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ABSTRACT 

The phenomena of r e s i s t a n c e compensation to temperature 

and heat death i n the freshwater c r a y f i s h Austropotamobius 

p a l l i p e s has been s t u d i e d , with p a r t i c u l a r regard to muscle 

membranes. 

The l i p i d composition of whole muscle was analysed by 

conventional chromatographic techniques. The p r i n c i p l e 

phospholipids present were c h o l i n e phosphoglycerides ( 5 0 % ) , 

ethanolamine phosphoglycerides (25%) and s e r i n e / i n o s i t o l 

phosphoglycerides ( 1 0 % ) . Temperature a c c l i m a t i o n had no 

e f f e c t on the phospholipid composition. 

The f a t t y a c i d composition of v a r i o u s phospholipid 

c l a s s e s were a l s o analysed by GLC and were found to be h i g h l y 

unsaturated. T o t a l phospholipid e x t r a c t s from animals 

acclimated to 4°C (18 hr l i g h t photoperiod) contained a 

s l i g h t l y g r e a t e r proportion of unsaturated f a t t y a c i d s , 

compared to e x t r a c t s from 25°C acclimated c r a y f i s h . The 

a c i d i c phospholipids showed the g r e a t e s t changes. 

Acclima t i o n to 4°C with 8 hr l i g h t photoperiod c o n d i t i o n s 

caused i n c o r p o r a t i o n of a s t i l l g r e a t e r proportion of 

unsaturated f a t t y a c i d s i n t o membrane phospholipids. T h i s 

daylength e f f e c t , however, was not a s s o c i a t e d with a change 

i n the thermal r e s i s t a n c e of the whole animal. 

The o v e r a l l a c t i v i t y of the C a 2 + - s t i m u l a t e d ATPase of 

c r a y f i s h sarcoplasmic r e t i c u l u m was unaffected by thermal 

a c c l i m a t i o n , although warm-acclimated c r a y f i s h y i e l d e d 

s i g n i f i c a n t l y more microsomal p r o t e i n per gram muscle weight. 



The k i n e t i c s c h a r a c t e r i s t i c s of enzyme a c t i v i t y were 

independent of temperature up to 28°C. Incubation a t 35°C 

(a l e t h a l temperature) caused a d e c l i n e i n enzyme-substrate 

a f f i n i t y . Thermal a c c l i m a t i o n had no e f f e c t upon these 

c h a r a c t e r i s t i c s . 

Arrhenius p l o t s of enzyme a c t i v i t y f o r p r e p a r a t i o n s 

i s o l a t e d from both acclimated groups were l i n e a r . The 

a c t i v a t i o n energy f o r the enzyme from each a c c l i m a t i o n 

group was s i m i l a r (approximately 15 K c a l s . mole""* ; 62.8 

KJ. m o l e " 1 ) . 

The process of i n a c t i v a t i o n of the Ca^+-stimulated 

ATPase a t l e t h a l temperature was a l s o s t u d i e d . High KC1 

media protected the enzyme from i n a c t i v a t i o n , although 

d i l u t i o n , and a d d i t i o n of BSA and calcium had no e f f e c t . 

I n a c t i v a t i o n i n low KC1 media, was a f i r s t order process. 

A c c l i m a t i o n had no s i g n i f i c a n t e f f e c t upon the r a t e of 

i n a c t i v a t i o n . 

The proposed r o l e of membranes i n the phenomenon of 

r e s i s t a n c e compensation has been d i s c u s s e d i n the l i g h t 

of t h i s and other data. 

An u l t r a s t r u c t u r a l and h i s t o l o g i c a l study of a 

Microsporidian p a r a s i t e of c r a y f i s h muscle i s a l s o 

presented. 



1 
C h a p t e r 1 

CONCEPTS OF PHYSIOLOGICAL ADAPTATION 

GENERAL INTRODUCTION 

P r o s s e r (1964) h a s d e f i n e d p h y s i o l o g i c a l a d a p t a t i o n as 

"any p r o p e r t y of an or g a n i s m w h i c h f a v o u r s s u r v i v a l i n a 

s p e c i f i c environment, p a r t i c u l a r l y a s t r e s s f u l one". Such 

a d a p t a t i o n s to the environment may be t h e r e s u l t e i t h e r of 

p h y s i o l o g i c a l changes w i t h i n the l i f e t i m e of an organism, or 

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

number of g e n e r a t i o n s . The form e r phenomenon i s c a u s e d by the 

d i f f e r e n t i a l e x p r e s s i o n of a s i n g l e genotype i n r e s p o n s e t o 

e n v i r o n m e n t a l s t i m u l i , and h a s been termed " p h e n o t y p i c a d a p t a t i o n " 

by B l i g h and Johnson (1973)• However, F r y (1967) and o t h e r s 

have r e s e r v e d t h e term ' a d a p t a t i o n 1 f o r the p h y l o g e n e t i c a d j u s t ­

ments of an or g a n i s m t o i t s e n v i r o n m e n t . The term ' p h y s i o l o g i c a l 

c o m p e n s a t i o n ' a v o i d s c o n f u s i n g a m b i g u i t i e s w i t h e v o l u t i o n a r y 

a d a p t a t i o n and o t h e r b i o l o g i c a l phenomena (Hoar, I 9 6 7 ) . 

The terms a c c l i m a t i o n and a c c l i m a t i z a t i o n both r e l a t e to 

compensatory a d j u s t m e n t s of an org a n i s m to the c l i m a t i c components 

of t h e t o t a l e nvironment ( B l i g h and Johnson, .1973)* A l t h o u g h 

the two words a r e e t y m o l o g i c a l l y i n d i s t i n g u i s h a b l e , t h e y have 

been a s s i g n e d s e v e r a l d i f f e r e n t meanings and a r e f r e q u e n t l y u s e d 

synonomously ( s e e B l i g h and Johnson, 1973)* 

The most w i d e l y u s e d meanings ( F r y , 1967; P r o s s e r , 1964; 

P r e c h t , C h r i s t o p h e r s e n , H e n s e l and L a r c h e r , 1973)1 and t h o s e 

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

t i o n s i n r e s p o n s e t o changes i n one p a r t i c u l a r e n v i r o n m e n t a l 

p a r a m e t e r , as may be a c h i e v e d w i t h i n the l a b o r a t o r y . On t h e o t h e r 

hand, a c c l i m a t i z a t i o n r e f e r s t o t h e compensatory a d j u s t m e n t s of 



an o r g a n i s m t o t he more complex changes i n s e v e r a l e n v i r o n m e n t a l 

p a r a m e t e r s , such as o c c u r d u r i n g s e a s o n a l changes i n t h e n a t u r a l 

e n v i r o n m e n t . T h i s d i s t i n c t i o n i s j u s t i f i e d i n v i e w of t h e major 

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

l a b o r a t o r y t o low t e m p e r a t u r e s , and one a c c l i m a t i z e d under n a t u r a l 

c o n d i t i o n s t o w i n t e r t e m p e r a t u r e s (Hoar, 1955; Hoar and R o b e r t s o n 

1959; s e e a l s o C h a p t e r 3 ) . 

P e r h a p s the most s i g n i f i c a n t a s p e c t of a c c l i m a t i z a t i o n a s 

opposed t o Occlimation, i s t h a t t h e former p r o c e s s p e r m i t s the 

org a n i s m to a n t i c i p a t e changes i n e n v i r o n m e n t a l c o n d i t i o n s , s u c h 

as o c c u r s e a s o n a l l y , and t h u s p e r h a p s t o adapt t o them b e f o r e t h e y 

a r e m a n i f e s t (Hoar 1967). I n t h i s r e s p e c t , p h o t o p e r i o d r e p r e s e n t s 

the most r e l i a b l e t r i g g e r f o r t h i s ' p r e a d a p t a t i o n ' phenomenon. 

Temp e r a t u r e i s p r o b a b l y the most p e r v a s i v e and i m p o r t a n t 

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

o r g a n i s m s . I t s e a s e of measurement and c o n t r o l i n t h e l a b o r a t o r y 

have made t h i s p e r h a p s t h e most u s e f u l e n v i r o n m e n t a l p a r a m e t e r f o r 

the s t u d y o f compensatory phenomena. P r e c h t (1958) h a s d i s t i n ­

g u i s h e d between ( a ) co m p e n s a t i o n s t h a t a l l o w an o r g a n i s m t o 

w i t h s t a n d t h e r m a l e x t r e m e s , w h i c h u l t i m a t e l y prove l e t h a l , and 
( T-» ^ r% ~ ™ « i~. r- „ -f- -J n ~, ~ 4- — 1 1 - « ^ , ^ ^ 1 _ ~* 
\ \j 1 u v m ^ c i i o c i u j . u i i o t-iJL me i#auujLj.u a i ^ t ± v j . ujr m c a o u i c u u v c j . a x d i i g c 

t o l e r a b l e t e m p e r a t u r e s . The l a t t e r phenomenon i s c a l l e d 

' c a p a c i t y ' c o m p e n s a t i o n ( P r e c h t 19^9; t r a n s l a t e d from t h e German 

' L e i s t u n g a d a p t a t i o n ) , a term w h i c h o r i g i n a t e s from o b s e r v a t i o n s on 

p o i k i l o t h e r m i c o rganisms whose l o c o m o t o r y and m e t a b o l i c a c t i v i t i e s 

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

Van't H o f f - A r r h e n i u s l a w s . A f t e r a p e r i o d of t i m e , however, 

t h e r e may be a change i n t h e r a t e of the p r o c e s s , which may t o 

some degree compensate f o r the r a t e e f f e c t o f the s h i f t i n 

e n v i r o n m e n t a l t e m p e r a t u r e . The c e l l u l a r and m o l e c u l a r b a s i s of 

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

) 



i n v e s t i g a t i o n s ( f o r r e v i e w s s e e Hochachka and Somero, 1973; 

P r o s s e r , 1973; P r e c h t , C h r i s t o p h e r s e n , H e n s e l and L a r c h e r , 1973; 

W i e s e r , 1973). 

P r e c h t , C h r i s t o p h e r s e n and H e n s e l (1955) have d e s c r i b e d f i v e 

d i f f e r e n t p a t t e r n s of c a p a c i t y c ompensation, w h i c h a r e most e a s i l y 

u n d e r s t o o d by r e f e r e n c e t o F i g u r e 1-1. An a n i m a l w h i c h i s 

a c c l i m a t e d a t T°C y i e l d s a r a t e / t e m p e r a t u r e c u r v e t h a t r i s e s 

w i t h i n c r e a s i n g t e m p e r a t u r e from A a t T°C t o B a t T+10°C on 

F i g u r e 1-1. I f a f t e r a d a p t a t i o n to T+10°C, the r a t e f o r t h a t 

p r o c e s s i s r e s t o r e d to i t s o r i g i n a l l e v e l ( C ) t h e n t h e compensation 

i s d e s c r i b e d a s p e r f e c t o r ' i d e a l ' (Type 2 c o m p e n s a t i o n ) and y i e l d s 

a new R/T c u r v e , C t o D. I f the r a t e i s l o w e r t h a n the o r i g i n a l 

l e v e l t h e n the compensation i s ' s u p r a o p t i m a l ' (Type 2) and i f t h e 

r a t e l i e s between p o i n t s B and C, t h e co m p e n s a t i o n i s d e s c r i b e d 

as ' p a r t i a l ' , a type I f t h e r e i s no change i n the r a t e a f t e r 

a p e r i o d of a c c l i m a t i o n o r a c c l i m a t i z a t i o n t h e n no c o m p e n s a t i o n 

h a s o c c u r r e d ( P r e c h t Type 4 ) , w h i l s t i f the r a t e i s h i g h e r a f t e r 

a c c l i m a t i o n t h e com p e n s a t i o n i s d e s c r i b e d a s ' i n v e r s e ' o r 

' p a r a d o x i c a l ' ( P r e c h t Type 5 ) . 

An a l t e r n a t i v e c l a s s i f i c a t i o n h a s been s u g g e s t e d by P r o s s e r 

(1973) who u s e s the changes i n the R/T c u r v e to c h a r a c t e r i s e t h e 

c a p a c i t y c o m p e n s a t i o n . When no a d a p t a t i o n o c c u r s a f t e r a p e r i o d 

of a c c l i m a t i o n , the r a t e / t e m p e r a t u r e c u r v e s f o r t h e d i f f e r e n t l y 

t r e a t e d a n i m a l s c o i n c i d e ( P a t t e r n I ) . F r e q u e n t l y t h e r e i s 

movement of t he R/T c u r v e a l o n g the t e m p e r a t u r e a x i s w i t h o u t a 

change i n s l o p e ( P a t t e r n I I , ' T r a n s l a t i o n ' ) o r t h e r e may be 

r o t a t i o n o f t h e R/T c u r v e about a m i d p o i n t ( ' R o t a t i o n ' , P a t t e r n I I I 

T h i s l a t t e r phenomenon i s c a u s e d by a change i n the s l o p e of the 

R/T c u r v e . Commonly, t h e p r o c e s s o f a d a p t a t i o n i n v o l v e s a 

c o m b i n a t i o n of P a t t e r n s I I and I I I , and i n each c a s e may be 

compensatory o r non-compensatory. E a c h c l a s s i f i c a t i o n scheme 

may be u s e d f o r comparing d i f f e r e n t l y t r e a t e d a n i m a l s , t h e i r 



4 
t i s s u e s , c e l l s , i s o l a t e d s u b c e l l u l a r f r a c t i o n s o r enzymes, a l t h o u g l 

the r e s u l t s f o r the l a t t e r s y s t e m s may d i f f e r from measurements on 

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

p a r t s a r e g r e a t e r t h a n t h o s e i n i n t a c t a n i m a l s ( P r o s s e r , 1967)« 

When t h e e n v i r o n m e n t a l c o n d i t i o n s e x c e e d the normal v a r i a t i o n ; 

t o l e r a t e d by an organism, the a n i m a l i s p l a c e d under s t r e s s . The 

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

p e r i o d o f time t h a t depends upon the i n t e n s i t y o f t h e s t r e s s and 

i t s i n h e r e n t r e s i s t a n c e , but e v e n t u a l l y succumbs. The p h y s i o ­

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

i n c r e a s e d r e s i s t a n c e a t e n v i r o n m e n t a l e xtremes a r e termed 

r e s i s t a n c e c o mpensations (f r o m t h e German ' R e s i s t a n z a d a p t a t i o n ' ; 

P r e c h t , C h r i s t o p h e r s e n and H e n s e l , 1955)• They i n d i c a t e t h e 

t o l e r a n c e l i m i t s of the or g a n i s m f o r i t s growth, development and 

r e p r o d u c t i v e p r o c e s s e s . T h e s e t o l e r a n c e l i m i t s may depend upon 

a v a r i e t y of f a c t o r s . F o r example, genotype (Wood, 1957; B o w l e r 

and H o l l i n g s w o r t h , 1965) age ( H o l l i n g s w o r t h and Bowler 1966; White 

1953; D a v i s o n I969) p r e v i o u s t h e r m a l h i s t o r y ( B o w l e r 1963a), Bn<L 

i o n i c a c c l i m a t i o n ( A l a b a s t e r 1967; G a r s i d e and J o r d a n , 1968). 

An a n i m a l a c c l i m a t e d a t a h i g h e r t e m p e r a t u r e u s u a l l y becomes 

more t o l e r a n t of h i g h t e m p e r a t u r e s and more r e s i s t a n t t o l e t h a l 

h i g h t e m p e r a t u r e s . P r e c h t , i n P r e c h t , C h r i s t o p h e r s e n , H e n s e l and 

L a r c h e r (1973) has s u g g e s t e d t h a t t h i s c a s e s h o u l d be termed 

' r e a s o n a b l e ' r e s i s t a n c e c o m p e n s a t i o n s , whereas the o p p o s i t e c a s e 

of a d e c r e a s e d h e a t r e s i s t a n c e w i t h an i n c r e a s e i n e n v i r o n m e n t a l 

t e m p e r a t u r e s h o u l d be d e s c r i b e d as ' p a r a d o x i c a l ' . R e a s o n a b l e 

r e s i s t a n c e c ompensation to both t h e r m a l extremes have been 

d e s c r i b e d f o r c i l i a t e s ( V o g e l , I967) , decapods ( K i n n e , 1964; 

McLeese and W i l d e r , 1958; Bowler, 1963a), f i s h e s ( F r y , 1971) and 

o t h e r s ( s e e P r o s s e r , 1973)* P a r a d o x i c a l r e s i s t a n c e c o m p e n s a t i o n 

i s r e p o r t e d l e s s o f t e n . Edwards (1958) found r e a s o n a b l e 

c o m p e n s a t i o n t o c o l d i n imagos of T r i b o l i u m confusum, b u t 
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p a r a d o x i c a l c o m p e n s a t i o n i n a d u l t s . A c c o r d i n g to B a l d w i n (195*'K 

the p a x " a s i t i c hymenopteran Dahlbominus f u s c i p e n n i s shows r e a s o n a b l i 

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

r e s i s t a n c e c o m p e n s a t i o n a t l o w e r t e m p e r a t u r e s . T h i s wn.s c o r r e ­

l a t e d w i t h o p t i m a l f o r m a t i o n of ' p r o t e c t i v e s u b s t a n c e s ' a t c e r t a i n 

temperature*. An a l t e r n a t i v e e x p l a n a t i o n i s p r o v i d e d by the 

s t u d i e s of H o l l i n g s w o r t h and Bowler ( I966) , Bowler (I967) and 

D a v i s o n (1969). T h e s e w o r k e r s have found a p r o g r e s s i v e d e c r e a s e 

i n the r e s i s t a n c e to h i g h l e t h a l t e m p e r a t u r e s w i t h time a f t e r 

e c l o s i o n , i n D r o s o p h i l a sp, T e n e b r i o sp, and C a l l i p h o r a s p . 

r e s p e c t i v e l y . However, the r a t e of d e c l i n e o f t h e r m a l r e s i s t a n c e 

i s h e a v i l y dependent upon the e n v i r o n m e n t a l t e m p e r a t u r e of t h e 

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

h i g h t e m p e r a t u r e show a more r a p i d d e c l i n e i n t h e r m a l r e s i s t a n c e 

t h a n a d u l t s m a i n t a i n e d a t low t e m p e r a t u r e s ( D a v i s o n , I 9 6 9 ) . 

I t h a s been s u g g e s t e d by t h e s e w o r k e r s t h a t t h e d e c l i n e i n t h e r m a l 

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

a l o s s t h a t o c c u r s more r a p i d l y a t h i g h e r t e m p e r a t u r e s . 

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

c o m p e n s a t i o n i s n o t c l e a r , and most w o r k e r s s t u d y them s e p a r a t e l y . 

P r e c h t (1958) has s u g g e s t e d t h a t t h e c o u p l i n g of r e s i s t a n c e and 

c a p a c i t y a d a p t a t i o n i s not o b l i g a t o r y s i n c e t h e r e a r e a n i m a l s 

w h i c h show com p e n s a t i o n of oxygen consumption, b u t do not show 

r e s i s t a n c e c o mpensation ( I . P r e c h t , I967K 

However, w h i l s t i t i s p o s s i b l e t o e n v i s a g e the- a d a p t i v e v a l u i 

o f r e s i s t a n c e c o mpensations i n s i t u a t i o n s where an o r g a n i s m 

f r e q u e n t l y e x p e r i e n c e s l e t h a l s t r e s s e s , i t s v a l u e to a n i m a l s t h a t 

r a r e l y e n c o u n t e r such c o n d i t i o n s i s d i f f i c u l t to s e e . I n t h i s 

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

to be e x p r e s s e d and t o be f a v o u r e d by n a t u r a l s e l e c t i o n . The 

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

t h e r m a l a c c l i m c a t i o n o r a c c l i m a t i z a t i o n may, t h e r e f o r e , be a 
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consequence o r m a n i f e s t a t i o n of a c a p a c i t y compensation, r a t h e r 

t h a n a co m p e n s a t i o n towards a l t e r e d r e s i s t a n c e p e r s e . Thus, 

a l t h o u g h i n a few c a s e s s u c h p h y s i o l o g i c a l c o m p e n s a t i o n s may have 

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

g e o g r a p h i c a l range ( f o r example, R e i t e , M a l o i y and Aasehaug, 1974), 

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

C l e a r l y , a s t u d y o f the i n t e r r e l a t i o n s h i p of t h e s e two phenomena 

i n the same a n i m a l would c l a r i f y the s i t u a t i o n . . 

A b a s i c s t r a t e g y i n the i n v e s t i g a t i o n o f compensatory 

phenomena h a s been the i d e n t i f i c a t i o n of t h e p h y s i o l o g i c a l and 

b i o c h e m i c a l b a s i s f o r t h e r e s p o n s e . With r e s i s t a n c e compensations 

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

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

compensatory p r o c e s s . 

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

a r e not w e l l u n d e r s t o o d a t p r e s e n t , b u t i n the h i g h e r o r g a n i s m s 

a t l e a s t , a g r e a t many f a c t o r s a r e p r o b a b l y i n v o l v e d . D i f f e r e n t 

p r o c e s s e s may be i n v o l v e d i n d i f f e r e n t s p e c i e s or i n t h e same 

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

u n l i k e l y t h a t sweeping g e n e r a l i s a t i o n s c a n be made. An a d d i t i o n a l 

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

c a u s e s of h e a t d e a t h may be d i f f e r e n t f o r t he i n t a c t a n i m a l , i t s 

o r g a n s , t i s s u e s , s u b c e l l u l a r f r a c t i o n s o r enzymes. O r r (1955) 

has shown t h a t the t e m p e r a t u r e s of h e a t d e a t h f o r a 15 minute 

exposure i n Rana p i p i e n s were: i n t a c t t a d p o l e , 37»5°C; whole 

f r o g , 3&.6°C; g a s t r o c n e m i u s m u s c l e , 40.2°C; h e a r t i n s i t u , 

42.0°C; s c i a t i c n e r v e , 43°C. Bowler (1963b) i n A u s t r o p o t a m o b i u s 

p a l l i p e s , and G r a i n g e r (1969) i n A r i a n t a arboruntum have o b s e r v e d 

v i g o r o u s oxygen uptake f o r up t o 1 hour i n t i s s u e s , a t t e m p e r a t u r e s 

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

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

but somewhat w i d e r f o r t i s s u e s and c e l l s ( P r o s s e r , 1973)• 
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T h e r e have been a v a r i e t y of t h e o r i e s c o n p e r n i n g t h e c a u s e s 

o f h e a t d e a t h , of w h i c h two a r e c u r r e n t l y w i d e l y h e l d , t h e 

d e n a t u r a t i o n of p r o t e i n and t he ' m e l t i n g ' of l i p i d s . P e r h a p s 

the most o b v i o u s e x p l a n a t i o n i s t h a t of p r o t e i n d e n a t u r a t i o n , i n 

th e same manner t h a t egg albumen becomes c o a g u l a t e d when h e a t e d 

i n a t e s t t u b e . I t s most prominent a d v o c a t e a t p r e s e n t i s 

Ushakov (1964, 1966) who was much i m p r e s s e d by the s i m i l a r i t y 

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

of p r o t e i n d e n a t u r a t i o n and t he breakdown of p r o t e i n compexes. 

He s u g g e s t e d t h a t h e a t damage and c e l l d e a t h r e s u l t e d d i r e c t l y 

from t h e l a t t e r two p r o c e s s e s . He a l s o n o t e d a c o r r e l a t i o n 

between the h e a t r e s i s t a n c e of p r o t e i n s and t h e i r complexes, and 

th e h e a t r e s i s t a n c e o f t h e c e l l s from w h i c h t h e y were o b t a i n e d . 

I t i s q u i t e p o s s i b l e t h a t when h e a t d e a t h o c c u r s a t h i g h 

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

c o a g u l a t i o n i s n o t u s u a l l y thought of an o c c u r r i n g a t l o w e r 

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

I n d e e d , Ushakov (1964) has p o i n t e d out t h a t most p r o t e i n 

p r e p a r a t i o n s t e s t e d u n t i l t h a t d a t e , p o s s e s s e d a g r e a t e r degree 

of t h e r m o s t a b i l i t y t h a n the c e l l s o r o r g a n i s m s from wh i c h t h e y 

were i s o l a t e d . P resumably, t h e d e n a t u r a t i o n p r o c e s s of t h e s e 

p r o t e i n s can have no a d a p t i v e or compensatory s i g n i f i c a n c e . 

Ushakov (1964) s u g g e s t s i n s t e a d t h a t t h e h e a t r e s i s t a n c e of a 

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

r e s i s t a n t p r o t e i n , a l t h o u g h what t h e s e a r e r e m a i n s o b s c u r e . 

Read (1967) has urged c a u t i o n when r e l a t i n g h e a t r e s i s t a n c e 

of o r ganisms t o t he t h e r m o s t a b i l i t y of t h e i r p r o t e i n s , u n l e s s 

the t e m p e r a t u r e s a t which p r o t e i n a c t i v i t y i s l o s t c o i n c i d e s 

c l o s e l y w i t h t h o s e a t which m e t a b o l i s m f a i l s . I n o n l y a few 

c a s e s have t h e s e c r i t e r i a been met. F o r example, myosin ATPase 

from the m u s c l e s of d e s e r t l i z a r d s ( L i c h t , 1964), an amylase from 

a t h e r m o p h i l i c b a c t e r i u m (Manning and Campbell, 1961) and the 
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2 + Mg -dependent ATPase from the sarcolemma of f r e s h w a t e r c r a y f i s h 

( B o w l e r and Duncan, 1967; Bowler, G l a d w e l l and Duncan, 19735 

G l a d w e l l , 1973). 

R e c e n t l y , Rosenburg, Kemeny, S w i t z e r and H a m i l t o n (1971) 

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

of p r o t e i n s i n t h e r m a l d e a t h o f m i c r o o r g a n i s m s . They found t h a t 

the a c t i v a t i o n e n t h a l p y (AH*) and t h e a c t i v a t i o n e n t r o p y (^S*) 

f o r p r o t e i n d e n a t u r a t i o n were r e l a t e d by an e m p i r i c a l ' c o m p e n s a t i o i 

l a w 1 of the form 

A S * = a. AH* + b 

The v a l u e s f o r the c o n s t a n t s a and b f o r a v i r u s , y e a s t s and 

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

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

good q u a n t i t a t i v e s u p p o r t f o r the g e n e r a l h y p o t h e s i s t h a t p r o t e i n 

d e n a t u r a t i o n i s t h e cause of h e a t d e a t h . However, Banks, Danjano-

v i e and Vernon (1972) and Eva n s and Bowler (1973) have s e p a r a t e l y 

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

E v a n s and Bowler (1973) o b t a i n e d somewhat d i f f e r e n t v a l u e s f o r a 

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

d e n a t u r a t i o n of p r o t e i n s . 

The most r e c e n t i n t e r p r e t a t i o n o f the i n v o l v e m e n t o f p r o t e i n 

d e n a t u r a t i o n i n r e s i s t a n c e phenomena r e g a r d d e n a t u r a t i o n as any 

p r o c e s s by w h i c h one or more p r o p e r t i e s of the p r o t e i n a r e 

r e v e r s i b l y l o s t ( S i z e r , 19^3; S t e a r n , 19^9; Johnson, E y r i n g and 

P o l i s s a r , 195^)• T h i s c o n c e p t i s s u p p o r t e d by the r e c e n t 

s u g g e s t i o n o f Hochachka and Somero (1973) t h a t enzymes may become 

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

t e m p e r a t u r e , as a consequence o f temp e r a t u r e - d e p e n d e n t changes i n 

en z y m e - s u b s t r a t e a f f i n i t y . Heat d e a t h may, t h e r e f o r e , be c a u s e d 

by c e s s a t i o n o f enzyme a c t i v i t y and a l l t h a t t h i s i m p l i e s , r a t h e r 

t h a n an i r r e v e r s i b l e change i n the 3 - d i m e n s i o n a l s t r u c t u r e o f the 

p r o t e i n m o l e c u l e t h a t i s c h a r a c t e r i s t i c of c o a g u l a t i o n . 
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I n c o n t r a s t to t h e s e i d e a s of a g e n e r a l breakdown i n the 

m e t a b o l i c p r o c e s s e s of an or g a n i s m d u r i n g h e a t i n j u r y , a r e t he 

c o n c l u s i o n s o f Bowler (1963b). He compared the oxygen uptake 

of i s o l a t e d t i s s u e s from normal and h e a t - k i l l e d c r a y f i s h and 

found t h a t t i s s u e s from the l a t t e r r e s p i r e a t 35°C a t l e v e l s n o t 

ma r k e d l y d i f f e r e n t from the c o n t r o l , e x c e p t i n t h e h e p a t o p a n c r e a s 

and n e r v o u s t i s s u e , where t h e r e was a s t a t i s t i c a l l y s i g n i f i c a n t 

r e d u c t i o n o f 32% and 27% r e s p e c t i v e l y . T h e s e r e s u l t s i n d i c a t e 

t h a t i n t h e f r e s h w a t e r c r a y f i s h a t l e a s t , h e a t d e a t h cannot be 

a s c r i b e d to a g e n e r a l f a i l u r e o f met a b o l i s m ( w i t h t h e p o s s i b l e 

e x c e p t i o n of the h e p a t o p a n c r e a s and n e r v o u s t i s s u e ) , s i n c e t h i s 

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

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

c o n c l u s i o n s were r e a c h e d by G r a i n g e r (1969), i n the m o l l u s c 

A r i a n t a . 

H e i l b r u n n (1924) f i r s t drew a t t e n t i o n t o the c o r r e l a t i o n of 

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

p o i n t s o f t h e i r c o n s t i t u e n t f a t s . L a t e r B e l e h r a d e k ( l935i 1957) 

e n l a r g e d upon t h i s and f o r m u l a t e d t h e ' l i p o i d l i b e r a t i o n t h e o r y ' , 

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

' m e l t i n g ' of the l i p i d c o n s t i t u e n t s of c e l l s o r c e l l membranes. 

T h i s t h e o r y l i n k s t h e h e a t r e s i s t a n c e o f an organism w i t h the 

' m e l t i n g ' of i t s f a t s w h i c h depend i n l a r g e p a r t upon the degree 

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

B e l e h r a d e k (I963) l a t e r s t a t e d t h a t " f a t s and p h o s p h o l i p i d s a r e 

th e o n l y p r o t o p l a s m i c c o n s t i t u e n t s i n which m o l e c u l a r s t r u c t u r e 

and r e s u l t i n g p h y s i c o - c h e m i c a l b e h a v i o u r depend upon the tempera­

t u r e o f f o r m a t i o n " . The p o s s i b i l i t y of s i m i l a r m o d i f i c a t i o n s 

t o the isoenzyme complement of c e r t a i n c e l l s h a s r e c e n t l y been 

c o n s i d e r e d by Hochachka and Somero (1973)1 a l t h o u g h B e l e h r a d e k 

(1963) thought t h i s p o s s i b i l i t y u n l i k e l y " i n v i e w of the t e m p l a t e 

b e i n g g e n e t i c a l l y f i x e d " . 
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E a r l i e r h y p o t h e s e s such a s t h e s e were e r e c t e d i n i g n o r a n c e 

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

p h o s p h a t i d e s . Indeed, t h e s e w o r k e r s o f t e n do n o t d i f f e r e n t i a t e 

between the depot f a t s and the membrane l i p i d s e i t h e r i n t h e i r 

e x p e r i m e n t a t i o n or c o n s i d e r a t i o n . C u r r e n t c o n c e p t s of t h e 

p h y s i c o - c h e m i c a l c h a r a c t e r i s t i c s of membrane l i p i d s a r e compara­

t i v e l y w e l l d e v e l o p e d , and i t i s e v i d e n t t h a t most a n i m a l membranes 

a r e n o r m a l l y i n a l i q u i d - c r y s t a l l i n e s t a t e . Thus r a i s i n g the 

t e m p e r a t u r e w i l l n o t cause a 'melt' p e r s e , s i n c e t h e y a r e a l r e a d y 

f l u i d . However, the i n c r e a s e d m o l e c u l a r motion o f membrane 

components c a u s e d by a r i s e i n t e m p e r a t u r e w i l l have i m p o r t a n t 

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

p r o p e r t i e s , s u c h as membrane p e r m e a b i l i t y ( s e e C h a p t e r s 2 and 3) 

and t h e i r e f f e c t on the a c t i v i t y of membrane anzymes ( s e e 

C h a p t e r 7 ) • 

I t h a s been known f o r some time t h a t a c c l i m a t i o n to low 

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

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

( J o h n s t o n and Roots, 196'j; R o o t s , 1968; Kemp and Smith, 1970) 

a l t h o u g h few s t u d i e s have a t t e m p t e d to c o r r e l a t e t h i s phenomenon 

w i t h r e s i s t a n c e a d a p t a t i o n . F r a n k e l and Hopf (19^0) reared, two 

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

e x t r a c t s from both s p e c i e s r e a r e d a t h i g h t e m p e r a t u r e were more 

s a t u r a t e d t h a n t h o s e e x t r a c t e d from f l i e s a c c l i m a t e d to lo w e r 

t e m p e r a t u r e s . T h i s phenomenon was c o r r e l a t e d w i t h an i n c r e a s e d 

r e s i s t a n c e to l e t h a l h i g h t e m p e r a t u r e s i n the warm a c c l i m a t e d 

a n i m a l s . However, t h e f a c t t h a t two c l o s e l y a l l i e d s p e c i e s , 

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

t i o n o f membrane l i p i d s , have d i f f e r e n t r e s i s t a n c e s t o h i g h tempera 

t u r e s was c o n s i d e r e d by t h e s e a u t h o r s to i n d i c a t e t h a t the p h y s i c a l 

breakdown of t h e s e s u b s t a n c e s c a n n o t be t h e d i r e c t c a u s e o f h e a t 

i n j u r y . House, R i o r d a n and B a r l o w (1958) have a l s o d e m onstrated 
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a good c o r r e l a t i o n between the h e a t s e n s i t i v i t y of P s e u d o s a r c o p h a g i 

a f f i n i s l a r v a e and the degree of s a t u r a t i o n of the d i e t a r y l i p i d s . 

E x p e r i m e n t s w i t h g o l d f i s h have shown a s i m i l a r c o r r e l a t i o n 

between the a c c l i m a t i o n t e m p e r a t u r e of the a n i m a l and the degree 

o f s a t u r a t i o n of i t s b r a i n l i p i d s ( J o h n s t o n and R o o t s , 19-6*1:). 

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

t o c o n t r o l the degree of membrane u n s a t u r a t i o n i n o r d e r t o m a i n t a i i 

a s p e c i f i c degree of membrane ' f l u i d i t y ' . Data such a s t h e s e 

a r e o f t e n i n t e r p r e t e d i n terms of ' c a p a c i t y a d a p t a t i o n ' ( R o o t s 196£ 

Kemp and Smith, 1970), and the c o n t r i b u t i o n of such b i o c h e m i c a l 

changes to r e s i s t a n c e a d a p t a t i o n i s not c o n s i d e r e d . 

On the o t h e r hand, Ushakov (196^, 1966) q u o t e s work i n w h i c h 

t h e l i p i d c o m p o s i t i o n of m u s c l e from Rana t e m p o r a r i a and C a l l i p h o r e 

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

of the muscle f i b r e s . F u r t h e r m o r e , a d e c r e a s e i n the thermo­

s t a b i l i t y of f r o g muscle was not a s s o c i a t e d w i t h a change i n the 

n a t u r e of the l i p i d c o n s t i t u e n t s . He c o n c l u d e d t h a t the a v a i l a b l e 

e v i d e n c e i n d i c a t e d no d e f i n i t e c o r r e l a t i o n between i r r e v e r s i b l e 

c e l l damage and t h e m e l t i n g p o i n t s of the l i p i d c o n s t i t u e n t s . 

A n o v e l s u g g e s t i o n i s t h a t of Bowler, Duncan, G l a d w e l l and 

D a v i s o n (1973) t h a t c e l l u l a r h e a t i n j u r y and h e a t death i s a 

p r o p e r t y of membranes, but i s n o t n e c e s s a r i l y r e l a t e d s o l e l y t o 

t he p h o s p h o l i p i d or p r o t e i n f r a c t i o n , but r a t h e r to the s t a b i l i t y 

of l i p o p r o t e i n complexes o r of enzymes whose a c t i v i t y i s dependent 

upon the i n a i n t a i n a n c e of membrane i n t e g r i t y . 

Bowler (1963a) and G l a d w e l l (1973) have d e m o n s t r a t e d t h a t 

Austropotomobius p a l l i p e s p o s s e s s e s a c o n s i d e r a b l e degree of 

r e a s o n a b l e r e s i s t a n c e a d a p t a t i o n . Heat death of the a n i m a l h a s 

been c o r r e l a t e d w i t h a r a p i d i n c r e a s e i n haemolymph K + and w i t h 

a s i m u l t a n e o u s l o s s of N a +. These w o r k e r s s u g g e s t e d t h a t t h i s 

phenomena was caused by a d r a m a t i c breakdown i n t h e p a s s i v e 

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

between the i n t r a and e x t r a - c e l l u l a r compartments ( B o w l e r and 
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Duncan I 9 6 7 ) . I t was l a t e r s u g g e s t e d ( B o w l e r and Duncan 1967; 

Bowler, Duncan and G l a d w e l l 1973; G l a d w e l l 1973) t h a t s i n c e t h e s e 

changes a r e l a r g e , a b u l k t i s s u e s u c h as muscle was i n v o l v e d . 

I n a p a r a l l e l s e r i e s of e x p e r i m e n t s , the e f f e c t s of exposure 

to l e t h a l t e m p e r a t u r e s upon the r e s t i n g p o t e n t i a l of abdominal 

e x t e n s o r muscle f i b r e s was d e t e r m i n e d i n 10°C and 25°C a c c l i m a t e d 

c r a y f i s h . I n both c a s e s , t h e r e was an i n i t i a l s m a l l h y p e r p o l a r -

i s a t i o n of the r e s t i n g p o t e n t i a l . However, w h i l s t t h e r e s t i n g 

p o t e n t i a l of the 10°C a c c l i m a t e d c r a y f i s h d e c l i n e d s t e a d i l y , t h e 

25°C a c c l i m a t e d muscle p r e p a r a t i o n m a i n t a i n e d t h e s l i g h t h y p e r -

p o l a r i s a t i o n f o r o v e r 20 minutes b e f o r e s t e a d i l y d e p o l a r i s i n g . 

E v i d e n t l y , the membrane p r e p a r a t i o n from 25°C a c c l i m a t e d c r a y f i s h 

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

t h a n t h e 10°C a c c l i m a t e d p r e p a r a t i o n . Death i t s e l f was due t o 
+ 

th e e f f e c t s of h i g h haemolymph K c o n c e n t r a t i o n s upon the n e r v o u s 

s y s t e m ( G l a d w e l l , u n p u b l i s h e d o b s e r v a t i o n s ) . I n d e e d , t h e s e 

w o r k e r s have found a c o r r e l a t i o n between the breakdown i n p a s s i v e 

p e r m e a b i l i t y c o n t r o l o f the muscle membrane and the t e m p e r a t u r e 
2+ 

s e n s i t i v i t y of a membrane-bound Mg -dependent ATPase i s o l a t e d 

from the abdominal muscle of the c r a y f i s h . A l l t h e s e phenomena 

o c c u r r e d o v e r a l i m i t e d t e m p e r a t u r e range (30 -35°C) and were 

a f f e c t e d by a c c l i m a t i o n i n an a d a p t i v e manner. 

S i m i l a r e x t e n s i v e l o w e r i n g of haemolymph Na *" has a l s o been 

d e m o n s t r a t e d i n A r i a n t a ( G r a i n g e r , I 9 6 9 ) , C e n t r i o p t e r a (Ahearn, 

1970), H e l i x ( G r a i n g e r , 1973a) and f r o g g a s t r o c r e m i u s ( G r a i n g e r 

1973b). G r a i n g e r (1973b) has a l s o n o t ed a drop i n the r e s t i n g 

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

l e t h a l to t he i n t a c t a n i m a l . I t i s r e m a r k a b l e t h a t such 

d i s s i m i l a r a n i m a l s as t h o s e noted above s h o u l d show s i m i l a r 

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

v i e w s e x p r e s s e d by Bowler and h i s c o l l e a g u e s may a l s o a p p l y t o a 

wide v a r i e t y of o r g a n i s m s . 
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O t h e r w o r k e r s have a l s o i n d i c a t e d t h a t h e a t i n j u r y may be 

a s s o c i a t e d w i t h damage to c e l l u l a r membranes. D a v i s o n and 

Bowler (1971) have shown t h a t sarcosomes from the t h o r a x of 

C a l l i p h o r a e r y t h r o c e p h a l a have an e q u i v a l e n t t h e r m a l s e n s i t i v i t y 

t o t h a t of t h e whole a n i m a l . I n a d d i t i o n , D a v i s o n (1971) has 

d e s c r i b e d u l t r a s t r u c t u r a l changes i n m i t o c h o n d r i a from 

b l o w f l y f l i g h t muscle f o l l o w i n g e xposure t o l e t h a l t e m p e r a t u r e s . 

T h e s e w o r k e r s c o n c l u d e d t h a t the l o s s o f m i t c h o n d r i a l f u n c t i o n 

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

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

l a n d o l a and O r d a l (I966) have shown t h a t h e a t damage t o 

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

o f t h e c y t o p l a s m i c membrane and a consequent l e a k a g e of s o l u t e s . 

A r e d u c t i o n i n a c t i v i t y of r e s p i r a t o r y enzymes a f t e r h e a t t r e a t ­

ment of t he whole a n i m a l was a l s o o b s e r v e d by Bluhm and O r d a l 

(1969). Levy, G o l l o n and E l l i o t (1969) have o b s e r v e d u l t r a -

s t r u c t u r a l changes i n o r g a n e l l e s from Tetrahymena s p . f o l l o w i n g 

h y p e r t h e r m i a w h i c h , t h e y s u g g e s t , r e f l e c t s damage t o membranes. 

L i n g (1967) has r e p o r t e d a d r a m a t i c change i n the p e r m e a b i l i t y 

of f r o g s t r i a t e d muscle sarcolemma t o s u c r o s e , w h i c h o c c u r s o v e r a 

narrow t e m p e r a t u r e range of 35-^0°C, w h i c h c o r r e s p o n d e d t o l e t h a l 

t e m p e r a t u r e . 

The r e c e n t i n v o l v e m e n t of c e l l u l a r membranes i n both r e s i s t a n c 

and c a p a c i t y c o mpensation i n d i c a t e s t h a t t h e s e s t r u c t u r e s have a 

s i g n i f i c a n c e t o t h e s e p r o c e s s e s w h i c h matches t h e i r undoubted 

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

t h e s i s were d e s i g n e d to i n v e s t i g a t e the r o l e o f c e l l u l a r membranes 

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

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

a c c l i m a t e d to d i f f e r e n t t e m p e r a t u r e s . The c o n c l u s i o n s of Bowler 

and h i s c o l l e a g u e s ( B o w l e r 1963a; Bowler and Duncan, 1967; B o w l e r 

Duncan, G l a d w e l l and D a v i s o n , 1973? Bowler, Duncan and G l a d w e l l , 



1973; G l a d w e l l , 1973) t h a t the p r i m a r y l e s i o n o f h e a t d e a t h 

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

the sarcolemma, t o g e t h e r w i t h the d e m o n s t r a t e d i n f l u e n c e of 

t h e r m a l a c c l i m a t i o n upon the k i n e t i c s of h e a t d e a t h , the thermo­

s t a b i l i t y o f c e r t a i n n e u r o p h y s i o l o g i c a l c h a r a c t e r i s t i c s of t h e 
2+ 

sarcolemma, and the Mg -ATPase, s u g g e s t t h a t t h e muscle membrane 

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

i n t h i s s p e c i e s . I t i s the purpose of t h i s t h e s i s to examine 

t h e muscle membranes i n more d e t a i l to d i s c o v e r w h i c h component(s) 

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

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

I n the f i r s t i n s t a n c e , t h e l i p i d b i o c h e m i s t r y of m uscle 

membranes was s t u d i e d i n some d e t a i l and t h e e f f e c t of t h e r m a l 

a c c l i m a t i o n upon t h e membrane p h o s p h o l i p i d s a s s e s s e d ( S e c t i o n I ) . 
2+ 

S e c o n d l y , the Ca - s t i m u l a t e d ATPase ( E . C . 3 * 6 . 1 . 3 ) i a s s o c i a t e d 

w i t h t h e s a r c o p l a s m i c r e t i c u l u m of c r a y f i s h muscle was u s e d as a 

c o n v e n i e n t 'model' membrane enzyme w i t h which to s t u d y the e f f e c t s 

o f a c c l i m a t i o n and ah a l t e r e d l i p i d environment upon the k i n e t i c 

p r o p e r t i e s of an i n t r i n s i c membrane-bound enzyme ( S e c t i o n I I ) . 

T h i r d l y , the t h e r m a l i n a c t i v a t i o n c h a r a c t e r i s t i c s of t h i s m i c r o ­

somal enzyme were s t u d i e d i n o r d e r t o s e e k a c o r r e l a t i o n w i t h 

t h e h e a t d e a t h k i n e t i c s of the i n t a c t a n i m a l , and to mimic the 

p r o c e s s of r e s i s t a n c e c o m p e n s a t i o n i n v i v o . 
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P r e c h t ' s C l a s s i f i c a t i o n f o r Capacity Compensation 

( See t e x t ; P r e c h t , Christophersen, Hensel & La r c h e r 1973 ) 



S e c t i o n I 

STUDIES ON THE BIOCHEMICAL COMPOSITION OF 

MUSCLE MEMBRANES 
I 

i 

"Phosphatides are the c e n t r e , l i f e , and chemical s o u l 

of a l l bioplasm whatsoever, t h a t of p l a n t s as w e l l as 

animals. T h e i r chemical s t a b i l i t y i s g r e a t l y due to 

the f a c t t h at t h e i r fundamental r a d i c l e i s a mineral 

a c i d of strong and manifold d y n a m i c i t i e s . T h e i r v a r i e d 

f u n c t i o n s are the r e s u l t of the c o l l u s i o n of r a d i c l e s 

of s t r o n g l y c o n t r a s t i n g p r o p e r t i e s . T h e i r p h y s i c a l 

p r o p e r t i e s are, viewed from a t e l e o l o g i c a l point of 

standing, eminently adapted to t h e i r f u n c t i o n s . Amongst 

these p r o p e r t i e s none i s more deserving of f u r t h e r i n q u i r y 

than those which may- be described as t h e i r power of 

c o l l o i d a t i o n . Without t h i s power no b r a i n as an organ 

would be p o s s i b l e , as indeed the e x i s t e n c e of a l l bioplasm 

i s dependent on the c o l l o i d s t a t e . " 

J . L. W. Thudichum (1884). 

The Chemical C o n s t i t u t i o n of the B r a i n 

B a i l l i e r e , T i n d a l l and Cox, London. 
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C h a p t e r 2 

THE EFFECT OF THERMAL ACCLIMATION UPON THE 
PHOSPHOLIPID AND CHOLESTEROL CONTENT, AND THE 

PHOSPHOLIPID COMPOSITION OF CRAYFISH MUSCLE MEMBRANES 

INTRODUCTION 

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

membranes have been h a n d i c a p p e d by the i n a b i l i t y to o b t a i n 

pure membrane p r e p a r a t i o n s . The problem of c o n t a m i n a t i o n 
i 

of membrane p r e p a r a t i o n s by membrane o r non-membrane components 

i s a r e c u r r i n g one. ( F o r a c r i t i c a l e v a l u a t i o n of p l a s m a 

membrane f r a c t i o n a t i o n t e c h n i q u e s , the r e a d e r i s r e f e r r e d to 

F l e i s c h e r and R o u s e r , 1965, and W a l l a c h and L i n , 1973.) 

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

a r e u s u a l l y b a s e d upon t h e p r e s e n c e or absence of s u i t a b l e 

m o r p h o l o g i c a l , c h e m i c a l o r e n z y m a t i c 'markers', which d i s t i n -

q u i s h the membrane s y s t e m from o t h e r c o n t a m i n a n t s . 

B e a r i n g t h e s e l i m i t a t i o n s i n mind, most pla s m a membranes, 

from an i m a l s o u r c e s , appear to c o n t a i n a p p r o x i m a t e l y 35-^0% 

( b y w e i g h t ) l i p i d , 50% p r o t e i n , 5 % c a r b o h y d r a t e s and 0.1% RNA 

(O'Br.ien 1967, R o t - h f i e l d and F i n k e l s t c i r . 1968, Veerkamp 1972). 

U s u a l l y t h e l i p i d component i s composed of a p p r o x i m a t e l y 

70% (by w e i g h t ) p o l a r l i p i d s and 30% n e u t r a l l i p i d s (Veerkamp, 

1972). These a r e u s u a l l y p h o s p h o l i p i d s and c h o l e s t e r o l , 

r e s p e c t i v e l y . Almost a l l t h e o r i e s c o n c e r n i n g the u l t r a -

s t r u c t u r e of c e l l u l a r membranes r e l y h e a v i l y upon a major 

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

p r o p o s e d by G o r t n e r and G r e n d e l (1925) and r e f i n e d by Davson 

and D a n i e l l i (19.^3) t s u g g e s t e d t h a t p h o s p h o l i p i d s p r o v i d e d a 

2 - d i m e n s i o n a l , b i m o l e c u l a r l e a f l e t , w i t h p r o t e i n s absorbed 

onto both s u r f a c e s . However, r e c e n t work h a s i n d i c a t e d t h a t 
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a l t h o u g h the b i m o l e c u l a r l e a f l e t i s p r o b a b l y an i m p o r t a n t 

s t r u c t u r a l e lement o f membranes, i t i s i n t e r r u p t e d to v a r y i n g 

d e g r e e s by i n t r i n s i c membrane-bound p r o t e i n m o l e c u l e s ( S i n g e r 

and N i c o l s o n 1972; V a n d e r k o o i , S e n i o r , C a p a l d i and H a y a s h i 

1972; S i n g e r 197*0. 
An i m p o r t a n t argument i n f a v o u r o f a major s t r u c t u r a l 

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

i s t h e b e h a v i o u r of p u r i f i e d p h o s p h o l i p i d s i n w a t e r or s a l t 

s o l u t i o n s . I n t h e p r e s e n c e of e x c e s s aqueous phase, the 

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

c o n c e n t r i c , b i m o l e c u l a r membranes ( ' l i p o s o m e s ' ) , each 

s e p a r a t e d by an aqueous compartment (Bangham 1968). The 

u s e of l i p o s o m e s a s a model s y s t e m f o r p e r m e a b i l i t y s t u d i e s 

h a s b e en d e s c r i b e d by H i l l and Cohen (1972). 

I t has r e c e n t l y been d e m o n s t r a t e d t h a t s u c h p r o t e i n -

f r e e membrane s y s t e m s can s u c c e s s f u l l y mimic c e r t a i n f u n c t i o n a l 

p r o p e r t i e s of b i o l o g i c a l membranes (De G i e r , H a e s t , Van d e r 

Neut-Kok, M a n d e r s l o o t and Van Deenen 1972; Van Deenen 1969). 

F o r example, the graded p e r m e a b i l i t y o f a number of non-

e l e c t r o l y t e s a c r o s s the membranes of b o t h n a t u r a l and model 

sy s t e m s are v e r y s i m i l a r (Bangham, De G i e r and G r e v i l l e I967; 

K l e i n , Moore and Smith 1971)! and a r e i n good agreement w i t h 

t h e c o r r e l a t i o n between membrane p e r m e a b i l i t y and the c o e f f i c i e n t 

o f d i s t r i b u t i o n a t an o i l - w a t e r i n t e r f a c e , o r i g i n a l l y e s t a b ­

l i s h e d by O v e r t o n . I n a d d i t i o n , l i p o s o m e s e x h i b i t a s i m i l a r 

t e m p e r a t u r e dependence of n o n - e l e c t r o l y t e p e r m e a b i l i t y as do 

the n a t u r a l membranes from w h i c h t h e y were d e r i v e d (Van Deenen 

1969, McElhaney, De G i e r , Van d e r Neut-Kok 1973). However, 

t h i s s h o u l d n o t be c o n s t r u e d as meaning t h a t the p e r m e a b i l i t y 

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

by the l i p i d b i l a y e r , s i n c e .the p e r m e a b i l i t y c o e f f i c i e n t of 
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p u r e p h o s p h o l i p i d membranes i s 10 -10 l o w e r t h a n i n n a t u r a l 

membranes. T h i s d i f f e r e n c e may be c o n s i d e r a b l y r e d u c e d by 

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

( K i m e l b e r g and P a p a h a d j o p o u l o s , 1971a, b; C a l i s s a n o and 

Bangham, 1971). 

Van Deenen (1972) has r e c e n t l y e m p h a s i s e d t h a t the 

p e r m e a b i l i t y of b i o l o g i c a l membranes depends upon s e v e r a l 

f a c t o r s , i n c l u d i n g t h e n a t u r e of the p o l a r 'headgroup' of 

the a m p h i p a t h i c l i p i d component. T h i s h a s b e e n d e m o n s t r a t e d 

most e f f e c t i v e l y i n m i c r o b i a l and model membrane sy s t e m s where 

the p a c k i n g c h a r a c t e r i s t i c s and n e t change of membrane phospho­

l i p i d s have i m p l i c a t i o n s f o r the i o n s e l e c t i v i t y and degree 

of p e r m e a b i l i t y d i s p l a y e d by the membrane ( H e p f e r , L e h n i n g e r 

and L e n n a r z , 1970). 

A second f a c t o r w h i c h i s i m p o r t a n t f o r the s t a b i l i t y and 

p e r m e a b i l i t y p r o p e r t i e s of membranes i s t h e i r s t e r o l c o n t e n t . 

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

c o n c e n t r a t i o n s . I n m i t o c h o n d r i a l and n u c l e a r membranes the 

c o n c e n t r a t i o n i s low, but i n the o u t e r c e l l membranes t h e 

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

c h o l e s t e r o l r a t i o s c l o s e to 1 (Van Deenen, I 9 6 5 ) . 

Monolayer s t u d i e s have shown t h a t c h o l e s t e r o l , when p r e s e n t 

i n molar e q u i v a l e n t s , h a s a marked e f f e c t upon the expanded f i l m 

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

f i l m and showing a d e c r e a s e i n the molar a r e a p e r l e c i t h i n 

m o l e c u l e (Van Deenen, H o u t s m u l l e r , De Haas and >fulder, 1962; 

Demel, Van Deenen and P e t h i c a , 1967). One might e x p e c t t h i s 

i n c r e a s e i n membrane p a c k i n g t o be of i m p o r t a n c e to the perme­

a b i l i t y b a r r i e r s of l i p i d b i l a y e r s . I n d e e d , the i n v i v o 

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

i n g l y c e r o l and e r y t h r i t o l p e r m e a b i l i t y o f i n t a c t A c h o l e p l a s m a 
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l a i d l a w i i c e l l s and t h e i r d e r i v e d l i p o s o m e s (De G i e r , Manders-

l o o t and Van Deenen, 1968; De K r u y f f , Demel and Van Deenen, 

1972; Demel, G u e r t s Van K e s s e l and Van Deenen, 1972). I n 

a d d i t i o n , B r u c k d o r f e r , Demel, De G i e r and Van Deenen (1969) 

have d e m o n s t r a t e d t h a t c h o l e s t e r o l - d e p l e t e d e r y t h r o c y t e s become 

more permeable to g l u c o s e and l e s s s t a b l e t o o s m o t i c s t r e s s . 

P a p a h a d j o p o u l o s and Watkins (1967) have r e p o r t e d a d e c r e a s e d 

c h l o r i d e p e r m e a b i l i t y , and P a p a h a d j o p o u l o s , N i r and Okhi (1972) 

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

m i x t u r e o f e g g - y o l k l e c i t h i n and c h o l e s t e r o l , compared w i t h t h o s e 

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

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

m o b i l i t y of v a r i o u s a r t i f i c i a l and n a t u r a l membranes u s i n g s p i n -

l a b e l t e c h n i q u e s ( H u b e l l and McConnell, 1971)i n u c l e a r m a g n e t i c 

r e s o n a n c e s p e c t r o s c o p y (Chapman and Pe n k e t , 1966) and X - r a y 

d i f f r a c t i o n t e c h n i q u e s ( W i l k i n s , B l a u r o c k and Engelman, 1971). 

The i n c o r p o r a t i o n of i n c r e a s i n g amounts of c h o l e s t e r o l i n t o 

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

t r o p i c phase t r a n s i t i o n of. the p h o s p h o l i p i d s , as o b s e r v e d by 

d i f f e r e n t i a l s c a n n i n g c a l o r i m e t r y (Ladbrooke and Chapman, I969; 

De K r u y f f , Demel and Van Deenen, 1972). I n a d d i t i o n , Szabo, 

Eisenman and C i a n i (1969) have d e m o n s t r a t e d t h a t t h e p r e s e n c e 

of c h o l e s t e r o l i n b l a c k l i p i d membranes i n c r e a s e s t h e i r e l e c t r i ­

c a l r e s i s t a n c e . Thus c h o l e s t e r o l a p p e a r s to promote a t i g h t e r 

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

and d e c r e a s e d p e r m e a b i l i t y of membranes i s due to g r e a t e r h y d r o ­

p h o b i c i n t e r a c t i o n s between a d j a c e n t h y d r o c a r b o n c h a i n s . 

I n v i e w o f t he i m p o r t a n t r o l e s t h a t both p h o s p h o l i p i d s 

and c h o l e s t e r o l have i n the s t r u c t u r a l and f u n c t i o n a l c h a r a c t e r ­

i s t i c s o f b i o l o g i c a l membranes, i t was of some i m p o r t a n c e to 

d e t e r m i n e w h e t h e r t h e r e were any changes i n t he amounts o f 
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t h e s e membrane components d u r i n g t h e r m a l a c c l i m a t i o n . The 

e x p e r i m e n t s d e s c i - i b e d i n t h i s c h a p t e r were d e s i g n e d to compare 

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

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

abdominal muscle of c r a y f i s h a c c l i m a t e d t o k°C and 25°C. 

MATERIALS AND METHODS 

A. MATERIALS 

1. C h e m i c a l s . The f o l l o w i n g r e a g e n t s were o b t a i n e d 

from B r i t i s h Drug House C h e m i c a l s L t d . ( P o o l e , 

D o r s e t ) , and were 'AnalaR' g r a d e : KH^PO^; 

( N H Z i ) 6 M o 7 0 2 4 . 4H 20; F e C l ^ ^ O ; C u S O ^ ^ I ^ O ; 

KgCrgO,,; H y d r o c h l o r i c A c i d (35% w/v) , F o r m i c 

A c i d (98% w/v), S u l p h u r i c A c i d (98% w/v), N i t r i c 

A c i d (69-72% w/w), P e r c h l o r i c A c i d (71-73% w/v), 

A c e t i c A n h y d r i d e ( 9 7 % ) 1 G l a c i a l A c e t i c A c i d 

(99.7% v / v ) , C h l o r o f o r m , Methanol, P e t r o l e u m 

E t h e r (40-60°C b . p . ) , Acetone, N i n h y d r i n 

( i n d a n e t r i o n e h y d r a t e ) and i o d i n e ( r e s u b l i m e d ) . 

p - x y l e n e - 2 - s u l p h o n i c a c i d ( 2 , 5 - d i m e t h y l -

bcnzene s u l p n o n i c a c i d ) ( l a u u i ' a t o r y g r a d e ) , was 

a l s o p u r c h a s e d from B.D.H. C h e m i c a l s L t d . 

R e s o r c i n o l and Rhodamine 6G were s u p p l i e d by 

Hopkin and W i l l i a m s L t d . (Romford, E s s e x ) . 

F i s k e and Subbarow Reducer, B u t y l a t e d Hydroxyto-

l e n e (BHT, 2 , 6 - d i t e r t - b u t y l - p - c r e s o l ) and 2,4-

d i n i t r o - p h e n y l h y d r a z e n e were p u r c h a s e d from the 

Sigma London C h e m i c a l s Co. L t d . ( K i n g s t o n upon 

Thames, S u r r e y ) . Bismuth I I I n i t r a t e ( b a s i c G.R. 

and K i e s e l g e l H, Type 60 f o r T h i n - L a y e r Chr-oinato-

graphy were p u r c h a s e d from E . Merck ( D a r m s t a d t , 

West Germany). 



21 

A u t h e n t i c P h o s p h o l i p i d s . S p h i n g o m y e l i n ( e x - b o v i n e 

b r a i n , p u r e ) , p h o s p h a t i d y l i n o s i t o l ( e x - y e a s t , 

p u r e ) and c a r d i o l i p i n ( e x - o x h e a r t ) were p u r c h a s e d 

from K o c h - L i g h t L a b o r a t o r i e s ( C o l n b r o o k , B u c k i n g ­

h a m s h i r e ) . Egg L e c i t h i n ( g r a d e I ) , l y s o l e c i t h i n 

( g r a d e I ) , p h o s p h a t i d y l e t h a n o l a m i n e (egg, grade I 

and p h o s p h a t i d y l s e r i n e ( b o v i n e , a c i d i c form, 

grade I ) were o b t a i n e d from L i p i d P r o d u c t s (Nut-

f i e l d N u r s e r i e s , South N u t f i e l d , Nr. R e d h i l l , 

S u r r e y ) . C h o l e s t e r o l s t a n d a r d s o l u t i o n and 

l i p i d s t a n d a r d s 178-1 and 178-3 were p u r c h a s e d 

from the Sigma London C h e m i c a l Co. L t d . ( K i n g s t o n 

upon Thames, S u r r e y ) . 

A n i m a l s . C r a y f i s h ( A u s t r o p o t a m b i u s p a l l i p e s , 

L e r e b o u l l e t ) were caught by hand i n s t r e a m s , o r 

by t r a p ( ' E c l i p s e 1 Sparrow T r a p , S. Young and 

Sons L t d . , M i s t e r t o n , S o m e r s e t ) i n ponds of 

t h e W h i t t l e Dene, H a l l i n g t o n and Matfen 

r e s e r v o i r complexes n e a r C o r b r i d g e , Northumber­

l a n d . They were m a i n t a i n e d u n t i l r e q u i r e d i n 

t h e l a b o r a t o r y a t 15°C and 18 h o u r - l i g h t photo-

p e r i o d , i n s t a i n l e s s s t e e l t a n k s (0.30 x 0.90 x 

0.15m) f i l l e d w i t h c l e a n t a p w a t e r . E f f i c i e n t 

a e r a t i o n of the w a t e r was v i t a l t o keep the 

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

d e n s i t y o f a n i m a l s was h i g h . I t was n o t 

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

The c r a y f i s h were f e d a t 3-^ day i n t e r v a l s 

w i t h Trouw grade I p e l l e t s (Trouw Co. L t d . , 

H a r s t o n , C a m b r i d g e ) . C r a y f i s h u n d e r g o i n g 

moult were p l a c e d i n s e p a r a t e w i r e cages w i t h i n 
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the t a n k t o p r e v e n t c a n n i b a l i s m . Each t a n k 

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

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

k• G l a s s w a r e . G l a s s w a r e was good q u a l i t y b o r o s i l i c a t e 

g l a s s and o b t a i n e d from J . A. J o b l i n g and Co. L t d . 

('Pyrex' and 'E - M i l Gold L i n e ' B r a n d s ) and A. 

Gallenkamp L t d . ( T e c h n i c o B r a n d ) . G l a s s w a r e f o r 

r o t a r y e v a p o r a t i o n was p u r c h a s e d from B u c h i L t d . 

Soda g l a s s ampoules (2ml c a p a c i t y ) were p u r c h a s e d 

from B a i r d and T a t l o c k L t d . 

METHODS 

1. A c c l i m a t i o n of C r a y f i s h . C r a y f i s h were k e p t a t 

^ - 0.5°C or 25 - 0.1°C i n s t a i n l e s s s t e e l t a n k s , 

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

21 days b e f o r e s a c r i f i c e . ( B o w l e r (1963a) h a s 

c o n c l u d e d t h a t a c c l i m a t i o n a s measured by a 

change i n t h e r m a l r e s i s t a n c e i s complete w i t h i n 

3 days a t 25°C and 8 days a t 8°C.) The w a t e r 

i n t h e 25°C t a n k was c i r c u l a t e d by a ' C i r c o n ' 

w a t e r pump ( B a i r d and T a t l o c k L t d . ) and h e a t e d 

w i t h a 500 w a t t i m m e r s i o n h e a t e r c o n t r o l l e d by a 

'Jumo 1 e l e c t r i c a l c o n t a c t thermometer (Gallenkamp 

L t d . ) and a Type F102-4: h o t w i r e vacuum s w i t c h 

r e l a y ( S u n v i c C o n t r o l s L t d . ) . An 18 hour-

a r t i f i c i a l l i g h t d a y l e n g t h was p r o v i d e d a t bo t h 

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

c o n t r o l l e d by a time s w i t c h . 
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T r e a t m e n t of G l a s s w a r e . G l a s s w a r e was soaked o v e r ­

n i g h t i n 50% aqueous HNO^, t h e n washed s i x t i m e s 

i n t a p w a t e r f o l l o w e d by s i x t i m e s i n d i s t i l l e d 

w a t e r . A l l i t e m s were oven d r i e d , e x c e p t 

chromatography t a n k s and p l a t e s w h i c h were l e f t 

t o d r a i n a t room t e m p e r a t u r e . 

E x t r a c t i o n of the T o t a l L i p i d from C r a y f i s h M u s c l e . 

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

F o l c h L e e s and S l o a n e - S t a n l e y (1957) m o d i f i e d 

a c c o r d i n g t o t h e s u g g e s t i o n of su b s e q u e n t 

w o r k e r s ( R o u s e r , K r i t c h e v s k y and Yamamoto, 1967). 

The abdominal f l e x o r and e x t e n s o r m u s c l e s of 

c r a y f i s h were r a p i d l y d i s s e c t e d out, b l o t t e d d r y , 
3 

weighed and p l a c e d i n 20cm^ c h l o r o f o r m - m e t h a n o l 

(2 : 1 v / v ) , c o n t a i n i n g 0.005% (w/v) b u t y l a t e d 

h y d r o x y t o l u e n e / w e t w e i g h t of m u s c l e . 

The muscle was t h o r o u g h l y b r o k e n up f o r 10 

m i n u t e s u s i n g a V o r t e x Waring B l e n d e r (M.S.E. L t d . ) 

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

a p p r o x i m a t e l y 3»000 r.p.m. The s u s p e n s i o n was 

homogenised f u r t h e r u s i n g an a l l - g l a s s hand 

homogeniser (Gallenkamp L t d . ) , and t h e n a l l o w e d 

t o s t a n d under an atmosphere of pure d r y n i t r o g e n 

f o r a p p r o x i m a t e l y 30 m i n u t e s . The homogenate 

was f i l t e r e d by s u c t i o n through a 1 S c i n t a g l a s s 1 

f i l t e r ( p o r o s i t y 3, Gallenkamp L t d . ) , mounted on a 

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

t o a water-pump ( F i g u r e 2-1). The r e d f i l t r a t e 

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

The whole a p p a r a t u s was e n c l o s e d i n an atmosphere 

of pure d r y n i t r o g e n . 
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The f i l t r a t e was r e - e x t r a c t e d by r e s u s p e n s i o n 

i n 10 cm /gm. wet w e i g h t of o r i g i n a l muscle, of 

each o f t h e f o l l o w i n g media f o r 15 minutes a t 

room t e m p e r a t u r e f o l l o w e d by f i l t r a t i o n a s 

d e s c r i b e d above: 

(1) C hloroform-Methanol (2 : 1, v / v ) 

(2) Chloroform-Methanol ( 1 : 1 , v / v ) w i t h 

1% c o n c e n t r a t e d HC1. 

(3) C hloroform-Methanol ( l : 1, v / v ) w i t h 

0.5% ammonia 

The p o o l e d f i l t r a t e s were d r i e d down to 

a p p r o x i m a t e l y 80mls i n a R o t a r y E v a p o r a t o r 'R' 

( B u c h i L t d . ) a t 2,5°C. The e x t r a c t e d l i p i d s i n 

o r g a n i c s o l u t i o n were shaken t h o r o u g h l y w i t h 0.2 

volumes ( i . e . , 16 m i s ) 0.79% KC1 s o l u t i o n t o 

e x t r a c t n o n - l i p i d c o n t a m i n a n t s ( F o l c h , L e e s and 

S l o a n e - S t a n l e y , 1957)- The e m u l s i o n was a l l o w e d 

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

and aqueous p h a s e s was e n s u r e d by c e n t r i f u g a t i o n 

i n a ' M i s t r a l 2L' c e n t r i f u g e (M.S.E. L t d . ) a t 

lOOOg u s i n g a s w i n g - o u t head ( R o t o r No. 69166) 

f i t t e d w i t h 100ml g l a s s c e n t r i f u g e t u b e s . The 

o r g a n i c phase was removed w i t h a P a s t e u r p i p e t t e 

and d r i e d down to a p p r o x i m a t e l y 2ml i n the r o t a r y 

e v a p o r a t o r . R e s i d u a l w a t e r was removed u s i n g 

the s o l v e n t r e p l a c e m e n t t e c h n i q u e of R o u s e r , 

K r i t c h e v s k y and Yamamoto (1967). F i n a l l y , t h e 

c o n c e n t r a t e d l i p i d e x t r a c t was p l a c e d i n a g l a s s 

v i a l . L i p i d s were s t o r e d under an atmosphere of 

pure n i t r o g e n i n a s e a l e d g l a s s v i a l and p l a c e d 

i n the d a r k a t -20°C u n t i l r e q u i r e d . 
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P r e v e n t i o n of A u t o x i d a t i o n . The l i p i d e x t r a c t s were 

p r o t e c t e d a g a i n s t a u t o x i d a t i o n d u r i n g e x t r a c t i o n 

and s t o r a g e by r i g o r o u s l y a d h e r i n g to t h e f o l l o w i n g 

p r o c e d u r e s (Holman 1 9 6 6 ) : 

a. The u s e o f 0.005% z i - m e t h y l - 2 , 6 - d i - t e r t -

b u t y l p h e n o l ( b u t y l a t e d h y d r o x y t o l u e n e ) as 

a n t i o x i d a n t i n the i n i t i a l e x t r a c t i o n 

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

the i n i t i a l e l u t i n g s o l v e n t s , a s s u g g e s t e d 

by Wren and Szczepanowka ( l 9 6 ' l ) . 

b. L i p i d e x t r a c t s were m a i n t a i n e d under an 

atmosphere o f pure d r y n i t r o g e n gas w h e r e v e r 

p o s s i b l e . Oxygen was e x c l u d e d from t h e 

e x t r a c t i o n and s t o r a g e media by b u b b l i n g 

w i t h n i t r o g e n gas a f t e r u s e . A f t e r r o t a r y 

e v a p o r a t i o n the vacuum was d i s c h a r g e d w i t h 

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

c . L i p i d s were s t o r e d a t -20°C i n the d a r k under 

pure n i t r o g e n gas i n s e a l e d g l a s s ampoules. 

T h i n l a y e r Chromatography 

a. P r e p a r a t i o n anrl Washing of S i l i c a G e l ( P a r k e r and 

P e t e r s o n , I 9 6 5 ) 250g S i l i c a G e l was washed 

i n 500mls c h l o r o f o r m / m e t h a n o l / f o r m i c a c i d 

(1 : 2 : l ) by s t i r r i n g v i g o r o u s l y w i t h a g l a s s 

r o d , i n o r d e r t o remove i n o r g a n i c c o n t a m i n a n t s . 

A f t e r 10 m i n u t e s t h e " f i n e s " were d e c a n t e d 

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

s o l v e n t was removed by r e s u s p e n d i n g t h e r e s i d u e 

i n 500mls c h l o r o f o r m / m e t h a n o l ( l : l ) , a l l o w i n g 

the s i l i c a g e l t o s e t t l e , and d e c a n t i n g t h e e x c e s s 

s o l v e n t . T h i s p r o c e d u r e was r e p e a t e d once 
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w i t h 500mls c h l o r o f o r m and t w i c e w i t h d i s t i l l e d 

w a t e r . Remaining s i l i c a g e l was d r i e d t h o r o u g h l y 

i n an oven a t 105°C f o r s e v e r a l h o u r s . The lumps 

were c a r e f u l l y b r o k e n up u s i n g a c e r a m i c m o r t a r 

and p e s t l e , f o l l o w e d by v i g o r o u s s t i r r i n g u s i n g a 

V o r t e x Waring B l e n d e r . 

P r e p a r a t i o n o f T h i n L a y e r P l a t e s . G l a s s P l a t e s 

(200mm x 200mm x Jmm) were p l a c e d i n a 'Unoplan' 

pneumatic h o l d e r (Shandon S c i e n t i f i c L t d . ) u s i n g 

p l a s t i c g l o v e s , and t h o r o u g h l y washed w i t h 

c h l o r o f o r m . 30 grams of washed s i l i c a g e l 

were suspended i n 60mls of 0.01M p o t a s s i u m 

h y d r o x i d e by v i g o r o u s l y s t i r r i n g f o r 5 m i n u t e s . 

The s l u r r y was poured i n t o a 'Unoplan 1 a d j u s t a b l e 

s p r e a d e r w i t h the a p e r t u r e s e t a t 250um u s i n g 

a f e e l e r gauge. The s p r e a d e r was moved smoothly 

and w i t h o u t i n t e r r u p t i o n a c r o s s the s u r f a c e of 

the g l a s s p l a t e s . The p l a t e s were b r i e f l y 

v i b r a t e d a g a i n s t a ' W h i r l y m i x 1 V o r t e x M i x e r 

( F i s o n ' s L a b o r a t o r y A p p a r a t u s , Loughborough) t o 

e n s u r e t h a t an a b s o l u t e l y smooth s u r f a c e was 

o b t a i n e d . F i n a l l y the p l a t e s were d r i e d o v e r ­

n i g h t i n a h o r i z o n t a l p o s i t i o n . . The s l u r r y was 

s u f f i c i e n t t o c o a t f i v e p l a t e s w i t h a 250um l a y e r . 

F o r t h e p r e p a r a t i o n of 500um t h i c k c h r o m a t o p l a t e s 

f o r p r e p a r a t i v e TLC, the s l u r r y was s u f f i c i e n t 

to c o v e r 2 p l a t e s . 

A p p l i c a t i o n of Sample. P l a t e s were a c t i v a t e d a t 

105°C f o r 1 hour b e f o r e u s e . A l l subs e q u e n t 

o p e r a t i o n s were performed under d r y n i t r o g e n g a s . 

A f t e r t h e p l a t e was c o o l e d , l i p i d s were a p p l i e d 

as a c h l o r o f o r m / m e t h a n o l (2 : l ) s o l u t i o n u s i n c 
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a 2 5 u l 1Terumo 1 m i c r o s y r i n g e (Shandon S o u t h e r n 

S c i e n t i f i c Co. L t d . ) w i t h a s q u a r e d n e e d l e - t i p . 

F o r 2 - d i m e n s i o n a l chromatography, p h o s p h o l i p i d s 

were a p p l i e d a s a s e r i e s o f s p o t s (10 x 3mm) about 

15 - 25mm from t h e c o r n e r of the p l a t e , t a k i n g 

c a r e nor to d i s t u r b t h e l a y e r o f s i l i c a g e l . 

Loads of 300-500ug p h o s p h o l i p i d (600 - lOOOug 

t o t a l l i p i d ) were r o u t i n e l y a p p l i e d f o r phosphate 

a n a l y s i s . F o r t he a p p l i c a t i o n o f a c c u r a t e 

a l i q u o t s of l i p i d s o l u t i o n s an 'Agla' Micrometer 

a l l - g l a s s s y r i n g e (Burroughs-Weicome and Co. L t d . ) 

was u s e d . The s y r i n g e was mounted on a ' P r i o r ' 

m a n i p u l a t o r and f i t t e d w i t h a 15mm s t a i n l e s s 

s t e e l hypodermic n e e d l e (25 gauge, Cooper Needle 

Works, P e r r y B a r , Birmingham) w i t h a s q u a r e d t i p . 

S o l v e n t s and Development of C h r o m a t o p l a t e s . 

P l a t e s were d e v e l o p e d by a s c e n d i n g chromatography 

i n l a r g e , m o u l d e d - g l a s s t a n k s (Shandon S o u t h e r n 

S c i e n t i f i c Co. L t d . ) l i n e d w i t h Whatman 1MM f i l t e r 

p a p e r . F o r a n a l y s i s of phosph a t e or f a t t y a c i d s 

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

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

s a t u r a t e d w i t h s o l v e n t vapour p r i o r to development 

by v i g o r o u s l y s h a k i n g the tank and s o l v e n t , and 

a l l o w i n g i t to s t a n d f o r 1 hour a t room t e m p e r a t u r e 

The d e v e l o p i n g s o l v e n t s were p r e s e n t a s a s h a l l o w 

l a y e r ( a p p r o x i m a t e l y 10mm) a t the bottom of t he 

tank and were a l l o w e d to r i s e up the c h r o m a t o p l a t e 

u n t i l the s o l v e n t f r o n t was a p p r o x i m a t e l y 20mm 

from t h e top of a p l a t e . 

P h o s p h o l i p i d s were s e p a r a t e d u s i n g a 2-

d i m e n s i o n a l s y s t e m m o d i f i e d a f t e r R o u s e r , Simon 
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and K r i t c h e v s k y ( 1 9 6 9 ) . The p l a t e s were i n i t i a l l y 

d e v e l o p e d i n c h l oroform/methanol/7N aqueous 

ammonia (230 : 90 : 15, v / v / v ) . The p l a t e s 

were t h e n d r i e d t h o r o u g h l y f o r a t l e a s t 15-20 

m i n u t e s under f l o w i n g p u r e d r y n i t r o g e n , and 

d e v e l o p e d a t 90° t o the i n i t i a l a x i s of 

development i n c h l o r o f o r m / m e t h a n o l / a c e t o n e / 

g l a c i a l a c e t i c a c i d / d i s t i l l e d w a t e r (9 : 3 : 12 : 

3 : 1.5) • The p l a t e s were t h e n removed from the 

t a n k and d r i e d i n a s t r e a m of pure d r y n i t r o g e n 

( F i g u r e 2 - 2 ) . N e u t r a l l i p i d s were s e p a r a t e d by 

development i n p e t r o l e u m e t h e r (^0-60°C T b.p.) : 

d i e t h y l e t h e r : g l a c i a l a c e t i c a c i d , (70 : 30 : 2) 

( F i g u r e 2 - 3 ) . 

The r e t e n t i o n v a l u e s ( r e l a t i v e to the s o l v e n t 

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

s o l v e n t s y s t e m s a r e g i v e n i n T a b l e 2-1. 

D e t e c t i o n o f L i p i d s on T h i n - L a y e r Chromatogram. 

The f o l l o w i n g s p r a y r e a g e n t s were a p p l i e d t o the 

d r i e d TLC p l a t e s a f t e r s e p a r a t i o n u s i n g a g l a s s 

s p r a y ( T . W. Wingent and Co., L t d . , M i l t o n , 

Cambridge) powered by compressed a i r . The 

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

c o m m e r c i a l l y to the v a r i o u s s p r a y r e a g e n t s a r e 

summarised i n T a b l e 2-1. 

( i ) G e n e r a l N o n - d e s t r u c t i v e t e s t s 

Rhodamine. S t o c k s o l u t i o n : 0.5% (w/v) aqueous 

Rhodamine 6G was washed t w i c e w i t h an e q u a l volume 

of hexane to remove o r g a n i c i m p u r i t i e s ( P a r k e r 

and P e t e r s o n , 1 9 6 5 ) . T h i s s o l u t i o n was s t a b l e 

i n d e f i n i t e l y a t room t e m p e r a t u r e . 
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S p r a y Reagent: 0.005% (w/v) aqueous Rhodamine 

6G. P r o c e d u r e : C h r o m a t o p l a t e s were s p r a y e d 

u n t i l d i s t i n c t l y p i n k . L i p i d s a ppeared as 

y e l l o w s p o t s on a b r i g h t g r e e n background 

when v i e w e d u n d e r s h o r t w a v e l e n g t h UV l i g h t 

(25^nm or 350nm, Camag U n i v e r s a l UV Lamp). 

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

work. 

I o d i n e Vapour. (Mangold and M a l i n s , I96O; 

Sims and L a r o s e , 1 9 6 2 ) . Dry c h r o m a t o p l a t e s 

were p l a c e d i n an atmosphere of i o d i n e f o r 

10 m i n u t e s . A l l l i p i d s took up i o d i n e and 

became brown s p o t s on a p a l e brown background. 

I o d i n e c o u l d be s u b l i m e d o f f by warming a t 

1 0 5 ° C 

( i i ) G e n e r a l D e s t r u c t i v e T e s t s 

S u l p h u r i c A c i d - D i c h r o m a t e Reagent ( P r i v e t t 

and B l a n k , 1 9 6 2 ) . 

S p r a y Reagent: S a t u r a t e d s o l u t i o n of K C r 0 
u & ( 

i n 70% ( v / v ) s u l p h u r i c a c i d . T h i s s o l u t i o n 

was s t a b l e i n d e f i n i t e l y a t room t e m p e r a t u r e . 

P r o c e d u r e : C h r o m a t o p l a t e s were s p r a y e d 

l i g h t l y w i t h the s p r a y r e a g e n t and h e a t e d a t 

l80°C f o r 1 hour. A l l o r g a n i c components 

y i e l d e d a g r e y - b l a c k s p o t . 

( i i i ) S p e c i f i c D e s t r u c t i v e T e s t s 

F r e e Amino Groups 

S p r a y Reagent: 0.25% (w/v) N i n h y d r i n and 

1% g l a c i a l a c e t i c a c i d i n a c e t o n e , p r e p a r e d 

f r e s h l y . 
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P r o c e d u r e : The c h r o m a t o p l a t e was s p r a y e d 

t h o r o u g h l y and h e a t e d a t 105°C f o r 5-10 m i n u t e s . 

L i p i d s c o n t a i n i n g f r e e amino-groups showed up 

a s d i s t i n c t r e d - v i o l e t s p o t s on a p i n k background. 

P l a s m a l o g e n s ( R i e t s m a , 195^) 

S p r a y Reagent: 0.k% (w/v) d i n i t r o p h e n y l h y -

d r a z i n e i n aqueous 2N HC1. 

P r o c e d u r e : C h r o m a t o p l a t e s were s p r a y e d l i g h t l y . 

P l a s m a l o g e n s a p p e a r e d as y e l l o w o r orange s p o t s 

a f t e r s l i g h t l y warming a t 105 C. 

P h o s p h a t e - c o n t a i n i n g L i p i d s ( V a s k o v s k y and 

K o s t e t s k y , 1968) 

S o l u t i o n I : l6gm (NH^)g Mo,, °2k' ^ 2 ° w a S 

d i s s o l v e d i n 120ml d i s t i l l e d w a t e r . 

S o l u t i o n I I : 'iOmls c o n c e n t r a t e d HC1 and lOmls 

o f mercury were shaken w i t h 80mls 

S o l u t i o n I f o r 30 m i n u t e s t o g i v e 

a d a r k red-brown s o l u t i o n . The 

g r a n u l a r mercury was f i l t e r e d o f f . 

S o l u t i o n I I I : 200mls c o n c e n t r a t e d H S0^ f o l l o w e d 

by S o l u t i o n I I was c a r e f u l l y added 

to t he r e m a i n d e r of S o l u t i o n I . 

The c o o l e d m i x t u r e was d i l u t e d to 1 

w i t h d i s t i l l e d w a t e r . S t a b l e f o r 

t o 6 months. 

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

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

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

by h e a t i n g a t 105°C f o r 10-15 m i n u t e s . 

C h o l e s t e r o l and c h o l e s t e r o l e s t e r s a l s o r e a c t 

t o y i e l d i n t e n s e r e d - v i o l e t s p o t s . The l i g h t 
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b l u e background was r e d u c e d w i t h a l i g h t w a t e r 

s p r a y . 

G a n g l i o s i d e s 

S p r a y Reagent: 'iOmls c o n c e n t r a t e d HC1, 

5ml 2% (w/v) R e s o r c i n o l , 

0.25ml 0.1M c u p r i c s u l p h a t e , 

*l.75ml d i s t i l l e d w a t e r . 

