — ' " 7 * * 7 7 

Tyr 
C7B -1.19 0.45 Asx-Val-Tyr 
(65-67) 7 7 ^ = 7 

C8 0.20 0.95 Leu-Glx-Asx-Pro-Lys-Lys-Tyr 
(68-74) 7 7 ' 7 

C9 0.99 0.82 0.21 Ile-Pro-Gly-Thr-Lys-Met 
(75-80) 7 r 7 7 

C9A 0.75 0.61 I l e - P r o - G l y - T h r - L y s - M e t - y a l -
(75-82) Phe 7 7 7 ^ ~ 7 

C9B 0.69 0.57 ll e - P r o - G l y - T h r - L y s - ( M e t , 
(75-85) Val,Phe,Ala)-Gly-Leu 

C10 0 0.67 0.91 Val-Phe 
(81-82) = = ^ 

C l l 0 0.67 0.70 Ala-Gly-Leu 
(83-85) 7 ' 

CI2 0.65 1.09 Lys-Lys-Ala-Asx-Glx-Arq-Ala 
(86-94) Asx-Leu 

C12A 0.65 0.94 0.04 Ly_s-Lys-Ala-Asx-Glx-Arq-Ala 
(86-97) ( A s x , L e u , I l e ) - A l a - T y r T 

C13 0 0.54 0.91 I l e - A l a - T y r 
(95-97) 7 7 

"C13A 0 0.46 I l e - A l a - T y r - L e u 
(95-98) 7 7 Y 

C14 0.75 0.65 Leu-Lys-Glx-Ala-Thr-Asx-Leu 
(98-104) 7 7 7 ^ 7 

C14A 0.94 0.69 0.09 Lys-Glx-Ala-Thr-Asx-Leu 
(99-104) 7 7 7 7 " 



TABLE 25. 

T r y p t i c Peptides from Macrobrachium Cytochrome _c 

P e p t i d e / M M 
P o s i t i o n (pH 6.5) (pH 1.9) 

RDNS-
ARG 
BAWP 

T l 

(1-5) 

T2 
(6-7) 
T2A 
(6-8) 

T3 

(9-13) 

T4 
(14-25) 
T4CA 
(14-18) 

T4CB 
(19-25) 

T5 

(26-27) 

T6 

(28-38) 

T7 
(39-53) 
T8 

(54-55) 

T9 

(56-73) 

T9A 

(56-67) 

T9B 
(68-72) 

2.73 

0.86 

0.82 

2.38 

0.69 

2.08 

0.40 

Dansyl-Edman R e s u l t s 

(X-Glx,Asx,Val,Glx)-Lys 

1.93 1.45 0.17 Gly-Lys 

1.61 0.07 G l y - L y s - L y s 

0.73 0.55 Ile-Phe-Val-Glx-Arq 

0.29 0.41 

0.38 

0.67 

1.60 0.08 

0.53 

0.43 

Not i s o l a t e d . 

•0.90 0.15 

O 0.90 

(Heme peptide; see t e x t ) 

C y S 0 3 - A l a - G l x - ( C y S 0 3 ) - H i s 

Ser-Ala-Glx-Ala-Asx-(Leu,Lys 

H i s - L y s 

Thr-Gly-Pro-Asx-Leu-Asx-G3 y-
Leu-Phe-Gly-Arg 

Glx-Thr-Gly-Glx-Ala-Ser-Gly-
Tyr-Val-Tyr-Thr-Asx" (Ala,Asx I y l ) ~ " —- — 

1.45 0.24 A l a - L y s 

G l y - I l e - T h r - (Trp) -Gjx-Ala-
Asx- (Tlir ,Leu, Asx) - V a i - T y r 

Leu-Glx-Asx-Pro-Lys 



TABL.E 25 (cont'd.) 

T10 0.91 0.72 0.45 Tyr-Tle-Pro-Gly-Thr-Lys 
(74-79) 7 7 ' _ V 

T10A 1.52 1.02 0.26 L y s - T y r - I l e - P r o - G l y - T h r - L y s 
(73-79) 7 

T i l 0.74 0.71 0.75 Met-Val-Phe-Ala-Gly-Leu-Lys 
(80-86) 7 7 7 7 7 

T11A 0 0.53 Met-Val-Phe 
(80-82) 7 7 ^ r 

T U B 
(83-86) 

1.30 1.04 0.34 Ala-Gly-Leu-Lys 

T12 
(87-91) 0.99 1.10 0.13 Lys-Ala-Asx-Glx-Arg 

T12A 0 0.82 Ala-Asx-G_lx-A_rq 
(88-91) 7 ~^ 

T13 0 0.70 Ala-Asx-Leu-Ile-Ala-Tyr-Leu-
(92-99) Lvs 7 7 7 7 7 

T13A -0.86 0.44 A l a - A s x - L e u - I l e - A l a - T y r 
(92-97) 7 7 7 7 7 

T13B 1.70 1.40 Leu-Lys 
(98-99) 7 1 

T14 0 0.49 Glx-Ala-Thr-Asx-Leu 
(100-104) 7 7 7 7 7 
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S i x mg of cytochrome c was o x i d i s e d and denatured, and 

e q u i l i b r a t e d a t 37°C and pH 8.0 for both of the chymotryptic 

digestions„ 2% (w/w) enzyme was added at zero time, a f u r t h e r 

2% a f t e r 50 mm and the d i g e s t i o n was terminated a f t e r 90 min. 

S i x rpg of p r o t e i n was used f o r both of the t r y p t i c d i g e s t i o n s . 

A f t e r denaturation and e q u i l i b r a t i o n a t 3 7°C and pll 8.0, 

2% (w/w) t r y p s i n was added at zero time, a f u i t h e r 2% a t 80 mm 

and the d i g e s t i o n was terminated a f t e r 120 mm. 

ChymotryptIC Peptides 

Peptide CI (1-10) (Gly-Asp-Val-Glu-Lys-Gly-Lys-
L y s - I l e - P h e ) 

The pept L d e f a i l e d to give an N-tcrmmal r e s u l t with 

the dansyl method and would not undergo any degradation w i t h 

the Edman method, i n d i c a t i n g t h a t the peptide had a blocked N-
o 

t e r m i n u s . D i g e s t i o n w i t h carboxypeptidase-A dt 37 C and 

pH 8.5 f o r 3 h y i e l d e d d a n s y l - p h e n y l a l a n i n e a f t e r dansyl 

a n a l y s i s , w h i l s t 24 h of d i g e s t i o n y i e l d e d q u a n t i t i e s of I S O -

l e u c i n e and p h e n y l a l a n i n e together w i t h a s i g n i f i c a n t amount 

of l y s i n e . D u p l i c a t e samples of C l were taken and hydro]ysed 

f o r 24 h to o b t a i n q u a n t i t a t i v e ammo a c i d composition data 

f o r the peptide. The f o l l o w i n g mean v a l u e s were obtained: 

Asp ( 1 . 3 ) , Glu ( 0 . 8 ) , Gly ( 2 . 3 ) , V a l ( 0 . 7 ) , H e ( 0 . 8 ) , 

Phe ( 0 . 8 ) , and Lys ( 3 . 3 ) . These were m accord w i t h the 

proposed sequence of peptide C l . Residues 5-10 can be more 

d i r e c t l y p l a c e d from the sequence evidence of peptides T2 
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and T3 and the C-terminal determinations oE peptide T l . 

Residues 1-4 were p l a c e d from the q u a n t i t a t i v e ammo a c i d 

composition data of C l and T l together with the evidence of the 

correspondjng r e s i d u e s of cytochromes c p u b l i s h e d to date 

(Dayhoff, 1972). 

A c e t y l determinations on samples of peptide C l proved 

i n c o n c l u s i v e . 

Peptide C2 (11-26) (Heme peptide) 

The heme peptide was p u r i f i e d by e l e c t r o p h o r e s i s and 

paper chromatography. V a l i n e was shown to be the N-tecminal 

r e s i d u e using the dansyl method. A f t e r a miJd performLC 

o x i d a t i o n , the peptide was digested with 5% chymotrypsin 

(w/w) a t pH 8.0 and 3 7°C to yi.eld peptides C2CA, C2CB, C2CC 

and C2CD which were separated by e l e c t r o p h o c e s i s a t pH 1.9. 

Peptide C2CA (11-18) (Val-Gln-Arg-CySO^A] a-Gln-CySO-j-His ) 

The peptide gave a p o s i t j v e r e s u l t w ith both Pauly 

and phenanthraqumone reagents, and d i g e s t i o n w i t h carboxy-

peptidase-A followed by dansyl a n a l y s i s i n d i c a t e d t h a t h i s t i d m e 

was the C-terminal amino acad. The dansyl-Edman a n a l y s i s 

was i n c o n c l u s i v e beyond four degradation s t e p s so t h a t r e s i d u e s 

15-17 were placed from T4CA and amino a c i d composition data. 

Resjdue-12 was f i x e d as glutamine from the pH 6.5 e l e c t r o 

p h o r e t i c m o b i l i t y of peptide T3, and a comparison w i t h the 

m o b i l i t y of the e q u i v a l e n t chymotryptic peptide i n L o c u s t a 

cytochrome c i n d i c a t e d t h a t p o s i t i o n 16 was occupied by 
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g l u t a m m c . The method o f O f f o r d (1966) f o r t h e placement 

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

a p p l i c a b l e , due t o t h e presence o f h i s t i d i n e and. c y s t e i c acid, 

r e s i d u e s . 

P e p t i d e C2CB (19-26) (Ser-Ala-Gln-Ala~Asn-Leu-Lys-His) 

The p e p t i d e gave a p o s i t i v e r e a c t i o n w i t h t h e Paul y 

r e a g e n t and d i g e s t i o n s w i t h carboxypeptadace-A f o r 3 h and 

9 h f o l l o w e d , by d a n s y l a n a l y s i s c o n f i r m e d h i s t i d i n e as t h e 

C - t e r m m a l r e s i d u e . Dansyl-Edman a n a l y s i s was i n c o n c l u s i v e 

beyond f i v e d e g r a d a t i o n s and r e s i d a e s ~ 2 4 and 25 were p l a c e d 

f r o m t h e s e m i - q u a n t i t a t i v e ammo a c i d compos i t j.on data o f C2CE 

and f r o m t h e sequence a n a l y s i s o f C2CC. The m o b i l i t y on 

pH 6.5 e l e c t r o p h o r e s i s i n d i c a t e d t h a t r e s i d u e s - 2 1 and 23 were 

amides. A p e p t i d e w i t h an i d e n t i c a l sequence t o C2B was 

i s o l a t e d i n low y i e l d h a v i n g a zero m o b i l i t y on p l l 6.5 e l e c t r o 

p h o r e s i s . I t was assumed t o have been deamidated d u r i n g 

p r e p a r a t i o n , r a t h e r t h a n t o be a r e a l a l t e r n a t i v e f o r m o f t h e 

sequence. 

P e p t i d e C2CC (19-26) (Ser-Ala-Gln-Ala-Asn-Leu) 

D a n s y l a t i o n w i t h o u t h y d r o l y s i s a f t e r f i v e Edman 

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

A c o n s i d e r a t i o n o f t h e pH 6_5 e l e c t r o p h o r e t i c m o b i l i t y p l a c e d 

r e s i d u e s - 2 1 and 23 as amides. 

P e p t i d e C2CD (27-20) ( L y s - H i s ) 

D a n s y ] a t i o n w i t h o u t h y d r o l y s i s a f t e r one Edman 
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d e g r a d a t i o n ibtep y i e l d e d b i s - d a n s y l - I u s t i d m e . 

P e p t i d e C3 (27-36) (Lys-Thr-Gly-Pro-Asn-Leu-Asn-
Gly-Leu-Phe) 

D i g e s t i o n w i t h c a r b o x y p e p t i d a s e - A f o r 3 h f o l l o w e d 

by d a n s y l a t i o n y i e l d e d an excess o f d a n s y l - p h e n y a l a n m e , w h i l s t 

a s i m i l a r 9 h d i g e s t i o n and a n a l y s i s y i e l d e d excesses o f p h e n y l 

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

g l y c i n e . The pH 6.5 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 

r e s i d u e s - 3 1 and 33 were amides. 

P e p t i d e C3A (27-32; (Lys-Thr-Gly-Pro-Asn-Leu) 

D a n s y l a t i o n w i t h o u t h y d r o l y s i s a f t e r f i v e Edman 

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

Residue-31 was f i x e d as a s p a r a g m e f r o m t h e p l l 6.5 e l e c t r o p h o r e t 

m o b i l i t y . 

P e p t i d e C3D (33-36) (Asn-Gly-Leu-Phe) 

D i g e s t i o n w i t h c a r b o x y p e p t i d a s e - A f o r 3 h f o l l o w e d 

by d a n s y l a n a l y s i s y i e l d e d d a n s y l - p h e n y l a l a n m e t o g e t h e r w i t h 

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

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

t e r m i n u s o f C3B. The pH 6.5 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 r e s i d u e - 3 3 was a s p a r a g i n e . 

P e p t i d e C3C (27-33) (Lys-Thr-Gly-Pro-Asn-Leu-Asn) 

D a n s y l a t i o n w i t h o u t h y d r o l y s i s a f t e r s i x Edman 

d e g r a d a t i o n s y i e l d e d d a n s y l d e r i v a t i v e s w h i c h co-chromatographed 

w i t h d a n s y l - a s p a r a g i n e and d a n s y l - a s p a r t i c a c i d on polyamide 
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l a y e r s . The pH 6.b 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 

r e s i d u e s - 3 1 and 33 were amides. 

P e p t i d e C3D (34-36) (Gly-Leu-Phe) 

Dansyl=ation w i t h o u t h y d r o l y s i s ? f t e r two Edman 

d e g r a d a t i o n s t e p s confaimed p h e n y l a l a n i n e as t h e C - t e r m m a l 

r e s i d u e . 

P e p t i d e C4 (37-46) ( C l y - A r g - G l n - T h r - G l y - G l n - A l a -
S e r - G l y - T y r ) 

The p e p t i d e gave a p o s i t i v e r e a c t i o n W L t h t h e phenan-

t h r a q u i n o n e r e a g e n t , i n d i c a t i n g t h e presence o f a r g m m e , and 

t h i s was c o n f i r m e d a t p o s i t i o n 38 by dansyl-Ecman a n a l y s i s . 

D i g e s t L o n w i t h c a r b o x y p e p t i d a s e - A f o r 3 h f o l l o w e d by dan&yl 

a n a l y s i s y i e l d e d an excess o f b i s - d a n s y l - t y r o s i n e t o g e t h e r 

w i t h some d a n s y l - g l y c i n e . D ansyl a n a l y s i s a f t e r 9 h d i g e s t i o n 

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

t y r o s i n e , g l y c i n e and s e r i n e as j u d g e d by an assessment o f t h e 

f l u o r e s c e n c e o f t h e s e d a n s y l d e r i v a t i v e s on polyamide s h e e t 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 a t pH 6.5 o f C4 i n d i c a t e d t h a t 

r e s i d u e s - 3 9 and 42 were amides. 

P e p t i d e C4A(37-48) ( G l y - A r g - G l n - T h r - G l y - G l n - A l a -
S e r - G l y - T y r - V a l - T y r ) 

D a n s y l a t i o n w i t h o u t h y d r o l y s i s a f t e r e l e v e n Edman 

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

From a comparison o f t h e pH 6.5 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 

o f C4 and C4A i t was assumed t h a t C4CA was a deamidated f o r m 

o f C4 and as such, a p r e p a r a t i o n a r t e f a c t , r a t h e r t h a n a r e a l 
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a l t e r n a t i v e f r o m t h e sequence. 

P e p t i d e C5 (47-48) ( V a l - T y r ) 

D a n s y l a L i o n w i t h o u t h y d r o l y s i s a f t e r a s i n g l e Edman 

d e g r a d a t i o n s t e p c o n f i r m e d t y r o s i n e as t h e C - t e r i " i n a l r e s i d u e . 

P e p t i d e C6 (49-59) (Thr-Asp-Ala-Asn-Lys-Ala-Lys-

G l y - I l e - T h r - T r p ) 

The p e p t i d e gave a p o s i t i v e r e s u l t w i t h t h e E h r l i c h 

r e a g e n t and d i g e s t i o n w i t h c a r b o x y p e p t i d a s e f o r 3 h f o l l o w e d by 

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

a n a l y s i s a f t e r 9 h o f d i g e s t i o n y i e l d e d q u a n t i t i e s o f d a n s y l -

t h r e o m n e and d a n s y l - t r y p t o p h a n . The dansyl-Edman a n a l y s i s 

was i n c o n c l u s i v e beyond eaght d e g r a d a t i o n s , but a semi

q u a n t i t a t i v e amino a c i d c o m p o s i t i o n t a k e n a t t h i s p o i n t showed 

s i g n i f i c a n t amounts o f i s o l e u c i n e and t h r e o n i n e . The pH 6.5 

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 e presence o f one a c i d i c 

r e s i d u e and t h i s was p l a c e d as a s p a r t i c acLd-50 f r o m a 

c o n s i d e r a t i o n o f t h e pH G.5 m o b i l i t y a f t e r two Edman d e g r a d a t i o n s 

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

zones were d e t e c t e d w i t h m o b i l i t i e s o f 0, 0.66 and 1.24 and 

t h e s e were assumed t o r e p r e s e n t degrees o f b l o c k i n g o f t h e 

l y s i n e €. -ammo groups i n t h e p e p t i d e by t h e p h e n y l t h i o c a r b a m y l 

g r o u p as a r e s u l t o f t h e i r exposure t o PITC d u r i n g two Edman 

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

w i t h residue--50 b e i n g a s p a r t i c a c i d . 
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P e p t i d e C7 (60-67) (Gin-Ala-Asp-Thr-Lea-Asp-Val-Tyr) 

The p e p t i d e gave a p o s i t i v e r e s u l t w i t h t h e n m h y d r i n 

r e a g e n t b u t f a i l e d , t o g i v e an N - t e r m m a l r e s u l t a f t e r t h e normal 

d a n s y l a n a ] y s LS and w o u l d n o t undergo any d e g r a d a t i o n w i t h 

t h e Edman method, i n d i c a t i n g t h a t t h e p e p t i d e had no f r e e K-

t e r m m a l g r o u p . D i g e s t i o n w i t h c a r b o x y p e p t i d a s e ~ A f o r 3 h 

f o l l o w e d by d a n s y l a n a l y s i s y i e l d e d an excess o f b i s - d a n & y l -

t y r o s i n e , w h i l s t d i g e s t i o n f o r 6 h gave d a n s y l - v a l i n e and 

d a n s y l - t y r o s m e . A 24 h d i g e s t y i e l d e d e q u i v a l e n t amounts o f 

d a n s y l - v a l i n e and d = m s y l - t y r o s m e a f t e r d a n s y l a n a l y s i s 

t o g e t h e r w i t h a q u a n t i t y o f d a n s y L - a s p a r t i c aci-d, ab judged 

by t h e i r f l u o r e s c e n c e on polyamide sheets under u.v. l i g h t . 

A n a l y s i s o f d u p l i c a t e samples o f C7 on a L o c a r t e amj.no a c i d 

a n a l y s e r gave t h e f o l l o w i n g v a l u e s : Asp ( 2 . 4 ) , Thr ( 0 . 7 ) , 

G l u ( 0 . 8 ) , A l a ( 1 . 2 ) , V a l ( 0 . 9 ) , Leu ( 1 . 3 ) , Tyr ( 0 . 9 ) . 

D i g e s t i o n o f t h e p e p t i d e f o r 30 min w i t h p y r r o l i d o n y l 

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

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

i n t h e s u p e r n a t a n t w i t h a l a n i n e as t h e N-termmus and c o n t a i n i n g 

t y r o s i n e as shown by d a n s y l a n a l y s i s , Dansyl-Edman a n a l y s i s 

o f t h i s new p e p t i d e was i n c o n c l u s i v e beyond two d e g r a d a t i o n 

s t e p s w h i c h p l a c e d r e s i d u e s - 6 2 and 63. I t was c o n c l u d e d f r o m 

t h e e v i d e n c e t h a t t h e l o s s o f a f r e e N - t e r m i n a l group had 

o c c u r r e d a f t e r t h e p e p t i d e had been e l u t e d f r o m t h e pH 1.9 

e l e c t r o p h o r e s i s paper, and t h a t t h i s l o s s was due t o t h e 

http://amj.no
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c y c l i s a t a o n o f g l u t a m i n e t o p y r r o l i d o n e - c a r b o x y l i c a c i d . The 
pH 1.9 e l e c t r o p h o r e t i c m o b i l i t y o f 0.30 i n d i c a t e d a charge o f 
H-l w h i c h w o u l d be due t o t h e N - t e r m i n a l amino group, and t h e 
e l e c t r o p h o r e t i c m o b i l i t y o f pH 6.5 i n d i c a t e d t h e presence o f 
two a c i d i c r e s i d u e s , A s p a r t i c a c i d ~ 6 5 c o u l d be i n d e p e n d e n t l y 
p l a c e d f r o m C7B and r e s i d u e - 6 0 was p l a c e d as g l u t a m i n e f r o m 
t h e o b s e r v e d s n & c - e p t i b i l n t y t o c y c l i s a t i o n and t h e subsequent 
a f f i n i t y f o r p y r r o l i d o n y l - p e p t i d a s e . Residue-62 was t h e r e f o r e 
p l a c e d as a s p a r t i c a c i d and t h i s was c o m p a t i b l e w i t h t h e 
e v i d e n c e o f C7A. 

P e p t i d e C7A (60-64)(Gln-Ala-Asp-Thr-Leu) 

D i g e s t i o n o f t h e p e p t i d e w i t h c a r b o x y p e p t i d a s e - A 

f o l l o w e d by d a n s y l a n a l y s i s gave d a n s y l - l e u c m e a f t e r 3 h and 

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

and a s p a r t i c a c i d a f t e r 24 h. The pH 6.5 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 e presence o f two a c i d r e s i d u e s b u t 

r e s i d u e - 6 0 was f i x e d as an amide f r o m t h e evidence o u t l i n e d i n 

C7. I t was assumed t h a t t h i s p e p t i d e r e p r e s e n t e d an example 

o f d e a m i d a t i o n a t r e s i d u e - 6 0 r a t h e r t h a n an a l t e r n a t i v e f o r m 

o f t h e sequence. 

P e p t i d e C7B (65-67) ( Asp-Val-Tyr) 

D i g e s t i o n w i t h c a r b o x y p e p t i d a s e - A f o r 3 h y i e l d e d b i s -

d a n s y l - t y r o s i n e a f t e r d a n s y l a n a l y s i s , and t y r o s i n e was 

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

h y d r o l y s i s a f t e r two Edman d e g r a d a t i o n s t e p s . The pH 6.5 
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e l e c t r o p h o r e t i c m o b i l i t y p l a c e d residue-G5 as a s p a r t i c a c i d . 

P e p t i d e C8 (68-74) (Leu-Glu-Asn-Pro-Lys-Lys-Tyr) 

D i g e s t i o n w i t h carboxypoptidat.c-A f o r 3 h y i e l d e d 

b i o - d a n s y l - L y r o s x n e a f t e r d a n t y l a n a l y s i b and. t y r o s i n e was 

c o n f i r m e d as t h e C - t e r m m a l r e s i d u e by d a n s y l a t i o n a f t e r s i x 

Edman d e g r a d a t i o n s t e p s . A c o n s i d e r a t i o n o f t h e pH 6.5 

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 e presence o f one amide 

r e s i d u e and t h i s was p l a c e d a t p o s i t i o n 70 f r o m t h e pH 6.5 

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

P e p t i d e C9 (75-80) ( I l e - P r o - G l y - T h r - L y s - M e t ) 

P e p t i d e C9A (75-8?) ( I l e - P r o - G l y - T h r - L y s - M e t - V a l - P h e ) 

D i g e s t i o n w i t h c a r b o x y p e p t i d a s e - A f o r 3 and 24 h 

f o l l o w e d by d a n s y l a n a l y s i s y i e l d e d d a n s y l - p h e n y l a l a n i n e and 

d a n s y l - p h e n y l a l a n i n e and d a n s y l - valine r e s p e c t i v e l y . 

P e p t i d e C9B (75-8b) ( I l e - P r o - G l y - T h r - L y s - M e t - V a l -
Phe-Ala-Gly-Leu) 

D i g e s t i o n w i t h c a r b o x y p e p t i d a s e - A f o r 3 and 9 h 

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

and g l y c i n e r e s p e c t i v e l y a f t e r d a n s y l a n a l y s i s . The d a n s y l -

Edman a n a l y s i s was i n c o n c l u s i v e beyond f i v e d e g r a d a t i o n s t e p s 

and r e s i d u e s 80-83 were p l a c e d f r o m c o m p o s i t i o n d a t a and t h e 

sequences o f C9, ClO and C l l . 

P e p t i d e CIO (81-82) (Val-Phe) 

D a n s y l a t i o n w i t h o u t h y d r o l y s i s a f t e r a s i n g l e Edman 

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

r e s i d u e . 
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P e p t i d e C l l (83-85) (Ala-Gly-Leu) 

D a n s y l a t i o n w i t h o u t h y d r o l y s i s a f t e r two Edman 

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

P e p t i d e C12 (85-94) (Lyt>-Lys-Ala-Asn-Glu-Ai-g-Ala-Asp-Leu) 

The p e p t i d e gave a p o s i t i v e r e s u l t w L t h t h e phenan-

t h i a q u m o n e r e a g e n t and d i g e s t i o n f o r 3 h w i t h c a r b o x y p e p t i d a s e - A 

f o l l o w e d b / d a n s y l - a n a l y s i s i n d i c a t e d t h a t l e u c i n e was t h e 

C - t e r m i n a l r e s i d u e . The pH 6.5 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 e presence o f two a c i d i c r e s i d u e s and t h e s e were 

p l a c e d as g l u t a m i c a c i d - 9 0 and a s p a r t i c a c i d - 9 3 f r o m t h e 

t r y p t i c p e p t i d e s T12 and T13 r e s p e c t i v e l y . 

P e p t i d e C12A (86-97) (Lys-Lys-Ala-Asn-Glu-Arg-Ala-
A s p - L e u - I l e - A l a - T y r ) 

The p e p t i d e gave a p o s i t i v e r e a c t i o n w i t h t h e phenan-

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

3 and 9 h gave b i s - d a n s y l - t y r o s i n e , and b i f - ' - d a n s y l - t y r o s i n e 

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

The dansyl-Edman a n a l y s i s was i n c o n c l u s i v e beyond seven 

d e g r a d a t i o n s t e p s and r e s i d u e s 93-95 were p l a c e d f r o m t h e semi

q u a n t i t a t i v e ammo a c i d a n a l y s i s o f C12A t o g e t h e r w i t h t h e 

sequence e v i d e n c e f o r p e p t i d e s C12 and C13. The pH 6.5 

e l e c t r o p h o r e t i c m o b i l i t y was c o n s i s t e n t w i t h p e p t i d e C12 w i t h 

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

90 and 93. 
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P e p t i d e C13 (95-97) ( I l e - A l a - T y r ) 

D a n s y l a t i o n w i t h o u t h y d r o l y s i s a f t e r two d a n s y l -

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

r e s i d u e . 

P e p t i d e C13A (95-98) ( I l e - A l a - T y r - L e u ) 

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

Edman d e g r a d a t i o n s y i e l d e d d a n s y l - l e u c m e . 

P e p t i d e C14 (98-104) (Leu-Lys-Gln-Ala-Thr-Asn-Leu) 

D i g e s t i o n w i t h c a r b o x y p e p t i d a s e - A f o r 3 h f o l l o w e d 

by d a n s y l a n a l y s i s y i e l d e d d a r s y i - l e u c i n e , " h i l s t s i m i l a r 

a n a l y s i s a f t e r 9 h o f d i g e s t i o n gave g u a n o c i e s o f d a n s y l -

l e u c m e and d a n s y l - a s p a r a g i n e . The pH 6.5 e l e c t r o p h o r e t i c 

m o b i l i t y o f C14 i n d i c a t e d t h a t r e s i d u e s - 1 0 0 and 103 were b o t h 

amides. A p e p t i d e o f i d e n t i c a l sequence t o C l ^ was i s o l a t e d 

f r o m t h e n e u t r a l zone o f a pH 6.5 e l e c t r o p h o r e s i s , buL t h i s 

was p l a c e d as a deamidated f o r m o f Cl 4 r a t h e r t h a n a r e a l 

seguence a l t e r n a t i v e . 

P e p t i d e C14A (99-104) (Lys-Gln-Ala-Thr-Asn-Leu) 

The pH 6.5 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 

r e s i d u e s - 1 0 0 and 103 were b o t h amides. A p e p t i d e o f i d e n t i c a l 

sequence b u t w i t h a n e u t r a l pH 6.5 m o b i l i t y was i s o l a t e d and 

a t t r i b u t e d t o d e a m i d a t i o n i n a s i m i l a r f a s h i o n t o C14. 

T r y p t i c P e p t i d e s 

P e p t i d e T l (1-5) (Gly-Asp-Val-Glu-Lys) 

The p e p t i d e gave a p o s i t i v e r e s u l t w i t h t h e n i n n y d r m 
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r e a g e n t b u t f a x l e d t o r e a c t w i t h PIT'C or d a n s y l - c h l o r i de i n 

t h e Edman and dansyl p r o c e d u r e s , i n d i c a t i n g a b l o c k e d N - t e r m i n u s . 

D i g e s t i o n f o r 24 h w i t h c a r b o x y p e p t i d a s e - A f o l l o w e d by d a n s y l 

a n a l y s i s y i e l d e d a s m a l l amount o f hi s - d c i n s y l - l y s i n e , 

A q u a n t i t a t i v e amino a c i d a n a l y s i s c o n d u c t e d on T l gave 

t h e f o l l o w i n g v a l u e s . Asp ( 1 . 1 ) , Glu ( 1 . 0 ) , G l y ( 1 . 1 ) , 

V a l (0„8), Lys ( 0 . 8 ) . Residues 1-4 were p l a c e d f r o m t h e 

q u a n t i t a t i v e amino a c i d c o m p o s i t i o n s o f Tl and Cl t o g e t h e r 

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

cytochromes c p u b l i s h e d t o d a t e (see D ^ y h o f f , 1 9 7 2 ) . The 

pH 6.5 e l e c t r o p h o r e t i c m o b i l i t y o f T l i n d L c a t e d t h a t r e s i d u e s 

2 and 4 were b o t h a c i d i c amino a c i d s . 

A c e t y l d e t e r m i n a t i o n s on samples o f p e p t i d e T l p r o v e d 

i n c o n c l u s i v e . 

P e p t i d e T2 (6-7) ( G l y - L y s ) 

D a n s y l a t i o n w i t h o u t h y d r o l y s i s a f t e r one Edman 

d e g r a d a t i o n y i e l d e d b i s - d a n s y l - l y s i n e . 

P e p t i d e T2A (6-8) (Gly-Lys-Lys) 

D a n s y l a t i o n w i t h o u t h y d r o l y s i s a f t e r a s i n g l e Edman 

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

chromatography w i t h b i s - d a n s y l - l y s i n e b u t w h i c h had s i m i l a r 

Rf i n a l l t h r e e s o l v e n t systems. T h i s was assumed t o be 

b i s - d a n s y l - l y s y l - i - d a n s y l - l y s m e . D a n s y l a t i o n w i t h o u t 

h y d r o l y s i s a f t e r two Edman d e g r a d a t i o n s t e p s y i e l d e d b i s - d a n s y l -

l y s m e . 
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P e p t i d e T3 (9-13) ( I l e - P h e - V a l - G l n - A r g ) 

The p e p t i d e gave a p o s i t i v e r e a c t i o n with t h e 

phen a n t h r a q u i n o n e r e a g e n t and d a n s y l a t i o n w i t h o u t h y d r o l y s i s 

a f t e r f o u r Edman d e g r a d a t i o n s t e p s y i e l d e d d a n s y l - a r g m x n e . 

The p l l C.5 e l e c t r o p h o r e t i c m o b i l i t y o f T3 p l a c e d r e s i d u e - 1 2 

as glutamLne. 

P e p t i d e T4 (14-25) (Heme p e p t i d e ) 

The heme p e p t i d e was p u r i f i e d by e l e c t r o p h o r e s i s , 

dehemed by means o f a m i l d p e r f o r m i c o x i d a t i o n and r e - d i g e s t e d 

w i t h 5% c h y m o t r y p s m a t pH 8.0 and 3 7°C f o r 30 mm. Tne 

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

a t p l l l e 9 . 

P e p t i d e T4CA (14-18) (CyS0 3-Ala-Gln-CyS0 3-His) 

D i g e s t i o n with c a r b o x y p e p t i d a s e f o r 3 h y i e l d e d b i s -

d a n s y l - h i s t i d i n e a f t e r d a n s y l a n a l y s i s . The dansyl-Edman 

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

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

a t t h i s p o i n t c o n t a i n e d c y s t e i c a c i d and h i s t i d m e . Residue-

17 was p l a c e d f r o m c o m p o s i t i o n d a t a and glutamme-16 was f i x e d 

f r o m t h e evi d e n c e o f C2CA. The pH 6.5 e l e c t r o p h o r e t i c 

m o b i l i t y c o u l d n o t be used t o p l a c e amide r e s i d u e s due t o t h e 

presence o f c y s t e i c a c i d and h i s t i d i n e . 

P e p t i d e T4CB (19-25) (Ser-Ala-Gln-Ala-Asn-Leu-Lys) 

The dansyl-Edman a n a l y s i s was u n c l e a r beyond f o u r 

d e g r a d a t i o n s t e p s and r e s i d u e s 23-25 were p l a c e d f r o m c o m p o s i t i o n 
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d a t a and t h e evidence o f p e p t i d e s C2CC and C2CD. A sample 

o f t h e p e p t i d e had a m o b i l i t y o f 0.82 on p l l 6.5 e l e c t r o p h o r e s i s 

i n d i c a t i n g t h a t resadues-21 and 23 were amides. 

P e p t i d e T5 (26-2"7) ( H i s - L y s ) 

The p e p t i d e gave a p o s i t i v e r e a c t i o n w i t h t h e Pauly 

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

l y s i n e . The N - t e r m i n a l r e s i d u e was observed as cc-dansyl-

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

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

y i e l d e d b i s - d a n s y l - l y s i n e . The amino a c i d c o m p o s i t i o n a t 

t h i s p o i n t c o n t a i n e d no h i s t i d i n e . 

P e p t i d e T6 (28-38) (Thr-Gly-Pro-^sn-Leu-Asn-Gly-
Leu-Phe-Gly-Arg) 

The p e p t i d e gave a p o s i t i v e r e a c t i o n w i t h t h e phenan-

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

t e n Edman d e g r a d a t i o n s t e p s gave d a n s y ] - a r g i n i n e . A quan

t i t a t i v e amino a c i d a n a l y s i s on a sample o f T6 gave t h e 

f o l l o w i n g v a l u e s : Asp ( 2 . 1 ) , Thr ( 0 . 6 ) , Pro ( 1 . 0 ) , G l y ( 2 . 8 ) , 

Leu ( 1 . 7 ) , Phe ( 0 . 8 ) , Arg ( 0 . 9 ) . The pH 6.5 e l e c t r o p h o r e t i c 

m o b i l i t y o f T6 i n d i c a t e d t h a t r e s i d u e s - 3 1 and 33 were amides, 

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

t h e n e u t r a l zone o f a pH 6.5 e l e c t r o p h o r e s i s . T h i s example 

was assumed t o be a deamidated f o r m o f T6 r a t h e r t h a n a r e a l 

a l t e r n a t i v e t o t h e sequence. 
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P e p t i d e T7 (39-53) ( G l n - T h r - G l y - G l n - A l a - S e r - G l y - T y r -

Val-Tyr-Thr-Asp-Ala-Asn-Lys) 

A q u a n t i t a t i v e amino a c i d c o m p o s i t i o n o f t h e p e p t i d e 

gave t h e f o l l o w i n g v a l u e s : Asp ( 2 . 1 ) , Thr ( 2 . 1 ) , Ser ( 1 . 2 ) , 

Glu ( 2 . 0 ) , G l y ( 2 . 2 ) , A l a ( 2 . 0 ) , V a l ( 1 . 0 ) , T yr ( 1 . 6 ) , Lys ( 1 . 0 ) . 

The dansyl-Edman a n a l y s i s was u n c l e a r beyond t w e l v e d e g r a d a t i o n 

s t e p s and r e s i d u e s 51-53 were p l a c e d f r o m t h e c o m p o s i t i o n data 

and f r o m t h e sequence o f p e p t i d e T6. The p l l 6.5 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 e presence o f a s i n g l e a c i d i c r e s i d u e . 

Residues-39 and 42 were p l a c e d as amides f r o m p e p t i d e C4 and 

r e s i d u e s - 5 0 and 52 as a s p a r t i c a c i d and a s p a r a g i n e r e s p e c t i v e ! y 

f r o m t h e e v i d e n c e o f p e p t i d e C6. 