P r e p a r e d a t l e a s t k h o u r s b e f o r e u s e . S t a b l e 

f o r one week. 

P r o c e d u r e : The c h r o m a t o p l a t e was s p r a y e d 

l i b e r a l l y w i t h the r e a g e n t and a c l e a n g l a s s 

p l a t e was p l a c e d o v e r the t h i n - l a y e r t o p r e v e n t 

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

were h e a t e d a t 120°C f o r 20 m i n u t e s when a l l 

s u g a r - c o n t a i n i n g s p o t s became a b l u e / b l a c k c o l o u r . 

C h o l i n e - c o n t a i n i n g L i p i d s (Wagner, Horhammer and 

W o l f f , 1961) 

S o l u t i o n I : l«7g b i s m u t h s u b n i t r a t e ( I I I ) i n 

100ml of 20% g l a c i a l a c e t i c a c i d . 

S o l u t i o n I I : 'iOg o f K I i n 100ml, w a t e r 

S p r a y Reagent: ( " D r a g e n d o r f f R e a g e n t " ) 

20ml S o l u t i o n I and 5ml of 

S o l u t i o n I I were mixed w i t h 70ml 

d i s t i l l e d w a t e r . 

P r o c e d u r e : The c h r o m a t o p l a t e s were s p r a y e d w i t h 

the s p r a y r e a g e n t . C h o l i n e - c o n t a i n i n g l i p i d s 

appear as orange or o r a n g e - r e d s p o t s i m m e d i a t e l y 

or a f t e r g e n t l e warming. 

C h o l e s t e r o l and C h o l e s t e r o l E s t e r s (LoAirry, I 9 6 8 ) 

S p r a y Reagent: 50ing F e C 1 ^ . 6 l I 2 0 i n 90ml l^O 

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

5ml c o n c e n t r a t e d H SO, 
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S t a b l e f o r 3 months a t room t e m p e r a t u r e . 

P r o c e d u r e : C h r o m a t o p l a t e s were s p r a y e d w i t h 

the s p r a y r e a g e n t and h e a t e d a t 105°C f o r 2-3 

m i n u t e s . C h o l e s t e r o l and c h o l e s t e r o l e s t e r s 

d e v e l o p a r e d - v i o l e t c o l o u r . 

D e t e r m i n a t i o n of Phosphate 

C o n s i d e r a b l e d i f f i c u l t y was e n c o u n t e r e d i n f i n d i n g 

an adequate method f o r e s t i m a t i n g i n o r g a n i c phosphate 

i n l i p i d s a m p l e s . The methods o f M c C l a r e (1971) and 

R o u s e r , S i a k o t o s and F l e i s c h e r ( 1 9 6 6 ) gave i n c o n s i s t e n t 

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

d i g e s t i o n t e m p e r a t u r e s (up t o 50%) l e d to spontaneous 

c o l o u r f o r m a t i o n ( s e e Rhee and Dugan, 1 9 6 7 ) . A l s o 

the u s e of a s c o r b a t e as r e d u c i n g r e a g e n t ( M c C l a r e , 1971; 

R o u s e r , S i a k o t o s and F l e i s c h e r , 1966) l e d to h i g h b l a n k 

v a l u e s . 

By c o n t r a s t , c o n c e n t r a t e d s u l p h u r i c a c i d ( B a r l e t t , 

1959) d i d n o t fume o f f s i g n i f i c a n t l y d u r i n g d i g e s t i o n 

a t 200°C. A few drops of c o n c e n t r a t e d p e r c h l o r i c 

a c i d were added p r i o r to d i g e s t i o n t o a c c e l e r a t e t h e 

d i g e s t i o n p r o c e s s . The u s e of F i s k e and Subbarow 

Redu c e r l e d t o n e g l i g i b l e b l a n k v a l u e s ( B a r l e t t , 1959 *, 

P a r k e r and P e t e r s o n , 1 9 6 5 ) * 

S t a n d a r d phosphate s o l u t i o n s were d i l u t e d from 

a s t o c k s o l u t i o n of lOOug phosphorus ( a s KH^PO^J/ml. 

Unknown s a m p l e s as c h l o r o f o r m / m e t h a n o l (2 : 1) s o l u t i o n : 

or s i l i c a g e l TLC s p o t s were a r r a n g e d t o c o n t a i n l e s s 

than.lOOug p h o s p h o r u s . The s t a n d a r d s , b l a n k s and 

unknown s a m p l e s were p l a c e d i n t o 150 x 25mm 'Pyrex' 

b o i l i n g t u b e s w i t h 0.5ml c o n c e n t r a t e d s u l p h u r i c a c i d 

and 3 d r ops of 72% (w/v) p e r c h l o r i c a c i d from a P a s t e u r 

p i p e t t e . A d d i t i o n of 3-4 a c i d - w a s h e d g l a s s beads 
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( a p p r o x i m a t e d i a m e t e r 3-5mm) r e d u c e d l o s s o f m a t e r i a l 

t h rough s p i t t i n g and bumping. They were r e f l u x e d a t 

l80-200°C on an e l e c t r i c M i c r o k e l d a h l d i g e s t i o n r a c k 

(A. Gallenkamp L t d . ) u n t i l a f t e r a p p r o x i m a t e l y 30 minute 

the s o l u t i o n became c o l o u r l e s s . T h i s l a t t e r o p e r a t i o n 

was p e r f o r m e d i n a fume cupboard b e h i n d r e i n f o r c e d 

g l a s s as a p r e c a u t i o n a g a i n s t e x p l o s i o n s c a u s e d by 

p e r c h l o r i c a c i d ( M c C l a r e , 1 9 7 2 ) . 

The t u b e s were c o o l e d and 9•5ml o f a s o l u t i o n 

c o n t a i n i n g 91 volumes of 0.26% (w/v) (NH^Jg Mc^O^ l ^ 2 ° 

and k volumes of F i s k e and Subbarow r e a g e n t , was added. 

The m i x t u r e was a g i t a t e d t h o r o u g h l y and p l a c e d i n a 

b o i l i n g w a t e r b a t h f o r e x a c t l y 10 m i n u t e s to a c c e l e r a t e 

development of the h e t e r o p o l y b l u e c o l o u r ( B a r t l e t t , 

1 9 5 9 ) . 

A f t e r a subsequent 20 m i n u t e s a t room t e m p e r a t u r e , 

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

10 m i n u t e s i n a ' M i s t r a l 2L* c e n t r i f u g e (M.S.E. L t d . ) , 

the % t r a n s m i s s i o n of the s o l u t i o n was r e a d a t 820nm 

on a S p e c t r o n i c 20 S p e c t r o p h o t o m e t e r ( B a u s c h and Lomb 

L t d . ) equipped w i t h an i n f r a - r e d phototube and f i l t e r . 

The phosphate c o n t e n t of unknown s a m p l e s was d e t e r m i n e d 

by r e f e r e n c e t o a c a l i b r a t i o n l i n e ( F i g u r e 2-4) c o n s t r u e 

ed by t r e a t i n g s t a n d a r d p h o s p h a t e s o l u t i o n s as above. 

The p r e s e n c e of G . i g s i l i c a g e l H d u r i n g d i g e s t i o n 

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

2 - 4 ) . R e c o v e r y of a u t h e n t i c p h o s p h a t i d y l e t h a n o l a m i n e 

from the c h r o m a t o p l a t e a f t e r chromatography was between 

96-101% of an i d e n t i c a l sample a p p l i e d d i r e c t l y t o t h e 

b o i l i n g t u b e . S i l i c a g e l b l a n k s y i e l d e d n e g l i g i b l e 

c o l o u r . 



34 
D e t e r m i n a t i o n of C h o l e s t e r o l 

The amount of c h o l e s t e r o l p r e s e n t i n t o t a l l i p i d 

e x t r a c t s was d e t e r m i n e d by a t e c h n i q u e b a s e d upon the 
1 L i e b e r m a n n - B u r c h a r d 1 r e a c t i o n , but m o d i f i e d f o r the 

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

( P e a r s o n , S t e r n and McGavack, 1953; Watson, 1 9 6 0 ) . 

R e a g e n t s : A. 0.25M 2 , 5 - d i m e t h y l b e n z e n e - s u l p h o n i c a c i d 

i n g l a c i a l a c e t i c a c i d 

B. 3 volumes of A c e t i c A n h y d r i d e 

1 volume of S o l u t i o n A 

T h i s r e a g e n t was s t o r e d i n a d a r k e n e d 

b o t t l e a t k°C f o r up t o 12 months. 

P r o c e d u r e : I n o r d e r t o f a c i l i t a t e m i x i n g , a n a l y s e s 

were c a r r i e d out i n 150 x 25mm 'Pyrex' b o i l i n g t u b e s . 

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

w i t h the r e a c t i o n . 

L i p i d s a m p l e s c o n t a i n i n g c h o l e s t e r o l were p l a c e d 

i n b o i l i n g t u b e s , and the o r g a n i c s o l v e n t s were evapor­

a t e d w i t h n i t r o g e n . 0.1ml g l a c i a l a c e t i c a c i d was 

added to d i s s o l v e the c h o l e s t e r o l . Reagent b l a n k s 

i n c l u d e d 0.1ml g l a c i a l a c e t i c a c i d o n l y , w h i l s t a 

s t a n d a r d c h o l e s t e r o l s o l u t i o n (2mg/ml g l a c i a l a c e t i c 

a c i d ) was d i l u t e d w i t h g l a c i a l a c e t i c a c i d t o g i v e 

100, 200, 300 and 400ug C h o l e s t e r o l / o . 2 m l 

To e a c h b l a n k , s t a n d a r d and unknown, 2.5ml of 

S o l u t i o n B was added and the m i x t u r e was s h a k e n thorough 

l y and l e f t a t room t e m p e r a t u r e . A f t e r 10 m i n u t e s 

0.3ml c o n c e n t r a t e d s u l p h u r i c a c i d was added. A f t e r a 

f u r t h e r 20 minutes the o p t i c a l d e n s i t y of t h e samples 

were measured i n g l a s s c u v e t t e s (10mm l i g h t p a t h ) a g a i n s 

a d i s t i l l e d w a t e r b l a n k a t 600nm i n a H i l g e r and Watts 

L t d . S p e c t r o p h o t o m e t e r . The c h o l e s t e r o l c o n t e n t of 
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F i g u r e 2-2: Photograph o f a t w o - d i m e n s i o n a l t h i n - l a y e r 

chromatogram of p h o s p h o l i p i d s of a t o t a l 

l i p i d e x t r a c t from c r a y f i s h abdominal 

m u s c l e 

Chromatogram: 0.25mm S i l i c a g e l H i n 0.01M KOH 

S o l v e n t M i x t u r e s : A Chloroform/Methanol/7M 

Ammonia (230 : 90 : 5, v / v / v ) 

B C h l o r o f o r m / A c e t o n e / M e t h a n o l / 

G l a c i a l a c e t i c a c i d / W a t e r 

(90 : 120 : 30 : 30 : 15, by 

volume) 

V i s u a l i s a t i o n : S u l p h u r i c a c i d - d i c h r o m a t e s p r a y 

r e a g e n t . See ' M a t e r i a l s and 

Methods'. 

I d e n t i f i c a t i o n o f Components: The r e l e v a n t 

d a t a t o g e t h e r w i t h the t e n t a t i v e 

i d e n t i t i e s a r e p r e s e n t e d i n 

T a b l e 2-2 
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F i g u r e 2-3 ; Photograph o f a o n e - d i m e n s i o n a l t h i n - l a y e r 

chromatogram of n e u t r a l l i p i d s of a t o t a l 

l i p i d e x t r a c t from c r a y f i s h abdominal muscle 

Chromatogram: 0.25mm S i l i c a g e l H. 

S o l v e n t M i x t u r e : P e t r o l e u m E t h e r CtO-60°C b . p . ) / 

d i e t h y l e t h e r / g l a c i a l a c e t i c 

a c i d (70 : 30 : 2, by volume) 

V i s u a l i s a t i o n : C h a r r i n g i n an oven a t l80°C f o r 

1 hour, a f t e r s p r a y i n g w i t h 

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

r e a g e n t . 

I d e n t i f i c a t i o n of components: T h i s was a c h i e v e d 

by c o m p a r i s o n w i t h a u t h e n t i c 

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

s p r a y r e a g e n t s . 

Legend: M i x t u r e A - c o n t a i n s a u t h e n t i c l i p i d s 

( M i x t u r e 178-1, see ' M a t e r i a l s ' ) 

M i x t u r e B - C r a y f i s h m uscle e x t r a c t 

M i x t u r e C - a u t h e n t i c l i p i d s ( M i x t u r e 
1 

r 
178-3, s e e ' M a t e r i a l s ' ) 

1, - p h o s p h o l i p i d s 

2 - m o n o g l y c e r i d e s 

3 - c h o l e s t e r o l (and d i g l y c e r i d e s ? ) 

k - f a t t y a c i d s 

5 - unknown 

6 - f a t t y a c i d methyl e s t e r s 

7 - t r i g l y c e r i d e s 

8 - BHT 

/ 
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F i g u r e 2-k: A t y p i c a l c a l i b r a t i o n l i n e f o r t he d e t e r m i n a t i o n 

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

g e l H, on the development o f c o l o u r 

Methods: Phosphorus was a n a l y s e d u s i n g a method 

m o d i f i e d a f t e r B a r t l e t t ( 1 9 5 9 ) . S t a n d a r d 

phosphorus s o l u t i o n s were d i l u t e d from a 

s t o c k s o l u t i o n o f lOOug Phosphorus ( a s KHgPO^)/ 

ml. 

The e f f e c t of s i l i c a g e l on the r e a c t i o n was 

s t u d i e d by i n c l u s i o n of O.lgm s i l i c a g e l H i n 

e a c h r e a c t i o n t u b e . T h i s was removed p r i o r 

t o r e a d i n g by c e n t r i f u g a t i o n . 

Legend; O r d i n a t e : % t r a n s m i s s i o n a t 820 nm 

A b s c i s s a : Amount o f phosphorus ( a s KHgPO^) 

(ug) 

O Average o f d u p l i c a t e a n a l y s e s i n the 

absence of s i l i c a g e l H. 

O Average o f d u p l i c a t e a n a l y s e s i n t h e 

p r e s e n c e of O . l g s i l i c a g e l H. 
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F i g u r e 2-5a: A t y p i c a l c a l i b r a t i o n l i n e f o r the d e t e r m i n ­

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

Method; C h o l e s t e r o l c o n t e n t was d e t e r m i n e d u s i n g 

t h e method of Watson ( 1 9 6 0 ) . S t a n d a r d 

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

d i l u t i o n from a s t o c k s o l u t i o n c o n t a i n i n g 

2mg c h o l e s t e r o l / m l g l a c i a l a c e t i c a c i d . 

V a l u e s r e p r e s e n t t h e a v e r a g e of d u p l i c a t e 

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

Legend: O r d i n a t e ' - Weight o f s t a n d a r d c h o l e s t e r o l 

(ug) 

A b s c i s s a - Absorbance a t 600 nm 

F i g u r e 2-5b: The e f f e c t of a u t h e n t i c p h o s p h a t i d y l 

e t h a n o l a m i n e upon the s p e c t r u m of the 

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

Method: The r e a g e n t s and p r o c e d u r e s a r e d e s c r i b e d 

i n ' M a t e r i a l s and Methods'. A p p r o x i m a t e l y 

2.5mg of a u t h e n t i c p h o s p h a t i d y l e t h a n o l a m i n e 

was i n c l u d e d i n one r e a c t i o n tube w i t h 

250ug c h o l e s t e r o l . 

Legend: O r d i n a t e - Wavelength of i n c i d e n t l i g h t (nm) 

A b s c i s s a - Absorbance 

O - Without p h o s p h o l i p i d 

O - With p h o s p h o l i p i d 

1 
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T a b l e 2-1: Summary of the 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 and r e a c t i o n t o v a r i o u s 

s p r a y r e a g e n t s of t he a u t h e n t i c n e u t r a l 

and p h o s p h o l i p i d s t a n d a r d s 

F o r d e t a i l s of s p r a y r e a g e n t s , and 

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

' M a t e r i a l s and Methods'. 

Legend: 

S o l v e n t System A - C h l o r o f o r m : Methanol : 

7N ammonia (230 : 90 : 15 

S o l v e n t System B - C h l o r o f o r m : Acetone : 

Methanol : G l a c i a l A c e t i c 

A c i d : Water (9 : 12 : 3 

3: 1) 

S o l v e n t System C - P e t r o l e u m E t h e r (^0-60°C, 

b . p . ) ; D i e t h y l e t h e r : 

g l a c i a l a c e t i c a c i d 

( 7 0 : 30 : 2) 

* Rhodamine 6G 

** R e t e n t i o n D i s t a n c e ( r e l a t i v e t o the 

s o l v e n t f r o n t ) 

+ - p o s i t i v e l y d e t e c t e d 

- - n e g a t i v e r e a c t i o n 

• 0 - not t e s t e d 
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t 

unknown samples was d e t e r m i n e d by r e f e r e n c e to a 

c a l i b r a t i o n l i n e p r e p a r e d from the s t a n d a r d s o l u t i o n s 

( F i g u r e 2 - 5 a ) . 

F i g u r e 2-5b shows the s p e c t r u m of t h e r e s u l t a n t 

b l u e s o l u t i o n w i t h a peak a t 600nm. The p r e s e n c e of 

l a r g e amounts (2.5mg) of p h o s p h a t i d y l e t h a n o l a m i n e d i d 

n o t i n t e r f e r e w i t h the peak between 520-7 ziOnm a l t h o u g h 

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

w a v e l e n g t h s . 

RESULTS 

I d e n t i f i c a t i o n of L i p i d s 

P h o s p h o l i p i d s were f r a c t i o n a t e d on KOH-impregnated chromato-

p l a t e s u s i n g a 2 - d i m e n s i o n a l s y s t e m as d e s c r i b e d i n t h e methods. 

A t y p i c a l s e p a r a t i o n i s i l l u s t r a t e d i n F i g u r e 2-3« 

The i d e n t i t y of the s e p a r a t e d components was d e t e r m i n e d 

t e n t a t i v e l y u s i n g s p e c i f i c s p r a y r e a g e n t s and by co-chromatography 

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

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

T a b l e 2-2 t o g e t h e r w i t h the a b b r e v i a t i o n s f o r each p h o s p h o l i p i d 

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

E a c h c h r o m a t o g r a p h i c spot c o n s i s t e d of o n l y one p h o s p h o l i p i d 

c l a s s e x c e p t f o r s p o t number 2 w h i c h chromatographed w i t h both 

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

the c o n t r a r y ( R o u s e r , Simon and K r i t c h e v s k y , 1969; E r d a h l , 

S tolyhwo and P r i v e t t , 1973) i t d i d n o t p r o v e p o s s i b l e t o s e p a r a t e 

t h e s e phospholipids w i t h the s o l v e n t s y s t e m s employed. G a s - l i q u i d 

chromatography of the t r i m e t h y l c h l o r o s i l a n e d e r i v a t i v e s of t h e 

a c i d h y d r o l y s i s p r o d u c t s of s p o t number 2 d i d not y i e l d a peak 

t h a t c o r r e s p o n d e d w i t h e i t h e r t h e TMS d e r i v a t i v e s of a u t h e n t i c 

m e s o - i n o s i t o l (B.D.H. C h e m i c a l s L t d . ) or the a c i d h y d r o l y s i s 

p r o d u c t s of a u t h e n t i c p h o s p h a t i d y l i n o s i t o l (D. W i n t e r b o u r n e , 
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p e r s o n a l c o m m u n i c a t i o n ) . Thus, w h i l s t t h e p o s i t i v e r e a c t i o n 

w i t h n i n h y d r i n c o n f i r m s the p r e s e n c e of PS, t h e r e i s no d i r e c t 

e v i d e n c e t h a t P I i s a l s o p r e s e n t . 

Spot number 7 ( s e e T a b l e 2-2 and F i g u r e 2 - 2 ) , a l t h o u g h 

p o s i t i v e l y i d e n t i f i e d a s a p h o s p h o l i p i d , d i d n o t co-chromatograph 

w i t h any of the a v a i l a b l e a u t h e n t i c p h o s p h o l i p i d s . I t was 

t e n t a t i v e l y i d e n t i f i e d as a c e r e b r o s i d e by r e f e r e n c e to the 

c h r o m a t o g r a p h i c d a t a p r e s e n t e d by Rou s e r , Simon and K r i t c h e v s k y 

( 1 9 6 9 ) • 

Spot number 10 ( s e e T a b l e 2-2 and F i g u r e 2-2) was phosphate 

n e g a t i v e and was thought t o c o n s i s t of f r e e f a t t y a c i d s , p e r h a p s 

o r i g i n a t i n g from PE by c l e a v a g e a t the b e g i n n i n g of development 

w i t h the second a c e t i c a c i d - c o n t a i n i n g s o l v e n t s y s t e m . 

I t i s i m p o r t a n t t o remember t h a t a l t h o u g h e a c h s p o t c o n t a i n s 

one p h o s p h o l i p i d c l a s s ( e x c e p t p e r h a p s P S / P I ) , t h e p o s i t i v e 

p l a s m a l o g e n r e a c t i o n o b s e r v e d w i t h PC, PE and P S / P I ( T a b l e 2-2) 

c o n f i r m s t h a t t h e y a r e p r o b a b l y a complex m i x t u r e o f phospho-

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

ages between t h e g l y c e r o l and t h e h y d r o c a r b o n c h a i n . S i n c e 

c h r o m a t o g r a p h i c t e c h n i q u e s f o r the s e p a r a t i o n of t h e s e m i x t u r e s 

a r e not e a s i l y a v a i l a b l e ( S n y d e r , 1973) t h e p h o s p h o l i p i d c l a s s e s 

were n o t f r a c t i o n a t e d f u r t h e r . 

N e u t r a l l i p i d s were s e p a r a t e d and i d e n t i f i e d u s i n g a one-

d i m e n s i o n a l s y s t e m as d e s c r i b e d by S k i p s k i and B a r c l a y ( 1 9 6 9 ) . 

A t y p i c a l s e p a r a t i o n i s i l l u s t r a t e d i n F i g u r e 2-3« S e p a r a t e d 

components were t e n t a t i v e l y i d e n t i f i e d by s p e c i f i c s p r a y r e a g e n t s 

( s e e T a b l e 2-2) and by c o m p a r i s o n w i t h a u t h e n t i c l i p i d s o b t a i n e d 

c o m m e r c i a l l y . P h o s p h o l i p i d s remained a t t he o r i g i n b ut were 

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

The s t e r o l c o n t e n t of c r a y f i s h muscle i s e x c l u s i v e l y 

c h o l e s t e r o l s i n c e c h o l e s t e r o l e s t e r s were n o t d e t e c t e d i n the 
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muscle e x t r a c t . C h o l e s t e r o l and d i g l y c e r i d e s were not s e p a r a t e d 

u s i n g t h i s s o l v e n t s y s t e m . A s t a x a n t h i n , a r e d pigment d e r i v e d 

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

moved w i t h the s o l v e n t f r o n t . 

The E f f e c t of Thermal A c c l i m a t i o n on P h o s p h o l i p i d C o m p o s i t i o n 

P h o s p h o l i p i d s were s e p a r a t e d u s i n g a 2 - d i m e n s i o n a l TLC 

s y s t e m a s d e s c r i b e d p r e v i o u s l y ( s e e 'Methods'). The s e p a r a t e d 

components were v i s u a l i s e d w i t h i o d i n e vapour and s c r a p e d i n t o 

150 x 25mm 'Pyrex' b o i l i n g t u b e s . The l i p i d s were d i g e s t e d 

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

t h e amount of i n o r g a n i c phosphate l i b e r a t e d from each component 

was d e t e r m i n e d as d e s c r i b e d i n the 'Methods'. The amount of 

p h o s p h a t e i n each s e p a r a t e d component was e x p r e s s e d as a 

p e r c e n t a g e of t h e t o t a l phosphate r e c o v e r e d from t h e c h r o m a t o p l a t 

T h i s c a l c u l a t i o n e f f e c t i v e l y g i v e s a mole % c o m p o s i t i o n , s i n c e 

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

component) c o n t a i n s o n l y one phosphate m o e i t y p e r l i p i d m o l e c u l e . 

The p h o s p h o l i p i d c o m p o s i t i o n of the l i p i d e x t r a c t e d from 

the abdominal muscle of each a n i m a l was a n a l y s e d s e p a r a t e l y 

s e v e r a l t i m e s and t h e mean p h o s p h o l i p i d (mole % ) c o m p o s i t i o n 

t o g e t h e r w i t h the range of v a l u e s e n c o u n t e r e d , i s p r e s e n t e d i n 

T a b l e 2-3 f o r t o t a l m u scle e x t r a c t s from ^°C-acclimated c r a y f i s h 

and T a b l e 2-k f o r t o t a l muscle e x t r a c t s from 25°C-acclimated 

c r a y f i s h . 

T h e r e was some s m a l l v a r i a t i o n i n the r e s u l t s of r e p l i c a t e 

a n a l y s e s of e a c h m uscle l i p i d e x t r a c t , but t h i s i s to be e x p e c t e d 

s i n c e an e r r o r i n the p h o s p h a t e d e t e r m i n a t i o n of one component 

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

components. I n a d d i t i o n , some v a r i a t i o n was o b s e r v e d between 

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

t h e same a c c l i m a t i o n h i s t o r y . T h i s v a r i a t i o n may be due to 

a r e a l d i f f e r e n c e i n the p h o s p h o l i p i d c o m p o s i t i o n of each muscle 



38 
e x t r a c t r a t h e r t h a n to normal v a r i a t i o n i n the a n a l y t i c a l 

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

s i g n i f i c a n t . 

The m e a n ' p h o s p h o l i p i d c o m p o s i t i o n f o r e a c h a d a p t a t i o n a l 

group was c a l c u l a t e d s e p a r a t e l y . The r e s u l t s a r e shown i n 

T a b l e 2-5 where t h e y a r e s t a t i s t i c a l l y compared. Of a l l the 

s e p a r a t e d components compared o n l y s p h i n g o m y e l i n proved t o 

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

p h o s p h o l i p i d . 

E f f e c t of Thermal A c c l i m a t i o n upon the C h o l e s t e r o l C o n t e n t of 

Muscle 

The c h o l e s t e r o l c o n t e n t of each t o t a l l i p i d e x t r a c t from 

c r a y f i s h muscle was d e t e r m i n e d i n t r i p l i c a t e u s i n g t h e method 

of Watson ( I 9 6 0 ) . The t o t a l phosphorus c o n t e n t was d e t e r m i n e d 

as d e s c r i b e d i n t h e 'Methods'. The y i e l d of both c h o l e s t e r o l 

and phosphorus was e x p r e s s e d as'uM p e r gram wet w e i g h t of m u s c l e . 

The r e s u l t s f o r e a c h e x t r a c t a r e p r e s e n t e d i n T a b l e s 2-3 and 

2-k f o r l i p i d e x t r a c t s from ^°C and 25°C a c c l i m a t e d c r a y f i s h , 

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

The y i e l d of c h o l e s t e r o l from c r a y f i s h muscle v a r i e d 

between 1,32 and 3 = 6?uM c h o l e s t e r o l / g r a m wet muscle w e i g h t , 

bu t a v e r a g e d 3.O6 - 0.15 and 2.90 - 0.55uM c h o l e s t e r o l / g r a m 

wet muscle w e i g h t f o r c r a y f i s h a c c l i m a t e d t o k°C and 25°C 

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

(P>0.7, T a b l e 2 - 5 ) . 

The y i e l d o f l i p i d phosphorus from c r a y f i s h muscle was 

found to v a r y w i d e l y between 3*87 and 10.98uM/gram wet muscle 

w e i g h t ( s e e T a b l e s 2-3 and 2-k) . The c a u s e of t h i s v a r i a b i l i t y 

i s not known but may be a s s o c i a t e d w i t h a v a r i a b l e w a t e r c o n t e n t 

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

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



T a b l e 2-2: Summary o f t h e r e a c t i o n s t o v a r i o u s s p r a y 

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

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

Methods: F o r the v a r i o u s s p r a y r e a g e n t s , 

s e e ' M a t e r i a l s and Methods'. 

Legend: 

* B l u e r e a c t i o n w i t h the p h o s p h a t e -

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

** See F i g u r e 2-4 
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T a b l e 2-3? The p h o s p h o l i p i d c o m p o s i t i o n , t o t a l p h o s p h o l i p i d 

and c h o l e s t e r o l c o n t e n t of muscle l i p i d s 

e x t r a c t e d from c r a y f i s h a c c l i m a t e d to 4°C 

Methods: The t o t a l p h o s p h o l i p i d and c h o l e s t e r o l 

c o n t e n t of each l i p i d e x t r a c t was d e t e r m i n e d as 

d e s c r i b e d i n ' M a t e r i a l s and Methods'. V a l u e s 

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

and a r e uM Phosphorus or c h o l e s t e r o l / g m wet 

m u s c l e w e i g h t . The p h o s p h o l i p i d c o m p o s i t i o n 

of each l i p i d e x t r a c t was a n a l y s e d i n r e p l i c a t e . 

V a l u e s r e p o r t e d a r e the % of the t o t a l phosphorus 

r e c o v e r e d from the c h r o m a t o p l a t e and a r e the 

mean - S.E.M. of t h e r e p l i c a t e a n a l y s e s . 
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T a b l e 2-k: The p h o s p h o l i p i d c o m p o s i t i o n , t o t a l p h o s p h o l i p i d 

and c h o l e s t e r o l c o n t e n t of muscle l i p i d s 

e x t r a c t e d from c r a y f i s h a c c l i m a t e d t o 25°C 

Methods: The t o t a l p h o s p h o l i p i d and c h o l e s t e r o l 

c o n t e n t of each l i p i d e x t r a c t was d e t e r m i n e d 

as d e s c r i b e d i n ' M a t e r i a l s and Methods'. V a l u e s 

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

and a r e uM Phosphorus or c h o l e s t e r o l / g m wet 

muscle w e i g h t . The p h o s p h o l i p i d c o m p o s i t i o n 

of each l i p i d e x t r a c t was a n a l y s e d i n r e p l i c a t e . 

V a l u e s r e p o r t e d a r e the % of the t o t a l phosphorus 

r e c o v e r e d from the c h r o m a t o p l a t e and a r e t h e 

mean - S.E.M. of t h e r e p l i c a t e a n a l y s e s . 
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T a b l e 2-5: Comparison of the a v e r a g e p h o s p h o l i p i d 

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

c o n t e n t o f muscle l i p i d e x t r a c t s from f o u r 

c r a y f i s h a c c l i m a t e d t o 4°C, and f o u r c r a y f i s h 

a c c l i m a t e d t o 25°C 

Methods: T o t a l p h o s p h o l i p i d and c h o l e s t e r o l c o n t e n t 

of e a c h e x t r a c t was a n a l y s e d i n d u p l i c a t e 

as d e s c r i b e d i n ' M a t e r i a l s and Methods'. 

V a l u e s r e p o r t e d a r e t h e mean - S.E.M. f o r 

f o u r e x t r a c t s from each a c c l i m a t i o n group. 

The p h o s p h o l i p i d c o m p o s i t i o n of ea c h l i p i d 

e x t r a c t was a n a l y s e d i n r e p l i c a t e and t h e 

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

e x t r a c t i s r e p o r t e d i n T a b l e s 2-3 and 2-k. 

The v a l u e s r e p o r t e d h e r e a r e t he mean 

- S.E.M. c o m p o s i t i o n of f o u r c r a y f i s h 

m u s cle l i p i d e x t r a c t s from each a c c l i m a t i o n 

gr oup. 

Legend: * - p r o b a b i l i t y f o r ( n - 2 ) d e g r e e s o f 

freedom. 

** - v a l u e s a r e % t o t a l phosphorus 

r e c o v e r e d from c h r o m a t o p l a t e and 

ar e t h e mean - S.E.M. f o r f o u r 

l i p i d e x t r a c t s from each 

a c c l i m a t i o n group. 
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A g a i n the d i f f e r e n c e between t h e a v e r a g e y i e l d of l i p i d phosphorus 

from k°C and 25°C a c c l i m a t e d c r a y f i s h was n o t s t a t i s t i c a l l y 

s i g n i f i c a n t ( P ^ 0 . 8 , T a b l e 2 - 5 ) . . 

The molar p h o s p h o r u s / c h o l e s t e r o l r a t i o i s p r o b a b l y a more 

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

membranes s i n c e i t s h o u l d n o t be a f f e c t e d by poor e x t r a c t i o n 

e f f i c i e n c y or by muscle w a t e r c o n t e n t . I n d e e d , the v a r i a t i o n 

i n r a t i o s between d i f f e r e n t l i p i d e x t r a c t s w i t h t h e same 

a c c l i m a t i o n h i s t o r y i s more l i m i t e d ( T a b l e s 2-3 and 2 - 4 ) . 

N e v e r t h e l e s s , the d i f f e r e n c e i n the a v e r a g e p h o s p h o r u s / 

c h o l e s t e r o l r a t i o f o r 4°C and 25°C a c c l i m a t e d c r a y f i s h was 

not s t a t i s t i c a l l y s i g n i f i c a n t ( P ^ 0 . 9 , T a b l e 2 - 5 ) • 

DISCUSSION 

C r a y f i s h m u scle membrane p h o s p h o l i p i d s c o n s i s t m a i n l y of 

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

( a p p r o x i m a t e l y 5 5 % , 2 6 % and 1 0 % r e s p e c t i v e l y ) . T h i s 

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

m u s c l e and o t h e r t i s s u e s from a wide v a r i e t y of v e r t e b r a t e and 

i n v e r t e b r a t e a n i m a l s ( T a b l e 2 - 6 ) . T h i s i s i n a c c o r d a n c e w i t h 

the s u g g e s t i o n of R o u s e r , Simon and K r i t c h e v s k y ( 1 9 6 9 ) . t h a t 

"among v e r t e b r a t e s , n e i t h e r t h e r e l a t i v e p r o p o r t i o n s of 

d i f f e r e n t membranes of o r g a n s , n o r the p h o s p h o l i p i d c o m p o s i t i o n 

of t h e i n d i v i d u a l t y p e s of membrane v a r i e s a p p r e c i a b l y " . 

N o t a b l e e x c e p t i o n s t o t h i s g e n e r a l i s a t i o n a r e the marine 

m o l l u s c s w h i c h c o n t a i n a p p r e c i a b l e q u a n t i t i e s of ceramide —•• 

a m i n o e t h y l phosphonate. 

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

c l o s e l y i n most r e s p e c t s w i t h t h e a n a l y s i s of l o b s t e r abdominal 

muscle r e p o r t e d by Simon and R o u s e r ( 1 9 6 9 ; s ee T a b l e 2 - 6 ) , 

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

of e t h a n o l a m i n e p h o s p h o g l y c e r i d e . T h e r e a r e , however, some 
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i n t e r e s t i n g c o n s i d e r a t i o n s i n t h i s c o m p a r i s o n . 

F i r s t l y , Simon and R o u s e r ( 1 9 6 9 ) i d e n t i f i e d both s e r i n e and 

i n o s i t o l p h o s p h o g l y c e r i d e s as components o f l o b s t e r muscle 

p h o s p h o l i p i d s . I t i s s i g n i f i c a n t t h a t the combined p e r c e n t a g e 

of 1 1 . 1 % f o r t h e s e p h o s p h o l i p i d s a g r e e s c l o s e l y w i t h t h e v a l u e 

of 1 0 . 3 % r e p o r t e d h e r e f o r t h e P S / P I f r a c t i o n . T h i s s u g g e s t s 

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

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

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

by t h i n - l a y e r chromatography i s p r o b a b l y due to some d i f f e r e n c e s 

i n c h r o m a t o g r a p h i c t e c h n i q u e . 

S e c o n d l y , l y s o l e c i t h i n was n o t o b s e r v e d a t any p o i n t d u r i n g 

the c h r o m a t o g r a p h i c e x a m i n a t i o n of c r a y f i s h muscle p h o s p h o l i p i d s . 

T h i s i s i n c o n t r a s t t o t h e p r e s e n c e of 0.5 - 1 . 0 % l y s o l e c i t h i n i n 

l o b s t e r , a b a l o n e and s c a l l o p m uscle p h o s p h o l i p i d s (Simon and 

Ro u s e r , 1 9 6 9 ) 1 and the decapods C y c 1 o g r a p s u s s p. and Potamon s p . 

(De Koen i g , 1 9 7 0 ) . The s i g n i f i c a n c e of l y s o - d e r i v a t i v e s i n 

b i o l o g i c a l membranes i s u n c e r t a i n . They may r e p r e s e n t i n t e r m e d ­

i a t e s i n s y n t h e t i c o r d e g r a d a t i v e pathways, o r may be the r e s u l t 

o f the d e g r a d a t i o n o f l e c i t h i n , c a u s e d by post-mortem e n z y m a t i c 

a c t i o n , or by a u t o x i d a t i o n d u r i n g the e x t r a c t i o n , s t o r a g e and 

chromatography of t h e l i p i d e x t r a c t . 

T h i r d l y , the v a r i a t i o n i n t h e muscle p h o s p h o l i p i d c o m p o s i t i o n 

between d i f f e r e n t c r a y f i s h , i s of the same o r d e r e x p e r i e n c e d by 

Rouser., Simon and K r i t c h c v s k y ( 1 9 6 9 ) . E a c h l i p i d e x t r a c t ( e x c e p t 

one) was a n a l y s e d s e v e r a l t i m e s , i n o r d e r t o demonstrate t h a t t h e 

d i f f e r e n c e between a c c l i m a t i o n groups was p r o b a b l y due t o b i o l o g i ­

c a l v a r i a t i o n i n p h o s p h o l i p i d c o m p o s i t i o n . 

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

membranes i s u n c e r t a i n , m a i n l y b e c a u s e l i t t l e i s known c o n c e r n i n g 

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

w i t h i n the membrane. The h i g h p r o p o r t i o n of t he z w i t t e r i o n i c 
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c h o l i n e - c o n t a i n i n g p h o s p h o l i p i d s ( i . e . , c h o l i n e p h o s p h o g l y c e r i d e s 

and s p h i n g o m y e l i n ) i n a n i m a l membranes s u g g e s t a . g e n e r a l s o l v e n t 

r o l e , w h i l s t t h e p r e s e n c e of more l i m i t e d q u a n t i t i e s of the o t h e r 

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

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

enzymes by s p e c i f i c p h o s p h o l i p i d c l a s s e s , s u p p o r t s t h i s l a t t e r 

s u g g e s t i o n , even though most p h o s p h o l i p i d c l a s s e s have a t some 

time been i m p l i c a t e d i n s u c h phenomena ( f o r r e v i e w , see Coleman, 

1 9 7 3 ) * I n a d d i t i o n , the e t h a n o l a m i n e and s e r i n e p h o s p h o g l y c e r ­

i d e s a r e n e g a t i v e l y c h a r g e d a t p h y s i o l o g i c a l pH's. T h i s would 

i m p a r t an o v e r a l l n e g a t i v e c h a r g e t o the l i p i d membrane, which 

would be of o b v i o u s i m p o r t a n c e to i t s i o n i c i n t e r a c t i o n w i t h 

p r o t e i n s and i o n s . 

Thermal a c c l i m a t i o n c l e a r l y h a s no major e f f e c t upon the 

p h o s p h o l i p i d c l a s s d i s t r i b u t i o n of c r a y f i s h muscle membranes 

o t h e r t h a n a s l i g h t e l e v a t i o n of the s p h i n g o m y e l i n c o n t e n t from 

k.77 - 0.22% t o 6.71 - 0 . 6 7 % ( P < 0 . 0 5 , T a b l e 2 - 5 ) . T h i s c o n c l u s i o : 

i s i n a c c o r d a n c e w i t h t h e c o n c l u s i o n by R o o t s ( 1 9 6 8 ) t h a t a 

"change i n e n v i r o n m e n t a l t e m p e r a t u r e does n o t i n f l u e n c e t h e amount 

of t h e major p h o s p h o l i p i d s found i n g o l d f i s h b r a i n " . A l t h o u g h 

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

w i d e l y , i t was n o t p o s s i b l e t o d e m o n s t r a t e any c o n s i s t e n t d i f f e r e n 

between c r a y f i s h a c c l i m a t e d to and t h o s e a c c l i m a t e d t o 25°C. 

S i m i l a r r e s u l t s were r e p o r t e d i n g o l d f i s h b r a i n by Roots ( I 9 6 8 ) , 

g o l d f i s h i n t e s t i n a l mucosa by Kemp and Smith ( 1 9 7 0 ) , Pseudomonas 

by C u l l e n , P h i l l i p s and S h i p l e y ( 1 9 7 1 ) and o t h e r g o l d f i s h t i s s u e s 

by Anderson ( 1 9 7 0 ) . 
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C h a p t e r 3 

THE EFFECTS OF THERMAL ACCLIMATION AND 
PHOTOPERIOD UPON THE FATTY ACID COMPOSITION 

OF MEMBRANE PHOSPHOLIPIDS 

INTRODUCTION 

P e r h a p s t h e most s i g n i f i c a n t c o n c e p t u a l advance i n r e c e n t 

membrane r e s e a r c h h a s been a g r e a t e r u n d e r s t a n d i n g of the p h y s i c a l 

s t a t e of t h e membrane. The e l e g a n t e x p e r i m e n t s of F r y e cind 

E d i d i n ( E d i d i n , 1 9 7 2 ) u s i n g f l u o r e s c e n t a n t i b o d i e s a s membrane 

ma r k e r s , and McConnell and h i s c o l l e a g u e s ( M c C o n n e l l , Devaux and 

S c a n d o l l a , 1 9 7 2 ) u s i n g advanced s p i n - l a b e l t e c h n i q u e s have 

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

membranes may e x i s t a s h i g h l y dynamic s y s t e m s , w i t h a c o n s i d e r a b l e 

d egree of i n t e r m o l e c u l a r motion and i n t e r a c t i o n s . I n d e e d , so 

r a p i d i s t h i s motion t h a t i t h a s been e s t i m a t e d t h a t a s i n g l e 

p h o s p h o l i p i d m o l e c u l e i n an E . c o l i b a c t e r i u m c o u l d , t h r o u g h 

random m o l e c u l a r motion a l o n e , t r a v e l from one end of t h e 

b a c t e r i u m t o the o t h e r , i n t h e o r d e r of one second ( M c C o n n e l l , 

Devaux and S c a n d e l l a , 1 9 7 2 ) . 

As d i s c u s s e d i n C h a p t e r 2, t h e r a t e o f p a s s i v e p e r m e a b i l i t y 

t h rough a b i o l o g i c a l membrane depends, amongst o t h e r f a c t o r s , 

upon t h e o v e r a l l s t a t e o f o r g a n i s a t i o n of i t s component p a r t s . 

The major b a r r i e r t o the f r e e d i f f u s i o n of w a t e r - s o l u b l e s o l u t e s 

i s t h e h y d r o c a r b o n c o r e of t h e membrane and the more o r d e r e d and 

compact t h i s h y d r o c a r b o n c o r e i s , t h e n the more e f f e c t i v e a 

b a r r i e r i t i s to t h e p a s s a g e of s o l u t e s . The s t a b i l i t y of t h i s 

h y d r o p h o b i c environment depends-upon the h y d r o p h o b i c i n t e r a c t i o n s 

between the h y d r o c a r b o n c h a i n s of the p h o s p h o l i p i d s . The London-

Van d e r Waals f o r c e s c h a r a c t e r i s t i c a l l y o p e r a t e o v e r v e r y s h o r t 

d i s t a n c e s , s i n c e the energy o f i n t e r a c t i o n v a r i e s a s t h e r o e i p r o c c 

o f D , where D i s t h e d i s t a n c e between t h e i n t e r a c t i n g components. 

A l l o f t h e s e i n t e r a c t i o n s , t h e r e f o r e , w i l l be h i g h l y dependent 
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upon the geometry of the m o l e c u l e s , w h i c h d e t e r m i n e how c l o s e l y 

t h e y can p a c k . The c l o s e r the h y d r o c a r b o n c h a i n s c a n approach 

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

and the g r e a t e r a r e the c o - o p e r a t i v e r e t r a i n i n g i n f l u e n c e s upon 

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

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

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

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

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

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

the o v e r a l l s t a b i l i t y of t h e h y d r o c a r b o n c o r e , r e s u l t i n g i n an 

i n c r e a s e i n i t s p e r m e a b i l i t y . 

The e f f e c t o f p h o s p h o l i p i d headgroups and c h o l e s t e r o l upon 

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

C h a p t e r 2. A n o t h e r i m p o r t a n t f a c t o r i n t h i s r e s p e c t i s the 

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

Van Deenen and h i s c o l l e a g u e s , u s i n g monomolecular l a y e r s a t an 

a i r - w a t e r i n t e r f a c e , have d e m o n s t r a t e d t h a t t h e a r e a o c c u p i e d by 

a l e c i t h i n m o l e c u l e depends v e r y much upon i t s c o n s t i t u e n t f a t t y 

a c i d s . With s h o r t e r s a t u r a t e d f a t t y a c i d s t h e r e i s a d e c r e a s e 

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

c h a i n m o b i l i t y and a more expanded f i l m . T h i s a l s o a p p l i e s to 

f a t t y a c i d s p o s s e s s i n g c i s - u n s a t u r a t e d bonds, s i n c e the k i n k e d 

s t r u c t u r e of t h e f a t t y a c i d s impedes the c l o s e approach of 

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

i n t e r a c t i o n s (Demel, Van Deenen and P e t h i c a , 1 9 6 7 ) . 

I t i s to be e x p e c t e d t h e r e f o r e t h a t t h e p e r m e a b i l i t y of l i p i d 

b i l a y e r s would a l s o depend upon the f a t t y a c i d c o n s t i t u e n t s . 

T h i s has b e e n v e r i f i e d o v e r the p a s t 8 y e a r s , a g a i n by Van Deenen 

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

n a t u r a l membranes, t h e i r d e r i v e d ' l i p o s o m e s ' and on l i p o s o m e s 

p r e p a r e d from p u r i f i e d p h o s p h o l i p d s . 
•1 
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De G i e r , M a n d e r s l o o t and Van Deenen ( 1 9 6 8 ) p r e p a r e d 

l i p o s o m e s composed of 96 mole % s y n t h e t i c l e c i t h i n ( w i t h 

d i f f e r e n t h y d r o c a r b o n c o n s t i t u e n t s ) and 4 mole % p h o s p h a t i d i c 

a c i d . A l l the l i p o s o m e s p r o v e d t o be a l m o s t i d e a l osmometers, 

and t h e i r i n i t i a l s w e l l i n g r a t e s i n i s o t o n i c s o l u t i o n s of 

g l y c e r o l , e r y t h r i t o l (De G i e r , M a n d e r s l o o t and Van Deenen, I 9 6 8 ) 

or g l u c o s e (Demel, K i n s k y , K i n s k y and Van Deenen, 1 9 6 8 ) de m o n s t r a t 

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

component l e d t o a marked i n c r e a s e i n li p o s o m e p e r m e a b i l i t y . 

F o r example, l i p o s o m e s composed of s y n t h e t i c ( d i l i n e o y l ) phospha­

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

a t 10°C, whereas l i p o s o m e s composed o f ( d i p a l m i t o y l ) p h o s p h a t i d y l 

c h o l i n e and p h o s p h a t i d i c a c i d were permeable o n l y above 40°C. 

(De G i e r , M a n d e r s l o o t and Van Deenen, 1 9 6 8 ) . The a c t i v a t i o n 

e n e r g y f o r t h e p e r m a t i o n p r o c e s s appeared t o be more c h a r a c t e r i s t i 

of the permeant m o l e c u l e , s i n c e i t was a p p r o x i m a t e l y 21 K c a l . 

mole ^. ( 8 7 . 9 KJ.mole ^ ) i r r e s p e c t i v e o f t h e c h e m i c a l c o m p o s i t i o n 

o f t h e h y d r o c a r b o n c o r e o f t h e membrane (De G i e r , M a n d e r s l o o t 

and Van Deenen, 1968; De G i e r , M a n d e r s l o o t , Hupkens, McElhaney 

and Van Beek, 1 9 7 1 ) . 

T h e s e o b s e r v a t i o n s a r e s u p p o r t e d by the o b s e r v a t i o n s of 

K l e i n , Moore and Smith ( 1 9 7 1 ) , t h a t the r a t e of e f f l u x of 

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

upon t h e degree of u n - s a t u r a t i o n of t h e l e c i t h i n u s e d . S c a r p a 

and De G i e r ( 1 9 7 1 ) have made s i m i l a r o b s e r v a t i o n s w i t h K + 

p e r m e a b i l i t y , a l s o i n l i p o s o m e s . The i n f l u e n c e of v a r i a t i o n s 

i n t h e h y d r o c a r b o n c o r e a r e not l i m i t e d to s i m p l e p e r m e a b i l i t y 

phenomena, b u t may be r e f l e c t e d i n more complex f a c i l i t a t e d 

t r a n s p o r t mechanisms and a c t i v e membrane t r a n s p o r t s y s t e m s . 
86 + 

F o r example, the v a l i n o m y c i n - i n d u c e d l e a k a g e of Rb from 
l i p o s o m e s i s s t r o n g l y dependent upon t h e h y d r o c a r b o n c o r e 

(De G i e r , H a e s t , Van der Neut-Kok, M a n d e r s l o o t and Van Deenen, 
1 9 7 2 ) . 



A d d i t i o n a l e v i d e n c e of the r e l a t i o n s h i p between membrane 

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

lia s been p r o v i d e d by W e s s e l s ( q u o t e d by De G i e r , H a e s t , Van Der 

Neut-Kok, M a n d e r s l o o t and Van Deenen, 1 9 7 2 ) . He noted a c l o s e 

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

from d i f f e r e n t mammalian s p e c i e s and an i n d e x of the u n s a t u r a t i o n 

c o n t e n t of the e r y t h r o c y t e membranes. 

The o b s e r v a t i o n by v a r i o u s w o r k e r s t h a t the p e r m e a t i o n 

p r o c e s s i s h i g h l y t e m p e r a t u r e dependent ( s e e I l a e s t , Do G i o r and 

Van Deenen, 1969; McElhaney, De G i e r and Van Der Neut-Kok, 1973) 

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

A change i n t e m p e r a t u r e from t h a t n o r m a l l y e x p e r i e n c e d by an 

o r g a n i s m would r e s u l t i n marked e f f e c t s upon t h e s t a b i l i t y and 

p a s s i v e p e r m e a b i l i t y c h a r a c t e r i s t i c s of i t s c e l l u l a r membranes. 

A r i s e i n t e m p e r a t u r e would i n c r e a s e t h e k i n e t i c e n e r g y nf the 

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

c h a i n s . I n a d d i t i o n , t h e r e would be a r e d u c t i o n of t h e London-

Van d e r Waals f o r c e s w h i c h r e s t r a i n the m o l e c u l a r motion of the 

c h a i n s i n a c o - o p e r a t i v e f a s h i o n . These e f f e c t s of t e m p e r a t u r e woul 

be of p a r t i c u l a r r e l e v a n c e i n t i s s u e s where the membrane p e r m e a b i l ­

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

n e r v e . I n d e e d , t h i s phenomenon may s e r v e to e x p l a i n the b r e a k ­

down i n p a s s i v e p e r m e a b i l i t y p r o p e r t i e s of the sarcolemma d u r i n g 

h e a t d e a t h i n the f r e s h w a t e r c r a y f i s h as d e s c r i b e d by Bowler, 

Duncan, G l a d w e l l and D a v i s o n ( 1 9 7 3 ) , and G l a d w e l l ( 1 9 7 3 ) . 

I n a number of o r g a n i s m s , maintenance a t a d i f f e r e n t 

e n v i r o n m e n t a l t e m p e r a t u r e i s known t o cause changes i n membrane 

l i p i d c o m p o s i t i o n ( s e e T a b l e 3 - 1 5 ) • These changes a r e (nought 

t o compensate, e i t h e r t o t a l l y or p a r t i a l l y , f o r the e r f o c t 0 1 . 

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

v a t i o n . I t i s p o s s i b l e t h a t s i m i l a r compensatory changes i n 

membrane b i o c h e m i s t r y c o u l d a c c o u n t f o r the d i f f e r e n c e s i n the 
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k i n e t i c s of h e a t d e a t h i n t h e c r a y f i s h and the t h e r m a l s t a b i l i t y 

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

t e m p e r a t u r e s . 1 

The p r e s e n t s t u d y was d e s i g n e d t o d e t e r m i n e whether a 

compensatory mechanism o f t h i s type e x i s t s i n c r a y f i s h muscle, 

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

sarcolemma t h a t o c c u r s d u r i n g t h e r m a l a c c l i m a t i o n to a h i g h e r 

e n v i r o n m e n t a l t e m p e r a t u r e ( G l a d w e l l , 197 3, Bowler, G l a d w e l l and 

Duncan, 197 3 ) . C r a y f i s h were a c c l i m a t e d t o Lt°C and 25°C and 

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

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

chromatography. F i n a l l y , the e f f e c t s of p h o t o p e r i o d upon the 

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

a c c l i m a t e d t o *l°C were s t u d i e d . 

MATERIALS AND METHODS 

A. MATERIALS 

1. G l a s s w a r e . The s o u r c e of a l l g l a s s w a r e u s e d has been 

d e s c r i b e d i n C h a p t e r 2. 

2. A n i m a l s . C r a y f i s h ( A u s t r o p o t a m o b i u s p a l l i p e s ) 

were o b t a i n e d l o c a l l y , and m a i n t a i n e d i n t h e 

l a b o r a t o r y as d e s c r i b e d i n C h a p t e r 2. 

3». C h e m i c a l s . I n a d d i t i o n to t h o s e c h e m i c a l s d e t a i l e d 

i n C h a p t e r 2, the f o l l o w i n g r e a g e n t s were o b t a i n e d 

from B r i t i s h Drug House C h e m i c a l s L t d . ( P o o l e , 

D o r s e t ) : \k% B o r o n - T r i f l u o r i d e i n Methanol; 

Hexane; Carbon d i s u l p h i d e ; S i l v e r N i t r a t e ; and 

were ' A n a l a r ' grade. 10% p o l y e t h y l e n e g l y c o l 

a d i p a t e on C e l i t e CAW (100-120 mesh) was o b t a i n e d 

from Pye Unicam L t d . ( Y o r k S t r e e t , C a m b r i d g e ) . 

'White Spot' n i t r o g e n was s u p p l i e d by the B r i t i s h 
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Oxygen Company L t d . ( B i r t l e y , Co. Durham). 

Pure hydrogen and h y d r o c a r b o n - f r e e a i r was 

s u p p l i e d by B.O.C., S p e c i a l Gases D i v i s i o n 

( D e e r P a r k Road, London). A u t h e n t i c F a t t y 

A c i d S t a n d a r d s were p u r c h a s e d from Sigma London 

C h e m i c a l Co. L t d . (Kingston-upon-Thames), 

S u p e l c o L t d . and A p p l i e d S c i e n c e L t d . a s d e t a i l e d 

i n T a b l e 3-1. 

METHODS 

1. T r e a t m e n t of g l a s s w a r e . T e c h n i q u e s f o r the c l e a n i n g 

of a l l g l a s s w a r e were d e s c r i b e d i n C h a p t e r 2. 

2. A c c l i m a t i o n of C r a y f i s h . Long D a y l e n g t h A c c l i m a t i o n : 

C r a y f i s h were a c c l i m a t e d to 4°C-0.5°C or 25°cio.l°C 

both w i t h an 18 h o u r - l i g h t d a y l e n g t h as d e s c r i b e d i n 

C h a p t e r 2. S h o r t D a y l e n g t h A c c l i m a t i o n ! C r a y f i s h 

were a c c l i m a t e d a t 4°cio.5°C i n a c a b i n e t m a i n t a i n e d 

i n a 4°C c o l d room. An 8 h o u r - l i g h t d a y l e n g t h 

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

• c o n t r o l l e d by a V e n e r e t Mark I I A time s w i t c h . 

3« G a s - L i q u i d Chromatography. F a t t y - a c i d s were a n a l y s e d 

a s t h e i r methyl e s t e r s on a Pye Unicam S e r i e s 

104 model 24, Dual Column, Flame i o n i s a t i o n Gas 

L i q u i d Chomatograph. 

( a ) P r e p a r a t i o n o f Chromatography Columns. G l a s s 

columns f i t t e d w i t h g l a s s - m e t a l t e r m i n a t i o n s were 

soaked o v e r n i g h t i n 5N h y d r o c h l o r i c a c i d . The 

column was r i n s e d i n d i s t i l l e d w a t e r f o l l o w e d by 

a c e t o n e . F i n a l l y , a c e t o n e was removed by p a s s i n g 

n i t r o g e n gas through t h e column a t 105°C. 

The s t a t i o n a r y phase was i n t r o d u c e d t o t he 

open end o f t h e column t h r o u g h a g l a s s f u n n e l and 



48 
p a c k e d w i t h n i t r o g e n gas a t 30-35 p . s . i . (2 b a r ) . 

The packed columns were purged i n t h e chromatograph 

oven a t 225°C f o r 2k h o u r s b e f o r e u s e , w i t h c a r r i e r 

gas p a s s i n g through c o n t i n u o u s l y a t 10-20 ml/minute. 

Columns p r e p a r e d by t h i s t e c h n i q u e have an 

o p t i m a l e f f i c i e n c y of 1,700-1,800 t h e o r e t i c a l 

p l a t e s / m e t r e ( c a l c u l a t e d f o r s t e a r a t e m e t h y l e s t e r ) . 

Use of a 'Prespak' p e r s p e x r e s e r v o i r ( P h a s e 

S e p a r a t i o n s L t d . , Q u e e n s f e r r y , F l i n t s h i r e ) 

t o a i d column p a c k i n g R e s u l t e d i n r e d u c e d column 

e f f i c i e n c i e s o f a p p r o x i m a t e l y 1,500-1,600 t h e o r e t i c s 

p l a t e s ( f o r s t e a r a t e m ethyl e s t e r ) / m e t r e . 

O p e r a t i n g S p e c i f i c a t i o n s 

( i ) Column: 1500mm x 6mm o.d. (^ mm i . d . ) 

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

(Pye-Unicam L t d . ) 

( i i ) S t a t i o n a r y p h a s e : 1.0% P o l y e t h y l e n e g l y c o l 

a d i p a t e . 

( i i i ) S u p p o r t : A c i d washed C e l i t e , 100-120 mesh. 

( i v ) C a r r i e r Gas: 'White Spot' n i t r o g e n . Flow 

r a t e h.'j nil/min. 

( v ) Combustion G a s e s : Hydrogen zi5 ml/minute 

H y d r o c a r b o n - f r e e a i r . 700-750 ml/minute 

Hydrogen gas was f u r t h e r p u r i f i e d 

by p a s s i n g i t through a 190 mm 

c y l i n d e r of Type 13X A c t i v a t e d 

M o l e c u l a r S i e v e (Pye Unicam L t d . ) 

( v i ) D e t e c t o r : Flame I o n i s a t i o n : 

L i m i t s of d e t e c t i o n under o p t i o n a l 

c o n d i t i o n s 10 "^g/ml ( s e e F i g u r e 3-2) 
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-12 

( v i i ) A m p l i f i e r S e n s i t i v i t y : Maximum 1 x 10 Amy 
f u l l s c a l e d e f l e c t i o i 

_7 

Minimum 5 x 10 Amps 

f . s . d . 

( m a n u f a c t u r e r s 1 

e s t i m a t e ) 

( v i i i ) A m p l i f i e r a c c u r a c y : A b s o l u t e - k% (manu­

f a c t u r e r s ' e s t i m a t e ) 

: Between two a d j a c e n t 

p o s i t i o n s o f " A t t e n u a t o i 

s w i t c h , - 1% (manufactu­

r e r s ' e s t i m a t e ) 

( i x ) J e t P o l a r i s i n g V o l t a g e : - 170 V, s t a b i l i s e d 

s u p p l y . 

N e g a t i v e w i t h r e s p e c t 

t o e a r t h . 

( x ) Column t e m p e r a t u r e : 198 - 0.5°C. I s o t h e r m a l 

A n a l y s i s . 

( x i ) R e c o r d e r : S e r v o s c r i b e R.E.511.20 P o t e n t i o -

m e t r i c R e c o r d e r (A. Gallenkamp L t d . 

C h a r t speed — 120 mm/nr 

F.S.D. - lOmV. 

Response time - 1 s e c 

( x i i ) I n j e c t o r S y r i n g e : H a m i l t o n 700 s e r i e s l O u l 

s y r i n g e ( 7 0 0 L SN WG, w i t h K e l - F 

G u ide) 

i n c h (115 mm) f i x e d n e e d l e w i t h 

17° p o i n t S t y l e f o r septum 

p e n e t r a t i o n . 

A c c u r a c y - 1% 

R e p r o d u c i b i l i t y - 1% 

( B o t h m a n u f a c t u r e r s ' e s t i m a t e s ) 
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C a l i b r a t i o n of C a r r i e r Gas f l o w r a t e 

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

the f l o w r a t e of the e l u a n t d e t e r m i n e s t h e speed of 

the a n a l y s i s , The o p t i o n a l e l u t i o n r a t e i s 

n e c e s s a r i l y a compromise between k e e p i n g t h e sample 

on the column l o n g enough t o e n s u r e adequate 

s e p a r a t i o n of the m i x t u r e , and t h e p e a k - b r o a d e n i n g 

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

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

d e c r e a s e i n peak r e s o l u t i o n . 

The most commonly u s e d e x p r e s s i o n f o r t h e 

q u a l i t y o f a c h r o m a t o g r a p h i c column i s the number 

of t h e o r e t i c a l p l a t e s , w h i c h i s a measure of t h e 

r e l a t i v e s h a r p n e s s of a peak (Schupp, 1968) 

n = 16 ^ ^ E q u a t i o n 3 - 1 

where n - number of t h e o r e t i c a l p l a t e s 

Rt - i s the r e t e n t i o n time of the r e s o l v e d 

s o l u t e 

W - peak w i d t h a t the b a s e l i n e c u t by 

t a n g e n t s of the s l o p e s of the peak. 

T h i s e q u a t i o n i s d e r i v e d from d i s t i l l a t i o n 

t h e o r y and l a t t e r l y a d apted f o r chromatography 

t h e o r y (Schupp, 1968). I t depends upon the 

fundamental a s s u m p t i o n t h a t the f a c t o r s c o n t r i b u t i n g 

to peak s p r e a d i n g a r e random v a r i a b l e s ( e . g . m o l e c u l i 

d i f f u s i o n ) and the peak d e s c r i b e s a G a u s s i a n 

d i s t r i b u t i o n . The v a l u e of n, t h e r e f o r e , i s an 

e s t i m a t e of the v a r i a n c e of the peak. 

A second measure of the q u a l i t y of a column 

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

of components b e i n g s e p a r a t e d . The r e s o l u t i o n 

of two peaks may be d e f i n e d by the e x p r e s s i o n 
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(Schupp, 1968): 

R e s o l u t i o n = 2 A R t E q u a t i o n 3-2 
(w 1 + w 2) 

w h e r e A R t i s the d i f f e r e n c e between the r e t e n t i o n 

time of the two components. 

and a r e the peak w i d t h a t the b a s e l i n e 

c u t by the t a n g e n t s of the s l o p e s of t h e peak, 

I f t h e R e s o l u t i o n ^ 1 t h e n the s e p a r a t i o n o f the 

two components i s a t l e a s t 98% complete ( C r a s k e 197^ 

I n o r d e r t o d e t e r m i n e the c a r r i e r gas f l o w 

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

two p a r a m e t e r s were measured a t v a r i o u s c a r r i e r gas 

f l o w r a t e s between 30 and lOOml/minute. The 

r e s u l t s a r e i l l u s t r a t e d g r a p h i c a l l y i n F i g u r e 3-1* 

Both p a r a m e t e r s i n d i c a t e a c l e a r optimum c a r r i e r 

gas f l o w r a t e of 40-45ml/minute. 

Although a n a l y s i s time i s r e d u c e d a t h i g h e r 

f l o w r a t e s , peak r e s o l u t i o n and column e f f i c i e n c y 

f a l l o f f d x - a m a t i c a l l y . T h e r e f o r e a c a r r i e r gas 

f l o w r a t e of 45ml/minute was m a i n t a i n e d f o r a l l 

subsequent a n a l y s e s . 

I n a c c o r d a n c e w i t h the recommendations of 

Maggs ( I 9 6 6 ) , the hydrogen f l o w r a t e was m a i n t a i n e d 

e q u a l t o , or s l i g h t l y i n e x c e s s o f , the c a r r i e r gas 

f l o w r a t e . H y d r o c a r b o n - f r e e a i r f l o w e d at 

700-750ml/minute. A l l f l o w r a t e measurements 

were performed w i t h a 'bubble f l o w m e t e r ' (Pye 

Unicam L t d . ) and s t o p w a t c h . 

A b s o r p t i v i t y of the Column 

D e t a i l e d e x a m i n a t i o n of peak shape over the 

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

were of a G a u s s i a n form. T h e r e was no e v i d e n c e 

of peak a s s y m e t r y ( f o r p a l m i t a t e methyl e s t e r ) as 
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might be e x p e c t e d by a d s o r p t i o n of a p p l i e d 

components, e x c e p t when g r o s s l y o v e r l o a d e d . 

F u r t h e r m o r e , t h e c a l i b r a t i o n l i n e d i s c u s s e d below 

( F i g u r e 3 _2) was l i n e a r even a t low sample l o a d s , 

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

f o r s a t u r a t e d m e thyl e s t e r s , a t l e a s t , was not a 

s e r i o u s problem. 

C a l i b r a t i o n of l o n i s a t i o n D e t e c t o r Response 

( i ) L i n e a r range of the d e t e c t o r . The mass 

r e s p o n s e c h a r a c t e r i s t i c s of the i o n i s a t i o n d e t e c t o r 

was t e s t e d by i n j e c t i o n o f s e r i a l d i l u t i o n s of a 

s t o c k s o l u t i o n o f lOmg p a l m i t a t e methyl e s t e r /ml 

c a r b o n d i s u l p h i d e ( F i g u r e 3-2). The d e t e c t o r 

responded i n d i r e c t p r o p o r t i o n t o t h e l o a d of sampl 
-9 -k 

a p p l i e d t o the column o v e r the range 10 g t o 10 g 
i 

p a l m i t a t e m ethyl e s t e r ( F i g u r e 3-2). The e x t r a p o l 

a t e d l i m i t of d e t e c t i o n was 10 "^g p a l m i t a t e methyl 

e s t e r . 

The m a s s - r e s p o n s e c h a r a c t e r i s t i c s of o t h e r 

s a t u r a t e d and u n s a t u r a t e d f a t t y a c i d m e thyl e s t e r s 

were not examined i n d e t a i l s i n c e a u t h e n t i c s t a n d a r 

f o r a l l n a t u r a l l y o c c u r r i n g f a t t y a c i d s were not 

c o m m e r c i a l l y a v a i l a b l e . F u r t h e r m o r e , K l e i n 

( p e r s o n a l c o m m u n i c a t i o n ) , Ackman (1969) and Horning 

Ahrens, L i p s k y , Mattson, Mead, T u r n e r and G o l d w a t e r 

(1964:) have found t h a t the r e s p o n s e c o r r e c t i o n 

f a c t o r s r e l a t i v e to p a l m i t a t e f o r a wide v a r i e t y 

of s a t u r a t e d and u n s a t u r a t e d f a t t y a c i d m e thyl e s t e 

l a y w i t h i n t h e l i m i t s of e x p e r i m e n t a l e r r o r of the 

a n a l y t i c a l t e c h n i q u e . Hence, no advantage l a y i n 

t a k i n g r e l a t i v e r e s p o n s e f a c t o r s i n t o a c c o u n t . 
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( i i ) R e p r o d u c i b i l i t y of A n a l y s i s . I t was r e c o g ­

n i s e d a t the o u t s e t t h a t d e t a i l e d q u a n t i t a t i v e 

a n a l y s i s of a complex m i x t u r e of s a t u r a t e d and 

u n s a t u r a t e d f a t t y a c i d s would r e s u l t i n s i z e a b l e 

e r r o r s . T h e r e f o r e , each a n a l y s i s of a sample o f 

f a t t y a c i d methyl e s t e r s was p e r f o r m e d i n t r i p l i c a t e 

a t l e a s t , and t h e f i n a l r e s u l t was e x p r e s s e d as a 

mean t S.E.M. of a l l a n a l y s e s . 

( i i i ) Load L i m i t s of the c o l u m n - d e t e c t o r s y s t e m . 

O v e r l o a d i n g of the column became a p p a r e n t w i t h 

s amples g r e a t e r t h a n 10 g p a l m i t a t e m ethyl e s t e r , 

s i n c e t h e peak becomes m a r k e d l y a s s y m e t i c and t h e 

peak h e i g h t d e v i a t e d from t h e l i n e a r r e s p o n s e 

d i s c u s s e d p r e v i o u s l y . C a r e was t a k e n t o e n s u r e 

t h a t a l l samples l a y w i t h i n the l i n e a r c o n c e n t r a t i o i 

range d e f i n e d e a r l i e r . 

I n j e c t i o n T e c h n i q u e 

The f o l l o w i n g t e c h n i q u e was found to r e s u l t i n 

the complete and r e p r o d u c i b l e i n j e c t i o n of the 

sample onto the column: 

( i ) P r i o r to use, the s y r i n g e was washed t h o r o u g h l y 

i n a v a r i e t y of n o n - p o l a r s o l v e n t s . P e r i o d i c a l l y , 

the s y r i n g e p l u n g e r was w i t h d r a w n and wiped w i t h 

a t i s s u e s oaked i n hexane. C l e a n l i n e s s of the 

s y r i n g e was c hecked a t f r e q u e n t i n t e r v a l s by i n j e c ­

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

( i i ) Carbon d i s u l p h i d e was t a k e n up, e x p e l l e d from 

the s y r i n g e to remove a l l a i r b u b b l e s and to c r e a t e 

an e f f e c t i v e b a r r e l - p l u n g e r s e a l . 

( i i i ) A 1 u l ' s l u g ' of c a r b o n d i s u l p h i d e was t a k e n 

up f o l l o w e d by a n o t h e r l u l a i r b u b b l e . The ' s l u g ' 

s e r v e d t o wash any sample r e m a i n i n g i n t h e b a r r e l 

onto the column. 
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( i v ) 8 u l of t h e sample to be a n a l y s e d was t a k e n 

up, f o l l o w e d by a n o t h e r 1 u l a i r b u b b l e . ( T h i s 

l a t t e r b u bble a c t e d as dead space d u r i n g the i n j e c ­

t i o n when b o i l i n g of the sample might o t h e r w i s e 

c a u s e l o s s of p a r t of the sample onto the column 

b e f o r e i n j e c t i o n of t h e r e m a i n d e r . ) 

• ( v ) The f l e x i b l e n e e d l e was c a r e f u l l y i n t r o d u c e d 

onto the column through a r ubber.septum. The 

c o n t e n t s were r a p i d l y i n j e c t e d and the n e e d l e 

w i t h d r a w n . 

( v i ) The s y r i n g e was r e p e a t e d l y c l e a n e d w i t h 

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

P r e p a r a t i o n of F a t t y A c i d Methyl E s t e r s 

( a ) E x t r a c t i o n and Chromatography of P h o s p h o l i p i d s 

( i ) P u r i f i e d p h o s p h o l i p i d s . The abdominal m u s c l e 

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

d i s s e c t e d out and t h e l i p i d s e x t r a c t e d as d e s c r i b e d 

i n C h a p t e r 2. P h o s p h o l i p i d s were f r a c t i o n a t e d on 

s ' i l i c a g e l H u s i n g 2 - d i m e n s i o n a l TLC and v i s u a l i s t 

w i t h Rhodamine 6G ( P a r k e r and P e t e r s o n , 1965) a l s o 

as d e s c r i b e d i n C h a p t e r 2. The s p o t s were s c r a p e d 

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

s l i d e , and t a k e n up by s u c t i o n i n t o an e l u t i o n t r a p 

( G o l d r i c h and H i r s h , 1 9 6 3 ) - The p h o s p h o l i p i d s wer< 

e.luted w i t h a 1 ml p o r t i o n of c h l o r o f o r m - m e t h a n o l 

( 2 : 1 ) c o n t a i n i n g 0.005% BHT f o l l o w e d by two 0.5ml 

p o r t i o n s . 

( i i ) T o t a l p h o s p h o l i p i d f r a c t i o n . C o n t a m i n a t i n g 

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

the p h o s p h o l i p i d f r a c t i o n by t h i n l a y e r chromato­

graphy u s i n g p e t r o l e u m e t h e r : D i e t h y l e t h e r : 

G l a c i a l a c e t i c a c i d (70:30:2, v / v / v ) as the develop­

i n g s o l v e n t . The p h o s p h o l i p i d s remained a t the 
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o r i g i n and were s c r a p e d o f f the c h r o m a t o p l a t e and 

e l u t e d a s d e s c r i b e d above. I s o l a t e d p h o s p h o l i p i d s 

were s t o r e d under n i t r o g e n i n s e a l e d g l a s s ampoules 

a t -20°C u n t i l r e q u i r e d (up t o 2 d a y s ) . 

( b ) I n t e r e s t e r i f i c a t i o n P r o c e d u r e s 

I s o l a t e d p h o s p h o l i p i d s were d r i e d down i n a 

g l a s s ampoule under pure d r y n i t r o g e n and the 

h y d r o c a r b o n c h a i n s i n t e r e s t e r i f i e d a c c o r d i n g t o the 

p r o c e d u r e of M o r r i s o n and Smith ( 1 9 6 ^ ) . 0.5ml 

Vk% boron t r i f l u o r i d e i n methanol was added t o t h e 

d r i e d p h o s p h o l i p i d s . The p h o s p h o l i p i d s were 

d i s s o l v e d i n the r e a g e n t , the ampoule was f l u s h e d 

w i t h n i t r o g e n and t h e n s e a l e d i n a f lame ( K l o p f e n -

s t e i n , 1971 ) • The ampoule was i n c u b a t e d a t 100°C 

f o r e x a c t l y 10 m i n u t e s . A f t e r c o o l i n g 0.5 ml 

d i s t i l l e d w a t e r and 1 ml of hexane were added 

and the f a t t y a c i d m e thyl e s t e r s were e x t r a c t e d 

i n t o the hexane by c r e a t i n g an e m u l s i o n of the 

2-phase s y s t e m . The hexane and aqueous p h a s e s wer< 

s e p a r a t e d by c e n t r i f u g a t i o n a t lOOOg f o r 10 m i n u t e s 

i n a M i s t r a l 2L c e n t r i f u g e ^-M.S.E. L t d . ) . The 

upper hexane l a y e r was removed u s i n g a P a s t e u r p i p ­

e t t e and s t o r e d u n d e r n i t r o g e n i n s e a l e d g l a s s 

ampoules a t -20°C u n t i l r e q u i r e d f o r a n a l y s i s . 

( c ) S t r u c t u r a l N o t a t i o n of F a t t y A c i d s 

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

the s t r u c t u r e of p a r t i c u l a r f a t t y a c i d s i s t h a t of 

Ackman (1 9 6 9 ) w h i c h i s b a s e d upon the n o t a t i o n 

n : x wy 

where n - i s the t o t a l number of c a r b o n atoms i n 

the f a t t y a c i d c h a i n ( i . e . , c h a i n l e n g t h ) 

x - i s the number of o l e f i n i c double bonds 

i n the c a r b o n c h a i n ( i . e . , degree o f 
u n s a t u r a t i o n ) 
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y - i s t h e number of c a r b o n atoms from 

t h e c e n t r e of the double bond f u r t h e s t 

removed from the c a r b o x y l end group , 

t o and i n c l u d i n g t h e t e r m i n a l m e thyl 

group ( i . e . , end c a r b o n c h a i n ) . 

T h i s s y s t e m has t h e advantage o f i n d i c a t i n g 

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

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

d e f i n e the GLC c h a r a c t e r i s t i c s . 

I t i s assumed t h a t a l l o l e f i n i c bonds i n 

u n s a t u r a t e d f a t t y a c i d s a r e ' c i s ' i n s t r u c t u r e and 

a r e methylene i n t e r r u p t e d a l t h o u g h c e r t a i n non-

methylene i n t e r r u p t e d i s o m e r s have r e c e n t l y been 

r e p o r t e d (Ackman and Hooper 1973)* I n t h i s s t u d y 

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

p a l m i t a t e (16:0), s i n c e t h i s compensates f o r day 

to day v a r i a t i o n s i n o p e r a t i n g c o n d i t i o n s t h a t 

r e s u l t i n a v a r i a b i l i t y i n the a b s o l u t e r e t e n t i o n 

t i m e . The r e t e n t i o n time was measured from the 

r i s i n g p o r t i o n of the s o l v e n t f r o n t . 

I d e n t i f i c a t i o n of P e a k s 

( a ) Peaks were t e n t a t i v e l y i d e n t i f i e d by c o m p a r i s o n of 

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

from c o m m e r c i a l s o u r c e s ( T a b l e 3-1). 

( b ) I n t h o s e c a s e s where a u t h e n t i c samples were not 

a v a i l a b l e p e a k s were t e n t a t i v e l y i d e n t i f i e d u s i n g 

the ' s e m i l o g p r o c e d u r e ' of Ackman (1963a). The 

r e l a t i v e r e t e n t i o n t i m e s of homologs a r e known t o 

be r e l a t e d i n a l o g a r i t h m i c f a s h i o n to the number 

of carbon atoms p r e s e n t . T h i s c o r r e l a t i o n depends 

y s o l e l y upon the f a t t y a c i d c h a i n l e n g t h , the number 

of u n s a t u r a t e d bonds and the l e n g t h of the end 
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c a r b o n c h a i n ( f o r d e f i n i t i o n s e e s e c t i o n 4 ( c ) i n 

t h i s c h a p t e r ) . Ackman ( 1 9 6 3 a ) has shown t h a t a l l 

such l i n e s a r e p a r a l l e l t o t he l i n e f o r monosaturati 

methyl e s t e r s . 

Thus, f o r methyl e s t e r s o f normal methylene-

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

l i n e drawn t h r o u g h any p o i n t , p a r a l l e l t o t h e l i n e 

e s t a b l i s h e d f o r monounsaturated f a t t y a c i d s j o i n s 

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

(,i.e., w i t h the same number of o l e f i n i c bonds and 

end c a r b o n c h a i n , but w i t h d i f f e r e n t numbers of 

c a r b o n atoms i n the c h a i n ) . With packed columns 

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

monoenoic i s o m e r s i s not a c h i e v e d . Thus, f o r 

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

a r e assumed t o be w9, a l t h o u g h t h i s may not be t h e 

c a s e ( A d d i s o n , Ackman and H i n g l e y , 1968, 1 9 7 2 ) . 

The d a t a of Ackman ( 1 9 6 3 a ) , B u r c h f i e l d and 

S t o r r s ( I 9 6 2 ) and t h a t o b t a i n e d i n the p r e s e n t stud; 

u s i n g a u t h e n t i c f a t t y a c i d s ( T a b l e 3 - 2 ) , were ; 

p l o t t e d i n t h i s way. The RRt of f a t t y a c i d m e t h y l 

e s t e r s t h a t were e i t h e r u n a v a i l a b l e or n o t g i v e n i n 

the l i t e r a t u r e were p r e d i c t e d by i n t e r p o l a t i o n of 

t h e s e p a r a l l e l l i n e s . 

) The ' S e p a r a t i o n F a c t o r 1 p r o c e d u r e of Ackman (1963a 

was u s e d t o p r e d i c t the RRt of f a t t y a c i d m ethyl 

e s t e r s t h a t were not o b t a i n e d by o t h e r p r o c e d u r e s . 

The s e p a r a t i o n f a c t o r o f two components of a homolo 

gous s e r i e s , i s t he r a t i o of t h e i r r e l a t i v e r e t e n t i i 

t i m e s , and has a c h a r a c t e r i s t i c v a l u e f o r p a r t i c u l a : 

c o m b i n a t i o n s of f a t t y a c i d s . These c a n be u s e d to 

p r e d i c t t h e degree of u n s a t u r a t i o n and p o s i t i o n of 
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the double bonds o f unknown f a t t y a c i d methyl e s t e r s 

( e . g . , Ackman, 1963b, I969; Johnson and Davenport, 

1971). Ackman (1969) h a s summarised the d i f f e r e n t 

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

a p p l i c a b i l i t y t o t h e problem of. peak i d e n t i f i c a t i o n , 

( i v ) As a chec k on t h e i d e n t i t y of t h e major f a t t y a c i d s 

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

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

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

d egree of u n s a t u r a t i o n by ' A r g e n t a t i o n 1 t h i n - l a y e r 

chromatography. 

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

p u r i f i e d on 0.5mm s i l i c a g e l H c h r o m a t o p l a t e s u s i n g 

the 2 - d i m e n s i o n a l s y s t e m d e s c r i b e d i n C h a p t e r 2. 

The s p o t was t a k e n up i n t o an ' e l u t i o n t r a p ' and th« 

p h o s p h o l i p i d s were e l u t e d w i t h t h r e e 1ml p o r t i o n s 

of c h l o r o f o r m / m e t h a n o l (2:1) c o n t a i n i n g 0.005% BHT. 

The f a t t y a c i d methyl e s t e r s were p r e p a r e d ( s e e 

s e c t i o n 'lb of t h i s C h a p t e r ) and t h e n a p p l i e d to a 

TLC c h r o m a t o p l a t e w i t h a 250um l a y e r of s i l i c a g e l 1 

c o n t a i n i n g 10% (w/w) AgNO^. The c h r o m a t o p l a t e was 

d e v e l o p e d w i t h p e t r o l e u m e t h e r (40-bO°C, b . p . ) / 

d i e t h y l e t h e r / g l a c i a l a c e t i c a c i d (70 : 30 : 2, 

v / v / v ) . The f r a c t i o n s were s u b s e q u e n t l y l o c a t e d 

u s i n g t h e Rhodamine 6G r e a g e n t ( C h a p t e r 2) and the 

methyl e s t e r s were e l u t e d from each s p o t w i t h 

hexane, and d r i e d down f o r g a s - l i q u i d a n a l y s i s . 

T h i s p r o c e d u r e s e p a r a t e s methyl e s t e r s a c c o r d i n g 

to t h e i r degree of u n s a t u r a t i o n , and e n a b l e s p e a k s 

t h a t u s u a l l y o v e r l a p t o be examined s e p a r a t e l y . 
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( v ) The r e s u l t s o f t h e s e v a r i o u s p r o c e d u r e s f o r the 

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

m e thyl e s t e r s a r e summarised i n T a b l e 3-3» 

6. Q u a n t i f i c a t i o n of P e a k s 

I t h a s been shown p r e v i o u s l y t h a t the magnitude 

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

t o the l o a d of m ethyl e s t e r a p p l i e d . I t h a s a l s o 

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

(Maggs 1966; Horning, A h r e n s , L i p s k y , Mattson, 

Mead, 'Turner and Goldwater, I963; Johnson and 

Davenport,1971) t h a t , f o r the d i f f e r e n t components 

of a m i x t u r e , the measurement of peak a r e a g i v e s a 

d i r e c t e s t i m a t e of the w e i g h t of Cg and h i g h e r 

f a t t y a c i d s a p p l i e d to the column. F u r t h e r m o r e 

t h e r e i s no d e t e c t a b l e d i f f e r e n c e i n t h e mass 

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

a c i d s when compared w i t h s a t u r a t e d compounds. 

Hence t h e major problem i n q u a n t i f y i n g chromatograms 

i s t h e measurement of peak a r e a . 
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The r e l a t i v e a r e a s of e a c h peak was e s t i m a t e d u s i n g 

the method o f C a r r o l (1961) ( see S e c t i o n 3 ( d ) ) . Here 

i t i s assumed t h a t each peak d e s c r i b e s a G a u s s i a n c u r v e 

and t h a t the a r e a i s a p r o d u c t of t h e peak h e i g h t and 

i t s s t a n d a r d d e v i a t i o n (Schupp 1968) 

A = 2.507 h. d. E q u a t i o n 3-'i 

where A - a r e a of t h e peak 

. h - maximum peak h e i g h t 
d - s t a n d a r d d e v i a t i o n of t h e peak 

The s t a n d a r d d e v i a t i o n i s u s u a l l y e s t i m a t e d by 

me a s u r i n g the peak w i d t h a t h a l f h e i g h t ^ ^ T ^ when 

W&- = 2.35^ d E q u a t i o n 3-5 

Thus A = 2.507 h. W^. 
2.35k E q u a t i o n 3-6 

However, t h i s t e c h n i q u e i s u n s a t i s f a c t o r y b e c a u s e e r r o r s 

i n measurement o f peak w i d t h become l a r g e w i t h s h a r p 

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

( d ) of a peak i s l i n e a r l y r e l a t e d t o i t s r e t e n t i o n time 

( C a r r o l I961) i t becomes p e r m i s s i b l e to r e p l a c e t h e 

peak w i d t h a t h a l f - h e i g h t w i t h t h e u n c o r r e c t e d r e t e n t i o n 

time ( R t ) i n E q u a t i o n 3» 

Hence A = h x R t E q u a t i o n 3-7 

The w e i g h t - p e r c e n t , f a t t y a c i d c o m p o s i t i o n of a m i x t u r e 

of f a t t y a c i d s was t h e r e f o r e d e t e r m i n e d by e s t i m a t i n g 

the r e l a t i v e a r e a s o f a l l component p e a k s . The a r e a s 

of a l l p e a k s were summed and t h i s t o t a l was assumed t o 

r e p r e s e n t the whole sample ( i . e . 100%). The w e i g h t -

p e r c e n t , of t h e n*'1 component was t h e n g i v e n by -

\ft% n = An . 100 E q u a t i o n 3-8 

2A 

where An - r e l a t i v e a r e a of peak a s s o c i a t e d w i t h 

compound n. 
^A - Sum of r e l a t i v e peak a r e a s i n m i x t u r e . 
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Although the r e p r o d u c i b i l i t y of t h i s t e c h n i q u e i s 

s u p e r i o r t o o t h e r s , D i j k s t r a ( 1 9 6 1 ) h a s c r i t i c i s e d i t 

f o r samples c o n t a i n i n g compounds w i t h v e r y d i f f e r e n t 

RRt, s i n c e the r e l a t i o n s h i p between peak w i d t h and Rt 

i s o n l y a p p r o x i m a t e . N e v e r t h e l e s s , t h e e r r o r s i n the 

a l t e r n a t i v e methods make t h i s a p p r o x i m a t i o n u n i m p o r t a n t . 

However, i t s h o u l d be remembered t h a t i n c a l c u l a t i n g 

p e r c e n t a g e c o m p o s i t i o n , a n e r r o r i n measurement of one 

peak w i l l r e s u l t i n a l t e r e d v a l u e s f o r a l l o t h e r 

components. P r e s e n t a t i o n of r e s u l t s t o two d e c i m a l 

p l a c e s i s s o l e l y to a l l o w the s m a l l p r o p o s i t i o n s of 

v a r i o u s components to be shown. I t does no t i m p l y 

a c c u r a c y a t t h a t l e v e l . 

RESULTS 

A. I d e n t i f i c a t i o n of F a t t y A c i d s of P u r i f i e d C h o l i n e P h o s p h o l i p i d 

( i ) L i m i t a t i o n s of GLC I n d e n t i f i c a t i o n P r o c e d u r e s 

I t s h o u l d be remembered t h a t the c o m p a r i s o n of 

r e l a t i v e r e t e n t i o n t i m e s ( R R t ) of an u n i d e n t i f i e d 

c h r o m a t o g r a p h i c peak w i t h the RRt of a u t h e n t i c compounds, 

or w i t h t h e RRt p r e d i c t e d by v a r i o u s p r o c e d u r e s , p r o v i d e s 

a t b e s t o n l y a t e n t a t i v e i d e n t i f i c a t i o n of t he unknown 

compound. T h i s i s b e c a u s e s e v e r a l q u i t e d i s t i n c t 

c h e m i c a l compounds may e x h i b i t s i m i l a r 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 . 

F o r the p o s i t i v e i d e n t i f i c a t i o n of each component, 

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

as i n f r a - r e d and mass s p e c t r o m e t r y . I n v i e w of t h e 

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

l i m i t a t i o n s i n mind, i t was assumed t h a t each peak does 

i n d e e d r e p r e s e n t a f a t t y a c i d m e t h y l e s t e r . I t was 

f u r t h e r assumed t h a t the s t r u c t u r e of each component of 

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

u s i n g the p r o c e d u r e s d e s c r i b e d i n ' M a t e r i a l s and Methods' 
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( i i ) P u r i f i c a t i o n and F r a c t i o n a t i o n o f L e c i t h i n F a t t y A c i d s 

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

p h o s p h o l i p i d were s t u d i e d i n d e t a i l by g a s - l i q u i d 

c h r o m a t o g r a p h i c (GLC) a n a l y s i s f o l l o w i n g f r a c t i o n a t i o n 

of t h e methyl e s t e r s by 1 a r g e n t a t i o n ' chromatography 

as d e s c r i b e d i n the ' M a t e r i a l s and Methods'. 

F i v e f r a c t i o n s were v i s u a l i s e d on the c h r o m a t o p l a t e 

under s h o r t w a v e l e n g t h UV l i g h t f o l l o w i n g ' a r g e n t a t i o n 1 

chromatography, and t h e s e were numbered c o n s e c u t i v e l y 

from the s o l v e n t f r o n t to t h e o r i g i n . Thus f r a c t i o n I 

had an R f of a p p r o x i m a t e l y 0.8, r e l a t i v e to t h e s o l v e n t 

f r o n t , whereas f r a c t i o n V was a l m o s t c o n t i g u o u s w i t h the 

o r i g i n . 

The g a s - l i q u i d chromatogram f o r e a c h f r a c t i o n i s 

i l l u s t r a t e d i n F i g u r e ^}-k. The r e l a t i v e r e t e n t i o n times 

(1.00 = 1610) f o r each c h r o m a t o g r a p h i c peak was compared 

w i t h t h o s e v a l u e s g i v e n i n T a b l e . 3 _ 3 i and t h e r e b y 

' t e n t a t i v e l y * i d e n t i f i e d . The r e l e v a n t d a t a i s pres.ente 

i n T a b l e 3 - ^ i where i t can be s e e n t h a t t h e r e i s good 

agreement between t h e o b s e r v e d RRt f o r each unknown 

compound, i t s e x p e c t e d b e h a v i o u r d u r i n g ' a r g e n t a t i o n ' 

chromatography, and the RRt of the c o r r e s p o n d i n g 

a u t h e n t i c or p r e d i c t e d m ethyl e s t e r . ( I t i s e m p h a s i s e d 

t h a t f o r i l l u s t r a t i v e p u r p o s e s , F i g u r e 3 - ^ i s composed 

of chromatograms a t v a r i o u s d e t e c t o r s e n s i t i v i t i e s and 

the peak a r e a s i l l u s t r a t e d t h e r e f o r e b e a r l i t t l e o r no 

r e l a t i o n t o t h e a c t u a l c o m p o s i t i o n of the m i x t u r e ) . 

F r a c t i o n I c o n s i s t s e n t i r e l y of s a t u r a t e d and 

monoenoic f a t t y and methyl e s t e r s ( T a b l e 3-k). The majc 

components of the m i x t u r e were l 6 ! 0 , 1 6 ! l w 9 , iR'.O and 

l 8 ! l w 9 . BHT was a l s o p r e s e n t i n t h i s f r a c t i o n 

(RRt = 0 . ^ 5 ) . The peaks e l u t i n g b e f o r e 16:0 were 
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i g n o r e d d u r i n g t h e q u a n t i t a t i v e and q u a l i t a t i v e a n a l y s i s 

m a i n l y b e c a u s e i m p u r i t i e s and the a n t i o x i d a n t BUT 

obscures the chromatogram i n t h i s r e g i o n . However, 

a n a l y s e s i n the absence of BHT i n d i c a t e d t h a t 1^10, w i t h 

w h i c h i t o v e r l a p s was a v e r y minor component (^0.2%) of 

the t o t a l m i x t u r e . A major peak (RRt = 0.860) was 

i n f r e q u e n t l y o b s e r v e d . T h i s was a s c r i b e d t o an 

i m p u r i t y s i n c e i t s RRt d i d not c o r r e s p o n d t o any known 

or p r e d i c t e d f a t t y a c i d , and i t s h i g h l y v a r i a b l e 

magnitude. The peak w i t h RRt = 1.55 may be e i t h e r 

17:lw9 or i s o l 6 : 0 and i t i s n o t p o s s i b l e t o d e c i d e 

between them. 

F r a c t i o n I I c o n s i s t e d of mono- and d i e n o i c m ethyl 

e s t e r s ( T a b l e 3~ z*i F i g u r e 3 - ^ ) - I n each c a s e the 

c o r r e s p o n d e n c e between t h e o b s e r v e d RRt and the p r e d i c t e 

RRt was c l o s e ( T a b l e J-k). l8:2w6.was the o n l y major 

component. 22:9 w9 c o u l d be o b s e r v e d o n l y a t h i g h 

d e t e c t o r s e n s i t i v i t y . 

F r a c t i o n I I I c o n s i s t e d m a i n l y of t r i e n o i c m e t h y l 

e s t e r s . A l t h o u g h a l a r g e number of i s o m e r s were i d e n t i 

f i e d , o n l y l8:3w3 was p r e s e n t i n l a r g e amounts. 20:3w3 

was p o s i t i v e l y i d e n t i f i e d as a minor component w i t h 

RRt = 5 . 7 1 . 

F r a c t i o n I V c o n s i s t e d m a i n l y of t e t r a e n o i c m e t h y l 

e s t e r s , w i t h 20:4 w6 c o m p r i s i n g the major f r a c t i o n . 

A,minor peak c o r r e s p o n d i n g to 20:lw9 was a l s o o b s e r v e d . 

F r a c t i o n V c o n s i s t e d m a i n l y of p e n t a e n o i c and 

h e x a e n o i c methyl e s t e r s ( T a b l e 3 ~ ^ i F i g u r e J - k ) . 

20:5*0 was p r e s e n t i n l a r g e amounts, w h i l s t 22:4w9, 

2o:5w6, 22:5w3 and 22:6w3 were p r e s e n t i n s m a l l e r 

q u a n t i t i e s . 22:5w6 and l 8 : W 3 were t r a c e components. 
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E a c h TLC f r a c t i o n was o f t e n c o n t a m i n a t e d by methyl 

e s t e r s from a d j a c e n t f r a c t i o n s o f the AgNO^ t h i n - l a y e r 

chromatograms, and t h i s c o m p l i c a t e d the i d e n t i f i c a t i o n 

p r o c e d u r e . F o r example, both f r a c t i o n I and I I 

c o n t a i n e d p e a k s c o r r e s p o n d i n g to l 6 : l w 9 , and t o l 8 : l w 9 

( T a b l e . A l s o f r a c t i o n s I and I I I c o n t a i n e d a v e r y 

minor peak ( n o t i l l u s t r a t e d i n F i g u r e J-k) t h a t 

c o r r e s p o n d e d w e l l w i t h the p r e d i c t e d RRt of 20:lw9. 

T h i s was n o t such a problem f o r f r a c t i o n s I I , I V and V. 

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

complete f r a c t i o n a t i o n between u n s a t u r a t i o n c l a s s e s . 

T h i s may have been c a u s e d by o v e r l o a d i n g the TLC p l a t e 

with, sample. 

However, t h i s p r o c e d u r e d i d p e r m i t a more d e t a i l e d 

a n a l y s i s of t h e m i x t u r e of methyl e s t e r s t h a n would 

o t h e r w i s e have been t h e c a s e . Thus i t h a s p r o v e d 

p o s s i b l e to s e p a r a t e 20:3w3 (RRt = 5-71) f r a c t i o n I I I ) 

f rom 20: ziw6 (RRt = 5-51, f r a c t i o n I V ) , w h i c h o t h e r w i s e 

would c o m p l e t e l y o v e r l a p even though t h e i r r e t e n t i o n 

t i m e s a r e somewhat d i f f e r e n t (Ackman, 1969, p.3°5)« 

I n o t h e r c a s e s , the d i s t i n c t i o n between t h e RRt o f two 

f a t t y a c i d s p r e s e n t i n d i f f e r e n t TLC f r a c t i o n s i s n o t 

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

compound. Thus l8:3w3 (RRt = 3-13, F r a c t i o n I I I ) and 

l8:4w6' (RRt = 3.07, F r a c t i o n I V ) have v e r y s i m i l a r 

r e t e n t i o n t i m e s , and t h e major e v i d e n c e f o r t h e i r 

s e p a r a t e i d e n t i t y i s t h e i r appearance i n d i f f e r e n t TLC 

f r a c t i o n s . 2 0 : ^ 0 (RRt = 6.^0, F r a c t i o n I V ) and 

20:5^6 (RRt = 6.12, F r a c t i o n V) p r e s e n t a s i m i l a r p r o b l e r 

T h e r e f o r e i n t h o s e c a s e s where the R R t 1 s a r e s i g n i f i c a n t ] 

d i f f e r e n t ( i . e . , R R t ^ 0 . 2 0 ) , i t i s c o n c l u d e d t h a t t h e 

components have d i f f e r e n t c h e m i c a l s t r u c t u r e s . 
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I t was c o n c l u d e d t h a t p h o s p h a t i d y l c h o l i n e c o n t a i n s 

m a i n l y 16:0, l 6 : l w 9 , 18:0, l 8 : l w 9 , l8:2w6, 20:W6, 
20:5w3, 22:5w3 and 22:6w3. A l a r g e number of o t h e r 

components were o b s e r v e d i n minor or t r a c e amounts. 

The F a t t y A c i d C o m p o s i t i o n o f P u r i f i e d T o t a l P h o s p h o l i p i d s 

from C r a y f i s h Muscle 

( i ) T r e a t m e n t of C r a y f i s h 

F r e s h l y c a u g h t c r a y f i s h were m a i n t a i n e d f o r 1 week 

a t 15-0.5°C under l 8 h r - l i g h t d a y l e n g t h c o n d i t i o n s . A l l 

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

were d i v i d e d i n t o two groups w i t h o u t b i a s to s e x or s i z e 

o f e a c h a n i m a l . E a c h group was a c c l i m a t e d e i t h e r t o 

'L-0.5°C or to 25-0.1°C f o r t h r e e weeks, b o t h under l 8 h r -

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

( i i ) E x t r a c t i o n and I d e n t i f i c a t i o n of F a t t y A c i d s 

The p h o s p h o l i p i d s were e x t r a c t e d f r o m t h e abdominal 

m u s c l e o f t e n c r a y f i s h from each a c c l i m a t i o n group, as 

d e s c r i b e d i n C h a p t e r 2. The t o t a l p h o s p h o l i p i d f r a c t i o n 

was p u r i f i e d by o n e - d i m e n s i o n a l t h i n l a y e r chromatography 

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

d e s c r i b e d i n ' M a t e r i a l s and Methods' of t h i s c h a p t e r . 

The i d e n t i t y of e a c h c h r o m a t o g r a p h i c peak was t e n t a t i v e l y 

e s t a b l i s h e d as i n the p r e v i o u s s e c t i o n and the q u a n t i t a ­

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

e s t i m a t e d u s i n g the method of C a r r o l l ( 1 9 6 . I ) . 

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

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

F i g u r e 3-5- The RRt ( l 6 : 0 ) f o r each c h r o m a t o g r a p h i c 

peak, and t h e RRt ( l 6 : 0 ) f o r the a s s o c i a t e d a u t h e n t i c 

methyl e s t e r s ( o r p r e d i c t e d RRt ( l 6 : 0 ) f o r u n a v a i l a b l e 

methyl e s t e r s ) a r e p r e s e n t e d i n T a b l e 3-5 f o r c o m p a r i s o n . 

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

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

' a r g e n t a t i o n 1 chromatography. However, many of the 

minor o r t r a c e components i d e n t i f i e d i n the l a t t e r 

s t u d y were t o t a l l y o b s c u r e d by the m ajor components of 

the f a t t y a c i d m i x t u r e and t h e r e f o r e c o u l d n o t be 

i n c l u d e d i n the q u a n t i t a t i v e a n a l y s i s . 

S e v e r a l p e a k s p r e s e n t i n t h i s a n a l y s i s of p u r i f i e d 

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

p r e v i o u s s t u d y . T h e s e were t e n t a t i v e l y i d e n t i f i e d from 

t h e i r RRt ( l 6 : 0 ) v a l u e s as l6:4w6 (RRt = I . 6 3 ) , 17:2w4 

(RRt 1 . 7 2 ) , l8;'lw3 (RRt = 3.^3),22:2w6 (RRt = 8.24) and 

22:5w9 (RRt = 1 0 . 4 8 ) . The l a t t e r t h r e e f a t t y a c i d s 

were a l l t r a c e components w i t h i n t h e m i x t u r e of f a t t y 

a c i d s and were of minor q u a n t i t a t i v e i m p o r t a n c e , 

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

The t o t a l p h o s p h o l i p i d f r a c t i o n of e a c h muscle l i p i d 

e x t r a c t was p u r i f i e d and t h e i r f a t t y a c i d s a n a l y s e d f i v e 

t i m e s s e p a r a t e l y . The r e s u l t s were a v e r a g e d and are 

p r e s e n t e d i n T a b l e 3-5 and i l l u s t r a t e d i n F i g u r e 3-6. 

The f a t t y a c i d s of the t o t a l p h o s p h o l i p i d f r a c t i o n 

from both a c c l i m a t i o n groups were composed m a i n l y of f o u r 

components, e a c h c o m p r i s i n g 10% or more of the t o t a l 

w e i g h t of f a t t y a c i d ( F i g u r e 3-6.)- T h e s e were 16:0, 

l 8 : l w 9 , 20:4w6 (+20:3w3) and 20:5w6. The l a t t e r two 

f a t t y a c i d f r a c t i o n s t o g e t h e r c o m p r i s e d o v e r k0% of 

the t o t a l w e i g h t . 

Nine o t h e r components were p r e s e n t i n q u a n t i t i e s 

of 1-10%, p r i n c i p a l l y l 6 : l w 9 , 19:0, l8:2w6 and 22:6w3. 

A l l o t h e r components were p r e s e n t i n r e l a t i v e q u a n t i t i e s 

below 1%. 
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( i v ) E f f e c t s of T hermal A c c l i m a t i o n upon f a t t y a c i d c o m p o s i t i o ; 

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

p h o s p h o l i p i d e x t r a c t s from the abdominal muscle of t e n 

c r a y f i s h of r o u g h l y e q u a l s i z e , from each a c c l i m a t i o n 

group. I t t h e r e f o r e r e p r e s e n t s the approximate a v e r a g e 

f a t t y a c i d c o m p o s i t i o n of t h o s e t e n a n i m a l s . 

A l t h o u g h t h e same g e n e r a l p a t t e r n of f a t t y a c i d 

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

both a c c l i m a t i o n groups, t h e r e a r e some c o n s p i c u o u s 

d i f f e r e n c e s i n the p r o p o r t i o n s o f t h e v a r i o u s components 

of the m i x t u r e ( F i g u r e 3 - 6 ) . The e x t r a c t from 'i°C 

a c c l i m a t e d c r a y f i s h had r e d u c e d l e v e l s of t h e s a t u r a t e d 

f a t t y a c i d s .1.6:0 and 18:0 and t h e p o l y u n s a t u r a t e 22:6w3 

when compared t o t h e c o r r e s p o n d i n g e x t r a c t from 25°C 

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

20:4w6 (+ 20:3w6) and 20:5w3 composed s l i g h t l y h i g h e r 

p r o p o r t i o n s of the p h o s p h o l i p i d f r a c t i o n from ll°C 

a c c l i m a t e d c r a y f i s h m u s c l e . 

( v ) Changes i n Carbon C h a i n Length 

When t h e d a t a was grouped a c c o r d i n g to c a r b o n c h a i n 

l e n g t h ( T a b l e 3-6a tand F i g u r e 3-7a) i t became a p p a r e n t 

t h a t t h e r e was a s m a l l e r p r o p o r t i o n of Cl6 ( d i f f e r e n c e of 

1.37%, P<0.01 ) and C22 ( d i f f e r e n c e of l.l\5%, P<0.001) 
of 

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

k°C a c c l i m a t e d c r a y f i s h . T h i s was compensated by an 

i n c r e a s e i n t h e C20 component i n t h i s a c c l i m a t i o n group 

( d i f f e r e n c e of 2 - 5 9 % , P < 0 . 0 0 l ) . 

( v i ) Changes i n F a t t y A c i d U n s a t u r a t i o n 

By g r o u p i n g the d a t a a c c o r d i n g to the number of 

o l e f i n i c bonds p r e s e n t i n the h y d r o c a r b o n c h a i n ( T a b l e 

3-6b and F i g u r e 3 ~ 8 a ) , i t became c l e a r t h a t t h e phospho­

l i p i d f r a c t i o n from k°C a c c l i m a t e d c r a y f i s h c o n t a i n e d 
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a g r e a t e r p r o p o r t i o n of monoenoic ( d i f f e r e n c e of 1.37%, 
P = 0.001-0.01), d i e n o i c ( d i f f e r e n c e of 1.49%, P < 0 - 0 0 l ) , 
t r i e n o i c ( d i f f e r e n c e of 0.25%, P = 0.02-0.05) and p e n t a -
e n o i c f a t t y a c i d s ( d i f f e r e n c e of 1 . 6 5 % i P<0.001) t h a n t h 
p h o s p h o l i p i d s from 25°C a c c l i m a t e d c r a y f i s h . 

The s a t u r a t e d ( d i f f e r e n c e of k.00%, P^O.001) and 

t h e h e x a e n o i c components ( d i f f e r e n c e of 1.15%, P^O.OOl) 

however, formed a s m a l l e r p r o p o r t i o n of the t o t a l f a t t y 

a c i d w e i g h t i n the former a c c l i m a t i o n group. 

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

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

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

4°C a c c l i m a t e d c r a y f i s h had a s l i g h t l y g r e a t e r u n s a t u r ­

a t e d f a t t y a c i d c o m p o s i t i o n ( i . e . , 4.00% g r e a t e r ) . 

I t h a s been demonstrated p r e v i o u s l y t h a t o v e r 50% 

of t h e t o t a l p h o s p h o l i p i d of c r a y f i s h muscle i s made up 

of c h o l i n e p h o s p h o l i p i d s ( C h a p t e r 2 ) . I t was t o be 

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

t o t a l p h o s p h o l i p i d f r a c t i o n would be dominated by the 

f a t t y a c i d c o m p o s i t i o n o f the c h o l i n e p h o s p h o l i p i d s . 

Thus any d i f f e r e n c e s i n the f a t t y a c i d c o m p o s i t i o n of 

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

would no t be r e a d i l y m a n i f e s t i n an a n a l y s i s of the t o t a l 

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

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

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

( P C ) , the e t h a n o l a m i n e p h o s p h o l i p i d s ( P E ) , and t h e 

s e r i n e / i n o s i t o l p h o s p h o l i p i d s (PS + P I ) . 

T h e s e p h o s p h o l i p i d c l a s s e s were . f r a c t i o n a t e d by 

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

i n ' M a t e r i a l s and Methods'. E a c h p h o s p h o l i p i d c l a s s 

was e l u t e d from the s i l i c a g e l and i t s c o n s t i t u e n t f a t t y 
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a c i d s a n a l y s e d by GLC, a l s o a s d e s c r i b e d i n ' M a t e r i a l s 

and Methods'. A n a l y s i s o f e a c h muscle p h o s p h o l i p i d 

e x t r a c t was perf o r m e d i n r e p l i c a t e , and the f i n a l r e s u l t 

e x p r e s s e d as an average - S.E.M. of 3 > l± or 5 s e p a r a t e 

a n a l y s e s of t h e same e x t r a c t . 

The F a t t y A c i d C o m p o s i t i o n of t h e C h o l i n e P h o s p h o l i p i d s 

A t y p i c a l g a s - l i q u i d chromatogram of the f a t t y a c i d s of 

the c h o l i n e p h o s p h o l i p i d s i s p r e s e n t e d i n F i g u r e 3~9• 

As e x p e c t e d the b a s i c p a t t e r n of t h e f a t t y a c i d s of 

c h o l i n e p h o s p h o l i p i d s was s i m i l a r to t h e p a t t e r n d e s c r i b e d 

f o r t h e t o t a l p h o s p h o l i p i d f r a c t i o n (compare F i g u r e s 3-10 and 

3 - 6 ) . Thus 16:0, l 8 : l w 9 , 20:W6 and 20:5w3 were the 

dominant f r a c t i o n s , c o m p r i s i n g a p p r o x i m a t e l y 70% of the t o t a l 

w e i g h t of the f a t t y a c i d m i x t u r e ( F i g u r e 3-10 and 

T a b l e 3 - 7 ) . The major d i f f e r e n c e from the f a t t y a c i d 

c o m p o s i t i o n of the t o t a l p h o s p h o l i p i d f r a c t i o n , w a s an i n c r e a s e 

i n t h e p r o p o r t i o n of 16:0, l 6 : l w 9 and l 8 : l w 9 , w i t h a c o r r e s ­

p onding d e c r e a s e i n t h e p r o p o r t i o n o f 20:W6 ( + 2 0 : 3 ^ 3 ) , 

20:5w3 and 22:6w3 f a t t y a c i d s . 

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

t e m p e r a t u r e s had a s m a l l e f f e c t upon the f a t t y a c i d c o m p o s i t i o : 

of the c h o l i n e p h o s p h o l i p i d s . 

( i ) Changes i n Carbon C h a i n Length 

T h e r e were no s t a t i s t i c a l l y s i g n i f i c a n t d i f f e r e n c e s 

i n t h e ' p r o p o r t i o n of f a t t y a c i d s o f ea c h c a r b o n c h a i n 

l e n g t h ( T a b l e 3-8a and F i g u r e 3 - 7 b ) . 

( i i ) Changes i n F a t t y A c i d U n s a t u r a t i o n 

C h o l i n e p h o s p h o l i p i d s from the abdominal muscle of 

th e c r a y f i s h a c c l i m a t e d to '±°C had a s i g n i f i c a n t l y 

h i g h e r p r o p o r t i o n of d i e n o i c ( d i f f e r e n c e of 2.76% •> 

P ^0.001) and t r i e n o i c f a t t y a c i d s ( d i f f e r e n c e of 0.llk%, 

P 4 ) ' 0 0 1 ) ( s e e T a b l e 3-8b and F i g u r e 3-8b) tha n the 
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c o r r e s p o n d i n g f r a c t i o n e x t r a c t e d from t h e muscle o f 

25°C a c c l i m a t e d c r a y f i s h . 

I n a d d i t i o n the former e x t r a c t p o s s e s s e d a s i g n i f i c a n t l y -

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

ence of '4.09%, P = 0.001 - 0 . 1 ) . The t e t r a e n o i c , 

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

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

c h o l i n e p h o s p h o l i p i d s i n both e x t r a c t s ( T a b l e 3 - 0 b ) . 

D. The F a t t y A c i d C o m p o s i t i o n of the E t h a n o l a m i n e P h o s p h o l i p i d s 

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

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

compared t o t h e c h o l i n e p h o s p h o l i p i d s ( F i g u r e 3-12 and 

T a b l e 3 - 9 ) . The s a t u r a t e d f a t t y a c i d s 16:0 and 18:0, 

l 8 : l w 9 c o m p r i s e d a s m a l l e r p r o p o r t i o n o f t h e t o t a l f a t t y 

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

u n s a t u r a t e d f a t t y a c i d s t o g e t h e r c o m p r i s e d o v e r 60% of t h e 

m i x t u r e . 22:6w3 was p r e s e n t as a major f r a c t i o n between 

8-10% ( T a b l e 3 - 9 ) . 

A c c l i m a t i o n o f c r a y f i s h t o o r to 25°C a p p e a r s t o 

have had marked e f f e c t s upon the f a t t y a c i d c o m p o s i t i o n o f 

the e t h a n o l a m i n e p h o s p h o l i p i d s ( F i g u r e 3 - 1 2 ) . 

( i ) Changes i n c a r b o n c h a i n l e n g t h 

E t h a n o l a m i n e p h o s p h o l i p i d s from the muscle of 4°C 

a c c l i m a t e d c r a y f i s h c o n t a i n e d l e s s C l 6 ( a d i f f e r e n c e o f 

2.69%, P <=> 0.001 - 0.01) and C22 f a t t y a c i d s ( d i f f e r e n c e 

of 3.30%, P = 0.001 - 0.01) t h a n e t h a n o l a m i n e phospho­

l i p i d s from the muscle of 25°C a c c l i m a t e d c r a y f i s h 

( T a b l e 3-10a, F i g u r e 3 ~ 7 c ) . P h o s p h a t i d y l e t h a n o l a m i n e from 

the f o r m e r group a l s o p o s s e s s e d s i g n i f i c a n t l y more C20 

f a t t y a c i d s ( a d i f f e r e n c e of 3.92%, P = 0.001 - 0.01) 

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

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

a l m o s t i d e n t i c a l p r o p o r t i o n s of C l 8 f a t t y a c i d s . 



71 
( i i ) Changes i n f a t t y a c i d u n s a t u r a t i o n 

P h o s p h a t i d y l e t l i a n o l a m i n e from 4°C a c c l i m a t e d c r a y f i s h 

p o s s e s s e d somewhat l e s s s a t u r a t e d f a t t y a c i d s ( a d i f f e r ­

ence of 'i.26%, P^O.OOl), and i n c r e a s e d p r o p o r t i o n s of 

monoenoic ( a d i f f e r e n c e o f 3.09%, P = 0.001 - 0.01) 

t e t r a e n o i c ( a d i f f e r e n c e o f I.04%, P = 0.001 - 0 . 0 1 ) , 

and p e n t a e n o i c f a t t y a c i d s ( a d i f f e r e n c e o f 3*12%, 

P = 0.01 - 0.02) compared t o p h o s p h a t i d y l e t h a n o l a m i n e 

from the abdominal muscle of 25°C a c c l i m a t e d c r a y f i s h 

( T a b l e 3-10b, F i g u r e 3 - 8 c ) . I t was i n t e r e s t i n g t h a t 

p h o s p h a t i d y l e t h a n o l a m i n e from the muscle of k°C a c c l i m ­

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

h e x a e n o i c f a t t y a c i d s ( d i f f e r e n c e of 3.16%, P <0.001) 

t h a n PE from 25°C a c c l i m a t e d c r a y f i s h . 

Thus a c c l i m a t i o n of c r a y f i s h to l o w e r e n v i r o n m e n t a l 

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

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

T h i s was c a u s e d m a i n l y by i n c r e a s e s i n the p r o p o r t i o n s 
1 

of 17:lw9, 20:4w6 and 20:5w3. 22:6w3 i s somewhat 

p a r a d o x i c a l i n t h i s r e s p e c t s i n c e PE from 

t h e muscle of 4°C a c c l i m a t e d c r a y f i s h c o n t a i n e d over y/* 

l e s s t h a n PE from the muscle of 25°C a c c l i m a t e d c r a y f i s h . 

The F a t t y A c i d C o m p o s i t i o n of S e r i n e and I n o s i t o l P h o s p h o l i p i d s 

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

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

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

the same t y p e s of f a t t y a c i d were i d e n t i f i e d . A t y p i c a l 

g a s - l i q u i d chromatogram of PS + P I f a t t y a c i d s i s i l l u s t r a t e d 

i n F i g u r e 3-131 and the r e s u l t s of a q u a n t i t a t i v e a n a l y s i s 

of t he f a t t y a c i d c o m p o s i t i o n a r e p r e s e n t e d i n T a b l e 3-H and 

F i g u r e 3-1*1. 
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Thus 16:0 c o m p r i s e d o n l y k% of the t o t a l and l 6 : l w 9 

was 1% o r l e s s . 18:0 became t h e dominant C l 8 f a t t y a c i d 

( 1 9 - 2 5 % a p p r o x i m a t e l y ) and l 8 : l w 9 became a minor component 

w i t h o n l y 5-7% a p p r o x i m a t e l y . l8:2w6 and l8:^w3 were b o t h 

a p p r o x i m a t e l y 0.5%. The p o l y u n s a t u r a t e s 20:4w6 and 20:5w3 

were p r e s e n t i n l a r g e amounts ( a p p r o x i m a t e l y 15-19% and 

33-37% r e s p e c t i v e l y ) . 22:6w3, however, was p r e s e n t o n l y as 

a minor component of l e s s t h a n 2%. 

A c c l i m a t i o n of c r a y f i s h e i t h e r to *i°C or to 25°C a p p e a r s 

to have caused marked changes i n the f a t t y a c i d c o m p o s i t i o n 

of t h i s p h o s p h o l i p i d f r a c t i o n ( F i g u r e 3 - l ' t ) . The f r a c t i o n 

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

.18:0 and 22:6w3 when compared to t h e same f r a c t i o n from 4°C 

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

p o s s e s s e d i n c r e a s e d p r o p o r t i o n s of l 8 : l w 9 , 20:W6 and 20:5^3« 

( i ) Changes i n c a r b o n c h a i n l e n g t h 

T h e r e were s t a t i s t i c a l l y s i g n i f i c a n t d i f f e r e n c e s 

i n t h e p r o p o r t i o n oif Cl8 and C20 f a t t y a c i d s i n 

p h o s p h a t i d y l s e r i n e and p h o s p h o t i d y l i n o s i t o l (PS + P I ) 

from the abdominal muscle of and 25°C a c c l i m a t e d 

c r a y f i s h ( T a b l e 3-12a, F i g u r e 3-7d), Thus t h i s f r a c t i o n 

from the f o r m e r group o f a n i m a l s c o n t a i n e d much l e s s 

Cl8 f a t t y a c i d s ( d i f f e r e n c e of 5 ^ z i 2 % , P = 0 . 0 0 1 - 0 . 0 1 ) . 

T h i s was compensated f o r by a marked i n c r e a s e i n the 

p r o p o r t i o n of C20 f a t t y a c i d s ( d i f f e r e n c e of 8.2*1%, 

P <0.001) i n the PS + P I f r a c t i o n from 'i°C a c c l i m a t e d 

c r a y f i s h compared t o the c o r r e s p o n d i n g f r a c t i o n from 25°C 

a c c l i m a t e d c r a y f i s h . 

( i i ) Changes i n f a t t y a c i d u n s a t u r a t i o n 

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

t h e s a t u r a t e d monoenoic, t e t r a e n o i c and p e n t a e n o i c 

u n s a t u r a t i o n groups ( T a b l e 3-12b, F i g u r e 3 - 8 d ) . PS + P I 
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from the m u s c l e s of k C a c c l i m a t e d c r a y f i s h p o s s e s s e d 

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

PS + P I from t h e muscle of 25°C a c c l i m a t e d c r a y f i s h 

( i . e . , from 31.91% t o 2'i.8'i%, see T a b l e 3-12b and 

F i g u r e 3 - 8 d ) . S i m i l a r l y h e x a e n o i c f a t t y a c i d s were 

s l i g h t l y r e d u c e d from 1.93% t o 1.37%, b u t t h i s d i f f e r e n c e 

was j u s t o u t s i d e t h e l i m i t s of s i g n i f i c a n c e . 

PS + P I from the muscle of ll°C a c c l i m a t e d c r a y f i s h 

c o n t a i n e d l a r g e r t e t r a e n o i c ( d i f f e r e n c e of h.'i~>%, P -

0.001-0.01) and p e n t a e n o i c f r a c t i o n s ( d i f f e r e n c e of 3.12%, 

P = 0.01 - 0.02) t h a n t h e c o r r e s p o n d i n g f r a c t i o n from 

25°C a c c l i m a t e d c r a y f i s h . 

The g e n e r a l e f f e c t of t h e r m a l a c c l i m a t i o n upon the 

f a t t y a c i d c o m p o s i t i o n of muscle PS + P I a p p e a r s tocause a 

marked i n c r e a s e i n the o v e r a l l u n s a t u r n t i o n of the 
i 

p h o s p h o l i p i d . T h i s i s mediated by r e d u c t i o n s i n t h e 

p r o p o r t i o n of l 8 ; 0 and i n c r e a s e s i n the p r o p o r t i o n of 

l 8 : l w 9 , 20:4w6 and 20:5^3. 

The E f f e c t o f P h o t o p e r i o d upon the P h o s p h o l i p i d F a t t y A c i d s 

of C r a y f i s h Muscle 

T h r e e c r a y f i s h were k e p t a t ^ 0 . 5 ° C under 8 h r - l i g h t 

p h o t o p e r i o d c o n d i t i o n s f o r 21 d a y s . The abdominal muscle 

from t h e a n i m a l s was d i s s e c t e d out, and the t o t a l l i p i d was 

e x t r a c t e d i n the u s u a l manner. The p h o s p h o l i p i d s n f f i v e 

a l i q u o t s of t h i s e x t r a c t were s e p a r a t e l y p u r i f i e d by one-

d i m e n s i o n a l chromatography as d e s c r i b e d i n ' M a t e r i a l s and 

Methods', and t h e i r c o n s t i t u e n t f a t t y a c i d s a n a l y s e d by GLC. 

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

the l i p i d e x t r a c t were a v e r a g e d . The average (- S.E.M.) 

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

from c r a y f i s h , m u scle i s p r e s e n t e d i n T a b l e 3-13-
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The r e s u l t s T o r the zl°C, 8 hour d a y l e n g t h a c c l i m a t e d 

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

i l l u s t r a t e d i n F i g u r e 3-15 f o r c o m p a r i s o n . 

The same t y p e s of f a t t y a c i d s were i d e n t i f i e d i n the 

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

e x c e p t f o r l 6 : W 6 (RRt = I . 6 3 ) w h i c h was i d e n t i f i e d o n l y i n 

t h e e x t r a c t from 25°C, 18 h r d a y l e n g t h , a c c l i m a t e d c r a y f i s h , 

17:2w't (RRt = 1 . 7 2 ) , which was p r e s e n t o n l y i n the e x t r a c t 

from 'i°C, 18 h r d a y l e n g t h a c c l i m a t e d c r a y f i s h , and 20:2w9 

(RRt '1.23), a t r a c e amount of which was i d e n t i f i e d i n t h e 

e x t r a c t from 4°C, 8 h.r d a y l e n g t h a c c l i m a t e d c r a y f i s h . 

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

c r a y f i s h m a i n t a i n e d a t w i t h 8 h r d a y l e n g t h p o s s e s s e d a 

f a t t y a c i d p a t t e r n t h a t was b r o a d l y s i m i l a r t o t h o s e d e s c r i b e * ! 

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

t h e major f r a c t i o n s were 16:0, l 8 : l w 9 , 20:W6 and 20:5w3» 

However, t h e r e were d i f f e r e n c e s i n t he d e t a i l s o f t h e f a t t y 

a c i d c o m p o s i t i o n of t h e t h r e e e x t r a c t s . F o r example, t h e 

4°C, 8 h r d a y l e n g t h a c c l i m a t e d c r a y f i s h p o s s e s s e d l e s s 16:0 

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

20: W6 and 20 s 5w3. 

The f o l l o w i n g d e s c r i p t i o n i s b a s e d upon a c o m p a r i s o n of 

t h e grouped d a t a of the f a t t y a c i d c o m p o s i t i o n of t h e e x t r a c t s 

from b o t h 'i°C a c c l i m a t e d groups of c r a y f i s h . I t i s thought 

t h a t t h i s c o mparison would g i v e i n f o r m a t i o n c o n c e r n i n g the 

e f f e c t s of changed p h o t o p e r i o d c o n d i t i o n s o n l y upon the 

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

d a t a a r e c h a r a c t e r i s e d by s m a l l v a r i a t i o n s between the 

r e p l i c a t e a n a l y s e s . 
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( i ) C omparison of C a r b on C h a i n L e n g t h ( T a b l e 3 - l ^ a , F i g u r e 

3 - l 6 a ) 

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

c r a y f i s h m u scle p o s s e s s e d a s m a l l e r p r o p o r t i o n of C l 6 

f a t t y a c i d s ( d i f f e r e n c e o f 2.29%, P ^ 0 . 0 0 1 ) , c a u s e d by 

d e c r e a s e s i n b o t h l 6 : 0 and l 6 : l w 9 f a t t y a c i d s . 

S i m i l a r l y , t h e r e i s a s i g n i f i c a n t d e c r e a s e i n the C l 8 

f a t t y a c i d s ( d i f f e r e n c e of 3 . l 6 % , P ^0.001, caused by a 

r e d u c t i o n i n t h e p r o p o r t i o n of 18:0, l 8 : l w 9 and l8:2w6. 

T h i s i s compensated by a s i g n i f i c a n t and marked 

i n c r e a s e i n t h e C20 f a t t y a c i d s ( d i f f e r e n c e of 5*kk%, 

P { 0 . 0 0 1 ) . The C22 f a t t y a c i d s form t h e same p r o p o r t i o n 

of the t o t a l i n b o t h p h o s p h o l i p i d e x t r a c t s . 

( i i ) Comparison of f a t t y a c i d u n s a t u r a t i o n ( T a b l e 3-llih, 

F i g u r e 3 - l 6 b ) 

The t o t a l p u r i f i e d p h o s p h o l i p i d f r a c t i o n from li°C 

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

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

of 1.30%, P = 0.001-0.01), monoene ( d i f f e r e n c e of 1.67%, 

P = 0.001-0.01), d i e n e ( d i f f e r e n c e of 1.04%, P <0.001 ) 

and t r i e n e f a t t y a c i d s ( d i f f e r e n c e of 0.55%, 

P ( O . O O l ) . A l l of t h e s e d i f f e r e n c e s a r e s m a l l , but 

none the l e s s s i g n i f i c a n t . 

They a r e compensated f o r by marked i n c r e a s e s i n 

t h e p r o p o r t i o n o f t e t r a e n e ( d i f f e r e n c e of 3.69%, P<£).001) 

and pentaene f a t t y a c i d f r a c t i o n s ( d i f f e r e n c e of 1.92%, 

P ( O . O O l ) . The hexaene f a t t y a c i d s form the same 

p r o p o r t i o n of t h e t o t a l i n b oth e x t r a c t s . 
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DISCUSSION 

An i n t e r e s t i n g f e a t u r e of t h e s e r e s u l t s i s t h e c l e a r d i s t i n c ­

t i o n between the f a t t y a c i d c o m p o s i t i o n o f the i n d i v i d u a l phospho­

l i p i d f r a c t i o n s . F o r example, c h o l i n e p h o s p h o g l y c e r i d e s p o s s e s s e d 

a l a r g e p r o p o r t i o n of 16:0 (17 - 19%) whe r e a s t h e e t h a n o l a m i n e 

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

( 3 - 6 % ) . A l s o t h e e t h a n o l a m i n e p h o s p h o g l y c e r i d e f r a c t i o n a l o n e 

p o s s e s s e d l a r g e amounts o f 22:6w3, w h i l e t h e s e r i n e / i n o s i t o l 

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

f r a c t i o n s , p o s s e s s e d more 18.0 t h a n l 8 : l w 9 . I t i s not e a s y t o 

see why t h e s e d i f f e r e n c e s e x i s t . I t may s i m p l y be t h a t t h e 

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

d i f f e r e n t and t h a t the v a r i a t i o n i n f a t t y a c i d c o m p o s i t i o n h a s no 

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

c o n s i d e r e d t o i n f e r some f u n c t i o n a l d i v i s i o n of l a b o u r between the 

p h o s p h o l i p i d c l a s s e s . 

I n agreement w i t h the r e s u l t s o f Wolfe, Rao and C o r n w e l l 

(1968), c r a y f i s h m u scle p h o s p h o l i p i d s , p a r t i c u l a r l y the a c i d i c 

oomponents, were r e l a t i v e l y r i c h i n l o n g c h a i n ' p o l y u n s a t u r a t e d 

f a t t y a c i d s . The p r e s e n c e of l a r g e amounts o f 20:5^3 a p p e a r s 

to be c h a r a c t e r i s t i c o f t h e l i p i d s of t h e l a r g e r decapod C r u s t a c e a 

( s e e Addison, Ackman and H i n g l e y , 1972) such as J a s u s l a l a n d i i 

(De K oning and McMullen 1966), C a n c e r m a g i s t e r ( A l i e n 1971) 

C a l l i n e c t e s s a p i d u s (Whitney I969) and Qj-conectes r u s t i c u s 

(Wolfe, Rao and Co r n w e l l , 1 9 6 8 ) , r a t h e r t h a n 22:6w3 which i s 

c h a r a c t e r i s t i c of marine v e r t e b r a t e l i p i d s ( A d d i s o n , Ackman and 

H i n g l e y I968, McMullen, Smith and Wright I 9 6 8 ) . 

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

of the t o t a l p h o s p h o l i p i d f r a c t i o n from t h e abdominal muscle of 

c r a y f i s h a c c l i m a t e d to *i°C and t o 25°C, were minor* i n e x t e n t . 

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

f a t t y a c i d s i n the f o r m e r group, b ut s l i g h t l y h i g h e r p r o p o r t i o n s 
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of the mono, d i , t r i , t e t r a and p e n t a e n o i c f a t t y a c i d s . 

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

f a t t y a c i d s were c l e a r l y n o t m e d i a t e d by changes i n the c h o l i n e 

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

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

e x t r a c t s . T h e r e was however a s l i g h t l y l o w e r p r o p o r t i o n of 

t h e s a t u r a t e d f a t t y a c i d s (16:0 and 18:0) i n the c h o l i n e phospho­

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

d i e n o i c f a t t y a c i d s i n t h e e x t r a c t from 4°C a c c l i m a t e d c r a y f i s h . 

I n t h i s r e s p e c t the c h o l i n e p h o s p h o g l y c e r i d e s were r e l a t i v e l y 

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

The major d i f f e r e n c e i n t h e p o l y e n o i c components of the 

t o t a l p h o s p h o l i p i d f r a c t i o n of the two e x t r a c t s c o u l d be a t t r i b u t e d 

t o t h e a c i d i c p h o s p h o l i p i d s . Both e t h a n o l a m i n e and s e r i n e / 

i n o s i t o l p h o s p h o g l y c e r i d e s showed c l e a r i n c r e a s e s i n the p r o p o r t i o n 

o f t h e t e t r a and p e n t a e n o i c f a t t y a c i d s i n the e x t r a c t from 4°C 

a c c l i m a t e d c r a y f i s h . T h i s was c a u s e d l a r g e l y by d i f f e r e n c e s i n 

the p r o p o r t i o n s of 20:*tw6 and 20:5^3 i n the s e r i n e / i n o s i t o l 

p h o s p h o g l y c e r i d e s and i n 20:5w3 i n the e t h a n o l a m i n e p h o s p h o g l y c e r ­

i d e f a t t y a c i d s . 

An i n t e r e s t i n g but p a r a d o x i c a l f e a t u r e of t h e s e r e s u l t s i s 

t he h i g h e r p r o p o r t i o n of 22:6w3 i n the p h o s p h o l i p i d s i s o l a t e d 

from 25°C a c c l i m a t e d c r a y f i s h . T h i s was c a u s e d almost e x c l u s i v e l y 

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

T h i s phenomenon h a s n o t b e en o b s e r v e d i n o t h e r s t u d i e s , but t h e 

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

homoeotherm t i s s u e s (McMullen, Smith and Wright 1968, K l e i n 1970) 

s u g g e s t s t h a t d o c o s a h e x a e n o i c a c i d may p r o v e an e x c e p t i o n t o the 

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

f a t t y a c i d c o n t e n t of membranes a r e p o s i t i v e l y r e l a t e d . T h i s i s 

i n agreement w i t h t h e a b e r r a n t b e h a v i o u r of l e c i t h i n s c o n t a i n i n g 

d o c o s a h e x a e n o i c ' a n d p a l m i t i c a c i d s , i n r e s p e c t of monolayer 
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p a c k i n g c h a r a c t e r i s t i c s and l i p s o m e p e r m e a b i l i t y (Demel, G e u r t s 

v a n K e s s e l and Van Deenen 1 9 7 2 ) . 

I n a c c l i m a t i o n s t u d i e s i n g e n e r a l , t h e r e are a number of 

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

o b s e r v e d may depend upon a v a r i e t y o f f a c t o r s o t h e r t h a n tempera­

t u r e . T h e s e i n c l u d e the a c c l i m a t i o n p r o c e d u r e , t h e r a n g e of 

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

i n f l u e n c e s and p h o t o p e r i o d . I n the p r e s e n t s t u d y , t h e s e f a c t o r s 

were c o n t r o l l e d as f a r as p o s s i b l e by s e l e c t i n g each a c c l i m a t i o n 

group from t h e same s t o c k of a n i m a l s . E a c h group was a c c l i m a t e d 

i n i d e n t i c a l ways. I t i s thought t h a t the e f f e c t of p h y s i o l o g i c a l 

changes i n t h e a n i m a l s ' b i o c h e m i s t r y c a u s e d by m o u l t i n g were 

m i n i m i s e d , s i n c e a l l a n i m a l s were c l e a r l y i n the i n t e r m o u l t 

c o n d i t i o n t h r o u g h o u t the whole p r o c e d u r e . 

Under n a t u r a l c o n d i t i o n s , the two most i m p o r t a n t s e a s o n a l 

changes i n t h e p h y s i c a l n a t u r e of the environment a r e t e m p e r a t u r e 

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

c r a y f i s h were a c c l i m a t e d a t t h e i r r e s p e c t i v e t e m p e r a t u r e s w i t h an 

18 h r - a r t i f i c i a l l i g h t p h o t o p e r i o d ( i . e . , 'summer' d a y l e n g t h ) i n 

an e f f o r t t o c o n t r o l the e f f e c t of e n v i r o n m e n t a l f a c t o r s upon 

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

d e s i r a b l e t o know'whether p h o t o p e r i o d had any e f f e c t upon the 

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

I t was e v i d e n t from a c o m p a r i s o n of the f a t t y a c i d c o m p o s i t i o n 

of the t o t a l l i p i d f r a c t i o n s of k°C and 25°C, 18-hr d a y l e n g t h 

a c c l i m a t e d c r a y f i s h and 4°C, 8-hr d a y l e n g t h a c c l i m a t e d c r a y f i s h , 

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

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

m a i n l y of a r e d u c t i o n i n the p r o p o r t i o n of s a t u r a t e d , mono, d i 

and t r i e n o i c f a t t y a c i d s i n the f o r m e r a c c l i m a t i o n group. T h i s 

was compensated by a marked i n c r e a s e i n the p r o p o r t i o n of t e t r a 

and p e n t a e n o i c f a t t y a c i d s . The h e x a e n o i c f r a c t i o n c o m p r i s e d 
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i d e n t i c a l p r o p o r t i o n s of the f a t t y a c i d c o m p o s i t i o n of both 

e x t r a c t s . 

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

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

t h e n most of t h e s e changes, e s p e c i a l l y t h o s e o b s e r v e d i n the 

p o l y e n o i c f a t t y a c i d f r a c t i o n s would be e x p e c t e d t o o c c u r i n the 

a c i d i c p h o s p h o g l y c e r i d e s . S i n c e the e t h a n o l a m i n e and s e r i n e / 

i n o s i t o l p h o s p h o g l y c e r i d e s c o m p r i s e o n l y 25mole% and 10.mole%, 

r e s p e c t i v e l y , of the t o t a l p h o s p h o l i p i d s , t h e n the e f f e c t on the 

f a t t y a c i d c o m p o s i t i o n of t h e s e two p h o s p h o l i p i d s must be q u i t e 

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

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

T h i s i n t e r e s t i n g r e s u l t l e a d s to a f u r t h e r q u e s t i o n . I f t h e 

f a t t y a c i d c o m p o s i t i o n of t h e muscle membrane does have some 

i n f l u e n c e upon t h e h e a t d e a t h c h a r a c t e r i s t i c s of t h e c r a y f i s h , and 

p h o t o p e r i o d and t e m p e r a t u r e i n d u c e d g r e a t e r changes i n muscle 

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

t h e s e two f a c t o r s c a use changes i n the k i n e t i c s o f h e a t d e a t h o f 

the whole a n i m a l . E x p e r i m e n t s were u n d e r t a k e n t o i n v e s t i g a t e t h i s 

problem, s i n c e p h o t o p e r i o d was n o t a f a c t o r t h a t was c o n s i d e r e d 

o r c o n t r o l l e d by Bowler (1963a, b) o r G l a d w e l l ( 1 9 7 3 ) . The 

e x p e r i m e n t a l d e t a i l s and r e s u l t s a r e p r e s e n t e d i n F i g u r e 

I n agreement w i t h the r e s u l t s o f Bowler (1963a) and G l a d w e l l 

(1973)» c r a y f i s h a c c l i m a t e d to 25°C ( l o n g d a y l e n g t h ) were markedly 

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

a c c l i m a t e d t o k°C ( l o n g d a y l e n g t h ) . However, a l t h o u g h a few 

k°C, s h o r t d a y l e n g t h a n i m a l s d i e d more r a p i d l y a t 32°C t h a n *1°C, 

l o n g d a y l e n g t h i n d i v i d u a l s , t h e r e was no marked d i f f e r e n c e between 

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

The L D ^ Q was 28 m i n . f o r *1°C, s h o r t d a y l e n g t h c r a y f i s h , and 28-J- min. 

f o r *i°C, l o n g d a y l e n g t h c r a y f i s h . 

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

h y p o t h e s i s t h a t membrane u n s a t u r a t i o n i s an i m p o r t a n t f a c t o r i n the 
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p r o c e s s o f h e a t d e a t h i n the c r a y f i s h and may be i n t e r p r e t e d i n 

s e v e r a l ways. F i r s t l y , i f the f a t t y a c i d a n a l y s i s of s h o r t 

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

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

c r a y f i s h , t h e n i t i n d i c a t e s e i t h e r t h a t membrane u n s a t u r a t i o n and 

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

the r e l a t i o n s h i p i s not p r o p o r t i o n a l . The i n c r e a s e i n the 

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

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

does not produce any c o r r e s p o n d i n g i n c r e a s e i n t h e t h e r m a l s e n s i ­

t i v i t y of the i n t a c t a n i m a l . S e c o n d l y , the f a c t t h a t t h e a n a l y s i s 

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

the muscle from o n l y t h r e e a n i m a l s s u g g e s t s t h a t t h e r e s u l t s a r e 

n o t as r e p r e s e n t a t i v e o f the a c c l i m a t i o n group as i n e a r l i e r 

a n a l y s e s o f the l i p i d e x t r a c t s from t e n c r a y f i s h . T h i s p o s s i b i l i t y 

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

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

n o t a s g r e a t as the d i f f e r e n c e s between a c c l i m a t i o n groups. 

A t h i r d p o s s i b i l i t y i s t h a t t h e 4°C, l o n g - d a y l e n g t h a c c l i m a t e d 

a n i m a l s a r e u n d e r g o i n g h e a t d e a t h a t 32°C so r a p i d l y (LD_.- = 28 
50 

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

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

by a s s e s s i n g the e f f e c t of s h o r t - d a y l e n g t h c o n d i t i o n s upon 25°C 

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

not u n d e r g o i n g h e a t d e a t h a t the maximal r a t e . 

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

of membrane b i o c h e m i s t r y has i n t e r e s t i n g i m p l i c a t i o n s . F i r s t l y , 

as s u g g e s t e d i n C h a p t e r 1, i t may i m p a r t to the a n i m a l c o n c e r n e d , 

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

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

S e c o n d l y , t h i s phenomenon i n v o k e s tlie p r e s e n c e of a humoral f a c t o r 

i n t h e c o n t r o l of membrane u n s a t u r a t i o n , s i n c e i t i s c o n s i d e r e d 
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u n l i k e l y t h a t c r a y f i s h m u scle i s d i r e c t l y r e s p o n s i v e t o c h a n g i n g 

d a y l e n g t h . I t i s c o n s i d e r e d more l i k e l y t h a t p h o t o r e c e p t o r s 

i n the compound eye r e c e i v e t h e s t i m u l u s and t h e n e r v o u s s y s t e m 

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

N e u r o e n d o c r i n e mechanisms of t h i s s o r t have been s u g g e s t e d 

by Hoar ( 1 9 5 5 ) and Hoar and R o b e r t s o n ( 1 9 5 9 ) who found t h a t 

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

r e s i s t a n t depending upon the p h o t o p e r i o d c o n d i t i o n s e x p e r i e n c e d 

p r i o r t o the e x p e r i m e n t . J o h a n s e n ( I 9 6 7 ) h a s s u g g e s t e d t h a t t h i s 

r e s p o n s e i n the g o l d f i s h i s mediated by the hormones of the 

a n t e r i o r p i t u i t a r y . S u l l i v a n and F i s h e r ( 1 9 5 3 ) r e c o r d e d a change 

of 5°C i n the p r e f e r r e d t e m p e r a t u r e of t h e s p e c k l e d t r o u t 

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

t e m p e r a t u r e w i t h t h e approach of winter". R o b e r t s ( 1 9 6 4 ) has 

o b s e r v e d d i f f e r e n c e s i n the oxygen c o n s u m p t i o n / t e m p e r a t u r e c u r v e s 

of s u n f i s h a c c l i m a t e d a t t h e same t e m p e r a t u r e b u t d i f f e r e n t photo-

p e r i o d s . However, t h e s e n s i t i v i t y t o p h o t o p e r i o d c o n d i t i o n s i n 

t h i s a n i m a l and t h e g o l d f i s h (Hoar and R o b e r t s o n 1959) i s l i m i t e d 

to s p e c i f i c p h a s e s of t h e i r b r e e d i n g c y c l e . S e a s o n a l c y c l e s of 

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

and may be b a s i c to the p r o c e s s of a c c l i m a t i o n i n t h e s e a n i m a l s . 

I t i s d i f f i c u l t t o a s s e s s the i m p a c t of d i e t or of t h e 

d i f f e r e n t i a l i n c o r p o r a t i o n of f a t r e s e r v e s i n t o membrane phospho­

l i p i d s , upon the f a t t y a c i d c o m p o s i t i o n of c r a y f i s h muscle 

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

O r c o n e c t e s r u s t i c u s , Wolfe, Rao and C o r n w e l l (1968) have s u g g e s t e d 

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

l i p i d , the p h o s p h o l i p i d s m i r r o r the b i o s y n t h e t i c pathways of t h e 

a n i m a l . I n s u p p o r t of t h i s s t a t e m e n t , Addison, Ackman and H i n g l e 

(I968) and Roubal (1967) have c o n c l u d e d t h a t t h e n e u t r a l l i p i d s 

of cod f l e s h have r e l a t i v e l y s m a l l " p r o p o r t i o n s of p o l y u n s a t u r a t e s , 

b u t h i g h p r o p o r t i o n s of s a t u r a t e d and monoenoic f a t t y a c i d s . 

On t h e o t h e r hand, t h e f a t t y a c i d c o m p o s i t i o n of t h e p h o s p h o l i p i d s 
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of r a t e r y t h r o c y t e s ( W a l k er and Kummerow, 1964) and b r a i n and l i v e r 

m i t o c h o n d r i a ( W i t t e r i n g , Harvey, C e n t u r y and Horwith, 1 9 6 l ) a r e 

known t o be i n f l u e n c e d by d i e t a r y f a t t y a c i d s . 

I t i s w e l l known, however, t h a t i n a n i m a l s t h e b i o s y n t h e s i s 

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

l i n o l e i c ( l 8 : 2 w 6 ) and l i n o l e n i c ( l 8 : 3 w 3 ) f a t t y a c i d s due to c e r t a i n 

enzymic d e f i c i e n c i e s ( G u r r and James, 1 9 7 1 ) . The a v a i l a b i l i t y 

o f t h e s e f a t t y a c i d s i n t h e d i e t or i n depot f a t s might a f f e c t 

t h e a c c l i m a t i o n c h a r a c t e r i s t i c s of an a n i m a l . The f a c t t h a t warm-
appear to have a h i g h e r m e t a b o l i c r a t e ( B o w l e r 1963b) 

a c c l i m a t e d c r a y f i s h /_ may have some r e l e v a n c e upon the r a t e of 

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

p o s s i b l e to c o n s t r u c t b i o s y n t h e t i c pathways f o r t h e p r o d u c t i o n of 

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

3 - 1 7 ) . The i n t e r m e d i a t e f a t t y a c i d s f o r t h e s e pathways ( w i t h 

t h e e x c e p t i o n of 22:3w9) have been i d e n t i f i e d d u r i n g t h e i n i t i a l 

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

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

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

the o v e r a l l u n s a t u r a t i o n of the muscle p h o s p h o l i p i d s . T h i s i s 

mediated m a i n l y by changes i n t he a c i d i c p h o s p h o l i p i d s . A word 

of c a u t i o n , however, i s urged s i n c e i n o r d e r t o be a b s o l u t e l y 

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

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

t i o n between c r a y f i s h of t h e same a c c l i m a t i o n group i s n o t as 

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

T h i s c o n c l u s i o n i s i n broad agreement w i t h the r e s u l t s o f a 

number of o t h e r s t u d i e s ( s e e T a b l e 6 - 1 5 ) . P e r h a p s the most 

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

f a t t y a c i d c o m p o s i t i o n of p o i k i l o t h e r m s , i s t h a t of Kemp and Smith 

(1970) on t he g o l d f i s h . W h i l s t t h e f a t t y a c i d c o m p o s i t i o n of 

w h o l e - f i s h l i p i d s Was not markedly a f f e c t e d by a l t e r a t i o n of 



83 
a c c l i m a t i o n t e m p e r a t u r e , t h e r e were l a r g e d i f f e r e n c e s i n the f a t t y -

a c i d c o m p o s i t i o n of l i p i d s e x t r a c t e d from the homogenates of 

i n t e s t i n a l mucosa from d i f f e r e n t l y a c c l i m a t e d g o l d f i s h . F o r 

example, r a i s i n g the a c c l i m a t i o n t e m p e r a t u r e by 20°C e f f e c t i v e l y 

h a l v e d t h e p r o p o r t i o n s of 20:1, 20:4 and 22:6 f a t t y a c i d s , w h i l s t 

the p r o p o r t i o n s of l 8 : 0 and 20:3 were doubled. I n c o n t r a s t t o 

th e c o n c l u s i o n s o f the p r e s e n t s t u d y , Kemp and Smith n o t e d t h a t 

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

l e s s s u s c e p t i b l e to a c c l i m a t i o n - d e p e n d e n t changes than t h e c h o l i n e 

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

of the d i f f e r e n t s p e c i a l i s a t i o n of t h e i r component membranes, 

d i f f e r e n t t i s s u e s might adapt t o t e m p e r a t u r e changes i n d i f f e r e n t 

ways ( c f . R o o t s , 1 9 6 8 ) . 

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

upon the f a t t y a c i d c o m p o s i t i o n of t h e t o t a l l i p i d e x t r a c t from 

g o l d f i s h b r a i n , Johnson and R o o t s ( 1 9 6 4 ) r e p o r t e d an i n c r e a s e i n 

the u n s a t u r a t i o n of t h e f a t t y a c i d s when the a c c l i m a t i o n tempera­

t u r e was d e c r e a s e d . T h i s e f f e c t was mediated m a i n l y by changes 

i n . the r e l a t i v e amounts of s t e a r i c ( l 8 : 0 ) , a r a c h i d o n i c ( 2 0 : 4 ) and 

do c o s a p e n t a ( a n d h e x a ) e n o i c a c i d s (22:5» 2 2 : 6 ) . L e s s pronounced 

a l t e r a t i o n s o c c u r r e d i n t h e p r o p o r t i o n s of p a l m i t o l e i c ( l 6 : l ) , 

l i n o l e i c ( l 8 : 2 ) and l i n o l e n i c ( 1 8 : 3 ) f a t t y a c i d s . However, t h e s e 

r e s u l t s a r e i n c o n t r a s t t o a more r e c e n t communication, where 

Roots (1968) f r a c t i o n a t e d the b r a i n p h o s p h o l i p i d s and a n a l y s e d the 

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

i d e s s e p a r a t e l y . A l though t h e o v e r a l l f a t t y a c i d u n s a t u r a t i o n ' 

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

by changes i n t h e C l 6 and C l 8 f a t t y a c i d s . T h e r e was no c o n s i s t e n -

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

a c i d s of e i t h e r p h o s p h o l i p i d s . Kemp and Smith (1970) have 

s u g g e s t e d t h a t s e a s o n a l f a c t o r s an'd s e l e c t i v e a u t o x i d a t i o n of t h e 

p o l y u n s a t u r a t e s may a c c o u n t f o r some of t h e s e i n c o n s i s t e n c i e s . 
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The p l a s m a l o g e n c o n t e n t and c o m p o s i t i o n of g o l d f i s h b r a i n 

p h o s p h o l i p i d s were a n a l y s e d by R o o t s and Johnson ( 1 9 6 8 ) . The 

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

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

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

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

p h o s p h a t i d a l e t h a n o l a m i n e showed t h a t a t l o w e r a c c l i m a t i o n tempera­

t u r e s t h e r e was a g r e a t e r degree o f u n s a t u r a t i o n . However, l a c k 

of d e t a i l e d knowledge c o n c e r n i n g t h e membrane c h a r a c t e r i s t i c s o f 

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

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

B a r a n s k a and Wlodawer (1 9 6 6 ) have examined the same phenomenon 

i n f r o g l i v e r . A lthough t h e y d e m o n s t r a t e d marked changes i n the 

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

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

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

(McMuIlin, Smith and Wright, 1968) and t h e i r c o n c l u s i o n s s h o u l d 

be viewed w i t h some c a u t i o n . 

K n i p p r a t h and Meads (1966) a n a l y s e d t h e t o t a l l i p i d s f r a c t i o n 

of t h e M o s q u i t o f i s h (Gambusia s p . ) and t h e Guppy ( L e b i s t e s s p . ) 

t h a t had been a c c l i m a t e d a t l4-15°C or 2b-27°C f o r 14 d a y s . I n 

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

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

d a t a r e v e a l s o n l y s m a l l d i f f e r e n c e s i n the u n s a t u r a t i o n of uhe 

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

t a t i o n of t h e i r r e s u l t s i s c o m p l i c a t e d by the absence of r e p e a t e d 

a n a l y s e s of the l i p i d sample t o d e t e r m i n e whether the o b s e r v e d 

d i f f e r e n c e s a r e due to b i o l o g i c a l and not e x p e r i m e n t a l v a r i a t i o n . 

The a d a p t i v e p r o p e r t i e s of t h e s e d e s c r i b e d r e s p o n s e s have 

u s u a l l y been g i v e n i n terms of t h e m a i n t e n a n c e of t h e a p p r o p r i a t e 

degree of ' f l u i d i t y ' of t he l i q u i d - c r y s t a l l i n e membrane, t h a t 

i s n e c e s s a r y f o r i t s c o r r e c t and e f f i c i e n t f u n c t i o n a t the 
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environmental temperature. However, t h i s compensatory e f f e c t 

has not been demonstrated experimentally f o r any p o i k i l o t h e r m i c 

animal, although Haest, de G i e r and Van Deenen (1969) have shown 

an i n c r e a s e i n the u n s a t u r a t i o n of membrane l i p i d s of E. c o l i 

i n response to growth at lower temperatures. T h i s c o r r e l a t e s 

w e l l with a more expanded monolayer and i n c r e a s e d liposome 

p e r m e a b i l i t y of these phospholipids. C u l l e n , P h i l l i p s and 

S h i p l e y (.1971) have made s i m i l a r observations with Pseudomonas 

f l u o r e s c e n s . These f a c t s point to a c o n t r o l mechanism of the 

p h y s i c a l s t a t e of the l i p i d s that i s s e n s i t i v e to the environ­

mental temperature and/or membrane f l u i d i t y . 

The p r e c i s e physico-chemical s i g n i f i c a n c e of the reported 

i n c r e a s e i n the proportion of polyenoic f a t t y a c i d s i n membrane 

phospholipids i s d i f f i c u l t to a s s e s s i n view of the l a c k of 

information concerning the membrane p r o p e r t i e s of h i g h l y poly­

unsaturated phospholipids. Confirmation of the adaptive nature 

of t h i s response i s necessary, and could most e a s i l y be achieved 

with 'liposome' model membrane systems prepared from the p u r i f i e d 

phospholipids. 

I n a d d i t i o n to providing the major p e r m e a b i l i t y b a r r i e r 

between a c e l l and i t s environment, c e l l u l a r - membranes a l s o provide 

an appropriate framework f o r c e r t a i n membrane-bound enzyme systems. 

I t has been proposed that c e r t a i n enzymes, p a r t i c u l a r l y those 

involved i n i o n t r a n s p o r t across membranes, involve s e q u e n t i a l 

changes i n the f o l d i n g and unfolding of the p r o t e i n moeity 

(Opit and Charnock, 1965; Duncan 1967)- An i n c r e a s e i n the 

proportion of unsaturated f a t t y a c i d s of membrane phospholipids at 

lower a c c l i m a t i o n temperatures, may be expected to cause l e s s 

r e s t r a i n t upon the conformational f l e x i b i l i t y of the enzyme 

and permit more r a p i d membrane t r a n s p o r t , thereby compensating 

f o r the e f f e c t s of reduced k i n e t i c energy. The e f f e c t of membrane 

composition upon membrane-bound enzyme a c t i v i t y has been 
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demonstrated most c o n v i n c i n g l y i n micro-organisms. For example, 

Wilson and Fox (1971) have shown that f a t t y a c i d auxotrophs of 

E. c o l i grown on o l e a t e - e n r i c h e d medium, e x h i b i t e d a d i s t i n c t 

break i n t h e i r Arrhenius p l o t s at 13-lzi°C f o r the glucose and 

galactose t r a n s p o r t systems, whereas c e l l s grown on l i n o l e a t e -

enriched medium were c h a r a c t e r i s e d by a break at 7-8°C. These 

t r a n s i t i o n a l temperatures correspond approximately with the phase 

t r a n s i t i o n s of the r e s p e c t i v e f a t t y a c i d s . 

Smith and E l l o r y (1971) have found that the decrease i n 

(Na +-K +)-ATPase a c t i v i t y that occurs during warm-acclimation i s 

not caused by a decreased number of pump s i t e s as measured by 

ouabain binding. S i m i l a r l y , an i n c r e a s e d r e s p i r a t o r y a c t i v i t y 

of g i l l mitochondria of cold-acclimated g o l d f i s h was not accom­

panied by changes i n the cytochrome c or cytochrome oxidase 

c o n c e n t r a t i o n ( C a l d w e l l , 1969). T h i s evidence s t r o n g l y i m p l i e s 

t h a t the a c t i v i t y r a t h e r than the o v e r a l l q u a n t i t y of these enzyme 

i s being r e g u l a t e d during thermal a c c l i m a t i o n . 

T h i s hypothesis i s supported by s t u d i e s of s u c c i n a t e 

dehydrogenase i n the muscle of the g o l d f i s h (Hazel, 1972, b ) . 

R e a c t i v a t i o n of the d e l i p i d a t e d enzyme p r e p a r a t i o n w i t h phosph-

l i p i d s e x t r a c t e d from cold-acclimated g o l d f i s h muscle r e s u l t e d 

i n a g r e a t e r SDH a c t i v i t y than when the p r e p a r a t i o n was r e a c t i v a t e 

with phospholipids i s o l a t e d from warm-acclimated g o l d f i s h . I n 

a d d i t i o n , many membrane-bound enzymes e x h i b i t a p a r t i a l or t o t a l 

requirement f o r unsaturated f a t t y a c i d s f o r t h e i r a c t i v i t y 

( R o t h f i e l d and F i n k e l s t e i n , I968; Cunningham and Hager, 1971; 

Coleman, 1973). 



Table 3-ls The s t r u c t u r e and commercial source of 

the a u t h e n t i c f a t t y a c i d s methyl e s t e r s 

used f o r the c a l i b r a t i o n of the chromatographic 

system, and f o r the i d e n t i f i c a t i o n of unknown 

methyl e s t e r s 

Legend: * %wt composition (manufacturers' data) 

** Compositional data not a v a i l a b l e , 

v/ Present 

I 
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Table 3-2: The R e l a t i v e Retention Times of F a t t y Acid 

Methyl E s t e r s determined using Authentic 

Standards and from the L i t e r a t u r e 

Data from Ackman (1963a, b) and B u r c h f i e l d and 
S t o r r s (1962) 

1 

F a t t y Acid 
S t r u c t u r e 

RRt v a l u e s 1 

F a t t y Acid 
S t r u c t u r e Ackman(I963) B u r c h f i e l d 

and S t o r r s 
Present 
Data 

Monoene 16 lw9 1.14 
18 lw9 2.04 2.04 
20 lw9 3.68 3.67 
22" lw9 6.70 -24: lw9 11.94 
16 lw7 1.151 1.15 1.16 

Diene 16 2w4 1.472 1.43 
18 2w4 2.64 

1.43 
18: 2vr5 2.49 — 

16 2w6 1.355 — 

18 2w6 2.44 2.44 
20 2w6 4.46 4.46 
22. 2w6 7.96 _ 
16. 2w7 1-346 1.43 
18: 2w7 2.42 -22: 2w7 7.63 -18: 2w9 2.35 2.60 
20: 2w9 4.22 4.22 

T r i e n e 16: 3w3 1.731 1.64 
18- 3w3 3.13 3.13 3.12 
16 3w4 1.642 1.64 
16 3w6 1.565 -•18 3w6 2.80 
20 3w6 5.02 5.02 5.04 

Tetraene 16 4wl 2.02 
16 4w3 1.965 -18 W3 5.58 3.58 
20 4w3 6.39 -20 4w6 5-52 5.53 5.57 
22 4w6 10.00 - 10.07 

Pentaene 20 5w3 7.00 7.00 6.95 
22 5w3 12.75 12.73 12.75 
22 5w4 12.00 12.00 
22 • 5w6 11.06 11.07 

Hexaene 22 6w3 14.09 Ik .09 



Table 3 — 3 J Summary of the R e l a t i v e Retention Times ( l 6 : 0 ) 

of f a t t y a c i d methyl e s t e r s , determined by 

chromatography, authentic standard or by 

c a l c u l a t i o n u s i n g the 'separation f a c t o r s ' 

or 'semilog p l o t ' procedures 

Method: See 'Materials and Methods'. 

Legend: * From Ackman (1963a). 

• B u r c h f i e l d and S t o r r s (19&2) 

+ P r e d i c t e d from semilog plot, 

o C a l c u l a t e d by s e p a r a t i o n f a c t o r 

procedures. 



Table 3-3 

No. of 
Carbon 
Atoms 

End 
Carbon 
chain 

NUMBER OF OLEFINIC BONDS No. of 
Carbon 
Atoms 

End 
Carbon 
chain 0 1 2 3 4 5 o 

16 
W3 
K4 
W6 
W7 
W9 

1.00 

1.160^ D 

1.144 

1.472* 
1.355* 
1.346 

1 . 7 3 1 * c 

1.642* 
1.565 

1.965* 

1 .67 + 

17 
W4 
W9 

1 . 3 7 * ° + 1 . 5 1 + 

1.73* 
1.98+ 

18 
W3 
W4 
W6 
W7 
W9 

1 . 8 2 * Q + 

2.04*°+ 

2 .64 * 
2 .44 * 
2 . 4 2 * 
2.35 

*Q 

3.13 

2.80* 
2.69° 

*a 
3.53 n 

3.28° 
3 . 0 2 + 

2 .91° 

19 
W9 

2.46 + D 

2 . 7 2 + 3 . 1 4 + 

20 
W3 
V/6 
h'9 

3.31 « 

3.68 

4-99^ 
4 . 4 6 * a 

4.22 

5 . 6 7 * D 

5.02 
4 .78° 

6 ' 3 9 l a 

5.26° 

* • 
7-04 r t 

6.12° 
5 .33° 

21 
W9 

4.47 + ° 
4-91 + 5 . 6 8 + 

22 
W3 
W4 
W6 
W9 

5.95 + , D 

6 .70* 

8.60* 
7-96^ 
7 . 6 3 + 

10.35° 
* 

9 . l 5 n 

8.56° 

11 .70* 

1 0 . 0 1 * 
9-70 

*• 
1 2 . 7 5 * D 

1 2 . 0 0 M 

11.06 
10.51° 

14.09 

12.21° 
11.65° 

24 
W9 

11.16 + Q 

11.94 + ° 



Table Summary of the f a t t y a c i d methyl e s t e r s of 

choline phosphoglycerides i d e n t i f i e d by gas-

l i q u i d chromatography a f t e r 'argentation' 

TLC. The RRt of the chromatographic peak 

and f o r the p r e d i c t e d methyl e s t e r are shown 

f o r comparison 

Method: See 'Materials and Methods' 

Legend: * Minor or t r a c e components 

** P r e d i c t e d RRt (Table 3-3) 



Table 3-4 

Number 
of 

unsat-
u r a t i o n 
bonds 

F a t t y 
a c i d 

s p e c i e s 
P r e d i c t ­
ed RRt 

* * 

FRACTION NUMBERS 
Number 

of 
unsat-
u r a t i o n 
bonds 

F a t t y 
a c i d 

s p e c i e s 
P r e d i c t ­
ed RRt 

* * I I I I I I IV V 

0 

16:0 
17 = 0 
18:0 
19:0 
20: 0 

1.00 
1.37 
1.83 
2 .46 
3-31 

1.00 
1.37* 
I.83 

1 

16:lw9 
17:lw9 
( i s o 
16:0) 

18:lw9 
19:lw9 
20:lw9 

1 .14 
1.51 

2 .04 
2.72 
3.68 

1 .14 
1.51* 

2.05 
2.77* 
3.73 

1.14* 

2.05 

3.67 

2 

16:2w6 
18:2w6 
20:2w3 
20:2w6 
20:2w9 
22:2w9 

1.36 
2.44 
4.92 
4 .48 
4.22 
7.63 

1.42* 
2 .46 
4.99* 
4 .46 
4.12* 
7.45* 

4.23* 

3 

18:3^3 
18:3^6 
20:3^3 
20:3w6 
20:3w9 
22:3w6 

3.13 
2.80 
5.67 
5.02 
4.78 
9.15 

3-13 
2.78* 
5.71 
5.01* 
4.82* 
9.00* 

4 

16: W6 
18:4w3 
18: 4w6 
20:4w6 
20:4w3 
22:4w6 

1.67 
3.58 
3-02 
5.52 
6.39 

10.01 

1.67* 

3.07* 
5.51 
6 .40* 
10.02* 

3.45 

5 

20:5w6 
20:5^3 
2 2:4w9 
22:5w6 
22:5w3 

6 .4o 
7.03 
9.70 

11.06 
12.75 

6.12* 
7 .04 
9.85 
11.20 
12.70 

6 22:6w3 14.09 14.19 



Table 3-5- The f a t t y a c i d composition of the t o t a l 

phospholipid f r a c t i o n of the l i p i d e x t r a c t s 

from c r a y f i s h acclimated to 4°C and 25°C, 

under 18 h o u r - l i g h t photoperiod conditions 

Methods; Each l i p i d e x t r a c t was analysed 

s e v e r a l times and the f a t t y a c i d composition 

determined as described i n the t e x t . 

* The va l u e s reported are the % t o t a l weight 

(= peak area) and are the average - S.E.M. 

of the r e p l i c a t e chromatographic a n a l y s e s . 

The RRt. determined f o r authentic f a t t y 

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

e s t e r s by the 'semilog' and 'separation f a c t o r ' 

procedures (Table 3-3)» are included f o r 

comparison with the RRt. of the components 

of the samples. 

* * Values taken from Table 3-3« 

Trace component ( 0.1%) 



Table 3-5 

4 °c 25°C 
Acclimated Acclimated 

Observed I d e n t i f i e d P r e d i c t e d C r a y f i s h C r a y f i sh 
RRt F a t t y Acid RRt ** (n = 5) (n= = 5) 

18 hour 18 hour 
Daylength Daylength 

1.00 16 •0 1.00 10.07 + 0.16 11.59 + 9.18 
1.16 16 : lw9 1.14 3.94 + 0.05 3.67 + 0.10 
1-35 17 :0 1-37 0.57 + 0 .04 0.81 + 0.01 
1.55 17 • lw9 1.51 1.47 + 0.37 1 .04 0.01 

( i s o 
16:0) 

I.63 16 4w6 1.67 - 0.87 0.08 
1.72 17 2w4 1.73 0.35 + 0.08 -
I.83 18 0 1.82 4.45 + 0 .04 6.58 + 0.11 
2.06 18 lw9 2 .04 18.08 + 0.15 18.45 + 0.15 
2. 34 18 2vr9 2. 34 - -
2 .46 18 2w6 2.44 4.67 + 0.05 3.01 -r 0.02 
2.80 18 3w6 2.80 0.39 + 0.01 0.37 + 0.01 
3.09 18 3w3 3.13 1.29 + 0.01 1.16 + 0.01 
3.43 18 4w3 3.58 0 .14 + 0.01 0.25 0.02 
3.75 20 lw9 3.68 1.68 + 0.03 1.33 + 0.01 
4.23 20 2w9 4.22 - t r 
4.50 20 2w6 4 .46 1.44 + 0.02 1.58 -r 0.01 
5.08 20 3w6 5.02 0. 36 + 0.09 0.27 + 0 .04 
5.54 20 4w6 v 

3w3 
5.52 10.54 + 0.19 9-70 + 0.12 

20 
4w6 v 

3w3 
6.17 20 5w6 6.12 0.31 + 0.03 0.37 + 0.06 
7 .04 20 5w3 7 .04 31.69 + 0.17 30.16 + 0.67 
7.68 22 2w9 7.63 0.11 + 0.00 0.10 + 0.01 
8 .24 22 2w6 7.96 0.08 + 0.00 0.10 0.02 
9.31 22 3w6 9.15 0.25 + 0 .04 0.28 + 0.05 
9.83 22 4w9 9-70 0.53 + 0.00 0.68 *4" 0.02 

10 ,48 22 5v.-9 IO.51 0.10 + 0.02 0.17 0.01 
11.27 22 5w6 11.06 0.49 + 0.03 0.42 + 0.01 
12.89 22 5w3 12.75 1 .40 + 0.07 1.20 0.05 
14.18 22 6w3 14.19 4.33 + 0 .04 5 .48 + 0 .04 
Others - 0.75 - 0.34 -



Table 3-6; The carbon c h a i n length (a) and f a t t y 

a c i d u n s a t u r a t i o n (b) c l a s s d i s t r i b u t i o n 

of t o t a l phosphoglyceride f r a c t i o n from 

the muscle of k°C and 25°C acclimated 

c r a y f i s h maintained under 18 h o u r - l i g h t 

photoperiod c o n d i t i o n s 
i 

* Values reported are the % t o t a l weight 

(= peak area) f o r each c l a s s and are 

the average of - S.E.M. of r e p l i c a t e 

a n a l yses (see Table 3-5)• 
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Table 3-7 '• The f a t t y a c i d composition of the ch o l i n e 

phospholipid f r a c t i o n of the l i p i d e x t r a c t s 

from c r a y f i s h acclimated to k°C and 25°C, 

under l 8 h o u r - l i g h t photoperiod conditions 

Methods: Each l i p i d e x t r a c t was analysed 

s e v e r a l times and the f a t t y a c i d composition 

determined as described i n the t e x t . The 

val u e s reported are the % t o t a l weight 

(= peak area) and are the average - S.E.M. 

of the r e p l i c a t e a n a l y s e s . 

The RRt. determined f o r aut h e n t i c f a t t y 

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

e s t e r s by the 'semilog' and 'separation f a c t o r ' 

procedures (Table 3-3) » are included f o r 

comparison w i t h the RRt. of the components of 

the samples. 