P e p t i d e T8 (54-55) ( A l a - L y s ) 

A q u a n t i t a t i v e ammo a c i d c o m p o s i t i o n gave t h e 

f o l l o w i n g v a l u e s : A l a (1.0) and Lys ( 0 . 7 ) . D a n s y l a t i o n w i t h o u t 

h y d r o l y s i s a f t e r a s i n g l e Edman d e g r a d a t i o n s t e p gave b i s -

d a n s y l - l y s m e . 

P e p t i d e T9 (56-72) 

The e x p e c t e d p e p t i d e was n o t i s o l a t e d . 

P e p t i d e T9A (56-67) ( G l y - I l e - T h r - T r p - G l n - A l a - A s p -
Thr-Leu-Asp-Val-Tyr) 

The p e p t i d e gave a p o s i t i v e r e a c t i o n w i t h t h e E h r l i c h 

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

a c e t i c a c i d s t a g e o f t h e f i r s t Edman d e g r a d a t i o n s t e p , 

i n d i c a t i v e o f t r y p t o p h a n (Uphaus _et a l . , 1 9 5 9 ) . A q u a n t i t a t i v e 

amino a c i d c o m p o s i t i o n gave t h e f o l l o w i n g v alues:Asp ( 2 . 4 ) , 
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Thr ( 1 . 7 ) , Glu ( l . ] ) f Gly ( 0 . 7 ) , A l a ( 1 . 2 ) , V a l ( 0 . 8 ) , l i e ( 0 . 9 ) , 
Leu ( 1 . 3 ) , T y r ( 0 . 6 ) . T r y p t o p h a n was n o t d e t e r m i n e d . 
D i g e s t i o n w i t h c a r b o x y p e p t i d a s e - A f o r 3 and 9 h gave b i s - d a n s y l -
t y r o s m e and b i s - d a n s y l - t y r o s i n e t o g e t h e r w i t h d a n s y l - v a l m e 
r e s p e c t i v e l y , f o l l o w i n g d a n s y l a n a l y s i s . The dansyl-Edman 
a n a l y s i s was i n c o n c l u s i v e beyond seven d e g r a d a t i o n s t e p s and 
r e s i d u e s 63-67 were p l a c e d f r o m t h e amino a c i d c o m p o s i t i o n d a t a 
and t h e sequence o f p e p t i d e s C8, C8A and C8B. 

P e p t i d e T9B (68-72) (Leu-Glu-Asn-Pro-Lys) 

D a n s y l a t i o n w i t h o u t h y d r o l y s i s a f t e r f o u r Edman 

d e g r a d a t i o n s t e p s y i e l d e d b i s - d a n s y l - l y s m e . The pH 6.5 

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 o f t h e p u r i f i e d p e p t i d e and t h o 

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

69 was g l u t a m i c a c i d and r e s i d u e - 7 0 war a s p a r a g i n e . The 

degraded p e p t i d e gave two n i n h y d r m p o s i t i v e s p o t s w i t h 

m o b i l i t i e s e q u a l t o zer o and 1.45 as a r e s u l t o f o n l y a 

p r o p o r t i o n o f t h e E-ammo group o f l y s i n e h a v i n g r e a c t e d w i t h 

PITC. 

P e p t i d e TIP (74-79) ( T y r - I l e - P r o - G l y - T h r - L y s ) 

D a n s y l a t i o n w i t h o u t h y d r o l y s i s a f t e r f i v e Edman 

d e g r a d a t i o n s t e p s y i e l d e d a - d a n s y l - i - P T C - l y s i n e . 

P e p t i d e T10A (73-79) ( L y s - T y r - I l e - P r o - G l y - T h r - L y s ) 

D a n s y l a t i o n w i t h o u t h y d r o l y s i s a f t e r s i x Edman 

d e g r a d a t i o n s y i e l d e d a~dansyl-£.-PTC-lysine. 
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Peptade T i l (80-86) (Met-Val-Phe-Ala-Gly-Leu-Lys) 

D a n s y l a t i o n w i t h o u t h y d r o l y s i s a f t e r s i x Edman 

d e g r a d a t i o n s y i e l d e d cc-dansyl-E-PTC-lysme. 

P e p t i d e T l l f t (80-82) (Met-Val-Phe) 

D i g e s t i o n w i t h c a r b o x y p e p t i d a s e - A f o r 3 h f o l l o w e d by 

d a n s y l a n a l y s i s y i e l d e d d a n s y l - p h e n y i a l a n i n e w h i l s t b o t h 

p h e n y l a l a n i n e and v a l i n e were p r e s e n t as t h e i r d a n s y l d e r i 

v a t i v e s a f t e r s i m i l a r a n a l y s i s o f a 9 h d i g e s t i o n . D a n s y l a t i o n 

w i t h o u t h y d r o l y s i s a f t e r two Edman d e g r a d a t i o n s t e p s y i e l d e d 

d a n s y l - p h e n y l a l a n m e . 

P e p t i d e T U B (83-86) (Ala-Gly-Leu-Lys) 

D a n s y l a t i o n w i t h o u t h y d r o l y s i s a f t e r t h r e e Edman 

d e g r a d a t i o n s t e p s y i e l d e d a-dansyl-£.-PTC-lysine. 

P e p t i d e T12 (87-91) (Lys-Ala-Asn-Glu-Arg) 

The p e p t i d e gave a p o s i t i v e r e s u l t w i t h t h e phenan-

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

f o u r Edman d e g r a d a t i o n s t e p s f i x e d a r g i n m e as r e s i d u e - 9 1 and 

t h e C-termmus o f T12. A q u a n t i t a t i v e amino a c i d c o m p o s i t i o n 

gave t h e f o l l o w i n g v a l u e s : Asp ( 1 . 4 ) , Glu ( 0 . 9 ) , A l a ( 0 . 6 ) , 

Lys ( 1 . 4 ) , Arg ( 0 . 6 ) . The p e p t i d e had a 6.5 e l e c t r o p h o r e t i c 

m o b i l i t y o f 0.99 i n d i c a t i n g t h e presence o f one a c i d and one 

amide r e s i d u e . The p l l 6.5 m o b i l i t y o f the p e p t i d e a f t e r 

t h r e e Edman d e g r a d a t i o n s was zero i n d i c a t i n g t h a t r e s i d u e - 9 0 

was g l u t a m i c a c i d , and r e s i d u e - 8 9 was a c c o r d i n g l y f i x e d as 

a s p a r a g i n e . 
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P e p t i d c T12A 183-91) (Ala-Asn--Glu-Arg) 

The p e p t i d e gave a p o s i t i v e r e a c t i o n w i t h t h e 

phenanthragumone r e a g e n t and dansyl a t i o n w i t h o u t h y d r o l y s i s 

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

The pH 6.5 m o b i l i t y i n d i c a t e d t h a t t h e p e p t i d e c o n t a x n e d one 

a c i d i c r e s i d u e and t h i s was p l a c e d a t r e s i d u e - 9 0 f : om T12. 

P e p t i d e T13 (92-99) ( A l a - A s p - L e u - I l e - A l a ~ T y r - L c u ~ L y & ) 

D a n s y l a t i o n w i t h o u t h y d r o l y s i s a f t e r seven Edman 

d e g r a d a t i o n s y i e l d e d a-dansyl-£.-PTC-lysme and c o n s i d e r a t i o n 

o f t h e zero pH 6.5 e l e c t r o p h o r e t i c r u o b i l x t y f i x e d resxdue-93 

as a s p a r t x c a c i d . 

P e p t i d e T13A (92-97) ( A l a - A s p - L e u - I l e - A l a - T y r ) 

D i g e s t i o n w i t h c a r b o x y p e p t i d a s e - A f o r 3 h f o l l o w e d 

b y d a n s y l a n a l y s i s y i e l d e d b i s - d a n s y l - t y r o s m e and d a n s y l -

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

Edman d e g r a d a t i o n s gave b i s - d a n s y l - t y r o s i n e . The pH 6.5 

e l e c t r o p h o r e t i c m o b i l i t y o f -0.86 f i x e d r e s i d u e - 9 3 as 

a s p a r t i c a c i d . 

P e p t i d e T13B (98-99) (Leu-Lys) 

D a n s y l a t i o n w i t h o u t h y d r o l y s i s a f t e r a s i n g l e Edman 

d e g r a d a t i o n s t e p gave b i s - d a n s y l - l y s i n e . 

P e p t i d e T14 (100-104) (Gln-Ala-Thr-Asn-Leu) 

D i g e s t i o n w i t h c a r b o x y p e p t i d a s e - A f o r 3 h f o l l o v / e d 

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

f o u r Edman d e g r a d a t i o n s b o t h y i e l d e d d a n s y l - l e u c i n e . The 
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pH 6=5 e l e c t r o p h o r e t x c m o b i l i t y i n d i c a t e d t h a t residues-100 

and, 103 were both amides, although a peptide of i d e n t i c a l 

sequence was i s o l a t e d w i t h a pll 6„5 m o b i l i t y equal to -1.90. 

T h i s was a t t r i b u t e d to deamidation during p r e p a r a t i o n r a t h e r 

than a r e a l a l t e r n a t i v e t o the sequence. 

Amino Ac i d Sequence 

The overlapping chymotryptic and t r y p t i c peptides gave 

the sequence of Macrobrachium cytochrome c as shown m Fi g u r e 

32. The sequence agreed with the ammo a c i d composition data 

shown i n Table 26 with a number of exc e p t i o n s . I n a l l 

determinations the v a l u e s obtained f o r seri r i p and l y s i n e weie 

r o u t i n e l y high, but no evidence f o r an impurity r e s p o n s i b l e 

f o r these d i s c r e p a n c i e s c o u l d be found from the sequence 

a n a l y s i s . Tryptophan was not determined as p a r t of the ammo 

a c i d composition, but the b e s t s p e c t r a l r a t i o s of p u r i f i e d 

Macrobrachium cytochrome c i n d i c a t e d t h a t one r e s i d u e was 

pr e s e n t . 

From F i g u r e 32 i t can be seen t h a t a l l the r e s i d u e s were 

p o s i t i v e l y i d e n t i f i e d by sequence a n a l y s i s i n both chymotryptic 

and t r y p t i c d i g e s t i o n s w i t h the exception of p o s i t i o n s 1-7, 

15-17, 24, 25, 51-53, 57, 59 and 63-65. These were p l a c e d 

from p o s i t i v e i d e n t i f i c a t i o n by sequence a n a l y s i s from only 

one of the d i g e s t i o n s , from amino a c i d composition data or 

from a combination of the two. Tryptophan-59 c o u l d not be 

p o s i t i v e l y i d e n t i f i e d m the appropriate t r y p t i c peptide 
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because of the d e s t r u c t i o n of dansyl-tryptophan during tho 

a c i d h y d r o l y s i s stage of dansyl a n a l y s i s . Residues 1-4 and 

c y s t e i n e - 1 7 were not seen i n e i t h e r d i g e s t i o n and could only 

be p l a c e d from composition data. The nature of the N-termmal 

b l o c k i n g group was not determined. 

A l l p o s s i b l e o v e r l a p s betveen chymotryptic and t r y p t i c 

peptides were observed except m the region C1/T1-T2, T2A where 

the peptide order 1=: c l e a r from the p o s i t i o n of the blocked N-

termmus, and an the region C7, C7B-C8/T9A-T9B where the point 

of cleavage d u p l i c a t e s the chymotryptic evidence due to an 

anomalous t r y p t i c break a t t y r o s i n e - 6 7 . i n thLS case the 

peptide order as made c l e a r from a c o n s i d e r a t i o n of the appropriate 

r e g i o n i n other cytochromes c. 

A l l the a c i d and amide r e s i d u e s i n d i c a t e d m the sequence 

were placed, w i t h the exception of gluLamine-16, fiom the 

pH 6.5 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 i n t a c t or p a r t i a l l y degraded 

peptides taken from e i t h e r , or both, of the chymotryptic and 

t r y p t i c d i g e s t i o n s . Glutamine-16 was p l a c e d from a comparison 

of m o b i l i t i e s w i t h the e q u i v a l e n t peptides i n L ocusta cytochrome 

c where the amide content of the heme region was u n e q u i v o c a l l y 

determined. The e l e c t r o p h o r e t i c a l t e r n a t i v e s of peptides 

C2CB, C4A, C7A, C14, C14A, T6 and T14 t h a t were i s o l a t e d were 

a t t r i b u t e d to the deamidation of amide groups during p r e p a r a t i o n 

of the p e p t i d e s . 

The observed enzyme s p e c i f i c i t i e s were c o n s i s t e n t w i t h 

those expected (Smyth, 1967) except t h a t only p a r t i a l chymotryptic 
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cleavage was observed at t y r o s i n e - 4 6 , phenylalanme-82 

and t y r o s i n e - 9 7 . I n a d d i t i o n , f u l l c h y n o t r y p t i c cleavage 

occurred a t h i s t i d i n e - 2 6 and leucme-85, w h i l s t p a r t i a l c l e a v a 

o c c u r r e d at leucme-24, leucme-32, asparagme-33, l e u c i n e - 6 4 , 

mcthionine-80, leucme-94 and l e u c i n e - 9 7 . P a r t i a l , t r y p t i c 

cleavage was observed at l y s i n e r e s i d u e s - 7 , 72 and 8 7 

together w i t h phenylalanane-82 and t y r o s m e - 9 7 . F u l l t r y p t i c 

cleavage was observed at t y r o s m e - 6 7. 

10. The Amino Acad Sequence of E i s e m a Cytochrome c 

The amino a c i d sequence of E3 s e n i a cytochrome c was 

determined from the evidence of two chymotryptir* dig^stiont. 

and two t r y p t i c d i g e s t i o n s u s i n g a t o t a l of 2 umol (24 mg) 

of p r o t e i n . The sequence i s shown i n F i g u r e 33 g i v i n g the 

p o i n t s of enzyme cleavage together w i t h the overlapping peptid 

from which the sequence was deduced. A l i s t of chymotryptic 

peptides, together with e l e c t r o p h o r e t i c m o b i l i t y and sequence 

data, i s g i v en i n Table 28, and a s i m i l a r l i s t of t r y p t i c 

peptides i s g i v en i n Table 29. The ammo a c i d composition 

of E i s e n i a cytochrome c was obtained from two d u p l i c a t e 50 ug 

samples h y d r o l y s e d f o r 24, 48 and 72 h r e s p e c t i v e l y , and t h i s 

i s given i n Table 30. 

D i g e s t i o n 

The o x i d i s e d p r o t e i n r e a d i l y denatured m 80% ethanol 

and was adequately d i g e s t e d by both t r y p s i n and chymotrypsm. 

The f i r s t chymotryptic d i g e s t was performed on 8 mg of 



FIGURE 33. 

The Ammo Ac i d Sequence of E i s e n i a Cytochrome c. 

Residues which were i d e n t i f i e d by dansyl-Edman a n a l y s i s 

are i n d i c a t e d by r; those i d e n t i f i e d by other means, e.g. 

by amino a c i d composition data, are i n d i c a t e d by — T ; 

those i d e n t i f i e d by d i g e s t i o n w ith carboxypeptidase-A are 

i n d i c a t e d by <; ; arrows = 7 i n d i c a t e t h a t the C-terminal 

r e s i d u e was i d e n t i f i e d as the f r e e amino a c i d . The arrows 

i n d i c a t e p o i n t s of complete enzymic cleavage, 
• A. upwards f o r t r y p s i n and downwards f o r chymotrypsin; i ! v • 

i n d i c a t e p o i n t s of p a r t i a l cleavage, and i n d i c a t e s 

p o i n t s of cleavage u s i n g chymotrypsin to d i g e s t the heme 

pe p t i d e s . 
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TABLE 28. 

Chymotryptic Peptides from E i s e n i a Cytochrome c 

~ . / „ RDNS-Pep t i d e / M M , 
P o s i t i o n ( PH 6.5) ( PH 1.9) B ^ Dansyl-Edman R e s u l t s 

C3A 
(27-33) 

CI 0 0.70 Gly-Gly-Ile-Pro-Ala-Glx-Aqx-
(- 5-10) Val-Glx-Lys-Gly-T.ys-Thr-Ile-

Phe 7 ' r ^ r 

C2 0.44 0.49 L y s - (Heme peptide; see 
(11-26) t e x t ) 

C2CA 0.58 Lys-Glx-Arg-CySOj-Ala-(Glx, 
(11-18) C y S 0 3 ) - H i s 

C2CB 0.44 0.94 Thr-Val-Asx-Lys-Gly-Gly-Pro-
(19-26) HIS 

C3 1.09 0.93 Lys-Thr-Gly-Pro-Asx-Leu-His-
(27-36) G l y - I l e - P h e 7 ' 7 7 

Not i s o l a t e d . 

C3B 0 0.56 G l y - I l e - P h e 
(34-36) T = = ^ 

C4 0.79 0.66 Gly-Arg-ALa-Thr-Gly-Glx-Ala-
(37-46) Ala-Gly-Plie 7 ' 7 

C5 0 0.59 0.61 Ala-Tyr 
(47-48) ~r 

C6 0.56 0.68 Thr-Asx-Ala-Asx^Lys-Ser-Lys-
(49-59) (G l y . 11 e T i l i r l ^ T r p 7 

C7 0 0.63 0.55 Thr-Lys-Asx-Thr-Leu-Tyr 
(60-65) T 7 * 7 * 7 

C8 -1.64 0.54 Glx-Tyr 
(66-67) 7 

C8A 0 0.76 0.44 Glx-Tyr-Leu-Glx-Asx-Pro-Lys-
(66-74) L y s - T y r 

C9 0.79 0.93 Leu-Glx-Asx-Pro-(Lys,Lys,Tyr) 
(68-74) 7 7 7 7 



TABLE 28 (Cont'd.) 

CIO 0.92 0.75 
(75-80) 

I l e - P r o - G ] y - T h r - L y s -Met 

ClOA 0.75 0.66 Ile-Pro-Gly-Thr-Lys-Met-Val-
(75-82) t Phe r 7 ' ~* 7 

C l l O 0.56 0.96 Val-Phe 
(81-82) 7 — 1 = 9 

C12 O 0.69 0.92 Ala-Gly-Leu 
(83-85) 7 f 

CI3 1.31 1.10 Lys-Asx-Glx-Lys-Glx-Arg-Ala-
* / / t * / /• y / 

(86-94) Asn-Leu 
CI3A 0.44 0.83 Lys-Asx-Glx-Lys-Glx-Ara-Ala-
(86-103) Asn-Leu-11e-Ala-(Tyr,L eu,Glx, 

Glx,Glx,Thr,Lys) 

C14 0 0.54 0.84 I l e - A l a - T y r 
(95-97) 7 7 = = ^ 

C15 -0.83 0.70 Leu-Glx-Glx-Glx-Thr-Lys 
(98-103) 7 7 7 7 7 



TABLE 29. 

T r y p t i c Peptides from E i s e n i a Cytochrome c 

P e p t i d e / M M R ™ S " , „ 
„ . , TT r c. i T-, •, N\ A R G Dansyl-Edman R e s u l t s 
P o s i t i o n (pH 6.5) (pH 1.9) B A W p

 x 

T l -0.67 0.61 Gly-Gly-ile-Pro-Ala-Gly-Asx-
(-5-5) V a l - G l x - L y s 

T1A 0 0.65 Gly-Gly-11e-Pro-Ala-Gly-Asx-
(-5-7) V a l - G l x - L y s - G l y - L y s 7 

T2 2.14 1.47 Gly- L y s 
(6-7) 

T3 1.03 0.89 T h r - I l e - P h e - L y s 
(8-11) T 7 7 

T4 1.54 1.16 0.21 Glx-Arg 
(12-13) 

T6 
(23-27) 

TIO 
(56-61) 

r 

T5 0.20 0.35 (Heme peptide; see t e x t ) 
(14-22) 

T5A 0.42 
(14-22) 

CySO -Al a - G l x - C y S 0 3 - ( H i s , T h r , 
Val,A sx,£ys) / 

Not i s o l a t e d . 

T7 1.03 0.69 
(28-38) Ile-Phe-Gly-Ar 

Thr-Gly-Pro-Asx-Leu-His-Gly-
Gl^-Ar^ 

T8 0 0.47 Ala-Thr-Gly-Glx-Ala-Ala-Gly-
(39-53) Phe-Ala-Tyr-Thr-A sx-Ala-Asx-

Lys 7 T 7 

T8A 0 0.24 Ala-Thr-Gly-Glx-Ala-Ala-Gly-
(39-48) Phe-Ala-Tyr 7 7 ^ 

T8B 0 0.97 Thr-Asx-Ala-Asx-Lys 
(49-53) 7 7 7 7 

T9 1.98 1.47 S e r - L y s 
(54-55) 7 ~ ~ ^ 

0.83 0.71 0.33 G l y - I l e - T h r - ( T r p ) - T h r - L y s 



TABLE 29 (Cont'd.J 

T i l -1.02 0.44 0.49 Asx-Thr-Leu-Tyr-Glx-Tyr-Leu-
(62-72) Glx-Asx-Pro-Lys 

T12 1.47 1.00 L y s - T y r - I l e - P r o - G l y - T h r - L y s 
(73-79) 7 

T12A 0.83 0.77 T y r - I l e - P r o - G l y - ^ h r - L y s 
(74-79) ^ 7 7 7 7 

T13 0.83 0.72 Met-Val-Phe-Ala-Gly-Leu-Lys 
(80-86) 7 7 7 7 ^ 

T14 0 1.05 Asx-Glx-Lys 
(87-89) 7 7 

T14A 0,92 1.02 Asx-Glx-Lys-Glx-Arq 
(87-91) 

T15 1.50 1.19 0.21 Glx-Arg 
(90-91) 7 ? 

T16 -0.62 0.46 0.41 Ala-A sx-Leu-1le-Ala-Tyr-Leu-
(92-103) Glx-GOx-Glx-Thr-Ly^ 

T16A 0 0.35 0.43 Ala-Asx~Leu-Ile--Ala- rPyr 
(92-97) 7 7 7 7 7 

T16B 0.88 0.76 Leu-Glx-Glx-Glx-Thr-Lys 
(98-103) 7 7 7 ^ 7 
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o x i d i s e d and denatured cytochrome c e q u i l i b r a t e d a t pll 3.0 and 

37°C under nLtrogen. 2% (w/w) enzyme was added at zero time, 

a f u r t h e r 2% a t 60 min, and the d i g e s t i o n was terminated 

a f t e r 150 man. The d i g e s t was separated i n t o two f r a o L i o n s 

a f t e r passage through a 1 cm x 110 cm column of G-15 Sephadex 

e q u i l i b r a L e d and e l u t e d i n 10% a c e t i c acLd. The peptides 

i n these two f r a c t i o n s were then s e p a r a t e l y p u r i f i e d i n the 

normal manner. The second chymotryptic d i g e s t was performed 

on 4 mg of o x i d i s e d and denatured cytochrome c e q u i l i b r a t e d 

as b e f o r e . 2% (*->/v̂  enzyme " a s added a t zero time and a f t e r 

45 mm, and the d i g e s t i o n was terminated a f t ? r 60 mm. The 

peptides were then p u r i f i e d m the normal way. The two 

t r y p t i c d i g e s t i o n s were performed on 4 mg and 8 mg of 

cytochrome c r e s p e c t i v e l y under i d e n t i c a l c o n d i t i o n s to the 

chymotryptic work. I n the f i r s t i n s t a n c e 2% (v/w) enzymes was 

added a t zero time and 90 mm, and the d i g e s t i o n was terminated 

a f t e r 120 mm, and m the second, 2% (w/w) enzyme was added 

a t zero time and a f t e r 20 mm, and the d i g e s t i o n was terminated 

a f t e r 50 min of i n c u b a t i o n . 

Chymotryptic Peptides 

Peptide CI (-5-+10) ( G l y - G l y - I l e - P r o - A l a ~ G l y - A s p - V a l -
G l u - L y s - G l y - L y s - T h r - I l e - P h e ) 

D i g e s t i o n w i t h carboxypeptidase-A fo r 3 h a t 37°C 

and pH 8.5, followed by dansyl a n a l y s i s , y i e l d e d d a n s y l -

p h e n y l a l a n m e , w h i l s t a s i m i l a r 9 h d i g e s t i o n y i e l d e d the 
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dansyl d e r i v a t i v e s of phenylalanine and i s o l e u c i r e a f t e r 

a n a l y s i s . A c o n s i d e r a t i o n of the pH 6.5 e l e c t r o p h o r e t i c 

m o b i l i t y f i x e d r e s i d u e s - 2 and 4 as a s p a r t i c a c i d and glutamic 

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

Peptide C2 (11-20) (Heme peptide) 

L y s i n e was shown to be the N-terminal amino a c i d 

of the heme pep t i d e . A f t e r a m i l d performic o x i d a t i o n , the 

peptide wa"? d i g e s t e d with 5% (w/w) chymotryps Ln at 3 7°C and 

pH 8.0 f o r 30 min and the products were separated by pH 1.9 

e l e c t r o p h o r e s i s as pepcides C2CA and C2CE. 

Peptide C2CA (11-18) (Lys-Gln-Arg- CyS0,-Ma-Gin-CyS0 o-Hit) 

The peptide gave a p o s i t i v e r e a c t i o n w i t h the phenan-

thraqumone reagent and a r g i n m e was f i x e d at p o s i t i o n 13 by 

sequence a n a l y s i s . D i g e s t i o n w i t h carboxypepta-dase-A f o r 3 h 

y i e l d e d b i s - d a n s y l - h i s t i d i n e a f t e r dansyl a n a l y s i s . The 

dansyl-Edman a n a l y s i s was i n c o n c l u s i v e beyond f i v e degradation 

s t e p s and r e s i d u e s - 1 6 and 17 were p l a c e d from the semi

q u a n t i t a t i v e ammo a c i d compositions of the i n t a c t peptide 

and the peptide a f t e r f i v e degradations. Residue-12 was 

p l a c e d as glutamme from the pH 6.5 e l e c t r o p h o r e t i c m o b i l i t y 

of peptide T4, and residue-16 as glutamme from the pH 6.5 

m o b i l i t y of T5. 

Peptide C?CB (19-26) (Thr-Val-Asp-Lys-Gly-Gly-Pro-His) 

D i g e s t i o n with carboxypeptidase-A f o r 9 h y i e l d e d 

b i s - d a n s y l - h i s t i d i n e a f t e r dansyl a n a l y s i s and d a n s y l a t i o n 
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wxthout h y d r o l y s i s a f t e r seven Edman degradations f i x e d 

h i s t i d i n e as the C-termmus of C2CB. A c o n s i d e r a t i o n of the 

pH 6.5 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 residue-21 was 

a s p a r t i c a c i d , assuming bhat h i s t i d i n e would c a r r y a change of 

l e s s than +1 a t pH 6.5. 

Peptide C3 (27-36) (Lys-Thr-Gly-Pro-Asn-Leu-His-Gly-
I l e - P h e ) 

D i g e s t i o n with carboxypeptidase-A followed by d a n s y l -

a n a l y s i s y i e l d e d d ansyl-phenylalanine a f t e r 3 h and d a n s y l -

phenylalanine, together with d a n s y l - i s o l e u c m e a f t e r 9 h. 

I-Iistidme was f i x e d as residue-33 from the i d e n t i f i c a t i o n of 

a - d a n s y l - h i s t i d m e on N-termmal a n a l y s i s a f t e r s i x Edman 

degradations and from s e m i - q u a n t i t a t i v e amino a c i d composition 

determinations a f t e r s i x and seven Edman degradation seeps. 

The pH 6.5 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 res.-idue-31 

was an amide assuming t h a t h i s t i d i n e c a r r i e d a charge of l e s s 

than +1 a t pH 6.5 (see C2CB). 

Peptide C3A (27-33) 

The peptide was not i s o l a t e d . 

Peptide C3B (34-36) ( G l y - I l e - P h e ) 

D a n s y l a t i o n without h y d r o l y s i s gave dansyl-phenyl-

a l a n i n e a f t e r two Edman degradation s t e p s . 

Peptide C4 (37-46) (Gly-Arg-Ala-Thr-Gly-Gln-Ala-
Ala-Gly-'/Ce ) 

The peptide gave a p o s i t i v e r e a c t i o n w i t h the 

phenanthraqumone reagent and a r g i n i n e was f i x e d as residue-38 
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from the dansyl-Ed'aan a n a l y s i s . D a n s y l a t i o n without h y d r o l y s i s 

a f t e r nine Edman degradation steps gave dansyl- plie^ LLn'me 

The pH 6.5 e l e c t r o p h o r e t i c m o b i l i t y of C4 i n d i c a t e d t h a t 

residue-42 was glutamine. 

Peptide C5 (4 7-48) (Ala-Tyr) 

Dansyl at ion without h y d r o l y s i s a f t e r a s i n g l e Edman 

degradation y i e l d e d b i s - d a n s y L - t y r o s i n e . 

Peptide C6 (49-59) (Thr-Asp-Ala-Asn-Lys-Ser-Lys- , 
Gl y - J l e - T h r - T r p ) 

The peptide gave a p o s i t i v e r e a c t i o n w i t h the E h r l i c h 

reagent and showed a pink c o l o r a t i o n during the t n f l u o r o a c e t i c 

a c i d stage of the f i r s t Edman degradation, dndjoating the 

presence of tryptophan (Uphaus e_t . a l , , 1959). D i g e s t i o n w i t h 

carboxypeptidase-A f o r 3 h followed by dansyl a n a l y s i s y i e l d e d 

dansyl-tryptophan. A c o n s i d e r a t i o n of the pH 6.5 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 the presence of one a c i d i c 

r e s i d u e and t h i s was p l a c e d as a s p a r t i c acid-50 from the pH 6.5 

m o b i l i t y of a peptide sample a f t e r t h r e e Edman degradations. 

T h i s sample y i e l d e d t h r e e n m h y d r i n p o s i t i v e zones of 

m o b i l i t i e s zero, 0,72 and 1.35, due t o the incomplete blocking 

of the £.-amino f u n c t i o n of the l y s i n e r e s i d u e s by phenyl-

thiocarbamyl groups, as a r e s u l t of t h e i r exposure to PITC. 

These v a l u e s are c o n s i s t e n t w i t h r e s i d u e s - 5 0 and 52 being 

a s p a r t i c a c i d and asparagme r e s p e c t i v e l y . 
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Peptide C7 (60-68) (Thr-Lys-Asp-Thr-Leu-Tyr) 

D i g e s t i o n w i t h carboxypeptidase-A f o r 3, 9 and 24 h, 

followed by dansyl a n a l y s i s , f i x e d the sequence of r e s i d u e s -

66-68 and t h i s was confirmed by the dansyl-Edman a n a J y s i s . 

The pH 6.5 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 residue-G2 

was a s p a r t i c a c i d . 

Peptide C8 (66-67) (Glu-Tyr) 

DansylatLon without h y d r o l y s i s a f t e r a s i n g l e Edman 

degradation gave b i s - d a n s y l - t y r o s i n e . The pH 6.5 e l e c t r o p h o r e t i c 

m o b i l i t y of C8 i n d i c a t e d t h a t residue-6G-'as g l a t a n i c a c i d . 

Peptide C9 (68-74) (Leu-Glu-Asn-Pxo-Ly =;-Lys• Tyr) 

The dansyl-Edman a n a l y s i s was unclear beyond four 

degradation steps and r e s i d u e s 72-74 were placed from the 

composition data of C9 and the sequence evidence f o r CSA. A 

sample of the peptide r e s i d u e a f t e r two Edman degradations hfld 

a maximum pH 6.5 e l e c t r o p h o r e t i c m o b i l i t y of 1.92 i n d i c a t i n g 

t h a t residues-69 and 70 were glutamic a c i d and asparagine 

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

Peptide CIO (75-80) (Ile-Pro-Gly-Thr-Lys-Met) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r f i v e Edman 

degradation steps confirmed methionine as the C-terminal 

r e s i d u e of CIO. 

Peptide C10A (75-82) (Ile-Pro-Gly-Thr-Lys-Met-Val-Phe) 

D i g e s t i o n w i t h carboxypeptidase-A followed by dansyl 
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a n a l y s i s y i e l d e d d a n s y l - p h e n y l a l a n i n e a f t e r 1 h and d a n s y l -

p henylalanme together with a s i g n i f i c a n t amount of dansyJ-

v a l m e a f t e r 3 h. 

Peptide C l l (81-82) (Val-Phe) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r a s i n g l e Edman 

degradation y i e l d e d dansyl-phenyLalanme. 

Peptide CI ? (83-85) (ALa-Gly-Leu) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r two Edman 

degradation s t e p s confirmed l e u c i n e as the C-terminus of C12. 

Peptide C13 186-94; iLys-/^sn-Giu-Lys-Gln-Arg-
Ala-Asn-Leu) 

The peptide gave a p o s i t i v e r e a c t i o n with rhe phenan-

thraquinone reagent and d a n s y l a t i o n without h y d r o l y s i s a f t e r 

e i g h t Edman degradation steps y i e l d e d d a n s y l - l e u c m e . The 

pH 6.5 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 Lhe presence of ono 

a c i d i c r e s i d u e and t h i s was p l a c e d as glutamic acid~88 from 

the evidence of T14. A peptide of i d e n t i c a l sequence was 

i s o l a t e d w ith a pH 6.5 e l e c t r o p h o r e t i c m o b i l i t y of 0.77 and 

t h i s was assumed to be a deamidated form of C13 r a t h e i than a 

r e a l a l t e r n a t i v e to the sequence. 

Peptide C13A (86-103) (Lys-Asn-Glu-Lys-Arg-Ala-Asn-Leu-Ile-
Ala-Tyr-Leu-Glu-Gln-Glu-Thr-Lys) 

The dansyl-Edman a n a l y s i s was u n c l e a r beyond eleven 

degradation s t e p s and r e s i d u e s 97-103 were p l a c e d from the semi

q u a n t i t a t i v e amino a c i d composition of C13A, 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 C13A and the sequence evidence f o r peptides CI4 
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and C15. 

Peptide C14 (95-97) ( l l e - A l a - T y r ) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r two Edman 

degradation steps yxelded b x s - d a n s y l - t y r o s i n e . 

Peptide C15 (98-103) (Leu-Glu-Gln-Glu-Thr-Lys) 

degradations y i e l d e d b i s - d a n s y l - l y s i n e . A c o n s i d e r a t i o n o£ 

the pH 6„5 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 the presence of 

two a c i d r e s i d u e s and these were p l a c e d a t p o s i t i o n s 99 and 

101 from the m o b i l i t y evidence of p a r t i a l l y degraded samples. 

A sample of C15 a f t e r two degradation steps gave tvo ni n h y d r m 

p o s i t i v e zones of m o b i l i t i e s zero and -1.20, f xxmg r e s i d u e -

101 as glutamic a c i d . The p l a c i n g of glutamic acid-99 and 

glutamme-100 i s c o n s i s t e n t w i t h the evidence, as an amide 

a t p o s i t i o n 99 would have l e d t o an a d d i t i o n a l more a c i d i c 

spot i n the m o b i l i t y determination of the peptide a f t e r two 

degradation s t e p s . 

Tr y p t i c Peptides 

Peptide T l (-5-+5) ( G l y - G l y - I l e - P r o - A l a - G l y - A s p - V a l -

Glu-Lys) 

The pH 6.5 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 

r e s i d u e s - 2 and 4 were a s p a r t i c a c i d and glutamic a c i d 

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

D a n s y l a t i o n without h y d r o l y s i s a f t e r f i v e Edman 

y p r i c 
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Peptide T27̂  ( - 5 - 1 7 ) (Gly-Gly-Tle~Pro-Ala-Gly-Asp-
Val-G3 u-Lys-G] y-Lyo) 

D a n s y l a t i o n without h y d r o l y s i s a l t e r eleven Edman 

degradation steps y i e l d e d a-dansyl-£-PTC-lysme. The pH 6.5 

e l e c c 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 chat r e s i d u e s - 2 and 4 were 

a s p a r t i c a c i d and glutamic a c i d r e s p e c t i v e l y . 

Peptide T2 ( 6 - 7 ) ( Gly-Lys) 

Peptide T3 (8-11) ( T h r - I l e - P h e - L y s ) 

Peptide T4 (12-13) (Gln-Arg) 

The peptide gave a p o s i t i v e r e s u l t w ith the phenan-

thraqumone reagent and d a n s y l a t i o n without hyd^olysi r, a f t e v 

a s i n g l e Edman degradation step p l a c e d a r g m i n e as the= C-tetmni 

r e s i d u e of T4. The pH 6.5 e l e c t r o p h o f 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 rosidue-12 v/as g l u t amine. 

Peptide T5 (14-22) (Heme peptide) 

The peptide was dehemed by a mild performic oxidataon 

and p u r i f i e d on pH 1.9 e l e c t r o p h o r e s i s as peptide T5A. 