** Values taken from Table 3-3 

t r Trace component 



Table 3-7 

4 °C 25° c 
Acclimated Acclimated 

Observed I d e n t i f i e d P r e d i c t e d C r a y f i s h C r a y f i sh 
RRt F a t t y Acid RRt ** RRt F a t t y Acid RRt ** 

18 hour 18 hour 
Daylength Daylength 

1.00 16 :0 1.00 16.70 + o.4o 18.67 + 0.22 
1.16 16 : lw9 1.14 6.74 + 0.15 5-97 + 0.08 
1.35 17 .0, 1.37 0.60 + 0.05 0.82 + 0 . 0 4 
1.55 17 : lw9 1.51 1. 30 + 0.02 7.13 + 0.02 

( i s o 
16:0) 

1.63 16 : 4w6 1.67 — _ 

1.72 17 2w4 1.73 — _ 
I.83 18 0 1.82 2.29 4- 0.08 4.18 + 0.04 
2.06 18 : lw9 2 . 04 25.85 + 0 . 2 4 25.89 + 0.66 
2. 34 18 2w9 2. 34 - — 

2 . 46 18 2w6 2.44 6.78 + 0.05 3.74 + 0.09 
2.80 18 3w6 2.80 0 . 46 + 

+ 0.01 0.47 + 0.00 
3.09 18 3w3 3.13 1.85 

+ 
+ 0.03 1.37 + 0.03 

3.43 18 4w3 3.58 0.12 0.02 0.12 + 
+ 

0.00 
3.75 20 lw9 3.68 1.77 + 0.03 1.45 

+ 
+ 0.03 

4.23 20 2w9 4. 22 0.09 + 0.03 0.08 + 0.02 
4.50 20 2w6 4 . 46 1.44 0.05 1.70 + 0.05 
5.08 20 3w6 5.02 0. 30 + 0 . 0 4 0.33 + 0.05 
5.54 20 4w6» 

3w3; 
5.52 7.20 + 0 . 0 4 6.81 + 0.06 

20 
4w6» 
3w3; 

6.17 20 5w6 6.12 t r 0.18 + 0 . 0 4 
7 . 04 20 5w3 7o04 22.55 -1- 0 . 4 8 22 . 40 + 0.19 
7.68 22 2w9 7.63 0.18 + 0.02 0.08 + 0.02 
8 . 2 4 22 2w6 7.96 0.01 + 0.00 0.15 + 0.06 
9.31 22 3w6 9.15 0.11 + 0.02 t r 
9.83 22 4w° 9.70 0.15 + 0.00 0.36 0.12 

10 . 48 22 5w9 IO.51 0.06 + 0.00 0.10 + 0.03 
11.27 22 5w6 11.06 0.23 0.02 0.13 + 0.01 
12.89 22 5w3 12.75 0 . 64 + 0.08 0 . 84 + 0.15 
14.18 22 6w3 14.19 2.40 + 0.08 2.25 + 0.45 
Others — - 0.24 — 0.94 -•• 



T a b l e 3-8; The c a r b o n c h a i n l e n g t h ( a ) and f a t t y 

a c i d u n s a t u r a t i o n ( b ) c l a s s d i s t r i b u t i o n 

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

from the muscle of lt°C and 25°C a c c l i m a t e d 

c r a y f i s h m a i n t a i n e d under 18 h o u r - l i g h t 

p h o t o p e r i o d c o n d i t i o n s 

* V a l u e s r e p o r t e d a r e t h e % t o t a l w e i g h t 

(= peak a r e a ) f o r each c l a s s and a r e 

the a v e r a g e - S.E.M. of r e p l i c a t e 

a n a l y s e s ( s e e T a b l e 3 - 7 ) . 

/ 
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T a b l e 3-9? The f a t t y a c i d c o m p o s i t i o n of t h e 

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

of t h e l i p i d e x t r a c t s from c r a y f i s h 

a c c l i m a t e d t o *t°C and 25°C, under 

18 h o u r - l i g h t p h o t o p e r i o d c o n d i t i o n s 

Method: E a c h l i p i d e x t r a c t was a n a l y s e d 

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

d e t e r m i n e d as d e s c r i b e d i n the t e x t . 

•The v a l u e s r e p o r t e d a r e the % t o t a l 

w e i g h t (= peak a r e a ) and a r e .the a v e r a g e 

- S.E.M. of t h e r e p l i c a t e a n a l y s e s . 

The RRt d e t e r m i n e d f o r a u t h e n t i c 

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

methyl e s t e r s by t h e ' s e m i l o g ' and ' s e p a r a t i o n 

f a c t o r ' p r o c e d u r e s ( T a b l e 3-3) a r e i n c l u d e d 

f o r c o m p a r i s o n w i t h the RRt. of the components 

of t h e s a m p l e s . 

** V a l u e s t a k e n from T a b l e 3-3. 

t r T r a c e component 



T a b l e 3-9 

4 °c 25° c 
O b s e r v e d I d e n t i f i e d P r e cl i c t e d A c c l i m a t e d A c c l i m a t e d 

RRt F a t t y A c i d RRt ** C r a y f i sh C r a y f i s h 

18 hour 18 hour 
D a y l e n g t h D a y l e n g t h 

1.00 16 :0 1.00 3.32 + 0.21 6.41 + 0.40 
1.16 16 : l w 9 1.14 2.38 + 0.08 1.96 + 0.14 
1.35 17 :0 1.37 0.15 + 0.01 0.34 + 0.05 
1.55 17 • l w 9 1.51 5.44 0.80 3.31 + 0.55 

( i s o 
16:0) 

I . 6 3 16 : 4w6 1 . 67 - — 

1.72 17 2w4 1.73 2.12 + 0.15 1.74 - 0.17 
I . 8 3 18 0 1.82 1 . 32 + 0.12 2. 31 + 0.19 
2.06 18 : l w 9 2.04 15.15 0.17 14.80 T O.'i 0 
2. 34 18 : 2w9 2. 34 - — 

2.'16 18 : 2w6 2.44 3.68 + 0.08 2.90 + 0.24 
2.80 18 3w6 2.80 O.36 0.02 O.32 + 0.05 
3.09 18 3w3 3.13 0.88 + 0.00 0.81 + 0.03 
3.^3 18 4w3 3.58 0.04 + 0.00 0.07 + 0.00 
3-75 20 l w 9 3.68 1.38 + 0.04 1.19 + 0.07 
4.23 20 2w9 4.22 0.08 + 0.00 0.08 + 0.01 
4. 50 20 2\*6 4.46 0.96 4- 0.00 1.28 + 0.22 
5.08 20 . 3w6 5.02 0.26 4* 0.04 0.35 + 0.05 
5-54 20 4w6 v 

•3w3 ; 

5.52 11.29 + 0.17 10.50 + 0.12 
20 

4w6 v 

•3w3 ; 

+ 6.17 20 
20 

: 4w6 
: 5^6 

6.12 0.49 + 0.07 0.41 + 0.12 

7.04 20 :5w3 7.04 39.20 + 0.73 ^ s • ̂  + r\ /1 R 
• J. KJ 7.60 22 : 2w9 7.63 6.15 4- 0.01 0.15 0.02 

8.24 22 2w6 7.96 0.14 + 0.02 0.34 + 0.08 
9.31 22-: 3w6 9-15 0.12 4- 0.02 0.20 - 0.07 
9.83 22 4w9 9-70 0.78 4* 0.17 0.51 + 0.15 

10.48 22 : 5w9 I O . 5 1 - 0.21 + 0.04 
11.27 22 5w6 11.06 O.76 - 0.01 0.79 + 0.04 
12.89 22 5w3 J. ̂  . / J 1.79 4* 0.04 1.80 + 0.08 
14.18 22 6w3 14.19 7-37 4- 0.16 10.53 + 0.36 
O t h e r s — — t r 1.09 — 



T a b l e J-10: The c a r b o n c h a i n l e n g t h ( a ) and t h e 

f a t t y a c i d u n s a t u r a t i o n ( b ) c l a s s 

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

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

muscle of and 25°C a c c l i m a t e d 

c r a y f i s h , m a i n t a i n e d under 18 hour-

l i g h t p h o t o p e r i o d c o n d i t i o n s 

* V a l u e s r e p o r t e d a r e t h e % t o t a l w e i g h t 

(= peak a r e a ) f o r e a c h c l a s s and a r e 

the a v e r a g e - S.E.M. of r e p l i c a t e 

a n a l y s e s ( s e e T a b l e 3 - 9 ) • 
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T a b l e 3-11: The f a t t y a c i d c o m p o s i t i o n of the s e r i n e / 

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

l i p i d e x t r a c t s from c r a y f i s h .acclimated 

to 4°C and 25°C, under 18 h o u r - l i g h t 

p h o t o p e r i o d c o n d i t i o n s 

Methods: E a c h l i p i d e x t r a c t was a n a l y s e d 

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

d e t e r m i n e d as d e s c r i b e d i n the t e x t . 

*The v a l u e s r e p o r t e d a r e the % t o t a l 

w e i g h t (= peak a r e a ) and a r e the a v e r a g e 

- S.E.M. of t h e r e p l i c a t e a n a l y s e s . 

The RRt d e t e r m i n e d f o r a u t h e n t i c 

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

methyl e s t e r s by t he 'semilog* and ' s e p a r a t i o n 

f a c t o r ' p r o c e d u r e s ( T a b l e 3 - 3 ) 1 a r e i n c l u d e d 

f o r c o m p a r i s o n w i t h t h e RRt. of the components 

of t h e s a m p l e s . 

** V a l u e s t a k e n from T a b l e 3-3. 

t r T r a c e component 

i 



T a b l e 3-11 

4 °C 25° C 
A c c l i m a t e d A c c l i m a t e d 

RRt F a t t y A c i d P r e d i c t e d 
RRt ** 

C r a y f i s h C r a y f i sh P r e d i c t e d 
RRt ** 

18 hour 
D a y l e n g t h 

18 hour 
D a y l e n g t h 

1.00 16 : 0 1.00 z*.33 
+ 0.38 4.13 + 0.48 

1.16 16 : l w 9 1.14 0.62 + 0.17 1.07 + 0.55 
1.35 17 :0 1.37 1.79 + 0.15' 2.16 + 0.06 
1.55 17 : l w 9 1.51 -• — 

( i s o 
16:0) 

I . 6 3 16 4w6 1.67 0.31 + 0.05 0.29 + 0.03 
1.72 17 : 2w4 1.73 — _ 
I . 8 3 18 0 1.82 18.72 + 0.79 25.62 + 0.94 
2.06 18 l w 9 2.04 6.97 + 0.19 '5.23 + 0.24 
2. 34 18 2w9 2.34 0.17 + 0.01 0.33 + 0.17 
2.46 18 2w6 2.44 0.59 + 0.03 0.43 -r 0.14 
2.80 18 3w6 2.80 0.53 + 0.09 0.48 + 0.02 
3.09 18 3w3 3.13 0.10 + 0.03 0.13 + 0.03 
3.^3 18 4w3 3.58 0.45 0.06 0.60 + 0.11 
3.75 20 l w 9 3.68 1.75 + 0.10 1.34 + 0.16 
4.23 20 2w9 4.22 O.09 + 0.03 0.35 + 0.07 
4.50 20 2w6 4.46 1.45 + 0.12 0.97 + 0.06 
5.08 20 3w6 5.02 O.83 + 0.11 0.85 + 0.19 
5.54 20 4w6x 

3w3 
5.52 19 . 2 1 + 0.25 1 4 . 7 1 0.72 

20 
4w6x 
3w3 

6.17 20 5w6 6.12 0.20 + 0.09 0.42 + 0.14 
7.04 20 5w3 7.04 37.21 + 0.78 33.11 + 0.54 
7.68 22 2w9 7.63 0.26 - 0.09 0.23 + 0.04 
8.24 22 :2w6 7.96 0.11 + 0.05 0.47 + 0.23 
9-31 22 3w6 9.15 0.34 + 0.03 0.38 + 0.13 
9.83 22 4w9 9.70 - -

10.48 22 5w9 10.51 0.10 + 0.00 t r 
11.27 22 5w6 11.06 0.50 + 0.10 0.69 0.24 
12.89 22 5w3 12.76 0.97 + 0.13 1.28 + O.38 
14.18 22 :6w3 14.19 1.37 + 0.19 1.93 + 0.13 
O t h e r s — _ t r 1.67 — 



T a b l e 3-12; The c a r b o n c h a i n l e n g t h ( a ) and the 

f a t t y a c i d u n s a t u r a t i o n ( b ) c l a s s 

d i s t r i b u t i o n of the s e r i n e / i n o s i t o l 

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

m u scle of k°C and 25°C a c c l i m a t e d 

c r a y f i s h 

* V a l u e s r e p o r t e d a r e the % t o t a l w e i g h t 

(= peak a r e a ) f o r e a c h c l a s s and a r e 

the a v e r a g e - S.E.M. of r e p l i c a t e 

a n a l y s e s ( s e e T a b l e 3 - H ) -
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T a b l e 3-13; The f a t t y a c i d c o m p o s i t i o n o f t h e t o t a l 

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

from the m u s c l e of c r a y f i s h a c c l i m a t e d to 

k°C, under 8 h o u r - l i g h t p h o t o p e r i o d 

c o n d i t i o n s 

Methods: E a c h l i p i d e x t r a c t was a n a l y s e d 

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

d e t e r m i n e d as d e s c r i b e d i n the t e x t . 

*The v a l u e s r e p o r t e d a r e % t o t a l w e i g h t 

(= peak a r e a ) and a r e the a v e r a g e - S.E.M. 

of the r e p l i c a t e a n a l y s e s . 

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

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

e s t e r s by t h e ' s e m i l o g ' and ' s e p a r a t i o n f a c t o r ' 

p r o c e d u r e s ( T a b l e 3 - 3 ) i a r e i n c l u d e d f o r 

c o m p a r i s o n w i t h t h e RRt of t h e components 

of t h e s a m p l e s . 

** V a l u e s t a k e n from T a b l e 3-3-

t r - T r a c e component 



T a b l e 3-13 

RRt F a t t y A c i d P r e d i c t e d 
RRt * 

C o m p o s i t i o n 
(wt °/o) 

1.00 16 .0 1.00 8.24 - 0.14 
1.16 16 l w 9 1.14 3.36 ± 0.07 
1.35 17 0 1.37 0.77 - 0.01 
1.55 17 . I w 9 1.51 2.24 - 0.26 

( i s o 
1 6 : 0 ) 

I . 6 3 16 4w6 1.67 -
1.72 17 2w4 1.73 t r 
I . 8 3 18 0 1.82 4.68 - 0.12 
2.06 18 l w 9 2.04 17.16 - 0.15 
2. 34 18 2w9 2. 34 -
2.46 18 2w6 2.44 3.17 - 0.02 
2.80 18 3w6 2.80 0.41 - 0.00 
3.09 18 3w3 3-13 0.91 j 0.02 
3.43 18 4w3 3.58 0.25 - 0.01 
3.75 20 l w 9 3.68 1.44 - 0.01 
4.23 20 2w9 4.22 0.09 - 0.00 
4.50 20 2w6 4.46 1.78 - 0.01 
5.08 20 3w6 5.02 0.2 3 - 0.04 
5.54 20 4w6 \ 

3w3 ; 
5-52 14.03 - 0.10 

20 
4w6 \ 
3w3 ; 

6.17 20 5w6 6.12 0.39 I 0.03 
7.04 20 5w3 7.04 33.49 - 0.26 
7.68 22 2w9 7.63 0.11 - 0.01 
8.24 22 2w6 7.96 0.09 - 0.00 
q. T I 22 3v.-6 9-15 t r 
9.83 22 4w9 9.70 0.61 - 0.03 

10.48 22 5w9 1 0 . 5 1 0.10 - 0.03 
11.27 22 5w6 11.06 0.50 - 0.01 
12.89 22 5w3 12.76 1.44 - 0.04 
14.18 22 6w3 14.19 4.30 t 0.10 

— O t h e r s 
1 

— 0.24 - 0.05 



T a b l e 3-l4: The c a r b o n c h a i n l e n g t h ( a ) and t h e 

f a t t y a c i d u n s a t u r a t i o n (b) c l a s s 

d i s t r i b u t i o n of the t o t a l p h o s p h o l i p i d 

f r a c t i o n from the muscle of 4°C 

a c c l i m a t e d c r a y f i s h , m a i n t a i n e d under 

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

* V a l u e s r e p o r t e d a r e the % t o t a l w e i g h t 

(= peak a r e a ) f o r each c l a s s and a r e the 

a v e r a g e - S.E.M. of r e p l i c a t e a n a l y s e s 

( s e e T a b l e 3-13). 
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Table 6 -15 : Summary of Analyses of the E f f e c t of Thermal 

A c c l i m a t i o n upon L i p i d Composition 

Organi sm 
MICROORGANISMS 

T i ssue Reference 

B a c i l l u s cereus 
E. c o l i 
E. c o l i 
E. c o l i 
S e r r a t i a 
Candida 
Anabaena 
Pseudomonas 
INVERTEBRATES 
Astacus 
Muse a 
Peri p l a n e t a 
C a l l i p h o r a 
Phormia 
B l a t t a 
VERTEBRATES 

Rana 
Carassius 

Various f i s h 

Hamster 
Rat 
Hamster 

Whole C e l l 
Whole C e l l 
Whole C e l l 
Whole C e l l 
Whole C e l l 
Culture 
Whole C e l l 
Whole C e l l 

H.P. 
Carcass 
Whole Animal 
Eat Body 
Whole Animal) 
Whole Animal) 
Whole Animal 

L i v e r 
Muscle 
B r a i n 

I n t e s t i n e 
Mitochondria 

Depot Fat 
L i v e r ) 
Adipose ) 

Kaneda (1972) 
Aikara, Kato, Ishinaga and X i t o ( l 9 7 2 
S i l b e r t , Ladenson and Honegger (IQ73 
Haest, De Gier and Van Deenen ( I 9 6 9 ) 
Bishop and S t i l l (1963) 
Kates and Baxter 
Holton, Blecker and Onore (1964) 
Cullen, P h i l l i p s and Shipley (1971) 

B r o e r t j e s and Zandee (1969) 

Hammond and Breber (1972) Robb, 
J amil and Naidu (1968) 
Fraenkel and Hopf ( 19 z i 0 ) 
Munson (1953) 

Baranska and Wlodawer ( I 9 6 6 ) 

Johnston and Roots (1964) 
Roots and Johnston (1968) 
Roots ( I 9 6 8 ) 
Kemp and Smith (1970) 
Hoar and C o t t l e (1952) 
Caldwell and Vernberg (1970) 
Knipprath and Meads U 9 6 5 , 1966, 

1968) 
Fawcett and Lymon (195^) 
Williams and Platner 

Legend H.P. Hepatopancreas 



Figure 3-1: The E f f e c t of C a r r i e r Gas Flowrate upon 
the Column E f f i c i e n c y and Resolution of the 
Chromatographic Column 

Methods 
At each c a r r i e r gas f l o w r a t e the 

authentic f a t t y acid mixture I 8 9 - I was 
analysed. 

Column e f f i c i e n c y was c a l c u l a t e d f o r 
methyl s t e a r a t e , and peak r e s o l u t i o n f o r the 
separation of stearate ( l 8 : 0 ) and oleate 
( 1 8 : 1 ) . 

C a r r i e r gas flowrates•were measured 
using a bubble flowmeter. 

Legend 
Ordinate - Column E f f i c i e n c y 

( T h e o r e t i c a l p l a t e s ) > 

Resolution 
Abscissa - C a r r i e r gas f l o w r a t e 

(ml/min). 

• - Values of Column E f f i c i e n c y 
O - Values of Peak Resolution 
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Figure 3 -2 : C a l i b r a t i o n Line r e l a t i n g the maximal 
response of the Flame I o n i s a t i o n Detector 
to the mass of the sample applied 

Method 
8 u l of a s o l u t i o n c o n t a i n i n g various 

concentrations of methyl p a l m i t a t e ( l 6 : 0 ) 

i n carbon d i s u l p h i d e was i n j e c t e d . The 
height of the chromatographic peak was 
measured and the maximal detector response 
determined as described i n 'Methods'. 
Legend 

Ordinate - Maximal Detector Response 
(Amps) 

Abscissa - Load of methyl p a l m i t a t e 
( gms) 
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Figure 3-3; The Semilog p l o t s f o r a u t h e n t i c f a t t y a c i d 
methyl esters and f o r unavailable methyl 
esters given by B u r c h f i e l d and St o r r s (1962) 
and Ackman (1963a, b ) . 

Methods 
The RRt (16:0) f o r each methyl ester 

was determined by chromatography of the 
authentic sample, or from the l i t e r a t u r e . 
The values f o r the monoenoic f a t t y acids 
were p l o t t e d f i r s t , and i n accordance w i t h 
the system of Ackman (1963a), l i n e s f o r other 
f a t t y acid f a m i l i e s were drawn p a r a l l e l to 
t h i s . RRt f o r u n a v a i l a b l e f a t t y acids 
was p r e d i c t e d by i n t e r p o l a t i o n on the l i n e s . 

The l i n e s f o r the mono-, t r i - , t e t r a - , 
penta- and hexaenoic f a t t y acid methyl esters 
are i l l u s t r a t e d i n ( a ) , and those f o r monoenoic 
and dienoic f a t t y acids i n ( b ) . 

Legend 
Ordinate - R e l a t i v e Retention Time 

(16:0) 
Abscissa - Carbon Chain Length 



CM 

ft 
I 

CM 

00 1 — 

CD O I I I —I n i i M I l l—I g p o CJD vir co CM CM 

CM 

ft ooooo o 

CM 

00 

CD I I I I I 5 M i l l I I I I I I I 
O CD >J" CO CM 

CM 

CD 



Figure Gas-Liquid Chromatograms of the F a t t y Acid 
Methyl Ester Fractions separated by 'Argentation' 
Chromatography 

Methods 
The f a t t y acid methyl esters of p u r i f i e d 

choline phospholipids from c r a y f i s h muscle 
were f r a c t i o n e d by TLC on s i l v e r n i t r a t e 
impregnated chromatoplates as described i n 
'Methods'. A g a s - l i q u i d chromatographic 
analysis of each f r a c t i o n i s presented -
together w i t h the t e n t a t i v e i d e n t i t y of the 
major peaks. 



FRACTION 

FRACTION •• 
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1 FRACTION 
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Figure 3-5' T y p i c a l Gas-Liquid Chromatogram f o r the 
methyl esters of the t o t a l p h ospholipid 
f r a c t i o n from c r a y f i s h muscle 

Methods 
See 'Materials and Methods'. 
A recording at increased s e n s i t i v i t y 

i s also presented f o r the l a t t e r p a r t of 
the a n a l y s i s , together w i t h the t e n t a t i v e 
i d e n t i t i e s of the major peaks. 
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Figure 3 -6 : A Histogram of the f a t t y acid d i s t r i b u t i o n 

of the t o t a l p h o s p h o l i p i d class from the 
l i p i d e x t r a c t s of 4°C and 25°C acclimated 

c r a y f i s h 

Methods 
Data i s presented i n Table 3-5 

Legend 
Ordinate - % weight 
Abscissa - F a t t y Acid Species 

Acclimated C r a y f i s h 
25°C Acclimated C r a y f i s h 
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Figure 3-7? Histograms t o i l l u s t r a t e 
The carbon chain l e n g t h d i s t r i b u t i o n of the 

f a t t y acids of d i f f e r e n t p h ospholipid 
f r a c t i o n s of the l i p i d e x t r a c t s of 4°C and 
25°C acclimated c r a y f i s h 

Legend: a - T o t a l phospholipid f r a c t i o n 
b - Choline phosphoglyceride f r a c t i o n (PC) 
c - Ethanolamine phosphoglyceride 

f r a c t i o n (PE) 
d - S e r i n e / I n o s i t o l phosphoglyceride 

f r a c t i o n (PS/PI) 
O - S i g n i f i c a n t d i f f e r e n c e s between 

classes (see Tables 3-6a, 3-8a, 

3-10a and 3-12a) i 
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F i g u r e 3-8: H i s t o g r a m s t o i l l u s t r a t e 

The d i s t r i b u t i o n of u n s a t u r a t e d f a t t y a c i d 

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

of t h e l i p i d e x t r a c t s of *t°C and 25°C 

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

Legend: a - T o t a l p h o s p h o l i p i d f r a c t i o n 

b - C h o l i n e p h o s p h o g l y c e r i d e f r a c t i o n (PC) 

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

f r a c t i o n ( P E ) 

d - S e r i n e / I n o s i t o l p h o s p h o g l y c e r i d e 

f r a c t i o n ( P S / P I ) 

O - S i g n i f i c a n t d i f f e r e n c e s between 

a c c l i m a t i o n groups ( s e e T a b l e s 3-6b, 

3-8b, 3-10b and 3-12b) 
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F i g u r e 3-9 : T y p i c a l G a s - L i q u i d Chromatogram f o r t h e 

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

p h o s p h o l i p i d s of c r a y f i s h muscle 

Methods 

See ' M a t e r i a l s and Methods'. 

A r e c o r d i n g a t i n c r e a s e d s e n s i t i v i t y 

i s a l s o p r e s e n t e d f o r t h e l a t t e r p a r t of 

t h e a n a l y s i s , t o g e t h e r w i t h the t e n t a t i v e 

i d e n t i t i e s of t h e major p e a k s . 

> 
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F i g u r e 3-10: A H i s t o g r a m of the f a t t y a c i d d i s t r i b u t i o n 

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

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

25°C a c c l i m a t e d c r a y f i s h 

Methods 

Dat a i s p r e s e n t e d i n T a b l e 3-7• 

Legend 

O r d i n a t e - % w e i g h t 

A b s c i s s a - F a t t y A c i d S p e c i e s 

"1 - A c c l i m a t e d C r a y f i s h 

25°C A c c l i m a t e d C r a y f i s h 
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F i g u r e 3-11: T y p i c a l G a s - L i q u i d Chromatogram f o r the 

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

p h o s p h o l i p i d s of c r a y f i s h muscle 

Methods 

See ' M a t e r i a l s and Methods". 

A r e c o r d i n g a t i n c r e a s e d s e n s i t i v i t y 

i s a l s o p r e s e n t e d f o r the l a t t e r p a r t of 

the a n a l y s i s , t o g e t h e r w i t h t h e t e n t a t i v e 

i d e n t i t i e s of t h e major p e a k s . 
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F i g u r e 3-12: A H i s t o g r a m of t h e f a t t y a c i d d i s t r i b u t i o n 

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

c l a s s from t h e l i p i d e x t r a c t s of 4°C and 25°C 

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

Methods 

D a t a i s p r e s e n t e d i n T a b l e 3-9 

Legend 

O r d i n a t e 

A b s c i s s a 

% w e i g h t 

F a t t y A c i d S p e c i e s 

k°C a c c l i m a t e d c r a y f i s h 

25°C a c c l i m a t e d c r a y f i s h 
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F i g u r e 3-1 3: T y p i c a l G a s - L i q u i d Chromatogram f o r the 

methyl e s t e r s of p u r i f i e d s e r i n e / i n o s i t o l 

p h o s p h o l i p i d s of c r a y f i s h muscle 

Methods 

See ' M a t e r i a l s and Methods'. 

A r e c o r d i n g a t i n c r e a s e d s e n s i t i v i t y 

i s a l s o p r e s e n t e d f o r t h e l a t t e r p a r t of 

the a n a l y s i s , t o g e t h e r w i t h the t e n t a t i v e 

i d e n t i t i e s of t h e major p e a k s . 
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F i g u r e J-lk: A H i s t o g r a m of t h e f a t t y a c i d d i s t r i b u t i o n 

of t h e p u r i f i e d s e r i n e / i n o s i t o l phospho-

g l y c e r i d e c l a s s from the l i p i d e x t r a c t s of 

and 25°C a c c l i m a t e d c r a y f i s h 

Methods 

Da t a i s p r e s e n t e d i n T a b l e 3-9 

Legend 

O r d i n a t e - % w e i g h t 

A b s c i s s a - F a t t y A c i d S p e c i e s 

4 C a c c l i m a t e d c r a y f i s h 

~ 25°C a c c l i m a t e d c r a y f i s h 
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F i g u r e 3-15? The f a t t y a c i d d i s t r i b u t i o n of t he t o t a l 

p h o s p h o l i p i d c l a s s from the l i p i d e x t r a c t s 

of 4°C and 25°C, l o n g - d a y l e n g t h a c c l i m a t e d 

c r a y f i s h , and k°C, s h o r t - d a y l e n g t h a c c l i ­

mated c r a y f i s h 

Legend 

O r d i n a t e - % weight'' 

A b s c i s s a - F a t t y A c i d c l a s s 

| -J" - 't°G, 8 h o u r - l i g h t photo-

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

[ ^ - 'i°C, 18 h o u r - l i g h t photo-

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

~ °C, 18 h o u r - l i g h t photo-

p e r i o d a c c l i m a t e d c r a y f i s h 
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F i g u r e 3 - l 6 ; The c a r b o n c h a i n l e n g t h ( a ) and t h e f a t t y -

a c i d u n s a t u r a t i o n c l a s s d i s t r i b u t i o n ( b ) 

of a c c l i m a t e d c r a y f i s h m a i n t a i n e d under 

l o n g and s h o r t p h o t o p e r i o d 

Legend 

O r d i n a t e - % w e i g h t 

A b s c i s s a - Carbon c h a i n l e n g t h ( a ) 

Number o f o l e f i n i c bonds ( b ) 

® - S i g n i f i c a n t d i f f e r e n c e s ( s e e 

T a b l e 3-1^) between c l a s s e s . 

I ] - 'i°C, 8 h o u r - l i g h t photo-

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

ffifflfflfflfflfflffi ~ Z t ° c ' 1 8 h o u r - l i g h t photo-

p e r i o d a c c l i m a t e d c r a y f i s h 
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F i g u r e 3-17: The P r o p o s e d B i o s y n t h e t i c Pathways f o r 

t h e P r o d u c t i o n of the P o l y u n s a t u r a t e d 

F a t t y A c i d s I d e n t i f i e d i n C r a y f i s h Muscle, 

from the D i e t a r y O l e i c , L i n o l e i c and 

L i n o l e n i c f a t t y a c i d s ( s e e G u r r and 

J ames, 1 9 7 1 ) • 

Legend 

• . ^ > D e s a t u r a t i o n S t e p 

C h a i n E l o n g a t i o n Step 

i 
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F i g u r e 3-l8: The e f f e c t of t h e r m a l a c c l i m a t i o n under s h o r t 

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

r e s i s t a n c e of t h e f r e s h w a t e r c r a y f i s h 

Methods 

F r e s h l y t r a p p e d c r a y f i s h were a c c l i m a t e d 

under t h e i r r e s p e c t i v e c o n d i t i o n s f o r 21 days. 

Thermal r e s i s t a n c e was measured u s i n g t h e 

t e c h n i q u e of B owler (1963a) i n c l e a n a e r a t e d 

t a p w a t e r a t a t e m p e r a t u r e of 32°C. The 

c r i t e r i o n of h e a t d e a t h was t h e complete 

c e s s a t i o n o f a l l movements ( B o w l e r , 1963a). 

The r e s u l t s f o r 25°C, 18 h o u r - d a y l e n g t h 

a c c l i m a t e d c r a y f i s h a r e shown i n ( a ) and the 

r e s u l t s f o r b o t h ll°C, 8 hour and 18 hour-

d a y l e n g t h a c c l i m a t e d c r a y f i s h i n ( b ) . 

The r e s u l t s were p l o t t e d as % s u r v i v a l 

a s a f u n c t i o n o f time a t 32°C. 

Legend 

O r d i n a t e - % s u r v i v a l 

A b s c i s s a - Time a t 32°C 

A c c l i m a t i o n t r e a t m e n t 

O ^°C, 8 hour p h o t o p e r i o d 

• - zi°C, 18 hour " 

O 25°C, 18 hour " 
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S e c t i o n I I 

STUDIES ON THE ACTIVITY OF A MEMBRANE-BOUND ENZYME' 

" . . . nature has learned so to e x p l o i t the biochemical 

s i t u a t i o n as to escape the s i n g l e a p p l i c a t i o n of the 

Arrhenius equation . . ." 

B a r c r o f t , J . (1934) Features i n the A r c h i t e c t u r e of 

P h y s i o l o g i c a l Function. Cambridge U n i v e r s i t y P r e s s , 

London, p.40. 
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C h a p t e r k 

THE ROLE OF MEMBRANE-ENZYMES I N TEMPERATURE COMPENSATION 

Thermal c o m p e n s a t i o n s a r e u s u a l l y m a n i f e s t as a r a t e 

change i n some p h y s i o l o g i c a l f u n c t i o n , s u c h as oxygen 

consumption i n L u m b r i c u l u s s p . ( K i r b e r g e r 1953) and 

P a c h y g r a p s u s s p . ( R o b e r t s 1957)i development of Rana p i p i e n s 

(Ryan 19^1) and h e a r t - b e a t r a t e i n Gammarus s p . (K r o g 1954), 

or a s some change i n t h e r e s i s t a n c e t o l e t h a l t e m p e r a t u r e s , 

as o b s e r v e d i n t h e f r e s h w a t e r c r a y f i s h , Austropotomobius sp« 

by B owler (1963). F o r a g e n e r a l r e v i e w see P r o s s e r (1973) 

and P r e c h t , C h r i s t o p h e r s e n , Hensen and L a r c h e r (1973). The 

growth of b i o c h e m i c a l knowledge and t h e development o f more 

p e n e t r a t i v e a n a l y t i c a l t e c h n i q u e s s i n c e the 1950's h a s l e d 

to numerous s t u d i e s t o e x p l a i n s u c h p h y s i o l o g i c a l compensatory 

r e s p o n s e s to t e m p e r a t u r e i n terms of c e l l u l a r , s u b c e l l u l a r 

and m o l e c u l a r phenomena. T h a t enzymes and enzyme s y s t e m s 

show compensatory r e s p o n s e s h a s been known s i n c e t h e p i o n e e r i n g 

work o f P r e c h t and h i s c o l l e a g u e s . They found t h a t homogenates 

of i s o l a t e d t i s s u e s , from a v a r i e t y o f i n v e r t e b r a t e s and 

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

b o t h i n t h e p r e s e n c e and absence o f added s u b s t r a t e , when t a k e n 

from i n d i v i d u a l s , a c c l i m a t e d to low t e m p e r a t u r e s t h a n i n 

samples from w a r m - a c c l i m a t e d o r g a n i s m s ( P r e c h t , C h r i s t o p h e r s e n 

and H e n s e l , 1955). 

U n t i l r e c e n t l y , m e c h a n i s t i c i n t e r p r e t a t i o n s of t h e s e 

e f f e c t s have been b a s e d l a r g e l y on changes i n t he c e l l u l a r 

c o n c e n t r a t i o n of t h e enzyme c o n c e r n e d . T h i s h a s been c l a i m e d 

by E c k b e r g (1962) i n c r u c i a n c a r p g i l l s , by Baslo w and 

N i g r e l l i (1964) i n b r a i n c h o l i n e s t e r a s e s of the k i l l i f i s h , 

and by Freed' (1965) on the p h o s p h o f r u c t o k i n a s e of v a r i o u s l y a c c ­

l i m a t e d g o l d f i s h . I n t h e s e s t u d i e s i t was u s u a l l y assumed 

t h a t the c o n c e n t r a t i o n o f an enzyme was p r o p o r t i o n a l t o i t s 
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a c t i v i t y a t s a t u r a t i n g s u b s t r a t e c o n c e n t r a t i o n s . Whatever 

t h e means of m o d i f y i n g c e l l u l a r enzyme c o n c e n t r a t i o n s ( i . e . , 

by changes i n the r a t e s of enzyme s y n t h e s i s o r d e g r a d a t i o n ) 

t h i s a pproach has o b v i o u s l i m i t a t i o n s . F i r s t l y , t h e s o l v e n t 

c a p a c i t y of a c e l l i s s t r i c t l y f i n i t e , as a r e the a v a i l ­

a b i l i t y of b i n d i n g s i t e s f o r membrane-bound enzymes. Thus 

i t i s i n c o n c e i v a b l e t h a t a l l enzymes, o r even a l l r a t e -

l i m i t i n g ones compensate by an i n c r e a s e i n the c o n c e n t r a t i o n 

o f a c t i v e m o l e c u l e s d u r i n g c o l d a c c l i m a t i o n . S e c o n d l y , the 

c a t a l y t i c and r e g u l a t o r y p r o p e r t i e s of enzymes a r e a l s o 

u s u a l l y t e m p e r a t u r e s e n s i t i v e , so an u n m o d i f i e d enzyme may 

pr o v e m a r k e d l y i n e f f i c i e n t a t t he new e n v i r o n m e n t a l temper­

a t u r e ( s e e Hochachka and Somero 1973)* T h i r d l y , enzymes 

may pro v e m a r k e d l y t h e r m o l a b i l e under t h e new t h e r m a l 

r e g i m e . F o u r t h l y , and p e r h a p s most i m p o r t a n t , the p h y s i o ­

l o g i c a l r e l e v a n c e o f enzyme a c t i v i t y measurements a t 

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

p a r a m e t e r g i v e s no i n d i c a t i o n of enzyme b e h a v i o u r a t the 

s u b s t r a t e c o n c e n t r a t i o n s presumed to e x i s t i n t r a c e l l u l a r l y . 

( F r e e d ,1965? Hochachka and Somero ,1973)• At p r e s e n t , t h e r e 

i s no r e l i a b l e t e c h n i q u e f o r m e a s u r i n g the i n v i v o concen­

t r a t i o n of enzymes. Thus w h i l s t i t i s n o t p o s s i b l e t o 

e x c l u d e changes i n enzyme c o n c e n t r a t i o n from p a r t i c i p a t i n g 

i n compensatory p r o c e s s e s i t seems l i k e l y t h a t o t h e r 

phenomena a r e i n v o l v e d . 

The i n t r o d u c t i o n of the c o n c e p t of a l l o s t e r i c m o d u l a t i o n 

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

p e r se h a s p r o f o u n d e f f e c t s upon t h e k i n e t i c and r e g u l a ­

t o r y c h a r a c t e r i s t i c s of enzymes (Hochachka and Somero, 1973)1 

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

t e m p e r a t u r e on enzyme f u n c t i o n . T h i s h a s l e d t o the 
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r e a l i s a t i o n t h a t a d a p t a t i o n a l changes i n enzyme a c t i v i t y 

may be mediated by a h o s t of s u b t l e and h i t h e r t o u n s u s p e c t e d 

mechanisms n o t r e l a t e d to changes i n enzyme c o n c e n t r a t i o n . 

Feeny, Vandenheede and Osuga (1972) have l i s t e d some 

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

of enzymes from warm- and c o l d - a d a p t e d o r g a n i s m s ( s e e 

f i g u r e 4-1): 

1. An enzyme from c o l d - a d a p t e d o r g a n i s m s may be more 

l a b i l e a t h i g h t e m p e r a t u r e s t h a n the same enzyme 

from warm-adapted o r g a n i s m s . 

2. An enzyme from c o l d - a d a p t e d o r g a n i s m s may have a 

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

th e same A r r h e n i u s a c t i v a t i o n energy, as t h e same 

enzyme from warm-adapted o r g a n i s m s . 

3. An enzyme from c o l d - a d a p t e d o r g a n i s m s may have a 

l o w e r a c t i v a t i o n e n e r g y t h a n t h e same enzyme from 

warm-adapted o r g a n i s m s . 

k. The enzyme from warm-adapted o r g a n i s m s may have a 

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

5. The enzyme from c o l d - a d a p t e d o r g a n i s m s may have 

m i n i m a l Km (maximum e n z y m e - s u b s t r a t e a f f i n i t y ) a t 

low t e m p e r a t u r e s , and t h e enzyme from warm-adapted 

o r g a n i s m s a m i n i m a l Km a t h i g h e r t e m p e r a t u r e s . 

6. The enzymes from warm-adapted o r g a n i s m s may be 

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

These p o t e n t i a l mechanisms may r e s u l t i n t he t o t a l or 

p a r t i a l c o m p e n s a t i o n f o r the d e c r e a s e d r a t e s of enzyme 

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

e n v i r o n m e n t a l t e m p e r a t u r e i n p o i k i l o t h e r m s . T h i s may p e r m i t 

some degree of p h y s i o l o g i c a l independence from e n v i r o n ­

mental c o n d i t i o n s . The p o t e n t i a l a d a p t a t i o n a l mechanisms 

o u t l i n e d above a r e n o t m u t u a l l y e x c l u s i v e , and compensatory 
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phenomena a r e l i k e l y t o be the r e s u l t o f a v a r i e t y of changes, 

a l l c o n t r i b u t i n g t o a h i g h e r enzyme a c t i v i t y or m e t a b o l i c 

r a t e shown by c o l d - a c c l i m a t e d o r g a n i s m s . I n a d d i t i o n , i t 

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

of t h e r m a l e n e r g y upon the m o l e c u l a r motion of m o l e c u l e s , 

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

upon enzyme a c t i v i t y . F o r example, c e l l u l a r t e m p e r a t u r e 

may d i r e c t l y c a u s e c o n f o r m a t i o n a l changes i n enzyme 

s t r u c t u r e w h i c h modify i t s k i n e t i c and/or r e g u l a t o r y 

p r o p e r t i e s . A l t e r n a t i v e l y , a change i n c e l l t e m p e r a t u r e 

may i n d i r e c t l y a f f e c t enzyme f u n c t i o n by c a u s i n g changes 

i n c e l l u l a r pH or c a t i o n c o n t e n t . 

Hochachka and Somero (1973) have s u g g e s t e d t h a t 

t h e s e enzymic a d a p t a t i o n s may be b r o u g h t about i n t h r e e 

ways. F i r s t , t h e r e may be q u a n t i t a t i v e changes i n the 

number o f a c t i v e enzymes. Second, t h e r e may be q u a l i ­

t a t i v e changes i n t h e t y p e s of enzymes p r e s e n t . T h i r d , 

t h e r e may be m o d u l a t i o n of the k i n e t i c and/or r e g u l a t o r y 

p r o p e r t i e s of e x i s t i n g enzymes. T h e s e mechanisms of 

a d a p t a t i o n have been termed t h e " Q u a n t i t a t i v e " , " Q u a l i ­

t a t i v e " and "Modulet.ive" s t r a t e g i e s o f a d a p t a t i o n r e s p e c t ­

i v e l y (Hochachka and Somero, 1973)* 

I n v i e w o f the i m p l i c a t i o n o f muscle membrane 

phenomena i n t h e h e a t d e a t h of c r a y f i s h ( B o w l e r 1963» 

G l a d w e l l 1973, Bowler, Duncan, G l a d w e l l and D a v i s o n , 1973) 

and the e f f e c t of t e m p e r a t u r e a c c l i m a t i o n upon h e a t d e a t h 

( B o w l e r 1963, G l a d w e l l 1973) and muscle l i p i d c o m p o s i t i o n 

( s e e S e c t i o n I ) , i t was of i n t e r e s t t o know whether the 

enzyme component of muscle membranes showed any k i n e t i c 

o r r e g u l a t o r y a d a p t a t i o n s i n r e s p o n s e t o maintenance of 

the a n i m a l a t d i f f e r e n t t e m p e r a t u r e s . The e f f e c t of a 

changed p h o s p h o l i p i d environment on membrane-bound 
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enzymes was an o b v i o u s p o s s i b l e mechanism f o r m o d u l a t i o n 

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

i s s u p p o r t e d by the o b s e r v a t i o n by B i o j , Morero, F a r i a s 

and T r u c c o (1973) t h a t membrane f l u i d i t y h a s a marked 

e f f e c t upon the a l l o s t e r i c b e h a v i o u r of the Na +-K +-ATPase 

and A c e t y l c h o l i n e s t e r a s e of r a t e r y t h r o c y t e membranes 

( s e e a l s o S i n e r i z , B l o j , F a r i a s and T r u c c o 1 9 7 3 ) . 

The C a l c i u m - s t i m u l a t e d ATPase ( E . C . 3.6.1.3.) 

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

m u s cle p r o v e d t o be a p a r t i c u l a r l y c o n v e n i e n t 'model' 

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

a c c l i m a t i o n . The s a r c o p l a s m i c r e t i c u l u m i s a membranous 

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

the s a r c o p l a s m , c a u s i n g r e l a x a t i o n of the c o n t r a c t i l e 

m a c h i n e r y ( f o r r e v i e w s e e E b a s h i and Endo, 1 9 6 8 ) . I t s 

p r i m a r y advantage i s t h a t i t c o n t a i n s few p r o t e i n s p e c i e s 
2+ 

o t h e r t h a n t h e Ca - a c t i v a t e d ATPase w h i c h may c o n s t i t u t e 

up t o 80-90% of m i c r o s o m a l p r o t e i n (Deamer 1973i M e i s s n e r 

and F l e i s c h e r 1971, I n e s i , B l a n c h e t and W i l l i a m s 1972, 

M a d eira, Antunes - M a d e i r a and C a r v a l h o 1 9 7 ^ ) - I n d e e d , 

i t h a s been c l a i m e d t h a t t h e r e i s no other- major enzymic 

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

minor enzyme a c t i v i t i e s s u c h a s h e x o k i n a s e have been 

d e t e c t e d ( M a r t o n o s i 1 9 7 2 ) . 

The ATPase i s i n t i m a t e l y bound t o the membrane and 

i s h i g h l y dependent upon i t f o r i t s a c t i v i t y . I n c o n t r a s t 

t o most o t h e r t r a n s p o r t s y s t e m s , both the c a t a l y t i c 

f u n c t i o n ( i . e . , ATPase) and t r a n s p o r t a c t i v i t y ( u p t a k e of 

c a l c i u m ) c a n be m o n i t o r e d e a s i l y . An a d d i t i o n a l a s s e t 

i s i t s a v a i l a b i l i t y i n r e l a t i v e l y l a r g e amounts, from 

s t r i a t e d m u s c l e . . Macruran abdominal muscle , g e n e r a l l y , 

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



r e t i c u l u m and s c a r c i t y of m i t o c h o n d r i a (Van d e r K l o o t , 

1969? B a s k i n , 1 9 7 i ; Deamer,1973)• T h i s r e s u l t s i n a 

r e l a t i v e l y p u re p r e p a r a t i o n , w i t h few c o n t a m i n a t i n g 
1 

membranes and a h i g h s p e c i f i c a c t i v i t y (Deamer,1973)• 
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C h a p t e r 5. 

GENERAL MATERIALS AND METHODS 

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

methods common t o the e x p e r i m e n t a l work c o n s i d e r e d i n 

S e c t i o n s I I I and I V . The t e c h n i q u e s u s e d i n s p e c i f i c 

e x p e r i m e n t s a r e g i v e n a t r e l e v a n t p o i n t s i n t h e t e x t . 

MATERIALS 

a. G l a s s w a r e P i p e t t e s were s u p p l i e d by J.A. J o b l i n g 

and Co. L t d . ( T r e f o r e s t ) and were E - M i l G o l d 

L i n e S t a n d a r d (BS 700). O t h e r g l a s s w a r e was 

s u p p l i e d by J.A. J o b l i n g and Co. L t d . ( E - M i l 

G o l d L i n e and P y r e x b r a n d s ) and A. Gallenkamp 

L t d . ( T e c h n i c o ) . 

b. A n i m a l s C r a y f i s h ( A u s t r o p o t a m o b i u s p a l l i p e s ) 

were o b t a i n e d from r e s e r v o i r s and s t r e a m s i n 

Northumberland, and m a i n t a i n e d a t 15°C and an 

l8 hour day l e n g t h i n the l a b o r a t o r y a s d e s ­

c r i b e d i n C h a p t e r 2. 

Groups of a n i m a l s were a c c l i m a t e d i n 

c l e a n a e r a t e d w a t e r a t k io.5°C o r 25 -0.1°C 

f o r n o t l e s s t h a n 21 d a y s . A l l a n i m a l s were 

i n the i n t e r m o u l t c o n d i t i o n when s a c r i f i c e d . 

c . C h e m i c a l s MgCl ,6H 0, KC1, HC1, s u c r o s e , a n d 

(NH^)g Mo^O,^•^H^O were p u r c h a s e d from B r i t i s h 

Drug House C h e m i c a l s L t d . ( P o o l e , D o r s e t ) i n . 

the p u r e s t form a v a i l a b l e ("AnalaR 1 G r a d e ) . 

Sodium a z i d e ( L a b o r a t o r y Grade) and C a C l ^ 

(AVS v o l u m e t r i c s o l u t i o n ) were a l s o s u p p l i e d 

by BDH C h e m i c a l s L t d . 

T r i s ( h y d r o x y m e t h y l ) aminomethane 

( T r i z m a Base; P r i m a r y S t a n d a r d and B u f f e r ) , 

B ovine Serum Albumin ( f r a c t i o n V, 96-99%), 



Disodium-Adenosine T r i p h o s p h a t e (Sigma 

G r a d e ) , I m i d a z o l e f r e e base (Grade l ) and 

E t h y l e n e g l y c o l - b i s ( p - a m i n o - e t h y l e t h e r ) N, N'-

t e t r a a c e t i c a c i d (EGTA) were p u r c h a s e d from t h e 

.Sigma London C h e m i c a l Co. L t d . ( K i n g s t o n - u p o n -

Thames, S u r r e y ) . 

Disodium-ATP was c o n v e r t e d to i t s 

a c i d form by s h a k i n g w i t h Dowex H + r e s i n . The 
+ 

H-ATP was r e c o v e r e d from the s u p e r n a t a n t by 
i 

c e n t r i f u g a t i o n of the r e s i n . H^ATP was con­

v e r t e d t o i t s T r i s - s a l t by t i t r a t i o n w i t h 2M 

T r i s t o pH 7»0, and s t o r e d u n t i l r e q u i r e d a t 

-20°C.'' 

'Dowex' 1-X8 (20-50 U.S. Mesh) was 

o b t a i n e d from BDH C h e m i c a l s L t d . 1 Q u a d r a l e n e 1 

L a b o r a t o r y D e t e r g e n t was p u r c h a s e d from F i s o n s 

S c i e n t i f i c A p p a r a t u s L t d . (Loughborough). 
1 L u b r o l W and ' C i r r a s o l ALN-F' were a g i f t 

f rom I C I L t d . , D y e s t u f f s D i v i s i o n . 

METHODS 

a. T r e a t m e n t of G l a s s w a r e A l l g l a s s w a r e was soaked 

o v e r n i g h t i n a 2% (w/v) s o l u t i o n o f 'Quadralene 

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

t a p w a t e r and 6 t i m e s i n d i s t i l l e d w a t e r . G l a s s 

ware was o v e n - d r i e d . G l a s s - T e f l o n h o m o g e n i s e r s 

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

t o d r a i n a t room t e m p e r a t u r e . 

b. P r e p a r a t i o n of Microsomes C r a y f i s h were a c c l i m a t e d 

t o e i t h e r ^°C o r 25°C a s d e s c r i b e d i n C h a p t e r 2 

The abdominal f l e x o r and e x t e n s o r m u s c l e s were 

r a p i d l y e x c i s e d from t h e a n i m a l and p l a c e d 

i m m e d i a t e l y i n t o 10 volumes ( v o l : gm wet w e i g h t 



of m u s c l e ) i c e - c o l d e x t r a c t i o n medium (lOOmM 

KC1, lOtnM I m i d a z o l e - HC1, pH 7.1) and weighed. 

A l l s u b s e q u e n t o p e r a t i o n s were performed on 

c r u s h e d i c e . 

The m uscle was f i n e l y -

minced i n a V o r t e x Waring B l e n d e r (M.S.E. L t d . ) 

u s i n g a s t a i n l e s s s t e e l i m p e l l o r r o t a t i n g a t 

a p p r o x i m a t e l y 4,000 r.p.m. f o r 2-3 m i n u t e s , and 

then homogenised w i t h 10 p a s s e s o f a P o t t e r -

Elvehj'em homogeniser w i t h a t e f l o n p e s t l e 

( c l e a r a n c e 0.10 - 0.15 nun) r o t a t i n g a t approx­

i m a t e l y 2,000 r.p.m. T h i s c r u d e homogenate 

was c e n t r i f u g e d i n a ' M i s t r a l 2 L 1 C e n t r i f u g e 

(M.S.E. L t d . ) a t l.OOOg and 4°C f o r 30 minutes 

t o remove n u c l e i , c o n n e c t i v e t i s s u e and c e l l 

d e b r i s . The s u p e r n a t a n t (A) was s t o r e d on i c e , 

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

i n 5 volumes of e x t r a c t i o n medium f o l l o w e d by 

c e n t r i f u g a t i o n as b e f o r e t o y i e l d s u p e r n a t a n t ( B ) 

S u p e r n a t a n t s A and B were 

combined and spun a t 13,000g and 4°C, f o r 30 

mi n u t e s i n a 'High Speed l 8 ' R e f r i g e r a t e d 

C e n t r i f u g e (M.S.E. L t d . ) t o remove r e m a i n i n g 

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

s u p e r n a t a n t f r a c t i o n (c) c o n t a i n i n g microsomes, 

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

was c e n t r i f u g e d a t 35iOOOg f o r 60 m i n u t e s a t 

4°C. The m i c r o s o m a l p e l l e t was r e s u s p e n d e d i n 

a c o n c e n t r a t e d KC1 medium (0.6M KC1, lOmM I m i d a ­

z o l e - HC1, pH 7.1) by h o m o g e n i s a t i o n , i n o r d e r 

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

a c t o m y o s i n ( M a r t o n o s i and F e r e t o s , 1 9 6 4 ) . The 
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h e a v y microsomes were f i n a l l y s e d i m e n t e d a t 

35iOOOg f o r 60 minutes a t k°C and r e s u s p e n d e d 

by thorough h o m o g e n i s a t i o n i n a s u c r o s e medium 

(0.3M S u c r o s e , lOmM I m i d a z o l e - HC1, pH 7.1) 

t o g i v e a p r o t e i n c o n c e n t r a t i o n of *i0-80 ug 
2 + 2+ 

m i c r o s o m a l p r o t e i n / m l . (The Ca -Mg -ATPase 

was found t o be u n s t a b l e when f r o z e n i n lOmM 

I m i d a z o l e - HC1, pH 7»li a l o n e b u t s t a b l e 

i n t h e s u c r o s e medium.) The p r e p a r a t i o n was 

u s e d i m m e d i a t e l y o r s t o r e d a t -20°C i n t he d a r k . 

c. R e a c t i o n Media Two i o n i c r e a c t i o n media were u s e d : 

( i ) 3mM MgCl 2 

( i i ) 3mM MgCl 2, 0.5mM C a C l 2 

Both c o n t a i n e d 0.5mM EGTA, lOOmM KC1, 75mM S u c r o s e , 

25mM I m i d a z o l e - HC1, pH 7.1 ( a l l f i n a l c oncen­

t r a t i o n s ) . T r i s - A T P was added t o t h e r e a c t i o n 

medium p r i o r t o a s s a y t o g i v e a f i n a l concen-
2+ 

t r a t i o n of 3mM. The Ca - s t i m u l a t e d ATPase 

was d e f i n e d a s t h e d i f f e r e n c e between t h e ATPase 

a c t i v i t y i n p r e s e n c e o f MgCl^ and C a C l ^ , and 

ATPase a c t i v i t y i n the p r e s e n c e of MgCl 0. a l o n e . 

A l l s o l u t i o n s were made up i n 

d e i o n i s e d w a t e r . D e v i a t i o n s from t h e s e c o n d i t i o n s 

and methods a r e n o t e d a t r e l e v a n t p o i n t s i n 

the t e x t . 

d. ATPase A s s a y Enzyme a c t i v i t i e s were a s s a y e d 

e i t h e r i n 150 X 25nim 'Pyrex' b o i l i n g t u b e s , o r 

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

s t a r t e d by a d d i t i o n of 0.5ml micro s o m a l p r e p a r a ­

t i o n t o 1.5ml of the a p p r o p r i a t e a s s a y medium 

c o n t a i n i n g T r i s - A T P . The l a t t e r s o l u t i o n had 

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

a s s a y were c o n t r o l l e d to -0.1°C by a 500 w a t t 

i m m e r s i o n h e a t e r c o n n e c t e d by a h o t w i r e vacuum 

s w i t c h r e l a y ( S u n v i c C o n t r o l s L t d . ) t o a 'Jumos' 

e l e c t r i c a l c o n t a c t thermometer (A. Gallenkamp 

and Co. L t d . ) . 

The p e r i o d of i n c u b a t i o n depended 

upon the a c t i v i t y o f t h e p r e p a r a t i o n w h i c h was 

a s s a y e d p r e v i o u s l y . 

E s t i m a t i o n of Enzyme A c t i v i t y Enzyme a c t i v i t y 

was d e t e r m i n e d by e s t i m a t i o n o f the i n o r g a n i c 

p hosphate l i b e r a t e d from ATP d u r i n g t h e r e a c t i o n 

u s i n g the A t k i n s o n , Gatenby and Lowe, ( 1 9 7 3 ) 

m o d i f i c a t i o n o f t h e method o f F i s k e and Subbarow 

( 1 9 2 5 ) . 

The r e a c t i o n was 

s t o p p e d by the a d d i t i o n o f ^ml of a f r e s h l y 

p r e p a r e d m i x t u r e ( 1 : 1 ( v / v ) of 1% (w/v) aqueous 

' L u b r o i W1 o r ' C i r r a s o l ALN-WF', and 1% (w/v) 

ammonium molybdate i n 1.8N H^SO^). A r e a g e n t 

b l a n k was p r e p a r e d by a d d i t i o n of t h e l u b r o i -

molybdate medium b e f o r e the enzyme was i n t r o d u c e d . 

The t u b e s were l e f t a t room t e m p e r a t u r e (l8-20°C) 

f o r 10 m i nutes t o a l l o w the y e l l o w c o l o u r to 

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

s t o r a g e up to 1 h o u r . I f n e c e s s a r y , p r e c i p i t a t e d 

p r o t e i n was removed by c e n t r i f u g a t i o n a t lOOOg 

f o r 15 m i nutes a t 4°C i n a ' M i s t r a l 2L' C e n t r i ­

fuge (M.S.E. L t d . ) . 

The o p t i c a l d e n s i t y 

of t h e s u p e r n a t a n t was r e a d a g a i n s t a d i s t i l l e d 

w a t e r b l a n k a t 390nm e i t h e r i n a H i l g e r and Watts 
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L t d . S p e c t r o p h o t o m e t e r o r a Pye Unicam SPlOOO 

Dual Beam S p e c t r o p h o t o m e t e r , u s i n g a t u n g s t e n 

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

l i g h t p a t h . I n o r g a n i c phosphate c o n t e n t was 

de t e r m i n e d by r e f e r e n c e t o a c a l i b r a t i o n graph 

p r e p a r e d by a s s a y of s t a n d a r d p h o s p h a t e 

s o l u t i o n s s e r i a l l y d i l u t e d from a s t o c k s o l u t i o n 

c o n t a i n i n g 20ug phosphorus.' ( a s KH PO^)/ml 

( f i g u r e 5 - 1 ) • The r e s p o n s e c h a r a c t e r i s t i c s of 

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

C i r r a s o l were i d e n t i c a l . 

P r o t e i n D e t e r m i n a t i o n The p r o t e i n c o n t e n t of 

microso m a l p r e p a r a t i o n s was e s t i m a t e d u s i n g 

the F o l i n - C i o c a l t e a u method of Lowry, Rosebrough, 

F a r r and R a n d a l l ( 1 9 5 1 ) , m o d i f i e d t o p e r m i t the 

a c c u r a t e d e t e r m i n a t i o n of microsomal s u s p e n s i o n s 

w i t h low p r o t e i n c o n t e n t ( i . e . l e s s t h a n 

lOOug/ml.). 

R e a g e n t s : F o l i n ' s S o l u t i o n A: 50 v o l , 3% (w/v) 

sodium c a r b o n a t e i n 0.15M NaOH. 

0.5 v o l , 0,75% 

(w/v) Copper s u l p h a t e . 

0.5 v o l , 1.5% 

(w/v) sodium p o t a s s i u m t a r t r a t e . 

F o l i n ' s S o l u t i o n B: k0% ( v / v ) aqueous 

s o l u t i o n o f F o l i n ' s C i o c a l t e a u -

P h e n o l Reagent. 

P r o c e d u r e : M i c r o s o m a l p r o t e i n was d i l u t e d t o 

g i v e s e v e r a l known d i l u t i o n s l e s s t h a n 

lOOug p r o t e i n / m l . S t a n d a r d p r o t e i n s o l u t i o n s 

were made up o f 0, 2 5 i 50, 75 and lOOug 

Bovi n e Serum Albumin, F r a c t i o n V/ml. 1.2ml 
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of the standards, blanks and unknowns were 

added to 2.0 ml. of F o l i n ' s S o l u t i o n A i n 

a 150 X 25 mm b o i l i n g tube. A f t e r e x a c t l y 

30 minutes 0.3 ml a l i q u o t s of F o l i n ' s 

S o l u t i o n B was added to each tube. A f t e r a 

f u r t h e r 60 minutes the o p t i c a l d e n s i t y of 

the r e s u l t a n t s o l u t i o n was measured a g a i n s t a 

d i s t i l l e d water blank, through a 10 mm l i g h t 

path i n g l a s s c u v e t t e s a t 650 nun. A 

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

to standard p r o t e i n c o n c e n t r a t i o n was 

constructed (Figure 5-2) and the co n c e n t r a t i o n 

of the unknowns determined from t h i s l i n e . 

Enzyme a c t i v i t y was c a l c u l a t e d as 

uMoles phosphate l i b e r a t e d / mg. p r o t e i n / 

minute. 

C a l c u l a t i o n of the conc e n t r a t i o n of f r e e c a l c i u m i n 

a Calcium-Buffer System The presence of s i g n i f i c a n t 

c alcium contamination from extraneous sources and 

of an unknown number of Calcium-binding s i t e s i n 

the enzyme preparation, made i t impossible to 

c o n t r o l the f r e e calcium c o n c e n t r a t i o n a c c u r a t e l y , 

p a r t i c u l a r l y a t the very low l e v e l s ( ̂ 10~^M) that 
2+ o i 

are known to maximally a c t i v a t e the Ca •-Mg~+-

ATPase. T h i s problem was overcome by the use 

of a Calcium-buffer system, using substances 

which s e l e c t i v e l y bind to d i v a l e n t ions. One 

of the best known substances of t h i s type i s 

E t h y l e n e - d i a m i n e - t e t r a - a c e t i c a c i d (EDTA) which 

binds calcium about 10 times more e f f e c t i v e l y 
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than magnesium. Recently, however, EDTA has 

been superseded by E t h y l e n e g l y c o l b i s (B-amino-

e t h y l - e t h e r ) - N , N - t e t r a - a c e t i c a c i d (EGTA), 

s i n c e i t can bind calcium 10^ times more 

e f f e c t i v e l y than magnesium. 

Normally only binding of d i v a l e n t c a t i o n 

by the forms of EGTA with three negative charges 

(HL^~) and four negative charges ( L 4 ~ ) are 

considered (Caldwell,1970). Thus a t given 

c o n d i t i o n s of pH, i o n i c s t r e n g t h and temperature, 

the apparent a s s o c i a t i o n constants K-̂  and K2 f o r 

the two forms of c a t i o n binding can be defined -

(MeHL"") 
K l 

K 2 = 

(Me 2 +) (HL 3-) 

(MeL 2~) 

(Me 2 +) ( L 4 - ) 

where (MeHL-) and (MeL 2 +) rep r e s e n t the 

co n c e n t r a t i o n of c a t i o n - EGTA complex f o r the 

two forms of binding, (HL J~) and (L ) r e p r e s e n t s 

the t o t a l l i g a n d that i s not complexed, and (Me2"*") 

re p r e s e n t s the uncomplexed c a t i o n c o n c e n t r a t i o n . 

A combined apparent a s s o c i a t i o n constant 

K , may be defined, where -

(MeL) 
K = K, + K 2 = -

1 2 (Me 2 +) ( L ) 

(MeL) r e p r e s e n t s the t o t a l c o n c e n t r a t i o n of 

c a t i o n - EGTA complex 

(L) r e p r e s e n t s uncomplexed l i g a n d 

(Me 2 +) r e p r e s e n t s the remaining f r e e c a t i o n 

c o n c e n t r a t i o n . 
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T h i s l a t t e r equation was used to c a l c u l a t e 

the f r e e calcium concentration using a value of 

K of i o 6 - 8 8 2 ( C a l d w e l l 1970) by a process of 

s u c c e s s i v e approximation. I n i t i a l l y i t was 

assumed that a l l a v a i l a b l e c a t i o n was bound 

by the lig a n d , so that (MeL) was equal to the 

t o t a l calcium present, and ( L ) was equal to the 

t o t a l l i g a n d remaining uncomplexed. These 

va l u e s of K , (MeL) and ( L ) were used to c a l c u l a t e 

a value of ( C a 2 + ) . Subsequently,the v a l u e s of 

(MeL) and ( L ) were ad j u s t e d to account f o r the 

f r e e (Ca - r ) , c a l c u l a t e d p r e v i o u s l y . T h i s process 

was repeated u n t i l reasonably steady values of 

f r e e ( C a 2 + ) were reached. The e f f e c t of 

magnesium on the e q u i l i b r i u m was not estimated. 

The r e l a t i o n s h i p between the t o t a l calcium 

i n the system and the f r e e calcium c o n c e n t r a t i o n 

i n the presence of 0.5 mM EGTA i s shown i n 

Figu r e 5-3. A l l v a l u e s of f r e e ( C a 2 + ) were 

estimated from t h i s graph. 



F i g u r e 5-1? S t a n d a r d c a l i b r a t i o n c u r v e f o r t h e 

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

Methods 

I n o r g a n i c phosphate l i b e r a t e d d u r i n g 

e n z y m a t i c a c t i v i t y was e s t i m a t e d u s i n g t h e 

method of A t k i n s o n , Gatenby and Lowe (1973) 

w i t h b o t h ' L u b r o l ' and ' C i r r a s o l ' r e a c t i o n 

media ( s e e 'Methods'). 

Legend 

O r d i n a t e - Absorbance a t 390nm. 

A b s c i s s a - ug phosphorus ( a s KH^PO^) 

/ml. 

O 1 C i r r a s o l - ( H i l g e r - W a t t s 

S p e c t r o p h o t o m e t e r ) 

' L u b r o l ' - ( H i l g e r - W a t t s 

S p e c t r o p h o t o m e t e r ) 

• ' C i i r r a s o 1' - (SP 1800) 
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F i g u r e 5 - 2 : S t a n d a r d c a l i b r a t i o n c u r v e f o r the 

d e t e r m i n a t i o n of P r o t e i n 

Methods 

P r o t e i n was e s t i m a t e d u s i n g t h e 

F o l i n - C i o c a l t e a u p h e n o l r e a g e n t , w i t h 

BSA ( f r a c t i o n V) as s t a n d a r d . (See 

'Methods'). R e s u l t s a r e the mean of 

t h r e e s e p a r a t e d e t e r m i n a t i o n s , each 

p erformed i n d u p l i c a t e . 

Legend 

O r d i n a t e 

A b s c i s s a 

Absorbance a t 650nm 

ug BSA ( F r a c t i o n V)/ml 
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F i g u r e 5-3: A graph of the c a l c u l a t e d f r e e calcium 

c o n c e n t r a t i o n f o r a medium containing 0.5 mM 

EGTA and v a r i o u s c o n centrations of t o t a l 

calcium 

Method: For c a l c u l a t i o n s see 'Methods'. 

D i s s o c i a t i o n constant f o r a mixture of Calcium 

and EGTA (at 20°C, pH 7.1 and i n the presence of 

0.1 M KC1) was 1 0 6 - 8 8 2 ( C a l d w e l l , 1970). 

Legend: Ordinate: T o t a l Calcium c o n c e n t r a t i o n (mM) 

A b s c i s s a : pCa ( f r e e calcium c o n c e n t r a t i o n ) 

(M) 
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THE EFFECT OF TEMPERATURE UPON THE KINE T I C 
CHARACTERISTICS OF THE SARCOPLASMIC Ca^+Mg^+ATPase 

OF CRAYFISH ABDOMINAL MUSCLE 

INTRODUCTION 

The Immediate E f f e c t s o f Tem p e r a t u r e upon Enzyme K i n e t i c s 

I t h a s been known f o r some time t h a t an i n c r e a s e i n 

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

c h e m i c a l r e a c t i o n . I n t h e 1880's A r r h e n i u s o f f e r e d an 

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

r e a c t i o n to p r o c e e d , t h e r e a c t a n t s must p o s s e s s a p a r t i c u l a r 
1 1 

amount o f ener g y w h i c h he termed t h e A c t i v a t i o n E n e r g y . 

T h i s t h r e s h o l d v a l u e c o u l d be c a l c u l a t e d from t h e e m p i r i c a l 

A r r h e n i u s E q u a t i o n ( w h i c h r e l a t e s A c t i v a t i o n E n e r g y to t he 

t e m p e r a t u r e dependence o f t he r e a c t i o n v e l o c i t y ) , and was 

thought to be c h a r a c t e r i s t i c f o r any p a r t i c u l a r r e a c t i o n 

s e q u ence. 

However, amongst t h e most i n t e r e s t i n g o b s e r v a t i o n s o f 

r e c e n t y e a r s h a s been t h a t the A r r h e n i u s A c t i v a t i o n E n e r g y 

o f some enzymic r e a c t i o n s was m a r k e d l y dependent upon 

s u b s t r a t e c o n c e n t r a t i o n s . Thus a t low s u b s t r a t e c o n c e n t r a ­

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

dependent. (Hochachka,1971; Hazel,1972a) T h i s phenomenon 

was e x p l a i n e d by t h e dependence o f t h e E n z y m e - S u b s t r a t e ( E - S ) 

a f f i n i t y ( a s measured by t he M i c h a e l i s c o n s t a n t , Km) on the 

a s s a y t e m p e r a t u r e . ( H e l m r e i c h and C o r i , 1 9 6 4 ; T a k e t a and 

P o g e l l , I 9 6 5 ; Himes and Wilder,1968.) I n some c a s e s t h e 

dependence had a l i n e a r r e l a t i o n s h i p ( s u c c i n i c dehydrogenase, 

H a z e l 1972; p i g i s o c i t r a t e dehydrogenase, Moon 1972; 

Adenosine t r a n s p o r t , B e r l i n 1973)> w h i l s t i n o t h e r s i t p r o v e d 
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t o be c u r v i l i n e a r ( l a c t a t e dehydrogenase, Hochachka and 

Somero 1 9 6 8 , Hochachka and L e w i s } 1 9 7 1 1 B a l d w i n and A l e k s u i k , 

1 9 7 3 ; g o l d f i s h b r a i n c h o l i n e a c e t y l - t r a n s f e r a s e , Hebb, 

S t e p h e n s and Smith, 1 9 7 2 ; i s o c i t r a t e dehydrogenase, Moon 

and Hochachka,1 9 7 1; g l u c o s e - 6 - p h o s p h a t e dehydrogenase, 

Somero , 1 9 6 9 ; f r u c t o s e d i p h o s p h a t a s e , B e h r i s c h and Hochachka, 

1 9 6 9 ; a c e t y l c h o l i n e s t e r a s e , B a l d w i n and Hochachka, 1 9 7 0 ) , 

or a complex U-shape ( l a c t a t e dehydrogenase, Somero,1969; 

p y r u v a t e k i n a s e , Somero and Hochachka,1 9 6 8; s e e F i g u r e 6 - 1 ) . 

B e r l i n ( 1 9 7 3 ) h a s o b s e r v e d a l i n e a r r e l a t i o n s h i p between Km 

and t e m p e r a t u r e i n t h e trans-membrane t r a n s p o r t o f a d e n o s i n e 

i n macrophages. I n a l l o f t h e s e c a s e s an i n c r e a s e i n a s s a y 

t e m p e r a t u r e above t h e a d a p t a t i o n t e m p e r a t u r e o f t h e org a n i s m 

c a u s e d a r e d u c t i o n i n t he E-S a f f i n i t y ( i n c r e a s e i n Km). 

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

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

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

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

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

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

c e l l u l a r m e t a b o l i s m . I t h a s been termed " p o s i t i v e t h e r m a l 

m o d u l a t i o n " by Hochachka and h i s c o l l e a g u e s (Hochachka and 

Somero 1 9 7 3 ) . 

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

upon the e x t e n t o f t h e change i n Km w i t h t e m p e r a t u r e , and 

a l s o upon t h e s u b s t r a t e c o n c e n t r a t i o n . Thus a s t e e p Kin/ 

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

t h e r m a l independence t h a n a s h a l l o w Km/temperature c u r v e . 

I t i s i n t e r e s t i n g to note t h a t e u r y t h e r m a l o r g a n i s m s , s u c h 

as G i l l i c h t h y s s p . (Somero 1 9 7 3 ) w h i c h may e x p e r i e n c e 

d i u r n a l l y f l u c t u a t i n g t e m p e r a t u r e s , t e n d to p o s s e s s enzymes 
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with shallow Kin/temperature curves which permit e f f i c i e n t 

enzyme f u n c t i o n over a wide range of temperatures. Steno­

thermal organisms, however, o f t e n have steep Km/temperature 

curves which r e s u l t i n a degree of temperature independence, 

but r e s t r i c t e d l i m i t s f o r enzymic f u n c t i o n (Trematomus sp. 

Hochachka and Somero 1973)* These phenomena may w e l l have 

e c o l o g i c a l i m p l i c a t i o n s . At low s u b s t r a t e concentrations, 

which are presumed to be present i n t r a c e l l u l a r l y (Williamson, 

Cheung, Coles and Herczeg,1967; Hochachka,• Freed, Somero and 

Prosser >1971", Freed, 1971a) , the E-S a f f i n i t y i s of primary 

importance i n governing the r a t e s of c a t a l y s i s . At s a t u r ­

a t i n g l e v e l s of s u b s t r a t e , however, the i n t r i n s i c enthalpy 

of the system i s the major determinant of r e a c t i o n v e l o c i t y . 

For example, King Crab ( P a r a l i t h o d e s sp.) l a c t a t e dehydro­

genase at a pyruvate c o n c e n t r a t i o n of 2mM has a Q^q (5-15°C) 

of 1.8, whereas at O.lmM pyruvate i t i s 1.2 (Somero 1969). 

At 0.05mM pyruvate, there i s overcompensation with a Q^q q ^ 

0.8. 

I n a d d i t i o n to the immediate compensating e f f e c t s 

d i s c u s s e d above, complex U-shaped curves r e l a t i n g Km to 

temperature d i s p l a y s e v e r a l other important c h a r a c t e r i s t i c s . 

F i r s t l y , some p o i k i l o t h e r m i c enzymes e x h i b i t maximal E-S 

a f f i n i t y , (minimal Km value) at temperatures which approxi­

mate to the h a b i t a t (and body) temperature (Somero and 

Hochachka,1969; Somero,1969; Baldwin,1971)• T h i s i s a 

c l a s s i c a l adaptive r e l a t i o n s h i p and supports the contention 

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

evo l u t i o n a r y p r o c e s s e s . Secondly, the marked i n c r e a s e i n 

Km at temperatures below those normally experienced by the 

animal may be expected to ac t a d d i t i v e l y with the re d u c t i o n 

i n k i n e t i c energy, to stop e f f e c t i v e l y the r e a c t i o n proceeding. 
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On f i r s t c o n s i d e r a t i o n s t h i s s i t u a t i o n appears p a r a d o x i c a l , 

but Somero and Hochachka (1973) have speculated t h a t dramatic 

i n c r e a s e s i n Kin, w i t h i n the v i a b l e thermal range of an 

organism, may be i n s t r u m e n t a l i n s w i t c h i n g metabolic a c t i v i t y 

from one pathway to another. They f e e l that the r e s u l t i n g 

metabolic r e o r g a n i s a t i o n may be adaptive. Furthermore, at 

extreme temperatures c e s s a t i o n of enzyme a c t i v i t y may cause 

complete i n a c t i v a t i o n of a metabolic pathway, which, even 

though the enzyme, i s not i r r e v e r s i b l y i n a c t i v a t e d , may prove 

l e t h a l to the organism concerned. Thus heat death, and 

more l i k e l y c o l d death, may f o l l o w i n the absence of p r o t e i n 

denaturation. 

These proposed mechanisms by which enzymes counteract 

the r a t e - e f f e c t s of i n c r e a s e d temperature have c e r t a i n 

i m p l i c a t i o n s . F i r s t l y , as they are e s s e n t i a l l y immediate, 

no s y n t h e s i s of p r o t e i n i s r e q u i r e d . Secondly, such 

compensation would be automatic and r e q u i r e s no s p e c i a l 

c o n t r o l l i n g machinery. T h i r d l y , i t provides an explanation 

at the molecular l e v e l f o r r e c e n t claims of thermal indepen­

dence of c e r t a i n p h y s i o l o g i c a l processes (Newell and North-

c r o f t , I967; Newell and Pye,1971? Percy and A l d r i c h , 1 9 7 1 ) • 

I n a d d i t i o n , the magnitude of the temperature-dependent 

change i n Km i s often dependent on a v a r i e t y of f a c t o r s 

other tuan temperature. These in c l u d e enzyme c o n c e n t r a t i o n 

(Hochachka and Lewis,1971), the pH of the medium (Hochachka 

and Lewis, 1971', Helmreich and Cori,1964; Himes and Wilder, 

I968J Freed ,1971a), the presence of mono- and d i v a l e n t 

c a t i o n s (Taketa and Pogell,1965; B e h r i s c h and Hochachka, 

1969) and the presence of other metabolites (Lowry, S c h u l t z 

and Passonneau,196^). 
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Indeed, so rudimentary i s our understanding of the 

i n t r a c e l l u l a r environment, t h a t we do not know the s u b s t r a t e 

c o n c e n t r a t i o n experienced by an enzyme. The intimate 

compartmentalisation that e x i s t s w i t h i n c e l l s ensures that 

a measurable bulk concentration i s not evenly d i s t r i b u t e d 

(Bygrave^1967)• Neither are we sure that the enzyme 

k i n e t i c s observed i n v i t r o bear any r e l a t i o n to i n vivo 

co n d i t i o n s , s i n c e conventional assay systems d i f f e r markedly 

from t h e i r p r e d i c t e d k i n e t i c and r e g u l a t o r y behaviour at the 

high enzyme concentrations that e x i s t w i t h i n the c e l l ( Srere, 

1967; Wuntch, Chen and Vesell,1970; Horvath and Sovak,1973). 

Weitzman (1973) has suggested t h a t the use of "permeabilised" 

c e l l s may be a simple technique of s i m u l a t i n g i n vivo condi­

t i o n s , s i n c e treatment with toluene l e a d s to t o t a l i n c o n t i n ­

ence towards low molecular weight molecules, w h i l s t the 

macromolecular components are r e t a i n e d i n t r a c e l l u l a r l y . 

Not only are the enzymes present at i n t r a c e l l u l a r concentra­

t i o n s but there i s p r e s e r v a t i o n of a t l e a s t some higher-

order macromolecular i n t e r a c t i o n s , c h a r a c t e r i s t i c of l i v i n g 

c e l l s . 

The molecular mechanism of temperature modulation of 

E-S and enzyme modulator a f f i n i t y i s l a r g e l y unknown. 

Lowry, Schulz and Passonneau (196*1) have suggested that 

i n c r e a s e d temperature causes a conformational change which 
1 

T 

o f f e r s poor a c c e s s i b i l i t y of s i t e s to s u b s t r a t e s and a l l o s t -

e r i c modulators, l e a d i n g to i n c r e a s e d M i c h a e l i s constants. 

The t e r t i a r y and quaternary s t r u c t u r e s of enzymes are known 

to be determined p r i m a r i l y by weak hydrophobic, dipole and 

i o n i c i n t e r a c t i o n s between v a r i o u s p a r t s of the polypeptide 

cha i n . I n c r e a s e s i n temperature cause marked diminution 

of the s t r e n t h of i o n i c i n t e r a c t i o n s and hydrogen bonding by 
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an i n c r e a s e i n thermal m o b i l i t y of the molecule. I n a d d i t i o n , 

temperature changes may have m u l t i p l e e f f e c t s on the s t a t e of 

i o n i s a b l e groups, p a r t i c u l a r l y those with appreciable heats 

of i o n i s a t i o n . S i m i l a r l y , temperature decreases would be 

expected to cause an i n c r e a s e d l a b i l i t y of hydrophobic i n t e r ­

a c t i o n s , a f a c t o r which i s of obvious importance to i n t r i n s i c 

membrane-bound enzymes. Hochachka and Somero (1973) have 

speculated as to the m o d i f i c a t i o n s of the primary p r o t e i n 

s t r u c t u r e which would engender s t a b i l i t y to the o v e r a l l enzyme 

s t r u c t u r e or i t s a c t i v e s i t e at p a r t i c u l a r temperatures, and 

Smith (1970) has l i s t e d the r o l e s t hat the s i d e chains of each 

of the twenty common amino-acids are known or presumed to play 

i n the s t r u c t u r a l and f u n c t i o n a l p r o p e r t i e s of enzymes. Such 

i n t e r a c t i o n s between temperature and p r o t e i n conformation are 

no doubt extremely complex i n nature, but there i s good e x p e r i ­

mental evidence f o r t h e i r e x i s t e n c e ( I w a t z u k i and Okazaki,1967). 

The Role of Isoenzymes i n Temperature A c c l i m a t i o n 

On a seasonal time s c a l e , e f f e c t i v e compensation f o r an 

a l t e r e d thermal regime may be promoted by the production of 

k i n e t i c a l l y d i s t i n c t isoenzymes, each operating e f f i c i e n t l y 

over d i f f e r e n t temperature ranges. Often those enzymes with 

s e a s o n - s p e c i f i c isoenzymes, are those which e x h i b i t the more 

dramatic i n c r e a s e s of Km at temperatures much removed from 

t h e i r adapted thermal regime, and thus are f u n c t i o n a l over 

a l i m i t e d temperature range only. Accordingly, isoenzymes 

of pyruvate k i n a s e , which d i f f e r k i n e t i c a l l y , have been 

demonstrated i n e x t r a c t s i s o l a t e d from Rainbow Trout, acclimated 

to 2°C and l8°C (Somero and Hochachka,1968, 1971). Other 

examples are the c h o l i n e a c e t y l t r a n s f e r a s e of the G o l d f i s h 

(Hebb, Stephens and Smith,1972), the a c e t y l c h o l i n e s t e r a s e of 
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Treinatomus sp. and Rainbow Trout (Baldwin and Hochachka, 1970) , 

the NAD-dependent i s o c i t r a t e dehydrogenase from t r o u t l i v e r 

(Moon»1970; Moon and Hochachka, 1972) "> t r o u t l i v e r c i t r a t e 

synthetase (Hochachka and Lewis,1970); t r o u t phosphofructo-

ki n a s e (Somero and Hochachka,1971) and the oxoglutarate 

aminotransferase of the Pond Loach (Mester, Iord^chescu and 

N i c u l e s c u , 1973)• I n a l l of these examples each isoenzyme 

e x h i b i t e d maximal E-S a f f i n i t y at temperatures which approxi­

mated to the a c c l i m a t i o n temperature. Furthermore, L i v i n g s t o n e 

and Bayne (1974b) have noted marked seasonal changes i n the 

E-S a f f i n i t y of the mantle pyruvate kinase of a n a t u r a l popu­

l a t i o n of the edible mussel, M y t i l u s e d u l i s , t hat are c o n s i s t e n t 

with the known seasonal g l y c o l y t i c and gluconeogenic p r o p e r t i e s 

of t h i s t i s s u e . T h i s i s thought to i n d i c a t e a c o r r e l a t i o n 

between isoenzyme production and a change i n metabolic f u n c t i o n 

of the t i s s u e . 

The production of f u n c t i o n a l enzyme v a r i a n t s i s known to 

occur by s e v e r a l means, although the data are not extensive 

enough to permit g e n e r a l i s a t i o n of the importance of each 

mechanism to any one t i s s u e , organ or animal. I n t h i s context 

i t i s r e l e v a n t to note that the s h o r t e r the time-course i n 

which thermal compensation occurs, the more l i m i t e d are the 

enzymatic m o d i f i c a t i o n s t h a t may c o n s t i t u t e an animal's 

adaptive response. Immediate thermal dampening e f f e c t s as 

d e s c r i b e d p r e v i o u s l y , can only be completed w i t h the e x i s t i n g 

stock of enzymes. However, short-term or seasonal a c c l i m a t i o n 

r e q u i r e s the production of d i f f e r e n t forms of the same enzyme, 

each with d i f f e r e n t temperature c h a r a c t e r i s t i c s . T his may 

be e f f e c t e d by the c l e a r - c u t , o n - o f f s y n t h e s i s of isoenzymes 

as has been demonstrated w i t h Trout b r a i n a c e t y l c h o l i n e s t e r a s e 

(Baldwin and Hochachka,1970) and the i n t e s t i n a l a l k a l i n e 
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phosphatase of S a l v e l i n u s sp. (Whitmore and Goldberg,1972). 

With oligomeric enzymes, k i n e t i c v a r i a n t s may be produced i n 

c e r t a i n t i s s u e s by changing the balance of subunit types 

(Hochachka ,1965, 1966; Somero and Hochachka,1969; Hochachka 

and Lewis,1970, 1971', Aleksiuk,1971*, Moon and Hochachka, 19715 

Whitmore and Goldberg,1972; Somero,19735 B o l a f f i and Brooke, 

197 zi). However, Wilson, Whitt and P r o s s e r (1973) have 

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

enzyme composition s i n c e they observed s i g n i f i c a n t d i f f e r e n c e s 

i n l a c t a t e dehydrogenase isoenzyme p a t t e r n s of G o l d f i s h muscle, 

that were due to causes other than temperature a c c l i m a t i o n . 

These include enzymic polymorphisms i n the r a t i o of A and B 

subunits; v a r i a t i o n s i n the r a t i o of red and white muscle 

f i b r e types, each with d i s t i n c t subunit compositions; and 

i n c o n s i s t e n c i e s i n s t a i n i n g technique (see a l s o B o l a f f i and 

Brooke, 197*0 . 

I t i s i m p l i c i t i n t h i s d e s c r i p t i o n that isoenzyme and 

subunit replacement techniques r e q u i r e a s o p h i s t i c a t e d 

c o n t r o l l i n g mechanism to produce the r i g h t molecules at the 

r i g h t time. 

Modulation of Enzyme A c t i v i t y during A c c l i m a t i o n 

F u n c t i o n a l l y d i s t i n c t isoenzymes may a l s o be produced 

by modulation of the k i n e t i c and r e g u l a t o r y behaviour of an 

e x i s t i n g p r o t e i n , r e s u l t i n g i n an enzyme which i s more e f f i c i e n t 

and r e l e v a n t to the new environmental c o n d i t i o n s . The e f f e c t s 

of the i n t r a c e l l u l a r environment upon enzyme f u n c t i o n i s of 

p a r t i c u l a r relevance to metabolic c o n t r o l i n poikilotherms 

during temperature a c c l i m a t i o n , s i n c e pH (Rahn,1965*1 Reeves 

and Wilson,1969' Freed 1971a) and mono- and d i v a l e n t c a t i o n 

content (Rao ( 1962v Hickman, McNabb, Nelson, Van Breenan and 
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Comfort, 196^ J Heninicke and Houston, 1965', Houston and Madden, 

1968) are known to be r e g u l a t e d during seasonal thermal 

a c c l i m a t i o n i n f i s h . Hochachka and Somero (1971) have 

concluded, from a s e r i e s of d e t a i l e d s t u d i e s on the thermal 

c h a r a c t e r i s t i c s of c e r t a i n important r e g u l a t o r y enzymes, 

t h a t although i n d i v i d u a l enzyme-modulator i n t e r a c t i o n s may 

be temperature s e n s i t i v e , as d e s c r i b e d p r e v i o u s l y , the o v e r a l l 

r e g u l a t i o n of c a t a b o l i c f u n c t i o n may be h i g h l y independent of 

temperature (Somero and Hochachka^1968; Behrisch,1969)• 

T h i s suggests that i t i s the adapted i n t r a c e l l u l a r environment 

that causes m o d i f i c a t i o n s to the k i n e t i c and/or r e g u l a t o r y 

p r o p e r t i e s of the enzyme, presumably by a l l o s t e r i c i n t e r a c t i o n . 

I n support of t h i s hypothesis, Freed (1971a) has suggested 

that the decreased g l y c o l y t i c r a t e s and i n c r e a s e d l e v e l s of 

fructose-6-phosphate and glucose-6-phosphate, observed i n 

warm acclimated g o l d f i s h may be explained by the demonstrated 

modulating e f f e c t s of decreased pH on phosphofructokinase 

a c t i v i t y . C l e a r l y such m o d i f i c a t i o n s are time-dependent and 

are q u i t e d i s t i n c t from the immediate e f f e c t s of temperature 

upon the enzyme-substrate and enzyme-modulator a f f i n i t y 

d i s c u s s e d e a r l i e r . 

Almost a l l the work d i s c u s s e d p r e v i o u s l y , apart from 

the exhaustive a n a l y s i s of g o l d f i s h s u c c i n i c dehydrogenase 

by Hazel (1972), has been performed on " s o l u b l e " enzyme 

systems assayed i n v i t r o . The l i m i t a t i o n s of t h i s approach 

have been d i s c u s s e d . The fragmented sarcoplasmic .reticulum 

(FSR) preparations used i n the present study offer's some 

d i s t i n c t advantages over " s o l u b l e " enzyme preparations, 

s i n c e the enzymes are i n a l o c a l i s e d c o n c e n t r a t i o n and t h r e e -

dimensional arrangement that resembles the i n vivo s i t u a t i o n 

more c l o s e l y . Consequently, the i n t e r a c t i o n s between v a r i o u s 
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macroniolecules are l a r g e l y maintained, although no doubt i n 

a modified form. Furthermore, the v e s i c l e s r e t a i n the 

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

The experiments described i n t h i s chapter were designed 

to i n v e s t i g a t e the temperature-dependent k i n e t i c c h a r a c t e r -
2+ 2+ i s t i c s of the Ca -st i m u l a t e d , Mg -dependent ATPase of the 

FSR. I n p a r t i c u l a r , tne Km/temperature r e l a t i o n s h i p was 

determined and the p o s s i b l e involvement of Km changes i n 

temperature-independent f u n c t i o n i n g , i n v e s t i g a t e d . Also, 

the f u n c t i o n a l c h a r a c t e r i s t i c s of enzymes i s o l a t e d from 

and 25°C acclimated c r a y f i s h were compared to see i f the 

phospholipid environment which i s a f f e c t e d by thermal 

a c c l i m a t i o n (see Chapter 3) caused any compensatory changes 

i n enzyme behaviour. 

MATERIALS AND METHODS 

A. MATERIALS 

a. Animals. Adult c r a y f i s h between 30mm and 50mm 

carapace length were acclimated e i t h e r to 'i°C 

or 25°C f o r at l e a s t 21 days as described i n 

Chapter 2. A l l animals were subjected to a 

l8-hour daylength a r t i f i c i a l l i g h t c o n d i t i o n s . 

P a r t i c u l a r care was taken to ensure that 

animals were i n the intermoult c o n d i t i o n when 

s a c r i f i c e d . 

b. S k e l e t a l muscle. The abdominal f l e x o r and extensor 

muscles from each animal were used. U s u a l l y 

muscle t i s s u e from up to ten animals was 

pooled to provide s u f f i c i e n t m a t e r i a l f o r 

a n a l y s i s . 
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c. Reagents. The composition of a l l e x t r a c t i o n , 

resuspension and assay media has been d e s c r i b e d 

i n Chapter 5« V a r i a t i o n s to the conc e n t r a t i o n 

of Tris-ATP, EGTA and calcium are noted i n the 

t e x t at r e l e v a n t p o i n t s . 

METHODS 

a. P r e p a r a t i o n of the microsomal f r a c t i o n . The prepara­

t i v e procedure has been d e s c r i b e d i n Chapter 5. 

The microsomal suspension was e i t h e r used 

immediately or st o r e d f o r up to 1 hr on i c e . 

For long term storage ( l hr to 7 days) a l i q u o t s 

were stored s e p a r a t e l y at -20^C i n 0.3M sucrose, 

lOmM imidazole at pH 7»1« These a l i q u o t s 

were thawed approximately ten minutes p r i o r 

to assay and stored on i c e as above. 
2+ 2+ 

b. Enzyme as s a y s . Basal Mg -ATPase, Ca . -dependent 
2+ 2+ 

ATPase and t o t a l Ca -Mg -ATPase a c t i v i t i e s 

were u s u a l l y assayed i n d u p l i c a t e as desc r i b e d 

i n Chapter 5- The r e a c t i o n was stopped and 

the i n o r g a n i c phosphate l i b e r a t e d was determined 

as described p r e v i o u s l y . P r o t e i n determinations 

were performed i n t r i p l i c a t e u s i n g the method 

of Lowry, Rosebrough, F a r r and Randall (1951) 

as described i n Chapter 5. 

c. S t a t i s t i c a l techniques 

( i ) S t a t i s t i c a l comparisons of data. A l l s t a t i ­

s t i c a l comparisons of data were performed with 

conventional techniques as described by Snedecor 

and Cochran (1967). Where appropriate, r e f e r e n c e 

was made to the s t a t i s t i c a l t a b l e s of F i s h e r and 

Yates ( I 9 6 3 ) . 
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( i i ) Treatment of s a t u r a t i o n k i n e t i c s data. The 

Michaelis-Menten equations as modified by L i n e -

weaver and Burk (193*0 » permits the g r a p h i c a l 

e s t i m a t i o n of the k i n e t i c parameters Km and 

Vmax (Dixon and Webb,1964). However, s i n c e 

there was a degree of s c a t t e r i n the c o r r e ­

l a t i o n between and ^ S , the k i n e t i c constants 

were determined by the method of l e a s t squares 

(Snedecor and Cochran^l967)• 
V 
Regression 

C o e f f i c i e n t = b =^XY - gX^Y Equation - 6-1 

N 
- (Sx)' 

N 

where the symbols £X, £Y, £x y and £x have t h e i r 

u s u a l meanings, and N - number of o b s e r v a t i o n s . 

The i n t e r c e p t a = 1 = f^f - b.^X Equation - 6-2 

V N N 

As a check on equation 6-2, the i n t e r c e p t s of 

the e x t r a p o l a t e d l i n e on the ^~^S a x i s were 

c a l c u l a t e d from: 

X = -1 = X - (Y-Y) 
rr -t 
xvm D 

Since i n t h i s i n s t a n c e Y = 0, t h i s reduces to 
X = X - Y 

b 

and Km = 

(* -4-) 
The r e g r e s s i o n a n a l y s i s provides a "best estimate 

f i t of the r e g r e s s i o n l i n e f o r the a v a i l a b l e data 

However, i t i s n e c e s s a r y to recognise that each 

v e l o c i t y determination has a c e r t a i n e r r o r a s s o c i 

ated with i t , and that t h i s r e s u l t s i n an e r r o r 

i n the r e g r e s s i o n c o e f f i c i e n t -b, and i n any 
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i 

p r e d i c t i o n made from the r e g r e s s i o n data. 
The standard e r r o r of the r e g r e s s i o n c o e f f i c i e n t 

(Sb) can be c a l c u l a t e d from: 

Equation 6-3 

where £y 2 =*Y2 - ( $ Y ) 2 andSx 2 =tx 2 - (gX) 2 

N N 

The value and standard e r r o r of a value of X 

pr e d i c t e d from t h i s r e g r e s s i o n (Snedecor and 

Cochran 1967) i s given by: 
X = X + /Y - Y\ - Sb Itx2 + I x f + (Y - Y ) 2 

\ b / yj N b 
Since at the i n t e r c e p t on the X a x i s Y = 0, 

and -X = - t h i s becomes: 

X = /X - Y\ i Sb &x 2 +Sx 2 + Y 2 Equation 
\ hj b \J N b 2 6-k 

Confidence l i m i t s f o r X were estimated i n the 

us u a l manner from the Students ' t ' d i s t r i b u t i o n 

by: 

X - t . (Standard e r r o r of X). 

where t i s the d e s i r e d l e v e l of s i g n i f i c a n c e 

f o r (N-2) degrees of freedom ( F i s h e r and Yates, 

1963). K i T i i i t s standard e r r o r and confidence 

l i m i t s , were found by tak i n g r e c i p r o c a l s of 

these v a l u e s . I t should be noted, however, 

that by t a k i n g r e c i p r o c a l s of (X + t x S.E) 

and (X - t x S.E) the r e s u l t i n g confidence 

i n t e r v a l s above and below Km, w i l l not be 

equal (see F i g u r e s 6-l'i and 6-15). 

The double r e c i p r o c a l p l o t i s the most 

oft e n used of the s e v e r a l s t r a i g h t l i n e 
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conversions a v a i l a b l e (Dixon and Webb 1964), 

but i t may be the l e a s t r e l i a b l e source of 

estimates of Vmax and Km. S e v e r a l l i n e a r 

methods have been compared by Dowd and Riggs 

(1965) who t e s t e d them us i n g simulated data 

and i n v e s t i g a t e d the s e n s i t i v i t y of each 

method to e r r o r i n the v e l o c i t y measurement. 

They found that the double r e c i p r o c a l p l o t gave 

a d e c e p t i v e l y good f i t , even with u n r e l i a b l e 

experimental v a l u e s . I f used without adequate 

weighting i t can r e s u l t i n l a r g e e r r o r s i n the 

k i n e t i c constants s i n c e the s m a l l e s t value of 

v pla y s an i n o r d i n a t e l y important r o l e i n 

determining the p o s i t i o n of the f i t t e d l i n e . 

Of the three methods examined i t proved to be the 

l e a s t r e l i a b l e . 

When the e r r o r i n v i s l a r g e Dowd and 

Riggs (1965) concluded that more c o n s i s t e n t 

estimates of Vmax and Km are given by p l o t t i n g 
v/r -1 

v a g a i n s t [_SJ . I t has the f u r t h e r advantage 

of i n d i c a t i n g when the data d e v i a t e s from the 

pre d i c t e d r e l a t i o n s h i p , s i n c e i t tends to 

exaggerate such d e v i a t i o n s . 

The b a s i c Michaelis-Menten equation i s 

m u l t i p l i e d through by (S + Km) and rearranged 

to give: 
v = Vmax - v Km Equation 5 -4 

[ S ] 
which i s of the general form y = m - C. 

(Dixon and Webb, 1964). A p l o t of y ag a i n s t 
v/ 

x gives a l i n e whose i n t e r c e p t on the ordinate 
i s m (= Vmax) and whose slope i s c (= Km). 
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These parameters and t h e i r a s s o c i a t e d standard 

e r r o r s were c a l c u l a t e d by r e g r e s s i o n a n a l y s i s 

as i n d i c a t e d p r e v i o u s l y f o r the Lineweaver-Burk 

p l o t . I n t h i s case the confidence i n t e r v a l s 

above and below Km w i l l be equal (see F i g u r e s 

6-l'i and 6-15) . 

RESULTS 

A. Reaction C h a r a c t e r i s t i c s of the Microsomal ATPase 

E x t r a c t i o n C h a r a c t e r i s t i c s 

The i n i t i a l p e l l e t s A and B (see General Methods, 

Chapter 5) were u s u a l l y white and were thought to c o n s i s t 

l a r g e l y of m y o f i b r i l l a r m a t e r i a l , muscle n u c l e i , and 

connective t i s s u e . P e l l e t C was white or s l i g h t l y 

pink i n colour and c o n s i s t e d of remaining m y o f i b r i l l a r 

m a t e r i a l , n u c l e i and mitochondria. The heavy microsomal 

p e l l e t s D and E were both straw-coloured or pink, and 

l e n t an opalescent q u a l i t y to the medium when resuspended. 

The e x t r a c t i o n e f f i c i e n c y i s a measure of the y i e l d 

of microsomal p r o t e i n from each gram wet weight of muscle. 

I t was c a l c u l a t e d that the y i e l d of microsomal p r o t e i n from 

c r a y f i s h muscle was between 0.6 - 0.9-mg microsomal p r o t e i n 

per gram wet weight of muscle. On average the abdominal 

muscle from 25°C-acclimated c r a y f i s h y i e l d e d more micro­

somal p r o t e i n than it°C-acclimated c r a y f i s h abdominal 

muscle. T h i s d i f f e r e n c e i s h i g h l y s i g n i f i c a n t (P^O.01, 

see Table 6-1). 

C h a r a c t e r i s a t i o n of ATPase A c t i v i t y of the Heavy 

Microsomal F r a c t i o n 

The f o l l o w i n g experiments were designed to c h a r a c t e r ­

i s e the ion requirements f o r ATPase a c t i v i t y of the heavy 

microsomal p r e p a r a t i o n from c r a y f i s h abdominal muscle, 
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and to i n v e s t i g a t e the presence of other Ca - a c t i v a t e d 
2+ 

ATPase systems that may con t r i b u t e to the observed Ca 
s t i m u l a t i o n of ATP h y d r o l y s i s . 

2+ 
( i ) B a s a l Mg -dependent ATPase: The microsomal prepara­

t i o n possessed an appre c i a b l e ATPase a c t i v i t y when 

assayed i n the presence of 3mM MgCl^, but absence of 

CaClg and EGTA. I n c o r p o r a t i o n of i n c r e a s i n g concen­

t r a t i o n s of EGTA i n t o the r e a c t i o n medium caused a 

re d u c t i o n i n the r a t e of ATP h y d r o l y s i s ( F i g u r e 6-1). 

ATPase a c t i v i t y was almost t o t a l l y suppressed i n the 

presence of 0.5mM EGTA. 
2+ 

I n most prepa r a t i o n s (60% or more), Mg -dependent 

ATPase a c t i v i t y i n the present of 0.5mM EGTA was t o a l l y 

absent, but when present was of ver y low a c t i v i t y , 
2+ 2 + 

never exceeding 8% of the 'To t a l ' Ca -Mg -ATPase 

a c t i v i t y i n prepa r a t i o n s i s o l a t e d from both 4°C and 

25°C-acclimated c r a y f i s h (Table 6-2). Whether t h i s 

a c t i v i t y was a component of the FSR or was a containing 

ant from other membrane systems i s not known. 
2 + 

( i i ) ATPase A c t i v i t y i n the absence of Mg. : No ATPase 
2+ 

a c t i v i t y was observed at a f r e e Ca concentration 
2+ 

of 8.1uM, i n the absence of Mg . Thi s i n d i c a t e s 
2+ 

that no Ca -dependent.ATPase a c t i v i t y e x i s t s under 

the r e a c t i o n conditions r o u t i n e l y used (Table 6-2). 

( i i i ) E f f e c t of Sodium Azide: The i n c o r p o r a t i o n of 5mM 

sodium azide i n t o a r e a c t i o n medium cont a i n i n g 8.1uM 

f r e e calcium and JmM MgCl_ caused no re d u c t i o n i n the 
of 2 

rate\^ATP h y d r o l y s i s , when compared to a c o n t r o l 
r e a c t i o n without sodium a z i d e . T h i s i n d i c a t e s that 

2+ 
a mitochondrial, Ca -s t i m u l a t e d ATPase does not contr i b u t e to the observed ATP h y d r o l y s i s s i n c e 
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Fanberg and Gergely (1965) have shown that both 

ATPase a c t i v i t y and calcium uptake by a mitochondrial 

f r a c t i o n were i n h i b i t e d by sodium az i d e . 
2 + 2 + ( i v ) Ca - a c t i v a t i o n of the Mg -dependent ATPase: 

I n c o r p o r a t i o n of low concentrations of f r e e calcium 

( p C a ^ 6 ) i n t o a r e a c t i o n medium containing 2mM MgClg, 

caused a marked s t i m u l a t i o n of ATP h y d r o l y s i s 

( F i g u r e 6-3). However, i n c o r p o r a t i o n of l a r g e r 

q u a n t i t i e s of f r e e calcium (pCa^ 5 ) r e s u l t e d i n the 
2 + 

i n h i b i t i o n of the Ca - s t i m u l a t e d r a t e of ATP hydro­

l y s i s , r e v e a l i n g a c l e a r optimum at 20°C i n the 

presence of 7uM f r e e calcium. 

B. The E f f e c t of Assay Temperature and Thermal A c c l i m a t i o n 
2+ 2 + upon the Ca - a c t i v a t i o n C h a r a c t e r i s t i c s of the Mr 

dependent ATPase 

Time-course of ATP Hy d r o l y s i s with* 3.0mM ATP 

Figure 6-4 i s a p l o t ATP h y d r o l y s i s with r e s p e c t to 
2+ 

time by the Ca -s t i m u l a t e d ATPase, at an ATP con c e n t r a t i o n 

of 3«0mM and i n the presence of 3mM MgCl ,0.5mM CaCl and 

0.5mM E6TA. The r a t e of ATP h y d r o l y s i s remained l i n e a r 

w i th time f o r the e n t i r e course of the experiment. On 

the b a s i s of t h i s r e s u l t , i n c u b a t i o n periods of 60, 30 

and 10 minutes were adopted f o r assay at 5°C, 20°C and 

35°0 r e s p e c t i v e l y . 
2+ 

Temperature, and Ac c l i m a t i o n E f f e c t s upon Ca - a c t i v a t i o n 
Measurements of the complex a c t i v a t i o n - i n h i b i t i o n 

2 + 
c h a r a c t e r i s t i c s of Ca -st i m u l a t e d ATPase a c t i v i t y induced 

by d i f f e r e n t concentrations of f r e e calcium were made at 

5°C, 20°C and 35°C f o r p r e p a r a t i o n s e x t r a c t e d from 4°C-

acclimated (Figure 6-5) and 25°C-acclimated c r a y f i s h 

( F i g u r e 6-6). 
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The f r e e c a l c i u m c o n c e n t r a t i o n r e q u i r e d f o r maximal 

a c t i v a t i o n of ATPase a c t i v i t y v a r i e d between 2uM and 

1'iuM. These s m a l l changes i n o p t i m a l f r e e c a l c i u m 

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

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

( F i g u r e 6-7a) and a r e p r o b a b l y c a u s e d by s m a l l t e m p e r a t u r e -

i n d u c e d s h i f t s i n t h e pH of the a s s a y medium ( s e e F i g u r e 

6-7b). However, the v a r i a t i o n s i n t h e o p t i m a l f r e e 

c o n c e n t r a t i o n were s m a l l i n e x t e n t and i n a l l s u b s e q u e n t 

a n a l y s e s the f r e e c a l c i u m c o n c e n t r a t i o n was m a i n t a i n e d 

a t 8.1uM u s i n g an e q u i m o l a r s o l u t i o n o f EGTA and c a l c i u m 

c a u s e d by e s t i m a t i n g o p t i m a l enzyme a c t i v i t y w i t h 8.1uM 

f r e e c a l c i u m and n o t the t r u e o p t i m a l c o n c e n t r a t i o n f o r 

e a ch t e m p e r a t u r e i s i n d i c a t e d i n T a b l e 6-3 f o r m i c r o s o m a l 

p r e p a r a t i o n s from b o t h 4°C-acclimated and 25°C-acclimated 

c r a y f i s h . A l l e r r o r s a r e w i t h i n " } % of t h e . t r u e o p t i m a l 
2+ 

Ca - s t i m u l a t e d a c t i v i t y , and l i e w i t h i n the e s t i m a t e d 
e x p e r i m e n t a l e r r o r f o r t h e a n a l y t i c a l t e c h n i q u e (-5%). 

The f r e e c a l c i u m c o n c e n t r a t i o n r e q u i r e d f o r maximal 
2+ 

a c t i v a t i o n o f Ca - s t i m u l a t e d a c t i v i t y was i d e n t i c a l a t 

each a s s a y .temperature f o r p r e p a r a t i o n s i s o l a t e d from 

'i°C and 25°C-acclimated c r a y f i s h ( T a b l e 6-3 and F i g u r e s 

6-5 and 6-6). I t was t h e r e f o r e c o n c l u d e d t h a t t h e r m a l 
2+ 

a c c l i m a t i o n had no e f f e c t upon the Ca - a c t i v a t i o n 

c h a r a c t e r i s t i c s of the enzyme. 
2+ 

The r e s u l t s a l s o i n d i c a t e t h a t the Ca - s t i m u l a t e d 

ATPase a c t i v i t y was m a r k e d l y t e m p e r a t u r e dependent 

( s e e C h a p t e r 7 ) • 

.3 
c h l o r i d e . The c a l c u l a t e d e r r o r m e me a c t i v i t y , 
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v 

ATP S a t u r a t i o n C h a r a c t e r i s t i c s 

T i m e - c o u r s e of ATP H y d r o l y s i s a t 0.1mM ATP 

F i g u r e 6-8 shows a p l o t of the time c o u r s e o f phosphate 

l i b e r a t i o n by the ATPase p r e p a r a t i o n a t 0°C and 35°C, i n 

t h e p r e s e n c e of O.lmM ATP. 
2+ 

The Ca - s t i m u l a t e d ATP h y d r o l y s i s remained l i n e a r 
f o r 10 m i n u t e s at 35°C and a t l e a s t 50 mi n u t e s a t 0°C. 

2+ 

I n the p r e s e n c e o f Mg o n l y , no phosphate was l i b e r a t e d . 

On the b a s i s of t h i s r e s u l t i n c u b a t i o n t i m e s were adopted 

d u r i n g w h i c h s i m i l a r amounts of phosphate were l i b e r a t e d . 

The i n c u b a t i o n time v a r i e d w i t h the a c t i v i t y of e ach 

p r e p a r a t i o n . 
2+ 

S a t u r a t i o n of the Ca - s t i m u l a t e d ATPase w i t h ATP 
F i g u r e 6-9a shows the s a t u r a t i o n c u r v e s w i t h r e s p e c t 

2+ 

t o ATP f o r a m i c r o s o m a l Ca - s t i m u l a t e d ATPase p r e p a r a t i o n 

i s o l a t e d from 4°C-acclimated c r a y f i s h . C a r e f u l e x a m i n a t i o n 

of the l i n e a r p l o t i n d i c a t e s t h a t t h e c u r v e does n o t conform 

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

Menten k i n e t i c s , but shows s t i m u l a t e d a c t i v i t y a t ATP 

c o n c e n t r a t i o n s i n e x c e s s of O.^mM. T h i s phenomenon i s 

more c l e a r l y i l l u s t r a t e d i n t he accompanying L i n e w e a v e r -

Burk p l o t ( F i g u r e 6-9b), w h i c h r e v e a l s a complex graph 

c o n s i s t i n g of two s t r a i g h t l i n e s i n t e r s e c t i n g a t a p p r o x i ­

m a t e l y 0o5mM ATP. 

F o r a n a l y t i c a l p u r p o s e s the t,wo l i n e s were t a k e n to 

r e p r e s e n t s e p a r a t e enzyme s y s t e m s . E x t r a p o l a t i o n of 

e a c h l i n e towards t h e o r d i n a t e p e r m i t t e d the s e p a r a t e 

d e t e r m i n a t i o n of Vmax and Km f o r each s y s t e m . Thus, 

below 0.5mM ATP ( h e r e a f t e r termed 'low [ATP] a c t i v i t y ' ) 

t h e enzyme h a s an a p p a r e n t Km of 72uM and a Vmax of 

0.115uM phosphate l i b e r a t e d , mg p r o t e i n " !; minute"'!:. 
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Above 0.5mM ATP ( i . e . , 'high [ATP] a c t i v i t y ' ) , however, 

Km was i n c r e a s e d d r a m a t i c a l l y to 285uM and Vmax t o 0.156uM 

phospha t e l i b e r a t e d . m g p r o t e i n ^ minute , an i n c r e a s e of 

35.6% o v e r t h e Vmax f o r low [ATP] a c t i v i t y . 

O.lmM prov e d to be t h e l o w e s t p r a c t i c a l s u b s t r a t e 

c o n c e n t r a t i o n a t which r e a c t i o n v e l o c i t y c o u l d be e s t i m a t e d 

a c c u r a t e l y . At l o w e r ATP c o n c e n t r a t i o n s t h e r e a c t i o n was 

not l i n e a r f o r l o n g enough t o p e r m i t a c c u r a t e phosphate 

a s s a y w i t h t h e ' L u b r o l ' t e c h n i q u e . Indeed, e r r o r s of 

ATPase a c t i v i t y measurements a r e g e n e r a l l y m a g n i f i e d s i n c e ' 

each a c t i v i t y e s t i m a t e r e q u i r e s the s i m u l t a n e o u s phosphate 

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

E r r o r s i n e i t h e r d e t e r m i n a t i o n may a f f e c t t h e f i n a l r e s u l t . 

The E f f e c t of D i f f e r e n t A s s a y T e m p e r a t u r e s on the Enzyme-

S u b s t r a t e A f f i n i t y 

A s i n g l e p r e p a r a t i o n from each a c c l i m a t i o n group was 

examined. The ATP s a t u r a t i o n c u r v e s a t e i g h t a s s a y 

t e m p e r a t u r e s between 0°C and 35°C f o r p r e p a r a t i o n s from 

b o t h 4°C and 25°C-acclimated c r a y f i s h a r e p r e s e n t e d i n 

F i g u r e s 6-10 and 6-11, w i t h t h e i r c o r r e s p o n d i n g L i n e w e a v e r -

Burk p l o t s i n F i g u r e s 6-12 and 6-13 r e s p e c t i v e l y . (The 

b a s i c d a t a i s p r e s e n t e d i n T a b l e s G-k and 6-5.) I t i s 

c l e a r t h a t enzyme a c t i v i t y i s v e r y t e m p e r a t u r e dependent 

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

was e v i d e n t a t ea c h a s s a y t e m p e r a t u r e . The e f f e c t of 

t e m p e r a t u r e upon t h e enzyme a c t i v i t y o f each p r e p a r a t i o n 

i s d i s c u s s e d i n C h a p t e r 7. 

The k i n e t i c C o n s t a n t s Vmax and Km were c a l c u l a t e d 

f o r both h i g h and low [ATP] a c t i v i t i e s a t each t e m p e r a t u r e , 

u s i n g two l i n e a r methods ( D i x o n and Webb 196^): 
1 1/ 

1. Li n e w e a v e r - B u r i < ; p l o t o f v a g a i n s t ' [ATP] 
2. E a d i e - H o f s t e e p l o t of v a g a i n s t v ^ [ a T P ] 
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I n b oth c a s e s the d a t a was a r r a n g e d as above and 

the " b e s t f i t " l i n e e s t i m a t e d by r e g r e s s i o n a n a l y s i s . 

The M i c h a e l i s c o n s t a n t Km, i t s s t a n d a r d e r r o r and Vmax 

were d e t e r m i n e d from t h e " b e s t f i t " l i n e ( s e e 'Methods.') 

The r e g r e s s i o n d a t a and the p r e d i c t e d v a l u e s of Km and 

Vmax a t h i g h and low [ATP] a c t i v i t i e s a r e p r e s e n t e d i n 

T a b l e s 6-6 and 6-7 f o r t h e 4°C-acclimated p r e p a r a t i o n 

and i n T a b l e s 6-8 and 6-9 f o r t h e 25°C-acclj.mated 

p r e p a r a t i o n . 

The d a t a d e r i v e d from t h e L i n e w e a v e r - B u r k t r a n s f o r m ­

a t i o n i s i n good agreement w i t h t h a t d e r i v e d from the 

E a d i e - H o f s t e e p l o t ( s e e T a b l e s 6-6 t o 6-9), a l t h o u g h the 

s t a n d a r d e r r o r of t h e Km e s t i m a t e s from t h e l a t t e r p l o t s 

were g e n e r a l l y s m a l l e r . The e f f e c t s of t e m p e r a t u r e upon 

Km (ATP) a r e i l l u s t r a t e d g r a p h i c a l l y i n F i g u r e s 6-1*1 and 

6-15. 

( i ) A c t i v i t y a t low ATP c o n c e n t r a t i o n s . The 4°C-

a c c l i m a t e d p r e p a r a t i o n had a Km (ATP) w h i c h v a r i e d 

s l i g h t l y between 70uM and 90uM o v e r the t e m p e r a t u r e 

range 0°C t o 28°C, w i t h a mean of 80.47UM ( T a b l e 6-7 

and F i g u r e 6-]./i-a). The 25°C-acclimated p r e p a r a t i o n 

a l s o showed v a r i a t i o n between r e s t r i c t e d l i m i t s (one 

p o i n t e x c e p t e d , F i g u r e 6-l4b) o v e r t h e same t e m p e r a t u r e 

range b u t w i t h r e d u c e d mean Km of 70.57uM ( T a b l e 6-9 

and F i g u r e 6 - l ^ b ) . The d i f f e r e n c e i n mean Km between 

and 25°C-acclimated p r e p a r a t i o n s was not s t a t i s t i ­

c a l l y s i g n i f i c a n t ( T a b l e 6-10; P 0.2). I n both 

p r e p a r a t i o n s t h e o b s e r v e d v a r i a t i o n s i n Km between 

0°C and 28°C were somewhat f i c k l e i n magnitude by 

c o m p a r i s o n w i t h the e x p e c t e d e r r o r i n each Km d e t e r ­

m i n a t i o n , and i n c o n s i s t e n t i n d i r e c t i o n ( F i g u r e 6-lli). 

I t was t h e r e f o r e c o n c l u d e d t h a t t h e y p r o b a b l y r e p r e s e n t 
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d i f f e r e n t e s t i m a t e s of t h e same t r u e v a l u e of Km, and 

t h a t Km was i n d e p e n d e n t of t e m p e r a t u r e over t h e r a n g e 

0°C to 28°C. 

A s s a y a t 35°C, on both p r e p a r a t i o n s c a u s e d a 

s i g n i f i c a n t i n c r e a s e i n Km t o 1^8uM i n the ll°C-

a c c l i m a t e d p r e p a r a t i o n , and l l l u M i n t h e 25°C- a c c l i m a t e 

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

t h e mean Km between 0°C and 25°C ( T a b l e 6 - 1 1 ) . 

( i i ) A c t i v i t y a t h i g h ATP c o n c e n t r a t i o n s . The v a r i a t i o n s 

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

ATP ( T a b l e s 6-6 and 6-8) a r e i l l u s t r a t e d g r a p h i c a l l y 

i n F i g u r e 6-15a f o r the 4°C-acclimated p r e p a r a t i o n 

and F i g u r e 6-15b f o r the 25°C-acclimated p r e p a r a t i o n . 

Once a g a i n t h e r e was some v a r i a t i o n i n t h e v a l u e of 

Km a t d i f f e r e n t a s s a y t e m p e r a t u r e s , though i t was 

more marked i n t h e 25°C-acclimated p r e p a r a t i o n . 

S i m i l a r l y , t h e s t a n d a r d e r r o r o f Km was g r e a t e r and 

the c o r r e l a t i o n c o e f f i c i e n t l e s s s i g n i f i c a n t i n the 

25°C-acclimated p r e p a r a t i o n ( T a b l e 6-6) t h a n i n t h e 

4°C-acclimated p r e p a r a t i o n . No doubt t h i s i s l a r g e l y 

e x p l a i n e d by t h e s m a l l e r numb ex- o f p o i n t s i n t h e 

fo r m e r a n a l y s i s . The d i f f e r e n c e i n the mean Km 

between t h e p r e p a r a t i o n s i s o l a t e d from k°C and 25°C-

a c c l i m a t e d c r a y f i s h was not s i g n i f i c a n t ( p ( 0 . ? 0 , 

T a b l e 6 - 1 0 ) . 

I n the k°C-acclimated p r e p a r a t i o n Km showed a 

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

a t 23°C f o l l o w e d by a n o t h e r d e c r e a s e above t h i s temper­

a t u r e ( F i g u r e 6 - 1 5 a ) . T h e s e v a r i a t i o n s , however, 

a r e s m a l l and each v a l u e l i e s f a i r l y c l o s e l y t o 

th e mean Km. The o v e r a l l t r e n d i s most p r o b a b l y 
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t h a t Km does not v a r y w i t h t e m p e r a t u r e . 

On the f i r s t a p p e a r a n c e s t h e 25°C-acclimated 

p r e p a r a t i o n s have a somewhat d i f f e r e n t t r e n d l i n e 

( F i g u r e 6-150). The h i g h v a l u e of Km (ATP) a t 0°C 

d e c l i n e s as the a s s a y t e m p e r a t u r e i s i n c r e a s e d from 

0°C t o 25°C w i t h a f u r t h e r s l i g h t i n c r e a s e above 

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

on the v a l u e of Km a t 0°C, which a l t h o u g h i t has a 

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

a p p e a r s a t 670uM to be e x c e s s i v e l y h i g h . I f t h i s 

v a l u e i s i g n o r e d the v a r i a t i o n i n the t r e n d l i n e 

becomes s m a l l and one can o n l y c o n c l u d e , f o r s i m i l a r 

r e a s o n s as f o r the p r e p a r a t i o n from 4°C-acclimated 

a n i m a l s , t h a t Km i s e f f e c t i v e l y i n d e p e n d e n t of 

t e m p e r a t u r e . On the o t h e r hand, the h i g h Km v a l u e 

a t 0°C i s what one might e x p e c t i f the enzyme pro v e d 

l e s s s t a b l e a t l o w e r t e m p e r a t u r e s t h a n the p r e p a r a t i o n 

from 4°C-acclimated c r a y f i s h . 

DISCUSSION 

A c t i v i t y R e q u i r e m e n t s of the Enzyme 
2+ 

The Mg -dependent ATPase o f s a r c o p l a s m i c r e t i c u l u m 

f r a g m e n t s was i n h i b i t e d by low c o n c e n t r a t i o n s of EGTA. 

A d d i t i o n o f low c o n c e n t r a t i o n s of c a l c i u m to the r e a c t i o n 

medium c a u s e d a marked s t i m u l a t i o n of ATPase a c t i v i t y . 

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

medium by the enzyme p r e p a r a t i o n , the i o n i c medium or 

p o s s i b l y from the ATP s o l u t i o n ( M a r t o n o s i and F e r e t o s , 

1964). Although c o m m e r c i a l ATP i s known t o be a p o t e n t i a l 

s o u r c e of c a l c i u m c o n t a m i n a t i o n ( l mole of c a l c i u m p e r 

500 moles of ATP; S e i d e l and G e r g e l y , I 9 6 3 ) , the t r e a t m e n t 

w i t h 'Dowex' 50H + r e s i n would e n s u r e a c a l c i u m - f r e e ATP 

s o l u t i o n ( S e i d e l and G e r g e l y , 1963 ). I t i s s i g n i f i c a n t 
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t h a t S r e t e r (1969) h a s r e p o r t e d , i n r a b b i t SR p u r i f i e d by 

c o n t i n u o u s s u c r o s e d e n s i t y g r a d i e n t , an endogenous c a l c i u m 

c o n t e n t of 13*8 - 0.3 moles p e r mg. of p r o t e i n . 0.5uM 

EGTA was found to c a u s e maximal s u p p r e s s i o n of ATP h y d r o l y ­

s i s i n the absence of c a l c i u m and a l l subsequent a s s a y s 

were p e r f o r m e d a t t h i s c o n c e n t r a t i o n o f EGTA. 

The complex a c t i v a t i o n - i n h i b i t i o n k i n e t i c s and t h e 
2+ 2+ 2+ f r e e Ca c o n c e n t r a t i o n r e q u i r e d f o r maximal Ca -Mg 

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

r e t i c u l u m , a r e i n good agreement w i t h o t h e r p u b l i s h e d 
2+ 2+ 

work, u s i n g t h e Ca -Mg -ATPase from mammalian s k e l e t a l 

m u s cle microsomes ( M a r t o n o s i and F e r e t o s , 1 9 6 ^ ; H a s s e l b a c h , 

196^^ Yamamoto.and Tonomura,1967)1 mammalian s k e l e t a l 

m u s cle sarcolemma ( S u l a k h e , Drummond and Ng f1973a) j b o v i n e 
2 + 

b r a i n microsomes ( o p t i m a l f r e e Ca = 65uM, R o u f o g a l i s , 1 9 7 3 ) 
2+ 

S i m i l a r Ca optima have been repo'rted f o r c a l c i u m - u p t a k e 
r 

measurements i n f r o g s k e l e t a l muscle, s a r c o p l a s m i c r e t i c u l u m 

( H a s s e l b a c h , 196^1) . A l l of t h e s e p r e p a r a t i o n s show maximal 

c a l c i u m - a c t i v a t i o n w i t h a p p r o x i m a t e l y luM to lOuM f r e e 
2+ 2+ Ca . The c a u s e of Ca - i n d u c e d i n h i b i t i o n a t c a l c i u m 

c o n c e n t r a t i o n s above pCa 5 i s n o t c l e a r but may be c a u s e d 

by c o m p e t i t i o n between c a l c i u m and magnesium f o r ATP 

c h e l a t i o n , r e s u l t i n g i n a l o w e r e d Mg-ATP c o n c e n t r a t i o n i n 

the r e a c t i o n medium, f o r i t i s s u g g e s t e d t h a t t h e s u b s t r a t e 
2+ 

f o r t h e s e ATPases i s a Mg -ATP complex. 
The c a l c i u m a c t i v a t i o n - i n h i b i t i o n c h a r a c t e r i s t i c s and 

2+ 
o p t i m a l f r e e Ca c o n c e n t r a t i o n of microsomal p r e p a r a t i o n s 

i s o l a t e d from both ^°C and 25°C-acclimated c r a y f i s h were 

i d e n t i c a l . The absence of any a c c l i m a t i o n e f f e c t i n t h i s 
2 + 

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

r e l a x a t i o n i n muscle i s not a f f e c t e d by a d a p t a t i o n t o 
d i f f e r e n t e n v i r o n m e n t a l t e m p e r a t u r e s . 
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2 + The a b s e n c e of a s i g n i f i c a n t Ca -dependent ATPase 

a c t i v i t y i n the p r e p a r a t i o n and the i n s e n s i t i v i t y o f the 
2+ 2+ Ca - s t i m u l a t e d Mg —ATPase to sodium a z i d e , a s p e c i f i c 

i n h i b i t o r o f the m i t o c h o n d r i a l c a l c i u m pump ( F a n b e r g 

and Gergely,1965) c o n f i r m e d t h a t a t l e a s t 95% of t h e 
2+ 

Ca - a c t i v a t e d , ATP h y d r o l y s i s was due t o the s t i m u l a t i o n 
2 + 

of a Mg -dependent s y s t e m and n o t due t o o t h e r c a l c i u m -

a c t i v a t e d s y s t e m s (Weber, Herz and R e i s s , 1966). 
S a t u r a t i o n K i n e t i c s 

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

c o n c e r n i n g t h e s a t u r a t i o n k i n e t i c s w i t h r e s p e c t to ATP, 

of the fra g m e n t e d s a r c o p l a s m i c r e t i c u l u m ( F S R ) . On one 

hand, s e v e r a l w o r k e r s have d i s c o v e r e d b i p h a s i c s a t u r a t i o n 
2+ 2+ 

c u r v e s f o r t h e Ca -Mg -ATPase (Yamamoto and Tonomura, 1967 

I n e s i , Goodman and Watanabe,19^7? Horgan,197^), t h e phos­

p h o r y l a t i o n o f membranous p r o t e i n ( I n e s i , 1 9 7 0 ) and the 

2+ 
Ca - u p t a k e o f r a b b i t s k e l e t a l m u scle FSR ( I n e s i , 1967 

Weber, H e r z and Reiss,1966) s i m i l a r t o those r e p o r t e d 

h e r e ( s e e T a b l e 6-12). I n c o n t r a s t , o t h e r w o r k e r s r e p o r t 

s i m p l e M i c h a e l i s - M e n t e n k i n e t i c s f o r t he same s y s t e m s 

( P a n e t , P i c k and S e l i n g e r , 1 9 7 1 J S u l a k h e , Drummond and Ng 9 

1973a,' W a l t e r and Hasselbach,1973) . F u r t h e r m o r e , t h e r e 

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

by t h e s e w o r k e r s ( s e e T a b l e 6-12). The r e a s o n s f o r t h e s e 

c o n f l i c t i n g r e s u l t s a r e not c l e a r , but do n o t ap p e a r to be 

r e l a t e d t o t h e methods of p r e p a r a t i o n or enzyme a s s a y . 

I t was u n f o r t u n a t e t h a t r e a c t i o n v e l o c i t y measurements 

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

O.ImM, s i n c e t h e v a l u e s of Km f o r h i g h a f f i n i t y ( l o w Km) 

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

t r a t i o n ( T a b l e 6-12). However, the p r o j e c t e d l i n e s f o r the L i n e w e a y e r - B u r k p l o t s a r e i n good agreement w i t h t h e 
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d a t a r e p o r t e d h e r e . T h e r e i s no s u g g e s t i o n of a c a t e n a r y 

c u r v e between 50uM and 5mM ATP as r e p o r t e d by Morgan ( 1 9 7 ' * ) . 

T h e r e a r e two a l t e r n a t i v e s to be c o n s i d e r e d i n e x p l a i n ­

i n g t h e b i p h a s i c L i n e w e a v e r - B u r k p l o t s . F i r s t l y , t h e r e 
2+ 2 + may be two d i f f e r e n t Ca - a c t i v a t e d , Mg -dependent ATPases 

o p e r a t i n g w i t h i n t h e system, each w i t h v e r y d i f f e r e n t Km's 

su c h t h a t each enzyme becomes s a t u r a t e d a t v e r y d i f f e r e n t 

c o n c e n t r a t i o n s of ATP ( D i x o n and Webb» 1 9 6 4 ; R u i z - H e r r e r a , 

A l v a r e z and F i g u e r o a , 1 9 7 2 ) . T h i s s i t u a t i o n c o u l d be 

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

d e m o n s t r a t i o n of two s e p a r a t e enzymes. 

The a l t e r n a t i v e e x p l a n a t i o n i s t h a t t h e same enzyme 

i s r e s p o n s i b l e f o r e a c h t y p e of a c t i v i t y , and t h a t t h e r e 

i s some change i n t he k i n e t i c p a r a m e t e r s of t h e sys t e m i n 

r e s p o n s e t o d i f f e r e n t c o n c e n t r a t i o n s of ATP. A l l a v a i l a b l e 

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

p r o p r e t i e s of each t y p e of a c t i v i t y a r e v e r y s i m i l a r , i f 

not i d e n t i c a l . F o r example, Yamamoto and Tonomura ( I 9 6 7 ) 

have found t h a t the d e p e n d e n c i e s of h i g h and low a f f i n i t y 
2 + 

ATPase a c t i v i t y on t e m p e r a t u r e , pH, the Ca uptake/ATP 

h y d r o l y s i s r a t i o and N - e t h y l maleimide i n h i b i t i o n , were 

r e m a r k a b l y ' s i m i l a r . I n t h e p r e s e n t i n v e s t i g a t i o n the 

mean A r r h e n i u s a c t i v a t i o n e n e r g y a t h i g h and low a f f i n i t y 

were i d e n t i c a l ( s e e C h a p t e r 7 ) . Morgan (197*0 h a s 

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

s i m p l e l i n e a r L i n e w e a v e r - B u r k p l o t by m a i n t a i n i n g an 
2+ 

e q u i m o l a r m i x t u r e of Mg and ATP o v e r t h e e n t i r e range 

of ATP c o n c e n t r a t i o n s . T h i s l i n e a r p l o t had a s l o p e t h a t 

was i n between t h a t f o r h i g h (ATP) a c t i v i t y and t h a t f o r 

low (ATP) a c t i v i t y . 
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The m o d i f i e d k i n e t i c p r o p e r t i e s o f the FSR s y s t e m 

i n r e s p o n s e to a change ATP c o n c e n t r a t i o n may be due t o 

a d i r e c t e f f e c t of ATP upon the enzyme r e g u l a t o r y m a c h i n e r y . 

ATP would a c t , t h e r e f o r e , upon the enzyme not o n l y a s a 

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

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

s u b s t r a t e complex (Yamamoto and Tonomura,1967)• I t i s 

i n t e r e s t i n g t h a t s i m i l a r c o n c e n t r a t i o n s of ATP ( i n the 
2+ 

absence of Mg ) a r e known to c a u s e changes i n the e l e c t r o n 

p a r a m a g n e t i c r e s o n a n c e spectrum o f r a b b i t s k e l e t a l FSR, 

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

of ATP t o t h e p r e p a r a t i o n ( L a n d g r a f and I n e s i 19&9). 
A l t e r n a t i v e l y , ATP may have an i n d i r e c t e f f e c t upon 

the r a t e of ATP h y d r o l y s i s by t he s a r c o p l a s m i c v e s i c l e s . 

I n t h i s c o n t e x t i t i s p o s s i b l e t h a t f r e e ATP may p e n e t r a t e 
2+ 

i n t o t h e v e s i c l e s and complex w i t h a c c u m u l a t e d Ca , 
2 + 

d e c r e a s i n g the i n t r a v e s i c u l a r Ca c o n c e n t r a t i o n s u f f i c i e n t l y 

t o r e l e a s e t h e enzyme from t h i s i n h i b i t o r y i n f l u e n c e 

(Martonosi»1972). T h i s scheme i s c o n s i s t e n t w i t h t h e 

o b s e r v a t i o n by Weber (1971) t h a t t h e i n h i b i t o r y e f f e c t 

of a c c u m u l a t e d c a l c i u m on s t e a d y - s t a t e c a l c i u m f l u x i s 

a l l e v i a t e d by r e l a t i v e l y h i g h c o n c e n t r a t i o n s of f r e e ATP 
2+ 

( n o t bound to Mg ) . O t h e r f a c t o r s t o be c o n s i d e r e d 

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

p r o d u c t s of' ATP can s t i m u l a t e the r a t e of e f f l u x from 

the v e s i c l e s ( B a r l o g i e , H a s s e l b a c h and Makinose»1971^ 

P a n e t and S e l i n g e r , 1972; Masuda and De Meis, 197 z*)releasing 
2+ 

t h e i n h i b i t i o n of Ca -uptake a c t i v i t y c a u s e d by accumu­

l a t e d c a l c i u m . 

I n the absence of f u r t h e r d a t a i t i s n o t p o s s i b l e 
t o make f i r m c o n c l u s i o n s r e g a r d i n g the p h y s i o l o g i c a l s i g n i f i c a n c e of each t y p e o f a c t i v i t y . I t i s p o s s i b l e 
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however, t o see some p h y s i o l o g i c a l advantage i n p o s s e s s i n g 

a s y s t e m , w h i c h i s c a p a b l e of i n c r e a s i n g i t s a c t i v i t y to 

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

t h a n one would p r e d i c t from i t s b e h a v i o u r a t h i g h e r s u b s t r a t e 

c o n c e n t r a t i o n s . U n f o r t u n a t e l y , t h e i n v i v o c o n c e n t r a t i o n 

and d i s t r i b u t i o n o f ATP i s n o t known a l t h o u g h G l a d w e l l (1973) 
has e s t i m a t e d the o v e r a l l ATP c o n t e n t of m u s c l e s to be 

1.3uM p e r gram wet muscle w e i g h t w h i c h a p p r o x i m a t e s to 

a b u l k c o n c e n t r a t i o n of ImMolar. However, t h e d i s t r i b u t i o n 

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

i s t o t a l l y unknown, and we can o n l y guess a t the c o n c e n t r a ­

t i o n of ATP e x p e r i e n c e d by the enzyme (B y g r a v e 1967). 
2+ 2 + 

F o r t h i s r e a s o n k i n e t i c a n a l y s i s o f the Ca -Mg -ATPase 

was p e r f o r m e d a t b o t h h i g h and low c o n c e n t r a t i o n s of ATP. 

The E f f e c t of Temperature and Thermal A c c l i m a t i o n on the 

E-S A f f i n i t y 

The a n a l y s i s of Km v a l u e s p r e s e n t e d h e r e i n d i c a t e s 

t h a t f o r v e l o c i t y measurements w i t h an a p p r e c i a b l e e r r o r , 

the v a l u e of Km d e t e r m i n e d by g r a p h i c a l means and r e g r e s s i o n 

a n a l y s i s i s s u b j e c t t o a degree of u n c e r t a i n t y . F o r t h i s 

r e a s o n i t was not c o n s i d e r e d v a l i d t> quote a s i n g l e v a l u e 

of Km, and one s h o u l d g i v e some i n d i c a t i o n of t h e l i k e l y 

e r r o r a s s o c i a t e d w i t h each Km d e t e r m i n a t i o n . O n l y t h e n 

i s i t p o s s i b l e t o compare the Km's of d i f f e r e n t p r e p a r a t i o n s . 

C o n s i d e r a t i o n of the r e s u l t s i l l u s t r a t e d i n F i g u r e s 

6-.1A and 6-15 has l e d t o t h e c o n c l u s i o n t h a t the Km f o r 

ATP a t h i g h and low [ATP] a c t i v i t y i s n o t c l e a r l y dependent 

upon t e m p e r a t u r e . I t was c o n c l u d e d t h a t t h e enzyme under -

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

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

i n d e p e n d e n t o f r a p i d , s h o r t term t e m p e r a t u r e f l u c t u a t i o n s , 
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as h a s been o b s e r v e d i n s e v e r a l " s o l u b l e " (Hochachka and 

Sonieroi, 1973) » m i t o c h o n d r i a l ( H a z e l , 1972) and o t h e r membrane-

bound enzymes ( B e r l i n , 1 9 7 3 ) • N e i t h e r i s t h e r e any 

e v i d e n c e t o s u g g e s t the e x i s t e n c e of a minimal Km v a l u e i n 

the normal t e m p e r a t u r e range o f t h e c r a y f i s h a s has been 

r e p o r t e d f o r v a r i o u s ' s o l u b l e ' enzyme s y s t e m s (Hochachka 

and Somero,1973)• F u r t h e r m o r e , a c c l i m a t i o n of c r a y f i s h 

to d i f f e r e n t e n v i r o n m e n t a l t e m p e r a t u r e s c a u s e d no change 
2+ 2+ 

i n the Km/temperature c h a r a c t e r i s t i c s of the Ca -Mg 

ATPase. T h i s c o n c l u s i o n i m p l i e s t h a t t h e same p r o t e i n 

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

The s i g n i f i c a n c e o f the l a r g e i n c r e a s e i n Km (ATP) 

f o r Ca^ +-Mg^ +-ATPase a t 35°C i n b o t h a c c l i m a t i o n groups 

i s unknown. I t s h o u l d be borne i n mind t h a t t h i s tempera­

t u r e i s l e t h a l to t h e c r a y f i s h and so the i n c r e a s e i n Km 

may r e p r e s e n t a d i r e c t e f f e c t of t e m p e r a t u r e upon the 

enzyme s i n c e , as d i s c u s s e d p r e v i o u s l y , the t e m p e r a t u r e 

dependence of the k i n e t i c p a r a m e t e r s of an enzyme w i l l be 

d e t e r m i n e d i n l a r g e p a r t by t h e e f f e c t of t e m p e r a t u r e on 

the weak bonds t h a t a r e r e s p o n s i b l e f o r i t s c o n f o r m a t i o n a l 

s t a t e . A l t e r n a t i v e l y , i t may i n d i r e c t l y r e f l e c t some change 

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

t h e enzyme. G l a d w e l l (197 3) h a s d emonstrated a marked 

d e c l i n e , w i t h time, of t h e membrane r e s i s t a n c e of c r a y f i s h 

sarcolemma a t the e l e v a t e d t e m p e r a t u r e s t h a t c a u s e h e a t 

d e a t h ( B o w l e r , Duncan, G l a d w e l l and D a v i s o n , 1973). He 

i n t e r p r e t e d t h i s as an i n c r e a s e i n membrane p e r m e a b i l i t y due 

t o h e a t s t r e s s . T h i s may w e l l be c a u s e d by i n c r e a s e d m i c r o 

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

membrane r e s u l t i n g i n an i n c r e a s e d l e a k i n e s s t o e l e c t r o l y t e s 

A s i m i l a r i n c r e a s e i n t e m p e r a t u r e and membrane f l u i d i t y of 

t h e membrane environment may have d e l e t e r i o u s e f f e c t s on t h e 

p h y s i c a l s t a t e and c a t a l y t i c e f f i c i e n c y of membrane enzymes. 



T a b l e 6-1: Comparison of t h e a v e r a g e y i e l d o f m i c r o s o m a l 

p r o t e i n from t h e abdominal muscle of 4°C and 

25°C a c c l i m a t e d c r a y f i s h . 

E x t r a c t i o n P r o c e d u r e : 

See C h a p t e r 5-

P r o t e i n A n a l y s i s : The p r o t e i n c o n t e n t o f 

mic r o s o m a l p r e p a r a t i o n s was e s t i m a t e d 

by the F o l i n - C i o c a l t e a u method o f Lowry, 

Rosebrough, F a r r and R a n d a l l (1951). 

See C h a p t e r 5» 

• Legend: 
r 

n - number of d i f f e r e n t p r e p a r a t i o n s 

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

group. 

P - P r o b a b i l i t y f o r (n-2) d e g r e e s 

o f freedom. 

V.S. - V e r y s i g n i f i c a n t . 



A c c l i m a t i o n 
T e mperature 

°C 
k 25 

Average Y i e l d 

(mg.protein/gm wet 
muscle wt.) 

0.643 0.897 

S.E.M. 0.098 0.246 

n 12 8 

t 3.622 

P 0.01 - 0.001 

S i g n i f i c a n c e V.'S. 



2+ 2+ 
T a b l e 6-2: . The e f f e c t o f Ca , Mg and sodium a z i d e 

upon A*TP h y d r o l y s i s by a m i c r o s o m a l 

p r e p a r a t i o n e x t r a c t e d from t h e muscle o f 

^°C a c c l i m a t e d and from t h e muscle of 

25°C a c c l i m a t e d c r a y f i s h . 

F o r t h e c o m p o s i t i o n of a s s a y media see 

C h a p t e r 5* V a l u e s r e p o r t e d a r e the 

means o f d u p l i c a t e a n a l y s e s performed 

on one microsomal p r e p a r a t i o n from each 

a c c l i m a t i o n group. 

Legend; 

% of T o t a l C a 2 + - M g 2 + - A T P a s e a c t i v i t y . 



A c c l i m a t i o n T e mperature 
°C 

4 25 

A s s a y T emperature 
°C 

25 25 

T o t a l Ca -Mg 
ATPase 
(Ca , Mg ) 

0.716 0.429 

2+ 
Ca - s t i m u l a t e d 
ATPase 

0.673 
(9k.0%)* 

0.424 
(98.8°/0)* 

ATPase 
A c t i v i t y 

(uM P i . 
mg p r o t e i n 

2+ 
Mg -dependent 
ATPase 

( M g 2 + ) 

> 0.043 
(6.0%)* 

0.005 
(1.2%)* 

minute ^.) C a ^ + - d e p e n d e n t 
ATPase 

0.000 
* 

( - ) 
0.000 

* 
( - ) 

'• ( C a 2 + ) 

0.000 
* 

( - ) 
0.000 

* 
( - ) 

2+ 2+ T o t a l Ca -Mg 
ATPase w i t h 
5mM Sodium 
A z i d e 
( n 2+ 2+ (Ca , Mg , 
A z i d e ) 

0.724 
(101.1%) 

0.413 
(96.4%)* 



T a b l e 6-3 Summary o f t h e f r e e f C a + ~\ c o n c e n t r a t i o n 
2+ 

r e q u i r e d f o r o p t i m a l s t i m u l a t i o n o f Mg 

dependent ATPase a c t i v i t y a t d i f f e r e n t 

t e m p e r a t u r e s , and t h e % e r r o r i n ATPase 

a c t i v i t y measurement c a u s e d by a s s a y 
r ' 2 +1 

w i t h 8.1 uM f r e e | Ca | and n o t the t r u e 

o p t i m a l f r e e | Ca j 

The v a l u e s o f o p t i m a l f r e e [ C a ^ + ] a t e a c h a s s a y 

t e m p e r a t u r e were d e t e r m i n e d from F i g u r e s 6-5 and 

6-6. The "% e r r o r i n enzyme a c t i v i t y " (*) was 

the d i f f e r e n c e between the maximal enzyme a c t i v i t y , 

and a c t i v i t y i n t h e p r e s e n c e o f 8.1 uM f r e e c a l c i u m , 

e x p r e s s e d as a p e r c e n t a g e o f t h e maximal enzyme 

a c t i v i t y . 



A s s a y 
Temper­

A c c l i m a t i o n T e mperature 

a t u r e 

25°C 

°C O p t i m a l f r e e 
[ C a 2 + ] 

% E r r o r i n 
A c t i v i t y 
a s s a y * 

O p t i m a l f r e e 
[ C a 2 + ] 

% E r r o r i n 
A c t i v i t y 
a s s a y * 

5.0 - 2.1. 13-5 - 1.9 

20.0 7.0 0.0 7.6 0.0 

35;o 2.8 - 2.7 2.9 - 2.1 



2 + T a b l e The Ca - s t i m u l a t e d ATPase a c t i v i t y o f a 

mic r o s o m a l p r e p a r a t i o n i s o l a t e d from 

a c c l i m a t e d c r a y f i s h m u s c l e , measured a t 

d i f f e r e n t ATP c o n c e n t r a t i o n s and a t 

t e m p e r a t u r e s between 0°C and 35°C. 

E x t r a c t i o n P r o c e d u r e : The abdominal 

muscle from s e v e n c r a y f i s h a c c l i m a t e d 

t o was e x t r a c t e d a s d e s c r i b e d i n 

C h a p t e r 5« The p r e p a r a t i o n was 

s t o r e d a t -20°C u n t i l u s e d . 

2+ 
A s s a y C o n d i t i o n s : The Ca - s t i m u l a t e d 

ATPase was a s s a y e d as d e s c r i b e d i n 

C h a p t e r 5» a t d i f f e r e n t ATP c o n c e n t r a ­

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

'Methods'). 

A l l t e m p e r a t u r e s a r e -0.1°C. 

Phos p h a t e and P r o t e i n A n a l y s i s : • 

D e s c r i b e d i n C h a p t e r 5» 

i 
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2+ T a b l e 6-5: The Ca - s t i m u l a t e d ATPase a c t i v i t y o f 

a microsomal p r e p a r a t i o n i s o l a t e d from 2g°C 

a c c l i m a t e d c r a y f i s h muscle measured a t 

d i f f e r e n t ATP c o n c e n t r a t i o n s f o r each a s s a y 

t e m p e r a t u r e between 0°C and 35°C. 

E x t r a c t i o n P r o c e d u r e : - The abdominal muscle 

from s e v e n c r a y f i s h a c c l i m a t e d t o 25°C 

was e x t r a c t e d as d e s c r i b e d i n C h a p t e r 5« 

The mic r o s o m a l p r e p a r a t i o n was s t o r e d 

a t -20°C u n t i l r e q u i r e d . 

2+ 
A s s a y C o n d i t i o n s : - The Ca - s t i m u l a t e d 

ATPase was a s s a y e d as d e s c r i b e d i n 

C h a p t e r 5 a t d i f f e r e n t ATP c o n c e n t r a ­

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

'Methods'). 

A l l t e m p e r a t u r e s a r e io.l°C. 

Phosphate and P r o t e i n A n a l y s i s : - As 

d e s c r i b e d i n C h a p t e r 5« 
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T a b l e 6-6: The r e s u l t s o f r e g r e s s i o n a n a l y s i s o f t h e 

L i n e w e a v e r - B u r k p l o t s and E a d j e - H o f s t e e p l o t s 

f o r h i g h fATP] a c t i v i t y o f t h e Ca - s t i m u l a t e d 

ATPase a c t i v i t y o f a s i n g l e m u scle mxcrosomal 

p r e p a r a t i o n i s o l a t e d from k°C a c c l i m a t e d c r a y f i s h 

F o r d e t a i l s o f e x t r a c t i o n and a n a l y s i s o f 
2+ 

Ca - s t i m u l a t e d ATPase a c t i v i t y , s ee t e x t . 
2+ 

Ca - s t i m u l a t e d ATPase was a s s a y e d i n t h e 

p r e s e n c e o f 0.5 - 3.0mM ATP. The b a s i c d a t a 

i s p r e s e n t e d i n T a b l e 6-4, and the t e c h n i q u e s 

u s e d f o r the c a l c u l a t i o n o f t h e k i n e t i c c o n s t a n t s 

Km and Vmax a r e r e p o r t e d i n ' M a t e r i a l s and 

Methods'. 
Legend: 

X 

S.E.M* 

S.E.M^ 

Vmax 

n 

= VKm 

S t a n d a r d E r r o r o f X. 

S t a n d a r d E r r o r o f Km ( E a d i e - H o f s t e e 

p l o t ) 

(uM P i l i b e r a t e d , mg protein -"'", 

minute"'''. ) 

Number o f enzyme a s s a y s a t e a c h 

t e m p e r a t u r e 

L e v e l o f s i g n i f i c a n c e o f c o r r e l a t i o n 

c o e f f i c i e n t . 
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T a b l e 6-7s The R e s u l t s of r e g r e s s i o n a n a l y s i s of the 

L i n e w e a v e r - B u r k p l o t s and E a d i e - H o f s t e e p l o t s 

f o r low [ATP] a c t i v i t y of t h e Ca - s t i m u l a t e d 

ATPase a c t i v i t y o f a s i n g l e muscle m i c r o s o m a l 

p r e p a r a t i o n i s o l a t e d from 4°C a c c l i m a t e d 

c r a y f i s h . 

2 
F o r d e t a i l s of e x t r a c t i o n and . a n a l y s i s of Ca 

2+ 
s t i m u l a t e d ATPase a c t i v i t y , s ee t e x t . Ca 

s t i m u l a t e d ATPase a c t i v i t y was a s s a y e d i n 

the p r e s e n c e of 0.1 - 0.5mM ATP. The b a s i c 

d a t a i s p r e s e n t e d i n T a b l e 6-4, and t h e 

t e c h n i q u e s u s e d f o r the c a l c u l a t i o n of t h e 

k i n e t i c c o n s t a n t s Km and Vmax a r e r e p o r t e d i n 

' M a t e r i a l s and Methods'. 

Legend: 

X Km 

S.E.M.* - S t a n d a r d E r r o r o f X ( L i n e w e a v e r -

Burk p l o t ) 

S.E.M.^ - S t a n d a r d E r r o r of Km ( E a d i e -

H o f s t e e p l o t ) 

Vmax - (uM P i l i b e r a t e d , mg p r o t e i n 

minute ^.) 

n - Number o f enzyme a s s a y s a t 

e a c h t e m p e r a t u r e . 

P - L e v e l o f s i g n i f i c a n c e of 
i 

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

i 
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T a b l e 6-8: The r e s u l t s of r e g r e s s i o n a n a l y s i s o f t h e 

L i n e w e a v e r - B u r k p l o t s and E a d i e - H o f s t e e 

p l o t s f o r h i g h [ATP] a c t i v i t y o f the C a 2 + -

s t i m u l a t e d ATPase a c t i v i t y o f the muscle 

microsomal p r e p a r a t i o n i s o l a t e d from 25°C 

a c c l i m a t e d c r a y f i s h . 

F o r d e t a i l s of e x t r a c t i o n a n d . a n a l y s i s of 
2 + 

Ca - s t i m u l a t e d ATPase a c t i v i t y , s e e t e x t . 
2+ 

Ca - s t i m u l a t e d ATPase was a s s a y e d i n the 

p r e s e n c e of 0.5mM - 3.0mM ATP. The b a s i c 

d a t a i s p r e s e n t e d i n T a b l e 6-5, and the 

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

k i n e t i c c o n s t a n t s Km and Vmax a r e r e p o r t e d 

i n ' M a t e r i a l s and Methods'. 

Legend: 

X = ^Km 

S.E.M.* - S t a n d a r d E r r o r o f X ( L i n e w e a v e r 

Burk p l o t ) 

S.E.M.^ - S t a n d a r d E r r o r o f Km ( E a d i e -

Hof s t e e p l o t ) 

Vmax - (uM P i . l i b e r a t e d , mg p r o t e i n 

. minute .) 

n - Number of enzyme a s s a y s a t each 

t e m p e r a t u r e 

P - L e v e l o f s i g n i f i c a n c e o f 

c o r r e l a t i o n c o e f f i c i e n t 
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T a b l e 6—9 * The r e s u l t s of r e g r e s s i o n a n a l y s i s of the 

L i n e w e a v e r - B u r k p l o t s and E a d i e - H o f s t e e p l o t s 

f o r low [ATP] a c t i v i t y o f t h e Ca - s t i m u l a t e d 

ATPase a c t i v i t y of t h e muscle m i c r o s o m a l 

p r e p a r a t i o n i s o l a t e d from 25°C a c c l i m a t e d 

c r a y f i s h . 

F o r d e t a i l s of e x t r a c t i o n and a n a l y s i s of t h e 
2 + 

Ca - s t i m u l a t e d ATPase a c t i v i t y , s e e t e x t . 
2 + 

Ca - s t i m u l a t e d ATPase a c t i v i t y was a s s a y e d 

i n t h e p r e s e n c e of O.lmM - 0.5mM ATP. The 

b a s i c d a t a i s p r e s e n t e d i n T a b l e 6-5 i and the 

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

k i n e t i c c o n s t a n t s Km and Vmax a r e r e p o r t e d 

i n ' M a t e r i a l s and Methods'. 
Legend: 

X / Km 
S.E.M.* - S t a n d a r d e r r o r o f X ( L i n e w e a v e r -

Burk p l o t ) 

S.E.M.^ - S t a n d a r d e r r o r o f Km ( E a d i e -

H o f s t e e p l o t ) 

Vmax - (uM P i l i b e r a t e d , mg p r o t e i n 

minute .; 
2+ 

n - Number o f Ca - s t i m u l a t e d a c t i v i t y 

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

P - L e v e l o f s i g n i f i c a n c e of t h e 
c o r r e l a t i o n c o e f f i c i e n t . 



Pl
ot

 

Vm
ax

 

0.
12

2 H 
C N 
H 

O 0
.1

7
5

 

C O 

CM 

o 

C O 

<f 

O 

V O 
i n 

V O 

O 0
.8

1
7

 vo 
1-1 

CM 

-H
of

st
ee

 
• 

• 

o 
0 

C O 
V O 

o 
r—1 

H 

o 
o 
H 

o 
o 
H 

i—1 

H 

H 

O 
H 

H 

O 
H 

O 
O 
H 

Ea
di

e 

O N 

CM 
m 

V O 

CM 
O N 

I S -

CM 
V O 

O N 

C N 
V O 

H 

O N 
I S -

C N 

CM 
I s -

V O 

O N 

i n 

O 

o 
1—1 
H 

i f 0 
C O 

<p 

C O 
• 

CM 
O N 

V O 
• 

C N 
V O 

O 
• 

I S -

m 
t 

I S -

O 
• 

H 
I S -

• 
O N 

V O 

C N 
• 

H 
H 
H 

+> 

s * 
• 

w 
1 

w 

O S 
O N 

• 

H 

C O 

• 

o 

m 
CM 

• 
H 

O N 
C N 

• 

H 

O N 

co 
A 

CM 

m 
i n 

• 
CM 

i n O N 

o 
t 

H 

lu
rk
 P
l
o
 

I X 

CM 

i n 

o 
CM 

C O 
I S -

o 
H 

<f 
I S -

i n 
H 

H 
i n 

C N 
H 

CM 

C N 

H 

O N 
O 

H 

CM 
-3< 
<f 
H 

O N 
O N 

C O 

ea
ve

r-
B 

X 
ti 
E 

> 0
.0

6
6
 

CM 
C N 
H 

O 

vo 
I S -

H 

O 

vo 
CM 

O 

o 
• * 
o 

H 
i n 

V O 

o 0
.8

4
8 -3" 

CM 

CM 

<u 

• r l ft 

<
0

.0
0

1
 

H 
O O 

• 

O 
V <

0
.0

0
1

 

H 
o 
o 
• 

o 
\S 

H 
O 
o 

• 

o 
V <

0
.0

0
1
 

H 
O 

• 

O 
V <

0
.0

0
1

 

u 

' C N 
CM 
I S -

C O 

C N 
CM 
O N 
C N 

C O 
H 
O N 
O N 

<f o 
O N 
O N 

i n 

CM 

O N 

I S -
C N vo 
O N 

C O 
I A 

C O 
C O 

I S -oo 
00 
O N 

o O o o o O o O 

o 
. H 

O N C O C O O N O N O N O N 

As
sa

y 
Te

mp
er

at
ur

e 

y 
0 

O C O CM 
H 

C O 
H 

c\ 
CM 

00 
CM 

m 
C N 

Ac
cl

im
at

io
n 

Te
mp

er
at

ur
e 

o 
0 

i n 
CM 



T a b l e 6-10: Comparison of t he mean Km v a l u e s f o r h i g h 
2+ 

and low [ATP] a c t i v i t y i n t h e Ca 

s t i m u l a t e d ATPase a c t i v i t y o f the m i c r o ­

somal p r e p a r a t i o n s from both ^°C and 

25°C a c c l i m a t e d c r a y f i s h . 
2+ 

A s s a y C o n d i t i o n s : - The Ca - s t i m u l a t e d 

ATPase of ea c h m i c r o s o m a l p r e p a r a ­

t i o n was a s s a y e d a t d i f f e r e n t ATP 

c o n c e n t r a t i o n s between O.lmM and 

3.0mM, a t v a r i o u s t e m p e r a t u r e s 

between 0-35°C ( s e e 'Methods' and 

T a b l e s 6-6 t o 6 - 9 ) . Vmax and Km 

were c a l c u l a t e d from t h e ' b e s t f i t ' 

l i n e o f t h i s d a t a , a s e s t i m a t e d by 

r e g r e s s i o n a n a l y s i s ( S n e d e c o r and 

Cochran, 1967; s e e 'Methods'). 

The mean Km was c a l c u l a t e d f o r d e t e r ­

m i n a t i o n s a t t e m p e r a t u r e s from 0°C t o 

28°C f o r low [ A T P ] a c t i v i t y ( * ) , and 

from 0°C t o 35°C f o r h i g h [ATP] 

a c t i v i t y ( ^ ) . 

P h osphate and P r o t e i n A n a l y s i s : - As d e s ­

c r i b e d i n C h a p t e r 5-

Legend:- n - number o f Km d e t e r ­

m i n a t i o n s 

P - p r o b a b i l i t y f o r ( n - 2 ) 

d e g r e e s o f freedom 

N.S. - n o t s i g n i f i c a n t 

S.E.M. _ s t a n d a r d e r r o r o f t h e 

mean 



Range of ATP 
c o n c e n t r a t i o n s 

" 
Low 

* 
(0.1-0.5mM ATP) 

High ̂  

(0.5-3.0mM ATP) 

A c c l i m a t i o n 
T e m p e r a t u r e • 

°C 
4 25 4 25 

Mean Km 
(uM) 80.47 70.57 315.4 347.5 

S.E.M. 2.29 4.99 31.2 60.5 

n 7 7 8 8 

t 1.70 0.472 

* 

P ^0.20 (0.70 

S i g n i f i c a n c e N.S. N.S. 



I 

Table 6-11; Comparison of the Km ( f o r Low [ATP] 

a c t i v i t y ) at 35°C, with the mean Km 

(Low [ATP] a c t i v i t y ) f o r lower temper­

at u r e s , f o r microsomal p r e p a r a t i o n s 

i s o l a t e d from both *t°C and 25°C 

acclimated c r a y f i s h . 

Assay Conditions;- The Km f o r each pre­

p a r a t i o n was determined as described 

i n the t e x t , at temperatures between 

0°C and 35°C. The Km's f o r low 

[ATP] a c t i v i t y f o r temperatures 

between 0°C and 28°C were averaged 

(see Tables 6-7 and 6-9). 

Phosphate and P r o t e i n A n a l y s i s ; - As 

described i n Chapter 5« 

Legend:- * - D i f f e r e n c e between Km 

at 35°C and the mean Km 

f o r temperatures below 

28°C, i n u n i t s of standard 

d e v i a t i o n of the mean Km. 

P - P r o b a b i l i t y f o r ( n - l ) 

degrees of freedom. 

H.S. - Highly s i g n i f i c a n t . 

V.S. - Very s i g n i f i c a n t . 



A c c l i m a t i o n Temperature 
(°c) 

k 25 

Km at 35°C 
(liM) 148.1 111.0 

D i f f e r e n c e with 
mean Km 

(S.D' s ) * 
11. l6 3.09 

P <0.001 <0.01 

S i g n i f i c a n c e H.S. v . s . 



Table 6-12: Summary of data from the l i t e r a t u r e 

concerning the b i p h a s i c s a t u r a t i o n 

c h a r a c t e r i s t i c s of the Ca*' -

stimulated ATPase i s o l a t e d from 

v a r i o u s t i s s u e s . 

* C a l c u l a t e d from Yamamoto and 

Tonomura (1967). 

? Data not provided by authors. 

1 



Source of 
Microsomal 
P r e p a r a t i o n 

A c t i v i t y 
Monitored 

Km 

(uM) 

Vmax 
(uM P i . mg 

. . -1 -1V p r o t e i n .mm .) 
Reference 

Rabbit White 
S k e l e t a l 
Muscle 

Ca 
s t i m u l a t e d 
ATPase 
[ATP] 

0.7 
30 

1.14* 
3.0 * 

Yamamoto 
and 
Tonomura 

(1967) 

Rabbit White 
S k e l e t a l 
Muscle 

Phosphoryla­
t i o n of 
sarcoplasmic 
r e t i c u l u m 
membrane 

1.6 
? 

7 
7 

I n e s i , 
Maring, 
Murphy 
and 
MacFarland 

(1970) 

Rabbit White 
S k e l e t a l 
Muscle 

C a 2 + -
s t i m u l a t e d 
ATPase 
[ATP] 

10 
1000 

1.7 
0.6 

I n e s i , 
Goodman 
and 
Watanabe 

(1967) 

Human 
Er y t h r o c y t e 
Membrane 

Ca 
ATPase 
[ C a 2 + ] 

k 

100 
_ 66°/o 
_ 33% 

Schatzmann 
and R o s s i 

(1971) 

C r a y f i s h 
Abdominal 
Muscle 

C a 2 + -
s t i m u l a t e d 
ATPasc 
[ATP] 

70-80 
315-3'i7 

_ 66% 
_ 33% 

Present 
work 

Rabbit 
White 
S k e l e t a l 
Muscle 

Ca 
s t i m u l a t e d 
ATPase 
[ATP] 

1.0 
7 

I -

7 
7 Horgan 

(1974) 



Figure 6-2 The e f f e c t of i n c r e a s i n g concentration 
2+ 

of EGTA upon the 'Basal' Mg - dependent 

ATPase a c t i v i t y of a muscle microsomal 

pr e p a r a t i o n e x t r a c t e d from *t°C acclimated 

c r a y f i s h . 

Assay Conditions: ATP h y d r o l y s i s was 

measured at 25°C i n the presence of 

d i f f e r e n t concentrations of EGTA, i n 

a medium con t a i n i n g 3"iM MgClg, "}mM 

ATP, lOOmM KC1, 25mM Imidazole -

HC1, pH 7-1. 

Legend: Ordinate 

A b s c i s s a 

- ATPase a c t i v i t y 

(uM P i l i b e r a t e d , 

mg p r o t e i n minute ) 

- mM EGTA i n r e a c t i o n 

medium. 
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Figure 6-3 The e f f e c t of d i f f e r e n t concentrations of 
2+ 2+ f r e e Ca upon the a c t i v i t y of the Mg 

dependent ATPase of a muscle microsomal 

pr e p a r a t i o n i s o l a t e d from acclimated 

c r a y f i s h . 

Assay Conditions: The r e a c t i o n medium 

contained 0.5mM EGTA 3mM MgCl , lOOmM 

KC1, 25mM Imidazole - HC1, pH 7.1, 

and v a r i o u s concentrations of CaCl,,. 

The f r e e calcium concentration i n the 

r e a c t i o n medium was c o n t o l l e d u s i n g 

EGTA as d i s c u s s e d i n 'Material and 

Methods'. 

Values p l o t t e d are the s t i m u l a t i o n of 

ATP H y d r o l y s i s above that i n the above 

r e a c t i o n medium but omitting C a C l ^ . 

Inc u b a t i o n temperature was 20°C. 

Legend: Ordinate - ATPase a c t i v i t y 

(uM P i l i b e r a t e d . 
-1 -1 mg p r o t e i n . minute 

A b s c i s s a - Free calcium concentra 

t i o n , pCa (M). 
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Figure 6-4: The time-course of ATP h y d r o l y s i s at 5 C, 

20°C and 35°C i n the presence of 3.0mM ATP, 
2+ 

by a microsomal Ca -st i m u l a t e d ATPase 

i s o l a t e d from 4°C acclimated c r a y f i s h . 

Assay Conditions: ' T o t a l ' Ca 2 +-Mg 2 +-ATPase 

a c t i v i t y was determined i n the 

presence of 0.5mM CaClg, 0.5mM EGTA, 

3mM MgCl2,75mM Sucrose, lOOmM KCl, 

25mM Imidazole -HC1 pH 7. 1 and 3.0inM 
2+ 

ATP. 'Basal' Mg ATPase was assayed 
i n the same medium but omitting CaCl^. 

2+ 

Values p l o t t e d (Ca - s t i m u l a t e d 

ATPase) were the d i f f e r e n c e between 

'T o t a l ' and 'Basal' ATP h y d r o l y s i s 

f o r each i n c u b a t i o n p e r i o d at each 

temperature. For other d e t a i l s 

see 'Materials and Methods'. 

Legend: Ordinate - ATP h y d r o l y s i s (uM P i 

l i b e r a t e d , mg p r o t e i n .) 

Ab s c i s s a - Period of Incubati o n 

(minutes). 

• 

O 
A 
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E 30 
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Figure 6-5 The e f f e c t of d i f f e r e n t i n c u b a t i o n temperatures 
2+ 

upon the Ca - a c t i v a t i o n and i n h i b i t i o n 
2+ 

c h a r a c t e r i s t i c s of the Mg - dependent ATPase 

of a microsomal p r e p a r a t i o n i s o l a t e d from 
li°C acclimated c r a y f i s h . 

Assay Conditions: The r e a c t i o n media are 

described i n 'Materials and Methods'. 

The a c t i v a t i o n / i n h i b i t i o n c h a r a c t e r i s t i c s 
2 + 

of the Mg - dependent ATPase were 

measured as described i n Figure 6-2 

at 5°C, 20°C and 35°C 

Legend: Ordinate - ATPase a c t i v i t y (uM 
_ i 

P i l i b e r a t e d , mg p r o t e i n 
. -1 X 

minute .J 

A b s c i s s a - Concentration of f r e e 

Ca^ +, pCa (M). 

• 5 C In c u b a t i o n Temperature 

O - 20°C " " 

O - 35°C " " 



3.0 

35 °C 2.0 

1.0 
20 °C \ 0.5 

5 X 

0^ 
8 

pCa 



Figure 6-6 The e f f e c t of d i f f e r e n t i n c u b a t i o n temper-
2 + 

a t u r e s upon the Ca - a c t i v a t i o n and 
2 + 

i n h i b i t i o n c h a r a c t e r i s t i c s of the Mg 

dependent ATPase of a microsomal p r e p a r a t i o n 

i s o l a t e d from 25°C acclimated c r a y f i s h . 

Assay Conditions; The r e a c t i o n media are 

described i n 'Materials and Methods'. 

The a c t i v a t i o n / i n h i b i t i o n c h a r a c t e r i s t i c s 
2+ 

of the Mg - dependent ATPase were 

measured as desc r i b e d i n Figure 6-2 at 

5°C, 20°C and 35°C 

Legend: Ordinate 

A b s c i s s a 

r 
o 
o 

ATPase a c t i v i t y (uM P i 

l i b e r a t e d , mg p r o t e i n 
— 1 

p r o t e i n . ) 

Concentration of f r e e 

Ca^ + , pCa (,M) . 

5 C Incubat i o n Temperature 

- 20°C " " 

- 35°C » " 



5.0 

4.0 
35 °C 

3.0 

2.0 

20 °C 

1 n 

n 5 5 6 6 
pCa 



Figure 6 - 7 a The e f f e c t of i n c u b a t i on temperature upon the 
2+ 

f r e e Ca concentration r e q u i r e d f o r optimal 
2 + 

Ca - s t i m u l a t e d ATPase a c t i v i t y . 
2+ 

Assay Conditions: The optimal f r e e Ca concen­

t r a t i o n s at each i n c u b a t i o n temperature 

were determined from F i g u r e s 6-5 and 6-6. 
2+ 

Legend: Ordinate - Optimal f r e e Ca concen­

t r a t i o n (uM) 

A b s c i s s a - Incubation tempera ture ( C) 

Q - Microsomal p r e p a r a t i o n from 

k°C acclimated c r a y f i s h . 