Peptide T5A (14-22) (CySO -Ala-Gln-CyS0 3-His-Thr-
Val-Asp-Lys) 

The dansyl-Edman a n a l y s i s was u n c l e a r beyond four 

Edman degradation steps and r e s i d u e s 18-22 were p l a c e d from 

composition data f o r T5A and the sequence evidence of C2CA 

and C2CB. The 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 

f o r the f i x i n g of amide r e s i d u e s due t o the presence of 

c y s t e i c a c i d and h i s t i d i n e r e s i d u e s , but the a s p a r t i c a c i d 
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at p o s i t i o n 21 could be p l a c e d from the evidence of C2CB. 

A comparL&on of the m o b i l i t i e s of the t r y p t i c heme peptides 

of As'.erj cis and E i sr;nj a, which were i d e n t i c a l i n the sequence 

except foa- A s t e r 1 as havmg glutamic a c i d a t p o s i t i o n 21 i n s t e a d 

of the a_.partic a c i d of E i s e n i a , andLcated t h a t p o s i t i o n 16 i n 

E i s e n i a was glutomme. 

Pcpt .u's- T6 (23-2 7) 

The expected t r y p t i c peptide TG was not i s o l a t e d . 

Peptide T7 (28-38) ( T h r - C l v - P r o - A s n - L e u - I I i s - G l y - I l e -
Phe-Gly-Arg) 

The peptide gave p o s i t i v e r e a c t i o n s WLth both the 

phenanthraqumone and Pauly r e a g e n t s . H i s t ] •'line a t p o s i t i o n 

33 was i d e n t i f i e d as the a - d a n s y l - d e r i v n t J v e cn H~terminal 

a n a l y s i s of the peptide a f t e r f i v e degradation s t e p s , and as 

the b i s - d a n s y l - d e r i v a t i v e an a semi-qnantitaL>ve ann.no a c i d 

compositLon conducted a t t h j s p o i n t . B i s - d a n s y l hi.i.tidinc 

was absent from a semi-quantitatLve composition conducted a f t e r 

s i x Edman degradation s t e p s . Dansylataon without h y d r o l y s i s 

a f t e r t e n Edman degradations y i e l d e d d a n s y l - a r g m i n e . Despite 

the presence of h i s t i d m e , the pH 6.5 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 residue-31 was an amide. A peptide of 

i d e n t i c a l sequence was i s o l a t e d with a pH 6.5 e l e c t r o p h o r e t i c 

m o b i l i t y of 0.30. I t was assumed to be a deamidated form 

of T7 r e s u l t i n g from the p r e p a r a t i o n , r a t h e r than a r e a l 

a l t e r n a t i v e to the sequence. 

http://ann.no
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Pepfcide T8 (39-53) (Ala-Thr-CDy-Gln-Ala-Ala-Gly-
Phe-Ala-Tyx-Thr-Asp-Ala-Asn-Lys) 

The pK 6.5 e l e c t r o p h o r e t x c mobxlxty xndxcafced t h a t one 

acxdxc r e s i d u e was present and t h i s was p l a c e d as a s p a r t a c 

acxd-50 from the mobxlxty evxdence of C6. Re&xdue&-42 and 

52 were t h e r e f o r e placed as amides agreeing vn th the evxdence 

of peptxdes C4 and C6. 

PeptLde T8A (39-48) (Ala-Thr-GJy-Gln-Ala-Ala-
Gly-Phe-Ala-Tyr) 

Dansylatxon wxthout hyd r o l y s x s a f t e r riLne Edman 

degradax.xon s t e p s yxelded bxs-dansyi-"cyrosxre. The zero 

pH 6.5 e l e c t r o p h o r e t i c mobilxty f i x e d xesjdue-42 as glutamxno. 

Peptxde T8B (49-53) (Thr-Asp-Ala-Asn-Lys) 

A sample of the peptide gave two nxnhydrin posxtxve 

zones of mobxlxtxes zero and 1.30 on pH 6.5 elo c t r o p h o r e s x s 

a f t e r havxng undergone two Edman degradation s t e p s . T h i s 

evidence, together wxth pH 6.5 mobxlxty of the xnta c t peptide, 

fxxed resxdue-50 as a s p a r t i c aexd. 

Peptxde T9 (54-55) ( S e r - L y s ) 

D a n s y l a t i o n without h y d r o l y s x s a f t e r a s i n g l e Edman 

degradation y i e l d e d b x s - d a n s y l - l y s i n e . 

Peptxde TIP (56-61) ( G l y - I l e - T h r - T r p - T h r - L y s ) 

The peptxde gave a posxtxve r e s u l t wxth the E h r l i c h 

reagent but tryptophan was not p o s x t i v e l y i d e n t x f i e d as the 

N-termanus followang t h r e e Edman degradatxon s t e p s due to the 

a c i d d e structxon of the dansyl-derxvatxve xn the N-termdnal 
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t r y p t i c evidence. D a n s y l a t i o n without h y d r o l y s i s a f t e r f i v e 

Edman degradations y i e l d e d a-dansyl-^-PTC-lysme. 

Peptide T i l (62-72) (Asp-Thr-Leu-Tyr-Glu-Tyr-Leu-
Glu-A sn-Pro-Lys) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r ten Edman 

degradation s t e p s y i e l d e d a-dansyl-£.-lysine. A c o n s i d e r a t i o n 

of the pH 6.5 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 

a c i d i c r e s i d u e s were present and these weie p l a c e d a t p o s i t i o n s 

62, 66, and 69 from the evidence of peptides C7, C8 and C9 

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

Peptide T l ? (73-79) ( L y s - T y r - I l e - P r o - G l y - T h r ~ L y s ) 

PepLide T12A (74-79) ( T y r - I l e - P r o - G l y - T h r - L y s ) 

Peptide T13 (80-86) (Met-Val-Phe-Ala-Gly-Leu-Lys) 

Peptide T14 (87-89) (Asn-Glu-Lys) 

The pH 6.5 e l e c t r o p h o r e t i c m o b i l i t y of Ihe i n t a c t 

peptide i n d i c a t e d t h a t a s i n g l e a c i d r e s i d u e i s p r e s e n t . 

A sample of the peptide taken a f t e r a s i n g l e Edman degradation 

gave two n i n h y d r m p o s i t i v e zones on pH 6.5 e l e c t r o p h o r e s i s of 

m o b i l i t i e s zero and -1.62 due to the incomplete b l o c k i n g of 

the 1-amino f u n c t i o n of l y s i n e by a phenylthiocarbamyl group 

a f t e r exposure to PITC. T h i s evidence was c o n s i s t e n t w i t h 

residue-88 being glutamic a c i d . 

Peptide T14A (88-91) (Asn-Glu-Lys-Ala-Arg) 

The peptide gave a p o s i t i v e r e a c t i o n with the 
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phenanthraqumone reagent and d a n s y l a t j o n without hydro] ysis 

confirmed cirginine as the C-terminus of T14A. The pH 6.5 

el e c t r o p h o r e t i c m o b i l i t y of T14A i n d i c a t e d the presence of a 

s i n g l e a c i d i c r e s i d u e and t h i s was placed as glutamic a c i d -

89 from the evidence of T ] 4 . A peptide of i d e n t i c a l sequence 

to T3 4A was i s o l a t e d havxng a n e u t r a l pH 6.5 e l e c t r o p h o r c t i c 

m o b i l i t y and t h i s was assumed to be a deamidatod form of 

T14A r a t h e r than a r e a l a l t e r n a t i v e to the sequence. 

Peptide T15 (90-91) (Gln-Arg) 

The peptide gave a p o s i t i v e r e a c t i o n with the 

phenanthraquinone reagent, and d a n s y l a - i o n without h y d x c l y p i s 

a f t e r a s i n g l e Edman degradation confirmed a r g i m n c as the 

C-terminus of T15. The pH 6.5 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 residue-90 was glutamine although, as w i t h 

T14A, a small proportLon of the peptide appeared to be deamxdat 

as judged by the i s o l a t i o n of a peptLde i n 3ow y j e l d having a 

pH 6.5 m o b i l i t y of zero. 

Peptide T16 (92-103) (Ala-Asn-Leu-Ile-Ala-Tyr-Leu-Glu-
Gln-Glu-Thr-Lys) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r e l e v e n Edman 

degradation steps y i e l d e d a - d a n s y l - 1 - P T C - l y s i n e . The pH 6.5 

e l e c t r o p h o r e t i c m o b i l i t y of T16 i n d i c a t e d the presence of two 

a c i d r e s i d u e s and these were p l a c e d from the evidence of C15 

a t p o s i t i o n s 99 and 101. Residue-93 was p l a c e d as asparagme 

from peptide T16A. 
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Peptide T16A (92-97) (Ala-Asn-Leu-Ile-fvla-Tyr) 

D a n s y l a t i c n without h y d r o l y s i s a f t e r f i v e Edman 

degradation steps y i e l d e d b i s - d a n s y l - t y r o s i n e . The pH 6.5 

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 residue-93 was 

asparagme. 

Pepbade T16B (98-103) (Leu-Glu-Gln-Gln-Thr-Lys) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r f i v e Edman 

degradation steps gave a-dansyl-E.-PTC-lysme. The pH 6„5 

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 the presence of two a c i d i c 

r e s i d u e s and these were placed from the evidence of peptide 

C15. 

Amino a c i d sequence 

The overlapping chymotryptic and t r y p t i c peptides gave 

the seqaence of E i s e n i a cytochrome c as shown j n F i g u r e 33. 

The sequence agreed w i t h the ammo a c i d composit.ion data shown 

i n Table 30 with a number of except i o n s . I n a l l the determi

n a t i o n s the v a l u e s obtained f o r s e r i n e , l y s i n e and arginune 

were r o u t i n e l y hjgh, although no evjdence f o r an impurity 

r e s p o n s i b l e f o r such d i s c r e p a n c i e s c o u l d be found from the 

sequence a n a l y s i s . Tryptophan was not determined as p a r t of 

t h e amino a c i d composition, but the b e s t s p e c t r a l r a t i o s of 

the p u r i f i e d E i s e n i a cytochrome c i n d i c a t e d t h a t one r e s i d u e 

was p r e s e n t . 

From F i g u r e 33 i t can be seen t h a t a l l the r e s i d u e s were 

p o s i t i v e l y i d e n t i f i e d by seqaence a n a l y s i s i n both chymotryptjc 
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and t r y p t i c d i g e s t i o n s , w i t h the exception of p o s i t i o n s 16-27 

and 56-59. These were p l a c e d from the p o s i t i v e i d e n t i f i c a t i o n 

by sequence a n a l y s i s i n only one of the d i g e s t i o n s , from ammo 

a c i d composition data or from a combination of the two. 

Tryptophan was not i d e n t i f i e d i n the appropriate t r y p t x c peptide 

because of the d e s t r u c t i o n of dansyl tryptophan durjng the 

a c i d h y d r o l y s i s stage of dansyl a n a l y s i s . No r e s i d u e s were 

pl a c e d without p o s i t i v e i d e n t i f i c a t i o n from a t l e a s t one 

d i g e s t i o n . 

A l l p o s s i b l e o v e r l a p s between chymotryptic and t r y p t i c 

peptides were observed except i n the region C2CB, C^/T5A, T7, 

due to the n o n - i s o l a t i o n of the expected t r y p t i c peptide TO. 

I n t h i s case the peptide order was made c l e a r from a c o n s i d e r a t i o n 

of the appropriate r e g i o n i n other cytochromes c. 

A l l the a c i d i c and amide r e s i d u e s i n d i c a t e d i n the 

sequence were placed, w i t h the exception of glut anune-16, 

from the pH 6.5 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 i n t a c t or 

p a r t i a l l y degraded peptides taken from e i t h e r , or both, of 

the chymotryptic and t r y p t i c d i g e s t i o n s . Glutamine-16 was 

p l a c e d from a comparison of the m o b i l i t i e s of the e q u i v a l e n t 

t r y p t i c peptide from the A s t e r i a s sequence and i n d i r e c t l y 

from the Locusta heme region, where the amide content was 

u n e q u i v o c a l l y determined. The e l e c t r o p h o r e t i c a l t e r n a t i v e s 

of peptides C13, T7, T14A and T15 t h a t were i s o l a t e d were 

a t t r i b u t e d to the deamidation of amide groups during the 

p r e p a r a t i o n of the p e p t i d e s . 
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The observed enzyme s p e c i f i c i t i e s were c o n s i s t e n t with 

those expected (Smyth, 1967) except t h a t only p a r t i a l chymo-

t r y p t i c cleavage was observed a t t y r o s m e - 6 7 and tyrosme-97. 

I n a d d i t i o n , f u l l chymotryptic cleavage was observed a t 

h x s t i d i n e - 2 6 and leucme-85 and p a r t i a l chymotryptic cleavage 

a t h i s t i d m e - 3 3 , methionme-80 and l e u c i n e - 9 4 . P a r t i a l 

t r y p t i c cleavage was observed at l y s m e - 5 , and l y s i n e - 7 3 , 

together w i t h t y r o s i n e - 4 8 and t y r o s m e - 9 7. 

The Amine A c i d Sequence of A s t e r i a s Cytochrome c 

The amino a c i d sequence of A s t e r i a ^ cytochromes o was 

determined from the evidence of a chymotryptic 'ind a t r y p t i c 

d i g e s t i o n , together with a chymotryptic d i g e s t i o n of cyanogen 

bromide fragments, using a t o t a l of 2 umol (24 mg) of p r o t e i n . 

The sequence i s given i n F i g u r e 34 showing the p o i n t s of 

enzyme cleavage together with the oveilappxng peptides from 

which i t was deduced. A l i s t of the chymotryptic p e p t i d e s , 

together w i t h m o b i l i t y and sequence data, i s given i n Table 

31 and a s i m i l a r l i s t of t r y p t i c peptides i s given i n Table 

32. The amino a c i d composition of A s t e r i a s cytochrome c 

was obtained from t h r e e d u p l i c a t e 50 ug samples hydrolysed f o r 

24, 48 and 72 h r e s p e c t i v e l y , and t h i s i s shown i n Table 33. 

D i g e s t i o n 

The o x i d i s e d p r o t e i n was r e a d i l y denatured by 80% ethanol 

(v/v) and adequately d i g e s t e d by both t r y p s i n and chymotrypsin. 



FIGURE 34. 

The Amino A c i d Sequence of A s t e r i a s Cytochrome c. 

Residues which were i d e n t i f i e d by dansyl-Edman a n a l y s i s 

a r e i n d i c a t e d by — t h o s e i d e n t i f i e d by other means, e.g. 

by amino a c i d composition data, are i n d i c a t e d by — r ; those 

i d e n t i f i e d by d i g e s t i o n w i t h carboxypeptidase-A are 

i n d i c a t e d by ^ — ; arrows • • • p i n d i c a t e t h a t the C-termmal 

amino a c i d was i d e n t i f i e d as the f r e e amino a c i d . The 

arrows J,^ i n d i c a t e p o i n t s of complete enzymic cleavage, 

upwards f o r t r y p s i n and downwards f o r chymotrypsm; 

i n d i c a t e p o i n t s of p a r t i a l cleavage, and ||, i n d i c a t e s 

p o i n t s of cleavage using chymotrypsin to d i g e s t the heme 

pep t i d e s . 
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TABLE 31. 

Chymotryptic Peptides f o r A s t e r i a s Cytochrome c 

Pe p t i d e / M M 
P o s i t i o n (pH 6.5) (pH 1.9) 

RDNS-
ARG 
BAWP 

CI 

(1-10) 

C2 
(11-26) 
C2CA 
(11-18) 

C2CB 
(19-26) 

C3 

(27-36) 

C3A 

(27-32) 

C3B 

(33-36) 

C4 

(37-46) 

C4A 

(40-46) 

C5 

(47-48) 

C5A 

(47-59) 

C6 

(49-59) 

C7 

(60-65) 
C8 (66-67) 

0.85 

Dansyl-Edman R e s u l t s 

G l y - G l x - V a l - G l x - L y s - G l y -
L y s - L y s - l l e - P h e 
• * / / 7 ̂  r 

0.20 0.47 0.15 V a l - (Heme peptide; see te x t ] 

1.10 

0.38 

1.08 

Not i s o l a t e d . 

0.95 0.76 

0 0.46 

1.10 0.85 

0.37 0.50 

0.56 

0.56 

-1.52 

0.70 

0.73 

0.73 

0.73 

0.51 

0.24 

Val-Glx-Arq-CyS0 3-Ala-Glx-
( C y S 0 3 f - H i s 7 r 

Thr-Val-Glx-Lys-Ala-Gly-
L y s - H i s 

Lys-Thr-Gly-Pro-Asx-Leu 
—'—7 r V 7 7 \ f 

A sx-Gly-T16-Leu 

Gly-Arg-Lys-Thr-Gly-Glx-
Ala-Ala-Gly-Phe 7 

Thr-Gly-Glx-A3 a-Ala-Gly-
Phe 7 7 7 

Ser-Tyr 

Ser-Tyr-Thr-Asx-Ala-Asx-Arg-
A s x - L y s - G l y - I l e - T h r - T r p 

Thr-Asx-Ala-A sx-Arg-A s x - L y s -
G l y - I l e - T h r - ( T r p ) 

0.15 Lys-Asx-Glx-Thr-Leu-Phe 

Glx-Tyr 



TABLE 31 (Cont'd) 

C8A 0 0.80 0.46 Glx-Tyr-Leu-Glx-Asx-Pro-Lys-
. r ̂  „ - v

 7 ' 7 r 7 7 (66-74) L y s - T y r 

C9 0.77 0.84 Leu-Glx-Asx-Pro-Lys-Lys-Tyr 
_ _ _ . . 7 7 7 7 * / •*'/ — L T 

(68-74) 

CIO 
(75-80) 

0.87 0.78 0.46 Ile-Pro-Gly-Thr-Lys-Met 

C10A 0.80 0.64 Ile-Pro-Gly-Thr-Lys-Met-Val-
(75-82) Phe " 7 7 7 

C l l 0 0.67 0.98 Val-Phe 
(81-82) 

C11A 0 0.49 Val-Phe-Ala-Gly-Leu 
(81-85) 7 7 ~ 7 

C12 O 0.68 0.83 Ala-Gly-Leu 
(83-85) ' 

C13 1.20 0.99 Lys-Lys-Glx-Lys-Glx-Arg-Glx-
(86-94) Asx-Leu 7 7 7 

0.93 0.17 Lys-Lys-Glx-Lys-Glx-Arg-Glx-
|J — * I 7 * / ' 1 /• — — T / 

C13A 1.09 
(86-97) A s x - L e u - I l e - A l a - T y r 

C14 0 0.56 0.94 I l e - A l a - T y r 
(95-97 7 7 

C15 O 0.66 0.21 Leu-Glx-Ala-Ala-Thr-Lys 
(98-103) 7 7 7 7 7 

C15A 0 0.81 0.14 Glx-Ala-Ala-Thr-Lys 
(99-103) 7 7 7 7 



TABLE 32. 

T r y p t i c Peptides from A s t e n a s Cytochrome c 

P e p t i d e / M M 
P o s i t i o n (pH 6.5) (pH 1.9) 

RDNS-
ARG 
BAWP 

Dansyl-Edman r e s u l t s 

T l 

(1-5) 

T2 

(6-7) 

T3 

(9-13) 

T4 
(14-22) 
T4CA 
(14-18) 
T4CB 
(19-22) 
T5 

(23-25) 

T6 

(26-27) 

T7 

(28-38) 

T8 
(40-53) 

(54-55) 

T10 

(56-59) 

T i l 
(60-73) 

2.05 

1.60 

2.30 

0.54 

1.78 

0.77 0.44 

1.55 

Gly-Gl x-Val-Glx-Lys^ 

G I ^ - L Y S 

0.87 0.75 0.46 Ile-Phe-Val-Glx-Arg 

0.30 0.23 (Heme peptide; see t e x t ) 

0.41 

0.96 

CySOo-Ala-(Glx,CySO )-His 

T h r - V a l - G ] x - ( L y s ) 

1.25 0.36 A l a -a-Gly-Lys 

1.62 

0.49 0.58 

Hi s - L y s 

Thr-Gly-Pro-Asx-Leu-Asx-Glj-
I l e - L e u - ( G l y , A r g ) 

0.56 0.23 Thr-Gly-Glx-Ala-Ala-Gly-Phe-r 7- — ~ y r Ser-Tyr-Asx-Ala-Asx-(Arg) 

1.28 -Asx-Lys 

0.35 0.72 0.43 G l y - I l e - T h r - ( T r p ) - L y s 

-0.45 0.62 0.69 Asx-Glx-Thr-Leu-Phe-Glx-Tyr-
Leu-Glx-(Asx,Pro,Lys,Lys) 

T?11A 
(60-72) Not i s o l a t e d . 



TABLE 32 (Cont'd.) 

T12 
(74-79) 

T12A 
(73-79) 

T13 0.87 0.66 
(80-86) 

0.87 0.76 0.58 T y r - I l e - P r o - G l y - T h r - L y s 

1.78 0.90 0.38 L y s - 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 

T14 1.78 1.26 Glx-Lys 
(88-89) 7 

T15 0 1.15 Glx-Arg 
(90-91) 7 

T15A -0.54 0.55 0.24 Glx-Arg-Glx-Asx-Leu-Tle-Ala-
(90-103) Tyr-Leu-Glx- ( A l a l i a , Th'r, Lys) 

T15B -0.83 0.58 Glx-Arq-Glx-Asx-Leu-Ile-Ala-
(90-97) Tyr 7 " 7 7 ^ 

T16 0.58 0.51 0.39 Glx-Asx-Leu-Ile-Ala-Tyr-Leu-
(92-103) Glx-A1a-Ala-(Tnr,Lys) 

T16A -0.83 0.28 G l x - A s x - L e u - I l e - A l a - T y r 
(92-97) 7 7 7 7 

T16B 
(98-103) 
T16B 0 0.68 0.28 Leu-Glx-Ala-Ala-Thr-Lys 
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F c r the chymotryptIC d i g e s t s , 8 mg of cytochrome c was 

o x i d i s e d and denatured and e q u i l i b r a t e d a t 3 7°C and pH 8.0 

under n i t r o g e n . 2% (w/w) enzyme was added, at zero time; 

a f u r t h e r 2% (w/w) a f t e r 60 mm and the d i g e s t i o n was terminated 

a f t e r 80 rmn had e l a p s e d . 8 mg of cytochrome c was s i m i l a r l y 

t r e a t e d p r L o r t o d i g e s t i o n w i t h t r y p s i n . A f t e r e q u i L i b r a r j o n 

a t 3 7°C and pH 8.0, 2% (w/w) t r y p s i n was added at zero time; 

a f u r t h e r 2% a t 40 mm and the d i g e s t i o n wat. terminated a l t e r 

70 min. A cyanogen bromide cleavage was performed on 8 mg 

of cytochrome c. The o x i d i s e d p r o t e i n was d i s s o l v e d i n 200 pi 

of 70% (v/v) formic ac Ld and a 150 niolnr excess of cyanogen 

bromide was added i n 400 u l of 70% (v/v) focmic a c i d . 

I ncubation was f o r 24 h i n the dark at 26°C and the two 

r e s u l t i n g p r o t e i n fragments were se p a r a t e d by passage through 

a column (1 cm x 100 cm) of Sephadex G-50 e q u i l i b r a t e d i n 70% 

(v/v) formic a c i d . The two fragments were ] y o p h i l i s e d and 

each d i g e s t e d w i t h 5% chymotrypsm a t 3/°C and pH 8.0 f o r 

1 h. 

Chymotryptic Peptides 

Peptide CI (1-10 ( G l y - G l n - V a l - G l u - L y s - G l y - L y s - L y s - I l e - P h e ) 

The peptide was i n i t i a l l y p u r i f i e d as p a r t of a l a r g e r 

fragment as judged by the amino a c i d composition and 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 . D i g e s t i o n w i t h 5% chymotrypsin f o r 

30 min a t pH 8.0 and 37°C produced a peptide whose sequence 

i s given above and whose pH 1.9 e l e c t r o p h o r e t i c m o b i l i t y was 
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1.05. A peptide a l i q u o t taken a f t e r three Ednan degradations 

had an e l e c t r o p h o r e t i c mobxi j.ty a t pH 6.5 of -0.72, and t h i s 

information, together w i t h t h a t from Peptide T l , placed 

p o s i t i o n 2 as glatamine and p o s i t i o n 4 as qlutamic a c i d . 

Pepti.de C2 (11-26) (Heme peptide) 

The heme peptide was p u r i f i e d by e l e c t r o p h o r e s i s 

and paper chromatography and was shown to have v a l i n e as i t s 

N-Lernnnal ammo a c i d . A f t e r m i l d performic o x i d a t i o n i t was 

dj g c s L i n n w i t h 5% chymotrypsin a t pH 8.0 and 37°C to produce 

peptides. C2CA and C2CB whit-h were separated by e l e c t r o p h o c e s j s 

a t pH 1.9. 

Peptide C2CA (11-18) (Val-Gln-Arg-CyG0 3~Ma-CJ n-
CyS0 3-His) 

The pH 1.9 g u i d e - s t r i p s gave p o s i t i v e Pauly and 

phenanthragumone r e a c t i o n s i n d i c a t i n g the presence of arg:.nme 

and h i s t i d i n e , and d i g e s t i o n of a 10% peptide a l i q u o t v/xtn 

carboxypeptida.3e-A f o r 9 h followed by dansyl a n a l y s i s 

i n d i c a t e d h i s t i d m e as the C-termma] ammo a c i d . The 

dansyl-Edman a n a l y s i s gave only the f i r s t s i x p o s i t i o n s of 

the peptide; the c y s t e i c a c i d a t p o s i t i o n 17 was p l a c e d from 

the s e m i - q u a n t i t a t i v e ammo a c i d composition. The placement 

of amides was not p o s s i b l e from 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 C2CA due to 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 p o s i t i o n 12 co u l d be p l a c e d as glutamine from the evidence 

of peptide T3 and a comparison w i t h the m o b i l i t y of the 

http://Pepti.de
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e q u i v a l e n t peptide i n the Locu s t a sequence i n d i c a t e d thab 

p o s i t i o n 16 was a l s o glutamme. 

Peptide C2CB (19-26) (Thr-Val-Glu-Lys-Ala--Gly-Lys-His) 

The peptide gave a p o s i t i v e Pauly r e a c t i o n and a 24 h 

d i g e s t i o n of a sample w i t h carboxypeptidase-A y i e l d e d b i s - d a n s y L 

h i s t i d m e a f t e r dansyl a n a l y s i s . A f u r t h e r sample of the 

peptide had an 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 of 1.10 and 

together with the m o b i l i t y evidence from peptide T4CB pi decs 

residue-21 as glutamic a c i d . 

PeptLde C3A (27-32) (Thr-Cly-Pro-Asn-Leu) 

A 3 h d i g e s t i o n with carboxypapLida&e-A of a 10% 

a l i q u o t of C3A gave d a n s y l - l e u c m e a f t e r dansyl a n a l y s i s , and 

the C-terminus was confirmed as l e u c i n e by d a n s y l a ^ j o n without 

h y d r o l y s i s a f t e r the f i f t h Edman degradation. Tbo e l e c t r o -

p h o r e t i c m o b i l i t y at pH 6.5 f i x e d residue~31 as a^paraginc. 

Peptide C3B (34-36) ( A s n - G l y - I l e - L e u ) 

D i g e s t i o n with carboxypeptidase-A f o r 3 h gave da n s y l -

l e u c i n e a f t e r dansyl a n a l y s i s . The peptide was n e u t r a l during 

pH 6.5 e l e c t r o p h o r e s i s i n d i c a t i n g p o s i t i o n 34 to be asparagme. 

Peptide C4 (37-46) (Gly-Arg-Lys-Thr-Gly-Gln-Ala-Ala-Phe) 

The presence of a r g i n i n e was i n d i c a t e d using the 

phenanthraquinone reagent and confirmed during the sequence 

a n a l y s i s . A 3 h d i g e s t i o n w i t h carboxypeptidase-A followed 

by dansyl a n a l y s i s produced dans y l - p h e n y l a l a n i n e w h i l s t s i m i l a r 
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treatment of a 24 h d i g e s t i o n produced l a r g e amounts of da n s y l -

p h e n y l a l a n m e and dancyl-g l y c m e , together wxth s i g n x f i c a n t 

amounts of d a n s y l - a l a n m e . The e l e c t r o p h o r e t i c m o b i l i t y at 

pH 6.5, although s l i g h t l y lower than expected, i n d i c a t e d t h a t 

p o s i t i o n 42 was glutamine. 

Peptide C^A (40-46) (Thr~Gly-Gln-Ala-Ala-Gly-Phe) 

T h i s peptide was obtained i n good y i e l d and could 

only have r e s u l t e d from anomalous chymotryptic cleavage a t 

argxnme — 38. D i g e s t LOOL f o r 3 h with carboxypeptidase-A 

followed by dansyi a n c i ^ s x s i n d i c a t e d t h a t p h enylalanine was 

the C-terminal ammo a c i d and t h i s was confmnc-d by dctnsy] at <.on 

without h y d r o l y s i s f o l l o w i n g the s i x t h Edman degradation s t e p . 

P o s i t i o n 42 was p l a c e d as glutamxne from 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 pPI 6.5. 

Peptide C5 (4 7-48) ( S e r - T y r ) 

D a n s y l a t i o n without h y d r o l y s i s f o l l o w i n g the f a r s t 

Edman degradation s t e p confirmed t y r o s i n e as the C-termmal 

amino a c i d . 

Peptide C5A (47-59) (Ser-Tyr-Thr-Asp-Ala-Asn-Arg-Asn-
L y s - G l y - I l e - T h r - T r p ) 

The peptide was p u r i f i e d by e l e c t r o p h o r e s i s and paper 

chromatography and gave p o s i t i v e r e s u l t s w i t h the E h r l i c h and 

phenanthraquinone re a g e n t s . D i g e s t i o n of a sample w i t h 

carboxypeptidase-A f o r 3 h, followed by dansyl a n a l y s i s , 

i n d i c a t e d tryptophan to be the C-terminal r e s i d u e . A s i m i l a r 
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9 h d i g e s t i o n y i e l d e d s i g n i f i c a n t amounts of threonine, together 

w i t h the tryptophan, as judged by dansyl a n a l y s i s . During 

the t r i f l u o r o a c e t j c a c i d stage of the f i r s t Edman degradation, 

the sample e x h i b i t e d a pink c o l o r a t i o n , i n d i c a t i n g the presence 

of tryptophan (Uphaus et a l . , 1959). 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 pll 6.5 of the pur i f i.ed peptide, and of samples 

of the peptide a f t e r four and s i x Edman degradation s t e p s , 

i n d i c a t e d t h a t residue-50 was a s p a r t i c a c i d . 

Peptide C6 (49-59) (Thr-Asp-Ala-Asn-Arg-Asn-Lys-
Gly-Tle-Thr-Trp) 

The peptide gave a p o s i t i v e r e s u l t w i t h both the 

E h r l i c h and phenanthraqumone reagents m d i c a t i r g tr.e presencu 

of tryptophan and a r g i n i n e . The presence of tryptophan <=is 

•che C-termi.nus c o a l d not be confirmed although m o b i l i t y 

c o n s i d e r a t i o n s demanded t h a t t h i s was so, together w i t h the 

evidence of peptide C5A. The p l a c i n g of a s p a r t i c aoLd a t 

p o s i t i o n 50 was from the evidence f o r peptide C5A. 

Peptide C7 (60-65) (Lys-Asn-Glu-Thr-Leu-Phe) 

D i g e s t i o n with carboxypeptidase-A followed by dansyl 

a n a l y s i s gave dansyl-phenylalanme a f t e r 3 h and both d a n s y l -

p h e n y l a l a n i n e and d a n s y l - l e u c m e a f t e r 9 h. The pH 6.5 

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 s the presence of one a c i d 

r e s i d u e and the m o b i l i t y of a peptide a l i q u o t a t pH 6.5 a f t e r 

two s t e p s of the Edman degradation was -1.15 p l a c i n g p o s i t i o n 

62 as glutamic a c i d . 
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Peptide C8 (66-67) (Glu-Tyr) 

The pept3.de had a pll 6.5 e l e c t r o p h o r e t i c m o b i l i t y of 

-1.52 i n d i c a t i n g p o s i t i o n 66 to be glutamic a c i d . D a n s y l a t i o n 

of a peptide a l i q u o t a f t e r a s i n g l e Edman degradation y i e l d e d 

b i s - d a n s y l - t y r o s m e , confirming t y r o s i n e as the C-termmal 

ammo a c i d . 

Peptide 8A (66-74) (Glu-Tyr-Leu-Glu-Asn-Pro-Lys-Lys-Tyr) 

The peptide was n e u t r a l during pH 6.5 e l e c t r o p h o i c s i s 

i n d i c a t i n g the presence of two a c i d i c r e s i d u e s p l a c e d a t 

p o s i t i o n 66 from peptide C7 and p o s i t i o n 69 from peptide C9, 

D i g e s t i o n with carboxypeptidase f o r 3 h followed by d-^nsyl 

a n a l y s i s confirmed t y r o s i n e as the C-terimnal ammo a c i d . 

Peptide C9 (68-74) (Leu-Gl a-Asn-Pro-Lys-Lys~Tyr) 

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 at pH 6.5 a f t e r 

p u r i f i c a t i o n , and a f t e r two Edman degradation s t e p s , p l a c e d 

residue-69 as glutamic a c i d * 

Peptide CIO (75-80) (Ile-Pro-Gly-Thr-Lys-Met) 

During the t r i f l u o r o a c e t i c a c i d stage of the f i r s t 

Edman degradation, the peptide showed a rose-pink c o l o r a t i o n 

c h a r a c t e r i s t i c of tryptophan (Uphaus et a l . , 1959). No other 

evidence c o u l d be found to support t h i s o b s e r v a t i o n . 

Peptide C10A (75-82) (Ile-Pro-Gly-Thr-Lys-Met-Val-Phe) 

D i g e s t i o n w i t h carboxypeptidase-A f o r 3 h gave phenyl

a l a n i n e as the C-terminal amino a c i d a f t e r dansyl a n a l y s i s . 

http://pept3.de
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Pepti.de C l l (81-82) (Val-Phe) 

Carboxypeptadase-A d i g e s t i o n f o r 3 h y i e l d e d dansyl--

p henylalanme a f t e r d a n s y l a t i o n and t h i s was confirmed as 

the C-termmal r e s i d u e by d a n s y l a t i o n without h y d r o l y s i s 

f o l l o w i n g the f i r s t Edman degradation s t e p . 

Peptide C11A (81-85) (Val-Phe-Ala-Gly-Leu) 

Peptide C12 (83-85) (Ala-Gly-Leu) 

D i g e s t i o n with carboxypeptidase-A f o r 3 h followed 

by dansyl a n a l y s i s p l a c e d l e u c i n e as the C-termmal ammo a c i d . 

Peptide C13 (86-94) (Lys-Lys-Gln-Lys-Glu-Arg-Gln-Asp-Leu) 

The peptide gave a p o s i t i v e r e a c t i o n with tne phenan-

thraqumone reagent and d i g e s t i o n w i t h carboxypeptidase-A 

followed by dansyl a n a l y s i s f i x e d l e u c i n e as the C-terminal 

amino a c i d . The two a c i d i c r e s i d u e s expected from the pH 6.5 

e l e c t r o p h o r e t i c m o b i l i t y data were p l a c e d from the. m o b i l i t i e s 

of t r y p t i c peptides w i t h T14 f i x i n g residue-88 as glutamme, 

T15 residue-90 as glutamiq a c i d , and T15B residue-92 as glutamine 

and residue-93 as a s p a r t i c a c i d . 

Peptide C13A (86-97) (Lys-Lys-Gln-Lys-Glu-Arg-Gln-
A s p - L e u - l l e - A l a - T y r ) 

The peptide gave a p o s i t i v e r e a c t i o n w i t h the phenan-

thraquinone reagent. D i g e s t i o n w i t h carboxypeptidase-A 

y i e l d e d t y r o s i n e a f t e r 3 h, and t y r o s i n e together w i t h s i g n i 

f i c a n t amounts of a l a n i n e and i s o l e u c i n e a f t e r 24 h in c u b a t i o n , 

as shown by dansyl a n a l y s i s . The pH 6.5 e l e c t r o p h o r e t i c 

http://Pepti.de
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m o b i l i t y i n d i c a t e d the presence of two a c i d L C r e s i d u e s and 

these were placed as i n C13 from the appropriate t r y p t i c 

p e p t i d e s . 

Peptide CI4 (95-9 7) ( I l e - A l a - T y r ) 

D i g e s t i o n w i t h carboxypeptidase-A f o r 3 h followed 

by dansyl a n a l y s i s i n d i c a t e d t h a t t y r o s i n e was the C-tcrminal 

amino a c i d . 

Peptide C15 (98-103) (Leu-Gla-Ala-Ala-Thr-Lys) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r f i v e Edman 

degradations gave b i s - d a n s y i - l y s i n e confirming l y s i n e as the 

C-terminal ammo a c i d . The m o b i l i t y of CIS on pH 6.5 

e l e c t r o p h o r e s i s i n d i c a t e d t h a t residue-99 was glutamic a c i d . 