A - Microsomal p r e p a r a t i o n from 

25°C acclimated c r a y f i s h . 

Figure 6-7b The e f f e c t of temperature upon .the pH of the 
2 + 

medium used f o r assay of 'Basal' Mg - dependent 

ATPase a c t i v i t y . 

pH measurement: The pH was measured on a 

Beckman 'Expandomatic' pH Meter at 

d i f f e r e n t temperatures 

Medium: The medium contained 6mM MgCl^, 

1.0 mM EGTA, 200mM KCl, 50mM Imidazole -

HC1 PH7.1 i n d e i o n i s e d water. 

Legend: Ordinate - pll 

A b s c i s s a - Temperature (°C) 



( a ) CNJ 
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Figure 6-8; The time-course of ATP h y d r o l y s i s , i n the 
i 

presence of O.lmM ATP, by a microsomal 

C a ^ + - s t i m u l a t e d ATPase i s o l a t e d from k°C 

acclimated c r a y f i s h . 

2+ 2+ 
Assay Conditions; ' T o t a l ' Ca -Mg -ATPase 

a c t i v i t y was determined i n the 

presence of 0.5mM CaClg, 0.5mM EGTA, 3mM 

MgCl , 75mM Sucrose, lOOmM KCl, 25mM 
Imidazole -HC1 pH 7.1 and O.lmM ATP. 

2+ 
'Basal' Mg ATPase was assayed i n 
the same medium but omitting CaCl^* 

2+ 
Values p l o t t e d (Ca -s t i m u l a t e d ATPase) 

were the d i f f e r e n c e between 'Total' 

and 'Basal' ATP h y d r o l y s i s f o r each 

i n c u b a t i o n p e r i o d . 

For other d e t a i l s see 'Materials and 

Methods'. 

Legend; Ordinate - ATP h y d r o l y s i s (uM P i 

l i b e r a t e d , mg p r o t e i n .) 

A b s c i s s a - Period of In c u b a t i o n 

(minutes) 
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Figure 6 - 9 ( a ) : The ATP s a t u r a t i o n curve a t 4°C f o r a 

microsomal C a ^ + - s t i m u l a t e d ATPase preparation 

i s o l a t e d from 4°C ac c l i m a t e d c r a y f i s h , together 

with (b) the corresponding Lineweaver-Burk 

p l o t . 

Assay Conditions: ' T o t a l ' Ca^ +, Mg^+, ATPase 

a c t i v i t y was assayed i n the presence of 0.5 mM 

CaCl2, 0.5 mil EGTA, 3 mM MgCl2, 75 mM Sucrose, 

100 mM KC1, 25 mM Imidazole-HCl, pH 7.1 and 

0.1-3.0 mM ATP. ' B a s a l ' Mg 2 + ATPase was 

assayed i n the same media but omitting C a C ^ . 

Values p l o t t e d ( C a 2 + - s t i m u l a t e d ATPase) are 

the d i f f e r e n c e between the ' t o t a l ' ATPase and 

the ' b a s a l ' ATPase a c t i v i t y at each ATP 

concentrat ion. 

Legend: (a) Ordinate: 

A b s c i s s a : 

(b) Ordinate: 

A b s c i s s a : 

Ca -stimulated ATPase 
a c t i v i t y (|iM P i . mg 

p r o t e i n - 1 , m i n u t e - 1 . ) 

ATP con c e n t r a t i o n (mM) 

1/Ca 2 + ATPase a c t i v i t y 

(|iM P i . mg p r o t e i n - 1 . 

m i n u t e - 1 . ) - 1 

1/ATP (mM - 1) 
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Figure 6-10: The ATP s a t u r a t i o n curves at d i f f e r e n t 

i n c u b a t i o n temperatures f o r a s i n g l e 
2+ 

microsomal Ca - s t i m u l a t e d ATPase prepara­

t i o n i s o l a t e d from acclimated c r a y f i s h . 

Assay Conditions: The 'Total* Ca 2 +-Mg 2 +-ATPase 

was assayed i n the presence of 0.5mM 

C a C l 2 , 0.5mM EGTA, 3mM MgClg, lOOmM KC1, 

75mM Sucrose, 25mM Imidazole -HC1 pH 7.1 
2 + 

and 0.1-3.OmM ATP. 'Ba ;sal' Mg -dependent, 

ATPase was assayed i n the same medium, 

omitting CaCl^. 

Values p l o t t e d are the d i f f e r e n c e between 

the 'Total' ATPase and the 'Basal' ATPase 

a c t i v i t y at each ATP concentration. The 

o r i g i n a l data i s presented i n Table 6-k. 

For other d e t a i l s see 'Materials and 

Methods'. 
2+ 

Legend: Ordinate - Ca -s t i m u l a t e d ATPase 
a c t i v i t y (uM P i l i b e r a t e d . 

— 1 — 1 mg p r o t e i n . minute .) 

A b s c i s s a - Concentration of ATP (mM) 

O - 0°C Incubati o n Temperature 

O - k°C •" " 

A _ 8°C » " 

A _ 12°C » " 

O - 18°C " 

* - 23°C " " 

• - 28°C " " 

O - 35°C " " 
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Figure 6-11; The ATP s a t u r a t i o n curves at... d i f f e r e n t 

i n c u b a t i o n temperatures f o r a1, s i n g l e micro-
2+ 

somal Ca -s t i m u l a t e d ATPase p r e p a r a t i o n 

i s o l a t e d from 25°C acclimated c r a y f i s h . 
2+ 2 + 

Assay Conditions; The 'Total' Ca -Mg -ATPase 

was assayed i n the presence of 0.5mM 

CaCl , 0.5mM EGTA, 3mM MgCl , 75mM 

Sucrose, lOOmM KCl, 25mM Imidazole 
-HC1 pH7.1 and 0.13.0mM ATP. 'Basal' 

2+ 
Mg -dependent ATPase was assayed i n 

the same medium, omitting CaCl^. 

Values p l o t t e d are the d i f f e r e n c e 

between the 'Total ATPase and the 'Basal' 

ATPase and the 'Basal' ATPase a c t i v i t y 

at each ATP concentration. The 

o r i g i n a l data i s presented i n Table 6-5* 

For other d e t a i l s see 'Materials and 

Methods'. 
2+ 

Legend; Ordinate - Ca -st i m u l a t e d ATPase 
a c t i v i t y (uM P i l i b e r a t e d , 

mg p r o t e i n minute 

A b s c i s s a - Concentration of ATP (mM) 

O - 0°C Incubati o n Temperature 

O - k°C 

A - 8°c 

A - 12°C » " 

O - 18°C 

• - 23°C 

• - 28°C 

O - 35°C " " 
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Figure 6-12: The Lineweaver-Burk p l o t s of the s a t u r a t i o n 

w i t h ATP at d i f f e r e n t temperatures, of the 

microsomal Ca - s t i m u l a t e d ATPase i s o l a t e d 

from the muscle of k°C acclimated c r a y f i s h 

2+ 
Assay Conditions: The Ca - s t i m u l a t e d ATPase 

was determined at s e v e r a l ATP concentrations 

between 0.1 - J.OniM ATP, at each incubation 

temperature. D e t a i l s of the assay procedure 

may be found i n 'Materials and Methods' and 

Figure 6-10. 
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Figure 6-13: The Lineweaver - Burk p l o t s of the s a t u r a t i o n 

with ATP at d i f f e r e n t temperatures, of the 
2+ 

microsomal Ca - s t i m u l a t e d ATPase i s o l a t e d 

from the muscle of 25°C acclimated c r a y f i s h . 

2+ 

Assay Conditions: The Ca - stimulated ATPase 

was determined at s e v e r a l ATP concentra-

t i o n s between 0.1-3.0mM ATP, at each 

incubation temperature. D e t a i l s of the 

assay procedure may be found i n 

'Materials and Methods', and Figure 6-11. 
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Figure 6-lk: The e f f e c t of temperature upon the Km (ATP) 

at low ATP concentrations of the micro-
2 + 

somal Ca - sti m u l a t e d ATPase i s o l a t e d 

from the muscle of (a) ^ " c and (b) 25°C 

acclimated c r a y f i s h . 

Assay Conditions: For d e t a i l s , see 

Table 6-7 and 6-9 f o r the preparations 

i s o l a t e d from the muscle of k°C and 25°C 

acclimated c r a y f i s h r e s p e c t i v e l y , and 

'Materials and Methods'. 
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N.B. The standard e r r o r 

above and below Km are 

not equal. See 'Materials 

and Methods 1. 

Km - S.E., c a l c u l a t e d 

from r e g r e s s i o n a n a l y s i s 

of Eadie Hofstee p l o t . 
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Figure 6-15: The e f f e c t of temperature upon* the Km (ATP) 

at high ATP concentrations of the micro-
2+ 

somal Ca - stimulated ATPase i s o l a t e d from 

the muscle of (a) k°C and (b) 25°C 

acclimated c r a y f i s h . 

Assay Conditions: For d e t a i l s , see Table 6-6 

and 6-8 f o r the p r e p a r a t i o n s i s o l a t e d 

from the muscle of zt°C and 25°C 

acclimated c r a y f i s h r e s p e c t i v e l y , and 

'Materials and Methods'. 

Legend: Ordinate 

A b s c i s s a 
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Km f o r ATP (mM) 

Incubation Temperature 

(°C) 

Km i s . E . , c a l c u l a t e d from 

r e g r e s s i o n a n a l y s i s of 

Lineweaver - Burk p l o t . 

N.B. The standard e r r o r 

above and below Km are 

not equal. See 'Materials 

and Methods'. 

Km - S.E., c a l c u l a t e d from 

r e g r e s s i o n a n a l y s i s of 
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C h a p t e r 7 

THE EFFECT OF TEMPERATURE AND THERMAL ACCLIMATION 
UPON ENZYME ACTIVITY 

132 

INTRODUCTION 

The t e m p e r a t u r e c h a r a c t e r i s t i c s o f membrane-bound 

enzymes and multienzyme s y s t e m s a r e o f t e n c o m p l i c a t e d by 

the p r e s e n c e o f d i s c o n t i n u i t i e s i n t h e i r A r r h e n i u s p l o t s , 

as has been d e m o n s t r a t e d i n c e r t a i n r e s p i r a t o r y enzymes o f 

m i t o c h o n d r i a (Kemp, Groot and Rietsma,1969' L y o n s and R a i s o n , 

1970; R a i s o n , Lyons and Thomson,1971? L e n a s , S e c h i , P a r e n t i -

C a s t e l l i , L a n d i and B e r t o l i 1972? Smith,1973; f o r r e v i e w 

see R a i s o n » 1 9 7 2 ) 1 membrane-bound r i b o s o m a l p r o t e i n s y n t h e s i s 

(Towers, R a i s o n , K e l l e r m a n and Linnane , 1 9 7 2 ), the Na +-K +-ATPase 

( G r u e n e r and Avi-Dor,1966' Bowler and Duncan 1968* Charnock, 

Cook and Cas e y , 1971* T a n i g u c h i and Iida , 1 9 7 2 , ' Tanaka and 
2+ 2+ 

Teruya , 1 9 7 3 ) and the Ca -Mg -ATPase o f the s a r c o p l a s m i c 

r e t i c u l u m ( C h a r n o c k and F r a n k e l , 1 9 7 1Deamer, 1973) • They 

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

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

s u c h t h a t above t h i s t e m p e r a t u r e t h e p r o c e s s h a s an a c t i v a t i o n 

energy ( E a ) o f a p p r o x i m a t e l y 5-15 K c a l s moleT''" (20.9 - 62.8 K J . 

mole } ) , w h i l s t below t h i s t e m p e r a t u r e i t becomes 20-30 K c a l s 

m ole"} (83.7 - 125.6 K J . m o l e " } ) . 

C r o z i e r and h i s c o - w o r k e r s ( q u o t e d by Johnson, E y r i n g and 

P o l i s s a r 195*0 1 from c e r t a i n p h y s i o l o g i c a l s t u d i e s , have 

s u g g e s t e d t h a t t h i s change i n a c t i v a t i o n energy r e p r e s e n t s a 

s h i f t from one r a t e l i m i t i n g r e a c t i o n to a n o t h e r . B e l e h r a d e k 

(1935, 1957) and Dixon and Webb (1964) have argued t h a t two 

s i m u l t a n e o u s l y o c c u r r i n g p r o c e s s e s o f t h i s t y p e would n o t 
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y i e l d a s h a r p i n f l e x i o n o f an A r r h e n i u s p l o t but would 

produce a smooth c u r v i l i n e a r t r a n s i t i o n . The s h a r p d i s c o n ­

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

the i n t e r c e p t o f t a n g e n t s to smooth c u r v e s . 

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

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

( L y o n s and R a i s o n 1970a, b ) , w h i c h y i e l d A r r h e n i u s p l o t s 

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

do n o t i n t e r c e p t a t t h e t e m p e r a t u r e o f t r a n s i t i o n . Kumamoto, 

R a i s o n and Lyons (1971) c o n s i d e r e d t h e s e s h a r p b r e a k s were 

r e a l . They f u r t h e r s u g g e s t e d t h a t t h e b r e a k s c a n o n l y be 

th e r e s u l t o f a phase change w i t h i n t h e sy s t e m a t t he t r a n s i ­

t i o n a l t e m p e r a t u r e . E a c h p r o c e s s i s thought t o f u n c t i o n 

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

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

the t h e o r e t i c a l arguments f o r a c u r v i l i n e a r A r r h e n i u s p l o t a s 

proposed by B e l e h r a d e k (1935i 1957). The phase change was 

thought t o c a u s e some c o n f o r m a t i o n a l change i n t he enzyme, 

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

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

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

s u p p o r t s t h e n o t i o n t h a t i n t e r s e c t i n g b r e a k s i n A r r h e n i u s 

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

p r o c e d u r e s . 

T h e r e i s growing e v i d e n c e t h a t i n membrane-bound enzymes 

c o n f o r m a t i o n a l changes can be the r e s u l t o f a phase change 

i n t h e n o n - p o l a r h y d r o c a r b o n environment o f the enzyme, 

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

beloAtf t h e t r a n s i t i o n t e m p e r a t u r e , t o a more f l u i d , l i q u i d -

c r y s t a l l i n e s t a t e above the t r a n s i t i o n t e m p e r a t u r e . F o r 
example, s e v e r a l w o r k e r s have e s t a b l i s h e d a c l o s e c o r r e l a t i o n 
between t h e t r a n s i t i o n t e m p e r a t u r e o f enzyme a c t i v i t y and the 
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t r a n s i t i o n t e m p e r a t u r e o f the m o l e c u l a r m o b i l i t y p a rameter 

of a hyd r o p h o b i c probe, a s d e t e c t e d by E l e c t r o n P a r a m a g n e t i c 

Resonance S p e c t r o s c o p y ( R a i s o n , L y o n s , Melhorn and Keith j 1 9 7 1 ! 

Grishain and B a r n e t t , 1973' I n e s i and Eletr , 1 9 7 2 , * I n e s i , M i l l m a n 

and E l e t r » 1 9 7 3 ) or F l u o r e s c e n c e S p e c t r o s c o p y (Rottem, C i r i l l o , 

De K r u y f f , S h i n i t s k y and R a z i n t 1 9 7 3 ) . I n a d d i t i o n , Grisham 

and B a r n e t t (1973) have demonstrated t h a t t h e m o l e c u l a r 

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

a Na +-K +-ATPase p r e p a r a t i o n h a s an i d e n t i c a l t r a n s i t i o n tempera­

t u r e to t h e m o l e c u l a r m o b i l i t y o f t h e same probe i n t h e i n v i t r o 

membrane p r e p a r a t i o n and a l s o t h e ATPase a c t i v i t y . 

F u r t h e r m o r e , d e l i p i d a t e d membrane enzymes c a n be r e a c t i v a t e d 

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

c h a r a c t e r i s t i c s o f r e c o n s t i t u t e d enzymes depend s o l e l y upon 

the n a t u r e o f t h e added l i p i d s and n o t upon t h e enzymes per se 

( S e e l i g and Hasselbach t 1 9 7 1! Tanaka and Teruya , 1 9 7 3 J K i m e l b e r g 

and Papahadjopoulos, 1 9 7 ^)• Th e s e o b s e r v a t i o n s on w e l l - d e f i n e d , 

r e c o n s t i t u t e d s y s t e m s were g i v e n f u r t h e r c r e d a n c e by t h e work 

of W i l s o n , Rose and Fox (1970). They found t h a t t h e tempera­

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

u n s a t u r a t e d f a t t y a c i d a u x o t r o p h s o f E s c h e r i s c h i a c o l i K12 

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

membranes. T h i s was d e t e r m i n e d p r i m a r i l y by t h e n a t u r e o f 

the exogenous f a t t y a c i d s u p p l y . Rottem, C i r i l l o , De K r u y f f , 

S h i n i t s k y and R a z i n (1973) have d e m o n s t r a t e d t h a t i n Mycoplasma 

mycoides, t h e t r a n s i t i o n t e m p e r a t u r e o f t h e plasma membrane 

ATPase a c t i v i t y depended upon t h e f a t t y a c i d c o m p o s i t i o n o f 

the membrane l i p i d s . J a n k i , A i t h a l , McMurray and T u s t a n o f f 

(197^) have i n d u c e d s i m i l a r changes i n both c a t a l y t i c and 

A r r h e n i u s k i n e t i c s o f m i t o c h o n d r i a l enzyme c h a r a c t e r i s t i c s o f 

both i n n e r and oul\ m i t o c h o n d r i a l membranes by growing t h e 
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Y e a s t S a c c h a r o m y c e s c e r e v i s i a e i n a m i n i m a l medium s u p p l e ­

mented w i t h c e r t a i n f a t t y a c i d s . 

T h e r m a l l y - i n d u c e d phase t r a n s i t i o n i n m i t o c h o n d r i a l 

membranes and changes i n t h e E a o f t h e i r enzymes a r e commonly 

o b s e r v e d ( L y o n s and R a i s o n , 1 9 7 0 ) , w i t h membranes from homoeo-

therms and c h i l l - s e n s i t i v e p l a n t s . However, t h e y a r e n o t 

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

( L y o n s and R a i s o n , 1 9 7 0 a | S m i t h , 1 9 7 3 ) and c h i l l - r e s i s t a n t 

p l a n t s . ( L y o n s and R a i s o n , 1970b', R a i s o n , L y o n s and Thomson, 

1971," Feeney, Vandenheede and O s a g a , 1 9 7 2 ) . T h i s i s c o r r e ­

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

and an i n c r e a s e d membrane f l u i d i t y . C o l d adapted o r g a n i s m s 

u s u a l l y have a membranous phase t r a n s i t i o n a t t e m p e r a t u r e s 

below 0°C. 

F i n a l l y , t h e d i s c o n t i n u i t y i n . A r r h e n i u s p l o t s c o u l d be 

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

of t h e membrane l i p i d s . Thus t h e p r e s e n c e o f d e t e r g e n t s 

and p r e i n c u b a t i o n . w i t h p h o s p h o l i p a s e s was found to i n d u c e 

l i n e a r A r r h e n i u s p l o t s ( T a n i g u i c h i and I i d a , 1 9 7 2 J R a i s o n , 

L y o n s , Thomson,1971; Charnock, Cook and C a s e y , 1 9 7 l ) . The 

d i s c o n t i n u i t y i s n o t a f f e c t e d by a p e r i o d o f s t o r a g e or by 

t h e s p e c i f i c a c t i v i t y o f t h e p r e p a r a t i o n and i s not r e l a t e d 

to t h e s p e c i f i c a c t i v i t y o f t h e p r e p a r a t i o n . However, 

c a u t i o n i s u r g e d i n t h i s r e s p e c t s i n c e some w o r k e r s have 

found t h a t p h o s p h q l i p a s e A ( C h a r n o c k , Cook, Almeida and To» 

1 9 7 3 ) and v a r i o u s d e t e r g e n t s (Charnock, Cook, Al m e i d a and 

T o , 1 9 7 3 ! S m i t h , 1 9 7 3 ) had no e f f e c t on the b r e a k s i n A r r h e n i u s 

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

T h e r e i s now no doubt t h a t s u c h b r e a k s a r e n o t a r t e f a c t s 

and t h a t t h e s e t e m p e r a t u r e - i n d u c e d changes i n A r r h e n i u s p l o t s 

o f enzyme a c t i v i t y a r e p r o b a b l y a consequence o f a phase 
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change i n the l i p i d component o f t h e membrane, r a t h e r t h a n 

an i n t r i n s i c p r o p e r t y o f t h e enzyme. However, i t s h o u l d be 

p o i n t e d out t h a t t h e n a t u r e o f the r o l e o f l i p i d phase 

changes i n r e g u l a t i n g membrane enzymes i s n o t w e l l u n d e r s t o o d , 

but i s p r o b a b l y r e l a t e d to t he c o n f o r m a t i o n a l changes d i s c u s s e d 

by T a s a k i ( 1 9 6 8 ) and o b s e r v e d by P a p a k o s t i d i s , Z u n d e l and 

Mehl ( 1 9 7 2 ) . I t i s thought t h a t l i p i d s i n the c r y s t a l l i n e 

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

and i n c r e a s e t h e A h r e q u i r e d f o r i t s a c t i v a t i o n . I n e s i , 

M i l l m a n and E l e t r ( 1 9 7 3 ) have measured the As f o r ATPase 
2 + 

a c t i v i t y and Ca -uptake by r a b b i t s a r c o p l a s m i c r e t i c u l u m . 

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

o b t a i n e d f o r both f u n c t i o n s a t t e m p e r a t u r e s above t h e b r e a k , 

whereas l a r g e p o s i t i v e v a l u e s o f As were o b s e r v e d a t tempera­

t u r e s below t h e b r e a k . They c o n c l u d e d t h a t t h e h i g h l y o r d e r e d 

l i p i d e n vironment a t low t e m p e r a t u r e s "impedes t h e i r t r a n s -

l a t i o n a l and/or r o t a t i o n a l freedom" ( I n e s i , M i l l m a n and E l e t r 

1 9 7 3 ) . 

The phase t r a n s i t i o n i n membranes i s now r e c o g n i s e d to 

be a more complex and c o - o p e r a t i v e e v e n t t h a n o r i g i n a l l y 

e n v i s a g e d . Membranes w i t h a complex p h o s p h o l i p i d c o m p o s i t i o n 

and d i v e r s e f a t t y . a c y l c o n s t i t u e n t s have been found to have 

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

range o f a p p r o x i m a t e l y 10-20°C, a s judged by D i f f e r e n t i a l 

S c a n n i n g C a l o r i m e t r y (Chapman, U r b i n a and K e o u g h t 1 9 7 ^ ) • 

Hence a t any one t e m p e r a t u r e i n the t r a n s i t i o n a l zone, t h e r e 

may be p h o s p h o l i p i d s i n b o t h the c r y s t a l l i n e and l i q u i d -

c r y s t a l l i n e s t a t e s , r e s u l t i n g i n a h e t e r o g e n o u s membrane 

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

r e v e a l e d by F r e e z e - E t c h M i c r o s c o p y p r e f e r e n t i a l l y a g g r e g a t e 

i n t h e f l u i d r e g i o n o f the membrane (James, B r a n t o n , W i s n i e s k i , 
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K e i t h 1972; S p e t h and Wunderlich , 1 9 7 3; Kleeman and Mc C o n n e l l , 

197''). I f t h e s e p a r t i c l e s a r e i n d e e d h y d r o p h o b i c p r o t e i n s , 

t h e y would appear to e n t e r t h e c r y s t a l l i n e environment o n l y 

when a l l t h e membrane l i p i d h a s become c r y s t a l l i n e . T h i s 

phenomenon would a c c o u n t f o r t h e r e l a t i v e l y sudden t r a n s i t i o n 

o b s e r v e d i n t h e A r r h e n i u s p l o t s o f membrane-bound enzymes and 

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

m e l t o b s e r v e d by D i f f e r e n t i a l S a c n n i n g C a l o r i m e t r y ( K i m e l b e r g 

and Papahadjopoulos, 1 9 7 M I n e s i , M i l l m a n and E l e t r , 1 9 7 3 J 

De K r u y f f , Van D i j c k , Goldback, Demel and Van Deenen,1973) . 

I n a d d i t i o n , t h e t r a n s i t i o n i s i n f l u e n c e d not o n l y by t h e 

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

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

but a l s o by t h e pH, i o n i c c o n t e n t ( T r a u b l e and E i b l f 1 9 7 z ± ) 

and d i v a l e n t - c a t i o n c o n t e n t o f t h e aqueous environment 

(Chapman, U r b i n a and Keough ,1974,' V e r k l e i j , De K r u y f f , 

V e r v e r g a e r t , Tocanne and Van Deenen , 1974). C h o l e s t e r o l h a s 

th e e f f e c t o f removing t h e s e membrane phase t r a n s i t i o n s when 

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

W i l l i a m s and Chapman , 1 9 6 8 ) . 

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

de t e r m i n e t h e i n v i v o s i g n i f i c a n c e o f t r a n s i t i o n phenomena 

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

o f p o i k i l o t h e r m s . E l e t r , W i l l i a m s , W atkins and K e i t h ( 1 9 7 4 ) 

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

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

motion o f s p i n l a b e l s , r e s u l t s i n a s i m i l a r p e r t u r b a t i o n o f 

a p h y s i o l o g i c a l a c t i v i t y o f the whole c e l l ( i . e . , oxygen 

u p t a k e ) . They have a l s o d e m o n s t r a t e d t n a t t h e t r a n s i t i o n 

t e m p e r a t u r e s o f b o t h phenonema a r e s e n s i t i v e to t h e membrane 

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

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

a c t i v i t y and i t s t e m p e r a t u r e c h a r a c t e r i s t i c s can, w i t h 

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

l i p i d e n vironment. The e x p e r i m e n t s d e s c r i b e d i n t h i s 

c h a p t e r were d e s i g n e d to answer t h e f o l l o w i n g q u e s t i o n s 

c o n c e r n i n g t h e t e m p e r a t u r e c h a r a c t e r i s t i c s o f t h e m i c r o s o m a l 
2+ 2+ 

Ca -Mg -ATPase o f c r a y f i s h abdominal m u s c l e . F i r s t l y , i s 
2+ 

the Ca - s t i m u l a t e d ATPase a c t i v i t y o f t h e m i c r o s o m a l p r e p a r a ­

t i o n a f f e c t e d by t h e a c c l i m a t o r - y h i s t o r y o f the a n i m a l ? 
i 

S e c o n d l y , does t h e A r r h e n i u s p l o t o f enzyme a c t i v i t y (Vmax, 

or v ) show any dependence upon the a c c l i m a t i o n h i s t o r y of 

the c r a y f i s h , w h i c h may be c o r r e l a t e d w i t h t h e accompanying 

changes i n membrane f a t t y a c i d c o m p o s i t i o n ( C h a p t e r 

T h i r d l y , does enzyme a c t i v i t y show a r e d u c e d dependence upon 

t e m p e r a t u r e a t low s u b s t r a t e c o n c e n t r a t i o n s a s has been 

o b s e r v e d i n s e v e r a l s o l u b l e enzymes ( s e e Hochachka and 
Somero 1 9 7 3 ) 2 F o u r t h l y , does the a c t i v a t i o n energy o f 

2+ 

the Ca - s t i m u l a t e d ATPase change d u r i n g t e m p e r a t u r e a d a p t a ­

t i o n ? T h i s might i n d i c a t e a change i n the enzyme m a c h i n e r y 

c a u s e d e i t h e r by a change i n the t y p e o f isoenzyme p r e s e n t 
or by m o d i f i c a t i o n o f the e x i s t i n g enzyme 4 F i f t h l y , docs 

2+ 

t h e Ca - s t i m u l a t e d ATPase show any e v o l u t i o n a r y a d a p t a t i o n 

t o w a r d s c o n t i n u e d e f f i c i e n t f u n c t i o n i n a c o l d environment, 

su c h a s a r e d u c t i o n o f a c t i v a t i o n energy when compared t o 

homoeotherms, o r warm-adapted p o i k i l o t h e r m s ? 
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MATERIALS AND METHODS 

A. MATERIALS 

a. A n i m a l s : A d u l t A u s t r o p o t a m o b i u s p a l l i p e s were 

caught and m a i n t a i n e d i n t h e l a b o r a t o r y a s 

d e s c r i b e d i n C h a p t e r 2. 

'b. C h e m i c a l s : See C h a p t e r 5» 

c . G l a s s w a r e : The g l a s s w a r e u s e d h a s been d e s c r i b e d 

i n C h a p t e r 5« 

B. METHODS 

a. P r e p a r a t i o n o f microsomes. The 1 3 , 0 0 0 g - 35,OOOg 

heavy m i c r o s o m a l f r a c t i o n was o b t a i n e d from 

c r a y f i s h m u s c l e homogenates as d e s c r i b e d i n 

C h a p t e r 5» Tlie f i n a l p e l l e t was r e s u s p e n d e d 

i n 0.3M s u c r o s e i n lOmM I m i d a z o l e -HC1 pH 7.1. 

b. C o m p o s i t i o n s o f a s s a y media. These a r e d e s c r i b e d 

i n C h a p t e r 5. 

c . I n c u b a t i o n p r o c e d u r e . Temperature g r a d i e n t s were 

s e t up u s i n g a t h i c k aluminium b a r ( 1 . 2 0 x 

0.10 x 0.06m) w i t h a s e r i e s o f h o l e s d r i l l e d 

a t s h o r t i n t e r v a l s a l o n g i t s l e n g t h , t o 

accommodate t h e a s s a y t u b e s . A c r u s h e d 

i c e b a t h a t one end and a hot w a t e r b a t h 

a t t h e o t h e r p r o v i d e d a g r a d i e n t o f tempera­

t u r e s between 0°C and 40°C. 1 m l o f an i o n i c 

medium was added to each tube f o l l o w e d by 

0.5ml ATP (l2mM c o n c e n t r a t i o n ) . A f t e r 

a 10 minute t h e r m o e q u i l i b r a t i o n p e r i o d the 

r e a c t i o n was s t a r t e d by add i n g 0.5ml o f the 

enzyme s u s p e n s i o n . The r e a c t i o n was st o p p e d 

by a d d i n g 'imls o f t h e ' L u b r o l ' o r 1 C i r r a s o l ' 

m i x t u r e a s d e s c r i b e d i n C h a p t e r 5. 
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d. E s t i m a t i o n o f Enzyme A c t i v i t y . The amount o f 

i n o r g a n i c phosphate l i b e r a t e d was a n a l y s e d 

by t h e method o f A t k i n s o n , G atensby and Lowe 

(197-1-) a s d e s c r i b e d i n C h a p t e r 5-

e. E s t i m a t i o n o f P r o t e i n C o n t e n t . D i l u t e d a l i q u o t s 

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

f o r p r o t e i n by the method o f Lowry, Rosebrough, 

F a r r and R a n d a l l (1951) as d e s c r i b e d p r e v i o u s l y 

( C h a p t e r 5 ) . 

f . S t a t i s t i c a l T e c h n i q u e s . 

( i ) S t a t i s t i c a l c o m p a r i s o n o f d a t a . A l l s t a t i ­

s t i c a l c o m p a r i s o n s were performed u s i n g 

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

S n e d e c o r and C o c h r a n ( 1 9 6 7 ) . Where 

a p p r o p r i a t e , r e f e r e n c e was made to the 

s t a t i s t i c a l t a b l e s o f F i s h e r and Y a t e s 

( 1 9 6 3 ) . 

( i i ) E s t i m a t i o n o f A r r h e n i u s a c t i v i t y e n e r g y . 

A r r h e n i u s p l o t s o f l o g v a g a i n s t - ^ o ^ 

were p r e p a r e d and the s l o p e (A) o f the 

e q u a t i o n 

l o g v = - -ijr + B 

was d e t e r m i n e d by r e g r e s s i o n a n a l y s i s 

( S n e d e c o r and C o c h r a n 1 9 6 7 ) . The 

A r r h e n i u s a c t i v a t i o n energy ( E a ) was 

computed from the e q u a t i o n 

E a = R x 2.303 x A K c a l . m o l e " 1 

Where R - gas c o n s t a n t = I . 9 8 7 cal/mole/°K. 

(8. 3 3 J/mole/°K) 
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RESULTS 

A. The E f f e c t o f Thermal A c c l i m a t i o n upon M i c r o s o m a l 

ATPase A c t i v i t y 
2+ 

The s p e c i f i c a c t i v i t y o f t h e Ca - s t i m u l a t e d 

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

from k°C and 25°C a c c l i m a t e d c r a y f i s h was measured 

a t 25°C i n the p r e s e n c e o f 8.1uM f r e e c a l c i u m , 

3.0mM M g C l 2 and 3.0mM T r i s - A T P ( a l l f i n a l c oncen­

t r a t i o n s ) . Both c l a s s e s o f p r e p a r a t i o n were 

found t o e x h i b i t q u i t e v a r i a b l e a c t i v i t i e s , but 

w i t h a v e r a g e v a l u e s o f 1.311 and 0.988uMoles P i 

l i b e r a t e d .mg mi c r o s o m a l p r o t e i n "'".minute ^. f o r 

p r e p a r a t i o n s e x t r a c t e d from *i°C and 25°C a c c l i m a t e d 

c r a y f i s h r e s p e c t i v e l y . T h i s does not r e p r e s e n t 

a s i g n i f i c a n t d i f f e r e n c e . ( P ^ 0 . 0 5 , T a b l e 7-1.) 

B. The E f f e c t o f Temperature upon Vmax 

The d a t a p r e s e n t e d i n t h e p r e v i o u s c h a p t e r 

( T a b l e s 6-6 t o 6-9) c o n c e r n i n g t h e t e m p e r a t u r e 

dependence o f Km, p e r m i t s t h e e f f e c t o f t e m p e r a t u r e 
upon Vmax t o be s t u d i e d . The A r r h e n i u s . p l o t s f o r 

2+ 

Vmax o f the Ca - s t i m u l a t e d ATPase p r e p a r a t i o n s 

i s o l a t e d from 't°C-acclimated c r a y f i s h a r e p r e s e n t e d 

i n F i g u r e 7-1 f o r a c t i v i t y a t h i g h and low r a n g e s 

of ATP c o n c e n t r a t i o n , and F i g u r e 7-2 f o r the 

p r e p a r a t i o n i s o l a t e d from 25°C-acclimated c r a y f i s h 

a g a i n a t h i g h and low r a n g e s of ATP. I n a l l 

c a s e s the A r r h e n i u s p l o t s were l i n e a r o v e r t h e 

t e m p e r a t u r e range 0°C - 35°C. 

The A r r h e n i u s a c t i v a t i o n energy was c a l c u l a t e d 

by r e g r e s s i o n a n a l y s i s o f t h e d a t a ( T a b l e 7 - 2 ) . 

The a c t i v a t i o n energy f o r Vmax a t low ATP coneen-
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t r a . t i o n s proved to be somewhat g r e a t e r t h a n t h e 

a c t i v a t i o n energy f o r Vmax a t h i g h ATP c o n c e n t r a ­

tions', i n t h e p r e p a r a t i o n s i s o l a t e d from both 

4°C-acclimated and 25°C-acclimated a n i m a l s . The 

a c t i v a t i o n energy f o r Vmax a t both h i g h and low 

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

t i o n i s o l a t e d from ^°C-acclimated c r a y f i s h was 

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

p a r a t i o n s i s o l a t e d from 25°C-acclimated c r a y f i s h 

( T a b l e 7 -2 ) . 

The E f f e c t o f ATP C o n c e n t r a t i o n upon t h e A r r h e n i u s 

A c t i v a t i o n E n e r g y 

As d i s c u s s e d p r e v i o u s l y ( C h a p t e r 6, " I n t r o d u c t i o n ) , 

t h e t e m p e r a t u r e dependence o f some b i o c h e m i c a l 

p r o c e s s e s s u c h as m i t o c h o n d r a l oxygen u p t a k e 

( N e w e l l & Pye 1971) and the a c t i v i t y o f some 

enzymes ( s e e Hochachka and Somero 1973) i s depend­

ent upon t h e s u b s t r a t e c o n c e n t r a t i o n . T h i s i s 

thought to l e a d t o a p a r t i a l o r t o t a l i ndependence 

o f t h e s e p r o c e s s e s from the e f f e c t s o f t e m p e r a t u r e . 

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

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

upon t h e a c t i v a t i o n energy, and a l s o t h e p o s s i b i l i t y 

o f t e m p e r a t u r e - i n d e p e n d e n t enzyme a c t i v i t y to be 

examined. 

The o r i g i n a l d a t a i s g i v e n i n T a b l e s 

and 6-5. F i g u r e 7-3 i l l u s t r a t e s t h e dependence 
2+ 

upon t e m p e r a t u r e o f the m i c r o s o m a l Ca - s t i m u l a t e d 

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

^°C-acclimated c r a y f i s h . I t i s e v i d e n t from t h e 

c o r r e s p o n d i n g A r r h e n i u s p l o t s ( F i g u r e 7-5) t h a t 

t h e graph a t e a c h s u b s t r a t e c o n c e n t r a t i o n was 
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l i n e a r o v e r t h e t e m p e r a t u r e r a n g e 0-35°C. 

Fu r t h e r m o r e , t h e s l o p e of t h e l i n e s was not g r e a t l y 

a f f e c t e d by measurement o f t h e r e a c t i o n v e l o c i t y 

a t d i f f e r e n t c o n c e n t r a t i o n s o f ATP. T h i s con­

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

a c t i v a t i o n energy by r e g r e s s i o n a n a l y s i s o f the 

d a t a ( T a b l e 7-3)- The a c t i v a t i o n energy, 

measured a t d i f f e r e n t ATP c o n c e n t r a t i o n s , f o r t he 

p r e p a r a t i o n i s o l a t e d from 4°C-acclimated c r a y f i s h 
' -1 -1 v a r i e d between 15.83 K c a l . mole (66.28 K J . mole 

and 16.34 K c a l s . m o l e " 1 (68.41 K J . m o l e " 1 . ) , t h e r e 

being.no c o n s i s t e n t v a r i a t i o n o f E a w i t h ATP 

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

The p r e p a r a t i o n i s o l a t e d from 25°C-acclimated 

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

a l l ATP c o n c e n t r a t i o n s u s e d ( F i g u r e s 7-4 and 7 -6 ) . 

The a c t i v a t i o n e n e r g i e s measured a t d i f f e r e n t ATP 

c o n c e n t r a t i o n s v a r i e d between r e s t r i c t e d l i m i t s 

o f 14.36 K c a l . m o l e - 1 ( K J . m o l e - 1 . ) and 15-55 K c a l . 

m o l e - 1 (65.IO K J . mole" 1., T a b l e 7 -4 ) . T h i s 

r a n g e o f E a v a l u e s was somewhat l o w e r i n t h e 

p r e p a r a t i o n i s o l a t e d , from the 25°C-acclimated 

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

4°C-acclimated c r a y f i s h . T h e r e was no o v e r l a p 

between t h e two s e t s o f d a t a . 

V a r i a b i l i t y between P r e p a r a t i o n s i r i A c t i v a t i o n E n e r g y 
2+ 

o f t h e Mi c r o s o m a l Ca - s t i m u l a t e d ATPase 

The e x p e r i m e n t s d i s c u s s e d above were performed 

on one p r e p a r a t i o n from each a d a p t a t i o n a l group. 

I t was c o n s i d e r e d d e s i r a b l e t o know whether the 

marked d i f f e r e n c e s i n the r a n g e ' o f a c t i v a t i o n 

e n e r g i e s o b s e r v e d w i t h t h e s e two p r e p a r a t i o n s 
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were dependent upon t h e t h e r m a l h i s t o r y o f t n e 

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

o r whether i t was t h e r e s u l t o f normal v a r i a b i l i t y 

i n t h e v a l u e o f t h e a c t i v a t i o n energy. T h i s 

v a r i a b i l i t y may be the r e s u l t o f e r r o r i n t h e 

e x p e r i m e n t a l d e t e r m i n a t i o n o f Ea, o r an i n h e r e n t 

v a r i a b i l i t y o f t n e p r e p a r a t i o n s . 

The A r r h e n i u s p l o t s f o r a number o f d i f f e r e n t 

m i c r o s o m a l p r e p a r a t i o n s i s o l a t e d from ^°C-acclimate 

c r a y f i s h a r e p r e s e n t e d i n F i g u r e 7-7 f o r enzyme 

a c t i v i t y a t 3.0mM ATP, and i n F i g u r e 7-8 f o r 

a c t i v i t y a t 0.5mM ATP. The c o r r e s p o n d i n g 

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

i s o l a t e d from 25°C-acclimated c r a y f i s h a r e 

i l l u s t r a t e d i n F i g u r e s 7-9 and 7-10 f o r a c t i v i t y 

at .3.0mM ATP and 0.5mM ATP r e s p e c t i v e l y . A l l 

A r r h e n i u s p l o t s were l i n e a r o v e r t h e range 0 -35°C. 

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

and t h e c a l c u l a t e d v a l u e o f E a a t 0.5mM and 3.0mM 

ATP, f o r ea c n e x p e r i m e n t a r e g i v e n i n T a b l e s 7-5 

and 7-6 f o r p r e p a r a t i o n s i s o l a t e d from *i°C and 

T a b l e s 7-5 and 7-7 f o r p r e p a r a t i o n s i s o l a t e d from 

25°C-acclimated c r a y f i s h m u scle r e s p e c t i v e l y . 

T h e s e d a t a a r e summarised m T a b l e 7-8 where t h e 

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

i s o l a t e d from 4°C and 25°C-acclimated c r a y f i s h a r e 

compared a t 0.5mM and 3•OmM ATP. I n both c a s e s 

t h e r e 1 w a s no s i g n i f i c a n t d i f f e r e n c e between t h e 

mean E a ( T a b l e 7-8; P ^ 0 . 8 f o r a c t i v i t y a t 3.O111M 

ATP, P ^ 0 . 7 f o r a c t i v i t y a t 0.5mM ATP). I t was 

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

a n i m a l s and t h e t e m p e r a t u r e dependence o f a 
2+ 2+ 

Ca Mg ATPase p r e p a r a t i o n d e r i v e d t h e r e f r o m . 

The r e s u l t s d i s c u s s e d e a r l i e r ( s e c t i o n B) 

i n d i c a t e d t h a t t h e a c t i v a t i o n e nergy w i t h r e s p e c t 

to Vmax f o r low [ATP] a c t i v i t y was somewhat 

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

[ATP] a c t i v i t y . U s i n g t h e d a t a from T a b l e s 7-5 

and 7-6 i t was p o s s i b l e t o compare t h e a c t i v a t i o n 

e nergy f o r enzyme a c t i v i t y a t 0.5mM ATP ( i . e . , low 

[ATP] a c t i v i t y ) and 3.0mM ATP ( i . e . , h i g h [ATP] 

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

from 4°C-acclimated c r a y f i s h ( T a b l e 7 - 9 ) . The 

d i f f e r e n c e was n o t s i g n i f i c a n t ( P ^ 0 . 9 ) , t h u s t h e 

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

presumab l y c a u s e d by normal v a r i a b i l i t y i n E a 

v a l u e s and have no a d a p t i v e s i g n i f i c a n c e . 

DISCUSSION 

A. The E f f e c t ' o f T e m p e r a t u r e A c c l i m a t i o n on M i c r o s o m a l 

Enzyme A c t i v i t y 
2+ 

The m i c r o s o m a l Ca - s t i m u l a t e d ATPase i s o l a t e d 

from both k°C and 25°C-acclimated c r a y f i s h m u s c l e 

had a mean s p e c i f i c a c t i v i t y , a t 25°C, o f 1.1^9 uMoles. 

phosphate l i b e r a t e d mg. p r o t e i n . min. ^ ( a v e r a g e 

o f 31 p r e p a r a t i o n s , T a b l e 7 - 1 ) . T h i s i s amongst 

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

ATPase o f a p r e p a r a t i o n p u r i f i e d s i m p l y by d i f f e r ­

e n t i a l c e n t r i f u g a t i o n ( T a b l e 7 - 1 0 ) . M i c r o s o m a l 

p r e p a r a t i o n s i s o l a t e d from mammalian s k e l e t a l and 

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

have r e p o r t e d a c t i v i t i e s ( a t 25°C) o f Detween 

0. 2-0. 6uMoles. phosphate l i b e r a t e d mg. p r o t e i n "} 
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min. ^. E x t e n s i v e - p u r i f i c a t i o n p r o c e d u r e s have 

been r e p o r t e d t o b o o s t t h i s to 31.6uMoles. phosphate 

l i b e r a t e d nig. p r o t e i n - } m i n . - 1 i n r a b b i t s k e l e t a l 

m u s c l e (MacLennan 1970) and 3-luMoles. phosphate 

l i b e r a t e d , mg. p r o t e i n - } m i n . - 1 i n l o b s t e r abdominal 

mu s c l e e x t r a c t s (Deamer 1973) , b o t h a s s a y e d a t 

37°C. The h i g h s p e c i f i c a c t i v i t y o f C a 2 + - s t i m u l a t e d 

ATPase o f c r a y f i s h muscle p r e p a r a t i o n s i s p r o b a b l y 

b e c a u s e , i n common w i t h o t h e r M a c r u r a n s (Van der 

K l o o t 1969, B a s k i n 1971), the abdominal m u s c l e 

c o n t a i n s f e w e r c o n t a m i n a t i n g membrane s y s t e m s t h a n 

th e c o r r e s p o n d i n g mammalian t i s s u e . F or i n s t a n c e , 

c r a y f i s h abdominal m u s c l e i s known t o have v e r y 

few m i t o c h o n d r i a ( C o s s i n s 1973> B r a n d t , Reuben, 

G i r a r d i e r and G r u n d f e s t 1 9 6 5 ) . 

M i c r o s o m a l p r e p a r a t i o n s i s o l a t e d from k°C~ 

a c c l i m a t e d c r a y f i s h had a s l i g h t l y h i g h e r mean 

s p e c i f i c a c t i v i t y t h a n p r e p a r a t i o n s from 25°C-

a c c l i m a t e d a n i m a l s ( T a b l e 7 - 1 ) . A l t h o u g h t h i s 

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

i t may r e p r e s e n t some p a r t i a l c o m p e n s a t i o n by t h e 

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

t e m p e r a t u r e . H a z e l and P r o s s e r (1970), i n a g e n e r a l 

r e v i e w o f changes i n enzyme a c t i v i t y d u r i n g t h e r m a l 

a d a p t a t i o n s , c o n c l u d e d t h a t t h o s e enzymes w h i c h 

show the g r e a t e s t degree o f t h e r m a l c o m p e n s a t i o n 

( P r e c h t t y p e s 2 and 3) a r e t h o s e i n v o l v e d i n 

g e n e r a t i n g t h e energy c u r r e n c y and r e d u c i n g power 

r e q u i r e d by t h e c e l l a t a l l t i m e s . The e x p l a n a ­

t i o n h a s u s u a l l y been g i v e n i n terms o f m a i n t a i n i n g 

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

of a changing environment. Thus the a c t i v i t i e s 

of enzymes a s s o c i a t e d with the Krebs c y c l e , 

g l y c o l y s i s and the hexose mono-phosphate shunt 

i n c r e a s e d r a m a t i c a l l y during cold adaptations. 

Of i n t e r e s t i n the present study was the f a c t 

t h a t 25°C-acclimated c r a y f i s h muscle y i e l d e d on 

average more microsomal p r o t e i n per gram wet 

weight of muscle than 4°C-acclimated c r a y f i s h 

muscle (see Chapter 6 ) . Since the s p e c i f i c 
2+ 2+ 

a c t i v i t y of the Ca Mg -ATPase from v a r i o u s l y 
were s i m i l a r , t h i s i n d i c a t e s that warm-acclimated 

adapted c r a y f i s h / a n i m a l s possess a greater Ca 
s t i m u l a t e d ATPase a c t i v i t y per gram wet weight 

of muscle than cold-acclimated c r a y f i s h . T h i s 

may be r e l a t e d to the high locomotary a c t i v i t y of 

25°C-acclimated c r a y f i s h at 25°C, i n c o n t r a s t to 

the more t o r p i d s t a t e of 4°C-acclimated animals 

at ll°C. Other examples of i n v e r s e or p a r a d o x i c a l 

compensations (Precht type 5) or absence of compen­

s a t i o n s (Precht type 4) have been reported but 

t h e i r ' i n t e r p r e t a t i o n has been u n c e r t a i n . K a z e l 

and P r o s s e r (1970) have suggested that such 

a c c l i m a t i o n s may be expected to occur i n enzymes 

involved i n degradative process of the c e l l , where 

at higher temperatures there w i l l be a greater 

need for r i d d i n g the c e l l of the r e s u l t s of 

degenerative processes and products of metabolic 

breakdown a c t i v i t y . 
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B. Temperature Dependence of Enzyme A c t i v i t y 

Since i t has been demonstrated p r e v i o u s l y 

that Km (ATP) f o r the Ca - s t i m u l a t e d ATPase was 

e s s e n t i a l l y temperature independent, i t i s v a l i d 

to c a l c u l a t e the Arrhenius a c t i v a t i o n energy (Ea) 

of the enzyme r e a c t i o n at s u b s t r a t e concentrations 

that are not s a t u r a t i n g (Dixon and Webb 1964). 

Under these c o n d i t i o n s the r e a c t i o n v e l o c i t y at 

any s u b s t r a t e concentration v a r i e s i n d i r e c t 

proportion to i t s r a t e constant. The r e s u l t s 

obtained f o r Ea at d i f f e r e n t ATP concentrations 

(Tables 7-3 and 7-^) f o r microsomal preparations 

from both zt°C and 25°C-acclimated c r a y f i s h , 

i n d i c a t e t h at the v a r i a t i o n a s s o c i a t e d with these 

q u a n t i t i e s are s m a l l . I t was concluded that the 

observed Ea f o r each p r e p a r a t i o n was a reproducible 

q u a n t i t y which can be measured w i t h a c e r t a i n 

degree of accuracy. 

The observed v a r i a b i l i t y i n Ea between d i f f e r e n t 

microsomal prep a r a t i o n s of s i m i l a r a d a p t a t i o n a l 

h i s t o r i e s (Tables 7-5» 7-6 and 7-7) was t h e r e f o r e 

taken to be the r e s u l t of some v a r i a b i l i t y i n the 

p r e p a r a t i o n s and not the a n a l y t i c a l technique. 

Such v a r i a b i l i t y i n Ea i s a f e a t u r e that r e c e i v e s 

scant comment i n the l i t e r a t u r e but was recognised 

by I n e s i and Watanabe (1967) and Suko (1973). 

I t i s suggested that comparisons of Arrhenius 

a c t i v a t i o n energies between enzyme preparations 

from d i f f e r e n t sources and having undergone 

d i f f e r e n t treatments, e t c . , should not be made on 

the b a s i s of experiments u s i n g "one preparation, 
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but should be s t a t i s t i c a l comparisons of the 

mean Ea-S.E.M. of s e v e r a l p r e p a r a t i o n s ( c f . Hoch-

achka and Lewis 1971)• 

The l i n e a r i t y of the Arrhenius p l o t s i n d i c a t e s 

t hat there i s no thermotropic t r a n s i t i o n of the 

membranous l i p i d s , such as has been observed i n 

r a b b i t white s k e l e t a l muscle FSR ( I n e s i , Millman 

and E l e t r 1973) and Lobster abdominal muscle FSR 

(Deamer 1973)• T h i s i s c o n s i s t e n t with the 

observation that p u r i f i e d phospholipids of cray­

f i s h muscle are h i g h l y unsaturated and undergo a 

gel to l i q u i d - c r y s t a l l i n e phase t r a n s i t i o n as 

determined by d i f f e r e n t i a l scanning c a l o r i m e t r y 

at temperatures below 0°C ( C o s s i n s , unpublished 

o b s e r v a t i o n s ) . 

C. E f f e c t of Temperature Acclimation upon A c t i v a t i o n Energy 

A major f e a t u r e of these r e s u l t s i s that there 

i s no d i f f e r e n c e i n temperature c h a r a c t e r i s t i c s 

between microsomal preparations from 't°C and 25°C-

acclimated c r a y f i s h . T h i s i s i n t e r p r e t e d as 

being a d d i t i o n a l evidence t h a t i d e n t i c a l enzymes 

are i n v o l v e d i n ATP h y d r o l y s i s at both adaptation 

temperatures. Furthermore there appears to be no 

modulation of t h e i r k i n e t i c behaviour to s u i t the 

environmental temperature regime experienced by 

the animal. 

D. E v o l u t i o n a r y Comparisons with other P r e p a r a t i o n s 

I t has been proposed by Vroraan and Brown (1963) 

t h a t seasonal and evolutionary adaptation to a c o l d 

environment may favour the production of enzymes 

which can lower tll£ Arrhenius a c t i v a t i o n energy 
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(Ea) to minimal l e v e l s . Thus i n systems with 

l i m i t e d thermal energy a v a i l a b l e there would be 

a s e l e c t i v e advantage i n p o s s e s s i n g an enzyme 

which could reduce the energy b a r r i e r s of the 

r e a c t i o n , i n c r e a s e t h e i r c a t a l y t i c e f f i c i e n c y and 

thereby compensate for the e f f e c t s of reduced 

environmental temperatures. Although the i n t e r ­

p r e t a t i o n of Arrhenius p l o t s i s faught with 

u n c e r t a i n t i e s , p a r t i c u l a r l y i f they are non­

l i n e a r (see Hochachka and Somero 1971), such 

p o s i t i v e r e l a t i o n s h i p s between the normal environ­

mental temperature of an organism and the Ea of 

a p a r t i c u l a r enzyme r e a c t i o n , have been reported 

for pyruvate k i n a s e (Hochachka and Somero 1968), 

1969); f r u c t o s e diphosphatase ( B e h r i s c h and 

Hochachka 1969a, 1969b); muscle glycogen phosphory-

l a s e (Assaf and Graves, 1969); s u c c i n i c dehydro­

genase (Vroman and Brown 1963, Somero, Giese and 

Wohls'chlag 1968, Hazel 1972); fructose-diphosphate 

a l d o l a s e (Kwon and O l c o t t 1965) and f o r glyceraldehyd 

3-phqsphate dehydrogenase (Cowey 1967, Greene and 

Feene,y 1970, Feeney, Vanderheede and Osuga 1972). 

I n a d d i t i o n , Smixh (1973) has observed conspicuous 

d i f f e r e n c e s i n the a c t i v a t i o n energy of c e r t a i n 

mitochondrial enzyme systems of homoeotherms and 

p o i k i l o t h e n n s , p a r t i c u l a r l y a t temperatures between 

0°C and 20°C. These d i f f e r e n c e s i n temperature 

c h a r a c t e r i s t i c s are thought to be mediated mainly 

by the nature of the l i p i d p o r t i o n of the mito­

c h o n d r i a l membrane. 
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The Ea of 15.57 Kcals.mole" 1 (65.19 KJ. mole"!) 

(average of 14 preparations, measured at 30mM ATP; 

Table 7-8) for c r a y f i s h FSR i s very s i m i l a r to the 

16 Kcals.mole 1 (66.99 KJ.mole "*") reported f o r 

r a b b i t s k e l e t a l muscle FSR by I n e s i , Millman and 

E l e t r (1973) and I n e s i and Vatanabe (1967). 

However, there i s considerable confusion i n the 

l i t e r a t u r e concerning the temperature c h a r a c t e r i s t i c s 
2+ 

of the Ca - s t i m u l a t e d ATPase of r a b b i t s k e l e t a l 

muscle FSR. S r e t e r (I969) and Yamamoto and Tonomura 

(1967) have reported l i n e a r Arrhenius p l o t s f o r t h i s 

p r e p a r a t i o n over the temperature range 0-37°C with 

an a c t i v a t i o n of 19.0 Kcals.mole"" 1' (79.5 KJ.mole"!) 

and 24.0 Kcals.mole""'" (100.48 KJ.mole" 1) r e s p e c t i v e l y . 

I n e s i and Watanabe (1967) have reported an Ea of 

between 13.8 and l 6 . 0 K c a l . mole" 1 (57-57 - 66.99 KJ. 

mole" 1) over the temperature range 5-20°C. 

On the other hand I n e s i , Millman and E l e t r 

(1973) and Madeira, Antunes-Madeira and Carvalho 

(1974) have observed a break i n the Arrhenius p l o t s 
2+ 

of the Ca - s t i m u l a t e d ATPase of r a b b i t muscle FSR 

o c c u r r i n g at approximately 20^C and 17°C r e s p e c t i v e l y . 

These workers disagree over the value of Ea both 

above and below the temperature of t r a n s i t i o n . 

Madeira, Antunes-Madeira and Carvalho (1974) have 

suggested that such d i s c r e p a n c i e s may have method­

o l o g i c a l explanations. 

The C a 2 + - s t i m u l a t e d ATPase of l o b s t e r FSR i s 

reported to undergo a t r a n s i t i o n at e i t h e r 17°C 

(Deainer 1973) or 11.5°C (Madeira, Antunes-Madeira 

and Carvalho 1974). Ea at temperatures above 

the t r a n s i t i o n were estimated at 6 or 8.7 K c a l . 



152 
mole-"!" (25.12 or 36.42 KJ. m o l e - 1 ) , w h i l s t below 

the t r a n s i t i o n , the a c t i v a t i o n energy becomes 

approximately 20 K c a l . mole"""'". T h i s i s r a t h e r 

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

gel membrane at i t s normal environmental tempera­

tu r e , i n c o n t r a s t to c u r r e n t views t h a t the l i q u i d -

c r y s t a l l i n e s t a t e of the membrane i s e s s e n t i a l to 

i t s proper f u n c t i o n i n g (McElhaney 1974). By 

c o n t r a s t there i s no evidence for a s i m i l a r t r a n s -
2+ 

i t i o n o c c u r r i n g i n the Ca - s t i m u l a t e d ATPase 

a c t i v i t y of the FSR i s o l a t e d from c o l d - or warm-

acclimated c r a y f i s h . I t i s not p o s s i b l e to 

make firm conclusions from such confused data. 

However, t h i s r e l a t i o n s h i p between Ea and 

environmental temperature does not hold f o r a l l 

enzymes studied, p a r t i c u l a r l y i n temperate animals. 

(Molluscan r i b o n u c l e a s e s , Read 1964; l a c t a t e 

dehydrogenase, Hochachka and Somero 1968; a c e t y l 

c h o l i n e s t e r a s e , Baldwin and Hochachka 1970) and 

i n some cold-adapted s p e c i e s (see Feeney, Vanden-

heede and Osuga 1972). But as d i s c u s s e d by 

Some.ro (1969) t h i s does not n e c e s s a r i l y i n v a l i d a t e 

the general hypothesis, s i n c e there are good 

reasons f o r expecting the s e l e c t i o n pressure f o r 

lowered Ea during c o l d adaptation to vary amongst 

d i f f e r e n t enzymes. F i r s t l y , those enzymes which 

are r a t e - l i m i t i n g and i r r e v e r s i b l e , such as pyruvate 

ki n a s e , would be s u b j e c t to in t e n s e s e l e c t i v e 

pressure, r e l a t i v e to an enzyme which i s not r a t e -

l i m i t i n g . Indeed, Johnson (1971) has demonstrated 

a c o r r e l a t i o n between the e q u i l i b r i u m (Keq) constant 

http://Some.ro
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of an enzyme and an index of the extent of poly­

morphism i n t h a t enzyme. T h i s suggests that r a t e 

l i m i t i n g enzymes, which are e s s e n t i a l l y i r r e v e r s i b l e 

( i . e . , high Keq.), are responsive to e v o l u t i o n a r y 

s e l e c t i o n p r e s s u r e . Secondly, r e d u c t i o n s i n Ea 

may cause simultaneous a l t e r a t i o n s i n the k i n e t i c 

and/or r e g u l a t o r y p r o p e r t i e s of the enzymes which 

may be d e l e t e r i o u s . The v a r i o u s k i n e t i c p r o p e r t i e s 

of an enzyme, t h e r e f o r e , may be a compromise between 

the s e v e r a l p o s s i b l e r e s u l t s of s e l e c t i o n p r e s s u r e . 

T h i r d l y , i t may prove impossible to reduce Ea f o r 

some enzym^c r e a c t i o n s below c e r t a i n t h r e s h o l d 

levels'. 

The data quoted by Hochachka and Somero (1973) 

i n support of t h i s hypothesis shows that the f r e e 

energy of a c t i v a t i o n (A^*; the a s t e r i s k i n d i c a t e s 

a parameter of the a c t i v a t i o n stage) f o r any 

p a r t i c u l a r enzymic r e a c t i o n i s very s i m i l a r f o r 

homologous enzymes from both poikilotherms and 

homoeotherms. However, there i s a major r e d u c t i o n 

i n the change i n a c t i v a t i o n enthalpy (AH*) and 

a c t i v a t i o n entropy (As*) during a c t i v a t i o n i n 

p o i k i l o t h e r m i c l a c t a t e dehydrogenase (LDH), 

glyceraldehyde-3-phosphate dehydrogenase and 

phosphorylase-b (Hochachka and Somero 1973)• 

The r e d u c t i o n i n AH* probably r e p r e s e n t s the 

reduced heat content of the l o c a l i s e d environment, 

and i t would appear that a major s t r a t e g y during 

ev o l u t i o n a r y c o l d adaptation i s the production 

of enzymes with a reduced a c t i v a t i o n entropy 

change (As*) which compensates for reduced^H*. 
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Indeed LDH and glyceraldehyde-3-phosphate 

dehydrogenase a c t u a l l y decrease t h e i r entropy 

during a c t i v a t i o n (Hochachka and Somero 1973). 

I t i s evident from the fundamental thermodynamic 

equation -
AG* = AH* - TAS* 

I 

where T i s the absolute temperature, 

t h a t a simultaneous r e d u c t i o n i n AH* and As* 

would r e s u l t i n the constancy of AG* (see I n e s i , 

Millman and E l e t r 1973). 

As i n d i c a t e d e a r l i e r , modulation of AS* f o r 

an enzyme r e a c t i o n i s a property which might a l s o 

a f f e c t other k i n e t i c or r e g u l a t o r y parameters. 

A r e d u c t i o n i n As* may be a t t a i n e d only at the 

expense of reduced e f f i c i e n c y a t other stages 

of the enzyme-mediated r e a c t i o n , such as conforma­

t i o n a l f l e x i b i l i t y and i n t e r a c t i o n of the enzyme-

s u b s t r a t e or enzyme-modulator complex. E v o l u t i o n a r y 

s e l e c t i o n may be expected t h e r e f o r e , to balance 

changes i n A s * with other important k i n e t i c or 

r e g u l a t o r y parameters to a t t a i n the most s u c c e s s f u l 

compromise. 



2 + Table 7-1: Comparison of mean Ca -st i m u l a t e d ATPase 
2 + 

and mean M R -dependent ATPase a c t i v i t i e s 

of muscle microsomal p r e p a r a t i o n s i s o l a t e d 

from k°C and 25°C acclimated c r a y f i s h 

E x t r a c t i o n Procedure 

See 'Materials and Methods' and Chapter 5» 

Assay Conditions 
2 + 

Mg -dependent ATPase a c t i v i t y was assayed 

i n d u p l i c a t e at 25 - 0.1°C i n the presence of 

0.5mM EGTA, 3mM MgClg, 75mM sucrose, lOOmM K c l , 

25mM Imidazole-HCl pH 7-1 and '3mM Tris-ATP ( a l l 
f i n a l c o n c e n t r a t i o n s ) i n a f i n a l volume of 2ml. 

2+ 2 + 
T o t a l Ca -Mg -ATPase was assayed i n 

d u p l i c a t e a t 25°C i n the same medium but i n the 

presence of 0.5mM CaCl^. 
2+ 

Ca - s t i m u l a t e d ATPase a c t i v i t y i s defined 

as the d i f f e r e n c e between the ATP h y d r o l y s i s i n 

the presence of both calcium and magnesium, and 

ATP h y d r o l y s i s i n the presence of magnesium only. 

Phosphate and P r o t e i n Assay 

See Chapter 5« 

Legend 

n - number of pre p a r a t i o n s assayed 

P - p r o b a b i l i t y f o r (n-2) degrees of 

freedom 

N.S. - not s i g n i f i c a n t 



T a b l e 7-1 

A c t i v i t y 
C a 2 + -

s t i m u l a t e d -
ATPase 

Mg -
dependent 

ATPase 

A d a p t a t i o n 
T e mperature ( C) 4 25 4 25 

* -1 (uM P i . m g . p r o t e i n 
• ~ 1 \ min ; 

1.311 O.988 1.108 0.061 

S.E.M. 0.073 0.160 0.021 0.024 

n 17 14 4 3 

t 1.8 38 1.479 

P 0.10-0.05 0.2-0.1 

S i g n i f i c a n c e N.S. N.S. 



T a b l e 7-2: Comparison o f the A r r h e n i u s a c t i v a t i o n energy-

c a l c u l a t e d from Vmax a t h i g h and low ra n g e s 

of ATP c o n c e n t r a t i o n o f p r e p a r a t i o n s i s o l a t e d 

from *t°C and 25°C a c c l i m a t e d c r a y f i s h 

E x t r a c t i o n P r o c e d u r e 

See ' M a t e r i a l s and Methods' and C h a p t e r 5» 

A s s a y C o n d i t i o n s 

O r i g i n a l d a t a i s p r e s e n t e d i n T a b l e s 6-6 

2 + 

t o 6-9- Ca - s t i m u l a t e d a c t i v i t y was a s s a y e d a t 

t e m p e r a t u r e s between 0°C and 'iO°C as d e t a i l e d i n 

C h a p t e r 5- See a l s o T a b l e 7-1. 

The a c t i v a t i o n e n e r g y Ea,' was d e t e r m i n e d by 

r e g r e s s i o n a n a l y s i s of t h e d a t a ( S n e d e c o r and 

Cochran, 1967). 

Phosphate and P r o t e i n A s s a y 

See C h a p t e r 5* 

Legend 

r - c o r r e l a t i o n c o e f f i c i e n t 

n - number of a n a l y s e s ' 

P - p r o b a b i l i t y f o r (n - 2 ) d e g r e e s of 

, freedom 
1 

H.S. - h i g h l y s i g n i f i c a n t 



T a b l e 7-2: 

A d a p t a t i o n 
T e m p e r a t u r e 

°C 
4 25 

Range of ATP 
c o n c e n t r a t i o n s u s e d 
f o r a c t i v i t y d e t e r ­
m i n a t i o n 

0.1-
0.5 

0 .5-
3-0 

0 .1-
0.5 

0.5-
3-0 

S l o p e b -3.63 -3-^7 -3.44 -3.10 

Ea ( K c a l . m o l e - 1 ) 16.63 15.90 15.74 14 . 19 

Ea ( K J o u l e mole 1 ) 69.6 66.6 63.1 59-4 

r -0.9957 -0.9964 -0.9905 -O.9932 

n 8 8 8 8 

P <0.001 <0.00l <0.001 (0.001 

S i g n i f i c a n c e of 
C o r r e l a t i o n H.S. I I . s. H.S. H.S. 



T a b l e 7-3'- R e g r e s s i o n d a t a f o r A r r h e n i u s p l o t s of 
2 + 

Ca - s t i m u l a t e d ATPase a c t i v i t y f o r a 

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

4°C a c c l i m a t e d c r a y f i s h a t d i f f e r e n t ATP 

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

E x t r a c t i o n P r o c e d u r e 

See C h a p t e r 5 

A s s a y C o n d i t i o n s 

The o r i g i n a l d a t a i s p r e s e n t e d i n 

T a b l e s 6-4 and 6-5. 

The a c t i v a t i o n e n e r g y E a , a t each 

c o n c e n t r a t i o n of ATP was d e t e r m i n e d by 

r e g r e s s i o n a n a l y s i s o f the d a t a ( S n e d e c o r 

and Cochran, 1967). 

P h o s p h a t e and P r o t e i n A n a l y s i s 

See C h a p t e r 5« 

Legend 

r - c o r r e l a t i o n c o e f f i c i e n t 

n - number o f o b s e r v a t i o n s 

P - p r o b a b i l i t y f o r (n-2) d e g r e e s 

of freedom 

H.S. - h i g h l y s i g n i f i c a n t ' 

1 
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T a b l e l-k: R e g r e s s i o n d a t a f o r A r r h e n i u s p l o t s of 
2 + 

Ca - s t i m u l a t e d ATPase a c t i v i t y f o r a 

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

from 25°C adapted c r a y f i s h a t d i f f e r e n t 

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

E x t r a c t i o n P r o c e d u r e 

See C h a p t e r 5 

A s s a y C o n d i t i o n s 

T h e o r i g i n a l d a t a i s p r e s e n t e d i n 

T a b l e s G-k and 6-5. 

The a c t i v a t i o n e n e r g y Ea, a t each 

c o n c e n t r a t i o n of ATP was d e t e r m i n e d by 

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

Cochran, 1967). 

Phosphate and P r o t e i n A n a l y s i s 

See C h a p t e r 5 

Legend 

r - c o r r e l a t i o n c o e f f i c i e n t 

n - number o f o b s e r v a t i o n s 

P - p r o b a b i l i t y f o r (n - 2 ) d e g r e e s 

of freedom 

H.S. - h i g h l y s i g n i f i c a n t 

•1 
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T a b l e 7-5: R e g r e s s i o n D a t a f o r A r r h e n i u s p l o t of 
2 + 

Ca - s t i m u l a t e d ATPase a c t i v i t y of s e v e r a l 

m i c r o s o m a l p r e p a r a t i o n s i s o l a t e d from k°C 

and 25°C adapted c r a y f i s h muscle a t 0.5mM 

ATP 

E x t r a c t i o n P r o c e d u r e 

See C h a p t e r 5 

A s s a y C o n d i t i o n s 
2 + 

The Ca - s t i m u l a t e d ATPase a c t i v i t y was 

a s s a y e d a t t e m p e r a t u r e s between 0-4o°C ( s e e 

' M a t e r i a l s and Methods') u s i n g an aluminium 

F o r b e s b a r . 

The a c t i v a t i o n e n e r g y E a , f o r each 

p r e p a r a t i o n was d e t e r m i n e d by r e g r e s s i o n 

a n a l y s i s of the d a t a ( S n e d e c o r and Cochran, 

1967)• 
Phosphate and P r o t e i n A n a l y s i s 

See C h a p t e r 5 

Legend 

r - c o r r e l a t i o n c o e f f i c i e n t 

n - number of o b s e r v a t i o n s 

P - p r o b a b i l i t y f o r (n-2) d e g r e e s 

o f freedom 

H.S. - h i g h l y s i g n i f i c a n t 
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T a b l e 7-6: R e g r e s s i o n d a t a f o r A r r h e n i u s . p l o t s of 
2 + 

Ca - s t i m u l a t e d ATPase a c t i v i t y of s e v e r a l 

m i c r o s o m a l p r e p a r a t i o n s i s o l a t e d from k°C 

a c c l i m a t e d c r a y f i s h muscle at--,3«0mM ATP 

E x t r a c t i o n P r o c e d u r e 

See C h a p t e r 5 
i 

A s s a y C o n d i t i o n s 
2+ 

The Ca - s t i m u l a t e d ATPase a c t i v i t y was 

a s s a y e d a t t e m p e r a t u r e s between 0-ziO°C ( s e e 

' M a t e r i a l s and Methods') u s i n g an aluminium 

F o r b e s b a r . 

The a c t i v a t i o n e n e r g y E a , f o r each 

p r e p a r a t i o n was d e t e r m i n e d by r e g r e s s i o n 

a n a l y s i s of t h e d a t a ( S n e d e c o r and Cochran, 

1967). 
Phosphate and P r o t e i n A n a l y s i s 

1 

See C h a p t e r 5 

Legend 

r - c o r r e l a t i o n c o e f f i c i e n t 

n - number of o b s e r v a t i o n s 

P - p r o b a b i l i t y f o r (n-2) d e g r e e s 

of freedom 

H.S. - h i g h l y s i g n i f i c a n t 
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T a b l e 7-1: R e g r e s s i o n d a t a f o r A r r h e n i u s p l o t s of 
2+ 

Ca - s t i m u l a t e d ATPase a c t i v i t y of s e v e r a l 

m i c r o s o m a l p r e p a r a t i o n s i s o l a t e d from 25°C 

a c c l i m a t e d c r a y f i s h muscle a t J.OmM ATP 

E x t r a c t i o n P r o c e d u r e 

See C h a p t e r 5 

A s s a y C o n d i t i o n s 
2 + 

The Ca - s t i m u l a t e d ATPase a c t i v i t y was 

a s s a y e d a t t e m p e r a t u r e s between 0-40°C ( s e e 

' M a t e r i a l s and Methods') u s i n g an aluminium 

F o r b e s b a r . 

The a c t i v a t i o n e n e r g y Ea f o r e a c h p r e p a r a ­

t i o n was d e t e r m i n e d by r e g r e s s i o n a n a l y s i s of 

the d a t a ( S n e d e c o r and Cochran, 1967). 

Phosphate and P r o t e i n A n a l y s i s 

See C h a p t e r 5 

Legend 

r - c o r r e l a t i o n c o e f f i c i e n t 

n - number of o b s e r v a t i o n s 

P - p r o b a b i l i t y f o r ( n - 2 ) d e g r e e s of 

freedom 

H.S. - h i g h l y s i g n i f i c a n t 
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T a b l e 7-8: Comparison of t h e mean A r r h e n i u s a c t i v a t i o n 
2 + 

e n e r g y of the micro s o m a l Ca - s t i m u l a t e d ATPase 

p r e p a r a t i o n s i s o l a t e d from ll°C and 25°C a c c l i m a t e d 

c r a y f i s h , measured a t 0.5mM and 3.0mM ATP 

E x t r a c t i o n P r o c e d u r e 

See C h a p t e r 5 

A s s a y C o n d i t i o n s 
2+ 

The Ca - s t i m u l a t e d ATPase a c t i v i t y was 

a s s a y e d a t t e m p e r a t u r e s between 0-kO°C ( s e e 

' M a t e r i a l s and Methods') u s i n g an aluminium 

F o r b e s b a r . 

The a c t i v a t i o n e n e r g y E a , f o r each 

p r e p a r a t i o n was d e t e r m i n e d by r e g r e s s i o n 

a n a l y s i s o f t h e d a t a ( S n e d e c o r and Cochran, 

1967: s e e T a b l e s 7-5, 7-6 and 7-7 f o r d e t a i l s ) . 

P h osphate and P r o t e i n A n a l y s i s 

See C h a p t e r 5 

Legend 

Ea - mean a c t i v a t i o n e n e r g y 

n - number o f p r e p a r a t i o n s a s s a y e d 

P - p r o b a b i l i t y f o r (n-2) d e g r e e s of 

freedom 

N.S. - n o t s i g n i f i c a n t 



T a b l e 7-8 

ATP 
concen­
t r a t i o n 

(mM) 

3.0 0.5 

A d a p t a t i o n 
Temperature 

°C 
4 25 4 25 

Ea ( K c a l . 
mole ^ ) 
(Range) 

15.61 

(1^.01-17.33) 

15.^8 

(14.11-16.88) 

15.53 

(13.15-16.61) 

16.25 

( I 5 . 5 1 - l 6 . 9 8 ) 

S.E.M. 0. 346' 0.520 0.453 2.12 

n 9 5 7 2 

t 0.208 0.282 

P 0.8-0.9 O.7-O.8 

S i g n i f i ­
c ance N.S. N.S. 

http://I5.51-l6.98


T a b l e 7-9: Comparison of t h e mean a c t i v a t i o n e n e r g y 
2 + 

of Ca - s t i m u l a t e d a c t i v i t y of muscle 

microsomal p r e p a r a t i o n s from k°C a c c l i m a t e d 

c r a y f i s h a t , .5mM and 3.0mM ATP 

E x t r a c t i o n P r o c e d u r e 

See C h a p t e r 5 

A s s a y C o n d i t i o n s 
2 + 

The Ca - s t i m u l a t e d ATPase a c t i v i t y was 

a s s a y e d a t t e m p e r a t u r e s between 0-*tO°C ( s e e 

' M a t e r i a l s and Methods') u s i n g an aluminium 

F o r b e s b a r . 

The a c t i v a t i o n e n e r g y E a f o r each 

p r e p a r a t i o n was d e t e r m i n e d by r e g r e s s i o n 

a n a l y s i s o f t h e d a t a ( S n e d e c o r and Cochran, 

1967; s e e T a b l e s 7-5 and 7-6). 

Phosphate and P r o t e i n A n a l y s i s 

See C h a p t e r 5-

Legend 

n - number of p r e p a r a t i o n s a s s a y e d 

P - p r o b a b i l i t y f o r ( n - 2 ) d e g r e e s of 

freedom 

N.S. - n o t s i g n i f i c a n t 
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ATP 
c o n c e n t r a t i o n 

(mM) 
3.0 0.5 

E a ( K c a l . m o l e ) 

(Range) 

15.61 

(14.01-17-33) 

15-53 
( I 3 . i 5 - l 6 . 6 l ) 

S.M.E. 0.346 0.453 

n 9 7 

d.f = (n-2) 14 

t 0.0442 

P >0.9 

S i g n i f i c a n c e N.S. 

http://I3.i5-l6.6l


Table 7 - 1 0 . Summary of data from the l i t e r a t u r e concerning the 
the r e a c t i o n constants f o r the c a l c i u m uptake 
system from v a r i o u s t i s s u e s . 

Source of A c t i v i t y Km Vmax 
Microsomal 
P r e p a r a t i o n 

Monitored 
(uM) 

(uM P i . mg 
p r o t e i n . mm .) 

Reference 

Rabbit White C a 2 + 0.7 1.14* Yamamoto 
S k e l e t a l s t i m u l a t e d 30 3.0 and 
Muscle ATPase 

ATP 
30 3.0 Tonomura 

(1967) 

Rabbit White Ph o s p h o r y l a t i o n 1.6 ? 
i I n e s i , Maring 

S k e l e t a l of Murphy and 
Muscle s a r c o p l a s m i c 

r e t i c u l u m 
membrane 
p 
32 

1 McFarland 
(1970) 

Rabbit White C a 2 + - 10 1.7 I n e s i , Goodman 
S k e l e t a l 
Muscle 

s t i m u l a t e d 
ATPase 
ATP 

> 1000 0.6 and 
Watanabe 

(1967) 

Human C a 2 + 4 - 66% Schatzmann 
E r y t h r o c y t e 
Membrane 

ATPase 
C a 2 + 

100 - 33% and 
R o s s i 

ATPase 
C a 2 + 

(1971) 

C r a y f i s h C a 2 + - 70 - 80 - 66% Pre s e n t 
Abdominal 
Muscle 

s t i m u l a t e d 
ATPase 
ATP 

315 - 347 - 33% work 

Rabbit C a 2 + 1.0 1 Horgan 
White s t i m u l a t e d 1 (1974) 
S k e l e t a l ATPase 

1 

Muscle ATP 



T a b l e 7-11? Summary of the l i t e r a t u r e c o n c e r n i n g the EA's 
2 + 2 + of Ca - s t i m u l a t e d ATPase and Ca uptake of 

s a r c o p l a s m i c r e t i c u l u m from v a r i o u s s o u r c e s 

P r e p a r a t i o n F u n c t i o n 
Measured 

Temper­
a t u r e 
Range 
(°C) 

Ea 
( K c a l . 
mole ) 

E a 
( K J o u l e 
mole ^~) 

R e f e r e n c e 

R a b b i t 
White 
S k e l e t a l 
Mu s c1e 

C a ^ + - s t i m . 
ATPase 

20 
20 

16 
29 

67 
121 

I n e s i , 
Mi 11man 
and E l e t r 
(1973) 

i t C a 2 + 

u p t a k e 
20 
20 

1 7 

28 
7 1 

1 1 7 

I n e s i , 
Mi 11man 
and E l e t r 
(1973) 

R a b b i t 
White 
S k e l e t a l 
Muscle 

C a ^ + - s t i m . 
ATPase 

0-37 2 4 . 0 

26.2 
100 

109.7 
Yamamoto 
and Tono-
mura 
(1967) 

R a b b i t 
White 
S k e l e t a l 
Muscle 

C a ^ + - s t i m . 
ATPase 

6-20 13.8-
16.0 

57.8-
66.9 

I n e s i and 
Watanabe 
(1967) 

R a b b i t 
White 
S k e l e t a l 
Muscle 

R a b b i t Red 
S k e l e t a l 
Muscle 

C a ^ + - s t i m . 
ATPase 

C a ^ + - s t i m . 
ATPase 

0-35 

0-35 

19.0 

11.2 

79.5 

4 6 . 9 

C — - -l 
o x e u t J i 
(1969) 

R a b b i t 
S k e l e t a l 
Muscle 

C a ^ + - s t i m . 
ATPase 

2-16.7 
16.7-37 . 

19.4 
10.1 

8 l = 2 
4 2 . 3 Maderia, 

Antunes-
Madeira, 
C a r v a l h o 
(1974) L o b s t e r 

M u s c l e s 
C a ^ + - s t i m . 
ATPase 

2-11.5 
11.5-37 

19.7 
8.7 

82.5 
36.4 

Maderia, 
Antunes-
Madeira, 
C a r v a l h o 
(1974) 

L o b s t e r 
M u s c l e s 

C a ^ + - s t i m . 
ATPase 

0-17 
17-25 

20 
6 

83.7 
25.1 

Dearner 
(1973) 

C r a y f i s h 
abdominal 
Muscle 

C a ^ + - s t i m . 
ATPase 0 - 4 0 15.6* 65.3* Pre s e n t 

S t u d y 

* See T a b l e 7-8 



F i g u r e 7-1; Temperature dependence of Vmax f o r the microsomal 

C a 2 + - s t i m u l a t e d ATPase from the muscle of 4°C 

acclimated c r a y f i s h 

Method: Vmax a t each temperature was c a l c u l a t e d 

from Lineweaver-Burk p l o t s f o r a c t i v i t y a t high 

(Table 6-6) and low ranges (Table 6-7) of ATP 

concentrat ion. 

Legend; Ordinate: A c t i v i t y (p.M P i . mg p r o t e i n " 1 ) 

A b s c i s s a : 1/T°K x 1 0 3 

O Vmax at high (ATP) 

° Vmax at low (ATP) 
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Figure 7-2: Temperature dependence of Vmax f o r the microsomal 

C a 2 + - s t i m u l a t e d ATPase from the muscle of 25°C 

acclimated c r a y f i s h 

Methods: Vmax at each temperature was c a l c u l a t e d 

from Lineweaver-Burk p l o t s f o r a c t i v i t y at high 

(Table 6-8) and low ranges (Table 6-9) of ATP 

conc e n t r a t i o n . 

Legend: Ordinate: A c t i v i t y 

(|iM P i . mg p r o t e i n - * , minute -*) 

A b s c i s s a : 1/T°K x 10 3 

O Vmax at high (ATP) 

O Vmax at low (ATP) 
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Figure 7-3: The e f f e c t of temperature upon the a c t i v i t y of 

the C a 2 + - s t i m u l a t e d ATPase a f d i f f e r e n t ATP 

conc e n t r a t i o n s , f o r a microsomal preparation 

i s o l a t e d from 4°C acclimated c r a y f i s h 

Methods: B a s i c data i s presented i n Table 6-4 

Legend: Ordinate: A c t i v i t y ,' 

(JJ.M P i . mg p r o t e i n - ^ - , minute"-'-) 

A b s c i s s a : Temperature °C 

The ATP concentrations are 

i n d i c a t e d on the Figure 
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Figure 7-4: The e f f e c t of temperature upon the a c t i v i t y of 

the C a 2 + - s t i m u l a t e d ATPase at d i f f e r e n t ATP 

con c e n t r a t i o n s , f o r a microsomal preparation 

i s o l a t e d from 25°C acclimated c r a y f i s h 

Methods: B a s i c data i s presented i n Table 6-4 

Legend: Ordinate: A c t i v i t y • 

((iM P i mg protein --* -, minute""!.) 

A b s c i s s a : Temperature °C 

The ATP concentrations are 

i n d i c a t e d on the Figure 
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Figure 7-5: Arrhenius p l o t s of the a c t i v i t y of the 

C a 2 + - s t i m u l a t e d ATPase a c t i v i t y a t d i f f e r e n t 

ATP concentrations f o r a microsomal 

preparation i s o l a t e d from 4°C acclimated 

c r a y f i s h 

Methods: See Figure 7-3 

Legend: Ordinate: A c t i v i t y 

(|j.M P i . mg protein""!, minute"^-.) 