Peptide C15A (99-103) (Glu-Ala-Ala-Thr-Lys) 

The peptide was n e u t r a l on pH 6.5 e l e c t r o p h o r e s i s 

confirming residue-99 as glutamic acad. 

T r y p t i c Peptides 

Peptide T l (1-5) (Gly-Gln-Val-Glu-Lys) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r four Edman 

degradations y i e l d e d b i s - d a n s y l - l y s i n e . C o n s i d e r a t i o n of the 

pH 6.5 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 l i n d i c a t e s the presence 

of a s i n g l e a c i d r e s i d u e and t h i s was p l a c e d as glutamic a c i d 

a t p o s i t i o n 4 from the pH 6.5 m o b i l i t y of a peptide sample 

a f t e r t h r e e Edman degradations which was equal t o -1.40. A 

peptide W3th a s i m i l a r sequence was p u r i f i e d m low y i e l d 
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havmg a pll 6.5 elec t r o p h o r e t J L C m o b i l i t y equal to -0.96. 

T h i s was assumed to be a deamidated form r a t h e r than an 

a l t e r n a t i v e form of peptide T l . 

Peptide T2 (6-7) (Gly-Lys) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r the f i r s t Edman 

degradation confirmed p o s i t i o n 7 as l y s i n e . 

Peptide T3 (9-13) (Ile-Phe-Val-Gln-Arg) 

The peptide gave a p o s i t i v e r e a c t i o n w i t h the phenan-

thraquinone reagent and although the r e s u l t of the f i n a l dan&yl-

Edman s t e p was unclear, d a n s y l a t i o n without h y d r o l y s i s a t 

t h i s stage confirmed a r g m i n e as the C-terminal .'mj.no a c i d . 

The pH 6.5 e l e c t r o p h o r e s i s m o b i l i t y data placeb r(=isidue-12 

as glutamme. 

Peptide T4 (14-22) (Heme peptide) 

The heme peptide was p u r i f i e d by e l e c t r o p h o r e s i s and 

paper chromatography, dehemed us i n g a m i l d performic o x i d a t i o n , 

and d i g e s t e d with 5% chymotrypsin a t 37°C and pH 8.0 f o r 1 h. 

The two products, T4CA and T4CB, were separated by e l e c t r o p h o r e s i 

a t pH 1.9. 

Peptide T4CA (14-18) (CyS0 3-Ala-Gln-CyS0 3-His) 

D i g e s t i o n with carboxypeptidase-A followed by dansyl 

a n a l y s i s i n d i c a t e d t h a t h i s t i d i n e w a s the C-termmal r e s i d u e . 

The dansyl-Edman evidence beyond the second Edman degradation 

was i n c o n c l u s i v e and residues-16 and 17 were p l a c e d from a 

s e m i - q u a n t i t a t i v e amino a c i d composition conducted a t t h i s 

http://'mj.no
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s t a g e . P o s i t i o n 16 was placed as glutamme from the evidence 

of peptide C2CA. 

Peptide T4CB (19-22) (Thr-Val-Glu-Lys) 

The t h i r d dansyl-Edman st e p proved i n c o n c l u s i v e but 

the l y s i n e was p l a c e d from the r e s u l t s of d a n s / l a t i o n without 

h y d r o l y s i s a f t e r t h r e e Edman degradations. A sample of the 

pur i f Led peptide was n e u t r a l on pl-l 6.5 e l e c t r o p h o r e s i s i n d i c a t i n g 

t h a t p o s i t i o n 21 must be glutamic a c i d . 

Pepcide T5 (23-25) (A]a-Gly-Lys) 

Dansy]ation of T5 a f t e r ttfo Edman degradations y i e l d e d 

b i s - d a n s y l - l y s i n e . 

Peptide T6 (26-27) ( H i s - L y s ) 

I d e n t i f i c a t i o n of a - N - d a n s y l - h i s t i d i n e during che 

determination of the N-terminus of T6 proved i r . r o n c l a s i v e , but 

the presence of b i s - d a n s y l - h i s t i d m e was obsei vod during the 

s e m i - q u a n t i t a t i v e determination of the amino a c i d composition 

of T6. The composition of T6 showed an absence of any 

h i s t i d i n e a f t e r the f i r s t Edman degradation, thus f i x i n g 

residue-26 as h i s t i d i n e . D a n s y l a t i o n without h y d r o l y s i s a t 

t h i s p o i n t y i e l d e d b i s - d a n s y l - l y s i n e . 

Peptide T7 (28-37) (Thr-Gly-Pro-Asn-Leu-Asn-Gly-
Ile-Leu-Gly-Arg) 

The peptide r e a c t e d p o s i t i v e l y w i t h the phenan-

thraquinone reagent i n d i c a t i n g the presence of a r g i m n e . The 

dansyl-Edman evidence was i n c o n c l u s i v e a f t e r nine degradations, 
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but a semi-quant L t a t w e amino aci-d composition conducted on the 

peptide r e s i d u e at t h i s stage i n d i c a t e d the presence of g l y c i n e 

and a r g i n i n e 0 The pll 6.5 e l e c t r o p h o r e t i c m o b i l i t y was lower 

than expected but s t i l l i n d i c a t e d t h a t residues-32 and 33 were 

both asparagme. 

Peptide T8 (40-53) (Thr-Gly-Gln-Ala-Ala-Gly-Phe-
Ser-Tyr-Thr~Asp-Ala-Asn-Arg) 

The peptide gave a p o s i t i v e r e s u l t w ith the phenan-

thraquinone reagent. The dansyl-Edman r e s u l t s were i n c o n c l u s i v e 

beyond t h i r t e e n degradation steps but residue-53 was p l a c e d 

from amino a c i d composition data. The presence of a s i n g l e a c i d 

r e s i d u e was i n d i c a t e d by the pH 6.5 e l e c t r o p h o r e t i c m o b i l i t y 

and t h i s was p l a c e d at p o s i t i o n 50 as a s p a r t i c a c i d from the 

evidence of peptide C5A. 

Peptide T9 (54-55) (Asn-Lys) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r the f i r s t Edman 

degradation s t e p y i e l d e d b i s - d a n s y l - l y s m e . P o s i t i o n 55 was 

p l a c e d as asparagme from c o n s i d e r a t i o n of the pH 6.5 e l e c t r o 

p h o r e t i c m o b i l i t y . 

Peptide TIP (56-60) (Gly-Tle- Thr-Trp-Lys) 

The peptide gave a p o s i t i v e r e a c t i o n with the E h r l i c h 

reagent i n d i c a t i n g the presence of tryptophan, which was placeo 

at p o s i t i o n 59 from the evidence of a blank dansyl-Edman an a l y 

s i s at degradation s t e p three between p o s i t i v e a n a l y s e s a t 

degradation steps two and four. The tryptophan could a l s o be 
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p l a c e d as residue-59 from the evidence of peptide C5A. 

Dan s y l a t i o n wiLhout h y d r o l y s i s a f t e r four Edman degradation 

s t e p s confirmed Lysine as the C-termxnus of T10. 

Peptide T i l (61-73) (Asn-Glu-Thr-Leu-Phe-GLii-Tyr-
Leu-Glu-Asn-Pro-Lys-Lys) 

The dansyl-Edman evidence was i n c o n c l u s i v e beyond 

nine degradation s t e p s , but a s e m i - q u a n t i t a t i v e ammo a c i d 

composition a t t h i s stage y i e l d e d s i g n i f i c a n t q u a n t i t i e s of 

p r o l i n e , a s p a r t i c a c i d and l y s i n e . Residues-71 to 73 were 

p l a c e d from ammo a c i d composition data and from the evidence 

of C8A and C9. The pH 6.5 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 i l 

i n d i c a t e d t h a t t h r e e a c i d r e s i d u e s were present and these wore 

p l a c e d a t p o s i t i o n s 62, 66 and 69 from the m o b i l i t y evidence 

of peptides C7, C8, C8A and C9. 

Peptide T12 (74-79) ( T y r - I l e - P r o - G l y - T h r - Lys) 

Peptide T12A (73-79 (Lys-Tyr-lle-Pro-Gly-Thr-Ly&) 

Peptide T13 (80-86) (Met-Val-Phe-Ala-Gly-Leu-Lys) 

D o n s y l a t i o n without h y d r o l y s i s a f t e r s i x Edman 

degradation s t e p s y i e l d e d a-dansyl-E-PTC-lysme. 

Peptide T14 (88-89) (Gln-Lys) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r the f i r s t Edman 

degradation confirmed residue-89 as l y s i n e w h i l s t a co n s i d 

e r a t i o n of the pH 6.5 e l e c t r o p h o r e t i c m o b i l i t y f i x e d residue-88 

as glutamine. 
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Peptide T15 (90-91) (Clu-Aig) 

The peptide r e a c t e d p o s i t i v e l y w i t h the phenan-

thraqumone reagent and a r g i n m e was confirmed i n p o s i t i o n 91 

by d a n s y l a t i o n without h y d r o l y s i s a f t e r a s i n g l e Edman 

degradation s t e p . T15 was n e u t r a l on pil 6.5 e l e c t r o p h o r e s i s , 

i n d i c a t i n g t h a t residue-90 was glutamic a c i d . 

Peptide T15A (90-103) (Glu-Arg-Gln-Asp-Leu-Ile-Ala-
Tyr-Leu-Glu-Ala-Ala-Thr-Lys) 

The peptide gave a p o s i t i v e r e a c t i o n w i t h the phenan-

thraquinone reagent. The dansyl-Edman evidence wat, incon

c l u s i v e beyond ten degradations, and r e s i d u e s 100-103 were 

p l a c e d from s e m i - q u a n t i t a t i v e amino a r i d composjtions conducted 

on the p u r i f i e d peptide and the peptide l e s i d u e a f t e r t e n 

degradation s t e p s . C o n s i d e r a t i o n of the pH 6.5 e i 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 the presence of th r e e a c i d jesiduet. and 

these were p l a c e d as glutamic a c i d - 9 0 , a s p a r t i c acid-93 and 

glutamic acid-99 from peptides T3 5, T15B and T16B r e s p e c t i v e l y . 

Peptide T15B (90-97) (Glu-Arg-Gln-Asp-Leu-Ile-Ala-Tyr) 

D i g e s t i o n of the peptide f o r t h r e e hours w i t h 

carboxypeptidase-A f o l l o w e d by dansyl a n a l y s i s y i e l d e d b i s -

d a n s y l - t y r o s i n e , i n d i c a t i n g t h a t T15B arose from an anomalous 

t r y p t i c cleavage a t t y r o s i n e - 9 7 . The m o b i l i t y of the 

p u r i f i e d peptide on pH 6.5 e l e c t r o p h o r e s i s was -0.83 and t h i s 

became -1.0 a f t e r t h r e e Edman degradation s t e p s i n d i c a t i n g 

r esidue-93 to be a s p a r t i c a c i d , given t h a t residue-90 was 

glutamic a c i d from the evidence of peptide T15. 
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Peptide T16 (92-103) (Gin-Asp-Leu-Ile-Ala-Tyr-Leu-Glu-
Ala-Ala-Thr-Lys) 

The dansyl-Edman a n a l y s i s was i n c o n c l u s i v e beyond 

te n degradation steps so t h a t residues-102 and 103 were p l a c e d 

from ammo a c i d composition data and from peptides T!!6B, C16 

and C16B. The two a c i d i c r e s i d u e s expected from m o b i l i t y 

c o n s i d e r a t i o n s were p l a c e d a t posi t i o n s 93 and 99 from the 

evidence of peptides T15B and T16B res p e c t i v e l y , , 

Peptide T16A (92-97) (G3n-Asp-Leu-Ile-Ala-Tyr) 

D i g e s t i o n w i t h carboxypeptidase-A f o r 3 h followed 

by dansyl a n a l y s i s y i e l d e d b i s - d a n s y l - t y r o s i n e i n d i c a t i n g chat 

T16A r e s u l t e d from anomalous t r y p t i c cleavage a t t y i osine-9 7. 

C o n s i d e r a t i o n of the pH 6.5 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 

the presence of a s i n g l e a c i d i c r e s i d u e and t h i s was pl a c e d 

as a s p a r t i c a c i d a t p o s i t i o n 93 from the evidence of T15B. 

Peptide T16B (98-103) (Leu-Glu-Ala-Ala-Thr-Lys) 

D a n s y l a t i o n without h y d r o l y s i s a f t e r f i v e Edman 

degradation s t e p s confirmed l y s i n e as the C-terminal r e s i d u e 

of T16B. The peptide was n e u t r a l on pH 6.5 e l e c t r o p h o r e s i s 

i n d i c a t i n g t h a t p o s i t i o n 99 was occupied by glutamic a c i d . 

Amino a c i d Sequence 

The overlapping chymotryptic and t r y p t i c peptides gave 

the sequence of A s t e r i a s cytochrome c as shown i n F i g u r e 34. 

The sequence agreed with the ammo a c i d composition data 

shown m Table 33 w i t h a number of exc e p t i o n s . I n a l l 
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determmntions, v a l u e r obtained f o r a s p a r L i c a c i d , s e r i n e and 

l y s i n e were r o u t i n e l y high but no evidence f o r an impurity 

a s s o c i a t e d w i t h the p u r i f i e d cytochrome could be found from 

the sequence a n a l y s i s . The low v a l u e f o r glutamic a c i d may 

have been due to the incomplete deamidatior of glutamme under 

the c o n d i t i o n s of the a c i d h y d r o l y s i s . Tryptophan was not 

determined as p a r t of the amino a c i d composition, but the 

b e s t s p e c t r a l r a t e s of p u r i f i e d A s t e n a s cytochrome c i n d i c a t e d 

t h a t one r e s i d u e was p r e s e n t . 

From F i g u r e 34 i t can be seen t h a t a l l the r e s i d u e s were 

p o s i t i v e l y i d e n t i f i e d by sequence a n a l y s i s i n both chymotryptic 

and t r y p t i c d i g e s t s , except at p o s i t i o n s 16, 17, 22, 3 7, 38, 

53, 70, 71 and 72. These r e s i d u e s were pl a c e d from on]y one 

of the d i g e s t i o n s , from amino a c i d composition data, or from 

a combination of the two. The l y s i n e r e s i d u e s a t p o s i t i o n s 

8, 39 and 84 could not be p o s i t i v e l y i d e n t i f i e d i n che t r y p t i c 

d i g e s t because of the course of t r y p t i c cleavage at 

(-X-Lys-Lys-X-) sequences, and tryptophan-59 was not observed 

i n the t r y p t i c d i g e s t because of the d e s t r u c t i o n of d a n s y l -

tryptophan during the a c i d h y d r o l y s i s stage of dansyl 

a n a l y s i s . Only cysteme-17 was not p o s i t i v e l y i d e n t i f i e d 

i n e i t h e r the chymotryptic or t r y p t i c d i g e s t and t h i s r e s i d u e 

c o u l d only be p l a c e d from amino composition data. 

A l l p o s s i b l e o v e r l a p s between chymotryptic and t r y p t i c 

p e p t i d e s were observed except i n the r egion C3B-C4/T7-T8 
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where the placement of peptides i s unambiyuous from an 

i n s p e c t i o n of the sequences of C3B and T7 and C4, C4A and T8. 

A l l the amides i n d i c a t e d i n the sequence cou l d be placed, 

w i t h the exception of glutamme-L6, from the e l e c t x o p h o r e t i c 

m o b i l i t i e s a t pH 6.5 of the complete, or p a r c i a l l y degraded, 

peptides taken from e i t h e r , or both, of the chymotryptic and 

t r y p t i c d i g e s t s . Glutamine-16 i s p l a c e d from a comparison 

of m o b i l i t i e s w i t h the e q u i v a l e n t peptide m Locus^a cytochrome 

c where the amide content of the heme region was u n e q u i v o c a l l y 

determined. Evidence f o r a proportion of T l , having a more 

a c i d i c pH 6.5 e l e c t r o p h o r e t i c m o b i l i t y , was a t t r i b u t e d to 

deamidation of glutamine-2 during peptide p r e p a r a t i o n , r a t h e r 

than h e t e r o g e n e i t y a t r e s i d u e - 2 . No a l t e r n a t i v e forms of 

peptide C l were observed. 

The observed enzyme s p e c i f i c i t i e s were c o n s i s t e n t w i t h 

those expected (Smyth, 1967) except t h a t only p a x t i a l cleavage 

was observed a t phenylalanme-46, t y r o s i n e - 4 8 and t y r o s i n e - 6 7 . 

I n a d d i t i o n , f u l l chymotryptic cleavage was observed at 

h i s t i d i n e - 2 6 , l e u c i n e - 3 2 , l eucine-36 and l e u c i n e - 8 6 , w h i l s t 

p a r t i a l cleavage was observed a t methionine-80, l e u c i n e - 9 4 

and l e u c i n e - 9 8 . P a r t i a l t r y p t i c cleavage was observed a t 

l y s i n e - 7 2 and l y s i n e - 7 3 , and a r g i n i n e - 9 1 , together w i t h 

t y r o s m e - 9 7 . 
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12. 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 of 
Arenico La Cytochrome c 

Approximately 3 mg (0.25 unol) of o x i d i s e d and denatured 

A r o n i c o l a cytochrome c was e q u i l i b r a t e d a t 37°C and pH 8.0 

under n i t r o g e n . At zero time 2% (w/w) chymotrypsin was added 

and a f u r t h e r 1% (w/w) was added a f t e r 60 rain. The d i g e s t i o n 

was terminated a t 90 mm. 

The peptides were separated on pH 6.5 e l e c t r o p h o r e s i s , 

but gave only weak r e a c t i o n s with the n i n h y d r i n reagent. A 

sm a l l number of the stronger peptides were f u r t h e r p u r i f i e d on 

pH 1.9 e l e c t r o p h o r e s i s . O v e r a l l , the d i g e s t i o n was v e r y poor 

Only a f r a c t i o n of the sequence was c h a r a c t e r i s e d , and then;? 

peptides were p l a c e d from comparisons with other cytochromes c 

The peptides, together w i t h m o b i l i t y and sequence data, and 

t e n t a t i v e placements, are shown m Table 34. 

Chymotryptic Peptides 

Peptide C l (11-26) (Heme peptide) 

The heme peptide showed c h a r a c t e r i s t i c s t r e a k i n g on 

pH 6.5 e l e c t r o p h o r e s i s , having an o v e r a l l m o b i l i t y of about 

zero, i n common wi t h other i n v e r t e b r a t e chymotryptic heme 

pe p t i d e s . Determination of the N-termmal amino a c i d by dans 

a n a l y s i s proved i n c o n c l u s i v e through l a c k of m a t e r i a l . 

Peptide C2 (47-48) (Ala-Tyr) 

Peptide C3 (49-59) 

The peptide gave a p o s i t i v e r e s u l t w i t h the E h r l i c h 



TABLE 34. 

Chymotryptxc Peptides from A r e n i c o l a Cytochrome c 

Pept i d e / M M 
P o s i t i o n (pH 6.5) (pH 1.9) Dansyl-Edman r e s u l t s 

C I 
(11-26) 

0.40 (Heme peptide; see t e x t ) 

C2 
(47-48) 

0.68 Ala-Tyr 

C3 
(49-59) 

0.62 0.68 Thr- (Trp peptide; see t e x t ) 

C4 
(66-74) 

0.86 Glx-Tyr-Leu-Glx-Asx-Pro-(Lys, 
-—T ~r~rs 7 r r r L y s , T y r ) 

C5 
(68-74) 

0.86 Leu-Glx-A sx-Pro-Lys-Lys-Tyr 

C6 
(75-80) 

1.10 lie-Pro-Gly-Thr-Lys-Met 
T T 7 7 — ^ T 

C7 
(81-82) 

0.62 Val-Phe 

T 7 

C8 
(83-85) 

0.60 Ala-Gly-Leu 
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reagent and d i g e s t i o n of a 40% a l i q u o t of C3 w i t h carboxy-

peptidase-A f o r 6 h y i e l d e d tryptophan as judged by dansyl 

a n a l y s i s . The N-terminal ammo a c i d was determined to be 

threonine by dansyl a n a l y s i s , but the dansyl-Edman a n a l y s i s 

was i n c o n c l u s i v e beyond the N-terminus because of l a c k of 

m a t e r i a l . 

Peptide C4 (66-74) (Glu-Tyr-Leu-Glu-Asn--Pro--Lys-Lys-Tyr) 

The dansyl-Edman a n a l y s i s was i n c o n c l u s i v e beyond 

f i v e degradation steps and r e s i d u e s 72-74 were p l a c e d from the 

s e m i - q u a n t i t a t i v e ammo a c i d composition. The pH 6.5 

e l e c t r o p h o r e t i c m o b i l i t y of C4 m d i c a c o d t h a t two a c i d i c 

r e s i d u e s were present and these were placed at posjtj-ons 66 

and 69 from the assumed homology of A r e n i c o l a cytochrome c 

wi t h other i n v e r t e b r a t e cytochromes c. 

Peptide C5 (68-74) (Leu-Glu-Asn-Pro-Lys-Lys-Tyr) 

The pH 6.5 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 

a s i n g l e a c i d i c r e s i d u e was p r e s e n t and t h i s was pla c e d a t 

p o s i t i o n 69 from the assumed homology of A r e n i c o l a cytochrome 

c w i t h other i n v e r t e b r a t e cytochromes c. 

Peptide C6 (75-80) (Ile-Pro-Gly-Thr-Lys-Met) 

Peptide C7 (81-82) (Val-Phe) 

Peptide C8 (83-85) (Ala-Gly-Leu) 
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13. The Attimo Acid Compos3t1 on of Aremco La 
Cytochrome c 

The amino a c i d composition of A r e n i c o l a cytochrome c was 

determined from t h r e e d u p l i c a t e 50 ug samples hydroLysed Eor 

24, 48, and 72 h r e s p e c t i v e l y , and i s shown i n Table 35. 

The molar r a t i o s of the ammo a c i d r e s i d u e s were based on an 

a r b i t r a r y sequence length of 106 r e s i d u e s . Tryptophan was 

not determined, bat the b e s t s p e c t r a l r a t i o s of the p u r i f i e d 

cytochrome c i n d i c a t e d t h a t one r e s i d u e was pres e n t . 

14. The Ammo Ac i d Composition of Nereis 
Cytochrome _c 

The amino a c i d composition o f Nerc L S cytochrome c was 

determined from t h r e e d u p l i c a t e 50 ug samples hydro]ysed f o r 

24, 48 and 72 h r e s p e c t i v e l y , and i s shown i n Table 36. The 

molar r a t i o s of the amino a c i d r e s i d u e s were based 011 an 

a r b i t i a r y sequence length of 106 r e s i d u e s . Tryptophan was 

not determined, but the best s p e c t r a l r a t i o s of the p u r i f i e d 

cytochrome _c i n d i c a t e d t h a t one r e s i d u e was p r e s e n t . 

15. The Amino A c i d Composition of L o l i q o 
Cytochrome c 

The amino a c i d composition of L o l i g o cytochrome c was 

determined from three d u p l i c a t e 50 ug samples hydrolysed f o r 

24, 48 and 72 h r e s p e c t i v e l y , and i s shown i n Table 37. The 

molar r a t i o s of the ammo a c i d r e s i d u e s were based on the 

assumption of two h i s t i d m e r e s i d u e s i n the sequence. 
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Tryptophan was not de^ecmncd, but the b ^ s t s p e c t r a l r a t i o s of 

the p u r i f i e d cytochrome c i n d i c a t e d t h a t one r e s i d u e was 

p r e s e n t . 

16. C a l c u l a t i o n s baspd on a m a t n r of Am] no Ae.-i.ci D i f f e r e n c e s 

The numbers of amino a c i d d i f f e r e n c e s between a phylo-

g e n e t i c a l l y r e p r e s e n t a t i v e sample of forby out of seventy 

determined sequences of cytochrome c, are given i n Appendix I 

and the sequences are shown i n Appendices I J and I I I . The 

mean v a r i a t i o n s between the members of c e r t a i n taxonomic groups 

a r c given i n Table 38. 

The " u n i t e v o l u t i o n a r y p e r i o d " (JJiiP), has be-ĉ n defined 

as the average time oaken f o r a s i n g l e v a r i a t i o n to a r i s e 

between two d i v e r g i n g l i n e s of descent (tucker koaicll & Pauling, 

1965; Marqoliash & Smith, 1965). Using a p a l a e o a t o l o g i c a l 

e s t i m a t e d time p e r i o d of 280 m i l l i o n y e a r s for the divergence 

of the mammalian and a v i a n l i n e s of descent (Simpson, 1964) 

together w i t h the matrix of d i f f e r e n c e s (Appendix I ) , the UEP 

has been c a l c u l a t e d to be equal to 26.9 m i l l i o n y e a r s f o r a 

s i n g l e amino a c i d s u b s t i t u t i o n . L i n e a r e x t r a p o l a t i o n from 

a f i x e d time p o i n t , c o r r e c t e d f o r the p r o b a b i l i t y of m u l t i p l e 

changes a t the same codon ( F e l l e r , 1950; Margoliash & Smith, 

1965), provide e s t i m a t e s f o r the times of divergence of the 

major i n v e r t e b r a t e phyla from the v e r t e b r a t e l i n e of descent, 

and fox the divergence of the major kingdoms of organisms 

(see Whittaker, 1969). 
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F i g u r e 35 and Table 38 show the Echmodermata to be the 

most r e c e n t i n v e r t e b r a t e phylum and. the Annelida to be the 

most p r i m i t i v e , with r e f e r e n c e t o the speci.es used, i n t l u s 

study. The d i f f e r e n c e i n times of divergence of the c l a s s e s 

I n s e c t a and Cr u s t a c e a from the v e r t e b r a t e l i n e may not be 

i n d i c a t i v e of a d i p h y l e t i c o r i g i n of the Arthropods, i n view 

of the sm a l l number of V e r t e b r a t e - C r u s t a c e a comparisons 

a v a i l a b l e . 

17. Molecular Phyloqenies c o n s t r u c t e d using 
A n c e s t r a l Sequence Methods 

The a n c e s t r a l sequence method produced topol o g i e s which 

coul d be a s s e s s e d by the t o t a l number of s u b s t i t u t i o n s r e q u i r e d 

to r e l a t e the amino a c i d sequences i n c l u d e d i n a p a r t i c u l a r 

topology. From the phylogenetic point of view, the b e s t 

topology was co n s i d e r e d to be t h a t f o r which t h i s t o t a l was 

a minimum but, because the number of s u b s t i t u t i o n s was an 

i n t e g r a l v a l u e , i t was p o s s i b l e t h a t no unique minimum e x i s t e d , 

i . e . s e v e r a l phylogenies may be obtained having a p a r t i c u l a r 

minimum v a l u e . 

The time r e q u i r e d to b u i l d a phyLogeny r e l a t i n g the 

seventy known cytochrome _c sequences makes such a computation 

u n j u s t i f i e d . A b e t t e r approach was to compute phylogenies 

on the b a s i s of mtra-kingdom d i f f e r e n c e s and to r e l a t e the 

kingdoms i n a s i m i l a r f a s h i o n using r e p r e s e n t a t i v e sequences 

from each kingdom (see Whittaker, 1969; Dayhoff, 1972; 

http://speci.es


McLaughlin & Dayhoff, 3973). 

The aim of the present study was to r e l a t e the known 

i n v e r t e b r a t e cytochromes c with each other, and w i t h s e l e c t e d 

" f i x i n g " s p e c i e s taken from the Fungi, Plantae and v e r t e b r a t e 

members of the Animal1a. A t o t a l of ten complete m v e r t e b r a t 

cytochrome c sequences were used i n the study, together w i t h a 

sequence fron ench of the Fungi and Algae and four sequences 

from the V e r t e b i a t a . These are l i s t e d i n Table 39. The 

treatment of the d i f f e r e n c e s i n l e n gth, due to the N-termmal 

" t a i l s " i n the standard cytochrome c alignment was not always 

the same (see below, F i g u r e s 36-39). Absent r e s i d u e s at 

the C-terminus of the alignment were regarded as d e l e t i o n s , 

and were computed as d j f f e r e n c e s . 

F i g u r e 36 shows the best phylogeny obtained r e l a t i n g the 

ammo a c i d sequences l i s t e d i n Table 39 and Appendix I T . The 

minamum of amino a c i d s u b s t i t u t i o n s r e l a t i n g the sequences was 

228 and no equal a l t e r n a t i v e s to t h i s f i g u r e were found. A l l 

the i n s e c t sequences were grouped together on a s i n g l e l i n e of 

descent d i v e r g i n g from the mam v e r t e b r a t e l i n e . The arrange 

ment of the Orders D i p t e r a (Haematobia, C e r a t i t i s and 

D r o s o p h i l a ) , Lepidoptera (Sam]a and Manduca) and Orthoptera 

(Locusta) was c l e a r - c u t , but the p o s i t i o n of the c r u s t a c e a n , 

Macrobrachmm, was suggestive of a t l e a s t a d i p h y l e t i c o r i g i n 

of the Arthropoda. The p o s i t i o n of the E i s e n i a sequence 

i n d i c a t e d t h a t the Annelida were the most p r i m i t i v e of the 

i n v e r t e b r a t e phyla used m t h i s study. The grouping of the 
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sequences of H e l i x and A s t e r j as on a common node was unexpected, 

being members of the phyla Mollusca and Echinodermata, 

r e s p e c t i v e l y . However, t h i s may have been due to the l a c k of 

sequence information from these p h y l a . 

F i g u r e 3 7 shows an o v e r a l l phylogcny r e l a t i n g the cytochrome 

c sequences l i s t e d i n Appendix I I . The t r e e r e l a t i n g the 

i n v e r t e b r a t e s ( F i g u r e 36) was g r a f t e d on to a t r e e c o n s t r u c t e d 

by Meatyard (19 74) u s i n g the mtra-kingdom/mter-kingdom 

approach p r e v i o u s l y d e s c r i b e d (see above). S i m i l a r t r e e s 

have beer produced by DayhofF (1972) and McLaughlin £ Dayhoff 

(1973). 

F i g u r e 38 shows the b e s t phylogeny obtained r e l a t i n g the 

s i x t e e n cytochrome c sequences l i s t e d i n Table 39, ta k i n g no 

account during the computer a n a l y s i s , of the r e s i d u e s and/or 

blank p o s i t i o n s i n the sequences o c c u r r i n g p r i o r to the 

i n v a r i a n t g l y c i n e - 1 i n the standard alignment. The minimum 

number of ammo a c i d s u b s t i t u t i o n s r e l a t i n g the sequences m 

t h i s phylogeny was 207 and no equal a l t e r n a t i v e s to t h i s 

f i g u r e were found. A comparison with F i g u r e 36 demonstrates 

t h a t the N-terminal " t a i l " was c r i t i c a l only i n the f i x i n g 

of the Mncrobrachium sequence to the t r e e and t h a t the c l e a r -

c u t grouping of the a n n e l i d and i n s e c t sequences i n F i g u r e 

36 was not merely due to the p o s s e s s i o n of s i m i l a r N-terminal 

" t a i l s " . The computer a n a l y s i s of regions of the cytochrome 

c molecule common to a l l the s p e c i e s , a l s o s e r v e d to reduce 
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the m a j o r i t y of the branch-lengths shown i n F i g u r e 38 as 

compared to F i g u r e 36. Because of the nature of the data 

input which gave r i s e to F i g u r e 36, A s t e r i a s was considered 

to be ten ammo a c i d s u b s t i t u t i o n s away from Enteromorpha 

} u s t because of the l a t t e r ' s N-termmal t a i l , and t h i s may 

r e p r e s e n t a d i s t o r t i o n of the t r u e r e l a t i o n s h i p berween these 

two sequences (see D i s c u s s i o n V ) . 

F i g u r e 39 shows a phylogeny r e l a t i n g the s i x t e e n complete 

sequences l i s t e d i n Table 39 and Appendix I I , together with 

the p a r t i a l sequence of L o l i g o opalescens cytochrome c 

( B o u l t e r , M. E„, unpublished experiments). The undetermined 

porta on of tne L o l i g o sequence was computed as auii.no a c i d 

d i f f e r e n c e s (see Appendix I I I ) . The phylogeny shown was 

r e l a t e d by a minimum of 252 amino a c i d s u b s t i t u t i o n s , but 

f i v e other equal a l t e r n a t i v e s were obtained a i f f e i m g only m 

the arrangement of H e l i x , MacrobrachiuTr, Aster l a s and Lol tgo 

sequences and the nodes A-D i n F i g u r e 39. The a l t e r n a t i v e s 

are summarised i n F i g u r e 40. The arrangement of the sequence 

i n F i g u r e 39 was e s s e n t i a l l y i d e n t i c a l to t h a t obtained 

without the L o l i g o sequence and shown i n F i g u r e 36. The 

L o l i g o sequence unexpectedly shared a node with Macrobrachium 

and not with the other mollusc, H e l i x , the H e l i x - A s t e r l a s 

group remaining constant throughout a l l the a n c e s t r a l sequence 

methods ( F i g u r e s 36-40). A c o n s i d e r a t i o n of the l a r g e 

branch-lengths and the s m a l l number of common r e s i d u e s upon 

http://auii.no
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v h i c h the method s e l e c t e d t i n s phylogeny, suggested t h a t the 

l a c k of mollusc and echmoderni sequence data, together w i t h 

the computation as d i f f e r e n c e s of the undetermined Lola go 

r e s i d u e s , may w e l l account f o r the i n s t a b i l i t y of t h i s area 

of the t r e e . 

The s i x t e e n cytochrome c sequences l i s t e d i n Table 39 

and Appendix I I , were used to i n v e s t i g a t e the e f f i c i e n c y of 

the s h u f f l i n g procedure of the a n c e s t r a l sequence computer 

method (procedure 3, see M a t e r i a l s and Methods I V , 2 . ) . A 

number of topologies were b u i l t u sing d i f f e r e n t orders of 

sequences and they were a s s e s s e d i n tne u s u a l winner i t the 

end of procedures 1 and 2 and at the end of proceduie 3„ TLf* 

e f f i c i e n c y of procedure 3 was judged by i t s a b i l i t y to s o r t 

out the b e s t phylogeny ( i . e . t h a t f o r which the number of ammo 

a c i d s u b s t i t u t i o n s was a minimum), r e g a r d l e s s of the b u i l d i n g 

order of the o r i g i n a l phylogeny. The r e s u l t s shc v'n i n Table 

40 i n d i c a t e that procedure 3 was a t l e a s t 60% e f f i c i e n t i n 

o btaining the b e s t phylogeny r e l a t i n g a p a r t i c u l a r group of 

sequences of cytochrome c. 

18. Molecular Phylogenies c o n s t r u c t e d using 
Numerical Methods 

Phylogenies were c o n s t r u c t e d from a matrix of amino a c i d 

d i f f e r e n c e s using the cytochrome c sequences l i s t e d i n Table 

39 and Appendix I I , together w i t h a p a r t i a l sequence of 

L o l i g o cytochrome c (see Appendix I I I ) . Tne method used was 



TABLE 40. 

The B u i l d i n g Orders of Sequences used to E s t i m a t e the 
E f f i c i e n c y of Computer Procedure 3 of the A n c e s t r a l 

Sequence Method. 

B u i l d Sequence b u i l d order _,, 
s A b b r e v i a t i o n s order (8 expts.) 

1 2 J 3 4 5 6 7 8 

1 ENT ENT CER TBC LCS CER DGF SCC ENT = Enteromoipha 
2 SCC SCC SQD PRN CER DGF STF ENT SCC = Saccharomyces 
3 BNT WMN BNT SCR BLF ENT SMN SQD WMN = Ei&enia 
4 WMN LCS WMN BNT WMN LMP BLF WMN TBC = Manduca 
5 STF CER TBC FRT DGF SNL ENT SNL SMN = Samia 
6 SNL FRT DGF BLF PRN TBC TBC PRN FRT = Drosophila 
7 SQD SCR ENT CER FRT PRN LCS LMP SCR = Haematobia 
8 PRN TBC FRT DGF ENT BNT PRN STF CER = C e r a t i t i s 
9 LMP SMN SNL LCS LMP FRT BNT SMN LCS = L o c u s t a 

10 DGF SQD PRN LMP STF BLF SNL DGF PWN = Macrobrachium 
11 BLF SNL LCS WMN BNT LCS WMN TBC SNL = H e l i x 
12 FRT LMP SMN SNL SCC SCC LMP FRT SQD = Lo3lqo 
13 SMN DGF BLF SCC TRC SCR SCR BNT STF - A s t e r x a s 
14 SCR BLF SCC SQD SCR SMN CER CER LMP = EntObphenon 
15 TBC BNT SCR ENT SMN SQD FRT SCR DGF = Squalus 
16 LCS PRN LMP SMN SNL STF SCC BLF BNT = Katsuwonas 
17 CER STF STF STF SQD WMN SQD LCS BLF = Rana 

*Tm 1,2= 252 252 264 253 253 256 257 255 
*Tm 3 •= 252 252 252 252 252 255 254 254 

*Tm 1,2, Tm 3 r e f e r to the t o t a l man3mum number 
of amino a c i d s u b s t i t u t i o n s r e l a t i n g the phylogenics 
produced by the b u i l d i n g and s h u f f l i n g procedures. 