A b s c i s s a : 1/T°K x 10 3 

A 3.00 mM ATP 

O 1.00 mM ATP 

O 0.30 mM ATP 

O 0.10 mM ATP 

J 

% 
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Figure 7-6: The Arrhenius p l o t s of the a c t i v i t y of the 

C a 2 + - s t i m u l a t e d ATPase a c t i v i t y at d i f f e r e n t 

ATP concentrations f o r a microsomal 

preparation i s o l a t e d from 25°C acclimated 

c r a y f i s h 

Methods: See F i g u r e 7-4 

Legend: Ordinate: 

A b s c i s s a : 

• 

O 

o 

A c t i v i t y 

(|iM P i . mg protein"^ -, minute -^. 

1/TOK x 10 3 

3.00 mM ATP 

1.00 mM ATP 

0.30 mM ATP 

0.10 mM ATP 
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Figure 7-7:. Temperature dependence of the C a ^ + - s t i m u l a t e d 

ATPase a c t i v i t y a t 3.0 mM ATP of s e v e r a l 

microsomal preparations i s o l a t e d from 4°C 

acclimated c r a y f i s h 

Methods: C a 2 + - s t i m u l a t e d ATPase a c t i v i t y was 

assayed i n the presence of 3.0 mM ATP a t d i f f e r e n t 

temperatures using the methods described e a r l i e r 

Legend: Ordinate: A c t i v i t y 

0-iM P i . mg protein"- 1-, minute"-*-.) 

A b s c i s s a : 1/T°K x 10 3 

Each symbol r e p r e s e n t s a 

d i f f e r e n t preparation 

i 
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Figure 7-8: Temperature dependence of the C a z + - s t i m u l a t e d 

ATPase a c t i v i t y a t 0.5 mM ATP of s e v e r a l 

microsomal preparations i s o l a t e d from 4°C 

acclimated c r a y f i s h 

Methods: Ca - s t i m u l a t e d a c t i v i t y was assayed 

i n the presence of 0.5 mM ATP at d i f f e r e n t 

temperatures using the methods o u t l i n e d e a r l i e r 

Legend: Ordinate: 

A b s c i s s a : 

A c t i v i t y 

(|iM P i . mg p r o t e i n - ^ , minute"!.) 

1/T°K x 10 3 

Each symbol re p r e s e n t s a 

d i f f e r e n t preparation 
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Figure 7-9: Temperature dependence of the Ca -stimulated 

ATPase a c t i v i t y at 3.0 mM ATP of s e v e r a l 

microsomal preparations i s o l a t e d from 25°C 

acclimated c r a y f i s h 

. Methods: C a 2 + - s t i m u l a t e d ATPase a c t i v i t y was 

assayed i n the presence of 3.0 mM ATP, at 

d i f f e r e n t temperatures using the methods 

described e a r l i e r 

Legend: Ordinate: 

A b s c i s s a : 

A c t i v i t y 

(fiM P i . mg protein -- 1-, minute -^.) 

1/T°K x 10 3 

Each symbol r e p r e s e n t s a 

d i f f e r e n t preparation 
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Figure 7-10: Temperature dependence of the Ca -stimulated 

ATPase a c t i v i t y a t 0.5 mM ATP of s e v e r a l 

microsomal preparations i s o l a t e d from 25°C 

acclimated c r a y f i s h 

Methods: C a 2 + - s t i m u l a t e d ATPase a c t i v i t y was 

assayed i n the presence of 0.5 mM ATP, at 

d i f f e r e n t temperatures using'the methods 

described e a r l i e r . 

Legend: Ordinate: 

A b s c i s s a : 

A c t i v i t y 

(JJLM P i . mg p r o t e i n - ^ , minute.) 

1/T°K x 1 0 3 

Each symbol r e p r e s e n t s a 

d i f f e r e n t p r e p a ration 
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S e c t i o n I I I 
o 

STUDIES ON THE THERMAL INACTIVATION OF 

MEMBRANE-BOUND ENZYMES 

" I t may be s a i d a t the outset that v i r t u a l l y nothing i s 

known with c e r t a i n t y about the s t r u c t u r e of l i p o p r o t e i n s . " 

Lovern (1954) 
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Chapter 8 

THERMAL INACTIVATION OF THE Ca^ +-STIMULATED ATPase 
FROM CRAYFISH MUSCLE 

INTRODUCTION 

Ushakov ( 1 9 6 4 ) has propounded the 'protein c o a g u l a t i o n 1 

hypothesis of c e l l u l a r heat i n j u r y , although p r o t e i n denaturation 

of those " s o l u b l e " enzymes studied by t h i s worker and h i s 

colleagues occurred only at temperatures w e l l above those 

r e s p o n s i b l e f o r heat death of the whole animal. 

However, Bowler and Duncan ( 1 9 6 7 ) have shown that the 
2+ 

microsomal Mg -dependent ATPase of the freshwater c r a y f i s h was 

markedly i n a c t i v a t e d by p r e i n c u b a t i o n at 30-35°C, temperatures 

that correspond c l o s e l y to those that cause heat death of the 

whole animal. Gladwell ( 1 9 7 3 ; see a l s o Bowlei", Duncan, Gladwell 

and Davison, 1 9 7 3 ) l a t e r confirmed t h i s observation, and f u r t h e r 

demonstrated t h a t the k i n e t i c s of t h i s process were i n f l u e n c e d 

by the temperature of a c c l i m a t i o n of the whole animal i n a 

compensatory manner. Thus the enzyme i s o l a t e d from 10°C a c c l i m ­

ated c r a y f i s h was &5% i n a c t i v a t e d by p r e i n c u b a t i o n at 3^°C f o r 

25 minutes, whereas the p r e p a r a t i o n i s o l a t e d from 25°C acclimated 

c r a y f i s h was only i n a c t i v a t e d by 67%. I n a d d i t i o n , Gladwell 

( 1 9 7 3 ) has shown that p r e i n c u b a t i o n of whole muscle blocks from 

10°C acclimated c r a y f i s h at l e t h a l temperatures causes a s i m i l a r 
2 + 

i n a c t i v a t i o n of the Mg -ATPase. 

The close c o r r e l a t i o n noted by Bowler and Duncan ( 1 9 6 7 ) , 

Gladwell ( 1 9 7 3 ) and Bowler, Duncan, Gladwell and Davison ( 1 9 7 3 ) 

between the temperatures that caused l a r g e - s c a l e i o n i c movements 

between muscle and the haemolymph, those that caused heat death, 
2 + 

and those that caused i n a c t i v a t i o n i n v i t r o of the Mg ATPase of 

a microsomal p r e p a r a t i o n , l e d to the suggestion that the membrane-
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2 + bound Mg -dependent ATPase was involved i n the c o n t r o l of 

p a s s i v e membrane p e r m e a b i l i t y . I t was envisaged by Bowler and 

Duncan (1 9 6 7 ) and by Gladwell ( 1 9 7 3 ) that l e t h a l temperatures 

caused i n a c t i v a t i o n of t h i s enzyme, r e s u l t i n g i n the l o s s of 

p a s s i v e p e r m e a b i l i t y c o n t r o l and a d e c l i n e i n the trans-membrane 

i o n i c g r a d i e n t s . Heat death i t s e l f was thought to be caused by 

the d i s r u p t i v e . e f f e c t s of a high haemolymph K + concentration upon 

the nervous system (G l a d w e l l , 1 9 7 3 ) -

A major problem i n t h i s i n t e r p r e t a t i o n i s the i d e n t i t y of 
2 + 

the Mg -ATPase studied by these workers. I t i s evident from 

t h e i r p r e p a r a t i v e technique that the 13,000-107,OOOg microsomal 

f r a c t i o n used, w i l l i n c l u d e a v a r i e t y of enzymes, i n c l u d i n g the 
2+ 2+ 

Ca - a c t i v a t e d ATPase, and Mg -dependent ATPase of the s a r c o ­
plasmic reticulum, the m y o f i b r i l l a r ATPases and other ATPases 
a s s o c i a t e d with s a r c o t u b u l a r elements, as w e l l as the (Na +, K + ) 

2 + 
ATPase and Mg -ATPase of the sarcolemma. The absence of EGTA 

2+ 
i n the i s o l a t i o n or r e a c t i o n media suggests t h a t Ca - a c t i v a t e d 

2+ 

systems would be a c t i v a t e d i n the presence of Mg alone, by 

endogenous calciu'm. The omission of ' s a l t ' e x t r a c t i o n (Martonosi 

and F e r e t o s , 1964) with 0.6M KC1 would r e s u l t i n the i n c l u s i o n 
2+ 2 + 

of s i g n i f i c a n t m y o f i b r i l l a r Ca -Mg -ATPase a c t i v i t y ( C o s s i n s 

and Bowler, unpublished o b s e r v a t i o n s ) . 

An a d d i t i o n a l complication to the i n t e r p r e t a t i o n o u t l i n e d 
above i s the p r o t e c t i v e e f f e c t of ions on bo th the (Na , K ) ATPase 

2+ 

and the Mg" —ATPase. T h i s phenomenon suggests that an i n t r a ­

c e l l u l a r environment with high i o n i c content would cause a s i m i l a r 

p r o t e c t i o n of these enzymes. Indeed, Gladwell (1973) has 

concluded from t h i s experiment t h a t the r e s u l t s of e a r l i e r 

experiments using muscle b l o c k s , c o u l d not be a p p l i e d u n c r i t i c a l l y 

to the events o c c u r r i n g i n v i v o during heat death. 
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I n view of these problems, the i n v i t r o i n a c t i v a t i o n at high 

temperature of an enzyme known to be a s s o c i a t e d with muscle 

membranes, and with a w e l l - c h a r a c t e r i s e d f u n c t i o n , was s t u d i e d . 

The advantages of t h i s FSR microsomal p r e p a r a t i o n have been 

o u t l i n e d i n Chapter 5> namely, i t s r e l a t i v e l y high degree of 

p u r i t y , high s p e c i f i c a c t i v i t y and the p o s s i b i l i t y of studying 

both the ATPase and t r a n s p o r t f u n c t i o n s of the enzyme. 

The experiments described i n the Chapter were designed 

f i r s t l y to c h a r a c t e r i s e the process of thermal i n a c t i v a t i o n of th< 
2 + 

Ca - s t i m u l a t e d ATPase, and, secondly, to study i t s k i n e t i c s at 
c e r t a i n temperatures to seek a c o r r e l a t i o n with the process of 

heat death of the whole animal. F i n a l l y , the i n a c t i v a t i o n of 
2 + 

the Ca - s t i m u l a t e d ATPase from col d and warm adapted c r a y f i s h 

were compared, to determine the e f f e c t s of thermal a c c l i m a t i o n 

upon t h i s p r o c e s s . 

MATERIALS AND METHODS 

A. MATERIALS 

1. Chemicals. Hepes (N - 2-IIydroxyethylpiperazine 

- 2-ethanesulphonic a c i d ) was obtained from the 

Sigma London Chemical Co, L t d . 

The d e t a i l s and source of other reagents and 

chemicals have been described i n Chapter 5» 

2 . Glassware. The source of a l l p i p e t t e s and glassware 

i s given i n Chapter 5 i with the technique f o r 

washing them. 

3« Animals. Freshwater c r a y f i s h (Austropotamobius 

p a l l i p e s ) were caught and maintained i n the 

l a b o r a t o r y as d e s c r i b e d i n Chapter 5-
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METHODS 

1. A c c l i m a t i o n of C r a y f i s h . C r a y f i s h were acclimated 

at k - 0.5°C or 25 - 0.1°C as described i n 

Chapters 2 and 5 i f o r at l e a s t 21 and 7 days 

r e s p e c t i v e l y (Bowler, 1 9 6 3 a ) . A l l animals were 

i n the intermoult c o n d i t i o n when s a c r i f i c e d . 

2. E x t r a c t i o n of Heavy Microsomal f r a c t i o n from C r a y f i s h 

Muscle. The abdominal f l e x o r and extensor were 

r a p i d l y d i s s e c t e d from the c r a y f i s h and the heavy 

( 1 3 1 0 0 0 - 35iOOOg) microsomal i s o l a t e d as d e s c r i b e d 

i n Chapter 5-

During these experiments i t became nec e s s a r y 

to 1 ensure that there was no contamination of the 

microsomal suspension by KC1 from the previous 

' s a l t e x t r a c t i o n ' step of the procedure. Therefore, 

the p e l l e t formed by c e n t r i f u g a t i o n of the micro­

somes i n 0.6M KC1, was resuspended i n the f i n a l 

suspension medium ( d e t a i l s i n the t e x t ) and c e n t r i -

fuged e i t h e r at 3 5 1 0 0 0 g f o r 60 minutes i n an 'HSl8' 

r e f r i g e r a t e d c e n t r i f u g e (M.S.E. L t d . ) , or at 

60,000g f o r 30 minutes i n a 'SS^O' u l t r a c e n t r i f u g e 

(M.S.E. L t d . ) , both at zt°C. 

The p e l l e t was f i n a l l y resuspended i n the 

f i n a l suspension medium by homogenisation and the 

p r e p a r a t i o n was used immediately 01- stored f o r up 

to 30 minutes on crushed i c e . 

3• Thermal I n a c t i v a t i o n and Assay of R e s i d u a l Enzyme 
2 + 

A c t i v i t y . The Ca s t i m u l a t e d ATPase was i n a c t i v a t e d 

at the d e s i r e d temperature and the r e s i d u a l a c t i v i t y 

subsequently assayed using the f o l l o w i n g procedure. 
0.5ml a l i q u o t s of the enzyme p r e p a r a t i o n were 

p i p e t t e d i n t o c e n t r i f u g e d tubes which had been 
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e q u i l i b r a t e d at the d e s i r e d temperature. A l l 

prei n c u b a t i o n temperatures were c o n t r o l l e d to 

- 0.1°C i n l a r g e water baths u s i n g a 1 Juinos 1 

contact thermometer connected to a 500 watt 

immersion heater, through a hotwire vacuum r e l a y 

s w i t c h . Temperatures were measured with a 0-50°C 

mercury thermometer (Gallenkamp Ltd.) which had 

p r e v i o u s l y been c a l i b r a t e d against a National 

P h y s i c a l Laboratory c e r t i f i e d thermometer. 

A f t e r the d e s i r e d period of preincubation, the 

tubes were r a p i d l y t r a n s f e r r e d to a 25°C water bath, 

where, a f t e r 5 minutes e q u i l b r a t i o n , 1.5ml r e a c t i o n 

medium con t a i n i n g TriS-ATP was added. The f i n a l 

c o n c e n t r a t i o n of the r e a c t i o n media are d e t a i l e d i n 

Chapter 5 i together with the techniques f o r 
2 + 

determining both the Ca -s t i m u l a t e d ATPase a c t i v i t y 
2+ 

and the Mg -dependent ATPase a c t i v i t y . 

The enzyme r e a c t i o n was stopped and the amount 

of i n o r g a n i c phosphate l i b e r a t e d was estimated 

u s i n g the 'Lubrol' technique (see Chapter 5)« 

Microsomal p r o t e i n was estimated using the F o l i n -

C i o c a l t e a u reagent.and BSA ( f r a t i o n V) as standard. 

(Lowry, Rosebrough, F a r r and Randall ( 1 9 5 1 ) ; see 

Chapter 5) • 

S p e c i f i c a c t i v i t y was c a l c u l a t e d as uM 

phosphate liberated.mg p r o t e i n "'".minute "*". I n 

most cases, however, enzyme a c t i v i t y i s reported as 

a percentage of a c t i v i t y of an untreated p r e p a r a t i o n , 

which had been maintained on crushed i c e u n t i l 

assayed. 
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4. S t a t i s t i c s and Theory. 

( i ) A l l s t a t i s t i c a l comparisons were performed u s i n g 

conventional techniques as de s c r i b e d by Snedecor 

and Cochran ( 1 9 6 7 ) . Where appropriate, r e f e r e n c e 

was made to the s t a t i s t i c a l t a b l e s of F i s h e r and 

Yates ( I 9 6 3 ) . 

( i i ) Treatment of I n a c t i v a t i o n K i n e t i c s Data. I f we 

assume f i r s t - o r d e r k i n e t i c s f o r the i n a c t i v a t i o n 

of an enzyme, then the r a t e of i n a c t i v a t i o n i s 

r e l a t e d to the con c e n t r a t i o n of the a c t i v e enzyme: 
-dA/ _ . ,. . , , , - r a t e of decrease m - dA fv A where dt , , . _ conc e n t r a t i o n of dt a c t i v e form 

'_ A - i n i t i a l concentra-
— — — = kA t i o n of a c t i v e form dt 

Rearranging 

- dA 

k - r a t e constant 

A = k.dt Equation - 8 -1 

I n t e g r a t i n g between two d i f f e r e n t concentrations 

of a c t i v e enzyme Ao and At, which occurs over the 

time p e r i o d t -

2 - 3 log A ° = k . t . Equation 8 - 2 

T h i s may be rearranged to the l i n e a r form (y=mx+c) 

+ l o g At = "2^3* + l o S Ao 

Equation ( 8 - 3 ) 

A p l o t of log At ag a i n s t t w i l l y i e l d a s t r a i g h t 

l i n e where the slope i s - k / 2 . 3 0 3 « I n these 

s t u d i e s i t has been assumed that the concentration 

of the a c t i v e enzyme i s d i r e c t l y r e l a t e d to i t s 

enzyme a c t i v i t y . Thus the r a t e of i n a c t i v a t i o n was 

followed by assa y i n g enzyme a c t i v i t y after- v a r i o u s 

periods of pr e i n c u b a t i o n . R e s i d u a l a c t i v i t y was 



162 
expressed as a percentage of an untreated 

p r e p a r a t i o n (assayed i n d u p l i c a t e ) and p l o t t e d as 

log % o r i g i n a l a c t i v i t y a g a i n s t time. 

The r a t e of i n a c t i v a t i o n was conveniently 

described by the h a l f - t i m e ('LD^Q'), which was the 

time (minutes) f o r the enzyme a c t i v i t y of the 

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

a c t i v i t y . The LD^Q i s simply r e l a t e d to the r a t e 
constant, k, by the equation — 

L D 5 o = 0.693/k_ 

( i i i ) A c t i v a t i o n Energy. The a c t i v a t i o n energy (Ea) 

f o r the i n a c t i v a t i o n process was c a l c u l a t e d by 

converting the LD^^ f o r each p r e i n c u b a t i o n tempera­

ture to a r a t e measurement by taking r e c i p r o c a l s . 

An Arrhenius p l o t was constructed of "^LD^Q 

ag a i n s t ^^T°K, and the slope (A) of the l i n e 

determined by r e g r e s s i o n a n a l y s i s (Snedecor and 

Cochran, 1 9 6 7 ) . The Ea was computed from the 

equation 

Ea = R x 2.303 x A K c a l . m o l e - 1 . 

where R - gas constant = 1.978 c a l . mole - 1.°K 1 . 

The a c t i v a t i o n energy i s r.elated to the a c t i v a t i o n 
* 

enthalpy ( A H ) by the equation 

& H * = Ea + R.T. 

( i v ) Entropy Change. The change i n entropy a s s o c i a t e d 

with the i n a c t i v a t i o n process was c a l c u l a t e d from 

the absolute r a t e theory equation (Dixon and Webb, 

1964) 
. , „ - A H A S 
k = k„ T r — — - + B e RT e R 

h' 

where k 0 - Boltzmann's Constant 

h' - Planks' Constant 
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R - Gas constant 

A H - A c t i v a t i o n Enthalpy 

As - A c t i v a t i o n Entropy 

Th'is was rearranged by taking n a t u r a l logarithms to 

y i e l d -

I n k = / I n k 0 T \ E_a A S 
RT + R r k4) 

and converted to l o g 1 Q and rearranged -

AS* = l o g k - l o g kB- T Ea 
2.3R h' + RT 

RESULTS 

I t has been known f o r some time t h a t a v a r i e t y of f a c t o r s may 

a f f e c t the t h e r m o s t a b i l i t y of p r o t e i n s . For example, Kuimeman 

( 1 9 7 3 ) has found that the s e n s i t i v i t y of the l a c t a t e dehydrogenase 

from v a r i o u s f i s h e s - was markedly a f f e c t e d by the c o n c e n t r a t i o n of 

enzyme, presence of c a s e i n , serum albumen, NADH+ and pyruvate. 

S e v e r a l other authors have noted the e f f e c t s of pH ( V e s s e l and 

Y i e l d i n g , 1 9 6 6 ; Kono and Uyeda, 1 9 7 1 ; Gatt, 1 9 6 9 ; Kadlecova 

and Stepan, 1 9 7 2 ; B u l l and Breese, 1 9 7 3 ) 1 i o n i c environment 

(Coleman and E l e y , 1 9 6 2 ; V e s s e l and Y i e l d i n g , 1 9 6 6 ; Sudi, 1 9 7 0 ; 

Wiseman and Williams, 1 9 7 1 : T h e o r e l l and Tatemoto, 1 9 7 1 ) and other 

denaturing agents ( B u l l and Breese, 1 9 7 3 ) upon p r o t e i n denaturation. 

I t was important t h e r e f o r e to understand the process of heat 
2 + 

i n a c t i v a t i o n of the Ca - s t i m u l a t e d ATPase and the e f f e c t of 

d i f f e r e n t i o n i c conditions upon t h i s p r o c e s s . The f o l l o w i n g 

experiments i l l u s t r a t e the e f f e c t of v a r i o u s i o n i c media and p r o t e i n 

concentrations upon thermal i n a c t i v a t i o n of t h i s enzyme. 

A. The E f f e c t s of Various I o n i c Media upon Thermal I n a c t i v a t i o n 

Figure 8 - l a i l l u s t r a t e s the e f f e c t of p r e i n c u b a t i o n at 

32°C upon the a c t i v i t y of a s i n g l e C a ^ + - s t i m u l a t e d ATPase 

prep a r a t i o n , i s o l a t e d from the muscle of v a r i o u s l y acclimated 
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c r a y f i s h , 1 which had been resuspended i n d i f f e r e n t i o n i c media. 

The corresponding semi-log p l o t s are presented i n Figure 8-1b. 

When resuspended i n lOmM Imidazole-HCl, pH 7.1, or 

lOmM Hepes-KOH pH 7«1* the enzyme was r a p i d l y i n a c t i v a t e d at 

32°C with a h a l f - l i f e (LD^^; time f o r the enzyme a c t i v i t y 

to be reduced to 50% of i t s o r i g i n a l a c t i v i t y ) of 4.5 minutes. 

The i n a c t i v a t i o n process followed p s e u d o - f i r s t order k i n e t i c s 

s i n c e the semilog p l o t i n both cases was s t r a i g h t . 

However, when resuspended i n the presence of lOOmM KC1, 
2 + 

lOmM Imidazole-HCl, pH 7-1, the Ca -stimulated ATPase 

a c t i v i t y was not i n a c t i v a t e d by heat treatment but unexpected­

l y rose r a p i d l y to approximately 1&0% of i t s o r i g i n a l a c t i v i t y 

w i t h i n 15 minutes of exposure to 32°C. The enzyme showed 

s i m i l a r behaviour when resuspended i n lOmM Imidazole-HCl, 

pH 7-l> but. preincubated i n the presence of the i o n i c media 

used f o r assay ( i . e . , 0.75mM C a C l 2 , 0.75mM EGTA, 4.5mM MgCl 2, 

150mM KC1 i n 44.1 Imidazole-HCl, pH 7 . 1 ) . 

When resuspended i n n e u t r a l i s e d deionised water only, 

the enzyme e x h i b i t e d a reduced thermal s e n s i t i v i t y with a 

h a l f - l i f e of approximately 22 minutes. I n other experiments 

i t was shown t h a t a con s i d e r a b l e amount of K + was bound to 

the microsomal preparation, or from previous washes i n the 

pr e p a r a t i v e procedure. Contaminating KC1 may cause an 

in c r e a s e i n the thermal r e s i s t a n c e of the enzyme. The 

i n a c t i v a t i o n process again conformed to p s e u d o - f i r s t order 

k i n e t i c s a f t e r an i n i t i a l l a g of 3-k minutes. T h i s may be 

caused by i n s u f f i c i e n t e q u i l i b r a t i o n of the enzyme upon 

prei n c u b a t i o n . 

The thermal i n a c t i v a t i o n c h a r a c t e r i s t i c s of a d i f f e r e n t 

microsomal p r e p a r a t i o n was assayed i n the presence of 8.1 u>l 

f r e e calcium (0.5mM CaCl , 0.5mM EGTA) i n lOmM Imidazole-HCl, 
2 

pH 7.1 (F i g u r e 8 - l c ) . Again the p r e p a r a t i o n was i n a c t i v a t e d 
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with p s e u d o - f i r s t order k i n e t i c s and a ha l f - t i m e of approxi­

mately 12 minutes. 

I t was concluded t h a t low concentrations of CaCl^ do not 
2+ 

p r o t e c t the Ca -ATPase from thermal i n a c t i v a t i o n . High 

concentrations of KC1 ( i . e . , lOOmM) not only p r o t e c t s but 

markedly i n c r e a s e s enzyme a c t i v i t y . C l e a r l y the i o n i c 

composition of the resuspension medium has important conse­

quences to the thermal s t a b i l i t y of t h i s membrane-bound 

enzyme. 

The E f f e c t s of KC1 upon Enzyme T h e r m o s t a b i l i t y 

( i ) I n a c t i v a t i o n at high ' l e t h a l ' temperatures. A micro­

somal p r e p a r a t i o n i s o l a t e d from 15°C-acclimated c r a y f i s h 

was resuspended e i t h e r i n 100, 10, 1 or 0.1 mM KC1, a l l 

i n lOmM Imidazole-HCl, pH 7.1 and exposed to 32°C f o r 

v a r y i n g p e r i o d of time. The r e s i d u a l a c t i v i t y was 

immediately assayed at 25°C, and the r e s u l t s are 

presented i n Figure 8-2a, b. 
2 + 

I n the presence of lOOmM KC1, the Ca -s t i m u l a t e d 

ATPase showed the f a m i l i a r i n c r e a s e i n enzyme a c t i v i t y 

with p r e i n c u b a t i o n at 32°C. However, i n the presence 

of lOmM KC1 the enzyme was i n a c t i v a t e d with p s e u d o - f i r s t 

order k i n e t i c s and a h a l f - l i f e of 14 minutes. I n the 

presence of 0.1 and l.OmM KC1, the enzyme was i n a c t i v a t e 

more r a p i d l y , with a h a l f - l i f e of 8 minutes. 

I t was apparent, t h e r e f o r e , that the enzyme was 

ther m a l l y i n a c t i v a t e d at a maximal r a t e i n the presence 

of low concentrations of KC1 ( ^lmM) , w h i l s t 10m>l KC1 

i n c r e a s e s the enzymes thermal r e s i s t a n c e and lOOmM KC1 

p r o t e c t s and a c t i v a t e s the enzyme a c t i v i t y . 

I t was not p o s s i b l e to reduce KC1 concentration 

of the enzyme suspension below O.lmM, s i n c e a s i z a b l e 
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contamination was introduced with the microsomal 

p r e p a r a t i o n as measured by atomic absorption spectrometry. 

T h i s KC1 was presumably bound to or w i t h i n the microsomes 

s i n c e repeated washing i n K C l - f r e e media did not y i e l d 

K C l - f r e e microsomes. 

I n a separate experiment, a microsomal p r e p a r a t i o n 

resuspended i n lOmM KC1, lOmM Imidazole-HCl, pH 7.1, 
2+ 

showed a considerable i n c r e a s e i n Ca ATPase a c t i v i t y 

a f t e r p r e i n c u b a t i o n at high ' l e t h a l ' temperatures 

( F i g u r e 8 - 3 a ) . The l e v e l of maximal a c t i v a t i o n was 

independent of pr e i n c u b a t i o n temperature, although the 

higher the pre i n c u b a t i o n temperature, the more r a p i d was 

the a c t i v a t i o n . I n t e r e s t i n g l y , exposure of the enzyme 

p r e p a r a t i o n to 25°C a l s o caused an i n c r e a s e i n i t s 

a c t i v i t y , although t h i s process occurred more slowly at 

t h i s temperature. 

I n the experiment where the microsomes were f i r s t 

resuspended i n lOOmM KC1, and subsequently i s o l a t e d from 

that medium by c e n t r i f u g a t i o n at 35»OOOg f o r 60 minutes 
and resuspended i n lOmM Imidazole-HCl,' pH 7-1, the 

2 + 

Ca - s t i m u l a t e d ATPase of t h a t p r e p a r a t i o n was e q u a l l y 

s e n s i t i v e to thermal i n a c t i v a t i o n as a pr e p a r a t i o n that 

was i n i t i a l l y suspended i n the imidazole medium. 

E v i d e n t l y , suspension of the microsomes i n a medium of 

high KC1 concentration, does not i n i t s e l f l e a d to 

a c t i v a t i o n or p r o t e c t i o n of enzyme a c t i v i t y . ( F i g u r e 8-3b) 

( i i ) S t a b i l i t y at 0,15 and 25°C 

A number of enzymes have been shown to be a f f e c t e d 

by storage at low temperatures. For example, Kono and 

Uyeda (.1971) have demonstrated that the phosphofructo-

k i n a s e from chicken l i v e r i s r e v e r s i b l y i n a c t i v a t e d by 

storage at 0°C or 8°C, whereas storage at 25°C caused no 
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change i n enzyme a c t i v i t y . The ATPase of beef heat 

mitochondria undergoes a f a i r l y r a p i d i n a c t i v a t i o n at 

0°C, but i s s t a b l e a t room temperature and even shows 

a slow i n c r e a s e i n a c t i v i t y with storage (Pullman, 

Penefsky, Datta and Racker, 1 9 6 0 ). On the other hand, 

the membrane-bound ATPase of human e r y t h r o c y t e s were 

found to be a c t i v a t e d by f r e e z i n g ( S c h a r f f and Ves t e r 

Vestergaard-Bogind, 1 9 6 6 ) . 

These s t u d i e s encouraged a study of the s t a b i l i t y 
2+ 

of the microsomal Ca - a c t i v a t e d ATPase at d i f f e r e n t 

s u b l e t h a l storage temperatures, p a r t l y i n an attempt to 

e x p l a i n the l a r g e v a r i a b i l i t y i n s p e c i f i c a c t i v i t y of 

d i f f e r e n t microsomal p r e p a r a t i o n s (see Chapter 7 ) -

Microsomal p r e p a r a t i o n s from both 4°C and 25°C 

acclimated c r a y f i s h were resuspended i n lOmM KC1, lOmM 

Imidazole-HCl, pH 7 * 1 • A l i q u o t s of each p r e p a r a t i o n 

were stored a t 0°C, 15°C and 25°C, and subsequently 

assayed f o r r e s i d u a l a c t i v i t y . The r e s u l t s are 

i l l u s t r a t e d i n Figure 8 - 4 . 

P r e i n c u b a t i o n at 0°C l e d to a red u c t i o n i n enzyme 

a c t i v i t y of approximately 12% per hour and 19% per hour 

i n the,preparations i s o l a t e d from k°C and 25°C acclimated 

c r a y f i s h , r e s p e c t i v e l y . P r e i n c u b a t i o n at 15°C a l s o led 

to a decrease i n enzyme a c t i v i t y although i t was only 

1 1 % and 13% per hour f o r the pre p a r a t i o n s i s o l a t e d from 

4°C and 25°C acclimated c r a y f i s h r e s p e c t i v e l y . 

P r e i n c u b a t i o n at 25°C caused a r a p i d i n c r e a s e i n 

enzyme a c t i v i t y of 8 and 18% i n the pre p a r a t i o n s i s o l a t e d 

from Li°C and 25°C acclimated c r a y f i s h r e s p e c t i v e l y . 

T h i s was followed by a d e c l i n e i n a c t i v i t y at a r a t e of 
12% and 1 6 . 5 % per hour, r e s p e c t i v e l y . I t was concluded 

2+ 
that the Ca -st i m u l a t e d ATPase i s not cold l a b i l e . 
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Although the ra t e of d e c l i n e i n enzyme a c t i v i t y at the 

three storage temperatures were s i m i l a r , the p r e p a r a t i o n 

i s o l a t e d from 25°C acclimcated c r a y f i s h was somewhat 

more l a b i l e to storage than the corresponding p r e p a r a t i o n 

from k°C acclimated c r a y f i s h . T h i s i s i n agreement with 

the higher v a r i a b i l i t y i n the s p e c i f i c a c t i v i t y estimates 

of the former p r e p a r a t i o n s d e s c r i b e d i n Chapter 7- The 

cause of t h i s phenomenon i s not c l e a r . 

I n a separate experiment the e f f e c t of d i f f e r e n t 
2+ 

KC1 concentrations upon the s t a b i l i t y of the Ca -ATPase 

at 0°C was studied. A microsomal p r e p a r a t i o n from the 

muscle of v a r i o u s l y acclimated c r a y f i s h was resuspended i i 

media co n t a i n i n g 10, 5 i 1| 0 . 5 and 0 mM KC1, a l l i n 

lOmM Imidazole-HCl, pH 7-1. The pr e p a r a t i o n was stored 

on crushed i c e f o r v a r y i n g periods of time and the 

r e s i d u a l a c t i v i t y subsequently determined ( F i g u r e 8 - 5 ) . 

As before, the enzyme resuspended i n lOmM KC1 

showed an i n i t i a l i n c r e a s e i n enzyme a c t i v i t y with 

p r e i n c u b a t i o n at 0°C followed by a slow d e c l i n e i n enzyme 

a c t i v i t y . The microsomes resuspended at lower KC1 

conc e n t r a t i o n s , however, a l l showed a s i m i l a r r a t e of 

d e c l i n e of enzyme a c t i v i t y with p r e i n c u b a t i o n at 0°C. 

There was no evidence of a c t i v a t i o n at these KC1 

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

I t was concluded that the a c t i v a t i o n of enzyme 

a c t i v i t y on storage at a l l temperatures occurs only i n 

the presence of high concentrations of KC1 ( i . e . ^ lOmM 

KC1) . 

( i i i ) Dependence of ATPase a c t i v i t y upon the concentration 

of microsomal p r o t e i n . During the course of these 

experiments, i t became c l e a r t h a t the a c t i v i t y of any 
2+ 

one microsomal Ca -ATPase p r e p a r a t i o n was not a l i n e a r 
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f u n c t i o n of the conc e n t r a t i o n of microsomal p r o t e i n . 

T h i s phenomenon i s i l l u s t r a t e d i n Figure 8 - 6 , where the 

r e s u l t s of experiments on three preparations are shown. 

The microsomal p r o t e i n c o n c e n t r a t i o n i s given as a 

f r a c t i o n of the o r i g i n a l suspension to permit comparisons 

between pr e p a r a t i o n s of d i f f e r e n t s p e c i f i c a c t i v i t y . 

According to Dixon and Webb ( 1 9 6 4 ) , t h i s form of 

enzyme con c e n t r a t i o n curve i s caused by the presence of 

a d i s s o c i a b l e a c t i v a t o r or coenzyme. They s t a t e that 

as the conc e n t r a t i o n of the enzyme and activator/coenzyme 

i n c r e a s e s , an i n c r e a s i n g proportion of the enzyme mole­

c u l e s w i l l be i n the a c t i v a t e d form, and an upward 

curvature of the graph w i l l be obtained. 

P r e i n c u b a t i o n of a microsomal p r e p a r a t i o n at 32°C 

f o r 20 minutes i n the presence of lOOmM KC1, lOmM 

Imidazole-HCl, pH 7 . 1 caused a marked i n c r e a s e i n s p e c i f i c 

a c t i v i t y (see previous s e c t i o n s ) of the preparation, and 

a change i n the form of the enzyme con c e n t r a t i o n curve 

from the c u r v i l i n e a r form to a s t r a i g h t l i n e which 

passed through the o r i g i n ( F i g u r e 8 - 6 ) . 

I r r e v e r s i b i l i t y of Thermal I n a c t i v a t i o n 

A l i q u o t s of a microsomal p r e p a r a t i o n i s o l a t e d from the 

muscle of v a r i o u s l y acclimated c r a y f i s h and resuspended i n 

5mM KC1, lOmM Imidazole-HCl, pH 7 - 1 i was preincubated at 

33°C f o r 5 minutes and stored at 0°C. The r e s i d u a l a c t i v i t y 

was subsequently assayed at 25°C a f t e r v a r y i n g periods of 

storage at 0°C, to determine whether the a c t i v i t y of the 

enzyme recovered from thermal i n a c t i v a t i o n (Figure 8 - 7 ) • 

I t i s obvious that heat treatment r e s u l t e d i n a decreased 

enzyme a c t i v i t y at 25°C. Furthermore, the l e v e l of a c t i v i t y 

was not markedly a f f e c t e d by storage at 0°C. I t was 

concluded, t h e r e f o r e , that thermal i n a c t i v a t i o n of t h i s 
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enzyme under these conditions was an i r r e v e r s i b l e phenomenon. 

T h i s i n d i c a t e s that the process i s accompanied by a major 

change i n the n a t i v e s t r u c t u r e of the enzyme, may even 

in v o l v e changes i n the arrangement of d i s u l p h i d e bonds 

(Mahler and Cordes, 1971)> and i s i n c o n t r a s t to r e v e r s i b l e 

enzyme i n a c t i v a t i o n s which probably r e f l e c t l e s s d r a s t i c 

a l t e r a t i o n s i n molecular c o n f i g u r a t i o n . For example, the 

nucl e o t i d e pyrophosphatase of Proteus v u l g a r i s may be 

completely i n a c t i v a t e d by p r e i n c u b a t i o n at 70°C f o r 10 minute 

but may be completely r e a c t i v a t e d by coo l i n g to 37°C (Swartz, 

Kaplan and Lamborg, 1958; see a l s o Swartz, Kaplan and Freeh, 

1 9 5 6 ) . 

E f f e c t of P r o t e i n Concentration upon Thermal I n a c t i v a t i o n 

( l ) Concentration of microsomal p r o t e i n . Kadelcova and 

Stepan (1972) have demonstrated t h a t the t h e r m o s t a b i l i t y 

of r a t i n t e s t i n a l a l k a l i n e phosphatase i s g r e a t l y 

i n f l u e n c e d by the con c e n t r a t i o n of the t i s s u e homogenate 

Thus a ,10% homogenate had a h a l f - t i m e at 56°C of over 

20 minutes, whereas a k% homogenate was 6 minutes and 

at 1% homogenate was 2 minutes. Vos and Boross (1972) 

have demonstrated a s i m i l a r phenomenon using g l y c e r a l d e -

hyde-3-phosphate. Kunneman (1973) and Wiseman and 

Williams ( 1 9 7 1 ) have shown that h e a t - i n a c t i v a t i o n 

c h a r a c t e r i s t i c s of enzymes are changed by i n c l u s i o n of 

bovine serum albumin i n the suspension medium. 

Figure 8-8a, i l l u s t r a t e s the thermal i n a c t i v a t i o n 
o 2 + at 32 C of a microsomal Ca -ATPase preparation, 

p r e v i o u s l y d i l u t e d twofold ( N / 2 ) and f o u r f o l d (.^/k) . 
N 

The semilog p l o t s f o r the N and /h concentrations were 
almost i d e n t i c a l with a h a l f - l i f e of approximately k 

N 
minutes. The curve f o r the /2 d i l u t i o n was s i m i l a r 

to those described above f o r the f i r s t eight minutes, 



171 
but d e v i a t e d c o n s i d e r a b l y t h e r e a f t e r . I n a s e p a r a t e 

e x p e r i m e n t t h e i n a c t i v a t i o n c u r v e s a t 33°C f o r N and 
N 
/2 d i l u t i o n s were i d e n t i c a l w i t h a h a l f - t i m e of a p p r o x i ­

m a t e l y 10 m i n u t e s and 9«3 minutes r e s p e c t i v e l y ( F i g u r e 

N 

8-8b). The /k d i l u t i o n was more t h e r m o s e n s i t i v e w i t h 

an L D J . Q of 7«1 m i n u t e s . 

On b a l a n c e , i t was c o n c l u d e d t h a t t h e r a t e of 
2+ 

t h e r m a l i n a c t i v a t i o n of the Ca - s t i m u l a t e d ATPase was 

not m a r k e d l y a f f e c t e d by v a r i a t i o n s i n t he c o n c e n t r a t i o n 

of m i c r o s o m a l p r o t e i n . However, i n a l l s u b s e q u e n t 

e x p e r i m e n t s , the a c t i v i t y of e a c h p r e p a r a t i o n was 

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

e x c l u d e t h i s v a r i a b l e from the d a t a . 
2+ 

( i i ) E f f e c t of BSA on enzyme s t a b i l i t y . A microsomal Ca 

ATPase p r e p a r a t i o n was r e s u s p e n d e d i n media c o n t a i n i n g 

5mM KC1, lOmM I m i d a z o l e - H C l , pH 7.1, w i t h 0, 10, 50 and 

100 ug b o v i n e serum albumin/ml. The t h e r m o s t a b i l i t y of 

each s u s p e n s i o n was t e s t e d a t 32°C i n the u s u a l manner 

and t h e r e s u l t s a r e p r e s e n t e d i n F i g u r e 8-9a-d. 

The h a l f - t i m e f o r i n a c t i v a t i o n o f the enzyme i n 

each medium was w i t h i n one minute of t h e c o n t r o l s u s p e n ­

s i o n w i t h o u t BSA. I t . f o l l o w s t h a t v a r i a t i o n s of t h i s 

magnitude i n the t o t a l p r o t e i n c o n t e n t of the microsomal 

p r e p a r a t i o n s a r e not l i k e l y to have any e f f e c t upon the 

k i n e t i c s of t h e r m a l i n a c t i v a t i o n of t h i s enzyme. 

I t i s w o r t h n o t i n g t h a t S m i t h (197 3a) has r e p o r t e d 

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

p r o t e c t e d from t h e r m a l i n a c t i v a t i o n by the i n c o r p o r a t i o n 

of 1.5% BSA (w/v) i n t o t h e s u s p e n s i o n medium p r i o r t o 

p r e i n c u b a t i o n . I n d e e d , 1-2% BSA i s r o u t i n e l y used i n 

the p r e p a r a t i o n of m i t o h o n d r i a and i n the s t u d y of 
p h o s p h o l i p a s e a c t i v i t y on n a t u r a l membranes s i n c e t h e y 
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appear to c h e l a t e f r e e f a t t y a c i d s t h a t o t h e r w i s e might 

a f f e c t the enzymes. Wiseman and W i l l i a m s (1971) have 

shown t h a t h o r s e l i v e r a l c o h o l dehydrogenase was p r o t e c t e d 

from t h e r m a l d e n a t u r a t i o n by c y s t e i n e (800ug/ml) and BSA 

(30ug/ml). 

E f f e c t o f A c c l i m a t i o n upon Thermal I n a c t i v a t i o n K i n e t i c s 

The e x p e r i m e n t s d e s c r i b e d i n t h e p r e v i o u s s e c t i o n s of t h i s 
2 + 

c h a p t e r d e m o n s t r a t e t h a t t h e t h e r m a l i n a c t i v a t i o n of the Ca 

s t i m u l a t e d ATPase i s a complex p r o c e s s , w h i c h depends upon 

th e KC1 c o n c e n t r a t i o n of the s u r r o u n d i n g medium, a t l e a s t . 

E x p e r i m e n t s were t h e r e f o r e u n d e r t a k e n to compare the k i n e t i c s 

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

from the abdominal muscle of 4°C and 25°C a c c l i m a t e d c r a y f i s h . 

I n a l l of the f o l l o w i n g e x p e r i m e n t s , the enzyme was 

r e s u s p e n d e d i n 5mM KC1, lOmM I m i d a z o l e - H C l , pH 7-1. b e c a u s e 
in-

t h i s c o n c e n t r a t i o n of KC1 was s m a l l enough to a l l o w ^ c t i v a t i o n 

t o o c c u r w i t h o u t i n d u c i n g any a c t i v a t i o n phenomena, and l a r g e 

enough to make v a r i a t i o n s i n the q u a n t i t y of bound K + 

i n s i g n i f i c a n t t o the p r o c e s s of i n a c t i v a t i o n . I n a d d i t i o n , 

t h e enzyme c o n c e n t r a t i o n of each p r e p a r a t i o n was a d j u s t e d to 

g i v e a p p r o x i m a t e l y the same l e v e l of enzyme a c t i v i t y i n e a c h . 

The i n a c t i v a t i o n t i m e s were u s u a l l y w i t h i n 30 mi n u t e s , so 

t h a t t h e e f f e c t of normal d e c a y of enzyme a c t i v i t y w i t h time 

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

p r o c e s s . 
i 

2 + 
( i ) Ca - s t i m u l a t e d ATPase a c t i v i t y . I n each p r e p a r a t i o n 

the graph of l o g % r e s i d u a l a c t i v i t y a g a i n s t time was 

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

to t i m e . The r e s u l t s of a t y p i c a l e x p e r i m e n t a r e 
i l l u s t r a t e d i n F i g u r e 8-10a, where i t i s a p p a r e n t t h a t 

2+ 
the Ca - s t i m u l a t e d ATPase was v e r y s e n s i t i v e t o t r e a t ­
ment a t 31-3'i°C. The h i g h e r the p r e i n c u b a t i o n tempera-
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t u r e , the more r a p i d i s the i n a c t i v a t i o n p r o c e s s . 

The L D , _ Q ( t i m e f o r enzyme a c t i v i t y to be r e d u c e d 

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

t i o n t e m p e r a t u r e , and t h e change i n ̂ D^^ w i t h p r e i n c u b a ­

t i o n t e m p e r a t u r e was i l l u s t r a t e d by a s e m i l o g p l o t of 

l o g L D ^ Q a g a i n s t t e m p e r a t u r e , when a s t r a i g h t l i n e was 

o b t a i n e d ( F i g u r e 8 - 1 0 b ) . 

The r e s u l t s of e x p e r i m e n t s on s e v e r a l m i c r o s o m a l 

p r e p a r a t i o n s from e a c h a c c l i m a t i o n group were a v e r a g e d 

by a v e r a g i n g p o i n t s t a k e n from t h e l o g L D ^ / t e m p e r a t u r e 

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

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

t e m p e r a t u r e s v a r i e d from e x p e r i m e n t to e x p e r i m e n t ( s e e 

T a b l e 8 - 1 ) . T h e r e was some c o n s i d e r a b l e v a r i a t i o n i n 

the s l o p e s of the l o g L D ^ / t e m p e r a t u r e p l o t s p a r t i c u l a r l y 

f o r t h o s e p r e p a r a t i o n s i s o l a t e d from t h e muscle of 25°C 

a c c l i m a t e d c r a y f i s h ( s e e T a b l e 8 - l a ) . The h i g h s t a n d a r d 

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

one r e l a t i v e l y t h e r m o r e s i s t a n t p r e p a r a t i o n w i t h an 

e s t i m a t e d L D ^ Q of 6̂.^1 mi n u t e s a t 31«5°C, compared to 

the a v e r a g e of a p p r o x i m a t e l y 20 m i n u t e s . N e v e r t h e l e s s , 

p r e p a r a t i o n s i s o l a t e d from 25°C a c c l i m a t e d c r a y f i s h 

e x h i b i t e d a g r e a t e r mean L D ^ Q a t a l l p r e i n c u b a t i o n 

t e m p e r a t u r e s ( i . e . , l e s s t e m p e r a t u r e s e n s i t i v e ) t h a n 

p r e p a r a t i o n s i s o l a t e d from ^"C a c c l i m a t e d c r a y f i s h 

( F i g u r e 8-11 and T a b l e 8 - l b ) . F o r example, a t 31°C 

the mean f o r f o r m e r group of p r e p a r a t i o n s was 

27-9 - 10 .2 m i n u t e s , whereas f o r t h e l a t t e r i t was 

13-70 - I . 3 6 m i n u t e s . T h i s h i g h v a r i a b i l i t y i n enzyme 

t h e r m o l a b i l i t y may be e x p l a i n e d by t h e v a r i a b i l i t y i n 

h e a t r e s i s t a n c e between a n i m a l s of s i m i l a r t h e r m a l 

h i s t o r i e s ( B o w l e r , 1963a; G l a d w e l l , 1973 ) . 
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T h e s e d i f f e r e n c e s were s t a t i s t i c a l l y d i f f e r e n t o n l y 

a t t h e 34°C p r e i n c u b a t i o n t e m p e r a t u r e (P = 0.02 - 0 . 0 5 ) . 

I t was t h e r e f o r e c o n c l u d e d t h a t a l t h o u g h p r e p a r a t i o n s fi~oni 

25°C a c c l i m a t e d c r a y f i s h showed a t e n d e n c y towards 

i n c r e a s e d t h e r m a l r e s i s t a n c e , t h e r e was no o v e r a l l 

d i f f e r e n c e between t h e two c l a s s e s of p r e p a r a t i o n . 

The a c t i v a t i o n e n e r g y ( E a ) f o r the i n a c t i v a t i o n 

s t e p between 31°C and 3k°C was e s t i m a t e d by r e g r e s s i o n 

a n a l y s i s o f A r r h e n i u s p l o t s a s d e s c r i b e d i n the 'Methods', 

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

8-2. The E a ' s f o r e a c h a c c l i m a t i o n group were a v e r a g e d 

and compared s t a t i s t i c a l l y ( T a b l e 8 - 2 ) . The mean E a 

f o r p r e p a r a t i o n s i s o l a t e d from 4°C a c c l i m a t e d c r a y f i s h 

was 92.29 - 14 . 6 3 K c a l . m o l e " ^ (386 .42 - 61.24 K J . m o l e - 1 ) . 

and 100 . 5 8 - 10 . 4 7 K c a l . m o l e " 1 (421.14 - 43.86 K J . m o l e " } ) 

f o r t h e p r e p a r a t i o n s i s o l a t e d from 25°C a c c l i m a t e d 

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

s i g n i f i c a n t (P = 0 . 6 - 0 . 7 ) . 

2 + 
( i i ) Mg dependent a c t i v i t y . The t h e r m o s t a b i l i t y of t h e 

2+ 

Mg -ATPase a c t i v i t y o f a he a v y microsomal p r e p a r a t i o n 

was t e s t e d a t t e m p e r a t u r e s between 31 and 33«5°C ( s e e 

F i g u r e 8 - 1 2 ) . I t i s c l e a r t h a t t h e r e i s no r e d u c t i o n 

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

t u r e s . 

E f f e c t of Heat Death of the Whole Animal upon the Ca*^ + -ATPase 

a c t i v i t y o f the Heavy Microsomal F r a c t i o n of Muscle 

The p r o t e c t i v e e f f e c t s o f h i g h KC1 c o n c e n t r a t i o n s upon 
2+ 

the i n v i t r o i n a c t i v a t i o n of t h e m i c r o s o m a l Ca -ATPase 

s u g g e s t s t h a t t h i s enzyme would not be i n a c t i v a t e d i n v i v o , 

s i n c e the b u l k s a r c o p l a s m i c K + c o n c e n t r a t i o n i s a p p r o x i m a t e l y 

120mM ( G l a d w e l l , .1973). 
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I n o r d e r t o t e s t t h i s h y p o t h e s i s , t h r e e c r a y f i s h of 

r o u g h l y e q u a l s i z e were s e l e c t e d a t random from a p o p u l a t i o n 

and i n c u b a t e d a t 15°C ( A ) , 35°C (B) and 55°C (C) f o r 10 minute 

r e s p e c t i v e l y . The a n i m a l s ±ncuba,ted a t 35°C and 55°C were 

h e a t dead by the c r i t e r i a o f Bowler (1963a) and G l a d w e l l 

(1973) - The abdominal m u s c l e from each a n i m a l was s u b s e ­

q u e n t l y d i s s e c t e d out and the heav y microsomal f r a c t i o n of 

each muscle p r e p a r e d i n the normal manner. 

The f i n a l p e l l e t s f o r t h e p r e p a r a t i o n s i s o l a t e d from 

c r a y f i s h i n c u b a t e d a t 15°C and 35°C appeared a normal s t r a w -

c o l o u r , b u t t h a t from t h e 55°C t r e a t e d c r a y f i s h muscle was 

a b r i g h t s c a r l e t . T h i s was p r o b a b l y c a u s e d by c o n t a m i n a t i o n 

by a s t a x a n t h i n , a d i e t a r y pigment t h a t i s i n c o r p o r a t e d i n t o 

c r a y f i s h t i s s u e s as an x a n t h o p r o t e i n . 

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

was a s s a y e d a t 25°C ( T a b l e 8 - 3 )• The p r e p a r a t i o n s from 

b o t h c o n t r o l (15°C) and 35°C h e a t dead c r a y f i s h showed 
2+ 2+ v i g o r o u s Ca - s t i m u l a t e d and Mg -dependent ATPase a c t i v i t y , 

b ut t h e p r e p a r a t i o n i s o l a t e d from 55°C t r e a t e d c r a y f i s h was 

c o m p l e t e l y i n a c t i v e . 

I t i s a p p a r e n t from t h i s e x p e r i m e n t t h a t h e a t d e a t h 

of the whole a n i m a l a t 35°C i s not accompanied by an 
2 + 

i r r e v e r s i b l e i n a c t i v a t i o n o f t h e Ca -ATPase. T h i s 

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

w i t h i n 5 m i n u t e s . 

DISCUSSION 

The t e m p e r a t u r e range i n w h i c h the f r e s h w a t e r c r a y f i s h 

undergoes h e a t d e a t h i s v e r y s i m i l a r to t h e t e m p e r a t u r e range o v e r 
2 + 

w h i c h the Ca - s t i m u l a t e d ATPase i s i n a c t i v a t e d . T h i s c o r r e s p o n d ­

ence i s made more.dramatic by c o n s i d e r a t i o n of the L D ^ / t e m p e r a t u r e 

c u r v e f o r the t h e r m a l i n a c t i v a t i o n of a s o l u b l e c r a y f i s h enzyme, 
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muscle p y r u v a t e k i n a s e , w h i c h o c c u r s between 55°C and 65°C ( s e e 

F i g u r e 8-13; C o s s i n s , u n p u b l i s h e d o b s e r v a t i o n s ) . The l d ^ Q ^ O R 

the i n a c t i v a t i o n o f the C a 2 + -ATPase i s o l a t e d from both *i°C and 

25°C a c c l i m a t e d c r a y f i s h was more r a p i d a t t h e same t e m p e r a t u r e 

t h a n the L D , _ Q f o r h e a t d e a t h of the whole a n i m a l ( F i g u r e 8 - I 3 ) . 

However, one s h o u l d not n e c e s s a r i l y e x p e c t a p r e c i s e ' c o r r e l a t i o n 

between t h e s e p a r a m e t e r s , s i n c e t h e magnitude of t h e L D , _ Q depends 

upon the a r b i t r a r y c r i t e r i o n o f h e a t d e a t h . Thus Bowler (1963a) 

d e s c r i b e d d e a t h a s o c c u r r i n g when a l l movements of the a n i m a l had 

c e a s e d , whereas G l a d w e l l (1973) u s e d c e s s a t i o n of s c a p h o g n a t h i t e 

b e a t as h i s c r i t e r i o n of h e a t d e a t h . 
2+ 

The Ca - s t i m u l a t e d ATPase of c r a y f i s h FSR and t h e MgATPase of 

c r a y f i s h muscle microsomes ( G l a d w e l l , 1973; Bowler and Duncan, 

1967; Bowler, Duncan, G l a d w e l l and D a v i s o n , 1963) t h e r e f o r e conform 

to t h e c r i t e r i o n i m p l i e d by Read ( I 9 6 7 ) t h a t t h e r e may be some 

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

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

which both p r o c e s s e s f a i l c o i n c i d e c l o s e l y . 

However, i t i s c o n s i d e r e d u n l i k e l y on two co u n t s t h a t t h e 
2 + 

Ca - s t i m u l a t e d ATPase i s i n a c t i v a t e d i n v i v o d u r i n g h e a t d e a t h . 
2 + 

F i r s t l y , i t h a s been shown t h a t t h e Ca - s t i m u l a t e d ATPase 

a c t i v i t y of a microsomal p r e p a r a t i o n i s o l a t e d from t h e muscle of 

a h e a t dead c r a y f i s h appeared to. be f u l l y f u n c t i o n a l . S e c o n d l y , 

the p r e s e n c e of a h i g h i o n i c media i n v i t r o p r o t e c t e d t h e enzyme 

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

to d e c i d e upon the p h y s i o l o g i c a l s i g n i f i c a n c e of t h e i n a c t i v a t i o n 

phenomena s t u d i e d i n v i t r o . 
2+ 2 + The f a c t t h a t b o t h t h e Ca - s t i m u l a t e d ATPase and t h e Mg 

dependent ATPase and the ( N a + , K + ) ATPase of t h e l i g h t m u scle 

microsomes were i n a c t i v a t e d o ver t h e same t e m p e r a t u r e range 

(30-35°C, F i g u r e 8 - I 3 ) and w i t h a s i m i l a r a c t i v a t i o n e n e r g y 
( T a b l e 8 - 4 ) , s u g g e s t s t h a t t h e r e may be some common f a c t o r 
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i n v o l v e d i n the i n a c t i v a t i o n p r o c e s s . T h i s common f a c t o r may be 

t h e i r s o l v e n t environment, the h y d r o p h o b i c c o r e i f the membrane. 

I t i s s u g g e s t e d t h a t under c e r t a i n c o n d i t i o n s of low i o n i c s t r e n g t h 

and e l e v a t e d t e m p e r a t u r e , the m o l e c u l a r motion of the a l k y l c h a i n s 

of the membrane p h o s p h o l i p i d s becomes so g r e a t , t h a t membrane 

i n t e g r i t y i s d i s r u p t e d and t he c o n s t i t u e n t enzymes a r e exposed t o 

v a r i o u s s t r e s s e s , w h i c h may r e s u l t i n a r e o r g a n i s a t i o n of t h e i r 

f r a g i l e t h r e e - d i m e n s i o n a l c o n f i g u r a t i o n i n t o an i n a c t i v e form. 

The l i m i t e d t e m p e r a t u r e range o f t h i s phenomenon s u g g e s t s t h a t i t 

i s a c o - o p e r a t i v e e f f e c t ( M a h l e r and Corde s , 1971) , and may be 

ca u s e d e i t h e r by a d i r e c t e f f e c t of t h e m o l e c u l a r m o b i l i t y of t h e 

h y d r o c a r b o n environment upon enzyme s t r u c t u r e , or by t h e i n t r u s i o n 

t o v a r y i n g d e g r e e s of an aqueous media i n t o the h y d r o c a r b o n c o r e , 

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

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

T h i s h y p o t h e s i s would e x p l a i n the i n c r e a s e d c o n d u c t i v i t y of 

the sarcolemma a t h e a t d e a t h t e m p e r a t u r e s ( G l a d w e l l , 1973) and 
+ + 

the consequent l o s s o f K and g a i n of Na by c r a y f i s h m u scle d u r i n g 

h e a t d e a t h ( G l a d w e l l , 1973) s i n c e v a r i o u s s t u d i e s have d e m o n s t r a t e d 

t h a t the p e r m e a b i l i t y of model membrane s y s t e m s t o n o n - e l e c t r o l y t e s 

i n c r e a s e s m a r kedly a t e l e v a t e d t e m p e r a t u r e s ( s e e C h a p t e r 3 ) . 

G l a d w e l l (1973) h a s a l s o d e m o n s t r a t e d t h a t the i n c r e a s e i n membrane 

conductance, and d e c r e a s e i n the membrane r e s t i n g p o t e n t i a l , t h a t 

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

r e t u r n e d t o normal t e m p e r a t u r e s . 

A p r e d i c t i o n of t h i s h y p o t h e s i s i s t h a t i f enzyme i n a c t i v a t i o n 

i s a consequence o f the breakdown of membrane i n t e g r i t y , t h e n 

membranes from warm-adapted a n i m a l s w h i c h c o n t a i n a s m a l l e r 

p r o p o r t i o n of u n s a t u r a t e d f a t t y a c i d s (Chapter - 3) s h o u l d be more 

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

a c c l i m a t e d c r a y f i s h . T h i s phenomenon would be m a n i f e s t a s a 
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g r e a t e r r e s i s t a n c e of membrane-bound enzymes t o l e t h a l h e a t s t r e s s , 

The absence of any a c c l i m a t i o n e f f e c t upon t h e k i n e t i c s of t h e r m a l 
2+ 

i n a c t i v a t i o n of t h e Ca - s t i m u l a t e d ATPase of t h e c r a y f i s h FSR 
was d i s a p p o i n t i n g , and was i n c o n t r a s t t o t h e r e s u l t s o f G l a d w e l l 

(1973; s e e a l s o Bowler, Duncan, G l a d w e l l and D a v i s o n , 1973) 

2 + 
u s i n g t h e Mg ATPase of a c r a y f i s h m u scle microsomal p r e p a r a t i o n . 
I n t h i s c o n t e x t , i t i s i n t e r e s t i n g t o no t e t h a t Tume, Newbold and 

Horgan (1973) f a i l e d to o b s e r v e changes i n v a r i o u s ATPase and 
2 + 

Ca - s e q u e s t r a t i o n p r o p e r t i e s i n FSR p r e p a r a t i o n s from r a t s w h i c h 
had been f e d f a t - s u p p l e m e n t e d d i e t s , even though the f a t t y a c i d 

c o m p o s i t i o n of the s a r c o p l a s m i c r e t i c u l u m was mar k e d l y a f f e c t e d . 
2 + 

The Ca —ATPase of t h e s a r c o p l m a s i c r e t i c u l u m may, t h e r e f o r e , 

r e p r e s e n t an enzyme t h a t i s more i n d e p e n d e n t of i t s l i p i d e n v i r o n ­

ment t h a n o t h e r membrane-bound enzymes. As such i t r e m a i n s a 

major o b s t a c l e t o t h e h y p o t h e s i s . However, i t i s not c e r t a i n 

t h a t t h e f a t t y a c i d c o m p o s i t i o n of t h o s e p h o s p h o l i p i d s a s s o c i a t e d 
w i t h e i x h e r the s a r c o p l a s m i c r e t i c u l u m or more s p e c i f i c a l l y w i t h 

2 + 

the Ca - s t i m u l a t e d ATPase, i s m o d i f i e d by a c c l i m a t i o n t o a 

d i f f e r e n t e n v i r o n m e n t a l t e m p e r a t u r e , t o t h e same e x t e n t as t h e 

t o t a l l i p i d f r a c t i o n of c r a y f i s h m u s c l e . A l t e r n a t i v e l y , the 
2+ 

i n a c t i v a t i o n of the Ca - s t i m u l a t e d ATPase may n o t be i n f l u e n c e d 

by the n a t u r e o f i t s h y d r o p h o b i c e n v i r o n m e n t . As noted e a r l i e r , 

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

d i f f e r e n t to t h o s e b e l i e v e d to e x i s t i n v i v o . Study of t h e r m a l 

i n a c t i v a t i o n k i n e t i c s a t lOOmM KC1, a f t e r the a c t i v a t i o n phase 

may d e monstrate a c c l i m a t i o n - d e p e n d e n t d i f f e r e n c e s . 

The time c o u r s e of the t h e r m a l i n a c t i v a t i o n o f the microso m a l 
2 + 

Ca - s t i m u l a t e d ATPase was a d e q u a t e l y d e s c r i b e d a s a f i r s t - o r d e r 

p r o c e s s , where t h e r a t e of i n a c t i v a t i o n of t h e enzyme was d i r e c t l y 

p r o p o r t i o n a l to t h e c o n c e n t r a t i o n of a c t i v e enzyme. T h e r e was 

a p p a r e n t l y no d e v i a t i o n from f i r s t - o r d e r k i n e t i c s , even when t h e 
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p r o c e s s was n e a r to c o m p l e t i o n , s u g g e s t i n g t h a t t h e p r o c e s s was 

e s s e n t i a l l y i r r e v e r s i b l e and q u i t e d i s t i n c t from the more complex 

t h e r m a l i n a c t i v a t i o n c h a r a c t e r i s t i c s o f the (Na +-K +)-dependent 

ATPase and i t s s u b u n i t s from p i g b r a i n , a s d e s c r i b e d by A t k i n s o n , 

Gatenby and Lowe (.1971 ) • However, B r a n d t ( I 9 6 7 ) m a i n t a i n s t h a t 

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

s o l v e n t c o n d i t i o n s a r e c o r r e c t and c a r e f u l l y c o n t r o l l e d . F i r s t 

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

number of s o l u b l e enzymes, such a s t h e n i t r a t e r e d u c t a s e from a 

H a l o b a c t e r i u m s a l i n a r i u m (Marques and B r o d i e , 1973); A l k a l i n e 

p h o s p h a t a s e from r a t t i s s u e s ( K a d l e c o v a and Ste p a n , 1972); 

e r y t h r o c y t e a c e t y l c h o l i n e s t e r a s e (Coleman and E l e y , 1963); Horse 

l i v e r a l c o h o l dehydrogenase ( T h e o r e l l and Tatemoto, 1971) and 

Rat plasma, c o r t i c o s t e r o n e - b i n d i n g p r o t e i n (Hocman and A l e x a n d r o v a , 
2+ 

1972) , and membrane bound enzymes s u c h a s tne Mg -ATPase of 

c r a y f i s h sarcolemma ( G l a d w e l l , 1973) and the microso m a l ( N a + , K + ) -

ATPase of r a t b r a i n ( K i r s c h m a n n , L e v y and De V r i e s , 1973) • 

I n T a b l e 8-4 , the d e r i v e d thermodynamic parame t e r s A H * and 
2 + 

AS * f o r t h e i n a c t i v a t i o n o f the Ca - s t i m u l a t e d ATPase of c r a y f i s h 

FSR, and s e v e r a l o t h e r s o l u b l e and membrane-bound enzymes a r e 

compared, t o g e t h e r w i t h t h o s e p a r a m e t e r s f o r h e a t d e a t h of t h e 

whole a n i m a l . The e n t r o p y and e n t h a l p y changes d u r i n g t h e r m a l 

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

e x c e e d i n g l y l a r g e ( s e e E v a n s and Bowler, 19731 f o r AS* and A H * 

f o r h e a t d e a t h and a g e i n g i n a number of p o i k i l o t h e r m s ) ; the A H * 

and As* f o r most c h e m i c a l and e n z y m a t i c r e a t i o n s a r e 5-25 K c a l . 

Mole" ( 26 .6 -103 .1 KJ mole ) and +10 to -40 e n t r o p y u n i t s / m o l e , 

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

the degree of s t r u c t u r a l r e o r g a n i s a t i o n t h a t o c c u r s d u r i n g both 

enzyme i n a c t i v a t i o n and h e a t d e a t h . I t i s w o r t h n o t i n g t h a t 

As* and AH* may v a r y w i t h t e m p e r a t u r e . F o r example, T a n f o r d (1970) 

h a s shown t h a t AS* f o r the d e n a t u r a t i o n of r i b o n u c l e a s e a t pH 2 . 5 i 
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and 0°C i s 3 1 c a l . d e g ''".mole -}, a t 2 5 ° C i s 1 5 5 c a l . d e g "'".mole } and 

a t 5 0 ° C i s 3 4 0 c a l .deg-"'" . m o l e - } The r e l a t i v e l y low v a l u e of Ail" 

f o r the i n a c t i v a t i o n of t h e ( N a + , K + ) ATPase of c r a y f i s h sarcolemma 

( T a b l e 8-4) may be i n c r e a s e d a t h i g h e r t e m p e r a t u r e s i n c o n f o r m i t y 

w i t h the A H * v a l u e s of 1 0 0 - 3 0 0 K c a l . m o l e ( 4 l 8 . 7 - l 4 6 l . 0 KJ mole""}) 

t h a t i s c h a r a c t e r i s t i c of i n a c t i v a t i o n of many o t h e r p r o t e i n s . 

A H * and As* f or t h e i n a c t i v a t i o n of t h e Ca - s t i m u l a t e d 

ATPase were somewhat l o w e r t h a n t h e c o r r e s p o n d i n g v a l u e s f o r h e a t 

d e a t h of the whole c r a y f i s h ( T a b l e 8 - 4 ) . I t i s e v i d e n t from t h i s 
2 + 

c o m p a r i s o n t h a t the i n a c t i v a t i o n of the Ca - s t i m u l a t e d ATPase 

r e q u i r e s l e s s t h e r m a l e n e r g y and undergoes a s m a l l e r e n t r o p y 

change t h a n does the p r o c e s s of h e a t d e a t h . I n d e e d , one might 

e x p e c t t h e s e p a r a m e t e r s f o r the l a t t e r phenomenon to be the sum 

of s e v e r a l complex e v e n t s , each h a v i n g a p a r t i c u l a r e n t h a l p y 

r e q u i r e m e n t . I t i s i n t e r e s t i n g t h a t t h e s e thermodynamic 
2 + 

q u a n t i t i e s f o r i n a c t i v a t i o n of t h e Ca - s t i m u l a t e d ATPase and 

p y r u v a t e k i n a s e f a l l on t h e 'compensation' l i n e of Rosenberg, 

Kemeny, S w i t z e r and H a m i l t o n ( 1 9 7 1 ) . However, the i n t e r p r e t a t i o n 

of t h i s phenomenqn i s c o n t r o v e r s i a l ( B a n k s , D a n j a n o v i c and V e r n o r , 

1 9 7 2 ; E v a n s and Bowler, 1 9 7 3 ) . 

The p r o t e c t i o n of enzymes and p r o t e i n s from t h e r m a l i n a c t i v a ­

t i o n by s a l t s i s a w e l l known phenomenon (Marquez and B r o d i e , 1 9 7 3 ; 

Kirschmann, L e v y and De V r i e s , 1 9 7 3 ; Coleman and E l e y , 1 9 6 3 ) . 

S o l a r o , G e r t z and B r i g g s ( 1 9 7 2 ) have r e p o r t e d t h a t s u c r o s e c o u l d 
2 + 

p r o t e c t the Ca -uptake a c t i v i t y of c a n i n e s k e l e t a l muscle FSR 

from the i n h i b i t i n g e f f e c t s of exposure to 3 7 ° C . 

The i n c r e a s e i n enzyme a c t i v i t y by exp o s u r e to e l e v a t e d 

t e m p e r a t u r e s has a l s o been o b s e r v e d by G l a d w e l l ( 1 9 7 3 ) . i n the 

(Na , K ) ATPase of c r a y f i s h m uscle i n the p r e s e n c e of NaCl, KC1 

and MgClg, and by Bowler and Duncan ( 1 9 7 3 ) i n t h e same p r e p a r a t i o n . 
V i a n n a , B h a t n a g a r and G e r g e l y ( 1 9 7 1 ) have d e s c r i b e d an i n c r e a s e d 

2 + 

Ca -ATPase a c t i v i t y of a r a b b i t FSR p r e p a r a t i o n p r e i n c u b a t e d a t 
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room t e m p e r a t u r e i n the p r e s c e n c e of v a r i o u s a n i o n s and H a r t s h o r n e , 

B a r n s , P a r k e r and Fuchs ( 1 9 7 2 ) have shown t h a t p r e i n c u b a t i o n of 

a c t o m y o s i n p r e p a r a t i o n s t o t e m p e r a t u r e s between 'i'i°C and 5 4 ° C 

r e s u l t e d i n an enhanced ATPase a c t i v i t y , both i n the p r e s e n c e of 

c a l c i u m and magnesium, and i n the p r e s e n c e o f magnesium a l o n e . 

T h e r e i s a s i m i l a r i n c r e a s e i n the ATPase a c t i v i t y of b e e f h e a r t 

m i t c h o n d r i a d u r i n g p r e i n c u b a t i o n a t 3 0°C, but a marked i n a c t i v a t i o n 

a t 0°C ( P u l l m a n , P e n e f s k y , D i a t t a and R a c k e r , I 9 6 O ; see a l s o 

A i t h a l , K a l r a and B r o d i e , 1 9 7 * 0 . On the o t h e r hand, the p r e s e n c e 
2 + 2 + 

of Ca or Mg has been shown t o i n c r e a s e the t h e r m a l s e n s i t i v i t y 
2 + 2 + 

of mammalian e r y t h r o c y t e Ca -Mg -ATPase (Bond, 1 9 7 2 ) . 

I t s h o u l d be remembered t h a t the p r o t e c t i o n and a c t i v a t i o n 

p r o c e s s e s may be p h e n o m e n o l o g i c a l l y d i s t i n c t p r o c e s s e s , s i n c e t h e y 

can o c c u r e i t h e r s e q u e n t i a l l y i n t h e same p r e p a r a t i o n ( i . e . , 

a c t i v a t i o n f o l l o w e d by i n h i b i t i o n ) o r s e p a r a t e l y ( i . e . , i n a c t i v a ­

t i o n w i t h no a c t i v a t i o n p h a s e ) . C h a r a c t e r i s t i c a l l y , t h e s e 

p r o c e s s e s r e q u i r e h i g h c o n c e n t r a t i o n s of KC1 and exposure t o 
e l e v a t e d t e m p e r a t u r e s f o r a p e r i o d of t i m e . A c t i v a t i o n o f the 

2 + 

Ca - s t i m u l a t e d ATPase appeared to be a s s o c i a t e d w i t h a change 

i n t h e shape of the enzyme c o n c e n t r a t i o n / a c t i v i t y c u r v e . I n t h e 

i n a c t i v a t e d s t a t e the l i n e i s c u r v i n g upwards, w h e r e a s a f t e r 

a c t i v a t i o n enzyme a c t i v i t y i s d i r e c t l y p r o p o r t i o n a l t o i t s concen­

t r a t i o n . I t may be t h a t t r e a t m e n t a t h i g h t e m p e r a t u r e w i t h e x c e s s 

KC1 c a u s e s maximal a c t i v a t i o n by some a c t i v a t o r . Bond and Clough 
( 1 9 7 3 ) have d e m o n s t r a t e d s u c h a s o l u b l e p r o t e i n a c t i v a t o r i n the 

2 + 2 + 

(Mg , Ca ) dependent ATPase of human e r y t h r o c y t e membranes. 

C e r t a i n s o l u b l e enzymes a r e c o n v e r t e d from a c o m p l e t e l y 

i n a c t i v e form i n t o an a c t i v e form by h e a t i n g a t 6 0 - 1 0 0 ° C , or by 

t r e a t m e n t w i t h u r e a , a c e t o n e o r d e t e r g e n t s ( S w a r t z , K a p l a n and 

F r e n c h 1 9 5 8 ) . I n t h e s e c a s e s a c t i v a t i o n a p p e a r s to be r e l a t e d 

to t h e i n a c t i v a t i o n of a n a t u r a l l y o c c u r r i n g i n h i b i t o r of t h e 

enzyme. A n e c e s s a r y c o r r o l l a r y o f t h i s phenomenon i s t h a t the 
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enzyme be h e a t - s t a b l e . Such a s i t u a t i o n i s u n l i k e l y to e x p l a i n 

2 + 

the a c t i v a t i o n of t h e Ca - s t i m u l a t e d ATPase of c r a y f i s h FSR 

i n v i e w of the low t h e r m a l r e s i s t a n c e of t h e enzyme and the 

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

The mechanism of t h e s e e f f e c t s i s unknown. I t may r e p r e s e n t 

a d i r e c t e f f e c t e i t h e r on the enzyme or the membrane p h o s p h o l i p i d s , 

or on the i n t e r a c t i o n s between t h e s e two p r o c e s s e s . Marquez and 

B r o d i e (1973) have s u g g e s t e d t h a t p r o t e c t i o n of enzymes from 

h a l o p h i l i c b a c t e r i a by h i g h c o n c e n t r a t i o n s of s a l t , i s due to 

the ' s h i e l d i n g ' of n e g a t i v e e l e c t r i c a l c h a r g e s on the enzyme, or 

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

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

c o n f i g u r a t i o n . B r a n d t (19^7) h a s emphasised t h a t the c o n f i g u r a ­

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

He d e s c r i b e d the t y p e s of f o r c e s i n v o l v e d i n the f o r m a t i o n of 

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

environment has i m p o r t a n t e f f e c t s b o t h on the i n t r a m o l e c u l a r 

f o r c e s and t h e enzyme s t r u c t u r e . 

On t h e o t h e r hand, i n o r g a n i c i o n s do have marked e f f e c t s 

upon the p h y s i c a l s t a t e of membrane l i p i d s . C a l c i u m ( f o r example) 

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

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

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

the a i r - w a t e r i n t e r f a c e ( P a p a h a d j o p o u l o s , I 9 6 8 ) . O h n i s h i and I t o 

(lQ73i 197^/ have shown t h a t c a l c i u m c a n i n d u c e phase s e p a r a t i o n 

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

s e r i n e . T h i s r e s u l t s i n a r e d u c t i o n i n the l a t e r a l d i f f u s i o n of 

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

c h a i n s (Chapman, U r b i n a and Keogh, 197 zO, both of w h i c h r e s u l t i n 

a d i m i n u t i o n of the k i n e t i c s t r e s s upon the p r o t e i n m o l e c u l e . 

P o t a s s i u m has not been d e m o n s t r a t e d t o p o s s e s s t h e s e e x t e n s i v e 

membrane-active p r o p e r t i e s , a l t h o u g h t h e y may r e d u c e the r e p u l s i v e 
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f o r c e s between a d j a c e n t p h o s p h o l i p i d s by s a l t f o r m a t i o n w i t h t h e i r 

phosphate m o e i t y . The a d s o r p t i o n of c o u n t e r i o n onto the 

membranes h a s an enormous i n f l u e n c e on t h e ' z e t a ' p o t e n t i a l of the 

membrane ( i . e . , t h e e l e c t r i c a l p o t e n t i a l a t the p l a n e of s h e a r , 

see Dawson, 1968). O f t e n u n i v a l e n t c o u n t e r i o n s can, i f p r e s e n t 

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

to n e g l i g i b l e p r o p o r t i o n s . T h i s e f f e c t w i l l have g r e a t e f f e c t s 

upon the s t a t e of bound wat e r , and the p e r m e a b i l i t y c h a r a c t e r i s t i c s 

of the membrane, as w e l l as upon t h e s t a t e of the h y d r o c a r b o n c o r e 

i t s e i f . 



2 + T a b l e 8 - l a : The E s t i m a t e d L D ^ Q
 f ° r c » - s t i m u l a t e d 

ATPase A c t i v i t y a t D i f f e r e n t P r e i n c u b a t i o n 

T e m p e r a t u r e s f o r Microsomal P r e p a r a t i o n s 

i s o l a t e d from k°C and 25°C a c c l i m a t e d 

c r a y f i s h 

Methods: V a l u e s f o r L D ^ Q a t 31, 32, 33 and 

34°C were e s t i m a t e d g r a p h i c a l l y 

from the l o g L D ^ / t e m p e r a t u r e p l o t 

f o r e a ch p r e p a r a t i o n . 

T a b l e 8 - l b : The Average LD__. a t d i f f e r e n t P r e i n c u b a t i o n 

T e m p e r a t u r e s f o r the Th e r m a l I n a c t i v a t i o n 
2+ 

o f the Microsomal Ca - s t i m u l a t e d ATPase 
from 4°C a c c l i m a t e d and 25°C a c c l i m a t e d 

i 
c r a y f i s h 

Methods: F o r d e t a i l s , s ee F i g u r e 8-11 



Table 8 - l a 

P r e i n c u b a t i o n Temperature 
Acclima t i o n 
Temperature 

P r e p a r a t i o n 
Number 

o C Acclima t i o n 
Temperature 

P r e p a r a t i o n 
Number 

31 32 33 34 

1 14.1 8 .2 4 .6 2 .7 

2 9 .8 6.8 4 .7 3-2 
4 

3 16 .0 8 .4 4 .5 2.4 

4 14 . 9 8 .7 5.1 3.0 

1 11 .8 7 .2 4.4 2 .70 

2 12.7 8 .4 5.5 3-6 

25 3 19 .2 11.5 6.8 4 .0 

4 29-0 15-9 8 .6 4 .7 

5 67 .0 29-5 13.2 5.8 

Table 8-lb 

P r e i n c u ­
bation 
Temp. 

4°C Acclimated 
C r a y f i s h 

Mean LD ^ SEM 
(n = 4) 

25°C Acclimated 
C r a y f i s h 

Mean ^ ^ Q - SEM 
(n = 5) 

t p S i g n i f i ­
cance 

31 13.70 - 1.36 27.94 - 10.24 1.38 0 . 2 - 0 . 4 N. S. 

32 8 .03 - 0.42 14.50 i 4.04 1.656 0 . 2 - 0 . 1 N. S. 

33 4 .73 - 0 .13 7 .70 i .1.54 1.916 0 . 0 5 - 0 . 1 N.S. 

34 2.82 - 0 .18 4.16 i 0 .52 2.427 0 . 0 2 - 0 . 0 5 S. 



T a b l e 8-2: The R e g r e s s i o n D a t a f o r A r r h e n i u s p l o t s 
2+ 

of Thermal I n a c t i v a t i o n of t he Ca 

ATPase and t h e A c t i v a t i o n E n e r g y of t h i s 

p r o c e s s i n Microsomal P r e p a r a t i o n s 

i s o l a t e d from k°C and 25°C a c c l i m a t e d 

c r a y f i s h 

Methods: See ' M a t e r i a l s and Methods' 
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T a b l e 8-3; The E f f e c t of T r e a t m e n t of t h e whole a n i m a l 

a t L e t h a l T e m p e r a t u r e s upon t h e a c t i v i t y of 
2 + 

m i c r o s o m a l Ca - s t i m u l a t e d ATPase s u b s e q u e n t l y 

e x t r a c t e d 

T r e a t m e n t 
15°C f o r 

10 m i n u t e s 

A ' 

35°C f o r 
10 m i n u t e s 

B 

55°C f o r 
10 minutes 

C 

* 
2 + 

Ca - s t i m u l a t e d 
ATPase A c t i v i t y 

0.727 0 . 7 ^ 0 

* 
2 + 

Mg -dependent 
ATPase A c t i v i t y 

0.083 0.051 0 

P r o t e i n c o n t e n t 
of s u s p e n s i o n • 

ug/ml 
157.5 151.2 66.5 

* uM P i l i b e r a t e d , mg p r o t e i n . minute 

1 



T a b l e 8-4: The v a l u e s of As* and AH* f o r the i n a c t i v a t i o n 

of s e v e r a l membrane-bound enzymes and s o l u b l e 

enzymes and the p r o c e s s of h e a t d e a t h i n the 

f r e s h w a t e r c r a y f i s h 

Enzyme AH* A s * R e f e r e n c e 

R i b o n u c l e a s e 
C h ymotrypsinogen 
Myoglobin 

57 
' 39 
42 

185 
105 

95 

Mahler and 
C o r d e s , 1971 

C r a y f i s h FSR 
C a 2 + ATPase • 

98.1 245.4 P r e s e n t work 

C r a y f i s h 
P y r u v a t e K i n a s e 

71.4 141.4 C o s s i n s 
( u n p u b l i s h e d ) 

C r a y f i s h sarcolemma 
Mg 2 + ATPase 

103-114 — G l a d w e l l 1973, 

Bowler and 
Duncan 1967 

C r a y f i s h sarcolemma 
( N a + , K + ) ATPase 

40-48 — G l a d w e l l 1973, 

Bowler and 
Duncan 1967 

C r a y f i s h , h e a t 
d e a t h 

137.0 377.0 Evans and 
Bowler, 1973 

I 

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

c r a y f i s h . 

d a t a n o t a v a i l a b l e . 



Figure 8-1: The e f f e c t of d i f f e r e n t i o n i c media upon the 

thermal i n a c t i v a t i o n c h a r a c t e r i s t i c s of the 

microsomal Ca 2 +-ATPase 

Methods: a, b - A microsomal preparation was 

resuspended i n v a r i o u s i o n i c media and a l i q u o t s 

of each were preincubated a t 35°C. The a c t i v i t y 

remaining was assayed a t 25°C. Values are 

expressed as a % of the a c t i v i t y of an untreated 

a l i q u o t and p l o t t e d i n l i n e a r ( a ) and semi-log 

form ( b ) . 

c, d - A separate microsomal preparation 

resuspended i n 0.5 mM C a C l 2 > 0.5 mM EGTA i n 

10 mM Imidazole-HCl pH 7.1, and t r e a t e d as 

above. Values were p l o t t e d i n l i n e a r ( c ) and 

semi-log (b) form. 