-159-

t h a t of Mooie _et aJL. (1973) developed from the approaches of 

F i t c h & Margoliash (1967a) and phylogenies werp s e l e c t e d f o r 

whxch the Moore R e s j d u a l C o e f f i c i e n t (MRC) was a minimum 

(Moore et _al.# 1973). D i f f e r e n c e s i n the length of sequences, 

due to the N~termmal " t a i l s " i n the standard alignment, were 

t r e a t e d m two ways (see below), w h i l s t absent r e s i d u e s a t 

the C-termmus of the a] lqmnent were regarded as d e l e t i o n s 

and were computed as d i f f e r e n c e s . An advantage of the matrix 

method over the a n c e s t r a l sequence method, i s that sequences 

are computed regarding undetermined r e s i d u e s as unknowns, 

of which no account i s token, r a t h e r Lhan as blanks which 

are computed as d i f f e r e n c e s . The undetermined lottion of 

the L o l i g o sequence was t r e a t e d i n t h i s manner. 

F i g u r e 41 shows a minimum phylogeny r e l a t i n g the 

s i x t e e n sequences and the p a r t i a l sequence of J.oligo 5 'i'he 

grouping of the i n s e c t sequences and those of H e l i x and 

A s t e r i a s were i d e n t i c a l to t h a t c o n s i s t e n t l y obtained usLng 

the a n c e s t r a l sequence method (see F i g u r e s 36-40), but 

Macrobrachium was f i x e d more d i s t a n t l y from the i n s e c t s than 

i n the a n c e s t r a l sequence method. The matrix method f a i l e d 

t o group the mollusc sequences H e l i x and L o l i g o and p l a c e d 

E i s e n i a as being l e s s p r i m i t i v e than the i n s e c t l i n e of 

divergence. 

F i g u r e 42 shows a minimum phylogeny r e l a t i n g the s i x t e e n 

sequences l i s t e d i n Table 39, together w i t h the p a r t i a l scquenc 
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of L o l i g o cytochiome c. No account was made of the r e s i d u e s 

and/or blank p o s i t i o n s o c c u r r i n g p r i o r to the i n v a r i a n t g l y c i n e - 1 

i n the standard alignment (see Appendices I I and I I I ) . The 

phylogeny showed a d i s t i n c t i v e i n v e r t e b r a t e l i n e of descent 

w i t h only the E i s e n i a sequence standing a p a r t . The posLtions 

of Macrobrachmm i n F i g u r e s 41 and 42 p a r a l l e l e d those obtained 

from the a n c e s t r a l sequence method t r e a t i n g the N-termmal 

" t a i l s " i n the same way (see F i g u r e s 36 and 3 8 ) . The sequences 

of H e l i x and A s t e n a s were r e l a t e d by a common node, and the 

L o l i g o sequence was f i x e d c l o s e to the Arthropod l i n e of 

descent. 

19. A Summary of the R e s u l t s of Ph/logenetic A n a l y s j b 

The (results obtained from the v a r i o u s approaches are 

summarised m F i g u r e 43. Only the D i p t c r a and Lepidoptera 

of the i n s e c t sequences and the H e l l x - A s t e r i a s grouping 

maintained s t a b l e r e l a t i o n s h i p s throughout a]1 of the analy

t i c a l procedures. The r e l a t i v e m e r i t s of these treatments 

and the s e l e c t i o n of the most s i g n i f i c a n t phylogenies are 

d i s c u s s e d l a t e r (see D i s c u s s i o n V - V T I ) . 
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DTSCUSSION 

I . The Methods of E x t r a c t i o n and P u r i f i c a t i o n 
of I n v e r t e b r a t e Cytochrome c 

P i l o t experiments with Ho3 o c h u n a , M y t i l u s , A r e n i c o l a 

and Nereis using the e x t r a c t i o n procedure of Ri chardson et. a l . 

(1970? 1971), showed t h a t the y i e l d s of cytochrome c obtainable 

from the m a j o r i t y of i n v e r t e b r a t e sources were l i k e l y to be as 

lotf as those r e p o r t e d f o r germinating s e e d l i n g s (Richardson, M., 

personal communication). 

P r e v i o u s l y , cytochromes c from i n v e r t e b r a t e sources have 

been e x t r a c t e d by a number of d i f f e r e n t methods. G h i r r e t t i 

(1956; 1959) s t u d i e d the t e r m i n a l r e s p i r a t i o n c h a i n i n the 

squid, A p l y s i a , and the octopus, Octopus v u l g a r i s , by obtaining 

a p a r t i c u l a t e p r e p a r a t i o n using a d i l u t e s a l t e x t r a c t i o n . 

Yamanaka and co-workers p u r i f i e d cytochrome c from the proto-

chordate, S t y e l a p l i c a t a , from the l a r v a e , pupae and a d u l t s 

of the h o u s e f l y , Musca domostica, from the mol l u s c s , o y s t e r 

and squid, from the c r u s t a c e a n , k i n g prawn, and the marine 

worm, Dendrostomum zoste r i c o l u m , by us i n g a method t h a t i n c l u d e d 

homogenisation i n phosphate b u f f e r , f o l l o w e d by ammonium 

sulphate f r a c t i o n a t i o n and ion-exchange chromatography (see 

Yamanaka, 1966). 

Claims of y i e l d s of 3 mg from 15 g of Dendrostomum, 2-3 

mg/kg f o r o y s t e r , s q u i d and prawn muscle, 4 mg/kg f o r S t y e l a 

i n t e r n a l organs, and 128 mg/kg f o r Musca domestica were made, 
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but no evidence was gaven of the p u r i t y of the pr e p a r a t i o n s 

(Yamanaka e t a l . , 1963; 1964a,b; Yamanaka & Kamen, 1967). 

Pettigrew (19 72) and H i l l et a_l. (1971) p u r i f i e d cytochrome c 

from s p e c i e s of protozoan trypanosomatids and the nematode 

Ascar L S lumbrjicoides, by using a method which i n c l u d e d homo-

geni&ation i n d i l u t e s a l t s o l u t i o n , p r e c i p i t a t i o n w i t h ammonium 

sulphate and gel f i l t r a t i o n on Sephadex G-75. T h i s method 

gave y i e l d s of 5-40 mg/kg wet weight of s t a i t a n g m a t e r i a l . 

Chain & Margoliash (1966) r e p o r t e d an e x t r a c t i o n of 

cytochrome c from the moth. Samia c y n t h i a , by us i n g hcroogenasation 

i n aluminium sulphate, a a s o r p t i o n on Ainberlite IPC-50 r e a m 

and ammonium sulphate f r a c t i o n a t i o n which gave a y i e l d of 
C2+ C3+ 

220 mg/kg w i t h an E /E r a t i o of 1.25. Brown e t a l . 

(1972) a p p l i e d the method developed f o r germinating s e e d l i n g s 

(Richardson et a l . , 1971a) t o the s n a a l , H e l i x asperca, and 
C2+ C3+ 

obtained a y i e l d of 20 mg/kg wi t h an E„ C_/E ~' r a t i o of 1.14. 

Margoliash 5. Walasek (1967) homogenised moth thoraxes, 

Drosophila and screw-worm f l i e s i n aluminium sulphate, 

concentrated the cytochrome c on Amberlite r e s i n s , p r e c i p i t a t e d 

i t w i t h ammonium sulphate and f u r t h e r p u r i f i e d the p r o t e i n by 

ion-exchange chromatography and c r y s t a l l i s a t i o n . Diano & 

Martinez (1971) p u r i f i e d cytochrome c d i r e c t l y from animal 

mitochondria i s o l a t e d u sing zonal c e n t r i f u g a t i o n . 

The methods o u t l i n e d above g e n e r a l l y used l e s s than 

5 kg of s t a r t i n g m a t e r i a l , but f o r t h i s study i t was n e c e s s a r y 

t o design methods t h a t c o u l d b e s t handle the l a r g e amounts of 
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s t a r t i n g m a t e r i a l and homogenate generated i n the e a r l y stages 

of the p u r i f i c a t i o n . Viewing the reduced spectrum of cyto

chrome c wi t h a hand, d i r e c t - v i s i o n spectroscope i s only a 

s e n s i t i v e a s s a y a t c o n c e n t r a t i o n s g r e a t e r than 1 mg/1, and 

t h i s f a c t , together wich a c o n s i d e r a t i o n of the time f a c t o r , 

made the r e d u c t i o n of batch s i z e s i m p r a c c i c a b l e . I n the end, 

a compromise was made between batch s i ^ e and rime f a c t o r s i n 

the a p p l i c a t i o n of a method which combined points taken from 

those of Margoliash & Walasek (196 7) and Richardson e t a l . 

(1970: 1971a). Speed of handling and reduced temperatures 

were recommended by Margoliash & Walasck (3 967) as the best 

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

due to thermal i n s t a b i l i t y and the a c t i o n of degradative 

enzymes, so t h a t the major problems encountered w i t h 5-30 kr5 

batches of m a t e r i a l during t h i s study were 3 arg^-ly 

t e c h n o l o g i c a l . 

Previous i n v e s t i g a t i o n s of cytochrome c have i n v o l v e d 

r a t h e r d r a s t i c methods of p r o t e i n e x t r a c t i o n , i n c l u d i n g the 

use of organ i c s o l v e n t s (Goddard, 1944; Hagihara e t a l . , 

1958; 1959; Wasserman e t a l . , 1963; Fridman e t a l . , 1968) 

or w i t h hot a c i d (Goddard, 1944), and the m a j o r i t i e s of 

inhomogeneities i n p r e p a r a t i o n s have been shown to l e s u l t from 

su c h treatments (Margoliash, 1954a,b; Yamanaka et a l . , 1959). 

The use of or g a n i c s o l v e n t s can cause denaturation (Kaminsky 

& Davison, 1969), extremes of pH and temperature may l e a d to 

denaturation, deamidation and polymer formation and, g e n e r a l l y 
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speaking, cytochrome c. has been shown to be l e s s s t a b l e than 

was p r e v i o u s l y thought (Margoliash & Sche^ter, 196G; Lemberg 

ic B a r r e t t , 1 9 7 3 ) . The hoirogenisation of p l a n t m a t e r i a l i n 

d i l u t e phosphate b u f f e r has been shown to g i v e an e f f i c i e n t 

e x t r a c t i o n of cytochrome c (Morita & Id a , 1 9 6 8 ; Richardson 

_et j a l . , 1970) e and t h i s method has been appl Led to m v e r Lebrate 

mater L a i s (Brown et. _ a l . , 19 7 2 ) . The method employed i n t h i s 

study was to homogenise the m a t e r i a l i n L0 mM-aluminium s u l p h r t 

s o l u t i o n ( a f t e r Margoliash & Walasek, 1967) and g e n e r a l l y t h i s 

produced a l e s s s l i m y e x t i a c t than t e s t e x t r a c t i o n s u s i n g 

d i l u t e phosphate b u f f e r . 

The p o i n t f r e q u e n t l y oveilooked i n a d j s c u s s i o n of the 

r e l a t i v e advantages of e x t r a c t i o n media, i s the degree of 

t i s s u e comminution and c e l l breakage obtained. Meatyard ( 1974 ) 

r e p o r t e d t h a t m i c roscopic examination of the green alga 

Enteromorpha a f t e r homogenisation i n a 5 1 Waring blender, 

run a t maximum speed f o r 3 min, showed l e s s than 5% c e l l 

breakage. A s i m i l a r i n v e s t i g a t i o n m t h i s study gave a value 

of l e s s than 20% c e l l breakage i n an E i s e n i a homogenate. I t 

was thought t h a t the exoskeletons of the arthropods and 

echinoderms would be advantageous i n a c t i n g as an a b r a s i v e 

agent, as had been r e p o r t e d f o r the s n a i l s h e l l s during t h a t 

cytochrome £ e x t r a c t i o n (Brown, R. H., personal communication), 

and to t h i s end the m a t e r i a l was homogenised i n two volumes 

of aluminium sulphate and one volume of i c e , which was to a c t 

as an a b r a s i v e agent and a b u f f e r a g a i n s t l o c a l i s e d temperature 
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m c r e a s e s due to prolonged running of the Waring blendor. 

Except f o r Macrobrachium, the whole orqanj.sn> was homogenised 

because of the p r a c t i c a l d i f f i c u l t i e s i n v o l v e d i n s e l e c t i n g 

and d i s s e c t i n g out p a r t i c u l a r t i s s u e s . The e x t r a c t i o n of 

Macrobrachium was performed on the muscular t a i l s ' . The 

l a r g e r specimens tuch as the s t a r f i s h were not pre-mmced or 

cut up i n any way because of the s i z e of the batches, and rhe 

Waring blendor was capable of producing a f a i r l y s tandard 

homogenate, r e g a r d l e s s of the s i z e of the s t a r t i n g m a t e r i a l . 

The m a j o r i t y of the m a t e r i a l s were s t o r e d a t -20°C a f t e r 

c o l l e c t i o n , but c o n t r a r y to the view of Margolia°.h &. Walasek 

(3 967), i t was found that the more q u i c k l y f i o :en m e r e r l a l 

was used, the b e t t e r the y i e l d of cytochrome c. The f r e e z i n g 

of m a t e r i a l l e d to a thawinq problem p r i o r to homogenisation. 

For example, a 20 kg batch of f r o z e n E i s e n i a thrived over a 

p e r i o d of 8 h a t room temperature, and then &ubbequanily 

e x t r a c t e d , contained only n e g l i g i b l e q u a n t i t i e s of cytochrome 

( 3 . T h i s low y i e l d was a t t r i b u t e d i n p a r t to the prolonged 

thawing p e r i o d , during which the p r o t e a s e s of these animals 

would be expected to be a c t i v e , and subsequently, e x t r a c t i o n s 

o f cytochrome _c were performed u s i n g f r e s h , unfrozen samples 

o f E i s e n i a . I t i s f e l t to be s i g n i f i c a n t t h a t the only non-

i n s e c t i n v e r t e b r a t e to y i e l d more than 20 mg/kg i n t h i s 

l a b o r a t o r y was H e ! I X a s p e r s a , where the e x t r a c t i o n was 

performed on f r e s h , unfrozen m a t e r i a l s (Brown et a l . , 1972). 
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Th e s t a r t i n g materia] f o r the other e x t r a c t i o n s c o n s i s t e d of 

bl o c k s of fro z e n animals which were broken i n t o s m a l l p i e c e s 

with a hammer and c h i s e l and thawed r a p i d l y over warm water 

a t 4°C. 

A l l the homogenates, except those of flsterias, were s t i r r e d 

a t pH 4.5 and 4°C f o r 2 h, before f i l t r a t i o n through two l a y e r s 

of muslin and r e f i l t e r e d by using a Broadbent 21" c e n t r i f u g e . 

Because of the high c o n c e n t r a t i o n of ca l c i u m carbonate, the 

a c i d e x t r a c t i o n of A s t e r i a s was avoided, and the e x t r a c t i o n 

was perfoimed at pH 6.5. T e s t s showed t h a t the r e - e x t r a c t i o n 

of r e s i d u e s obtained from these steps was not worthwhile i n 

terms of y i e l d i n c r e a s e . I n g e n e r a l , a l l but the Locusta and 

Macrobrachium e x t r a c t s f i l t e r e d v e r y s l o w l y on tho Broadbent 

c e n t r i f u g e , the s l i m y e x t r a c t s having a 'waterproofing' e f f e c t 

on the Terylene c e n t r i f u g e bag, such t h a t only frequent bag 

changes could maintain the f i l t r a t i o n r a t e s . The e x t r a c t s of 

A s t e n a s and E i s e n i a r e q u i r e d f u r t h e r c e n t r i f u g a t i o n a t pH 8.0. 

The l a r g e volumes and low cytochrome c content of the. 

e x t r a c t s caused a major problem of c o n c e n t r a t i o n i n the e a r l y 

s t a ges of the p u r i f i c a t i o n . Yamanaka e t _ a l . (1964a) showed t h a t 

the a b i l i t y of c a t i o n exchangers to adsorb cytochrome c 

provided an e f f i c i e n t method of c o n c e n t r a t i n g very d i l u t e 

cytochrome c s o l u t i o n s obtained from low y i e l d s o u r c e s . 
+ 

Amberlite CG-50 r e s i n i n the NH. form was used both i n columns 
4 

and batchwise i n t h i s study; the method chosen being dependent 
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on the e f f i c i e n c y of the previous f i l t r a t i o n step. The 

most e f f i c i e n t and r a p i d method was to pack a s i n t e r e d g l a s s 

funnel with Amberlite CG-50 and to p u l l the s o l u t i o n through 
a 

t h i s bed of r e s i n u sing the s u c t i o n of/water pump. T e s t s on 

the f i l t r a t e of an ox h e a r t homogenate gave e s t i m a t e s of 95% 

r e t e n t i o n of cytochrome c "by t h i s method at flow r a t e s of 5 1 

p e i h. C l e a r l y , t here i s a danger of impurity competition 

i n t o t a l organism p r e p a r a t i o n s , and t h i s was shown to occur 

by the use of the batch method, where a second batch performed 

on an e x t r a c t was found to y i e l d more cytochrome c than the 

f i r s t b atch. To o f f s e t these d i f f i c u l t i e s , f i l t r a t e s were 

r o u t i n e l y r e c y c l e d through f r e s h A m b e rlite r e s i n . I t w==is 

observed t h a t p r e c i p i t a t i o n of m a t e r i a l s occurred on and w i t h u 

the r e s i n , so that the e l u t i o n s t e p was performed b a t c h w i i e 

f o l l o w i n g e x t e n s i v e v/ashmg of the r e s i n w i t h d i s t i l l e d water 

The s c r e e n i n g of these washings showed t h a t they contouned 

n e g l i g i b l e q u a n t i t i e s of cytochrome c. The pH was maintained 

a t a value of 8.0 during the e l u t i o n t o prevent i r r e v e r s i b l e 

b i n d i n g of the cytochrome c to the r e s i n (Boardman & P a r t r i d g e 

1953; 1954; 1955), and i t was found t h a t a c o n c e n t r a t i o n of 

2 M-sodium c h l o r i d e was n e c e s s a r y to e l u t e the m a j o r i t y of 

the cytochrome c from the r e s i n , although 0.5 M-salt was 

c o n s i d e r e d s u f f i c i e n t l y strong enough f o r p l a n t cytochromes c 

(Richardson e t al., 1970; 1971a). The use of such a strong 

e l u a n t c r e a t e d a d i a l y s i s problem, but no s i d e e f f e c t s were 
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apparent from using running tap water f o r the f i r s t 8 h, 

followed, by the appropriate pH 8.0 b u f f e r . D i a l y s i s r e s i d u e s 

g e n e r a l l y c o l l e c t e d a heavy white p r e c i p i t a t e as the Lome 

st r e n g t h decreased, and t h i s was removed by c e n t r u f u g a t i o n . 

Batchwise e l u t i o n of the cation-exchange r e s i n s t a l l qave 

r e l a t i v e l y l a r g e volumes of e l u a t e , and CM-Sephadex proved the 

most s a t i s f a c t o r y method of c o n c e n t r a t i o n , g i v i n g a good 

adsorption e f f i c i e n c y at good flow r a t e s . The i n v e r t e b r a t e 

p r e p a r a t i o n s i n v a r i a b l y formed a t h i c k white p r e c i p i t a t e on 

the top of the CM-50 Sephadex columns and cytochrome c. was 

o c c a s i o n a l l y seen to be a s s o c i a t e d w i t h t h i s d e p o s i t , E l u t i o n 

and d i s s o c i a t i o n of the cytochrome c was slow using 0.5 M-

sodium c h l o r i d e , but stronger s a l t tended to break up the 

column of r e s i n . The s t e p was repeated w i t h a s m a l l e r column 

to produce a manageable volume of 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 procedures have been 

a p p l i e d a t some stage i n the p r e p a r a t i o n s of i n v e r t e b r a t e , 

v e r t e b r a t e and p l a n t cytochrome c: (Brown & B o u l t e r , 1966; 

Yamanaka, 1966; Margoliash & Walasek, 1967), although e a r l y 

workers had c o n s i d e r e d t h a t the method may cause deamidation 

(Flatmark, 1966). Margoliash & S c h e j t e r (1966) suggested 

t h a t the inhomogeneities a t t r i b u t e d to such methods were due 

t o poor pH c o n t r o l during the s t e p , or too d r a s t i c i n i t i a l 

e x t r a c t i o n procedures. The use of ammonium sulphate 

f r a c t i o n a t i o n i n t h i s study gave a s u b s t a n t i a l p u r i f i c a t i o n 
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of cytochroine c as judged by the q u a n t i t y 0 1 a white copious 

p r e c i p n t a t e d i s c a r d e d during the method, and no evidence o£ 

l a r g e - s c a l e deamidation or m o d i f i c a t i o n r e s u l t i n g from the 

method were observed i n the l a t e r p u r i f i c a t i o n s t a q e s . A l l 

the i n v e r t e b r a t e cytochromes c_ p u r i f i e d f o r sequence ana L y s i s 

have been reported to p r e c i p i t a t e i n 60-100% s a t u r a t e d ammonium 

sulp h a t e s o l u t i o n (Tuppy, 195 7; Chan & Mcirgoliafah, ]966; 

Chan, 1970? Brown e t a l . , 1972; Fernandez-Sousu e t a l , , 19/4). 

Yamanaka (1966) r e p o r t e d the p r e c i p i t a t i o n of prawn, h o u s e f l y 

and S t y e l a cytochromes c and the n o n - p r e c i p i t a t i o n of 

Dendrostomum, o y s t e r and squid, together w i t h c e r t a i n v e r t e b r a t e 

cytochromes c r e p o r t e d t o p r e c i p i t a t e i n s a t u r a t e d airmen xum 

sulp h a t e s o l u t i o n (Margoliash & Walasek, 1967). Of the 

cytochromes c p u r a f i e d during t h i s study, a l l except L o l i g o 

showed no p r e c i p i t a t i o n at s a L u r a t i o n s of dintnonjuiu snlphdte up 

to 100%, so t h a t f r a c t i o n a t i o n s were terminated a t about 80% 

s a t u r a t i o n when the p r e c i p i t a t i o n of i m p u r i t i e s ceased. 

L o l i q o cytochrome c was s o l u b l e i n 60% s a t u r a t e d ammonium 

sulp h a t e and showed p a r t i a l p r e c i p i t a t i o n a t 100% s a t u r a t i o n . 

The supernatant from the ammonium sulphate f r a c t i o n a t i o n was 

e x h a u s t i v e l y d i a l y s e d , and concentrated on a s h o r t column of 

CM-52 c e l l u l o s e . 

From t h i s point i n the p u r i f i c a t i o n method, c o n c e n t r a t i o n 

s t e p s were performed usang CM-52 c e l l u l o s e or u l t r a - f i l t r a t i o n , 

and d i a l y s i s was avoided because a t high c o n c e n t r a t i o n s , 

cytochrome c has a tendency to b i n d to d i a l y s i s tubing i n low 
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l o n i c s t r e n g t h b u f f e r s (Laycock, M. V., unpublished experiments, 
c i t e d m Meatyard, 1974) . Cytochrome _c was r o u t i n e l y handled 
i n 10 mM-phosphate b u f f e r as Wasserman et _ a l . (1963) reported 
t h a t wheatgerm cytochrome _c was u n s t a b l e at low i o n i c s t r e n g t h s 
and only the p u r e s t f r a c t i o n s from a p a r t i c u l a r s t e p were 
s e l e c t e d f o r f u r t h e r p u r i f i c a t i o n . L e s s pure f r a c t i o n s were 
pooled f o r r e c y c l i n g . 

Molecular e x c l u s i o n chromatography was shown by Flatm?>rk 

(1964) to provide f u r t h e r p u r i f L c a t i o n of p r o t e i n p r e p a r a t i o n s 

and the technique was a p p l i e d t o t h i s study. However, a 

c o n s i d e r a t i o n of the p u r i t y r a t i o s i n Table 41 show t h a t the 

step r a r e l y i n c r e a s e d the p u r i t y r a t i o by v e r y much, but t h a t 

t h i s i n c r e a s e was c r i t i c a l to the p u r i f i c a t i o n . The evidence 

suggested that t h i s method was more a p p l i c a b l e to p u r i f i c a t i o n 

y i e l d 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 than were obtained i n t h i s 

study. 

F i n a l p u r i f i c a t i o n was achieved by adsorbing the cytochrome 

c t o a column of CM-52 c e l l u l o s e , o x i d i s i n g the sample w i t h 

potassium f e m c y a n i d e and e l u t i n g the p r o t e i n by means of 

l i n e a r i o n i c or pH g r a d i e n t s . Some of the p r e p a r a t i o n s of 

A s t e r i a s and E x s e n i a r e q u i r e d both types of g r a d i e n t . The 

pH g r a d i e n t was a p p l i e d w i t h a constant c a t i o n c o n c e n t r a t i o n 

(Boardman, 1959; Margoliash, 1962; Margoliash & L u s t g a r t e n , 

1962), and f r a c t i o n s were c o l l e c t e d i n tubes c o n t a i n i n g 

pH 7.2 b u f f e r t o minimise the time of exposure to c o n d i t i o n s 

of high pH. The l i n e a r i o n i c g r a d i e n t was a p p l i e d a t a 
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constant pH (Margoliash, 1962; Margoliash & Lu s t g a r t e n , 1962), 

and t h i s technique was capable of r e s o l v i n g deanndated and 

modified forms from n a t i v e cytochrome c . The q u a n t i t i e s of 

observed doamidaled and modified forms of the p r o t e i n were 

s m a l l . Novotny (1971) concluded t h a t f r a c t n o n a t i o n s were not 

always improved by the use of a shallower g r a d i e n t , e s p e c i a l l y 

when the p r o t e i n e l u t e s a t a low point i n the g r a d i e n t . T h i s 

conclusion was confirmed by the r e s u l t s of v a r y i n g the bteepness 

of the g r a d i e n t and the column l e n g t h , the most i d e a l 

combination being a 1 cm x 30 cm column ™ith a g r a d i e n t of 

0.5 mmol/ml. 

The ampholine i s o e l e c t r i c f o c u s i n g method used by Flatroark 

& Vesterberg (1966) f o r the p u r i f i c a t i o n of beef h e a r c 

cytochrome c, was not i n v e s t i g a t e d daring t h i s study. The 

r e c e n t a v a i l a b i l i t y of commercial ampholme c a r r i e r s i n the 

pH range 9-11 may w e l l overcome d i f f i c u l t i e s experienced w i t h 

t h i s method as a r e s u l t of the g e n e r a l l y high IpH v a l u e s f o r 

cytochrome c (see Richardson et a l . , 1970). 

The c r y s t a l l i s a t i o n of cytochrome c was not attempted, 

although t h i s has been r e p o r t e d f o r i n v e r t e b r a t e , v e r t e b r a t e 

and p l a n t cytochromes (see Lemberg & B a r r e t t , 1973) . C r y s t a l l 

s a t i o n i s not r e l i a b l e evidence f o r p u r i t y , e.g. c r y s t a l l i n e 

whale h e a r t cytochrome c has been r e p o r t e d to c o n t a i n myoglobin 

(Minikami e t a l . , 1958) and c r y s t a l l i n e beef h e a r t cytochrome c 

has been r e p o r t e d t o c o n t a i n deamidated forms of the p r o t e i n 
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(Platmark. 1964). 

The i n v e r t e b r a t e cytochromes c, 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 to other mitochondrial cytochromes c and 
Q2+ C2+ 

although the ^^^/E s P e c t r a l r a t i o i s r e p o r t e d to be higher 

f o r p l a n t s and a l y a e than f o r animals (Meatyard, 1974), v a l u e s 

obtained f o r i n v e r t e b r a t e samples are comparable with the 

p l a n t f i g u r e s (see Table 4 2 ) . Apparently e q u a l l y pure samples 

of the same cytochrome c have been shown to vary i n t h e i r 

s p e c t r a l r a t i o s p o s s i b l y due to p h e n o l i c i m p u r i t i e s , demonstratin 

t h a t c a u t i o n i s r e q u i r e d when applying t h i s method to a s s e s s 

p u r i t y . D i f f e r e n c e s i n the tryptophan, phenylalanine and 

t y r o s i n e content can cause v a r i a t i o n s i n the ?80 nn <ibcorbanco en 

the s o r e t band (410 nm) i s p a i t i c u l a r l y s u s c e p t i b l e to m o difi

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 , i n c r e a s i n g as the p r o t e i n 

unfolds (Stellwagen, 1968), so t h a t 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 fos 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 i n c o n s i s 

t e n c i e s because the method cannot d i s t i n g u i s h between most 

modified forms and the n a t i v e 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 exchanges, i n combination 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 to b i n d 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 & S c h e j t e r , 1966) as i s a n a l y t i c a l and 

polyacrylamide g e l e l e c t r o p h o r e s i s , but t h e s e methods were 

not i n v e s t i g a t e d . 
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The i n c r e a s i n g range of cytochromes from a v a r i e t y of 

s t r u c t u r e s i s making apparent the great 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 mitochondrial 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 the e n t i r e group. S i m i l a r l y , no s i n g l e 

p u r i f i c a t i o n method can be a p p l i e d to o b t a i n cytochrome _c fiom 

the v a r i e t y of sources a v a i L a b l e . The b e s t approach appears 

to be the establishment of a b a s i c method to loLlow in. p n n c i p l 

and modify as necessary, together with an excess of s t a r t i n g 

m a t e r i a l to be handled i n 5-10 kg baLches. 

1 1 • The Methods of P r o t e i n Sequence Deternijnat J on 

Previous sequence determinations of cytochrome c have 

tended to use l a r g e q u a n t i t i e s of p r o t e i n s t a r t i n g m a t e r i a l , 

e.g. Samia c y n t h i a , 1.30 g (Chan & Margoliash, ] 9 6 6 ) ; r a b b i t , 

1.70 g (Needleman & Margoliash, 1966); dog, 0.82 g (McDowall 

& Smith, 1965) and wheat, 0.26 g (Stevens e t a].., 1967). 

The q u a n t i t i e s of pure cytochrome c a v a i l a b l e i n t h i s study, 

were g e n e r a l l y l e s s than 30 mg and r e q u i r e d a micro-sequencing 

method d i f f e r e n t as opposed to 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 a p p l i e d . The method chosen was based on 

t h a t used 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 were a l s o a v a i l a b l e , e.g. Abut3 Ion and cotton (12 mg 

each) (Thompson e t a l . , 1971) and sesame and c a s t o r (18 mg) 

(Thompson e t _ a l . , 1970). The method was devased by Gray & 
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H a r t l e y (1963b) and i n v o l v e s the. 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 , the s e p a r a t i o n and p u r i f i c a t i o n of the r e s u l t i 

peptides by high-voltage paper e l e c t r o p h o r e s i s , and t h e i r 

sequence a n a l y s i s by the dansyl-Edman method. 

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 , being the most s p e c i f i c of those 

a v a i l a b l e and having been used s u c c e s s f u l l y i n the s t r u c t u r a l 

a n a l y s i s of other cytochromes c ( s e c Chan & Margoliash, 1966; 

Stevens e t a l . , 1967; B o u l t e r e t a l . , 1970). The s e t of 

peptides obtained from the d i g e s t i o n of cytochrome c by each o 

these enzymes normally g i v e s s u f f i c i e n t overlapping peptide 

sequences a f t e r a n a l y s i s to l o g i c a l l y e s t a b l i s h the t o l a l 

p r o t e i n sequence by i n s p e c t i o n . 

The i n v e r t e b r a t e cytochromes _c were r e a d i l y denatured i n 

95% ethanol and were normally adequately d i g e s t e d w i t h chymo

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

t o o b t a i n , p a r t i c u l a r l y those using chymotrypsin, d e s p i t e the 

s t a n d a r d i s a t i o n of c o n d i t i o n s . The degree of d i g e s t i o n was 

e s t i m a t e d from the t i t r a t i o n curve of added a l k a l i r e q u i r e d 

t o maintain the pH a t a v a l u e of 8.0 using an a u t o t i t r a t o r 

f i t t e d w ith a r e c o r d e r . The s p e c i f i c i t i e s shown by the 

enzymes were those expected (see Smyth, 1967; Kasper, 1970). 

I n a d d i t i o n t o the major p o i n t s of cleavage, a-chymotrypsin 

showed some a c t i v i t y a t peptide bonds i n v o l v i n g the carbonyl 

groups of methionine, h i s t i d i n e and a s p a i a g i n e , and m a 
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chymotryptic d i g e s t i o n of A s t e n a s cytochrome c; cleavage a t 

3ysine-39 was observed. The a c t i v i t y of t r y p s i n was much 

more s p e c i f i c , but i n a l l d i g e s t s cleavage of the peptide bond 

i n v o l v i n g the carboxyl group of t y r o s i n e - 9 7 was observed, and 

o c c a s i o n a l cleavage was observed at the t y r o s i n e r e s i d u e s m 

p o s i t i o n s 38 and 6 7, and the phenylalanine at 82. The a c t i v i t y 

of t r y p s i n a t t y r o o y l peptide bonds has been reported 

(Carpenter & Baum, 1962; Matsubara _et a l . , 1967; Ramshaw, 

1972) and was thought to be due to a chymotrypsm contamination, 

but lnaga'ni & S t u r t e v a n t (1960) demonstrated t h a t t r y p s i n 

p r e p a r a t i o n s could hydrolyse N - a c e t y l - L - t y r o s L n e e t h y l o s r e r 

(ATEE) and t h a t t h i s a c t i v i t y was due to i n t r i n s i c t r y p t i c 

a c t i v i t y . Kostka & Carpenter (1964) claimed t h a t TPCK-

t r e a t e d t r y p s i n showed a s m a l l degree of a c t i v i t y towards 

ATEE but not a g a i n s t t y r o s y l peptide bonds, and Koil-Dlouha 

e t a l . (1971) showed t h a t only TPCK-treatment and e x t e n s i v e 

SE-Sephadex chromatography c o u l d remove the 1 c h y m o t r y p t i c - l i k e ' 

a c t i v i t y from t r y p s i n p r e p a r a t i o n s . There a r e no r e p o r t s of 

TPCK-treated t r y p s i n c l e a v i n g p h e n y l a l a n y l peptide bonds 

(see Kasper, 1970; lnagami, 1972). 

Cyanogen bromide cleavage, used i n the determination of 

s e v e r a l p r o t e i n sequences, has been a p p l i e d p r e v i o u s l y to 

cytochrome c ( H e l l e r & Smith, 1966; Kasper, 1970; Brown e t a l . , 

1972). The technique owes i t s s u c c e s s to the s p e c i f i c i t y 

of cyanogen bromide f o r methionyl-peptide bonds and the r a r i t y 
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of methionine m p r o t e i n s , thereby i n c r e a s i n g the p r o b a b i l i t y 

of o b t a i n i n g l a r g e peptide fragments. These may provide 

v a l u a b l e information on the c o r r e c t sequence of pepLides from 

enzyme d i g e s t s , and a l s o confirm sequencer a l r e a d y e s t a b l i s h e d . 

A 96% cleavage of s u s c e p t i b l e bonds has been repo r r e d u s i n g 

a 30-100-fold molar excess of cyanogen bromide d i s s o l v e d i n 

70% (v/v) EOiinio a c i d ( S t e e r s et . a l . , 1965). I n t h i s study, a 

cyanogen bromide cleavage was performed on a p r e p a r a t i o n of 

A s t e r L a s cytochrome c apparently contaminated w i t h a " g l y c i n e 

n c h " i m p u r i t y . A f t e r the r e a c t i o n , the products and 

i m p u r i t i e s were separated by molecular e x c l u s i o n chromatography 

and the two fragments of cytochrome c were d i q e s t e d normally 

w i t h chymotrypcin. 

Peptides d e r i v e d from enzymic d i g e s t i o n s were r o u t i n e l y 

s e p a r a t e d using high-voltage e l e c t r o p h o r e s i s at pH 6.5 and 

pH 1.9 and paper chromatography. R e s o l u t i o n of chromatograms 

was improved by running the paper i n the same dimension twice 

w i t h a drying s t e p a t room temperature i n between, and t h i s 

approach was particularly e f f e c t i v e f o r p u r i f y i n g heme pe p t i d e s . 

I t was found t h a t the e l u t i o n of e l e c t r o p h o r e s i s and chroma

tography papers was more e f f i c i e n t when c a r r i e d out twice, 

w i t h a drying s t e p a t room temperature in-between. 