Legend: A b s c i s s a : Period of Preincubation 

at 35°C (minutes). 

Ordinate: % R e s i d u a l A c t i v i t y . 

© N e u t r a l i s e d Deionised 

water 

A 10 mM Hepes-KOH, pH 7.1 
A 10 mM Imidazole-HCl, pH 7.1 

O 100 mM KC1, 10 mM Imidazole pH 7.1 

q Assay Medium 

• 0.5 mM C a C l 2 , 0.5 mM EGTA, 

10 mM Imidazole-HCl pH 7.1 
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Figure 8-2: The e f f e c t of d i f f e r e n t KC1 concentrations 

upon the thermal i n a c t i v a t i o n c h a r a c t e r i s t i c s 

of the microsomal Ca 2 +-ATPase 

Methods: A microsomal preparation was 

resuspended i n d i f f e r e n t KCl c o n c e n t r a t i o n s , 

and the thermal i n a c t i v a t i o n k i n e t i c s at 

32°C determined as described i n the 'Methods'. 

Values were p l o t t e d i n l i n e a r ( a ) and semi-log 

forms ( b ) . 

Legend: Ordinate: % R e s i d u a l A c t i v i t y 

A b s c i s s a : Preincubation Time a t 

32°C (minutes) 

• 100 mM KCl, 10 mM Imidazole-

HC1 pH 7.1 

• 10 mM KCl, 10 mM Imidazole-

HC1 pH 7.1 
A 1.0 mM KCl, 10 mM Imidazole-

HC1 pH 7.1 

A 0.1 mM KCl, 10 mM Imidazole-

HC1 pH 7.1 



CXI 

L U 
2 

! — O M i l l I I I I I I I I I 
o 

i f ) CNJ 

L U 

s— 
« 

] 

O 
CNI CD CNJ 0 0 

A1IAI10V IVNIOIdO % 



Figure 8-3: .The e f f e c t of preincubation a t high temperature 

i n the presence of 100 mM KC1 

Methods: a ) A microsomal preparation was 

resuspended i n 100 mM KC1, 10 mM Imidazole-HCl, 

pH 7.1 and preincubated a t 31-34°C f o r varying 

periods of time. R e s i d u a l a c t i v i t y was assayed 

a t 250C. 

b) A separate a l i q u o t was c e n t r i f u g e d at 35,000 g 

for 60 minutes, and the pe l l e t , was resuspended 

i n 10 mM Hepes-KOH, pH 7.1. The thermal 

i n a c t i v a t i o n of t h i s p r e p a ration was t e s t e d 

at 32°C. 

Legend: Ordinate: % R e s i d u a l A c t i v i t y 

A b s c i s s a : Preincubation Time (minutes) 

• Preincubation Temperature - 31.5°C 

O 32.5°C 

A 34°C 

• Resuspended preparation, 

preincubated a t 32°C. 

i 
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Figure 8-4: S t a b i l i t y of Ca^ +-ATPase a t 0, 15 and 25°C 

Methods: Microsomal preparations from 4°C 

(a) and (b) 25°C acclimated c r a y f i s h were 

st o r e d a t 0, 15 or 25°C. At va r i o u s periods 

of times, 0.5 ml a l i q u o t s were removed and 

immediately assayed a t 25°C f o r r e s i d u a l 

a c t i v i t y . 

Legend: Ordinate: % R e s i d u a l A c t i v i t y 

A b s c i s s a : Storage Time (minutes) 

P r e p a r a t i o n from 4°C acclimated c r a y f i s h : 

Storage Temperature 0°C © 

15°C • 

25°C ° 

Pre p a r a t i o n from 25°C acclimated c r a y f i s h 

Storage Temperature 0°C © 

15°C • 

25°C n 
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Figure 8-5: E f f e c t of d i f f e r e n t KC1 media upon the s t a b i l i t y 

of the microsomal Ca 2 +-ATPase at 0°C 

Method: A microsomal preparation was resuspended 

i n media of d i f f e r e n t KC1 concentration, but a l l 

containing 10 mM Imidazole-HCl, pH 7.1. The 

e f f e c t of storage a t 0°C f o r 1 hour was determined 

as described f o r F i g u r e 8-4. 

Legend: Ordinate: % R e s i d u a l A c t i v i t y 

A b s c i s s a : Preincubation Time at 0<>C (minutes) 

• 10 mM KC1 

A 5 mM KC1 

A 1 mM KC1 

• 0.1 mM KC1 

O 0 mM KC1 
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Figure 8-6: The e f f e c t of enzyme concentration upon Ca^5 -ATPase 

a c t i v i t y f o r normal and heat t r e a t e d preparations 

Methods: ( a ) Microsomal preparations were 

d i l u t e d two-fold, t h r e e - f o l d and f o u r - f o l d 

and the enzyme a c t i v i t y of each d i l u a n t 

determined a t 25°C ( b ) . A separate preparation 

was t r e a t e d a t 32°C f o r 20 minutes before 

d i l u t i o n and assay a t 25°C. 

Legend: Ordinate: % A c t i v i t y of O r i g i n a l 

P r e p a r a t i o n 

A b s c i s s a : R e l a t i v e P r o t e i n 

Concentration 

Microsomes i n 100 mM KCl 

Microsomes i n 10 mM KCl 

Microsomes i n 100 mM KCl but 

heat t r e a t e d p r i o r to assay 

Cb). 
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F i g u r e 8-7: E f f e c t of storage at 0°C upon the Ca~ +-ATPase 

a c t i v i t y of a microsomal pr e p a r a t i o n that had 

been p a r t i a l l y i n a c t i v a t e d by high temperature 

Method: A microsomal preparation was t r e a t e d 

a t 33°C f o r 5 minutes and t r a n s f e r r e d to i c e . 

At v a r i o u s i n t e r v a l s a l i q u o t s of the microsomal 
2-4-

preparation were assayed f o r Ca* -ATPase 

a c t i v i t y at 25°C. Values were c a l c u l a t e d as 

% en yme a c t i v i t y p r i o r to heat treatment 

Legend: Ordinate: 

A b s c i s s a : 

% O r i g i n a l A c t i v i t y 

Storage Time at 0°C 
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Figure 8-8: E f f e c t of d i l u t i o n upon the thermal i n a c t i v a t i o n 

c h a r a c t e r i s t i c s of Ca 2 +-ATPase a c t i v i t y 

Methods: Each preparation was d i l u t e d two-fold 

and f o u r - f o l d . The thermal i n a c t i v a t i o n 

c h a r a c t e r i s t i c s of each d i l u a n t was determined 

a t 32°C (a) and 33°C (b) i n the normal manner. 

Legend: Ordinate: % R e s i d u a l A c t i v i t y 

A b s c i s s a : Preincubation Time a t 

32°C (minutes) 
m N Concentration 

N 

• 2" Concentration 

N 
A .̂ Concentration 

Open symbols r e f e r to the preparation 

t r e a t e d a t 32°C and cl o s e d symbols to 

the preparation t r e a t e d a t 33°C 
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Figure 8-9: E f f e c t of d i f f e r e n t c oncentrations of bovine 

serum albumin upon the thermal i n a c t i v a t i o n 

of the C a 2 + - s t i m u l a t e d ATPase 

Methods: A microsomal preparation was 

resuspended i n media containing 100, 50, 10 

or 0 mg BSA/ml i n 5 mM KC1, 10 mM Imidazole-HCl 

pH 7.1. The thermal i n a c t i v a t i o n c h a r a c t e r i s t i c s 

of each suspension was t e s t e d at 32°C i n the 

normal manner. 

Legend: Ordinate: % R e s i d u a l A c t i v i t y 

A b s c i s s a : Preincubation Time a t 

32<>C (minutes) 
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Figure 8-10: T y p i c a l i n a c t i v a t i o n curves f o r a microsomal 

Ca 2 +-ATPase pr e p a r a t i o n a t 31.5-34°c 

Methods: A microsomal preparation resuspended 

i n 5 mM KC1, 10 mM Imidazole-HCl, pH 7.1, was 

t r e a t e d a t 31.5, 32, 32.5, 33 and 34°C f o r 

var y i n g periods of time. R e s i d u a l a c t i v i t y 

was assayed a t 25°C. Values were p l o t t e d 

semi-log form ( a ) and the log LD50 f o r each 

preincubation temperature was plo t t e d a g a i n s t 

temperature. 

Legend: Ordinate: % R e s i d u a l A c t i v i t y 

A b s c i s s a : P r e i n c u b a t i o n Time (minutes) 

• 31.5°C Preincubation Temperature 

A 32.0°C 

A 32.5°C 

O 33.0°C 
a 34.0°C 
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Figure 8-11: Averaged LDsp/Temperature p l o t s of r a t e of 

thermal i n a c t i v a t i o n a t each preincubation 

temperature, f o r microsomal Ca 2 +-ATPase 

preparations i s o l a t e d from 4°C and 25°C 

acclimated c r a y f i s h 

Methods: LDso/Temperature p l o t s f o r each 

microsomal pr e p a r a t i o n were prepared as 

i l l u s t r a t e d i n F i g u r e 8-10 ( b ) , and the 

values f o r L D 5 0 a t 31, 32, 33 and 34°C were 

determined from the best f i t l i n e . These 

va l u e s were averaged f o r preparations from 

4°C acclimated c r a y f i s h and from 25°C 

acclimated c r a y f i s h (see Table 8-1) and 

pl o t t e d as the mean t SEM. 

Legend: Ordinate: LD^Q (minutes) 

A b s c i s s a : Preincubation Temperature (0°C) 

Values p l o t t e d are mean ± SEM 
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Figure 8-12: E f f e c t of preincubation a t 31-33.5°C upon 

the Mg2 +-dependent ATPase a c t i v i t y of a 

heavy microsomal p r e p a r a t i o n from c r a y f i s h 

muscle 

Methods: A microsomal preparation was 

preincubated a t 31, 32, 32.5 and 33.5°C f o r 

var y i n g periods of time. The r e s i d u a l 

Mg 2 +-dependent ATPase a c t i v i t y was determined 

at 25°C and c a l c u l a t e d as a % of the a c t i v i t y 

of an untreated preparation (% Re s i d u a l 

A c t i v i t y ) . 

Legend: Ordinate: % R e s i d u a l A c t i v i t y 

A b s c i s s a : P r e i n c u b a t i o n Time (minutes) 

31.0°C Prei n c u b a t i o n Temperature 

32.0°C 

32.5°C 

33.5°C 
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Figure 8-13: Comparison of the temperatures of i n a c t i v a t i o n 

of the C a 2 + - s t i m u l a t e d ATPase of the CSR, and 

pyruvate kinase, with the process of heat 

death i n the freshwater c r a y f i s h 

Data f o r the C a 2 + - s t i m u l a t e d ATPase are from 

Table 8-1. Data f o r pyruvate are unpublished 

observations of C o s s i n s . Data f o r heat death 

are from Bowler, Duncan and Gladwell (1973). 
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Chapter 9 

THE ROLE OF MEMBRANES IN PHYSIOLOGICAL COMPENSATION 

GENERAL DISCUSSION 
Heat death i n A r i a n t a (Grainger, 1969) and i n Austropotamobius 

(Bowler, 1963a; Gladwell, 1973) i n v o l v e s the exchange of large 
+ + 

amounts of Na and K between the i n t r a c e l l u l a r and e x t r a c e l l u l a r 
(haemolymph) compartments'of the animal. Bowler and Duncan 
(1967) suggested t h a t since these i o n i c movements i n Austropotamo-
bius were l a r g e , a b u l k t i s s u e such as muscle was in v o l v e d . 
Indeed, Gladwell (1973) has estimated t h a t s k e l e t a l muscle may 
comprise approximately 50% of the wet weight of a c r a y f i s h , and + + has provided evidence t h a t K i s l o s t from and Na i s gained by 
the muscle dur i n g exposure t o l e t h a l temperatures. f u r t h e r 
e l e c t r o p h y s i o l o g i c a l studies on the sarcolemma of c r a y f i s h s k e l e t a l 
muscle have shown t h a t exposure t o high temperature i n v i t r o , 
caused a progressive increase i n the conductance (and p e r m e a b i l i t y 
of the sarcolemma, f o l l o w e d by d e p o l a r i s a t i o n of the muscle 
f i b r e s . I n a d d i t i o n , muscle f i b r e s from warm-acclimated c r a y f i s h 
were more r e s i s t a n t to high temperatures than muscle f i b r e s from 
cold—acclimated c r a y f i s h . 

Bowler, Duncan, Gladwell and Davison (1973) have suggested 
t h a t l e t h a l high temperatures i n the freshwater c r a y f i s h cause a 
breakdown i n the passive p e r m e a b i l i t y b a r r i e r s of the muscle 
membrane, and t h a t t h i s i s the i n i t i a l f a c t o r i n the sequence of 
events t h a t lead to heat death. (This sequence of events i s 
discussed i n d e t a i l by Gladwell (1973)1 and f u r t h e r evidence f o r 
the important r o l e of the breakdown i n p e r m e a b i l i t y b a r r i e r s of 
membranes i n c e l l u l a r heat i n j u r y i s discussed i n Chapter 1.) 
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The work presented i n the present t h e s i s has been concerned 

mainly w i t h the d e t a i l e d examination of the biochemical composition 
and f u n c t i o n a l p r o p e r t i e s of c r a y f i s h muscle membranes. The aims 
of t h i s study have been f i r s t l y t o i d e n t i f y the f a c t o r ( s ) 
responsible at the s u b c e l l u l a r and molecular l e v e l f o r the 
important breakdown i n the p e r m e a b i l i t y b a r r i e r s of the sarcolemma, 
and secondly to discover how these f a c t o r ( s ) are modified by thermal 
a c c l i m a t i o n t o produce the phenomenon of re s i s t a n c e compensation 
f i r s t observed i n Austropotamobius p a l l i p e s by Bowler (1963a), and 
l a t e r by Gladwell (1973). • 

Any p o t e n t i a l hypothesis f o r c e l l u l a r heat i n j u r y must 
account f o r several c h a r a c t e r i s t i c f e a t u r e s of the heat death 
process (Bowler, Duncan, Gladwell and Davison, 1973)« F i r s t l y , 
the event occurs r a p i d l y over a l i m i t e d temperature range 
(30 -35°C), and hence has a high temperature c o e f f i c i e n t . 
Secondly, the k i n e t i c s of heat death and the temperature range 
over which i t occurs are s h i f t e d by thermal a c c l i m a t i o n i n a 
compensatory manner. 

I n the f o l l o w i n g d i scussion, an attempt w i l l be made to 
analyse the various mechanisms t h a t may c o n t r i b u t e to the observed 
breakdown i n membrane p e r m e a b i l i t y b a r r i e r s and t o discuss the 
evidence f o r and against them. I t i s c l e a r t h a t t h i s must be 
done c a u t i o u s l y i n view of the many u n c e r t a i n t i e s associated w i t h 
our knowledge of c e l l u l a r and s u b c e l l u l a r u l t r a s t r u c t u r e , and the 
e f f e c t s of l e t h a l temperatures upon them. Suggestions f o r f u t u r e 
enquiry w i l l also be made at r e l e v a n t p o i n t s . 

According t o most recent t h e o r i e s , the major c o n s t i t u e n t s of 
c e l l u l a r membranes are l i p i d s and p r o t e i n s , although the arrange­
ment of these components i s c u r r e n t l y the subject of much 
discussion (Hendler, 1971; Singer and Nicolson, 1972; Singer, 
1 9 7 z i ) . Davson and D a n i e l l i (19^3) i n i t i a l l y suggested t h a t 
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c e l l u l a r membranes are composed of a l i p i d b i l a y e r w i t h p r o t e i n 
adsorbed onto both surfaces and t h a t t h i s s t r u c t u r e i s the major 
b a r r i e r t o the f r e e d i f f u s i o n of s o l u t e s . Indeed, most recent 
concepts of membrane u l t r a s t r u c t u r e (Hendler, 1971; Singer and 
Nicolson, 1972) also ascribe a major s t r u c t u r a l r o l e t o the 
phospholipid b i l a y e r , although p r o t e i n s , both enzymatic and 
otherwise, are i n c a l a t e d w i t h i n t h i s b i l a y e r t o an important 
extent. 

Supporting evidence f o r the important r o l e of phospholipids 
i n the f u n c t i o n a l c h a r a c t e r i s t i c s of n a t u r a l membranes has been 
obtained w i t h the use of p r o t e i n - f r e e , model membrane systems. 
For example, liposome systems have been shown t o mimic s u c c e s s f u l l y 
the i n v i v o p e r m e a b i l i t y p r o p e r t i e s of c e r t a i n micro-organisms 
(see Van Deenen, 1972; also I n t r o d u c t i o n t o Chapters 2 and 3 ) • 
Also i n d i c a t i v e of the v i t a l f u n c t i o n a l importance of phospholipids 
i s the e f f e c t of l i p i d composition upon the r e g u l a t i o n of membrane-
bound enzyme a c t i v i t y , the l a t e r a l motion of membrane c o n s t i t u e n t s , 
and osmotic s t a b i l i t y of c e l l s . (See Chapter "}.) 

I t has been suggested by Trauble (1971) t h a t uncharged 
molecules pass through the l i p i d b i l a y e r by f i r s t d i s s o l v i n g 
i n the l i p i d p r o t e i n and then d i f f u s i n g across by f o l l o w i n g the 
f l u c t u a t i o n s ( k i n k s ) i n molecular packing. Papahadjopoulos, N i r 
and Ohki (1972) l a t e r suggested t h a t a s i m i l a r mechanism may 
account f o r the permeation of charged species, although the 
displacement from a medium of high d i e l e t r i c constant t o one of 
low d i e l e c t r i c constant i s thermodynamically unfavourable f o r 
charged species i n general. 

Such d i f f u s i o n would, t h e r e f o r e , depend upon the occurrence 
of s t a t i s t i c a l l y i n f r e q u e n t 'pores'. Such pores may be the 
r e s u l t of f l u c t u a t i o n s i n the close, molecular packing arrangements 
of the hydrocarbon chains of the p o l a r l i p i d s which may be caused 
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by t h e i r i n h e r e n t m o l e c u l a r m o b i l i t y , t h e f a s t , l a t e r a l movement 

of p h o s p h o l i p i d m o l e c u l e s a l o n g t h e s u r f a c e of the membrane, and 

a s l o w ' f l i p - f l o p ' r e o r i e n t a t i o n between the two s i d e s of the 

b i l a y e r ( H u b b e l l and M c Connell, 1 9 7 1 ; Kornberg and M c Connell, 

1 9 7 1) • These e f f e c t s would become more i n t e n s e w i t h i n c r e a s e d 

t e m p e r a t u r e , due not o n l y t o t h e i n c r e a s e d m o l e c u l a r m o b i l i t y of 

the h y d r o c a r b o n c h a i n s , but a l s o by a r e d u c t i o n i n the London-

Van d e r Waals i n t e r a c t i o n s between them. The n e t r e s u l t i s a l o s s 

of the c o - o p e r a t i v e r e s t r a i n i n g i n f l u e n c e s t h a t promote membrane 

i n t e g r i t y , and an i n c r e a s e i n p e r m e a t i o n a c r o s s t h e membrane. 

W h i l s t t h i s p r o c e s s as o u t l i n e d i s n o t p r e c i s e l y the same as 

t h a t p r o p o s e d i n the ' l i p i d l i b e r a t i o n t h e o r y ' , i t h a s the same 

end r e s u l t , namely, a breakdown i n the s t r u c t u r a l i n t e g r i t y and 

f u n c t i o n a l p r o p e r t i e s of a c e l l , and an i n t e r r u p t i o n of the normal 

p h y s i o l o g i c a l and m e t a b o l i c p r o c e s s e s of the c e l l . 

Van Deenen and h i s c o l l e a g u e s have r e p e a t e d l y shown t h a t the 

p e r m e a b i l i t y of n o n - e l e c t r o l y t e s and e l e c t r o l y t e s from 'liposome' 

model membrane s y s t e m s (Demel, K i n s k y , K i n s k y , Van Deenen, 1968; 

de G i e r , M a n d e r s l o o t and Van Deenen, 1968; Demel, G e u r t s v a n 

K e s s e l and Van Deenen, 1972; P a p a h a d j o p o u l o s , N i r and Ohki, 

1972) , from c e l l s of A c h o l e p l a s m a l a i d l a w j j (De K r u y f f , Demel and 

Van Deenen, 1 9 7 2 ; McElhaney, de G i e r and Van d e r Neut-Kok, 1 9 7 3 ) 1 

E. c o l i ( H a e s t , de G i e r and Van Deenen, I 9 6 9 ) and S t a p h y l o c o c c u s . 

a u r e u s ( H a e s t , Op den Kamp, B a r t o l s and Van Deenen, 1 9 7 2 ) i s 

m arkedly dependent upon t e m p e r a t u r e w i t h an a c t i v a t i o n e n e r g y of 

between 1 8 - 3 0 K c a l s mole ^. A c c o r d i n g t o McElhaney, de G i e r and 

Van d e r Neut-Kok ( 1 9 7 3 ) the v a l u e of a c t i v a t i o n e n e r g y f o r t h e 

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

c h a i n c o m p o s i t i o n of the p h o s p h o l i p i d s or the c h o l e s t e r o l c o n t e n t 

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

upon the s t r u c t u r e o f the p e r m e a t i n g m o l e c u l e . The a c t i v a t i o n 

e n e r g y f o r the p e r m e a t i o n of monovalent c a t i o n s above the t r a n s i t i o r 
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t e m p e r a t u r e i s 1 3 - 1 7 K c a l s mole from l i p o s o m e s ( P a p a h a d j o p o u l o s 

and Watkins, 1967 ) and e r y t h r o c y t e s ( G l y n n , I 9 5 6 ) . The low e r Ea 

c h a r a c t e r i s t i c of the p e r m e a t i o n p r o c e s s a t normal t e m p e r a t u r e s , 

compared to the h i g h Ea c h a r a c t e r i s t i c of h e a t d e a t h ( s e e C h a p t e r 8 

may appear to be an argument a g a i n s t i t s r o l e i n the l a t t e r 

p r o c e s s . However, i t s h o u l d be remembered t h a t h e a t death i s 

al m o s t c e r t a i n l y a complex p r o c e s s and t h e o v e r a l l E a i s p r o b a b l y 

a r e f l e c t i o n not o n l y o f the p r i m a r y l e s i o n of h e a t d e a t h but 

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

sub s e q u e n t breakdown of h o m o e o s t a s i s . T h e r e have been few s t u d i e s 

on the p e r m e a t i o n p r o c e s s a t t e m p e r a t u r e s t h a t c a u s e h e a t d e a t h . 

P a p a h a d j o p o u l o s , N i r and Ohki ( 1 9 7 2 ) d i s c u s s the p o s s i b i l i t y t h a t 

s m a l l , r e v e r s i b l e , t e m p e r a t u r e - d e p e n d e n t changes i n the l i p i d 

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

p l o t s a t h i g h e r t e m p e r a t u r e s . S i n g e r and N i c o l s o n ( 1 9 7 2 ) have 

d e s c r i b e d c e r t a i n c o - o p e r a t i v e phenomena as an e f f e c t w h i c h i s 

i n i t i a t e d a t one s i t e on a complex s t r u c t u r e and t r a n s m i t t e d to 

some remote s i t e by some s t r u c t u r a l c o u p l i n g between the two s i t e s . 

They d e s c r i b e s e v e r a l s u c h e f f e c t s w h i c h have l a r g e s c a l e e f f e c t s 

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

l o c a l i s e d e v e n t s o v e r the e n t i r e s u r f a c e of a membrane. Thermal 

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

be a n o t h e r r a t h e r extreme example of t h i s phenomenon which , due 

to i t s c o - o p e r a t i v e n a t u r e , may have a ̂ H* which, a p p r o a c h e s t h a t 

c h a r a c t e r i s t i c of h e a t d e a t h . 

The i n v o l v e m e n t of membrane l i p i d s i n r e s i s t a n c e c o m p e n s a t i o n 

i s s u p p o r t e d by t h e o b s e r v a t i o n s i n C h a p t e r 3» which p r o v i d e c l e a r 

e v i d e n c e f o r changes i n the b i o c h e m i c a l c o m p o s i t i o n o f muscle 

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

T h i s p r o v i d e s a mechanism f o r the e f f e c t s of t e m p e r a t u r e upon 

p e r m e a b i l i t y and s t a b i l i t y of t h e sarcolemma ( G l a d w e l l , 1 9 7 3 ) of 

th e f r e s h w a t e r c r a y f i s h . 
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I t h a s been s u g g e s t e d p r e v i o u s l y t h a t p o i k i l o t h e r m i c 

o r g a n i s m s and m i c r o - o r g a n i s m s p o s s e s s a f e e d b a c k mechanism l i n k e d 

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

c o m p o s i t i o n of membrane p h o s p h o l i p i d s to be a l t e r e d i n o r d e r to 

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

The mechanism of c o n t r o l o f t h i s servomechanism r e m a i n s o b s c u r e , 

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

an i m p o r t a n t r o l e f o r humoral f a c t o r s ( s e e C h a p t e r 3 ) » 

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

of membrane l i p i d s remained o b s c u r e . A number o f p o s s i b i l i t i e s 

e x i s t w h i c h a r e most e a s i l y u n d e r s t o o d by r e f e r e n c e t o F i g u r e 9 - 1 1 

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

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

a t i o n may be e x e r c i s e d a t a number o f p o i n t s i n t h i s sequence, 

namely, a t the a c y l a t i o n , p h o s p h o r y l a t i o n and b a s e - i n c o r p o r a t i o n 

s t e p s , or by c o n t r o l l i n g the enzyme s y s t e m s r e s p o n s i b l e f o r t h e s e 

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

( L a n d s , 1 9 6 4 ) have p r o v i d e d e v i d e n c e t h a t 1 - a c y l t r a n s f e r a s e 

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

t o t h e i r a c y l s u b s t r a t e . S i n e n s k y ( 1 9 7 1 ) h a s shown t h a t the 

p r o p o r t i o n of o l e a t e to s t e a r a t e i n c o r p o r a t e d from t h e medium i n t o 

E . c o 1 i p h o s p h o l i p i d s i n c r e a s e d w i t h d e c r e a s i n g t e m p e r a t u r e . 

Temperature was shown t o a f f e c t t h e r e l a t i v e a c t i v i t y o f g l y c e r o -

3-phosphate and m o n o a c y l - g l y c e r o l - 3 - p h o s p h a t e a c y l t r a n s f e r a s e s , 

r a t h e r than t h e n e t r a t e of s y n t h e s i s o r d e g r a d a t i o n of t h e enzyme. 

These mechanisms, however, do n o t a p p l y t o a l l o r g a n i s m s and 

a d i r e c t e f f e c t of t e m p e r a t u r e upon u n s a t u r a t e d f a t t y a c i d s y n t h e s i 

seems t o be a more common means o f . c h a n g i n g membrane c o m p o s i t i o n , 

p a r t i c u l a r l y i n m i c r o o r g a n i s m s . F u l c o (197'0 h a s i n t e n s i v e l y 

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

B a c i l l u s megaterium, and h a s de m o n s t r a t e d t h r e e c o n t r o l mechanisms 

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

changes. These a r e ( a ) d e s a t u r a s e i n d u c t i o n a t low t e m p e r a t u r e s , 

( b ) i r r e v e r s i b l e , f i r s t - o r d e r i n a c t i v a t i o n of a d e s a t u r a s e a t 

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

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

I n h i g h e r a n i m a l s t h e e f f e c t s of d i e t have been i n v e s t i g a t e d , 

as w e l l as the r o l e s of age, l e v e l s of a c y l r e c e p t o r s and c i r c a d i a n 

rhythms, a l l of w h i c h may c o m p l i c a t e the r e s p o n s e to t e m p e r a t u r e 

changes ( f o r r e v i e w s ee F u l c o , 197*0 • H a r r i s and James ( 1 9 6 9 a , b) 

have shown t h a t i n c e r t a i n p l a n t t i s s u e s a t l e a s t , t h e e f f e c t of 

t e m p e r a t u r e c a n b e s t be e x p l a i n e d i n terms o f an i n c r e a s e d oxygen 

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

s u b s t r a t e f o r t he d e s a t u r a s e r e a c t i o n and may be r a t e - l i m i t i n g . 

I t i s s i g n i f i c a n t t h a t G l a d w e l l ( 1 9 7 3 ) r e p o r t s a f a l l i n t h e 

muscle membrane r e s i s t a n c e on t r e a t m e n t a t 32°C. He s u g g e s t s 

t h a t t h i s i s due to a d r a m a t i c i n c r e a s e i n Na + p e r m e a b i l i t y t h a t 

a l s o o c c u r s . The a s s o c i a t e d r e d i s t r i b u t i o n of K + a c r o s s the 

membrane would a l s o c o n t r i b u t e to the f a l l i n r e s t i n g p o t e n t i a l . 

The d e m o n s t r a t i o n t h a t t h e r e s t i n g p o t e n t i a l r e t u r n s to i t s normal 

v a l u e when h e a t - t r e a t e d muscle i s bat h e d i n c o l d s a l i n e of 'normal' 

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

c a u s e d by the h i g h t e m p e r a t u r e i s r e v e r s i b l e . I t a l s o s u g g e s t s 

e i t h e r t h a t t h e i n t r a c e l l u l a r K + c o n c e n t r a t i o n of the h e a t - t r e a t e d 

muscle p r e p a r a t i o n had n o t f a l l e n g r e a t l y , or p e r h a p s t h a t t h e 

'Na + pump 1 was s t i l l e f f i c i e n t l y r e s t o r i n g t h e normal i n t r a c e l l u l a r 

v a l u e s of Na T and K + . I n e i t h e r c a s e , s u c h a phenomenon i s 

u n l i k e l y to be e x p l a i n e d i n terms of an i r r e v e r s i b l e p r o c e s s s u c h 

as p r o t e i n d e n a t u r a t i o n . 

As p o i n t e d out i n C h a p t e r k, a major advantage of t he FSR 

p r e p a r a t i o n i s t h a t both the t r a n s p o r t and ATPase f u n c t i o n s may 

be s t u d i e d . Deamer ( 1 9 7 3 ) h a s n o t i c e d an i n t r i g u i n g e f f e c t of 
2 + 

t e m p e r a t u r e upon' t h e Ca up t a k e mechanism o f t h e FSR p r e p a r a t i o n 
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of l o b s t e r abdominal m u s c l e . As t h e t e m p e r a t u r e r i s e s both 

2 + 
ATPase and Ca uptake by t he v e s i c l e s i n c r e a s e i n a c c o r d a n c e w i t h 

2 + 
the V a n 1 t - H o f f , • A r r h e n i u s l a w s , t h e Ca /ATP r a t i o r e m a i n i n g 

o 2 *i* 

c o n s t a n t . However, a t t e m p e r a t u r e s above 30 C, the Ca -uptake 

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

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

" u n c o u p l i n g " of ATPase a c t i v i t y from c a l c i u m s e q u e s t r a t i o n i s 
p r o b a b l y e x p l a i n e d by the i n a b i l i t y of t h e v e s i c l e to r e t a i n 

2 + 

a c c u m u l a t e d Ca , due t o a v a s t l y i n c r e a s e d membrane p e r m e a b i l i t y . 

I n d e e d , t h i s b e h a v i o u r h a s been c o n f i r m e d i n r a b b i t FSR by E l e t r 

and I n e s i ( 1 9 7 2 ) and Johnson and I n e s i ( 1 9 6 9 ) a l t h o u g h , as one 

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

I t would be of g r e a t i n t e r e s t t o s e e i f a s i m i l a r s i t u a t i o n e x i s t s 

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

an i n c r e a s e i n muscle membrane p e r m e a b i l i t y a t h e a t d e a t h tempera­

t u r e s . I n a d d i t i o n , the e f f e c t of t h e r m a l a c c l i m a t i o n on t h i s 

phenomenon c o u l d be s t u d i e d a l t h o u g h Tume, Newbold and Morgan 

( 1 9 7 3 ) m a i n t a i n t h a t changes i n t h e f a t t y a c i d c o m p o s i t i o n of r a t 

s k e l e t a l muscle FSR c a u s e d by f e e d i n g f a t supplemented or d e f i c i e n t 

d i e t s had no e f f e c t upon such p r o p e r t i e s of t he p r e p a r a t i o n as 
2+ 2+ r a t e of Ca u p t a k e , t o t a l amount of a c c u m u l a t e d Ca , t h e r a t e 

and e x t e n t of Ca"' r e l e a s e i n t h e c o l d , and the ' b a s a l ' and ' e x t r a ' 

ATPase a c t i v i t i e s . 

The d e n a t u r a t i o n of i n t r i n s i c , membrane-bound p r o t e i n s i s a 

second p o t e n t i a l mechanism f o r t h e d i s r u p t i o n of membrane i n t e g r i t y 

and i s s e e n as a p r o p e r t y of b o t h l i p i d and p r o t e i n . The u n f o l d i n , 

of the t h r e e - d i m e n s i o n a l form of p r o t e i n m o l e c u l e s t h a t i s thought 

to o c c u r d u r i n g t h i s p r o c e s s , may have l a r g e - s c a l e and l o n g - r a n g e 

e f f e c t s upon the l i q u i d - c r y s t a l l i n e arrangement of the s u r r o u n d i n g 

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

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

r e s u l t i n a r e d u c t i o n i n t he s t a b i l i t y of t h e membrane. 
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A l t e r n a t i v e l y , t h e p r o t e i n m o e i t y of the membrane may c r e a t e 

' p o r e s ' i n t h e membrane which , presumably, would be l i n e d by 

h y d r o p h i l i c a m i n o - a c i d r e s i d u e s . Such aqueous p o r e s w i l l c l e a r l y 

l e a d to a v a s t r e d u c t i o n i n the e n e r g y r e q u i r e m e n t f o r i o n movement 

a c r o s s t h e membrane, s i n c e i t becomes a p r o c e s s of d i f f u s i o n 

t h rough aqueous c h a n n e l s , a l t h o u g h i t may be h i n d e r e d or encouraged 

by the p r e s e n c e of f i x e d c h a r g e s . 

Such changes i n p r o t e i n c o n f i g u r a t i o n a r e i r r e v e r s i b l e , and 

as e x p l a i n e d e a r l i e r cannot e x p l a i n the r e v e r s i b l e n a t u r e of t h e 
i n c r e a s e . Other 2 + 

p e r m e a b i l i t y ^ e v i d e n c e c o n c e r n i n g the Ca s t i m u l a t e d ATPase of 

c r a y f i s h FSR ( C h a p t e r 8 ) , and the ( N a + , K + ) - A T P a s e , and Mg 2 + ATPase 

of the sarcolemma ( B o w l e r and Duncan, 1967; G l a d w e l l , 1 9 7 3 ; 

Bowler, Duncan, G l a d w e l l and D a v i s o n , 1973 ) i n d i c a t e s t h a t t h e s e 

enzymes a r e n o t i n a c t i v a t e d i n v i v o d u r i n g h e a t d e a t h . However, 
2 + 

t h e marked i n c r e a s e i n Km(ATP) f o r Ca - s t i m u l a t e d ATPase a c t i v i t y 

a t 35°C ( s e e C h a p t e r 6 ) , does i n d i c a t e a d e l e t e r i o u s e f f e c t of 

t h i s h i g h t e m p e r a t u r e upon e n z y m e - s u b s t r a t e a f f i n i t y . Presumably, 

t e m p e r a t u r e c a u s e s some c o n f o r m a t i o n a l m o d i f i c a t i o n of the enzyme 

m o l e c u l e t h a t imp,edes e n z y m e - s u b s t r a t e i n t e r a c t i o n s . Enzyme 

a c t i v i t y i t s e l f i s not a f f e c t e d by exposure t o 35°C, s i n c e 

ATP h y d r o l y s i s was l i n e a r with, time a t t h i s t e m p e r a t u r e . 

The d e n a t u r a t i o n c h a r a c t e r i s t i c s of a membrane-bound p r o t e i n 

may be an i n t r i n s i c p r o p e r t y of the p r o t e i n m o l e c u l e i t s e l f , or 

may be dependent upon t h e v i s c o s i t y of i t s s o l v e n t e n v i r o n m e n t . 

T h i s l a t t e r a l t e r n a t i v e i s f a v o u r e d by the o b s e r v a t i o n of 

i r r e v e r s i b l e i n a c t i v a t i o n o f s e v e r a l membrane-bound ATPases from 

c r a y f i s h muscle over the l i m i t e d t e m p e r a t u r e range of 3 0 - 3 5°C. 

S o l u b l e enzymes by c o n t r a s t a r e u s u a l l y i n a c t i v a t e d a t t e m p e r a t u r e s 

w e l l above t h o s e c h a r a c t e r i s t i c of h e a t d e a t h ( e . g . , p y r u v a t e 

k i n a s e from c r a y f i s h m u s c l e , F i g u r e 8 - 1 3 ; s e e a l s o Ushakov, 1964 , 

1 9 6 6 , 1967; Read, 1 9 6 7 ) . A g a i n , i t i s e m p h a s i s e d t h a t t h e s e 
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phenomena o n l y o c c u r under r a t h e r s p e c i a l i o n i c c o n d i t i o n s , and 

f o r r e a s o n s e n u n c i a t e d i n C h a p t e r 8 p r o b a b l y do not o c c u r d u r i n g 

h e a t d e a t h i n v i v o . 

A major o b s t a c l e t o the h y p o t h e s i s t h a t i n v i t r o t h e r m a l 

i n a c t i v a t i o n c h a r a c t e r i s t i c s o f a membrane-bound enzyme i s a 

r e f l e c t i o n of t h e k i n e t i c s t a t e of i t s h y d r o p h o b i c environment, 
i s t h e l a c k of any a c c l i m a t i o n e f f e c t upon the r a t e of i n a c t i v a t i o n 

2 + 

of the Ca -ATPase of c r a y f i s h FSR. E x p e r i m e n t a l o b s e r v a t i o n s of 

Tume, Newbold and Morgan ( 1 9 7 ' ± ) a l s o s u g g e s t t h a t the c a l c i u m 

s e q u e s t r a t i o n m a c h i n e r y i n r a b b i t FSR p r e p a r a t i o n s i s i n s e n s i t i v e 

t o the g r o s s f a t t y a c i d c o m p o s i t i o n of i t s l i p i d e n v i r o n m e n t . 
S i m i l a r l y , the r e s u l t s p r e s e n t e d i n C h a p t e r s 6 and 7 show t h a t t h e 

2 + 

Ca - s t i m u l a t e d ATPase of the FSR was not a f f e c t e d by the a c c l i m a ­

t i o n h i s t o r y of t h e a n i m a l s i n c e the r e s p o n s e of enzyme a c t i v i t y to 

t e m p e r a t u r e was i d e n t i c a l i n p r e p a r a t i o n s i s o l a t e d from 4°C and 
25°C a c c l i m a t e d a n i m a l s . I n a d d i t i o n , t h e r e a c t i o n c h a r a c t e r i s t -

2 + 

i c s of the Ca - s t i m u l a t e d ATPase from both a c c l i m a t i o n groups 

were not s i g n i f i c a n t l y d i f f e r e n t . These s t u d i e s s u g g e s t t h a t t h i s 

p a r t i c u l a r enzyme i s not i n f l u e n c e d by f a t t y a c i d c o m p o s i t i o n of 

membrane l i p i d s , and as such does n o t r e f l e c t the s t a t e of f l u i d i t y 

of the membrane l i p i d s a s many o t h e r s a r e known t o do (Coleman, 

1 9 7 3 ) . However, i t s h o u l d be remembered .that the l i p i d a n a l y s i s 

d e s c r i b e d i n C h a p t e r s 2 and 3 i was p e r f o r m e d on the t o t a l l i p i d 

f r a c t i o n from c r a y f i s h m u s c l e , and g i v e s no d e f i n i t e i n f o r m a t i o n 

on the e f f e c t of a c c l i m a t j n n upon FSP membranes. C l e a r l y , an 

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

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

G l a d w e l l (197 3) and Bowler, Duncan, G l a d w e l l and D a v i s o n 
2 + 

( 1 9 7 3 ) m a i n t a i n t h a t the Mg -ATPase from t h e muscle of c o l d -

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

c o r r e s p o n d i n g enzyme from w a r m - a c c l i m a t e d c r a y f i s h . However, 
the p r e c i s e n a t u r e o f t h e Mg 2 +-dependent ATPase a c t i v i t y s t u d i e d 
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by t h e s e w o r k e r s ±s n o t c l e a r , s i n c e i t i s e v i d e n t t h a t a number of 

membrane and non-membrane c o n t a m i n a n t s were p r e s e n t . C h i e f 
2 + 

nmongst t h e s e i s the Mg -ATPase a c t i v i t y a s s o c i a t e d w i t h m y o f i b r i l , 

s i n c e no s p e c i a l p r o c e d u r e s were employed i n t h e s e s t u d i e s t o 

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

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

v a r i o u s s p e c i e s a r e i n a c t i v a t e d a t t e m p e r a t u r e s o n l y j u s t above 

the t o l e r a t e d r a n g e . L i c h t ( 1 9 6 7 ) has d e m o n s t r a t e d a c l o s e 

r e l a t i o n s h i p between t h e e n z y m a t i c t h e r m a l optima of m y o f i b r i l l a r 

ATPase a c t i v i t y and t h e p r e f e r r e d body t e m p e r a t u r e f o r a number of 

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

from c r a y f i s h muscle t h a t a r e h e a v i l y c o n t a m i n a t e d w i t h m y o f i b r i l l a : 

m a t e r i a l shows a more r a p i d r a t e of i n a c t i v a t i o n a t h e a t d e a t h 
2+ 

t e m p e r a t u r e s t h a n t h e pure FSR p r e p a r a t i o n , whereas t h e Mg -ATPase 

of the FSR p r e p a r a t i o n was c o m p l e t e l y s t a b l e a t h e a t d e a t h tempera­

t u r e s ( C o s s i n s and Bowler, u n p u b l i s h e d o b s e r v a t i o n ) . I t i s 

t h e r e f o r e s u g g e s t e d t h a t the enzyme s t u d i e d by Bowler and h i s 

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

does n o t r e p r e s e n t t h e mechanism of c o n t r o l - of membrane p e r m e a b i l i t ; 

p r o p e r t i e s . However, Ushakov ( 1 9 6 7 ) has been u n a b l e t o demon­

s t r a t e changes i n the t h e r m o s t a b i l i t y of s a u r i a n m y o f i b r i l l a r 
2 "t* 

ATPases a f t e r t h e r m a l a c c l i m a t i o n i n t h e same way t h a t the Mg 

ATPase of the c r a y f i s h s t u d i e d by Bowler and h i s c o - w o r k e r s shows 

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

compared t o c o l d - a c c l i m a t e d a n i m a l s * 

I n c o n c l u s i o n , i t may be s t a t e d t h a t the most a t t r a c t i v e 

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

p a l l i p e s , i s t h a t c o n c e r n i n g the membrane l i p i d s . I t h a s been 

prop o s e d e a r l i e r t h a t t h e breakdown of membrane p e r m e a b i l i t y 

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

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

h y d r o c a r b o n c h a i n s of t h e s e p o l a r l i p i d s may l e a d t o a c o - o p e r a t i v e 
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breakdown i n the i n t e g r i t y of t h e l i p i d b i l a y e r . The dynamics 

of breakdown i n membrane i n t e g r i t y i s e n v i s a g e d as b e i n g somewhat 

dependent upon the b i o c h e m i c a l c o m p o s i t i o n of the membrane l i p i d s 

and hence the a c c l i m a t e d s t a t e of the a n i m a l . T h i s h y p o t h e s i s 

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

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

( h i g h E a ) and an a c c l i m a t i o n e f f e c t . I n a d d i t i o n , t h i s phenomenon 

i s i n a c c o r d w i t h t h e o b s e r v a t i o n by Gladwe'll ( 1 9 7 3 ) t h a t the l o s s 

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

I t a p p e a r s t h a t membrane ATPases a t l e a s t , a r e not d e n a t u r e d 

d u r i n g the h e a t d e a t h p r o c e s s and on p r e s e n t e v i d e n c e on t h e i r 

c o n t r i b u t i o n to h e a t d e a t h , must be d i s c o u n t e d . 

F i n a l l y , the p r o p o s e d h y p o t h e s i s h a s i n t e r e s t i n g i m p l i c a t i o n s 

f o r the r e l a t i o n s h i p between r e s i s t a n c e c o m p e n s a t i o n of the c r a y f i s ? 

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

p r o c e s s e s t h a t a r e dependent upon the s t a t e o f t h e membrane. 

I t h a s been p o i n t e d out p r e v i o u s l y ( C h a p t e r l ) t h a t the r e l a t i o n ­

s h i p between t h e s e two compensatory p r o c e s s e s i s not c l e a r . 

The n o t i o n t h a t h e a t d e a t h i n t he f r e s h w a t e r c r a y f i s h i s c a u s e d 

p r i m a r i l y by a breakdown i n the p h y s i c a l i n t e g r i t y of the membrane, 

and t h a t t h i s breakdown i s dependent upon t h e degree of u n s a t u r a -

t i o n of t h e membrane l i p i d s , s u g g e s t s t h a t " r e s i s t a n c e c o m p e n s a t i o n 

i n t h i s i n s t a n c e i s a consequence of a l t e r a t i o n s of t h e f a t t y a c i d 

c o n s t i t u e n t s of the membrane. Such b i o c h e m i c a l m o d i f i c a t i o n s i n 

membrane l i p i d s ( s e e C h a p t e r 3) a l s o r e s u l t i n compensatory changes 

i n the f u n c t i o n a l p r o p e r t i e s o f membranes i n t h e normal v i a b l e 

t e m p e r a t u r e range, such as p e r m e a b i l i t y , t r a n s p o r t of m e t a b o l i t e s , 

e f f e c t s upon membrane-bound enzyme and t h e l a t e r a l motion of 

membrane c o n s t i t u e n t s , As such t h e two p r o c e s s e s may be c o n s e ­

quences of t h e same b i o c h e m i c a l m o d i f i c a t i o n . 
2 + 

U n f o r t u n a t e l y , t h e Ca - s t i m u l a t e d ATPase of the c r a y f i s h 

FSR p r e p a r a t i o n d i d n o t show e i t h e r c a p a c i i y c o m p e n s a t i o n 
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( C h a p t e r s 6 and 7 ) or r e s i s t a n c e c o m p e n s a t i o n e f f e c t s ( C h a p t e r 8 ) . 

T h e s e r e s u l t s and o t h e r s ( e . g . , Tume, Newbold and Morgan, 197*1) 
2 + 

s u g g e s t t h a t the Ca - s t i m u l a t e d ATPase i s r e l a t i v e l y i n s e n s i t i v e 

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

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

s t r u c t u r e . Hochachka and h i s c o l l e a g u e s (Hochachka and Somero, 

1971, 1973) have shown a t the m o l e c u l a r l e v e l how changes i n 

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

t h e i r a c t i v i t y . I t i s a p p a r e n t from v a r i o u s s t u d i e s on enzyme 

i n a c t i v a t i o n (Ushakov, 196*4, I966, 1967; Read, 1967) t h a t ' s o l u b l e 

enzymes a r e d e n a t u r e d a t t e m p e r a t u r e s w e l l above t h o s e c h a r a c t e r ­

i s t i c o f h e a t d e a t h of the whole a n i m a l . P r e s u m a b l y t h e y a r e not 

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

However, i t i s a l s o a p p a r e n t t h a t the t e m p e r a t u r e regime t h a t i s 

n o r m a l l y e x p e r i e n c e d by an enzyme may be c o r r e l a t e d w i t h i t s 

i n a c t i v a t i o n t e m p e r a t u r e (Ushakov, 196*1, 1967). Enzymes a r e 

thought to undergo c o n f o r m a t i o n a l changes d u r i n g a c t i v i t y and t h e s e 

must o c c u r a t the e n v i r o n m e n t a l t e m p e r a t u r e . I t f o l l o w s t h a t an 

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

more f l e x i b l e , a t any one t e m p e r a t u r e , t h a n t h e c o r r e s p o n d i n g 

enzyme w h i c h f u n c t i o n s a t warmer t e m p e r a t u r e s , and p r e s u m a b l y 

would be more s u s c e p t i b l e t o e l e v a t e d t e m p e r a t u r e * Thus changes 

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

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

c a p a c i t y c o m p e n s a t i o n of enzyme f u n c t i o n , and r e s i s t a n c e 

c o m p e n s a t i o n . r 
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INTRODUCTION 

The d r a s t i c e f f e c t s of the C r a y f i s h plague fungus 

Aphanomyces a s t a c i on c r a y f i s h populations throughout Northern 

Europe ensures t h a t c r a y f i s h d i s e a s e s are t r e a t e d w i t h the 

utmost r e s p e c t . Hence the occurrence of Thelohania c o n t e j e a n i 

i n our population was s t u d i e d to determine i t s e f f e c t on l o c a l 

c r a y f i s h populations and on the i n f e c t e d i n d i v i d u a l . C r a y f i s h 

p a r a s i t i z e d by T. c o n t e j e a n i are c h a r a c t e r i z e d by the opaque, 

white appearance of the abdominal muscle, as compared with 

the more t r a n s l u c e n t appearance of normal muscle when seen from 

the v e n t r a l s u r f a c e . I n t e r n a l examination showed t h a t a l l 

s k e l e t a l muscle had t h i s opaque, white appearance. I n an 

advanced i n f e c t i o n the animal was n o t i c e a b l y s l u g g i s h and the 

t a i l - f l i c k escape r e a c t i o n was somewhat i n e f f e c t u a l . Both 

j u v e n i l e and a d u l t animals of both sexes were found i n f e c t e d . 

T. c o n t e j e a n i has been reported to i n f e c t two European 

c r a y f i s h , Astacus a s t a c u s (Schaperclaus, 1954; Voronin, 1971; 

Sumari and Westman, 1969) and Austropotamobius p a l l i p e s 

( D o l l f u s , 1935; P i x e l l Goodrich, 1956; Vey and Vago, 1973). 

I t i s known to be p r e v a l e n t throughout Northern Europe w i t h 

rec e n t observations recorded i n R u s s i a (Voronin, 1971), 

F i n l a n d (Sumari and Westman, 1969), Germany (Schaperclaus, 

(1954) and France (Vey and Vago, 1973). The d i s e a s e has 
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been recorded e a r l i e r by P i x e l l Goodrich (1956) i n a population 

o f c r a y f i s h from Oxfordshire and p a r a s i t i z e d i n d i v i d u a l s have 

been observed i n c r a y f i s h s u p p l i e d from the Haslemere r e g i o n 

of Surrey and from the R i v e r Derwent, Derbyshire, as w e l l as 

i n stocks caughts i n Northumberland, England, by o u r s e l v e s . 

I t i s probable t h a t t h i s d i s e a s e i s a more or l e s s permanent 

f e a t u r e i n c r a y f i s h populations of England. 

The observations reported here concern the h i s t o l o g i c a l 

and u l t r a s t r u c t u r a l c h a r a c t e r i s t i c s of the p a r a s i t e . 

MATERIALS AND METHODS 

Austropotamobius p a l l i p e s L e r e b o u l l e t were caught i n 

autumn 1971, and summer 1972 i n the W h i t t l e Dene, H a l l i n g t o n 

and Matfen r e s e r v o i r complexes i n Northumberland, U.K. 

C r a y f i s h were maintained i n the l a b o r a t o r y i n w e l l - a e r a t e d 

water a t 15°C and fed with fragments of f i s h , potatoes and 

t r o p i c a l f i s h food. 

T i s s u e s of i n f e c t e d animals were f i x e d i n Bouin's s o l u t i o n , 

embedded i n p a r a f f i n wax, s e c t i o n e d (8 urn) and were s t a i n e d 

with e i t h e r Heidenhain's i r o n haematoxylin or Halmi's mixture 

(Ewen, 1962) . 
-3 

Smaller fragments of t i s s u e (3 x 1 x 1)10 m were f i x e d 

at room temperature i n 5% glutaraldehyde i n 0.1 M sodium 

cacodylate b u f f e r , pH 7.3, f o r 1 h and p o s t - f i x e d i n 1% osmic 

a c i d i n the same b u f f e r . The f i x e d m a t e r i a l was embedded i n 
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Epon and s e c t i o n e d with a R e i c h e r t Om U2 Ultratome. Thick 

s e c t i o n s (1 urn) were taken and s t a i n e d with a 1% T o l u i d i n e 

blue s o l u t i o n i n 1% aqueous borax, for l i g h t microscopy. 

U l t r a - t h i n s e c t i o n s were s t a i n e d with 1% u r a n y l a c e t a t e i n 

70% ethanol and p o s t s t a i n e d with l e a d c i t r a t e (Reynold, 1963) 

f o r e l e c t r o n microscopy. S e c t i o n s were examined using an 

A . E . I . EM801 e l e c t r o n microscope. Spores were v e r y e l e c t r o n -

dense when s t a i n e d w i t h both l e a d c i t r a t e and u r a n y l a c e t a t e . 

However, u r a n y l a c e t a t e alone gave adequate r e s o l u t i o n of 

i n t e r n a l spore s t r u c t u r e s , but with reduced e l e c t r o n d e n s i t y . 

Although the p r e p a r a t i v e technique was r i g o r o u s l y adhered to, 

v a r i a t i o n occurred i n the q u a l i t y of f i x a t i o n of c e r t a i n 

protozoan stages,' even though adjacent host t i s s u e was w e l l 

f i x e d . 

Both f r e s h and f i x e d smears of l i v i n g p a r a s i t e s were 

examined. The l a t t e r were f i x e d i n methanol and s t a i n e d w i t h 

Giemsa s o l u t i o n . 

H i s t o l o g i c a l examination 

The work presented here i s the r e s u l t of h i s t o l o g i c a l 

and e l e c t r o n m i c r o s c o p i c a l examination of 18 of the 45 i n f e c t e d 

i n d i v i d u a l s , of the 552 animals trapped. 

Halmi's mixture was found to be a p a r t i c u l a r l y u s e f u l 

s t a i n because p a r a s i t i z e d muscle s t a i n e d orange, whereas 

normal muscle was green. Using t h i s and other techniques, i t 
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was p o s s i b l e to show the presence of p a r a s i t i z e d f i b r e s , 

not only i n the abdominal f l e x o r muscle ( P I . 1A) but a l s o 

i n the e y e s t a l k , g a s t r i c musculature, limb muscles and the 

l o n g i t u d i n a l muscle f i b r e s of the h i n d gut and c a r d i a c 

stomach ( C o s s i n s , 1973). 

The only other t i s s u e found i n f e c t e d was the supra-

oesophageal ganglion, where c e l l bodies o c c a s i o n a l l y contained 

small spore masses. Axons i n the o p t i c lobe and v e n t r a l 

nerve cord were f r e e from the p a r a s i t e . Spores were 

i d e n t i f i e d e x t r a c e l l u l a r l y i n the haemocoele of the g i l l 

and hepatopancreas. 

Phase-contrast examination of f r e s h muscle smears r e v e a l e d 

the presence of s e v e r a l stages i n the l i f e - c y c l e of T. 

c o n t e j e a n i . The most numerous stage was the mature spore. 

These were o v a l , 3.5-4.0 um long and 1.8-2.0 urn broad 

( F i g . 1A). T h i s agrees w e l l w i t h the data presented by 

P i x e l l Goodrich (1956) . A s m a l l percentage of spores were 

aberrant ( F i g . I B ) . A l l possessed a c l e a r vacuole a t one 

pole, although i t was not p o s s i b l e to r e l a t e t h i s to the 

u l t r a s t r u c t u r a l f e a t u r e s of the spore. The nucleus was 

seen as an elongated or double s t r u c t u r e when s t a i n e d with 

Giemsa s o l u t i o n ( F i g . 1C, D). 

The p o l a r f i l a m e n t was e v e r t e d by mechanical p r e s s u r e 

and was most conveniently viewed i n an area where the f l u i d 

between the s l i d e and c o v e r s l i p had receded. I t v a r i e d i n 
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length up to a maximum of 55 um ( F i g . 1 L ) . 

Other l e s s r e f r a c t i v e bodies found i n muscle homogenates 

were presumed to be v e g e t a t i v e and sporogonic stages of the 

p a r a s i t e . They could be broadly grouped i n t o two c a t e g o r i e s : 

(1) S p h e r i c a l , r a t h e r opaque s t r u c t u r e s , about 4-5 um i n 

diameter, containing one ( F i g . I E ) or two ( F i g . I F ) n u c l e i . 

T h i s i s thought to re p r e s e n t the s c h i z o n t stage. (2) Also 

s p h e r i c a l but c o n s i d e r a b l y l a r g e r i n diameter (8-9 um). 

With Giesma-stained smears these were observed to have two, 

four or e i g h t n u c l e i ( F i g . l G - I ) arranged i n p a i r s . They 

a l s o e x h i b i t e d a s m a l l c l e a r vacuole and one or two dense 

granules w i t h i n the cytoplasm. These were thought to be 

spo r o b l a s t s t a g e s . 

Pansporoblasts were roughly s p h e r i c a l , contained e i g h t 

spores enclosed w i t h i n a d i s t i n c t membrane and were about 

8-9 um i n diameter. Immature spores, c h a r a c t e r i z e d by the 

absence of a vacuole were more t i g h t l y grouped ( F i g . 1J) 

w i t h i n the pansporoblast than were the mature spores ( F i g . I K ) . 

U l t r a s t r u c t u r a l observations 

Abdominal f l e x o r muscle p r e p a r a t i o n s of u n i n f e c t e d A. 

p a l l i p e s showed the f e a t u r e s reported by Brandt, Reuben, 

Guardier and Grundfest (1965) i n Procambarus sp. U l t r a -

s t r u c t u r a l s t u d i e s of p a r a s i t i z e d muscle f i b r e s ( P i . IB) 

confirmed the l i g h t microscope observations t h a t a l a r g e 
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spore mass occupied the centre of the i n f e c t e d muscle f i b r e . 

Normal m y o f i b r i l s were pushed to the perip h e r y beneath the 

sarcolemma. These m y o f i b r i l s , t h e i r accompanying membrane 

systems and neighbouring muscle f i b r e s appeared u l t r a s t r u c t u r a l l y 

normal. No l y s i s or d i s i n t e g r a t i o n was apparent. The c e n t r a l 

spore mass c o n s i s t s mainly of i n d i v i d u a l spores ( P i . 1C) 

separated by an i n t e r s t i t i a l ground substance composed of 

small v e s i c l e s , electron-dense granules and some d i s o r g a n i z e d 

m y o f i b r i l s undergoing l y s i s . O c c a s i o n a l l y other stages i n 

the l i f e - c y c l e of T. c o n t e j e a n i were evident w i t h i n the spore 

mass. The c o l l a g e n sheath surrounding the m u s c l e - f i b r e appears 

to remain i n t a c t . Indeed, i t was oft e n the only r e c o g n i z a b l e 

host s t r u c t u r e . 

The spores of T. c o n t e j e a n i were s i m i l a r to those observed 

i n other M i c r o s p o r i d i a n s p e c i e s (Huger, 1960; Kudo and 

D a n i e l s , 1963; Lorn and C o r l i s s , 1967; Sprague and Verni c k , 

1969; Jensen and We l l i n g s , 1972). They were ovoid; e l e c t r o n -

dense bodies measuring about 3.3 x 1.5 urn ( P i . 2A) , the spores 

having shrunk during f i x a t i o n . The spore capsule was 0.09 um 

t h i c k ( P i . 2C), except adjacent to the b a s a l p o r t i o n of the 

polar f i l a m e n t where i t was 0.04 um t h i c k ( P I . 2 E ) . I t was 

composed of an inner e l e c t r o n - l u c e n t l a y e r and an outer more 

electron-dense l a y e r . No spore appendages or b r i s t l e s were 

observed (Vavra, '1965; Sprague, V e r n i c k and Lloyd, 1968) . 

A spore membrane l i e s apposed to the inner s u r f a c e of the 
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capsule ( P I . 2 C). E x t e r n a l to the capsule i s a s i n g l e 

crenelated, membrane, probably the remnants of the sporo b l a s t 

plasmalemma. 

The po l a r sac was seen a t the a n t e r i o r pole beneath the 

spore membrane ( P i . 2 E ) . C e n t r a l l y i t formed a dome covering 

the swollen base of the p o l a r f i l a m e n t , to which i t was c l o s e l y 

attached. I t extended p e r i p h e r a l l y as a f l a t t e n e d membrane-

bound sac to enclose the a n t e r i q r p o r t i o n of the p o l a r o p l a s t 

(Jensen and Wel l i n g s , 1972). The polar f i l a m e n t passed 

p o s t e r i o r l y and was thrown i n t o a s e r i e s ( u s u a l l y 6 or 7) 

of c o i l s i n the p o s t e r i o r t h i r d of the spore ( P i . 2A). The 

c o i l e d p o l a r f i l a m e n t was seen i n t r a n s v e r s e s e c t i o n ( P i . 2C) 

as a tubu l a r membrane-bound s t r u c t u r e , approximately 0.12 urn 

i n diameter. I n t e r n a l l y i t contained an electron-dense r i n g 

and an electron-dense core. The u n c o i l e d p o r t i o n was 

ap p r e c i a b l y l a r g e r , about 0.18 urn i n diameter. 

Surrounding the base of the polar f i l a m e n t and occupying 

the a n t e r i o r t h i r d of the spore was a complex system of 

membranes ( P i . 2 E ) , the p o l a r o p l a s t . The a n t e r i o r h a l f was 

composed of a s e r i e s of d e l i c a t e l a m e l l a e , c l o s e l y apposed to 

each other and l y i n g p a r a l l e l t o the e x t e r n a l spore c a p s u l e . 

The p o s t e r i o r h a l f was a l s o composed of membranes but they l a y 

t r a n s v e r s e l y a c r o s s the spore and were w e l l separated by 

electron-dense m a t e r i a l . 
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I n some spores a double s t r u c t u r e was evident i n the 

c e n t r a l area ( P I . 2B). By comparison with s i m i l a r s t r u c t u r e s 

i n other stages of the l i f e - c y c l e of the p a r a s i t e i t i s 

suggested t h a t t h i s r e p r e s e n t s the n u c l e a r apparatus i n i t s 

c h a r a c t e r i s t i c double form (Vey and Vago, 1973). The margins 

of these s t r u c t u r e s were i n d i s t i n c t , although they do suggest 

the presence of a membrane.' The remainder of the c e n t r a l 

p a r t of the spore was f i l l e d w i t h an electron-dense granular 

sporoplasm. 

At the p o s t e r i o r pole of the spore and l y i n g i n t e r n a l to 

the c o i l e d p o l a r f i l a m e n t was a l a r g e vacuole, the p o s t e r i o r 

vacuole. I t was occupied by numerous l o o s e l y packed granules 

and a granular membranous s a c . During f i x a t i o n t h i s vacuole 

u s u a l l y subsided l e a d i n g to c o l l a p s e of the spore capsule 

e x t e r n a l to i t ( P I . 2B). 

Most pre-pansporoblast stages of the p a r a s i t e conformed 

to the same b a s i c plan as shown i n P I . 2F. Such ' d i p l o c a r y a 1 

(vavra, 1965) occurred f r e q u e n t l y throughout the spore mass 

and were often grouped i n c l u s t e r s . They were u s u a l l y 

s p h e r i c a l or elongated i n s e c t i o n and v a r i e d i n s i z e from 4 

to 7 urn diameter f o r the s p h e r i c a l forms and 2.5-4 urn x 6-7 um 

for the elongate forms. A l l possessed a d i s t i n c t plasma-

lemma. There was no evidence of s c h i z o n t s possessing intimate 

h o s t - p a r a s i t e cytoplasmic r e l a t i o n s h i p s as observed i n Glugea 

sp. by Sprague and Vernick (1968). 



246 

Each diplocaryon appeared t o be b i n u c l e a t e , although 

s e r i a l s e c t i o n s would be needed t o confirm t h i s . The nuclear 

apparatus was c h a r a c t e r i z e d by the presence of a double nu c l e a r 

membrane separated by a c l e a r p e r i - n u c l e a r space. C e n t r a l l y 

these membranes were c l o s e l y apposed to form a v e r y e l e c t r o n -

dense l i n e ( P I . 2 F ) . Other s c h i z o n t s appeared u n i n u c l e a t e 

i n s e c t i o n . 

Microtubules of the s p i n d l e apparatus were apparent i n 

the nucleoplasm of s e v e r a l s c h i z o n t s ( P i s . 2F, 3A). i n the 

l a t t e r p l a t e two groups of s p i n d l e f i b r e s may be seen, l y i n g 

roughly p a r a l l e l to the electron-dense n u c l e a r membranes such 

t h a t the n u c l e i are d i v i d i n g to form two nuc l e a r p a i r s . 

E v i d e n t l y , the nuc l e a r membranes remain i n t a c t during 

n u c l e a r d i v i s i o n . The microtubules converge on to an e l e c t r o n -

dense region of the nuc l e a r membrane, which i s c l e a r l y indented 

and has a s m a l l , c l o s e d , membranous sac e x t e r n a l to i t . 

T h i s complex c l o s e l y resembles t h a t found i n T. b r a c t e a t a 

(Vavra, 1965), Nosema n e l s o n i (Sprague and Verni c k , 1969) and 

Glugea sp. (Sprague and Verni c k , 1968). Vavra (1965) has 

suggested t h a t i t c a r r i e s out the f u n c t i o n of the c e n t r i o l e 

but l a c k s i t s c h a r a c t e r i s t i c s t r u c t u r e . 

Whereas the nuc l e a r s t r u c t u r e was r e l a t i v e l y uniform i n 

a l l s c h i z o n t s , c o n s i d e r a b l e v a r i a t i o n s e x i s t e d i n cytoplasmic 

d e t a i l . At l e a s t t h ree forms became apparent. I n the f i r s t 

form the s c h i z o n t possessed many cytoplasmic granules, which 
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approximate i n s i z e to eucaryote ribosomes, and a smooth but 

underdeveloped endoplasmic r e t i c u l u m ( P I . 3B). Other s c h i z o n t s 

were t y p i f i e d by a smooth, endoplasmic r e t i c u l u m organized 

i n t o numerous, p a r a l l e l , f l a t t e n e d s a c s ( P I . 2 F ) . The t h i r d 

form e x h i b i t e d a mass of s m a l l , membranous sacs w i t h i n the 

cytoplasm ( P i . 3C). W h i l s t i t i s not p o s s i b l e to arrange 

these forms i n t o any sequence i t i s tempting to suggest t h a t 

they do form a developmental p r o g r e s s i o n . No other cytoplasmic 

o r g a n e l l e , mitochondria nor t y p i c a l G o l g i apparatus has been 

seen i n these s t a g e s . 

P l a t e 3D shows two b i n u c l e a r s t r u c t u r e s arranged s i d e by 

s i d e , but th e r e i s no cytoplasmic d i v i s i o n . I t i s suggested 

t h a t t h i s stage r e p r e s e n t s an e a r l y sporont stage, f o r i n other 

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

d i s t i n c t plasmalemma have been observed. 

The pansporoblast c h a r a c t e r i s t i c a l l y c o n t a i n s e i g h t spores, 

but under the electron-microscope up to f i v e mature spores only 

c o u l d be seen i n any one s e c t i o n ( P i . 3 E ) . The pansporoblast 

was s p h e r i c a l , about 8-9um diameter and was surrounded 

e x t e r n a l l y by a d i s t i n c t plasmalemma. I n t e r n a l l y the only 

contents other than spores were small electron-dense granules 

and a mass of u n i d e n t i f i e d t u b u l a r s t r u c t u r e s (of v a r i a b l e 

diameter and up to 1 urn i n length) ( P i . 2D). The l a t t e r are 

s i m i l a r to those d e s c r i b e d i n many other M i c r o s p o r i d i a n 

s p e c i e s (T. b r a c t e a t a i n Vavra (1965), Glugea sp. i n Sprague, 
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Vernick and L l o y d ( 1 9 6 8 ) ) . Whereas the electron-dense 

granules may be seen surrounding the spores a f t e r the pansporo­

b l a s t membrane has d i s i n t e g r a t e d ( P I . 1C), the t u b u l e s have 

never been observed e x t e r i o r to a r e c o g n i z a b l e pansporoblast. 

I n s e v e r a l p r e p a r a t i o n s l a t e s p o r o b l a s t stages were 

observed which were not enclosed w i t h i n a pansporoblast membrane 

( P I . 4A, B ) . The stages were c h a r a c t e r i z e d by s i g n i f i c a n t 

shrinkage away from the surrounding cytoplasm during f i x a t i o n , 

forming an electron-dense body w i t h a c r e n e l a t e d margin. 

These s t r u c t u r e s are s i m i l a r to those observed i n Gluqea sp. 

by Sprague and Vernick (1968), except t h a t a b i n u c l e a r s t r u c t u r e 

was c l e a r l y seen. 

I n another p r e p a r a t i o n i t was p o s s i b l e t o observe a 

sporont undergoing cleavage t o form, presumably, e i g h t 

s p o r o b l a s t s ( P i . 4C, D). T h i s organism was not enclosed 

w i t h i n a pansporoblast membrane as were s i m i l a r pansporoblasts 

observed i n other Microsporidian s p e c i e s (Vey and Vago, 1973; 

Vavra, 1965). Furthermore, examination of s e r i a l s e c t i o n s 

of t h i s d i v i d i n g sporont r e v e a l e d t h a t the nucleus of each 

s p o r o b l a s t i s not double but s i n g l e w ith a deep c l e f t . 

Other c e l l s of marked e l e c t r o n - d e n s i t y were noted 

f r e q u e n t l y ( P I . 3 F ) . T y p i c a l l y they were s p h e r i c a l or s l i g h t l y 

elongated and about 3-4 um i n diameter. Most showed two l a r g e 

n u c l e i s eparated by compressed nu c l e a r membranes and a rough 

endoplasmic r e t i c u l u m organized i n t o c o n c e n t r i c r i n g s around 
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the nucleus. The s i g n i f i c a n c e of t h i s phase i s not known. 

DISCUSSION 

Fe a t u r e s of the d i s e a s e reported here are i n agreement 

wi t h previous accounts of Thelohania c o n t e j e a n i (Henneguy and 

Thelohan, 1892; Kudo, 1924; Vey and Vago, 1973). P r i n c i p l e 

d i a g n o s t i c f e a t u r e s are the octosporous pansporoblast and the 

dimensions of the l i v i n g spore. 

Henneguy and Thelohan (1892) and Schaperclaus (1954) 

have both i n d i c a t e d t h a t T. c o n t e j e a n i had'a marked e f f e c t 

upon the c r a y f i s h populations s t u d i e d , with a 30% i n f e c t i o n 

r a t e recorded by the l a t t e r worker. Recent p u b l i c a t i o n s , 

however, a l l r e p o r t low i n f e c t i o n r a t e s (Vey and Vago, 1973; 

Sumari and Westman, 1969). I n Northumberland l e s s than 10% 

of a l l c r a y f i s h caught (over 400) were i n f e c t e d , even though 

the d i s e a s e has been present i n these same streams f o r a t 

l e a s t 5 y e a r s . The reasons f o r the low i n f e c t i o n r a t e of the 

l o c a l c r a y f i s h population are not known, but they may be 

a s s o c i a t e d w i t h the p h y s i c a l nature of the waterways and 

perhaps with the s i z e of the c r a y f i s h population. C l e a r l y , 

the M i c r o s p o r i d i a n does not present the same problems as the 

c r a y f i s h plague Aphanomyces a s t a c i (Svardson, 1965). 

The d i s e a s e i s probably disseminated upon breakdown of the 

dead host c r a y f i s h . Hence the most e f f e c t i v e counter-measure 

i s t o destroy a l l i n f e c t e d i n d i v i d u a l s before t h e i r spores 
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are d i s p e r s e d . Cannibalism of i n f e c t e d t i s s u e s may a l s o be 

an important source of i n f e c t i o n . I t has been suggested t h a t 

the p o l a r f i l a m e n t i s e v e r t e d i n the host gut (Schaperclaus, 

1954; Voronin, 1971) and the sporoplasm 'germinates' i n t o the 

gut e p i t h e l i u m and thence to the muscle t i s s u e s . The wide 

d i s t r i b u t i o n of the p a r a s i t e w i t h i n the body of an i n f e c t e d 

animal suggests the presence of a d i s p e r s i v e phase a c t i n g 

through the haemolymph. Examination of the haemolymph of 

i n f e c t e d c r a y f i s h d i d r e v e a l spores, but i t i s not known i f 

these are the t r u e d i s p e r s i v e phase or are present merely as 

a r e s u l t of muscle f i b r e l y s i s and r e l e a s e of the spores. 

The end r e s u l t of i n f e c t i o n i s the massive breakdown of host 

muscle t i s s u e and a consequent l o s s of muscular power, as 

confirmed myographically by Henneguy and Thelohan (1892). 

Presumably t h i s l e a d s to the v i r t u a l immobility of the host 

and hence death. The p a r a s i t e may have few other d i r e c t 

e f f e c t s on the host, s i n c e i n f e c t e d c r a y f i s h were observed 

to moult normally and the gonads were often w e l l formed. The 

time course of the d i s e a s e i s not known, though s e v e r a l 

i n f e c t e d c r a y f i s h have been maintained i n the l a b o r a t o r y f o r 

s e v e r a l months without any dramatic d e t e r i o r a t i o n i n t h e i r 

c o n d i t i o n . 

The presence'of p a r a s i t i z e d and u n p a r a s i t i z e d muscle 

f i b r e s l y i n g a djacent to each other ( P I . IB) suggests t h a t 

the p a r a s i t e i s slow to invade every muscle f i b r e (due perhaps 
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to the t h i c k c o l l a g e n s h e a t h ) , but once e n t r y has been e f f e c t e d 

muscle l y s i s and formation of a spore mass i s r a p i d . 

U l t r a s t r u c t u r a l l y , the s c h i z o n t s , sporonts, pansporo­

b l a s t s and spores of T. c o n t e j e a n i are s i m i l a r to other 

M i c r o s p o r i d i a n s p e c i e s (Huger, 1960; Kudo and D a n i e l s , 1963; 

Jensen and Wellings, 1972; Sprague, Vernick and Lloyd, 1968; 

Sprague and Vernick, 1968, 1969; Vavra, 1965; Vey and 

Vago, 1973). The double appearance of the n u c l e a r apparatus 

i s thought to be c h a r a c t e r i s t i c of a l l stages of the p a r a s i t e . 

However, the d i v i d i n g sporont nucleus has been shown to be 

s i n g l e with a deep c l e f t and i t must be considered t h a t t h i s 

form of the n u c l e a r apparatus may be common to a l l stages of 

the l i f e - c y c l e . Vey and Vago (1973) have i n d i c a t e d t h a t the 

spore nucleus i s s i n g l e but has become elongated and curved 

to form a U-shaped s t r u c t u r e . The presence of two apparently 

separate n u c l e a r s p i n d l e s ( P i . 3A and Sprague and Vernick, 

1969) i n adjacent n u c l e i suggests t h a t there may be two s e t s 

of chromosomes, contained w i t h i n a s i n g l e nuclear membrane, 

a view o r i g i n a l l y proposed by Debaisieux (1920). U l t r a -

s t r u c t u r a l observations by other workers claiming to show 

f u s i o n of n u c l e i (Sprague and V e r n i c k , 1968), b i n u c l e a r and 

u n i n u c l e a r s c h i z o n t s should be re-examined s i n c e they a l l may 

be d i f f e r e n t s e c t i o n s of the same n u c l e a r c o n f i g u r a t i o n . 

I t i s proposed t h a t the sequence of events during spore 
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formation i n T. c o n t e j e a n i may be as f o l l o w s . F i r s t , the 

repeated d i v i s i o n of the sporont nucleus t o y i e l d n u c l e i , 

each of which has a c h a r a c t e r i s t i c double appearance. T h i s 

oct a n u c l e a r sporont undergoes c y t o k i n e s i s to form e i g h t 

s p o r o b l a s t s ( P i . 4C, D) which may or may not be enclosed w i t h i n 

a pansporoblast membrane. Each s p o r o b l a s t d i f f e r e n t i a t e s to 

form a spore ( P I . 4A, B) which u l t i m a t e l y matures and develops 

a spore capsule ( P i . 2A, B ) . 

The u l t r a s t r u c t u r a l observations r e p o r t e d here agree i n 

most r e s p e c t s w i t h those reported by Vey and Vago (1973), 

p a r t i c u l a r l y i n d e t a i l s of spore s i z e and s t r u c t u r e . However, 

some d i f f e r e n c e s are apparent, p a r t i c u l a r l y concerning the 

pansporoblast. The mass of t u b u l a r s t r u c t u r e s formed w i t h i n 

the pansporoblast, but e x t e r n a l to the s p o r o b l a s t s and spores, 

does not resemble the moniliform s t r u c t u r e s shown by Vey and 

Vago (1973). T h i s d i s p a r t y i s probably not due to f i x a t i o n 

a r t e f a c t s i n c e Vey and Vago (1973) used s i m i l a r techniques as 

used i n t h i s study (A. Vey, personal communication). 

I n a few i n s t a n c e s , the pansporoblast membrane p e r s i s t s 

so t h a t mature spores are enclosed by i t , w h i l s t i n other 

cases d i v i d i n g sporonts, l a t e s p o r o b l a s t s and immature spores 

are not so enclosed. Vey and Vago (1973) d i d not comment 

on t h i s f e a t u r e , and t h i s may be a c l e a r d i f f e r e n c e between 

the p a r a s i t e s t u d i e d by us and Vey and Vago (1973). The 

p e r s i s t e n c e of the pansporoblast membrane may be a u s e f u l 
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taxonomic c h a r a c t e r s i n c e i n T. p e t r o l i s t h i s and T. maenadis, 

both of which p a r a s i t i z e marine decapods, i t i s most p e r s i s t e n t 

(V. Sprague, personal communication). I n t h i s r e s p e c t the 

M i c r o s p o r i d i a n reported here resembles T. cambari which i s 

p a r a s i t i c i n an American c r a y f i s h (Cambarus b a r t o n i ) , f o r 

Sprague (1950) r e p o r t s t h a t the sporont (pansporoblast) 

membrane i s n o n - p e r s i s t e n t , and the spores always become 

separated as they approach m a t u r i t y . 

i 



F i g . 1; 

Diagram of protozoan stages from a muscle homo-

genate smear observed under the l i g h t microscope. For 

d e t a i l s r e f e r t o t e x t . A l l stages observed under 

phase c o n t r a s t except B, C and I , which were s t a i n e d 

w i t h Giemsa. S c a l e f o r A-K r e p r e s e n t s 4 urn and f o r 

L r e p r e s e n t s 10 um. 
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P l a t e 1: 

A. Tr a n s v e r s e s e c t i o n through the e n t i r e abdominal 

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

I n f e c t e d muscle f i b r e s (d.) appear as dense b l a c k masses. 

U n i n f e c t e d muscle f i b r e s r e t a i n a grey s t r i a t e d 

appearance (n.m.). (Heidenhain's i r o n haematoxylin.) 

(x 12.) 

B. Electronmicrograph of i n f e c t e d muscle t i s s u e 

showing spore masses enclosed w i t h i n a muscle f i b r e . 

Adjacent muscle f i b r e s are o f t e n u n p a r a s i t i z e d and 

u l t r a s t r u c t u r a l l y normal. (x 3200.) 

C. D e t a i l of the spore mass. Electron-dense 

spores (sp.) are surrounded by an i n t e r s t i t i a l ground 

substance composed of granules and v e s i c l e s ( g . s . ) . 

(x 8000.) 
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P l a t e 2; 

A. A t y p i c a l spore. For d e t a i l s see t e x t , 
(x 25000.) 

B. Electronmicrograph of a mature spore showing 

a double n u c l e a r apparatus. (x 27000.) 

C. High-power electronmicrograph of a spore i n the 

region of the c o i l e d p o l a r f i l a m e n t . The spore i s 

surrounded by a c r e n e l a t e d membrane ( c m . ) , a b i l a m i n a t e 

spore capsule (sp.c.) and a spore membrane (sp.m.). The 

p o l a r f i l a m e n t i s membrane-bound ( c . p . f . ) and i s c o i l e d 

around the p o s t e r i o r vacuole ( p . v . ) . (x 80000.) 

D. D e t a i l of the t u b u l a r s t r u c t u r e s ( t . ) found 

w i t h i n a mature pansporoblast. These s t r u c t u r e s may be 

seen i n t r a n s v e r s e and l o n g i t u d i n a l s e c t i o n , (x 36000). 

E. High-power electronmicrograph of the a n t e r i o r 

region of the spore, showing the p o l a r s a c ( p . s . ) , swollen 

base of the p o l a r f i l a m e n t ( b . f . ) and the laminated 

p o l a r o p l a s t ( p . t . ) . (Uranyl a c e t a t e only.) (x 50000.) 

F. Electronmicrograph of a t y p i c a l s c h i z o n t 

p o s s e s s i n g a c h a r a c t e r i s t i c double nucleus (n.) and a 

w e l l developed endoplasmic r e t i c u l u m ( e . r . ) . (x 10000). 
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P l a t e 3; 

A. Electronmicrograph of a diplocaryon undergoing 
d i v i s i o n . The s p i n d l e apparatus ( s . a . ) and c e n t r i o l e 
( c . ) are w e l l developed. (x 20000.) 

B. Electronmicrograph of a simple s c h i z o n t . I t 

appears u n i n u c l e a t e i n s e c t i o n . Note the d i s o r g a n i z e d 

and poorly developed endoplasmic r e t i c u l u m . (x 10000.) 

C. Electronmicrograph of a s c h i z o n t c o n t a i n i n g a 

mass of s m a l l , membrane-bound v e s i c l e s (v.) w i t h i n a 

d i s t i n c t plasmalemma. The nucleus shows evidence of 

s p i n d l e and c e n t r i o l e formation. (x 12300.) 

D. Electronmicrograph of a presumed sporont w i t h 

the n u c l e i arranged in, two p a i r s . The endoplasmic 

r e t i c u l u m i s not developed, but t h e r e are numerous l a r g e 

v a c u o l e s , probably a r t e f a c t u a l . (x 10000.) 

E. Electronmicrograph of a pansporoblast showing 

f i v e mature spores. Other u n i d e n t i f i e d t u b u l a r ( t . ) 

s t r u c t u r e s and electron-dense granules are apparent w i t h i n 

a d i s t i n c t pansporoblast membrane (p.m.). (x 8000.) 

F. Electronmicrograph of a small 'diplocaryon 1 of 

marked e l e c t r o n - d e n s i t y . Two n u c l e o l i are evident ( n u . ) . 

The endoplasmic r e t i c u l u m i s organized i n t o c o n c e n t r i c 

r i n g s around the n u c l e a r apparatus. (x 20000.) 
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P l a t e 4; 

A. Electronmicrograph of presumed l a t e s p o r o b l a s t . 
A double nucleus i s obvious and i s surrounded by an 

organized endoplasmic r e t i c u l u m . The'polar f i l a m e n t has 

begun development (d.p.f.) a t the a n t e r i o r pole. The 

sp o r o b l a s t s have shrunk during f i x a t i o n s i n c e they do not 

possess a spore c a p s u l e . (x 10000.) 

B. Electronmicrograph of immature spores. They 

possess a f u l l y developed p o l a r f i l a m e n t and i n some 

spores a double nucleus i s v i s i b l e . The spores have 

shrunk away from the surrounding cytoplasm during 

f i x a t i o n . (x 10000.) 

C, D. Electronmicrographs of s e r i a l s e c t i o n s of a 

sporont undergoing d i v i s i o n . I n C one of the developing 

s p o r o b l a s t s has a double nucleus (arrow) but i n the 

subsequent s e c t i o n (D) t h i s nucleus i s s i n g l e . No 

pansporoblast membrane i s e v i d e n t . The adjacent sporo­

b l a s t a l s o shows a s i m i l a r c o n f i g u r a t i o n (arrow). 

(x 8400.) 
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