The i n c l u s i o n of the phenanthraqumone reagent m the 

scheme of l o c a t i o n agents f o r e l e c t i o p h o r e s i s and chromatography 

guide s t r i p s provided v a l u a b l e information f o r the sequencing 
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of arginine-corrca-nang peptides, and i t was found, t h a t the 

a r g i n i n c t e s t could be performed before the nin h y d r i n and 

E h r l i c h t e s t s . The Pauly reagent was a l s o u s e f u l but was 

b e s t a p p l i e d on i t s own, r a t h e r than i n the combinations 

recommended by E a s l e y (1956). 

The dansyl-Edman method f o r sequencing peptides i s an 

extremely s e n s i t i v e technique 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 & H a r t l e y , 1970). When the technique was 

combined with the method of Woods & Wang (196 7) to separate 

the d a n s y l - d e r i v a t i v e s of amino a c i d s u s i n g polyamide chroma

tography, i t had the advantage of pr o v i d i n g an 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 ammo a c i d 

d e r i v a t i v e s . R e s o l u t i o n of the d a n s y l - d e r i v a t i v e s of more 

unusual amino a c i d s such as hydroxy-proline and £-N-lr unethyl-

l y s i n e , the s e p a r a t i o n of d a n s y l - i s o l e u c m e pnd dansy] - 3 euci no, 

and the r e s o l u t i o n of the dansyl d e r i v a t i v e s of the b a s i c 

amino a c i d s , can a l s o be achieved. The mam d i f f i c u l t y 

a s s o c i a t e d w i t h t h i s and other end group techniques was the 

i d e n t i f i c a t i o n of amino a c i d s whose dansyl d e r i v a t i v e s were 

l a b i l e during the a c i d h y d r o l y s i s of the da n s y l a t e d peptide. 

Asparagme and glutamine were deamidated to the corresponding 

a c i d s and b i s - d a n s y l - h i s t i d i n e was degraded to a-N-dansyl-

h i s t i d m e . The i n t e r n a l l y s i n e r e s i d u e s of a peptide, a f t e r 

a number of Edman degradation s t e p s , r e a c t t h e i r £-amino 

f u n c t i o n w i t h PITC to form £-PTC-lysine, the dansyl d e r i v a t i v e 
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of which was r a t h e r u n s t a b l e to a c i d h y d r o l y s i s , although a-

dant-yl-fc-PTC-lysine could be r e s o l v e d with c a r e from da n s y l -

l e u c i n e and dansyl-pnenyJalanine. D a n s y l - p r o l i n e was degraded 

on prolonged a c i d h y d r o l y s i s so t h a t when a p r o ] m e r e s i d u e 

was suspected a t the N-terrainus of an i n t a c t or p a r t i a l l y 

degraded peptide, the da n s y l a t e d peptide was hydrolysed f o r only 

6 h. The use of the 5 cm x 5 cm polyamide sheets allowed the 

r a p i d a n a l y s i s of samples and r e s o l u t i o n of the dansyl 

d e r i v a t i v e s of p r o l i n e , i s o l e u c i n e , l e u c i n e , £-PTC-lysine, 

phe n y l a l a n i n e , and v a r i o u s d i p e p t i d e s was improved g r e a t l y by 

re p e a t i n g the second dimension s t e p . The method allowed an 

ac c u r a t e chromatographic a n a l y s i s of a h y d r o l y s a t e i n l e s s than 

50 min. The dansyl method can only be q u a l i t a t i v e when used 

a t each step of the Edman degradation, but the d a n s y l a t i o n of 

a peptide h y d r o l y s a t e can provide a s e m i - q u a n t i t a t i v e estimate 

of the amino a c i d composition of the peptide by an assessment 

of the r e l a t i v e i n t e n s i t i e s of the spot f l u o r e s c e n c e under 

u.v. l i g h t f o l l o w i n g polyamide sheet chromatography. During 

the degradation of a peptide, r e - d a n s y l a t i o n of the sample, 

f o l l o w i n g h y d r o l y s i s of the l a b e l l e d peptide i n the normal way, 

provided information on the composition of the degraded peptide 

and was u s e f u l f o r confirming h i s t i d m e i n a sequence by the 

presence or absence of b i s - d a n s y l - h i s t i d i n e . D a n s y l a t i o n 

without h y d r o l y s i s was capable of i d e n t i f y i n g f r e e amino a c i d s 

as i m p u r i t i e s , the f r e e C-termmal amino a c i d of a f u l l y 

degraded peptide and amino a c i d s r e l e a s e d from a peptide by 



-179-

timed d i g e s t i o n s with carboxypeptidases. 

I n the Edman method, i t was found thai: the use of nitrogen 

a t the PTTC and TPA stages improved the degradation y i e l d ? 

(Percy & Buchwald, 1972), and only one e x t r a c t i o n w i t h b u t y l 

a c e t a t e , i n s t e a d of the t h r e e recommended by Thompson e t a l . 

(1970), served to cut down peptide l o s s e s . When sequencing 

s m a l l q u a n t i t i e s of peptides, i t was found chat the s i l y l a c i o n 

of Durham tubes allowed a minimum a l i q u o t to be taken f o r 

d a n s y l - a n a l y s i s a f t e r each degradative s t e p as the sample was 

prevented from s t i c k i n g around the g l a s s surrounds of the tube, 

The p u r i f i c a t i o n of a peptide from Macrobrachiam cytochrome 

c w i t h a c y c l i s e d glutamme r e s i d u e as the N-rerminus 

demonstrated the ease w i t h which peptides may become modified 

w h i l s t undergoing manipulation, and the u s e f u l n e s s of the 

p y r r o l i d o n y l - p e p t i d a s e p r e p a r a t i o n of Armentrout & D o o l i t t l e 

(1969) f o r removing such r e s i d u e s . 

I n the dansyl-Edman method, the i d e n t i f i c a t i o n of amide 

r e s i d u e s presented the major problem. The method of Off o r d 

(1966) using the pH 6.5 e l e c t r o p h o r e t i c m o b i l i t y c o u l d a s s i g n 

the m a j o r i t y of amide r e s i d u e s , but c e r t a i n r e s i d u e s could 

not be p l a c e d unambiguously, e.g. i n sequences of mixed a c i d s 

and amides. L i m i t e d use was made of the pH 6.5 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 p a r t i a l l y degraded peptides, but ca r e had to 

be e x e r c i s e d when a n a l y s i n g l y s i n e - c o n t a m i n g peptides because 

of the formation of £-PTC d e r i v a t i v e s on exposure to PITC 
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and the l o s s of p o s i t i v e charges a t pH 6.5. 

The problems encountered wi_th the sequencing of t L c heme 

peptide were s i m i l a r to those reported by Meatyard (1974). 

Both chymotryptic and t r y p t i c heme peptides were f r e q u e n t l y 

p u r i f i e d i n low y i e l d only, and i t has been suggested t h a t the 

heme moiety may i n t e r f e r e w ith nearby s u s c e p t i b l e bonds, thereby 

d e c r e a s i n g the y i e l d s of t h i s and adjacent peptades (Margoliash 

& S c h e j t e r , 1966). T h i s was supported i n p a r t by the obser

v a t i o n i n t h i s study of apparently undigested heme-coloured 

m a t e r i a l , bound i r r e v e r s i b l y to the o r i g i n during e l e c t r o 

p h o r e s i s a t pH 6.5. Neither the d i r e c t performic o x i d a t i o n 

or mercuric c h l o r i d e methods were found to be s a t i s f a c t o r y 

for the removal of the heme moiety f o r , even f o l l o w i n g the 

m i l d e s t treatments, the subsequent sequence a n a l y s i s was 

g e n e r a l l y poor. The de-hemmg of the t o t a l p r o t e i n p r i o r to 

d i g e s t i o n would have surmounted t h i s problem, but the small 

q u a n t i t i e s of cytochrome c a v a i l a b l e f o r t h i s study would not 

allow t h i s approach. The i d e a l s o l u t i o n t o t h i s problem f o r 

cytochromes c without an N-terminal b l o c k i n g group i s to use 

an automatic sequencer which can degrade the p r o t e i n with the 

-heme moiety i n t a c t , as was demonstrated w i t h the information 

obtained f o r L o c u s t a cytochrome c. The automatic sequencer 

i s an i d e a l t o o l f o r the sequence determination of unblocked 

cytochromes c when used i n c o n j u n c t i o n w i t h manual methods, 

f o r i t can analyse the troublesome heme re g i o n where manual 
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a n a l y s i s f r e q u e n t l y breaks down. The i d e n t i f i c a t i o n systems 

f o r the phenylthiohydantorn ( P T H ) - d e r i v a t i v e s of amino a c i d s 

obtained by the sequencer has been developed such t h a t the 

a p p l i c a t i o n of gas chromatography, t h m - l a y e r chromatography 

and conversion to the parent amino a c i d and subsequent a n a l y s i s 

a l l o w s at l e a s t two independent methods f o r i d e n t i f y i n g a 

p a r t i c u l a r r e s i d u e (see N i a l l , 1973). 

The t e c h n i c a l problems a s s o c i a t e d \,vith the sequence 

determination of p r o t e i n s and the l i k e l y sources of i n a c c u r a c y 

and e r r o r when using l i m i t e d q u a n t i t i e s of protean, have been 

d i s c u s s e d by Ambler & Wynn (1973). 

I I I . Comparisons of Cytochrome c Sequences 

The amino a c i d sequences of the i n v e r t e b r a t e cytochromes 

c 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 cons Ldered ac> being 

t y p i c a l of the cytochrome c group. A l l c o n s i s t of a s i n g l e 

polypeptide c h a i n of 103-108 r e s i d u e s w i t h a c o v a l e n t l y bound 

heme group. They are g e n e r a l l y longer than v e r t e b r a t e 

cytochromes c (103-104 r e s i d u e s ) but are s h o r t e r than higher 

p l a n t , f u n g a l , a l g a l and protozoan cytochromes c (111-113, 

108-111, 112-114 and 103-110 r e s i d u e s r e s p e c t i v e l y ) , whose 

amino a c i d sequences have been determined. 

I t i s p o s s i b l e t o a l i g n the cytochrome c sequences w i t h 

r e f e r e n c e to the two c y s t e i n e r e s i d u e s i n v o l v e d i n the 

t h i o e t h e r l i n k a g e s with the heme p r o s t h e t i c group, except f o r 
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the Eugl e r a nnd Cr L t h i d i ,\ sequence = which have a common -Ala-Ala-

Gln-Cys~ sequence i n t h i s r e g i o n . I t i s common p r a c t i c e to 

number the r e s j d u e s m the sequence from the i n v a r i a n t g l y c i n e 

which i s the N-terminus of the v e r t e b r a t e cytochromes c, so 

t h a t the c y s t e i n e r e s i d u e s occupy p o s i t i o n s 14 and 17. The 

alignment a l s o demonstrates t h a t the d i f f e r e n c e s i n length of 

v a r i o u s cytochromes c are due almost e n t i r e l y t o a d d i t i o n a l 

r e s i d u e s o c c u r r i n g at the N terminus p r i o r to the i n v a r i a n t 

g l y c i n e designated r e s i d u e - 1 i n the standard alignment. These 

N-termmal t a i l s vary from 1-10 r e s i d u e s m length, w h i l s t 

d i f f e r e n c e s i n length a t the C-termmus are r e s t r i c t e d to ]-3 

r e s i d u e s . The v e r t e b r a t e cytochrome c sequences commence 

wi t h an a c e t y l a t e d g l y c i n e r e s i d u e a t the N-terminus, w h i l s t 

higher p l a n t s and the green a l g a , Enteromorpha, have an 8-

r e s i d u e N - a c e t y l a t e d " t a i l " . The fungal cytochromes _c have 

an N-termmal " t a i l " of 1-8 r e s i d u e s , w h i l s t , of the proLozonn 

s p e c i e s , Euglena has no t a i l and g l y c i n e - 1 i s not a c e t y l a t e d 

and C r i t h i d i a c a r r i e s an 8-residue " t a i l " . A l l the i n v e r t e b r a t e 

cytochromes c analysed, p r i o r to and during t h i s study, have 

a f r e e a-amino group a t the N-termmus except f o r Macrobrachium, 

where the nature of the bl o c k i n g group was not determined. 

A l l the i n s e c t s have a s i m i l a r 4-residue " t a i l " d i f f e r i n g 

o n l y a t the minus-1 p o s i t i o n , and E i s e n i a has a 5-residue 

N-termmal " t a i l " , which i s c l e a r l y r e l a t e d to the N-termmal 

re g i o n of the i n s e c t cytochromes c . N-termmal determinations 
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on the cytochromes c of the a n n e l i d s , A r e n i c o l a and Nerejus, 

and the mollusc, L o l i g o , showed them a l l to be unblocked and 

a l l to possess a g l y c i n e N-termmus, but no determination was 

made of the presence or absence of an N-terminal " t a i l " . 

The cytochromes c of A s t e r i a s , Macrobrachmm and H e l i x 

a l l have the i n v a r i a n t g l y c i n e - 1 of the standard alignment as 

t h e i r N-terminus. A l l the higher p l a n t cytochromes c a n a l y s e d 

t o date c a r r y £ - N - t r i m e t h y l l y s i n e i n p o s i t i o n s 72 and 86, 

w h i l s t t h i s r e s i d u e occurs i n p o s i t i o n 72 i n Enteromoroha and 

i s e i t h e r absent or occurs a t e i t h e r p o s i t i o n 72 or 86 i n the 

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

c have shown t h a t r e s i d u e s occupying p o s i t i o n s 72 and 86 

occur at the s u r f a c e of the molecule (D i c k e i s o n et_ aJL., 1973) 

and i t i s thought t h a t £-N-trimethyllysine r e s i d u e s r e s u l t from 

the p o s t - p r o t e i n s y n t h e s i s methylation of l y s i n e r e s i d u e s 

( S c o t t & M i t c h e l l , 1969). No v e r t e b r a t e of i n v e r t e b r a t e 

cytochrome c sequences have been found to c o n t a i n £-N-trimethyl-

l y s i n e , although i t has been r e p o r t e d i n the sequences proposed 

f o r Euglena and C r i t h i d i a cytochromes c (Pettigrew, 1972; 1973) 

and a l s o i n the amino a c i d compositions of cytochrome c from 

v a r i o u s protozoan trypanosomatids ( H i l l jet j a l . , 1971). 

The absence of £ - N - t r i m e t h y l l y s m e i n v e r t e b r a t e and 

i n v e r t e b r a t e cytochromes c may be due e i t h e r to the absence of 

the l y s i n e - m e t h y l a t i n g enzymes, or t o conformational changes 

r e s u l t i n g from amino a c i d s u b s t i t u t i o n s a f f e c t i n g the 

s p e c i f i c i t y of these enzymes. However, the l a t t e r cause i s 
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not i n d i c a t e d as Neurospora c r a s s a cytochrome c c o n t a i n s 

£-N-trimethyllysine at p o s i t i o n 72, w h i l s t the surrounding 

amino a c i d s are i d e n t i c a l to those found i n t h i s normally 

i n v a r i a n t r e g i o n m animal cytochromes c (Delange a t . a l . , 1969) 

I t would appear, t h e r e f o r e , that che methylatmg enzymes of 

p l a n t s and the f u n g i are not present m animals. 

The determination of f u r t h e r i n v e r t e b r a t e cytochrome c 

sequences has not reduced the number of i n v a r i a n t r e s i d u e s 

found i n a l l the known cytochromes o. i f no d i s t i n c t i o n i s 

made between l y s i n e and £-N-trimethyllysine because of the 

p o s t - s y n t h e s i s o r i g i n s of the l a t t e r , twenty e i g h t r e s i d u e s 

a r e found to be i n v a r i a n t throughout seventy known cytochrome 

c sequences. Bo u l t e r & Ramshaw (1972) re p o r t e d t h i r t y t h r e e 

i n v a r i a n t r e s i d u e s , and suggested t h a t because only t h r e e of 

these r e s i d u e s were not s p e c i f i c a l l y c o r r e l a t e d w i t h a 

s t r u c t u r a l aspect of horse-heart cytochrome c (Dickerson e t al_. 

] 9 7 1 ) , the s t a t i s t i c a l estimate of t h i r t y two i n v a r i a n t 

r e s i d u e s ( F i t c h & Markowitz, 1970) was expected to be v e r y 

c l o s e to the numbers expected from s t r u c t u r a l c o n s i d e r a t i o n s . 

The p u b l i s h i n g of f u r t h e r data has, however, reduced the 

number of observed i n v a r i a n t r e s i d u e s to twenty e i g h t 

(Brown .et . a l . , 1972; Pettigrew, 1972; 1973) and the d i f f e r e n c e 

between t h i s f i g u r e and s t a t i s t i c a l and s t r u c t u r a l e s t i m a t e s 

( F i t c h & Markowitz, 1970) may be due t o the occurrence of 

c o n s e r v a t i v e amino a c i d s u b s t i t u t i o n s . These may f u l f i l 
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s t r u c t u r a l c o n s t r a i n t s w h i l s t reducing the l e v e l of r e s i d u e 

i n v a r l a n c e . 

No p o s i t i v e evidence f o r he t e r o g e n e i t y i n the i n v e r t e 

b r a t e cytochromes c understudy was obtained, although t h i s has 

not always been the c a s e . For example, heterogeneity a t a 

smal l number of r e s i d u e s has been observed i n the cycochromes 

c from c a s t o r and sesame (Thompson _et . a l . , 1971), from rape 

(Richardson _et . a l . , 1971b) and from c a r p ( G u t l e r & Horstmann, 

1970), but i n a l l c a s e s predominant forms were observed f o r 

each r e s i d u e . Observed h e t e r o g e n e i t y i n a p r o t e i n sequence 

may be due to h e t e r o z y g o s i t y a t one or more l o c i , polymorphism 

due to i n t e r - c i s t r o n i c 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, t r a n s l a t e o r a l 

ambiguity a t the messenger RNA template (Carbon e t aJL., 1966; 

R i f k i n _et a l . / 1966) or merely as an a r t e f a c t due to 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 j c a t i o n or 

sequencing procedures. The he t e r o g e n e i t y r e p o r t e d f o r carp 

and p l a n t cytochromes c was probably a r e s u l t of polymorphism. 

During t h i s study a number of peptides were i s o l a t e d from a 

given source, and found to possess i d e n t i c a l sequences except 

f o r acid/amide d i f f e r e n c e s a t p a r t i c u l a r r e s i d u e s . Such 

ob s e r v a t i o n s were a t t r i b u t e d to deamidation during p r o t e i n 

and peptide p u r i f i c a t i o n s , and where an amide-containing form 

of the peptide was i s o l a t e d , i t was c o n s i d e r e d t o r e p r e s e n t 

the rn v i v o s i t u a t i o n . With the exception of the i s o -
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cytochromes c:-l and -2 i s o l a t e d from Baker's y e a s t fSlonamski 

et 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 cytochromes c w i t h i n an i n d i v i d u a l , although 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 L Margoliash, 1969). 

Matsubara & Smith (1962) reported t h a t using a mixed population 

of seventy i n d i v i d u a l s , 10% were found to c a r r y l e u c i n e i n s t e a d 

of methionine a t p o s i t i o n 65 m human cytochrome c. However, 

attempts to demonstrate polymorphism i n cytochrome c from 

populations of horses and humans proved u n s u c c e s s f u l 

(Margoliash, 1969a) and Stewart & 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 . Margoliash (1969b) estimated 

t h a t the sequence methods employed i n h i s work coul d d e t e c t 

no l e s s than 5% heterogeneity f o r a given r e s i d u e . Jn view 

of the s m a l l 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 and the nature 

of the dansyl-Edman method, i t i s c l e a r t h a t the i n v e r t e b r a t e 

cytochromes c i n v e s t i g a t e d i n t h i s study would have to c a r r y 

more than 25% h e t e r o g e n e i t y f o r a given r e s i d u e i n order t o 

be d e t e c t e d and recorded as s i g n i f i c a n t . 

The sequences of i n v e r t e b r a t e cytochromes c show remarkable 

s i m i l a r i t i e s among themselves and w i t h other cytochromes jc 

from e u k a r y o t i c s o u r c e s . The m i t o c h o n d r i a l cytochromes c 

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

e l e c t r o n c a r r i e r s i n the m i t o c h o n d r i a l r e s p i r a t o r y e l e c t r o n 
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t r a n s p o r t c h a i n ( s e c K e i l i n , 1966; Margoliash & S c h e ^ t c r , 

1966; Lemtaerg & B a r r e t t , 1973). These s i m i l a r i t i e s are 

u n d e r l i n e d by the r e p o r t s t h a t cytochromes c from other s p e c i e ^ 

can s u c c e s s f u l l y r e p l a c e the cytochrome c of a given s p e c i e s 

i n the i n t r a - m i t o c h o n d r i a l r e a c t i o n with the cytochrome jc 

o xidase of th a t s p e c i e s (Jacobs & Sanadi, 1960; Margoliash 

_ e t _ a l . # 1971). However, th LS m t e r c h a n g e a b i l L t y i s not 

u n l i m i t e d . Yamanaka and others (Yamanaka & Kamen, 1965; 

Yamanaka, 1966; 1967; Yoshida, 1966; Yamanaka e t a l . , 1969) 

have attempted to make e v o l u t i o n a r y deducts ons from the r e l a t i v e 

r a t e s of i n t e r a c t i o n s of a v a r i e t y of cytochromes c w i t h 

mammalian and Pseudomonas cytochrome oxidases,. The r e s u l t s 

obtained f o r i n v e r t e b r a t e cytochromes c as compared t o Lhose 

obtained f o r v e r t e b r a t e s , p l a n t s , fungi and microorganisms, 

were g e n e r a l l y as expected from c l a s s i c a l p hylogenetic 

c o n s i d e r a t i o n s . However, the degree of r e s o l u t i o n of such a 

method i s r a t h e r poor, and even the apparent r e s o l u t i o n of the 

v a r i o u s cytochromes _c rep o r t e d (Yamanaka, 1966; 1969) i s 

probably due to the use of photosynthetic c:-type cytochromes 

f o r the algae, r a t h e r than the mi t o c h o n d r i a l c-type cytochromes 

-homologous w i t h those a p p l i e d f o r higher organisms. 

L i t t l e i s known of the r e l a t i o n s of mi t o c h o n d r i a l 

cytochrome c w i t h the cytochromes which f u n c t i o n i n anaerobic 

e n e r g y - y i e l d i n g r e a c t i o n s and which occur m chemosynthetic 

b a c t e r i a , not of those which f u n c t i o n i n the photoreduction 

p r o c e s s e s of pho t o s y n t h e t i c organisms (Kamen e t a l . , 1971). 
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A l l those p r o t e i n s c o n t a i n herae-c as the p r o s t h e t i c group, but 

sequence a n a l y s i s has been l a r g e l y confined to e u k a r y o t i c 

mitochondrial cytochrome c (see Lemberg & B a r r e t t , 1973). 

The data of Dus cit al. (1968) f o r the cytochromes cc 

£2 °£ Chromatium a ^ d Rhodospirilium r e s p e c t i v e l y , show strong 

evidence f o r homology with eukaryocic m i t o c h o n d r i a l cytochrome 

c. A l s o , Dickerson (1971) has found strong evidence f o r 

homology of Pseudomonas cytochrome c-551 w i t h horse-heart 

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

loop of the sequence i s assumed. A p h o t o s y n t h e t i c cytochrome 

c from the alga, Monocystis l u t h e r L , has a l s o been shovn to 

have some sequence homology w i t h mitochondrial cytochrome c 

(Laycock, 1972). A review of the v a r i o u s c-type cytochromes 

has been given by Lemberg & B a r r e t t (19 7 3 ) . 

IV. S t r u c t u r e and Function i n I n v e r t e b r a t e Cytochrome c 

The s t r u c t u r e of c r y s t a l l i n e h o r s e - h e a r t and bonito 

cytochromes jc has been determined by x-ray methods to a 
o 

r e s o l u t i o n of 2*8 A (Dickerson e t a l . , 1971). The t e r t i a r y 

s t r u c t u r e of both molecules was i d e n t i c a l , apart from minor 

changes a s s o c i a t e d w i t h the s i d e - c h a i n s u b s t i t u t i o n s shown i n 

the d i f f e r e n c e s of primary s t r u c t u r e . T h i s i n v i t e d the 

c o n c l u s i o n t h a t the e s s e n t i a l s t r u c t u r e of the p r o t e i n had 

been conserved f o r a t l e a s t four hundred m i l l i o n y e a r s 

(Dickerson e t a l . , 1971). 
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Cytochrome c i s a good, example of the o i l - d r o p model of 

a p r o t e i n having b u r i e d hydrophobic s i d e - c h a i n s , and p o l a r 

s i d e - c h a i n s a t the s u r f a c e of the molecule. The mam f e a t u r e s 

of the molecule, as d e s c r i b e d by Dickerson e t a l . (L971), are 

the bLnding of the heme together w i t h i t s i n t e r a c t ions w i t h the 

polypeptide c h a i n ; the hydrophobic environment around the heme 

group; the two hydrophobic channels i n t o the i n t e r i o r on 

e i t h e r s i d e of the heme group; the r o l e of the aromatic s i d e -

c h a i n s and the b a s i c s u r f a c e patches; the involvement of 

r e s i d u e s i n hydrogen bondinq and the importance of the i n v a r i a n t 

g l y c i n e r e s i d u e s . Such f e a t u r e s are seen to be broadly 

r e p i e s e n t a t i v e of a l l the e u k a r y o t i c mitochondria] cytochromes 

c, as judged by the amino a c i d sequences p u b l i s h e d t o date, 

and are i m p ] i c a t e d i n the f u n c t i o n a l i n t e r a c t i o n s of cytochrome 

c with cytochrome oxidase, cytochrome reductase and the 

mit o c h o n d r i a l membranes. 

Bo u l t e r & Ramshaw (1972) used the a-carbon diagrams of 

Dick e r son est a l . (1971) t o c o n s t r u c t a three-dimensional model 

of h o r s e - h e a r t cytochrome c and applying the amino a c i d sequences 

of f o u r t e e n p l a n t cytochromes c together w i t h t h a t of horse-

h e a r t cytochrome c to the model, they were able to make 

p r e d i c t i o n s regarding the s t r u c t u r e and f u n c t i o n of higher 

p l a n t cytochrome c. I n the absence of x-ray c r y s t a l l o g r a p h y 

data f o r p l a n t cytochrome c, t h i s i s the only approach t h a t 

can provide information on the p r o t e i n three-dimensional 
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s t r u c t u r e . Thxs s i m i l a r i t y oE both the primary and t e r t i a r y 

s t r u c t u r e s suggests t h a t these cytochromes c are homologous 

and provides a sound b a s i s f o r the use of sequence data f3*om 

higher p l a n t cytochrome c i n molecular phylogenies. 

I n a s i m i l a r f a s l n o n , p r e d i c t i o n s may be made about the 

s t r u c t u r e of i n v e r t e b r a t e cytochrome _c using the ten amino 

a c i d sequences now known from t h i s m u l t i - p h y l e t i c group. 

I n v e r t e b r a t e cytochromes _c, j n common wi t h the m a j o r i t y of other 

cytochromes c, have the r e s i d u e s cysteme-14 and c y s t e i n e - 1 7 

c o v a l e n t l y l i n k e d to the heme p r o s t h e t i c group v i a the v i n y l 

s i d e - c h a i n s of i t s a-carbon atoms. Evidence t h a t h i s t i d m e - 1 8 

and methionme-80 are l i g a n d e d to the heme, as shown f o r the 

horse - h e a r t molecule (Dickerson e t . a l . , 1971), f o l l o w s irom 

the xnvariance of these r e s i d u e s i n a l l i n v e r t e b r a t e cytochromes. 

c, and from the s i m i l a r i t i e s of absorption s p e c t r a shared tfith 

those of ho r s e - h e a r t cytochrome c. 

Horse-heart cytochrome c has s i x t e e n hydrophobic r e s i d u e s 

which p o i n t i n towards, and pack around, the heme group. 

I n v e r t e b r a t e cytochromes c c a r r y i d e n t i c a l r e s i d u e s i n these 

p o s i t i o n s , or replacements which are c h e m i c a l l y and s t e r i c a l l y 

v e r y s i m i l a r . Such replacements have been observed i n 

v e r t e b r a t e , p l a n t and fungal cytochromes c. I n ho r s e - h e a r t 

cytochrome c the hydrophobic channel t o the r i g h t of the heme 

i s bordered by r e s i d u e s 6-20 and the a - h e l i x of r e s i d u e s 

92-101 (see F i g u r e 44) and i n the i n v e r t e b r a t e s , a s i m i l a r 
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arrangement probably e x i s t s i n v o l v i n g i s o l e u c i n e or l e u c i n e 

i n p o s i t i o n 9, phenylalanme-10, leucme-94, i a o l e u c i n e - 9 5 , 

t y r o s m e - 9 7 and leucme-98, these l a s t f i v e r e s i d u e s being 

i n v a r i a n t i n i n v e r t e b r a t e and a l l other known cytochromes c, 

w i t h the exception of c e r t a i n f u n g i . The i n v e r t e b r a t e s , i n 

common w i t h the v e r t e b r a t e s and higher p l a n t s , have an i n v a r i a n t 

l e u c i n e a t p o s i t i o n 32, and at p o s i t i o n 35 they may c a r r y 

l e u c i n e , i s o l e u c i i i e or p h e n y l a l a n i n e . The s i d e - c h a i n s of the 

r e s i d u e s i n these two p o s i t i o n s point inwards towards the heme 

c a v i t y . I n h o r s e - h e a r t cytochrome c, the hydrophobic channel 

to the l e f t of the heme i s e n c l o s e d by r e s i d u e s 52-74 and 

the i n v e r t e b r a t e sequences have i n v a r i a n t r e s i d u e s i s o l e u c m e -

57, tryptophan-59, l e u c i n e - 6 4 , t y r o s m e - 6 7 and leucinc--68, 

i n a s i m i l a r f a s h i o n to the v e r t e b r a t e s . I n p a r t i c u l a r , the 

region 63-68 appears to r e q u i r e a c e r t a i n hydrophobic s t a b i J i t y 

i n i n v e r t e b r a t e s . For example, a l l the i n s e c t s have a sequence 

-Thr-Leu-Phe-Glu-Tyr-Leu- except f o r Locusta which has 

-Thr-Leu-Phe-Ile-Tyr-Leu-; Macrobrachium has -Thr-Leu-Asp-

Val-Tyr-Leu-, w h i l s t E i s e n i a has -Thr-Leu-Tyr-Glu-Tyr-Leu-. 

Thus, t h e r e are always at l e a s t four hydrophobic r e s i d u e s i n 

t h i s s h o r t sequence. 

I n h o r s e - h e a r t cytochrome c t h e r e are nine aromatic 

r e s i d u e s and only those i n p o s i t i o n s 36 and 46 show any 

v a r i a b i l i t y i n the other v e r t e b r a t e sequences ( p h e n y l a l a n i n e / 

i s o l e u c i n e and p h e n y l a l a n i n e / t y r o s i n e , r e s p e c t i v e l y ) . I n 
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the i n v e r t e b r a t e s there are e i g h t i n v a r i a n t aromatic r e s i d u e s 

i n a d d i t i o n to which r e s i d u e s 35-35 are e i t h e r Leu-Phe 

(Macrobrachium), Pne-Tyr (fSamia), Phe-Phe (Manduca) and l i e - L e u 

( A s t e r i a s ) , w h i l s t phenylalanine or t y r o s i n e occupies p o s i t i o n 

65, except i n Macrobrachium which has a s p a r t i c a c i d i n t h i s 

p o s i t i o n . Thus, the i n v e r t e b r a t e t y r o s i n e / p h e n y l a l a n i n e r a t i o 

v a r i e s from ^/4 (Manduca) to ^/5 (Samia), ^/4 (Macrobrachium 
5 

and H e l i x ) , and /4 ( L o c u s t a ) . 

I n h o r s e - h e a r t cytochrome c, the b a s i c r e s i d u e s a r e non--

randomly d i s t r i b u t e d and t h e i r s i d e - c h a i n s g e n e r a l l y point 

outwards. On the l e f t - h a n d s i d e of the molecule, r e s i d u e s 

86, 87 and 88, 72, 73 and 79, 53, 39 and 55 form t h r e e b a s i c 

s t r i p s a t the s u r f a c e of the molecule and these groups are 

shown i n p a r t w i t h i n the i n v e r t e b r a t e sequences. Residue-39 

i s not always b a s i c i n i n v e r t e b r a t e sequences (e.g. E i r e n i a 

and Macrobrachium) and no i n v e r t e b r a t e sequence to date c a r r i e s 

a b a s i c residue-88, although the r e g i o n 86-91, w i t h the excep

t i o n of H e l i x , always cont a i n s t h r e e b a s i c r e s i d u e s . 

Residue-86 i s an m v a r i a n t - l y s i n e i n i n v e r t e b r a t e cytochrome 

c . On the right-hand s i d e of the horse-heart molecule, 

r e s i d u e s 5, 7, 8, 13, 22, 25, 27, 99 and 100 are a l l b a s i c 

and i n i n v e r t e b r a t e s r e s i d u e s 5, 7, 13 and 27 are m v a r i a n t l y 

b a s i c , w h i l s t r e s i d u e s 8, 22, 25, 99 and 100 are b a s i c i n 

c e r t a i n c a s e s . I n g e n e r a l , the i n v e r t e b r a t e sequences are 

more s i m i l a r t o the v e r t e b r a t e s , r a t h e r than the f u n g i and 
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higher p l a n t s , w i t h regard to the b a s i c ammo a c i d content and 

the degree of base e x c e s s . Brown _et aJL. (1972) re p o r t e d t h a t 

H e l i x cytochrome c had a g r e a t e r e l e c t r o p h o r e t i c m o b i l i t y at 

pH 8.7 than ho r s e - h e a r t cytochrome c, and i t has been g e n e r a l l y 

observed, i n t h i s study and elsewhere, that anima] cytochromes 

c r e q u i r e a stronger i o n i c c o n c e n t r a t i o n to e f f e c t t h e i r e l u t i o n 

from c a t i o n exchangers than do p l a n t cytochromes c. Thus, 

the p i of i n v e r t e b r a t e cytochrome c may l i e more c l o s e l y to 

the v a l u e of pH 10.0 determined f o r mammalian cytochrome c, 

(Barlow & Margoliash, 1966) than t h a t of pH 9.5 determined f o r 

mungbean cytochrome c (Laycock, 1971). A l l cytochromes c 

sequenced to date have contained 2-3 h i s t i d m e r e s i d u e s and 

i n a d d i t i o n , v e r t e b r a t e sequences c o n t a i n s i x t e e n i n v a r i a n t 

b a s i c r e s i d u e s ( a r g m i n e and l y s i n e ) and f i v e i n v a r i a n t a c i d i c 

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

b a s i c r e s i d u e s and two i n v a r i a n t a c i d i c r e s i d u e s . I n g e n e r a l , 

v e r t e b r a t e cytochrome c c o n t a i n s an 8-10 b a s i c r e s i d u e e x c e s s , 

i n v e r t e b r a t e cytochrome c a 7-9 b a s i c r e s i d u e e x c e s s , and 

p l a n t cytochrome c a 4-6 b a s i c r e s i d u e e x c e s s . 

The a c i d i c r e s i d u e s i n h o r s e - h e a r t cytochrome c are a l s o 

not randomly d i s t r i b u t e d (Dickerson e t a l . , 1971), and the 

a c i d i c patch a t r e s i d u e s 2-4 i s d u p l i c a t e d i n s i x of the ten 

i n v e r t e b r a t e cytochromes c. Residue-21 i s an i n v a r i a n t 

a c i d i c amino a c i d i n a l ] the v e r t e b r a t e s and higher p l a n t s 

and i n a l l the i n v e r t e b r a t e s , w i t h the exception of Macro-

-brachium. Groups of a c i d i c r e s i d u e s occur i n v e r t e b r a t e 
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cytochrome c i n the regLons 60-69 and 89-93, and these are a l s o 

seen i n i n v e r t e b r a t e s , p l a n t s and f u n g i . Acidac r e s i d u e s are 

not normally found elsewhere i n the sequences, w i t h the 

exception of a s p a r t i c acid-50 i n s i x of the ten i n v e r t e b r a t e 

sequences and the glutamic acad r e s i d u e s c l o s e to the C-

termmus (see F i g u r e 4 5 ) . 

I n v e r t e b r a t e cytochrome c has fewer r e s i d u e s capable of 

forming hydrogen bonds than i s the case f o r higher p l a n t 

cytochrome c (Boulter & Ramshaw, 1972) and g e n e r a l l y appears 

more c l o s e to the v e r t e b r a t e c o n d i t i o n . Many of the important 

hydrogen bonding r e s i d u e s tend to be i n v a r i a n t and a c o n s i d e r 

a t i o n of hydrogen-bondiig p o t e n t i a l shows fourteen such 

i n v a r i a n t r e s i d u e s i n the higher p l a n t s , t e n i n the v e r t e b r a t e s 

and e l e v e n i n the i n v e r t e b r a t e s . i n h o r s e - h e a r t cytochrome c, 

the d~ n i t r o g e n atom of h i s t i d i n e - 1 8 i s hydrogen-bonded to 

the carbonyl oxygen of p r o l i n e - 3 0 ; the hydroxy1 of t y r o s i n e -

67 i s hydrogen bonded to threonine-78; and hydrogen bonding 

occurs between tyrosme-48, tryptophan- 59 and the carbonyl 

group of threonme-40 with the b u r i e d p r o p i o n i c group of the 

heme, w h i l s t the other heme p r o p i o n i c group i s probably hydrogen' 

bonded to threonme-49 (Dickerson et _ a l . , 1971). A l l these 

r e s i d u e s are i n v a r i a n t i n i n v e r t e b r a t e cytochrome c, except 

f o r residue-49 which can be e i t h e r s e r i n e or threonine, and 

i t would seem l i k e l y t h a t the hydrogen-bonding i s s i m i l a r i n 

both v e r t e b r a t e s and i n v e r t e b r a t e s . Threonme-40 i n horse-



FIGURE 45. 

A summary of the v a r i a b i l i t y i n the sequences of 

v e r t e b r a t e , i n v e r t e b r a t e , p l a n t and fungal cytochromes 

c d i s c u s s e d m the t e x t (see D i s c u s s i o n I V ) . The data 

i s taken from the sequences i . s . e d >.n Appendices 11 and 

I I I . 

The s i n g l e - l e t t e r a b b r e v i a t i o n s f o r ammo a c i d s 

are given on page i v ; dashes i n d i c a t e t r u e deletions 

and undetermined r e s i d u e s . 

The f i g u r e s i n parentheses r e p r e s e n t the number 

of sequences compared and t h o number of i n v a r i a n t 

r e s i d u e s i n those sequences r e s p e c t i v e l y . * I n the 

o v e r a l l i n v a r l a n c e no d i f f e r e n c e i s made between l y s i n e 

and £.-N-tnmethyl l y s i n e . 
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h e a r t cytochrome c connects two polypeptide c h a i n s by hydrogen 

bonding w i t h the mam chain carbonyl group of res i d u e - 5 5 , a 

s t a t e l i k e l y to be d u p l i c a t e d i n the i n v e r t e b r a t e s , where 

residue-40 can be threonine or glutamine and residae-55 i s 

an i n v a r i a n t l y s i n e . I n h o r s e - h e a r t , only a s i n g l e amide 

r e s i d u e (asparagine-52) i s not s i t u a t e d a t the s u r f a c e of the 

molecule, and t h i s i s thought to hydrogen bond w i t h threonine-

49 and the outer heme p r o p i o n i c group (Dackerson e t aJL., 1971). 

Residue-52 i s an i n v a r i a n t asparagme i n the i n v e r t e b r a t e 

sequences. Dickerson e t _ a l . (1971) re p o r t e d t h a t the glutamine-

16 s i d e - c h a i n pointed outwards m ho r s e - h e a r t cytochrome c, 

and t h a t the glutamine r e s i d u e s a t p o s i t i o n s 12 and 42 i n t e r a c t 

w i t h a r g i n m e r e s i d u e s a t p o s i t i o n s 91 and 38 r e s p e c t i v e l y , 

thus c l o s i n g the top and bottom of the heme c r e v i c e (see 

F i g u r e 4 4 ) . These glutamine and a r g j n i n e r e s i d u e s occur 

i n v a r l a n t l y i n the i n v e r t e b r a t e sequences and are presumed to 

form i d e n t i c a l i n t e r a c t i o n s . 

I n the known v e r t e b r a t e cytochromes c, there are eleve n 

g l y c i n e r e s i d u e s , e i g h t of which occur i n the f i r s t f i f t y 

r e s i d u e s of the p r o t e i n , and i n most c a s e s the s t e r i c reasons 

f o r t h e i r occurrence have been made c l e a r (Dickerson est a l . , 

1971). I n the i n v e r t e b r a t e sequences, t en g l y c i n e s are 

i n v a r i a n t , a l l i n i d e n t i c a l p o s i t i o n s t o those i n the 

v e r t e b r a t e s . The only exception i s residue-24 which i s 

g l y c i n e i n a l l the i n v e r t e b r a t e s except f o r Macrobrachium, 
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where residue-24 i s l e u c i n e . 

Estimabions of a - h e l i c a l regions an cytochrome c have not 

been very s a t i s f a c t o r y . I n ho r s e - h e a r t , only r e s i d u e s 91-10] 

e x i s t i n an a - h e l i c a l conformation, l a r g e l y due to the d i s t o r 

t i o n of the r e s t of the molecule by the dominance of the heme 

p r o s t h e t i c group (Dickerson e t a l . , 1971). I t i s l i k e l y that 

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

i n i n v e r t e b r a t e cytochrome _c m the same manner. 

A c o n s i d e r a t i o n of a l l the jcnown sequences of cytochrome 

c. shows t h a t twenty nine v e r t e b r a t e sequences have s i x t y s i x 

i n v a r i a n t r e s i d u e s , t e n i n v e r t e b r a t e sequences have s i x t y 

i n v a r i a n t r e s i d u e s , twenty t h r e e hagher p l a n t sequences have 

eighty f i v e i n v a r i a n t r e s i d u e s , seven fungal sequences have 

f i f t y one i n v a r i a n t r e s i d u e s and the two protozoan sequences 

have f i f t y f i v e i n v a r i a n t r e s i d u e s . O v e r a l l , the cytochromes 

c p u b l i s h e d to date show common p o s s e s s i o n of twenty e i g h t 

i n v a r i a n t r e s i d u e s (see F i g u r e 45 and Appendices I I and I I I ) . 

F i g u r e 45 i n d i c a t e s a number of d i f f e r e n c e s i n the 

c o n s t r u c t i o n of cytochrome c molecules from v e r t e b r a t e s , 

i n v e r t e b r a t e s , higher p l a n t s , fungi and protozoa. The 

v e r t e b r a t e s show much v a r i a b i l i t y a t r e s i d u e s 33, 44, 67, 89, 

92, 100, 103 and 104, and t h i s v a r i a b i l i t y i s not always 

re p r e s e n t e d by c o n s e r v a t i v e ammo a c i d s u b s t i t u t i o n s . The 

i n v e r t e b r a t e s show a s i m i l a r v a r i a b i l i t y a t r e s i d u e s 89, 92 

and 100, but i n a d d i t i o n show a c h a r a c t e r i s t i c e x t e n s i v e v a r i a n c e 
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a t r e s i d u e s 36, 60, 63 and 68- Regions of v a r i a n c e a t 

r e s i d u e s 60-66 and 100-104 are s i m i l a r i n both v e r t e b r a t e s 

and i n v e r t e b r a t e s , but the l a t t e r approach more the 

c h a r a c t e r i s t i c s of the fungal sequences i n the v a r i a b i l i t y 

observed a t r e s i d u e s 19-25 and 88-93 which are l e s s v a r i a b l e 

i n p l a n t and v e r t e b r a t e sequences. I n g e n e r a l , however, 

the i n v e r t e b r a t e s t r u c t u r e i s c l o s e to t h a t of the v e r t e b r a t e 

than to any other group. 

At f i r s t s i g h t , i t may appear t h a t there has been a 

p r o g r e s s i v e shortening of the cytochrome c molecule from the 

N-terminus of the standard alignment during e v o l u t i o n (Smith, 

1968). However, there i s strong evidence f o r the s y n t h e s i s 

of mammalian and fungal cytochrome c on SOS cytoplasmic 

ribosomes ( B o u l t e r , 1970) and i t has been demonstrated t h a t 

the i n i t i a t i o n mechanism f o r s y n t h e s i s on theso p a r t i c l e s 
MET 

i n v o l v e s tRNA * (Smith & Marcker, 1970). T h i s i m p l i e s t h a t F 

the N-terminus of a l l p r o t e i n s so s y n t h e s i s e d i s N-formyl-

methionme and t h a t p r o t e i n s are "trimmed" by a h y d r o l y t i c 

enzyme(s), to give the a c t i v e forms normally observed. T h i s 

p o s t u l a t e d enzyme system has y e t to be i s o l a t e d , but the 

observed d i f f e r e n c e s i n length of known cytochromes c r e f l e c t 

the s p e c i f i c i t y of the p o s t u l a t e d enzyme r a t h e r than the 

length of the gene r e s p o n s i b l e f o r coding f o r cytochrome c. 

The i n v a r i a n c e of g l y c i n e at the N-termmus of v e r t e b r a t e 

cytochromes c and the f a c t t h a t t h e s e are the s h o r t e s t 

cytochromes c found, may a l s o r e f l e c t the s p e c i f i c i t i e s of 
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the p o s t u l a t e d enzyme. The v a r i a b l e length at the C-terminus 

of the standard alignment, however, i s almost c e r t a i n l y due 

to the occurrence of d e l e t i o n s and/or mutataons to a cha i n 

terminating t r i p l e t . Thus, Ginkgo cytochrome c terminates 

w i t h glutamic a c i d a t p o s i t i o n 105, w h i l s t C r i t h i d i a terminates 

w i t h a l y s i n e a t p o s i t i o n 102 i n the alignment. 

The l i m i t e d v a r i a t i o n m the i n v e r t e b r a t e sequences 

s u b s t a n t i a t e s the view t h a t cytochrome o has been a c o n s e r v a t i v e 

molecule during e v o l u t i o n (Dayhoff, 1969; 19 721 and an o v e r a l l 

c o n s i d e r a t i o n of the amino a c i d sequences suggests t h a t the 

e s s e n t i a l three-dimensional s t r u c t u r e of cytochrome c has been 

conserved s i n c e the divergence of the ma^or i n v e r t e b r a t e phyla 

from the main v e r t e b r a t e l i n e of descent. 

V. Aspects of Molecular E v o l u t i o n 

S i m i l a r i t i e s between amino a c i d sequences could have a r i s e n 

i n a number of ways. They could have a r i s e n by chance as the 

r e s u l t of p a r a l l e l or c o i n c i d e n t a l changes, by the convergence 

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

as a r e s u l t of the energy c o n s t r a i n t s on the f o l d i n g of poly

peptides or by the descent from a common ancestor (homology). 

The sequence evidence a v a i l a b l e p o i n t s to a common ancestor 

f o r a l l m i t o c h o n d r i a l cytochromes c and thus a divergent, 

homologous e v o l u t i o n i s i n f e r r e d r a t h e r than a convergent, 

analogous p r o c e s s . I n v e s t i g a t i o n s i n t o the molecular e v o l u t i o n 
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of animal cytochrome _c have been c a r r i e d out by Margoliash and 

coworkers (Margoliash, 1963; 1964; Margoliash 6 Smith, 1965; 

Margoliash & F i t c h , 1968) and a s i m i ] a r approach to higher 

p l a n t cytochrome c has been made by Boulter and h i s c o l l e a g u e s 

( B o u l t e r , 1972; 1973; Ramshaw e t a l . , 1972). The whole f i e l d 

of the e v o l u t i o n a r y a s p e c t s of p r o t e i n primary s t r u c t u r e has 

been reviewed by Nolan & Margoliash (1968), and more r e c e n t L y 

by Lemberg & B a r r e t t (1973). 

F i t c h (1970) and others ( F i t c h , 1966a,b; Cantor & Jukes, 

1966) demonstrated a s t a t i s t i c a l approach t h a t was capable of 

d i s t i n g u i s h i n g between s i m i l a r i t i e s r e s u l t i n g by chance, and 

those r e s u l t i n g from analogous or homologous p r o c e s s e s . The 

method i n v o l v e d a comparison of peptide segments of a f i x e d 

length ( u s u a l l y t h i r t y r e s i d u e s ) throughout p a i r s of p r o t e i n 

sequences, and the frequency of the minimum mutation d i s t a n c e s 

r e l a t i n g these segments was compared to t h a t expected from a 

p u r e l y random s i t u a t i o n . Dickerson (1971) pointed out 

the i n b u i l t e r r o r i n basing a method of e v o l u t i o n a r y homology 

determination on minimum mutation d i s t a n c e data, r e s u l t i n g from 

the degeneracy of the g e n e t i c code. A change i n the t h i r d 

n u c l e o t i d e base of a p a r t i c u l a r codon changes the amino a c i d 

coded f o r m only about h a l f the p o s s i b l e c a s e s . Changes i n 

the f i r s t and second n u c l e o t i d e bases of a codon are most 

i n f l u e n t i a l i n changing the amino a c i d coded f o r , although 

those r e s u l t i n g from f i r s t - b a s e changes are f r e q u e n t l y of a 
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c h e m i c a l ] y and s t c n c a l l y c o n s e r v a t i v e type (see Cr Lck et a1., 

1961; C r i c k , 1966). 

When a departure from the random s i t u a t i o n f o r p a i r s of 

sequences has been shown (Margoliash e t .al_., 1969), i t s t i l l 

remains to d i s t i n g u i s h between convergence and homology. 

F i t c h & Margoliash (196 7b) presented an approach f o r use with 

a s e t of p r o t e i n s c o n t a i n i n g a number of i n v a r i a n t r e s i d u e s 

s t a t i s t i c a l l y determining the degree of i n v a r i a n c e expected 

to remain, i r r e s p e c t i v e of the number of sequences determined. 

Two sequences were considered to be a n c e s t r a l l y r e l a t e d i f the 

number of shared i d e n t i c a l r e s i d u e s exceeded the s t a t i s t i c a l 

e s t imate of i n v a r l a n c e , f o r the p r o t e i n s e t to which the p a i r 

belonged. F i t c h & Margoliash (1967b) c a l c u l a t e d the expected 

i n v a r i a n c e f o r e u k a r y o t i c cytochromes c to be 27-29 r e s i d u e s , 

although more r e c e n t l y , F i t c h & Markowitz (1970) have c a l c u l a t e d 

an expected invaraance of 32 r e s i d u e s . The observed i n v a r i a n c e 

i n cytochrome c became twenty e i g h t r e s i d u e s as a r e s u l t of 

the p u b l i c a t i o n of the sequences of H e l i x (Brown e t 1972) 

and C r i t h i d i a and Euglena (Pettigrew, 1972; 1973). The sequences 

determined i n t h i s study have not changed t h i s f i g u r e . The 

observed degree of s i m i l a r i t y between any p a i r of the known 

cytochrome _c sequences i s always g r e a t e r than the c a l c u l a t e d 

-and observed i n v a r i a n c e (see Appendices I - I I I ) , and i t i s 

thus concluded t h a t they are a n c e s t r a l l y r e l a t e d . 

A f u r t h e r problem with sequence comparisons a r i s e s where 

a d d i t i o n s and/or d e l e t i o n s of r e s i d u e s have occurred, but a 
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number of methods are capable of demonstiatmg a departure from 

randomness without the need to cons i d e r such events ( F i t c h , 

1969; 1970; Gibbs & Mclntyre, 1970). I n the mitochondrial 

cytochromes c, the numbers and s i z e s of these are s m a l l and 

may be r e a d i l y i d e n t i f i e d . Thus, the a d d i t i o n a l r e s i d u e s i n 

the p l a n t , fungal, protozoan and c e r t a i n of the i n v e r t e b r a t e 

sequences are c l e a r l y l o c a t e d a t the N-termmus, when the two 

c y s t e i n e r e s i d u e s i n v o l v e d i n the c o v a l c n t heme l i n k a g e are 

a l i g n e d (see Appendices I I and I I I ; Dayhoff, 1972). Even 

the protozoan C r i t h i d i a and Euglena cytochromes c, which have 

only one c y s t e i n e i n v o l v e d i n the binding of the heme 

(Pettigrew, 1972; 1973), a l i g n a t the Gln-Cys sequence of the 

heme attachment r e g i o n , and t h i s p l a c e s the e x t r a r e s i d u e s a t 

the N-terminus. I n a comparison of more d i s t a n t l y r e l a t e d 

_c-type cytochromes, however, the a l i g n i n g of sequences and 

thus the i d e n t i f i c a t i o n of a d d i t i o n s and d e l e t i o n s i s more 

d i f f i c u l t . The sequence of Pseudomonas f l u o r e s c e n s c:-551 

(Ambler, 1963) and R h o d o s p i r i l i u m rubrum c-2 (Dus et a l . , 1968) 

have been a l i g n e d w i t h mitochondrial cytochrome c sequences, 

but the proposed arrangements d i s a g r e e (see Cantor & Jukes, 

1966; Dus et a l . , 1968; Needleman & B l a i r , 1969; 

Dickerson, 1971). I n a d d i t i o n , Ambler and co-workers have 

a l i g n e d v a r i o u s b a c t e r i a l cytochrome sequences demonstrating 

some s i m i l a r i t y i n t h i s group (see Ambler j3t _ a l . i n Dayhoff, 

1972; Ambler, 1971; Ambler & Wynn, 1973). 

The v a l i d i t y of such comparisons can only be r i g o r o u s l y 
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t e s t e d by x - i a y c r y s t a l l o g r a p h i c a n a l y s i s of the three-

dimensional s t r u c t u r e of the p r o t e i n s under study, and thas 

approach o f f e r s s o l u t i o n s to the d i f f e r e n t i a t i o n between 

convergence and homology. The demonstration of s i m i l a r i t y of 

three-dimensional s t r u c t u r e p o i n t s to homologous o r i g i n s , 

although i t i s c l e a r t h a t the minimal sequence c o n s t r a i n t s 

n e c e s s a r y f o r f u n c t i o n may not r e q u i r e an i d e n t i c a l t e r t i a r y 

s t r u c t u r e throughout the molecules under study. I t should be 

noted, however, t h a t t e r t i a r y s t r u c t u r a l s i m i l a r i t i e s may 

r e f l e c t only the e n e r g e t i c c o n s t r a i n t s a s s o c i a t e d w i t h poly

peptide c h a i n f o l d i n g r a t h e r than a t r u e homology, although 

t i n s seems u n l i k e l y f o r cytochrome c as judged by the degree 

of sequence and s t r u c t u r a l s i m i l a r i t i e s . 

Dicker son jst _ a l . (1971) have determined the t h r e e -

dimensional s t r u c t u r e of h o r s e - h e a r t and bonito cytochromes _c 

and s i m i l a r s t u d i e s have been undertaken on the cytochromes c 

of spinach and r i c e (Morita & I d a , 1972; Morita jet a3_., 1973). 

The data obtained i n d i c a t e s t h a t these cytochromes c are 

v e r y samalar i n terms of t h e i r t e r t a a r y s t r u c t u r e . The u s e f u l 

ness of t e r t i a r y s t u d i e s has been shown by Dickerson (1971) i n 

j u s t i f y i n g the p o s t u l a t e d l o c a t i o n of d e l e t i o n s i n the sequence 

of Pseudomonas f l u o r e s c e n s c-551 n e c e s s a r y to a l i g n t h i s 

p r o t e i n with other cytochromes c. Despite only 25% s i m i l a r i t y 

between the sequences of Pseudomonas c-551 and h o r s e - h e a r t 

cytochrome c, a comparative x - r a y c r y s t a l l o g r a p h i c study 
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c l e a r l y j u s t i f i e s the proposed areas of d e l e t i o n . 

The i n v e r t e b r a t e cytochromes _c, i n company w i t h other 

e u k a r y o t i c cytochromes c, show a c l e a r resemblance to the 

s t r u c t u r a l c o n s t r a i n t s determined f o r the horse-heart and bonito 

p r o t e i n s . Thus 4 many p o i n t s of s i m i l a r i t y e x i s t i n g between 

the sequences have been shown to be b a s i c s t r u c t u r a l or func

t i o n a l requirements f o r ho r s e - h e a r t cytochrome c (Dickerson, 

1971). These s i m i l a r i t i e s manifest themselves as i d e n t i c a l 

r e s i d u e s or r e s i d u e s l i n k e d by chemical and s t e r i c s i m i l a r i t y 

i n s t r u c t u r a l l y important reg i o n s of the molecule. A semi-

r i g o r o u s a n a l y s i s of the s t r u c t u r e of i n v e r t e b r a t e cytochrome 

c has been c a r r i e d out by comparing the sequences t o t h a t of 

hor s e - h e a r t cytochrome c, noting the i d e n t i c a l r e s i d u e s and 

i n v e s t i g a t i n g the chemical, p h y s i c a l and s t e r i c nature of the 

observed s u b s t i t u t i o n s (see D i s c u s s i o n I V ) . From t h i s , i t 

i s concluded t h a t the t e r t i a r y s t r u c t u r e s of i n v e r t e b r a t e and 

v e r t e b r a t e cytochromes c are e s s e n t i a l l y i d e n t i c a l and t h a t 

t h i s i s due to a common a n c e s t r y f o r the two groups. A s i m i l a r 

c o n c l u s i o n has been made f o r the higher p l a n t cytochromes c 

( B o u l t e r & Ramshaw, 1972), f o r a l g a l cytochromes c (Meatyard, 

1974), and coul d be made f o r cytochromes c from the f u n g i . 

D e s p i t e the l a r g e q u a n t i t i e s of evidence, i t i s s t i l l 

n e c e s s a r y to make an assumption of homology between i n v e r t e b r a t e 

and other e u k a r y o t i c cytochromes c, s i n c e i t i s i m possible 

t o r i g o r o u s l y r u l e out the p o s s i b i l i t y of convergence. 

However, assuming t h a t homology has been s u f f i c i e n t l y demon

s t r a t e d , i t i s then p o s s i b l e to examine the e v o l u t i o n of the 
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cytochrome c molecule and thus by i n f e r e n c e , the e v o l u t i o n 

of the gene coding f o r cytochrome c. Such an a n a l y s i s could 

r e l a t e d i r e c t l y to the r e l a t i o n s h i p s between the s p e c i e s from 

which the cytochromes c of known sequence have been p u r i f i e d , 

as w e l l as the kingdom? to which these s p e c i e s belong. 

The e a r l y sequence data f o r cytochrome c was mainLy 

c o l l e c t e d from v e r t e b r a t e sources (see Dayhoff, 1972) and 

showed t h a t the number of ammo a c i d d i f f e r e n c e s between 

sequences from members of a taxonomic c l a s s was l e s s than 

those between sequences taken frcm members of d i f f e r e n t 

taxonomic c l a s s e s , the number of d i f f e r e n c e s i n c r e a s i n g w i t h 

the remoteness of the c l a s s r e l a t i o n s h i p s . Within a given 

c l a s s , the number of ammo a c i d d i f f e r e n c e s between the 

sequences of members l i e s w i t h i n a range, c o n t r a s t i n g with 

the more or l e s s constant d i f f e r e n c e s found m m t e r c l a s s 

comparisons, i r r e s p e c t i v e of which members of the c l a s s e s are 

compared (see Appendix I ) . The constancy of d i f f e r e n c e i n 

i n t e r c l a s s comparisons i s i n t e r p r e t e d to imply t h a t e l a p s e d 

time i s the important parameter i n determining the number of 

mutations which accumulate i n the cytochrome c s t r u c t u r a l gene 

along a l i n e of e v o l u t i o n a r y descent (Zuckerkandl & Pau l i n g , 

1965; Nolan & Margoliash, 1968). Thus, over a long p e r i o d 

o f e v o l u t i o n a r y h i s t o r y , such as the minimum of 1500 m i l l i o n 

y e a r s suggested f o r cytochrome c, other f a c t o r s r e l a t i n g t o 

the r a t e of f i x a t i o n of amino a c i d s u b s t i t u t i o n s i n a population 

have e i t h e r c a n c e l l e d or averaged themselves out. No account 
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need to be made o l the mechanisms through which the d i f f e r e n c e s 

may have a r i s e n (Margoliash & S c h e j t e r , 1966) and on acceptance 

of the r e l a t i o n s h i p enables a d i r e c t c o r r e l a t L o n to be made 

between e l a p s e d time and the r a t e of change w i t h i n cytochrome 

c (Margoliash, 1963). 

Times of divergence of the ma3or c l a s s e s of v e r t e b r a t e s 

have been e s t a b l i s h e d from the f o s s i l r e c o r d (see Romer, 1966? 

C o l b e r t , 1969) and may be used to estimate the average time 

f o r a s i n g l e d i f f e r e n c e to become f i x e d between the sequences 

of d i f f e r e n t l i n e s of descent. T h i s time as c a l l e d the "un i t 

e v o l u t i o n a r y p e r i o d " and r e f e r s to a given p r o t e i n sec f o r 

which homology has been demonstrated (Nolan & Margolia&h, 1968). 

F i t c h & Margoliash (1970) d i s t i n g u i s h e d between "parologous" 

and "orthologous" genes when e s t a b l i s h i n g gene or s p e c i e s 

phylogenies. Both c l a s s e s of genes are homologous, but 

parologous genes, although o r i g i n a l l y i d e n t i c a l , may have 

d u p l i c a t e d and subsequently diverged to the extent t h a t they 

code f o r p r o t e i n s with d i f f e r e n t f u n c t i o n s . The parologout> 

c o n d i t i o n may r e l a t e the m i t o c h o n d r i a l cytochrome c group 

and some cytochromes £ ( c 6 ) i n examples where m u l t i p l e s of 

molecular weight and the numbers of heme groups c l e a r l y r e l a t e 

t o those of cytochrome c . Orthologous genes, however, are 

those which have remained i d e n t i c a l i n f u n c t i o n during 

e v o l u t i o n . A l l the cytochrome c sequences c o n s t i t u t e an 

homologous s e t w i t h regard to the c a l c u l a t i o n s of F i t c h & 

Margoliash (1967b) and, apart from isocytochromes c. and c 0 

i 
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of Saccharomyccs, t h e r e i s no evidence f o r gene d u p l i c a t i o n i n 

the cytochrome c gene. The cytochromes c are thus both 

homologous and orthologous i n the sense d i s c u s s e d by F L t c h & 

Margoliash (1970) and may be used l e g i t i m a t e l y to c a l c u l a t e 

" u n i t e v o l u t j o n a r y p e r i o d s " . 

The documentation of the emergence of the i n v e r t e b r a t e 

phyla m the f o s s i l r e c o r d i s i n f e r i o r to t h a t f o r the v a r i o u s 

c l a s s e s of v e r t e b r a t e s , l a r g e l y as a r e s u l t of the age 

d i f f e r e n c e s of the d e p o s i t s i n v o l v e d (see Shrock & Twenhofel, 

1953; Cowie, 1967). E s t i m a t e s of the times of divergence of 

the ma^or i n v e r t e b r a t e phyla from the mam v e r t e b r a t e l i n e of 

descent have been made usi n g a " 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 from the f o s s i l - b a s e d d a t i n g of the Mammalia-Aves 

divergence and the matrix of amino a c i d d i f f e r e n c e s (see 

F i g u r e 35, Table 38 and Appendix I ) . L i n e a r e x t r a p o l a t i o n of 

such c a l c u l a t i o n s w i l l always g i v e an underestimate of time 

v a l u e s because of the occurrence of m u l t i p l e mutations a t a 

s i n g l e codon and p a r a l l e l and back mutations, but t h e s e may 

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

F e l l e r (1950) (see Margoliash & F i t c h , 1968; F i g u r e 3 5 ) . 

A f u r t h e r c o r r e c t i o n i s p o s s i b l e by using a matrix of minimum 

mutation d i s t a n c e s r a t h e r than amino a c i d d i f f e r e n c e s , but was 

not a p p l i e d t o t h i s study. Using t h i s c o r r e c t i o n , an account 

may be taken of m u l t i p l e mutations a t a s i n g l e codon 

(Margoliash e t a l . , 1963; F i t c h & Margoliash, 1967a), but not 

of p a r a l l e l and back mutations which have been est i m a t e d at 
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20-30% and 1-6% r e s p e c t i v e l y m cytochrome c ( F i t c h & 

Margoliash, 1969; B o u l t e r e t a l M 1972). S t a t i s t i c a l 

c o r r e c t i o n s assuming the acceptance of ammo a c i d s u b s t i t u t i o n s 

a t a l l v a r i a b l e s i t e s i n a p r o t e i n molecule (Margoliach & 

Smith, 1965) are not s t r i c t l y a p p l i c a b l e to cytochrome c where 

many p o s i t i o n s m the sequence are c l e a r l y not randomly 

v a r i a b l e (see F i t c h & Margoliash, 1967b; D i s c u s s i o n I V ) . 

The j u s t i f i c a t i o n of using a " u n i t e v o l u t i o n a r y p e r i o d " 

d e r i v e d from a s p e c i f i c , r e c e n t animal example with more remote 

problems of divergence i s l a r g e l y t h e o r e t i c a l , but the method 

has proved i t s e l f when a p p l i e d to the v e r t e b r a t e divergence 

as judged by the evidence of the f o s s i l r e c o r d (Young, 1962; 

Romer, 1966; C o l b e r t , 1969). E s t i m a t e s of the times of 

divergence obtained f o r the i n v e r t e b r a t e phyla from the mam 

v e r t e b r a t e l i n e of descent, l a r g e l y agree w i t h what i s known 

from Pre-Cambrian and Cambrian f o s s i l s (Shrock & Twenhofel, 

1953; Harland e t _ a l . , 1967). A l l the groups i n t h i s study 

were shown to diverge i n Pre-Cambrian times, the Annelida 

having the most p r i m i t i v e and the Echmodermata the most 

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

r e p r e s e n t a t i v e of i t s group. Within the e r r o r s of the 

e s t i m a t e d mean number of v a r i a n t r e s i d u e s w i t h i n the groups, 

both the Mollusca and Arthropoda diverged from the main 

v e r t e b r a t e l i n e about 710 m i l l i o n y e a r s ago. S i m i l a r l y , the 

e s t i m a t e s obtained f o r the I n s e c t a and C r u s t a c e a n e i t h e r 

d i r e c t l y supports nor r e f u t e s a m u l t i - p h y l e t i c o r i g i n f o r the 
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Arthropoda. 

The c o r r e l a t i o n of e s t i m a t e d times of divergence w i t h 

the evidence of 700 m i l l i o n y e a r s of the f o s s i l r e c o r d provides 

support f o r an approximately constant r a t e of acceptance and 

f i x a t i o n of ammo a c i d s u b s t i t u t i o n s i n cytochrome c. The 

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

c has accepted changes more s l o w l y than most other known p r o t e i n s 

p o s s i b l y as a r e s u l t of the severe s t r u c t u r a l c o n s t r a i n t s 

e vident from t e r t i a r y s t u d i e s and the minimum of 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 s , r e d u c t a s e s , and the mito

c h o n d r i a l membranes (see Dickerson e t . a l . , 1971; Dayhoff, 

1972; McLaughlin & Dayhoff, 1973). 

From the e v o l u t i o n a r y p o i n t of view, the p o t e n t i a l l y most 

u s e f u l a p p l i c a t i o n of homologous p r o t e i n sequence data i s i n 

a computer a n a l y s i s l e a d i n g t o the c o n s t r u c t i o n of molecular 

phylogenies. The ma^or problem i n t h i s approach i s the 

e v a l u a t i o n of a l l p o s s i b l e phylogenies r e l a t i n g a given group 

of sequences and methods must be found to reduce the number 

of e v a l u a t i o n s w h i l s t o b t a i n i n g an optimum s o l u t i o n . An 

example of t h i s i s the intra-kmgdom, inter-kingdom phylogeny 

method used by Dayhoff and o t h e r s (see Dayhoff, 1972; 

McLaughlin & Dayhoff, 1973; Meatyard, 1974), and a p p l i e d 

t o t h i s s tudy. Two types of approach to molecular phylogeny 

c o n s t r u c t i o n were used i n t h i s study; the " a n c e s t r a l sequence" 

method (Dayhoff & Eck, 1966; Dayhoff, 1972) and a numerical 

m a t r i x method (see Lance & W i l l i a m s , 1966;1967; F i t c h & 
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Margoliash, 1967a; Gibbs & M c l n t y r e , 1970; Moore e t a l . , 

1973). 

Molecular phylogenxes c o n s t r u c t e d by the " a n c e s t r a l 

sequence" method c o n s i s t s of nodes, each of which has t h r e e 

branches which l e a d t o determined ammo a c i d sequences or t o 

adjacent nodes f o r wh^ch the method c o n s t r u c t s the most probable 

sequences. The phylogeny, t h e r e f o r e , contains the determined 

sequences of extant species together w i t h computed a n c e s t r a l 

sequences. However, the p o i n t o f e a r l i e s t time f o r the 

phylogeny may not be e s t a b l i s h e d from sequence and must be 

f i x e d from b i o l o g i c a l c o n s i d e r a t i o n s . Sequence data was taken 

from the sources described m Appendices I I and I I I and the 

computer s t r a t e g y has been described (see M a t e r i a l s and 

Methods I V , 2 . ) . 

The " a n c e s t r a l sequence" method involves two assumptions. 

F i r s t l y , e v o l u t i o n i s considered t o have taken place by a 

minimum number of amino a c i d s u b s t i t u t i o n s , and secondly, the 

f i n a l phylogeny accepted i s t h a t f o r which the number of 

amino a c i d s u b s t i t u t i o n s r e l a t i n g the phylogeny i s a minimum 

f o r a l l p o s s i b l e phylogenies. 

With regard t o the f i r s t assumption, i t i s c l e a r t h a t 

convergent changes ( p a r a l l e l and back mutations) have occurred 

d u r i n g the e v o l u t i o n of cytochrome c. Boulter e t a l . (1972) 

detected 27% p a r a l l e l and 6% back mutations dur i n g the e v o l u t i o n 

o f higher p l a n t cytochrome c, and F i t c h & Margoliash (1969) 

r e p o r t e d 20% and 1 % r e s p e c t i v e l y , f o r the same processes 
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during the e v o l u t i o n of animal ( l a r g e l y v e r t e b r a t e ) cytochrome 

c. The "an c e s t r a l sequence" method has provided estimates o£ 28% 

p a r a l l e l m utation and ]ess than 5% back mutation i n the known 

i n v e r t e b r a t e cytochromes c, but the r e i s no c e r t a i n way o f 

es t i m a t i n g the extent of undetected convergent changes, p a r t i 

c u l a r l y when the number o f sequences i n a given taxonomic u n i t 

i s s m a l l . The c h a r a c t e r i s t i c a l l y slow acceptance o f amino 

a c i d s u b s t i t u t i o n s i n the cytochrome c molecule (Dayhoff, 1972) 

reduces the number o f convergent changes, and the l i k e l i h o o d 

o f r e l a t i n g s i m i l a r sequences as a consequence of these r a t h e r 

than common ancestry i s sm a l l , since a l l p o s i t i o n s i n the 

sequences are considered a t each comparison. 

With regard t o the second assumption o u t l i n e d above, i t 

i s c l e a r t h a t there i s no c e r t a i n t y t h a t the s e l e c t e d phylogeny 

i s r e l a t e d by the absolute minimum number of amino a c i d 

s u b s t i t u t i o n s assumed t o r e l a t e the t r u e phylogeny. Computer 

procedure 3 (see M a t e r i a l s and Methods IV,2.) was designed 

s p e c i f i c a l l y t o reduce the number o f comparisons necessary t o 

o b t a i n , w i t h reasonable c e r t a i n t y , the absolute minimum t r e e . 

An e s t i m a t i o n of the e f f i c i e n c y o f t h i s procedure was made 

using a phylogeny r e l a t i n g seventeen sequences f o r which a 

minimum number of s u b s t i t u t i o n s had been determined w i t h 

reasonable c e r t a i n t y . Using d i f f e r e n t orders o f the sequences, 

a number o f phylogenies were b u i l t i n the normal way and 

assessed a t the end o f the b u i l d i n g and s h u f f l i n g procedures. 
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I t was c l e a r t h a t the b u i l d i n g order was c r u c i a l t o the 

phylogeny produced by the b u i l d i n g s t r a t e g y . Thus, a b u i l d i n g 

order based on b i o l o g i c a ] grounds (e.g. P r o t i s t a - F u n g i - P l a n t s -

Animals) gave a phylogeny close t o the f i n a l minimum, w h i l s t 

more random orders produced phylogenies r e l a t e d by a g r e a t e r 

number of ammo a c i d s u b s t i t u t i o n s (see Table 40). However, 

procedure 3 was shown t o be 60% e f f i c i e n t m o b t a i n i n g an 

absolute minimum phylogeny regardless o f the " o r i g i n a l b u i l d " , 

when a p p l i e d t o cytochrome c data. S i m i l a r a n a l y s i s o f the 

amino a c i d sequences o f p l a s t o c y a n i n which, o v e r a l ] , are known 

t o c a r r y 50% convergent changes, has been shown t o be l e s s 

than 10% e f f i c i e n t (Peacock, D., unpublished experiments). 

Phylogenies c o n s t r u c t e d as a r e s u l t o f the a p p l i c a t i o n 

o f the " a n c e s t r a l sequence" method t o taxonomically represen

t a t i v e samples of known cytochromes c, have a l l shown a grouping 

of the sequences t h a t p a r a l l e l s the kingdoms of organisms 

proposed by Whittaker (1969) (see Dayhoff, 1972; McLaughlin 

& Dayhoff, 1973; Meatyard, 1974). D i f f e r e n c e s between 

phylogenies have centred on the degrees of remoteness o f these 

kingdoms, demonstrated by the a p p l i c a t i o n o f the " u n i t 

e v o l u t i o n a r y p e r i o d " t o the proposed branch-lengths. 

Discrepancies are a t t r i b u t e d t o d i f f e r e n c e s i n the assignment 

o f values t o blank residues i n the a n c e s t r a l node sequences, 

the numbers of which increase when few sequences are 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 blank e x i s t s , 
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the minimum number of changes t h a t must have occurred I C 

averaged out along the branches concerned, so t h a t the existence 

of several blanks i n one area o f the t r e e may favour the over-

e s t i m a t i o n of inter-node distances. The blanks assigned t o 

a n c e s t r a l node sequences are f r e q u e n t l y due t o d e l e t i o n s or 

a d d i t i o n s o f more than one ammo a c i d i n the sequences used 

t o compute the nodes, and these are considered as m u l t i p l e 

m u t a t i o n a l events by the a n c e s t r a l sequence method. No method 

can determine whether these are m u l t i p l e events, s i n g l e events 

a f f e c t i n g a l a r g e r r e g i o n of the cytochrome c gene, o r , w i t h 

r egard t o the N-termmal " t a i l " r e g i o n , d e l e t i o n s o f residues 

r e s u l t i n g from the d i f f e r i n g s p e c i f i c i t i e s of the enzyme 

responsible f o r removing the N-formyl-methionine r e g i o n f o l l o w i n g 

p r o t e i n synthesis (see Discussion I V ) . Thus, the values 

assigned t o branch-lengths i n v o l v i n g the e v a l u a t i o n o f blanks 

a t the N-terminus o f the a n c e s t r a l sequences may be responsible 

f o r the l a r g e inter-node distances between the major kingdoms 

(see McLaughlin & Dayhoff, 1973) . During t h i s study, a 

number of s t r a t e g i e s were adopted t o attempt t o reduce branch-

l e n g t h d i s t o r t i o n r e s u l t i n g from p a r t i c u l a r treatments o f the 

N-termmal " t a i l s " (see Results 17 and 18; Figures 36-40). 

The occurrence of blanks w i t h i n a n c e s t r a l node sequences 

i s almost e n t i r e l y due t o the l a c k o f sequence data from the 

more remote areas o f the phylogeny. 

The branch-lengths i n Figures 36-39 are expressed i n 

"accepted p o i n t mutations", or PAMs, c a l c u l a t e d by the method 
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of Dayhoff (1972), and elapsed time may be c a l c u l a t e d on the 

basis of 3 PAMs:100 m i l l i o n years (Dayhoff, 1972). 

Molecular phylogenies were also constructed using a 

numerical m a t r i x method. The simplest measure r e l a t i n g two 

sequences i s the number o f ammo a c i d d i f f e r e n c e s between them, 

and the branch-lengths o f r e s u l t i n g phylogenies have a numerical 

meaning, c l e a r l y r e l a t e d t o the sequences. A s i m i l a r measure, 

using minimum mutation distances has been a p p l i e d ( F i t c h , 

1966a; F i t c h & Margoliash, 1967a) b u t other s i m i l a r i t y methods 

la c k numerical l i n k s w i t h the sequence data (Gibbs & Mcln t y r e , 

1970; Sackm, 1971). Despite hidden assumptions, amino 

a c i d d i f f e r e n c e or minimum mutation distance measures provide 

molecular phylogenies f o r v e r t e b r a t e p r o t e i n s i n close agree

ment w i t h t r e e s based on b i o l o g i c a l and f o s s i l data ( F i t c h & 

Margoliash, 1967a; Dayhoff, 1972). 

Phylogenies are con s t r u c t e d using a species d i s s i m i l a r i t y 

m a t r i x and Ramshaw (1972) and Bo u l t e r e t a ] , (1972) a p p l i e d 

the f u s i o n s t r a t e g i e s o f F i t c h & Margoliash (1967a) and the 

" f l e x i b l e " s t r a t e g y of Lance & W i l l i a m s (1967) i n t he 

c o n s t r u c t i o n o f molecular phylogenies r e l a t i n g f i f t e e n higher 

p l a n t cytochromes c. Using both amino a c i d d i f f e r e n c e and 

minimum mutation distance they obtained s i m i l a r t r e e s t o the 

absolute minimum obtained from a n c e s t r a l sequence methods. 

The i t e r a t i v e approach of Moore e t _ a l . (1973) was a p p l i e d 

i n t h i s study, using a d i s s i m i l a r i t y m a t r i x o f amino a c i d 

d i f f e r e n c e s (see Results 17.). The method assumes the 
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a n c e s t r a l r e l a t i o n s h i p s between ammo a c i d sequences are 

p r o p o r t i o n a l t o t h e i r present-day d i s s i m i l a r i t y (see F i t c h , 

1967) and has been t e s t e d w i t h simulated data (Moore et a l . , 

1973; Peacock & B o u l t e r , 1975). Numerical methods assume 

e v o l u t i o n t o have occurred as a minimum number o f changes and 

take no account o f p a r a l l e l and back mutations (see F i t c h & 

Margoliesh, 1969). I n a d d i t i o n , a phylogeny based on present 

sequences can o n l y approach t r u 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 , 

i f t he r a t e of change has been r e l a t i v e l y constant along a l l 

l i n e s of descent (Jardme et j a l . , 1969). B o u l t e r eit a l . 

(1972) concluded t h a t f o r periods i n excess of 200 m i l l i o n 

years, t h i s was c o r r e c t f o r m i t o c h o n d r i a l cytochrome c so t h a t 

numerical methods are o f value f o r r e l a t i n g d i s t a n t species, 

but less so f o r more r e c e n t l y diverged groups such as the 

higher p l a n t s . Peacock & Boulter (1975) used model data t o 

demonstrate a decrease i n accuracy o f the numerical method 

o f Moore .et a l . (1972) w i t h an increase o f present-day sequence 

nearest ancestor sequence d i s t a n c e . They concluded t h a t the 

an c e s t r a l sequence method was 3-4 times b e t t e r than the 

numerical method over small distances ( l e s s than 7 amino a c i d 

s u b s t i t u t i o n s / 1 0 0 r e s i d u e s ) , but over l a r g e r distances the 

numerical method was s l i g h t l y b e t t e r . On the basis o f t h i s , 

i t was f e l t t h a t the numerical method would deal more 

e f f i c i e n t l y w i t h the l a r g e branch-lengths shown f o r c e r t a i n 

o f the more remote i n v e r t e b r a t e sequences by the a n c e s t r a l 

sequence method. The r e s u l t s were r a t h e r u n s a t i s f a c t o r y , 
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pos&ibly because the rateso£ change observed i n i n v e r t e b r a t e 

cytochrome c were c l e a r l y unequal as shown by the branch-

lengths obtained i n the a n c e s t r a l sequence method (see 

Figures 36-39). Given an estimate o f the e a r l i e s t p o i n t of 

time on the phylogenies o c c u r r i n g on the branch l i n k i n g the 

Eisenia and Enteromorpha nearest a n c e s t r a l nodes, i t appears 

t h a t the Annelida have accepted changes a t a much lov/er r a t e 

than the In s e c t a , which i n t u r n have shown a lower r a t e o f 

change than the other i n v e r t e b r a t e cytochromes c (see 

Discussion V I I ) * 

V I . Assumptions and E r r o r s i n Computed Phylogenies 

Dayhoff (1972) and McLachlan (1971) have estimated the 

r e l a t i v e frequencies by which one amino a c i d i s s u b s t i t u t e d 

f o r any o t h e r , and Grantham (1974) a p p l i e d the data t o show 

a strong c o r r e l a t i o n of the s u b s t i t u t i o n frequencies w i t h 

chemical s i m i l a r i t i e s . No s i m i l a r c o r r e l a t i o n could be made 

w i t h the minimum number of base s u b s t i t u t i o n s r e q u i r e d t o 

change the amino a c i d , and i t was i n f e r r e d t h a t amino a c i d 

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

and f i x a t i o n of m u t a t i o n a l events i n t o a p o p u l a t i o n , r a t h e r 

than by the r a t e o f n u c l e o t i d e changes. Peacock & B o u l t e r 

(1975) used the s u b s t i t u t i o n frequencies o f Dayhoff (1972) i n 

a computer model t o c o n t r o l the r a t e of randomly generated 

mutations. The data f o r the model contained high numbers 

o f convergent ( p a r a l l e l and back) s u b s t i t u t i o n s , and was thus 
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an accurate r e f l e c t i o n of r e a l data. The degree of d i f f e r e n c e 

between c a l c u l a t e d and t r u e t o p o l o g i e s was estimated as the 

t o t a l number of one step, nearest neighbour changes (ISNNC) 

needed f o r a conversion from one t o another. E r r o r s 

introduced i n t o the methods as a r e s u l t of in c r e a s i n g a n c e s t r a l 

dist a n c e , the assumption of parsimony and the underestimation 

of convergent changes were a l l estimated from the t r u e f i g u r e s 

recorded i n the computer data. Peacock & Boulter (1975) 

found t h a t f o r a mean distance over f o u r generations o f 10 

ammo a c i d s u b s t i t u t i o n s per 100 residues, the e r r o r i n the 

c a l c u l a t e d topology was less than 7%. I n comparison w i t h 

the numerical m a t r i x methods, the a n c e s t r a l sequence methods 

was 3-4 times b e t t e r over small distances ( l e s s than 7 amino 

a c i d s u b s t i t u t i o n s per 100 r e s i d u e s ) , b u t r a t h e r worse over 

l a r g e r d i s t a n c e s . Boulter (1974) estimated 33% convergent 

changes i n a data set o f twenty f o u r sequences o f higher p l a n t 

cytochrome c, b u t Peacock & Boulter (1975) showed t h a t an 

accurate estimate of phylogeny may s t i l l be made, despite 

t h i s high l e v e l o f convergence. This i s because the computer 

w i l l choose a f a l s e topology o n l y when the number of 

convergent residues exceeds t h a t o f l i n k i n g residues i n the 

a n c e s t r a l sequence method. Peacock & B o u l t e r (1975) concluded 

t h a t the a n c e s t r a l sequence method i s capable o f great 

accuracy over distances of 1-3 amino a c i d s u b s t i t u t i o n s per 

100 residues, w h i l s t the m a t r i x method achieves i t s g r e a t e s t 

accuracy over l a r g e r distances ( g r e a t e r than 30 amino a c i d 
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s u b s t i t u t i o n s per 100 r e s i d u e s ) . 

Thus, care must be taken during the i n t e r p r e t a t i o n o f 

the phy]ogenies produced during t h i s study. An estimate of 

less than 30% convergent changes was made f o r the i n v e r t e b r a t e 

data set so t h a t i t i s u n l i k e l y t h a t f a l s e phylogenies have 

been accepted because t h i s o n l y becomes l i k e l y at greater than 

37% convergence. Using the e r r o r estimates of Peacock & 

Boul t e r (1975) and the branch-lengths observed i n the 

phylogenies obtained (Figures 36-42), the expected e r r o r i n 

these phylogenies was i n the range 3-6 ISNNC. Generally 

speaking, the phylogenies represent a reasonable r e f l e c t i o n 

o f c u r r e n t views on i n v e r t e b r a t e phylogeny but w h i l e the 

discrepancies f a l l w i t h i n the estimated e r r o r s , no phylogenetic 

s i g n i f i c a n c e can be attached t o them. 

V I I . C l a s s i c a l and Molecular Phyloqenies 

There have been numerous reviews o f proposed phylogenies 

r e l a t i n g the i n v e r t e b r a t e s (see Hyman, 1940-1959; Kerkut, 

1960; Dougherty e t a l . , 1963; Hadzi, 1963; Clark, 1964; 

B a r r i n g t o n , 1965; Jagersten, 1972). The f o l l o w i n g i s an 

account o f the common ground between these and the molecular 

phylogenies c o n s t r u c t e d during t h i s study, and as such ignores 

any c o n s i d e r a t i o n of the lower Metazoa (see Hadzi, 1953; 

Hardy, 1953; Jagersten, 1955; 1959; Marcus, 1958; Dougherty 

e t a l . , 1963). The main p o i n t s o f discu s s i o n are the 

r e l a t i o n s h i p s among the Arthropoda, Annelida and Mollusca, 
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the proposed p o l y p h y l e t i c o r i g i n s of the Arthropoda and the 

r e l a t i o n s h i p s between the Echmoderm and Chordate l i n e s of 

descent. 

Grobben (1908) proposed a scheme t o r e l a t e the i n v e r t e b r a t e s 

which d i v i d e d the major phyla i n t o two groups, the Protostomia 

and the Deuterostomia, based on the f a t e o f the blastophore 

i n the developing embryo and subsequent embryological and 

l a r v a l c h a r a c t e r i s t i c s (see Appendix I V ) . I n the Protostomian 

embryo, the blastophore forms the mouth and anus, w h i l s t i n 

the Deuterostomia i t forms the anus and the mouth develops i n 

another p o s i t i o n . Such a dichotomous phylogeny i s not at a l l 

c l e a r - c u t (Kerkut, 1960), but the approach i s s t i l l acceptable. 

Three of the p r i n c i p a l phyla placed i n the Protostomia are 

the Mollusca, Annelida and Arthropoda and the r e l a t i o n s h i p s 

between these have been discussed (Marcus, 1958; Lemeche, 

]959; Vagvolgyi, 1967). Vagvolgyi (1967) suggested t h a t the 

Annelida and Mollusca shared a common ancestor as judged by 

ontogeny, and t h a t t h i s ancestor was a non-segmented, 

acoelomate organism s i m i l a r t o a p r i m i t i v e flatworm. He 

concluded t h a t the molluscs developed t h e i r c h a r a c t e r i s t i c 

s h e l l , mantle, radula and ctenidium, and the annelids t h e i r 

c h a r a c t e r i s t i c coelomic segmentation f o l l o w i n g the divergence 

of the two phyla (Yonge, 1960; Morton & Yonge, 1964). 

Lemeche (1959), commenting on the t r u e segmentation observed 

i n the mollusc N e o p i l i n a galatheae, concluded t h a t the 
Mollusca and Annelida were c l o s e l y r e l a t e d and, t o g e t h e r w i t h 
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t h e Arthropoda, c o u l d be de r i v e d from a g e n e r a l i s e d 

t u r b e r l ] a r i a n ancestor. S p i r a l cleavage occurs w i d e l y i n the 

embryos of molluscs and annelids and t o a lesse r extent i n 

arthropods, and Yonge (1957) has suggested a common ancestry 

f o r these three phyla based upon the proposed homology of the 

g i l l s of Neopolma, polycheate parapodia and the genera] ised 

arthropod l i m b . Marcus (1958; suggested a common ancestry 

o f the Annelida and Mollusca, but de r i v e d the Arthropoda from 

the Annelida, p l a c i n g these two i n the super-phylum A r t i c u l a t a 

(see Appendix V ) . Hadzi (1953; 1963) disregarded a 

Protostomia-Deuterostomia b i f u r c a t i o n and d i v i d e d the metazoa 

i n t o four phyla arranged i n a s t r a i g h t l i n e o f descent. The 

most p r i m i t i v e o f these was the Armeria ( i n c l u d i n g the 

molluscs and t u r b e r l l a r i a ) f o l l o w e d by the Polymeria (e.g. 

arthropods and a n n e l i d s ) , the Oligomeria (e.g. echinodcrms, 

hermichordates, pogonophora) and the Chordonia (e.g. 

v e r t e b r a t e s and urochordates), and thus the molluscs were 

regarded as being more p r i m i t i v e than the annelids (see 

Appendix V I ) . Carter (1954) took issue w i t h the s t r a i g h t 

l i n e of descent proposed by Hadzi (1953), n o t i n g t h a t e v o l u t i o n 

has normally been observed t o f o l l o w a p a t t e r n o f r a d i a t i o n . 

He disagreed w i t h the view o f Hadzi (1953) regarding the 

Protostomia-Deutoerostomia dichotomy and att a c k e d h i s use 

of metamerism and the necessity o f proposing a r e d u c t i o n of 

segmentation i n t he Oligomeria. Carter (1954) concluded 
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t h a t the ma;joi i n v e r t e b r a t e phyla arose more or less 

simultaneously during the course o f r a d i a t i o n from p r i m i t i v e 

meLazoan stocks, and t h a t the c h a r a c t e r i s t i c s o f the Pronostomia 

and Deuterostomia were e s t a b l i s h e d p r i o r t o t h i s r a d i a t i o n . 

Two other phylogenies, proposed by Hanson (3 961) and Hyman 

(1940), are shown i n Appendices V I I and V I I I . 

The estimated times o f divergence o f the r e l e v a n t phyla 

from the v e r t e b r a t e l i n e o f descent obtained d u r i n g t h i s 

study were i n accord w i t h t he views expressed above; w i t h 

the exception o f those of Hadzi (1963). The divergence of 

the arthropods and molluscs from the v e r t e b r a t e l i n e were 

s i m i l a r l y placed i n the Pre-Cambrian more than 700 m i l l i o n 

years ago, although the divergence of the a n n e l i d l i n e was 

placed r a t h e r e a r l i e r than t h i s (see Figure 35, Table 38). 

A l l the a n c e s t r a l sequence methods suggested a shared common 

ancestry f o r the Annelida and Arthropoda, but the numerical 

methods f i x e d the a n n e l i d - v e r t e b r a t e common ancestor more 

r e c e n t l y than the i n s e c t - v e r t e b r a t e ancestor (see Figures 

36-42). A l l o f the methods showed a grouping o f the cyto 

chromes c o f H e l i x and A s t e r i a s , d e s p i t e the a d d i t i o n t o the 

i n p u t data set o f a p a r t i a l sequence of the mollusc, L o l i g o 

opalescens, f o r c e r t a i n of the computer s t r a t e g i e s (Figures 

39, 41 and 42). None of the c l a s s i c a l phylogenies e n t e r t a i n 

such a mollusc-echinoderm r e l a t i o n s h i p , and although the p o i n t 

o f divergence o f A s t e r i a s from the v e r t e b r a t e l i n e was c o r r e c t l y 

placed from c l a s s i c a l c o n s i d e r a t i o n s , the a d d i t i o n o f the 
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H e l i x sequence proposed a f a r more recent o r i g i n f o r the 

molluscs than has been suggested p r e v i o u s l y and from the 

estimates o f times o f divergence i n t h i s study (see Table 38). 

However, the branch-lengths i n t h i s area o f the molecular 

phylogenies were g e n e r a l l y l a r g e , and Peacock & Bo u l t e r (1975) 

have p o i n t e d out c e r t a i n e r r o r s associated w i t h the a n c e s t r a l 

sequence method when comparing sequences showing v a r i a t i o n 

g r e a t e r than 7 amino a c i d differences/100 residues. Both 

the a n c e s t r a l sequence method, which t r e a t e d undetermined 

residues as d i f f e r e n c e s , and the numerical method, which 

t r e a t e d undetermined residues as unknowns ( i . e . no d i f f e r e n c e ) , 

maintained the Asterxas-Helix grouping because the number of 

common residues between the sequences, although r e l a t i v e l y 

s m a l l , was greater than t h a t between H e l i x and the p a r t i a l 

sequence of L o l i g o . The undetermined C-terminal residues of 

L o l i g o cytochrome c may w e l l have been s u f f i c i e n t l y s i m i l a r 

t o the eq u i v a l e n t r e g i o n i n H e l i x t o provide strong enough 

p o s i t i v e evidence t o a l t e r the f i n a l phylogeny. Thus, because 

incomplete sequences can o n l y y i e l d negative or n e u t r a l 

evidence where p o s i t i v e evidence i s r e q u i r e d , the L o l i g o 

data was o m i t t e d from the b u i l d i n g and assessment of other 

phylogenies (see Figures 36, 37 and 38). Only the determi

n a t i o n o f f u r t h e r mollusc and echinoderm sequences r e s u l t i n g 

i n t he r e d u c t i o n o f branch-lengths between the sequences 

compared w i l l f u l l y r e s o l v e t h i s area o f the phylogeny. 

Manton (1973) has provided evidence from comparative 
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f u n c t i o n a l morphology and f u n c t i o n a l embryology, t h a t the 

Arthropoda have p o l y p h y l e t i c o r i g L n s (see Appendix IX.) 

A r t h r o p o d i s a t i o n i s supposed t o have occurred a t l e a s t t h r e e 

times g i v i n g r i s e t o the Crustacea, C h e l i c e r a t a and Unirarma, 

the l a t t e r comprising the subphyla Onychophora, Myriapoda and 

Hexapoda d i f f e r e n t i a t e d by t h e i r jaw mechanisms, head s t r u c t u r e 

and limb bases. Manton (1973) p o i n t e d out t h a t comparative 

anatomical studies were f r e q u e n t l y p o o r l y conducted and c i t e d 

examples of attempts t o r e l a t e i n s e c t s and crabs through the 

common possession o f compound eyes, the proper i n v e s t i g a t i o n 

o f which shows o n l y a rough s i m i l a r i t y . Manton (1973) 

st r e s s e d the importance o f the st u d i e s o f f u n c t i o n a l morphology 

and embryology i n the c o n s t r u c t i o n o f an arthropod phylogeny, 

and c r i t i c i z e d the l a c k o f f u n c t i o n a l c o n s i d e r a t i o n s i n the 

speculations on arthropod r e l a t i o n s h i p s e x i s t i n g i n the 

l i t e r a t u r e . Dahl (1969), Tiegs & Manton (1958) and Cisne (1974) 

have a l l proposed a p o l y p h y l e t i c o r i g i n f o r the Arthropods, 

w h i l s t the mam opponents have been Slewing (1960) and Sharov 

(1966), who attempted t o d e r i v e the Arthropoda m o n o p h y l e t i c a l l y 

from the Annelida i n the manner of Marcus (1958) (see Appendix 

V ) . Manton (1967) demonstrated the fundamental d i f f e r e n c e s 

between the a n n e l i d parapodium, w i t h i t s endoskeleton o f 

setae t o which the musculature i s attached, and the arthropod 

l i m b w i t h i t s exoskeleton and i n t e r n a l muscle attachment, 

and thus r e j e c t e d the suggestion o f Sharov (1966; t h a t the 

polychaete Spinther, or a s i m i l a r form, was the forerunner 



-223-

o f the Arthropoda. Sharov (1966) d e r i v e d the Insecta from 

t h e Crustacea, but t h i s has been r e j e c t e d by Dahl (1969) and 

Manton (1973). Cisne (1974) performed x-ray s t u d i e s on 

T n l o b i t e f o s s i l s and concluded t h a t these e x t i n c t arthropods 

had much i n common w i t h the Crustacea and C h e l i c e r a t a . He 

proposed t h a t the arthropod exoskeleton had evolved t w i c e 

lead i n g t o a T r i l o b i t a , Crustacea, Chelicerata(TCC)-Uniramia 

dichotomy w i t h i n the Arthropoda. Embryological evidence 

suggests t h a t both these groups o r i g i n a t e d from the same s o f t -

bodied, segmented, worm-like creatures i n Pre-Cambrian times 

(Anderson, 1973)» Further c i r c u m s t a n t i a l evidence f o r a common 

o r i g i n i s t h a t the TCC-Uniramia dichotomy f a l l s ( w i t h one 

exception) between the p r i m i t i v e l y marine and p r i m i t i v e l y 

t e r r e s t r i a l arthropods, suggesting t h a t the d i f f e r e n c e s arose 

duri n g t h e i r d i v e r g e n t adaption t o d i f f e r e n t environments. 

A r t h r o p o d i s a t i o n was proposed t o occur during t h i s adaption 

and thus subsequent t o the divergence o f the two groups 

(Cisne, 1974). 

The molecular phylogenies broadly suggest at l e a s t a 

d i p h y l e t i c o r i g i n f o r the arthropods. The degrees o f e r r o r 

o u t l i n e d p r e v i o u s l y (see Discussion VI) were probably l e s s 

i n the arthropod segment o f the phylogeny than suggested f o r 

elsewhere (see above), because o f the s h o r t e r branch-lengths 

i n v o l v e d . However, only the det e r m i n a t i o n o f f u r t h e r 

cytochrome c sequences from the C h e l i c e r a t a and Crustacea can 
prov i d e a t r u e i n d i c a t i o n o f mono, d i - or t r i p h y l e t i c o r i g i n s . 



-224-

Both the numerical and a n c e s t r a l sequence methods placed 

Macrobrachium apart from the Ins e c t a when using the whole of 

the cytochrome c molecule as the data .input, w h i l s t both methods 

placed Macrobrachium between the Orthoptera and the D i p t e r a -

Lepidoptera node, w i t h i n t he I n s e c t a , when the residues p r i o r 

t o g l y c i n e - 1 of the standard alignment were ignored (see* 

Figures 36-42). I t i s c l e a r t h a t the absence o f an N-termmal 

" t a i l " t o gether w i t h the possession o f a blocked N-terminus 

sets the crustacean sequence apart from those of the I n s e c t a . 

However, i t was not c l e a r whether the absent residues at the 

N-terminus of the alignment were due t o a s i n g l e or a m u l t i p l e 

m u t a t i o n a l event, or due t o the d i f f e r i n g s p e c i f i c i t i e s o f 

the enzymes proposed t o cleave the N-formyl-methionine r e g i o n 

from the polypeptide chain f o l l o w i n g p r o t e i n s y n t h e s i s . 

This l a s t e x planation i n v o l v e s no expression of the cytochrome 

c gene and t h e r e f o r e precludes the use of those fragments o f 

the N-terminal sequence not common t o a l l the sequences under 

study. U n t i l the exact reasons f o r the v a r i a t i o n s i n 

l e n g t h a t the N-termmus are determined, d i f f i c u l t i e s w i l l 

remain regarding the c o r r e c t computer s t r a t e g y t o adopt f o r 

the a n a l y s i s o f small samples o f h i g h l y v a r i a n t sequences. 

The analyses w i t h and w i t h o u t N-terminal " t a i l s " a p p l i e d i n 

t h i s study have i n h e r i t e d c e r t a i n d i s t o r t i o n s associated w i t h 

the a n c e s t r a l sequence method. Thus, i n Figure 36, the 

branch-lengths around the Arthropoda and the v e r t e b r a t e l i n e 

o f descent must be d i s t o r t e d because o f the computing o f 
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absent r e s i d u e s a t tne N-termmus as amino a c i d d i f i e r e n c e s . 

The computation of only the "common" areas of the molecule 

(F i g u r e 38) ignores a t l e a s t two r e a l d i f f e r e n c e s between 

Macrobrachiurn and the I n s e c t a w i t h regard to N-terminal " t a i l & " 

and b l o c k i n g groups. However, the sequences i n t h i s study 

r e p r e s e n t e d too small a sample to form a s t a b l e phylogeny from 

both the "common" and " t o t a l " treatments. I t i s probable t h a t 

the a d d i t i o n of more sequences of cytochrome c r e p r e s e n t a t i v e 

of each of the major i n v e r t e b r a t e phyla, i n c l u d i n g the 

C h e l i c e r a t a and Cr u s t a c e a , would y i e l d a phylogeny which 

would remain s t a b l e r e g a r d l e s s of the treatments of the N-

t e r m m a l r e g i o n . For t h i s study, the most r e a l i s t i c approach 

appears t o have been the computation of the common re g i o n of 

the molecule together w i t h an acknowledgement of the presence 

or absence of N-terminat " t a i l s " and/or N-terminal b l o c k i n g 

groups. 

The t r u e p hylogenetic s i g n i f i c a n c e of the Arthropod 

sequences i s , t h e r e f o r e , d i f f i c u l t to a s s e s s . Only the 

determination and computation of f u r t h e r arthropod sequences 

( a s i n other areas of the phylogeny) can reduce the r e l a t i v e 

importance of the ch o i c e of " t a i l " s t r a t e g y together w i t h the 

degree of phylogenetic e r r o r . 

A number of t h e o r i e s w i t h regard to the i n v e r t e b r a t e 

o r i g i n s of the v e r t e b r a t e s have been reviewed (Garstang, 1928; 

F e l l , 1948; B e r r i l , 1955; C a r t e r , 1957; Bone, 1957; 

Whitear, 1957; T a r l o , 1960). The a s c i d i a n s are o f t e n thought 
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of as degenerate descendants of free-swimming a n c e s t o r s c l o s e 

t o the v e r t e b r a t e l i n e of descent (Gregory, 1951; Eaton, 

1953), w h i l s t another school, commencing with Garstang (1928) 

and supported by Medawar (1951) and B e r r i l (1955), considered 

t h a t the v e r t e b r a t e l i n e arose through neoteny from the tadpole 

l a r v a e of a s c i d i a n - l i k e a d u l t forms. Eaton (1970) and 

J e f f e r i e s (1967; 1971; 1973) agreed t h a t the stems of c a l c i -

chordates are homologous w i t h those of chordates, hemichordates 

and c n n o i d s . J e f f e r i e s (1967) removed the c a r p o i d s , a 

c l a s s of Lower P a l e o z o i c b i l a t e r a l or asymmetrical animals 

considered t o be p r i m i t i v e echmoderms, and p l a c e d them 

i n the Chordata as the sub-phylum C a l c i c h o r d a t a . He c o n s t r u c t e d 

( J e f f e r i e s , 1968) from the s k e l e t a l s t r u c t u r e of numerous 

specimens the s o f t anatomies of s p e c i e s from the orders 

Cornuta and M i t r a t a , and concluded t h a t the combined chordate 

and echinoderm stock o r i g i n a t e d from a detached, creeping 

pterobranch of the Hermichordata, r a t h e r s i m i l a r t o Cephalodiscus 

(see Appendices X I and X I I ) . J e f f e r i e s (1973) d e f i n e d the 

C a l c i c h o r d a t a as a p r i m i t i v e sub-phylum of f o s s i l marine 

chordates having a c a l c i t e s k e l e t o n of an echinoderm type.They 

a l l have a stem and a f l a t t i s h t heca adapted t o l i e on one 

s i d e upon the sea f l o o r . V a r i o u s members of the group show 

chordate f e a t u r e s of d o r s a l nerve cord and natochord i n a 

p o s t - a n a l t a i l , b r a c h i a l s l i t s i n the t h e c a l w a l l and a 

f i s h - l i k e arrangement of c r a n i a l n erves. The C a l c i c h o r d a t a 

were v e r y asymmetrical animals and c e r t a i n of t h e s e 
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asymmetries resemble those of ecent, p r i m i t i v e chordates, 

suggesting t h a t the chordates are more c l o s e l y r e l a t e d to the 

echmoderms than to the hemichordates, which are thought to 

form a separate, though r e l a t e d phylum (see B a m n g t o n , 1965) „ 

The chordates and echmoderms are thought to have evolved from 

a common ancestor resembling the heiruchordate Cephalodiscus 

which had taken to c r a w l i n g , r i g h t - s i d e down on the sea f l o o r 

and a c q u i r e d a c a l c i t e s k e l e t o n ( J e f f e r i e s , 1969) . Of the 

thr e e l i v i n g subphyla of chordates, only the v e r t e b r a t e s 

possess a phosphatic s k e l e t o n , but J e f f e r i e s (1969) proposed 

t h a t a c a l c i t e s k e l e t o n was a p r i m i t i v e f e a t u r e of the 

Chordata and was l o s t i n the two l i n e s l e a d i n g towards the 

Cephalochordata and the V e r t e b r a t a and Urochordata, p o s s i b l y 

due to the adoption of a swimnung mode of l i f e . L a t e r , i t 

was proposed t h a t the v e r t e b r a t e s only evolved a phosphatic 

s k e l e t o n . 

Only the r e l a t i v e l y r e c e n t estimated time of divergence 

f o r the Echinodermata (Table 38) from the v e r t e b r a t e l i n e of 

descent obtained i n t h i s study, d i r e c t l y supports the ide a s 

of J e f f e r i e s (1973) and Eaton (1970), There i s a g r e a t 

need f o r f u r t h e r r e p r e s e n t a t i v e sequences of cytochrome c 

t o be determined from echmoderm and lower chordate sources, 

i n order to h e l p r e s o l v e the s p e c u l a t i o n w i t h r e g a r d t o the 

o r i g i n of the chordates from the i n v e r t e b r a t e s . 

The f i n d i n g s of the molecular phylogenies can thus be 

summed up. The estimated times of divergence of the major 
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m v e r t e b r a t e phyla, and the phyloqenies c o n s t r u c t e d by the 

a n c e s t r a l sequence method, d i d not c o n f l i c t w ith the broadly 

accepted p a t t e r n s of i n v e r t e b r a t e phylogeny based upon the 

c l a s s i c a l s t u d i e s of morphology, embryology and palaeontology. 

However, i t was c l e a r t h a t p a r t i c u l a r e v o l u t i o n a r y t h e o r i e s 

(e.g. Vagvolgyi, 1967; Manton, 1973; J e f f e r i e s , 1973; 

C i s n e , 1974) could not be r i g o r o u s l y t e s t e d using such a small 

s e t of data as t h a t a p p l i e d during t h i s study. The s i g n i 

f i c a n c e of the phylogenies c o n s t r u c t e d by the a n c e s t r a l 

sequence method was d i f f i c u l t to a s s e s s , because o f the p o s s i b l e 

e r r o r s a s s o c i a t e d w i t h the treatment of a small data s e t of 

such high v a r i a n c e . The observed disagreements w i t h the 

c l a s s i c a l view were w e l l w i t h i n the estimated l i m i t s of e r r o r . 

The a p p l i c a t i o n of the numerical method was l e s s s u c c e s s f u l 

i n coping w i t h the l a r g e branch-lengths than was expected from 

the evidence of model experiments (Peacock & B o u l t e r , 1975). 

The numerical method y i e l d e d phylogenies which d i s a g r e e d w i t h 

c l a s s i c a l views and were o u t s i d e the estimated l i m i t s of 

e r r o r . The sm a l l number of i n v e r t e b r a t e sequences a v a i l a b l e , and 

the l a r g e degree of v a r i a n c e between them, p l a c e d undue 

emphasis on the computation chosen, p a r t i c u l a r l y w i t h r e g a r d 

to the treatment of the N-terminal region of the standard 

alignment of cytochrome c . I t was concluded t h a t a r e a l i s t i c 

treatment of a small data s e t was to compute only the common 

re g i o n s of the molecule shared by the sequences, and t o note 

the presence or absence of N-terminal " t a i l s " and/or b l o c k i n g 
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groups on the r e s u l t i n g phylogenies. Only the determination 

of f u r t h e r sequences of cytochrome c from a l l the major invertebrat 

phyla w i l l remove the need f o r such a r e s t r i c t i v e approach. 

However, i t i s c l e a r l y u n r e a l i s t i c to expect the p u r i f L -

c a t i o n of q u a n t i t i e s of cytochrome c s u f f i c i e n t f o r sequence 

determination, even on a m i c r o - s c a l e , from the more phylo-

g e n e t i c a l l y i n t e r e s t i n g genera. As notod above, a number of 

c o n f l i c t i n g t h e o r i e s have been put forward to account f o r the 

i n v e r t e b r a t e o r i g i n s of the Chordata and the s t a t u s of any of 

t h e s e may be enhanced by the c o n s t r u c t i o n of molecular 

phylogenies. Such s t u d i e s would have to i n c l u d e the Echino-

dermata, the Cephalochordata (e.g. Amphioxos) and the 

Urochordata (e.g. Ciona, O i k o p l e u r a ) . The y i e l d s of cytochrome 

c and the negative r e s u l t obtained w i t h the echinoderm 

H o l u t h u r i a (Richardson, M., pers o n a l communication) i n d i c a t e 

t h a t v e r y l a r g 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 , and t o o b t a i n , f o r example, more than s i x s p e c i e s 

per phylum i n these q u a n t i t i e s would be v e r y d i f f i c u l t . I t 

i s p o s s i b l e t h a t the i n v e s t i g a t i o n of a p r o t e i n other than 

cytochrome c would be b e t t e r s u i t e d t o p a r t i c u l a r areas of 

study. However, t h i s would mean the n e g l e c t of good q u a l i t y 

data i n the r e s p e c t t h a t cytochrome c sequences have been 

determined from a l l the major kingdoms of organisms and these 

have shown a r e l a t i v e l y slow r a t e of acceptance of amino a c i d 

s u b s t i t u t i o n s and a low l e v e l o f convergent changes. 
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The major exception to the low y i e l d s of cytochrome c 

expected from i n v e r t e b r a t e s , l i e s i n the phylum Arthropoda 

whose members may be con s i d e r e d as the most mu s c u l a r l y a c t i v e , 

and thuo the b e s t cytochrome c sources, w i t h i n t h i s group of 

animals. As noted e a r l i e r , the Arthropoda have e x c i t e d 

i n t e r e s t w ith r e g a r d to t h e i r o r i g i n s and, the evidence of 

the s u c c e s s of the i n s e c t molecular phylogeny c o n s t r u c t e d 

i n t h i s study, i t would appear t h a t the accumulation and 

a n a l y s i s of f u r t h e r , more r e p r e s e n t a t i v e arthropod data would 

be both a r e a l i s t i c and p h y l o g e n e t i c a l l y rewarding course 

of study. 
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